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Chapter 1
Mathijs Vleugel & Geert J.P.L. Kops

General introduction
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1 The formation of kinetochore-microtubule attachments

The eukaryotic cell cycle is completed after mitosis when cellular contents are separated 
into two newly formed daughter cells. Whereas most organelles and protein(complexe)s 
are randomly distributed, the replicated sister chromatids must be equally segregated in 
order to maintain identical genomic contents in the future generation. Large, specialized 
protein complexes called kinetochores assemble on a specified DNA sequence that is 
termed the centromere to form a physical bridge between the DNA and microtubules of 
the mitotic spindle (Cheeseman and Desai, 2008; Foley and Kapoor, 2013) (Figure 1). Once 
sister chromatids are stably bound to microtubules arising from opposing centrosomes 
(e.g. bioriented) they are pulled apart, followed by the formation of two new cells. 
Initial kinetochore-microtubule attachments are often incorrect, as each and every sister 
chromatid can potentially interact with microtubules arising from both spindle poles 
(Kitajima et al., 2011; Magidson et al., 2011). To ensure the formation of two genetically 
identical daughters, cells have to delay their physical division until all incorrect kinetochore-
microtubule attachments have been resolved and correct attachments have been stabilized. 
These processes are all strictly regulated by kinetochores. 

Kinetochore assembly on centromeric DNA
In budding yeast, a single nucleosome containing the Histone H3 variant CENP-A (human 
protein nomenclature will be used unless stated otherwise) loads onto a specified centromeric 
region (125 basepairs), which is sufficient to assemble a complete kinetochore structure. In 
the lineage leading to vertebrates, both the centromeric region and kinetochore complexity 
have expanded greatly in order to facilitate faithful chromosome segregation (Cheeseman 
and Desai, 2008; Lampert and Westermann, 2011). CENP-A-containing nucleosomes, 
responsible for the recruitment of CENP-C, cooperate with nucleosome structures composed 
of CENP-T/W/S/X to create a functional centromeric landscape (Amano et al., 2009; Hori 
et al., 2008; Nishino et al., 2012; Takeuchi et al., 2014). Ectopic chromosome targeting of 
N-terminal regions of both CENP-C and CENP-T is in fact sufficient to bypass the requirement 
for a centromeric environment in vertebrates (Gascoigne et al., 2011; Hori et al., 2013). 
 A subset of ~16 CENP proteins, termed the constitutive centromere associated 
network (CCAN), resides at the centromere throughout the cell cycle (McAinsh and Meraldi, 
2011; Takeuchi and Fukagawa, 2012). CCAN components cluster into specific biochemical 
and functional sub-complexes. Collectively, the CCAN contributes to kinetochore-integrity 
and the recruitment of mitosis-specific outer-kinetochore protein complexes, although their 
individual molecular functions remain largely unknown (Amano et al., 2009; Basilico et al., 
2014; Hori et al., 2008; Hori et al., 2013; Malvezzi et al., 2013; Nishino et al., 2013; Przewloka 
et al., 2011; Schleiffer et al., 2012; Screpanti et al., 2011). Importantly, the CCAN couples 
the centromere-binding proteins to the core microtubule-attachment site of kinetochores, 
which consists of the 10-subunit KNL1-complex / MIS12-complex / NDC80-complex (KMN) 
network (Cheeseman et al., 2006) (Figure 2). In vertebrates, two parallel pathways couple 
the KMN network to components of the CCAN. CENP-C directly links CENP-A nucleosomes 
to the MIS12-complex (Przewloka et al., 2011; Screpanti et al., 2011), and the extended 
N-terminus of CENP-T directly couples CENP-T/W/S/X nucleosomes to the NDC80-complex 
(Malvezzi et al., 2013; Nishino et al., 2013).
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1

The kinetochore-microtubule interface

The KMN network forms the dominant microtubule-binding interface in all organisms 
studied, although additi onal complexes such as the Dam- and SKA-complexes and 
microtubule motor proteins and their regulators may assist in biorientati on and the 
formati on of stable att achments (Jeyaprakash et al., 2012; Miranda et al., 2005; Raaijmakers 
and Medema, 2014; Schaar et al., 1997; Schmidt et al., 2012; Tanenbaum et al., 2006; 
Welburn et al., 2009; Westermann et al., 2006; Wood et al., 1997). The NDC80 complex 
is a 4-subunit protein-assembly in which a centromere-facing SPC24/SPC25 heterodimer 
is coupled to the microtubule-facing HEC1/NUF2 heterodimer (Ciferri et al., 2005; Wilson-

Duplicated sister chromatids

Microtubule

Inner centromere

Kinetochores

Prometaphase Metaphase

Anaphase

MC

Figure 1. General overview of chromosome segregati on 
During prometaphase, microtubules of the mitoti c spindle (green) progressively att ach to kinetochores 
(orange) that have assembled onto the centromeric region (red) of duplicated chromosomes (blue). 
Unatt ached kinetochores conti nue to generate a signal (the mitoti c checkpoint; MC) that prevents 
mitoti c exit unti l all chromosomes have bioriented. Once biorientati on is achieved for all chromosomes 
(a state called metaphase), the MC is silenced and cohesion between sister chromati ds is relieved, 
resulti ng into their pole ward movement (anaphase).
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1 Kubalek et al., 2008). The N-terminal regions of the latt er two are composed of a calponin-
homology (CH) domain, which, together with the fl exible, N-terminal tail of HEC1, consti tute 
the main microtubule-binding site of the KMN network (Cheeseman et al., 2006; Ciferri et 
al., 2008; DeLuca et al., 2006; Guimaraes et al., 2008; Miller et al., 2008; Sundin et al., 2011; 
Wei et al., 2007). Within the KMN network, the microtubule-binding site in the NDC80-
complex is combined with a lower-affi  nity microtubule-binding site in KNL1 to form robust 
kinetochore-microtubule att achments (Cheeseman et al., 2006; Espeut et al., 2012; Welburn 
et al., 2010). Finally, the 4-subunit MIS12-complex plays a key role in uniti ng KNL1 and the 
NDC80-complex and in coupling the KMN network to the consti tuti ve centromeric protein 
CENP-C (Cheeseman et al., 2006; Kline et al., 2006; Petrovic et al., 2014; Petrovic et al., 2010; 
Przewloka et al., 2011; Screpanti  et al., 2011).
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Correcti ng and stabilizing kinetochore-microtubule att achments
Initi al kinetochore-microtubule att achments are oft en of the non-bioriented kind (Kitajima 
et al., 2011; Magidson et al., 2011). These att achments have to be destabilized in a 
process that is called error correcti on in order to provide another opportunity for sister 
kinetochores to form bipolar att achments (Carmena et al., 2012). Error correcti on is driven 
by the chromosomal passenger complex (CPC), a dynamically localizing four-subunit protein 
assembly that resides at the inner centromere during prometaphase (Carmena et al., 2012). 
The catalyti c subunit of this complex, the kinase Aurora B, phosphorylates several residues 
in the microtubule binding interfaces of HEC1 and KNL1, thereby introducing negati ve 

Figure 2. The kinetochore-microtubule interface 
Kinetochores assemble on a specifi ed chromati n structure that is characterized by centromere-
specifi c protein complexes (e.g. the chromosomal passenger complex; CPC) and nucleosomes. Next to 
canonical nucleosomes (composed of two dimers of Histone H2A/H2B and H3/H4) CENP-A-containing 
nucleosomes (containing the Histone H3 variant CENP-A) and CENP-T/W/S/X nucleosomes specify the 
consti tuti ve centromere associated network (CCAN) assembly site. Ulti mately, CENP-C and CENP-T 
recruit the main microtubule att achment complex, the KMN network, to the outer kinetochore.
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1charges resulting in the repulsion of acidic tubulin-tails (DeLuca et al., 2006; Welburn et 
al., 2010). In addition, phosphorylation of the MIS12-complex subunit DSN1 contributes to 
the destabilization of erroneous kinetochore-microtubule attachments though an unknown 
mechanism (Welburn et al., 2009). Combined, the phosphorylations of the KMN network by 
Aurora B diminish affinity of the complex for microtubules, thus permitting new attempts of 
correct attachments. 
 Once proper kinetochore-microtubules attachments have been established, 
opposing pulling forces from the mitotic spindle physically separate the sister kinetochores. 
This has been proposed to spatially restrict the inner-centromeric Aurora B from reaching its 
outer kinetochore substrates, allowing the dephosphorylation of KMN network components 
and stabilization of bioriented chromatids (Liu et al., 2009). A recent report however shows 
that inner centromere localization of Aurora B in budding yeast (Ipl1) is not essential for 
proper chromosome segregation, arguing against a model in which Aurora B is physically 
separated from its substrates upon biorientation (Campbell and Desai, 2013). Whether 
this mechanism is conserved in other organisms remains to be shown. Nevertheless, 
phosphorylation and dephosphorylation of Aurora B substrates at the outer kinetochore 
is critical for error correction and seem tightly balanced. For example, it was recently 
demonstrated that the ability to establish stable kinetochore-microtubule connections 
requires the dampening of excessive Aurora B activity (Foley et al., 2011; Kruse et al., 
2013; Suijkerbuijk et al., 2012b; Xu et al., 2013). During the initial stages of attachment 
formation, this dampening is achieved by PP2A-B56 phosphatase, which is recruited to 
the unattached KMN network by the KNL1-bound protein BUBR1 (Foley et al., 2011; Kruse 
et al., 2013; Suijkerbuijk et al., 2012b; Xu et al., 2013). Once sister kinetochores are fully 
bioriented and under tension, the majority of PP2A-B56 is released from kinetochores and 
is replaced by another KNL1-targeted phosphatase termed PP1 (Liu et al., 2010; Pinsky et al., 
2009; Vanoosthuyse and Hardwick, 2009). PP1 further stabilizes kinetochore-microtubule 
interactions in human cells (Liu et al., 2010; Meadows et al., 2011; Pinsky et al., 2009; 
Rosenberg et al., 2011; Vanoosthuyse and Hardwick, 2009). A prevalent model in the field 
is that Aurora B phosphorylates the PP1 docking motifs on KNL1 in a low-tension state, 
thereby preventing PP1 localization to non-bioriented kinetochores (Espeut et al., 2012; Liu 
et al., 2010; Welburn et al., 2010). Once Aurora B activity towards the outer kinetochore 
decreases, these sites are allowed to be dephosphorylated, resulting in PP1 kinetochore 
localization and stabilization of kinetochore-microtubule attachments (Liu et al., 2010). 

The metaphase-anaphase transition and the mitotic checkpoint

Molecular basics of the mitotic checkpoint
Once all kinetochore-microtubule attachments are under tension and have been stabilized 
by mitotic phosphatases, cells are allowed to proceed into anaphase. The metaphase-
to-anaphase transition is tightly regulated by controlled activation of a multisubunit E3 
ubiquitin-ligase, the Anaphase Promoting Complex / Cyclosome (APC/C) (Pines, 2011). 
The vertebrate APC/C is composed of 15 different subunits and is responsible for the poly-
ubiquitination, and thereby for the targeted degradation, of essential mitotic regulators 
like Cyclin B and Securin. The destruction of these substrates allows mitotic exit through 
inactivation of CDK1, and in loss of sister chromatid cohesion through activation of separase, 
respectively. 
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1  Central to the regulation of APC/C activity is the mitotic checkpoint (MC; or spindle 
assembly checkpoint (SAC)) (Figure 3). MC activation occurs at unattached kinetochores and 
results in the formation of a soluble inhibitor (the mitotic checkpoint complex, MCC) that 
sequesters the essential APC/C co-activator CDC20 (Chao et al., 2012; Kulukian et al., 2009; 
Sudakin et al., 2001). As a result, unattached kinetochores block APC/C activity and hence 
the transition to anaphase. Based on observations that a single unattached kinetochore 
is sufficient to arrest PtK1 cells in mitosis for several hours (Rieder et al., 1995), it was 
proposed that the MC is an all-or-none response. Recent evidence, however, shows that 
the amount of unattached kinetochores corresponds to the strength of the inhibitory MC 
signal (Collin et al., 2013; Dick and Gerlich, 2013). The major components that participate 
in MC signaling can roughly be divided into (1) components of the MCC (BUBR1, BUB3 and 
MAD2), (2) upstream catalytic activators of MCC formation (BUB1, MAD1 and MPS1) and (3) 
kinetochore scaffolds for these catalytic activators (KNL1, the RZZ complex and HEC1).

Rapidly establishing a mitotic checkpoint response
Once eukaryotic cells enter mitosis, disassembly of the nuclear envelope exposes 
unattached kinetochores to microtubules arising from separated centrosomes. To prevent 
premature APC/C activation and mitotic exit, the MC is rapidly established by means of a 
positive-feedback loop between three essential mitotic kinases: MPS1, BUB1, and Aurora 
B. MPS1 is localizes to unattached NDC80-complexes and recruits BUB1/BUB3 dimers (Lan 
and Cleveland, 2010; Maciejowski et al., 2010; Nijenhuis et al., 2013; Santaguida et al., 
2010; Sliedrecht et al., 2010). Kinetochore-bound BUB1 in turn phoshporylates Histone 
H2AT120, which, together with Haspin-mediated phosphorylation of Histone H3T3, defines 
an inner-centromeric recruitment platform for the CPC (Kawashima et al., 2009; Kelly et al., 
2010; Wang et al., 2010; Yamagishi et al., 2010). To complete this activation circle, the CPC 
component Aurora B stimulates recruitment of MPS1 to unattached kinetochores by a so 
far unknown mechanism (Nijenhuis et al., 2013; Santaguida et al., 2011; Saurin et al., 2011). 
Together, this self-reinforcing signaling cascade ensures the rapid and robust establishment 
of MC activity, accumulating in the formation of a highly reliable cell cycle inhibitor, the 
MCC. Kinetochore localization of MPS1 and BUB1 ultimately result in the recruitment of 
MAD1, which functions as a catalytic scaffold for MCC production (Klebig et al., 2009; Lan 
and Cleveland, 2010; Sharp-Baker and Chen, 2001). In addition to this positive feedback-
mechanism, MCC formation during interphase has recently been proposed to mediate 
APC/C inhibition during the initial stages of mitosis, before the MC has been fully activated 
at kinetochores (Rodriguez-Bravo et al., 2014).

Mechanisms of MPS1 kinetochore targeting
MPS1 functions as one of the most upstream activators of the MC and is required for 
kinetochore recruitment of the core MC signaling machinery including MAD1, MAD2, 
BUB1, BUBR1 and BUB3 (Lan and Cleveland, 2010). MPS1 itself is targeted to unattached 
kinetochores and this is dependent on Aurora B activity (Nijenhuis et al., 2013; Santaguida 
et al., 2011; Saurin et al., 2011). Although HEC1 and NUF2 have been shown to be required 
for kinetochore targeting of MPS1, evidence for a direct interaction between MPS1 and the 
NDC80 complex remains ambiguous (Martin-Lluesma et al., 2002; Nijenhuis et al., 2013; 
Stucke et al., 2002; Zhu et al., 2013). In human cells, ectopic localization of HEC1 is sufficient 
for MPS1 co-recruitment and this depends on the CH domain of HEC1 (Nijenhuis et al., 
2013). Central to its kinetochore recruitment is the N-terminal extension (NTE) of MPS1, 
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1which is negati vely regulated by its fl anking TPR domain (Nijenhuis et al., 2013; Thebault et 
al., 2012). Aurora B impacts on this by relieving the inhibitory eff ect of the TPR domain on the 
NTE, thereby sti mulati ng kinetochore localizati on (Nijenhuis et al., 2013). The mechanism 
by which Aurora B relieves this inhibiti on and the exact nature of the molecular kinetochore 
scaff old for MPS1 remain to be uncovered.
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The catalyti c positi ve feedback loop between MPS1-BUB1-Aurora B results in the recruitment 
of MAD1-MAD2 to unatt ached kinetochores. MAD1-MAD2 exists as a consti tuti ve 
heterotetrameric complex during the cell cycle (Foley and Kapoor, 2013; Musacchio and 
Salmon, 2007). In interphase, this complex is localized to inner nuclear pore complexes 
by tpr/Megator, which stabilizes MAD2 to ensure suffi  cient protein levels at mitoti c entry 

Figure 3. The mitoti c checkpoint 
Unatt ached kinetochores promote the rapid acti vati on of a mitoti c checkpoint signal. MPS1 is localized 
to unatt ached kinetochores where it phosphorylates a series of MELT-like sequences in KNL1. This 
recruits BUB1 to kinetochores, which in turn phosphorylates Histone H2AT120 resulti ng in the inner 
centromeric localizati on of the CPC. The catalyti c subunit of this complex, Aurora B again sti mulates 
MPS1 kinetochore recruitment, thereby establishing a positi ve feedback loop. MC acti vati on ulti mately 
results in kinetochore localizati on of MAD1-bound C-MAD2, which promotes the conversion of soluble 
O-MAD2 to C-MAD2. C-MAD2 interacts with the APC/C co-acti vator CDC20 and enables BUBR1/BUB3 
loading onto CDC20 and subsequent inhibiti on of the APC/C.

Chapter 1.indd   7 11/2/14   4:34 PM



- 14 -

1 (Lee et al., 2008; Lince-Faria et al., 2009; Schweizer et al., 2013). Upon nuclear envelope 
breakdown, MAD1-MAD2 is loaded unto unattached kinetochores, a process that in human 
cells depends on the mitotic kinases MPS1 and BUB1, but also involves structural outer 
kinetochore proteins including the RZZ-complex (Klebig et al., 2009; Kops et al., 2005; Lan 
and Cleveland, 2010; Martin-Lluesma et al., 2002).
 Kinetochore-bound MAD1-MAD2 complexes serve as templates for the formation 
of active MAD2 molecules. Soluble MAD2 can exist in two conformations, the so-called 
inactive or open (O-MAD2) and active or closed (C-MAD2) conformation (De Antoni et 
al., 2005). MAD1-bound C-MAD2 dimerizes with additional MAD2 molecules, thereby 
catalyzing their conversion from the O-MAD2 to the C-MAD2 conformation (De Antoni 
et al., 2005; Mapelli et al., 2007). Soluble C-MAD2 interacts with the APC/C co-activator 
CDC20, which triggers the exposure of a BUBR1-interaction surface in CDC20 (Chung and 
Chen, 2002; Han et al., 2013). BUBR1-BUB3 loading onto CDC20 results in the formation of 
the MCC, which inhibits the APC/C activity (Burton and Solomon, 2007; Chao et al., 2012; 
Han et al., 2013; Kulukian et al., 2009; Malureanu et al., 2009; Sudakin et al., 2001). The 
central role of C-MAD2 formation is underlined by the fact that artificially tethering MAD1 
to kinetochores is sufficient to prevent cells from exiting mitosis even when all kinetochores 
are properly attached to the mitotic spindle (Maldonado and Kapoor, 2011). Moreover, 
induced relocalization of MAD1 to metaphase kinetochores is sufficient to re-establish 
APC/C inhibition after the SAC is silenced and Cyclin B levels start to decline (Ballister et 
al., 2014; Kuijt et al., 2014). This arrest however still dependents on Aurora B and MPS1 
activities, suggesting additional roles for these mitotic kinases in MC signaling besides 
recruiting MAD1 (Maldonado and Kapoor, 2011). In fact, MPS1 has been proposed to 
promote MCC stability and the dimerization of MAD2 onto MAD1-bound MAD2 molecules 
(Hewitt et al., 2010; Maciejowski et al., 2010). Despite the fact that kinetochore-tethered 
“closed” MAD2 is sufficient to sustain a mitotic arrest, MC activity in this case still requires 
MAD1, suggesting additional functions of MAD1 besides MAD2 kinetochore recruitment 
alone (Heinrich et al., 2014; Kruse et al., 2014). 

BUB recruitment to unattached kinetochores

Mitotic checkpoint proteins are targeted to unattached and/or tension-less kinetochores 
during mitosis. The KMN network seems to play a crucial role in translating the kinetochore-
microtubule attachment status to MC signaling. Virtually all MC proteins including the BUB 
proteins (BUB1, BUBR1 and BUB3) rely on KMN network members for their localization and 
activation (Figure 3) (Foley and Kapoor, 2013; Kiyomitsu et al., 2007; Martin-Lluesma et al., 
2002).

Structural features of BUB protein kinetochore targeting
Both BUB1 and BUBR1 use their GLE2-binding sequence (GLEBS) motifs to form constitutive 
dimers with the small globular BUB3 protein (Elowe et al., 2010; Larsen et al., 2007). BUB1 
and BUB3 are interdependent for their localization to unattached kinetochores, while 
BUBR1 is recruited downstream of the BUB1-BUB3 dimer (Elowe et al., 2010; Johnson et 
al., 2004; Klebig et al., 2009; Larsen et al., 2007; Sharp-Baker and Chen, 2001; Suijkerbuijk 
et al., 2012a). The molecular stoichiometry of the BUB1-BUB3-BUBR1 complex (hereafter 
termed the BUB complex) and the mode by which BUB1-BUB3 dimers recruit BUBR1 is 
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1currently unknown. The large outer kinetochore protein KNL1 functions as the scaffold for 
BUB protein recruitment (Kiyomitsu et al., 2007). Within KNL1, a series of Met-Glu-Leu-Thr 
(MELT)-based short sequence motifs serve as individual docking sites for BUB complexes 
when phosphorylated by MPS1 (London et al., 2012; Shepperd et al., 2012; Vleugel et 
al., 2013; Yamagishi et al., 2012; Zhang et al., 2014). Within phosphorylated MELT-like 
sequences, the hydrophobic “M” and “L” positions interact with a hydrophobic interface on 
BUB3 whereas the “E” and “pT” positions contact a positively charged interface on BUB3/
BUB1 (Primorac et al., 2013). 
 Although BUB3 is strongly conserved, the identity of MELT-like sequences varies 
greatly and is often complemented with additional motifs in higher eukaryotes, suggesting 
that the nature of the MELT-BUB interaction evolves rapidly (Vleugel et al., 2012; Vleugel 
et al., 2013) (see chapter 2-4). In addition to the MELT-like sequences, BUB1 and BUBR1 
directly interact with the vertebrate-specific KI1 and KI2 motifs in the N-terminal 250 amino 
acids of KNL1 (Bolanos-Garcia et al., 2012; Kiyomitsu et al., 2011; Krenn et al., 2012). Upon 
interacting with the N-terminal TPR domains in BUB1/BUBR1, the KI motifs adopt alpha-
helical conformations that allows specific BUB1-KI1 and BUBR1-KI2 interactions (Bolanos-
Garcia et al., 2012; Krenn et al., 2012). Although these interactions are robust and specific, 
they seem not to be required in vivo; mutations at the concave surface of the BUBR1 TPR 
domain that disrupt its binding to KNL1 in vitro (D’Arcy et al., 2010) do not affect BUBR1 
localization to kinetochores (Lara-Gonzalez et al., 2011). In fact, KI-mutations or TPR domain 
deletions do not affect BUB-recruitment to kinetochores (Kiyomitsu et al., 2011; Krenn et 
al., 2012). A different set of TPR mutations do however disrupt the MC function of BUB1 and 
BUBR1 (Kiyomitsu et al., 2007), but whether these mutations specifically disturb the TPR-KI 
interactions or affect TPR domain integrity in general is under debate (Kiyomitsu et al., 2007; 
Lara-Gonzalez et al., 2011). In human KNL1, the KI motifs seem to function as enhancers of 
the most N-terminal MELT-like sequence, providing a local high-affinity BUB-recruitment 
site (Krenn et al., 2014; Vleugel et al., 2013) (see chapter 3). This suggests that TPR-KI 
interactions can at least contribute to BUB kinetochore localization, but the relevance of a 
high affinity BUB-recruitment site near the N-terminus of vertebrate KNL1 remains elusive. 
In addition, the TPR domain in BUB1 has been suggested to activate BUB1 kinase activity 
in vitro (Krenn et al., 2012), but a functional role for the BUB1 TPR domain in chromosome 
alignment and the MC remains to be shown.

The mitotic functions of BUB1

The BUB proteins perform several essential roles in mitosis, including chromosome 
biorientation and MC signaling. The presence of BUB proteins at kinetochores occurs when 
kinetochores are unattached or incorrectly attached and results in MC activation. Once 
chromosomes are bioriented and attachments are stabilized the BUB proteins are released 
from kinetochores, resulting in dampening of the MC signal. 

BUB1 in the formation of kinetochore-microtubule attachments
BUB1 is crucial for the formation of stable end-on attachments between kinetochores 
and microtubules of the mitotic spindle (Johnson et al., 2004; Klebig et al., 2009; Meraldi 
and Sorger, 2005; Windecker et al., 2009) (Figure 4). In budding yeast, mouse and human 
cells, chromosome congression to the metaphase plate depends on BUB1 kinase activity 
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1 (Fernius and Hardwick, 2007; Klebig et al., 2009; Ricke et al., 2012; Warren et al., 2002). 
BUB1 phosphorylates Histone H2AT120, which provides a recruitment platf orm for SGO1 
and the CPC in order to correct erroneously att ached kinetochores (Kawashima et al., 2009; 
Yamagishi et al., 2010). In support of this, mouse embryonic fi broblasts expressing a kinase-
dead BUB1 variant show chromosome alignment defects that are largely rescued by ectopic 
tethering of the CPC to the inner centromere (Ricke et al., 2012). Furthermore, BUB1 is 
required for kinetochore targeti ng of the kinesin CENP-E (Johnson et al., 2004; Sharp-Baker 
and Chen, 2001), which has been proposed to promote biorientati on via various pathways 
(Guo et al., 2012; Kim et al., 2010; Schaar et al., 1997; Wood et al., 1997). 
 In additi on, BUB1 is required for targeti ng BUB3 and BUBR1 to unatt ached 
kinetochores (Basu et al., 1999; Ditchfi eld et al., 2003; Elowe, 2011; Elowe et al., 2010; 
Lampson and Kapoor, 2005; Logarinho et al., 2008; Windecker et al., 2009). BUB3 is required 
for chromosome biorientati on (Logarinho et al., 2008; Warren et al., 2002; Windecker 
et al., 2009), but whether this is merely due to its role in BUB1 and BUBR1 kinetochore 
recruitment or if there are additi onal roles of BUB3 in this remains unknown. The eff ects of 
BUB1 and BUBR1 depleti ons on chromosome biorientati on are in fact very disti nct. BUBR1-
depleted cells show loss of kinetochore-microtubule att achments, which can be explained 
by their inability to recruit PP2A-B56 to kinetochores (Foley et al., 2011; Kruse et al., 2013; 
Suijkerbuijk et al., 2012b; Xu et al., 2013). In contrast, BUB1-depleted cells, although 
unable to localize PP2A-B56 to kinetochores, show reduced Aurora B signaling, presumably 
because lack of Histone H2AT120P diminishes CPC localizati on. Apparently, therefore, 
BUB1 defi ciency leads to a net result of dephosphorylated KMN network components and 
relati vely stable but incorrectly att ached kinetochores (Ricke et al., 2012). At fi rst glance, a 
role of BUB1 in both recruiti ng PP2A-B56 and Aurora B seems paradoxical, but biorientati on 
probably depends on a strict balance of Aurora B acti vity (Funabiki and Wynne, 2013). This 
is underlined by the fact that Aurora B hyperacti vati on as a result of BUB1 overexpression 
results in increased numbers of chromosome missegregati on (Ricke et al., 2011). 

BUB1

BUBR1

BUB3
TPR

KEN box

GLEBS

KARD

Kinase

degenerate

KNL1-N 1 2 7x WD40

KI motif

H2AT120P

CPC localization

PP2A-B56 recruitment

KT-MT stabilization

Error correction/MC activity

MCC formation

MC activity

KT-targeting

APC/C inhibition

MC activity

Kinase activity CDC20 binding

Figure 4. Schemati c domain organizati on of the BUB proteins 
Shared and unique domains in BUB1 and BUBR1 are indicated, including their molecular functi on 
and the mitoti c processes in which they are involved. KT = kinetochore; MT = microtubule; CPC = 
chromosomal passenger complex; KARD = kinetochore att achment regulatory domain.
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1BUB1 in the mitotic checkpoint
Whereas BUBR1 uses its two KEN boxes for MCC assembly and to directly inhibit APC/C 
activity towards its substrates (Burton and Solomon, 2007; Chao et al., 2012; Elowe et 
al., 2010; Lara-Gonzalez et al., 2011; Sudakin et al., 2001) (Figure 4), the role of BUB1 in 
MC-activation points to multiple parallel pathways of which the relative contributions 
are unclear. BUB1 has been shown to phosphorylate CDC20 on multiple residues in vitro, 
resulting in reduced CDC20 activity (Tang et al., 2004). However, evidence from studies using 
budding yeast, X. laevis oocyte extracts and human cells suggest that BUB1 kinase activity 
is not essential for the MC and the molecular consequences of CDC20 phosphorylation 
remain to be shown (Fernius and Hardwick, 2007; Perera et al., 2007; Sharp-Baker and 
Chen, 2001; Warren et al., 2002). 
 Although BUB1 kinase activity does not appear to be strictly essential for the 
MC, more and more evidence accumulates for a role in promoting MC establishment 
and robustness in X. laevis oocyte extracts, S. pombe and mouse and human cells (Chen, 
2004; Klebig et al., 2009; Ricke et al., 2012; Yamaguchi et al., 2003). Most likely, this MC-
stimulating role of BUB1 kinase is mediated by phosphorylation of Histone H2AT120, which 
establishes the MPS1-BUB1-Aurora B feedback loop in order to rapidly promote a strong 
MC-signal at mitotic entry (Kawashima et al., 2009; Ricke et al., 2012; Santaguida et al., 
2011; Saurin et al., 2011; van der Waal et al., 2012; Yamagishi et al., 2010). This feedback 
loop does however not seem to be absolutely essential for MC activity in an unperturbed 
mitosis but rather functions as an amplifier of the initial MC response.
 Besides a potential catalytic role for BUB1 in the MC response, BUB1 is required for 
kinetochore recruitment of the core checkpoint proteins MAD1, BUB3 and BUBR1 (Johnson 
et al., 2004; Klebig et al., 2009; Sharp-Baker and Chen, 2001). Recent data from C. elegans 
shows a structural role for the BUB1 kinase domain in recruiting MAD1 to unattached 
kinetochores (Moyle et al., 2014). In contrast to deleting the kinase domain, BUB1 mutants 
harboring point-mutations that disturb catalysis but leave the integrity of the kinase 
domain intact can still recruit MAD1 (Moyle et al., 2014). This situation however seems 
rather specific to C. elegans since deleting the kinase domain in human cells or budding 
yeast leaves MAD1 recruitment unaffected (Klebig et al., 2009; Warren et al., 2002). In 
fact, a more central domain in human and budding yeast BUB1 is required for recruiting 
MAD1 (Klebig et al., 2009; London and Biggins, 2014; Warren et al., 2002). In budding yeast, 
this BUB1 segment is highly phosphorylated by MPS1 to provide a receptor for MAD1, but 
whether an MPS1-regulated direct BUB1/MAD1 interaction is conserved in vertebrates 
remains to be shown (London and Biggins, 2014) (see chapter 5).
 BUB1 forms a constitutive dimer with the small globular BUB3 protein via its 
conserved GLEBS motifs (Larsen et al., 2007; Logarinho et al., 2008; Taylor et al., 1998). 
Both BUB3 and the GLEBS motif in BUB1 are required for BUB1 kinetochore localization and 
checkpoint activity (Elowe et al., 2010; Larsen et al., 2007; Taylor et al., 1998), but whether 
kinetochore localization is the only MC function of the BUB1-BUB3 interaction is unknown. 
In addition, BUB1 recruits BUBR1 to unattached kinetochores (Elowe, 2011; Johnson et 
al., 2004; Klebig et al., 2009). BUBR1 kinetochore localization is required for PP2A-B56 
recruitment and the subsequent stabilization of kinetochore-microtubule attachments 
(Foley et al., 2011; Kruse et al., 2013; Suijkerbuijk et al., 2012b; Xu et al., 2013). It is currently 
unknown if BUBR1 kinetochore localization is strictly required for MC activity. Mutations in 
the BUBR1 GLEBS motif inactivate MC signaling (Elowe et al., 2010; Larsen et al., 2007), but 
whether this is due to the inability of these mutants to localize to kinetochores or if the 
GLEBS-BUB3 interaction also contributes to MCC stability is unknown.
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1 Scope of this thesis

The research described in this thesis concerns the evolution and molecular functions of the 
kinetochore scaffold KNL1 in the formation of stable kinetochore-microtubule attachments 
and the integration of the kinetochore-attachment state with checkpoint activation and 
silencing. The studies in this thesis are performed by a combination of phylogenomics 
analysis, in vivo reconstitution assays followed by quantitative immunofluorescence and 
time-lapse imaging and in vitro recapitulation of MC signaling platforms on KNL1.

Outline of this thesis

In chapter 2, we review our current knowledge of MC signaling guided by studies from 
several model organisms. In collaboration with the lab of Berend Snel (Utrecht University, 
The Netherlands), we include a phylogenomics analysis of core and auxiliary MC proteins in 
60 different species throughout the eukaryotic tree of life. The rapidly evolving kinetochore 
scaffold KNL1 provides an interesting case in which we find the core of the protein to be 
composed of repetitive units that are highly variable in both the number of repeats and 
their primary sequence composition. In chapter 3 we study these repeating units in KNL1 in 
human tissue culture cells and find that they function as independent recruiting platforms 
for BUB protein complexes in order to facilitate MC activity and chromosome alignment. 
We engineered KNL1 variants with a short stretch of artificial repeating units and show 
that only a few of these units are required for proper chromosome segregation. In chapter 
4, we decipher the molecular requirements for the interaction interface between the 
repeating units and the BUB1/BUB3 complexes in human cells and in vitro. These analyses 
not only show that essential motifs are conserved within active modules, but also reveal 
sequential phosphoregulation of the rapidly evolving KNL1-BUB1/BUB3 interface by the MC 
kinase MPS1. In chapter 5 we study the downstream effects of BUB1/BUB3 kinetochore 
recruitment in MC activation and show that human BUB1 does not function as a direct 
receptor for MAD1 but rather promotes its kinetochore loading. Our results are summarized 
and discussed in chapter 6 where we also propose how further research can guide us in 
understanding the mechanism and downstream consequences of BUB-recruitment to the 
kinetochore scaffold KNL1.

Chapter 1.indd   12 11/2/14   4:35 PM



- 19 -

1

Chapter 1.indd   13 11/2/14   4:35 PM



- 20 -

1

Chapter 1.indd   14 11/2/14   4:35 PM



- 21 -

Chapter 2
Mathijs Vleugel1, Erik Hoogendoorn2, Berend Snel2 & Geert J.P.L. Kops1

Evolution and function of the mitotic checkpoint

Developmental Cell; 2012

1 Department of Medical Oncology and Department of Molecular Cancer Research, 
University Medical Center Utrecht, Utrecht, The Netherlands and 2 Theoretical 
Biology and Bioinformatics, Department of Biology, Science Faculty, Utrecht 
University, The Netherlands.

