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ABSTRACT Transmission of genetic material from one generation to the next is a
fundamental feature of all living cells. In eukaryotes, a macromolecular complex called
the kinetochore plays crucial roles during chromosome segregation by linking chromo-
somes to spindle microtubules. Little is known about this process in evolutionarily
diverse protists. Within the supergroup Discoba, Euglenozoa forms a speciose group
of unicellular flagellates—kinetoplastids, euglenids, and diplonemids. Kinetoplastids
have an unconventional kinetochore system, while euglenids have subunits that are
conserved among most eukaryotes. For diplonemids, a group of extremely diverse
and abundant marine flagellates, it remains unclear what kind of kinetochores are
present. Here, we employed deep homology detection protocols using profile-versus-
profile Hidden Markov Model searches and AlphaFold-based structural comparisons
to detect homologies that might have been previously missed. Interestingly, we still
could not detect orthologs for most of the kinetoplastid or canonical kinetochore
subunits with few exceptions including a putative centromere-specific histone H3 variant
(cenH3/CENP-A), the spindle checkpoint protein Mad2, the chromosomal passenger
complex members Aurora and INCENP, and broadly conserved proteins like CLK kinase
and the meiotic synaptonemal complex proteins SYCP2/3 that also function at kineto-
plastid kinetochores. We examined the localization of five candidate kinetochore-asso-
ciated proteins in the model diplonemid, Paradiplonema papillatum. PpCENP-A shows
discrete dots in the nucleus, implying that it is likely a kinetochore component.
PpMad2, PpCLKX %1% ppSYCP2L1*T""18 and PpINCENP reside in the nucleus, but no clear
kinetochore localization was observed. Altogether, these results point to the possibility
that diplonemids evolved a hitherto unknown type of kinetochore system.
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deep homology detection protocols but still could not detect orthologs for the bulk
of kinetoplastid-specific nor canonical kinetochore proteins in diplonemids except for a
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fundamental characteristic of living organisms is the ability to self-replicate. This

ability requires accurate transmission of genetic information from one generation
to the next during cell division (1, 2). In eukaryotes, a sophisticated macromolecular
structure called the kinetochore (KT) assembles on centromeric chromatin and binds
spindle microtubules to control chromosome movement during mitosis and meiosis
(3). In addition, kinetochores are responsible for regulating a surveillance mechanism
called the spindle assembly checkpoint (SAC), which delays cell cycle progression until
all chromosomes have achieved proper kinetochore-microtubule attachment (4). The
molecular mechanisms underlying these processes have been extensively investigated
in traditional model eukaryotes, such as yeast, worm, fly, and human. Importantly, all
of these organisms belong to the supergroup Opisthokonta, meaning that they are
closely related in the timescale of eukaryotic evolution (Fig. 1A) (5). With the exceptions
of plants, apicomplexans, and kinetoplastids, little is known about molecular underpin-
nings of mitotic mechanisms in members of other eukaryotic supergroups (6).

Studies in opisthokonts have shown that the kinetochore is a highly complex
structure (more than 100 proteins in humans), which can be divided into two functional
modules: the inner kinetochore that is built on centromeres and the outer kinetochore
that binds microtubules and regulates the SAC (8, 9) (Fig. 1B). A key inner kinetochore
component is CENP-A, a centromere-specific histone H3 variant that determines the
position of kinetochores and initiates kinetochore assembly, while the outer kinetochore
includes the Ndc80 complex that binds microtubules. The fact that CENP-A, its interac-
tion partner CENP-C, the Ndc80 complex, and SAC proteins such as Mad2 and Cdc20 are
widely conserved suggests that most eukaryotes use these proteins to perform basic
kinetochore functions. However, phylogenetic profiling surveys across eukaryotes
revealed remarkable plasticity of kinetochore composition (6, 10, 11). Strikingly, recon-
structions based on these disparate presence/absence profiles of kinetochore proteins
still suggest that the last eukaryotic common ancestor (LECA) possessed a highly
complex ancestral kinetochore system on par with those of extant eukaryotes such as
human and yeast (Fig. 1B) (7, 12). Such intuitively opposing patterns of ancestral
complexity and contemporary plasticity imply that the kinetochores must have had a
highly dynamic evolutionary history, despite their cardinal role in chromosome segrega-
tion.

Recent experimental studies started to probe kinetochore variations among eukar-
yotes (13). For example, several insects (e.g., butterflies and moths) and early diverging
fungi (e.g., Mucor circinelloides) lack CENP-A, although these organisms have retained the
Ndc80 complex (14-16). Furthermore, an increasing number of non-traditional model
eukaryotes are being studied for their seemingly divergent kinetochore composition and
function. An extensive bioinformatic survey could not detect most of the conventional
kinetochore (cKT) in the free-living metamonad flagellate Carpediemonas membranifera
(17). On the other hand, an evolutionary cell biology approach in the apicomplexan
parasites Plasmodium and Toxoplasma revealed the presence of an extremely divergent,
yet conventional kinetochore makeup (18, 19).

The most extreme case of kinetochore divergence known to date is found in Kineto-
plastea (Euglenozoa, Discoba) for which bioinformatic analysis failed to identify obvious
orthologs of CENP-A, Ndc80, or any other canonical kinetochore proteins (20, 21). A
localization-based screen in the model kinetoplastid parasite Trypanosoma brucei
identified kinetoplastid kinetochore protein 1 (KKT1), and subsequent immunoprecipita-
tion and mass spectrometry analyses identified many additional kinetochore proteins
including KKT1-25 and KKIP1-12 (Fig. 1C) (22-26). Many of these proteins are conserved
among kinetoplastids, including free-living bodonids and prokinetoplastids (Fig. 1A) (20,
27-30). However, clear homologs for most KKT/KKIPs are apparently absent in other
eukaryotes, except for proteins with either generic domains for which pinpointing their
evolutionary history is technically challenging (e.g. PH and FHA domains in KKT proteins
and RRM domains in many KKIP proteins) or for proteins such as KKT16/17/18 and
KKT10/19 that play key roles in meiotic chromosome synapsis and splicing in other
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FIG 1 Kinetochore composition in Euglenozoa. (A) Cartoon of phyletic relationships of the superphylum Discoba with emphasis on the phylum Euglenozoa

harboring kinetoplastids, euglenids, and diplonemids. (B) Cartoon of 61 components of the conventional KT (cKT), SAC, and the anaphase promoting com-

plex/cyclosome (APC/C) as inferred to have been present in the ancestral eukaryotes (7). (C) Cartoon of 41 components and structure of the kinetoplastid

(Continued on next page)
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Fig 1 (Continued)

kinetochore (KKT) in Trypanosoma brucei, also including the SAC and APC/C components. (D) Overview of the twofold strategy taken toward highly sensitive

mBio

identification of cKT/KKT orthologs in the Paradiplonema papillatum proteome. Schematic overviews of the reciprocal structure-based (left) and sequence-based

homology searching strategies (right). In the center, an example of a network graph is shown that is produced based on these comprehensive searches, with

green octagonal nodes indicating a cKT/KKT model, a rectangular yellow node, a P. papillatum accession or diplonemid orthologous group (0G), and in circular

blue nodes, any non-KT protein from the complete foldomes of any of the representative species (Homo sapiens, Saccharomyces cerevisiae, Arabidopsis thaliana,

Trypanosoma brucei). Arrows (edges) between nodes represent homology links colored according to hierarchy in the search results based on E-value (red: best,

blue: second-best, dark gray: third-best, and light gray: other hit).

eukaryotes, respectively. Although it has been proposed that the ancestor of kinetoplas-
tids repurposed parts of the meiotic synapsis and homologous recombination machinery
to assemble unique kinetochores (31), it remains unclear why and when kinetoplastids
invented their unique kinetochore system.

