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Thesis Summary 

Molecular Mechanisms of Mitotic Checkpoint Complex Assembly onto Kinetochores

Elyse S. Fischer

During metaphase, in response to improper kinetochore-microtubule attachments, the spindle 

assembly checkpoint (SAC), activates the mitotic checkpoint complex (MCC), to inhibit the 

E3 ubiquitin ligase, the anaphase-promoting complex/cyclosome (APC/C). Inhibition of the 

APC/C then delays premature chromosome segregation by preventing APC/C-mediated 

degradation of two key cell cycle regulators, cyclin B and securin. The MCC is composed of 

BubR1, Cdc20 and Mad2, and while their assembly is an intrinsically very slow process, in 

cells it is catalytically activated. Recent work points towards hierarchical recruitments of 

SAC proteins onto the outer kinetochore by means of a Mps1-dependent phosphorylation 

cascade, which creates a catalytic platform for MCC assembly.  

This thesis investigates several mechanisms of catalytic MCC assembly in humans using a 

combination of biochemical assays and structural biology. Chapter 3 uses X-ray 

crystallography and NMR spectroscopy to explore the structure and function of the Bub1-

Mad1 complex, including how sequential phosphorylation of the Bub1 CD1 domain by Cdk1 

and Mps1 promotes kinetochore targeting of the Mad1:C-Mad2 complex. Chapter 4 

investigates how Mad1 C-terminal phosphorylation by Mps1 promotes juxtaposition of SAC 

proteins for MCC assembly. This includes using NMR to gain detailed structural insights into 

how phosphorylation of Mad1 promotes its interaction with both the N-terminus of Cdc20, as 

well as a region within Bub1 just C-terminal to its CD1 domain. Chapter 5 investigates the 

structure of the Mad1:C-Mad2:O-Mad2 complex by cryo-EM and reveals a mechanism of 

Mad1CTD fold-over which has import implications for MCC assembly. Chapter 6 sets the 

premise for ongoing work on the molecular mechanisms of Mad2 conversion from the open 

to closed state by NMR.  
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Chapter One 

Introduction 

1.1 The Cell Cycle  

Cell division, a process by which cells duplicate themselves, along with their DNA, is the 

most fundamental process of life. In unicellular organisms, cell division creates two novel 

organisms from one parent. In multicellular organisms, cell division has several roles, 

including developmental growth, adult tissue homeostasis, and replacing damaged or dead 

cells. Mitotic cell division gives rise to two genetically identical daughter cells whereas 

meiotic cell division creates germ-line cells with half the genetic material through two 

subsequent cell division events. 

 
Phases of the Cell Cycle  
Reviewed in: Harashima et al, 2013; Schafer, 1998. 
 
Interphase  
A typical eukaryotic cell cycle is composed of two major phases, interphase, and mitosis. 

Interphase commences with a G1 (Gap 1) phase, where cells prepare for cell division by 

synthesizing proteins necessary for DNA replication and packaging, and organelles are 

duplicated. This causes a noticeable increase in cellular mass which is a defining feature of 

G1. Cells then wait in a non-growth resting phase called G0 (Gap 0) until specific signals 

trigger a S (Synthesis) phase where nuclear DNA is replicated. This stage is also marked by 

cohesion forming a ring around sister chromatids preventing premature separation (Uhlmann 

& Nasmyth, 1998). Final preparations for mitosis (M) occur in an additional proliferation 

phase called G2 (Gap 2). 

 

Mitosis  
Mitosis is the phase of the cell cycle in which sister chromatids are equally segregated into 

two newly created daughter cells. It is composed of 5 stages: prophase, prometaphase, 

metaphase, anaphase, and telophase (Fig 1.0). 
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Figure 1.0: Phases of Mitosis. (A) Fluorescence micrographs of mitosis in fixed newt lung cells. 
Microtubules are stained in green, and chromosomes are stained in blue (Khodjakov & Rieder, 

2006). (B) A schematic of mitosis adapted from, Sivakumar & Gorbsky, 2015. 
 

In prophase, the duplicated DNA is condensed into tightly packed chromosomes. 

Microtubule organising centres (MTOC), known as centrosomes in metazoans and spindle 

pole bodies (SPBs) in yeast, begin to form arrays of lengthening microtubules (Reviewed in, 

Kilmartin, 2014). During prometaphase the plus-ends of microtubules capture chromosomes 

through kinetochore attachment. In metaphase, chromosomes are bio-oriented and aligned at 

the metaphase plate (spindle equator). Degradation of securin and cyclin B by the anaphase 

promoting complex/cyclosome (APC/C) then triggers anaphase where sister chromatids are 

pulled to opposite centrosomes. Securin degradation releases separase which results in 

cleavage of the cohesin ring and chromatid separation (Waizenegger et al, 2002; Hagting et 

al, 2002), while cyclin B breakdown causes Cdk1 inactivation and mitotic exit (Clute & 

Pines, 1999). In telophase, nuclei arrange around the two segregated chromatids and the 

actomyosin band forms, creating a contractile ring between the two daughter cells (McCully 

& Robinow, 1971; Bi et al, 1998). Finally, in the last step, cytokinesis, the septum degrades, 

and two separate daughter cells emerge.  

 

Cell Cycle Checkpoints 

Reviewed in: Hartwell & Weinert, 1989; Murray, 1992; Elledge, 1996. 

  

The term cell cycle checkpoint was coined in 1989 when it was suggested that the cell cycle 

is linear with initiation of the next phase only occurring after certain criteria are satisfied 

(Hartwell & Weinert, 1989). Checkpoint surveillance is crucial for identifying errors and 

creating feedback loops which allows maintenance of genome stability across generations. 
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Key events include monitoring DNA replication fidelity, kinetochore-microtubule 

attachment, and cell size. Checkpoints usually function to delay cell cycle progression until 

errors can be corrected, including repairing damage or delaying progression when steps lag. 

If errors cannot be corrected, checkpoints can act to promote cell apoptosis (Sorger et al, 

1997). Ultimately, correcting errors or triggering apoptosis is paramount in preventing 

genome instability which leads to many diseases including birth defects, cancer, and 

degenerative disorders (Holland & Cleveland, 2012; Santaguida & Amon, 2015).  Entry and 

exit through critical points of the cell cycle is largely controlled by activation, inactivation, or 

ubiquitin-mediated proteolysis of key cell cycle regulators. For example, cyclin B, whose 

activation is required for entry into mitosis but whose destruction is required for mitotic exit 

(reviewed in Serpico & Grieco, 2020). There are two key E3 ubiquitin ligases responsible for 

cell cycle proteolytic events. The APC/C which will be discussed later and the Skp1-

Cdc53/Cul1-F-box protein (SCF) complex (Chang et al, 1996; Patton et al, 1998; Willems et 

al, 2004).  

 

Cyclin-dependent Kinases 

Reviewed in: Satyanarayana & Kaldis, 2009; Lim & Kaldis, 2013. 

 

Cell cycle progression, specifically the G1/S and G2/M transition, as well as each step of 

mitosis, is principally regulated by activation and inactivation of cyclin-dependent kinases 

(CDKs). Consequently, most cell cycle research focuses on how cells regulate CDK function 

to control cell cycle progression. CDKs are a highly conserved group of serine-threonine 

kinases whose activity is dependent on their associated cyclin subunits (reviewed in 

Hochegger et al, 2008; Harashima et al, 2013). CDK-cyclin complexes are also able to finely 

regulate the cell cycle by phosphorylating different sets of cell cycle effector proteins. 

Furthermore, CDK-cyclin complexes themselves are also regulated by inactivating and 

activating phosphorylation’s as well as spatial and temporal regulation and association with 

other cofactors.  

 

One of the most important regulators of cell cycle progression is the Cdk1-cyclin B complex, 

whose activation is responsible for triggering mitotic entry (reviewed Lindqvist et al, 2009). 

Prior to mitosis, Cdk1 is inactivated by Myt1 and Wee1 phosphorylation of Cdk1 during S 

and G phases. Activation is achieved by removal of inhibitory phosphorylation’s of Cdk1 at 
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Thr14 and Tyr15 by the phosphatase Cdc25 (Atherton-Fessler et al, 1993; Deibler & 

Kirschner, 2010). Interestingly, initial Cdk1 activation creates a positive-feedback loop for its 

activation, as active Cdk1 introduces inactivating phosphorylation’s on Myt1 and Wee1 and 

enhances Cdc25 activity by phosphorylation (Domingo-Sananes et al, 2011; Perry & 

Kornbluth, 2007). Cdk1 also creates a negative-feedback loop for itself by activating the E3 

ubiquitin ligase APC/C in association with its coactivator Cdc20, which then ubiquitinates 

cyclin B for proteasomal degradation. Ultimately, cyclin B degradation which is required for 

the kinase activity of the Cdk1-cyclin B complex, inactivates the Cdk1 kinase and allows 

subsequent exit from mitosis (King et al, 1995; Hershko, 1999). 

1.2  The APC/C  

Reviewed in: Alfieri et al, 2017; Pines, 2011; Watson et al, 2019. 

 

In the early 90s, the anaphase promoting complex or cyclosome (APC/C) was identified as 

the critical controller of the metaphase-to-anaphase transition (King et al, 1995; Sudakin et 

al, 2001). The APC/C is a cullin-RING E3 ubiquitin ligase that polyubiquitinates key 

substrates to control progression through mitosis and into S phase (Fig 1.1). The core of the 

APC/C is a 1.2 MDa complex composed of 14 distinct proteins and 19 subunits (Chang & 

Barford, 2014). The Barford group was the first to solve the complete atomic structure of the 

APC/C using cryo-electron microscopy (Chang et al, 2015). E3 ligases are responsible for the 

capture and presentation of substrates to E2 ubiquitin-conjugation enzymes which then either 

mono- or poly-ubiquitinate their substrates signalling them for proteasomal degradation 

(reviewed in Zheng & Shabek, 2017). The two-best known E2 enzymes are UbcH5 and 

UbcH10. 

 

The APC/C complex is stable throughout the entire cell cycle however its activity is heavily 

regulated during mitosis by phosphorylation. Temporal regulation of APC/C activity is 

mediated by two structurally related co-activators Cdc20 and Cdh1 (reviewed in Yu, 2007; 

Pesin & Orr-Weaver, 2008; Alfieri et al, 2017; Watson et al, 2019) (Fig 1.1). Cdc20 and 

Cdh1 assist the APC/C in substrate recognition, using their WD40 domains to specifically 

identify KEN boxes, Destruction boxes (D-box), and/or ABBA motifs on substrates (the 

ABBA motif is only recognised by Cdc20 and S. cerevisiae Cdh1) (Clute & Pines, 1999; 

Pfleger et al, 2001; DiFiore et al, 2015). The metaphase-to-anaphase transition is mediated 

by APC/C bound to Cdc20 (APC/CCdc20). Activation of APC/CCdc20 results in cyclin B (and 
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therefore Cdk1) and securin degradation. Interestingly APC/CCdc20 activity requires Cdk1-

dependent phosphorylation so a negative-feedback loop exists for Cdk1 (Shteinberg et al, 

1999; Zhang et al, 2016b; Fujimitsu et al, 2016; Qiao et al, 2016). APC/CCdh1 is then 

activated as Cdk1 is degraded and helps the APC/C to promote mitotic exit through 

ubiquitinating key substrates including Aurora A/B, Cdc20, and Plk1. Thus, another feedback 

mechanism occurs by which APC/CCdc20 activates APC/CCdh1 which inactivates Cdc20 

activity. APC/CCdh1 further acts throughout G1 phase to promote entry into S phase after 

which it is inactivated by Cdh1 phosphorylation as well as through the APC/C inhibitor 

Emi1.  

 
Figure 1.1: The APC/C controls cell cycle progression. A schematic representation of the cell cycle 

with key activating and inhibitory steps of APC/CCdh1 and APC/CCdc20. APC/C ubiquitin-dependent 
degradation of key mitotic substrates are outlined. Regulation of cell cycle progression by the APC/C 

occurs primarily through temporal regulation of Cdh1 and Cdc20 activity. APC/CCdc20 is activated 
during the G2 to M transition by Cdk1-cyclin B phosphorylation and it ubiquitinates cyclin A and 

Nek2A. During metaphase, APC/CCdc20 is inhibited by the SAC and directly by MCC binding to 
prevent premature anaphase onset. After reactivation of APC/CCdc20 initiation into anaphase occurs 
upon cyclin B and securin degradation. Cdh1 is then dephosphorylated by CDC14 which activates 

APC/CCdh1. Progression into telophase and exit from mitosis requires APC/CCdh1 ubiquitination of key 
mitotic substrates including Aurora kinases, Cdc20 and Plk1. APC/CCdh1 is eventually inactivated by 

Emi1, Cdh1 degradation and Cdk2-cyclin A phosphorylation as well as degradation of its E2 enzymes 
UbcH10 and UBE2C. Diagram adapted from Zhou et al, 2016.   

1.3 Phosphorylation as a Key Regulatory Mechanism 

Reviewed in: Ubersax & Ferrell, 2007; Cohen, 2002 

 

Protein phosphorylation and dephosphorylation is responsible for regulating nearly every 

aspect of cellular life, including altering the function of proteins in nearly every conceivable 
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way. For example, phosphorylation can activate or inactive protein activity, alter protein 

localisation or stability, mark a protein for degradation, and many diseases are the result of 

abnormal phosphorylation (Fig 1.2).  

 

 
Figure 1.2: Reversible Protein Phosphorylation. (A) Protein kinases phosphorylate substrates at 

serine, threonine and tyrosine side chains, a reaction which is ATP dependent. Phosphatases reverse 
protein phosphorylation and hydrolyse the phosphatase group. (B) Phosphorylation can either active 
or inactive protein function, often by promoting confirmational changes, or altering binding pockets, 

and protein-protein interactions. 
 

Kinases are the enzymes responsible for transferring the terminal (γ) phosphate from ATP to 

the hydroxyl moiety on the polar ‘R’ group of the respective amino acid, with nearly all 

eukaryotic phosphorylation happening on serine, threonine, or tyrosine residues. The addition 

of the phosphate group importantly changes a small polar group to a negatively-charged 

group which can drastically alter a proteins structure, including initiating both local and distal 

confirmational change, and/or regulating how the protein interacts with itself and other 

proteins, in addition to altering a protein’s enzymatic activity. Crucial to the ubiquitous 

nature of protein phosphorylation is that it is readily reversible as enzymes known as 

phosphatases can remove the phosphate group via hydrolysis of the phosphoric acid 
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monoester. Ultimately, this reversibility allows phosphorylation to function as a molecular 

switch, which can act not only as a signal but also as a signal transducer and amplitude 

modifier.  

1.4 The SAC and EC pathways  

The two major cell cycle control mechanisms in mitosis which control the metaphase-to-

anaphase transition are the spindle assembly checkpoint (SAC) and the error correction (EC) 

pathway (Reviewed in Nezi & Musacchio, 2009). Laser ablation studies were used to 

correlate anaphase onset with complete spindle microtubule capture (Rieder et al, 1994). 

Ablating an unattached kinetochore would initiate anaphase onset even if the chromosome 

with a destroyed kinetochore was not attached to the spindle. The focus of this thesis will be 

on the SAC and the regulation and assembly of its effector the mitotic checkpoint complex 

(MCC). Although the two pathways are separable in their downstream components and 

functions, they are still heavily interconnected and interdependent in an exceptionally 

elaborate feedback control mechanism. Notably, the EC pathway must be satisfied before the 

SAC can be inactivated. Both pathways are mediated through a large macromolecular 

assembly on centromeres called the kinetochore. Kinetochores act as the attachment point 

and sensor for microtubule binding (reviewed in Musacchio & Desai, 2017). Unattached or 

tensionless kinetochores are the base of EC and SAC signalling and importantly the outer 

layer of the kinetochore is the site of SAC assembly and MCC formation. Ultimately, SAC 

and EC mediated protection from segregation errors is key to maintaining genome stability 

across generations. 

 

The EC Pathway 
Error correction allows kinetochores to selectively stabilize bioriented chromosome 

attachments and destabilize erroneous attachments (reviewed in Nezi & Musacchio, 2009). 

The outer layer of the kinetochore, known as the KMN network, is thought to be responsible 

for creating load-bearing attachments which can then respond to tension (Cheeseman et al, 

2006). The lack of tension, associated with lack of biorientation, as in the case of syntelic and 

merotelic attachments, is thought to be the mechanism by which the EC pathway senses 

errors. Crucial to error correction is the ability of cells to respond quickly to incorrect 

attachments and destabilise them, a process which is under the surveillance and control of the 

Aurora B kinase (Biggins & Murray, 2001; Tanaka et al, 2002; Ditchfield et al, 2003; Kallio 

et al, 2002; Krenn & Musacchio, 2015). Aurora B inhibition through small-molecule 
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inhibitors causes stabilisation of incorrect attachments (Hauf et al, 2003). Aurora B is a 

member of the Aurora family of serine/threonine kinases and is the catalytic subunit of the 

chromosome passenger complex (CPC) (Vader et al, 2006; Honda et al, 2003; Gassmann et 

al, 2004). In both yeast and humans, it has been demonstrated that phosphorylation of Ndc80 

by Aurora B leads to destabilized microtubule binding and a Ndc80 phosphorylation mutant 

displays severe chromosome segregation defects (DeLuca et al, 2006; Wei et al, 2007; 

Guimaraes et al, 2008; Cheeseman et al, 2002). Besides its key role in the EC pathway, 

Aurora B is also important for early steps in the SAC pathway. The monopolar spindle 1 

(Mps1) kinase, which is arguably the master regulator of SAC signalling, also contributes to 

EC, however the exact mechanisms remain elusive. Recently the Biggins lab has reported 

that kinetochore-bound Mps1 phosphorylates Ndc80 to weaken its interaction with 

microtubules, complementing the well-known activity of Aurora B (Sarangapani et al, 2021). 

 

The SAC Pathway 
While the EC pathway is more of a ‘local’ signal, the SAC is a ‘global’ signal for controlling 

mitotic exit. The SAC also monitors chromosome attachment to spindle microtubules, but its 

role is to create a ‘wait-anaphase signal’ and prevent premature chromatid separation until 

errors have been corrected. The SAC is now widely thought to be a ‘rheostat’, having a 

graded response to the severity of kinetochore-microtubule attachment defects (Maiato et al, 

2004; Dick & Gerlich, 2013; Collins et al, 2003). Like the EC pathway, the SAC is regulated 

by the kinetochore. The kinetochore senses lack of bio-orientation, mainly through Mps1 

kinase localisation to Ndc80 when it is not microtubule-bound. Mps1 then creates a 

phosphorylation cascade onto the outer kinetochore which generates the ‘wait-anaphase 

signal’ by means of the mitotic checkpoint complex (MCC) the SAC effector (reviewed in 

Kops & Shah, 2012). The MCC binds and inhibits APC/CCdc20 and thereby prevents Cdc20 

recognition and ubiquitin-mediated degradation of cyclin B and securin and therefore entry 

into anaphase. Activation of the SAC is the focus of this thesis and therefore will be 

discussed in further detail below. 

 

A Tension or Attachment Sensor? 
The SAC is persistent until correct bio-orientation of sister chromatids is achieved. It is 

generally agreed that bi-orientation requires two key events. Correct bi-polar attachment and 

proper tension. As previously mentioned, attachment sensing was first identified using laser 

ablation studies (Rieder et al, 1995). In the same year tension sensing was suggested as an 
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alternative mechanism (Li & Nicklas, 1995). Microtubule tension typically refers to the force 

generated at kinetochores when cohesion between sister chromatid pairs opposes the pulling 

force of bipolar mitotic spindles. This mechanism is thought to be sensed by Aurora B and 

the EC pathway (Pinsky & Biggins, 2005). An overview of the different types of attachment 

and tension errors is outlined in Fig 1.3.  

 
Figure 1.3: Types of Kinetochore-Microtubule Attachments during Metaphase. Amphitelic: 

Correct biorientation of sister chromatid. Monotelic: Only one sister chromatid is connected to a 
centromere. Syntelic: Both sister kinetochores are attached to a single centromere. Merotelic: One or 
both sister kinetochores are connected to both centromeres instead of one. Both correct tension and 
attachment are required to satisfy the checkpoint. In the case of syntelic and merotelic attachments, 

although kinetochores are fully-attached, incorrect tension signals the SAC to stay activated. 
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Tension sensing during chromatid separation was first introduced in studies done on 

grasshopper spermatocytes. Artificial tension was applied to an unattached chromosome 

resulting in cell cycle progression despite defects in attachment still being present (Nicklas & 

Koch, 1969). A series of other experiments have provided compelling evidence for the 

tension model (Li & Nicklas, 1995; Jang et al, 1995; Stern & Murray, 2001). The tension 

model suggests that Aurora B activity is spatially regulated by tension. When there is lack of 

tension, Aurora B is able to reach its outer kinetochore substrates, including Knl1, Dsn1 and 

Ndc80. Phosphorylation of these substrates subsequently destabilizes microtubule binding 

and triggers SAC activation (Welburn et al, 2010; Ciferri et al, 2008; Cheeseman et al, 2006; 

DeLuca et al, 2006).  

 

Important to this mechanism of SAC activation is the N-terminal RVSF motif on Knl1. 

Normally PP1 binds to this motif and dephosphorylates key downstream substrates required 

for SAC activation (Liu et al, 2010). However, when Aurora B is positioned close enough, it 

phosphorylates the RSVF motif, displacing PP1 and opposing PP1 silencing of the SAC. 

Repositioning of Aurora B close to Knl1 also allows Aurora B mediated phosphorylation of 

the N-terminal tail of Ndc80. This has been shown to enhance Mps1 binding to Ndc80 which 

is required for SAC activation (Zhu et al, 2013). 

 

Sensing a lack of microtubule-kinetochore attachment by the SAC and EC pathways is 

widely accepted. However, an unattached kinetochore with a monotelic attachment is also 

lacking tension. Therefore, unattachment and tension can occur simultaneously making it 

difficult to distinguish how the SAC senses errors. Furthermore, understanding how 

tensionless kinetochores are sensed in syntelic and merotelic attachments is still today a 

highly debated topic (London & Biggins, 2014a; Nezi & Musacchio, 2009; Khodjakov & 

Pines, 2010; Maresca & Salmon, 2010). Specifically, the direct result of tension sensing is 

unclear. Microtubules which are under reduced tension due to incorrect attachments are 

destabilized by the EC pathway which results in a tensionless and unattached kinetochore 

state. It is debated whether the kinetochore then activates the SAC, i) directly by allowing the 

SAC phosphorylation cascade, ii) indirectly by producing an unattached kinetochore or iii) 

delaying anaphase onset via an independent pathway (Proudfoot et al, 2019). The timing of 

these events remains especially elusive.  
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1.5 Kinetochore Assembly and Function 

Kinetochores are the macromolecular machines which exist at the centromere of sister 

chromatids. Kinetochores consists of over 80 proteins which create the interface between 

microtubules and chromosomes (Musacchio & Desai, 2017) (Fig 1.4). Kinetochores are also 

the signalling hub required to create communication between the state of microtubule 

attachment and SAC activity (reviewed in Foley & Kapoor, 2013). In mammalian cells, 

approximately 30 spindle attachments are thought to occur for each kinetochore. This is in 

contrast to fission yeast which makes 2-4 attachments and budding yeast where only one 

attachment occurs (Biggins, 2013; Pidoux & Allshire, 2004). This simplicity makes budding 

yeast the organism of choice for many kinetochore studies.  

 

The Inner Layer 
In vertebrates, kinetochore assembly first requires formation of the inner layer after which the 

outer layer assembles (reviewed in Amor et al, 2004; Perpelescu & Fukagawa, 2011) (Fig 

1.4). The inner layer of the kinetochore associates with a unique genetic locus on the 

chromosome named the centromere where there is enrichment of the histone H3 variant 

Cenp-A (Palmer et al, 1987). Centromeres can be millions of base pairs long in metazoans 

(reviewed in Fukagawa & Earnshaw, 2014). This inner layer, also known as the constitutive 

centromere-associated network (CCAN) associated with CENP-A, is composed of at least 16 

subunits, and is the basis for outer layer assembly (Fig 1.4). The structure of CCAN in 

complex with the CENP-A nucleosome was recently solved (Yan et al, 2019). 

 

 
Figure 1.4: Schematic summary of the inner and outer layer of human kinetochores. The 

composition of the inner and outer layer is outlined. Conserved complexes are grouped by colour. In 
humans, participation of several Cenp-A nucleosomes at kinetochores occurs as compared to budding 

yeast where only one Cse4 nucleosome participates.  The outer kinetochore is the basis for 
attachment to plus-end microtubules which is required for sister-chromatid biorientation and 

separation. 
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The Outer Layer 
The outer layer of the kinetochore, is a 10-subunit assembly, comprised of three conserved 

subcomplexes known as the KNL1 (Spc105/Blinkin) complex (Knl1-C), the Mis12 (Mtw1) 

complex (Mis12-C), and the Ndc80 (Hec1) complex (Ndc80-C), and has been termed the 

KMN network (Fig 1.4). The KMN network binds to the inner layer through contacts with 

both Cenp-T and Cenp-C. Cenp-T binds to Ndc80C and Mis12C upon Cdk1 phosphorylation 

(Gascoigne & Cheeseman, 2013; Nishino et al, 2013; Rago et al, 2015). While Dsn1 

phosphorylation by Aurora B stimulates the Cenp-C and Mis12-C interaction (Dimitrova et 

al, 2016; Petrovic et al, 2016; Kim & Yu, 2015). The KMN is also responsible for 

kinetochore-microtubule attachments by making several contacts with microtubules 

(Cheeseman et al, 2006). It has been suggested that the binding of a single microtubule 

requires as many as 20 KMN complexes. The KMN network is therefore the bridge which 

connects centromeres to microtubules and is responsible for proper microtubule binding and 

stabilisation. A partial, low resolution EM structure of the KMN core complex has been 

solved (Petrovic et al, 2014b), as well as several partial structure of Ndc80-C components 

(Ciferri et al, 2008; Valverde et al, 2016). However, because the KMN complex is highly 

elongated and flexible a full-length structure has yet to be determined.  

 
Mis12-C 
Mis12-C is composed of Dsn1/Mis13, Mis12/Mtw1, Nnf1 and Nsl1/Mis14, and is 

responsible for tethering the inner and outer kinetochore through interaction with the N-

terminus of Cenp-C (Screpanti et al, 2011; Przewloka et al, 2011) and CENP-U in S. 

cerevisiae. Mis12 then recruits Ndc80-C and Knl1-C (Hornung et al, 2011; Kline et al, 2006; 

Maskell et al, 2010; Petrovic et al, 2010; Wan et al, 2009).  

 

Ndc80-C 
Ndc80-C components include Ndc80/Hec1, Nuf2, Spc25, Spc24. Ndc80 and is composed of 

a highly elongated coiled-coil of approximately 55 nm in length (reviewed in Ciferri et al, 

2007). Ndc80-C contains two globular regions at either end. On one end, the N-terminal 

domains of Ndc80 and Nuf2 form calponin homology (CH) domains which bind to 

microtubules (Ciferri et al, 2008; Wei et al, 2007; Gimona et al, 2002; Slep & Vale, 2007). 

The N-terminus also contains a positively charged unstructured tail which is thought to 

enhance microtubule binding (Wei et al, 2007; Ciferri et al, 2008; Guimaraes et al, 2008). 

Importantly, it is this unstructured region of Ndc80 which is phosphorylated by Aurora B in 

early mitosis to promote error correction through destabilisation of incorrect microtubule-
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kinetochore attachments (DeLuca et al, 2006; Biggins & Murray, 2001; Tanaka et al, 2002; 

Pinsky et al, 2006). On the other end of Ndc80-C lies the Spc24 and Spc25 heterodimer, each 

possessing an RWD domain that mediates kinetochore targeting (Dimitrova et al, 2016; 

Cheeseman et al, 2006; Ciferri et al, 2008). The Spc24 and Spc25 heterodimer also form 

additional contacts to the inner kinetochore layer through Cenp-T (Nishino et al, 2013; 

Huisin’T Veld et al, 2016).   

 

Knl1-C 
Reviewed in: Caldas & DeLuca, 2014. 

The Knl1 complex is composed of Knl1 with Zwint bound at its C-terminus. A crystal 

structure of a C-terminal truncation of Knl1 shows a tandem repeat of two RWD domains 

connected by a 32 amino acid helix where Zwint binds (Petrovic et al, 2014b). Secondary 

structure predication suggests this is the only globular domain of the entire 265 kDa protein. 

Knl1-C mediated by Zwint contacts Mis12-C subunit Nsl1 for kinetochore targeting (Varma 

et al, 2013). Apart from helping to bridge the interaction between microtubules and 

kinetochores, the Knl1-C is crucially the base for assembly of SAC components which 

trigger formation of the mitotic checkpoint complex (Kiyomitsu et al, 2007; London et al, 

2012; Primorac et al, 2013; Yamagishi et al, 2012; Rosenberg et al, 2011; Shepperd et al, 

2012). MCC assembly is controlled by Ndc80-bound Mps1 which creates a catalytic 

phosphorylation cascade which assembles the MCC on to Knl1. Knl1-C is also implicated in 

microtubule binding at its N-terminus, to a charged patch (16ERPVRRRH23) just N-terminal 

to the SILK PP1 binding motif, although the specific role of this KNL1:MT interaction as 

compared to Ndc80-C:MT interaction is unknown (Espeut et al, 2012). As previously 

mentioned, PP1 also binds to the N-terminus of KNL1, specifically KNL1 has three PP1-

specific interaction motifs, the 25SILK28, 58RVSF61 and 68FQ69 motifs (Choy et al., 2014). It 

has been shown that MTs and PP1 bind in a mutually exclusive manner in human cells, as the 

MT binding site overlaps with the SILK PP1 binding site. PP1 has a much higher affinity for 

KNL1 than MTs, and therefore displacement of MT binding during PP1 signalling is thought 

to be an additional sensor for microtubule-kinetochore attachment and initiation of SAC 

silencing (Bajaj et al, 2018; Welburn et al, 2010; Rosenberg et al, 2011). 

1.6 The Mitotic Checkpoint Complex (MCC) 

Reviewed in Liu & Zhang, 2016; Dou et al, 2019; Lara-Gonzalez et al, 2021b. 
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The MCC is the effector of the SAC which inhibits APC/CCdc20 until correct kinetochore-

microtubule attachments have occurred. Once proper bio-orientation is achieved, the 

production of MCC ceases and existing MCC is disassembled resulting in reactivation of 

APC/CCdc20 and progression into anaphase.  

 

Molecular Architecture of the MCC 
The MCC was first purified as a complex in 2001, from Hela cell lysates and found to be 

composed of BubR1, Bub3, Cdc20 and Mad2 (Sudakin et al, 2001) (Fig 1.5). Figure 1.6 

includes a schematic diagram of each MCC component and their respective domains. Their 

discovery was made by fractionating mitotic cell lysates in search of APC/C inhibitors. 

Around the same time other groups also confirmed the importance of these proteins in 

APC/C inhibition and anaphase entry (He et al, 1997; Fang et al, 1998; Hardwick et al, 2000; 

Li et al, 1997). All four components are highly conserved, although BubR1 in vertebrates 

arose out of several genome duplication events and whether Bub3 is required for proper 

MCC assembly and function is debated (Suijkerbuijk et al, 2012; Vleugel et al, 2012). In 

fact, fission yeast MCC does not seem to contain Bub3 (Sczaniecka et al, 2008). It is 

important to note that Cdc20 in the MCC (Cdc20MCC) is a separate Cdc20 molecule from the 

co-activator Cdc20 of APC/CCdc20 (Cdc20APC/C) (Izawa & Pines, 2015). Several structures of 

the MCC alone or in complex with APC/CCdc20 exist and have been fundamental to our 

understanding of how MCC inhibits the APC/C (Alfieri et al, 2016; Chao et al, 2012; 

Yamaguchi et al, 2016) (Fig 1.5). 

 

Bub-related kinase 1 (BubR1) is the largest protein in the MCC and has numerous domains 

important for MCC assembly and inhibition (Fig 1.6). A complex combination of 

biochemical studies and structural analyses were required to determine how each motif 

contributes to MCC function. BubR1 binds Mad2 through an N-terminal tetratricopeptide 

repeating (TPR) domain. The KEN1, TPR, ABBA (A2), and D-box (D2) motifs interact with 

Cdc20MCC. A second set of KEN and Abba motifs (KEN2 and A1) as well as a D-box (D1) 

interact with Cdc20APC/C (Alfieri et al, 2016) (Fig 1.6). This BubR1 interaction with APC/C 

bound Cdc20 forms the basis by which the MCC blocks APC/CCdc20
 activity through pseudo-

substrate recognition. BubR1 also contains a pseudo-kinase domain at its C-terminus. Bub3, 

bound to the GLEBS motif of BubR1, is made up of seven WD40 repeats that form a β-

propeller arrangement, however Bub3 is never seen in structures of the MCC suggesting it is 

flexibly tethered to BubR1 (Larsen & Harrison, 2004; Larsen et al, 2007). The MCC also 
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inhibits the catalytic activity of the APC/C by blocking UbcH10 binding to the catalytic 

module (Alfieri et al, 2016).  

 

 
Figure 1.5: The APC/CMCC Interaction. (A) A cryo-EM reconstruction of APC/CMCC. PDB 5LCW, 
from Alfieri et al, 2016. (B) Model of MCC with the extensive interactions between Cdc20MCC and 

BubR1 highlighted. (C) Outlines the multifaceted interactions formed between the two Cdc20 
molecules and their interactions with the APC/C and BuBR1. At the top, a schematic representation 

of BubR1 and Cdc20 domains is highlighted. This figure was taken with permission from Alfieri et al, 
2017. 

 

Like Bub3, Cdc20 contains a WD40 7-beta propeller domain which binds to KEN-boxes, D-

boxes, and ABBA motifs in distinct positions on its β-propeller (Tian et al, 2012; Chao et al, 

2012) (Fig 1.5 & Fig 1.6). N-terminal to the WD40 domain, Cdc20 includes a KILR/MIM 

motif which contributes to APC/C binding through binding to Apc8 and while part of the 

MCC selectively binds to C-Mad2 (Luo et al, 2002; Izawa & Pines, 2012) (Fig 1.5 & Fig 

1.6). Cdc20 also comprises a central KEN box and CRY box which facilitates its own 

degradation by APC/CCDH1 to allow exit from mitosis into G1 and S phases (Pfleger et al, 

2001; Reis et al, 2006) (Fig 1.6).  

 

Mad2 is a HORMA domain containing protein which adopts both an inactive open (O-Mad2) 

and active closed (C-Mad2) confirmation. Conversion of Mad2 from the open-to-closed state 

is required for entrapment of the MIM of Cdc20 motif. This process is the rate-limiting step 

of MCC assembly and will be discussed thoroughly later on. When Mad2 is in the closed 
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confirmation, it rapidly binds Cdc20, after which both Mad2 and Cdc20 have high affinity for 

BubR1 and the MCC forms spontaneously.  

 

 

 
Figure 1.6: Domains of SAC proteins. Schematic diagram of components of the MCC and proteins 

required for MCC assembly onto the outer kinetochore are shown. Important domains in SAC 
signalling are outlined in coloured ovals.  

 
MCC Inhibition of APC/C 
The critical function of the MCC is to prevent ubiquitination of cyclin B and securin by 

APC/CCdc20. Cdc20 bound to APC/C is the target of the MCC (Hwang et al, 1998; He et al, 

1997). The MCC targets Cdc20 by directly binding to the APC/C and blocking the substrate 

recognition site of the Cdc20 co-activator molecule and thereby preventing APC/C substrate 

ubiquitination (Herzog et al, 2009; Alfieri et al, 2016; Yamaguchi et al, 2016; Izawa & Pines, 

2015) (Fig 1.5). As previously mentioned, BubR1 has a N-terminal KEN box motif that is 

normally recognized by APC/CCdc20 as a degron. However, BubR1 uses this degron to act as a 

pseudo-substrate inhibitor, blocking APC/CCdc20 from recognising other substrates (Lara-
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Gonzalez et al, 2011; Chao et al, 2012; Tang et al, 2001; Burton & Solomon, 2007; 

Sczaniecka et al, 2008; Han et al, 2013). Key to the ability of BubR1 to do this, is Mad2, 

which helps to position the KEN-box of BubR1 to bind APC/CCdc20. Furthermore, Apc10 

usually contributes to Cdc20 substrate recognition and the structure of APC/CCdc20:MCC shows 

that Apc10 gets displaced away from the substrate-recognition site upon MCC binding 

(Alfieri et al, 2016) (Fig 1.5). 

1.7  Activation of the MCC 

The SAC is a highly regulated signal transduction cascade under the surveillance and 

function of several kinases, including Aurora B, Cdk1, and Mps1, as well as the 

phosphatases, PP1 and PP2A (Saurin, 2018). The activation and action of these enzymes, in 

particular Mps1 which is at the apex of SAC signalling, is responsible for triggering MCC 

assembly onto the outer kinetochore. This requires a remarkably complex network of 

interactions which control kinase and phosphatase localization and activity states to finely 

tune the signalling cascade. 

 

Mps1 is the master regulator of MCC assembly onto kinetochores. Mps1 is required for 

checkpoint activity and kinetochore localization of almost all proteins involved in MCC 

formation (Weiss & Winey, 1996; Abrieu et al, 2001; Tighe et al, 2008; Nijenhuis et al, 

2013; Zhu et al, 2013; Zich et al, 2012; Hardwick et al, 1996). Over expression of Mps1 can 

activate the checkpoint even in the presence of intact kinetochore-microtubule attachments. 

This occurs through hyperphosphorylation of Bub1 and Mad1 (Hardwick et al, 1996). 

Additionally, Mps1 persistence at the kinetochore, such as through KMN tethering, delays 

anaphase onset and can induce cell death (Jelluma et al, 2010). Furthermore, inhibiting Mps1 

by adding reversine, a selective inhibitor of Mps1 kinase activity, impedes localisation of all 

downstream checkpoint proteins and creates a defective checkpoint (Maciejowski et al, 2010; 

Sliedrecht et al, 2010; Vigneron et al, 2004).  

 

Localisation of Mps1 
Ndc80 is believed to be the direct receptor of Mps1 at kinetochores (Stucke et al, 2004; 

Martin-Lluesma et al, 2002). Importantly, Mps1 localisation is thought to be a sensor for 

microtubule attachment as Mps1 can only interact with Ndc80 when it is not bound to 

microtubules through a mutually exclusive binding site (Ji et al, 2015; Hiruma et al, 2015). 

This suggests that in parallel to the EC pathway, the SAC signalling pathway also senses the 
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state of microtubule-kinetochore attachments. Although Ndc80 is believed to be directly 

responsible for Mps1 localisation, the precise mechanisms by which Mps1 is localised upon 

SAC initiation is still debated. Mps1 contains a N-terminal extension (NTE) which is 

responsible for kinetochore targeting by binding to the N-terminal Ndc80 CH domain (Ji et 

al, 2015). Inhibition of Aurora B also prevents Mps1 recruitment, while tethering Mps1 

bypasses the SAC assembly requirement for Aurora B (Saurin et al, 2011). One suggested 

model for how Aurora B might be responsible for Mps1 kinetochore targeting is by 

phosphorylating the Ndc80 CH domain which then enhances Mps1 binding (Zhu et al, 2013). 

Another possibility is that Aurora B phosphorylates the Mps1 NTE to relieve autoinhibition 

(Nijenhuis et al, 2013; Combes et al, 2018; Lee et al, 2012). 
 

1.8 Mps1 Phosphorylation-dependent MCC Assembly 

Proper kinetochore localisation of Mps1 triggers assembly of all other pre-MCC components 

and ultimately catalyses MCC formation. How kinetochores and specifically Mps1 kinase 

activity recruits checkpoint proteins and how phosphorylation of each protein contributes to 

localisation and stimulation of downstream components is a major question in understanding 

mechanisms of SAC regulation. Cellular levels of MCC are finely-tuned through a balance of 

assembly and disassembly of the MCC (Kulukian et al, 2009). MCC assembly is a 

thermodynamically favourable reaction, but it has an extremely low rate of spontaneous 

formation (Faesen et al, 2017). MCC is known to form within minutes in the cell, a process 

which is dramatically accelerated by unattached kinetochores (Dick & Gerlich, 2013; Clute & 

Pines, 1999; Hagting et al, 2002). Therefore, how MCC formation is catalysed is also a 

question of major importance. 

 

Key to this is the hierarchical recruitment of SAC proteins onto the outer kinetochore, which 

then creates a catalytic platform for MCC formation. The rate-limiting step of MCC 

formation is believed to be the conversion of Mad2 from an inactive open state into an active 

closed state which requires the Mad1:C-Mad2 platform (Luo et al, 2004; Simonetta et al, 

2009; Faesen et al, 2017). Apart from C-Mad2 production, the spatial proximity of MCC 

subunits, guided by protein-protein interactions, is required for efficient assembly. The next 

section will discuss the mechanisms by which Mps1 phosphorylation localises, catalytically 

activates, and repositions pre-MCC and MCC components in a highly effective and stepwise 

manner.  
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Figure 1.7: Stepwise assembly of the MCC. On the left is a schematic model of MCC assembly onto 

the outer kinetochore.  On the right is an outline of the essential steps in MCC assembly. Mps1 
phosphorylates the outer kinetochore protein Knl1, which recruits Bub3 bound to Bub1. Mps1 and 
Cdk1 then phosphorylate Bub1, targeting Mad1:C-Mad2. Mps1 also phosphorylates the C-terminal 
head domain of Mad1 to promote an interaction with Cdc20. Cytosolic O-Mad2 is targeted to the 
Mad1:C-Mad2 complex, by self-dimerization, forming a Mad1:C-Mad2:I-Mad2 complex, where I-
Mad2 stands for an intermediate Mad2 state. I-Mad2 then converts to C-Mad2 and which rapidly 

binds Cdc20 and BubR1 to form the MCC.  
 
Steps of MCC Assembly 
Refer to Fig 1.7 for a schematic outline of MCC assembly onto kinetochores. Mps1 bound to 

Ndc80 is able to phosphorylate several MELT (methionine-glutamate-leucine-threonine) 

motifs on Knl1 (London et al, 2012; Bollen, 2014; Yamagishi et al, 2012). These 
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phosphorylated MELTs (MELpTs) then form the base of MCC assembly by recruiting Bub3 

which is already bound to Bub1 and BubR1 (Petrovic et al, 2014b; Primorac et al, 2013; 

Zhang et al, 2014; Vleugel et al, 2013; Shepperd et al, 2012; Kiyomitsu et al, 2007). It is 

important to note that how BubR1 is targeted to kinetochores is debated, as it has been shown 

that BubR1 is also recruited through dimerization with Bub1, a topic which will be discussed 

later (Overlack et al, 2015). 

 

Mps1 then phosphorylates the conserved domain 1 (CD1) of Bub1 at Thr461, after being 

primed by Cdk1 phosphorylation at Ser459 (Kim et al, 2012; London & Biggins, 2014a; Ji et 

al, 2017; Zhang et al, 2017). Doubly phosphorylated Bub1 then recruits the tetrameric 

Mad1:C-Mad2 complex through interaction with the Mad1 RLK motif. Mad1:C-Mad2 

subsequently acts as the platform for conversion of cytosolic open-Mad2 into closed-Mad2 

through self-dimerization and a template conversion mechanism (De Antoni et al, 2005; 

Mapelli et al, 2007; Sironi et al, 2002). Bub1 and/or BubR1 then recruit Cdc20, and the Bub1 

kinase modifies Cdc20 by phosphorylation (DiFiore et al, 2015; Diaz-Martinez et al, 2015; 

Luo et al, 2004; Jia et al, 2016; Lischetti et al, 2014). The exact recruitment pathway of 

Cdc20 is also debated as Bub1 and BubR1 both contain multiple different Cdc20 binding 

motifs, several of which are required for checkpoint signalling. However, because Bub1 

modifies Cdc20 and the Cdc20:C-Mad2 complex is first required for binding of both to 

BubR1, it seems more likely that Bub1 first targets and positions Cdc20 close to Mad1:C-

Mad2 for binding to the newly converted C-Mad2 which then binds BubR1.  

 

Interestingly, two recent studies have also shown a direct interaction of Mad1CTD with the N-

terminal tail of Cdc20 which is dependent on Mps1 phosphorylation of the Mad1 C-terminus 

(Ji et al, 2017; Piano et al, 2021). This bipartite anchorage might optimally position the MIM 

of Cdc20 to O-Mad2 bound to Mad1:C-Mad2 promoting the Cdc20:C-Mad2 interaction.  

Finally, in the last step of MCC assembly, C-Mad2 is passed onto Cdc20 to form the 

Cdc20:C-Mad2 complex which has high affinity for the BubR1:Bub3 complex. This soluble 

MCC complex then targets and inhibits APC/CCdc20. 