Chapter 2.indd   1 11/2/14   5:03 PM



- 22 -

2

Abstract

The mitotic checkpoint evolved to prevent cell division when chromosomes have not 
established connections with the chromosome segregation machinery. Many of the 
fundamental molecular principles that underlie the checkpoint, its spatio-temporal 
activation, and its timely inactivation have been uncovered. Most of these are conserved 
in eukaryotes, but important differences between species exist. Here we review current 
concepts of mitotic checkpoint activation and silencing. Guided by studies in model 
organisms and our phylogenomics analysis of checkpoint constituents and their functional 
domains and motifs, we highlight ancient and taxa-specific aspects of the core checkpoint 
modules in the context of mitotic checkpoint function. 
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Mitosis, kinetochores, and the mitotic checkpoint

Accurate distribution of the replicated genome during mitosis is essential for the formation 
of genetically identical daughter cells. Errors in this process lead to genomic instability 
by causing aneuploidy and structural chromosome aberrations, both hallmarks of cancer 
(Gordon et al., 2012). Error-free chromosome segregation relies on dynamic linkages 
between chromosomes and the plus ends of spindle microtubules in a manner that connects 
sister chromatids to opposite spindle poles. Such bioriented attachments are provided by 
large multiprotein complexes called kinetochores that are assembled on centromeric DNA 
(Cheeseman and Desai, 2008). Kinetochores attach to microtubules predominantly via the 
KMN network, a complex of ten proteins that contains at least two microtubule-binding 
activities, provided by the NDC80-complex and KNL1 (Cheeseman and Desai, 2008; Lampert 
and Westermann, 2011). Different evolutionary taxa have distinct additional factors that act 
in concert with the KMN network (Lampert and Westermann, 2011).
 The mitotic checkpoint (MC, also called the spindle assembly checkpoint; SAC) 
is a molecular safeguard mechanism that prevents premature chromosome segregation 
until all kinetochores have obtained connections to spindle microtubules (Musacchio and 
Salmon, 2007). There is some degree of debate on whether the checkpoint can distinguish 
unattached kinetochores from non-bioriented chromosomes and we refer interested 
readers to some recent reviews on this matter (Khodjakov and Pines, 2010; Nezi and 
Musacchio, 2009). Kinetochores respond to lack of attachment by catalyzing the production 
of a molecular inhibitor of the Anaphase Promoting Complex / Cyclosome (APC/C), an E3 
ubiquitin ligase that drives sister chromatid separation and mitotic exit by directing Securin 
and Cyclin B, respectively, for proteasomal degradation (Pines, 2011) (Figure 1a). As long 
as unattached kinetochores persist, the APC/C remains inactive towards these substrates 
and cells are stuck in a mitotic state with connected sister chromatids. The core machinery 
of the checkpoint comprises the APC/C inhibitor, also known as the mitotic checkpoint 
complex (MCC), as well as the proximal proteins that ensure its assembly by unattached 
kinetochores (Figure 1a). The MCC is a complex of MAD2, BUBR1/Mad3, and BUB3 that is 
directly bound to the essential APC/C cofactor CDC20. In addition, BUB1, MPS1, and MAD1 
promote CDC20 inhibition either directly through phosphorylation (BUB1) or indirectly 
through stimulating MCC assembly (MPS1 and MAD1) (Musacchio and Salmon, 2007). 
Several additional, sometimes taxa-specific, kinetochore proteins have been included in the 
group of checkpoint proteins and may aid in fine-tuning or amplifying checkpoint signals 
(see below). 
 Once the checkpoint is satisfied by attachment of the final kinetochore, the block 
on APC/C-CDC20 by the MCC is quickly released, a process known as checkpoint silencing. 
This involves disassembly of the MCC, an active process that requires ubiquitination by the 
APC/C and a protein known as p31comet (Hardwick and Shah, 2010). In addition, checkpoint 
proteins are removed from kinetochores by the dynein motor with the aid of kinetochore 
dynein recruiters such as Spindly and the ROD-Zwilch-ZW10 (RZZ) complex. Furthermore, 
phosphorylation events critical for MC function are removed by kinetochore-localized 
protein phosphatases such as PP1 (Hardwick and Shah, 2010) (Figure 1b).
 With this review, we aim to provide an overview of the molecular workings of the 
MC and distill its core principles. To this end, we complement insights from experiments 
in various model organisms with our phylogenomics analysis of the MC machinery. This 
evolutionary perspective aids in distinguishing ancient from modern mechanisms and helps 
to uncover previously underappreciated concepts of the MC signaling pathway.
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Figure 1. The Mitotic Checkpoint and checkpoint silencing
(A) Unattached kinetochores recruit MAD1, BUB1 (B1), BUBR1/Mad3 (BR1), BUB3 (B3) and the 
RZZ complex (RZZ) either directly or indirectly via the MC scaffold KNL1/Zwint-1 (Z). The combined 
actions of these proteins and protein complexes promotes conversion of O-MAD2 (O) into C-MAD2 
(C) through an intermediate state (I) after its dimerization with MAD1-bound C-MAD2. Soluble 
C-MAD2 and BUBR1/Mad3 then bind the APC/C coactivator CDC20 (C20), blocking its substrate 
binding sites and repositioning CDC20 away from the APC/C subunit APC10 (10). As a result, APC/
C-mediated ubiquitination (Ub) of Cyclin B (CB) and Securin (Sec) are inhibited, maintaining sister 
chromatid cohesion and a mitotic state. Various steps in these processes are under control of MPS1. 
(B) Attachment of vertebrate kinetochores causes dynein-dependent poleward stripping of MC 
proteins such as MAD1/MAD2, Spindly, and the RZZ complex. MPS1, BUB1, and BUBR1/Mad3 are 
additionally dislodged from attached kinetochores. After satisfaction of the MC, when all kinetochores 
have achieved stable attachments, the MCC is disassembled by the action of p31comet (P31), resulting 
in APC/C-CDC20 activity towards Cyclin B and Securin, followed by their proteasomal degradation. 
Mitotic exit further requires reversal of MC phosphorylations by PP1-like phosphatases that bind to 
the N-terminus of Knl1.
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Evolution of the MC and its auxiliary proteins

We used the publicly available genomes of 60 eukaryotes from all supergroups except rhizaria 
(Supplemental Experimental Procedures), to search for homologs of proteins from the core 
and auxiliary MC modules, including the MCC (MAD2, BUBR1/Mad3, BUB3), kinetochore 
MC scaffolds (MAD1, KNL1), and kinases (BUB1, MPS1), as well as the contributing protein 
complex RZZ, the primary MC target CDC20, and components of MC silencing mechanisms 
(Spindly, p31comet) (Figure 2, Supplemental Experimental Procedures, Supplemental Table, 
Supplemental Figures 1-3, and Supplemental Sequence Files). We complemented our data 
with recent phylogenomic analysis of the APC/C by showing presence or absence of APC1 
(scaffold), APC2 (cullin-domain), and APC11 (RING-finger) homologs (Eme et al., 2011). For 
more in-depth analysis of evolution of functional domains within the identified homologs, 
we focused on a selection of species from different classes (indicated in bold in Supplemental 
Table), representing the best-characterized species in the supergroups as well as most of the 
common model organisms (Figure 2). 
 In general, our analyses indicate that most checkpoint components are ancient 
and were likely present in the last eukaryotic common ancestor (LECA). The exception is 
Spindly, with recognisable homologs only in most ophistokonta except for dikaryan fungi. 
Please note that we cannot formally exclude the possibility that poor genome annotation 
is an occasional reason for our inability to identify homologs in certain species. Although 
the core MC components can be found in at least one species in every supergroup, some 
may have been specifically lost in distinct supergroups or in major sub-branches: KNL1 
in chromalveolata and excavata, p31comet in primitive fungi, and Zwilch in most but not all 
species that lack Spindly. In addition, some single-celled eukaryotes appear to lack one or 
more of the essential APC/C-subunits, and most or all the core MC components could not 
be found in the genomes of such species (e.g. E. cuniculi, P. falciparum, and C. parvum). 
Some organisms that contain APC/C subunits and CDC20 are devoid of core MC components 
(P. tetraurelia, T. thermophila, L. major, and T. brucei). Certain eukaryotes may therefore 
do without a surveillance mechanism for chromosome segregation, or may have evolved 
alternative ways of delaying cell division in the presence of unattached kinetochores. We 
will discuss these and other interesting evolutionary patterns in relation to established 
protein function in the following sections, and expand it with insights obtained from detailed 
inspection of the evolution of functional protein domains within a subset of proteins.

The inhibitor and its target: MCC and CDC20

Poly-ubiquitination of Cyclin B and Securin by the APC/C requires destruction signals 
including a D(estruction)-box (RxxLxxxx[EDNQ]) and/or KEN-box (KEN) that are recognized 
by CDC20. Recent structural insights have shown that the related cofactor CDH1 and the 
APC/C subunit APC10 form a bipartite D-box receptor that positions the substrate for 
catalysis by the APC11/APC2 catalytic core (Buschhorn et al., 2011; da Fonseca et al., 2011; 
Schreiber et al., 2011). Recognition of D- or KEN-boxes is provided by distinct surfaces on 
the WD40 repeat domain in CDC20 and CDH1 (Chao et al., 2012). An additional IR-tail and 
an amino-terminal C-box anchor the cofactor to the APC/C (Yu, 2007). Finally, CDC20 itself 
has either a D- or KEN-box sequence in its amino-terminal region that is required for its 
degradation during later stages of mitosis (Yu, 2007).
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 The MCC inhibits substrate recogniti on by the APC/C by repositi oning CDC20 away 
from the APC10 subunit, by blocking the KEN-box binding site and by parti ally blocking the 
D-box binding site in CDC20 (Chao et al., 2012; Herzog et al., 2009). This is achieved by a 
concerted eff ort of MAD2 and BUBR1/Mad3. MAD2 directly interacts with CDC20 through 
a moti f preceding the WD40 repeat domain (Chao et al., 2012). Binding of MAD2 to CDC20 
disturbs interacti ons between CDC20 and the APC/C (Yu, 2007) but more importantly 
allows BUBR1 to bind CDC20 (Kulukian et al., 2009). BUBR1 has an amino-terminal KEN-
box that engages the KEN-box binding site in CDC20 in a pseudosubstrate manner (Burton 
and Solomon, 2007; Chao et al., 2012; Sczaniecka et al., 2008). Additi onal interacti ons of 
the BUBR1 tetratricopepti de repeat (TPR) domain with the WD40 repeat domain in CDC20 
sterically hinders access of substrate D-box sequences to the D-box binding site in CDC20 
(Chao et al., 2012). Finally, it has been proposed that a second KEN-box in BUBR1, carboxy-
terminal to the TPR domain, directly engages the APC/C and may thus contribute to the 
inhibitory acti vity of MCC (Lara-Gonzalez et al., 2011).
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non-annotated genes (see Supplemental Experimental Procedures and Supplemental Figure 3).
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Evolution, function, and regulation of CDC20

CDC20 is found in one or multiple copies in virtually all genomes that we analyzed (Figure 
2, Supplemental Table). Most essential domains in CDC20 have been strongly conserved 
during evolution, including the MAD2-binding motif, C-box, WD40 repeats, IR-tail, and, to 
a lesser extent, the degradation motifs (D- and KEN-box) (Figure 3, Supplemental Figure 
1). Interestingly, in many species with multiple CDC20 paralogs, only one contains all the 
domains that in animals and fungi are required for the function and regulation of CDC20. 
In budding and fission yeast, some of the other CDC20-like proteins have meiosis-specific 
functions (Kimata et al., 2011; Tsuchiya et al., 2011). These paralogs have no MAD2-binding 
motif (Figure 3), raising the question whether they are regulated by the state of kinetochore 
attachment. The CDC20B paralog in humans (H. Sapiens 2 in Figure 3) is highly degenerated. 
Besides a recent report that an intronic region in the gene encodes a miRNA that regulates 
proliferation (Lize et al., 2010), it is unknown if human CDC20B or similarly degenerate 
CDC20 proteins in other organisms have a cellular function.

Feedback control of the MC: ubiquitination of CDC20 by the 
APC/C

CDC20 expression is restricted to late S-phase, G2, and early mitosis. This restriction is 
imposed by CDH1, which recognizes CDC20 as an APC/C substrate in anaphase, leading to 
persistent low CDC20 protein levels in G1 and early S phase (Yu, 2007). Besides ensuring 
the absence of CDC20 post-anaphase, ubiquitination of CDC20 has also been implicated in 
regulating MC function. Multi-ubiquitination (mono-ubiquitination on multiple residues) of 
CDC20 by the APC/C was proposed to cause MCC dissociation and MC silencing (Reddy et 
al., 2007). A non-ubiquitinatable mutant of CDC20 however still allows MCC dissociation 
upon MC satisfaction, challenging this notion of feedback inhibition (Mansfeld et al., 
2011). Rather than multi-ubiquitination, CDC20 seems to undergo poly-ubiquitination and 
subsequent degradation continuously, a process that is balanced by CDC20 protein synthesis 
(Nilsson et al., 2008; Varetti et al., 2011; Zeng et al., 2010). This turnover could assist the 
MC in maintaining mitotic delays by keeping APC/C activity towards its relevant substrates 
low (Nilsson et al., 2008; Pan and Chen, 2004), or could promote a certain rate of formation 
and disassembly of MCC-APC/C complexes to allow timely mitotic exit as soon as MCC 
production at kinetochores stops. The latter hypothesis is supported by evidence that CDC20 
turnover is aided by p31comet, a structural MAD2 mimic that opposes MC function (Varetti 
et al., 2011). These two proposed models are difficult to reconcile and further detailed 
studies will be required to clarify the role of CDC20 degradation in mitosis. Regardless of 
the exact consequences of CDC20 ubiquitination, it will be informative to examine if the 
destruction motifs in CDC20 contribute to this: p31comet does not necessarily co-occur in 
evolution with CDC20 homologs containing such destruction signal (e.g. N. crassa, V. carteri, 
and P. infestans) (Figure 2 and 3). If destruction motifs are critical for CDC20 turnover, this 
may suggest that p31comet has other functionalities in addition to promoting CDC20 turnover. 
Conversely, in budding yeast, where CDC20 turnover was described initially, (Pan and Chen, 
2004), we could not identify a p31comet homolog, indicating that CDC20 turnover can occur 
by p31comet independent mechanisms.
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Figure 3. CDC20 homologs in the eukaryotic tree of life
Schematic representation of eukaryotic tree of life with CDC20 homologs from species listed in Figure 
2. Indicated for every homolog are the presence (white box) or absence (black box) of the C-box 
(DR[YF]IP), KEN/D-box (KEN/RxxLxxxx[EDNQ]), MAD2-binding domain ([KR][IV]LxxxP), the number of 
predicted WD40 repeats (using SMART-EMBL), the presence of an IR-tail ([IVLF]R) and the ORF length 
in amino acids. Species in bold indicate experimentally confirmed CDC20 homologs, blue protein-
bodies indicate homologs containing all essential domains, and the A. thaliana CDC20 genes that are 
expressed are indicated by an asterisk. Red star shapes indicate probable gene duplication events 
based on phylogenetic alignments.
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Catalyzing MCC production 

An essential feature of the MC is the ability of MAD2 to bind CDC20. MAD2 interacts with 
CDC20 only when in a ‘Closed’ conformation (C-MAD2), production of which is catalyzed 
by unattached kinetochores through the action of MAD1. MAD1 and MAD2 localize to 
unattached kinetochores in mitosis (Musacchio and Salmon, 2007), and a significant pool of 
free MAD2 is present in the cytoplasm of mitotic cells (Chung and Chen, 2002). Cytoplasmic 
MAD2 is in an ‘Open’ conformation (O-MAD2) that has low affinity for CDC20, but can be 
converted to C-MAD2 by virtue of dimerizing with MAD1-bound C-MAD2 at unattached 
kinetochores (De Antoni et al., 2005; Nezi et al., 2006). Structural conversion of O- to C-MAD2 
then allows it to bind CDC20 and ensures efficient MCC formation. Although this conversion 
and subsequent MCC formation can be strikingly recapitulated in vitro (Kulukian et al., 
2009; Vink et al., 2006), efficient MCC formation in cells seems to require additional inputs 
from kinetochores: Mitotic delays in cells that express an artificial MAD1 protein that is 
maintained on attached kinetochores depends on kinetochore kinases, and targeting MAD1 
to non-kinetochore chromosomal regions is not sufficient to delay mitosis (Maldonado 
and Kapoor, 2011). One possible explanation for this is that the kinetochore-localized MC 
kinase MPS1 aids MAD2 conversion by promoting MAD2 dimerization (Hewitt et al., 2010). 
In normal conditions, MPS1 further impacts MAD1-MAD2 function by promoting MAD1 
localization to kinetochores (Lan and Cleveland, 2010). Clarifying the mechanism for this 
will require identification of the MAD1-receptor at kinetochores. Interestingly, the amino-
terminal region of MAD1 that is required for its kinetochore binding was allowed to diverge 
during evolution (Supplemental Figure 2). It has been suggested that this region determines 
checkpoint sensitivity, since the less robust checkpoint in rodent cells can be made more 
stringent by ectopic expression of human MAD1 or a hybrid of murine MAD1 with a human 
amino-terminal domain (Haller et al., 2006). 
 The conversion of O-MAD2 to C-MAD2 relies on several features within the 
MAD1-MAD2 complex, including a CDC20-like MAD2-binding motif in MAD1, MAD1 
homodimerization, and a HORMA domain in MAD2 that is required for both CDC20 and 
MAD1 binding in a mutually exclusive manner (Musacchio and Salmon, 2007). The MAD2 
HORMA domains are highly similar between species in all supergroups analyzed, suggesting 
strict conservation of the MAD2-CDC20 interface. Much like the MAD2-binding motif in 
CDC20 and the HORMA domain in MAD2, the MAD2-binding motif in MAD1, when present, 
is highly conserved (Supplemental Figure 2). Mutation of this motif abrogates MC activity 
(Maldonado and Kapoor, 2011). Interestingly, the MAD2-binding motif in MAD1 is absent 
from MAD1 homologs in S. rosetta, M. pusilla, and N. gruberi (Supplemental Figure 2). The 
related motif can be found in their CDC20 homologs, suggesting that fundamentals of MAD2 
binding have in principle not been altered in these species. If their MAD1 is nevertheless 
capable of binding MAD2, examining how may provide additional insight into molecular 
aspects of this interaction. Potentially important in this regard is the recent identification of 
S187 phosphorylation in fission yeast MAD2 that affects the MAD1-MAD2 interaction (Zich 
et al., 2012). Given the high conservation of the position of this serine in MAD2 homologs, 
such a regulatory mechanism for MAD2 function may be ancient.
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The APC/C pseudosubstrate inhibitor within the MCC 

Human BUBR1 was identified as a BUB1-like gene mutated in chromosomally unstable colon 
cancer cell lines, but was later recognized as the functional equivalent of the budding yeast 
spindle checkpoint protein Mad3p (Elowe, 2011). Mad3/BUBR1 and BUB1 share extensive 
sequence homology and domain architecture. Both contain a TPR domain followed by a Gle2-
binding sequence (GLEBS) motif and in vertebrates and Drosophila both contain a unusual 
carboxy-terminal Ser/Thr kinase domain (Bolanos-Garcia and Blundell, 2011). This similarity 
stems from the fact that LECA contained a single protein, to which we refer as Madbub, 
that possessed the shared domains as well as the amino-terminal KEN-box characteristic of 
Mad3/BUBR1-like proteins (Suijkerbuijk et al., 2012a) (Figure 4). Madbub subsequently took 
distinct paths of evolution: It either remained a Madbub and diverged little, or it underwent 
a gene duplication event on multiple (likely nine) independent occasions. Duplication was 
followed either by loss of one of the copies, as in the case of some relatives of S. cerevisiae 
(Murray, 2012), or by a striking example of parallel subfunctionalization, during which 
retainment of the KEN-box or kinase domain was mutually exclusive in the vast majority 
(seven of nine) cases. These parallel subfunctionalisation events gave rise to present-day 
BUB1-BUBR1/Mad3 paralogs (Figure 4) (Suijkerbuijk et al., 2012a). Insightful exceptions 
to this rule are insects and vertebrates. The KEN-box-containing protein retained a kinase 
domain in vertebrates but this domain was allowed to degenerate to a pseudokinase that 
is highly sensitive to destabilization by amino acid substitutions in various regions of the 
domain (Suijkerbuijk et al., 2012a). Since destabilization is propagated to the whole protein, 
this liability may have contributed to selection for truncating mutations in so many non-
vertebrate species (Figure 4). In D. melanogaster, however, the KEN-box containing protein 
retained a proper Madbub- and therefore BUB1-like kinase domain. D. melanogaster BUBR1 
may have kinase function, which is unique in eurkaryotes, or may alternatively be in a 
transition state, one that is predicted to have occurred between a gene duplication event 
and evolution toward either a pseudokinase or shedding of the kinase domain (Figure 4).  

The fate of a paralog: evolution and function of BUB1

Whereas the role of the KEN-box-containing BUBR1/Mad3-like proteins in the MC is well 
defined, it is less so for the paralogs that retained the kinase domain. These BUB1-like 
kinases can be found in at least one copy in most eukaryotes examined, either as part of 
Madbub proteins or of the KEN-box-lacking paralog that originated following evolution from 
Madbub gene duplications (Figure 2) (Suijkerbuijk et al., 2012a). Given the evidence from 
gene disruptions in mice, Drosophila, and both model fungi, BUB1 appears to be essential 
for MC function (Musacchio and Salmon, 2007). Whether this is mediated by kinase activity 
is unclear. Studies in human cells, S. pombe, and X. laevis extracts show that BUB1 kinase 
activity promotes but is not absolutely required for a robust MC response (Chen, 2004; 
Klebig et al., 2009; Yamaguchi et al., 2003), while the MC in S. cerevisiae responds properly 
when the BUB1 kinase domain is removed altogether (Fernius and Hardwick, 2007; Warren 
et al., 2002). Human BUB1 was found to modify CDC20 on multiple residues in vitro, causing 
reduced APC/C activity (Tang et al., 2004). Some of these are relatively well conserved but 
functional analysis of phospho-mimetic substitutions in the background of inactive BUB1 
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in various organisms will be needed to clarify whether CDC20 phosphorylation by BUB1 is 
conserved and part of the core MC. Until now, BUB1 kinase activity seems to impact non-MC 
processes, such as centromere localization of Shugoshin via the conserved phosphorylation 
of T121 on the histone H2A (Kawashima et al., 2009). A recent study of BUB1 function in 
human cells pinpointed a short sequence dubbed conserved domain I (CDI), as crucial for 
the MC (Klebig et al., 2009). Although it is unknown how CD1 has impact on MCC formation, 
it may have been part of LECA Madbub as we can recognize CD1 in some Madbub homologs 
(Suijkerbuijk et al., 2012a).

Kinetochore Scaffolds for the Mitotic Checkpoint

Both Mad3/BUBR1 and BUB1, as well as the Madbub proteins have a highly similar TPR 
domain that interacts with the KMN network member KNL1. This interaction was mapped to 
the convex surface of the TPR domains and to two ‘KI’-motifs in KNL1, which we and others 
can recognize only in vertebrate KNL1 homologs (Figure 5) (Bolanos-Garcia and Blundell, 
2011; Bolanos-Garcia et al., 2012; Kiyomitsu et al., 2011; Krenn et al., 2012). The mode of 
KNL1-Bub interactions may be quite flexible and rely on other motifs in non-vertebrates, 

Figure 4. Proposed model for evolution of the Madbub family
LECA possessed a Madbub protein containing the predominant functional domains (see insert: two 
KEN-boxes, TPR domain, GLEBS-motif, and a kinase domain). Madbubs are still present in numerous 
organisms, including those indicated at the bottom. At least nine independent gene duplications led to 
subfunctionalization of a BUB1-like (kinase) and a BUBR1-like (KEN-box) gene. After the loss of kinase 
requirement in the KEN-box protein, the kinase either degenerated into a pseudokinase (vertebrates) 
or was shed altogether. One notable exception is the Drosophilids, in which the KEN-box was lost from 
one paralog but the kinase was maintained with almost identical sequence in both.
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since D. melanogaster Bub1 interacts with KNL1/Spc105, which is devoid of a clear KI1-
motif (Schittenhelm et al., 2009). KNL1 depletion in human and fungal cells prevents BUB1 
and BUBR1/Mad3 kinetochore binding and checkpoint activation (Kiyomitsu et al., 2007; 
London et al., 2012; Shepperd et al., 2012). This is however independent of the interaction 
between the TPR domains and KNL1. Mutating this interface does not prevent localization 
of the BUBs and has only minor effects on the MC response (Bolanos-Garcia et al., 2012; 
Krenn et al., 2012). The functional relevance of the BUB-KNL1 interaction is unclear but 
may involve, at least for BUB1, an allosteric mechanism for kinase activation (Krenn et al., 
2012). The essential role of KNL1 in localizing the BUBs to kinetochores is likely mediated 
by BUB3, a small globular protein that interacts with the BUB1/BUBR1 GLEBS motifs. Like 
KNL1 depletion, mutating the GLEBS motif in either BUB1 or BUBR1 prevents BUB3 binding, 
abrogates kinetochore localization of both BUBs, and disrupts their various functions in 
mitosis (Bolanos-Garcia and Blundell, 2011). Oddly, however, BUB3 depletion in human cells 
inhibits kinetochore localization of BUBR1 but not BUB1 (Logarinho et al., 2008). Whether this 
reflects greater sensitivity of BUBR1 to reductions in BUB3, possibly because of differences 
in kinetochore residence time (Howell et al., 2004), or whether this reflects a possible BUB3-
independent role of the BUB1 GLEBS motif is presently unknown. As the interaction of the 
BUB1 GLEBS motif to BUB3 leaves limited space for other interaction partners (Larsen et 
al., 2007), we favor the former possibility. To make matters more complicated, BUB1 is 
required for BUBR1 localization but not vice versa (Johnson et al., 2004; Klebig et al., 2009). 
Unraveling the intricate relationship between BUBR1, BUB1, KNL1, and BUB3 will be of great 
interest. One recent insight may be a significant step forward in this regard: In fungi, Bub3 
and Bub1 kinetochore localization depends on intact MELT motifs of KNL1 (London et al., 
2012; Shepperd et al., 2012). 
 KNL1 may act as a molecular MC scaffold on more levels than localizing the three 
BUBs. Through its C-terminal region, KNL1 binds the kinetochore protein Zwint-1 that in 
turn localizes the RZZ complex to kinetochores (Kiyomitsu et al., 2011). Since RZZ promotes 
MAD1 kinetochore binding (Karess, 2005), KNL1 likely affects the ability of kinetochores to 
efficiently catalyze MCC formation. Additionally, KNL1 binds PP1 phosphatase through a SILK-
RVSF motif near its N-terminus. While this interaction is required to stabilize kinetochore-
microtubule interactions in human cells (Liu et al., 2010), it silences MC signaling from 
attached kinetochores in fungi and C. elegans (Espeut et al., 2012; Meadows et al., 2011; 
Rosenberg et al., 2011)
 KNL1 displays poor overall sequence conservation, which may explain its 
propensity, more than other MC components, to escape identification in our homolog 
searches (Supplemental Table). Despite this, the SILK and RVSF motifs as well as MELT motifs 
(defined as M[ED][ILVM][ST]) are well conserved in most identifiable KNL1 homologs, as is 
a defining C-terminal coiled-coil (Figure 5). A striking observation is that the MELT motifs 
diverge highly in numbers, ranging from 0 (S. rosetta and M. pusilla) to 24 (X. tropicalis). 
Their functional relevance likely goes beyond BUB recruitment, since a MELT-mutated Spc7/
KNL1 in S. pombe results in profoundly more chromosome segregation problems than 
deletion of BUB3 (Shepperd et al., 2012). Interestingly, Spc105/KNL1 in Drosophilids have 
repeats of a slightly distinct motif, which seem largely dispensable for Spc105/KNL1 function 
in D. melanogaster (Schittenhelm et al., 2009). The MELT motifs are thus quite enigmatic 
and uncovering their role in mitosis and the reasons for their highly variable numbers in 
different species will be a great value in our understanding of the connections between the 
KMN network, microtubule attachments, and the MC.  
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Figure 5. Knl1 homologs in the eukaryotic tree of life
Schematic representation eukaryotic of tree of life with Knl1 homologs from species listed in Figure 2. 
Indicated for every homolog are the presence (white box) or absence (black box) of the [SG]ILK and 
RVSF motifs, the KI-motifs, the number of MELT (M[ED][ILVM][ST]) and MELT-like Mxxx (x = 2 out of 
3 amino acids are D or E) motifs, the presence of a coiled-coil (using the EMBnet coils server), and 
the ORF length in amino acids. Species in bold indicate experimentally confirmed homologs, orange 
protein-bodies indicate homologs containing all essential domains (except for the KI-motifs), and the 
asterisk indicates the presence of Drosophila-specific motifs.
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Regulating the MCC: Essential and conserved contributions of 
mitotic kinases 

Efficient formation of MCC in cells depends both directly and indirectly on kinase activities. 
MPS1 and BUB1 were among the original genes found to control the MC in S. cerevisiae 
(Musacchio and Salmon, 2007). Contrary to BUB1, inhibition of MPS1 ablates MC activity 
in all organisms tested (Lan and Cleveland, 2010; Musacchio and Salmon, 2007) and is 
therefore the only undisputed MC kinase. Nevertheless, activity of several other kinases 
such as Aurora B, CDK1, and PRP4 also affect MC function, but current evidence supports 
the notion that they do so predominantly by regulating MPS1 (Montembault et al., 2007; 
Morin et al., 2012; Saurin et al., 2011).
 MPS1 orchestrates many events that contribute to APC/C inhibition, including 
localization of BUB1, BUBR1, RZZ, and MAD1 to unattached kinetochores (in various 
organisms) (Lan and Cleveland, 2010), MAD2 phosphorylation (in fission yeast) (Zich et 
al., 2012), and MAD2 dimerization and MCC stabilization (in human cells) (Hewitt et al., 
2010; Maciejowski et al., 2010). Recent studies have shown that MPS1 promotes BUB1 
recruitment and subsequent MC activity in human cells and in budding and fission yeast 
by phosphorylating KNL1 on multiple of its MELT motifs (London et al., 2012; Shepperd 
et al., 2012; Yamagishi et al., 2012). The BUBs, however, interact with KI rather than MELT 
motifs. Since MELT phosphorylations also recruit BUB3, a likely scenario is that MPS1 
controls BUB1 (and BUBR1/Mad3) localization by promoting interaction of BUB3 with KNL1, 
possibly by ensuring BUB3-pMELT binding. This could also contribute to the role of MPS1 
in localization of MAD1 to unattached kinetochores, since BUB1 depletion prevents MAD1 
kinetochore binding (Musacchio and Salmon, 2007). A MELT-phophomimetic KNL1 retains 
BUB1 on kinetochores in the absence of MPS1. In contrast, this mutant KNL1 cannot force 
kinetochore recruitment of MAD1 under those conditions, suggesting that MPS1 has BUB1-
independent mechanisms for recruiting MAD1 (Shepperd et al., 2012). This is supported 
by D. melanogaster, in which Spc105/KNL1 possesses species-specific MELT-like motifs that 
lack the phosphorylatable threonine (Schittenhelm et al., 2009), while MAD1 localization 
is MPS1 dependent (Althoff et al., 2012) (Figure 5). Interestingly, these motifs contain 
an excess of negative charges (D or E), possibly bypassing phospho-dependency of BUB 
recruitment, but excluding MELT-dependent control of this by MPS1. Our analysis of KNL1 
homologs has revealed additional MELT-like methionine-based motifs (methionine followed 
by two or three acidic residues) in other organisms as well (Figure 5). Given the conservation 
of MPS1 function and MELT motifs in KNL1, we hypothesize that MELT phosphorylation by 
MPS1 is a fundamental MC regulatory principle. Whether the widely differing number of 
MELT and MELT-like motifs in species has any relation to this (for instance by adding levels 
of control or variable distance between PP1 and BUB (N-terminal) and the RZZ (C-terminal) 
binding sites) and if so, how, are intriguing questions. Answers will require detailed insight 
into which MELT motifs are truly essential for mediating MPS1’s impact on BUB localization 
and MC function. Based on species like S. punctatis and D. discoideum, we predict one or 
two will suffice. 
 Strikingly, although MPS1 is well conserved and essential for error-free chromosome 
segregation in all organisms tested, no sequence homolog in C. elegans can be detected 
(Figure 2). It is possible that the MPS1 homolog exists but diverged so much as to escape our 
detection. Alternatively, perhaps the fast evolving nematode has bypassed a requirement 
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for MPS1 in regulating MCC formation/function, for instance by modifying the mechanism 
of (KNL1-dependent) BUB3 localization. Finally, a distinct kinase may have replaced MPS1 
in nematodes. In this respect it is of interest to note that MPS1 shares significant overlap 
in consensus phosphorylation sequence with the kinetochore-localized kinase PLK1 (Dou et 
al., 2011), which is expressed in C. elegans (Chase et al., 2000). 

Auxiliary MC proteins: The RZZ complex

The hetero-trimeric RZZ complex plays an essential part in recruitment of MAD1/MAD2 
to unattached kinetochores in human and Drosophila cells (Karess, 2005). In contrast to 
MAD1 and MAD2, however, the RZZ subunit Zwilch does not seem to have been retained 
in many species besides ophistokonta, indicating that RZZ function is a fairly recent add-
on to the core MC (Figure 2). This may point to evolution in more complex eukaryotes 
towards a multiprotein kinetochore interface for MAD1 binding that includes RZZ (Kim et 
al., 2012). Whereas Zwilch is never found without co-occurrence of an identifiable ortholog 
of ZW10, the opposite is frequently observed, suggesting a non-RZZ function of ZW10. In 
support of this, ZW10 is involved in vesicle trafficking in interphase, during which it is part 
of the conserved NRZ complex that contains NAG and Rint1 in addition to ZW10 (Civril et 
al., 2010). Homology between ROD and NAG and lack thereof between Zwilch and Rint1 
(Civril et al., 2010) indicates that the RZZ may have arisen from NRZ by initially replacing 
Rint1 with Zwilch, causing it to be retained in those organisms that utilized RZZ for distinct 
functions. RZZ is coupled to kinetochores via an interaction between ZW10 and Zwint-1 that 
in turn binds the C-terminus of KNL1 (Karess, 2005; Kiyomitsu et al., 2011). In contrast to 
Zwilch participation, the ZW10-Zwint-1 interaction is likely ancient, as Zwint-1, like NRZ, is 
suggested to regulate interphasic vesicular trafficking (van Vlijmen et al., 2008). Functions 
of ZW10-containing complexes furthermore involve the minus-end directed microtubule 
motor dynein. ZW10 directly binds the dynactin subunit p50/dynamitin and as a result RZZ 
ensures kinetochore localization of dynein, required for both chromosome movements and 
checkpoint silencing (Karess, 2005). RZZ therefore promotes checkpoint activation while 
simultaneously setting the stage for checkpoint silencing. Since both ancient interphasic 
and more recent mitotic functions of ZW10 depend on dynein, recruitment of dynein to 
kinetochores may have provided an important selective force driving ZW10 towards RZZ 
evolution: Perhaps more complex kinetochore-microtubule interactions benefit from more 
ways to ensure inhibition of MCC production.

Releasing the brake: MC Silencing

APC/C activation upon attachment of the final kinetochore is very rapid, suggesting a switch-
like release from the MC-inhibited state (Clute and Pines, 1999). MC silencing occurs on 
two levels: local shutdown of MCC production upon kinetochore attachment and global 
reversion of APC/C inhibition upon stable attachment of the final kinetochore (Figure 1b). 
Below, we will briefly outline different checkpoint silencing mechanisms, their mode of 
action, and to what extent they have been conserved throughout evolution.
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Inhibiting MCC production upon kinetochore-microtubule interaction 
Microtubule attachment depletes essential checkpoint components including MAD1/MAD2 
from kinetochores in a dynein-dependent manner. This is a critical step in MC silencing, 
as kinetochore-tethered MAD1 is sufficient to delay mitotic exit after full chromosome 
biorientation is achieved (Maldonado and Kapoor, 2011). Essential to this is the Spindly 
protein, which depends on RZZ for kinetochore localization, and that localizes dynein to 
kinetochores via its so-called Spindly-box motif [GNSxFxEVxD] (Barisic et al., 2010; Gassmann 
et al., 2010). Besides a receptor for dynein, Spindly, like RZZ, is also cargo, and it was recently 
suggested that in fact removal of Spindly from kinetochores is a primary function of dynein 
in MC silencing (Gassmann et al., 2010). It was proposed that Spindly prevents an undefined 
dynein-independent pathway for MAD1/MAD2 removal from attached kinetochores and 
that dynein-dependent removal of Spindly allowed this unknown pathway to operate. 
Spindly appears to be an ophistokont invention and shows a strong correlation with the 
presence of Zwilch homologs, being absent from, for example, dikaryan fungi (Figure 2, 
Supplemental Table). This observation is likely related to a role for dynein at mitotic 
kinetochores, which is non-existent in either S. cerevisiae or S. pombe. Since such organisms 
nevertheless presumably also deplete MAD1/MAD2 from attached kinetochores, it has 
been speculated that the unknown dynein-independent MAD1/MAD2 removal pathway 
that Spindly normally prevents, is an ancient one (Gassmann et al., 2010). A major challenge 
for the future will be to examine if such a dynein-independent pathway for clearing MC 
proteins from kinetochores exits, what its molecular identity is, and how RZZ and Spindly 
affect its function. Given the conserved nature of KNL1, it may involve a recently defined 
MC silencing mechanism that relies on direct interaction of KNL1 with microtubules (Espeut 
et al., 2012).

