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Abstract

The emergence of eukaryotes from ancient prokaryotic lineages was accompanied by a remarkable increase in
cellular complexity. While prokaryotes use simple systems to connect DNA to the segregation machinery during
cell division, eukaryotes use a highly complex protein assembly known as the kinetochore. Although conceptually
similar, prokaryotic segregation systems and eukaryotic kinetochore proteins share no homology, raising the
question of the origins of the latter. Using large-scale gene family reconstruction, sensitive profile-versus-profile
homology detection and protein structural comparisons, we here reveal that the kinetochore of the last eukaryotic
common ancestor (LECA) consisted of 52 proteins that share deep evolutionary histories with proteins involved
in a few prokaryotic processes and a multitude of eukaryotic processes, including ubiquitination, chromatin
regulation and flagellar as well as vesicular transport systems. We find that gene duplications played a major role
in shaping the kinetochore: roughly half of LECA kinetochore proteins have other kinetochore proteins as closest
homologs. Some of these (e.g. subunits of the Mis12 complex) have no detectable homology to any other
eukaryotic protein, suggesting they arose as kinetochore-specific proteins de novo before LECA. We propose that
the primordial kinetochore evolved from proteins involved in various (pre-)eukaryotic systems as well as novel

proteins, after which a subset duplicated to give rise to the complex kinetochore of LECA.
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Introduction

During cell division, eukaryotes divide their duplicated chromosomes over both daughter cells by means of a
microtubule-based apparatus called the spindle. Central to this process are kinetochores; large multi-protein
structures that are built upon centromeric DNA and that connect chromosomes to microtubules. Although species
vary hugely in how they exactly coordinate and execute chromosome segregation [1—4], all eukaryotes use a
microtubule-based spindle apparatus, and therefore the last eukaryotic common ancestor (LECA, Figure 1A)
likely laboured one as well. Consequently, LECA’s chromosomes probably contained a centromere and
assembled a kinetochore. While the centromeric DNA sequences of current-day eukaryotes are strikingly different
between species and too diverse to reconstruct LECA’s centromeric DNA [5], their proteomes did allow for the
inference of LECA’s kinetochore. In previous work, we found that the LECA kinetochore was a complex

structure, consisting of at least 49 different proteins [6].

The LECA kinetochore was not directly derived from a prokaryotes, because prokaryotes employ protein
assemblies that are not homologous to the eukaryotic kinetochore to link their DNA to the segregation machinery
[7-9] (Figure 1A). Like many other unique eukaryotic cellular systems, the LECA kinetochore must thus have
originated after the first eukaryotic common ancestor (FECA) diverged from prokaryotes. Between FECA and
LECA, the pre-cukaryotic lineage evolved from relatively simple and small prokaryotic cells to complex,
organelle-bearing cells that are organized in a fundamentally different manner, a process referred to as
‘eukaryogenesis’. What evolutionary events underlie eukaryogenesis is a major question [10], to which answers
are offered by investigations into specific eukaryotic systems [11]. Studies on for example the spliceosome, the
intracellular membrane system and the nuclear pore revealed that (repurposed) prokaryotic genes played a role in
their origin, as did novel, eukaryote-specific genes and gene duplications, albeit in varying degrees and in different

manners [ 12—-14].

In this study, we address the question how the kinetochore originated. Leveraging the power of detailed
phylogenetic analyses, improved sensitive sequence searches and novel structural insights, we traced the
evolutionary origins of the 52 proteins we now assign to the LECA kinetochore. Based on our findings, we
propose that the LECA kinetochore is of mosaic origin: it contains proteins that share ancestry with proteins
involved in various core eukaryotic processes as well as completely novel proteins. After recruitment, many of
these proteins duplicated, accounting for a 50% increase in kinetochore extent and thereby for the complex LECA

kinetochore.
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Results

The LECA Kkinetochore

To study how the LECA kinetochore originated, we first determined its protein content. For each protein present
in current-day human and yeast kinetochores, we asked whether A) it was encoded in the genome of LECA, based
on its distribution in current-day eukaryotes and B) whether it likely operated in the LECA kinetochore, based on
functional information from current-day species. We inferred a protein to have been encoded by the LECA
genome if it is found in both Opimoda and Diphoda, whose divergence likely represents the root of the eukaryotic
tree of life (Figure S4, SI Text). We here extend our previous analyses [6] with orthologous groups of Nkpl,
Nkp2 and Csml (see for further discussion SI Text, Figure 4A). Altogether, we propose that the LECA
kinetochore consisted of at least 52 proteins (Figure 1B, Table S1). Of note: our reconstruction confirms [6] that
most of the CCAN proteins (Constitutive Centromere Associated Network proteins) were part of the LECA
kinetochore (SI Text).

Identifying ancient homologs of kinetochore proteins

In order to elucidate the ancient, pre-LECA homologs (either eukaryotic or prokaryotic) of LECA kinetochore
proteins, we applied sensitive profile-versus-profile homology searches (Table S2), followed by phylogenetic tree
constructions (Figures S1, S3A), or, if available, published phylogenetic tree interpretations (SI Text). If literature
and/or structural studies provided additional information on ancient relationships, we also included these as
evidence for a homologous relationship of a kinetochore protein (Table S3). For each LECA kinetochore protein,
we examined which proteins comprise its closest homologs before LECA (Table 1). These proteins were classified
as eukaryotic or prokaryotic, and as kinetochore or non-kinetochore (SI Data and Methods). In order to allow
different domains in a single protein to have different evolutionary histories, we primarily searched for homologs
on the domain level, and represent these as a single ‘domain’ in Table 1 if they share their evolutionary history

as part of a single protein.

We inferred the closest homologs of kinetochore proteins on the domain level (Table 1), using gene phylogenies
for 19/55 domains (35%), profile-versus-profile searches for 5/55 (9%) and structural information for 6/55 (11%,).
For ten others (18%), we used a combination. For a total of 40 domains we could identify the closest homolog.
For six (11%) of the remaining ones, we found homologs but could not resolve which is closest, and for the other

nine (16%) we could not find any ancient homologs at all (Table 1).
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Evolutionary histories of kinetochore proteins

Below we discuss the evolutionary history of LECA kinetochore proteins per protein domain, including their
affiliations to other eukaryotic cellular processes, their prokaryotic homologs and their ancient duplications within

the kinetochore (see Table 1 for overview).

