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Building a Functional Kinetochore: From Microtubule to Centromere
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Doctor Trisha Davis
Biochemistry
Equal partitioning of duplicated chromosomes between daughter cells is a microtubule-
mediated process essential to eukaryotic life. A multi-protein machine, the kinetochore, tethers
chromosomes to dynamic microtubule tips, even as the tips grow and shrink through the gain and
loss of subunits. The kinetochore must harness, transmit, and sense mitotic forces, as a lack of
tension signals incorrect chromosome-microtubule attachment and initiates error correction
mechanisms. But though the field has arrived at a “parts list” of dozens of kinetochore proteins
organized into subcomplexes, the path of force transmission through these components has
remained unclear. I reconstituted functional Saccharomyces cerevisiae kinetochore assemblies
from recombinantly expressed proteins. The reconstituted kinetochores are capable of self-
assembling in vitro, tethering centromeric nucleosomes to dynamic microtubules, and

withstanding mitotically relevant forces. They reveal that two inner kinetochore protein

subcomplexes, Mif2 and OA, are independently capable of transmitting force from MIND to the



centromeric nucleosome and suggest that these two pathways of outer kinetochore recruitment

may be differentially regulated.
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1 INTRODUCTION

1.1 CELL DIVISION AND THE CONSEQUENCES OF UNEQUAL GENETIC INHERITANCE

Cell division is the perpetuation of life at its most basic level. Perhaps the most crucial element
of cell division is the transmission of genetic information into the next generation of cells. This
necessitates faithful chromosome segregation, ensuring an equal genetic inheritance of identical
chromosome sets for each daughter cell. Meiosis produces haploid gametes capable of combining
and transmitting genetic information into the next generation of sexually reproducing organisms,
whereas mitosis— if successful— creates genetically identical diploid daughter cells. Failure to
equally partition genetic material during mitosis results in aneuploidy, defined as any number of
chromosomes that is not a multiple of the haploid set.

Aneuploidy is frequently disastrous at both the cellular and organismal level; it has been
observed for over a century that aneuploidy reduces the fitness of individual cells [1]. More recent
work has elucidated how aneuploidy causes such detrimental effects: dysregulation of
transcriptional networks [2,3], proteotoxic stress [4,5], and hypo-osmotic-like stress [6]. In
humans, constitutional aneuploidies— those found in every cell of the body— almost always cause
embryonic or perinatal lethality [7]. Fetal aneuploidy is the leading known cause of first-trimester
miscarriages [8]. Those few constitutional aneuploidies that are not lethal (including trisomy 21
and sex chromosome aneuploidies) still cause severe disease [9], as do some mosaic
aneuploidies [7].

And yet aneuploidy is also a hallmark of cancer. Over 90% of human solid tumors and
50% of blood cancers are aneuploid [10]. Aneuploidy is both an obvious consequence and putative
cause of chromosomal instability (CIN), an elevated rate of chromosome gain or loss [11-14]. CIN
generates phenotypic heterogeneity within cancer cell populations, which is proposed to increase
their adaptability, metastatic potential, and resistance to chemotherapy [12,15].

Aneuploidies arise though errors in chromosome segregation, an essential process

mediated by the mitotic spindle.



1.2 THE MITOTIC SPINDLE

That cells undergo massive internal reorganization before and during division was apparent to
even the earlier cell biologists [16,17]. In 1882, Walter Flemming first put the name “mitosis”
(from the Greek for “thread”) to the stereotyped process he observed in animal cells: the
condensation of threadlike chromosomes bound by an array of thinner fibers, their congression at
the metaphase plate and eventual segregation to opposite poles of the dividing cell, and the re-
formation of nuclei in the two resultant daughter cells [18]. The language of threadwork stuck, and
the apparatus of chromosome segregation is known to this day as the mitotic spindle.

The mitotic spindle consists of microtubules nucleated by microtubule organizing centers,
condensed chromosomes that must be segregated, and kinetochores, which couple microtubule
dynamics to chromosome movement. The mitotic spindle also includes numerous regulatory,

checkpoint, microtubule-associated, and chromatin-remodeling proteins.

1.2.1 Microtubules of the mitotic spindle

Using polarized light microscopy to observe weakly birefringent spindle fibers, Shinya
Inoué pioneered our understanding of the mitotic spindle as a dynamic structure made up of labile
microtubules, which tend to grow from organizing centers [19].

Centrosomes are metazoan microtubule-organizing centers (MTOCs). All fungi (save
Chytridiales [20,21]) instead have spindle pole bodies (SPBs), acentriolar MTOCs with a tri-
laminar structure that are embedded in the nuclear envelope [22]. SPBs contain the y-tubulin small
complex, which is most directly responsible for templating microtubule nucleation [23,24]. SPBs
nucleate three classes of microtubules: astral microtubules, which extend towards the periphery of
the cell; interpolar microtubules, which extend toward the metaphase plate but do not contact
chromosomes; and kinetochore microtubules, which do capture chromosomes [25].

Microtubules are complex polymers, the most basic unit of which is the extremely stable
a- and B-tubulin heterodimer. Those dimers self-assemble into polar protofilaments; the B-tubulin
end is the “plus” end while the a-tubulin end is the “minus” end. A canonical microtubule is then
composed of 13 such protofilaments arranged to form a hollow tube about 25 nm in diameter [26]
(although other protofilament arrangements also exist [27]). These structures are usually dynamic.

In vivo, microtubules are often capped at their minus ends by the MTOCs that nucleated them, so
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they grow and shrink primarily through the gain and loss of tubulin dimers at the plus end of the
polar polymer [28,29].

Building on Inoué’s observation of microtubule dynamicity in living cells, Mitchison and
Kirschner studied tubulin polymerization in vitro. In 1984, they first described “dynamic
instability,” the manner in which microtubules change between two states: rapid shrinkage and
comparatively slow growth [29]. The transition from growth to shrinkage is known as
“catastrophe,” and the transition from shrinkage to growth is called “rescue.” Dynamic instability
results from GTP hydrolysis by tubulin [29,30]. Both a- and B-tubulin have a GDP/GTP binding
site. The binding site on a-tubulin is buried and non-exchangeable; the binding site on B-tubulin is
exposed and exchangeable [26]. Structural evidence suggests that hydrolysis of GTP causes
compression of the exchangeable site at the interdimer interface, with a B-tubulin loop moving to
fill the space formerly occupied by the y-phosphate of GTP [31]. This transition causes an
energetically unfavorable rearrangement of intermediate domain of a-tubulin, causing
conformational strain that is alleviated by protofilament curling during microtubule
depolymerization [31,32]. Numerous microtubule-associated proteins regulate microtubule
dynamics.

The dynamicity of microtubules is essential for their mitotic function. As Inoué theorized
in 1967 [33], fluctuations in microtubule length do mechanical work; using a feedback-controlled
laser trap, Driver and colleagues demonstrated that protofilaments curling outward from a
disassembling microtubule tip behave like springs and can generate forces of up to 16 pN [34]. In
vivo, the disassembly of microtubule tips drives mitotic chromosome movements; kinetochores

couple these two processes [35-37].
1.2.2 Centromeres and kinetochores

Kinetochores are proteinaceous structures that assemble on centromeric DNA and tether
chromosomes to dynamic microtubules. Some organisms, including budding yeast and humans,
have regional centromeres at the primary constrictions of chromosomes, whereas other organisms
have holocentric chromosomes, with diffuse kinetochores that bind microtubules along their entire
lengths [38,39]. In general, centromeric DNA is highly repetitive and AT-rich, though the size and
sequence of regional centromeres vary tremendously [40,41]. The budding yeast “point”

centromere, which is genetically specified by only about 125 base pairs of DNA in three
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centromere-determining elements (CDEI, CDEII, and CDEIII) [42,43], is exceptional for both its
diminutive size and sequence conservation [44].

Both genetic and epigenetic factors contribute to centromere identity, and their relative
importance varies between organisms [41]. Budding yeast rely heavily on genetic determinants of
centromere identity [41,43,45]. But in the vast majority of organisms studied thus far, centromeres
are primarily specified in an epigenetic manner by the presence of a centromere-specific histone
H3 variant termed CENP-A (Cse4 in budding yeast) [46,47]. CENP-A positioning is epigenetically
propagated, because existing CENP-A nucleosomes template new CENP-A deposition by
recruiting necessary chaperones such as HJURP (Scm3 in budding yeast) [48-51]. Indeed, in
higher eukaryotes centromere inheritance appears minimally affected by DNA sequence;
centromeres can migrate into neighboring regions, a phenomenon known as “centromere drift”
[41,52]. Experimentally mis-targeted CENP-A can incorporate into non-centromeric chromatin
(including both actively transcribed euchromatin and heterochromatin) and recruit kinetochore
proteins, creating ‘“neocentromeres” that can be transmitted mitotically for generations [53-55].
Neocentromeres also form on non-repetitive DNA without experimental manipulation— over 100
different neocentromeres have been identified in living humans [56,57]. In several such cases, the
original centromeres were permanently silenced without rearrangement or deletion of formerly
centromeric repeat DNA sequences [58]. In other words, in humans the presence CENP-A at a
given chromosomal locus, unlike the underlying DNA sequence, is both necessary and sufficient
for mitotic centromere function.

The number of microtubules associated with each kinetochore is highly variable between
organisms [59]. Across 18 organisms with regional centromeres, the number of kinetochore
microtubules increases in a roughly linear manner with increasing mean chromosome size (Figure
1-1); this may reflect the fact that centromere size tends to increase linearly with chromosome size

(at least within closely related species) [60].
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Figure 1-1. The average number of kinetochore microtubules increases linearly with mean
chromosome size. Data from [59,61-66].
The paradox of absolutely essential yet poorly conserved centromeres has prompted some

to view centromeric chromatin as selfish genetic elements, competing with their homologs for
inclusion in gametes during asymmetrical meiotic divisions; this theory is known as “Centromere
Drive” [67,68]. A corollary of this theory is that the centromere-associated proteins of the inner

kinetochore should also be rapidly evolving, a prediction that appears to be borne out [69].

1.3 THE BUDDING YEAST KINETOCHORE

Saccharomyces cerevisiae has been one of the primary models for studying the kinetochore for

decades, not merely because of the relative ease of performing genetic screens in yeast, but because
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the budding yeast kinetochore is considerably simpler than vertebrate kinetochores in several key
regards. First, while most eukaryotes have centromeric DNA regions that can span megabases
[70], each S. cerevisiae chromosome has a single ~125 bp point centromere encompassing a single
nucleosome containing the centromere-specific histone variant Cse4 [71,72]. Secondly, each
budding yeast kinetochore interacts with a single microtubule during metaphase [59]. Human
chromosomes, in contrast, associate with 15-25 microtubules each [61]. In addition, S. cerevisiae
tolerates aneuploidy better than most eukaryotes [73], and thus it may be grown and studied under
conditions of low segregation fidelity that would be lethal to other model systems [74]. Finally,
the majority of budding yeast kinetochore proteins have well- conserved human homologs, with
the notable exception of Damlc (Table 1) [75].

Table 1. Proteins of the kinetochore.