Undoing the actions of MC kinases
Besides physically removing MC proteins from kinetochores as soon as they engage a 
microtubule, MC silencing requires dephosphorylation of essential MC targets. A PP1-like 
phosphatase is needed for the ability of yeast cells to exit from an MC-induced cell cycle delay 
(Hardwick and Shah, 2010). Specific PP1 isoforms localize to bi-oriented kinetochores via 
the N-terminal SILK and RVSF motifs in KNL1 (Espeut et al., 2012; Liu et al., 2010; Meadows 
et al., 2011; Rosenberg et al., 2011). This specific interaction contributes to MC silencing 
in budding and fission yeast as well as in C. elegans (Espeut et al., 2012; Meadows et al., 
2011; Rosenberg et al., 2011), but it is unknown if this is true also for vertebrates, where 
a dynein-dependent MC silencing mechanism has evolved. Phosphatases are nevertheless 
likely required for exit from an MC arrest in human cells, as persistent kinetochore MPS1 
maintains MC signaling from attached and bioriented kinetochores in metaphase (Jelluma et 
al., 2010). Similar reversal of MPS1-mediated phosphorylations also contributes to PP1’s role 
in MC silencing in budding yeast (Pinsky et al., 2009), which could involve dephosphorylation 
of the KNL1/Spc105 MELT motifs (London et al., 2012).

Freeing the APC/C: disassembly of MCC-APC/C complexes
Once all kinetochores have achieved stable attachments to spindle microtubules, what 
remains for cells to initiate anaphase is releasing APC/C inhibition by MCC. As outlined in 
our discussions on CDC20, this process requires APC/C-dependent ubiquitination and the 
actions of the MAD2-mimetic p31comet. The same surface on MAD2 interacts with both p31comet 
and BUBR1/Mad3, suggesting that p31comet actively disrupts MCC stability by competing 
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out MAD2 (Chao et al., 2012; Westhorpe et al., 2011). This may simply be achieved by 
the observed high affinity of p31comet for C-MAD2 (Vink et al., 2006), but it somehow also 
involves CDK1-dependent phosphorylation of CDC20 (Miniowitz-Shemtov et al., 2012). How 
CDK1, the APC/C, and p31comet collaborate to ensure efficient MCC disassembly is presently 
unclear, but may involve, for example, CDK1- and APC/C-mediated relaxation of structural 
constraints to allow more efficient p31comet-dependent exclusion of MAD2 from MCC. It will 
be of additional interest to examine how rapid disassembly by this pathway is regulated by 
kinetochore attachment. p31comet is located exclusively on unattached kinetochores with a 
residence time identical to MAD2, leading to a proposed model in which p31comet is modified 
by unattached kinetochores, in order to prevent its premature action on MCC disassembly 
(Hagan et al., 2011). As postulated before (Yang et al., 2007), our analysis shows that MAD2 
and p31comet are likely paralogs that have arisen by a pre-LECA gene duplication (Figure 2, 
Supplemental Experimental Procedures). In contrast to the widespread maintenance 
of MCC throughout evolution, p31comet was apparently lost in many species, which is 
particularly apparent in fungi (Figure 2, Supplemental Table). Unlike most other fungi, the 
p31comet-containing higher basidiomycete fungi U. maydis has a metazoa-like open mitosis 
and anaphase B-like spindle elongation (Steinberg and Perez-Martin, 2008). Examining the 
p31comet homolog in U. maydis cell division may provide intriguing insights into its mitotic 
functions and may help to reveal why p31comet was allowed to disappear from the genomes 
of some organisms while it was retained by others.

Concluding thoughts and future directions

In this review, we have attempted to integrate current knowledge on the molecular 
workings of the MC with our evolutionary analysis of key MC (silencing) proteins and their 
functional domains and motifs. Inspired by this, we propose an outline of the ancient MC 
and its functional modules (Figure 6), a core that is conserved in species that utilise the MC 
and that was likely present in LECA. The various species-specific additions, deletions and/
or modifications to this core may be related to fundamental differences between mitoses in 
these organisms. Such differences include but are by no means limited to: Open vs. closed 
mitosis, holocentric vs. point centromeres, the size of kinetochores and the amount of 
microtubules connecting these to the mitotic spindle, the number of chromosomes to be 
segregated, the size of the cells, and the amount of cells that make up the organism. Future 
studies on the relation between such differences and MC function will be of interest not 
only from an evolutionary perspective but also from the perspective of understanding the 
MC and its adaptability. Many additional outstanding questions remain in relation to the 
conserved MC activation and silencing mechanisms. How and where is the MCC formed? 
How is the signal amplified from individual kinetochores, and possibly in relation to this: How 
are MC kinases activated and what are their critical substrates? How is MCC action reverted 
upon MC satisfaction, especially considering the poor conservation of p31comet? How does 
the state of attachment of kinetochores translate to recruitment or removal of MC proteins? 
The lack of kinetochore dynein and Spindly/RZZ in most species points to another, more 
ancient, mechanism that might or might not be retained in all eukaryotes. Binding of MC 
proteins like BUB1, BUBR1/Mad3 and MPS1 with KMN network components are intriguing 
interactions on which silencing mechanisms could act to affect MC activity, but it is unknown 

Chapter 2.indd   17 11/2/14   5:03 PM



- 38 -

2

if such interacti ons are directly sensiti ve to microtubules. Uncovering which principles are 
ancient will require signifi cant eff orts in establishing sensiti ve real-ti me and biochemical 
assays for measuring MC acti vity, kinetochore changes upon microtubule binding, and MCC 
assembly and disassembly in a variety of model organisms. Since evoluti on has done most of 
the experiments for us, it may further be worthwhile to adopt less widely used and possibly 
even novel model organisms into this exciti ng fi eld of research.   
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Phosphorylati on of one or more MELT moti fs on Knl1 by MPS1 recruits BUB3 and the Madbub 
protein. MPS1, together with the Madbub protein, further ensures kinetochore binding of MAD1 that 
interacts with the Horma-domain of MAD2 allowing subsequent structural conversion of MAD2 into 
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with the RVSF-moti f in Knl1. See text for further details.
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Supplemental Experimental Procedures

Methods for ortholog definition
The set contained two kinds of proteins: (A) those for which multiple homologs are relatively 
easy to find in various distantly related eukaryotes from across the tree of life, and (B) 
those for which finding any homologs in even somewhat more distant species required the 
application of more advanced tools than BLAST or PFAM. As the latter category never gave 
rise to multiple significant hits, finding homologs was equivalent to defining orthologs for 
these proteins. 
 To category (A) belong MAD2, MPS1, CDC20, BUB1, and BUB3. The strategy to find 
orthologs across distant orthologs for these proteins was as follows. First using local BLAST, 
a generous number of significant (e-value <10e-10) hits (up to a 1000 hits in a local data 
based of the predicted proteomes of 60 different species) were retrieved. If the protein is 
known to contain a single shared homologous domain of sufficient length (>200 AA), that 
domain was extracted from each protein to be used in a multiple sequence alignment (this 
applied to MPS1); otherwise full protein sequences were included in each alignment (MAD2, 
CDC20, and BUB3). Alignments were constructed using MAFFT with option LINSI when a 
single domain was used and option EINSI when full-length proteins sequences were used. 
Positions with too many gaps (>20%) were excluded from the alignment. Subsequently a 
RaxML tree with 100 bootstraps using the PROTGAMMAWAG option was generated. From 
the resulting tree a sub-cluster corresponding to an orthologs group was delineated. Given 
that we compare proteins from species from across the eukaryotic tree of life, orthologous 
group pertains to a single gene in the last eukaryotic common ancestor (LECA), and hence 
in the tree we searched for a cluster of genes containing many different species generated 
by a duplication before LECA based on manual tree reconciliation. Putative orthologs were 
further checked based on the presence of signature motifs. For the repeat proteins (CDC20 
and BUB3) and additional step was taken: we also made trees of the repeating unit (WD40) 
in order to classify sequences whose affiliation was ambiguous in the full length sequence 
tree with respect to belonging to either CDC20 vs. its closest ancient paralog (fzr1), or BUB3 
vs. its closest ancient paralog (Rae1/Gle2).
 Although BUB1 falls within category (A) its orthologs could not be assessed using 
the strategy described above, because of its unique evolutionary history, which entails 
complementary domain loss. Hence bi-directional best hits and motif searches were 
used to create an orthologous group of BUB1, Mad3, and BUBR1 proteins that are all in a 
single orthologous group with respect to LECA. This procedure was described previously 
(Suijkerbuijk et al., 2012a).
 To category (B) belong MAD1, p31comet, Spindly, KNL1, ZW10, and Zwilch. For the 
globular and non coiled-coil regions of these proteins local PSIBLAST and PSIBLAST at NCBI 
were performed to gather an initial set of homologs; also when homologs from multiple 
species were known from the literature, these homologies were assumed to be true and 
hence these sequences were also added to the the initial set of homologs. These initial 
sets of homologs were aligned using MAFFT and further sequences were searched in a 
local database using HMMER3 profiles constructed from the alignments. In addition for the 
set of initial homologs MEME analysis was carried out to detect motifs for which separate 
HMMER3 profiles were created. Results from searches with motif and protein HMMER3 
were manually inspected for consistency and significance. Significant sequences containing 
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the required motifs were added to the profiles and searches were repeated till no new 
sequences were found. In the case of MAD1 our search of the globular c-terminus did find 
all orthologs as some genomes contain incomplete gene predictions. We thus manually 
compared our list of potential orthologs to that generated by the PFAM model of MAD1, 
which spans the entire coiled-coil domain of MAD1 and hence also generates false positive 
hits.

Description of eukaryotic supergroups

 

Studies of cellular morphology, increase in (genome) sequence data and improvement in 
phylogenomics methods have caused a redefinition in the tree of life of eukaryotes, to a 
classification into 6 eukaryotic “supergroups” (Adl et al. J. Eukaryot. Microbiol. 2005-52(5), 
pp399-451 & Simpson and Rodger Curr. Biol. 2004-14, pp693-696). The best supported 
monophyletic supergroup is that of the ophistokonta, consisting of animals (metazoa) and 
fungi with their closely related protists such as the choanoflagellate Monosiga brevicollis 
or the microsporidium Encephalitozoon cuniculi. Less well supported, but still relatively 
well established are the amoebozoa that includes the slime mole Dictyostelium discoidum 
and the plantae that contain all photosynthetic eukaryotes that arose by a single primary 
endosymbiosis with a photosynthetic cyanobacterium. Plantae includes plants as well as red 
and green algae. The remaining supergroups are debated, but are classified here according 
to Simpson and Roger (Curr. Biol. 2004-14, pp693-696). The first are the chromalveolata, 
containing diatoms, golden-brown algae, oomycetes (pathogenic water molds), parasites 
such as Plasmodium (the causative agent of malaria) and free living ciliates such as 
Paramecium. The second are the excavata, containing mostly genomes of parasitic protozoa 
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such as trypanosoma and some free living organisms such as the enigmatic flagellated 
amoeba Naegleria gruberi. Finally, there are the rhizaria, a varied group consisting mostly 
of amoeboids with cytoskeleton-based pseudopods. Chromalveolata and excavata contain 
photosynthetic organisms, but unlike plantae, these are the result of a so-called secondary 
endosymbiosis in which an eukaryotic red or green algae underwent an endosymbiosis 
thereby conferring photosynthetic capabilities upon its host. Given the fluidity surrounding 
the composition of the supergroups the relationships among the supergroups (i.e. what are 
the megagroups) is even more unclear. The only supergroup affinity that is well supported is 
that between amoebozoa and ophistokonta.

Sequence homology between MAD2 and p31comet

In our searches of p31comet homologs, MAD2 was present in the grey zone (0.1< e-value <10). 
Given their structural similarity we wondered whether they could in fact be homologous 
and belong to the same superfamily. We hence performed PRC searches of our p31comet 
profile versus a database of PFAM profiles and our MAD2 profiles and reciprocal searches of 
our MAD2 profile versus a database of PFAM profiles and our p31comet profile. The best hit 
of the p31comet profile is MAD2 at e=0.019, and the best hit of the MAD2 profile is p31comet 

at 0.038. Although these are borderline hits they are significant, the alignments are nearly 
full-length and they are each others reciprocal best hits. Significant full-length sequence 
similarity combined with structural similarity is normally thought to reflect membership of 
the same superfamily and hence we hypothesize that p31comet is an ancient duplication of 
MAD2 from before the last eukaryotic common ancestor.

Identification of potential homologs of MC subunits in genomic DNA from non-annotated 
genes
Several homologs were identified based on (sometimes) partial hits from non-annotated 
genes. M. brevicollis MAD1 was first identified using a tblastn of S. rosetta on M. brevicolis 
gDNA yielding a few short but significant hits. A longer (but still not full length) prediction 
could be obtained by using genewise with human MAD1 as query and an expanded hit 
of the region of the tblastn hit as a subject (Supplemental Figure 3a). S. punctatus KNL1 
was identified using a hmmer3 hmm-search of our in-house KNL1 hmmer model against 
an in 6 frames translated set of genomic contigs of S. punctatus giving a significant hit to 
a contig based on alignments to the RVSF motif, the coiled coil region, and fragments of 
the intervening stretch. A complete gene prediction was obtained by running genewise 
with our hmm model as the query and the contig as the subject (Supplemental Figure 
3b). P. infestans APC11 and MPS1 were  identified by tblastn searches of P. sojae APC11 
and MPS1 protein sequences against the P. infestans genome resulting in full length, near 
exact matches (Supplemental Figure 3c). M. brevicollis APC11 was found to be annotated 
in public databases (Supplemental Figure 3d). N. gruberi APC11 was identified using 
hmmer3 hmm-search of pfam model zf-APC11.hmm against an in 6 frames translated set of 
genomic scaffolds of N. gruberi, giving a near full length highly significant hit (i-Evalue 1e-23) 
(Supplemental Figure 3e). p31comet was identified in X. tropicalis by tblastn of human p31comet 
against X. tropicalis genomic DNA and cDNA (Supplemental Figure 3f). 
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Supplemental Figures

Supplemental Figure 1

Supplemental Figure 2

Alignments of conserved CDC20 and MAD1 domains
Alignments of conserved domains in identified MC protein homologs (as indicated in Figure 2) for 
CDC20 (Supplemental Figure 1) and MAD1 (Supplemental Figure 2) using a T Coffee alignment server. 
Conserved domains as indicated in the text are highlighted in the corresponding alignment.
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Supplemental Figure 3

 Domain and alignment annotation for each sequence: >> scaffold_51_2   

   #    score  bias  c-Evalue  i-Evalue hmmfrom  hmm to    alifrom  ali to    envfrom  env to     acc 

 ---   ------ ----- --------- --------- ------- -------    ------- -------    ------- -------    ---- 

   1 !   81.3   4.7   1.1e-26     1e-23       1      83 [.   75246   75332 ..   75246   75333 .. 0.88 

  Alignments for each domain: 

  == domain 1    score: 81.3 bits;  conditional E-value: 1.1e-26 

       zf-Apc11     1 mkvkikevksvatwswdvasddvcGicrvsfdGtcpsc....kfpGddcplvlGkckhnfhlhcilkwletetsk.glcpmcrqtfkl83    

                      mk+kik+   va+w+w+ + d+vcGic  + dG  p+     + pGddcp+v+Gkckh+fhl ci kwlet+t+  + cpmcr ++++ 

  scaffold_51_2 75246 MKIKIKRSLLVASWTWKSP-DEVCGICHWPLDGLSPDGaskfQQPGDDCPVVWGKCKHAFHLTCIAKWLETKTTDaQTCPMCRVHWEF75332 

predicted using genewisecontig S.pun 

ACOE01000037213277-222967MSNAETFSTPHSGSMSKESPQGSLHIRWILK

RPRNSDRKSSGRERPTQKESKKPRKSLGRRVSFAPKAHIPFKEDSDKWDDHPDDES

EAENVEEPHAESDDDIEMATEDPTQASEAEWTGYPAVPVEETRLTENEKIKRTEED

IAISMDVSLGEGRVSPRSVPKKKELVKFEGELAQSDLPASQSGHVDIVDPFEQAEG

NQYVSQYIRILGGMLRRTLEADSSDEECHQDPTVAMDLTECATRVLTHVDDTTSTT

GSVMSNTTRTATKRRRSSVSVQRLSNSKKAAKSPSIDAMPSPIPTASKMPPPERLH

LHSADSLQEIHLWQELRMAEPNAVATVKEFLQATGIYFQDNLTTSFRRETNAYLRT

SEQPTDIDYYRAALLWSSELDTYEFGCKELQKYIEDIREELIQIEEDAEANVPPIF

FDVVDGTSEERALIQRQLKATRSITRAEAKESWHVWRANLLNNLSEDFTCNLERLE

KVRSFVASHICARHETIAHLCARLAEEEQSDNDRLVALKRREAEQQYVHNGATDLK

AESEQLRLLCDQEQARESELLRKKDLLYQYKLLTSMFPWTTVHIASNKYILAYDNA

IEVAFIKVISHTAYIWNGLRKLYHDIELARDEYDITCVRPPAEEKRAGRGDHFLGL

HVVCFCHKTHVRFEVTLWVAGDGKAEVYPSGRKEIDDILSAIPAAPGRLMHILREL

DRMTRTP 

Score = 71.2 bits (173),  Expect = 2e-13, Method: Compositional matrix adjust. Identities = 33/48 (69%), 

Positives = 38/48 (79%), Gaps = 0/48 (0%) Frame = +3Query   

85        DCMVPVVFPGPVSQEGCCQFTCELLKHIMYQRQQLPLPYEQLKHFYRK   

132       D  V VVFPG V++E CC+FTCELLKHI++QR QLPLPYEQL  F  K 

Sbjct  152103   DLTVSVVFPGLVTRESCCRFTCELLKHILHQRHQLPLPYEQLLGFSGK  152246 

>gi|326436639|gb|EGD82209.1| anaphase-promoting complexsubunit 11  

[Salpingoeca sp. ATCC 50818]op monosiga DNA: scaffold_33E-value: 1.12336E-29 

sbjct:        8 KWNVVAVWKWTAPDDSCGICRQAFDGCCPSCHEPGENCPIIVFGKCKHCFHMHCILKW QPQDECPMCRQTWEFQ 82                 

     +W +V VW+W A D+ CGICRQ FDGCC  C  PG++CP+    IV GKC+H FH+HCILKW+Q + +CPMCRQ WEF+ 

Scaff:   371500 RWTMVTVWRWDANDELCGICRQPFDGCCSDCQIPGDDCPLIVAGKCRHNFHLHCILKWIQMEQQCPMCRQAWEFK 371824  

P. infestans T30-4: Supercontig 10: 3129034- 

3129294 -Score = 206.068 (523), Expect=0.0 

Identities=83/87 (95%), Positives=83/87 (95%) 

Query  CKMKVTIKRWHGVATWTWGVDEECCGICRYAFEACCPDC 

 C MKV IKRWHGVATW WGVDEECCGICRYAFEACCPDC 

Sbjct  CNMKVKIKRWHGVATWKWGVDEECCGICRYAFEACCPDC 

AMPGDGCPPVWGACNHAFHMHCLMKWLESLQSMRQHCPMCRQDWKFRN 

 MPGDGCPPVWGACNHAFHMHCLMKWLESLQSMRQHCPMCRQDWKFRN 

TMPGDGCPPVWGACNHAFHMHCLMKWLESLQSMRQHCPMCRQDWKFRN 

207  ESAALYKEKLASAQKQLQRKTEQLANLETQTHDYDDLKAFHTTWRKIAPFVRRFLFSDDVSEDQVLESLRTMQSDLLLCRNRAQQFELESKA---LQQ 

     E+ +L +EKL + Q+QL R TEQL     +    +  K F   W K+   +R+      V+   +   L  +   L++ ++ +      S +   L Q 

     ENNSLLQEKLQTNQRQLARATEQLMVAGQELAALESSKDFLQEWEKVLEVLRQHGAPIPVAPSDLAAYLDDLHRQLVVLQSSSSHASSSSHSQEFLYQ 

1383 gaaacccgaccaaccccgcgagccagggcgcggcgttagtccgtgagcggccccggcacggcagcggtcggcccccggccataacgtttactcgtctc 

     aaagttaaatacaagatcgccaatttcgaatcctaccaattaagaattattgaagcctctccgatccataatagattttagcggaccccgacaattaa 

     gctcaagagagccacggaggaagggattaggaccggcactcaagaaaggggagccgctcgacttgactgttgctgcgaggcgctccccgtcgagtcca 

302  KLSSAHAQLEQAHTKESEMKASVSALESRAAALERQCQYLRSERDKVQDLSMKMVEHQESFSKATAEQKVSKHLKEYQEHHKKLEAEMLRLQGTLAE 

     +     A L++ H K+ +    + AL  R+  L+RQ  + R E++ ++ +     +H  +++K      V K L +          EML+ Q  LAE 

     RSQEQLAALQKQHDKDVQ---ELDALRVRSDKLQRQLDFNRKEKEGLRGVVDSYNQHASTITK-----NVDKILFQ--------QLEMLKGQLQLAEK 

1677 ctcgccggtcaccgaggc   gtggccgctgacccccgtacagaggtcggggttaccgtaaaa     aggaattc        ccgacagctccgga 

     gcaaatcctaaaaaaata   atactgtgcaatagatatagaaaagtggttacaaaaccctca     ataattta        atattagatatcaa 

     cgaggactggagccgttg   ggtcccgctcgggtgcttccgaggtgttgttaccacccccca     cctacgtg        acagcacagggagg 

   

399  REKELERLKRERDSAMNTDADEPATAAGETVDPRRTKILHLKSNPIA                                             AEEA 

     R  ELE L      A  T A   + A+  T      KIL  K +P+                                              A+ A 

     RNAELETLLEAAPKAATTLAASTSAASAST------KILRFKDSPVT           W:W[tgg]                          AKAA 

1923 caggcgactgggcaggaatggtatggtgta      aatctagacgaTGGTCCGTG  Intron 1   TTTTCTCTCTCGCCTTTGATAGGgagg 

     gacatacttacccacccctccccccccccc      attgtaagctc  <2-----[2048 : 2154]+++++++++++++++++++-2> cacc 

     cctacgctggaaaagtaagtcaggaccccc      acgccgtccgc                                             cgat 

451  RKTEISRLKQERDHLREQLAKGAASTAGALLVSRSKGSVVDPKLQDRVKELEREVEQRDIRLKRLKEVFNNNVREFREACYELLGYQIDVVQAS--- 

     +  E+  L+     L  QL   A   AG    S    + V   L +R   L +E++Q   R++RLK+VF   V EFR ACYELLG+ I V 

     QVEELKTLRSRVQELEAQLLTHA--PAGNATQSNEDVAAV---LAER-EALRQELQQLKTRMERLKDVFQKKVTEFRVACYELLGFNITVTTHDNDT 

2168 cgggcaatcacgcgtggcctacg  cggagactagggggg   tggc ggcccgccctaacagccaggtcaagagtcggttgctgtaaagaacgaga 

     ataatactgggtaatacattcac  ccgaccacaaatcct   tcag actgaataatacgtagtaattaaatcatgtcgaattgtatctccaaaac 

     ggagcgcgtctgaggacggggct  atccacgctgttgtc   gcgc gaaaggtaggactggaggcgtgaggtgtgacccgcgctctcgacccccg  

545                                   YRLHSMYAESADDYLLFASSPQGLQLLETQFSASLDERIL 

                                      + L SMYAE   D L+F     G+QLL T+ S      + 

               -:R[cgg]               FELKSMYAERPQDTL IFQHMKSGMQLLGTEHSRQWQTEVQ          A:H[cat] 

2441 CGGTGCGTT  Intron 2   TCTTGTGGTAGGtgcatatggcccgatatccaaagacctgagctcctcaggcCGTAAGTT  Intron 3   CTT 

       <2-----[2443 : 2561]++++    -2> tatactacagcaactttaataggtattgcaacgagacata <1-----[2684 : 2784]+++ 

                                       cgcgggtagcgaccgccacgatcggggcggcgcgggtatg  

586        NLHRFHSIPAFLSAITVDLFSKSTMA 

            L + +SIPAFLSA+T +LFS++TMA 

           YLVKCNSIPAFLSAVTSELFSRTTMA 

2780 TCTAGATttgataaacgttaggatgctacaaag 

     ++-1>  attagagtccttgctccattggcctc 

            cgcacccctctatgcacgcccctcgc 

A 

B 

C 

D

E 

F 

Potential homologs of MC from non-annotated genes
Partial hits of M. brevicollis MAD1 (A), S. punctatus KNL1 (B), P. infestans APC11 (C), M. brevicollis APC11 
(D), N. gruberi APC11 (E), and X. tropicalis p31comet (F). For further information, see “Supplemental 
Experimental Procedures”.
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Supplemental Table: Accession numbers of MC protein homologs

Accession numbers of the core and auxiliary MC homologs in 60 eukaryotic species. 
Species in bold indicate selected species in Figure 2. Whenever present, genbank ID’s (NCBI 
database) are indicated, in other cases source ID’s (ensembl, Broad-MIT) or local ID’s are 
shown. Potential MC homologs in non-annotated genes (marked with * in Figure 2) are not 
shown here but only in Supplemental Figure 3.

Supplemental Sequence Files

Sequence files (.fsa) of MC protein homologs (see Figure 2, Supplemental Experimental 
Procedures, and Supplemental Table). Files can be read by using the freeware programs 
Jalview (www.jalview.org) and CLC sequence viewer (www.clcbio.com). 

Supplemental Table and Supplemental Sequence files can be found online at:
http://www.sciencedirect.com/science/article/pii/S1534580712002870
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Abstract 

Fidelity of chromosome segregation relies on coordination of chromosome biorientation 
and the spindle checkpoint. Central to this is the kinetochore scaffold KNL1 that integrates 
the functions of various mitotic regulators including BUB1 and BUBR1. We show that KNL1 
contains an extensive array of short linear sequence modules that encompass TxxΩ and 
MELT motifs and that can independently localize BUB1. Engineered KNL1 variants with 
few modules recruit low levels of BUB1 to kinetochores but support a robust checkpoint. 
Increasing numbers of modules concomitantly increase kinetochore BUB1 levels and 
progressively enhance efficiency of chromosome biorientation. Remarkably, normal KNL1 
function is maintained by replacing all modules with a short array of naturally occurring or 
identical, artificially designed ones. A minimal array of generic BUB-recruitment modules 
in KNL1 thus suffices for accurate chromosome segregation. Widespread divergence in 
the amount and sequence of these modules in KNL1 homologs may represent flexibility 
in adapting regulation of mitotic processes to altered requirements for chromosome 
segregation during evolution. 
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Introduction

Equal distribution of the replicated genome during mitosis is essential for accurate 
propagation of genetic information and the maintenance of healthy tissues. Large 
multiprotein complexes known as kinetochores perform several essential functions in this 
process (Foley and Kapoor, 2012; Cheeseman and Desai, 2008). These include generating 
and maintaining physical attachment between chromatids and microtubules of the mitotic 
spindle, and signaling to the spindle assembly checkpoint (SAC, also known as the mitotic 
checkpoint) when kinetochores are unbound by microtubules. Such checkpoint signaling 
involves production of a diffusible inhibitor of anaphase onset (Vleugel et al., 2012; Chao et 
al., 2012)
 Chromosome biorientation as well as SAC activity critically rely on the kinetochore 
scaffold KNL1/CASC5/AF15q14/Blinkin (hereafter referred to as KNL1) (Cheeseman et 
al., 2006; Kiyomitsu et al., 2007; Cheeseman et al., 2008). This long, largely unstructured 
protein is a member of the KNL1/MIS12 complex/NDC80 complex (KMN) network that 
constitutes the microtubule-binding site of kinetochores (Cheeseman and Desai, 2008). 
KNL1 itself directly contributes to this through its N-terminal microtubule-binding region 
(Welburn et al., 2010; Espeut et al., 2012), but also by localizing the paralogs BUB1 and 
BUBR1 to kinetochores. The pseudokinase BUBR1 (Suijkerbuijk et al., 2012a) is a component 
of the mitotic checkpoint complex (Chao et al., 2012) and additionally binds the PP2A-B56 
phosphatase that is required for stabilizing kinetochore-microtubule interactions (Suijkerbuijk 
et al., 2012b; Kruse et al., 2013; Xu et al., 2013; Foley et al., 2011). BUB1, in turn, promotes 
efficient chromosome biorientation by localizing the Aurora B kinase to inner-centromere 
regions via phosphorylation of H2A-T120 (Kawashima et al., 2009; Yamagishi et al., 2010). 
Its contribution to checkpoint signaling, although important, is not entirely clear (Tang et al., 
2004; Klebig et al., 2009).     
 Although recruitment of BUB1 and BUBR1 (the BUBs) to kinetochores is critical for 
error-free chromosome segregation, the mechanism by which KNL1 accomplishes this is 
unknown. Both BUBs directly interact via their conserved TPR domains with two so-called 
KI-motifs in the N-terminal 250 amino acids of human KNL1 (Kiyomitsu et al., 2011; Bolanos-
Garcia et al., 2012; Krenn et al., 2012). These interactions may, however, not be required 
for BUB1/BUBR1 kinetochore localization (Krenn et al., 2012), and the KI motifs are not 
apparent in non-vertebrate eukaryotic KNL1 homologs (Vleugel et al., 2012). In contrast, 
kinetochore binding of at least BUB1 relies on MPS1-mediated phosphorylation of the 
threonine within MELT-like sequences of KNL1 in humans and yeasts (Shepperd et al., 2012; 
London et al., 2012; Yamagishi et al., 2012). Such MELT-like sequences can be identified in 
numerous KNL1 homologs (Vleugel et al., 2012).
 In this study, we set out to investigate the mode of BUB recruitment to kinetochores, 
and show that KNL1 is an assembly of previously unrecognized repeating modules. These 
modules operate in a generic fashion to recruit sufficient BUB proteins to kinetochores to 
ensure high-fidelity chromosome segregation.
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Results

The N-terminal MDLT-KI module in KNL1 independently recruits BUB-proteins
BUB1 and BUBR1 directly bind to KI motifs (KI1 and KI2) that are located near the N-terminus 
of KNL1 (Kiyomitsu et al., 2011; Bolanos-Garcia et al., 2012; Krenn et al., 2012). Their 
localization to kinetochores additionally requires MPS1-dependent phosphorylation of 
MELT-like sequences (Shepperd et al., 2012; London et al., 2012; Yamagishi et al., 2012), 
although it is unknown which of these sequences are phosphorylated and which ones are 
important for BUB recruitment and KNL1 function. Since one such MELT-like sequence 
(MDLT) is located close to the two KI motifs, we examined whether the N-terminal region (1-
261) of KNL1 encompassing MDLT-KI1-KI2 is sufficient to bind BUB1 and BUBR1. To this end, 
the KNL1 fragment was fused to LacI and tethered to an ectopic Lac operator (LacO) array 
that is stably integrated in the short arm of chromosome 1, distant to the centromere (1p36) 
in U2OS cells (Janicki et al., 2004) (Supplemental Figure 1a). LacI-LAP-KNL11-261 recruited 
endogenous BUB1 and BUBR1 to the LacO array in mitotic cells. (Figure 1a, Supplemental 
Figure 1b). This required the MDLT and KI1 sequences, since mutation of these motifs (MDLT 
to MDLA [KNL1MDLT] or KIDTTSF to KIDATSA [KNL1KI1] (Krenn et al., 2012)) prevented both 
BUBs from localizing to the LacO-array (Figure 1a, Supplemental Figure 1b). In addition, 
BUBR1 but not BUB1 localization was also lost after mutating the KI2 motif (KIDFNDF to 
KIDANDA [KNL1KI2]) (Bolanos-Garcia et al., 2012; Krenn et al., 2012). Thus, at least in the 
context of the ectopic KNL1 fragment, BUBR1 recruitment to KNL1 is dependent on all three 
motifs (Figure 1a, Supplemental Figure 1b). 

The N-terminal MDLT-KI module in KNL1 is sufficient to support SAC activity but not 
chromosome biorientation
To next assess the contribution of the N-terminal module to KNL1’s function in the SAC and 
chromosome biorientation, we generated a LAP-tagged KNL1 variant in which this region 
was directly fused to the C-terminal kinetochore localization domain of KNL1 (aa 1834-2342: 
generating KNL1-NC) (Supplemental Figure 1c). This ensured maintenance of proper KMN 
network integrity, KNL1 position on the outer kinetochore, and Zwint-1 and HP1 kinetochore 
localization (Kiyomitsu et al., 2007; Petrovic et al., 2010). Full-length (KNL1-FL) and the 
C-terminal domain of KNL1 (KNL1-C) were used as controls. To ensure comparable genetic 
background and expression levels, siRNA-resistant KNL1 variants were expressed from a 
doxycycline-inducible promoter at a single integration site in HeLa cells (Klebig et al., 2009). 
All KNL1 variants efficiently incorporated into the outer-kinetochore to similar levels, as 
judged by immunofluorescence (Figure 1b-d). Functionality of these proteins was assayed by 
their ability to restore KNL1 function upon siRNA-mediated depletion of endogenous KNL1. 
Depletion of KNL1 removed BUB1 and BUBR1 from kinetochores (Figure 1b-d), and this was 
restored by expression of KNL1-FL and weakly by KNL1-NC, but not by KNL1-C (Figure 1b-d). 
In support of this, comparative proteomics analysis of LAP-KNL1 pulldowns showed strong 
reduction in BUB co-precipitation with KNL1-NC compared to KNL1-FL (Supplemental Figure 
1d). The observation that KMN network members were present in roughly equal amounts in 
both pulldowns, and that MPS1 kinetochore localization was similar in cells expressing the 
KNL1 variants, further verified that KMN network integrity was unaffected in the various cell 
lines (Supplemental Figure 1d-f) (Nijenhuis et al., 2013). 
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 KNL1 depletion severely weakened the SAC: Nocodazole-treated cells depleted of 
KNL1 rapidly exited mitosis when MPS1 kinase activity was slightly reduced with a low dose 
of reversine (250 nM) (Saurin et al., 2011; Santaguida et al., 2011), whereas control cells 
maintained mitotic delays for many hours (Figure 2a, Supplemental Figure 2a). Incomplete 
penetrance of RNAi or a non-essential role for KNL1 in the SAC can account for the residual 
weak SAC response in KNL1-depleted cells (Supplemental Figure 2b), and we were unable 
to distinguish between these possibilities since no residual kinetochore KNL1 or BUB1/
BUBR1 was detectable in siKNL cells. Regardless, the high sensitivity of nocodazole-treated, 
KNL1-depleted cells to low concentrations of reversine allowed us to examine functionality 
of KNL1 variants in the SAC. Somewhat unexpectedly, KNL1-NC was equally efficient as 
KNL1-FL in restoring SAC signaling to KNL-depleted cells (Figure 2a). In agreement with 
this, KNL1-NC was able to recruit significantly more MAD1 to kinetochores than KNL1-C 
(Supplemental Figure 1g/h). Checkpoint activity of KNL1-NC depended on the MDLT and 
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Figure 1. The N-terminal MDLT-KI module in KNL1 independently recruits BUB proteins
(A) Immunolocalisation of BUB1 (left panels, red) and BUBR1 (right panels, red) in LacI-LAP-KNL11-261-
transfected, nocodazole-treated U2OS-LacO cells. LacI-LAP-KNL11-261 is shown in green and DNA (DAPI) 
is in blue. Inserts show magnifications of the boxed regions. KNL1KI1 denotes LacI-LAP-KNL11-261 in which 
KIDTTSF is mutated to KIDATSA, KNL1KI2 is KIDFNDF mutated to KIDANDA and KNL1MDLT mutated is 
MDLT to MDLA. Bars: 5 µm and 0.5 µm (inserts). (B-D) Representative images (B/C) and quantification 
(D) of LAP-KNL1-expressing Flp-in HeLa cells transfected with siRNAs to luciferase (siLUC) or to KNL1 
(siKNL1) and treated with nocodazole. LAP-KNL1 is shown in green, BUB proteins in red, centromeres 
(CREST) in blue and DNA (DAPI) in white. Bars, 5 µm. Quantification in D shows total kinetochore signal 
intensity (+SD) of LAP-KNL1 and BUB proteins over CREST. Data are from >15 cells and representative 
of 3 experiments. Levels of kinetochore BUBs in control cells and of kinetochore LAP-KNL1 in KNL1-FL-
expressing cells are set to 1.
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KI motifs (Supplemental Figure 2c), indicating that KNL1-NC was able to recruit sufficient 
amounts of BUB proteins to perform SAC signaling. In support of this, SAC activity in KNL1-
NC- but not KNL1-FL-expressing cells was highly sensitive to BUB1 levels (Figure 2b), and 
weak but detectable H2A-Thr120 phosphorylation (a mark that depends on BUB1 activity 
(Kawashima et al., 2009)) was restored on centromeric chromatin by KNL1-NC (Figure 2c). 
We thus conclude that KNL1-NC can support robust SAC function by recruiting low levels of 
BUB proteins to kinetochores. 
 Two observations indicated that unlike the SAC, chromosome biorientation was 
not efficiently restored in cells expressing KNL1-NC. First, KNL1-NC was unable to support 
chromosome alignment in cells that were prevented from exiting mitosis by addition of the 
proteasome inhibitor MG132 (Figure 2d). Second, KNL1-NC expression caused long mitotic 
delays, likely due to absence of proper kinetochore-microtubule attachment that prevents 
SAC silencing (Figure 2e, Supplemental Figure 2d/e). 
 Together, these data indicate that the N-terminal MDLT-KI1-KI2 motifs in KNL1 
function as an independent module that is capable of activating the SAC by recruiting low 
BUB levels to kinetochores, but is insufficient for proper chromosome biorientation.

