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Abstract 
 This thesis investigates the structure and function of the kinetochore 

centromere binding factor 3 (CBF3) complex. The kinetochore is a multi-protein 

complex, which controls the chromosome attachment to the mitotic or meiotic 

spindle and nucleates on the centromere. The latter is a specific chromosomal 

loci divided in two groups highly divergent in length and composition: regional 

and point centromeres. Regional centromeres are composed of long arrays of 

repetitive DNA supporting multiple microtubule nucleations. On the contrary, 

point centromeres are characterised by a short and conserved sequence 

supporting a single microtubule attachment. Despite this discrepancy, both point 

and regional centromere establishment start with the replacement of the histone 

H3 by the Cse4 histone variant. The point centromeres H3 replacement by 

Cse4 (loading) solely relies on the recognition of a conserved DNA sequence 

(licensing) by the CBF3 complex, a crucial centromere element composed by 

four essential proteins: Ndc10, Cep3, Ctf13 and Skp1. Ctf13 and Skp1 regulate 

the CBF3 assembly. Cep3, the licensing element, recognises the point 

centromere DNA sequence. Finally, Ndc10 acts as the loading factor of the 

CBF3 complex by recruiting Cse4. At the start of this work the structural basis 

underlying the mechanism of Cse4 loading by Ndc10 was speculative and the 

structure of the complex was unknown, mainly because of the inherent 

instability of Ctf13. In this study, I solved the X-ray structure of Ndc10 N-

terminal domain (Ndc10NTD) at 1.9 Å and highlighted the unsuspected 

similarities of the Ndc10NTD fold with the tyrosine recombinase/λ-integrase 

family. Interestingly, Ndc10 lost the catalytic activity characteristic to the family 

but conserved a strong DNA binding, which I characterised by structural and 

mutagenesis studies. Furthermore, I described the Ndc10 C-terminal domain, 

which displays another DNA binding domain and supports the Ndc10 

dimerisation. Ultimately, this work will lead to the structural characterisation of 

the Ndc10 dimer bound to DNA, of which preliminary crystallisation and data 

collection results are presented. Finally, I will introduce early results on the 

purification of the Ctf13 subdomains and the CBF3 reconstitution, a challenging 

step toward the comprehension of the point centromere establishment.  
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Chapter 1. Introduction 

1.1 Mitosis, chromosome segregation and cancer 

 Mitosis and cancer: During mitosis in eukaryotes, one mother cell 

duplicates into two genetically identical daughter cells. Walter Flemming first 

observed chromosome condensation and shuffling between dividing cells and 

named the event mitosis when he published the results in Zellsubstanz, Kern 

und Zelltheilung. During mitosis, the newly replicated DNA is condensed into 

chromosomes, which are conservatively divided between the daughter cells. In 

higher eukaryotes, the mitotic phase occurs in progressive steps: prophase, 

prometaphase, metaphase, anaphase and telophase. In yeast, the cell division 

differs as they undergo a closed mitosis during which the nuclear membrane 

integrity is preserved. However, the key phases of mitosis are conserved 

between higher eukaryotes and yeast. During prophase and prometaphase, the 

DNA condenses into chromosomes. Following DNA condensation, the 

kinetochores assemble on each chromosome centromeres and the spindle 

microtubules attach to them. The metaphase is the most visually striking phase 

as the chromosomes flicker back and forth between the spindle poles until all of 

them are aligned on the metaphase plate. During anaphase, the sister 

chromatids are individualised by the cleavage of cohesin (reviewed in (Xiong 

and Gerton, 2010)). Following chromatid individualisation, the spindle 

microtubules’ “catastrophic” depolymerisation mechanically pulls the chromatids 

apart and toward the opposite spindle poles. Telophase completes the 

chromosome segregation by separating the newly formed nuclei containing 

each set of chromatids.  Shortly after telophase, the cytokinesis divides the 

organelles and the other cell components, closing the mitotic phase. The 

success of mitosis relies on the accuracy of chromosome segregation between 

daughter cells. Indeed, this process is tightly regulated by a vast array of 

checkpoint components (reviewed in (Musacchio, 2011)). Regulation defects of 

the chromosome segregation apparatus and mutations in key mitotic checkpoint 

components often result in abnormal karyotypes and chromosomal instability, 

two phenotypes regularly associated with the most aggressive types of cancer 
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(reviewed in (Thompson et al., 2010). Indeed, cancers displaying aneuploidy, 

cytological abnormalities during mitosis and chromosome instability show 

increased resistance to therapies (Gordon et al., 2012; Holland and Cleveland, 

2009). Hence, the study of the chromosome segregation apparatus and its 

regulation during mitosis is fundamental to understand the mechanisms of 

cancer resistance and tumorigenesis. 

 

 Chromosome segregation: DNA condensation during mitosis is crucial to 

untangle the decondensed DNA and to make translocation possible. It starts 

with the wrapping of DNA around histone proteins to form nucleosomes 

(Kornberg, 1974). The highest order of packing occurs during prophase as the 

newly replicated DNA is tightly packed into sister chromatids and forms 

chromosomes prior to anaphase. Once the chromosomes are condensed, the 

spindle microtubules invade the nuclear space and start attaching the newly 

formed kinetochores. The chromosomes, now attached to the spindle 

microtubules, are shuffled back and forth during metaphase until they are all 

aligned on the metaphase plate. This alignment is tightly regulated and mitosis 

will not proceed until all the chromosomes are properly aligned and mechanical 

tension is sensed at the kinetochore. Following anaphase, the kinetochore is 

disassembled from the newly segregated chromatids, which decondense into 

DNA during telophase. The kinetochore is the crucial apparatus that both 

anchors the chromosomes and regulates their segregation by sensing 

mechanical tension during metaphase alignment.  

 

1.2 The kinetochore 

 The kinetochore conservation: In metazoans, the kinetochores are 

composed of multiple microtubules binding modules, which assemble on a 

centromere occupying an extended chromosomal locus (reviewed in 

Cheeseman, 2014). On the contrary, in a small group of yeast related to 

S.cerevisae, the kinetochore is composed of a single well-defined protein 

assembly forming on a specific and restricted centromere and binding a single 
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microtubule (reviewed in Biggins, 2013). Despite this difference, the majority of 

the kinetochore components are conserved from yeast to metazoans at the 

molecular level (Joglekar et al., 2008; Wan et al., 2009). This size discrepancy 

and yet molecular conservation suggest that higher eukaryotes kinetochores 

are composed of a repeating module, which can be observed in the budding 

yeast point centromere (Zinkowski et al., 1991). The “repeating unit” model is 

further reinforced by the conserved stoichiometry of the components of a single 

kinetochore between metazoans and yeast (De Wulf et al., 2003). Because of 

its simplicity and its similarity with higher eukaryotes, the kinetochore in budding 

yeast has been selected a model model to study the mechanism of 

chromosome segregation. Hence, my project focuses on the budding yeast 

centromere establishment and this introduction will focus on the general 

organisation of the point centromere kinetochore, pointing out the differences 

and similarities observed between fungi and higher eukaryotes.  