Essential
S. cerevisiae to yeast ? H. sapiens
Damlc /DASH
Askl1 (Associated with spindles and kinetochores)
Dadl (Duol and Dam1 interacting)
Dad2 (Duol and Dam1 interacting) Higher eukaryotic analog
Dad3 (Duol and Dam1 interacting) is the Ska complex

Dad4 (Duol and Dam1 interacting)
Daml (Duol and Mpsl interacting)
Duol (Death upon overproduction)
Hsk3 (Helper of Askl1)
Spc19 (Spindle pole component)
Spc34 (Spindle pole component)
Ska Complex
Functional analog is Damlc Skal
Ska?2
Ska3
Spcl05¢ Knl complex
Spc105 (Spindle component) KNLI1
Kre28 (Killer toxin resistant) Zwint-1
Ndc80c Ndc80c¢
Ndc80 (Nuclear division cycle) Hecl

Nuf2 (Nuclear filamentous protein) Nuf2

Spc24 (Spindle pole component) Spc24
Spc25 (Spindle pole component) Spc25
MIND Misl2c¢
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Mtw1 (Mis Twelve-like)

Dsnl (Dosage suppressor of NNF'1)
Nnfl (Necessary for nuclear function)
Nsll (NVNFI synthetic lethal)

Cnnlc
Cnnl (Co-purified with Nnf1)

Wipl (W-like Protein)

Mhfl (Mphl-associated histone-fold protein)
Mhf2 (Mphl-associated histone-fold protein)
OA
Okpl (Quter kinetochore protein)

Amel (Associated with microtubules and essential)

Mif2

Mif2 (Mitotic fidelity of chromosome transmission)

CI
Chl4 (Chromosome loss)
Iml3 (Increased minichromosome loss)

M
Ctf19 (Chromosome transmission fidelity)

Mcm21 (Mini-chromosome maintenance)

CM
Ctf3 (Chromosome transmission fidelity)
Mcm16 (Mini- chromosome maintenance)

Mcm?22 (Mini-chromosome maintenance)

Centromeric histone

Cse4 (Chromosome segregation)

Mis12
Dsnl
Pmf1
Nsll
CENP-TWSX
CENP-T
CENP-W
CENP-S
CENP-X
CENP-QU
CENP-Q
CENP-U
CENP-C
CENP-C
CENP-NL
CENP-N
CENP-L

CENP-OP
CENP-O
CENP-P
CENP-R

CENP-HIKM

CENP-H

CENP-I
CENP-K
CENP-M

Centromeric histone

CENP-A
CENP-B
CENP-B

Although some kinetochore proteins are unique to the kinetochore, others have homologs
in vesicular transport, DNA repair, transcription, & flagellar transport [76]. Many kinetochore

proteins arose through gene duplications that turned homodimers into heterodimers [76].
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Budding yeast kinetochore proteins were, for the most part, first identified through genetic
screens. The first human kinetochore proteins (CENP-A, CENP-B, and CENP-C) were identified
as antigens recognized by the autoimmune sera of patients with CREST syndrome [46].
Biochemical analyses later revealed the organization of kinetochore proteins into evolutionarily
conserved subcomplexes [77] (Table 1). The kinetochore may be conceptually divided into the
inner kinetochore, which is centromere-associated throughout the cell cycle (and sometimes
referred to as the CCAN), and the outer kinetochore, which assembles only during mitosis and

mediates microtubule binding.
1.3.1 The outer kinetochore

The budding yeast outer kinetochore consists of the Spc105 complex (Spc105¢), the Ndc80
complex (Ndc80c), and the Dam1 complex (Damlc). Damlc decamers assemble into rings, which
encircle microtubules [78-80]. While no vertebrate homolog of Damlc has been identified, it is
widely accepted that the Ska complex is Damlc’s metazoan functional counterpart [81-83].
Ndc80c is a tetramer made up of coiled coils in a conformationally flexible, elongated rod, with
functional globular domains at either end [84,85]. Binding of the MIND complex to one of these
globular domains alleviates autoinhibition within Ndc80c, opposing a tighly bent confomration
that would otherwise inhibit the other globular domain’s interaction with microtubules [86].
Previous studies using purified proteins have concluded that Ndc80c and Damlc, while both
capable of binding microtubules individually, cooperate to bind dynamic microtubule plus ends
[87-93], that this process is regulated by Ipl1[89,90,94-97], and that Ndc80c transmits force to
MIND [98-100].

1.3.2  MIND

The MIND complex binds Ndc80c, bridging the inner and outer kinetochore. Both the
budding yeast Kluyveromycces lactis (K. lactis) [19] and human [20] MIND structures have been
published, revealing a conserved Y-shaped tetramer in which the N-termini of all four substituents
are oriented towards the inner kinetochore. The N-termini of Nnfl and Mtw1 comprise “head I”
of the Y; the N-termini of Dsnl and Nsll1 comprise “head I1.” Inner kinetochore proteins Amel
and Mif2 both bind to head I, while head II serves a regulatory function auto-inhibiting this

interaction unless phosphorylated by Ipl1Avrera B kinase 1191 The same mechanism regulates the
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MIND-Mif2 interaction in humans [20], indicating that the interface between MIND and the inner

kinetochore is organized and regulated by a conserved mechanism.
1.3.3 Okpl/Amel (OA)

Two of only three essential components of the budding yeast inner kinetochore, Okp1 and
Amel (OA) interact with many inner kinetochore proteins [101]. Although OA was once
considered part of the canonical COMA complex (Ctf19, Okpl, Mcm21, and Amel) [102], recent
structural work suggests that OA is more intimately associated with the inessential proteins Nkpl
and Nkp2 [103]. The structure of this newborn “NANO” complex bears a striking similarity to the
Y-shaped architecture of MIND [76,103]. Although not part of the same subcomplex as OA, Ctf19
and Mcm21 do rely on binding to OA for kinetochore recruitment; they in turn recruit numerous
downstream CCAN components [101,104-106].

OA binds MIND through the extreme N-terminus of Amel (residues 1-20) [99,107,108]
and binds the N-terminus of Cse4 though the Okpl core domain (residues 166-211) [109,110].
Both of these interactions are regulated by post-translational modifications (PTMs) [99,110].
Purified OA also binds both centromeric and non-centromeric DNA [107].

Human OACENP-QU ig reported to bind microtubules, suggesting that, unlike fungal OA, it
might function in the outer kinetochore [111]. In budding yeast, OA and Mif2 sit at the top of
published CCAN recruitment hierarchies [104,105].

134 Mif2

Identified and named for its role ensuring mitotic fidelity [112], Mif2 is the third essential
component of the inner kinetochore. Both overexpression and depletion of Mif2 result in
chromosome missegregation and cell cycle arrest [113].

Mif2 dimerizes through a C-terminal cupin fold, which is the only major region of the large
protein that has been elucidated structurally [114,115]. (A much smaller region, 16 residues of the
conserved CENP-C domain of Rattus norvegicus Mif2°ENP-C has been crystallized in complex with
a recombinant nucleosome. It recognizes hydrophobic residues at the C-terminus of human
Cse4CENP-AT116].)

Mif2 is involved in recruiting a number of other inner and outer kinetochore components

to the centromere [104,114]. A single Mif2 dimer binds the AT-rich CDEIII region of each yeast
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point centromere though an ~10 bp “AT-hook™ motif located at residues 256-549 [114,117].
Purified Mif2 binds centromeric nucleosomes, specifically recognizing both Cse4 and centromeric
DNA [118]. Mif2 co-purifies with MIND and forms a defined complex; this conserved interaction
is mediated by the extreme N-terminus of Mif2 [99,107,108].

The essential functions of Mif2 appear to be broadly conserved. Human Mif2“ENP-C directly
binds the C-terminus of Cse4“™NP-A in nucleosomes [119,120], and in Xenopus egg extracts
Mif2CENP-C is essential for de novo Cse4CENP-A deposition during mitosis [121]. Intriguingly,
Mif2CENP-C g the only CCAN component that has been identified in the highly divergent,

simplified kinetochores of D. melanogaster and C. elegans [122].
1.3.5 Inessential inner kinetochore protein subcomplexes

Except for OA and Mif2, all components of the budding yeast inner kinetochore are
inessential. Although most have human homologs, many CCAN proteins have been lost in other
lineages over evolutionary time [69,123].

Chl4/Iml3 (CI) is an inner kinetochore protein complex of particular interest because, like
Mif2, it binds directly and specifically to centromeric, Cse4-containing nucleosomes [23-25].
Human Chl4“ENPN' recognizes centromeric nucleosomes through specific interactions with
charged residues in the L1 loop of Cse4“ENP-A that are absent from histone H3; this interaction is
strengthened through electrostatic interactions between basic amino acids on Chl4“ENP-N and the
phosphate backbone of DNA [27,28]. A recent structure captured the basic groove of Chl4 binding
the unwrapped DNA at one end of a centromeric nucleosome [124]. Yet CI requires OA and
Ctf19/Mcm21 for recruitment to the kinetochore [104,105].

Cnnl/Wipl is of interest as a potential mediator of outer kinetochore recruitment.
Biochemical studies have demonstrated that human Cnnl“®™NP-T recruits up to three Ndc80c
(directly and through MINDMis12¢) [65]. Using a novel kinetochore assembly assay to examine
recruitment dependencies, Lang, Barber, and Biggins further elucidated this pathway in budding
yeast; they determined that Cnnl is downstream of most inner kinetochore proteins save Mif2 [31].
Because both Mif2 and Cnnl can recruit Ndc80c (either directly or through MIND), Lang and
colleagues conclude that they represent two distinct pathways of outer kinetochore

recruitment [31].
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1.3.6 Centromeric nucleosomes

A H3 histone variant epigenetically confers centromere identity in almost all species
studied thus far (with the possible exception of kinetoplastids and certain holocentric insects) [125-
128]. This histone, Cse4 in budding yeast, is 46% identical to canonical H3, but has a much longer
N-terminal tail [47].

While there is consensus that a single Cse4-containing nucleosome is present at each
budding yeast centromere (although there is also evidence for additional Cse4-containing
nucleosomes randomly positioned within the flanking pericentric chromatin [129]), the exact
composition of that centromere is a point of controversy [47,130-134]. A widely accepted model
is the most conventional one: an octameric nucleosome containing two copies each of Cse4, H2A,
H2B, and H4 wrapped with DNA in a left-handed manner [134-136]. But evidence has also been
published supporting “hemisome [133],” “tetrasome [137],” “hexasome [138],” and “trisome
[139]” models; in 2011, Black and Cleveland proposed to reconcile this confusion with a model
in which centromeric nucleosomes mature throughout the cell cycle [140]. In this model, Cse4“ENP-
A occupies a pre-nucleosomal trisome or hexasome during Scm3™URP.mediated deposition, a
tetrasomal intermediate prior to H2A:H2B addition, and a standard octameric nucleosome for the
rest of the cell cycle [140]. Within a year, biophysical evidence of centromeric nucleosomes
undergoing cell cycle-coupled structural transitions in both yeast and humans was published
[141,142]. However, in 2017 the Cleveland Lab — early proponents of centromeric nucleosome
maturation — mapped all of the sequences bound by human Cse4“ENP-A onto individual o-satellite
arrays in centromere reference models and concluded that Cse4“FNP-A centromeric chromatin is
made up of conventional octameric nucleosomes throughout the cell cycle, a conclusion supported
by their biochemical, hydrodynamic, and solid-state nanopore analyses [143].

Numerous PTMs to Cse4 have been reported. Both methylation of R37 and acetylation of
K49 inhibit the interaction between Cse4 and Okpl [110]. Cse4 is also phosphorylated at several
sites by mitotic kinases Cdc5 and Ipll, and four of these phosphorylation sites exhibit a genetic
interaction with Amel and Okp1 [144,145].
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1.4 FORCE AND TENSION IN MITOSIS

The ability of the kinetochore to withstand, transmit, and sense tension force is integral to its

biological function.
1.4.1 Quantification of mitotic forces in vivo

Published estimates of the forces exerted upon kinetochore-microtubule attachments in various
organisms span orders of magnitude (Table 2). The earliest measurement comes from Nicklas,
who calculated the tension force experienced by chromosomes in meiotic grasshopper
spermatocytes based on chromosome elongation [146].

More recently, work from the Bloom Lab has elucidated several aspects of mitotic tension in
budding yeast. Using in vivo fluorescence microscopy, Joglekar and colleagues demonstrated that
the kinetochore is elongated by tension during metaphase and shortens when tension is lost in
anaphase, mainly due to shortening of Ndc80c [147]. Mitotic forces strong enough to break
dicentric chromosomes are generated before anaphase onset [148]. By visualizing the relaxation
dynamics of the broken dicentric chromosomes, Fisher and colleagues calculated that the
chromosomes had been under a tension force of about 0.2 pN [149].

Also working in S. cerevisiae, Chacon and colleagues quantified pericentromeric tension at
metaphase at 4-6 pN in vivo by tracking thermally driven movements of pericentromeric
fluorescent tags, which were used to quantify pericentromeric stiffness, from which tension was
calculated using Hooke’s Law [150].

While precise measurements and estimates of the force experienced by kinetochores vary
(Table 2), there is consensus that the kinetochore withstands physiologically significant levels of
tension force on the scale of pN. It is worth noting that this is considerably more force than is
theoretically required to move even a relatively large chromosome through a viscous cellular

environment, for which only an estimated 0.1 pN is necessary [146].
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Table 2. Selected measurements of force at kinetochores.