KNL1 contains multiple independent BUB-recruitment modules 
Our analyses of KNL-NC function showed that the N-terminal MDLT-KI1-KI2 fragment of KNL1 
recruited low amounts of BUB1 to kinetochores but was sufficient to maintain a robust SAC. 
To examine if the N-terminal fragment was also required for full-length KNL1 to promote SAC 
activity, we analyzed function of KNL1 carrying mutations in this fragment. BUB1 localization 
as well as SAC activity were indistinguishable in KNL1-depleted cells expressing KNL1 with 
mutations in the MDLT or KI motifs (KNL1-FLMDLA or KNL1-FLKI1) or lacking the module 
altogether (KNL1∆261) (Supplemental Figure 2f/g). In addition, cells expressing full-length 
KNL1 with mutations in either of the KI motifs (KNL1-FLKI1 or KNL1-FLKI2) restored chromosome 
alignment as efficiently as wild-type KNL1 and progressed through an unperturbed mitosis 
with similar kinetics, even in a sensitized situation (Supplemental Figure 2h-j) (Kiyomitsu et 
al., 2007; Kiyomitsu et al., 2011). We thus conclude that, although able to bind BUBs (Figure 
1a) and support SAC activity (Figure 2a), the N-terminal KI-containing module is dispensable 
for KNL1 function, at least in our assays. Most likely therefore, KNL1 can recruit BUBs by 
alternative means. 
 To test whether additional regions in KNL1 could also function as independent 
BUB-recruitment modules, we analyzed the ability of various KNL1 fragments to recruit 
BUBs to LacO arrays. Like LacI-LAP-KNL170-261, the LacI-LAP fusions of KNL1262-817, KNL1818-

1051 and KNL11052-1292 were sufficient to recruit BUB1 to the LacO-array, whereas LacI-LAP, 
LacI-LAP-KNL11293-1833 and LacI-LAP-KNL1-C were not (Figure 3a/b, Supplemental Figure 
3b). Interestingly, LacI-LAP-KNL170-261 was the only fragment that could recruit detectable 
amounts of BUBR1 to the LacO array (Supplemental Figure 3a/b). Using the repeat-finding 
algorithm MEME (Bailey et al., 2009), we noticed that KNL1 consists of 19 repeating 
modules that include but are not limited to MELT-like sequences (Figure 3a-c). MELT-like 
sequences, when phosphorylated by MPS1, are thought to participate in BUB-recruitment to 
unattached kinetochores (Shepperd et al., 2012; London et al., 2012; Yamagishi et al., 2012). 
The repeating modules uncovered by MEME consist of a MELT-like sequence flanked on the 
C-terminal side by SHT and on the N-terminal side by the sequence TΦΦΩ[ST][DE] (where 
Φ denotes a hydrophobic residue and Ω denotes F or Y) which we will refer to as ‘TΩ’ motifs 
(Figure 3d). Although overall quite different in sequence, the TΩ motifs have resemblance 
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to KI1, in which the threonine and phenylalanine in the TxxF sequence (KIDTTSFLA) directly 
interact with BUB1 and are indispensible for KNL1-BUB1 interaction (Krenn et al., 2012). For 
convenience, we will refer to these repeating modules as ‘TΩ-MELT’. Ten modules adhere 
closely to the TΩ-MELT sequence (1, 4, 6, 8, 12-14, 16-18), while the remaining nine deviate 
to some degree in either the TΩ, the MELT or both motifs (Figure 3c). 

B

C D

A

CREST DAPIMERGEpH2a

KNL1-FL

KNL1-NC

KNL1-C

E

Chromosome Alignment

Nocodazole + Reversine (250nM)Nocodazole + Reversine (250nM)

Vleugel et al., Figure 2
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Figure 2. The N-terminal MDLT-KI module in KNL1 is sufficient to support SAC activity but not 
chromosome biorientation
(A) Time-lapse analysis of Flp-in HeLa cells expressing LAP-KNL1 variants, transfected with siLUC 
or siKNL1, and treated with nocodazole and 250 nM reversine. Data (n=40 representative of three 
independent experiments) indicate cumulative fraction of cells that exit from mitosis (as scored by 
cell morphology using DIC) at the indicated time after NEB. (B) As in (A), but with transfection of the 
indicated siRNAs. (C) Immunostaining and quantification of centromeric H2A-Thr120 phosphorylation 
in Flp-in HeLa cells expressing LAP-KNL1 variants and transfected with siLUC or siKNL1. pH2A-Thr120 
is shown in green, centromeres (CREST) in red and DNA (DAPI) in blue. Bars, 5 µm. pH2A-Thr120 is 
quantified over CREST (n=10 representative of three independent experiments). (D) Immunostaining 
and quantification of chromosome alignment in Flp-in HeLa cells expressing LAP-KNL1 variants, 
transfected with siLUC or siKNL1, and treated with MG132 for 45 minutes. Tubulin in shown in green, 
centromeres (CREST) in red and DNA (DAPI) in blue. Bars, 5 µm. The data shown are from a single 
representative experiment out of three repeats. For the experiment shown, n=50. (E) Time-lapse 
analysis of Flp-in HeLa cells expressing LAP-KNL1 variants and transfected with siLUC or siKNL1. Data 
(n=40 representative of three independent experiments) indicate cumulative fraction of cells that exit 
from mitosis at the indicated time after NEB (as scored by GFP-H2B).
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 To study functionality of the TΩ-MELT motifs, we analyzed their contribution to 
the ability of the KNL1818-1051 fragment to recruit BUB1. This fragment contains three TΩ-
MELT repeat modules, and will be referred to as the M3 fragment. A mutated version of this 
fragment, in which four amino acids in each TΩ-MELT module were substituted for alanine 
(TΩ-MELT to AA-AELA), will be referred to as A3. BUB1 recruitment to LacI-KNL1818-1051 

depended on TΩ-MELT motifs, as the A3 fragment was unable to localize BUB1 to the LacO 
arrays (Figure 3e, Supplemental Figure 3c/d). Furthermore, the TΩ and the MELT motifs 
were each indispensible for the ability of the LacI-KNL1818-1051 to recruit BUB1, since mutating 
either TΩ or MELT abolished BUB1 localization (Figure 3e, Supplemental Figure 3c/d). The 
TΩ-motif was also critical for the N-terminal module that uniquely contains KI1 and KI2 
(Supplemental Figure 3e/f).
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Figure 3. KNL1 contains multiple independent BUB-recruitment modules 
(A) Schematic representation of KNL1 showing the microtubule- and PP1-binding domain in green and 
the kinetochore recruitment domain in orange. KI1 and KI2 motifs are shown as green bars, MELT-like 
sequences in red, and TΩ-like sequences in blue. Dashed lines indicate the generated LacI-LAP-KNL1 
fragments used in (B). (B) Immunolocalisation of BUB1 (red) in nocodazole-treated U2OS-LacO cells 
transfected with LacI-LAP-KNL1-fragments. LacI-LAP-KNL1-fragments are shown in green, centromeres 
(CREST) in blue and DNA (DAPI) in white. Inserts show magnifications of the boxed regions. Bars, 5 µm 
and 0.5 µm (inserts). Table indicates the ability (- or +) to recruit BUB1 and BUBR1 by the indicated 
KNL1 fragments  (see also Supplemental Figure 3a/b). (C) Alignment of identified TΩ-MELT modules 
showing conserved (green/purple/red/blue) and atypical (orange/yellow) amino acids. (D) Sequence 
logo of the 19 TΩ-MELT units. (E) As in (B), but with LacI-LAP-KNL1818-1051 (M3) or mutant variants 
thereof. These variants are:  M3-T

AΩA (TxxΩ to AxxA), M3-MELTA (MELT to MELA) and A3 (TxxΩ-MELT to 
AxxA-AELA), as shown in Supplemental Figure 3c).
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Engineered KNL1 proteins reveal differential requirements for TΩ-MELT modules in the 
SAC and chromosome biorientation 
Our observations that the N-terminal module is sufficient but not required for the SAC, that 
this module is insufficient for proper chromosome biorientation, and that other modules in 
KNL1 highly resemble this N-terminal module raised the question whether there is functional 
redundancy between modules or whether some modules have specialized. To examine 
this, we generated a KNL1 protein devoid of all TΩ-MELT-like modules but containing the 
N-terminal-most 86 amino acids (responsible for microtubule and PP1 binding) fused to 
KNL1-C (Kiyomitsu et al., 2007; Welburn et al., 2010; Liu et al., 2010). Into this protein, 
named KNL1∆, we inserted one or two of the M3  fragments to create KNL1∆-M3 and KNL1∆-
M3-M3, respectively (Figure 4a). A3 fragments were used as control, as well as combinations 
of M3 and A3 fragments, giving rise to KNL1∆-A3, KNL1∆-A3-A3, KNL1∆-A3-M3 and KNL1∆-M3-A3 
(Figure 3e, Figure 4a/d). Isogenic cell lines with inducible expression of these engineered 
KNL proteins were generated and analyzed for functionality of various processes upon 
depletion of endogenous KNL1. Strikingly, the amount of BUB1 detectable at unattached 
kinetochores followed the amount of repeat modules present in KNL1: a single module 
(KNL1-NC) recruited low amounts of BUB1, one block of three modules (KNL1∆-M3) recruited 
approximately threefold more BUB1, and two blocks totaling six modules (KNL1∆-M3-M3) 
doubled that to close to the levels observed in KNL-FL reconstituted cells (Figure 4b/c). 
Absence of any module (KNL1∆ or KNL1∆-A3-A3) eliminated BUB1 kinetochore binding. These 
data are indicative of a direct correlation between the number of functional TΩ-MELT 
modules and the amount of BUB1 protein at mitotic kinetochores. Interestingly, although 
BUBR1 did not interact with amino acids 818-1051 in KNL1 in the context of the LacO array 
(Supplemental Figure 3a/b), KNL1∆-M3-M3 was able to recruit BUBR1 to kinetochores 
(Supplemental Figure 4a/b). This suggested that the majority of BUBR1 is recruited to KNL1 
indirectly through interaction with KNL1-bound BUB1.
 All KNL1 variants that contained at least one M3 fragment (M3, M3-M3, A3-M3 and 
M3-A3) were proficient in recruiting MAD1 and supporting the SAC (Supplemental Figure 
1g/h and Figure 4e). Since SAC activity was also supported by a single module in the context 
of the N-terminal fragment (KNL1-NC, see Figure 2a), we next examined whether any single 
module could support the SAC. To this end, one TΩ-MELT module was restored in KNL1∆-
A3-A3, creating the KNL1∆-A3-AMA protein (Figure 4d). Although able to recruit low levels of 
kinetochore BUB1 and promote partial H2A-T120 phosphorylation (Supplemental Figure 4c-
e), KNL1∆-A3-AMA could not recover SAC activity (Figure 4e). We thus conclude that a single 
module recruits sufficient BUB1 for SAC activation only in the context of the N-terminal 
fragment, while more than one is needed in the context of other KNL1 fragments.
 The N-terminal BUB-recruitment module is unique in two ways: it is close to 
the PP1- and microtubule-binding site on KNL1, and it contains the KI-motifs that in the 
context of KNL1-NC significantly contribute to BUB-recruitment and SAC activity (Figure 1a, 
Supplemental Figure 2c). To examine if either of these is the cause of the difference in ability 
of KNL1-NC and KNL1∆-A3-AMA to support SAC activity, we placed KI1 and KI2 downstream 
of the TΩ-MELT module in KNL1∆-A3-AMA (resulting in KNL1∆-A3-AM-KI1-KI2, see Figure 4d). 
Strikingly, adding KI1 and KI2 to KNL1∆-A3-AMA endowed the protein with SAC function 
(Figure 4f) and this correlated with a slight increase in kinetochore BUB1 to close to the 
levels attained by KNL1-NC (Supplemental Figure 4f/g). These data therefore indicate that 
the KI motifs enhance BUB-recruitment potential of individual TΩ-MELT modules, and as 
such allow the N-terminal module to be sufficient for SAC function. 
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 Time-lapse imaging of mitotic progression in the different cell lines showed that 
increasing amounts of repeat modules gradually decreased the time from NEB to metaphase 
(Figure 4g). This corresponded to increased efficiency of chromosome alignment, as assayed 
in fixed MG132 treated mitotic cells (Figure 4h). Directly in line with BUB1 levels, three 
modules were more efficient than one, while six modules were more efficient than three. 
In fact, cells expressing KNL1∆-M3-M3 were almost as efficient in chromosome alignment as 
control cells or cells expressing KNL1-FL and displayed comparable mitotic timing (Figure 
4g/h). High fidelity chromosome segregation in human cells therefore requires between 
four and six TΩ-MELT modules that combine to recruit sufficient BUBs. 

Functional TΩ-MELT modules in KNL1 are redundant and exchangeable
Our observations with the engineered KNL1 proteins suggested that the modules within the 
M3 fragment may be redundant and that their functionality in SAC activity is independent 
of exact position in relation to the kinetochore or to the microtubule and PP1 binding 
sites. This raised the possibility that redundancy is relatively widespread across the 19 
identified repeat modules. To examine this, we designed artificial fragments, based on 
existing TΩ-MELT modules, and tested their functionality in the context of KNL1∆. We 
swapped module 12, 13 and 14 within the M3 fragment for either module 2 or module 
17 to create KNL1∆-23-23 or KNL1∆-173-173, respectively (Figure 3c, Figure 5a) We chose 
module 17 because its sequence adheres closely to the ‘consensus’ TΩ-MELT module 
sequence (TILYSCGQDDMEITRSHTTAL), and module 2 was chosen because its sequence 
deviates from that consensus (TRLFREKDDGMNFTQCHTANI) but maintains the TxxΩ and 
MxxT characteristics (Figure 3c/d, Figure 5a). KNL1∆-173-173 fully restored BUB localization, 
chromosome alignment, and SAC activity in KNL1-depleted cells (Figure 5b-e, Supplemental 
Figure 5a). Interestingly, KNL1∆-23-23 could not support chromosome alignment and SAC 
activity, which correlated with low levels of BUB1/BUBR1 recruitment to kinetochores and 

Figure 4. Engineered KNL1 proteins reveal differential requirements for TΩ-MELT modules in the SAC 
and chromosome biorientation 
(A) Schematic representation of synthetic LAP-KNL1 constructs, showing the microtubule- and PP1-
binding domain in green and the kinetochore recruitment domain in orange. KI1 and KI2 motifs are 
shown as green bars, MELT-like sequences in blue, and TxxΩ-like sequences in red. See main text 
for details about constructs. (B/C) Representative images (B) and quantification (C) of LAP-KNL1-
expressing Flp-in HeLa cells transfected with siRNAs to luciferas (siLUC) or to KNL1 (siKNL1) and treated 
with nocodazole. LAP-KNL1 is shown in green, BUB1 in red, centromeres (CREST) in blue and DNA 
(DAPI) in white. Bars, 5 µm. Quantification in C shows total kinetochore signal intensity (+SD) of LAP-
KNL1 and BUB proteins over CREST. Data are from >15 cells and representative of 3 experiments. 
Levels of kinetochore BUBs in control cells and of kinetochore LAP-KNL1 in KNL1-FL-expressing cells 
are set to 1. (D) Schematic as in (A), see main text for details about constructs. (E) Time-lapse analysis 
of Flp-in HeLa cells expressing LAP-KNL1 variants, transfected with siLUC or siKNL1, and treated with 
nocodazole and 250 nM reversine. Data (n=40 representative of three independent experiments) 
indicate cumulative fraction of cells that exit from mitosis (as scored by cell morphology using DIC) 
at the indicated time after NEB. (F) As in (E) with the indicated constructs. (G) Time-lapse analysis 
of Flp-in HeLa cells expressing LAP-KNL1 variants and transfected with siLUC or siKNL1. Data (n=40 
representative of three independent experiments) indicate cumulative fraction of cells that exit from 
mitosis at the indicated time after NEB (as scored by GFP-H2B). (H) Quantification of chromosome 
alignment in Flp-in HeLa cells expressing LAP-KNL1 variants, transfected with siLUC or siKNL1, and 
treated with MG132 for 45 minutes. The data shown are from a single representative experiment out 
of three repeats. For the experiment shown, n=40.
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incomplete restoration of centromeric pH2A-T120 (Figure 5b-e, Supplemental Figure 5b). 
We therefore conclude that neither chromosome biorientation nor the SAC relies on any 
specific TΩ-MELT module but that both processes require any combination of modules 
that can recruit sufficient BUB1. We thus propose that different TΩ-MELT modules have 
redundant functions and that any array of functional modules that can recruit sufficient 
BUB1 will promote high fidelity chromosome segregation. 
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Figure 5. TΩ-MELT modules in KNL1 are redundant and exchangeable
(A) Schematic representation of synthetic LAP-KNL1 constructs. For color-codes, see Figure 4a, see 
main text for details about constructs. (B-C) Representative images (B) and quantification (C) of LAP-
KNL1-expressing Flp-in HeLa cells transfected with siRNAs to luciferase (siLUC) or to KNL1 (siKNL1) and 
treated with nocodazole. LAP-KNL1 is shown in green, BUB1 in red, centromeres (CREST) in blue and 
DNA (DAPI) in white. Bars, 5 µm. Quantification in C shows total kinetochore signal intensity (+SD) of 
LAP-KNL1 and BUB proteins over CREST. Data are from >15 cells and representative of 3 experiments. 
Levels of kinetochore BUBs in control cells and of kinetochore LAP-KNL1 in KNL1-FL-expressing cells 
are set to 1. (D) Quantification of chromosome alignment in Flp-in HeLa cells expressing LAP-KNL1 
variants, transfected with siLUC or siKNL1, and treated with MG132 for 45 minutes. The data shown 
are from a single representative experiment out of three repeats. For the experiment shown, n=40. (E) 
Time-lapse analysis of Flp-in HeLa cells expressing LAP-KNL1 variants, transfected with siLUC or siKNL1, 
and treated with nocodazole and 250 nM reversine. Data (n=40 representative of three independent 
experiments) indicate cumulative fraction of cells that exit from mitosis (as scored by cell morphology 
using DIC) at the indicated time after NEB.
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Extensive divergence in sequence and amount of repeat modules in eukaryotic KNL1 
homologs
Our findings suggest that human KNL1 has evolved by extensive duplications of the TΩ-MELT 
modules, possibly followed by degeneration of a number of these sequences. Furthermore, 
our recent analysis of selected eukaryotic KNL1 homologs (Vleugel et al., 2012) showed 
that the amount of MELT-like sequences varies quite extensively from species to species. 
To examine if repeating modules exist in these and other KNL1-like sequences, we applied 
MEME on predicted KNL1 homologs from 15 species across three supergroups of eukaryotic 
evolution (Figure 6a). Predicted homologs were identified by similarity in the C-terminal 
coiled-coil region and homology was further strengthened by the presence of an N-terminal 
PP1-binding RVSF motif. Interestingly, all homologs contained repeating modules, but 
they diverged extensively in sequence and number. The methionine of the MELT motif is 
conserved in most species, but the “LT” sequence is often replaced by additional negative 
charges. A striking example of this are the Drosophilids in which the repeating module 
is based around a MEED-like sequence (Figure 6a) (Schittenhelm et al., 2009). TΩ-like 
sequences were apparent in KNL1 homologs of B. floridae, and C. gigas, but MELT-like 
sequences of most other organisms were complemented with different motifs. In some 
species (N. vectensis, T. trahens), KNL1 homologs contained two different type of repeating 
modules. We conclude that KNL1 is a rapidly evolving protein, with extensive variations in 
the number and sequence of repeating modules across different eukaryotic KNL1 homologs.

Discussion

An extensive array of generic BUB-recruitment modules in KNL1 
Our data demonstrate that KNL1 is a scaffold that contains multiple independent and 
redundant repeating modules, which together ensure recruitment of sufficient amounts of 
BUB proteins to kinetochores (Figure 6b). The ability of KNL1 to recruit BUB proteins and 
ensure efficient chromosome alignment is independent of protein length, of localization of 
the recruitment modules within KNL1, and of any particular module per se: KNL1 function 
is maintained when only two copies of modules 12-13-14 or six copies of module 17 are 
present. Moreover, compared to the SAC, more modules seem required for chromosome 
alignment, and the efficiency of chromosome alignment directly follows the amount of 
functional modules present in KNL1, suggesting that the modules act in an additive fashion 
(Figure 6b).  
 Mutational analysis of the N-terminal module shows that the TxxΩ motif that we 
identified as part of the repeating module is critical for BUB recruitment. Previous structural 
work has shown direct interactions between the TPR domain of BUB1 and the TxxF 
sequence in the KI1 motif of KNL1 (Krenn et al., 2012). Considering that there is only one 
potential TxxF-interaction groove within the TPR domain of BUB1, we hypothesize that one 
functional TΩ-MELT module is capable of recruiting one BUB1 molecule. The contribution 
of the MELT-like sequences is unclear, but may involve the BUB1 interacting protein BUB3. 
BUB3 is indispensible for BUB1 kinetochore binding (Taylor et al., 1998) and the affinity of S. 
pombe BUB1-BUB3 complexes for phospho-MELT sequences in vitro is higher than for either 
protein alone (Yamagishi et al., 2012). 
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Figure 6. TΩ-MELT module evoluti on and model 
(A) Schemati c representati on of eukaryoti c tree of life showing KNL1 homologs from indicated species. 
Repeati ng units are shown in blue and red with the number of repeats in corresponding colors. Repeat 
sequences are shown as sequence logo’s. (B) Model for TΩ-MELT functi on in human KNL1. Conserved 
(dark blue) and degenerated (light blue) TΩ-MELT modules (essenti al amino acids in red) in KNL1 can 
independently recruit BUB protein complexes (BUBs) to promote H2A-Thr120 phosphorylati on and 
SAC acti vity (few modules, low BUB levels) and chromosome biorientati on (increasing fi delity with 
increasing modules and BUB levels).
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 Unlike BUB1, all LacO-targeted KNL1 fragments except for KNL170-261 failed to recruit 
BUBR1. This may be related to a difference by which the BUBs interact with KNL1. While the 
TxxF motif in KI1 is critical for interaction with BUB1, a similarly positioned FxxF motif in KI2 
is critical for interaction with BUBR1, and neither motif can substitute for loss of the other. 
The repeating modules present in the KNL1 fragments all contain TxxΩ or variants thereof, 
but never an aromatic residue in the T position. Interestingly, however, a KNL1 fragment that 
was unable to recruit BUBR1 to LacO arrays was able to recruit BUBR1 to kinetochores. In 
fact, KNL1∆-M3-M3 restored BUBR1 kinetochore levels to the same extent as KNL1-FL. BUBR1 
binding to KNL1 under these conditions is therefore likely indirect and requires one or more 
kinetochore-localized proteins or activities. Since BUB1 is normally indispensable for BUBR1 
localization (Johnson et al., 2004; Klebig et al., 2009) and KI2 is not (this study), and since 
mutations in the TΩ-MELT motifs abolished BUBR1 localization, we hypothesize that the 
predominant mode of BUBR1 kinetochore binding is indirect via TΩ-MELT-mediated KNL1-
BUB1 interaction, aided by an unidentified kinetochore-localized activity. 
 In contrast to the TΩ-MELT modules, the role of the N-terminal KI1 and KI2 modules 
in KNL1 function is unclear. Our recent bioinformatics analysis has indicated that the KI-
motifs are a recent invention of the verebrate lineage (Vleugel et al., 2012). Furthermore, 
the interaction of KI1 with the TPR domain of BUB1 is dispensable for BUB1 recruitment to 
kinetochores (Krenn et al., 2012), and we show here that in the context of the full-length 
protein and with our assays, KI1 and KI2 are not required for SAC activity, chromosome 
alignment and mitotic progression. These observations raise the question what the 
functionality of the KI motifs is. Both within the N-terminal module and the synthetic KNL1∆-
A3-AM-KI1-KI2 construct, the KI-motifs enhance BUB-recruitment potential of the TΩ-MELT 
motifs to levels that support SAC activity. It is therefore likely that the KI motifs contribute to 
some extent to the BUB-recruitment ability of full-length KNL1. This may become beneficial 
under conditions that require maximal BUB levels at kinetochores. 

TΩ-MELT module function 
KNL1∆-173-173 and KNL1∆-M3-M3 contain six recruitment modules, yet were able to recruited 
roughly the same amount of BUB1 to kinetochores as KNL1-FL with its 19 modules. One 
possible explanation for why KNL1-FL does not recruit more BUB1 is that not all modules are 
functional in KNL1-FL. Consistent with this, our analysis of KNL1∆-23-23 showed that module 
2 is less capable of binding BUB1 than modules 12, 13, 14 and 17. Module 2 contains the 
motif TF-MNFT with relatively significant substitutions within the MELT-lik motif. Besides 
module 2, modules 3, 5, 7, 9, 10, 11, 15 and 19, and to a lesser extent module 8, have 
alterations in either the TΩ and/or the MELT-like motifs, possibly rendering them less or not 
functional. In addition to sequence, phosphorylation of the motifs also likely contributes to 
BUB-binding affinity. Some TΩ- (16/18) and MELT-like (12/15/16/17/18) sequences can be 
phosphorylated by MPS1 in vitro (Yamagishi et al., 2012) and one was found phosphorylated 
in mitotic cells (7 -MDIpTKSHpT) (Hegemann et al., 2011). A KNL1-8A mutant in which all the 
in vitro phosphorylation sites were mutated to alanine reduced BUB1 kinetochore localization 
by ~50% (Yamagishi et al., 2012), showing that TΩ-MELT phosphorylation enhances BUB-
recruitment. Non-phosphorylatable TΩ- (11/15/19) and MELT-like (9/10) sequences are 
therefore likely to be less functional than phosphorylatable ones. This additionally raises 
the question how many functional modules are phosphorylated at any given moment on 
one KNL1 molecule on an unattached kinetochore. It is conceivable that expanding the 
amount of functional modules simply increases the chance that a certain, small number of 
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modules is phosphorylated at steady state, and that the actual amount of KNL1-bound BUBs 
required for K-MT attachment and the SAC is lower than the amount of modules that we 
have engineered into KNL1. A systematic biochemical survey of TΩ-MELT functionality and 
phosphorylation, combined with cell-biological analyses will be required to elucidate which 
TΩ-MELT modules are functional and how they contribute to BUB recruitment. 
 
TΩ-MELT module evolution
Our present and past (Vleugel et al., 2012) surveys of eukaryotic homologs of KNL1 have 
revealed striking differences between species. Most homologs contain an array of repeating 
modules that is unique to KNL1, but the number and sequence of those modules varies 
quite extensively. It will be interesting to examine whether BUB-KNL1 interactions in 
different species require the species-specific repeat module characteristics, or whether 
these additional motifs contribute to other, unknown module functionality. More in-depth 
analysis has provided evidence of rapid evolution of the modules in eukaryotes (ET, BS and 
GJPLK: manuscript in preparation). This, combined with the conserved roles for BUBs in 
chromosome segregation and our demonstration that the modules in human KNL1 are 
generic in nature may thus indicate that the extensive species-specific differences in module 
sequence may not affect BUB binding per se, but may reflect other evolutionary important 
roles for the modules. Assaying function in human cells of KNL1 containing modules of other 
species might start to provide some answers to these questions. 
 Besides sequence, the number of modules per KNL1 homolog also differ strongly. 
Green algae like V. carteri have KNL1 homologs with only a few modules while those of species 
like D. melanogaster and X. tropicalis have more than 20 (Figure 6a) (Vleugel et al., 2012). 
Possibly, the amount of modules correlates with the amount of BUB signaling required for 
high fidelity chromosome segregation. Phosphorylation of H2A-T120 is significantly restored 
with a single module in human cells, and this role of BUB1 in chromosome segregation is 
conserved also in more primitive species (Kawashima et al., 2009). Perhaps therefore, H2A 
phosphorylation and SAC activity require only one or a few modules and this allows more 
primitive species to survive with few modules in KNL1. More challenging requirements in 
mitosis for the more complex organisms (for instance, expanding complexity of kinetochores 
and increasing numbers of microtubules bound per kinetochore) may thus have spurred 
multiplication of modules to enable recruitment of more BUBs to kinetochores. An exciting 
possibility therefore is that altering BUB signaling by module expansion and degeneration 
during evolution is a relatively facile mechanism for adapting the chromosome segregation 
machinery to changing requirements during mitosis. 

Materials and Methods

Plasmids
pCDNA5-LAP-KNL1-FL  encodes full length, N-terminally LAP-tagged and siRNA-resistant 
wild-type KNL1 (modified codons 258 and 259) and was created by digestion of pEYFP-
LAP-KNL1-FL (a gift from I. Cheeseman) with XhoI and HpaI to isolate the full length KNL1 
cassette, which was ligated into the XhoI and PmeI sites of pCDNA5/FRT/TO (Invitrogen). An 
N-terminal LAP-tag was introduced by subcloning the LAP-tag cassette from pCDNA3-LAP-
MPS1Δ200 (Nijenhuis et al., 2013) into the KpnI and XhoI sites of the resulting plasmid. KNL1-
NC was generated by PCR and subcloning of KNL1-C (aa 1833-2342, using Xho1/BamH1) 
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and KNL1-N (aa 1-261, using Xho1/Xho1) and subsequent ligation into pCDNA5/FRT/TO-
LAP. LacI-KNL1 fragments were generated by PCR and cloned into pLacI-LAP. MELT-block aa 
818-1051 and aa 1052-1228 and corresponding variants were synthesized by GenScript and 
cloned into the Xho1 site of KNL1Δ (GenScript) using Sal1 and Xho1. Additional blocks were 
inserted in the Xho1 site of KNL1-NM/A3C. 

Cell Culture and transfection
U2OS LacO cells (a gift from S. Janicki) were grown in DMEM supplemented with 8% FBS 
(Clontech), hygromycin (200 µg/ml), pen/strep (50 μg/ml) and L-glutamine (2 mM). HeLa 
Flp-in cells were grown in 8% Tet-approved FBS (Clontech) supplemented with hygromycin 
(200 µg/ml) and blasticidin (4 µg/ml). Plasmids were transfected using Fugene HD (Roche) 
according to the manufacturer’s instructions. To generate stably-integrated HeLa Flp-
In cells, pCDNA5-constructs were co-transfected with Ogg44 recombinase in a 10:1 ratio 
(Klebig et al., 2009). Constructs were expressed by addition of 1 µg/ml doxycyclin for 24h. 
siKNL1 (CASC5#5; Dharmacon/J-015673-05; 5’-GCAUGUAUCUCUUAAGGAA-3’) and siBUB1 
(5’-GAAUGUAAGCGUUCACGAA-3’) were transfected using Hiperfect (Qiagen) at 20 nM for 2 
days according to manufacturer’s instructions. 

Live cell imaging
For live cell imaging experiments, cells were transfected with 20 nM siRNA for 24 hrs, after 
which cells were arrested in early S-phase for 24 hrs by addition of thymidine (2 mM) and 
expression was induced by addition of 1 µg/ml doxycyclin. Subsequently, cells were released 
from thymidine for 8-10 hrs and arrested in prometaphase by the addition of nocodazole 
(830 nM) with or without reversine (250 nM). Unperturbed mitotic progression was assayed 
after a 24 hrs infection with BacMam-H2B-GFP virus (Biotek) followed by a release from 
thymidine into normal media. Cells were imaged in a heated chamber (37°C and 5% CO2) 
using a 20X/0.5NA UPLFLN objective on an Olympus IX-81 microscope, controlled by Cell-M 
software (Olympus). Images were acquired using a Hamamatsu ORCA-ER camera and 
processed using Cell-M software.

Immunofluorescence and antibodies
Asynchronously growing cells were arrested in prometaphase by the addition of 
nocodazole (830  nM) for 2-3 hrs. Cells plated on 12-mm coverslips were fixed (with 3.7% 
paraformaldehyde, 0.1% Triton X-100, 100 mM Pipes, pH 6.8, 1 mM MgCl2, and 5 mM EGTA) for 
5-10 min. Coverslips were washed with PBS and blocked with 3% BSA in PBS for 1 h, incubated 
with primary antibodies for 16 h at 4°C, washed with PBS containing 0.1% Triton X-100, and 
incubated with secondary antibodies for an additional hour at room temperature. Coverslips 
were then washed, incubated with DAPI for 2 min, and mounted using antifade (ProLong; 
Molecular Probes). All images were acquired on a deconvolution system (DeltaVision RT; 
Applied Precision) with a 100×/1.40 NA U Plan S Apochromat objective (Olympus) using 
softWoRx software (Applied Precision). Images are maximum intensity projections of 
deconvolved stacks. For quantification of immunostainings, all images of similarly stained 
experiments were acquired with identical illumination settings; cells expressing comparable 
levels of exogenous protein were selected for analysis and analyzed using ImageJ (National 
Institutes of Health). An ImageJ macro was used to threshold and select all centromeres 
and all chromosome areas (excluding centromeres) using the DAPI and anticentromere 
antibodies channels as described previously (Saurin et al., 2011). This was used to calculate 
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the relative mean kinetochore intensity of various proteins ([centromeres–chromosome 
arm intensity (test protein)]/[centromeres–chromosome arm intensity (CREST)]).
 Cells were stained using GFP-booster (ChromoTek), BUB1 (Bethyl), BUBR1 (Bethyl), 
H2A-pT120 (ActiveMotif), MPS1 (EMD Millipore), Mad1 (a gift from A. Musacchio), CREST/
anti-centromere antibodies (Cortex Biochem) and/or Tubulin (Sigma). Secondary antibodies 
were goat anti–human Alexa Fluor 647 and goat anti–rabbit and anti–mouse Alexa Fluor 568 
(Molecular Probes) for immunofluorescence experiments. 

SILAC mass spectrometry
For SILAC mass spectrometry, LAP-KNL1-FL and –NC cells were adapted to light (C12N14 lysine/
arginine) and heavy (C13N15 lysine/arginine) medium respectively. Cells were synchronized 
in mitosis by a 24h thymidine block, followed by o/n treatment with nocodazole. KNL1 
expression was induced for 24h using doxycyclin and cells were harvested followed by 
immunoprecipitation and mass spectrometry. Cells were lysed at 4°C in hypertonic lysis 
buffer (500 mM NaCl, 50 mM Tris-HCl (pH 7.6), 0.1% sodium deoxycholate, 1 mM DTT) 
including phosphatase inhibitors (1 mM sodium orthovanadate, 5 mM sodium fluoride, 1 
mM beta-glycerophosphate), sonicated, and LAP-KNL1 proteins were coupled to GFP-trap 
(ChromoTek) for 1h at 4°C. Purifications were washed three times with high-salt (2 M NaCl, 
50 mM Tris-HCl (pH 7.6), 0.1% sodium deoxycholate, 1 mM DTT) and low-salt wash buffers 
(50 mM NaCl, 50 mM Tris-HCl (pH 7.6), 1 mM DTT) and subsequently eluted in 2 M Urea, 50 
mM Tris-HCL (pH 7.6), 5 mM IAA. Samples were loaded a C18 column and ran on a nano-LC 
system coupled to a mass spectrometer (LTQ-Orbitrap Velos; Thermo Fisher Scientific) via a 
nanoscale LC interface (Proxeon Biosystems (now Thermo Fisher Scientific), as described in 
(Suijkerbuijk et al., 2012a).