Kinetoplastids belong to the phylum Euglenozoa, which also includes euglenids and
diplonemids (Fig. 1A) (32, 33). Phylogenetic studies indicate that kinetoplastids are more
closely related to diplonemids than to euglenids (29, 34). Diplonemids are a group of
heterotrophic flagellates that are not only highly abundant in marine environments
(35-37), but also extremely diverse, with 18S rRNA-based estimates reaching ~70,000
species (38). Negligence of these omnipresent eukaryotes is reflected by the fact that
the number of diplonemid species in culture for which morphological and sequence
data is available still does not exceed a dozen (37, 39). Hence, despite an inevitable
ecological importance of these highly abundant protists in the oceans, very little is
known about their biology. Interestingly, unlike euglenids that have clear orthologs of
canonical kinetochore proteins, only a putative CENP-A candidate has been identified in
diplonemids (29). Hence, the kinetochore composition in diplonemids remains unclear.

To address this knowledge gap and to gain insights into the evolutionary origin
of kinetoplastid kinetochores (KKTs), we set out to investigate the possible protein
composition of kinetochores in diplonemids. We started by applying state-of-the-art
sensitive homology detection protocols to explore the possibility of previously missed
hidden homologies (19, 40). Indeed, in the malaria parasite Plasmodium berghei, a
comparative analysis using both profile Hidden Markov Model (HMMs) and AlphaFold2
(AF2)-predicted protein structures uncovered the presence of many bona fide canonical
kinetochore proteins that were previously refractory to discovery even by powerful tools
such as iterative HMM searches (19). To achieve the same goal, we have used AlphaFold2
to predict the foldome for the model diplonemid Paradiplonema papillatum (formerly
known as Diplonema papillatum).

Recently, P. papillatum became the first diplonemid (Diplonemea) for which methods
of integration of extraneous DNA have been developed (41), thus turning it into a new
model marine protist (42). Indeed, insertion of any DNA segment into a chromosome
via homologous recombination can be achieved by using ~1.5 kb-long homology arms
(43). The application of tagging to identify components of membrane trafficking and
the mitochondrial ribosome confirmed experimental tractability of P. papillatum (44, 45).
With a publicly available high-quality genome (46) and a set of transcriptomes (47),
this technique enables functional studies in this group of evolutionarily and ecologically
highly relevant protists. In this study, we explore the evolutionary history of eugleno-
zoan kinetochores and examine the localization of five candidate kinetochore-associated
proteins in P. papillatum.

RESULTS

Deep homology detection strategies confirm the general absence of known
kinetochore proteins among Diplonemea

Previously, it was suggested that Diplonemea may lack several crucial components of
the ¢cKT and also of the KKT, leaving these flagellates seemingly without a known type
of kinetochore structure (29). Here, we built on these prior analyses by performing a
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comprehensive and highly sensitive deep homology search for components of the cKT
and KKT, focusing on the predicted proteome from P. papillatum. This workflow allows
us to scrutinize several mutually non-exclusive evolutionary scenarios for the diplonemid
kinetochore, which is either (i) a highly divergent version of the cKT, (ii) a highly divergent
version of the KKT, (iii) a mix of both cKT/KKT, or (iv) a unique kinetochore of distinct
evolutionary origin.

To systematically search the proteome of P. papillatum for highly divergent orthologs
of ¢cKT and KKT components, we used a twofold strategy employing both sequence-
based as well as predicted protein structure-based similarity searches (Fig. 1D; Fig. S1
and S2). In the former, we performed exhaustive multilevel profile-versus-profile HMM
searches specifically exploring “grey-zone”/borderline similarities leveraging sensitive,
manually curated models of both full-length proteins as well as domains and motifs
for 71 KT and 39 KKT-related components (Tables S3 and S4, at FigShare). For struc-
tural comparisons (Table S5, at FigShare), we predicted the protein structures of the
P. papillatum proteome with AF2 using multiple sequence alignments including 10
Diplonemea species for which transcriptomic data are available (Tables S1 and S2,
at FigShare). We followed a similar strategy taken in the profile-versus-profile HMM
searches, in this case, using 272 manually curated cKT/KKT protein structure AF2 models
from four representative species: Homo sapiens, Saccharomyces cerevisiae, Arabidopsis
thaliana, and Trypanosoma brucei (Fig. 1D; Fig. S1).

Putative homologs obtained by these searches were analyzed in a network graph-
based framework using Markov Clustering (MCL) (Fig. 2 and Materials and Methods), with
the underlying reasoning that orthologous sequences and folds tend to form distinct
similarity clusters in the MCL network that can be used as a proxy for their underlying
phylogeny (40, 48). In parallel, we applied the bidirectional best/better hit principle to
uncover strong homology associations (Tables S3C and S5C, at FigShare). Using these
complementary methods, our analysis readily revealed bona fide orthologs of the spindle
checkpoint (p31°°M", Cdc20, Trip13, Mad2), chromosomal passenger complex (INCENP),
inner kinetochore histone-like proteins CENP-S and CENP-X, as well as the previously
reported putative CENP-A ortholog (Fig. 2). This approach also allowed the identification
of multiple close paralogs, and in some cases the closest paralog, to cKT/KKT proteins
where multiple duplications of a particular gene family occurred among Euglenozoa
(e.g., CLK kinase KKT10/19 and the phosphatase KKIP7) (29). Lastly, we recovered two
orthologs of the SYCP2-like proteins KKT17 and KKT18, corroborating previous findings
(31).

By contrast, we were unable to identify additional cKT/KKT orthologs, including the
principal microtubule-binding components of the cKT (NDC80/NUF2) and the KKT (KKT4)
(Fig. 3), as well as other hallmark features of the inner (CENP-C) and outer cKT (MIS12)
(Fig. S3). Although we found homologs for these proteins by virtue of their conserved
domains, e.g., the CENP-C cupin domain and the NDC80/NUF2 CH domain, these are
more similar to closely related known outgroup proteins (Fig. 3A; Fig. S3A). Identification
of CCDC93 as an outgroup for NDC80 is in line with the LECA kinetochore reconstruction
(7, 49). For other manual explorations and checks, we refer to the specific notes on each
cKT/KKT component (Tables S3 to S5, at FigShare). Finally, we found a strong similarity
link (best hit: DIPPA_32591) for KKT4, the only known microtubule-binding protein of the
kinetoplastid kinetochore. However, the BRCT domain in DIPPA_32591 is a bidirectional
best hit with NUP92/MLP2, a nuclear pore component in T. brucei (50). Indeed, our
phylogenetic analysis shows that KKT4 originated through duplication of NUP92/MLP2 in
the ancestor of all kinetoplastids and that DIPPA_32591 belongs to the NUP92/MLP2
family rather than KKT4 (Fig. 3B; Fig. S4A).

Combined, our approaches robustly confirm the absence of a large number of
components of both the ¢cKT and the KKT in our diplonemid transcriptomic database and
the high-quality genome of P. papillatum (46).

December 2024 Volume 15  Issue 12

mBio

10.1128/mbio.02936-24 5

Downloaded from https://journals.asm.org/journal/mbio on 03 January 2025 by 147.231.253.30.


https://doi.org/10.1128/mbio.02936-24

Research Article mBio

spindle checkpoint | | C KKTs

T~ |

"'f..g-k\

(A

4

p31 COMET

Survivin

Third-best hit RN

1
Network Nodes [ oh
Protein from I pLDDT
representative species O | 100
P. papillatum protein ] I
T o Curated KT model I
from representative €3 |
species
Edges I
Best hit /\ |
Second-best hit R | i
|
1

FIG 2 Detection of bona fide kinetochore proteins in P. papillatum. Network graphs showing similarity links (E-value) as inferred by Foldseek or HHsearch,
displayed as edges between homologous folds depicted as nodes (left) and structural alignments as produced by Foldseek where available (right). Network
graphs represent an individual MCL. Structural alignments show the predicted structure of the relevant P. papillatum protein placed in the cluster to the AF2
(Continued on next page)

December 2024 Volume 15  Issue 12 10.1128/mbio.02936-24 6

Downloaded from https://journals.asm.org/journal/mbio on 03 January 2025 by 147.231.253.30.


https://doi.org/10.1128/mbio.02936-24

Research Article mBio

Fig 2 (Continued)

structure that was best hit in the Foldseek against the foldomes of representative species, colored in tan. Predicted protein structures are colored by pLDDT
score following the standard AF2 palette. Panels represent different functional/structural aspects of the cKT and KKT, as indicated. *MCL clusters obtained from a
network based on HHsearch homology inferences, no structural alignment is available for these models as the folds do not contain a clear structural domain. The
best-predicted (highest pLDDT score) AF2 model of the P. papillatum accession is shown on the right.

