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1. Abstract

The propagation of all organisms is dependent on the accurate inheritance of the genetic
material over generations. Consequently, the elaborate process of chromosome segregation is
tightly regulated, and includes several feedback control mechanisms. A key structure driving
chromosome segregation is the kinetochore. It forms the physical link between the replicated
DNA molecules and spindle microtubules. This evolutionary conserved, multi-protein
complex assembles at defined chromosomal regions, referred to as centromeres, which are
specified by the presence of the histone H3 variant CENP-A or Cse4 in budding yeast. The
hierarchy of kinetochore assembly from the centromere DNA to the microtubule binding
interface is largely conserved between human and yeast, with the inner kinetochore or
constitutive centromere associated network (CCAN) and the outer kinetochore establishing
the microtubule binding interface. In the past years, major efforts have been undertaken to
investigate the building plan of the kinetochore and a molecular description of the structure
and the biochemical activities of its proteins was revealed. However, a comprehensive
understanding of the architecture and the protein interactions establishing the structural
framework and the cell cycle surveillance machinery is still missing.

In this work, I applied a structural proteomics approach and used chemical crosslinking
combined with mass spectrometry (XLMS) to elucidate the protein connectivity and topology
of budding yeast kinetochore complexes at the domain level. To gain insights into the
architecture of the inner kinetochore and its assembly on Cse4 containing nucleosomes, I in
vitro reconstituted various inner kinetochore subcomplexes starting with the four subunit
Ctf19/Mcm21/Amel/Okpl (COMA) complex. Biochemical interaction studies revealed that
the heterodimer Amel/Okpl bound Cse4 through its essential N-terminal domain, thereby
providing a direct link from the centromeric nucleosome to the outer kinetochore MTW1
complex.

The kinetochore serves also as a hub for the regulatory feedback control mechanisms that
ensure high fidelity of chromosome segregation by temporally aligning the microtubule
attachment state to cell cycle progression. A major regulatory module is the chromosomal
passenger complex (CPC), which is essential for establishing chromosome biorientation. A
central question is, whether and how an interaction between kinetochore proteins and the CPC

is required for faithful chromosome segregation. Recent studies implicated the COMA



complex in the recruitment process of the CPC. I in vitro reconstituted the CPC and
performed a crosslink-guided mutational analysis of potential interactions.

The CPC interacted with COMA in vitro through the Ctf19 C-terminus, which is required for
viability in a Slil5 centromere-targeting deficient mutant. Fusing Slil5 to Amel/Okpl
bypassed the requirement of Ctf19 in a Slil5 centromere-targeting deficient mutant. Taken
together, my work identifies molecular characteristics of the budding yeast inner kinetochore
architecture and suggests a role for the Ctf19 C-terminus in mediating CPC-binding and

chromosome biorientation.



2. Introduction

2.1. The eukaryotic cell cycle

The eukaryotic cell cycle consists of four distinct stages G1-, S- and G2-phase followed by
mitosis (1). The central components that drive progression trough the cell cycle are cyclins
which form a complex with and activate cyclin-dependent kinases (CDKs) (2). Oscillating
cyclin levels determined via gene expression and destruction by the ubiquitin mediated
proteasome pathway, result in oscillating CDKSs activities, thereby initiating and coordinating
the different cell cycle events. During G1 the cell grows and is preparing for S-phase by
synthesising precursors required for DNA synthesis. After G1 the cell either enters GO, which
represents an arrest state, characterized by no further growth or division, or the cell progresses
into S-phase. In S-phase the chromosomes are duplicated by the replication machinery. The
completion of DNA duplication is followed by a short phase of rapid growth and protein
synthesis, termed G2. In mitosis, which is initiated through Cdk1 associated with cyclin B, a
complex also referred to as the mitosis promoting factor, chromosome segregation is taking
place. Mitosis can be further sub-divided as prophase, pro-metaphase, metaphase, anaphase
and telophase. At the entry of mitosis (during pro- and prometaphase) the replicated DNA
condenses into tightly coiled chromosomes, with two sister chromatids held together by a
ring-shaped complex called cohesin (3). Only after all sister chromatids are successfully
attached to microtubules, originating from the opposing spindle poles, and are being aligned
along the metaphase plate through the resulting tension do cells transition from metaphase to
anaphase. Mitotic cyclin B and securin are marked by the anaphase promoting complex
(APC), an E3 ubiquitin ligase, for degradation by the 26S proteasome (4, 5). The degradation
of securin releases the protease separase, which subsequently cleaves cohesion. Consequently,
the shortening spindle microtubules draw the chromatids to opposite sides of the cell, where
they decondense. Finally, after successful separation of the genetic material the division of
cytoplasm called cytokinesis takes place. An important module in this elaborate system is a
large proteinaceous assembly called the kinetochore, which forms the physical connection
between chromosomes (or DNA) and microtubules, thereby mediating the processive binding

of the depolymerizing microtubules to drive the sister chromatids apart (6, 7).



2.2.The kinetochore

The kinetochore is the macromolecular protein complex, that anchors chromosomes to spindle
microtubules. Functionally, the kinetochore proteins can be grouped into four categories, the
first of which is proteins that establish the link to the centromeric DNA (8). Second, are
proteins that connect to the spindle microtubules (8). The third group of kinetochore proteins
is involved in establishing correct kinetochore-microtubule attachments by stabilizing correct
or destabilizing incorrect interactions, respectively (8). The fourth group of proteins functions
in aligning the microtubule kinetochore-attachment state with cell cycle progression by the
spindle assembly checkpoint (SAC) in order to prevent precocious anaphase onset and mitotic
exit (8).

The assembly of the kinetochore is restricted to centromeres, chromosomal domains that are
epigenetically marked by the presence of the histone H3 variant CENP-A (9) (Figure 1A).
While human regional centromeres span megabases of DNA, where up to 200 CENP-A
containing nucleosomes are positioned (10), the model organism Saccharomyces cerevisiae
(budding yeast) possesses a point centromere, whose identity is specified by the presence of a

single Cse4ENPA

(the name of human orthologues names will be superscripted if appropriate)
containing nucleosomal core particle (NCP). A conserved sequence-specific DNA stretch of
125 bp length is wrapped around the single Cse4 containing histone octamer, with regularly
spaced canonical histone H3 containing nucleosomes positioned on either side (11, 12). This
functional DNA segment in yeast is composed of three conserved centromere determining
elements (CDEs). While CDEI and CDEIII bind to the respective proteins Cbf1(13) and Cbf3
(14), the AT rich CDEII is wrapped around Cse4-NCP (6). Regardless of the presence of a
sequence-specific centromere in yeast, Cse4 is not only required for kinetochore assembly,
but when targeted artificially to non-centromere locations, is also sufficient to initiate
kinetochore assembly (15). In contrast to humans, where an array of identical kinetochore
units is supposed to be spread along regional centromeres, each providing an attachment site
for multiple microtubules (16), in budding yeast a single kinetochore unit links a single
Cse4“"™ A NCP to a single microtubule. Despite the higher complexity, it is thought that the
multiply attached kinetochores of humans represent repetitions of the single budding yeast
kinetochore unit (17, 18). Budding yeast kinetochores are assembled by approximately 45
core proteins organized into different stable subcomplexes (19) (Figure 1B), several of which
are present in multiple copies (17). Most of the fundamental building blocks and centromere-
binding proteins exhibit a close evolutionary relationship between budding yeast and humans

(20) and similarly share a highly conserved hierarchical assembly from inner to outer layers
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(8). The DNA proximal region is formed by proteins of the constitutive centromere-associated
network (CCAN) (21). In contrast to the outer kinetochore proteins the members of the
CCAN have less evolutionary conservation and are even absent in some linages such as C.
elegans and D. melanogaster (22). In budding yeast, the CCAN is also termed CTF19

complex, and consists of the subcomplexes/proteins displayed in Figure 1B (6, 7).
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Figure 1. Hierarchical building plan of the budding yeast kinetochore. (A) Inner kinetochore assembles on a
point centromere that is specified by the presence of a single Cse4 containing nucleosome. The inner kinetochore
provides a binding platform for outer kinetochore proteins that establish the linkages to a single microtubule
(MT). (B) The kinetochore is composed of different stable subcomplexes. Subcomplexes within the CCAN
establish the association with chromosomal DNA, while members of the KMN and the DAMI1 complex are
forming the outer layer and constitute the microtubule binding interface.

2.2.1. Composition of the inner kinetochore

2.2.1.1. Mif2 homodimer

Mif2“ENPC Jocalizes at the centromere and is essential for viability in all organisms. Acting as
a key component of the CCAN, it links outer kinetochore proteins directly to Cse4“""" -
NCP (23). The direct association to the Csed“FNPANCP s mainly mediated via the DNA-
and histone-binding domain (DHBD), which harbors the “CENP-C signature motif” that
interacts with C-terminal hydrophobic residues of CENP-A (24). Additionally, recognition of
the AT-rich CDEII by the AT hook motifs and RK clusters (clusters enriched for arginine—

lysine residues) and two additional regions in the Mif2 DHBD contribute to centromere
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association (23). Essential for Cseq CENP-A recognition, the Mif2 N-terminus also associates
with the Mtwlp Including Nnflp-Nsllp-Dsnlp complex (MIND complex or MTWIc),
thereby supporting outer kinetochore assembly (25-27). Meanwhile, the C-terminus mediates

homodimerization via the cupin fold domain (28).
2.2.1.2. The Chl4/Iml3 heterodimer

Besides being implicated in kinetochore assembly (29), yeast Chl4 and Iml3 (CI) are involved
in pericentromeric cohesin loading during mitosis (30, 31) and deletion mutants display
mitotic instability (32). Chl4 and Iml3 form a stable heterodimer, which has been shown to
interact directly with Sgol, highlighting its function in establishing normal levels of cohesin
(29). The centromere localization of Chl4 and Iml3 was shown to depend on CTF3c (33).
Presumably, Chl4 interacts with Ctf19/Mcm21 and with Mif2, both being required for proper
kinetochore targeting of Chl4/Iml3 in vivo (34). In agreement, a recent electron microscopy
(EM) structure showed multiple contact sites of Chl4/Iml3 with other CTF3c proteins: Chl4 -
Ctf19/Mcm?21; Chl4 — Amel/Okpl; Iml3 — CTF3c (35).

For the human orthologues of Chl4 and Iml3 CENP-N/L, respectively, selective association
with CENP-A-NCP over H3-NCP has been demonstrated (36-40). Within the heterodimer the
larger protein CENP-N mediates this interaction (41). The binding interface within the NCP
comprises the histone H2B a-helix, nucleosomal DNA and the RG loop, a region within the
centromere targeting domain (CATD) of CENP-A. The later domain, being a specific feature
that discriminates CENP-A- from H3-NCP. However, up to now in budding yeast, specific
binding to Cse4-NCP has only been reported for Mif2 and not Chl4/Iml3 (23, 42).

2.2.1.3. The CTF3 complex

In budding yeast the CTF3c, also referred to as HIK complex, is composed of
Mcm16/Ctf3/Mem22°EN YK - while  the  human orthologue comprises CENP-HIKM.
Together with CENP-LN and CENP-C CENP-HIKM forms a tight 7-subunit complex, termed
the CENP-CHIKMLN complex (41). In addition to CENP-C and CENP-N, also the CENP-
HIKM complex directly interacts with CENP-A, but does not selectively discriminate
between CENP-A and H3 nucleosomes. Furthermore, the complex also associates solely with
linear DNA (41). Being directly bound to the centromeric nucleosomes indicates that CENP-
HIKM is upstream of CENP-OPQUR in the hierarchical assembly of the human kinetochore

and is required for its recruitment (43). The direct interaction between these two complexes is
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through a composite interface created by CENP-HIK and CENP-LN binding CENP-OP (44).
In budding yeast the functional role of the complex is less clear, as AmeICENP'U/OkpICENP'Q
localize to centromeres independently of Mcm16/Ctf3/Mcm?22. Moreover, correct localization
of CTF3c relies on Ctf19 and the Mcm21 N-terminus (35). This suggests a different

kinetochore assembly in budding yeast.

2.2.1.4. The Cnnl1/Wip1/Mhf1/Mhf2 complex

Cnnl together with Wipl forms a stable five subunit assembly with Mcm16/Ctf3/Mcm?22 that
is required for targeting Cnnl to the Saccharomyces cerevisiae centromere (32). Presumably,
a combination of protein-protein and protein-DNA interactions establishes the centromere
recruitment. As Cnnl, Wipl and Mhf1/2 contain histone fold domains, it has been suggested
that these four proteins form a nucleosome like particle comparable to their human
orthologues (CENP-TWSX) (45). In contrast, no direct interaction between Cnnl/Wipl and
Mhf1/Mhf2 was detected by in vitro binding experiments (32). Cnnl is a direct receptor for
the NDC80 complex, which provides the key microtubule-binding activity of the kinetochore
(the function of the NDC80c will be explained in detail later) (46).

Cnnl has an essential function in budding yeast when the assembly of MTWlc, the main
NDCS80c recruiting complex in the kinetochore, is perturbed by inhibition of Ipll mediated
Dsnl phosphorylation (molecular mechanism will be explained in more detail in later
sections) (47). This finding can be explained by the fact that Cnnl as well as MTW ¢ are able
to recruit the NDC80c to centromere associated kinetochores in a mutually exclusive manner.
The Cnnl binding interface consists of an alpha helical peptide motif at the N-terminal tail,
which is encompassed in a hydrophobic cleft formed by the NDC80c proteins Spc24/Spc25
(48). Interestingly, the same peptide motif is present in the MTW 1c protein Dsnl, targeting
the same binding site in Spc24/25 (49), thereby providing the essential link between MTW 1c
and NDC80c (48) and explaining the exclusive binding mode.

2.2.1.5. The Nkp1/Nkp2 heterodimer

Although for most budding yeast kinetochore proteins human orthologues have been
identified, there are yeast-specific complexes like the Nkp1/Nkp2 heterodimer. This complex
stably associates with Ctf19/0Okpl/Mcm21/Amel “*N"PYOV (COMA) by direct interaction
with Amel/Okpl, presumably increasing inner kinetochore stability (34).



2.2.1.6. The CBF3 complex

Another budding yeast specific and essential complex is CBF3c (Ndc10/Cep3/Ctf13/Skpl).
This complex directly binds to a centromeric DNA region, termed CDEIII, and associates
with the Cse4-NCP (14). The CBF3c represents one of the most upstream factors for
nucleating kinetochore assembly (6). Its role in recruiting kinetochore proteins to the

centromere remains to be determined.
2.2.1.7. The Ctf19/Mcm21/Amel/Okpl (COMA) complex

In budding yeast the tetrameric complex consists of two stable heterodimers Amel/Okpl and
Ctf19/Mcm?21. Citfl19 and Mcm21 contain tandem-RWD (RING finger and WD repeat
containing proteins and DEAD-like helicases) domains forming a rigid heterodimeric Y-
shaped scaffold with flexible N-terminal extensions as revealed by a recent crystal structure of
the K. lactis complex (50). A hydrophobic groove, formed by the Ctf19 C-terminal RWD
domain and the Mcm?21 a2 and a3 helices, serves as the principle binding site for a C-terminal
binding motif in Okpl, establishing a stable interaction between Amel/Okpl (AO) and
Ctf19/Mcm21 (CM) (34). Amel/Okpl localizes at mitotic centromeres independently of
Ctf19/Mcm21, demonstrated by ctf194 and mcm?2 14 cells not showing reduced Amel-GFP or
Okp1-GFP signals at kinetochores (19). However, temperature sensitive mutants amel-4 and
okpl-5 display mis-localization of Ctfl19 and Mcm21, suggesting that Amel/Okpl 1is
upstream in the kinetochore assembly pathway (51). Interestingly, in humans the recruitment
of the CENP-OPQRU complex to kinetochores requires a joint interface formed by CENP-
HIKM and CENP-LN (44, 52, 53) and loss of the complex does not affect localization of
other inner kinetochore proteins. However, in budding yeast Amel/Okpl are essential and
their localization is independent of Chl4/Iml3 (34). The COMA complex provides a docking
site for the outer kinetochore network via the Amel N-terminus which binds to head domain I
of MTW lc (25, 49), whereas for human CENP-OPQUR no direct interaction with the KMN
network (KNLlSPClOS—/MIS12MTW1—/NDCSONDCSO—complexes) has been detected in vitro (44).
The distinct recruitment mechanisms of vertebrate and budding yeast inner kinetochores
are reflected by the physiological importance of the involved proteins. Besides Mif2,
Amel/Okpl are the only essential proteins of the CTF19 complex in budding yeast (19, 54,
55). Knockouts of CENP-U/Q and CENP-O/P/R in DT40 cells are viable and display
relatively mild effects like slower proliferation and mitotic defects, respectively (21). The

requirement for viability in mammalian systems has been only reported for CENP-U in mouse
8



embryonic stem cells, however not in mouse fibroblasts (56). Taken together, this suggests
different roles of COMA proteins, especially of Amel and Okpl in budding yeast kinetochore
assembly or function compared to their respective mammalian orthologues CENP-U and —Q,
which are not present in the last eukaryotic common ancestor and originated more recently

(22).

Despite considerable advances in elucidating the structure, biochemical activities, and the
biophysics of CCAN proteins, a functional assignment for many subunits, and how they
cooperate with one another to carry out the kinetochore functions, is still missing. In
particular, how CCAN proteins assemble at the regional centromere in comparison to point
centromeres in budding yeast, and thus form a scaffold for the recruitment of the microtubule-

binding components of the outer kinetochore, is still uncertain.
2.2.2. The outer kinetochore KNL1/MIS12/NDC80 (KMN) network

One of the key functions of the kinetochore is to sustain the dynamic attachment to
depolymerizing microtubules, which must resist the forces exerted by the spindle
microtubules during anaphase when the chromosomes segregate. This sophisticated task is
fulfilled by the outer layer of the kinetochore. The core of the outer kinetochore is formed by
the KMN network, established by the three subcomplexes SPC105¢"™!, MTW1cM®"2, and
NDC80c™P® | presumably at a 1:1:1 ratio (17). Each subcomplex is essential for viability and
performs clearly distinct functions. Mis-localization of one of them leads to chromosome
segregation defects and either partial or complete detachment of kinetochores from
microtubules (57-59).

The MTWIlc also referred to as MIND complex is formed by two stable heterodimers
Mtwl/Nnfl and Dsnl/Nsll. All four proteins are essential and assemble at a 1:1:1:1
stoichiometry (60). Structural analysis revealed a Y- shape like structure showing two
globular heads at the end of a coiled-coil shaft (49). Super resolution light microscopy in vivo
suggested that the complex functions as a bridge and bidirectional linker between inner
kinetochore complexes and the rest of the KMN network (61). As already described, in
budding yeast COMA binds to the MTWIc via the Amel N-terminus (25). Moreover, the
inner kinetochore protein Mif2 associates through an N-terminal motif with the Mtw1/Nsll
heterodimer (49). On the outer part of the MTWIc, connections with the C-terminal RWD
domains of the NDC80c subunits Spc24 and Spc25 are established through C-terminal motifs

of the Nsl1/Dsnl heterodimer (62, 63). By a similar noncompetitive binding mechanism, the
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Nsl1/Dsnl heterodimer also recruits the largely unstructured protein Knll by binding its C-
terminal tandem RWD domains (62, 63). The molecular basis for recruitment of the
SPC105c¢ to budding yeast MTW 1c¢ remains to be addressed.

In budding yeast, the SPC105 complex is assembled by Spc105 and Kre28 at a 1:2 molar
ratio (64). It is mainly required for the recruitment of spindle assembly checkpoint
proteins, a surveillance mechanism for establishing bipolar attachment of sister
kinetochores. While the C-terminal part of Spc105 is associated with the MTW lc, the N-
terminus harbors multiple MELT repeats (Met-Glu-Leu-Thr), which upon phosphorylation
by Mpsl1 kinase serve as assembly platform for the SAC complexes preventing mitotic exit
before chromosomes are bioriented at the mitotic spindle (65).

It has been suggested that the SPC105c¢ is part of the interface that directly interacts with
microtubules. However, the contribution of SPC105c¢ in establishing microtubule attachment
by the kinetochore is unclear as its size makes it a difficult target for in vitro studies.

Within the KMN network, microtubule contact is mainly established by the dumbbell shaped
tetrameric NDC80 complex. Each subunit contains a globular domain connected to large
segments of coiled coils, enabling heterodimerization of Ndc80/Nuf2 and Spc24/Spc25 and
subsequently tetramerization (7). During metaphase the complex spans 54 nm, while
presumably lack of tension in anaphase triggers an intramolecular conformational switch and
the complex length becomes reduced to 34 nm long (61). This stretching/relaxing mechanism
has been shown to require a loop interrupting the Ndc80/Nuf2 coiled coils, which exhibits a
high degree of evolutionary conservation (66). While the C-terminal domains of the Spc24/25
heterodimer point towards the inner kinetochore and directly interact with the C-termini of the
Dsn1/Nsll heterodimer of the MTW ¢, the N-terminal parts of the Ndc80/Nuf2 heterodimer
bind microtubules. In particular, the two interacting calponin homology domains in Ndc80
and Nuf2 and an intrinsically unstructured positively charged N-terminal Ndc80 tail contact
the microtubule lattice (67). Compared to human NDCS80c, the budding yeast complex
displays a lower affinity towards microtubules highlighting the requirement of an additional
component to ensure stable kinetochore microtubule attachments (60). This task is fulfilled by
the yeast specific 10-subunit DAM1 complex, which assembles as a ring around microtubules
(68), thereby enabling the complex to autonomously track growing and shrinking microtubule
ends (69). While the structure of NDC80c allows lateral and end-on binding to microtubules
(70), DAMIc is only present at microtubule ends, an important difference in the binding
properties of the two complexes. In human cells, the spindle and kinetochore-associated

(SKA) complex fulfills a similar but not essential function for stabilizing kinetochore-
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microtubule attachments (71). The indispensability of the DAMI complex might be a
consequence of only a single kinetochore unit linking the point centromere to a single
microtubule in budding yeast. At vertebrate regional centromeres an array of those

kinetochore units provides attachment sites for 3 to 30 microtubules (16).
2.3. Regulation of kinetochore microtubule attachments

While the main function of the kinetochore is to provide the physical linkage between the
centromeric DNA and the highly dynamic spindle microtubules, it additionally serves as a
hub for the regulatory feedback machinery, establishing SAC signaling and error correction.
A highly complex interplay between the kinetochore and the involved regulatory proteins
aligns the proper kinetochore-microtubule attachment state with cell cycle progression. A
prerequisite for faithful chromosome segregation is the attachment of each sister kinetochore
to microtubules emanating from one of the opposing spindle poles which is also referred to as
amphitelic attachment (72) (Figure 2). The establishment of kinetochore-microtubule
attachments is naturally an error prone process. Therefore, monotelic attachments (only one
kinetochore is connected to microtubules) or syntelic attachments (both sister kinetochores are
connected to microtubules of the same pole) have to be resolved and corrected before the cell
cycle continues (6), in order to avoid aneuploidy and genomic instability (8), both, being

associated with tumorigenesis, congenital trisomies and aging (73, 74).
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Figure 2. Different configurations of kinetochore-microtubule attachments in metaphasae. A single sister
kinetochore binding to a microtubule from one pole is called monotelic attachment. Both sister kinetochores
binding to microtubules from opposite poles are amphitelically attached. Attachment of sister kinetochores to
microtubules from the same pole is termed syntelic attachment. Tension across centromeres upon amphitelic
attachment is exerted by the depolymerizing microtubules and leads to intra- and inter-kinetochore stretching.
The lack of tension in the monotelic and syntelic attachment state results in phosphorylation of the microtubule
binding interface and the recruitment of SAC proteins to the kinetochore.

Several in vivo experiments showed that biorientation is sensed by cells via the tension
applied across kinetochores (75, 76). A lack of tension results in the phosphorylation of the
microtubule binding interface by the CPC and the selective destabilization of incorrect
kinetochore microtubule attachments. Unattached kinetochores are subsequently sensed by
the SAC to prevent premature mitotic exit (Figure 3). The turnover of kinetochore
microtubule attachments increases and consequently the likelihood of the stochastic formation
of properly bioriented chromosomes is improved. Intra-kinetochore stretching upon tension
prevents phosphorylation of the microtubule binding sites such that these attachments are

stably maintained (77).

12



% Tensionless attachment Unattached kinetochore @

Active CPC Active SAC

\

Error correction  SAC

@ R @ ..t0che cinetochore / E —— APC

a* Cell cycle stops

Figure 3. Feedback control mechanisms activated by incorrect kinetochore-microtubule attachments. In
case of incorrect kinetochore-microtubule attachment states the CPC creates unattached kinetochores that are
subsequently sensed by the SAC to prevent premature mitotic exit. SAC signaling halts the cell cycle by
generating an inhibitory signal — the mitotic checkpoint complex (MCC) that halts cell cycle progression by
inhibiting the activity of the APC/C (78).

Active SAC

2.3.1. The chromosomal passenger complex (CPC)

One of the major regulatory components in generating the correct amphitelic kinetochore-
microtubule attachment state is the CPC. In early models, the CPC’s function was mainly
attributed to regulate error correction in early mitosis. However, this view has been
progressively revised by identifying the contribution of the complex in a number of additional
processes (79).

The CPC is composed of four highly conserved proteins: Ipl1°" 8, §1j15™NCENP pjpSurvivin
and NbI1®™ (Figure 4). Birl®*™™" and Nbl1®"®" together with the N-terminus of
SIi15™ENP form a three helix bundle (80, 81), which constitutes the CPC localization module

required for localization of the effector kinase Ipl1*"™™™®

to centromeres during early mitosis
(82). To date, all known mechanisms for recruitment of the CPC to the budding yeast
centromere rely on Birl, which directly associates with Ndc10 of the CBF3 complex (83).

Additionally, fission yeast Birl is targeted via Sgol to Bubl phosphorylated histone H2A
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(84) (Figure 5SA). Human Survivin association with histone H3, phosphorylated at threonine 3
by Haspin kinase, is also implicated in centromere recruitment of the CPC (79, 85). However,
knockouts of the Haspin-like genes, Alkl and Alk2, in yeast do not display any growth
defects, suggesting that this mechanism either does not exist, or is simply not required in yeast

(86).

698

Bir1

Nbl1

Figure 4. Model of the chromosomal passenger complex. The CPC is a four-subunit complex. Slil5 acts as a
scaffold interacting with Birl and Nbl1 at its N-terminus. In the central region Slil5 harbors a phosphoregulated
region (PR) and a single alpha helical domain (SAH), and the C-terminus contains the IN-box which mediates
binding of Ipll and is required for increasing its kinase activity (87).

A

Kinetochores

DNA

Chromosome

Figure 5. Kinetochore localization of the CPC. (A) The CPC is recruited to centromeric nucleosomes by Birl
mediated pathways. (B) How the CPC interacts with kinetochores in the absence of its targeting domain is
unclear.
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S1i15™EN s the scaffold protein within the CPC. Besides the N-terminal centromere

targeting domain the protein harbors a single a helix (SAH). In INCENP this region mediates
the direct interaction with microtubules in vitro (88, 89). In budding yeast the SAH domain is
required for chromosome biorientation and viability (90). Adjacent to the SAH domain is a
phosphoregulated region (PR) that is implicated in the translocation of the complex to spindle
microtubules at anaphase onset (90, 91). The PR is phosphorylated early in mitosis by Ipll
and Cdk1 and at the onset of anaphase is dephosphorylated by Cdc14. Thus, preventing Slil5
phosphorylation leads to its premature localization to spindle microtubules in metaphase (91).
Ipll is the effector kinase of the CPC and is bound to the highly conserved IN box at the
Slil5 C-terminus (92). Interestingly, the association with the IN-box and the Ipll mediated
phosphorylation of the IN-box on a Thr-Ser-Ser (TSS) motif as well as Ipll
autophosphorylation 1is required for full kinase activation (87, 93, 94). As both
phosphorylation events are presumably catalyzed in-trans (94), Ipll activation requires
high local concentrations of Ipll, probably established by clustering at distinct locations
like the centromeres. In agreement with this, experiments using a FRET-based biosensor (95)
showed that the CPC population at the inner centromere is constitutively active and that
substrates localized in close proximity to this active pool are phosphorylated.

