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Centromeres and the kinetochore proteins that bind them are required for
chromosome segregation during every eukaryotic cell division. Despite this
conserved function, ongoing conflict between selfish centromeric DNA and the
proteins of the kinetochore causes both to rapidly evolve. Centromeres
(centromeric DNA satellite arrays) are able to gain evolutionary advantages by
driving during asymmetric female meiosis, in turn conferring a selective
advantage to kinetochore proteins that can suppress centromeric imbalances.

For example, the centromeric variant of histone H3 (CenH3), the basis of



kinetochore function and the epigenetic mark of active centromeres, is rapidly
evolving across many taxa, including primates. While conflict with driving
centromeres can explain the rapid evolution of CenHS3, it cannot explain
incongruent patterns of functional complementation and localization. | show that
that the co-evolutionary constraints of chaperone interaction drive these
divergent patterns of CenH3 functional divergence. The presence or absence of
a conserved centromeric histone chaperone, SCM3/HJURP, in the genome is
able to fully predict the differences in functional complementation and localization
of CenH3. | expand previous evolutionary analyses using genomic sequence
data and evolutionary analysis to explore how the entire primate kinetochore is
shaped by conflict with centromeres. | find that the primate inner kinetochore is
defined by rapid evolution, while the outer kinetochore and fibrous corona are
undergoing purifying selection. Furthermore, | find that the CenH3 chaperone
HJURRP is also evolving under positive selection. The extensive adaptive
evolution of the primate kinetochore provides new evidence of the breath of the
conflict between centromere and kinetochore, as well as new targets to
investigate the functional consequences of genetic conflict on cell division and

kinetochore localization.
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l. Introduction

Accurate chromosome segregation is essential at each eukaryotic mitotic
and meiotic cell division. The basic process of segregating chromosomes during
cell division has remained virtually unchanged across millions of years of
eukaryotic evolution [2,4,5]. This vital function is mediated by the kinetochore
complex of proteins, which binds to the centromere and provides the attachment
site for spindle microtubules. These microtubules pull apart sister chromatids,
ensuring proper chromosome segregation. Incorrectly attached or unattached
microtubules can trigger a cascade of signals that halts cell division. Given the
high degree of functional constraint and the broad similarities across eukaryotes,
the apparatus for chromosome segregation is expected to reflect purifying
selection, wherein natural selection acts to conserve the sequence and function
of most genes by removing deleterious mutations. Contrary to this expectation,
centromeric DNA and a few key proteins required for chromosome segregation

evolve rapidly across broad lineages of plants and animals.

A pattern of rapid evolution is often seen in other genes involved in
recurrent adaptation or those that participate in genetic conflict. In the latter
scenario, classically described as a ‘Red-Queen interaction’, competing entities
constantly vie for evolutionary dominance [6]. Such ‘Red-Queen’ scenarios
explain rapid evolution in a wide range of biological phenomena including host-

pathogen and sperm-egg interactions. Red-Queen interactions may also provide



an explanation for the surprising finding that centromeric DNA and essential
genes encoding components of the chromosome segregation apparatus evolve
rapidly. Here, | highlight these observations and review a model that posits that
competition between homologous chromosomes during female meiosis is the
driving force behind this rapid evolution [7]. This model provides broad taxonomic
predictions for the evolution of centromeric DNA and proteins and introduces a
general explanation for how rapid evolution at the protein-DNA interface might

drive incompatibilities and reproductive isolation in animal species.

Centromeres have diverse sequence and structure

Despite carrying out identical function across eukaryotes, centromeric
DNA varies widely among species [4]. The first centromeres characterized at the
sequence level were the ‘point’ centromeres of Saccharomyces cerevisiae. 125
bp of centromeric DNA is necessary and sufficient to recruit and assemble the
protein components of the budding yeast kinetochore complex (Figure 1.1).
Thus, budding yeast centromeres are genetically defined. However, the simple
'point' centromeres of budding yeasts are exceptions to the rule even amongst
fungi, many of which possess larger centromeres. Moreover, in most fungi (e.g.,
S. pombe), centromere identity is not dictated by the sequence of centromeric

DNA but by the binding of centromeric proteins like CenHS3s.

Centromeres in most multicellular organisms are even more complex,
composed of large AT-rich repetitive sequences. These repetitive sequences,

also termed “satellite” DNA, were identified through early cloning and sequencing



studies. The repetitive nature of centromeric DNA is challenging for modern
sequencing technology and assembly. Current knowledge of metazoan
centromeric DNA sequences is therefore based mostly on a few detailed studies
of the centromeres of primates, Drosophila, and rice that required painstaking

assembly and characterization over many years of effort (Figure 1.1).

Primate centromeres are composed of megabases of an AT-rich DNA
sequence known as alpha-satellite. Alpha-satellite is a 171-base pair monomeric
repetitive sequence that was first identified as human DNA that disrupted
chromosome segregation upon introduction into the chromosomes of African
green monkey cultured cells [8]. Subsequent analysis of human centromeric
sequences revealed that alpha-satellites in humans and primate relatives are
arranged in higher-order arrays, where the array size varies from single alpha-
satellites in most species [9] to a higher-order array in human centromeres,
consisting of multiple tandemly-arranged monomers in repeat units. Conservation
between monomers of the same array can be as low as 70-80% identity. In
contrast, conservation between multimeric repeats is much higher [10]. The
higher order array structure appears to be evolutionarily young, found in only in
some great apes. Moreover, some satellite-arrays are both evolutionarily young

and chromosome-specific in human centromeres. For instance, the human X-

composed of 12 monomers of the DXZ1 alpha-satellite, an arrangement that is

only found in the closest relatives of humans.



The evolution of centromeric and pericentric DNA sequences is sculpted
by recombination (unequal crossing over and gene conversion), which acts to
homogenize sequences in the center of centromeric arrays, whereas flanking
pericentric sequences accumulate mutations and transpositions [11]. Repetitive
monomers of alpha-satellite sequences are therefore not exclusive to primate
centromeres; they are also found immediately adjacent to centromeres in
pericentric heterochromatin. These pericentric sequences do not recruit
centromeric proteins but still function to ensure proper chromosome segregation
by recruiting cohesion proteins. Less pair-wise sequence identity is observed
among pericentric alpha-satellite monomers than between those found in
centromeric arrays, which may reflect relaxed constraint or less efficient
homogenization. It has been suggested that pericentric alpha-satellite monomers
represent older centromeric satellites that were replaced by newly arisen variants
in the middle of the centromere. In the process, the alpha-satellite monomers
were gradually displaced to the edges of the centromeric array. Thus, these
pericentric sequences serve as fossil records of ancestral centromeric
sequences. The best-studied example of this phenomenon is found in the
pericentric region of the human X-chromosome, where the oldest alpha-satellite
domains are the furthest from the current centromere [10]. Homogenization of
alpha-satellites is not always limited to a single chromosomal array. Indeed, a
higher-order array can arise at the centromere of one chromosome during recent
primate evolution, spread to other chromosomes by transposition, and become

fixed [12]. Surprisingly, centromeric satellite sequences are more divergent



between species than are pericentric satellites [10]. The functional centromeric
sequences are thus the most rapidly evolving between species, despite being

most functionally constrained by their role in chromosome segregation.

In D. melanogaster, centromeric DNA from a minichromosome was found
to be primarily composed of repetitive pentameric sequences interspersed with
transposable elements. 85% of the centromeric sequence was found to be
AATAT and AAGAG satellites, with very low sequence variation [13]. While the
sequence composition of centromeric satellites seems to be invariant within
species, the size of satellite arrays can vary dramatically even within members of
the same Drosophila species [14]. However, centromeric satellites differ even
more dramatically between species. For example, there is a hundred-fold
difference in abundance for the AAGAG satellite between D. melanogaster and
D. erecta, which shared a common ancestor only 5-10 million years ago [15].
Furthermore, some satellites present in the D. melanogaster genome are
completely absent in the genome of D. simulans, suggesting complete turnover

of centromeric sequences in less than 2.5 million years [16].

Rapid evolution of centromeric DNA has also been observed in plants. In
Oryza sativa, centromeric regions are largely composed of two components that
are interspersed with each other: a 155 bp centromeric CentO satellite, and a
centromeric specific CRR (Centromeric Retrotransposon in Rice)
retrotransposon. Using chromatin immunoprecipitation experiments, investigators

pulled down DNA associated with rice CenH3 and found a high level of sequence
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divergence at the centromeres of closely related species of wild rice. Some
species of rice completely lack centromeric CentO. Comparative genomics
revealed that the CentO satellites represent evolutionary young inventions that
had supplanted ancestral centromeric satellites during recent evolution in rice
species [17]. This implies that plants, like primates and Drosophila, have

experienced dynamic evolution of their centromeric DNA.

Evolutionary forces shaping centromeric sequences

Observations from primates, Drosophila, and plants reveal a dynamic
picture of centromeric DNA evolution, despite an essential conserved role in
chromosome segregation. How do | reconcile this rapid evolution in the face of
extreme functional constraint? | consider three scenarios that may explain this

'‘centromere paradox'.

In the first scenario, higher mutation rates may introduce rapid changes in
centromeric DNA, which then have to be accommodated by changes in
centromeric proteins. It is conceivable that centromeric satellite repeats might be
subject to a higher mutation rate, perhaps a result of the unique chromatin
environment they are in or as a result of their unique AT-rich nucleotide
composition. Indeed, recent reports from budding yeast suggest that centromeric
DNAs might be subject to elevated mutation rates [18]. Nonetheless, for newly
arisen mutant centromeric sequences to survive under this co-evolutionary
scenario, they would have to encounter rare compensatory mutations in a

centromere binding protein to avoid being eliminated by purifying selection. Thus,
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even if centromeric mutation rate were higher, the frequency of compensatory
mutations in centromeric proteins would be rare, so this co-evolutionary scenario

appears unlikely to account for the centromere paradox.

In a second scenario, biased gene conversion may rapidly alter
centromeric DNA satellites, followed by co-evolutionary accommodation by
centromeric proteins [19]. A new centromeric allele could arise which was favored
by recombination (or by biased gene conversion). This new centromeric variant
could then spread throughout the satellite arrays of homologous centromeres in
the species. If such biased gene conversion events result in the fixation of a new
centromeric DNA array that compromises accurate chromosome segregation,
strong selection will act on centromere proteins to restore function. Since
centromeric DNA is strongly impacted by recombination, this scenario has some
explanatory power. However, the co-evolutionary process should stop once a
satellite variant has driven to fixation and centromeric proteins have co-evolved.
For it to start anew, new recombinational bias would have to be invoked in which
the previously successful centromeres were replaced by newer versions. This
process therefore seems unlikely to produce the recurrent patterns of rapid
evolution observed across taxa. Furthermore, under this scenario, the new
centromere is fixed not because of increased centromeric ability but would have
to be fixed in spite of decreased centromeric ability to account for the positive

selection of centromeric proteins.
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| favor a third possibility in which increased centromeric ability translates
directly to increased transmission during chromosome segregation [4,7,20]. This
opportunity for increased transmission arises from the unique nature of female
meiosis in both plants and animals. Unlike mitosis or male meiosis, female
meiosis in plants and animals is an asymmetric cell division. While mitosis
produces two identical daughter cells and male meiosis results in four viable
gametes, only one of the four products of female meiosis can be passed on to
the next generation in the oocyte. There is, therefore, an opportunity for
competition among loci on homologous chromosomes to compete for positioning
and inclusion in the oocyte. Centromeres are ideally positioned to compete
during female meiosis. Under this scenario model, centromeres competitively
orient towards the ‘preferred pole’ during meiosis | (Figure 1.2) perhaps by
recruiting more microtubules and biasing the acentrosomal spindle in female
meiosis, resulting in a transmission advantage in female meiosis. It bears
mentioning that unlike post-meiotic dysfunction following male meiosis,
centromere drive incurs no fertility cost [21]. | posit that this competition, or
centromere-drive is the underlying genetic conflict that explains the rapid
evolution of centromeric DNA. If this transmission advantage in female meiosis
has a subsequent negative consequence in male meiosis, it would require
centromeric proteins to adapt to restore male fertility. The key advantages of the
centromere-drive model (over the biased gene conversion scenario) are two-fold.
First, the new centromeres have increased rather than compromised centromere

function. Second, it has the dynamics of a classical meiotic drive-suppression



system, in which the cheating centromere 'wins' initially, but is 'suppressed' in
subsequent steps via adaptation. A key discriminator between these models is
that 'centromere drive' should be highly subject to taxonomic differences in
meiotic programs, whereas biased gene conversion should not. As | highlight
here, the genetic and taxonomic patterns of centromeric protein evolution support

this model overwhelmingly.

Evidence of centromeres ‘cheating’ asymmetric meiosis

The first cytological evidence that chromosomes can exploit asymmetries
in female meiosis came from studies of B chromosomes in grasshoppers, which
exploit this asymmetry to enhance their own transmission [22]. There is now
increasing evidence that many animals and plant chromosomes are shaped by
similar biases in female meiosis. One of the more dramatic examples is from
Robertsonian chromosomes in humans. Robertsonians are formed by the fusion
of two acrocentric chromosomes into a single metacentric chromosome.
Offspring of heterozygous individuals (carriers) receive either the Robertsonian
fusion or the two wild type acrocentric chromosomes. In humans, male
Robertsonian carriers transmit the wild-type chromosomes and the Robertsonian
fusion to their offspring at equal rates, whereas the Robertsonian fusion
chromosome is preferentially transmitted to 58% of the offspring from a female

carrier [23]

Further evidence for centromere drive comes from genetic studies in

Mimulus (monkeyflower) species. In intraspecies crosses of M. guttatus, there is



a transmission bias associated with a D locus, which is thought to be an
expansion/duplication of a centromeric region. Chromosomes bearing the D
locus were preferentially transmitted at 58% through female meiosis, whereas no
distortion was seen in male meiosis [24]. In earlier crosses involving interspecies
F1 hybrids between M. guttatus and M. nasutus, the D locus exhibited a 98%
transmission bias in female meiosis [25]. In the absence of viability differences,
such strong transmission bias could only result from distortion during meiosis |,

leaving the centromere as the most probable candidate for the D locus [21,25].

Both of these examples highlight a key point about consequences of
transmission distortion in female meiosis i.e., an accompanying defect in male
meiosis. For instance, human male carriers of Robertsonian fusions suffer a high
rate of fertility defects [26]. Similarly, M. guttatus males that are homozygous for
the D locus suffer 20% lower pollen counts [24]. This suggests that either
heterozygosity or homozygosity of a driving centromere can be deleterious to
male meiosis. One likely explanation is that unequal centromere strengths might
result in tension inequity and increased nondisjunction in male meiosis [7,20].
While this could conceivably occur between any pair of chromosomes, the sex
chromosomes might be especially susceptible to the deleterious effects of
centromere drive. For instance, in XY systems such as mammals, the Y
chromosome does not undergo female meiosis and is thus not subjected to
centromere drive. Repeated rounds of competition and drive on X chromosomes
could result in a ‘super-X’ centromere competing against a much weaker Y

centromere. This inequity in centromere affinity can lead to greater rates of
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nondisjunction in XY male meiosis and potentially result in male sterility. Thus,
selection will favor alleles of centromere binding proteins that alleviate drive and

restore meiotic parity by adaptively altering their DNA-binding specificity.