Parallel expansions of kinetochore-related genes in Euglenozoa

In some of our clustering analyses, it proved difficult to make a confident assessment of
putative orthologs solely through inspection of the network, particularly in gene families
with a large amount of recent duplications. Furthermore, only the top 10 hits were
considered in the network analysis, possibly missing highly divergent orthologs. We
therefore manually explored both sequence and structure-based search outputs to
investigate whether our network analysis missed cKT/KKT orthologs.

Through careful inspection of the data, we identified a bona fide ortholog of the cKT-
associated kinesin CENP-E through a bidirectional best hit (DIPPA_27648), and the closely
related KKT-associated kinesin KIN-A (DIPPA_28866 and DIPPA_16905), which appear to
be part of one related family of kinesins (Fig. S4B; Table S3C, at FigShare). In addition, we
found three BUB3/RAE1-like sequences (DIPPA_18051, DIPPA_04497, and DIPPA_14534),
for which subsequent phylogenetic analysis showed that DIPPA_18051 and DIPPA_04497
are bona fide RAE1 orthologs, and that DIPPA_14534 branches off prior to the split of
BUB3/RAET, similar to the BUB3-like KKT15 protein (Fig. S5A). Based on this phylogeny,
we speculate that DIPPA_14534 is most likely a BUB3 ortholog considering the presence
of clear RAE1 orthologs in diplonemids and it being similarly placed outside (but closer
to BUB3/RAET1) of the RAE1/BUB3 group similarly to the BUB3-like protein KKT15 (51). For
the phosphatase KKIP7, we found many paralogs in Euglenozoa which arose through a
complex history of duplications, with DIPPA_23494 as the 1-to-1 KKIP7 ortholog (Fig.
S5B). Lastly, we generated phylogenetic trees for the Aurora-Polo kinases families, which
were previously found to be each other’s closest paralogs in the LECA genome (52). We
added the KKT2 and KKT3 kinases because these proteins also have a kinase and polo-
box domain for which we found strong similarity with Polo kinases in our network
analysis, similar to previous findings (23) (Fig. S6; Table S3, at FigShare). Diplonemid
Aurora kinases appear to cluster close to those of kinetoplastids, suggesting a shared
history of duplications, with a total of three Aurora kinases: Aurora-1 (Aurora B-like),
Aurora-2, and Aurora-3 (Fig. S6). Remarkably, the kinase domains of KKT2 and KKT3
cluster at the base of the Polo kinase group closer to those of PLK4. Given that no PLK4
ortholog is present in Kinetoplastea, this might suggest that KKT2/3 are descended from
PLK4. However, the higher similarity of the polo boxes of KKT2/3 with those of PLK1 and
not PLK4 may well point to KKT2/3 being highly divergent Polo kinases not belonging to
the PLK4 clade, and that the current position reflects extreme divergence causing long-
branch attraction. We also found multiple additional parallel duplications among Polo
kinases giving rise to distinct numbers of paralogs among various eukaryotic groups,
including separate duplications in euglenids, diplonemids, and kinetoplastids (Fig. S6).

Phylogenetic distributions of kinetochore proteins suggest distinct origins
for the kinetochores in kinetoplastids, diplonemids, and euglenids

We next profiled the presences and absences of cKT and KKT orthologs in an extended
set of species (Table S1, at FigShare) belonging to the supergroup Discoba to infer the
evolutionary timing of the losses, gains, and transitions that occurred among euglenozo-
ans, and compare these to the kinetochore compositions of H. sapiens, A. thaliana, and S.
cerevisiae (Fig. 4; Table S6, at FigShare).

We found that the majority of the cKT is conserved in a basal group of discobans, the
Jakobida (53), including the complete CCAN, MIS12, NDC80, DAM1, and SKA complexes.
The presence of the CCAN in other basal lineages among various eukaryotic supergroups
(7, 54) further bolsters the notion that the cKT is an ancient structure that was already
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Fig 3 (Continued)

through either incoming or outgoing edges, and all nodes connected to these nodes with either directionality to the edge (i.e., all nodes until one degree of
separation to a NUF2 and/or NDC80 node). Nodes are positioned according to the E-value represented by connecting edges, where shorter edges equate to
lower E-value. On the left, a zoom-in of the network around the node of the P. papillatum accession that is the closest homolog by one of the NUF2/NDC80 query
models (marked by a red star) and its closely related hits. Schematic representations of the path connecting NDC80 (top) and NUF2 (bottom) query nodes to their
respective top P. papillatum accession hit and its subsequent best hits are shown. (B) Similar to panel A, but with nodes connected to KKT4 through maximally
one degree of separation.

present in the LECA (7). The presence of both DAM1 and SKA complexes in Jakobida is
particularly striking, as this dual presence was recently inferred to have been the case in
the LECA (55). All in all, such a complex kinetochore system in a basal lineage of a
supergroup highlights the notion that Discoba is one of the candidate lineages to be
close(st) to the root of the eukaryotic tree of life (56). Our phylogenetic profiling shows a
sequential loss of cKT components along the Discoba phylogeny, with first the bulk of
the CCAN and the DAM1 complex being lost in Euglenozoa and Heterolobosea, followed
by the losses of CENP-C and MIS12 complex in Euglenozoa, and then finally the outer
kinetochore (KMN and SKA complexes), components of SAC [e.g., Bub(R)1] and recurrent
losses of CENP-A in Diplonemea and Kinetoplastea. This pattern may be indicative of a
stepwise replacement of the cKT by a novel kinetochore-like system in Discoba.

With respect to the KKT system, we found some new but in general lower number of
orthologs of KKT/KKIP components in the early branching prokinetoplastids and
bodonids compared to the crown trypanosomatids. Clearly, these KKT/KKIP components
cannot be found outside of kinetoplastids, apart from the aforementioned CLK*™%",
SYCP2XXT7/'® 'and KKIP7 in most Discoba, as well as candidates for KKIP4, KKIP10, and
KKT13 (Fig. 4; Table S6, at FigShare). Prokinetoplastina takes an interesting intermediate
position, as they appear to have some cKT components, similarly to those found in
diplonemids, namely p31°™* and CENP-A. Diplonemids additionally have a relatively
complete list of the SAC and anaphase promoting complex/cyclosome (APC/C) compo-
nents, with only Bub1, Cdh1, APC12, and APC16 missing. Furthermore, presence of a
putative APC15 ortholog suggests that diplonemids have active SAC silencing (57).
Remarkably, CENP-S/X were found in diplonemids, but not in any other euglenozoan.
Such isolated presence of CENP-S/X may be explained by their role in DNA damage
signaling through the Fanconi anemia pathway (58). Strikingly, however, our survey
revealed the general absence of Fanconi anemia pathway components in diplonemids,
suggesting that CENP-S/X might have yet another role to play.