However, there is also an active CPC pool at the outer kinetochore which dissociates once
kinetochores are properly aligned, whereas the pool local to centromeres remains prominent
(96). This observation might indicate an important role of the outer kinetochore bound CPC
population in error correction, although a comprehensive understanding of how both pools
contribute to this pathway is still missing.

Mechanistically, CPC mediates biorientation by selective destabilization of incorrect
kinetochore—microtubule attachments via Ipll phosphorylation of the microtubule binding
interfaces at the outer kinetochore. The DAMI1c and NDC80c are the substrates of Ipll
phosphorylation (6). Phosphorylation of the Ndc80 positively charged N-terminal tail (97)
drastically reduces the affinity towards microtubules in vitro and in human deletion leads to a
complete loss of kinetochore—microtubule attachments (95, 98). Accordingly, Ndc80
phosphomimicking mutants show a lack of stable kinetochore—microtubule attachments
(58, 98) resulting in the accumulation of syntelic and merotelic attachments in cells (58, 96).
Apart from that, Ipll phosphorylation of the DAM1 complex (99) disrupts the simultaneous
binding and bridging across two DAMIc via NDC80c (100, 101). Consistent with these
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observations, Aurora-B mediated phosphorylation of the spindle and kinetochore-associated
(SKA) complex, negatively regulates kinetochore microtubule attachments (102).

Although the substrates of Ipl1*"°™® are well defined, it is unclear, how lack of tension
triggers the phosphorylation of outer kinetochore proteins by the CPC. The substrate
separation model highlights the distance between centromere-localized CPC and its target
proteins at the outer kinetochore (103, 104). In case of bioriented sister kinetochores, the
observed intra-kinetochore stretching (61) would spatially separate Ipl1**°*® from its
substrates. The reduction of the local Ipll kinase activity would allow counteracting
phosphatases, like PP1 (105), to dephosphorylate Ipll sites and to stabilize the kinetochore-
microtubule attachments. Still, this model does not explain how initial attachments would be

Aurora-B

established with active Ipll in close proximity. Moreover, a recent study (86)
challenged this model by showing that cells expressing a centromere targeting deficient
mutant version of the CPC are indistinguishably viable from wildtype cells and display
normal chromosome biorientation. Furthermore, the CPC mutant still colocalizes with the
outer kinetochore protein Nuf2. These observations suggest that the tension-sensing is
intrinsic to the kinetochore and support an alternative model in which the functionally

122 B egides at kinetochores rather than at centromeres (8, 106). The

relevant pool of Ipl
detailed molecular mechanism of how the CPC interacts with kinetochores and how tension-
sensing is achieved remains to be elucidated (Figure 5B).

Notably, apart from ensuring proper kinetochore-microtubule attachments and contributing to
the SAC signaling, the kinase activity of Ipll is also implicated in the assembly of the KMN
network on the inner kinetochore. Phosphorylation of Dsnl by Ipll enhances the interaction
of the MTW 1c with Mif2" """ (49, 107) by releasing an autoinhibitory mechanism of Dsn].
Furthermore, Mif2 is also phosphorylated by Ipll which increases the robustness of
kinetochore function (42). Moreover, the CPC is implicated in regulating microtubule
dynamics by directing the activity and localization of microtubule-associated proteins (65).
These examples highlight the complexity and diverse functionalities of the CPC during early
mitosis. A study showed that the temporal inhibition of the CPC in interphase leads to
chromosome missegregation in the next mitosis, suggesting even an important role before
entry in mitosis (108). In late mitosis the CPC translocates to the spindle midzone and
modulates anaphase chromatid compaction and anaphase spindle dynamics (79). Finally,
during cytokinesis the CPC is also implicated in contractile ring formation, regulation of
furrow ingression and abscission (79). Notably, most studies are focused on the function of

the CPC in mediating chromosome biorientation during early mitosis.
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2.3.2. The spindle assembly checkpoint (SAC)

: : Aurora-B
Besides error correction Ipl1°""*"

is implicated in a second feedback control mechanism, the
SAC, which mediates a cell cycle arrest in response to a single unattached kinetochore
thereby providing more time to establish the correct amphitelic attachment state (Figure 3).
The requirement of Aurora-B for recruitment of SAC components shows that the two
pathways are tightly interwoven and interdependent (109). Artificial tethering of Mps1 kinase
to the kinetochore bypasses the dependence of Ipl1*""*® for checkpoint activity in human
cells, suggesting that the primary function of the CPC in the SAC is the recruitment of Mpsl
to kinetochores (106). Mpsl1 kinase acts as an upstream regulator of the SAC and in budding
yeast, Mpsl is the only essential protein of the SAC complex (6). Subsequent to its
kinetochore localization the kinase phosphorylates multiple Met-Glu-Leu-Thr (MELT)
repeats in the SpclOSKnll N-terminus which provide docking sites for the additional SAC
members Bubl and Bub3 (110, 111). This enables the binding of Mad3®"*®! in complex with
Bub3 to Spcl05. Next, Madl/2 heterodimers localize at the kinetochore (112). The
kinetochore bound SAC complexes catalyze the conversion of open state Mad2 (O-Mad2) to
closed state Mad2 (C-Mad2) (112). Soluble C-Mad2 bound to Cdc20 in complex with Mad2,
Mad3®"™®! and Bub3 assemble the active mitotic checkpoint complex (MCC). The MCC
delays anaphase onset until all chromosomes are properly aligned at the spindle by inhibiting
the anaphase-promoting complex/cyclosome (APC/C), blocking substrate recognition through
its regulatory protein Cdc20 (113) (Figure 3, Figure 6). Upon biorientation of all
chromosomes, protein phosphatase 1 (PP1) and PP2AP are recruited to Spcl()SKnll and
dephosphorylate the MELT motifs (114, 115). Hence, SAC complexes are not recruited to the
kinetochore and SAC arrest is released. Subsequently, free Cdc20 can associate with the
APC/C. The APC/C functions as an ubiquitin ligase marking cell cycle proteins for
degradation by the proteasome, with Cdc20 and Cdhl being the essential coactivators. The
two key substrates targeted by APC““* for degradation are Pds1%"™, and cIb2?"™ ® (116).

. . Espl
Securin binds the protease separase "

and blocks cleavage of the cohesin complex by
inhibiting its cysteine protease activity. The cohesion ring holds sister chromatids together
and resists the microtubule pulling forces and degradation of securin enables the seperase-
mediated cleavage of the cohesin subunit Sccl and thus, allows sister chromatids to separate
(117, 118). Cyclin B, a member of the cyclin family, is the activator of cyclin dependent

kinase 1 (Cdkl). The complex formed by these two proteins is termed mitosis promoting

17



factor. Ubiquitination and the subsequent proteasomal degradation of cyclin B permits Cdk1
inactivation and mitotic exit.

The SAC pathway is highly sensitive and already a single unattached kinetochore was shown
to delay anaphase for many hours (119), while biorientation of all chromosomes immediately

silences the checkpoint allowing securin and cyclin B degradation and anaphase onset (120).

Taken together, the macromolecular structure of the kinetochore directly links the DNA of the
sister chromatids to the spindle microtubules and integrates the signaling of the feedback
control mechanisms of the SAC and error correction. Therefore, it represents a key
macromolecular protein complex in mitosis, and its comprehensive molecular description is
crucial for understanding the molecular mechanisms that safeguard accurate chromosome
segregation.

Metaphase Anaphase

cohesion

Spindle pole
APC

securin g
seperase x

W,
— .

cohesion

vans’

Figure 6. Metaphase-anaphase transition mediated by the ubiquitin-protein ligase activity of the APC/C.
The APC/C is activated at the entry of mitosis through association with its coactivator Cdc20. Bipolar
attachment of all sister kinetochores to the mitotic spindle correctly aligns chromosomes at the spindle midzone
and silencing the SAC allows targeting securin and cyclin B by APC/C mediated ubiquitination for degradation.
Seperase is released and cuts the cohesin ring that holds sister chromatids together. In anaphase sister chromatids
are segregated towards the spindle poles by the pulling forces of depolymerizing microtubules.
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2.4. Aim of this work

Genetics, biochemistry and light microscopy unraveled the composition of the kinetochore,
the organization of proteins in stable subcomplexes, and their conserved hierarchy of
assembly from centromeric DNA to the microtubule binding site (8). Moreover, high
resolution structures of kinetochore subcomplexes (7) as well as the structure of the budding
yeast CCAN by cryo-electron microscopy (35) and the kinetochore in situ structure by
tomography have been solved (121).
Up to now, a comprehensive topological map of the fully assembled kinetochore displaying
the protein connectivities and interfaces is still missing. This is in part attributed to the
difficulties to purify the intact kinetochore complex and to the lack of specific structural
methods capable of acquiring structural information from heterogeneous protein complexes
composed of largely flexible and disordered proteins. In particular, the molecular
understanding of the integration of the error correction mechanism and the SAC into the
structural framework of the kinetochore is a challenging task and absolutely crucial for the
mechanistic understanding of its role in chromosome segregation.
Recent work in budding yeast by Campbell et al. (86) showed that a mutant of Slil5, lacking
the N-terminal 228 amino acids (SIi15AN), which mediate centromere targeting, is viable and
capable of performing chromosome biorientation. The molecular basis of how the
kinetochore associated SIiISAN mutant retained its biological function remained elusive.
Interestingly, the slil5AN mutant becomes synthetically lethal upon deletion of the CTF19c
subunits, Ctf19 or Mcm21.
Based on these observations I started out to address the following questions:

e What is the topology of the budding yeast inner kinetochore and how does it establish

a selective and high-affinity binding environment for Csed CENPA

containing
nucleosomes?

e Does the CPC directly associate with the kinetochore and if so, how does this
interaction contribute to the accuracy of chromosome segregation?

e Does the architecture of the inner kinetochore play a role in mediating error
correction?

e Does an interaction of the CPC with inner kinetochore proteins stabilize or position

Ipl1 activity at a distinct kinetochore conformation in order to perform tension sensing

and error correction?
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In this thesis I describe my analysis of the inner kinetochore architecture in budding yeast and
its interaction with the CPC using chemical crosslinking combined with mass spectrometry
(XLMS). This method aids the identification of protein-protein binding interfaces in
endogenous and reconstituted protein complexes. Detection of protein contacts reveals the
subunit topology of the kinetochore complexes. To investigate the architecture of native
kinetochores I analyzed kinetochore complexes isolated from budding yeast cell extracts,
while in vitro reconstitution was used to study the association of the inner kinetochore with
the CPC and Cse4 containing nucleosomes. Both the in vifro reconstitution and mutational
analysis were guided by the crosslink-derived distance restraints. Subsequently, the identified
interaction motifs were investigated for their biological relevance by performing in vivo

growth assays using a variety of mutant and fusion proteins.
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3. Results

3.1.Mass spectrometric analysis of native yeast kinetochores

Up to now, the complexity of the kinetochore, its sheer size and the predominance of
elongated, coiled-coil-rich proteins have limited the structural analysis of this assembly. This
is in part attributed to the difficulties to purify entire kinetochore complexes and to the lack of
specialized structural methods capable of acquiring structural information from heterogeneous
and flexible protein complexes.

To circumvent these limitations and to obtain a comprehensive connectivity map of
kinetochores I used XLMS to identify spatial restraints on low abundant native protein
complexes (122). Briefly, the subunits of the protein complexes are crosslinked using an
isotopically tagged N-hydroxy disuccinimidyl ester (123). Subsequent to the proteolytic
digestion the crosslinked peptides are enriched by size exclusion chromatography, the
crosslink fractions are analyzed by an Orbitrap Elite mass spectrometer and crosslink spectra
are identified using the dedicated search engine xQuest (124). Identification of the linkage
sites by mass spectrometry yields distance restraints within a single polypeptide or between
subunits of a complex, showing which proteins are in proximity to each other at the level of

protein motifs (122).

3.1.1. Quantitative mass spectrometry identified the protein

composition of native yeast kinetochore complexes

In order to purify stable endogenous kinetochore subcomplexes, yeast strains expressing C-
terminally tandem affinity tagged kinetochore proteins from native promoters were generated.
Prior to investigating the architecture of the inner kinetochore assembly using XLMS (Figure
7B), small scale pilot purifications from 5 grams of yeast cell powder have been successfully

carried out (Figure 7A).
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Figure 7. Mass spectrometric analysis of native kinetochore complexes. (A) Schematic representation of the
workflow used to identify the quantitative protein composition of native kinetochore complexes. (B) XLMS
workflow for the analysis of native kinetochore complexes.

To cover the complete set of the stable subcomplexes forming the CCAN, various tagged
strains were tested, having the following proteins C-terminally 6xHis-6xFLAG tagged: Wipl,
Cnnl, Chl4, Amel, Ctf3, Mif2, Iml3. Mass spectrometry analysis revealed that the purified
samples included all known kinetochore subunits (Figure 1, Figure 8). Moreover, the amount
of specific peptides from different subcomplexes discovered in the various pulldowns already
provided indications, which subcomplexes might be stably interacting and are in close
proximity to each other in the cellular environment. Hence, the higher the number of peptides
of a specific protein discovered in the analysis compared to the bait protein, normalized to the
sizes, suggests a higher probability of a close association in vivo. This assumption was
endorsed by the observation, that isolation of a subunit of a kinetochore complex mostly
yields proteins of the respective subcomplex followed by proteins of spatially proximal

subcomplexes (Figure 8).
3.1.1.1. Amel associated complexes

The label-free mass spectrometry experiments of Amel-FLAG eluates detected Okpl and
Nkpl at the abundance level of 90 % of the bait protein. Okpl has been shown to form a
stable heterodimer with Amel (25). The Ctf19/Mcm21 and Amel/Okpl heterodimers form
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the tetrameric COMA complex which is associated with Nkp1/Nkp2 as it has been shown by
previous studies (Figure 8) (34). Among the abundant copurifying proteins histones,
especially Cse4, were detected, suggesting that the COMA complex is in close proximity and
possibly interacting with the centromeric nucleosome. The observation that none of the
known nucleosome binding proteins such as Mif2 was detected at similar abundance level,
indicated that COMA itself associates with the centromeric NCP, either by binding to DNA as
proposed recently (25) or through direct interaction with Cse4. The list of detected proteins
was completed by CTF3c (Ctf3, Mcm21, Mcm16), Chl4/Iml3 and KMN components at a
relative abundance of about 8-1 %. The fact that Ctf19/Mcm?21 are required for the correct
centromeric localization of CTF3c (35) and Chl4/Iml3 (34) already suggested interaction of
COMA with the respective proteins. Moreover, the idea that COMA, Nkp1/Nkp2, CTF3c and
Chl4/Iml3 are packed closely together in the CCAN structure was supported by a recent EM
study using in vitro reconstituted proteins (35), showing several interaction surfaces between
the respective complexes. Our Amel-FLAG pulldown data is consistent with the CCAN EM

3D reconstruction.
3.1.1.2. Cnnl/Wipl associated complexes

Cnnl-FLAG isolation co-purifies components of the CTF3 complex as the most abundant
hits, followed by proteins of Chl4/Iml3, COMA and Nkp1/Nkp2 at similar abundance and
KMN at levels of ~10 % (Figure 8). In consistence with previous reports, Spc25, which
together with Spc24 forms the binding interface for Cnnl (48) was among the most abundant
members of outer kinetochore proteins. Purifications of the bait-protein Wipl, the direct
interactor of Cnnl (32), presented a similar pattern of copurifying kinetochore complexes.
Interestingly, in both datasets histone proteins have not been enriched. Histone 4 (Hhfl) was
the highest ranked with 6 % relative abundance compared to Cnnl. Therefore, I concluded
that despite the presence of histone folds (46) and the notion that Cnnl/Wip1/Mhf1/Mh{2
form a nucleosome-like structure similar to their human orthologues CENP-T/W/S/X (125),
Cnnl/Wipl are not directly incorporated into nucleosomal core particles (NCPs) in vivo.
Taken together, the results suggest that within the kinetochore Cnnl/Wipl interact with
proteins of the outer and inner kinetochore. Previous studies showed that the Cnnl N-
terminus recruits NDC80c and Cnn1/Wipl forms a stable five subunit complex with CTF3c
(32). According to our findings, the Cnnl/Wipl interaction with CTF3c might establish a
stable association of Cnnl/Wipl with COMA and Nkpl/Nkp2 which anchors Cnnl at the

centromeric nucleosome.
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3.1.1.3. CTF3c associated complexes

By pulling on the CTF3c/HIK protein Ctf3 we predominantly detected subunits of the COMA
and Nkp1/Nkp2 complexes and Cnn1/Wipl at similar levels, but less of the outer-kinetochore
KMN proteins were co-purified (Figure 8). Hence, our data suggests that KMN association to
CTF3c is not direct, but mediated either via COMA and Nkp1/Nkp2 or Cnnl/Wipl, which is
in agreement with previous observations (32). Moreover, the high abundance of Chl4/Iml3 in
the samples indicates that in yeast similar to humans CTF3c forms a super-complex with
Chl4/Iml3 (41). In addition, a recent electron microscopy analysis of the in vitro assembled
CCAN structure showed Iml3 interacting with Ctf3 (35), consistent with our in vivo

observation.

3.1.1.4. Chl4/Iml3 associated proteins

Together with Chl4-FLAG Iml3 was co-purified at a 1:1 molar ratio (Figure 8) (29). Notably,
in most of the performed pulldowns Chl4/Iml3 was obtained at similar levels, indicating that
both proteins form a stable heterodimer in vivo that survives the purification procedure.
Further abundant proteins were subunits of the COMA, Nkp1/Nkp2 and CTF3c complexes,
followed by members of the KMN network. Interestingly, the levels of detected histone
proteins were ~ 2 % compaired to the bait protein Chl4-FLAG. In comparison to the human
orthologues, this does not indicate a direct association of Chl4/Iml3 with Cse4 containing
NCPs. To obtain a comprehensive map of the proteins associated with Chl4/Iml3 T also
performed pull-downs with ImI3-FLAG as bait. However, only few co-purifying kinetochore
proteins were detected indicating a possibly poor incorporation of the tagged protein into the

kinetochore complexes.
3.1.1.5. MS analysis of Mif2 associated proteins

In the Mif2-FLAG pulldowns hardly any CCAN proteins were detected (Figure 8). The
known interaction partner Amel/Okpl (25), was detected in the 10 % range compared to the
bait. Consistent with this result, Mif2 was not detected among the 30 most abundant proteins
in other CCAN pulldowns. This result was counterintuitive, as Mif2 is one of the three
essential proteins within the CCAN. As a tighter association with other CCAN proteins was
expected this suggests that Mif2 establishes a separate pathway linking the centromeric

nucleosome to the outer kinetochore.
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However, all four histone proteins were discovered in a range between 42 - 116 % compared
to the bait, which is in agreement with Mif2 directly associating with the Cse4-NCP, and
displays that this interaction is quite stable. Notably, only the histone H3 variant Cse4, present
in centromeric NCPs, but not canonical H3 was co-purified, highlighting the binding
specificity of Mif2 for Cse4. It should be noted, that prior purification of Mif2 associated
complexes, the lysate was incubated with the endonuclease benzonase. Without benzonase
treatment Mif2 purifications showed considerably less histones. Moreover, all ten proteins of
the outer kinetochore were co-purified in a range of 10 — 30 % relative to the bait. This is
consistent with a previous study showing that the Mif2 N-terminus directly interacts with the

MTW c and thereby supports KMN assembly at the kinetochore (25).

In summary, the detected protein compositions of the Amel, Cnnl/Wipl, Ctf3, Chl4 and
Mif2 pulldowns suggest a structural model, in which CTF3c is spatially positioned in-
between COMA, Nkp1/Nkp2 and Cnnl/Wipl1 at the kinetochore. Apart from that, it seems
that COMA and Nkpl/Nkp2 are placed directly at the centromere interface, while
Cnnl/Wipl appears to be positioned more distal within the CCAN and might directly link
CTF3c and KMN (32). Furthermore, our data might propose a mechanism of Mif2 linking
the centromeric NCP directly with KMN independent of direct interactions with other
CCAN proteins. Still, we can not exclude that Mif2 was degraded or interactions were not
stably maintained during the purification procedure. Our quantitative MS data of purified
native CTF19 complexes is largely in agreement with the literature and confirms many
observations that were made in vitro.

Finally, we reasoned that our pulldown protocol would allow kinetochore particle purification
in the range of microgram quantities sufficient for XLMS, enabling us to gain deeper insights

into the protein connectivity of the CCAN complexes at the resolution of protein motifs.
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Figure 8. The quantitative mass spectrometric analysis of native inner and outer Kkinetochore
purifications. Label-free mass spectrometry quantification of native kinetochore complexes which were purified
by pulling on Amel-, Ctf3-, Cnnl-, Wipl-, Chl4- and Mif2-FLAG. Eluted proteins were visualized by SDS-
PAGE followed by silver staining (upper panel) and quantified based on IBAQ protein intensities of the
MaxQuant software (lower panel). The 30 most abundant kinetochore subunits normalized to their molecular
weights and to the bait intensity (% of bait highlighted in green) are listed.

3.1.2. Optimization of the purification protocol to enrich for

kinetochore associated regulatory complexes

Besides deciphering connectivities within the CCAN, we aimed to co-purify complexes of the

SAC and error correction mechanism. None of the pulldowns showed significant levels of

checkpoint proteins. In an attempt to co-purify SAC and CPC complexes we synchronized

yeast cells in mitosis. The arrest was performed by applying benomyl or a combination of

nocodazole and benomyl (data not shown), which depolymerizes microtubules. Subsequently,

unattached kinetochores activate the SAC. This approach did not result in the copurification

of the proteins of the SAC (Figure 9).
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Figure 9. The copurification of the CBF3c¢ with Amel was dependent on centromeric DNA. Amel-FLAG
pulldowns were performed from extracts of asynchronous (Asy) or benomyl (Ben) arrested yeast cells in the
absence or presence of PCR amplified CEN3 DNA (-/+CEN3). Eluted proteins were visualized by SDS-PAGE
and silver staining. Proteins of the CBF3 complex were copurifed from lysates of asynchromous and mitotic
yeast cells supplemented with CEN3 DNA.

An additional strategy to enrich for regulatory proteins was to supplement the lysate of Amel-
FLAG expressing cells with the PCR amplified CEN3 DNA prior to the pull-downs. A
previous study reported that the COMA complex can directly bind centromeric DNA and
addition of centromeric DNA might be necessary for proper CCAN formation (25). In our
experiment CEN3 DNA induced assembly of the entire CBF3 complex with the COMA
complex (Figure 9). The addition of CEN3 DNA did not significantly increase the levels of
associated regulatory proteins.

In a further attempt to purify stable complexes of kinetochore and regulatory proteins, we
affinity-tagged proteins of the SAC and CPC. I generated strains having Birl and Slil5 of the
CPC and the checkpoint proteins Bub3, Mad3 and Mpsl C-terminally tagged at their
endogenous locus.

Bub3-FLAG and Mad3-FLAG co-purified CDC20, Bubl, Bub2, Madl. However, no
kinetochore proteins were detected among the top 30 proteins. In pulldowns using Slil5-
FLAG and Birl-FLAG the levels of copurifying kinetochore proteins were not significant.
Only in Mps1-FLAG purifications we observed enriched kinetochore protein levels. For
example, Nsll was copurified at 21 % compared to the bait. Ndc80, which interacts with
Mpsl through its CH domain (126) was detected at 8 % compared to the bait. Interestingly,
Spc105, which is a substrate of Mps1, was only detected at around 4 % of the bait. We did not
identify any SAC proteins among the top 30 hits.

Therefore, we concluded that our experimental pulldown approach for studying the
interactions of SAC and CPC with the kinetochore complexes was insufficient to isolate these

assemblies from budding yeast cell lysates. The transient nature of the interactions between
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the structural kinetochore proteins and regulatory proteins did not allow the isolation of stable

native complexes.

3.1.3. Chemical crosslinking and mass spectrometry (XLLMS) analysis

of native yeast kinetochore complexes

Chemical cross-linking in combination with mass spectrometry (XLMS) has become a
versatile tool in hybrid structural biology approaches to analyze the connectivity and topology
of proteins and their complexes at the level of protein motifs. The method is well established
in our laboratory and allows the detection of spatial restraints on low abundant native protein
complexes (122). I attempted to generate a topological map of native kinetochore assemblies.
I focused on the inner kinetochore complexes that were isolated through Amel-FLAG, Ctf3-
FLAG, Mif2-FLAG, Cnnl-FLAG, Wipl-FLAG, and Chl4-FLAG, which in preliminary
experiments yielded the most complete CCAN preparations and used them for large scale
pull-down experiments with 200 g yeast pellets as starting material. As for small scale pilot
experiments native kinetochore subassemblies were isolated from yeast strains containing
FLAG tagged kinetochore proteins at the endogenous loci (Figure 7B). Briefly, the subunits
of the purified protein complexes were cross-linked using the isotopically—tagged N-hydroxy
disuccinimidyl ester based crosslinker bis(sulfosuccinimidyl)suberate (BS3) (123). After
protease digest the cross-linked peptides were enriched by size exclusion chromatography,
cross-link fractions were analyzed by an Orbitrap Elite mass spectrometer and cross-link
spectra were identified using the dedicated search engine xQuest (124).

The single datasets were combined and resulted in a topological map covering the assembly
of the inner kinetochore proteins that delineated their interactions to the outer kinetochore
(Figure 10). The majority of the crosslinks within the different subcomplexes COMA,
Nkp1/Nkp2, CTF3c, KMN are in agreement with the results of our label free quantification
approach and with previous studies (19, 25, 29, 32). While the composition of the stable
subcomplexes was already well defined, our topological map displays a more comprehensive

arrangement between the different subcomplexes, co-purified under native conditions.
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Figure 10. XLMS analysis identifies a novel linkage between COMA and microtubule binding proteins
bypassing the MTW1c. CCAN kinetochore subcomplexes were purified by Amel-, Ctf3-, Cnnl-, Wipl-, Chl4-
and Mif2-FLAG pulldowns. The topology of the yeast CCAN complexes and their connectivity with the NDC80
and Spc105/Kre28 complexes are depicted by 122 distance restraints obtained by XLMS analysis. Proteins are
represented as bars and the protein lengths and linkage sites are scaled to the amino acid sequence. Subunits
within a complex are displayed in the same color.

We identified crosslinks between Chl4/Iml3 and all members of COMA (Figure 10),
indicating that COMA subunits provide an extensive binding interface for Chl4/Iml3. This
observation was confirmed by a recent EM structure of an in vitro reconstituted CCAN (35).
Consistently in human cells, CENP-OPQUR binds to a joint interface on the CENP-HIKM
and CENP-LN complexes (44).

Additionally, we found one crosslink between Chl4 and Mcm?22. Crosslinks between
Nkp1/Nkp2 and the rest of the CCAN proteins were primarily detected on Ame1/Okpl which
is consistent with a previous study (34). Moreover, we found single crosslinks from Nkpl to
Ctf3 and Cnnl.

Proteins of the COMA complex were in cross-linkable vicinity to the CTF3c proteins. In the
Ctf19/Mcm?21 heterodimer we identified crosslinks from the N-terminal extension of Mcm21
to the N-termini of Mcm22 and Mcm16 and a crosslink from the Ctf19 N-terminal extension
to the C-terminal end of Ctf3, which is in agreement with the recently described CCAN EM-
structure. Moreover, we found cross-links between all three subunits of the CTF3c and Cnnl.
In particular, there were crosslinks from the entire N-terminal domain of Cnnl to the N-

termini of Mcm22/Mcm16 and the Ctf3 C-terminus. This is confirming the recently reported
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formation of a stable Cnnl/Wipl:CTF3c complex in vitro (32). Therefore, we assume that
CTF3c is spatially positioned in-between COMA and Cnnl/Wipl and bridges the respective
complexes. As shown in a previous study Cnnl itself was cross-linked to the Spc24/Spc25
heads of the NDC80c (48). The compiled crosslink results indicate a direct COMA-CTF3c-
Cnnl1-Ndc80c link, anchoring the outer-kinetochore KMN network to the inner-centromere
CCAN assembly.

Overall, the data is consistent with the observations of the label free quantitative mass
spectrometry analysis and suggests the same hierarchical arrangement of the subcomplexes
from inner kinetochore towards the microtubule binding interface. In particular, the results of
the Ctf3-FLAG pulldowns resemble the crosslink information. In the pullldowns we
predominantly detected proteins of the COMA, Nkp1/2 complexes and Cnnl/Wip1 at similar

amounts while KMN proteins were less abundant.