1.2.1 The kinetochore functions  

 Multiple functions: The most basic function of the kinetochore is to 

ensure a tight bi-polar attachment of the sister chromatids to the spindle 

microtubules, which guarantees equal distribution of the genetic material 

(reviewed in (Compton, 2000; Hauf and Watanabe, 2004; Tanaka et al., 2007). 

Because errors in microtubules anchoring generate aneuploidy, with 

catastrophic consequences for the cell, the kinetochore evolved to detect errors 

and to tightly control the mitosis advance through the spindle assembly 

checkpoint (reviewed in (Bolanos-Garcia, 2014). At the kinetochore-microtubule 

interface, the kinetochore controls the microtubule force generation 

depolymerisation, which is necessary for chromatids movement towards the 

centrosome in higher eukaryotes and toward the spindle pole body in yeast. 

Essentially, the three functions of the kinetochore are linked with the mitosis 

progression. At prophase, the kinetochore attracts and anchors the growing 

spindle microtubules to the sister chromatids centromeres. As prometaphase 

proceeds, the microtubules, attached to the kinetochores, slowly align the 

chromosomes on the metaphase plate by applying bi-directional forces. This 
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mitotic phase is controlled by the kinetochores’ spindle checkpoint components, 

which regulates the anaphase entry by sensing the chromosomes alignment. 

Once the sister chromatids are aligned, the spindle checkpoint components 

allow anaphase onset and the microtubule depolymerisation coupled with the 

molecular motors pull the sister chromatids apart and drive them toward the 

opposite centrosomes / spindle pole body during anaphase (reviewed in (Rago 

and Cheeseman, 2013).  

 

 Bi-directional microtubule anchor: At prophase the fully formed spindle 

bodies start to migrate and establish the mitotic spindles. The spindle 

microtubule minus end ((-)end) nucleates at the spindle bodies whereas the (+) 

end ((+)end) grows toward the chromosomes by successive phases of growth 

and shrinking. As the microtubules reach the metaphase plate area, this back 

and forth movement helps to search the kinetochores and captures the 

chromosomes (Holy and Leibler, 1994). Once one of the sister kinetochore is 

attached, the microtubule polymerisation is stabilised (Hayden et al., 1990) and 

the chromosome is shuffled towards the opposite microtubule spindle pole by 

the action of molecular motors, which become highly concentrated at the 

unanchored sister kinetochore (Cooke et al., 1997; Echeverri et al., 1996; Sharp 

et al., 2000 ). The non-attached kinetochore, now exposed to the microtubules 

growing from the opposite centriole, is captured and the chromosomes become 

“bi-oriented” (reviewed in (Tanaka, 2010). Bipolar orientation, also called 

amphitelic attachment, ensures that the genetic material is correctly separated 

when the cell divides (Dewar et al., 2004; Loncarek et al., 2007). Once both 

kinetochores are attached and aligned on the metaphase plate, the molecular 

motors concentration decreases and the spindle checkpoint is inactivated 

(Hoffman et al., 2001). 

 

 Spindle Checkpoint: The kinetochore is at the crossroad of multiple 

signalling pathways and it must coordinate its formation and function with the 

cell cycle progression. Hence, the kinetochore acts as a signalling module by 

sensing microtubule attachment, which ensures the chromosome bipolar 
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orientation and metaphase alignment (Skoufias et al., 2001; Zhang and Lees, 

2001). To do so, the kinetochore detects the tension between the chromatid and 

the spindle microtubule and emits signals to stop the anaphase onset in the 

presence of chromosome misattachement (Walczak et al., 2010). Detection of  

monotelic (one kinetochore anchored), syntelic (both kinetochore anchored to 

the same pole) or merotelic (one kinetochore anchored to both poles) 

misattachement will delay anaphase (Musacchio and Salmon, 2007). 

Impairments in the spindle checkpoint sensing mechanism will lead to 

chromosome segregation defects and aneuploidy (Kitagawa and Rose, 1999). 

Once all the chromosomes are aligned on the metaphase plate, the spindle 

checkpoint proteins Mad1, Mad2 and Bub1 release Cdc20 (Skoufias et al., 

2001; Wu et al., 2000; Zhang and Lees, 2001), which activates the anaphase 

promoting complex (APC) and triggers the anaphase entry (Green et al., 2005).  

 

 Force generation: The spindle microtubules polymerisation and 

depolymerisation forms the chromosome movements away from and toward the 

spindle poles (reviewed in (Joglekar et al., 2010). The kinetochore controls the 

polymerisation state of its associated (+)-end microtubule and displays 

"directional instability" prior to metaphase (Skibbens et al., 1993). Essentially 

the kinetochore alternatively moves toward the pole by promoting microtubule 

depolymerisation and, inversely, away from the pole by promoting microtubules 

polymerisation. This chaotic equilibrium plays an active part in the chromosome 

pre-metaphase alignment and is controlled by the tension present at the 

microtubule - kinetochore interface as low tension promotes depolymerisation 

and vice versa (Rieder and Salmon, 1994; Skibbens et al., 1995; Yeh et al., 

1995). A set of motor proteins binding at the interface kinetochore-microtubules 

stimulates polymerisation or promotes depolymerisation to regulate the 

chromosome movement (reviewed in (Rago and Cheeseman, 2013)). 
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1.2.2 The kinetochore architecture 

 The kinetochore architecture: The kinetochore is a hierarchical assembly 

of more than 70 proteins organised in subcomplexes ranging from two to ten 

subunits (McAinsh et al., 2003), reviewed in (Biggins, 2013; Cheeseman, 2014) 

(see figure 1). Studies of the kinetochore architecture by electron microscopy in 

higher eukaryotes revealed a trilaminar architecture attaching multiple 

microtubules to a large chromosomal locus (McEwen et al., 1998). Historically, 

this morphology led to divide the kinetochore into three layers with distinct 

functions: an inner plate, which recognise the centromere, an outer microtubule 

binding layer interacting with the spindle microtubules and controlling their 

polymerisation sate and a central core organising the outer and inner modules. 