Repeat identification
For all KNL1 orthologs used in this study, separate MEME (Bailey et al., 2009) analyses 
(option ‘any number of repeats’) were carried out to detect repeating motifs for which 
HMMR3 (Eddy, 2011) profiles were created. Significant motifs were added to the profiles 
and searches were repeated till no novel repeats were found. Searches were manually 
inspected for consistency and significance; clear false positives were discarded. The resulting 
repeats were aligned by hand and the alignment was used to construct sequence logo’s 
using WebLogo, which is embedded in the MEME package. Due to the degenerate nature for 
some the repeats, we introduced multiple gaps in the alignments. Therefore the sequence 
logo’s do not fully reflect the true spacing for the conserved amino acid positions within the 
repeats.
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Supplemental Figure 1
The N-terminal MDLT-KI module in KNL1 independently recruits BUB-proteins. 
(A) Schematic of U2OS-LacO cells and LacI-LAP-KNL1 fusion proteins. Bars, 5 µm. (B) Quantification 
of Figure 1a as BUB1/GFP and BUBR1/GFP (n=8). (C) Schematic representation of synthetic LAP-
KNL1-FL and -NC constructs, showing the microtubule- and PP1-binding domain in green and the 
kinetochore recruitment domain in orange. KI1 and KI2 motifs are shown as green bars, N-terminal 
MELT-like sequence (MDLT) is indicated in blue. (D) Quantitative Mass. Spectrometry (SILAC) 
immunoprecipitation comparing LAP-KNL1-FL (light label) vs. LAP-KNL1-NC (heavy label). NC/FL ratio 
is set to 1.00, NDC80-complex subunits are in blue, MIS12-complex subunits in green, BUB-proteins 
in orange. (E/F) Representative images (E) and quantification (F) of LAP-KNL1-expressing Flp-in HeLa 
cells transfected with siRNAs to luciferase (siLUC) or to KNL1 (siKNL1) and treated with nocodazole. 
LAP-KNL1 is shown in green, MPS1 in red, centromeres (CREST) in blue and DNA (DAPI) in white. Bars, 
5 µm. Quantification in E shows total kinetochore signal intensity (+SD) of LAP-KNL1 and MPS1 over 
CREST. Data are from >15 cells and representative of 3 experiments. Levels of kinetochore MPS1 in 
control cells and of kinetochore LAP-KNL1 in KNL1-FL-expressing cells are set to 1. (G/H) Representative 
images (G) and quantification (H) of MAD1 kinetochore levels as done for MPS1 in (E/F).

Supplemental Figure 2
The N-terminal MDLT-KI module in KNL1 is sufficient to support SAC activity but not chromosome 
biorientation 
(A) Still images corresponding to Figure 2a. Bars, 10 µm. (B) Time-lapse analysis of Flp-in HeLa cells 
expressing LAP-KNL1 variants, transfected with siLUC or siKNL1, and treated with nocodazole. Data 
(n=40 representative of three independent experiments) indicate cumulative fraction of cells that exit 
from mitosis (as scored by cell morphology using DIC) at the indicated time after NEB. (C) Time-lapse 
analysis of Flp-in HeLa cells expressing LAP-KNL1 variants, transfected with siLUC or siKNL1, and treated 
with nocodazole and 250 nM reversine. Data (n=40 representative of three independent experiments) 
indicate cumulative fraction of cells that exit from mitosis (as scored by cell morphology using DIC) 
at the indicated time after NEB. Bars, 10 µm. (D) Time-lapse analysis of Flp-in HeLa cells expressing 
LAP-KNL1 variants and transfected with siLUC or siKNL1. Bars, 5 µm. Data (n=40 representative of 
three independent experiments) indicate cumulative fraction of cells that exit from mitosis at the 
indicated time after metaphase (as scored by GFP-H2B). (E) Still images corresponding to Figure 2e. 
(F) Representative images of LAP-KNL1 expressing Flp-in HeLa cells transfected with siLUC (control) or 
siKNL1 and treated with nocodazole. LAP-KNL1 is shown in green, BUB1 in red, centromeres (CREST) 
in blue and DNA (DAPI). Bars, 5 µm. (G) As in Supplemental Figure 2b, except with full-length KNL1 
mutated at indicated positions. (H) Quantification of chromosome alignment in Flp-in HeLa cells 
expressing LAP-KNL1 variants, transfected with siLUC or siKNL1, and treated with MG132 for 45 
minutes. The data shown are from a single representative experiment out of three repeats. For the 
experiment shown, n=40. (I) Time-lapse analysis of Flp-in HeLa cells expressing LAP-KNL1 variants 
and transfected with siLUC or siKNL1. Data (n=40 representative of three independent experiments) 
indicate cumulative fraction of cells that exit from mitosis at the indicated time after NEB (as scored by 
GFP-H2B). (J) As in (I) but treated with 8.3 nM nocodazole.
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Supplemental Figure 2
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Supplemental Figure 3 

KNL1 contains multiple independent BUB-recruitment modules
(A) Immunolocalisation of BUBR1 (red) in nocodazole-treated U2OS-LacO cells transfected with LacI-
LAP-KNL1-fragments. LacI-LAP-KNL1-fragments are shown in green, centromeres (CREST) in blue and 
DNA (DAPI) in white. Inserts show magnifications of the boxed regions. Bars: 5 µm and 0.5 µm (inserts). 
Table indicates the ability (- or +) to recruit BUBR1 by the indicated KNL1 fragments  (see also Figure 
3b). (B) Quantification of Figure 3b and Supplemental Figure 3a as BUB1/GFP and BUBR1/GFP (n=8). 
(C) Amino acid substitutions of KNL1818-1051 mutants described in Figure 3e. (D) Quantification of Figure 
3e as BUB1/GFP (n=8). (E) Immunolocalisation of BUB1 (red) in nocodazole-treated U2OS-LacO cells 
transfected with LacI-LAP- KNL11-261 wild-type and TAΩA mutant. LacI-LAP-KNL1-fragments are shown in 
green, centromeres (CREST) in blue and DNA (DAPI) in white. Bars, 5 µm and 0.5 µm (inserts). Inserts 
show magnifications of the boxed regions. (F) Quantification of (E) as BUB1/GFP (n=8).
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Supplemental Figure 4
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Supplemental Figure 4
Engineered KNL1 proteins reveal differential requirements for TΩ-MELT modules in the SAC and 
chromosome biorientation 
(A/B) Representative images (A) and quantification (B) of LAP-KNL1-expressing Flp-in HeLa cells 
transfected with siRNAs to luciferase (siLUC) or to KNL1 (siKNL1) and treated with nocodazole. LAP-
KNL1 is shown in green, BUBR1 in red, centromeres (CREST) in blue and DNA (DAPI) in white. Bars, 
5 µm. Quantification in B shows total kinetochore signal intensity (+SD) of LAP-KNL1 and BUB1 over 
CREST. Data are from >15 cells and representative of 3 experiments. Levels of kinetochore BUB1 in 
control cells and of kinetochore LAP-KNL1 in KNL1-FL-expressing cells are set to 1. (C/D) Representative 
images (C) and quantification (D) of LAP-KNL1-expressing Flp-in HeLa cells transfected with siRNAs to 
luciferase (siLUC) or to KNL1 (siKNL1) and treated with nocodazole. LAP-KNL1 is shown in green, BUB1 
in red, centromeres (CREST) in blue and DNA (DAPI) in white. Bars, 5 µm. Quantification in B shows 
total kinetochore signal intensity (+SD) of LAP-KNL1 and BUB1 over CREST. Data are from >15 cells 
and representative of 3 experiments. Levels of kinetochore BUBs in control cells and of kinetochore 
LAP-KNL1 in KNL1-FL-expressing cells are set to 1. (E) Quantification of centromeric H2A-Thr120 
phosphorylation in Flp-in HeLa cells expressing LAP-KNL1 variants and transfected with siLUC or siKNL1. 
pH2A-Thr120 is quantified over CREST (n=10 representative of three independent experiments). (F/G) 
Representative images (F) and quantification (G) of the indicated constructs, as in (C/D).

Supplemental Figure 5

TΩ-MELT modules in KNL1 are redundant and exchangeable 
(A) Representative images of LAP-KNL1-expressing Flp-in HeLa cells transfected with siRNAs to 
luciferase (siLUC) or to KNL1 (siKNL1) and treated with nocodazole. LAP-KNL1 is shown in green, BUBR1 
in red, centromeres (CREST) in blue and DNA (DAPI) in white. Bars, 5 µm. Quantification is shown in 
Figure 5b. (B) Immunostaining and quantification of centromeric H2A-Thr120 phosphorylation in Flp-
in HeLa cells expressing LAP-KNL1 variants and transfected with siLUC or siKNL1. Thr120 is quantified 
over CREST (n=10 representative of three independent experiments).
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Abstract

Regulated recruitment of the kinase-adaptor complex BUB1/BUB3 to kinetochores is crucial 
for correcting faulty chromosome-spindle attachments and for spindle assembly checkpoint 
(SAC) signaling. BUB1/BUB3 localizes to kinetochores by binding phosphorylated MELT-
motifs (MELpT) in the kinetochore scaffold KNL1. Human KNL1 has 19 repeats that contain 
a MELT-like sequence. The repeats are however larger than MELT and repeat sequences 
can vary significantly. Using systematic screening, we show that only a limited number 
of repeats is ‘active’. Repeat activity correlates with the presence of a vertebrate-specific 
‘SHT’-motif C-terminal to the MELT-sequence. SHT motifs are phosphorylated by MPS1 in a 
manner that requires prior phosphorylation of MELT. Phospho-SHT (SHpT) synergizes with 
MELpT in BUB3/BUB1-binding in vitro and in cells, and human BUB3 mutated in a predicted 
SHpT-binding surface cannot localize to kinetochores. Our data show sequential multisite 
regulation of the KNL1-BUB1/BUB3 interaction and provide the first mechanistic insight into 
evolution of the KNL1-BUB3 interface.
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Introduction

Large macromolecular assemblies called kinetochores coordinate the segregation of 
replicated chromosomes during mitosis. Kinetochores are essential for the formation of a 
physical link between centromeric DNA and microtubules of the mitotic spindle and are 
composed of more than 80 different proteins (Cheeseman and Desai, 2008; Foley and 
Kapoor, 2013). When kinetochores are not stably attached to microtubules, they activate 
a surveillance mechanism known as the spindle assembly checkpoint (SAC, or mitotic 
checkpoint) to prevent cell-cycle progression (Foley and Kapoor, 2013; Vleugel et al., 2012). 
The outer kinetochore protein complex called the KMN network plays a central role in both 
the formation of stable kinetochore-microtubule attachments and SAC signaling (Cheeseman 
et al., 2006; Foley and Kapoor, 2013; Kiyomitsu et al., 2007). It is a 10-subunit network 
assembled from three subcomplexes, KNL1-C/MIS12-C/NDC80-C. The largest protein in the 
network, the scaffold KNL1, directly interacts with microtubules using a basic patch near 
its N-terminus and is incorporated into the KMN network by virtue of C-terminal RWD 
domains (Kiyomitsu et al., 2007; Petrovic et al., 2014; Welburn et al., 2010). The N-terminal 
half (~1200 amino acids) of KNL1 is an assembly hub for protein complexes involved in SAC 
signaling and attachment error-correction. Via a multitude of so-called MELT motifs, KNL1 
recruits BUB3, BUB1 and BUBR1 to unattached kinetochores (Krenn et al., 2014; London et 
al., 2012; Shepperd et al., 2012; Vleugel et al., 2013; Yamagishi et al., 2012; Zhang et al., 
2014). These ‘BUB proteins’ are members of the original set of SAC components identified 
in yeast genetic screens (Hoyt et al., 1991). Both BUB1 and BUBR1 heterodimerize with 
BUB3 and may additionally form higher-order assemblies with each other (Larsen et al., 
2007; Taylor et al., 1998). Besides regulating SAC signaling, they additionally impact on 
error-correction by regulating Aurora B kinase localization or phosphorylation of its targets. 
BUB1 kinase activity, for example, ensures proper inner-centromere localization of Aurora 
B (Kawashima et al., 2009), while BUBR1 – via recruitment of the PP2A-B56 phosphatase – 
dampens excessive Aurora B activity by dephosphorylating its substrates within the KMN 
network (Foley et al., 2011; Kruse et al., 2013; Suijkerbuijk et al., 2012b; Xu et al., 2013). 
Finally, KNL1 recruits the PP1 phosphatase via N-terminally located SILK/RVSF motifs (Liu 
et al., 2010). Kinetochore localization of PP1 aids stabilization of kinetochore-microtubule 
attachments and promotes SAC silencing in metaphase (Liu et al., 2010; Meadows et al., 
2011; Rosenberg et al., 2011).  
 Kinetochore binding of the BUBs and PP1 is regulated by phosphorylation. While 
the KNL1-PP1 interaction is disrupted by Aurora B-dependent phosphorylation of the SILK/
RVSF motifs (Liu et al., 2010), the KNL1-BUB interaction is promoted by MPS1-dependent 
phosphorylation of the MELT-like sequences in KNL1 (London et al., 2012; Shepperd et 
al., 2012; Yamagishi et al., 2012). The methionine and phospho-threonine of the MELpT 
sequence dock onto a hydrophobic and basic pocket, respectively, of the BUB3 subunit of 
the BUB3/BUB1 dimer (Primorac et al., 2013). The total number and primary sequence 
identity of the MELT-like motifs in KNL1 homologs varies greatly among different organisms 
(Vleugel et al., 2012; Vleugel et al., 2013). Human KNL1, for example, contains an array 
of 19 repeat modules with variantions of a TxxΩ-(Xn)-MELT sequence, in which the TxxΩ 
contributes critically to BUB1 localization by an unknown mechanism (Vleugel et al., 2013). 
The repeating units, however, extend beyond the TΩ and MELT motifs but the relevance 
of these additional sequences for KNL1 function is unknown. All 19 repeat modules in 
human KNL1 might cooperate to recruit sufficient levels of BUB proteins to unattached 
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kinetochores (Krenn et al., 2014; Vleugel et al., 2013; Zhang et al., 2014), but some diverge 
more strongly from the consensus sequence than others and some lack essential residues 
in the TxxΩ or MELT motifs (Vleugel et al., 2012; Vleugel et al., 2013). In fact, some repeats 
are interchangeable and KNL1 function is supported by an engineered array containing six 
copies of a single functional repeat (Vleugel et al., 2013). 
 Here we set out to systematically decipher the molecular requirements for the 
KNL1-BUB interfaces by determining the functionality of each individual repeat unit in 
KNL1. We show that the ‘active’ repeats in human KNL1 contain a ‘SHT’ motif C-terminal 
to the MELT, that is phosphorylated by MPS1 in a manner that requires prior MELT 
phosphorylation. Phospho-SHT contributes essential contacts with basic residues in BUB3 
and both are indispensable for BUB1/BUB3 localization and SAC activity. Our data suggests 
that human KNL1 repeats have evolved to extend the electrostatic interface with BUB3, 
providing a framework for understanding the rapid evolution of the KNL1-BUB interface. 

Results

Systematic dissection of KNL1 repeat functionality
Human KNL1 has 19 repeating units (see Figure 1c for schematic representation). We and 
others previously showed that KNL1 does not require the full complement of repeats to 
recruit BUB1 to kinetochores (Vleugel et al., 2013; Zhang et al., 2014) and that not all 
repeats are equally proficient in doing so. For example, while six copies of repeat 17 could 
functionally replace the full array of 19 repeating units, six copies of repeat 2 could not 
(Vleugel et al., 2013). To examine if in vivo functionality of the repeats corresponds to 
affinity for the BUB3/BUB1 dimer, we reconstituted KNL1-BUB binding in vitro using the 
His6-BUB11-280/BUB3 complex (Krenn et al., 2014) and various GST-tagged KNL1 fragments 
(Figure 1a). These included a fragment containing repeats 12-14 (KNL1-M3; (Vleugel et al., 
2013)), a non-functional variant thereof (KNL1-A3, harboring four alanine substitutions 
at the TxxΩ-MxxT positions), and two engineered fragments with three copies of either 
repeat 2 or 17 (KNL1-23 and KNL1-173; (Vleugel et al., 2013)). All GST-KNL1 proteins were 
pre-phosphorylated in vitro by recombinant MPS1. Whereas BUB11-280/BUB3 efficiently co-
purified with KNL1-M3 and KNL1-173, binding of KNL1-23 was weak and virtually no binding 
was detected for KNL1-A3 (Figure 1b). Thus, the correlation between interaction with BUB1/
BUB3 and in vivo functionality implies that the role of the repeat sequences is restricted to 
BUB1/BUB3 binding.
 To systematically assess functionality of individual repeats, we used the previously 
published LAP-tagged KNL1∆-protein (KNL1-N1-86 fused to KNL1-C1833-2432) that is devoid of 
repeat units but maintains PP1- and microtubule-binding and kinetochore localization 
(Vleugel et al., 2013). Into this KNL1∆ we inserted engineered variants of the KNL1-M3 
fragment in which repeats 12-14 were each replaced with identical copies of one of the 
19 repeats. All non-repeat sequences of the 223 amino acid M3 fragment were left intact. 
This generated 19 variants: KNL1∆-13, KNL1∆-23, and so forth, up to KNL1∆-193 (Figure 1c). 
These engineered KNL1 proteins were expressed from a doxycycline-inducible promotor 
at a single integration site in HeLa cells and assessed for their ability to functionally replace 
endogenous KNL1 (Vleugel et al., 2013). KNL1-FL (full-length), KNL1∆ and KNL1∆-A3 were 
used as controls (Vleugel et al., 2013). We first tested the ability of all KNL1 variants to 
recruit BUB1 to unattached kinetochores. Since each engineered fragment contains three 

Chapter 4.indd   4 11/3/14   10:09 AM



- 77 -

4

copies of an individual repeat and repeats function independently (Vleugel et al., 2013), we 
divided the observed BUB1 kinetochore intensities by three to reflect the BUB1-recruitment 
potential of individual repeats. As shown in Figure 1d, the various engineered KNL1 variant 
proteins restored BUB1 kinetochore localization to different extents (see also Supplemental 
Figure 1a/b). We classified the BUB1 recruitment ability of individual repeats as ’high’ 
(repeat 1, 11 and 12; green bars), as ‘low’ (repeat 2-5, 8-10, 13, 15, 18 and 19; absent or 
red bars), and of the remaining repeats as ‘low intermediate’ (repeat 6, 16 and 17; orange 
bars) or ‘high intermediate’ (repeat 7 and 14; yellow bars). Combined, the amount of BUB1 
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4 recruited to kinetochores by the 19 repeats added up to the same amount as recruited 
by full-length KNL1 (Figure 1d), verifying that the repeats function as autonomous BUB-
recruitment modules and that BUB1 recruitment ability of KNL1 is provided solely by the 19 
repeats. 
 Nocodazole-treated cells depleted of KNL1 are unable to sustain a mitotic arrest in 
the presence of low doses of the MPS1 inhibitor reversine (250 nM; (Santaguida et al., 2011; 
Saurin et al., 2011; Vleugel et al., 2013)). The ability of the engineered KNL1 variants to support 
SAC signaling showed a bimodal distribution and correlated strongly with BUB1-recruitment 
potential. All repeats classified as ‘high’ or ‘high intermediate’ in BUB1 recruitment were 
able to restore SAC activity (Figure 1e; green and yellow curves, respectively). In contrast, 
repeats classified as ‘low’ could not restore SAC activity (red curves), while the ‘low 
intermediate’ ones (orange curves) were either SAC proficient or SAC deficient (Figure 1e). 
The efficiency of chromosome alignment quantitatively tracked kinetochore BUB1 levels 
(Supplemental Figure 2a), as we previously showed for a subset of the repeats (Vleugel et 
al., 2013). Thus, whereas chromosome alignment efficiency follows the amount of BUB1 
recruited by KNL1, the SAC appears to rely on an amount of BUB1 above some, albeit low, 
threshold (Figure 1f). This raises the question of how many molecules of BUB1 are bound by 
a single molecule of KNL1 at steady state. To estimate this, we replaced endogenous BUB1 
or KNL1 with LAP-tagged siRNA-resistant full-length versions and quantified how much LAP-
BUB1 or LAP-KNL1 was required for restoring a comparable amount of BUB1 to unattached 
kinetochores (Figure 1g/h). As depicted in Figure 1h, 6.56 (±0.96) times more LAP-BUB1 
than LAP-KNL1 was required to achieve the same level of kinetochore BUB1, suggesting that 
at steady state one KNL1 molecule is bound by on average 6-7 BUB1 molecules. This ratio 
roughly corresponded to the BUB1:KNL1 ratio measured in prometaphase (Supplemental 
Figure 2b/c). 

Figure 1. Systematic functional characterization of human KNL1 repeats  
(A) Schematic representation (left) and Coomassie stained SDS-PAGE (right) of recombinant GST-KNL1 
variants and the His6-BUB11-280/BUB3 complex. Red stripes in schematic represent repeat sequences. 
(B) Immunoblots of BUB1, BUB3 and GST from in vitro binding assays of GST-KNL1 with BUB1/
BUB3. GST-tagged KNL1-M3 variants were prephosphorylated by 50 ng MPS1 (1h @ 30°C), coupled 
to Glutathione-Agarose beads and incubated with BUB1/BUB3 dimers for 1h. Western blots are 
representative of 3 experiments. (C) Schematic representation of KNL1-FL, KNL1∆, KNL1∆-M3 and its 
derivatives. (D) Quantification of BUB1 kinetochore signal intensity in Flp-in HeLa cells expressing the 
indicated LAP-KNL1 variants. Intensity of BUB1 is corrected for LAP-KNL1 and CREST levels and divided 
by three, and depicted as relative to that of cells expressing full-length LAP-KNL1. Data are from 15 
cells and representative of 3 experiments. The asterisk denotes the sum of values of BUB1 levels of 
all repeats. (E) Time-lapse analysis of Flp-in HeLa cells expressing LAP-KNL1 variants, transfected with 
siLUC or siKNL1, and treated with nocodazole and 250 nM reversine. Data (n=40, representative of 3 
independent experiments shown) indicate cumulative fraction of cells that exit from mitosis (as scored 
by cell morphology using DIC) at the indicated time after NEB. Colors denote high (green curves), high-
intermediate (yellow curves), low-intermediate (orange curves) and low (red curves) active repeats as 
judged by BUB1 localization in Figure 1d. (F) Percentage of cells with complete chromosome alignment 
after 45’ treatment with MG132 plotted against the relative BUB1 kinetochore-levels for each KNL1-
variant. Green squares denote SAC-proficient repeats, red triangles denote SAC-deficient repeats. 
(G/H) Representative images (G) and quantification (H) of GFP levels at kinetochores of HeLa cells 
expressing LAP-BUB1 or LAP-KNL1, transfected with siRNAs to luciferase (siLUC), BUB1 (siBUB1) or 
KNL1 (siKNL1) and treated with nocodazole. Bars, 5 μm. Graph in H displays total kinetochore signal 
intensities (+SD) of BUB1(/CENP-C) as a ratio of LAP-KNL1(/CENP-C) or LAP-BUB1(/CENP-C). Data are 
from 40 cells (representative of 3 experiments). Right bar shows kinetochore intensity of endogenous 
BUB1 over endogenous KNL1 (three experiments (+SD)).
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Dissecting common characteristics of ‘active’ KNL1 repeats 
In general, eukaryotic KNL1 homologs strongly diverge in the number and sequence of 
their repeats (Vleugel et al., 2012; Vleugel et al., 2013). Despite the rapidly evolving nature 
of KNL1, we made a primary sequence alignment of a number of placental mammalian 
homologues in which the MELT-containing repeats were relatively easily identified 
(Supplemental Sequence File 1). In general, we observed that repeats identified as “active” 
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Figure 2. Identification of common characteristics of ‘active’ KNL1 repeats 
(A) Alignment of repeats 1 (‘active’, green) and 16 (‘intermediate low’, orange) of placental mammal 
KNL1 orthologs (see also Supplemental Sequence File 1 and Supplemental Figure 3). (B/C) Sequence 
logo of all repeats of human KNL1 (B) and a weighted sequence logo (C) based on functionality of each 
repeat, where each % of contribution of the repeat to full BUB1 recruitment (Figure 1d) corresponded 
to the amount of times that repeat was added to the logo analysis. (D) Schematic representation of 
KNL1-N1-86-C1833-2342 protein variants with mutations in repeat 1. (E) Time-lapse analysis of Flp-in HeLa 
cells expressing LAP-KNL1-NC variants, transfected with siLUC or siKNL1, and treated with nocodazole 
and 250 nM reversine. Data (n=40, representative of 3 independent experiments shown) indicate 
cumulative fraction of cells that exit from mitosis (as scored by cell morphology using DIC) at the 
indicated time after NEB. (F-H) Representative images (G) and quantification (H) of GFP and BUB1 
kinetochore levels in nocodazole-treated cells expressing KNL1∆-163

SCM or KNL1∆-163
SHT (schematically 

depicted in panel F). Bars, 5 μm. Graph in H displays total kinetochore signal intensities (+SD) of LAP-
KNL1 and BUB proteins over CENP-C. Data are from 15 cells and representative of 3 experiments. 
Levels of kinetochore LAP-KNL1 and BUB1 were set to 1 in KNL1∆-163

SCM expressing cells. 
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appeared more strongly conserved than the ones we identified as “intermediate” or 
“inactive” (Figure 2a and Supplemental Figure 3). When comparing the sequence logo of 
all 19 repeats (Vleugel et al., 2013) to a weighted sequence logo based on the functionality 
of each repeat, enrichment of specific sequences became apparent (Figure 2b/c). Activity 
of the repeats correlated to the following ‘consensus’ sequence: DKTΦΦΩS[ED]x[ED]2-

3xxM[DE]ΦTxSHTΦxΦ (where x denotes any amino acid, and Φ and Ω denote hydrophobic 
and aromatic residues, respectively) (Figure 2c). 
 In order to uncover functional motifs/residues in ‘active’ repeats, we made use of 
KNL1-NC; a 261 residue, N-terminal fragment of KNL1 fused to the C-terminal kinetochore-
targeting region. KNL1-NC contains only a single repeat (encompassing the active repeat 
1 accompanied by the two KI motifs) and is sufficient for SAC function (Krenn et al., 2014; 
Vleugel et al., 2013). Various residues of repeat 1 within KNL1-NC were systematically 
mutated (Figure 2d) and the ability of mutant KNL1-NC to activate the SAC and recruit BUB1 
activity (as measured by H2AT120P signal (Kitajima et al., 2005)) was examined. As predicted 
from the Saccharomyces cerevisiae BUB3/BUB1-MELpT structure (Primorac et al., 2013), 
mutating the methionine (M177A), aspartate (D178K) or threonine (T180A) of the MDLT 
motif in repeat 1 abolished SAC activity (Figure 2d/e), but significant kinetochore BUB1 
activity remained in the D178K and T180A mutants (Supplemental Figure 4a). Interestingly, 
repeat 1 diverges from the consensus “active” sequences due to the presence of a serine 
following the MDLT motif, instead of a lysine (Figure 2c/d). Substituting this serine for 
lysine (S181K) enhanced the BUB1-recruitment ability of repeat 1 three-fold, as judged by 
increased levels of BUB1 and H2AT120 phosphorylation (Supplemental Figure 4a-c). These 
analyses further showed that changing a hydrophobic residue in the TΩ motif to an acidic 
residue (V169E) abolished SAC signaling (Figure 2e).
 Importantly, mutational dissection of repeat 1 showed that the previously 
uncharacterized SHT motif, located C-terminally to the MDLT motif, was required for SAC 
activity and H2AT120 phosphorylation (NCSHT-AAA in Figure 2d/e and Supplemental Figure 
4a). To examine the importance of this motif, we sought to restore the SHT sequence in a 
repeat in which the SHT motif was absent. Repeat 16 closely adheres to the consensus ‘high 
activity’ sequence with the exception of the SHT motif that in repeat 16 has the sequence 
SCM (Figure 2a). Repeat 16 was classified in our analyses as ‘low intermediate’ (Figure 1d-f) 
(Vleugel et al., 2013). Substituting SCM for SHT in the KNL1∆-163 protein (creating KNL1∆-
163

SHT, Figure 2f) enhanced BUB1 levels at kinetochores 2-fold (Figure 2g/h), showing that 
the SHT motif indeed is an important determinant of BUB kinetochore recruitment.  

KNL1 repeats are phosphorylated on multiple sites by MPS1
The sequence logo of the ‘high’ activity repeats showed that five threonines and serines 
were strongly represented, including the one in the MELT motif, the two in the SHT motif and 
two in the TxxΩS motif (Figure 2c). We therefore hypothesized that in addition to the MELT 
motif, phosphorylation of other residues in the repeat affect the interaction with BUB1/
BUB3. In support of this, a mutant KNL1-M3 protein that contained alanine substitutions 
for the threonines in the three MELT motifs (KNL1-M3

MELA) could be phosphorylated in vitro 
by recombinant MPS1 (Figure 3a), and this still enhanced in vitro binding of KNL1∆-M3

MELA 

to BUB3/BUB1 (Figure 3b). Moreover, cells expressing KNL1∆-M3
MELA were able to recruit 

significant amounts of BUB1 to kinetochores (Supplemental Figure 4d/e). Together, these 
data suggest that next to the phosphorylation of MELT motifs, phosphorylation of other 
sequences is involved in regulating the KNL1-BUB3/BUB1 interaction. Mass spectrometric 

Chapter 4.indd   8 11/3/14   10:09 AM



- 81 -

4
M 3 A 3

MELA AHA 5A
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6

R
el

at
iv

e 
le

ve
ls

 a
t k

in
et

oc
ho

re
s

(B
U

B1
/C

R
ES

T)

GFP
BUB1

GST
+MPS1

MELT12: KTIVFSEDDKNDMDITKSYTIEI
MELT17: KTILYSCG_QDDMEITRSHTTAL

A B

-

WB: anti-BUB3

Pulldown: GST
WB: anti-GST

M3 M3
MELA A3

+ 6xHIS-BUB1/BUB3

MPS1

C

D

Trypsinize + MS

32P-ATP

WB: anti-GST

M3 M3
MELA-

+ MPS1

MELT8:  KTELLSG___ENMDLTESHTSNL

LAP KNL1-FL

Trypsinize + MSNocodazole GFP-IP

M3 or 173

Figure 3

+ +- +- +-

M 3 A 3

AΩ
A
MELA AHA

AΩ
A-A

HA

MELA
-A

HA 5A
0

20

40

60

80

100

120

140

R
el

at
iv

e 
bi

nd
in

g
(B

U
B3

/G
ST

-K
N

L1
)

E
 T  ΩS      MELT SHT
KTIVFSEDDKNDMDITKSYTIE
KAIVFAEDDKNDMDITKSYTIE
KTIVFSEDDKNDMDIAKSYTIE
KTIVFSEDDKNDMDITKAYAIE
KAIVFAEDDKNDMDITKAYAIE
KTIVFSEDDKNDMDIAKAYAIE
KAIVFAEDDKNDMDIAKAYAIE

F

WB: anti-BUB3

Pulldown: GST
WB: anti-GST

M
3

A
3

A
Ω

A

M
EL

A

+ 6xHIS-BUB1/BUB3

A
H

A

M
EL

A
-A

H
A

5AA
Ω

A
-A

H
A

H DAPIGFP-KNL1 BUB1 CENP-C MERGE

M3

A3

MELA

AHA

5A

0 200 400 600 800
0.0

0.2

0.4

0.6

0.8

1.0

Time in mitosis (min.)

C
um

ul
at

iv
e

fra
ct

io
n 

of
 c

el
ls

-
-

MELA
A3

M3

AHA
5A

siKNL1

AΩA
MELA
AHA
AΩA-AHA
MELA-AHA
5A

I

J

G

Figure 3. Multi site phosphorylati on of KNL1 repeats is essenti al for effi  cient BUB1/BUB3 binding 
(A) Radiograph (upper) and immunoblot (lower) of in vitro MPS1 kinase assay using GST (-), GST-
KNL1-M3 or GST-KNL1-M3

MELA as substrates. (B) Immunoblots of BUB1, BUB3 and GST from in vitro 
binding assays of GST-KNL1 with BUB1/BUB3. GST-tagged KNL1-M3 variants were prephosphorylated 
by 50 ng MPS1 (1h @ 30°C) wherever indicated (+), coupled to Glutathione-Agarose beads and 
incubated with BUB1/BUB3 dimers for 1h. Western blots are representati ve of 3 experiments. (C/D) 
Schemati c representati ons of experimental setups and sequences of identi fi ed phosphopepti des from 
GST-KNL1 variants in vitro phosphorylated by MPS1 (C) or from LAP-KNL1 immunoprecipitati on from 
nocodazole-treated cells (D). (E) Sequence representati on of the repeat mutati ons in GST-KNL1-M3 
variants. (F) As in Figure 3b, with the indicated KNL1-M3 variants. (G) Quanti fi cati on of experiment 
in F. Data are average of four experiments (+SD), BUB3-binding to GST-KNL1-M3 was set to 1. (H/I)
Representati ve images (H) and quanti fi cati on (I) of BUB1 kinetochore levels (corrected for LAP-KNL1 
and CENP-C levels) in nocodazole-treated cells expressing KNL1∆-M3 and mutants thereof. Data are 
from 15 cells and representati ve of 3 experiments. Bars, 5 μm. Graph in I displays total kinetochore 
signal intensiti es (+SD) of GFP and BUB1 as a rati o of CENP-C signals Levels of kinetochore LAP-KNL1 and 
BUB1 were set to 1 in KNL1∆-M3 expressing cells. (J) Time-lapse analysis of Flp-in HeLa cells expressing 
LAP-KNL1 variants, treated with nocodazole and 250 nM reversine. Data (n=40, representati ve of 3 
independent experiments shown) indicate cumulati ve fracti on of cells that exit from mitosis (as scored 
by cell morphology using DIC) at the indicated ti me aft er NEB.
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analyses of KNL1∆-M3 and KNL1∆-173 proteins in vitro phosphorylated by MPS1 identi fi ed 
phosphoresidues in the MELT, TΩ and SHT moti fs of repeat 12 and repeat 17 (Figure 3c). 
Furthermore, similar analyses of immunoprecipitated LAP-KNL1 from nocodazole-arrested 
cells identi fi ed phosphoresidues in the MDLT and SHT moti fs of repeat 8 (Figure 3d). We 
suspect that low coverage and low occupancy prevented us from identi fying phosphorylati on 
of other repeats. We do note, however, that three large-scale phospho-proteomics studies 
have reported phosphorylati on of MDIT and SHT of repeat 7 of human KNL1 (Dephoure et 
al., 2008; Grosstessner-Hain et al., 2011; Hegemann et al., 2011).

Multi site phosphorylati on of KNL1 repeats by MPS1 controls BUB1/BUB3 binding
To assess the functi onal relevance of the phosphorylated residues, we tested in vitro binding 
of BUB3/BUB1 to variants of GST-KNL1-M3 (Supplemental Figure 4f) in which the phospho-
residues were substi tuted for alanines (Figure 3e). Whereas KNL1-M3 showed a strong 
interacti on with BUB1/BUB3, mutati ons in either the MELT (KNL1-M3

MELA) or SHT (KNL1-

Figure 4
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Figure 4. Phosphorylati on of SHT moti fs by MPS1 relies on prior MELT phosphorylati on
(A-D) representati ve images (A-C) and quanti fi cati on (D) of BUB1, MELpT or SHpT kinetochore levels 
in nocodazole-treated HeLa cells treated with siRNAs against luciferase (siLUC) or KNL1 (siKNL1) with 
or without 250 nM reversine. Bars, 5 μm. Graph in D displays total kinetochore signal intensiti es (+SD) 
of indicated anti bodies as a rati o of CENP-C signals. Data are from 15 cells and representati ve of 3 
experiments. Kinetochore-levels in siLUC treated cells were set to 1. (E/F) Representati ve images (left ) 
and quanti fi cati on (right) of GFP kinetochore levels in nocodazole-treated cells expressing KNL1∆-83 or 
KNL1∆-M3 and mutants thereof. Bars, 5 μm. Graphs display total kinetochore signal intensiti es (+SD) 
of GFP (LAP-KNL1) or phospho-anti bodies corrected for CENP-C levels. Data are from 15 cells and 
representati ve of 3 experiments. Levels of GFP and and phospho-anti bodies were set to 1 in KNL1∆-83 
and KNL1∆-M3 expressing cells. 
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M3
AHA) motifs greatly decreased binding (Figure 3f/g). In contrast, mutation of the TxxΩS 

motif (KNL1-M3
AΩA) did not affect the interaction with BUB1/BUB3. Combining mutations 

in the MELT and SHT motifs (KNL1-M3
MELA-AHA) or in all three motifs (KNL1-M3

5A) completely 
abolished BUB3/BUB1 binding (Figure 3f/g). The ability of the KNL1-M3 variants to bind 
BUB3/BUB1 in vitro strongly correlated with their ability to recruit BUB1 to kinetochores 
and to support SAC signaling (Figure 3h-j). Together, these data show that multisite 
phosphorylation of the MELT and SHT motifs in KNL1 repeats by MPS1 synergizes to regulate 
the KNL1-BUB interface.