The trilaminar eukaryotic kinetochore

The kinetochore is a complex structure that contains more than 90
proteins (reviewed in [27]). Electron microscopy has revealed that the
kinetochore consists of three layers, although this trilaminar appearance is visible
only briefly during the cell cycle in most organisms (budding yeasts like
Saccharomyces cerevisiae are a notable exception). The inner kinetochore
associates directly with the DNA of the centromere and is present throughout the
cell cycle. The outer kinetochore provides a binding site for microtubules. In most
organisms including mammals, this layer is not present during interphase but
forms only after the chromosomes condense in preparation for cell division. The
outermost layer of the kinetochore is referred to as the fibrous corona and is only
visible in the absence of microtubule binding. The fibrous corona consists of
proteins involved in microtubule anchoring and in regulating the fidelity of
chromosome segregation. This outermost layer is only transiently associated with
the kinetochore, forming after DNA condensation and dissociating shortly after
microtubule binding is achieved. Despite structural and temporal differences in
localization, all three kinetochore layers contain proteins that are essential for
chromosome segregation. Intriguingly, the evolutionary patterns of each of these
layers also differ widely, reflecting the divergent evolutionary constraints that they

are subject to. | begin by focusing on the inner kinetochore proteins that include
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those proteins most closely and permanently associated with the centromeric

chromatin[27-29].

Eukaryotic genomes are packed into higher order chromatin by wrapping
DNA around nucleosomes [30]. Nucleosomes are responsible for the bulk
packaging of eukaryotic genomes and consist of an octamer of histone proteins,
two copies of each of H2A, H2B, H3, and H4. However, centromeric chromatin is
uniquely different, consisting instead of centromeric DNA wrapped around
nucleosomes that contain a variant of histone H3. This centromeric variant of H3,
hereafter CenH3, was discovered first in biochemical studies in humans and was
one of the first kinetochore proteins to be discovered [31,32]. CenH3s have been
found in every eukaryotic genome established so far and are a defining
characteristic of centromere function [33]. For instance, CenH3s only mark the
active centromere of a dicentric chromosome, which contains two potential
centromeres. Chromosomes that acquire neocentromeres i.e., are able to
undergo chromosome segregation despite losing a centromere, are also marked
by CenH3 nucleosomes [34,35]. It is therefore unsurprising that CenH3
nucleosomes are absolutely essential for kinetochore formation and proper

chromosome segregation.

CenH3 differs from canonical histone H3 both structurally and
evolutionarily [30] (Figure 1.3). Both proteins contain a histone fold domain that
binds the other proteins of the nucleosome and DNA, as well as a N-terminal tail,

which is bound and modified extensively by other proteins. The Loop1 region of
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the histone fold domain of CenH3 is longer than the canonical variant. Loop1 is
the region of the histone fold domain that contacts the DNA, suggesting that
CenH3 may have increased sequence specificity. In addition, while canonical H3
is highly conserved, the N-terminal tail is so variable in length and sequence it is
difficult to align the tails of CenH3 across taxonomic groups. While it is possible
that this variability could result from apparent lack of evolutionary constraint,
detailed studies of CenH3 evolution from insects, plants and mammals has
produced evidence of positive selection (higher than expected numbers of non-
synonymous changes) acting on the N-terminal tail [5,36,37]. In contrast, the
carboxy-terminal histone fold domains (HFD) of CenH3s are much more
constrained by virtue of their interaction with the other canonical histones.
However, even the HFD domain of CenH3s evolves much more rapidly than
canonical H3s [38,39]. Again, studies in both animals and plants suggest that the
HFD domain and the Loop1 region in particular (which is predicted to make
specific DNA contacts and is solvent accessible in a recent crystallographic

structures [3,40] is subject to positive selection.

Findings of positive selection argue that the rapid evolution of CenH3s in
both plants and animals has been driven by selective pressure rather than the
lack of selective constraint. This prediction is also borne out by functional
experiments using CenH3 chimeras created from closely related species. For
instance, swapping of the rapidly evolving Loop1 of Drosophila melanogaster for
the orthologous domain of D. bipectinata CenH3 results in a dramatic loss of

localization [38]. This revealed that selection was acting on the centromeric
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protein-DNA interface, and that Loop1 was necessary for centromeric localization
in Drosophila. Likewise, CenH3 from closely related plants proved unable to
complement the loss of endogenous CenHS3 protein in Arabidopsis [41]. The
essential and conserved function of CenH3s makes these findings of rapid

evolution and functional divergence even more intriguing.

Despite rapid evolution and differences in HFD and N-terminal tails,
CenH3 must still substitute for H3 in centromeric nucleosomes. The exact nature
of the centromeric nucleosome remains a subject of vigorous, current debate.
Some structural studies have proposed a canonical nucleosome-like octameric
structure, with 2 copies of CenH3s replacing canonical H3s [42,43]. In contrast,
other studies that examined the native confirmation of centromeric nucleosomes
have argued both that they represent hemisomes (with only one copy each of
H2A, H2B, CenH3 and H4) [44]. Moreover, these latter studies have argued for
an unusual left-handedness of the DNA-wrap in centromeric nucleosomes, which
would be incompatible with an octameric model. This debate has been
summarized elsewhere [45,46], and | include it here only to highlight that there
are still important, outstanding questions about the nature of centromeric

histones and nucleosomes.

It is imperative that CenH3s be exclusively deposited at the centromere.
Manipulations that result in ectopic deposition of CenH3s in euchromatin can

result in ectopic kinetochore formation in Drosophila and dicentric chromosomes

XV



[47]. In both fungi and mammalian cells, a domain encompassing Loop1 and the
adjacent alpha-helix 2 of the histone fold domain are necessary and sufficient to
target CenHS3 to the centromere [48,49]. Replacement of the canonical H3 Loop1
and alpha-helix 2 with the corresponding domain from CenH3 results in a change
of localization from the chromosome arms to the centromere. Reciprocal
experiments replacing CenH3 Loop1 and alpha-helix 2 with canonical variants
results in a loss of centromeric localization. Curiously, this region (termed the
CATD) does not universally confer this property in all CenH3s. For instance,
Loop1 and alpha-helix 2 are not sufficient to confer centromeric targeting in
Arabidopsis thaliana, although they appear necessary [41]. While the cause of
the change in the CATD is not known, both fungi and mammals, but not plants,
have a chaperone protein (Scm3 for fungi and HJURP for mammals) that is
required for CenH3 localization [50-54]. Since the Scm3/HJURP chaperones bind
to the CATD of CenH3 , it is difficult to distinguish between the possibility that the
CATD targets the centromere directly versus the possibility that the CATD simply
allows the chaperone to bind CenH3 and deposit it at the centromere[54,55].
Recent studies further argue for the possibility of a direct and dominant role of
HJURP chaperones in determining sites of CenHS3 localization [56]. In either
case, it is intriguing that the CenH3 chaperone Scm3/HJURP is at least as old as
the common ancestor of fungi and animals, yet has been apparently lost in
multiple animal lineages and perhaps replaced by non-orthologous proteins like

CAL1 in Drosophila [57,58].
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Evolution of the proteins of the inner kinetochore

Kinetochore autoantigens in scleroderma patients lead to the discovery of
two additional inner kinetochore proteins, CENP-B and CENP-C. CENP-C shares
several characteristics with CenH3; it is present in all eukaryotes, essential for
kinetochore function and binds centromeric DNA [59]. CENP-C can be reliably
aligned only within a limited phylogenetic group such as mammals, but the
variation in sequence and length is so great that it is often not possible to align
the protein between more diverged groups. However, all CENP-Cs contain a 24
amino acid region of homology located in the carboxy terminus of the protein,
termed the CENP-C domain. This small domain is the only widely shared feature
of CENP-C. Studies in mammals have shown that CENP-C recognizes and binds
specifically to centromeric DNA [60,61]. Reports from maize suggest that DNA-
binding of centromeric DNA by CENP-C requires the stabilizing influence of
binding to long single-stranded centromeric RNAs [62]. There are several
independent centromere recognition and DNA binding domains present in the
middle and carboxy terminus of CENP-C, but CenH3 is still required for
localization of CENP-C to the centromere. Dependence on CenH3 is not a
universal characteristic of CENP-C, however, as Drosophila studies have shown
an interdependent relationship between CENP-C and CenH3 [63]. Depletion of
CENP-C by RNA interference disrupts the deposition of new CenH3 to the new
centromere; likewise, depletion of CenH3 disrupts CENP-C localization. Studies
in plants and mammals have found that CENP-C is rapidly evolving in these

systems, often much more rapidly than CenH3 [2,5]. In addition to rapid
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sequence evolution, exons of CENP-C in plants have been duplicated or deleted
along multiple separate lineages (Figure 1.4). Unlike in CenH3, it is not yet clear
what the effects of such rapid evolution of CENP-C are on centromere binding or
protein interactions. The wide distribution of the rapid evolution throughout the
amino acid sequence of CENP-C has confounded the prediction of the effects of
the changes to CENP-C. However, given the ubiquity of this protein and its
importance for centromeric function, such studies would be important in revealing

the functional consequences of such rapid evolution.

CENP-B evolution reveals a markedly different, but no less intriguing,
history of genetic innovation. CENP-B is restricted to primates and certain fungi
and not present in most eukaryotic genomes [64]. CENP-B recognizes a
conserved 17-bp “CENP-B box” present in primate centromeric satellites [65].
Interestingly, despite rapid turnover and divergence of centromeric satellites in
primates, CENP-B boxes appear to be retained in most centromeres, suggesting
an important centromeric function. CENP-B is not essential for the maintenance
or function of active centromeres; indeed, it appears to have been lost in some
mammalian lineages and gene knockouts in mice have minimal effects on
chromosome segregation. However, when present, it is essential for the
formation of neocentromeres if chromosome loses its active centromere [66].
CENP-B will localize to these neocentromeres despite the lack of a canonical

CENP-B box. CENP-B shows no evidence of rapid evolution of the protein
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coding sequence but is a novel case of domestication of a selfish mobile genetic
element [5]. CENP-B is a domesticated remnant of a pogo-like transposon. The
pogo-like transposable elements are present across a wide variety of species but
CENP-B was domesticated only in mammals[64]. Even more surprising, is that
the domestication of a pogo-like transposon has occurred not once but at least
twice. Schizosaccharomyces pombe has three proteins (Abp1, Cbh1, and Cbh2)
that share significant sequence similarity to CENP-B and display centromeric
localization [64]. These proteins bind degenerate sequences found at the
centromere and are essential but somewhat redundant in function. This is an
intriguing example of two very rare forms of evolution, domestication of a selfish
element and convergent evolution of non-orthologous but functionally equivalent

CENP-B kinetochore genes.

Extensive immunoprecipitation experiments carried out in human cell lines
resulted in the discovery of a network of additional inner kinetochore proteins that
were closely bound to CenH3 chromatin and CENP-C [28,67]. The 16 proteins of
this Constitutive Centromere Associated Network (CCAN) make up most of the
mammalian inner kinetochore and as the name suggests are present at the
centromere throughout the cell cycle [68]. All the members of the CCAN are
essential for proper kinetochore formation and segregation of chromosomes [27].
The CCAN proteins have been discovered only recently and work is just
beginning to elucidate their evolutionary history and function but some progress
has already been made. Early findings suggest that the CCAN interacts directly

with the centromeric nucleosomes and assists CENP-C to create a scaffold for
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outer kinetochore proteins to bind. CCAN proteins are dependent on CenH3 and
(with the exception of CENP-W and CENP-T) CENP-C for localization [28].
Orthologs of CCAN proteins in yeast show as little as 20% sequence similarity,
making the search for orthologs in other taxa very difficult. More research is
needed to discover whether CCAN proteins are truly absent from other taxa, as

well as whether they are rapidly diverging if present.

Conservation and evolution of transiently associated outer kinetochore
proteins

The outer kinetochore and fibrous corona, unlike the inner kinetochore,
are only transiently associated with the centromere. There are several essential
complexes of outer kinetochore proteins, which are deposited at different points
in the cell cycle. This process starts immediately after cell division when the
Mis18 complex, which in mammals consists of Mis18a, Mis18b and KNL2 in
concert with RbAp48, remodels centromeric chromatin to allow the deposition of
new CenH3 [69,70]. Mis18s have been discovered in several metazoans and
fungi. However, fungi possess only one Mis18, leading to the possibility that
Mis18a and Mis18b are the result of duplication and subfunctionalization. More
research is needed to understand the evolutionary forces and consequences of

Mis18 duplication.

After CenH3 is deposited, a large group of proteins is recruited to the
kinetochore in prophase. These proteins form the physical attachment between

the kinetochore and spindle microtubules. The four-subunit Mis12 complex is
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thought to bind to CENP-C and provide a scaffold for the rest of the outer
kinetochore [28,71]. Each subunit of the Mis12 complex appears to be conserved
and widely present in eukaryotes. KNL1 and the NDC80 complex bind to the
CCAN and Mis12 to form the attachment sites for microtubules [72-74]. KNL1 is
essential for kinetochore formation in Caenorhabditis elegans but little is known
of its evolution [75]. The NDC80 complex is another protein complex of the outer
kinetochore that is thought to be conserved across eukaryotes. However, one
Ndc80 protein- mitch, or Spc25, was recently shown to be rapidly evolving in the
Drosophila lineage [76]. Intriguingly, like CenH3 and CENP-C, mitch is essential
for chromosome congression and segregation. There is no evidence of rapid
evolution of mitch/Spc25, or any other NDC80 proteins in lineages outside
Drosophila but this possibility have not been actively pursued. Thus, the
evolutionary forces shaping the outer kinetochore proteins remain largely

unknown.

Evolutionary dynamics at the outer edge: the fibrous corona

The kinetochore structure most distal to the centromere is referred to as
the fibrous corona due to its characteristic appearance by electron microscopy.
This structure is transiently formed after nuclear envelope breakdown, and can
be visualized only in the absence of microtubules. This evidence argues that
microtubule capture by the kinetochore results in alteration of the structure of the
fibrous corona. Indeed, the assembly and disassembly of the fibrous corona
appears to be dynamically regulated through complex signaling interactions [27].

For instance, proteins that are known to localize to the fibrous corona include
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components of the spindle checkpoint apparatus such as Mad1, Mad2, Bub1,
and BubR1, which function to monitor spindle tension. Additional proteins that
have been found to localize to the fibrous corona in a variety of species include
dynein, dynactin, CLIP170, CENP-E, Cdc20, the Rod complex, and LIS1 [77].
The evolution of most of these proteins has not been investigated in the same
manner as CenH3 or CENP-C, but most appear present across eukaryotes
taxa. However, simple analysis of protein presence and absence in different

lineages yields some interesting observations.

One such observation involves the DASH (Dam1) complex in yeast. This
complex binds to microtubule plus ends and is essential for chromosome
segregation and viability in S. cerevisiae [78]. Indeed, the complex is sufficient to
segregate DNA in vitro. Despite this important function, the DASH complex differs
in essentiality between S. pombe and S. cerevisiae. While mutations in DASH
complex members are lethal in S. cerevisiae, similar mutations merely result in
growth defects in S. pombe [79]. Additionally, key residues that have been found
to be important in S. cerevisiae are not conserved in S. pombe. Interestingly,
DASH homologs have not been found outside of fungi. Instead, the
nonhomologous Ska proteins may play an analogous role in vertebrates and
other eukaryotes [80]. A second example concerns the CENP-E kinesin-like
protein. Dimeric CENP-E proteins form long fibrils that are transiently associated
with the kinetochore. It is essential for chromosome segregation and recent
reports show it plays a role in microtubule plus-end elongation [81]. Again,

despite this essential function, CENP-E homologs have not been identified in
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yeast. These two examples illustrate that components of the kinetochore distal to

the centromeric DNA also seem to exhibit features of evolutionary lability.