Components, such as Mif2 (Cohen et al., 2008), Spc105 (Cheeseman et al., 

2008) and Chl4-Iml3 (Hinshaw and Harrison, 2013) and subcomplexes, 

including Ndc80 (Umbreit et al., 2012), Mis12 (Mis12/MIND) (De Wulf et al., 

2003), COMA (Ortiz et al., 1999) are conserved between higher eukaryotes and 

budding yeast. Likewise, some of the protein networks, such as parts of the 

constitutive centromere-associated network (CCAN) (Foltz et al., 2006) and the 

Knl1-Mis12-Ndc80 network (Cheeseman et al., 2006) are conserved. Since the 

work introduced in this thesis is focused on budding yeast, the names and 

nomenclature of the proteins and complexes belongs to the S.cerevisiae 

kinetochore. Most of these proteins have human counterpart names, all 

introduced in the text and summarised in table 1. 

 

1.2.3 The kinetochore microtubule binding components 

 The outer microtubule binding layer: Once the inner centromere proteins 

have been recruited and the architectural core is assembled, the outer 

kinetochore creates a suitable platform to bind the microtubule (+)-end (see 

figure 1). The kinetochore outer layer must support forces capable of moving 

chromosomes, molecular assemblies that are an order of magnitude bigger 

than the kinetochore (Joglekar et al., 2010). Yet the outer kinetochore module 
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must also control the inherent dynamism of microtubule (+)-end without losing 

attachments (reviewed in (Maiato et al., 2004). The outer layer is organised as 

two subcomplexes in yeast, Dam1 (Lampert et al., 2013), a microtubule binding 

ring complex, and Ndc80 (Lampert et al., 2013; Umbreit et al., 2012), the 

protein linker between the kinetochore architectural core and the microtubule. 

The spindle microtubule polymerisation state is regulated by a set of molecular 

motors and microtubule binding proteins that will also be described in the 

following section (reviewed in (Moore and Wordeman, 2004). 

 

 The Dam1 complex: The yeast specific Dam1 complex contains nine 

essential subunits (Dam1, Duo1, Ask1, Spc19, Spc34, Dad1, Dad2, Dad3, 

Dad4, Hsk3), which forms large rings around the microtubules (Cheeseman et 

al., 2001). Dam1 was localised at the spindle microtubules (+)-end in vivo and 

quickly identified by knockout mutants as an essential part of the chromosome 

segregation apparatus in yeast (Cheeseman et al., 2001; Enquist-Newman et 

al., 2001). Interestingly, in vivo Spc34 mutants show normal microtubules 

capture but cannot form a link capable of supporting the pulling forces 

generated by the spindle microtubules, suggesting that the Dam1 complex does 

not nucleate the bipolar microtubule attachment but maintains it (Janke et al., 

2002). Structurally, Dam1 forms antiparallel rings assembly of 25±5 

heterodecamers around the microtubules (Miranda et al., 2005; Wang et al., 

2007; Westermann et al., 2005) independently of the microtubule polarity 

(Miranda et al., 2007; Westermann et al., 2006). Dam1 interaction with Ndc80 

significantly increases Ndc80 recruitment to the microtubule (Westermann et al., 

2006). The formation of the Dam1 complex around the microtubule is disrupted 

by Ipl1 (Aurora B in human), which suggests that Dam1 is targeted by the 

spindle checkpoint (Sarangapani et al., 2013). The Dam1 function is still 

debated but the generally accepted model is that Dam1 acts as a microtubule 

“sliding clamp” helping the Ndc80 attachment and locking the microtubule-

kinetochore interaction (Westermann et al., 2006). This function would act as an 

additional lock to secure the single microtubule attachment observed in budding 

yeast (Nogales and Ramey, 2009). Dam1 is not conserved in higher eukaryotes 
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but the Ska complex fulfils a similar function in higher eukaryotes (Abad et al., 

2014; Jeyaprakash et al., 2012). Ska1 displays the ability to associate with the 

end of a depolymerizing microtubule and to confer this property to the Ndc80 

complex (Schmidt et al., 2012).  

 

 Spindle microtubule motor and stabilisation proteins: The microtubule 

motors are key contributors to the chromosome segregation apparatus by 

regulating the microtubule polymerisation state and interaction with the 

kinetochore. The force necessary to move the chromatids is provided by the 

microtubule (+)-end depolymerisation (McIntosh et al., 2010), which is 

controlled by two families of molecular motors acting antagonistically at the 

kinetochore-microtubule interface. The kinesins, such as Kip1, Kip3, Cin8 and 

Kar3 promote depolymerisation of tubulin and movement toward the spindle 

pole through an ATP dependant internal motor domain (He et al., 2001; Tanaka 

et al., 2005; Tytell and Sorger, 2006). Quite the reverse, Bik1 (He et al., 2001), 

Stu1 (Ortiz et al., 2009) and Stu2 (He et al., 2001) act as stabilising components 

by securing and maintenancing the kinetochore microtubules attachment as 

they act as anti-catastrophe factor. 

 

 The Ndc80 complex: The Ndc80 complex is the crucial linker between 

the microtubules and the kinetochore inner plate. The complex is composed of 

4 proteins (Ndc80, Nuf2, Sp24, Sp25) and forms an elongated molecule 57 

nanometers (nm) long with two globular domains separated by a long α helical 

coiled coil shaft (Ciferri et al., 2008; Wei et al., 2007; Wei et al., 2005). The 

interaction between Ndc80 and the microtubule occurs between the Ndc80-

Nuf2 heads and the α and β tubulin (Ciferri et al., 2008) whereas Spc24-Spc25 

globular head is anchored to the inner kinetochore Mis12 complex (Maskell et 

al., 2010; Welburn et al., 2010). The Ndc80 complex shows high degrees of 

intramolecular flexibility (Wan et al., 2009) conferred by a conserved loop 

functioning as a kink in the coiled coil (Wang et al., 2008). Ndc80-Nuf2 N-

terminal regions fold into two calponin homology domains, which are 

indispensable for the Ndc80 binding to microtubule in vitro (Ciferri et al., 2008), 
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and in vivo (Tooley et al., 2011; Wei et al., 2007). Ndc80 also interacts with the 

microtubules through an unstructured N-terminus tail that is targeted by Ipl1 

(Aurora B), preventing kinetochore-microtubule attachments (Guimaraes et al., 

2008). Cryo-EM studies of the Ndc80-Nuf2 heads bound to the microtubules in 

C.elegans (Wilson-Kubalek et al., 2008) and human (Alushin et al., 2010) 

showed that the complex binds to α and β tubulin in clusters to secure the 

microtubule (+)-end interaction. Docking of the Ndc80-Nuf2 crystal structure 

revealed a conserved contact area between Ndc80 and the microtubules 

formed by the calponin homology domain and a highly conserved microtubule 

binding site (Alushin et al., 2010). Although the Nuf2 calponin homology domain 

does not directly interact with the microtubule, it is optimally positioned to bind 

the flexible C terminus of tubulin. 

