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Trypanosome outer kinetochore proteins suggest
conservation of chromosome segregation machinery
across eukaryotes

Simon D’Archivio and Bill Wickstead
School of Life Sciences, University of Nottingham, Nottingham NG7 2UH, England, UK

Kinetochores are multiprotein complexes that couple eukaryotic chromosomes to the mitotic spindle to ensure proper
segregation. The model for kinetochore assembly is conserved between humans and yeast, and homologues of several
components are widely distributed in eukaryotes, but key components are absent in some lineages. The recent discovery
in a lineage of protozoa called kinetoplastids of unconventional kinetochores with no apparent homology to model or-
ganisms suggests that more than one system for eukaryotic chromosome segregation may exist. In this study, we report
a new family of proteins distantly related to outer kinetochore proteins Ndc80 and Nuf2. The family member in kineto-
plastids, KKT-interacting protein 1 (KKIP1), associates with the kinetochore, and its depletion causes severe defects in
karyokinesis, loss of individual chromosomes, and gross defects in spindle assembly or stability. Inmunopurification of
KKIP1 from stabilized kinetochores identifies six further components, which form part of a trypanosome outer kineto-
chore complex. These findings suggest that kinetochores in organisms such as kinetoplastids are built from a divergent,
but not ancestrally distinct, set of components and that Ndc80/Nuf2-like proteins are universal in eukaryotic division.

Introduction

During cell division, genetic material must be faithfully trans-
mitted to daughter cells. In eukaryotes, this is achieved by
coupling the movement of spindle microtubules to replicated
chromosomes via a multiprotein attachment complex called the
kinetochore. In most organisms, kinetochores are built around
a site of specialized chromatin that is distinguished by the pres-
ence of the histone H3 variant CENP-A. This centromeric DNA
recruits a set of ~16 proteins known as the constitutive cen-
tromere-associated network (CCAN), which forms the core of
the inner kinetochore (Cheeseman and Desai, 2008; Westhorpe
and Straight, 2013). In human cells, the CCAN is associated
with centromeres throughout the cell cycle (Foltz et al., 2006;
Okada et al., 2006). From late G, onwards, components of
the outer kinetochore are recruited to the exterior side of the
CCAN, in particular a set of three protein complexes (Knl-1,
Mis12, and Ndc80), which together form the KMN network
(Cheeseman and Desai, 2008). This network mediates the in-
teraction of the kinetochore with the spindle, and the Ndc80
complex—consisting of a heterotetramer of Ndc80 (also known
as HEC1), Nuf2, Spc25, and Spc24—forms a long rod with
microtubule-binding globular domains distal from the cen-
tromere (Wigge and Kilmartin, 2001; Ciferri et al., 2005; Wei et
al., 2005; Cheeseman et al., 2006; DeLuca et al., 2006; Alushin
et al., 2010). These domains in Ndc80 and Nuf2 have the same

calponin homology (CH) fold (Wei et al., 2007; Ciferri et al.,
2008), and the overall architecture of the proteins is also similar,
implying that they diverged from a single ancestor that most
likely formed a homodimer (Schou et al., 2014).

The above model for kinetochore assembly is conserved
between humans and yeast, and homologues of several compo-
nents are found in diverse eukaryotes. In spite of this, compo-
nents are not universally identifiable, and a lineage of flagellate
protozoa called the kinetoplastids build kinetochores from
components without apparent homology to models, suggest-
ing there may be alternative systems. The Kinetoplastida are
a group of protozoa that diverged from the animal-yeast lin-
eage very early in evolution (Hampl et al., 2009; Rogozin et al.,
2009; He et al., 2014). Several kinetoplastid organisms cause
important diseases of humans and other animals, and the Afri-
can trypanosome Trypanosoma brucei is the causative agent of
human sleeping sickness. Trypanosomes undergo a closed mi-
tosis based around an intranuclear spindle, and electron-dense
plaques very similar in ultrastructure to vertebrate kinetochores
have been observed in dividing nuclei (Ogbadoyi et al., 2000).
However, they have an unusual genome architecture (Dan-
iels et al., 2010), including ~100 small linear chromosomes,
each of which is segregated with fidelity (Wickstead et al.,
2003). Moreover, when the genome of 7. brucei and two other
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kinetoplastids were sequenced, they were found to encode no
readily identifiable homologues of kinetochore proteins in other
systems (Berriman et al., 2005; Akiyoshi and Gull, 2013), in-
cluding the centromere-specific histone CENP-A (Lowell and
Cross, 2004). This has been reinforced by the recent identifica-
tion of 20 kinetochore proteins in trypanosomes (KKT1-20),
defining an “unconventional” kinetochore (Akiyoshi and Gull,
2014; Nerusheva and Akiyoshi, 2016). KKTs associate to kine-
tochore-like nuclear foci, are involved in chromosome segrega-
tion, and at least two (KKT2 and KKT3) are highly enriched
at trypanosome centromeres, but none has clear orthology to
proteins in nonkinetoplastid lineages. As a result, it has been
proposed that the Kinetoplastida build kinetochores from a set
of proteins distinct from other lineages and perhaps represent-
ing an ancestral set (Akiyoshi and Gull, 2014).

An ancestrally distinct kinetochore in trypanosomes would
support a controversial rooting of the eukaryotic tree in which
the Euglenozoa (kinetoplastids, euglenids, and diplonemids)
are the earliest branching extant line (Cavalier-Smith, 2010).
However, although kinetoplastids are exceptional in possessing
no obvious conventional kinetochore components, they are not
unique in lacking key components (Meraldi et al., 2006; Wes-
termann and Schleiffer, 2013). As a result, it is unclear whether
any eukaryotic kinetochores are truly distinct or if they have di-
verged from a kinetochore composed of canonical components.
This also raises the question of which proteins are performing
key functions in which clear orthologues are missing. In this
study, we describe a new family of proteins with homology to
Ndc80 and Nuf2, which define the outer kinetochore of trypano-
somes. These proteins are present in organisms lacking Ndc80/
Nuf2, and we present data to show that all eukaryotes have di-
vergent versions of the same universal kinetochore machine.

