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ABSTRACT 

 

The replicated genetic material is equally divided into two daughter cells during mitosis. 

Aurora B kinase plays a crucial role in achieving error free segregation of chromosomes. 

It generates the spindle checkpoint signal that ensures each kinetochore has made mature 

microtubule attachments and triggers pathways that correct erroneous kinetochore 

attachments. There is evidence that Aurora B kinase activity is regulated directly and also 

by controlling its localization at centromeres. At the beginning of this thesis work, it was 

not clear which was the dominant regulatory mechanism. Also, how CPC localizes to 

centromeres was unclear.  This thesis is devoted to understanding the signaling pathways 

that mediate proper localization of Aurora B and regulation of its kinase activity. In 

Chapter 1 I will introduce the chromosome passenger complex (CPC) of which Aurora B 

is the catalytic subunit, its substrates and its overarching role in various mitotic processes. 

In Chapter 2 I will discuss how three different signaling pathways converge at the inner 

centromeres to localize Aurora B. In Chapter 3 I will highlight key cofactors that regulate 

Aurora B activity and elaborate its significance in context of the cell cycle. Finally, 

Chapter 4 will describe the complexity of Aurora B regulation. I will highlight its role as 

a control center for integrating signals from a multitude of sources to ensure error free 

chromosome segregation. I will also discuss some observed but yet unexplored events in 

mitosis. 
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Mitosis and Chromosomal Passenger Complex 
 
Maintenance of a stable genome depends on equal distribution of replicated genetic 

material during each cell division. In eukaryotes, it is achieved by a highly conserved 

process called mitosis. German researcher and anatomist Walther Flemming began his 

pioneering study of mitosis more than 150 years ago (Paweletz, 2001). Cells undergo 

profound changes in their structure and a series of events are orchestrated with very high 

precision and precise timing during mitosis. Errors in this process lead to unequal 

segregation of genetic material or aneuploidy, a condition that is associated with 

tumorigenesis and birth defects (Boveri, 1914; Ganem et al., 2007). Over the course of 

mitosis self-organization of the mitotic spindle machinery aligns the chromosomes to the 

center of the cell which is followed by segregation of sister chromatids to the poles. 

Cytokinesis commences to generate two daughter cells.  

 

Mitotic Stages  

 After replicating the genetic material the cells prepare for mitosis in G2 phase. 

Cells enter mitosis when they attain a critical concentration of CyclinB/CDK1 activity 

(Porter and Donoghue, 2003; Sha et al., 2003). This stage, called prophase, is defined by 

gross changes in chromatin morphology where the genetic material is packaged into 

condensed chromosomes. Centrosomes, which are the microtubule organizing centers 

(MTOC), migrate to opposite ends of the nucleus and prepare to form the bipolar spindle 

(Varmark, 2004). Nuclear envelope breakdown marks the prophase-prometaphase 

boundary, although some species can undergo mitosis with their nuclear envelope intact 

(De Souza and Osmani, 2007). Large multi-protein complexes called kinetochores are 
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assembled around centromeres on every chromosome in prometaphase. During this stage 

kinetochores start forming microtubule attachments that initiate the chromosome 

congression process (Maiato et al., 2004). Successful congression leads to bi-orientation 

of chromosomes, where each sister chromatid is attached to opposite poles through the 

kinetochores, that form a compact structure referred to as the metaphase plate. Proper 

kinetochore–microtubule attachment coupled with centromeric cohesion between the 

sister chromatids allows tension to build within the mitotic spindle (Gruber et al., 2003). 

This process is completely self-organized and highly orchestrated. It is important to 

mention here that cells do not progress further until all chromosomes are aligned at the 

metaphase plate (Rieder et al., 1994). This is called the spindle checkpoint, and I will 

discuss this in further detail in the following section. Upon satisfying the spindle 

checkpoint CyclinB is degraded by the anaphase promoting complex/cyclosome (APC/C) 

ubiquitin ligase, which initiates a cascade of events that leads to loss of sister chromatid 

cohesion (Nasmyth, 2002). This coupled with microtubule depolymerization results in 

separation of the sister chromatids and their migration towards the pole. This stage is 

called anaphase, which is followed by cytokinesis where the furrow divides the cell into 

two daughter cells. Finally, in telophase the cytokinetic furrow ingression is completed, 

the cell forms a nuclear envelope around the acquired copy of genome and the chromatin 

decondenses. 

In mammals this whole process takes about an hour and every component 

involved in it works in a perfectly orchestrated manner. It is analogous to a classical 

symphony of which Aurora B plays the role of the ‘conductor’ (Ruchaud et al., 2007).  
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Aurora B and its fellow passengers 

Aurora kinase was first discovered in Drosophila where mutation in this gene 

resulted in a failure of centrosome separation generating monopolar spindles, hence it 

was given the name “Aurora,” reminiscent of the North Pole (Glover et al., 1995). Since 

then homologues of Aurora have been identified in different species (Adams et al., 2000; 

Chan and Botstein, 1993; Schumacher et al., 1998). Aurora B is the catalytic subunit of a 

four protein complex called the ‘Chromosomal passenger complex’ (CPC), where the 

three non-catalytic subunits are INCENP, survivin and Dasra/ Borealin (Cooke et al., 

1987; Earnshaw and Cooke, 1991; Carmena and Earnshaw, 2003; Vagnarelli and 

Earnshaw, 2004; Vader et al., 2006; Terada et al., 1998; Adams et al., 2000; Honda et al., 

2003; Sampath et al., 2004; Gassmann et al., 2004; Nakajima et al., 2009; Bolton et al., 

2002). The in vivo localization of the CPC proteins was first observed with a monoclonal 

antibody against ‘inner centromeric protein’ INCENP (Earnshaw and Cooke, 1991). It 

showed chromosome localization in prometaphase/metaphase and subsequent re-location 

to the spindle midzone and the equatorial cell cortex. It was proposed that these proteins 

used the chromosomes as a conveyance to reach the central region of the cell and hop off 

to the spindle midzone / cortex, hence the name ‘chromosomal passenger’ (Earnshaw and 

Bernat, 1991).  
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Figure 1-1: Schematic representation of Chromosome passenger complex (CPC) along 

with available crystal structures of centromeric targeting domain and catalytic domain.  

(Jeyaprakash et al., 2007; Sessa et al., 2005) 
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INCENP  

INCENP was the first member to be identified that came out of a screen for new 

components on the mitotic chromosome (Cooke et al., 1987). It is a scaffold that unites 

survivin and Borealin with Aurora B (Klein et al., 2006; Jeyaprakash et al., 2011) through 

a triple helical interaction with Borealin and survivn with its N-terminus and Aurora B 

interaction through a highly conserved C-terminal fragment called ‘IN-Box’ (Figure 1-1) 

(Adams et al., 2000; Sessa et al., 2005; Jeyaprakash et al., 2007). It has a central coiled 

coil domain that has microtubule binding activity which is heavily regulated by Cdk1 and 

Aurora B phosphorylation (Mackay et al., 1998; Nakajima et al., 2011). INCENP is also 

a cofactor that stimulates Aurora B activity through its C-terminal interaction (Bishop 

and Schumacher, 2002; Adams et al., 2000). Phosphorylation of ‘TSS’ motif in INCENP 

by Aurora B is critical kinase activation (Bishop and Schumacher, 2002; Sessa et al., 

2005; Honda et al., 2003). This interaction has some similarity with the interaction 

between another Aurora kinase, Aurora A, and a microtubule associated protein TPX2 

(Bayliss et al., 2003; Tsai et al., 2003; Eyers et al., 2003). This is discussed in further 

details in the following chapters. Overall, INCENP is a key regulator of both activity and 

localization of Aurora B kinase. 

 

Survivin 

Survivin is a conserved member of the CPC, found in yeast through humans. It is 

a member of the Inhibitor of Apoptosis (IAP) family, which has a single baculovirus IAP 

repeat (BIR) domain that can dimerize (Ambrosini et al., 1997; Chantalat et al., 2000). Its 

anti-apoptotic role is less well characterized. We will focus on its role as a member of the 
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CPC. Although survivin is known to dimerize, it interacts with Borealin and INCENP as 

a monomer (Jeyaprakash et al., 2007). Survivin is phosphorylated by Aurora B in vitro 

(Bolton et al., 2002; Wheatley et al., 2004). Ubiquitination of survivin regulates CPC 

dynamics at the centromeres (Vong et al., 2005). The key role of survivin is recognition 

of phosphorylated histone H3 Thr3 in prometaphase that is essential in recruiting CPC to 

centromeres (Wang et al., 2010; Kelly et al., 2010; Yamagishi et al., 2010). It does so by 

the S3 pocket of its BIR domain, where histidine 80 and lysine 62 allows docking of CPC 

on the phosphorylated threonine 3 of histone H3 (Figure 1-2) (Niedzialkowska et al., 

2012; Jeyaprakash et al., 2011).  

 

Dasra / Borealin 

Borealin was identified in a proteomic screen for new components on the mitotic 

chromosomes (Gassmann et al., 2004) and simultaneously in another screen in Xenopus 

looking for chromosome binding proteins, where it was named Dasra-B (Sampath et al., 

2004). It forms a triple-helical interaction with INCENP and survivin critical for 

centromeric recruitment of CPC (Klein et al., 2006; Jeyaprakash et al., 2007; Wang et al., 

2010; Yamagishi et al., 2010; Kelly et al., 2010). Mps1, a mitotic kinase, phosphorylates 

Borealin to regulate its dimerization state and this phosphorylation is shown to be 

required for Aurora B activity (Jelluma et al., 2008; Bourhis et al., 2009). Dasra has been 

shown to bind plasmid coated chromatin beads that suggest it might also have a DNA 

binding domain but this role is less well characterized (Kelly et al., 2007).  
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Figure 1-2: Crystal structure of human Survivin with the N-terminal histone H3 tail 

phosphrorylated on Thr3. 

Two orientations of Survivin rotated 90° relative to each other. Survivin is shown in 

green and surface density shown in gray. Histone H3 peptide is shown in red. Zoom in 

view shows residues of survivin interacting with H3pT3 (orange-phosphate). H80 and 

K62 are key residues that allow survivin docking on phospho-Thr3. (Niedzialkowska et 

al., 2012). 
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Aurora B kinase 

Aurora kinases are serine/threonine kinase and are conserved from S.cerevisiae to 

humans. In vertebrates there are 3 Aurora kinases – A, B and C (Adams et al., 2001b) and 

each has distinct function and tissue specificity (Carmena and Earnshaw, 2003). As 

explained earlier Aurora B activity is regulated by many cofactors, INCENP being the 

most important one (Bishop and Schumacher, 2002; Sessa et al., 2005; Honda et al., 

2003; Rosasco-Nitcher et al., 2008; Jelluma et al., 2008; Fuller et al., 2008). It is 

overexpressed in many solid tumors (Bischoff et al., 1998; Giet and Prigent, 1999). 

Aurora C can bind other members of the complex and can rescue Aurora B loss of 

function in several human cell lines (Yan et al., 2005; Sasai et al., 2004). The dynamic 

localization of CPC during mitosis allows Aurora B to phosphorylate many substrates on 

chromatin, at the inner centromere, the kinetochore and the spindle midzone. Histone 

H3S10 is a well-known chromatin-associated Aurora B substrate (Hsu et al., 2000; 

Adams et al., 2001a; Murnion et al., 2001; Crosio et al., 2002). MCAK, a kinesis-13 

family member and a MT depolymerase is phosphorylated by Aurora B at centromeres 

on several residues (Wordeman and Mitchison, 1995; Hunter et al., 2003; Andrews et al., 

2004; Lan et al., 2004; Kline-Smith et al., 2004). These phosphorylations regulate 

localization and function of MCAK (Lan et al., 2004; Knowlton et al., 2006; Zhang et al., 

2007; Ems-McClung et al., 2007). Aurora B also phosphorylates many kinetochore 

proteins including Ndc80, KNL1, Cep57 and budding yeast Dam1 (Emanuele and 

stukenberg, 2007; Cheeseman et al., 2002; Deluca et al., 2006). Anaphase substrates of 

Aurora B include MKLP1, Mgc-Rac-GAP, MCAK, Vimentin, MLCK (Minoshima et al., 
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2003; Guse et al., 2005; Lan et al., 2004; Yokoyama et al., 2005). Aurora B directs many 

different mitotic functions through phospho-regulation of these substrates (Figure 1-3). 
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Figure 1-3:Chromosomal passenger complex localization and function during mitosis.  

Schematic representation of the chromosomal passenger complex (CPC) localization 

(green) correlated with its multiple functions (grey boxes) and principal targets (red 

boxes) during the different phases of mitosis relative to tubulin and chromosome 

dynamics. In prophase, the CPC is found on chromosome arms where it phosphorylates 

histone H3 on Ser10 and Ser28. It is involved in the release of arm cohesion and mitotic 

chromosome structure. During this phase it accumulates at centromeres where the 

maturation of kinetochores begins and continues through prometaphase. The CPC is 

required for the formation of a bipolar spindle and its stability from 

prophase/prometaphase to anaphase. In metaphase, it localizes at centromeres, where it 

has a central role in centromeric cohesion and the regulation of kinetochore–microtubule 

attachments. It controls the correct alignment of chromosomes on the spindle equator and 

the spindle checkpoint. In anaphase, the CPC translocates to the spindle midzone and 

appears at the cortex; it is involved in the formation of the central spindle. In telophase, 

the CPC concentrates at the cleavage furrow and, subsequently, at the midbody, where it 

is required for completion of cytokinesis. Chromosomes, blue; tubulin, red; nuclear 

envelope, grey. CENP-A, centromere protein-A; CYK-4, CYtoKinesis defect 

(Caenorhabditis elegans MgcRacGAP homologue); EVI5, ecotropic viral integration 

site-5; GFAP, glial fibrillary acidic protein; HEC1, highly expressed in cancer-1; 

MgcRacGAP, Rac GTPase activating protein-1; MCAK, mitotic centromere-associated 

kinesin; MKLP1, mitotic kinesin-like protein-1; Ndc80, yeast homologue of HEC1; 

ZEN-4, Zygotic epidermal ENclosure defective (C. elegans MKLP1 homologue). 

(Ruchaud et al., 2007) 
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Figure 1-3 
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Histone phosphorylation marks guide the CPC to enrich at the inner centromeres. 

The CPC is detected on the chromosome arms in prophase and then it gradually 

concentrates at the inner centromere in prometaphase (Earnshaw and Cooke, 1991). 

Recent studies from three groups showed that CPC enrichment at the inner centromeres 

are guided by two phospho-histone marks. Haspin kinase phosphorylates histone H3 on 

threonine 3 which is recognized by survivin to localize CPC to the inner centromeres 

(Wang et al., 2010; Kelly et al., 2010; Jeyaprakash et al., 2011; Du et al., 2012; 

Niedzialkowska et al., 2012). Bub1, recruited in a Mps1 dependent manner, 

phosphorylates histone H2A on threonine 120 that is recognized by Shugoshin (Sgo1) 

which recruits CPC (Yamagishi et al., 2010). The phospho-histone H3Thr3 marks exist 

along the margin between the sister-chromatids, which is referred to as the cohesion axis, 

and the phopsho-histone H2AThr120 mark is high at the kinetochores but extends into 

the inner centromeres, which we refer to as the kinetochore axis (Figure 1-4). CPC 

enrichment is the highest at the inner centromeric region where these two axes intersect. 

Interestingly, both Haspin kinase and Mps1 kinase require Aurora B activity for their 

function (Wang et al., 2011b; Saurin et al., 2011). These data suggests that these are 

feedback loops that are triggered by Aurora B activity to allow enrichment of CPC at the 

centromeres. But what brings the initial pool of CPC to the centromeres remains an 

interesting question that will be discussed in chapter 2.  
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Figure 1-4: Two histone-phosphorylation marks enable CPC enrichment at inner 

centromere during prometaphase. We refer to the Mps1-Bub1-Sgo1 axis as kinetochore 

axis (green) and the Haspin-pH3T3 as the cohesion axis (red). Aurora B activity 

stimulates both the loops. 
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Spindle checkpoint signaling and Aurora B  

As briefly mentioned earlier, only after every chromosome is bi-oriented at the 

central metaphase plate does a cell go into anaphase. The spindle checkpoint provide the 

‘wait’ signal for halting the cell in metaphase (Rieder et al., 1994; Hartwell and Weinert, 

1989). Unattached kinetochores recruit the checkpoint proteins to send out the spindle 

checkpoint signal which inhibits degradation of Cyclin B by the anaphase promoting 

complex/cyclosome (APC/C) ubiquitin ligase (Rieder et al., 1995; Reed, 2003; 

Musacchio and Hardwick, 2002; Nasmyth, 2002). Although this suggests that absence of 

microtubule attachments is the signal for activating the spindle checkpoint, there is 

evidence that the spindle can measure tension at each kinetochore-microtubule 

attachment and lack of tension triggers the checkpoint (Nicklas and Koch, 1969; Nicklas 

et al., 2001; Matson et al., 2012; Biggins and Murray, 2001). Whether ‘occupancy’ (or 

lack of microtubules, i.e. unoccupied kinetochores) and ‘tension’ are two distinct arms to 

signaling the checkpoint or whether loss of tension results in microtubule release (and 

hence, unoccupied kinetochores) remains under intense debate.  

The two main group of proteins that constitute the spindle checkpoint are Mad 

(Mitotic arrest deficient) and Bub (Budding uninhibited by benzimidazole) family of 

proteins (Li and Murray, 1991; Hoyt et al., 1991). Both were identified through 

mutagenesis screens in yeast treated with microtubule poisons benomyl and 

benzimidazole, respectively. But these are not the only proteins involved in the spindle 

checkpoint. The list is extensive and still expanding. Aurora B activity is required to 

signal the spindle checkpoint (Kallio et al., 2002; Hauf et al., 2003; Matson et al., 2012). 

This was first shown in yeast (Biggins and Murray, 2001). It is argued that signaling the 
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spindle checkpoint might be a secondary effect of generating unattached kinetochores 

(Tanaka et al., 2002). Whether Aurora B has a direct role in signaling the spindle 

checkpoint is intensely debated (Santaguida et al., 2011; Tanaka et al., 2002). Inhibiting 

Aurora B leads to failure to recruit checkpoint protein BubR1 to kinetochores, mis-

segregation of chromosomes and aberrant mitosis (Kallio et al., 2002; Hauf et al., 2003; 

Ditchfield et al., 2003). Inner centromeric enrichment of CPC is critical for proper 

functioning of Aurora B. Treating HeLa cells with a haspin kinase inhibitor leads to loss 

of centromeric Aurora B and reduced phosphorylation of centromeric and kinetochore 

substrates. Consequently, chromosome alignment and spindle checkpoint signaling are 

compromised (Wang et al., 2012).  

 

Kinetochore-microtubule attachment error-correction  

After nuclear envelope breakdown polymerizing microtubule emanating from 

centrosomes at opposite ends make numerous attempts to make attachments with the 

kinetochores, a process called ‘search and capture’ (Tanaka et al., 2005). This frequently 

results in both kinetochores making connections with microtubule emanating from the 

same pole, a condition called ‘syntelic attachment’. This is an erroneous attachment, as 

both chromatids will end up in the same daughter cell after anaphase, resulting in 

aneuploidy.  Aurora B resolves such interactions and promotes bi-orientation of 

chromosome (Adams et al., 2000; 2001b; Kallio et al., 2002; Kaitna et al., 2000). 