 

1.2.4 The kinetochore architectural core – the KMN network 

 The architectural core: The architectural components of the kinetochore 

are solely composed of protein and form the link between the centromere 

platform and the microtubule (+)-end binding components (see figure 1). The 

architectural core is composed of two main components, Spc105 (Knl-1 in 

human) and the Mis12 complex, which, together with the Ndc80 complex, form 

the KMN network. 

 

 Spc105: Spc105 (Knl-1 in human) is the platform on which the SAC 

components assemble and coordinate. The Knl-1 structure reveals that its C-

termini is a focal point for the Bub1 activity (Krenn et al., 2014; Krenn et al., 

2012). Spc105 binds to the microtubule at its N-termini end (Pagliuca et al., 

2009) and to the Mis12 complex at its C-termini end (Maskell et al., 2010; 

Petrovic et al., 2010). It is mainly regulated by Ipl1 phosphorylation (Welburn et 

al., 2010) and crucially recruits Bub1 and Bub3 to the kinetochore, which 

suggests a strong link with the spindle checkpoint (Pagliuca et al., 2009). Hence, 

Spc105 acts as the KMN network recruitment factor for the SAC components. 
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 The Mis12 complex: The Mis12 complex, also referred as the Mtw1 

complex, is composed of Mis12, Nnf1, Nsl1, Dsn1 in a 1:1:1:1 stoichiometry (De 

Wulf et al., 2003; Euskirchen, 2002). Mis12 was initially identified as an 

architectural factor in S.pombe by in vivo imaging and mutations resulting in a 

kinetochore loss of tension (Goshima and Yanagida, 2000). In human, Mis12 

was later identified by siRNA and similarly displayed chromosome detachment, 

suggesting that Mis12 function is conserved (Goshima et al., 2003). The 

successful in vitro reconstitution of the Mis12 complex was a crucial step toward 

a better understanding of the kinetochore architecture core (Hornung et al., 

2011; Maskell et al., 2010). The Mis12 complex exhibits a 21–25 nm long 

bilobed shape with all four subunit forming the large globular head that is 

connected to a rod composed of the Nnf1 and Mis12 subunits (Maskell et al., 

2010). Mis12 is linked to the microtubules by its interaction with the Spc24-25 

heterodimer of the Ndc80 complex (Maskell et al., 2010). At the other end, the 

Mis12–Nnf1 subunits associate with the centromere components (Kiyomitsu et 

al., 2010). Mis12 complex interaction with the outer and inner layers suggests 

that it functions as a bridge between the microtubule end and the inner 

kinetochore. Despite the relatively low sequence conservation between the 

Mis12 subunits homologs, the complex displays a conserved core structure 

(Petrovic et al., 2010). 

 

 The KMN network: Recombinant Ndc80, Mis12 and Knl1 (Spc105) have 

been shown to interact in vitro to form the KMN network at the centre of the 

kinetochore architectural layer (Cheeseman et al., 2006). Indeed, knockout of 

any of the KNL members leads to aberrant kinetochore structure to complete 

lack of microtubule attachments (Desai et al., 2003). The KMN network is 

regulated by Spc105, which acts as a regulatory scaffold targeted by some of 

the SAC components and control the network formation by promoting the 

interaction between Ndc80 and Mis12 (Cheeseman et al., 2006; Cheeseman et 

al., 2008; Maskell et al., 2010). During the kinetochore assembly, the KMN 

network is tethered to the centromere by the multiple interactions between the 

Mis12 complex with the COMA complex and Mif2 (Hornung et al., 2011; 



 

 

26 

Screpanti et al., 2011). The redundancy of interaction between the KMN 

network and the inner plate suggests that it may act as a safeguard and that the 

architectural and inner plate interaction follow several complementary pathways. 

1.2.5 The constitutive centromere-associated network 

 The inner kinetochore: The inner layer function is to locate (“licensing”) 

the chromosome centromere and to form a platform for the kinetochore 

architectural core to form (see figure 1). The inner kinetochore layer is formed 

by the constitutive centromere-associated network (CCAN), including the 

specific Cse4 histone (CENP-A in higher eukaryotes), Mif2, the Chl4-Iml3 

heterodimer, the COMA complex and the Cnn1-Wip1-Mhf1-Mhf2 complex (see 

table 1). The CCAN network forms onto the centromere, which is divergent 

between metazoan regional centromeres and yeast point centromere. Regional 

centromeres form onto an extended chromosomal locus harbouring the 

formation of a massive kinetochore anchoring multiple microtubules. On the 

contrary, in budding yeast, the point centromere forms a small conserved DNA 

sequence and nucleates a single kinetochore contacting one microtubule. 

Despite this discrepancy, both point and regional centromere establishments 

start with the replacement of the histone H3 by the Cse4 histone variant 

(“loading”) and share the major part of the architectural CCAN components. On 

the contrary, the CCAN components responsible for the centromere licensing 

and loading have a certain degree of variability and will be detailed in the next 

section. 

 

 The COMA complex: The COMA complex is composed of the stable 

interaction between Ctf19, Okp1, Mcm21 and Ame1 (Hyland et al., 1999; Ortiz 

et al., 1999; Poddar et al., 1999), which are conserved in fission yeast (Kerres 

et al., 2006; Liu et al., 2005), and higher eukaryotes (Okada et al., 2006). 

Although the Ctf19-Mcm21 heterodimer is non-essential, knockouts mutants 

increase chromosome missegregation (Ortiz et al., 1999). The heterodimer 

structure of Ctf19-Mcm21 displays a double-RWD domain that may interact with 

other CCAN components to form an extensive Ctf19 complex (Schmitzberger 
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and Harrison, 2012). On the contrary, Okp1 and Ame1 are essential for cell 

growth (Ortiz et al., 1999). The COMA complex interacts with the CBF3 

complex (Ortiz et al., 1999) as well as the KMN network (De Wulf et al., 2003) 

and represent an essential link with the architectural core.  