Ndc80 and Nuf2 are among the most highly conserved kine-
tochore components in terms of sequence similarity (Meraldi
et al., 2006). Domain models covering the N-terminal regions
of Ndc8O/HEC1 and Nuf2 are included in the Pfam database
(PF03801 and PF03800, respectively). In spite of these re-
gions being conserved in previously identified homologues of
Ndc80 and Nuf2, predicted proteins with significant similarity
to the Pfam domains are not encoded in the genomes of several
eukaryotes in addition to the Kinetoplastida (Fig. 1 A). Most
noticeably, there are no readily identifiable homologues in Nae-
gleria gruberi, which is a close relative of the kinetoplastids,
the more distantly related excavate Trichomonas vaginalis or
the golden alga Aureococcus anophagefferens. A similar situ-
ation exists for the two most highly conserved components of
the Mis12 complex, Mis12 and Nnf1, readily identifiable homo-
logues of which are absent from Giardia, Aureococcus, and all
aveolates, in addition to kinetoplastids (Fig. 1 A). This patchy
distribution of identifiable homologues may be the product of
genuine loss or ancestral difference, but it could also represent
divergence of protein sequences in some lineages, leading to
difficult detection of true homologues.

We reasoned that if all eukaryotic kinetochores are based
on a common machinery with divergent components in some
lineages, the most constrained components would likely be in

the outer kinetochore, where the kinetochore interfaces with
microtubules. To this end, we undertook a sensitive search for
Ndc80 and Nuf2 homologues using an iterative hidden Mar-
kov model (HMM)-based approach working from clear homo-
logues to more divergent lineages (see Materials and methods
for details). HMMs were first constructed for Ndc80 and Nuf2
families separately using all alignable residues (including those
outside of CH domains). These models readily identify a previ-
ously unidentified Nuf2-like protein in 7. vaginalis.

Ndc80 and Nuf2 share evolutionary ancestry (Schou et
al., 2014). Profile—profile comparisons between these the two
HMMs showed significant similarity (e-value = 2 x 10713), and
the protein families are alignable across both N-terminal CH
and C-terminal tail domains (Fig. S1). Alignable residues from
the full proteins were combined to form a pan-Ndc80/Nuf2
HMM. This identified proteins with Ndc80/Nuf2-like proper-
ties encoded in both N. gruberi and A. anophagefferens. Sig-
nificantly, new proteins with apparent Ndc80/Nuf2 homology
were identified in organisms otherwise lacking both Ndc80 and
Nuf2 proteins, with no additional hits in organisms contain-
ing obvious homologues, suggesting that our combined model
is specifically identifying divergent members of this family
and not other classes of protein containing either CH folds or
coiled-coil regions. To give the greatest sensitivity for searching
in kinetoplastida, we compared our pan-Ndc80/Nuf2 HMM to
alignments of all orthologue groups from a selection of kine-
toplastid species, thereby weighting our comparison for resi-
dues conserved in both sets (Table S1). The best hit, orthologue
group OG5_141718, contains proteins from kinetoplastids that
group in phylogenies with Naegleria and Aureococcus Ndc80/
Nuf2-like proteins (Fig. 1 B). They also have architectures
reminiscent of both Ndc80 and Nuf2, with a large quantity of
predicted a-helices across the whole protein, but no detectable
Ndc80 or Nuf2 Pfam domains (Fig. 1 C). Alignments of these
proteins with clear Ndc80 and Nuf2 sequences shows there are
alignable residues at the C-terminal end of the Ndc80/Nuf2 do-
main, but the major contribution to detection is from coiled-
coils. These regions are much more similar to each other than
to nonorthologous coiled-coil proteins, and HMMs built from
these regions contain sufficient specific information to clearly
identify Ndc80 and Nuf2 sequences encoded in the Dictyoste-
lium genome with very little cross-reaction to other proteins,
even with no sequence from the CH domains or from any
Amoebae in the models (Fig. 1 D). They also identify the same
Ndc80/Nuf2-like proteins in Naegleria and Aureococcus as the
pan-family HMM (Fig. 1 E).

Our expanded HMM protocol identified new Ndc80/Nuf2-like
sequences in all eukaryotes lacking conventional Ndc80 or
Nuf2 (and nowhere else). However, these proteins lack clear
similarity across the CH region, and this distant relationship
alone provides little evidence that the predicted homologues are
involved in kinetochore function. Those from the kinetoplastids
are the most divergent in sequence, sharing only 9-12% identity
across aligned residues (Fig. S1). To test if divergent Ndc80/
Nuf2-like molecules are true kinetochore components, we
tagged the identified protein in 7. brucei by integration of cod-
ing sequence for YFP at the N terminus of the endogenous gene
(Tb927.5.4520). In agreement with our prediction, the protein
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Figure 1. Identification of Ndc80- and Nuf2-like sequences across eukaryotes. (A) Most excavates and the golden alga A. anophagefferens lack proteins
matching either Ndc80_HEC or Nuf2 Pfam domains (e-value < 0.001). A similar, but not identical, distribution exists for Mis12 and Nnf1 domains, with
notable additional absence in Alveolata. (B) Maximum likelihood phylogeny of Ndc80/Nuf2-like protein sequences. Tree represents a majority consensus
from 500 bootstrapped inferences based on 406 aligned residues. Numbers show bootstrap support for nodes. (C) Predicted protein architectures (sec-
ondary structure features and Pfam domains) of example sequences, showing also position of hits to a pan-Ndc80/Nuf2 HMM. (D) The coiled-coil tails of
both Ndc80 and Nuf2 contain information specific to these families; HMMs built only from regions of Ndc80 or Nuf2 homologues outside of the CH fold,
and excluding all sequences from Amboebae, specifically identify Ndc80 and Nuf2 from the predicted proteome of Dictyostelium discoideum. (E) Similar
models including all eukaryotes specifically identify the Ndc80/Nuf2-like sequences detected by the pan-Ndc80,/Nuf2 HMM.