Resolution of syntelic attachments require Aurora B activity (Hauf et al., 2003). Cells 

treated with monastrol, an Eg5 inhibitor, arrest in mitosis with mono-polar spindles 

(Mayer et al., 1999), and upon release cells exhibit a high frequency of syntelic 
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attachments (Kapoor et al., 2000). Cells treated first with monastrol, and then released 

into Aurora B inhibitor, ZM447439 and proteosome inhibitor, MG132, to prevent mitotic 

exit in the absence of Aurora B activity, were unable to correct syntelic attachments 

(Lampson et al., 2004). Instead, monastrol release into MG132 containing media showed 

syntelically attached chromosome move rapidly towards the spindle pole, followed by 

congressing to the metaphase plate (Lampson et al., 2004). These data provide a 

mechanism for syntelic kinetochore-microtubule attachment resolution, in which 

improperly attached chromatids must travel to the spindle poles in order to be repaired. 

Another form of erroneous kinetochore-microtubule attachment arises when one 

kinetochore is attached to microtubules from both poles, a condition called ‘merotelic 

attachment’ (Cimini et al., 2003). Aurora B is recruited specifically to merotelic 

attachment points and Aurora B activity is required to resolve merotelic attachments 

(Knowlton et al., 2006; Cimini et al., 2006). 

 

Microtubules and microtubule associated protein End-Binding protein 1(EB1) 

Although Aurora B kinase can autoactivate in vitro it requires some active kinase 

to initiate this reaction (Rosasco-Nitcher et al., 2008).  Fully inactive Xenopus Aurora B 

can be activated in vitro by microtubules and a cofactor, TD60/RCC2 (Rosasco-Nitcher 

et al., 2008) and spindle formation in Xenopus requires both chromatin and microtubule 

binding activities (Tseng et al., 2010). Moreover, anaphase cells treated with nocodazole 

for 8 minutes are not phosphorylated on an activating site on INCENP (Fuller et al., 

2008). Therefore there are numerous examples of microtubules being a potent cofactor 

for Aurora B kinase. In chapter 2 we will focus on a subset of microtubules that are 
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nucleated from the kinetochores called pre-formed K-fibers (PreK-fibers) (Khodjakov et 

al., 2003; Platani et al., 2009; Mitchison and Kirschner, 1985), which we find are a 

unique class of spindle microtubules that regulate the levels of Aurora B at centromeres. 

Nocodazole washout experiments in GFP-tubulin expressing cells co-stained with Bub1 

confirmed that these were indeed kinetochore nucleated microtubules that were 

kinetically distinct from centrosome nucleated microtubules and were differentially 

regulated (Tulu et al., 2006). 

 

End Binding protein 1 (EB1) 

EB1 is a microtubule associated protein which bind growing tips of microtubules, 

and hence belongs to a group of proteins called +TIPS (Morrison et al., 1998; Lansbergen 

and Akhmanova, 2006). EB1 fails to bind to taxol-stabilized microtubules suggesting that 

it has affinity for dynamic microtubule ends. EB1 was first identified in a yeast-2-hybrid 

screen designed to find adenomatous polyposis coli (APC) binding partners (Su et al., 

1995). EB1 depletion phenotypes include mis-segregation of chromosome or spindle 

orientation defects arising from altered microtubule dynamics (Green et al., 2005; Lee et 

al., 2000; Draviam et al., 2006; Morrison et al., 1998). EB1 yeast homologue Bim1p, 

associates with Ipl-1 (Aurora B) to regulate anaphase spindle dynamics (Zimniak et al., 

2009; 2012). Another study reveals that EB1 depletion causes sister chromatid / 

kinetochore orientation defects without affecting kinetochore-microtubule attachments 

that results in chromosome mis-segregation (Draviam et al., 2006). EB1 has been also 

shown to co-immunoprecipitate with Aurora B and regulate its activity by inhibiting 

PP2A mediated dephosphorylation (Sun et al., 2008). 
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CHAPTER II: 

EB1 AND MICROTUBULES TRIGGER THE HISTONE 

PHOSPHORYLATION PATHWAYS TO ENRICH AURORA B TO 

THE CENTROMERES IN PROMETAPHASE 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This chapter is based on the following manuscript under review for publication. 
Budhaditya Banerjee1, Cortney A. Kestner1 and P. Todd Stukenberg1,2 “EB1 and 
microtubules trigger the histone phosphorylation pathways to enrich Aurora B at 
centromeres in prometaphase.” (under revision at The Journal of Cell Biology)  
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Abstract 
 

The Aurora B kinase coordinates kinetochore-microtubule attachments with spindle 

checkpoint signaling on each mitotic chromosome. We find that EB1, a microtubule plus-

end tracking protein, is required to enrich Aurora B at inner centromeres in a microtubule 

dependent manner. This regulates phosphorylation of both kinetochore and chromatin 

substrates. EB1’s role is independent and upstream of the histone phosphorylation marks 

(HistoneH2A phospho-Thr120 and HistoneH3 phospho-Thr3) that localize Aurora B. The 

Chromosomal passenger complex (CPC) containing Aurora B can be found on a subset 

of spindle microtubules that exist near prometaphase kinetochores, known as pre-formed 

K-fibers.  Our data suggest that EB1 enables the spindle microtubules to regulate the 

phosphorylation of kinetochores through recruitment of Aurora B kinase.  

 

 

 

 

!
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Introduction 
 

 The Chromosome Passenger Complex (CPC) catalytic subunit Aurora B kinase is 

a central regulator of mitotic events (reviewed(Ruchaud et al., 2007; Knowlton et al., 

2006; Cimini et al., 2006).  It has distinct roles in different stages of mitosis.  In prophase 

Aurora B phosphorylation is found along the length of mitotic chromosomes where it 

releases cohesion and phosphorylates Histone H3 on serine 10 to release the 

heterochromatin protein 1 (Deluca et al., 2006; Hirota et al., 2005; Welburn et al., 2010; 

Fischle et al., 2005; Cheeseman et al., 2006; Hsu et al., 2000; Losada et al., 2002). From 

late in prophase until the onset of anaphase Aurora B concentrates at inner centromeres 

where it regulates inner centromere substrates as well as kinetochore microtubule 

attachments and the spindle checkpoint signal (Ruchaud et al., 2007; Salimian et al., 

2011; Lan et al., 2004; Knowlton et al., 2006; Cimini et al., 2006; Kallio et al., 2002; 

Lampson et al., 2004; Liu et al., 2009). While it is well accepted that the movement of the 

CPC to distinct locations is critical for its ability to carry out multiple functions in 

different stages of mitosis (Mishra et al., 2010; Terada, 2001; Orjalo et al., 2006; 

Wheatley et al., 2001a), it is not known how Aurora kinase is differentially regulated 

during mitotic progression.  

 Aurora B kinase regulates spindle checkpoint signaling and the release of 

improper kinetochore attachments (Mishra et al., 2010; Lan et al., 2004; Knowlton et al., 

2006; Cimini et al., 2006; Kallio et al., 2002; Liu et al., 2009). These events must be 

measured independently on each chromosome.   How Aurora B kinase can integrate local 

information about microtubule attachment status to regulate these chromosome 

autonomous events is a critical unanswered question.   
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 The concentration of the CPC at inner centromeres is mediated by post-

translational modifications of histones. The survivin subunit binds the Histone H3 tails 

that are phosphorylated at Threonine-3 by haspin kinase (Salimian et al., 2011; Wang et 

al., 2010; Kelly et al., 2010; Yamagishi et al., 2010; Niedzialkowska et al., 2012; Du et 

al., 2012; Jeyaprakash et al., 2011). The CPC also interacts with Shugoshin (Sgo1), 

which is recruited to Histone H2A that is phosphorylated on Threonine-120 by Bub1 

(Yamagishi et al., 2010). It is not clear if the presence of these histone marks at inner 

centromeres are sufficient for CPC localization and there are many reports of additional 

requirements including survivin phosphorylation (Tsukahara et al., 2010; Wheatley et al., 

2004; Chu et al., 2011) and regulation by exportin binding and nuclear pore proteins 

(Knauer et al., 2006; Platani et al., 2009). 

  EB1 is a microtubule ‘plus-end’ tracking protein that interacts with growing tips 

of microtubules (Morrison et al., 1998) and its yeast homologue Bim1p forms a stable 

association with Ipl-1/Aurora B to regulate anaphase spindle morphology (Zimniak et al., 

2009). Furthermore, EB1 has been shown to co-immunoprecipitate with Aurora B and 

regulate its activity by inhibiting PP2A mediated dephosphorylation (Sun et al., 2008). 

However, the biological significance of this interaction remains unclear. 

The microtubule associated protein TPX2 and microtubules have been shown to 

activate the related kinase, Aurora A in mitosis. High Ran-GTP on condensed 

chromosomes releases TPX2 from importin-bound inactive state, which then binds 

Aurora A and protects the T-loop from dephosphorylation by PP1 in a microtubule 

dependent manner (Tsai et al., 2003; Bayliss et al., 2003). Microtubules also regulate 

Aurora B activity. The CPC binds microtubules in two distinct regions.  INCENP has a 
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central coiled coil region that can bind microtubules (Mackay et al., 1998) and Aurora B 

bound to the IN-box can also bind microtubules (Rosasco-Nitcher et al., 2008). Although 

Aurora B kinase can auto-activate in vitro it requires some active kinase to initiate this 

reaction (Rosasco-Nitcher et al., 2008).  Fully inactive Xenopus Aurora B can be 

activated in vitro by microtubules and a cofactor, TD60/RCC2 (Rosasco-Nitcher et al., 

2008) and spindle formation in Xenopus requires both chromatin and microtubule binding 

activities (Tseng et al., 2010). Moreover, anaphase cells treated with nocodazole for 8 

minutes are not phosphorylated on an activating site on INCENP (Fuller et al., 2008). 

However, microtubules are absent in prophase nuclei that have Histone H3 

phosphorylated on Ser10. It is also unclear if the CPC is regulated by microtubules in 

prometaphase since the CPC proteins do not localize primarily to microtubules at this 

time and Aurora B kinase activity can be measured in mitotic cells arrested by spindle 

poison nocodazole.  

 Here we demonstrate that the CPC at the inner centromere is substantially 

enriched by microtubules near the kinetochore by a novel pathway that requires the EB1 

plus end tracking protein.  There is a similar EB1/microtubule dependent increase in 

phosphorylation of Aurora B substrates at kinetochores and chromosome arms. The 

regulation by EB1/microtubules is upstream and independent of the histone 

phosphorylation pathways that localize the CPC.  We show that microtubules in PreK-

fiber bundles contain Aurora B and can enrich Aurora B at inner centromeres. These 

findings establish a new prometaphase pathway regulating Aurora B localization that 

requires EB1/microtubules and provides a new mechanism for the spindle to regulate 

CPC activity. 
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Results 
 

EB1 regulates Histone phosphorylations to recruit the CPC to centromeres and 

phosphorylate kinetochore substrates. 

We asked whether Aurora B phosphorylation of kinetochore substrates in 

prometaphase required EB1.  HeLa cells were depleted of EB1 using either a coding 

sequence targeted siRNA (EB1siRNA) or a combination of two EB1 siRNAs targeted to 

3’-untranslated region (siEB13UTR) (Suppl. Fig. 2-1 A). Kinetochore protein KNL1 

phosphorylation by Aurora B was measured using a phospho-KNL1 (pKNL1) antibody.  

The antibody recognized pKNL1 at kinetochores but also cross reacted with a centrosome 

protein as previously shown (Welburn et al., 2010). We specifically quantified 

kinetochores from prometaphase cells because metaphase aligned chromosomes show 

reduced KNL1 phosphorylation (Welburn et al., 2010). KNL1 phosphorylation at 

prometaphase kinetochores was significantly reduced in cells depleted of EB1 with either 

set of siRNAs (Fig. 2-1 A,B and Suppl. Fig. 2-2 A).  KNL1 protein levels were not 

reduced in EB1 depleted HeLa cells (Fig. 2-2 E). Surprisingly, inner centromeric Aurora 

B levels were also reduced in EB1 depleted prometaphase cells (Fig. 2-1 A,C and Suppl. 

Fig. 2-2 A,B). There was a similar drop in two other CPC proteins Borealin/Dasra 

(Borealin) and INCENP at the inner centromeres suggesting that EB1 is required to 

recruit the whole CPC complex (Suppl. Fig. 2-2 D-F). Aurora B, INCENP and Survivin 

protein levels in EB1 depleted cells were similar to control HeLa cells so the depletion 

from centromeres was not due to destabilization of CPC proteins (Suppl. Fig. 2-1 E). 

EB1 depletion also reduced both of the histone marks that recruit Aurora B to inner 

centromeres. Cells depleted of EB1 had reduced levels of Histone H2A phospho-Thr120 
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(pH2AT120 in figures) and HistoneH3 phospho-Thr3 (pH3T3 in figures) as measured by 

immunofluorescence with phospho-specific antibodies (Fig. 2-1 D, F and G and Suppl. 

Fig. 2-1 B). Bub1 kinase levels were also reduced at the kinetochores of EB1 depleted 

cells  (Fig. 2-1 E and H). HEK293T cells also reduced phospho-KNL1, Aurora B, Bub1 

and phospho-Histone H2AThr120 levels after EB1 depletion (Suppl. Fig. 2-1 C,D). We 

conclude that EB1 is required to generate the phospho-histone marks that recruit the CPC 

to phosphorylate kinetochores. 
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Figure 2-1: EB1 localizes Aurora B to centromeres to phosphorylate kinetochores 

A) HeLa cells depleted of EB1 were immunostained with anti-phospho-KNL1(Ser60) 

(pKNL-1) and Aurora B antibodies. Bar-2µm. B) Quantification of immunostaining 

intensities of pKNL1 shown in A. * p-value = 2.0e-127. C) Centromeric Aurora B levels 

with dots depicting intensities outside 5-95th percentiles (n>300 centromeres). * p-

value=1.2e-105. D) EB1 depletion reduces Bub1 mediated phosphorylation of HistoneH2A 

(pH2AT120). Bar-1.6µm. E) EB1 depletion reduces Bub1 at kinetochores. Bar-2.2µm. 

Quantification of pH2AT120 (F), phospho-Histone H3Thr-3 (pH3T3) (G) and Bub1 (H) 

levels in control and EB1 depleted HeLa cells. (See Suppl. Fig. 2-1 B for pH3T3 staining 

examples)  
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Supplemental Figure 2-1: Phenotypes of EB1 depletion. 

A) Protein levels as measure by immunoblot of experiment in Fig. 2-1.  HeLa cells 

treated with either a siRNA targeting the EB1 coding sequence (EB1siRNA – 10µM) or a 

combination of two EB1-3’UTR targeted siRNAs (siEB13UTR – 10nM each) for 48 

hours. B) Immunostaining of EB1 depleted HeLa cells with anti-phosho-Histone H3Thr3 

(pH3T3) antibodies. Bar = 1.9µm. C and D) EB1 depletion in HEK293T cells gives the 

same phenotype as HeLa cells. HEK293T cells were depleted as in A and protein levels 

measured (C). D) EB1 depletion in HEK293T cells shows reduced levels of Aurora B at 

the inner centromere, reduced Bub1 at kinetochores and reduced phospho-KNL1 levels. 

E) Immunoblot to compare CPC proteins – INCENP, Aurora B and survivin in control 

depleted and EB1 depleted cells. 
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Supplemental Figure 2-1 
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EB1 localizes Aurora B to the centromeres in a microtubule dependent manner. 

We rescued EB1 depletion phenotypes by multiple methods to ensure that they 

were not caused by off-target effects.  Both the reduction of Aurora B at inner 

centromeres and the reduced activity at kinetochores were rescued by transfecting a 

plasmid expressing EB1 mutated to escape siRNA targeting (EB1siRes) (Fig. 2-2 A-E). 

Moreover, the drop of Aurora B by transfection of a 3’-UTR targeted siRNAs was 

rescued in a HeLa cell line transfected with or engineered with an integrated copy of 

EB1-LAP that lacked the 3’UTR (Suppl. Fig. 2-2 A,B). The protein levels of Aurora B 

and Bub1 were similar to control cell lysates by western blot (Suppl. Fig. 2-2 C).  

EB1 is a plus end tracking protein and most of its activities have been associated 

with microtubules (Morrison et al., 1998).  We rescued EB1 depletion with a plasmid 

expressing a microtubule-binding mutant of EB1 (EB1K89EsiRes) (Hayashi and Ikura, 

2003) that was similarly modified to escape siRNA targeting to determine if EB1 used a 

non microtubule associated activity to localize the CPC. The EB1K89E mutant failed to 

rescue the reduction in Aurora B levels at the centromeres (Fig. 2-2 A,C) and 

phosphorylation of KNL1 in EB1 depleted cells (Fig. 2-2 B, D). We conclude that EB1 

enriches the CPC at inner centromeres in a microtubule dependent manner.  
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Figure 2-2: EB1 localizes Aurora B at centromere in a microtubule dependent manner. 

A) Loss of centromeric Aurora B is rescued by expressing siRNA resistant EB1 

(EB1siRes) but not EB1K89E mutant (EB1K89EsiRes). Bar-2.2µm. B) Loss of 

KNL1(Ser60) phosphorylation was rescued by expressing siRNA resistant EB1 but not 

EB1-K89E mutant. Bar-2.3µm. C) Quantification of immunostaining Aurora B 

intensities in A. * p-value = 3.78e-69. ** p-value=2.54e-75. *** p-value=1.33e-35. D) 

Quantification of immunostaining phospho(S60) - KNL1 intensities in B. * p-value = 

5.23e-42. ** p-value=1.34e-42. *** p-value=1.02e-39. E) Western blot of HeLa lysates 

showing endogenous and GFP-tagged EB1 and KNL1 levels. (Additional rescue 

experiments are in Fig. S2 A-C) 
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Figure 2-2 
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Supplemental Figure 2-2: Additional approaches to rescue EB1 depletion effects on 

centromeric Aurora B and compare it to microtubule perturbation.  

A) HeLa cells were treated with siEB13UTR for 48 hours.  Centromeric Aurora B levels 

were rescued by transfecting pDLAP-EB1 24 hours after siRNA transfection 

(siEB13UTR+EB1-WT). siRNA resistant EB1-GFP expression is shown in green along 

with Aurora B (blue) and phospho-KNL1 (red) staining. An EB1-LAP expressing stable 

line also showed no reduction in inner centromeric Aurora B after transfecting 

siEB13UTR siRNAs for 48 hours (EB1-LAP+siEB13UTR). Scale bar is 1.6µm. B) 

Quantification of immunostaining intensities in A. * p-value = 3.16e-102, ** p-value = 

2.55e-116. C) Immunoblots to measure protein levels for A.  Tubulin staining is shown as 

a loading control. * indicates a nonspecific band recognized by the anti-Aurora B 

antibody (Bethyl). D) Immunno-staining of INCENP and Borealin showing effects of 

EB1 depletion. Bar-2.1µm. E) HeLa cells treated with EB1siRNA or 3.3 µM nocodazole 

separately or in combination show similar loss in inner centromeric Borealin. F) HeLa 

cells treated with EB1siRNA or 3.3 µM nocodazole separately or in combination show 

similar loss in inner centromeric INCENP. 
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Supplemental Figure 2-2 
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Microtubules stimulate the recruitment of Aurora B to inner centromeres 

We decided to reexamine the effects of depolymerizing microtubules on CPC 

localization using the drug nocodazole. It is important to mention here that treating HeLa 

cells with different concentrations of nocodazole has radically different effects on the 

state of microtubules at the kinetochores. 0.33µM nocodazole has been traditionally used 

to generate the spindle checkpoint arrest (Hauf et al., 2003) but at this concentration most 

kinetochores have microtubule foci surrounding them (Fig. 2-3 A) (Brito et al., 2008; 

Matson et al., 2012). These microtubules are absent in 3.3 µM nocodazole (Fig. 3 A) 

(Brito et al., 2008; Matson et al., 2012).  