Kinetochore RWDs

The RWD (RING-WD40-DEAD)-like domains in kinetochore proteins are highly diverged and non-catalytic
members of the structural superfamily of E2 ubiquitin-like conjugases (UBC) of which both bacterial and archaeal
homologs are involved in ubiquitin-like modification [15—17] (Figure 2, Table S3). For seven LECA kinetochore
proteins the structure of their RWD domains were determined (Figure 2B). These form hetero- or homodimers
with either a single RWD (Spc24-Spc25, Mad1-Madl and Csm1-Csm1) or double RWD configuration (CenpO-
CenpP and Knll). In contrast to previous efforts [15, 18], our sensitive profile-versus-profile searches now
uncovered significant sequence similarity of the Knll-binding protein Zwint-1 with other double RWDs,
suggesting that Zwint-1 and Knll form an RWD heterodimer similar to CenpO-CenpP (SI Text, Figure S2). To
examine the origins of both single and double kinetochore RWDs, we aligned archaeal, bacterial and eukaryotic
UBC proteins and performed a phylogenetic analysis (SI Text & Data and Methods, Figures S1E, S3). We found
that kinetochore RWDs and other RWDs are more closely related to each other (bootstrap:96/100) than to
eukaryotic and archaeal E2-like conjugases (bootstrap:77/100). A single archaeal (Asgard) sequence clustered at
the base of the canonical eukaryotic RWDs, suggesting that FECA may have already contained an RWD-like
domain. As supported by our profile-versus-profile searches (Table S2) and structural alignments (Figure 2B,
Table S3, File S151), most kinetochore RWDs are each other’s closest homologs, indicating that kinetochore
RWDs in LECA arose from a single ancestor, which does not contain the canonical RWD domains. Possibly, this
group also includes a single (Med15) and a double RWD protein (FancL). We were however not able to reliably
reconstruct the exact order by which the kinetochore RWD proteins arose. We suggest that kinetochore RWDs
and other RWDs (i.e. Gen2, FancL and Rwd1-4), evolved from a non-catalytic E2 ubiquitin-like conjugase as

part of an extensive radiation and neofunctionalization of the UBC family during eukaryogenesis (Figure 2B).

Histones

The LECA kinetochore contained five histone proteins: CenpA and the CenpS-X-T-W tetramer. From FECA to
LECA, an archaeal-derived histone-like protein [19, 20] duplicated many times, giving rise to variants involved
in all aspects of eukaryotic chromatin complexity (Figure 3A). CenpA is a centromere-specific histone H3 variant

and resulted from an ancient duplication before LECA [6, 20]. We found that CenpS-X-T-W arose by two
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duplications: CenpS-T (bootstrap:99/100) and CenpX-W (bootstrap:77/100), indicating a likely co-duplication of
the two subunits of an ancestral heterodimer (see SI Text, Methods, Figure S1I), Furthermore, CenpS-T was
phylogenetically affiliated to H2B-H3-H4-TFIID-SAGA-related histones, while CenpX-W clustered with H2A-
CBF-NC2-DPOE-Tafl1-related histones (Figure 3A, Figure S1I). These affiliations in combination with an
additional role of the CenpS-X dimer in the Fanconi anemia pathway [21, 22] signify that the origin of CenpS-X-

T-W is interlinked with the emergence of the intricate eukaryotic transcription and DNA repair machinery.

TBP-like

CenpN and CenpL harbour a fold similar to the pseudo-symmetric DNA-binding domain of the TATA-box
binding protein (TBP) [23-25]. Although we did not observe any significant sequence similarity for CenpL and
CenpN (Table S2), we found structural similarity with a diverse group of proteins that function in nucleotide
metabolism, in transcription and in vesicle transport [26] (Figure 3B, Table S3, File S152). TBP as well as various
TBP-like DNA/RNA-related enzymes [26] were found in Archaea [27], suggesting eukaryotes acquired these
proteins via vertical descent (Figure 1A). The structural similarities between CenpL-N and other TBP-like
proteins did not indicate which are the most closely related. Nevertheless, given that they form a heterodimer
[25], we propose that CenpL and CenpN are closest homologs, and that other TBP-like proteins are more distantly

related.

Mis12-like

Through profile-versus-profile searches we discovered a previously hidden homology within the kinetochore:
subunits of the Nkp complex were found to be homologous to subunits of the Mis12 complex. Combined with
the similar structural topology of the Mis12 complex subunits, we infer that all subunits of these two complexes
are homologous (Figure 4A, SI Text). We name these proteins Mis12-like. Sequence similarities indicated that
Nnfl and Nkp2 are most closely related to each other, as well as Mis12 and Nkp1, hence these pairs might result
from the most recent duplications. Possibly, the Mis12 complex originated first, via intra-complex duplications,
and subsequently the Nkp complex originated from co-duplication of the ancestors of Nnfl and Mis12. We did

not detect homologs of these Mis12-like proteins outside of the kinetochore.

HORMA-Tripl3

Eukaryotic HORMA domain proteins operate in the kinetochore (Mad2, p31¢™), autophagy (Atgl3, Atgl01),
DNA repair (Rev7) and meiosis (HORMAD). The HORMA proteins p31°°™ and HORMAD are structurally
modified by Trip13, an AAA+ ATPase. Bacterial genomes also encode HORMA proteins and, interestingly, these
co-occur in one operon with a Trip13-like AAA+ ATPase [28]. We additionally found the HORMA-Trip13-like

6
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operon in a few archaeal species that belong to the Haloarchaea (Figure 4B, File S154). The eukaryotic HORMA
proteins are monophyletic, indicating FECA-to-LECA duplications (Figure S1F). Eukaryotic Trip13 sequences
are more closely related to the prokaryotic Trip13-like sequences than to any other AAA+ ATPase (Figure S1G).
How did eukaryotes acquire the HORMA-Tripl3 module? While our phylogenetic analysis does not
unequivocally indicate its ancestry, we propose that the pre-eukaryotic lineage derived the operon by horizontal
transfer from Bacteria. Because in bacteria HORMA-Trip13 is part of operons with genes involved in nucleotide
signalling [28], it might initially have fulfilled such a role in the pre-eukaryotic lineage, in which HORMA
subsequently duplicated and neofunctionalized. As a result, HORMA-Trip13 got repurposed for eukaryote-

specific processes, such as meiosis, autophagy and the kinetochore.