1.9 Knl1 MELT Motifs 

As previously mentioned, Knl1 is phosphorylated by Mps1 at its conserved MELT motifs 

([M/I/L/V]-[E/D]-[M/I/L/V]-pT) which then act as a recruitment platform for Bub3:Bub1 and 

possibly BubR1:Bub3 (London et al, 2012; Yamagishi et al, 2012; Shepperd et al, 2012) (Fig 
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1.8). Subsequently, MELT phosphorylation mutants at threonine position 4, create a defective 

checkpoint. Binding occurs through the methionine and phosphorylated threonine of the 

MELpT sequence which dock onto the hydrophobic and basic patches of Bub3 respectively 

(Primorac et al, 2013). Interestingly the number of MELT copy numbers within Knl1 across 

organisms varies substantially, suggesting that Knl1 is a rapidly evolving protein (Tromer et 

al, 2015; Vleugel et al, 2013, 2012). Human Knl1 has 19 MELT-like motifs as compared to 

S. pombe (Spc7) which has 8, and S. cerevisiae (Spc105) which only has 5. Not all MELT 

motifs have the same activity towards Bub3 recruitment (Vleugel et al, 2015). In humans it is 

suspected that 6-7 MELTs bind Bub3 during a fully active SAC (Nijenhuis et al, 2013) (Fig 

1.8A).  

 
Figure 1.8: Knl1 MELTs and the KI1 and KI2 motifs in SAC signalling. (A) A schematic depiction 
of Knl1 with 19 MELT repeats. The activity of each MELT, as defined by the ability of the MELT to 
recruit the Bub3:Bub1 complex for SAC signalling, corresponds to a colour gradient (the darker the 

more active (Vleugel et al, 2015). The strength of the Bub3 (blue) and MELT interaction is also 
depicted by the arrow length. (B) A close up of the N-terminus of Knl1 where MELT1 is immediately 
proceeded by the KI1 and KI2 motifs which bind to the TPR lobes of Bub1 and BubR1, respectively. 

This mechanism enhances Bub1/BubR1 recruitment and is unique to some metazoans including 
humans. (C) Strong repeat activity requires sequential multisite phosphorylation of the Knl1:Bub3 
interface by Mps1. Mps1 first phosphorylates the threonine MELT residue which enhances Mps1 

phosphorylation at the SHT motif. Strong recruiters of Bub3:Bub1 require the SHT to enhance the 
Bub3:MELT interaction.  

 

In humans, 10 MELTs have a N-terminal TxxΩ motif (x, any amino acid; Ω, aromatic) which 

is critical for Bub1 recruitment by an unknown mechanism (Vleugel et al, 2013) (Fig 1.8C). 
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The most active MELTs also have an indispensable SHT motif C-terminal to the MELT 

(Vleugel et al, 2015) (Fig 1.8C). This SHT motif, first recruits Mps1 and its phosphorylation 

primes MELT phosphorylation and Bub3 recruitment. This mechanism is thought to be 

unique to vertebrate Knl1. Furthermore, in vertebrate orthologs, the N-terminal most MELT, 

MELT1, has two 12 residue upstream KI motifs which can recruit Bub1 and BubR1 TPR 

lobes (Kiyomitsu et al, 2007; Bolanos-Garcia & Blundell, 2011; Krenn et al, 2012) (Fig 

1.8B). However, KI motif mutants do not abolish Bub1/BubR1 kinetochore localization and 

are not required for the checkpoint (Krenn et al, 2012; Yamagishi et al, 2012). Detailed 

analyses have shown that KI motifs are MELT enhancers, making MELT1 the strongest 

recruiter of Bub1:Bub3 and the only MELT which can sustain the SAC by itself (Krenn et al, 

2014). Therefore, it is suggested that MELT1 and its KI motifs can recruit Bub1/BubR1 

when their kinetochore levels are low, enabling efficient SAC activation when no or only 

mild defects are present. Overall, the abundance of MELTs and the difference in their 

affinities suggests a mechanism by which eukaryotic cells are able to control the strength of 

SAC signalling in various scenarios of segregation errors. 

1.10 Bub1 and BubR1 Kinetochore Targeting 

Bub1 and BubR1 evolved from several duplication events with a common ancestral gene 

(Vleugel et al, 2012). They share similar domains, including TPR, GLEBS, KEN, and ABBA 

motifs, and yet have very different roles in SAC signalling (Fig 1.6). Both Bub1 and BubR1 

form stable mutually exclusive complexes with Bub3, both using the GLEBS domain (Wang 

et al, 2001; Larsen et al, 2007). Initially, it was thought that both Bub1 and BubR1 were 

recruited to Knl1 through Bub3. However, Bub3 was not found to be essential for BubR1 

recruitment and BubR1 does not stabilize the Bub3-Knl1 interaction as Bub1 does (Primorac 

et al, 2013; Krenn et al, 2014). This is because Bub1 contains a loop upstream of the GLEBS 

Bub3 binding domain which enhances Bub3 binding to phosphorylated MELTs on Knl1 

(Overlack et al, 2015). Interestingly the same loop in BubR1 is required for enhancing the 

ability of the MCC to inhibit APC/CCdc20 (Zhang et al, 2016a). This suggests alternative 

recruitment methods are present for BubR1. 

 

Subsequently, it was discovered that Bub1 and BubR1 form a tight dimer at kinetochores 

through a novel domain in the centre of each (Overlack et al, 2015) (Fig 1.6). Cells which 

lack the Bub1:BubR1 interaction still have an active but impaired SAC (Zhang et al, 2016a). 

Interestingly, the Bub1:BubR1 complex is conserved in fission yeast where Mad3 (BubR1) is 
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able to dimerize with Bub1 using their tetratricopeptide repeat (TPR) domains instead 

(Leontiou et al, 2019). The TPR domains in human Bub1 and BubR1 are not involved in 

their dimerization. Even more elusive to how Bub1 and BubR1 are recruited for SAC 

signalling in humans was the previously mentioned discovery that the N-terminus of Knl1 

has two lysine-isoleucine (KI) motifs which are conserved in only a few vertebrates, and of 

which binds to the TPR motifs of Bub1 and BubR1 (Ghongane et al, 2014; Krenn et al, 2014) 

(Fig 1.8B).  

 

Therefore, these results suggest that multiple pathways for BubR1 recruitment exist, which 

may be redundant or may be used in specific circumstances. Because Bub1 and BubR1, like 

Knl1 are fast evolving proteins with several recent gene duplication events, it may be that 

certain localization pathways are remnants of ancestral organisms. Further work into Bub1 

and BubR1 localization will be necessary to complete our understanding of the SAC 

signalling cascade. 

1.11  The ABBA and KEN motifs of Bub1 

Bub1 contains a N-terminal TPR domain, followed by a GLEBS motif, BubR1 dimerization 

domain, CD1 domain, and a C-terminal kinase domain. Bub1 also contains three Cdc20 

binding sequences. In the centre of Bub1 there is an ABBA motif immediately followed by a 

KEN box (KEN1) and a second KEN box (KEN2) just before the kinase domain (Schematic 

in Fig 1.6).  

 

ABBA and KEN motifs both allow substrate recognition by APC/CCdc20/Cdh1 for ubiquitin-

mediated degradation (DiFiore et al, 2015; Alfieri et al, 2017; Diaz-Martinez et al, 2015). 

Both Bub1 KEN boxes have been shown to be important for Bub1 ubiquitin-mediated 

degradation by APC/CCdh1 during SAC silencing (Qi & Yu, 2007). KEN1 was the 

predominant recognition site but removal of both was required to completely eliminate 

ubiquitination. 

 

The KEN and ABBA motifs of Bub1 are also thought to be required for SAC signaling, 

although the specific role of each is largely unknown. Evidence suggests that KEN2, which is 

directly N-terminal to the start of the kinase domain of Bub1, mainly functions in the 

recruitment and phosphorylation of Cdc20 (Kang et al, 2008). These results suggest KEN1 is 
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also involved but that KEN2 is more crucial to this function. Abolishing both KEN motifs 

eliminated Bub1-dependent Cdc20 phosphorylation. 

 

It was not until several years later that an ABBA motif, immediately preceding the KEN1 

box was discovered in Bub1 (DiFiore et al, 2015) (Fig 1.6). Removal of the ABBA motif in 

Bub1 has a dramatic effect on SAC signaling and is more pronounced than KEN removal. 

Interestingly, using a 1-550 truncation, removal of KEN2 and the Bub1 kinase domain did 

not affect SAC signaling. Even more surprising, Zhang et al., 2017, recently showed that 

when a minimal kinetochore targeting region of Bub1 (residues 1-280) is fused to Mad1, 

which does not contain either the KEN1 or ABBA motifs, the checkpoint is still robust, 

suggesting that the MCC can form without the Bub1:Cdc20 interaction. This is likely because 

of the redundancy in the ABBA and KEN motifs of BubR1 as discussed earlier. As this 

truncation of Bub1 still includes the Bub1:BubR1 dimerization domain, it would be 

interesting to know if a smaller truncation of Bub1 also lacking this domain would have a 

stronger checkpoint defect.  

 

Despite these data, it is still probable that the Bub1 ABBA/KEN1 region is important in 

facilitating efficient transfer of the C-Mad2:Cdc20 complex to BubR1, which is why the 

checkpoint is reduced but still viable upon their removal (Diaz-Martinez et al, 2015). 

Relatedly, it would also be interesting to test whether a single molecule of CDC20 can bind 

both the ABBA and KEN1 motifs or if they are temporally and/or spatially regulated during 

the checkpoint.  

1.12 The Bub1:Mad1 Interaction 
 
Historical Background 
In 2000, Brady and Hardwick, suggested that a complex between phosphorylated Mad1, 

Bub1 and Bub3 was required for spindle checkpoint function in yeast (Brady & Hardwick, 

2000). They identified that a conserved RLK motif, which forms a basic patch on the outside 

of the Mad1 coiled-coil, was essential for this complex. They subsequently found that an 

RLK/AAA mutation prevented Mad1 kinetochore association and created a defective 

checkpoint. This was later recapitulated in human cells (Kim et al, 2012). 

 

It was not until 2014 that London and Biggins, identified a direct interaction between Bub1 

CD1 and Mad1 RLK in budding yeast (London & Biggins, 2014b). They discovered that 
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Mad1 associated with kinetochore preparations from cells and that this was dependent on 

Knl1 (Spc105). Subsequently they identified that it was not due to a direct interaction 

between Knl1 and Mad1, but an interaction between Bub1 and Mad1. They found the RLK 

motif of Mad1 was required and that lambda phosphatase released Mad1 from Bub1. Mass 

spectrometry and a phospho-mutant screen subsequently determined that phosphorylation 

sites within the Bub1 CD1 domain were required for the Mad1:Bub1 interaction. 

Specifically, they identified two essential sites, T453 and T455. Mps1 was confirmed as the 

phosphorylating kinase through a radio-labelled assay (Weiss & Winey, 1996) and further in 

vivo studies. Later ITC experiments suggest a moderate affinity of 2.2 µM for this interaction 

(Ji et al, 2017). 

 

In the same year, another study published from the Desai lab, found the same direct 

interaction between Bub1:Mad1 in C. elegans (Moyle et al, 2014). C. elegans present an 

unusual case as they lack both the Bub1 CD1 domain and any Mps1 homologue. Here the 

Bub1 kinase domain directly binds Mad1, suggesting that Mad1 can be recruited to 

kinetochores by different mechanisms. It is hypothesized that other kinases, including polo-

like kinase 1 (Plk1) may fulfil the roles of Mps1 in MCC assembly in C. elegans (Espeut et 

al, 2015).  

 

The Human Bub1:Mad1 Interaction 
Even after determining the mechanism for the Bub1:Mad1 interaction in yeast, it took several 

years to reproduce the direct interaction between Bub1 and Mad1 in humans. Part of the 

difficulty arose from the discovery that there were two modes of Mad1 recruitment, the Bub1 

pathway and the metazoan specific Rod/Zwilch/Zw10 (RZZ) pathway (Karess, 2005). 

 

In 2017, two studies were the first to confirm the direct interaction of human Bub1 and Mad1 

in vitro (Zhang et al, 2017; Ji et al, 2017). Importantly they discovered sequential 

phosphorylation by first Cdk1 at Ser459 and then Mps1 at Thr461, was required to capture a 

robust interaction. Bub1 Ser459 is followed by a proline and matches the minimal Cdk1 

substrate consensus of [S/T]P. The negatively charged phosphorylated Ser459 then primes 

Mps1 phosphorylation at Thr461, as Mps1 prefers to phosphorylate sites with an acidic 

residue at the -2 position (Dou et al, 2011). A Bub1 S459A/T461A mutant could not rescue 

mitotic arrest deficiency caused by Bub1 depletion (Ji et al, 2017), while phospho-mimetic 

mutants S459E and T461D could mostly restore the arrest (Zhang et al, 2017). The Nilsson 



Chapter 1: Introduction 

42 
 

lab further confirmed this interaction in vivo, using a doubly phosphorylated pSpT antibody 

to detect staining in nocodazole arrested cells, and by using a proximity-dependent ligation 

assay (Zhang et al, 2017).  

 

ITC and SPR suggest that the interaction between human Bub1 and Mad1 is lower affinity 

than in yeast. ITC suggests the singly phosphorylated pThr461 Bub1 CD1 peptide binds the 

Mad1CTD with an affinity of 15.7 µM, whereas the doubly phosphorylated peptide has an 

affinity of 3.1 µM (Ji et al, 2017). Using SPR, singly phosphorylated Thr461 had a KD of 32 

µM while doubly phosphorylated CD1 had a KD of 16 µM. Phosphorylation by Cdk1 alone at 

Ser459 does not create a Bub1-Mad1 interaction which can sustain the checkpoint (Zhang et 

al, 2017).  

 

It is important to note that other than when a doubly phosphorylated Bub1CD1 peptide is used, 

a strong Bub1-Mad1 interaction has yet to be captured by longer Bub1 truncations in any 

biophysical studies. Numerous labs have reported an inability to capture the full-length 

complex in size-exclusion, and almost all pull-down studies with full-length Bub1 and/or 

other Bub1 truncations have very low occupancy of Mad1. This might suggest that the Bub1-

Mad1 interaction becomes weaker when larger Bub1 constructs are used or that some sort of 

autoinhibition is occurring. Additionally, there exists no structure of Mad1 bound to Bub1 

and thus the molecular details of this phospho-specific interaction are unknown. 

 
The Bub1:Mad1 interaction has been shown to be important for more than just targeting the 

Mad1:C-Mad2 complex to kinetochores, however the details of this remain to be elucidated. 

In fission yeast, Bub1 was found to be required even when Mad1 was tethered to Mis12 of 

the outer kinetochore (Heinrich et al, 2014). Fusion of human Mad1 to kinetochores or to 

Bub1 bypasses the requirement for the CD1:RLK interaction in targeting Mad1 to 

kinetochores, but Bub1 is still required for proper checkpoint function (Zhang et al, 2017). 

This is likely because Bub1 acts as a scaffold by which it not only recruits Mad1 but also 

Cdc20 and BubR1, as well as repositioning these checkpoint proteins for efficient MCC 

assembly.  

1.13 RZZ-mediated Mad1 Kinetochore Recruitment 

As mentioned, another reason for the complication in understanding the human Bub1:Mad1 

interaction at kinetochores was the discovery that there were two modes of recruitment. In 



Chapter 1: Introduction 

43 
 

humans, depletion of Bub1 or removal of its CD1 domain, does not completely remove Mad1 

from kinetochores, as is the case in yeast, because a second pool was found to be targeted by 

the RZZ complex (Karess, 2005; Zhang et al, 2015; Calda et al, 2015; Silió et al, 2015; 

Zhang et al, 2019).  

 

The RZZ complex is a metazoan specific pathway for Mad1 kinetochore recruitment (Karess, 

2005). RZZ localizes to kinetochores soon after nuclear envelope breakdown through Knl1-

Zwint recruitment (Starr et al, 1998; Wang et al, 2004; Kops et al, 2005). RZZ has been 

shown to be required for proper Mad1 kinetochore recruitment and a fully robust checkpoint 

(Buffin et al, 2005; Silió et al, 2015; Qian et al, 2017; Calda et al, 2015; Zhang et al, 2015, 

2019). Mad1 has been found in RZZ immunoprecipitants in Drosophila but a direct 

interaction between Mad1 and RZZ subunits remains to be established (Défachelles et al, 

2015b, 2015a). Recent works suggests Cdk1-cyclin B1 localises to the corona through an 

interaction with RZZ and cyclin B1 scaffolds the SAC by binding directly to the N-terminus 

of Mad1 which may suggest that RZZ may only indirectly recruit Mad1 to kinetochores 

(Allan et al, 2020).  

 

Recent data from the Nilsson lab has suggested that Mad1 kinetochore recruitment mediated 

by RZZ is actually synergistic with the Bub1 pathway, rather than being separate (Zhang et 

al, 2015, 2019). Interestingly the N-terminal region of Knl1 was required for this RZZ 

dependent localization of Mad1 in a Bub1CD1-dependent manner. There is also another 

kinetochore pool of RZZ whose localisation is not dependent on Knl1 or Bub1, but instead 

associated to the Ndc80:CenpT complex (Calda et al, 2015; Samejima et al, 2015). However, 

it is unknown if this pool of RZZ helps to maintain Mad1 at kinetochores.  

1.14 The Mad1-Mad2 Complex  

Mitotic arrest deficiency 1 (Mad1) was first discovered in S. cerevisiae using a genetic screen 

(Li & Murray, 1991). Mad1 mutant cells divide faster when exposed to Benomyl, a drug that 

perturbs microtubule polymerisation (Li & Murray, 1991; Hardwick & Murray, 1995). The 

importance of Mad1 targeting to kinetochores was first demonstrated when it was shown that 

artificially tethering Mad1 to kinetochores could maintain an active checkpoint even after all 

kinetochores were attached (Maldonado & Kapoor, 2011). Additionally, reactivation of the 

checkpoint after SAC silencing could be achieved by using an FRB/FKBP rapamycin system 

to conditionally target Mad1 to kinetochores (Kuijt et al, 2014). Several studies have also 
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shown that the strength of the SAC response is dictated by Mad1:C-Mad2 kinetochore levels 

(Collin et al, 2013; Dick & Gerlich, 2013). 

 

The major role of Mad1 in the SAC is believed to be recruitment of Mad2 to unattached 

kinetochores where the Mad1:C-Mad2 tetramer acts as the platform for Mad2 open-to-closed 

template conversion and subsequent MCC activation. However, in recent years the role of 

Mad1 in the SAC has expanded, to a view that Mad1 is not only important for Mad2 

recruitment, but also has key catalytic roles in MCC formation which is dependent upon its 

C-terminal domain (discussed further in section 1.18 and in chapters 4 and 5). 

 

Mad1:C-Mad2 Localization 
The Mad1:C-Mad2 complex is first targeted to the nuclear envelope during interphase, and 

this targeting depends on the very N-terminus of Mad1 (Heinrich et al, 2014; Chen et al, 

1998; Liu et al, 2003; Sang et al, 2008). The nuclear basket nucleoporin Megator protein is 

required for Mad1 nuclear envelope targeting (Lince-Faria et al, 2009; Schweizer et al, 2013; 

Rodriguez-Bravo et al, 2014). Evidence suggests that interphase Mad1 nuclear pore targeting 

helps ensure a sufficient amount of Mad1:C-Mad2 complex is produced before mitosis 

(Schweizer et al, 2013; Rodriguez-Bravo et al, 2014). Cellular Mad1:C-Mad2 levels then 

dramatically increase during prometaphase when the complex is targeted to kinetochores 

(Chen et al, 1998; Tipton et al, 2011). Mad1 not only requires Mps1 to be targeted to 

kinetochores but also to be released from nuclear pore complexes as Mps1 phosphorylates 

Megator which then disrupts its interaction with Mad1 (Cunha-Silva et al, 2020).  

 

As previously mentioned, there is a debate about whether or not Mad1 is targeted to outer 

kinetochores for the purpose of MCC formation by Bub1 or RZZ or a synergy of both. The 

NTD domain of Mad1 also has several suggested kinetochore recruiters, including Plk1 (Chi 

et al, 2008), Nek2A (Lou et al, 2004), Cenp-E (Akera et al, 2015), Cdk1-Cyclin B (Alfonso-

Pérez et al, 2019), and Spindly (Yamamoto et al, 2008). It is however unclear if NTD 

mediated kinetochore targeting of Mad1 is synergistic with the Bub1 and RZZ pathways. 

This is particularly interesting in light of the fact that Mad1 is an extremely elongated coiled-

coil protein spanning approximately 80 nm in length, and therefore it is plausible that Mad1 

targeted by its NTD could reach the outer kinetochore with its CTD. Nevertheless, the 

general consensus is that for MCC assembly, Mad1 kinetochore localisation happens in a 

Cenp-I>Ndc80>Mps1>Bub1>Mad1 hierarchy. Cenp-I is located on the inner kinetochore and 
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targets Ndc80 to the outer kinetochore, which then targets Mps1, and finally Bub1 

phosphorylation by Mps1 recruits Mad1 (Martin-Lluesma et al, 2002; Liu et al, 2003; 

Matson & Stukenberg, 2014).  

1.15 Mad1 Structure 

Mad1 is an 83 kDa protein, which forms a constitutive dimer that primarily consists of an 

elongated coiled-coil (Fig 1.9). The structure of Mad1 is discussed extensively in chapter 5. 

There is no full-length structure of Mad1, largely due to low solubility and expression of full-

length Mad1. However, two recent studies have finally reported full-length MBP-tagged 

Mad1 purification co-expressed with Mad2 in Tna83 insect cells (Alfonso-Pérez et al, 2019; 

Piano et al, 2021). 

 

The N-terminus of Mad1, residues 1-485, is largely unstudied, but believed to consist mostly 

of long coiled-coil regions separated by several disordered loops (Fig 1.9A). In contrast, the 

C-terminus of Mad1 is well studied. Mad1 residues 485-584 have been crystallized with a 

Mad2 R133A mutant (PDB: 1GO4; Sironi et al, 2002) (Fig. 1.9B-C). Mad2 R133A is self-

dimerization deficient and was necessary to obtain a homogenous sample for crystallization. 

In this structure Mad1 forms a dimer through its coiled-coil α-helices. This coiled-coil is 

disrupted by a short-disordered loop, named the ‘Mad2 interacting motif’ (MIM), spanning 

residues 530-550, which traps one molecule of C-Mad2 per chain to make a Mad1:C-Mad2 

heterotetramer. Each C-Mad2 molecule can then dimerize with an O-Mad2 molecule, to 

make a Mad1:C-Mad2:O-Mad2 hexamer (Fig 1.9B-C). 

 

The very C-terminus of Mad1, residues 597-718, has also be crystallized presenting an N-

terminal coiled-coil (597-637), ending in a globular head domain (PDB 4DZO; Kim et al, 

2012) (Fig 1.9B). The C-terminal head, residues 638-718, forms homo-dimeric RWD folds, a 

fold found in the kinetochore binding domains of several other checkpoint proteins, including 

Spc25/24 and Csm1. The RWD fold is part of a ubiquitin-conjugating enzyme class, 

however, RWD domains lack the proper machinery for covalent ubiquitin transfer (Doerks et 

al, 2002). RWD domains are usually involved in protein-protein interactions (Páez-Pereda & 

Arzt, 2015; Schmitzberger & Harrison, 2012).  
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Figure 1.9: Characterisation of Mad1 and the Mad1:C-Mad2:O-Mad2 complex. (A) Schematic 
diagram of Mad1. Non-coiled coil segments are depicted by ovals as predicted by COIS program 
(Lupas et al, 1991). Mad1 contains three distinct regions. The NTD (yellow) of which there is no 
structure, composed of a long coiled-coil interrupted by several loops. The MIM (orange) which 

dimerises and binds two C-Mad2 molecules, and the CTD (orange). (B) A side view of the 
Mad1Δ485-718:C-Mad2:O-Mad2 complex. The Mad1 dimer encompassing residues 485-584 is 

depicted in light orange (PDB 1GO4; Sironi et al, 2002), bound to two C-Mad2 molecules in light 
blue. Two O-Mad2 molecules (dark blue) dimerised to C-Mad2 are fitted using the structure of the O-

C Mad2 dimer (PDB 2V64; Mapelli et al, 2007). The coiled-coil is then interrupted by a 16 amino 
acid segment, which is predicted by AlphaFold2 to have a short α-helix (residues 586-592). The 

coiled-coil then resumes and the structure of the C-terminal head domain of Mad1, residues 597-718, 
is depicted in dark orange (PDB 4DZO). (C) Top view of the Mad1:C-Mad2:O-Mad2 complex, not 

including the flexible head domain. 
 

A few studies have suggested additional importance of the CTD of Mad1 in MCC formation, 

including interaction with Cdc20, and a possible fold-over mechanism using the disordered 
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loop between residues 584 and 597 to fold back onto the Mad1:C-Mad2 core (Ji et al, 2017; 

Piano et al, 2021; Sironi et al, 2002). However, the functional importance if any of these 

interactions have yet to be confirmed. Interestingly, the N-terminus of Mad1 is not required 

for catalytic MCC formation in vitro, as a Mad1 420-718 truncation forms MCC at the same 

levels as Mad1 full-length (Faesen et al, 2017). The better studied Mad1 485-718 truncation 

was slightly worse at MCC catalysis, suggesting a region between residues 420 and 485 is 

important for the checkpoint in an unknown manner. 

 

1.16 MCC Assembly Requires Mad2 Conversion 
As previously mentioned, a key requirement of MCC formation is the conformational change 

of Mad2 from an open to closed (O-to-C) state. O-Mad2 is the predominant conformation in 

interphase cells. In mitosis, two pools of Mad2 exist, cytosolic O-Mad2 which is unbound 

and inactive and C-Mad2 which is active and bound to either of its ligands (Mad1 and 

Cdc20), by means of their MIM motif (Shah et al, 2004; Luo et al, 2004). 

 

 
Figure 1.10: A schematic of Mad2 template conversion during MCC formation. The C-Mad2 

molecule, which is part the MCC, requires the Mad1:C-Mad2 platform to form, a process by which 
cytosolic O-Mad2 (dark blue) binds to C-Mad2 (light blue) already bound to Mad1. C-Mad2 bound to 

Mad1 then acts as a template by which O-Mad2 is converted into C-Mad2 in a catalytic manner. A 
transient intermediate state of Mad2 (I-Mad2 coloured purple) likely forms upon O-Mad2 
dimerization to C-Mad2. The newly formed C-Mad2 then rapidly binds Cdc20 (green) and 

BubR1:Bub3 (pink and red) to form the MCC. 
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Several experiments were fundamental to establishing that MCC formation requires O-to-C 

Mad2 conversion (Fig 1.10). The checkpoint requires cytosolic O-Mad2, not Mad2 that is 

already part of the Mad1:C-Mad2 complex, and Mad1 overexpression will titrate away free 

O-Mad2 and abrogate the checkpoint (Chung & Chen, 2002). P31comet, an adaptor protein 

important for MCC disassembly, which is homologous to O-Mad2 and can bind the Mad1:C-

Mad2 complex, can prevent formation of the MCC by blocking cytosolic O-Mad2 binding to 

the Mad1:C-Mad2 tetramer and preventing C-Mad2 formation (Nezi et al, 2006; Mapelli et 

al, 200) . It has also been reported that P31comet may instead extract Mad2 from the MCC 

(Westhorpe et al, 2011). Checkpoint dysfunction also occurs if a Mad1 MIM mutant 

(K541A/L543A), which cannot bind Mad2 is used (Ji et al, 2018). Additionally, the 

checkpoint is abrogated if a Mad2∆LL mutant (O-Mad2 locked), is targeted to kinetochores, 

or by targeting a Mad2 R133A mutant which is dimerization deficient (Kruse et al, 2014).  

 

Because Mad1:C-Mad2 seems to act as the platform for conversion of O-Mad2 into C-Mad2, 

a template model has been proposed by which the C-Mad2 molecule bound to Mad1, not 

only acts as a platform for recruitment of O-Mad2 to unattached kinetochores, but also acts as 

a template for catalytic conversion of O-Mad2 into C-Mad2 (Simonetta et al, 2009; De 

Antoni et al, 2005; Nezi et al, 2006; Mapelli et al, 2007) (Fig 1.10). This model suggests that 

some sort of transient intermediate Mad2 (I-Mad2) occurs during O-Mad2 conversion on the 

Mad1:C-Mad2 platform, however the existence and properties of this intermediate state have 

yet to be confirmed (Hara et al, 2015; Luo & Yu, 2008; Mapelli et al, 2007).  

 

Structural Analysis of Mad2 Conversion  
A detailed analysis of the conformational change which occurs during the O-Mad2 to C-

Mad2 transition is shown in Fig 1.11. Mad2 contains a central core (coloured yellow in Fig 

1.11), which includes a three-stranded anti-parallel β-sheet (β4-6), and three α-helices (αA-

C), with a β-hairpin (β2-3) between the αA and αB helices. The core of Mad2 is preserved 

during Mad2 conversion while both the N- and C-termini of Mad2 undergo metamorphosis. 

The disordered segment at the very C-terminus of O-Mad2, as well as the two adjacent β-

strands (β8 and β7 coloured red) which form a C-terminal β-hairpin, swing across the central 

face of Mad2, displacing the N-terminal β-strand in O-Mad2 (β1 coloured blue in O-Mad2). 

This ejected N-terminal β-strand then refolds as an α-helix and an extended α-helix in C-

Mad2. The rearrangement of the C-terminal β-hairpin and its adjacent loop (the ‘safety-belt’), 

ultimately enables Mad2 to entrap the β-stranded MIM motif of Cdc20 (coloured green). This 
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entrapment of Cdc20MIM during the Mad2 O-to-C transition has thus been coined the ‘safety-

belt’ mechanism and results in a dramatic alteration of the hydrogen bond network in the 

periphery of Mad2 (Sironi et al, 2002; Mapelli et al, 2007). 

 
Figure 1.11: Structural comparison of the open and closed states of Mad2. Figures taken and 

adapted from Mapelli et al, 2007. (A) A top and side view of the crystal structure of the O-Mad2:C-
Mad2 dimer with the MIM motif of Cdc20 bound to the C-Mad2 molecule (PDB: 2V64). (B) A 

topology diagram of O-Mad2 and C-Mad2:Cdc20MIM. (C) From top to bottom, steps in the conversion 
of O-Mad2 into C-Mad2, specifically the conformational rearrangement of β1 and αN segments 

(coloured blue) and the C-terminal β sheets (coloured red). O-Mad2* represents a suggested 
intermediate state which must occur to allow the O-to-C transition. (D) Schematic diagram of the 

sequence and secondary structure of O-Mad2 versus C-Mad2. Ribbons are coloured according to a 
conservation bar displayed below. The circles mark residues where O-Mad2 and C-Mad2 make 

contact. 

1.17 Catalysis is Required for Mad2 Conversion 

The conformational change of Mad2 from the open-to-closed state requires a large activation 

energy and therefore spontaneous conversion is extremely slow and rate-limiting for MCC 

formation (Simonetta et al, 2009). In cells, SAC activation takes only minutes (Dick & 

Gerlich, 2013; Clute & Pines, 1999), and mixing C-Mad2 with BubR1 and Cdc20 allows 
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spontaneous formation of the MCC at 4°C in vitro (Ji et al, 2017; Faesen et al, 2017). 

However, mixing O-Mad2 with BubR1 and Cdc20 does not spontaneously form the MCC in 

vitro. The half-life of this reaction is about 220 mins and requires overnight incubation to 

reach equilibrium (Faesen et al, 2017). Thus, the reorganization of the Mad2 ‘safety-belt’ 

seems to be the rate-limiting step of MCC assembly, and as in cells this happens within 

minutes during an active SAC, one or more mechanisms of catalysis must be occurring.   

 

Several recent studies have investigated the kinetics of Mad2 conversion by establishing 

assays to measure MCC formation (Faesen et al, 2017; Ji et al, 2017; Piano et al, 2021). The 

Musacchio lab established a FRET system to measure MCC formation by assessing CFP-

BubR1 or CFP-Cdc20 binding to Mad2 conjugated to a TAMRA fluorophore (Faesen et al, 

2017; Piano et al, 2021). The Yu lab utilized MCC-mediated APC/C inhibition which leads 

to less efficient substrate ubiquitination as a read out for MCC assembly and thus Mad2 

conversion (Ji et al, 2017). These studies and others have identified several key factors 

contributing to MCC catalysis, including the Mad1:C-Mad2 tetramer, Mad2 dimerization, 

phosphorylation of Mad1 by Mps1, phosphorylated Bub1, the N-terminus of Cdc20, and the 

Mad2 PEG motif. However, the molecular mechanisms and sequence of events for how each 

components catalyzes MCC assembly is not yet understood. 

 

1.18  Phosphorylated Mad1 Stimulates MCC Formation 

Previously, the importance of the Mad1:C-Mad2 complex in checkpoint formation was 

believed to solely be the ability of Mad1:C-Mad2 to both recruit O-Mad2 and act as a 

platform for template-based C-Mad2 formation. However, several recent studies suggest that 

the Mad1:C-Mad2 complex, when triggered by Mps1-dependent Mad1 phosphorylation, 

enhances Mad2 conversion. The specific details of how Mad1 phosphorylation by Mps1 

catalyzes MCC formation are not yet known and will be a key focus in this thesis.  

 

The first evidence to suggest an important role of Mad1 outside of targeting Mad2 to 

kinetochores was the identification that Mad1 constitutively targeted to kinetochores still 

required Mps1 to produce an efficient checkpoint response (Hewitt et al, 2010; Maldonado & 

Kapoor, 2011; Tighe et al, 2008; Heinrich et al, 2014). Additionally, truncating the RWD 

head of Mad1, while maintaining the RLK motif, creates a defective checkpoint despite the 

targeting of Mad1:C-Mad2 to kinetochores being maintained (Kruse et al, 2014). 
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Additionally, a Bub1-Mad1 fusion, when the Bub1 CD1 domain is deleted, still requires the 

C-terminal domain of Mad1 for proper checkpoint signaling (Zhang et al, 2017). In fission 

yeast, the Hauf laboratory mutated residues, E670, D673, and D676, to QNN respectively, 

within Mad1CTD and found that the checkpoint was defective despite preserving Mad2 and 

Mad1 at kinetochores (Heinrich et al, 2014). The same mutants in human Mad1 create a 

similar phenotype (Ji et al, 2017; Zhang et al, 2017).  

 

As previously explained, the Musacchio lab, using a FRET system for MCC formation, found 

that when adding Mad1:C-Mad2 after being phosphorylated by Mps1, the MCC formed 

within a few minutes, whereas it otherwise required overnight incubation. This supports 

experiments showing that Mps1 inhibition by reversine creates checkpoint dysfunction even 

when Mad1 is forcibly targeted to kinetochores, and this can only be rescued by using a 

Mad2 L13A mutant which preferentially forms the closed state and thus does not require 

conversion (Yang et al, 2008; Tipton et al, 2011, 2013). Therefore, Mad1 functions as key 

catalyst in MCC formation, and this role is functionally distinct from the requirement of 

Mad1 in targeting Mad2 to kinetochores. 

 

Mad1 Phosphorylation Sites 
Mass spectrometry has been used by several labs to identify several phosphorylation sites 

present in mitotic Mad1. Functionally significant sites were found in both the N- and C-

terminal domains, however only the C-terminal sites were found to be important for MCC 

activation (Ji et al, 2017; Zhang et al, 2017; Ji et al, 2018). Interestingly, all three studies 

found that a single residue, Thr716, two residues from the C-terminus of Mad1, was the most 

critical for Mad1 phosphorylation-dependent checkpoint activation. Mutating Thr716A 

abrogated the SAC, and significantly diminished APC/CMCC inhibition of securin 

ubiquitination in vitro (Ji et al, 2017). Phosphorylation of Mad1 at Thr716 has been 

implicated in promoting an interaction with the N-terminus of Cdc20, and this will be 

discussed further in chapter 4 (Piano et al, 2021; Ji et al, 2017).  

 

Additionally, Thr644, Ser610, and Tyr634 phosphorylation mutants also negatively impacted 

the checkpoint response by yet unknown mechanisms (Ji et al, 2018). An additional study 

identified Mps1-dependent phosphorylation at Ser699, Ser713 and Thr716 (Piano et al, 

2021). Therefore, several residues and multiple surfaces within the C-terminus of Mad1 are 
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crucial for the SAC, but the mechanisms behind how each specific phosphorylation site 

contributes, and whether it contributes directly to MCC catalysis, is not yet clear.  

1.19 SAC Silencing 

Reviewed in Bokros & Wang, 2016; Benzi & Piatti, 2020. 

Once microtubule-kinetochore attachments are successful and the checkpoint has been 

satisfied, the SAC signaling cascade must be rapidly shutoff and APC/C inhibition needs to 

be reversed. There are several key steps in this process, including but not limited to, Mad1 

and Mps1 removal, PP2A and PP1 phosphatase signaling, halting MCC formation, and 

disassembling existing MCC. 

 

Mps1 Silencing 
Mps1 binds to Ndc80 and shares this binding site with microtubules. It has been suggested 

that as microtubules bind, they displace Mps1 and prevent phosphorylation of Knl1, Bub1, 

and Mad1 which is required to maintain the checkpoint (Hiruma et al, 2015; Ji et al, 2015). 

In budding yeast, it has also been suggested that end-on microtubule attachments to 

kinetochores physically separates Mps1 from its downstream substrates, a mechanism which 

has also been suggested for Aurora B inhibition (Aravamudhan et al, 2015). Consequently, 

tethering Mps1 to kinetochores causes persistent Mad1 kinetochore localisation and an 

inability to shut off the checkpoint  (Koch et al, 2019; Ito et al, 2012; Jelluma et al, 2010). 

 

PP1 Signaling  
The conserved protein phosphatase 1 (PP1) is a crucial player in silencing the checkpoint 

(Lesage et al, 2011). It is recruited to kinetochores through the N-terminal SILK and RVSF 

motifs of Knl1 and directly opposes Mps1 and Aurora B activity in activating the checkpoint 

(Aravamudhan et al, 2015; Welburn et al, 2010; Liu et al, 2010; Vanoosthuyse & Hardwick, 

2009a).  Mutation of the RVSF or SILK motifs in Knl1, creates a prolonged checkpoint and 

subsequent cell death. 

 

Removal of Mad1 
Removal of Mad1 is a key step in shutting down SAC signaling (Gassmann et al, 2010; 

Barisic & Geley, 2011; Vanoosthuyse & Hardwick, 2009b). If Mad1 kinetochore release is 

prevented by tethering Mad1 to Mis12, cells present severely delayed anaphase onset 

(Jelluma et al, 2010). Stripping of the Mad1:C-Mad2 complex from kinetochores is believed 
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to happen through RZZ-associated Spindly, which enables minus-end directed dynein-

dynactin transport of Mad1:C-Mad2 away from kinetochores (Gassmann et al, 2010; Barisic 

& Geley, 2011; Griffis et al, 2007; Silva et al, 2014). 

 

MCC Disassembly 
There are two independent mechanisms for MCC disassembly. Firstly, APC/C bound MCC 

can be ubiquitinated by the APC/C resulting in MCC degradation (Uzunova et al, 2012; Foe 

et al, 2011; Reddy et al, 2007). Secondly, the MCC can be disassembled in an energy-

dependent mechanism involving p31comet and the AAA+ ATPase Trip13 (Teichner et al, 

2011; Eytan et al, 2014; Ye et al, 2015). It is well established that the hexameric ring of 

AAA+ ATPases utilize the energy of ATP-hydrolysis to power substrate translocation 

through their central pore and is a mechanism which often functions to unravel protein 

complexes (Erzberger & Berger, 2006; Snider et al, 2008; Puchades et al, 2020). In the case 

of Mad2, p31comet recruits C-Mad2 to Trip13 which then catalyzes the conversion of C-Mad2 

into O-Mad2. Dr. Claudio Alfieri while in the Barford group, solved the cryo-EM structure of 

nucleotide-bound Trip13 with and without the p31:C-Mad2:Cdc20 complex (Alfieri et al, 

2018). These structures showed that the p31comet adaptor is able to recognize the HORMA 

domain of C-Mad2 and deliver its N-terminus to the central pore of Trip13. This 

translocation of the Mad2 N-terminus through the Trip13 pore, is coupled with the rotary 

motion of the AAA+ ATPase upon ATP-hydrolysis, resulting in remodeling of the C-Mad2 

β-sheet necessary for O-Mad2 conversion. This remodeling releases Mad2 from Cdc20 and 

disassembles the MCC (Alfieri et al, 2018).  

 

Two other functions of p31comet 
As part of the MCC remodeling process, another interesting aspect of p31comet is that it can 

disrupt the binding of BubR1:Bub3 to Cdc20:C-Mad2 in a way that is independent of ATP-

hydrolysis. Mad2 normally stabilizes the MCC by optimally positioning the KEN box of 

BubR1 to bind Cdc20 (Chao et al, 2012). p31comet competes with BubR1 for Mad2 binding, 

and therefore antagonizes MCC formation. p31comet also antagonizes MCC formation in a 

second way. Like Mad2, p31comet is a HORMA domain protein which structurally mimics the 

O-Mad2 state and blocks the conversion of Mad2 by binding the Mad1:C-Mad2 complex and 

preventing cytosolic O-Mad2 from binding and undergoing conversion (Xia et al, 2004; 

Yang et al, 2007).  
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1.20 Initial objectives of this thesis 

The initial aim of my PhD project was to investigate further how checkpoint proteins are 

recruited to kinetochores and how Mps1 phosphorylation empowers Bub1 and Mad1 as 

catalysts in the generation of MCC. This would be accomplished by reconstituting the entire 

‘pre-MCC’ complex, composed of Knl1:Zwint:Bub3:Bub1:C-Mad2:O-Mad2:Mad1:Cdc20, 

through combining the phosphorylated pKnl1:pBub1:Bub3:Cdc20 complex with the 

phosphorylated pMad1:C-Mad2:O-Mad2 complex. After successful reconstitution, a 

combination of biochemical assays and cryo-electron microscopy would be used to analyse 

both the structure and function of this complex. The major questions I hoped to address 

included: 

1) How phosphorylation promotes both the Bub1-Mad1 interaction as well as the 

Mad1:Cdc20 interaction. 

2) How the overall architecture of the complex creates a juxtaposition of each 

component to promote efficient MCC assembly. 

3) How these events, including Mad1 phosphorylation catalyse Mad2 conversion.  

 

Cryo-EM is currently undergoing an exponential resolution revolution (discussed in chapter 

2) and therefore solving the structure of what we predicted was likely to be a very flexible 

and heterogenous complex seemed challenging but feasible. In particular, we were aware that 

the Bub1-Mad1 interaction would likely be difficult to capture, as other labs had reported an 

inability to form a stable Bub1-Mad1 complex. We hoped that by combining all components 

of the pre-MCC scaffold, as well as utilising the recent advancements in our understanding of 

i) sequential Bub1 phosphorylation by Cdk1 and Mps1, ii) the Mad1-Cdc20 interaction 

promoted by Mad1 phosphorylation, iii) a possible synergistic tripartite complex of Bub1-

Mad1-RZZ at kinetochores, that we would be able to stabilise the Bub1-Mad1 interaction and 

capture the entire pre-MCC complex. 

 

After purifying all pre-MCC components and successfully recapitulating Bub1 Ser459 and 

Thr461 and Mad1 Thr716 phosphorylation in vitro, I spent the greater part of the first two 

years of my thesis trying to reconstitute the entire complex. However, I was largely 

unsuccessful due to an inability to stabilise the Bub1-Mad1 interaction despite multiple 

attempts to enhance their affinity. Due to word limit constraints, I will only include a 

summary of these attempts below: 
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• Co-expression of all pre-MCC subunits in the baculovirus expression system in the 

presence of Mps1 and okadaic acid. Okadaic acid is a phosphatase inhibitor which 

specifically targets PP2A, but also PP1 at higher concentrations, and its presence 

during baculovirus protein expression has been shown to be a reliable way to promote 

mitotic protein phosphorylation (Alfieri et al, 2018). 

• Inclusion of the RZZ complex. 

• Enhancing the Bub1-Mad1 interaction through fusing together Bub1 and Mad1 or 

forcing dimerization using the FRB-FKBP-Rapamycin system. 

• Adding multiple sequential CD1 repeats within Bub1, as this has been shown to be an 

effective way to enhance the Bub1-Mad1 interaction in vivo and additionally to 

bypass the requirement of RZZ in human Mad1 kinetochore recruitment (Zhang et al, 

2019). 

• Using several types of Knl1, Mad1 and/or Bub1 truncations. 

• Cross-linking 

 

Thus, the revised aim of my thesis was to investigate specific parts of the MCC assembly 

scaffold using a more diverse mixture of techniques which were better suited to addressing 

each individual question and with the hope that a more complete picture of catalytic MCC 

assembly could be achieved.  