We measured Aurora B levels at centromeres in HeLa cells treated with either 

0.33µM or 3.3µM nocodazole for 7 hours. After treatment with 0.33µM nocodazole the 

amount of Aurora B at the centromeres was similar to DMSO treated controls, while cells 

treated with 3.3µM nocodazole had significantly reduced levels of Aurora B (Fig. 2-3 A, 

B and Suppl. Fig. 2-3 A). This suggests that the microtubule foci that surround 

kinetochores in 0.33µM nocodazole are sufficient to recruit additional Aurora B. 

We hypothesized that EB1 and microtubules are in the same pathway. We 

quantified INCENP and Borealin levels in HeLa cells that were EB1 depleted, treated 

with 3.3µM nocodazole or had both treatments (Suppl. Fig. 2-2 E,F). The effects of EB1 

depletion and microtubule depolymerization were not additive and cells that received 

both treatments had similar reduction of centromeric CPC as individual treatments. 

Together these data suggests that EB1 and microtubules are part of the same pathway that 

enriches centromeric CPC.  
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Microtubules cooperate with the histone phosphorylation pathways to recruit Aurora B 

to inner centromeres 

There is a positive feedback loop by which Aurora B targets haspin kinase, to 

target the CPC (Wang et al., 2011b).  Moreover, Aurora B regulates MPS1, which is an 

activator of Bub1, suggesting a second positive feedback loop where Aurora B localizes 

Sgo1 to localize the CPC (van der Waal et al., 2012; Saurin et al., 2011). We designed an 

assay to compare the relative contributions of microtubules and histone phosphorylation 

in regulating centromeric Aurora B levels. We used 5-iodotubercidin, a small molecule 

inhibitor to haspin kinase (Wang et al., 2012; De Antoni et al., 2012), referred henceforth 

as haspin inhibitor (HI) and Reversine, a Mps1 inhibitor that inhibits Bub1 recruitment to 

kinetochores (van der Waal et al., 2012; Santaguida et al., 2011), to reduce the phospho-

histone marks required to localize Aurora B to centromeres. HeLa cells were treated with 

Nocodazole, Reversine or HI separately or in combination for 30 minutes. All cells were 

also treated with MG132 to prevent mitotic exit.  Both Reversine and HI treatment 

reduced the histone phosphorylation of its associated pathway to levels below the level of 

detection (Suppl. Fig. 2-3 B,C).  Individual drug treatments caused a severe drop in 

Aurora B levels (Fig. 2-3 D). There was no additional effect of combining the kinase 

inhibitors together (R+HI) (Fig. 2-3 D).  This suggests that both Haspin and MPS1 are in 

the same pathway or the pathways have a common component, which we suggest is 

Aurora B.  Adding nocodazole along with reversine and HI (R+HI+Noc) resulted in a 

significant drop in Aurora B levels compared to R+HI (Fig. 2-3 C,D) (p-value = 6.6e-127). 

We conclude that microtubules can recruit Aurora B to inner centromeres independent of 
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the histone phosphorylation pathways, but the histone phosphorylation pathways are 

required to obtain the full enrichment of centromeric Aurora B.   

These data suggest that EB1 and microtubules are either upstream or work in 

combination with histone phosphorylation pathways that recruit CPC. To distinguish 

between these models we asked if targeting Aurora B to centromeres rescued the 

reduction of the histone phosphorylation pathways observed after EB1 depletion.  U2OS 

cells expressing the DNA targeting domain of CENPB1-158 fused to the INCENP47-920 

fragment that is under inducible expression by a doxycycline promoter (Liu et al., 2009) 

were depleted of EB1.  CENPB binds alpha satellite DNA sequences at the centromere so 

that Aurora B is targeted independent of the normal pathways.  This clone also lacks the 

sequences on INCENP required to bind Survivin and Borealin. EB1 depletion in U2OS 

cells also reduced phospho-KNL1, Bub1 at kinetochores and phospho-Histone H3Thr3 

levels when the CENPB-INCENP was not expressed. However, activation of CENPB-

INCENP expression by doxycycline treatment for 10 hours rescued both Bub1 and 

phospho-KNL1 levels at the kinetochore in EB1 depleted cells (Fig. 2-3 E-G). We also 

observed recovery of pH3T3 levels on CENPB-INCENP expression (Fig. 2-3 E). We 

conclude that EB1/ microtubules dependent enrichment of Aurora B acts upstream of the 

positive feedback loops that trigger both Histone H2A and H3 phosphorylation pathways 

that localize Aurora B.   
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Figure 2-3: EB1/ microtubules act upstream of canonical CPC localization pathways 

A) HeLa cells treated with 0.33µM and 3.3µM nocodazole for 7 hours were fixed and 

stained with Tubulin and Aurora B antibodies. Inset is a projection of 6 Z-sections. White 

arrowheads in 3.3µM nocodazole (tubulin panel) point to centrosomes. Bar-1.8µm. 

Settings that allow visualization of spindle microtubules obscure the microtubule foci in 

0.33µM nocodazole so we have not shown control cells treated with DMSO. B) Average 

inner centromeric Aurora B levels measured in HeLa cells after the indicated treatments. 

Box and whisker plot of centromeric Aurora B levels from the same experiment shown in 

Suppl. Fig. 2-3 A. * p-value=0.01182. C) Hela cells were treated with 10µM reversine 

(R) and 1µM 5-iodotubericidine (HI) separately (R only and HI only shown in Suppl. Fig. 

2-3 B,C) or in combination (R+HI) in the presence of MG132. To determine if 

microtubules can recruit Aurora B in the absence of phospho-histone marks HeLa cells 

were treated with or without 3.3µM nocodazole along with the reversine, HI and MG132 

(R+HI+Noc). Control cells were treated with MG132 only. Cells were fixed after 30 

minutes and stained with pH3T3, anti-tubulin and anti-Aurora B antibodies. DIC image 

(R+HI+Noc) treatment to show that there is a cell that lacks detectable staining. Bar-

1.7µm. D) Centromeric Aurora B levels were measured at indicated treatment conditions. 

In this experiment 1µM reversine (R) was used. * p-value=6.65e-127. E) Expression of 

CENPB-INCENP fusion protein in U2OS cells rescued the reduction of Bub1, phospho-

KNL1 and pH3T3 levels after EB1 depletion. A stable U2OS line was either mock 

treated (control) or EB1 siRNA treated with or without CENPB-INCENP induction. Bar-

1.8µm. F) Quantification of Bub1 levels. * p-value=1.05e-262. G) Quantification of 

phospho-KNL1(Ser60) levels. *p-value=8.95e-31. 
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Figure 2-3 
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Supplemental Figure 2-3: Centromeric Aurora B is reduced by reversine or 5-

iodotubericidine (HI) treatment in HeLa cells. 

A) Box and whisker plot of centromeric Aurora B levels measured at indicated treatment 

conditions. * p-value=0.0118.  

HeLa cells were treated with 10µM reversine (B) or 1µM 5-iodotubericidine (Haspin 

Inhibitor) (C) along with MG132 for 30 minutes. Cells were then fixed and stained with 

phospho-Histone H2AThr120, anti-tubulin and anti-Aurora B antibodies. Bar-1.7µm. 
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EB1 interacts with Aurora B at the centromeres in prometaphase 

Recombinant Xenopus Aurora B bound to a C-terminal fragment of Xenopus 

INCENP (AI790-856) that includes the IN-box purified from E.coli has a basal amount of 

activity (Sessa et al., 2005).  The addition of microtubules stimulated Aurora kinase 

activity in vitro between 4-6 fold on a myelin basic protein substrate over a range of 

kinase concentrations (Fig. 2-4 A). However the addition of EB1 did not further stimulate 

kinase activity in the presence or absence of microtubules (Fig. 2-4 B).  We conclude that 

microtubules can stimulate active kinase in vitro. 

EB1 and Aurora B can co-immunoprecipitate in HeLa cells (Sun et al., 2008). To 

confirm that Aurora B can directly interact with EB1 we purified full length Xenopus 

EB1 and Xenopus Aurora B bound to a C-terminal fragment of Xenopus INCENP (AI790-

856) that includes the IN-box from E.coli (Sessa et al.). AI(790-856) bound to beads could 

pull down EB1 in a concentration dependent manner  (Fig. 2-4 C). 

To identify the sub-cellular location of the interaction between EB1 and Aurora B 

we performed Proximity Ligation in situ Assay (PLA) using anti-EB1 and anti-Aurora B 

antibodies. PLA is an antibody-based technique that allows the visualization of two 

proteins only if they are in close proximity (~35nm maximum) with high sensitivity 

(Söderberg et al., 2006). Standard immunofluorescence staining with anti-EB1 and anti-

Borealin (CPC member) antibodies showed spindle and inner centromere localization as 

previously shown (Fig. 2-4 D, Suppl. Fig. 2-4 A). However, most EB1-Aurora B 

interactions identified by PLA were only found near inner centromeres in prometaphase 

cells (Fig. 2-4 E,F). This was confirmed by co-staining for Borealin in these cells 

(prometaphase inset, which shows a stack of 4 Z-sections – Fig. 2-4 E). Similarly, EB1-



! 42!

Aurora B interactions were adjacent to Borealin in metaphase-aligned chromosomes  

(metaphase inset, which was a stack of 7 Z-sections – Fig. 2-4 E). Consistent with the 

fact that there are no microtubules within the prophase nuclei, we don’t see any EB1-

Aurora B interactions in prophase cells (Suppl. Fig. 2-4 B). To verify the specificity of 

the interaction we performed PLA reactions lacking either the EB1 or the Aurora B 

primary antibodies and very little PLA signal was produced (Suppl. Fig. 2-4 C, C’). We 

conclude that subsets of EB1 and Aurora B interact near or at inner centromeres, which is 

consistent with the regulation of Aurora B localization by EB1.  
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Figure 2-4: EB1 is in close proximity to Aurora B at centromeres. 

A) Microtubules stimulate Aurora B bound to INCENP790-856 (AI790-856) activity on 

Myelin Basic protein in vitro. Assay was performed with or without 3µM taxol-stabilized 

microtubules (MT). B) EB1 does not stimulate Aurora B kinase activity alone or in 

combination with microtubules. AI790-856 in vitro kinase assay, using MBP as substrate, 

showing effect of adding 3µM taxol-stabilized microtubules (MT) and EB1 (100ng) 

separately or in combination. Kinase activity of 20nM AI790-856 was assayed similarly as 

in A. C) Direct interaction between EB1 and the catalytic subunit of the CPC.  

Recombinant Xenopus Aurora B (N-terminal GST tag) bound to a fragment of 

INCENP790-856 (GST-AI) was bound to Glutathione Sepharose-4 beads, incubated with 

the indicated concentration of recombinant EB1, the beads were washed and eluted with 

Glutathione and the two peak fraction of the elutions (E1, E2) were quantified by 

immunoblot.  Beads bound to GST were used as a control.  D) HeLa cells were methanol 

fixed and stained with antibodies against EB1 and Borealin. Images shown are merge of 

images shown in Suppl. Fig. 2-4 A. Bar-2.6µm. E) HeLa cells processed to image 

Borealin and Tubulin by immunofluorescence and the close proximity of EB1 and Aurora 

B by PLA. Insets illustrate PLA at individual centromeres.  Prometaphase inset is a 

projection of 4 Z-sections, and the metaphase inset is a projection of 7 Z-sections. Bar-

2.4µm. (PLA controls are in Suppl. Fig. 2-4 C-C’). F) Quantification showing percentage 

occurrence of PLA spots adjacent to centromeres from the PLA experiment shown in C.  
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Figure 2-4 
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Supplemental Figure 2-4: The bulk of EB1 and CPC localize to distinct sub-cellular 

domains but interact near the kinetochores in prometaphase. 

A) Single channel split of images shown in Fig. 2-4 D. Bar-2.6µm. B) EB1-Aurora B 

PLA signals are absent in prophase cells. A representative prophase nucleus is outlined in 

white dashed line. A prometaphase cell with numerous PLA dots is highlighted by yellow 

dashed line in the same image. Bar = 8µm. C) and C’) PLA controls for Fig. 2-4 E. Bar-

2.8µm, same for both C and C’. 
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Aurora B interacts with K-fibers, PreK-fibers and astral microtubules in mitosis 

PLA was performed to identify the sub-cellular locations where Aurora B was in 

close proximity to tubulin. We utilized Xenopus S3 cells for two reasons. First, these cells 

possess a normal karyotype and remain very flat in mitosis to provide outstanding 

imaging. Second our Xenopus Aurora B antibodies are highly specific and provide very 

reproducible signals in the PLA assay. We performed PLA for Aurora B-tubulin and then 

the cells were further processed by standard immunofluorescence with antibodies directly 

conjugated with fluorophores to tubulin and INCENP to generate fiducial marks on the 

spindle. The PLA signal in prometaphase cells could be detected at inner centromeres 

(Fig. 2-5 A, inset yellow box) and adjacent to inner centromeres on microtubules  (Fig. 2-

5 A, inset orange box).  This is similar to the EB1-Aurora B interactions seen by PLA 

and is consistent with our observation that EB1/microtubules localizes Aurora B to inner 

centromeres.  In addition, we detected additional PLA signal throughout the spindle. 

Cells were subjected to a brief ice treatment to destabilize non-kinetochore associated 

microtubules (Fig. 2-5 A ice). We observed a significant drop in PLA signal in ice treated 

prometaphase cells, including most kinetochores that were not situated near centrosomes 

(Fig. 2-5 A prometaphase). Some kinetochore/centromere PLA signals persisted in 

metaphase suggesting that Aurora B can interact with K-fibers. However, most of the 

metaphase signals throughout the spindle were cold sensitive suggesting that Aurora B 

can interact with astral microtubules. To verify the specificity of the PLA signals, we 

performed parallel assays where the anti-Aurora B antibody was omitted and the PLA 

signal was greatly reduced  (Suppl. Fig. 2-5 A).  
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 We hypothesized that the interactions between EB1-Aurora B and Tubulin-

Aurora B that we visualize at prometaphase kinetochores were with PreK-fibers. This 

hypothesis is strongly supported by the inner centromere enrichment of Aurora B in cells 

treated with 0.33 uM nocodazole (Fig. 2-3 A). In addition, after cold treatment the bulk 

of Aurora B tubulin interactions next to prometaphase kinetochores were lost. PreK-

fibers are small bundles of microtubules that protrude from kinetochores before they 

make mature attachments and can mediate lateral attachments between dynein on 

kinetochores and microtubules (Khodjakov et al., 2003). PreK-fibers are difficult to 

distinguish in a whole spindle but they are readily visualized in monastrol and after cells 

are washed out of nocodazole.  

 Xenopus S3 cells were incubated in monastrol and cells were stained for xlNdc80 

to visualize kinetochores, tubulin to visualize the spindle and PLA to detect where Aurora 

B was in close proximity to microtubules.  Fig. 2-5 B shows 4 Z-sections through a 

monopolar spindle with centrosomes in the center.  Chromosomes tend to have a distinct 

orientation in monastrol, where the kinetochore facing the pole forms K-fibers with the 

centrosome, while its sister generates PreK-fibers extending away from the central pole 

axis (Khodjakov et al., 2003).  We find the PreK-fiber microtubule bundles that extend 

out of kinetochores directed away from the central pole have PLA signals indicating 

interaction between Aurora B and tubulin (Fig. 2-5 B).  The PLA signals on the 

microtubule bundles pointing away from the center are almost always stronger than those 

on bundles toward the center, arguing that Aurora B has specificity for PreK-fibers over 

K-fibers.   
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We similarly stained cells that were washed out of nocodazole into fresh media 

for 5 and 15 minutes. We observed prominent PLA densities between Aurora B and 

tubulin emanating from most kinetochores generating PreK-fibers 5 minutes after 

washout (Fig. 2-5 C, 5 minute). Also note that the PLA signals were lost in cells treated 

with nocodazole (Fig. 2-5 C, 0 minute), confirming that our PLA assay only detects when 

Aurora B is close to microtubules and not simply free tubulin. After 15 minutes many 

chromosomes had aligned, however the chromosomes that were not aligned had 

prominent PreK-fibers (Fig. 2-5 C, 15 minute). The inset shows clear bundles of 

microtubules next to these kinetochores that have bright Aurora B-tubulin PLA densities.  

These data suggest that AuroraB binds to PreK-fibers. 
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Figure 2-5: Aurora B interacts with distinct classes of spindle microtubules. 

A) Xenopus S3 cells were processed to image INCENP and Tubulin by 

immunofluorescence and the close proximity of Tubulin and Aurora B by PLA. Insets 

within the merge show single Z-sections of Aurora B-Tubulin interactions at the 

centromere (yellow boxes) and at the kinetochores (orange boxes). Lower panel shows 

the effect of ice treatment on S3 cells prior to fixation. Bar-11µm. B) Monastrol treated 

Xenopus S3 cells were processed to image Hec1 and Tubulin by immunofluorescence and 

the close proximity of Tubulin and Aurora B by PLA – projection of 4 Z-sections. C) 

Nocodazole washout experiments were performed to show Aurora B specifically 

enriched on microtubule bundles near kinetochores, which are PreK-fibers. Xenopus S3 

cells were fixed and stained 5 minutes (projection of 7 Z-sections) and 15 minutes 

(projection of 9 Z-sections) after nocodazole washout. Aurora B-tubulin PLA signals are 

shown with Hec1 and Tubulin co-staining. (Individual Z slices of whole cell projections 

are shown in Video 1-4) 

 

 

 

 

 



! 50!

 

Figure 2-5 
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EB1 dependent localization of Aurora B to centromeres in prometaphase is required to 

phosphorylate kinetochore and chromatin substrates  

We postulated that one reason that it has been difficult to measure the effects of 

microtubules on Aurora B localization and phosphorylation in the past is that Aurora B 

activity in prophase nuclei is independent of microtubules.  Aurora B phosphorylates 

histone H3 on Serine-10 (pH3S10 in figures) on the arms of mitotic chromosomes in late 

G2/Prophase (Hendzel et al., 1997) and this phosphorylation persists through early 

anaphase. Indeed depletion of EB1 had little effect on phospho-Histone H3Ser10 levels 

(not shown), and we postulate that EB1 is not required for prophase activity of Aurora B, 

which persists into prometaphase. To separate Aurora B phosphorylation in prophase and 

prometaphase we applied a recently developed assay that specifically visualizes the 

generation of Aurora B phosphorylation in prometaphase cells (Wang et al., 2011a).   

