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Evolutionary Turnover of
Kinetochore Proteins:
A Ship of Theseus”?
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The kinetochore is a multiprotein complex that mediates the attachment of a
eukaryotic chromosome to the mitotic spindle. The protein composition of
kinetochores is similar across species as divergent as yeast and human. How-
ever, recent findings have revealed an unexpected degree of compositional
diversity in kinetochores. For example, kinetochore proteins that are essential in
some species have been lost in others, whereas new kinetochore proteins have
emerged in other lineages. Even in lineages with similar kinetochore composi-
tion, individual kinetochore proteins have functionally diverged to acquire either
essential or redundant roles. Thus, despite functional conservation, the reper-
toire of kinetochore proteins has undergone recurrent evolutionary turnover.

The ship wherein Theseus and the youth of Athens returned from Crete had thirty oars,
and was preserved by the Athenians.......... they took away the old planks as they
decayed, putting in new and stronger timber in their places, in so much that this ship
became a standing example among the philosophers, for the logical question of things
that grow; one side holding that the ship remained the same, and the other contending
that it was not the same.

—Plutarch, Theseus

Kinetochores Mediate Chromosome Segregation in Eukaryotes

Chromosome segregation is an essential, conserved process that ensures faithful transmission
of genetic information to daughter cells during cell division in all eukaryotes. Specialized
chromosomal regions called centromeres coordinate this process of chromosome segregation.
Centromeres were first cytologically described as primary constrictions on chromosomes where
spindle microtubules attach to pull the sister chromatids apart during the mitotic and meiotic
divisions [1]. Two different types of centromere arrangements are found in eukaryotes: mono-
centric or holocentric (Box 1). In both types of centromeres, the physical connection between the
spindle microtubules and the centromeric DNA is provided by a large proteinaceous structure
termed the kinetochore [2]. Micrographic images of the kinetochore reveal a bipartite structure
consisting of an inner complex that connects to the centromeric DNA and an outer complex that
connects to the spindle microtubules. Detailed biochemical studies resolved this bipartite
structure into many protein subunits that function in a coordinated manner to enable dynamic
assembly on centromeric DNA [3]. Perhaps the best elucidation of the kinetochore and its
biophysical mechanism comes from budding yeast, where in vivo isolation of intact kinetochores
has led to unprecedented insights into its structure and regulation [4,5].

498  Trends in Cell Biology, July 2016, Vol. 26, No. 7
© 2016 Elsevier Ltd. All rights reserved.

http://dx.doi.org/10.1016/j.tcb.2016.01.005

Cell

Trends

CenH3 plays an essential role in
chromosome segregation of most
eukaryotes.

At least three CenH3-independent
chromosome  segregation  systems
have evolved: in trypanosomes, insects,
and during meiosis in nematodes.

The inner kinetochore protein CENP-T
is essential in some organisms but
dispensable in others.

CENP-B-like proteins have arisen mul-
tiple times in evolution.
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Box 1. Dramatic Variation of Number and Arrangement of Attached Spindle Microtubules

Most eukaryotic chromosomes are monocentric, that is, the centromere is restricted to one region of the chromosome.
Although monocentromeres are commonly visible as primary constrictions of condensed chromosomes, the actual
length of the centromeric region can vary over several orders of magnitude across different eukaryotes [14]. The simplest
monocentromere is the budding yeast point centromere, which measures approximately 100 bp in length and captures
one spindle microtubule [88] (Figure IA). In contrast to this, ‘regional” centromeres found in most other eukaryotes can
span up to a few megabases [89] (Figure IB) and capture several microtubules [90].

