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Amino acids

Amino Acid Code Abbr. Side Chain Characteristics

Alanine A Ala -CH3 Hydrophobic, Tiny

Arginine R Arg -(CH2)3NH-C(NH)NH2 Polar, Strong basic 

Asparagine N Asn -CH2CONH2 Polar, Small

Aspartate D Asp -CH2COOH Polar, Acidic, Small

Cysteine C Cys -CH2SH Hydrophobic, Acidic, Small

Glutamate E Glu -CH2CH2COOH Polar, Acidic

Glutamine Q Gln -CH2CH2CONH2 Polar

Glycine G Gly -H Hydrophobic, Tiny

Histidine H His -CH2-C3H3N2 Polar, Weak basic, Aromatic 

Isoleucine I Ile -CH(CH3)CH2CH3 Hydrophobic, Aliphatic 

Leucine L Leu -CH2CH(CH3)2 Hydrophobic, Aliphatic 

Lysine K Lys -(CH2)4NH2 Polar, Basic 

Methionine M Met -CH2CH2SCH3 Hydrophobic

Phenylalanine F Phe -CH2C6H5 Hydrophobic, Aromatic 

Proline P Pro -CH2CH2CH2- Hydrophobic, Small

Serine S Ser -CH2OH Polar, Tiny

Threonine T Thr -CH(OH)CH3 Polar, Weak acidic, Small

Tryptophan W Trp -CH2C8H6N Hydrophobic, Aromatic 

Tyrosine Y Tyr -CH2-C6H4OH Polar, Aromatic 

Valine V Val -CH(CH3)2 Hydrophobic, Small, Aliphatic 



Abbreviations

ACA  anti-centromere antibody

APC/C   Anaphase Promoting Complex/ Cyclosome

ATP   Adenosine-5’-triphosphate

BUB  Budding Uninhibited by Benzimidazole

CCAN  Constitutive Centromere-Associated Network

CDC20  Cell Division Cycle 20

CDK  Cyclin Dependent Kinase 

CENP   CENtromere Protein

CIN  Chromosomal instability 

D-Box   Destruction-box

DNA  Deoxyribonucleic acid

G-phase  Gap-phase

GLEBS  Gle2-binding sequence

H(1/3/2A) Histone

KEN-box  Lys-Glu-Asn-box

KMN  KNL1/MIS12/NDC80 complex

M-phase   Mitosis-phase

MAD  Mitotic Arrest-Deficient

MCC  Mitotic Checkpoint Complex

PLK  Polo-Like Kinase

PP(1g/2A) Protein Phosphatase

S-phase  Synthesis-phase

TPR  tetratricopeptide repeat
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General Introduction

Cell Cycle & Mitosis
The human body is made up of  trillions of  cells that can, via specialisation, form and function in all 

tissues of  the body. Many cells in the human body are in a non-dividing or quiescent state, known 

as the Gap 0 or G0-phase. Growth and regeneration of  tissues, however, depends on division of  

cells. This process can either occur symmetrically, to increase the number of  a specific cell type, 

or asymmetrically, for generation of  cells with different specialties, but always involves the equal 

separation of  the genetic material to the two daughter cells. 

The sequence of  processes, starting with a signal to begin cell division and ending in the actual 

division of  the cell, is known as the cell cycle. Progression through the phases of  the cell cycle is 

stimulated by activity of  Cyclin Dependent Kinases (CDKs). These CDKs belong to a large family 

of  enzymatic proteins, termed kinases, that catalyse the transfer of  phosphates to substrates, 

a reaction known as phosphorylation. More details on this subject can be found in the section 

‘Kinases’ below. Activation of  CDKs is dependent on complex-formation with Cyclins. Sequential 

activation of  specific CDK-Cyclin complexes ensures coordinated transitions from one cell-cycle 

phase to the next. Sequential activation is at least in part due to timely synthesis and destruction 

of  Cyclins, but also to inhibitory and activating signals that impinge on CDKs. These controls, in 

turn, can be modulated by so-called cell-cycle checkpoints that monitor if  a process has been 

completed successfully before the next cell cycle phase is allowed to ensue. 

The cell cycle starts with the first Gap-phase, or G1, in which cells grow and prepare for the 

replication of  the DNA. Upon satisfaction of  a G1 checkpoint, entry into the synthesis or S-phase 

is initiated, resulting in duplication of  all chromosomes. These duplicates, also referred to as sister 

chromatids, are held together by ring complexes called cohesins, that encircle the sisters. Growth 

is continued in the next, second Gap-phase, or G2. Together these S- and Gap-phases are known as 

interphase. The actual cell division occurs in mitosis, or M-phase, which is the shortest phase of  

the cell cycle in somatic cells. Progression to this phase is allowed only if  the DNA is undamaged 

and a G2 checkpoint is silenced. Mitosis is induced by increased levels of  Cyclin B1-CDK1 and 

can be divided into distinct morphological phases. During prophase the chromosome-pairs are 

packaged by condensation in rod-like structures (Figure 1). Soon after breakdown of  the nuclear 

envelope the mitotic apparatus to segregate chromosomes is formed. This apparatus is known as 

the mitotic spindle and is comprised of  two opposite poles (centrosomes) that are connected to 

specific sites on the chromosomes (kinetochores) via microtubules, long polymers that can exert 

pulling forces onto the chromosomes. The process of  chromosome capture by the mitotic spindle 

occurs during a stage termed prometaphase (Figure 1). Correct attachment of  chromosomes 

guides them to the cell equator, and once all chromosomes have reached this location, the cell 

Prophase Prometaphase Metaphase Anaphase Cytokinesis

Figure 1: Mitosis
The different mitotic stages; in prophase the chromosomes condense into rod-like structures. In prometaphase, after nuclear 
envelope breakdown, the mitotic spindle captures the chromosomes and upon correct attachment of  all chromosomes in a bi-
oriented fashion metaphase is achieved. This is followed by anaphase, when the separation of  sister chromatids occurs, and 
cytokinesis, which is the division of  the cell mass.
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has reached metaphase. Shortly thereafter, sister chromatids separate and move to opposite poles 

during anaphase (Figure 1). Mitosis ends after cytokinesis, when the cell mass is divided over the 

two daughter cells, and reformation of  the nuclear envelope has taken place (Figure 1).

Kinetochore-microtubule attachments & error-correction
Attachment of  chromosomes in a bi-oriented fashion, with attachment of  sister chromatids to 

opposite poles of  the mitotic spindle, is essential for equal chromosome segregation. Upon 

nuclear envelope breakdown, chromosomes float freely in the cytoplasm ready to be captured by 

microtubules emanating from centrosomes. Microtubules are highly dynamic structures that can 

polymerise and depolymerise rapidly in a GTP/GDP-dependent fashion, and are therefore able 

to randomly “search” the cytoplasm. The microtubule fibers are stabilised by kinetochores upon 

attachment1, which secures these “captures”. This model of  “search-and-capture”, first introduced 

by Kirschner and Mitchison in 19862 and has been extended since. Microtubule nucleation from 

both chromatin3 and kinetochores4, for instance, aid this process, as does poleward transport of  

initial unstable attachments5. These mono-oriented chromosomes can then congress towards the 

metaphase plate via previously established kinetochore microtubules6, where they subsequently 

bi-orient.

Kinetochores, the attachment site of  microtubules, were first observed as tri-laminar electron-

dense structures by electron microscopy7. Later, more technically advanced studies showed that 

the kinetochore is built by two domains, an inner- and outer-kinetochore8. These structures reside 

on the centromere, a region of  heterochromatin at the central constriction of  chromosomes. The 

centromeric DNA varies from small sequence-specific 125 bp stretches in budding yeast, to a 0.3-

5 megabase arrays in humans, consisting of  a large amount of  a-satellite repeats (reviewed in 9). 

The core proteins of  the kinetochore, termed CENtromere Proteins (CENP), were first identified 

by the use of  anti-sera from patients that develop symptoms of  scleroderma CREST10. These 

sera, termed anti-centromere antibody (ACA), recognised the centromeric region on mitotic 

chromosomes and injection of  these antibodies in interphase cells caused defects in kinetochore 

assembly and chromosome congression in mitosis11,12. The main constituents of  the CREST 

sera recognise CENP-A, -B and -C10, which were all shown to contribute to kinetochore assembly. 

CENP-A is a histone-like protein with high similarity to Histone 3 (H3)13, and specific incorporation 

of  this centromere-specific histone is dependent on a targeting domain that is not present in H314. 

The finding that blocks of  CENP-A nucleosomes are interspersed with H3 nucleosomes in the 

inner-centromeric DNA formed the fundaments of  a model in which the chromatin is structured 

C
C

AN
KM

N

KN
L1

M12 NDC80

Aurora B

Microtubules 

H3 CENP-A

AurB

CENP-E

Figure 2: Kinetochore-microtubule attachments
The kinetochore is built chromatin that contains H3 and CENP-A nucleosomes in the central constriction of  chromosomes. The 
inner-kinetochore, formed by the constitutive centromere-associated network (CCAN), assembles on CENP-A nucleosomes and 
recruits the KNL1/ MIS12 (M12)/ NDC80 complex (KMN) network. The latter forms two synergising microtubule-binding sites 
and the kinesin-like microtubule motor protein CENP-E forms a third. Aurora B (AurB) resides in the inner-centromere and can 
destabilize microtubule-attachments by phosphorylation of  proteins in the KMN-network. 
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in such a way that the CENP-A containing nucleosomes face outward15 (Figure 2). CENP-B binds 

to a satellite repeats and is essential for de novo centromere formation on such arrays16. The 

protein is however dispensable for creation of  neo-centromeres on non-a satellite DNA sequences 

(reviewed in 9), and is non-essential in mice, indicating it is not required for maintenance and 

inheritance of  centromere identity17. CENP-C is part of  a group of  13 proteins that form multiple 

sub-complexes and that is known as the constitutive centromere-associated network (CCAN), 

because of  the continuous localisation to CENP-A containing centromeres throughout the cell 

cycle18 (Figure 2). An assembly of  these CCAN proteins, directed by CENP-A nucleosomes, forms 

the inner-kinetochore. Interestingly, CENP-T/W/S/X was recently shown to assemble into a 

nucleosome-like structure20, indicating that simply assembling CCAN onto CENP-A nucleosomes 

may not be the way kinetochores are assembled onto centromeric DNA. Recruitment of  additional 

kinetochore proteins to the CCAN starts in G2 and proceeds throughout mitosis to build the 

outer-kinetochore. Two branches of  CCAN assemblies contribute to formation of  the microtubule 

attachment site; a CENP-C/N branch and a CENP-T/W/S/X branch that ultimately interact with 

the MIS12- and NDC80 complexes, respectively19,20. MIS12 and NDC80 complexes, together with 

the KNL1 complex, form the KMN network, the core microtubule-attachment interface21 (Figure 

2). Direct microtubule binding is provided by the NDC80 and KNL complexes but full assembly of  

the entire KNM network provides synergy in binding21-23 (Figure 2). The kinesin-like microtubule 

motor protein CENP-E forms an additional kinetochore-microtubule interface24-26 (Figure 2). This 

plus-end-directed motor is furthermore involved in congression of  mono-oriented chromosomes 

to the metaphase plate6. In budding yeast, connections with the dynamic microtubule fibers are 

maintained by the Dam1-complex27-29, a 10 subunit complex that forms ring-like oligomers30,31 to 

entrap the filaments and slide along microtubules during (de-)polymerisation32-34. Orthologues of  

this complex have not been found in higher eukaryotes, but the recently identified SKA-complex 

might perform a similar function in vertebrates35-40.

The formation of  kinetochore-microtubule attachments is an error-prone stochastic process41,42. 

Many interactions between chromosomes and microtubules are initially incomplete or incorrect. 

Such erroneous attachments include attachments of  only one sister chromatid (monotelic), both 

sister chromatids to one spindle pole (syntelic) and attachment of  one kinetochore to both poles 

(merotelic) (Figure 3). Correct segregation of  sister chromatids depends on formation of  bi-

oriented or amphitelic attachments, where the sisters are attached to opposite spindle poles. One 

sister of  monotelic-oriented chromosomes is unattached and can generate a mitotic checkpoint 

signal in order to delay anaphase (see the section on Mitotic checkpoint & APC/C for further 

explanation). However incorrectly attached kinetochores cannot induce such a signal. Detachment 

of  erroneous attachment is therefore crucial and depends on activity of  Aurora B43,44, the catalytic 

subunit of  the Chromosomal Passenger Complex that resides on the inner-centromere region 

between the two sister chromatids45. Aurora B directly decreases the affinity of  kinetochores 

Monotelic Syntelic MerotelicAmphitelic

Figure 3: Chromosome attachments types
Schematic representation of  correct (amphitelic) and incorrect (monotelic, syntelic and merotelic) attachment of  chromosomes 
by microtubules.
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for microtubules by phosphorylation of  proteins within the KMN network46,21,22,47. A main Aurora 

B substrate is the disordered basic N-terminal tail of  NDC80 that is crucial for kinetochore-

microtubule attachments by interacting with the acidic microtubules. Phosphorylation of  this 

tail by Aurora B dramatically reduces its affinity for microtubules by electrostatic-repulsion48. In 

addition, phosphorylation of  DSN1, a component of  the MIS12 complex, and of  KNL1 cooperate 

to fine-tune formation of  correct attachments47. Aurora B is furthermore enriched on merotelic 

attachments and regulates the depolymerising activity of  the Mitotic-Centromere-Associated 

Kinesin (MCAK), which could promote adjustment of  these erroneous attachments by increased 

microtubule depolymerisation49. As a consequence of  these functions, increased presence of  

syntelic and merotelic attachments are observed when Aurora B activity is inhibited43,44,49. In 

contrast, sustained activity of  Aurora B towards the outer-kinetochore, by artificial positioning of  

the kinase towards it substrates, results in mis-attachment of  correctly bi-oriented chromosomes50, 

indicating the necessity of  regulation of  this error-correction activity. Chromosome bi-orientation, 

via tension enforced on sister kinetochores, prevents destabilisation of  the correct attachments 

by spatial removal of  substrates in the KMN network from the inner-centromere-localised Aurora 

B activity50. Spatial removal of  substrate from kinase coincides with de-phosphorylation of  these 

substrates by the PP1g phosphatase51. A paradox follows from these findings: If  chromosome bi-

orientation is needed for stabilisation of  kinetochore-fibers, how can a chromosome then ever go 

from monotelic to amphitelic attachment? A possible explanation may come from recent findings 

that initial attachments are protected from destabilisation by Aurora B by counterbalancing 

activity of  the phosphatase PP2A-B5652. Alternatively, error-correction may be quite a slow 

process, allowing sufficient but not extended time for bi-orientation to occur before destabilisation 

is achieved. It is pivotal that anaphase onset is prevented until all chromosomes have bi-oriented 

using these processes.

Mitotic checkpoint & APC/C
Anaphase onset and exit from mitosis are controlled by an E3-ubiquitin ligase, the Anaphase 

Promoting Complex/ Cyclosome (APC/C)53,54, and it is this APC/C that is the target of  a mitotic 

cell-cycle checkpoint known as the mitotic checkpoint or spindle assembly checkpoint. The APC/C 

is a large and well conserved 1.5MDa complex consisting of  at least 12 subunits in yeast and 

man55,56, in addition, several species-specific subunits have been identified, including a recently 

described protein, APC16, that is unique for higher eukaryotes57,58. The APC/C cooperates with 

three E2-ubiquitin conjugating enzymes: Ubiquitination of  substrates is initiated by UBCH559 and 

UBCH1060, while UBE2S promotes elongation of  the ubiquitin chains61-63. The co-activators CDC20 

and CDH1 are used by the APC/C to recognise two targeting motifs on substrates, a Lys-Glu-

Asn (KEN)-box and Arg-x-x-Leu (RxxL)-box (also known as a Destruction (D)-box)64-67. The APC/C 

initiates anaphase onset by targeting Securin for destruction, causing activation of  the protease 

Separase that proceeds to cleave the cohesion complexes that encircle the sister chromatids68-70. 

The APC/C initiates exit from mitosis by the targeting of  Cyclin B for proteasomal degradation. This 

removal of  Cyclin B results in inactivation of  CDK1, activity of  which is essential for maintenance 

of  the mitotic state53,54. 

Activity of  the APC/C towards Securin and Cyclin B is prevented by the mitotic checkpoint via 

mechanisms described below. This checkpoint prevents premature exit from mitosis in the 

presence of  a chromosome that has not achieved stable attachment to spindle microtubules. 

The first evidence for existence of  such a checkpoint was provided by two independent budding 

yeast studies, which identified genes that control the exit from mitosis. These mitotic arrest-
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deficient (mad) and budding uninhibited by benzimidazole (bub) genes are essential for survival 

after treatment with spindle poisons71,72. Shortly after, Rieder and colleagues showed that a single 

unattached chromosome is sufficient to delay exit from mitosis and that removal of  this last 

kinetochore by laser-ablation was able to induce anaphase onset, thereby giving evidence for 

presence of  a similar checkpoint in mammalian cells73,74. 

Orthologues of  most of  the Mad and Bub proteins have been shown to function in the mitotic 

checkpoint in higher eukaryotes75-78 and participate in prevention of  APC/C activation in the 

presence of  unattached kinetochores. The actual APC/C inhibitor is a three-protein complex, 

consisting of  MAD2, BUB3 and BUBR1 (also known as Mad3), termed the Mitotic Checkpoint 

Complex (MCC)79, that interacts with the APC/C co-activator CDC2080-87 (Figure 3). Assembly of  the 

MCC is catalysed by unattached kinetochores88, which induce a conformational change of  MAD2 

from inactive or open (O-MAD2) to active or closed (C-MAD2) that then interacts with CDC2089-94. 

The catalytic role of  unattached kinetochores is provided by a C-MAD2/MAD1 hetero-tetramer 

that causes O- to C-MAD2 conversion via MAD2 homodimerisation95-98 (Figure 4). C-MAD2 seems 

critical in allowing BUBR1 to binds CDC20 and the APC/C and provide the ultimate inhibitory 

activity to the MCC complex. BUBR1 interacts with CDC20 via a conserved amino-terminal KEN-

box motif99-102, but accumulation of  BUBR1 at unattached kinetochores is not strictly necessary 

for this interaction88,103. In addition, BUBR1 directly inhibits the APC/C as a pseudo-substrate via 

an interaction mediated by a second KEN-box99,101,102. BUBR1 thus uses two pseudosubstrate KEN-

box motifs to assemble the MCC and inhibit the APC/C. The third member of  MCC, BUB3, is an 

essential mitotic checkpoint component in higher eukaryotes104-106, but not in fission yeast107,108, 

and, in addition to being a member of  the MCC, is needed for the recruitment of  BUBR1 and 

BUB1 to unattached kinetochores77 (Figure 4). The final checkpoint protein from the original yeast 

studies, BUB1 (BUB2 is a spindle orientation checkpoint protein specific to fungi) is a kinase 

that can inhibit APC/C activation by phosphorylation of  CDC20 in Xenopus egg extracts109.  BUB1 

kinase activity is, however, dispensable for the mitotic checkpoint in fission yeast and human 

cells110-112, so whether phosphorylation of  CDC20 by BUB1 directly contributes to the regulation 

of  the mitotic checkpoint signal is therefore unclear. 

Securin
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Ub
Ub

Ub
Ub

CDK1
CB

Ub
Ub

Ub
Ub

Ub

MAD1
MAD1

M2

M2
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M2
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B1
B3

B3

C20
APC/C

M2
BR1

B3
C20

MCC

Several additional, non-MAD/BUB proteins have been identified that participate in formation 

of  a mitotic checkpoint signal. The kinase MPS1 was first identified as an essential checkpoint 

component in yeast113,114, and subsequently in Xenopus extracts115 and human cells116,117. MPS1 

activity is needed for the localisation of  multiple checkpoint proteins to unattached kinetochores 

in higher eukaryotes115,118,116,119-122 and the orthologous fission yeast Mph1 kinase regulates 

binding of  Mad2 and Mad3 to the APC/C123. Prophase accumulation of  MPS1 at unattached 

kinetochores, essential for establishment of  efficient mitotic checkpoint signalling, is in turn 

Figure 4: The Mitotic Checkpoint
The fundament of  the mitotic checkpoint is a diffusible inhibitor of  the APC/C formed by unattached kinetochores. This inhibitor 
is known as the Mitotic Checkpoint Complex (MCC) and consists of  BUBR1 (BR1), BUB3 (B3) and MAD2 (M2). The MCC binds 
CDC20 (C20) and prevents ubiquitination (Ub)- mediated targeting of  Cyclin B1 (CB) and Securin for destruction. The additional 
players BUB1 (B1) and MAD1 are shown as well. 
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dependent on activity of  the kinases Aurora B and PRP4118,124-127. The RZZ complex, formed by 

the Rod-ZW10-Zwilch proteins, is important for recruitment of  the C-MAD2/MAD1 heterodimer to 

kinetochores128. It is, however, unknown how this complex does so, and it seems to be only present 

in animals but not in, for example, fungi that nevertheless recruit C-MAD2/MAD1 to unattached 

kinetochores. Lastly, the kinesin Centromere Protein E (CENP-E) has been shown to activate 

BUBR1 kinase activity in Xenopus egg extracts, and as such was proposed to be an essential 

checkpoint component in that system129-131. The necessity for BUBR1 activity in mitotic checkpoint 

signalling is however unclear132,103 (also see the section on BUBR1 below and chapter 3 and 4 of  

this thesis), and CENP-E depletion in human cells does not prevent mitotic checkpoint activity133. 

Upon attachment of  the last kinetochore to the mitotic spindle, the checkpoint needs to be 

rapidly silenced to allow progression through mitosis. Several mechanisms have been shown to 

contribute to this process. Most checkpoint proteins are removed from attached kinetochores 

by the microtubule-motor complex Dynein, which leads to termination of  production of  new 

MCC complexes134. Active MAD2 is, in addition, inhibited by p31comet 135-139, that poses as C-MAD2 

via structural mimicry. p31comet has also been proposed to induce MCC disassembly140. Lastly, 

continuous turnover of  the MCC is induced by ubiquitination of  CDC20 in an APC/C dependent 

manner to allow rapid checkpoint silencing, but is also essential for maintenance of  the checkpoint 

arrest141-143. The ubiquitination of  CDC20 results in both direct break-up of  the MCC142 and 

destruction of  CDC20141,140 and levels of  the APC/C co-activator are maintained by continuous 

translation in mitosis140,144. 

Kinases
Both the mitotic checkpoint and error-correction depend on a tight balance between phosphorylation 

(MPS1, BUB1, Aurora B) and de-phosphorylation (PP1g, PP2A-B56). About 1.7% of  all human 

genes encode protein kinases; enzymes that catalyse the transfer of  g-phosphate from ATP to 

hydroxyl-groups on side chains of  Serine, Threonine and Tyrosine amino acids within proteins145. 

Phosphorylation is a rapid regulatory mechanism that is widely used for a broad range of  cellular 

processes, including induction or prevention of  protein-protein interactions, activation of  enzymes 

and targeting of  substrates for destruction by 

the proteasome.

Protein kinases have a conserved fold that is 

formed by two globular domains; the N- and 

C-lobe, which can adopt an inactive, or open, 

and active, or closed conformation (Figure 5). 

The active conformation is promoted by binding 

of  ATP and is dependent on highly conserved 

motifs. The most flexible part of  the N-lobe, 

the Gly-rich loop (GxGxxGxV), folds over the 

nucleotide and thereby correctly positions the 

g-phosphate of  ATP (Figure 5). Both flexibility 

and space is provided by the small glycines 

in this motif  and the highly conserved valine 

contacts the base of  ATP146. The lysine (K72
PKA; 

positions of  relevant amino acids and motifs 

are indicated by reference to PKA, according to 

standard convention147) in the VAIK-motif  (AxK) 

αC

C-Lobe

ATP
α

β

γ

β9
β6

K168 D166

R165

D184
E91K72

Substrate
Catalytic loop Activ

ation loop
Mg2+

N-Lobe

Gly-rich loop

Figure 5: The active site of a typical protein kinase
Schematic representation of  the active site of  a kinase domain. 
Residues that contribute to ATP-binding, catalysis, or substrate 
access are shown (numbering is based on PKA). The arrow 
indicates transfer of  the γ-phosphate of  ATP to a protein 
substrate, important polar contacts are shown by dashed lines 
(adapted from 209). 
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interacts with the a- and b-phosphates of  ATP and thereby anchors and orients the phosphates 

for proper catalysis (Figure 5). In addition, K72
PKA pairs with E91

PKA to form a salt bridge that is a 

signature of  the active conformation 146 (Figure 5). The catalytic loop (hrDxkxxN) is essential for 

phospho-transfer. The key residue in this loop, D166
PKA, makes an essential contribution to catalysis 

by accepting a proton from the substrate residue (Figure 5). Other residues in this loop, K168
PKA 

and N171
PKA, contribute to stabilisation of  the active conformation, by formation of  interactions 

within the active site or by hydrogen bonding with the backbone of  amino acids in the active 

site, respectively147,148 (Figure 5). Furthermore, D184
PKA, in the DFG motif, stabilises the -, b- and 

g-phosphates of  ATP via chelation of  Mg2+ ions146 (Figure 5). Together, these conserved motifs 

mediate adaptation of  an active conformation in the presence of  ATP to enable catalysis. 

10% of  the human kinase complement are predicted to be catalytically inactive145 and are therefore 

termed pseudokinase. This prediction is based on the absence of  one or more of  the three crucial 

residues needed for activity, K72
PKA, D166

PKA and D184
PKA. Many pseudokinase furthermore contain a 

highly degraded Gly-rich and Catalytic loop149 but, interestingly, high conservation of  the degraded 

motifs of  many pseudokinases is observed between species149,150. In general, pseudokinases adopt 

an active conformation, even though crucial residues and motifs are absent or degraded151-154. 

Various pseudokinases use the non-catalytic domain for function: The pseudokinase STRAD 

activates the kinase LKB1 by a pseudokinase domain-mediated interaction155,154 and hetero-

dimerization of  the epidermal growth factor receptor HER2 with the catalytic inactive HER3 

results in activation of  HER2156,157. The pseudo-active site of  ILK is, in addition, essential for 

interaction with co-regulators of  cell adhesion151. However, several proteins originally classified 

as pseudokinases have later been shown to possess activity by the use of  alternative strategies 

for catalysis. WNK1 overcomes the lack of  K72
PKA by compensation of  a lysine present in the 

Gly-rich loop158. CASK and TITIN, in addition, catalyze phospho-transfer despite missing D184
PKA 

159,160. Together this shows that the presence of  a kinase domain does not necessarily mean that a 

protein can perform phospho-transfer or use activity for function, and, vice versa, that absence of  

catalytic motifs does not necessarily preclude activity.

BUBR1
Human BUBR1 was identified as a BUB1-like gene mutated in chromosomally unstable colon cancer 

cell lines161, but was later recognised as the functional homologue of  the budding yeast spindle 

checkpoint protein Mad3p162,77. Both Mad3 and BUBR1 directly inhibit the APC/C and depend on 

two conserved KEN-boxes for this99-102 (Figure 6). The function of  BUBR1 in the mitotic checkpoint 

is furthermore dependent on a N-terminal tetratricopeptide repeat (TPR) domain163,164,102, that 

interacts with the kinetochore protein KNL1165 (Figure 6). In addition, a Gle2-binding sequence 

(GLEBS) motif  contributes to mitotic checkpoint signalling100,102, by a BUB3-binding mediated 

localisation to unattached kinetochores77 (Figure 6). The interaction with BUB3 furthermore 

participates in an additional function of  BUBR1: the formation of  stable kinetochore-microtubule 

attachments43,100,166. Whether the contribution of  BUBR1 to attachment of  chromosomes to the 

mitotic spindle is related to APC/C inhibition is unclear, as both dependence103 and independence100 

on the BUBR1 KEN-boxes has been reported. The lack of  an attachment-phenotype in MAD2-

depleted cells, however, suggests that premature APC/C activation does not play a role in 

this process116,166. The contribution of  BUBR1 to the establishment of  attachments seems to 

be through effects on error-correction by Aurora B. Although the mechanism by which BUBR1 

affects this process are unknown166, dependency on phosphorylation by PLK1 and CDK1 has 

been suggested132,167,168. Mutation of  T620 in BUBR1, which resides in a CDK1 consensus motif, 
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abolished the capability of  the protein to promote formation of  stable kinetochore-microtubule 

attachments, but phosphorylation of  this residues has not yet been reported in any cellular 

context132. In contrast, in vivo phosphorylation by PLK1 of  two conserved residues, S670 and 

S676, has been reported, but whether these modifications make a contribution to attachments 

is unsure100,132,167. Besides phosphorylation, other post-translational modifications also regulate 

BUBR1 function in mitosis162,169. Premature APC/C activation is prevented by BRCA1-mediated 

acetylation of  Lysine 250 in BUBR1, which blocks ubiquitination-dependent degradation of  the 

protein170,171. Interestingly, sumoylation of  the same residue has been proposed to regulate BUBR1 

in an opposing manner172.

BUBR1 contains a C-terminal kinase domain (Figure 6) similar to the one in BUB1, but that lacks 

key residues that are essential for catalytic activity in other kinases and is predicted to possess 

little catalytic activity145,173. The necessity of  BUBR1 kinase activity for its functions in mitosis is 

therefore, unsurprisingly, controversial. The initial studies in Xenopus egg extracts showed that 

mitotic checkpoint signalling was not dependent on BUBR1 kinase activity174-176. In addition, 

analysis of  mouse embryonic fibroblasts showed that a checkpoint response can be initiated 

in cells expressing the BUBR1 N-terminus only103. Maintenance of  a prolonged mitotic delay, 

however, was decreased in these cells when BUBR1 was inactivated by substitution mutations. 

Similarly, additional Xenopus extract and human tissue culture studies concluded that BUBR1 

kinase activity is needed for full checkpoint activity167,177-179. Although a robust checkpoint response 

was mounted in kinase-dead BUBR1 flies, a slight increase in the number of  cells that showed 

premature anaphase onset was observed, indicating a possible minor role for kinase activity180.     

Overexpression of  truncated protein that lacks a large portion of  the C-terminus, including the 

kinase domain, increased the amount of  pro-metaphase cells, indicating that the kinase domain 

is needed for attachment of  chromosomes to the mitotic spindle181. The mutant protein used in 

these studies, however, misses additional sequences, including residue T620 that is essential for 

attachment of  chromosomes132, indicating that the observed phenotype may not be not solely 

caused by absence of  the kinase domain. Furthermore, both no132,103 and a weak167 contribution 

of  BUBR1 kinase activity to chromosome alignment was observed in HeLa cells and kinase-dead 

BUBR1 flies have difficulties in the formation of  functional chromosome attachments180. Together 

these data show that BUBR1 kinase activity is not essential for initiation of  a checkpoint response 

or chromosome attachment, but it has been proposed that it might contribute to fine-tuning of  

both processes. 

Chromosomal instability & cancer
Chromosomal instability (CIN), the frequent gain or loss of  whole chromosomes, leads to 

aneuploidy, which is common trait of  most solid tumours182. Aneuploidy refers to an abnormal 

amount of  chromosomes which likely predisposes to development of  cancer183. The various 

mitotic defects that can lead to aneuploidy are shortly discussed below. A direct link between 

mitotic checkpoint defects and aneuploidy was made after the first identification of  mutations in 

the mitotic checkpoint genes BUB1 and BUBR1 in CIN colorectal cancer cell lines161. Cells with a 

dysfunctional mitotic checkpoint will not respond to the presence of  unattached kinetochores and 

Figure 6: BUBR1 domain architecture
Schematic representation of  domain architecture of  vertebrate 
BUBR1. The main domains are indicated; two KEN-box motifs (red), 
that are essential for APC/C inhibition, TPR domain (light grey), 
BUB3-binding GLEBS-motif  (dark grey) and C-terminal kinase 
domain (black). 
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can therefore not prevent premature anaphase onset, resulting in chromosome missegregations 

and aneuploidy (Figure 7B). Division with merotelic attachments is a second aneuploidy causing 

mechanism184. Such attachments will not activate the mitotic checkpoint and, when uncorrected, 

result in lagging chromosomes during anaphase, a phenotype frequently observed in cancer cell 

A) Normal division

B) Mitotic checkpoint defect

C) Merotely

D) Cohesion loss

E) Multi-polar spindle E’) Multi-polar division

E’’) Centrosome clustering

Figure 7: Mechanisms causing aneuploidy
(A) Normal mitosis results in equal division of  sister chromatids between daughter cells. Various mitotic defects can cause 
chromosome missegregation and aneuploid daughter cells (B-E). (B) A defective mitotic checkpoint does not respond to presence 
of  unattached kinetochores. (C) Merotely, the attachment of  one kinetochore by microtubules emanating from both spindle poles 
results in lagging chromosomes. (D) Premature loss of  cohesion, which prevents bi-polar attachment. (E) Tetraploid cells with extra 
centrosomes can form multi-polar spindles, which results in severe aneuploidy after multi-polar division (E’) or mild aneuploidy by 
bi-polar division after centrosome clustering with a high incidence of  merotelic attachments (E’’).
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lines185,184,186 (Figure 7C). A third way to develop aneuploidy is loss of  sister chromatid cohesion, 

which dramatically reduces the chance of  equal segregation of  the sisters to daughter cells, 

as unpaired chromosomes cannot form bi-polar attachments (Figure 7D). Interestingly, 10 out 

of  11 somatic mutations identified in a screen of  100 CIN genes in colorectal cancers were 

found in cohesion-related genes187 and STAG2, a subunit of  the cohesion complex needed for the 

maintenance of  sister chromatid cohesion and protection of  cell ploidy, is mutated or deleted 

in a variety of  tumour types188. In addition, overexpression of  Separase, the cohesion-cleaving 

protease, induces premature sister-chromatid separation, resulting in aneuploidy and increased 

tumorigenesis189. Lastly, tetraploidization, via cell-cell fusion, endoreduplication, mitotic slippage 

or cytokinesis failure, can cause aneuploidy as it results in an increased DNA content and, most 

importantly, centrosome amplification. An increased centrosome number will lead to formation of  

multi-polar spindles in the subsequent mitosis (Figure 7E), which can either cause mild aneuploidy, 

via centrosome clustering with a high incidence of  merotelic attachments190 (Figure 7E’’) or severe 

aneuploidy by multi-polar cell division (Figure 7E’). In support of  tetrapoidization as a cause of  

aneuploidy in cancer cells, transplantation of  tetraploid cells in p53-/- mice gives rise to malignant 

tumours191. Recently, a direct relation between whole chromosomal instability and structural 

chromosomal aberrations has been discovered. Chromosome segregation errors can fragment 

chromosomes by entrapment of  chromosomes in the cleavage furrow during cytokinesis, resulting 

in unbalanced translocations in daughter cells192 or, alternatively, by formation of  micronuclei 

in which DNA is incompletely replicated193. Furthermore, genetic instability, caused by defective 

DNA damage repair and increased mitotic recombination was observed in aneuploid budding 

yeast cells194. These findings show that the two types of  genetic instability, CIN and structural 

chromosomal abnormalities, are related and potentially cooperate in development of  cancer.  