  EB1 depleted cells were treated with a reversible Aurora kinase inhibitor, 

ZM447439 (ZM) and phosphorylation was measured on Histone H3Ser10 by 

phosphospecific antibodies after washing out the drug. The small molecule monastrol 

was used to generate monopolar spindles thereby limiting the variables of tension forces 

generated by the mitotic spindle and cells were arrested in mitosis by the addition of the 

proteosome inhibitor MG132 for 1 hour.  (Experimental outline shown in Fig. 2-6 A) 

Cells depleted of EB1 were unable to phosphorylate Histone H3 on Ser10 15 minutes 

after ZM washout (Fig. 2-6 B, D). Aurora B and phospho-KNL1 levels were similarly 

affected (Fig. 2-6 B,C,E and F).  We conclude that EB1 is required for phosphorylation 

of both kinetochore and chromatin substrates by Aurora B in prometaphase. 



! 52!

We modified the ZM-washout assay (Wang et al., 2011a) to determine if 

spreading Aurora B activity to kinetochores was microtubule-dependent in prometaphase 

(Experimental outline shown in Suppl. Fig. 2-5 B). Aurora B levels were reduced in 

HeLa cells after treating them with ZM (1 hour) and 3.3µM nocodazole (10 minutes) 

(Fig. 2-6 G,H – 0min). Centromeric Aurora B levels increased over time in cells that 

were shifted to ZM-nocodazole free media (Fig. 2-6 G,H - Recov 10min), while Aurora 

B levels did not increase after ZM washout in cells held in nocodazole (Fig. 2-6 G,H - 

Recov in Noc 10min). Microtubules were also required for cells to phosphorylate 

kinetochores after ZM washout as measured by staining with phospho-KNL1 antibodies 

(Fig. 2-6 G) (Welburn et al., 2010). We conclude that microtubules are required to both 

localize Aurora B to inner centromeres and for Aurora B dependent phosphorylation of 

kinetochore substrates in prometaphase. 
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Figure 2-6: EB1 and microtubules are required for Aurora B to phosphorylate 

kinetochores and chromatin substrates in prometaphase 

A) Experimental outline of experiment shown in B,C. B) HeLa cells treated with 

ZM447439, MG132 and Monastrol were washed out of ZM447439 to monitor recovery 

of phospho-HistoneH3Ser10 (pH3S10) after 15 minutes. EB1 depleted cells are 

compared with control cells treated similarly and fixed immediately (ZMwashout-0 min) 

or replaced in ZM-free media and fixed after 15 minutes (ZMwashout-15min). Bar-

1.6µm. C) Spreading of Aurora activity from centromeres to kinetochores (pKNL1) 

requires EB1. Note centrosomal staining is an artifact, and kinetochore staining 

represents phospho-KNL1. Bar-1.7µm. D) Quantification of average total pH3S10 

recovery in B. * p-value = 2.2e-05. E) Quantification of kinetochore phosphorylation in C. 

F) Centromeric Aurora B levels from B. ** p-value = 5.3e-157. (Scheme shown in A) G) 

Microtubules are required for the recovery of inner centromeric Aurora B and Aurora 

phosphorylation of kinetochores after removal of ZM. Note that the phospho-KNL1 has 

non specific staining of centrosomes (Welburn et al., 2010). H) Quantification of inner 

centromeric Aurora B intensities in G (n>160). * p-value=4.19e-91(Scheme for 

experiment shown in Suppl. Fig. 2-5 B) 
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Figure 2-6 
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Aurora B activity on Chromatin is regulated by microtubules in prometaphase 

 We compared the microtubule dependence of Aurora B activity on 

noncentromeric chromatin in prophase and prometaphase by washing cells out of ZM in 

the presence or absence of nocodazole (assay scheme shown in Suppl. Fig. 2-5 B). The 

presence or absence of microtubules made little to no difference to the prophase cells 

(Fig. 2-7 A).  In contrast, the absence of microtubules decreased the amount of chromatin 

phosphorylation in prometaphase cells.  We conclude that prometaphase, but not 

prophase, Aurora B activity levels are dependent on microtubules. 

We further examined the microtubule stimulation of Aurora kinase activity on 

prometaphase chromatin. We observed both a spatial and quantitative correlation 

between the microtubules and Aurora B activity (Fig. 2-7 B).  Before washing out the 

ZM there was weak phosphorylation of phospho-H3S10 and this was spatially restricted 

to areas of chromatin that were adjacent to microtubule foci that are likely centrosomes 

(Fig. 2-7 B, 0 min). After washing out both ZM and nocodazole we observed robust 

spreading of Ser10 phosphorylation on Histone H3 throughout chromatin over time. 

Spreading did not happen in the cells that remained in nocodazole (Fig. 2-7 B,C).   

Microtubules re-growth was not homogenous and in some cells we could detect 

microtubules only at centrosomes and in other cells we could detect microtubules at both 

centrosomes and at foci that are likely PreK-fibers. We plotted the amount of phospho-

H3S10 activity in each cell as a function of the amount of polymerized tubulin in the cell.  

The single cell intensities fell on a diagonal signifying correlation and the R2 value was 

0.91 (Fig. 2-7 D). This tight correlation held true for each of the time points (Suppl. Fig. 
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2-5 C). This suggests a surprising connection between the microtubules of the mitotic 

spindle and histone phosphorylation throughout chromatin.  

We have shown that a major role of EB1 and microtubules is to localize the CPC 

to centromeres.  To measure the importance of localizing the CPC to inner centromeres in 

the ZM washout assay (Wang et al., 2011a), we replaced the endogenous survivin subunit 

with the survivin H80A mutant that is unable to bind Histone H3 phosphorylated on 

Threonine-3 by Haspin (Niedzialkowska et al., 2012). Aurora B kinase was reactivated 

by removal of ZM and the recovery of phospho-Histone H3Ser10 activity was followed 

by immunofluorescence over the next 15 minutes (scheme in Fig. 2-8 A). Phospho-

Histone H3Ser10 staining was apparent on chromatin 15 minutes after washing out ZM 

in cells expressing wild type survivin (WT res) (Fig. 2-8 B,C 15min). In contrast cells 

expressing survivinH80A were unable to phosphorylate chromatin (Fig. 2-8 B,C – H80A 

res). As expected, Aurora B did not localize to centromeres in cells expressing the 

survivinH80A (Fig. 2-8 B). We verified the Aurora B and Survivin protein levels in each 

condition by western blot (Fig. 2-8 D). We conclude that preventing the localization of 

the CPC to inner centromeres phenocopies the loss of spreading of Aurora kinase activity 

on chromosome arms seen after depletion of either microtubules or EB1. Together our 

data suggest that EB1/microtubules localize the CPC to prometaphase centromeres to 

phosphorylate both kinetochores and chromatin.  
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Figure 2-7: Aurora B activity on chromatin is regulated by microtubules in 

prometaphase, but not in prophase 

A) Phospho-Histone H3Ser10 (pH3S10) and tubulin immunostaining of prophase and 

prometaphase cells at indicated conditions. Insets show chromatin staining. Bar-10µm. 

(Assay scheme shown in Suppl. Fig. 2-5 B) B) HeLa cells in prometaphase 

immunostained for tubulin, phospho-Histone H3Ser10 (pH3S10) and chromatin at 

indicated conditions. Bar-2.2µm. C) Relative pH3S10 intensity plotted as a function of 

time after ZM-washout in presence or absence of nocodazole. D) Correlation shown 

between total cellular pH3S10 intensity from all time points and total tubulin intensity 

measured per cell (R2=0.91). Cellular pH3S10 intensities at 0 minute and recovery phases 

in absence of nocodazole are represented as blue diamonds and intensities from cells in 

nocodazole are in red squares. 
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Figure 2-7 
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Figure 2-8: CPC activity spreads from centromeres to chromosome arms after nuclear 

envelope breakdown.   

A) Assay scheme. B) Cells that have endogenous survivin replaced with the survivinH80A 

mutant are unable to phosphorylate Histone H3Ser10 in the ZM-washout assay.  HeLa 

cells stably expressing vector only, survivin-myc (siRNA resistant) and survivinH80A-myc 

(siRNA resistant) were treated with survivin siRNA for 48 hours followed by 1 hour in 

ZM447439, MG132 and monastrol. Bar-2.7µm. C) Average total phospho-Histone 

H3Ser10 intensity at 0 and 15 minutes in mock treated (vec. only) and survivin siRNA 

treated – vec. only (vec. only+siRNA), survivin-myc (WT res) and survivinH80A-myc 

(H80A res)  expressing cells. D) Western blot showing Aurora B, survivin-myc and 

endogenous survivin levels. 
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Figure 2-8 
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Supplemental figure 2-5: Microtubules regulate spreading Aurora B activity from 

centromeres to chromosome arms. 

A) PLA controls for Fig. 2-5. Bar-13µm. B) Scheme representing the timeline of ZM-

washout assay to measure spreading of activity that is used in Fig. 2-6 G and Fig. 2-7 

A,B.  C) Scatter plot showing correlation of total tubulin intensities and total phospho-

H3S10 in individual HeLa cells at the indicated time points in the experiment shown in 

Fig. 2-7 D and outlined in Suppl. Fig. 2-5 B. R2 values are mentioned in respective colors. 
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Supplemental Figure 2-5 
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Interdependence of kinetochore axis and cohesion axis through Aurora B 

 Next we wanted to test if the kinetochore axis and the cohesion axis were working 

independently of each other or not. We already showed that EB1 depletion affects both 

axis and this can be rescued by expressing CenpB-INCENP, which binds alpha satellite 

DNA and thus can recruit Aurora B directly to the inner centromere in the absence of the 

histone phosphorylation marks. We used the same method to ask if the two feedback 

loops (Saurin et al., 2011; Wang et al., 2011b) were only responsive to Aurora B 

stimulation or recruitment of Bub1 depended on Haspin activity. Haspin inhibitor 

treatment in U2OS cells showed reduced kinetochore levels of Mps1, Bub1, pH2AT120 

and Sgo1 (Fig. 2-9). We found expression of CENPB-INCENP in Haspin inhibitor 

treated cells rescued the recruitment of Bub1 (Fig. 2-9 A-C). We also checked the effect 

on other members of the kinetochore axis and observed that it was consistent for 

phospho-H2AT120, Sgo1 and Mps1 (Fig. 2-9 D,E). These data suggests that the only 

common component connecting the two feedback loops is Aurora B. EB1 / microtubule 

dependent recruitment and activation of Aurora B triggers both the loops to allow further 

enrichment of CPC.  
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Figure 2-9: Kinetochore axis and cohesion axis are connected through centromeric 

Aurora B. 

A) Expression of CENPB-INCENP fusion protein in U2OS cells rescued the reduction of 

Bub1 and pH2AT120 levels after Haspin inhibitor treatment. A stable U2OS line was 

either mock treated (control) or EB1 siRNA treated with or without CENPB-INCENP 

induction by doxycyclin. Bar-1.8µm. B) Quantification of Bub1 levels at the indicated 

treatment conditions. C) Western blot showing depletion of EB1 by siRNA and 

expression of CenpB-INCENP fusion protein. D) Immuno-fluorescence staining of 

similarly treated U2OS cells as in A showing pH2AT120, Sgo1 and Mps1. 
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Figure 2-9 
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EB1 is required for the Aurora B anaphase gradients 

During anaphase Aurora B kinase phosphorylates chromatin in the region 

between the midzone microtubules and the presumptive cytokinetic furrow (Fuller et al., 

2008). Microtubules are required to activate Aurora kinase in anaphase (Fuller et al., 

2008). To determine if EB1 depletion disrupts anaphase Aurora B activity we measured 

phospho-H3S10 levels on lagging chromosomes in early and late anaphase. Since EB1 

depletion triggers the spindle checkpoint to arrest cells we also treated HeLa cells with 

Mad2 siRNA (Fig. 2-10 B).  This generated anaphase-lagging chromosomes, which 

enabled us to visualize the anaphase gradients of phospho-H3S10 activity. As expected, 

we saw high phospho-H3S10 levels on the lagging chromosomes in Mad2 siRNA treated 

cells and activity decreased as a function of lateral distance from the midzone center. 

Cells treated with both EB1 and Mad2 siRNAs had reduced Aurora B activity on 

anaphase chromatin, with minimal to no difference in phospho-H3S10 levels on sister 

chromatids near the poles when compared to lagging chromosomes in the spindle center 

(Fig. 2-10 A). The effect of EB1 depletion on disrupting the anaphase gradient is 

observed in late anaphase. Line scans elaborate the disruption of anaphase chromatin 

phosphorylation in EB1 depleted cells (Fig. 2-10 C,C’). Furthermore, the ratio of 

phospho-H3S10:chromatin staining clearly shows the central gradients of Aurora B 

activity, as well as its dependence on EB1 (Fig. 2-10 D).  This is consistent with the role 

of Bim1p regulation of Ipl1 in budding yeast anapahse (Zimniak et al., 2009). 
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Figure 2-10: EB1 depletion disrupts Aurora B anaphase gradient 

A) HeLa cells transfected with Mad2 siRNA or Mad2 and EB1 siRNA for 48 hours 

stained with pH3S10 to visualize the anaphase gradients of Aurora B activity on 

anaphase-lagging chromosomes. B) Western blot of cell lysate treated with respective 

siRNAs, similarly as in A, showing Mad2 and EB1 depletion. C) Linescan showing 

intensities along line shown in the merge of the Mad2 depleted cell in C top or bottom 

(C’). Bar = 2.7µm. D) Ratio of pH3S10 intensity to chromatin staining is high at midzone 

center in Mad2 siRNA treated cells but not in EB1&Mad2 siRNA treated cells. !
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Figure 2-10 
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Figure 2-11: Cooperation of histone phosphorylation and microtubules in centromeric 

localization of Aurora B 

Model depicting the role of EB1 and microtubules in regulating inner centromeric Aurora 

B and its activity. !
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Discussion 
 

We have demonstrated that EB1 and microtubules play important roles in the 

recruitment of the CPC to inner centromeres after, but not before, nuclear envelope 

breakdown. We show that EB1 and microtubules are in the same pathway. In the absence 

of EB1 or microtubules we still find pools of Aurora B at inner centromeres but the levels 

are highly enriched by EB1 and microtubules.  EB1 and microtubules are also essential 

for spreading Aurora B activity from inner centromeres to both kinetochores and to 

chromosome arms. EB1 has been previously shown to co-immunoprecipitate with the 

CPC and to block PP2A activity against Aurora B (Sun et al., 2008). Our data are 

consistent with these observations.  While we can detect a weak direct interaction of EB1 

with Aurora B, we don’t see any direct effect on kinase activity (Fig. 2-4 B,C).  Thus we 

suggest that one role of EB1 is to inhibit PP2A to prolong Aurora B activity so that it can 

concentrate at centromeres by triggering the feedback loops and then spread to distant 

substrates.   

Aurora B phosphorylates substrates at the centromere in cells treated with 

nocodazole.  How then can we argue that microtubules regulate Aurora B? We find 

Aurora B levels at the inner centromeres drop significantly in 3.3µM nocodazole (Fig. 2-

3 A,B), but there is still a pool that localizes in a microtubule independent manner. This 

pool is dependent upon the histone phosphorylation pathways and is further reduced by 

simultaneous inhibition of Aurora B activity by ZM (Fig. 2-6 G), suggesting that there 

are at least two pathways that localize Aurora B.  Our data suggest that EB1/microtubule 

stimulation is upstream and activate the histone phosphorylation loops to generate 

increased levels of CPC at centromeres.  These redundancies and positive feedback loops 
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complicate the study of the CPC and it is critical to knock out one pathway in order to 

study the regulation of a second pathway.  

How do EB1 and microtubules localize the CPC?  We show direct stimulation of 

kinase activity by microtubules and direct interaction of Aurora B and EB1. Moreover, 

EB1(K89E) microtubule binding mutant is unable to enrich CPC at the inner centromeres 

in EB1 depleted cells. The loss of EB1 also reduces, phospho-HistoneH3T3, Bub1 at 

kinetochores and Bub1 phosphorylation of Histone H2A, which are all required to 

localize the CPC to centromeres (Wang et al., 2010; Kelly et al., 2010; Yamagishi et al., 

2010; Niedzialkowska et al., 2012; Du et al., 2012; Jeyaprakash et al., 2011). The 

simplest model is that EB1 on microtubule plus-ends enrich Aurora B at inner 

centromeres. This triggers positive feedback loops that regulate the histone kinases (Fig. 

2-3 and Fig. 2-11) (Wang et al., 2011b; van der Waal et al., 2012). The Mps1 kinase is 

also stimulated by microtubules and enhances phospho-HistoneH2A levels to rapidly 

recruit Aurora B to centromeres (van der Waal et al., 2012; Stucke et al., 2004). We 

postulate that the EB1/microtubule pathways modulate the amount of CPC at 

centromeres, while the histone phosphorylation pathways ensure that the CPC can only 

be stimulated at inner centromeres where the two histone marks intersect.   

There are distinct types of microtubules in the spindle and our data suggest that 

the major pool of microtubules that activate the CPC recruitment in prometaphase are the 

PreK-fibers that are nucleated by kinetochores (Khodjakov et al., 2003; Platani et al., 

2009; Mitchison and Kirschner, 1985). This is supported by our observation that there are 

higher levels of Aurora B at the microtubule foci near kinetochores in cells treated with 

0.33µM but not 3.3µM nocodazole (Fig. 2-3 A,B and Suppl. Fig. 2-3 A).  In addition, 
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PLA suggests that Aurora B-tubulin interactions and Aurora B-EB1 interactions are 

highest at centromeres in early prometaphase cells and that Aurora B can be found on 

PreK-fibers (Fig. 2-4 E and Fig. 2-5 B,C). These conclusions are also supported by earlier 

work that showed that the CPC requires both chromosomes and microtubules for proper 

function and organizes PreK-fibers (Tseng et al., 2010; Tulu et al., 2006). Finally, in the 

accompanying paper (Matson et al., submitted for publication) we show that centromeres 

with PreK-fibers have 3-fold more Aurora B and 4-fold more kinetochore activity than 

centromeres without PreK-fibers in the same cell.  We found a subpool of Aurora B on 

astral microtubules and a second pool on K-fibers of metaphase aligned chromosomes.  

The function of the astral microtubule pool is still unclear but we speculate that it is 

involved in spreading Aurora kinase activity from inner centromeres to distant substrates 

such as chromosome arms. As we will discuss below, we postulate that EB1 may 

specifically activate the kinase on antipoleward K-fibers in metaphase to break the 

asymmetry of sister kinetochores. 

 

Microtubules/EB1 allow the CPC to communicate with the spindle 

 Microtubule/EB1 regulation of Aurora B levels provides a mechanism for spindle 

status to regulate inner centromere signaling. We will outline three examples from the 

literature that could be explained by this regulation. 

EB1 is the only protein that localizes specifically to the sister kinetochores that 

have the growing microtubule ends (anti-poleward) (Tirnauer et al., 2002).  This finding 

combined with our data suggest that Aurora B activity would be higher on the anti-

poleward sister kinetochores.  Consistent with this idea most PLA signals are typically 
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found near one of the two sister kinetochores (Fig. 2-4 E,F). Differential phosphorylation 

on the poleward and anti-poleward sides could provide mechanisms to coordinate the two 

sisters to allow proper chromosome movements (Liu et al., 2009; Tirnauer et al., 2002; 

Dumont et al., 2012).  