A model of intragenomic conflict shaping centromeres

Patterns of evolution of kinetochore proteins, and the selective forces that
drive them, are poorly understood outside of a handful of basal centromere
binding proteins. Both inner and outer kinetochore proteins are essential to
segregate chromosomes but potentially have different evolutionary forces acting
on them. | proposed a model to explain why some essential proteins of the inner
kinetochore rapidly evolving. This model stems from a unique opportunity for
intragenomic conflict in female meiosis [4,7,82]. Kinetochore proteins that directly
bind the centromere are ideally positioned to adapt and restore fertility [82]. The
effect of centromere drive on kinetochore proteins outside the nucleosome has

not yet been investigated systematically.

The centromere drive model has all the hallmarks of a classic 'Red Queen'
conflict [20]. First, centromeres gain a transmission advantage through
innovation, increasing in frequency due to increased fitness in female meiosis.
The selection on kinetochore proteins to suppress centromere drive arises only
later after the driving centromere begins to disrupt male meiosis. This mirrors the
classic genetic conflict wherein one party gains an evolutionary advantage
(greater transmission) at the expense of the other (lower male fertility), resulting

in repeated rounds of adaptation.
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To restore meiotic parity, the selected protein must be able to distinguish
and suppress the driving centromere, implying that only proteins closely
associated with the centromere, such as CenH3, CENP-C and the CCAN
complex will be subject to selection by centromere drive. In this case, rapid
evolution will be seen only or primarily in the centromere binding proteins of the
kinetochore and not the outer kinetochore proteins that interact with
microtubules. | test this hypothesis by leveraging the rapidly expanding
availability of primate genomic data to explore the effects of genetic conflict on
the kinetochore. First, | performed an unbiased analysis of the evolutionary
history of the whole primate kinetochore, cataloging how selection to suppress
centromere drive and purifying selection to maintain function have interacted to
shape the kinetochore. Next, | show that the requirements of the protein-protein
interaction between CenH3 and its unique chaperone, HJURP, have altered the
evolutionary and functional dynamics of the centromeric histone. HJURP has
locked the interaction domain of CenH3 in a long-term co-evolutionary
relationship that has dramatically altered the functional consequences of
CenHS3’s diversification. Finally, the identification of HHJURP as an essential
chaperone for CenH3, and my findings that it restricts CenH3 adaptive capacity,
led me to investigate whether the centromeric chaperone is a potential

suppressor of centromere drive.
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Il. Conflict Shapes the Evolution of Primate Kinetochore

Thus far, studies on the evolution of centromeric DNA evolution have been
relatively sparse due to the repetitive nature of centromeric sequences in most
species. In addition, evolutionary studies of centromeric proteins have been
limited to a few key components of the inner kinetochore. As a result we have a
limited understanding of the functional and evolutionary pressures acting on the
centromeres or kinetochore proteins. However, we have a clear set of
predictions provided by the ‘centromere drive’ hypothesis; namely, that
kinetochore proteins that directly recognize or interact with centromeric DNA are
positioned to suppress centromere drive and will be rapidly evolving, whereas
structural or mechanical proteins at the kinetochore periphery that do not directly

interact with centromeric DNA will be relatively constrained in their evolution.

Thus far, investigation of the evolution of kinetochore proteins has been
restricted to CenH3, CENP-B and CENP-C [31,83]. Studies in both Drosophila
and plants have shown that CenH3, which directly binds centromeric DNA as a
part of nucleosomes, is evolving under positive selection. In each case, the
evolution is especially rapid in the Loop1 region of the histone fold domain, a
region that contacts DNA while bound to the nucleosome and is critical for correct
centromeric localization[1,37-39,84]. CENP-B localizes independently of CenH3
and is the only primate kinetochore protein with sequence specific DNA binding,
recognizing a 17-bp “CENP-B Box” found in some alpha-satellites [65,85].

CENP-B Boxes are not found at all centromeres and CENP-B is not required for

XXV



centromere function or propagation[65,86-89]. Unlike CenH3, CENP-B features
high sequence conservation [5]. CENP-C, present in all eukaryotes, was one of
the first kinetochore proteins discovered and is believed to be a part of the
foundation of the kinetochore [28,31,60,61,63,83,90-97]. While it is dependent
on CenHa3 for localization to the centromere, CENP-C binds centromeric DNA
and is evolving under positive selection in plants and animals[2,5,29,98].
However, until now, there has been no systematic look at how positive selection
has shaped the entire kinetochore apparatus, including whether evolutionary
pressures differ between inner and outer kinetochore. This is partly because the
kinetochore has been well described in only a few key species, most thoroughly
in the budding yeast S. cerevisiae, and H. sapiens [27]. Budding yeast do not
undergo asymmetric meiosis; therefore, we do not expect to centromeres to drive
selection of their kinetochore. H. sapiens undergo asymmetric meiosis, however,
and only recently has a rapidly-expanding quantity of sequence data available for
H. sapiens and related primates become available. | began my analysis of the
primate kinetochore by investigating the foundational proteins of the inner

kinetochore.

Rapid Evolution of the Inner Kinetochore

A subset of kinetochore proteins must constitutively associate with
centromeric DNA to form a base for eventual kinetochore assembly. Recent
work suggests that this subset of kinetochore proteins DNA extends well beyond
CenH3, CENP-B, and CENP-C [28,29,99-101]. Although not all kinetochore

proteins or complexes of proteins have been functionally characterized, recent
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sequencing studies of primate genomes allow me to study the extent to which
centromere drive shapes the proteins involved in chromosome segregation. The
increasing availability of genomic sequence data allows me to use the signals of
selection to determine which kinetochore proteins have been shaped by
centromere drive. Further, only proteins that directly interact with centromeric
DNA are positioned to suppress driving centromeres, allowing selection to

uncover potential new centromere binding proteins.

| first obtained sequence for the coding region of each protein from the five
assembled primate genomes or alternate high-quality sequence sources. Signals
of rapid evolution were numerous in initial sliding window calculations, and for
those proteins in which two independent pairwise comparisons had a window
with a dN/dS > 1, | also performed a maximum-likelihood analysis to detect
positive selection [102] (Table 2.1). The power of the codeml analysis was limited
by the low number of primate sequences prompting an additional analysis
including sequences from uncurated databases [103]. The additional primate
sequences allowed me to increase my ability to detect selection, increasing the
number of positively selected proteins from 6 in my initial analysis to 10 in the

final analysis.

| began by investigating those proteins most closely associated with the
centromeric DNA. It is not known to what extent the proteins of Constitutive
Centromere Associated Network (CCAN) recognize or bind alpha-satellite DNA,

but they localize constitutively to the centromere throughout the cell cycle
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[28,29,67]. The CCAN proteins form part of the inner kinetochore but have
begun to be grouped into functional units. CENP-T, CENP-W, CENP-S, CENP-X
together form hetrotetrameric nucleosome-like structures at centromeres
[68,101,104,105]. These four non-canonical histones have been identified in
animal and fungal genomes, indicating this complex of proteins was born in the
ancestor of opisthokonts or earlier [105]. However, none of these proteins have
been found in the well-annotated Drosophila genome, nor any insect genome;
thus, these noncanonical nucleosomes can either be lost or have diverged so
extensively that homology is undetectable in some lineages. In the T/S/W/X
complex, only CENP-T showed evidence of positive selection (p<0.05) whereas
CENP-S and CENP-W showed signs of strong purifying selection. The CENP-S/
X complex is dependent on CenH3, the CENP-H/I/K complex and CENP-T/W for
localization [67]. CENP-S/X’s downstream role in kinetochore formation,
combined with a lack of positive selection suggests that these proteins have
limited capacity to suppress centromere drive. In contrast, the CENP-T/W
heterodimer utilizes multiple amino acids to bind DNA. CENP-T’s K467, R480,
and K506 and CENP-W’s R19, K23, R24, R34, K66, and R68 are essential for
DNA binding. However, none of these amino acids show evidence of rapid
evolution[28,105]. Evidence of rapid evolution was spread throughout the protein
and in multiple domains of CENP-T. This suggests that there are additional
amino acids important for DNA discrimination and targeting, which may not have
been recognized via traditional biochemical analyses [28,105]. The CENP-T/W

complex provides a platform for kinetochore assembly through a long N-terminal
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tail that is bound by outer kinetochore proteins [101,104]. Ectopic kinetochore
formation can be induced by targeting CENP-T to chromosomal arms, bypassing
the requirement for CenH3 and play a fundamental role in centromere
specification[101]. Thus, centromeric DNA binding and discrimination by CENP-

T may create an important, alternative path to suppress centromere drive.

Just one other CCAN complex of proteins shows evidence of centromeric
DNA interaction. CENP-N specifically recognizes CenH3’s CATD and binds
CenH3 containing chromatin [106,107]. While CENP-N is dependent on CenH3,
CENP-N also facilitates CenH3 deposition and is required for the localization of
all other members of the CCAN [99,106,108]. Given this close association with
centromeric nucleosomes, it is not surprising that CENP-N shows strong
evidence (p<0.01) of positive selection. CENP-C and CenHS3 are also directly
bound by CENP-L and CENP-M, two other CCAN proteins that form a complex
with CENP-N [68,106,107]. Both CENP-L and CENP-M require CENP-N for
localization, but CENP-N is not dependent on either [106,108]. Very little is
known about the function of CENP-L or CENP-M, and despite CENP-N’s role in
CenH3 deposition, it is hypothesized that they provide a binding site for proteins
of the outer kinetochore. However despite that proposed structural role, CENP-L
is rapidly evolving (p<0.05), suggesting that it is intimately involved in interactions

with driving centromeres.

Table 2.1 Summary of the rapid evolution of the CCAN

F61 3x4
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Sites w>1
% of AA w (Pos Prob % of AA Sites w>1 (Pos
Protein Species | P value >1 w (for >1) >95%) P value w>1 w (for>1)  Prob >95%)
CENP-S 10 1.00 0.00% 1.00 0.99 0.00001 1.00
CENP-T 9 0.01 2.13% 4.89 253N 0.04 1.11% 6.37 253N
CENP-W 10 1.00 0.00% 1.00 1.00 0.00% 1.00
ICENP-X 8 0.76 11.39% 1.85 1.00 12.94% 1.51
10A, 33A,
CENP-H 9 <0.05 30.73% 240 121R, 177T, 0.07 34.56% 1.95
189S
CENP-I 7 0.23 0.28631 1.70 0.48 30.85% 1.45
CENP-K 11 1.00 0.00% 1.00 0.93 24.02% 1.09
CENP-L 9 0.02 4.10% 3.13 13A <0.01 3.85% 3.34 13A, 148
CENP-M 8 0.93 15.53% 1.00 0.86 14.27% 1.10
CENP-N 8 <0.01 002141 7.30 54H 60R, <0.01 002346 .82 54H 60R,
167M 167M
28V, 32R, 41V,
CENP-O 7 <001 3514% 198 66V, 67R, 003 3557% 176 2%‘ 41V, 66V,
69R, 93A
CENP-P 8 <0.01 0.41% 38.81 213R* <0.01 0.43% 3485 213R*
CENP-Q 9 0.15 33.90% 1.97 0.29 29.35% 1.81
CENP-R 9 0.30 7.55% 4.29 0.37 4.68% 4.52
111S, 283V,
= OO . § ! . °O .
CENP-U 9 <0.01 10.28% 3.71 288Q, 289F <0,05 7.56% 3.51 283V, 289F

CENP-H, CENP-I, and CENP-K form a complex of proteins, essential for

the localization of the outer kinetochore. Depletion of any of these proteins

causes cell cycle arrest, kinetochore defects, and chromosome missegregation

[73,98,99]. CENP-H/I/K are able to localize only when all other members of the

complex are present, in addition to CenH3 [99]. CENP-C is dependent on both

CENP-I and CENP-H for centromeric localization, but all three proteins

coordinate to form a scaffold for the rest of the kinetochore to bind

[73,99,109-114]. Despite this upstream role in kinetochore formation, there is no
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evidence of centromere binding by any member of the complex, forming the
bridge from centromeric chromatin, defined by CENP-A containing nucleosomes,
to the structural and mechanical proteins of the outer kinetochore. CENP-H/I/K’s
importance in recruiting other inner and outer kinetochore proteins could make
them candidates to suppress centromere drive, but only CENP-H shows any
evidence of positive selection (Table 2.1). However, this evidence supporting
rapid evolution of CENP-H was limited and sensitive to the codon substitution
model used (marginally insignificant in the F3x4 model); this conclusion will have

to be revisited with additional sequence analyses.

The rest of the members of CCAN are not functionally well characterized
but show wide variation in evolutionary history. CENP-O, CENP-P, CENP-Q,
CENP-R, and CENP-U depend on the localization of CENP-H/I/K as well as all
other upstream proteins [28]. CENP-O, CENP-P, CENP-Q, and CENP-U form a
stable complex that transiently associates with CENP-R. All the proteins except
for CENP-R were required for kinetochore localization of the complex, and for
recovery from spindle damage [67,68,115-120]. There is no evidence of CENP-
O/P/Q/R/U recognizing or binding centromeric DNA or chromatin. Despite the
proposed lack of interaction with centromeric DNA, CENP-O (p <0.01), CENP-P
(p<0.01) and CENP-U (p<0.01) all show robust evidence of rapid evolution (Table
2.1). Even CENP-Q (p~0.15) and CENP-R (p~0.30) show some diversification
which does not rise to statistical significance; additional sequencing might
provide enough evidence to discriminate whether positive selection has occurred

on these two proteins. It is intriguing that so many proteins in this complex
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shows evidence of positive selection, despite the downstream role of the

complex in the inner kinetochore formation.

Table 2.2 Rapid evolution of the KNL2 in the Mis18 complex
F61 3x4
Sites w>1 Sites w>1
# of % of AA (Pos Prob % of AA (Pos Prob
Protein  Primates P value sites w >1 w (for>1) >95%) P value sites w>1 w (for>1)  >95%)
Mis18a 10 1.00 0.00% 1.00 1 0.00% 1.00
Mis18b 10 0.19 3.68% 3.55 0.18 3.32% 3.80
o o 157K, 490Q,
KNL2 11 1.20478E-07 7.12% 3.74 157K, 865R|5.64549E-07  7.62% 3.47 865R. 1080L

Outside of the CCAN, there are additional proteins that transiently
associate with centromeres but are a part of the inner kinetochore. MIS18aq,
MIS1B, and KNL2, form a complex that localizes to the centromere during CenH3
loading [69,70,121]. While there is no direct interaction between the Mis18
complex and CenH3, depleting any component of the complex abolishes
recruitment of new CenH3 to the centromere [69,70,121]. It is hypothesized that
the Mis18 complex acts to create a permissive, deacetylated chromatin
environment for CenH3 deposition [69,121]. It is unknown how Mis18 recognizes
centromeres or modifies centromeric chromatin, making it difficult to predict
whether Mis18 proteins will be able to suppress centromere drive. MIS18a
showed strong conservation while MIS183 showed signs of diversification, but
not enough evidence to support a statistically significant conclusion of adaptive
evolution (Table 2.2). KNL2, however, showed strong evidence of positive

selection (p<1x10-6). This evolutionary history indicates that the Mis18 complex
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may have a direct role in recognizing centromeric DNA, and specifying
kinetochore location. The adaptive evolution of this complex and its role in
CenH3 loading makes it an ideal candidates for further characterization of the

effects of driving centromeres.