1.21 Revised Objectives 
 
Chapter 3 combines X-ray crystallography, NMR spectroscopy, and biophysics to explore 

the structure and function of the Bub1-Mad1 complex. This includes examining: 

• How phosphorylation by Cdk1 and Mps1 specifically regulates the Bub1-Mad1 

interaction. 

• Whether this interaction serves simply to target Mad1 to kinetochores or if it 

repositions and/or alters the structure of the Mad1:C-Mad2 complex to promote MCC 

assembly. 

 

Chapter 4 investigates how Mad1 phosphorylation by Mps1 catalyses MCC assembly. This 

includes exploring: 

• The specific sites of Mps1 phosphorylation on Mad1. 
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• How Mad1 phosphorylation promotes the Mad1CTD-Cdc20NTD interaction, including 

analysing the recently identified Box1 and Box2 motifs within the N-terminus of 

Cdc20. 

• The structure of phosphorylated Mad1CTD bound to Cdc20.  

• Does Mad1 phosphorylation serve any other purpose than to promote interaction with 

Cdc20. 

 

Chapter 5 investigates the structure of the Mad1:C-Mad2:O-Mad2 platform in the 

phosphorylated and non-phosphorylated states by cryo-electron microscopy.  

 

Chapter 6 sets the premise for ongoing work which investigates the mechanisms underlying 

Mad2 conversion from the open to closed state by NMR. This includes examining: 

• The specific steps and sequence of these steps which occur during Mad2 

conversion  

• If any true intermediate states exist. 
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Chapter Two 

Materials and Methods 

2.1 Composition of frequently used medias and buffers. 

Buffer Composition 
4x SDS-PAGE 50 mM Tris pH 6.6, 10% SDS, 40% glycerol, 0.8% bromophenolblue, 0.5 mM 

DTT 
LB 10 g/l tryptone, 5 g/l yeast extract, 10 g/l NaCl 
Low salt LB 10 g/l tryptone, 5 g/l yeast extract, 2 g/l NaCl 
2xTY 16 g/l tryptone, 10 g/l yeast extract, 6 g/l NaCl 
TBE 90 mM Tris Base, 3 mM EDTA, 90 mM Boric acid 
MES SDS 9.76 g/l MES, 6.06 g/l Tris Base, 1 g/l SDS, 0.3 g/l EDTA 

PBS  7.325 g/L NaCl, 2.36 g/l Na2HPO4, 1.163 g/l NaH2PO42H2O 
PBS-T 1x PBS, 0.2 % Triton-X 
Lysis  25 mM HEPES pH 8.3, 250 mM NaCl, 2 mM TCEP, 10% Glycerol, 1 mM 

PMSF (Sigma), cOmplete™ EDTA-free protease tablets (Roche), 5 units/ml 
Benzonase® Nuclease (Sigma) 

Wash 25 mM HEPES pH 8.0, 250 mM NaCl, 2 mM TCEP 
ATP wash 25 mM HEPES pH 8.0, 250 mM NaCl, 2 mM TCEP, 5 mM ATP, 15 mM 

MgCl2 
Strep elution 25 mM HEPES pH 8.0, 50 mM NaCl, 2 mM TCEP, 4 mM Desthiobiotin 
SEC  15 mM HEPES pH 8.0, 200 mM NaCl, 1 mM TCEP 
NMR  20 mM HEPES pH 7.0, 100 mM NaCl, 1 mM TCEP 
RQ Low 15 mM HEPES pH 8.2, 25 mM NaCl, 1 mM TCEP 
RQ High 15 mM HEPES pH 8.2, 1000 mM NaCl, 1 mM TCEP 
RS Low 15 mM HEPES pH 7.3, 50 mM NaCl, 1 mM TCEP 
RS High 15 mM HEPES pH 7.3, 1000 mM NaCl, 1 mM TCEP 
ITC 25 mM HEPES pH 7.5, 100 mM NaCl, 1 mM TCEP  
Phosphorylation 25 mM HEPES pH 8.0, 5% glycerol, 0.1 µM Okadaic Acid, 15 mM BGP, 2 mM 

ATP, 10 mM MgCl2, 0.5 mM TCEP 
Table 2.1: Composition of commonly used buffers and medias. 

2.2  Molecular Cloning  

All recombinant proteins used in this study, unless otherwise denoted, are of human origin. 

Polymerase chain reaction (PCR) 
DNA fragments containing the gene of interest were amplified by PCR using PfuTurbo Cx 

Hotstart DNA Polymerase (Agilent). Oligonucleotides were obtained from Sigma-Aldrich. 

An 80 µl reaction was setup using components outlined in Table 2.2, then split into four 

times 20 µl reactions, and the PCR was run across a temperature gradient. 
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Volume Components  Final Concentration 
8 µl 10x PfuTurbo Cx buffer 1x 
2 µl dNTP (10 mM) 250 µM 
1.2 µl  Primer 1 (100 µM) 1.5 µM 
1.2 µl  Primer 2 (100 µM) 1.5 µM 
1.6 µl  PfuTurbo Cx polymerase (2.5 U/µl) 4 units 
1.6 µl  DNA template (100 ng/µl) 2 ng 
64.4 µl H2O  

Table 2.2: Concentration of individual components used in a typical PCR reaction. 
 

The PCR reaction was carried out in a Mastercycle Nexus PCR machine (Eppendorf) using 

the PCR protocol below. 

 

Cycles Temperature Duration 
1 95°C 2 mins 
30 95°C 25 s 

62-52°C gradient 30 s 
68°C 1 min for targets ≤1 kb 

1 min per kb for targets >1 kb 
1 72°C 10 mins 

Table 2.3: Standard PCR protocol 
 

USER® Cloning 
USER® cloning was used for all cloning and DNA manipulations following methods 

outlined in Zhang et al., 2016. PCR fragments were isolated from an agarose gel using a 

Qiagen gel extraction kit and eluted in 100 µl of H2O. Fragments were combined and 

precipitated using 300 µl of 100 mM NaAc pH 5.2 dissolved in 100% EtOH. The DNA pellet 

was then re-suspended with 10 µl of ice-cold USER® reaction outlined in Table 2.4, 

incubated for 20 mins at 37 °C, followed by an additional 20 mins at RT, and then placed on 

ice and transformed into competent E. coli cells. All plasmids were transformed into 

homemade DH5α (NEB) chemically competent cells, except for plasmids containing the 

modified multibac pU1, and pU2 backbones (Zhang et al, 2016c), which were transformed 

into homemade One Shot™ PIR1 cells (ThermoFisher). One Shot™ PIR1 cells were used 

because pU1 and pU2 incorporate a conditional origin of replication derived from R6Kγ 

phage. Transformed One Shot™ PIR1 cells were immediately plated onto LB plates 

supplemented with 25 µg/ml chloramphenicol, whereas plasmids transformed into DH5α 

were incubated in 300 µl of LB for 45 mins at 37 °C before plating onto LB plates with 

appropriate antibiotics.  
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Volume Components 
1.0 µl 10x CutSmart® Buffer (NEB) 
0.5 µl  USER® Enzyme (NEB) 
0.5 µl DpnI (NEB) 
8.0 µl  dH2O 

Table 2.4: Components of USER® reaction 
 

Site-directed mutagenesis 
Mutants were generated using the QuikChange™ Lightning Site-Directed Mutagenesis Kit 

(Agilent), developed by Stratagene Inc. (Xia & Xun, 2017). 

 

Plasmid preparation 
Single colonies were picked and inoculated in 5 ml 2XTY medium (One Shot™ PIR1 cells) 

or LB medium (all other strains) with appropriate antibiotics. The culture was shaken at 37 

°C overnight at 220 rpm. The plasmids were then purified using the QIAprep Spin Miniprep 

Kit (Qiagen), and eluted in 50 µl H2O and stored at -20 °C.  

2.3 DNA constructs used in this study 

Proteins were tagged with one or more DS-, Flag- or His-tags with or without a TEV or 3C 

protease site. The tag sequences and protease sequence sites used are outlined in Table 2.5. 

For DNA manipulations, several start plasmids were acquired from lab stocks (Table 2.6) that 

were then used to clone all subsequent constructs. For baculovirus expression, recombinant 

proteins were cloned into a modified multibac pUCDM (pU1 & pU2) or pFastBac1 HTa 

vectors to create a baculovirus transfer vector for insect cell expression as previously 

described (Zhang et al, 2016c). For E.coli expression, the coding regions were generally 

always cloned by USER® (NEB) into a modified pRSFDuet-1 vector (71341-3, Sigma-

Aldrich) unless otherwise denoted. A colon (:) punctuation between genes denotes multiple 

genes within the same vector.  

 

DS (Double Strep) PQLAMWSHPQFEKGGGSGGGSGGGSWSHPQFEK 
Flag DYKDHDGDYKDHDIDYKDDDDK 
TEV ENLYFQ/S 
3C LEVLFQ/GP 
His HHHHHH 
Table 2.5: Protein sequences of purification tags and cleavage sites used in this study 
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Construct Vector 
His-MBP-TEV-Cdc20 (S.Z.) pFastBac1 HTa 
Bub3-Mad2 (Z.Z.) pU2 
Flag-TEV-BubR1-DS (C.A.) pFastBac HTa 
His-TEV-Cyclin A2 (S.Z) pFastBac HTa 
GST-3C-Cdk2 (S.Z) pGEX 
Mps1-TEV-His (Z.Z.) pU1 
Bub1:DS-TEV-Mad1 (Z.Z.) pU1 
Mps1KD-TEV-His6 pNIC28-Bsa4 
Mad2-3C-His6 (C.A.) pET11a 
GST-3C-Mps1 pU1 
3xFlag-3C-Bub3:His6-DS-TEV-Bub1 pU1 
His6-DS-TEV-Mad1:Mad2 pU1 
His6-TEV-Mad2 pU2 
His6-MBP-TEV-Cdc201-73 pRSF-Duet 

Table 2.6: A summary of constructs used for expression and molecular cloning as well as initial 
wild-type constructs made for all subsequent mutagenesis. The initials specify if the construct was 
obtained and previously cloned by either Ziguo Zhang (ZZ), Suyang Zhang (SZ) or Claudio Alfieri 
(CA) of the Barford group. The Mps1KD construct contains only the Mps1 kinase domain (residues 
519-808). A colon (:) punctuation between genes denotes multiple genes within the same vector. 

 

Abbreviation Construct Vector Description  
Mad1∆485 His6-DS-TEV-

Mad1∆485-718:Mad2 
pU1 Tetrameric Mad1:C-Mad2 complex which 

includes Mad1 residues 485-718 (MIM + 
RLK + RWD domains). 

Mad1∆420 His6-DS-TEV-
Mad1∆420-718:Mad2 

pU1 Same as Mad1∆485 but includes an 
elongated N-terminus.  

Mad1CTD His6-DS-TEV-
Mad1∆597-718 

pRSF-
Duet 

CTD construct crystallized in PDB: 4DZO. 

Mad1Core  His6-DS-TEV-
Mad1∆485-584 

pU1 Dimerizes and binds to two C-Mad2 
molecules to form a tetramer. 
Crystallized in PDB:1GO4. 

Mad1∆485-
5A 

His6-DS-Mad1Δ485-
718-5A:Mad2 

pU1 S538A, T540A, T500A, S551A, T716A. 
Phosphorylation mutations. 

Mad1∆420-
6A 

His6-DS-Mad1∆420-718-
6A:Mad2 

pU1 T432A, S538A, T540A, T500A, S551A, 
T716A. Phosphorylation mutations.  

Mad1∆485:C-
Mad2ΔR133A 

His6-DS-Mad1Δ485-
718:Mad2ΔR133A 

pU1 Mad1:C-Mad2 with a Mad2ΔR133A 
dimerization mutant which ensures only 
tetrameric Mad1:C-Mad2 forms. 

Table 2.7 A summary of Mad1 constructs and Mad1:C-Mad2 complexes used. A colon (:) 
punctuation between genes denotes multiple genes within the same vector. Additional point mutants 
within Mad1CTD were made for ITC experiments using the QuikChange™ Lightning Site-Directed 

Mutagenesis Kit and are outlined in Figure 3.12A of chapter 3. 
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Abbreviation Construct Vector Description  

Mad2ΔLL* DS-TEV-Mad2∆109-
117 

pRSF-
Duet 

Prefers O-Mad2. Can dimerize with C-
Mad2. 

Mad2 R133A DS-TEV-Mad2 R133A  pRSF-
Duet 

Dimerization deficient Mad2  

Mad2 L13A DS-TEV-Mad2 L13A pRSF-
Duet 

Prefers C-Mad2. Can form O:C or C:C 
dimers. 

Mad2 LPETG DS-TEV-Mad2-LPETG pRSF-
Duet 

Mad2 WT with a sortase site for 
TAMRA addition. 

Mad2 R133A 
L13A 

DS-TEV-Mad2 R133A  pRSF-
Duet 

Prefers C-Mad2 which is also 
dimerization deficient. 

Mad2∆C10 DS-TEV-Mad2 1-195 pRSF-
Duet 

Mad2 with the C-terminal 10 residues 
deleted. O-Mad2 locked. 

Mad2∆DO DS-TEV-Mad2∆109-
117, ∆195-205 

pRSF-
Duet 

Mad2 ‘double open’. A combination of 
MadLL and Mad2∆C10 

Table 2.8: A summary of all Mad2 mutants used in this project. *Mad2 loop-less mutant (Mad2LL) 
is a stabilized form of open Mad2 where 109-117 residues are deleted form the loop that connects 

strand β5 to helix αC and are substituted with a Gly-Ser-Gly triplet, preventing conversion of open-
Mad2 into closed-Mad2 (Mapelli et al, 2007). 

2.4 Unlabelled Protein Expression in Bacteria 

Bacterial transformation 

Generally, 0.5 µl of plasmid at 100 ng/µl was transformed with 50 µl of homemade 

chemically competent BL21 (DE3) Star cells or B834 (DE3) pRARE cells, left on ice for 15 

mins, followed by heat shock at 42 °C for 40 s, and incubated on ice for 1 min. Cells were 

made competent in-house using standard TB buffer protocols. For bacterial expression, the 

transformation mixture was added to 100 ml of LB media with appropriate antibiotics and 

incubated at 200 rpm and 37 °C overnight.  

 

Bacterial protein expression 

10 ml of overnight pre-culture was used to inoculate each litre of LB medium, supplemented 

with appropriate antibiotics, and shaken at 37 °C and 200 rpm in a 2.0 L baffled flask. Once 

an OD between 0.4-0.8 was reached, the temperature was switched to 18°C and each flask 

was supplemented with 0.25 mM of IPTG. The culture was then grown overnight at 18°C 

after which it was harvested by centrifugation at 4500 rpm for 15 min, before being flash-

frozen in liquid nitrogen and stored at -80 °C. 

 

For purification of Mad2 in the open confirmation, when cells reached an OD of 0.5 the 

temperature was reduced to 15°C, and the cells were grown for a further 45 mins, after which 

the culture was induced with 0.33 mM IPTG. Expression was then completed for 6-12 hrs at 

15°C. An expression temperature of 16 °C has previously been reported to reduce 
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spontaneous conversion of O-Mad2 into C-Mad2 (Mapelli et al, 2007). The cells were 

harvested at 4 °C and the pellet was always kept on ice until flash-frozen in liquid nitrogen to 

ensure no spontaneous conversion of Mad2 to the closed state occurred.  

2.5 Baculovirus Expression 

All recombinant proteins for baculovirus expression were cloned into either a modified 

multibac pUCDM (pU1) vector (Zhang et al, 2016) or pFastBac1 HTa. Bacmid generation 

and virus amplification was completed following the protocol outlined in Zhang et al, 2016, 

unless otherwise indicated. 

 

Bacmid transformation of pU1 or pU2 

6 µl of plasmid was transformed in 150 µl of DH10MultiBacCre chemically competent E.coli 

cells and incubated on ice for 20 mins before being heat shocked for 40 s at 42 °C. The 

mixture was then incubated on ice for a further 2 mins after which it was incubated overnight 

in 5-10 ml of LB media without antibiotic resistance. The culture was then spun down and 

plated onto pre-warmed LB plates supplemented with 50 μg/ml kanamycin (ThermoFisher), 

10 μg/ml tetracycline (MP-Biomed 103012), 100 μg/ml Bluo-Gal (Melford MB1030) and 40 

μg/ml IPTG. In the case of pU1 and pU2 plasmids the LB plates were further selected with 

chloramphenicol, whereas pFastBac1 HTa vectors were selected with 10 μg/ml gentamycin 

(Sigma G1914).  

 

Bacmid preparation of pU1 or pU2 alone 
When selecting for bacmids containing only pU1 or pU2, several blue colonies were selected 

from the LB plates after incubating them for 48 hrs at 37 °C. Selected colonies were cultured 

overnight in 10 ml of LB with appropriate antibiotics. The overnight culture was pelleted at 

4,000 rpm for 10 mins after which the supernatant was removed. The pellet was re-suspended 

in 500 μl P1 buffer (QIAGEN Miniprep Kit), transferred to a 2 ml autoclaved Eppendorf, and 

vortexed for an additional 30 s. Next, 250 μl of P2 buffer was added, mixed, and incubated at 

RT for 5 mins before adding 350 μl N3 buffer. Cell debris was removed by centrifugation at 

13k rpm for 30 mins. 700 µl of the supernatant was transferred to an Eppendorf and ethanol 

precipitated with 3-times excess isopropanol and spun at 4 °C at 13k rpm for 1 hr and then 

dissolved in 100 µl sterile water. To ensure that there was no bacterial contamination during 

transfection, the resuspended plasmid was spun for a further 15 mins at 13k rpm, after which 

80 µl was transferred into a new Eppendorf tube. Bacmid DNA concentration was measured 
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on a nanodrop to ensure a concentration above 5000 ng/µl was achieved before storing at 4 

°C.  

 
Bacmid Preparation of pU1 together with pFastBac HTa 
To generate a recombinant MultiBac bacmid integrated with gene cassettes from both pU1, 

pU2 and pFastBac, a two-step transposition procedure was used following Zhang et al, 2016. 

First pU1 or pU2 were integrated into MultiBac bacmid present in DH10MultibacCre E. coli 

chemically competent cells as described above. Next blue colonies were picked from the LB 

plates containing integrated pU1/U2 bacmid and chemically competent cells were made from 

these colonies using a standard TB protocol. The pFastBac HTa plasmid was then 

transformed into 100 µl of pU1/U2 competent cells, incubated overnight in 10 ml LB without 

antibiotic selection and then plated onto bacmid LB plates supplemented with gentamycin to 

select for the pFastBac HTa gene. As recombinant pFastbac HTa are integrated into the 

MultiBac bacmid at the Tn7 locus site, disruption of the lacZ gene occurs, allowing white 

colonies containing the dual-integrated vector to be distinguished from blue colonies only 

containing the pU1/U2. Plates were left to grow for two days after which a 10 ml LB culture 

with a single white colony was grown overnight at 37 °C and 200 rpm to be used for bacmid 

preparation as described above.  

 

P1 virus transfection 
2.5 ml of SF9 insect cells at 0.3 million/ml were pipetted into a 6-well plate and left at RT for 

30 min to allow cell attachment. 200 µl of Sf900-II medium (Life Technologies no. 10902-

104) was added to a 1.5 ml Eppendorf and 6 µl of Cellfectin-II reagent (Life Technologies 

10362-100) was mixed with 10 µl of bacmid DNA. This mixture was incubated at RT for 15 

mins after which the medium in the 6-well plate was aspirated and 800 µl of Sf900-II 

medium was added to the Cellfectin/Bacmid DNA mixture before being pipetted onto the 

wall of the 6-well plate so as not to disturb the cell monolayer. The plate was then incubated 

at 27 °C in a humidified atmosphere. After the first day, 1 ml of Sf900-II medium was added 

to each well of the 6-well plate and the plates were then left for a further 4 days before 

proceeding onto virus amplification.  

 

Virus amplification and protein expression 
The 2 ml of transfection in the 6-well plates were individually added to 40 ml of SF9 insect 

cells at 1.2 million/ml. The cells were shaken at 27 °C at 140 rpm until cell viability dropped 
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to 80 % (normally after 3 days). The amplified virus (P2 virus) was then harvested by 

spinning the cells at 2000 g for 5 mins, the supernatant was decanted into a sterile 50 ml 

Falcon tube supplemented with 2 % FBS, and stored in the dark at 4 °C. For protein 

expression, 1 ml of P2 virus was added to 100 ml of SF9 cells at 2 million/ml and incubated 

until viability dropped to 80% (about 3 days). This generated a P3 virus which was then used 

for infecting High Five (H5) cells for protein expression, by adding 13 ml of P3 virus per 400 

ml of H5 cells at 1.5 million/ml. Cells were harvested once viability dropped below 85 % 

(normally 40 hrs). The cells were then pelleted at 1000 g for 10 mins and the pellet was flash-

frozen in liquid nitrogen. For co-expression of multiple proteins in different viruses, 13 ml of 

each individually amplified P3 virus was used to co-infect 400 ml of H5 cells. 

 

Hi5 Expression with Okadaic Acid 
Proteins were expressed in Hi5 cells in the presence of okadaic acid to promote natural 

mitotic phosphorylation (Alfieri et al, 2016). Hi5 cells were infected with the amplified SF9 

virus and grown until viability had dropped to 90 % (about 30 hrs). Okadaic acid at a final 

concentration of 0.1 µM was added to the media and the cells were grown for an additional 5 

hrs and then harvested and immediately re-suspended in lysis buffer supplemented with 0.1 

µM okadaic acid and 10 mM BGP. The specific phosphorylation sites required were 

confirmed by mass spectrometry or phospho-antibody detection. 

2.6 Protein Purification 

All protein purification buffers unless otherwise denoted are outlined in Table 2.1. Generally, 

all cell pellets were re-suspended in 250 ml of lysis buffer per 8 L of E. coli cells or 4 L of 

Hi5 insect cells at 4 °C, supplemented with 5 mM EDTA unless purified over a HiTrap 

TALON® Crude column. All E. coli preparations were supplemented with 25 mg/ml of 

lysozyme (Sigma-Aldrich). Cell lysis was performed by sonication, after which the lysate 

was centrifuged at 48,000 g for 1 hr at 4 °C. The cleared supernatant was filtered with a 5 μM 

syringe filter before being applied to an affinity column. 

 
TEV and 3C Proteases 
Recombinant TEV and 3C protease plasmids for E. coli protein expression were obtained 

from Jing Yang of the Barford group. His6-TEV lysate was applied to 15 ml of HiTrap 

TALON® Crude columns (Cytiva), washed with 15 CV of wash buffer, and eluted with 5 

CV of wash buffer supplemented with 50 mM imidazole. The eluate was concentrated and 
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further purified with a Superdex 75 Increase column (GE Healthcare) and stored at -80 °C in 

50% glycerol at 2 mg/ml. The 3C protease was purified over 15 ml of GST-resin, washed 

with 20 CV of wash buffer, and eluted in the wash buffer supplemented with 25 mM reduced 

glutathione, and then further purified with a HiLoad 16/600 Superdex 200 column (GE 

Healthcare) pre-equilibrated in the SEC buffer. Both proteases were kept with their tags on to 

aid in protease removal during target protein cleavage and purification.  

 
DS-tagged protein purification  
All DS-TEV-tagged proteins and protein complexes unless otherwise described were purified 

over 25 ml of Strep-Tactin Superflow Plus cartridges (Qiagen) at 1.2 ml/min, washed with 75 

ml of strep ATP wash buffer at 1.0 ml/min, followed by 75 ml of wash buffer at 3.5 ml/min, 

before eluting with 100 ml of strep elution buffer at 2 ml/min. The eluate was then 

concentrated and cleaved overnight with 2 mg of TEV protease at 4°C. The cleaved protein 

was then diluted to 25 mM NaCl and further purified by an anion-exchange resource Q (GE 

Healthcare), using a gradient of the low to high RQ buffers over 40 CV. Fractions from the 

resource Q were concentrated and then purified further by size-exclusion chromatography 

(SEC) using either a HiLoad 16/600 Superdex 200 (GE Healthcare), Superdex 75 Increase 

column (GE Healthcare), or Superose 6 Increase Column (GE Healthcare), pre-equilibrated 

in the SEC buffer. 

 

Full-length Cdc20  
Cdc20 cloned into a pFastbac1HTA in frame with a His6-tag followed by MBP and a TEV 

cleavage site (His6-MBP-TEV-Cdc20) was acquired from Dr. Alfieri of the Barford group 

and purified as previously described (Alfieri et al, 2016). Aliquots of His6-MBP-TEV-Cdc20 

and cleaved Cdc20 were stored at -80 °C in 25 mM HEPES pH 7.5, 200 mM NaCl, 5 % 

glycerol, and 2 mM DTT. 

 

 
Cdc201-73 
His-MBP-Cdc201-73 was purified over two 5 ml HiTrap TALON® Crude columns (Cytiva) in 

a buffer of 25 mM HEPES pH 8.0, 350 mM NaCl, and 5 % glycerol. The lysis buffer was 

supplemented with EDTA-free protease tablets (Roche), 25 mg/ml lysozyme, and 2 mM 

PMSF. His-MBP-Cdc201-73 was washed with 5 CV of wash buffer supplemented with 10 mM 

imidazole, then eluted over 10 CV with 100 mM imidazole and cleaved overnight with 5 mg 

of TEV while undergoing dialysis into 25 mM HEPES pH 7.3, 40 mM NaCl, 1 mM TCEP, 
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and 5 % glycerol. Cdc201-73 was purified away from cleaved His-MBP using a 6 ml cation-

exchange Resource S column (GE Healthcare) and eluted with a gradient of the low and high 

RS buffers over 20 CV. Fractions containing Cdc201-73 were concentrated and run over a 120 

ml Superdex 75 column (GE Healthcare) pre-equilibrated in the SEC buffer. For 

crystallisation and NMR experiments, a second round of cation-exchange and SEC was 

performed to eliminate all contaminants. 

 

Cdk2:Cyclin A2trunc  
An N-terminal truncation, consisting of residues 174-432, of His-tagged human cyclin A2 

was used together with GST-tagged Cdk2 to perform Cdk1 phosphorylation of Bub1. Pellets 

were co-lysed, and the supernatant was applied to 12 ml of Glutathione Sepharose™ 4B (GE 

Healthcare) and washed with 30 CV of wash buffer. Both His6 and GST tags were then 

cleaved in parallel with TEV and 3C proteases overnight at 4 °C in the SEC buffer. The flow-

through from the resin was then collected, concentrated, and further purified by a Superdex 

200 16/600 column (GE Healthcare) pre-equilibrated in the SEC buffer.  

 

GST-Mps1 
GST-Mps1-TEV-His6 pellet was resuspended in lysis buffer, supplemented with 500 mM 

NaCl, 25 mg/ml lysozyme, and 0.05% NP-40. The supernatant was applied to 10 ml of 

Glutathione Sepharose™ 4B resin and washed with 25 CV of wash buffer supplemented with 

500 mM NaCl. GST-Mps1-TEV-His6 was eluted overnight at 4 °C without removal of the 

GST-tag to keep full-length Mps1 soluble, using an elution buffer containing 25 mM HEPES 

pH 8.0, 500 mM NaCl, 2 mM DTT, and 20 mM reduced glutathione. The eluate was 

concentrated and then run over a Superdex 200 16/600 column in the SEC buffer. 

 

Mps1KD 
The Mps1 kinase domain pellet was re-suspended in lysis buffer and the supernatant was run 

over a 5 ml HiTrap TALON® crude column (Cytiva), washed with wash buffer 

supplemented with 5 mM imidazole and eluted in 100 mM imidazole. The eluate was cleaved 

with TEV overnight and run over a HisTrap HP column and then concentrated and purified 

further by a Superdex 75 16/600 column (GE Healthcare) 
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Purification of O-Mad2 and C-Mad2 states 
Purification was completed using the standard DS-tagged protein purification protocol 

described above, however, Mad2 was diluted to 15 mM NaCl prior to anion-exchange 

purification and a slower gradient of 30 CV from 25-400 mM NaCl was performed. O-Mad2 

eluted around 50-75 mM NaCl, while C-Mad2 eluted around 175-220 mM. A second anion-

exchange step was always performed using a 1 ml Resource Q (GE Healthcare) to ensure the 

sample had complete conformational homogeneity before being run over a Superdex 75 

16/600 column pre-equilibrated in NMR or SEC buffers. The conformational specificity of 

Mad2 anion-exchange elution, has been previously shown by several groups to be an 

effective way to purify O-Mad2 from C-Mad2 (Mapelli et al, 2007; Ji et al, 2018; Ye et al, 

2015), and we further confirmed the homogeneity of our O-Mad2 and C-Mad2 purifications 

by NMR spectroscopy.  

 

2.7 Peptide Synthesis 

Peptides were ordered from Designer Bioscience UK, at 95 % purity, with amidation and 

acetylation modifications. Peptides were resuspended in 500 mM HEPES pH 8.0, 100 mM 

NaCl, before undergoing dialysis overnight in either ITC, SEC, or NMR buffer. 

Peptide Name Peptide Sequence 
Bub1 pSpT CD1 (W)KVQP{pS}P{pT}VHTKEALGFIMNMFQAPTS 
Bub1 CD1 (W)KVQPSPTVHTKEALGFIMNMFQAPTS 
Bub1 SpT CD1 (W)KVQPSP{pThr}VHTKEALGFIMNMFQAPTS 
Bub1 post-CD1 DDKDEWQSLDQNEDAFEAQFQKNVRS 
Sc Bub1 pTpT CD1 QSRSP{pThr}V{pThr}AFSKDAINEVFSMFNQHYS 
Cdc20 Box1 RWQRKAKE 
Cdc20 Box2 RTPGKSSSKVQT 
Cdc201-35 MAQFAFESDLHSLLQLDAPIPNAPPARWQRKAKEA 
MBP1 SWYSYPPPQRAV 
Cdc20 MIM EHQKAWALNLNGFDVEEAKILRLSGKPQ 

Table 2.9: Sequences of synthesized peptides from Designer Bioscience. 
 

2.8 In vitro phosphorylation  

Pure Bub1 and Mad1 fragments or complexes were phosphorylated essentially as previously 

described (Ji et al, 2017). For Bub1 phosphorylation by both Mps1 and Cdk2, proteins were 

mixed in parallel at a 4:1 molar ratio of Bub1 to each kinase. This mixture was then buffer 

exchanged into the phosphorylation buffer (outlined in Table 2.1) using a PD-10 column (GE 

healthcare). The reaction was incubated at 25 °C for 1.5 hrs before the reaction was stopped 

by either adding Cdk1/2 inhibitor iii (ENZO life sciences) and Reversine (Sigma) or by a 
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size-exclusion step. Phosphorylation of Mad1 by Mps1 was performed similar to Bub1 

however a 1:1 molar ratio of Mad1 to GST-Mps1 was used and the reaction was incubated 

for 4 hrs at 27 °C. Phosphorylation efficiency was assessed by intact mass spectrometry, or 

NMR spectroscopy. 

2.9 32P Incorporation Assay 

Activity of all kinase preps were tested through a radio-labelled phosphate incorporation 

assay (Weiss & Winey, 1996). ATP, [γ-32P]- 3000 Ci/mmol 10 mCi/ml EasyTide, 

(PerkinElmer) was used to quantitate kinase activity for Bub1 and Mad1 by Mps1KD, GST-

Mps1 as well as Cdk2-CycA. This ATP is radio-labelled on the gamma phosphate group with 
32P. All experiments were done under the supervision of Thomas Tischer (trained for 

radioactivity). 20 µl reactions were setup using a master mix of Bub1 or Mad1 at 1 µM in the 

phosphorylation buffer except ATP was reduced to 1 mM and supplemented with 5 µCi of 
32P ATP per 20 µl reaction. The reactions were left at room temperature for 2 hrs, mixed with 

SDS-PAGE loading dye and run on an SDS-PAGE gel for 45 mins at 200 v. Afterwards, the 

gel was washed two-times for 10 mins with H2O to remove excess radio-labelled ATP and to 

decrease background. The gel was then dried using a gel dryer with a vacuum pump onto 

Whatman paper. The dried gel was then incubated with FUJIFILM Super RX for 1 hr in the 

dark room after which it was imaged with a X-OMAT Developer and Replenisher. 

2.10 Lambda Phosphatase Treatment 

Lambda phosphatase was obtained from Dr. Claudio Alfieri of the Barford Group and added 

to proteins in a 100:1 molar ratio of protein to lambda phosphatase. The reaction was carried 

out either for 2 hrs at RT or overnight at 4 °C in the SEC buffer supplemented with 2 mM 

MnCl2. The lambda phosphatase was inactivated by addition of 30 mM EDTA. 

2.11 Mass Spectrometry Phosphorylation Identification  

Identification of phosphorylation sites on Bub and Mad complexes were performed by Sarah 

Maslen at the LMB mass spectrometry (MS) facility. Purified proteins were sent in solution 

or as SDS-PAGE Coomassie gel bands where the protein was extracted. After reduction with 

10 mM DTT and alkylation with 55 mM iodoacetamide, the proteins were digested overnight 

at 37 °C at a 1:50 ratio of trypsin (Promega, UK). Tryptic peptides were analysed by nano-

scale capillary LC-MS/MS with an Ultimate U3000 HPLC (Thermo Scientific Dionex, San 

Jose, USA) set to a flowrate of 300 nL/min. Peptides were trapped on a C18 Acclaim 

PepMap100 5 μm, 100 μm × 20 mm nanoViper (Thermo Scientific Dionex, San Jose, USA) 
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prior to separation on a C18 T3 1.8 μm, 75 μm × 250 mm nanoEase column (Waters, 

Manchester, UK). A gradient of acetonitrile eluted the peptides, and the analytical column 

outlet was directly interfaced using a nano-flow electrospray ionization source, with a 

quadrupole Orbitrap mass spectrometer (Q-Exactive HFX, ThermoScientific, USA). For 

data-dependent analysis a resolution of 60,000 for the full MS spectrum was used, followed 

by twelve MS/MS.  MS spectra were collected over a m/z range of 300–1,800. The resultant 

LC-MS/MS spectra were searched against a protein database (UniProt KB) using the Mascot 

search engine program. Database search parameters were restricted to a precursor ion 

tolerance of 5 p.p.m with a fragmented ion tolerance of 0.1 Da. Multiple modifications were 

set in the search parameters: including two missed enzyme cleavages, and phosphorylation of 

serine, threonine, and tyrosine. The proteomics software Scaffold 4 was used to visualize the 

fragmented spectra. 

2.12  Intact Protein Mass Spectrometry  
Intact proteins were subjected to LC-MS analysis by Sarah Maslen at the MRC-LMB mass 

spectrometry facility. A modified NanoAcquity (Waters, UK) delivered a flow of 

approximately 50 µl/min, and proteins were injected directly on a C4 BEH 1.7 µm, 1.0 x 100 

mm UPLC column (Waters, UK). Proteins were eluted with a 20-min gradient of acetonitrile 

(2 % to 80 %). The analytical column outlet was directly interfaced via an electrospray 

ionisation source, with a hybrid quadrupole time-of-flight (Q-TOF) mass spectrometer (Xevo 

G2, Waters, UK). Data were acquired over a m/z range of 350–2000, in positive ion mode 

with a cone voltage of 30 v. Scans were summed together manually and deconvoluted using 

MaxEnt1 (Masslynx, Waters, UK). The data were then searched against an LMB in-house 

database using a Mascot search engine (Matrix Science) (Perkins et al, 1999), and the peptide 

identifications validated using the Scaffold program (Proteome Software Inc.) (Keller et al, 

2002).  

2.13  Native Mass Spectrometry  

Intact complexes were subjected to SEC-MS analysis.  Briefly, a M-class LC (Waters, UK) 

delivered a flow of approximately 100 µl/min. Complexes were injected directly onto a BEH 

SEC column, 200 Å, 1.7 µm, 2.1 mm x 150 mm UPLC column (Waters, UK). Complexes 

were eluted with an isocratic gradient of 100 mM ammonium acetate. The analytical column 

outlet was directly interfaced via an electrospray ionisation source, with a hybrid quadrupole 

time-of-flight Synapt G2-Si mass spectrometer (Waters, UK). To maintain non-covalent 
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interactions in the gas phase temperatures were kept at 20 °C.  Data were acquired over a m/z 

range of 1000-8000 m/z, in positive ion mode with a cone voltage of 150 v.  Scans were 

summed together manually and deconvoluted using MaxEnt1 (Masslynx, Waters, UK).   

2.14  Circular Dichroism  

Circular Dichroism experiments were carried out with Dr. Stephen McLaughlin of the MRC-

LMB biophysics facility. For each peptide tested, serial dilutions into H2O were performed, 

and the far-UV CD spectra were recorded on a Jasco J-815 spectrometer in a thermostated 

cuvette holder maintained at 20 °C.  

2.15 Isothermal Titration Calorimetry (ITC) 

Isothermal titration calorimetry (ITC) assays were performed with an Auto-iTC200 

instrument (Malvern Instruments, Malvern, UK) at either 10 °C, 20 °C, or 30 °C. Prior to 

analysis all samples were dialysed into the ITC buffer (Table 2.1) overnight at 4 °C. For each 

titration, 300 µl of one sample was added to calorimeter cell, while the titrating sample was 

injected into the cell consisting of one 0.5 µl injection followed by 19 injections of 2 µl each. 

Generally, 1 mM of peptide or protein was injected into 100 µM protein in the cell unless 

otherwise denoted. The changes in the heat were integrated over the entire titration and fitted 

to a single-site binding model using the PEAQ Analysis software package 1.0.0.1258 

(Malvern Instruments). Titrations were repeated at least twice. For experiments containing 

Mad1, the stoichiometry was calculated assuming that the Mad unit is a dimer. 

2.16 Sedimentation Velocity (AUC-SV) 

Analytical ultracentrifugation sedimentation velocity (AUC-SV) experiments were carried 

out with Dr. Stephen McLaughlin at 20 °C in a Beckman Optima XL-A analytical 

ultracentrifuge following standard protocols (Zhao et al, 2013). Samples were analysed at 

35,000 RPM. 430 µl of samples were loaded in 2-channel centrepiece cells and data were 

collected using the absorbance (280 nm) and interference (655 nm) optical detection systems. 

Sedimentation data were time-corrected and analysed in SEDFIT 15.01c (Cole et al, 2008). 

2.17 Sedimentation Equilibrium (AUC-SE) 

Analytical ultracentrifugation sedimentation equilibrium (AUC-SE) experiments were carried 

out with Dr. Stephen McLaughlin, in a buffer of 20 mM HEPES pH 7.5, 100 mM NaCl, 1 

mM TCEP. Samples were loaded into 12 mm 6-sector cells, placed in an An-50Ti rotor and 

centrifugated at 10,200, 12,200 and 21,000 rpm at 20 ˚C until equilibrium had been reached 



Chapter 2: Materials and Methods 

71 
 

using an Optima XL-I analytical ultracentrifuge (Beckman).  The data were analysed in 

SEDPHAT 15.2b (Schuck, 2003). The partial-specific volumes (v-bar) were calculated using 

Sednterp (Cole et al, 2008). The density and viscosity of the buffer were determined with a 

DMA 4500M density meter (Anton Parr) and a AMVn viscometer (Anton Paar). Data were 

plotted with the program GUSSI (Brautigam, 2015).  

2.18 SEC-MALS 

Size-exclusion was coupled with multi-angle light scattering (SEC-MALS). Experiments 

were performed using an Agilent 1200 series LC system with an online Dawn Helios ii 

system (Wyatt) equipped with a QELS+ module (Wyatt) and an Optilab rEX differential 

refractive index detector (Wyatt). In each experiment, 110 µl of purified protein from 0.5-3.0 

mg/ml was auto-injected onto a Superdex 75 (or 200) 10/300 GL column (GE healthcare) or 

a Superose 6 increase 10/300 GL column (GE Healthcare) and run at 0.5 ml/min. The 

molecular masses were analysed with ASTRA 7.3.0.11 (Wyatt). Data were plotted using 

Prism 8.4.3 (GraphPad Software, Inc). 

2.19  In-gel cross-linking mass spectrometry (IGX-MS)  
 
Purified complexes of the tetrameric Mad1Δ485:C-Mad2ΔR133A complex, as well as the 

non-phosphorylated and phosphorylated hexameric Mad1Δ485:C-Mad2:O-Mad2 complexes 

were cross-linked following the published IGX-MS workflow (Hevler et al, 2021). 

Respective complexes were mixed with NativePAGE sample buffer, and subsequently, 15 µg 

of each sample was run onto a Bis-Tris gel (3–12%). For cross-linking, bands corresponding 

to tetrameric and hexameric Mad1:Mad2 complexes were excised, rinsed with distilled H2O 

and subsequently cross-linked (in triplicates) with either 1.5 mM DSS or 20 mM DMTMM 

for 30 mins at RT. The reaction was quenched by the addition of Tris to a final concentration 

of 50 mM. Following classical in-gel digestion (Shevchenko et al, 2007), cross-linked 

proteins were washed, reduced and alkylated prior to trypsin digestion. For MS analysis of 

cross-linked peptides, the samples were re-suspended in 2 % formic acid and analysed using 

an UltiMate™ 3000 RSLCnano System (ThermoFisher) coupled on-line to an Orbitrap 

Exploris 480 (ThermoFischer). Peptides were trapped for 5 mins in 0.1 % FA in water, using 

a 100-µm inner diameter 2-cm trap column (packed in-house with ReproSil-Pur C18-AQ, 3 

µm) prior to separation on an analytical column (50 cm of length, 75 µM inner diameter; 

packed in-house with Poroshell 120 EC-C18, 2.7 µm). Trapped peptides were eluted 

following a 60 min gradient from 9-40 % of 80 % ACN, 0.1 % FA. Full scan MS spectra 
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from 350-1600 m/z were acquired in the Orbitrap at a resolution of 60,000 with a normalized 

AGC target of 300 % and maximum injection time of 120 ms. Only peptides with charged 

states 3-8 were fragmented, and dynamic exclusion properties were set to n = 1, for a 

duration of 30 s. Fragmentation was performed using a stepped HCD collision energy mode 

(27, 30, 33 %) in the ion trap and acquired in the Orbitrap at a resolution of 30,000 with an 

AGC target set to 500 %, an isolation window of 1.4 m/z and a maximum injection time of 

54 ms. Raw files obtained for respective IGX-MS experiments were subsequently analysed 

with pLink2 (Chen et al, 2019). FDR (controlled at PSM level for cross-linked spectrum 

matches and separately computed for intra and inter cross-links) rate was set to 5%. The 

obtained cross-links were plotted onto previously published structures (PDB ID: 4DZO, 

2V64, 1GO4) using an in-house python script for PyMOL (The PyMOL Molecular Graphics 

System, Version 1.2.3, Schrödinger, LLC) and further visualized using xiNET (Combe et al, 

2015). 

 

2.20  BS3 cross-linking for Cryo-EM 

Purified homogenous Mad1:Mad2 complexes were crosslinked with the crosslinker BS3 

(bis[sulfosuccinimidyl] suberate) (ThermoFisher). The specific crosslinking conditions for 

each complex was optimised by testing various temperatures, crosslinker concentrations, and 

reaction times which was then assessed by 4-12% NuPAGE Bis-Tris gels as well as by size-

exclusion chromatography and SEC-MALS. Generally, 2 mM BS3 was incubated with 

Mad1:Mad2 complexes at 0.3 mg/ml for 1 hr at 4 °C. BS3 was then quenched by adding 100 

mM Tris-HCl at pH 8.0 and incubated on ice for 30 min. The cross-linked complex was then 

concentrated to 3.5 mg/ml and re-purified by size-exclusion chromatography, first on a 

Superdex 200 15/300 column (GE Healthcare), and then again on a Superdex 200 5/150 (GE 

Healthcare). The complex was cross-linked at only 0.3 mg/ml and then concentrated prior to 

SEC because it was found this decreased formation of cross-linked aggregates forming in the 

sample.  

2.21 Methods for Protein Structure Determination 

There are three main techniques which are used to gain detailed insights into the 3D 

structures of proteins and protein complexes: nuclear magnetic resonance (NMR) 

spectroscopy, x-ray crystallography, and cryo-electron microscopy (cryo-EM). Each method 

has its own unique advantages and as well as limitations. In this thesis, all three were used 

extensively to investigate different characteristics of the assembly of the mitotic checkpoint 
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complex onto kinetochores and data from each method were integrated to create a more 

complete understanding of these molecular processes. 

 

X-ray crystallography, accounting for approximately 80% of all deposited structures (as of 

2021) to the PDB, is the gold-standard method, as in theory it is not limited by size, and is 

generally the quickest, cheapest, and most automated method to determine atomic and near-

atomic resolution structures. However, protein crystallisation not only requires large and 

highly concentrated amounts of sample, but also that the protein or complexes are rigid and 

homogenous enough to crystallise. Ultimately this means that very little conformational 

heterogeneity is tolerated, and the resulting structure only represents a static form of the 

molecule, rather than a dynamic one. 