Together, these results indicate that aneuploidy predisposes to development of  cancer, but is CIN 

sufficient to drive tumorigenesis? Several mouse models have been generated in order to answer 

this question, but the results are contradictory. Although heterozygous deletion of  any of  the 

mitotic checkpoint components results in increased aneuploidy in vivo, only a few models show 

increased spontaneous tumorigenesis (see chapter 2 of  this thesis and 182). Reduction of  the 

kinesin CENP-E elevates the level of  spontaneous lymphomas and lung tumours, but in contrast 

also inhibits the rate of  chemically or genetically induced tumour formation195. A similar dual 

effect has been observed for reductions in levels of  BUBR1196 and BUB1197, where heterozygous 

deletion of  either of  these genes causes an increase in the incidence of  colon tumours in APCmin/+ 

mice, but development of  tumours in the small intestine is decreased in BUBR1-/+APCmin/+ mice196 

and prostatic intraepithelial neoplasia is inhibited in BUB1-/+PTEN-/+ mice197. This indicates that 

aneuploidy can both promote tumorigenesis well as act as a tumour suppressor. Such tumour-

suppressor activity of  aneuploidy is supported by the observation that high levels of  aneuploidy 

are lethal to human cells177 and mild aneuploidy induces a transcriptional and proteotoxic stress 

response (recently reviewed in 183), both unfavourable for tumorigenesis. On the other hand, KRAS-

driven tumours, allowed to regress by KRAS inactivation, recur at an elevated level if  aneuploidy 

was induced in the original tumours by transient MAD2 overexpression198. 

Interestingly, mutations in BUB1B, the gene encoding BUBR1, are linked to the rare inherited 

disease Mosaic Variegated Aneupoidy (MVA; OMIM: 257300). On a cellular level, individuals with 

MVA show mild mosaic aneuploidies199-207 and most importantly, besides physical abnormalities 

including microcephaly and growth- and mental retardation, MVA patients display a strong 

predisposition to childhood cancer (for an overview see of  table 1 of  208 and 200,204). This again 

shows that a low level of  aneuploidy in a specific context can promote tumour formation.  
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Outline of this thesis
The importance for BUBR1 in mitotic checkpoint signalling and formation of  stable kinetochore-

microtubule attachments is well established, but mechanistic insights in its contributions to 

these processes are largely absent. As mutations in BUBR1 are linked to the inherited cancer 

predisposition disease MVA, we wished to understand BUBR1 biology and examine how disease-

associated mutations affect the function of  BUBR1 in mitosis. The research described in this 

thesis thus focuses on the contribution of  BUBR1 to the maintenance of  chromosomal stability 

in normal and disease-related mitosis. In Chapter 2 we discuss the contribution of  mitotic 

checkpoint malfunction to aneuploidy and tumorigenesis by focussing on the existing mouse 

models and the role of  checkpoint components in mitosis and interphase. In Chapter 3 we 

describe the functional analysis, in patient cells and in an shRNA-based reconstitution system, 

of  MVA-associated mutations in BUBR1, found in patients carrying bi-allelic mutations in the 

BUB1B gene. We show that these mutations in all cases affect BUBR1 function, in most cases 

by decreased protein abundance; one allele is not expressed due to removal of  the nonsense 

mutation-containing transcript, while the protein product of  the second allele is destabilised by 

substitution mutations in the kinase domain. In Chapter 4 we show with a combination of  cellular 

structure-function assays, in vitro biochemistry and phylogenomics that vertebrate BUBR1 is an 

unusual pseudokinase. BUBR1/Mad3 and BUB1 arose by gene-duplication on multiple independent 

occasions throughout eukaryotic evolution, which was in all cases followed by subfunctionalisation 

that caused BUBR1/Mad3 to lose the kinase domain in most branches but vertebrates. Residues 

that interact with nucleotide in conventional kinases are not used for catalysis in BUBR1, but are 

instead needed for conformational stability. In Chapter 5 we analysed the contribution of  the 

BUBR1 TPR domain to mitotic checkpoint signalling. By exchange of  the BUB1 and BUBR1 TPR 

domains, we analysed specialisation of  the highly similar domains after the gene-duplication. We 

show that the only function not supported by the BUBR1 protein containing the BUB1 TPR was 

assembly of  MCC, showing that the BUBR1 TPR domain is specialised for participation in mitotic 

checkpoint signalling. In Chapter 6 we studied a novel phosphorylation of  BUBR1 that regulates 

binding to BUB3 and mitotic checkpoint activity. We furthermore show that PLK1 activity is needed 

for timely mitotic exit, which might, in part, be through phosphorylation of  BUBR1. In Chapter 7 

we describe how PLK1 and BUBR1 cooperate to stabilise kinetochore-microtubule interactions. We 

have identified a small conserved domain in BUBR1 that is essential for chromosome attachment. 

This domain is phosphorylated by PLK1 and binds the Aurora B counterbalancing phosphatase 

PP2A-B56. BUBR1 contributes to kinetochore recruitment of  PP2A-B56 and thereby fine-tunes the 

error-correction activity of  Aurora B. In Chapter 8 we summarise the data described in this thesis, 

discuss the results in the light of  the current literature, and propose future research directions.
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Abstract

Aneuploidy, an abnormal number of chromosomes, is a trait shared by most solid tumours. 

Chromosomal instability (CIN) manifested as aneuploidy might promote tumorigenesis and 

cause increased resistance to anti-cancer therapies. The mitotic checkpoint or spindle assembly 

checkpoint is a major signalling pathway involved in the prevention of CIN. We review current 

knowledge on the contribution of mis-regulation of mitotic checkpoint proteins to tumour 

formation and will address to what extent this contribution is due to chromosome segregation 

errors directly. We propose that both checkpoint and non-checkpoint functions of these proteins 

contribute to the wide array of oncogenic phenotypes seen upon their mis-regulation.
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Mitotic Checkpoint
During mitosis, both copies of  a pair of  duplicated chromatids attach via their kinetochores 

(large protein complexes assembled onto the centromere at the site of  the central constriction) to 

opposite poles within a microtubule-based mitotic spindle. This process, known as bi-orientation, 

is essential for maintenance of  diploidy. When chromosomes start their attempts at bi-orientation, 

many initially acquire erroneous attachments. These include syntelic (both sister kinetochores 

attached to microtubules emanating from the same pole) and merotelic (one kinetochore attached 

to microtubules emanating from both poles) attachments. Faithful chromosome segregation 

and prevention of  aneuploidy requires that such attachments are corrected to allow proper bi-

orientation. This attachment-error-correction occurs by the action of  Aurora B (reviewed in 210). It 

is unclear how such defects are detected but local Aurora B activity is likely sensitive to lack-of-

tension between sister centromeres, a state that accompanies such unproductive attachments. 

Correction is then achieved by severing the attachments, resulting in unattached kinetochores 

that are free to make new attempts at engaging bipolar interactions with spindle microtubules. To 

prevent premature initiation of  chromosome segregation, this state of  unattachment is monitored 

by a cell-cycle checkpoint, known as the mitotic checkpoint or spindle-assembly checkpoint (Figure 

1). Almost two decades ago two independent studies gave the first evidence for the existence of  a 

biochemical checkpoint controlling the exit of  mitosis in yeast. These groups identified the mitotic 

arrest deficient (mad) and budding uninhibited by benzimidazole (Bub) genes as being essential 

for survival after treatment with spindle interfering drugs71,72. A few years later, MPS1, a kinase 

originally implicated in spindle pole body duplication in yeast, was found to be an additional 

essential component of  the spindle checkpoint113,114. Around the same time, Rieder and colleagues 

gave the first proof  for the existence of  a similar checkpoint in mammalian cells with two elegant 

studies73,74. Their experiments showed that a single unattached kinetochore is sufficient to arrest 

cells in mitosis. Ablation of  this single kinetochore could undo this metaphase arrest and push 

cells into anaphase. The existence of  a conserved mitotic checkpoint is now fully accepted and 

understanding of  the signalling pathways involved is increasing rapidly. 

APC/C

Prometaphase AnaphaseMetaphase

Mitotic 
Checkpoint

CDC20

Figure 1. Principle of mitotic checkpoint signalling. 
The Mitotic Checkpoint ensures that cells with unattached chromosomes in prometaphase are arrested in mitosis until all 
chromosomes have bi-oriented on the metaphase plate (metaphase). This arrest is accomplished by creating a diffusible inhibitor 
of  the APC/C, activity of  which initiates chromosome segregation (anaphase) and mitotic exit. The checkpoint is silenced upon 
attachment of  the last kinetochore, which relieves the inhibition on the APC/C and promotes anaphase.
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Homologues of  most of  the Mad and Bub proteins and of  MPS1 are present in higher 

eukaryotes115,211,76,212,213,78 and have been shown to participate in mitotic checkpoint signalling 

in these organisms. Higher eukaryotes, however, have acquired additional factors to regulate 

the mitotic checkpoint, perhaps due to the more complicated nature of  the centromere and 

kinetochore-microtubule interactions. These factors include the RZZ complex (reviewed in 214), 

the DNA helicase PICH215, the deubiquitinating enzyme USP44143 and the kinases PRP4125 and 

TAO1216. Although the latter two have clear homologues in yeast, no role for those proteins in the 

yeast spindle checkpoint has been reported yet. 

Molecular workings of the checkpoint
The cytoplasmic core of  signalling by the mitotic checkpoint is formed by the Mitotic Checkpoint 

Complex (MCC), which consists of  BUBR1 (product of  the BUB1B gene, resembling a hybrid 

of  yeast Mad3 and the kinase domain of  Bub1), BUB3 and MAD280-87. This complex is formed 

in interphase cells and delays segregation of  chromosomes and exit from mitosis by inhibiting 

the ubiquitin ligase Anaphase Promoting Complex/ Cyclosome (APC/C) that poly-ubiquitinates 

substrates to target them for destruction by the proteasome53,217 (Figure 2). The exact mode of  

inhibition by the MCC is unclear but it likely involves modulation of  CDC20, the activator of  the 

APC/C, as CDC20 is tightly bound to the MCC complex members218. In this way, the MCC ensures 

that high levels of  the two main mitotic APC/C substrates, Securin and Cyclin B, are maintained. 

Securin is an inhibitor of  Separase, a Caspase-like protease that cleaves the Cohesin molecules 

that holds sister chromatids together at the centromere. Cyclin B is the activator of  the major 

mitotic kinase CDK1 (Cyclin dependent kinase 1)219, and destruction of  Cyclin B inactivates CDK1, 

causing mitotic exit220,221. Thus, by inhibiting the APC/C and keeping Securin and Cyclin B around 

at high levels, the MCC prevents premature sister separation and mitotic exit (Figure 2).

All components of  the mitotic checkpoint concentrate at the unattached kinetochores in early 

prometaphase. Some components are activated at this site by posttranslational modifications 

or conformational changes, and these activated molecules contribute to the formation of  the 

MCC and inhibition of  the APC/C. The interactions of  components of  the MCC with unattached 

kinetochores are highly dynamic, which allows rapid spreading of  a diffusible signal222,223. One of  

the critical and highly studied interactions with and activation by the unattached kinetochore is 

that of  the MAD2 protein. Part of  the MAD2 protein pool forms a stable heterodimer with MAD1 

at unattached kinetochores95,98. This MAD1-bound MAD2 is in a certain conformational state, 

referred to as active or closed MAD2 (C-MAD2), which allows recruitment of  inactive or open MAD2 

(O-MAD2). O-MAD2 is converted to C-MAD2 by virtue of  its homo-dimerization with C-MAD2 in 

the MAD1-MAD2 heterodimer. The newly activated MAD2 then leaves the kinetochore to bind and 

inhibit CDC2089-93 (reviewed in 94).

How do the other components of  the checkpoint machinery contribute to the inhibition of  the 

APC/C? BUBR1 is part of  the MCC but is thought to inhibit the APC/C by blocking of  substrate 

access. BUB3 recruits both BUBR1 and Bub1 to unattached kinetochores213. BUB1, in turn, 

participates in inhibition of  the APC/C by phosphorylating and inactivating CDC20109. The RZZ 

complex is important for recruitment of  the MAD1/2 heterodimer128, while PICH and TAO1 are 

involved in the interaction between MAD1 and MAD2. Depletion of  either of  these proteins results 

in selective loss of  MAD2 but not MAD1 from the kinetochores215,216. PRP4 additionally controls 

localisation of  MPS1 to unattached kinetochores125. The contribution of  MPS1 to checkpoint 

signalling has yet to be uncovered115,212. A thorough overview of  the specific contributions of  the 

various components of  the checkpoint machinery is provided in a recent review224.
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Several other proteins have been proposed to participate in checkpoint signalling. One of  these 

is Centromere protein E (CENP-E), a kinesin-like microtubule motor protein, which is involved in 

capture of  microtubules and congression of  mono-oriented chromosomes to the metaphase pl

ate225,226,178,179,25,26,227,195. Kinetochores in cells lacking CENP-E bind less microtubules and cells 

transiently arrest in mitosis with some polar chromosomes. The checkpoint-dependent arrest is 

however not sustained and eventually cells enter anaphase with missegregated chromosomes, 

generating aneuploid daughter cells129-131. In frog egg extracts, CENP-E is needed to activate 

BUBR1 kinase activity at the kinetochore, which is silenced upon microtubule capture225,178,179. 

It is, however, unclear whether BUBR1 kinase activity is important for checkpoint signalling in 

mammals225,178,179.

The checkpoint is rapidly silenced upon attachment of  the last kinetochore to the mitotic spindle 

and several mechanisms for checkpoint silencing have been proposed. They include removal of  
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Figure 2 Molecular overview of the mitotic checkpoint. 
The cytoplasmic core of  the checkpoint, the Mitotic Checkpoint Complex (MCC), is present in prophase to prevent premature 
activation of  the APC/C. The MCC is replenished by unattached kinetochores in prometaphase to keep the APC/C inactive until all 
chromosomes are bi-oriented. Production of  the MCC in prometaphase is regulated by many components that specifically localise 
to and are activated by unattached kinetochores. When the final kinetochore attaches, the MCC is dissolved and the APC/C is 
allowed to promote anaphase by targeting Securin and Cyclin B for destruction. See text and review294 for more details.
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checkpoint components from the attached kinetochore by the microtubule-motor complex dynein 

to halt production of  the MCC134, inhibition of  active MAD2 by the p31comet protein228,139 and possibly 

by phosphorylation229, and multi-ubiquitination of  CDC20, aided by p31comet, to disassemble the 

MCC142,143. This multi-ubiquitination is counteracted by the de-ubiquitinating enzyme USP44, 

effectively making USP44 a bona fide component of  the checkpoint machinery143. It is unclear 

how these processes are coordinated and whether they themselves are regulated by unattached 

kinetochores. In any case, once the last kinetochore attaches, the APC/C is rapidly activated, 

resulting in the activation of  Separase and the inactivation of  CDK1, after which chromosome 

segregation and mitotic exit are initiated.

Evidence for involvement of dysregulated mitotic checkpoint proteins in tumour 
development 
Weakening of  the mitotic checkpoint can promote aneuploidy and a weakened checkpoint is 

prevalent among tumour cells (reviewed in 230,231). Since the first identification of  mutations in 

the checkpoint genes BUB1 and BUB1B in human colorectal cancer cell lines161, many studies 

have been dedicated to finding mutations or differential expression of  one or more of  the 

components of  the checkpoint that could explain how the mitotic checkpoint could have been 

compromised in aneuploid tumour cells. Several have succeeded and various mutations have 

been identified (reviewed in 230,231), but no correlation between mutations and protein functionality 

have been reported. The question remains whether the identified mutations can weaken the 

spindle checkpoint or simply are a consequence of  increased genetic instability in cancer cells. 

Examples of  functionally significant mutations in a component of  the checkpoint machinery are 

those identified in the BUB1B gene in families with the rare recessive disease Mosaic Variegated 

Aneuploidy (MVA). The mutations are inherited and cause childhood cancer, which is characterized 

by mosaic chromosome gains and losses200,204. Thus, examining the impact of  the somatic 

mutations in checkpoint genes identified in tumour cells on their mitotic functions is essential to 

gain insight in the relation between checkpoint weakening and aneuploidy. Various other studies 

have concluded that levels of  checkpoint components were altered in tumour cells when compared 

to normal cells. Although most studies used analysis of  mRNA expression levels (reviewed in 231), 

some studies that used protein levels232-235 could not reach consensus about whether levels of  

specific proteins go up or down in tumour cells and, in general, the effects of  altered expressions 

on checkpoint functioning have not been thoroughly investigated. For instance, overexpression of  

MAD2 has been found to correlate to bad prognosis in some studies236-238, but many other studies 

find highly variable expression levels or cannot correlate differential expression to aneuploidy239-241. 

An overview of  altered expressions and some of  the factors that may control this is provided in an 

earlier review 230.

Mitosis is a short phase of  the cell cycle and is tightly controlled. Some of  the involved proteins are 

therefore temporally expressed during this phase, yet other components are present throughout 

the cell cycle and are regulated by post-translational modifications, such as phosphorylation. 

The speed with which regulation of  posttranslational modifications can be achieved is faster than 

regulation of  expression and this is likely very important in the short time span in which cells have 

to switch the checkpoint on and off. These modifications are therefore good candidates to have 

been altered in tumour cells to cause checkpoint weakening. This may explain why many studies 

do not find mutations in panels of  checkpoint components, although cells tested are checkpoint 

deficient242-246, or why no clear correlation between expression levels and aneuploidy can be 

detected. Finding the relevant modifications that contribute to checkpoint signal strength and 
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investigating their status in chromosomally instable tumour cells will give important information 

on how checkpoint signalling may have become compromised in those tumours.

Mouse models of compromised checkpoint signalling 
The effects of  weakened checkpoint signalling on tumour formation have been studied in mice. Since 

homozygous deletion of  any of  the checkpoint proteins is lethal early during development247-254, 

two other types of  genetically modified mice have been used to examine the effect of  reducing 

expression of  some components of  the checkpoint machinery on aneuploidization and tumour 

formation. First, studies using mice heterozygous for MAD1, MAD2, BUB3, BUB1 or BUBR1 showed 

that indeed cells from these mice have a stronger tendency to become aneuploid255,256,249,252,254. 

The effect on tumour formation, however, was confusing, something that may be related to the 

differential sensitivity of  tissues to having reduced levels of  one protein vs. the other. Despite 

frequent chromosome missegregations and development of  aneuploidy, BUB1+/-, BUBR1+/- 

and BUB3+/- mice showed no increase in spontaneous tumour formation255,247,256,250, while mice 

heterozygous for MAD1 or MAD2 develop tumours after long latencies (18 months of  age). By 

reducing both MAD1 and MAD2 levels, a more severe phenotype is observed248,249,252. Nevertheless, 

even in mice that showed no spontaneous tumour formation, reduction of  checkpoint components 

was not without effect. Treatment of  BUBR1+/- and BUB3+/- mice with carcinogens such as DMBA 

or AOM showed that when rapid tumour formation was induced in the colon and lungs, reduction 

of  the levels of  these two checkpoint components contributed to the speed with which the tumours 

arose and the tumour load in a given time255,256. This phenotype in the BUB3 heterozygous mice 

was worsened by additional removal of  one allele of  RAE1, a BUB3-like molecule that participates 

in checkpoint signalling255. Moreover, crossing mice haploinsufficient for BUBR1 to APCmin mice, a 

mouse model for colorectal cancer carrying one mutated allele of  the Adenomatous Polyposis Coli 

gene (APC), caused increased and more rapid tumor formation in the colon257.

Interestingly, cells of  mice overexpressing MAD2 are also chromosomally instable and develop 

tumours in a wide spectrum of  tissues. This is consistent with the observation that overexpression 

of  MAD2 is found in many tumours and correlates to a bad prognosis236-238. One theory explaining 

the increased aneuploidy in MAD2-overexpressing cells comes from an observation that these 

cells have a tendency to become tetraploid237,258. Some cells sensitized to the hyperactive 

checkpoint may eventually adapt and enter G1 with a 4N DNA content (see below). Next mitosis 

may then result in aneuploid daughter cells. MEFs from mice overexpressing MAD2, however, 

show lagging chromosomes and anaphase bridges, a characteristic of  checkpoint deficiency, not 

tetraploidization. Oddly enough, these MEFs display high levels of  both Securin and Cyclin B 

despite having a compromised checkpoint that is assumed to cause premature APC/C activation 

and mitotic exit258. Careful analysis of  CDK1-Cyclin B activity is essential to further understand 

the mitotic exit in these cells. Insight into how MAD2-overexpressing cells exit mitosis with mis-

segregated chromosomes is important for understanding why elevated rather than reduced 

expression of  checkpoint proteins observed in aneuploid tumour cells can cause chromosomal 

instability.

A second, more elegant and telling approach is the creation of  hypomorphic alleles that can be 

combined with either wild-type or null alleles in a variety of  ways to generate mice with a range 

of  expression of  a checkpoint component. When BUB1 was reduced in this way, levels of  BUB1 in 

MEFs of  such mice correlated with the degree of  aneuploidy250. Mice with 20% BUB1 remaining 

were more prone to developing sarcomas, lung tumours and lymphomas, while reducing BUB1 

levels to 30% protected the lung and blood cells from becoming cancerous. These mice are, 
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however, more susceptible to developing hepatocellular carcinomas, while tumour incidence 

in liver tissue is not increased in mice with 20% of  BUB1 remaining250. Interestingly, similar 

reductions in BUBR1, though having the same correlation with aneuploidization of  MEFs, showed 

no clear tumour phenotype but a surprisingly early ageing phenotype247. A similar observation 

was made when BUB3+/-RAE1+/- mice were examined259. In both models, MEFs undergo premature 

senescence, possibly explaining the early ageing phenotypes.

Can CIN explain the range of tumour phenotypes in checkpoint-compromised 
mouse models?
Clearly, checkpoint weakening and aneuploidization cannot fully explain the wide range of  

phenotypes and tissues affected in the various mouse models. This begs the questions: what is 

the contribution of  chromosomal instability to the tumour phenotypes, and can the unexpected 

variation in phenotypes be explained by checkpoint-independent functions of  some of  the proteins 

for which mutant mice were generated?

To address the first question: an interesting model to study the effects of  aneuploidy in vivo are 

mice haploinsufficient for CENP-E. CENP-E function is strictly mitotic and no functions outside its 

control over chromosome segregation have yet been reported. Both MEFs and hepatocytes from 

CENP-E+/- mice have elevated levels of  aneuploidy due to a few mis-segregating chromosomes 

each cell division with a partially functional checkpoint129,130. Deletion of  one copy of  the CENP-E 

gene contributes to cellular transformation in vitro and these cells are tumorigenic in nude mice. 

Nevertheless, only a slight increase in tumour incidence is found in CENP-E+/-
 mice and deletion 

of  one CENP-E allele in fact can protect from rapid tumour formation when mice are treated with 

DMBA260. Interestingly, a similar protective effect is seen in APCmin BUBR1+/-
 mice. While APCmin 

mice readily develop tumours in the small intestine, additional removal of  one copy of  BUBR1 

significantly reduces tumour incidence in this tissue257. These data indicate that the contribution 

of  aneuploidy differs in different tissues and under different circumstances. In some cases, 

aneuploidy is beneficial to the organism in that it protects from tumour formation, while in other 

tissues, aneuploidy with the right combination of  additional factors can promote tumour formation. 

In light of  this, it is of  interest to note that a mouse model of  Down syndrome in which half  of  the 

genes on chromosome 21 was present in triplicate displays a decrease in tumour formation in the 

small intestine of  mice carrying the APCmin allele, normally inducing massive tumour formation261. 

Monosomy of  some of  these genes, however, promotes tumorigenesis, underlining the importance 

of  gain or loss of  specific genes for tumour formation. Importantly, an extensive analysis of  

disomic yeast strains in which one copy of  any of  the chromosomes of  budding yeast was added 

to a haploid strain showed that all strains, regardless of  which chromosome was present in 

duplicate, were highly energy consuming and showed complex transcriptional dysregulation262. 

Similar dysregulation was observed in artificially generated trisomies in mammalian diploid 

colorectal cancer cell lines263. Although the yeast study used haploid strains and the effect of  

chromosome losses or gains in diploid yeast was not examined, these findings may indicate that 

gaining an extra chromosome poses a significant disadvantage to cells. This disadvantage of  CIN 

may therefore need to be overcome somehow in order for tumour cells to reap the benefits of  CIN.

Do checkpoint defects contribute to tumour formation?
As discussed above, CIN can be both tumorigenic and tumour suppressing. To what extent does 

CIN contribute to the different phenotypes found in checkpoint-deficient mice and may these 
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phenotypes be explained by the other functions of  checkpoint proteins during mitosis and in other 

phases of  the cell cycle? BUBR1, BUB1 and MPS1 are all involved, via different pathways, in stable 

bipolar attachment of  chromosomes to the mitotic spindle. Depletion of  BUBR1 results in unstable 

attachments264,265. Cells lacking BUB1 do attach to microtubules, but in an abnormal fashion and 

as a consequence, chromosomes have difficulty congressing to the metaphase plate266. BUB1, in 

addition, protects centromeric cohesion by localising Shugoshin to centromeres267,268. Depletion 

of  MPS1 results in a high number of  syntelic attachments due to mis-regulated Aurora B activity 

that leaves erroneous attachments uncorrected269.

Some checkpoint proteins are functional in other phases of  the cell cycle. MPS1 and BUBR1 have 

been reported to participate in the ability of  cells to arrest in response to DNA damage270,271. The 

DNA-damage-checkpoint in G2 is less stringent when either of  these proteins is absent, and MPS1 

directly phosphorylates and modulates activity of  the CHK2 kinase270,271. Furthermore, BUB3 and 

CDC20 can repress transcriptional activity by interacting with Histone Deacetylases (HDACs)272 

and both MAD1 and MAD2 localise to the nuclear pore complex (NPC) in interphase cells. That 

said, although MAD1 is involved in NPC functioning in budding yeast211,273, no such function has 

been reported for either MAD1 or MAD2 in mammalian cells. Similarly, MAD2 was reported to be 

involved in the DNA replication checkpoint in yeast274, yet, again, no such role has been found for 

MAD2 in mammalian cells. Finally, some of  these checkpoint components are essential to prevent 

survival of  cells that undergo a defective mitosis, either by stimulating apoptosis after slippage 

through such a mitosis, or by facilitating death in mitosis, also referred to as mitotic catastrophe. 

More on these roles will be discussed in the following section. 

Survival of cells upon a defective mitosis depends on checkpoint proteins
Apoptosis is an important defence mechanism to protect cells from aneuploidy. Cell death as 

a result of  an aberrant mitosis can occur in two phase of  the cell cycle (reviewed in 275). First, 

cells can die in mitosis when they are forced to prolong mitosis for extended periods of  time. 

This prolongement depends on a (partially) functional mitotic checkpoint and can be due to cell-

intrinsic defects in any process required for proper congression of  chromosomes, or to extrinsic 

factors such as exposure to spindle poisons. Second, cells that proceed through such a defective 

mitosis but that slip through the arrest can die in the ensuing G1 phase. There is some evidence 

that checkpoint proteins are involved in either of  those death programs.

Prolonged mitotic arrest can induce apoptosis in M phase. This mitotic catastrophe is a poorly 

understood process. It does not seem to depend on p53 since this protein is not induced in mitosis 

and since mitotic catastrophe occurs in both p53-positive and –negative cells276-278. Two different 

forms of  mitotic catastrophe have been reported: Caspase-dependent and -independent279. A form 

of  Caspase-dependent death in mitosis, induced by prolonged treatment with nocodazole, requires 

that BUBR1 is cleaved by Caspase-3280. Introduction of  a Caspase-resistant BUBR1 mutant reduced 

cell death during mitosis after treatment with spindle interfering drugs, which results in increased 

aneuploidy280. This underlines the importance of  cell death in prevention of  aneuploidy and may 

suggest that death in cells with low levels of  BUBR1 undergoing a defective mitosis is suppressed, 

allowing them to exit eventually and continue as viable, aneuploid cells. Also, mitotic cell death in 

response to DNA damage during the G2 phase of  the cell cycle is dependent on the presence of  

MAD2281,282. Caspase-independent death can be induced by treatment of  cells with spindle poisons, 

cold shock or 17-AAG, a compound that causes defects in kinetochore-integrity278. Survival upon 

prolonged exposure to these compounds depended on high levels of  BUB1. Lowering but not 

ablating BUB1 levels caused cells to induce Caspase-independent death upon exposure to these 
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drugs. Intriguingly, chromosomally instable colorectal cancer cells with low levels of  BUB1 were 

much more prone to death induced by the drugs than their chromosomally stable counterparts 

that displayed normal levels of  BUB1. Therefore, on the one hand, tumour cells with elevated 

levels of  BUB1 could have enhanced survival capacity whereas tumour cells with low levels of  

BUB1 could be more sensitive to killing by prolonging mitosis with spindle poisons.  

Cells that are prolonged in mitosis can also adapt and exit. Adapted cells do not undergo 

cytokinesis and therefore enter G1 with 4N DNA content and are characterized by multi-nuclei283. 

Cells may adapt in various ways. They may have a compromised checkpoint that facilitates mitotic 

exit or they may exit mitosis after gradual proteasome-dependent Cyclin B degradation with active 

spindle checkpoint signalling284. Although not reported in mammalian cells, a third way to adapt 

is by inhibiting CDK1 activity without affecting Cyclin B levels. In yeast and Drosophila, the CDK1-

inhibitory proteins Sic1 and Roughex (Rux) respectively, contribute to promoting mitotic exit285-289. 

If  a related mechanism exists in mammalian cells, it may provide an explanation for the previously 

described observation that MAD2 overexpressing cells can adapt with high levels of  Cyclin B (see 

above and 237,258). In any case, survival of  cells that exited a defective mitosis depends on the mitotic 

checkpoint proteins BUB1 and BUBR1, but not on some of  the other checkpoint proteins. BUBR1 

and to some extent BUB1 are required to eliminate adapted cells that slipped through mitosis 

after prolonged treatment with spindle poisons, possibly via stabilizing p53290,233. Moreover, cells 

treated with KSP-IA, an inhibitor of  the EG5 Kinesin, are severely delayed in mitosis and require 

adaptation to undergo apoptosis in G1291. Expression of  dominant-negative BUB1 in these cells 

resulted in survival after adaptation. A similar observation was made in nocodazole-treated HeLa 

cells expressing this BUB1 mutant78. These data suggest that BUBR1 and BUB1 are required 

for efficient execution of  cell death upon adaptation to prolonged mitotic arrest. Hence, next 

to signifying weakened checkpoint signalling, the low levels of  these proteins observed in some 

cancer types239,278,244,292,293,233 could be indicative of  inefficient removal of  cells that underwent a 

defective mitosis and that can continue to form aneuploid progeny.

?

• Apoptosis/ Survival
• DNA Damage Response
• Transcriptional Regulation 
• ?

Non-mitotic Functions

Tumorigenesis

Aneuploidy

• Mutations
• Misexpression
• Posttranslational modifications

Altered Activity of 
Mitotic Checkpoint components

Weakened Checkpoint

Figure 3. Changes in activity of components of the mitotic checkpoint machinery contribute to tumour formation. 
This may involve weakened checkpoint signalling, which can promote CIN, manifested by aneuploidy. Mild CIN can in turn facilitate 
tumour formation. Most checkpoint components, however, have additional non-mitotic functions that might promote tumorigenesis. 
The extent to which either aneuploidy or compromised, non-mitotic functions contribute to tumour formation by altered activity of  
checkpoint components is unknown.
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Concluding remarks
Mice with low levels of  checkpoint proteins have in common that their mitotic checkpoint is weakened. 

Despite this, pathological phenotypes in these mice are quite diverse, ranging from no tumours, 

to many tumours in specific tissues to early ageing. Thus, the contribution of  a compromised 

checkpoint in the onset or progression of  cancer is not established beyond a reasonable doubt 

(Figure 3). Chromosome congression defects, a phenotype shared by cells depleted of  BUB1, 

BUBR1, CENP-E or MPS1, might be an extra contributor to increased aneuploidy. Furthermore, 

most of  the proteins for which mutant mice were made have additional functions beside their 

role in chromosome segregation. An important and often overlooked function is the ability of  

some of  these proteins to activate apoptotic pathways in response to delayed mitosis. Elimination 

of  aneuploid cells is extremely important for the maintenance of  a healthy diploid population. 

Reducing the efficiency of  this defence mechanism can promote the survival of  aneuploid cells 

and thereby possibly increase tumour incidence. A true test of  weakened checkpoint signalling as 

a contributor to tumour formation may have to await mice carrying a hypomorphic allele of  MAD1. 

Mammalian MAD1 does not have any known functions in interphase or during mitosis other than 

activating the kinetochore-based checkpoint signal, and has not been reported to be involved in 

induction of  apoptosis. Examining tumour formation in a panel of  mice with varying MAD1 levels 

due to various combinations of  wild-type, hypomorphic and deletion alleles, may finally provide a 

definitive answer to the question: Can mitotic checkpoint defects facilitate tumorigenesis?
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Abstract

Genetic mutations in the mitotic regulatory kinase BUBR1 are associated with the cancer 

susceptible disorder mosaic variegated aneuploidy (MVA). In patients with bi-allelic mutations, 

a missense mutation pairs with a truncating mutation. Here we show that cell lines derived 

from MVA patients with bi-allelic mutations have an impaired mitotic checkpoint, chromosome 

alignment defects, and low overall BUBR1 abundance. Ectopic expression of BUBR1 restored 

mitotic checkpoint activity, proving that BUBR1 dysfunction causes chromosome segregation 

errors in the patients. Combined analysis of patient cells and functional protein replacement 

demonstrates that all MVA mutations fall in two distinct classes: those that impose specific 

defects in checkpoint activity or microtubule attachment and those that lower BUBR1 protein 

abundance. Low protein abundance is the direct result of the absence of transcripts from 

truncating mutants combined with high protein turnover of missense mutants. In this group 

of missense mutants, the amino acid change consistently occurs in or near the BUBR1 kinase 

domain. Our findings provide a molecular explanation for chromosomal instability in patients 

with bi-allelic genetic mutations in BUBR1.
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Introduction

Mosaic Variegated Aneuploidy (MVA, OMIM: 257300), also referred to as Premature Chromatid 

Separation (PCS) Syndrome, an autosomal recessive syndrome characterized by constitutional 

aneuploidy and very early onset cancer predisposition. Typically, individuals with MVA display 

microcephaly, growth- and mental retardation, as well as other, milder, physical anomalies. In 

addition, 37% of  patients develop cancers including rhadomyosarcoma, Wilms tumour and 

leukemia, mostly within the first three years of  life, not seldom even in utero (see Table 1 of   208 and 
200,204). The MVA syndrome has been linked to mono- or bi-allelic mutations in the BUB1B locus, 

encoding the predicted serine/threonine kinase BUBR1 (BUBR1 is the accepted alias name for the 

BUB1B protein, and therefore used throughout this study)200,204. As indicated by the name, mosaic 

aneuploidies are found in cells of  various tissues from MVA patients, suggesting underlying defects 

in the fidelity of  chromosome segregation during development. Consistent with this, BUBR1 is 

critical for several processes that govern chromosome segregation during cell divisions. Error-free 

chromosome segregation requires that each sister of  a duplicated chromosome is attached via 

their kinetochores to spindle microtubules from two opposing spindle poles295. Onset of  cell division 

before each an every kinetochore is attached to the mitotic spindle is normally prevented by the 

mitotic checkpoint224. One of  the essential components of  this checkpoint is BUBR1296,297,218,213. 