The outer kinetochore localizes to the centromere only after prophase as
the chromosomes begin to congress. The first of these outer kinetochore
proteins form the Mis12 complex, comprised of MIS12, DSN1, NNF1, and NSF1.
The Mis12 complex was thought to help maintain CenH3’s centromere
localization disrupting ectopically localized CenH3, helping ensure proper
localization of the kinetochore [27]. However, more recent evidence shows that
the MIS12 complex binds to CENP-C and the CENP-H/I/K complex to join the
inner kinetochore and the outer kinetochore. The MIS12 complex universally
shows strong purifying selection (Table 2.3). This is the first indication that those
kinetochore proteins not directly recognizing centromeric DNA or chromatin are

under significantly selective pressure.

The rest of the outer kinetochore is loosely called the NDC80 group of
proteins. Though not a complex of directly bound proteins, they coordinate to form a
coiled-coiled structure essential for kinetochore-microtubule interactions. This structure
links microtubules with the Mis12 complex and CENP-C/H/I/K[68,71,73,90]. The
NDCS80 proteins localize through to the centromere by binding the CCAN
proteins[68,73,90,112,113]. Unsurprisingly, most of these proteins show strongly

sequence conservation in primates, with only CASC)5 found to be rapidly evolving (Table
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2.3). CASCS is a large protein with relatively poor sequence coverage. Despite an
exhaustive search of sequence databases, CASC5 alignments contained many
gaps and unalignable regions. The relative scarcity of CACS5 sequence and
evidence for selection could be a result of high rates of mutation and
rearrangement at the genomic locus or sequence features. CASC5 localizes to

the kinetochore from G2 until late

Conservation of the outer . . .
TABLE 2.3 kinetochore anaphase, directly targeting protein
Complex Gene Species [P Value
Mis12 MIS12 5 ;| phosphatase 1 (PP1) to the outer
DSN1 6 0.905] ) . ) )
PMF1 7 1| kinetochore through direct interaction
NSL1 5 0.67]
MAD2L1 5 1 by a conserved motif[122]. After
MAD2L2 5 1
localizing to the kinetochore, PP1
NDC80 NDC80 5 0.247
NUF2 5 I dephosphorylates Aurora B substrates,
SPC24 5 0.161
SPC25 4 ' stabilizing microtubule attachment.
ZWINT 7 0.498
CASC5 5 <0.001

Therefor, CASC5 opposes Aurora B
activity while still itself a substrate for phosphorylation by Aurora B [122,123].
PP1 binding of CASC5 stabilizes microtubule—kinetochore attachments; silencing
the spindle checkpoint while the phosphorylation dependent recruitment of BUB1
and BUB3 to an N-terminal domain of CASC5 maintains the spindle checkpoint
[124-126]. These interactions indicate CASC5 is a hub for regulating

microtubule-kinetochore attachments and the spindle checkpoint.

The final proteins to localize to the centromere comprise the fibrous

corona, only arriving as chromosomes prepare to align at metaphase and
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carrying out the mechanical action of segregating chromosomes (see Chapter 1).

The chromosomal passenger complex is critical for proper bi-polar spindle
attachment. When sister chromatids are captured by microtubules from the
same spindle pole the kinase activity of the chromosomal passenger complex
subunit Aurora B is activated [127]. Aurora B phosphorylates the Ndc80 subunit
of the Ndc80 complex reducing the complex’s microtubule binding affinity,
perhaps allowing another chance for bi-polar attachment. The RZZ complex
targets the minus-end direct motor dynein and the complex dynactin to the
kinetochore. Dynein and dynactin are necessary to provide the poleward
directed force for attached microtubules. Like the proteins of the outer
kinetochore, none of these outer kinetochore or corona complexes show

evidence of positive selection (Table 2.4).
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TABLE 2.4 Evolution of fibrous corona
Gene # of Primates P Value Complex Gene # of Primates P Value

APITD1 6 1.0 RzZ ROD1 7 1.0
CCDC99 5 0.82 ZW10 7 1.0
CDCA8 6 0.91 Zwilch 5 1.0

CENPE 4 0.27
CENPF 4 0.91 Mitotic BUB1 5 1.0
CLIP1 6 0.74 Checpoint BUB1B 7 0.27
D4S234E 7 1.0 BUB3 6 1.0
DCTN1 7 1.0 MAD1L1 4 0.61
ERCC6L 3 1.0 MAD2L1 6 1.0
ITGB3BP 4 0.61 MAD2L2 7 1.0
KIF18A 6 0.82 TTK 5 1.0
KIF2B 7 1.0 TAOK1 6 1.0
KIF2C 7 0.50 CDC20 6 1.0

MAPRE1 7 1.0
MLF1IP 3 0.67 Chromosome AURKB 7 0.82
NDE1 7 1.0 Passenger INCENP 7 0.91
NDEL1 7 1.0 Complex BIRCS5 6 0.15

NUDC 7 1.0
PAFAH1B1 7 1.0 NUP80-160 NUP37 7 0.74
PLK1 6 1.0 NUP43 6 1.0
RANGAP1 7 0.55 NUP85 7 1.0
RCC2 7 0.14 NUP98 6 0.55
ROD1 7 1.0 NUP107 7 1.0
SGOL2 3 0.50 NUP133 6 1.0
NUP160 6 1.0
SEC13 7 1.0
SEH1L 7 1.0

Contrasting Evolution of the Inner Kinetochore and more Distant Proteins
My analyses reveal stark differences in patterns of selection in primates.
Each kinetochore protein performs a conserved and essential function, and
should experience strong purifying selection; however, my work shows a wide
range of selective pressure acting on the kinetochore. This variation in selection

clearly falls into two categories; the rapidly evolving inner kinetochore versus the
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conserved outer kinetochore and fibrous corona. Previous evolutionary studies
had focused exclusively on CenH3 and a handful of foundational kinetochore
proteins. | have expanded this work to define how selection has shaped the
entire kinetochore.

The outer kinetochore and fibrous corona show remarkably uniform
conservation. These proteins form much of the physical structure of the
kinetochore and are responsible for the regulation and mechanical motion of the
chromosomes. Unsurprisingly, these crucial, conserved functions have
preserved the presence of outer kinetochore and corona proteins across many
eukaryotic taxa and have allowed for the detailed functional characterization. |
show that the conservation has continued at the sequence level in primates, with
single exception of CASC5.

The inner kinetochore was defined by the proteins’ close association with
CenH3 containing nucleosomes and constitutive centromeric localization
[28,67,108]. Unlike the outer kinetochore, inner kinetochore proteins are not
uniformly distributed across taxa. CenH3 and CENP-C are present in all
eukaryotic genomes that have been characterized to date, while other critical
components, such as CENP-U, have not been found outside of mammals. Many
of the inner kinetochore proteins have just begun to be functionally characterized
but the CCAN contains both centromeric chromatin binding proteins and proteins
that, thus far, have exclusively structural or regulatory roles. Research has thus
far been exclusively focused on rapid evolution small a subset of known

centromeric DNA binding proteins, narrowing my understanding of how
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centromere drive shapes the genome [2,5,37-39,84,128]. My analysis reveals
that many of the proteins of the inner kinetochore are rapidly evolving, greatly

expanding the extent of centromere drive’s effect on the kinetochore.

Genetic conflict with driving centromeres is hypothesized to primarily drive
the evolution of the centromere binding proteins. The CCAN is upstream of the
localization of almost all other kinetochore complex, including most of the
proteins believed to recognize the centromere. Two complexes of CCAN
proteins, CENP-S/T/W/X and CENP-L/M/N, bind centromeric DNA or chromatin
and are essential for the localization of the rest of the kinetochore [101,106,107].
Proteins from both these complexes are rapidly evolving, in particular CENP-T
with both a known DNA binding domain and the ability to bypass the
kinetochore’s requirement for CenH3, as well as CENP-N, which is required for
efficient localization of CenH3. These rapidly evolving proteins are excellent
candidates for characterization of the functional consequences of centromere
drive. While ectopic localization of CenH3 causes ectopic localization of most
kinetochore proteins, CENP-T is not dependent on CenH3 for localization making

characterization of changes in DNA affinity or localization experimentally feasible.

The CCAN also performs essential structural and regulatory roles in the
kinetochore. Two CCAN complexes perform have essential structural and
regulatory roles, CENP-H/I/K and CENP-O/P/Q/R/U, without any DNA
recognition role. There is no previously hypothesized conflict between structural

kinetochore proteins and centromere. However, unlike the structural and
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regulatory proteins of the outer kinetochore, CENP-O, CENP-P, and CENP-U are
rapidly evolving. CENP-H may also be rapidly evolving but this conclusion
awaits more sequencing efforts. The CENP-O/P/Q/R/Q complex recruits HEC1
and Mammalian polo-like kinase 1 (PLK1) to the centromere, directing and
stabilizing microtubule/kinetochore attachment[108,115-117]. Depletion of the
complex results mitotic defects and premature sister chromatid separation[120],
suggesting that the CENP-O/P/Q/R/Q plays an important role in regulating
microtubule dynamics. The rapid evolution of multiple members of this complex
points to either a previously unrecognized centromere-binding role for this
complex or the interesting possibility that regulators of microtubule binding or
dynamics are shaped by centromere drive. A role for regulators of microtubule
binding in suppressing centromere drive is especially interesting given the
hypothesized role of meiotic positioning in centromere drive. Perhaps the CENP-
O/P/Q/R/U complex is able to suppress centromere drive through regulation of
rates of microtubule binding or meiotic positioning rather than modulating the
binding of centromeric DNA, suggesting a potentially novel avenue to suppress

centromere drive.

Mis18a, Mis183, KNL2 are unique inner kinetochore proteins, which
localize to the kinetochore only transiently, during the G2 phase of the cell cycle
and CenH3 loading. Mammals and birds have two Mis18 homologs, MIS18a and
MIS18p, while amphibians, fish and fungi have only one [70]. Homologous
proteins have not yet been found in S. cerevisiae, fly, or nematodes, perhaps due

to low sequence conservation. The role that Mis18 plays in centromeric
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recognition and kinetochore formation is critical but not yet fully described. All
three proteins are essential for CenH3 localization, however, the Mis18 complex
requires CENP-C presence, which itself is dependent on CenH3 for localization
[70,129-131]. The complex’s role ensuring proper CenH3 localization places it
directly in the midst of the centromere drive conflict and the rapid evolution of

KNL2 provides evidence of its role as a possible suppressor of drive.

Positive selection is almost exclusively focused on proteins of the inner
kinetochore and proteins that are required to deposit inner kinetochore proteins.
The proteins of the inner kinetochore are significantly more likely to rapidly
evolving, 9 of 21 proteins of the inner kinetochore contrasted with only 1 of 59
outer kinetochore and fibrous corona. This discordant pattern is highly significant
(p< 0.001 by Fisher’s exact test) confirming that the inner and outer kinetochore
are shaped by very different forces; the inner kinetochore recurrently adapts to
suppress centromere drive while the outer kinetochore and fibrous corona face

strong selection to maintain their function during cell division.

Materials and methods

Phylogenetic and Evolutionary Analysis of the Kinetochore

| created a list of proteins that comprise and regulate the kinetochore
(reviewed in [27]). Nucleotide sequence for each gene from Homo sapiens, Pan
troglodytes, Pongo pygmaeus, Macaca mulatta, and Callithrix jacchus, were
obtained from the UCSC genome browser [132,133]. The coding sequence

sequences for each gene from H. sapiens, M. mulatta (Rhesus macaque), and C.
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jacchus (Marmoset) were used as a query to interrogate the nr, wgs, and hgts
databases to obtain a more diverse group of primate sequences [134].
Translational alignments of primate sequences were created using Geneious with
manual curation of gaps [135]. Trees conforming to the accepted primate
phylogeny were created using neighbor joining (clustalX). Nucleotide sequences
were aligned using Geneious 5.3.6 with manual refinement of gap positions

[135].

Sequencing of CenH3, CENP-B, and CENP-C from Primate RNA

CenH3 and CENP-C were amplified and sequenced from total RNA with
Superscipt Il One-step RT-PCR kit (Invitrogen) by using the PCR and
sequencing primers shown in the Primer Table (Appendix I). RT-PCR products
were sequenced directly, except in a few cases where they were first cloned into
the TOPO TA cloning vector (Invitrogen), followed by sequencing of as least
three independent clones. Sequence reads were assembled into full length
transcripts. The CenH3, CENP-B, and CENP-C cDNA sequences for human, M.
mulatta (Rhesus macaque), P. abelli (Orangutan), C. jacchus (Marmoset) were
obtained from the UCSC genome browser. The CenH3 cDNA sequences for
Papio anubis (Baboon), Colobus guereza (Colobus Monkey), Aotus nancymaae
(Ma’s Night Monkey), Callicebus moloch (Dusky Titi), Lemur catta (Ring Tailed
Lemur) were obtained from Willie Swanson[5]. Phylogenies were constructed
using neighbor joining (clustalX) and Bayesian methods (Mr Bayes). Both trees

agreed with the accepted primate phylogeny[136].
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Sequence Analysis

For proteins with a dN/dS value greater than one in two independent
comparison a maximum likelihood analysis was performed with codeml in the
paml 4 software package. To detect selection multiple alignments were fitted to
either the F3x4 or 1/61 models of codon frequencies. Likelihood ratio tests of the
data were performed by using different sets of site-specific (NS sites) models as
follows: M1 (two-state, neutral, dN/dS > 1 not allowed) to M2 (three-state,
selection, dN/dS > 1 allowed); and M7 (beta distribution, dN/dS > 1 not allowed)
to M8 (beta distribution but dN/dS > 1 allowed). Limiting the analysis to five
primates resulted in low power to detect positive selection that was sensitive to
codon substitution model. To increase power to detect selection, for complexes
that had one member reach statistical significance in the 5 primate analysis, the
codeml simulations were rerun using an alignment of all primate sequence
available. For those proteins which had significant statistical support for positive

selection | list codons with a posterior probably of selection greater than 95%.
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lll. The Scm3/HJURP chaperone constrains the evolution and

functional divergence of centromeric histones

Centromeres in virtually all eukaryotes are characterized by the presence
of specialized chromatin, comprised of both canonical and centromeric
nucleosomes [33,137]. The latter have several features that distinguish them
from canonical nucleosomes including the replacement of canonical histone H3
with the centromeric H3 (CenH3) variant [30]. CenH3 not only defines
centromeric chromatin but also serves as a scaffold to recruit other kinetochore
proteins and is essential for chromosome segregation [33]. Since CenH3
targeting to ectopic chromosomal locations is sufficient to recruit additional
kinetochore proteins and propagate functional centromere identity through cell
division [138], CenH3 has been proposed to be responsible for maintaining

centromere identity.

