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Correct alignment and segregation of chromosomes during mitosis are 

essential for cell viability and organismal development.  Proper attachment of 

chromosomes to the mitotic spindle ensures correct chromosome segregation. 

Unattached chromosomes activate an intracellular signaling cascade, termed 

the spindle assembly checkpoint. The spindle assembly checkpoint generates 
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a signal that arrests the cell cycle until all chromosomes are properly attached. 

This signal originates from the kinetochore, which is a macromolecular 

machine built on centromeric chromatin that connects chromosomes to the 

mitotic spindle. The central protein in the kinetochore-based spindle assembly 

checkpoint is Mad1. Mad1 is recruited to unattached kinetochores where it 

generates the signal that arrests the cell cycle. Recruitment of Mad1 to 

unattached kinetochore is the central reaction in spindle assembly checkpoint 

activation, but how Mad1 is recruited to unattached kinetochores has 

remained elusive.  

To address this question I performed a kinetochore-wide yeast two-

hybrid screen and identified an interaction between Mad1 and Bub1. Using 

mutagenic yeast two hybrid screens I developed, I identified mutations in a 

small coiled coil domain in Mad1 that disrupts the Mad1-Bub1 interaction. To 

test the functional significance of the Mad1-Bub1 interaction in vivo, I used the 

nematode, Caenorhabditis elegans. I generated single-copy transgenic strains 

that contained Bub1-binding mutants of Mad1 and determined that the Mad1-

Bub1 interaction was required for recruitment of Mad1 to unattached 

kinetochores and spindle assembly checkpoint activation.  In summary, my 

work revealed that the central reaction in spindle assembly checkpoint 

activation is recruitment of Mad1 directly by Bub1 to unattached kinetochores.  

In C. elegans, Mad1 is required for organismal viability. It was assumed 

that this was because of Mad1’s central role in the spindle assembly 
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checkpoint. Using the Bub1-binding mutants of Mad1, I determined that 

Mad1’s checkpoint function was not essential for organismal viability. This 

data suggested that Mad1 performed an unknown yet essential function during 

development. I explored possible developmental functions of Mad1, and this is 

presented in detail in Chapter 3. Overall, my work determined that Bub1 

recruits Mad1 to kinetochores to activate the spindle assembly checkpoint and 

discovered that Mad1 is required for development, independent of its 

checkpoint function.  
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Chapter 1: Introduction 

1.1 Mitosis and Chromosome Segregation 

Mitosis is a complex dynamic process culminating in the segregation of 

equal genetic material into the resulting two daughter cells. The cellular 

biology pioneer Walther Flemming named and described this process in the 

late 1800’s, and it has been intensely studied since (Flemming, 1965). It is 

now understood that the segregation of genetic material during mitosis is 

accomplished by two major cellular structures: the mitotic spindle and the 

kinetochore. The mitotic spindle is a bipolar structure composed primarily of 

filamentous polymers constructed of tubulin called microtubules. Microtubules 

emanate from the spindle poles or centrosomes and contain interspersed 

motor proteins. These microtubules will bind to chromosomes via a large 

protein network built on DNA known as the kinetochore. The kinetochore 

stably binds microtubules and insures that chromosomes remain attached to 

the mitotic spindle during chromosome segregation. The process of 

attachment of chromosomes to the mitotic spindle is outlined in more detail 

below. 

Mitosis consists of five different phases: prophase, prometaphase, 

metaphase, anaphase, and telophase (Fig. 1.1). Prior to prophase 

chromosomes have been replicated and are actually composed of an identical 

pair of chromosomes known as sister chromatids that are held together 

through a protein structure know as Cohesin. In prophase, the sister chromatid
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pair condenses into compact chromosomes. Concurrently, a pair of 

centrosomes, the organizing centers of the mitotic spindle, are separated and 

migrate to adjacent poles of the cell. While migrating, the centrosomes begin 

to organize microtubules into the mitotic spindle. The next phase, 

prometaphase, begins with the breakdown of the nuclear envelope. After 

envelope breakdown, microtubules emanating from the spindle poles begin to 

attach to chromosomes via the kinetochore. To ensure that sister chromatids 

are equally segregated, microtubules from different spindle poles must attach 

to different sister chromatids. This process, known as biorientation, will be 

described in detail in the next section. During metaphase, chromosomes that 

are properly attached to microtubules congress to the center of the cell to form 

the metaphase plate and prepare for segregation. Anaphase occurs when all 

chromosomes are properly attached to the mitotic spindle and aligned at the 

metaphase plate. Sister chromatid pairs are separated by the destruction of 

Cohesion, and then segregate towards the two spindle poles. Finally, in 

telophase the segregating chromosomes reach the spindle poles, decondense 

and the nuclear envelope reforms. In summary, mitosis is the process by 

which the mitotic spindle attaches to the chromosomes and equally 

segregates them to the new daughter cells (Fig. 1.1).
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1.2 The Centromere And Kinetochore 

The centromere is the specialized region of DNA where the kinetochore 

forms. In most organisms the centromere is not composed of a specific 

sequence of DNA; instead, the centromere is composed of specialized 

nucleosomes (Fig. 1.2A). The nucleosome is an eight protein complex 

involved in DNA packaging. It is comprised of two copies of Histone-H2A, 

Histone-H2B, Histone-H3, and Histone-H4 (Luger et al., 1997). DNA is tightly 

wrapped around nucleosomes and then packaged into higher order structures 

known as chromosomes. At the centromere, the canonical Histone-H3 is 

replaced by a unique histone H3 variant, CENP-A (Palmer et al., 1991; Blower 

et al., 2002). CENP-A is highly conserved and is the defining mark of 

centromeric chromatin (Sullivan et al., 1994; Cheeseman and Desai, 2008). 

CENP-A nucleosomes serve as the foundation where the kinetochore will 

form. 

The kinetochore is a highly conserved protein network composed of 50 

to over a 100 different proteins depending on the organism (Cheeseman and 

Desai, 2008). This dynamic machine couples microtubules and chromosomes. 

It is tasked with forming, monitoring, and regulating microtubule attachments. 

Electron microscopy of the kinetochore showed that it is composed of two 

major layers commonly termed the inner and outer kinetochore (Brinkley and 

Stubblefield, 1966; McEwen et al., 2007). The inner kinetochore binds CENP-
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A nucleosomes and serves as a platform for the rest of the kinetochore, and 

the outer kinetochore forms stable attachments with microtubules (Fig. 1.2A). 

The inner kinetochore forms the link between the chromosomes and the 

outer kinetochore. While the numbers of proteins that constitute this layer vary 

widely between organisms, they perform the same general function. Proteins 

in this layer recognize CENP-A nucleosomes and stably bind to them 

throughout the duration of the cell cycle (Fig. 1.2A (Foltz et al., 2006)). 

Because these proteins are continually bound to the centromeric chromatin 

they are commonly called the constitutive centromere-associated network 

(CCAN (Cheeseman and Desai, 2008)).  

1.3 Outer Kinetochore and Microtubule Attachments  

 The outer kinetochore is built on the inner kinetochore foundation and is 

tasked with forming stable “load-bearing” attachments with spindle 

microtubules (Fig. 1.2A (Cheeseman and Desai, 2008; Foley and Kapoor, 

2013)). The core of the outer kinetochore is formed from a large complex 

known as the KMN network. It is a conserved 10 subunit complex consisting of 

3 distinct subcomplexes: the Knl1 complex, the Mis12 complex, and the Ndc80 

complex. This network directly interacts with microtubules, and hence forms 

stable attachments with dynamic microtubules (Cheeseman et al., 2006). 

Interestingly, many KMN network complexes bind in concert to a single 

microtubule, and this is proposed to aid in creating robust microtubule-

kinetochore attachments (Joglekar et al., 2006; Johnston et al., 2010). 
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 The Mis12 complex is composed of 4 subunits: Dsn1, Mis12, Nnf1, and 

Nsl1. This complex directly interacts with CENP-C (a member of the inner 

kinetochore (Przewloka et al., 2011; Screpanti et al., 2011)) and serves as a 

docking platform for the Knl1 and Ndc80 complexes. Specifically, Nsl1 

interacts with the Knl1 complex, and both Nsl1 and Dsn1 interact with the 

Ndc80 complex (Petrovic et al., 2010; Malvezzi et al., 2013). Both of these 

interactions are mediated through RWD (RING finger, WD repeat, DEAD-like 

helicases) domains on the Knl1/Ndc80 complexes (Petrovic et al., 2014). 

Interestingly, this domain appears in at least 4 other kinetochore proteins and 

is emerging as a commonly repeating theme in kinetochore architecture 

(Corbett et al., 2010; Kim et al., 2012; Schmitzberger and Harrison, 2012).  

 The Ndc80 complex is composed of 4 subunits: Ndc80, Nuf2, Spc24, 

and Spc25. Heterodimers of Spc24/Spc25 and Ndc80/Nuf2 arrange in a 

dumbbell-like structure with two globular heads at the ends linked through a 

large coiled coil middle region (Ciferri et al., 2008). The Spc24 and Spc25 

globular heads contain RWD domains that interact with the Mis12 complex 

members Nsl1 and Dsn1 (Petrovic et al., 2010; Malvezzi et al., 2013; Petrovic 

et al., 2014). The Ndc80/Nuf2 globular heads point out from the kinetochore 

and form direct interactions with microtubules. The N-terminal basic tail of 

Ndc80 directly electrostatically interacts with the acidic tail of tubulin in vitro, 

but whether this is essential in vivo is unclear (Cheeseman et al., 2006; Ciferri 

et al., 2008; Cheerambathur et al., 2013). Also, Ndc80 and Nuf2 contain 
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calponin-homology microtubule-binding domains, which allows the 

Ndc80/Nuf2 complex to interact with the microtubule lattice (Wilson-Kubalek et 

al., 2008; Alushin et al., 2010). The microtubule binding affinity of the Ndc80 

complex is somewhat weak, but this affinity synergistically increases when in 

complex with the Knl1 and Mis12 complexes (Cheeseman et al., 2006).  

 Finally, the Knl1 complex is composed of Knl1 and Zwint. Knl1’s c-

terminus is composed of two RWD domains that interact with the Mis12 

complex member Nsl1 (Petrovic et al., 2014). The Knl1 n-terminus has weak 

binding affinity for microtubules, which is synergistically enhanced when bound 

to the other KMN complexes (Cheeseman et al., 2006).  

 Overall, the KMN network forms the core kinetochore-microtubule 

attachments, but other less conserved outer kinetochore proteins also 

contribute. The Ska1 complex tracks microtubule ends, and this microtubule 

affinity synergistically increases when Ska1 is combined with Ndc80. Also, in 

the presence of Ska1, Ndc80 more robustly tracks the ends of microtubules 

(Schmidt et al., 2012). Also, the motor proteins dynein/dynactin are not 

essential for stable kinetochore-microtubule attachments, but aid in initial 

capture of microtubules and increase fidelity of chromosome segregation 

(Gassmann et al., 2008; Cheerambathur et al., 2013). CENP-E can track the 

tips of microtubules and its reduction leads to a decrease in the concentration 

of microtubules per kinetochore (McEwen et al., 2001; Kim et al., 2008; 

Gudimchuk et al., 2013). Depletion of another outer kinetochore protein, 
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CENP-F, leads to less stable kinetochore-microtubule attachments through an 

unknown mechanism. CENP-F does contain a microtubule-binding domain 

and may contribute to dynein recruitment through interactions with the Nde1 

and Ndel1 (Feng et al., 2006; Vergnolle and Taylor, 2007). In summary, many 

different outer kinetochore components may contribute to kinetochore-

microtubule attachments, but the highly conserved KMN network is the core 

kinetochore attachment site for microtubules.  

1.4 The Spindle Assembly Checkpoint 

 All chromosomes must be properly attached to the mitotic spindle to 

ensure both daughter cells receive an equal compliment of DNA. 

Chromosomes during mitosis are made up of pairs of identical sister 

chromatids held together by Cohesin rings. Proper attachment occurs when 

the kinetochores on the individual sisters in the sister chromatid pair are bound 

to microtubules emanating from opposite spindle poles. This process is known 

as biorientation. The biorientation process is somewhat stochastic and 

attachment errors can and do occur. One type of kinetochore-microtubule 

attachment error occurs when only one of the sister chromatids is attached to 

the mitotic spindle. The other sister chromatid is unattached, and if a cell were 

to enter anaphase before this sister was attached it would not be properly 

segregated. The resulting daughter cells would likely be aneuploidy, which 

could result in aberrant cell development and possibly formation of organismal 

diseases such as cancer (Kops et al., 2005b; Silk et al., 2013). 
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 To ensure that the cell does not enter anaphase with unattached sister 

chromatids it has a monitoring system capable of assessing sister chromatid 

attachment, and in the presence of an unattached sister chromatid will pause 

the cell cycle until all sister chromatids are properly biorientated. This 

monitoring system is known as the spindle assembly checkpoint or mitotic 

checkpoint. This checkpoint, and most of its essential components, was 

discovered simultaneously by two labs that were screening yeast for mutants 

that failed to arrest in mitosis in the presence of microtubule-destabilizing 

drugs. These screens identified Mitotic-Arrest Deficient 1 (Mad1), Mad2, Mad3 

(BubR1 in higher eukaryotes, which contains an additional kinase domain), 

Budding Unihibited By Benzimidazole 1 (Bub1), and Bub3 (Hoyt et al., 1991; 

Li and Murray, 1991). Further work identified the additional components 

Multipolar Spindle-1 (Mps1), Aurora-B, the RZZ complex (Rod, ZW10, and 

Zwilch), and CENP-E (Weiss and Winey, 1996; Abrieu et al., 2000; Basto et 

al., 2000; Chan et al., 2000; Kallio et al., 2002).  

The identification and characterization of the checkpoint made it clear 

that the cell could monitor kinetochore-microtubule attachments but how it did 

this was unknown. Elegant laser ablation experiments determined that the 

unattached kinetochore was responsible for generating a signal that blocked 

premature anaphase onset (Rieder et al., 1995), and more recent ablation 

experiments showed the strength of the signal correlates with the number of 

unattached kinetochores (Dick and Gerlich, 2013). The checkpoint signal from 
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the unattached kinetochore blocks activation of the Anaphase Promoting 

Complex/Cyclosome (APC/C). The APC/C is an E3 ubiquitin ligase that that 

targets Securin and Cyclin B for degradation. Securin inhibits the protein 

Separase, which is the enzyme that cleaves the cohesin complex (the ring 

complex that holds sister chromatids together). Cyclin B binds and is essential 

for activation of the master mitotic kinase Cdk1. The checkpoint signal keeps 

the APC/C inactive until the unattached kinetochore is properly attached to the 

mitotic spindle. Once proper attachment occurs the checkpoint signal is 

silenced. Then the APC/C becomes active, which leads to the degradation of 

Securin and Cyclin B and subsequent transition from metaphase to anaphase.   

1.5 Spindle Assembly Checkpoint Activation  

Unattached kinetochores activate the spindle assembly checkpoint to 

avoid premature anaphase onset. Recruitment of the Mad1/Mad2 complex to 

unattached kinetochores is the crucial step in checkpoint activation; it is 

necessary and sufficient for checkpoint activation. The highly conserved 

Mad1/Mad2 complex is only found at unattached kinetochores and is promptly 

removed when the unattached kinetochore becomes attached (Chen et al., 

1996; Li and Benezra, 1996; Chen et al., 1998). Artificial tethering of the 

Mad1/Mad2 complex to attached kinetochores activates the checkpoint 

indefinitely(Maldonado and Kapoor, 2011). This complex is a heterotetramer 

consisting of a Mad1 dimer where each Mad1 binds to a single Mad2 through 

a conserved Mad2 binding motif (Sironi et al., 2002). Mad1 is primary a coiled 
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coil protein with a c-terminal RWD (RING finger, WD repeat, DEAD-like 

helicases) domain (Kim et al., 2012). Mad2 is a globular protein that contains a 

HORMA (Hop1p, Rev7p, and Mad2) domain capable of forming two different 

conformations (open and closed) (Aravind and Koonin, 1998; Mapelli et al., 

2007; Luo and Yu, 2008). When Mad2 is bound to another protein, such as 

Mad1, it adopts a closed conformation where a protein element of Mad2 

termed the “seat belt” secures the interaction (Sironi et al., 2002). This 

complex is extremely robust and is found throughout the entirety of the cell 

cycle.  

Although recruitment of the Mad1/Mad2 complex is the crucial step in 

checkpoint activation, how this complex is recruited to unattached 

kinetochores is unclear, and answering this question was the focus of my 

research. Early work established that Mad1 was the component of the 

Mad1/Mad2 complex that bound to kinetochores (Chung and Chen, 2002). 

Then, decades of intense study of recruitment of Mad1 to unattached 

kinetochores showed that Mad1 recruitment involves numerous mitotic 

kinases and kinetochore components, which will be outlined below.  

A host of RNAi studies have been performed to understand the 

recruitment of Mad1 to unattached kinetochores. One of the best studies of 

this process was performed in C. elegans, and found that Mad1 recruitment 

requires the input of three independent proteins/complexes: the Ndc80 

complex, the mitotic kinase Bub1, and the RZZ/Spindly complex (Fig. 1.2B 
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(Essex et al., 2009)).  These components all have roles in kinetochore-

microtubule attachment independent of their roles in the spindle assembly 

checkpoint (Klebig et al., 2009; Cheerambathur et al., 2013). It is thought that 

these components link kinetochore-microtubule attachment to the spindle 

assembly checkpoint, but how is still completely unknown. Also, it is curious 

that Mad1 requires input from three different components. Possibly, the cell 

has evolved a complex activation step in the spindle assembly checkpoint to 

ensure that it is only activated when absolutely necessary. During 

development, mitosis needs to be done correctly and quickly. Aberrant spindle 

assembly checkpoint activation or prolonged spindle assembly checkpoint 

activation would be detrimental to the developing organism and has been 

shown to result in cell death (Daum et al., 2011; Stevens et al., 2011).    

To understand how Mad1 is recruited to unattached kinetochores one 

must first understand how the three different components required for Mad1 

recruitment are recruited to kinetochores. Recruitment of the Ndc80 complex 

was detailed in the introductory section titled “1.3 Outer Kinetochore and 

Microtubule Attachments.” Recruitment of the RZZ/Spindly complex is unclear 

and will be briefly outlined at the end of this section. Recruitment of Bub1 is 

most clear, and will be detailed below. Finally, it should be noted that all 

proteins discussed below are found on attached and unattached kinetochores 

and are thought to localize to both types of kinetochores through the 

interactions discussed below. The distinct exception is the Mad1/Mad2 



	  

	  

12 

complex. This complex only localizes to unattached kinetochores, and 

therefore, its recruitment is the crucial step in checkpoint activation. 

 Currently the most upstream component in recruitment of Bub1 is the 

mitotic kinase Mps1. One of the earliest checkpoint proteins discovered was 

the kinase Mps1, and it is one of the most upstream components involved in 

checkpoint activation. Loss of Mps1 leads to loss of the checkpoint signaling, 

and overexpression of Mps1 causes checkpoint activation even when 

kinetochores are bioriented (Hardwick et al., 1996; Weiss and Winey, 1996). 

Localization of Mps1 depends, at least in part, on the outer kinetochore 

component Ndc80.  It was shown that depletion of Ndc80 leads to loss of 

Mps1 at kinetochores, and Ndc80 recruits Mps1 when it is artificially targeted 

to a nonkinetochore localization in vivo (Martin-Lluesma et al., 2002; Kemmler 

et al., 2009; Nijenhuis et al., 2013). Also, Mps1 directly interacts with and 

phosphorylates Ndc80 in vitro (Kemmler et al., 2009). How Ndc80 recruits 

Mps1 is unclear, but interestingly when Mps1 phosphorylation sites on Ndc80 

are mutated to aspartic acid the checkpoint is constitutively activate (Kemmler 

et al., 2009).   

Once recruited to kinetochores, Mps1 phosphorylates the outer 

kinetochore protein Knl1. In every organism, Knl1 contains a series of MELT 

repeats (methionine, glutamic acid, leucine, and threonine), which is a 

phosphotarget of Mps1 (London et al., 2012; Shepperd et al., 2012; Vleugel et 

al., 2012; Yamagishi et al., 2012). The phosphorylated MELT repeats create a 
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docking platform for the checkpoint protein Bub3 (Primorac et al., 2013). Bub3 

is a WD40-repeat β-propeller that complexes with either Bub1 or BubR1 

(Mad3 in fungi) through a conserved Gle2-binding sequence (GLEBS) motif on 

either Bub1 or BubR1 (Taylor et al., 1998; Larsen et al., 2007). Alanine 

substitutions in Knl1’s MELT repeats lead to loss of the Bub3/Bub1 complex at 

kinetochores, and phosphomimetic MELT repeats constitutively recruit Bub1 

(London et al., 2012; Shepperd et al., 2012; Yamagishi et al., 2012; Moyle et 

al., 2014b). Bub1 is required for recruitment of BubR1, but whether the 

BubR1/Bub3 complex is recruited by phosphorylated MELT motifs still needs 

to be determined (Vanoosthuyse et al., 2004; Rischitor et al., 2007). In 

summary, Mps1 phosphorylates Knl1, and phosphorylated Knl1 recruits the 

Bub1/Bub3 complex.  

As mentioned, the RZZ complex is also required for recruitment of 

Mad1 to unattached kinetochores. The RZZ complex is only found in 

metazoans and is required for Mad1 recruitment independent of Bub1 

(Yamamoto et al., 2008; Essex et al., 2009). It is proposed that the outer 

kinetochore component Knl1 recruits the RZZ complex to kinetochores. A 

recent RNAi study showed that loss of Knl1 leads to loss of RZZ, but whether 

this is through a direct interaction is unknown (Varma et al., 2013). Once 

recruited to kinetochores, the RZZ complex aids in the recruitment of Mad1 to 

kinetochores (Buffin et al., 2005; Kops et al., 2005a). Spindly, a protein that 

complexes with the RZZ complex, is additionally required only in C. elegans 
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for Mad1 recruitment (Yamamoto et al., 2008; Essex et al., 2009). How this 

recruitment occurs, and if this recruitment is direct, is still a topic of 

investigation. 