 

Cryo-EM on the other hand has debatably become the most powerful structural biology 

technique.  It requires tiny amounts of sample (generally < 0.1 mg), has no upper size limit, 

and allows for substantial amounts of both sample heterogeneity and conformational 

variability. Additionally, due to many recent technological and image processing 

breakthroughs, cryo-EM can regularly obtain sub-3-4 Å resolution which allows accurate 

modelling of 3D protein structures. However, cryo-EM is not without its limitations, in 

particular it is severely limited by size, whereby proteins less than 100 kDa often cannot be 

solved to high-resolution unless they are substantially structured and homogenous. 

Additionally, cryo-EM requires that individual components of the protein complexes need to 

have relatively high binding affinity (approximately < 10 µM) to remain stable and together 

on EM grids, and thus weak protein-protein interactions are often unable to be captured.  

 

NMR is a technique which arguably does not receive enough appreciation in the structural 

biology field. This is because it is mostly limited to small proteins (< 50 kDa), it requires 

expensive isotopic labelling of proteins, and although best at handling conformational 

heterogeneity, like crystallography, it requires large quantities of highly pure sample. 

However, NMR is able to provide detailed structural insights that neither cryo-EM nor 

crystallography can obtain. For example, NMR can unveil protein dynamics at an 

exceptionally wide range of time scales (ranging from picoseconds to seconds), which 

includes individual side-chain motion to global conformational change, and it is able to 

provide a close to physiological solution structure. Additionally, NMR can provide high-
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resolution information of protein-protein interactions, even if they have very weak (low mM 

range) affinity.  

2.22  Brief Introduction to NMR Spectroscopy  

Reviewed in: Purslow et al, 2020; Teng, 2013; Marion, 2013; Keeler, 2010. 

 

The core principle of NMR relies on the fact that nuclei possess a magnetic field as they are 

spinning and charged particles, and this magnetism allows measurement of the resonance 

frequency of a particular atomic nucleus which will be affected by its composition and 

interaction with surrounding atoms both intra- and inter-molecularly. Importantly, the effect 

of secondary structure, as well as the lack thereof, the spacing of atomic nuclei within these 

domains, and the dynamics of these domains, causes specific changes in an atom’s resonance 

frequency. These changes can then be measured and carefully analysed to obtain detailed 3D 

information about a protein or complexes structure in solution. In particular, NMR can report 

the local chemical environment of an individual nucleus, either through space or through 

bond, thereby providing atomic-level resolution of the conformational changes occurring in a 

protein’s structure. 

 

Sample Preparation 
Generally, proteins are labelled biosynthetically in E. coli, where bacterial growth occurs in 

minimal media, which is enriched with NMR active isotopes of carbon, nitrogen, and/or 

hydrogen. Whether the sample needs to be single-labelled (15N), double-labelled (15N/13C), or 

triple-labelled (15N/13C/2H) depends on the protein(s) size and the nature of the experiments. 

While 15N labelling allows detection of the backbone N-H that provides the fingerprint 

spectrum of a protein, 13C labelling allows detection of Cα, Cβ and CO that provides key 

structural information including secondary structure propensities. 2H labelling or deuteration 

of side chains is normally applied to larger proteins that suffer from rapid relaxation through 

Cα-Hα. Generally, 300-500 µl of sample at 0.1-0.5 mM is required, and the protein of 

interests needs to be stable throughout data acquisition (which can take days / weeks).  

 

Data Acquisition 
During data acquisition, isotopically labelled proteins are placed in a strong magnetic field (> 

700 MHz), such that the magnetic spins of individual nuclei will align with the external field 

along the z-axis. Subsequent pulses of radio frequency electromagnetic radiation will induce 
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the individual spins to oscillate at specific frequencies. The most basic NMR spectrum is a 

one-dimensional (1D) spectrum which displays the resonance frequency of a nucleus relative 

to a standard (normally sodium trimethylsilylpropanesulfonate (DSS) for protein NMR) in a 

magnetic field, called the chemical shift. For example, protons in water have a chemical shift 

of 4.7 ppm in a 1H 1D spectrum, which corresponds to ~3,290 Hz difference from DSS 

(which is defined as 0 ppm) in a 700 MHz magnet. In principle, each NMR-active nucleus 

will give its own unique peak based on their resonance frequencies, however, these peaks 

will heavily overlap due to lack of resolution in a 1D spectrum, so multi-dimensional, 

homonuclear (1H, 1H) or heteronuclear (1H, 15N or 13C) spectra are almost always required to 

resolve the overlapping resonances.  

 

Backbone Assignment  

Triple resonance experiments are used to identify each backbone resonance to its 

corresponding residue along the polypeptide chain. This is done by means of ‘through-bond’ 

experiments, in which a HNNCAB spectra can be used to correlate each NH group within its 

own Cα and Cβ chemical shifts, while a CBCA(CO)NHN spectra will only correlate with the 

NH group of its preceding Cα and Cβ chemical shifts. Therefore, these experiments not only 

provide the chemical shift information for the identification of different amino acids, but also 

provides the connectivity between residues that are essential for a complete assignment.  

 

Protein Structure in Solution 
The primary means to obtain structural information by NMR is through the measurement of 

nuclear Overhauser effects (NOEs). NOEs refer to the changes to a nuclear spin upon 

saturation of a nearby nuclear spin. It is particularly useful as it allows transfer of 

magnetisation through space and therefore provides spatial information between two nuclei. 

NOEs are inversely proportional to r-6, where r is the internuclear distance, and are 

observable up to 5 Å. Intensities of NOE cross-peaks can therefore be translated into, 

distance constraints, together the chemical restraint refined by the backbone resonances. A 

3D structural model which satisfies all geometrical constraints can be generated. As the 

secondary structure of a protein is dominated by its Cα and Hα orientation, secondary 

structural information is also readily available upon backbone assignment, where Cα and Cβ 

chemical shifts are obtained.  
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Chemical Shift Perturbations (CSP)  
When a protein undergoes conformational change or interacts with another molecule, the 

chemical environment of certain residues will change, resulting in distortions to their 

chemical shifts, and this effect is known as a chemical shift perturbation (CSP). To put this 

into perspective, if you consider a protein-ligand interaction; when the protein is in the apo-

state, any particular nucleus of an amino acid will have a unique chemical shift, and if upon 

addition of the ligand, the ligand binds a specific residue or binding of adjacent residues 

changes its relative position in space, there will be a change in that residue’s environment and 

thus its chemical shift. Depending on the nature of the interaction, for example, the strength 

and if it causes conformational change, different rates of chemical exchange exist, generally 

being classified as slow, intermediate, or fast. The type of exchange which occurs ultimately 

determines what kind of CSP is seen.  

 

Very strong interactions are more likely to have slow exchange, and this will result in both 

the apo and bound populations remaining stable across the duration of the NMR experiment 

(typically in the millisecond regime), and these two populations will result in two distinct 

peaks in the spectra. In a slow exchange interaction, if only a limiting amount of ligand is 

added, two stable populations will exist, and therefore two peaks simultaneously will be seen 

for a specific residue, one at the original apo position and the other in the bound position.  If 

the ligand is then titrated to saturation, the initial peak will gradually disappear, and the new 

peak will grow in intensity, until the initial peak is no longer visible.  

 

Analysing CSPs becomes more complicated if the rate of the exchange is in the intermediate 

range, as this often means the two populations do not remain stable across the length of the 

NMR experiment. Therefore, as the ligand is titrated, the affected apo-peaks will become 

significantly weaker or even no longer observable, and this phenomenon is called line-

broadening. Line-broadened peaks may reappear, likely at new positions, when only one new 

state exists which lasts across the length of the experiment, usually as the ligand reaches 

saturation.  

 

Lastly, CSPs are generally the most dramatic and easy to interpret when the interactions are 

weak, in the mM range, as these interactions give rise to fast exchange, such that a particular 

state only exists for part of the time it takes to record the spectra and therefore the observed 
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CSP will be a weighted average of the two states whose position can easily be tracked across 

ligand titration. 

 

Ultimately, CSPs and line-broadening can both be analysed to give detailed insight into the 

location and strength of a binding event, as well as if any conformational change occurs upon 

binding. It is important however to remember that for any given CSP or line-broadening 

event, one cannot decipher if it comes from conformational change of those residues or actual 

binding. 

2.23  NMR Spectroscopy Methods 

Isotopic labelling for NMR spectroscopy  

Expression of uniformly-labelled 15N and/or 13C proteins was done in M9 minimal media (6 

g/L Na2HPO4, 3 g/L KH2PO4, 0.5 g/L NaCl) supplemented with 1.7 g/L yeast nitrogen base 

without NH4Cl and amino acids (Sigma Y1251). 1 g/L 15NH4Cl and 4 g/L unlabelled glucose 

were supplemented for 15N labelling. For 15N/3C double-labelled samples, the unlabelled 

glucose was replaced with 3 g/L 2H13C-glucose. For the deuteration of nonlabile sidechain 

protons, cells were adapted for growth in first 10 %, then 44 % and finally 78 % deuterated 

media on agar plates before large-scale cultures were grown and supplemented with 1 g/L 
15NH4Cl and 4 g/L 2H13C-glucose in 99 % D2O (Sigma).  

 

NMR Spectroscopy 
Prior to all NMR experiments, proteins were dialysed into 20 mM HEPES, pH 7.0, 100 mM 

NaCl, 1 mM TCEP. All NMR experiments were conducted by Dr Conny Yu and Dr Stefan 

Freund at the MRC-LMB NMR Facility. 1H-detected experiments were performed on 600 

MHz and 800 MHz Avance III spectrometers, both equipped with triple resonance TCI 

CryoProbes (Bruker). 31P 1D NMR spectra were recorded on a 500 MHz Avance II 

spectrometer equipped with a broadband BBO cryoprobe (Bruker). 31P 1D spectra were 

recorded using a standard 1H decoupled sequence with power-gated decoupling and 30˚ flip 

angle. Some data were also acquired on a Bruker Avance III HD 950 at the MRC 

Biomolecular NMR centre at the Francis Crick Institute. All spectra unless otherwise denoted 

were collected in 20 mM HEPES, pH 7.0, 100 mM NaCl, 1 mM TCEP, 0.02% NaN3 at 

298K. Topspin 3.6 (Bruker) was used for processing and NMRFAM-Sparky 1.47 for data 

analysis (Lee et al, 2015). 
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Standard 2H decoupled TROSY-based triple resonance experiments were used for backbone 

resonance assignments: HNCO, HN(CA)CO, HNCA, HN(CO)CA, HNCACB, 

HN(CO)CACB and HN(COCA)NNH (Pervushin, 2000). Backbone datasets were collected 

with 20-25 % non-uniform sampling and reconstructed using compressed sensing in 

MddNMR (Mayzel et al, 2014). Backbone assignments were obtained in Mars (Jung & 

Zweckstetter, 2004).  

 

For binding studies, the relative peak intensities were normalized to the C-terminal residue 

Ala718 of Mad1CTD or Gly73 of Cdc201-73 and expressed as PIbound/PIfree, with PIbound and 

PIfree being the peak heights of the free and bound forms, respectively. Weighted chemical 

shift perturbations were calculated using the equation √(Δδ1H)2+(0.2(Δδ15N)2) with Δδ1H and 

Δδ15N being the chemical shift differences between free and bound states.  

 
15N{1H}-heteronuclear NOE values are expressed as I/I0 ratio and measured using standard 

Bruker pulse sequences, with interleaved on- (I) and off-resonance (I0) saturation. Secondary 

chemical shifts were calculated from the differences between observed Cα/Cβ chemical shifts 

and Cα/Cβ chemical shifts for random coils (Kjaergaard & Poulsen, 2011).  

 

2.24  Brief Introduction to X-Ray Crystallography 

Reviewed in: (Wlodawer et al, 2013; McPherson & Gavira, 2014) 

Protein structure determination by x-ray crystallography requires that the sample is first 

crystallised, then individual crystals are harvested and frozen in liquid nitrogen, exposed to 

X-rays to produce a diffraction pattern which can then be analysed to determine the structure 

of the repeating unit cell (which contains the protein or complex) within the crystal.  

 

Crystallization 
Protein crystallization is usually the rate-limiting step in X-ray crystallography. 

Crystallization requires that the protein(s) of interest be not only highly concentrated but also 

homogenous in both composition and conformation, such that when they reach a super-

saturated state, normally by means of vapour diffusion, the molecules will be forced into a 

three-dimensional repeating lattice, which then forms a crystal. Generally, this is 

accomplished by systematically screening various buffers, pHs, protein concentrations, 

temperatures, and additives to find a potential hit.  Once a hit, such as seeds, tiny crystals, 
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clusters or large but poorly diffracting crystals, is identified, further optimisation centred 

around the initial hit condition can be done to achieve diffraction-quality single crystals.  

 

Data Collection 
Generally, a focused collimated X-ray beam, usually produced by means of a synchrotron 

storage ring or a rotating anode, is fired at a cryo-protected frozen crystal held in a low X-ray 

scattering plastic loop, which is kept in a stream of liquid nitrogen and mounted on a 

goniometer head. The diffracted X-rays are then recorded on a detector, such as a charged 

coupled device (CCD) or more likely nowadays, a hybrid pixel detector (e.g. Eiger detectors 

from Dectris). Adjustment of the distance of the crystal from the detector determines the 

maximum resolution at the edge of the detector based on Bragg’s law, and 3D information is 

usually obtained by rotating the crystal on a spindle which is perpendicular to the beam. The 

specific strategy for data collection, including the beam flux and the total angle of rotation, 

depends on several factors, including the crystal resistance to radiation damage, the required 

resolution, and the crystal symmetry. 

 
Structure Solution 
Producing an electron density map from a diffraction pattern is mathematically complex but 

at present day many automated software packages are available which more often than not 

makes structure solution incredibly quick and simple. The diffraction pattern is created from 

interference of x-rays scattered from the molecules comprising the unit cell and amplified by 

the crystal, where the spots are formed when x-rays interfere constructively rather than being 

cancelled out. Each spot in the diffraction pattern carries some information of the fourier 

transform of the whole electron density contained in the unit cell. To calculate the inverse 

fourier transform to compute the electron density map each spot is assigned a Miller index (h, 

k, l), and the intensities (amplitudes) of these spots are measured and scaled relative to each 

other. However, the amplitudes alone are not sufficient as the phases of the diffracted beams 

must also be calculated, and because the phases cannot be directly measured from the 

diffraction images, this is known as the ‘phase problem’, which can be solved in a variety of 

ways.  

 

The most common and easiest method to gain phase information is by molecular replacement 

where an initial model from either a homologous protein or an already solved part of the 

complex, is used in rotational and translational searches to identify how the protein of interest 
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is placed inside the unit cell. These searches are carried out in Patterson space, which 

conveniently only requires knowledge of the observed amplitudes but not the phases. 

Otherwise, the phases must be calculated by other means, including isomorphous 

replacement where heavier atoms (usually metals) are introduced into the crystal and the 

change in the amplitudes of the diffracted beams can be used to determine the positions of the 

heavy atoms and thus provide phase information.  

 

Once both the amplitudes and the phases are known, the electron density map can be 

calculated using a fast fourier transform (FFT) method and the protein model can then be 

built. Software packages are then used to iteratively refine the model to find the best fit to the 

experimental data as well as known chemical and geometrical restraints. 

2.25 X-ray Crystallography Methods 

Crystallization  

Crystallization of Bub1CD1-Mad1CTD 

Purified Mad1CTD was concentrated to 11 mg/mL in 20 mM HEPES pH 8.0, 100 mM NaCl, 

and 1mM TCEP. Bub1 pSpT peptide (Table 2.9) (Designer BioScience) was solubilised with 

100% DMSO to 50 mM. Mad1CTD was mixed with 5 or 2.5 mM Bub1CD1 which meant that 

the final concentration of DMSO was 10 % or 5 %, respectively. Crystallisation trays were 

setup using a series of screening plates from the UKRI Medical Research Council (MRC), 

Laboratory of Molecular Biology (LMB) Crystallisation Facility (Jancarik & Kim, 1991; 

Gorrec & Löwe, 2018). Single drops were setup with final volumes of either 200 nL or 1000 

nL of a 1:1 ratio of protein to reservoir solution using a nanolitre-dispenser Mosquito robot 

(TTP labtech) at ambient temperature. Crystals were grown using the sitting-drop vapor 

diffusion method at 20 °C. An initial hit was found in 10% iso-propanol, 0.1 M HEPES pH 

7.5, and 20 % PEG 4000, which was in the sparse matrix pH 4.6-8.5 and stochastic sampling 

pH 3.6-9.0, LMB plate 1 screen (Hampton Research: HR2-110 & HR2-112). A 4-corner 

screen of this condition was setup, varying isopropanol from 5 %-15 % and PEG 4000 from 

10 %-30 % while HEPES was kept constant (the 4-corner screen is outlined in, Gorrec and 

Löwe, 2018).  The optimised crystals were fished within 35 hrs, as after that the crystals 

started to dissolve rapidly. The harvested crystal was immediately flash-frozen in liquid 

nitrogen using the reservoir solution supplemented with 20 % glycerol as a cryo-protectant.  
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Crystallization of Phosphorylated Mad1CTD 

Purified GST-Mps1 phosphorylated Mad1CTD was concentrated to 5.5 mg/mL in 20 mM 

HEPES pH 7.5, 100 mM NaCl, and 1 mM TCEP. Hits for phosphorylated apo Mad1CTD grew 

in LMB plate 19 (Pi-PEG: CS-128, Jena Biosceince) position 43, containing 11.4 % v/v PEG 

400, 50 mM HEPES 7.1, 12.9 % w/v PEG 2000 MME. A 4-corner screen of this condition 

was setup varying the concentrations of PEG 400 and PEG 2000 from 5 % to 25 %, while 

HEPES was kept constant. The crystal structure was subsequently solved from a well of the 

4-corner screen containing 7 % PEG 400, 40 mM HEPES pH 7.1, 21 % w/v PEG 2000. The 

reservoir supplemented with 30 % glycerol was used as a cryo-protectant. 

 

Crystallographic Data Collection, Structure Determination, and Refinement 
High-resolution data sets were collected remotely at beamline I04 at the Diamond Light 

Source, Didcot, U.K. Selected data sets were auto processed using the XDS pipeline in Xia2 

(Kabsch, 2010; Winter, 2010). Phenix version 1.18.2-3874 was used for structure solution 

with PHASER-MR molecular replacement against PDB: 4DZO (Kim et al, 2012; Liebschner 

et al, 2019). The peptide was manually built in Coot (Emsley et al, 2010). Refinement was 

performed using PHENIX and validation with MolProbity (Williams et al, 2018). 

Phosphorylated Mad1CTD data were collected in-house, using FrE+ SuperBright (Rigaku) X-

ray generator, equipped with a Mar345DTB image plate (Mar). Data collection was 

completed using 180 degrees with one image per degree and 4 mins of exposure. 

 

Single-wavelength anomalous dispersion 
The crystals were harvested using LithoLoop sample mounts on specialized I23 copper 

sample assemblies. Data were collected and processed by Dr. Armin Wagner and Dr. 

Christian Orr on the long-wavelength beamline I23 at Diamond Light Source with an X-ray 

energy of 4.5 keV using the semi-cylindrical PILATUS 12M (Dectris, CH) (Wagner et al, 

2016). 4.5 keV (2.775 A) was selected as this energy provides a good balance of increased 

signal from P and S atoms and reduced X-ray absorption by the crystal and solvent. Each 

dataset consisted of 360° with an exposure time of 0.1 s per 0.1° image. Multiple datasets per 

crystal were taken at varying kappa and phi values to ensure completeness and increased 

multiplicity. Data integration were performed with XDS and XSCALE (Kabsch, 2010). The 

origin of the PDB model was corrected using POINTLESS, AIMLESS and MOLREP 

(Evans, 2006; Winn et al, 2011). Phased anomalous difference Fourier maps were produced 
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using ANODE (Thorn & Sheldrick, 2011). A sigma cut-off of 4.0 was used to identify sites 

of anomalous contribution. 

2.26 Brief Introduction to Cryo-Electron Microscopy 

Reviewed in: Williams & Carter, 2009; Wagner, 1993; Glaeser, 2016; Van Heel et al, 2000. 

In transmission electron microscopy (TEM), electrons are transmitted through a specimen 

and the scattering density is captured onto a detector to create a 2D projection. Two types of 

electron scattering occur: high-resolution elastic scattering and low-resolution inelastic 

scattering. Inelastic scattering causes irradiation, charging of the specimen, and creates a poor 

signal-to-noise ratio (SNR). Beam damage is the major limitation of EM and is primarily 

combated by collecting low dose images with poor SNR. Higher resolution data were 

obtained by computationally averaging together thousands if not millions of ‘single-particles’ 

within these low dose images to increase the SNR. Software packages (CryoSPARC and 

Relion) then assemble the 2D projections into reliable 3D models through a process termed 

single-particle reconstruction.  

 

The layout of an electron microscope is similar to an optical microscope (Fig 2.0). A coherent 

electron beam is created at the top and is transmitted down the column, passing through the 

sample. At several stages, the beam is manipulated by both lenses (magnetic coils) and 

apertures which focus the beam onto the sample and then again onto the detector. A high-

vacuum within the microscope column is required to minimise interactions between the 

electrons and air. Cryo-electron microscopy was introduced as way to preserve specimens in 

the high-vacuum column and reduce electron bombardment damage without having to use 

negative-staining (Lepault et al, 1983; Adrian et al, 1984). Cryogenic temperatures reduce 

radiation damage as much as 6-fold, primarily because low temperatures trap and localise 

free radicals that are produced during sample irradiation (Schultz, 1988; Dubochet et al, 

1985). Initially, 2D crystals were used to solve high-resolution structures at cryogenic 

temperatures. This is because simply freezing a protein solution in liquid nitrogen creates 

diffracting cubic ice which obstructs specimen electron diffraction. However, as discussed in 

the previous section crystallisation requires a lot of material, and many samples are unable to 

form 2D crystals. 
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Figure 2.0: Image formation in TEM. At the top, a coherent electron source is created using a field 

emission gun (FEG). To create a focused electron beam, a FEG uses one anode to create a strong 
electric field which is then applied to an ultra-thin tungsten needle and a second anode provides the 
accelerating force. Together, these two electrostatic lenses create a fine cross-over. The beam is first 

demagnetised through the condenser lens with the intensity of the beam being controlled by the 
condenser aperture. The transmitted electrons are then diffracted through the sample after which the 
objective lens refocuses the electron beam and the objective aperture creates amplitude contrast by 
excluding high-angled scattered electrons. The intermediate lens and projector lens further magnify 

and focus the beam onto a screen or detector. (Figure adapted from 
https://bio.libretexts.org/@go/page/10618) 

 

A huge breakthrough in cryo-EM, ultimately came from the discovery of amorphous ice by 

Dubochet and colleagues (Adrian et al, 1984; Schultz, 1988). When water freezes it forms a 

crystalline ice layer. However, if water is frozen sufficiently fast enough, it will solidify into 

an amorphous solid which does not significantly scatter electrons while the protein scattering 

intensity is sufficient enough to create contrast suitable for particle imaging. Amorphous ice 

also allows preserving proteins in a hydrated environment and therefore more native state.  

Although liquid nitrogen (-195 °C), is cold enough to quick freeze samples, its heat capacity 

is low enough that the water boils upon freezing, which slows down the freezing process 

enough to allow cubic ice to form. This is known as the leidenfrost effect (Dobro et al, 2010). 
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In contrast, liquid ethane (-180 °C) has a high enough heat capacity to create vitreous ice. 

This led to a now universally used plunge-freezing method for cryo-EM sample preparation. 

The sample is applied to a grid, excess liquid is blotted away, the grid is plunged into liquid 

ethane, and then transferred into liquid nitrogen for storage. Optimisation of sample blotting 

is key to creating a layer of ice which is thick enough to cover the protein and survive beam 

damage, but thin enough that the ice produces limited background signal.  

 

Grid Preparation 

Reviewed in: Russo & Passmore, 2016. 

In electron microscopy, homogenous purified protein is applied to a grid of conductive 

material which is then inserted into the column under high-vacuum. Grids are normally 3.05 

mm in diameter and contain a mesh with 200-400 squares per inch and contain a thin holey 

film (~12 nm) of carbon or gold with holes 1.2 µm in diameter and 1.3 µm spacing. These 

holes are important for attracting proteins and creating a thin ice layer. Gold grids have the 

advantage that they significantly reduce specimen movement and charging(Passmore & 

Russo, 2016). Typically, 3 µl of sample is applied to the grid and then blotted away prior to 

addition of negative stain or directly plunge-frozen in liquid ethane. EM grids are glow-

discharged prior to sample addition to create a hydrophilic environment which attracts 

particles to the surface. Often a thin film of carbon is added on top of the grid as a specimen 

support layer prior to glow-discharging to increase the hydrophilicity and improve sample 

distribution.  

 

Brief Introduction to Image Processing 
As previously mentioned, to combat radiation damage, very low dose images with poor SNR 

are taken in cryo-EM. In simple terms, the 2D projections captured by the detector are the 

sum of the phase and amplitude contrasts of the scattered electrons. The amplitude contrast is 

determined by the loss of electrons due to inelastic scattering, however because biological 

samples mainly consist of light atoms such as H, C, N, O, which do not absorb or scatter 

electrons strongly, this renders the amplitude contrast almost negligible. Therefore, the 

phases which are created by the interference of unscattered and scattered electrons, provide 

most of the contrast and are the combined effect of collecting images slightly under focus and 

the spherical aberration of the lens. Unsurprisingly, these phase and amplitudes get distorted 

in several ways, including the contrast transfer function, the envelope function and beam-

induced particle motion (Erickson and Klug, 1971). Software packages have therefore 
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evolved to correct for these artefacts which significantly increases the SNR. One of the most 

important improvements in the recent cryo-EM ‘resolution revolution’ has been direct 

electron detectors which makes it possible to account for beam-induced motion by tracking 

and correcting particle motion across multi-frame movies.  

 

A 3D structure can then be solved from these corrected 2D projections in a process termed 

‘single-particle analysis’ (SPA). First, hundreds of thousands, if not millions, of 2D 

projections are matched and aligned by orientation, confirmation, and homogeneity, to create 

2D classes. 3D models are then generated using computer programs which determine the 

relative orientations of the 2D classes with respect to a 3D reference (Radermacher et al, 

1986; Van Heel & Frank, 1981; Sigworth, 1998). A commonly used method to accomplish 

this is called ‘projection-matching’ whereby an initial reference structure is iteratively refined 

until it converges to the real structure (Penczek et al, 1994). Projecting-matching requires a 

good initial 3D reference, which for a long time was the rate-limiting step in SPA. Present 

day, one of the most popular methods is using a ‘stochastic gradient descent-based’ algorithm 

(SGD) (Mandt et al, 2017; Punjani et al, 2017). The SGD algorithm starts by making a 

random reconstruction from a small number of images and then over many small noisy steps, 

randomly selects a small subset of images and searches all possible 3D reconstructions while 

also evaluating their overall likelihood. One of the biggest advantages of SGD is that by only 

requiring the original particles it creates an unbiased reference.  

 

After obtaining a good initial model, this model is then used to iteratively perform 3D 

refinement and classification. In each iteration, the initial model is used to create many 

different artificially high-signal projections which then each raw particle is then compared 

and aligned to its best match, after which all the projections are recombined in 3D space to 

create an improved 3D map. This process of re-projecting the 3D map and re-aligning each 

particle is iterated until convergence occurs and no further improvements can be made. 

Model building into the cryo-EM density map is then done in a very similar way to x-ray 

crystallography. 

2.27 Electron Microscopy Methods 

Grid Preparation 
For Mad1-Mad2 complexes, copper Quantifoil 1.2/1.3, 300 mesh, grids were used. Grids 

were treated with a 9:1 argon: oxygen plasma for 45 s, after which 3.5 µl of purified complex 
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at 1.5-2.5 mg/ml supplemented with 0.05 % NP-40 was pipetted onto the grid at 4 °C and 100 

% humidity before immediately blotting for 2 s and plunging into liquid ethane using a FEI 

Vitrobot Mark III (ThermoFisher).  

 

Data Collection 
Grids were generally screened on a 200 kv Glacios (ThermoFisher) equipped with Falcon 3 

(ThermoFisher). Data were then collected at 300kv on a Titan Krios, equipped with a K2 or 

K3 detector (Gatan). 

 

Image Processing Protocols 
Image processing was carried out using Warp, CryoSPARC, and Relion 3.0 or 4.0 (Zivanov 

et al, 2018; Punjani et al, 2017; Tegunov & Cramer, 2019). The specifics of each complexes 

image processing are outlined in their respective results section. Beam-induced motion 

correction was used to align movies into a single micrograph in UCSF motioncorr2 (Zheng et 

al, 2017). CTF-correction was completed with Gctf (Zhang, 2016).  Particle picking was 

done by manually training and then implementing a model in crYOLO (Wagner et al, 2019) 

or WARP (Tegunov & Cramer, 2019). Initial 3D reconstructions were created in 

CryoSPARC using an SGD algorithm (Punjani et al, 2017). 3D classification was usually 

completed in Relion. Once the best classes were found, a fine-angle search was conducted to 

further separate different confirmations within each class. Non-uniform refinement in 

cryoSPARC was generally used for 3D refinement (Punjani et al, 2020). 3D variability 

analysis was also completed in cryoSPARC. After 3D models with limited heterogeneity 

were found, Bayesian polishing was done to correct for beam-tilt induced particle motion 

(Bai et al, 2013; Zivanov et al, 2019). Bayesian polishing in addition to beam-induced 

motion correction sets a hypothetical value of particle trajectories to prior likelihood and sets 

a ‘smooth’ motion. Final maps were sharpened and filtered in a post-processing program 

within Relion and the local resolution of maps was estimated. The reported estimated final 

map resolutions were calculated based on the gold standard FSC = 0.143 or 0.5 criterion (GS-

FSC) (Scheres & Chen, 2012; Chen et al, 2013; Neumann et al, 2018; Ramírez-Aportela et 

al, 2021).  

2.28 Computational methods 

Molecular analyses and structure alignments were performed with the UCSF Chimera 

package (Pettersen et al, 2004). Chimera is developed by the Resource for Biocomputing, 
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Visualization, and Informatics at the University of California, San Francisco (supported by 

NIGMS P41-GM103311). Molecular graphics were produced in PyMOL Molecular Graphics 

System, Version 2.3.3 Schrödinger, LLC. Protein structure predictions were completed using 

AlphaFold2 (Jumper et al, 2021) using the Notebook based environment (Mirdita et al, 

2021). The majority of protein secondary structure predictions were performed with 

PHYRE2 or PSIPRED proteins sequence analysis workbench (Kelley et al, 2015; Jones, 

1999; Buchan & Jones, 2019). Multiple sequence alignments were completed in BLAST 

(Altschul et al, 1990). 
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Gallery of Purified Proteins 
 
Proteins were purified in accordance with section 2.6 and purified proteins used in this thesis 

are displayed in figure 2.1 below using SDS-PAGE analysis. Gels were stained with 

InstantBlueTM Protein stain (Expedeon). All proteins are of human origin.  

 
Figure 2.1: Gallery of key purified human proteins used in this thesis. All proteins were analysed by 

SDS-PAGE using a 4-12% Bis-Tris Glycine gel with the SeeBlue™ Plus2 Protein Ladder 
(ThermoFisher). 
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Chapter 3 

The Bub1-Mad1 Interaction 
This chapter contains work which has been published in Fischer et al, 2021. Any experiments 

or analyses which were not completed by me are duly acknowledged. Any sections of the 
manuscript not completed by me are rewritten. 

 
  

3.1  Chapter Abstract 

During the metaphase to anaphase transition, in response to improper kinetochore-

microtubule attachments, the spindle assembly checkpoint (SAC), activates assembly of the 

mitotic checkpoint complex (MCC), an inhibitor of the anaphase promoting 

complex/cyclosome (APC/C). MCC assembly is under the control of the mitotic kinase 

Mps1, which orchestrates a phosphorylation-dependent signalling cascade to assemble the 

MCC at kinetochores. Key to this process is the Mad1-Mad2 complex, which when targeted 

to kinetochores through a direct interaction with the phosphorylated conserved domain 1 

(CD1) of Bub1, acts as the platform for catalytic MCC formation. This chapter covers work 

completed which describes the molecular mechanism of Mad1 kinetochore targeting by 

phosphorylated Bub1. This includes a crystal structure of Mad1CTD bound to Bub1CD1, 

unveiling how phosphorylation of Bub1 Thr461, not only creates a direct interaction with 

Arg617 of the conserved Mad1 RLK (Arg-Leu-Lys) motif, but also acts as an N-terminal cap 

to the CD1 α-helix dipole. We also discovered that surprisingly only one Bub1CD1 peptide 

binds to the Mad1 homodimer in solution, and we suggest that this stoichiometry is due to 

inherent asymmetry within the coiled-coil of Mad1CTD and controls the Bub1CD1-Mad1CTD 

interaction. 

3.2 Chapter Background 

Faithful chromosome segregation requires surveillance by the SAC, which in response to 

improper kinetochore-microtubule attachments, delays premature chromosome segregation 

until all errors can be fixed (Foley & Kapoor, 2013; Musacchio, 2015; Sacristan & Kops, 

2015). Improper attachments activate the SAC, which then triggers production of the mitotic 

checkpoint complex (MCC), consisting of BubR1, Bub3, Mad2, and Cdc20 (Sudakin et al, 

2001; Chao et al, 2012). The MCC functions by binding and inhibiting the E3 ubiquitin 

ligase, the anaphase promoting complex/cyclosome (APC/C), when the APC/C is bound and 

activated by a second molecule of Cdc20 (Alfieri et al, 2016; Herzog et al, 2009; Izawa & 
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Pines, 2015; Yamaguchi et al, 2016) . Inhibition of the APC/C then delays premature 

chromosome segregation by preventing APC/C-mediated degradation of two key cell cycle 

regulators, cyclin B and securin (Clute & Pines, 1999; Cohen-Fix et al, 1996). 

 

Recent work points towards hierarchical recruitment of SAC proteins onto the outer 

kinetochore, by means of an Mps1-dependent phosphorylation cascade, which creates a 

catalytic platform for MCC assembly (Dou et al, 2019; Faesen et al, 2017; Ji et al, 2017). 

However, the precise molecular mechanisms for how hierarchical recruitment of the various 

checkpoint proteins onto the kinetochore and how each protein contributes to the localization 

and stimulation of downstream components remains a major unresolved question in the field.  

 
Figure 3.1: MCC assembly and the Bub1-Mad1-Mad2-Cdc20 complex at kinetochores. (A) Outline 
of the crucial sequential steps of MCC assembly onto the outer kinetochore. (B) A schematic model of 

MCC assembly onto the outer kinetochore. All steps explained in detailed within the text below. 
 
The current consensus is that the signalling cascade starts with Mps1 phosphorylating several 

MELT (methionine-glutamate-leucine-threonine) motifs on the outer kinetochore protein 

Knl1, which then recruits Bub1 through its interaction with Bub3, as Bub3 preferentially 

binds phosphorylated MELT sequences (London et al, 2012; Primorac et al, 2013; Shepperd 
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et al, 2012; Vleugel et al, 2015; Yamagishi et al, 2012). Next, Mps1 phosphorylates Bub1 at 

a central conserved domain 1 (CD1), which then recruits the Mad1:C-Mad2 complex, likely 

through a direct interaction with the RLK motif of Mad1 (London & Biggins, 2014b, 2014a; 

Ji et al, 2017; Zhang et al, 2017).  Schematics of human Bub1 and Mad1 are shown in Fig 

3.2. Recently, a third phosphorylation event by Mps1 has also been identified in the C-

terminal head of the Mad1 dimer, and this phosphorylation has been shown to significantly 

enhance the rate of MCC formation, possibly by promoting an interaction between Mad1 and 

Cdc20 (Ji et al, 2017; Ji et al, 2018).  

 

Although the precise recruitment pathway of Cdc20 for MCC formation is still debated, it is 

likely that Bub1, through its ABBA and KEN1 motifs just C-terminal to the CD1 domain, 

plays a role in recruiting and repositioning Cdc20 close to the Mad1:C-Mad2 complex (Diaz-

Martinez et al, 2015; Di Fiore et al, 2016; Lischetti & Nilsson, 2015; Zhang et al, 2019). In 

the last step of MCC assembly, cytosolic open-Mad2 (O-Mad2) is recruited to the Mad1:C-

Mad2 complex through dimerization with closed-Mad2 (C-Mad2), and this O-Mad2 is then 

converted to C-Mad2 through what is believed to be a template conversion mechanism (De 

Antoni et al, 2005; Luo et al, 2004; Mapelli et al, 2007; Simonetta et al, 2009; Sironi et al, 

2002). The newly converted C-Mad2 is then released from the Mad1:C-Mad2 complex and 

entraps the MIM motif of Cdc20. The MIM motif of Cdc20 is likely optimally positioned 

nearby by means of its interaction with Bub1 that is bound to Mad1. The Cdc20:C-Mad2 

complex then has high affinity for BubR1, which is also thought to be positioned close-by 

through dimerization with Bub1, to generate the MCC (Chao et al, 2012; Faesen et al, 2017; 

Kulukian et al, 2009).  

 

Altogether this suggests that activation of the MCC requires a finely tuned phosphorylation-

dependent signalling cascade which utilises Bub1 as a key platform which not only targets 

Mad1:C-Mad2, BubR1, and Cdc20 to kinetochores but also repositions these components in 

close spatial proximity to allow efficient MCC assembly. 

 

The importance of Bub1 phosphorylation to create the Bub1-Mad1 complex in SAC 

activation was discovered over two decades ago and it was at this time that the RLK motif of 

Mad1 was also identified as being essential for proper Mad1 kinetochore association and 

checkpoint activation (Brady & Hardwick, 2000). However, it was not until 2014, that a 

direct interaction between Bub1 and Mad1 was captured. London and Biggins identified in 
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budding yeast that Mad1CTD only interacted with Bub1CD1 when it was phosphorylated by 

Mps1 at Thr453 and Thr455 (London & Biggins, 2014). Recapitulating this interaction in 

humans was initially more difficult, however several years later two independent studies 

confirmed this mechanism in human Bub1 and Mad1 whereby the Bub1-Mad1 interaction 

was dependent on sequential phosphorylation of Bub1 at Ser459 and Thr461 by Cdk1 and 

Mps1 kinases respectively (Ji et al, 2017; Zhang et al, 2017).  

 

 
Figure 3.2: Schematics of full-length human Mad1 and Bub1. The domains crystallized in this 

study are highlighted by dashed boxes. A sequence conservation map produced by ClustalX2 is shown 
for the Bub1CD1 domain. The two sites of phosphorylation (pSer459/pThr461) are highlighted by black 

arrows. A1: ABBA motif. K1/2: KEN box motifs. MIM: Mad2 interacting motif. CD1: conserved 
domain 1. BDD: Bub dimerization domain. GLEBS: Gle2-binding-sequence. TPR: Tetratricopeptide 

repeat. RLK: Arg-Leu-Lys motif. RWD: RING, WD40, DEAD domain.  

3.3 Chapter Aims 

As previously mentioned, the initial goal when this project was started was to reconstitute 

Knl1:Mad1:C-Mad2:O-Mad2:Cdc20:Bub1:Bub3 complex and then use cryo-electron 

microscopy to investigate the molecular interactions of these components. Unfortunately, 

these efforts failed because a stable Bub1-Mad1 complex could not be captured, despite 

many attempts to enhance their interaction. Thus, the aim became to investigate the Bub1-

Mad1 interaction in more detail and as there was no structure of the Bub1-Mad1 complex at 

all, we aimed to crystallise a peptide comprising the CD1 domain of Bub1 to Mad1 in the 

hopes it would reveal the overall architecture of the Bub1-Mad1 interaction and how 

sequential phosphorylation of Bub1 promotes Mad1 kinetochore targeting. 
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3.4  In solution only one Bub1CD1 binds to the Mad1CTD homodimer 

Before proceeding with crystallographic studies, ITC was performed to investigate the 

Mad1CTD-Bub1CD1 interaction and to compare our results with the two prior studies which 

performed ITC and SPR on similar constructs (Ji et al, 2017; Zhang et al, 2017). The 

Bub1CD1 peptide sequence (residues 455-479) is shown in Fig 3.2, with the two sites of 

phosphorylation (Ser459 and Thr461) indicated. Using the doubly phosphorylated pSer459-

pThr461 Bub1CD1 peptide binding to Mad1CTD we obtained a KD of 2.7 ± 1.2 µM which is 

similar to previous reports (Fig 3.3A). We were however surprised to find that only one 

Bub1CD1 peptide bound to the Mad1CTD dimer. Neither prior study reported the stoichiometry 

of this interaction so we could not compare our results. This stoichiometry of only one 

peptide per Mad1 dimer was reproducible across eight repeat experiments including when a 

N-terminal tryptophan was added to the peptide to ensure accurate peptide concentration 

measurements and this N-terminal tryptophan did not alter the KD of the interaction. 

Additionally, loading the peptide into the calorimeter cell rather than Mad1CTD and titrating 

Mad1CTD, resulted in the same stoichiometry (Fig 3.3B). We additionally, tested Bub1CD1 

binding to the Mad1:C-Mad2 complex where the Mad1 truncation was extended to contain 

either residues 485-718 or 420-718 of Mad1, and although there was a slight decrease in the 

binding affinity for the tetrameric complex, the stoichiometry was clearly still conserved (Fig 

3.3C-D). This suggests that the 1:1 ratio of Bub1CD1 to Mad1CTD homodimer is likely to be 

conserved within full-length Bub1 and Mad1, however, we cannot exclude the possibility that 

the stoichiometry would differ when full-length constructs are used.  
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Figure 3.3: ITC of the Mad1CTD-Bub1CD1 Interaction. The KD and stoichiometry (n) values were 

obtained by averaging at least three experiments. The reported error values are calculated standard 
deviations. (A) Isothermal calorimetry (ITC) of Mad1CTD binding to doubly phosphorylated Bub1CD1. 

Bub1CD1 was injected into 0.45 µM Mad1CTD in 19 injections of 2 µl, revealing a dissociation constant 
(KD) of approximately 2.7 µM and a stoichiometry of 1:1 Mad1CTD dimer to Bub1CD1 peptide. (B) 

Reverse titration of Mad1CTD to doubly phosphorylated pThr461-pSer459 Bub1CD1 where Mad1CTD 
concentration is stated as total monomer. (C) Titration of doubly phosphorylated pThr461-pSer459 
Bub1CD1 to the Mad1:C-Mad2 tetramer with the Mad1 485-718 truncation. (D) Titration of doubly 
phosphorylated pThr461-pSer459 Bub1CD1 to the Mad1:C-Mad2 tetramer using the Mad1 420-718 

truncation. 
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The stoichiometry of the Mad1CTD-Bub1CD1 interaction was further analysed using analytical 

ultracentrifugation sedimentation equilibrium (AUC-SE) with Dr. Stephen McLaughlin of the 

MRC-LMB biophysics facility (Fig 3.4). Mad1CTD at 20 µM was tested by itself or mixed 

with either 20 µM or 40 µM of Bub1CD1 peptide. The calculated mass of Mad1CTD alone was 

nearly identical to the expected mass of the Mad1CTD
 homodimer, while both samples mixed 

with either a 1:1 or 1:2 molar ratio of Mad1CTD to Bub1CD1, had a calculated mass which was 

close to the expected mass of only one Mad1CTD homodimer bound to a single Bub1CD1 

peptide. This further confirms the 1:1 Mad1CTD dimer to Bub1CD1 stoichiometry observed in 

our ITC experiments. 