NN-Calponin Homology

CH (Calponin Homology) domain proteins operate in many different processes, including binding of actin and F-
actin, and in various cellular signalling pathways [29]. In the kinetochore, they are the predominant microtubule-
binding proteins. The ancestral function of this domain, which to our knowledge has not been found in
prokaryotes, is not known. The kinetochore CH proteins seem to be part of a highly divergent subfamily of CH
proteins (NN-CH) [30], which includes proteins involved in intraflagellar transport, ciliogenesis, the centrosome,
vesicle-trafficking and possibly RNA transport [31-34]. It has been suggested this NN-CH subfamily is
specialized towards binding microtubules, implying that the kinetochore function reflects the ancestral function

[30].

Common eukaryotic domains: kinase, TPR, vesicle coats and tethers and WD40

In a detailed eukaryotic kinome phylogeny, the kinetochore kinases Plk and Aurora were closely related (Table
1, Figure S1D). The closest relative of Plk is Plk4, probably signalling an ancestral function for Plk in
centrosome/basal body function, since Plk is also still found at the centrosome. Aurora diverged from a
duplication prior to the Plk-Plk4 divergence, suggesting Plk and Aurora independently gained kinetochore
functions after duplication. Alternatively, the Plk-Aurora ancestor operated in both the centrosome and
kinetochore, and Plk4 lost its kinetochore function. The polo box arose N-terminal to the ancestral Plk kinase
domain after Aurora split off. The closest relative of Mps1 was Tlk (bootstrap:36/100). The closest homolog of
MadBub is an uncharacterized group of kinases. Interestingly, in contrast to their kinase domain, the TPR domains
of Mps1 and Madbub are most closely related to one another, as indicated by the profile-versus-profile similarity
searches (Table S2). This implied that the Mpsl and MadBub TPR domains joined with a kinase domain

independently, as we observed before [35].
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Zw10 homologs are involved in vesicle transport [36—38]. Its closest homolog is Cog5, which is involved in intra-
Golgi transport (Figure S1A). Zw10 participates in two complexes: RZZ (Rod-Zwilch-Zw10), localized to the
kinetochore, and the NRZ (Nag-Rint1-Zw10), involved in Golgi to ER transport. Notably, Rod is most closely
related to Nag (Figure S1H), suggesting their ancestor interacted with Zw10 before it duplicated to give rise to
Rod and Nag. Whether this ancestral complex was involved vesicle transport or in the kinetochore, or in both, is

unclear.

The relatives of the WD40 kinetochore proteins are highly diverse, and their repetitive nature made it hard to
resolve their (deep) evolutionary origins. Cdc20, a WD40 repeat protein, is most closely related to Cdh1 (Figure
S1B), which like Cdc20 activates the APC/C [39]. Bub3’s closest homolog is Rael (Figure S1C), a protein
involved in transporting mRNAs out of the nucleus [40]. For both Cdc20 and Bub3, we cannot suggest nor exclude
that their ancestors were part of the kinetochore network. Regarding the deep origin of the WD40 repeat, it is not
known yet if this domain already existed in prokaryotes before the pre-eukaryotic lineage, or if it was invented
between FECA and LECA. While this repeat is clearly present in current-day prokaryotes [41], these may have
received it recently from eukaryotes via horizontal gene transfer. TPR domains have been found in many

prokaryotes and were suggested to have been present in the prokaryotic ancestors of eukaryotes [42].

Unique domains in the kinetochore?

Like the Mis12-like proteins, various other proteins domains such as Ska seem unique to the kinetochore (Table
1). While these domains might have originated between FECA and LECA and only serve roles in the kinetochore,
we cannot exclude that they do have homologous prokaryotic or eukaryotic sequences, but that we are not able to
detect these. The same possibility applies to those kinetochore proteins for which we do not have indications for

any homologs at all, such as Zwilch, Incenp, Borealin, Shugoshin, Cep57, CenpH, CenpK, CenpQ and CenpU.

Mosaic origin of the LECA kinetochore

Most LECA kinetochore proteins consisted of domains found in other eukaryotic proteins (37/55, 67%), while
others had no detectable homology outside of the kinetochore (18/55, 33%, Table 1, Figure 1B). From the proteins
with common domains, only one (Trip13) was directly derived from its prokaryotic ancestors. All others have
eukaryotic homologs (paralogs) that are more closely related than prokaryotic homologs (if any). These paralogs
are involved in an array of eukaryotic cellular processes (Table 1, last two columns). Altogether, the ancient
homologs of kinetochore proteins indicate that the kinetochore has a mosaic origin. Specific eukaryotic processes
were prevalent amongst the evolutionary links. Of the 15 closest non-kinetochore homologs that we identified

(Table 1, Figure 5), five were involved in chromatin and/or transcription regulation (Tlk1, H3, Rev7 Med15,
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FancL), two played a role in Golgi and ER-related vesicle transport systems (Nag, Cog5) and another two are
associated with centriole biogenesis (Cluapl, Plk4). More distantly related homologs were involved in DNA
repair and replication (Dpoe3-4 and the replication factors: Cdtl, Cdc6 and Orcl), chromatin structure
(nucleosomal histones), transcriptional regulation (e.g. TBP, TAFs, CBF/NF, NC2), RNA splicing (Fam98,
Syfl/Crooked neck-like), vesicle transport (KiflC, AP-2/4B, CopG1, AP-1G, CopB, Rabl A, Ccdc22, Ccdc93)
and intra-flagellar transport (Ift54, 1ft81). All in all, most LECA kinetochore proteins are part of families that
have many members in eukaryotes, like UBCs, kinases and histones. Such families dramatically expanded

between FECA and LECA and diversified into different eukaryotic cellular processes, including the kinetochore.