Force per microtubule Organism . Reference
(pN) Technique
0.1-100 Melanoplus sp. Micromanipulation [146]
DIC microscopy and digital image
1-74 T. granulosa processing [151]

in vivo chromatin relaxation
dynamics following the breakage of

0.2 5. cerevisiae a dicentric chromosome subjected to [149]
mitotic forces

FRET force senor in Mif2CENP-C;

12 - 62 D. melanogaster talin/vinculin-based force sensor [152]
Simulation based on data from a

5-10 S. cerevisiae FRET biosensor in Ndc80c [153]
Imaging-based quantification of

4-6 S. cerevisiae pericentromere stiffness and stretch [150]

The kinetochore is not merely a simple force transmitter. The kinetochore is the primary
site where force is produced to power chromosome movement [35]. It is also a complex force
coupler, meaning that load is non-linearly distributed among the protein complexes of the
kinetochore. Suzuki and colleagues demonstrated this using a FRET tension sensor in Ndc80c;
inter-kinetochore distance (centromere stretch) occurred despite a lack of tension at the

biosensor [153].

1.4.2  Tension as a signal of correct attachment

Two major regulatory systems ensure that mitosis does not proceed when the mitotic
spindle is improperly organized. Several types of erroneous kinetochore-microtubule attachment
must be recognized (Figure 1-2). Because chromosome capture by microtubules is a stochastic
process, one kinetochore on a given chromosome will usually be contacted before the other,
creating a transient monotelic attachment that, if it persists, will trigger mitotic delay [154,155].
Syntelic attachments, in which sister kinetochores are contacted by microtubules emanating from
the same pole, do not generate tension. Bioriented chromosomes may represent proper, amphitelic

attachments, or— in organisms whose kinetochores can bind multiple microtubules— they may
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represent erroneous, merotelic attachments. Merotelic attachments are particularly dangerous and
a major source of aneuploidy in cultured mammalian cells, likely because their kinetochores are
both attached and under tension [156,157].

The error correction mechanism recognizes kinetochore-microtubule attachments that are
not under tension, while the spindle assembly checkpoint recognizes unattached kinetochores
[158]. When functioning correctly, these two systems promote accurate chromosome segregation

during mitosis.
Unattached kinetochores?
No Yes

N 0O Syntelic Monotelic
Tension?
Amphitelic
Yes
Merotelic

Figure 1-2. Types of kinetochore-microtubule attachment. Chromosomes are shown in blue,
microtubules in , and kinetochores in red. Error correction (EC)

Tension is the fundamental signal of chromosome biorientation, without which an error

correction (EC) mechanism arrests the cell cycle until biorientation is achieved. This has been
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known since the seminal work of Bruce Nicklas using grasshopper spermatocytes; Nicklas used a
glass microneedle to artificially apply tension to maloriented chromosomes, which would then
remain stably maloriented for hours, unlike relaxed chromosomes, which reoriented in
minutes [159].

In the absence of EC, cells can leave mitosis early, with unattached or improperly attached
chromosomes that may then be mis-segregated [160]. Correct attachments put kinetochores under
tension, because cohesin holds sister chromatids together, while microtubules emanating from
opposite poles of the cell pull them apart [161].

The mitotic kinase Ipll, like its mammalian homolog Aurora B kinase, is necessary to
correct incorrectly attached kinetochores [162,163]. Phosphorylation by Ipl1 decreases the affinity
of outer kinetochore components for microtubules [97,161], causing detachment of aberrantly

attached kinetochores, thus activating the SAC [163].

1.4.2.2 Spindle assembly checkpoint (SAC)

The SAC detects unattached kinetochores; a single unattached kinetochore is sufficient to
activate the SAC and delay anaphase [154,164,165]. But the SAC response is not a binary on/off
switch; it can be activated to different levels, which then determine the length of mitotic
delay [166].

The conserved mitotic kinase Mpsl localizes to unattached kinetochores and
phosphorylates both kinetochore and SAC proteins [167,168]. This initiates a signaling cascade
that leads to the formation of the mitotic checkpoint complex (MCC), which inhibits formation of
the anaphase-promoting complex, a ubiquitin ligase that would otherwise target Securin (which
sequesters Separase, preventing it from degrading cohesin) and Cyclin B from ubiquitin-mediated
proteolysis [169,170]. Thus, mitotic checkpoint proteins prevent sister chromatid separation and
mitotic progression until every single kinetochore is attached. This delay gives microtubules a
chance to contact the unattached kinetochore and achieve chromosome biorientation, at which
point the SAC is silenced through the activity of PP1, which dephosphorylates certain substrates
of the SAC kinase Bubl [171-174]. Whether or not Ipll is directly involved in the SAC is
controversial [158,162,175,176].
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Many tumor cells have an abnormal SAC [177-179]. In healthy cells, tension is the signal
of correct attachment without which EC creates unattached kinetochores, activating the SAC.

Thus, there is considerable interest in how tension is transmitted through the kinetochore.

1.4.3  Optical trap-based quantification of kinetochore load-bearing ability in vitro

Invented by Arthur Ashkin in 1970, the optical trap (also known as optical tweezers) uses
the radiation pressure of focused lasers to manipulate and monitor the positions of micron-scale
objects with sub-nanometer precision [180]. Depending on the stiffness of the trap, forces of
approximately 1-200 pN may be exerted and measured [181]. The optical trap has been used to
study numerous biological systems, including motor proteins [ 182-185], transcriptional machinery
[186], DNA [187,188], and— of course— the mitotic spindle.

Optical trap-based studies of the kinetochore may be divided into two classes: those that
rely on recombinantly expressed and purified proteins and those that use kinetochore particles
isolated directly from cell extracts. Akiyoshi and colleagues affinity-purified kinetochore particles
from budding yeast extracts using an epitope tag on the central MIND complex and found that
they could bind dynamic microtubule plus ends with a mean rupture force of 9.1 + 0.2 pN [189].
Purified kinetochore particles also exhibited longer lifetimes of attachment to microtubules under
moderate force than they did under low force, demonstrating that tension directly stabilizes
kinetochore-microtubule attachments [189]. Using purified kinetochore particles, Ipll-mediated
kinetochore detachment has recently been reconstituted using an in vitro optical trap-based flow
assay, demonstrating that tension on kinetochores is insufficient to prevent Ipll-triggered
detachment from microtubules [190]. Because tension on kinetochore proteins themselves is
apparently not the cue, the means by which kinetochores do sense tension remains unclear. It
should be noted that, in these experiments, force was only being transmitted through the outer
kinetochore.

The outer kinetochore has also been the focus of optical trap studies using reconstituted
protein subcomplexes. Studies monitoring the interactions between microbeads coated in purified
Damlc and dynamic microtubules revealed that the decameric complex is a robust microtubule
coupler and does not require ring formation for dynamic microtubule attachment, although
oligomerization does improve microtubule coupling [87,191,192]. Similar studies with Ndc80c

revealed that it, too, is a competent microtubule coupler (though only when multiple copies are
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present [88,92]), and that cooperation between Ndc80c and Dam1c¢ enhances microtubule coupling
and is regulated by Ipll [88,90,193]. Adhering MIND to microbeads and including Ndc80c and
Damlc in solution in optical trap assays revealed that force is transmitted from Ndc80c to MIND
and that the MIND/Ndc80c interface is mechanically strong relative to the Ndc80c/microtubule
interface [98]. Relatively little is known about force transmission through the inner kinetochore.
As kinetochore reconstitution efforts have finally reached the inner kinetochore
[98,103,111,194], the stage is set to explore force transmission to the centromere using the same

biophysical techniques that have elucidated microtubule coupling by the outer kinetochore.

2 RECONSTITUTION OF A FUNCTIONAL KINETOCHORE

2.1 INTRODUCTION

Chromosome segregation is a complex imperative faced by all eukaryotes, as failure to
accurately distribute genetic material to daughter cells in mitosis and meiosis causes potentially
lethal aneuploidy [14,156,195]. Eukaryotic cells rely on a network of protein complexes (Table 1
and Figure 2-2A) to tether centromeres to the dynamic spindle microtubules that pull them to
opposite poles of the dividing cell [196].

This network, the kinetochore, mediates the vital process of chromosome segregation by
coupling microtubule dynamics to chromosome movement. The inner kinetochore binds the
centromere; the outer kinetochore binds microtubules. A massive molecular machine, the
kinetochore must harness the force of depolymerizing microtubules, transmit this force to the
centromere, and sense aberrant attachments that fail to generate force. The kinetochore also serves
as a regulatory hub for detection of unattached kinetochores and destabilization of improper
kinetochore-microtubule attachments [197]. Tension is the signal of correct attachment (i.e.
biorientation) [198], and it directly stabilizes kinetochore-microtubule connections [189]. But
which of the myriad kinetochore proteins actually take part in force transmission and how much
tension the kinetochore is under are unresolved.

Estimates of mitotic forces experienced by kinetochores in vivo span orders of magnitude
[146,149,152]. For budding yeast kinetochores, estimates range from 0.2 to 16 pN
[149,150,153,199]. Purified kinetochore particles isolated from budding yeast couple to
microtubule plus ends with an average rupture strength in this range: 9.1 pN [97,189,200].
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Previous studies using purified proteins have concluded that (1) Ndc80c and Dam1c, while both
capable of coupling to microtubules independently, cooperate to form stronger couplers [87-93];
(2) this process is regulated by Ipl1AureraBkinase 89 9 94-97]; (3) Ndc80c transmits force to MIND
[98,99], and (4) the kinetochore as a whole behaves as a tension-sensitive catch bond [189]. Load-
bearing tip-couplers can form in vitro by self-assembly of recombinant Ndc80c [88], MIND [98],
and Damlc [87], demonstrating that these components are sufficient to recapitulate a fundamental
function of the outer kinetochore. Relatively little is known about how force is transmitted to the
centromeric DNA. It is not even certain which inner kinetochore proteins are involved.

There are only two essential inner kinetochore protein complexes in yeast: Mif2 and OA
(Okpl/ Amel) [112,117,201,202] (Table 1). Mif2, the budding yeast homolog of CENP-C, is
reported to interact with centromeric nucleosomes [116,118], OA[107], and MIND [99,108,203].
Homologous to human CENP-QU, S. cerevisiae OA interacts with Cse4 and MIND, the scaffold
that bridges inner and outer kinetochore [95,99,107,108,110]. Because force transmission is a vital
function of the kinetochore, I hypothesized that either Mif2 or OA must transmit force through the
inner kinetochore.

Using recombinantly purified S. cerevisiae proteins, I reconstitute functional kinetochore
assemblies capable of tethering centromeric nucleosomes to dynamic microtubule plus-ends. I
show that the assemblies are load-bearing, in the sense that they sustain tensile forces in the
mitotically relevant piconewton range. In doing so, I demonstrate that there are at least two
essential paths of force transmission through the inner kinetochore: the Mif2 and OA protein
complexes. Each of these components can independently form load-bearing interactions with both

MIND and the centromeric nucleosome.
2.2 METHODS

2.2.1 Plasmids and constructs

All expression vectors are listed in Table 3.
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Table 3. Plasmids used in this study.

Protein | Plasmid

complex | name Proteins expressed* Vector References
Sc Mf 7 Mif2-linker-(27-392)MBP-6XHis** pLIC This study
pGHS2 Mif2-linker-(27-392)MBP** pLIC This study
Sc Mf 5B | (41-549)Mif2-linker-(27-392)MBP pLIC This study
pGH3 Amel-6XHis, Okpl pST39 This study
pGH4 Amel-FLAG, Okpl pST39 This study
pGH42 (21-324)Amel-FLAG, Okpl pST39 This study
pGHI5 (21-324)Amel-6XHis, Okpl pST39 This study
pGH63 6X-His-linker-Nsl1, S240D, S250D-Dsnl, Mtw1, Nnfl pST39 This study
pGH62 FLAG-Nsl1, S240D, S250D-Dsnl, Mtw1, Nnfl pST39 This study
pGH68 FLAG-Nsl1, (283-576)Dsnl1, Mtw1, Nnfl pST39 This study
pGHe61 FLAG-Nsl1, (230-576)S240D,S250D-Dsnl, Mtw1, Nnfl pST39 This study
pGH46 Nsll, FLAG-Dsnl, Mtw1, Nnfl pST39 This study
pJT048 Spc24-Flag, Spc25 pRSFDuet [98]

WG pEMO033 Spc24-6XHis, Spc25 pRSFDuet [86]
Ndc80/Nuf2 | Nuf2, Ndc80 pETDuet [204]

Dadl, Duol, Spc34-FLAG, Dam1, Hsk3 and

Damlc  ile Dad4, Dad3, Dad2, Spcl9, Akl pST39 [89]

pGHS8 FLAG-Chl4, Iml3 pLIC This study
K.lactis 6XHis-H2A, K. lactis 6XHis-H2B, Cse4, K. lactis
ScK12 . ’ ’ ’ LIC 205

Histones P 6XHis-H4 P [205]

pScKl14 H3, 6XHis-H2A, H2B. K.lactis 6XHis-H4 pLIC [205]

*Proteins are listed in order of expression in polycistronic vector. C-terminal tags are given on the right side of the

protein name and N-terminal tags on the left side of the protein name.