showed a clear kinetochore-like localization (Fig. 2 A). Loca-
tion and movement of the protein in the nucleus were similar to
those seen for the first identified kinetochore component, KKT1
(Fig. 2 A), and the temporal behavior through the cell cycle is
similar to that seen for several other KKT proteins (Akiyoshi
and Gull, 2014). Levels of the tagged protein are undetectable
in G, cells, with visible foci forming around S phase. These

foci strengthen in signal through G, before congression to the
middle of the nucleus at metaphase and then movement to the
spindle poles at anaphase. The protein is stably associated with
detergent-extracted cytoskeleton preparations (Fig. 2 B), but
was not identified as part of the KKT set. To reflect this behav-
ior and the alternative method for identification, we have named
the trypanosomal protein KKIP1.
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Depletion of at least six KKTs resulted in some disruption of
trypanosome mitosis, although growth of cell populations was
not greatly affected (Akiyoshi and Gull, 2014). Depletion of
KKIP1 levels by inducible RNAI resulted in a rapid and severe
defect in cell growth (Fig. 3, A and B). This defect was ap-
parent within the first cell cycle after RNAi induction with a
large accumulation of cells with 4C DNA content (Fig. 3 C). By
16 h after induction, these cells start to be replaced by cells with
DNA content outside of the normal range, consistent with cell
division without correct partitioning of nuclear DNA (Fig. 3, C
and D). A cell cycle defect was also apparent when observing
the division of the kinetoplast (mitochondrial DNA) and nuclei.
These organelles have distinct segregation timing and can be
used to morphologically follow progression of trypanosome
cells through the cell cycle (Woodward and Gull, 1990). RNAi
against KKIP1 for 8 h (just over one cell generation time) re-
sulted in ~50% of cells with a morphology found in S/G, cells
(2K1N), followed by release and accumulation of cells with ab-
errant numbers of DNA-containing organelles (Fig. 3 E).

Cells depleted of KKIP1 are unable to correctly assemble
or maintain the spindle, with a greater than fourfold decrease
in visible spindles at 8 or 16 h after induction (P = 0.006 and
<0.001, respectively, Z-test; Fig. 3 F). This is in spite of the ma-
jority of cells having G2/M DNA content by 8 h after induction,
suggesting that in trypanosomes failure to attach kinetochores
to the spindle causes destabilization of the spindle itself or ini-
tiation of an assembly checkpoint.

To test for chromosome loss on KKIP1 depletion, we in-
tegrated a negative selection marker (a gene encoding herpes
simplex virus thymidine kinase) on either one or two individ-
ual minichromosomes. These small chromosomes are segre-
gated with fidelity but are not required for growth in culture,
allowing loss to be monitored after reversal of RNAi induction
(removal of tetracycline). In parental cells, the rate of loss of
a single marked chromosome was 0.002 per cell generation
(Fig. 3 G), in line with previous estimates of minichromosome

Phase + D,A,Pl,,

o

Figure 2. KKIP1 is a new kinetoplastid kinetochore-asso-
ciated protein. (A) Micrographs of insect midgutform (pro-
cyclic) cells expressing YFP-KKIP1 and mStrawberry-KKT1.
Counterstaining with the DNA stain DAPI is also shown.
‘ (B) Stable association of fluorescently tagged proteins with

defergent-extracted cytoskeleton preparations. Bar, 4 pm.
K, kinetoplast; N, nucleus.

loss (Wickstead et al., 2003). Loss rates in noninduced cells
were slightly above this rate, suggesting some level of RNAi in
the absence of induction, but this was greatly increased by 24-h
induction to 70 and 220 times these levels for loss of one or
two chromosomes, respectively (Fig. 3 G). Minichromosomes
were lost independently both in the presence and absence of
RNAI induction (combined rate of loss of both chromosomes
being approximately the product of two single rates), suggest-
ing that detachment of individuals from the spindle does not
influence segregation of others.

KKIP1 did not copurify with any of the trypanosome KKTs
(Akiyoshi and Gull, 2014). In agreement with this observa-
tion, affinity purification of YFP-KKIP1 under similar condi-
tions did not identify KKTs as copurifying proteins (except
KKT10 at levels near background; Table S3). However, only
KKIP1 itself was found above background, suggesting that
the KKIP1-kinetochore interaction is unstable under standard
conditions used for immunoprecipitation. To identify interact-
ing proteins for this potentially labile association, we used a
proximity-based approach of affinity purification after limiting,
reversible cross-linking. This was combined with label-free
semiquantitative mass spectrometry (Trudgian et al., 2011) to
estimate enrichment after stabilization of complexes under con-
ditions of low or high formaldehyde cross-linking (one and five
times approximate molar ratio to available reactive groups, re-
spectively) relative to controls without cross-linking. Samples
were compared by integrated spectral intensities to identify pro-
teins enriched under specific conditions (Fig. 4 and see Materi-
als and methods for details). Spectral intensities and enrichment
data for all 935 nonredundant trypanosome proteins detected in
these experiments are presented in Table S3.

In agreement with the observed KKIPI localization,
several KKTs (namely, KKT4, 8, 9, 10, 11, 12, 14, 17, 18,
and 19) copurify with YFP-KKIP1 in low and high cross-
linked samples, with KKT1 being additionally detected in

620z Jequiede( 90 uo 3senb Aq 4pd-£080910Z A0l/L 56965 L/6.£/2/91Z/Pd-8loie/qol/Bio sseidny//:dpy woly pepeojumoq



I
1
1

bNA éonter'n (au)l

A C ¢
107
—a— parental
o) —e— RNAI non-induced
£ -o- RNAi induced
2 10°
B
[$]
g
g 10° TS
2 i
2
; LJ
1044 r T T .
0 24 48
time (h)
B time (h) L/
kD 0 8 16 24
150 --
. . A
100 - a-GFP Ponceau
E n= 138 166 159 196 152 F
100 — —
14
R 12
75 o
. O Other 2 10
R B 2K2N a
50 O 1K2N o 8-
2 @ 2K1IN el
3 @ 1KIN 3 64
O 1KON >
£
25 — T 4
0
8 29
0- o

parental Oh 8h 16h 24h

n= 218 174 196

G

*hk

*k E
£ 107
o
I}
=
S 102
o]
o
o -3
g 10
o)
it
5 10+
[}
%]
o
i 10-5
Oh 8h 16h parental 0 24 48
time (h)