3.2.The chromosomal passenger complex directly associates with native

kinetochore complexes

The chromosomal passenger complex has been shown to be recruited to the centromere to
fulfill its essential function in establishing correct microtubule kinetochore attachments during
pro-metaphase (95, 103). However, deleting the first 228 residues, which harbor the
centromere targeting region of SlilSAN does not affect chromosome biorientation (86).
Moreover, deletions of the nonessential COMA complex proteins Ctf19/Mm21 become
synthetically lethal in the sli/5AN background (86). As Ctf19/Mcm21 are important for
cohesin loading and maintenance, the synthetic lethality has led to the hypothesis that
centromere located CPC might also play a role in these processes. Apart from that, it was
suggested, that the SIliISAN mutant retains its biological function by clustering at
microtubules via the Slil5 microtubule binding domain (86). An alternative model for CPC
function is that the functionally relevant pool resides near or at kinetochores (8, 106).
Supporting the later model, Amel has been shown to promote Slil5 localization at
kinetochores and that the reduced localization of Slil5 in the absence of Amel results in
persistent defective attachments (51).

Initially, I aimed to investigate possible interactions between the CPC and kinetochore
proteins by co-purifying native kinetochore-CPC complexes using the protocol described in
chapter 5.11. Up to now, the isolation protocols of native kinetochore complexes have failed

to copurify crosslinkable amounts of CPC with kinetochore complexes. To circumvent these
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limitations I established an experimental strategy that used recombinant Slil5SAN/Ipll and
native kinetochore preparations (Figure 11A), in order to increase the amounts of CPC in the

sample and to shift the binding equilibrium of kinetochore proteins.
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Figure 11. CPC associates with kinetochore proteins in a Birl independent manner. (A) Sli1SAN/Ipll was
recombinantly expressed from single viruses in insect cells. Subsequently a single Strep-tag affinity purification
was performed. To test its binding ability towards kinetochore subcomplexes the bead bound Slil15AN/Ipll was
incubated with purified native kinetochore subcomplexes derived from Amel-FLAG or Dsnl-FLAG pulldowns.
Proteins were eluted and enriched on Ni-NTA beads prior to analyzing the composition via mass spectrometry.
(B) Western blot analysis of eluates confirming the association of kinetochore proteins with S1i15SAN/Ipll. (C)
Quantification of inputs and eluted proteins via mass spectrometry. The 20 most abundant proteins are ranked
according to the molar percentage relative to the bait. (D) Presence of ATP largely reduces the binding of Amel -
FLAG to SIil15AN/Ipll.

To identify kinetochore proteins that associate with the CPC I used the Slil5SAN mutant which
is not targeted to centromeres (86). Deletion of the Slil5 N-terminus prevents direct
association of Slil5/Ipll1 with the native CBF3 complex assembled at centromeric
nucleosomes. To test its ability to associate with kinetochore subcomplexes the recombinantly
expressed S1i1SAN/Ipll was immobilized on beads and subsequently incubated with purified
native outer and inner kinetochore complexess (Figure 11A). Native kinetochore complexes
were obtained by immunoprecipitating Amel-FLAG yielding a large subset of CCAN
proteins or Dsnl-FLAG resulting in a nearly stoichiometric KMN super-complex. In this

preliminary fishing experiment the specific enrichment of Amel-FLAG and Dsnl-FLAG
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copurifying proteins on Slil5SAN/Ipll was observed (Figure 11B/D). The mass spectrometry
analysis of the enriched proteins showed similar compositions as detected in the inputs
(Figure 11C), indicating that complexes did not dissociate during the fishing procedure.
Quantification of CCAN proteins associating with SIi15AN/Ipll identified all members of the
COMA complex within the 20 most abundant proteins indicating a direct interaction of
COMA with the minimal CPC. Notably, compared to the Amel-FLAG isolated complexes in
the input Mif2 was highly enriched in the fished eluate of inner kinetochore proteins (Figure
110).

In addition, among the outer kinetochore proteins interacting with SIi15SAN/Ipll Kre28,
Ndc80 and Mps1 were enriched relative to the levels in the input preparations (Figure 11C).
Neither in the input nor in the Slil5SAN/Ipll enriched samples we detected peptides of
microtubules. This observation further supported a direct CPC interaction with kinetochores
that was not mediated through its association with microtubules as previously suggested (86).
To elucidate whether phosphorylation affects the association of CCAN proteins with
SIil5AN/Ipll the fishing experiment was performed from native CTF19c preparations
supplemented with 5 mM ATP. Western blotting of Amel-FLAG showed a drastically
reduced interaction upon ATP addition (Figure 11D), suggesting that the interaction of inner
kinetochore proteins with the CPC was perturbed by phosphorylation. To identify potential
targets of phosphorylation within the kinetochore proteins we analyzed the unbound fraction
(supernatant) of the fishing experiment by mass spectrometry. We did not detect an increase
in phosphorylation levels of kinetochore proteins compared to the input (data not shown). We
thus assumed that phosphorylation of the CPC itself might affect the binding of the CTF19c.
Indeed, I detected elevated phosphorylation levels of certain sites at Slil5 and to a minor
degree at Ipll compared to the input (Figure 12). In summary, these results suggested that
S1i15/Ipl1 autophosphorylation or phosphorylation by a CTF19c associated kinase negatively
regulates the interaction with inner kinetochore complexes similar to the effect of Slil5
phosphorylation on its association with microtubules.

To investigate whether Ipll or Amel copurifying kinases were implicated in Slil5
phosphorylation, I analyzed phosphorylation levels of Slil5SAN/Ipll after incubation with
ATP in the absence of the Amel-FLAG isolated kinetochore complexes. The phosphorylation
pattern was not significantly altered suggesting that the autophosphorylation of SIli15SAN/Ipl1
affected its binding to the CTF19c.
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Figure 12. Mass spectrometric quantification of SIlilSAN/Ipll in vitro phosphorylation sites. The
Slil5AN/Ipll in vitro phosphorylation sites were quantified by mass spectrometry and the software MaxQuant
(vers. 1.5.2.8) in the presence or absence of ATP and Amel-FLAG copurifying kinetochore complexes. Protein
abundances were estimated as the sum of peptide intensities divided by the peptide counts. The intensities of the
phosphorylated peptides were normalized to the respective protein intensities.

3.3. In vitro reconstitution of inner kinetochore subcomplexes interacting

with the chromosomal passenger complex

The previous fishing experiments suggested the association of SIi1SAN/Ipl1 with CTF19c. To
investigate the molecular basis of this interaction and to identify putative binding partners of

the CPC a subset of CTF19 complexes was reconstituted.

3.3.1. The core CPC directly interacts with the COMA complex

The centromere-targeting deficient mutant s/i/54N shows synthetic lethality with deletions of
Ctf19 or Mcm21 (86). Additionally, a study reported an essential role of the COMA complex
in mediating correct localization of the CPC (51). Thus, I asked whether the COMA complex
directly interacts with Slil5/Ipll in vitro. The essential proteins Amel/Okpl were purified
from E.coli as described previously, while Ctf19/Mcm21 was successfully purified from
insect cells as homogenous and nearly stoichiometric complex.

XLMS analysis of COMA subunits and Sli15/Ipll at stoichiometric ratios identified 98 inter-

protein and 69 intra-protein crosslinks (Figure 13). The majority of crosslinks within the
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COMA complex are in agreement with previous reports (34, 35). Only one crosslink between
Ipll and the COMA complex was detected. However, 16 crosslinks targeting COMA were
found on Slil5, 15 of which are located in its microtubule binding domain. Notably, 10 of
these crosslinks were located in the C-terminal RWD (RWD-C) domain of Ctf19. In addition
to that, 4 crosslinks were located in the RWD-C domain of Mcm?21 and two in Okpl.

Within the COMA complex the two RWD-C domains are in close proximity (50). Moreover,
one crosslink detected on lysine 366 of Okpl is close to the reported Ctf19/Mcm21 binding
site of Okp1 (34) and thereby also positioned in vicinity to the RWD-C domains. Collectively
the crosslink data suggested that Slil5 provides most of the interaction surface within
Sli15/Ipl1. Within the COMA complex several protein regions of more than one protein might
contribute in forming an association site, with the Ctf19 C-terminal RWD domain playing a

predominant role.
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Figure 13. The crosslinks detected between recombinant Slil5/Ipll and the COMA complex display
potential binding sites. Topology map of Slil5/Ipll in complex with COMA, based on the 167 restraints
obtained by XLMS analysis. Sli15/Ipll and Ctf19/Mcm21 were recombinantly expressed from single viruses in
insect cells, Amel/Okpl was expressed in E.coli. Purified complexes were mixed at equimolar amounts prior to
crosslinking with BS3. Proteins are represented as bars and the protein lengths and linkage sites correspond to
the amino acid sequence. Subunits within a complex are displayed in the same color.
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To further elucidate the molecular mechanism of the Sli15/Ipl1:COMA association and to
validate the crosslink data I performed in vitro binding assays. Slil15/Ipll was pre-bound to
Streptavidin beads and incubated with heterodimers Amel/Okpl and Ctf19/Mcm?21
individually or combined. Strikingly, both complexes showed interaction with Slil15/Ipll
compared to the bead control (Figure 14A). Notably, auto-phosphorylation of Sli15/Ipll prior
to performing the in vitro binding assay abrogated binding of the COMA proteins (Figure
14A), validating the observations of the fishing experiment in which native kinetochore
complexes were applied (Figure 11D). Further dephosphorylation by lambda phosphatase
treatment did not enrich binding (Figure 14A).

Despite extensive efforts to show stable binding via analytic SEC, I was unable to observe a
co-migrating complex. Either Sli15/Ipll interacted with the column material and consequently
could not be eluted, or no co-migrating complex with COMA subunits was formed under the
tested conditions. I next asked whether binding is also established in a more complex
environment than represented in the in vitro pull down assays. Therefore, I conducted another
fishing experiment. Sli15AN/Ipll pre-bound to beads was incubated with insect cell lysates
containing either Amel/Okpl or Ctf19/Mcm21 expressed from single viruses. Compared to
empty beads, a clear increase in association of Amel and Ctf19 with SIi15AN/Ipll beads was
observed (Figure 15), highlighting the ability of Amel-FLAG and Ctf19-FLAG to bind
Sli15AN/Ipll despite other proteins competing for the binding site.
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Figure 14. Sli15AN/Ipll interacts with Amel/Okpl and Ctf19/Mcm21 in a phosphorylation dependent
manner, with the Ctf19 C-terminal RWD domain acting as a defined binding site. (A) In vitro binding
assays showing individual or combined association of Amel/Okpl and Ctf19/Mcm21 with Slil15/Ipll. Slil15/Ipll
immobilized on Streptavidin beads was either untreated, pre-phosphorylated (p) or dephosphorylated (dp) prior
incubation with the respective COMA proteins. Eluted proteins were visualized by SDS-PAGE and coomassie
staining. (B) In vitro binding assays of Ctf19AC lacking the last 100 amino acids which form the C-terminal
RWD domain, compared to Ctf19 wildtype (WT). (C) Quantification of Figure (B). Intensities of pulled down
Ctf19 wildtype or Ctf19AC protein levels relative to Slil5 protein levels were quantified. Graph depicts mean
values and standard deviations obtained from three independent experiments.
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Figure 15. Amel/Okp1 and Ctf19/Mcm21 associate with SIi1SAN/Ipll in a complex environment. Western
blot analysis showing Ctf19-FLAG or Amel-FLAG interaction with Slil5AN-Strep/Ipll immobilized on
Strepavidin beads (left panel). Coomassie stained SDS-PAGE gel of insect cell lysate aliquots showing the
expression of Ctf19-FLAG/Mcm21, Amel-FLAG/Okp1 or SlilSAN-Strep/Ipl1.

To further explore whether the Ctf19 C-terminal RWD domain functions as interaction site, 1
generated a C-terminal RWD deletion mutant, Ctf19A270-369 (Ctf19AC). The mutant still
formed a stoichiometric complex with Mcm?21, but was not pulled down with Slil15/Ipll
(Figure 14B/C). Collectively, the in vitro binding assays and XLMS data reveal at least two
docking sites for S1i15/Ipl1 within the COMA complex, one of which being the C-terminal
RWD domain of Ctf19.

Our crosslink data did not point towards an obvious Slil5/Ipll binding site within the
Amel/Okp1 heterodimer for Sli15/Ipl1 binding. However, a recent study provided a structural
and functional characterization of Okp1, highlighting the requirement for viability of a coiled
coil region ( aa 234-264 ) (34). Interestingly the same region overlapped with the identified
minimal region (229-336) required for interaction with the RWD domains of Ctf19/Mcm?21. 1
hypothesized that within the tetrameric COMA complex, the individual Sli15/Ipl1 docking
sites of Amel/Okpl and Ctf19/Mcm?21 might be in close proximity. To test this, I generated
two Okpl mutants lacking all or part of this feature, Okpl ACC1 (241-282 aa) and Okpl1ACC2
(204-271 aa), respectively. One of the two crosslinks of Okpl to Slil5 was detected close to
the single alpha helix (SAH) motif of Slil5. Notably, crosslinks of Ctf19 to Slil5 were also
found in that region. I concluded that this alpha helix might interact with the coiled coil region
of Okpl. However, in vitro binding assays showed that neither the alpha helix of S1i15 nor the
coiled coil region of Okpl were required for interaction (Figure 16). Future experiments will
have to address which region in Amel/Okpl mediates this interaction. Apart from that, in

vivo experiments are required to clarify the relevance of the multiple docking sites.
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Figure 16. Sli15AN/Ipll binding to Amel/Okpl does not require certain coiled coil structures. In vitro
binding assays showing association of Amel/Okpl with Slil15/Ipll. S1i15/Ipll was immobilized on Streptavidin
beads prior to incubation with the respective Amel/Okpl wildtype or mutant complexes. Eluted proteins were
visualized by SDS-PAGE and coomassie staining. Slil5SACC lacks amino acids 523-563, which form the SAH
domain. OkplACCI lacks amino acids 241-282 and OkplACC2 amino acids 204-271. IN: input, PD: pulldown.

3.3.2. The core of the chromosomal passenger complex directly

interacts with Mif2, but not with the CTF3c in vitro

Mif2 provides a direct link between centromeric NCP and outer kinetochore proteins, and is
one of the three essential proteins in the budding yeast CCAN (23). Moreover, Mif2 was one
of the proteins enriched in the fishing experiment, hinting towards a close association with
CPC proteins (Figure 11C). Therefore, I tested the direct binding of Mif2 to Sli15/Ipll via
XLMS and in vitro binding assays. XLMS analysis did not enable us to pinpoint a possible
interaction site, as I detected crosslinks covering most parts of Mif2 and Slil5 (data not
shown). Still, in vitro binding assays showed a specific interaction, which was

phosphorylation dependent (Figure 17).
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Figure 17. Sli1SAN/Ipll interacts with Mif2 in a phosphorylation dependent manner. /n vitro binding
assays showing interaction between Mif2 and S1i15AN/Ipll in the presence of ATP or the non-hydrolysable
analogue AMP-PNP. Slil15AN/Ipll was immobilized on Streptavidin beads before Mif2 was applied. Eluted
proteins were visualized by SDS-PAGE and coomassie staining. IN: input, PD: pulldown.

The fishing experiments and in vitro binding assays showed binding of the CPC to

kinetochore proteins that are positioned proximal to the centromere. Moreover, I observed
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association with more distal complexes like the KMN (Figure 11C), which represents also a
target for Ipll phosphorylation. Next, I asked whether the CPC interacts with additional
complexes, potentially positioned in-between. I speculated that this could facilitate a gradual
movement from the centromere to microtubule binding proteins. Therefore, I asked whether
CTF3c proteins also directly interact with the CPC. However, in vitro binding assays did not

show a significant interaction (Figure 18).
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Figure 18. Sli1SAN/Ipl1 does not interact with the CTF3c. In vitro binding assays analyzing the interaction of
SIil5AN/Ipll with the CTF3c in the presence of ATP or the non-hydrolysable analogue AMP-PNP.
SIil15SAN/Ipll and Ctf3/Mcm22/Mcml6 (HIK/CTF3c) were recombinantly expressed from single viruses in
insect cells. SIi15AN/Ipll was immobilized on Streptavidin beads prior to incubation with CTF3c proteins.
Eluted proteins were visualized by SDS-PAGE and coomassie staining. IN: input, PD: pulldown.

3.3.3. The COMA complex mediates the spatial positioning of
Sli15/Ipll at the inner kinetochore

The crosslink guided in vitro reconstitution identified the COMA complex as a direct
interaction partner of SIi1SAN/Ipll. In addition to that, I observed Mif2 associating with the
CPC in in vitro pulldown assays. Importantly, an essential role of Amel in establishing the
proper localization of the CPC at metaphase was already suggested (51). Intriguingly, the
centromere-targeting deficient sli/54AN mutant is synthetically lethal upon deletion of Ctf19 or
Mcm?21 (86), though the underlying cause is still unknown. We hypothesized that direct
interactions with COMA proteins provide a mechanism for positioning the CPC at inner
kinetochores, independent from Birl and that the synthetic lethality observed is caused by
disturbed CPC positioning. In an attempt to test this hypothesis and thus clarify the functional
relevance of the in vitro interactions observed, we carried out a variety of yeast viability
assays in vivo.

First, we reproduced the synthetic lethality reported by applying an anchor-away system
(127). We generated a yeast strain in which endogenous Slil5 is replaced by Sli15AN, and
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endogenous Ctf19-FRB can be inducibly depleted from the nucleus upon rapamycin
treatment. With this tool in hand we confirmed, that cells expressing SIi15SAN are viable in the

presence of Ctf19-FRB, but after Ctf19-FRB depletion, no growth is detected (Figure 19).

3.3.4. Cohesin loading defects do not provide a valid explanation for

the synthetic lethality of the ctf194/5li154AN double mutant

Because Ctf19/Mcm?21 also play a role in centromeric cohesin loading (30) a potential role for
chromatin-localized CPC in cohesion establishment or maintenance has been suggested (86).
Recently, Ctf19 was identified as the receptor of the cohesin loading complex (128). In
particular, the first 30 amino acids, comprising essential phosphorylation sites of the Dbf4-
dependent kinase (DDK) were shown to be required for the recruitment of the cohesin loading
complex Scc2/4 to the centromere (128). Hence, we generated a Ctf19 mutant, lacking the
first 30 amino acids (ctf19A2-30), enabling us to determine whether Slil5 plays an active,
essential role in the cohesin loading process. Strikingly, cells expressing Ctf19A2-30 in the
sli1 54N background showed no growth defect upon Ctf19 depletion (Figure 19). This result
demonstrates that the synthetic lethality is not caused via a cohesin loading defect and must be

accounted to a different cellular process.

YPD YPD
Sli15 ﬁ +Rapamycin rescue

z|2 Ctf19
=le Ctf19-Sli15AN
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Figure 19. The synthetic lethality of a slil54AN/ctf194 double mutant is independent of the Ctf19 N-
terminus containing the cohesin-loader receptor domain. Cell growth assays for analyzing the ability of
constructs to rescue synthetic lethality in a s/i/5AN/Ctf19-FRB double mutants using the anchor-away system.
The indicated constructs were ectopically expressed in Ctfl19 anchor-away strains carrying sli/5AN at the
endogenous locus. Yeast growth was monitored in serial dilutions, harboring no (-) or the indicated constructs,
on YPD plates in the absence or presence of rapamycin at 30 °C. All tested constructs Ctf19OWT, Ctf19AN2-30
and Ctf19-Sli15AN are able to restore growth. The displayed spotting assay was carried out by Sylvie Singh.

3.3.5. The synthetic lethality of ctf194/sli15AN can be rescued by
artificial and selective tethering of Slil5 to inner kinetochore

proteins

As stated above, we hypothesized that in ctf194/slil15AN cells, impaired binding of Sli15AN
to COMA proteins cause the lethal phenotype. In this scenario, repositioning of SIi15AN to

40



the inner kinetochore by artificial tethering to inner kinetochore proteins should restore
growth. Thus, we generated fusions of SIil5SAN to various inner and outer kinetochore
proteins and monitored their ability to restore growth in our anchor away induced
ctf194/slil5AN double mutant. As expected, fusions to the outer kinetochore proteins
Mtw1/Dsnl and fusions to inner kinetochore proteins Ctf3/Cnnl did not rescue viability
(Figure 20A). However, in accordance with our hypothesis, specific inner kinetochore fusions
to the COMA proteins Amel and Okpl conferred viability (Figure 20A), supporting the idea
that precise spatial positioning was required. Interestingly, fusing SIil15SAN to Mif2, which
also directly interacted with Slil5 in the in vitro binding assay, could not restore viability
(Figure 20A). We exclude that lack of rescue was caused by a lack of expression of the

various protein fusions, as all proteins were detected by western blot analysis (Figure 20B).
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Figure 20. Artificial and selective tethering of Sli1SAN to Amel/Okp1 rescues the synthetic lethality in a
slil5AN/ctf194 double mutant. (A) Cell viability rescue assays were performed as described in Figure 19 in
Ctf19 anchor away strains, carrying s/i/ SAN at the endogenous locus. Among the tested fusions to various inner
and outer kinetochore proteins (Ctf19-Slil5AN, Amel-Slil5AN, Okp1-S1il15AN, Mif2-Slil5AN, Ctf3-Slil15AN,
Mtw1-Slil5AN, Dsnl-Sli15AN, Cnn-1-Slil5AN, Slil5AN) only the fusions to the COMA proteins Amel, Okpl
and Ctf19 showed a rescue effect. (B) Amounts of ectopically expressed FLAG tagged fusion constructs used in
(A) are displayed via western blot analysis. The displayed experiments were carried out by Sylvie Singh.

3.3.6. A functional chromosomal passenger complex tethered at inner

kinetochores requires Ipll kinase activity

Next, we aimed to determine whether rescue of viability was dependent on Ipll kinase
activity. Thus, we generated Amel- and Okpl-Slil5SAN fusion proteins lacking the Ipll
binding site, referred to as “IN box” (92, 129). As Amel- and Okp1-Slil5SANAIN fusions did
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not confer viability (Figure 21A), we concluded that Ipll kinase activity is required and that
the ability to restore growth is not intrinsic to Slil5.

Slil5 harbours a Single Alpha Helix domain (SAH, aa 516-575), which mediates microtubule
binding in vitro (88, 89). Recently it was proposed, that SIi15AN is targeted proximal to
metaphase kinetochores via this domain and thereby might maintain its biological function
(86). To address this assumption and query the role of the SAH domain, we made Amel- and
Okpl1-SIli15ANASAH fusion constructs. The respective mutants displayed normal growth in
the s/i/5AN background (Figure 21A), indicating that the function of the SAH domain is not

required for the essential role of the CPC positioned at the inner kinetochores.
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Figure 21. Rescue effects via Amel-SlilSAN or Okp1-Slil15AN fusion proteins require the Ipll binding
domain (IN box) of Sli15, whereas its SAH domain is dispensable. Growth assays applying the anchor away
technique were performed as described in Figure 19. The fusion constructs lacking the SAH domain Amel-
SIiISANASAH and Okpl-SlilSANASAH restored growth, while expression of proteins lacking the IN-box,
Amel-Sli1SANAIN and Okp1-Sli1SANAIN, did not show a rescue effect. (B) Western blot analysis detecting the
C-terminal 7xFLAG tag of the fusion proteins shown in (A). The displayed experiments were carried out by
Sylvie Singh.

3.3.7. The Ctf19 C-terminal RWD domain mediates the recruitment

of Sli15 to inner kinetochores

Finally, since our in vitro pulldown experiments identified the C-terminal RWD domain of
Ctf19 as essential for Sli15/Ipl1:Ctf19/Mcm?21 complex formation (Figure 14B/C), we aimed
to verify this observation in vivo. However, because the C-terminus of Ctf19 is also required
for assembling into the COMA complex (34) (Figure 23), its deletion abrogates Ctf19
kinetochore localization. To circumvent this problem, we tested, whether fusions of Ctf19WT
or Ctf19AC to Amel or Okpl were able to rescue synthetic lethality in a Ctf19-FRB/slilSAN
background. Consistent with our biochemical data, CtflI9WT- but not Ctfl19AC fusion
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constructs were able to restore viability (Figure 22A). All fusion proteins were equally

expressed in vivo, as indicated by western blot analysis (Figure 22B).
In summary, our data indicate that the Ctfl9 C-terminal RWD domain mediates the

positioning of Ipll kinase activity at the inner kinetochore, thereby ensuring its proper

function.
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Figure 22. A functional C-terminal RWD domain of Ctf19 is required for viability in the sli/5AN
background. Rescue experiments applying the anchor away technique were performed as described in in Figure
19. The fusion constructs lacking the C-terminal RWD domain of Ctf19, Amel-Ctf19AC and Okp1-Ctf19AC fail
to restore growth, while the wildtype fusion-proteins Amel-Ctf19 and Okp1-Ctf19 confer viability. (B) Western
blot analysis visualizing the C-terminal FLAG tag of the fusion proteins shown in (A). The displayed
experiments were carried out by Sylvie Singh.
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Figure 23. The C-terminal RWD domain of Ctf19 is required for the formation of the COMA complex in
size exclusion experiments. Amel/Okpl association with Ctf19/Mcm?21 or Ctfl9AC/Mcm21 was monitored via
size exclusion chromatography. The recombinant protein complexes were applied individually or in combination
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at a 1:1 molar ratio. Eluted fractions were analyzed by SDS-PAGE and coomassie staining. Amel/Okp1 shifted
to earlier elution volumes in the presence of Ctf19/Mcm21. No complex formation was detected, when
Amel/Okpl was combined with Ctf19AC/Mcm21.

3.4. In vitro reconstituted KMN interacts with the chromosomal

passenger complex

While the CCAN links the kinetochore to the centromere, the KMN network represents the
primary interface between kinetochores and spindle microtubules (57). As such, it has
emerged as a critical target of the Aurora-B/Ipll kinase mediated error correction.
Specifically, the well-defined phosphorylation of the positively charged Ndc80 N-terminus
reduces the affinity of kinetochores towards microtubules in response to erroneous attachment
states (58, 97). Still, precise knowledge of how incorrect microtubule kinetochore attachments
trigger the response of Ipll kinase activity is lacking. To date, it is a matter of debate, where
the functionally relevant Ipll pool that senses and corrects miss-attachments in concert with
the KMN network, resides (106). One hypothesis is that the CPC is targeted to centromeres
and via dissociation generates a CPC concentration gradient, known as the centromere
gradient model (106). Alternative models predict that the active pool is localized at
kinetochores, or at microtubules, and that the centromere pool is not strictly required for
Ndc80 phosphorylation. Latter models are supported by the observation that the SIi1SAN
mutant, lacking the centromere targeting domain, shows normal error correction (86).
Initially, my fishing experiment suggested interactions of the CPC with kinetochore subunits
of the inner and outer kinetochore (Figure 11B/C). Most importantly, my crosslink-guided in
vitro reconstitution identified docking sites of the CPC within the CCAN. Thus, we next
investigated whether the CPC also interacts directly with outer kinetochore proteins. For this
purpose, I applied crosslink-guided in vitro reconstitution.

The KMN consists of three distinct subcomplexes: NDC80c, MTW1lc, and Spcl105/Kre28.
For each subcomplex a single expression vector, harboring the gene-cassettes of all respective
proteins, was assembled via the biGBac method (130). By further combination of these
constructs, a single expression vector containing all ten KMN subunits was generated and the
complex was successfully purified at stoichiometric amounts from insect cells. XLMS
analysis of KMN and Sli15/Ipll mixed at equimolar amounts yielded 324 inter-protein and
324 intra-protein crosslinks (Figure 24). The inter-crosslinks within the subcomplexes are in
agreement with their known structure. For instance, we observed crosslinks between the

Ndc80 and Nuf2 coiled coil domains (66), as well as between the Spc24 and Spc25 coiled coil
44



domains (131). Furthermore, inter crosslinks between Dsnl and Nsll, which form a stable
heterodimer (60), have been detected. Additionally, the reported connection between the
globular C-terminal domain of Spc24-Spc25 and Nsll was detected (60). Moreover,
numerous crosslinks within the Spc105/Kre28 subcomplex were found. Taken together, the
crosslink data validates our experimental approach and confirms that KMN remained intact
during the experiment. We found only a single crosslink between Slil5 and the prominent
Ipl1 phosphorylation target Ndc80. Strikingly, we detected 19 crosslinks from Slil5 towards
Spcl05 and 3 towards Kre28. Crosslinks of Ipll towards KMN proteins were located
exclusively on Kre28. Collectively, this analysis verified known interactions and more
importantly, indicated that Spc105/Kre28 provides a docking site for S1il15/Ipll. To test this
observation, I performed in vitro binding assays, which indeed showed Sli15/Ipl1 binding to
bead-bound Spc105/Kre28 (Figure 25B).