Sequential phosphorylation of MPS1 sites within MELT-modules
To assess repeat phosphorylation in cells, we generated phospho-specific antibodies to detect 
MDLpT and SHpT sequences of repeat 8 (pT601 and pT605, respectively). Both antibodies 
recognized unattached kinetochores and the signals were dependent on the presence of 
KNL1 and on MPS1 kinase activity (Figure 4a-d). Although classified as “inactive” (Figure 
1d), repeat 8 is phosphorylated in vivo, suggesting that BUB recruitment by this repeat is 
hampered by other mutations that do not affect its phosphorylation by MPS1.
 MPS1 prefers to phosphorylate threonines preceded by an acidic residue (D/E) at 
position -2, -3 or -4 (Dou et al., 2011; Hennrich et al., 2013; Jelluma et al., 2008) and followed 
by a hydrophobic amino acid (I, L or V) at position +3 (Hennrich et al., 2013). Interestingly, 
SHT motifs are often followed by I/L at +3 (Figure 2c), and prior phosphorylation of either the 
serine of SHT (-2) and/or the threonine of MELT (-4) could contribute the necessary negative 
charges, perhaps even sequentially  (first position -4 (MELpTxSHT), then -2 (MELpTxpSHT), 
then 0 (MELpTxpSHpT)). To test the hypothesis that MPS1 can prime its own substrate 
recognition sites within KNL1 repeats we examined if phosphorylation of SHT relies on 
prior phosphorylation of MELT. The ability of MPS1 to establish repeat phosphorylations 
was assessed using our phospho-specific antibodies on nocodazole-treated cells in which 
MPS1 was activated by washout of reversine. Indeed, expression of KNL1∆-83 carrying 
alanine substitutions of the threonines of all three MDLT motifs (KNL1∆-83

MDLA) strongly 
reduced kinetochore signals of the SHpT antibody following MPS1 reactivation (Figure 4e). 
In contrast, MDLT phosphorylation was independent of SHT phosphorylation (Figure 4f). 
Since epitope recognition by the SHpT antibody was not affected by mutating the MDLT 
motif (Supplemental Figure 4g), we conclude that phosphorylation of the MELT motifs aids 
subsequent phosphorylation of the SHT motif to establish multisite regulation of the KNL1 
repeats. 

A basic patch on human BUB3 interacts with phosphorylated SHT motifs
Electrostatic interactions between MELpT and ScBub3 contribute to Bub3 localization and 
SAC activity in budding yeast (Primorac et al., 2013). Since our data show that interaction of 
human KNL1 with BUB1/BUB3 is stimulated by multisite phosphorylation of the repeats in 
KNL1, we hypothesized that phosphorylated SHT motifs may interact with a basic patch in 
BUB3 that is distinct from the one interacting with MELpT. Based on the structure of ScBub3-
MEMpT (Primorac et al., 2013), we generated a homology-model of human BUB3 on which 
we superimposed the budding yeast MEMpT-peptide (purple) and BUB1289-359 (cyan) (Figure 
5a/b). In contrast to yeast Bub3, human BUB3 has an extended basic surface in the vicinity 
of the predicted location of the phosphorylated SHT motif (Figure 5a/b, bottom panels). 
Importantly, some of the residues that create this extended basic path (R157/R158 and 
R173/R174) are present in the human BUB3 but not in the S. cerevisiae ortholog (Figure 
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Figure 5. A basic patch on human BUB3 interacts with phosphorylated SHT moti fs 
(A/B) Structural representati ons of S. cerevisiae Bub3 (A: (Primorac et al., 2013)) or human BUB3 (B: 
homology model generated with I-TASSER (Roy et al., 2010)) in complex with BUB1 (magenta) and a 
MELpT pepti de (purple), in which the pT (sti cks) and positi on of the SHT moti f (VFP in S. cerevisiae) 
(spheres) are indicated. Structures in lower panels are depicti ons of electrostati c surface potenti al as 
calculated by APBS (Baker et al., 2001) in Chimera (Pett ersen et al., 2004), plott ed from -7kT/e (red) 
to +7kT/e (blue). Colored patches in Bub3 in upper panels represent conserved basic residues (light 
and dark green) or basic only present in human BUB3 (red and orange). (C) Sequence alignment of H. 
sapiens and S. cerevisiae BUB3 orthologs showing human-specifi c and shared basic residues. Colors of 
boxes correspond to colors in upper panels of A and B. (D) Immunoblots of BUB1, BUB3 and GST from in 
vitro binding assays of GST-KNL1 with BUB1/BUB3. GST-tagged KNL1-M3 was prephosphorylated by 50 
ng MPS1 (1h @ 30°C), coupled to Glutathione-Agarose beads and incubated with BUB1/BUB3 dimers 
(BUB3WT or BUB3173E/174E) for 1h. Western blots are representati ve of 3 experiments. (E) Representati ve 
images (E) and quanti fi cati on of GFP in nocodazole-treated HeLa cells expressing LAP-tagged BUB3 
and mutants thereof. Bars, 5 μm. Graph displays total kinetochore signal intensiti es (+SD) of LAP-BUB3 
over CENP-C. Data are from 10 cells and representati ve of 3 experiments. Kinetochore-levels in LAP-
BUB3 wild-type expressing cells were set to 1.
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5c), corresponding to presence of a SHT motif in repeats of human but not S. cerevisiae 
KNL1 (Vleugel et al., 2013). We produced recombinant BUB3 proteins with charge-reversal 
mutantion of the basic patches predicted to interact with SHpT. Some mutants could not be 
further analyses because of diminished protein stability and BUB1 binding, but BUB3173E/174E 
was expressed and purified as a stable dimer with BUB1 (Supplemental Figure 4h). In 
contrast to wild-type BUB3, this mutant was incapable of binding to KNL1-M3 in vitro (Figure 
5d) and did not localize to kinetochores (Figure 5e). This supports the hypothesis that the 
extended basic surface in human BUB3 is required for interaction with SHpT.
 Together, these results show that human KNL1 repeat sequences are sequentially 
phoshporylated by MPS1 to provide interaction surfaces for basic patches in BUB3.

 

Discussion

The KNL1-BUB3 interfaces
We show that only a limited number of the 19 repeats in human KNL1 is active and that 
the ability to recruit BUB1 to unattached kinetochores varies strongly between repeats 
(Figure 6). These differences can be linked to various degrees of degeneration of repeat 
sequences from the consensus ‘active’ sequence. For example, degeneration of TΩ is likely 
to explain inactivity of repeats 3, 8, 13 and 15, while degeneration of two motifs is likely 
to have inactivated repeats 2, 10 (MELT and TΩ) and 9 (MELT and SHT). Especially striking 
are repeats 5 and 19 that have lost all three motifs. Repeat 18 is interesting in this respect 
because it is inactive but appears to adhere closely to the ‘active’ sequence. Perhaps it 
suffers from a combination of slightly less well-tolerated substitutions such as the valine 
and aspartate directly surrounding the threonine of the ‘MELT’ motif (LEVTD). Structural 
analyses of BUB3/BUB1 with the extended human repeat may shed light on the exact 
requirements of repeat sequences for BUB3 binding. Such studies may also answer a yet 
unresolved question of the contribution of the TΩ motif. Its phosphorylation by MPS1 is not 
required but the aromatic residue is essential (Vleugel et al., 2013).

Evolution of the KNL1-BUB3 interfaces
In contrast to the relatively compact repeating module of budding yeast KNL1/Spc105, active 
repeats of human KNL1 are quite extensive and specified by the sequence DKTΦΦΩS[ED]
x[ED]2-3xxM[DE]ΦTKSHTΦxΦ. By in vitro reconstitution of the BUB-KNL1 complex, we show 
that the activities of individual repeats are directly related to their affinity for BUB1/BUB3 
complexes and that the interface between BUB3 and KNL1 repeats is regulated through 
multisite phosphorylation. This includes phosphorylation of the vertebrate-specific SHT 
motif, which is likely to directly interact with an extended basic patch in human BUB3. Thus, 
it appears that vertebrate KNL1 repeats have evolved to extend the electrostatic interactions 
at the KNL1-BUB interfaces and allow for more extensive regulation by mitotic kinases. The 
presence of a SHT motif in KNL1 orthologs co-occurs with the basic patch in BUB3 orthologs 
predicted to interact with SHpT, but not vice versa (not shown). An interesting hypothesis 
therefore, is that evolution of the KNL1/BUB3 interfaces was driven by evolution of the 
KNL1 repeats. Since the repeats in budding and fission yeasts are not only limited to MELT-
like motifs (Vleugel et al., 2013), it will be interesting from an evolutionary standpoint to 
examine the requirements of non-MELT sequences for BUB3 interactions in these organisms. 
When comparing KNL1 orthologs from various placental mammals, we generally observe 
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that acti ve repeats have been bett er conserved than their inacti ve counterparts. This 
suggests positi ve selecti on for maintaining a minimal number of acti ve repeat sequences 
and raises the questi on of why repeats degenerate in the fi rst place. Perhaps there is an 
adapti ve confl ict between certain evoluti onary pressures that favor expansion of the number 
of repeats and the intolerance to having too many BUB1-binding sites at kinetochores. This 
could be examined by assessing chromosome segregati on in cells expressing engineered 
KNL1 variants with an increased number of acti ve repeats. Alternati vely, demands for a 
certain amount of BUB molecules at kinetochores may vary periodically during evoluti on, 
requiring episodes of expansion and degenerati on of the repeat array. Yet another scenario 
is that repeat expansion is ‘accidental’ and due to, for instance, the nature of the KNL1 
genomic locus. Degenerati on would then be required to balance the amount of kinetochore 
BUB1 signaling. Given our results that single substi tuti ons of either BUB3 or the repeats is 
suffi  cient to reduce their mutual affi  nity, repeat degenerati on and subsequent survival of 
the lineage may be achieved relati vely rapidly. It is of interest to note that KNL1 orthologs 
of some species do not (yet) contain signifi cantly degenerated repeats (e.g. the lamprey 
fi sh and Capsaspora owczarzaki, a single celled ophistokont; ((Vleugel et al., 2013) and E. 
Tromer/GJPLK, unpublished observati ons). It will be interesti ng to examine if these repeats 
are equally functi onal or whether very subtle changes have nonetheless already altered 
their acti vity. 

MPS1

Figure 6
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Figure 6. Model of MPS1-mediated BUB1/BUB3 kinetochore recruitment
Schemati c representati on of KNL1 with individual repeats. Acti vity of repeats corresponds to color 
(dark blue is acti ve, light blue is inacti ve) and to affi  nity for BUB protein-complexes (indicated by arrow 
length). Combined acti viti es result in decorati on of KNL1 by BUB protein-complexes in mitosis. Repeat 
acti vity relies on sequenti al phosphorylati on of MELT and SHT moti fs that synergize to provide acidic 
interacti on surfaces (-) for basic patches (+) on BUB3.
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KNL1 is decorated with multiple BUB1/BUB3 dimers in prometaphase
Our data indicate that at steady state in prometaphase 6-7 BUB1 molecules bind to a single 
KNL1 molecule. Whereas SAC signaling requires less than 20% of normal BUB1 levels (Figure 
1f), chromosome alignment requires near-maximal BUB1 levels and efficiency thereof 
directly correlates with the amount of BUB1 at kinetochores. We previously showed that 
low levels of BUB1 at kinetochores are sufficient for H2AT120 phosphorylation and CPC 
localization (Vleugel et al., 2013). The need for high levels of BUB1 for efficient chromosome 
alignment is thus likely unrelated to CPC localization. Instead, since BUBR1 kinetochore 
levels track those of BUB1 (Vleugel et al., 2013), we hypothesize that maximal recruitment 
of BUBR1 is necessary for efficient chromosome alignment. BUBR1 controls the stability of 
kinetochore-microtubule attachments by binding the phosphatase PP2A-B56 that counters 
excessive Aurora B activity (Foley et al., 2011; Kruse et al., 2013; Suijkerbuijk et al., 2012b; 
Xu et al., 2013). Indirect regulation of localized PP2A-B56 activity by BUB1 may thus be the 
predominant role of BUB1 in alignment. Restoring PP2A-B56 at kinetochores with low BUB1 
(for instance in cells expressing KNL1-NC) will be required to examine this hypothesis.

 

Materials and Methods

Plasmids and protein purification
pCDNA5-LAP-KNL1-FL and KNL1Δ-constructs and cloning strategies are described in (Vleugel 
et al., 2013). GST-KNL1 constructs were generated by insertion of the M3 fragment and 
mutants thereof into the Xho1 site of pGEX-6P-1. pGEX-GST-KNL1 constructs were expressed 
in BL21(DE3):DNAK for 4 hours at 20°C with 0.1 mM IPTG. Cell pellets were sonicated and 
lysed in lysis buffer (1x PBS solution, 0.1% Tween, 250 mM NaCl, 1 mM 2-mercaptoethanol, 
1 mM DTT and 10% glycerol). Proteins were purified using Glutathione–agarose beads 
(Sigma) and eluted with 50 mM Tris-HCl pH 8, 10 mM reduced glutathione (Roche), 75 mM 
KCl, followed by buffer exange using desalting columns (Bio-Rad) in kinase buffer containing 
12.5 mM Tris-HCl pH 7.5, 35 mM KCl, 10 mM MgCl2, 0.5 mM EGTA, 0.005% Triton-X and 0.1 
mM DTT. His6-BUB11-280/BUB3 construct (gift from Musacchio lab) and mutants thereof were 
co-expressed in Sf9 cells. Cell pellets were lysed in lysis buffer (50 mM Tris-HCl pH 8, 300 mM 
NaCl, 5% Glycerol, 1 mM beta-mercaptoethanol) and purified using Ni-NTA beads (Bio-rad). 
Proteins were eluted with 200 mM Imidazole and buffer exchanged in 50 mM Tris-HCl pH 
7.5, 50 mM KCl, 0.05% Tween, 0.1 mM DTT, 10% Glycerol.
  
In vitro interaction studies
GST-KNL1 construct were pre-phosphorylated with 50 ng recombinant Mps1 kinase 
(Life technologies) in kinase buffer with 500 uM ATP, 1 mM Na3VO4, 1 mM NaF, 1 mM 
β-Glycerophosphate for 1 hour at 30°C with constant shaking 1200 rpm. Pre-phosphorylated 
proteins were incubated with 40 uL slurry of Glutathione-agarose beads for one hour at 
room temperature and washed with washing buffer (50 mM Tris-HCl pH 7.5, 150 mM KCl, 
0.05% Tween, 0.1 mM DTT). His6-BUB11-280/BUB3 proteins were added to KNL1 bound beads 
and let left incubating 1 hour shaking at room temperature in binding buffer (50 mM Tris-HCl 
pH 7.5, 50 mM KCl, 0.05% Tween, 0.1 mM DTT, 10% glycerol). The unbound proteins were 
washed 3x with washing buffer (50 mM Tris-HCl pH 7.5, 150 mM KCl, 0.05% Tween, 0.1mM 
DTT). Beads were than boiled in 70 uL Sample Buffer and run on SDS-PAGE gel. Western 
blots were analyzed using LAS 4000 (GE Healthcare).
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Cell culture and transfection
HeLa Flp-in cells were grown in DMEM containing 8% Tet-approved FBS (Clontech) 
supplemented with pen/strep (50 μg/ml), L-glutamine (2 mM), hygromycin (200 µg/ml) 
and blasticidin (4 µg/ml). Plasmids were transfected using Fugene HD (Roche) according 
to the manufacturer’s instructions. To generate stably-integrated HeLa Flp-In cells, 
pCDNA5-constructs were co-transfected with Ogg44 recombinase in a 10:1 ratio (Vleugel 
et al., 2013). Constructs were expressed by addition of 1 µg/ml doxycyclin for 24h. siKNL1 
(CASC5#5; Dharmacon/J-015673-05; 5’-GCAUGUAUCUCUUAAGGAA-3’) and siBUB1 
(5’-GAAUGUAAGCGUUCACGAA-3’) were transfected using Hiperfect (Qiagen) at 20 nM for 2 
days according to manufacturer’s instructions. 

Live cell imaging
For live cell imaging experiments, cells were transfected with 20 nM siRNA for 24 hrs, after 
which cells were arrested in early S-phase for 24 hrs by addition of thymidine (2 mM) and 
expression was induced by addition of 1 µg/ml doxycyclin. Subsequently, cells were released 
from thymidine for 8-10 hrs and arrested in prometaphase by the addition of nocodazole 
(830 nM) with reversine (250 nM). Cells were imaged in a heated chamber (37°C and 5% 
CO2) using a 20X/0.5NA UPLFLN objective on an Olympus IX-81 microscope, controlled by 
Cell-M software (Olympus). Images were acquired using a Hamamatsu ORCA-ER camera and 
processed using Cell-M software.

Immunofluorescence and antibodies
Asynchronously growing cells were arrested in prometaphase by the addition of nocodazole 
(830 nM) for 1 h. Cells plated on 12-mm coverslips were fixed (with 3.7% paraformaldehyde, 
0.1% Triton X-100, 100 mM Pipes, pH 6.8, 1 mM MgCl2, and 5 mM EGTA) for 5-10 min. 
Coverslips were washed with PBS and blocked with 3% BSA in PBS for 1 h, incubated with 
primary antibodies for 16 h at 4°C, washed with PBS containing 0.1% Triton X-100, and 
incubated with secondary antibodies for an additional hour at room temperature. Coverslips 
were then washed, incubated with DAPI for 2 min, and mounted using antifade (ProLong; 
Molecular Probes). All images were acquired on a deconvolution system (DeltaVision RT; 
Applied Precision) with a 100×/1.40 NA U Plan S Apochromat objective (Olympus) using 
softWoRx software (Applied Precision). Images are maximum intensity projections of 
deconvolved stacks. For quantification of immunostainings, all images of similarly stained 
experiments were acquired with identical illumination settings; cells expressing comparable 
levels of exogenous protein were selected for analysis and analyzed using ImageJ (National 
Institutes of Health). An ImageJ macro was used to threshold and select all centromeres 
and all chromosome areas (excluding centromeres) using the DAPI and anticentromere 
antibodies channels as described previously (Saurin et al., 2011). This was used to calculate 
the relative mean kinetochore intensity of various proteins ([centromeres–chromosome 
arm intensity (test protein)]/[centromeres–chromosome arm intensity (CREST)or(CENP-C)]).
Cells were stained using GFP-booster (ChromoTek), BUB1 (Bethyl), H2AT120P (ActiveMotif), 
CREST/anti-centromere antibodies (Cortex Biochem) and/or CENP-C (Sigma). Phospho-MELT 
and –SHT antibodies were produced by GenScript. Secondary antibodies were goat anti–
human or goat anti-guinea pig Alexa Fluor 647 and goat anti–rabbit and anti–mouse Alexa 
Fluor 568 (Molecular Probes) for immunofluorescence experiments. 
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Mass spectrometry
Cells were synchronized in mitosis by a 24h thymidine block, followed by o/n treatment with 
nocodazole. KNL1 expression was induced for 24h using doxycyclin and cells were harvested 
followed by immunoprecipitation and mass spectrometry. Cells were lysed at 4°C in 
hypertonic lysis buffer (500 mM NaCl, 50 mM Tris-HCl (pH 7.6), 0.1% sodium deoxycholate, 
1 mM DTT) including phosphatase inhibitors (1 mM sodium orthovanadate, 5 mM sodium 
fluoride, 1 mM beta-glycerophosphate), sonicated, and LAP-KNL1 proteins were coupled to 
GFP-trap (ChromoTek) for 1h at 4°C. Purifications were washed three times with high-salt 
(2 M NaCl, 50 mM Tris-HCl (pH 7.6), 0.1% sodium deoxycholate, 1 mM DTT) and low-salt 
wash buffers (50 mM NaCl, 50 mM Tris-HCl (pH 7.6), 1 mM DTT) and subsequently eluted in 
2 M Urea, 50 mM Tris-HCL (pH 7.6), 5 mM IAA. Samples were loaded a C18 column and ran 
on a nano-LC system coupled to a mass spectrometer (LTQ-Orbitrap Velos; Thermo Fisher 
Scientific) via a nanoscale LC interface (Proxeon Biosystems (now Thermo Fisher Scientific), 
as described in (Suijkerbuijk et al., 2012a).
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Supplemental Figure 1
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(A/B) Representative images (A) and quantification (B) of BUB1 in nocodazole-treated cells expressing 
LAP-tagged KNL1-variants. Bars, 5 μm. Graph in B shows total kinetochore signal intensities (+SD) of 
LAP-KNL1 and BUB proteins over CENP-C. Data are from 15 cells and representative of 3 experiments. 
Kinetochore levels of kinetochore LAP-KNL1 and BUB1 were set to 1 in KNL1-FL expressing cells.
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Supplemental Figure 2

(A) Quantification of chromosome alignment in Flp-in HeLa cells expressing LAP-KNL1 variants and 
treated with MG132 for 45 min. The data shown are from a single representative experiment out of 
three repeats. For the experiment shown n = 40. (B/C) Representative images (B) and quantification 
(C) of BUB1 levels at kinetochores of HeLa cells treated with or without nocodazole. Bars, 5 μm. 
Graph in C displays total kinetochore signal intensities (+SD) of BUB1(/CENP-C). Data are from 40 cells 
(representative of 3 experiments). 
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Supplemental Figure 3

Alignment of mammalian KNL1 orthologs showing the ‘high’ (green), ‘intermediate-high’ (yellow), 
‘intermediate-low’ (orange) and ‘low’ active (red) repeats.
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Supplemental Figure 4

(A) Ratio of H2AT120P / GFP in cells expressing various LAP-tagged KNL1-NC mutants treated with 
nocodazole. (B/C) Representative images (B) and quantification (C) of GFP and BUB1 kinetochore 
levels in nocodazole-treated cells expressing KNL1-NC or KNL1-NCS181K. Bars, 5 μm. Graph in B displays 
total kinetochore signal intensities (+SD) of LAP-KNL1 and BUB proteins over CENP-C. Data are from 
15 cells and representative of 3 experiments. Levels of kinetochore LAP-KNL1 and BUB1 were set 
to 1 in KNL1-NC expressing cells. (D/E) Representative images (D) and quantification (E) of GFP and 
BUB1 kinetochore levels in nocodazole-treated cells expressing KNL1∆-M3 and mutants thereof. Bars, 
5 μm. Graph in E displays total kinetochore signal intensities (+SD) of LAP-KNL1 and BUB proteins 
over CENP-C. Data are from 15 cells and representative of 3 experiments. Levels of kinetochore LAP-
KNL1 and BUB1 were set to 1 in KNL1∆-M3 expressing cells. (F) Western Blot showing purified GST-
KNL1-M3 variants. (G) Schematic and Western Blot of SHpT phospho-antibody validation. Nocodazole 
treated cells expressing KNL1∆-83 and KNL1∆-83

MELA were used for immunoprecipitated using GFP-trap 
(ChromoTek), subjected to an in vitro kinase assay using excess MPS1 (200ng; e.g. 4x compared to 
other assays) for a saturated time (3 hours) and detected on Western Blot using GFP- and SHpT-
antibodies. (H) Coomassie stained gel showing the purification of BUB3/BUB1-complexes and the 
indicated mutants.
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Abstract

Chromosome segregation in anaphase is initiated by timely activation of the anaphase 
promoting complex (or cyclosome; APC/C). When chromosomes have not yet achieved 
proper interactions with spindle microtubules, their kinetochores activate the spindle 
assembly checkpoint (SAC), which results in the formation of a diffusible inhibitor of the 
APC/C co-activator CDC20. This inhibitor (termed the mitotic checkpoint complex; MCC) is 
composed of BUBR1, BUB3 and MAD2. Recruitment of these proteins to kinetochores as 
well as SAC activation rely on the mitotic kinase BUB1, but the molecular mechanism by 
which BUB1 accomplishes this in human cells is unknown. We show that although BUB1 
forms a stable complex with BUB3 and BUBR1, their kinetochore recruitment by BUB1 is 
dispensable for SAC activation. Human BUB1 furthermore does not associate stably with the 
MAD2 activator MAD1 and, although required for accelerating MAD1 kinetochore loading, 
is dispensable for its maintenance at kinetochores. We pinpoint an essential SAC activating 
function of BUB1 to a 50 amino acid segment that harbors a previously unrecognized A-box 
close to a KEN-box motif. The presence of these motifs in BUB1 correlates with efficient 
CDC20 kinetochore binding, MCC formation, and SAC activity. 
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Introduction

During mitosis, all chromosomes have to attach to microtubules of the mitotic spindle and 
become biorientated before cells are allowed to proceed into anaphase. Chromosome 
biorientation is mediated by kinetochores, large multi-protein structures that form the 
bridge between chromosomes and spindle microtubules (Cheeseman and Desai, 2008; 
Foley and Kapoor, 2013). The KMN network, a 10-subunit protein assembly that consists 
of three subcomplexes KNL1-C/MIS12-C/NDC80-C, provides the major microtubule-binding 
site at kinetochores (Cheeseman et al., 2006). Microtubule-binding activity of the KMN 
network is mediated by combined activities of the NDC80-complex and the N-terminus of 
KNL1 (Cheeseman et al., 2006; Welburn et al., 2010), and is coupled to the inner kinetochore 
through the MIS12-complex.
 In addition to kinetochore-microtubule attachment formation, the KMN network 
plays a key role translating the kinetochore attachment status to spindle assembly checkpoint 
(SAC; also called the mitotic checkpoint) activity. The SAC is activated at unattached 
kinetochores and prevents cell cycle progression until all kinetochores have formed reliable 
attachments to microtubules of the mitotic spindle (Foley and Kapoor, 2013; Vleugel et 
al., 2012). SAC activation results in the formation of a soluble inhibitor of the anaphase 
promoting complex/cyclosome (APC/C), a multisubunit E3 ligase that targets key mitotic 
regulators, including Cyclin B and Separase, for proteasomal destruction (Pines, 2011). This 
soluble APC/C inhibitor (termed the mitotic checkpoint complex; MCC) is composed of 
MAD2, BUBR1 and BUB3 and functions by sequestration of the APC/C co-activator CDC20 
(Kulukian et al., 2009; Sudakin et al., 2001). MCC assembly requires structural conversion 
of soluble MAD2 to a form known as “closed” or C-MAD2. Conversion of MAD2 occurs by 
dimerization with a MAD2 molecule that is part of a MAD2/MAD1 complex that is stably 
associated with unattached kinetochores (De Antoni et al., 2005; Mapelli et al., 2007). 
Subsequent CDC20 binding to C-MAD2 primes it for interacting with BUB3/BUBR1, resulting 
in MCC formation and functional inhibition of CDC20 and hence APC/C (Han et al., 2013). 
 MCC assembly is initiated at the KMN network by MPS1-mediated phosphorylation 
of a multiple motifs in repeat sequences of KNL1 (London et al., 2012; Shepperd et al., 2012; 
Yamagishi et al., 2012). When phosphorylated, these motifs directly recruit the BUB1/BUB3 
dimer that is essential for SAC signaling and chromosome biorientation (Krenn et al., 2014; 
Vleugel et al., 2013; Zhang et al., 2014) (chapter 4). The BUB1-BUB3 interaction is mediated 
by a Gle2-binding sequence (GLEBS) motif in BUB1 and the two proteins rely on each other 
for efficient kinetochore binding (Elowe et al., 2010; Larsen et al., 2007; Logarinho et al., 
2008; Primorac et al., 2013; Taylor et al., 1998).
 BUB1 was originally identified as one of the core proteins involved in SAC signaling 
in Saccharomyces cerevisiae (Hoyt et al., 1991). Since its discovery, the molecular mechanism 
by which it participates in SAC activation has been a matter of controversy. Studies in mice, 
budding yeast and fission yeast have shown that BUB1 kinase activity is required for SAC 
activation (Kawashima et al., 2009; Ricke et al., 2012; Yamaguchi et al., 2003). This was 
attributed to H2AT120 phosphorylation which localizes Aurora B, likely initiating an MPS1-
BUB1-Aurora B positive feedback loop that establishes efficient SAC signaling in early 
mitosis (Kawashima et al., 2009; Ricke et al., 2012; Saurin et al., 2011; van der Waal et al., 
2012). This, however, has been contradicted by other studies using the same organisms that 
claimed no role for BUB1 kinase activity in the SAC (Baker et al., 2009; Fernius and Hardwick, 
2007; London and Biggins, 2014; Perera et al., 2007; Rischitor et al., 2007; Warren et al., 
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2002). Human cell studies have proven equally inconsistent: while one study proposed that 
BUB1 directly phosphorylates and inhibits the APC/C co-activator CDC20 (Kang et al., 2008), 
another showed that BUB1 kinase activity was only partially required for SAC signaling (Klebig 
et al., 2009). Recruitment of the MAD1/MAD2 complex to kinetochores was recently shown 
to be directly mediated by BUB1 in budding yeast and C. elegans, in a manner independent 
on BUB1 kinase activity (London and Biggins, 2014; Moyle et al., 2014). The interaction site 
was pinpointed to a region preceding the kinase domain, or to the kinase domain itself, 
respectively (London and Biggins, 2014; Moyle et al., 2014). Whether this function of BUB1 
is conserved in human cells is unknown. Finally, in addition to MAD1/MAD2 and BUB3, BUB1 
is essential for recruiting BUBR1 and CDC20 to kinetochores (Johnson et al., 2004; Kang et 
al., 2008; Klebig et al., 2009; Sharp-Baker and Chen, 2001). It is at present unknown how 
BUB1 accomplishes this, and it is unclear if this is functionally relevant for SAC signaling. 
 Here we set out to identify the molecular role of BUB1 in SAC signaling in human 
cells by uncoupling kinetochore localization of the various pathways that control SAC activity. 
 

Results

BUB1/BUB3/BUBR1 form a stable complex in mitosis
BUB1 and BUB3 kinetochore localization is interdependent and is responsible for BUBR1 
recruitment to unattached kinetochores (Johnson et al., 2004; Klebig et al., 2009; Larsen et 
al., 2007; Sharp-Baker and Chen, 2001; Taylor et al., 1998). To examine if the three proteins 
form a complex and if binding of such a complex to kinetochores is regulated by MPS1 
kinase activity, we performed a pull-down of LAP-tagged KNL1 (LAP-KNL1) or LAP-tagged 
BUB1 (LAP-BUB1) from nocodazole-treated HeLa FRT cells followed by quantitative mass 
spectrometry (Vleugel et al., 2013). Mitotic cells were harvested either in the presence 
or absence of the MPS1-inhibitor reversine (Figure 1a) (Santaguida et al., 2010). MPS1 
inhibition had no effect on KMN network integrity since KMN subunits detected in the 
pull-downs were present in similar amounts regardless of MPS1 activity (Figure 1a/b). 
Association of BUB1, BUBR1 and BUB3 to LAP-KNL1 (Figure 1a) or of KMN to LAP-BUB1 
(Figure 1b) was reduced to 30-40% after MPS1 inhibition, confirming that MPS1 activity is 
needed for binding of the BUB proteins to KNL1 (London et al., 2012; Shepperd et al., 2012; 
Yamagishi et al., 2012). Interestingly, BUB1, BUBR1 and BUB3 behaved similarly in both pull-
downs, with no observable differences in either BUB3 or BUBR1 binding to BUB1 (Figure 
1a/b). Thus, the three BUB proteins form a complex, integrity of which is not regulated by 
KNL1 binding or MPS1 activity. 

BUB1 promotes BUBR1 kinetochore localization via its BUB3-binding GLEBS motif
In order to determine which feature of BUB1 is required for BUBR1 kinetochore recruitment, 
we generated truncations of LAP-tagged BUB1 (LAP-BUB1WT) by introducing stop codons after 
residue 318 (BUB11-318), 500 (BUB11-500) or 778 (BUB11-778) to remove various domains/motifs 
previously implicated in SAC function (Figure 1c). All RNAi resistant constructs were stably 
integrated in HeLa cells containing a Flp recombination target (FRT) at a single doxycycline-
inducible locus (Vleugel et al., 2013). BUBR1 kinetochore recruitment in nocodazole-treated 
cells was abolished by RNAi of BUB1, and this was rescued by expression of RNAi-resistant 
LAP-BUB1WT. As expected (Krenn et al., 2012), all truncations localized to kinetochores 
to similar levels (Figure 1d/e). In addition, all constructs were able to restore BUBR1 
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kinetochore recruitment upon BUB1 RNAi (Figure 1d/e), showing that the N-terminal region 
of BUB1 encompassing a TPR domain and GLEBS motif is sufficient for BUB1’s function in 
BUBR1 kinetochore recruitment. 
 Since the BUB1 GLEBS motif directly interacts with BUB3 (Larsen et al., 2007) and 
BUB3 is required for BUBR1 kinetochore localization (Larsen et al., 2007; Taylor et al., 1998), 
we asked whether the BUB1 GLEBS motif is involved in BUBR1 recruitment. To circumvent 
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Figure 1. BUB1-mediated kinetochore recruitment of BUBR1
(A/B) Quantitative mass spectrometry (SILAC) of LAP-KNL1 (A) or LAP-BUB1 (B) following 
immunoprecipitation from nocodazole-treated cells in the presence or absence of reversine. MIS12 
complex subunits are shown in green, NDC80 complex subunits in blue, KNL1 and Zwint in red and the 
BUB proteins in orange. (C) Schematic representation of BUB1 truncation mutants used in D/E. (D/E) 
Representative images (D) and quantification (E) of HeLa Flp-in cells expressing LAP-BUB1 constructs 
transfected with or without siBUB1 and treated with nocodazole for 3 hours. LAP-BUB1 is shown in 
green, BUBR1 in red, CENP-C in blue and DNA (DAPI). Quantification in E shows kinetochore intensity 
(+SD) as a ratio over CENP-C kinetochore intensity. n=10 cells. Kinetochore levels are normalized to 1 
in control cells for BUBR1 and in BUB1WT cells for LAP-BUB1.
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the complicati ng issue that the GLEBS is involved in BUB1 kinetochore recruitment (Taylor et 
al., 1998), we tethered BUB1 to an ectopic Lac-operator (LacO) array by fusing it to LacI (LacI-
LAP-BUB1WT) (Figure 2a). LacI-LAP-BUB1WT localized to kinetochores as well as to the ectopic 
LacO array, and was suffi  cient to recruit endogenous BUBR1 to these ectopic sites (Figure 
2b/b’). To determine the contributi on of the GLEBS moti f herein, we mutated glutamic 
acid 252 to lysine (LacI-LAP-BUB1E252K; Figure 2a) (Elowe et al., 2010). This prevented BUB1 
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Figure 2. Kinetochore-bound BUBR1 is not required for SAC acti vati on
(A) Schemati c representati on of constructs used in B-E, asterisks indicate E252K mutati on. (B) 
Immunolocalizati on of BUBR1 in U2OS-LacO cells transfected with LacI-LAP-BUB1WT/E252K. LacI-LAP-
BUB1WT/E252K is shown in green, BUBR1 in red, centromeres (CREST) in blue and DNA (DAPI). Insets 
show magnifi cati on. (B’) Magnifi cati on of B (GFP signal), with linearly enhanced intensity. (C/D) 
Representati ve images (C) and quanti fi cati on (D) of HeLa Flp-in cells expressing MIS12-LAP-BUB1WT/

E252K transfected with siBUB1 and treated with nocodazole for 3 hours. MIS12-LAP-BUB1 is shown in 
green, BUBR1 in red, CENP-C in blue and DNA (DAPI). Quanti fi cati on in D shows kinetochore intensity 
(+SD) as a rati o over CENP-C kinetochore intensity. n=10 cells, representati ve of 2 experiments. 
Kinetochore levels are normalized to 1 in control cells for BUBR1 and in MIS12-BUB1WT cells for LAP-
MIS12-BUB1. (E) Time-lapse analysis of HeLa Flp-in cells expressing LAP-MIS12-BUB1WT/E252K/1-318. Cells 
were transfected with or without siBUB1, synchronized with thymidine and treated with nocodazole 
and 250 nM Reversine. Time from nuclear envelope breakdown to mitoti c exit was scored by cell 
morphology using DIC. Data show cumulati ve fracti on of cells that have exit mitosis. n=50 cells, 
representati ve from 3 experiments
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kinetochore localization (Figure 2b’), but, as expected, did not affect ectopic localization of 
LacI-BUB1. Mutation of the GLEBS motif abolished the ability of LacI-BUB1 to recruit BUBR1 
(Figure 2b). This was true also for BUB1 populations at mitotic kinetochores: A MIS12-BUB1 
hybrid that is tethered to kinetochores (Ballister et al., 2014; Jelluma et al., 2010; Kuijt et al., 
2014; Liu et al., 2009; Maldonado and Kapoor, 2011; van der Waal et al., 2012) required its 
GLEBS motif to localize BUBR1 (Figure 2c/d). These data suggest that BUB1-BUBR1 complex 
formation is dependent on BUB3. 