Canonical H3 proteins are highly conserved over eukaryotic evolution. In
contrast, CenH3s evolve rapidly in both their histone fold domain and N-terminal
tails, [5,30,37,39,41,84] so much so that their N-terminal tails cannot even be
considered homologous across different taxa. In both yeast and human CenH3s,
the Loop1 and alpha-helix2 regions of the histone fold domain have been shown
to comprise a unique CENP-A Targeting Domain (CATD), which is sufficient to

confer centromeric targeting even to a canonical histone H3 fold domain [1].
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More recently, this domain has also been shown to mediate important protein-
protein interactions of CenH3 with other proteins, including the Scm3/HJURP
chaperone, the CENP-N protein and the ubiquitin ligases that ensure exclusively

centromeric localization of CenH3s [1,52,54,106,139-141].

Previously hypotheses proposed that the rapid evolution of CenH3s is
driven by the selective pressure to suppress ‘cheating’ centromeres that exploit
asymmetric female meiosis for their own propagation, even at a cost to host
fithess [7,11]. This evolutionary pressure should be common to all taxa that
harbor asymmetric female meiosis (in which only one of four meiotic products is
retained) but not those that only carry out symmetric meiosis. Consistent with this
hypothesis, evolutionary studies have revealed strong evidence of adaptive
evolution of CenH3 genes in plants, insects, and mammals, which undergo
asymmetric meiosis, but not fungi, which only carry out symmetric meiosis

[5,37,39,84,142].

Despite this common pressure to suppress ‘cheating’ during asymmetric
meiosis, the functional consequences and patterns of CenH3 evolution vary
dramatically. In plants and insects, both the N-terminal tail and the Loop1 region
of the CATD are hotspots of rapid evolution [37,41,84]. Replacement of just the
rapidly evolving Loop1 portion of the CATD in D. melanogaster CenH3 with the
orthologous domain from D. bipectinata abrogated centromeric localization [38].
Similarly, CenH3 alleles from related plant species are not sufficient to confer full

CenHa3 function in Arabidopsis species [41]. In contrast to this lack of cross-
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complementation over even short evolutionary distances in plants and flies,
Saccharomyces cerevisiae CenH3 is able to complement the near-complete
depletion of human CenH3 [143]. These observations are difficult to reconcile,
particularly since primate CenH3s do evolve rapidly whereas fungal CenH3s do
not [2,5,142]. | hypothesize that protein-protein interactions, which are shared
between primate and fungal CenH3s but not with CenH3s from other taxa, may

help explain this apparent paradox.

In order to explain the observed patterns of cross-complementation, |
began by extending the previous analysis of primate CenH3 evolution [5]. In
plants and insects, both the N-terminal tail and the Loop1 region of the CATD are
hotspots of rapid evolution [39,41,84]. Replacement of just the rapidly evolving
Loop1 portion of the CATD in D. melanogaster CenH3 with the orthologous
domain from D. bipectinata abrogated centromeric localization [38]. Similarly,
CenH3’s HFD domain, containing the rapidly evolving Loop1, is sufficient to
confer centromere localization in Arabidopsis species [41]. | sequenced
additional primate CENP-A genes, expanding the alignment of the CENP-A gene
to 19 primate species and increasing the power to detect positive selection. |
then performed maximum-likelihood analyses to detect positive selection.
Consistent with the previous study [5], | found strong evidence of positive
selection on the whole protein (p<0.001) and in particular the N-terminal tail

(p<0.001) (Figure 3.1A). Moreover, | could show that there is unequivocal

xlv



evidence of positive selection acting on the histone-fold domain (p<0.01).
Surprisingly, however, | found no evidence of positive selection acting on the
CATD alone (p~0.5) (Figure 3.1A). In particular, the Loop1 and alpha-helix2
have only three nonsynonymous changes over the ~60 million year evolution of
primates. This is in stark contrast to the 30 synonymous changes in the CATD
and the numerous insertions/deletions and non-synonymous changes in the
corresponding N-terminal regions (Figure 3.1B). Since the CATD is sufficient to
confer centromeric localization onto even canonical H3 [1], this suggests that all
primate CENP-A’s may retain the ability to localize to each other’s centromeres.
These findings in primate CENP-A are in stark contrast to previous studies in
both Drosophila and Arabidopsis species, where the CenH3s had a hotspot of
positive selection in their Loop1 region [39,84], and CenH3s were unable to

cross-localize [38,41].

| considered the possibility that the absence of positive selection in the
CATD of primate CenH3s may reflect an evolutionary constraint that is absent in
both plant and Drosophila CenH3s. Centromeric histone chaperones present one
such candidate. In Saccharomyces cerevisiae, CenH3 requires a specialized
chaperone, Scmg, to localize to centromeres [52,53]. Structural studies have
found that Scm3 binds the CATD of CenH3; mutations in the CATD result in loss
of Scm3 binding and defects in centromeric localization [51,54]. Recent studies
have discovered that primates encode an ortholog of Scm3 called HJURP [50].
Like Scm3, HJURP directly binds the CenH3 CATD and is required for

centromeric localization of CenH3[40,51,55,144]. Further, retargeting HJURP is
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sufficient to recruit CenH3 to non-centromeric DNA, leading to ectopic
kinetochore formation [56]. Thus, in both yeast and human cells, the CenH3-
chaperone interaction is critical for chromosome segregation, hence this
interaction surface (the CATD in CenH3) would be expected to be constrained in
its evolution, which is what | have found in primate genomes. In contrast to fungi
and other eutherian mammals, Drosophila and Arabidopsis genomes reveal no
orthologs of Scm3/HJURP [50], thus there is no a priori expectation of the same
degree of selective constraint acting on CATD from either Drosophila or
Arabidopsis CenH3s. | therefore hypothesized that it is the presence or absence
of Scm3/HJURP orthologs that results in differences in both the evolutionary

pressures and functional divergence of CenH3.

To directly test this hypothesis, | investigated the functional properties of
CenH3s from a wide evolutionary range of eukaryotic genomes that possessed
or lacked a Scm3/HJURP chaperone. SCM3 orthologs are present widely (but
not universally) in both fungi and animals, but not in any other lineages. |
therefore propose that the Scm3/HJURP chaperone arose in the common
ancestor of fungi and animals (Opisthokonta) [145,146] likely after the split from
Amoebozoa (e.g. Dictyostelium discoideum lacks an apparent ortholog) (Figure
3.2B). | selected two CenH3s from taxa preceding the birth of Scm3/HJURP- the
plant Arabidopsis thaliana [37], and the ciliated protozoan Tefrahymena
thermophila [128]. | also selected CenH3s from two divergent fungi, an
ascomycete S. cerevisiae and a basidiomycete Cryptococcus neoformans (1 did

not record any loss events of SCM3 from fungal genomes studied). Scm3 is also
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present in a basally branching relative of metazoans, the choanoflagellate
Monosiga brevicollis but has been apparently lost in several animal lineages,
represented by the nematode Caenorhabditis elegans and the fruitfly Drosophila
melanogaster. Among vertebrates, HJURP appears to be ubiquitously present in
eutherian mammals (represented by H. sapiens), and is also found in birds and
amphibians (represented by Xenopus tropicalis). However, all sequenced fish
genomes (represented by zebrafish Danio rerio) appear to lack an HJURP

ortholog.

A previous study had shown that substituting the CATD of S. cerevisiae
CenH3 (CSE4), into a H3 histone fold domain (HFD) together with the CSE4 N-
terminal tail and four amino acid changes in the C-terminus of the HFD could

complement a cse4A mutation[1] (schematized in Figure 3.2A). Using the same

approach and CATD boundary definitions, | decided to test CATD domains from
diverse CenHa3s for their ability to genetically perform the same function in
budding yeast (Figure 3.2A). | created diploid yeast strains heterozygous for the
wildtype CSE4 gene and a modified chimeric cse4/H3 gene in the allelic locus.
Following meiosis, the two genes are expected to segregate in a 2:2 Mendelian
fashion into tetrads. If the chimeric gene is able to complement cse4A, | expect to
see four viable products of meiosis. If however, the chimeric gene is unable to
complement, | expect to only see two viable spores per tetrad. When | tested the
S. cerevisiae CATD in this assay, as expected, | observed cse4A
complementation (Figure 3.2B). This complementation was also observed in the

case of CenH3 CATDs from C. neoformans, M. brevicollis, H. sapiens and X.
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laevis (1 were able to obtain M. brevicollis CenH3 sequence from its genome
sequence [147]). However, | observed no complementation when CenH3 CATDs
from A. thaliana, T. thermophila, D. melanogaster, C. elegans and D. rerio were
tested. Overlaying the presence or absence of the Scm3/HJURP chaperone onto
these results revealed a perfect congruence between chaperone presence and

ability to complement cse4A (Figure 3.2). Thus, chaperone presence is a better

predictor of CATD complementation than evolutionary relatedness of the

CenH3s.
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To functionally analyze these evolutionarily diverse CATD domains in
another system where the Scm3/HJURP chaperone had been retained, | turned
to human tissue culture cells. In contrast to the genetically-defined ‘point’
centromeres of S. cerevisiae, human centromeres are large and epigenetically
defined, consisting of repeated arrays of alpha-satellites. A previous analysis
had shown that a human Histone H3 with a (human CenH3) CENP-A CATD
domain (hereafter referred to as H3CATD) accurately localizes to human
centromeres [48]. | used a similar construct to analyze the centromere-localizing
properties of CATD domains from a panel of CenH3s from genomes with or
without their chaperones. Chimeric H3CATD were tagged with an N-terminal
3XFlag tag and transiently transfected into HEK293T cell lines (Figure 3.3). |
found that all H3CATD chimeras from species with SCM3 orthologs (M. brevicollis,
S. cerevisiae, X. laevis, H. sapiens) were able to localize to centromeres (marked
by an anti-CENP-A antibody that does not recognize the 3XFlag tagged
proteins). In contrast, H3CATD chimeras lacking Scm3/HJURP chaperones either
had a diffuse localization pattern (A. thaliana, D. melanogaster) or localized
adjacent but not coincident to centromeres (D. rerio — Figure 3.4). The D. rerio
CATD localization is especially reminiscent of results from a previous study of
heterologous CenH3s in D. melanogaster cells, where the heterologs localized to

heterochromatin but not to centromeres [148]. Thus, consistent with the cse4A



complementation analysis (Figure 3.2), successful localization to human
centromeric regions (Figure 3.4) is completely predicted by the presence or
absence of a cognate centromeric Scm3/HJURP chaperone rather than by

evolutionary relatedness.

The Loss of HIURP Releases the Fish CATD to Evolve Rapidly

By virtue of its preservation in the X. laevis and mammalian genomes, |
could infer that the common ancestor of the fish, amphibian and mammalian
lineages must have possessed the HHIURP chaperone. Closer examination of
multiple completely sequenced fish genomes (Figure 3.5) did not reveal an
HJURP ortholog. Thus, it appears that the common ancestor of fishes lost the
HJURP chaperone. This presented an opportunity to examine the evolutionary
constraints acting on a CenHS3 lineage that ‘recently’ lost its cognate HJURP
chaperone. Using publicly available genome and transcriptome sequences, |
investigated whether, after losing HJURP, CenH3 CATD had started to rapidly
evolve in fishes (Figure 3.6). | found significant evidence of positive selection in
fish CenH3s when the whole protein was analyzed (p<0.05) just like in primates
(Figure 3.1) and eutherian mammals in general[128]. However, in contrast to
mammals, | found significant evidence of positive selection acting on the CATD of
fish CenH3s (p<0.01), in particular residues in the Loop1 of the CATD. Thus, it
appears that, released from the constraint of maintaining chaperone binding, the
Loop1 region of fishes has evolved similarly to Drosophila and Arabidopsis
CenH3s [39,84]. Based on this pattern, | predict that fish CenH3s will show the

same lack of cross-localization seen in Drosophila and Arabidopsis lineages. |



also did not find strong evidence of positive selection acting on fish CenH3s in
their N-terminal tail. However, this is likely attributable to the lack of power to
detect positive selection due to the large number of indels (Figure 3.5). Together,
my analyses reveal that the presence of the chaperone is predictive not only of
CenH3 cross-complementation abilities but also of patterns of evolutionary

constraint acting on their CATD domains.

My findings that fish CenH3 Loop1 regions evolve rapidly just like in
Drosophila and plant lineages, still do not reveal why a CenH3 could not
simultaneously have both positively selected Loop1 as well as a Scm3/HJURP
interacting alpha-helix2. Structural and evolutionary studies have proposed that
alpha-helix2 is the critical region for both HHURP and Scmg3 interaction whereas
the Loop1 region was not required for centromere localization or chaperone
binding [54,140,149,150]. Yet primate CenH3 Loop1 domains show a surprising

lack of diversity, consistent with selective constraint, in primate Loop1.

This suggested that primate Loop1 evolution is still constrained by HJURP
binding, even if it does not involve a direct contact. To test this possibility, |
utilized functional differences between the zebrafish and Xenopus CATD to
investigate the role of Loop1 and the alpha-helix2 separately; while X. laevis
CATD is capable of providing cse4A complementation, D. rerio CATD is not
(Figure 3.2B). | created chimeric CATD domains of CenH3s from D. rerio and X.

laevis. However, neither of the two chimeras (D. rerio Loop1 X. laevis alpha-



helix2 or X. laevis Loop1 D. rerio alpha-helix2) could rescue a cse4A mutation

(Figure 3.2). The inability of a ‘functional’ X. laevis alpha-helix2 to complement
cse4A when paired with D. rerio Loop1, indicates that even if Loop1 does not
provide direct contacts for Scm3/HJURP binding, it nonetheless is constrained by
the presence of the chaperone. Loss of Scm3 permits the acquisition of Loop1
mutations that are now no longer compatible for binding to the chaperone,
perhaps due to an epistatic effect that compromises alpha-helix2 binding to

Scma3.

Despite conserved and essential function, centromeres and centromere
binding proteins evolve rapidly across many animal and plant taxa. This recurrent
rapid evolution is a hallmark of ongoing genetic conflict. | previously
hypothesized that asymmetric ‘female’ meiosis provides a unique landscape for
an intragenomic conflict [11,20]. Unlike in male meiosis, where all four meiotic
products become gametes, only one of the four products of female meiosis is
retained in the oocyte, while the other three products are discarded as
evolutionary dead ends. Therefore, female meiosis provides opportunity for loci
on homologous chromosomes to compete for evolutionary success. As the
genetic loci responsible for ensuring chromosome segregation, centromeres are
ideally positioned to cheat during meiosis and selfishly increase their own
transmission into the oocycte. Cheating by centromeres can be deleterious to
the rest of the genome and select for new alleles of CenH3 that suppress this

centromere drive [7,11,20]. Repeated cycles of centromere-drive and its

suppression can explain the rapid evolution of both centromeric DNA and CenH3.



In this context, it is important to emphasize that there is significant evidence for
positive selection acting on primate CenH3 N-terminal tails and histone fold
domains ([5], above). Therefore, | conclude that simply maintaining HJURP
interaction and centromeric localization during mitosis may not be sufficient for
the full repertoire of centromeric functions. For instance, having a correctly
adapted CenH3 may be especially crucial during meiosis, which may have
divergent requirements than mitosis [151]; notably, meiotic function has not been

assessed in previous or my heterologous ‘swap’ experiments.