The evidence outlined above suggests that Mad1 recruitment requires 

three independent pathways: a Ndc80 complex pathway, a Bub1 pathway, 

and a RZZ complex pathway. Additional components not included in these 

pathways are required for Mad1 recruitment (such as Aurora B, Plk-1, Cdk-1, 

and CENP-E). These components contribute to additional kinetochore or 

mitotic functions that have made it hard to study their role in Mad1 recruitment. 

Further study of them may reveal that they contribute to Mad1 recruitment 

through the known pathways or will reveal additional novel Mad1 recruitment 

pathways. 

As shown above, it is becoming clear which components of the 

kinetochore are required for recruitment of Mad1 to unattached kinetochores, 

but, prior to my work, it was unknown what kinetochore component(s) directly 

recruit Mad1 to kinetochores to active the spindle assembly checkpoint (see 

Chapter 2 for presentation of my work on this topic).    

1.6 Spindle Assembly Checkpoint Inhibits Anaphase Progression 

 Once the Mad1/Mad2 complex is recruited to unattached kinetochores 

the spindle assembly checkpoint generates a signal that inactivates the APC/C 

(for APC/C information see introductory section “1.4 The Spindle Assembly 

Checkpoint”). The APC/C is an E3 ubiquitin ligase that requires a co-factor to 
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become activated, and in mitosis this co-factor is Cdc20. The spindle 

assembly checkpoint signal binds to Cdc20 and then renders the APC/C 

inactive (Hwang et al., 1998).  

 A host of elegant genetic and structural work has detailed this process 

and shown that the Mad1/Mad2 complex is the generator of the APC/C 

inhibitory signal (De Antoni et al., 2005; Lad et al., 2009). Mad1/Mad2 

complexes are recruited to unattached kinetochores where they become a 

catalytic scaffold for the generation of the diffusible inhibitory signal (Fig. 1.3 

(Kulukian et al., 2009)). Mad2 exists in two stable conformations (open: o-

Mad2 and closed: c-Mad2). The population of Mad2 that is bound to Mad1 is 

found in the closed conformation while the “free” cytosolic population is in the 

open conformation (Luo et al., 2004). Mad1/c-Mad2 complexes at the 

kinetochore catalyze the transition of “free” o-Mad2 to c-Mad2 through the 

formation of a c-Mad2/o-Mad2 dimer (Sironi et al., 2001; Luo et al., 2004; De 

Antoni et al., 2005; Mapelli et al., 2007). The o-Mad2 in the c-Mad2/o-Mad2 

dimer interacts with Cdc20 (the required activating co-factor of the APC/C), 

and they form a c-Mad2/Cdc20 complex (Fig. 1.3 (Luo et al., 2000; Luo et al., 

2002; Lad et al., 2009)).    

Originally, the formation of c-Mad2/Cdc20 was thought to be sufficient 

to block activation of the APC/C. It was shown that Mad2 interacts directly with 

Cdc20, interacts with the APC/C, and was sufficient for APC/C inhibition (Li et 

al., 1997; Fang et al., 1998). Later work showed that c-Mad2/Cdc20 is actually 
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the foundation for a much larger complex known as the Mitotic Checkpoint 

Complex (MCC; Fig. 1.3). The MCC was discovered through studies 

surrounding BubR1 (Mad3 in certain organism). Experiments showed that 

BubR1 was not required for formation of the c-Mad2/Cdc20 complex, but 

immunoprecipitation of BubR1 from yeast co-Immunoprecipitated Mad2 and 

Cdc20 (Hardwick et al., 2000). Eventually the MCC was partially purified from 

HeLa cell lysates and showed to contain BubR1, Bub3, Mad2, and Cdc20 

(Sudakin et al., 2001). Strikingly, the partially purified MCC inhibited the 

APC/C >3000 fold more than Mad2 alone. Further studies showed that Mad2 

and BubR1 act synergistically to inhibit the APC/C (Fang, 2002).  

Exactly how the MCC forms at unattached kinetochores is still unclear.  

Evidence suggests that c-Mad2/Cdc20 is generated exclusively at unattached 

kinetochores, but the interaction between this complex and the BubR1/Bub3 

complex could be kinetochore independent (Kulukian et al., 2009; Mariani et 

al., 2012). Binding of c-Mad2 to Cdc20 is the initial step in MCC formation, and 

c-Mad2 is thought to “prime” Cdc20 for interaction with BubR1 (Hardwick et 

al., 2000; Kulukian et al., 2009; Han et al., 2013). Interestingly, once the MCC 

is formed, Mad2 is dispensable for the BubR1/Cdc20 interaction in vitro (Han 

et al., 2013). A crystal structure of the MCC was recently generated, and 

detailed analysis of this complex and its interaction surfaces is on-going (Chao 

et al., 2012).  
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Once the MCC is formed it binds to the APC/C and represses activation 

of the APC/C, but how it does this is still debated (Fig. 1.3). Recent 

biochemical data showed that once the MCC is formed, destruction of Mad2 

only marginally affected the ability of the MCC to inhibit the APC/C in vitro 

(Han et al., 2013). This argues that BubR1 is the MCC component required for 

sustained APC/C inhibition. BubR1 may inhibit the APC/C by disrupting the 

APC/C’s ability to interact with substrates. Biochemically is was found that the 

MCC binds to the APC/C and inhibits the APC/C’s ability to interact with its 

substrates Securin and Cyclin B (Herzog et al., 2009). The MCC may do this 

by disrupting formation of the APC/C bipartite substrate interaction domain. 

The APC/C substrate interaction domain is created via the cooperation of two 

separate proteins, Cdc20 and the APC/C subunit Apc10. When Cdc20 is 

bound by BubR1 in the MCC it does not properly interact with Apc10, and 

therefore, the bipartite substrate interaction domain is not properly formed 

(Chao et al., 2012). Overall, the generation, formation, and mechanism of 

action of the MCC is continually becoming more clear, but questions still 

remain about how this complex is formed in vivo and how it blocks APC/C 

activation so robustly in vivo. 

1.7 Spindle Assembly Checkpoint Silencing 

 While it is crucial for a cell to activate the spindle assembly checkpoint 

when kinetochores are unattached, it is also crucial for a cell to immediately 

silence the spindle assembly checkpoint when all kinetochore are properly 
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bioriented. Failure to silence the checkpoint properly leads to mitotic 

catastrophes and cell death (Daum et al., 2011; Stevens et al., 2011). To 

ensure that the checkpoint is quickly silenced, the cell has evolved multiple 

mechanism that work in concert to remove Mad1/Mad2 complexes from 

kinetochores and stop MCC’s inhibition of the APC/C. The three most clear 

silencing mechanisms are: PP1 dependent kinetochore dephosphorylation, 

Dynein meditated Mad1/Mad2 removal, and p31 Comet mediated MCC 

disassembly. The PP1 dependent kinetochore dephosphorylation pathway is 

conserved in all organisms, but the other two pathways are only in metazoans.  

 As mentioned in the two previous introductory sections mitotic kinases 

such as Aurora B, Plk1, Mps1, and Cdk1 are important for spindle checkpoint 

activation and function, but how these contribute is unclear. It was therefore 

postulated that dephosphorylation could play a role in spindle assembly 

checkpoint silencing. This was shown to be the case, and the primary 

phosphatase identified was PP1 (Pinsky et al., 2009; Vanoosthuyse and 

Hardwick, 2009). Aberrant over-expression of PP1 inhibits the spindle 

assembly checkpoint, and conversely, when PP1 is mutated or deleted cells 

cannot silence the spindle assembly checkpoint (Pinsky et al., 2009; 

Vanoosthuyse and Hardwick, 2009). PP1 localizes to kinetochores through a 

conserved RVSF motif (arginine, valine, serine, phenylalanine) contained on 

the n-terminus of the outer kinetochore component Knl1 (Liu et al., 2010). 

Cells containing Knl1-RVSF mutations fail to recruit PP1 and die (Liu et al., 
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2010; Meadows et al., 2011; Rosenberg et al., 2011). Surprisingly, a fusion of 

the Knl1-RVSF mutant with PP1 recues the Knl1-RVSF mutant lethality and 

still properly activates the spindle assembly checkpoint (Rosenberg et al., 

2011). This argues that PP1 must be at kinetochores to function, but that it 

does not need to be dynamically regulated. In addition to a PP1 binding site, 

Knl1 contains an n-terminal basic patch that binds microtubules (Espeut et al., 

2012). This region was shown in C. elegans to contribute to spindle assembly 

checkpoint silencing in a microtubule dependent fashion (Espeut et al., 2012). 

Additionally, this basic patch synergizes with PP1 to silence the checkpoint, 

but whether the basic patch contributes to silencing in other organisms has yet 

to be analyzed.  

 The second pathway that silences the spindle assembly checkpoint is 

Dynein mediated Mad1/Mad2 complex removal. If Mad1/Mad2 complexes 

constitutively localize to kinetochores the spindle assembly checkpoint is 

constitutively active; therefore, it is essential to remove this complex when the 

checkpoint needs to be turned off (Maldonado and Kapoor, 2011). Dynein is 

an ATP dependent microtubule minus end directed motor. It localizes to 

kinetochores through a conserved motif on the outer kinetochore protein 

Spindly, and Spindly is recruited to kinetochores through the RZZ complex 

(Wojcik et al., 2001; Basto et al., 2004; Griffis et al., 2007; Gassmann et al., 

2008; Gassmann et al., 2010). As mentioned previously, RZZ is required for 

localization of the Mad1/Mad2 complex. In essence, this network links the 
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Mad1/Mad2 complex to Dynein. When kinetochore-microtubule attachments 

occur Dynein begins to “walk” along the microtubule towards the minus ends 

found at the spindle poles (Howell et al., 2001; Wojcik et al., 2001). This 

process removes Spindly, the RZZ complex, and the Mad1/Mad2 complex 

from attached kinetochores (Howell et al., 2001; Wojcik et al., 2001; Basto et 

al., 2004). Elegant genetics showed that Spindly mutants that do not recruit 

Dynein retain Mad1/Mad2 complexes and fail to properly silence the spindle 

assembly checkpoint even in the presence of attached kinetochores 

(Gassmann et al., 2010). However, cells depleted of Spindly (Dynein is not 

recruited) still remove Mad1/Mad2 complexes when kinetochores become 

attached (Gassmann et al., 2010). This suggests that the Dynein mediated 

removal of Mad1/Mad2 complexes plays a role in spindle assembly checkpoint 

silencing, but that it is not the only pathway that removes Mad1/Mad2 

complexes from attached kinetochores. 

The third pathway that leads to spindle assembly checkpoint silencing 

is p31 Comet mediated MCC disassembly. The MCC inactivates the APC/C by 

directly binding and inhibiting its function. To ensure timely checkpoint 

silencing the MCC needs to be removed from the APC/C and disassembled. 

This process appears to be performed by p31 Comet. p31 Comet was 

identified in a yeast two hybrid screen for interactors of Mad2 (Habu et al., 

2002). p31 Comet localizes to unattached kinetochores through Mad2 (Hagan 

et al., 2011). Over-expression of p31 Comet renders the checkpoint inactive, 
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and depletion of p31 Comet causes prolonged checkpoint signaling (Habu et 

al., 2002). Originally, it was thought that p31 Comet was affecting dimerization 

of c-Mad2/o-Mad2 but recent work showed that o-Mad2 levels are unaffected 

by p31 Comet (Westhorpe et al., 2011). Instead, p31 Comet affects Mad2’s 

ability to bind to the other MCC components (Westhorpe et al., 2011). This in 

turn causes disassociation of the MCC from the APC/C (Teichner et al., 2011). 

Exactly how p31 Comet is active only when kinetochores are attached and 

how it removes the MCC from the APC/C is still unclear. Another mechanism 

has also been proposed to remove the MCC from the APC/C. The APC/C 

subunit Acp15 is not required for APC/C activity, but is required for turnover of 

the MCC from the APC/C (Mansfeld et al., 2011; Uzunova et al., 2012). This 

turnover could also contribute to efficient checkpoint silencing. How and if it 

does this is debated and currently under investigation 

Overall, spindle assembly checkpoint silencing occurs through three 

main mechanisms: PP1 dependent kinetochore dephosphorylation, Dynein 

meditated Mad1/Mad2 removal, and p31 Comet mediated MCC disassembly. 

These mechanisms work in concert to ensure the timely silencing of the 

checkpoint and entry into anaphase.  

1.8 Developmental Functions of Mad1 Beyond The Checkpoint 

Mad1, Mad2, BubR1, Bub1, and Bub3 are all essential components of 

the spindle assembly checkpoint. When any of them are removed the 

checkpoint is non-functional (Hoyt et al., 1991; Li and Murray, 1991). 
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Strikingly, these proteins are non-essential in S. cerevisiae, but have become 

essential in higher eukaryotes. In C. elegans, the Mad1 deletion is lethal, the 

Mad2 deletion is severely developmentally abnormal but still produces a few 

viable progeny, and the Mad3 (BubR1) deletion has a reduced brood size and 

appears superficially wild type (Kitagawa and Rose, 1999; Hajeri et al., 2008). 

This genetic data argues that Mad1/Mad2 complexes have additional 

developmental functions beyond the checkpoint. Also, it argues that Mad1 

alone has an additional developmental function that is essential for viability. 

What these functions are or how they contribute to development is unclear.  

 One way in which Mad1 could contribute to development is through 

additional unknown functions during mitosis and at the kinetochore. Indeed, it 

was shown in drosophila that a Mad1 deletion leads to improper kinetochore-

microtubule attachments and abnormal spindle morphology. Surprisingly, this 

deletion was not rescued with a Mad1 mutant that cannot bind Mad2 (Mad2 

deletion is viable in flies), suggesting the complex may indeed have additional 

functions (Emre et al., 2011). Recently, human cells deleted for Mad1 also 

showed aberrant kinetochore-microtubule attachments, but this does not 

appear to be true in other organisms (Li and Murray, 1991; Essex et al., 2009; 

Rodriguez-Bravo et al., 2014). Further studies are needed to determine if 

Mad1 does have additional kinetochore functions, and if these functions are 

conserved. 
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Another way in which Mad1 could contribute to development is through 

its interaction with the nuclear pore complex. The nuclear pore complex (NPC) 

is a huge cellular structure composed of over 30 different proteins called 

nucleoporins (Nups) that dot the nuclear membrane (Hetzer and Wente, 

2009). It creates channels in the nuclear membrane that regulate the flow of 

molecules larger than ~40kD between the cytoplasm and nucleus.  

Interestingly, Mad1 and Mad2 localize to the NPC throughout 

interphase, and this localization is conserved in all organisms. (Chen et al., 

1998; Campbell et al., 2001; Iouk et al., 2002; Vanoosthuyse et al., 2004; De 

Souza et al., 2009; Emre et al., 2011). Mad1 localizes to the nucleoplasm side 

of the NPC, but which component(s) it interacts with are unclear. It has been 

shown that the NPC components Nup35, Nup153, TPR, the Nup107 sub 

complex are all required for recruitment of Mad1 to kinetochores (Iouk et al., 

2002; Boehmer et al., 2003; Scott et al., 2005; Lee et al., 2008; De Souza et 

al., 2009). Nup35 is not conserved in all species making it unlikely to be the 

NPC that directly binds Mad1 (De Souza et al., 2009). Also, the Nup107 

complex as well as Nup153 are required for localization of TPR to the NPC, 

arguing that their role in Mad1 recruitment is indirect (Boehmer et al., 2003; 

Hase and Cordes, 2003). TPR is the best candidate for Mad1 recruitment to 

the NPC. TPR localizes to the tip or basket of the nucleoplasmic NPC side, 

and plays a role in mRNA export (Bangs et al., 1998; Rajanala and 

Nandicoori, 2012). It directly interacts with Mad1’s n-terminus in vitro, and 
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importantly is required in all organisms for Mad1 recruitment to NPCs (Scott et 

al., 2005; Lee et al., 2008; De Souza et al., 2009).  

Mad1 localizes to NPC but whether it has a function there is debated. A 

recent study in budding yeast showed that Mad1 can regulate the flow of 

specific proteins through the NPC during mitosis (Cairo et al., 2013). This 

appears to be specific to yeast because, unlike higher eukaryotes, they 

perform mitosis without breaking down the nuclear membrane. Only in yeast 

could Mad1 regulate NPC flow during mitosis, because only yeast has a 

nuclear membrane in mitosis. Another study claims that in human cells 

interphase Mad/Mad2 complexes at the NPC generate a small yet essential 

pool of the MCC that is required for proper regulation of the APC/C during 

mitosis (Rodriguez-Bravo et al., 2014). This is in contrast to yeast where a 

functional checkpoint is not dependent on Mad1 NPC localization (Scott et al., 

2005). Further studies are required to determine how important this function of 

Mad1 at the NPCs is. Overall, it is clear that Mad1 and the Mad1/Mad2 

complex have functions beyond the spindle assembly checkpoint that are 

essential for proper development, but unclear what these functions are.  

1.9 Holocentric Chromosomes 

 The centromere is the chromosomal region of DNA where the 

kinetochore forms. In most eukaryotes the centromere consists of a single 

region on the chromosome, and is called a monocentromere. In certain 

eukaryotes, the centromere has expanded across the entire chromosome to 
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form a holocentromere. Throughout evolution, holocentromeres have 

independently arisen at least 13 times: four times in the plant phylum 

Angiosperma and nine times in the animal phyla Nematode and Arthropoda 

(Melters et al., 2012). The most well studied holocentric organism is the 

nematode Caenorhabditis elegans (Maddox et al., 2004). Although 

monocentromeric and holocentromeric organisms differ in chromosome 

architecture, decades of research have shown that centromeric proteins, 

kinetochore proteins, kinetochore architecture, and kinetochore functions are 

conserved across these organisms (Cheeseman and Desai, 2008). In fact, 

studies in C. elegans have greatly advanced our understanding of the 

centromere and kinetochore (Desai et al., 2003; Cheeseman et al., 2004; 

Gassmann et al., 2008).  

1.10 Caenorhabditis elegans 

Caenorhabditis elegans is one of the most influential and powerful 

model organism used by scientists. The 2002 Nobel Prize in Physiology or 

Medicine was awarded to Sydney Brenner, H. Robert Horvitz and John 

Sulston for work on organ development and cell death in C. elegans, and the 

2006 Nobel Prize in Physiology or Medicine was awarded to Andrew Fire and 

Craig C. Mello for work on RNA interference in C. elegans.  

C. elegans is a soil dwelling non-parasitic nematode that reaches 1 mm 

at adulthood. Their primary food source is bacteria and other microorganisms. 

They are diploid (5 autosomes and 1 sex chromosome), and most are 
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hermaphrodites but males spontaneously arise from nondisjunction of the sex 

chromosome (genotype X0). Development from embryogenesis to adulthood 

occurs in about 2.5 days at 22° C, and a single adult produces about 300 

progeny.  

Scientifically, this species was the first multicellular organism to have its 

entire genome sequenced. Also, a complete developmental cell linage map 

and a near-complete neuronal wiring diagram have been generated for C. 

elegans. C. elegans is easy to genetically manipulate and very amenable to 

RNAi mediated protein depletion. This species is transparent, allowing for in 

vivo visualization of fluorescently labeled proteins. Also, the mitotic timing of 

the C. elegans embryo is robust and invariant, which allows for detection of 

subtle defects caused by mitotic perturbations. Finally, a recent advancement 

known as MosSCI has made it possible to transgenically insert a single copy 

of a DNA sequence of interest at a define location in the C. elegans genome 

(Frokjaer-Jensen et al., 2008). This major advancement has made it possible 

to perform detailed mechanistic analysis of proteins in vivo. Overall, C. 

elegans is an important model system that has been prolific in the 

advancement of many different scientific fields, and is an important cell 

biological system used to understand the centromere and kinetochore.    
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Figure 1.1 Stages of mitosis. 
 
Schematic of the different stages of mitosis. Prophase: DNA condenses into 
chromosomes, and centrosomes begin to migrate to opposite sides of the cell. 
Prometaphase: the nuclear envelope breaks down, the mitotic spindle begins to 
develop between separated centrosomes, and kinetochores start to capture 
microtubules. Metaphase: bioriented chromosomes are aligned at the metaphase 
plate. Anaphase: sister chromatid pairs are separated and segregated to opposite 
spindle poles. Telophase: chromosomes decondense, and the nuclear envelope 
reforms. 
 

 

 

 



	  

	  

28 

 

Figure 1.2 (A-B) Kinetochore architecture and Mad1 recruitment hierarchy. 
 