Figure 3. KKIP1 is essential for chromosome segregation and spindle function. (A) Cell growth in cultures after RNAi-induced ablation of KKIP1. Error
bars show SEM (n = 3; P < 0.001 for induced versus noninduced cell numbers at points after 20 h; Student's t test). (B) Immunoblots of cells expressing
YFPKKIP1 showing depletion of protein. Protein loading is shown by Ponceau S stain. (C) Flow cytometry showing disruption of DNA content caused by
KKIP1 depletion (representative data from two repeats shown). (D) Phenotypic changes to cells upon RNAi. Bar, 4 pm. (E) Morphological analysis of cell
cycle on RNAI shows a buildup of undivided cells with late morphology (2K1N), then formation of cells with aberrant numbers of kinetoplasts (K) and
nuclei (N). (F) Loss of visible spindles on KKIP1 depletion, judged by immunofluorescence against p-tubulin (**, P < 0.01; ***, P < 0.001; Student's #
test). (G) RNAi-stimulated loss of one or two minichromosomes (MC) from cells. Error bars represent standard error estimates from counts of resistant cells

(n=15-44; P < 0.001 for 24 and 48 h vs. O h; Z+est). au, arbitrary units.

low cross-linking only (Fig. 4). The set of proteins enriched
on cross-linking also contained the Aurora B kinase homo-
logue, TbAUK1 (Fig. S2), which interacts with kinetochores
until anaphase (Li et al., 2009). They are also significantly
enriched in trypanosomal nucleoporins, including TbNup92/
Mlp2, which is present at nuclear pores at interphase, but as-
sociates with the spindle at mitosis (Holden et al., 2014). In
contrast, KKT13, which reaches peak levels at S phase, and
KKT2 and KKT3, which are thought to interact closely with
the centromere, were not detected.

To validate our proteomic approach, we tagged 12 pro-
teins of unknown function that were enriched in immunopre-
cipitates on cross-linking, plus several controls (Table S2). Of
11 with detectable signal, 10 were nuclear, with 6 localized to
the kinetochore. We have named these new kinetochore proteins
KKIP2-7 to follow from KKIP1 (Figs. 4 and 5 A). In contrast,
no kinetochore association was seen for controls taken from sets
of hypothetical proteins that were either: (a) not enriched (five
proteins); or (b) enriched only under high cross-linking (three

proteins). As expected, all of the high cross-link controls were
other nuclear proteins, but none localized to the kinetochore.

KKIP2-7 are novel kinetoplastid kinetochore-associated
proteins and can be grouped by their patterns of expression/
localization through the cell cycle. KKIP2, 3, and 6 have a
similar temporal pattern to KKIP1 (and KKT1, 5, 6, 7, 16, 17,
and 18), loading gradually from S phase onwards and being un-
loaded/degraded at the end of mitosis (Fig. 5 B). RNAI against
KKIP2 and KKIP3 caused defects in DNA segregation and pop-
ulation growth, although not with such rapid or large an effect
as seen when depleting KKIP1 (Fig. S3). KKIP4 is also loaded
to kinetochores in S/G,, although it is present in the nucleus
throughout the cell cycle (Fig. 5 B). In contrast, KKIPS5 signal is
rapidly lost from kinetochores at the onset of anaphase (as seen
for KKT8-12 and 19). Knockdown of KKIP4 and 5 had little
effect on growth in culture (Fig. S3).

As for KKTs, KKIPs possess no uniquely defining pre-
dicted domains in current Pfam profiles (Fig. 5 A). Excepting
the very sensitive method described in the first section of the

A new family of eukaryotic kinetochore proteins ¢« [D'Archivio and Wickstead
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for a specific condition are set to an arbitrary minimum value. Insets show positions in the main plot of sets found under specific combinations of condi-
tions, colored as demonstrated by the inset Venn diagram. Intensities and relative enrichment for all 935 nonredundant trypanosome proteins detected

are presented in Table S3.

Results, homologues for KKIP1-6 are not readily identified in
eukaryotes outside of the Kinetoplastida (Fig. S4). KKIP7 is
a predicted protein phosphatase. This is the first phosphatase
to be localized to the kinetoplastid kinetochore and is sugges-
tive of possible antagonism with the four kinases in the KKTs
or TbAUKI. It is a member of the phosphoprotein phospha-
tase group of Ser/Thr phosphatases, which include the PP1
and PP2A families that coordinate mitotic progression and
exit in fission yeast, but the protein has been shown to be part
of a kinetoplastid-specific subfamily (Brenchley et al., 2007).
Nonetheless, KKIP7 is present only on metaphase kinetochores
(Fig. 5) in a manner reminiscent of PPA2-B56 (Kitajima et al.,
2006), and we speculate that this phosphatase may be perform-
ing a similar role in attachment biorientation, perhaps in associ-
ation with an as-yet-unidentified shugoshin-like molecule.

The Ndc80 complex is part of the outer kinetochore KMN
network. In vertebrate cells, it is one of the last complexes re-
cruited to the kinetochore before mitosis, requiring the pres-
ence of more centromere-proximal components for recruitment
(Screpanti et al., 2011; Schleiffer et al., 2012; Gascoigne and
Cheeseman, 2013; Nishino et al., 2013; Rago et al., 2015). To
test for the biochemical position of KKIP1 in recruitment of
proteins to the trypanosome kinetochore, we looked at the levels
of other components in cells depleted of KKIP1. This was done
for representatives from each of the potential complexes in the
KKT set (excepting KKT13, which is present only in S phase),
by tagging KKT2, 7,9, 14, and 16 and also for KKIP2-5. Con-
sistent with a centromere-distal role, KKIP1 is not required for
recruitment of KKT2, 7, 9, 16 kinetochore-like foci, demon-
strating that the majority of KKT complexes are upstream of
KKIP1 (Fig. 6 A and Fig. S5). This was also observed for the

newly identified kinetochore component KKIP4. In contrast,
KKIP2, 3, and 5 and also KKT14 are dependent on KKIP1 for
localization, demonstrating that even some proteins stably as-
sociating with the KKTs require outer kinetochore components
for recruitment and/or persistence at the kinetochore.