The KMN represents a major target of phosphorylation for regulating its affinity towards
microtubules (6). Furthermore, phosphorylation of the Spc105 MELT repeats by Mps1 kinase
mediates the recruitment of the SAC machinery (65). In in vitro binding assays with CCAN
proteins, I observed a reduction of Slil5/Ipll binding due to phosphorylation. Therefore, I
tested whether phosphorylation influences binding of S1i15/Ipll towards the KMN in a similar
manner.

The addition of ATP, resulting in auto-phosphorylation of Slil5/Ipll and Ipll mediated
phosphorylation of KMN, abrogated the binding (Figure 25 - lane 5). Still, individual
phosphorylation of either S1i15/Ipl1 (Figure 25 - lane 3) or KMN (Figure 25 - lane 4) by Ipll
did not significantly reduce this interaction. This is in contrast to the finding that Slil5
phosphorylation is sufficient to abrogate association with COMA proteins (Figure 14A). We
also tested whether Mps1 phosphorylation has an impact on the observed binding properties.
For this purpose we took advantage of a Sli15/Ipll kinase dead mutant (D227A) enabling us
to specifically differentiate between Mpsl and Ipll phosphorylation. Interestingly,
phosphorylation of KMN by Mpsl alone was not sufficient to abrogate the interaction with
Sli15/Ipl1 (Figure 25 - lane 7). However, as with the observed Ipll mediated phosphorylation
effect, the additional phosphorylation of Sli15/Ipll by Mpsl significantly reduced the
amounts of pulled down Slil5/Ipll (Figure 25 - lane 8). Thus, we conclude that
phosphorylation of both interaction partners, Sli15/Ipll and KMN, are required to abrogate
complex formation and, that phosphorylation of individual complexes is not sufficient. The
precise role of Spc105/Kre28 binding to Slil5/Ipll in vivo should be the subject of further

investigations. Is this interaction relevant for error correction or SAC signaling? Does this
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interaction provide a mechanism for positioning active Ipll close to its target protein Ndc80,
in order to correct false microtubule kinetochore attachment states? How is the interaction

regulated in vivo? Does phosphorylation play a role?
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Figure 24. XLMS analysis identified the Spc105105/Kre28 complex as a putative docking site for
Sli15/Ipll at the outer kinetochore. Crosslinking analysis of in vitro reconstituted Slil15/Ipll with the KMN
complexes is visualized as network diagram as described (Figure 13). S1i15/Ipl1 and KMN were recombinantly
expressed from single viruses in insect cells. The purified complexes were mixed at equimolar amounts prior
crosslinking with BS3.
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Figure 25. In vitro binding assay showing phosphorylation dependent association of Slil5/Ipll with the
KMN network. (A) The KMN network was immobilized via Spc105-FLAG on FLAG-beads prior to incubation
with Slil5/Ipll or the kinase dead (kd) Slil5/Ipll mutant. The KMN proteins and Slil5/Ipll were pre-
phosphorylated by Ipll (pI) or Mps1 (pM), phosphorylated in the incubation mixture or mock-treated with AMP-
PNP. (B) Sli15/Ipll was immobilized on Streptavidin beads prior incubation with Spc105/Kre28. Eluted proteins
were visualized by SDS-PAGE and coomassie staining.

3.5. The Amel/Okp1 heterodimer selectively binds Cse4 containing

nucleosomes

To date, only one budding yeast CCAN protein, Mif2, has been identified to directly and

specifically associate with Cse4“™"*

containing nucleosomes (23). This is in contrast to
human, where CENP-N also contributes to the hierarchical assembly by selectively
recognizing CENP-A (38). For the budding yeast homologue of CENP-N, Chl4, no direct
association has yet been observed. Furthermore, the localization of Chl4 depends on
Ctf19/Mcm21 and Mif2 (33, 34). This suggests a more downstream role for Chl4 in the
assembly process than in the human system. My label free quantitative mass spectrometry
data further supports this idea. In the in vivo-pulldowns of Chl4-FLAG the most abundant
copurifying proteins were members of COMA- and CTF3 complexes instead of nucleosomal
proteins (Figure 8). However, as the budding yeast point centromere is marked by a single

Cse4 nucleosome, cooperative stable interactions with CCAN proteins are anticipated to

ensure the proper and spatially restricted kinetochore assembly. To screen for further direct
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interaction partners of Cse4-NCPs we looked at our label free quantitative mass spectrometry
data for candidate proteins. Within the tested CCAN proteins (Ame1/Chl4/Cnnl/Wipl/Ctf3),
the highest amounts of Cse4 were co-purified by using Amel-FLAG as bait protein (Figure
8), indicating a close association of COMA proteins with centromeric nucleosomes.
Moreover, we reasoned that Mif2 was not required for this association as the detected
amounts of Mif2 in Amel-FLAG pulldowns were ten times lower than the amounts of Cse4.
To assess whether COMA proteins directly interact with Cse4-NCP, I performed an XLMS
guided in vitro reconstitution approach. I extended the analysis by adding Mif2, to serve as a
positive control for association with Cse4. In total 115 inter-subunit crosslinks between the
nine proteins were identified (Figure 26). Crosslinks within COMA complex and from the
Mif?2 signature motif to the Cse4 C-terminus (24) are in agreement with previously described
interfaces. Strikingly, we detected numerous crosslinks between Okp1l and Cse4. Apart from
that, Okpl, with the exception of a single crosslink between Amel and H2A, was the only
COMA protein that crosslinked to additional histone proteins. This clearly suggested that in
addition to Mif2, the budding yeast protein Okp1 binds directly to Cse4-NCP.
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Figure 26. XLLMS analysis identifies Okp1 as a direct binding partner of Cse4-NCPs. XLMS analysis of the
in vitro reconstituted Cse4-NCPs together with COMA complex and Mif2. Purified complexes were mixed at
equimolar amounts prior to crosslinking with BS3. Detected crosslinks are visualized as network diagram as
described (Figure 13).

To validate this observation and further characterize the interaction between the COMA
complex and Cse4-NCPs we performed size exclusion chromatography (SEC) studies. As
expected, Amel/Okpl combined with Cse4-NCPs co-eluted at earlier volumes when
compared to the single complex runs (Figure 27). Strikingly, we did not observe a shift
towards earlier fractions for Amel/Okpl combined with H3-NCP (Figure 27). As Cse4-NCPs
and H3-NCPs were reconstituted using the same 601 DNA sequence, we reasoned that the
observed interaction is specific towards Cse4-NCP and not mediated solely by the affinity of
Amel towards AT-rich centromeric DNA, as recently proposed (25). Collectively, the SEC
experiments verified our XLMS data and, more importantly, highlighted the selective

property of the association.
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Figure 27. The Amel/Okpl heterodimer selectively and exclusively interacts with Cse4 containing
nucleosomes in size exclusion experiments. Individual recombinant protein complexes or indicated equimolar
mixtures were separated by size exclusion chromatography and fractions were analyzed by SDS-PAGE and
coomassie staining. Amel/Okpl shifted to earlier elution volumes in the presence of Cse4-NCP. No co-
migration was detected when Amel/Okpl was combined with H3-NCP.

3.5.1. The Amel/Okp1 heterodimer links other kinetochore proteins

directly to Cse4 containing nucleosomes

To investigate whether Amel/Okpl is able to target other kinetochore proteins to centromeric
Cse4-NCPs we performed further SEC analysis including the other COMA complex proteins
Ctf19/Mcm21 and MTWlc (25). As expected, Ctf19/Mcm21 did not directly interact with
Cse4-NCP in the absence of Amel/Okpl (Figure 28A), however, in the presence of
Amel/Okpl a stable COMA:Cse4-NCP complex was established (Figure 28A). More
importantly, we observed the formation of a supramolecular complex between
Amel/Okp1:Cse4-NCP:-MTW c ( Figure 28B), suggesting that Ame1/Okpl provides a direct
link for the KMN to the centromeric nucleosome. This is in agreement with a recent study
showing that point mutations in the Cse4 N-terminus (Cse4-R37A), which reduce
Amel/Okpl binding, cause decreased recruitment of Mtw1 to the centromere. Notably, the

decreased recruitment could be restored by Okpl suppressor mutants (132).
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Figure 28. In complex with Amel/Okpl the Ctf19/Mcm21 heterodimer and MTWlc are stably linked to
Cse4-NCP in size exclusion experiments. Individual recombinant protein complexes or indicated equimolar
mixtures were separated by size exclusion chromatography and fractions were analyzed by SDS-PAGE and
coomassie staining. (A) A distinct shift of Amel/Okpl by one fraction to higher molecular weights in the
presence of Ctf19/Mcm21 indicated formation of the COMA complex. Cse4-NCP did not directly associate with
Ctf19/Mcm21 in the absence of Amel/Okpl. Co-migration of Ctf19/Mcm21 with Cse4-NCP was observed in
the presence of Amel/Okpl as seen by the shift of the Amel/Okpl and the Ctf19/Mcm?21 peak to fractions
11/12. (B) Amel/Okpl shifts to earlier fractions when combined either with MTW I¢ or Cse4-NCP. Combined,
the respective proteins form a stable supramolecular complex.

3.5.2. A small, essential, N-terminal region in Cse4 is required for

binding the Amel/Okp1 heterodimer

Next, we aimed to elucidate the contributing binding interfaces of Okpl and Cse4. The
binding discrimination observed between H3 and Cse4 containing nucleosomes already

indicated that the selective interaction interface resides outside of the histone fold domain
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(HFD), which is structurally homologous between the two histone variants. Moreover, we
detected two crosslinks between Okpl and the divergent N-terminus of Cse4 (Figure 24). As
Amel and Okpl are essential for viability in budding yeast, we assumed that the respective
Cse4 binding interface is conserved among yeast species. Multiple sequence alignment
(MSA) including representatives of the budding yeast family (Saccharomycetaceae), three
mammalian and the Schizosaccharomyces pombe CENP-A sequences highlighted a yeast
specific conserved region absent in the other species, encompassing amino acids 34-61 of S.
cerevisiae Cse4 (Figure 29). Yeast genetic experiments have already shown that amino acids
28 to 60 are sufficient to provide the essential function of the Cse4 N-terminus (133), though

do not provide an explanation for the mechanistic role of this region.
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Figure 29. Multiple Sequence Alignment (MSA) of Cse4 protein sequences reveals a conserved N-terminal
patch in Saccharomycetaceae, which is absent in mammalian CENP-A homologs. (A) A MSA of Cse4
proteins from interrelated budding yeast species was conducted with Clustal W. Protein sequences with the
highest similarity to Saccharomyces cerevisiae Cse4, determined by a protein BLAST search, the S. pombe and
three mammalian CENP-A protein sequences were included in the alignment. Within the 135 amino acids long
N-terminal tail of Cse4, specific to CENP-A homologs in Saccharomycetaceae, we identified a patch including
amino acids 34 to 61 (highlighted in pink) as conserved in interrelated yeasts (amino acid color scheme assigned
by Clustal W). Scheme of the Cse4 deletion mutants. Two sequential deletions cover the first 90 N-terminal
amino acids and two deletions split the conserved patch (highlighted in pink) to narrow down the potential
binding site for the Ame1/Okp1 heterodimer.

To confirm our findings and assess whether the unveiled domain mediates the interaction with

the Amel/Okpl heterodimer, we generated N-terminal deletion mutants of Cse4 for SEC
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analysis. As all purified mutants as well as wild type Cse4-NCP display a similar elution
profile, we reasoned that stability, folding and incorporation into the nucleosome structure is
not impaired. While removing the first 30 N-terminal residues of Cse4 (Cse4A2-30) did not
affect binding to Amel/Okpl, deletion of the essential and conserved N-terminal region
(Cse4A31-60) completely abrogated Amel/Okpl:Cse4-NCP complex formation (Figure
30A). Next, we tried to further constrain the interaction interface by generating mutants with
half of the essential domain deleted, Cse4A34-46 and Cse4A48-61. Cse4A48-61 formed a
stable stoichiometric complex with Amel/Okpl (Figure 30B), though we did not observe any
co-migration in our SEC analysis for Cse4A34-46 (Figure 30B). Taken together, the XLMS
analysis and the results from SEC suggest that the conserved N-terminal motif is the primary,
if not sole site of interaction with Amel/Okpl. Consistently, recent SEC analysis showed

direct interaction between Amel/Okpl with a Cse4 N-terminal peptide (aa 21-219) (132).
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3.5.3. The small N-terminal region in Cse4, required for binding the

Amel/Okp1 heterodimer in vitro, is essential for viability

We hypothesized that the indispensable function of the Cse4 N-terminus in budding yeast is
its ability to recruit the essential Amel/Okpl heterodimer, thereby enabling proper
kinetochore assembly. In this model, the minimal region for disturbing the interaction in vitro
should also cause a lethal phenotype in vivo. To test this, we depleted endogenous Cse4 from
the nucleus using the anchor-away technique and performed rescue experiments by
ectopically expressing the same Cse4 constructs that were used in the SEC analysis. Indeed
the mutants that did not form a stable complex with Amel/Okpl in vitro, Cse4A34-46 and
Cse4A31-60, could not restore viability, while expression of Cse4 construct Cse4A47-61
resulted in normal growth in every dilution tested (Figure 31). The observed correlation
between the inabilities of the Cse4 mutants to restore growth and to stably interact with
Amel/Okpl, supports our model that recruitment of the Amel/Okpl heterodimer to Cse4-

NCPs, mediated by a defined (13 aa) N-terminal region, is essential for viability.

YPD
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Csed

Cse4 A62-94
Cse4 A31-61
Csed A34-46
Csed4 A47-61

Cse4d

Figure 31. Rescue experiments reveal the requirement of the short (13 aa) N-terminal patch of Cse4 that
mediates Amel/Okpl binding for viability. Growth assay of Cse4-FRB anchor-away (AA) strains carrying
constructs for the ectopical expression of wildtype and indicated mutant proteins. Cell growth of serial dilutions
(1:10) was analyzed on YPD plates at 30 °C in the absence and presence of rapamycin. Cells expressing
CsedWT, CsedA62-94 or Csed4A48-61 show normal growth, while Cse4A31-60, Cse4A34-46 fail to restore
viability. The displayed spotting assay was carried out by Sylvie Singh.

3.5.4. The Okp1 core domain is required for Cse4 binding

We next aimed to narrow down the Cse4 binding site in Okpl. Crosslinking analysis pointed
towards a region encompassing the previously described Okpl core domain (aa 166-211)
(Figure 26), which is essential for cell growth (34). A multiple sequence alignment analysis of
Okpl reveals that this region overlaps with a conserved stretch (aa 127-184) (Figure 32A).

Additionally, secondary structure analysis predicted two alpha helices within this region
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(helix1 aa 130-140, helix2 aa 156-188) (Figure 32A). Accordingly, we generated three partly
overlapping deletion mutants spanning the conserved patch (Okpl1A123-147, Okp1A140-170,
OkplA163-187). All mutants were successfully isolated together with Amel as the
corresponding Amel/Okpl complexes from E. coli. Therefore, we concluded that the
deletions did not affect Amel/Okpl heterodimer formation. To probe the interaction of
Amel/Okpl wildtype and mutants with Cse4 nucleosomes an EMSA was performed by Mia
Potocnjak. While Amel/Okpl1A123-147 showed clear interaction with Cse4-NCP comparable
to the wildtype Amel/Okpl complex, Amel/Okpl1A140-170 showed only weak association
(Figure 32B). Strikingly, no interaction was detected with Amel/Okpl1A163-187, suggesting
that Okpl helix 2 is required for Cse4 binding. To explore whether helix 2 is sufficient for
binding I generated a peptide of Okp1 (140-192) encompassing the respective region. In order
to detect a significant shift in the EMSA experiment in case of Cse4-NCP binding, the peptide
was fused to GFP. However, in my experimental setup no interaction was observed, even
when GFP-Okp1-peptide(140-192) was applied in excess (1:10 and 1:100) (Figure 32C). Still,
I can not exclude the possibility, that GFP sterically disrupts the interaction. Moreover, the
applied peptide might possess a different fold than that represented in full length Okpl.
Additionally, other regions in Okpl or Amel could be contributing or stabilizing the

interaction with Cse4.

3.5.5. The Okp1 core domain required for Cse4 binding is essential

for cell growth

Finally, to further support our model which states that direct recruitment of Amel/Okpl by
Cse4-NCP is essential in budding yeast, we used our Amel/Okpl mutants in rescue
experiments applying the anchor away technique as described above. Strikingly, cells
expressing OkplA122-147 which interacts with Cse4-NCP in our EMSA, display normal
growth (Figure 32D). However, the Cse4-NCP binding deficient mutant, Okp1A163-187, fails
to restore viability (Figure 32D). Taken together our EMSA and rescue experiments show that
Okpl aa 163-187 are required for mediating association with Cse4-NCP, highlighting again
that recognition of Amel/Okp1 by Cse4-NCP might be essential in budding yeast.
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Figure 32. Amel/Opkl:Cse4-NCP complex formation requires the Okpl core domain. (A) Multiple
sequence alignment (MSA) of Okpl amino acid sequences from related yeast species. Amino acid color scheme
was assigned by Clustal W. Alpha helical regions predicted by Jpred are displayed as green bars above the
sequences. The overlapping Okpl deletion mutants are depicted as lines below the alignment. (B) EMSA
monitoring binding of wildtype and mutant Amel/Okpl proteins to Cse4-NCP. Recombinant complexes were
pre-incubated at a 1:1 or 1:2 molar ratio. For visualizing the DNA SYBR Gold was applied. The displayed
EMSA was carried out by Mia Potocnjak (C) Association of GFP-Okpl(aa 140-192) with Cse4-NCP was tested
via EMSA. Recombinant complexes were pre-incubated at a 1:10 or 1:100 molar ratio. For visualizing the DNA
SYBR Gold was applied. (D) Growth assay of Okpl-FRB anchor-away strains carrying the indicated ectopical
expression constructs. Cell viability of serial dilutions (1:10) was analyzed on YPD plates at 30 °C in the
absence and presence of rapamycin. Cells expressing expressing OkplWT and Okpl1A122-147 show normal
growth, while Okpl1A163-187 fails to restore viability. The displayed spotting assay was carried out by Sylvie
Singh.
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Partial results of the work presented in this thesis have been already published in eLife (see
appendix). The published work describes the direct interaction between COMA complex and
Cse4-NCP and how this interaction positions Slil5/Ipll at the budding yeast inner
kinetochore.

The published results include the sections 3.3 — 3.3.7 and 3.5-3.55. In this thesis the results of

these sections are discussed independently of the discussion in the publication.

58



4. Discussion

One main goal of this work was the characterization of the inner kinetochore topology and its
linkages to the centromeric nucleosome and the outer kinetochore. Although biochemical
reconstitution and protein crystallography and cryo-electron microscopy provided valuable
insights into the subcomplexes, a comprehensive map of protein connectivities of the
kinetochore complexes was still missing. Chemical cross-linking combined with mass
spectrometry had the potential to acquire distance restraints that indicated the protein

connectivity within native kinetochore complexes at the level of protein motifs.

4.1. The Cnn1/Wip1:CTF3c complex links COMA complex to the
NDC80c

A previously identified hub for interactions between inner and outer kinetochore proteins is
the MTWlc. The N-terminal Mtw1 head domain provides binding interfaces for the extended
N-terminal tails of Mif2 and Amel (25, 49). The C-termini of the tetrameric MTW 1¢ mediate
the recruitment of the outer kinetochore complexes NDC80c and Spcl105/Kre28 (25, 26, 49,
62). Thus, the MTW c is a hub that links the inner to the outer kinetochore (25). Interestingly,
the non-essential histone fold protein Cnnl establishes an alternative pathway to recruit the
NDC80c to the kinetochore. A Cnnl N-terminal peptide motif interacts with the hydrophobic
pocket on the globular Spc24/25 domains and competes with the C-terminus of the MTWlc
subunit Dsnl (48). How Cnnl itself is tethered at the inner kinetochore and the functional
importance of its NDC80c recruitment was unclear at the time. Label free mass-spectrometry
showed the relative protein abundancies in the various pulldowns and highlighted some novel
dependencies for inter-complex interactions (Figure 8). In Amel pulldowns we detected
histones, in particular Cse4, among the most abundant copurifying proteins, indicating a close
association with centromeric nucleosomes. Ctf3-FLAG isolation co-purified predominantly
components of the COMA complex and Cnn1/Wipl at similar amounts. In Cnnl pulldowns
the most abundant proteins were subunits of the CTF3c followed by the COMA complex and
KMN proteins. Taken together the data suggested that Cnnl/Wipl directly links the COMA
complex through CTF3c to KMN components.

Spatial restraints acquired by XLMS supported the initial observation that this pathway could
represent a linkage of the microtubule binding NDC80c to the centromeric chromatin

independent of MTW 1c¢ (Figure 10).
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Cnnl has a central role by interacting with the Spc24/25 heads of NDC80c (48) and CTF3c
(32), which may interact with subunits of the COMA complex as indicated by multiple
crosslinks (Figure 10). The crosslinks of Cnnl to Spc24/25 were detected at its N-terminus,
which is in agreement with the literature (48). Strikingly, Cnnl crosslinked to each subunit of
the CTF3c (Ctf3, Mcm16, Mcm22) with all crosslinks residing in its N-terminus. In parallel,
another group performed biochemical and structural XLMS analysis of reconstituted CTF3c
together with Cnnl/Wipl and NDCB80c, revealing a similar crosslink map (32). In our
Cnnl/Wipl-FLAG pulldowns the histone fold containing proteins Mhf1/Mhf2 were not co-
purified at detectable amounts. Hence, we also did not detect any crosslinks to Mhf1/Mhf2.
For this reason, we conclude that these two proteins are not required for establishing the
described linkage pathway COMA:CTF3c:Wip/Cnnl:NDC80c. Although we can not exclude
that interactions occur under certain cellular conditions, our data provides evidence that in
contrast to their human orthologues (125) Cnnl/Wipl:Mhf1/Mhf2 are not primarily
assembled through their histone folds into a nucleosome like structure. Supporting this
assumption, attempts to show interactions between Cnnl/Wipl:Mhf1/Mhf2 using in vitro
reconstituted budding yeast proteins were not successful (32).

In Cnn1-FLAG pulldowns the most abundant proteins detected were subunits of the CTF3c at
levels of 23 - 66 % compared to the bait (Figure 8). Histone proteins were detected at ~ 5 %.
Moreover, the entire N-terminal domain of Cnnl crosslinked to the N-termini of
Mcm?22/Mcml16 and the Ctf3 C-terminus (Figure 10). Therefore, we assume that Cnnl/Wipl
are not positioned directly at centromeric nucleosomes. Presumably, kinetochore tethering of
Cnnl/Wipl requires concomitant binding to CTF3c proteins (Figure 10) rather than
depending on direct interactions with DNA or nucleosomal proteins. In agreement with this
model, the kinetochore recruitment of Cnnl/Wipl is greatly reduced in a Ctf3 deletion mutant
strain (32). Likewise, human orthologues CENP-TW bind directly to CENP-CHIKMLN
which is required for kinetochore targeting (44). Taken together our in vivo data coincides
with studies performed in vitro (32) and provides further evidence that cooperative

interactions tether the KMN network to the CTF19c and Cse4 containing nucleosomes.
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4.2. The Amel/Okp1 heterodimer selectively binds Cse4 containing

nucleosomes

Label free quantitative mass spectrometry analysis of native stable subcomplexes derived
from Amel-, Chl4-, Ctf3-, Cnnl-, Wipl- or Mif2 pulldowns enabled us to screen the CTF19c
for potential direct interactors of Cse4. We found that in addition to Mif2, Amel
coprecipitates high levels of Cse4 containing nucleosomes from cell lysates (Figure 8). The
low amounts of Mif2 in Amel-FLAG preparations provided evidence that the recruitment of
COMA proteins to Cse4-NCPs is independent of Mif2. By using XLMS and SEC analysis
with in vitro reconstituted complexes, we revealed that Amel/Okpl directly and selectively
interacts with Cse4-NCP (Figure 26, Figure 27). Previously, Amel/Okpl have been shown to
bind DNA in vitro (25). However the observed ability of Amel/Okpl to clearly discriminate
between H3- and Cse4-NCPs suggested that DNA binding is not sufficient for Amel/Okpl
recruitment.

Earlier yeast two hybrid studies suggested a direct interaction of Ctf19/Mcm21 with Cse4
(55). However, we were unable to detect such an interaction in vitro. We showed recruitment
of Ctf19/Mcm?21 to Cse4-NCPs via Amel/Okpl (Figure 28A). This is consistent with the fact
that in ctf194 and mcm214 cells kinetochore localization of Amel/Okpl is not reduced (19).
Instead, amel-4 and okpl-5 temperature sensitive mutants display mis-localization of Ctf19
and Mcm21 (51). Hence, our results clearly depict that Ctf19/Mcm21 is linked via
Amel/Okpl to the Cse4 containing nucleosome.

We further narrowed down the binding interface between Amel/Okpl and Cse4, identifying
the aa 163-187 of the Okpl core domain and the aa 34-46 within the essential Cse4 N-
terminus to be required for establishing the interaction in vitro (Figure 30B, Figure 32B). In
agreement with our data, a parallel study showed direct binding of a synthetic Cse4 peptide
(aa 33-110) to Amel/Okpl (132). The extended (130 aa) yeast specific Cse4 N-terminus
harbors a conserved END (aa 28 to 60), which is required for viability (133). In SEC
experiments the Cse4 aa 34-46 patch was the minimal motif required for the interaction with
Amel/Okpl (Figure 30) and was essential for viability (Figure 31). Hence, our findings
suggest that the respective interaction is essential in budding yeast. Furthermore, the Cse4-
NCP:Amel/Okpl complex stably associates with Ctf19/Mcm21 and MTWIlc (Figure 28B).
Our in vitro data agrees with a recent study, which showed that point mutations in the Cse4
N-terminus (Cse4-R37A), reducing Amel/Okpl binding, affect the recruitment of Mtwl1 to

the centromere. Notably, the decreased Mtwl recruitment could be restored by Okpl
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suppressor mutants (132). Taken together, our findings indicate that Amel/Okp1 provides an
essential link for KMN proteins to the centromeric nucleosome. KMN recruitment via Mif2
and Cnnl are redundant anchoring pathways and only become essential if one is compromised

(25, 47).

4.3.Amel/Okp1 represent a centerpiece of kinetochore assembly in

budding yeast

In vertebrates, CENP-LN and CENP-C (24, 36, 41) have been shown to specifically interact
with CENP-A. CENP-C binds the divergent C-terminal CENP-A tail and the acidic patches of
H2A and H2B (24) and CENP-N associates with the CENP-A centromere targeting domain
(CATD) (36). Up to now, in budding yeast only Mif2 was identified as direct binding partner
of Cse4. In this study, I revealed the direct and selective binding of Amel/Okpl to Cse4-NCP
and characterized the sequence motifs mediating this interaction.

Label free mass spectrometry analysis of Chl4-FLAG pull-downs showed that Cse4
copurified at levels just above > 1 % of the bait, indicating that there is no tight association of
Chl4/Iml3 with Cse4-NCP (Figure 8). Furthermore, our XLMS data suggested that Chl4/Iml3
is recruited via COMA proteins to the centromere. This is consistent with the fact that proper
centromere localization of Chl4/Iml3 requires Ctf19 (33). Moreover, Amel and Okpl are
essential while Chl4/Iml3 are dispensable for viability. Therefore, we propose a dominant and
upstream role of Amel/Okpl in mediating the hierarchical assembly of the kinetochore in
budding yeast and suggest Chl4/Iml3 acting further downstream in this process. My
crosslinking data of native kinetochore complexes displays possible interaction surfaces
between the COMA complex and Chl4/Iml3 (Figure 10) that might facilitate its kinetochore
localization.