Several lineages have evolved holocentromeres, in which microtubule attachment sites extend along large portions or
even the entire length of the chromosome [91] (Figure IC). Based on the phylogenetically dispersed pattern of
holocentric species among eukaryotes, it appears likely that holocentricity repeatedly evolved from monocentric
ancestors [11,91]. Holocentromeres have been best characterized in Caenorhabditis elegans. Profiling of inner
kinetochore components revealed both discrete sites along the C. elegans chromosomes that recruit kinetochore
components, as well as enrichment over transcriptionally silent regions [92,93]. Although this arrangement is likely to
be conserved in other holocentric nematodes, it is unclear whether such a ‘polycentric’ architecture also applies to
otherindependently derived holocentric species. Indeed, arecent study in holocentric plants revealed that centromeric
sites are composed of dispersed satellite DNA along the chromosomes [94]. Despite these dramatic differences in the
number and spatial arrangement of attached spindle microtubules, none of those changes have been found to
correlate with changes in kinetochore composition with the exception of holocentric insects (see Figure 1D in main text)
[11]. In fact, most monocentric and holocentric species use the histone variant CenH3 as the chromatin determinant
enabling kinetochore assembly.
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Figure |. Dramatic Variation in Kinetochore Architectures. We highlight three types of kinetochore arrangements to
illustrate their range, from the simplest ‘point’ monocentromere in budding yeast (A), to regional monocentromeres (B),
and to holocentromeres seen in many lineages including nematodes (C).
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The basic organization of the kinetochore is highly conserved in all eukaryotes. Early studies of
kinetochore function and composition were mainly performed in yeast and vertebrate cell lines as
model systems. Not only did these studies reveal fundamental principles of kinetochore function
but they also uncovered a high degree of similarity between yeast and vertebrate kinetochores,
especially of the inner complex, despite millions of years of divergence between the two lineages [6]
(Figure 1AB, Key Figure). However, analysis of kinetochore composition in other eukaryotes
revealed an unexpected degree of variation. For instance, the Drosophila melanogaster kineto-
chore, which has also been well dissected via biochemical and genetic means [7-10], is missing
many of the inner kinetochore components found in vertebrate and budding yeast cells (Figure 1C).
Similarly, the kinetochores of the holocentric Bombyx mori are distinct from those in vertebrate
and budding yeast [11] (Figure 1D). Finally, a recent proteomic study of the kinetochore in
trypanosomes, an early branching lineage of eukaryotes, revealed a completely different set
of kinetochore proteins, with no detectable homology to fungal or vertebrate kinetochores
[12,13]. In addition to their different repertoires, animal and plant kinetochore proteins have
undergone rapid protein evolution despite conservation of kinetochore function [14,15].

The evolutionary dynamics of the kinetochore complex is reminiscent of a thought experiment
called the ‘Ship of Theseus’ recorded by the Greek philosopher Plutarch. This paradox raises the
question: does a ship that has all its wooden parts replaced one-by-one still remain the same?
During the evolutionary process, the kinetochore ‘ship’ has maintained its conserved function in
chromosome segregation, despite apparently replacing many or all of its parts. We summarize
three signatures of evolutionary turnover, focusing on inner kinetochore composition — loss of
kinetochore components that are essential in some species, recurrent innovation of novel
kinetochore components, and differential importance of certain kinetochore components for
the essential function of chromosome segregation.

Loss of an ‘Essential’ Chromatin Determinant of Kinetochore Assembly

In most eukaryotes, a specialized centromeric histone H3 variant called CenH3 [16] is found
predominantly and ubiquitously at centromeres. In these eukaryotes, CenH3 is the major
chromatin determinant enabling kinetochore assembly on centromeric regions. The first dis-
covery of CenH3 (called CENP-A in mammals) hinged serendipitously on an observation made in
1985; antibodies present in the serum of patients with an autoimmune disease were found to
react with kinetochore proteins [17]. Subsequent studies in other species of animals, fungi,
plants, and protists showed that the incorporation of CenH3 homologs is a common feature
of their centromeres [18-21], thereby establishing CenH3 as the chromatin marker associated
with all active centromeres, and likely responsible for their inheritance (Box 2).

Box 2. Genetic versus Epigenetic Centromeres

Although the meaning of ‘epigenetic’ has been widely debated [95], there is general agreement that epigenetic inheritance is
characterized by a lack of DNA sequence determinants. Epigenetic centromeres would then be defined as centromeres that
lack specific DNA sequence requirements. The first characterized centromeres were the genetically defined ‘point’
centromeres of the budding yeast Saccharomyces cerevisiae, which are specified by a tripartite ~120-bp sequence that
wraps a single CenH3 (called Cse4 in budding yeast) nucleosome [88]. In contrast to this, regional centromeres in fission yeast
and Candida are not associated with specific DNA sequences, supporting the model that they are epigenetically defined.