** Full length Mif2 is expressed by these vectors; the MBP tag includes residues 27-392 of MBP and lacks the
signal peptide.

iDam! complex is expressed from two polycistrons in one plasmid.
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2.2.2  Protein expression and purification

2.2.2.1 Damlc, Ndc80c, and MIND

Damlc, MIND, 2D-MIND, and all MIND truncation mutants were expressed in
Escherichia coli from polycistronic vectors. Ndc80c was expressed from two bicistronic vectors
encoding Ndc80/Nuf2 and Spc24/Spc25 [204]. The protein subcomplexes purified as previously
described using either a Hiss- or FLAG- affinity tag followed by size exclusion chromatography
(SEC) [98,191,206].

Briefly, His¢-tagged protein subcomplexes were expressed from polycistronic pST39
vectors in BL21 cells and induced with 0.4 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) for
16 h at 18 °C. Cells were lysed with a French press and the subcomplex was immobilized on a Ni-
charged IMAC resin column (Bio-Rad) in either MIND buffer (50 mM sodium phosphate buffer,
pH 7.0, 200 mM NacCl), Ndc80c buffer (50 mM HEPES buffer, pH 7.6, 300 mM NacCl), or Damlc
buffer (50 mM sodium phosphate buffer, pH 6.9, 500 mM NaCl) supplemented with protease
inhibitors (Roche), 5 mM imidazole, and 1 mM PMSF. The resin was then washed, and
subcomplex eluted with 300 mM imidazole before being further purified using a Superdex 200
size exclusion column (GE Healthcare) in either MIND buffer, Ndc80c buffer with 200 mM NaCl,

or Dam1c buffer.

2222 OA

Wild-type (WT) and truncated Hise-tagged OA was expressed in a polycistronic pST39
vector in BL21 cells and induced with 0.4 mM IPTG for 16 h at 18 °C. Cells were lysed with a
French press and OA was immobilized on a Ni-charged IMAC resin column (Bio-Rad) in 50 mM
sodium phosphate buffer, pH 7.0 supplemented with 200 mM NaCl, protease inhibitors (Roche),
5 mM imidazole, and 1 mM PMSF, washed, and eluted in the same buffer with 300 mM imidazole.
OA was further purified using a Superdex 200 size exclusion column (GE Healthcare) in 50 mM
sodium phosphate buffer, pH 7.0 supplemented with 200 mM NaCl.

WT and truncated FLAG-tagged OA was expressed similarly to Hiss-tagged OA except
that it was immobilized on an anti-FLAG M2 affinity gel (A2220; Sigma). The affinity gel was
washed, and protein was eluted with 0.1 mg-mL™"' 3X FLAG Peptide (F4799; Sigma). OA was
further purified using a Superdex 200 size exclusion column (GE Healthcare) in SEC-OA buffer.
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After SEC, OA was concentrated with Amicon Ultra centrifugal filters (Millipore), stored in SEC-
OA buffer with 5% glycerol, and immediately stored at -80°C.

2223 Mif2
Full length Mif2-C-terminal(Ct)MBP tag and Mif2-(Ct)MBP-His¢ constructs were

expressed in Rosetta 2 DE3 pLysS competent cells (Novagen) and expression was induced with
0.25 mM IPTG at 18°C for 16 h. Cells were lysed with either sonication or a French press. Mif2-
(Ct)MBP was immobilized on amylose resin (NEB) in Mfl-buffer (30 mM HEPES buffer, pH 7.5,
2 M NaCl, 10% glycerol, I mM TCEP, protease inhibitors (Roche) and 1 mM PMSF). The column
was washed with Mfl-buffer and the protein eluted with Mfl-buffer containing 10 mM maltose.
Protein samples were immediately loaded on HiTrap Q HP (GE Healthcare) anion exchange
column in buffer QA (30 mM HEPES buffer, pH 7.5, 50 mM NaCl, 1 mM TCEP, 10% glycerol)
and eluted with a 0-100% gradient of buffer QB (30 mM HEPES buffer, pH 7.5, 1 M NaCl, 1 mM
TCEP, 10% glycerol). This was followed by SEC on a preparative Superdex200 HiLoad 16/60
column (GE Healthcare) in SEC-Mif2 buffer (30 mM HEPES buffer, pH 7.5, 200 mM NaCl, ImM
TCEP). Purification of all Mif2 constructs was performed at 4°C to prevent protein degradation.

Mif2 protein was immediately concentrated, frozen, and stored at -80°C.

2224 Chl4/Iml3

Cl was expressed from a bicistronic vector (derived from pSMH104) in Rosetta DE3 pLysS
competent cells (Novagen) and expression induced with 0.25 mM IPTG as previously described
[207]. Cells were lysed with a French press. CI was immobilized on anti-FLAG M2 affinity resin
(Sigma) in CI-buffer of 50 mM HEPES buffer, pH 7.5, 100 mM NaCl, 1 mM EDTA, 10% glycerol,
protease inhibitors (Roche) and 1 mM PMSF. The affinity gel was washed, and protein was eluted
with SEC-CI buffer (50 mM Tris buffer, pH 8.5, 200 mM NaCl, ImM TCEP) supplemented with
0.1 mg'mL™! 3X FLAG Peptide (F4799; Sigma). CI was further purified using a Superdex 200
size exclusion column (GE Healthcare) in SEC-CI buffer (50mM Tris-Cl, pH = 8.5, 200mM NacCl
and ImM TCEP). After SEC, all proteins were concentrated with Amicon Ultra centrifugal filters
(Millipore), stored in SEC-CI buffer from the final Superdex 200 run with 5% glycerol, and
immediately stored at -80°C.
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2.2.2.5 Nucleosome core particles (NCPs)

Each histone complex was co-expressed from a single expression polycistronic vector
encoding S.cerevisiae (Sc) and Kluyveromyces lactis (KI) genes: pScKl12 containing Hiss-KI-H2A
/ Hise-KI-H2B / Sc-Cse4 / Hise-KI-H4 and pScKl4 containing Sc-H3 / Hiss-Sc-H2A / Sc-H2B /
Hise-K/-H4 [205]. Histones were co-expressed from pScKI2 or pScKl4 in Rosetta 2 DE3 pLysS
competent cells (Novagen) and upon reaching ODeoo of 0.6-1.0, expression was induced with 0.25
— 0.5 mM IPTG and cells grown for 16 h at 18°C. Cells were resuspended in High Salt Buffer
(HSB) of 2. M NaCl, 50 mM HEPES buffer, pH 7.5, 10% glycerol, 1 mM TCEP and protease
inhibitors (aprotonin, pepstatin, leupeptin, and PSMF), frozen and stored at —80°C. Cells were
lysed by sonication and lysate clarified by centrifugation at 40,000xg at 4°C for 1 h. Histones were
immobilized on TALON metal affinity resin (Clontech) and incubated at 4°C for 1 h with agitation,
then transferred to a gravity column.

The flowthrough was discarded, beads washed with HSB, and histones eluted with 400
mM imidazole and 50 mM EDTA. The eluate was concentrated, and histone octamers were further
purified on a Superdex 200 size exclusion column (GE Healthcare) in SEC-H1 buffer containing
2M NacCl, 50 mM HEPES buffer, pH 7.5, 1 mM TCEP.

Histone octamers were wrapped in the 147-basepair double-stranded Widom DNA
(henceforth “601 DNA") [208] as described [205] 601 DNA was produced by PCR and final
purification performed using HiTrapQ column. 601 DNA and histone octamers were combined in
a 1.1:1 molar ratio in a hydrated 7K MWCO Slide-A-Lyzer™ MINI Dialysis Device (69560;
ThermoFisher), which was placed in 0.5 L of high-salt dialysis buffer (2 M NaCl, 30 mM HEPES
buffer, pH 7.5, 1 mM TCEP, and 5 mM EDTA). The nucleosome wrapping was achieved through
dialysis against low salt dialysis buffer (200 mM NaCl, 30 mM HEPES buffer, pH 7.5, | mM
TCEP, and 5 mM EDTA) over the course of 60 h at 4°C. Wrapped nucleosomes were separated
from excess DNA using a Superdex 200 or Superdex 6 size exclusion columns (GE Healthcare)
with SEC-H2 buffer 150 mM NacCl, 30 mM HEPES buffer, pH 7.5, 1 mM TCEP. NCPs were

stored on ice, and all experiments using NCPs were performed within one week of wrapping.
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2.2.3 Optical trap assays

Streptavidin-coated 0.56-pum polystyrene beads (Spherotech) were coated with biotinylated
anti-His5 antibodies (Qiagen), and 7 pM beads were incubated with 10 nM Hise-tagged protein
complex as described [206] [161] [89], such that each bead was decorated with ~3,000 protein
complexes. Flow cells were prepared using double-sided tape and plasma-cleaned coverslips and
incubated with 25 uL of 1 mg-mL™! biotinylated BSA (Vector Laboratories) for 15 min at room
temperature, then washed with BRB80 (80 mM PIPES, pH 6.9, 1 mM MgCl,, | mM EGTA). Flow
cells were then incubated with 30 pL of 1 mg-mL ™! avidin DN (Vector Laboratories) for 5 min at
room temperature, followed by another BRB80 wash. GMPCPP biotinylated tubulin seeds in
BRB80 were bound for 5 min and washed twice with 42°C growth buffer (BRB80 plus I mM GTP
and 105 uM «-casein). Protein-decorated beads were introduced into the flow chamber in growth
buffer with 1.4 mg-mL™! tubulin, 313 pg-mL™! glucose oxidase, 37.5 pg-mL™! catalase, 30 mM
glucose, | mM DTT, and 10 nM each of the free, non-His-tagged protein complexes.

For the negative controls (e.g., OA-decorated beads with Ndc80c but not MIND in
solution), all beads and soluble proteins were maintained at the concentrations used in the
experimental reactions, except for the subcomplex being omitted.

For each condition, a bead was manipulated to make contact with a microtubule (Figure
2-1). If the bead-microtubule contact did not persist after the laser was switched off, that bead was
considered to be a nonbinder. Optical trap assays were performed at room temperature using
custom instrumentation to capture and manipulate beads as described [206]. Rupture force assays
were performed as described [91,97,189]. Once beads were bound to microtubule tips, a test force

of 1 pN was applied, and only beads that tracked with ~100 nm of tip growth were subjected to

' until detachment. Records of force vs. time were collected, and

ramping force of 0.25 pN-s ~
maximum rupture force was determined using custom Igor Pro software (Wavemetrics). Protein
chains that withstood the 1-pN preload force were considered load-bearing, and rupture forces

were used to compare relative mechanical strength.
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Fraction of bead surface area
within 4 nm of microtubule: 3.0%

End-on attachment

560 nm Bead

84 nm Fraction of bead surface area

within 84 nm of microtubule: 9.4%

25 nm - Microtu bule (]

Lateral attachment
Figure 2-1. Schematic diagram, drawn approximately to scale, showing the two possible
bead-microtubule configurations. Our rupture force assay quantifies the strength of end-on
attachments. In this configuration, reconstituted kinetochores on only ~3.0% of the bead surface
are capable of simultaneously binding to the microtubule. Assuming that the ~2900 protein
complexes on each bead are evenly distributed, ~86 would be capable of binding the microtubule
surface. Lateral attachments likely predominate in self-assembly and microtubule-binding assay.
In this configuration, the bead rests against the side of a filament whose tip extends well past the
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point of contact, maximizing the amount of bead surface in close proximity to the microtubule.
Thus, it provides an upper limit for the fraction of bead surface within 84 nm of the microtubule.
Reconstituted kinetochores on ~9.4% of the bead surface, ~270 protein complexes, are capable
of simultaneously binding to the microtubule.Data analysis and figure preparation

Data were analyzed in R [209-211] and Igor Pro (Wavemetrics). Because only a small
number of planned comparisons were made, each to test a specific hypothesis, p-values were not

adjusted for multiple comparisons. Figures were produced using R and Adobe Illustrator.