In addition to their mosaic origins, many kinetochore proteins arose from intra-kinetochore gene duplications. Of
the 40 kinetochore domains with an identified closest homolog (as referred to in ‘Identifying ancient homologs
of kinetochore proteins’), 27 (68%) are most closely related to another kinetochore protein, indicating an
important role for intra-kinetochore duplications in its evolutionary origin (Table 1). We inferred that the 55
domains result from 36 ancestral kinetochore units (‘anc_ KT’ units), implying that intra-kinetochore gene
duplications expanded the primordial kinetochore by a factor of ~1.5. We observed few domain fusions among
LECA KT proteins. In fact, we find three: in Mps1 and MadBub, whose TPR domains independently joined their
kinase domains, and a fusion of a microtubule-binding winged-helix and a Ska-like domain in Skal (see Table

S3).

Discussion

Evolution of eukaryotic cellular systems

We have here shown that the kinetochore largely consists of paralogous proteins, which either share deep
evolutionary roots with a variety of other core eukaryotic cellular processes or are novel and specific to the
kinetochore itself (Mis12 and Ska) (Figure 5). In the origin of the kinetochore, gene duplications played a key
role, which is in line with a previously reported elevated rate of gene duplications in eukaryogenesis [43].
Duplications contributed to the expansions of e.g. the spliceosome [12], the intraflagellar transport complex [44],
COPII [45] and the nuclear pore [ 14]. However, the role of duplications in the origin of the kinetochore is different
from their role in membrane-specifying complexes, in which paralogs are mainly shared between the different
organelles rather than within them [46]. In tethering complexes, duplications generated proteins both within and
between complexes [36]. Kinetochore proteins with prokaryotic ancestry sometimes conserved certain

prokaryotic biochemical functions (e.g. HORMA-Trip13 interaction, histone-DNA interaction by CenpA) but no
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longer perform the ancestral cellular function. Therefore, the kinetochore followed a different evolutionary
trajectory between FECA and LECA than e.g. NADH:ubiquinone oxidoreductase (Complex I) [47], which was
directly derived from the Alphaproteobacterium that became the mitochondrion (Figure 1), and expanded between
FECA and LECA by incorporating additional proteins of different origins. The Golgi and ER also differ from the
kinetochore, as they mainly have archaeal roots [48]. The nuclear pore, while resembling the kinetochore in
having a mosaic origin, was assembled with a substantial number of proteins derived from prokaryotic sequences

[12, 14]. The latter is also true for the spliceosome [12, 14].

Intra-kinetochore duplication

The intra-kinetochore duplications suggest an evolutionary trajectory by which the kinetochore partially expanded
through homodimers that became heterodimers via gene duplication [49]. A primordial kinetochore might have
been composed of complexes that consisted of multimers of single ancestral proteins (‘anc KT’ in Table 1). After
these proteins duplicated, the resulting paralogs maintained the capacity to interact, resulting in a heteromer. For
example, the Ndc80 complex might have consisted of a tetramer of two copies of an ancient CH protein and two
copies of an ancient RWD protein. According to this model, the proteins with shared domains within complexes
should be most closely related to one another. This paradigm holds for the Ska subunits, the CH domain proteins,
TBP-like proteins and the RWD proteins, and partially for the Mis12-like proteins (those within the Mis12
complex) and the histone fold proteins (CenpS-X:CenpT-W). We observe that many paralogous proteins are
positioned along the inner-outer kinetochore axis (Figure 5, dashed line). We speculate that not too long before
LECA, the genes encoding the proteins along this axis duplicated in quick stepwise succession or in one event

[49-51], which would be consistent with the proposed syncytial nature of lineages that gave rise to LECA [52].

Rapid sequence evolution of kinetochore components

The LECA kinetochore contains protein domains that are unique to the kinetochore and therefore, by definition,
unique to eukaryotes (33% of LECA kinetochore protein domains). New and more diverse genomes or elucidated
protein structures may allow for the detection of such distant homologs in the future. Kinetochore proteins that
do share domains with other eukaryotic systems, such as the RWD, TBP-like, histones and TPR, seem to be
strongly diverged in the kinetochore. For example, the TPR domains of Mps1 and MadBub are more derived than
those of the Anaphase Promoting Complex/Cyclosome (APC/C). This suggests that, after these domains got
involved in the kinetochore, their sequences evolved more rapidly, and continued to do so after LECA [6]. Rapid

evolution after LECA may be correlated with the widespread rapid divergence of centromere sequences. An
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evolutionary acceleration may also have occurred to the ‘de novo’ proteins in the LECA kinetochore, causing

homology detection to fail.

Possible origins of the kinetochore during eukaryogenesis

Tracing in what order these proteins or domains got involved in the kinetochore, relative to the origin of other
eukaryotic features, would be highly interesting. Possibly, an early, very basic kinetochore was just composed of
the centromere- and microtubule- binding proteins, similar to prokaryotic systems, while the CCAN (the ‘Cenp’
proteins), which serves as their bridge, was added later. Relative timings of such attributions could potentially
shed light on the evolution of eukaryotic chromosome segregation. Although little is known about evolution of
the eukaryotic segregation machinery, it must be associated to the evolution of linear chromosomes, the evolution
of the nucleus and of the eukaryotic cytoskeleton, including centrosomes. Because the kinetochore shares ancestry
with many other eukaryotic processes and cellular features and therefore does not seem to have an explicit
prokaryotic or eukaryote template structure or process, we envision it originated late during eukaryogenesis. The
evolutionary link with flagellar transport systems, may signify an early role for the flagellum in coordinating
microtubule-based mechanisms of chromosome segregation, which is consistent with the function of the centriole
as the microtubule organizing centre in most eukaryotes. A common origin with Golgi/ER-related vesicle
transport components could potentially point to membrane-based mechanisms of chromosome segregation in pre-
LECA lineages, similar to those found in prokaryotes (Figure 1A). Because currently no eukaryotes or ‘proto’-
eukaryotes are known that might segregate chromosomes in a pre-LECA manner, it remains hard to unravel which
series of events gave rise to the spindle apparatus, the centromere and the kinetochore. The currently known
closest archaeal relatives of eukaryotes, the Asgard Archaea [53, 54] (Figure 1A), clearly do not operate a
eukaryote-like chromosome segregation system, but unidentified closer related prokaryotes or proto-eukaryotes
could. New (meta)genomic sequences aided in reconstructing the evolution of the ubiquitin system [55] and the
membrane trafficking system [48]. Similarly, such newly identified species may enhance our understanding of

the pre-LECA evolution of the eukaryotic kinetochore and the chromosome segregation machinery.