In most eukaryotes, centromeres are embedded in megabases of tandemly repeated DNA ‘satellite’ sequences, which
strongly suggest that satellite DNA specifies centromeres. However, the discovery that a human neocentromere lacks alpha-
satellite sequences suggested that human centromeres could be entirely epigenetic [96]. Despite this evidence for very rare
epigenetic centromeres, human artificial centromeres require alpha-satellite arrays with a binding site for CENP-B protein
(CENP-B box) to be propagated in culture [97]. Moreover, most human CENP-A was found to be enriched over two classes
of highly homogeneous CENP-B box-containing alpha-satellite dimers [98], suggesting that stable centromeres are
consistently associated with particular alpha-satellite repeats. The stable inheritance of the centromere-defining chromatin
determinant over sequence-defined alpha-satellite repeat dimers supports the distinction between epigenetically defined
neocentromeres and genetically defined alpha-satellite centromeres. Such a genetic definition might apply to other regional
centromeres and even to holocentromeres that are composed of particular satellite DNAs [94].
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Variation in Kinetochore Composition in Four Eukaryotic Taxa

(A) Human

(€) D. melanogaster

{{44484484844

c..
o

CenH3

(B) S. cerevisiae

Dam1l

4‘3F{£J

$848dd

o

)
'3
.

(D) B. mori

$44444448449

...
4
.

%)
P §

@

e

Trends in Cell Biology

Figure 1. Kinetochores have been best-dissected biochemically in vertebrates (A) and budding yeast (B). These two
kinetochores are remarkably similar in composition, with the most notable difference being the absence of CENP-M in yeast
(grayed out) and the fungal-specific origin of the Dam1 complex, the functional counterpart of the Ska1 complex. However,
the kinetochores in Drosophila melanogaster (C) and holocentric Bombyx mori (D) are very distinct from those in vertebrate
and budding yeast. The conclusions that certain CCAN components are missing in both (C) and (D) are tempered by the
possibility that rapid evolution might have impaired homology searches; these conclusions await further confirmation via
proteomic or other experimental means. Abbreviation: CCAN, constitutive centromere-associated network.
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Box 3. No Designated Driver for CenH3 Delivery

The deposition of CenH3 into chromatin is under tight control. Failure to deposit adequate amounts of CenH3 could lead
to functionally acentric chromosomes, whereas ectopic incorporation of CenH3 can cause dicentric chromosomes [99];
both outcomes are detrimental to accurate chromosome segregation. The deposition of CenH3 occurs during a defined
window during the cell cycle, although this window varies among species [100]. Indeed, constitutive incorporation of
CenH83 throughout the entire cell cycle results in mitotic defects [101]. Based on the requirement for tight temporal and
spatial control of CenH3 incorporation, one might assume that the deposition machinery of CenH3 would be conserved
across eukaryotes. This is not the case.

In vertebrates and budding yeast, homologs of the specialized histone chaperone HIURP/Scm3 mediate the deposition of
CenH3 into centromeric chromatin [102—105]. HHURP/Scm3 probably arose in a common ancestor of fungi and animals.
However, it has been apparently lost in several animal lineages including nematodes and flies, raising the question of how
these lineages compensated for the loss of this essential gene [106]. Inflies, the loss of HWURP/Scm3 was perhaps facilitated
by the evolution of the non-orthologous chaperone CAL1 that deposits Drosophila melanogaster CenH3/CID onto
centromeric chromatin [107—109]. Intriguingly, the CenH3-interacting domains of CAL1 and Scm3 show similarity in both
sequence and structure, which could be a result of convergent evolution [110]. The similar emergence of new chaperones in
other lineages may have led to the loss of HHURP/Scm3. Alternatively, an existing histone chaperone might have acquired
the additional function of CenH3 incorporation. In that context, it is worth noting that the histone chaperone DAXX was
recently found to be involved in ectopic incorporation in human cells overexpressing CENP-A [111]. Thus, CenH3
incorporation can also be mediated by chaperones that also deliver other histone variants.