In humans, the hierarchical order of kinetochore assembly is different. Recruitment of CENP-
OPQRU to kinetochores requires a joint interface formed by CENP-HIKM and CENP-LN
(44, 52, 53) and loss of the complex does not affect localization of other inner kinetochore
proteins. Moreover, while Amel/Okpl1 are essential in budding yeast, CENP-U/Q knockout
DT40 cells (21) are viable. Notably, a requirement of CENP-U for viability was observed
in mouse embryonic stem cells, but not in mouse fibroblasts (56). Moreover, our data
provided an explanation for the essential role of the END in the extended Cse4 N-terminus,
and underlined the key role of Amel/Okpl within the budding yeast kinetochore. Thus, we

reason that Amel/Okpl recruitment to the Cse4 N-terminus is a yeast specific feature.
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Multiple sequence alignment clearly displayed that the Cse4 N-terminus is unique to inter-
related budding yeasts and is not homologous to the N-terminus of CENP-A of metazoans
(Figure 29). It will be interesting to determine the precise mechanism of how CENP-UQ is
tethered to the inner kinetochore and its role in kinetochore function.

We suggest that the slight differences in composition and function of kinetochore
subcomplexes between budding yeast and humans reflect the requirements of increased
stability for the single kinetochore unit assembled at point centromeres. In contrast to
yeast, higher organisms have evolved regional centromeres spanning up to mega bases of
repetitive DNA stretches (134) with interspersed CENP-A and H3-containing nucleosomes
(135). Within these regional centromeres an array of kinetochore units may be formed,
each providing an attachment site for 3 to 30 microtubules (16). Therefore, regional

centromeres may provide the foundation for a more dynamic and less stringent assembly.
4.4. Inner kinetochore subcomplexes support Sli15/Ipll localization

Kinetochore substrate phosphorylation by Ipl1 mediates the destabilization of mis-attached
kinetochores and thereby implements correction of erroneous microtubule attachments
(82). How the lack of pulling force at mis-attached kinetochores is sensed and how the
CPC positions itself at centromeres and kinetochores is still poorly understood. The spatial
separation model suggests that outer kinetochore proteins become physically separated
from Ipll kinase, located at centromeres as tension is exerted across kinetochores (103).
However, this model was challenged by the identification of a Slil5SAN mutant which is
deficient in centromere targeting, but conferred normal viability and established proper
chromosome biorientation (86). An alternative hypothesis is that the functionally relevant
pool of Ipll resides at microtubules. This is built on the observation that S1i15™“*™* binds
microtubules (88) and Sli15AN is enriched at pre-anaphase microtubules (86). Yet, another
model suggests, that Ipll performs its functions located near or at kinetochores (106)
which implies that CPC may directly interact with kinetochore subunits. Supporting this
theory, a role of Amel in recruiting Slil5 proximal to kinetochores has been shown (51).
While Amel/Okpl are required for viability and crucial for kinetochore assembly at point
centromeres as shown in this thesis, the Ctf19/Mcm21 subcomplex is not essential.
Nevertheless, deletion mutants of Ctf19 and Mcm21 display chromosome segregation and
cohesion defects (30, 55, 128, 136, 137). Strikingly, Ctf19 and Mcm21 deletions become

synthetic lethal in case Slil5 is not targeted to the centromere through Birl (86). Due to
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this finding we hypothesized, that there is a Birl independent recruiting mechanism of
Sli15/Ipll to centromeres or inner kinetochores.

In my fishing experiment followed by in vitro reconstitution, crosslinking and binding assays
I identified inner kinetochore proteins Amel/Okpl, Ctf19/Mcm21 and Mif2 as direct
interaction partners of Slil5/Ipll (Figure 11B, Figure 13, Figure 14, Figure 17). While the
binding surfaces of Amel/Okpl and Mif2 have not been determined, I successfully identified
the C-terminal RWD domain of Ctf19 as Sli15/Ipll interaction site within Ctf19/Mcm?21 in
vitro (Figure 14B, Figure 22). Intriguingly, we showed that the synthetic lethality between
Ctf19/Mcm?21 and the s/i/54AN mutant is rescued by fusions of Slil1SAN to COMA proteins,
while fusions to other kinetochore proteins such as Ctf3, Cnnl, Mif2 and the outer
kinetochore proteins Mtw1, Dsnl failed to restore viability (Figure 20A). This led us to the
conclusion that interactions of S1i15/Ipll with COMA proteins mediate the rescue and that the
requirement for this interaction only becomes essential in centromere targeting deficient
mutant. Our findings suggest that the COMA complex is placed in close proximity to
centromeres by the direct binding of Okpl to the Cse4 N-terminal region.

As COMA-SIi15AN fusion constructs lacking the Ipll binding (IN-box) domain of Slil5
failed to rescue in our growth assays (Figure 21A), we suggest that proper localization of Ipll
kinase by the Sli15-COMA interaction is crucial for restoring viability. A functional SAH
domain of Slil5 is important for microtubule binding (88, 89) but was not required within the
COMA-SIi15AN fusion constructs to rescue synthetic lethality (Figure 21A). Thus, we
conclude that the SAH domain is dispensable for Ipll function localized at the inner
kinetochore. Notably, cells lacking at least one functional SAH allele are not viable (88-90,
129), though the molecular basis of this observation remains elusive. As our assays were
executed in a sli/5AN background, the endogenous Slil5AN rescued synthetic lethality. Our
findings suggest that the SAH domain is dispensable during metaphase, but might have an
essential role after pre-anaphase when Slil5 translocates to the spindle microtubules (91).

Our results were supported by a recent study (138) which showed that depletion of Mcm?21
and Birl affects Ipll localization to centromeres. The effects upon Mcm21 and Birl depletion
were additive indicating that COMA and Birl represent independent pathways to localize Ipll
to the centromere/inner kinetochore (138).

The ctf194N2-30 mutant lacking the receptor domain for the cohesin loading complex
Scc2/Scc4 (128) was viable in the slil5SAN background (Figure 19). This indicates that the

synthetic lethality of ctf19A/slil15AN cells is due to a defect in establishing pericentromeric
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cohesion. Consistently, mutants (such as dbf4-myc) which result in weak pericentromeric
cohesion display no additive growth defect combined with Birl depletion or Sli15AN (138).

I demonstrated that the C-terminal RWD domain of Ctf19 is required for in vitro association
(Figure 14B) and is essential for viability in the s/i/5AN background (Figure 22). Taken
together, these findings suggest that the C-terminal RWD domain of Ctf19 mediates Slil5
binding to the inner kinetochore and may position Slil15/Ipll next to the centromeric
nucleosome.

A recent study showed that when both Birl and COMA mediated recruitment of CPC are
perturbed, artificial positioning of Slil5 to the inner kinetochore rescues chromosome
biorientation defects (138). While we generated various direct fusion constructs in a
ctf19MA/slil1 SAN background, Garcia-Rodriguez et al. applied the rapamycin induced FKBP12—
FRB system to target Slil5SAN to Mif2 in Birl/Mcm?21 double deletion mutants. Using this
approach, they could show that rapamycin induced interaction of Mif2-FKBP12 rescued
Sli15-FRB inner kinetochore/centromere localization and the frequency of chromosome bi-
orientation. Although I found a direct interaction between Mif2 and Sli15/Ipl1 in vitro (Figure
17), the Mif2-S1i15AN fusion construct did not restore viability in CTF19-FRB/slil15AN cells
(Figure 20A). Consistent with my data the rapamycin induced Slil5 recruitment to Mif2 by
the Tanaka lab (138) did also not restore viability, however, rescued defects in chromosome
biorientation. In my experiment Slil5/Ipll is constitutively recruited to the inner kinetochore
by the Mif2-S1i15AN fusion throughout the whole cell cycle which may affect the cell cycle at
different stages and thus, prevent rescue of the synthetic lethality. The importance of a
putative Mif2-Slil5 interaction in vivo remains elusive. Notably, Mif2 besides Amel/Okpl is
the only budding yeast inner kinetochore protein shown to directly bind Cse4-NCP.
Therefore, Sli15-Mif2 binding could provide a mechanism of positioning Ipll kinase close to
the point centromere, similar to the Birl and COMA mediated recruitment.

Taken together, our results together with the concomitant study (138) suggest that the COMA
complex and Birl are implicated in promoting chromosome bi-orientation by independently
recruiting Sli15/Ipll to inner kinetochores and centromeres, respectively. We hypothesize that
the interaction with the inner kinetochore might ensure the precise spatial positioning of Ipll
kinase towards outer kinetochore substrates like Ndc80 and Dam1 in the tensionless state.

In my in vitro binding assays I observed that autophosphorylation of Sli15/Ipl1 abrogated the
COMA-SIi15/Ipll interactions (Figure 14A). But it is unclear whether this phosphorylation

dependency is functionally relevant for chromosome segregation.
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It will be interesting to determine if the recruitment of Sli15/Ipl1 by COMA proteins to inner
kinetochores is conserved among species. The functions of CENP-OPQUR and COMA in
kinetochore assembly and regulatory feedback mechanisms might be quite different as

phylogenetic analysis showed that CENP-QUR originated more recently (22).

Similar to SIilAN, the human orthologue INCENPAN lacking the Survivin-binding domain
still facilitates biorientation (139). Moreover, Survivin mutants, which do not form a complex
with Aurora-B, display normal growth in DT 40 cells (140). It was also shown that Aurora-B
accumulates at ectopic kinetochores that display no association with CENP-A (141). These
observations may indicate that also in vertebrates kinetochore proteins mediate localization of

Aurora-B/INCENP to inner kinetochores independently of Survivin.

4.5. The interaction of KMN with Sli15/Ipll and its putative functional

relevance

The KMN network constitutes together with the DASH/DAMI1 complex the core microtubule
binding interfaces of the kinetochore in budding yeast (8). They represent the predominant
target of the error correction mechanism through phosphorylation by the kinase Ipl1*"*®,
Phosphorylation of the basic Ndc80 N-terminal tail by Ipll reduces its affinity to microtubules
(97) and promotes resolution of erroneous kinetochore-microtubule attachments that lack

tension.

The in vitro reconstitution experiments, crosslinking and binding assays revealed that
Slil5/Ipll directly and stably interacted with the KMN network, in particular, with its
subcomplex Spcl105/Kre28 (Figure 24, Figure 25A/B). In contrast to the Amel/Okpl-Slil5
fusion proteins Slil5 tethered to Dsnl and Mtw1 did not rescue the synthetic lethality of
ctfl9A/sli1 SAN cells. This may indicate that the constitutive localization of Slil5/Ipll and
phosphorylation of outer kinetochore substrates might interfere with establishing stable
microtubule attachments and cell cycle progression. Presumably, the continuous tethering at
outer kinetochores prevents KMN de-phosphorylation (95) which is crucial for stabilizing
correct microtubule kinetochore attachments. In agreement with this model, Ipl1 delocalizes
from outer kinetochores once bi-orientation is established (142). However, we do not exclude
the possibility that a temporally intermediate association of Slil5/Ipll with Spc105/Kre28
might facilitate phosphorylation of Ndc80. Supporting this theory KNL1 is required for full
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Aurora-B activity at kinetochores (143). KNL1 mediates Bubl accumulation at kinetochores
thereby promoting Aurora-B targeting to phosphorylated histone H2A. However, KNLI1
truncation mutants, deficient of mediating Bubl recruitment to kinetochores, promote partial
Aurora-B activity (143). This indicates that KNL1 enhances Aurora-B activity independent of
Bubl (143).

A centromere or inner kinetochore located pool of Ipll might facilitate error correction
according to the spatial separation model. The transient positioning of the CPC at outer
kinetochores might fit into an alternative model, which implies a conformational transition of
the kinetochore architecture upon the loss of tension that enables access of Ipll to outer
kinetochore substrates. Consistent with this theory, Ndc80 switches between stretched and
compact states in a tension driven manner (104). Future studies will have to rigorously
address the implications of these models to explain tension sensing by the CPC.

Strikingly, phosphorylation of Sli15/Ipl1 and KMN either by Ipll or Mps1 drastically reduced
their association in vitro (Figure 25B). Whether a CPC-KMN interaction is also regulated by

phosphorylation in vivo remains to be addressed.

Further studies will be required to uncover the molecular basis of the complex interplay
between the kinetochore, the CPC and the SAC for ensuring proper chromosome segregation.
The work described here for successful generation of a recombinant KMN network complex

might provide a valuable tool to further address these questions in vitro.
4.6. Summary scheme of the findings

I successfully uncovered the direct interplay of kinetochore assemblies with the error
correction mechanism, thereby contributing to a better understanding of how cells establish
proper chromosome biorientation. I suggest the following structural model of the budding
yeast kinetochore in concert with the CPC. Okpl directly interacts with the Cse4 N-
terminus thereby targeting the COMA complex directly to Cse4-NCP. The COMA
complex is directly linked to KMN components through CTF3c:Cnnl/Wipl. Within the
COMA complex the Ctf19 C-terminal RWD domain mediates recruitment of S1i15/Ipll to
inner kinetochores in a Birl independent manner. Therefore, I consider the COMA
complex as a centerpiece within the assembly, as it is crucial and most upstream for

kinetochore formation and plays an important role in positioning the CPC.

67



Microtubule

Dam1 Dad1
Duo1 Dad2
E Ask1 Dad3
S Spc19 Dad4
Spc34 Hsk3

=z

S 565
~517
PR

Z

O 229

o
NT

jo2]

=

©

[ =

=

<

z

@

Figure 33. The molecular architecture of the S. cerevisiae kinetochore and its interactions with the
chromosomal passenger complex. The COMA complex directly interacts with the Cse4-N-terminus via Okpl,
which is essential for kinetochore assembly and viability in budding yeast. Besides direct association of Amel
with Mtwl (25), the COMA complex is linked through the CTF3c:Cnnl/Wipl to the NDC80c. The Ctf19 C-
terminal RWD domain mediates recruitment of Sli15/Ipll to inner kinetochores in a Birl independent manner.
Amel/Okpl and Mif2 provide additional inner kinetochore interfaces for the CPC. The outer kinetochore
complex Spcl105/Kre28 was identified to bind Sli15/Ipll in vitro. The interactions of Slil15/Ipll to both, Ctf19
and Spc105, were shown to be sensitive to Ipll phosphorylation.
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5. Material and Methods

5.1. Cloning of baculoviral transfer vectors

In general, open reading frames encoding the respective subunits were amplified from
yeast genomic DNA by PCR and cloned into the pLIB or pBIG1/2 vectors according to the
biGBac system (130). Primers for amplification carried the sequence overhang 5°--
CCACCATCGGGCGCGGATCC (followed by the start codon and gene specific
sequences) and a reverse primer that carried the sequence overhang 5°--
TCCTCTAGTACTTCTCGACAAGCTT (followed by the reverse complement of stop
codon and gene specific sequences). For introducing mutations in expression vectors the
Q5® site-directed mutagenesis kit (New England Biolabs) was used. Subsequent to the
transformation of the vectors into chemical competent DHS5a cells, the plasmid DNA was
extracted using a Mini-prep kit (NucleoSpin®, Macherey-Nagel) and sequenced for

verification of the mutants.
5.2. Generation of recombinant baculoviruses

Depending on the size of the constructs, they were transformed via heat-shock or
electroporation into DH10bac cells. All expression vectors carry the gene for gentamycin
resistance and Tn7 elements, meaning that the expression cassettes are flanked by Tn7R and
Tn7L sites. The respective E.coli cells contain a helper plasmid (tetracycline resistance)
coding for the transposase required for Tn7 transposition of the expression cassettes into the
baculoviral genome at its mini-attTn7 attachment site. This site is located in the coding region
for a lacZ peptide, thereby enabling blue/white selection. After 4 hours incubation at 37°C the
transformed cells were plated on LB-agar containing 50 pg/ml kanamycin, 7 pg/ml
gentamycin and 10 pg/ml tetracycline as well as 50 pg/ml X-galactose and 0.1 mM IPTG for
blue/white selection. Subsequent to three days of incubation at 37°C, white colonies were
picked and grown for 24 h in 5 ml LB containing 50 pg/ml kanamycin, 7 pg/ml gentamycin
and 10 pg/ml tetracycline. For isolation of recombinant bacmid DNA the following procedure
was used. Bacterial pellets were resuspended in 250 ul P1 buffer (Qiagen) and cells were
lysed by adding 250 ul P2 buffer (Qiagen). After 2 min of cell lysis the pH was neutralized
with 350 pul N3 buffer (Qiagen) and cells were centrifuged for 10 min at 20000 g. To the

supernatant 750 pl isopropanol were added and the solution was incubated at -20°C for 30
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min. DNA was precipitated by centrifugation for 15 min at 20000 g, 4°. Pellets were washed
by adding 70 % ethanol and were centrifuged again for 15 min at 4°C. After complete
removal of ethanol, the pellets were dried at 50°C for 20 minutes. Finally, bacmid constructs
were dissolved in 40ul of H20. Adherent SF21 (Spodoptera frugiperda) cells were
transfected with 1-2 pg of the baculovirus constructs diluted in suspension medium (Sf-900™
Il medium, Gibco) using FUGENE® HD transfection reagent (Promega). Virus were
upscaled by adding the transfection supernatant to 10 ml of 1x10"6/ml SF21 cells in
suspension medium (Sf-900™ III medium, Gibco) and subsequent incubation for three days
at 27°C. The cell suspension was centrifuged at 300 g for 10min and virus were harvested by
filtration of the supernatant using the Steriflip® system (Merck Millipore). Viral stocks were
stored in the dark at 4°C. Quality of the virus was determined by the number of viable cells,
which should be bellow 2x1076/ml after 3 days. Before infecting cells for protein expression
the viral stocks (V1) were used for two rounds of upscaling the virus. For each amplification
step 50 ml of 0,4x1076/ml SF21 cells in suspension medium were infected with 0.5 ml virus
and incubated for three days at 27°C. As before, the suspension was centrifuged at 300 g for
10min and the virus were harvested by filtration of the supernatant using the Steriflip®

system (Merck Millipore).
5.3. Expression of recombinant protein complexes from insect cells

All proteins or protein complexes were expressed in High Five insect cell suspension (Thermo
Scientific) culture using Express Five medium supplemented with 1 % L-glutamine (Gibco)
and 1 % pluronic (Invitrogen). Typically 1 1 of 1x10°6/ml HF was infected with 10 ml of the
V3 virus and incubated in a 5 I Erlenmeyer flask at 95 rpm, 27°C for three days.

5.4. Purification of recombinant protein complexes from insect cells

C-terminal 6xHis-6xFLAG-tags on Ctf19, Mif2, Dsnl, Mcm16 and C-terminal 2xStrep-tags
on Slil5 were used to affinity-purify Ctf19/Mcm?21, Mif2, KMN, and Sli15/Ipl1 complexes.

Mpsl purification was performed via a C-terminal GST-tag.
5.4.1. Purification of proteins via FLAG-tag

In general, following the three days of incubation the infected High Five cell suspensions

were centrifuged at 1000 g for 10 min at 4°C and the pellets were washed with ice-cold PBS.
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Pellets were resuspended in lysis buffer (50 mM Tris pH 7.5, 300 mM NaCl, 5 % glycerol)
supplemented with complete EDTA-free protease inhibitors (Roche) and lysed by dounce
homogenization. The lysate was centrifuged at 19500 rpm for 25 min at 4°C using a SS34
rotor. Cleared extracts were incubated with equilibrated M2 anti-FLAG agarose (Sigma-
Aldrich) for 2 h, rotating at 4°C. The protein bound beads were centrifuged at 800 g for 10
min and washed once with wash buffer (50 mM Tris pH 7.5, 150 mM NaCl, 5 % glycerol),
before applying the resin onto Bio-Spin® disposable chromatography columns (Bio-Rad).
Following three washing steps using in total five column volumes of wash buffer, proteins
were eluted in the same buffer containing 1 mg/ml 3xFLAG peptide. For complexes, which
were further used for XLMS, two additional washing steps with Tris-free buffer (50 mM
Hepes, pH 7.5, 150 mM NaCl, 5 % glycerol) were applied and the proteins were eluted in the
Tris-free buffer containing 1 mg/ml 3xFLAG peptide. FLAG peptide was either removed via
PD10 desalting columns (GE-Healthcare) or SEC using a Superdex 200 Hil.oad 16/60
column (GE-Healthcare) and isocratic elution in Hepes buffer (50 mM Hepes, pH 7.5, 150
mM NaCl, 5 % glycerol).

5.4.2. Purification of proteins via Strep-tag

The procedure for purifying Strep-tagged proteins from insect cells was the same as described
for FLAG-tagged proteins. However, to lyse High Five cells expressing Strep-tagged
Sli15/Ipl1, pellets were resuspended in Strep-buffer (50 mM NaH2PO4 pH 8, 300 mM NaCl,
5% glycerol) supplemented with Complete EDTA-free protease inhibitors (Roche).
Subsequent to incubating the cleared lysates with Strep-Tactin Superflow agarose (Qiagen)
for 2 h, rotating at 4°C, for the washing steps Strep-buffer with 150 mM NaCl was used.
Proteins, which were subsequently used for the in vitro binding assays with inner kinetochore
complexes, were directly kept on the beads. To elute Slil15/Ipll the Strep-buffer was
supplemented with 8 mM biotin. For purifying phosphorylated Sli15/Ipll, protein bound
beads were incubated with 5 mM MgCl2 and 5 mM ATP for 25 min at 25°C before washing
with Strep-buffer. Biotin was either removed via PD10 desalting columns (GE-Healthcare) or
SEC using a Superdex 200 HiLoad 16/600 column (GE-Healthcare) and isocratic elution in
Hepes buffer (50 mM Hepes, pH 7.5, 150 mM NaCl, 5 % glycerol).

5.4.3. Purification of Mps1-GST

71



Handling of insect cells expressing Mps1-GST and affinity purification was performed as
described for FLAG-tagged proteins with the exception of the following applications. Cells
were lysed in GST-buffer (1xPBS, 0.1 % triton, 5 % glycerol) supplemented with Complete
EDTA-free protease inhibitors (Roche). Cleared lysates were incubated with glutathione-
sepharose (GE Healthcare) for 2 h, rotating at 4°C. Protein bound beads were washed with
GST-buffer. For the last washing step the same buffer was supplemented with 400 mM NaCl.
Mps1-GST was eluted from the beads with buffer containing 20 mM Glutathione in 50 mM
Tris HCL, pH 8 ,150mM NaCl, 5 % glycerol.

5.5. Amel-6xHis/Okp1 expression and purification

Amel-6xHis/Okpl is on a pST39 vector under control of a T7 promoter. The vector was a gift
of Stefan Westermann (University Duisburg-Essen). For the synthesis of the Okpl deletion
mutants the Q5® site-directed mutagenesis kit (New England Biolabs) was used. The GFP-
6xHis-Okp1(140-192) construct was cloned into the pet28 vector. The plasmids were
transformed in E. coli cells via heat-shock. Afterwards, the plasmid DNA was extracted with
a Mini-prep kit (NucleoSpin®, Macherey-Nagel) and sequenced to verify the mutant
constructs. For expression, all Amel/Okpl vectors used in this study were transformed via
heat-shock into E.coli Rosetta cells. Cells harboring the plasmid were grown at 37°C in LB
medium containing ampicillin until OD600 of 0.6 and subsequently protein expression was
induced by addition of 0.5 mM isopropyl-B-D-thiogalactopyranoside (IPTG). After incubation
in the shaker overnight at 18°C, cells were harvested via centrifugation for 15 min at 4000
rpm, at 4°C in a SLC 6000 rotor and washed with icecold water. Pellets from a 500 ml culture
were resuspended in 10 ml Lysis buffer (50 mM Hepes pH7.5, 1000 mM NaCl, 30 mM
imidazole, 5 % glycerol, 1 mM DTT supplemented with Complete EDTA-free protease
inhibitors (Roche)) and subsequently the cells were lysed using a cell disrupter. The lysate
was cleared by centrifugation in a SS34 rotor at 19500 rpm for 25 min at 4°C. The
supernatant was applied to preaquilibrated 0.4 ml Ni-NTA resin (Quiagen) on a rotating
wheel for 2 h at 4°C. To remove the E. Coli DNA that was bound to Ame1/Okpl, beads were
washed six times, each time for 10 min at 4°C rotating in wash buffer (50 mM Hepes pH 7.5,
600 mM NaCl, 30 mM imidazole, 5 % glycerol, ImM DTT). Afterwards, the resin was
transferred onto Bio-Spin disposable chromatography columns (Bio-Rad). Proteins were
eluted in elution buffer (50 mM Hepes pH7.5, 150 mM NaCl, 300 mM imidazole, 5 %

glycerol). Prior to elution, beads were incubated with elution buffer for 5 minutes. Elution
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fractions containing Amel/Okpl were combined, concentrated in centrifugal filters with 10

kDa MWCO (Amicon® Ultra-15, Millipore) and further purified via SEC.

5.6. Preparative size exclusion chromatography (SEC)

5.6.1. Preparative SEC of Amel/Okp1l

In general, preparative SEC was performed on a AKTA pure (GE Healthcare)
chromatography system. Amel/Okpl complexes were loaded on a HiL.oad 16/600 Superdex
column. The chromatography was performed in Hepes buffer (30 mM Hepes, pH 7.5, 150
mM NaCl, 5 % glycerol) under isocratic elution conditions applying a flow rate of 1 ml/min
and 1 ml fractionation size. Fractions containing Ame1/Okpl were combined and the proteins
were concentrated in centrifugal filters with 10 kDa MWCO (Amicon® Ultra-15, Millipore)

by stepwise centrifugation.
5.6.2. Preparative SEC of Sli15/Ipll

Proteins were purified on a Hil.oad 16/600 Superdex column using a Na-phosphat buffer (50
mM NaH,PO, pH 8, 300 mM NaCl, 5 % glycerol). Isocratic elution conditions at a flow rate
of 1.5 ml/min and 1.5 ml fractionation size was applied. Elutions of Sli15/Ipll were

upconcentrated in centrifugal filters with 10 kDa MWCO (Amicon® Ultra-15, Millipore)
5.7. In vitro reconstitution of Cse4- and H3-NCPs

Budding yeast histones were recombinantly expressed in E.coli BL21 (DE3) and assembled
on a 167 bp DNA stretch containing the "'Widom 601" nucleosome positioning sequence.
Octameric Cse4 and H3 containing nucleosomes were in vitro reconstituted as described by

(144)
5.8. Interaction studies using size exclusion chromatography (SEC)

Analytical SEC experiments were performed using a Superdex 200 Increase 3.2/300 column
(GE Healthcare). To detect complex formation, proteins were mixed at equimolar ratios and
incubated for 1 h on ice before loading on the column. All SEC interaction studies were
conducted under isocratic elution conditions with SEC buffer (50 mM Hepes pH 7.5, 150 mM

NaCl, 5 % glycerol) at 4°C and a flowrate of 0.5 ml/min. Elution of proteins was monitored
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by absorbance at 280 nm. Fractions of 100 ul were collected and analyzed by SDS-PAGE and

coomassie staining.
5.9. Yeast genetics

All yeast strains were generated using standard methods and procedures. C-terminal tags and
deletions were inserted at the C-terminus of genes at their native loci by PCR based tagging
standard approaches as described in Janke et al. (145). If not indicated otherwise yeast strains
belong to S288C background. The constructs for the anchor-away rescue experiments were
generated by cloning the respective promotors, open reading frames and the tag into the
pRS313 vector. In general, open reading frames encoding the respective proteins were
amplified from yeast genomic DNA by PCR. Mutations in the constructs were introduced via
Q5 site-directed mutagenesis kit (New England Biolabs). The rescue constructs were
transformed into the respective anchor-away strains and subsequently cell growth was tested
on YPD plates in the absence or presence of rapamycin (1 pg/ml). To generate the fusion
constructs of Slil5SAN2-228 and the respective kinetochore proteins the individual promoters
and open reading frames were amplified via PCR from yeast genomic DNA. After the fusion
constructs were assembled and cloned into pRS313 by applying the Gibson assembly
reaction, the vectors expressing the constructs were transformed into the respective anchor-

away strains.
5.10. Growth assays

For anchor-away rescue experiments with synthetic lethal strains the ribosomal RPLI13-
FKBP12 anchor was used as previously described (Haruki 2008). Cells of anchor-away
strains ectopically expressing wildtype and mutant proteins were grown overnight in YEP
with 2 % glucose (YPD) at 30°C. Cell cultures were adjusted to an OD600 of 0.5 and five
1:10 serial dilutions were prepared. Of each dilution 10 pl were spotted on YPD-, YPD +
rapamycin (1 pg/ml)- and YPD + rapamycin + the microtubule destabilizing drug benomyl

(15 pg/ml) plates. Subsequently plates were incubated at 30°C or 37°C for 3-5 days.
5.11.  Pulldown of native yeast complexes for Mass spectrometry

Amel, Dsnl, Cnnl, Ctf3, Mif2, Chl4, Slil5, Birl, Mpsl, Mad3, Bub3 and Wipl genes were

C-terminally tagged with 6xHis-6XxFLAG at the endogenous loci and expression was
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confirmed by Western blot. Asynchronous yeast cultures, were grown in YEP + 2 % glucose
at 30°C to reach an OD600 of 1, either shaking in 5 1 flasks or in a 50 1 fermenter
(Bioengineering) for preparative crosslinking. Cells were harvested at 4°C, washed with H20
and pellets were resuspended in lysis buffer (25 mM Hepes pH 8.0, 2 mM MgCl,, 0.02 % NP-
40, 5 % glycerol, 150 mM KCI) supplemented with 1x phosphatase inhibitor (0.4 mM
NasP,07, 0.25 mM NaN3, 0,5 mM NaF, 20 mM Na3;VO,) and 1x protease inhibitor cocktail
mix IV (Merck). Pearls of yeast cells were generated by pipetting the viscous cell solution
directly into liquid nitrogen and subsequently the yeast cells were lysed by homogenizing the
pearls using Freezer Mill (Spex Sampleprep) into powder. All purification steps were
performed at 4°C. For quantitative label free analysis of the pulldowns via mass spectrometry
10 g and for XLMS 200 g of yeast powder were used. After resuspending the powder in lysis
buffer using a 2:1 ratio (g/ml) either in 50 ml falcon tubes rotating for 30 min or in a beaker
with a magnetic stirrer, the lysate was cleared by centrifugation for 30 min at 25000 rpm
using a Ti70.1 rotor. The supernatant was applied to preaquilibrated Protein A Dynabeads
(Life Technologies) coupled with anti-FLAG antibody (M2, Sigma) for 2 h rotating.
Performance of the beads was tested beforehand using lysate of Dsnl FLAG-tagged strain.
Protein bound beads were collected by using a magnetic rack and washed 2x with lysis buffer.
Beads were transferred into 1.5 ml Eppendorf tubes and proteins were eluted 3x with 650 ul
2xStrep-6xFLAG peptide (0.15 mg/ml) by 5 min rotating at 4C°. For small scale purification
only 1 elution step with 120 ul was performed. The combined eluates were centrifuged at full
speed for 1 min and the supernatant was transferred to a new Eppendorf tube to remove the
remaining beads. Excess of the 2xStrep-6xFLAG peptide in the samples was removed by
passing the eluate twice over Streptactin beads (Qiagen). The flow-through was subsequently
concentrated on 20 pl (for MS analysis) or 120 pl (for XLMS) Ni-NTA slurry (Qiagen) by
rotating for 2 h. Complex bound beads were washed 1x with lysis buffer and 2x with lysis
buffer without detergent by centrifugation for 3 min at 1200 g in low binding Eppendorf tube
(Sarstedt). Finally, 5 ul or 60 ul of Lysis buffer without detergent were added to the beads.