2.3 RESULTS

2.3.1 Assay to test quantitatively for spontaneous self-assembly of purified kinetochore

subcomplexes

The proteins of the S. cerevisiae kinetochore are organized into subcomplexes (Figure
2-2A). I have recombinantly expressed and purified seven of these complexes in E. coli and
isolated bovine brain tubulin to allow reconstitution and mechanical testing of functional
kinetochore assemblies in vitro (Figure 2-2B). Previously, my colleagues in the Davis Lab showed
that the microtubule-binding Ndc80c and Damlc complexes, when introduced free in solution,
will associate with bead-bound MIND to form load-bearing attachments to dynamic microtubule
tips [98]. I have now extended this approach to test longer protein chains, including both inner and
outer kinetochore components (Figure 2-2C). In order to test a protein chain containing multiple
components, one subcomplex carrying a His6-tag was bound directly to polystyrene microbeads
via anti-His antibodies. The remaining subcomplexes, which did not have Hiss-tags, were added
free in solution and bound to the beads only indirectly, by assembling together with the directly
tethered, Hiss-tagged subcomplex. Using a laser trap to manipulate individual beads, the
kinetochore assemblies were tested for their ability to couple to assembling microtubule tips. If

they attached, then their coupling strength was subsequently measured by increasing the force until
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they detached from the tips [87,88,189,206] (Figure 2-2D). In negative controls, microtubule

coupling was abrogated by omitting one of the non-Hiss-tagged subcomplexes.
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Figure 2-2. Reconstitution of a kinetochore from individually purified parts and an optical
trap-based assay to test for self-assembly of functional chains of kinetochore subcomplexes. (A)
Schematic of the protein complexes of the budding yeast kinetochore. (B) Coomassie-stained SDS-
PAGE gel of heterologously expressed budding yeast kinetochore proteins. The asterisk indicates a
contaminating E. coli protein or degradation product. (C) Schematic of the optical trap assay used to
test for assembly and microtubule attachment prior to quantification of load-bearing ability. (D)
Representative force vs. time traces for ruptures in the force-ramp assay.
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2.3.2  OA forms microtubule attachments through MIND and Ndc80c

Both of the two essential inner kinetochore protein complexes, Mif2 and OA, bind directly
to MIND [99,107]. Thus I began by asking whether OA could form a microtubule attachments
through MIND and Ndc80c. With OA bound to the polystyrene beads, and MIND and Ndc80c

added in solution (at 10 nM), the vast majority of beads coupled to assembling microtubule tips,
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indicating that functional, OA-based co-complexes spontaneously assembled in vitro (Figure
2-3A).

No microtubule attachments were observed if MIND was omitted from the assay,
demonstrating that OA must interact specifically through MIND — and not with Ndc80c or the
microtubule directly — in order for the microtubule-coupling assemblies to form. Likewise, very
few beads attached (6%) when they were decorated with a truncated mutant OA complex (AOA),
lacking the N-terminal 20 residues of Amel that bind the MIND complex [99,107,203] (Figure
2-3A). Together with the prior observation that MIND itself has no microtubule-binding activity
[98], these results indicate that a three-component chain, OA/MIND/Ndc80c, spontaneously
assembles to couple OA indirectly to the microtubule tip. This arrangement is consistent with
localization dependencies seen in vivo [77], co-immunoprecipitation (co-IP) dependencies
[77,104], and with previous in vitro reconstitutions of metazoan kinetochore proteins [95,194].

Phosphorylation of two sites on Dsnl has been shown to alleviate an intra-complex
autoinhibition, thereby allowing MIND to interact more stably with both OA and Mif2 [99,108].
However, I found that both the wild-type MIND complex and a phosphomimetic mutant, 2D-
MIND, carrying aspartic acid substitutions at the two target phosphorylation sites on Dsnl1 (S240D,
S250D), supported the attachment of a similarly high fraction of OA-coated beads to assembling
microtubule tips (Figure 2-3A). This observation suggests that the intra-complex autoinhibition

within MIND does not abrogate its interaction with OA.
2.3.3 OA forms a load-bearing attachment to MIND

Because tip-coupled kinetochores must support piconewton-scale loads in vivo, I asked
whether the reconstituted OA/MIND/Ndc80c chains could support such loads in vitro. In order to
quantify their load-bearing ability, I used a force-ramp assay [206]. After attachment of a bead to
a growing microtubule tip and application of a weak preload force (~1 pN), the force was gradually
increased (at 0.25 pN s!) until the attachment ruptured. The median rupture strength of tip-
attachments formed by OA/MIND/Ndc80c chains was 3.0 pN (Figure 2-3B and C), indicating
that both the OA/MIND and MIND/Ndc80c¢ interfaces can bear load. When the phosphomimetic
2D-MIND was used instead of wild-type MIND, the median rupture strength of the OA/2D-
MIND/Ndc80c chains increased slightly, to 3.9 pN. This observation suggests that the
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autoinhibition within the MIND complex slightly weakens the load-bearing capacity of the
OA/MIND interface.

While rupture strengths by themselves do not provide information about which protein-
protein interface breaks for each rupture, some inferences can be made from comparative analysis.
For example, previously published work demonstrates that MIND/Ndc80c-mediated microtubule
attachments do not differ in strength from Ndc80c-mediated attachments [98], implying that the
MIND/Ndc80c interface is mechanically stronger than the Ndc80c/microtubule interface. This
conclusion was additionally supported by the prior observation that adding Damlc, which
specifically strengthens the Ndc80c/microtubule interface, significantly increases the strength of
MIND/Ndc80c-mediated attachments [98]. In order to determine if the OA/MIND interface is
likewise mechanically strong relative to the Ndc80c/microtubule interface, 1 specifically
strengthened the Ilatter by adding Damlc in solution to our rupture force assay.
OA/MIND/Ndc80c-mediated attachments nearly doubled in strength, to a median rupture force of
7.6 pN, with the addition of Damlc (Figure 2-3B and C). This suggests that the OA/MIND
interface, like the MIND/Ndc80c interface, is mechanically strong relative to the

Ndc80c¢/microtubule interface.

36



A C

1.00

oA HiND Nd(goc -
0.75
2
0A  2D-MIND Ndcso( e
o)
[
G.0.50
[ S — o
N >
AOA yp-miND  Ndc80c }{ <
a
0.254
Nmmn |
0A Ndc80c
0.00 T T 1
0 25 50 75 100 0 5 10 15
. . Force (pN)
B Percentage of free beads that bind microtubules under no force
On beads Insolution
Ndc80c — Oﬁ
n=74
n.s.
2D-MIND Ndc8oc (@)
n=49
2pN
32p n.s.
MIND % ob . .
OA Ndc80c 0_ 43¢ » '- T e ¢ 3 S
n= 3.0pN
*
oA 2D-MIND 0 S PO S L. ‘gw o ccl o, .
Ndc80c n=154 "::,. -.. e o2 e o oo
- 3.9pN
¥
2D-MIND . . o . .
Damlc n=64 7.6 pN
0 5 15
Force (pN)

Figure 2-3. OA-based chains assemble spontaneously and form load-bearing attachments
to dynamic microtubules. (A) Percentage of free beads that bound microtubules under no
external force. Error bars indicate the standard error of the sample proportion. Barnard’s test
was used to compare contingency tables. n.s. indicates p > 0.05. * indicates p < 0.05. **
indicates p < 0.01. (B) Boxplot of rupture forces observed with reconstituted kinetochores of
increasing length. Each shaded circle is an individual rupture event. Boxes extend from the
lower quartile to the upper quartile. Whiskers extend to 1.5 times the interquartile range beyond
each quartile. A Kolmogorov-Smirnov test was used to compare probability distributions and
calculate p-values. n.s. indicates p > 0.05. * indicates p < 0.05. ** indicates p < 0.01. (C)
Survival curves for Ndc80c¢ linkages (grey), MIND/Ndc80c¢ linkages (purple),
OA/MIND/Ndc80c linkages (pink), OA/2D-MIND/Ndc80c¢ linkages (turquoise), and OA/2D-
MIND/Ndc80c/Damlec linkages (blue). The dashed horizontal line indicates 50% survival
(median rupture force).
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2.3.4  Mif2 forms microtubule attachments through MIND and Ndc80c

I then asked if Mif2 could form microtubule attachments through MIND and Ndc80c. Mif2
was bound to polystyrene beads, while wild-type MIND and Ndc80c were added in solution. A
substantial fraction of the beads, 45%, coupled to microtubule tips, demonstrating that functional,
three-component Mif2/MIND/Ndc80c chains spontaneously assembled in vitro (Figure 2-4A).
Hypothesizing that intra-complex autoinhibition within MIND might be responsible for the 55%
of beads that failed to bind microtubules, I repeated the same experiment, but using the
phosphomimetic mutant, 2D-MIND, instead of wild-type MIND. With this substitution, the
fraction of Mif2-coated beads capable of coupling to microtubules increased to 81% (Figure
2-4A), suggesting that intra-complex autoinhibition within MIND tightly regulates its interaction
with Mif2. To confirm that 2D-MIND was essential for connecting Mif2 to Ndc80c, I omitted 2D-
MIND from the assay. Beads coated in Mif2 did not couple to microtubules in the absence of
MIND (Figure 2-4A), indicating that Mif2, like OA (Figure 2-3A), must bind directly to 2D-
MIND, and not to Ndc80c or to microtubules. Unlike OA, however, Mif2 requires alleviation of
autoinhibition within the MIND complex in order to bind tightly. For this reason, 2D-MIND was
used in all subsequent experiments.

The conserved N-terminus of Mif2 is sufficient for binding to the Dsn1/Nsll head of the
MIND complex [99,107,203]. In order to probe the specific Mif2 domains involved in assembling
functional microtubule-coupling chains, I purified a truncated version lacking the first 40 N-
terminal residues, AMif2. Only 16% of beads coated with AMif2 interacted with microtubules
(Figure 2-4A), suggesting that the N-terminal domain of Mif2, like the N-terminus of Amel, is
an important point of attachment between the inner kinetochore and MIND. But because a
significant fraction of beads was still able to bind microtubules in the absence of the first 40
residues of Mif2, it seems likely that other amino acids also contribute to the Mif2/MIND interface,
as seen in the case of CENP-C/Mis12 complex [94].
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Figure 2-4. Mif2-based chains also assemble spontaneously and form load-bearing
attachments to dynamic microtubule tips. (A) Percentage of free beads that bound microtubules
under no force. Error bars indicate the standard error of the sample proportion. Barnard’s test was
used to compare contingency tables. n.s. indicates p > 0.05. * indicates p < 0.05. ** indicates p <
0.01. “2D” indicates that two phosphomimetic mutations (S240D, S250D) have been made to the
MIND component Dsnl. (B) Boxplot of rupture forces observed with reconstituted kinetochores.
Each shaded circle is an individual rupture event. Boxes extend from the lower quartile to the
upper quartile. Whiskers extend to 1.5 times the interquartile range beyond each quartile. A
Kolmogorov-Smirnov test was used to compare probability distributions and calculate p-values.
n.s. indicates p > 0.05. * indicates p < 0.05. ** indicates p < 0.01. (C) Survival curves for OA/2D-
MIND/Ndc80c¢ linkages (turquoise, repeated from Figure 2-3 for comparison), Mif2/2D-
MIND/Ndc80c¢ linkages (green), ,
, and OA/Mif2/MIND/Ndc80c linkages (red). The
dashed horizontal line indicates 50% survival (median rupture force).
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2.3.5 Mif2 forms a load-bearing attachment to MIND

To quantify the rupture strength of Mif2-based assemblies, I applied the force-ramp assay.
Mif2/2D-MIND/Ndc80c-mediated attachments ruptured at 4.4 pN, indicating that they support
piconewton-scale loads. Notably, their strength was not significantly different from the 3.9 pN
median rupture strength I measured for OA-based assemblies (Figure 2-4B and C). As explained
above, the addition of Damlc significantly strengthened OA-based linkers, indicating that the
OA/MIND interface is mechanically strong relative to the Ndc80c/microtubule interface. To ask
if the same is true of the Mif2/MIND interface, I tested whether Mif2/2D-MIND/Ndc80c¢ chains
could be strengthened by the addition of Dam1c. In contrast to our results with OA, adding Damlc
had no significant effect (p = 0.67) on the strength of the Mif2-based chains (Figure 2-4B and C).
This observation suggests that the OA/MIND interface is mechanically strong relative to the
Ndc80c¢/microtubule attachment, but that the Mif2/MIND interface is not.