Although it is clear that HHURP/Scm3 and CAL1 represent bona fide CenH3 assembly factors, other proteins are also
needed to coordinate CenH3 deposition. For instance, proteins of the Mis18 complex (Mis18c¢, Mis18p, and Mis18BP1/
KNL2) and Mis16 are also required for CenH3 deposition in HIURP-containing (e.g., human, fission yeast) and HJURP-
lacking (e.g., C. elegans, Arabidopsis) lineages [112-118]. Outside animals and fungi, even less is known about CenH3
incorporation in plants or protists, where no designated CenH3 chaperones have been identified.

Despite its functional conservation across most eukaryotes, the evolutionary history of CenH3
remains unresolved. Owing to its conserved presence at the eukaryotic centromere, we favor the
more parsimonious model of a single origin for CenH3 in an early eukaryotic ancestor [22]. However,
CenH3 homologs in different species are far less conserved compared to H3 and thus we cannot
rule out the possibility of multiple independent origins of CenH3 in the H3 family [23,24]. Even
less conserved is the machinery that mediates the deposition of CenH3 at centromeres (Box 3).

Not only is CenH3 a marker of centromeres but it is also a key player in the kinetochore assembly
pathway. In species as diverse as fungi, worms, plants, and humans, CenH3 is required to
anchor the kinetochore to centromeric chromatin [2]. These findings led to the expectation that
CenH3 would be found at all centromeres. However, this expectation was challenged by multiple
discoveries of CenH3-independent kinetochore assembly pathways in eukaryotes. The first
completely CenH3-independent chromosome segregation pathway was discovered in kinet-
oplastids [12]. Not only do these species lack CenH3 but detailed biochemical studies revealed a
kinetoplastid kinetochore complex, whose components shared no detectable homology to
other eukaryotic kinetochores [12]. This may reflect the fact that kinetoplastids branched early
during eukaryotic evolution from the lineages that gave rise to plants, fungi, and animals [25],
which compromises the power of remote homology detection programs. It is formally possible
that the CenH3-independent kinetoplastid kinetochore represents a system ancestral to the
origin of the more well-studied kinetochore complex. However, the discovery of CenH3 in other
early branching eukaryotes such as Giardia lamblia [19] and Trichomonas vaginalis [26], together
with recently revised models of eukaryotic evolution [27], suggest instead that CenH3-indepen-
dent kinetochores in kinetoplastids represent a derived rather than ancestral state. Nevertheless,
the discovery and characterization of the unconventional kinetochores in kinetoplastids provides
unigue insights into the origin of chromosome segregation machineries and the general design
principles crucial for kinetochore function.

A second CenH3-independent chromosome segregation pathway was recently described in
several orders of insects using genomic and transcriptomic surveys [11]. Unlike in the case of
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kinetoplastids, it is unambiguous that CenH3 absence in insects is due to at least four
independent loss events, some of which occurred as long as 300 million years ago. In insects,
CenH3 losses occurred in lineages that underwent dramatic changes in their centromeric
architecture, from monocentricity to holocentricity (Box 1). This perfect correlation in insects
suggests a causal relationship between the two events, that is, transition to holocentric
chromosomes in insects might have facilitated the loss of CenHS3, or vice versa. Notably, other
kinetochore components are still present in CenH3-deficient insects (see Figure 1D, for exam-
ple), which implies that these species utilize CenH3-independent ways of initiating kinetochore
assembly using at least some of the same components used in CenH3-encoding insects.
Outside of insects, other holocentric species with sequenced genomes such as Caenorhabditis
elegans do encode CenH3, where it carries out essential functions in mitotic chromosome
segregation [11,18,28]. This suggests that the association of CenH3 loss with holocentricity
might be unique to the insect lineage.

Despite its essential mitotic role in C. elegans, CenH3 is not required for meiotic divisions, thus
representing a third case of a CenH3-independent chromosome segregation pathway [29].
Although the outer kinetochore complex is required for proper chromosome alignment during
early meiotic metaphase, even this complex disassembles before chromosomes separate
during C. elegans meiosis. In this instance, lateral attachments to microtubule bundles along
the sides of chromosomes and microtubule motor proteins may provide the major driving force
[30,31]. Intriguingly, neocentromeres formed on maize knob chromosomal elements during
meiosis also do not require CenH3 for mediating attachments to the meiotic spindle [32].

The three cases of CenH3 loss we have highlighted here have different evolutionary origins;
these species likely accomplish chromosome segregation by distinct means. Together these
examples emphasize the fact that even kinetochore proteins that are otherwise considered most
fundamental to centromere function and kinetochore assembly can be lost.