(A) Schematic showing the different domains of the kinetochore. The centromeric 
chromatin (light blue) recruits components of the inner kinetochore (yellow). Then, the 
inner kinetochore recruits components of the outer kinetochore (green). Finally, 
specific outer kinetochore components form attachments with microtubules 
emanating from the spindle pole. (B) Schematic showing the current model for 
recruitment of Mad1 to unattached kinetochores. The RZZ/Spindly complex, the 
Bub1/Bub3 complex, and the NDC80 Complex are all independently essential for 
recruitment of Mad1 to unattached kinetochores.  
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Figure 1.3 Spindle Assembly Checkpoint signaling cascade  
 
Schematic showing the Spindle Assembly Checkpoint signaling cascade.  
1: The Mad1/Mad2 complex is recruited to unattached kinetochores where it 
becomes activated through and unknown mechanism. 2: The “closed” Mad2 (c-Mad2) 
that is bound to Mad1 forms a dimer with a cytoplasmic “open” Mad2 (o-Mad2). 3: 
Cdc20 interacts with the o-Mad2 in the Mad2 dimer. The o-Mad2 closes around 
Cdc20 and forms a dimer of Cdc20/o-Mad2 and is released from the original c-
Mad2/o-Mad2 dimer. 4: The BubR1/Bub3 complex interacts with the Cdc20/Mad2 
dimer and forms the Mitotic Checkpoint Complex (MCC). 5: The MCC binds to the 
Anaphase Promoting Complex/Cyclosome (APC/C), and inactivates it. This ensures 
that the cell will not enter anaphase in the presence of unattached kinetochores.      
 .
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Chapter 2: A Bub1-Mad1 Interaction Targets the Mad1-

Mad2 Complex to Unattached Kinetochores to Initiate 

Spindle Checkpoint Signaling 

 

2.1 Summary 

Recruitment of Mad1–Mad2 complexes to unattached kinetochores is a central 

event in spindle checkpoint signaling. Despite its importance, the mechanism 

that recruits Mad1–Mad2 to kinetochores is unclear. Here, we show that MAD-

1 interacts with BUB-1 in C. elegans. Mutagenesis identified specific residues 

in a segment of the MAD-1 coiled coil that mediate the BUB-1 interaction. In 

addition to unattached kinetochores, MAD-1 localized between separating 

meiotic chromosomes and to the nuclear periphery. Mutations in the MAD-1 

coiled coil that selectively disrupt interaction with BUB-1 eliminated MAD-1 

localization to unattached kinetochores and between meiotic chromosomes, 

both of which require BUB-1, and abrogated checkpoint signaling. The 

identified MAD-1 coiled coil segment interacted with a C-terminal region of 

BUB-1 that contains its kinase domain, and mutations in this region prevented 

MAD-1 kinetochore targeting independently of kinase activity. These results 

delineate an interaction between BUB-1 and MAD-1 that targets MAD-1–MAD-

2 complexes to kinetochores and is essential for spindle checkpoint signaling.
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2.2 Introduction 
 

The spindle checkpoint generates a “wait anaphase” signal that inhibits 

the Anaphase Promoting Complex/Cyclosome (APC/C) (Musacchio and 

Salmon, 2007; Lara-Gonzalez et al., 2012). A key pathway component is the 

Mad1–Mad2 complex (Li and Murray, 1991; Hardwick and Murray, 1995), 

which concentrates at unattached kinetochores (Chen et al., 1998). 

Kinetochore-bound Mad1–Mad2 catalyzes a conformational transition of free 

Mad2 (Fig. 2.1A; (Mapelli et al., 2007; Luo and Yu, 2008)) that promotes its 

association with the APC/C activator Cdc20 to restrict APC/C activity until 

microtubule attachment removes Mad1–Mad2 from the kinetochore. 

  Despite progress in understanding checkpoint regulation of the APC/C, 

how Mad1–Mad2 targets to unattached kinetochores remains unclear. Mad1 is 

a coiled coil protein with a Mad2 interaction motif (Chen et al., 1998) and a C-

terminal “RWD” domain, which is also found in other kinetochore proteins (Kim 

et al., 2012). The Mad1 RWD domain has been suggested to contribute to 

kinetochore targeting (Kim et al., 2012), but conclusive evidence is lacking. In 

vivo studies have shown that the conserved Bub1 kinase (Hoyt et al., 1991; 

Roberts et al., 1994; Taylor and McKeon, 1997) is required for Mad1–Mad2 

kinetochore recruitment (Sharp-Baker and Chen, 2001; Gillett et al., 2004; 

Johnson et al., 2004). In budding yeast, Bub1 and Mad1 coimmunoprecipitate 

in the checkpoint-active state, and a region adjacent to the Bub1 kinase 

domain is required for checkpoint signaling (Brady and Hardwick, 2000; 
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Warren et al., 2002). Mutations compromising Bub1 kinase activity reduce 

Mad1 kinetochore localization and spindle checkpoint signaling in human cells, 

but a Bub1 mutant lacking the kinase domain rescues checkpoint signaling in 

yeast and in Bub1-deleted mouse cells (Warren et al., 2002; Kang et al., 2008; 

Klebig et al., 2009; Perera and Taylor, 2010; Ricke et al., 2012). The 

microtubule-binding Ndc80 complex and the RZZ (Rod/Zw10/Zwilch) 

complex—which is conserved in metazoans but absent in fungi and plants—

are also required for Mad1–Mad2 recruitment (Martin-Lluesma et al., 2002; 

Buffin et al., 2005; Kops et al., 2005a). However, connections between any of 

these components and Mad1 have not been reported, leaving open the 

question of how they contribute to Mad1–Mad2 localization. 

 Here we address the mechanisms that target Mad1–Mad2 to 

kinetochores in the C. elegans embryo. We identify an interaction between 

MAD-1 and BUB-1 in a two-hybrid screen of a kinetochore protein library. 

Analysis of precisely engineered mutations revealed that the BUB-1 interaction 

is required for MAD-1 kinetochore localization and checkpoint signaling. These 

results elucidate a direct recruitment mechanism for the Mad1–Mad2 complex 

to unattached kinetochores. 

2.3. Results 

2.3.1 A Two-Hybrid Screen Identifies BUB-1 as a MAD-1 Interactor 

Prior analysis of C. elegans MAD-1 and MAD-2 (also called MDF-1 and 

MDF-2; (Kitagawa and Rose, 1999)) revealed that, MAD-1—MAD-2 
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kinetochore targeting requires the Ndc80 complex, the RZZ complex, and 

BUB-1 (Fig. 2.1A; (Gassmann et al., 2008; Yamamoto et al., 2008; Essex et 

al., 2009)). The dynein recruitment factor SPDL-1 (Spindly) is also required in 

C. elegans, whereas it is not in human and Drosophila cells (Griffis et al., 

2007; Gassmann et al., 2008; Yamamoto et al., 2008; Gassmann et al., 2010). 

To begin to understand this multi-factorial recruitment reaction and determine 

whether it requires direct protein-protein interactions between MAD-1 and 

other kinetochore components, we performed a yeast two-hybrid screen with a 

library of kinetochore components. In addition to the expected interaction with 

MAD-2 (Fig. 2.1B), MAD-1 exhibited a robust two-hybrid interaction with BUB-

1 and a weaker interaction with the Polo kinase PLK-1 (Fig. 2.1B). Most tested 

components exhibited at least one positive interaction (Fig. S2.1A), reducing 

the likelihood that the absence of a MAD-1 interaction is a false negative. 

Given the conserved requirement for Bub1 in Mad1–Mad2 kinetochore 

recruitment, we focused on the MAD-1—BUB-1 interaction. 

Additional two-hybrid analysis mapped the BUB-1 interaction to a 

segment of the MAD-1 coiled coil (Fig. 2.1C; aa 365-495). Incubation of beads 

coated with purified MBP–MAD-1308-525 in insect cell lysate containing BUB-1 

revealed an association of MBP–MAD-1308-525, but not MBP, with full length 

and truncated BUB-1 (Fig. 2.1D), validating the two-hybrid analysis. We were 

unable to detect an interaction when both components were purified, the 

reason for which is currently unclear (not shown). Thus, two-hybrid and 
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biochemical analysis suggest that a segment of the MAD-1 coiled coil interacts 

with BUB-1. 

2.3.2 MAD-1 Localization to Unattached Kinetochores Requires BUB-1 

and Repetitive Segments in the KNL-1 N-Terminus 

In C. elegans, MAD-1 is not detectable at kinetochores during 

unperturbed bipolar mitosis (Fig. S2.1C) but is enriched at unattached 

kinetochores of monopolar spindles generated by depletion of the centriole 

duplication kinase ZYG-1 (Fig 2.2A; (Essex et al., 2009)). BUB-1 depletion 

reduces kinetochore MAD-1 to background levels (Fig. 2.2A; Fig. S2.1D; 

Movie S2.1). BUB-1 is recruited to kinetochores by the KNL-1 N-terminus 

(Fig. 2.2B; (London et al., 2012; Shepperd et al., 2012; Yamagishi et al., 

2012)), which contains a series of 8 “MELT” repeats (Desai et al., 2003; 

Cheeseman et al., 2004; Vleugel et al., 2012). To determine if BUB-1 must be 

present at kinetochores to recruit MAD-1, we used an RNAi-resistant KNL-1 

transgenic system (Espeut et al., 2012) to engineer 8 strains expressing WT or 

mutant forms of KNL-1 that delete or mutate different segments of the N-

terminus (Fig. 2.2B; Fig. S2.1B). We introduced a bub-1::gfp transgene into 

these strains and measured BUB-1::GFP relative to KNL-1::mCherry on 

kinetochores of aligned chromosomes after endogenous KNL-1 depletion. The 

results revealed that progressive deletions of non-overlapping regions of the 

KNL-1 N-terminus had a graded effect on BUB-1 kinetochore recruitment (Fig. 

2.2B), with removal of a large N-terminal segment being necessary to abolish 
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BUB-1 kinetochore localization and cause embryonic lethality (Fig. 2.2B; ∆85-

505 and ∆136-505). Thus, the N-terminal MELT repeats of C. elegans KNL-1 

contribute additively to BUB-1 targeting, consistent with recent structural work 

(Primorac et al., 2013; Krenn et al., 2014) and studies in human cells (Vleugel 

et al., 2013; Zhang et al., 2013). A comparison of MAD-1 and BUB-1 

recruitment in two KNL-1 mutants (∆241-505 and ∆85-505) additionally 

revealed that MAD-1 localization to unattached kinetochores parallels that of 

BUB-1. Compared to WT KNL-1, the ∆241-505 KNL-1 mutant recruited 

comparably lower levels of MAD-1 and BUB-1, whereas the ∆85-505 KNL-1 

mutant failed to recruit BUB-1 and MAD-1 (Fig. 2.2C,D; Movie S2.2, 2.3). 

Thus, reducing BUB-1 localization at kinetochores by modifying KNL-1 leads 

to comparable reduction in MAD-1, consistent with a potential direct role for 

BUB-1 in MAD-1 kinetochore recruitment. 

2.3.3 Identification of Mutations in MAD-1 that Selectively Disrupt the 

MAD-1–BUB-1 Interaction 

 To assess the functional significance of the MAD-1—BUB-1 interaction 

(Fig. 2.1C,D), we performed unbiased mutagenesis of a MAD-1 fragment (aa 

308-525) that includes the MAD-2 interaction motif (Fig. 2.3A). This analysis 

identified 21 clones containing single amino acid changes in MAD-1308-525 that 

disrupt the MAD-1–BUB-1 two-hybrid interaction. These clones were re-

screened versus BUB-1, MAD-2, and MAD1308-525 (to assess self-interaction).  

The MAD-1 mutants disrupting interaction with BUB-1 but not MAD-2 clustered 
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in a 74 amino acid segment of the coiled coil (Fig. 2.3A; Fig. S2.2A). 

However, the majority of these mutations also compromised MAD-1 self-

interaction, potentially by disrupting coiled coil structure. To overcome the 

effect of random mutations on coiled coil structure, we took a directed 

approach mutating the b, c and f residues that extend away from the interior of 

the coiled-coil to alanine (Fig. 2.3B; Fig. S2.2B; (Lettman et al., 2013)). 

Mutations in 3 heptads bracketing a predicted break in the coiled coil 

eliminated the BUB-1 interaction and mutations in a fourth heptad 

compromised interaction at high but not low stringency. In contrast, mutations 

in the other heptads or in the predicted break had no effect. We focused on 

heptad 6, for which we generated both 3A (b,c, and f residues) and D423A (f 

residue only) mutants that compromised the BUB-1 but not the MAD-2 or the 

MAD-1 self-interaction (Fig. 2.3B; Fig. S2.2C,D). The 3A mutation also 

eliminated the ability of MBP–MAD-1308-525-coated beads to pull down BUB-1 

from insect cell lysate (Fig. 2.3C). This region of the MAD-1 coiled coil is 

moderately conserved (Fig. S2.2E), but functional analysis will be necessary 

to assess if the interaction is conserved in other species. 

In addition to specifically disrupting the interaction of MAD-1 with BUB-

1, we used structural data (Sironi et al., 2002) to engineer a mutation that 

eliminates the interaction of MAD-1 with MAD-2 (Fig. 2.3B; P504A); this 

mutation served as a control in functional assays as it is expected to eliminate 
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checkpoint signaling without affecting the MAD-1–BUB-1 interaction (Fig. 

2.3B).  

2.3.4 MAD-1 Mutants Defective in Interacting With BUB-1 Do Not Localize 

to Unattached Kinetochores and Fail to Support Checkpoint Signaling 

To assess the effect of MAD-1 mutants defective in interacting with 

BUB-1 in vivo, we generated single copy gfp::mad-1 transgenes (Fig. S2.2F) 

and introduced them into the mdf-1(gk2) null mutant ((Kitagawa and Rose, 

1999) referred to as mad-1∆). Immunoblotting confirmed replacement of 

endogenous MAD-1 with comparably expressed transgene-encoded 

GFP::MAD-1 variants (Fig. 2.4A); all transgenes rescued mad-1∆ inviability 

and were propagated in the mad-1∆ background. We next analyzed MAD-1 

localization on monopolar spindles (Fig. 2.4B; Movie S2.4). MAD-1P504A, 

which is defective in interacting with MAD-2, enriched at unattached 

kinetochores but, as it is checkpoint-defective, did not delay the cell cycle; 

consequently, the extent of MAD-1P504A enrichment was lower than for MAD-

1WT (Fig. 2.4B,C). In comparison, MAD-13A and MAD-1D423A, which are 

defective in interacting with BUB-1, accumulated at kinetochores to a 

significantly reduced extent (Fig. 2.4B,C). Thus, mutations that selectively 

disrupt interaction with BUB-1 reduce MAD-1 accumulation at kinetochores. 

Next we measured the monopolar spindle-induced cell cycle delay 

(Essex et al., 2009) in the presence of the engineered MAD-1 mutants. As 

initial experiments revealed that GFP::MAD-1WT was compromised in its ability 
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to induce a robust cell cycle delay (not shown), we re-engineered MAD-1WT 

and all 3 mutants (3A, D423A, P504A) as untagged transgenes. We verified 

expression of transgenes in a background containing mad-1∆ (Fig. 2.4D), 

introduced an mCherry::H2b marker, and measured the time from nuclear 

envelope breakdown (NEBD) to onset of cortical contractility in monopolar 

second divisions (Fig. 2.4E). MAD-13A eliminated the cell cycle delay to the 

same degree as MAD-1 depletion (p=0.5 compared to mad-1(RNAi) and 

p=0.0001 compared to MAD-1WT in unpaired t-tests)—indicating loss of 

checkpoint signaling (Fig. 2.4E). As expected, MAD-1P504A also abrogated the 

delay, whereas MAD-1D423A, which weakens kinetochore localization, had an 

intermediate effect (Fig. 2.4E). Thus, the mutations in the MAD-1 coiled coil 

that selectively disrupt interaction with BUB-1 and perturb MAD-1 targeting to 

unattached kinetochores compromise checkpoint signaling. 

2.3.5 BUB-1 Interaction-Defective MAD-1 Fails to Localize Between 

Separating Chromosomes During Anaphase of Meiosis I 

  While imaging the GFP::MAD-1 strain, we noticed enrichment of MAD-1 

between separating homologous chromosomes during anaphase of oocyte 

meiosis I (Fig. 2.4F), a localization similar to that reported for BUB-1 in fixed 

analysis (Dumont et al., 2010). Simultaneous imaging revealed initial 

localization of BUB-1::mCherry followed  by GFP::MAD-1 at this site (Fig. 

S2.2G). MAD-1 meiosis I anaphase localization required BUB-1 but not the 

NDC-80 or RZZ complexes that are required for MAD-1 to localize to mitotic 
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kinetochores (Fig. 2.4F; Fig. S2.2H). Similar to our analysis of unattached 

kinetochores, MAD-13A exhibited no localization in meiosis whereas MAD-

1P504A localized similarly to controls (Fig. 2.4F). Although the functional 

significance of this non-kinetochore MAD-1 localization is currently unclear 

(Fig. S2.2I), it supports the conclusion that the 3A mutant selectively disrupts 

the MAD-1—BUB-1 interaction rather than the currently poorly understood 

contributions of NDC-80 and RZZ to MAD-1 kinetochore targeting. MAD-1 also 

localized to the periphery of interphase nuclei (Fig. 2.4G; (Chen et al., 1998; 

Campbell et al., 2001; Iouk et al., 2002)). This localization was independent of 

BUB-1, NDC-80 and RZZ (Fig. S2.2J) and was unaffected by the MAD-13A 

and MAD-1P504A mutations (Fig. 2.4G). Thus, both BUB-1-dependent 

localizations of MAD-1 in vivo, to unattached kinetochores and during 

anaphase of meiosis I, are compromised by the MAD-13A mutant, supporting 

the conclusion that the mutated region of MAD-1 mediates an interaction with 

BUB-1. 

2.3.6 Alterations in the BUB-1 Kinase Domain Perturb MAD-1 

Localization to Unattached Kinetochores Independently of Kinase 

Activity 

We next focused on the BUB-1 side of the MAD-1–BUB-1 interaction by 

narrowing the interaction domain to a C-terminal region of BUB-1 that includes 

its kinase domain (Fig. 2.5A). We then used the single amino acid mutant 

MAD-1D423A (Fig. 2.3B) to identify compensatory mutation(s) in the BUB-1 C-
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terminus that restored interaction by yeast two-hybrid (Fig. 2.5A). This effort 

identified a single mutation, N781D, which restored the interaction of BUB-1 

with MAD-1D423A only under low stringency conditions (Fig. 2.5A); no 

restoration was observed with MAD-13A (not shown). The conserved N781 

residue of BUB-1 is located in a helix bracketing the active site with its side 

chain pointing towards the solvent (Fig. 2.5B; (Kang et al., 2008)). In the 

adjacent turn of the helix is a conserved hydrophobic residue (L777) with its 

side chain also facing outward. N781D interacted with MAD-1 but the opposite 

charge substitution to N781K as well as an L777K mutation eliminated the 

interaction (Fig. 2.5B).  

To analyze the BUB-1 point mutants that perturbed interaction with 

MAD-1, we generated an RNAi-resistant bub-1 transgenic system (Fig. 2.5C; 

Fig. S2.3A) and used it to engineer a double L777K;N781K mutation (Fig. 

2.5C; Fig. S2.3B). As the helix containing L777K and N781K may participate 

in substrate binding, we also generated two additional mutant forms of BUB-1 

perturbing kinase activity: K718R;D847N, which inhibits ATP and magnesium 

binding, and D814N, which mutates the catalytic aspartate residue of the 

“HxD” motif (Kang et al., 2008). Similar to BUB-1WT, all three mutant 

transgenes rescued embryonic lethality following BUB-1 depletion (Fig. 2.5C); 

in addition, mCherry-tagged versions of the K718R;D847N and D814N BUB-1 

mutants integrated on Chr II localized normally to kinetochores (not shown). 
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In contrast to BUB-1WT, the L777K;N781K mutant significantly 

compromised checkpoint signaling and MAD-1 accumulation at unattached 

kinetochores (Fig. 2.5D; Fig. S2.3C; Movie S2.5). Surprisingly, the two 

mechanism-based kinase mutants had strikingly different effects. The 

K718R;D847N mutant abolished MAD-1 kinetochore localization and 

abrogated checkpoint signaling; in contrast, the D814N mutant supported 

normal MAD-1 recruitment and checkpoint signaling (Fig. 2.5D; Fig. S2.3C; 

Movie S2.5). We confirmed that the D814N mutation abolished BUB-1 kinase 

activity, using GST-fused C. elegans histone H2a as a substrate (Fig. 2.5E). 

Thus, the kinase activity of BUB-1 is not required for MAD-1 recruitment; 

however, the striking effect of the K718R;D847N mutation suggests that 

destabilization of the kinase domain may compromise interaction with MAD-1. 

A difference between “kinase dead” Bub1 mutants has also been observed in 

mammals—a K796R (equivalent to C. elegans K718R) Bub1 mutant does not 

rescue checkpoint signaling in Bub1 mouse knockout cells whereas a D920N 

(equivalent to C. elegans D847N) fully rescues (D. Perera and S. Taylor, 

personal communication; (Perera and Taylor, 2010)). In addition to serving as 

a cautionary note with respect to “kinase-dead” alleles, the C. elegans and 

mouse results suggest that alterations in the Bub1 kinase domain can 

influence Mad1 targeting independently of kinase activity, and this may in turn 

reflect a role for the conserved kinase domain of Bub1 in checkpoint 

regulation. 
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2.4 Discussion 

We have delineated and selectively perturbed a MAD-1–BUB-1 

interaction that is important for kinetochore targeting of MAD-1 in C. elegans. 

This interaction is likely post-translationally controlled, which would enable 

reversibility following microtubule attachment. A major question that remains to 

be addressed is how RZZ/SPDL-1(Spindly) and NDC-80 contribute to MAD-1 

kinetochore recruitment. The BUB-1K718R;D847N kinase domain mutation that 

abolishes MAD-1 targeting does not affect kinetochore recruitment of SPDL-1 

(Fig. S2.3D). In addition, BUB-1 depletion, which removes MAD-1, does not 

affect NDC-80 localization, and the MAD-13A mutant does not perturb BUB-1 

localization (Fig. S2.3E,F). Thus, disruption of the MAD-1–BUB-1 interaction 

employing point mutants in either MAD-1 or BUB-1 drastically reduces MAD-1 

kinetochore localization without affecting kinetochore pools of NDC-80 and 

RZZ/SPDL-1, suggesting that these other components may control the MAD-

1–BUB-1 interaction. Addressing the conservation of the MAD-1 coiled coil–

BUB-1 interaction and resolving the nature of the contributions of NDC-80 and 

RZZ/SPDL-1 to MAD-1 targeting will be important future goals. 

2.5 Materials And Methods 
 
2.5.1 C. elegans Strains  

C. elegans strains (genotypes in Table S2.1) were maintained at 20°C. 

Engineered transgenes were cloned into pCFJ151 (GFP::MAD-1, MAD-1, 

BUB-1, BUB-1::mCh) or pCFJ352 (BUB-1) and injected into strain EG6429 
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(MAD-1 transgenes), EG4322 (BUB-1, BUB-1::mCh, KNL-1::mCh 

transgenes), or EG6701 (BUB-1 transgenes) (Frokjaer-Jensen et al., 2008; 

Espeut et al., 2012). The amplified mad-1 genomic locus was flanked on the 5’ 

end by GATCGAATGAGACACGAAAC and on the 3’ end by 

GTAACTGATTTTTTTCAGAC. The amplified bub-1 genomic locus was 

flanked on the 5’ end by CTGAAATTAAGACTGGTTTA and on the 3’ end by 

CCAGCCATCCTCTTGTAAAA. For the GFP::MAD-1 transgenes the GFP 

sequence was inserted following the start codon and preceded by a 

CPGGGGGGT linker. For Bub1::mCh the mCherry was introduced prior to the 

stop codon after a TSVNGGRAGS linker. The sequence altered in BUB-1 to 

allow RNAi-mediated depletion of endogenous BUB-1 is shown in Fig. S2.3A. 