Data and Methods

See Supplementary Data and Methods
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Figure and Table Legends

Figure 1. The eukaryotic kinetochore and mitotic machinery originated between FECA and LECA.

(A) How did the eukaryotic kinetochore originate and evolve between FECA and LECA? Eukaryotes (blue)
descended from Archaea (green), and are likely closely related to the Asgard superphylum [53]. This Asgard-
related lineage incorporated an alphaproteobacterium via endosymbiosis; the latter gave rise to the eukaryotic
mitochondrion. As far as currently characterized, Archaea and Bacteria (red) do not separate their duplicated
chromosome(s) via a mitotic spindle [7-9]. For example, bacteria such as Caulobacter crescentus operate the
parABS partitioning system, in which parS sites are recognized by the protein ParB, stimulating ParA, which in
turn pulls or pushes the chromosomes apart [8]. Due to these differences, the mitotic spindle and the kinetochore
probably originated between the first eukaryotic common ancestor (FECA) and the last eukaryotic common
ancestor (LECA). LUCA: last universal common ancestor. (B) The kinetochore of LECA consisted of 52 proteins
that contain domains found in other, non-kinetochore eukaryotic proteins as well (‘common domains’), or that
are unique to the kinetochore (‘kinetochore-specific domains’). Proteins were inferred to have been part of the

LECA kinetochore as described in SI. KT: kinetochore.

Figure 2. Kinetochore RWDs are an expanded class of non-catalytic E2 ubiquitin-like conjugases

Legend: (top) overview of the position of the eight kinetochore proteins with RWD domains. Kinetochore RWD
proteins have a similar structural topology: N-terminal coiled-coil and a C-terminal single (light green) or a double
(green) RWD. (bottom) secondary structure of E2 and RWD proteins of the UBC superfamily that is characterized
by a ‘B-meander’ of 3-5 B-sheets, enclosed by a-helices at both termini, a *YPxxxP’ motif that often resides in
between the third and the fourth B-sheet, and a cysteine residue involved in ubiquitination (lost in RWD). (A) The
UBC superfamily consists of three distinct classes: (1) E2 ubiquitin conjugases, which function in ubiquitin-like
modification and non-catalytic paralogs that interact with ubiquitin (Uevl), (2) canonical RWD proteins that
operate as a dimerization domain to facilitate various E2/E3 ubiquitin-like ligation reactions (FancL-Ube2T and
Rwdd3/Ubc9) and (3) RWD-like kinetochore proteins that form dimers and constitute the kinetochore
superstructure (Spc24-Spc25, Knll-Zwint-1 and CenpO-CenpP) and play a role in microtubule attachment
regulation (Madl and Csml). Per class, the structure of various members is depicted to show the overall structural
and topological similarity and a known molecular function is indicated between brackets. If present, the YPxxxP
(yellow) and the catalytic cysteine residues (cyan) are represented in the ‘sticks’ configuration. (B) A cartoon of
the evolutionary reconstruction of the UBC superfamily (for annotated phylogenetic trees, see Figure S1E, S3).
In short, extensive duplication and neofunctionalization of an archaeal E2 ubiquitin-like conjugase gave rise to a
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large complexity of catalytic and non-catalytic E2/RWD proteins in LECA (see numbers per class). Possibly, part
of the eukaryotic complexity was already present in FECA, since Asgard archaea contain multiple E2 conjugases
in addition to a non-catalytic E2 (Uevl-like) and an RWD-like domain (Figure S3). Bacterial UBCs likely
represent an ancient protein modification system that has been optimized in archaeal lineage that are closely
associated with FECA, but lateral transfers from archaeal and eukaryotic lineages were also detected (Figure S3,

SI text).

Figure 3. A common origin kinetochore histones and TBP-like proteins with complexes involved

in DNA damage repair and transcriptional regulation

Legend: (top) an overview of the position of CenpA and CenpS-X-T-W (histones, green) and CenpL-N (TBP-
like, orange) in the kinetochore. (bottom) histones consists of 3 a-helices with conserved interaction loops; the
TBP-like fold is an elaborate set of curved B-strands that form an interaction surface for substrates, such as DNA,
RNA and various protein motifs, but also constitute a possible dimer interface, resulting in an even larger extended
B-sheet configuration. (A) A cartoon of the evolutionary reconstruction of kinetochore-related histone proteins
CenpA and CenpS-T-X-W (Figure S1I). A histone of archaeal descent duplicated and subfunctionalized many
times, giving rise to a large diversity of histone proteins in eukaryotes, including those involved in chromatin
structure (nucleosome), transcriptional regulation (TAF/SUPT/NC2/CBF) and DNA damage repair (DPOE).
Bacterial histone-like proteins were likely laterally transferred from either Archaea and/or eukaryotes (SI Text).
CenpA is the closest homolog (paralog) of the nucleosomal histone H3. CenpS-T and CenpX-W, are likely each
other’s closest paralogs, signifying a co-duplication of an ancient dimer to form the tetramer CenpS-X-T-W. The
CenpS-X dimer also plays a role in the Fanconi Anemia pathway (DNA repair). OG: orthologous group. (B)
CenpL and -N contain a TATA-box binding protein (TBP)-like fold. The degree of structural similarity between
TBP-like proteins does not clearly indicate how CenpL-N are evolutionary related to other TBP-like domains.
Yellow (helices) and red (sheets) show the location of a TBP-like domain in a subset of available TBP-like protein
structures, the grey-ribbon representation indicates the non-homologous parts of the proteins; their cellular

function is indicated between brackets. For CenpL-N, the used PDB accessions are shown.