A Variable Requirement of CENP-T for Kinetochore Function

There are two primary modes of connecting the centromeric DNA and the outer kinetochore
[2,33,34] (Figure 1). The first of these is mediated by CENP-C, which is a large, unstructured
protein [35] that directly interacts with CenH3 to connect the inner kinetochore to the Mis12
outer kinetochore complex [36—-38]. The interaction of CENP-C with CenH3 is mediated by the
carboxy-terminus of CenH3 and a conserved carboxy-terminal motif in the CENP-C protein,
termed the CENP-C motif [39,40]. In mammals, CENP-C additionally binds to CenH3 via a
central region; however, this central region is only conserved in mammals [40]. Despite the
essentiality of the CENP-C protein and the conservation of the CENP-C motif, the cognate
interaction sites at the C-termini of CenH3 proteins are surprisingly not well conserved. Instead,
CenH3 C-termini share the common feature of being more hydrophobic than those of the
canonical H3. This has led to the suggestion that the hydrophobicity of the C-terminal tail of
CenH3, rather than a specific amino acid sequence, is the key determinant for CENP-C
recognition [40]. CENP-C and CenH3 are interdependent at centromeres: incorporation of
CenH3 is necessary for CENP-C recruitment, binding of CENP-C stabilizes CenH3 nucleo-
somes at centromeres, and CENP-C depletion leads to rapid loss of CenH3 from centromeres
[41]. Consistent with the interdependence of CenH3 and CENP-C, CENP-C proteins are absent
in holocentric insects that lack CenH3 [11].

The CENP-T protein provides a second mode of connecting the centromeric DNA and the outer
kinetochore. Tethering CENP-T to ectopic sites is sufficient for kinetochore assembly in chicken
cells [33]. The N-terminus of CENP-T interacts with the Ndc80 outer kinetochore complex
[10,33,42]. A defining feature of CENP-T is a histone fold at the C-terminus followed by a
conserved amino acid extension of unknown function [43,44]. Its cognate histone fold
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interaction partner is CENP-W; a CENP-T/W dimer structurally resembles an H2A/H2B dimer
[44]. The CENP-T/W dimer can be paired with a CENP-S/X dimer, completing a nucleosome-like
complex that is found at centromeres [44]. This resemblance to nucleosomes led to suggestions
that CENP-T-W-S-X may also wrap centromeric DNA similar to centromeric nucleosomes [45].
Although this might suggest that all four proteins are equally important for kinetochore function,
phenotypes of CENP-S and CENP-X deletions are rather mild compared to CENP-T and CENP-
W deletions in chicken DT40 cells [43,46]. Furthermore, although recruitment of CENP-S and
CENP-X to kinetochores is dependent on CENP-T and CENP-W, some species containing
CENP-S and CENP-X appear not to have CENP-T and CENP-W based on computational
predictions [6,11]. In those species, CENP-S and CENP-X might be retained as a result of their
role in DNA repair [47], which is independent of their CENP-T/W-dependent function at the
kinetochore.

In contrast to CENP-C, CENP-T is only sporadically conserved across eukaryotes. While CENP-
T homologs are essential in vertebrates and fission yeast [43,48,49], no CENP-T homologs have
been identified in D. melanogaster or C. elegans [6]. Thus, it appears that in some species, one
axis of connecting the centromere to the outer kinetochore (via CenH3 and CENP-C) is sufficient
for kinetochore function, whereas in others, additional recruitment of CENP-T is required for
proper kinetochore formation. Yet, CENP-T homologs display extensive protein sequence
divergence, which complicates homology-based detection of CENP-T homologs from genomic
sequences even in well-sequenced taxa such as arthropods, nematodes, or plants. Thus, it is
difficult to conclusively rule out the absence of CENP-T based purely on homology searches;
such conclusions should be confirmed by additional experimental approaches when possible.
Indeed, combining experimental approaches with remote homology predictions successfully
enabled the identification of a budding yeast CENP-T homolog, which also binds to the Ndc80
complex as does in vertebrate CENP-T [10]. However, whereas CENP-T is essential in all other
species tested, the budding yeast CENP-T is not essential for chromosome segregation [10].
This finding, among others, suggests that the functional composition of the fission yeast
kinetochores more closely resemble vertebrate kinetochores, than those from budding yeast.