Having demonstrated that both Mif2 and OA can independently transmit force to MIND, I
then asked if these two subcomplexes are stronger in combination. [ added free OA to the Mif2/2D-
MIND/Ndc80c chain, thereby increasing its median rupture force from 4.4 pN to 5.4 pN (Figure
2-4B and C). This increase suggests that OA is able to strengthen the Mif2/MIND interface, which
I believe is relatively weak (based on our experiments with Damlc). In OA-based linkers, on the
other hand, the OA/MIND interface was not the weakest link, leading to the prediction that
strengthening that interface should not increase median rupture force. Indeed, the addition of Mif2
in solution did not strengthen OA/2D-MIND/Ndc80c-mediated attachments (Figure 2-4B and C),
consistent with our earlier inference that the Ndc80c/microtubule interface is usually the site of

rupture in our OA-based assemblies.
2.3.6  Both OA and Mif2 assemble with centromeric nucleosomes

Previous work shows that Mif2 and OA can bind centromeric nucleosomes
[110,116,118,212], which carry a specialized variant of histone H3 (Cse4FNP-4) [213,214]. To ask
if either Mif2 or OA can assemble in our assay onto these specialized nucleosomes, histone
complexes containing H2A, H2B, H4, and Cse4, the centromere-specific H3 variant from S.
cerevisiae, were wrapped in 601 DNA and the resulting nucleosome core particles (Cse4-NCPs)

were bound to polystyrene microbeads. Mif2 or OA was then added in solution, along with 2D-
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MIND and Ndc80c. With OA in solution, 78% of beads bound microtubules; with Mif2 in solution,
24% bound (Figure 2-5A). Possible reasons for the relatively low percentage of active Cse4-NCP-
decorated beads in the experiments with added Mif2/2D-MIND/Ndc80c are discussed below.
Nevertheless, these observations confirm that OA and Mif2 can individually link the outer
kinetochore subcomplexes, 2D-MIND/Ndc80c, to centromeric nucleosomes, spontaneously
forming the four-component microtubule-binding chains, Cse4-NCPs/OA/2D-MIND/Ndc80c and
Cse4-NCPs/Mif2/2D-MIND/Ndc80c, respectively. As expected [104], the Cse4-NCP-decorated
beads completely failed to bind microtubules if both OA and Mif2 were omitted (Figure 2-5A),
confirming that the NCPs themselves do not interact directly with MIND, Ndc80c, or
microtubules. To ask whether Mif2 and OA bind specifically to centromeric nucleosomes, my
collaborator also wrapped canonical nucleosomes containing histone H3 (instead of Cse4) with
601 DNA, and I attached these H3-NCPs to beads. The H3-NCP-decorated beads did not bind
microtubules with either Mif2 or OA in solution (Figure 2-5A), indicating that both Mif2 and OA
bind selectively to centromeric, Cse4-containing nucleosomes. Their selectivity is striking given
that S. cerevisiae H3 and Cse4 are 46 % identical. Altogether these results show that Mif2 and OA
represent the molecular bases for two distinct paths connecting the outer kinetochore to the

centromere.
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Figure 2-5. Assemblies based on centromeric nucleosomes form load-bearing microtubule
attachments through OA or Mif2 or both. (A) Percentage of free beads that bound
microtubules under no force. Error bars indicate the standard error of the sample proportion.
Barnard’s test was used to compare contingency tables. n.s. indicates p > 0.05. * indicates p <
0.05. ** indicates p < 0.01. (B) Boxplot of rupture forces observed with reconstituted
kinetochores. Each shaded circle is an individual rupture event. Boxes extend from the lower
quartile to the upper quartile. Whiskers extend to 1.5 times the interquartile range beyond each
quartile. A Kolmogorov-Smirnov test was used to compare probability distributions and
calculate p-values. n.s. indicates p > 0.05. * indicates p < 0.05. ** indicates p < 0.01. (C)

Survival curves for , Cse4 NCP/ Mif2/2D-
MIND/Ndc80c¢ linkages (brown), and Cse4 NCP/OA/Mif2/2D-MIND/Ndc80c linkages
(purple).

2.3.7 Both OA and Mif2 form load-bearing attachments to centromeric nucleosomes

Having established that both OA and Mif2 can individually and selectively link bead-
bound Cse4-NCPs to outer kinetochore subcomplexes, I used our force-ramp assay to test whether
these interactions are load-bearing. With Cse4-NCPs on the beads, attachments mediated by Cse4-
NCP/Mif2/2D-MIND/Ndc80c chains ruptured at 3.3 pN (Figure 2-5B and C). Likewise,
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attachments mediated by Cse4-NCP/OA/2D-MIND/Ndc80c chains also ruptured at 3.3 pN. The
two survival curves are not significantly different from one another (p = 0.55) (Figure 2-5B).
However, both are significantly weaker than the chains assembled with Mif2 or OA bound directly
to the beads, without NCPs (p = 0.00015 for the comparison with Mif2/2D-MIND/Ndc80c; p =
0.00405 for OA/2D-MIND/Ndc80c).

Given our previous finding that OA strengthens Mif2-based chains (Figure 2-4B and C), |
was curious whether the simultaneous presence of both inner kinetochore complexes, OA and
Mif2, would strengthen Cse4-NCP-based chains. It did. Cse4-NCP-based chains with both Mif2
and OA added in solution were significantly stronger than chains containing only Mif2 (p =0.015)
or containing only OA (p = 0.037) (Figure 2-5B and C). This strengthening suggests that the
Mif2/Cse4-NCP and OA/Cse4-NCP interfaces created in our assay are individually relatively
weak, but can mutually reinforce one another. To further assess the relative strength of the
OA/Cse4-NCP interface, I added free Damlc to the Cse4-NCP/OA/2D-MIND/Ndc80c¢ chains
(Figure 2-6A and B). The addition of Damlc, which specifically strengthens the
Ndc80/microtubule interface, had no significant effect on the median rupture force of the Cse4-
NCP/OA/2D-MIND/Ndc80c¢ chains (p > 0.5), indicating that the Cse4-NCP/OA interface is
probably the weakest link in these chains. I attempted to strengthen that interface by adding CI in
solution, but it also had no effect on the median rupture force (p > 0.5) (Figure 2-6A and B).
Altogether, these data indicate that both essential components of the inner kinetochore, OA and
Mif2, are capable of independently transmitting piconewton-scale forces from the outer

kinetochore to centromeric nucleosomes.
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Figure 2-6. Neither Dam1c nor CI increases the rupture force of NCP-containing linkers.
(A) Boxplot of rupture forces observed with reconstituted kinetochores. Each shaded circle is an
individual rupture event. Boxes extend from the lower quartile to the upper quartile. Whiskers
extend to 1.5 times the interquartile range beyond each quartile. A Kolmogorov-Smirnov test
was used to compare probability distributions and calculate p-values. * indicates p < 0.05. (B)
Survival curves for , Cse4-NCP/OA/2D-
MIND/Ndc80c/Damlc linkages (blue), and Cse4-NCP/CI/ Mif2/ OA/ 2D-
MIND/Ndc80c/Damlc linkages (pink). The dashed horizontal line indicates 50% survival
(median rupture force).

2.4 DISCUSSION
We have reconstituted kinetochore assemblies capable of transmitting piconewton-scale
forces from dynamic microtubules to Cse4-containing nucleosomes (Figure 2-5). To our

knowledge, these are the most complete kinetochore assemblies made from individually purified

S. cerevisiae components, representing the first reconstitution of the kinetochore’s most basic
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function: coupling centromeric nucleosomes to dynamic microtubule tips under physiologically
relevant loads.

The self-assembly of kinetochore proteins at nanomolar concentrations strongly suggests
that full-length kinetochore subcomplexes have much greater affinities for one another than
suggested by the uM dissociation constants obtained using short peptides, probably because of
additional points of contact [99,107,108]. We also demonstrate that there are two distinct and
essential paths of force transmission through the inner kinetochore. Both OA and Mif2 are
individually capable of forming load-bearing interactions with MIND. However, these paths are
not equivalent. They are differentially sensitive to regulation by the major mitotic kinase, Ipll
(Aurora B in humans), with the Mif2 path depending on the presence of phosphomimetic mutations
on the MIND complex, whereas the OA pathway is only slightly strengthened by them. Also, while
both the Mif2/2D-MIND and OA/2D-MIND interfaces are load-bearing, the former is
mechanically weak relative to the Ndc80c/microtubule interface, but the latter is not (Figure 2-4).

We also found that OA can strengthen Mif2/2D-MIND/Ndc80c¢ linkers, whereas Mif2
slightly weakens OA/2D-MIND/Ndc80c linkers. Although the ‘2D’ phosphomimetic mutations
on MIND partially alleviate autoinhibition, they do not abrogate it completely [99]. We speculate
that OA binding to 2D-MIND alleviates this residual autoinhibition, promoting MIND’s
interaction with Mif2 and strengthening the Mif2-based chain. In contrast, in the OA-based linker,
we hypothesize that OA disinhibition of 2D-MIND might permit Mif2 to outcompete OA for
binding to 2D-MIND (Figure 2-4). In other words, Mif2 might decrease the rupture force of the
OA/2D-MIND/Ndc80c linkers by “stealing” the disinhibited 2D-MIND from bead-bound OA,
thus detaching MIND from the bead. Competition for binding to MIND is plausible, because
previous work has shown that OA and Mif2 have directly adjacent binding sites on the same head
of MIND [99].

When NCPs are on the bead, having both OA and Mif2 in solution strengthens the linkers
(Figure 2-5). In this case OA and Mif2, which probably do not compete for binding to Cse4
[110,119,120,212], could each bind separate MIND complexes and thereby increase the total
number of Ndc80c in the linker. Both OA and Mif2 exhibit a kinetochore function essential for
genome stability: self-assembly exclusively on centromeric nucleosomes. Our kinetochore
assemblies discriminate between NCPs that contain Cse4 and those that contain H3 (Figure 2-5).

Yet we consistently find that Cse4 NCP-based chains are weak compared to shorter chains without
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NCPs. We hypothesize that this relative weakness occurs because the Cse4 NCPs were wrapped
in 601 DNA rather than centromeric DNA. Budding yeast Mif2 is reported to have a 40-fold
greater affinity for Cse4-containing nucleosomes if they are wrapped in centromeric DNA [118].
We were unable to test the effect of this increased affinity on rupture force, because wrapping
nucleosomes in centromeric DNA proved intractable.

Although both OA and Mif2 can both transmit force from Cse4 NCP to MIND, they are
neither interchangeable nor redundant. There are several reasons that having multiple paths of
force transmission might be advantageous. First, they can be regulated differently, which our data
suggest is the case. Second, OA and Mif2 together increase the total number of outer kinetochore
components that can be recruited. Estimates of the number of Ndc80 complexes present in each
kinetochore vary from six to thirty copies [100,129,215], and biophysical experiments demonstrate
that multiple Ndc80 complexes are necessary for effective microtubule coupling [88,92]. But
MIND and Ndc80c interact in a 1:1 ratio [99,108], leading to the conclusion that the inner
kinetochore must serve as an oligomerization platform, assembling on a single centromeric
nucleosome and recruiting multiple copies of MIND and Ndc80c. If an OA complex and a Mif2
dimer assembled on each face of the centromeric nucleosome, they could collectively recruit up to
6 MIND/Ndc80c, with additional copies of Ndc80c potentially being recruited by the Cnnl
pathway [104].