Aurora B is recruited specifically to merotelic attachment points and Aurora B 

activity is required to resolve merotelic attachments (Ruchaud et al., 2007; Knowlton et 

al., 2006; Lan et al., 2004; Cimini et al., 2006; Kallio et al., 2002; Lampson et al., 2004; 

Liu et al., 2009). Our findings can in part explain these phenomena. A defining feature of 

a merotelic attachment is the presence of microtubules near or adjacent to inner 

centromeres.  We suggest that the presence of microtubules recruits additional Aurora B 

to resolve merotelic attachments.  In addition a merotelic attachment brings kinetochores 

close to inner centromeres to allow efficient phosphorylation of kinetochore substrates 

such as Hec1 and Ska that release microtubule attachments (Terada, 2001; Deluca et al., 

2006; Wheatley et al., 2001a; Welburn et al., 2010; Cheeseman et al., 2006).  

Centromeric Aurora B levels decrease as chromosomes become aligned at the 

metaphase plate in non-transformed human cells (Lan et al., 2004; Salimian et al., 2011; 

Knowlton et al., 2006; Cimini et al., 2006; Kallio et al., 2002; Liu et al., 2009).  We 

suggest that microtubule stimulation of Aurora B recruitment could also underlie this 

phenomenon.  Kinetochores nucleate microtubules because the Nup160 complex recruits 

the γ-TURC complex and the TPX2 protein may also nucleate microtubules (Wang et al., 

2010; Mishra et al., 2010; Kelly et al., 2010; Orjalo et al., 2006; Yamagishi et al., 2010; 

Niedzialkowska et al., 2012; Du et al., 2012; Jeyaprakash et al., 2011).  Interestingly, 

these activities are inhibited by high RanGTP levels (Yamagishi et al., 2010; Mishra et 
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al., 2010).  We suggest that the concentration of chromosomes on the metaphase plate 

could generate high RanGTP, decrease kinetochore nucleated microtubules and 

downregulate CPC recruitment.  However, using live cell imaging of metaphase cells it 

has been shown that brief treatments with nocodazole actually increases CPC recruitment 

(Tsukahara et al., 2010; Salimian et al., 2011; Wheatley et al., 2004; Chu et al., 2011).  

While this experiment initially seems to contradict our findings, we note that nocodazole 

takes at least 10 minutes to fully depolymerize microtubules and in the short movies that 

were performed the nocodazole will decrease the stability of k-fibers and could increase 

the PreK-fibers that stimulate Aurora B localization (Fig. 2-3 A) (Salimian et al., 2011; 

Brito et al., 2008). PreK-fiber activation allows Aurora B activity to be higher in 

prometaphase to generate SAC signaling and regulate Hec1 dependent “end-on” 

attachment and favor dynein dependent lateral attachments (accompanying paper – 

Matson et al. submitted for publication). Thus new models for kinetochore regulation 

have emerged from integrating the regulation of Aurora B by microtubules into the key 

functions of Aurora B.  

We have also identified conditions that reveal global regulation of the histone 

code by microtubules. Specifically the amount of Histone H3Ser10 phosphorylation is 

both spatially and quantitatively correlated with the amount of microtubules after 

washout of ZM and nocodazole (Fig. 2-7 D). Although still speculative this suggests a 

previously unappreciated role of microtubules and EB1 in regulating a histone 

modification throughout chromatin. It will be important to determine if mitotic spindle 

structure influences gene transcription and/or the maintenance of chromatin state in the 

following interphase.   
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Materials and Methods 
 

Kinase activity assay 

Recombinant AI(790-856) purified from BL21 bacterial expression system as previously 

described (Sessa et al) was diluted to the required concentrations and incubated with 

either 3µM Taxol-stabilized microtubules (prepared as in (Desai et al., 1999) or 1X-

BRB80 (80 mM Pipes, 1mM MgCl2, 1mM EGTA pH-6.8 with KOH), for 15 minutes. 

Xenopus EB1 was purified from BL21 bacterial expression system from a pET28c-EB1 

vector. Assays were carried out in kinase buffer (20mM Tris-HCl pH-7.5, 1mM MgCl2, 

25mM KCl, 1mM DTT and 100µM ATP/1µM γ32P-ATP mix) with myelin basic protein 

(MBP, Invitrogen), as substrate. Activity was initiated by incubation with 

microtubules/1X BRB80 and stopped after 2 minutes by adding SDS-PAGE sample 

buffer. Samples were separated on 15%-SDS-PAGE gel, stained with coomassie blue, 

dried on Whattman paper together with aliquots of γ32P-ATP and exposed to Phosphor 

Screen (Molecular Dynamics) overnight. Phosphor Screens were scanned on a Storm-860 

Phosphor-scanner (Molecular Dynamics) and resulting images were processed and 

quantified using ImageQuant (Molecular Dynamics) to calculate amount of PO4
3- 

incorporated on MBP. Error bars represent standard deviations. 

 

Cell lines and Plasmids 

Wildtype or K89E mutant EB1 was cloned into DLAP destination vector, which is 

derived from pcDNA5.0/FRT vector (Invitrogen) with C-terminal dual tags of S peptide 

and GFP (pDLAP-EB1). The clones were modified by site directed mutagenesis to make 

them resistant to the coding sequence targeted siRNA (pDLAP-EB1siRes and 
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EB1K89EsiRes). Flp-in HeLa-TRex cells (Tighe et al., 2008) were co-transfected with 

pDLAP-EB1 and pOG44. Stable lines expressing (WT)EB1-LAP were subsequently 

created by selection with Hygromycin. U2OS-TR stable cell line with doxycycline 

inducible CenpB-INCENP fusion protein was a kind gift from Sussane Lens (Saurin et 

al., 2011). 

 

Tissue culture and Transfection  

HeLa T-Rex cells (Invitrogen) were grown and passaged in Dulbecco’s Modified Eagle’s 

Medium (DMEM) supplemented with 10% Fetal Bovine Serum (FBS). Xenopus S3 cells 

were cultured in 66% L-15 media (Sigma) supplemented with 10% FBS, 100 IU/ml 

penicillin, 100ug/ml streptomycin and 1nM sodium pyruvate at 18°C. HeLa cells were 

plated at 25% confluency onto poly-L-Lysine coated 18mm coverslips in 12-well dish 

(Corning) overnight. siRNA transfection for EB1 and Mad2 knockdown were done using 

Lipofectamine RNAiMAX (Invitrogen) according to manufacturer’s protocol and 

survivin knockdown was done using Oligofectamine (Invitrogen) as previously described 

(Niedzialkowska et al., 2012). HeLa cells were treated with EB1 siRNAs (Custom siRNA 

– Thermo/Dharmacon; 5’ – AAGUGAAAUUCCAAGCUAAGCUU – 3’; Custom 

3’UTR siRNAs – 5’ - GAATGCTGGAGAGATGTTATG – 3’ and 5’ – 

GCACTAATCTCTTTGGAGA – 3’) at 10nM and a SMARTpool of siRNA oligos 

against Mad2 (Thermo/Dharmacon - L-003271-00-0005) with a final concentration of 

20nM, either separately or in combination for 48 hours. pDLAP-EB1 (WT or siRes) was 

transiently transfected  with Lipofectamine2000 (Invitrogen) following manufacturer’s 

protocol, 24 hours after siRNA transfection, for rescue experiments. Cells grown in 12-
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well dish were transfected with 250ng (500ng for 6-well dish) plasmid and fixed for 

immunofluorescence after 24 hours.  

 

Immunoblotting 

HeLa cells from 2-wells of 6-well dish were scraped and spun down at 1500 rpm to 

generate cell lysates for western blotting. Pellets were washed with 1X DPBS 

(Invitrogen) and resuspended in 2X SDS sample buffer, sonicated and run on SDS-

polyacrylamide gel. Antibodies used were as follows: anti-survivin (Cell Signalling), 

anti-Tubulin DM1α (Sigma), anti-AIM1 (BD), anti-EB1 (BD), anti-Mad2 (Bethyl), anti-

Bub1(Abcam). 

 

ZM-washout assays  

HeLa cells were plated at 75% confluency onto poly-L-Lysine coated 18mm coverslips in 

12-well dish (Corning) overnight. Cells were treated with 2µM ZM447439 (Enzo), 42µM 

MG132 (Tocris) and 100µM Monastrol (Tocris) for 1 hour in DMEM+10%FBS at 37°C. 

Cells were either fixed or to assay recovery of Aurora B activity after ZM-washout they 

were washed with 1X-DPBS for three times and replaced in fresh DMEM+10%FBS with 

42µM MG132 and 100µM Monastrol. ZM+Nocodazole washout assay: After 60 

minutes in ZM447439/MG132/Monastrol, nocodazole was added to a final concentration 

of 3.3µM and kept at 37°C for 10 minutes. Cells were either fixed at this point or shifted 

to fresh DMEM+10%FBS with 42µM MG132 and 100µM Monastrol with or without 

3.3µM nocodazole.  
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Proximity Ligation Assay  

Xenopus S3 cells were grown on acid washed, poly-lysine coated coverslips affixed with 

a silicone gasket (Grace Bio-Labs, Inc.). To destabilize microtubules (Fig. 2-5 A) cells 

were washed into ice-cold growth media and incubated in an ice water bath for 5 minutes 

immediately before fixation. Untreated control cells were fixed simultaneously.  

Monastrol treatment (100uM) was done for 1 hr and fixed with 4% paraformaldehyde in 

1 x PHEM at RT for 20 min.  Coverslips were washed 3 times with TBS + 0.05% Tween 

and stored at 4 degrees until ready for use in PLA. Nocodazole washout - Xenopus S3 

cells were treated with 2uM nocodazole or an equivalent dilution of DMSO for 1hr.  

Cells were either left in DMSO, 2 uM nocodazole or washed three times with fresh media 

and released for 5, 10 or 15 min. prior to fixation with 4% paraformaldehyde.  Coverslips 

were washed 3 times with TBS + 0.05% Tween and stored at 4 degrees until ready for 

use in PLA. 

PLA was performed after fixation using Duolink II PLA probes anti-Mouse MINUS and 

anti-rabbit PLUS and Duolink II Detection Reagents Orange (Olink Bioscience).  The 

assay was performed following the manufacturer’s recommended protocol using the 

provided blocking solution and antibody diluent.  Samples were incubated in primary 

antibodies overnight at 4˚C.   The following primary antibodies were used at the 

indicated dilutions: anti-xlAurora B (1:400; P.Todd Stukenberg, University of Virginia), 

anti-β Tubulin, AA2 (1:500; UVA Lymphocyte Culture Center), anti-hEB1 (1:500; BD 

Transduction Labs), and anti-hAurora B (1ug/ ml, Abcam,)  

 

 



! 79!

Immunofluorescence 

HeLa cells were fixed with 100% methanol for EB1 immuno-staining and PLA 

experiments (anti-EB1 antibody – BD). All other immuno-staining and PLA experiments 

were done after co-fixing cells with 4%-paraformaldehyde, 1X PHEM (60mM PIPES, 

25mM HEPES, 10mM EGTA, 4mM MgCl2, pH-6.9) and 0.5% TX-100 for 20 minutes. 

Immunofluorescence staining was done in 3% BSA/TBS-0.05% Tween-20 using these 

antibodies: anti-Tubulin DM1α (Sigma), anti-phosphoH3Ser10 (Millipore), anti-

phospho-H3T3 (Millipore), anti-phospho-H2AT120 (Activ Motif), phospho-KNL1(S24 

& S60) (Iain M. Cheeseman, (Welburn et al., 2010), anti-AIM1 (Aurora B) – ( BD 

Transduction Labs), ACA (Antibodies Incorporated), anti-hEB1 (BD Transduction Labs) 

and To-Pro3 (Invitrogen). 

Following the PLA procedure, cells were incubated in 10% normal mouse serum and 

10% normal rabbit serum (Jackson ImmunoResearch Laboratories, Inc.) in 3% 

BSA/TBS+0.05% Tween-20 for 30 minutes at room temperature to block any open 

binding sites on the PLA probes. FITC conjugated anti-α-Tubulin, DM1α (Sigma) and 

Alexa Fluor 647 conjugated polyclonal antibodies (xlNdc80, xlINCENP or hBorealin) 

were utilized for co-staining with PLA reactions. Alexa-647 polyclonal antibody 

conjugations were prepared using an Alexa Fluor® 647 labeling kit following the 

manufacturer’s recommended protocol (Invitrogen). 

 

Fluorescence Microscopy, Image Acquisition and Processing 

Images were captured using a Zeiss Axiovert 200 inverted microscope fitted with a 

confocal scanner using a krypton/argon laser (Perkin Elmer), Hamamatsu EMCCD 
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camera, a NanoScanZ motor (Prior) and a 63X and 100X oil Plan-Apochromat objective.  

An acousto-optic tunable filter (AOTF) was used for detection of light at 488, 568 and 

647 nm.  Photographs were taken as z-series with 0.4 µm Z- steps.   All aspects of image 

acquisition and processing were controlled by Volocity software (Perkin Elmer).   Images 

from the same experiment were captured using identical acquisition settings and the 

contrast enhancement tool (Volocity®5.5 Perkin Elmer or ImageJ-NIH) was used to scale 

the images to the same black and white values.  

 Total sum intensity in each cell was determined by drawing regions of interest 

(ROIs) around individual cells with the freehand or lasso tool.  To measure intensities 

specifically at kinetochores or centromeres a volume thresholding algorithm was made 

for each channel. ROIs picked up by the algorithm were manually confirmed as 

kinetochores or centromeres by comparing with ACA. Here it is important to mention 

that the algorithm picked voxel volumes above a certain intensity. This resulted in some 

underestimation of severity of loss of signal after treatments for signals that were not 

detectable above background.  This was considered reasonable, as the changes were still 

highly significant. Background intensity per µm3 was calculated for each image by 

drawing a ROI and dividing the sum intensity of the ROI by its volume.  This value was 

multiplied by the volume of the ROI drawn by freehand tool or picked up by the 

algorithm and subtracted from the sum intensity measurement for the cell/ kinetochore to 

find the corrected sum intensity. Whenever we used the volume thresholding algorithm 

we divided the corrected total sum intensity per voxel volume by the voxel volume 

(intensity/µm3) and referred to it as arbitrary units (a.u.). This was done to avoid error in 

estimation of absolute centromeric intensities in cases where the voxel failed to 
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distinguish between two or more closely situated centromeres. Error bars represent 

standard deviations unless mentioned otherwise. 
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Abbreviations List
 

CPC – Chromosomal Passenger Complex 

MT – Microtubules 

PreK-fibers – pre-formed K-fibers 

ZM – ZM447439 Aurora B inhibitor 

Noc – Nocodazole 

HI – 5-iodotubercidin (Haspin inhibitor) 
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Abstract 
 

The chromosome passenger complex (CPC) is a critical integrator of signals from 

multiple sources in mitosis. It is recruited to the inner centromeres in prometaphase 

where it corrects kinetochore microtubule attachment errors and signals the spindle 

checkpoint. It is important to regulate Aurora B activity appropriately at this stage. We 

demonstrate that Aurora B has the ability to auto-activate kinase activity in a 

concentration dependent manner and this requires a domain outside the catalytic subunit. 

We identify cofactors like microtubules and DNA that allow local enrichment of CPC, 

which triggers the stimulation of kinase activity. We also show that key residues in the 

amino-terminal domain can regulate kinase activity in response to auto-phosphorylation. 

Finally we show that the catalytic subunit has a microtubule-binding domain and its 

affinity for microtubules is regulated by auto-phosphorylation. These data suggests that 

Aurora B kinase activity is not merely turned ON or OFF but is tightly regulated to allow 

CPC to respond to changes in its immediate environment during mitosis. 
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Introduction 
 

The chromosome passenger complex regulates a wide spectrum of events during 

mitosis (Ruchaud et al., 2007). For this it is very important that the CPC reaches specific 

locations through the course of mitosis. The previous chapter elaborates the various 

pathways that ensure that this happens with very high fidelity. Aurora B is unique 

because it does not operate in typical ON or OFF states but is tightly regulated by its 

immediate environment. In this chapter we will focus on elaborating how the Aurora B 

kinase activity is regulated by itself and a group of co-factors that allow targeting of 

specific pools of substrates. 

 

Divergent N-terminal region in Aurora kinases 

 Aurora B kinase is one of 3 Aurora kinases in mammals. Most vertebrates have at 

least 2 Aurora kinases. One or more orthologues are found in yeast, flies, worms and 

other invertebrates. The three mammalian Aurora paralogues are very similar in 

sequence, a conserved kinase domain, in which human Aurora A and B share 71% 

identity. They even share the same target consensus motif for substrate phosphorylation – 

(K/R)-(K/R)-X-(S/T)-(I/L/V) (Cheeseman et al., 2002). However, the three Auroras 

differ in the length and sequence of their amino-terminal domain (Bischoff et al., 1998). 

This domain’s uniqueness is critical to Aurora kinases A and B as they interact with 

specific allosteric cofactors through the N-terminal lobe that activate the kinase (Bishop 

and Schumacher, 2002; Eyers et al., 2003; Sessa et al., 2005; Tsai et al., 2003; Honda et 

al., 2003; Adams et al., 2000). This also allows them to localize to distinct sub-cellular 

domains and target mutually exclusive set of substrates to regulate different mitotic 
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processes. We explored the possibility that the N-terminal tail of Xenopus Aurora B 

might be more than just a unique docking site for INCENP and play an auto-regulatory 

role for the kinase. 

 

Co-factors that regulate Aurora B kinase activity 

Phosphorylation of INCENP by Aurora B on its C-terminal TSS motif is part of a 

feedback loop that activates the kinase (Bishop and Schumacher, 2002; Sessa et al., 

2005). Phosphorylation of these residues in the IN-Box (Adams et al., 2000) leads to 7-

fold stimulation of kinase activity as compared to Aurora B phosphorylated on its 

activating T-loop (Sessa et al., 2005). Chicken DT40 cells expressing INCENP TSS 

motif mutants (INCENPTAA) show spindle elongation defects and failure to complete 

cytokinesis (Xu et al., 2010). In fact the association between a related kinase, Aurora A 

and a microtubule associated protein TPX2 can be used to draw comparisons with Aurora 

B:INCENP-IN-Box interactions. TPX2 is an allosteric activator of Aurora A kinase and 

this association also stimulates Aurora A activity in an ATP dependent manner (Eyers et 

al., 2003).   

Aurora B kinase is regulated by other cofactors as well. Microtubules together 

with another inner centromeric protein telophase disc-60 (TD-60) activate Aurora B 

kinase in vitro (Rosasco-Nitcher et al., 2008). Moreover, partial loss of TD-60 impairs 

the ability of Aurora B kinase to auto-phosphorylate its T-loop and phosphorylate 

INCENP on Ser 850 (TSS) motif (Rosasco-Nitcher et al., 2008), which explains the 

requirement of TD-60 in full activation of the kinase. The mechanistic role of 

microtubules in activating Aurora B is less well characterized.  
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CPC binds microtubules through two distinct domains. INCENP has a central 

coiled coil region that can bind microtubules (Mackay et al., 1998) and recombinant 

Aurora B bound to the IN-box can also bind microtubules (Rosasco-Nitcher et al., 2008). 