Single copy insertion was confirmed by PCR. Transgenic strains were crossed 

into various marker or deletion strains using standard genetic procedures. 

2.5.2 RNA-mediated Interference (RNAi)  

Double-stranded RNAs were generated using oligos (Table S2.2) to 

amplify regions from N2 genomic DNA or cDNA. PCR reactions were used as 

templates for in vitro RNA production (Ambion), and the RNA was purified 

using a MegaClear kit (Ambion). Eluted RNA from the T3 and T7 reactions 

were mixed together (40 µL each), combined with 40 µL 3x soaking buffer 

(32.7 mM Na2HPO4, 16.5 mM KH2PO4, 6.3 mM KCl, 14.1 mM NH4Cl), and 

annealed  (68°C for 10 min., 37°C for 30 min). dsRNA was injected into L3/L4 

hermaphrodite worms 37-47 hours prior to imaging. For double or triple 
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depletions dsRNAs were mixed in equal amounts (≥0.65 mg/ml for each RNA). 

2.5.3 Immunobloting and Immunofluorescence  

For immunobloting a mixed population of worms growing at 20°C on an 

NGM+OP50 agar plate were collected with M9+0.1% TritonX-100, pelleted, 

and washed. Worms were vortexed in a mix of 100 µL M9+0.1% TritonX-100, 

50 µL 4x sample buffer, and 100 µL glass beads and boiled then vortexed and 

boiled again. Samples were run on a SDS-PAGE gel, transferred to 

nitrocellulose, probed with 1 µg/ml affinity-purified anti-MAD-1, or anti-α-tubulin 

(DM1-α; Sigma-Aldrich), and detected using an HRP-conjugated secondary 

antibody. Sample loading was normalized using α-tubulin. For antibody 

production MAD-1(430-679)::6xHis was expressed in E. coli, purified, and 

injected into rabbits (Covance). Serum was affinity purified on a HiTrap NHS 

column to which MAD-1(430-679)::6xHis was covalently coupled. 

For Immunofluorescence, subbing solution was prepared by heating 

100 ml water to 60°C, adding 0.4g of gelatin (G-1890; Sigma-Aldrich), cooling 

the solution to 40°C, adding 0.04g of Chromalum (243361; Sigma-Aldrich); 

100 mg of poly-L-lysine (P-1524; Sigma-Aldrich) was added before stirring for 

2-3 hours and sterile filtering. Slides were prepared by heating subbing 

solution to 50-60°C, immersing the slides and drying them overnight for use 

the next day. 10-13 gravid adult hermaphrodites were dissected into 3 µL 0.8x 

Egg Salts made fresh from a 1x Egg Salt solution (1x=118 mM NaCl, 40 mM 

KCl, 3.4 mM MgCl2, 3.4 CaCl2, 5 mM HEPES pH 7.4) on a slide coated with 
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subbing solution, overlaid with a coverslip, and immersed in liquid nitrogen. 

Coverslips were quickly removed and slides were immersed in -20°C 

methanol for 10-15 min. After washing with PBS the slides were dried with a 

Kimwipe (Kimberly-Clark) except for the area containing the embryos. The 

embryo containing area was circled with a PAP pen, and the embryos were 

blocked with AbDil (PBS, 0.1% Triton X-100, 0.1% NaN3, and 2% BSA) and 

incubated with a mix of Cy3-labeled BUB-1 antibody (Desai et al., 2003) and 

an unlabeled α-tubulin antibody (mouse monoclonal DM1-α; Sigma-Aldrich), 

washed with PBS, and incubated with anti-mouse Cy5 labeled secondary 

antibody (Jackson ImmunoResearch). After washing with PBS, ProLong Gold 

antifade reagent with DAPI (Invitrogen) was added, overlaid with a coverslip, 

and sealed with nail polish. 

2.5.4 Yeast Two Hybrid and Mutagenic Yeast Two Hybrid Screens 

Yeast two hybrid analysis was performed according to the manufacturer 

guidelines (Matchmaker; Clontech Laboratories, Inc.). High stringency refers 

to selection on -Leu/-Trp/-His/-Ade plates; low stringency refers to selection on 

-Leu/-Trp/-His plates. Genes of interest were cloned from wildtype (N2) C. 

elegans cDNA and inserted into either pGADT7 or pGBKT7. Kinetochore 

screens were performed with MAD-1(FL), (1-320), (308-495), (430-679) in 

pGADT7 and MAD-1(1-320), (1-495), (308-495), (430-679) in pGBKT7. 

 Mutagenic PCR was performed on MAD-1 (308-525) in pGADT7 using 

oligos TAATACGACTCACTATAGGGC and AGATGGTGCACGATGCACAG. 
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40 independent 25 µL PCR reactions (15 cycles) employing Standard Taq 

Polymerase (New England Biolabs) were combined and gel purified (Umezu et 

al., 1998). An equal amount of the pooled PCR library was mixed with 

restriction digested MAD-1(308-525) pGADT7 plasmid, and transformed into 

yeast containing BUB-1(625-987) cloned in pGBKT7. Yeast were plated on -

Leu/-Trp dropout plates, and then replica plated onto -Leu/-Trp and -Leu/-Trp/-

Ade/-His plates. Colonies that failed to grow on the quadruple dropout plate 

were recovered from the -Leu/-Trp plates, and the plasmids isolated and 

sequenced. MAD-1 mutants containing single amino acid changes were 

screened by yeast two-hybrid for interaction with MAD-2 (FL) and MAD-1(308-

525) cloned in pGBKT7. Mutants that maintained binding with MAD-1(308-

525) pGBKT7 were screened against MAD-1(308-525) pGBKT7 harboring the 

identical mutation. For the compensatory screen, oligos used to PCR BUB-

1(625-987) were CATCGGAAGAGAGTAGTAACAAAG and 

TTTTCGTTTTAAAACCTAAGAGTC. A mix containing the pooled gel-purified 

PCR product library and cut plasmid (Bub1(625-987) pGBKT7) was 

transformed into yeast harboring MAD-1 D423A (308-525) pGADT7. Plasmids 

were isolated from colonies that grew on selective media and sequenced. 

2.5.5 Imaging and Quantification 

For all experiments, except the ones shown in Fig. 2.4E and S2.3F 

images were acquired using an Andor Revolution XD Confocal System (Andor 

Technology) with a confocal scanner unit (CSU-10; Yokogawa) mounted on an 
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inverted microscope (TE2000-E; Nikon) equipped with solid-state 100-mW 

lasers, 60x, 1.4 NA Plan Apochromat and 100x, 1.4 NA Plan Apochromat lens, 

and an electron multiplication back-thinned charge-coupled device camera 

(iXon, Andor Technology, binning 1x1). Imaging for the experiment shown in 

Fig. 2.4E was performed on an inverted Zeiss Axio Observer Z1 system with a 

Yokogawa spinning-disk confocal head (CSU-X1), a 63x 1.4 NA Plan 

Apochromat objective, and a QuantEM 512SC EMCCD camera 

(Photometrics). Imaging for the experiment shown in Fig. S2.3F was 

performed using a 100X, 1.35 NA U-Planapo oil objective lens (Olympus) on a 

DeltaVision system (Applied Precision) built on an Olympus microscope (IX70) 

and equipped with a CoolSnap CCD camera (Roper Scientific). 80 z-sections 

at 0.2 µm steps were acquired and computationally deconvolved using 

Softworx software (Applied Precision). Environmental temperatures during 

experimental acquisitions averaged 22°C for the Andor system, 19°C for the 

Zeiss system, and 21°C for the DeltaVision system. 

 For live imaging of one and two-cell embryos, gravid hermaphrodite 

adult worms were dissected into M9 buffer, embryos were manually 

transferred to 2% agarose pads, and overlaid with a coverslip. To monitor 

unattached kinetochores (Fig. 2.2A,C; 2.4B; 2.5D; S2.3D) a 6x2 µm z-series 

was collected every 15s in 2-cell embryos. For nuclear pore localization (Fig. 

2.4G; S2.2J), embryos were imaged using a 10x2 µm z-series. For BUB-

1::GFP/KNL-1::mCherry (Fig. 2.2B; S2.1B), and Nuf2HIM-10::mCh (Fig. S2.3E) 
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one-cell embryos were imaged every 20 sec using a 5x2 µm z-series. For the 

monopolar spindle-induced mitotic delay measurements, 2-cell embryos were 

imaged every 15s (Fig. 2.4E) or 20 sec (Fig. S2.3C) with a 5x2µm z series.  

 For meiotic imaging experiments (Fig. 2.4F;S2.2G, 2.H), gravid adult 

hermaphrodites were dissected into 0.8x Egg Salts made fresh from a 1x Egg 

Salt solution (1x=118 mM NaCl, 40 mM KCl, 3.4 mM MgCl2, 3.4 CaCl2, 5 mM 

HEPES pH 7.4), mounted in a microdevice designed for C. elegans embryos 

(Carvalho et al., 2011), and imaged at 100X every 20 sec with 5x2 µm z 

series. For mad-1∆ meiosis I imaging (Fig. S2.2I), homozygous F1 mad-1∆ 

worms were picked from the progeny of a balanced mad-1∆ heterozygote, 

based on absence of the GFP marker inserted on the balancer, and dissected 

to visualize oocyte meiosis I in the recently fertilized F2 mad-1∆ zygotes. 

 All images and movies were processed, scaled, and analyzed using 

ImageJ (Fiji), Photoshop (Adobe) and MetaMorph (Molecular Devices). To 

minimize bleaching of GFP::MAD-1 on monopolar spindles, imaging was 

initiated around the time MAD-1 forms a “cloud” and maximum intensity 

projections of the z-series were generated. The frame where chromosomes 

aligned to form a pseudometaphase plate was identified and used to measure 

kinetochore intensity as described in Fig. S2.1D; prior imaging of a mCh::H2b 

strain was used to confirm that the time of chromosome alignment was similar 

for the different mutants analyzed. For example, the time from NEBD to 

chromosome alignment (in sec) for MAD-1WT:64±9, for MAD-1D423A=66±17, for 
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MAD-13A=57±14, and for MAD-1P504A=69±14 (error is 95% confidence interval 

of the mean; n>10 for each). For Fig. 2.2D, KNL-1::mCh at unattached 

kinetochores on monopolar spindles was measured on the same frame used 

for GFP::MAD-1 quantification. Quantification of BUB-1::GFP; KNL-1::mCh in 

Fig. 2.2D  was performed similarly. 

 Quantification of KNL-1, BUB-1 and Nuf2HIM-10 kinetochore localization 

during metaphase of one-cell embryos and SPDL-1 on monopolar two-cell 

embryos was performed on maximum intensity projections as schematized in 

Fig. S2.1B. A rectangle was drawn around the kinetochore signal and average 

pixel intensity was measured. The rectangle was expanded by 5 pixels on all 

sides and the difference in integrated intensity between the expanded 

rectangle and the original rectangle was used to define the background 

intensity per pixel (Fig. S2.1B). Integrated kinetochore fluorescence was then 

calculated for the original rectangle after background subtraction. 

 Mitotic duration in the presence of monopolar spindles was measured 

as the interval between nuclear envelope breakdown (NEBD) to onset of 

cortical contractility (OCC). NEBD was identified by the equilibration of 

mCh::H2B signal between the nucleus and cytosol; OCC was identified as the 

first frame when persistent blebs formed on the cortex of the embryo. 

2.5.6 Protein Purification and Binding Analysis 

MAD-1(308-525) and MAD-1 3A (308-525) were cloned into pMal-c2X; 

MBP::6xHis, H2A,  and 6xHis::BUB-1 were cloned into pET21a, pGEX6p-1 
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and pFastBac1 respectively. MAD-1(308-525) and MBP::6xHis were 

expressed in BL21(DE3); MAD-1 3A (308-525) and H2A were expressed in 

BL21(DE3)pLysS. E. coli cultures were grown to OD 0.6-0.8 and induced with 

0.1 mM IPTG for 4 hours at 20°C. 6xHis::Bub1 pFastBac1 was transformed 

into DH10EMBacY. Baculovirus was generated following standard procedures 

(Epigenesys, Multibac BEVS; Bac-to-Bac, Invitrogen). High Five cells were 

grown to 1 to 2x106 cells/mL and infected with V1 or V2 virus at 1:30 dilution 

for 48 hours at 27°C. 

 Binding assays were performed by lysing E. coli and insect cells in 5 

mL of 50mM Tris pH 7.6, 100mM KCl, 1:100 lysozyme, 1:100 benzamidine, 

10% glycerol, 5mM 2-Mercaptoethanol, 2mM MgCl2, 0.2mM ATP, 50mM NaF, 

1mM Na3VO4, and a Roche Complete-EDTA free protease inhibitor cocktail 

tablet. Lysates were pelleted and soluble fraction bound to Amylose beads at 

4°C for 30 min. Beads were washed, added to insect cell lysate containing 

6xHis::BUB-1, and rotated at 4°C for 1 hr. Beads were washed and boiled in 

sample buffer. Bead-bound proteins were analyzed by Coomassie staining 

and immunoblotting using 1 µg/ml affinity purified antibody to BUB-1 (Desai et 

al., 2003).  

2.5.7 Kinase Assay 

BUB-1 D814N mutant virus was generated as noted above. High Five 

cells were grown to 1 to 1.75x106 cells/mL and infected with virus for 48 hours 

at 27°C. His and GST purifications were performed employing standard 
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procedures. 6xHis::BUB-1 and GST::H2A were dialyzed into 50mM Tris pH 

7.88, 150mM KCl, 10% Glycerol, 2mM MgCl2, 5mM 2-mercaptoethanol and 

0.2 mM ATP. Kinase reactions were performed with 0.35 µM BUB-1 and 3.5 

µM H2A (1:10 ratio) with 12 µCi [γ-P32] ATP for 1 hour at room temperature. 

After over night exposure, the phosphorimager screen was viewed using a 

Biorad Personal Molecular Imager (PMI). 
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Figure 2.1 A kinetochore protein two-hybrid library screen identifies a MAD-1–
BUB-1 interaction.  
 
(A, left) Schematic of checkpoint signaling mediated by kinetochore-anchored Mad1–
Mad2 complexes. The inactive (O, open) and active (C, closed) conformers of Mad2 
are depicted. (right) Summary of requirements for MAD-1–MAD-2 targeting to 
unattached kinetochores in C. elegans. (B) Summary of kinetochore protein two-
hybrid screen. Strong indicates growth in low and high stringency conditions; weak 
indicates growth only under low stringency conditions. (C) Mapping of the region of 
MAD-1 that interacts with BUB-1 (FL). (D) Biochemical analysis of the MAD-1–BUB-1 
interaction. Experimental schematic is on the left. Bead eluates were analyzed by 
anti–BUB-1 immunoblotting (top right) and Coomassie staining (bottom right). The 
data shown are representative of three experiments. 
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Figure 2.2 MAD-1 accumulation requires kinetochore-localized BUB-1.  
 
(A) The fluorescence intensity of GFP::MAD-1 at unattached kinetochores in 
monopolar spindles was quantified and expressed as a fraction of that in controls. n is 
the number of embryos; error bars are the 95% confidence interval of the mean. Ctrl, 
control. (B) Schematic showing the deleted/mutated regions in the indicated KNL-1 
mutants. Graph plots the ratio of BUB-1::GFP to KNL-1::mCh for each KNL-1 variant 
normalized by dividing by the same ratio for WT KNL-1::mCh. Endogenous KNL-1 
was depleted in all conditions. n is number of embryos analyzed. Error bars are the 
95% confidence interval of the mean. See also Fig. S2.1 B. (C and D) MAD-1 and 
BUB-1 targeting to unattached kinetochores in strains expressing the indicated KNL-1 
variants after depletion of ZYG-1 and endogenous KNL-1. n is the number of 
embryos analyzed. Graph plots the ratio of GFP::MAD-1 (in a mad-1Δ background) or 
BUB-1::GFP to KNL-1::mCh at kinetochores of monopolar spindles in the indicated 
strains. Error bars are the 95% confidence interval of the mean. Bars: (A and C) 5 
µm; (B) 2 µm. 
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Figure 2.3 Unbiased and targeted mutagenesis of the MAD-1 coiled coil.  
 
(A) Schematic summarizing identification of MAD-1 mutants generated by unbiased 
mutagenesis that fail to bind BUB-1. See also Fig. S2.2 A. (B) Schematic of targeted 
heptad mutagenesis and summary of results. Mutations that resulted in no or weak 
BUB-1 binding are indicated. The P504A mutation prevents interaction with MAD-2. 
(C) Biochemical analysis of MAD-13A conducted as in Fig. 2.1D. The blot and gel 
image is representative of three experiments.
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Figure 2.4 Analysis of BUB-1 interaction-defective MAD-1 mutants in vivo.  
 
(A) GFP::MAD-1 variants expressed from single-copy transgene insertions (Fig. 
S2.2F), propagated in a mad-1Δ background, and analyzed by anti–MAD-1 
immunoblotting. α-Tubulin (α-tub) serves as a loading control. (B and C) Images and 
quantification of GFP::MAD-1 variant localization to unattached kinetochores. 
Unpaired t tests show that MAD-13A is significantly reduced relative to MAD-1WT (P 
< 0.0001) and MAD-1P504 (P = 0.0004); MAD-1D423A is also significantly reduced 
(P < 0.0001 relative to MAD-1WT, and P = 0.0066 relative to MAD-1P504). The WT 
value is reproduced from Fig. 2 A. n is number of embryos analyzed. Error bars are 
the 95% confidence interval of the mean. (D) Immunoblotting of untagged MAD-1 
variants. α-Tubulin serves as a loading control. (E) Quantification of time from NEBD 
to onset of cortical contractility in the presence of monopolar spindles. n is number of 
embryos analyzed. The red dotted line indicates mitotic duration in mad-1(RNAi), 
where the checkpoint is inactive. Error bars are the 95% confidence interval of the 
mean. (F) MAD-1 accumulation between separating homologous chromosomes in 
early anaphase of oocyte meiosis I. Time (seconds) on the bottom left of merge 
images are relative to anaphase onset. Images on the bottom left show that this 
localization depends on BUB-1. Images on the bottom right show loss of this 
localization for MAD-13A but not MAD-1P504A. 3–11 embryos were imaged per 
condition. Ctrl, control. (G) Nuclear periphery enrichment of MAD-1 for the indicated 
conditions. Dotted line indicates the embryo outline. More than eight embryos were 
imaged per condition. Bars, 5 µm 
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Figure 2.5 Identification and analysis of BUB-1 mutations affecting  
MAD-1 kinetochore localization.  
 
(A) Identification of the C-terminal region of BUB-1 as the interaction domain for 
MAD-1 and results of a compensatory two-hybrid screen using MAD-1D423A. TPR, 
tetratricopeptide repeat. (B) Location of N781 and other activity-related residues in 
the BUB-1 kinase domain (Protein Data Bank accession no. 3E7E; (Kang et al., 
2008)). Residue numbering: Ce N781 (Hs N879), Ce L777 (Hs L875), Ce K718 (Hs 
K821), Ce K847 (Hs K946), and Ce D814 (Hs D917). Panel on the right shows two-
hybrid analysis of the MAD-1–BUB-1 interaction with N781K and L777K mutations. 
(C) Schematic of bub-1 transgene and analysis of embryo viability after endogenous 
BUB-1 depletion for the indicated variants. At least 7 worms and >445 total embryos 
were scored per condition. Error bars are the 95% confidence interval of the mean. 
Chr I, chromosome I. (D) Images and quantification of GFP::MAD-1 at unattached 
kinetochores for the indicated BUB-1 variants, normalized relative to the WT 
transgene control. n is number of embryos analyzed; error bars are the 95% 
confidence interval of the mean. Bar, 5 µm. (E) Kinase activity assay of WT and 
D814N mutant BUB-1 with GST-fused C. elegans histone H2a as substrate. The blot 
and gel image are representative of three experiments. 
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Figure S2.1 Yeast two-hybrid library, analysis of KNL-1 variant expression, 
MAD-1 localization during bipolar mitosis, and method for quantifying MAD-1 
localization at unattached kinetochores.  
 
(A) C. elegans kinetochore protein library. Tested targets that exhibit at least one 
positive interaction with another tested target protein are marked with a Yes (e.g., 
GSP-1/2 with KNL-1 (Espeut et al., 2012); ROD-1 [aa 1–371] with NDC-80 
(Cheerambathur et al., 2013)), indicating that they are expressed at a sufficient level 
in yeast to enable detection of a positive interaction. The six components that to date 
have not exhibited any positive interactions are marked with a No and could 
represent false negatives as a result of problems with expression/stability of the 
fusions in yeast. (B) Expression of KNL-1::mCh variants monitored by measuring 
integrated kinetochore fluorescence after background subtraction (see schematic for 
method). Endogenous KNL-1 was depleted; the transgene-encoded KNL-1 variants 
are RNAi resistant (Espeut et al., 2012). The WT image is the same as in Fig. 2 B. 
Error bars are 95% confidence interval of the mean. Avg, average; Bkgd, 
background. (C) GFP::MAD-1 localization on bipolar spindles. A one-cell embryo 
depleted of ZYG-1 is shown. As sperm bring in two centrioles, the first division in a 
ZYG-1–depleted embryo is bipolar, and the next division is monopolar (O'Connell et 
al., 2001; Essex et al., 2009). Time (in seconds) is on the bottom left of merge images 
and is relative to NEBD. Bars: (B) 2 µm; (C) 5 µm. (D) Method used to quantify 
localization of GFP::MAD-1 (WT and engineered variants) to unattached kinetochores 
of monopolar spindles (Fig. 2.2, A and D; Fig. 2.4 C; and Fig. 2.5 D). The time point 
chosen for analysis was pseudometaphase plate formation on the monopolar 
spindles (see 2.5 Materials and Methods). Monopolar spindles were oriented with 
their single pole on the right and a 5-pixel-wide line scan was drawn at the same 
image position in the mCh::H2b and GFP::MAD-1 channels. The peak of H2b::mCh 
fluorescence was used to define pixel 0. In the GFP::MAD-1 line scan, 6-pixel-wide 
regions on either side of pixel 0 were searched to identify the peak MAD-1 signal 
(MAD-1Max). Because of the asymmetric “cloud” of nonkinetochore signal, background 
estimation was performed by averaging the pixel intensities between 8 and 12 pixels 
(MAD-1Background). The background was subtracted from MAD-1Max and is reported as a 
measure of the kinetochore-localized signal. This same approach was used for 
measuring GFP::BUB-1 and KNL-1::mCh (WT and variants) localization to 
kinetochores of monopolar spindles (Fig. 2.2, C and D). Videos 1–5 show the entire 
dynamic localization pattern for the different conditions analyzed; two examples are 
shown per condition. The images shown are from GFP::MAD-1(WT) Fig. 2.4 B. A.U., 
arbitrary unit. Bars: (D) 5 µm. 
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Figure S2.2 Hits from unbiased mutagenic yeast two-hybrid, MAD-1 coiled-coil 
sequence, and MAD-1 localization analysis.  
 