5.12. Chemical crosslinking and mass spectrometry of kinetochore

complexes

In vitro reconstituted complexes were assembled in solution at equimolar rates while purified
native kinetochore complexes were crosslinked on Ni-NTA beads (Qiagen). In general,

complexes were crosslinked with bis(sulfosuccinimidyl)suberate (BS3) H12/D12 (Creative
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Molecules), in the molar range of 0.25 — 1.5 mM, for 30 min at 30 °C, shaking. The
crosslinking reaction was quenched by adding NH;HCO3; (AMBIC) to a final concentration of
100 mM and further incubation for 10 min at 30°C. Crosslinked complexes were denatured by
adding 2 sample volumes of 8 M urea and reduced with 5 mM TCEP (Thermo Scientific).
After incubation at 30°C for 15 min the sample was alkylated by application of 10 mM
iodoacetamide (Sigma-Aldrich) for 40 min at RT in the dark. Protein digestion with lysyl
endopeptidase (Wako) was performed at 35 °C for 2 h (at enzyme-substrate ratio of 1:50 w/w)
and was followed by a second protein digestion with trypsin (Promega) at 35°C overnight (at
enzyme-substrate ratio 1:50 w/w). Before applying the second protease trypsin, the sample
was supplied with 50 mM AMBIC. The volume of added AMBIC equaled 7x the volume of
urea used for initial denaturation. Digestion was stopped by adding acetonitrile (ACN) to a
final concentration of 3 % and trifluoroacetic acid (TFA) to 1 % final concentration. Acidified
peptides were purified by reversed phase chromatography using C18 cartridge columns (Sep-
Pak, Waters). After the column was activated by applying 1 ml of 100 % ACN, it was washed
2x with 1 ml of washing buffer (3 % ACN and 0,2 % formic acid (FA)). The acidified
peptides were applied to the column, the flow-through was collected and applied again. The
column with the bound peptides was washed 2x with washing buffer. Before eluting the
peptides, the residual washing buffer was completely removed by applying vacuum. Peptides
were eluted twice with 350 pl of 60 % ACN and 0,2 % FA. The eluate was dried by vacuum
centrifugation and the peptides were reconstituted in 25 % ACN and 0.1 % TFA, by
incubation at 35°C for 20 min, shaking at 1400 rpm. For direct analysis via LC-MS/MS of
non crosslinked samples the peptides were dissolved directly in 20 ul 3 % ACN and 0.2 % FA
by incubation at 35°C for 20 min, shaking at 1400 rpm. After centrifugation at RT for 10 min
at 21000 g the supernatant containing the dissolved peptides was transferred into MS vials, air
bubbles were removed by centrifugation and the samples were analyzed by liquid
chromatography coupled to a tandem mass spectrometer, a hybrid LTQ Orbitrap Elite
(Thermo Scientific) instrument. Prior analyzing crosslink samples via MS, reconstituted
crosslinked peptides were enriched on a Superdex 3.2/30 column at a flow rate of 25 pl/min
using 23 % ACN and 0.1 % TFA as a mobile phase. Under these conditions crosslinked
peptides elute in between the retention volumes 1.0-1.5ml (elutions: +2,+1,0,-1,-2). The
respective fractions, each 100 ul, were collected, dried, reconstituted in 3 % ACN and 0.2 %

TFA as described before and further analysed by LC-MS/MS.

5.13. Mass spectrometry - analysis and settings
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Non crosslinked and enriched crosslinked peptides (fractions: +1, 0, -1 ) were analyzed using
an EASY-nLC 1000 liquid chromatography system in combination with a LTQ Orbitrap Elite
mass spectrometer (Thermo Fisher Scientific). In general, up to 4 pl, equal to ~ 1 pg of
crosslinked peptide, were used per run. The peptides were separated according to their
polarity at a flow rate of 300 nl/minute with a gradient ranging from 5 % to 35 % of mobile
phase B (97 % ACN and 0.1 % formic acid). During each MS1 cycle, the 10 most intense
peptides possessing a minimum charge of 4 were selected for further fragmentation and MS2
scanning, with an exclusion time set to 30 s. All MS1 spectra were acquired in the orbitrap at
12000 resolution, and MS2 fragment scans at low resolution in the linear ion trap. Fragment
ion spectra were measured and crosslinked peptides were identified by the dedicated software
xQuest (124). Searched spectra were filtered according to the following parameters: A score <
0.85, MS1 tolerance window of -4 to +4 ppm and score > 22. Additionally all filtered
crosslink spectra were manually validated before being visualized with respect to the protein

lengths using xVis and Network plot (146).

5.14.  Invitro protein binding assay of Sli15/Ipl1 to inner kinetochore

proteins

For all binding experiments with the inner Kkinetochore proteins (Amel/Okpl,
Ctf3/Mcm16/Mcm22, Mif2, Ctf19/Mcm21), wildtype or mutant Slil5-2xStrep-HA-
6xHis/Ipll was immobilized on Strep-Tactin Superflow agarose (Qiagen). All binding tests
were performed in protein low binding tubes (Sarstedt). To prephosphorylate Slil15/Ipll,
protein bound beads were incubated at 30 °C for 30 min in the presence of 5 mM MgCI2 and
5 mM ATP. Samples for non-phosphorylated Sli15/Ipll were treated the same way but
instead of 5 mM ATP the non-hydrolysable analog AMP-PNP (Santa Cruz Biotechnology)
was applied. For removing any basal phosphorylation, Sli15/Ipll was incubated with lambda
phosphatase (NEB) at 30 °C for 30 min. Before testing the binding to kinetochore proteins the
non-phosphorylated, phosphorylated or dephosphorylated Sli15/Ipl1 complexes were washed
3x with binding buffer (50 mM NaH,PO, pH 8, 120 mM NaCl, 5% glycerol) via
centrifugation for 3 min at 4°C and 1200 rpm.

In general, kinetochore proteins were incubated at a molar ratio ranging from 1:1 till 1:2 in
binding buffer with S1i15/Ipl1 bound to beads, either in the presence of 5 mM ATP and 5 mM
MgCl, or 5 mM AMP-PNP and MgCl,. As a negative control, kinetochore proteins were
applied to Strep-Tactin Superflow agarose (Qiagen), which was pre-incubated with BSA.
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After 10 min at RT, 1 h at 4°C and further 10 min at RT constantly shaking in a thermomixer,
the unbound proteins were removed by washing 3x with binding buffer. The complexes were
either eluted with 8 mM biotin in 50 mM NaH,PO, pH 8, 500 mM NaCl, 5 % glycerol, or by
boiling in 2x SDS loading buffer. For calculating molar ratios between bound protein and the

bait protein, SDS page protein band intensities were analyzed with the software Fiji (147).

5.15.  Invitro protein binding assay of KMN to Sli15/Ipll

The KMN complex was immobilized on M2 anti-FLAG agarose (Sigma-Aldrich).
Prephosphorylation was performed by incubating KMN at 25°C for 25 min in the presence of
S mM MgCI2 and 5 mM ATP with Slil5/Ipll or Mpsl. Samples for non-phosphorylated
KMN were handled the same way, but instead of 5 mM ATP the non-hydrolysable analogue
AMP-PNP (Santa Cruz Biotechnology) was applied. Subsequently, non-phosphorylated as
well as phosphorylated KMN were washed 3x with binding buffer (50 mM Tris pH 7.5, 150
mM NaCl, 5% glycerol) to remove ATP or AMP-PNP. Complex formation was tested by
adding unphosphorylated -, prephosphorylated Sli15/Ipll or the Slil15/Ipl1(D227A) kinase
dead variant to the KMN bound beads. After incubating the Sli15/Ipl1-KMN complexes at
25°C for 25 min in the presence of 5 mM ATP and 5 mM MgCl, or 5 mM AMP-PNP and 5
mM MgCl,, unbound Slil5-Ipll was removed by washing 3x with binding buffer. Bound
proteins were eluted with 200 mM glycine pH 1.8. Eluates were analyzed by SDS-PAGE and

coomassie staining.
5.16.  Electrophoretic mobility shift assay

Reconstituted nucleosomes and Amel/Okpl were mixed at a 1:1 molar ratio. For testing the
binding of the Okp1(140-192)-GFP fusion construct an excess of the peptide at a 1:100 molar
ratio was applied. After incubation for 1 h at 4°C in a buffer containing 20 mM Hepes (pH
7.5), the interaction was analyzed by electrophoresis at 130 V for 90 min on a 6 % native
polyacrylamide gel in a buffer containing 25 mM Tris and 25 mM boric acid. DNA was
stained with SYBR® Gold (Thermo Fisher).

5.17.  Invitro binding assay using Sli15/Ipll and native kinetochore

complexes
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Pulldowns of yeast cells expressing either Amel-6xHis-6xFLAG or Dsnl-6xHis-6xFLAG
were performed as described. However, the representative complexes were eluted from the
FLAG-beads with 3xFLAG peptide and subsequently immediately incubated for 1 h at 4°C
with Sli15-2xStrep-HA-6xHis/Ipl1, which was immobilized on Strep-Tactin Superflow
agarose (Qiagen). As a negative control the kinetochore complexes were applied to Strep-
Tactin Superflow agarose (Qiagen), which was pre-incubated with BSA. After unbound
proteins were removed by washing 3x with washing buffer (25 mM Hepes pH 8.0, 2 mM
MgCl,, 0,02 % NP-40, 5 % glycerol, 200 mM KCI), bound proteins were eluted with § mM
biotin in washing buffer. Biotin was removed via PD10 desalting columns (GE-Healthcare)
and the samples were either resuspended in SDS sample buffer and analyzed by SDS-PAGE
followed by western blotting, or the proteins were digested as described for further analysis

by LC-MS/MS.
5.18.  Invitro binding assay using whole cell lysates

Cleared lysates of High five cells expressing either Amel/Okpl or Ctf19/Mcm21 were
incubated for 1 h at 4°C with Sli15-2xStrep-HA-6xHis/Ipl1l, which was immobilized on
Strep-Tactin Superflow agarose (Qiagen). As a negative control the cleared lysates were
applied to Strep-Tactin Superflow agarose (Qiagen), which was pre-incubated with BSA.
After unbound proteins were removed by washing 3x with binding buffer. The complexes
were eluted by boiling in 2x SDS loading buffer. Analysis was performed by SDS-PAGE and

western blotting.
5.19. Enrichment of phosphorylated peptides

After digestion and peptide cleanup via reversed phase chromatography using C18 cartridge
columns (Sep-Pak, Waters), samples were dried by vacuum centrifugation and reconstituted
in 200 pul 60 % CAN and 6 % TFA by 10 minutes of sonication. For enrichment of
phosphorylated peptides 0.5 mg TiO, beads (GL Sciences) per sample were used. The beads
were resuspended in 80 % ACN and 6 % TFA and transferred on top of a C8 (single layer)
StageTip. The StageTip was centrifuged for 5 min at 500 g at RT to remove the buffer before
the reconstituted samples were applied. After centrifugation at 50 g for 15 minutes, the
flowthrough was applied a second time to the resin. Not phosphorylated peptides were
removed by washing the beads 3x with 200 ul 60 % ACN and 1 % TFA and 1x with 200 ul
80 % ACN and 0.5 % acetic acid, each time via centrifugation at 500 g for Smin. To the

79



enriched peptides, which were eluted 2x with 30 ul elution buffer (40 % ACN, 3.75 %
NH4OH) via centrifugation at 500 g for 5 min, 60 ul of 2 % ACN and 0.3 % TFA was added.
Finally, the samples were dried in the vacuum centrifuge, reconstituted in 3 % ACN and 0.2

% TFA as described before and further analyzed by LC-MS/MS.
5.20. SDS page analysis

Proteins were separated according to their size by sodium dodecylsulfate polyacrylamide gel
electrophoresis (SDS-PAGE), using homemade (8 - 12 %) or 4 — 20 % precast gradient gels
(Mini-PROTEAN® TGX™ Precast Protein Gels, Bio-Rad). Prestained and unstained protein
markers were used as size standards. The gels were either stained with coomassie (25 %
isopronaol, 10 % acidic acid, 0.005 % brilliant blue) or by silver staining. For silver staining
the gels were first briefly washed in fixing solution (45 % methanol, 10 % acidic acid) and
subsequently incubated in fixing solution for at least 20 min. After washing the gel 2x 10 min
with 50 % EtOH and one time for 10 min with 30 % EtOH, 0.8mM Na,S,05 solution was
applied for 1 min to sensitize the gels. Gels were washed 3x 20 sec with water and incubated
in a2 g/l AgNOs and 0.026 % formaldehyde solution for 20 minutes. After washing the gels
3x 20 sec with water the developing solution (6 % Na,COs, 0.0185 % formaldehyde, 16 uM
Na,S,03) was applied. Staining was stopped by addition of 10 % acidic acid, as soon as the

protein bands were nicely visible.
5.21. Immunoblotting

For transferring the proteins to PVDF membranes a wet transfer technique was applied. The
transfer was performed for 1 h at 100 V and 4°C using western blotting transfer buffer (25
mM Tris, 192 mM glycine, 10 % methanol). Subsequently the membranes were washed with
TBST (50 mM Tris-HCI pH 7.6, 150 mM NaCl, 0.05 % Tween), blocked in TBST
supplemented with 5 % milk powder for 1 h at RT and incubated with primary antibody (anti-
FLAG M2 (Sigma-Aldrich) diluted 1:5000 in TBST and 5 % w/v milk powder) at 4°C for at
least 1 h. The membranes were washed 3x 15 min with TBST and incubated with the HRP-
conjugated anti mouse secondary antibody (1:10000, Santa Cruz). After the membranes were
again washed as described, Amersham ECL solution (GE Healthcare) and Amersham

Hyperfilm (GE Healthcare) were used for developing.
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5.22.

Lists and Tables

5.22.1. Plasmids list

Plasmid description source
2886 pYCF1/ CEN3.L
pST44-Cse4  pST44-6xHis-TEV-Flag-H2B-CSE4-H2A-H4 Alwin Kohler
(148)
BSW1 pST44-6xHis-TEV-Flag-H2B-CSE4A2-30-H2A-H4 this study
BSW2 pST44-6xHis-TEV-Flag-H2B-CSE4A31-60-H2A-H4 this study
BSW4 pST44-6xHis-TEV-Flag-H2B-CSE4A34-46-H2A-H4 this study
BSW5 pST44-6xHis-TEV-Flag-H2B-CSE4A48-61-H2A-H4 this study
pST44-H3 pST44-6xHis-TEV-Flag-H2B-H3-H2A-H4 Alwin Kohler
BJF6 pLIB-MIF2-6xHis-6xFlag this study
pPH74 pST39-OKP1-AME1-6xHis Stefan Westermann
BJF26 pST39-OKP1A123-147-AME1-6xHis this study
BJF27 pST39-OKP1A140-170-AME1-6xHis this study
BJF28 pST39-OKP1A163-187-AME1-6xHis this study
pSW661 pST39-CTF19-MCM21-6xHis Stefan Westermann
BJF25 pST39-CTF19AC270-369 -MCM21-6xHis this study
BJF7 pBIG1-MCM21-6xHis-6xFlag/CTF19 this study
BJF47 pBIG1-MCM21-6xHis-6xFlag/CTF19AC270-369 this study
BJF50 pBIG1-AMEI1-6xHis-6xFlag-OKP1 this study
BJF51 pBIG1-AME]1-6xHis-6xFlag-OKP1A241-282 this study
BJF52 pBIG1-AME1-6xHis-6xFlag-OKP1A204-271 this study
BIF75 pET28-GFP-6xHis this study
BIF76 pET28-GFP-6xHis-Okp1(140-192) this study
BJF10 pBIG1-pHIK-CTF3-MCM16-6xHis-6xFlag-MCM?22 this study
BJF4 pBIG1-SLI15A2-228-2xStrep-HA-6xHis/IPL1 this study
BJF1 pBIG1-SLI15-2xStrep-HA-6xHis-IPL1 this study
BJF23 pBIG1-Sli15A2-228-2xStrep-HA-6xHis-IPL1(kd) this study
BJF41 pBIG1-Sl1i15A523-563-2xStrep-HA-6xHis-IPL1 this study
BPB1 pBIG2-pKMN-SPC105-6xHis-6xFlag-KRE28-Ndc80 this study
Spc24-Spc25-Nuf2-Mtw 1-Dsn1-Nnf1-Nsl1-
BJF53 pBIG1-pKS-SPC105-6xHis-6xFlag-KRE28 this study
BSS93 pRS313-pCSE4-3xFlag-CSE4 this study
BSS94 pRS313-pCSE4-3xFlag-CSE4A31-60 this study
BSS95 pRS313-pCSE4-3xFlag-CSE4A62-94 this study
BSS96 pRS313-pCSE4-3xFlag-CSE4A34-46 this study
BSS97 pRS313-pCSE4-3xFlag-CSE4A48-61 this study
BSS134 pRS313-pCTF19-CTF19WT-SLI15A2-228-6xHis-7xFlag this study
BSS146 pRS313-pAME1-AMEI1-SLI15A2-228-6xHis-7xFlag this study
BSS142 pRS313-pOKP1-OKP1-SLI15A2-228-6xHis-7xFlag this study
BSS145 pRS313-pMIF2-MIF2-SLI15A2-228-6xHis-7xFlag this study
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Plasmid description source

BSS143 pRS313-pCTF3-CTF3-SLI15A2-228-6xHis-7xFlag this study
BSS144 pRS313-pMTW1-MTW1-SLI15A2-228-6xHis-7xFlag this study
BSS141 pRS313-pDSN1-DSN1-SLI15A2-228-6xHis-7xFlag this study
BSS147 pRS313-pCNN1-CNN1-SLI15A2-228-6xHis-7xFlag this study
BSS1 pRS313-pSLI15-SLI15-6xHis-6xFlag this study
BSS15 pRS313-pSLI15-SLI15ASAH-6xHis-6xFlag this study
BSS2 pRS313-pSLI15-SLI15A2-228-6xHis-6xFlag this study
BSS16 pRS313-pSLI15-SLI15A2-228 ASAH-6xHis-6xFlag this study
BSS129 pRS313-pCTF19-CTF19-6xHis-7xFlag this study
BSS159 pRS313-pCTF19-3xMyc-CTF19A2-30-6xHis-7xFlag this study
BSS76 pRS313-pAMEI1-AME1-6xHis-7xFlag this study
BSS169 pRS313-pOKP1-OKP1-6xHis-6xFlag this study
BSS172 pRS313-pOKP1-OKP1A123-147-6xHis-6xFlag this study
BSS174 pRS313-pOKP1-OKP1A163-187-6xHis-6xFlag this study
BSS165 pRS313-pAME1-AMEI1-SLI15A2-228-AINbox(626-698)- this study
6xHis-7xFlag
BSS167 pRS313-pAME1-AMEI1-SLI15A2-228-ASAH(516-575)- this study
6xHis-7xFlag
BSS164 pRS313-pOKP1-OKPI1-SLI15A2-228-AINbox(626-698)- this study
6xHis-7xFlag
BSS166 pRS313-pOKP1-OKPI1-SLI15A2-228-ASAH(516-575)- this study
6xHis-7xFlag
BSS175 pRS313-pAMEI1-AME1-CTF19-6xHis-7xFlag this study
BSS176 pRS313-pAME1-AMEI1-CTF19AC270-369 -6xHis-7xFlag this study
BSS177 pRS313-pOKP1-OKP1-CTF19-6xHis-7xFlag this study
BSS178 pRS313-pOKP1-OKPI1-CTF19AC270-369 -6xHis-7xFlag this study

5.22.2. Yeast strains

All yeast strains belong to S288C background. Yeast strains were generated by standard

procedures

strain genotype

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

YS8226 MAT a, torl-1, fprl::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-
loxP, CSE4-FRB::KanMX, pRS313-pCSE4-CSE4

YS8227 MAT a, torl-1, fprl::loxP-Leu2-loxP, RPL13A-2xFKBP12::1ox-TRP1-
loxP, CSE4-FRB::KanMX, pRS313-pCSE4-CSE4A62-94

YSS8228 MAT a, torl-1, fprl::loxP-Leu2-loxP, RPL13A-2xFKBP12::1ox-TRP1-
loxP, CSE4-FRB::KanMX, pRS313-pCSE4-CSE4A31-60

YS8229 MAT a, torl-1, fprl::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-

loxP, CSE4-FRB::KanMX, pRS313-pCSE4-CSE4A34-46
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strain

genotype

YSS230

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

YSS216

MAT a, torl-1, fprl::loxP-Leu2-loxP, RPL13A-2xFKBP12::1ox-TRP1-
loxP, CTF19-FRB::KanMX, sli15A2-228::hphNT1

YSS325

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

YSS301

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

YSS348

MAT a, torl-1, fprl::loxP-Leu2-loxP, RPL13A-2xFKBP12::1ox-TRP1-
loxP, CTF19-FRB::KanMX, sli15A2-228::hphNT1, pRS313-pCTF19-
3xMyc-CTF19A2-30-6xHis-7xFlag

YSS334

MAT a, torl-1, fprl::loxP-Leu2-loxP, RPL13A-2xFKBP12::1ox-TRP1-
loxP, CTF19-FRB::KanMX, sli15A2-228::hphNT1, pRS313-pAMEI-
AME1-6xHis-1xFlag

YSS335

MAT a, torl-1, fprl::loxP-Leu2-loxP, RPL13A-2xFKBP12::1ox-TRP1-
loxP, CTF19-FRB::KanMX, sli15A2-228::hphNT1, pRS313-pAMEI-
AME]1-SLI15A2-228-6xHis-7xFlag

YSS336

MAT a, torl-1, fprl::loxP-Leu2-loxP, RPL13A-2xFKBP12::1ox-TRP1-
loxP, CTF19-FRB::KanMX, sli15A2-228::hphNT1, pRS313-pAMEI-
AMEI1-SLI15A2-228-AINbox(626-698)-6xHis-7xFlag

YSS337

MAT a, torl-1, fprl::loxP-Leu2-loxP, RPL13A-2xFKBP12::1ox-TRP1-
loxP, CTF19-FRB::KanMX, sli15A2-228::hphNT1, pRS313-pAMEI1-
AME1-SLI15A2-228-ASAH(516-575)-6xHis-7xFlag

YSS342

MAT a, torl-1, fprl::loxP-Leu2-loxP, RPL13A-2xFKBP12::1ox-TRP1-
loxP, CTF19-FRB::KanMX, sli15A2-228::hphNT1, pRS313-pOKP1-
OKPI1-6xHis-1xFlag

YSS351

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

YSS394

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

YSS395

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

YSS343

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

YSS344

MAT a, torl-1, fprl::loxP-Leu2-loxP, RPL13A-2xFKBP12::1ox-TRP1-
loxP, CTF19-FRB::KanMX, sli15A2-228::hphNT1, pRS313-pOKP1-
OKP1-SLIT15A2-228-AINbox(626-698)-6xHis-7xFlag
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YSS345

MAT a, torl-1, fprl::loxP-Leu2-loxP, RPL13A-2xFKBP12::1ox-TRP1-
loxP, CTF19-FRB::KanMX, sli15A2-228::hphNT1, pRS313-pOKP1-
OKPI1-SLI15A2-228-ASAH(516-575)-6xHis-7xFlag

YSS315

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

YSS313

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

YSS314

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

YSS311

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

YSS317

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

YSS366

MAT a, torl-1, fprl::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-
loxP, CTF19-FRB::KanMX, slil15A2-228::hphNT1, pRS313-pSLI15-
SLI15A2-228-6xHis-6xFlag

YSS399

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

YSS400

MAT a, torl-1, fprl::loxP-Leu2-loxP, RPL13A-2xFKBP12::1ox-TRP1-
loxP, CTF19-FRB::KanMX, sli15A2-228::hphNT1, pRS313-pAMEI1-
AMEI1-CTF19AC270-369-6xHis-7xFlag

YSS401

MAT a, torl-1, fprl::loxP-Leu2-loxP, RPL13A-2xFKBP12::1ox-TRP1-
loxP, CTF19-FRB::KanMX, sli15A2-228::hphNT1, pRS313-pOKP1-
OKPI1-CTF19-6xHis-7xFlag

YSS402

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

YSS366

MAT a, torl-1, fprl::loxP-Leu2-loxP, RPL13A-2xFKBP12::10x-TRP1-
loxP, CTF19-FRB::KanMX, sli15A2-228::hphNT1, pRS313-pSLI15-
SLI15A2-228-6xHis-6xFlag

YTZ51

MAT a; leu2, ura3-52, trpl, prb1-1122, pep4-3, prel1-451, Ctf3-6xHis-
6xFLAG::KanMX

YTZ2

MAT a; leu2, ura3-52, trpl, prbl-1122, pep4-3, prel-451, Amel-6xHis-
6xFLAG::KanMX

YTZ3

MAT a; leu2, ura3-52, trpl, prb1-1122, pep4-3, prel-451, Dsn1-6xHis-
6xFLAG::KanMX

YTZ52

MAT a; leu2, ura3-52, trpl, prbl-1122, pep4-3, prel-451, Mif2-6xHis-
6xFLAG::KanMX
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YTZ53 MAT a; leu2, ura3-52, trpl, prb1-1122, pep4-3, pre1-451, Mcm16-
6xHis-6xFLAG::KanMX

YJF2 MAT a; leu2, ura3-52, trpl, prb1-1122, pep4-3, prel-451, Cnn1-6xHis-
6XFLAG::KanMX

YJF3 MAT a; leu2, ura3-52, trpl, prb1-1122, pep4-3, prel1-451, Bub3-6xHis-
6XFLAG::KanMX

YJF4 MAT a; leu2, ura3-52, trpl, prb1-1122, pep4-3, prel-451, Chl4-6xHis-
6XFLAG::KanMX

YJFS MAT a; leu2, ura3-52, trpl, prb1-1122, pep4-3, prel-451, Wip1-6xHis-
6xFLAG::KanMX

YJF6 MAT a; leu2, ura3-52, trpl, prb1-1122, pep4-3, prel-451, Iml3-6xHis-
6XFLAG::KanMX

YTZ80 MAT a; leu2, ura3-52, trpl, prb1-1122, pep4-3, prel-451, Mps1-6xHis-
6XFLAG::KanMX

YTZ57 MAT a; leu2, ura3-52, trpl, prbl-1122, pep4-3, prel-451, Mad3-6xHis-
6XFLAG::KanMX

YTZ55 MAT a; leu2, ura3-52, trpl, prb1-1122, pep4-3, prel-451, Sli15-6xHis-
6XFLAG::KanMX

YTZ73 MAT a; leu2, ura3-52, trpl, prb1-1122, pep4-3, prel-451, Birl-6xHis-
6XFLAG::KanMX

5.22.3. Predicted and experimentally annotated protein domains

and motifs depicted in protein crosslink networks

Native and recombinant protein complexes were prepared and crosslinked as described.