 

 
Figure 3.4: Analytical ultracentrifugation sedimentation equilibrium of Mad1CTD-Bub1CD1 

complexes. Samples were run in triplicate. The data were fitted to a two species model where the 
mass of the Bub1CD1 peptide with an N-terminal tryptophan residue (3247 Da) was fixed. Standard 

errors are shown. 
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We additionally used NMR spectroscopy to probe the Bub1CD1-Mad1CTD interaction. These 

experiments were completed by Dr. Conny Yu at the MRC-LMB NMR facility. By using 31P 

phosphate 1D NMR, unique signals can be observed for pSer459 and pThr461 in the Bub1CD1 

peptide (Fig 3.5). Bub1CD1 alone yielded not only two distinct peaks for the two 

phosphorylated residues but also splitting of the subsequently confirmed pSer459 signal. The 

two sites of phosphorylation are part of a Ser-Pro-Thr sequence and cis-trans proline 

isomerization of the Ser-Pro amide bond was identified as the result of the splitting of the 

pSer459 signal. At a 1:1 molar ratio of Bub1CD1 to Mad1CTD dimer, the free pThr461 signal 

completely disappeared, while the pSer459 signal remained largely unchanged except for a 

small shift. This suggests that pThr461 is a key residue in the Bub1CTD-Mad1CTD interaction, 

while the pSer459 remains highly flexible and its chemical environment is only marginally 

altered by Mad1CTD binding. We next added more Bub1CD1 peptide such that a 2:1 ratio 

relative to Mad1CTD dimer was achieved, and this resulted in a spectrum with multiple signals 

for both phosphorylated residues. By overlaying the free and bound phosphorylated Bub1CD1 

peptide peaks, it became clear that this spectrum showed the presence of unbound peptide, 

such that there is a reappearance of signal at the chemical shift position for unbound pThr461 

and pS459 positions, as well as the bound peaks are still retained. Taken together, our 31P 

NMR experiments support our ITC and AUC-SE data and suggest that at least for these 

truncations of Mad1 and Bub1, only one Bub1CD1 domain is able to bind to the Mad1CTD 

homodimer.   
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Figure 3.5: 31P 1D NMR spectra of the Mad1CTD-Bub1CD1 interaction. 31P 1D spectra showing 

phosphorylated Bub1CD1 peptide titrated with an increasing concentration of Mad1CTD dimer. The 
peptide sequence is shown above with the two phosphorylated residues highlighted in red. Peaks 
corresponding to pSer459 and pThr461 are marked with red arrows. The major pSer459 peak 

represents pSer459 in a trans Ser-Pro bond and the minor pSer459 peak (marked grey) represents 
pSer459 in a cis Ser-Pro bond. In the 1:1 molar ratio of Mad1CTD dimer to Bub1CD1, the pThr461 peak 

is significantly line broadened and the pSer459 peak (marked blue) is perturbed. In the 1:2 molar 
ratio of Mad1CTD dimer to Bub1CD1, in addition to signal for the bound pSer459, there is 

reappearance of the original free position of pS459 and unbound pThr461 supporting the presence of 
unbound peptide. 

 

We cannot exclude the possibility that the Bub1-Mad1 complex would present a different 

stoichiometry in vivo, however our results strongly point towards a mechanism by which only 

one Bub1 molecule binds to the Mad1 homodimer. This has interesting implications for how 

MCC is catalytically assembled onto the outer kinetochore, and this will be discussed more 

later on in this thesis. For example, it has been suggested that Mad1CTD might fold back onto 

the Mad1:C-Mad2 core to promote template conversion of Mad2 from an open to closed state 

(De Antoni et al, 2005; Mapelli et al, 2007). If this fold-over model is correct, it might imply 

that only one site is either available or favourable for Bub1 binding. Our model of the Bub1-
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Mad1-Cdc20 interaction at kinetochores (Fig 3.1) also might suggest that only one Cdc20 

molecule can be accommodated at the head domain of Mad1CTD proximal to the Thr716 

phosphorylation site, especially if one side of the Mad1 head is already contacting the 

Mad1:C-Mad2 core. Therefore, this could be another reason only one Bub1 binds. 

Ultimately, this unusual stoichiometry made solving a structure of the Bub1-Mad1 complex 

all the more exciting in the hopes that the molecular details could answer some of these 

questions.  

3.5 Crystallization of Mad1CTD-Bub1CD1 

 
Figure 3.6: Crystallization of Mad1CTD-Bub1CD1. (A) Initial Mad1CTD-Bub1CD1 hits in LMB plate 1, 
position D5, which contained 10 % Isopropanol, 20 % w/v, PEG 4000, 0.1 M HEPES pH 7.5. (B) 
Optimised Mad1CTD-Bub1CD1 hits used for high-resolution data collection at the Diamond Light 

Source.  
 

Co-crystallization Mad1CTD and Bub1CD1 was initially tried using a screen based on the 

condition in which Apo Mad1CTD was previously crystallised (20 mM Tris, 100 mM KCl, 1 

mM TCEP, 26% (w/v) PEG1500, 0.1 M Na Cacodylate, pH 6.2, 1 mM reduced L-

Glutathione), however no crystal hits were obtained. Next, apo Mad1CTD crystals were 

obtained in this condition and soaking with either 1 mM Bub1CD1 dissolved in the 

crystallisation buffer or 2.5 or 5.0 mM Bub1CD1 which required 5 % and 10 % DMSO 

respectively. The DMSO was required as the pSpT Bub1CD1 peptide requires DMSO to 

remain soluble above 1.0-1.5 mM. In both cases the apo Mad1CTD crystals dissolved after 4 

hrs of soaking. Next 0.35 mM Mad1CTD was mixed with 5 mM Bub1CD1 and screened using 

the entire LMB library of crystallisation plates (Gorrec and Löwe, 2018). Mad1CTD was in a 

buffer containing 25 mM HEPES pH 7.5, 100 mM NaCl, 1 mM TCEP, while a 50 mM 

Bub1CD1 stock in 100 % DMSO was used, resulting in 10 % DMSO in the Bub1-Mad1 

mixture and thus 5 % DMSO in the crystallisation drop after the sample was mixed with the 

reservoir solution. Hits were found in LMB plate 1, position D5, which contained 10 % 
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Isopropanol, 20 % w/v PEG 4000, 0.1 M HEPES pH 7.5 (Fig 3.6A). A 4-corner screen 

(outlined in Gorrec and Löwe, 2018) based on this condition was setup and larger hits were 

obtained and harvested for data collection (Fig 3.6B).  

3.6  Overall Architecture of the Mad1CTD-Bub1CD1 complex 

We were able to obtain a near-atomic resolution crystal structure of human Mad1CTD dimer 

bound to two doubly phosphorylated Bub1CD1 peptides, termed the Mad1CTD-Bub1CD1 

complex (Fig 3.7) (PDB: 7B1F). This was the first reported structure of phosphorylated 

Bub1CD1 and the Mad1CTD-Bub1CD1 complex. Several datasets were collected, but the highest 

resolution crystal structure diffracted to 1.75 Å and belonged to the space group P212121 with 

one Mad1CTD-Bub1CD1 complex per asymmetric unit. However, due to strong anisotropic 

diffraction the actual resolution is closer to 2.1 Å. A summary of the data collection and 

refinement statistics is given in Appendix Table 1.  

 

 
Figure 3.7: Overview of the human Mad1CTD-Bub1CD1 interaction. Three views of the crystal 

structure of Mad1CTD homodimer (dark/light orange) bound to two Bub1CD1 peptides (purple/blue). 
The RLK motif of Mad1 is highlighted in yellow. The two phosphorylation sites are shown as sticks. 

 

The overall architecture of the Mad1CTD-Bub1CD1 interaction is shown in Fig 3.7. We were 

surprised to see that the crystal structure contained two Bub1CD1 peptides bound to the 

Mad1CTD homodimer, despite the clear 1:1 stoichiometry of Mad1CTD to Bub1CD1 confirmed 

in solution by ITC, 31P NMR and AUC-SE. This disparity in stoichiometry between the 

crystal structure and our biophysics data will be discussed later in section 3.11. In our crystal 
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structure, Mad1CTD is comprised of an N-terminal elongated coiled-coil, followed by a 

globular head domain featuring a conserved RWD (RING, WD40, DEAD) fold, which agrees 

with the previously published crystal structure of apo Mad1CTD
 (PDB:4DZO) (Fig 3.7) (Kim 

et al, 2012; Nameki et al, 2004; Petrovic et al, 2014a). Each chain of Mad1CTD starts with an 

elongated stem formed by the N-terminal α-helix (α1), followed by a globular C-terminal 

head domain composed of an anti-parallel β-sheet of four β-strands (β1-4), a short helix (α2), 

and two C-terminal helices (α3/α4).  

 

Each Bub1CD1 peptide is largely a single α-helix, consisting of almost four complete turns 

(Fig 3.7). We were able to build without ambiguity, 21 of the 26 residues of each Bub1CD1 

peptide, while the first three and last two residues were not visible in the electron density 

map. Interestingly, each Bub1CD1 peptide contacts both Mad1CTD monomers as the Bub1CD1 

helix lies diagonally across the Mad1CTD coiled-coil (Fig 3.7: left and right panels). The 

Bub1CD1 helix only starts with the second phosphorylation site, pThr461, while the six most 

N-terminal residues, including the first phosphorylation site pSer459, are disordered and do 

not directly contact Mad1. The diagonal interface of Bub1CD1-Mad1CTD results in the N-

terminus of each CD1 helix contacting one Mad1CTD monomer at the conserved Mad1 RLK 

motif by means of its interaction with the pThr461 site, whereas the C-terminal residues of 

Bub1CD1 contact the opposite Mad1 monomer starting from the top of the coiled-coil and its 

adjoining head domain β-sheet (Fig 3.7 and Fig 3.8A). The last three C-terminal residues of 

each peptide are disordered and seemed positioned to extend across the Mad1CTD RWD-fold 

(Fig 3.8 A-B). 

3.7  The Bub1-Mad1 interaction is mediated by pThr461 

As previously discussed, SAC activation in response to unattached kinetochores promotes 

formation of the Mad1-Bub1 complex, a targeting mechanism which is conserved from yeast 

to humans and requires that Bub1 be phosphorylated at its central CD1 domain  

(Heinrich et al, 2014; London & Biggins, 2014b; Silió et al, 2015). Sequence alignment of 

the Bub1CD1 domain is shown in Fig 3.2. It is known that in S. cerevisiae, Mps1 

phosphorylates the Bub1 CD1 domain at both Thr453 and Thr455 to promote an interaction 

between Mad1 and Bub1, with the pThr455 site alone being sufficient for a strong interaction 

(Ji et al, 2017; London & Biggins, 2014). In humans, it has been shown that the equivalent 

phosphorylation sites, Ser459 and Thr461, are also required, and similar to yeast, pThr461 

alone is sufficient to promote the Bub1-Mad1 interaction, whereas pSer459 alone cannot 
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(Asghar et al, 2015; Daub et al, 2008; Ji et al, 2017; Zhang et al., 2017). Interestingly, in 

humans a more specific targeting mechanism has been identified where the Ser459 site is first 

phosphorylated by Cdk1 which then primes phosphorylation of the Thr461 site by Mps1 (Ji 

et al, 2017b; Qian et al, 2017). In contrast to yeast where a T453A mutation does not 

signficantly affect the Bub1-Mad1 interaction or checkpoint viability, a S459A mutant in 

human Bub1, inactivates Bub1-mediated Mad1 kinetochore recruitment (Zhang et al, 2017). 

This strongly suggests that this priming mechanism of Mps1 phosphorylation of Thr461 by 

Cdk1 phosphorylation at Ser459 is critical for Bub1CD1 functionality.  

 

Our crystal structure reveals that the phosphate group of pThr461 forms a strong interaction 

with Mad1 through a charged hydrogen bond with Arg617 of the Mad1 RLK motif (Fig 3.8 

A and C). The phosphothreonine additionally makes further contacts with the amide 

backbone of its own chain, and this results in the Bub1 His463 imidazole sidechain hydrogen 

bonding with Ser610 of Mad1 (Fig 3.8C). This is in contrast with the phosphoserine site 

which does not contact Mad1, but is instead part of the disordered N-terminal tail of the CD1 

helix (Fig 3.8 A and C). 

 

We also performed phosphorus single-wavelength anomalous dispersion (SAD) at the 

Diamond Light Source with Dr. Christian Orr and Dr. Armin Wagner (Fig 3.9 A-D; 

Appendix Table 2). These data clearly show anomalous density for the phosphorous atom of 

the phosphothreonine at each site built in our structure (Fig 3.9 B-C). Furthermore, there are 

no clear signals for the phosphoserine on either chain which agrees with our crystal structure 

in which the pSer459 is not directly contributing to the Mad1CTD-Bub1CD1 interaction. 
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Figure 3.8: Molecular Interactions of the Mad1CTD-Bub1CD1 complex. (A) The extensive largely 

hydrophobic interface of the Mad1CTD-Bub1CD1 interaction is highlighted with the higher occupancy 
CD1 peptide (purple). The RLK motif of Mad1 is coloured yellow. (B) Close up view of Bub1CD1 
interactions with the head domain of Mad1CTD. Hydrogen bonding interactions within 3.5 Å are 

highlighted by black dashes. (C) Close up view of the Mad1 Arg617 and Bub1 pThr461 interaction. 
An additional contact occurs between the phosphate of pThr461 and Bub1 His463 which then forms a 

hydrogen bond with Mad1 Ser610. Additional stabilizing hydrogen bonding occurs between the 
pThr461 phosphate and the amide nitrogen of Val462, His463, and Thr464. Hydrogen bonding 

interactions within 3.5 Å are highlighted by black dashes. (D) Top view of the conserved RLK motifs 
of the Mad1 homodimer which are shown as sticks. The sidechains of hydrophobic residues near the 

RLK site at the surface of Bub1CD1 are shown as purple sticks which form a hydrophobic pocket.  
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Figure 3.9: Phosphate SAD of the Bub1CD1-Mad1CTD complex. (A) The crystal structure of Bub1CD1-

Mad1CTD with the anomalous signal for the phosphate groups of the two phosphorylated threonine 
residues shown as green mesh. (B) Close-up view of the phosphothreonine anomalous signal on 
subunit D. (C) Close-up view of the phosphothreonine anomalous signal on subunit C. (D) The 
strongest unique anomalous peaks as reported by ANODE with a cut off of 4.0 sigma (Thorn & 

Sheldrick, 2011). The anomalous peak heights corresponding to the phosphate of the 
phosphothreonine are highlighted in red.  

 
A striking feature of the Mad1CTD-Bub1CD1 interaction is that the pThr461 is positioned at the 

start of the CD1 helix such that the phosphate group caps the N-terminus of the helix and 

stabilizes the positively-charged helix dipole with its bulky negative charge (Fig 3.8 A and 

C). The stabilization of α-helices through compensation of the α-helix macro-dipole by 
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capping residues is widely recognized (Chakrabartty et al, 1993; Hol et al, 1978; Wada, 

1976). Our study reveals how this helix-dipole capping can be achieved and regulated by 

phosphorylation, and is reminiscent of α-helix stabilization by phosphorylation of Ser46 in 

the bacterial protein HPr (Pullen et al, 1995; Thapar et al, 1996). Interestingly, secondary 

structure prediction of the Bub1CD1 domain suggests that the helix of unphosphorylated CD1 

would only start from Thr464, further hinting that pThr461 helps to stabilize an extended 

helix (Fig 3.10). Additionally, examination of the 1H 1D spectra of the non-phosphorylated 

and phosphorylated Bub1CD1 peptides reveals that both peptides are disordered when 

unbound in solution based on the narrow dispersion of their amide peaks (Fig 3.11A). 

Previous circular dichroism experiments also suggested that the unbound Bub1CD1 peptide is 

unstructured but might have helical propensity that is increased with Thr461 phosphorylation 

(Zhang et al, 2017). This implies that Mad1 binding induces the Bub1CD1 domain to adopt a 

helical conformation, a mechanism which likely enhances the specificity of Thr461 

phosphorylation as a regulatory mechanism in promoting the Mad1CTD-Bub1CD1 interaction.  

 

 
Figure 3.10: Secondary structure prediction of Human Bub1 (residues 448-553) which includes the 

CD1, ABBA, and KEN1 domains of Bub1 (Buchan and Jones, 2019). The length of the CD1 helix 
present in the X-ray structure is shown as well as the location of the ABBA and KEN1 motifs. 

 

We also assessed binding of the non-phosphorylated Bub1CD1 peptide to Mad1CTD using ITC 

and observed no binding (Fig 3.12). Additionally, as assessed using NMR spectroscopy 

completed by Dr. Conny Yu, titration of the non-phosphorylated peptide into 15N labelled 

Mad1CTD also failed to reveal Bub1-Mad1 interactions (Fig 3.11B). NMR can readily detect 

weak binding in the mM range further highlighting the essential role of phosphorylating 
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Thr461 in order to promote the Bub1-Mad1 interaction. We additionally tested the binding of 

an R617A mutant of Mad1 by ITC and found that it severely weakened the Bub1CD1-

Mad1CTD interaction to the millimolar range (Fig 3.12). However, as it does not completely 

abolish binding, unlike the non-phosphorylated peptide, this further confirms the additional 

effects of the phosphothreonine on the Bub1CD1-Mad1CTD interaction.  

 

 
Figure 3.11: Titration of phosphorylated Bub1CD1 peptide into Mad1CTD. (A) 1H 1D spectra showing 
the amide regions of phosphorylated and unphosphorylated Bub1CD1 peptides. The narrow dispersion 
of the amide peaks suggests both peptides are unstructured. The red arrows highlight two peaks that 

were shifted downfield upon phosphorylation, most likely corresponding to the phosphorylated 
Ser459 and Thr461. (B) 1H,15N-2D HSQC showing 15N-labelled Mad1CTD with an increasing 

concentration of unphosphorylated Bub1CD1 peptide. In molar ratios of Mad1CTD dimer to Bub1CD1, 
peptides were added at 1:0.5 (red), 1:1 (yellow), 1:2 (blue) and 1:4 (green) ratios. There is no 

observable change in chemical shifts or peak intensities. 
 

Altogether, this work strongly suggests that the phosphate group of pThr461 promotes a 

direct interaction to Mad1 through not only its interaction with Arg617 as suggested by the 

crystal structure, but also by promoting conformational changes within the Bub1 CD1 motif. 

This work, together with the fact that Cdk1 phosphorylation of Ser459 primes Mps1 

phosphorylation at Thr461, nicely explains how phosphorylation by Mps1 creates a highly 

specific interaction between Bub1 and Mad1 and allows for a finely-tuned regulation of the 

mitotic checkpoint complex.  
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We also note that phosphorylation of Bub1 CD1 Thr464, three residues C-terminal to the 

Thr461 phosphorylation, has been previously reported (Fig 3.8A) (Ji et al, 2017). In vitro 

analysis suggests that a triply phosphorylated pSer459-pThr461-pThr464 peptide had 

significantly lower affinity for Mad1 than the doubly phosphorylated peptide (Ji et al, 2017). 

Our crystal structure explains that a bulky phosphate at Thr464 would clash with the Bub1-

Mad1 interface which could explain this. It is therefore possible that negative regulation of 

the Bub1-Mad1 interaction could be accomplished by Thr464 phosphorylation in response to 

certain checkpoint signals.  

3.8  Contribution of the phosphoserine site 

Both previous studies which investigated the contribution of the phosphothreonine and 

phosphoserine in the Bub1-Mad1 interaction, found a signficant reduction in binding for the 

singly phosphorylated pThr461 peptide, but also showed that pSer459 alone could not 

establish a strong Bub1-Mad1 interaction (Zhang et al, 2017; Ji et al, 2017). By SPR, the 

Nilsson group found that the pS459-pT461 peptide bound with an affinity of 16 µM, while 

the pT461 peptide was reduced two-fold to 32 µM (Zhang et al, 2017). By ITC, the Yu group 

found that the pS459-pT461 peptide had a KD of 3.1 µM while the pT461 peptide had a KD of 

15.7 µM (Ji et al, 2017). These experiments would suggest that although the 

phosphothreonine is the main point of contact for the Bub1-Mad1 interaction, that the 

phosphoserine is not only required for priming Thr461 phosphorylation but also contributes 

directly to the Bub1-Mad1 interaction.  

 

In contrast, our ITC experiments did not show a difference between the pT461 and pS459-

pT461 interaction, as the singly phosphorylated peptide had an observed KD of 3.3 ± 0.3 µM, 

which is nearly identical to the doubly phosphorylated peptide (Fig 3.12A). We did however 

notice a significant reduction in the solubility of the singly phosphorylated peptide, likely due 

to the absence of the charged bulky phosphate to an otherwise very hydrophobic peptide. It 

therefore seems likely that the reduce solubility and/or the differences in our experimental 

conditions could be why our results varied. We had to lower the concentration of the singly 

phosphorylated peptide and Mad1CTD used in our ITC experiments in order to ensure the 

singly phosphorylated peptide remained soluble. We also point out that our results fit with 

our crystal structure which shows that the pS459 site does not directly contribute to the Bub1-

Mad1 interaction and this additionally supports the suggested mechanism by which the 

primary role of the phosphoserine site is to prime phosphorylation at Thr461. 
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Figure 3.12: ITC of Bub1CD1 and Mad1CTD mutants. (A) Summary of all ITC experiments performed 

in this study. The KD and stoichiometry (n) values were obtained by averaging at least three 
experiments. The reported error values are calculated standard deviations. The mutations of Mad1CTD 

are highlighted in the Bub1CD1-Mad1CTD crystal structure in (B). Mutants which do not bind, are 
marked with a dash. Raw data for each ITC reaction are shown in the Appendix Figs 1-3. SpT* CD1 
peptide is a peptide which is phosphorylated at Thr461 and not at Ser459. QRI** and QRRI** are 

triple and quadruple mutants of Mad1 which contact the C-terminus of Bub1CD1. The QRI triple 
mutant contains Q627A, R650A and I643A, while the QQRI quadruple mutant additionally contains 

R630A. (B) The crystal structure of Bub1CD1-Mad1CTD with the Mad1 residues which were mutated in 
our ITC experiments shown as sticks. Residues from both monomers are shown. The lower occupancy 

peptide is shown as blue and the higher occupancy peptide as purple. 

3.9  The role of the Mad1 RLK motif 

As previously discussed, Mad1 contains a conserved RLK motif (R617-L618-K619) within 

its C-terminal coiled-coil. A sequence conservation map of Mad1CTD is shown in Fig 3.13. 

Except in a few species, such as C. elegans and X. laevis, the RLK motif is highly conserved. 

This motif has been shown by several groups to be essential for Mad1 SAC-dependent 

kinetochore targeting through its interaction with Bub1 (Brady & Hardwick, 2000; Heinrich 

et al, 2014; Kim et al, 2012). Guided by our crystal structure (Fig 3.8D), we investigated the 

role of individual residues of the RLK motif and how they contribute to the Bub1-Mad1 

interaction.  
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Figure 3.13: Mad1CTD sequence alignment. The sequence alignment of Mad1CTD was created using 

ClustalX2 of Mad1CTD (human Mad1 residues 597-718) (Larkin et al., 2007). Mad1 secondary 
structural elements are shown above and the Arg617 residue of the RLK motif is highlighted with a 

black arrow. 
 

As previously discussed, the interface between Mad1 and Bub1 is mediated by a strong 

hydrogen bonding interaction between Mad1 Arg617 of the RLK motif and the 

phosphothreonine site of Bub1CD1 (Fig 3.8C). An R617A mutation nearly abolishes 

Mad1CTD-Bub1CD1 interaction by decreasing the infinity over 1000-fold and confirms the 

crucial role of this residue (Fig 3.12).  

 

Surprisingly, a L618A mutation of the RLK motif had an even stronger effect than an R617A 

mutation, as it completely abolished interaction with Bub1CD1 (Fig 3.12). However, Mad1CTD 

L618A had very poor expression compared to wild-type Mad1CTD which has high expression 

levels. Mad1CTD L618A also aggregated easily and eluted strangely from a size-exclusion 

column (Fig 3.14). As Leu618 lies between the hydrophobic coiled-coil dimerization 

interface of Mad1CTD we thought this mutant might be impairing Mad1CTD dimerization (Fig 

3.8D). However, a subsequent SEC-MALS experiments verified that the purified L618A 

mutant was still dimeric (Fig 3.14). We therefore speculate that this mutant perturbs the 

Mad1 dimerization interface, and more importantly as it directly connected to Arg617, it 

likely disrupts this key interaction. Furthermore, much of the Bub1CD1-Mad1CTD interface is 

formed from hydrophobic interactions, including a hydrophobic pocket formed by Phe470 

and Ile471 residues on the outside of the Bub1CD1 helix (Fig 3.8A and D). A L618A mutant 

would therefore also perturb the Bub1-Mad1 interaction by weakening these hydrophobic 



Chapter 3: The Bub1-Mad1 Interaction 

109 
 

interactions. Consequently, the lack of detectable interaction between Mad1CTD L618A and 

Bub1CD1 likely results from mis-folding of the Mad1CTD dimer and disrupted Mad1CTD-

Bub1CD1 contacts. 

 

A previously reported kinetochore localisation study by the Yu group, found that a single 

K619A mutation of the Lys within the RLK motif was defective in kinetochore targeting 

(Kim et al, 2012). To our knowledge no other study has specifically explored the function of 

Mad1 Lys619 in the Mad1CTD-Bub1CD1 interaction. Surprisingly, in our structure Lys619 of 

either Mad1 subunit does not strongly contact Bub1 (Fig 3.8D). Similar to the apo structure 

of Mad1CTD, the Lys619 sidechain reaches across the Mad1CTD dimer to the opposite coiled-

coil, and forms only weak contacts with the opposite Bub1CD1 peptide, likely through a π-

cation interaction between Mad1 Lys619 and Bub1 Phe470 (Fig 3.8D). Substituting Ala for 

Lys619 moderately reduced the Bub1CD1-Mad1CTD affinity from 3 µM to 10 µM (Fig 3.12). 

These results suggest that the lysine of the RLK motif, although important, is not essential for 

the Bub1-Mad1 interaction in vitro and might point to an additional unknown role of Lys619 

in Mad1 kinetochore recruitment.  

 
Figure 3.14: Size-exclusion multi-angle light scattering (SEC-MALS) of Mad1CTD wild-type and 

L618A and F629A mutants. All eluted as monodispersed species. The average mass of WT Mad1CTD 

was 26.2 kDa. The average mass for the L618A and F629A mutants was 29.6 kDa and 26.7 kDa 
respectively. The tailing peak of about 23 kDa comes from residual TEV protease in the sample.  

3.10  Bub1CD1 interactions with the Mad1CTD head domain 

An important and novel feature of the Bub1CD1-Mad1CTD complex is that the C-terminus of 

each Bub1CD1 peptide contacts both the top of the coiled-coil and head domain of Mad1 of 

the opposite subunit to which the phosphorylated threonine interacts (Fig 3.8A and B). In 

order to probe to what extent these contacts contribute to the Bub1CD1-Mad1CTD interaction, 
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we created individual or combined alanine substitutions for several of these residues within 

Mad1CTD (Q627, F629, R630, I643, R650; highlighted in Fig 3.8B and Fig 3.12B) to test by 

ITC (Fig 3.12A).  

 

Two of the individual mutations, F629A and R630A, had a significant effect on Bub1CD1 

binding. The R630A mutant impaired the Bub1CD1-Mad1CTD interaction over 3-fold, while 

the F629A mutant completely abolished Bub1CD1 binding (Fig 3.12A). Phe629 is a buried 

hydrophobic residue which contacts the opposite Phe629 of the Mad1 dimer and therefore 

contributes to the hydrophobic dimerization interface (Fig 3.12B). Phe629 also contributes to 

the hydrophobic interface of the Bub1CD1-Mad1CTD complex by stacking with Bub1 Phe475 

(Fig 3.8B). Because the F629A mutant was poorly expressed but by SEC-MALS still 

dimeric, we speculate that similar to the L618A mutant previously discussed, the complete 

disruption of Bub1CD1 binding in the F629A mutant is a result of a mis-folded Mad1CTD dimer 

(Fig 3.14A). The significant effects of both the F629A and R630A mutants agree with 

previous kinetochore localization experiments from the Yu group which found both mutants 

had defective kinetochore targeting (Ji et al., 2017).  

 
While individual alanine substitutions of Gln627, Ile643, and Arg650 had no noticeable 

effect on Bub1CD1 binding, a triple alanine mutant (termed QRI*) significantly reduced 

Bub1CD1 affinity 5-fold (to 14.5 µM), indicating that in combination they contribute to the 

Bub1CD1-Mad1CTD interaction (Fig 3.12). A quadruple mutant (termed QRRI*) which also 

includes the R630A mutation, further reduced the affinity of the interaction to 25 µM, 

confirming the significant contribution of R630A to the Bub1CD1-Mad1CTD interaction (Fig 

3.12). We also note that mutation of the hydrophobic MFQ sequence (Bub1 residues 474-

476) to RRK, located near the C-terminus of Bub1CD1 (highlighted in Fig 3.8A-B), has been 

previously shown to abolish Bub1CD1 binding to Mad1CTD (Zhang et al, 2017).  

 

Taken together, our ITC analyses confirm the importance of these residues in mediating 

Bub1CD1 interactions with the head domain of Mad1, as further revealed by our crystal 

structure. These experiments however also indicate that they contribute less binding energy 

than the pThr461:Arg617 interaction, further highlighting the importance of phosphorylation 

in the Bub1-Mad1 interaction. In relation to the model of the Bub1:Mad1:C-Mad2:Cdc20 

complex at kinetochores (Fig 3.1), it is possible that the contacts of the C-terminus of the 

Bub1CD1 peptide with the head domain of Mad1 are primarily important for positioning 
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Cdc20 in close proximity to the Mad1:C-Mad2 complex, such that the newly converted C-

Mad2 can readily entrap the MIM motif of Cdc20. This theory will be explored further in 

chapter 4 of this thesis.  

3.11  Disparity between the crystal structure and in-solution stoichiometry  

As previously mentioned, after confirming through several methods (ITC/NMR/AUC-SE) 

that only one Bub1CD1 peptide can bind to the Mad1CTD dimer in solution, we were surprised 

to see two peptides bound in our crystal structure (Fig 3.7). This led us to investigate why this 

might be. Our ITC and sedimentation equilibrium experiments were performed with Mad1, at 

100 µM or lower, and titrating Bub1CD1 until a 2-4-fold molar excess was obtained. Our 31P 

NMR experiments were conducted with around 0.25 to 0.5 mM of each, and still only one 

binding event was detected. Additionally, NMR is an excellent technique to analyse weak, 

even millimolar range interactions, and thus our data suggest that a second weaker binding 

event does not occur in-solution.  

 

In contrast, our Mad1CTD-Bub1CD1 crystal structure was obtained through co-crystallization of 

Mad1CTD and Bub1CD1 at final concentrations of 0.35 mM and 2.5 mM respectively in 5 % 

DMSO. We note that these concentrations of Mad1 and Bub1 greatly exceeds their reported 

sub-micromolar concentrations at kinetochores (Faesen et al, 2017). The use of millimolar 

concentrations of peptide, and the presence of DMSO and isopropanol which was required 

for Mad1CTD-Bub1CD1 crystallization, may explain the association of a second peptide in the 

crystallized complex. The poor solubility of the peptide over 1 mM made it unfeasible to test 

Bub1CD1 binding at higher concentrations in our in-solution experiments without the addition 

of DMSO or isopropanol. The addition of either interfered with ITC enthalpy changes and 

created a strong signal in our 1H NMR experiments which obscures the protein peaks.  

 

Further examination of our crystal structure reveals interesting findings. Firstly, there is a 

complete absence of crystal contacts involving the Bub1CD1 peptide which would suggest that 

the 2:2 stoichiometry of the Mad1CTD-Bub1CD1 complex is not a crystallization artefact.  

Secondly, despite Bub1CD1 and Mad1CTD being co-crystallized at concentrations over 100 

times their KD, including using a seven-fold molar excess of the peptide, we still saw clear 

differential occupancy of the two peptides in the electron density map and the 2Fo-Fc omit 

map (Fig 3.15A and C-D). This suggests that despite Mad1CTD being a homodimer, the two 

peptides have different affinities for Mad1CTD. We also collected a dataset of Mad1CTD-
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Bub1CD1 with a two-fold higher peptide concentration of 5 mM and this led to a lower 

resolution structure, most likely due to the two-fold increase in DMSO, and the differential 

occupancy, although reduced, was still observed (Fig 3.15B). We tried to lower the peptide 

and/or DMSO concentration to obtain a crystal structure with only one peptide bound, 

however, this always resulted in either an increase in the differential occupancy of the two 

peptides or crystallisation of apo Mad1CTD (Fig 3.18, discussed further in section 3.13). We 

additionally tried to soak the Bub1CD1 peptide at high concentration into apo Mad1CTD 

crystals but were unsuccessful. It is therefore likely that the close packing of the Mad1CTD in 

the apo P65 space group blocks Bub1CD1 peptide binding, and that peptide binding only 

occurs when the concentration is forced very high.  

 

Altogether these results led us to examine the Mad1CTD-Bub1CD1 crystal structure in more 

detail, as well as to further investigate the Bub1-Mad1 interaction in solution by NMR, to 

explain why one peptide would have preferential binding to the Mad1 homodimer.  
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Figure 3.15: Differential peptide occupancy in the Mad1CTD-Bub1CD1 crystal structure. (A) A 
snapshot of the electron density map of Mad1CTD-Bub1CD1 visualized in Coot (Emsley et al, 2010) 
which shows the differential Bub1CD1 peptide occupancy. Both Mad1CTD subunits are depicted as 
ribbons in shades of oranges. (B) Electron density map visualized in Coot for a lower resolution 

Mad1CTD-Bub1CD1 structure showing more equivalent peptide occupancy (Emsley et al., 2010). Two 
times the peptide concentration as compared to the complex crystallized in (A) was used during co-

crystallization (5 mM total) requiring 10 % DMSO. (C) Electron density map for each peptide is 
shown using Isomesh in PYMOL. The same threshold for each peptide is displayed. (D) The 2Fo-Fc 
omit map (green) for both Bub1CD1 peptides in the Bub1CD1-Mad1CTD crystal structure. Created with 
Phenix (Liebschner et al, 2019). (E) The extensive interface of the Mad1CTD-Bub1CD1 interaction is 

highlighted with the lower occupancy Bub1CD1 peptide (blue). The RLK motif of Mad1CTD is coloured 
yellow. (F) Close-up view of the lower occupancy Bub1CD1 peptide (blue) interactions with the head 

domain of Mad1CTD (orange/light orange). Hydrogen bonding interactions within 3.5 Å are 
highlighted by black dashes. (G) Close-up view of the Mad1CTD Arg617 and Bub1CD1 pThr461 

interaction in the lower occupancy peptide (blue). Hydrogen bonding interactions within 3.5 Å are 
highlighted by black dashes. Additional contact occurs between the phosphate of pThr461 and 
Bub1CD1 H463 which then forms a hydrogen bond with Mad1CTD S610. Additional stabilising 

hydrogen bonding occurs between the pThr461 phosphate and the amide nitrogen of Val462, His463, 
and Thr464. 

3.12  The apo Mad1CTD homodimer is asymmetric 

Although it was not pointed out in the original study which crystallized apo Mad1CTD, the 

homodimer is markedly asymmetric (Kim et al., 2012) (Fig 3.16A-B). By aligning apo 

Mad1CTD onto itself, the extent of this asymmetry can be appreciated (Fig 3.16C-D). In 

particular, there is a large asymmetric curvature in the coiled-coil, such that one coiled-coil 

α-helix (apoB) is relatively straight whereas its counterpart (apoA) is significantly bent. 

Interestingly, the hinge of this bending occurs at the RLK motif (Fig 3.16A-B), and 

alignment of the RLK motif of both subunits of the apo homodimer reveals that the head 

domain is rotated inwards towards the more bent α-helix (Fig 3.16C). By aligning the head 

domain onto itself it is possible to see that this is actually due to a change in the angle at 

which both helices of the coiled-coil are curved with respect to the head domain, rather than a 

change in the conformation of the head domain itself (Fig 3.16D). This asymmetry of apo 

Mad1 is also reflected in the relative B-factors, with the protomer containing the more bent 

stem (apoA) exhibiting higher flexibility as does its adjacent head domain (apoB_head) of the 

opposite protomer, as compared to the less bent helix and its adjacent head domain which are 

quite rigid (apoB and apoA_head) (Fig 3.16E). 
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Figure 3.16: Apo Mad1CTD homodimer is asymmetric. (A) Crystal structure of apo Mad1CTD (grey) 
with the RLK motif highlighted in yellow. PDB ID: 4DZO (Kim et al, 2012). (B) Bottom view of the 
crystal structure of apo Mad1CTD showing the extent of the bending of the apoA helix. (C) Opposite 

subunits of two copies of apo Mad1CTD homodimer aligned onto their respective RLK motifs (yellow). 
One copy is in grey, the other in black. The arrows highlight the rotation of the head domain inwards 
towards the inside of the coiled-coil curvature. (D) Alignment of opposite subunits of the head domain 

of two apo Mad1CTD copies. One copy is in grey, the other in black. E) Apo Mad1CTD coloured by 
relative B-factors. The more bent helix (apoA) and its adjacent head domain (apoB_head) exhibit 

higher flexibility. 
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3.13  Bub1CD1-bound Mad1CTD is also asymmetric 

Our structure of Bub1CD1-bound Mad1CTD is also asymmetric, with one Mad1CTD protomer 

being slightly more curved than the other, but there is an overall straightening of the more 

bent subunit as compared to the apo structure (Fig 3.17A-B). Similar to the apo structure, 

both protomers of the coiled-coil are strikingly arched to one side (Fig 3.17B). Interestingly, 

this asymmetry likely explains the differential occupancy of the two peptides. The side of the 

coiled-coil which angles inwards is the site of the higher occupancy peptide, whereas the 

lower occupancy peptide binds to the outside of the bend (Fig 3.17A-B). The curvature of the 

coiled-coil results in stronger engagement of both the hydrophobic coiled-coil and the head 

domain of Mad1 with the higher occupancy peptide.  

 

Closer examination of how each side of the Mad1 head domain engages with its adjacent 

peptide shows that there are additional hydrogen bonds with the C-terminus of the higher 

occupancy peptide as compared to the lower occupancy peptide (Fig 3.17C). This includes 

contacts between Bub1 Gln476 and Mad1 Arg650, as well as Bub1 Met474 and Mad1 

Gln627, in the higher occupancy peptide which do not exist in the lower occupancy peptide 

(Fig 3.17C). However, it is unlikely that the differential peptide occupancy is solely the result 

of how the head domain engages each peptide, as our previously discussed ITC experiments 

in section 3.9 show that neither Arg650 nor Gln627 participate significantly to the Bub1CD1-

Mad1CTD interaction (Fig 3.12A). What is more likely is that the differential occupancy is a 

result of the net effect of the peptide binding to the inside of the bent coiled-coil, rather than 

the outside of the bend, combined with the enhanced contacts to the head domain. As with 

apo Mad1CTD, mapping the B-factors onto Bub1CD1-Mad1CTD clearly shows how asymmetric 

the homodimer is, with the side of the homodimer (bound_A and head_B) which contacts the 

higher occupancy peptide (high_CD1) having higher rigidity as does the peptide itself (Fig 

3.17D). Altogether, this suggests that even bound Mad1CTD is asymmetric and more 

interestingly that there is a direct relationship between the asymmetry of Bub1CD1-Mad1CTD 

complex and the differential peptide occupancy.  
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Figure 3.17: Bub1CD1 bound Mad1CTD homodimer is asymmetric. (A) Alignment of the RLK motif of 
opposite subunits of the Mad1CTD-Bub1CD1 structure. The site on Mad1 which is aligned is highlighted 

by the dashed box. In one dimer (coloured orange), the higher occupancy peptide is depicted as an 
orange cartoon. In the other dimer (coloured blue), the lower occupancy peptide is depicted as a blue 
cartoon. The orange and blue arrows highlight the stronger engagement of the head domain with the 

higher occupancy peptide. (B) Alignment of the head domain of opposite subunits of the Mad1CTD-
Bub1CD1 structure. In one dimer (coloured orange), the higher occupancy peptide is depicted as an 

orange cartoon. In the other dimer (coloured blue), the lower occupancy peptide is depicted as a blue 
cartoon. (C) Comparison of the high and low occupancy Bub1CD1 peptide contacts with the opposite 

sides of the Mad1 head domain and top of the coiled-coil. Hydrogen bonds within 3.5 Å are shown as 
black dashes. (D) Temperature factors mapped onto the Mad1CTD-Bub1CD1 crystal structure. 
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3.14  Mad1CTD asymmetry is likely to be inherent to Mad1 

Our data suggest that crystallographic packing is unlikely to be the cause of the asymmetry 

present in the apo Mad1CTD and Bub1CD1-bound Mad1CTD structures. For one, both the apo 

and Bub1CD1-bound states are asymmetric, despite being crystallized in different space 

groups (P65 versus P212121). Furthermore, we solved several crystal structures of the 

Mad1CTD-Bub1CD1 complex using the same crystallization conditions but in different space 

groups and in each case the asymmetry of the homodimer was retained (Fig 3.18). The 

asymmetric unit of the monoclinic space group (P21) comprises two Mad1CTD-Bub1CD1 

complexes (PDB: 7B1H). Both complexes display clear asymmetry, but to dramatically 

different degrees (Fig 3.18C-D). In the more asymmetric complex, there is a stronger 

difference in Bub1CD1 peptide occupancy, and as with our crystal structure in the P212121 

space group, the higher occupancy peptide binds to the concave side of the Mad1CTD coiled-

coil, and while the lower occupancy Bub1CD1 peptide binds to the convex side of the 

Mad1CTD coiled-coil. Alignment of all four Mad1CTD homodimers from the three different 

space group structures nicely presents the extent of the flexibility within the Mad1CTD coiled-

coil and head domain (Fig 3.18E). Altogether, we think this is very compelling evidence that 

this asymmetry is intrinsic to the Mad1CTD homodimer and contributes to the differential 

occupancy of Bub1CD1 peptides in our crystal structures. 
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Figure 3.18: Mad1CTD-Bub1CD1 asymmetry and differential Bub1CD1 occupancy is conserved across 
structures from different space groups. (A) Alignment of Mad1CTD-Bub1CD1 structure from the P21212 
space group (PDB: 7B1J). Left panel: Alignment of opposite subunits of the homodimer on the RLK 

site. Right panel: Alignment of opposite subunits on the head domain. The duplicated dimers are 
coloured in orange or blue. (B) Electron density map of the Mad1CTD-Bub1CD1 structure from the 

P21212 space group (PDB: 7B1J) visualized in Coot (Emsley et al, 2010) which shows near 
equivalent peptide occupancy. The Mad1CTD homodimer is represented as a ribbon in orange and 
yellow. (C) Alignment of one homodimer from the Mad1CTD-Bub1CD1 structure from the P21 space 

group (PDB: 7B1H). Left panel: Alignment of opposite subunits of the homodimer on the RLK site. 
Right panel: Alignment of opposite subunits on the head domain. The duplicated dimers are coloured 
in orange or blue. (D) Alignment of the second homodimer from the Mad1CTD-Bub1CD1 structure from 
the P21 space group (PDB: 7B1H). Left panel: Alignment of opposite subunits of the homodimer on 

the RLK site. Right panel: Alignment of opposite subunits on the head domain. The duplicated dimers 
are coloured in orange or blue. (E) Electron density map of one homodimer from the Mad1CTD-

Bub1CD1 structure (shown directly above) from P21 space group visualized in Coot (Emsley et al, 
2010). The Mad1CTD homodimer is represented as a ribbon in green and yellow. (F) Electron density 
map of the second homodimer from the Mad1CTD-Bub1CD1 structure (shown directly above) from the 

P21 space group visualized in Coot (Emsley et al, 2010). The Mad1CTD homodimer is represented as a 
ribbon in pink and blue. The occupancy of the peptide on the right is extremely poor as is the density 

for the head domain it contacts. (G) All four Mad1CTD homodimers from the three different space 
group structures are aligned onto their Mad1CTD RLK motif which is bound to the higher occupancy 
peptide. Blue = homodimer_1 from P21. Orange = homodimer_2 from P21. Purple = P212121. Black 

= P21212.  

3.15  Bub1 binding leads to substantial conformational changes of Mad1CTD 

In collaboration with Dr. Conny Yu and Dr. Stefan Freund of the MRC-LMB NMR facility, 

we investigated the Bub1CD1 interaction with Mad1CTD in solution, using NMR. Because the 

Mad1CTD dimer is relatively large by NMR standards (28 kDa) and contains an elongated 

coiled-coil, the slower overall tumbling of the complex in solution resulted in substantially 

lower resonance sensitivity. In order to achieve a near complete assignment of Mad1CTD 

backbone resonances, we used uniformly sidechain deuterated 13C,15N labelled sample. As 

discussed in the methods section of this thesis, triple-labelling optimizes the relaxation rate of 

3D experiments and provides higher sensitivity, and this allowed Conny and Stefan to assign 

113 out of the 119 non-proline residues to create an almost complete assignment of Mad1CTD 

(Fig 3.19A). Sequence assignment of Mad1CTD then allowed us to analyse how each of these 

residues is affected upon Bub1CD1 binding in solution (Fig 3.19A-C). 
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Figure 3.19: The Bub1-Mad1 interaction characterized by NMR. (A) 1H,15N-2D HSQC showing 15N-

labelled Mad1CTD with (blue) and without (grey) Bub1CD1 phosphorylated peptide. The peptide was 
added in excess at 1:2 molar ratio of Mad1CTD dimer to Bub1CD1. Assignments of the backbone 

resonances of Mad1CTD are labelled on the spectra. Peaks which are mutated in the ITC experiments 
in Fig 3.12 are labelled in red. (B) Relative peak intensities (PIbound/PIfree) of Mad1CTD upon Bub1CD1 
binding. Peak intensities were normalized to that of the C-terminal residue Ala718. (C) Relative peak 
intensities of Bub1CD1-bound Mad1CTD in B are mapped onto the Bub1CD1-Mad1CTD crystal structure. 