(A) List of mutated residues recovered in the unbiased mutagenic yeast two-hybrid 
screen. (B) Sequence of coiled-coil region targeted for mutagenesis of predicted b, c, 
and f residues. The coiled-coil register is predicted with Paircoil2 (McDonnell et al., 
2006). (C) Two-hybrid analysis with FL BUB-1 and MAD-1. BUB-1 (FL) exhibits 
autoactivation in low stringency conditions. Thus, the analysis of BUB-1 (FL)–MAD-1 
(FL) interactions was performed under high stringency. (D) MAD-1308–525 self-
interaction test for 3A and D423A mutants. The analysis was conducted under high 
stringency conditions. (E) Sequence alignment of coiled-coil region preceding the 
Mad2 interaction motif. The accession numbers for the human and frog Mad1 
sequences are NP_003541 and NP_001080972 (obtained from GenBank). The 
alignment was generated using T-Coffee in Jalview 2.8 (Notredame et al., 2000; 
Waterhouse et al., 2009). Light blue, amino acid similarity; dark blue, amino acid 
identity. (F) Single copy transgene insertion system for gfp::mad-1. Anti–MAD-1 
immunoblot (top right) and α-tubulin immunoblot (bottom right); Ů-tubulin (Ů-tub) 
serves as a loading control. Chr II, chromosome II. (bottom) Embryo viability analysis 
for the indicated genotypes. For mad-1Δ, the progeny laid by F1 generation 
homozygotes (derived from a balanced heterozygous parent) were analyzed. Values 
were normalized relative to the WT (N2) control. At least 6 worms and >260 embryos 
were counted per condition. Error bars are 95% confidence interval of the mean. (G) 
Images of early oocyte meiosis I anaphase in a strain expressing GFP::MAD-1 and 
BUB-1::mCh. The sequence shown is representative of six imaged embryos. The 
numbers are the times (in seconds) relative to the first image. (H) Images of early 
oocyte meiosis I anaphase. (top) Region analyzed is described in schematic. Merge 
is a color overlay of the mCh::H2b and GFP::MAD-1 signals. Images show that this 
localization depends on BUB-1 (n = 5) but not ROD-1 (n = 6) or NDC-80 (n = 5). The 
control (Ctrl) and bub-1(RNAi) images are reproduced from Fig. 4 F. (I) Images of 
meiosis I segregation monitored using mCh::H2b in an F2 zygote dissected from an 
F1 homozygous mad-1Δ worm. Time is in seconds relative to anaphase onset. A 
representative sequence from seven imaged mad-1Δ embryos is shown; no 
significant meiotic missegregation was detected by this assay in the imaged embryos. 
(J) Images of nuclear periphery enrichment of MAD-1 for the indicated conditions. 
Dotted line indicates the edge of the multicellular embryo; the embryo shown is the 
same as in Fig. 2.4 G. At least seven embryos were imaged per condition, and a 
representative nucleus for each condition is shown. Bars, 5 µm
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Figure S2.3 BUB-1 transgene, checkpoint signaling in BUB-1 mutants, and 
kinetochore localization analysis of SPDL-1, BUB-1, and NDC-80.  
 
(A) Reencoded nucleotide sequence of bub-1 that was used to generate the RNAi-
resistant bub-1 transgene. In the transgene, the short (44 bp) intron 5 was deleted. A 
dsRNA corresponding to the reencoded region was used to deplete endogenous 
BUB-1 in all RNAi-based replacement experiments. (B) Sequence alignment of the 
region of BUB-1 harboring the compensatory N781D mutation. The alignment was 
generated using T-Coffee in Jalview 2.8 (Notredame et al., 2000; Waterhouse et al., 
2009). See also Fig. 5 B. The two mutations introduced to disrupt the interaction with 
MAD-1 are indicated. Light blue, amino acid similarity; dark blue, amino acid identity. 
(C) Analysis of checkpoint signaling in the presence of monopolar spindles for the 
indicated conditions. The time from NEBD to onset of cortical contractility was 
measured. n refers to the number of embryos filmed. Error bars represent the 95% 
confidence interval of the mean. Selected p-values derived from unpaired t tests are 
annotated on the graph. The red dotted line indicates mitotic duration in bub-1(RNAi), 
where the checkpoint is inactive. (D) Analysis of SPDL-1 localization on monopolar 
spindles generated by ZYG-1 depletion in the presence of BUB-1 WT or the BUB1 
K718R;D847N mutant that prevents MAD-1 localization (Fig. 2.5 D). SPDL-
1::mCh(Cheerambathur et al., 2013); false-colored green in the merge) was crossed 
into a strain harboring the indicated untagged bub-1 transgenes and expressing 
GFP::H2b (false-colored red in the merge). Endogenous BUB-1 was depleted to 
enable replacement with transgene-encoded versions; MAD-2 was depleted to 
equalize cell cycle duration for the two compared states, and ZYG-1 was depleted to 
generate monopolar spindles to assess SPDL-1 localization. Graph on the right 
shows SPDL-1 fluorescence intensity measured similarly to KNL-1 in Fig. S2.1 B. n is 
number of embryos imaged, and error bars represent the 95% confidence interval of 
the mean. The p-value from an unpaired t test shows no significant difference. a.u., 
arbitrary unit. (E) Analysis of Nuf2HIM-10 localization to kinetochores in one-cell 
embryos undergoing bipolar mitosis after BUB-1 depletion. The Nuf2HIM-10 transgene 
rescues the lethal him-10(ok263) deletion (referred to as him-10Δ), and the 
localization analysis was conducted in the rescued strain. Depletion of BUB-1, which 
perturbs chromosome alignment, did not affect Nuf2HIM-10 kinetochore localization. 
Representative metaphase images are shown for a control (Ctrl) and a bub-1(RNAi) 
embryo. Quantification of fluorescence intensity, performed as for KNL-1 in Fig. S1 B, 
is shown on the right. n is number of embryos imaged, and error bars represent the 
95% confidence interval of the mean. The p-value from an unpaired t test shows no 
significant difference between control and bub-1(RNAi). (F) Immunofluorescence 
analysis of BUB-1 localization in the presence of mad-1WT and mad-13A transgenes; 
the endogenous mad-1 locus is deleted. Two representative prometaphase embryos 
are shown per condition; no significant defect in BUB-1 localization was observed in 
mad-13A embryos (n = 7) compared with mad-1WT embryos (n = 20). Bars, 5 µm. 
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Table S2.1 C. elegans strains used in this study. 
 

Strain 
Number 

Genotype 

N2 
(ancestral) 

 

OD56 unc-119(ed3)III; ltIs37 [pAA64; pie-1/mCHERRY::his-58; unc-
119 (+)]IV 

OD738 mdf-1(gk2) V/nT1(qIs51) (IV;V) 
OD975 ltSi1[pOD809/pJE110; Pknl-1::KNL-1reencoded::RFP; cb-unc-

119(+)]II; unc-119(ed3)?III; ddIs68[bub-
1::TY1::EGFP::3xFLAG(92C12)+unc-119(+)] 

OD976 ltSi44[pOD1039/pJE170; Pknl-1::KNL-1reencoded(Mutant 
D85-505)::RFP; cb-unc-119(+)]II; unc-119(ed3)?III; 
ddIs68[bub-1::TY1::EGFP::3xFLAG(92C12)+unc-119(+)] 

OD977 ltSi23[pOD1011/pJE161; Pknl-1::KNL-1reencoded(Mutant 
D291-505)::RFP; cb-unc-119(+)]II; unc-119(ed3)?III;  
ddIs68[bub-1::TY1::EGFP::3xFLAG(92C12)+unc-119(+)] 

OD978 ltSi23[pOD1011/pJE161; Pknl-1::KNL-1reencoded(Mutant 
D85-290)::RFP; cb-unc-119(+)]II; unc-119(ed3)?III; 
ddIs68[bub-1::TY1::EGFP::3xFLAG(92C12)+unc-119(+)] 

OD983 ltSi260[pTK008 Pknl-1::KNL-1reencoded(Mutant D241-
371)::RFP; cb-unc-119(+)]II; unc-119(ed3)?III; ddIs68[bub-
1::TY1::EGFP::3xFLAG(92C12)+unc-119(+)] 

OD1015 ltSi48[pOD1038/pJE169; Pknl-1::KNL-1reencoded(MELT 
repeats mutant)::RFP; cb-unc-119(+)]II; unc-119(ed3)?III; 
ddIs68[bub-1::TY1::EGFP::3xFLAG(92C12)+unc-119(+)] 

OD1016 ltSi261[pTK009 Pknl-1::KNL-1reencoded(Mutant D241-
505)::RFP; cb-unc-119(+)]II; unc-119(ed3)?III; ddIs68[bub-
1::TY1::EGFP::3xFLAG(92C12)+unc-119(+)] 

OD1051 ltSi310[pOD1577/pMM7C; Pmdf-1::mdf-1::mdf-1 3'UTR; cb-
unc-119(+)]II; unc-119(ed3)?III; mdf-1(gk2)V             

OD1052 ltSi1[pOD809/pJE110; Pknl-1::KNL-1reencoded::RFP; cb-unc-
119(+)]II; unc-119(ed3)?III; unc-46 mdf-1(gk2)V; 
jzIs1[pRK139; Ppie-1::GFP::mdf-1 unc-119(+)] 

OD1053 ltSi44[pOD1039/pJE170; Pknl-1::KNL-1reencoded(Mutant 
D85-505)::RFP; cb-unc-119(+)]II; unc-119(ed3)?III; unc-46 
mdf-1(gk2)V; jzIs1[pRK139; Ppie-1::GFP::mdf-1 unc-119(+)] 

OD1075 ltSi310[pOD1577/pMM7C; Pmdf-1::mdf-1::mdf-1 3'UTR; cb-
unc-119(+)]II; unc-119(ed3)?III, ltIs37 [pAA64; pie-
1/mCHERRY::his-58; unc-119 (+)]IV; mdf-1(gk2)V                          
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Table S2.1 C. elegans strains used in this study, continued. 
 

Strain 
Number 

Genotype 

OD1078 ltSi264[pTK011; Pbub-1::Bub1 reencoded-RFP; cb-unc-
119(+)]II; unc-119(ed3)?III; unc-46 mdf-1(gk2)V; 
jzIs1[pRK139; Ppie-1::GFP::mdf-1 unc-119(+)] 

OD1120 ltSi268[pTK013; Pbub-1::Bub1 reencoded; cb-unc-119(+)]II; 
unc-119(ed3)?III; ruIs32[pAZ132; pie-1/GFP::histone H2B]III; 
ddIs6 [GFP::tbg-1; unc-119(+)]V 

OD1121 ltSi270[pOD/pTK014; Pbub-1::Bub1 reencoded(mut K718R, 
D847N) cb-unc-119(+)]II; unc-119(ed3)?III; ruIs32[pAZ132; 
pie-1/GFP::histone H2B]III; ddIs6 [GFP::tbg-1; unc-119(+)]V 

OD1161 unc-119(ed3)?III; ltIs37 [pAA64; pie-1/mCHERRY::his-58; 
unc-119 (+)]IV; mdf-1(gk2) V/nT1(qIs51) (IV;V)   

OD1208 ltSi608[pOD1583/pMM30; pmdf-1::GFP::mdf1::mdf-1 3'UTR; 
cb-unc-119(+)]II; unc-119(ed3)?III; mdf-1(gk2)V            

OD1209 ltSi608[pOD1583/pMM30; pmdf-1::GFP::mdf1::mdf-1 3'UTR; 
cb-unc-119(+)]II; unc-119(ed3)?III; ltIs37 [pAA64; pie-
1/mCHERRY::his-58; unc-119 (+)]IV; mdf-1(gk2)V  

OD1241 ltSi378[pTK022 Pknl-1::KNL-1reencoded(Mutant D136-
505)::RFP; cb-unc-119(+)]II; unc-119(ed3)?III; ddIs68[bub-
1::TY1::EGFP::3xFLAG(92C12)+unc-119(+)] 

OD1262 ltSi609[pOD1584/pMM9; Pmdf-1::mdf-1(P504A)::mdf-1 
3'UTR; cb-unc-119(+)]II;unc-119(ed3)?III; mdf1(gk2)V                      

OD1263 ltSi609[pOD1584/pMM9; Pmdf-1::mdf-1(P504A)::mdf-1 
3'UTR; cb-unc-119(+)]II; unc-119(ed3)?III; ltIs37 [pAA64; pie-
1/mCHERRY::his-58; unc-119 (+)]IV; mdf-1(gk2)V                 

OD1264 ltSi612[pOD1587/pMM2; pmdf-1::mdf1(D423A)::mdf1 3'UTR; 
cb-unc-119(+)]II; unc-119(ed3)?III; mdf1(gk2)V         

OD1265 ltSi612[pOD1587/pMM2; pmdf-1::mdf1(D423A)::mdf1 3'UTR; 
cb-unc-119(+)]II;  unc-119(ed3)?III; ltIs37 [pAA64; pie-
1/mCHERRY::his-58; unc-119 (+)]IV; mdf-1(gk2)V                   

OD1266 ltSi611[pOD1586/pMM4; pmdf-1::GFP::mdf1(D423A)::mdf1 
3'UTR; cb-unc-119(+)]II; unc-119(ed3)?III; mdf1(gk2)V          

OD1267 ltSi611[pOD1586/pMM4; pmdf-1::GFP::mdf1(D423A)::mdf1 
3'UTR; cb-unc-119(+)]II; unc-119(ed3)?III;  ltIs37 [pAA64; pie-
1/mCHERRY::his-58; unc-119 (+)]IV; mdf-1(gk2)V                    

OD1349 ltSi617[pOD1592/pMMB1-1; pbub1::bub1 recoded 
exon5/6::bub1 3'UTR; cb-unc-119(+)]I; unc-119(ed3)III     

OD1357 ltSi613[pOD1588/pMM7; pmdf-1::GFP::mdf1(P504A)::mdf1 
3'UTR; cb-unc-119(+)]II; unc-119(ed3)?III; mdf-1(gk2)V    
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Table S2.1 C. elegans strains used in this study, continued. 
 

Strain 
Number 

Genotype 

OD1358 ltSi613[pOD1588/pMM7; pmdf-1::GFP::mdf1(P504A)::mdf1 
3'UTR; cb-unc-119(+)]II; unc-119(ed3)?III;  ltIs37 [pAA64; pie-
1/mCHERRY::his-58; unc-119 (+)]IV; mdf-1(gk2)V  

OD1421 ltSi620[pOD1595/pMM13; pmdf-1::GFP::mdf1(E419A, R420A, 
D423A)::mdf1 3'UTR; cb-unc-119(+)]II; unc-119(ed3)?III; 
ltIs37 [pAA64; pie-1/mCHERRY::his-58; unc-119 (+)]IV; mdf-
1(gk2)V                         

OD1422 ltSi620[pOD1595/pMM13; pmdf-1::GFP::mdf1(E419A, R420A, 
D423A)::mdf1 3'UTR; cb-unc-119(+)]II; unc-119(ed3)?III; mdf-
1(gk2)V 

OD1429 ltSi621[pOD1596/pMM20; pmdf-1::mdf1(E419A, R420A, 
D423A)::mdf1 3'UTR; cb-unc-119(+)]II; unc-119(ed3)?III; 
ltIs37 [pAA64; pie-1/mCHERRY::his-58; unc-119 (+)]IV; mdf-
1(gk2)V                             

OD1430 ltSi621[pOD1596/pMM20; pmdf-1::mdf1(E419A, R420A, 
D423A)::mdf1 3'UTR; cb-unc-119(+)]II;unc-119(ed3)?III; mdf-
1(gk2)V      

OD1449 ltSi628[pOD1603/pMM2; pbub1::bub1 recoded 
exon5/6(D814N)::bub1 3'UTR; cb-unc-119(+)]I; unc-
119(ed3)III 

OD1452 ltSi629[pOD1604/pMM27; pbub1::bub1 recoded 
exon5/6(K718R;D847N)::bub1 3'UTR; cb-unc-119(+)]I; unc-
119(ed3)III 

OD1559 ltSi617[pOD1592/pMMB1-1; pbub1::bub1 recoded 
exon5/6::bub1 3'UTR; cb-unc-119(+)]I; 
ltSi608[pOD1583/pMM30; pmdf-1::GFP::mdf1::mdf-1 3'UTR; 
cb-unc-119(+)]II; unc-119(ed3)?III; ltIs37 [pAA64; pie-
1/mCHERRY::his-58; unc-119 (+)]IV; mdf-1(gk2)V      

OD1560  ltSi629[pOD1604/pMM27; pbub1::bub1 recoded 
exon5/6(K718R;D847N)::bub1 3'UTR; cb-unc-119(+)]I; 
ltSi608[pOD1583/pMM30; pmdf-1::GFP::mdf1::mdf-1 3'UTR; 
cb-unc-119(+)]II; unc-119(ed3)?III; ltIs37 [pAA64; pie-
1/mCHERRY::his-58; unc-119 (+)]IV; mdf-1(gk2)V  

OD1561  ltSi628[pOD1603/pMM2; pbub1::bub1 recoded 
exon5/6(D814N)::bub1 3'UTR; cb-unc-119(+)]I; 
ltSi608[pOD1583/pMM30; pmdf-1::GFP::mdf1::mdf-1 3'UTR; 
cb-unc-119(+)]II; unc-119(ed3)?III; ltIs37 [pAA64; pie-
1/mCHERRY::his-58; unc-119 (+)]IV; mdf-1(gk2)V  
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Table S2.1 C. elegans strains used in this study, continued. 
 

Strain 
Number 

Genotype 

OD1629 ltSi617[pOD1592/pMMB1-1; pbub1::bub1 recoded 
exon5/6::bub1 3'UTR; cb-unc-119(+)]I; ruIs32[pAZ132; Ppie-
1::GFP::histone H2B; unc- 119(+)]III; unc-119(ed3)?III; 
ltSi35[pOD1034/pRG47; Pspdl-1::SPDL-
1reencoded::mCherry; cb-unc-119(+)]IV       

OD1630 ltSi629[pOD1604/pMM27; pbub1::bub1 recoded 
exon5/6(K718R;D847N)::bub1 3'UTR; cb-unc-119(+)]I; 
ruIs32[pAZ132; Ppie-1::GFP::histone H2B; unc- 119(+)]III; 
unc-119(ed3)?III; ltSi35[pOD1034/pRG47; Pspdl-1::SPDL-
1reencoded::mCherry; cb-unc-119(+)]IV  

OD1704 ltSi382[pOD/pTK027; Pbub-1::Bub1 D814N reencoded; cb-
unc-119(+)]II; unc-119(ed3)?III; ruIs32[pAZ132; pie-
1/GFP::histone H2B]III; ddIs6 [GFP::tbg-1; unc-119(+)]V 

OD1748 ltSi161[pDC117;Phim-10:HIM-10 reencoded::-mCherry; cb-
unc-119(+)]II #1; unc-119(ed3)?III; him-10(ok263)III 

OD1761 ltSi633[pOD1608/pMM34-CC; pbub1::bub1 recoded 
exon5/6(L777K;N781K)::bub1 3'UTR; cb-unc-119(+)]I; unc-
119(ed3)III;      

OD1763 ltSi633[pOD1608/pMM34-CC; pbub1::bub1 recoded 
exon5/6(L777K;N781K)::bub1 3'UTR; cb-unc-119(+)]I; 
ltSi608[pOD1583/pMM30; pmdf-1::GFP::mdf1::mdf-1 3'UTR; 
cb-unc-119(+)]II; unc-119(ed3)?III; ltIs37 [pAA64; pie-
1/mCHERRY::his-58; unc-119 (+)]IV; mdf-1(gk2)V         

OD1774 ltSi261[pTK009 Pknl-1::KNL-1reencoded(Mutant (D241-
505)::RFP; cb-unc-119(+)]II; unc-119(ed3)?III; unc-46 mdf-
1(gk2)V; jzIs1[pRK139; Ppie-1::GFP::mdf-1 unc-119(+)]      

OD1968 ltSi617[pOD1592/pMMB1-1; pbub1::bub1 recoded 
exon5/6::bub1 3'UTR; cb-unc-119(+)]I; unc-119(ed3)?III;  
ruIs32[pAZ132; pie-1/GFP::histone H2B]III; ddIs6 [GFP::tbg-1; 
unc-119(+)]V    

OD1969 ltSi633[pOD1608/pMM34-CC; pbub1::bub1 recoded 
exon5/6(L777K;N781K)::bub1 3'UTR; cb-unc-119(+)]I; unc-
119(ed3)?III; ruIs32[pAZ132; pie-1/GFP::histone H2B]III; 
ddIs6 [GFP::tbg-1; unc-119(+)]V 

TH32 unc-119(ed3)III; ruIs32[pAZ132; pie-1/GFP::histone H2B]III; 
ddIs6 [GFP::tbg-1; unc-119(+)]V 
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Table S2.2 Oligos & templates used for dsRNA production. 