BUBR1 kinetochore localization is dispensable for the SAC
To determine the importance of BUBR1 kinetochore localization for SAC activity, cells 
expressing MIS12-BUB1E252K were analyzed for SAC activity by filming mitotic progression 
in the presence of nocodazole and low dose reversine (250 nM) (Saurin et al., 2011). 
Cells depleted of BUB1 exited mitosis within one hour, whereas control cells and BUB1-
depleted cells expressing MIS12-BUB1WT were able to maintain a functional SAC for over 
5 hours (Figure 2e). Surprisingly, although MIS12-BUB1E252K did not recruit detectable 
levels of BUBR1 to kinetochores (Figure 2c/d), it fully restored SAC function (Figure 2e). 
Conversely, a BUB1 fragment that was sufficient for BUBR1 kinetochore localization (LAP-
MIS12-BUB11-318, Supplemental Figure 1a/b) could not support SAC activation (Figure 2e). 
Together, these data show that kinetochore-bound BUBR1 is neither sufficient nor required 
for SAC activation.

Human BUB1 is not required for stable association of MAD1 to unattached kinetochores 
In S. cerevisiae and C. elegans, BUB1 directly binds MAD1 to ensure its localization to 
unattached kinetochores (London and Biggins, 2014; Moyle et al., 2014), and human BUB1 
is likewise involved in MAD1 kinetochore recruitment (Kim et al., 2012; Klebig et al., 2009; 
Sharp-Baker and Chen, 2001). Since BUBR1 kinetochore recruitment by BUB1 is not required 
for SAC activation, we next wanted to assess if BUB1 promotes SAC activation by recruiting 
MAD1 to kinetochores. To this end, we asked whether BUB1 and MAD1 form a stable complex 
in human cells as they do in budding yeast and C. elegans. LAP-BUB1WT immunoprecipitated 
from nocodazole-treated cells associated with known interactors such as BUB3, BUBR1 and 
KNL1, as observed by mass spectrometry (Figure 3a). No MAD1 peptides were identified in 
these BUB1 pull-downs however (Figure 3a), suggesting that BUB1 and MAD1 do not form 
a stable complex in human cells. This was supported by inability of LacI-BUB1WT to recruit 
MAD1 to the LacO array (Figure 3b). We next wished to determine the extent to which 
BUB1 is essential for MAD1 kinetochore localization. Cells depleted of BUB1 were treated 
with nocodazole for 3 hours, fixed, and stained for MAD1 by immunofluorescence. Although 
BUB1 kinetochore levels were reduced to < 5% in both HeLa and RPE-1 cells, we observed 
no difference in MAD1 kinetochore localization compared to control cells (Figure 3c-f), 
which we note is in contrast to previous reports (Kim et al., 2012; Klebig et al., 2009). MAD1 
kinetochore levels were reduced more significantly by partial inhibition of MPS1 kinase 
activity (20-minute addition of 250 nM reversine), but while BUB1 kinetochore levels were 
reduced to no more than ~30%, MAD1 was not further reduced when MPS1 inhibition was 
combined with BUB1 RNAi (Figure 3d-g). This shows that MAD1 kinetochore levels do not 
correlate with the amount of kinetochore BUB1. Together, these data indicate that human 
BUB1 is unlikely to be the direct kinetochore receptor for MAD1 in human cells.
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Human BUB1 accelerates kinetochore loading of MAD1
We assessed MAD1 kinetochore levels in cells treated with nocodazole for several hours, 
while others have studied MAD1 kinetochore levels in unperturbed cells which are likely 
to spend less time in mitosis (Klebig et al., 2009). To test whether the time cells spend in 
mitosis influences MAD1 kinetochore levels, we tested if BUB1 depletion alters the speed of 

Figure 3. BUB1 is not required for stable kinetochore association of MAD1 
(A) Mass spectrometry analysis of LAP-BUB1 following immunoprecipitation from nocodazole-
treated cells in the presence or absence of reversine. BUBs are shown in orange, KNL1 in red and 
ZW10 and MAD1 in purple. (B) Immunolocalization of BUBR1 (top) and MAD1 (bottom) in U2OS-LacO 
cells transfected with LacI-LAP-BUB1WT. LacI-LAP-BUB1WT is shown in green, BUBR1/MAD1 in red, 
centromeres (CREST) in blue and DNA (DAPI). Insets show magnification. (C-F). Representative images 
(C and E) and quantification (D and F) of HeLa Flp-in (C and D) or RPE (E and F) cells transfected with 
or without siBUB1. Cells were treated with nocodazole for 3 hours followed by addition of MG132 
or MG132 and low dose reversine (250 nM) for 20 minutes. BUB1 is shown in green, MAD1 in red, 
CENP-C in blue and DNA (DAPI). Quantification D and F shows kinetochore intensity (+SD) as a ratio 
over CENP-C kinetochore intensity. n=10 cells, representative of 2 experiments. Kinetochore levels are 
normalized to 1 in control cells.

LacI-BUB1WT

GFP DAPICRESTMAD1 MERGE

GFP DAPICRESTBUBR1 MERGE

B
Protein

LAP-Bub1
BubR1
Bub3
Knl1
Mad1
ZW10

Coverage

62.6%
33.2%
70.1%
   9.1%

0.0%
0.0%

Unique
Peptides

87
33
32
20
0
0

Bait

A

siLUC

siBUB1

siLUC

siBUB1

Noco (3h)
+ MG132 (20min)

Noco (3h) 
+ MG132 (20min) &
+ 250 nM Rev (20min)

siLUC

siBUB1

siLUC

siBUB1

Noco (3h)
+ MG132 (20min)

Noco (3h) 
+ MG132 (20min) &
+ 250 nm Rev (20min)

BUB1 MAD1 CENP-C MERGE

BUB1 MAD1 CENP-C MERGE

DAPI

DAPI

- - - -

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

R
el

at
iv

e 
le

ve
ls

 a
t k

in
et

oc
ho

re
s

(T
es

t p
ro

te
in

/C
EN

P-
C

) BUB1
MAD1

siBUB1 siBUB1

Noco (3h) +
MG132 (20min)

Noco (3h) +
MG132/Reversine (20min)

- - - -

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

R
el

at
iv

e 
le

ve
ls

 a
t k

in
et

oc
ho

re
s

(T
es

t p
ro

te
in

/C
EN

P-
C

) BUB1
MAD1

siBUB1 siBUB1

Noco (3h) +
MG132 (20min)

Noco (3h) +
MG132/Reversine (20min)

C D

FE

HeLa

RPE

HeLa

RPE

siLUC siLUC

siLUC siLUC

Chapter 5.indd   8 11/3/14   10:16 AM



- 103 -

5

MAD1 recruitment after SAC activation. Cells were first blocked in metaphase by inhibiting 
the proteasome with MG132 for 1 hour. Under these conditions, virtually all cells have 
formed a metaphase plate and kinetochores are devoid of SAC proteins (Figure 4a). We then 
added nocodazole to depolymerize microtubules and re-activate the SAC, fixed cells after 2, 
5, 10, 20 or 40 minutes, and quantified kinetochore levels of MAD1 and BUB1 (Figure 4a). In 
control cells, BUB1 and MAD1 rapidly accumulated at kinetochores, with BUB1 kinetochore 
levels peaking at 10 minutes and MAD1 levels at 20 minutes (Figure 4a/b). As expected 
from our data in Figure 3, BUB1-depleted cells had accumulated similar amounts of MAD1 
as control cells 40 minutes after nocodazole addition. Strikingly, however, in the first 20 
minutes after nocodazole addition, MAD1 levels were significantly lower in BUB1-depleted 
cells (Figure 4a/b). BUB1 thus accelerates efficient MAD1 kinetochore loading. 

Defining the region in BUB1 that is essential for SAC activation 
In order to assess to what extent reductions in MAD1 kinetochore loading efficiency affect SAC 
signaling, we next analyzed the various BUB1 truncations (BUB11-318/1-500/1-778) for their ability 
to rescue SAC function after BUB1 depletion. Whereas control cells treated with nocodazole 
and low dose reversine arrested in mitosis for multiple hours, cells depleted of BUB1 rapidly 
exited mitosis (Figure 5a). This was rescued by expression of BUB1WT and BUB11-778, but 
not by BUB11-318 or BUB11-500. Since all mutants showed similar kinetochore localization and 
were able to rescue BUBR1 recruitment (Figure 1d), the lack of SAC functioning in BUB11-

318 and BUB11-500 is unlikely to be due impaired protein stability or kinetochore localization 
and strongly suggest that that the region between amino acids 501-778 is essential for SAC 
functioning (Figure 5a). These results show two additional important things. First, in our 
sensitized SAC assay the BUB1 kinase domain is not required for SAC activation. Second, 
BUB11-500 completely recovered MAD1 kinetochore loading (Supplemental Figure 1c/d) but 
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Figure 4. BUB1 promotes efficient kinetochore loading of MAD1 
(A/B) Representative images (A) and quantification (B) of HeLa Flp-in cells transfected with (bottom 
panel) or without (top panel) siBUB1. Cells were arrested in mitosis by addition of MG132 for 1 hour, 
followed by nocodazole treatment for 0-40 minutes. Images show BUB1, MAD1, CENP-C and DNA 
(DAPI). Quantification in B shows kinetochore intensity (±SD) as a ratio over CENP-C kinetochore 
intensity. BUB1 is shown in blue (no siRNA) or cyan (siBUB1), MAD1 is shown in red (no siRNA) or 
orange (siBUB1). n=10 cells representative of 2 experiments. Kinetochore levels are normalized to 1 in 
untransfected cells at 10 minutes for BUB1 and at 20 minutes for MAD1. 
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Figure 5. BUB1 promotes CDC20 kinetochore recruitment 
and MCC assembly 
(A) Time-lapse analysis of HeLa Flp-in cells expressing LAP-
BUB1 variants. Cells were transfected with or without siBUB1, 
synchronized with thymidine and treated with nocodazole and 
250 nM reversine. Time from nuclear envelope breakdown to 
mitoti c exit was scored by cell morphology using DIC. Data 
show cumulati ve fracti on of cells that have exit mitosis. n=40 
cells, representati ve from 3 experiments. (B) Sequence logo of metazoan BUB1501-555, depicti ng extent 
of sequence conservati on of residues in 501-550. (C/D) Representati ve images (C) and quanti fi cati on 
(D) of HeLa Flp-in cells expressing LAP-BUB1 constructs transfected with or without siBUB1 and treated 
with nocodazole for 1 hour. LAP-BUB1 is shown in green, CDC20 in red, CENP-C in blue and DNA (DAPI). 
Inserts show magnifi cati ons. Quanti fi cati on in D shows kinetochore intensity (+SD) as a rati o over 
CENP-C kinetochore intensity. n=10 cells. Kinetochore levels are normalized to 1 in control cells for 
CDC20 and in BUB1WT cells for LAP-BUB1. (E) Western blots showing immunoprecipitated BUBR1 and 
CDC20 from cells expressing the indicated BUB1 variants.

Chapter 5.indd   10 11/3/14   10:16 AM



- 105 -

5

was unable to restore the SAC, suggesting that BUB1 has additional essential roles in SAC 
activation besides recruiting MAD1/MAD2 to unattached kinetochores. 
 To further define the region in BUB1 involved in SAC signaling, we introduced 
additional stop codons in the 501-778 region, in particular after the previously identified 
KEN-box motif 1 (KEN1; BUB11-555) (Kang et al., 2008) and after conserved domain 2 (CD2; 
BUB11-696) (Klebig et al., 2009). Both mutants were able to completely restore SAC functioning 
(Figure 5a), indicating that the region in BUB1 between amino acids 501-555 is essential for 
SAC signaling.

BUB1 promotes CDC20 kinetochore recruitment and MCC assembly
Amino acids 501-555 of BUB1 harbors the previously characterized KEN-box motif (KEN1) 
(Kang et al., 2008), as well as a conserved [FY]xx[FY]x[DE] motif at amino-acids 527-532 
(Figure 5b). The protein ACM1 utilizes a similar motif known as the A motif in addition to its 
KEN-box motif to stably interact with and thereby inhibit the CDC20 ortholog CDH1 (Enquist-
Newman et al., 2008; He et al., 2013). Since KEN1 in BUB1 is implicated in interacting with 
CDC20 (Kang et al., 2008) and is in close proximity to this A motif, we tested whether this 
region in BUB1 is involved in CDC20 kinetochore localization. CDC20 localizes strongly to 
unattached kinetochores and this is largely dependent on BUB1 (Figure 5c/d). Whereas 
LAP-BUB1WT and LAP-BUB11-555 were able to restore CDC20 kinetochore levels, LAP-BUB11-500 

was not (Figure 5c/d), showing that indeed the region between 501-555 is responsible 
for CDC20 kinetochore targeting. To examine if CDC20 localization by BUB1 contributes 
to MCC assembly, we immunoprecipitated BUBR1 from cells expressing BUB1WT, BUB11-500 

or BUB11-555 and probed for co-purifying CDC20 as a measure for the amount of MCC in 
these cells. Although cells treated with siBUB1 did not show a reduction in BUBR1-CDC20 
complex formation, overexpression of BUB11-500 strongly reduced MCC assembly compared 
to cells expressing BUB1WT or BUB11-555 (Figure 5e). Residual BUB1 in siBUB1-treated cells 
is sufficient for SAC activation when MPS1 is fully active (data not shown), since MAD1 is 
loaded onto kinetochores to normal levels when given enough time (Figure 3c-f). Since 
BUB11-500 completely recovers MAD1 kinetochore loading kinetics (Figure 4d/e) but does not 
restore CDC20 recruitment (Figure 5c/d), it is likely to function in dominant-negative fashion 
for CDC20 recruitment and SAC activation. We therefore conclude that BUB1-mediated 
kinetochore recruitment of both MAD1 and CDC20 is required for proper SAC activation in 
human cells.

  

Discussion

Mitotic functions of the BUB1/BUB3/BUBR1 complex
BUB1 and BUBR1 form constitutive dimers with the small globular BUB3 protein throughout 
the cell cycle (Larsen et al., 2007; Taylor et al., 1998). BUB3 recruits BUB1 and BUBR1 to 
unattached kinetochores by interacting with phosphorylated repeat sequences in KNL1 
(London et al., 2012; Primorac et al., 2013; Shepperd et al., 2012; Yamagishi et al., 2012) 
(chapter 4). Whereas BUB3 depletions or BUBR1 GLEBS motif mutants do not localize 
to kinetochores and disturb SAC activity (Elowe et al., 2010; Larsen et al., 2007; Lopes 
et al., 2005), a kinetochore-tethered BUB1 GLEBS mutant (BUB1E252K) was completely 
sufficient in restoring SAC activity. Since this protein was deficient in recruiting BUBR1 to 
kinetochores, this suggests that BUBR1 kinetochore localization is not required for SAC 
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activation. In support of this, previous studies have shown that MCC assembly is driven 
by the kinetochores formation of CDC20-MAD2 dimers, which can subsequently bind to 
soluble non-kinetochore BUBR1 (Kulukian et al., 2009; Malureanu et al., 2009). Our data 
also suggests that the SAC function of BUB3 in the BUB1-BUB3 dimer is limited to localizing 
BUB1 to kinetochores (Figure 6). Since BUBR1 kinetochore localization is dispensable for 
the SAC, BUBR1 GLEBS motif mutants are likely to disturb SAC activation through different 
means, potentially by affecting MCC assembly or stability (Elowe et al., 2010; Larsen et al., 
2007). It will therefore be of interest to study the contribution of BUB3 in the MCC both at 
the molecular and structural level. In addition to its role in the SAC, BUBR1 promotes the 
formation of stable kinetochore-microtubule attachments by recruiting the phosphatase 
PP2-B56 to kinetochores (Foley et al., 2011; Kruse et al., 2013; Suijkerbuijk et al., 2012b; 
Xu et al., 2013). Artificial kinetochore targeting of the PP2-B56 interacting KARD domain 
of BUBR1 was sufficient to restore the chromosome alignment defects caused by BUBR1 
depletion (Suijkerbuijk et al., 2012b), suggesting that the primary role of kinetochore BUBR1 
lies in chromosome biorientation instead of SAC activation.

BUB1

TPR GLEBS CD1 Kinase domain
A-motif

KEN1

Alignment

SAC

KT-localization

BUB3/BUBR1 
Recruitment

MAD1
Loading

H2A phosphorylationCDC20
Recruitment

The contribution of BUB1 to MAD1 kinetochore binding
BUB1 is required for MAD1 kinetochore localization in all organisms tested, and this 
depends on the presence of a region containing CD1 in S. cerevisiae, S. pombe and human 
BUB1 orthologs (Heinrich et al., 2014; Klebig et al., 2009; London and Biggins, 2014). 
Whereas in S. cerevisiae this region in BUB1 directly interacts with MAD1 after being 
phosphorylated by MPS1, others and we have failed to detect a stable BUB1-MAD1 complex 
in human cells (Heinrich et al., 2014; Kruse et al., 2014). Instead, we observe that BUB1 
accelerates kinetochore loading of MAD1 rather than functioning as a direct kinetochore 
receptor. Despite strong penetrance of our siBUB1 treatment (over 95% depletion), we 
cannot, however, exclude the possibility that residual amounts of BUB1 can account for 
MAD1 kinetochore loading (albeit with lower efficiency) and we can therefore not conclude 
whether BUB1 is strictly essential for this or not. Although BUB1 and MAD1 do not form 
a stable complex in human cells, it is not unlikely that a transient CD1-MAD1 interaction 
accelerates MAD1 kinetochore loading in human cells. In addition to BUB1, ZW10 is required 
for human MAD1 kinetochore recruitment, but whether ZW10 is the molecular kinetochore 
receptor for MAD1 is unknown (Kops et al., 2005). Understanding how sequential and/or 

Figure 6. Model of BUB1 functions
Model of BUB1 functional regions. Check marks indicate the region being essential for the process.

Chapter 5.indd   12 11/3/14   10:16 AM



- 107 -

5

parallel activities of BUB1 and ZW10 are responsible for MAD1 kinetochore recruitment will 
be important to understand the molecular mechanism of SAC signaling. 

CDC20 kinetochore localization and SAC activation
Since all MCC components are targeted to unattached kinetochores by BUB1 (Johnson 
et al., 2004; Klebig et al., 2009; Sharp-Baker and Chen, 2001), it appears to function as a 
central player in SAC signaling. Whereas BUBR1 kinetochore localization is dispensable 
for SAC activation, the domains in BUB1 that are responsible for MAD1/MAD2 and CDC20 
kinetochore localization are required for MCC formation. In order to understand SAC 
activation and MCC assembly, it will be important to study the role of kinetochore-CDC20. 
CDC20 kinetochore recruitment by BUB1 might bring CDC20 in close proximity to newly 
formed C-MAD2 in order to promote the formation of C-MAD2/CDC20 dimers. Alternatively, 
by ensuring CDC20 kinetochore localization, BUB1 might promote SAC signaling by allowing 
kinetochore-driven modification of CDC20 or by mediating a conformational change in 
CDC20 that allows it to bind to cytoplasmic C-MAD2. It will be of great interest to decipher 
the molecular mechanism by which BUB1 promotes MCC formation at the molecular level. 
 

Materials and Methods

Plasmids
pCDNA5-LAP-BUB1WT was made by ligation of LAP-BUB1WT into the Xho1 and Hpa1 site of 
pCNDA5/FRT/TO (Invitrogen) and encodes full-length, siRNA resistant BUB1 containing an 
N-terminal LAP-tag. All constructs were cloned in pCDNA5 vector unless stated otherwise. 
LAP-BUB11-318/1-500/1-555/1-696/1-778 was made by introduction of a stop-codon or alanine residues 
in LAP-BUB1WT. LAP-MIS12-BUB1WT was made by PCR of MIS12 with 2 Xho1 sites and ligation 
into the Xho1 site of LAP-BUB1WT. LAP-MIS12-BUB1E252K and LAP-MIS12-BUB11-318 were 
made by introduction of a stop-codon or a lysine by in LAP-MIS12-BUB1WT. LAP-MIS12-
BUB1431-500/431-555 were made by cloning the PCR product (amino acid 431-795) of LAP-
BUB11-500/1-555 into LAP-MIS12. LacI-LAP-BUB1WT/E252K were made by PCR using Xho1 and Hpa1 
restriction sites and cloned into LacI-LAP.

Cells culture and transfection 
U2OS LacO cells were grown in DMEM (Sigma) containing 8% FBS (Takara Bio Inc.), 200 
µg/ml hygromycin, 50 µg/ml penicillin/streptomycin and 2 mM l-glutamine. HeLa Flp in 
cells were grown in DMEM (Sigma) and RPE cells in DMEM F12 (Sigma), both with addition 
of 8% FBS (Sigma), 50 µg/ml penicillin/streptomycin (Sigma) and 2 mM ultraglutamine 
(Lonza). After plasmid transfection, medium was supplemented with 200 µg/ml hygromycin 
and 4 µg/ml blasticidin until cells filled a 10 cm plate. All plasmid transfections were 
performed with FuGENE HD (Roche) following the manufacturers protocol. Plasmids were 
cotransfected with plasmids expressing Ogg44 recombinase with a 10:1 ratio to integrate 
pCDNA5 constructs into the Flp recombinase target (Klebig et al., 2009). Expression of 
constructs was induced by addition of 2 µg/ml doxycycline for 24h for all constructs. siBUB1 
(5’-GAAUGUAAGCGUUCACGAA-3’) was transfected twice using HiPerfect (Qiagen) for 
HeLa’s or Lipofectamine RNAiMAX for RPEs (Life Technologies) for 24h at 20 nM according 
to manufacturer’s instruction.  
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Immunofluorescence and antibodies
Cells were grown asynchronously on 12 mm coverslips and treated as indicated in Figure 
legends with nocodazole (830 nM), MG132 (5 µM) and Reversine (250 nM) obtained from 
Sigma. Pre-extractions were performed for MAD1 stainings in Figure 4A using PEM-T (0.1% 
triton X-100, 100 mM Pipes pH 6.8, 1 mM MgCl2 and 5 mM EGTA) for 1 minute. Cells were fixed 
using PEM-T containing 3.7% paraformaldehyde for 10-15 minutes. Cells were washed twice 
for 5 minutes with PBS, blocked with 3% BSA in PBS for 1 hour and incubated overnight with 
primary antibody at 4 degrees. Cells were washed 3 times 5 minutes using PBS with 0.1% triton 
X-100 and incubated with secondary antibody and DAPI for 1 hour at 4 degrees. Coverslips 
were washed twice with PBS, dried in ethanol and mounted using ProLong Gold Antifade 
(Molecular Probes). All images were acquired on a deconvolution system (DeltaVision RT 
or Elite; Applied Precision) with a 100×/1.40 NA U Plan S Apochromat objective (Olympus) 
using softWoRx software (Applied Precision). Images are maximum intensity projections of 
deconvolved stacks. For quantification of immunostainings, all images of similarly stained 
experiments were acquired with identical illumination settings; cells expressing comparable 
levels of exogenous protein were selected for analysis and analyzed using ImageJ (National 
Institutes of Health). An ImageJ macro was used to threshold and select all centromeres 
and all chromosome areas (excluding centomeres) using the DAPI and CENP-C channels 
as described previously (Saurin et al., 2011).This was used to calculate the relative mean 
kinetochore intensity of various proteins ([centromeres– chromosome arm intensity (test 
protein)]/[centromeres–chromosome arm intensity (CENP-C)]). 
 Primary antibodies used were GFP-Booster (ChromoTek), rabbit-anti-BUB1 (Bethyl 
Laboratories, Inc.), rabbit-anti-BUBR1 (Bethyl Laboratories, Inc.), mouse-anti-MAD1 (a 
gift from A. Musacchio, MPI, Dortmunt, Germany) rabbit-anti-H2A-p120 (Active-Motif), 
guinea pig-anti-CENP-C (MBL) and CREST/anti-centromere antibodies (Cortex Biochem, Inc). 
Secondary antibodies were goat-anti-rabbit Alexa Fluor 488, goat-anti-rabbit Alexa Fluor 
568, goat-anti-mouse Alexa Fluor 568, goat-anti-guinea pig Alexa Fluor 647 and goat-anti-
human Alexa Fluor 647 (Molecular Probes).

Live cell imaging
Cells were grown on 24-wells glass bottom plates (MatTek Corporation) and synchronized 
using 2 mM thymidine for 24h. Cells were released from thymidine into nocodazole (830 
nM), reversine (250 nM), doxycycline (2 µg/ml) and rapamycin. Filming started 4-6 hours 
after thymidine release and was done at 37°C at 5% CO2 with a 20x/0.5 NA UPFLN objective 
on a microscope (model IX-81; Olympus) controlled by Cell-M software (Olympus). Images 
were acquired using a CCD camera (ORCA-ER; Hamamatsu Photonics) and processed using 
Cell-M software. 

Mass spectrometry
Cells were adapted to Lys-0/Arg-0 (Light) medium or Lys-8/Arg-10 (Heavy) medium for 
two weeks. Cells were synchronized in mitosis by a 24h thymidine block, followed by o/n 
treatment with nocodazole. After harvesting the mitotic population, cells were split with 
either 500 nM Reversine for 30’ or with DMSO as a control. LAP-BUB1 or LAP-KNL1 expression 
was induced for 24h using doxycyclin and cells were harvested and mixed, followed by 
immunoprecipitation and mass spectrometry. Cells were lysed at 4°C in hypertonic lysis 
buffer (500 mM NaCl, 50 mM Tris-HCl (pH 7.6), 0.1% sodium deoxycholate, 1 mM DTT) 
including phosphatase inhibitors (1 mM sodium orthovanadate, 5 mM sodium fluoride, 1 
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mM beta-glycerophosphate), sonicated, and LAP-tagged proteins were coupled to GFP-trap 
(ChromoTek) for 1h at 4°C. Purifications were washed three times with high-salt (2 M NaCl, 
50 mM Tris-HCl (pH 7.6), 0.1% sodium deoxycholate, 1 mM DTT) and low-salt wash buffers 
(50 mM NaCl, 50 mM Tris-HCl (pH 7.6), 1 mM DTT) and subsequently eluted in 2 M Urea, 50 
mM Tris-HCL (pH 7.6), 5 mM IAA. Samples were loaded a C18 column and ran on a nano-LC 
system coupled to a mass spectrometer (LTQ-Orbitrap Velos; Thermo Fisher Scientific) via a 
nanoscale LC interface (Proxeon Biosystems (now Thermo Fisher Scientific), as described in 
(Suijkerbuijk et al., 2012a).

Conserved motif analysis
Conservation of BUB1 residues was determined by a Jackhmmer run with human BUB1 as 
query on the UniProt database. Only metazoan species were included in the analysis.
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Supplemental Figure 1

(A/B) Representati ve images (A) and quanti fi cati on (B) of HeLa Flp-in cells expressing MIS12-LAP-
BUB1WT/1-318 transfected with siBUB1 and treated with nocodazole for 3 hours. MIS12-LAP-BUB1 is 
shown in green, BUBR1 in red, CENP-C in blue and DNA (DAPI). Quanti fi cati on in C shows kinetochore 
intensity (+SD) as a rati o over CENP-C kinetochore intensity. n=10 cells. (C/D) Representati ve images 
(C) and quanti fi cati on (D) of HeLa Flp-in cells expressing LAP-BUB1 variants transfected with siBUB1. 
Cells were arrested in mitosis by additi on of MG132 for 1 hour, followed by nocodazole treatment for 
10 minutes. LAP-BUB1 is shown in green, MAD1 in red, CENP-C in blue and DNA (DAPI). Quanti fi cati on 
in D shows MAD1 kinetochore intensity (±SD) over GFP kinetochore intensity. n=10 cells. MAD1 levels 
are set to 1 in control cells and GFP levels are set to 1 in BUB1WT expressing cells.
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Summary

Faithful chromosome segregation in mitosis depends on a tight coordination between the 
formation of proper kinetochore-microtubule attachments and MC activation and silencing. 
The outer kinetochore scaffold KNL1 plays an essential integrative role in these processes 
since it forms an assembly platform for the main microtubule-binding site (the KMN 
network) and recruits proteins involved in MC signaling. Key to its role in MC activation and 
the formation of stable kinetochore-microtubule attachments is the recruitment of BUB1, 
BUBR1 and BUB3 (collectively called the BUB proteins). Our phylogenomics analyses show 
that KNL1 is a rapidly evolving protein that contains an extensive array of repetitive modules 
(chapter 2). The 19 repetitive modules in human KNL1 include of TΩ-MELT-SHT motifs and 
function as independent BUB protein recruitment sites (chapter 3 and 4). Whereas only 
a few active modules are needed for MC activation, increasing the number of functional 
BUB recruitment sites up to 6 gradually increases chromosome segregation fidelity to wild-
type levels (chapter 3). When studying these modules in molecular detail we find that only 
few BUB recruitment modules are active while the majority have degenerated (chapter 4). 
We show that the MC kinase MPS1 phosphorylates several residues within MELT- and SHT- 
motifs, which cooperate in BUB1/BUB3 binding. Phosphorylation sites within SHT motifs are 
unique for vertebrate KNL1 orthologs and we identify a basic surface on human BUB3 that is 
responsible for interacting with these phospho-residues (chapter 4). Finally, we address the 
role of BUB1-BUB3 in MC signaling. We show that this complex functions as a platform for 
recruiting the MC proteins BUBR1 and MAD1 and their target CDC20 (chapter 5). Whereas 
BUBR1 kinetochore recruitment is dispensable for the MC, the combined recruitment of 
MAD1 and CDC20 facilitates MCC formation (chapter 5). 
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Discussion

1. Evolution of the core and auxiliary mitotic checkpoint proteins
Since all eukaryotic species have their genes assembled in chromosomes and require at least 
some degree of coordinated chromosome segregation, it is not surprising that components 
of the core cell-cycle machinery and chromosome-segregation apparatus can be identified 
throughout the eukaryotic tree of life. However, significant differences between eukaryotic 
species have also been reported, but it is unclear whether these differences are unique 
specialized events or if they represent essential properties of chromosome segregation in 
numerous species. With our phylogenomics analysis of 60 different species, we identify 
orthologs of the core MC proteins in all supergroups, whereas some of the auxiliary and 
silencing proteins appear to have evolved more recently (Zwilch and Spindly) or have been 
lost in specific supergroups (p31comet) (chapter 2; Figure 2). Solely studying the presence/
absence of MC proteins in fact only reveals a first layer of complexity. Some proteins 
have undergone duplications, often followed by (partial) degeneration (CDC20B) or 
subfunctionalization (the MADBUB proteins), or are involved in multiple processes (MPS1 
in spindle pole duplication, ZW10 in membrane trafficking) (Hirose et al., 2004; Winey et 
al., 1991). In the case of the MADBUB family, gene duplication allowed paralogs to acquire 
specific functions (Suijkerbuijk et al., 2012a). For many other duplicated genes it remains 
unknown whether they are at all expressed and if their expression is restricted to specific 
tissues or developmental stages. Properly expressed paralogs can have maintained redundant 
functions, can have added another layer of regulation or fine-tuning to the MC, function 
within completely different processes, or potentially even be non-functional. Studies on the 
MC will greatly benefit from investigating its evolutionary aspects in more detail by looking 
at the co-evolution of proteins, the presence/absence of individual domains and primary 
sequence conservation, alternative splice-variants, post-translational modifications etc. In 
addition, cell biological and biochemical characterization of the MC in different species will 
be important to understand the evolution and molecular fundamentals of MC signaling.
 An interesting case is G. intestinalis, which seems to rely on MPS1, MAD2 and BUB3 
for faithful chromosome segregation while it does not contain detectable orthologs of other 
MC proteins, KNL1, APC/C subunits and its co-activator CDC20 (Vicente and Cande, 2014) 
(chapter 2; Supplemental Table 1). One possibility is that this simply reflects rapid evolution 
of these genes in G. intestinalis and the associated difficulties of their identification using 
bioinformatics approaches. On the other hand, MPS1, MAD2 and BUB3 in G. intestinalis 
might only have retained MC-independent functions and cell cycle progression is regulated 
in an MC- and APC/C-independent manner in this organism. Alternatively, cyclin B activity 
might be regulated by different means in this species, suggesting that inhibition of cell cycle 
progression by MPS1, MAD2 and BUB3 might impact on completely different levels. In order 
to unravel this, it will be important to identify mitotic cell cycle regulators and their inhibitor 
in G. intestinalis using cell biological and biochemical approaches.

2. Evolution of the checkpoint scaffold KNL1
The outer kinetochore scaffold KNL1 is involved both in the formation of kinetochore-
microtubule attachments and MC signaling (Desai et al., 2003; Kiyomitsu et al., 2007). Poor 
conservation at the primary sequence level, together with the lack of a recognizable domain 
structure in the large middle part of the protein has made it difficult to recognize orthologs 
using phylogenomics. In our bioinformatics analysis, the identification of KNL1 orthologs 
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was largely based on the presence of conserved N-terminal PP1 recruitment motifs (SILK/
RVSF) and a C-terminal coiled-coil domain. In traditional model systems, MELT-like motif 
containing repeats had been identified in KNL1 that turned out to be responsible for BUB1/
BUB3 kinetochore recruitment once being phosphorylated by MPS1 (London et al., 2012; 
Shepperd et al., 2012; Yamagishi et al., 2012). In human KNL1 we show that these repeating 
motifs function as independent BUB-recruitment modules (chapter 3 and 4). Interestingly, 
different species contain a wide variety in the number of repetitive modules (chapter 2 and 
3), but what the relevance, if any, of this is remains unclear. In human KNL1 only a limited 
number of repeats can be classified as ‘active’ based on their ability to interact with BUB1/
BUB3, and an artificial KNL1-variant containing six functional repeats is sufficient to rescue all 
wild-type functions. It is interesting to note that so many additional non-functional repeats 
are present in human KNL1 and potentially also in orthologs from other species. Have there 
been moments in evolution when higher levels of kinetochore BUB1 were beneficial to 
some lineages? If so, did some repeats degenerate because the selective advantage of high 
kinetochore BUB1 levels disappeared? On the other hand it could be that the KNL1 gene is 
highly susceptible to recombination events resulting in a dynamic expansion followed by the 
degeneration of excess repeats. Alternatively, repeat expansion, degeneration and sequence 
homogenization could be a result of additional unknown roles of KNL1 and its repetitive 
sequences. Our data however shows that the amount of kinetochore BUB proteins needs 
to be tightly balanced in order to support accurate chromosome segregation. This implies 
that if repeat expansion is accidental or under a selective pressure that does not involve BUB 
recruitment, cells have to compensate by different means to restore proper kinetochore BUB 
levels. We show that single amino acid changes in KNL1 repeats are sufficient to get them 
inactivated, potentially either by affecting the interaction surface for BUB3 or by disturbing 
MPS1-dependent phospho-regulation. Alternatively, subtle alterations in BUB3 can account 
for changes in its affinity for KNL1 and thereby affect kinetochore BUB protein levels. In 
order to better understand the evolution of this gene, it will be of great value to examine 
the beneficial and detrimental effects of having too many BUB-recruitment modules using 
directed evolutionary studies and to assess the consequences for evolution of the KNL1-
BUB3 interface. 