Residues are coloured using a scale of blue to grey, where regions with the most significant line 
broadening are highlighted in blue. (D) 15N{1H}-heteronuclear NOE values were collected with 
interleaved on- (I) and off- (I0) resonance and expressed as I/I0. A higher value indicates higher 

rigidity of the backbone N-H bond. The Mad1 RLK motif is highlighted in red. The error bars are the 
calculated standard deviations of two technical replicates on the same sample. 

 

To analyse the Bub1CD1-Mad1CTD interaction in solution, we titrated unlabelled 

phosphorylated Bub1CD1 peptide into 15N labelled Mad1CTD. Dramatic and substantial 

attenuation for resonances corresponding residues 605 to 655 in the 1H,15N correlation 

spectra of Mad1CTD which encompasses a vast majority of Mad1CTD was seen (Fig 3.19A and 
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Fig 3.20A). The extent of the environmental changes upon Bub1CD1 binding is more easily 

examined by mapping the line broadened residues onto the crystal structure of Bub1CD1-

Mad1CTD (Fig 3.19B). As previously discussed in the methods section (section 2.26) of this 

thesis, NMR titrations where there is some sort of protein-protein interaction generally result 

in either chemical shift perturbations of affected residues or as seen here, line broadening, 

especially in situations where binding is in the lower µM regime. It is important to note that 

changes can be indicative of both direct protein-protein interactions or conformational change 

as a result of complex formation which alters a residues chemical environment. Additionally, 

in a system such as this one, where Mad1 is a homodimer, only a single set of signals will be 

seen due to the conformational exchange between the two protomers. Nevertheless, because 

the attenuated signals correspond to a vast majority of the coiled-coil as well as the first two 

β-strands in the head domain, which is much more of Mad1 than is seen bound to Bub1CD1 in 

our crystal structures, it is possible to infer with high confidence that large structural elements 

of Mad1 undergo conformational change upon Bub1CD1 binding. 
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Figure 3.20: Titration of phosphorylated Bub1CD1 peptide into Mad1CTD.(A) 1H,15N-2D HSQC 

showing 15N-labelled Mad1CTD with an increasing concentration of phosphorylated Bub1CD1 peptide. 
1:0.5 (red), 1:1 (yellow), 1:2 (blue) and 1:4 (green) molar ratio of Mad1CTD dimer to Bub1CD1 peptide. 

(B) Relative peak intensities of Mad1CTD upon titration of phosphorylated Bub1CD1 peptide. The bar 
charts follow a similar colour scheme as the spectra in A, with the molar ratio of Mad1CTD dimer to 

Bub1CD1 being 1:0.5 (red), 1:1 (yellow), 1:2 (blue) and 1:4 (green). Peak intensities were normalized 
to that of the C-terminal residue Ala718. 
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Our NMR titrations also reveal that the dramatic signal attenuation occurs at a 1:1 molar ratio 

of Mad1CTD dimer to Bub1CD1 peptide, after which further addition of peptide did not result 

in any more significant changes (Fig 3.20B). This further suggests that there is not a second 

peptide binding site in solution as already observed in our ITC, 31P NMR and sedimentation 

equilibrium experiments. Conny and Stefan also completed 15N{1H} heteronuclear NOE 

experiments that samples 15N backbone dynamics on a fast picosecond time scale which 

revealed that the RLK motif of free Mad1CTD is actually the most flexible segment of the 

coiled-coil region (Fig 3.19D). This nicely supports our earlier observation that the RLK 

motif seems to be the dynamic hinge of the coiled-coil curvature. Unfortunately, the 

substantial line broadening that occurs in Bub1CD1-bound Mad1CTD, prevented us from 

obtaining similar dynamic data for the complex, but it seems likely that upon interaction with 

Bub1, the rigidity of the RLK motif would increase and that this in turn would result in an 

increase of the overall rigidity of the coiled-coil.  

 

Altogether our NMR data suggest dynamic changes and local conformational rearrangements 

within Mad1CTD upon Bub1CD1 binding. This is consistent with the multiple contacts 

observed in the Mad1CTD-Bub1CD1 structure. In particular, the substantial line broadening 

observed in the coiled-coil region can be explained by the fact that the peptide is bound 

diagonally across the Mad1CTD coiled-coil and therefore makes extensive contacts with both 

subunits. With the effect of Bub1 binding experienced in nearly the entire coiled-coil region, 

it is conceivable that a conformational rearrangement in the bend of the coiled-coil region of 

the apo Mad1CTD is a requirement for efficient Bub1CD1 binding.  

3.16  Mad1 asymmetry likely controls Bub1CD1 stoichiometry 

During our analysis of Mad1CTD asymmetry, we superimposed the apo and bound crystal 

structures of Mad1CTD by aligning them on the RLK motif of each subunit, which results in 

four possible alignments (Fig 3.21). As a reminder, the higher occupancy peptide binds to the 

inside of coiled-coil bend of bound Mad1CTD while the lower occupancy peptide binds to the 

outside (Fig 3.17). Alignments which place either of the two bound Bub1 peptides on the 

concave side of the apo structure results in severe clashes with the coiled-coil of Mad1 (Fig 

3.21A and C), while alignment to the convex side of the coiled-coil, results in a loss of 

contacts between the Mad1CTD head domain and Bub1CD1 peptide (Fig 3.21B and D), which is 

more pronounced for the higher occupancy peptide (Fig 3.21B). These analyses strongly 
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imply that Bub1CD1 would be unable to interact efficiently with either apo Mad1CTD promoter 

without some sort of conformational change occurring.  
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Figure 3.21: Alignments of apo and bound Mad1CTD. The various subunits of apo and bound 

Mad1CTD are aligned by means of their RLK sites and the respective peptide bound is shown. For 
each alignment a close-up view of how the peptide fits onto the apo state is shown, with clashes 
highlighted by residues coloured red. Bound and apo Mad1CTD are coloured orange and grey 

correspondingly. The higher and lower occupancy peptides are coloured purple and blue 
correspondingly. (A) The RLK site of subunit B of bound Mad1CTD (bound to the higher occupancy 

peptide) aligned onto the RLK site of subunit A of apo Mad1CTD. Severe clashes occur with the coiled-
coil and head. (B) The RLK site of subunit B of bound Mad1CTD (bound to the higher occupancy 
peptide) aligned onto the RLK site of subunit in B of apo Mad1CTD. Severe clashes occur with the 

coiled-coil and loss of contact with the head. (C) The RLK site of subunit A of bound Mad1CTD (bound 
to the lower occupancy peptide) aligned onto the RLK site of subunit A of apo Mad1CTD. Severe 

clashes occur with the head. (D) The RLK site of subunit A of bound Mad1CTD (bound to the lower 
occupancy peptide) aligned onto the RLK site of subunit B of apo Mad1CTD. Slight clashes occur with 

the coiled-coil and there is a partial loss of contact with the head of Mad1CTD. 
 

The conformational change observed between the apo and bound Mad1CTD crystal structures, 

as well as the changes revealed in solution by NMR, points towards a mechanism by which 

the inherent asymmetry of Mad1 likely results in the unusual stoichiometry of the Bub1CD1-

Mad1CTD complex, in which the more curved side of Mad1 favours Bub1 binding and is 

likely to represent the site of the single peptide which binds in solution. In fact, the higher 

occupancy peptide within the Mad1CTD-Bub1CD1 crystal structure is indeed the one at the 

concave side of the coiled-coil forming more contacts to the Mad1CTD head domain, 

consistent with our mutagenesis and ITC data. This suggested mechanism is further 

supported by our Mad1CTD-Bub1CD1 structures from various space groups where higher 

occupancy of the second Bub1CD1 peptide correlates with a more symmetric Mad1CTD dimer 

(Fig 3.18). Lastly, our analyses also suggest a requirement of apo Mad1CTD to transition to a 

more symmetric state, which involves a conformational change centred on the dynamic RLK 

motif, which lessens the curvature of the coiled-coil, in order to allow for favourable Bub1CD1 

binding.  

3.17  Concluding Remarks  

This chapter provides insights into the mechanism of how the Mad1:C-Mad2 complex is  

targeted to kinetochores in response to SAC activation, a process regulated by a sequential 

Mps1-dependent phosphorylation cascade (Fig 3.1). Cdk1 and Mps1 phosphorylate the Bub1 

CD1 domain to create a direct interaction with the C-terminal coiled-coil of the Mad1 dimer. 

Our Mad1CTD-Bub1CD1 crystal structures explain the molecular interactions of this highly 

specific targeting mechanism. We find that the first Bub1 phosphorylation site, pSer459, does 

not make direct contact with Mad1, consistent with the suggested mechanism by which the 
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primary role of Cdk1 phosphorylation of Ser459 is to prime Mps1 phosphorylation of Thr461 

(Ji et al, 2017). We also show that pThr461 directly binds to Mad1 Arg617 of the conserved 

RLK motif, and we suggest that the high specificity of this interaction required to control 

MCC assembly results from the ability of the phosphate of pThr461 to stabilize the N-

terminal α-helix dipole of Bub1CD1. Additionally, using a variety of biophysical techniques, 

we confidently determined that only one Bub1CD1 peptide binds to the Mad1CTD homodimer 

in solution. Analysis of apo and bound Mad1CTD crystal structures indicates that the 

homodimer is intrinsically asymmetric, whereby the Mad1CTD coiled-coil has significant 

curvature which also causes stronger engagement of the head domain with the peptide bound 

to the side of the coiled-coil with the concave bend. We suggest that this asymmetry is the 

reason only one peptide binds in solution. This also explains the differential occupancy of the 

two peptides bound to the Mad1CTD homodimer in our crystal structure. The use of millimolar 

concentrations of peptide, and the presence of DMSO and isopropanol, required for 

Mad1CTD-Bub1CD1 crystallization, may explain the association of a second peptide in the 

crystallized complex. Altogether we propose that the asymmetry of the Mad1CTD-Bub1CD1 

complex is an intrinsic and functional feature that plays an important role in generating the 

correct juxtaposition of SAC proteins required to catalyse MCC assembly.  
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Chapter 4 

Juxtaposition of SAC proteins on phosphorylated Mad1 
 
 

4.1  Chapter Abstract 

Recently it was shown that C-terminal Mad1 phosphorylation by Mps1 is required for 

efficient SAC signalling (Ji et al, 2017; Piano et al, 2021). Phosphorylated Mad1 interacts 

with the N-terminus of Cdc20, and this seems to enable Cdc20 to catalyse its own 

incorporation into the MCC. This chapter examines how Mad1 phosphorylation regulates its 

interaction with Cdc20 using a variety of biophysical and structural studies. We determined 

that Thr716 is the only predominant Mps1 phosphorylation site within Mad1CTD in vitro and 

further confirmed that the N-terminus of Cdc20 preferentially binds phosphorylated Mad1, 

with the Box1 motif directly contacting pThr716. We then used NMR to gain detailed 

structural insights into the pMad1CTD:Cdc201-73 interaction. Our findings suggest that only 

one Cdc201-73 molecule can bind to the Mad1CTD homodimer, and strikingly its interaction 

affects a significant portion of the Mad1CTD coiled-coil adjacent to the head domain, as well 

as the head domain β-sheet and C-terminal α-helix including the pThr716 site.  We then 

acquired a complete backbone assignment of 15N, 13C-labelled Cdc201-73 and analysed which 

residues are involved in this interaction. This revealed that the entire N-terminal half of 

Cdc201-73, including the Box1 motif, is involved in binding, whereas the C-terminal half 

including Box2 is largely not. Our data also suggest that binding promotes helical formation 

within the otherwise disordered Cdc201-73. Lastly, we discovered a novel interaction between 

Mad1CTD and a region of Bub1 just C-terminal to the CD1 domain which is specific to 

phosphorylated Mad1. Altogether this highlights the key role Mps1 phosphorylation of Mad1 

plays in targeting and repositioning SAC proteins for catalytic MCC formation.  

4.2  Chapter Background 

As discussed in the introduction of this thesis (section 1.18), C-terminal Mad1 

phosphorylation by Mps1 is required for SAC activation, and this is presently believed to be 

because it promotes MCC formation by catalysing the conversion of open-Mad2 into closed-

Mad2. However, the molecular mechanisms of how Mps1 phosphorylation enables Mad1 to 

perform its role as a catalyst remains unclear and will of be of key interest in this chapter. 
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Cdc20 interaction with Mad1CTD 

In 2017, Hongtao Yu’s group identified a novel interaction between human Mad1 and Cdc20, 

which seemed to be dependent on several Mad1 phosphorylation sites within the C-terminal 

domain of Mad1 (Ji et al, 2017). The Cdc20 binding site of phosphorylated Mad1CTD was 

mapped to the N-terminus of Cdc20 (27-RWQRK-31), which is part of a conserved Box1 

motif (Fig. 4.1A-B).  

 

Unpublished work from the doctoral thesis of Dr. Priya Amin of the Hardwick lab partially 

corroborated this finding in S. pombe (Amin, 2019). S. pombe Mad1 was found to interact 

with Slp1 (S. pombe Cdc20) in mitosis, and S. pombe Mad1 Thr668, which corresponds 

closely with human Mad1 Thr716, was found to be phosphorylated in vivo and functionally 

important for SAC activation. A T668A phosphorylation mutation caused sensitivity to 

benomyl induced spindle perturbation, however, contradictory to a T716A mutant in humans, 

T668A actually increased, by an unknown mechanism, the Slp1:Mad1 interaction. 

 
 Cdc20 catalyzes its own incorporation into the MCC 

Very recently, two papers came out back-to-back which hypothesized that Cdc20 actually 

catalyzes its own incorporation into the MCC (Piano et al, 2021; Lara-Gonzalez et al, 2021a). 

The original model for template-based Mad2 conversion, suggests that docking of O-Mad2 

onto the Mad1:C-Mad2 platform, promotes Mad2 conversion into a ligand-free state (C-

Mad2empty), which then binds rapidly to Cdc20 (De Antoni et al, 2005). However, the 

Musacchio lab using their FRET assay to analyze MCC conversion kinetics (originally 

developed in Faesen et al, 2017), found that C-Mad2empty did not bind appreciably to the 

MIM motif of full-length Cdc20 (Cdc20FL). In contrast, C-Mad2empty bound spontaneously to 

a Cdc20 MIM peptide (Cdc20MIM), or when the first 110 residues of the N-terminus of Cdc20 

was truncated (Cdc20111-C). O-Mad2 could bind to both Cdc20MIM and Cdc20FL, although at a 

much slower rate than C-Mad2empty to Cdc20MIM, with O-Mad2:Cdc20MIM and O-

Mad2:Cdc20FL forming 50x and 100x slower, respectively. Only the rate of O-Mad2 binding 

to Cdc20FL could be augmented (35-fold) by catalysts (Mad1:C-Mad2, Bub1 and their 

phosphorylation by Mps1). Interestingly, O-Mad2 or C-Mad2empty binding to Cdc20MIM, and 

C-Mad2empty binding to Cdc20FL could not be catalyzed, while catalysis was present but 

reduced for O-Mad2 binding to Cdc20111-C, Cdc201-180, and Cdc20PEG/AAA. Additionally, 

disruption of the Cdc20:pMad1CTD interaction impaired catalysis.  
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Figure 4.1: Sequence alignment and structure prediction for Cdc20. (A) A multiple sequence 

alignment of Cdc20 N-terminal residues 1-73. The conserved Box1 and Box2 motifs are highlighted 
by the dashed boxes. Secondary structure prediction of two α-helices in this N-terminal region of 

human Cdc20 is shown above the sequence alignment in blue. (B) Protein structure prediction of full-
length Cdc20 using AlphaFold2 (Jumper et al, 2021). The N-terminus of Cdc20 studied in this 

chapter (residues of 1-73) is coloured in purple. The MIM motif is coloured in cyan, while the rest of 
the protein is coloured green.  
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These experiments indicate several important features of MCC formation. Firstly, Cdc20MIM 

and Cdc20111-C can ‘thread’ into the latched safety-belt of C-Mad2empty and therefore complex 

formation is spontaneous and unaffected by catalysis. The MIM motif of Cdc20FL is not 

readily able to thread into C-Mad2empty, even in the presence of catalysts. Thus, the process of 

Mad2 conversion seems to be required for the safety-belt of Mad2 to entrap the MIM motif 

of Cdc20FL. Optimal acceleration of Mad2 conversion requires several regions within Cdc20, 

including the Cdc20NTD:pMad1CTD interaction, and therefore Mad1 phosphorylation by Mps1 

seems to function by enabling Cdc20 to catalyze its own incorporation into the MCC. 

 

Self-association of Cdc20 

During MCC formation, Cdc20 autoinhibition, induced by self-association of its N- and C- 

termini, has been previously reported to block BubR1 binding to Cdc20 until Mad2 binds to 

Cdc20 which helps relieve this inhibition (Davenport et al, 2006; Han et al, 2013). Cdc20 

self-association has also been seen in C. elegans and was found to be disrupted by Plk1 

phosphorylation of Mad1 (Lara-Gonzalez et al, 2021a). Additionally, as several studies have 

shown that O-Mad2 binds much slower to full-length Cdc20 than N- or C- terminal 

truncations of Cdc20, it is therefore possible that Cdc20 self-association not only regulates 

BubR1 binding to Cdc20 but also C-Mad2 binding (Zhang & Lees, 2001; Piano et al, 2021; 

Tang et al, 2001). This points toward a mechanism by which the pMad1:Cdc20NTD 

interaction in humans may disrupt Cdc20 self-association and improve MIM accessibility 

and/or allow Mad1 to position Cdc20 close to Mad2.  

 

Altogether these studies provide an updated view of MCC assembly, whereby, Bub1 

scaffolds Mad1:C-Mad2, Cdc20 and O-Mad2, such that as O-Mad2 docks onto the Mad1:C-

Mad2 platform and undergoes conversion to C-Mad2, the Mad2 safety-belt can entrap the 

MIM motif of Cdc20, which is made readily available by the pMad1CTD:Cdc20 interaction. 

4.3  Chapter Aims 

As discussed, several Mps1-dependent phosphorylation sites within the C-terminus of Mad1 

seem to play a role in enhancing MCC formation. This chapter aims to further explore the 

functional importance of these various sites, using a variety of biophysical and structural 

biology techniques. Of particular interest is the interaction of pMad1CTD and Cdc20NTD. This 

includes how phosphorylation of Mad1 promotes its interaction with Cdc20, which specific 
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residues are involved, and the molecular mechanisms for how their association catalyses the 

formation of C-Mad2:Cdc20. 

4.4 Phosphorylation of Mad1 by Mps1 

The kinase domain of Mps1 (Mps1KD) and full-length GST-Mps1 were purified (Fig 2.1), 

and the activity of both was confirmed by a 32P incorporation assay (Fig 4.2). Next, we 

investigated the phosphorylation of the Mad1420-718:Mad2 complex and Mad1CTD using either 

full-length GST-Mps1 or Mps1KD, as well as when the Mad1420-718:Mad2 complex was co-

expressed with Mps1 in the baculovirus expression system and in the presence of okadaic 

acid. Okadaic acid is a phosphatase inhibitor which specifically targets PP2A but also has 

been shown to inhibit PP1 at higher concentrations (Takai et al, 1987). A previous post-doc 

in the Barford lab, Dr. Claudio Alfieri, established that addition of okadaic acid during 

baculovirus expression is a reliable way to promote mitotic protein phosphorylation (Zhang 

et al, 2016b; Alfieri et al, 2016).  

 
Figure 4.2: Confirmation of Mps1 phosphorylation activity. A 32P incorporation assay for Mad1420-

718 phosphorylation using (1) GST-Mps1 prior to SEC at 3 hrs, (2-4) SEC purified GST-Mps1 at 0.5, 
1, 3 hr timepoints, (5) Mps1KD prior to SEC at 3 hr (6-8) SEC purified Mps1KD at 0.5, 1, 3 hr time 

points. In all samples, Mad1 shows a strong radio-labelled band at the position of Mad1 confirming 
phosphorylation by Mps1. A SeeBlueTM  Plus2 ladder (ThermoFisher) was used to identify the 

molecular weights of radio-labelled bands. 
 

A summary of the phosphorylation sites identified by mass spectrometry, as well as the 

abundance of non-phosphorylated versus phosphorylated peptides in each sample, is shown 

in Appendix Table 3.  These results suggest that GST-Mps1 has a higher specificity than the 

Mps1 kinase domain alone, and that the only major phosphorylation site within Mad1CTD is 

Thr716. Several sites of phosphorylation were picked up when Mad1420-718 was expressed in 

the presence of Mps1 and okadaic acid, however, for unknown reasons phosphorylation at 
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Thr716 was not seen. We found the previously identified Thr644 phosphorylation site in all 

our samples phosphorylated by Mps1 in vitro, however only five phosphorylated peptides out 

of over 800 non-phosphorylated peptides were found, which might suggest that Mps1 does 

not have a strong preference for this site in vitro (Ji et al, 2017). We did not find any 

significant number of peptides for the previously identified Ser610, Ser598, Ser546, Thr550, 

Tyr535, Ser494, and Thr624 residues (Ji et al, 2017, 2018). The only other residue within 

Mad1 which seemed to have a significant amount of phosphorylation was Thr540, which was 

also identified in Ji et al, 2017, and is N-terminal to Mad1CTD (residues 597-718).  

 
Figure 4.3: Intact mass spectrometry of phosphorylated Mad1. Mad1CTD and Mad1420-718 were 

phosphorylated by GST-Mps1 and then analysed by intact mass spectrometry to determine the amount 
of phosphorylation sites present. (A) Mad1CTD contains one major phosphorylation site as the major 

peak is 14,023 Da which is 80 Da larger than the expected mass of unphosphorylated Mad1CTD 
(13,943 Da). (B) Mad1420-718 contains either one (34,434 Da), two (34,514 Da), or three (34,594 Da) 
phosphorylation sites per Mad1420-718 protomer as the expected mass of unphosphorylated Mad1420-718 

is 34,354 Da. 
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Intact mass spectrometry of Mad1CTD phosphorylation by GST-Mps1 strongly suggests that 

there is only a single phosphorylation site within each protomer and no significant 

unphosphorylated Mad1 is present (Fig 4.3A). Phosphorylation of the Mad1420-718:C-Mad2 

tetramer suggests each Mad1420-718 protomer is predominantly phosphorylated at one site, but 

that a significant portion contain two and three phosphorylation sites (Fig 4.3B).   

 

Using our previously completed backbone assignment of Mad1CTD by NMR (Fig 3.19A), we 

analysed phosphorylated 15N-labelled Mad1CTD in a 1H, 15N 2D HSQC. A comparison of non-

phosphorylated and phosphorylated Mad1CTD is shown in Fig 4.4A, and the chemical shift 

perturbation of each residue is plotted in Fig 4.4B. Major CSP was observed for the backbone 

resonances corresponding to the Thr716 residue, and the effect of the phosphorylation was 

confined to the C-terminus as a significant CSP was only observed for residues 713-718. 

Together with our mass spectrometry analysis this strongly suggests that Thr716 is the only 

significant Mps1 phosphorylation site within Mad1CTD in vitro and based on the complete 

disappearance of the original Thr716 peak position, phosphorylation is 100% efficient at this 

site. We however cannot rule out that in vivo Mps1 phosphorylates other sites on Mad1CTD. 
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Figure 4.4: Phosphorylated Mad1CTD by NMR. (A) 1H, 15N 2D HSQC of phosphorylated (blue) vs 

unphosphorylated (red) Mad1CTD. As identified by the black lines, in the phosphorylated sample all of 
the original Thr716 peak has disappeared, and a new peak has appeared which can be assigned to 

pT716. (B) The relative CSPs of residues within pMad1CTD as compared to non-phosphorylated 
Mad1CTD. The solid red line is the mean CSP, while the dotted redline is the standard deviation.   

4.5 Crystal Structure of Phosphorylated Mad1CTD 

We were able to obtain a crystal structure of phosphorylated Mad1CTD (Fig 4.5). The data 

collection and refinement statistics are shown in Appendix Table 4. This structure is identical 

to the previously crystallised unphosphorylated Mad1CTD in the space group P65 (PDB ID: 

4DZO; Kim et al, 2012), except for the presence of phosphorylation at Thr716. We only see a 

phosphate group on one Thr716 of the Mad1CTD dimer, however, as is the case in the non-

phosphorylated Mad1CTD crystal structure, the very C-terminus of one chain has significantly 
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higher flexibility, which results in the last two C-terminal residues, Val717 and Ala718, not 

being visible in the electron density map. As our intact mass spectrometry and NMR suggests 

100 % phosphorylation on a single site on every Mad1 promoter, we suspect that the greater 

flexibility of this chain is why the phosphate group is not visible. Overall, this structure 

further confirms phosphorylation at Thr716, and agrees with our NMR data that most peaks 

show no or little CSP upon phosphorylation of Thr716, confirming that no major 

conformational change occurs within the head domain of Mad1CTD upon Mps1 

phosphorylation. 

 

 
Figure 4.5: Crystal structure of phosphorylated Mad1CTD at 1.87 Å resolution. (A) Front view of the 

Mad1CTD dimer with the single pThr716 site represented as a stick model. (B) Top view of the 
Mad1CTD  head domain with the pThr716 site shown. (C) Electron density for the more flexible C-

terminus of chain where the last two residues (Val717 and Ala718) are not seen. (D) Electron density 
for the more rigid chain, with the phosphate group of pThr716 shown. 
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4.6 Binding of Box1 and Box2 to Mad1CTD 

Peptides comprised of either the minimal Box1 or Box2 sequences implicated in the Cdc20-

Mad1CTD interaction (Box1 = 27-RWQRKAKE-34; Box2 = 58-RTPGKSSSKVQT-69) were 

synthesized (Table 2.9). The interactions of both with either Mad1CTD or pThr716 Mad1CTD 

were analysed by ITC. Box1 and Box2 into buffer alone did not produce any significant heat 

changes (Appendix Fig 4A-B). Box1 did not bind to non-phosphorylated Mad1CTD 

(Appendix Fig 4C) but bound to pThr716 Mad1CTD with an approximate KD of 145 µM ± 35 

µM (Appendix Fig 4D). Box2 also did not bind to unphosphorylated Mad1CTD, and although 

binding to phosphorylated Mad1CTD was seen, the affinity was extremely weak (low mM 

range) (Appendix Fig 4E-F). This suggests that both Box1 and Box2 bind preferentially to 

phosphorylated Mad1CTD, albeit very weakly, and that Box1 has a higher affinity than Box2. 

These interactions were too weak to allow accurate measurement of the stoichiometry of 

Box1 and Box2 to Mad1CTD by ITC. 

 

Next, we used NMR to analyse the interaction of Box1 and Box2 to Mad1CTD in further 

detail. Titration of Box1 and Box2 up to an 8-molar excess into 100 µM of unphosphorylated 

and phosphorylated 15N Mad1CTD is shown in Fig 4.6 and 4.7, respectively. The chemical 

shift perturbations of all assigned Mad1CTD residues in all four spectra are summarised in Fig 

4.8A. We also mapped these CSPs onto the crystal structure of pMad1CTD (Fig 4.8 B-C). In 

all samples CSPs were observed for resonances at the very N-terminus of Mad1CTD and 

within the RLK motif. These two regions were previously identified as the most flexible parts 

of Mad1CTD which likely explains why CSPs at these residues are seen rather than actual 

binding (previously discussed in section 3.15). Additionally, CSPs were also observed for 

resonances from the three histidine residues within Mad1CTD (His658, His684 and His693, 

highlighted by black arrows), and this is most likely due to subtle changes of histidine 

protonation upon small changes in pH and salt concentration during peptide titration (Fig 

4.8A). The resonance for phosphorylated Thr716 is perturbated when Box1 is titrated into 

pMad1CTD, while increased CSPs occur between residues 690-710 of Mad1CTD when Box2 is 

titrated, with these CSPs being more pronounced when Box2 is titrated into phosphorylated 

Mad1CTD. This suggests that Box1 binds directly to the phosphorylated Thr716 residue and 

that Box2 binds across the RWD-fold of Mad1CTD. However, either the binding is very weak 

or not physiologically relevant as these CSPs were only observable at very high ligand 

concentrations. 
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Figure 4.6: A 1H, 15N 2D HSQC showing 15N-labelled Mad1CTD at 100 µM before and after titration 

with either Box 1 (A) or Box2 (B) peptides up to an 8-molar excess of peptide. 
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Figure 4.7: A  1H, 15N 2D HSQC showing phosphorylated (pThr716) 15N-labelled Mad1CTD at 100 

µM before and after titration with either Box 1 (A) or Box2 (B) peptides up to an 8-molar excess of 
peptide. 
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Figure 4.8: Chemical shift perturbations within Mad1CTD upon Box1 and Box2 binding. (A) 

Analysis of the weighted chemical shift perturbations of Box1 and Box2 binding to phosphorylated or 
unphosphorylated Mad1CTD using the difference between apo Mad1CTD compared to Mad1CTD with an 

8-molar excess of Box1 or Box2. The black arrows highlight CSPs which are likely a result of 
histidine residue sensitivity to small changes in pH and protonation. CSPs for Mad1CTD + Box1 (Red), 
Mad1CTD + Box2 (yellow), pMad1CTD + Box1 (Blue), pMad1CTD + Box2 (Green). CSPs above the grey 
dashed line (0.04 ppm) are considered significant. (B) The weighted CSPs of Box1 + pMad1CTD are 

mapped onto the crystal structure of pMad1CTD. (C) The weighted CSPs of Box2 + pMad1CTD are 
mapped onto the crystal structure of pMad1CTD. 
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4.7 Only one Cdc201-73 can bind to the Mad1CTD dimer 

We were able to purify an N-terminal truncation of Cdc20 (residues 1-73), which includes the 

Box1 and Box2 motifs as well as a predicted α-helix at the very N-terminus of Cdc20 that is 

predicted to be helical by PSIPRED and AlphaFold2 (Fig 4.1A-B). We used SEC-MALS to 

explore binding of Cdc201-73 to phosphorylated and non-phosphorylated Mad1CTD (Fig 4.9). 

Cdc201-73 did not bind to unphosphorylated Mad1CTD (Fig 4.9A) but did to phosphorylated 

Mad1CTD (Fig 4.9B). This further confirms the importance of the pThr716 site in promoting 

the Mad1:Cdc20 interaction. Cdc201-73 alone (8 kDa) elutes as a single peak later than the 

Mad1CTD dimer (28 kDa), although by SEC-MALS the perceived molecular mass of this peak 

is very polydisperse (Fig 4.9B; blue peak). This strange elution of intrinsically disordered 

proteins has been observed previously in our lab and could suggest that Cdc201-73 is either 

aggregating or oligomerising during SEC. However, upon addition of pMad1CTD and Cdc20 

in a 1:2 molar ratio respectively, there is a clear shift in the elution of pMad1CTD and a 

disappearance of the free Cdc201-73 peak (Fig 4.9B; pink peak). The peak corresponding to 

Mad1CTD:Cdc201-73 is monodispersed with a calculated mass of 37 kDa, which is close to the 

expected mass of a Mad1CTD dimer with only a single Cdc201-73 molecule bound (36 kDa).  

 

Several attempts were made to add higher amounts of excess Cdc201-73 to see if the mass 

would increase and suggest a second Cdc201-73 could bind, however, these efforts failed 

because excess Cdc201-73 brought most all of the Mad1CTD:Cdc201-73 complex into the void. 

Similar to the strange results seen for Cdc201-73 elution alone, we suspect the complex is 

aggregating on SEC when excess Cdc201-73 is present. The stability of the Mad1CTD:Cdc201-73 

complex in SEC would suggest a low µM affinity interaction, which is much stronger than 

that between Mad1CTD and Box1 or Box2. Despite repeated efforts we were unable to 

obtained informative ITC data for Cdc201-73, also likely caused by aggregation of Cdc201-73 

at the high concentrations required for ITC. Thus, we were unable to measure the KD or 

stoichiometry of this interaction by ITC.  
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Figure 4.9: SEC-MALS of Mad1CTD and Cdc201-73. (A) Non-phosphorylated Mad1CTD + Cdc201-73. 

The main peak has a mass of 28.1 kDa. This is nearly identical to the expected mass of Mad1CTD alone 
(27, 887 Da), suggesting that no binding occurs.  (B) Mad1CTD alone (red) elutes as one 

monodispersed species with a mass of 28.1 kDa as expected for dimeric Mad1CTD (27,887 Da). 
Cdc201-73 alone (blue) elutes quite late, as a single major peak, suggesting a single small species, 

however SEC-MALS suggests the peak is very polydisperse giving a variety of masses representing a 
range of oligomers. Mad1CTD+ Cdc201-73 (pink), shows a main monodispersed species of 37.8 kDa 

with a shoulder of 31 kDa. This suggests that the complex of Mad1 and Cdc20 contains a 1:1 ratio of 
Mad1CTD dimer (28 kDa) to Cdc201-73 (8 kDa).  

 
To overcome this technical difficulty, we used AUC-SE to further investigate the 

stoichiometry of Mad1CTD dimer to Cdc201-73 (Fig 4.10). These experiments confirm that 

only a single Cdc201-73 molecule can bind to the Mad1CTD homodimer, and that Cdc201-73 

exists as a homogenous monomer in solution up to 80 µM despite the polydispersity 

suggested by SEC-MALS. Given that Mad1CTD is a homodimer this stoichiometry is 

surprising, however we have previously shown that only a single molecule of Bub1CD1 can 

bind to the Mad1CTD dimer (section 3.4), so it seems likely that these two phenomena are 
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related. It could be that the 1:1 stoichiometry of Cdc201-73 to Mad1CTD dimer is also a result 

of the inherent asymmetry present in Mad1CTD or it could be caused by another unknown 

mechanism. Similar to Bub1CD1 binding to Mad1CTD, we cannot rule out that this interaction 

with full-length constructs and in vivo might produce a different stoichiometry, but it seems 

likely that the ability of only one Cdc201-73 to bind the Mad1CTD dimer is physiologically and 

functionally relevant. 

 
Figure 4.10: Sedimentation equilibrium (AUC-SE) of Mad1CTD and Cdc201-73. The interference data 
are on the left, and the absorbance data are on the right. Scans were initially fitted to single species 
exponentials. When there was found to be a poor fit, the number of species was increased to two or 
three, and the mass of a known species (Cdc201-73) was fixed in the fit. The calculated mass for the 
major species in all the Mad1CTD and Cdc201-73 mixtures is close to the expected value of a single 

Cdc201-73 molecule bound to the Mad1CTD dimer (35,745 Da), with the average calculated mass being 
34,651 ± 771 Da.  
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4.8  Binding of Cdc201-73 to 15N Mad1CTD 

We next analysed residues involved in Cdc201-73 binding using NMR, by titrating unlabelled 

Cdc201-73 into either phosphorylated or unphosphorylated 15N-labelled Mad1CTD. We 

observed significant signal attenuation for the resonances from a large portion of the 

sequence of Mad1CTD (Fig 4.11), in contrast to the more regional changes when Box1 or 

Box2 were titrated (Fig 4.6 and 4.7). It should be noted that Cdc201-73 binding causes line 

broadening of the Mad1CTD peaks, rather than CSPs. This could be due to an intermediate 

exchange regime in NMR time-scale and this would agree with the low µM affinity of 

Mad1CTD:Cdc201-73 observed in SEC. 

 

The relative peak intensity changes for the assigned 15N-labelled Mad1CTD residues are 

summarised in Fig 4.12A and are mapped onto the crystal structure of Mad1CTD (Fig 4.12B-

C). This demonstrates that in both the unphosphorylated and phosphorylated Mad1CTD 

samples, Cdc201-73 binding results in substantial signal attenuation within Mad1CTD spanning 

residues 616-660. This starts at the RLK motif, extends along the coiled-coil, and includes 

the first β-strand of the head domain. The extent of line broadening is more significant in 

phosphorylated Mad1CTD, with signal attenuation observed in all four β -strands in the anti-

parallel β-sheet, as well as the last α-helix and the C-terminal pThr716 site. These data fit 

well with a cross-linking study which suggested that the pMad1:Cdc20 interaction was 

disrupted by a Q648A-R650A mutation which lies within the conserved QYRL motif within 

the anti-parallel β-sheet of Mad1CTD (Piano et al, 2021). Overall, the strikingly large number 

of residues affected by Cdc201-73 binding suggests that Cdc201-73 has a very extensive binding 

interface with Mad1CTD and/or that it induces a global conformational change within 

Mad1CTD. 

 

We find these data interesting in light of the fact that like the Bub1CD1-Mad1CTD interaction, 

only a single molecule of Cdc201-73 can bind to the Mad1CTD homodimer. Our data for 

Bub1CD1 suggest that this stoichiometry is controlled by inherent asymmetry within Mad1CTD, 

such that the curvature of the coiled-coil with respect to the head domain, makes one face of 

Mad1 more favourable than the other (chapter 3). Thus, this makes us wonder if Cdc201-73 is 

binding to the curved coiled-coil, and this is controlling Cdc201-73 stoichiometry or if some 

other mechanism is occurring. However, as it is not possible to differentiate if the changes in 

relative peak intensities are from binding or conformational change, without structures of the 

complex, we can only speculate.  
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Figure 4.11: A 1H ,15N 2D HSQC showing titration of unlabelled Cdc201-73 into (A) 15N-labelled 

non-phosphorylated Mad1CTD or (B) 15N-labelled phosphorylated Mad1CTD. 
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Figure 4.12: Analysis of the Cdc201-73 and Mad1CTD interaction by NMR.  (A) Relative peak 
intensity changes from the 1H, 15N 2D HSQC of 15N-labelled unphosphorylated Mad1CTD + unlabelled 

Cdc201-73 at a 1:1 molar ratio (blue) or 15N-labelled phosphorylated Mad1CTD (red) + unlabelled 
Cdc201-73 at a 1:1 molar ratio. Unassigned peaks are denoted as grey circles. Lower peak intensity 
(line-broadening) means those residues are experiencing either conformational change or binding.  
Cdc201-73 binding induced line-broadening is mapped onto the crystal structure of Mad1CTD when in 

the non-phosphorylated (B) or phosphorylated (C) states. 
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4.9 Backbone Assignment of Cdc201-73 

Next, in order to obtain structural information for Cdc201-73 and to analyse which residues are 

involved in Mad1CTD binding, we expressed and purified 15N, 13C-labelled Cdc201-73 for 

backbone assignment of Cdc201-73. The assignment of Cdc201-73 in a 1H, 15N 2D HSQC, as 

completed by Dr. Conny Yu, is shown in Fig 4.13. Signals from prolines are absent in 1H, 
15N 2D HSQC as they do not contain amide protons, and 10 of the 73 residues in this N-

terminal truncation of Cdc20 are prolines. Additionally, several peaks were exchange 

broadened and not observable in the 1H, 15N 2D HSQC spectrum. Therefore, a carbon-detect 
13C, 15N 2D CON spectrum was used to retrieve these missing signals (Fig 4.14). A 13C, 15N 

2D CON experiment observes resonances from 13CO which are attached to 15N such that all 

backbone resonances including prolines can be acquired (Kragelund & Skriver, 2020). 

Carbon-detect experiments are also less susceptible to line broadening caused by solvent 

exchange of amide protons, therefore allowing a complete assignment of all residues of 

Cdc201-73. 

 
Figure 4.13: A 1H, 15N-2D HSQC (proton-detect) spectrum showing 15N-labelled Cdc201-73 with 

assignments of backbone resonances completed by Dr. Conny Yu labelled on the spectra.  
 



Chapter 4: Juxtaposition of SAC proteins on phosphorylated Mad1 

148 
 

 

 
Figure 4.14: A 13C, 15N 2D CON (carbon-detect) spectrum showing 13C, 15N-labelled Cdc201-73 with 
assignments of backbone resonances completed by Dr. Conny Yu labelled on the spectra. Residues 
coloured in blue are ones which were not seen in the 1H, 15N HSQC due to being either exchange 

broadened or proline residues.  
 

4.10 Investigating the binding of Mad1CTD to labelled Cdc201-73 

Having a complete sequence assignment of Cdc201-73 allowed us to analyse how each of 

these residues is affected upon titration of unphosphorylated or phosphorylated Mad1CTD 

using a 1H, 15N correlation spectra of Cdc201-73 (Fig 4.15A-B). As was the case for titration 

of Cdc201-73 into 15N-labelled Mad1CTD, the 15N-labelled Cdc201-73 peaks experience line 

broadening upon Mad1CTD addition. We mapped these relative peak intensity changes to the 

sequence of Cdc201-73, with the secondary structure prediction of these residues shown below 

(Fig 4.15C). When either phosphorylated or unphosphorylated Mad1CTD is titrated, 

substantial signal attenuation in the N-terminal half of Cdc201-73 occurs, whereas the C-

terminal half, which includes the Box2 motif, is largely unaffected. This aligns with our ITC 

and NMR data which suggested that Box2 had very weak if any affinity for Mad1CTD (section 

4.6). Strikingly more signal attenuation occurs when pMad1CTD is titrated, further confirming 

the importance of Mad1 phosphorylation by Mps1 in promoting this interaction (Fig 4.15B). 

In the non-phosphorylated sample, the more substantial line broadening occurs between 
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Cdc201-73 residues 10-30, which is centred on the two predicted α-helices, while when 

phosphorylated Mad1CTD is titrated, the entire N-terminal half of Cdc201-73 is affected (Fig 

4.15C).  

 
 

Figure 4.15: Binding of Mad1CTD to 15N-labelled Cdc201-73. (A) A 1H, 15N 2D HSQC of non-
phosphorylated Mad1CTD titrated into 15N-labelled Cdc201-73. (B) A 1H, 15N 2D HSQC of 

phosphorylated Mad1CTD titrated into 15N-labelled Cdc201-73. (C) The relative peak intensity changes 
within the 1H, 15N 2D HSQC spectra in (A) and (B) are mapped on to the sequence of Cdc201-73 based 

on the backbone assignments shown in Fig 4.13. The peak intensity changes are normalised to the 
Cdc201-73 C’ residue Gly73. Peaks which are absent in the 1H, 15N 2D HSQC spectrum of Cdc201-73 

are denoted as grey circles. 
 
As our NMR data suggest that the Box1 peptide binds very specifically to the pThr716 

residue of pMad1CTD, it seems plausible that Cdc20 lies in a parallel orientation to Mad1CTD, 
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such that Box1 binds to the top of the head domain at the flexible pThr716 site two residues 

from the C-terminus, while the N-terminus of Cdc20, including the first α-helix binds across 

the head domain β-sheet of Mad1CTD and possibly extends along the top of the coiled-coil. 

We find it interesting that our structure of Bub1CD1-Mad1CTD (discussed in chapter 3), 

identified that Bub1 and Mad1 bind in a parallel orientation also, with the C-terminus of 

Bub1CD1 posed to extend across the head domain of Mad1CTD. This would position the ABBA 

and KEN1 motifs of Bub1 which are C-terminal to the Bub1 CD1 domain, in close proximity 

to the C-terminal β-propeller of Cdc20, and in the same orientation relative to one another. 

This Bub1-Cdc20 interaction has been shown to be important for SAC signalling, likely by 

repositioning Cdc20 in close proximity to the Mad1:C-Mad2 complex for MCC formation 

and may also be how Cdc20 is recruited to kinetochores for MCC formation (Chang et al, 

2015; Di Fiore et al, 2016; Zhang et al, 2019; Diaz-Martinez et al, 2015). 

 

We additionally analysed 15N, 13C-labelled Cdc201-73 upon titration of phosphorylated 

Mad1CTD in a 13C, 15N 2D CON experiment where resonances from all 73 residues of Cdc201-

73 can be observed (Fig 4.16A). Plotting these relative peak intensity changes onto the 

sequence of Cdc201-73 provides a more complete analysis, which confirms that essentially all 

residues in the N-terminal half of Cdc201-73, including five prolines are involved in 

pMad1CTD binding, while the C-terminal half is largely unaffected (Fig 4.16B).   
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Figure 4.16: Binding of pMad1CTD to 15N, 13C-labelled Cdc201-73. (A) The 13C, 15N 2D CON spectrum 

of  15N, 13C-labelled Cdc201-73 before (red) and after (blue) pMad1CTD addition at a 2-molar excess. 
(B) The relative peak intensity changes within 15N, 13C-labelled Cdc201-73, before and after pMad1CTD 

addition. The peak intensity changes are normalised to the Cdc201-73 C-terminal residue Gly73. 

4.11 Mad1CTD binding may promote helical formation within Cdc201-73 

We performed 15N{1H}-heteronuclear NOE experiments that samples 15N backbone 

dynamics on a fast picosecond timescale (Fig. 4.17A). Despite Cdc201-73 being disordered, 

our dynamics data revealed lower flexibility for the backbone N-H in the regions that were 

predicted to be helical. The termini and a middle segment of the sequence (around residues 

35-40) were also determined to be highly dynamic. 
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Figure 4.17: Dynamics and secondary structure analyses of Cdc201-73. (A) 15N{1H}-heteronuclear 
NOE values collected with interleaved on-(I) and off- (I0) resonance and expressed as I/I0. A higher 

value indicates higher rigidity of the backbone N-H bond. The error bars are the calculated standard 
deviations of the two technical replicates on the sample. (B) The calculated secondary chemical shifts 

of 15N, 13C-labelled Cdc201-73. (C) Circular dichroism of Box1 peptide in water. 
 