To directly observe the locations of KKT and KKIP com-
ponents in the kinetochore, we used two-color fluorescence
microscopy to determine relative subpixel positions of tagged
proteins (Joglekar et al., 2009; Wan et al., 2009). We performed
this analysis with cells in anaphase, to derive distance mea-
surements for kinetochores that are not under metaphase ten-
sion-induced stretch, and measurements were made of positions
of focus peak signals relative to the major axis of the spindle
(Fig. 6, B and C). Owing to the shape of dividing trypanosomes,
cells in anaphase adhere to slides with the mitotic spindle well
aligned to the xy plane. Movement relative to this plane that
maintains both poles in the same focal plane (less than ~1-um
difference along z axis) equates to <3% change in measured
distance along a typical 4-um spindle because of projection
into the xy plane, meaning that the system can be reasonably
approximated to 2D without substantial underestimation of
distances along this axis.

KKT2 is constitutively present at trypanosome kineto-
chores and thought to be one of the components closest to the
centromere (Akiyoshi and Gull, 2014). The distribution of peak
intensities for KKT2 foci relative to KKIP1 was significantly
skewed away from the spindle poles (Fig. 6 D), with a mean
distance of 45 + 11 nm (Fig. 6 E; P = 0.0002, Student's ¢ test).
This is in agreement with the thickness of the kinetochore-like
plaques (~50 nm along the spindle axis) observed in trypano-
some nuclei in ultrastructural studies (Ogbadoyi et al., 2000).
In contrast, the mean relative distances for KKIP2 and KKIP3
were not significantly different from O (Fig. 6 E). This was also
the case for KKT16, which has a similar temporal behavior to

620z Jequiede( 90 uo 3senb Aq 4pd-£080910Z A0l/L 56965 L/6.£/2/91Z/Pd-8loie/qol/Bio sseidny//:dpy woly pepeojumoq



A KKIP1 (Th927.5.4520) e=ili=ii=
KKIP2 (Tb927.5.1320

KKIP3 (Tb927.10.6700

DUF4472

KKIP5 (Tb927.7.6630

Metallophos

KKIP6 (Tb927.1.4680

Coiled-coil

200 aa

)
)
)
KKIP4 (Tb927.7.3080)
)
)
)

KKIP7 (Th927.11.12480) =
B YFP+DAPI

Phase+DAPI

KKIP2 KKIP5
G1

G2
Metaphase

Anaphase

G2
Metaphase

Anaphase

A
G1
G
- -
-~

Figure 5. KKIP1-interacting proteins include new kinetochore components. (A) Predicted protein architectures for newly identified KKIP proteins. Regions

of coiled-coil were predicted using Ncoils (Lupas et al.,
Counterstaining with DAPI is also shown. Bars, 4 pm.

KKIP1-3. However, this was the result of having a distribution
different to KKIP2 (P = 0.009; Kolmogorov—Smirnov test) with
modes both on the interior and polar sides of KKIP1 signal,
suggesting that this protein is part of a complex that does not
associate along the main spindle axis (Fig. 6 D).

KKIP1 is a kinetoplastid protein that we have shown to be a
highly diverged member of the Ndc80/Nuf2 family of kine-
tochore proteins. Homology was very difficult to infer from
sequence information, but the protein is recruited to the outer ki-
netochore in trypanosomes, and its depletion from cells impacts

1991). (B) Micrographs of procyclic cells expressing KKIPs tagged with YFP at the N termini.

on DNA segregation in a manner similar to temperature-sen-
sitive or degron mutants of Nuf2 in budding yeast (Osborne
et al., 1994; McCleland et al., 2003) and RNAIi against Nuf2
in human cells (DeLuca et al., 2002; Cheeseman et al., 2008).
This defect is not because of disruption of the core kinetochore
structure because most KKT components tested remain asso-
ciated upon KKIP1 depletion (Fig. 6 and Fig. S5). Together,
these data strongly suggest that KKIP1 is both evolutionarily
related to Ndc80 and Nuf2 and performing the same function.
This is the first demonstration that the kinetochore of kine-
toplastids is related at the level of individual components to
canonical kinetochores.

How does the discovery of Ndc80/Nuf2-like mole-
cules in kinetoplastids, and other excavates, affect the view of
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kinetochore evolution? The identification of 20 proteins form-
ing part of an unconventional kinetochore in kinetoplastids was
an apparent synapomorphy separating Euglenozoa (kinetoplas-
tids, euglenids, and diplonemids) away from the rest of the eu-
karyotic line, in agreement with a hypothesis placing this group
as the earliest branch of extant eukaryotes (Cavalier-Smith,
2010; Akiyoshi and Gull, 2014). However, phylogenetic data
do not support this branching order. Kinetoplastids are mem-
bers of the potential eukaryotic “supergroup” Excavata. Mono-
phyly of excavates is still somewhat unclear, but the consensus
strongly supports that Euglenozoa and Percolozoa (including
Naegleria) are part of a single clade (Hampl et al., 2009; Der-
elle and Lang, 2012; He et al., 2014). This means that a com-
mon ancestor gave rise to the kinetochores in the Naegleria and
kinetoplastids. Significantly, the Naegleria genome encodes an
identifiable homologue of Mis12 (Akiyoshi and Gull, 2014,
Fig. 1 A), and we show in this study that it possesses an Ndc80/
Nuf2-like sequence in the same family as KKIP1. To date, we
have been unable to identify clear orthologues of Mis12 or Nnf1

in kinetoplastids using similar iterative procedures to that used
to identify KKIP1. However, this is also the case for Aureococ-
cus, Giardia, or any of several alveolates, suggesting that these
proteins are either more commonly lost than for Ndc80/Nuf2 or
at least have diverged in these lineages to be undetectable with
even these sensitive methods. Similarly, we have yet to iden-
tify good candidates for Knll in Naegleria or kinetoplastids,
but this protein is less constrained in sequence (Meraldi et al.,
2006), making detection more difficult. Nonetheless, our data
show that a KMN network containing at least Ndc80 and Mis12
complexes was present in the ancestor of kinetoplastids and
Naegleria, reuniting the eukaryotic outer kinetochore around a
universal protein set with common ancestry (Fig. 7 A).