 

 Mif2: Mif2 (CENP-C in human) is a DNA-binding dimer that closely 

associates with the inner-kinetochore plate and co-localises with the Cse4 

containing chromatin (Earnshaw and Rothfield, 1985; Meluh and Koshland, 

1995). Despite a relatively low sequence conservation, Mif2 function at the 

centromere is conserved amongst eukaryotes (Kato et al., 2013) and Mif2 is 

essential for chromosome segregation in budding yeast (Brown et al., 1993) 

and higher eukaryotes (Unhavaithaya and Orr-Weaver, 2013). In yeast, Mif2 

binds to the centromere A:T rich sequence, and to the Cse4 nucleosomes and 

its loading factor CBF3 (Cohen et al., 2008; Meluh and Koshland, 1997; 

Westermann et al., 2003). Mif2 also recruits the architectural components by 

binding to the Mis12 complex subunits (Screpanti et al., 2011; Westermann et 

al., 2003). A similar behaviour is observed in higher eukaryotes, where Mif2 

binds to both CENP-A and the KMN network (Kato et al., 2013; Przewloka et al., 

2011). The role of Mif2 in the kinetochore assembly and function is not fully 

understood but it appears that Mif2 constitutes a essential co-ordinator 

connecting the newly formed inner centromere platform to the outer kinetochore 

(Chen et al., 2014; Przewloka et al., 2011; Screpanti et al., 2011; Unhavaithaya 

and Orr-Weaver, 2013). 

 

 The Cnn1-Wip1-Mhf1-Mhf2 (CWMM) / CENP-TWSX complex: One of 

the most recently characterised CCAN subcomplex are the two subcomplexes 

Cnn1/Wip1 (CENP-T/W) and Mhf1/Mhf2 (CENP-S/X) (Bock et al., 2012; 

Schleiffer et al., 2012). The Cnn1-Wip1-Mhf1-Mhf2 complex was recently 

described in human as a key player during the centromere establishment and 

although it has not been fully characterised in yeast yet, it is likely that it shares 

the same function than in higher eukaryotes. Despite its low sequence 

conservation with canonical histones, the CENP-TWSX structure is homologous 
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to the histone tetramer (Nishino et al., 2012). The CWMM complex localisation 

depends on Cse4, but the complex itself does not directly associate with the 

Cse4 nucleosome (Hori et al., 2008), suggesting two independent parallel 

systems, based on the CWMM complex on one side and Cse4 on the other, 

during the centromere establishment (Hori et al., 2008). Interestingly, 

Cnn1/CENP-T also interacts with the outer kinetochore complex Ndc80, and 

recent work suggests that it may be a receptor for Ndc80 in anaphase (Bock et 

al., 2012; Schleiffer et al., 2012). Hence, the CMWW / CENP-TWSX complex 

represents a second kinetochore nucleation roadmap linking the centromere to 

the microtubule binding module in parallel to the canonical Cse4 pathway 

(Nishino et al., 2013). 

 

 Chl4-Iml3: Chl4 and Iml3 are, together with Mif2, the most upstream 

components of the CCAN and directly link the Cse4 nucleosome to the rest of 

the kinetochore (Carroll et al., 2010; Wan et al., 2009). The Chl4-Iml3 structure 

showed that Iml3 functions principally as a regulatory chaperone and interacts 

with Mif2. This binding suggests a conserved CCAN assembly that extends 

from the centromeric nucleosome through Mif2 and Chl4 to include other 

CCAN/Ctf19 proteins (Hinshaw and Harrison, 2013). 

 

The constitutive centromere-associated network complex function: The 

CCAN is a 14-subunit protein complex that closely interacts with the centromere 

(Foltz et al., 2006; Hori et al., 2008; Meraldi et al., 2006; Okada et al., 2006). It 

is a dynamic assembly organised into distinct complex mostly present at the 

centromere throughout the cell cycle (Cheeseman et al., 2008). However, some 

subunits have a cyclical binding such as Chl4, which is abundant during 

interphase but largely removed during mitosis (McClelland et al., 2007). Cse4 is 

at the centre of the centromere establishment and is recruited by the CCAN 

complex after DNA replication (Hori et al., 2013). Following Cse4 recruitment, 

Mif2 recruits the COMA complex (Okada et al., 2006) and the Chl4-Iml3 

heterodimer (Hinshaw and Harrison, 2013), which ultimately establish the 

CCAN and the kinetochore nucleation. In regional centromeres, the CCAN 
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recognises preloaded Cse4 (CENP-A), which acts as an epigenetic factor, and 

replace the Cse4 lost during chromosome replication (Foltz et al., 2006). In 

budding yeast, although homologues have been observed for most of the 

CCAN components, the Cse4 loading mechanism relies solely on CBF3, which 

recognises the point centromere specific sequence and loads Cse4 (Lechner 

and Carbon, 1991b; Palmer et al., 1991). The aim of this thesis is to understand 

the biology of the CBF3 complex, and a specific chapter of this introduction will 

be dedicated to the biology of the point and regional centromeres and to the 

Cse4 loading mechanism. 



 

 

30 

 
figure 1: The Kinetochore assembly 

The main components of the kinetochore are schematically represented. The microtubule 
binding layer, including the elongated Ndc80 (red) and ring like Dam1 (yellow) complexes, is 
represented binding the spindle microtubule (orange). The KMN network, including the Ndc80 
(red), Spc105 (yellow), and Mis12 (orange) is symbolised interacting with the microtubule 
binding elements and the CCAN components. The SAC, which mainly binds to Spc105, is also 
represented (dark brown). Finally, the CCAN is represented including Mif2 (pale orange), Chl4-
Iml3 (light blue), the COMA complex (green), the CMWW complex (blue) and the CBF3 complex 
(brown). The Cse4 is shown in red at the centre of the CCAN. 
 

 

CCAN

Spindle
Mictotubule

SAC

Dam1 Ndc80

Spc105

Mis12

COMA

Point Centromere

CMWW

Ndc80

Cse4

Ndc80

Ndc80
KMN

Spindle pole

DNA

CBF3

Chl4

Iml3

Mif2Mif2



 

 

31 

Table 1: The main kinetochore components 
Kinetochore 

layer 
Kinetochore 

complex 

Budding 
yeast 

proteins 

Higher 
eukaryotes Comments 

CCAN 

CBF3 
Ndc10 
Cep3 
Ctf13 
Skp1  

Sequence-specific 
DNA-binding 

complex required 
for Cse4 deposition 
in budding yeast. 