We also analysed the secondary chemical shifts for 15N, 13C-labelled Cdc201-73 (Fig 4.17B). 

The theoretical chemical shift of an amino acid in a completely random coil at a standard 

temperature and pH can be calculated, and how much a residues Cα or Cβ deviates from a 

random coil (the difference between the experimental Cα/β and the theoretical Cα/β) is called 
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the secondary chemical shift (Spera & Bax, 1991). The Cα deviation minus the Cβ deviation 

gives a good indication for whether a residue is part of a α-helix (positive values) or β-strand 

(negative values). Secondary chemical shifts are particularly powerful for disordered 

proteins, as they can also reveal if there is propensity for secondary structure. The secondary 

chemical shifts for Cdc201-73 suggests that there is very little secondary structure propensity 

for Cdc201-73 alone in solution (Fig 4.17B). We also performed circular dichroism on the 

Box1 peptide which confirmed that this region is not helical (Fig 4.17C).  Unfortunately, the 

substantial line broadening which occurs upon pMad1CTD interaction with labelled Cdc201-73, 

prevented us from collecting similar backbone dynamics and secondary chemical shift 

analyses for labelled Cdc201-73 when in complex with pMad1CTD.  

 

Peaks with up-field chemical shifts in a 1H, 15N 2D HSQC experience more shielding and 

normally correspond to residues which adopt a helical conformation (Mielke & Krishnan, 

2009). In the 1H, 15N 2D HSQC spectra of 15N-labelled Cdc201-73, several peaks within the N-

terminal half of Cdc20 are in the 7.5-8 ppm range. Interestingly, upon titration of non-

phosphorylated or phosphorylated Mad1CTD into 15N-labelled Cdc201-73, nearly all these 

peaks are line-broadened (Fig 4.15A-B). All of our experiments with 15N or 15N, 13C-labelled 

Cdc201-73 were done at 5 °C. This is because at low temperatures the exchange rate between 

backbone NH and the solvent is significantly lower, giving solvent exposed residues  

improved signal, and for disordered proteins like Cdc201-73, the low temperature provides a 

significantly better signal-to-noise ratio (Waudby et al, 2020). Meanwhile at high 

temperatures faster rotational diffusion occurs which results in shorter tumbling time, and this 

normally gives an improved signal-to-noise ratio for structured proteins where the solvent 

exchange rate of amide protons is less of a problem. Therefore, we also attempted to study 

the interaction between Cdc201-73 and pMad1CTD at a higher temperature, in the hopes that we 

could obtain more information for the potentially structured regions  (Fig 4.18). Strikingly, at 

25 °C when 15N-labelled Cdc201-73 is bound to Mad1CTD we can retrieve signals around 7.4 

ppm, which strongly suggests that binding is inducing a portion of Cdc20 to become a folded 

α-helix. PSIPRED secondary structure prediction and AlphaFold2 structure prediction 

predicts two α-helices within the N-terminus of Cdc20, one of which is the Box1 motif (Fig 

4.1A-B; Buchan and Jones, 2019; Jumper et al, 2021), it therefore seems likely that the 

binding of Mad1CTD to Cdc201-73 either stabilises or promotes formation of one or both of 

these helices. 
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Figure 4.18: 1H, 15N 2D HSQC of 15N-labelled Cdc201-73 at 25 °C before and after pMad1CTD 

addition. Peaks in the region with helical propensity (7-8 ppm) are significantly line broadened. 
Additionally, at 25 °C as compared with 5 °C we can retrieve signals from folded regions, such that 

the peaks at 7.4 ppm likely comes from a folded α-helix. 
 

4.12 Mad1 phosphorylation also promotes Bub1 binding 

 In chapter 3, we presented the crystal structure of the Bub1CD1-Mad1CTD complex, which 

showed that the N-terminus of Bub1CD1, which contains the pThr641 site, binds to the coiled-

coil of Mad1CTD at the conserved RLK motif, while the C-terminus of Bub1CD1 lies across the 

top of the Mad1CTD coiled-coil and further contacts the head domain β-sheet. We additionally 

pointed out that the very C-terminus of Bub1CD1 seemed posed to extend across the top of the 

head domain of Mad1CTD. We therefore speculated that further contacts with Mad1CTD might 

exist C-terminal of Bub1CD1, particularly as this region, which we have called Bub1post-CD1, is 

predicted to be helical by PSIPRED and is directly followed by the ABBA and KEN1 motifs 

of Bub1 which bind Cdc20 (Fig 4.19A; Buchan and Jones, 2019). We therefore investigated 

whether any further contacts between Mad1CTD and Bub1, C-terminal of the CD1 domain, 

might occur. Unfortunately, we were unable to purify a stable truncation of Bub1 which 

contains the CD1, post-CD1 and the ABBA and KEN1 motifs for analysis, due to problems 
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with the solubility of this truncation. This was despite trying several different lengths of 

truncations, as well as the addition of solubility tags to both termini. Therefore, we ordered a 

peptide which comprises the Bub1post-CD1 domain (Fig 4.19A; the peptide sequence is shown 

in Table 2.9) and tested whether it bound to Mad1CTD in vitro. We additionally used 

AlphaFold2, which was released just before submission of this thesis, to predict the structure 

of full-length Bub1, and the structure of residues 448-542 of this prediction is shown in Fig 

4.19B (Jumper et al, 2021). The region comprising the post-CD1 peptide is coloured green 

while the ABBA/KEN1 motif is coloured cyan. AlphaFold2 predicts a much shorter α-helix 

than PSIPRED within post-CD1 (Fig 4.19A versus Fig 4.19B), as well as an additional α-

helix between post-CD1 and the KEN motif (coloured grey, residues 517-523) which 

PSIPRED did not predict. Therefore, we ordered a peptide which additionally comprises this 

region to investigate if this α-helix also participates in Mad1CTD binding (only to be 

investigated after this thesis has been submitted).  

 

First we tested if Bub1post-CD1 bound to Mad1CTD using ITC (Fig 4.20). Bub1post-CD1 titrated 

into buffer alone did not produce any significant heats (Fig 4.20A). Bub1post-CD1 did not bind 

to non-phosphorylated Mad1CTD (Fig 4.20B), but bound weakly to phosphorylated Mad1CTD 

(Fig 4.20C). This suggests a novel interaction between Bub1 and Mad1 not previously 

identified and which is regulated by phosphorylation. 

 

To investigate this further, we next analysed Bub1post-CD1 interaction to 15N-labelled Mad1CTD 

and 15N-labelled pMad1CTD in a 1H, 15N 2D HSQC (Fig 4.21A-B). Very little, if any, changes 

occur in the non-phosphorylated Mad1CTD sample, even when Bub1post-CD1 was added at an 8-

molar excess. However, a striking amount of CSPs were observed when Bub1post-CD1 was 

titrated into phosphorylated 15N-labelled Mad1CTD, especially around pThr716. Therefore, 

our NMR data further confirms this novel interaction between Mad1CTD and Bub1post-CD1 and 

additionally highlights the role phosphorylation at pThr716 plays in promoting this 

interaction. We also plotted the CSPs which occur in non-phosphorylated and phosphorylated 
15N-labelled Mad1CTD upon Bub1post-CD1 titration (Fig 4.22A), and additionally mapped the 

CSPs which occur in phosphorylated Mad1CTD onto the crystal structure (Fig 4.22B). This 

shows that Bub1post-CD1 is likely binding to the two α-helices at the top of the Mad1CTD head 

domain and fits nicely with our finding in the Bub1CD1-Mad1CTD crystal structure (Fig 3.8) 

that the C-terminus of Bub1CD1 was positioned to extend across the top of the head domain of 

Mad1CTD. 



Chapter 4: Juxtaposition of SAC proteins on phosphorylated Mad1 

156 
 

 

 
Figure 4.19: Secondary structure and structure prediction of Bub1. (A) Secondary structure 

prediction of human Bub1 (residues 448-553) which includes the CD1, post-CD1, ABBA, and KEN1 
domains of Bub1 (Buchan & Jones, 2019). The length of the CD1 α-helix seen in the X-ray structure 
as well as the post-CD1 peptide synthesized and used in this study is highlighted by the dashed lines 

as well as the location of the ABBA and KEN1 motifs. (B) Protein structure prediction of Bub1 
(residues 448-542) using AlphaFold2 (Jumper et al, 2021).  The region encompassing the post-CD1 

peptide is shown in green, including a short α-helix predicted (residues 498-504). C-terminal to post-
CD1 region another short α-helix (coloured grey, residues 517-523) is predicted just prior to the 

KEN1/ABBA motif. 
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Figure 4.20: Isothermal calorimetry of Bub1post-CD1 and Mad1CTD. The KD and stoichiometry (n) 

values were obtained by averaging at least three experiments. The reported error values are 
calculated standard deviations. (A) Bub1post-CD1 into buffer control. (B) Titration of Bub1post-CD1 into 

non-phosphorylated Mad1CTD. (C) Titration of Bub1post-CD1 into phosphorylated Mad1CTD.  
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Figure 4.21: A 1H,15N-2D HSQC of Bub1post-CD1 titrated into 15N-labelled Mad1CTD. (A) Bub1post-CD1 

titrated into 15N-labelled non-phosphorylated Mad1CTD.  (B) Bub1post-CD1 titrated into 15N-labelled 
phosphorylated Mad1CTD.   
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Figure 4.22: (A) Weighted chemical shift perturbations of Bub1post-CD1 peptide titrated into 15N-

labelled Mad1CTD in the phosphorylated or unphosphorylated state. CSPs are calculated from the 1H, 
15N 2D HSQC of Mad1CTD at a 1:8 molar ratio of 15N Mad1CTD to Bubpost-CD1. Unassigned peaks are 
denoted as grey circles. (B) Bub1post-CD1 binding to phosphorylated Mad1CTD CSPs are mapped on to 

the crystal structure of phosphorylated Mad1CTD. 

4.13 Summary and Future Directions  

This work, along with two recently published papers (Piano et al, 2021; Lara-Gonzalez et al, 

2021a), provides an updated view on how Mad1 phosphorylation by Mps1 promotes MCC 

assembly. Together Bub1 and Mad1 act as a scaffold which recruits and repositions Cdc20 

and Mad2 in close proximity for MCC assembly (Fig 4.23). O-Mad2 docks onto the Mad1:C-

Mad2 platform and as it undergoes conversion to C-Mad2, its safety-belt can entrap the MIM 

motif of Cdc20 which is made readily available by the pMad1CTD:Cdc20 interaction. This 
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model fits well with the fact that the newly converted C-Mad2 cannot remain dimerized to C-

Mad2 of the Mad1:C-Mad2 complex, and thus as it converts it is forcibly released onto 

Cdc20 which is positioned nearby (De Antoni et al, 2005). 

 

We used a combination of mass spectrometry, crystallography, and NMR to confirm that the 

only predominant C-terminal Mad1 (Mad1CTD) phosphorylation site in vitro by Mps1 is 

Thr716 and this site specifically regulates the Mad1CTD:Cdc201-73 interaction. Binding of 

Cdc201-73 to pMad1CTD affects nearly every residue within the N-terminal half of Cdc201-73, 

with the conserved Box1 motif binding directly to Thr716 when phosphorylated. In contrast, 

the C-terminal half of Cdc201-73 including the Box2 motif contributes very little if at all to the 

interaction. Our work also suggests that although Cdc201-73 is almost entirely disordered in 

solution, that upon binding to pMad1CTD a folded α-helix likely forms which may provide 

further specificity to this interaction. Analysis of Mad1CTD residues involved in Cdc201-73 

binding, suggests that nearly the entire top of the coiled-coil as well as the head domain β-

sheet and last α-helix participate. 

 

We and others have failed to capture a stable interaction of Cdc20FL and pMad1CTD despite 

this work showing that pMad1CTD and Cdc201-73 form a tight complex in SEC. Therefore, it is 

likely that the previously identified self-association of the N- and C-termini of Cdc20 is 

autoinhibiting this interaction and/or MIM accessibility. Future work will need to investigate 

specifically how this autoinhibition is relieved and whether the pMad1CTD:Cdc20 interaction 

contributes to this and/or promotes MIM accessibility. 

 

We additionally identified a novel interaction between Mad1CTD and a region just C-terminal 

to the Bub1CD1 domain (Bub1post-CD1), which also specifically binds to phosphorylated 

Thr716. It seems likely that this site is important for the juxtaposition of Bub1 and Cdc20 on 

phosphorylated Mad1CTD. Additionally, we find it very intriguing that, like Bub1CD1, only 

one Cdc201-73 can bind to the Mad1CTD homodimer. This might suggest that despite the 

binding sites of Bub1post-CD1 and Cdc201-73 to the head domain of Mad1CTD and the pThr716 

site overlapping, that a tripartite complex of Cdc20:Mad1:Bub1 could exist. Our studies also 

suggest the parallel binding of both Bub1 and Cdc20 to the head domain of Mad1CTD would 

place the KEN1 and ABBA motifs of Bub1 as well as the C-terminal β-propeller of Cdc20 in 

close proximity for their interaction which further suggests a tripartite complex might exist.  
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However, it is also possible that as only one copy of each can bind to the Mad1CTD 

homodimer that their binding is competitive or regulated temporally. For example, it might 

be that a mechanism of transfer occurs whereby Bub1 targets both Mad1 and Cdc20 to 

kinetochores after which it then transfers Cdc20 to Mad1 during Mad2 conversion to form 

the C-Mad2:Cdc20 complex. It is also possible since the binding of Bub1CD1 promotes a 

global conformational change within Mad1CTD that the binding of Bub1CD1 could alter 

Mad1CTD such that Cdc20 can then bind at the same time to the opposite face of Mad1.  

 

Ultimately, further biochemical, biophysical, and structural studies need to be completed to 

answer these questions and gain further insights into how the pMad1CTD:Cdc20NTD complex 

catalyses MCC assembly. For example, it would be interesting to test whether both Bub1CD1 

and Cdc201-73 can bind to Mad1CTD at the same time, or if their binding is competitive. 

Additionally, we wonder whether both pThr716 are being utilised in the 1:1 Bub1post-CD1 or 

Cdc201-73 interaction with pMad1CTD. We made several attempts to crystallise the Bub1post-

CD1 and Box1 peptides as well as the Cdc201-73 truncation to phosphorylated Mad1CTD, but we 

were not yet successful. However, now that we have detailed structural insights into the 

Bub1CD1:Mad1CTD and Cdc201-73:Mad1CTD interactions it may be possible to design 

constructs, such as cysteine-cysteine crosslinks, to capture the tripartite complex of 

pBub1CD1:pMad1CTD:Cdc20 for investigation by cryo-EM or X-ray crystallography.  
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Figure 4.23: Updated model of assembly of the MCC onto phosphorylated Bub1:Mad1. (A) The 

doubly phosphorylated Bub1 CD1 domain targets the Mad1:C-Mad2 complex to kinetochores which 
then acts as a platform for O-Mad2 binding and O-to-C conversion. Cdc20, on its own, exists in an 

autoinhibited state which likely impairs the Cdc20:C-Mad2 interaction and MCC formation. (B) 
Phosphorylation of the C-terminus of Mad1 at Thr716 promotes its interaction with both the N-
terminus of Cdc20 and the post-CD1 domain of Bub1. Interaction between the WD40 domain of 
Cdc20 and the ABBA/KEN1 motif of Bub1 also occurs which likely promotes Cdc20 kinetochore 
targeting and positions Cdc20 close to Mad1:C-Mad2. Cdc20 autoinhibition is relieved either 
through its interaction with pMad1CTD or by other unknown means, and this Cdc20:pMad1CTD 

interaction then promotes Cdc20 MIM accessibility and Cdc20:C-Mad2 formation. C) The Cdc20:C-
Mad2 complex then rapidly binds BubR1:Bub3 to form the MCC. 
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Chapter 5 

A mechanism of Mad1CTD fold-over within the Mad1-2 complex 
 
 

5.1  Chapter Abstract 

The Mad1:C-Mad2 complex is the catalytic platform for MCC assembly. Mad1:C-Mad2 

recruits O-Mad2, through asymmetric dimerization and Mad1 phosphorylation by Mps1 

helps Mad1:C-Mad2:O-Mad2 to activate conversion of the docked O-Mad2 into C-Mad2 

which then rapidly binds to Cdc20 to form the MCC. The molecular mechanisms of how 

Mad1 phosphorylation and the Mad1:C-Mad2 platform promotes MCC formation is not yet 

fully understood. Recently, it has been identified that phosphorylation of Thr716 at the very 

C-terminus of Mad1 promotes an interaction with the N-terminus of Cdc20 as well as the 

post-CD1 domain of Bub1. Here we use cryo-EM and cross-linking mass spectrometry to 

show that phosphorylation of Mad1 also seems to promote remodelling of the Mad1:C-Mad2 

complex such that the Mad1CTD head domain folds back onto the Mad1:C-Mad2 core and 

likely makes direct contact with Mad2. We suggest that this fold-over mechanism could 

directly catalyse MCC assembly by bringing the MIM motif of Cdc20, by virtue of the 

Cdc20NTD:pMad1CTD interaction, in close proximity and optimal orientation to Mad2 for 

entrapment by the Mad2 safety-belt. 

5.2 Chapter Background & Aims 

The Mad1:C-Mad2 complex is the catalytic platform for MCC assembly (overviewed in 

sections 1.14-1.18). Mad1:C-Mad2 recruits O-Mad2 through asymmetric dimerization, and 

Mad1 phosphorylation by Mps1 helps pMad1:C-Mad2:O-Mad2 to catalytically activate 

conversion of the docked O-Mad2 into C-Mad2, which then rapidly binds to Cdc20 to form 

the MCC. The structure and function of the C-terminus of Mad1 (residues 485-718) has been 

well studied (Fig 5.1). Residues 485-584 of Mad1 form a tight dimer through coiled-coil α-

helices (Fig 5.1B, α1-2), which is disrupted by a short-disordered loop called the ‘Mad2 

interacting motif’ (MIM), spanning residues 430-550. The MIM motif of Mad1 entraps one 

molecule of C-Mad2 per chain to make the Mad1:C-Mad2 tetramer (Fig 5.1B; PDB: 1GO4). 

This segment is then followed by another disordered loop (Fig 5.1A; residues 584-597) as 

predicted by PSIPRED secondary structure prediction. Interestingly, AlphaFold2 predicts that 

this region might actually contain a short α-helix (Fig 5.1 α3, 586-ADLEAAA-592) which 
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has not yet been investigated in any published study (Jumper et al, 2021). After this flexible 

loop, the coiled-coil resumes (residues 597-638; Fig 5.1B, α4) and ends in a globular head 

domain presenting an RWD-fold (residues 638-718; Fig 5.1B, α5-7, and β1-4) (PDB: 4DZO; 

Kim et al., 2012). The asymmetric C-Mad2:O-Mad2 dimer has also been crystallised (PDB: 

2V64), using Mad2ΔLL which is a kinetically stabilised O-Mad2 mutant (description of 

Mad2ΔLL in Table 2.8; Mapelli et al, 2007). The expected Mad1:C-Mad2:O-Mad2 hexamer 

can then be visualised by docking this asymmetric dimer onto the C-Mad2 of the tetrameric 

Mad1:C-Mad2 (Fig 5.1B-C).  

 

Despite all these structures, further work is still needed to gain a complete understanding of 

how Mad1:C-Mad2 catalyses Mad2 conversion and how Mad1 phosphorylation promotes 

this process. For example, several studies have hypothesized that the C-terminus of Mad1 

may exist in a folded conformation where the head domain of Mad1 and the Mad1:C-Mad2 

core fold onto each other (Sironi et al, 2002; De Antoni et al, 2005; Ji et al, 2018; Amin, 

2019). Additionally, as of yet, there is no structure of full-length Mad1 (residues 1-718) or 

any part of the Mad1 N-terminus (residues 1-485).  The Mad1 N-terminus is composed of 

elongated coiled-coils separated by several flexible loops which makes structure 

determination difficult. Several groups have reported difficulties in expressing and purifying 

full-length Mad1 or N-terminal truncations of Mad1 (Ji et al, 2017, 2018; Piano et al, 2021; 

Kim et al, 2012). Self-interaction of the N- and C-termini of Mad1 has also been reported (Ji 

et al, 2018). Interestingly in this study it was found that Mps1 phosphorylation of Mad1CTD 

significantly impaired this interaction and so it was suggested that Mps1 phosphorylation of 

Mad1 might inhibit Mad1 self-association and open up the C-terminus of Mad1 for MCC 

assembly (Ji et al, 2018).   

 

However, all these hypotheses are tentative suggestions and further structural work is needed 

to confirm if Mad1 fold-over and self-association is occurring and if it has any functional 

significance. The recent cryo-EM ‘resolution revolution’ makes it now possible to investigate 

the structure of small conformationally heterogenous complexes, like the Mad1:C-Mad2 

complex (cryo-EM is discussed in section 2.26). Therefore, this chapter aims to investigate 

the structure of the non-phosphorylated and phosphorylated Mad1:C-Mad2:O-Mad2 

complexes by cryo-EM, with the hopes that these studies can provide insights into how 

Mad1:C-Mad2 acts as a catalytic platform for Mad2 conversion and MCC formation.  
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Figure 5.1: Overview of the Mad1:C-Mad2 complex structure. (A) Schematic diagram of Mad1. 
Non-coiled-coil segments are depicted as ovals as predicted by the COIS program and PSIPRED 

(Lupas et al, 1991; Buchan & Jones, 2019). Mad1 contains three distinct regions. The NTD (yellow) 
of which there is no structure, composed of a long coiled-coil interrupted by several loops. The MIM 
(light orange) which dimerises and binds two C-Mad2 molecules, and the CTD (dark orange). (B) A 
side view of the Mad1Δ485-718:C-Mad2:O-Mad2 complex. The Mad1 dimer encompassing residues 
485-584 is depicted in light orange (PDB 1GO4; Sironi et al, 2002), bound to two C-Mad2 molecules 
in light blue. Two O-Mad2 molecules (dark blue) dimerised to C-Mad2 are fitted using the structure 
of the O-C Mad2 dimer (PDB 2V64; Mapelli et al, 2007). The coiled-coil is then interrupted by a 16 
amino acid segment, which is predicted by AlphaFold2 to have a short α-helix (residues 586-592). 

The coiled-coil then resumes and the structure of the C-terminal head domain of Mad1, residues 597-
718, is depicted in dark orange (PDB 4DZO). Residues which were identified by mass spectrometry 

as prevalent in vitro Mps1-dependent Mad1 phosphorylation sites are coloured black within the 
ribbon and identified in black text. (C) Top view of the Mad1:C-Mad2:O-Mad2 complex, not 

including the flexible head domain. 
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5.3  Purification of Mad1:Mad2 complexes 

Our initial aim was to investigate the structure of full-length Mad1:Mad2. However, 

purification of full-length Mad1 failed, mostly due to poor solubility and expression levels, a 

phenomenon reported by several other labs (De Antoni et al, 2005; Ji et al, 2017, 2018). 

Successful purification of full-length His-tagged Mad1 in complex with Mad2 for use in 

FRET assays had recently been reported (Faesen et al, 2017). Despite using the same 

construct, expression system (baculovirus), cell line (Tna038), and buffer conditions (1000 

mM NaCl), usable amounts of full-length Mad1:C-Mad2 were not obtained. As Mad1 has a 

high percentage of rare codons, an optimised gene for insect cell expression of full-length 

Mad1 from GeneArt (ThermoFisher) was also tested. However, this approach did not 

noticeably improve expression levels. Very recently another paper has been published which 

showed good expression levels of full-length Mad1 using Mad1 tagged with MBP at its N-

terminus (Piano et al, 2021). We have not had time to test this yet. One hypothesis for why 

full-length Mad1 is so difficult to purify, is if indeed the N- and C-termini of Mad1 do 

interact with each other, it may be that a His-tag gets occluded, preventing purification, 

whereas an MBP-tag interferes with Mad1 self-interaction and improves stability of the 

complex. 

 

Consequently, as a starting point, the previously studied Mad1 485-718 (Mad1Δ485) C-

terminal truncation in complex with Mad2 was purified (Fig 2.1; schematic in Fig 5.1). Using 

baculovirus for expression, strep-tagged Mad1 co-expressed with Mad2 does not purify as a 

stoichiometric tetrameric Mad1:C-Mad2 complex due to limiting levels of Mad2 (Fig 5.2, 

blue). Therefore, excess Mad2 L13A (stabilised C-Mad2) was added to the complex and re-

purified to form a stoichiometric tetramer, after which Mad2ΔLL (stabilised O-Mad2; Table 

2.8) was added in excess to form the Mad1:C-Mad2:O-Mad2 hexamer as confirmed by SEC-

MALS (Fig 5.2, red and black). 
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Figure 5.2: SEC-MALS of purified Mad1:Mad2 complexes. (A) SEC-MALS of purified Mad1:Mad2 

complexes. In blue: Mad1Δ485:C-Mad2 complex purified from insect cells which is a sub-
stoichiometric mixture of Mad1 dimer (53 kDa), Mad1 dimer with one Mad2 molecule (77 kDa), and 

Mad1:C-Mad2 tetramer (100 kDa). In red: homogenous Mad1Δ485:C-Mad2 tetramer after 
incubating the complex with excess Mad2 L13A and then re-performing SEC. In black: homogenous 
Mad1Δ485:C-Mad2:O-Mad2 hexamer after incubating homogenous tetramer with excess Mad2ΔLL 
and re-performing SEC. (B) The complexes outlined in (A) analysed by SDS-PAGE using the same 

colour scheme.  

5.4  Cryo-EM of non-phosphorylated Mad1Δ485:C-Mad2:O-Mad2 

We first investigated the structure of the unphosphorylated Mad1Δ485:C-Mad2:O-Mad2 

hexamer by cryo-EM (Fig 5.3). A total of 972 movies were collected on the Titan Krios 300 

kV (ThermoFisher), using a K2 detector (Gatan) in counting mode (Fig 5.3A). Despite the 

small size of this complex, and only 3,543 particles being used, well-resolved 2D averages 
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with several different orientations can be obtained for the central Mad2 core, including the N-

terminal coiled-coil and C-terminal α-helices of Mad1 (Fig 5.3B). Even in pure ice (no 

carbon layer), this complex shows preferred orientation as no top or bottom views are seen. 

Several classes for the head domain alone can also be seen (Fig 5.3C). By expanding the 

particle box size from 150 Å to 260 Å, alignments on the core become poor, but the flexible 

head domain attached to the core can be captured (Fig 5.3D). Overall, these 2D classes match 

closely with the expected architecture of the Mad1Δ485:C-Mad2:O-Mad2 (Fig 5.3E) and 

indicates that the head domain is only flexibly tethered to the Mad1:C-Mad2:O-Mad2 core. 

 

We obtained a reconstruction of the non-phosphorylated Mad1Δ485:C-Mad2:O-Mad2 

complex at a resolution of 9.1 Å, according to the gold standard FSC at 0.5 (5.9 Å at 0.143 

FSC) (Fig 5.4A) using only 2,714 total particles. Our reconstruction closely resembles the 

core of the expected hexameric complex assembled from the previously determined crystal 

structures which we have placed into the EM density (Fig 5.4B-C). It is likely that collecting 

more data and using detergent to combat preferential orientation of the complex would 

significantly increase the resolution of this complex, however as there are already high-

resolution structures of individual components of the core, we did not prioritize this. 
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Figure 5.3: Cryo-EM of non-phosphorylated Mad1Δ485:C-Mad2:O-Mad2. (A) A typical cryo-EM 
micrograph of this complex collected on a Titan Krios (ThermoFisher) 300 kV microscope equipped 

with a K2 detector (Gatan) in counting mode. (B) A sample of 2D averages of Mad1Δ485:C-Mad2:O-
Mad2 which captures the rigid Mad2 core and the N-terminal coiled-coil and C-terminal α-helices. 
(C) 2D averages which capture the head domain of Mad1 (Mad1CTD). (D) Increasing the box size 

from 150 Å to 260 Å produces 2D averages which show Mad1CTD flexibility tethered to the Mad1:C-
Mad2Δ485:O-Mad2 core. E) Model diagram of Mad1Δ485:C-Mad2:O-Mad2 and the equivalent 

crystal structures. 
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Figure 5.4: Three-dimensional reconstruction of Mad1Δ485:C-Mad2:O-Mad2.  (A) Gold-standard 

Fourier Shell Correlation (FSC) of the Mad1Δ485:C-Mad2:O-Mad2 reconstruction. (B) Several 
views of the 3D cryo-EM reconstruction of Mad1Δ485:C-Mad2:O-Mad2. (C) Comparison of our 3D 
reconstruction and the crystal structures by placing the crystal structures (PDB ID: 1GO4 and 2V64) 
into the cryo-EM reconstruction. (D) Placing the crystal structures into 3D reconstruction such that 
they are fitted best to the Mad2 core rather than the entire complex shows how the coiled-coil of the 

crystal structure is significantly more asymmetric that the cryo-EM reconstruction. (E) Side and 
bottom view of the Mad1Δ485:C-Mad2:O-Mad2 hexamer assembled from the crystal structures PDB 

1GO4 and 2V64 for reference. 
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The only clear difference in our reconstruction as compared to the previously determined 

crystal structure of the tetrameric Mad1Δ485-584:C-Mad2ΔR133A (PDB ID: 1GO4; Sironi 

et al, 2002), is the relative straightening of the α-helices extending from the MIM motif with 

respect to each other (Fig 5.4D). This is likely because, the crystal structure contained an 

anti-parallel dimer of tetramers with the N-terminal coiled-coil of each tetramer contacting 

each other and the C-terminal α-helices packing in an anti-parallel orientation with equivalent 

segments in an adjacent tetramer (Fig 5.5). This causes the extending α-helices to be bent 

with respect to the Mad2 core. Our reconstruction therefore suggests that the Mad1Δ485:C-

Mad2:O-Mad2 complex is less asymmetric than the tetrameric crystal structure suggests. 

However, similar to the crystal structure our reconstruction indicates that as the C-terminal α-

helices emerge from their cognate Mad2 ligands, they do not form a parallel coiled-coil but 

rather extend at an angle and cross each other. 

 

 
Figure 5.5: Crystal structure of the asymmetric Mad1Δ485-584:C-Mad2 tetramer crystallised as an 

anti-parallel dimer of tetramers (PDB: 1GO4; Sironi et al., 2002). One Mad1 dimer is coloured in 
yellow (left) and the other is coloured in light orange (right). 

5.5 Cryo-EM of Phosphorylated Mad1Δ485:C-Mad2:O-Mad2 

We next collected data on the Mad1Δ485:C-Mad2:O-Mad2 complex after in vitro Mad1 

phosphorylation by Mps1. A total of 6896 movies were collected using a 300 kV FEI Titan 

Krios (ThermoFisher) equipped with a K2 detector (Gatan), in counting mode, and a total of 

777,723 particles were picked using referenced based picking in Gautomatch v0.56 (Kai 

Zhang, http://www.mrc-lmb.cam.ac.uk/kzhang/Gautomatch) (Fig 5.6A). The phosphorylated 

complex presents strikingly different 2D classes, with only 9.2 % of particles resembling the 

‘open-state’ non-phosphorylated complex (Fig 5.6B, boxed in blue). Instead, many different 

classes, generally containing three-distinct bodies, in various different orientations are seen 

(Fig 5.6B). Several classes display a body which resembles the Mad1:C-Mad2 core and 
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another body which strongly resembles the Mad1 head domain positioned close to the core 

and possibly contacting the core (Fig 5.6B, boxed in orange). We will refer to these classes as 

the ‘folded-state’.  

 
Figure 5.6: Cryo-EM of pMad1Δ485:C-Mad2:O-Mad2. (A) A typical micrograph of the complex 

taken on a FEI Titan Krios (ThermoFisher) 300 kV microscope equipped with a K2 detector (Gatan). 
(B) 2D averages of pMad1Δ485:C-Mad2:O-Mad2 showing different views; representative of 100 2D 
averages. The particles boxed in blue resemble the non-phosphorylated complex while the particles 

boxed in orange highlight classes which strongly resemble the Mad1Δ485:C-Mad2:O-Mad2 core with 
the head domain of Mad1 folded-over. 

 

As compared to the non-phosphorylated complex, the amount of detail present in the 2D 

classes of the phosphorylated complex is poor, despite averaging particles from 8-times as 

many micrographs. Several strategies were used to try to improve the quality of the data. 

Despite using similar conditions for grid preparation, the distribution of the phosphorylated 

particles within the ice and holes was worse than the non-phosphorylated particles, leading to 

particle aggregation and fewer particle numbers. We trialled various detergents and found 

that the addition of 0.05 % NP-40 provided the best ice quality and particle distribution (Fig 

5.6A vs Fig 5.7A). We also performed cross-linking of the complex with BS3 which helped 

to increase the percentage of particles captured in the folded-state (Fig 5.7B). Additionally, 

we used a volta phase plate (VPP) during data collection to improve particle contrast, which 

we found increased the percentage of classes in which the coiled-coil could be seen 

connecting the folded head domain to the core. Lastly, we obtained significantly improved 

particle picking using Warp with a model specifically trained for the pMad1Δ485:C-Mad2:O-

Mad2 complex (Fig 5.7C-D; Tegunov and Cramer, 2019).  
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Figure 5.7: Optimising the cryo-EM of pMad1Δ485:C-Mad2:O-Mad2. (A) Micrograph of  

pMad1Δ485:C-Mad2:O-Mad2 with 0.05 % NP-40, collected on a FEI Titan Krios (ThermoFisher) 
300 kV microscope equipped with a K3 detector (Gatan) and a volta phase plate (VPP). (B) SEC-
MALS of homogenous pMad1Δ485:C-Mad2:O-Mad2 before and after cross-linking with BS3. Two 

rounds of gel-filtration were performed after cross-linking to remove aggregates. SDS-page for each 
sample is shown on the right. (C) A typical micrograph of the BS3 cross-linked phosphorylated 

pMad1Δ485:C-Mad2:O-Mad2 supplemented with 0.05 % NP-40 collected on the FEI Titan Krios 
(ThermoFisher) 300 kV microscope equipped with a K3 detector (Gatan) and a volta phase plate 

(VPP). (D) The same micrograph showing the picking of particles using a manually trained model in 
Warp (Tegunov and Cramer, 2019). 

 

With the optimised sample and data collection parameters we were able to obtain better 2D 

classes, although still not as good of quality as the non-phosphorylated sample (Fig 5.8A). 

One issue is that despite the large number of data collected (11,980 movies and 809,135 

particles), the sample is very heterogenous during 2D classification. Even after several 

rounds of 2D classification with 150 classes in each round, further classification occurs and 
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the number of particles per class becomes small and the signal-to-noise ratio becomes poorer. 

This is partly because many more orientations are seen for this sample, as compared to the 

non-phosphorylated complex which preferred to lie flat on its side. However, the 

phosphorylated complex is also far more conformationally heterogenous, as the classes show 

various degrees of folding, with some classes showing the head domain being partially-folded 

(boxed blue), and others being mostly-folded (boxed orange). Interestingly, in the mostly-

folded averages, it appears that the head domain might be directly contacting the Mad2 core. 

Although BS3 cross-linking did increase the percentage of particles which are folded, the 

vast majority of particles are still in a flexibly folded intermediate state with only 7.15 % of 

particles presenting what looks to be a mostly-folded state (boxed orange). It is therefore 

likely that alignments on the core are no longer as good because of the mobile head domain, 

additionally it may be that the folding of the head domain is causing the otherwise rigid core 

to become remodelled and more flexible.  

 

 
Figure 5.8: Gallery of 2D averages of the BS3 cross-linked pMad1Δ485:C-Mad2:O-Mad2 complex. 

Representative from 150 classes. Classes which seem to be only partially-folded are boxed in blue, 
and classes which seem to be fully-folded, with the head domain touching the core are boxed in 

orange. A schematic of the suggested partially-folded and folded states seen in the 2D averages is 
shown below. 
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We employed many different processing strategies in an attempt to obtain a high-resolution 

structure of the folded phosphorylated Mad1Δ485:C-Mad2:O-Mad2 complex. We were able 

to obtain may different reconstructions in which the head domain is in slightly different 

positions with respect to the Mad2 core as well as in various degrees of folding, which further 

confirms the highly dynamic nature of Mad1CTD fold-over. So far, our best reconstruction has 

a resolution of 12.8 Å at 0.5 FSC, and 7.5 Å at 0.143 FSC, using a total of 17,812 particles 

(Fig 5.9A-B). We placed the crystal structure of the Mad1:C-Mad2:O-Mad2 core and the 

Mad1CTD head domain into the electron density map which provides a reasonably good fit 

(Fig 5.9C). The resolution of our reconstruction is not high enough to see clear secondary 

structure and thus we cannot position the crystal structures with high accuracy, but we can 

still evaluate the general architecture of the folded-state. This includes seeing that the head 

domain is folding over to one side and is positioned close to the asymmetric Mad2 dimer, as 

well as that the coiled-coil of Mad1CTD (α4) and the C-terminal α-helices (α2) of the core 

seem to be interacting. Additionally, our reconstruction suggests that fold-over causes the α-

helices C-terminal to the core to get bent at angle, as compared to the unfolded-state, which 

would very likely influence the geometry of the Mad2 core and may have implications for 

MCC formation. 
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Figure 5.9: Three-dimensional reconstruction of the folded phosphorylated Mad1Δ485:C-Mad2:O-
Mad2 complex by cryo-EM. (A) The gold-standard FSC for the best phosphorylated Mad1Δ485:C-

Mad2:O-Mad2 reconstruction presented in this thesis. (B) Two views of the 3D reconstruction of 
phosphorylated Mad1Δ485:C-Mad2:O-Mad2. (C) The Mad1CTD and Mad1Δ485-584:C-Mad2:O-

Mad2 crystal structures placed into the electron density (PDB IDs: 4DZO, 1GO4, 2V64). 
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We used the recently released AlphaFold2 protein structure prediction program to predict the 

structure of the full-length Mad1 homodimer (Jumper et al, 2021). Mad1 residues 485-718 of 

this prediction are shown in Fig 5.10. The AlphaFold2 prediction closely resembles the 

previously crystallised segments (PDB: 1GO4, 4DZO). AlphaFold2 also predicts a short α-

helix within the loop (residues 585-596) which disrupts the coiled-coil of α2 and α4 (Fig 

5.10A-B, grey), despite other secondary structure programs (PSIPRED and Phyre2) not 

predicting any secondary structure in this loop (Jumper et al, 2021; Buchan et al, 2019, 

Kelley et al, 2015). Interestingly, AlphaFold2 predicts Mad1 to have a structure where the 

head domain of Mad1 (Mad1CTD in dark orange), is either in an open-state (Fig 5.10A) or in a 

folded-state (Fig 5.10B), with the folded-state having a slightly higher Local Distance 

Difference Test (lDDT) score in this region. The lDDT is a tool for the automated assessment 

of structure prediction by evaluating local distance differences of all atoms in a model and 

giving a per-residue measure of local confidence (Mariani et al, 2013).  Closer examination 

of the positioning of the side-chains in the predicted folded-state, reveals that fold-over 

would be promoted by formation of a hydrophobic pocket between the hydrophobic residues 

within α3 of the loop and the end of the α2 coiled-coil (Fig 5.10B, zoomed box).  

 

As previously mentioned, fold-over of Mad1CTD was first suggested when the Mad1:C-Mad2 

core was crystallized as a dimer of tetramers, with intermolecular contacts between the C-

terminal α-helices of two adjacent tetramers (PDB: 1GO4; Sironi et al, 2002). They 

suggested that although these intermolecular contacts are likely an artefact of crystal packing, 

that they are actually evidence for intramolecular contacts, which would allow formation of 

an anti-parallel coiled-coil between the C-terminal α-helices of the core (Fig 5.10B, α2), and 

the predicted α-helices in Mad1CTD (at the time there was no crystal structure of Mad1CTD) 

(Fig 5.1B, α4). They showed that Mad2 binding and Mad1 stability and function was 

disrupted by introducing hydrophilic mutations into the solvent exposed residues of Mad1 α2 

of the Mad1Δ485-718:C-Mad2 complex (L564, C568, L571, L575), while these mutations 

were silent in the Mad1Δ485-584:C-Mad2 complex. They conclude that destabilisation of 

Mad1 would only occur if those residues were buried in a folded Mad1:C-Mad2 complex and 

therefore proposed a model by which the Mad1CTD head splits apart and folds back onto the 

Mad1:C-Mad2 core to form an anti-parallel coiled-coil.  

 

Although our data strongly suggest fold-over is occurring, it does not suggest that the 

Mad1CTD head domain splits apart to form an anti-parallel coiled-coil or that the folded-state 
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is the primary state. Rather the head domain folds over to one side and phosphorylation 

seems to help promote stability of the folded state. We do however find the drastic effect of 

these hydrophilic mutations within α2 interesting in light of the hydrophobic pocket formed 

in the folded AlphaFold2 structure, as this may suggest that the folded-state in our EM 

reconstruction is promoted by the formation of this hydrophobic pocket. We therefore plan to 

design similar mutations to investigate how hydrophobic residues within α3 of this loop 

affect fold-over. 

 

We additionally, aligned the folded Mad1 AlphaFold2 prediction onto the hexameric 

Mad1485-718:C-Mad2:O-Mad2 model (Fig 5.10C-D). Because the crystal structure is 

significantly asymmetric, we aligned the AlphaFold2 structure onto either Mad1 chain (Fig 

5.10C versus 5.10D). This shows that the Mad1485-718:C-Mad2:O-Mad2 folded-state 

suggested by AlphaFold2 closely resembles our folded cryo-EM reconstruction (Fig 5.9), 

with the folded Mad1CTD being positioned close to O-Mad2. 

 

Altogether, the AlphaFold2 model may hint at a mechanism by which the hydrophobic 

residues within the predicted α3 helix promote formation of a hydrophobic pocket which 

allows entrapment of a folded Mad1 state. Unfortunately, the AlphaFold2 model does not 

provide any insights into how phosphorylation is stabilising fold-over, unless it is simply 

through a pMad1CTD-Mad2 interaction previously discussed. However, if this AlphaFold2 

model is physiological, it seems likely that the hydrophobic interactions between α2 and α3 

may allow dynamic fold-over in non-phosphorylated Mad1 which is then stabilised upon 

phosphorylation of Mad1 by Mps1. This model aligns with our observations that we see the 

head domain partially folding in the non-phosphorylated complex, while the folded-state is 

more prevalent in the phosphorylated complex. 
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Figure 5.10: AlphaFold2 protein structure prediction for the Mad1485-718 dimer. AlphaFold2 

predicts that the Mad1485-718 dimer exists in either an open-state (A) or a folded-state (B). Mad1 
residues 485-584 are coloured yellow, which includes the MIM motif, while the Mad1CTD head 

domain is coloured dark orange. An additional short helix is predicted in the loop which disrupts the 
coiled-coil of α2 and α4 and is coloured grey. In (B) the dashed box highlights the hydrophobic α2-α3 
interface with the hydrophobic side chains shown as sticks. (C-D) Alignment of the folded Mad1485-718 

structure predicted by AlphaFold2 onto the model of the hexameric Mad1485-584:C-Mad2:O-Mad2 
structure (PDB: 1GO4; 2V64). As the crystallised Mad1485-584:C-Mad2 tetramer is significantly 

asymmetric (PDB: 1GO4), the AlphaFold2 prediction was aligned onto either chain A (C) or chain B 
(D) of Mad1485-584 (PDB: 1GO4), which alters the position of the folded head domain with respect to 

the O-Mad2:C-Mad2 dimer. 
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5.6  Investigating the mechanisms behind the folded-state 
As previously mentioned, we identified five sites (S538, T540, T550, T551, and T716) within 

Mad1Δ485, which had a significant amount of phosphorylation in our Mad1Δ485 samples 

phosphorylated in vitro by GST-Mps1 (Fig 5.1; Appendix Table 3). We expressed and 

purified a Mad1Δ485 mutant in which all five sites were mutated to alanine (Mad1Δ485-5A) 

and confirmed by SEC-MALS that this mutant formed the hexameric complex similar to 

wild-type Mad1Δ485 (Fig 5.11A). We then used cryo-EM to investigate the structure of the 

phosphorylated Mad1Δ485-5A:C-Mad2:O-Mad2 complex. A total of 350 micrographs were 

collected on a FEI Titan Krios (ThermoFisher) 300 kV microscope equipped with a K3 

detector, and 5,721 particles were picked using Warp (Tegunov and Cramer, 2019) (Fig 

5.11B). The two-dimensional averages indicate that this complex no longer contains any fully 

folded-state particles (Fig 5.10C). This further suggests that it is the phosphorylation of Mad1 

by GST-Mps1 at one or several of these sites which is helping to stabilise the folded-state of 

the Mad1Δ485:C-Mad2:O-Mad2 hexamer.  