Phospho-regulation of microtubule interaction of CPC was first shown in S. cerevisiae. 

Cdk1 and Aurora B phosphorylates the CPC to prevent preanaphase spindle association 

and this inhibition is alleviated after anaphase onset to allow CPC to localize at the 

spindle midzone (Nakajima et al., 2011). Yeast Aurora B, Ipl-1, interacts with the yeast 

homologue of EB1, Bim1p, to localize to anaphase spindle and regulate the spindle 

microtubule dynamics (Zimniak et al., 2009). This interaction is also regulated by Cdk1 

kinase Cdc28 by phosphorylating Ipl-1 near the Bim1p ‘SXIP’ interaction motif that 

inhibits preanaphase localization of Ipl-1/Aurora B to the spindle (Zimniak et al., 2012). 

These data suggests that microtubule association is tightly regulated and there exists 

multiple modes of inhibiting preanaphase CPC-microtubule association. That brings up 

the question as to how microtubules activate Aurora B in prometaphase, when it is most 

active. It is important to understand the interplay of CPC-microtubule interaction and 

activation of Aurora B kinase by microtubules. 

Mps1, a dual specificity mitotic kinase, was first identified in S. cerevisiae where 

it was observed that a mutant allele had a defect in spindle pole body duplication that 

generated monopolar spindles (Winey et al., 1991) and had defective spindle checkpoint 

(Weiss and Winey, 1996). More recently it was shown that the human homologue had a 

similar role in the spindle checkpoint but cells depleted of Mps1 had little trouble in 

centrosome duplication (Stucke et al., 2002; Maciejowski et al., 2010). Mps1 is shown to 

work in concert with Aurora B kinase (Saurin et al., 2011; van der Waal et al., 2012). It 
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phosphorylates Borealin to activate Aurora B and replacing Borealin with four-

phosphosite mutant (Borealin4A) to perturb Mps1 phosphorylation leads to reduced 

centromeric activation of Aurora B and chromosome alignment defects in U2OS cells 

(Jelluma et al., 2008). Later it was shown that Mps1 regulates the dimerization state of 

Borealin by phosphorylating Thr230, one of the four sites identified in the earlier study, 

and mutating this residue to alanine phenocopies the 4A-mutant (Bourhis et al., 2009). 

Although there are interesting implications of Mps1 phosphorylating Borealin on CPC 

function, how it translates to regulation of Aurora B activity is not well understood. 

CPC gets its name from the fact that it localizes to chromatin during early mitosis 

to finally reach the center of the cell (Earnshaw and Bernat, 1991). Yet little is known 

about the effect of DNA on Aurora B kinase activity. CPC localizes to chromatin in 

prophase and persists at the inner centromeres till anaphase onset. The CPC is detected 

initially along chromosome arms, but it progressively concentrates to the inner 

centromeres through prometaphase and metaphase (Ruchaud et al., 2007).  Dasra A/B 

proteins are shown to play a critical role in loading CPC on chromatin and mediate 

chromatin-dependent activation of Aurora B kinase (Kelly et al., 2007). Depleting Dasra 

A in Xenopus egg extracts leads to failure of bipolar spindle formation (Sampath et al., 

2004). Xenopus Dasra A is observed to bind non-centromeric chromatin beads dipped in 

Xenopus egg extracts by immunofluorescence (Sampath et al., 2004) but a distinct DNA-

binding domain is not yet characterized. It will be important to analyze if DNA has any 

direct effect on regulating Aurora B activity. It is reasonable to hypothesize that DNA 

provides a platform to enrich CPC that allows auto-activation of the kinase to reach 

higher activity state. 
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Results 
 

Purification of the Chromosome passenger complex from E. coli 

In order to perform biochemical characterization of the chromosomal passenger 

complex (CPC) we set out to purify the intact complex. We expressed full length 

INCENP, Dasra-A, Survivin and C-terminal 6-His tagged Aurora B from two bi-cistronic 

vectors by co-transforming BL21-pLysS E.coli strain (Fig. 3-1A). After affinity 

purification with Ni-NTA beads followed by size-exclusion chromatography we obtained 

the full CPC complex as shown by comigration of all four CPC proteins by Coomassie 

blue staining (Fig. 3-1B). The full complex, with a combined molecular weight of 

228kDa, eluted at a size larger than 670 kDa (approx. 1.5 MDa) on a Superose 6 column. 

This suggests that the CPC is either a multimeric complex (possibly hexamer) or has an 

elongated shape that has an apparent stokes radius comparable to a 1.5 MDa globular 

protein.  The native complex runs in similar fractions in Xenopus mitotic extracts where 

sedimentation analysis confirmed that the native complex is a highly elongated ~250 kDa 

complex consistent with one subunit of each protein (Bolton et al., 2002). We performed 

sedimentation analysis of purified CPC on a 5-30% sucrose gradient and found that the 

complex sedimented at 6.7S (Figure 3-1 B’). Siegel and Monty (Siegel and Monty, 1966) 

have derived  equations using hydrodynamic measurements of molecules to overcome the 

contribution of shape and accurately measure the molecular weight. Similar calculations 

suggest that purified CPC is approximately 300 kDa. This suggests that it is also a 

monomer with one subunit of each protein. 

We also purified the ‘catalytic subunit’ of the chromosome passenger complex 

that has N-terminal tagged full length Aurora B co-expressed with C-terminal INCENP 
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fragment (IN-Box). We expressed two versions of IN-Box with residues 790-856 of 

INCENP (referred as AI790-856) or residues 790-847 of INCENP (referred as AI790-847). 

We purified both GST- and 6-His tagged versions of this complex. Furthermore, we also 

purified both these complexes with a N-terminal GST-tagged truncated version of Aurora 

B (60-362) – ΔN60-AI790-856 and ΔN60-AI790-847 (Sessa et al., 2005). Fig. 3-1C shows a 

schematic of all the versions and vector maps are shown in appendix.  

Auto-phosphorylation by Aurora B regulates specific activity of the CPC 

 It has been shown that Aurora B mediated phosphorylation of critical resides in 

the INCENP IN-Box ‘TSS’ motif is necessary to stimulate its activity (Sessa et al., 2005).  

ΔN60-AI790-856 had approximately 7-fold more activity than ΔN60-AI790-847 that lacks the 

‘TSS’ motif. We compared kinase activity of CPC to AI790-856 at various concentrations 

and found that although at lower concentrations they were comparable, CPC shows a 

non-linear increase in activity at higher concentrations (Fig. 3-1D, 3-3F). We further 

compared CPC activity kinetics to both AI790-856 and AI790-847. We observed a similar non-

linear spike in CPC activity after an initial lag phase. This increase was absent in both 

forms of the catalytic domain (Fig. 3-1E). We envisioned that the full complex has a 

domain that is lacking in AI790-856 that allows auto-activation.  We designed an assay to 

determine if CPC that has been inactivated by pretreatment with λ-phosphatase can be 

activated by a small amount of active CPC  (Fig. 3-1F). We first pretreated a high 

concentration of CPC with λ phosphatase  (CPC - 4X(I)), which inactivated the kinase. 

We measured the activity of four-fold lower concentration of CPC that was not pretreated 

(CPC(1X)). We observed a 3.5 fold increase in activity when we mixed the λ-

phosphatase treated 4X(I) kinase over 1X CPC (1X+4X(I)) (Fig. 3-1F’). In contrast, a 
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similar assay with AI790-856 showed less than 2 fold change in 1X+4X(I) mix over 1X 

AI790-856 (Fig. 3-1G,G’), while that for AI790-847 failed to show any activation of the 1X 

with a change of less than 1.5 fold (Fig. 3-1H,H’). We conclude that CPC has the ability 

to auto-activate Aurora B kinase activity in a concentration dependent manner and this 

requires a domain outside the catalytic subunit AI790-856. 
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Figure 3-1: Purification and auto-activation of CPC 

A) Plasmid map of pET28b-INCENP-AuroraB-6His and pET15b-Survivin-DasraA (No 

Tag). B) CPC was purified to homogeneity (highlighted fraction was collected for all 

assays). Fractions 7-18 from a Superose 6 FPLC run was TCA precipitated and run on a 

15%-polyacrylamide SDS-PAGE gel and stained with coomassie blue. Fractions are 

highlighted to show where Thyroglobulin (670kDa) and γ-globulin (159kDa) elutes on 

the same column to emphasize on effect of CPC’s shape on eluting as a 1.5MDa protein 

even though its combined molecular weight is 228kDa. B’) Recombinant CPC 

sedimented on a 5-30% sucrose density gradient. CPC sediments at 6.7S. Western blot 

showing INCENP, Aurora B, phospho-Tloop (AurB) and phospho-S850(INCENP) 

staining of all fractions. Fraction from marker sedimented on a parallel gradient are 

highlighted - 1.96S, 3.5S, 6.7S and 11.5S. C) Schematic representation of purified 

proteins. D) Comparison of in vitro kinase activity of CPC and AI790-856 titrated over the 

indicated range. Kinase activity is represented as pmol phosphate (PO4) incorporation on 

1µg Histone-H3 tail-GST used as substrate. E) Kinetics of 10nM kinase CPC, AI790-856 or 

AI790-847 was determined by comparing HistoneH3-tail-GST phosphorylation over 24 

minutes with measuring pmol phosphate incorporated at indicated timepoints. F) Kinetics 

of 10nM active CPC (5X) was compared to 2nM active CPC (1X), 8nM Lambda-

phosphatase treated inactive CPC (4X(I)) and a mixture of 2nM active and 8nM inactive 

CPC (1X+4X(I)) over 20 minutes by measuring phosphorylation of myelin basic protein 

(MBP). F’) Activity of the 1X+4X(I) CPC mixture was plotted as a factor of 1X CPC to 

determine the fold change and compared to 5X CPC. G,G’) Kinetics and fold change in 

activity plotted for the same experiment explained in F but performed with AI790-856. H) 

Kinase activity of 10nM active AI790-847 (5X) compared to 2nM active AI790-847 (1X), 

8nM Lambda-phosphatase treated inactive AI790-847 (4X(I)) and a mixture of 2nM active 

and 8nM inactive AI790-847 (1X+4X(I)) at 20 minute timepoint as measured by pmol 

phosphate incorporated on MBP substrate. H) Activity of the 1X+4X(I) AI790-847 mixture 

was plotted as a factor of 1X AI790-847 to determine the fold change and compared to 5X 

AI790-847. 
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Figure 3-1 
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Cofactors that stimulate Aurora B activity 

Monopolar spindle 1(Mps1) 

INCENP, TD-60 and microtubules are known cofactors of Aurora B kinase (Sessa 

et al., 2005; Rosasco-Nitcher et al., 2008). We tested additional candidates as cofactors 

that stimulate Aurora B activity in vitro. Mps1 stimulates Aurora B activity by 

phosphorylating Borealin in vivo (Jelluma et al., 2008). We immuno-precipitated Mps1 

from Xenopus egg extract and measured whether MPS1 could activate CPC kinase that 

had been inactivated by λ-phosphatase treatment. Because there are two kinases we 

measured activity on two different substrates.  Both kinases could phosphorylate myelin 

basic protein and the mixture of Mps1 and the λ-phosphatase treated CPC (5nM) was 

greater than either kinase alone.  In fact the sum of the Mps1 and λ-phosphatase treated 

CPC was comparable to the sum of the Mps1 and the CPC (5nM) before inactivation 

(Figure 2B).  A similar trend was seen using histone H3 as a substrate, but this 

experiment was more informative because Histone H3 is a poor substrate for MPS1 

allowing direct visualization of the stimulation of CPC (Fig. 3-2C). Although this is our 

initial interpretations, it is possible that Mps1 is stimulated by inactive CPC allosterically. 

This can be tested by repeating the same experiment with kinase dead CPC. Additionally, 

it is possible that Mps1 immuno-precipitated from CSF extracts is in complex with an 

unknown kinase that is responding to CPC addition.  

We further investigated if the activation is mediated through similar mechanism 

involving Dasra A phosphorylation by Mps1. Comparing the Mps1 phosphorylation sites 

on Borealin to Dasra A we found two out of four residues, S112 and S181 of Dasra A, 

were conserved. We mutated these residues to alanines but that did not eliminate Dasra A 
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phosphorylation by Mps1 (Fig. 3-2D). We conclude that MPS1 is an excellent activator 

of inactive CPC in vitro, but we have not identified the activating phosphorylation site.   

 

Centromere targeting sub-unit of CPC (ISD) 

Next we tested if association with the rest of the CPC is critical in activating the 

catalytic domain AI790-856. Since whole complex CPC had higher activity than AI790-856 it 

was reasonable to test if adding recombinant sub-complex ISD that comprised of full 

length Survivin, full length Dasra A and residues 1-58 of INCENP would stimulate 

kinase activity of Aurora B. We observed modest increase in Aurora B kinase activity 

after adding ISD (Fig. 3-2E) 

 

DNA and double strand breaks 

Aurora B is found on chromatin from prophase to metaphase (Ruchaud et al., 

2007). Hence we asked if DNA stimulates Aurora B kinase activity. We tested CPC 

(10nM) kinase activity in the presence of short oligo (50fmol), circular plasmid DNA 

(20fmol), blunt cut (EcoR V) plasmid DNA (20fmol) and single digested plasmid DNA 

with sticky ends (20fmol). All forms of DNA with the exception of short oligo showed 

more than 2 fold stimulation in kinase activity (Fig. 2F). We titrated a circular plasmid 

containing a repetitive 5S-gene sequence to further validate this result. We observed a 

sharp increase in kinase activity in the presence of lower concentrations (10-50fmol) of 

plasmid, which flattened out, and finally this stimulation was lost on adding more than 

100fmol of plasmid (Fig. 2G). One explanation for these concentration dependent effects 

is that DNA concentrates the CPC, which initiates the auto-activation cycle. Thus lower 
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concentrations of DNA stimulate the CPC better because multiple CPC molecules are 

bound to the same plasmid, which at higher concentrations are segregated to separate 

plasmid molecules. We have included 5nM CPC in this reaction and we observe the 

inhibitory effect above 200fmol of plasmid. To test if indeed DNA facilitates the auto-

activation process, we performed our activation assay by adding 2nM active CPC (1X) to 

8nM λ-phosphatase treated CPC (4X(I)) in the presence or absence of DNA.  1X+4X(I) 

mix had more Aurora B activity in the presence of DNA than in its absence (Fig. 3-2H) 

suggesting that DNA facilitates CPC auto-activation.  

 

Microtubules 

Microtubules were shown to activate CPC in the presence of TD-60 (Rosasco-

Nitcher et al., 2008) and adding microtubules to CPC stimulates its kinase activity (Fig. 

3-2I,J). With these data we wanted to determine if the presence of microtubules 

stimulated the 1X+4X(I) activation reaction. Indeed we observed that 1X+4X(I) mix had 

more activity after adding microtubules than in its absence (Fig. 3-2I,J). We speculate 

that microtubules provide a platform for CPC to concentrate and auto-activate but it is 

also possible that microtubules have an allosteric effect on the kinase. We will revisit this 

hypothesis later in the chapter. 
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Figure 3-2: Cofactors regulating CPC activity/auto-activation. 

A) Mps1 immuno-precipitated from CSF arrested Xenopus egg extract was added to 5nM 

λ-phosphatase treated inactive CPC to assay its ability to activate Aurora B kinase. Auto-

radiograph and coomassie stained gel showing γ32P-labeled phosphate incorporation on 

HistoneH3-tail and MBP. B) Quantification of pmol phosphate incorporation on MBP by 

active CPC, Mps1, inactive CPC(I) and a mixture of Mps1+CPC(I). C) Quantification of 

pmol phosphate incorporation on HistoneH3-tail by active CPC, Mps1, inactive CPC(I) 

and a mixture of Mps1+CPC(I). Both CPC and Mps1 phosphorylate MBP, while 

HistoneH3-tail is a preferred substrate for CPC. The mixture of Mps1 and CPC(I) has 

more activity than the sum of their individual activities depicting CPC(I) activation by 

Mps1. D) Mps1 immuno-precipitated from CSF arrested Xenopus egg extract was used to 

check phosphorylation of wildtype Xenopus Dasra A and a mutant with S112A, S181A 

changes. SS-AA mutant xDasra A was still phosphorylated by Mps1. E) Adding 

recombinant ISD (800nM) to 10nM AI790-856 stimulates its kinase activity. Activity was 

measured as pmol phosphate incorporation on MBP. F) Various forms of DNA fragments 

were added to 10nM CPC and activity was assayed for X minutes. Activity is measured 

as pmol phosphate incorporated on MBP. (Oligo – 18 nucleotide long – 50fmol; cirDNA 

– 5kb plasmid – 20fmol; blunt – 5kb plasmid digested with EcoRV – 20fmol; sticky – 

5kb plasmid digested with BamHI – 20fmol) G) A 5kb plasmid DNA was titrated into 

5nMnM CPC over the indicated range and kinase activity was measured as pmol 

phosphate incorporated on MBP. H) Activation of 8nM lambda-phosphatase treated 

inactive CPC by 2nM active CPC was assayed with or without adding 100ng 5kb plasmid 

DNA. Kinetics of CPC activity was assayed over 40 minutes and measured by 

phosphorylation of MBP. I) Adding microtubules to CPC stimulates its kinase activity. 

Auto-radiograph and coomassie stained gel showing phosphorylation of MBP in the 

indicated conditions. J) Adding microtubules stimulates auto-activation reaction in 

1X+4X(I) mixture. Kinase activity measured after 10 minutes by pmol phosphate 

incorporation on MBP. 
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Figure 3-2 
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Autophosphorylation of Aurora B’s N-terminus positively and negatively regulates kinase 

activity. 

  A defining feature of the Aurora family of kinases are a domain of ~100 amino 

acids on the N-terminus and a C-terminal extension of ~20 amino acids.  The N-terminal 

region of Aurora B is highly divergent in vertebrates (Fig. 3-4). This domain is also 

divergent between the mammalian Aurora kinases A, B and C. The role of the N-

terminus is poorly understood although there are some reports that the N-terminus 

interacts with different cofactors to designate unique functions during mitosis (Tsai et al., 

2003; Honda et al., 2003; Adams et al., 2000; Eyers et al., 2003; Sessa et al., 2005). In 

this section we will highlight a new role of N-terminus (1-60 residues) of Xenopus 

Aurora B as a modulator of kinase activity.  

 We compared the kinase activity of titrated AI790-856 with ΔN60-AI790-856 and 

ΔN60-AI790-847 and observed that the activity of the full-length kinase was significantly 

higher than the N-terminal deleted versions (Fig. 3-3A). This has not been previously 

reported. Since this effect was observed in an in vitro kinase assay we reasoned that this 

is an auto-phosphorylation mediated regulation. So we made point mutants of two 

threonine residues (Thr18 and Thr56) within the N-terminal region that partially matched 

the putative aurora B consensus motif for substrate phosphorylation (Cheeseman et al., 

2002). Mutating threonine 56 to alanine (T56A) resulted in a reduction in kinase activity 

of the AI790-856  (Fig. 3-3B), which basically mimicked the effect of deleting the N-

terminal 60 residues.  Hence, we conclude that auto-phosphorylation of Aurora B Thr56 

has a stimulatory effect on kinase activity. 
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Mutating threonine 18 had quite the opposite effect. We observed that a T18A 

mutant form of AI790-856 had higher kinase activity than wildtype (Fig. 3-3E (w/o PI), F). 