BUBR1 directly inhibits the E3 ubiquitin ligase Anaphase Promoting Complex/Cyclosome (APC/C) 

that promotes chromosome segregation by targeting essential cell cycle regulators such as Cyclin 

B and Securin/PTTG for destruction53,217. This inhibitory property of  BUBR1 resides in the highly 

conserved amino-terminal 450 amino acids and does not absolutely require the carboxy-terminal 

kinase domain298-300. Consistent with the presence of  BUBR1 mutations as a cause for aneuploidy in 

MVA patients, cells from a Japanese patient had an impaired ability to respond to the microtubule 

poison colcemid301,204. In addition to a role in the mitotic checkpoint, BUBR1 is required for the 

establishment of  stable interactions between kinetochores and spindle microtubules264,265. 

The high incidence of  tumours in MVA patients suggests a causal link between aneuploidy and 

tumour formation. In sporadic cancers, chromosomal instability (CIN), the frequent missegregation 

of  whole chromosomes, has also been proposed to be a contributing force in carcinogenesis230,231. 

The causes of  CIN in human tumours are unknown but likely involve dysfunction of  some 

machineries that normally promote error-free chromosome segregation. Defects in attachment 

error-correction mechanisms302,264, centrosome duplication, cytokinesis or the mitotic checkpoint 

have all been postulated to promote CIN in tumours303,231. In rare cases, mutations in regulators 

of  chromosome segregation in sporadic human tumours have been reported, including in BUBR1 

and the homologous kinase BUB1230, but no clear functional link between these mutations and 

chromosome segregation errors in such tumours has been established. 

The mutations in BUBR1 associated with MVA fall in two classes: missense or frame-shift mutations 

that result in truncated protein products (hereafter referred to as ‘truncation’), and missense 

mutations that cause single amino acid substitutions (hereafter referred to as ‘substitution’). In 

four families with individuals that carried bi-allelic mutations, a truncating mutation was combined 

with one amino acid substitution, often in the kinase domain200. In eight other families, one, 

predominantly truncating, mutation was found204. We set out to examine the molecular causes of  

chromosome segregation errors in MVA patients. Our results present a rationale for why specific 

combinations of  bi-allelic mutations cause aneuploidy in MVA patients.
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Results & Discussion

MVA patient cell lines are checkpoint deficient and have chromosome alignment 
defects
Mono- and bi-allelic mutations in BUB1B were identified in British and Japanese MVA 

patients200,204. Previous studies had shown that centromere cohesion was lost in colcemid-treated 

MVA fibroblasts304,204, and that colcemid addition to the media of  fibroblasts from Japanese 

MVA patients did not cause an accumulation in mitosis and increased the amount of  cells 

with micronuclei204. To examine the fidelity of  chromosome segregation in MVA patients, we 

established lymphoblastoid and fibroblast cell lines of  MVA patients as well as of  their respective 

parents or unrelated healthy individuals (an overview is presented in Supplementary Table 1). 

Flow cytometric analysis combined with time-lapse imaging revealed that the MVA patient cells 

failed to accumulate in mitosis in checkpoint dependent manner after treatment with the spindle 

depolymerizing drug nocodazole (Figure 1A) or EG5 inhibitor S-trityl-L-cysteine (STLC)305,306 

(Figure 1B). Whereas control STLC treated cells were delayed in mitosis for the duration of  the 

experiment, 50% of  the population of  MVA patient cell lines exited within 68 (753X/R814H) and 

114 min (731X/Y155C). Furthermore MVA patient cells, treated with proteasome inhibitor MG132 

to prevent mitotic exit, showed a 2-3 fold increase in the amount of  chromosome misalignment 

compared to control lines (Figure 1C).  

Strikingly, restoration of  high levels of  BUBR1 by transient expression of  Localisation and 

Affinity Purification (LAP)-tagged BUB1B cDNA307, induced a two-fold increase in the response to 

nocodazole in patient cells (Figure 1D). The amount of  mitotic cells was however unchanged in 

LAP-BUBR1 expressing control cells (Figure 1D). Importantly, comparison of  the relative activity 

of  the mitotic checkpoint of  cells from one of  the MVA patients (731X/Y155C) to that of  cells 

of  the relevant parental control (731X/WT) showed that mitotic checkpoint activity was almost 

fully restored to parental levels upon re-expression of  BUBR1 in the patient cells (Figure 1D). 

Together, these findings show that is the two mitotic processes in which BUBR1 participates, 

mitotic checkpoint signalling and chromosome alignment, are severely impaired in cells from MVA 

patients. 

All kinase domain-localised mutations in BUBR1 reduce overall BUBR1 protein 
abundance
Most BUBR1 substitution mutations identified in British MVA patients are located in or in close 

proximity to the region encoding the kinase domain of  BUBR1. This has inspired the hypothesis that 

BUBR1 kinase activity and/or substrate recognition are important for chromosome segregation 

and are affected by the MVA mutations. Although an intriguing hypothesis, analysis of  BUBR1 

protein expression showed that abundance of  full-length substitution mutant BUBR1 protein in 

all patient lines (absent/I909T, 386X/R727C, 753X/R814H or 731X/Y155C) was decreased 2-6 

fold compared to wild-type alleles (Figure 2A). Interestingly, BUBR1 protein abundance was most 

severely decreased when mutations occurred in or near the kinase domain, but less by a mutation 

in the N-terminal TPR domain (Figure 2A). Importantly, levels of  full-length BUBR1 in the parent 

cell lines, carrying one mutant allele, were consistently in between those of  patients and unrelated 

healthy controls (Figure 2A). Low overall protein abundance translated to low levels of  BUBR1 

on unattached kinetochores (Figure 2B). Enhancing contrast settings, however, showed that the 

residual protein could be recruited to kinetochores, indicative of  at least partial functionality of  

mutant BUBR1 (Figure 2B lower insets). Similar results were obtained by expression of  wild-
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Figure 1. Checkpoint deficiency and chromosome alignment defects in MVA patient cell lines are directly due to dysfunctional 
BUBR1. 
(A) Flow cytometric analysis of  MPM-2 positivity of  MVA lymphoblastoid (left) and fibroblast (right) cell lines, treated with 
nocodazole for 16 hours. Graphs represent the fraction of  MPM-2 positive cells of  4N population relative to healthy control cells 
(average of  at least 3 (left) or 5 (right) experiments, ± SEM). (B) Analysis of  mitotic delay in MVA fibroblast cell lines treated with 
STLC and imaged by differential interference contrast (DIC) microscopy. Graph indicates the percentage of  cells in mitosis in time 
(total of  3 experiments, total of  300 cells). (C) Chromosome alignment in MVA fibroblast cell lines treated with MG132 for 90 
minutes. Graph indicates the fraction of  mitotic cells with full alignment relative to healthy control cells (average of  4 experiments, 
at least 70 cells counted per experiment, ± SEM). (D) Flow cytometric analysis of  MPM-2 positivity of  MVA fibroblast cell lines, 
transfected with control or LAP-BUBR1 and treated with nocodazole for 16 hours. Graphs represent the fraction of  MPM-2 positive 
cells of  4N population relative to healthy control cells (average of  5 experiments, ± SEM). 
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type and mutant LAP-BUBR1 in human tissue culture cells. This approach allowed analysis of  all 

MVA mutations including those of  which no patient derived cell lines was available (a schematic 

representation of  the mutants is shown in Figure 2C). Please note that fusing the LAP-tag to the 

amino terminus of  BUBR1 did not affect its function or subcellular localisation (see below). All 

mutant proteins with substitution mutations in or near the kinase domain showed a 5-10 fold 

decrease in levels compared to wild-type BUBR1 in HeLa and U2OS cells (Figure 2D and S1). 

These data show that a wide range of  mutations in or near the kinase domain can destabilize 

BUBR1. Importantly, the two substitution mutations located away from the kinase domain, Y155C 

and R550Q, did not affect protein levels when compared to wild-type BUBR1 (Figure 2D).

Substitution mutations affect BUBR1 protein stability
To investigate the cause of  low BUBR1 protein abundance, mRNA levels and protein turnover were 

measured in patient cells for which relevant parental control cells were available to allow analysis 

of  specific single gene products. For instance, comparison of  mRNA from 386X/R727C cells to 

that from 386X/WT cells provides information on the level of  R727C transcript relative to wild-

type. As shown by Northern blotting, mRNA expression of  three substitution alleles, I909T, R727C 

and Y155C, was unaffected (Figure 3A). We next addressed whether the substitution mutations, 

rather than affecting mRNA levels, promote protein turnover. Treatment of  the lymphoblastoid 

cell lines with the translation inhibitor cycloheximide for 5 hours showed that the protein turnover 

of  the substitution mutant proteins I909T and R727C was increased ~2-fold compared to wild-

type protein (Figure 3B). Additionally, U2OS cells stably expressing LAP-tagged wild-type, I909T 

or L1012P mutant BUBR1 were treated with inhibitors to three major pathways that control 

protein abundance (protein translation (Cycloheximide, CHX), folding (Geldanamycin, GA) and 

degradation (MG132)). As expected from data of  the patient cells, treatment with CHX reduced 

mutant levels more severely than wild-type (Figure 3C). Furthermore, whereas levels of  wild-type 

BUBR1 showed only minor changes, levels of  both mutant proteins were severely decreased after 

5h treatments with the HSP90 inhibitor (Figure 3C, GA). Importantly, combined treatments of  

CHX and GA removed virtually all mutant BUBR1 protein (Figure 3C). This shows that stability 

of  these substitution mutants but not wild-type relied on heat-shock proteins and suggested that 

the mutations cause protein misfolding. In support of  this, inhibition of  proteasomal degradation 

with MG132 (Figure 3C, MG) prevented the enhanced protein turnover caused by HSP90 inhibition 

(Figure 3C, MG+GA). Thus, HSP90 activity is needed for folding of  BUBR1 substitution mutants and 

for preventing their clearance via proteasomal degradation. Thus low abundance of  substitution 

mutants is, at least in part, caused by decreased protein stability. 

None of  the truncated proteins, 386X, 731X and 753X, could be detected in lysates of  MVA 

patient cell lines or in parental controls (Figure 2A). However most truncations, except LAP-194X 

and LAP-753X, showed expression levels comparable to or higher than wild-type BUBR1 in U2OS 

and HeLa cells (Figure 2D and S1). This indicates that truncations also affected BUBR1 protein 

levels, although not necessarily by decreased protein stability. In patient cells, mRNA from the 

386X allele could not be detected and although the relevant parental controls are missing, the two-

fold reduction in mRNA levels of  731X/WT relative to healthy controls suggested that transcripts 

from the 731X allele were also absent (Figure 3A). These findings suggested that the premature 

STOP codons decreased transcript stability and thereby contributed to reducing BUBR1 levels. 

This was in agreement with a previous suggestion that expression of  truncated BUBR1 proteins 

may be prevented by nonsense-mediated mRNA decay (NMD, see for review 308)204, and supported 

by the finding that both 386X and 731X are expressed when NMD is circumvented by plasmid-
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Figure 2. Low BUBR1 protein abundance in MVA patient cells.  
(A) Quantitative immunoblot of  lysates of  immortalised MVA patient-derived lymphoblastoid (left) and fibroblast (right) cell lines. 
Antibodies can recognise truncated proteins if  overexpressed in HeLa. Graphs indicate the band intensity of  BUBR1/Tubulin 
relative to healthy control cells (average of  4 experiments, ± SEM). (B) Immortalised fibroblasts treated with nocodazole and 
MG132 for 30 minutes, immunostained for BUBR1 and centromeres (ACA). Upper insets show representative kinetochore pairs, 
lower insets show the same kinetochore pairs with increased intensity. Quantification of  BUBR1/ACA on kinetochores relative to 
healthy control cells is shown (average of  3 experiments, 25 kinetochores were quantified per cell for 5 cells per experiment, ± 
SEM). (C) Schematic representation of  BUBR1. Bi-allelic mutations found in MVA patients, KEN-box motives (black stripes) and 
BUB3-binding domain (blue oval) are indicated. (D) Quantitative immunoblot of  lysates of  HeLa and U2OS cells transfected with 
wild-type or mutant LAP-BUBR1 together with pBabe-Puro and selected for transfection by puromycin. Band intensity of  BUBR1/
Tubulin relative to wild-type is indicated (average of  at least 3 experiments, bands were aligned for visualization purposes, full blot 
is presented in supplemental Figures (S1A)).
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driven expression in HeLa or U2OS cells. It is, however, unclear what the status of  194X, 483X or 

753X is in patient cells. Plasmid-driven expression in cancer cells of  194X and 753X shows levels 

that are nonetheless lower than wild-type BUBR1, suggesting that the truncations may also affect 

protein stability, however BUBR1 abundance of  truncation mutants is mainly affected on mRNA 

level.

MVA-associated mutations in the kinase domain of BUBR1 cause chromosome 
segregation defects primarily by lowering protein abundance
The previous analyses showed that the MVA-associated substitution and truncation mutations in 

BUBR1 could be divided in two categories: those that affect its protein abundance, and those that 

do not To examine if  mutants from the ‘low abundance’ category compromise BUBR1 function, 

various aspects of  chromosome segregation were examined in cells in which endogenous BUBR1 
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Figure 3. All kinase-domain-localised MVA mutations affect 
overall BUBR1 protein abundance. 
(A) Northern blot of  mRNA isolated from immortalised MVA 
lymphoblastoid (left) and fibroblast (right) cell lines. Band 
intensity of  BUBR1/Tubulin relative to healthy control cells 
is shown (representative of  2 experiments). (B) Quantitative 
immunoblot of  lysates of  immortalised MVA lymphoblastoid 
cell lines. Band intensity of  BUBR1/Tubulin of  cells treated 
cells with Cycloheximide for 5 hours relative to untreated 
cells is shown (average of  3 experiments). (C) Quantitative 
immunoblot of  lysates of  U2OS cells stably expressing wild-
type or mutant LAP-BUBR1 together with BUBR1 shRNA, 
treated with DMSO (-), Cycloheximide (CHX), Geldanamycin 
(GA), MG132 (MG) or combinations for 5 hours (representative 
experiment is shown).
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was transiently replaced with exogenous epitope-tagged mutant BUBR1307. As a consequence of  

checkpoint inactivation, cells depleted of  BUBR1 were unable to delay mitosis in the presence of  

nocodazole (Figure 4A), and over 80% of  the cells showed massive chromosome missegregations as 

determined by time-lapse microscopy (Figure 4B). Checkpoint function was restored by expression 

of  wild-type, shRNA-insensitive LAP-BUBR1, but the truncated proteins LAP-194X and LAP-753X 

as well as the five kinase-domain-localised substitution mutants were unable to sustain a mitotic 

delay in response to spindle de-polymerization and caused severe chromosome missegregations 

(Figure 4B). In addition, these mutants also affected the ability of  chromosomes to form stable 

microtubule attachments: While wild-type LAP-BUBR1 restored efficient chromosome alignment 

in BUBR1-depleted cells, neither of  the unstable truncations nor the five substitution mutants 

could restore chromosome alignment in BUBR1-depleted cells (Figure 4C). 

The inability of  the ‘low abundance’ mutants to restore BUBR1 functionality on our assays raised 

the possibility that these disease-associated mutations affected chromosome segregation primarily 

by lowering BUBR1 protein abundance without affecting BUBR1 function directly. Three lines of  

evidence strongly support this. First, forced overexpression of  the poorly expressed substitution 

mutants I909T and L1012P to levels comparable to wild-type BUBR1 fully restored the response 

to nocodazole (Figure 4D). This showed that these mutations do not impose significant constraints 

on BUBR1 function other than affecting overall BUBR1 protein abundance. Second, of  the two 

substitution mutations that were reported to occur within one allele (L844F and Q921H)200, L844F 

was poorly expressed and unable to restore any of  the defects in BUBR1-depleted cells (Figure 

4E, S2A and S2B). In striking contrast, the Q921H mutation was indistinguishable from wild-type 

LAP-BUBR1, both on protein level and functionality. This suggests that the L844F substitution 

is the likely cause of  mitotic defects in the patient carrying the doubly mutated allele. Third, 

the amount of  segregation errors is highly sensitive to the amount of  BUBR1 present in the 

cell. BUBR1 abundance was reduced to different levels by titration of  doxycyline to a HeLa cell 

line stably carrying inducible expression of  an shRNA to BUBR1. Whereas saturating amounts 

of  doxycyline reduced BUBR1 protein to ~6% and caused chromosome mis-segregation in the 

majority of  cells, low amounts of  doxycyline, while still significantly reducing BUBR1 levels to 

~13%, had virtually no impact on the fidelity of  chromosome segregation (Figure 4F). These 

findings support the hypothesis that mitotic checkpoint deficiency in MVA patient cells carrying 

mutations in the BUBR1 kinase domain is caused by low BUBR1 levels. Interestingly, of  the two 

newly identified substitution mutations reported here (Y155C and R727C), only the mutation 

located near the kinase domain, R727C, confers a similar level of  protein instability. As there 

is no information on structural properties of  BUBR1, it is at present unclear why these specific 

mutations affect protein abundance. Interestingly, however, mapping of  the orthologous residues 

in the recently published crystal structure of  the highly similar BUB1 kinase309 suggests that 

these residues are needed for the overall integrity of  the BUBR1 kinase domain (unpublished 

observation). From these comparisons, it is to be expected that substitution of  these amino acids 

for their respective disease-causing counterparts will disturb kinase domain folding and stability 

of  the protein. In support of  this, we have observed a two-fold increase in the turnover of  BUBR1 

as a result of  the substitution mutations. Furthermore, inhibition of  HSP90, a chaperone that aids 

protein folding, further decreased protein levels of  substitution mutants. This finding indicates a 

strong tendency of  kinase domain-located substitution mutants to misfolding, which raises the 

interesting possibility that this region of  BUBR1 is highly sensitive to amino-acid substitutions. 

Detailed insights into BUBR1 structure will be crucial to further investigate this.
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Stable MVA mutants cause direct functional BUBR1 defects and reveal novel 
aspects of BUBR1’s roles in mitosis
We next examined functionality of  the MVA mutations in BUBR1 that have no significant effect 

on BUBR1 protein levels. Again, all mutants were assayed on the capability to rescue mitotic 

checkpoint defects and chromosome misalignment in cells depleted of  endogenous BUBR1 (as in 

Figure 4A-4C). Analysis of  the two stable substitution mutants revealed expression of  LAP-R550Q 

rescued both functions of  BUBR1 (Figure 5A-5C). Interestingly, however, the Y155C substitution 
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mutation that is located in the amino-terminal TPR domain was a separation-of-function allele: 

LAP-Y155C restored chromosome alignment to BUBR1-depleted cells (Figure 5C) but failed 

to reconstitute mitotic checkpoint activity (Figure 5A and 5B). The TPR domain of  BUBR1 is 

essential for BUBR1 functionality in checkpoint signalling via interaction with KNL1/Blinkin310,311. 

Similar to previously reported BUBR1 TPR mutants, LAP-Y155C properly localised to unattached 

kinetochores (Figure 5D). 

Figure 4. Low BUBR1 levels is the primary cause of BUBR1 
dysfunction by MVA Mutations in the kinase domain
(A) Flow cytometric analysis of  MPM-2 positivity of  U2OS 
cells transfected with control (Mock) or BUBR1 shRNA in 
combination with control or RNAi insensitive LAP-BUBR1 
cDNA, treated with nocodazole for 16 hours. Boxes indicate 
percentage of  cells positive for MPM-2. Graph represents 
the fraction of  MPM-2 positive cells of  4N population 
relative to the LAP-BUBR1 WT control (average of  at least 
3 experiments, ± SEM). (B) Analysis of  chromosome 
segregation by live imaging of  U2OS expressing H2B-EYFP 
and transfected as in 4A. Graph indicates the fraction of  
cells with chromosome mis-segregations relative to BUBR1 
depleted cells (average of  3 experiments, a total of  at least 
238 cells, ± SEM). (C) HeLa cells, transfected as in 4A, 
were treated with MG132 for 90 minutes and analysed for 
chromosome alignment. Graph indicates the fraction of  cells 
with misaligned chromosomes relative to BUBR1 depleted 
cells (average of  3 experiments, at least 90 cells counted per 
experiment, ± SEM). (D) Flow cytometric analysis of  MPM-2 
positivity of  U2OS cells transfected control (Mock) or BUBR1 
shRNA in combination with control or RNAi insensitive LAP-
BUBR1 cDNA, substitution mutants were overexpressed to 
levels comparable to wild-type, and treated with nocodazole 
for 16 hours. Graph represents the percentage of  MPM-
2 positive cells of  4N population. Immunoblot shows the 
expression of  wild-type and mutant LAP-BUBR1 in lysates 
from the same experiment (1 representative experiment). 
(E) Analysis of  chromosome segregation by live imaging of  
U2OS expressing H2B-EYFP and transfected as in 4A. Graph 
indicates the percentage of  cells with chromosome mis-
segregations (average of  3 experiments, a total of  at least 
270 cells, ± SEM). Immunoblot shows the expression of  wild-
type and mutant LAP-BUBR1 in lysates from a representative 
experiment. (F) Analysis of  chromosome segregation by live 
imaging of  HeLa cells expressing inducible BUBR1 shRNA 
and H2B-EYFP treated with 0, 1 or 1000 ng/ml doxycycline. 
Graph indicates the percentage of  cells with chromosome 
mis-segregations (average of  3 experiments, a total of  at 
least 350 cells, ± SEM). Quantitative immunoblot shows 
the expression of  BUBR1 and Tubulin in lysates from a 
representative experiment, band intensity of  BUBR1/Tubulin 
relative to untreated control is indicated (average of  3 
experiments).

Mitotic Index 
(+16h Nocodazole)

M
PM

-2
 p

os
iti

ve
 c

el
ls

 o
f 

4N
 p

op
ul

at
io

n 
(%

)

20

40

60

80

0

Mock WT I909TL1012P
Mock BUBR1

LAP-BUBR1
shRNA

LAP-BUBR1 

Chromosome 
mis-segregation

0 1 Doxycycline
(ng/ml)

1000

Relative Intensity 
BUBR1/Tubulin

1.00 0.06 0.13

BUBR1

Tubulin

0

20

40

60

80

100

An
ap

ha
se

 c
el

ls
 w

ith
 m

is
se

gr
eg

at
in

g 
ch

ro
m

os
om

es
 (%

)

D

Chromosome 
mis-segregation

An
ap

ha
se

 c
el

ls
 w

ith
 m

is
se

gr
eg

at
in

g 
ch

ro
m

os
om

es
 (%

)

0

20

40

60

80

100

LAP-BUBR1 

Mock WT L844FQ921H
Mock BUBR1

LAP-BUBR1
shRNA

F

E



46 Chapter 3

3 B

DA
R

el
at

iv
e 

fra
ct

io
n 

of
 c

el
ls

 w
ith

 
m

is
al

ig
ne

d 
ch

ro
m

os
om

es

C

0.00

0.20

0.40

0.60

0.80

1.00

1.20 Chromosome mis-alignment  
(+90’MG132)

Moc
k

Moc
k

WT
38

6X
48

3X
Y15

5C

Mock BUBR1

LAP-BUBR1

shRNA
R55

0Q73
1X

Controls
Truncation
Substitution

0.00

0.20

0.40

0.60

0.80

1.00

1.20 Chromosome 
mis-segregation

R
el

at
iv

e 
fra

ct
io

n 
of

 a
na

ph
as

e 
ce

lls
 

w
ith

 m
is

se
gr

eg
at

in
g 

ch
ro

m
os

om
es

Moc
k

Moc
k

WT
38

6X
48

3X
Y15

5C

Mock BUBR1

LAP-BUBR1

shRNA
R55

0Q73
1X

R
el

at
iv

e 
fra

ct
io

n 
M

PM
-2

 p
os

iti
ve

 
ce

lls
 o

f 4
N

 p
op

ul
at

io
n

0.00

0.25

0.50

0.75

1.00

1.25

1.50 Mitotic Index (+16h Nocodazole)

Moc
k

Moc
k

WT
38

6X
48

3X
Y15

5C

Mock BUBR1

LAP-BUBR1

shRNA
R55

0Q73
1X

shMock shBUBR1

Mock

Tubulin/ACA

1

2

1

2

1

2

1

2

Mock WT 483X

386X

731X

Y155C

483X

WT

R550Q

LAP-BUBR1 LAP-BUBR1/ACA



47MVA mutations cause BUBR1 dysfunction

3
Expression of  LAP-386X, a protein that lacks the kinase domain, the BUB3-interaction domain and 

a CDC20-binding region, could not restore checkpoint activity nor chromosome alignment (Figure 

5A-5C). As expected from the absence of  the BUB3-interaction domain, LAP-386X could not localise 

to unattached kinetochores (Figure 5D). In contrast, the slightly longer protein LAP-483X that has 

the BUB3-binding region included, could be recruited to unattached kinetochores (Figure 5D) and 

was fully functional in restoring mitotic checkpoint activity (Figure 5A and 5B). This indicated that 

the extended amino-terminus of  BUBR1 is sufficient for sustained mitotic checkpoint activity. 

LAP-483X, however, could not rescue chromosome misalignments in BUBR1-depleted cells, and 

as a result LAP-483X-reconstituted cells had a significantly extended mitosis (Figure S3A and 

S3B), indicative of  a sustained mitotic checkpoint response to unattached chromosomes. Thus, 

amino acids 483-1050 of  human BUBR1 were indispensable for attachment of  chromosomes to 

the mitotic spindle (Figure 5C). This is in agreement with studies in Saccharomyces cerevisiae and 

mice describing two conserved KEN motives, both of  which are intact in 483X, that are essential 

for the budding yeast and murine checkpoints298-300. However unlike murine BUBR1, which can act 

as functional checkpoint component without localising to unattached kinetochores300, amino acid 

1-386 of  human BUBR1 lacking the BUB3-binding domain, essential for kinetochore localisation 

is not sufficient. 

Surprisingly, the kinase domain did not contribute to chromosome alignment; since LAP-731X 

has no kinase domain yet is fully capable of  supporting the microtubule attachment function of  

BUBR1 (Figure 5C). Furthermore, LAP-731X restored the response to nocodazole as well as proper 

chromosome segregation in unperturbed mitosis (Figure 5A and 5B), suggesting that, at least in 

our assays and in these cells, the kinase domain of  human BUBR1 is not required for the mitotic 

checkpoint nor for stable microtubule attachments. Combined, these findings have two important 

implications: First, neither the kinase activity nor the 265 amino-acid kinase domain are required 

for establishing mitotic checkpoint activity or stable microtubule attachments. Second, stable 

kinetochore-microtubule attachments rely on the central part of  human BUBR1 (484-715 (note 

that 731X contains only 715 amino acids of  BUBR1 sequence)). If  731X restores all functions 

of  BUBR1, what is then the role, if  any, of  the kinase domain? Although careful live cell analyses 

of  731X did not reveal subtle defects in our experiments, it cannot be excluded that such defects 

would become apparent under certain conditions. However our demonstration that BUBR1 is 

destabilized by all kinase-domain-localised MVA mutations, offers an alternative explanation for 

the role of  the BUBR1 kinase domain. Our data show that the integrity of  the kinase domain 

needs to be preserved in order for chromosome segregation to be free of  errors. This opens 

the possibility that the kinase domain is involved in regulating BUBR1 protein stability in a non-

catalytic fashion, perhaps through ATP binding or cofactor association (Figure S4).

Figure 5. The MVA-associated BUBR1 mutants that do not affect protein stability directly compromise BUBR1 function. 
(A) Flow cytometric analysis of  MPM-2 positivity of  U2OS cells transfected as in 4A, treated with nocodazole for 16 hours. Graph 
represents the fraction of  MPM-2 positive cells of  4N population relative to the LAP-BUBR1 WT control (average of  at least 3 
experiments, ± SEM). (B) Analysis of  chromosome segregation by live imaging of  U2OS expressing H2B-EYFP and transfected 
as in 4A. Graph indicates the fraction of  cells with chromosome mis-segregations relative to BUBR1 depleted cells (average of  3 
experiments, a total of  at least 268 cells, ± SEM). (C) HeLa cells, transfected as in 4A, were treated with MG132 for 90 minutes 
and analysed for chromosome alignment (left) or cold-stable microtubules (right). Graph indicates the fraction of  cells with 
misaligned chromosomes relative to BUBR1 depleted cells (average of  3 experiments, at least 100 cells counted per experiment, ± 
SEM). Insets show representative unattached kinetochore pairs, scale bar is 5μm. (D) HeLa cells transfected as in 4A, treated with 
nocodazole and MG132 for 30 minutes, immunostained for LAP-BUBR1 and centromeres (ACA), scale bar is 5μm. 
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A model for aneuploidy by bi-allelic mutations in BUBR1
The appearance of  aneuploidy in MVA patients carrying the specific combination of  bi-allelic 

mutations is explained by a combination of  a reduction in the efficiency of  chromosome attachment 

with an impaired mitotic checkpoint response. Our molecular analyses provide a rationale for how 

the specific combinations of  mutations in each patient can cause these defects. In one group of  

patients, both mutations in a bi-allelic combination reduce BUBR1 protein levels to such an extent 

that both chromosome attachment and the mitotic checkpoint are significantly impaired, while 

in other patients the same outcome is reached by a reduction in protein combined with direct 

functional impairment (Figure S5). In conclusion, we propose that chromosomal instability in 

MVA patients carrying BUB1B mutations is a result of  low BUBR1 protein abundance. It will be of  

interest to examine whether genetic or epigenetic alterations of  BUBR1 protein expression may 

also underlie other pathologies.

Experimental procedures

Plasmids and shRNA-Based Protein Replacement 
The pSuper-based shRNA plasmids used in this study: Mock269, BUBR1307. LAP-BUBR1-WT has 

been created by cloning the RNAi resistant allele from pcDNA3-myc-BUBR1DsiRNA 307 to pIC58312. 

Mutants were obtained by site-directed mutagenesis and the LAP-mock control was created by 

mutating the second codon after the LAP-tag of  LAP-BUBR1-WT to a stop codon. 

Cells were cotransfected with a marker plasmid along with pSuper-BUBR1 or pSuper-mock and 

shRNA-insensitive LAP-BUBR1-WT or mutants in a 1:8:5 ratio (U2OS) or 1:10:5 (HeLa). This ratio 

was based on the functional rescue by wild-type in relation to the shRNA. Marker plasmids were 

pSpectrin-GFP for flow cytometry and pEYFP-H2B for live cell imaging and immunofluoresence. 

pBabe-puro was used for expression level studies in U2OS and HeLa, transfected cells were 

selected by treatment with puromycin.

Cell culture  & Treatment
HeLa and U2OS cells were grown in DMEM supplemented with 8%FBS and pen/strep (50mg/

ml). EBV-transformed lymphoblastoid cell lines were obtained from cell repositories (European 

Collection of  Cell Cultures (ECACC), Salisbury, UK, or Coriell Institute for Medical Research, 

New Jersey, USA). Fibroblasts were obtained as primary cell lines and were subsequently SV40-

transformed using standard procedures. All samples were obtained with informed consent from 

the family and under multicenter ethics approval (MREC05/02/17).

SV40 transformed fibroblasts and EBV transformed lymphoblastoids were grown in DMEM and 

RPMI respectively supplemented with 10%FBS and pen/strep (50mg/ml). HTR34 cells were 

created by infection of  HeLa cells stably expressing Tet repressor (a gift of  M. Timmers) with 

retrovirus carrying pSuperior-retro-puro-BUBR1 and grown on medium with TetSystem-approved 

FBS (Clontech). 

Transfections were done using the calcium phosphate method (U2OS, SV40 transformed 

Fibroblasts) or Effectene (QIAGEN, HeLa). Geldanamycin (1mM) was from Invivogen, Thymidine 

(2.5 mM), nocodazole (250 ng/ml), MG132 (5mM), STLC (10mM), Cycloheximide (10mg/ml) 

doxycycline and puromycin (1mg/ml HeLa, 2mg/ml U2OS) were all from Sigma.
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Mutation Detection
BUB1B mutation analysis was performed by direct sequencing of  genomic DNA through the 

full coding sequence and intron-exon boundaries of  the gene. PCR primers and conditions are 

available on request. Amplicons were sequenced using the BigDyeTerminator Cycle Sequencing 

Kit and an ABI 3730 automated sequencer (Applied Biosystems).  Sequence traces were analysed 

using Mutation Surveyor software v3.20 (SoftGenetics) and by visual inspection.

Antibodies
Sheep anti-BUBR1 (a gift from S.Taylor) was used for immunofluoresence, rabbit anti-BUBR1 A300-

386A (Bethyl Laboratories Inc.) was used for Immunoblots, both 1:1000. Other antibodies used 

were mouse anti-atubulin (Sigma), ACA (Cotrex Biochem), rabbit anti-GFP (custom) and MPM-2 

(Upstate). Secondary antibodies for immunoblots (alexa-680 and -800) and immunofluoresence 

(alexa-488 and -647) were from Molecular Probes. Secondary antibody for flow cytometry (anti-

mouse Cy5) was from Jackson IR laboratories. 

Immunofluoresence
Cells, plated on 12mm coverslips, were pre-extracted with 0.2% TritonX-100 in PEM (100 mM 

PIPES pH6.8, 1mM MgCl2 and 5mM EGTA) for 1 minute before fixation 3% PFA in PBS. Cells 

were cold-treated for 15 minutes and fixed while permeabilizing in 0.2% TritonX-100 in PEM 

supplemented with 3.7% Shandon Zinc Formal-Fixx (Thermo Scientific) for 15 min, for cold-stable 

microtubule staining. Coverslips were blocked with 3% BSA in PBS for 1 hour, incubated with 

primary antibody for 16 hours at 4°C, washed with PBS/0.1% TritonX-100 and incubated with 

secondary antibodies for an additional 1 hour at room temperature. Coverslips were washed and 

submerged in PBS containing DAPI, washed again and mounted using ProLong Antifade (Molecular 

Probes). Image acquisition and quantification was done as described269, using a DeltaVision RT 

system (Applied Precision) with a 100X/1.40NA UPlanSApo objective (Olympus) for acquiring 

images and SoftWorx software for quantification.

Flow Cytometry and (Quantitative) Immunoblotting
Cells were released from a 24h thymidine-induced block into nocodazole for 16h and analysed 

as described307. As an exception, the lymphoblastoid lines were not synchronized prior to the 

nocodazole block. Flow cytometric analysis of  transfected cells was based on Spectrin-GFP 

expression. 