New Genes for Old Functions: The Enigma of Recurrent Domestications of
CENP-B-like Proteins

Another dramatic example of the rapid turnover of kinetochore proteins that emerges is the
recurrent domestication of CENP-B DNA-binding proteins for centromere functions (Figure 2).
CENP-B proteins are derived from transposases of ancient pogo-like DNA transposons and
have originated independently in mammals, fission yeast [50], Lepidoptera [51], and other
metazoans [52]. In both mammals and fission yeast, CENP-B proteins localize to centromeres.
CENP-B-like proteins in fission yeast are involved in heterochromatin formation surrounding the
centromeric region [53,54], but also serve additional roles in silencing of transposable elements
[65,56]. By contrast, the role of mammalian CENP-B proteins at centromeres is less understood.
Thus, although all CENP-B proteins are homologous whether they perform the same function is
unclear.

Mammalian CENP-B proteins have DNA-binding sites (called CENP-B boxes) in satellite repeat
families present in megabase-long centromeric arrays [57], except on the Y chromosome [58].
Furthermore, CENP-B has been conserved through most of mammalian evolution. Despite this
massive abundance of its recognition motif and its evolutionary conservation, CENP-B is not
essential for centromere function and CENP-B boxes have not been strictly conserved during
mammalian evolution [59]. This suggests that CENP-B conservation might be attributable to a
non-centromeric function such as the silencing of transposable elements as described in fission
yeast [565,56]. The most direct demonstration of the role of CENP-B in kinetochore formation has
come out of a recent study in which human CENP-B was shown to interact with the N-termini of
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Figure 2. Recurrent Domestication of Pogo-like Transposases to Give Rise to CENP-B-like DNA-Binding
Proteins. CENP-B-like proteins have been domesticated multiple independent times in animals and fungi. Three domes-
ticated CENP-B-like proteins were found in fission yeast (highlighted in blue). Blue asterisks indicate potential domestica-
tions of additional CENP-B-like proteins in insects (often multiple instances per genome) predicted from biocinformatics
analyses [52] that have yet to be confirmed experimentally.

CenH3 and CENP-C [60]. CENP-B mutations in human cells led to depletion of both CENP-C
levels as well as defects in cell cycle-dependent loading of CenH3. This suggested a model in
which CENP-B represents a parallel pathway for CENP-C recruitment and CenH3 stabilization at
human centromeres [60].

Although CENP-B has been lost in some mammalian lineages, it is difficult to reconcile this
dispensability with the observation that it may mediate some important, although nonessential,
function at the kinetochore. We speculate that this discrepancy could result from the specific DNA-
binding properties of CENP-B and the unique battle waged between centromeres during female
meiosis. Under the ‘centromere drive’ hypothesis, chromosomes compete via their centromeric
satellites in female meiosis for inclusion into the oocyte [14,61]. Greater recruitment of centromeric
proteins might directly translate to meiotic success [62]. In this regard, recruiting CENP-B proteins
by virtue of CENP-B boxes may be one means by which certain centromeres could outcompete
others ‘selfishly’ for meiotic dominance [63]. However, centromere drive can result in deleterious
effects on male fertility [64,65] and other functions [66]. To counter these deleterious effects,
suppressor alleles are predicted to arise. Some of these suppressors could result in centromere
strength (and kinetochore function) being less dependent on CENP-B recruitment, thereby
negating the ‘selfish’ advantage of some centromeric satellite repeats. Under this model, the
loss of CENP-B could be a result of the transition between ‘centromere drive’ in which specific
DNA sequences are selected by competition (a ‘genetic’ state), and ‘suppression’ in which DNA
specificity is ignored for centromere specification (an ‘epigenetic’ state) [67]. This ‘centromere
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drive’ hypothesis might especially apply to kinetochore proteins such as CENP-B with DNA-
binding specificity, but only in lineages that undergo female meiosis.