Gene Oligonucleotide 1 
(5'-3') 

Oligonucleotide 2 
(5'-3') Template mg/

mL 

zyg-1  
(F59E12.2) 

AATTAACCCTCA
CTAAAGGTGGAC
GGAAATTCAAAC

GAT 

TAATACGACTCA
CTATAGGAACGA
AATTCCCTTGAG

CTG 

N2 
genomic 

3.6-
1.4 

bub-1  
(R06C7.8) 

AATTAACCCTCA
CTAAAGGCCTCA
TTGAACTTGGAA

ACC 

TAATACGACTCA
CTATAGGGATCC
GAATTGGCACAT

AA 

N2 
genomic 

2-
1.6 

knl-1  
(C02F5.1) 

AATTAACCCTCA
CTAAAGGAATCT
CGAATCACCGAA

ATGTC 

TAATACGACTCA
CTATAGGTTCAC
AAACTTGGAAGC

CGCTG 

N2 cDNA 3.9-
1.5 

rod-1  
(F55G1.4) 

AATTAACCCTCA
CTAAAGGAATGC
AAATCTTTTTGG
ATGGGAGAAAC 

TAATACGACTCA
CTATAGGCATCG
ACGAATTTGATT

CGATCAATC 

N2 cDNA 2.5 

ndc-80  
(W01B6.9) 

AATTAACCCTCA
CTAAAGGTGGAT
GACAAGTACATT
CAGAGATTATAC 

TAATACGACTCA
CTATAGGACGAT
CCAACTCGCTTT

GAATTTCC 

N2 cDNA 2 

mdf-1 
 (mad-1)  

(C50F4.11) 

AATTAACCCTCA
CTAAAGGCAATA
CAAACTTGCCGG

AAC 

TAATACGACTCA
CTATAGGCATTG
ACAGAATCACTC

AGCTC 

N2 cDNA 2.8 

mdf-2  
(mad-2)    

(Y69A2AR.
30) 

AATTAACCCTCA
CTAAAGGGTGAA
CTGACGTCGAG

AATGAG 

TAATACGACTCA
CTATAGGGACG
GATGTAAAGACA

CAAAACG 

N2 
genomic 4.4 
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Chapter 3: Developmental functions of Mad1, 

independent of its role in the spindle assembly 

checkpoint 

 

3.1 Summary 

Since the discovery of Mad1, it has become clear that Mad1 is a critical 

component of the spindle assembly checkpoint (Li and Murray, 1991; Lara-

Gonzalez et al., 2012). It localizes to unattached kinetochores and aids in 

activation of the checkpoint. However, an increasing body of evidence shows 

that Mad1 may also function during development, independent of its 

checkpoint functions (Kitagawa and Rose, 1999; Iouk et al., 2002; Stein et al., 

2007; Tarailo-Graovac et al., 2010; Emre et al., 2011; Cairo et al., 2013). 

Using the model system C. elegans, we characterize a mad1Δ null allele, and 

show that loss of Mad1 leads to infertility, abnormal germline development, 

and a dramatic increase in embryonic lethality. Using a mutant of Mad1 that 

fails to interact with kinetochores and activate the spindle assembly 

checkpoint, we provide evidence that the phenotypes associated with the 

mad1Δ allele are independent of Mad1’s role in the checkpoint. Furthermore, 

these phenotypes are not due to mitotic timing defects or kinetochore-

microtubule attachment errors. 



	  

	  

71 

Mad1 is known to associate with nuclear pore complexes (NPCs) in all 

organisms, and we hypothesized that this localization was important for 

Mad1’s developmental function(s). We determined that Mad1 NPC localization 

requires the pore component Npp21 and found mutations in Mad1 that 

abrogate the Mad1—Npp21 interaction. Further studies will determine if the 

Mad1—Npp21 interaction is required for proper development and fertility.    

3.2 Introduction 

Mitotic arrest deficient 1 (Mad1) was discovered in a genetic screen for 

mutants that failed to arrest in the presence of a microtubule-destabilizing drug 

(Li and Murray, 1991). Extensive work showed that Mad1 is a central 

component of the spindle assembly checkpoint (Musacchio and Salmon, 

2007; Lara-Gonzalez et al., 2012). The spindle assembly checkpoint monitors 

kinetochore-microtubule attachments and is activated when kinetochores are 

unattached. Loss of the spindle assembly checkpoint leads to chromosome 

missegregation and potentially apoptosis or tumorigenesis (Kops et al., 2005b; 

Silk et al., 2013). Depletion or deletion of Mad1 causes loss of the spindle 

assembly checkpoint.  Strikingly, Mad1 is non-essential in S. cerevisiae, but 

has become essential in higher eukaryotes such as C. elegans and H. sapiens 

(Li and Murray, 1991; Kitagawa and Rose, 1999; Iwanaga et al., 2007).  

 The fact that Mad1 is essential in higher eukaryotes is either due to a 

greater requirement for the spindle assembly checkpoint in higher organisms 

or additional developmental functions of Mad1 that are unrelated to the 
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checkpoint.  In C. elegans, deletions of three different checkpoint components 

(Mad1, Mad2, and Mad3) have been analyzed and surprisingly only the Mad1 

deletion is lethal (Kitagawa and Rose, 1999; Hajeri et al., 2008). This genetic 

data argues that Mad1 alone has additional uncharacterized developmental 

functions that are essential for viability independent of its role in the 

checkpoint.  

 Potentially, Mad1 may function during mitosis or at the kinetochore in a 

capacity distinct from its role in the spindle assembly checkpoint. Two different 

studies, one in D. melanogaster and one in H. sapiens tissue culture, showed 

that deletion of Mad1 leads to improper kinetochore-microtubule attachments 

(Emre et al., 2011; Rodriguez-Bravo et al., 2014). In the D. melanogaster 

study deletion of Mad1 also lead to abnormal spindle morphology. This does 

not appear to be conserved in other species such as yeast and worms (Li and 

Murray, 1991; Essex et al., 2009), but precise experiments addressing these 

issues are needed to determine if Mad1 does have additional kinetochore 

functions, what these functions are, and if these functions are conserved.  

Also, Mad1’s developmental function could be related to its interaction 

with the nuclear pore complex. The nuclear pore complex (NPC) is composed 

of a hierarchical network of over 30 different proteins called nucleoporins 

(Nups). (Hetzer and Wente, 2009). The NPC creates pores in the nuclear 

membrane and regulates traffic of molecules larger that 40 kD through these 
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pores. In this way the NPC determines which molecules will remain 

cytoplasmic and which will be imported into the nucleus.  

The localization of Mad1 to NPCs during interphase is conserved in all 

species analyzed, but whether this localization is functionally important is 

unclear. (Chen et al., 1998; Campbell et al., 2001; Iouk et al., 2002; 

Vanoosthuyse et al., 2004; De Souza et al., 2009; Emre et al., 2011). It is 

known that Mad1 localizes to the nucleoplasmic side of the NPC, but what 

component(s) of the NPC directly recruit Mad1 is unknown. The hierarchical 

structure of the NPC makes this question challenging because removal of 

NPC components that affect the NPC protein that directly interacts with Mad1 

will also lead to loss of Mad1. In summary, the NPC components Nup35, 

Nup153, TPR, and the Nup107 sub complex have been implicated in Mad1 

recruitment (Iouk et al., 2002; Boehmer et al., 2003; Scott et al., 2005; Lee et 

al., 2008; De Souza et al., 2009). All of the components named, except for 

TPR, are either not conserved or are upstream of TPR in the hierarchical 

network. (Boehmer et al., 2003; Hase and Cordes, 2003; De Souza et al., 

2009). Hence, TPR stands out as the most likely NPC component that 

interacts with Mad1. TPR is a 270 kD protein that localizes to the 

nucleoplasmic basket of the NPC and is implicated in nuclear mRNA export 

(Bangs et al., 1998; Rajanala and Nandicoori, 2012). TPR is required for Mad1 

NPC localization in all organisms, and a direct interaction between Mad1 and 
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TPR has been reconstituted in vitro. (Scott et al., 2005; Lee et al., 2008; De 

Souza et al., 2009).  

It is clear that Mad1 localizes to NPCs during interphase, but what its 

function at NPCs is debated. In budding yeast, Mad1 appears to regulate the 

trafficking of specific proteins through the NPC during mitosis (Cairo et al., 

2013). However, this does not apply in higher eukaryotes because they break 

down the nuclear membrane and NPCs at the beginning of mitosis (yeast 

perform a “closed” mitosis with the nuclear membrane/NPCs still intact). 

Recently in human tissues culture, Mad1/Mad2 complexes at the NPC were 

found to generate a small yet essential pool of the mitotic checkpoint complex 

(MCC), which “primes” the cell for regulation of the APC/C during mitosis. 

(Rodriguez-Bravo et al., 2014). But, it was clearly shown in yeast that a Mad1 

mutant that cannot localize to NPCs still supports a functional checkpoint 

(Scott et al., 2005). Further investigation is required to assess if the 

recruitment of Mad1 to NPCs is important for development, and what functions 

Mad1 performs at NPCs.  

Overall, it is clear that Mad1 functions in development, but what these 

functions are is unclear. Here we address the developmental consequences of 

a mad1Δ null allele in C. elegans, and strive to identify novel functions of 

Mad1 during development. We show that Mad1 is required for development 

independent of its spindle assembly checkpoint function, and provide evidence 

that Mad1 is not required for normal mitotic timing or formation of kinetochore-
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microtubule attachments.  Finally, we identify an interaction between Mad1 

and the NPC component Npp21 (TPR in human), and show that Npp21 is 

required for Mad1 NPC localization in vivo. Studies are on-going to determine 

if the Mad1—Npp21 interaction is required for proper development and fertility. 

3.3 Results 

3.3.1 MAD-1 is Required for Organismal Viability and Proper Germline 

Development in C. elegans. 

To understand MAD-1’s role in development we set out to characterize 

the phenotype of the mad-1 deletion allele, mad-1(gk2) (referred throughout 

the text and figures as mad1Δ, note that in C. elegans mad-1 is named mdf-1, 

but for simplicity it will be referred to as mad-1 throughout the text and figures). 

The mad1Δ allele contains a 2724 bp deletion that removes the entire mad-1 

gene and a small 107 bp segment of the gene c50f4.16 (Fig. 3.1A). c50f4.16 

is a non-essential NUDIX hydrolase. It was known that the Mad1 deletion 

allele was lethal, and so to allow for phenotypic analysis, we crossed the 

mad1Δ allele to the nT1(qIs51) balancer (Kitagawa and Rose, 1999). The 

nT1(qIs51) balancer is marked with GFP, which allows for efficient selection of 

homozygous mad1Δ worms. Worms that do not express GFP are genetically 

homozygous for the mad1Δ. Western blot analysis revealed that homozygous 

mad1Δ worms completely lack MAD-1 protein expression, proving that the 

mad1Δ allele is a null (Fig. 3.1E).  
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Phenotypic analysis was performed on non-GFP mad1Δ homozygous 

L4 progeny obtained from balanced GFP marked heterozygous mad1Δ 

worms. The homozygous mad1Δ progeny are considered the F1 generation. 

F1’s were singled on OP50 containing plates and scored for total viable 

progeny produced. A subset of L4 stage worms from F1’s progeny were 

singled to new plates and allowed to develop (F2’s). This process was 

repeated until the F4 generation. When compared to the wild type N2 control, 

homozygous mad1Δ F1 worms produced 1/6th the normal amount of viable 

progeny (N2 average = 293 and mad1Δ F1 average = 34). The F2 and F3 

generations produced almost no viable progeny, and the F4 generation 

produced no viable progeny (Fig. 3.1B). Similar phenotypic analysis of the 

mad1Δ was performed by Kitagawa and Rose in 1999 and is in perfect 

agreement with our data (Kitagawa and Rose, 1999). In the analysis 

performed by Kitagawa and Rose they noted that mad1Δ worms show a high 

incidence of germline defects. We scored the various generations of mad1Δ 

worms for abnormal germline development and found that 17% of F1 mad1Δ 

worms developed abnormal germlines (N2 control showed no abnormal 

germline development). Almost all F2 and F3 mad1Δ worms developed 

abnormal germlines (F2=100%, F3=90%; Fig. 3.1C). We therefore conclude 

that the mad1Δ allele is lethal, possibly due to aberrant germline development.  
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3.3.2 mad1Δ Allele Phenotypes is Not Due to Off Target Affect on 

c50f4.16.  

As noted previously the mad1(gk2) deletion allele affects a second 

gene known as c50f4.16. The deletion removes the c50f4.16 start codon as 

well as 104 bp downstream. Therefore the mad1(gk2) allele should be null for 

c50f4.16. Two other null alleles of c50f4.16 (gk518 and gk531) are 

superficially wild type with no apparent lethality suggesting that the mad1Δ 

allele phenotypes are specifically due to loss of mad-1. But, it is possible that 

the concurrent loss of these two genes produce synergistic affects that are 

observed as the mad1Δ allele phenotypes.  

To test this we generated two different single copy mad-1 transgenic C. 

elegans strains (Fig. 3.1A; (Frokjaer-Jensen et al., 2008)). Mad1 is found in 

an operon that, at the time of transgenic strain creation, was annotated to 

contain four genes. More recently an additional gene, nstp-10, was added to 

the operon annotation (Fig. 3.1A). The first mad-1 transgenic strain contained 

the entire originally annotated operon (referred throughout the text and figures 

as Mad1 Operon), and the second transgenic strain contained just mad-1 and 

the gene directly upstream (referred throughout the text and figures as Mad1). 

Importantly the first strain contained c50f4.16 and the second strain did not. 

Both strains were introduced into the mad1Δ null allele, and scored for total 

viable progeny. Both transgenic strains completely rescued the drastic 

reduction in viable progeny caused by the mad1Δ allele (Fig. 3.1D). Also, 
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western blot analysis revealed that both transgenes expressed MAD-1 at 

levels comparable to the N2 control (Fig. 3.1E). These results show that the 

phenotypes observed in homozygous mad1Δ worms are specific to loss of the 

mad-1 gene. 

 3.3.3 MAD-1, But Not MAD-2 or MAD-3, is Required for Viability.   

 Mad1 was originally identified in a genetic screen in yeast for mutants 

that failed to arrest in the presence of a microtubule-destabilizing drug (Li and 

Murray, 1991). Mad2 and Mad3 were the other two proteins identified in this 

screen. All three proteins were later shown to perform important functions in 

the spindle assembly checkpoint (Lara-Gonzalez et al., 2012). In C. elegans, 

deletion alleles of mad-1, mad-2, and mad-3 have been generated and 

developmentally analyzed (Kitagawa and Rose, 1999; Hajeri et al., 2008), but 

never have they been developmentally analyzed in the same experiment (note 

that in C. elegans mad-1 is named mdf-1, mad-2 is mdf-2, and mad-3 is san-1, 

but for simplicity they will be referred to as mad-1, mad-2 and mad-3 

throughout the text and figures).  By comparing the three checkpoint protein 

deletions side by side, we hoped to be able to determine which phenotypes of 

the mad1Δ allele were related to the checkpoint. To determine the 

developmental consequences of deleting mad-1, mad-2, or mad-3 in C. 

elegans we acquired a deletion allele for each: mad-1(gk2), mad-2(tm2190), 

and mad-3(ok1580). We then determined the total progeny produced and 

percent embryonic lethality present in worms homozygous for each deletion. 
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As mentioned the mad-1(gk2) allele is lethal and is propagated in the 

presence of a balancer (Fig. 3.1B); the other two deletions are not lethal and 

are propagated as homozygous deletion strains. Overall, when compared to 

N2 controls, mad-3(ok1580) worms had a 2 fold reduction in total progeny, 

mad-2(tm2190) worms had a 17 fold reduction in total progeny, and mad-

1(gk2) F1s had a 3 fold reduction in progeny (Fig. 3.2A). Also, N2 worms had 

no embryonic lethality, mad-3(ok1580) worms had 2.8% embryonic lethality, 

mad-2(tm2190) worms had 12.8% embryonic lethality, and mad-1(gk2) F1s 

had 57.8% embryonic lethality (Fig. 3.2B).  

Our developmental analysis showed that all three checkpoint proteins 

are required for normal development, but they have distinct phenotypic 

profiles. Specifically, the mad1(gk2) F1 worms contain an extremely elevated 

percent of embryonic lethality (Fig. 3.2B). Also, only the mad1(gk2) allele is 

lethal (Fig 3.1B, 3.2A). This suggests that Mad1 plays a role in development 

independent of its functions in the spindle assembly checkpoint.  

3.3.4 MAD-1’s Spindle Assembly Checkpoint Function is Not Essential 

for Viability  

 The above data suggests that Mad1’s role in development is 

independent of its checkpoint function, but we wanted to experimentally test 

this hypothesis. To test this we used the transgenic mad-1(3A) mutant strain 

developed in the previous chapter (Section 2.3.4). As mention in that chapter, 

mad-1(3A) fails to localizes to unattached kinetochores and fails to activate the 
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spindle assembly checkpoint. Mutant mad-1(3A) and wild type mad-1 were 

crossed to the mad1Δ and total viable progeny was scored. Strikingly, the N2 

control, WT, and 3A transgenic worms produce similar levels of viable progeny 

(N2=293, WT=286, 3A=298; Fig. 3.2C). This experiment implies that Mad1 is 

required for development independent of its spindle assembly checkpoint 

function.  

 We have shown that Mad1’s checkpoint function is not required for 

overall viability and brood size, but we wanted to determine if loss of the 

checkpoint caused less sever phenotypes not seen in our broad analysis. We 

took N2, WT, and 3A L4 stage worms and allowed them to develop into adults 

and produce progeny. Then we scored the progeny for developmental defects 

such as larval arrest, abnormal germline formation, and lethality. N2 and WT 

strains contained minimal amounts of developmental defects (N2=6.4%, 

WT=15.3%). In contrast, 31.5% of the 3A mutant progeny developed 

abnormally (Fig. 3.2D). Together this data shows that the spindle assembly 

checkpoint function of MAD-1 is not required for viability, but still contributes to 

proper C. elegans development.   

3.3.5 MAD-1 is Not Required for Formation of Kinetochore-Microtubule 

Attachments or Mitotic Timing in C. elegans 

Studies of Mad1 have focused on its role in the spindle assembly 

checkpoint, but there are a few interesting publications that implicate Mad1 in 

other mitotic processes. Possibly these other mitotic functions are why Mad1 
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is required during development. Two studies, one in flys and one in human 

tissues culture cells, generated genetic null alleles of mad-1 and determined 

the mitotic consequences (Emre et al., 2011; Rodriguez-Bravo et al., 2014). 

Surprisingly, both studies found that deletion of mad-1 leads to an increase in 

improper kinetochore-microtubule attachments during mitosis. To determine if 

Mad1 was required for proper kinetochore-microtubule attachment formation in 

C. elegans we crossed a mCh::H2b marker into the balanced mad-1Δ allele 

discussed above (Section 3.3.1). Then we selected for homozygous mad-1Δ 

worms and monitored their progeny’s first embryonic mitotic division. No 

lagging chromosomes were detected, suggesting that in C. elegans Mad1 is 

not required for proper kinetochore-microtubule attachments (Fig. 3.2E).  

In addition to its role in kinetochore-microtubule attachment, Mad1 has 

been shown to potentially have a role in mitotic timing, but this is controversial. 

In fly’s, mad-1 null mutants appear to have normal mitotic timing (Emre et al., 

2011). In contrast, mad-1 null mutants in human tissue culture cells have a 

shortened mitotic timing (Rodriguez-Bravo et al., 2014). Finally, in worms, the 

data is conflicting. One study showed that mad-1 null mutants have normal 

mitotic timing, and another showed that mad-1 null mutants have an increase 

in mitotic timing (Tarailo et al., 2007; Tarailo-Graovac et al., 2010). For worms, 

this difference may be due to the different methods used for monitoring mitotic 

timing. To determine if Mad1 was required for mitotic timing in C. elegans, we 

monitored mitotic timing in the homozygous mad-1Δ embryos used in the 
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previous paragraph to monitor kinetochore-microtubule attachment. We found 

that homozygous mad-1Δ embryos had a ~20 sec increase in mitotic timing 

when compared to control, but this was not statistically significant (NEBD to 

anaphase timing: ctrl=130 sec, mad-1Δ=152.5 sec; unpaired t-test p=0.0538; 

n=6 for each condition; Fig. 3.2E,F). This data suggests that Mad1 is not 

required for mitotic timing or kinetochore-microtubule attachments in C. 

elegans, but further analysis needs to be performed to confirm and validate 

this.  

3.3.6 MAD-1 Is a Coiled Coil Dimer.  

We next set out to characterize the MAD-1 protein to see if we could 

gain structural insights that would guide our search for Mad1’s developmental 

role.  Using the Paircoil 2 prediction software we identified three coiled coil 

domains interspersed throughout MAD-1 (Fig. 3.3A (McDonnell et al., 2006)). 

This suggested to us that MAD-1 might exist as a rod-shaped dimer. To 

determine if MAD-1 was in fact a dimer we expressed MAD-1::6xHis in E. coli, 

and then purified it. To purify MAD-1, the soluble fraction (after lyses and high-

speed centrifugation) was submitted to an Ammonium Sulfate cut and then 

purified with affinity chromatography, anion-exchange chromatography, and 

size-exclusion chromatography (Fig. 3.3B). The final concentration of MAD-

1::6xHis was ~0.73 mg/mL.  

Next we performed static light scattering analysis on MAD-1::6xHis to 

determine if MAD-1 was a dimer. The analysis of MAD-1::6xHis showed that 
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MAD-1 exists in solution as a single species with a molecular weight of 164±5 

kD (Fig. 3.3C). Based upon amino acid sequence, a MAD-1 monomer would 

weight 79.5 kD, and a MAD-1 dimer would weigh 159 kD.  Therefore, MAD-1 

exists as a dimer in solution. Static light scattering analysis also determines 

the hydrodynamic radius of the protein. Hydrodynamic radius calculations 

assume that the protein is a sphere and determines the radius of the sphere 

based on how fast the protein diffuses through the solution. The analysis 

predicted that MAD-1 had a hydrodynamic radius of 11.1±4 nm, which is much 

larger that you would expect if MAD-1 was globular. It suggests that MAD-1 is 

rod shaped, but this needs to be repeated and confirmed because the bovine 

serum albumin (BSA) control’s hydrodynamic radius was larger than expected. 