Figure 4. The Misl12 and Nkp complexes have a common ancestry and the HORMA-Trip13
module probably has a prokaryotic origin
(A) Profile-versus-profile hits (with HHsearch and PRC) and structural information [56, 57] indicate that all

subunits of the Nkp and Mis12 complexes are homologous to each other (SI Text). Note that only one example

of the profile-versus-profile hits is shown. Since Mis12 complex subunits are present across eukaryotes [6], we
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infer that also subunits of Nkpl and Nkp2 were in LECA, as they resulted from pre-LECA duplications. Nkp2
and Nnfl are each other’s best hit in profile-versus-profile searches, so possibly these proteins resulted from a
relatively late duplication. The same holds for Nkp1-Mis12. (B) Phylogenetic trees of HORMA domain proteins
and AAA+ ATPases. In eukaryotes, HORMAD and p31¢™ are structurally modified by a Trip13 hexamer (upper
panel, right side). These phylogenetic trees suggest that the eukaryotic HORMA domain and Trip13 were derived
from prokaryotes. In prokaryotes, HORMA and Trip13 are present in a single operon, strongly suggesting that
they also interact in these species and thus that this interaction is ancient. Moreover, this operon includes proteins
that are involved in nucleotide signalling, suggesting prokaryotic HORMA and Trip13 are affiliated to this process
[28]. The uncollapsed trees can be found in Figure S1F, S1G. Asterisks indicate the species for which we
discovered a HORMA-Trip13 operon (see File S154 for annotation).

Figure 5. Mosaic origin of the eukaryotic kinetochore

Overview of the eukaryotic and prokaryotic (closest) homologs of LECA kinetochore proteins, which play a role
in a great variety of cellular processes, signifying the mosaic origin of the eukaryotic kinetochore. Relevant
eukaryotic and prokaryotic homologs (hexagons) of LECA kinetochore proteins are coloured based on the
presence of a shared domain (see overview of the parts at the bottom), and projected onto the location(s) in the
eukaryotic cell at which they operate (see for detailed information Table 1). To indicate the homologous and/or
functional relationship with kinetochore proteins, the hexagons of homologs are lined with different colours to
indicate: (bold green) a LECA kinetochore protein that also has a non-kinetochore function, (bold blue) the closest
homolog to a LECA kinetochore protein and (thin black) more distantly related homologs of LECA kinetochore
proteins. In addition, distantly related homologs of TBP-like, histones, UBC/RWD and HORMA domain-
containing kinetochore proteins were already present in prokaryotes (top right). Bottom (left): overview of the
different number and types of domains in the LECA kinetochore. The dotted lines indicate a potential intra-
kinetochore duplication during eukaryogenesis leading to the formation of various heteromeric (sub)complexes
within the kinetochore. (bottom right) summary of the evolutionary links between prokaryotic/eukaryotic

molecular systems and the kinetochore.

Table 1 Ancient homologs of kinetochore (KT) domains and their functions (see Figure 1B, 5).

Note that if multiple domains have a shared evolutionary history, we regard them as a single unit in this table
(kinase-polo box, WD40-NRH-Sec39). Some domains were recruited to the kinetochore before they duplicated
to give rise to multiple kinetochore proteins. Those initial kinetochore entities are the ‘ancestral kinetochore

units’. If a protein does not have closely related homologs in the kinetochore, the protein itself was the ancestral
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unit that got involved in the kinetochore. For all relationships, we indicate which type of evidence we have for it.
A: phylogenetic tree, B: hit in profile-profile search, C: structure and/or literature. *The phylogeny of Skal, Ska2
and Ska3 cannot be rooted, therefore it is unknown which are the each other’s closest paralog. **The BIR domain
is involved in multiple processes in animals, but the kinetochore (inner centromere) function might be the

ancestral one, because this is also reported in budding and fission yeast, which only have one BIR domain protein.

19


https://doi.org/10.1101/514885
http://creativecommons.org/licenses/by-nc-nd/4.0/

=sle under

L
«Q
preprint (whidG@vas not
(1]
—

tuity. It is made avail

A 2 archaeal systems, e.g.: P §
8 - SegAB B LECA kinetochore proteins
Archae - AspA-ParBA

= 7
28 - role for SMC? Eet

- Ska3)
o
> .
8‘5 FECA Asgard Archaea kinetochore
8 % (@) N E' Y
£c . &\ é}lql? &, Mad2 \5p3
=39 >\ /5% Iy Mad?
g;‘_ﬁ S < 9 B Fod
8.@%—’ X o Zwilch [ ZWA0

. O Cep57 <5 Zwint-1
9o Outer KT &7 E
2.3 @1&\
32 q
£g5 kinetochoreevolution® /. |£~~— \\|| \ N /J\ |77 7S N I R
S22 I o]pr

LU @% nner KT C alu
oy Hil
[a]

£22 LECA -
339 s|T
a;’ = é. A | Centromeric DNA )
n 50
.F: g,o Sgo
5s2Q Borealin
Low Inner Centromere
002 . . R Incenp | Survivin
S_’.) = mitochondrial endosybiont \_
S5 .
3¢ a-Proteobacteria bacterial systems, e.g.: € Legend

S Common domains Ki hore-specific d
A ] ParB O rwo(sx) (@ WD-40 (2x) (O wist2-iike (6x)
5 2 (O Histone (5x) C] TBP-like (2x) O ska-like (3%)
= ®© parS (@ HORMA (2) (@) kinase (4x) + @ TPR (2x) (O unclassified (9%)

Bacl@la @ cH @ (@ other domain (10, all 1x in kinetochore)
— oric \L J/

Caulobacter crescentus

bioRxiv preprint doi: https
certified by peer review)


ecet2
Figure 1

https://doi.org/10.1101/514885
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/514885; this version posted January 8, 2019. The copyright holder for this preprint (which was not
has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

aCC-BY-NC-ND 4.0 International license.