 

We have not yet systematically tested various phosphorylation mutants of Mad1 to determine 

specifically which sites are involved in promoting Mad1 fold-over. It would not be very 

practical to accomplish this using cryo-EM as it would be laborious to setup grids, screen 

grids, and collect and process the data for each sample. One idea for how to further test fold-

over and measure if fold-over is occurring in a particular mutant is to use FRET. This could 

be accomplished by adding a flexible CFP-tag to the C-terminal head of Mad1 and 

conjugating a TAMRA-fluorophore to either C-Mad2 or O-Mad2 of the complex. However, 

many controls would have to be identified to ensure we are actually measuring fold-over, and 

not abrogating fold-over with the FRET tags.  

 

Although it seems unlikely, it could be that phosphorylation of the complex is promoting 

stabilisation of the folded state by an indirect or artificial mechanism, such as by changing 

how the particle is captured on the grid. For example, it has been shown that during cryo-EM 

grid preparation, phosphorylation or the lack thereof, can dramatically alter preferred 

orientation (Velazhahan et al, 2021). Future studies will require further confirming both if 

and then how phosphorylation directly promotes the folded state of Mad1CTD, including 

which specific sites are involved. 
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Figure 5.11: Cryo-EM analysis of Mad1Δ485-5A:C-Mad2:O-Mad2 phosphorylation mutant 

complex. (A) SEC-MALS of the phosphorylated Mad1Δ485-5A:C-Mad2:O-Mad2 complex confirming 
homogenous hexamer is present (135 kDa). (B) Representative micrograph of the phosphorylated 

Mad1Δ485-5A:C-Mad2:O-Mad2 complex collected on a Titan Krios with a K2 detector in counting 
mode. (C) Gallery of selected 2D classes from 50 total classes. 

 

We also wondered whether or not O-Mad2 was required for fold-over as our 3D 

reconstruction tentatively suggests that the head domain is folding back to contact the outside 

of the core where O-Mad2 is located (Fig 5.9C). This is particularly interesting as it has been 

suggested that phosphorylated Mad1CTD has preferential affinity for O-Mad2 over C-Mad2 (Ji 

et al., 2018).  We attempted to analyse the structure of the Mad1Δ485:C-Mad2 tetramer by 
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cryo-EM, utilising a Mad2 R133A mutant which is dimerization deficient and thus ensures 

formation of a homogenous tetramer with no super-stoichiometric or wild-type O-Mad2 

present (Fig 5.12). SEC-MALS was used to confirm that Mad1Δ485:C-Mad2ΔR133A 

formed a homogenous tetramer (Fig 5.12A).  However, analysing this complex in both the 

phosphorylated and non-phosphorylated states, and with and without BS3 cross-linking, did 

not provide meaningful 2D classes (Fig 5.12 C-D). We were unable to visualise any of the α-

helices extending from the core, but only what looks to be the two Mad2 molecules of the 

core. We suspect this is because in the tetramer the core is less than 50 kDa and therefore 

may not be providing good alignments for 2D classification. It also may be that the core is 

less rigid in the tetrameric state as we noticed that across various 2D averages the two Mad2 

molecules seem to be quite mobile with respect to each other (Fig 5.12 C-D).  However, it is 

tempting to suggest that the head domain is not folding over, because there is no third density 

for the head domain near the core in our 2D averages. Ultimately, our results remain 

inconclusive as to whether O-Mad2 is required for fold-over using this strategy. 



Chapter 5: A folded state of the Mad1-2 complex 

183 
 

 
Figure 5.12: The Mad1Δ485:C-Mad2ΔR133A tetramer. (A) SEC-MALS and SDS-PAGE of purified 
Mad1Δ485:C-Mad2ΔR133A confirms it forms a homogenous tetramer. The expected molecular mass 

of tetrameric Mad1:C-Mad2 is 99 kDa. (B) A model diagram of the Mad1:C-Mad2 tetramer. (C) 
Representative micrograph and 2D averages of non-phosphorylated Mad1Δ485:C-Mad2ΔR133A. (D) 

Representative micrograph and 2D averages of phosphorylated Mad1Δ485:C-Mad2ΔR133A. 

5.7 Cross-linking Mass Spectrometry of Mad1:Mad2 

In collaboration with Johannes Hevler of the Heck group, at the Biomolecular Mass 

Spectrometry & Proteomics Division at Utrecht University, Netherlands, we performed 

cross-linking mass spectrometry on the Mad1:Mad2 complexes. To generate assembly 

specific cross-links for the tetrameric Mad1Δ485:C-Mad2ΔR133A complex, as well as the 

non-phosphorylated and phosphorylated hexameric Mad1Δ485:C-Mad2:O-Mad2 complexes 

were run on a blue native-PAGE gel and in-gel cross-linking mass spectrometry (IGX-MS) 

was performed (Hevler et al, 2021) (Fig 5.13A). Briefly, bands corresponding to the fully 
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assembled complex (tetrameric or hexameric) were excised and subsequently cross-linked 

with either DSS (disuccinimidyl suberate) or DMTMM (4-(4,6-Dimethoxy-1,3,5-triazin-2-

yl)-4-methylmorpholinium tetrafluoroborate). While DSS predominantly forms a covalent 

bond between proximal lysine residues, DMTMM facilitates an aspartate or a glutamate 

residue to form an amide bond with a nearby lysine residue (Leitner et al, 2014, 2010). The 

detected cross-links from both cross-linkers (inter = green; intra = purple), are mapped to the 

sequence of Mad1Δ485-718 and Mad2 (Fig 5.13B-D). It is important to note that in these 

experiments it is not possible to distinguish if a Mad2 cross-link comes from O-Mad2 or C-

Mad2 and thus all Mad2 cross-links are pooled together.  

 

Surprisingly, our cross-linking mass spectrometry does not show a significant difference 

between the three complexes. It does however suggest that in all samples a significant 

number of cross-links occur between Mad1CTD and Mad2, including some cross-links to the 

RWD-fold head domain of Mad1CTD. These cross-links most prominently occur to the 

flexible N-terminus of Mad2, including what would be the first β-sheet and α-helix in O-

Mad2, or the extended α-helix in C-Mad2, as well as the central safety-belt of Mad2. Cross-

links between Mad1CTD and the flexible C-terminus of Mad2 are present but seem less 

predominant. Additionally, in all samples, a significant number of cross-links occur between 

both the N- and C-terminal α-helices of the Mad1 core and Mad1CTD. Interestingly, these 

cross-links are prevalent between the N-terminal coiled-coil (residues 490-520) of the Mad1 

core and the start of the Mad1CTD coiled-coil (residues 600-620). If Mad1CTD was in an 

extended conformation, these two segments would be over 150 Å apart, which hypothetically 

should be too far for cross-linking by either DSS or DMTMM. In agreement with the folded-

state of Mad1485-718 predicted by AlphaFold2 (discussed in section 5.5 and Fig 5.10), cross-

links are prevalent between the C-terminal segment of Mad1485-718 α2 (residues 550-580) and 

the predicted α3 (585-597).  

 

Ultimately, our cross-linking results provide further evidence for a folded-state of the 

Mad1CTD head domain with respect to the Mad1Δ485:C-Mad2 core. We note that 

unpublished cross-linking mass spectrometry data from the Hardwick lab has found further 

evidence for fold-over of the Mad1CTD head domain in S. pombe (mentioned in the PhD 

thesis of Amin, 2019). We suspect that despite our cryo-EM reconstructions showing that 

fold-over is only stabilised in the phosphorylated hexameric Mad1Δ485:C-Mad2:O-Mad2 

complex, that the cross-linking process used in these experiments is promoting the capture of 
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the folded-state in all complexes. This may not be so surprising considering that even in our 

2D classes of non-phosphorylated Mad1Δ485:C-Mad2:O-Mad2, we were able to visualise 

the head domain already folding towards the core (Fig 5.3D). Additionally, AlphaFold2 

predicted that a folded-state of Mad1485-718 is likely to exist, even when Mad1 

phosphorylation and Mad2 binding is not accounted for (Fig 5.10). One way to test this 

hypothesis, which we have yet to try, would be to collect cryo-EM data on a cross-linked 

(DSS and DMTMM) non-phosphorylated hexameric sample to see if this captures the folded-

state. However, as these cross-linking experiments were performed in-gel, the experiments 

would need to be repeated using in-solution cross-linking as a direct comparison (Klykov et 

al, 2018; Mendes et al, 2019; Götze et al, 2019).  
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Figure 5.13: In-gel cross-linking mass spectrometry of Mad1:Mad2 complexes. (A) Blue-native 

page of the three Mad1:Mad2 complexes used for cross-linking mass spectrometry. (B) Cross-links 
detected within the non-phosphorylated tetrameric Mad1Δ485:C-Mad2ΔR133A sample. (C) Cross-
links detected within the non-phosphorylated hexameric Mad1Δ485:C-Mad2:O-Mad2 sample. (D) 

Cross-links detected within the phosphorylated hexameric pMad1Δ485:C-Mad2:O-Mad2 sample. In 
(B-D), green lines highlight intermolecular cross-links, while purple lines highlight intramolecular 

cross-links. A schematic model of the complex present in each sample is shown below. It is important 
to note that there is no way to distinguish between C-Mad2 or O-Mad2 cross-links and thus all Mad2 

cross-links are pooled together.   

5.8 Discussion 

The data presented in this chapter propose a model by which the C-terminal head domain of 

Mad1 folds back towards the Mad1:C-Mad2 core, a mechanism which seems to be stabilised 
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by Mps1 phosphorylation of Mad1 (Fig 5.14A-B). This fold-over is allowed by the 13-

residue loop (residues 584-597) between the C-terminal coiled-coil of the Mad1:C-Mad2 core 

(Mad1 residues 485-584; α2) and Mad1CTD (residues 597-718; α4). Additionally, AlphaFold2 

predicts the presence of a short α-helix within this loop (α3) which may promote fold-over by 

forming a hydrophobic pocket with the end of the α2 coiled-coil (Fig 5.10). 

 

Our cryo-EM and cross-linking data suggest that folded Mad1CTD either directly contacts or is 

at least positioned very close to Mad2 of the Mad1:C-Mad2 core. We correlate this finding 

with the phosphorylation-specific interaction of Mad1CTD and Cdc20, such that fold-over of 

Mad1CTD might be important for positioning the MIM motif of Cdc20 close to the converting 

O-Mad2 bound to Mad1:C-Mad2 for optimal entrapment (Fig 5.14A-B). This seems 

particularly relevant considering that Mad1 phosphorylation and the Cdc20:Mad1CTD 

interaction have both been shown to be required for catalytic MCC formation (Ji et al, 2017; 

Piano et al, 2021).  

 

Our NMR work on the Cdc20NTD:pMad1CTD interaction (presented in chapter 4), suggests 

that the N-terminus of Cdc20 binds in a parallel orientation with respect to Mad1. The N-

terminus of Cdc20, including the first α-helix (α1) binds to the Mad1CTD coiled-coil, while C-

terminal to the α1-helix the Box1 motif binds to the top of the C-terminal head domain (Fig 

5.14A-B). Without a structure of pMad1CTD:Cdc20 we cannot be certain they bind in a 

parallel orientation but if this is the case, another important aspect of Mad1CTD fold-over may 

be to correctly orient the MIM motif of Cdc20 with respect to O-Mad2. Mad2 dimerises to 

itself in an anti-parallel orientation and the Cdc20 MIM motif is entrapped by the safety-belt 

in a parallel orientation (Fig 5.14C; PDB: 2V64). This means that O-Mad2 bound to Mad1:C-

Mad2 lies in an anti-parallel orientation with respect to Mad1 and therefore Cdc20 (Fig 

5.14D). Consequently, it seems likely that Cdc20 needs to be positioned in a parallel 

orientation with respect to O-Mad2 for optimal MIM entrapment, and the fold-over would re-

orient Cdc20 in the proper parallel orientation with respect to O-Mad2 and this could be 

required for efficient MIM entrapment (Fig 5.14D).  



Chapter 5: A folded state of the Mad1-2 complex 

188 
 

 
Fig 5.14: Model for how Mad1CTD fold-over promotes MCC assembly. A) The unfolded state of the 
pMad1:C-Mad2:O-Mad2 complex with the N-terminus of Cdc20 bound in a parallel orientation to 

the phosphorylated Mad1 C-terminus. In the unfolded state, The MIM motif of Cdc20 is positioned far 
away from Mad2. B) The folded state of the pMad1:C-Mad2:O-Mad2 complex with the N-terminus of 

Cdc20 bound in a parallel orientation to pMad1CTD. Folding back of Mad1CTD likely functions to 
bring Cdc20 in close proximity to O-Mad2 which then converts to C-Mad2 and binds Cdc20. C) The 
O-Mad2:C-Mad2 dimer (PDB 2V64). O-Mad2 is coloured in cyan, while C-Mad2 is coloured in grey 
while both their N- and C-termini are coloured blue and red, respectively. O-Mad2 and C-Mad2 bind 
each other in an anti-parallel manner as depicted by the coloured arrows, which also highlights that 

the MIM motif is entrapped in the safety-belt of C-Mad2 in a parallel manner.  D) The Mad1:C-
Mad2:O-Mad2 hexamer coloured using the same scheme in (C), with Mad1 coloured in pale orange. 
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O-Mad2 binds anti-parallel the Mad1:C-Mad2 complex. Because Cdc20 likely binds Mad1CTD in a 
parallel orientation, it is likely that Mad1CTD not only helps to reposition Cdc20 close to Mad2, but 

also to re-orient it in a parallel orientation with respect to O-Mad2 as depicted by the orientation of 
the O-Mad2 and Cdc20-MIM errors with respect to the C-Mad2 and Mad1-MIM errors.  

 

Recently, the Musacchio lab identified that catalytic MCC formation was impaired by 

decreasing the distance between the Box1 and MIM motifs of Cdc20, whereas replacing that 

region with GGGS linkers did not affect catalysis (Piano et al, 2021). This suggests that a 

minimal distance between Box1 and MIM and not a specific sequence or conformation is 

required for catalysis. The distance from the Box1 to the MIM motif of Cdc20 is 

approximately 100 Å, while the distance from pThr716 at the top of the Mad1CTD head 

domain (where Box1 of Cdc20 binds) to Mad2 of the Mad1:C-Mad2 core is approximately 

twice that long (200 Å). This does not account for several predicted helical segments as well 

as possible self-interaction within the N-terminus of Cdc20 which would significantly shorten 

the distance between the Cdc20 N-terminus and its MIM motif. This further supports our 

model as fold-over would seem to be required to shorten this distance and allow Mad2 to 

entrap the MIM motif. 

 

Further support for the model by which Mad1 fold-over acts to bring Cdc20 close to Mad2 

during O-to-C Mad2 conversion, has been recently published by the Song-Tao Liu lab (Ji et 

al, 2018). They used both in vitro and endogenous pull-downs to identify that both the C-

terminus (residues 585-718) and N-terminus (residues 1-485) of Mad1 interact with both the 

open (Mad2ΔLL mutant) and closed (Mad2 L13A mutant) conformations of Mad2. These 

interactions were further confirmed in live cells using GFP-tagged Mad2. Truncations of 

Mad1CTD additionally suggested that Mad2 bound to the head of Mad1CTD, not to the coiled-

coil region. Additionally, a dimerization deficient construct of Mad2 (C-Mad2 L13A R133E 

Q134A) also bound to both the NTD and CTD domains of Mad1, suggesting that the binding 

mode does not use the Mad2 dimerization domain. Therefore, these results suggest a novel 

interaction interface on Mad2 which binds Mad1, and which is possibly shared by Mad2 

conformers. Ultimately, it seems likely that this interaction may play a role in promoting the 

folded-state of Mad1CTD and bringing Cdc20 MIM in close proximity to Mad2. 

 

We also find it interesting that our cryo-EM analyses show that fold-over is stabilised when 

Mad1Δ485:C-Mad2:O-Mad2 is phosphorylated, as the Song-Tao Liu lab study also found 

that when Mad1 was phosphorylated by Mps1, it bound to both O-Mad2 and C-Mad2 with 
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higher affinity, as compared to non-phosphorylated Mad1 or when phosphorylated Mad1 

with a T716A mutant was tested. This might suggest that Mps1 phosphorylation stimulates 

Mad2 O-C conversion through promoting a novel Mad1:Mad2 interaction which might also 

be the mechanism behind Mad1CTD fold-over.  

5.9  Future Directions 

Altogether, our cryo-EM and cross-linking analyses provide compelling evidence that the C-

terminal head domain of Mad1 folds back onto the Mad1:C-Mad2 core. A process which 

seems to be stabilised by Mps1-dependent Mad1 phosphorylation. These data combined with 

our current understanding of catalytic MCC formation, strongly suggests several important 

factors by which this fold-over may contribute to MCC formation, including bringing the 

MIM motif of Cdc20 not only in close proximity to Mad2 but also positioning the MIM motif 

in the correct orientation with respect to Mad2 for safety-belt entrapment. However, many 

more experiments need to be completed to understand the molecular mechanisms behind this 

fold-over, including which Mps1 phosphorylation sites are involved, and how specifically 

fold-over contributes to catalytic MCC formation.   

 

Increasing the resolution of our folded pMad1Δ485:C-Mad2:O-Mad2 cryo-EM 

reconstruction seems the most promising and straight-forward way to answer these questions. 

Collecting more data would likely be very beneficial as the final number of particles used for 

the folded-state reconstruction was 17 k which is a relatively small number and only 3.7 % of 

the total picked particles. All other particles were either in the open-state (1.8 %), a partially-

folded intermediate (67.2 %), or simply excluded due to poor quality (27.3 %). A different 

cross-linking scheme, such as a two-step cross-linking process to improve capture of transient 

intermediate states, or site-specific cross-linking to stabilise the folded-conformation could be 

designed to increase conformational homogeneity of the complex for cryo-EM analysis. The 

folded-state of Mad1 predicted by AlphaFold2 likely provides us with useful hints for how to 

stabilise the folded conformation. Ultimately, solving the structure of the entire pre-MCC 

complex (Cdc20:pMad1:C-Mad2:O-Mad2:Bub1:Bub3) would provide the most insights and 

may promote a more homogenous conformation, but as explained in the initial aims of this 

thesis, we have not yet been able to assemble a stable form of this complex.  
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Chapter 6 

Concluding Remarks and Future Directions 
 
 
This thesis, along with several other recently published studies, provides an updated view on 

the molecular mechanisms of MCC assembly at kinetochores. In particular, we have 

identified how a sequential Mps1-dependent phosphorylation cascade of key SAC 

components, activates checkpoint formation in response to unattached kinetochores, a 

process that largely serves to create a catalytic scaffold centred around the C-terminal head 

domain of Mad1 (model diagram in Fig 6.1). 

 

MCC assembly starts on the outer kinetochore protein Knl1, which by means of its 

phosphorylated MELT motifs, recruits Bub3 bound to Bub1. Sequential phosphorylation of 

the Bub1 CD1 domain by Cdk1 and Mps1 phosphorylation then promotes Mad1:C-Mad2 

kinetochore targeting through a direct interaction between Bub1 pThr461 and the RLK motif 

of Mad1CTD (chapter 3). Phosphorylation of Mad1 by Mps1 then activates the Mad1:C-Mad2 

complex to be a catalytic platform for MCC assembly, through juxtaposition of Bub1 and 

Cdc20 on pMad1CTD (chapter 4). This includes phosphorylation of Thr716 at the very C-

terminus of Mad1CTD, which promotes Mad1CTD binding to both the N-terminus of Cdc20, as 

well as a region within Bub1 which is just C-terminal to the Bub1 CD1 domain and just N-

terminal to the Bub1 KEN1/ABBA motifs. We have additionally identified a mechanism of 

Mad1 remodelling by which Mad1CTD can fold-back positioning the head domain (where 

Cdc20 and Bub1 are bound) close to O-Mad2, and this fold-over seems to be promoted or at 

least stabilised by Mps1 phosphorylation of Mad1 (chapter 5).  

 

These findings have many interesting implications for MCC formation and there seem to be 

several plausible theories for how these interactions may act as catalysts. In particular it 

seems likely that this tripartite assembly of Bub1 and Cdc20 on pMad1CTD, functions not only 

to target Bub1 and Cdc20 to the Mad1:C-Mad2 complex, but also to reposition them with 

respect to each other, and in close-proximity to Mad2. This seems particularly plausible in 

light of Mad1 fold-over, as fold-over would seem to be an ideal way to properly position the 

MIM motif of Cdc20 for Mad2 safety-belt entrapment. However, it is also possible that their 

interaction primarily functions to target Cdc20 to kinetochores, or to relieve Cdc20 



Chapter 6: Concluding Remarks 

192 
 

autoinhibition caused by self-association of its N- and C-termini. Therefore, we can only 

make educated guesses for how these interactions promote MCC assembly and further 

insights are required to obtain a complete picture.  

 
Figure 6.1: Updated model of catalytic MCC assembly onto Bub1:Mad1.  (A) The doubly 

phosphorylated Bub1 CD1 domain targets the Mad1:C-Mad2 complex to kinetochores which then 
acts as a platform for O-Mad2 binding and Mad2 O-to-C conversion. Cdc20, on its own, exists in an 

autoinhibited state which likely impairs the Cdc20:C-Mad2 interaction and MCC formation. (B) 
Phosphorylation of the C-terminus of Mad1 at Thr716 promotes its interaction with both the N-
terminus of Cdc20 and the post-CD1 domain of Bub1. Interaction between the WD40 domain of 
Cdc20 and the ABBA/KEN1 motif of Bub1 also occurs which likely promotes Cdc20 kinetochore 
targeting and positions Cdc20 close to Mad1:C-Mad2. Cdc20 autoinhibition is relieved either 
through its interaction with pMad1CTD or by other unknown means, and this Cdc20:pMad1CTD 

interaction then promotes Cdc20 MIM accessibility. Phosphorylation of Mad1 by Mps1 then also 
promotes Mad1CTD fold-over which positions the MIM motif of Cdc20 in close proximity to O-Mad2 

bound to the Mad1:C-Mad2 core. In the last step, O-Mad2 undergoes conversion to C-Mad2, and the 
safety-belt can readily entrap the Cdc20 MIM motif positioned nearby. Formation of the C-

Mad2:Cdc20 complex then promotes binding to BubR1:Bub3 to complete the MCC. 
 

Ultimately, our understanding of MCC assembly would be greatly improved from an atomic 

structure of the entire pre-MCC complex (pBub1:pMad1:Cdc20:O-Mad2:C-Mad2). As 
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previously mentioned, this was the original goal of this thesis, but we were unable to produce 

a stable complex for cryo-EM analyses. Not only is the complex relatively transient and 

conformationally heterogenous, but more importantly several mechanisms of autoinhibition 

seem to be at play that we don’t yet fully understand. The interaction of both 

pBub1CD1:Mad1CTD and Cdc20NTD:pMad1CTD are in the low µM range, which should be 

suitable for creating a stable complex to study by cryo-EM. However, the binding of both 

full-length Bub1 as well as full-length Cdc20 to Mad1 seems to be inhibited, as neither 

interaction can be captured on a size-exclusion column. In the case of Cdc20 it seems quite 

likely that this is due to the previously reported self-association of the N- and C- termini of 

Cdc20 which would block access to Box1 for pMad1CTD binding. Why full-length Bub1 does 

not bind strongly to Mad1 remains more elusive, and we have struggled to investigate this 

further due to Bub1 truncations centred around the CD1 and ABBA/KEN motifs being 

insoluble. Therefore, in order to assemble a stable form of the pre-MCC scaffold to study by 

cryo-EM, we likely need to first understand these possible mechanisms of autoinhibition. 

Additionally, because we now have a greater understanding of the molecular interactions 

required to assemble the pre-MCC complex, including the high-resolution crystal structure of 

Bub1CD1:Mad1CTD, it may be possible to stabilise a complex by designing site-specific 

crosslinking.  

Mad2 metamorphosis: How is it catalysed? 

Although many of the finer details of MCC assembly have been and are slowly being teased 

out, it still remains largely unclear how remodelling of Mad2 from the open-to-closed state, 

which historically, was believed to be the rate-limiting step of MCC formation, is triggered. 

Understanding the factors which directly promote Mad2 remodelling remains difficult 

because of the lack of any stable intermediate states.  

 

In the early 2000s, NMR was fundamental to identifying the open and closed conformers of 

Mad2 and the dramatic conformational rearrangement which occurs between them (Luo et al, 

2000, 2002, 2004). High-resolution X-ray structures of various Mad2 complexes, as well as 

careful biochemical analyses, were then fundamental to identifying the structural 

rearrangements which occur during conversion (Sironi et al, 2002; De Antoni et al, 2005; 

Mapelli et al, 2007; Yang et al, 2008; Hara et al, 2015). 
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Mad2 contains a central core (Fig 6.1, coloured cyan), which includes a three-stranded anti-

parallel β-sheet, and three α-helices, with a central β-hairpin between the first two of these α-

helices. The core of Mad2 remains conserved during conversion, while both the N- and C-

termini undergo metamorphosis. The N-terminal β-strand (Fig 6.1, O-Mad2 β1 coloured dark 

blue) is displaced during conversion and refolds into a short α-helix and an extended α-helix 

in C-Mad2 (Fig 6.1, C-Mad2 αN and αA* coloured dark blue), while the C-terminus of O-

Mad2 (Fig 6.1, coloured red), including two adjacent β-strands (β7/8) which form a C-

terminal β-hairpin, swing across the central face of Mad2. This rearrangement of the C-

terminal β-hairpin and its adjacent loop (the ‘safety-belt’), ultimately enables the safety-belt 

of Mad2 to entrap the MIM motif of Cdc20 (coloured green) to form the MCC. 

 
Figure 6.2: Mad2 conversion and incorporation into the MCC. Mad2 contains a central core which 

is conserved during Mad2 metamorphosis (coloured cyan), while the N- and C-termini undergo 
dramatic remodelling (coloured dark blue and red, respectively). In O-Mad2, the N-terminus forms a 
β-sheet (β1), which gets ejected outwards during conversion and refolds as a short α-helix (α1) and 
an extended α-helix (αA*) in C-Mad2. In O-Mad2 the C-terminus contains a β-hairpin (β7/8) which 
pivots across the entire face of Mad2 during conversion and lies where the N-terminal β1 sheet was 

previously located. The rearrangement of the C-terminal β-hairpin along with its adjacent safety-belt 
allows entrapment of the MIM motif of Cdc20 (green). Cdc20:C-Mad2 then binds to BubR1 (pink) to 

form the MCC. 
 

The previously mentioned FRET assay, developed by the Musacchio lab (Faesen et al, 2017, 

Piano et al, 2021), has systematically characterised which components contribute to 

catalysing MCC formation. This assay specifically measures the rate of C-Mad2 conversion 

because it measures the FRET-pair formed when Mad2 and Cdc20 bind, which happens 

instantaneously in vitro upon C-Mad2 formation. Consequently, we understand both the 

metamorphosis which occurs during Mad2 conversion, as well as the catalysts which promote 

Cdc20:C-Mad2 formation, but we don’t yet understand if any catalysts act to directly affect 
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Mad2 conformational change, or only indirectly. For example, it may be that catalysts 

promote displacement of the N-terminal β-sheet or the C-terminal β-hairpin in order to 

directly stimulate conversion, or catalysts may only act indirectly, such as by simply 

positioning the MIM motif of Cdc20 in close proximity to C-Mad2. Key to understanding 

this question, is whether or not Mad2 conversion happens prior to Cdc20 binding or 

simultaneously with MIM entrapment. 

 
The original theory for Mad2 conversion (De Antoni et al, 2005), suggested a template-based 

model by which O-Mad2 dimerization to C-Mad2 bound to Mad1, triggering C-Mad2 

formation, and this ‘empty’ C-Mad2 was then released and could then rapidly bind Cdc20 to 

form the MCC. However, with our current understanding of MCC assembly, it seems much 

more likely that O-Mad2:C-Mad2 dimerization primarily functions to target O-Mad2 to 

kinetochores, while Mad2 conversion is triggered by other means. In support of this, in vitro 

Mad2 dimerization only accelerates Mad2 conversion four-fold as compared to the over 35-

fold acceleration seen when the full catalytic platform is present (Piano et al, 2021).  

 

One idea is that in the open-state of Mad2, the C-terminal β-hairpin is ‘breathing’ in and out, 

and placement of the MIM motif of Cdc20 in close-proximity, enables the MIM motif to 

slide underneath the β-hairpin and become entrapped by the Mad2 safety-belt which then 

promotes the β-hairpin to swivel across the face of Mad2 triggering spontaneous C-Mad2 

formation. O-Mad2 monomer alone has never been crystallised, which suggests that it is 

likely more dynamic than the structure of the stabilised O-Mad2 mutant in the O-Mad2:C-

Mad2 complex suggests. This seems particularly likely as in the O-Mad2:C-Mad2 crystal 

structure (PDB: 2V64), the crystallographic packing promotes tight packing of the Mad2 

dimers such that the β-hairpin which makes crystallographic contacts may be artificially 

stabilised in the O-Mad2 position. However, it could be that the β-hairpin is in a rigid 

position within O-Mad2, and that some process triggers release of the β-hairpin, such as 

interaction with one of the SAC proteins or allosteric changes within Mad2. If this 

‘breathing’ model of the β-hairpin were true, it would suggest that the MIM motif of Cdc20 

is actually what promotes conversion and therefore the ‘true’ catalyst. This model seems 

particularly plausible considering that when the MIM motif of Cdc20 is presented to Mad2 as 

a peptide, conversion of O-Mad2 into C-Mad2 is essentially spontaneous (Piano et al, 2021). 
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The Musacchio lab recently proposed a model by which the process of Mad2 conversion, not 

just the formation of C-Mad2, is required to entrap the MIM motif of full-length Cdc20, by 

allowing closure onto the MIM motif during the conversion process (Piano et al, 2021). The 

rational for this model is that full-length Cdc20 does not bind at an appreciable rate to 

‘empty’ C-Mad2, even in the presence of catalysts, suggesting that the Cdc20 MIM motif is 

entrapped during the conversion process and not after (Piano et al, 2021). They additionally 

showed that truncating Cdc20 to just before the MIM motif (111-C), allows spontaneous 

Mad2 binding, similar to when the MIM motif is presented as a peptide. 

 

However, the MIM motif of the Mad1 dimer, which is located centrally within the C-

terminus of Mad1, such that it has a long stretch of coiled-coil on either side, binds rapidly to 

both O-Mad2 and C-Mad2 in vitro without the presence of catalysts (Appendix Fig 6), and no 

such mechanism in cells seems to be required for catalysing or promoting the Mad1:Mad2 

interaction as is required for Cdc20. Additionally, the MIM of Mad1 and the MIM of Cdc20 

have a similar KD (3 µM) for O-Mad2, suggesting this difference is not due to binding 

affinity. This suggests that Mad2 conversion and MIM entrapment does not require the 

process of Mad2 conversion to entrap the MIM, because otherwise, the Mad1 MIM motif 

would not bind rapidly. What seems more likely, is that for Mad1, the MIM motif is solvent 

exposed and readily accessible for Mad2 entrapment allowing spontaneous Mad2 conversion, 

while for Cdc20, self-association autoinhibits access of Mad2 to the MIM motif of Cdc20, 

and spontaneous formation of C-Mad2 only occurs when the MIM motif of Cdc20 is made 

accessible. This would suggest that the rate-limiting step of MCC assembly is not actually 

conversion of Mad2, but the accessibility of the Cdc20 MIM motif and further supports our 

previously mentioned hypothesis for ‘breathing’ of the C-terminal β-hairpin of Mad2. We 

suspect the reason why binding of ‘empty’ C-Mad2 to full-length Cdc20 is not accelerated by 

catalysts, is because the catalytic platform requires O-Mad2 binding to C-Mad2:Mad1 to 

properly position Cdc20 with respect to Mad2, and ‘empty’ C-Mad2 cannot bind to the 

catalytic platform because a Mad1:C-Mad2:C-Mad2 complex cannot exist (De Antoni et al, 

2005). 

 

 Therefore, although using a slightly different model of understanding, it does seem likely 

that “Cdc20 catalyses its own incorporation into the MCC” as was suggested in Piano et al, 

2021. This model fits well with the fact that nearly every mechanism of MCC catalysis 
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identified seems to be centred around bringing the MIM motif of Cdc20 in close-proximity to 

Mad2. 

Ongoing Mad2 conversion work 

As discussed above (Fig 6.1), we know the conformational rearrangements which occur 

between open and closed Mad2, but not the specific steps or their chronological sequence, 

and if any true intermediate states exist. Figuring out these mechanisms is key to 

understanding how the MCC is catalysed and whether Mad2 remodelling is directly 

catalysed. This includes, exploring, how the N-terminus of Mad2, including β1, is ejected to 

allow the C-terminal β-hairpin to swivel around and bind where the N-terminus was 

previously positioned. Additionally, is the N-terminus first displaced which then promotes 

the C-terminal β-hairpin to remodel, or does the remodelling of the β-hairpin eject the N-

terminus? Further analysing the structure of monomeric O-Mad2 as compared to dimerized 

O-Mad2 would also be interesting. Dimerization of O-Mad2 with C-Mad2 of the Mad1485-584 

tetramer (lacking the Mad1CTD head domain) accelerates Mad2 conversion four-fold, albeit 

minimally compared to the whole catalytic platform (Piano et al, 2021). Additionally, O-

Mad2 undergoes an unknown conformational rearrangement upon dimerising with C-Mad2 

as seen by NMR spectroscopy (Mapelli et al, 2007). This would suggest that binding of O-

Mad2 to C-Mad2, somehow promotes a more favourable conformation of Mad2 for 

conversion. Important insights could also be gained by further investigating the structure of 

‘empty’ C-Mad2, especially in light of the recent work which showed the ‘empty’ C-Mad2 

does not bind appreciably to full-length Cdc20 while O-Mad2 does (Piano et al, 2021; 

Mapelli et al, 2007). 

 

The best way to explore these questions is likely through NMR, particularly as all previous 

crystal structures required either locking Mad2 in a particular state or truncating the flexible 

N- or C-termini, and the possibility that crystallographic packing promotes an artificially 

stabilised state. Nearly all Mad2 conversion studies using NMR were completed in the early 

2000s, when the sensitivity of measurements was limited by sample concentration and buffer 

conditions. Since then significant improvements in NMR spectroscopy have been made 

(Barrett et al, 2013). This includes the introduction of stronger magnets, cryoprobes, 

improved pulse sequences (e.g. BEST-TROSY), and non-uniform sampling (NUS) data 

collection. Altogether these advancements have dramatically increased the sensitivity of 

NMR, which allows much faster data collection and the ability to study proteins at lower 
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concentrations, and more physiological conditions. Additionally, our understanding of the 

cellular mechanisms which promote Mad2 conversion and MCC assembly has significantly 

improved since the 2000s, allowing a better interpretation of the NMR data. 

 

We have therefore been re-investigating the conversion of O-Mad2 into C-Mad2 using NMR 

to gain new insights into some of the questions posed above. Utilising several forms of O-

Mad2, we now have the first complete backbone assignment of full-length O-Mad2 and will 

soon have this for both ‘empty’ and ‘bound’ C-Mad2. Interestingly, O-Mad2, ‘empty’ C-

Mad2 and ‘bound’ C-Mad2 all give strikingly different NMR spectra (Appendix Fig 5). This 

suggests ‘empty’ C-Mad2 has a significantly different structural arrangement than C-Mad2 

bound to Cdc20MIM, which may explain why full-length Cdc20 does not bind to ‘empty’ C-

Mad2 at an appreciable rate (Piano et al, 2021). We are also working to get a complete 

backbone assignment of labelled O-Mad2 bound to unlabelled C-Mad2 so that we can 

analyse how Mad2 dimerization enhances conversion. Additionally, current advancements in 

NMR spectroscopy, makes it possible to obtain near real-time structural information of Mad2 

as it undergoes the conversion process, allowing us to investigate the specific sequence of 

conformational rearrangements which occur during Mad2 conversion.  
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Appendix 
 

 

Appendix Table 1.  Data collection and refinement statistics for Mad1CTD:Bub1CD1 complexes. 
Statistics for the highest-resolution shell are shown in parentheses. 

 
 
 

 Mad1CTD-
Bub1CD1 

 (P212121) 

Mad1CTD-Bub1CD1  

(P21) 
Mad1CTD-Bub1CD1  

(P21212) 

PDB ID 7B1F 7B1H 7B1J 
Data Collection DLS i04 DLS i04 DLS i04 
Wavelength (Å) 0.9795 0.9795 0.9795 
Resolution range (Å) 40.25 - 1.75  

(1.81 - 1.75) 
39.43 - 2.4 
 (2.49 - 2.4) 

34.76 - 2.90  
(3.00 - 2.90) 

Space group P212121 P21 P21212 
Unit cell (Å) 34.2 80.5 134.0 

90.0° 90.0° 90.0° 
34.63 132.34 82.75 
90.0° 93.34° 90.0° 

87.68 133.98 34.75 
 90.0° 90.0° 90.0° 

Dimers per asymmetric unit 1 2 1 
Total reflections 191826 (2738) 100346 (4893)  62788 (2992) 
Unique reflections 33937 (1863) 28972 (2901) 9638 (454) 
Multiplicity 5.6 (3.2) 3.5 (3.4) 3.6 (3.6) 
Completeness (%) 88.7 (44.5) 99.6 (99.0) 100 (99.6) 
Mean I/sigma(I) 16 (0.25) 14.5 (1.7) 25.9 (3.9) 
Wilson B-factor (Å2) 30 43 89.9 
R-merge 0.05(1.97) 0.06 (0.78) 0.03 (0.47) 
R-meas 0.06 (2.3) 0.07 (0.93) 0.04 (0.51) 
R-pim 0.02 (1.2) 0.04 (0.50) 0.01 (0.20) 
CC1/2 1.0 (0.30) 1.0 (0.68) 1.0 (.98) 
Refinement    
Reflections used in 
refinement (N) 

32886 (1294) 28946 (2898) 9541 (892) 

Reflections used for R-free 
(N) 

1569 (68) 1376 (110) 480 (47) 

R-work 0.2558 0.2314 0.2618 
R-free 0.2873 0.2806 0.2972 
Non-hydrogen atoms (N) 2408 4542 2262 
Protein residues (N) 282 565 282 
RMS (bonds) (Å) 0.013 0.014 0.024 
RMS (angles) (°) 1.52 1.90 2.33 
Ramachandran favoured (%) 98.85 96.49 92.88 
Ramachandran allowed (%) 1.15 3.33 6.37 
Ramachandran outliers (%) 0.00 0.18 0.75 
Rotamer outliers (%) 0.81 0.80 1.59 
Molprobity Score 1.81 2.07 2.70 
Average B-factor (Å2) 56.95 61.78 104.52 
Subunits (N) 4 8 4 
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 i23 Data 
Data Collection DLS i23 
Wavelength (Å) 2.7552 
Resolution range (Å) 131 - 2.4 (2.49 - 2.40) 
Space group P212121 
Unit cell (Å) 34.58 84.56 131.89  

90.0° 90.0° 90.0° 
Dimers per asymmetric unit 1 
Total reflections (N) 585078 (50188) 
Unique reflections (N) 15780 (1601) 
Multiplicity 37.1 (31.3) 
Completeness (%) 99.4 (97.6) 
Mean I/sigma(I) 29.5 (2.6) 
Wilson B-factor (Å2) 61 
R-merge 0.078 (1.545) 
R-meas 0.080 (1.595) 
R-pim 0.013 (0.282) 
CC1/2 1.0 (0.899) 
Anomalous completeness (%) 99.1 (96.6) 
Anomalous multiplicity 19.9 (16.6) 
Mid slope  1.258 

Appendix Table 2: Anomalous Data Statistics. Statistics for the highest-resolution shell are shown in 
parentheses. 
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Phospho-
sites 

Mad1Δ420-
718 

Mad1Δ420-
718 

Mad1Δ420-
718 

Mad1Δ597-
718 
(Mad1CTD) 

Mad1Δ597-
718 
(Mad1CTD 

Comparison 
with 
published 
studies Kinase GST-Mps1 Mps1ΔKD Okadaic 

Acid ** 
GST-Mps1 Mps1ΔKD 

T432 31/78 50/124     
S457   7/208    
S482   2/82    
S484  2/27 10/72   1 
S485  1/389 5/80   1 
S486  2/290 7/91    
S490  4/170 2/30   1 
S494      1 
T500 1/5 2/7    1 
Y535      1 
S538 17/121 8/46 1/5   1 
T540 51/56 30/0    1 
S546  2/104    1 
T550 7/345 11/431    1 
S551 5/11 4/17 1/4   1 
S562   2/321    
S594  3/109     
S597  2/79     
S583  12/201    1 
S598      1, 2 
S610      2 
T624      2 
T644 1/200 1/212  2/300 1/103 1 
T645  1/190 1/121    
S699 2/561 1/141     
S705  2/461     
T716 121/0 33/1  45/2 71/3 1, 2 

 
Appendix Table 3: Phosphorylation sites within Mad1 constructs when phosphorylated by full-

length GST-Mps1 or Mps1ΔKD in vitro. The data obtained were compared with two prior studies 
from two different labs (1) Ji et al, 2017; (2) Ji et al, 2018. The orange shading shows the presence of 

phosphorylation and white indicates its absence. The fraction inside the orange shade is 
phosphorylated versus non-phosphorylated peptides found. No phosphorylation was found in any of 

the samples prior to treatment.   
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Appendix Figure 1: Isothermal calorimetry of Mad1CTD and Bub1CD1. The KD and stoichiometry (n) 

values were obtained by averaging at least three experiments. The reported error values are 
calculated standard deviations. Mad1CTD was in the cell and Bub1CD1 peptide was in the syringe, 

unless otherwise noted.  
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Appendix Figure 2: Isothermal calorimetry of Mad1CTD RLK mutants. The KD and stoichiometry (n) 

values were obtained by averaging at least three experiments. The reported error values are 
calculated standard deviations. Mad1CTD was in the cell and Bub1CD1 peptide was in the syringe, 

unless otherwise noted.  
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Appendix Figure 3: Isothermal calorimetry of Mad1CTD head domain mutants. The KD and 
stoichiometry (n) values were obtained by averaging at least three experiments. The reported error 
values are calculated standard deviations. In each case, the Mad1CTD mutant was in the cell and a 

doubly phosphorylated pThr461-pSer459 Bub1CD1 peptide was in the syringe. 
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Appendix Figure 4: Isothermal calorimetry Box1 and Box2 binding to Mad1CTD. The KD and 
stoichiometry (n) values were obtained by averaging at least three experiments. The reported error 
values are calculated standard deviations. In each case, Mad1CTD was in the cell and the Box1 and 

Box2 peptides were titrated. 
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 pT716 Mad1CTD  
Data Collection 

 

Wavelength (Å) 0.9795 
Resolution range (Å) 22.19 - 1.87  

(1.937 – 1.87) 
Space group P65 
Unit cell (Å) 44.4 44.4 209.4 

90.0° 90.0° 120.0° 
Total reflections 190975 
Unique reflections 19150 (1935) 
Multiplicity 9.9 (7.0) 
Completeness (%) 99.2 (88.30) 
Mean I/sigma(I) 39.5 (8.8) 
Wilson B-factor (Å2) 17.34 
R-merge 0.103 
R-meas 0.109 
R-pim 0.035 
CC1/2 0.998 (0.869) 
Refinement  
Reflections used in refinement (N) 18937 (1726) 
Reflections used for R-free (N) 927 (97) 
R-work 0.2300 (0.2767) 
R-free 0.2702 (0.3778) 
Non-hydrogen atoms (N) 1918 
Protein residues (N) 237 
RMS (bonds) (Å) 0.01 
RMS (angles) (°) 1.11 
Ramachandran favoured (%) 97.36 
Ramachandran allowed (%) 2.64 
Ramachandran outliers (%) 0.00 
Rotamer outliers (%) 0.47 
Molprobity Score 1.64 
Average B-factor (Å2) 25.9 
Subunits (N) 4 

Appendix Table 4: Data collection and refinement statistics for the phosphorylated Mad1CTD crystal 
structure. Statistics for the highest-resolution shell are shown in parentheses. 

 



Appendix 

207 
 

 
Appendix Figure 5: 1H, 15N-2D HSQC spectrum showing 15N-labelled O-Mad2 (red), ‘empty’ C-

Mad2 L13A (blue), and C-Mad2 bound to MIM peptide (yellow).   
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Appendix Fig 6: The MIM motif of dimeric Mad1 420-718 truncation readily entraps O-Mad2 to 
form Mad1:C-Mad2 tetramer. A) SEC-MALS of Mad1 420-718 dimer purified using baculovirus 

expression. B) SEC-MALS of Mad1 420-718 dimer after incubation with O-Mad2 R133A on ice for 20 
minutes.  
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