Endogenous tagging of putative kinetochore-related proteins in P. papilla-
tum

The in silico analyses were followed by experiments in which we focused on five proteins.
A putative CENP-A homolog (DIPPA_32769), Mad2 (DIPPA_17925), INCENP
(DIPPA_09943), CLK®™%'® (DIPPA_05595), and SYCP2L1*""/'® (DIPPA_35871) were C-
terminally tagged with a protein A tag (PrA) using the plasmid pDP002 that contains
neomycin as a selectable marker (43). In addition, we created a cell line in which CENP-A
was C-terminally tagged with V5 using a modified pDP011 plasmid (44). Following
electroporation and drug selection, we assayed the expression of tagged proteins by
immunoblotting using polyclonal antibodies against either protein A or the V5 tag, and
typically selected three random clones for further analysis. Immunoblots of a representa-
tive clone for each tagged protein are shown (Fig. 5). Specific bands of the expected
molecular weight were detected for each cell line, confirming the proper integration of
the tags.

The CENP-A candidate forms discrete nuclear foci in P. papillatum

CENP-A is a centromere-specific histone H3 variant, often characterized by the longer
loop 1 region that separates the helices 1 and 2 in the histone fold domain (59). Among
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Fig 4 (Continued)

(cartoon left). Kinetoplastea have kinetochores consisting of KKT/KKIP subunits. Euglenida have kinetochores with the conserved Ndc80 complex, CENP-A, the
SKA complex, and most likely an active spindle checkpoint (Bub1/BubR1, Mad2, Mad1, Bub3). Diplonemea harbor a CENP-A-like protein, only minimal numbers
of KKT/KKIPs (CLKT®"®, syCp3*™¢, sycp2"“T”'® KKIP7, and KKIP10) and cKT proteins (p31“°“", CENP-S/X, Mad1, Mad2). Overall, Euglenozoa appear to have
lost and replaced the cKT in multiple steps in the different clades—see before. Ancestrally, Discoba would have had a complex kinetochore system with a
full CCAN (Jakobida), Mis12-C, Ndc80-C, DAM-C, and SKA-C, including an active spindle checkpoint and APC/C. Top left: cartoon of conserved cKT/KKT-related
proteins present in P. papillatum as projected onto the LECA cKT composition; gray indicates absent, colored proteins indicate present. Top right: Coulson-style
plots of cKT/KKT complexes—below: colored parts of the pie chart are present, light gray means these proteins are absent. Numbers indicate the number of
paralogs present. Colors correspond to the cartoons of the cKT and KKT shown in Fig. 1. Per major taxonomic groups among Discoba, a representative species is
highlighted, including the presence of a cartoon of its cellular outline. Bottom: presence/absence of three model eukaryotes for which kinetochores have been
determined: H. sapiens, S. cerevisiae, and A. thaliana.

the histone H3-like proteins in P. papillatum, DIPPA_32769 has many features of CENP-A,
including the longer loop 1 and replacement of glutamine (GIn, Q) that is conserved in
histone H3 but often changed to another amino acid in CENP-A homologs (Fig. 6A). In
fact, our reciprocal structure-based homology search firmly placed DIPPA_32769 in a
bona fide CENP-A cluster (Fig. 2B). Fluorescence and confocal microscopy analyses
revealed discrete foci throughout the nucleus for both CENP-A-PrA and CENP-A-V5 (Fig.
6B and C). To further characterize this protein, we performed affinity purification mass
spectrometry on cells expressing CENP-A-V5, using wild-type P. papillatum cells as a
control (Fig. S7). Although relatively high background and lower amount of peptides
precluded clear designation of strong PpCENP-A interactors, we found enrichment of a

Y
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FIG 5 Endogenous tagging of putative mitotic proteins in P. papillatum. (A) Immunoblot analysis of P. papillatum cell lines expressing a PrA fusion of CENP-A,
INCENP, Mad2, CLK“"", and SYCP2L1"“""""®, Anti-alpha-tubulin was used as a loading control. (B) Western blot analysis of P. papillatum parental cell line and
transgenic cell lines expressing CENP-A-V5.
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FIG 6 DIPPA_32769 is a putative CENP-A candidate in P. papillatum that forms distinct foci in the nucleus reminiscent of centromeric staining. (A) Multiple
sequence alignment of the CENP-A candidate in P. papillatum with histone H3 and CENP-A from various eukaryotes. Top: secondary structure of histone H3-like
proteins. Note that DIPPA_32769 has a longer loop 1 (highlighted in the red box) as well as replacement of GIn (arrow), which are characteristic

(Continued on next page)
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Fig 6 (Continued)

features of CENP-A. Note that DIPPA_03805 has a longer loop 1 but has GIn. CENP-A candidates are present in other diplonemids (Rhynchopus humris and
Hemistasia phaeocysticola), and putatively in Prokinetoplastida (Apiculatamorpha spiralis). (B) Immunostaining of CENP-A-PrA visualized by standard fluorescence
microscopy. (C) Immunostaining of CENP-A-V5 visualized using a confocal microscope confirming its distinct distribution pattern in the nucleus. Single slices are
shown. Image files that have full z-sections are available in File S3, at Figshare. Scale bars: 10 pm.

number of candidate interactors using a P-value cut-off of 0.01 (Fig. S7). Enriched
proteins reside or have a function in the nucleolus, mitochondrion, and at the chromatin,
such as nucleosomal histone proteins H2A (DIPPA_34783), H2B (DIPPA_34374), a
protamine-like protein (DIPPA_34630) and an HMG-box protein (DIPPA_17448). Lastly,
we found eight paralogous proteins that are Diplonemea-specific, and which are of
apparent giant virus or prophage origin enriched in CENP-A-V5 pulldowns (Fig. S7 and
S8A). Subsequent phylogenetic analysis of both phage, giant virus, and the diplonemid-
specific paralogs reveals monophyletic clades for each of these groups with two giant
virus sequences clustering more closely with the diplonemid sequence, one of which is
Theiavirus salishense known to infect the kinetoplastid Bodo saltans (Fig. S8B). It is
possible that similar giant viruses transferred this group of likely chromatin-related
proteins to the ancestor of diplonemids, which may than have been co-opted in a
diplonemid-specific kinetochore system.

Diplonemids have a putative spindle assembly checkpoint system

Mad2 is a component of the spindle checkpoint conserved in many eukaryotes (12).
It interacts with Cdc20, an activator of the anaphase promoting complex, which has
a Mad2-binding motif (MIM) (60). Mad2 is part of the HORMA domain family, which
additionally includes p31“°", Hop1, and Rev7 (61). In T. brucei that lacks a canonical
spindle checkpoint, the Mad2-like protein is associated with the basal body area and
its Cdc20 lacks a Mad2-binding motif (21). Interestingly, our immunofluorescence assay
revealed that Mad2 has nuclear localization in P. papillatum (Fig. 7A), implying that
this protein may play a spindle checkpoint function. Consistent with this possibility, a
Mad2-binding motif is present in P. papillatum Cdc20 (Fig. 7A), which is predicted by AF3
to interact with Mad2 (iPTM: 0.66). These findings suggest that a functional interaction
is present between Mad2 and Cdc20 and that diplonemids likely have some form of a
spindle checkpoint system.