Cbf1 Cbf1 
Innermost 

components 

COMA 
 
 
 
 
 

CENP-TWSX  
 
 
 
 
 
 
 

Cse4 
Mif2 

CENP-A 
CENP-C 

Ctf19 
Okp1 

Mcm21 
Ame1 

CENP-P 
CENP-Q 
CENP-O 
CEMP-U 

 

Cnn1 
Wip1 
Mhf1 
Mhf2 

CENP-T 
CENP-W 
CENP-S 
CENP-X 

Nuclesosome like 
complex 

Mcm16 
Ctf3 

Mcm22 

CENP-H 
CENP-I 
CENP-K  

Chl4 
Iml3 

CENP-N 
CENP-L  

Nkp1 
Nkp2   

KMN 

network 

Mis12 (MIND) 

Mtw1 
Nnf1 
Nsl1 
Dsn1 

Mis12 
Dsn1 
Nnf1 
Nsl1 

 
KNL1 

 Spc105 KNL1 

Microtubule 
binding 

components 

NDC80 

Ndc80 
Nuf2 

Scp24 
Spc25 

Ndc80 
Nuf2 

Spc24 
Spc25 

Dam1 

Ask1 
Dad1 
Dad2 
Dad3 
Dad4 
Dam1 
Duo1 
Spc19 

 

Specific to Fungi, 
not essential in 

S.pombe 

 Ska1  
Ska1 
Ska2 
Ska3 

Specific to higher 
eukaryotes 
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1.3 The kinetochore assembly 

 Assembling the kinetochore: The kinetochore assembly must orchestrate 

the orderly binding of more than 70 different components (reviewed in 

(Gascoigne and Cheeseman, 2011). The timing of assembly for the different 

kinetochore components varies from occupancy thorough the cell cycle for the 

CCAN to transient assembly for regulatory factors. The CCAN is possibly the 

most stable layer and is found at the centromere thorough the cell cycle except 

upon DNA replication (Cheeseman et al., 2008). This protein network re-

establishes the depleted Cse4 after DNA replication (Hori et al., 2013) and also 

acts as a platform on which the outer kinetochore components assemble as 

mitosis proceeds (Gascoigne and Cheeseman, 2013). Following the CCAN 

establishment, the architectural core, microtubule binding components and 

spindle checkpoint proteins following can be recruited to form an activated and 

functional kinetochore (Blower and Karpen, 2001; Carroll et al., 2010; Van 

Hooser et al., 2001; Westermann et al., 2003). The CCAN supports two 

synergistic pathways leading to the kinetochore assembly. In the first pathway, 

Mif2 and Chl4-Iml3 recognise and bind Cse4 and the centromeric DNA (Carroll 

et al., 2010; Kato et al., 2013) then link the centromeric plate to the COMA and 

Mis12 complexes (Gascoigne and Cheeseman, 2011; Przewloka et al., 2011; 

Screpanti et al., 2011). Subsequently, the Mis12 complex acts as a central node 

to establish the KMN network with Spc105 and the Ndc80 complex 

(Cheeseman et al., 2006; Cheeseman et al., 2004; Obuse et al., 2004; Petrovic 

et al., 2010). The later interacts with the Dam1 complex and provide a suitable 

platform for microtubules attachment (Desai et al., 2003). This mechanism is 

highlighted on the right in figure 1. In the second pathway, the DNA-binding 

CWMM histone like complex binds to the Ndc80 complex and directly links the 

centromeric plate with the microtubule binding layer (Gascoigne et al., 2011; 

Nishino et al., 2013). This mechanism is highlighted on the left in figure 1. Both 

pathways can artificially direct the kinetochore assembly on an ectopic 

chromosome site by targeting Mif2 and Cnn1 (Gascoigne et al., 2011; Hori et al., 

2013; Schleiffer et al., 2012). Mif2 and the CWMM complex pathways are 
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controlled synchronically with the cell cycle by phosphorylation (Gascoigne and 

Cheeseman, 2013). Once the microtubule binding layer is built, the SAC 

components localise at the kinetochore (Cheeseman et al., 2004). Amongst the 

spindle checkpoint components, Bub1 plays a central role as recruiter of the 

other checkpoint components (Johnson et al., 2004; Sharp-Baker and Chen, 

2001).  

 

 The spindle checkpoint: During prometaphase, the spindle checkpoint 

components converge at the unattached kinetochores and delay mitosis until all 

kinetochores are properly attached (De Antoni et al., 2005). In yeast, the spindle 

checkpoint is composed of Mps1, Mad1, Mad2, Mad3, Bub1 and Bub3, which 

are highly conserved genes required to arrest the cell cycle in the event of a 

kinetochore-microtubule attachment defect (see Table 2) (Hoyt et al., 1991; Li 

and Murray, 1991). With the exception of Mps1, which is linked to other cellular 

processes (Winey et al., 1991), none of the yeast spindle checkpoint proteins 

are indispensable but all lead to chromosome defects to various degrees (Gillett 

et al., 2004; Warren et al., 2002). This is in startling contrast with the animal 

cells in which the spindle checkpoint components are indispensable (Basu et al., 

1999; Dobles et al., 2000; Kitagawa and Rose, 1999). The SAC monitors 

improper kinetochore – microtubule attachment and controls the cell arrest by 

sequestrating Cdc20 through Mad2, Mad3, Bub1 and the formation of the 

mitotic checkpoint complex (Chao et al., 2012), which is maintained by Ipl1 

(Lens et al., 2003). The depletion of Cdc20 inhibits the anaphase-promoting 

complex (APC) (Fang et al., 1998; Hwang et al., 1998; Li et al., 1997) and 

prevents the ubiquitylation and degradation of Cyclin B and Securin, which is 

required for mitotic progression (Kim and Yu, 2011). The model of MCC 

formation depends on the dynamics of Mad2, which co-localise with its binding 

partner Mad1 to unattached kinetochores. Once attachment is achieved for all 

kinetochores, Mad1 and Mad2 are depleted from the kinetochore/spindle 

microtubule site. Although the exact nature of the signal activating the spindle 

checkpoint components is still unclear, some of the key steps in the signal 

generation are known. By phosphorylating of Spc105, Mps1 is the most 
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upstream components (Yamagishi et al., 2012) and recruits Bub1 and Bub3 

(Shepperd et al., 2012) followed by Mad1 and Mad2 to the kinetochore 

(Heinrich et al., 2012). The SAC silencing is fulfilled by the Spc105 

dephosphorylation via the protein phosphatase 1 (Pinsky et al., 2009; 

Vanoosthuyse and Hardwick, 2009) and the Cdc14 phosphatase, which 

promoted the Ipl1 relocalisation to the spindle (Mirchenko and Uhlmann, 2010). 