Despite its explanatory power, the centromere-drive model still left
unanswered the question of why CenH3 evolution resulted in rapid functional
divergence in Drosophila and Arabidopsis but not in primates despite the same
evolutionary pressures. My results suggest that an ancient but idiosyncratic co-
evolutionary relationship between the CATD domain of CenH3 and the
homologous CenH3-interacting domain of Scm3HJURP provides an explanation
for this diverse pattern. CATD domains of CenH3s from species with an Scm3/
HJURP ortholog retain the ability to localize and functionally complement each
other over long evolutionary distances, whereas those from species lacking
Scm3/HJURP orthologs are unable to complement. The latter category includes
taxa, such as plants, that diverged prior to the birth of Scm3/HJURP or those who
subsequently lost Scm3/HJURP such as insects and fish. Thus, while genetic
conflicts between centromeric DNA and CenH3s helps explain the rapid evolution
of CenH3s, co-evolution with a Scm3/HJURP chaperone helps explain the

observed pattern of complementation and CATD evolution.
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The CATD domain of CenH3s has been previously defined both as the
centromeric localization determinant as well as the Scm3/HJURP binding domain
[1,40,54,140]. Further dissection and crystallographic studies have implicated the
alpha-helix2 as being sufficient for Scm3/HJURP to discriminate between CenH3
and canonical H3 [150]. It appears that HJURP is tolerant of significant variation
in Loop1. For instance, chimeric CATD domains with a shorter Loop1 from
canonical H3 and CenH3 alpha-helix2 can still be bound by HJURP and localized
to the centromere [150]. Furthermore, there is significant variation in Loop1 in
many CenH3s that still retain the functional property of binding Scm3/HJURP.
Yet, | find that Loop1 can negatively influence the CenH3-chaperone interaction.
For instance, the D. rerio Loop1 paired with a ‘functional’ alpha-helix2 is still

incapable of binding Scm3 to complement cse4A, suggesting that constraint to

avoid such negative epistasis still shapes Loop1 evolution, even though Loop1

may not represent a direct contact with Scm3/HJURP.

Scm3/HJURP is not the only partner to potentially constrain the evolution
of CenH3 CATD. | considered the alternate possibility whether any other
interactors might explain the divergent patterns of CenH3 function and evolution.
First, | considered another kinetochore protein essential for CenH3 localization,
CENP-N, which also recognizes CATD [106]. Three observations suggest that
CENP-N orthologs do not explain the evolutionary and functional divergence of
CenH3s. First, CENP-N orthologs can be readily identified in mammals, birds,
amphibians and fish [152], despite fish CenH3s not sharing the same

evolutionary history or functional complementarity of other vertebrates. Second,



although | can trace CENP-N orthologs in fungi, the homologous domain shared
by fungi and metazoan CENP-N proteins is not sufficient for CenH3 interaction
[106,152] unlike the Scm3/HJURP homologous domain. Finally, | were unable to
find choanoflagellate CENP-N orthologs, even though M. brevicollis CenH3
shares the functional and evolutionary constraint of fungal and mammal CenH3s.
Thus, both because of the lack of a conserved CenH3 interacting domain as well
as an incongruent phylogenetic distribution, | conclude that CENP-N is unlikely to

explain the idiosyncratic pattern of CATD function and evolution.

S. cerevisiae CenH3 CATD is also recognized by Psh1, an E3 ubiquitin
ligase required for removal of CenH3 from ectopic sites [139,141]. Proteasome
dependent degradation of ectopically deposited CenH3 is thought to be generally
important to ensure proper centromere localization. However, there are no
obvious Psh1 orthologs in metazoans. As yet, the only known metazoan E3-
ubiquitin ligase that functions in a manner analogous to Psh1 is D. melanogaster
Partner of Paired (Ppa) [153] even though it is not a direct ortholog of Psh1. Ppa
also interacts with the CenH3 CATD and yet does not constrain the evolution and
functional divergence of Drosophila CenH3s. This could reflect fundamental
differences between Ppa and Psh1 binding to the CATD or reflect the fact that
E3-ubiquitin ligases may not shape the disparate patterns of CenH3’s functional
divergence. This conclusion can be revisited as more E3 ubiquitin ligases with

analogous functions are identified, particularly in mammalian genomes.
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Canonical H3, CenH3 and other histone variants require chaperones to be
deposited onto DNA [154]. How is CenH3 still deposited at centromeric DNA in
taxa that have undergone independent losses of Scm3/HJURP? One possibility
is that CenH3 may have evolved to be deposited through a completely novel
pathway. However, another, more likely, possibility is that the evolution of a new
chaperone may have facilitated the loss of the ancestral SCM3/HJURP. This
possibility is supported by the function and evolution of the CAL1 protein in D.
melanogaster [57,58,155,156]. CAL1 appears to serve an analogous role to
Scm3/HJURP in terms of CenH3 deposition [57,58]. This dipteran specific
chaperone possesses a domain similar to the Scm3 homology domain within
CAL1’s CenH3 interacting region, leading to the hypothesis that CAL1 is the
product of convergent evolution [156]. Although it is still not known what domain
of CenH3 interacts with CAL1, it is interesting to note that CAL1-binding has not
constrained the CATD domain’s evolution in the same way as Scm3/HJURP.
Either the CAL1 interaction domain in Drosophila CenH3s does not involve the
CATD, or the interaction interface of CAL1 is more limited or labile, as evidenced
by Drosophila CenH3 CATD'’s rapidly evolution and functional divergence [38,84].
Since CAL1 likely convergently evolved a Scm3 homology domain, it may not
present exactly the same structural and evolutionary constraints as the

divergently inherited Scm3/HJURP orthologs from a common ancestor.

The extent of coevolution between the CATD and Scm3 over hundreds of
millions of years of evolution is remarkable. This is especially striking when one

considers that there is no recognizable homology outside the CATD-interacting
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domains in SCM3 from different taxa. Likewise, there is ample evidence of
CenH3 rapid evolution throughout animal and plant lineages. However, the CATD
interaction interface has been functionally and evolutionarily maintained
throughout this diversification, except in those lineages that lost or never
possessed the chaperone, obviating their CATDs of such constraint. In such an
instance of a deep protein-protein interaction coevolution, it is nonetheless
possible that these two protein domains could co-evolve independently down
each lineage, such that they maintain binding to each other but only within their
own lineage or species. If this were the case, | would not necessarily expect to
My findings that highly divergent CATD domains still maintain functional
interactions with both yeast and human chaperones suggest that the interaction
interface between CenH3 and Scm3/HJURP has remained functionally
unchanged despite hundreds of millions of years of evolution [157]. | infer that
any mutations resulting in even subtle reduction or loss of interaction affinity were
presumably so deleterious that they were not tolerated in the entire co-
evolutionary history of these two protein domains. This is the likely reason why
functional complementation has been successful in lineages as divergent as
yeast and human [143]. Thus, despite the backdrop of genetic conflict and rapid
evolution, the CATD-Scm3 interaction also presents a powerful paradigm of

coevolution of an ancient protein-protein interaction.
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Materials and Methods

Phylogenetic and Evolutionary Analysis of CenH3

Primate CenH3 sequence for H. sapiens, P. troglodytes, G. gorilla, P. pygmaeus,
N. leucogenys, M. mulatta, P. anubis, C. aethiops, M. talapoin, T. francoisi, C.
guereza, A. geoffroyi, A. nancymaae, C. jacchus, S. boliviensis, M. murinus, and
O. garnetti were obtained from either my sequencing, genome sequencing
projects or a previous study [5]. | additionally obtained CenH3 sequence from M.
talapoin, T. francoisi, C. pygmaea, L. lagotricha via RT- PCR using RNA isolated
from individual cell lines (obtained from Coriell repositories). RT-PCR was carried
out using the Invitrogen Superscript 1ll One-Step RT-PCR with Platinum Taq kit
(Invitrogen) and Primers KR83 and KR87 (primer sequences are in Appendix
Table 1). Products were gel purified and directly sequenced using ABI BigDye
3.0. Sequences obtained by this study have been deposited into Genbank

(accession numbers are forthcoming).

CenH3 sequences were aligned using ClustalX with manual refinement of
gap positions [158]. A phylogenetic tree was created, and bootstrapped using
the Neighbor-joining method [159]. To identify rapid evolution, nested PAML
models M7 and M8 were compared. Model M7 allows codons to have dN/ dS
values according to a beta distribution (two parameters). | tested for significance
of diversifying selection by comparing twice the difference in log likelihoods

between the M7 and M8 Nsites models with two degrees of freedom [103].
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To detect remote homology, | also carried out protein database searches

using PSI-BLAST and HHPred [160,161].

Plasmid Construction

The cse4-hph plasmids were constructed by amplifying 500 bp
downstream of CSE4 with primers KR327 and KR328 with engineered Sacl and
Spel sites and cloned into the same sites of the pAG32 vector [162]. H3CATD
fragments were PCR amplified from pSB1538 in two reactions: first using KR250
and a species specific primer designed to modify the Loop1 of the CATD, the
second using KR251 and a species specific primer designed to modify alpha-
helix2 (all primers are reported in the Appendix). These two fragments were
ligated using overlap PCR with primers KR250 and KR251. An additional 200 bp
downstream of CSE4 was amplified using primers KR327 and KR329 then
ligated to the H3CATD fragment with overlap PCR using primers KR250 and
KR329 engineered with Hindlll and BamHI sites and cloned into the same sites

of the cse4-hph plasmid.

To create the constructs used for cytology, HISTH3 was amplified using
KR285 and KR286. To modify the CATD, HISTH3 was amplified in two
fragments: first using KR285 and a species specific primer designed to modify
Loop1 of the CATD, the second using KR286 and a species specific primer
design to modify alpha-helix (Appendix Table 1). These two fragments were
ligated using overlap PCR with primers KR285 and KR286 engineered with

EcoRI and Knp1 and cloned into p3xFLAG-Myc-CMV™-24 (Sigma-Aldrich)



Tetrad Analysis

All yeast strains are detailed in Appendix Table 2. Strains SZY55 and
SZY56 were mated and sporulated, selecting for NATMX4 and KANMX4
resistant haploids, KRY100 (MATa) and KRY101(MATa). Strain KRY102 was
generated from a cross between KRY100 and KRY101. H3CATD plasmids were
digested with Hindlll and Spel and transformed into KRY102. After selection for
HPHMX4 resistance, replacement of CSE4 with H3¢AT0 was verified by PCR and
sequencing. These strains were sporulated on plates for 36 hours, then
dissected on YPD plates. The genotypes of the spore colonies were verified via

replica-plating.

Cytology

Human 293T cells were cultured in Dulbecco's Modified Eagle Medium (Gibco)
with 10% Fetal Bovine Serum, 50u/ml Penicillin, and 50ug/ml Streptomycin, at
37°C and 5% CO». Cells were grown to confluence, trypsinized and counted.
2x105 cells in 2.5mL of DMEM complete media were added to each well of a 6
well plate containing a glass cover slip. 24 hours later 2.5ng of 3xFlag-H3CATD
plasmid was transfected using TransIT®-LT1 transfection reagent (Muris)
according to manufacturer instructions. Cells were allowed 24 hours for
expression before being fixed with 4% paraformaldehyde for 15 minutes and
quenched with PBS plus 0.2% Tween (PSBT) at room temperature. 293T cells
were blocked with PBG, 0.2% (w/v) cold water fish gelatin (Sigma G-7765).
Centromeres were visualized with anti-CENP-A (1:1000 dilution) and H3CATD was

detected with anti-Flag (1:1000 dilution) primary antibodies. AlexaFluor 488 anti-
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rabbit (Invitrogen, diluted 1:100) and anti-mouse AlexaFluor 568 (Invitrogen,
diluted 1:1,000) were used for secondary detection. DNA was stained with DAPI
and coverslips were mounted in Vectashield (Vector Labs, Burlingame, CA).
Slides were observed under a Zeiss AxioPlan inverted scope, deconvolved, and

processed with AxioVision software (Zeiss, Thornwood, NY).
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IV. Rapid Evolution of HHURP, a Centromeric Histone Chaperone

HJURP was only recently characterized as the mammalian ortholog of
CenH3 chaperone Smc3[50]. HJURP is not only a histone chaperone, essential
for proper localization, but a molecular chaperone, binding the CenH3 histone
fold domain and assisting in proper folding[150,163]. My work has demonstrated
that the presence of an Scm3/HJURP chaperone constrains the evolution of
CenHa3, potentially limiting its ability to suppress centromere drive. HHURP
recognizes specific residues in the CATD of CenHS3, with the interaction between
HJURP and CenHa3 limiting the evolution of the CATD, reducing CenH3’s ability
to suppress centromere drive[51,55,144,149,150]. The presence of such a
chaperone and constraint of the CATD could disadvantage the genome when
confronted with driving centromere drive. However, HJURP could provide a new
target for selection limit the deleterious effects of drive. A new suppressor of
centromere drive will likely recognize centromeric DNA or chromatin, be a critical

component of centromere function, and rapidly evolving.

The full localization determinants of HJURP are not yet known, as there is
as yet no definitive pathway for in vitro centromere specification and kinetochore
formation. Since DNA sequence itself was revealed to be insufficient to specify
centromere function, it has been hypothesized that centromeres are
epigenetically defined. There is overwhelming evidence that CenH3 are an
essential and defining epigenetic mark of active centromeres but CenH3 is

dependent on the functions of a number of other centromere binding proteins,
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including a direct binding by HJURP. A fungal ortholog of HJURP, Scm3 has a
nonspecific DNA binding domain that shows preference for AT-rich DNA and de
novo kinetochore formation at sights of ectopic HJURP localization suggests that
centromeric histone chaperones interact with centromeric DNA and act upstream
of all other the kinetochore proteins, including CenH3[56,163]. However,
HJURP requires the Mis18 complex of proteins to localize to endogenous
centromeres, raising questions about how critical DNA recognition is for HHURP

localization[56].

HJURP’s essential role in centromere specification is supported, as
mislocalizing HJURP to chromosome arms resulted in the relocalization of the
kinetochore[56]. HJURP-Lacl constructs were able to localize CenH3 to LacO
arrays[56]. The ectopic localization of HHURP-Lacl and CenH3 was sufficient to
form de novo kinetochores at the LacO[56]. Critically, both the inner and outer
kinetochore is recruited to these ectopic LacO sites. Overexpression of CenH3
leads to incorporation of CenH3 throughout the chromosome, likely through
HJURP-independent mechanisms, however while overexpression leads to the
relocalization of CENP-C, but these regions do not recruit additional CenH3
binding proteins or support kinetochore formation[164]. It is not known why
recruitment of CenHS3 to the LacO array by HJURP-Lacl is successful at
reconstituting centromere and kinetochore activity, while HHURP-independent
ectopic kinetochore formation is unsuccessful. There may be some additional
essential kinetochore requirement fulfilled by HJURP, perhaps through its

molecular chaperone role. It may also be result of an increased density of CenH3
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at the LacO arrays relative to untargeted deposition into general chromatin by
overexpression. Finally, the kinetochore activity of the LacO array may be due to
an as yet unrecognized HJURP role in the assembly of CenH3 nucleosomes.
Regardless, HJURP’s central role in centromere specification led me to

investigate its evolutionary history and role as a suppressor of centromere drive.