Detected inter- and intra-protein crosslinks are represented as protein network diagrams in

Figure 10, Figure 13, Figure 24 and Figure 26.

Protein Domain/Motif Start End Reference
AMEI1 coiled coil 177 272 MARCOIL prediction
AMEI MIND binding 1 15 (25)
AME]1 Okp1 binding 129 247 (34)
AMEI1 Nkp1-Nkp2 binding 268 292 (34)
CENPA/ . (149)
CSE4 histone core 113 227
CENPA/ (149)
CSEA CATD 166 201
CHLA4 IML3 binding 361 458 (29)
CNNI1 histone fold 271 335 (20)
CTF19 RWD 134 361 Sequence alignment model

/Psipred strcuture prediction
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Protein Domain/Motif Start End Reference
H2A histone core 14 90 (150)
H2B histone core 34 105 (150)

H3 histone core 63 132 (150)
H4 histone core 24 96 (150)

IML3 dimerization 169 198 (29)

IPL1 kinase domain 104 355 Sequence alignment model
MCM21 RWD 156 368 Seguence alignment rr.10(.lel

/Psipred strcuture prediction

MIF2 MTWI1C binding 1 35 (25)

MIF2 signature motif 238 312 (25)

MIF2 IML3/CHLA binding 256 549 (29)

MIF2 cupin fold 439 526 (25)

NDC80 MT binding 1 113 (60)

NDC80 calponin homology 114 233 (67)

NDC80 coiled coil 258 279 MARCOIL prediction

NDC80 coiled coil 294 499 MARCOIL prediction

NDC80 loop 453 520 (151)

NDC80 coiled coil 519 645 MARCOIL prediction

NUF2 calponin homology 13 132 (152)

NUF2 coiled coil 161 338 MARCOIL prediction

NUF2 coiled coil 341 450 MARCOIL prediction

OKP1 Core region 166 211 (34)

OKP1 coiled coil 183 290 MARCOIL prediction

OKP1 Amel binding 234 264 (34

OKP1 Ctf19-Mcm?21 binding 321 329 (34

OKP1 coiled coil 346 381 MARCOIL prediction

OKP1 Nkp1-Nkp2 357 375 (34)

SLI15 CEN targeting 1 227 (86)

SLI1S5 MT binding 228 559 (90)

SLI1S5 SAH 517 565 (90)

SLI15 IPL1 binding 630 681 (92, 129)

SPC105 PP1 docking 21 24 (153)
SPC105 PP1 docking 74 78 (153)
SPC105 coiled coil 125 138 MARCOIL prediction
SPC105 MELT 146 149 114)
SPC105 MELT 169 172 (114)
SPC105 coiled coil 194 206 MARCOIL prediction
SPC105 MELT 208 211 (114)
SPC105 MELT 232 235 114)
SPC105 MELT 281 284 (114)
SPC105 MELT 310 313 (114)
SPC105 coiled coil 545 639 MARCOIL prediction
SPC105 coiled coil 670 700 MARCOIL prediction

SPC105 RWD 700 917 HHpred

SPC24 coiled coil 19 123 MARCOIL prediction

SPC24 RWD 155 213 (131)

SPC25 coiled coil 18 129 MARCOIL prediction

SPC25 RWD 133 221 131

WIP1 histone fold 1 89 Sequence alignment model
KRE28 coiled coil 129 201 MARCOIL prediction
KRE28 coiled coil 229 265 MARCOIL prediction
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Abstract Kinetochores are macromolecular protein complexes at centromeres that ensure
accurate chromosome segregation by attaching chromosomes to spindle microtubules and
integrating safeguard mechanisms. The inner kinetochore is assembled on CENP-A nucleosomes
and has been implicated in establishing a kinetochore-associated pool of Aurora B kinase, a
chromosomal passenger complex (CPC) subunit, which is essential for chromosome biorientation.
By performing crosslink-guided in vitro reconstitution of budding yeast kinetochore complexes we
showed that the Ame1/Okp1°ENPY/Q heterodimer, which forms the COMA complex with Ctf19/
Mcm21CENP-P/O salectively bound Csed“ENPA nucleosomes through the Cse4 N-terminus. The
Sli15/1pl1'NCENP/AuroraB core CPC interacted with COMA in vitro through the Ctf19 C-terminus
whose deletion affected chromosome segregation fidelity in Sli15 wild-type cells. Tethering Sli15 to
Ame1/Okp1 rescued synthetic lethality upon Ctf19 depletion in a Sli15 centromere-targeting
deficient mutant. This study shows molecular characteristics of the point-centromere kinetochore
architecture and suggests a role for the Ctf19 C-terminus in mediating CPC-binding and accurate
chromosome segregation.

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

Introduction

Kinetochores enable the precise distribution of chromosomes during the eukaryotic cell division to
avoid aneuploidy (Santaguida and Musacchio, 2009) which is associated with tumorigenesis, con-
genital trisomies and aging {Baker et al., 2005; Pfau and Amon, 2012). Faithful segregation of the
duplicated sister chromatids relies on their exclusive attachment to spindle microtubules emerging
from opposite spindle poles {(Foley and Kapoor, 2013). The physical link between chromosomal
DNA and microtubules is the kinetochore, a macromolecular protein complex that mediates the
processive binding to depolymerizing microtubules driving the sister chromatids apart into the two
emerging cells {Biggins, 2013; Musacchio and Desai, 2017). Kinetochore assembly is restricted to
centromeres, chromosomal domains that are marked by the presence of the histone H3 variant
Cse4ENPA (human ortholog names are superscripted if appropriate) (Earnshaw and Rothfield,
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1985; Fukagawa and Earnshaw, 2014). In humans, regional centromeres span megabases of DNA
embedding up to 200 CENP-A containing nucleosomal core particles (NCPs) (Bodor et al., 2014;
Musacchio and Desai, 2017). In contrast, Saccharomyces cerevisiae has point centromeres, which
are characterized by a specific ~125 bp DNA sequence wrapped around a single Cse4-containing
histone octamer (Fitzgerald-Hayes et al., 1982; Camahort et al., 2009; Hasson et al., 2013).

The budding yeast kinetochore is composed of about 45 core subunits which are organized in dif-
ferent stable complexes (De Wulf et al., 2003; Westermann et al., 2003) of which several are pres-
ent in multiple copies (Joglekar et al., 2006). The kinetochore proteins are evolutionary largely
conserved between yeast and humans (Westermann and Schleiffer, 2013; van Hooff et al., 2017)
and share a similar hierarchy of assembly from DNA to the microtubule binding interface (De Wulf
et al., 2003). The centromere proximal region is established by proteins of the Constitutive Centro-
mere Associated Network {(CCAN), also known as the CTF19 complex (CTF19¢) in budding yeast.
The CTF19c comprises the Chl4/ImI3SENPNL - Mem16/Ctf3/Mem22CENP-HVK - Cnn /Wip1 CENPT/W,
Mhf1/Mhf2CENP-SX and Ctf19/0kp1/Mem21/Ame 1 SENF-P/Q/OU (COMA) complexes plus Mif2“ENF-¢
{Cheeseman et al., 2002; Westermann et al., 2003; Biggins, 2013; Musacchio and Desai, 2017)
and the budding-yeast specific Nkp1/Nkp2 heterodimer. Another yeast inner kinetochore complex,
the CBF3 {(Ndc10/Cep3/Ctf13/Skp1) complex, has been identified as sequence-specfic binder of the
centromeric DNA sequence CDEIlll {Ng and Carbon, 1987; Lechner and Carbon, 1991). The
CTF19cSAN provides a cooperative high-affinity binding environment for the Csed“ENFANCP
{(Weir et al., 2016), where distinct subunits selectively recognize Csed4“EN"4 specific features. Across
different species the CENP-C signature motif interacts with divergent hydrophobic residues of the
CENP-A C-terminal tail {(Musacchio and Desai, 2017). Electron microscopy studies have recently
resolved the interaction of CENP-N with the CENP-A centromere-targeting domain (CATD) in verte-
brates (Carroll et al.,, 2009; Guse et al.,, 2011, Pentakota et al., 2017; Chittori et al., 2018;
Tian et al., 2018). For budding yeast Cse4, a direct interaction has so far only been demonstrated
with Mif2 (Westermann et al, 2003; Xiao et al, 2017). Apart from Mif2, the only essential
CTF19cS“AN proteins are Ame1 and Okp1 (Meluh and Koshland, 1997; Ortiz et al., 1999; De Wulf
et al.,, 2003), with the N-terminus of Ame1 binding the N-terminal domain of Mtw1 and thus serving
as docking site for the outer kinetochore KMN network (KNL1°F<19%./MIS12MTW1_/NDC8QNPCE0.
complexes) {Hornung et al., 2014; Dimitrova et al., 2016).

The kinetochore is also a hub for feedback control mechanisms that ensure high fidelity of sister
chromatid separation by relaying the microtubule attachment state to cell cycle progression, known
as spindle assembly checkpoint {SAC), and by destabilizing improper kinetochore-microtubule
attachments and selectively stabilizing the correct bipolar attachments, referred to as error correc-
tion mechanism (Fofey and Kapoor, 2013; Krenn and Musacchio, 2015). A major effector of both
regulatory feedback loops is the kinase Ipl1Aurer B
meric chromosomal passenger complex (CPC) which associates close to the centromere from G1
until anaphase (Biggins and Murray, 2001; Widlund et al., 2006; Carmena et al., 2012). The kinase
subunit Ip|1A”rora B binds to the C-terminal IN-box domain (Adams et al., 2000; Kaitna et al., 2000)
of the scaffold protein Sli15™NEN? and Nbl18°"2™ and Bir15“"" form a three-helix bundle with the
Sli15 N-terminus {Klein et al., 2006; Jeyaprakash et al., 2007). All known mechanisms for recruit-
ment of the CPC to the yeast centromere rely on Birl, which directly associates with Ndc10
{Cho and Harrison, 2011) and is recruited through Sgo1 to histone H2A phosphorylated at 5121 by
Bub1 which so far has only been established in fission yeast (Kawashima et al., 2010). Based on pre-
vious reports we refer to the CPC recruited through Ndc10 or H2A-P as centromere-targeted CPC
pool, notwithstanding that the centromere-targeted Sli15™ENF scaffold may extend to, and Ipl14¥"
°r2 8 may operate at, the kinetochore structure. CPC lacking the centromere-targeting domain (CEN)
of Sli15™NCENP s indicated as inner kinetochore-localized CPC (Knockleby and Vogel 2009;
Musacchio and Desai, 2017).

During early mitosis incorrect microtubule attachment states are resolved by Ipl144°™ B which
phosphorylates Ndc80 and Dam1 sites within the microtubule binding interface and thereby reduces
their affinity towards microtubules (Cheeseman et al, 2002; Miranda et al, 2005;
Westermann et al.,, 2005; Cheeseman et al., 2006; DelLuca et al., 2006; Santaguida and Musac-
chio, 2009). The selective destabilization promotes the establishment of a correctly bi-oriented
kinetochore configuration at the mitotic spindle, referred to as amphitelic attachment (Tanaka et al.,
2002). The spatial separation model for establishing biorientation {Krenn and Musacchio, 2015)

, a subunit of the evolutionary conserved tetra-
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implies that centromere-targeting of Sli15 allows substrate phosphorylation by Ipl144°™ B within the
span of the Sli15™NCEN® scaffold and that tension dependent intra-kinetochore stretching
(Joglekar et al., 2009) pulls the microtubule binding interface out of reach of Ipl144°r2 B resylting in
dephosphorylation of outer kinetochore substrates and stabilization of amphitelic kinetochore-micro-
tubule attachments (Liu et al., 2009; Lampson and Cheeseman, 2011).

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

We describe here the use of chemical crosslinking and mass spectrometry (XLMS) (Herzog et al.,
2012) together with biochemical reconstitution to characterize the CTF19c““A™ subunit connectivity
and the protein interfaces that establish a selective Cse4-NCP binding environment. Subunits of the
COMA complex were previously implicated in CPC function at kinetochores (De Wulf et al., 2003;
Knockleby and Vogel, 2009} and the Sli15AN mutant showed synthetic lethality with deletions of
Ctf19 or Mcm21 (Campbell and Desai, 2013). Thus, we investigated whether the COMA complex
directly associates with Sli15/Ipl1. We demonstrate that the Cse4-N-terminus (Chen et al., 2000)
binds Ame1/Okp1 through the Okp1 core domain (Schimitzberger et al., 2017) and that dual recog-
nition of budding yeast Cse4-NCP is established through selective interactions of the essential
CTF19cCAN proteins Mif2 and Ame1/Okp1 with distinct Cse4 motifs. We further show that Sli15/
Ipl1 interacts with the Ctf19 C-terminus and that synthetic lethality upon Ctf19 depletion in the
slit5AN background is rescued by fusing Sli15AN to the COMA complex. Our findings show contacts
important for CTF19cSAN architecture assembled at budding yeast point centromeres and indicate
that the interaction of CPC and COMA is important for faithful chromosome segregation.

Results

The Ame1/Okp1 heterodimer selectively binds Cse4 containing
nucleosomes

To screen for direct interaction partners of Cse4-NCPs we reconstituted the individual CTF19¢
subcomplexes (Mif2, Ame1/Okp1, Ctf19/Mcm21, Chl4/ImI3, Mcm16/Ctf3/Mem22, Cnn1/Wip1,
Nkp1/Nkp2, Mhf1/Mhf2) with Cse4- or H3-NCPs in vitro. The CTF19c““*N complexes were purified
either from bacteria or insect cells as homogenous and nearly stoichiometric complexes (Figure 1B).
Consistent with a recent study (Xiao et al., 2017), using electrophoretic mobility shift assays
(EMSA), we observed that Mif2 selectively interacted with Cse4-NCPs and not with H3-NCPs
{Figure 1A). We also found that Ame1/Okp1 bound specifically to Cse4-NCPs (Figure 1A). The lack
of interaction with H3-NCPs, which were reconstituted using the same 601 DNA sequence
(Tachiwana et al., 2011), suggests that Ame1/Okp1 directly and selectively binds Cse4 and that the
interaction does not require AT-rich DNA sequences as previously proposed (Hornung et al., 2014).
In contrast to the EMSA titration of human CCAN complexes with CENP-A-NCP (Weir et al., 2016)
using 10 nM NCP mixed with up to 20-fold excess of the respective subcomplexes, we could not
detect Csed-NCP band shifts with Chl4/Iml3, the orthologs of human CENP-NL, and with Mcm16/
Ctf3/Mcm22, the orthologs of human CENP-HIK {no S. cerevisiae ortholog of CENP-M has been
identified) using 500 nM NCP incubated with a twofold excess of the complexes. Ctf19/Mcm21,
Cnn1/Wip1, Nkp1/Nkp2 and Mhf1/Mhf2 did also not form distinct complexes with either Cse4- or
H3-NCPs in the EMSA indicating that Mif2 and Ame1/Okp1 possess a higher relative binding affinity
to Cse4-NCPs than the other CTF19¢ subcomplexes (Figure 1A).

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

DOI: https://doi.org/10.7554/el ife.42879.002

The following figure supplement is available for figure 1:

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

Cse4-NCP complex.
DOI: https://doi.c

org/10.7554/elife.42879.003

To identify the binding interfaces of the Ame1/Okp1:Cse4-NCP complex we performed XLMS
analysis. We reconstituted a complex on Cse4-NCP composed of Ame1/Okp1, Mif2, Ctf19/Mcm21,
Chl4/ImI3 and the MTW1c which links the KMN network to the inner kinetochore receptors Ame1
and Mif2 (Przewloka et al., 2011; Screpanti et al., 2011, Hornung et al., 2014). Size-exclusion
chromatography (SEC) analysis showed that MTW1c forms a complex with Ame1/Okp1, Mif2, Ctf19/
Mcm21 and Chl4/ImI3 and the peak fraction shifted to a higher molecular weight upon addition of
Csed-NCPs depicting nearly stoichiometric protein levels of all subunits (Figure 1—figure supple-
ment 1). In all in vitro reconstitution and XLMS experiments we used wild-type MTW1c lacking the
phosphorylation mimicking mutations of Dsn1 S240 and S250, which have been shown to stabilize
the interaction with Mif2ENP-C and Ame1CENPY (Akiyoshi et al., 2013; Dimitrova et al., 2016), but
were not required for complex formation on SEC columns (Figure 2C, Figure 1—figure supplement
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Figure 2. A short helical motif within the Cse4 N-terminus serves as Ame1/Okp1 docking site and is essential in vivo. (A) Multiple sequence alignment
of Csed4“ENPA proteins. Yeast protein sequences with the highest similarities to S. cerevisiae Cse4, three mammalian and the S. pombe homologous

CENP-A protein sequences were included in the alignment. The amino acid (aa) patch, conserved in interrelated yeasts, is highlighted in pink (S.

cerevisiae Cse4 aa 34-61). The RG motif in the mammalian sequences is indicated by arrowheads. Amino acid residues are colored and annotated

Figure 2 continued on next page
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Figure 2 continued

according to the ClustalW color and annotation codes (S.: Schizosaccharomyces, C.: Candida, Z.: Zygosaccharomyces, L.: Lachancea). Residues that are
identical among aligned protein sequences (*), conserved substitutions (:), and semiconserved substitutions (.) are indicated. (B) Scheme of the deletion
mutants within the Cse4 N-terminus used in the SEC experiments in (C) and (D) and in the cell viability assays in (E). The conserved region (aa 34-61) is
highlighted in pink. (C) SEC analysis of the indicated mixtures of recombinant Ame1/Okp1 (AO) and MTW1c and reconstituted H3-, Csed-, CsedA2-30-
or CsedA31-60-NCPs. Ame1/Ckp1, MTW1c and the Cse4 proteins were mixed equimolar. Eluted proteins were visualized by SDS-PAGE and
Coomassie staining. (D) SEC analysis of Ame1/Okp1 (AO) preincubated with CsedA34-46- or CsedA48-61-NCPs. Eluted complexes were analyzed by
SDS-PAGE and Coomassie staining. (E) Left panel: Cell growth assay of Cse4 mutants in budding yeast using the anchor-away system. The Csed wild-
type and indicated mutant proteins were ectopically expressed in a Cse4 anchor-away strain (Csed4-FRB) and cell growth was menitored by plating 1:10
serial dilutions on YPD medium at 30°C in the absence or presence of 1 pg/ml rapamycin. Right panel: Western blot analysis of the ectopically
expressed Csed wild-type and mutant protein levels in the yeast strains shown on the left. Pgk1 levels are shown as loading control.

DOI: https://doi.org/10.7554/el ife.42879.004

1). In total 349 inter-subunit crosslinks between the fifteen proteins were identified (Figure 1C,
Supplementary file 1). The majority of the crosslinks detected within the different subcomplexes
MTW1c, COMA, Chl4/Iml3, and Cse4-NCP are in agreement with previous studies validating our
crosslink map (De Wulf et al.,, 2003; Hinshaw and Harrison, 2013; Hornung et al., 2014). More-
over, crosslinks from the Mif2 N-terminus to the MTW1lc (Przewloka et al., 2011; Screpanti et al.,
2011), from the Mif2 Chl4/Iml3-binding domain to Chl4 (Hinshaw and Harrison, 2013), and from
the Mif2 signature motif to the Csed C-terminus (Figure 1C, Supplementary file 1) (Kato et al.,
2013) are consistent with previously described interfaces. Crosslinks between Ame1/Okp1 and Csed
occur exclusively between Okp1 and Cse4, suggesting that Okp1 is the direct binding partner of
Csed. Furthermore, Okp1 was the only COMA subunit that crosslinked to the three canonical histo-
nes H2A, H2B and H4 with the exception of one crosslink between Ame1 and H2A. Our analysis indi-
cated a close association between Chl4/Iml3 and all COMA subunits. A direct interaction between
COMA and Chl4 was reported previously and the Ctf19/Mcm21 heterodimer was found to be
required for the kinetochore localization of Chl4 and ImI3 (Schmitzberger et al., 2017).

The essential N-terminal domain of Cse4 is required for Okp1 binding
To further characterize the interaction between Ame1/Okp1 and Cse4-NCPs we aimed to identify
the binding interface of the Ame1/Okp1:Cse4-NCP complex. Two crosslinks were detected between
Okp1 and the essential Cse4 N-terminus (Figure 1C, Supplementary file 1). A multiple sequence
alignment (MSA) of Cse4ENFA protein sequences (Figure 2A) detected a conserved region (ScCsed
aa 34-61), unigue to Cse4 proteins of interrelated yeasts, which is almost identical to the so-called
‘essential N-terminal domain’ (END), aa 28-60, shown to be required for the essential function of the
Cse4 N-terminus and for recruiting the 'Mcm21p/Ctf19p/Okplp complex’ to minichromosomes
{Keith et al., 1999; Ortiz et al., 1999; Chen et al., 2000).

To assess whether the Cse4 END mediates the interaction with Ame1/Okp1 we tested binding of
recombinant Ame1/Okp1 to reconstituted wild-type and deletion mutants {(Figure 2B} of Cse4- and
to H3-NCPs by SEC (Figure 2C). Wild-type Cse4-NCP but not H3-NCP formed a stoichiometric com-
plex with Ame1/Okp1 (Figure 2C) which is consistent with our EMSA and XLMS analyses
{Figure 1A,C). In addition, Ame1/Okp1 bound to a Cse4-NCP retained the ability to interact with
the MTW1c (Hornung et al., 2014), forming a direct link between the KMN network and the centro-
meric nucleosome (Figure 2C). Truncation of the first 30 N-terminal residues of Cse4 neither
affected its ability to bind Ame1/Okp1, nor was it essential for viability (Figure 2C) {(Chen et al.,
2000). However, the Cse4A31-60 mutant abrogated Ame1/Okp1:Cse4-NCP complex formation
{Figure 2C). To further narrow down the interface, two deletion mutants splitting the END in half,
CsedA34-46 and CsedA48-61 (Figure 2B), were tested in SEC experiments. While Cse4A48-61 asso-
ciated with Ame1/Okp1, deletion of amino acids 34-46 completely disrupted the interaction
(Figure 2D). All Cse4 N-terminal mutant and wild-type NCPs eluted at similar retention times from
the SEC column indicating that the Cse4 N-terminal deletions did not affect Cse4 incorporation and
stability of the nucleosomes (Figure 2C,D).

The crosslink-derived distance restraints as well as SEC analysis identified a conserved Cse4 pep-
tide motif of amino acids 34-46 which is necessary for Ame1/Okp1 interaction. To test whether this
motif is essential for cell viability, we depleted endogenous Cse4 from the nucleus using the anchor-
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away technique and performed rescue experiments by ectopically expressing the Cse4 mutants
Csed4A34-46 and Csed4A48-61. Indeed, deletion of amino acids 34-46 was lethal, whereas the
CsedA48-61 mutant displayed wild-type growth rates (Figure 2E). The observation that deletion of
the minimal Ame1/Okp1 interacting Cse4 motif (aa 34-46) correlates with the loss of cell viability,
whereas the C-terminal half of the END (aa 48-61) is neither essential for viability nor required for
Ame1/Okp1 association suggests that binding of the Ame1/Okp1 heterodimer to Cse4 residues 34-
46 is essential for yeast growth. The Mif2 signature motif (Xiao et al., 2017) and Ame1/Okp1 recog-
nize distinct motifs at the Cse4 C- and N-terminus {Figure 1C), respectively, and both are essential
for viability (Hornung et al., 2014).

The Okp1 core domain interacts with Cse4

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

The COMA complex interacts with Sli15/Ipl1 through the Ctf19
C-terminus

The COMA complex is composed of two essential, Ame1/Okp1, and two non-essential, Ctf19/
Mcm21, subunits {(Ortiz et al.,, 1999; Cheeseman et al.,, 2002). Both, Ctf19 and Mcm21 contain
C-terminal tandem-RWD (RING finger and WD repeat containing proteins and DEAD-like helicases)
domains forming a rigid heterodimeric Y-shaped scaffold whose respective N-terminal RWDs of the
tandems pack together as shown by a crystal structure of the K. lactis complex (Schmitzberger and
Harrison, 2012). The ctf19A or mcm21A mutants become synthetically lethal in a slitT5AN back-
ground {Campbell and Desai, 2013). Furthermore, Ame has been suggested to have a role in Sli15
localization close to kinetochores independently of Birl (Knockieby and Vogel, 2009). To investi-
gate whether Sli15/Ipl1 associates with the COMA complex, in vitro reconstitution and XLMS analy-
sis detected 98 inter-protein and 69 intra-protein crosslinks (Figure 4A, Supplementary file 2). In
particular, there were 10 crosslinks from the C-terminal RWD (RWD-C) domain of Ctf19 and 4 cross-
links from the Mem21 RWD-C domain to the microtubule binding domain of Sli15 {aa 229-565)
(Figure 4A, Supplementary file 2, 3). In the Ame1/Okp1 heterodimer, we identified crosslinks from
Sli15 to Okp1 and from Ipl1 to Ame1. The crosslink detected to lysine 366 of Okp1 is located near
the identified Ctf19/Mecm21 binding site within Okp1 ('segment 1° aa 321-329)
{Schmitzberger et al.,, 2017) and thus is close to the RWD-C domains of Ctf19 and Mcm21. We veri-
fied the interaction of Sli15 and the Ctf19 RWD-C domain by in vitro binding assays. Sli15-2xStrep/
Ipl1 was immobilized on Streptavidin beads and incubated with a 2-fold molar excess of either
Ame1/Okp1 and Ctf19/Mcm21 using wild-type Ctf19 protein or a C-terminal deletion mutant
Ctf19A270-369 (Ctf19AC). Ame1/Okp1 and Ctf19/Mcm21 were both pulled down with Sli15/Ipl1
either as individual complexes or in combination {Figure 4B). In agreement with previous findings
{Schmitzberger et al., 2017), recombinant Ctf19AC formed a stoichiometric complex with Mem21,
but lost its ability to bind Sli15/Ipl1 indicating that the RWD-C of Ctf19 is required for Sli15/Ipl1
interaction in vitro (Figure 4C). Autophosphorylation of Sli15/Ipl1 abrogated its interaction with
Ame1/Okp1 and Ctf19/Mcm21 indicating that like the phosphorylation-regulated binding to

Fischbdck-Halwachs et al. eLife 2019;8:42879. DOI: https://doi.org/10.7554/¢eLife.42879 7 of 28



'@ Ll FE Research article Biochemistry and Chemical Biology | Cell Biology

B OkD1 helix 1 helix 2
Kl uyver omyces _mar xi anus 153 EKDDSEDYSNVNPWDFKRLI RKLYKEQLPDTYQI RNWVKRPQRELVTSFI EM ENNVELAS AEVF DQYGDE L DRF -G 231
Lachancea_fernentati 129 AT| SREEEA {PVDF KNKI HKEFRERLPNNYE! KNWKRPSKKM. TSI MEVLENNVEPAVQSVLDKYGGECE QR 208
Candi da_gl abrata 55 NAGGDSSSSI PWOFPKLI RREMKNRL PNNYNLKRWRKPSRI LVDSVMQLLETNS ANSVDI VFEKYDDEL IV 138
Saccharomyces cerevisiae 111 SHLSI VRPWEFRKVI QAEYRERLPRNYELKHWKKPSKI M GSI LRLLETNTVSALDSVFEKYEKE M 194
Tetrapisispora_phaffii 92 QPVEFNKVI RKGYKEKLPTNYDLKKWRRPSKTMNSVI QLLENNI EYGI EGVMNKYKDELE
Vander wal t ozyma_pol yspora 88 EVRPWEFKEVI RREFQQKLPNNYQ KNWKRPTVAMIDSI | ELLDI NFRSAQESVFEKYRTDLE RL MNRNER
Tor ul aspora_del bruecki i 70 HPVEFKRVI RREFKHKLPNNYQI KRWKRPSKVMWDSVVQLLETNAESALQQVLEKYSAQLL NI DPH--R 151
Zygosaccharonyces _rouxi i 89 YWDFGPL| RQGFRDKLPSNYE|! KRWKRPSKHWRSVVQLLEANF ETAI EQVFDRYNDELG 168
Zygosaccharonyces_parabailii 64 s DPV\DF AEVVQSEFRDKLPSNYEI KRWKRPTKHMW/RSVVQLVETDF EAAI EEI FEKYKGELR - 143
Zygosaccharonyces _bailii 68 RRQ ASTTVS DPVDF AEVVQSEFRDKLPSNYE!I KRWKRPTKHM/RSVVQLVETDF EAAI EEl FEKYKGELRSVVV 147
123-147 163-187
140-170
QT
& S &
N N N
Ame1/0Okp1 wt © > ¢
molarx 0 1 2 12 12 1 2
bp
3000 -
-Cse4-NCP
1000 -
500 -
aa +Rapamycin  rescue
Okp1A163-187

Figure 3. The essential core domain of Okp1 is required for the interaction with Cse4-NCPs. (A) Multiple sequence alignment of Okp1 amino acid
sequences from related yeast species. Amino acid residues of the conserved region are colored and annotated according to the ClustalW color and
annotation codes. Green bars above the alignment represent alpha helical regions predicted by Jpred (Drozdetskiy et al., 2015). Lines below the
alignment indicate the overlapping Okp1 deletion mutants analysed in (B) and (C). Residues that are identical among aligned protein sequences (*),
conserved substitutions (:), and semiconserved substitutions (.) are indicated. (B) EMSA assessing complex formation of Cse4-NCPs with Ame1/

Okp1 including wild-type (wt) Okp1 and the indicated Okp1 deletion mutants. Recombinant Ame1/Okp1 complexes were tested in a 1:1 (1) and 2:1 (2)
molar ratio with Cse4-NCPs. The DNA is visualized by SYBR Gold staining. (C) Cell viability assay of Okp1 deletion mutants using the anchor away (aa)
technique. Yeast growth of either the untransformed (-) Okp1 anchor-away strain (Okp1-FRB) or of strains transformed with the indicated Okp1 rescue
alleles was tested in 1:10 serial dilutions on YPD medium in the absence or presence of 1 ug/ml rapamycin for 72 hr at 30°C.