Immunoblotting was done using standard protocols; the signal was visualized and analysed on an 

Odyssey scanner (LI-COR biosciences) using fluorescent-labelled secondary antibodies. 

Live Cell imaging
For live cell imaging, cells were plated in 4-well chambered glass-bottom slides (LabTek) or 24-

well glass bottom plates (MatTek), transfected and imaged in a heated chamber (37°C and 5% 

CO2) using a 20X/0.5NA UPLFLN objective on a Olympus IX-81 microscope, controlled by Cell-M 

software (Olympus). 16 bits DIC (5ms exposure) and yellow fluorescent (15ms exposure) images 

were acquired every 4 minutes (Fibroblast and HeLa studies) or 5 minutes (U2OS studies) using 

a Hamamatsu ORCA-ER camera. Images of  H2B-eYFP are maximum intensity projections of  all 

Z-planes and were processed using Cell-M software. 
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Northern Blotting
Total RNA was isolated using the RNeasy Mini Kit (QIAGEN) from asynchronous cells. 15mg RNA 

was separated on a 0.8% agarose gel, transferred to a GeneScreen™ Hybridization Transfer 

Membrane (Perkin Elmer) and cross-linked to the membrane by UV-light irradiation. Pre-

hybridization was carried out for 2-4h at 45°C in 10 ml of  hybridization mix (25% deionized 

formamide, 10% dextran-sulfate, 0.2% BSA, 0.2% polyvinyl-pyrrolidone, 0.2% ficoll, 50 mM Tris 

pH7.5, 0.1% pyrofosfaat, 1% SDS, 1M NaCl, 100 mg/ml sonicated denatured herring sperm 

DNA). Hybridization was performed for 4h to overnight using radiolabeled cDNA probes. A 720bp 

fragment of  the BUBR1 coding region (bp1-720) and 650bp fragment of  the aTubulin coding 

region (bp1-650) was used for generation of  cDNA probes. The DNA fragments were labelled with 

RediprimeTMII according to the manufacturer's protocol (Amersham). Blots were washed 5 min 

in 2xSSC at room temperature and at 65°C in 2xSSC/0.1% SDS and 1xSSC/0.1%SDS for 15 min 

each. Membranes were exposed to PhosphorImager screens for analysis and quantification with a 

Storm 820 scanner (Molecular Dynamics) using ImageQuant 4.2a software.
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Supplementary information

Amino acid sequenceEffect Name Patient cells?MutationName
Allele 2Allele 1

UnknownAbsent I909Tno transcript Lymphoblastoid

580C>T X194194X L844F & Q921H No185-PLERLQSQHX-194 Mutant
185-PLERLQSQHR-195 WT

IVS10-1G>T Q467fsX483483X R550Q No465-GDQRNFTCGEHLAGTTSFX-483 Mutant
465-GDQQEETMPTKETTKLQIA-483  (∆exon11) WT

1156C>T* X386386X R727C*371-PGKEEGDPLQRVQSHX-386 Mutant
371-PGKEEGDPLQRVQSHQ-386 

 Lymphoblastoid
WT

IVS16-2A>G* S714fsX731731X Y155C*712-ETSGTLLSHHGVHSIADSYX-731 Mutant
712-ETSENPTQSPWCSQYRRQLL-731 

Fibroblast
WT

2211-2insGTTA S738fsX753753X R814H735-PELVKCLCRVVYRRQTNAX-753 Mutant
735-PELSASAELCIEDRPMPKL-753 

Fibroblast
WT

“ ““ L1012P No “ “

* All mutations except those marked with * have been described (ref.199)

Supplemental Table 1. Overview of MVA mutations in BUB1B
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Figure S1. All kinase-domain-localised MVA mutations affect overall BUBR1 protein abundance.
(A) Complete immunoblot of  Figure presented in 3B. 

Figure S2. The MVA-associated BUBR1 mutants that do not affect protein stability directly compromise BUBR1 function.
(A) HeLa cells transfected as in 4A and treated with MG132 for 90 minutes analysed for Chromosome alignment. Graph indicates 
the percentage of  cells with misaligned chromosomes (average of  3 experiments, at least 100 cells counted per experiment, ± 
SEM). (B) Flow cytometric analysis of  MPM-2 positivity of  U2OS cells transfected as in 4A and treated with nocodazole for 16 
hours. Graph represents the fraction of  MPM-2 positive cells of  4N population relative to the LAP-BUBR1 wild-type control (average 
of  at least 3 experiments, ± SEM).
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Figure S4. Schematic representation of BUBR1. 
The mapped function of  domains are indicated (see text for further clarification).

Figure S5. Molecular causes of aneuploidy in MVA patients
Model for the effects of  MVA mutations on the function of  BUBR1 in mitosis. Colours represent the combinations of  truncation 
and substitution mutations found in patients. Asterisks indicate alleles that could not be analysed on mRNA presence in patient 
lines. See text for further clarification.
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Abstract

Chromosomal stability is safeguarded by a mitotic checkpoint of which BUB1 and Mad3/

BUBR1 are core components. These paralogues have similar, but not identical, domain 

organization. We show that Mad3/BUBR1 and BUB1 paralogous pairs arose by nine independent 

gene duplications throughout evolution, followed by parallel subfunctionalisation in which 

preservation of an ancestral, amino-terminal KEN-box or a kinase domain were mutually 

exclusive. In one exception, vertebrate BUBR1 - defined by the KEN box - preserved the kinase 

domain, but allowed non-conserved degeneration of catalytic motifs. While BUBR1 evolved to a 

typical pseudokinase in some vertebrates, it retained the catalytic triad in humans. However, we 

show that in human cells putative catalysis by BUBR1 is dispensable for error-free chromosome 

segregation. Instead, residues that interact with ATP in conventional kinases are essential for 

conformational stability in BUBR1. We propose that parallel evolution of BUBR1 orthologues 

rendered its kinase function dispensable in vertebrates, producing an unusual, triad-containing 

pseudokinase in humans.
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Introduction

Error-free chromosome segregation is dependent on the mitotic, or spindle assembly, checkpoint 

that prevents premature exit from mitosis294. The checkpoint responds to unattached kinetochores 

by producing a diffusible inhibitor that restrains activity of  the E3 ubiquitin ligase Anaphase 

Promoting Complex/Cyclosome (APC/C) towards key mitotic substrates, thereby preventing 

premature sister chromatid separation and mitotic exit53,54. This inhibitor, also known as the 

mitotic checkpoint complex (MCC), is a three-protein complex consisting of  BUB3, MAD2 and 

BUBR1 (also known as Mad3 in budding and fission yeast) that inhibits the APC/C via interaction 

with the APC/C co-activator protein CDC2079. Interaction of  MCC with CDC20 critically depends on 

an amino-terminal Lys-Glu-Asn (KEN)-box in Mad3/BUBR199-102, a motif  that is recognized by the 

APC/C as a destruction signal in bona fide APC/C substrates66. A second KEN-box motif  in Mad3/

BUBR1 is also required for APC/C inhibition by blocking substrate recruitment102. In addition 

to its role in the mitotic checkpoint, BUBR1 is also needed for formation of  stable kinetochore-

microtubule attachments43,166,180, although the molecular mechanism for this is as yet unknown. 

BUBR1 shares significant similarity in both primary sequence as well as protein domain 

architecture with BUB1 (Figure 1A), a kinetochore-bound serine/threonine kinase that aids in 

formation of  the MCC. Both contain a carboxy-terminal kinase domain, both localise to unattached 

kinetochores in a BUB3 dependent fashion via binding with a Gle2-binding sequence (GLEBS) 

motif77, and both interact with the KNL-1/Blinkin protein via a tetratricopeptide repeat (TPR) 

domain163,164. Although BUB1, like BUBR1, has two KEN-box motifs, they are located in different 

regions of  the protein, are recognised as degrons by the APC/C and are not required for cell 

cycle progression313. In contrast, a conserved domain (CD1) in BUB1 is required for the mitotic 

checkpoint and is absent from BUBR1111. An additional feature of  BUB1 essential for proper 

chromosome segregation is its kinase domain: BUB1 protects centromeric cohesion as well as 

localises the attachment error-correction machinery by phosphorylating histone H2A110,314-317 and 

BUB1 regulates APC/C activity via inhibitory phosphorylations on its activator CDC20 in human 

cells176, but not in fungi110,112. Although containing a similar domain, contribution of  BUBR1 kinase 

activity to the mitotic checkpoint or formation of  kinetochore-microtubule interactions is debated 

(reviewed in 318). Interestingly, BUBR1 orthologues in most non-vertebrate organisms, including 

fungi and nematodes, lack a kinase domain while possessing all other functional protein domains 

found in vertebrate BUBR1 (see Mad3p in Figure 1A). We set out to examine the relation between 

BUB1 and BUBR1, and study the origin and function of  the BUBR1 kinase domain. Combined 

evidence from our phylogenomic, biochemical, biophysical and cell biological analyses indicates 

that vertebrate BUBR1 is a pseudokinase, but of  an unusual kind: it contains the catalytic triad 

characteristic of  conventional kinases, but uses it for structural rather than catalytic purposes.

Results

Mad3/BUBR1 and BUB1 paralogous pairs arose by gene duplications on at least 
nine independent occasions
To identify the relation between BUBR1- and BUB1-like genes, sensitive homology searches were 

used to find protein sequences containing TPR and GLEBS motifs as well as fulfilling best-hit 

criteria, in a collection of  eukaryotic genomes319. Although not ubiquitously present in all taxa (e.g. 

apicomplexa), candidate orthologues containing these motifs were identified in all super groups of  

eukaryotic life that contain sequenced genomes, indicating that the BUB family possibly originated 
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in, or before, the hypothetical Last Eukaryotic Common Ancestor (LECA). Species with BUB family 

genes contain either a single (e.g. Ciona intestinalis) or multiple (e.g. two in Homo sapiens or 

three in Arabidopsis thaliana) BUB-like genes. Phylogenetic analysis revealed that distinct BUB 

paralogues arose by gene duplication of  single ancestral genes (Figure 1B; Figure S1; Table S1; 

Alignment S1). Importantly, we found evidence for nine independent gene duplication events: in 

fungi (4), metazoans (3), plants (1) and excavates (1) (Figure 1B). The duplication in S. cerevisiae 

was previously identified by an independent method to be the result of  the yeast Whole Genome 

Duplication event320. Our phylogenetic analysis indicates that the hypothetical ancestral LECA 

protein likely contained all essential protein domains of  the present-day Mad3/BUBR1 and BUB1 

paralogues. Moreover, the ancestral 

domain organization has been 

preserved for orthologous proteins 

(hereafter referred to as MADBUB) in 

organisms that have not undergone 

a duplication of  an ancestral 

gene (Figure 1B). This raised the 

hypothesis that in organisms in 

which no gene duplication occurred, 

MADBUB proteins combine both 

Mad3/BUBR1-specific and BUB1-

specific functions. In support of  

this, HsMADBUB, an ancestral-like 

protein assembled from the NH2-

terminus of  human BUBR1 (amino 

acids 1-714) and the kinase domain 

of  human BUB1 (amino acids 734-

1085), was able to replace BUBR1 

in the mitotic checkpoint and BUB1 

in phosphorylation of  H2A-pT120 in 

human cells (Figures 1C-1E). Due to 

lack of  specific functional domains 

(e.g. CD1), however, it is likely that 

HsMADBUB will not be able to provide 

full functional replacement of  BUBR1 

and BUB1. Nevertheless, these data 

show that HsMADBUB can support 

some paralogue-specific functions 

and that joining paralogue-specific 

domains does not interfere with those 

processes.

Parallel subfunctionalisation of 
BUB paralogues
Domain analysis of  all BUB 

paralogous pairs showed that gene 

duplication was invariably followed 
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by parallel subfunctionalisation, at the domain and protein level, of  both duplicates: One copy, 

hereafter referred to as BUB1-like, lost the amino-terminal KEN-box that is critical for checkpoint 

activity99-102, but retained the kinase domain in all nine cases. The other, hereafter referred to as 

Mad3/BUBR1-like, kept that KEN-box, but lost the kinase domain in all branches except insects 

and vertebrates (Figure 1B). BUB1 is a bona fide kinase with critical enzymatic functions in 

mitosis321,314,111,112,316, but the necessity of  enzymatic activity of  BUBR1 for error-free chromosome 

segregation is controversial (reviewed in 318). Our phylogenomics studies indicated a striking 

tendency in orthologues of  Mad3/BUBR1 (defined by the NH2-terminal KEN box: this study and 
322), but not BUB1, to shed the kinase domain (following seven of  the nine duplication events). 

This loss may be the result of  selectively neutral reciprocal loss of  domains, as the other duplicate 

(BUB1) can fulfill essential functions, or may be indicative of  a selective disadvantage of  retaining 

kinase activity in KEN-box-containing copies. 

Non-conserved degeneration of kinase motifs in vertebrate BUBR1
The strong correlation between preservation of  the amino-terminal KEN-box and loss of  the kinase 

domain urged us to examine the two exceptions more closely. Comparison of  critical motifs in 

the kinase domain of  human BUBR1 and BUB1 duplicate genes and homology modeling based 

on the known BUB1 crystal structure321 revealed that, whereas BUB1 contains all features of  an 

active kinase, the kinase domain in BUBR1 strongly diverged from both BUB1 and from canonical 

kinases. This was most striking in two critical kinase motifs (Figures 2A and 2B). First, the Gly-rich 

loop (G50xG52xxG55xV57,
 conventional nomenclature, according to PKA sequence) contains several 

negatively charged and bulky residues, including an aspartate at position G52
PKA and a leucine at 

G55
PKA (Figures 2A and 2B); both highly conserved positions. Second, the highly conserved K168

PKA 

and N171
PKA in the catalytic loop (HRD166xK168xxN171

PKA) are substituted by a serine and cysteine, 

respectively (Figures 2A and 2B). Strikingly, the serine replacing K168
PKA in human BUBR1 (S884

BUBR1) 
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was found phosphorylated in mitosis (Figure 2A; Figure S2A), effectively resulting in a charge 

reversal in that position. Combined, the extensive alterations and modifications in these motifs 

may be incompatible with catalytic ability. Interestingly, the sequence of  the deviant BUBR1 kinase 

motifs is not conserved in the entire vertebrate lineage: various residues in both the Gly-rich and 

catalytic loops differ considerably among vertebrate BUBR1 species, both in sizes and charges 

of  side chains. In contrast, similar motifs in animal BUB1 orthologues and in MADBUB proteins 

are highly conserved (Figures 2C and 2D). Unlike vertebrates, BubR1 in D. melanogaster, the only 

other exception in our dataset that retained the BUBR1 kinase domain after gene duplication, has 
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intact kinase features highly resembling BUB1 (Figure 2D), indicating that, for reasons unknown, 

DmBubR1 kinase has not degenerated and was likely under different selective pressure than its 

vertebrate counterpart. 

Ten percent of  the human kinome is predicted to be inactive because of  the absence of  one 

or more of  three essential catalytic residues: K72
PKA, D166

PKA and D184
PKA (ref. 145). Such proteins 

are referred to as pseudokinases. While these residues are present in human BUBR1 (K795, D882, 

D911), the degeneration of  its enzymatic motifs is very similar to many pseudokinases149. We thus 

examined whether BUBR1 can perform phosphate transfer, by monitoring autophosphorylation 

and phosphorylation of  histone H1. As previously reported178,77, kinase activity of  BUBR1 

immunoprecipitates was observed in vitro (Figure 2E). This activity, however, was not due to BUBR1, 

since mutation of  either one of  the three catalytic residues or removal of  the kinase domain did 

not significantly impact substrate phosphorylation (Figure 2E; Figure S2B), although dimerization 

of  exogenous BUBR1 with endogenous cannot be excluded. Please note that for reasons detailed 

below, cellular expression of  the mutants was titrated to ensure comparable levels to wild-type in 

the kinase reaction. The BUBR1-unrelated kinase activity present in BUBR1 immunoprecipitations 

was greatly reduced by addition of  inhibitors to BUB1 and CDK1 (Figure 2F; Figures S2C and S2D). 

CDK1 is known to phosphorylate H1323 and BUBR1132, and BUB1 binds58,169 and phosphorylates 

(Figure S2E) BUBR1. Collectively, these data indicate that most likely it is additional co-purifying 
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kinases that are responsible for the observed activity in BUBR1 kinase assays.

To confirm that BUBR1 has no detectable catalytic activity in vitro, wild-type and mutant variants 

of  the BUBR1 kinase domain were expressed in E. coli and purified (Figure S2F). A kinase activity 

assay using as substrates histones H1 and H2A, and BUBR1 itself, in the presence of  various 

potential metal cofactors, showed no sign of  phosphorylation activity for any of  the BUBR1 

variants in any condition (Figures 2G and S2G). At the same time, BUB1 was able to efficiently 

phosphorylate H2A in the presence of  Mg2+.

BUBR1 kinase activity is dispensable for error-free chromosome segregation
Lack of  detectable BUBR1-specific in vitro kinase activity does not exclude that BUBR1 is a kinase 

under physiological conditions. To determine whether the conserved catalytic residues are needed 

for function of  BUBR1 in mitosis, the four kinase-deficient mutants were analysed for their ability 

to complement BUBR1 function in an shRNA-based reconstitution system324. Mitotic checkpoint 

activity and fidelity of  chromosome segregation were examined by measuring mitotic index upon 

treatment of  cells with spindle poisons, and by real-time imaging of  chromosome segregation 

during unperturbed mitotic progression. Crucially, mutation of  the catalytic aspartate D882
BUBR1 to 

asparagine or alanine did not affect BUBR1 function (Figures 3A-3C; Figure S3C), nor did removal 

of  the kinase domain (see also 324), whereas mutation of  the amino-terminal KEN box abrogated 

checkpoint activity (Figure S3A). In contrast, as previously shown by others167,177,103,178, mutation 
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of  K795
BUBR1 caused a slight reduction of  checkpoint activity and chromosome missegregations 

(misalignments and lagging chromosomes) due to unstable kinetochore-microtubule attachments 

and accelerated mitotic exit166,106. A similar defect was observed for substitution of  D911
BUBR1 for 

asparagine (Figures 3A-3C). Since both the catalytic aspartate mutants and kinase-truncation 

mutant fully restored BUBR1 function, these data suggest that K795R and D911N may affect 

BUBR1 functionality in a catalysis-independent way. Indeed, we found that these mutants, but 

not D882N/A and 731X, were present in cells in lower levels than WT (Figure 3D; Figure S3B). In 

contrast, mutation of  the analogous residues in BUB1, K821
BUB1 and D946

BUB1, did not affect BUB1 

levels (Figure 3E), showing the impact on protein level of  these mutations was specific to BUBR1. 

Residues lining the nucleotide-binding pocket are essential for BUBR1 
conformational stability
Unlike conventional kinases325,326, the two pseudokinases ILK and VRK3 require K72

PKA to maintain 

structural integrity, regardless of  ATP binding326,149. Three lines of  evidence suggest that K795
BUBR1 

fulfills a similar function. First, the more drastic K795
BUBR1 to alanine substitution (K795A) reduced 

cellular BUBR1 protein levels more than the conservative exchange with arginine (Figure 3F). 

Second, under close to physiological pH (7.5) and salt (150mM NaCl) conditions, recombinant 

BUBR1 kinase domain (amino acid 721-1044) resulted in less soluble K795A/R protein compared 

to WT (Figure S2F), suggesting specific destabilization or aggregation of  mutant BUBR1. Third, 

an in vitro thermal denaturation assay showed that recombinant K795A protein had significantly 

lower denaturing temperature than wild-type protein (34.7°C vs. 39.1°C, respectively) (Figure 3G; 

Figure S3D), indicative of  compromised intrinsic thermal stability of  K795A. In agreement with 

this, growth of  K795A-expressing cells at 27°C or 33°C for 24 hours, restored protein levels of  
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Figure 3. BUBR1 kinase activity is dispensable for error-free chromosome segregation in human cells. 
(A, B) Analysis of  chromosome segregation by live imaging of  HeLa cells expressing H2B-EYFP and transfected with control (Mock) 
or BUBR1 shRNA in combination with control or RNAi-insensitive LAP-BUBR1 cDNA. Graph in A, indicates the percentage of  cells 
with chromosome missegregations (average of  at least 100 cells in three experiments, ±SEM). Stills in B, are from representative 
cells. Arrowheads point to missegregating chromosomes. (C) Flow cytometric analysis of  MPM-2 positivity of  nocodazole-treated 
U2OS cells transfected as in A. Graph represents the percentage of  MPM-2–positive cells of  4N population (average of  three 
experiments, ±SEM). (D-F, I) Quantitative immunoblot of  lysates of  U2OS cells transfected with wild-type or mutant LAP-BUBR1 
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the K795A mutant (Figure 3H; Figure S3F), and checkpoint function of  these cells (Figure S3E), 

respectively. We thus conclude that K795
BUBR1 is required for structural integrity. Since D882N/A is 

fully functional, this strongly suggests that malfunction of  K795A/R, and most likely also D911N, 

in cells was caused by structural rather than catalytic problems. 

Given their role in kinase function, the structural role of  K795
BUBR1 and D911

BUBR1 may be related to 

the nucleotide-binding site. In support of  this, substitution of  V793
BUBR1 for arginine (V793R) in 

the VAIK motif  (TVIK in BUBR1), which displaces ATP from the active site of  kinases or disrupts 

the c-spine fusion in pseudokinases that do not bind ATP327,328,150, also caused BUBR1 protein 

instability (Figure 3I) and accompanying mitotic defects (Figures 3A-3C). Interestingly, presence 

of  AMP-PNP/Mg2+ had little, if  any, effect on thermal stability of  recombinant BUBR1 kinase 

domain. Instability of  K795A/R and D911N in cells may therefore not, or only partly, have been 

due to lack of  ATP binding (Figures S3G and S3H). Note that the unfolding temperature of  the 

kinase domain is higher than that of  the full-length protein, suggesting that additional domains 

in BUBR1 may contribute to the relative protein instability observed with the full-length protein. It 

furthermore indicates that the observed lack of  kinase activity of  the recombinant BUBR1 kinase 

domain in Figure 2G is not due to poorly folded protein. Collectively, these observations argue 

that residues lining the nucleotide-binding pocket are required to preserve structural integrity of  

BUBR1. 

Two bona fide vertebrate BUBR1 pseudokinases
Since substitution of  D882

BUBR1 did not lower BUBR1 levels nor compromised BUBR1 function in 

cells, the D882N/A mutants uncoupled catalytic ability from structural integrity. Importantly, the 

genomes of  the green lizard Anolis carolinensis as well as the zebrafish Danio rerio encode BUBR1 

proteins with substitution of  D882
BUBR1 for asparagine or glycine, respectively, which we verified by 

sequencing (N883 Anolis and G590 Danio, Figures 4A and 4B). Thus, at least two vertebrate BUBR1 

orthologues are bona fide pseudokinases, with a mutation in the only residue that is structurally 

tolerated in human BUBR1.

A B
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A. carolinensis GEGAFAQV HGDIKPDNVILK E DFG
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Figure 4. The BUBR1 orthologues of the vertebrates A. carolinensis and D. rerio are bona fide pseudokinases. 
(A) Multiple sequence alignment of  critical kinase motifs of  human, lizard and zebrafish BUB1 and BUBR1 with the mutated 
catalytic residue indicated in red. Note that the zebrafish genome contains two BUBR1 copies, one consisting of  the KEN-box 
TPR and GLEBS domains (BUBR1 1 of  2) and a second (BUBR1 2 of  2) containing a GLEBS and Kinase domain. (B) Sequence 
traces of  the catalytic loop from A. carolinensis genomic DNA and D. rerio cDNA. The corresponding nucleotide and amino acids 
sequences are shown.
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Discussion

Recent work has caused a redefinition of  the boundary between active kinases and pseudokinases. 

CASK and WNK1, originally classified as pseudokinases based on the absence of  D184
PKA or K72

PKA, 

respectively, were shown to use alternative strategies for catalysis158,160. Based on the combined 

phylogenomic, structure prediction, biochemical and functional evidence presented here, we 

propose that vertebrate BUBR1 represents an unusual pseudokinase, that contains all catalytic 

residues but most likely lacks catalytic ability and does not require catalysis for function. In 

most eukaryotic species and at least two vertebrates, the kinase was shed or inactivated during 

evolution, via subfunctionalisation after gene duplication. In other vertebrates including humans, 

the kinase domain and key residues lining the nucleotide-binding pocket were preserved for 

structural purposes, while many other motifs were allowed strong, non-conserved degeneration. 

We can only speculate as to the reasons for the high frequency of  convergent subfunctionalisation 

events of  BUB paralogs or the preservation of  the kinase domain in vertebrate BUBR1 orthologues. 

The presence of  a single MADBUB copy in many evolutionary branches may indicate that the 

subfunctionalisation is only beneficial when coinciding with external or parallel internal reasons or 

instead has a neutral character. Similar reasons may underlie preservation of  the kinase domain 

in vertebrates, but more pragmatic ones such as functional coupling or proximity of  the kinase 

domain to other features of  the BUBR1 protein cannot be excluded. Indeed, previous studies 

suggest that kinase-proximal sequences are required for stability of  kinetochore-microtubule 

interactions132,324, a function of  BUBR1 that is not reported in species in which Mad3/BUBR1 

lacks a kinase domain (e.g. S. pombe, S. cerevisiae, C. elegans). Conversely, loss of  the kinase 

domain after most duplications might be related to sensitivity of  this domain to structural 

destabilization (this study and 324). If  the kinase domain of  one paralogue becomes non-essential 

during subfunctionalisation but has low tolerance for amino acid substitutions, selective pressures 

may have favored nonsense mutations that truncate the kinase domain altogether rather than 

maintaining it with risk of  destabilization of  the full-length protein by single substitutions within 

this domain. 

Previous studies have reported a weak167,103 or strong177,178 contribution of  enzymatic activity 

of  vertebrate BUBR1 to the mitotic checkpoint. These studies made use of  a mutation in the 

BUBR1 kinase domain (equivalent of  human K795
BUBR1) that we here show reduces conformational 

stability. As this likely results in at least partly unfolded protein in cells or egg extracts, it 

may significantly reduce the level of  functional BUBR1 beyond the observed reduction in total 

protein (for instance by partial unfolding of  residual protein and enhanced binding of  chaperone 

protein, like observed for unstable disease-associated BUBR1 mutants324. Retrospectively, this 

hinders conclusive interpretations of  experiments using that mutation. Our data on the D882N/A 

mutations show that substituting this residue uncouples effects on kinase activity from effects 

on conformational stability. The D882N/A mutants restore full functionality to BUBR1-depleted 

cells, providing strong support for the hypothesis that BUBR1 kinase activity is dispensable for 

error-free chromosome segregation. Although our analyses suggest that BUBR1 is incapable of  

enzymatic activity, it is formally possible that some level of  activity is retained and utilized in non-

mitotic processes. Nevertheless, since the zebrafish D. rerio and the green lizard A. carolinensis 

do not possess BUBR1 homologues with enzymatic activity, we consider this unlikely. Similarly, 

if  not for enzymatic purposes, could the kinase domain of  BUBR1 be functionally relevant, for 

instance as a protein-protein interaction domain, as shown for other pseudokinases like STRAD 

and ILK155,151? Based on our experiments using the mutant 731X, we argue that the kinase domain 
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itself, and not just the enzymatic activity, is dispensable for mitosis, although it could provide 

functionality in other processes or under altered growth conditions. Generation of  a vertebrate 

organism expressing the equivalent of  BUBR1-731X will be needed to provide conclusive insight 

into a potential non-catalytic role of  the BUBR1 kinase domain. 

Hereditary kinase-domain mutations in BUBR1 cause the cancer predisposition syndrome Mosaic 

Variegated Aneuploidy (MVA; OMIM 257300)199. We recently showed that the primary cause for 

BUBR1 malfunction in patient cells carrying these mutations is reduced BUBR1 protein levels324. 

One of  the mutations affects isoleucine 909 (I909T), a residue in close proximity to D911
BUBR1. It 

will be interesting to examine whether this mutation, as well as other disease-associated BUBR1 

mutations, affects BUBR1 conformational stability in a manner similar to the K795
BUBR1 and D911

BUBR1 

mutants. Structural, biophysical and biochemical insight into the unusual pseudokinase domain 

of  BUBR1 may reveal why stability of  this kinase domain is particularly sensitive to various 

substitutions throughout the domain, and will aid understanding of  the molecular causes of  MVA.

Experimental Procedures

Phylogenomics 
Sensitive homology searches using BLAST329, PSI-BLAST330 and Hidden Markov Models (HMMER)331 

were used to search for BUB1 homologous sequences in eukaryotic genomes. The sequences 

were aligned using MAFFT LINSI332. Phylogenetic analysis on the Multiple Sequence Alignment 

was performed using PhyML333, RAxML334 and MrBayes335. The evolutionary model (LG) for the 

maximum likelihood methods were selected using ProtTest336 and the mixed model setting for 

MrBayes was used. See supplemental data for further details.

Mass Spectrometry 
LAP-BUBR1 purified from mitotic HeLa cells was analysed on an LTQ-Orbitrap Velos (Thermo 

Fisher Scientific) after in-gel digestion and stage-tip purification. See supplemental data for full 

procedure.

Cell culture, plasmids and transfections 
HeLa and U2OS cells were grown in DMEM supplemented with 8% fetal bovine serum and 

penicillin/streptomycin (50μg/mL). pSuper-Mock116, pSuper-BUBR1177, pLAP-BUBR1324 and LAP-

Mock324 were previously described. pSuper-BUB1 was constructed as described337 by using the 

sequence 5’- GAATGTAAGCGTTCACGAA-3’. LAP-BUB1 was generated by PCR of  HsBUB1 from 

cDNA cloned to pIC113312 with Xho1 and BamH1. Followed by site-directed mutagenesis of  bases 

3243 (G to A) and 3246 (T to A) to create RNAi insensitivity. BubR1 721-1044 and all point mutants 

were cloned using a ligation independent cloning protocol into pETNKI-His-3C-LIC-kan, coding 

for an N-terminal hexa-histidine tag and a HRV 3C protease recognition site for tag removal338. 

Mutants were obtained by site-directed mutagenesis. Except LAP-HsMADBUB, that was created by 

insertion of  a Kpn1 restriction site in LAP-BUBR1 (at bp 2143 of  the BUBR1 ORF) and LAP-BUB1 

(at bp 2200 of  the BUBR1 ORF) and subsequent exchange of  the BUBR1 kinase domain for the 

BUB1 domain with enzymes Kpn1/BamH1.

Cells were co-transfected with a marker plasmid along with pSuper-BUB(R)1 or pSuper-Mock 

and shRNA-insensitive LAP- BUB(R)1-WT or mutants in a 1:8:5 ratio, using Fugene (HeLa) or 

CaPO4 (U2OS). The ratio was based on the functional rescue by wild-type in relation to the shRNA. 

Marker plasmids were pSpectrin-GFP for flow cytometry and pH2B-eYFP for live cell imaging and 
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immunofluorescence. pBabe-puro was used for expression level studies in U2OS and transfected 

cells were selected by treatment with 2mg/mL puromycin.

Live cell imaging 
For live cell imaging, cells were plated in 8-well chambered glass-bottomed slides (LabTek II), 

transfected, and imaged in a heated chamber (37°C and 5% CO2) using 20×/0.5-NA (quantification) 

and 40x/1.3NA (stills) UPLFLN objectives on a Olympus IX-81 microscope, controlled by Cell-M 

software (Olympus). 16-bit H2B-eYFP fluorescent (15-ms exposure) images were acquired every 3 

minutes using a Hamamatsu Photonics ORCA-ER camera. Images were processed for analysis to 

intensity projections of  all Z-planes using Cell-M software maximum.

Flow cytometry and immunoblotting 
Cells were released from a 24-hour thymidine-induced block into nocodazole for 16 hours, all cells 

were harvested and fixed in 70% ice-cold ethanol for 24 hours. Fixed cells were immunostained 

with anti-MPM2 (Upstate Biotechnology) and Cy5-conjugated anti-mouse, both for one hour at 

room temperature in PBS/0.1% Triton X-100/2%BSA, DNA was stained by a propidium iodide/

RNAseA treatment. The fraction of  mitotic cells was determined by flow cytometric analysis of  

transfected cells, based on Spectrin-GFP expression on a BD FACScalibur benchtop flowcytometer 

with a four-color fluorescence capability in a 2 laser system set-up and analysed using CellQuest 

Pro software.

Immunoblotting was done using standard protocols; the signal was visualized and analysed on an 

Odyssey scanner (LI-COR Biosciences) using fluorescently labeled secondary antibodies, except 

H2A-pT120 and BUB1 which was detected by using enhanced chemiluminescence. Antibodies 

used: α-Tubulin (Sigma), GFP (custom rabbit polyclonal), BUBR1 (Bethyl), BUB1 (Bethyl) and 

H2A-pT120 (Active Motif). 

Kinase Assays 
LAP-BUB(R)1: 293T cells were transfected with LAP-BUB(R)1 and treated with nocodazole for 

18 hours. All cells were harvested and lysed in lysis buffer (50mM HEPES pH7.5, 150mM NaCl, 

5mM EDTA, 0.5% NP-40, 1mM Na3VO4, 1mM b-glycerophosphate, 1mM NaF and Complete 

protease inhibitor (Roche)). LAP-BUBR1 was bound to S-protein-agarose (Novagen) for 2 hours, 

then washed 6 times in lysis buffer with increasing salt concentration (up to 600mM NaCl) and 

6 times in increasing amounts of  kinase buffer (20 mM HEPES pH7.5, 100 mM KCl, 10 mM 

MgCl, 1mM Na3VO4, 1mM b-glycerophosphate, 1mM NaF, 1mM DTT). LAP-BUBR1 was divided 

and analysed for kinase activity in 25ml reactions containing; 100mM ATP, 5mCi 32P-g-ATP, 2.5mg H1 

(Roche) in kinase buffer and incubated for 30 minutes at 30°C. Similar conditions were used for 

LAP-BUB1 assays except that substrates were 2.5 mg H2A (NEB) and LAP-BUBR1-731X, purified 

from thymidine treated 293T cells. Inhibitors tested; 100mM 2NA-PP1 (a gift from Chao Zhang 

and Kevan Shokat, UCSF, San Francisco, CA), 2mM RO3306 (Calbiochem, Darmstadt, Germany), 

100nm BI2536 (Boehringer Ingelheim Pharma), 10mM MPS1-IN-1 (a gift from N. Gray339) and 

2mM ZM447439 (Tocris Bioscience), were added in a final volume of  1ml DMSO. Reactions were 

stopped by addition of  sample buffer and boiled for 5 minutes. Samples were separated by SDS-

page and western blot and exposed to Phosphor-Imager screens for analysis and quantification 

with a Storm 820 scanner (Molecular Dynamics) using ImageQuant 4.2a software.