HJURP has undergone repeated bouts of rapid evolution

While there is no evidence of HJURP directly recognizing or binding
centromeric DNA, both the upstream Mis18 complex, and downstream CenH3
genes of kinetochore formation pathway are rapidly evolving. In addition,
evolutionary studies of CenH3 were able to identify previously unknown
centromere localization determinants[38,84]. | sought to characterize whether
HJURP was likewise shaped by centromere drive and gain potential insights into
the chaperone’s centromere determinants. | amplified HHJURP from a combination

of cDNA and genomic DNA to obtain full-length sequence from 15 primates.

| used codeml to perform a maximum likelihood analysis on the Primate
HJURP. The 16 primate sequences allowed me to determine that models
allowing for positive selection were significantly more likely than neutral models
(p<0.0001). Despite the strong support for positive selection, only five codons
reached a posterior probability greater than 95% (Figure 4.1A). However, there
were 13 codons with high posterior probability greater than 80% of selection and
61 amino had a posterior probably of selection greater than 50%. Very little is

known about the function of HHURP domains outside the overlapping Scm3
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homology domain and CenH3 binding domain, and selected sites are spread
throughout the proteins[50,55]. The chaperone is functionally conserved;
suggesting that selection to suppress cheating centromeres is driving HJURP’s
rapid evolution[51-53,144,165]. However, in contrast to CenHS3, there is no
clustering of selection in the primary amino acid sequence, lending little insight
into the localization determinants of HHJURP. The lack of any predicted tertiary
structure makes it impossible to rule out a clustering of selected sites in the
folded structure. Further research into the structure of HJURP may help

illuminate clustering of selected sites and potential localization determinants.

The SCM3 homology domain is the only recognized region of homology
linking orthologous chaperones[50]. Unsurprisingly, the SCM3 homology domain
also contains the CenH3 binding motifs[55,149]. The general homology of the
SCMS3 domain and the functional conservation of the CATD binding partner, lead
me to investigate whether this protein interaction domain is rapidly evolving. My
analysis of the 51-codon region reveled a high level of conservation (p ~ 1.0 for
positive selection, Figure 4.1B). Further, the critical CenH3 binding determinant,
the TLTY Box, had no nonsynonymous changes but six synonymous changes,
highlighting the close conservation and co-evolution of the partner domains of

HJURP and CenH3.

The repetitive nature of centromeric DNA made analysis of centromeric
sequences difficult but even with the limited data available major changes in

primate centromere structure and function. All simian centromeric satellites
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investigated thus far are based on 171-bp of alpha-satellites repeats.
Centromeres of hominoids closely related to H. sapiens consist of multimeric
arrays of alpha satellites[166-172]. These highly homogeneous arrays can
consist of five to 22 diverged alpha-satellites, repeated from 2 Mb to 5 Mb in
length [167,168,173]. Even among great apes, higher order arrays of alpha-
satellites are not universal. N. leucogenys centromeres consist of tandem
monomeric alpha-satellite repeats similar to Cercopithecidae primates’
centromeres[9,174,175]. Platyrrhini primate C. jacchus has yet another repeat,
dimeric arrays, of alpha satellites, showing that yet another centromere
organization and an independent occurrence of higher order array evolution[9].
The single prosimian’s (Daubentonia madagascariensis) centromeres analyzed
consisted of novel DMA1 and DMAZ2 satellites, 146 base pairs and 268 base
pairs respectively, with no homology to any other primates’ centromeric satellite

[176].

Repeated evolution of novel alpha-satellite sequences and arrays gave
me the opportunity to investigate whether HJURP’s rapid evolution is also
episodic and repeated, consistent with driving novel centromeric satellites.
Codeml is able to test each lineage of the primate HJURP phylogeny individually
for rapid evolution. While this analysis is able to test each lineage separately, it
is able to calculate only whole protein dN/dS values, diluting any signal of
positive selection, but multiple lineages have dN/dS ratios greater than one. The
rapid evolution appears to be ancient and repeated, with whole protein dN/dS

values greater than 1 spread throughout the Catarrhini branches. (Figure 4.2). It

Ixvii



is particularly tantalizing to note that there were almost 16 nonsynonymous
changes and no synonymous changes at the base of the Hominidae lineage, just
as arrays of alpha-satellites are beginning emerge as the dominant centromeric

repeat.

HJURP is a putative a new suppressor of centromere of centromere drive.
Centromere drive poses a serious challenge for the genome. The
deleterious effects of cheating centromeres can significantly reduce male fertility,

both while driving centromeres are heterozygous and after they have swept to
fixation[21,24-26]. In addition, XY systems pose a particular challenge. The X
chromosome might drive unchecked because the Y chromosome never has the
opportunity for selection by being passed through asymmetric meiosis.
Segregation distortion by a driving X chromosomes in an XY system would
threaten a dangerous sex ratio imbalance. Previous studies have shown that
CenH3’s rapid evolution has lead to changes in satellite recognition and
localization[37,38,41,177]. This rapid evolution and change in localization was
focused on the CATD region, which is free to evolve only in the absence of a
HJURP ortholog[2,37-39]. Selection would disfavor the creation of a chaperone

interaction that reduced CenH3, and the genome’s, ability to relieve the negative
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effects of centromere drive unless there was a ready substitute.

HJURP’s rapid evolution suggests that the chaperone is able to
supplement, and perhaps supplant, CenH3 as the means to restrict centromere
drive and specify centromeric location in primates. The chaperone restricts the
evolution of CenHS3’s critical localization determination domain but provides
another avenue involved in restricting centromere drive. In the organisms such
as primates where the chaperone is present, the chaperone is rapidly evolving
but organisms where there is not a known chaperone, the CenH3 is rapidly
evolving. Because of the functional requirements of the protein interactions
between chaperones and CenH3, | have never seen both the chaperone and

CenH3 CATD rapidly evolving in the same lineages.
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Materials and methods

Sequencing of HHURP from Primate RNA

HJURP was amplified and sequenced from total RNA with Superscipt Ill One-
step RT-PCR kit (Invitrogen) by using the PCR and sequencing primers shown in
Primer Table (Appendix I). RT-PCR products were sequenced directly, except in
a few cases where they were first cloned into the TOPO TA cloning vector
(Invitrogen), followed by sequencing of as least three independent clones.
Sequence reads were assembled into full length transcripts. Additional cDNA
sequences for P. alebii (Orangutan), C. jacchus (Marmoset) were obtained from
the UCSC genome browser. HHURP coding sequences from H. sapiens, M.
mulatta , and C. jacchus were used to query the nr, wgs, and hgts NCBI
databases to Otolemur garenttii (Galago), Microcebus murinus (Mouse Lemur),

Tarsius syrichta (Tarsier) [134].

Selection Analysis

Translational alignments of primate sequences were created using Geneious with
hand alignments of gaps[135]. Phylogenies, which conformed to the accepted
primate phylogeny were constructed using neighbor joining (clustalX). A
maximum likelihood analysis was performed with codeml in the PAML4 software
package. To detect selection, multiple alignments were fitted to either the F3x4 or
1/61 models of codon frequencies. Likelihood ratio tests of the data were
performed by using different sets of site-specific (NS sites) models as follows: M1

(two-state, neutral, dN/dS > 1 not allowed) to M2 (three-state, selection, dN/dS >
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1 allowed); and M7 (beta distribution, dN/dS > 1 not allowed) to M8 (beta
distribution but dN/dS > 1 allowed). Whole protein synonymous changes per
synonymous site (dS)/replacement changes per replacement site (dN) ratios for
the tree were calculated by a free-ratio model, which allows dN/dS to vary along

different branches.
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V. Conclusions

The rapidly increasing availability of genomic sequence data and the
increase availability of sequencing technologies is enabling ever more robust use
of evolutionary analysis to direct my functional characterization both genetic
pathways and proteins. Evolutionary analysis has been used to direct the
functional characterization of a variety of proteins. It has long been recognized
that most proteins are highly conserved both functionally and at the sequence
level. The landscape and strength of that conservation can point to critical amino
acids, aiding in both functional characterization and prediction. There is another,
rarer, class of proteins that remains functionally conserved but evolves rapidly at
the sequences level. In these cases, evolutionary theory suggests that rapid
evolution is driven by genetic conflict and analysis of the rapidly evolving regions
has given us insight into nature of the genetic conflict. Until recently, the cost
and difficulty of sequencing genes from many related species has confined these
analyses to single genes or families of genes. | took advantage of the expanding
amount of sequence data available in primates, in addition to extensive work to
characterize the fundamental proteins of the kinetochore, to leap past the
analysis of the small number of genes previously investigated and investigate the

whole system.
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The centromere drive conflict is restricted to the inner kinetochore
Investigation of the effects conflict between centromeres and centromere
binding proteins thus far has been restricted to centromeric histones. Some of
this has been due to the paucity of inner kinetochore proteins available in most
species, in addition to the hypothesized central role of CenH3 in centromere
specification and kinetochore function. In addition, many kinetochore proteins
directly bind CenH3 and almost all are dependent on the centromeric histone for
localization. This left open the question of what role, if any, the other proteins of
the kinetochore might play in suppressing centromere drive. Selection was
hypothesized to act on only DNA binding proteins to suppress the deleterious
effects of driving centromeres but | have shown that positive selection acts widely
on the inner kinetochore. Proteins with known DNA binding activity, such as
CENP-T or KNL2, are rapidly evolving, as well as proteins from the CENP-O
complex, without any hypothesized DNA binding activity. The surprising breadth
of selection did not extend to the outer kinetochore or fibrous corona. Unlike the
inner kinetochore, where many proteins have not been discovered outside of
mammals, the outer kinetochore and fibrous corona is well conserved across
taxa. Kinetochore proteins outside of the inner kinetochore display the same
conservation of sequence in primates. | can now say that while the inner
kinetochore evolution is driven by positive selection to suppress centromere
drive, the outer kinetochore and fibrous corona have been preserved by their

essential role in chromosome segregation.
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The notable exception to the conservation of the outer kinetochore is
CASCS5, which links the kinetochore and microtubules. The CENP-O complex of
the inner kinetochore also is rapidly evolving and regulates microtubule
kinetochore interactions. Neither CASC5 nor CENP-O have any DNA binding
activity but are among the most rapidly evolving kinetochore proteins, suggesting
that there maybe an additional pathway for suppression of centromere drive.
Meiotic positioning is believed to be critical for success in asymmetric meiosis but
no one has proposed a mechanism by which regulation of microtubule binding or
dynamics could suppress centromere drive. This data suggests that the
kinetochore has an entirely novel pathway to suppress driving centromeres.
Further testing of this hypothesis will be difficult as changes in microtubule
dynamics are more challenging to quantify than changes in localization, and

maybe present only in meiosis.

Resolving conflicting observations about CenH3 evolution

CenH3’s function and evolution had been extensively studied, but
conflicting evidence had begun to arise. CenH3 is rapidly evolving in every
species with asymmetric meiosis studied thus far, however, complementarity
between species varied dramatically. Rapid of evolution of CenH3 in plants and
diptera abrogated localization in related species, but despite the rapid evolution
of both CenH3 and centromeres, CenHS3 is able to localize throughout the
primate lineage. Even a distantly related fungal CenH3 is able to localize primate
centromeres, comprised of satellites divergent in sequence and organization. |

reconciled these observations by analyzing the evolution of primate CenHS3 in
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light of recent evidence identifying key targeting elements and the phylogenic
distribution of a specialized chaperone, HJURP. This work directly identifies and
addresses the selective pressures acting on the histone fold domain of CenH3;
selection to innovate to suppress centromere drive and purifying selection to
retain chaperone binding and interaction. It provides evidence that fundamental
kinetochore proteins can be born and lost, and the rest of the kinetochore can
adapt to new roles in centromere recognition. The HJURP ortholog was lost in
Drosophila with the birth of a new chaperone but CenHS3 is no longer exclusively
dependent on the new chaperone, rather CenH3, the chaperone, and CENP-C

are now interdependent.

Future directions
My work provides two clear avenues for further research on the effects of

centromere drive and the organization of the kinetochore. My findings on the co-
evolution of CenH3 and HJURP point to the importance of HIURP in specifying
centromere location and function, however, we know little about how HJURP
recognizes centromeric DNA or chromatin. This is a clear departure from the
previous hypothesis that CenH3 was the proximate determinant of centromere
specification. Further research into how HJURP, and Mis18, on which HJURP is
dependent, specify centromere function is necessary but the choice of model
system is likely to be of critical importance. Several model systems lack HJURP
orthologs and in those system CenH3 appears to take a more direct role in
localization, which is just one indication that centromere specification may

evolutionarily labile.
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My survey of the evolutionary history of the kinetochore also starts to
provide both a more detailed mechanism of centromere cheating during drive
and a potential novel new path to suppress centromere drive. It has been
hypothesized that larger or more ‘active’ centromeres recruited more
microtubules to gain advantage position and transmission but there has been
little direct evidence of this. | found that kinetochore proteins that provide
attachment sites or regulate microtubule binding are among the most rapidly
evolving proteins of the kinetochore suggesting that microtubule binding plays a
key role in centromere’s cheating. It also expands the previous hypothesis, only
proteins that directly interact with centromeric or pericentromeric DNA are
candidates to suppress centromere drive. The wide spread rapid evolution of
microtubule regulators strongly suggests that they are suppressing centromere
drive or involved in a unrecognized conflict. Perhaps the most unexpected
outcome of this research is the recognition of the greatly expanded impact of the

centromere drive confliction on the kinetochore and genome
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VI. Appendix

Table of Primers

Primer
JAK25
JAK97

KR150
KR170
KR171
KR172
KR173
KR174
KR175
KR250
KR251

KR252

KR253

KR254

KR255

KR260

KR261

KR262

KR263

KR264

KR267

KR268

KR269

KR285
KR286
KR327

KR328

Table of Primers 1 of 3

Sequence Gene
CCACATCAAGCTGTTCTTCAGCTGG CENP-C
ATATTTAAGSTTGGTTKATCTTTCATC CENP-C
GCGGCCGCATTATGGTTTACCCATACGACGTTCCAGACTACGCT
ATGGCTGCGTCSGGTCTGGATCATC CENP-C
CTCGAGCGGCCGCTTAACTATTGTGATGCATTGGTAATTC CENP-C
CTCGAGCGGCCGCTTATAGTGTCATGACGYACTGTTAATTC CENP-C
CTCGAGCGGCCGCTTAAMCTCCAGAACCTTCAGCATT CENP-C
CTCGAGCGGCCGCTTAACTGTTGYGATGCATTGGTAATTC CENP-C
CTCGAGCGGCCGCTTAACTGTTGTGAGGCATTGGTAATTC CENP-C
CTCGAGCGGCCGCTTAACYTCCAGAACCTTCAGCATT CENP-C
GGAAAGAAGCTTATGTCAAGTAAACAACAATG CenH3
CTAGATAAATTGACCTCTTAATC CenH3