Our findings also raise intriguing questions about how these multiple paths of force
transmission and Ndc80c recruitment may be differentially utilized at different stages of the cell
cycle or by different organisms. For instance, the human homolog of OA binds microtubules [111],
but our finding that beads coated in OA do not bind microtubules in the absence of MIND (Figure
2-3A) makes it clear that budding yeast OA does not. For some organisms, OA is essential
[201,216]; other species appear to lack OA homologs [122,123]. A smaller subset of organisms
has no known homolog of Mif2 [123,128]. This strongly suggests that the relative importance of
the OA and Mif2 pathways varies between organisms. There is also strong evidence for a third
pathway of Ndc80c recruitment, through Cnnl [104,217,218]. Although Cnnl is not essential in
yeast [77,219], it appears to play an important role in several other organisms [218,220,221]. Thus,
while the branched architecture of the inner kinetochore is a feature conserved across many

species, the relative importance of particular branches apparently varies between species

46



Taken together, our work represents a major advance towards the goal of reconstituting a
complete, functional kinetochore from purely recombinant proteins. Going forward, the
reconstituted “skeleton” kinetochore presented here can be used as a scaffold to study the
contributions of other kinetochore proteins to force transmission. Of particular interest are Cnnl,
which could increase rupture force by recruiting additional copies of Ndc80c [104,222], and Stu2,

which is known to contribute significantly to kinetochore-microtubule coupling [200].
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3 CHARACTERIZATION OF INTERACTIONS BETWEEN OA,
MIF2, AND MIND

3.1 INTRODUCTION

Having demonstrated that both OA and Mif2 are capable of forming load-bearing
attachments to MIND, I next asked whether they represent independent pathways of force
transmission through the inner kinetochore. That is, do OA and Mif2 bind one another directly?
Can they simultaneously bind to the same MIND complex?

Structural evidence obtained using K. /actis proteins and peptides suggests that OA and Mif2
bind noncompetitively to adjacent sites on the Mtw1/Nnfl head of MIND [99]. And it has been
reported, based on SEC co-elution experiments with S. cerevisiae OA, Mif2, and MIND, that all
three form a co-complex containing multiple copies of each [107]. Interpretation of these data are
complicated, however, by the fact that both OA and Mif2 are promiscuous DNA binders that co-
purify with significant amounts of bacterial DNA when expressed recombinantly [107,114,118].
Indeed, the elution profile of the OA/Mif2/MIND co-complex observed by Hornung and
coworkers was so extremely broad that they suggest “high-order associations” might be involved
[107], as one might expect were Mif2 dimers effectively crosslinking pieces of bacterial DNA,
some of which were also bound by OA.

In order to clarify the issue, my colleague and I purified OA and Mif2 under high-salt
conditions that preclude co-purification of bacterial DNA (as determined by spectrophotometry
and agarose gel electrophoresis). Using these purified proteins, we employed biochemical and

biophysical techniques to explore the putative OA/Mif2/MIND interface.
3.2 PROTEIN CROSS-LINKING AND MASS-SPECTROMETRY

Intrigued by the different sensitivities of OA and Mif2 to autoinhibition within the MIND
complex (Figure 2-3 and Figure 2-4), we set to map these protein-protein interactions when
autoinhibition within the MIND complex had been alleviated. We therefore mixed and cross-
linked OA, Mif2, and 2D-MIND with the N-terminus of Dsn1 truncated (Dsn120-376-2D-MIND)

in order to remove autoinhibition by this domain.

48



3.2.1 Methods

Cross-linking mass spectrometry (XL-MS) analysis was carried out as previously
described [223]. Briefly, 100 pL final volume of a 1:1:1 mixture of OA, Mif2, and MIND was
cross-linked at a final concentration of 1.5 uM per protein complex plus 0.49 mM DSS
(disuccinimidyl suberate, Thermo Fisher Scientific cat. no. 21655) at room temperature in 30 mM
HEPES buffer, pH 7.5, 150 mM NaCl, I mM TCEP. A 30 uL aliquot was removed after 5 minutes
and the reaction quenched by addition of 3 uL 1 M ammonium bicarbonate. Cross-linked proteins
were reduced with 5 mM TCEP in 0.1% PPS Silent® Surfactant (Expedeon cat. no. 21011) at
60°C for 1 h followed by alkylation with 6 mM iodoacetamide for 20 minutes at room temperature.
Protein was digested with sequencing grade modified trypsin (Promega Corp. cat. no. V5111) at
an enzyme:substrate ratio of 1:15 at 37°C for 4 h with shaking at 1200 rpm. After digestion samples
were brought to 250 mM HCI and incubated for 1 h at room temperature before storage at -80°C.
Liquid Chromatography Mass Spectrometry (LCMS) analysis was done using a 3 puL sample
loaded onto a fused-silica capillary tip column (75-um i.d.) packed with 30 cm of Reprosil-Pur
C18-AQ (3-um bead _diameter, Dr. Maisch). An acetonitrile gradient was run at 0.25 pL/min to
elute peptides into a QExactive HF mass spectrometer (Thermo Fisher Scientific). Spectra were
collected in data dependent mode and converted into mzML using msconvert from ProteoWizard
[224].

Cross-linked peptides were identified using the Kojak wversion 1.4.3 cross-link

identification software [225] (www.kojak-ms.org) and Percolator version 2.08) [226] was used to

produce a statistically validated set of cross-linked peptides. ProXL [227,228] (http://proxl-

ms.org/) was used for analysis and visualization of cross-linked peptides.
3.2.2  Results and discussion

We observed numerous cross-links between the N-terminus of Mif2 and the Nnfl/Mtw1
head of MIND, as well as cross-links between the N-terminus of Amel and the Nnfl/Mtw]1 head
of MIND in agreement with previously reported interfaces (Figure 3-1) [99,107]. We also
observed cross-links between MIND and regions of Mif2 beyond the first 40 residues, suggesting
that the extreme N-terminus of Mif2 might not be the sole domain mediating Mif2/MIND

interactions. This theory is supported by our finding that truncation of the first 40 amino acids of
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Mif2 does not completely abrogate its interaction with MIND (Figure 2-4). Based on crosslinks
between Mif2, Dsnl, and Nsll, we speculate that Mif2 may actually interact with both heads of
the Y-shaped MIND complex.

We did not, however, observe any crosslinks between OA and Mif2, as would normally be
expected if the two complexes bound one another directly or if they simultaneously bound the
same MIND complex at adjacent sites. While the absence of crosslinks cannot preclude interaction
between two protein subcomplexes, these results suggest that OA and Mif2 might not bind one
another directly or through MIND. In order to test this hypothesis, we turned to SEC with multi-
angle light scattering (SEC-MALS).
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Figure 3-1. Circle-plot of cross-links obtained with co-incubated OA, Mif2, and Dsn1230-576
2D-MIND using disuccinimidyl suberate (DSS). Cross-links between and within OA and
Dsn1230-576.2D-MIND complexes are shown as grey lines. Cross-links between Mif2 and

Dsn123%-576.2D-MIND complexes are shown as yellow lines. The outermost ring of the circle
indicates sequence coverage, corresponding to 88% for Mif2, 97% for OA and 95% for Dsn1%3°

576.2D-MIND.
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3.3 SIZE-EXCLUSION CHROMATOGRAPHY AND MULTI-ANGLE LIGHT SCATTERING
(SEC-MALS)

In order to determine whether or not purified OA, Mif2, and MIND do indeed form a co-
complex in the absence of DNA, we decided to analyze these protein subcomplexes individually
and in combination using SEC-MALS.

A truncated and phosphomimetic MIND construct (Dsn123%-376.2D-MIND) was used in order
to minimize both sample heterogeneity and autoinhibition. Dsn1230-7.2D-MIND behaved
exclusively as a monomer (Figure 3-2). A minor population of recombinant MIND dimers has
been reported at high concentrations (> 10 mg/mL) [99], but it was neither expected nor observed
at the much lower concentrations that we tested.

OA exhibited an average molecular mass of about 110 kDa, in between the values expected
for a monomer and a dimer (Figure 3-2). This indicates a monomer/dimer equilibrium [229]. 1
speculate that, in the absence of Nkp1/Nkp2, contacts that are normally made between the two
heterodimers are left unsatisfied, causing OA to form transient, non-native dimers.

Mif2-MBP was by far the most poorly behaved of the protein subcomplexes, exhibiting
molecular masses significantly higher than expected for a dimer (Figure 3-2). The broad,
asymmetrical Mif2-MBP elution peak had a pronounced right tail, likely containing products of
the degradation of the N-terminus of Mif2, which are always visible on SDS-PAGE gels. Except
for its cupin fold, Mif2 is largely disordered [114,115], which may contribute to its heterogeneous
behavior. Because we were unable to determine the baseline oligomeric state of Mif2-MBP in
solution, no further SEC-MALS experiments were conducted using Mif2.

Instead OA and Dsn1230-576.2D-MIND were combined in a 2:1 ratio, and two elution peaks
were observed (Figure 3-2). One had a molecular weight of 412 kDa, very close to the 420 kDa
predicted for a 2:2 OA/MIND co-complex. The molecular weight of the second peak (311 kDa) is
close to the predicted weight a 2:1 OA/MIND co-complex (296 kDa). This suggests that dimeric
species of OA persist after binding MIND.

In the future, SEC-MALS will be used to determine if the monomer-dimer equilibrium of
OA in solution persists in the presence of its binding partner, Nkp1/Nkp2. If OA and Nkp1/Nkp2
form a stable, monomeric heterotetramer, it would support the suggestions that these four proteins

constitute conserved a “NANO” subcomplex [76,124].
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We will also attempt SEC-MALS analysis of a truncated Mif2 construct lacking its DNA-

binding and dimerization domains. If this construct behaves more homogenously than full-length

Mif2, then it could be used to verify the existence of OA/Mif2/MIND co-complexes and define

their stoichiometry.
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Figure 3-2. SEC-MALS analysis of MIND, OA, Mif2, and an OA/MIND co-complex.
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3.4 SINGLE-MOLECULE TOTAL INTERNAL REFLECTION FLUORESCENCE (SMTIRF)

MICROSCOPY

Because SEC-MALS and protein cross-linking mass spectrometry, both bulk assaysyielded
equivocal results, we designed a single-molecule TIRF (smTIRF) assay in order to determine if
OA and Mif2 could simultaneously bind to the same MIND complex. Briefly, glass slides and
functionalized coverslips were used to construct flow chambers, as reported previously [90,191].
Full-length GFP-labeled 2D-MIND complexes were specifically adhered to coverslip surfaces.
OA labeled with Alexa Fluor® 546 and Mif2 labeled with Alexa Fluor® 647 were flowed into the
chamber. Unbound OA and Mif2 were then washed out. Using three-color TIRF microscopy, the
MIND complexes that formed co-complexes with Mif2 and/or OA were distinguished from those
that did not by assessing colocalization of the GFP signal with Alexa Fluor® 546 and Alexa
Fluor® 647 dyes (Figure 3-3).
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Figure 3-3. Schematic of smTIRF assay.
We observed both OA/2D-MIND and Mif2/2D-MIND colocalization events, as well as
much rarer triple colocalization events (Figure 3-4). Although less than 1% of 2D-MIND
molecules colocalized with both OA and Mif2, it is tempting to conclude that OA and Mif2 can

bind the same 2D-MIND simultaneously but do so only rarely. Intensity profiles suggest single
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2D-MIND molecules are present in the triple colocalization, meaning the OA and Mif2 are not
merely binding to adjacent 2D-MIND molecules. However, we also observed OA and Mif2
colocalization in the absence of 2D-MIND. This suggests that either some fraction of the GFP tags
on MIND were non-fluorescent or Mif2 and OA absorbed non-specifically to the coverslip. Thus,
it is possible that incomplete passivation of the coverslip could be responsible for some of the
triple colocalization events.

A further caveat: while there is certainly much less co-purifying DNA when OA and Mif2
are purified under high-salt conditions, we cannot preclude that some very small amount of DNA
(undetectable by agarose gel electrophoresis) remains. This complicates interpretation of data from
this single-molecule assay, as only a very small number of triple colocalization events were

observed.
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Figure 3-4. TIRF-based assay reveals rare triple colocalization of individual molecules of
OA, Mif2, and 2D-MIND.

Based on this assay, we can neither confirm nor deny that OA and Mif2 are capable of binding

to the same MIND complex simultaneously, but smTIRF experiments have been informative in

other ways. For instance, intensity profiles suggest that many OA molecules may be dimers, in
agreement with our SEC-MALS data (Figure 3-2). Intriguingly, while 7.9% of the OA/2D-MIND
colocalization events also had a colocalized Mif2, 29% of the Mif2/2D-MIND colocalization

events also had a colocalized OA. This could suggest that OA binding alleviates remaining

autoinhibition within 2D-MIND (the two phosphomimetic mutations do not completely abrogate

autoinhibition [99]), allowing Mif2 to bind. That would also explain how OA strengthens
Mif2/2D-MIND/Ndc80c chains in our rupture force assay (Figure 2-4B and C).
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Although it could not answer the question of whether or not OA and Mif2 bind the same
MIND simultaneously, the smTIRF assay will be a useful tool for exploring how the OA/MIND
and Mif2/MIND interfaces are regulated. For instance, by tethering different GFP-tagged MIND
constructs to the coverslip, we can compare lifetimes of attachment from OA and Mif2 to wild-
type and phosphomimetic MIND and determine how much of Dsnl must be truncated in order to

completely abrogate autoinhibition within the MIND complex.