Fig. 7 B shows our current model for the kinetochore
structure in trypanosomes. The distance along the spindle axis
between an inner kinetochore component, KKT2, and a tag on
the N terminus of KKIP1 was ~45 nm for cells in anaphase.
Because the Ndc80/Nuf2-like region of KKIP1 is toward the
N terminus, it is expected that this end of the protein will be
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Figure 7. The evolution of trypanosome kinetochores. (A) Schematic representation of the likely relationships between some of the major groups of
eukaryotes showing the presence of Ndc80/Nuf2-like sequences. (B) Model for trypanosome kinetochore architecture based on interactions and temporal
loading seen in Akiyoshi and Gull (2014) and work in this study. kMT, kinetochore microtubule.

outermost, and this is in good agreement with the distance be-
tween the inner and outer kinetochore plaques seen by electron
microscopy in trypanosomes (Ogbadoyi et al., 2000). It is also
the distance along the same axis between Cse4p (CENP-A) and
the Ndc80 N terminus observed for budding yeast kinetochores
in anaphase (Joglekar et al., 2009). In spite of this spatial sim-
ilarity, the primary sequence of KKIP1 is considerably longer
than typical Ndc80 or Nuf2 (Fig. 1), and the structure of the rest
of the protein is currently unclear. It is noteworthy that we iden-
tified only one Ndc80/Nuf2-like sequence in organisms lacking
easily identifiable Ndc80 and Nuf2 (Fig. 1). It may be that a
second, even more dissimilar homologue exists in these lines.
However, immunopurification of KKIP1 without stabilization
did not identify a partner protein, suggestive that divergent
Ndc80/Nuf2-like proteins may be homodimers or even mono-
mers. A homodimer was the ancestral state for the Ndc80 com-
plex, but the presence of a single Ndc80/Nuf2-like protein in the
golden alga A. anophagefferens means that if these proteins are
homodimers, it is as likely a derived as ancestral characteristic.

The kinetochores of kinetoplastid organisms remain
dissimilar to the canonical arrangement in several important
ways. The lack of CENP-A at the centromeres (Lowell and
Cross, 2004) is intriguing, given the wide distribution of this
central component and the relative ease of detection because
of the sequence constraints imposed on histones by their roles.
However, lack of CENP-A/CenH3 is also a feature of some
insect kinetochores, in which it is associated with a transi-
tion to holocentricity (Drinnenberg et al., 2014). Similarly,
the lack of identifiable Mis12 and Nnfl homologues is not a
unique feature, as these proteins are also undetectable in Giar-
dia, Aureococcus, and alveolates (Fig. 1 A). The presence of
four kinases as structural components in the KKT set is a clear
contrast with well-studied model kinetochores (Akiyoshi and
Gull, 2014). Two of these kinases are likely to be very close
to the centromere, which, together with the lack of CENP-A,
reveals a very different structure at the inner kinetochore. Our
data suggest that the KKT proteins (perhaps with the excep-
tion of KKT14/15) may represent a kinetoplastid CCAN set,
with at least some outer kinetochore components being unsta-
ble under the conditions of immunopurification. Although the

kinetoplastid CCAN has changed beyond recognition, with
replacement of at least some components, the KMN network
is still present, although with highly divergent sequence. There
are striking biological parallels between this hypothesis and ki-
netochore evolution in Drosophila melanogaster and Caenor-
habditis elegans, in which the kinetochores have been hugely
simplified by the widespread loss of CCAN subunits in an ex-
tremely short evolutionary time, but with conservation of the
KMN network (Meraldi et al., 2006; Przewloka et al., 2007;
Westermann and Schleiffer, 2013). This plasticity in compo-
nents as well as sequence has made understanding the evolution
of the kinetochore a substantial challenge, and there are still
important questions to address, but the work in this study shows
that although the kinetoplastid kinetochores are highly diverged
from models at the sequence level, no eukaryotic line thus far
identified is ancestrally different.

Materials and methods

Bioinformatic analyses

All searches were based on predicted protein datasets for 46 diverse
eukaryotes for which complete or near-complete genome sequence
data are publicly available. Organisms selected were based on those
used in (Wickstead et al., 2010b), with the inclusion of data from the
haptophyte Emiliania huxleyi (Read et al., 2013). Initial profiles for
Ndc80 and Nuf2 (PF03801.9 and PF03800.10, respectively) were
taken from Pfam (Finn et al., 2010). HMMER3 (Eddy, 2009) was used
to find similar sequences in a database made of all predicted proteomes.
Hits were aligned with MAFFTv6.925b, adopting the accurate L-INS-i
strategy involving local pairwise alignment with iterative refinement
(Katoh et al., 2005), trimmed to conserved regions with trimAl
(Capella-Gutiérrez et al., 2009), and used to create new profiles. These
steps of identification of homologues, alignment, and refinement of
models were then iterated until no new sequences were identified (two
iterations). To search the pan-Ndc80/Nuf2 profile against kinetoplastids,
proteins from 7. brucei TREU927, T. cruzi CL Brener, Leishmania
major Friedlin, and Crithidia fasciculata CfCl were aligned by
orthologue group (http://www.tritrypdb.org), trimmed, and converted
to profiles. Profile—profile comparisons were performed using HH-suite
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(Soding, 2005) and alignments were made using the “—profile” option
of MAFFT (L-INS-i). For phylogenetic inference, alignments were
trimmed to conserved regions and used to infer maximum likelihood
phylogenies as implemented by the program PhyML3.0 (Guindon et
al., 2010) using the WAG substitution matrix with a gamma-distributed
variation in substitution rate approximated to five discrete categories
(shape parameter estimated from the data). Tree shown is a majority-
rule consensus of 500 bootstrap replicates. Protein domain architectures
were predicted with PSIPRED (McGuffin et al., 2000), COILS (Lupas
et al., 1991), and the Pfam database (Finn et al., 2010).