The chromosomal passenger complex (CPC) in P. papillatum is unconven-
tional

The CPC is essential for orchestrating both chromosome segregation and cytokinesis
(63). In most eukaryotes, the CPC consists of Aurora B kinase, INCENP, Borealin, and
Survivin. However, the CPC differs from this conventional form in T. brucei, where no
orthologs of Borealin and Survivin have been identified. Besides Aurora B-like and a
highly divergent INCENP-like protein CPC1, T. brucei has three novel CPC components
known as CPC2, KIN-A, and KIN-B (Fig. 1C) (64, 65). Through our bioinformatics analyses,
we identified four Aurora homologs (Fig. S6) and putative orthologs of INCENP
(DIPPA_09943 and DIPPA_09958) and Survivin (DIPPA_06451) in P. papillatum (Fig. 2).
Interestingly, these CPC components have atypical features in this flagellate. The C-
terminus of INCENP is defined by an IN box, which is essential for Aurora B activation (66,
67). Although orthologs of INCENP in Discoba have a highly conserved IN box, the
otherwise conserved Aurora activation site located downstream of the IN box is absent in
Diplonemea, with DIPPA_09958 entirely lacking the IN box (Fig. 7B). It is unknown to
which extent this truncation in Diplonemea influences its efficacy to activate Aurora, but
we note that the S. cerevisiae ortholog appears similarly truncated (Fig. 7B) (66). P.
papillatum is the only diplonemid with two INCENP orthologs, which likely arose from a
recent duplication after which DIPPA_09958 lost the IN box.
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FIG7 P papillatum Mad2 and INCENP are nuclear proteins. (A) Mad2-PrA localizes in the nucleus. Scale bar: 10 pm. Cdc20 in diplonemids (P. papillatum, R. humris,

and H. phaeocysticola), but not in kinetoplastids (T. brucei, Trypanosoma cruzi, and Neobodo designis), has a putative Mad2-binding motif. AlphaFold3 prediction of
PpCdc20-A (DIPPA_04340) interaction with PpMad2 (DIPPA_17925) via the predicted MIM (62), with an iPTM score of 0.66. The predicted Mad2-Cdc20 interaction

(Continued on next page)
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Fig 7 (Continued)

indicates that a form of SAC-like signaling is active in Diplonemea. (B) PpINCENP lacks the C-terminal cross-phosphorylation Threonine-Serine-Serine (TSS) site
needed for proper activation for Aurora kinases in some model organisms, e.g., humans. Yeasts and Arabidopsis appeared to have lost this motif. AF3 prediction
of INCENP interaction with Aurora paralogs pinpointed DIPPA_24328 as the most likely interaction partner (interface Predicted Template Modelling (iPTM)
score:0.66). See Fig. S9 for AF3 interaction predictions between INCENP and Aurora kinases paralogs.

We then generated AF3 models (62) of INCENPPP™-29% gnto the four Aurora homo-
logs in P. papillatum to investigate the binding of the IN box to the Aurora kinase domain
and to delineate which Aurora homolog is its likely interaction partner. We find that the
fold with the Aurora®"™-2*?® (homologous to Aurora-3/AUK3 in T. brucei) (Figs. S6 and
S9A) had both the highest iPTM score (0.66) as well as the highest pLDDT score in the IN
box of DIPPA_09943 (Fig. 8A). Interestingly, INCENPP"™-99943 and Aurora®"™-242% are
predicted to interact in a similar manner as in other eukaryotes (Fig. S9).

Unexpectedly, we identified DIPPA_06451 as a BIR domain-containing protein that
has a bidirectional best hit in our Foldseek analysis to the BIR domain found exclusively in
the opisthokont Survivin orthologs. However, it has been shown recently that the BIR
domain is not an ancestral feature of Survivin, as it is only found in Opisthokonta (68).
Furthermore, we do not find homology of the N-terminus of DIPPA_06451 to the N-
terminal coil that is the defining feature of Survivin orthologs across eukaryotes (68).
DIPPA_06451 is therefore unlikely a true Survivin ortholog. This reiterates the importance
of looking beyond a bidirectional best hit, which is often considered sufficient to classify
orthologs.

Finally, we identified three putative KIN-A orthologs (DIPPA_17532, DIPPA_28866,
DIPPA_16905; Fig. S4B) through a phylogenetic analysis of kinesin-related proteins. Our
phylogeny places KIN-A and KIN-B as early branching clades nested within a larger clade
of CENP-E orthologs. However, the KIN-B clade has a long branch, which is relatively
poorly supported by bootstrap scores (54/100). By contrast, KIN-A is placed within the
CENP-E group with a high support from bootstraps (96/100), providing a robust phyloge-
netic support for the notion that KIN-A might be a highly divergent CENP-E ortholog. It is
important to note that this tree topology is unlikely due to under-sampling of KIN-A-
related kinesins, as we have specifically included additional sequences from dedicated
KIN-A and KIN-B HMM searches. Furthermore, a profile-versus-profile search shows that
CENP-E is the most significant hit for KIN-A, and that KIN-A is among the top hits when
the CENP-E profile is taken as a query (Table S4, at FigShare).

CLKXKT1919 3nd SYCP2L1%€T7/18 |ocalize in the nucleus

We next examined the localization of proteins that have similarity to kinetoplastid
kinetochore proteins, but most likely perform other functions in P. papillatum, namely
CLKX™1% and SYCP2L1"*T7/'® (Fig. 8). Unlike CENP-A, we did not observe discrete dot
signals for CLK™%"® or SYCP2L1™"'8, although both are localized in the nucleus. It
therefore remains unclear whether they are kinetochore proteins in P. papillatum. It is
noteworthy that expression of the SYCP2L1 protein was observed in our mitotically
dividing cell culture despite the fact that SYCP2 is typically a meiosis-specific protein in
other eukaryotes (69). Besides SYCP2L1, diplonemids have another paralog (SYCP2L2;
DIPPA_35886), similarly to KKT17/18 in kinetoplastids and SYCP2/SYCP2L in vertebrates
(31). SYCP2-like proteins in part function during meiosis by specifically recruiting Hop1/
HORMAD to the synaptonemal complex. Indeed, we find a predicted interaction motif
(iPTM: 0.31), termed closure motif, in SYCP2L2 of P. papillatum, suggesting that this
paralog might perform a function during meiosis (Fig. 8A; Fig. S10). DIPPA_25410 is a
candidate SYCP3-like protein that may interact with the SYCP2L1-2 paralogs. Like
SYCP2L1, expression of SYCP3 (DIPPA_25410) is found in the background of the CENP-A-
V5 pulldown (Table S7, at FigShare).

The CLK kinase family proteins involved in splicing in other eukaryotes operate at
kinetoplastid kinetochores as KKT10/19 (70). Since we observed that this gene family
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FIG8 SYCP2L1""""™® and CLK*"*" are localized to the nucleus. (A) SYCP2L1“"'”"'® (DIPPA_35871)-PrA localizes in the nucleus. Scale bar: 10 um. Two paralogs of
SYCP2 are present in P. papillatum: DIPPA_35871 (SYCP2L1) and DIPPA_35886 (SYCP2L2). Right: AF3-based predictions of putative closure motifs SYCP2 orthologs
that interact with the HORMA protein Hop1, showing specifically the interactions predicted for SYCP2L1 and SYCP2L2. No closure motif was found in SYCP2L1,
(Continued on next page)
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Fig 8 (Continued)

hinting at a role for SYCP2L1 during mitosis and SYCP2L2 during meiosis (iPTM:0.31). Top right: alignment of verified and predicted closure motifs. (B) CLK ™"
(DIPPA_05595)-PrA localizes in the nucleus. Scale bar: 10 um. Phylogenetic tree of the CLK kinase family including both KKT10/19 and the closest paralog in P.
papillatum (DIPPA_05595).

underwent specific expansions in diplonemids, akin to humans and plants (71, 72), we
wondered whether KKT10/19 were phylogenetically more associated to one particular
CLK in these protists. Previous studies identified DIPPA_05595 as a KKT10/19 ortholog
(29). Hence, we performed more extensive analyses that included additional eukaryotic
lineages as well as available discoban lineages (Fig. 8B). We found that KKT10/19 and
DIPPA_05595 follow the species tree and are part of a seemingly slower evolving clade of
the CLKs in Euglenozoa, with a split at the base of Euglenozoa subsequently giving rise to
three and one diplonemid and kinetoplastid CLK, respectively (Fig. 8B).

Taken together, our deep homology searches did not reveal orthologs for most of
the kinetoplastid or canonical kinetochore subunits in Diplonemea, suggesting that
a functionally analogous structure must be responsible for facilitating chromosome
segregation. This as yet elusive kinetochore structure possibly consists of a novel type of
kinetochore proteins.