This made us think of threonine 18 as an auto-inhibitory switch. To test if Aurora B can 

auto-phosphorylate itself to reduce its kinase activity we designed an assay in which we 

pre-incubated the kinase with ATP/Mg2+ for 15 minutes before adding γ-32P labeled ATP 

and substrate to the reaction to get a read out of activity. The pre-incubation step would 

allow auto-phosphorylation of Aurora B and then we can compare substrate 

phosphorylation of this pre-treated AI790-856 to AI790-856 that has not undergone such a pre-

treatment. Kinase activity was measured on two substrates and both showed reduced 

phosphorylation by pre-treated AI790-856 than untreated AI790-856, suggesting that Aurora B 

can inhibit its kinase activity by autophosphorylation (Fig. 3-3C,D). Then we performed 

the same assay with the T18A mutant form of AI790-856 and compared it to wildtype (Fig. 

3-3E). As mentioned earlier T18A mutant had higher kinase activity than wildtype AI790-

856 and we observed minimal reduction in kinase activity after the pre-incubating T18A-

AI790-856 in ATP/Mg2+, suggesting that phosphorylation of threonine 18 reduces Aurora B 

activity. Moreover, we compared the kinase activity of T18A-AI790-856 to CPC and AI790-

856 and observed that mutating Thr18 to alanine made AI790-856 a more active kinase than 

AI790-856 but it was still not as active as CPC (Fig. 3-3F). We conclude that the 

autophosphorylation of the N-terminus of Xenopus Aurora B can modulate kinase 

activity in vitro.  
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Figure 3-3: N-terminal tail auto-regulates Aurora B kinase. 

A) N-terminal (60 resides) tail of Aurora B is critical for full activation of kinase. Graph 

shows comparison of kinase activity of titrated amounts of AI790-856, ΔN60- AI790-856 and 

ΔN60- AI790-847. Activity was assayed by incubating MBP with indicated kinase for 10 

minutes and measuring pmol phosphate incorporation. Red rectangle indicates activity of 

same amount of kinase. B) Single point mutant in N-terminal tail of Aurora B (T56A) has 

similarly reduced kinase activity as the N-terminal truncated kinase (ΔN60) compared to 

wildtype kinase. Activity was assayed for 10nM kinase and measured by pmol phosphate 

incorporation on MBP. C & D) Inhibitory auto-phosphorylation of Aurora B kinase 

observed after 15 minute pre-incubation in ATP/Mg2+. AI790-856 activity assayed over a 

range of concentrations on MBP (C) and HistoneH3-tail (D) after incubating the kinase 

with ATP/Mg2+. E) Single point mutant (T18A) in the N-terminal tail of Aurora B shows 

minimal auto-inhibitory effect of ATP/Mg2+ preincubation. Kinase activity of AI790-856 

(WT) was compared to the point mutant expressed as T18A-AI790-856 (T18A) with or 

without the ATP/Mg2+ pre-incubation and measured as pmol phosphate incorporation on 

MBP. F) Comparing kinase activity of titrated concentrations of CPC, T18A-AI790-856 

(T18A) and AI790-856 shows T18A to have a higher activity than wildtype form but less 

than CPC. Activity assayed over 2 minutes was measured as pmol phosphate 

incorporation on MBP. 

 

 

 

 

 

 

 

 

 



! 104!

Figure 3-3 
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Figure 3-4: Alignment showing divergence in N-terminal domain of Xenopus Aurora 

kinases. 

Alignment of Xenopus Auorora A and B showing conserved residues in green and similar 

residues in cyan boxes. Unique regions are highlighted in yellow and unmatched resides 

are not highlighted. Residues are numbers to match the Aurora A sequence. Alignment 

was performed using ClustalW in Biology Workbench 3.2. 
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CPC-microtubule interaction and auto-regulation by kinase activity 

INCENP binds tubulin, which is thought to mediate the CPC localization to the 

spindle midzone (Wheatley et al., 2001b; Earnshaw and Cooke, 1991).  Purified CPC 

interacted with taxol stabilized microtubules with a Kd of ~1.5uM tubulin as assayed by 

sedimentation through a sucrose cushion (Fig. 3-5A,B). We visualized the CPC and a 

mixture of CPC and microtubules by negative stained electron microscopy (Fig. 3-5C). 

We detected elongated electron dense particles on grids that had CPC but not on control 

grids. We measured length of densities that appeared to be single CPC units and found a 

bimodal distribution of observed lengths (Fig. 3-5D). This suggested that CPC might 

exist at two conformations with the longest axes measuring 45nm and 60nm respectively. 

In the same experiment we also observed that these single densities clustered to form 

oligomerized structures. These structures had a distinct pattern of clustering into rosettes 

(not shown) and accounted for about half of the total CPC units.  

We also performed electron microscopy of CPC-microtubule mixture. We 

observed coating of electron densities in patches on microtubules with CPC, which were 

absent on microtubules alone (Fig. 3-5E). There were two major kinds of densities on 

microtubules. Some that wrapped around microtubules in small stretches and the other 

were dense patches protruding out at fixed angles (45-60deg). This suggested that 

varying degree of CPC oligomerization could occur on microtubules and single CPC 

units could bind a microtubule through multiple binding sites to wrap around the 

polymer.   

To investigate if Aurora B can bind microtubules directly in the absence of the 

INCENP coiled-coil binding site (Mackay et al., 1998), we performed a microtubule-
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pelleting assay with AI790-856. Above 2 uM tubulin about 10% of the AI790-856 pelleted 

with tubulin and this did not increase beyond 20% with higher concentrations of 

microtubules (Fig. 3-5F,G).  Since Aurora B can phosphorylate its own T-loop, AI790-856 

purified from bacteria is a heterogenous mixture of differentially phosphorylated 

complex. We hypothesized that the heterogeneity of phosphorylation states generated 

populations of AI790-856 that bound tubulin with varying affinities.  To generate a 

homogenous population of AI790-856 we performed two pre-treatments. First, we treated 

the AI790-856 with λ-phosphatase to de-phosphorylate the complex.  Second, we incubated 

the AI790-856 with ATP/Mg2+ to generate a fully phosphorylated population. We found that 

inactive AI790-856 (AI790-856 +L-phos) bound taxol-stabilized microtubules with higher 

affinity than untreated AI790-856 and that we could get almost 45% binding at high tubulin 

concentrations. In contrast, the affinity of fully phosphorylated AI790-856 (AI790-856 +ATP-

PI) was further reduced (Fig. 3-5F,G). This demonstrates that AI790-856 can bind 

microtubules and this affinity is decreased by auto-phosphorylation of AI790-856.  

We further tested this by performing microtubule binding assay with various 

mutants of AI790-856 that are either catalytically inactive or has severely reduced kinase 

activity as compared to wildtype. A kinase dead K122R mutant showed very high affinity 

for microtubules as compared to ATP/Mg2+ pre-treated AI790-856, similar to λ-phosphatase 

treated AI790-856. Since phosphorylation of the ‘TSS’ motif of INCENP IN-Box is also 

critical to full activation of Aurora B, we performed binding assays with point mutants of 

each residues of the ‘TSS’ motif. The T848A mutant has slightly higher kinase activity as 

compared to S849A and S850A mutants of AI790-856 and that reflected inversely on 

respective binding affinities for each mutant, with T848A mutant having the least affinity 
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for microtubules amongst the three point mutants (Fig. 3-6). We conclude that the affinity 

of catalytic subunit of CPC for microtubule binding can be negatively regulated by auto-

phosphorylation.   
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Figure 3-5: Microtubule interaction and auto-regulation by catalytic domain of CPC. 

A) Binding assay demonstrating CPC pellets with taxol-stabilized microtubules. 30nM 

CPC was incubated with indicated concentrations of taxol stabilized microtubules for 10 

minutes and pelleted. Western blot of supernatant and pellets for each reaction shows 

INCENP and Dasra A in the pellet. B) Densitometric analysis of INCENP in the pellet 

plotted as a percentage of INCENP in ‘load’ showed CPC bound with microtubules with 

an approximate Kd of 1.5µM. C) Electron micrographs of negative stained (uranyl 

acetate) CPC sprayed on formvar grids. Each figure is a representative image of a single 

CPC unit. D) Histograms showing frequency distribution of measured (long axis) lengths 

of CPC units in angstroms. E) Electron microscopy reveals CPC binds microtubules in 

scattered patches. Electron micrographs of negative stained (uranyl acetate) microtubules 

compared to mixture of microtubule (3µM) and CPC (30nM). F) Binding assay 

demonstrating catalytic subunit of CPC (AI790-856) binds microtubules and this binding is 

negatively regulated by Aurora B dependent phosphorylation. AI790-856 was treated with 

Lambda-phosphatase to remove all phosphorylation marks on AI790-856 (AI790-856+L-Phos) 

or pre-incubated with ATP/Mg2+ to allow auto-phosphorylation of the complex (AI790-

856+ATP-PI). These pretreated AI790-856 were then incubated with indicated concentrations 

of taxol-stabilized microtubules. Western blot of supernatant and pellet at indicated 

conditions shows Aurora B in pellets. G) Densitometric analysis of Aurora B in the pellet 

plotted as a percentage of Aurora B in ‘Load’ shows variable affinities of differently 

treated AI790-856.  

 

 

 

 
 
 
 
 
 
 
 
 
 



! 110!

 
 

 
 

Figure 3-5 
 
 
 



! 111!

 
 

 
 

 

Figure 3-6: Microtubule binding assay with AI790-856 mutants shows inverse 

relationship between kinase activity and microtubule affinity. 

Western blot of tubulin (anti-tubulin, Dm1α) and Aurora B (Rb316) of pellet samples at 

indicated tubulin concentrations. Load depicts 100% of AI790-856 mutant mixed with each 

concentration of taxol-stabilized microtubules.  
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Discussion 
 

CPC performs multiple tasks in mitosis. It integrates signals from various sources 

like the kinetochores, centromeric chromatin and the spindle to recognize errors and then 

phosphorylates particular substrates to correct those errors. It is difficult to study the 

exact contribution of each signal in isolation in vivo. To understand the mechanism of 

regulation of CPC by such signals through numerous cofactors, including auto-regulation 

within the complex, we decided to purify recombinant Xenopus CPC.  

There is evidence of signal amplification in biological processes, for example G-

protein coupled receptor mediated signal transduction and protein-kinase cascade. Aurora 

B enrichment at the centromeres during prometaphase is essential in generating error free 

chromosome segregation. It is suggested that this enrichment amplifies the Aurora B 

activity state and creates a zone of high kinase activity centered at the inner centromeres. 

To determine if there is any concentration dependence in regulating Aurora B activity 

state we assayed kinase activity of titrated amounts of CPC. Simultaneously we wanted to 

know if Aurora B activity was changed when in complex with the rest of the 

chromosomal passenger proteins. We compared the kinase activity of CPC with its 

catalytic subunit AI790-856, which is Aurora B in complex with a highly conserved C-

terminal INCENP fragment IN-Box. We observed 7-fold stimulation in CPC activity at 

concentrations above 5nM and this was absent in AI790-856 (Fig. 3-1D). This suggested 

that CPC could initiate an auto-activation process above a threshold concentration. We 

further tested this hypothesis by designing the activation assay in which we mixed small 

amounts of active CPC to a large pool of λ-phosphatase inactivated CPC. If the assay was 

done at 10nM total CPC concentration (1X+4X(I)) we observed that the small active pool 
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was able to activate the larger inactive pool (Fig. 3-1F). When we performed this at 

concentrations below 5nM CPC we did not observe this stimulation. This confirms that 

CPC auto-activates Aurora B kinase activity above in a concentration dependent manner. 

Then we asked if the regulatory subunits of CPC – INCENP, Dasra A or survivin are 

required for this auto-activation. Both versions of the minimal catalytic subunit, AI790-847 

lacking the ‘TSS’ motif of IN-Box or AI790-856 that has the ‘TSS’, were not able to show 

significant increase in activity of Aurora B in the 1X+4X(I) mixture. This suggests that a 

domain outside the catalytic subunit of CPC mediates the auto-activation. This is 

supported by the fact that Dasra/ Borealin has a dimerization domain that is regulated 

through Mps1 phosphorylation (Bourhis et al., 2009) and we will discuss this in the 

following section in detail. 

Mps1, a dual specificity mitotic kinase involved in spindle checkpoint signaling 

and centrosome duplication (Liu and Winey, 2012), phosphorylates Borealin to stimulate 

Aurora B activity (Jelluma et al., 2008). Moreover, phosphorylation of Thr 230 of 

Borealin, one of 4 residues phosphorylated by Mps1, affects dimerization of Borealin 

(Bourhis et al., 2009). It is also shown that inhibiting Aurora B activity by small molecule 

inhibitor ZM447439 results in failure to recruit Mps1 to the kinetochores and impaired 

spindle checkpoint signaling (Saurin et al., 2011). Moreover, Mps1 recruits Bub1, which 

phosphorylates Histone H2AT120 that is one of two histone phosphorylation marks 

required for CPC recruitment to the inner centromere. Together these data shows that 

there is a complex crosstalk between Mps1 and Aurora B. We were interested in 

understanding the mechanism by which Dasra/ Borealin phosphorylation by Mps1 

regulates Aurora B activity. We have shown that λ-phosphatase treated inactive CPC 
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requires a small amount of active CPC to be re-activated. A similar effect was observed 

by adding Mps1 to λ-phosphatase treated inactive CPC (Fig. 3-2A-C). Together these 

data suggests that Mps1 can provide the initial trigger to activate CPC and then 

concentration dependent auto-activation can generate a higher activity state for Aurora B 

required to drive most inner centromeric events.  

Since CPC localizes to chromatin for the longest duration during mitosis 

(Ruchaud et al., 2007) we also tested if DNA had a stimulatory effect on Aurora B kinase 

activity. We observed that DNA could generate the auto-activation process at 5nM CPC 

concentration. Although titration of CPC showed that in absence of any cofactor a higher 

concentration was required to generate this auto-activation, adding very low amounts 

(<50fmol) plasmid DNA to 5nM CPC stimulated CPC activity by 3-fold (Fig. 3-2F,F’). 

This effect gradually got saturated and then adding more than 200fmol plasmid caused 

complete loss of this stimulation. We reasoned that fewer plasmids allowed a local 

enrichment of CPC molecules mimicking a higher concentration state, which got spread 

out to multiple plasmid at higher plasmid concentrations thus losing this local 

enrichment. This supports the concentration dependent auto-activation model. Adding 

DNA to CPC activation assays increased the kinetics of 1X+4X(I) mixture more than 2-

fold over 1X+4X(I) alone (Fig. 3-2H). Finally, we tested addition of microtubules to our 

assay and saw a similar effect (Fig. 3-2J). It was not surprising as CPC has multiple 

microtubule binding domains and supports the idea of local enrichment of multiple CPC 

molecules that can drive the auto-activation process. Together these data suggest that 

CPC auto-activates Aurora B kinase activity in a concentration dependent manner. This 

also suggests that there are multiple ways to trigger CPC activity. But a common thread 
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here is that a condition that allows enrichment of CPC molecules drives the auto-

activation reaction.  

 

Aurora B N-terminus has an internal off-switch 

We have focused on the N-terminal (1-60) domain of Xenopus Aurora B since it 

is largely unexplored. The crystal structure of Xenopus Aurora B lacks this region 

because it is unstructured (Sessa et al., 2005). We show that loss of this region causes 

reduction in specific activity of Aurora B kinase. Moreover we have determined that 

auto-phosphorylation of Thr 56 is required for reaching this higher activity state that is 

missing in the N-terminal truncated version. But there is another Theronine residue in 

that N-terminal domain that plays an equally crucial and unexpected role. We find that 

prolonged pre-incubation of Aurora B kinase with ATP/Mg2+ causes reduction of kinase 

activity. This reduction is at least partially attributed to phosphorylation of Thr 18 of the 

N-terminal tail domain. Mutating this threonine to alanine generates a more active Aurora 

B than wildtype (Fig. 3-3F). This suggests that Aurora B has an internal ‘off switch’ 

which is triggered during prolonged auto-activation in vitro. The next step is to determine 

whether this is true in vivo. The N-terminal domain is highly divergent and this site is not 

conserved in mammals. But a careful analysis of the N-terminal tail region might open up 

previously unknown modes of Aurora B regulation.  

 

Microtubule interaction and its regulation by kinase activity 

CPC localizes to spindle microtubules from prometaphase till cytokinesis. 

Immunofluorescence imaging shows majority of CPC-microtubule interaction occurs in 
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anaphase (Earnshaw and Cooke, 1991; Ruchaud et al., 2007). Our data on Aurora B-

tubulin PLA shows that this CPC interacts with Pre-K fibers in prometaphase (Fig. 2-5). 

This interaction is significant since microtubules are a known co-factor of Aurora B 

kinase that stimulate its activity (Rosasco-Nitcher et al., 2008). Here we show how CPC 

as a complex interacts with microtubules and suggest a mechanistic model where this 

interaction can be modulated by Aurora B activity. There are two microtubule binding 

domains on CPC, one in the INCENP central coiled-coil domain (Mackay et al., 1998) 

and another in the catalytic domain (Rosasco-Nitcher et al., 2008). Electron microscopy 

data of CPC with taxol-stabilized microtubule suggest that CPC forms two types of 

structures on microtubules. It wraps around the protofilaments in a spiral or forms 

clusters of oligomers that protrude at fixed angles from the microtubule surface (Fig. 3-

5E). Since it is hard to study microtubule binding through multiple binding domains we 

focused on the microtubule binding properties of the less well-characterized catalytic 

subunit. Our data suggested that auto-phosphorylation negatively regulates affinity of this 

domain for microtubules. 

We speculate that this interaction might be electrostatic in nature and we propose 

that the negatively charged phosphates incorporated by auto-phosphorylation reduce the 

affinity between Aurora B and microtubules. Moreover, analyzing the crystal structure of 

Xenopus Aurora B we have identified key arginines (R) and lysines (K), that are probably 

mediating this interaction, that form two distinct positive patches on its surface (Fig. 3-7). 

This supports our hypothesis since microtubules are negatively charged polymers. If our 

hypothesis is correct, mutating these residues to glutamic acid (E) should reduce the 

affinity of AI790-856 towards microtubules. An alternate hypothesis is that a 
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conformational change in fully active kinase alters the affinity of AI790-856 for 

microtubules. 
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Figure 3-7: Surface charge distribution of AI790-847 shows positively charged patch.  