Cell lines and cell culture

All work was performed in SmOxP427 or SmOxB427 cells (in the
case of procyclic- or bloodstream-form cells, respectively), which are
Lister 427-based lines expressing transgenic T7 RNA polymerase and
Tet-repressor protein from the tubulin locus (Poon et al., 2012). Procy-
clic cells were grown at 28°C in SDM79 medium (Brun and Schoénen-
berger, 1979) supplemented with 10% FBS. Bloodstream-form cells
were grown in HMI-9 medium supplemented with 15% FBS at 37°C
and 5% CO, (Hirumi and Hirumi, 1989).

For N-terminal tagging, constructs encoding fluorescent pro-
teins were integrated at the 5" end of the endogenous coding sequence
for the protein of interest. All constructs were derived from pEnNYO,
pEnNmSt0-B, or pEnNmStO-N, which encode YFP (pEnNYO0) or
mStrawberry (pEnNmSt0-B/N), in addition to hygromycin (pEnNYO0),
blasticidin (pEnNmSt0-B), or neomycin (pEnNmStO-N) resistance
markers, and were made by modifications to the pEnGO previously
developed by the laboratory (Wickstead et al., 2010a). Targeting se-
quences comprised ~200 bp from the N-terminal end of the coding
sequence and ~200 bp of upstream sequence, cloned downstream of
the fluorescent protein coding sequence, along with a linearization
site between the targeting sequences. All primers used for cloning are
available in Table S4. For inducible RNA interference, ~400-bp frag-
ments of coding sequence were cloned into p2T7-177 (Wickstead et
al., 2002), which integrates into 177-bp repeats found on minichromo-
somes. Plasmids were linearized with Notl and transfected into try-
panosomes by electroporation as described in Schumann Burkard et al.
(2011). Stable transfectants were selected with 50 ug/ml hygromycin,
10 pg/ml blasticidin, 2.5 pug/ml G418, or 5 pg/ml phleomycin in the
case of SmOxP427 cells or 5 ug/ml hygromycin, 2 pg/ml blasticidin,
or 2.5 pg/ml phleomycin for SmOxB427. RNAi was induced by the
addition of 1 pg/ml tetracycline to the growth medium. Primers used to
generate RNAI fragments are available in Table S4.

The HSV-TK coding sequence was obtained from pCIH
DAdGTS8-3 (Addgene), fused to blasticidin or neomycin resistance
genes, cloned downstream of a T7 polymerase promoter into a con-
struct integrating into 177-bp repeats of minichromosomes to gener-
ate pMC-T7-HSVTK-B and pMC-T7-HSVTK-N plasmids. To assess
the loss rate of individual minichromosomes, cell lines containing
either one or two minichromosomes tagged with HSV-TK were gen-
erated. Minichromosome loss rate per generation was determined
by growth for 48 h without selection (with or without induction of
RNAI) followed by quantification of the proportion of cells resistant
to 100 pg/ml ganciclovir.

Protein localization

For analysis of localization of tagged proteins by native fluorescence,
cells were harvested from mid-log phase cultures, washed twice in PBS
(137 mM NaCl, 3 mM KCl, 10 mM Na,HPO,, and 1.8 mM KH,PO,),
and allowed to settle onto glass (procyclic cells) or glutaraldehyde-deri-
vatized silanized slides (bloodstream-form cells). Cells were fixed
for 10 min in 2% (wt/vol) formaldehyde, permeabilized in —20°C

methanol for at least 2 min, and rehydrated in PBS before mounting in a
solution containing a DNA stain and photostabilizing agent (1% wt/vol
1,4-diazabicyclo[2.2.2]octane, 90% vol/vol glycerol, 50 mM sodium
phosphate, pH 8.0, and 200 ng/ml 4',6-diamidino-2-phenylindole). For
immunolocalization, samples prepared as for native fluorescence were
incubated for 1 h with mouse anti—f-tubulin mAb KMX-1 (Birkett
et al., 1985; 1:10 dilution of hybridoma culture supernatant). Slides
were subsequently washed extensively, then incubated with 1:200 TRI
TC-conjugated goat anti-mouse IgG (Stratech Scientific Ltd), and
mounted as above. For cytoskeleton preparations, cells were settled
as above and then detergent extracted by the addition of 0.2% vol/vol
NP-40 (Sigma-Aldrich) in PEME buffer (100 mM Pipes, pH 6.9, 2 mM
EGTA, 1 mM MgSO,, and 0.1 mM EDTA) for 2 min. Cytoskeletons
were then fixed for 5 min in 2% wt/vol formaldehyde/PBS, followed by
washing twice in PBS, and mounting as above.

Images were captured on a BX51 microscope equipped with
a 100x UPlanApo objective (NA 1.35; Olympus) and CoolSnap-HQ
(Photometrics) or Retiga R1 (QImaging) CCD cameras. All images
of fluorescent proteins were captured at RT with equal exposure
settings and no prior illumination. Images for level comparison were
also processed in parallel with the same alterations to minimum and
maximum display levels. Image acquisition was controlled by uManager
open source software (Edelstein et al., 2014). Analysis was performed
in ImageJ (Schneider et al., 2012) and the statistical programming
package R (http://www.r-project.org). For analysis of relative positions
of kinetochore components, locations were captured corresponding
to the subpixel peak of signal for individual foci of fluorescence at
anaphase for both YFP-KKIP1 and mStrawberry-tagged kinetochore
components. Only cells with at least one focus clearly visible at
both ends of the spindle and in both channels were considered. The
major axis of the spindle was defined by the line between the mean xy
positions of all foci visible at each pole and the data transformed such
that this lay along the x axis. Relative positions of the mStrawberry
and YFP peak signals were then taken from each transformed focus.
Full scripts used for transformation are available from the authors on
request. Because mitotic trypanosomes tend to settle with the spindle
axis aligned to the xy plane, no correction was made for components of
the spindle axis in z. Elevation of one pole of a typical 4-um spindle by
up to 1 um in z (sufficient for the foci to move out of the focal plane)
would lead to an underestimate of the distances by <3%.