Overall, we are certain that MAD-1 is a dimer, but further testing is required to 

determine exactly what shape the MAD-1 dimer adopts.  

3.3.7 Analysis of MAD-1’s C-terminal RWD domain 

 Mad1’s amino acid sequence is not well conserved across evolution 

except for two small regions. First, the Mad2 interaction motif, which is 

required for Mad1’ s role in the spindle assembly checkpoint, is conserved in 

all model organisms. Second, a region at the very end of Mad1’s C-terminus is 

highly conserved (Fig. 3.3D). We postulated that this second conserved region 

could be required for Mad1’s role in development. In order to determine the 

function of this Mad1 c-terminal conserved region we generated single copy 

transgenic C. elegans strains that contained either mCh::mad-1 or mCh::mad-
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1(P646A, F648A (Frokjaer-Jensen et al., 2008)). P646 and F648 are two 

highly conserved amino acids in the c-terminal conserved region (Fig. 3.3D). 

PCR confirmed that all transgenic integrations occurred properly, but 

fluorescence was only detected in the wild-type mCh::mad-1 strain, suggesting 

that the P646A, F648A mutant was not expressed (data not shown). Western 

blot analysis of wild type mCh::MAD-1 and two independent transgenic strains 

of mCh::MAD-1(P646A, F648A) confirmed that only wild type MAD-1 is 

expressed (Fig. 3.3E).  

 Just after this analysis was performed, Kim et al. published the crystal 

structure of Mad’1s c-terminal domain (Kim et al., 2012). The c-terminal 

domain is composed an RWD (RING finger, WD repeat, DEAD-like helicases) 

domain. The RWD domain is found in many different kinetochore components 

and has been proposed to be important for protein-protein interactions at the 

kinetochore (Ciferri et al., 2008; Corbett et al., 2010; Kim et al., 2012; 

Schmitzberger and Harrison, 2012; Petrovic et al., 2014). Interestingly, the 

amino acids we mutated in the RWD domain, P646 and F648, appear to be 

located in a structured helix and are possibly important for the proper folding of 

this domain (Fig. 3.3F). It is likely that the mCh::MAD-1(P646A, F648A) was 

degraded because it was not folded properly.    

 Very recently, two different groups have performed mutagenic analysis 

of Mad1’s RWD domain and showed that this domain is required for proper 

spindle assembly checkpoint signaling independent of the Mad1-Mad2 
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interaction (Heinrich et al., 2014; Kruse et al., 2014). How or why the RWD 

domain is required for checkpoint signaling unclear. In the future, we would 

like to use the Mad1 transgenic system and the checkpoint assays we have 

developed to determine the function(s) of the RWD domain of Mad1. 

3.3.8 MAD-1 is Recruited to Nuclear Pore Complexes in Somatic Cells 

 It appears that the role of Mad1 during development is not related to its 

spindle checkpoint function or an alternative function during mitosis. Also, it is 

currently unclear if the RWD domain functions solely in the spindle checkpoint 

or possesses an uncharacterized function. Therefore, we decided to 

investigate other possible non-mitotic functions of Mad1. During interphase 

Mad1 localizes to the nuclear pore complexes (NPCs) that dot the nuclear 

membrane. This localization is conserved in every model system, but has not 

been well studied (Chen et al., 1998; Campbell et al., 2001; Iouk et al., 2002; 

Vanoosthuyse et al., 2004; De Souza et al., 2009; Emre et al., 2011; Moyle et 

al., 2014b). Two studies in yeast present data that Mad1 plays a role in 

nuclear import, but if this role is conserved is unclear (Iouk et al., 2002; Cairo 

et al., 2013). Also, a recent human tissue culture study suggests that Mad1 at 

the NPCs prepares the cell for entry into mitosis, but this still needs to be 

reproduced and confirmed in other organisms (Rodriguez-Bravo et al., 2014). 

All of these studies were done in interphase of mitotically cycling cells, but we 

were interested in a function of Mad1 beyond mitosis. To determine if MAD-1 

localizes to NPCs in non-mitotic or somatic cells we looked in L1 and adult 
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stage worms expressing mCh::MAD-1. We found that mCh::MAD-1 still 

localizes to NPCs in cells that will never undergo another round of mitosis. For 

instance, in the L1 stage worm over 90% of the cells are somatic, yet most 

cells still have MAD-1 bound to their NPCs (Fig. 3.4A). This suggested to us 

that MAD-1 at NPCs might be important for organismal development.    

3.3.9 MAD-1 Recruitment to NPCs Requires NPC Component NPP-21 

 In order to determine if localization of MAD-1 to NPCs was required for 

developmental viability we needed to understand how MAD-1 was recruited to 

the NPCs. The NPC is an immense hierarchical protein network that regulates 

passage of proteins between the cytoplasm and nucleus. It contains three 

principal rings: a transmembrane ring, an outer ring, and an inner ring. Also, 

on the cytoplasmic side filaments extend outwards, and on the nuclear side it 

contains a basket-like structure (Fig. 3.4B). Many proteins have been reported 

to be required for Mad1 recruitment, but because of the hierarchical structure 

of the NPC many of these are indirectly required (Iouk et al., 2002; Boehmer et 

al., 2003; Scott et al., 2005; Lee et al., 2008; De Souza et al., 2009). The most 

down stream component of the NPC that is required for Mad1 recruitment is 

TPR (TPR in humans, MLP1/2 in yeast, and NPP-21 in worms). TPR is a 

component of the nuclear basket of the NPC (Fig. 3.4B). It was shown in 

human and yeast that TPR is required for localization of Mad1, and that 

human Mad1 might directly interact with TPR. To determine if MAD-1 was 

recruited to NPCs in C. elegans by NPP-21(TRP) we depleted npp-21 and 
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looked for NPC localization of MAD-1 in early embryonic interphase cells. 

Depletion of npp-21 completly removed MAD-1 from NPCs. This confirmed 

that, like yeast and humans, NPP-21 was required for MAD-1 NPC localization 

in worms.    

  Next, we wanted to determine if NPC localization of MAD-1 affected 

MAD-1’s localization to unattached kinetochores. In C. elegans, during 

unperturbed mitosis, MAD-1 cannot be detected at kinetochores. Depletion of 

zyg-1, a kinase required for spindle pole duplication, generates monopolar 

spindles in the two-cell stage C. elegans embryo. In these monopolar embryos 

MAD-1 is enriched at unattached kinetochores (Fig. 3.4D (Essex et al., 2009; 

Moyle et al., 2014a)). We co-depleted zyg-1 and npp-21 and found that MAD-1 

still localizes to unattached kinetochores. Using a method detailed in the 

previous chapter (See Fig. S2.1D in Chapter 2) we quantified MAD-1 

kinetochore localization of control and npp-21 depleted monopolar embryos 

and discovered that npp-21 depletion reduces MAD-1 kinetochore localization 

to 75% of controls, but this difference is not statistically significant (unpaired t-

test p=0.0708).  Overall, we conclude that NPP-21 is required for NPC 

localization of MAD-1, but not kinetochore localization of MAD-1. 

  Next we wanted to establish if MAD-1 directly interacts with NPP-21. It 

was reported that yeast MAD-1 is recruited to NPCs via its n-terminus (Scott et 

al., 2005). Also, it was reported that the n-terminus of human NPP-21 interacts 

with MAD-1 (Lee et al., 2008). We performed yeast two-hybrid using different 
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fragments of MAD-1 against NPP-21(aa 1-688) and found a strong interaction 

between MAD-1(aa 1-320) and NPP-21(aa 1-688). This validated the 

previously reported data and suggests that these two C. elegans proteins may 

directly interact. Now we are currently trying to validate the yeast two-hybrid 

interaction with purified components in vitro.  

3.3.10 Identification of NPC Binding Mutants of MAD-1 

 We have shown that MAD-1 localizes to NPCs throughout the 

development of C. elegans, and that MAD-1’s recruitment to NPCs is 

mediated through NPP-21. To assess the functional significance of the MAD-

1—NPP-21 interaction in vivo, we performed an unbiased mutagenic yeast-

two hybrid screen with the fragment MAD-1(aa 1-320) (Fig 3.5A). This region 

of MAD-1 strongly interacts with NPP-21(aa 1-688) and also weakly interacts 

with PLK-1 (Polo Like Kinase-1; Fig. 3.4E).  Our analysis identified 9 clones 

containing single amino acid changes in MAD-1(aa 1-320) and 7 clones 

containing multiple amino acid changes in MAD-1(aa 1-320) that disrupted that 

MAD-1—NPP-21 yeast two-hybrid interaction (Fig. 3.5B,C). Overall, these 

clones are scattered throughout a large region of MAD-1(aa 1-320) suggesting 

that many of these mutations might be destabilizing the protein instead of 

specifically disrupting the MAD-1—NPP-21 interaction. To test this a subset of 

these clones was rescreened against PLK-1 to determine if the MAD-1 mutant 

proteins were still expressed and folded properly in the two-hybrid system. 
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Three MAD-1(aa 1-320) single amino acid mutant clones retained interaction 

with PLK-1: K112E, Y175N, and F228S (Fig. 3.5C).  

 To assess the functional significance of the MAD-1—NPP-21 

interaction in vivo we generated single-copy gfp::mad-1 transgenes that 

contained the identified MAD-1 mutations (Frokjaer-Jensen et al., 2008). For 

reasons unknown, gfp::mad-1(F228S) was very weakly expressed, and 

gfp::mad-1(Y175N) still localized to the NPCs during interphase (data not 

shown). However, gfp::mad-1(K112E) failed to localize to NPCs in oocytes 

and embryos (data not shown).  

Therefore, the gfp::mad-1(K112E) mutant was crossed to the mad1Δ 

allele to determine the developmental function of the MAD-1—NPP-21 

interaction. Surprisingly, gfp::mad-1(K112E) localization to NPCs was restored 

in oocytes when in the presence of the mad1Δ null allele (Fig. 3.5D). But, 

gfp::mad-1(K112E) still failed to localize to NPCs in early embryonic 

interphase nuclei (Fig. 3.5E). This suggests that we identified a weak 

hypomorphic mad-1 allele that partially compromises the MAD-1—NPP-21 

interaction. K112 is found in a short coiled coil domain in the n-terminus of 

MAD-1. We generated more severe mutations in the heptad containing K112 

as well as mutations in a conserved patch directly downstream of K112 and 

scored them for NPC localization in vivo (data not shown). None of these 

mutations affected Mad1 NPC localization more than K112E alone. Currently, 

we have generated a gfp::mad-1(aa321-679) transgenic strain and determined 
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that it fails to localize to NPCs (data not shown). Now we are in the process of 

determining the developmental consequences of removing the n-terminus of 

MAD-1 by introducing the mad1Δ allele into this strain. Overall, our findings 

show that MAD-1 localizes to NPCs throughout development, and this 

localization requires NPP-21. We are now beginning to address whether this 

localization is important for C. elegans development.  

3.4 Discussion 

3.4.1 MAD-1 is Required for Proper C. elegans Development and Viability 

Independent of Its Role in the Spindle Assembly Checkpoint 

 Prior analysis and our data clearly show that Mad1 is required for C. 

elegans development and viability (Kitagawa and Rose, 1999). F1 

homozygous mad1Δ worms produce extremely low levels of progeny and 

within 3-4 generations becomes infertile (Fig. 3.1B). For many years this was 

thought to be related to Mad1’s role in the spindle assembly checkpoint. Using 

a mutation in Mad1 that selectively disrupts its ability to interact with the 

kinetochore and activate the checkpoint, we have shown that Mad1’s role in 

development is independent of its checkpoint functions (Fig. 3.2C,D). We also 

presented data that suggests that Mad1’s developmental role is not related to 

an unknown mitotic function (Fig. 3.2E,F). This novel developmental function 

of Mad1 has yet to be determined, but we are pursuing two avenues of study 

that should help identify it.     
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3.4.2 MAD-1 is Required for Proper Germline Development.  

 Phenotypically, mad1Δ worms have very abnormal germline 

development (Fig. 3.1C). Kitagawa and Rose carefully analyzed these 

germline defects and found instances of endomitotic oocytes, tumorous 

germlines, and masculinized germlines (Kitagawa and Rose, 1999). 

Potentially, Mad1 functions during germline development, and this is why loss 

of Mad1 leads to drastic decreases in fertility and increases in germline 

defects. To determine if Mad1’s developmental role is specific to the germline 

we are generating a strain of C. elegans that restricts expression of Mad1 to 

the germline. If Mad1 is required solely in the germline this strain should 

rescue all the phenotypes associated with the mad1Δ allele. Also, we are 

making efforts to temporally characterize germline development in mad1Δ 

worms. Hopefully this characterization will pinpoint the stage or process in 

development that is abnormal in mad1Δ worms.  

3.4.3 MAD-1 Localizes to NPCs Throughout Development   

 In all organisms Mad1 localizes to the NPCs during interphase. Our 

analysis extended this observation and found that Mad1 localizes to NPCs 

throughout development, even in somatic cells. We then determined that 

Mad1 is recruited to NPCs via an interaction with TPR/NPP-21. We are 

currently making efforts to assess the function of the MAD-1—NPP-21 

interaction in vivo. Because localization of Mad1 to NPCs is so well conserved 

throughout evolution, it is entirely possible that Mad1 performs essential 
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functions with or at NPCs. Using the C. elegans model system it should be 

possible to address this hypothesis. Potentially, Mad1 is regulating traffic 

through the NPCs, or maybe it performs a novel function in the nucleus that 

has yet to be hypothesized.  

 Overall, understanding Mad1’s role in development, whether it be 

through germline development or NPCs localization, will undoubtedly unlock 

exciting and novel functions of Mad1. Currently all phenotypic outcomes of 

Mad1 depletion, overexpression, and mutation in the literature are related 

back to its functions in the spindle assembly checkpoint. Uncovering novel 

functions of Mad1 will allow us to reevaluate these assumptions and determine 

if in fact these other functions of Mad1 are more important for development. 

3.5 Materials and Methods 

3.5.1 C. elegans Strains and Analysis 

C. elegans strains (genotypes in Table S3.1) were maintained at 20°C. 

Engineered transgenes were cloned into pCFJ151 and injected into strain 

EG6429 (GFP::MAD-1, MAD-1, and MAD-1 Operon transgenes), EG4322 

(mCh::MAD-1 transgene) (Frokjaer-Jensen et al., 2008). The amplified mad-1 

genomic locus was flanked on the 5’ end by 5’-

GATCGAATGAGACACGAAAC-3’ and on the 3’ end by 5’-

ATAAGAAAATATATTTTCAG-3’. The amplified mad-1 operon genomic locus 

was flanked on the 5’ end by 5’-TAGTTTGGTATTCAGAATTA-3’ and on the 3’ 

end by 5’-CATCTCTTCTTGATCAAATA-3’. For the GFP::MAD-1 and 
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mCh::MAD-1 transgenes the GFP or mCh sequence was inserted following 

the start codon and preceded by a CPGGGGGGT or a GGRAGSVNGS linker 

respectively. For mCh::MAD-1 exon 4 was re-encoded. Single copy insertion 

was confirmed by PCR. Transgenic strains were crossed into various marker 

or deletion strains using standard genetic procedures.  

Analysis of worms was performed by singling L4 stage worms onto 

NGM plates containing OP50. Worms were grown at 20°C. Every 24 hours the 

worm was moved onto a new plate.  24 hours after removal of the single adult 

worm the progeny was analyzed. Data in Fig. 3.1B-C; 3.2A-D were performed 

at the same time and hence have the same N2 control.  

3.5.2 RNA-mediated Interference (RNAi)  

Double-stranded RNAs were generated using oligos (Table S3.2) to 

amplify regions from N2 genomic DNA. PCR reactions were used as 

templates for in vitro RNA production (Ambion), and the RNA was purified 

using a MegaClear kit (Ambion). Eluted RNA from the T3 and T7 reactions 

were mixed together (40 µL each), combined with 40 µL 3x soaking buffer 

(32.7 mM Na2HPO4, 16.5 mM KH2PO4, 6.3 mM KCl, 14.1 mM NH4Cl), and 

annealed  (68°C for 10 min., 37°C for 30 min). dsRNA was injected into L3/L4 

hermaphrodite worms 39-48 hours prior to imaging. For zyg-1/npp-21 double 

depletions RNA was mixed and final concentrations for zyg-1 RNA was 0.92 

mg/mL and npp-21 RNA was 0.46 mg/mL. 
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3.5.3 Immunobloting and Immunofluorescence  

For immunobloting in Fig. 3.1E adult worms were placed in a tube 

containing 500 mL M9, and then 500 mL M9+0.1% TritonX-100 was added. 

The worms were washed 3 times with 1 mL M9+0.1% TritonX-100, most of the 

M9+0.1% triton-100 was removed, and 4x Sample Buffer was added. Worms 

were placed in a sonicating water bath (70°C) for 10 min, and then put at 95°C 

for 5 min. The sonication and boiling was repeated a second time. Final 

concentration of the mix was 2 worms/uL. For immunobloting in Fig. 3.3E a 

mixed population of worms growing at 20°C on an NGM+OP50 agar plate 

were collected with M9+0.1% TritonX-100, pelleted, washed, and vortexed.  

The final concentration of worms to liquid was unknown. All samples were 

normalized using α-tubulin as a loading control. Samples were run on a SDS-

PAGE gel, transferred to nitrocellulose, probed with 1 µg/ml affinity-purified 

anti-MAD-1 (rabbit; antigen was MAD-1(430-679)::6xHis), or 1-5.8 ug/mL anti-

α-tubulin (mouse monoclonal DM1-α; Sigma-Aldrich), and detected using an 

HRP-conjugated secondary antibody (rabbit or mouse; GE Healthcare).  

3.5.4 Yeast Two Hybrid and Mutagenic Yeast Two Hybrid Screen 

Yeast two hybrid analysis was performed according to the manufacturer 

guidelines (Matchmaker; Clontech Laboratories, Inc.). High stringency refers 

to selection on -Leu/-Trp/-His/-Ade plates; low stringency refers to selection on 

-Leu/-Trp/-His plates. Genes of interest were cloned from wildtype (N2) C. 

elegans cDNA and inserted into either pGADT7(MAD-1) or pGBKT7 (NPP-21). 
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Fragment analysis of the MAD-1—NPP-21 interaction was performed with 

MAD-1(FL), MAD-1(1-320) and MAD-1(308-679) against NPP-21(1-688). 

Mutagenic PCR was performed on MAD-1(1-320) in pGADT7 using 

oligos CTATTCGATGATGAAGATACCC and AGATGGTGCACGATGCACAG. 

40 independent 25 µL PCR reactions (15 cycles) employing Standard Taq 

Polymerase (New England Biolabs) were combined and gel purified (Umezu et 

al., 1998). An equal amount of the pooled PCR library was mixed with 

restriction digested MAD-1(1-320) pGADT7 plasmid, and transformed into 

yeast containing NPP-21(1-688) cloned in pGBKT7. Yeast were plated on -

Leu/-Trp dropout plates, and then replica plated onto -Leu/-Trp and -Leu/-Trp/-

Ade/-His plates. Colonies that failed to grow on the quadruple dropout plate 

were recovered from the -Leu/-Trp plates, and the plasmids isolated and 

sequenced. A subset of the identified MAD-1 mutants were screened by yeast 

two-hybrid for interaction with PLK-1 (FL). 

3.5.5 Imaging and Quantification 

Images shown in Fig. 3.4C, D were acquired using an Andor Revolution 

XD Confocal System (Andor Technology) with a confocal scanner unit (CSU-

10; Yokogawa) mounted on an inverted microscope (TE2000-E; Nikon) 

equipped with solid-state 100-mW lasers, 60x 1.4 NA Plan Apochromat lens, 

and an electron multiplication back-thinned charge-coupled device camera 

(iXon, Andor Technology, binning 1x1). Images shown in Fig. 3.2E; 3.5D,E 

were acquired on an inverted Zeiss Axio Observer Z1 system with a 
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Yokogawa spinning-disk confocal head (CSU-X1), a 63x 1.4 NA Plan 

Apochromat objective, and a QuantEM 512SC EMCCD camera 

(Photometrics). Images shown in Fig. 3.4A were acquired on a Nikon Eclipse 

E800 system, a 60x 1.4 NA Plan Apochromat objective, and a Hamamatsu 

ORCA-ER camera.    

 For live imaging of one and two-cell embryos, gravid hermaphrodite 

adult worms were dissected into M9 buffer, embryos were manually 

transferred to 2% agarose pads, and overlaid with a coverslip. To monitor one 

cell embryos a 5x2 um z-series was collected every 15s. To monitor two cell 

monopolar embryos a 6x2 um z-series was collected every 15s. To monitor 

nuclear pore localization of MAD-1 a 15x2 um z-series was collected for 

embryos composed of 10-30 cells.  

All images and movies were processed, scaled, and analyzed using 

ImageJ (Fiji) and Photoshop (Adobe). Analysis and quantification of gfp::MAD-

1 at unattached kinetochores was performed as previously described in 

chapter 2 (Section 2.5.5, and S2.1D). Mitotic timing of one-cell embryos in Fig. 