Centromere drive and its suppression can also explain the signatures of rapid evolution
observed even in essential kinetochore components such as CenH3 and CENP-C in multiple
animal and plant lineages [14,15,35]. The relentless need to innovate at the centromere—
kinetochore interface as a result of centromere drive has also been proposed to lead to the
rapid acquisition of essential roles for centromere function on an evolutionary young gene in
Drosophila [68]. It is currently unclear to what extent such lineage-specific, evolutionarily young
genes have further diversified kinetochore repertoires across animals and plants.

Evolutionary Turnover of the Kinetochore Complex

In the previous sections, we used the examples of three inner kinetochore proteins to highlight
three facets of plasticity of kinetochore repertoires: loss of components essential in some
lineages (CenH3), differential essentiality for kinetochore function (CENP-T), and invention
of novel components (CENP-B). These facets can be extended to other kinetochore proteins
of the inner kinetochore (collectively termed the constitutive centromere-associated network,
or CCAN), the outer kinetochore, and even to components of the mitotic checkpoint, which acts
to safeguard against premature chromosome segregation.

The CCAN component CENP-M represents another example for the nonuniform presence of a
kinetochore component. CENP-M homologs are easily recognizable as catalytically inactive
members of the GTPase superfamily. At the kinetochore, CENP-M forms a tight complex with
CENP-lin a way that is structurally reminiscent of a small GTPase bound to importin beta [6,69].
The CENP-M/CENP-I complex associates with CENP-H and CENP-K and localization of the
entire complex is interdependent with CENP-T in human cells [69]. Notably, although CENP-M is
essential in vertebrates, it appears to be absent in fungi [10,49,70,71]. It is still unclear whether
this is because CENP-M is a vertebrate- or animal-specific invention or whether it was lost in
fungi. In the latter case, it will be interesting to test if another GTPase-like protein performs the
same function in fungi as CENP-M does in vertebrates [69], or whether they have adopted a
completely non-homologous means to substitute for CENP-M.

The CENP-O complex is another example of a CCAN complex of proteins that is essential for
kinetochore function in some species but not others [49,70,72,73]. The CENP-O complex
includes CENP-O, CENP-P, CENP-Q, CENP-U, and CENP-R (CENP-R is not present in fungi).
Two components of the CENP-O complex, CENP-Q and CENP-U, are essential in budding
yeast and have been shown to interact with the Mis12 complex along with CENP-C. Budding
yeast centromeres consist of only one CenH3 and CENP-C, but several Mis12 complexes. The
CENP-U/Q-mediated interaction with the Mis12 complex has therefore been proposed to
provide additional bridges to the outer kinetochore [72]. In contrast to budding yeast,
CENP-U is not required for viability in chicken DT40 and mouse embryonic fibroblasts. Yet,
CENP-U mutant mice die during early embryonic development and CENP-U is essential in
undifferentiated murine embryonic stem cells [74]. To explain this difference, it has been
proposed that kinetochores are weaker in all cell types in the absence of CENP-U. This effect
might lead to more detrimental consequences in rapidly dividing embryonic cells resulting from
weaker mitotic checkpoints, which would otherwise allow cells to correct inappropriate kineto-
chore attachments [74].

With the exception of CENP-C, most CCAN components have only been found in vertebrates
and fungi based on sequence homology [10,75]. It is possible that CCAN components are
present in other species but homology detection is challenged by a high degree of divergence
and lack of predefined protein domains. If CCAN proteins are truly absent in some lineages, it will
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be interesting to determine whether their kinetochore function is replaced by other proteins, or
whether the kinetochore composition in those lineages is less complex. To explore these ideas,
it would be useful to study the composition of kinetochores in additional lineages such as
Dictyostelium, ciliates, and plants that are accessible to genomics and proteomics.

Although we have focused in this review on inner kinetochore proteins, some outer kinetochore
components also exhibit features of evolutionary lability. The function of the outer kinetochore
KNL1 proteins in microtubule attachment and the mitotic checkpoint is highly conserved across
eukaryotes. Yet, repeat arrays that recruit BUB1-BUBS3 signaling proteins exhibit recurrent
episodes of rapid evolution in both number and sequence [76]. It is unclear what drives these
changes and whether these episodes affect the strength or fidelity of the signaling. Similar to the
lineage-specific invention of some inner kinetochore proteins, computational predictions based
on homology suggest that the Dam1 outer kinetochore complex arose in an early fungal
ancestor. The Dam1 complex forms oligomers around spindle microtubules, thereby contribut-
ing to the strength of microtubule attachment [77] (Figure 1A). In humans and other species such
as nematodes and plants, the Skal complex might be the functional equivalent of the Dam1
complex in fungi in terms of coupling chromosome movements to microtubule dynamics
[78-80], although both complexes do not share sequence or even structural similarity.