DISCUSSION

Presently, the only group of euglenozoans where the kinetochore has been experi-
mentally studied in detail are the trypanosomatid flagellates, which include human
pathogens such as T. brucei, T. cruzi, and Leishmania spp. (22, 24, 73, 74). Unique KKT
proteins identified in T. brucei are conserved even in early diverging prokinetoplastids
(29), meaning that the KKT-based system likely already emerged in the last common
ancestor of Kinetoplastea. To gain insights into the origin of the unique kinetoplastid
kinetochore, and to uncover a putative novel kinetochore system, we sought to examine
and identify kinetochore proteins in diplonemids, the sister clade of kinetoplastids
(29, 33, 34). To this end, we developed a highly sensitive pipeline tailored to identify
even highly divergent orthologs of the cKT and KKT, by leveraging sequence- and
structure-based deep homology detection methods, using, for instance, a near-complete
predicted foldome of the model diplonemid P. papillatum, and combining these with
extensive phylogenetic analysis. Our approach has led to the identification of several
highly divergent cKT orthologs, including a p31“°™", Mad1, and Bub3 ortholog in P.
papillatum, establishing the validity of our approaches. Yet, even these state-of-the-art
methods were unable to identify additional cKT/KKT orthologs in P. papillatum and other
diplonemids. In particular, they apparently do not have any of the structural kinetochore
components of these systems, making it highly unlikely that these closest relatives of
kinetoplastids possess any type of the known kinetochore repertoire.

Sensitivity of bioinformatics approaches to detect highly divergent homologs remains
a recurring theme. Our previous efforts to characterize the evolution of kinetochore
compositions across eukaryotes using iterative HMM searches suggested extensive
or complete loss of core subunits not only in the euglenozoan lineages, but also
in Metamonada and Alveolata (11). Although for some species like the metamonad
Carpediemonas membranifera, the widespread loss of ancestral kinetochore subunits
appears to hold (17), recent work in the apicomplexan parasite Plasmodium berghei
revealed that a combination of advanced biochemistry (BiolD), profile-vs-profile HMM
searches, and AF2-based structure prediction was paramount to uncover extremely
divergent subunits, which in hindsight appeared to be conventional counterparts (19).
Our approach adds a full structural search of the predicted foldome of the model
diplonemid P. papillatum using AlphaFold2 and Foldseek and includes high-resolution
orthologous group (OG) definitions for 11 diplonemid species to strengthen profile-vs-
profile HMM searches. In addition, we used standard HMM searches without heuristic
filters, which we recently found out to yield more bona fide orthologs, though at the
cost of higher computational time. To our knowledge, we, here, performed the most
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extensive set of computational analyses to disprove the presence of any protein with
similarity to both canonical and kinetoplastid kinetochore subunits, or any eukaryotic
protein for that matter. A priori we can never fully exclude missed detection of ortho-
logs. As an example, our recent work revealed the likely orthology of KKT14-15 with
Bub1-Bub3, which was previously missed using standard BLAST and HMM searches (51).
In light of the ever increasing sensitivity of tools to detect highly divergent homologs,
skepticism toward bold claims of protein/gene absence appear justified—and perhaps
the null hypothesis for any absence should be a detection problem. We therefore
strongly advocate to any who put forward claims of surprising losses to follow our
approach and to go to great lengths to disprove the presence of highly divergent
orthologs.

The only canonical structural kinetochore candidate identifiable in diplonemids is
CENP-A, a variant histone that replaces the canonical histone H3 at centromeres. Based
on the findings that the histone H3 variant in P. papillatum has many features of CENP-A
and localizes to discrete foci in the nucleus, we deem it most likely that it is a true CENP-A
homolog. Early studies using electron microscopy found numerous short condensed
chromosomes in the interphase nucleus of P. papillatum and Diplonema ambulator (75,
76). More recently, using expansion microscopy of P. papillatum (46) and transmission
electron microscopy of Lacrimia vacuolata (39), we were able to visualize sub-nuclear
structures, namely the large centrally located nucleolus, numerous peripheral concentric-
oriented and condensed chromosomes, and one or two small electron-dense spherical
bodies. Consistent with a high number of chromosomes in diplonemid nuclei, confocal
microscopy allowed us to discern many CENP-A-V5 foci. However, it is important to note
that we do not have a kinetochore marker to prove that these signals represent true
kinetochore localization and, notably, CENP-A is not the only divergent H3 variant that
localizes into the nuclear foci. For example, there is an H3 variant in T. brucei which has
been shown to localize to telomeric foci (77). Nonetheless, formation of discrete nuclear
foci, together with its previously noted structural and sequence features (Fig. 6), suggests
that DIPPA_32769 is likely a true CENP-A ortholog in P. papillatum, indicating presence of
the cKT nucleosomal cornerstone.

We identified numerous key components of a putative spindle assembly checkpoint
in P. papillatum, such as Mad2, Cdc20, and a Bub3 candidate. However, members of
the central checkpoint protein family Bub(R)1/Mad3 were not detected. It is intriguing
that P. papillatum has a Mad2-like protein that localizes in the nucleus, unlike T. brucei
Mad2 that localizes near the basal body (21). Together with the finding that P. papillatum
Cdc20 has a conserved Mad2-binding motif, it is likely that Mad2 interacts with Cdc20
to regulate APC/C activity. Interestingly, diplonemids and the early branching prokineto-
plastids encode p31°°™¥T, which in other eukaryotes is involved in the regulation of the
open and closed forms of Mad2 and other HORMA domain proteins (78). While it was
thought that Mad1, a kinetochore recruitment factor for Mad2, would be absent from
kinetoplastids, our iterative HMM searches in combination with Foldseek of AF2-predic-
ted folds revealed the presence of an RWD domain reminiscent of Mad1 in the T.
brucei protein LAP71, which was recently described to be a nuclear pore protein (79).
Candidate orthologs in diplonemids were also found, including the P. papillatum protein
DIPPA_30775, although a putative MIM could not be discerned. It is possible that these
Mad1-like proteins have other functions at the nuclear pore complex in kinetoplastids
and diplonemids. In any case, it will be important to examine whether P, papillatum has a
functional spindle assembly checkpoint and delays cell cycle progression in response to
treatment with microtubule poisons.

In addition to the absence of the bulk of the cKT, we also did not find critical
components of the KKT. Instead, we only found orthologs for proteins that are broadly
conserved among eukaryotes with non-kinetochore functions (e.g., CLK and SYCP2)
(29, 31, 80). Hence, these proteins most likely also have non-kinetochore functions in
kinetoplastids and diplonemids. In traditional model eukaryotes such as humans and
Drosophila melanogaster, CLK kinases do not localize at kinetochores but are instead
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involved in the regulation of splicing (81). Similarly, KKT16/17/18 have a combination
of Armadillo, PH, and coiled-coil domains, which are found in the broadly conserved
synaptonemal complex proteins SYCP2 and SYCP3 (31). The facts that euglenids have
homologs of the canonical kinetochore proteins and that additional orthologs of the
kinetoplastid-specific KKT proteins have not been identified suggest that euglenids most
likely have canonical kinetochores and that their CLK'%'® and SYCP2/3"KT'¢17/18 proteins
have non-kinetochore functions. Although these proteins localize in the nucleus of P.
papillatum, further studies are needed to reveal their functions.

The cell lines prepared in this study will serve as an invaluable resource in fur-
ther dissection of the seemingly unique P. papillatum kinetochore whose composition
remains unknown. Although the resolution of the performed pull-down experiments
with CENP-A-V5 was generally low, our experiments hint at a putative interaction with
eight proteins that all bear a homologous coiled-coil domain that is of prophage origin.
These proteins should be characterized in the future, as they might play a role in the
diplonemid kinetochore.

Diplonemids are among the most abundant and diverse protists in the oceans (35—
38), yet we know very little about their basic cell biology (44-47). Here, we have shown
that these heterotrophic flagellates must segregate their chromosomes in a process
involving an as yet elusive kinetochore-like structure, a core apparatus in the eukaryotic
cell cycle. Moreover, as a sister clade to the (mostly) parasitic kinetoplastids, which are
endowed with a number of unique features (82), diplonemid cell biology may shed light
on their evolution as well as increase our understanding of one of the most abundant yet
deeply understudied group of marine eukaryotes.