3. Mitotic regulation of BUB kinetochore-recruitment
Virtually all repeats that we identified in KNL1 orthologs are characterized by a central MELT-
based motif in which both the Methionine and the presence of a phosphorylatable residue 
are strongly conserved (chapter 3; Figure 6a). Active repeats in human KNL1 have to fulfill 
at least two requirements; (1) they have to harbor a phosphorylatable residue that can be 
recognized by MPS1 and (2) once phosphorylated, these motifs need to provide a stable 
BUB1-BUB3 interaction surface. Drosophilids contain a slightly deviant [IM]EED-based 
motif, which suggests that these repetitive sequences are not under phosphoregulation by 
MPS1 (Schittenhelm et al., 2009) (chapter 3; Figure 6a). In fact, while being essential for the 
MC, MPS1 is not required for BUB kinetochore recruitment in Drosophila S2 cells (Conde et 
al., 2013). Interestingly, the [IM]EED sequence in Drosophilids is preceded by an RxT motif, 
indicating that phospho-regulation of these repeats could occur at different sites and by a 
different kinase. In other species (e.g. C. owczarzaki and S. rosetta), MELT-like sequences 
are supplemented with a similar N-terminal motif, which resembles the PKA and Aurora 
kinase consensus motif [RK]x[ST]. Another interesting case is C. elegans, in which MELT-like 
sequences are highly prevalent but in which no apparent MPS1 ortholog has been identified. 
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It is interesting to note that MPS1 and the mitotic kinase PLK1 share significant overlap 
in their consensus substrate sequences (Dou et al., 2011), indicating that the functions of 
MPS1 could have been taken over by PLK1 in C. elegans.
 Together, this suggests that MELT-like sequences in various organisms might be 
regulated by different kinases (PKA/Aurora in Drosophilids, PLK1 in C. elegans), are under 
the control of multiple kinases (MPS1 and PKA/Aurora in C. owczarzaki and S. rosetta) or 
might even be constitutively active or under the control of other regulators. To what extend 
the molecular regulation of BUB protein kinetochore localization is conserved throughout 
the eukaryotic tree of life remains to be shown in vivo.
 
4. Evolution of the KNL1-BUB3 interface
In addition to the broadly conserved MELT-like motif, we identified essential flanking motifs 
in vertebrate KNL1 orthologs (chapter 3 and 4). In S. cerevisiae, a MELT-containing peptide 
shows a robust interaction with BUB1/BUB3 (Primorac et al., 2013), whereas both the TxxΩ 
and SHT motifs that flank the human MELT motifs are essential for proper BUB recruitment 
and MC functioning in human cells. Although the molecular contribution of the TxxΩ motif 
to BUB recruitment is still unknown, we showed that the vertebrate-specific SHT motif is 
also under regulation of MPS1 and potentially touches an extended basic surface on human 
BUB3. It is intriguing that vertebrates rely on these more extended repetitive sequences 
for BUB recruitment while the MELT-like motif itself seems to suffice in at least some other 
species. Does an extended BUB3-KNL1 interface directly translate into a higher affinity 
interaction between these proteins? Alternatively, a single high-affinity interaction could 
have become replaced by the combined activity of multiple weak-affinity binding sites. It 
would therefore be interesting to directly compare the relative affinities of the KNL1-BUB3 
interaction of orthologs containing short (S. cerevisiae) and extended (H. sapiens) KNL1 
repeats. Do some species rely on more tightly kinetochore-bound BUB proteins while others 
need a higher kinetochore turnover of these proteins? In theory, extended repeats could 
provide additional modes of regulating the KNL1-BUB3 interface. In support of this, we 
identified multiple MPS-dependent phosphorylation sites in human KNL1 repeats (chapter 
4) and repeats in KNL1 orthologs from other species are often supplemented with additional 
conserved phosphorylatable residues. We however find that phosphorylation of the MELT 
and SHT motifs in human KNL1 is sequential, suggesting only limited individual regulation 
of these motifs. Once the MELT motif itself is phosphorylated this also activates the SHT 
motif, indicating an all-or-nothing mechanism for repeat activation. Both in budding yeast 
and human cells, BUB protein kinetochore localization is antagonized by PP1 phosphatase 
(London et al., 2012; Zhang et al., 2014). It would be interesting to examine whether PP1 
directly dephosphorylates repeats in human KNL1 in vitro, if PP1 is the only phosphatase 
responsible for this and if different phosphorylation sites might be differentially affected by 
phosphatse activity. 
 
5. Molecular functions of the kinetochore BUB protein complex
Both BUB1 and BUBR1 are found to be associated with BUB3 throughout the cell cycle and 
this interaction is required for their kinetochore recruitment and MC activity (chapter 1). 
In vertebrates, BUB1 and BUB3 are required for BUBR1 kinetochore recruitment but not 
vice versa. We find that the interaction between BUB1 and BUB3 is essential for BUBR1 
kinetochore recruitment and that the BUB1-BUB3-BUBR1 complex is formed independent 
of kinetochores and MC status (chapter 5). The molecular stoichiometry of this complex 
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is however still unknown. BUB1 and BUBR1 interact with the same surface on with BUB3, 
suggesting that BUB1-BUB3 and BUBR1-BUB3 binding is mutually exclusive (Larsen et al., 
2007) this suggests that the BUB1-BUB3-BUBR1 complex exists in a 1:2:1 ratio, wherein 
BUB3 mediates coupling of BUB1-BUB3 to BUBR1-BUB3 dimers, either directly or indirectly. 
Interestingly, artificial kinetochore tethering of BUB1 mutants that cannot recruit BUB3 and 
BUBR1 are sufficient to restore MC activity. This suggests that the only MC function for BUB3 
in the BUB1-BUB3 complex is in BUB1 kinetochore targeting. Whether there are additional 
kinetochore-roles for BUB3 in error correction remains to be shown. Furthermore, our 
data indicate that a soluble pool of BUBR1 is sufficient for the MC and that kinetochore 
recruitment of BUBR1 is not required for MC activity. In support of this, in vitro experiments 
using purified kinetochores suggest that MAD2 loading onto CDC20 is the dominant 
kinetochore-driven step in MCC formation (Kulukian et al., 2009). Importantly, BUBR1 
mutants that cannot interact with BUB3 are deficient in MC activation (Elowe et al., 2010; 
Larsen et al., 2007), suggesting that BUB3 performs one or more other essential functions 
in BUBR1-mediated MC signaling. Since the recently published S. pombe MCC structure is 
devoid of Bub3, it will be interesting to examine the contribution of BUB3 in MCC formation 
and stability. Although the GLEBS motif does not seem to be strictly essential for MC activity 
in mouse embryonic fibroblasts, N-terminal BUBR1 fragments that lack the GLEBS motif do 
show reduced CDC20 binding (Malureanu et al., 2009). 
 What then is the role of BUBR1 at kinetochores? Next to its kinetochore-
independent MC function, BUBR1 is responsible for recruiting the phosphatase PP2A-B56 
to kinetochores, which promotes the formation of stable kinetochore-microtubule 
attachments (Foley et al., 2011; Kruse et al., 2013; Suijkerbuijk et al., 2012b; Xu et al., 2013). 
The correlation between the amount of BUB kinetochore recruitment and the efficiency of 
chromosome alignment (chapter 3 and 4) may be explained by a corresponding increase of 
kinetochore PP2A-B56. In contrast to alignment, both MC activation and BUB1-mediated 
phosphorylation of H2AT120 require only low levels of kinetochore BUB1 (chapter 3).

6. Mitotic checkpoint activation by BUB1
The molecular role of BUB1 in the MC has been debated since its initial discovery as an 
essential MC protein (Hoyt et al., 1991). Especially the role of BUB1 kinase activity in 
MC activation remains controversial. The kinase domain of BUB1 was recently shown to 
phosphorylate Histone H2AT120 in order to establish inner centromeric CPC localization 
to promote error correction (Kawashima et al., 2009; Yamagishi et al., 2010). In addition, 
CPC localization stimulates an MPS1-BUB1-Aurora B feedback loop, which aids in the rapid 
establishment of a functional MC upon mitotic entry (Saurin et al., 2011). As expected, 
therefore, kinase-dead mutations in budding yeast and mouse BUB1 have indeed been 
suggested to affect MC activity through reductions in CPC localization (Kawashima et al., 
2009; Ricke et al., 2012). However, earlier studies with cells from the same organisms had 
concluded that BUB1 kinase activity was dispensable for MC activity (Fernius and Hardwick, 
2007; London and Biggins, 2014; Perera et al., 2007; Warren et al., 2002). In human cells, a 
similar controversy exists: It was reported that BUB1 directly phosphorylates and thereby 
inhibits the activity of the APC/C co-activator CDC20 (Tang et al., 2004), but another study 
using two human cell lines showed no significant contribution of BUB1 kinase activity to MC 
signaling (Klebig et al., 2009).
 In our assays we show that a truncation of BUB1 that removes the kinase domain 
is proficient in MC activation (chapter 5). Although others and we have shown that BUB1 
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kinetochore localization promotes efficient Aurora B signaling, this pathway is not essential for 
establishing a robust MC response in human cells. Remaining inner centromere recruitment 
of the CPC in the absence of BUB1 kinase activity (Ricke et al., 2012) might be responsible for 
recruiting MPS1 kinetochore levels that are sufficient for MC activation. In addition, our data 
excludes a model in which BUB1-dependent phosphorylation and inhibition of CDC20 is a 
crucial function of BUB1 in MC signaling. Whether or not these findings can be translated to 
other organisms is unknown, but it would be surprising if, for instance, mouse cells regulate 
their MC very differently from human cells. It is likely therefore that either some studies 
have misinterpreted phenotypes in BUB1 kinase deficient cells as being MC defects, or that 
our assays are flawed and cannot uncover subtle phenotypes. Since we use a sensitized MC 
assay, we feel the former possibility is more likely. 
 BUB1 is required for kinetochore localization of MAD1 in all organisms tested and is 
this depends on a region encompassing the previously identified CD1 in S. pombe, S. cerevisiae 
and human BUB1 orthologs (Heinrich et al., 2014; Klebig et al., 2009; London and Biggins, 
2014). Whereas in S. cerevisiae this region of BUB1 is phosphorylated by MPS1 to promote 
a direct interaction with MAD1, immuno-precipitations of BUB1 from S. pombe and human 
cells have failed to detect the presence of such a BUB1-MAD1 complex (Heinrich et al., 2014; 
Kruse et al., 2014) (chapter 5). In support of BUB1 not being a direct kinetochore scaffold 
for MAD1 in human cells, we show that MAD1 kinetochore levels cells are unaffected by 
depleting BUB1. MAD1 kinetochore loading however occurs with reduced efficiency, which 
would explain differences in MAD1 kinetochore levels in unperturbed mitosis (Klebig et al., 
2009) and defective MC signaling after BUB1 depletion. Since the CD1 in human BUB1 is 
also required for MAD1 kinetochore recruitment (Klebig et al., 2009), it is not unlikely that a 
transient CD1-MAD1 interaction enables MAD1 kinetochore loading in human cells. Studies 
in human BUB1 knockout cells will be of great importance to show whether remaining 
MAD1 kinetochore loading after BUB1 depletion depends on residual protein or whether 
BUB1 is completely dispensable for this. In human cells, the RZZ-complex is also required 
for MAD1 kinetochore targeting (Kops et al., 2005), but whether RZZ components provide 
the direct MAD1 scaffold or promote its localization by supporting KMN network integrity 
or accessibility for MAD1 is unknown. It will be important to assess the existence of a more 
transient BUB1-MAD1(-ZW10) complex in human cells using more sophisticated methods 
like proximity-ligation, cross-linking followed by immuno-precipitation and labeling of 
proteins in the close proximity of BUB1 and MAD1 using BioID. 
 In addition, we show that CDC20 recruitment to BUB1 supports the MC, although 
this is unlikely to be mediated through direct phosphorylation of CDC20 by BUB1. In contrast, 
we find that cells expressing a BUB1 fragment that cannot recruit CDC20 to unattached 
kinetochores show reduced MCC assembly. Although we cannot exclude the possibility that 
this fragment contributes to MCC assembly through additional means besides recruiting 
CDC20, it is interesting to note that the MAD1- and CDC20-recruitment domains of BUB1 
are in close proximity of each other. This suggest an interesting model in which MAD2 
loading onto CDC20 occurs at kinetochores and is stimulated by bringing MAD2 and CDC20 
into close proximity of each other. Since BUB1-dependent kinetochore recruitment of 
the other MCC components (BUB3 and BUBR1) is not required for MC activity, this would 
suggest that a cytosolic BUBR1/BUB3 pool is capable of binding pre-formed CDC20-MAD2 
complexes. In support of this, purified chromosomes have been shown to impact primarily 
on the formation of a CDC20-MAD2 complex, which can subsequently interact with soluble 
BUB3-BUBR1 dimers (Kulukian et al., 2009). To test this hypothesis, it will be interesting 
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to uncouple the MAD1- and CDC20-recruitment sites in BUB1 and to test MC activity 
when repositioned distantly or in close proximity of one another, potentially even at non-
kinetochore ectopic sites in the presence of MPS1. Alternatively, kinetochore recruitment 
of CDC20 might result in its activation through phosphorylation by different kinases or by 
promoting a conformational change that allows it to interact with C-MAD2.

Concluding remarks
Billions of years of evolution have given rise to a wide variety of complex single-celled and 
multicellular organisms. Whereas some genes and molecular processes are specific to 
certain species, many genes are broadly conserved and support general aspects of life such 
as cell division. In this thesis, we have combined phylogenomic approaches with molecular 
cell biology and biochemistry in order to study the MC and chromosome alignment 
machineries in human cells. This combination of approaches has proven to be important for 
the identification of functional entities in proteins and to uncover the mechanisms by which 
protein-protein interactions are regulated and have evolved. Our work has contributed to 
the molecular understanding of MC signaling at kinetochores and has revealed insights into 
MC evolution and protein evolution in general. 
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Samenvatting in het Nederlands

Evolutie en regulatie van eiwit-rekrutering door KNL1 in het mi-
totisch checkpoint

Cellen en chromosomen
Of het nu op natuurlijke of kunstmatige wijze is, ieder van ons is ontstaan door de fusie van 
een zaadcel met een eicel, een belangrijk proces waarbij een mix van de eigenschappen van 
onze vader en moeder ontstaat. Deze eigenschappen staan beschreven in ons DNA, wat 
onderverdeeld is in chromosomen, en bepalen voor een groot deel ons uiterlijk en karakter. 
Op deze manier erven we 23 chromosomen van onze vader en 23 van onze moeder, wat 
betekent dat de bevruchte eicel bestaat uit 46 unieke chromosomen. Nu, vele jaren na de 
onomkeerbare verbintenis tussen het genetische materiaal van onze ouders bestaan we niet 
meer uit één enkele cel, maar uit vele miljarden, waarvan er bovendien dagelijks miljoenen 
sterven en vervangen dienen te worden. Door het in tweeën splitsen van een bestaande cel 
(celdeling of mitose genoemd) ontstaan twee nieuwe cellen die allebei hetzelfde genetische 
materiaal moeten bevatten om ons van dienst te zijn in ons dagelijks bestaan. Om dit te 
kunnen bewerkstelligen moet er voldaan worden aan twee essentiële principes. Ten eerste 
moet er van alle 46 chromosomen een identieke kopie gemaakt worden voordat de cel 
in twee nieuwe cellen splitst. Vervolgens, omdat ieder chromosoom uniek is, moeten de 
chromosomen gelijk verdeeld worden, iedere cel dient één exemplaar te ontvangen van 
ieder chromosoom. Een ‘verdeel-en-heers’ principe op microscopisch niveau dat essentieel 
is voor ons voortbestaan: als cellen een chromosoom missen of te veel ontvangen kan dit 
leiden tot niet-functionerende cellen, celdood of ongeremde celdeling (kanker). 

Celdeling
Hoe krijgt een cel het voor elkaar om de chromosomen gelijk te verdelen? Ieder chromosoom 
blijft in eerste instantie stevig aan zijn kopie vastzitten (dit noemen we een chromosoom-
paar). Ieder chromosoom bevat in het midden een verbindingspunt (kinetochoor) waaraan zal 
worden getrokken door grote kabels (microtubuli). Zodra kinetochoren van een chromosoom 
en zijn kopie verbinding maken met microtubuli afkomstig van tegenoverliggende kanten 
van de cel zal aan een chromosoom en zijn kopie even hard worden getrokken en wordt 
het chromosoom-paar naar het midden van de cel verplaatst (zie ook hoofdstuk 1, Figuur 
1). Dit gebeurt voor ieder chromosoom-paar totdat alle paren in het midden van de cel 
terecht komen en er orde in de chromosoom-chaos ontstaan is. Op dit moment zullen het 
chromosoom en zijn kopie elkaar loslaten en afscheid van elkaar nemen. Het trekken van 
de microtubuli zorgt er namelijk voor dat ze naar tegenoverliggende uiteinden van de cel 
verplaatst worden. De tweelingen zullen vervolgens definitief van elkaar gescheiden worden 
doordat de cel zich precies in het midden in tweeën splitst. 

Eiwitten en kinetochoren
Praktisch alle processen die in de cel plaatsvinden worden uitgevoerd door eiwitten, zo ook 
celdeling. Eiwitten bestaan uit lange ketens van 20 verschillende bouwstenen (aminozuren) 
en door verschillen in aantal en volgorde van aminozuren krijgen eiwitten specifieke vormen 
en functies. De microtubuli (trek-kabels) bestaan bijvoorbeeld uit aaneenschakelingen 
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van vele kopieën van hetzelfde eiwit (per stuk ongeveer 440 aminozuren in lengte) en de 
kinetochoor bestaat uit meer dan 80 verschillende eiwitten met ieder zijn specifieke vorm 
en taak. 
 De kinetochoor speelt een cruciale rol in mitose. Allereerst is de kinetochoor 
verantwoordelijk voor het vormen van een stevige verbinding tussen het chromosoom en 
de microtubuli. Bovendien reguleert de kinetochoor een belangrijk beveiligingsmechanisme 
(het ‘mitotische checkpoint’). Om te voorkomen dat chromosomen in de verkeerde cel 
terecht komen test de kinetochoor of de verbindingen met microtubuli aanwezig zijn en of 
deze stevig genoeg zijn. Zolang dit nog niet het geval is zal de kinetochoor signalen afgeven 
waardoor de chromosoom-paren elkaar vast blijven houden en de cel niet in tweeën 
zal splitsen. Pas zodra alle chromosomen netjes gerangschikt zijn geeft de kinetochoor 
toestemming om de fysieke chromosoom-verdeling in gang te zetten.

KNL1 en celdeling
Een belangrijk eiwit op de kinetochoor is het eiwit KNL1. Dit staat voor kinetochoor nul, 
wat feitelijk betekent dat de kinetochoor zijn functies verliest wanneer we KNL1 kunstmatig 
uit cellen hebben weggehaald. Zonder KNL1 kunnen geen stevige verbindingen met 
microtubuli worden gemaakt en de chromosomen blijven daarom verspreid in de cel liggen. 
Kijk ook eens naar hoofdstuk 3, Figuur 2d (chromosomen zijn blauw, microtubuli groen) 
en vergelijk het linker plaatje (een cel met KNL1) met het rechter (een cel zonder KNL1). 
Bovendien speelt KNL1 een belangrijke rol in het mitotische checkpoint. Dit betekent dat 
cellen zonder KNL1 niet wachten met delen totdat alle chromosomen geordend zijn, met als 
gevolg dat chromosoom-paren elkaar vroegtijdig loslaten en splitsing van de cel zorgt voor 
een willekeurige verdeling van het genetisch materiaal. 
 KNL1 bestaat uit een lange keten van 2342 aminozuren. Voor het gemak 
hebben we alle 20 verschillende aminozuren een ‘naam’ van één letter gegeven, 
een willekeurig stukje van 40 van de 2342 aminozuren uit KNL1 ziet er als volgt uit: 
-RKHANDQTVIFSDENQMDLTSSHTVMITKGLLDNPISEKS-. Op het eerste oog een chaos 
aan letters waar in geen enkele menselijke taal enige logica in te vinden is, behalve voor 
biologen. Na lang staren naar deze brei van 2342 letters begon ons iets op te vallen; er zit 
wel degelijk logica in de volgorde van letters. We zagen namelijk verspreid in deze lange 
keten van aminozuren 19 herhalingen van bijna identieke volgordes van 25 aminozuren 
(zie ook hoofdstuk 3, Figuur 3c). En als bioloog veronderstellen we dat alles gebeurt met 
een reden; de herhaling van een aminozuur-reeks zal waarschijnlijk bepalend zijn voor de 
functie van het eiwit.

KNL1 en de BUB-eiwitten
KNL1 is een groot eiwit met vele functies zoals hierboven beschreven staat. Om deze taken 
voor elkaar te krijgen is KNL1 de manager van een groep helpers bestaande uit 3 andere 
eiwitten: BUB1, BUBR1 en BUB3 (samen de BUB-eiwitten). De defecten die we zien in cellen 
zonder KNL1 zijn voor een groot deel te verklaren door de afwezigheid van deze BUB-eiwitten 
op de kinetochoor. In hoofdstuk 3 laten we zien dat KNL1 feitelijk functioneert als een 
kinetochoor-steiger (een zogenaamde ‘scaffold’, vandaar de ‘steiger’ op de omslag van dit 
proefschrift) met 19 aanlegplaatsen voor BUB-eiwitten. De aanlegplaatsen zijn herkenbaar 
als de herhalende ketens van 25 aminozuren. Door een aantal kunstmatige varianten van 
KNL1 te maken (waardoor we zelf controle hebben over het aantal aanlegplaatsen) konden 
we laten zien dat een klein aantal aanlegplaatsen genoeg is om het mitotische checkpoint 
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te laten functioneren. Meerdere aanlegplaatsen lijken samen te werken om voldoende 
BUB-eiwitten naar de kinetochoor te brengen om kinetochoor-microtubule verbindingen 
te verstevigen en zo de chromosomen in het midden van de cel te rangschikken (zie ook 
hoofdstuk 3, Figuur 6b).

Gecontroleerde checkpoint-activiteit
Het mitotische checkpoint is essentieel om celdeling uit te stellen tot alle chromosomen 
netjes gerangschikt zijn. Aan de andere kant; zodra alle chromosoom-paren in het midden 
van de cel liggen zal dit checkpoint weer inactief gemaakt moeten worden om de cel te 
laten delen. Als we teruggaan naar KNL1 en de BUB-eiwitten dan betekent dit dat de BUB-
aanlegsteigers werkzaam moeten zijn tijdens ‘chromosoom-chaos’ en inactief moeten 
zijn na chromosoom-rangschikking. Maar hoe ‘weet’ KNL1 dit? Een ander belangrijk eiwit 
voor activering van het mitotische checkpoint is MPS1, eveneens een eiwit dat zich op 
de kinetochoor bevindt, maar wordt verwijderd zodra de kinetochoor vast zit aan een 
microtubule. MPS1 is een type eiwit wat we ‘kinase’ noemen; een eiwit dat in staat is om 
de eigenschappen van specifieke aminozuren (S en T) in andere eiwitten te veranderen 
door er een chemische groep met een negatieve lading (een fostfaat) aan te verbinden. 
Ook in de biologie trekken tegenpolen elkaar aan; S en T aminozuren waaraan een fosfaat 
verbonden zit worden aangetrokken door andere aminozuren die van nature een positieve 
lading hebben (K en R). Deze aminozuren plakken als het ware aan elkaar. De oplettende 
bestudeerder van hoofdstuk 3, Figuur 3c zal gezien hebben dat de BUB-aanlegsteigers vol 
zitten met deze S en T aminozuren. In hoofdstuk 4 laten we zien dat deze S en T aminozuren in 
de BUB-aanlegsteigers inderdaad door MPS1 voorzien worden van negatief-geladen fosfaat-
groepen. BUB3 (één van de BUB-eiwitten) bevat een grote hoeveelheid postief-geladen K 
en R aminozuren waarvan we kunnen aantonen dat ze direct verantwoordelijk zijn voor 
het ‘aanmeren’ van BUB-eiwitten op de negatief-geladen steigers in KNL1. Samengevat: 
Alleen als een kinetochoor niet vast zit aan een microtubule zal MPS1 de aanlegsteigers in 
KNL1 voorzien van fosfaat-groepen. Deze vormen nu een aanlegplaats voor BUB-eiwitten 
welke het mitotische checkpoint actief houden totdat ze hebben geholpen om stabiele 
kinetochoor-microtubule verbinding te maken.

Eiwit-evolutie en vervolgonderzoek
KNL1 bestaat uit 19 mogelijke aanlegplaatsen voor BUB-eiwitten, terwijl we in hoofdstuk 
4 laten zien dat slechts 8 van deze aanlegplaatsen daadwerkelijk BUB-eiwitten kunnen 
aanmeren. Waarom zijn er 19 als er maar 8 een functie lijken te hebben? Om hier een 
antwoord op te vinden zijn we gaan kijken naar de overeenkomsten en verschillen tussen 
de aminozuren in het KNL1 eiwit in schimmels, planten en verschillende dieren. Wat direct 
opvalt is dat al deze eiwitten een bepaalde mate van herhalende aminozuur-reeksen 
bevatten, maar zowel het aantal als de exacte aminozuren in deze reeksen verschilt sterk. In 
hoofdstuk 3, Figuur 6a zien we bij de mens (H. sapiens) bijvoorbeeld 19 van deze herhalingen 
met aan de rechterkant een overzicht van de aminozuren die in deze herhalingen aanwezig 
zijn. In KNL1 van bakkersgist (S. cerevisiae) zien we echter maar 5 herhalingen die bovendien 
een stuk minder aminozuren bevatten dan in de menselijke variant. Biologen halen uit 
dit soort analyses graag nieuwe ideeën: Heeft bakkersgist minder BUB-aanlegsteigers op 
de kinetochoor nodig dan een menselijke cel? De principes van celdeling tussen de twee 
zijn grotendeels vergelijkbaar, maar misschien kunnen het grotere aantal en het formaat 
van de chromosomen in menselijke cellen verklaren waarom meer BUB helper-eiwitten 

Chapter &.indd   16 11/3/14   9:56 AM



- 139 -

&

op de kinetochoor nodig zijn? En waarom zijn er minder S en T aminozuren nodig in de 
aanlegsteigers van bakkersgist? Zou het kunnen dat de activering van deze aanlegsteigers 
door MPS1 in de menselijke cel meer fine-tuning nodig heeft? Dit blijven fascinerende 
puzzels en vragen waarop we hopelijk in de toekomst een antwoord zullen krijgen om zo de 
celdeling beter te kunnen begrijpen.
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de dinsdagavond. Bedankt voor je steun, onze mooie vriendschap en de vele gezellige 
momenten. Ik wens je veel geluk samen met Daan. En laten we snel ook weer afspreken 
met onze NJHO-vriendjes Marlies, Matthijs en Martine!

Woensdag
De woensdagochtend was stiekem altijd mijn favoriete moment van de week: de Kops-lab 
werkbespreking. Lieve Kopsjes, wat zal ik jullie gaan missen. In het bijzonder wil ik Eelco 
en Wilco bedanken voor jullie bijdrage aan hoofdstuk 3. Woelie, bedankt voor alle goede 
discussies en de fijne klaagmomentjes. Wij blijven elkaar zien, al was het alleen maar voor 
je provocerende grappen en de nachtelijke snackbar-momenten. Nannette, last-woman-
standing, kan je me misschien nog éééén keer uitleggen... Misschien ga je me straks toch 
nog een beetje missen in het kantoor, al was het er wel klein. Wat heb ik veel van je geleerd 
en wat hebben we veel geklaagd en gelachen, bedankt! Ajit, Ana, Antoinette, Bas, Carlos, 
Deborah, Eelco, Jolien, Spiros, Timo, Wilma and Yoshi, I wish you all the best with your 
projects, in your future careers and in life! 
 Natuurlijk had het lab al lang niet bestaan en had mijn promotie nooit tot 
uitvoering gekomen zonder de inzet van Claudia, bedankt! En Cristina, alleen ik weet hoe 
erg je me zal gaan missen, maar voor jou staat mijn deur altijd open (plan jij het in op mijn 
jaarurenkaart?). Ook de IT-mannen wil ik hartelijk danken, zonder jullie zou er überhaupt 
geen proefschrift zijn geweest.
 Het is woensdagavond en daarmee eindelijk weer tijd voor “Timber”. We hebben 
de afgelopen jaren samen gelachen, samen gehuild en samen de meest prachtige muziek 
mogen spelen. Onze gedeelde passie, jullie onvoorwaardelijke vriendschap en de totale 
anarchie maken de woensdagavond tot een warme thuiskomst bij mijn Timber-familie. 
Yvonne, wat fijn dat je naast alle repetities ook nog tijd had om naar mijn Nederlandse 
samenvatting te kijken. Jacqueline, bedankt voor je luisterend oor, onze bijzondere band en 
het altijd heerlijk samen muziek maken. Wanneer was die house-warming precies?
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Donderdag
Het is al weer donderdag en er zijn nog zo veel mensen die ik deze week nog niet gesproken 
heb! Een dagje vrij lijkt me de enige optie, ik neem aan dat alle collega’s dit zullen begrijpen. 
 Het is de hoogste tijd om weer eens wat te sturen naar alle oud-collega’s die ik al 
veel te lang niet meer heb gesproken. Adrian (I missed you last world-cup!), Aniek (wanneer 
zie ik je weer eens op ’t Erf?), Saskia (mijn enige echte mede-bub(ber) waar ik zo veel van 
heb geleerd en zo veel mee heb gelachen!) en natuurlijk Jonne (zo’n promotiefeestje, hoe 
zie jij dat eigenlijk?) en de andere Medemaatjes: bedankt dat ik zo veel van jullie heb mogen 
leren en voor alle gezelligheid. René, ik blijf me verwonderen over jouw perfecte balans 
tussen flauwe grappen en kwaliteit om altijd de juiste vragen te stellen. Bedankt voor alles!
 De donderdagavond is een mooi moment om weer eens af te spreken met de 
“kansloze AIO’s”. Astrid, Assie, ik ga onze wekelijkse lunch en onze fijne gesprekken missen, 
bedankt voor je (hulp met) lay-out(en) en veel succes in Nijmegen! Rick, Boki, ondanks dat 
je van de aardbodem lijkt te zijn verdwenen (ik dacht dat Schagen al ver weg was) blijf je in 
ons hart.. ofzo.. anyhow, kom maar gewoon weer eens een biertje drinken! Pascal, “maar”-
analist, en toch de enige die altijd hard aan het werk is maar toch ook altijd wel een pilske 
lust, “nice nice!”. Arne, die broek hè.. maak je je bijnaam waar en doe je hem voor me aan 
naar mijn feestje? Maaike, helaas heb ik je nooit kunnen overtuigen van de mooie kant van 
je bijnaam. Ik heb heel veel bewondering voor je en ga je gezelligheid erg missen op het 
feest!

Vrijdag 
Het is ondertussen al bijna vrijdagmorgen. Het was inderdaad weer een geweldige avond, 
maar was die laatste baco nou echt nodig? Niet vergeten om de wekker te zetten om nog 
gezellig met de collega’s te kunnen lunchen. 
 Het was een drukke week, de proeven zullen helaas toch nog wat uitstel moeten 
dulden. Sorry Geert, die revisies ga ik volgende week écht doen. Maar gelukkig is er altijd 
nog tijd voor koffie met Banafsheh. Lieve Bana, jij bent zo slim en creatief op vele fronten. 
Ik heb ontzettend veel van je geleerd. In het lab, maar vooral ook door je onvoorwaardelijke 
vriendschap, je adviezen en de bijzondere manier waarop jij in het leven staat.
 Uiteraard sluiten we een drukke werkweek traditioneel af met de grote 
werkbespreking en vrijdagmiddagborrel. Alle leden van de Bos, Burgering, Dansen, Derksen, 
Holstege, MEZ, Snippert, Timmers, Vermeulen en Voest labs, bedankt voor jullie input en 
gezelligheid!
 Weekend! En hoe kan dit beter beginnen dan met een “klein biertje” met de dames 
en heren van de “Op naar….”-groep. Ik ben ontzetten blij dat jullie me geadopteerd hebben 
en ik ben dankbaar voor de mooie vriendschappen die in korte tijd ontstaan zijn. Rik (jouw 
photoshop-kwaliteiten en humor zijn ongeëvenaard en je bent een geweldige vriend), 
Gepke (alles begon met ons gezamelijke labwerk (hoofdstuk 3, Figuur 1 is dankzij jou!), 
maar team-alpha is inmiddels grens-overschrijdend en onverwoestbaar), Dave (jij hebt me 
naar échte muziek leren luisteren, feesten met jou is ongeëvenaard fán-tás-tísch), Annika 
(vrouw/zus/vriendin/mede-par(r)a, ik weet niet wat je precies van me bent maar ik vind je 
helemaal geweldig en dat “ja-woord” blijft staan!), Noor (zus, wat wisselen onze werktijden 
elkaar goed af en wat vullen onze slechte grappen elkaar goed aan, zou het genetisch zijn? 
die pompoen heb je nog van me tegoed), Gerbrand (de liefste man die ik ken, door jou ga 
ik soms toch een beetje twijfelen, zet je je wimpers weer op?), ML (twee handen op een 
buik) en Leon (gaan we snel weer eens een feestje pakken?), Wouter (De Tet, wanneer kom 
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je nou eens pannenkoeken eten?) en Kees (de man van de kort-levende whatsapp groepen 
en de lange nachten. Dat laatste: nooit weer!). Door jullie heeft “MELT!” een totaal andere 
betekenis gekregen! 
 En natuurlijk Meral, omdat door jou alle feestjes en luie dagen zo ontzettend veel 
leuker zijn. Het woord “genieten” past op alle mogelijke manieren bij jou, en dit hoop ik nog 
heel lang met je te mogen doen. Oké, en dan nu *** ******. Het is tijd voor een feestje, ik 
ben alvast hysterisch en ik ga op de helling liggen. 

Zaterdag
Na een rustige ochtend is er gelukkig nog genoeg tijd om af te spreken met Bart. Holger, met 
jou is fietsen over de Neude, skiën zonder sneeuw of zelfs boodschappen doen in de Netto 
altijd een avontuur. Ondanks dat we elkaar iets minder vaak spreken blijf je erg belangijk 
voor me. Misschien wordt het toch eens tijd voor een vervolg op Boston, New York, Toronto, 
Montreal en Madrid. What’s next? Iets met plantenbakken en photo-shoots?
 Gelukkig is Tessa dit weekend weer in het land. Wonderlijk genoeg lukt het zelfs 
met onze drukke agenda’s nog altijd om elkaar te zien. De momenten en gesprekken met 
jou zijn me altijd heel waardevol. En nu wordt het de hoogste tijd dat ik jullie eens kom 
opzoeken! Ik wens je heel veel geluk samen met Remco.
 Tenslotte is er nog iedereen waar ik deze week helaas geen tijd voor heb gehad. Ik 
hoop dat jullie het begrijpen en me vergeven, volgende week proberen we het opnieuw!

Zondag
Wat zou het leven zonder Johannes zijn. We kennen elkaar inmiddels door en door en ik 
denk dat ik je inmiddels wel mag tutoyeren. Tijdens vele momenten heb je veel voor me 
betekend en dit zal je altijd blijven doen. Hoe kan ik je ooit bedanken?

 Lieve Opa en Oma, misschien is het wel vooral voor jullie dat ik trots voel om deze 
dag te mogen meemaken. Ik vind het heel bijzonder dat jullie dit mogen meemaken en hoop 
dat jullie nog vele jaren van elkaar en het leven mogen genieten. Lieve Jetske en Joris, wat 
fijn dat jullie bij deze dag aanwezig zijn. De Nederlandse samenvatting is ook een beetje voor 
jullie. Ik wens jullie heel veel geluk samen in jullie nieuwe huis en op jullie vele mooie reizen.

 Lieve pa en ma. Eindelijk is het dan zo ver. Na vele jaren studievertraging zal ik nu 
dan toch afstuderen. En zoals jullie hierboven gelezen hebben zit deze extra tijd niet alleen 
maar in lange dagen hard werken. Ik ben heel erg dankbaar voor alle steun en liefde die 
ik altijd van jullie heb mogen ontvangen en ik hoop dat jullie nog heel veel moois samen 
mogen meemaken.

Mathijs.
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