Figure 3 continued on next page
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The following figure supplement is available for figure 3:

Figure supplement 1. |dentification of the Cse4 binding site on Okp1.
DOI: https://doi.org/10.7554/el ife.42879.006

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

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

Tethering Sli15AN selectively to COMA rescues the synthetic lethality
of a sliT5AN mutant upon Ctf19 depletion

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

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

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

We further tested whether the rescue of synthetic lethality depended on the Sli15 single alpha
helix domain (SAH, aa 516-575) (Samejima et al., 2015; van der Horst et al., 2015; Fink et al,,
2017) and the Ipl1 binding domain {IN-box, aa 626-698) (Adams et al.,, 2000; Kang et al., 2001).
Both domains are essential for cell growth in the Sli15 wild-type or the slitT5AN background
(Figure 5C) (Kang et al., 2001). Cells ectopically expressing the Sli15AN mutant protein grew like
wild-type, but displayed sensitivity to 15 pg/ml benomyl which contrasted the previous observation
that cells carrying the endogenous sli15AN allele were not sensitive to 12.5 ug/ml benomyl
{Campbell and Desai, 2013). These deviating observations may be a result of different experimental
conditions. To distinguish the requirement of one domain from that of the other in the context of
inner kinetochore-localized Sli15/Ipl1, we generated Ame1- and Okp1-Sli15AN fusion constructs in
which either the IN-box or the SAH domain of Sli15AN had been deleted. While expression of
Ame1- or Okp1-Sli15ANASAH proteins rescued cell growth in the sfi15AN background upon Ctf19
depletion, Ame1- and Okp1-Sli15ANAIN fusions did not, indicating that Ipl1 kinase activity is
required (Figure 5D). Since the ectopically expressed fusion proteins were tested in the sli15AN
background, the result indicates that Ipl1 activity associated with endogenous Sli15AN could not res-
cue synthetic lethality and that tethering Ipl1 activity to COMA subunits is crucial. In contrast, dele-
tion of the SAH domain in Amel- and Okp1-Sli15ANASAH fusions was not lethal and was
presumably rescued by the SAH domain of the endogenous Sli15AN protein (Figure 5D) suggesting
that the SAH domain is not required for the function of the inner kinetochore-localized CPC pool.
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Figure 4. The core-CPC Sli15/Ipl1 associates with the COMA complex through the Ctf19 C-terminal RWD domain in vitro. (A) Network representation
of lysine-lysine cross-links identified on recombinant Sli15/Ipl1 in complex with COMA. Proteins are represented as bars indicating annotated domains
(Supplementary file 3) according to the color scheme in the legend. Subunits of a complex are represented in the same color. Protein lengths and
cross-link sites are scaled to the amino acid sequence. (B) In vitro binding assay analyzing the interaction of Sli15/Ipl1 with the COMA complex.

Figure 4 continued on next page
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Recombinant Sli15-2xStrep/Ipl1 was immobilized on Streptavidin beads and incubated with Ctf19/Mcm21, Ame1/Okp1 or Ame1/Okp1/Ctf19/Mcm?21.
Autophosphorylation (p) of Sli15/lpl1 largely reduced bound protein levels. Dephosphorylation {(dp) of Sli15/1pl1 did not alter the bound proteins levels,
which were visualized by SDS-PAGE and Coomassie staining. (C) In vitro binding assay analyzing the interaction of Sli15/lpl1 with Ctf19/Mcm21 or
Ctf19AC/Mem21. Ct19AC lacks the last 100 amino acids which form the C-terminal RWD domain. This panel is representative of three independent

experiments.

DOI: https://doi.org/10.7554/el ife.42879.007

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

Since the RWD-C domain of Ctf19 was required for association with Sli15/lpl1 in vitro {Figure 4C),
we asked whether its deletion would cause synthetic lethality with sli1T5AN. As recently described,
the Ctf19 C-terminus is involved in formation of the COMA complex through binding to Okp1
{Schmitzberger et al.,, 2017) and consequently, its deletion abrogates kinetochore localization of
Ctf19 (Figure 6—figure supplement 1). To circumvent loss of Ctf19 from kinetochores, we tested
whether Ame1 or Okp1 fusions to wild-type Ctf19 or Ctf19AC were able to rescue synthetic lethality
in the slit5AN/CTF19-FRB background. Fusions to both, the N- or C-terminus, of wild-type Ctf19
restored viability, whereas fusions to Ctf19AC resulted in synthetic lethality (Figure 6A) suggesting
that recruitment of Ipl1 activity to the inner kinetochore mediated by the Ctf19 C-terminus is impor-
tant for CPC function.

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

Since Ctf1? mutants display normal growth, but have chromosome segregation defects
{Hyland et al.,, 1999), we tested whether the Ctf19 C-terminus is important for this function using
the minichromosome loss assay (Hieter et al., 1985). The Ctf19 anchor-away strain was transformed
simultaneously with the various Ctf19 rescue constructs and a centromeric plasmid carrying the
SUP11 gene as a marker which indicated loss of the minichromosome by red pigmentation
{Hieter et al., 1985). Depletion of Ctf19 from the nucleus resulted in a severe chromosome segrega-
tion defect that was not observed by growing cells on medium lacking rapamycin which showed 4%
red/sectored colonies (Figure 6B). Ectopic expression of the Ctf19 wild-type protein decreased the
segregation defect to 19% red/sectored colonies (Figure 6B, Figure 6B—source data 1) and fusion
of Okp1 to the C-terminus of wild-type Ctf19 reduced the red/sectored colonies to 32%. But the
fusion of Okp1 to the Ctf19 N-terminus (Okp1-Ctf19 and Okp1-Ctf19AC) did not rescue the segre-
gation defect (Figure 6—figure supplement 2, Figure 6B—source data 1), indicating that the func-
tion of the Ctf19 N-terminus is compromised by fusing it to Okp1 (Figure 6B, Figure 6B—source
data 1). Thus, the Ctf19-Okp1 fusion rescued the segregation defect, albeit to a slightly lesser
extent than the Ctf19 wild-type protein. In contrast, Ctf19AC-Okp1, which was localized at the kinet-
ochore {Figure 6C), was unable to rescue the segregation defect (Figure 6B, Figure 6B—source
data 1) suggesting that the Ctf19 C-terminus has a role in mediating accurate chromosome
segregation.

Discussion

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

We investigated the subunit connectivity of the inner kinetochore assembled at budding yeast point
centromeres at the domain level using in vitro reconstitution and XLMS. We found that in addition
to Mif2 (Xiao et al.,, 2017), the Ame1/Okp1 heterodimer of the COMA complex is a direct and
selective interactor of Cse4-NCPs. We identified the conserved motifs aa 163-187 of the Okp1 core
domain {Figure 3B,C) (Schmitzberger et al., 2017) and aa 34-46 {Figure 2D,E) of the Cse4 END to
establish the interaction. Although, we did not address whether the Cse4 residues 34-46 are
required for the Ame1/Okp1 kinetochore recruitment, the notion that the essential function of the
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Figure 5. Synthetic lethality of SIi15AN and Ctf19 depletion is rescued by fusing SIi1T5AN to Ame1/Okp1 and is independent of Ctf19’s role in cohesin
loading. (A)-(D) Cell viability assays studying the rescue of synthetic lethality of a sli15SAN/CTF19-FRB strain using the anchor-away system. The indicated
constructs were transformed into a Ctf19 anchor-away (aa) strain (Ctf19-FRB) carrying slilT5AN (AN) at the endogenous locus (A, B, D,) or into a Sli15
anchor-away strain (S1i15-FRB) (C). Yeast growth was tested in serial dilutions either untransformed (-) or transformed with the indicated rescue
constructs on YPD medium in the absence or presence of 1 ug/ml rapamycin at 30°C. The lower panels in (B), (C) and (D) show western blot analysis of
the ectopically expressed protein levels. Pgk1 levels are shown as loading control. (A) Deletion of the Ctf19 N-terminus (Ctf19AN2-30) does not affect
cell viability in a sliT5AN background. (B) Artificial tethering of SIi15AN to Ame1 or Okp1 rescued synthetic lethality of sliT5AN cells upon Ctf19-FRB
depletion from the nucleus. (C) Growth phenotypes of Sli15 wild-type, SIi1T5ASAH, Sli15AN, and Sli15ANASAH tested in a Sli15-FRB anchor-away strain.
(D) Rescue of cell growth by ectopic Ame1-Sli15AN or Okp1-Sli15AN fusion proteins is dependent on the Sli15 Ipl1-binding domain (IN-box), whereas
the SAH domain is dispensable.
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Figure 6. The Ctf19 C-terminus is important for chromosome segregation in the Sli15 wild-type background. (A) Left panel: Growth assay of the
sli1T5AN/CTF19-FRB strain expressing Ame1-Ctf19, Ame1-Ctf19AC, Okp1-Ctf19, Okp1-Ctf19AC, Ctf19-Okp1 and Ctf19AC-Okp1 fusion proteins from the
rescue plasmid. Right panel: Western blot analysis visualizing the levels of the ectopically expressed, C-terminally 7xFLAG-tagged fusion proteins. Pgk1
levels are shown as loading control. (aa: Anchor-away) (B) Minichromosome loss assay. Chromosome segregation fidelity was determined in the Ctf19
Figure 6 continued on next page
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anchor-away (SLI15/CTF19-FRB) strain, containing a minichromosome, either untransformed (-) or transformed with the indicated rescue constructs in
the absence or presence of 1 ug/ml rapamycin. The percentage and standard error of red/red sectored colonies to the total colony number (white plus

red/red sectored) of three biological replicates is shown. The results of 100% red colonies may be indicative of non-optimal conditions for the
chromosome loss assay in combination with the anchor-away technique. (C) Localisation of ectopically expressed Ctf19-Okp1-GFP and Ctf19AC-Okp1-
GFP fusion proteins in the Ctf19 anchor-away strain (SLI15/CTF19-FRB) in the presence of 1 pg/ml rapamycin. Live cell fluorescence microscopy was
performed 3 hr after rapamycin addition. Ndc80-mCherry was used as kinetochore marker. Merged mCherry and GFP signals are shown on the right.

(BF: brightfield).

DOI: https://doi.org/10.7554/elife.42879.009
The following source data and figure supplements are available for figure 6:

Source data 1. Quantification of the minichromosome loss assay in a SLIT5/CTF19-FRB strain.

DOI: https://doi.org/10.7554/elife.42879.012
Figure supplement 1. Ctf19AC-GFP does not localize to kinetochores.
DOI: https://doi.org/10.7554 /el ife.42879.010

Figure supplement 2. The N-terminal fusion protein of Ctf19 with Okp1 does not rescue chromosome segregation defects upon nuclear depletion of
CtH19 in the Sli15 wild-type background.
DOI: https://doi.org/10.7554/elife.42879.011

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

Recent studies have identified the same Csed4 region to interact with Ame1/Okp1
{Anedchenko et al., 2019; Hinshaw and Harrison, 2019). Anedchenko et al. found that the affinity
of Cse4 N-terminal peptides to Ame1/Okp1 increases with the peptide length up to the low nano-
molar range and that methylation of Cse4 R37 and acetylation of Cse4 K49 significantly reduces the
binding affinity. Similarly, this region is regulated by Ipl1 phosphorylation in vivo and phosphoryla-
tion-mimicking mutants have been found to suppress temperature-sensitive Ipl1 and phosphoryla-
tion-deficient Dam1 und Ndc80 mutations (Boeckmann et al., 2013), and to decrease the affinity of
a Csed peptide to Amel1/Okp1 (Hinshaw and Harrison, 2019). This observation has interesting
implications on the regulation of kinetochore assembly by Ipl1 destabilizing the Cse4-Ame1/Okp1
interaction in a cell cycle regulated manner. Moreover, weakening the interaction of Ame1/Okp1
with Cse4 may have a role in the tension sensing and error correction mechanisms
{Boeckmann et al., 2013).

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

In vertebrates, CENP-NL and CENP-C, interact directly and specifically with CENP-A. CENP-C binds
divergent hydrophobic residues at the CENP-A C-terminus, whereas CENP-N associates with the
CENP-A CATD (Carroll et al., 2009; Carroll et al., 2010; Guse et al., 2011; Kato et al., 2013;
Weir et al., 2016; Pentakota et al., 2017). Recently, electron microscopy reconstructions of human
CENP-A nucleosomes in complex with CENP-N/L identified the RG motif in the L1 loops of the
CATD (Zhou et al, 2011} as the CENP-N interaction site in CENP-A (Pentakota et al., 2017,
Chittori et al., 2018; Tian et al, 2018). We did not detect complex formation of Chl4/ImI3 with
Cse4-NCPs in our EMSA (Figure 1A). Whether this observation can be attributed to the lack of con-
servation of the RG motif in the corresponding Cse4 sequences in related budding yeasts
(Figure 2A), and whether this reflects a different role of Chl4/ImI3 in Cse4 recognition and kineto-
chore assembly remains to be determined. Our crosslink-derived restraints are also in good agree-
ment with a recent cryo-electron microscopy structure of a 13-subunit budding yeast inner
kinetochore complex lacking the Cse4-NCP and Mif2 {(Hinshaw and Harrison, 2019) showing for
instance crosslinks between the C-terminal domain of Chl4 and central regions of Ctf19 and Mem21.

Similarly in humans, recruitment of the CENP-OPQRU complex to kinetochores requires a joint
interface formed by CENP-HIKM and CENP-LN (Foltz et al, 2006; Okada et al., 2006;
Pesenti et al., 2018), but loss of the complex does not affect localization of other inner kinetochore
proteins. Differences between vertebrate and budding yeast inner kinetochores are reflected by the
physiological importance of the involved proteins, as Amel1/Ckp1 together with Mif2 are the
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essential CTF19c““N proteins in budding yeast, whereas knockouts of CENP-U/Q in DT40 cells are
viable (Hori et al., 2008).

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

Although the Ctf19/Mcm21 heterodimer is not essential, ctf1?A and mecm21A mutants have chromo-
some segregation and cohesion defects (Hyland et al., 1999; Ortiz et al., 1999; Poddar et al.,
1999; Fernius and Marston, 2009; Hinshaw et al., 2017). Moreover, Ctf19 and Mcm21 become
essential when centromere-targeting of the CPC is lost in a sli1T5AN mutant. This observation has led
to the hypothesis that centromere-targeted Sli15 might be involved in cohesin loading or in cohesion
maintenance {Campbell and Desai, 2013). An alternative model posits that COMA is required for
the localization and positioning of Sli15/Ipl1 at the kinetochore {Knockleby and Vogel, 2009).

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

We also showed that deletion of the Ctf19 RWD-C domain was sufficient to cause synthetic lethal-
ity with SIi15AN (Figure 6A) and that recombinant Ctf19AC in complex with Mecm21 (Figure 4C)
does not interact with Sli15. Moreover, assessing the initially proposed model for the synthetic
growth defect of Ctf19/Mcm21 deletion in a sli15AN background (Campbell and Desai, 2013}, we
observed that deletion of the Ctf19 N-terminus did not cause a synthetic effect in s/i1T5AN mutant
cells. This result indicated that the synthetic growth defect is mediated by a Ctf19 domain distinct
from its N-terminus and its role in cohesin loading.

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

Our findings also agree with the observations that the functionally active Aurora B pool is associ-
ated with the kinetochore rather than the centromere (DelLuca et al., 2011; Bekier et al., 2015;
Krenn and Musacchio, 2015; Hindriksen et al., 2017). A recent study in humans demonstrated that
a kinetochore-localized CPC pool lacking the INCENP CEN domain is sufficient to carry out error
correction and biorientation, if cohesin removal, which was attributed to the loss of the CEN domain,
is prevented {(Hengeveld et al., 2017). Furthermore, retaining the human CPC at centromeres in
anaphase resulted in the untimely recruitment of Bub1 and BubR1 (Vazquez-Novelle and Pet-
ronczki, 2010; Vazquez-Novelle et al, 2014) which suggests that centromere-localization of
the CPC is required, and microtubule-association may not be sufficient, for fulfilling its function in
the spindle assembly checkpoint and chromosome biorientation. The human CENP-OPQUR complex
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Figure 7. Schematic model of the budding yeast kinetochore subunit architecture. The Okp1 core domain directly
binds the essential motif of the Cse4 END suggesting that in contrast to humans, the dual recognition of Cse4-
NCPs in S. cerevisiae is established by the essential inner kinetochore subunits Ame1/Okp1 and Mif2 through
interaction with distinct Cse4 motifs. Together with the observation that Ctf19 associates with Sli15/Ipl1, further
CPC interactions with the inner and outer kinetochore could be part of a kinetochore conformation that is
dependent on Sli15™ENF _|n line with the observed benomyl sensitivity of cells expressing Sli15AN as the only
nuclear copy (Figure 5C), a recent study in Xenopus egg extracts found that CPC lacking the CEN domain of

Figure 7 continued on next page
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INCENP affected the correction of erronecus kinetochore-microtubule attachments (Haase et al., 2017).
Centromere-targeting deficient CPC resulted in an imperfect inner kinetochore composition that failed to sense
tension-loss and in intermediate Ndc80 phosphorylation levels that indicated the incapability of establishing a
sharp phosphorylation gradient according to the spatial separation model. Flat Ndc80 phosphorylation levels

could be sufficient for the non-selective turnover of erroneous kinetochore attachments, especially at budding
yeast kinetochores which are attached to a single microtubule, unless cells are challenged by microtubule poisons.

DOI: https://doi.org/10.7554/elife.42879.013

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

In the spatial separation model the CPC is anchored at the centromere and substrate access of
the Ipl14ver@ B kinase is regulated by tension-dependent intra-kinetochore stretching upon the bio-
rientation of sister kinetochores. Whether the Ctf19-5li15 interaction is required for CPC stabilization
or for the precise positioning of Ipl1 activity at a distinct kinetochore conformation, competent for
tension sensing and error correction, poses an interesting future question (Figure 7). Our findings
place COMA at the center of kinetochore assembly in budding yeast and contribute to the molecular
understanding of the fundamental process of how cells establish correct chromosome biorientation

at the mitotic spindle.

Materials and methods

Reagent type

(species) or Source or Additional

resource Designation reference Identifiers information

Gene See Supplementary file 5

(S. cerevisiae)

Strain, strain $288c

background

(S. cerevisiae)

Strain, strain BL21(DE3) New England C2527

background Biolabs

(E. coli)

Strain, strain DH10Bac ThermoFisher 10361012

background

(E. coli)

Cell line SF21; Spodoptera ThermoFisher 11497013

(8. frugiperda) frugiperda

Cell line High five; ThermoFisher B85502

(Trichoplusia nj) Trichoplusia ni

Genetic reagent See Supplementary file 5

(S. cerevisiae)

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

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

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

Recombinant See Supplementary file 4

DNA reagent

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

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

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

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

Agarose
Chemical M2 anti-FLAG agarose Sigma-Aldrich A45%96
compound, drug
Other Sep-Pak tC18 cartridges Waters WAT054960
Other PD-10 Desalting Columns GE Healthcare 17085101
Other p-Slide 8 Well Ibidi 80826
Software, xQuest (Walzthoeni et al., 2012
algorithm
Software, xVis (Grimm et al., 2015)
algorithm
Software, Fiji (Schindelin et al., 2012)
algorithm
Software, Clustal Omega (Sievers et al., 2011)
algorithm
Software, SoftWoRx GE Healthcare
algorithm
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Chemical cross-linking and mass spectrometry of kinetochore
complexes

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

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

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

Electrophoretic mobility shift assay

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

Analytical size exclusion chromatography for interaction studies

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

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

Phosphorylated or non-phosphorylated wild-type or mutant Sli15-2xStrep-HA-6xHis/Ipl1 was immo-
bilized on Strep-Tactin Superflow agarose {Qiagen). For prephosphorylation, Sli15/Ipl1 was incu-
bated at 30°C for 30 min in the presence of 3 mM MgCl, and 3 mM ATP. Samples for non-
phosphorylated Sli15/Ipl1 were treated the same way, but instead of 3 mM ATP the non-
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hydrolysable analog AMP-PNP {Santa Cruz Biotechnology) was applied. To remove basal phosphory-
lation, Sli15/Ipl1 was treated with lambda phosphatase (New England Biolabs) at 30°C for 30 min.
Subsequently, non-phosphorylated as well as phosphorylated or dephosphorylated Sli15/Ipl1 com-
plexes were washed three times with binding buffer [50 mM NaH,PO4{pH 8), 120 mM NaCl, 5%
glycerol].

Testing of binding between Ame1/Okp1, Ctf19/Mcm21 and Sli15/Ipl1 was performed in binding
buffer at 4°C, 1000 rpm for 1 hr in a thermomixer (Eppendorf). Unbound proteins were removed by
washing three times with binding buffer. The complexes were either eluted with 8 mM biotin in 50
mM NaH,PO4{pH 8}, 500 mM NaCl, 5% glycerol or by boiling in 2x SDS loading buffer.

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

Amino acid sequence alignment

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

Yeast strains and methods

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

For anchor-away rescue experiments, the respective promoters and coding sequences were PCR
amplified from yeast genomic DNA and cloned into the vector pRS313 either via the Gibson assem-
bly or the restriction/ligation method. In order to artificially target SIi15AN2-228 to the kinetochore,
the individual promoters and genes were PCR amplified and the respective gene fusions [CTF19,
AME1, OKP1, CTF3, CNN1, MIF2, DSN1,  MTW1]-{SLI15AN2-228)-[6xHis-7xFLAG]
{Supplementary file 4) were generated and cloned into pRS$313 using the Gibson assembly reaction
The same strategy was applied in order to generate the CTF19 or CTF19AC gene fusions to AME1
or OKP1, respectively (Supplementary file 4).

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

Minichromosome loss assay

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

Western blot analysis

For western blot analysis an equivalent of 10 ODy, of cells logarithmically grown in liquid culture
was collected by centrifugation at 3140 x g for 5 min at RT and the pellet was washed once with
aqua dest. For protein extraction, the pellet was resuspended in 1 ml ice-cold 10% trichloroacetic
acid and incubated on ice for 1 hr. Samples were pelleted at 20000x g for 10 min, 4°C and washed
twice with ice-cold 95% ethanol. Pellets were air-dried and resuspended in 100 ul 1x SDS-PAGE
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sample buffer containing 75 mM Tris {pH 8.8). Samples were boiled (10 min, 95°C}) and centrifuged
at 10800 x g for 3 min at RT and supernatants were separated on 10% or 15% (Cse4 containing sam-
ples) SDS-PAGE gels. Imnmunoblotting was performed with the following antibodies: Anti-FLAG M2
{Sigma-Aldrich), Anti-PGK1 {ThermoFisher) and visualized by HRP-conjugated anti-mouse secondary
antibodies {Santa Cruz).

Live cell microscopy

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

Protein expression and purification

Expression constructs for 6xHis-Chl4/Iml3, 6xHis-Cnn1/Wip1-1xFlag, 6xHis-Nkp1/Nkp2 and Mhf1/
Mhf2-1xStrep were created by amplification of genomic DNA and cloned into pETDuet-1 vector
{Novagen). Expression was performed in BL21 (DE3) cells {New England Biolabs). Cells were grown
at 37°C until ODgpg 0.6, followed by induction with 0.5 mM IPTG for Chl4/Imi3 or 0.2 mM IPTG for
all other protein expressions. Protein expression was induced overnight at 18°C, or for 3 hr at 23°C,
respectively.

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

Buffer exchange into a buffer containing 50 mM Hepes {pH 7.5}, 150 mM NaCl and 5% glycerol
was performed using a Superdex 200 HiLoad 16/60 column {GE Healthcare) for Chl4/Iml3 and Cnn1/
Wip1 or using a PD10 desalting column {GE Healthcare) for Nkp1/2 and Mhf1/2 protein complexes.

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

In vitro reconstitution of Cse4- and H3-NCPs

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

Affinity-purification of recombinant protein complexes from insect cells
C-terminal 6xHis-6xFLAG-tags on Mcm21, Mif2, Dsn1, Mecm16 and C-terminal 2xStrep- tags on Sli15
were used to affinity-purify Ctf19/Mecm21, Mif2, MTW1c, CTF3c and Sli15/Ipl1 complexes. Open
reading frames encoding the respective subunits were amplified from yeast genomic DNA and
cloned into the pBIG1/2 vectors according to the biGBac system (Weissmann et al., 2016). The
pBIG1/2 constructs were used to generate recombinant baculoviral genomes by Tn7 transposition
into the DH10Bac E. coli strain {ThermoFisher) (Vijayachandran et al., 2011). Viruses were gener-
ated by transfection of $f21 insect cells {ThermoFisher) with the recombinant baculoviral genome
using FUGENE HD transfection reagent {Promega). Viruses were amplified by adding transfection
supernatant to $f21 suspension cultures. Protein complexes were expressed in High Fiveinsect cell
{ThermoFisher) suspension cultures.
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For purification of FLAG-tagged kinetochore complexes, insect cells were extracted in lysis buffer
[50 mM Tris {pH 7.5), 150 mM NaCl, 5% glycerol] supplemented with cOmplete ULTRA EDTA-free
Protease Inhibitor Cocktail {Roche) using a Dounce homogenizer. Cleared extracts were incubated
with M2 anti-FLAG agarose {Sigma-Aldrich) for 2 hr, washed three times with lysis buffer and eluted
in lysis buffer containing 1 mg/ml 3xFLAG peptide {Ontores).

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