HIS6-BUB1: reactions were performed in 20mM Hepes pH7.5, 150mM NaCl, 10mM MgCl2, 1mM 

DTT, containing 100mM ATP, 2.5mg H2A (NEB M2502S) at 30°C for 45’. Samples were subsequently 
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immunoblotted for BUB1 and pH2A-T120. 

HIS6-BUB(R)1: reactions were performed in 20mM Hepes pH7.4, 300mM NaCl, 1mM TCEP 

supplemented with 10mM MgCl2, CaCl2 or MnCl2, 100mM ATP and 5mCi 32P-g-ATP, with 2,5 mg H1 

(Roche) and/or H2A (NEB) as substrate, at 30°C for 30 minutes. 

Protein purification 
Wild-type and K795A GST-BUBR1 were expressed from High-Five cells using the Life Technologies 

Bac-to-Bac system. Cells were harvested 48 hours post infection and lysed in PBS, 10mM EGTA, 

10mM EDTA, 0.1% Tween-20, 250mM NaCl, 5mM DTT and Complete protease inhibitor (Roche) 

(Buffer A). Lysates were sonicated and clarified by centrifugation at 4°C. GST-BUBR1 was bound to 

glutathione-agarose for two hours at 4°C; the resin was washed four times 15 minutes in Buffer A 

at 4°C and eluted by 10mM reduced Glutathione in 50mM Tris/HCl pH 8.1 and 75mM KCl.

HIS6-BUB1 was expressed from Sf9 cells using the Life Technologies Bac-to-Bac system. Cells 

were harvested 48 hours post infection and lysed in 50mM TrisHCl pH7.5, 500 mM NaCl, 10 mM 

beta-mercaptoethanol, 0.1% Tween, 25 mM imidazole, and protease- and phosphatase-inhibitors) 

(Buffer B). Lysates were sonicated and clarified by centrifugation at 4°C. HIS6-BUB1 was coupled 

to Ni-NTA beads for 1 hour. After three washes of  10 minutes with Buffer B, protein was eluted 

using 250mM imidazole in Buffer B and dialysed against 20mM Hepes pH7.5, 150mM NaCl, 

10mM MgCl2, 1mM DTT.

HIS6-BUBR1 (amino acid 721-1044) proteins were cloned in the NKI-His-3C-LIC-kan vector and 

expressed in E. coli BL21 (DE3) T1R cells (Sigma). Cultures were grown at 30°C up to an OD600 

of  0.6 in LB supplemented with 30μg/ml kanamycin. Expression was induced with 0.25mM 

IPTG and cultures grown for further 18h at 16°C. Cells were harvested by centrifugation (15 min, 

4000g) and bacterial pellets resuspended in lysis buffer (20mM Hepes/NaOH pH7.4, 300mM 

NaCl, 1mM TCEP), containing protease inhibitors (Roche) and DNaseI before lysis by Emulsiflex. 

The homogenate was clarified by centrifugation (30 min, 20.000g) and affinity purified using 

chelating Sepharose beads charged with NiCl2 (GE Healthcare). Elution was performed in lysis 

buffer supplemented with 400mM imidazole. For BubR1 721-1044 wild-type a size exclusion 

chromatography was performed on a Superdex S75 column connected to an Akta Explorer system 

(GE Healthcare), equilibrated in 20mM Hepes/NaOH pH7.4, 300mM NaCl, 1mM TCEP. The point 

mutants of  BubR1 721-1044 kinase were dialysed against 20mM Hepes/NaOH pH7.4, 300mM 

NaCl, 1mM TCEP.

Thermal denaturation 
We assayed thermal denaturation by following temperature-dependent changes in intrinsic protein 

fluorescence. The experiments were preformed for Purified GST-BUBR1 full length wild-type or 

K795A (0.75 μM) in 50 mM Tris/HCl pH 8.1, 10 mM reduced Glutathione, 75 mM KCl and for 

HIS6-BUBR1 (amino-acid 721-1044) in 20mM Hepes/NaOH pH7.4, 300mM NaCl, 1mM TCEP 

in the presence of  10mM EDTA, 10mM MgCl2, 250mM AMP-PNP (Sigma) or 10mM MgCl2 + 

250mM AMP-PNP in a Perkin Elmer LS55 fluorimeter equipped with a stir-able cuvette holder 

and a Neslab RTE water circulator controlled by the software Fluope (D. Veprintsev; Paul Scherrer 

Institut, Switzerland). The temperature was increased in 1oC steps and the sample equilibrated for 

5 min before measurement. The temperature was monitored by a thermometer inside the cuvette 

(Edale). Fluorescence spectra were recorded from 300nm to 400nm (excitation at 280nm for GST-

BUBR1 or 290nm for HIS6-BUBR1, due to inference of  the nucleotide by excitation at 280nm). 

Melting curves were plotted at 353nm (GST-BUBR1) or 340nm (HIS6-BUBR1). The denaturation 

temperature was determined by linear extrapolation.
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Circular Dichroism 
Temperature dependent unfolding was measured by far-ultraviolet (UV) circular dichroism of  HIS6-

BUBR1 (721-1044) in 20mM Hepes/NaOH pH 7.4, 300mM NaCl, 1mM TCEP, with and without 

10mM MgCl2 and 250mM AMP-PNP on a Jasco-32 spectropolarimeter. The temperature was 

increased in 1oC steps and the sample equilibrated for 3 min before measurement. Spectra were 

recorded in a 2mm quartz cell with a 1-nm bandwidth and averaged over three scans. Ellipticity at 

222nm was plotted as a function of  temperature. 

Homology Modeling 
A homology model of  BubR1 was calculated with SWISS-MODEL 340. Structures obtained 

were refined by energy minimization followed by a molecular dynamics calculation using the 

GROMACS341 molecular package and the GROMOS 96 force field. The total time of  the molecular 

dynamics was 5ns, at constant pressure and temperature (298K). Periodic boundary conditions 

were used. The side chain of  S884 was mutated to SP884 in silico using WHATIF342. The structure 

images were generated using Pymol (Schrödinger, LLC).

Anolis carolinensis and Danio rerio sequencing 
Exon 21 from two A. carolinensis individuals (‘A’ from North Carolina, USA and ‘B’ from Georgia, 

USA) was amplified by PCR on genomic DNA (kind gift of  Marc Tollis and Stephane Boissinot), 

using the primers: AACCATAGAGAACAAGACTG (forward) and AGGCACTCTCGGATGTAGGC 

(reverse). Full length BUBR1 (XP_696337) was amplified from zebrafish cDNA (kind gift of  Frank 

Bos and Stefan Schulte-Merker) with the primers: GCTGTAAGACTTGAAAAATCTCAG (forward) and 

TTATAAGCTGTTCTTCACG (reverse). The purified amplicons were sequenced according to standard 

procedures, using the primers: ATCAGTTATCTAGCTCAGAG (Anolis) and ATTTGCTCTGTGAACCCTTG 

(Danio) and analysed using 4peak-software (Mekentosj).
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Figure S2 
(A) MS/MS spectrum of  the pS884-containing peptide of  BUBR1 (aa 876-885) is shown. Identified b and y ions are indicated. b 
and y ions with a neutral loss of  phosphoric acid are marked with an asterisk. The location of  the phosphorylation is indicated by 
a ‘ph’. (B) Kinase activity toward recombinant H1 and auto-phosphorylation of  wild-type and mutant LAP-BUBR1 purified from 
293T cells treated with nocodazole for 16h. Extensive washing in high salt buffer was used during purification. Protein levels were 
corrected by increased plasmid transfection of  K795R and D911N and titration of  purified LAP-BUBR1. Incorporation of  32P and 
protein levels are shown. (C) Kinase activity toward recombinant H2A of  wild-type HIS-BUB1 purified from Sf9 cells, in the presence 
of  100μM bulky PP1-analogues. Phosphorylation of  T120 was analysed by immunoblot. (D) Kinase activity as in B, of  wild-type 
LAP-BUBR1, in the presence of  DMSO, or inhibitors to BUB1 (2NA-PP1, 100μM), CDK1 (RO3306, 10μM), PLK1 (BI-2536, 100nM), 
MPS1 (MPS1-IN1, 10μM) or AURORA B (ZM447439, 2μM). (E) Kinase activity toward recombinant H2A, LAP-BUBR1-731X (purified 
from thymidine treated 293T cells) and auto-phosphorylation of  wild-type and mutant LAP-BUB1 purified from 293T cells treated 
with nocodazole for 16h. Incorporation of  32P and protein levels are shown. (F) Coomassie Blue-stained gel showing 400mM 
imidazole elution fractions of  wild-type and mutant HIS-BUBR1 (amino acid 721-1044) purified from E.coli. (G) Kinase activity 
toward recombinant H1 and H2A of  wild-type and mutant HIS6-BUBR1 (amino acid 721-1044) purified from E. coli and wild-type 
and mutant HIS6-BUB1 (full length) purified from Insect cells, in the presence of  10mM Mg2+, Ca2+ or Mn2+. Incorporation of  32P 
and protein levels are shown.
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Supplemental Alignment S1 and Table S1 are available online at www.cell.com/developmental-cell

Supplemental experimental procedures

Accession numbers 
BUBR1 (H.sapiens), NCBI Gene ID: 701; Mad3p (S.cerevisiae), NCBI Gene ID: 853439; BubR1 

(D.melanogaster), NCBI Gene ID: 35522; BUBR1 (A.carolinensis), Ensemble transcript ID: 

ENSACAT00000014492; BUBR1 (D.rerio), NCBI Gene ID: 567931; BUB1 (H.sapiens), NCBI Gene 

ID: 699

Phylogenomics 
Sensitive homology searches using BLAST329, PSI-BLAST330 and Hidden Markov Models (HMMER)331 

were used to search for BUB1 homologous sequences in eukaryotic genomes. Evolutionary 

relevant and divergent organisms were selected to gain insight in the age of  duplications. In some 

cases the quality of  the gene predictions was used as a criteria of  inclusion: i.e. closely related 

species that contained a ‘clean’ gene prediction were favoured were applicable. The differential 

conservation of  the protein sequences posed difficulty in constructing a reliable alignment, which 

could not be solved by removal of  non-conserved regions (manually or with programs such as 

BMGE), nor by removal of  sequences containing large insertions or lacking large portions of  the 

canonical BUB sequence, as assessed by phylogenetic analysis, while increasing the possibility 

of  introducing selection biases. Therefore we only removed those columns from the alignment 

that contained a residue in one species and were gaps in other species. Phylogenetic analysis 

on the Multiple Sequence Alignment was performed using PhyML333, RAxML334 and MrBayes335. 

The evolutionary model (LG) for the maximum likelihood methods were selected using ProtTest336 

and the mixed model setting for MrBayes was used. Parameters were set to be estimated, where 

possible. A schematic representation and interpretation of  the phylogenetic trees constructed 

using the different methods is shown in Figure 1B, which was obtained from a reconciliation of  the 

Figure S3
(A-C) Immunoblot of  lysates (B) and flow cytometric analysis of  MPM-2 positivity (A,C) of  nocodazole-treated U2OS cells 
transfected with indicated shRNAs in combination with RNAi-insensitive LAP-tagged BUBR1. Graph represents the percentage of  
MPM-2–positive cells of  4N population (average of  three experiments, ±SEM). (D) Melting curve of  full length wild-type and K795A 
GST-BUBR1 (0.75μM). Graph shows the relative fluorescence at 353nm, trend lines (red) display curve-fitting. (E,F) Immunoblot 
of  lysates (F) and flow cytometric analysis of  MPM-2 positivity (E) of  nocodazole-treated U2OS cells transfected with indicated 
shRNAs in combination with RNAi-insensitive LAP-tagged BUBR1, grown at 33°C or 37°C for 24 hours. Graph represents the 
percentage of  MPM-2–positive cells of  4N population (average of  three experiments, ±SEM). (G) Melting curve of  HIS6-BUBR1 
(721-1044) (1μM), in the presence of  10mM EDTA, 250μM AMP-PNP, 10mM MgCl2 or 250μM AMP-PNP+10mM MgCl2. Graph 
shows the relative fluorescence at 340nm, the arrow marks the unfolding temperature. (H) Thermal unfolding of  HIS6-BUBR1 
(721-1044) (2.5μM), in with and without 250μM AMP-PNP+10mM MgCl2 monitored by CD spectroscopy. Ellipticity at 222 nm was 
recorded as a function of  the temperature.
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genes trees with the species tree of  life (Figure S1), derived from NCBI taxonomy and343. 

None of  the trees indicate a single ancestral duplication, but neither are all independent 

duplications fully supported in the reconstructed gene phylogenies or their bootstrap ensembles. 

The latter is likely due to the loss of  the kinase domain in MAD3-like proteins, which causes 

high uncertainty for the phylogenetic methods in positioning sequences around the duplications. 

This explanation is supported by the tendency of  the closest related MADBUB to cluster with 

BUB1-like paralogues, rather than the BUBR1/MAD3-like paralogues, probably as a result of  a 

larger overlap between MADBUB and related BUB1 sequences due to the kinase domain. The TPR 

region was, in addition, analysed separately with PhyML, resulting in the opposite: clustering of  

MADBUBs (A. mellifera and A. gossyppii) to MAD3-like genes instead of  BUB1-likes. Evidence for 

each independent duplication is presented below. 

The BUB1 and BUBR1/MAD3 found in higher animals seem to have duplicated in the vertebrate 

ancestor with C. intestinalis as a chordate out-group containing only one MADBUB sequence 

(PhyML 33, RAxML 34, MrBayes 0.93). The independent duplication in C. elegans is invariant 

between methods (PhyML 65, RAxML 46, MrBayes 0.65). The independent duplication in the 

diptera ancestor of  D. melanogaster and A. gambia is cut in by the A. mellifera MADBUB gene 

(PhyML 84, RAxML 74, MrBayes 1.00). Analysis using the Yeast Gene Order Browser344 shows, 

based on synteny and WGD considerations (whose combined information is superior to individual 

gene trees or timing gene duplications), that the A. gossypii/ S. cerevisiae speciation is highly likely 

to predate the duplication, even tough A. gossypii MADBUB tends to clusters with S. cerevisiae 

BUB1 in individual gene trees. The duplication of  L. bicolor BUB1-like and Mad3/BUBR1-like is 

well defined (PhyML 62, RAxML 70, MrBayes 0.99). Other basidiomycete sequences from C. 

neoformans and U. maydis cluster outside of  the L. bicolor sequences and contain all sequence 

features of  the ancestral MADBUB.

For four duplications we have no direct evidence that they are in fact independent duplications 

(The N. gruberi, S. pombe, A. thaliana and P. blakesleeanus BUB1 and BUBR1/MAD3 sequences) 

However, the trees also do not have high support that these four paralogues arose from one or 

two more ancient duplication events. The latter scenario also implies nested ancient duplications 

and massive gene loss (a highly unparsimonious scenario).  Tree reconciliation using NOTUNG345 

(edge weight threshold 80) places the duplications intra-lineage for P. blakesleeanus, S. pombe, A. 

thaliana and N .gruberi. The well-defined duplication events in L. bicolor, the Saccharomycetaceae, 

C. elegans, vertebrates and diptera, furthermore strengthen the presented reconciliation and, in 

addition, early time points of  the duplications or fast sequence evolution can account for the 

inconsistent clustering in the phylogenetic trees. All A. thaliana genes are depicted together in the 

reconstruction (Figure 1B), suggesting two consecutive duplications. This is not reflected in the 

trees, but AT2G20635.1 is inconsistently placed and would require massive gene loss in all other 

eukaryotes for consistency with the species tree of  life. Furthermore, orthologues of  all three 

genes in A. thaliana can also be identified in S. moellendorffii and two can be identified in P. pattens 

(moss). The algae out-group M. pusilla lacks a complete kinase domain, full-length MADBUB 

proteins can however be identified in other species in this group, V. carteri and C. merolae. These 

sequences could not be used in the analysis, due to large insertions, but confirm the absence of  

subfunctionalisation in this out-group and the independent duplication in vascular plants.

Mass Spectrometry 
Five confluent 15cm dishes of  HeLa cells stably expressing LAP-BUBR158 were released from a 

24h block in 2mM thymidine into 250ng/ml Nocodazole. Mitotic cells were harvested by shake-
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off, washed and shock-frozen in liquid nitrogen. Cells were lysed at 4°C in hypertonic lysis buffer 

(500mM NaCl, 50mM Tris-HCl (pH 7.6), 2% IGPAL-630, 0.1% sodium deoxycholate, 1mM DTT) 

including phosphatase inhibitors (1mM sodium orthovanadate, 5mM sodium fluoride, 1mM beta-

glycerophosphate). Lysates were passed through a needle, cleared by centrifugation at 4,000g 

for 15min and incubated with 25μl of  GFP-trap (Chromotek) for 1h at 4°C. Purifications were 

washed three times with high-salt (2M NaCl, 50mM Tris-HCl (pH 7.6), 1% IGPAL-630, 0.1% 

sodium deoxycholate, 1mM DTT) and low-salt wash buffers (50mM NaCl, 50mM Tris-HCl (pH 7.6), 

1mM DTT) and subsequently eluted by incubating the beads twice for 10 min. at 70°C in 50μl 

SDS-buffer. The eluate was separated on an SDS-gel, coomassie stained and the band containing 

LAP-BUBR1 excised. Proteins were digested by in-gel digestion and stage-tip purified as described 

previously346,347 

Peptides were eluted from C18 Stage Tips with 2 × 20μl solvent B (80% acetonitrile and 0.5% 

acetic acid) and the acetonitrile was evaporated in a speed vacuum centrifuge. Peptides were 

separated on a column packed with RP ReproSil-Pur C18 3 μm resin (Dr. Maisch) using a nano-LC 

system (Agilent). Peptides were eluted with a segmented gradient of  5–60% solvent B over 105 

min with a constant flow of  150 nl/min. The nano-LC system was coupled to a mass spectrometer 

(LTQ-Orbitrap Velos; Thermo Fisher Scientific) via a nanoscale LC interface (Proxeon Biosystems 

(now Thermo Fisher Scientific)). The spray voltage was set to 1.7 kV, and the temperature of  the 

heated capillary was set to 275°C.

Survey full-scan MS spectra (m/z = 300–1,500) were acquired in the Orbitrap with a resolution of  

30,000 at the theoretical m/z = 400 after accumulation of  500,000 ions in the Orbitrap. The most 

intense peptides (up to 10) were fragmented by HCD (collision energy 40%) after accumulation 

of  30,000 ions and fragments were analysed in the Orbitrap with a resolution of  7,500. Maximum 

filling times were 250 ms for the full scans and 500 ms for the MS/MS. The S/N threshold for 

selection of  precursors was set to 500. Precursor ion charge state screening was enabled, and all 

unassigned charge states as well as singly charged peptides were rejected. The dynamic exclusion 

list was restricted to a maximum of  500 entries with a maximum retention period of  40 s and a 

relative mass window of  30 ppm.  

Raw MS/MS data was processed with the MaxQuant software suit and the integrated Andromeda 

search engine, both version 1.0.2.18348,349 Carbamidomethylated cysteines were set as fixed, 

oxidation of  methionine, N-terminal acetylations, and phosphorylation of  serines, threonines and 

tyrosines as variable modification. Mass deviation of  0.5 Da was set as maximum allowed for MS/

MS peaks, and a maximum of  two missed cleavages were accepted. Maximum false discovery 

rates (FDRs) were set to 0.01 on peptide, site and protein levels. Minimum required peptide length 

was six amino acids. The shown spectrum was annotated using the Viewer software in MaxQuant.
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Abstract

Chromosomal stability is protected by a mitotic checkpoint that prevents the onset of anaphase 

until all chromosomes are attached to the mitotic spindle. BUBR1 is a fundamental component of 

the checkpoint, as a constituent of the inhibitory complex produced by unattached kinetochores. 

This complex, known as the Mitotic Checkpoint Complex (MCC) directly inhibits the E3 ubiquitin 

ligase Anaphase Promoting complex/ Cyclosome (APC/C) in a manner dependent on the 

conserved KEN-box motifs in BUBR1. BUBR1 furthermore contains a N-terminal tetratricopeptide 

repeat (TPR) domain that directly interacts with the kinetochore protein KNL1. A highly similar 

TPR domain that likewise interacts with KNL1 is also present in the BUBR1 paralogue BUB1. 

Although disruption of TPR-folds affects function of both BUBs, it only prevents kinetochore 

localisation of BUB1. We utilised the high similarity between the TPR domains of BUB1 and 

BUBR1 to explore the functional relevance of these domains beyond their interaction with KNL1 

by exchanging the TPR-domains between the two BUB proteins. Surprisingly, this TPR swap 

maintained most aspects of BUB protein behaviour and function, including exchange rate at 

unattached kinetochores, H2A-T120 phosphorylation, and formation of stable kinetochore-

microtubule interactions. In contrast, the BUBR1 protein containing the BUB1 TPR domain was 

incapable of supporting mitotic checkpoint activity. Despite dynamic localisation at kinetochores 

his hybrid prevented MCC formation and caused severe chromosome segregation errors. We 

thus propose that the TPR domain of BUBR1, although highly related and functionally similar to 

the one in BUB1, has specialised to participate in mitotic checkpoint signalling. 
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Introduction

The mitotic, or spindle assembly, checkpoint is a safeguard mechanism that protects chromosomal 

stability during mitosis 294. The product of  this checkpoint is a diffusible inhibitor, produced by 

unattached kinetochores, that inhibits the E3 ubiquitin ligase Anaphase Promoting Complex/ 

Cyclosome (APC/C)56. This inhibitor, known as the Mitotic Checkpoint Complex (MCC), is a three-

protein complex consisting of  MAD2, BUB3 and BUBR1 (or Mad3 in most non-vertebrate species) 

that can directly interact with the APC/C and its co-activator CDC2079. The checkpoint is silenced 

upon attachment of  all chromosomes to the mitotic spindle, after which inhibition of  the APC/C 

is relieved, allowing induction of  anaphase onset and mitotic exit by poly-ubiquitination and 

subsequent destruction of  Securin and Cyclin B68-70,53,54. BUBR1 is an essential component of  

the MCC and uses two conserved Lys-Glu-Asn (KEN)-box motifs to inhibit the APC/C99,101. The 

contribution of  these KEN-boxes differs; the highly conserved N-terminal motif  is needed for 

interaction with MAD2 and CDC20 while the more C-terminal motif  directly blocks substrate 

recognition of  the APC/C100,102. The interaction with BUB3 is mediated via a Gle2-binding 

sequence (GLEBS), which is essential for localisation of  BUBR1 to unattached kinetochores77 

and is also present in the BUBR1 paralogue BUB1. Both BUBR1 and BUB1 furthermore have 

a tetratricopeptide repeat (TPR) domain in common164, which binds to the kinetochore protein 

KNL1 (also known as Blinkin/ CASC5/ AF15Q14 in vertebrates and Spc105/ Spc7 in budding 

and fission yeast, respectively). The crystal structures of  both TPR-domains display a typical 

parallel “helix-turn-helix” TPR-fold, including an inner concave surface containing a hydrophobic 

groove350,351. The recently reported structure of  the BUBR1 TPR-domain fused to a KNL1 peptide 

furthermore shows a surprisingly unusual interaction between the two proteins, with binding of  

the KNL1 peptide to the back of  the TPR-domain instead of  in the shallow groove on the inner 

concave surface as normally observed for interactions with TPR-domains163. Structural mutations 

in the TPR-domains, disturbing the interaction with KNL1 and/or TPR-fold, show that while BUB1 

needs this domain to localise to unattached kinetochores, BUBR1 does not164. Nevertheless, both 

proteins require the domain for function163,164, but two recent reports disagree on whether this is 

related to interaction of  BUBR1 with KNL1163,164,102. 

The vertebrate paralogues BUBR1 and BUB1 were formed by a recent gene duplication of  an 

ancestral gene before radiation of  vertebrates from chordates (Figure 1A, Ciona intestinalis 

MADBUB is used as representative chordate, also see chapter 4 of  this thesis). Both paralogues 

evolved to present day genes by subfunctionalisation, where BUBR1 retained the ancestral 

N-terminal KEN-box needed for APC/C inhibition, while BUB1 retained the ancestral kinase domain 

that evolved towards a pseudokinase in BUBR1 (see chapter 4 of  this thesis). Both paralogues, 

however, retained the TPR-domain and the GLEBS-motif. By exchanging TPR domains between 

the two paralogues, we sought to examine possible subfunctionalisation of  the respective TPR-

domains and clarify the paralogue-specific contributions of  these domains to mitotic function 

without compromising interaction with KNL1.

Results

The ancestral MADBUB gene duplicated before radiation of  vertebrates from chordates (Figure 

1A and chapter 4 of  this thesis), leaving chordates, like Ciona intestinalis, with a single, ancestral-

like MADBUB homologue. Sequence alignment of  the amino-terminal domains of  human BUBR1 

and BUB1 to the homologous region of  Ciona intestinalis MADBUB showed that, while divergent 
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from each other, both human TPR domains showed high similarity to the ‘ancestral’ TPR domain 

(Figure 1B). In support of  this, homology modelling based on the TPR structures of  BUBR1 

and BUB1350,351 using SWISS-MODEL352 produced high quality models for the ‘ancestral’ domain 

(z-score -0.18 and -0.97, respectively). The model based on the BUBR1 TPR domain, however, 

produced a higher reliability fit than the one based on BUB1 TPR, with a QMEAN4 score of  
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Figure 1. Exchange of the BUB TPR-domain. 
(A) Schematic representation of  domain architecture and reconciled tree of  human (Hs) BUB1, BUBR1 and Ciona intestinalis 
(Ci) MADBUB, the main domains are shown, KEN-box motifs are abbreviated as K1 and K2 (B) N-terminal amino acid sequence 
alignments of  HsBUB1, HsBUBR1 and CiMADBUB. The secondary structure elements shown above the aligned sequences are 
derived from the crystal structure of  the HsBUBR1 TPR (PDB: 2WVI), visualised using ESPript361. The exchanged sequences 
are indicated (light grey). (C) Immunoblot of  lysates of  U2OS cells transfected with LAP-tagged BUB proteins. (D) HeLa cells 
transfected with indicated shRNAs in combination with RNAi-insensitive LAP-tagged BUB proteins, treated with nocodazole and 
MG132 for 30 min, then immunostained for LAP-BUBR1 and centromeres (ACA).
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0.779 and 0.706, respectively (QMEAN4 represents the reliability (0-1) of  a model based on four 

statistical parameters353), suggesting that perhaps the TPR domain of  Ciona intestinalis MADBUB 

more closely resembles the BUBR1 TPR domain. To examine the functional contribution of  TPR 

domains of  BUB1 and BUBR1, we replaced the BUBR1 TPR domain with that of  BUB1 and vice 

versa (Figure 1B, the light grey shaded sequences were exchanged). This approach prevented 

any alterations to the TPR-fold or to the TPR-KNL1 interface163,164,102.  The swaps maintained the 

overall domain organisation of  the full-length proteins, and as such are not expected to impact 

protein stability, as verified by expression levels compared to wild-type counterparts (Figure 1C). 

We hereafter refer to the hybrid proteins as BUBR1-TPRBUB1 and BUB1-TPRBUBR1. The normal 

localisation of  both hybrid proteins to unattached kinetochores (Figure 1D) furthermore showed 

that binding to BUB3 was not disturbed and, at least for BUB1-TPRBUBR1, that the interaction with 

KNL1 was unaltered164. We thus conclude that overall protein integrity after the TPR swaps was 

not affected in the hybrid proteins.
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Figure 2. The BUB TPR-domains do not contribute 
to BUB turnover at unattached kinetochores. 
(A, B) Nocodazole-treated HeLa cells transfected 
with LAP-BUBR1 (A) and LAP-BUB1 (B) were imaged 
on a scanning confocal microscope. 0.81-μm2 
areas around single kinetochores (white squares) 
were bleached at t=2s. Graphs show average 
fluorescence intensities, shaded areas indicate 
standard deviations. (C, D) Stills (C) and graph (D) 
from nocodazole-treated HeLa cells transfected 
with LAP-BUB(R)1 imaged with a deconvolution 
microscope. Areas around single kinetochores 
(black circles) were bleached at t=0s. Graphs show 
average fluorescence intensities, shaded areas 
indicate standard deviations.
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BUBR1 is reported to have a rapid biphasic exchange at unattached kinetochores with a full 

exchange of  the entire pool within 30 seconds96. BUB1, however, resides at kinetochores in a 

more stable fashion96,97. Since the TPR domains contribute to BUB protein interactions at the 

kinetochore, we examined whether exchange of  BUB proteins was affected by the TPR swaps, 

using Fluorescence Recovery after Photobleaching (FRAP). As expected, LAP-tagged BUBR1-WT 

(containing EYFP) displayed very short residence time at kinetochores of  nocodazole-treated 

HeLa cells, similar to the fast phase reported previously96 (Figure 2A). Unexpectedly, we could not 

observe a stable pool of  BUB1, as LAP-BUB1-WT exchanged rapidly at unattached kinetochores 

and recovery was nearly complete (Figure 1B). Technical limitations (see Materials and methods) 

prohibited us from drawing conclusions on the absolute recovery times of  the LAP BUB proteins on 

kinetochores, however the analyses did allow us to compare the BUBs to the hybrid counterparts. 

Exchange of  BUBR1-TPRBUB1 was nearly identical to that of  BUBR1-WT, and the same held true for 
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Figure 3. The TPR-domains of BUB1 and BUBR1 are not specialised for H2A 
phosphorylation and chromosome alignment. 
(A-C) Immunostainings of  BUB1, H2A-pT120 and centromeres (ACA) in 
HeLa cells transfected with indicated shRNAs in combination with RNAi-
insensitive LAP-tagged BUB1 and treated with nocodazole and MG132 for 30 
min. Representative images are shown in (A). Graphs in (B, C) represent total 
kinetochore intensity (±SD) of  pH2A (B) and BUB1 (C) relative to centromeres 
(ACA). (D, E) Immunostainings of  tubulin and centromeres (ACA) in HeLa cells 
transfected with indicated shRNAs in combination with RNAi-insensitive LAP-
tagged BUBR1 and treated with MG132 for 60 min. Graph in (E) represents 
the percentage of  cells with full chromosome alignment (average of  four 
experiments, ±SEM).
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BUB1-WT vs. BUB1-TPRBUBR1 (Figure 2A, B). These observations were validated by FRAP on a laser-

equipped deconvolution microscope, which allowed rapid whole cell imaging for a longer duration 

(Figure 2C, D). Note that the recovery time is increased in all measurements using this set-up, 

likely caused by bleaching of  a larger region that includes cytoplasm, due to use of  a non-confocal 

laser. As BUB1 is dependent on the TPR-domain for kinetochore localisation, these data show that 

the BUB1 TPR-domain is not specialised for exchange at unattached kinetochores. 

BUB1 kinase activity is essential for proper mitosis; the kinase regulates APC/C activity by 

phosphorylation of  CDC20354 and phosphorylation of  histone 2A (H2A) on T120 is required for 

protection of  centromeric cohesion and localisation of  the error-correction machinery314,354,316. The 

intensity of  H2A-pT120 was monitored to determine whether the TPR-domain of  BUB1 contributes 

to substrate phosphorylation. Depletion of  BUB1 by shRNA abolished the centromeric localisation 

of  H2A-pT120 (Figure 3A-C). Interestingly, this mark could be restored by comparable expression 

of  either BUB1-WT or -TPRBUBR1 (Figure 3A-C). Although we cannot, at present, distinguish between 

lack of  requirement for TPR domain in H2A phosphorylation or ability of  the BUBR1 TPR domain 

to functionally replace the TPR domain of  BUB1, these data show that replacement of  this domain 

does not affect function of  BUB1 in mitosis. 

BUBR1 is required for the formation of  stable attachment of  chromosomes to the mitotic 

spindle43,166. Phosphorylation of  the KARD domain in BUBR1 by PLK1100,132,167 (and Chapter 7 of  

this thesis) regulates the recruitment of  the phosphatase PP2A-B56 to counter-balance activity of  

the error-correction kinase Aurora B52 (and Chapter 7 of  this thesis). Besides the KARD domain, 

phosphorylation of  BUBR1-T620 by CDK1 and localisation to unattached kinetochores is also 

essential for formation of  kinetochore-microtubule attachments100,132, and we therefore wondered 

whether the BUBR1 TPR-domain also contributes to this. Chromosome-attachment was analysed 

by monitoring alignment of  chromosomes on the metaphase plate in cells treated with the 

proteasome inhibitor MG132 to prevent exit from mitosis.  In contrast to control cells, only a small 

percentage of  BUBR1 depleted cells was able to fully align their chromosomes after an hour of  

treatment with MG132 (Figure 3D, E). Ability to align chromosomes was restored by expression 

of  BUBR1-WT, and, importantly, was restored to a similar extent by expression of  BUBR1-TPRBUB1 

(Figure 3D, E). We thus conclude that BUBR1 does not rely on presence of  its specialised TPR 

domain to form stable attachments. 

The best conserved function of  BUBR1 orthologues in eukaryotes is their role in the mitotic 

checkpoint162,72, which requires the amino-terminal domains99-103. Previous studies have shown 

that the TPR domain contributes to this, but could not reach consensus on whether the role 

of  the TPR domain in mitotic checkpoint signalling required interaction with KNL1163,164,102. 

To determine whether the TPR-domain of  BUBR1 is specialised to participate in the mitotic 

checkpoint, irrespective of  KNL1 binding and the TPR-like domain fold, checkpoint efficiency in 

cells expressing the hybrid BUB proteins was analysed. Control cells accumulated in mitosis in 

the presence of  the spindle poison nocodazole (Figure 4A, B) and underwent few chromosome 

mis-segregations during unperturbed mitosis (Figure 4C, D). Depletion of  BUBR1 resulted in a 

failure to respond to nocodazole and caused severe chromosome mis-segregations, which could 

be restored by expression of  BUBR1-WT (Figure 4A-D). Interestingly, BUBR1-TPRBUB1 could not 

substitute for endogenous BUBR1 (Figure 4A-D), showing that the mitotic checkpoint specifically 

required the BUBR1 TPR domain. Since formation of  the APC/C inhibitor MCC requires interactions 
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between BUBR1, MAD2, BUB3 and CDC20 that depend on the N-terminal KEN box adjacent to the 

BUBR1 TPR domain, we hypothesised that the TPR-domain might contribute to these interactions. 