3.2F was calculated using three major mitotic events: nuclear envelope 

breakdown (NEBD), metaphase plate formation, and anaphase onset. NEBD 

was determined as the first frame that showed equilibration of diffuse 

mCh::H2b between the cytoplasm and nucleus. Metaphase plate formation 

was determined as the first frame that showed a tight chromosomal plate, and 

anaphase was the first frame where chromosome separation was observed.   
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3.5.6 Protein Expression, Purification, and Analysis 

MAD-1::6xHis was cloned into pST39 and had the sequence 5’-	  

AATAATTTTGTTTAACTTTAAGAAGGAGATATACAT-3’ inserted directly 

upstream of the ATG in MAD-1. This inserted sequence contains a 

translational enhancer and the Shine-Dalgarno sequence (Tan, 2001). MAD-

1::6xHis was expressed in Rosetta (DE3)pLysS, E. coli cultures were grown to 

OD 0.6-0.7 and induced with 0.1 mM IPTG for 3.75 hours at 20°C. E. coli 

pellets were lysed in 20 mM Tris pH 8.0, 150 mM NaCl, 5 mM Imidazole, 

1:1000 2-Mercaptoethanol, 1:100 benzamidine, and 1:100 lysozyme. Then an 

ammonium sulfate cut was performed on the soluble fraction after high-speed 

centrifugation. 3.2 grams of ammonium sulfate was added to 16.5 mL of 

sample and mixed for 15 min. Then the mixture was centrifuged at 5000g for 

20 min. at 4°C. The sup was removed and the pellet was resuspended in 17.5 

mL lysis buffer. Then the soluble MAD-1::6xHis was affinity purified using Ni-

NTA agarose (Quiagen). The most concentrated elutions were purified further 

with conventional anion-exchange chromatography (Mono-Q). Finally, the 

most concentrated elutions were again precipitated with a 50% ammonium 

sulfate cut, resuspended in 200uL, and then purified with size-exclusion 

chromatography. Final buffer was 20 mM Tris pH 7.5, 150 mM NaCl, and 1mM 

DTT. This highly pure MAD-1::6xHis was submitted to static light scattering 

analysis. 
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Figure 3.1 MAD-1 is required for developmental viability in C. elegans. 
 
(A) Schematic of mad-1 genomic locus on chromosome V, the mad-1(gk2) deletion 
allele, and two transgenes which include mad-1. (B,C) Analysis of total viable 
progeny and germline development for various generations of homozygous mad1Δ 
worms. mad1Δ is lethal, so it must be balanced. F1 denotes first generation of 
homozygous mad1Δ worms derived from balanced heterozygous mad1Δ parent. 
n=number of worms; error bars are the 95% confidence interval of the mean. The N2 
and part of the mad1Δ(F1) worm data were used previously in Fig S2.2F of Chapter 
2. (D) Analysis of total viable progeny for the indicated genotypes. n=number of 
worms; error bars are the 95% confidence interval of the mean. (E) Immunoblotting of 
worms containing the indicated genotypes. α-tubulin serves as a loading control. 
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Figure 3.2 MAD-1 is required for development independent of its role in the 
spindle assembly checkpoint or other potential mitotic functions. 
 
(A,B) Analysis of total progeny and embryonic viability for the indicated genotypes. 
n=number of worms or embryos; error bars are the 95% confidence interval of the 
mean. The N2 and the mad1Δ(F1) worm data were used  previously in Fig. 3.1B and 
C but were analyzed differently. (C,D) Analysis of total viable progeny and 
developmental defects for the indicated genotypes. Developmental defects were 
scored for a subset of the progeny counted in panel C. n=number of worms; error 
bars are the 95% confidence interval of the mean. The N2 control and mad-1Δ(F2) is 
reproduced from Fig. 3.1B. (E,F) Images and timing analysis of first embryonic 
division monitored using mCh::H2b. mad-1Δ is an F2 zygote dissected from an F1 
homozygous mad-1∆ worm. Time is in seconds relative to NEBD.  A representative 
sequence from 6 imaged Ctrl and 6 imaged mad-1∆ embryos is shown; no significant 
missegregation was detected by this assay in the imaged embryos. n=number of 
embryos; error bars are the 95% confidence interval of the mean. 
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Figure 3.3 MAD-1 is a coiled coil dimer that contains a conserved RWD domain.  
 
(A) Schematic of MAD-1 depicting identified structural domains. Coiled coils were 
predicted using Paircoil2 (McDonnell et al., 2006) (B) Purification scheme for MAD-
1::6xHis. WCL: whole cell lysate, Sup: soluble fraction after high-speed centrifugation, 
ASC: ammonium sulfate cut. His: affinity chromatography using nickel beads, AE: 
anion exchange chromatography, SE: size exclusion chromatography. (C) Static light 
scattering analysis performed on purified MAD-1::6xHis. (D) Sequence alignment of 
the region of MAD-1 harboring part of the conserved c-terminal patch.  The alignment 
was generated using Tcoffee in Jalview 2.8 (Notredame et al., 2000; Waterhouse et 
al., 2009). The two mutations introduced to disrupt the RWD domain are indicated. 
Blue: identical amino acid, Grey: similar amino acid. (E) Immunoblotting of worms 
containing the indicated genotypes. Two independently derived PAF-AAA strains 
were tested (#1 and #2). α-tubulin serves as a loading control. (F) Location of P646, 
A647, and F648 residues in the MAD-1 RWD domain. (PDB:4D7O; (Kim et al., 
2012)). 
	  



	  

	  

103 

	  
Figure 3.4 MAD-1 localizes to NPCs throughout development and is recruited to 
NPCs via NPP-21. 
 
(A) Image of larval 1 (L1) stage worm expressing mCh::MAD-1. ~90% of cells in L1 
stage worm are somatic. DIC: differential interference contrast. (B) Schematic of the 
nuclear pore complex (NPC). Depicted are the different ring layers, the cytoplasmic 
filaments, and the nucleoplasmic basket. NPP-21 localizes to the basket. (C) Nuclear 
pore enrichment of GFP::MAD-1 for the indicated conditions; >10 embryos were 
imaged per condition. “Merge” is a color overlay of the mCherry::H2b (red) and 
GFP::MAD-1 (green) signals. (D) Fluorescence intensity of GFP::MAD-1 at 
unattached kinetochores in monopolar spindles. Intensity was quantified and 
expressed as a fraction of that in controls. n=number of embryos; error bars are the 
95% confidence interval of the mean. “Merge” is a color overlay of the mCherry::H2b 
(red) and GFP::MAD-1 (green) signals. (E) Mapping of the region of MAD-1 that 
interacts with NPP-21. High: high stringency. 
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Figure 3.5 Unbiased mutagenic analysis of the MAD-1—NPP-21 interaction 
domain. 
 
(A) Schematic summarizing identification of MAD-1 mutants generated by unbiased 
mutagenesis that fail to bind NPP-21. (B) List of mutated residues recovered in the 
unbiased mutagenic yeast two-hybrid screen. (C) Yeast two hybrid analysis for three 
mutations in MAD-1 that affect NPP-21 interaction but not PLK-1 interaction. (D) 
Images of nuclear pore localization of GFP::MAD-1 in oocyte nuclei for the indicated 
genotypes. (E) Images of nuclear pore localization of GFP::MAD-1 in early embryo 
nuclei for the indicated genotypes. 
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Table S3.1 C. elegans strains used in this study. 

Strain 
Number 

Genotype 

AG164 mdf-2(tm2190) 
N2 

(ancestral) 
 

OD56 unc-119(ed3)III; ltIs37 [pAA64; pie-1/mCHERRY::his-58; 
unc-119 (+)]IV 

OD738 mdf-1(gk2) V/nT1(qIs51) (IV;V) 
OD787 ltSi296[pOD1563; Pmdf-1::mCherry::mdf-1(P646A; F648A) 

reencoded exon 4::mdf-1 3'UTR; cb-unc-119(+)]II; unc-
119(ed3)III 

OD1050 ltSi311[pOD1578/pMM17O; Pmdf-1 operon::mdf-1::mdf-1 
3'UTR; cb-unc-119(+)]II; unc-119(ed3)III?, mdf-1(gk2)V              

OD1051 ltSi310[pOD1577/pMM7C; Pmdf-1::mdf-1::mdf-1 3'UTR; cb-
unc-119(+)]II; unc-119(ed3)III?;  mdf-1(gk2)V             

OD1161 unc-119(ed3)?III; ltIs37 [pAA64; pie-1/mCHERRY::his-58; 
unc-119 (+)]IV; mdf-1(gk2) V/nT1(qIs51) (IV;V)   

OD1209 ltSi608[pOD1583/pMM30; pmdf-1::GFP::mdf1::mdf-1 3'UTR; 
cb-unc-119(+)]II; unc-119(ed3)III?; ltIs37 [pAA64; pie-
1/mCHERRY::his-58; unc-119 (+)] IV; mdf-1(gk2) V  

OD1430 ltSi621[pOD1596/pMM20; pmdf-1::mdf1(E419A, R420A, 
D423A)::mdf1 3'UTR; cb-unc-119(+)]II;unc-119(ed3)III?; 
mdf-1(gk2)V      

OD1518 unc-119(ed3)III?;ltSi625[pOD1600/pMM37; pmdf-
1::GFP::mdf1(K112E)::mdf1 3'UTR; cb-unc-119(+)]II; mdf-
1(gk2)V   

RB1391 san-1(ok1580) I. 
 ltSi192[pOD1562; Pmdf-1::mCherry::mdf-1 reencoded exon 

4; cb-unc-119(+)]II; unc-119(ed3)III?;  unc-46(e177) mdf-
1(gk2)V  
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Table S3.2 Oligos & templates used for dsRNA production. 

Gene Oligonucleotide 1 
(5'-3') 

Oligonucleotide 2 
(5'-3') Template mg/

mL 

zyg-1  
(F59E12.2) 

AATTAACCCTCA
CTAAAGGTGGAC
GGAAATTCAAAC

GAT 

TAATACGACTCA
CTATAGGAACGA
AATTCCCTTGAG

CTG 

N2 
genomic 1.5 

npp-21  
(R07G3.3) 

AATTAACCCTCA
CTAAAGGTTTCT
GAGCATCAAGCA

TCG 

TAATACGACTCA
CTATAGGTGAAC
GTCAAAGCAGAA

TGC 

N2 
genomic 1.2 
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Chapter 4: Conclusions and Future Directions 

 

4.1 Recruitment of Mad1 to Unattached Kinetochores 

 During mitosis, kinetochores must be properly attached to microtubules 

to ensure faithful segregation of the chromosomes at anaphase. Unattached 

kinetochore “sense” that they are unattached and recruit the Mad1/Mad2 

complex to activate the spindle assembly checkpoint (Rieder et al., 1995). 

However, it was unclear how the unattached kinetochore recruited the 

Mad1/Mad2 complex to activate the checkpoint. Answering this question 

became the central focus of my dissertation research.  

4.1.1 Bub1 Directly Interacts With and Recruits Mad1 to Unattached 

Kinetochores  

 Previous research from a graduate student in my lab mapped out the 

interaction network that leads to Mad1/Mad2 recruitment in C. elegans (Essex 

et al., 2009). It was clear from this study that the recruitment of Mad1/Mad2 

was complex, but it was completely unclear what directly recruited Mad1/Mad2 

to kinetochores. By preforming a kinetochore wide yeast two-hybrid screen, I 

identified Bub1 as a Mad1 interactor, and then validated this interaction in 

vitro. Further study of the Mad1—Bub1 interaction determined that a small 

coiled coil region directly upstream of Mad1’s Mad2 interaction motif was 

essential for the Mad1—Bub1 interaction. Mutations in the coiled coil lead to 

loss of the Mad1—Bub1 interaction in vitro and failure to recruit Mad1 to 
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kinetochores and activate the checkpoint in vivo. This data showed that Bub1 

directly recruits Mad1 to unattached kinetochores via a small coiled coil 

domain on Mad1. 

Next, I determined what region of Bub1 is mediating this interaction. 

Surprisingly, I found that the c-terminal portion of Bub1 that contains its kinase 

domain was required for the Mad1—Bub1 interaction, and that this domain 

directly interacts with Mad1. The role of Bub1’s kinase domain in the 

checkpoint has been controversial. Two elegant studies in yeast and mouse 

showed that deletion of the Bub1 kinase domain did not affect checkpoint 

signaling (Warren et al., 2002; Perera and Taylor, 2010). Yet another equally 

compelling study in mouse showed that kinase dead Bub1 could not produce 

an active checkpoint (Ricke et al., 2012). To address this question I generated 

various kinase dead versions of Bub1 and showed that kinase activity was not 

required for recruitment of Mad1 to kinetochores, but that the kinase domain 

was. This suggests that either the recruitment of Mad1 by Bub1 is different in 

the various model systems, or that during evolution Bub1 has acquired 

multiple interfaces that interact with Mad1. Overall, my studies answered a 

central question in spindle checkpoint activation. I clearly showed that Bub1 

recruits Mad1 to unattached kinetochores in order to activate the spindle 

assembly checkpoint. What now must be addressed is how this interaction is 

regulated. Bub1 is a stable component of the kinetochore, yet it only recruits 

Mad1 to unattached kinetochores. The most plausible hypothesis is that Bub1 
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is being post-translationally modified when the kinetochore recognizes that it is 

unattached.  

A paper that was published around the same time as mine suggests 

this idea (London and Biggins, 2014).  This paper focused on the Mad1—

Bub1 interaction in yeast. In this study they also identified the Mad1—Bub1 

interaction and showed that it is direct. They determined that the central region 

of Bub1 (aa369–608) is sufficient to recruit Mad1 to the kinetochore. 

Interestingly, they showed that the kinetochore kinase Mps1 is important for 

the Mad1—Bub1 interaction. Furthermore, they provided evidence that Bub1 

is a phosphotarget of Mps1, and phosphorylated Bub1 directly binds with 

Mad1 in vitro. Alanine substitutions in Mps1 phosphosites on Bub1 caused 

loss of Mad1 at kinetochores and failed to activate the spindle checkpoint. In 

summary, this study provided clear evidence that Mps1 phosphorylates Bub1, 

and this phosphorylation makes Bub1 competent to recruit Mad1. But, what 

was missing was evidence that this phosphorylation is the key step in Mad1 

recruitment and checkpoint activation. To address this one should make a 

phosphomimetic Bub1 mutant and assess if Mad1 is constitutively recruited to 

kinetochores. Also, C. elegans lacks an Mps1 homolog suggesting that this 

Mad1—Bub1 recruitment mechanism might be absent in C. elegans or that a 

different kinase is performing this function. Phosphorylation of Bub1 by Mps1 

or a different kinase could be the key step in checkpoint activation, but further 
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studies will have to address whether this is indeed true and if this mechanism 

is conserved.  

4.1.2 Role of NDC80 Complex and RZZ/Spindly Complex in Recruitment 

of Mad1 to Unattached Kinetochores 

 From my analysis it was clear that Bub1 directly interacts with Mad1 

and is essential for recruitment of Mad1 to unattached kinetochores. Yet, 

previous RNAi depletion work had found that three complexes (the NDC80 

complex, the RZZ/Spindly complex, and the Bub1/Bub3 complex) were all 

independently required for Mad1 recruitment (Yamamoto et al., 2008; Essex et 

al., 2009). The NDC80 complex is a member of the KMN network, and aids in 

the capture and persistent stable attachment of kinetochores to microtubules. 

It is therefore interesting to hypothesize that the NDC80 complex could 

transmit information to the kinetochore regarding its attachment state. When 

the NDC80 complex is not properly attached to microtubules it could relay this 

information to the kinetochore, and this in turn could lead to recruitment of 

Mad1 and checkpoint activation. But, how the NDC80 complex could relay this 

information is unclear. Potentially, NDC80 could be post-translationally 

modified in the unattached state. Also, maybe it can only interact with a 

specific protein in the unattached state, and this protein leads to checkpoint 

activation. Future experiments will undoubtedly address these questions and 

determine the function of the NDC80 complex in Mad1 recruitment.  



	  

	  

111 

 The RZZ/Spindly complex is required for recruitment of Mad1 to 

unattached kinetochores. Interestingly, the RZZ/Spindly complex is also 

required for recruitment of Dynein. Dynein is a motor protein that, after 

kinetochores are attached to microtubules, “walk” along the microtubules 

towards the spindle poles (Howell et al., 2001; Wojcik et al., 2001). This motor 

carries the RZZ/Spindly complex and the Mad1/Mad2 complex to the spindle 

poles. This stripping mechanism is important for timely silencing of the spindle 

assembly checkpoint (Gassmann et al., 2010). Perhaps the RZZ/Spindly 

complex is required for Mad1 recruitment because it links activation and 

silencing of the checkpoint. This would allow cells to properly activate the 

checkpoint and then immediately silence it when correct attachments occur. 

However, no direct interaction between Mad1 and RZZ/Spindly has been 

identified. Potentially, there is an unknown protein that mediates this 

interaction, but it is much more likely that, because of the complicated 

architecture of the kinetochore, this interaction is hard to recapitulate in vitro.  

Overall, the Bub1/Bub3 complex, the NDC80 complex, and the RZZ/Spindly 

complex are required for recruitment of Mad1 to unattached kinetochores, but 

future studies are required to determine exactly how the NDC80 complex and 

the RZZ/Spindly complex regulate the Mad1—Bub1 interaction.  
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 4.1.3 Mad1 Localizes Between Separating Chromosomes During 

Anaphase of Meiosis I 

 One of the most exciting discoveries made during my dissertation work 

was that Mad1 localizes between separating chromosomes during anaphase 

of meiosis I. Bub1 also localizes to this structure, and localization of Mad1 is 

Bub1 dependent. To determine if this Mad1 localization was required for 

proper meiotic segregation, we assayed meiotic segregation in homozygous 

mad1Δ embryos. In this assay we did not detect any segregation errors. 

Maybe Mad1 localization between separation chromosomes is not required for 

segregation in an unperturbed state, but becomes important when 

chromosomes are aberrantly aligned or segregated (this would be similar to its 

role in the spindle assembly checkpoint). To test this hypothesis we need to 

identify a perturbation such as a temperature sensitive allele that would slightly 

elevate segregation errors in meiosis without affecting the kinetochore or 

Mad1’s localization. We have been unable to identify such an allele, but 

continue to search. Also, because these spots in meiosis are so novel, it is 

important to determine what proteins localize there, and what is the hierarchy 

of this structure. Work in our lab found that the kinase Aurora B is required for 

localization of Bub1 to this structure, but further work is required to determine 

the components and interactions that form this structure (Dumont et al., 2010). 

Overall, the composition and functions of this novel structure are just 
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beginning to be understood, and continued study will likely led to identification 

of new cell biological process and identification of novel functions of Mad1. 

4.2 Developmental Functions of Mad1 

4.2.1 Mad1 is Required for Development Independent of Its Role in the 

Spindle Assembly Checkpoint 

Previous analysis as well as our own personal analysis showed that 

Mad1 is required for C. elegans development and viability (Kitagawa and 

Rose, 1999). For many years this was thought to be directly related to its 

spindle assembly checkpoint functions. It was hypothesized that slight 

chromosome missegregation caused subtle developmental defects which over 

a few generations caused lethality (Kitagawa and Rose, 1999). We decided to 

directly test this hypothesis with a Mad1 mutant that cannot localize to 

kinetochores or activate the checkpoint. Surprisingly, this Mad1 mutant 

completely rescued the lethality of the mad1Δ allele. More carefully analysis 

revealed that this checkpoint null Mad1 mutant produced similar levels of 

progeny to wild type Mad1, yet had a two-fold increase in developmental 

defects. This implies that the checkpoint is important for development, but is 

not the function of Mad1 that is required for viability. Mad1 must have an 

unidentified role in development that is independent of its role in the spindle 

assembly checkpoint. 
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4.2.2 Mad1 is Required for Germline Development 

 One of the striking features of homozygous mad1Δ worms is the drastic 

increase in abnormal germline development (Kitagawa and Rose, 1999). We 

found in the F2 and F3 generations 90-100% of adult worms had abnormal 

germlines. It is possible that Mad1 is performing a vital function in germline 

development. It is hard to speculate what this function might be, but we are 

currently developing experiments to address this question. We are going to 

generate a transgenic worm strain that has Mad1 expression restricted to the 

germline tissue. This strain will then be crossed to the mad1Δ allele and 

developmentally analyzed. If Mad1 in the germline is sufficient to rescue the 

mad1Δ lethality, we will perform additional experiments to uncover why. There 

is a mutation in C. elegans (glp-4 temperature sensitive allele) that inhibits 

germline development. glp-4 mutant worms reach adulthood but lack the 

germline tissue. We would perform IP/Mass Spec for Mad1 in wild type and 

glp-4 mutants and hopefully identify novel germline specific interactors of 

Mad1.  This information would then be used to better understand Mad1’s role 

in germline development.  

4.2.3 Mad1 Localizes to Nuclear Pore Complexes (NPCs) Throughout 

Development. 

 It was clear in early studies of Mad1, that Mad1 localizes to NPCs 

during interphase, and this localization is conserved in all model systems 

(Chen et al., 1998; Campbell et al., 2001; Iouk et al., 2002; Vanoosthuyse et 
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al., 2004; De Souza et al., 2009; Emre et al., 2011; Moyle et al., 2014b). We 

hypothesized that Mad1 at the NPCs was important for overall development 

and viability. To test this hypothesis we needed to first identify what is 

recruiting Mad1 to NPCs, and then assess the role of this interaction in vivo.  

There is an increasing body of literature that shows that in other 

systems the protein TPR is required for recruitment of Mad1 to NPCs (Iouk et 

al., 2002; Scott et al., 2005; Lee et al., 2008; De Souza et al., 2009). In fact, 

one study provided evidence that TPR can directly interact with Mad1 (Lee et 

al., 2008). TPR is a component of the nucleoplasmic basket located on the 

edge of the NPC. We found that in C. elegans, Npp21(TPR homolog) is 

required for recruitment of Mad1 to NPCs, and determined that the n-terminus 

of Mad1(aa1-320) interacts with the n-terminus of Npp21(aa1-688). Next we 

performed an unbiased mutagenic yeast-two hybrid screen and identified a 

single amino acid mutant in Mad1 that abrogated the Mad1—Npp21 

interaction. In vivo analysis showed that the Mad1 mutant was hypomorphic 

and still displayed weak NPC localization. We generated more severe 

mutations in the identified Mad1 region, but no mutations we created 

completely abolished Mad1 NPC localization. Now we have created transgenic 

worm strains that contain large n-terminal deletions in Mad1 and found that 

these do not localize to NPCs. Currently, we are analyzing the developmental 

consequences associated with removal of Mad1 from the NPC. This project is 

on-going, and will hopefully lead to novel insights into the role of Mad1 at 
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NPCs and, more broadly, uncover the unknown role(s) of Mad1 during 

development.  
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