Finally, the destruction of the Mps1, and Bub1 (Goto et al., 2011; Palframan et 

al., 2006) and the Cdc20 autoubiquitination (Foster and Morgan, 2012) ensure 

the SAC silencing.  

 

 The chromosome passenger complex: The chromosome passenger 

complex (CPC) is composed of the Ipl1 protein kinase (Aurora B), Sli15 

(INCENP), Bir1 (Survivin), and Nbl1 (Borealin) and associates with the inner 

kinetochore plate from G1 until anaphase (see Table 2) (reviewed in (van der 

Horst and Lens, 2014). The CPC senses kinetochore tension through Ipl1 

(Biggins and Murray, 2001), which detects and destabilises incorrect 

attachments by controlling Knl-1 (Spc105), and by promoting the Dam1 

(Sarangapani et al., 2013) and Ndc80 complexes detachment (Martin-Lluesma 

et al., 2002). The CPC also interacts with the centromere via CBF3 (Sandall et 

al., 2006; Widlund et al., 2006), and COMA via Sli15 (Knockleby and Vogel, 

2009). After chromosome separation at anaphase, the CPC relocates to the 

spindle and spindle midzone. This dynamic localisation reflects its dual function 

in kinetochore bi-orientation and at the spindle (Carmena et al., 2012). Defects 

in the CPC function displays two phenotypes: chromosome congression and 

segregation defects due to the stabilisation of incorrect kinetochore–microtubule 

attachments and improper spindle formation. Prior to anaphase, the 

chromosomal passenger components (CPC) are found at the centromere and 

suggest a kinetochore independent pathway (Oegema et al., 2001). 
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Table 2: Kinetochore regulatory and motor components 

Kinetochore 
plate 

Kinetochore 
complex 

Budding 
yeast 

proteins 
Metazoans Comments 

Checkpoint 
components 

Spindle 
checkpoint 

 
Mad1 

 
Mad1  

 
Monitor 

unattached 
kinetochores – 
Stop anaphase 

onset 
 
 

Mad2 Mad2 
Bub1 Bub1 
Bub3 Bub3 
Mps1 Mps1 

Chromosome 
passenger 
complex 

 
Ipl1 

 
Aurora B 

Sli15 INCENP 
Nbl1 Borealin 
Bir1 

 
Survivin 

 
 

Motor proteins 
MAPS 

Kip3 
Cin8 
Kar3 
Slk19 

Kinesin-8 
Kinesin-5 

Kinesin-14  Microtubule 
polymerisation 

proteins 
MAPS 

Bik1 
Stu1 
Stu2 

CLIP-170 
CLASP 

XMAP215 
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1.4 The centromere 

 Centromeres: Centromeres are one of the hallmarks of the chromosome 

segregation apparatus. As such, multiple independent centromere formation will 

result in erratic microtubule attachment and ultimately in chromosome 

fragmentation during anaphase. Hence, the controlled and restricted formation 

of the centromere is key during mitosis. As mentioned, the composition of the 

centromere sequences diverges dramatically between regional and point 

centromeres. In most eukaryotes, regional centromeres are made of long, 

repetitive and unconserved DNA. In a startling contrast, in a restricted family of 

fungi including S.cerevisiae, point centromeres are composed of a small, highly 

conserved DNA sequence called the point centromere. This discrepancy 

contrasts with the conservation of Cse4 in both point and regional centromeres, 

which epigenetically mark the centromere and lead to the kinetochore formation 

(Palmer et al., 1987). The Cse4 binding at the centromere occurs in two 

phases: licensing and loading. First, licensing factors such as the Mis18 

complex in regional centromeres (Fujita et al., 2007; Hayashi et al., 2004) and 

the CBF3 complex in point centromeres (Lechner and Carbon, 1991) recognise 

the centromeric locus epigenetically or by targeting a specific DNA sequence. 

Subsequently, loading factors, such as the chaperones HJURP in regional 

centromeres (Dunleavy et al., 2009) and its homologue Scm3 in point 

centromeres (Camahort et al., 2007), target the licensing factors and load the 

new Cse4. The licensing/loading mechanism, as well as the properties of the 

regional and point centromere will be emphasised in the following section.  

 

 Cse4: A ubiquitously observed centromere characteristic is the 

replacement of the histone H3 by the specific histone chromosome segregation 

4 (Cse4), also called centromere protein A (CENP-A) in humans (Palmer et al., 

1991; Palmer et al., 1987; Stoler et al., 1995). The function and structure of 

Cse4 and CENP-A is so conserved that budding Cse4 specifically tethered to 

regional centromeres can rescue CENP-A deficient human cells (Wieland et al., 

2004). Cse4 acts as an epigenetic marker required for the recruitment of all the 

kinetochore components at the centromere (Liu et al., 2006). The localisation of 
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Cse4 at the centromere is stable during the cell cycle and is passed 

epigenetically to the two newly replicated chromosomes in higher eukaryotes 

(Jansen et al., 2007) and through sequence conservation in budding yeast 

(Jehn et al., 1991). Cse4 has a conserved histone fold domain at the C-termini, 

which is almost identical to the histone H3 (Luger et al., 1997; Tachiwana et al., 

2011) except for a CENP-A targeting domain (CATD). This conserved domain, 

essential to recruit Cse4 and the inner kinetochore components, is targeted by 

the yeast loading factor Scm3 (Suppressor of chromosome missegregation 

protein 3) (Camahort et al., 2007), which is conserved in higher eukaryotes with 

HJURP (Holliday Junction Recognition Protein) (Black et al., 2004; Van Hooser 

et al., 2001; Zhou et al., 2011). Different structures have been proposed for the 

centromere nucleosome, including an octasome (Blower et al., 2002; Camahort 

et al., 2009; Foltz et al., 2006; Kingston et al., 2011; Sekulic et al., 2010), a 

tetrasome (Dalal et al., 2007) and a chimeric hemisome including Scm3 (Dalai 

et al., 2007; Furuyama and Henikoff, 2009). The resolution of the CENP-A 

nucleosome structure by X-ray crystallography clearly demonstrated the 

formation of an octamer (see figure 2), structurally homologous to the canonical 

nucleosome and including dimers of H2A, H2B, H4 and CENP-A (Tachiwana et 

al., 2011). The three centromeric nucleosome assemblies described, octasome, 

tetrasome and hemisome suggest the observation of Cse4 at different 

transitional assembly states, particularly since Scm3 acts as the Cse4 

chaperone. Indeed, in budding yeast Scm3 binding to Cse4 blocks the 

centromere formation (Zhou et al., 2011). The centromere octameric structure 

was since confirmed as predominant in vivo (Hasson et al., 2013). The DNA 

structure at the centromeric nucleosome has also been extensively studied and 

both left-handed (Sekulic et al., 2010) and right-handed (Dalai et al., 2007; 