Fi gﬂi%y 2er review) is the author/funder, who

kinetochore RWD

Knl1 (KMN)

@ single RWD (4x)
@ double RWD (4x)
CenpP (CCAN)

CenpO (CCAN)

-
H stress signalling & translation
canonlcal transcription & RNA regulation
DNA damage repair

Csm1 (meiosis)

Spc25 (KMN)

Rnf25 (E3)

3-5 B-sheets
Rwdd3 (sumoylation)

YPxxxP motif
E2 ubiquitin
conjugases
membrane trafficking
chromatin regulation

protein processing
signaling

RWD*

number a catalytic
of proteins .
in LECA @ non-catalytic

* tandem E2/RWD

extensive duplication
and neofunctionalization
during eukaryogenesis Q
‘ §

§’ RWD-like (Asgards)
N
I
g
$ canonical

archaeal E2 \ RWD

ubiqtuin-like Y /
conjugase b loss of the
catalytic cysteine Uevi-iike (Asgards)
) - pseudo

bacterial UBC-like %%; (4) E2 enzyme

b = ! multiple E2 (Archaea)
higher complexity S\/
in Asgard Archaea*
20 catalytic
E2 enzyme*
Ube2s (UB) Ubc9 (SUMO) Ufc1 (Ufm1)  Uev1 (non-catalytic)


ecet2
Figure 2

https://doi.org/10.1101/514885
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/514885; this version posted January 8, 2019. The copyright holder for this preprint (which was not
has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

F' % ba)eer review) is the author/funder, who
I aCC-BY-NC-ND 4.0 International license.

A @ duplication CBF/NC2/DPOE
histone @D «inetochore-related @ CCAAT-binding complex (CBF) H2A transeription Wigherral
TBP-like @ canonical nucleosome Negative Cofactor 2 (NC2) nucleosome
@ centromere proteins LN DNA polymerase epsilon (DPOE)
@ TFIID/SAGA-related (TAF/SUPT) CenpX
DNA damage repair \\

(V) numberof histone OGsinLECA N\ ) £ V% \
‘N‘\ \
\

CenpW "

>
. . N
kinetochore histone \ ™
!
!
1
1
!

H2B

nucleosome

\

TAF11-like \
transcription regulation \
1

Archaeal histones

DNA compaction

~

bacterial histone-like

heterodimers }/

TFIID/SAGA A

transcription regulation ,
1 ’

\
S
]

]

]

CenpS «--~ ;.
DNA damage repair ,/'4
-
/* ancient
-“ co-duplication

nucleosome

CenpA

centromeric H3 variant

H4

nucleosome

CenpT «--~~

kinetochore histone

<

e

TATA-box binding protein-like

Kinetochore

A
’

\

L

TATA-box binding protein
(transcription initiation)

IntS11

hsCenpN [6eqt_A]
Coatomer subunit gamma 1
(vesicle transport)

Integrator complex (transcription)


ecet2
Figure 3

https://doi.org/10.1101/514885
http://creativecommons.org/licenses/by-nc-nd/4.0/

Flg m ;4print doi: https://doi.org/10.1101/514885; this version posted January 8, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

consensus  ~~~se~~lL~~fLl~--s~L~~ii§l~~F~~|Fp~~~~~~ pP~i~~LYr~Lg~qr ~~~~d~V~~nll ~~~~~~~ @~
consensus  M~~~R~~~L~~~~~~ al~~~ll ~~~§|~~~f~~CfP~~~~~~~e- - - - - - ~| ~~~~~ q~~~~ ~ e~~~ ef~~i~ee~~I~
NnNf1 || H.sapiens MT | SRUKIELDTMVDT F LQKIEVAA QRFETDICYKCFMQLQPA- - - - - - MITQQ | YDKIF 1 AQLQT SHIREE/I|SDI KEEGN|LE
ss prediction CCchHHHHHHHHHHHHHHHHHHh CCHHHHHHH chHHHHHChH- - - - - - HHHHHHHHHHHHHHHHHHHHHHHHHHh CCHH

A —
N\
‘ 10 ‘ 2 ‘ 30 ‘ 40 ‘ 20 ‘ 60 ‘ 70 ‘
ss prediction CCc cHHHHHHHHHh c- - CccCcee cHHHHHHHCCcccCCCHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH ccCcchh
C:Nkpz A. castellani DDRATNMIQALHDNMLFE- - NEBALE | BFAEFQECFPKKEQK SAE | KRLYQEVKKGQQEARKRTVVAN/LK SEMALVRGRPEDE

¥

Mis12 Nnf1 Dsn1  Nsl1
: " Mis12-like

Structure

M

HHsearch

M

PRC

HORMA
Trip13
o :< piotor Euterve

L ified Stentor

Rev7 Eukarya /_‘

Mad2 Eukarya . ATP ADP

HORMAD Eukarya .
Eukarya w

Bacteroidetes acterodetes

Eukaryotes
- kinetochore
:] DNA damage
- autophagy
:] meiosis

Atg13 Eukarya

|

Planctomycete Planctomycste
- 100
Proteobacteria Proteobacteri
bacterium Acidobacterium. I
100
Hatoarchaea [ erd [ orwa >[ Trpra >[D0E wanpesase> ;
PrOkaryOtes Prokaryotic operons (Burroughs et al. 2015) + this study*
Other AAA+ 100
ATPases

0.6 0.5


ecet2
Figure 4

https://doi.org/10.1101/514885
http://creativecommons.org/licenses/by-nc-nd/4.0/

Fi l‘mp rint doi: https://doi.org/10.1101/514885; this version posted January 8, 2019. The copyright holder for this preprint (which was not
g i eer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

also present in
the kinetochore
closest
homologs(s)

flagellum

prokaryote

other relevant
homologs o
transcription replication
& chromatin

© @

ubiquitination nucleotide sensor

HORMA
like

Aurora @
@ Plk4

centrosome/MTOC
microtubules

intraflagellar
transport

‘ endosome
opB S —
AP-1G O (@

(Golgi-ER) vesicle transport [O

Importin
beta

nuclear transport

O \

vesicles A

Golgi
~g S
f&b

TBP N
Medz20 J | factors
transcription
mRNA w
chromosomes . I E splicing

nuclear
pore

\_ DNA repair & replication Y,

NC2

2A
3

nucleosome
chromatin structure

mitochondrion

/kinetochore 5 — (€ ) am— winged\/
E microtubule : Cep57 vesicle coat O helix
__ pre-LECAKT vesicle tether
duplcation? TPR ) vesicle trafficking flagellum/MTOC
R 00 [ TBPke ,
HEAT ) | Cupin \ /
% nuclear nucleotide
- <+<— kinetochore «—— sensing
transport (prokaryotic)
Q WD40 RWD NN-CH / \
G#a Q L .. .
C, f & S€  LHORMA ‘ transcription DNA repair
Q D y & = & splicing & replication
centromere Kinesin .- W g ‘AAA+- .
histone Ska-like ATPase kinases

.