GCTTCTGCTGCCTCTTGTAGGGCCAATAGGGCCTGGGCTTGCCA
ATTGAAGTCCACACCACGAGTGAATTTAACACAGATTTCTCTGA CenH3
CCAATCTTTGGA
TTGGCCCTACAAGAGGCAGCAGAAGCATTTCTAGTTCATCTCTT
TGAGGACGCCTATCTCCTCACCTTACATGCAGGCCGTGTCACTA CenH3
TCCAAAAGAAGG
CGCACGACTCCTGCATGGCCAATAGGGCGCCTTCGGTGACCCTT
AGCGGCTCGTCGTCGCTGTACTTCACGATGATTTCTCTGACCAA CenH3
TCTTTGGAAAGG
TTGGCCATGCAGGAGTCGTGCGAGATGTACTTGACGCAGCGGCT
CGCCGACTCCTACATGCTAACCAAGCATCGCAATCGTGTCACTA CenH3
TCCAAAAGAAGG
AGCTTCAGTAGTAGTTTGGATAGCCAAAAGAGCTCCAGGAGTTA
TTCTAAGACCATCGTCGAATAAGCACATGATTTCTCTGACCAAT CenH3
CTTTGGAAAGG
AAGAGAAGAAGAAGGCTAGTTGCTTCAGTGATTCGCAGACTTAG
AAATTCTGTTGATTTTATGATTCCTCGTCTCCCTTTCCAAAGAT CenH3
TGGTCAGAGAAA
CTGCCGCCTCTTGAAGAGCAACAAGAGCTTCAGCTGTCCAACGA
TTGATTTGGGGAGGGGCCAACATATGGGTGATTTCTCTGACCAA CenH3
TCTTTGGAAAGG
GTTGCTCTTCAAGAGGCGGCAGAAGATTACTTGGTTGGTTTGTT
CTCAGATTCAATGCTCTGTGCTATCCATGCAAAGCGTGTCACTA CenH3
TCCAAAAGAAGG
TTGCTTCCTGTAACGCCATAATCGCCATTGACTGCCAACGTAAA
TCCTGATCTTTAGTTGTAAACTCGTCTGTGATTTCTCTGACCAA CenH3
TCTTTGGAAAGG
GTTTTACTTCAAACAGTTGTAGAAGATTATATGGTTTCATTTTT
TGAAGATGCGAATGCTTGTGCTCTCCATGCTAAACGTGTCACTA CenH3
TCCAAAAGAAGG
GCCTCTGCAGCCTCCTGTAGAGCCATTAAAGCATATCCTTGCCA
CATCATGTGCTCTCGGCTGAACATCTGACAGATTTCTCTGACCA CenH3
ATCTTTGGAAAG

GGCTCTACAGGAGGCTGCAGAGGCGTTCATGGTTCGTCTGTTTT
CTGATGCCAACCTCTGTGCCATTCACGCCAAAAGCGTGTCACTA Cent3
TCCAAAAGAAGG

GAAAGGGAATTCTGCCCGAACCAAGCAGACTGCGCGCAAG CenH3
GAAAGGGGTACCTCAGGCCCGCTCCCCGCGGATA CenH3
CAGTTGGCTAGAAGATTAAGAGGTCAATTTATCTAGTATTTGTGCenH3
CTTCAGGGCTG

GAAAGGACTAGTGGTGTTTCTGGAGCAGCGCGA CenH3

Species
Primates

Primates

Primates

Hominoids

New World Monkeys

Hominoids

0ld World Monkeys

P. abelii

0ld/New World Monkeys

H. sapiens

H. sapiens

D. melanogaster

D. melanogaster

D. discoideum

D. discoideum

A. thaliana

A. thaliana

S. cerevisiae

T. thermophila

D. rerio

D. rerio
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KR329

Primer

KR337

KR338

KR339

KR340

KR341

KR342

KR344

KR347

KR348

KR349

KR349

KR350

KR351

KR354

KR356

KR360

KR361

KR390

KR391

KR391

KR392

KR393

KR394

CenH3
GGAAAGGTCGACCCTGCAGAAGTATCCCTTAATCAGTC

Table of Primers 2 of 3

Sequence Gene
TCGGCAGCCTCTTGCAGTGCCTCAATGGCCTTGGCTTGCCACCG
GAGCGGGGCAGTGTGATAAAAGTCTTGGGCGATTTCTCTGACCA CenH3
ATCTTTGGAAAG
GGCACTGCAAGAGGCTGCCGAAGCCTACATTGTTCGCCTCTTGG
AGGACGGCAATCTTTGCGCCATCCATGCCAAGCGTGTCACTATC CenH3
CAAAAGAAGGAT
TGCTTCTTGTAATGCCATGATCGCCGAACTTTGCCATCGATATT
CGCCCACCTCATCAGAGCCTACGTTCATGGCGATTTCTCTGACC CenH3
AATCTTTGGAAA
AAATGCTTCTGCTGCCTCTTGTAGGGCCAATAGGGCCTGGGCTT
GCCAATTGAAGTCCACACCACGAGTGAATTTAACACAGATCTCG CenH3
CGCATCAGCCGC
ATTGGCCCTACAAGAGGCAGCAGAAGCATTTCTAGTTCATCTCT
TTGAGGACGCCTATCTCCTCACCTTACATGCAGGCCGGGTCACC CenH3
ATCATGCCTAAG
GGCATTACAAGAAGCAGCAGAGGCTTTTCTTGTTCATCTCTTTG
AAGATGCGAATTTATGTGCCATCCATGCAAAGCGTGTCACTATC CenH3
CAAAAGAAGGAT
ATCTTCTGCCGCCTCTTGAAGAGCAACAAGAGCTTCAGCTGTCC
AACGATTGATTTGGGGAGGGGCCAACATATGGGTGATCTCGCGC CenH3
ATCAGCCGCTGG
CATGGCATTACAAGAAGCAGCAGAGGCTTTTCTTGTTCATCTCT
TTGAAGATGCGAATTTATGTGCCATCCATGCAAAGCGGGTCACC CenH3
ATCATGCCTAAG
TTCGCTTGCTTCCTGTAACGCCATAATCGCCATTGACTGCCAAC
GTAAATCCTGATCTTTAGTTGTAAACTCGTCTGTGATCTCGCGC CenH3
ATCAGCCGCTGG
TATGGCGTTACAGGAAGCAAGCGAAGCGTATCTGGTAGGATTAT
TGGAACATACAAACCTCTTGGCGCTGCATGCAAAACGGGTCACC CenH3
ATCATGCCTAAG
ATTGGCCATGCAGGAGTCGTGCGAGATGTACTTGACGCAGCGGC
TCGCCGACTCCTACATGCTAACCAAGCATCGCAATCGGGTCACC CenH3
ATCATGCCTAAG
AGTACATCTCGCACGACTCCTGCATGGCCAATAGGGCGCCTTCG
GTGACCCTTAGCGGCTCGTCGTCGCTGTACTTCACGATGATCTC CenH3
GCGCATCAGCCG
TGAGGCACTGCAAGAGGCTGCCGAAGCCTACATTGTTCGCCTCT
TGGAGGACGGCAATCTTTGCGCCATCCATGCCAAGCGGGTCACC CenH3
ATCATGCCTAAG
GGCTTCGGCAGCCTCTTGCAGTGCCTCAATGGCCTTGGCTTGCC
ACCGGAGCGGGGCAGTGTGATAAAAGTCTTGGGCGATCTCGCGC CenH3
ATCAGCCGCTGG
GAACGCCTCTGCAGCCTCCTGTAGAGCCATTAAAGCATATCCTT
GCCACATCATGTGCTCTCGGCTGAACATCTGACAGATCTCGCGC CenH3
ATCAGCCGCTGG
CGCCGCTTCTTGAAGAGCACTGATGGCGTCAGAACGAATACGGC
AGTCGGCGCCAAATGGAGTGGAAGTCTGCATGATTTCTCTGACC CenH3
AATCTTTGGAAA
GATGGCGTCAGAACGAATACGGCAGTCGGCGCCAAATGGAGTGG
AAGTCTGCATGATTTCTCTGACCAATCTTTGGAAACGTGTCACA CenH3
CTCATGACAACG

ATGCTGGGTMCGCTGCGCGCCATG HJURP
ATGGAGAGCGAGGACGTG HJURP
WYGGAGGRCGAGGGCATGG HJURP
CTTTAAGGGCAGAGAAGTCAATC HJURP
TCTCTTCTGAGTTGGGCTGTG HJURP
CTCTTCCATCCTGTAAGAYGTG HJURP

Species

M. brevicollis

M. brevicollis

C. neoformans

H. sapiens

H. sapiens

C. neoformans

A. thaliana

C. neoformans

S. cerevisiae

S. cerevisiae

D. melanogaster

D. melanogaster

M. brevicollis

M. brevicollis

D. rerio

C. elegans

C. elegans

Hominoids

C. aethiops

New World Monekys
A. geoffroyi
Primates

Primates
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KR395

Primer
KR396
KR397
KR398
KR399
KR400
KR55
KR55
KR56

Table of Primers 3 of 3

Table of Strains

STRAIN
SZY55

SZY56
KRY100
KRY101

KRY102

KRY110

KRY112

KRY115

KRY122

KRY123

KRY125

KRY127

KRY130

KRY132

KRY135

KRY136

Table of Yeast Strains 1 of 2
Genotype

GATKCYGGGTCCGCTGCGC HJURP 0ld World Monkeys

Sequence Gene Species
CTCTTCCATCCTGTAAGCCATG HJURP P. anubis
ATGGAGAGCGAGGACGTGG HJURP 0ld World Monkeys
CTTTAAGGGCAGAGAAGTCAACC HJURP Primates
TCTCTTCGGAGTTGGGCTGTG HJURP P. abelii
CTCTTCCGTCCCGTAAGATGTG HJURP S. boliviensis
CCTCCGCGGCGTGCCATGG CENP-A Primates
CCTCYGCGGCGTGYCATGG CENP-A Primates
CCTTAGGTAACYGGCCGCGG CENP-A Primates

SK1 strain; MATa, ho::hisG, ura3, his3del::KANMX4, zip2del::NAT

SK1 strain; MATa, ho::hisG, ura3A::NATMX4, his3A::KANMX4
SK1 strain; MATa, ho::hisG, ura3A::NATMX4, his3A::KANMX4
SK1 Strain; MATa, ho::hisG, ura3A::NATMX4, his3A::KANMX4

SK1 Strain; MATa/MATa, ho::hisG/ho::hisG, ura3A::NATMX4/ura3A:

his3A: :KANMX4/his3A: : KANMX4

SK1 Strain; MATa/MATa, ho::hisG/ho::hisG, ura3A::NATMX4/ura3A:

his3A: :KANMX4/his3A::KANMX4,CSE4/csedl: :csedHsapiens—CATD

SK1 Strain; MATa/MATa, ho::hisG/ho::hisG, ura3A::NATMX4/ura3A:

his3A: :KANMX4/his3A::KANMX4,CSE4/csedl: :csedHsapiens—CATD

SK1 Strain; MATa/MATa, ho::hisG/ho::hisG, ura3A::NATMX4/ura3A:

his3A::KANMX4/his3A: :KANMX4,CSE4/csedl: :csedScerevisiae-CATD

SK1 Strain; MATa/MATa, ho::hisG/ho::hisG, ura3A::NATMX4/ura3A:
his3A::KANMX4/his3A: :KANMX4,CSE4/csedA: :cse4Dmelanogaster-CATD
SK1 Strain; MATa/MATa, ho::hisG/ho::hisG, ura3A::NATMX4/ura3A:

his3A::KANMX4/his3A: :KANMX4,CSE4/csedA: :csed4Mbrevicollis—-CATD

SK1 Strain; MATa/MATa, ho::hisG/ho::hisG, ura3A::NATMX4/ura3A:

his3A::KANMX4/his3A: :KANMX4,CSE4/csedA: :csedMbrevicollis—-CATD

SK1 Strain; MATa/MATa, ho::hisG/ho::hisG, ura3A::NATMX4/ura3A:

his3A::KANMX4/his3A: :KANMX4,CSE4/csedl: :cse4dCneoformans—-CATD

SK1 Strain; MATa/MATa, ho::hisG/ho::hisG, ura3A::NATMX4/ura3A:

his3A::KANMX4/his3A: :KANMX4,CSE4/csedl: :cse4dCneoformans—-CATD

SK1 Strain; MATa/MATa, ho::hisG/ho::hisG, ura3A::NATMX4/ura3A:

his3A::KANMX4/his3A: :KANMX4,CSE4/csedA: :csedDrerio-CATD

SK1 Strain; MATa/MATa, ho::hisG/ho::hisG, ura3A::NATMX4/ura3A:

his3A::KANMX4/his3A: :KANMX4,CSE4/csedA: :csedDrerio—-CATD

SK1 Strain; MATa/MATa, ho::hisG/ho::hisG, ura3A::NATMX4/ura3A:

his3A::KANMX4/his3A: :KANMX4,CSE4/csedl: :csedAthaliana-CATD

:NATMX4,

:NATMX4,

:NATMX4,

:NATMX4,

NATMX4,

:NATMX4,

:NATMX4,

:NATMX4,

:NATMX4,

:NATMX4,

:NATMX4,

:NATMX4,
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STRAIN

KRY142

KRY145

KRY146

KRY148

KRY150

KRY153

KRY155

KRY157

KRY158

Table of Yeast Strains 2 of 2

Genotype

SK1 Strain; MATa/MATa, ho::hisG/ho::hisG, ura3A::NATMX4/ura3A:

his3A::KANMX4/his3A: :KANMX4,CSE4/csedl: :cse4Ttermophila-CATD

SK1 Strain; MATa/MATa, ho::hisG/ho::hisG, ura3A::NATMX4/ura3A:

his3A::KANMX4/his3A: :KANMX4,CSE4/csedA: :csedXlaevis—CATD

SK1 Strain; MATa/MATa, ho::hisG/ho::hisG, ura3A::NATMX4/ura3A:

his3A::KANMX4/his3A: :KANMX4,CSE4/csedA: :csedXlaevis—CATD

SK1 Strain; MATa/MATa, ho::hisG/ho::hisG, ura3A::NATMX4/ura3A:

his3A::KANMX4/his3A: :KANMX4,CSE4/csedA: :csed4Celegans—-CATD

SK1 Strain; MATa/MATa, ho::hisG/ho::hisG, ura3A::NATMX4/ura3A:

his3A::KANMX4/his3A: :KANMX4,CSE4/csedA: :csed4Celegans-CATD

SK1 Strain; MATa/MATa, ho::hisG/ho::hisG, ura3A::NATMX4/ura3A:

:NATMX4,

:NATMX4,

:NATMX4,

:NATMX4,
:NATMX4,

:NATMX4,

his3A::KANMX4/his3A: :KANMX4,CSE4/csedA: :cse4Xlaevis-loopl/Drerio-ahelix2

SK1 Strain; MATa/MATa, ho::hisG/ho::hisG, ura3A::NATMX4/ura3A:

:NATMX4,

his3A::KANMX4/his3A: :KANMX4,CSE4/csedA: :cse4Xlaevis-loopl/Drerio-ahelix2

SK1 Strain; MATa/MATa, ho::hisG/ho::hisG, ura3A::NATMX4/ura3A:

:NATMX4,

his3A::KANMX4/his3A: :KANMX4,CSE4/csed4A: :cse4Drerio-loopl/Xlaevis-ahelix2

SK1 Strain; MATa/MATa, ho::hisG/ho::hisG, ura3A::NATMX4/ura3A:

:NATMX4,

his3A::KANMX4/his3A: :KANMX4,CSE4/csed4A: :cse4Drerio-loopl/Xlaevis-ahelix2
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