Analysis of  mitotic LAP-BUB precipitates showed that BUBR1-WT, but not BUB1, specifically 

interacted with all MCC proteins (Figure 4E). In contrast, whereas the GLEBS-motif-mediated 

interaction of  BUBR1-TPRBUB1 with BUB3 was unaffected, the binding to MAD2 and CDC20 was 

severely reduced, despite an intact N-terminal KEN box motif  (Figure 4E). Together, these data 

show that the TPR-domain of  BUBR1 contributes to efficient MCC formation and thereby to APC/C 

inhibition and mitotic checkpoint function. 
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Figure 4. The BUBR1 TPR-domain is specialised for incorporation in the MCC. 
(A, B) Flow cytometric analysis of  MPM-2 positivity of  nocodazole-treated U2OS cells transfected with indicated shRNAs in 
combination with RNAi-insensitive LAP- tagged BUBR1. Boxes in (A) indicate the percentage of  MPM-2 positive 4N cells. Graph in 
(B) represents the percentage of  MPM-2–positive cells of  4N population (average of  four experiments, ±SEM). (C, D) Analysis of  
chromosome segregation by live imaging of  HeLa cells expressing H2B-EYFP and transfected as in 4A. Graph in (D) indicates the 
percentage of  cells with chromosome missegregations (average of  three experiments, ±SEM). (E) Immunoblots of  CDC20, BUB3 
and MAD2 in LAP-BUB(R)1 precipitations (LAP-pulldown) and in whole cell lysates (lysate) from mitotic U2OS cells transfected 
with LAP-BUB(R)1 and treated with nocodazole.
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Discussion

BUBR1 is an essential player in the mitotic checkpoint that can directly inhibit the APC/C. Multiple 

domains and motifs within the protein are required for this inhibitory action, but the contribution 

of  the TPR-domain is unknown. We now show that this domain directly contributes to the binding 

of  MAD2 and CDC20, which is essential to produce a sufficient mitotic delay in response to 

unattached kinetochores. With the recent mapping of  the BUBR1-KNL1 interaction surface to the 

back of  the TPR-domain163, it is likely that mutations within the hydrophobic groove of  the inner 

concave surface affect TPR function in more ways than just disturbing KNL1 binding, which may 

underlie the variability in reported functional defects when such mutations were analysed351,102. 

Interestingly, no alteration in the tertiary structure of  the TPR-domain was observed after binding 

of  KNL1163,355. This implies that the binding to KNL1 does not impose a conformational change 

in BUBR1 needed for MCC formation, as is the case when MAD2 visits the kinetochore356-358,92. 

An intriguing option therefore is that KNL1 provides a platform for efficient MCC formation 

(Figure 5). We hypothesise that the ligand-binding groove of  the TPR domain may be required for 

MCC assembly, and mutating this groove may be able to address that experimentally. Although 

the vertebrate BUB1 and BUBR1 TPR-domains are highly similar and originate from the same 

ancestor after a recent gene duplication event, our data demonstrate that clear specialisation of  

the domains has occurred. This may have contributed to subfunctionalisation of  BUBR1 towards a 

more efficient role in the vertebrate mitotic checkpoint, while BUB1 specialised in other processes 

that, among others, require its catalytic activity (Figure 5). 
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Figure 5. A model of the contribution of the TPR-domain to BUB function. 
Schematic representation of  the binding of  BUBR1 and BUB1 to KNL1 via the TPR-domain. Exchange of  the BUB TPR-domains 
maintains most functions of  both BUBs (chromosome bi-orientation and phosphorylation of  H2A), except the assembly of  the MCC 
(MAD2/CDC20/BUB3) and thus mitotic checkpoint activity.
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Aneuploidy is a common feature of  most solid tumours. Several somatic mutations in the TPR-

domain sequences of  BUBR1359 and BUB1242,161,360 are associated with cancer and in some cases 

aneuploidy. Furthermore, a germ-line mutation in the BUBR1 TPR-domain is linked to Mosaic 

Variegated Aneuploidy syndrome324, a rare inherited disease causing among others predisposition 

to childhood cancer199 (OMIM: 257300). Based on the published structure, this mutant likely 

disturbs the third helix pair in the TPR domain, and our previous functional analyses of  this 

mutant indicated specific functional defects of  the mitotic checkpoint324, underscoring our present 

analyses. This emphasises the importance of  the BUB TPR-domains in normal mitosis and shows 

that thorough understanding of  the contributions of  this domain to the mitotic checkpoint likely 

aids our understanding of  the molecular causes of  MVA and possibly aneuploidy in a subset of  

somatic cancers. 
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Experimental procedures

Cell culture, plasmids and transfections 
HeLa and U2OS cells were grown in DMEM supplemented with 8% fetal bovine serum and 

penicillin/streptomycin (50μg/mL). pSuper-Mock116, pSuper-BUBR1177, pLAP-BUBR1324 and LAP-

Mock324 were previously described. pSuper-BUB1 was constructed as described337 by using the 

sequence 5’- GAATGTAAGCGTTCACGAA-3’. 

LAP-BUB1 was generated by PCR of  HsBUB1 from cDNA cloned to pIC113312 with Xho1 and 

BamH1. Followed by site-directed mutagenesis of  bases 3243 (G to A) and 3246 (T to A) to create 

RNAi insensitivity. TPR-domain exchange mutants were obtained introduction of  SalI and EcoRV 

restriction sites (at bp 154 and 667, respectively) in LAP-BUBR1-WT by site-directed mutagenesis. 

The TPR-domains were subsequently exchanged by digestion with XhoI and EcoRV (LAP-BUB1-WT) 

and SalI and EcoRV (LAP-BUBR1-WT). 

Cells were co-transfected with a marker plasmid along with pSuper-BUB(R)1 or pSuper-Mock and 

shRNA-insensitive LAP- BUB(R)1-WT or mutants in a 1:8:5 ratio (BUBR1) or 1:8:8 (BUB1), using 

Fugene (HeLa) or CaPO4 (U2OS). The ratio was based on the functional rescue by wild-type in 

relation to the shRNA. Marker plasmids were pSpectrin-GFP for flow cytometry and pH2B-eYFP for 

live cell imaging and immunofluorescence. pBabe-puro was used for pH2A immunofluorescence 

and transfected cells were selected by treatment with 1mg/mL puromycin. Thymidine (2.5mM), 

Nocodazole (250ng/ml), MG132 (5mM). 

Live cell imaging 
For live cell imaging, HeLa cells were plated and transfected in 24-well glass-bottomed plates 

(MatTek) and imaged in a heated chamber (37°C and 5% CO2) using 20×/0.5-NA on an Olympus 

IX-81 microscope, controlled by Cell-M software (Olympus). 16-bit H2B-eYFP fluorescent (5 ms 

exposure at 57% intensity) images were acquired every 5 minutes using a Hamamatsu Photonics 

ORCA-ER camera. Images were processed for analysis to intensity projections of  all Z-planes using 

Cell-M software maximum.

FRAP 
Transfected HeLa cells were grown in glass-bottom dishes (Willco-Wells). The media was replaced, 

prior to imaging, with Leibovitz L-15 media (Invitrogen) supplemented with Nocodazole, 8% FCS 

and 100 U/ml penicillin/streptomycin, and cells were transferred to an incubator with atmospheric 

CO2 at 37°C. 

Zeiss confocal-based experiments were done as described previously124; Samples were imaged on 

a microscope (LSM 510 META; Carl Zeiss, Inc.) equipped with a heated chamber and lens warmer 

(both set at 37°C), using Zeiss LSM software. The eYFP-based LAP-tag of  LAP-BUB(R)1 was both 

excited and bleached using the 514nm laser line of  an Argon laser (max 30 mW) set to 60% (Tube 

current 5.5 A). Excitation was done using 6% laser power and emission was detected on the META 

detector set from 529 to 614nm. Areas of  25x25 pixels (0.81μm2) were bleached at 100% laser 

power for 10 iterations once the fluorescence signal of  LAP-BUB(R)1 had become stable for a few 

seconds (after ±6s). Fluorescence intensity in the bleached square was acquired every 125ms 

before and after bleaching. For each measurement, the average fluorescence intensity in the 

25x25-pixel square during the last second before bleaching was set to 100% and the measured 

signal after bleaching was normalised to this value. Because kinetochores are highly mobile, only 

those measurements were taken into account in which the kinetochore remained visible within 
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the 25x25-pixel square during the entire measurement. Recovery halftimes were determined by 

double-exponential curve fitting using GraphPad Prism software. 

Deconvolution-microscope based experiments were done on a Personal-DeltaVision system 

(Applied Precision) with a 60x/1.42NA PlanApoN objective (Olympus) equipped with a QLM 

laser (Applied Precision), using SoftWorx software for acquisition. 10 YFP images were acquired 

pre-bleach every 250ms, at 100% intensity with an exposure time of  100ms. After bleaching at 

100% laser power of  the 488nm laser line for 50ms, images were acquired with adaptive settings 

(expected half-life parameter set at 2.5s). For quantification ImageJ was used to calculate the 

total integrated fluorescence intensity of  the bleached area at each time point (after background 

subtraction of  all images using a rolling ball radius of  100 pixels). For each measurement, the 

average fluorescence intensity in bleached area during the 10 frames before bleaching was set to 

100% and the measured signal after bleaching was normalized to this value. 

Recovery halftimes, determined by double-exponential curve fitting using GraphPad Prism software, 

indicates that in our experiments the recovery follows a double exponential, consisting of  a fast 

component that equals the kinetics found for cytoplasmic LAP-BUB(R)1. The slow component in 

the double exponential represents the LAP-BUB(R)1 kinetics on the kinetochore.

Immunofluorescence 
HeLa cells, plated and transfected on 12-mm coverslips, were treated as described in Figure 

legends, for kinetochore-staining cells were pre-extracted with PEM/TX (100mM PIPES (pH 6.8), 

1mM MgCl2, 5mM EGTA, 0.2% Triton X-100) for 1 minute before a 5 minute fixation in 3.7% 

formaldehyde in PEM/TX. For Tubulin staining cells were fixed while permeabilizing for 15 min 

in 3.7% Shandon Zinc Formal-Fixx (Thermo Scientific) in PEM/TX. Coverslips were blocked with 

3% bovine serum albumin (BSA) in PBS for 1 hour, incubated with primary antibody for 16 hours 

at 4°C, washed with PBS/0.1% Triton X-100, and incubated with secondary antibodies for an 

additional 1 hour at room temperature. Coverslips were washed and submerged in PBS containing 

4,6-diamidino-2-phenylindole (DAPI) and mounted using ProLong Gold antifade (Molecular 

Probes). Image acquisition and quantification were done as described127, using a DeltaVision 

RT system (Applied Precision) with a 100×/1.40-numerical aperture (NA) UPlanSApo objective 

(Olympus) for acquiring images and ImageJ software for quantification. 

Immunoprecipitation
U2OS cells transfected with LAP-BUB(R)1, were released from a 24-hour thymidine-induced block 

into nocodazole for 16 hours. Mitotic cells were harvested and lysed in lysis buffer (50mM HEPES 

pH7.5, 150mM NaCl, 5mM EDTA, 0.5% NP-40, 1mM Na3VO4, 1mM b-glycerophosphate, 1mM 

NaF and Complete protease inhibitor (Roche)). LAP-BUBR1 was bound to GFP-Binding-Protein-

agarose (custom made) for 2 hours, washed four times in lysis buffer and after removal of  all 

buffer sample buffer was added and boiled for 5 minutes. Samples were separated by SDS-page.  

Flow cytometry and immunoblotting 
U2OS cells were released from a 24-hour thymidine-induced block into nocodazole for 16 

hours, all cells were harvested and fixed in 70% ice-cold ethanol for 24 hours. Fixed cells were 

immunostained with anti- MPM2 (Upstate Biotechnology) and Cy5-conjugated anti-mouse, both 

for one hour at room temperature in PBS/0.1% Triton X-100/2%BSA, DNA was stained by a 

propidium iodide/RNAseA treatment. The fraction of  mitotic cells was determined by

flow cytometric analysis of  transfected cells, based on Spectrin-GFP expression on a BD 
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FACScalibur benchtop flowcytometer with a four-color fluorescence capability in a 2 laser system 

set-up and analysed using CellQuest Pro software.

Immunoblotting was done using standard protocols; the signal was visualised and analysed on an 

Odyssey scanner (LI-COR Biosciences) using fluorescently labelled secondary antibodies (Figure 

1C) or was detected by using enhanced chemiluminescence (Figure 4D). 

Antibodies 
α-Tubulin (Sigma, Cat# T5168, 1:10000), GFP (custom rabbit polyclonal, 1:10000), BUBR1 

(Bethyl, Cat# A300-386A, 1:1000), MAD2 (custom rabbit polyclonal, 1:2000), CDC20 (Santa 

Cruz, Cat# sc-13162, 1:1000), BUB3 (BD Trans Lab, Cat# 611731, 1:2000), H2A-pT120 (Active 

Motif, Cat# 39391, 1:2500), BUB1 (Bethyl, Cat# A300-373A-1, 1:1000)
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Abstract

The mitotic checkpoint safeguards chromosomal stability by inhibition of premature exit from 

mitosis. The mitotic protein BUBR1, an essential component of this checkpoint, associates with 

BUB3 and MAD2 to form a mitotic checkpoint complex (MCC) that prevents early anaphase onset 

by inhibition of the E3 Ubiquitin ligase Anaphase Promoting Complex/Cyclosome (APC/C). 

BUBR1 is heavily phosphorylated in mitosis, and formation of stable chromosome attachments 

to the mitotic spindle has been shown to rely on several of the BUBR1 phospho-residues. Here 

we describe a novel phosphorylation on BUBR1 within the BUB3-binding GLEBS motif that 

regulates mitotic checkpoint activity. Phosphorylation of this PLK1 consensus site disrupts 

the interaction of BUBR1 with BUB3, resulting in lack of BUBR1 kinetochore localisation and 

reduced mitotic checkpoint activity. We furthermore show that PLK1 activity is essential for 

timely mitotic exit and that inhibition of PLK1 reduces the rate of degradation of the APC/C 

target Cyclin B. We therefore propose that PLK1 regulates exit form mitosis, possibly in part by 

disrupting BUBR1-BUB3 interaction through phosphorylation of the BUBR1 GLEBS motif.   
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Introduction

Chromosomal stability depends on the mitotic checkpoint protein BUBR1, which cooperates with 

MAD2 and BUB3 to form the Mitotic Checkpoint Complex (MCC). This three-protein complex 

interacts with CDC20, an co-activator of  the E3- ubiquitin ligase Anaphase Promoting Complex/ 

Cyclosome (APC/C)79, to prevent premature mitotic exit.  Upon attachment of  all chromosomes to 

the mitotic spindle, the APC/C is activated and subsequently anaphase and mitotic exit are induced 

by proteasomal degradation of  the APC/C substrates Securin and Cyclin B68-70,53,54. The APC/C is 

a large 20S multi-protein complex that consists of  at least 12 subunits58,55,56, which recognises 

these substrates via CDC2064,65,67. The ability of  BUBR1 to inhibit the APC/C depends on two Lys-

Glu-Asn (KEN)-boxes, a motif  that is recognised by the APC/C as a destruction motif  in various 

substrates66. BUBR1 interacts with MAD2 and CDC20 via a conserved amino-terminal KEN-box102 

and additionally acts as a pseudosubstrate inhibitor of  the APC/C by preventing APC/C substrate 

recognition via a KEN-box motif  located in the central domain of  the BUBR1 protein99,101,102. The 

interaction with BUB3 is mediated via a conserved GLEBS motif  that is essential for BUBR1 

accumulation at not bi-oriented kinetochores77. This BUBR1-BUB3 interaction is furthermore 

needed for efficient mitotic checkpoint signalling and attachment of  chromosomes to the mitotic 

spindle43,100,166,102. 

BUBR1 function in mitosis is regulated by post-translational modifications. Acetylation of  Lysine 

250 (situated near a conserved tetratricopeptide repeat (TPR) domain) prevents APC/C dependent 

degradation of  BUBR1 in prometaphase and as such maintains efficient checkpoint activity170,171. 

Interestingly, sumoylation of  the same residue regulates timely mitotic exit172. BUBR1 is also 

heavily phosphorylated in mitosis162,169, which is essential for the establishment of  kinetochore-

microtubule attachments100,132,167,168 (and Chapter 7 of  this thesis). Whether phosphorylation of  

BUBR1 contributes to mitotic checkpoint signalling is unknown. 

Here we describe a novel phosphorylation within the BUBR1 GLEBS-motif  that reduces mitotic 

checkpoint activity by preventing the interaction of  BUBR1 with BUB3 and localisation of  BUBR1 

to unattached kinetochores. Interestingly, the phosphorylated residue resides in a PLK1 consensus 

motif, activity of  which we now show to be essential for timely exit from mitosis. PLK1 may thus 

regulate mitotic checkpoint strength and inactivation, at least in part, via phosphorylation of  

BUBR1. 

Results & Discussion

BUBR1 is heavily phosphorylated in mitosis162,169, which could be visualised by a mobility-shift 

on SDS-PAGE (Figure 1A). To gain insight into the role of  phosphorylations in BUBR1 function, 

we sought to identify mitotic post-translational modifications of  BUBR1 by mass spectrometric 

analyses of  LAP-BUBR1 purified from mitotic U2OS cells. Besides several previously reported 

phosphorylations (S435, S543, and S670100,167), we identified a novel phospho-peptide that 

corresponded to phosphorylation of  the well-conserved serine 411 (Figure 1B, C). This residue 

is located in the GLEBS motif, which mediates the interaction between BUBR1 and BUB3 and is 

needed for localisation of  BUBR1 to unattached kinetochores77. To determine whether modification 

of  the S411 residue might regulate BUBR1-BUB3 interaction, we examined function of  BUBR1 

mutants in which phosphorylation of  S411 was either prevented by substitution for alanine (S411A) 

or mimicked by substitution for the negatively charged aspartate (S411D). BUB3 specifically co-

precipitated with wild-type LAP-BUBR1 but, as expected, could not bind LAP-BUBR1-DGLEBS, 
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in which the GLEBS motif  was deleted102,77 (Figure 2A). LAP-BUBR1-S411A also maintained 

interaction with BUB3, albeit to a lesser extent than WT, but BUB3 was absent in LAP-BUBR1-

S411D precipitates (Figure 2A). Both BUBR1 mutants deficient in BUB3-binding, S411D and 

DGLEBS, furthermore accumulated at unattached kinetochores to significantly lower levels than 

LAP-BUBR1-WT, while expressed to similar levels (Figure 2B). Note that kinetochore localisation of  

S411D could be detected in cells expressing this mutant to very high levels, indicating that BUB3 

binding, while severely affected, is not abolished. This is unlike BUBR1-DGLEBS that does not 

localise to unattached kinetochores even when expressed at high levels. Despite inefficient binding 

to BUB3, LAP-BUBR1-S411A localised normally to unattached kinetochores, suggesting that the 

interaction of  this BUBR1 mutant with BUB3 was sufficient for kinetochore binding  (Figure 2A, B). 

Disturbance of  the BUBR1-BUB3 interaction by mutation of  Glutamate 413 to Lysine (E413K) 

was previously reported to affect BUBR1 function100,102. We therefore used an shRNA-based 

reconstitution system324 to analyse whether S411 is needed for mitotic checkpoint activity by 

assaying the ability of  cells to delay mitosis when treated with the spindle poison nocodazole or by 

real-time monitoring of  chromosome segregation in unperturbed cells. Similar to wild-type LAP-

BUBR1, S411A could restore mitotic checkpoint activity of  BUBR1-depleted cells in both assays 

(Figure 3A-C). In contrast, LAP-BUBR1-S411D was unable to fully replace endogenous BUBR1, as 
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Figure 1. Mitotic phosphorylation of S411 in the conserved BUB3-binding GLEBS motif 
(A) Immunoblot of  lysates from S-phase (24h thymidine treatment) and mitotic (16h nocodazole treatment) HeLa cells transfected 
with LAP-BUBR1. (B) Schematic representation of  domain architecture of  BUBR1 and sequence alignment of  the GLEBS motif, 
KEN-box motifs are depicted as K1 and K2. Conserved residues are indicated in grey. S411, based on the sequence of  human 
BUBR1, is shown in blue. Human, H. sapiens; Mouse, M. musculus; Frog, X. tropicalis; Chicken, G. gallus; Lizard; A. carolinensis; 
Tunicate, C. intestinalis; Fruitfly, D. melanogaster; Honey bee, A. mellifera; Budding yeast, S. cerevisiae. (C) MS/MS spectrum of  the 
pS411-containing peptide of  BUBR1 (aa 403-416) is shown. Identified b and y ions are indicated.
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cells expressing this mutant showed reduced mitotic index and increased chromosome segregation 

errors when compared to wild-type LAP-BUBR1 (Figure 3A-C). The extent of  the functional defects 

of  S411D was comparable to DGLEBS and E413K and as such was consistent with impaired 

BUB3 binding (Figure 2A). Partial restoration of  mitotic checkpoint activity by S411D, DGLEBS 

and E413K, however, indicated that mitotic checkpoint activity does not absolutely require 

BUBR1-BUB3 interaction, as previously observed by others102,103. Together, these data show that 

phosphorylation of  the BUBR1 GLEBS domain affects mitotic checkpoint activity, most likely by 

directly preventing BUBR1-BUB3 interaction. 

Given that both BUBR1 and BUB3 are components of  the MCC, we next wondered whether GLEBS 

motif  phosphorylation and BUBR1-BUB3 interaction affects the amount of  MCC in mitotic cells. 

To examine this, mitotic LAP-BUBR1 immuno-precipitates were analysed for the presence of  

MAD2 and CDC20. As shown in Figure 3D, S411A, S411D, DGLEBS and E413K were all able to 

interact with MAD2 and CDC20 in a manner comparable to wild-type. Note that BUB3 was not 

detected in the S411A pull-downs in this exposure due to lower binding affinity for BUB3 of  this 

mutant (Figure 2A). We thus conclude that BUB3 binding or phosphorylation of  S411 does not 

significantly impact MCC formation or stability.

The data presented thus far indicate that phosphorylation of  BUBR1 GLEBS motif  negatively 

influences mitotic checkpoint activity, and as such may contribute to timely mitotic exit. S411 

resides in a PLK1 consensus motif  (D/E-x-S/T-F-x-D/E, where x represents any amino acid and 

F large hydrophobic amino acids362). Since PLK1 is known to phosphorylate BUBR1132,168 (and 

Chapter 7 of  this thesis) we wished to test whether PLK1 activity might regulate timely mitotic 

exit. To this end, time from nuclear envelope breakdown (NEB) to mitotic exit (as determined 

by DNA decondensation) was examined for various conditions by time-lapse imaging of  H2B-
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Figure 2. Phosphorylation of S411 interferes with 
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mitotic 293T cells transfected with LAP-BUBR1 
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YFP-expressing cells. 50% of  control cells had exited mitosis 52.5 minutes after NEB, which 

was significantly accelerated to 40 minutes by siRNA-mediated depletion of  BUBR1, as 

previously reported106. As expected from the role of  PLK1 in spindle assembly and kinetochore 

attachments363-365, mitotic exit was prevented by inhibition of  PLK1 activity with the small molecule 

inhibitor BI2536363 (Figure 4A). Interestingly, PLK1 inhibition in BUBR1-depleted cells resulted in 

a delayed mitotic exit to 135 minutes (Figure 4A). This delay was not caused by spindle assembly 

defects or kinetochore detachments, since treatment with the spindle poison nocodazole did not 

increase mitotic timing of  BUBR1-depleted cells (Figure 4A). Delay in mitotic exit by BI2536 was 

specific for PLK1 inhibition, as a similar delay upon BUBR1 depletion was observed when PLK1 

was inhibited using RNAi (Figure 4B). 
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Figure 3. Mitotic checkpoint defects in cells expressing phospho-mimetic S411 BUBR1. 
(A, B) Flow cytometric analysis of  MPM-2 positivity of  nocodazole-treated U2OS cells transfected with indicated shRNAs 
in combination with RNAi-insensitive LAP- tagged BUBR1. (A) Boxes indicate the percentage of  MPM-2 positive 4N cells. (B) 
Graph represents the percentage of  MPM-2–positive cells of  4N population (average of  four experiments, ±SEM). (C) Analysis 
of  chromosome segregation by live imaging of  HeLa cells expressing H2B-EYFP and transfected as in A. Graph indicates the 
percentage of  cells with mild (grey) and severe (white) chromosome missegregations (average of  two experiments, ±SEM). (D) 
Immunoblots of  LAP-BUBR1 pull-downs (left panel) or of  lysates (right panel) from mitotic U2OS cells transfected with LAP-BUBR1 
and treated with nocodazole, using anti-CDC20, -BUB3 or -MAD2 antibodies.
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Our hypothesis that PLK1 aids mitotic exit in part by preventing BUBR1-BUB3 interaction 

seemingly contradicts the observation that PLK1 inhibition can delay exit in the absence of  BUBR1. 

We believe, however, that this is explained by incomplete depletion using our siRNA, allowing a 

checkpoint-dependent mitotic delay when checkpoint silencing is significantly disturbed. This is 

supported by our observation that BI2536 was also able to delay exit of  MAD2-depleted cells, but 

not of  cells treated with the MPS1 inhibitor reversine, which provides significantly more penetrant 

inhibition of  the mitotic checkpoint120 (Figure 4C and D). Interestingly, the accelerated timing 

of  MPS1-inhibited cells, previously attributed to decreased MCC stability in interphase119, was 

reverted to normal upon PLK1 inhibition. 

To further examine the regulation of  mitotic exit by PLK1, we next monitored the ability of  APC/C 

to degrade Cyclin B. To this end, a HeLa cell line was created in which endogenous Cyclin B was 

tagged with fluorescent protein by integrating the EYFP sequence in the last exon of  the CCNB1 

locus, in between the STOP codon and the 3’ UTR (Figure 5A). Cyclin B-EYFP was rapidly degraded 

in control cells upon achieving a metaphase state (Figure 5B, C), which was inhibited by addition 

of  nocodazole or the PLK1 inhibitor BI2536 (Figure 5B, C). Inactivation of  the checkpoint caused 

initiation of  Cyclin B degradation immediately after NEB, as evidenced from rapid clearance of  

EYFP fluorescence in BUBR1-depleted cells, and this could not be prevented by nocodazole (Figure 

0 30 60 90 120 150 180
0

20

40

60

80

100

siBUBR1 + DMSO
siBUBR1 + Noco
siBUBR1 + BI2536
siBUBR1 + Noco + BI2536

siMock + DMSO
siMock + Noco
siMock + BI2536
siMock + Noco + BI2536

Time (min)

C
um

m
ul

at
iv

e 
fre

qu
en

cy
 o

f 
m

ito
tic

 e
xi

t (
%

)

0 30 60 90 120 150 180
0

20

40

60

80

100

Reversine + DMSO
Reversine + BI2536

Time (min)

C
um

m
ul

at
iv

e 
fre

qu
en

cy
 o

f 
m

ito
tic

 e
xi

t (
%

)

siMAD2 + DMSO
siMAD2 + BI2536

0 30 60 90 120 150 180
0

20

40

60

80

100

Time (min)

C
um

m
ul

at
iv

e 
fre

qu
en

cy
 o

f 
m

ito
tic

 e
xi

t (
%

)

0 30 60 90 120 150 180
0

20

40

60

80

100

siMock + siMock
siPLK1 + siMock
siBUBR1 + siMock
siBUBR1 + siPLK1

Time (min)

C
um

m
ul

at
iv

e 
fre

qu
en

cy
 o

f 
m

ito
tic

 e
xi

t (
%

)

A B

C D

Figure 4. PLK1 activity is essential for timely mitotic exit. 
(A-D) Analysis of  mitotic exit by live imaging of  HeLa cells expressing H2B-EYFP, transfected and/or treated as indicated. 
Nocodazole was present in all conditions in B-D. Graphs (50 cells per condition) show cumulative frequency of  mitotic exit, 
determined by DNA decondensation, versus time (min), t=0 indicates nuclear envelope breakdown. 
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5B, C). Although PLK1 inhibition did not delay the onset of  Cyclin B degradation in BUBR1 depleted 

cells, the rate of  degradation was strongly decreased, resulting in steady but slow destruction of  

Cyclin B-EYFP (Figure 5B, C). Such kinetics were previously observed in cells lacking the APC/C 

subunit APC15, which is needed for both the release of  MCCs from the APC/C and turnover 

of  CDC20, but does not contribute to APC/C enzymatic activity55. It is formally possible that 

PLK1 affects mitotic exit and Cyclin B degradation by promoting APC/C enzymatic activity and 

indeed the APC/C is phosphorylated by PLK1 in mitosis56. However, APC/C-dependent Cyclin A 

degradation does not require PLK1 activity366,365, and normal speed of  mitotic exit in cells that lack 

both MPS1 and PLK1 activity strongly indicates that PLK1 activity is not needed for basal APC/C 

activity. We therefore favour the hypothesis that the reduced rate of  Cyclin B degradation and 

delayed mitotic exit after PLK1 inhibition in BUBR1- or MAD2-depleted cells is due to inefficient 

release of  checkpoint-mediated APC/C inhibition. PLK1 might regulate this process by disrupting 

the interaction between BUBR1 and BUB3 via phosphorylation of  the GLEBS motif  in BUBR1. 

However, this phosphorylation cannot fully account for the role of  PLK1 in mitotic checkpoint 

silencing, as mutation of  S411 to alanine does not delay mitotic exit. It would be interesting to 

address how phosphorylation of  BUBR1 can regulate checkpoint strength. PLK1 activity might 

prevent formation of  new BUBR1-BUB3 heterodimers or disturb existing complexes; extensive 

analysis of  the effect of  PLK1 phosphorylation on purified proteins is needed to address this 

issue. Furthermore, understanding the effect of  GLEBS motif  phosphorylation requires better 

insight into the role of  BUB3 in mitosis and the mitotic checkpoint. BUB3 is found in APC/C-

bound MCC367,79 and both murine Bub3-/- E3.5 embryos as well as BUB3-depleted HeLa cells 

fail to arrest in response to nocodazole104,106. BUB3 thus promotes mitotic checkpoint activity in 

mammalian cells. Interestingly, however, deletion of  fission yeast Bub3p does not affect mitotic 

checkpoint activity in these cells107,108, but instead impairs checkpoint silencing after recovery 

from microtubule de-polymerisation107. If  in addition to promoting checkpoint signalling, BUB3 

similarly contributes to checkpoint silencing in mammalian cells, our identified GLEBS-motif  

phosphorylation might release BUB3 from BUBR1 to participate in activation of  the APC/C. 

Interestingly, unlike depletion of  MAD2 and BUBR1, no decreased mitotic timing is observed in 

BUB3-depleted cells, suggesting that BUB3 is dispensable for prophase formation of  the MCC106. 

This might explain the decreased, but not abolished, mitotic checkpoint activity, and normal 

MAD2 and CDC20 interaction (this chapter) and normal mitotic timing102 in cells expressing the 

BUBR1-DGLEBS mutant. Together these data suggest that BUB3 is needed to achieve full mitotic 

checkpoint activity of  BUBR1, likely by facilitating BUBR1 kinetochore enrichment. Artificial 

localisation of  BUBR1 to kinetochores in the absence of  BUB3 will be an interesting approach to 

test this model. 

Here we present a novel phosphorylation on BUBR1 that regulates the interaction with BUB3 and 

strength of  the mitotic checkpoint. We furthermore show that PLK1 activity is needed for timely 

mitotic exit, which might, at least in part, be regulated by BUBR1-GLEBS motif  phosphorylation. 

Together, these data shed new light on the activation and inactivation of  mitotic checkpoint 

signalling by BUBR1.  
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Experimental procedures

Cell culture, plasmids and transfections
HeLa and U2OS cells were grown in DMEM supplemented with 8% fetal bovine serum and penicillin/

streptomycin (50μg/mL). pSuper-Mock116, pSuper-BUBR1177, pLAP-BUBR1324 and LAP-Mock324 

were previously described. LAP-BUBR1 mutants were generated by site-directed mutagenesis.

Cells were co-transfected with a marker plasmid along with pSuper-BUBR1 or pSuper-Mock and 

shRNA-insensitive LAP- BUBR1-WT or mutants in a 1:8:5 ratio BUBR1, using Fugene (HeLa) or 

CaPO4 (U2OS). The ratio was based on the functional rescue by wild-type in relation to the shRNA. 

Marker plasmids were pSpectrin-GFP for flow cytometry and pH2B-EYFP for live cell imaging and 

immunofluorescence. Thymidine (2.5mM, Sigma), Nocodazole (250ng/ml, Sigma), MG132 (5mM, 

Sigma), BI2536 (100nM, Boehringer Ingelheim Pharma). 

siRNAs used in this study were as follows: siMock (Luciferase GL2 duplex; 

Dharmacon/D-001100-01-20), siBUBR1 (5’-AAAGAUCCUGGCUAACUGUUC-3’, custom 

Ambion), siMAD2 (5’-UACGGACUCACCUUGCUUG-3’, custom Dharmacon) siPLK1 

(5’-GCUCUGUGAUAACAGCGUG-3’, custom Ambion). All siRNAs were transfected using Hiperfect 

(Qiagen) at 20 nM according to the manufacturer’s instructions.

Immunoprecipitation 
U2OS or 293T cells transfected with LAP-BUBR1, were released from a 24-hour thymidine-induced 

block into nocodazole for 16 hours. Mitotic cells were harvested and lysed in lysis buffer (50mM 

HEPES pH7.5, 150mM NaCl, 5mM EDTA, 0.5% NP-40, 1mM Na3VO4, 1mM b-glycerophosphate, 

1mM NaF and Complete protease inhibitor (Roche)). LAP-BUBR1 was bound to S-agarose 

(Novagen) for 2 hours, washed four times in lysis buffer and after removal of  all buffer sample 

buffer was added and boiled for 5 minutes. Samples were separated by SDS-page.  

Mass Spectrometry 
LAP-tagged BUBR1 was purified from mitotic U2OS cells as described above. Subsequently, 

S-agarose bound proteins were reduced in 10mM DTT and alkylated in 50mM iodoacetamide, 

followed by digestion using sequencing-grade trypsin (Roche Diagnostics, Ingelheim, Germany) 

overnight at a protein/protease ratio of  50:1. The peptide mixture was analysed by liquid-

chromatography-mass spectrometry/mass spectrometry (LC-MS/MS) using a linear ion trap- 

Fourier transform ion cyclotron resonance (LTQ-FT-ICR) mass spectrometer (Thermo Electron, 

Bremen, Germany). The data was analysed and processed with Scaffold2 software (Proteome 

Software Inc.). 

Antibodies 
α-Tubulin (Sigma, Cat# T5168, 1:10000), GFP (custom rabbit polyclonal, 1:10000), MAD2 

(custom rabbit polyclonal, 1:2000), CDC20 (Santa Cruz, Cat# sc-13162, 1:1000), BUB3 (BD 

Trans Lab, Cat# 611731, 1:2000).
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Cyclin B HeLa cells 
A single allele of  Cyclin B was tagged by recombination of  the endogenous locus, thereby 

integrating the EYFP sequence directly before the stop codon and 3’UTR in exon 9. Homology 

arms were designed directly surrounding the targeting site (Figure 5A) and the complete cassette 

was synthesised, validated (Genscript) and transferred to pAAV. The preparation of  infectious AAV 

particles and transduction of  cells has been described previously368. EYFP-positive cells were 

enriched for by FACS sorting. 