Mis12-like



ecet2
Figure 5

https://doi.org/10.1101/514885
http://creativecommons.org/licenses/by-nc-nd/4.0/

domain

LECA KT

closest pre-LECA

ancestral kinetochore unit

closest pre-LECA homolog(s) (non-KT)

other homologous protein(s)

homolog(s) (KT)
q Xiv rint|doi: https://doi.org/1j0.1101/514885; this version|pasted Jan 42019. The copyright halder for this preprint (which was not
- certfied Ilgﬁeer review) is the authof/funder, whd has granted bioiRX 50%%ﬁ€fgé{iﬁi_splay the preprint in peReeuitycdlidan fde availebECUkidesc-
Aurora - AufECBY-NC-N Peﬁt?oéﬁ%ﬁé%ﬁﬁ%lﬁ'fﬁ”se- related) A
MadBub - MadBub uncharacterized A unresolved A
Mpsl - Mpsl chromatin assembly & DNA repair (Tlk) A |unresolved A
MadBub Mpsl B
anc KT TPR unresolved AB spliceosome (Syf1/Crnll) B
Mpsl MadBub B
CenpA CenpA nucleosome (H3) A
TBP-associated factors (TFIID, SAGA) and
CenpS CenpT A anc_KT histone 1 unresolved A nucleosome (H3/H4/H2B) A
histone CenpT CenpS A - -
CenpW CenpX A . DNA repair (Dpoln3/4), transcription (CBF
CenpX CenpW A anc_KT_histone_2 unresolved A and NC2 complex) and nucleosome (H2A) A
Cdc20 - Cdc20 cell cycle progression (Cdhl) A unresolved A
Bub3 - Bub3 nuclear mRNA transport (Rael) A unresolved A
Mad2 - Mad2 DNA repair (Rev7) A autophagy (Atgl3, Atgl01) A
HORMA meiosis (HORMAD) A
p3ren - p3ren unresolved A nucleotide sensing (prokaryotes) A
Spc24
KT_RWD (Ix) i}[’:jls
Csml DNA repai PP, .
pair (FancL) ABC ubiquitin-like conjugases (E2) ABC
Zwintl unresolved ABC anc_KT_RWD transcription (Med15) A canonical RWD (i.e. Gen2) ABC
Knll
KT RWD (2x) CenpO
CenpP
Ndc80 Nuf2 C intra-flagellar transport (Ift54 & Ift81), RNA
lefz N ducS 0C anc_KT_NN-CH intra-flagellar transport (Cluapl) B splicing & transport (Fam98, Rtraf), vesicle-
transport (Ccdc22, Cedc93) BC
q CenpN CenpL C . transcription (TBP), binding of cargo (AP-2B,
TBE-like CenpL CenpN C anc_KT_TBP-like unresolved € CopG1), R-loop resolution (RNaseH3) C
Mis12 Nkpl B
Nkpl Mis12 B
q q Dsnl Nsll € . . . .
Mis12-like Nsll Dsnl C anc_KT Misl2-like kinetochore-specific BC
Nnfl Nkp2 B
Nkp2 Nnfl B
Skal
Ska-like Ska2 unresolved* A anc_KT Ska kinetochore-specific BC
Ska3
. Ty ) . el many transcription factors and replication
winged-helix Skal anc_KT winged-helix _Skal | unresolved C related proteins (RepA, Cdtl, Orcl, Cdc6) C
AAA+ ATPase Trip13 - Trip13 HORMA regulation (prokaryotic Tripl3) A |-
WDggc-j,N;lH : Rod - Rod Golgi-to-ER retrograde transport (Nag) A vesicle coats (Clathrin, COPII, NUPs) C
vesicle tether Zw10 - Zw10 intra-Golgi transport (Cog5) A vesicle tethering (COG, GARP and exocyst) A
BIR Survivin** - Survivin - -
q various metabolic enzymes and transcription
cupin CenpC - CenpC unresolved ABC factors ABC
) importin beta subunit (Crml), phosphatase 2A
HEAT/ARM Cenpl Cenpl unresolved B (PR65) and coatamers (CopB, AP-1G) C
) signal transduction at cell membrane (Rem?2),
GTPase CenpM CenpM unresolved AB ER-Golgi transport (Rab1A) B
kinesin CenpE - CenpE mitotic spindle assembly (Kif15) A Golgi-to-ER retrograde transport (Kif1C) B
zinc finger BugZ - BugZ - transcription regulation (Znf879) B

novel domains

Zwilch, Incenp, Borealin, Sgo, Cep57, CenpH, CenpK, CenpQ, CenpU

Table 1



ecet2
Table 1

https://doi.org/10.1101/514885
http://creativecommons.org/licenses/by-nc-nd/4.0/

	Abstract
	Introduction
	Results
	The LECA kinetochore
	Identifying ancient homologs of kinetochore proteins
	Evolutionary histories of kinetochore proteins
	Kinetochore RWDs
	Histones
	TBP-like
	Mis12-like
	HORMA-Trip13
	NN-Calponin Homology
	Common eukaryotic domains: kinase, TPR, vesicle coats and tethers and WD40
	Unique domains in the kinetochore?

	Mosaic origin of the LECA kinetochore

	Discussion
	Evolution of eukaryotic cellular systems
	Intra-kinetochore duplication
	Rapid sequence evolution of kinetochore components
	Possible origins of the kinetochore during eukaryogenesis

	Data and Methods
	Author contributions
	Acknowledgments
	Supplementary Information
	References
	Figure and Table Legends
	Figure 1. The eukaryotic kinetochore and mitotic machinery originated between FECA and LECA.
	Figure 2. Kinetochore RWDs are an expanded class of non-catalytic E2 ubiquitin-like conjugases
	Figure 3. A common origin kinetochore histones and TBP-like proteins with complexes involved in DNA damage repair and transcriptional regulation
	Figure 4.  The Mis12 and Nkp complexes have a common ancestry and the HORMA-Trip13 module probably has a prokaryotic origin
	Figure 5. Mosaic origin of the eukaryotic kinetochore
	Table 1 Ancient homologs of kinetochore (KT) domains and their functions (see Figure 1B, 5).