(Left) Space filling depiction of Xenopus Aurora B in complex with INCENP C-terminal 

IN-Box C-Lobe showing surface charge distribution. A positively charged patch depicted 

as the putative microtubule binding domain. (Right) Zoom in of the C-Lobe of crystal 

structure of Xenopus Aurora B in complex with INCENP C-terminal IN-Box. The 

arginine (R) residues highlight in red circles constitute the positive patch on the putative 

microtubule binding domain. 
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Materials and methods 
 

Cloning and site-directed mutagenesis 

We replaced the ΔN60-Aurora B with full length Aurora B in the pGEX6P2- ΔN60-

AuroraB-INCENP790-847/856 constructs (Sessa et al., 2005). Full length xlAurora B was 

PCR amplified out of a pET28-xAurora B clone present in lab. This was done with oligos 

that carried restriction digestion sites matched to cut out ΔN60-Aurora B (Cla1, BamH1) 

from the constructs. Both the pGEX6P2-ΔN60AuroraB-INCENP790-847/856 constructs and 

the full length Aurora B PCR amplified fragment were digested with ClaI and BamHI 

and agarose gel purified. Both the ΔN60-AuroraB-INCENP790-847/856 construct backbone 

had intact INCENP-IN-Box cassettes. It was ligated with the FL-Aurora BClaI,BamHI insert 

to get the desired constructs. Eventually both the bi-cistronic cassettes were PCR 

amplified out and inserted into pMCSG7 vector by Ewa Niedzialkowska in the lab to 

increase the yield. pMCSG7-AuroraB-INCENP790-856 and pMCSG7-AuroraB-

INCENP790-847 constructs were modified by QuickChange mutagenesis kits (Agilent) to 

generate K122R-Aurora B kinase dead version of the construct. Other point mutants on 

Aurora B – T18A, T56A and INCENP – T848A, S849A, S850A were also generated by 

QuickChange mutagenesis kit (Agilent). 

 

Recombinant protein purification 

Chromosome passenger complex (CPC) - CPC was purified by co-transforming two 

bicistronic constructs simultaneously into BL21pLysS E.coli strain. Since pET28b-

INCENP-AuroraB-6His carried kanamycin resistance cassette and pET15b-Survivin-

DasraA carried ampicillin resitance cassette we were able to select for clones that got 
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both the constructs by plating the transformants on Kan+Amp LB-agar plates. To purify 

recombinant CPC, 100ml liquid culture was inoculated with a singe colony and grown 

overnight with Kan+Amp. This liquid culture was used next day to inoculate 6 liters of 

2X-YT, again with Kan+Amp. Cultures were grown to 0.8 OD and cells were collected, 

lysed by sonication and purified with Ni-NTA agarose (Qiagen) beads. Since only Aurora 

B had the 6-His tag we expected to purify other CPC protein bound to Aurora B in a 

complex. Elute from Ni-6His affinity purification were then passed over a Mono-Q 

column and fraction containing the CPC proteins was collected. This was further purified 

by size-exclusion chromatography by passing over a Superose 6 column in 200mM NaCl, 

20mM Tris-pH 7.5, 1mM DTT, 1mM EDTA and 5% glycerol. CPC was purified to 

homogeneity and concentrated to a final concentration of 0.3mg/ml. 

 

FL-AuroraB:INCENP790-856 and FL-AuroraB:INCENP790-847  

pGEX6P2-AuroraB-INCENP790-856 and pGEX6P2-AuroraB-INCENP790-847 were purified 

from BL21pLysS E.coli strain using the GST-tag on AuroraB-N-terminus (Sessa et al., 

2005). Precission protease cleaved product was run over a Supedex 200 column and 

AI790-856 (0.3mg/ml) and AI790-847 (1mg/ml) were purified to homogeneity. pMCSG7 

constructs carried a N-terminal 6-His tag on Aurora B instead of GST. All forms of AI 

proteins from the pMCSG7- constructs were purified from Arctic cells that were induced 

by IPTG at 12°C. Following steps of purification was same as CPC purification 

explained above with the only exception of omitting the MonoQ-column run. Superdex 

200 column was used for the size-exclusion chromatography, instead of Superose 6. 
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Microtubule polymerization 

Phosphocellulose (PC)- purified bovine tubulin was polymerized to microtubues using 

taxol as described (Desai et al., 1999). Microtubules were resuspended in dilution buffer 

supplemented with an equimolar concentration of taxol (20-40µM). 

 

Microtubule cosedimentation assay 

To determine the microtubule affinity of CPC or AI variants cosedimentation assays were 

performed using taxol stabilized microtubules in equimolar taxol-dilution buffer as 

previously described (Cheeseman et al., 2006). Cosedimented protein as detected by 

western blotting using anti-xlAuroraB (Rb615) and anti-tubulin (Dm1α, Sigma) 

antibodies. HRP signal was detected using FluoroChem FC2 imager (Alpha Innotech) 

and signal intensity was measured using densitometry tool in FC2 software. Percent 

protein bound to tubulin was measured by comparing to total amount of protein mixed 

with microtubules run as load. Microsoft Excel was used to plot the data. 

 

Lambda-Phosphatase treatment 

Recombinant protein was mixed with Lambda-Phosphatase (NEB) in phosphatase 

enzyme buffer/Mn2+. Reaction was carried out for 60 minutes at RT and then freshly 

prepared 10µM Sodium-ortho-vanadate was added to stop reaction. To confirm Na-o-

Vanadate was completely active a parallel reaction was performed where it was added 

along with Lambda-phosphatase before the 60 minutes incubation.  
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Kinase activity assay 

Recombinant AI(790-856)  or CPC was diluted to the required concentrations and incubated 

with either 3µM Taxol-stabilized microtubules (prepared as explained) or 1X-BRB80 (80 

mM Pipes, 1mM MgCl2, 1mM EGTA pH-6.8 with KOH), for 15 minutes as required. 

Assays were carried out in kinase buffer (KB) (20mM Tris-HCl pH-7.5, 1mM MgCl2, 

25mM KCl, 1mM DTT and 100µM ATP/1µM γ32P-ATP mix) with myelin basic protein 

(MBP, Invitrogen) or GST-HistoneH3 tail as substrate. Activity was initiated by 

incubation with microtubules/1X BRB80/KB and stopped after 2 minutes by adding 

SDS-PAGE sample buffer or in case of end point assay after the mentioned time (Check 

figure legends). Samples were separated on 15%-SDS-PAGE gel, stained with coomassie 

blue, dried on Whattman paper together with aliquots of γ32P-ATP and exposed to 

Phosphor Screen (Molecular Dynamics) overnight. Phosphor Screens were scanned on a 

Storm-860 Phosphor-scanner (Molecular Dynamics) and resulting images were processed 

and quantified using ImageQuant (Molecular Dynamics) to calculate amount of PO4
3- 

incorporated on MBP. Error bars represent standard deviations. 

 

Electron Microscopy 

Electron micrograph of recombinant CPC were obtained after negative staining with 

uranyl acetate. The work was done in collaboration with Dr. Jay Brown (UVa. 

Microbiology Dept.). Formvar grids (a gift from Dr. Anne Beyer, UVa. Microbiology 

Dept.) were layered over with carbon and protein was applied. Buffer was applied to 

grids as negative control. These were then subjected to 2% Uranyl acetate treatment for 
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10 minutes. Excess Uranyl acetate was removed by soaking the edges of grid on 

kimwipes. Electron micrographs were taken after drying them for 5 minutes. 
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 Our understanding of the Chromosome passenger complex has come a long way 

in the last few years. The title of a recent review by Bill Earnshaw and colleagues reads 

“The chromosomal passenger complex: from easy rider to godfather of mitosis.” 

(Carmena et al., 2012). One might find the names bit unorthodox but by no means are 

they unreasonable. It was called a ‘passenger’ complex based on the hypothesis that its 

dynamic localization pattern allows it to control various events including chromosome 

segregation and cytokinesis by phosphorylating key substrates in a spatially restricted 

manner (Deluca et al., 2006; Cheeseman and Desai, 2008; Zimniak et al., 2009; Lan et 

al., 2004; Knowlton et al., 2006; Miller et al., 2008; Guse et al., 2005; Bishop and 

Schumacher, 2002; Minoshima et al., 2003; Saurin et al., 2011; Wang et al., 2011). The 

term ‘godfather’ might be a bit cinematic but is not an exaggeration by any means. 

Human homologues of Aurora kinase are oncogenic and are found overexpressed in 

multiple primary cancers (Bischoff et al., 1998; Giet and Prigent, 1999). A recent work 

showed that Aurora B phosphorylates p53 to accelerate its degradation by 

polyubiquitination-proteosome pathway (Gully et al., 2012). Thus it has become an 

attractive target for cancer therapies and research.  

 

Significance 

The work presented in this thesis was designed to characterize CPC regulation both in 

vivo and in vitro. We have collaborated to identify that a phospho-histone mark on 

histone H3 Thr3 is required to recruit CPC to the centromere. Moreover, we have 

identified a novel pathway involving EB1/ microtubules that is required for CPC 

recruitment in prometaphase, which is upstream of the histone phosphorylation pathways. 
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This suggests a mechanism by which the mitotic spindle can regulate Aurora B levels at 

the centromeres. We have also demonstrated that CPC can auto-activate Aurora B kinase 

activity in a concentration dependent manner and this requires a domain outside the 

catalytic subunit of CPC. We show that DNA can stimulate the auto-activation reaction 

and it is through local enrichment of CPC molecules. We have identified new auto-

phosphorylation sites on Xenopus Aurora B N-terminus that regulates its kinase activity. 

Finally we have analyzed the microtubule-binding domain within the catalytic subunit 

and demonstrated the phospho-regulation of this microtubule binding. These are 

significant contributions to the field that opens up new paradigms for understanding CPC 

regulation. In the following section I will highlight some exciting implications of my 

work and discuss some unanswered questions and future directions. 

 

Complexity of Aurora B regulation 

 A key feature of Aurora B kinase is that it does not merely exist at ON or OFF 

state, but its activity is modulated in response to its immediate environment. In addition 

to T-loop phosphorylation, there are numerous activating phosphorylations on other CPC 

proteins that fine tune Aurora B activity (Bishop and Schumacher, 2002; Sessa et al., 

2005; Jelluma et al., 2008; Bolton et al., 2002; Chu et al., 2011). It is suggested that 

various phosphorylation states of the ‘TSS’ motif generates different levels of Aurora B 

activity (Xu et al., 2010). Moreover, it is proposed that Aurora B recognizes the errors in 

kinetochore-microtubule attachment by sensing the proximity of kinetochore substrates in 

response to tension exerted by the kinetochore microtubules (Liu et al., 2009). Our data 

demonstrates that Aurora B levels are regulated by EB1/ microtubule and the active 
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kinase is not merely anchored at the centromeres. Our model suggests a mechanism 

where the spindle communicates directly with the centromeres to modulate Aurora B 

levels and activity at the kinetochores in response to the status of microtubule attachment. 

Microtubule can stimulate Aurora B kinase activity in vitro and treating anaphase cells 

with microtubule depolymerizing drug nocodazole for 8 minutes results in loss of Aurora 

B activating phosphorylations on INCENP (Fuller et al., 2008). It is reasonable to think 

that the presence of preformed K-fibers at the kinetochores will stimulate Aurora B 

activity, which can drive enrichment of more CPC by inducing phosphorylation of 

histone H3T3 and H2AT120 by the feedback loops (Saurin et al., 2011; Wang et al., 

2011). Together, these data suggest that Aurora B integrates information from 

kinetochores, cohesion related proteins and spindle microtubules. In response to this it 

generates output signals to activate spindle checkpoint and initiate kinetochore-

microtubule attachment error correction pathways by activating MCAK (Figure 4-1). 

This also defines the complexity of Aurora B regulation and hence it is important to carry 

out in vivo and in vitro studies to demonstrate the role of each regulator.  

 We also tested if these feedback loops, that drive enrichment of CPC at 

centromeres, can function independent of each other (Figure 2-9). Our data suggests that 

inhibiting Haspin has little effect on Mps1-Bub1-Sgo1 axis as long as Aurora B activity 

is not diminished. We would also like to know if the opposite is also true. Similar to the 

previous experiment, we can treat CenpB-INCENP expressing cells with Mps1 inhibitor 

reversine (Santaguida et al., 2011; van der Waal et al., 2012) and assay phospho-H3T3 

levels by immunofluorescence. Initial findings suggest that the only common component 

in the functioning of these two loops is Aurora B. 



! 129!

 

 

 

Figure 4-1: Complexity of Aurora B regulation 

Schematic representation of various input signals that determine Aurora B mediated 

signaling of spindle checkpoint and error correction pathways.  
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CPC in late mitosis 

There is a gradient of soluble Aurora B activity centered around the spindle 

midzone in anaphase (Fuller et al., 2008). CPC relocates from centromeres to midzone 

microtubule bundles during anaphase onset and then localizes to the equatorial cortex 

shortly thereafter (Earnshaw and Cooke, 1991). It is essential to remove the CPC from 

chromatin for mitotic exit and reformation of the nucleus (Vagnarelli et al., 2011). 

Removal of CPC from chromatin is coupled with cell cycle progression, decrease in 

Cdk1 activity and interactions with microtubule associated motor proteins MKLP2 / 

Bim1 (Hümmer and Mayer, 2009; Nakajima et al., 2011). Our data suggest that Aurora B 

activity might play an essential role in generating the soluble pool of active Aurora B. 

Microtubule binding affinity of the catalytic subunit of CPC is inversely correlated with 

its activity state (Figure 3-4). It suggests a possible mechanism where Aurora B in a low 

activity state would bind microtubules to get activated, which would then allow it to 

release from microtubules by auto-phosphorylation, to diffuse into the active soluble 

pool. Moreover, EB1 depletion in HeLa cells disrupts the Aurora B activity gradient as 

visualized by measuring chromatin substrate phosphorylation on lagging chromosomes 

(Figure 2-10). This not only shows EB1’s requirement for the anaphase activity gradient 

but also suggests that Aurora B-microtubule association might be critical in establishing 

it. This is supported by our PLA experiments to identify Aurora B-microtubule 

interactions in anaphase. We observe numerous PLA spots on astral and cortical 

microtubules that disappear on depolymerizing the microtubules by cold treatment. This 

suggests that Aurora B interacts with microtubules all over the spindle and is not 

restricted to the midzone, although midzone localizations are also picked up by PLA 
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(data not shown). The EB1 (K89E) point mutant is deficient in microtubule binding. It 

will be interesting to see if this mutant can rescue the EB1 depletion phenotype of 

disrupting the Aurora B anaphase gradient. Similarly we are making point mutants in 

Xenopus Aurora B that disrupts microtubule binding. The residues are conserved in 

human Aurora B so we can do knockdown replacement experiments, which will test the 

role of this interaction in anaphase. More careful work needs to be done to determine the 

role of EB1/microtubules in generating the Aurora B activity gradient in anaphase.  

 

Does EB1-Aurora B regulate chromosome oscillations in metaphase? 

EB1 is the only protein that localizes specifically to the sister kinetochores that 

have growing microtubule ends (anti-poleward) (Tirnauer et al., 2002).  This finding 

combined with our data suggest that Aurora B activity would be higher on the anti-

poleward sister kinetochores.  Consistent with this idea most PLA signals are typically 

found near one of the two sister kinetochores (Figure 2-4E). Differential phosphorylation 

on the poleward and anti-poleward sides could provide mechanisms to coordinate the two 

sisters to allow proper chromosome movements (Liu et al., 2009; Tirnauer et al., 2002; 

Dumont et al., 2012). The Ska1 complex, an important component of the kinetochore, has 

the ability to track depolymerizing microtubules and binds curved protofilaments 

(Schmidt et al., 2012). Recent work from a colleague in the lab shows PP1 interacts with 

Ska1 and is recruited to the kinetochores (Pawel Janczyk, unpublished). This suggests a 

possible mechanism of how chromosomes oscillate by generating completely different 

biochemical states at the two kinetochores, separated by a few microns. The kinetochore 

attached to the depolymerizing microtubules (poleward) recruits PP1 through Ska1 
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binding and maintain kinetochore proteins at an un-phosphorylated state allowing them to 

track the shrinking microtubules. Simultaneously, EB1 being a plus end tracking protein, 

will enrich on the sister kinetochore bound to the polymerizing microtubule (anti-

poleward). This will allow concentration of Aurora B at this kinetochore, which will 

phosphorylate kinetochore proteins like Ndc80 and KNL1 thus allowing them to slide on 

growing microtubules without forming stable attachments like a ‘clutch’ (Figure 4-2). 

Although this model explains how the asymmetry of two kinetochores is generated, 

which is required for each phase of oscillation, it does not explain how the switch in 

direction occurs.  

I have made Aurora B point mutants targeting two putative EB1 binding motifs. 

EB1 recognizes SXIP motifs on its cargo for interaction and human Aurora B has three 

such motifs. We will test if mutating STL(24)P(25) to STNN and SGT(64)P(65) to SGNN 

perturb EB1 binding by pull-down assays or isothermal calorimetry (ITC). We will also 

perform co-immunoprecipitation assays and live cell time-lapse imaging with cell lines 

transfected with these Aurora B mutants (LAP-tagged), stably expressing shRNA 

targeted against the endogenous gene. This would test our hypothesis that EB1 dependent 

Aurora B enrichment on anti-poleward kinetochores establishes the asymmetry that is 

required for chromosome movements. 

 

 

 

 

 



! 133!

 

 

 

 

 

 

 

 

 

 

Figure 4-2: A model for how differential phosphorylation of sister kinetochores 

emanates from the polymerization state of the end-on bound microtubule.   

On the anti-poleward kinetochores the growing microtubules recruit EB1 and stimulate 

Aurora B to phosphorylate kinetochores. On the poleward kinetochore the curling ends of 

depolymerizing microtubules recruit Ska/PPI.  These differences in phosphorylation drive 

the asymmetry of sister kinetochore activity (shown as a change in Ndc80 attachment) 

and allow sister kinetochores to rapidly change states during oscillations. 
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CPC localization to centromeres and the role of phosphatases 

 The phospho-histone marks that are essential to recruit the CPC to the 

centromeres are not constitutive. They appear in prophase and are gone after anaphase 

onset. CPC relocalizes to the midzone microtubules and histone H3Thr3 is removed by 

PP1 (Qian et al., 2013; Vagnarelli et al., 2011). Aurora B regulates its localization very 

tightly. It induces Mps1 and Haspin kinase associated loops (Saurin et al., 2011; Wang et 

al., 2011) and simultaneously phosphorylates Repo-man, a nuclear protein that binds and  

regulates PP1γ, on Ser 893 to restrict its centromeric localization thus keeping PP1 away 

(Qian et al., 2013). This reciprocal feedback regulation of Haspin and Repo-man 

generates a robust bi-stable response to enrich CPC to the centromeres in prometaphase. 

Aurora B activity is high at the centromeres, which would favor destabilization of 

kinetochore microtubule attachment. Then how do unattached chromosomes contact 

microtubules? BubR1 associated B56-PP2A phosphatase is recruited to the centromeres 

and has been implicated in antagonizing Aurora B, which regulates kinetochore substrate 

phosphorylation and generate stable kinetochore-microtubule attachments (Foley et al., 

2011). But the interplay between Aurora B recruiting phospho-histone marks and this 

antagonistic phosphatase in prometaphase is not known and remains an intriguing 

question. EB1 has been shown to interact with Aurora B and this interaction inhibits de-

phosphorylation of Aurora B T-loop by PP2A (Sun et al., 2008). Our findings on EB1’s 

role in recruiting CPC in prometaphase along with its role in antagonizing PP2A suggest 

a possible mechanism that balance B56-PP2A activity recruited to centromeres with CPC 

functions.  
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