Flow cytometry and immuno-blotting 
U2OS cells were released from a 24-hour thymidine-induced block into nocodazole for 16 hours, 

all cells were harvested and fixed in 70% ice-cold ethanol for 24 hours. Fixed cells were immuno-

stained with anti- MPM2 (Upstate Biotechnology) and Cy5-conjugated anti-mouse, both for one 

hour at room temperature in PBS/0.1% Triton X-100/2%BSA, DNA was stained by a propidium 

iodide/RNAseA treatment. The fraction of  mitotic cells was determined by

flow cytometric analysis of  transfected cells, based on Spectrin-GFP expression on a BD 

FACScalibur benchtop flowcytometer with a four-color fluorescence capability in a 2 laser system 

set-up and analysed using CellQuest Pro software. Immuno-blotting was done using standard 

protocols; the signal was detected by using enhanced chemi-luminescence.

Live cell imaging 
For live cell imaging, HeLa cells were plated and transfected 8-well chambered glass-bottomed 

slides (LabTek II) and imaged in a heated chamber (37°C and 5% CO2) using 20×/0.5-NA (Figure 

2C and 4) or 40x/1.3-NA (Figure 5) UPLFLN objective on an Olympus IX-81 microscope, controlled 

by Cell-M software (Olympus). 16-bit H2B-eYFP fluorescent (5ms exposure at 57% intensity, 2x2 

binning) images were acquired every 5 (Figure 2C) or 2.5 minutes (Figure 4) or (20ms exposure at 

57% intensity, 4x4 binning) every 2.5 minutes (Figure 5) using a Hamamatsu Photonics ORCA-ER 

camera. Images were processed for analysis to intensity projections of  all Z-planes using Cell-M 

software maximum. For quantification of  Cyclin B-YFP fluorescence, ImageJ was used to calculate 

the total integrated fluorescence intensity of  individual cells at each time point (after background 

subtraction of  all images using a rolling ball radius of  100 pixels). The signal was normalised to 

the intensity at NEB, t=0, per cell. 

Immunofluorescence 
HeLa cells, plated and transfected on 12-mm coverslips, were treated as described in Figure 

legends, for kinetochore-staining cells were pre-extracted with PEM/TX (100mM PIPES (pH 6.8), 

1mM MgCl2, 5mM EGTA, 0.2% Triton X-100) for 1 minute before a 5 minute fixation in 3.7% 

formaldehyde in PEM/TX. For Tubulin staining cells were fixed while permeabilizing for 15 min 

in 3.7% Shandon Zinc Formal-Fixx (Thermo Scientific) in PEM/TX. Coverslips were blocked with 

3% bovine serum albumin (BSA) in PBS for 1 hour, incubated with primary antibody for 16 hours 

at 4°C, washed with PBS/0.1% Triton X-100, and incubated with secondary antibodies for an 

additional 1 hour at room temperature. Coverslips were washed and submerged in PBS containing 

4,6-diamidino-2-phenylindole (DAPI) and mounted using ProLong Gold antifade (Molecular 

Probes). Image acquisition was done using a DeltaVision RT system (Applied Precision) with a 

100×/1.40-numerical aperture (NA) UPlanSApo objective (Olympus) for acquiring images and 

Photoshop software (Adobe) for processing.
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Abstract

Maintenance of chromosomal stability depends on error-free segregation of chromosomes. 

BUBR1 is essential for this, as it is a core component of the mitotic checkpoint294 and is required 

for the formation of stable kinetochore-microtubule attachments43,166. The mechanism by which 

BUBR1 regulates stability of attachments is unknown, but it is controlled by PLK1 activity 

and involves Aurora B-mediated error-correction132,166,168. We have identified a conserved and 

highly phosphorylated domain (KARD) in BUBR1 that is crucial for formation of kinetochore-

microtubule attachments. Deletion of this domain or prevention of its phosphorylation abolishes 

formation of kinetochore microtubules, which can be reverted by inhibiting Aurora B activity. 

Tension-sensitive phosphorylation of KARD by PLK1 promotes direct interaction of BUBR1 with 

the PP2A-B56a phosphatase that counters excessive Aurora B activity at kinetochores52. As a 

result, removal of BUBR1 from mitotic cells or inhibition of PLK1 reduces PP2A-B56 kinetochore 

binding and elevates phosphorylation of Aurora B substrates on the outer-kinetochore. We 

propose that PLK1 and BUBR1 cooperate to stabilise kinetochore-microtubule interactions by 

regulating PP2A-B56-mediated de-phosphorylation of Aurora B substrates at the kinetochore-

microtubule interface.
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Results & Discussion

Formation and subsequent stabilisation of  kinetochore-microtubules interactions requires a 

balance of  counteracting kinase and phosphatase activities. The principal kinase that destabilises 

erroneous interactions is Aurora B. Phosphorylation of  the microtubule-binding KNL1/MIS12/

NDC80 complex (KMN) network21-23 by Aurora B weakens the affinity of  the network for 

microtubules22,47, thus allowing error-correction to occur. Chromosome bi-orientation spatially 

removes KMN network substrates from inner-centromere-localised Aurora B50, while initiating 

de-phosphorylation of  these substrates by promoting kinetochore binding of  PP1g51. Prior to 

bi-orientation, however, initial kinetochore-microtubule interactions need to be protected from 

premature destabilisation by Aurora B, and a recent study showed that this is ensured by the 

binding of  the PP2A-B56 phosphatase to pro-metaphase kinetochores52. Formation of  stable 

interactions between kinetochores and microtubules further depends on PLK1364,365 and the mitotic 

checkpoint protein BUBR1166 that impinge on the Aurora B network via unknown mechanisms. To 

better understand how these kinases and phosphatases cooperate to ensure faithful chromosome 

segregation, we sought to clarify the role of  BUBR1 in this process. 

We and others have previously shown that the amino-terminal 483 amino acids of  human BUBR1, 

encompassing the TPR domain, two KEN boxes, and the BUB3-binding GLEBS motif, is capable of  

sustaining a mitotic checkpoint but cannot support kinetochore attachments103,324. Chromosome 

alignment was restored in BUBR1-depleted cells by expression of  a truncated protein that lacks 

only the carboxy-terminal kinase domain (731X), which implies that the attachment function of  

BUBR1 resides in the sequence between 483 and 731 (ref.324 and Figure 1B). To further pinpoint 

the region within BUBR1 that supports attachments, a panel of  truncation mutants was analysed 

for their ability to restore BUBR1 function in an shRNA-based reconstitution system324 (Figure 1A, 

B). Chromosome alignment was assessed in BUBR1-depleted cells expressing various shRNA-
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Figure 1 Kinase-proximal sequences in BUBR1 are required for chromosome alignment. 
(A) Schematic representation of  domain architecture of  BUBR1. The contribution of  the sequences for BUBR1 function is indicated 
below, numbers indicate amino acid position. (B) Chromosome alignment in HeLa cells transfected with indicated shRNAs in 
combination with RNAi-insensitive LAP-tagged BUBR1, treated with MG132 for 60 min, and immunostained for tubulin and 
centromeres (ACA). Representative images (scale bar, 5μm) are shown and graph represents the relative fraction of  cells with 
full chromosome alignment (average of  four experiments, ± SEM). (C) GFP and tubulin immunoblots of  lysates of  U2OS cells 
transfected with wild-type or mutant LAP-BUBR1.
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resistant mutants and treated with the proteasome inhibitor MG132 to prevent mitotic exit. 

BUBR1-715X and -731X, but not -580X and -665X, supported efficient chromosome alignment and 

could thus fully replace endogenous BUBR1 (Figure 1B). Thus, BUBR1 sequences proximal to the 

kinase domain (amino acid 665-715) harbour a functional region that is essential for chromosome 

alignment (Figure 1B). Within this region, 665-682 displayed high sequence conservation in animal 

BUBR1 homologues (Figure 2A). Removal of  this region, hereafter referred to as the Kinetochore 

Attachment Regulatory Domain (KARD), abolished chromosome alignment (Figure 2B, DKARD). 
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Figure 2 KARD, a conserved and highly-phosphorylated 
domain in BUBR1, is essential for kinetochore-
microtubule attachment. 
(A) Schematic representation of  domain architecture 
of  BUBR1 and sequence alignment of  the Kinetochore 
Attachment and Regulatory Domain (KARD). Conserved 
(grey) and phosphorylated (blue) residues are 
indicated, numbers indicate the position based on 
the sequence of  human BUBR1. Human, H.sapiens; 
Mouse, M.musculus; Frog, X.tropicalis; Chicken, 
G.gallus; Lizard; A.carolinensis; Tunicate, C.intestinalis; 
Fruitfly, D.melanogaster; Honey bee, A.mellifera  (B) 
Chromosome alignment in HeLa cells transfected with 
indicated shRNAs in combination with RNAi-insensitive 
LAP-tagged BUBR1 and treated with MG132 for 90 
minutes. Graph represents the relative fraction of  cells 
with full chromosome alignment (±SEM). (C) Cold-
stable microtubules in HeLa cells transfected as in 
‘b’, treated with MG132 for 60 minutes and immuno-
stained for tubulin and centromeres (ACA). (D) BUBR1 
localisation in HeLa cells transfected as in ‘b’ and 
treated with nocodazole and MG132 for 30 minutes and 
immuno-stained for GFP and centromeres (ACA). Scale 
bars, 5 mm. 
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Interestingly, the KARD contains four serine/threonine residues, three of  which are relatively well 

conserved (S670, S676 and T680; Figure 2A). Of  these, S670 and S676 have been reported to 

be phosphorylated in mitosis, either in response to lack of  attachment (pS670: 100,167) or lack of  

tension (pS676: 132). Although no function could be assigned to S676 phosphorylation132, inhibiting 

function of  pS670 caused slightly less efficient chromosome bi-orientation167. To examine 

potential importance of  the three conserved residues, chromosome alignment was examined in 

BUBR1-depleted cells expressing BUBR1 protein that carried alanine substitutions at positions 

670, 676 and 680. Cells expressing either of  the single substitution mutants exhibited a relatively 

minor defect in chromosome alignment after 90 minutes of  MG132 treatment (Figure 2B). In 

contrast, substituting all three residues together (BUBR1-3A) abolished chromosome alignment 

to the same extent as BUBR1 depletion (Figure 2B). Analysis of  cold-stable microtubules verified 

that this was due to unstable kinetochore-microtubule attachments (Figure 2C), as shown before 

for BUBR1 depletion166. All proteins concentrated at unattached kinetochores like wild-type (Figure 

2D), showing that the defects were not caused by lack of  localisation to unattached kinetochores. 

Importantly, replacement of  S670, S676 and T680 by phospho-mimetic aspartic acid residues 

(BUBR1-3D) fully restored chromosome alignment and formation of  stable kinetochore 

attachments in BUBR1-depleted cells  (Figure 2B, C), strongly supporting the hypothesis that the 

attachment defects observed with expression of  BUBR1-3A were due to lack of  phosphorylation 

of  these residues. Mutational analysis of  the three residues showed that the most severe effect 

on chromosome alignment was caused by substitution of  T680 (Figure 2B). Several previous 

studies on phosphorylation of  BUBR1 and on the mitotic phospho-proteome had not reported 

this residue as a phospho-site in vivo100,132,167,369. In agreement with this, we could not identify 

the phosphorylated tryptic peptide (predicted sequence: EATHSSGFSGSSASVASTSSIK) by mass-

spectrometry. This was likely caused by extensive phosphorylation of  the additional 10 serines 

and threonines within this sequence (Figure S1A), as evidenced by our observation that the strong 

mobility shift, characteristic of  phosphorylated, mitotic BUBR1, was absent when this region 

was deleted (Figure S1B). Note that the phosphorylations within this region did not contribute 

significantly to kinetochore-microtubule interactions (Figure S1C).  

To determine whether T680 was phosphorylated in vivo, we generated a phospho-specific antibody 

to detect pT680 in cells. pT680-positive kinetochores were evident in pro-metaphase cells, as 

well as in nocodazole treated cells (Figure 3A, B). The antibody specifically detected pT680-

BUBR1, as it could neither detect kinetochores in BUBR1-depleted cells (see siBUBR1 images 

and quantification in Figure 3D, F-G), nor recognise immuno-precipitated BUBR1-3A (Figure 

3E). Multiple lines of  evidence suggested that T680 phosphorylation was dependent on tension 

between sister chromatids. First, antibody staining of  kinetochores was absent in metaphase cells 

(Figure 3A). Second, all kinetochores in taxol- or STLC-treated cells, in which most kinetochores 

are attached but tension between sisters is low370,371, were recognised by the pT680 antibody 

(Figure 3B). Third, immuno-purified BUBR1 was found phosphorylated on T680 in cells lacking 

either attachments (nocodazole) or tension (taxol and STLC) (Figure 3C). 

Phosphorylation of  T680 behaved similar to that of  S676-BUBR1, which is phosphorylated 

by PLK1 on tension-less kinetochores132. As T680 lies in a sequence that resembles the PLK1 

consensus motif  D/E-x-S/T-F-x-D/E (E-A-T-H-S-S, where one or both of  the serine residues may be 

phosphorylated, as discussed above)362, we next addressed whether this site is phosphorylated by 

PLK1. Inhibition of  PLK1 in cells by the small molecule inhibitor BI2536363 greatly reduced staining 
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Figure 3 Tension-sensitive phosphorylation of pT680-BUBR1 by PLK1. 
(A, B) pT680 localisation in unperturbed HeLa cells (A) or in HeLa cells treated with the indicated compounds for 30 minutes (B) 
and immuno-stained for pT680-BUBR1 and centromeres (ACA). (C) pT680 and BUBR1 immunoblot of  immuno-purified BUBR1 
from mitotic HeLa cells treated as indicated for 1 hour. (E) pT680 and BUBR1 immunoblot of  immunopurified BUBR1 (wild-type 
and indicated mutants),  purified from mitotic HeLa cells treated as indicated for 1 hour. (D, F-G) pT680 immunlocalisation in 
HeLa cells transfected with indicated siRNAs, treated as indicated combined with nocodazole and MG132 for 30 minutes, and 
immuno-stained for BUBR1, pT680 and centromeres (ACA). Representative images are shown in ‘D’. Graphs (F, G) represent total 
kinetochore intensity of  pT680 (F) and BUBR1 (G) relative to centromeres (ACA), ±SD, Scale bars, 5 μm.
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of  pT680 on unattached kinetochore as well as on immuno-precipitated BUBR1 (Figure 3D-G). 

Together, these data show that T680 is a functionally relevant, PLK1-dependent phosphorylation 

on BUBR1. Furthermore, T680 is part of  a cluster of  three attachment and tension-sensitive 

phosphorylation sites that together are responsible for the formation of  kinetochore-microtubule 

attachments100,132,167. 

We next asked how the KARD and phospho-sites therein might promote microtubule attachments. 

A yeast-2-hybrid screen with the carboxy-terminal 510 amino acids of  BUBR1 (aa 540-1050) was 

performed on a cDNA library of  human breast tumour epithelial cells. High or medium confidence 

interactors included Anillin, UBR4, CAMGAP1, AKR1B1, and many clones of  various isoforms 

of  the B56 regulatory subunit of  the phosphatase PP2A, most notably B56a and B56g (Figure 

4A). B56d and B56e isoforms were also identified, albeit with lower confidence scores (Figure 

4A). The PP2A holoenzyme is a trimeric complex consisting of  a core of  the catalytic C and 

scaffold A subunits, together with a variable regulatory B subunit that determines specificity372. 

PP2A-B56 was recently reported as a kinetochore-bound, tension-sensitive phosphatase that 

is required for formation of  stable kinetochore-microtubule interactions by balancing Aurora B 

activity in prometaphase52. The interaction between BUBR1 and PP2A-B56a was confirmed by 

co-precipitation of  HA-PP2A-B56a with LAP-BUBR1 from mitotic cell lysates (Figure 4B). Binding 

of  B56a to BUBR1 was dependent on the KARD domain, as no interaction was observed with 

BUBR1-DKARD (Figure 4B). BUBR1-WT and -3A precipitated equal levels of  PP2A-B56a and this 

was not reduced by inhibition of  PLK1 activity for one hour (Figure 4B). We suspect that BUBR1-

3A has residual but detectable affinity for PP2A-B56 (in agreement with Y2H interaction) and 

that the overexpressed WT protein is largely un-phosphorylated in the KARD. To better determine 

whether phosphorylation of  S670, S676 and T680 contributed to B56a interaction, we analysed 

B56a binding to the BUBR1-3D mutant that was proficient in supporting BUBR1 function. As seen 

in Figure 4B, BUBR1-3D potently bound B56a, indicating that phosphorylation of  the three amino 

acid cluster in the KARD increased the efficiency of  the BUBR1-B56a interaction. 

Removal of  PP2A-B56 from cells results in a chromosome attachment phenotype similar to that 

of  BUBR1 depletion52. We therefore asked whether the PP2A-B56a function in chromosome 

attachment depends on BUBR1. Indeed, localisation of  the phosphatase to centromeres of  

unattached chromosomes was reduced in cells depleted of  BUBR1 as well as in cells treated with 

the PLK1-inhibitor BI2536 (Figure 4C, D). Residual PP2A-B56a at centromeres/kinetochores may 

be due to incomplete depletion of  BUBR1 or, alternatively, to a BUBR1-independent pool of  PP2A-

B56a such as one that is associated with SGO1 and that protects sister-centromere cohesion373-375. 

Importantly, reduced PP2A on kinetochores of  BUBR1-depleted cells correlated with increased 

phosphorylation of  S109 on DSN1, an Aurora B-dependent modification that negatively impacts 

affinity of  the KMN network for microtubules47 (Figure 4E, F). To examine whether the BUBR1-

PP2A interaction regulated stability of  kinetochore-microtubule interactions by balancing Aurora 

B activity at kinetochores, cells expressing various BUBR1 mutants were treated with the Aurora 

B inhibitor ZM44743943. Inspection of  the interactions between kinetochores and cold-stable 

microtubules revealed that the majority of  kinetochores in cells expressing BUBR1-DKARD and 

BUBR1-3A and treated with DMSO and MG132 for two hours were unstable or unattached (Figure 

4G). Strikingly, addition of  ZM447439 during the final hour of  treatment caused formation of  

stable attachments in both BUBR1-DKARD and BUBR1-3A-expressing cells. Thus, Aurora B activity 

was the principal cause of  the weak kinetochore-microtubule interactions in these cells. 
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The data presented here show that multi-site phosphorylation of  BUBR1 in the KARD regulates 

the balance of  Aurora B activity at kinetochores by recruitment of  PP2A-B56a (Figure 5). Two 

functionally important sites within the KARD are phosphorylated by PLK1, a kinase known to 

contribute to kinetochore attachments. BUBR1 thus couples signalling by PLK1 with regulation of  

outer-kinetochore phosphorylation by Aurora B. A recent structure of  the PP2A AB’C holoenzyme 

in complex with parts of  the SGO1 homo-dimer revealed how SGO1 directly interacts with the B 

and C subunits of  PP2A376. Critical residues in the interaction between B56 and SGO1 are L83, 

K87 and Y90 that somewhat resemble the IEDSREATH sequence in the KARD of  BUBR1. Although 

it is unclear how phosphorylation of  the three residues in KARD may contribute to the interaction, 

it will of  interest to investigate whether KARD represents a similar PP2A interaction site as the 

one found in SGO1. 

Chromosome bi-orientation is a complex process, which likely requires multiple layers of  

feedback control to fine-tune the balance between stabilisation and destabilisation of  kinetochore-

microtubule attachments, in order to allow efficient and error-free segregation of  chromosomes. 

The data presented here place BUBR1 as an integrator of  such balancing signals, and imply 

extensive feedbacks in the PLK1-BUBR1-PP2A-Aurora B module. While BUBR1 depends on Aurora 

B activity for its localisation to unattached kinetochores43, it may in turn indirectly contribute to 

removal of  these phospho-residues. Moreover, localised activity of  PLK1, the kinase responsible 

for phosphorylation of  the KARD domain, is kept in balance by PP2A-B56 that regulates PLK1 

kinetochore binding52. Although paradoxical at first glance, these feedback likely fine-tune relative 

levels of  kinase-phosphatase activities at kinetochores and may be interrupted by deformations of  

the centromere and kinetochore, such as those imposed by bi-oriented attachments377,378. Moreover, 

BUBR1 recruitment to kinetochores depends on lack of  tension between sister-chromatids379. 

Removal of  BUBR1, and thereby PP2A-B56, upon establishment of  stable microtubule-kinetochore 

attachments will allow a switch to the metaphase Aurora B- counteracting phosphatase PP1g51. 

Thorough examinations of  these and other feedback will be crucial to our understanding of  how 

chromosomes establish, correct, and maintain stable interactions between kinetochores and 

spindle microtubules. 

Figure 4 Direct interaction between KARD domain of BUBR1 and PP2A-B56a promotes formation of kinetochore attachments 
(A) Table summarising interactions with BUBR1 identified by yeast two-hybrid. Regulatory PP2A-B56 subunits are shown in grey. 
(B) BUBR1 (GFP) and PP2A-B56a (HA) immunoblots of  cell lysates (lower) or immunopurified BUBR1 (wild-type and indicated 
mutants) (upper) of  mitotic 293T cells co-expressing HA-PP2A-B56a and LAP-BUBR1 and treated as indicated. (C-F) PP2A-B56a, 
pS109-DSN1 and BUBR1 immunolocalisation in HeLa cells transfected with indicated siRNAs, treated nocodazole, MG132 and 
DMSO or BI2536 for 30 min, and immuno-stained for PP2A-B56a (C) or pDSN1 (F), along with BUBR1 and centromeres (ACA). 
Representative images are shown and graphs represent total kinetochore intensity of  PP2A-B56a (D) or pDSN1 (E) relative to 
centromeres (ACA), ±SD. (G) Cold-stable microtubules in HeLa cells transfected and treated as indicated, and immunostained for 
tubulin and centromeres (ACA). Scale bars, 5 mm
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Figure 5 Integration of kinase and phosphatase activities by BUBR1 ensures formation of stable kinetochore-microtubule 
attachments. 
Model depicting the regulation of  chromosome attachments by cooperation of  PLK1 and BUBR1. Phosphorylation of  BUBR1 by 
PLK1 at kinetochores regulates PP2A-B56-mediated de-phosphorylation of  Aurora B substrates.
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Experimental procedures

Cell culture, plasmids and transfections 
HeLa and U2OS cells were grown in DMEM supplemented with 8% fetal bovine serum and 

penicillin/streptomycin (50μg/mL). pSuper-Mock116, pSuper-BUBR1177, pLAP-BUBR1324, LAP-

Mock324 and HA-PP2A-B56a (addgene plasmid 14532) were previously described. LAP-BUBR1 

mutants were obtained by site-directed mutagenesis. 

Cells were co-transfected with a marker plasmid along with pSuper-BUBR1 or pSuper-Mock and 

shRNA-insensitive LAP- BUBR1-WT or mutants in a 1:8:5 ratio (BUBR1), using Fugene (HeLa) or 

CaPO4 (U2OS). The ratio was based on the functional rescue by wild-type in relation to the shRNA. 

Marker plasmids were pH2B-eYFP for immunofluorescence.

siRNAs used in this study were as follows: siMock (Luciferase GL2 duplex; 

Dharmacon/D-001100-01-20), siBUBR1 (5’-AAAGAUCCUGGCUAACUGUUC-3’, custom Ambion). 

All siRNAs were transfected using Hiperfect (Qiagen) at 20 nM according to the manufacturer’s 

instructions.

Thymidine (2.5mM, Sigma), Nocodazole (250ng/ml, Sigma), MG132 (5mM, Sigma), ZM447439 

(2mM, Tocris Bioscience), BI2536 (100nM, Boehringer Ingelheim Pharma). 

Immunofluorescence 
HeLa cells, plated and transfected on 12-mm coverslips, were treated as described in Figure 

legends, for kinetochore-staining cells were pre-extracted with PEM/TX (100mM PIPES (pH 

6.8), 1mM MgCl2, 5mM EGTA, 0.2% Triton X-100) for 1 minute before a 5-minute fixation in 

3.7% formaldehyde in PEM/TX. For Tubulin staining cells were fixed while permeabilizing for 15 

min in 3.7% Shandon Zinc Formal-Fixx (Thermo Scientific) in PEM/TX, with a 15-minute cold 

treatment prior to fixation for analysis of  cold-stable microtubules. Coverslips were blocked with 

3% bovine serum albumin (BSA) in PBS for 1 hour, incubated with primary antibody for 16 hours 

at 4°C, washed with PBS/0.1% Triton X-100, and incubated with secondary antibodies for an 

additional 1 hour at room temperature. Coverslips were washed and submerged in PBS containing 

4,6-diamidino-2-phenylindole (DAPI) and mounted using ProLong Gold antifade (Molecular 

Probes). Image acquisition and quantification were done as described127, using a DeltaVision 

RT system (Applied Precision) with a 100×/1.40-numerical aperture (NA) UPlanSApo objective 

(Olympus) for acquiring images, ImageJ software for quantification and Photoshop CS5 (Adobe) 

for image processing. 
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Immuno -precipitation and -blotting 
293T cells transfected with LAP-BUBR1 and HA-PP2A-B56a, were treated with nocodazole for 

18 hours (Figure 4B), or HeLa cells transfected with LAP-BUBR1 were released from a 24-hour 

thymidine-induced block into the indicated spindle poison followed for 16 hours (Figure 3C and 

S1B), followed by BI2536 treatment for one hour (Figure 3E). Cells were lysed in lysis buffer (50mM 

HEPES pH7.5, 150mM NaCl, 5mM EDTA, 0.5% NP-40, 1mM Na3VO4, 1mM b-glycerophosphate, 

1mM NaF and Complete protease inhibitor (Roche)). LAP-BUBR1 was bound to S-protein-agarose 

(Novagen) for 2 hours, washed four times in lysis buffer and after removal of  all buffer sample 

buffer was added and boiled for 5 minutes. Samples were separated by SDS-page.  

Immuno-blotting was done using standard protocols; the signal was visualised and analysed on an 

Odyssey scanner (LI-COR Biosciences) using fluorescently labelled secondary antibodies (Figure 

1C, 3C and 3C) or was detected by using enhanced chemiluminescence (Figure 3C, 3E and 4B). 

Yeast two-hybrid 
ULTImate Y2H screen (performed by Hybrigenics), the bait, human BUBR1 fragment amino acid 

540-1050 (with kinase dead mutation, K795A), was tested on a Human Breast Tumour Epithelial 

Cells RP1 cDNA prey library.

Antibodies 
The pT680-BUBR1 antibody was raised in rabbits using the peptide REA-pT-HSSGFSGSSAKKC 

coupled to KLH as antigen and affinity purified using the described peptide (Covance). The antibody 

(1:1000) was used in the presence of  non-phosphorylated peptide (1ng/ml) for all experiments. 

a-Tubulin (Sigma, Cat# T5168, 1:10000), GFP (custom rabbit polyclonal, 1:10000), BUBR1 

(Bethyl, Cat# A300-386A, 1:1000), BUBR1 (Custom sheep polyclonal, 1:10.000), pDSN1 pS109 

(gift from I. Cheeseman47, 1:1000), PP2A-B56a (BD Trans lab, Cat# 610615, 1:500), HA-probe 

Y-11 (Santa Cruz, Cat# sc-805, 1:5000)
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(A) Schematic representation of  domain architecture of  BUBR1 and sequence of  the extended Kinetochore Attachment and 
Regulatory Domain (KARD). (B) Immuno-blot showing wild-type and mutant LAP-BUBR1 purified from S-phase (thymidine) and 
mitotic (Nocodazole) HeLa cells. (C) HeLa cells transfected with indicated shRNAs in combination with RNAi-insensitive LAP-tagged 
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Summary

The need for BUBR1 for mitotic checkpoint signalling and formation of  stable kinetochore-

microtubule attachments is well established. Although some mechanistic insights into BUBR1 

function in the mitotic checkpoint started to unravel at the onset of  the studies described in this 

thesis, most was unknown and its role in chromosome-attachments was completely undefined. 

In addition, a molecular explanation for the causative role of  bi-allelic mutations in BUBR1 to 

development of  the inherited disease MVA was lacking. We found that such mutations result 

in chromosome missegregation, mainly by reduction of  BUBR1 protein abundance (Chapter 3). 

One allele is, in all cases, affected by a substitution mutation, of  which a hotspot is found in the 

C-terminal kinase domain of  BUBR1. We have shown that these substitution mutations destabilize 

the full-length protein and thereby cause mitotic defects (Chapter 3). This led to the finding 

that BUBR1 kinase activity is dispensable for proper mitosis, but that integrity of  the domain 

is essential to prevent degradation of  the complete protein. These insights were, in addition, 

inspired on the finding that BUBR1/Mad3 and BUB1 were formed by gene duplication followed 

by subfunctionalisation, which allowed evolution of  vertebrate BUBR1 towards a pseudokinase 

(Chapter 4). Together these data shed new light on the catalysis-independent role of  vertebrate 

BUBR1 in the mitotic checkpoint and formation of  kinetochore-microtubule attachments and 

showed that the kinase domain has a structural instead of  catalytic purpose (Chapter 3 and 4). 

We furthermore showed that subfunctionalisation was not restricted to the kinase domain, but 

has also caused specialisation of  the BUBR1 TPR domain (Chapter 5). This domain was originally 

identified as a KNL1 interaction domain, but we showed that the domain is needed for the role 

of  BUBR1 in the mitotic checkpoint by contributing to the binding of  MAD2 and CDC20. This is 

in contrast to the highly similar BUB1 TPR domain that could not fulfil this function (Chapter 

5). We identified a novel phosphorylation of  BUBR1 that disrupts its interaction with BUB3. This 

phosphorylation is likely performed by PLK1, activity of  which we show is essential for timely 

mitotic exit, likely in part by regulation of  the BUBR1-BUB3 interaction (Chapter 6). Lastly, by 

identification of  a kinase-proximal conserved domain we found that BUBR1 regulates stabilisation 

of  kinetochore-microtubules via recruitment of  the phosphatase PP2A-B56 (Chapter 7). The 

interaction with PP2A-B56 is essential for the dampening of  attachment destabilisation by Aurora 

B and is dependent on phosphorylation of  BUBR1 by PLK1. Thus BUBR1 is, besides a component 

of  the mitotic checkpoint, also an essential hub in the integration of  kinase and phosphatase 

activities in the stabilisation of  kinetochore-microtubule attachments.  

KinaseTPR
PPPP
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P

Mitotic 
checkpoint

Chromosome 
bi-orientation

Protein Stability

MAD2 
CDC20

BUB3 PP2A-B56

Kinetochore
localisation

KNL1

Overview of the research described in this thesis
Schematic overview of  the domain structure of  BUBR1. Phosphorylations of  BUBR1 described in this thesis are shown. The 
function of  BUBR1 domains and the interaction with previously described and newly identified binding partners are indicated. 
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Discussion

The role of BUBR1 in the maintenance of chromosomal stability
Bi-allelic mutations in BUB1B, the gene encoding BUBR1, are linked to the rare inherited disease 

Mosaic Variegated Aneuploidy (MVA)199,380. We have shown, in Chapter 3 of  this thesis, that these 

mutations cause mitotic defects, mostly, but not solely by lowering BUBR1 protein abundance. 

Although defects in various mitotic pathways can induce aneuploidy (see Chapter 1 of  this thesis 

for an overview), germ-line mutations in components of  these pathways are rare. Recently, bi-

allelic loss-of-function mutations in CEP57 have been found in MVA patients that are free of  BUBR1 

mutations381. The four reported patients displayed typical MVA pathology, e.g. mosaic aneuploidies 

and severe growth retardation. However, none of  the patients had malignancies, which might be 

explained by the low number of  patients, who in addition have not yet reached adulthood381. 

Xenopus laevis CEP57 is needed for formation of  stable kinetochore-microtubule attachments in 

egg extracts382, but this has not been observed in human cells383. The protein does, however, 

show a strong microtubule bundling capacity383. Interestingly, the SKA-complex, which enables 

the interaction of  kinetochores with dynamic microtubules, has a similar bundling capability40. 

Perhaps CEP57 has a mitotic role after all and better depletions/inactivation of  CEP57 are needed 

to uncover this. The similar pathology of  the MVA patients suggests that defects in BUBR1 and 

CEP57 might cause a similar cellular phenotype. Interestingly, our preliminary data indicates 

that the amount of  CEP57 at unattached kinetochores is markedly increased in BUBR1-depleted 

cells (data not shown), showing that a molecular relation exists between these proteins. Further 

research is needed to shed light on the role of  CEP57 in human mitosis and how mutations in 

this gene result in aneuploidy. Two of  the pathologies observed in MVA patients are development 

of  Dandy–Walker complex and polycystic kidneys, both of  which are related to defects in the 

primary cilium. It was therefore postulated that MVA is a ciliopathy and that BUBR1 is essential 

for formation of  the primary cilium in G0384. An intriguing possibility is therefore that CEP57 and 

BUBR1 cooperate in the regulation of  the primary cilium. How exactly interplay between cilia 

defects and aneuploidy produces the complex MVA phenotypes is unknown but is an intriguing 

future line of  research. 

Interestingly, the kinase domain of  BUBR1 is a hotspot for substitution mutations that cause MVA. 

It has been suggested previously that such mutations might cause mitotic defects by decreasing 

BUBR1 catalytic activity199. In Chapter 3 we however show that the mutant protein causes mitotic 

defects because of  compromised stability of  the full-length protein, resulting in decreased protein 

abundance. In contrast, mutations outside of  the kinase domain do not affect protein abundance 

but might directly disturb BUBR1 function. The substitution mutation Y155C in the TPR domain 

for instance directly causes defects in mitotic checkpoint activity, likely by disturbance of  this 

domain (see the section on MADBUB duplication for more discussion on this).

Besides aneuploidy and increased chemically induced tumorigenesis385,386, BUBR1 insufficient 

mice display premature aging and cellular senescence385, which is dependent on p16ink4a (ref.387). 

Although a similar early-aging phenotype is seen in Bub3/Rae1 haploinsufficient mice388, it is 

unclear whether it is related to defects in mitosis, as it has not been observed in any of  the 

aneuploidy mouse models (for a recent overview see 182). Thus BUBR1 might participate in the 

prevention of  cellular senescence and early-aging independent of  protection from aneuploidy.  

Interestingly, some pathologies associated with MVA are also found in the progeroid syndromes, 

including craniofacial dysmorphisms and growth retardation. Perhaps therefore similar cellular 

defects cause both MVA in humans and premature ageing in mice.
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Besides germ-line mutations in BUB1B, somatic mutations in this gene have been found in tumour 

tissues and cell lines359,389,245, including colorectal cancer242,161 and breast cancer cell lines390. 

Some of  these mutations are located within the kinase domain and therefore likely reduce protein 

abundance, similar to MVA-linked germ-line mutations in this domain (Chapter 3). Whether non-

kinase domain mutations reduce protein abundance as well, directly affect BUBR1 function, or 

are bystander mutations is to be analysed. Interestingly, a non-mutational decrease of  mRNA 

transcripts, likely caused by promotor hypermethylation, is also observed in colon carcinomas360. 