3.5 DISCUSSION

Just as in previous studies [107], all of my experimental results have been equivocal when it
comes to binding between S. cerevisiae OA and Mif2 in the presence or absence of MIND.
Unequivocal evidence for or against such interactions has also eluded scientists working with
K. lactis OA and Mif2 (Yoana Dimitrova, personal communication). I therefore hypothesize that
previously reported promiscuous DNA-binding by both Mif2 and OA can cause these two protein
complexes to co-elute [107], despite the lack of direct association. An alternative explanation is
that Mif2 and OA do associate directly, but only when the former has PTMs; the Mif2 used by
Hornung and coworkers to identify direct binding was recombinantly purified from insect cells
[107], whereas we express Mif2 in E. coli.

But our failure to observe either direct OA/Mif2 binding or unequivocal evidence of indirect
binding through MIND cannot preclude the possibility that such interactions exist under conditions
other than those tested. Further experimentation will be necessary to answer this question. If, for
example, the addition of DNAse to the smTIRF flow chamber decreased the incidence of triple
colocalization events, then it would suggest that these events were the result of promiscuous DNA

binding rather than true OA/Mif2/MIND co-complexes.
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4 CONCLUSIONS

We have reconstituted, from individually purified components, the kinetochore’s most basic
function: coupling centromeric nucleosomes to dynamic microtubule tips under load. We report
self-assembly at nanomolar concentrations of the most complete kinetochore assemblies ever
reconstituted from S. cerevisiae proteins. We also demonstrate that there are two distinct and
essential paths of force transmission through the inner kinetochore and that these two paths,
through OA and Mif2, are differentially sensitive to regulation by the major mitotic kinase, Ipl1.

At every step of the effort to reconstitute functional kinetochores, we find that this remarkable
molecular machine is more than the sum of its parts. A single Ndc80c molecule is incapable of
coupling to dynamic microtubules [88,92]. Multiple copies of Ndc80c, while capable of
microtubule coupling, function much more robustly in tandem with Daml1c [87-93]. And MIND,
while not itself a microtubule binder, improves the microtubule coupling ability of Ndc80c by
promoting its extended, uninhibited conformation [86,98]. This trend continues into the inner
kinetochore. OA/2D-MIND/Ndc80c chains and Mif2/2D-MIND/Ndc80c chains are both
mechanically stronger than 2D-MIND/Ndc80c chains (Figure 2-3 and Figure 2-4). And NCP-
based chains containing both OA and Mif2 are stronger than chains containing either alone (Figure
2-5).

But because both OA and Mif2 are individually capable of forming load-bearing interactions
with MIND and Cse4, they represent two potentially distinct means of transmitting force from the
outer kinetochore to the centromere. This work raises questions about the functional architecture
of the inner kinetochore, Ipll regulation of kinetochore assembly and disassembly, and the

remarkable ability of the kinetochore to self-assemble in vitro.

4.1 KINETOCHORE AS SELF-ASSEMBLING MACHINE

Intermolecular self-assembly at nanomolar concentrations is no mean feat. It has been
described in few other biological systems. Microtubules self-assemble from tubulin dimers in vitro
only above a critical threshold concentration of about 14 uM, or as little as 2 uM if templated
[28,230,231]. Viral capsid proteins have been observed self-assembling at concentrations as low
as 0.44 uM [232]. While double-stranded DNA molecules can self-assemble at nanomolar

concentrations [233], it can be difficult to monitor protein behavior at such low concentrations,

58



and it was only thanks to our powerful optical trap-based functional assay that we were able to do
so. Our finding that kinetochore protein subcomplexes self-assemble into functional microtubules
couplers in vitro at 10-nM concentrations has several major implications.

The deposition and maintenance of centromeric nucleosomes is tightly regulated
[138,140,234]. Because the kinetochore discriminates exquisitely between centromeric and non-
centromeric nucleosomes (Figure 2-5A)[118,235], perhaps kinetochore assembly does not require
the same level of regulatory supervision.

The vast majority of PTMs of kinetochore proteins weaken their interactions with each other
and with microtubules [94,110,236-238]. A general trend emerges: the kinetochore can
spontaneously self-assemble at extraordinarily low concentrations without the help of any kinases,
which mainly function in prompting kinetochore disassembly as a means of error correction. But
this trend has one major exception: we found that two specific PTM-mimicking mutations actually

promote the kinetochore’s remarkable feat of self-assembly.
4.2 IPL1 REGULATION OF KINETOCHORE ASSEMBLY AND DISASSEMBLY

We report that OA and Mif2 are differentially sensitive to phosphorylation of MIND
component Dsnl by Ipll (Figure 2-3 and Figure 2-4). While phosphomimetic mutations to Dsnl
increased the strength of OA-MIND interactions, they were actually necessary for robust
Mif2/MIND interaction. What does it mean that phosphorylation by Ipll, which weakens
kinetochore-microtubule attachment in the outer kinetochore [239], is necessary for full-strength
interactions between MIND and its inner kinetochore binding partners?

A master mitotic regulator, Ipl1 has been the subject of intense study and debate. SIil15™CEP,
Bir]Survivin Npl1Berealin - and Ipl14ver B make up the conserved chromosomal passenger complex
(CPC), which localizes to different parts of the mitotic spindle in distinct ways. The centromeric
CPC pool is recruited through interactions between Birl and Ndc10 or phosphorylated histone
H2A [240]. Ipll is most enriched at the centromere from prophase to metaphase, and at anaphase
onset it relocalizes to the spindle midzone [241]. The CPC can also bind directly to microtubules
[242,243], creating a microtubule-associated CPC pool. There is also an inner kinetochore

associated pool of CPC, created by the physical interaction between Slil5 and Ctf19 [109,244].
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Which of these three CPC pools is responsible for phosphorylation of Dsnl and thus
regulation of the MIND/inner kinetochore interface? The answer has implications for conflicting
models of Ipl14v*r B fynction in error correction.

The once-dominant spatial signaling model posits that the centromere-associated CPC pool
creates a gradient of Ipl1Av°? B activity, greatest at the centromere and weaker at the outer
kinetochore, which is pulled out of range by tension. When a misaligned kinetochore is not under
tension, the kinetochore shortens, bringing outer kinetochore substrates into range of centromere-
associated Ipl14v@ B causing detachment from the improperly attached microtubule [245,246].
Several findings have challenged this model: (1) Birl, which mediates CPC localization to the
centromere, is inessential for both viability and kinetochore biorientation in budding yeast [247],
as is the chromatin-targeting domain of Slil5 [248]; (2) Ectopic targeting of Ipl14v°a B to the
kinetochore does not, by itself, cause kinetochore detachment [96]; (3) A subpopulation of
Ipl14vera B remains localized at the outer kinetochore even after its substrate, Ndc80Hee!, is
dephosphorylated, and Ndc80"e“! is not highly re-phosphorylated in response to loss of tension
[236]. Taken together, these results cast doubt on the model of error correction mediated by spatial
positioning of Ipl1AuroraB,

A recently proposed alternative model posits that the centromere-associated CPC pool
functions primarily in protecting sister chromatid cohesion, while the microtubule-associated CPC
pool mediates error correction by tuning kinetochore-microtubule attachment strength
[241,247,248]. Further evidence from human and chicken cell lines supports the notion that the
centromere-associated CPC pool is dispensable for error correction [249-251].

Bonner and colleagues report that, in Xenopus egg extracts, localization of Ipl14v° B to the
inner kinetochore is essential for Dsnl phosphorylation, and that transient interactions with
Mif2CENP-C promote phosphorylation of the N-terminus of Dsnl [252]. I hypothesize that in
budding yeast OA, which we found to be less sensitive to the phosphorylation state of Dsnl
(Figure 2-3 and Figure 2-4), could initially interact with MIND, displacing the autoinhibitory tail
and making it accessible to phosphorylation by inner kinetochore-localized Ipl1Av°aB If my
hypothesis that OA/MIND interactions license Mif2/MIND interactions is correct, it could explain
why the MIND-binding N-terminus of Amel is essential for viability, while the primary MIND-
binding domain of Mif2 is not [107] and our preliminary finding that many Mif2/MIND

interactions also had a colocalized OA (Figure 3-4).
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In summary, it seems likely that the inner kinetochore-associated CPC pool responsible for
regulating inner kinetochore assembly is independent from both the centromere-associated CPC

pool and the microtubule-associated CPC pool that mediates error correction.

4.3 FUNCTIONAL ARCHITECTURE OF THE INNER KINETOCHORE.

We demonstrated that there are two essential paths of force transmission through the inner
kinetochore: OA and Mif2. Why are there at least two distinct means of transmitting force from
the outer kinetochore to the centromere? Presumably this organization increases the total number
of outer kinetochore components that can be recruited, but are the means of recruitment
functionally different? That the MIND-binding domain of OA— but not the primary MIND
binding domain of Mif2— is essential suggests that this may be the case [107]. And if MIND
recruitment is not Mif2’s essential function, what is?

OA and Mif2 are the sole essential components of the budding yeast inner kinetochore. Our
finding that both are independently capable of transmitting force through from MIND to the
centromeric nucleosome raises the question: do inessential inner kinetochore protein
subcomplexes contribute anything to that endeavor? Recent structural work suggests that OA is
intimately associated with the Nkpl and Nkp2 [103,124]. The organization of the four proteins
resembles that of the MIND complex, with extensive contacts between two coiled coils
[76,99,103]. Although OA and NN can be expressed and purified independently, and although the
former is essential and the latter is not, together they may represent a conserved protein
subcomplex. Multiple studies have found negative genetic interactions between Nkp1/Nkp2 and
OA [253,254]. And although nkp 1 and nkp?2 are both inessential, deletion of either gene is synthetic
lethal with the okp -5 temperature-sensitive allele [255].

I propose that the true test of whether or not Nkp1/Nkp2 and OA should be considered
members of the same subcomplex is if Nkp1/Nkp2 contributes to the biochemical and mechanical
functions of OA. That is, does formation of a NANO tetramer affect OA dimerization? Does it
alter the binding dynamics or mechanical strength of OA/MIND or OA/Cse4 interactions? Using
recombinantly expressed and purified Nkp1/Nkp2 and the same biophysical assays that have
already been used to describe OA alone, I hope to answer these questions imminently.

Another potential contributor to robust centromeric nucleosome attachment is the DNA-

binding subcomplex Chl4/Iml3. Although adding CI in solution did not significantly strengthen
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Cse4 NCP-based chains containing both OA and Mif2 (Figure 2-6), a recent structure of the inner
kinetochore in association with a centromeric nucleosome suggests that Ctf19/Mcm21 connects
CI to OA [124]. I speculate that the addition of CI and Ctf19/Mcm21 could mechanically
strengthen the interaction between OA and centromeric nucleosomes, a hypothesis that can be
readily tested using our optical trap rupture force assay.

In summary, using the biophysical assays and biochemical reconstitution efforts that have
been decades in the making, we are finally poised to understand how the kinetochore functions as

a whole greater than the sum of its many parts.
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PRESENTATIONS AT PROFESSIONAL MEETINGS

e Student ePoster presented at AAAS 2020 (February 2020)

e Co-led a workshop entitled “Navigating Difficult Situations in Science Communication” at Science
Talk 2019 (April 2019)

e Guest lecture on biophysical techniques at South Seattle Community College (March 2019)

e Poster presented at EMBO Workshop: Chromosome Segregation and Aneuploidy (May 2019)

e Poster presented at Gordon Research Seminar on Centromere Biology (July 2018)

SCIENCE COMMUNICATION AND OUTREACH

e Creator and host of “Phosphorus,” a biochemistry podcast

e Science correspondent for Town Hall Seattle

e Presented a UW Science Now lecture to the public (April 2018)

GRANTS AND AWARDS

¢ National Institute of Health Molecular Biophysics Training Grant (2017-2019).

e  UW School of Medicine Hurd Fellowship in Biophysics (2016-2017).

e National Science Foundation Graduate Research Fellowship Program Honorable Mention (2016)
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