MATERIALS AND METHODS
Diplonemid transcriptomic data set

For this study, a set of predicted proteomes of 11 diplonemid species was used: 1
genome (P. papillatum) (46) and 10 transcriptomes (29, 46, 83-85) (Table S1, at FigShare).
For de novo assembly of RNA-Seq data sets, Trinity v.2.2.0 software was used with
default parameters (https://github.com/trinityrnaseq/trinityrnaseq) (86). TransDecoder
v.5.5.0 (Haas B.J.,, https://github.com/TransDecoder/TransDecoder) was used to generate
proteomes using “Universal” genetic code. Proteins were then clustered with CD-HIT
v.4.8.1 at 99% identity (https://github.com/weizhongli/cdhit/) (87) to reduce redundancy
and proteome complexity. Paradiplonema papillatum identifiers were translated to the
following: “Paradiplonema_papillatum_xxxxxx,” where x is a six-digit number (Table S2,
at FigShare).

AlphaFold2 foldome for P. papillatum

The structures of all predicted protein sequences from the recently sequenced P
papillatum genome were predicted with AF2 (46, 88). It has been shown that supplying
multiple sequence alignments (MSAs) from closely related species can improve the
confidence and likely accuracy of AF2 models, especially for sequences from divergent
and underrepresented taxa (89). MSAs were generated using the MMseqs package (90),
where each P. papillatum sequence was clustered and aligned to sequences in a database
comprised of the EukProt v.3 data set (91), the Discoba-specific data set by reference
(89), and our own set of predicted diplonemid proteomes (see above). The AF2 algorithm
was run on these MSAs using the ColabFold implementation (92). An upper limit of
3,000 amino acids per P. papillatum amino acid sequence was imposed for computational
tractability, resulting in a total of 41,990 predicted structures. The AF2 predictions with
the highest average pLDDT per protein (rank 1) and all other related files to the AF2
predictions can be accessed through FigShare.
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Deep homology detection protocols

A three-pronged highly sensitive homology detection was used consisting of (i) a
unidirectional profile HMM search of known kinetochore components against the
P. papillatum proteome, (ii) an extensive profile-vs-profile HMM search, and (iii) an
extensive three-dimensional protein structure-based search. A graphic overview of the
pipeline for the Diplonemea data set generation and the HHsearch/AF2 strategy can be
found in Fig. ST and S2. Raw files pertaining to these searches can be accessed through
FigShare.

Unidirectional Hidden Markov Model searches without heuristic filters

Curated multiple sequence alignments of both full-length and/or domains and motifs
for 206 canonical KT orthologs/outparalogs (7), including highly divergent apicomplexan
kinetochores (19), as well as 36 kinetoplastid-specific kinetochore (interacting) (KKT/
KKIP) proteins, were converted into profile HMMs using the hmmbuild from HMMer
package (v.3.3, custom settings) (93). To distinguish from previous unidirectional profile
HMM approaches (29), searches were performed with hmmsearch without any of
the standard heuristic filters (option -max) that are commonly in place to maintain
reasonable computational tractability in larger sequence databases. Surprisingly, we
have found that turning these heuristic filters off regularly reveals high scoring “hits” of
highly divergent homologs.

Profile-versus-profile HMUM

OrthoFinder (v.2.5.5, -S blast; otherwise default settings) was used to generate OGs from
the predicted proteomes in our diplonemid set (see above) (94). OGs were aligned
with MAFFT (v.7.520, E-INS-i) (95). Using the HHsuite package (v3, standard settings), a
consensus sequence was derived for each alignment (.a3m format) in order to generate
secondary structure decorated profile HMMs (.hhm format), which were collated in a
custom HHsearch database (96). The same procedure was followed for our manually
curated set of known kinetochore proteins (see above) and queried using the hhsearch
tool against the diplonemid database. First, our manually curated set of KT/KKT/KKIP/
AKIT alignments was queried against the diplonemid OG database. The top 10 hits
for each of these initial searches were taken and were subsequently queried against
the KT/KKT database, the diplonemid database, as well as against the COG/KOG and
PFAM precomputed hh-suite database (https://wwwuser.gwdguser.de/~compbiol/data/
hhsuite/databases/hhsuite_dbs/, last accessed 01-04-2024) to provide a comprehensive
and high-quality background set of profiles. This search step is considered the “forward
search!” In turn, the top 10 hits for each of these forward searches was again queried
against the same set of databases in a step considered the “reverse search!” Finally, the
top 10 hits from all forward and reverse searches were parsed and compiled into a data
set that describes the relations of the queries and top 10 targets of each performed
search. This data set was analyzed using Cytoscape software v.3.10.2 (97). MCL was
performed on the data set to identify clusters of nodes, which typically are most strongly
interconnected among each other and show similar levels of connectivity to other
regions in the network, which is indicative of a closely related phylogenetic affiliation
relative to other nodes in the network. MCL was performed with -log(E-value) taken as
input array for edge weights and an inflation parameter of / = 2. The MCL network can be
found in File S1, at FigShare.

3D protein structure comparison

Manually curated AF2 models (downloaded from uniprot, last accessed 25 March 2024)
of known KT/KKT/KKIP proteins from four representative species, Arabidopsis thaliana,
Homo sapiens, Saccharomyces cerevisiae, and Trypanosoma brucei (88), were searched
against our proteome-wide predicted structures for P. papillatum using Foldseek (98).
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Both full-length and domain-specific structures were queried. First, an initial search was
performed against only the P. papillatum AF2 foldome, from which the top 10 hits were
taken as query for a “forward” search against the complete database, comprising of the
curated cKT/KKT/KKIP folds, the P. papillatum AF2 foldome, and the complete foldomes
of the representative species. Finally, the top 10 hits for each “forward” query were
taken and were queried again against the complete database in a “reverse” search step.
The top 10 hits for all forward and reverse searches were compiled into a data set
which was analyzed with the Cytoscape software, primarily through the MCL algorithm
implementation. MCL was performed with -log(E-value) taken as input array for edge
weights and an inflation parameter of / = 7. The MCL network can be found in File S2, at
FigShare.

AlphaFold3 protein-protein interaction modeling

To structurally model protein-protein interactions, AlphaFold3 was used through its
online implementation at alphafoldserver.com (62), last accessed 13 July 2024.

Phylogenetic analyses

To delineate orthologs from homologs in select cases, phylogenetic analyses were
performed for several orthologous groups as follows. First, similarity searches were
performed using a combination of hmmsearch and jackhmmer from the HMMER
package (v.3.1b2). These searches were conducted against our in-house database (Table
S1, at FigShare) and a eukaryote-wide selection of proteomes as used by De Potter
et al. (99). The obtained homologs were then aligned with MAFFT E-INS-i or L-INS-i
(95). Trimming of the MSA was performed using trimAl. Sites were removed with the
criterion <£10% or <30% occupancy, and finally, poorly aligned sequences were manually
discarded. A phylogenetic tree was then inferred using IQ-TREE (100) with the best-fitting
substitution model as chosen by ModelFinder (101), which in all cases converged on LG +
C60+F + R4. In all cases, the top 500 from our searches were included in the phylogenetic
analyses. For BUB3, we specifically added a known outgroup for RAE1/BUB3: WDR74
(51). A set of WDR74 ortholog sequences was downloaded from the eggNOG database
(KOG3881; v.5). These WDR74 sequences were combined with manually curated MSAs
of BUB3, RAE1, and KKT15. Then, the Diplonemea sequences that were assigned to the
same OrthoFinder orthologous group as our candidate BUB3 sequence were also added
to this set of sequences. For Aurora/Polo/KKT2/3, we included previously established
Aurora and Polo clusters (7), including the LECA kinase OG PLK, Aurora, and PLK4, PLK
and PLK4 sharing the most recent duplication, and Aurora being an outgroup.