In addition, BUBR1 expression is decreased in naturally aged tissues385. Together this indicates 

that reduced levels of  BUBR1 might contribute to tumorigenesis and aging. On the other hand, 

BUBR1 is found to be overexpressed in several cancers, including breast and gastric, and cell 

lines391-394. Although it is unclear whether these high levels contribute to the tumour phenotype 

or are a consequence of  increased proliferative activity of  the analysed tissues, it indicates that 

careful regulation of  BUBR1 abundance may be crucial for protection against aneuploidy and 

tumour formation. 

Is BUBR1 a true pseudokinase?
In Chapter 3 and 4 we have shown that vertebrate BUBR1 kinase activity is dispensable for normal 

mitotic progression. The domain likely cannot catalyse phospho-transfer, but instead residues that 

interact with ATP in canonical kinases are needed for preservation of  conformational stability. In 

support of  this, two vertebrate species, the green lizard and zebrafish, have acquired mutations 

in the catalytic loop and are therefore classified as bona fide pseudokinases. On the other hand, 

additional functions of  BUBR1, in some cases unrelated to chromosome segregation, have been 

postulated. A role for BUBR1 in the regulation DNA damage response270 has been described 

and the protein might regulate p53395,396. In addition, BUBR1-insufficient mice show premature 

aging385 (also see the section on chromosomal stability, above). It is therefore conceivable that 

BUBR1 kinase plays a role in these processes and that finding a substrate in these processes will 

allow detection of  kinase activity in in vitro activity assays. If  so, the pseudokinase mutations in 

lizard and zebrafish might have been compensated for during evolution. Thus, what evidence is 

required to settle whether BUBR1 is a true pseudokinase? A combination of  biochemical and in vivo 

approaches is likely the only way to answer this question. Generation of  a mouse model in which a 

mutation equivalent to D882N is introduced in the endogenous locus can show whether inactivation 

of  BUBR1 influences mammalian physiology in any way. This mutation, which prevents catalysis 

without affecting protein stability (see Chapter 4), is similar to the pseudokinase mutation in lizard 

BUBR1, but no evolutionary adaptation to this mutation is allowed by the artificial introduction, 

allowing direct assessment of  kinase contribution to BUBR1 function in an organism. A similar 

approach is currently ongoing in diploid human tissue culture cells. An inducible knockout cell 

line will be generated by homologous recombination, in which BUBR1-D882N will be expressed to 

levels comparable to endogenous. This cell line can be monitored for long-term effects on viability, 

ploidy and oncogenic transformation. In addition, solving an X-ray crystal structure of  the BUBR1 

kinase domain can provide essential insights into the architecture of  the domain and if  or how 

interactions with ATP are established. Such an approach has previously been extremely valuable 

for molecular understanding of  the pseudokinases VRK3149 and STRAD154. The homology model 

based on the structure of  BUB1, presented in Chapter 4, suggests that the space in the “active 

site” of  BUBR1 is large enough to fit ATP, but that the nucleotide is oriented in an awkward fashion 

that would not allow catalysis. These models are, however, predictions that might not represent 

the true configuration, and an experimentally derived structure is therefore essential. The kinase 
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suppressor of  RAS (KSR) that lacks K72
PKA and was thought to regulate MAPK signalling as a 

scaffold in a catalysis-independent fashion, has recently, by the aid of  a crystal structure, been 

shown to possess functionally relevant kinase activity towards MEK397,327. On the other hand, even 

a crystal structure has not fully settled the debate on whether ILK151,326,398 and HER3/ERBB3399-401 

are kinases or pseudokinases. In addition, detection of  low activity under certain conditions has 

not provided conclusive evidence that such activity exists in cells or has functional relevance402,403. 

Together with the observation that the kinase domain is a mutational hotspot in MVA patients, 

these studies demonstrate the importance of  the ongoing efforts to combine in vivo and in vitro 

experiments to address whether BUBR1 is a pseudokinase and why the domain is so sensitive to 

destabilisations by mutations.  

The above described approaches all address whether BUBR1 would be able to catalyse phospho-

transfer and whether this is essential, but theses methods will not provide information on whether 

the domain itself  is needed for any aspect of  animal physiology. The pseudokinase domain of  

STRAD, for instance, is needed to promote activation of  the kinase LKB1155, while that of  VRK3 

activates the phosphatase VHR404. In Chapter 3 and 4 we show that the kinase domain of  BUBR1 

is dispensable for chromosome segregation, but we cannot formally exclude that this domain is 

needed for potential other functions of  the protein, as mentioned above. The described functional 

pseudokinase domains of  STRAD and VRK3, including the catalytic motifs, are conserved across 

species149,150. This indicates that a strong selective pressure drives retainment of  the structure of  

these pseudokinase domains to preserve function. In contrast, the degenerated sequences in the 

BUBR1 domain are non-conserved (Chapter 4). This suggests that BUBR1 is allowed to randomly 

lose sequences in the kinase domain as long as the conformational stability of  the kinase domain, 

and thereby the full-length protein, is not affected. Interestingly, zebrafish contain two shorter 

BUBR1 proteins, one that resembles budding yeast Mad3 and is truncated after the GLEBS 

domain, while the other resembles the human BUBR1 but lacking sequences before the GLEBS 

domain. The latter is a bona fide pseudokinase, as D166
PKA is mutated to a glycine. The separation of  

KEN-box and kinase domain between two genes could be used to analyse the functionality of  the 

domain in vivo. For instance, depletion of  the BUBR1-like protein with morpholinos can address 

whether this protein is needed for attachment of  chromosomes to the mitotic spindle in zebrafish 

embryos, as it contains a region with high similarity to the KARD domain that is needed for this 

function in human cells (Chapter 7). Next, if  no such defects are apparent, a TILLING library can 

be screened for the presence of  zebrafish with loss-of-function mutations in this gene405. Analysis 

of  such mutants or generation of  mice with kinase-truncated BUBR1 protein can provide insight 

in the necessity of  the BUBR1 kinase domain in a vertebrate model organism. 

One vs. two: is MADBUB duplication beneficial?
We have shown in Chapter 4 that BUBR1/Mad3 and BUB1 arose on multiple independent 

occasions during eukaryotic evolution by gene duplication. The product of  the ancestral gene 

preceding these duplications, termed MADBUB, likely contained all domains present in the current 

BUBR1 and BUB1 proteins and was probably able to fulfil all of  their functions. Such ancestral-like 

genes can be found in species that did not undergo gene duplication, like Ciona intestinalis and 

Ashbya gossypii. If  one gene is sufficient to perform all functions, why were the duplicated pairs 

in all nine occasions retained? In 1970 Susumu Ohno postulated that during evolution a major 

role was played by gene duplications406, as these events allow innovation of  new proteins based 

on the blueprint of  existing genes, while retaining the original copy to prevent loss of  essential 

functions. An illustrating example is the growth factor receptor (EGFR) network that contains 
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four specialised genes formed by duplications. Each of  the four receptors has subsequently 

specialised for integration of  various inputs and additional increase in complexity of  the system 

was created by hetero-dimerization of  the proteins407. Moreover, current evidence shows that two 

rounds of  whole genome duplications have driven evolution of  vertebrates408. Such large-scale 

duplications, additionally, allow rewiring of  existing signalling networks and contribute to fixation 

of  specialisation of  newly evolved proteins409. The TOR pathway, which is needed for regulation of  

cell growth, is an example of  such a modified signalling network. Although the core TOR complexes 

originate from before the Last Eukaryotic Common Ancestor, signalling has been specialised by 

addition of  new proteins in part formed by gene duplications. 

The observed MADBUB duplications were in all instances followed by parallel subfunctionalisation 

towards a BUBR1/Mad3-like and BUB1-like gene. Although an artificial HsMADBUB could replace 

functions of  both BUBR1 and BUB1 (Chapter 4), one could hypothesise that the recurring 

subfunctionalisation pattern indicates that the separation of  kinase activity and KEN-box mediated 

checkpoint signalling is advantageous. The existence of  pre-duplication species provides the 

opportunity to test such hypothesis. A. gossypii, for instance, is closely related to S. cerevisiae but 

has, unlike the latter, not undergone a whole genome duplication320. Introduction of  an additional 

MADBUB copy in A. gossypii or replacement of  both Mad3 and Bub1 for an A. gossypii MADBUB 

gene in S. cerevisiae might give insight in whether these cells will grow normally. Growth of  such 

modified cells under challenging conditions will, in addition, show whether specialisation of  these 

genes will improve survival. Similar experiments might be feasible in the higher eukaryotic ascidian 

model organism C. intestinalis that like A. gossypii only has one MADBUB gene. Early embryos of  

this tunicate can be easily manipulated and mitosis can be imaged in real-time410. 

In Chapter 5 we have shown that the TPR domain of  BUBR1 is specialised for its role in the 

mitotic checkpoint. The TPR domain of  the C. intestinalis MADBUB proteins resembles the human 

BUBR1 domain slightly better than that of  human BUB1 (Chapter 5). This indicates that the 

BUBR1 domain has not gained this function during subfunctionalisation, but that loss of  function 

was prevented instead. It would be interesting to address, by the use of  this model organism, 

whether the Ciona TPR domain indeed contributes to mitotic checkpoint signalling. In Chapter 5 

we furthermore show that the TPR domain contributes to binding of  MAD2 and CDC20, but it is 

unclear how this is regulated. A direct role of  the domain in the interaction is most likely, as no 

difference in kinetochore localisation or turnover of  BUBR1 was found. Most TPR domains bind 

interacting proteins in the shallow groove on the inner concave surface, however KNL1, the known 

interactor of  the BUBR1 TPR domain, binds to the back of  the domain instead163. This leaves 

the inner concave surface unused by KNL1 and can therefore potentially function as a site for 

MAD2 and CDC20 binding. It will be valuable to analyse whether and how the domain can directly 

interact with MCC proteins.

BUBR1 as an integrator of kinase/phosphatase signalling in the mitotic checkpoint 
and error-correction
We have shown that both mitotic checkpoint signalling (Chapter 6) and formation of  stable 

kinetochore-microtubule attachments (Chapter 7) are regulated by phosphorylation of  BUBR1 

by PLK1. These modifications are part of  a complex network of  regulation that drives the proper 

progression through mitosis. At least four major mitotic kinases, CDK1, Aurora B, PLK1 and MPS1, 

regulate both chromosome bi-orientation and mitotic checkpoint signalling. BUBR1 functions as 

an integrator of  several of  these inputs and is a therefore connective hub in the complex feedback 

system. 
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In Chapter 6 we have shown that PLK1 activity is needed for timely mitotic exit. This feature 

was masked in previous studies by the fact that PLK1 inhibition causes defects in attachment 

of  chromosomes to the mitotic spindle, a condition that chronically activates the mitotic 

checkpoint363-365. Therefore, the regulation of  exit from mitosis by PLK1 is only seen in cells 

with decreased checkpoint activity (Chapter 6). Although delayed mitotic exit could be caused 

by inefficient APC/C activity, previous reports have shown that PLK1 is dispensable for basal 

APC/C activity and does not affect degradation of  Cyclin A366. We therefore envision that PLK1 

activity regulates the release of  checkpoint-mediated APC/C inhibition instead. The activity of  

PLK1 is highly regulated via various mechanisms including transcription, phosphorylation and 

degradation (reviewed in 411). An additional regulatory mechanism is formed by concentration 

of  the protein at specific localisations in the cell. For example maturation of  centrosomes is 

promoted by accumulation of  PLK1 at this location. In prometaphase PLK1 phosphorylates 

BUBR1 at unattached kinetochores132, but in this phase of  mitosis activity of  the mitotic 

checkpoint is required to prevent premature anaphase onset. Thus at what location and at which 

moment in mitosis is PLK1 activity needed to silence the mitotic checkpoint? PLK1 might promote 

a continuous turnover of  MCC in prometaphase to promote a rapid silencing of  the checkpoint 

in metaphase. Temporal analysis of  the effects of  PLK1 inhibition can be used to address this 

matter. For instance, inhibition of  PLK1 activity in metaphase cells is then predicted to not delay 

anaphase onset. In combination with extensive analysis of  the effect of  PLK1 phosphorylation on 

purified MCC this can provide information on whether PLK1 activity can directly influence MCC 

formation or disturb existing complexes, in order to regulate checkpoint strength.

We and others have shown that interference with the BUBR1-BUB3 interaction, by mutations in 

the GLEBS domain, does not disturb the binding of  BUBR1 to MAD2 and CDC20, though lack of  

this interaction causes a reduced checkpoint efficacy (Chapter 6 and 100,102). Although the role of  

BUB3 in the mitotic checkpoint, at least in part, is likely recruitment of  BUBR1 to unattached 

kinetochores, our data suggest that BUB3 more directly contributes to inhibition of  the APC/C, 

which is in line with the observation that APC/C-bound MCC contains BUB3367,79. Analysis of  APC/

C-MCC complexes in the absence of  BUB3 can provide insight in how this protein might cooperate 

with MAD2 and BUBR1 in inhibition of  the APC/C. One can hypothesize that BUB3 influences the 

binding of  the other MCC proteins to the APC/C, which can easily be monitored by analysis of  

protein-complexes from mitotic cells. In vitro reconstitution of  such complexes can next answer 

whether potential effects are directly caused by lack of  BUB3 or whether it is an indirect effect of  

reduced BUBR1 kinetochore localisation. In addition, BUB3 might regulate the orientation of  MCC 

in the APC/C without affecting basal binding, or influence substrate recognition of  the E3 ligase. 

Biochemical analysis of  purified APC/C complexes is essential to examine such ideas. 

Error-correction by Aurora B is essential for chromosome bi-orientation, but this activity needs 

to be dampened while attempting to form initial attachments. In Chapter 7 we have shown that 

BUBR1 recruits the Aurora B counter-acting phosphatase PP2A-B56 to unattached kinetochores 

to fine-tune this process. Aurora B, however, indirectly affects this feed-back regulation. Activity 

of  the kinase is needed for accumulation of  BUBR1 to unattached kinetochores43, which is the 

location where BUBR1 is phosphorylated by PLK1132 in order to recruit PP2A-B56 (Chapter 7). 

How Aurora B regulates BUBR1 localisation is unclear. Although direct phosphorylation of  the 

budding yeast orthologue Ipl1 has been reported412, no evidence of  a direct regulation exist in 

higher eukaryotes. The interplay of  mitotic kinases complicates the analysis of  the contribution 

of  single components in cells. A biochemical method is therefore likely the best approach to 

unravel the inter-molecular relations. By purification of  the individual components, direct binding 
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and the effect of  phosphorylation on this can be monitored. Computational modelling using the 

various components, their residence times at kinetochores, their interactions and affinities and 

their mutual dependencies, might in addition provide insight and testable hypotheses to clarify 

this regulatory network. 

Concluding Remarks
The work described in this thesis provides mechanistic insight into the role of  BUBR1 in guarding 

error-free mitosis. We have shown that the protein functions independent of  catalysis despite the 

presence of  a kinase domain. BUBR1 is an important integrator of  various signals in mitosis and 

forms an essential connective hub in both mitotic checkpoint signalling and formation of  stable 

kinetochore-microtubule attachments. Our work contributes to the understanding of  regulation 

of  BUBR1 and can form a fundament for further unravelling of  the complete networks in which 

BUBR1 functions in the protection against aneuploidy.
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Nederlandse Samenvatting

Celdeling 
Het menselijk lichaam is opgebouwd uit miljarden cellen, die in de verschillende weefsels van het 

lichaam functioneren. De meeste cellen in het lichaam zijn in een niet-delende of  rusttoestand, 

maar de groei en het herstel van weefsels is afhankelijk van celdeling. Tijdens dit proces worden 

twee dochtercellen gevormd die beiden een exacte kopie van het erfelijk materiaal ontvangen. 

Het erfelijk materiaal bestaat in menselijke cellen uit 23 chromosoomparen; twee maal 22 

zogenaamde autosomen en twee geslachtschromosomen (XX in vrouwelijke en XY in mannelijke 

cellen). De chromosomen bevinden zich in de celkern en moeten voordat een cel kan delen worden 

verdubbeld. Gedurende de daadwerkelijke deling van de cel, tijdens een proces dat mitose wordt 

genoemd, worden de verdubbelde (of  zuster-) chromosomen van elkaar gescheiden. Om ervoor te 

zorgen dat beide dochtercellen een gelijk aantal chromosomen krijgen, wordt aan het begin van 

mitose begonnen met het vormen van een spoelfiguur. Deze structuur verbindt de verdubbelde 

chromosomen aan vezels, genaamd microtubuli, en zorgt ervoor dat deze allen netjes in het 

midden van de cel komen te liggen. Het moment dat alle zusterchromosomen op een correcte 

manier aan de spoelfiguur verbonden zijn wordt metafase genoemd. Dit stadium wordt gevolgd 

door anafase. Gedurende deze fase worden de zusterchromosomen van elkaar gescheiden en via 

de vezels van de spoelfiguur elk naar een kant van de cel getrokken worden. Na deze scheiding van 

zusterchromosomen wordt overgegaan tot de werkelijke celdeling, ook wel cytokinese genoemd, 

waarbij twee gelijkwaardige dochtercellen gevormd worden. 

Het mitotische checkpoint
Het is belangrijk dat er geen fouten gemaakt worden tijdens de celdeling. Dit kan het functioneren 

van cellen en daarbij ook dat van hele organismen negatief  beïnvloeden. Zo is een verkeerd aantal 

chromosomen, wat aneuploidy genoemd wordt, een belangrijk kenmerk van bijna alle tumoren. 

Bovendien zijn er sterke aanwijzingen dat aneuploidy direct bijdraagt aan het ontstaan van kanker. 

Ook tijdens de humane ontwikkeling heeft een verkeerde hoeveelheid chromosomen grote effecten. 

Een voorbeeld is het syndroom van Down. Dit syndroom wordt veroorzaakt door de aanwezigheid 

van een extra chromosoom nummer 21. Om te voorkomen dat er tijdens mitose fouten gemaakt 

Profase Metafase Anafase Cytokinese

verkeerde 
celdeling

goede
celdeling

Zusterchromosomen
Pool

Microtubuli

Schematische weergave van de celdeling
De verdubbelde chromosomen bevinden zich voor de start van mitose in de celkern. Aan het begin van mitose wordt een 
spoelfiguur gevormd. De vezels (microtubuli) in deze spoelfiguur binden de zusterchromosomen en plaatsen deze in het midden 
van de cel (metafase). Tijdens anafase worden de zusterchromosomen van elkaar gescheiden en elk naar een kant van de cel 
getrokken. Hierna wordt overgegaan tot cytokinese, waarbij twee dochtercellen gevormd worden. Deze dochtercellen hebben na 
een goede celdeling een gelijke hoeveelheid chromosomen. Als er fouten optreden tijdens de celdeling, door bijvoorbeeld een slecht 
functionerend mitotisch checkpoint, kunnen er dochtercellen worden gevormd met een verkeerde hoeveelheid chromosomen.
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worden, bestaat er in cellen een controlemechanisme dat bekend staat als het mitotische 

checkpoint. Dit mechanisme zorgt ervoor dat een cel niet verder gaat met de deling, tot alle 

zusterchromosomen aan een pool van de spoelfiguur zijn verbonden. De basis van het mitotische 

checkpoint is een complex van eiwitten dat gevormd wordt op het moment dat er chromosomen 

in een cel aanwezig zijn die niet aan de spoelfiguur zijn verbonden. De aanwezigheid van dit 

eiwitcomplex, waarvan BUBR1 een belangrijke component is, staat het vervolg van cellen naar 

anafase niet toe. Pas nadat alle chromosomen verbonden zijn, valt dit complex uit elkaar en kan 

de celdeling worden voortgezet. 

Kinases 
Een belangrijk mechanisme dat cellen gebruiken voor het reguleren van processen, is het 

aanbrengen van een fosfaatgroep op een eiwit. Dit mechanisme, genaamd fosforylering, wordt op 

grote schaal gebruikt voor een breed scala aan cellulaire processen. De introductie van de negatief  

geladen fosfaatgroep kan bijvoorbeeld de interactie tussen eiwitten verstoren of  een verandering 

van de structuur van een eiwit teweegbrengen. Eiwitten die fosforylering kunnen katalyseren heten 

kinases. Het belangrijkste voorbeeld van een kinase die betrokken is bij de celdeling is CDK1, 

waarvan de activiteit essentieel is voor de start van deze fase. De familie van kinases is erg groot, 

in het humane genoom zijn meer dan 500 kinasegenen gevonden. Tien procent van deze kinases 

is waarschijnlijk niet actief. Deze eiwitten missen één of  meerdere essentiële aminozuren in het 

katalytische domein en zijn daarom onbekwaam in het overdragen van fosfaten. Om die die reden 

worden deze eiwitten pseudokinases genoemd. Vaak gebruiken deze eiwitten dit domein echter op 

een structurele manier die onafhankelijk is van katalyse.  

BUBR1
Het humane BUBR1-gen werd in 1998 geïdentificeerd omdat het veel gelijkenis vertoont met het 

BUB1-gen. Bovendien werden mutaties in beide genen gevonden in chromosomaal instabiele 

colonkanker cellijnen. Later werd erkend dat BUBR1 is gerelateerd aan het mitotische checkpoint 

eiwit Mad3p in bakkersgist. Mad3 en BUBR1 zijn essentieel voor het mitotisch checkpoint en 

gebruiken voor die functie sterk geconserveerde domeinen, zoals de KEN-box en TPR-domein. Dit 

laatste domein is ook aanwezig in BUB1. De drie beschreven eiwitten binden bovendien allen via 

een vergelijkbaar mechanisme aan het BUB3 eiwit. Het BUBR1-eiwit is groter dan Mad3 en het 

voornaamste verschil ligt in de aanwezigheid van een kinasedomein in BUBR1. Dit domein lijkt 

erg op dat van BUB1, maar het is onduidelijk of  activiteit van BUBR1 daadwerkelijk nodig is voor 

de functie van het eiwit. Verder is BUBR1, in tegenstelling tot Mad3, nodig voor het verbinden van 

chromosomen aan microtubuli.

Het onderzoek beschreven in dit proefschrift
Aan de start van dit onderzoek was bekend dat het eiwit BUBR1 essentieel is voor de goede 

scheiding van chromosomen tijdens de celdeling. Ondanks dat men wist dat dit eiwit een 

belangrijke speler is in het mitotisch checkpoint en bovendien nodig is voor het vastmaken van 

chromosomen aan microtubuli, was het mechanisme achter deze functies grotendeels onbekend. 

Verder waren er mutaties beschreven in het BUBR1-gen. Deze mutaties veroorzaken het zeldzame 

syndroom Mosaic Variegated Aneuploidy (MVA), dat naast verscheidene groeistoornissen ook 

gepaard gaat met een sterk verhoogde kans op de ontwikkeling van tumoren op een zeer jonge 

leeftijd. Wij wilden begrijpen hoe deze mutaties de functie van BUBR1 beïnvloeden. Het onderzoek 

dat in dit proefschrift wordt beschreven richt zich op de bijdrage van BUBR1 aan het behoud 
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van chromosomale stabiliteit tijdens celdelingen van normale en zieke cellen. In hoofdstuk 2 

bespreken we de bijdrage van een slecht functionerend mitotisch checkpoint aan het ontstaan 

van aneuploidy en tumorgroei. Daarbij leggen we de nadruk op de bestaande muismodellen 

en de rol van componenten van het mitotisch checkpoint tijdens de celdeling en daar buiten. 

In hoofdstuk 3 beschrijven we de functionele analyse van aan ziekte gerelateerde mutaties in 

BUBR1. Hiervoor gebruiken we zowel een op RNA-interferentie gebaseerd vervangingssysteem 

en cellijnen van patiënten met het MVA-syndroom. Dit syndroom wordt veroorzaakt door een 

mutatie in beide BUBR1-allelen. In dit hoofdstuk laten wij zien dat deze mutaties in bijna alle 

gevallen de functie van BUBR1 verstoren door het verlagen van de concentratie van het eiwit. 

Deze verlaging wordt veroorzaakt door een combinatie van twee defecten: één allel komt niet tot 

expressie door verwijdering van het mRNA-transcript en het eiwitproduct van het tweede allel wordt 

gedestabiliseerd door mutaties in het kinase-domein. In hoofdstuk 4 laten we met een combinatie 

van celbiologische, moleculaire en evolutie-studies zien dat BUBR1 in gewervelde dieren een 

ongewone pseudokinase is. De analyse van de evolutie van BUBR1-achtigen heeft laten zien dat 

BUBR1/Mad3 en BUB1 zijn ontstaan door genduplicatie en dat deze gebeurtenis op meerdere 

onafhankelijke gelegenheden in de evolutie van eukaryoten heeft plaatsgevonden. In alle gevallen is 

een dergelijke genduplicatie gevolgd door specialisatie, waarbij de BUBR1/Mad3 kopie in bijna alle 

takken van de eukaryote boom, met uitzondering van gewervelde dieren, het kinase-domein heeft 

verloren. In gewervelde dieren is dit domein behouden, maar de aminozuren die in conventionele 

kinases essentieel zijn voor fosforylering, worden in BUBR1 niet gebruikt voor activiteit. In plaats 

daarvan zijn deze aminozuren betrokken bij het behouden van de stabiliteit van het eiwit. In 

hoofdstuk 5 hebben we de bijdrage van het TPR domein van BUBR1 aan het mitotische checkpoint 

bepaald. Door uitwisseling van de TPR domeinen van BUB1 en BUBR1, hebben wij de specialisatie 

hiervan geanalyseerd. We laten in dit hoofdstuk zien dat alleen de rol van BUBR1 in het mitotische 

checkpoint niet wordt ondersteund door het TPR domein uit BUB1. Hieruit blijkt dat, ondanks dat 

de domeinen dezelfde evolutionaire origine hebben en erg vergelijkbaar zijn, specialisatie van het 

TPR domein in BUBR1 heeft plaatsgevonden. In hoofdstuk 6 beschrijven we de identificatie en 

analyse van een nieuwe fosforylering van BUBR1. We laten zien dat deze fosforylering de binding 

van BUBR1 aan BUB3 reguleert en de activiteit van BUBR1 in het mitotische checkpoint beïnvloedt. 

Verder beschrijven we dat activiteit van de kinase PLK1 nodig is voor de overgang naar de laatste 

fase van mitose, zodat de celdeling kan worden afgerond. De regulatie van deze overgang door 

PLK1 vindt mogelijk gedeeltelijk plaats door fosforylering van BUBR1. In hoofdstuk 7 bespreken 

we hoe PLK1 en BUBR1 samenwerken om interacties tussen chromosomen en microtubuli te 

stabiliseren. We hebben in BUBR1 een klein domein gevonden dat essentieel is voor de bevestiging 

van chromosomen aan microtubuli. Dit domein wordt door PLK1 gefosforyleerd en kan daardoor 

het eiwit PP2A-B56 binden. Samen kunnen deze drie eiwitten de effecten van de kinase Aurora B 

tegenwerken waardoor chromosoom-microtubuli interacties worden gestabiliseerd. In hoofdstuk 8 

wordt het in dit proefschrift beschreven onderzoek samengevat, worden de resultaten in het licht 

van de huidige literatuur besproken en worden ideeën voor toekomstig onderzoek voorgesteld.
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Dankwoord

Dat was het dan, het boekje is af! Tenminste, bijna, het meest gelezen (en daarom misschien wel 

het moeilijkste) deel komt nu. De afgelopen jaren heb ik veel hulp gehad en daarom wil ik graag de 

mensen bedanken die direct of  indirect hebben bijgedragen. 

Allereerst natuurlijk Geert, of  Prof. dr. Geert Kops, wat een eer dat ik de eerste zal zijn die je 

(hopelijk) mag bevorderen tot Doctor. Bedankt voor alles wat ik van je heb kunnen leren maar ook 

je steun, vrijheid, geduld en vooral je enthousiasme voor alles. Bij mijn sollicitatie vertelde je dat 

ik aan een actief  eiwit zou gaan werken, dit bleek niet helemaal het geval te zijn, des te leuker, ik 

vond het super om samen de pseudokinase wereld te ontdekken. Toen ik jaren geleden begon aan 

dit avontuur had ik niet kunnen dromen dat het zo leuk zou worden. 

Nannette, maatje in het lab vanaf  het begin, maar vooral ook vriendin. Altijd sta je klaar om mee 

te denken, te helpen en natuurlijk voor een biertje op ‘t Erf. Op je eigen, heerlijk tegendraadse, 

manier heb je al veel bereikt, dat belooft veel goeds. Wat fijn dat je mijn paranimf  wilt zijn. Samen 

regelen we het wel! Aniek, het was leuk om tegelijk met jou alles voor het eerst mee te maken; naar 

meetings, het lab ontdekken, proberen te publiceren en volgend jaar (waarschijnlijk) allebei naar 

de vliegen! Jouw oneindige enthousiasme, nieuwsgierigheid en vrolijkheid maken je een geweldige 

onderzoeker!

Natuurlijk wil ik alle labgenoten bedanken. Mattie, mede-BUBber, wat heb je veel originele ideeën 

en plannen, bedankt voor de vele input (op die fiets) en de gezelligheid! Tale, jouw uitbundigheid 

en goede humeur vullen het lab. Wie moet er in jouw stukje de legging aan trekken...? Wilco, wiki-

Woelster, lekker stellig en altijd geïnteresseerd in de projecten van de mensen om je heen. Ade, 

the first non-Dutch to join the lab, we have probably given you a hard time, but luckily you are not 

always that understandable to us either :-). Thank you for your original ideas and thoughts, you are 

right it is all one big feedback loop! Timo, Sneejs, begonnen als student, daarna mede-OiO, leuk 

dat je in het lab bent gebleven, veel succes met je (ambitieuze) projecten. Livio, redder in nood, 

dank voor alle keren dat je me uit de brand hielp tijdens een microscoop- of  FACS-crisis. Met jou 

zijn feestjes nooit saai. Vincent, Convinzed, soms heb je ook wel eens echt gelijk (±70%). Bedankt 

voor je mass spec hulp, jammer dat het konijn toch gewonnen heeft! Merel bedankt voor je hulp 

aan het MVA hoofdstuk. Nina it was great to have you as my neighbour in the lab. Thank you for 

trying to learn me something about mass spec. Good luck in your new career. De (oud-)studenten, 

Emma, Max, Michelle, Jasmin en met name Roy! Als masterstudent mocht ik je begeleiden in het 

lab, bedankt voor je hulp en inzet, ik hoop dat je net zo veel geleerd hebt van mij als ik van jou! 

Antoinette, Manja and Banafsheh, the latest additions to the lab, great to have met you and good 

luck with your projects!

René, sociaal en enthousiast, eerst als groepsleider en nu ook als directeur van het NKI. Jouw 

input heeft me veel geholpen. Susanne, altijd attent, bedankt voor je interesse en hulp. Judith 

& Benjamin, yeasties, bedankt dat jullie me met zoveel enthousiasme in het gistwerk hebben 

geïntroduceerd! Wytse, Jonne, Monica, Marvin, Indra, Martijn, Rutger and everybody in the 

Medema, Lens & Rowland labs, thank you for the good workdiscussions, many borrels and nice 

time! Tobias, bedankt voor al het directe (of  indirecte ;) meedenken, jouw ideeën zijn altijd goed 

en waardevol! Succes met je lab. Rick, Andree, Maria, WJ, Lars, Martijn, Anna, Astrid, David, 
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Marrit, Lydia en natuurlijk de rest van de Timmers, Vermeulen, Burgering, Bos, Dansen, Rehmann 

& Holstege labs, het was altijd leuk en gezellig op de 3e, bedankt voor de goede sfeer op het lab!

John & Berend, de evolutiemannen, bedankt voor de leuke en interessante samenwerking. Ik vond 

het erg leuk om even in de wereld van de fylogenie rond te mogen kijken. John, fijn dat je elke keer 

weer antwoord gaf  op mijn, soms oneindige hoeveelheid, vragen over bomen, exotische dieren en 

onbegrijpelijke sequenties. Elif, Afonso & Stefan thank you for the nice collaboration. It was great 

to learn about protein stability and unfolding with your help. 

De leden van de beoordelings- en/of  OiO commissie: Sander van den Heuvel, Madelon Maurice, 

Niels Geijsen, Anna Akhmanova, Fried Zwartkruis & Hans Bos, bedankt voor het lezen en beoordelen 

van dit proefschrift en/of  jullie bijdrage tijdens de jaarlijkse evaluatie. 

Cristina, Marianne & Claudia, bedankt voor het regelen van alle administratieve zaken, zonder 

jullie zou het een grote puinhoop worden! Wim & het IT-team, bedankt voor het oplossen van de 

computer problemen! 

Dames, meiden, soms dichtbij soms op afstand, goed zit het sowieso. Bedankt voor jullie fijne 

vriendschap en steun. De etentjes, weekendjes en vele gesprekken (met een theetje of  wijntje) zijn 

erg belangrijk geweest. Maike, powerlady, af  en toe lekker eigenwijs maar vooral onwijs gedreven! 

Tanja, bizar goed georganiseerd en ambitieus, als wetenschapper en vriendin. Simone, Zeeuwse 

dame die weet wat ze (niet) wilt. Kristy, wereldverbeteraar, vol passie stort je je in elk avontuur. 

Hiljanne, wat is jouw nuchtere instelling toch fijn, ik ben blij dat je weer bijna in de buurt bent. 

Kelly, van onderzoeker via middelbare school juf  en BBQ-koningin naar de patent rechten, wat 

kan ik nog veel leren van jouw flexibiliteit. En natuurlijk Maaike, het begon als vriendin, daarna 

ook buurvrouw & collega en nu paranimf! Wat fijn dat je achter me staat, niet alleen tijdens mijn 

promotie. Ik heb een onwijze bewondering voor jouw toewijding en doorzettingsvermogen, dat 

maakt je niet alleen een geweldige onderzoeker maar ook een super vriendin. 

Uiteraard wil ik ook mijn familie en schoonfamilie bedanken. Paps & Mams, wat fijn dat jullie me 

altijd in alles gesteund hebben! Ondanks dat ik er niet vaak meer ben, blijft Berrege altijd een 

thuis, door jullie! Jeroen, broer, we zijn heel anders, maar stiekem ook wel hetzelfde. Bedankt voor 

het delen van jouw nuchtere blik op het leven (onder het genot van een biertje). Fijn dat je hebt 

gevonden waar je hart ligt! Roelie & Jentinus, bij jullie voel ik me altijd welkom. Bedankt voor jullie 

interesse en steun. Richard, na al die jaren blijf  je nog steeds een beetje onpeilbaar! Je staat voor 

iedereen klaar en met jouw droge humor is het altijd lachen. Karin, schone zus, zonder jou was 

mijn boekje nooit zo mooi geworden, bedankt voor je creativiteit! De dagjes en avondjes met jou  

en Mark, Ellis & Joris zijn altijd warm en gezellig.   

Tenslotte, Martin, lief, wat ben ik blij met jouw onvoorwaardelijke liefde en steun, hoe gek ik 

ook doe of  de plannen zijn! Heerlijk hoe jij alles kan relativeren, dat heeft me vaak door minder 

makkelijke momenten gesleept. Dichtbij of  verder weg, met jou wil ik door.

Saskia



150

&

Addendum