In addition to evolutionary turnover within the kinetochore complex, recent studies have found
significant turnover within components of the mitotic checkpoint pathway [81]. For example,
although the mitotic checkpoint kinase Mps1 is essential in fungi and several animal lineages
[82,83], it is lost in C. elegans [81]. Indeed, a recent study has confirmed that a different
kinetochore-localized kinase, the Polo-like kinase 1, may have replaced Mps1 in nematodes
[84]. Evolutionary turnover is even seen in protein complexes involved in the recruitment and
removal of signaling proteins involved in the mitotic checkpoint. This turnover includes both
evolutionary adaptation of existing proteins (RZZ complex components Rod and ZW10) [85] as
well as invention of novel proteins (Spindly, RZZ complex component Zwilch) [81,86,87]. The fact
that some of these components cannot be found outside the opisthokonts suggest that a more
ancient mechanism for checkpoint regulation in eukaryotes may have been replaced by RZz/
Spindly in opisthokonts. Identification of these ancestral mechanisms will require studies beyond
the traditional model organisms, which have been largely limited to within the opisthokonts thus
far.

Concluding Remarks

In this review, we have highlighted the evolutionary dynamics of the kinetochore complex.
Despite accomplishing the same essential function of connecting centromeric DNA to spindle
microtubules in all eukaryotes, kinetochore composition is unexpectedly evolutionarily labile.
What is the effect of this lack of evolutionary conservation on core functions of the kinetochore,
including kinetochore strength and regulation? While one kinetochore—microtubule attachment
is sufficient to segregate budding yeast chromosomes, many kinetochore-microtubule attach-
ments work in concert to segregate a human monocentric chromosome or a nematode
holocentric chromosome. This suggests that the relative demands on kinetochore strength
might be different among different species; whether this is a cause or consequence of changes
in kinetochore composition remains unexplored. Similarly, it is unknown how the number of
kinetochore—-microtubule interactions affects stringency of kinetochore regulation, which may
explain the rapid evolution of kinetochore proteins such as KNL1 [76].

Most importantly, our survey reveals the effects of a long, historical bias of studying kinetochore
compositions in vertebrates, fungi, and a handful of model invertebrate animals. Although
genome sequencing and new proteomic approaches are helping to correct this bias, additional
experimental approaches and remote homology predictions will be needed to determine

Cell

Outstanding Questions

Are the architectural principles of kinet-
ochores and their regulation during cell
division preserved in divergent organ-
isms such as trypanosomes despite
lack of conservation of kinetochore
components?

What were the intermediate evolution-
ary steps by which a previously essen-
tial centromeric protein was lost in
certain lineages (e.g., CenH3 in holo-
centric insects) or rendered nonessen-
tial in others (e.g., CENP-T in budding
yeast)?

What has replaced CenH3 function in
trypanosomes and holocentric insects?

How do changes in kinetochore archi-
tecture (e.g., holocentric versus mono-
centric, chromosome fusions) or
strength mediate such transitions?

What is the effect of evolutionary
turnover of kinetochore proteins on
kinetochore strength and fidelity of
chromosome segregation?

Is the composition of meiotic kineto-
choresidentical to mitotic kinetochores?
If not, what are the meiosis-specific
components, how do they function,
and how well are they conserved in evo-
lution especially in taxa that do not
undergo female or male meiosis?

What is the effect of evolutionary turn-
over on checkpoint proteins and even
proteins that ‘moonlight’ at the kineto-
chore (e.g., some nuclear pore com-
plex proteins) on kinetochore function?
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kinetochore composition in additional major eukaryotic lineages including plants. Only then will a
true picture of component fluidity and general design principles of kinetochores begin to emerge
(see Outstanding Questions).

In spite of the evolutionary turnover of kinetochore repertoires, we favor Aristotle's resolution of
the paradox of the ‘Ship of Theseus’: although the matter (composition) of the kinetochore varies
over time, the formal cause — or design — remains the same.
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