Flow cytometry

For quantitative analysis of DNA content by flow cytometry, ~5 x 10°
cells were harvested by centrifugation and resuspended in 0.25% (wt/
vol) formaldehyde in PBS. After 5 min, fixed cells were again pelleted
and resuspended in 500 ml PBS containing 0.4% Triton X-100, 100
pg/ml RNaseA, and 25 pg/ml propidium iodide. These samples were
incubated at 37°C for 30 min before analysis.

Immunopurification

Immunopurification was performed essentially as described in Daniels
et al. (2012), with the addition of limited cross-linking before purifi-
cation. In brief, 3 x 10° procyclic form cells expressing YFP-KKIPI
were harvested by centrifugation from actively dividing cultures. Cells
were washed once in ice-cold HKMEG (150 mM KCI, 150 mM glu-
cose, 25 mM Hepes, pH 7.8, 4 mM MgCl,, and 1 mM EGTA) and
then with HKMEG containing 5 uM E64-d. Cells were treated with
1.5 ml of 0, 0.1, or 0.5% formaldehyde for 5 min, quenched with
1.5 ml of 1 M glycine, and lysed in HKMEG containing 1% (vol/vol)
NP-40, 1 mM DTT, and protease inhibitors (2 mM 1,10-phenanthro-
line, 0.5 mM PMSF, 50 uM leupeptin, 7.5 uM pepstatin A, and 5 pM
E64-d). Lysate was sonicated for 2 min at 20% intensity applied for
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20% of the cycle and cleared by centrifugation at 20,000 g for 30 min.
Cleared lysate was allowed to bind for 2 h on ice with gentle agita-
tion to approximately five times molar excess of affinity-purified rabbit
anti-GFP polyclonal antibodies that had been covalently attached to
paramagnetic beads (Dynabeads Protein G; Invitrogen) by dimethyl pi-
melimidate treatment (Unnikrishnan et al., 2012). Beads were washed
extensively in HKMEG containing 0.1% (vol/vol) NP-40, 0.5 mM
DTT, and bound complex subsequently eluted by the incubating the
beads in 100 mM glycine, pH 2.7.

Mass spectrometry and label-free quantitation
Immunopurified samples were desalted by precipitation with acetone
at —20°C, washed in cold acetone, and solubilized in Laemmli sample
buffer before treatment with 10 mM iodoacetamide for alkylation of
cysteines. Samples were encapsulated in a polyacrylamide matrix by
running a short distance into an SDS-PAGE gel, followed by staining
with Coomassie and excision of gel fragment. Gel fragments were
washed with 50% acetonitrile in 50 mM NH,HCO;, pH 8.5, dehydrated
in 100% acetonitrile, and air-dried. Proteins were digested for 16 h
with 20 pg/ml trypsin (Promega) in 25 mM NH,HCO;, pH 8.5, at
37°C. Mass spectrometry was performed on an LTQ Orbitrap XL mass
spectrometer (Thermo Fisher Scientific) at the University of Oxford
Central Proteomics Facility (http://www.proteomics.ox.ac.uk).
Label-free quantitation was performed from mzXML data
files using the Central Proteomics Facilities Pipeline (http://www
.proteomics.ox.ac.uk). Data were searched with X!Tandem and OMS
SA engines against a custom, nonredundant protein database of
predicted protein sequences from TREU927/4 strain (http://www
tritrypdb.org) with the inclusion of exogenous protein sequence
(including fluorescent proteins, drug selection markers, and exogenous
proteins expressed in the parental cells) and common contaminating
peptides. Possible modification of peptides by N-terminal acetylation,
carbamidomethylation (C), oxidation (M), and deamidation (N/Q)
was permitted in searches. Peptide identifications were validated with
PeptideProphet and ProteinProphet (Nesvizhskii et al., 2003) and
lists compiled at the peptide and protein level. iProphet was used to
combine search engine identifications and refine identifications and
probabilities. Normalized spectral index quantitation (SINQ) was
applied to the grouped metasearches to give protein-level quantitation
between labeled samples and controls, as described in Trudgian et al.
(2011), and implemented by the Central Proteomics Facilities Pipeline
at the University of Oxford. SINQ values are summed intensities of
matched fragment ions for all spectra assigned to a peptide (identified
by ProteinProphet), normalized for differences in protein loading
between datasets and for individual protein length. A probability cutoff
corresponding to 1% false discovery rate relative to a target-decoy
database (reversed sequences) was applied. Data in Fig. 4 are presented
as log2 enrichment (ratio of SINQ value in cross-linked sample versus
non—cross-linked control) against log2 of the geometric mean intensity
across all experiments. Processed data for all 935 nonredundant
trypanosome proteins detected in these experiments are presented in
Table S3, and raw mzXML data files are available on request.

Online supplemental material

Fig. S1 shows alignment of Ndc80- and Nuf2-like sequences from var-
ious eukaryotic models. Fig. S2 shows label-free semiquantitative pro-
teomic data highlighting sequences from protein sets associated with
specific cellular functions. Fig. S3 shows growth and DNA content
of cells depleted of KKIP2, 3, 4, or 5 by induction of RNAI. Fig. S4
shows the distribution across eukaryotes of easily detected orthologues
to trypanosomal kinetochore proteins. Fig. S5 shows changes in the
overall levels and localization of KKT and KKIP components upon

depletion of KKIP1. Table S1 shows top hits between kinetoplastid or-
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trypanosomes. Table S3 provides data from label-free semiquantita-
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primer sequences used in the generation of constructs for endogenous
locus tagging and RNAI.
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