Endogenous C-terminal tagging of CENP-A, Mad2, INCENP, CLKX<T'%1% and
SYCP2L1 KKT17/18

Parts of the open reading frame and 3" untranslated region of P. papillatum genomic
DNA were amplified using specific primers containing sequences overlapping with the
protein A neomycin cassette of the plasmid pDP002 in order to endogenously tag
CENP-A, CLK*T919 "SyCP2L1*"7/'8 INCENP, and Mad2 with a C-terminal protein A tag.
The pDP002 plasmid was used as a template for amplification of the protein A tag and
the downstream Neo® marker. To ligate all three fragments together, Phusion polymerase
(NEB) was applied in a nested PCR using these fragments as a template. Finally, 3 ug-5 pg
of the nested PCR product was electroporated into P. papillatum as described elsewhere
(43). Similarly, the 3xV5 and hygromycin® cassette was amplified from a slightly modified
pDP011 plasmid (44), named pDP011-A (for primers, see Table S8 at FigShare). The
PCR product was A-tailed and cloned into pCR 2.1-TOPO (ThermoFisher) or alternatively
gel-purified, ethanol-precipitated, and used directly for transfections. Restriction enzyme
digestion and sequencing were used to confirm the correct structure of the generated
plasmid (if applicable). To release the tagging segment, 10 ug of the final plasmid was
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cut with EcoRI (NEB), ethanol-precipitated, resuspended in 10 pL of water, and used to
transfect P. papillatum as described elsewhere (43).

Electroporation of P. papillatum

Amaxa Nucleofector Il was used to transform a total of 5 x 107 cells, as previously
described (41, 42). Clones were selected in 24-well plates at 27°C using varied doses
of G418 for protein A tagging (25 pg/mL-80 pg/mL) and of hygromycin for V5 tagging
(100 pg/mL-225 pg/mL). Successful transfectants appeared after 2 weeks of selection.
Before being tested by western blot, each clone was expanded to a volume of 10 mL and
cultured for up to 2 to 3 weeks.

Immunofluorescence

A 5 to 10 mL of logarithmically growing cell culture was centrifuged at 1,000 x g for
5 min. Cells were fixed in 4% paraformaldehyde in seawater at room temperature for
30 min. The fixative was washed out of the cells with seawater and 1x PBS (phosphate
buffered saline) (1:1). The cells were rinsed once more in 1x PBS before being spotted
on a gelatin-coated slide, and permeabilized for 20 min for antibody labeling in 100%
ice-cold methanol. Throughout the procedure, the slides were stored in a humidified
chamber, washed in PBS after 20 min, and blocked with 5% milk in PBS-T (PBS with
0.05% Tween) for 45 min. After removing the blocking solution, the cells were again
washed in 1x PBS. The primary antibody (anti-protein A; Sigma, 1:2,000) was applied on
slides covered with parafilm and incubated overnight at 4°C. After removing the primary
antibody, the slides were washed three times with 1x PBS. The secondary antibody
(Alexa Fluor 555 goat-anti-rabbit; Invitrogen, 1:1,000) was added and the slides were
incubated for 1 hour in the dark at room temperature, covered with parafilm. Finally,
the slides were washed in 1x PBS and covered with 4,6-diamidino-2-phenylindole (DAPI)
containing the antifade reagent ProlongGold (Life Technologies). Images for protein
A fusion proteins were obtained using camera Olympus DP73 (Axioplan 2 imaging).
CENP-A-V5 images were acquired on a FV3000 Olympus confocal microscope with an
HCPL apochromatic 100x/NA 1.40 oil immersion objective. Excitation was performed
with a 405 nm diode laser (50 mW) in the case of DAPI and in the case of Red channel
which is Alexa Fluor 555 (543 nm, 555 nm-615 nm); emissions were detected using
hybrid detectors (HyD). Z-stacks were acquired with a step size of 100 nm (without
averaging). The pixel size and dwell time were between 52 and 97 nm and 400 ns,
respectively. The size of the pinhole was adjusted based on the signal strength but was
typically around 0.4 Airy unit to improve resolution.

Western blotting

Protein samples from 5 x 10° cells were prepared by pelleting, resuspended in 25 uL of
2x SDS sample buffer, separated on 4%-20% Mini-protein TGX stain-free gels (Bio-Rad),
and subsequently transferred to a polyvinylidene fluoride (PVDF) membrane. After
blocking with 5% milk in PBS-T for at least 30 min at room temperature, the membrane
was incubated with an anti-protein A (Sigma, P3775; used at 1:10,000 dilution) or anti-V5
antibody (Merck, V8137; used at 1:1,000 dilution) in 5% milk in PBS-T overnight at 4°C.
After three washes in PBS-T, the membrane was incubated with anti-rabbit-horseradish
peroxidase (HRP) (Merck; 1:1,000) and incubated at room temperature for 1 hour. The
membrane was then washed three times in PBS-T and the signal was developed using
Clarity Western ECL Substrate (Bio-Rad). The mouse anti-alpha-tubulin antibody (Merck,
T9026; 1:10,000) was used as a loading control.

Immunoprecipitation

Approximately 5 x 10° cells expressing V5-tagged CENP-A proteins, as well as the
wild-type control cells were grown in Diplonema growth media with the appropriate
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selection antibiotic. Cells were harvested at 1,000 g for 10 min, lysed using ice cold
IPP150 buffer (10 mM Tris-HCI, pH 6.8, 150 mM NaCl, 0.1% Igepal, CA-630) supplemented
with 1x complete EDTA-free protease inhibitors (Sigma-Aldrich, 11873580001) and 5x
passed through a 30 gauge needle. The cell lysate was cleared twice by centrifugation
(12,000 g, 10 min, 4°C). Fifty microliters of V5-Trap magnetic particles (M-270) (Chromo-
tek, v5td-100) was added to the cleared cell lysate and rotated at 4°C for 2 to 3 hours. The
beads were washed three times with the IPP150 buffer containing detergent and then
twice without the detergent. Bound proteins with beads were processed for immuno-
blotting and mass spectrometry.

Mass spectrometry analysis

For mass spectrometry sample prep, on-bead digestion protocol was used. Briefly,
washed beads were resuspended in sodium deoxycholate [SDC, final concentration 1%
(wt/vol) in 100 mM triethylammonium bicarbonate), reduced with 5 mM TCEP [tris(2-car-
boxyethyl)phosphine], alkylated with 10 mM MMTS (S-methyl methanethiosulfonate),
and digested sequentially with Lys-C and trypsin. SDC was removed by extraction
with ethyl acetate saturated with water (102). Samples were desalted on Empore C18
columns, dried in a SpeedVac, and dissolved in 0.1% trifluoroacetic acid (TFA) + 2%
acetonitrile. Desalted peptide digests were separated on a 50 cm C18 column using
60-min elution gradient and analyzed in a Data Dependent Acquisition (DDA) mode on
an Orbitrap Exploris 480 (Thermo Fisher Scientific) mass spectrometer equipped with the
FAIMS unit operated at —40 and —60 VV compensation voltages (CVs).

Data processing

The resulting raw files were converted to mzXML files each containing separate CV
(-40,-60 V) scans using FAIMS MzXML Generator (release 1.1.8003, https://github.com/
PNNL-Comp-Mass-Spec/FAIMS-MzXML-Generator). MzXML files were analyzed in
MaxQuant (v.2.2.0.0) (103) with label-free quantification (LFQ) algorithm MaxLFQ and
match between runs feature activated. False Discovery Rate (FDR) was set as 0.01 at all
levels. A custom protein database of P. papillatum proteins (43,871 sequences) supple-
mented with frequently observed contaminants was used for protein identification.
MMTS alkylated cysteine was selected as a fixed modification [Methylthio (C), composi-
tion: H(2) C S, +45.988). Variable modifications were oxidation (M) and acetyl (protein
N-term). Downstream processing of the proteinGroups.txt file was performed in Perseus
(v.2.0.6.0) (104).
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