Furuyama and Henikoff, 2009) DNA have been suggested. However, the 

structure of the CENP-A nucleosome clearly supports the wrapping of a left-

handed DNA, which would be around 120 bp long and with a more compact 

histone-DNA assembly but looser 5’ and 3’ ends when compared to the 

canonical nucleosome (see figure 2) (Tachiwana et al., 2011). It has been 

suggested that this slightly characteristic DNA structure could assist the loading 
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of Cse4 at the centromere or facilitate the access to the Cse4 interaction 

domain with the inner components during the first phase of the kinetochore 

formation (Sekulic et al., 2010; Silva et al., 2007). 

 

 
figure 2: CENP-A nucleosome 

CENP-A octamer wrapping a left-handed 120 bp long DNA (pdb 3NQJ). The CENP-A histones 
in green are replacing the H3 histones. The CENP-A, H4, H2B and H2A adopt a very similar 
conformation compared to the canonical nucleosomes but the DNA ends adopt a slightly looser 
packing. 
 
 Scm3 and the Cse4 loading: Scm3 was first characterised in budding 

and fission yeast as essential for Cse4 loading (Camahort et al., 2007; 

Sanchez-Pulido et al., 2009; Stoler et al., 2007; Williams et al., 2009). In higher 

eukaryotes Scm3 homologs, including HJURP (Sanchez-Pulido et al., 2009) 

and the Chromosome alignment defect 1 (Cal1) in D.melanogaster (Aravind et 

al., 2007; Chen et al., 2014), were observed by sequence comparisons. Scm3 

sequence includes a N-terminal CENP-A binding domain (CBD), which is 

conserved in all eukaryotes (Shuaib et al., 2010). The interaction of the CBD 

H4
CENP-A

H2B
H2A

“Floppy” ends



 

 

39 

with the α-helix α2 of the CATD domain was biochemically (Black et al., 2004; 

Foltz et al., 2009) and structurally characterised in human (Hu et al., 2011), 

S.cerevisae (Zhou et al., 2011) and K.lactis (Cho and Harrison, 2011) (see 

figure 3). The three structures displayed a different interaction between the CBD 

and the Cse4-H4 domain, sparkling a controversy, which is still unsettled. 

Contrarily to the N-termini domain, the Scm3 C-terminal sequence is highly 

variable (Aravind et al., 2007). In regional centromere organisms, the Scm3 C-

termini includes at least one of the following DNA binding domain: MYB, C2H2, 

zinc finger and AT-hooks domains (Aravind et al., 2007; Barnhart et al., 2011; 

Fujita et al., 2007). On the contrary, in point centromere organisms, Scm3 does 

not include a DNA binding domains (Aravind et al., 2007). Although the 

requirement of Scm3 for Cse4 loading is known, the physical mechanism of H3 

replacement by Cse4 is subject to debate. Scm3 itself is tethered at the 

centromere by the interaction with the licensing-loading factors, such the Mis18 

complex in regional centromere, (Jansen et al., 2007) and the CBF3 complex in 

point centromeres (Jehn et al., 1991). 

 
figure 3: Scm3 - Cse4 - H4 interaction 

S.cerevisae Scm3-Cse4-H4 structure shows an elongated interaction between the components. 
Cse4 (green) is sandwiched between H4 (blue) and Scm3 (yellow) (pdb 2YFV). 
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Cse4 CATD

Scm3 CBD



 

 

40 

 Cse4 licensing at the regional centromere: In higher eukaryotes, regional 

centromeres are composed of long and highly repetitive arrays of DNA, which 

harbour multiple kinetochore nucleations. The characterisation of regional 

centromeres in C.albicans (Sanyal et al., 2004), N.crassa (Centola and Carbon, 

1994), A.thaliana (Copenhaver et al., 1999), D.melanogaster (Sun et al., 2003), 

H.sapiens (Schueler et al., 2001) and S.pombe (Clarke et al., 1986) showed a 

high variability in DNA sequence length and composition. In S.pombe, 

centromeres are composed of 40 – 100 kb long sequences harbouring a 

conserved architecture including three central core region (cnt1, cnt2 and cnt3), 

bordered by inverted repeat sequences (Chikashige et al., 1989; Clarke et al., 

1986; Fishel et al., 1988). In primates, the centromere is composed of a 2 to 5 

megabases (Mb) long sequence of repeating 171 bp long α-satellite DNA 

(αDNA) (Arn et al., 1989; Jabs et al., 1989) reviewed in (Plohl et al., 2008). 

Despite this variability, some sequence similarities have been observed across 

species such as the CENP-B box (17 bp) and the α-repeats found in 

mammalian species (Alkan et al., 2011; Ohzeki et al., 2002) and in 

invertebrates (Canapa et al., 2000; Mestrovic et al., 2013; Mravinac et al., 2005). 

In addition to their composition variability, regional centromeres in primates, 

D.melanogaster, S.pombe and C.albicans, are spatially non-conserved and the 

formation of fully functional kinetochore has been observed at ectopic DNA loci 

(reviewed in (Burrack and Berman, 2012). These neo-centromeres are highly 

divergent in DNA composition and locus on the chromosome but are mostly 

located in gene poor (Alonso et al., 2010) and repetitive regions (Hasson et al., 

2011). Neo-centromeres can be transmitted through generations to become 

evolutionary conserved centromeres that slowly incorporate repetitive αDNAs to 

the detriment of the previous centromere, which progressively loose its αDNAs 

(Ventura et al. 2007). The formation of neo-centromeres highlight the flexibility 

of regional centromere, which seems to only rely on epigenetic factors, mainly 

the presence of CENP-A, although the repetitive DNA provides a preferred 

topology for centromere maintenance. The timing of CENP-A loading varies 

across species and occurs between anaphase and G1 in D.melanogaster 

(Schuh et al., 2007; Shelby et al., 2000) and human (Jansen et al., 2007). On 
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the contrary, in plants and fission yeast, CENP-A is loaded in late G2 phase 

(Lermontova et al., 2006; Takahashi et al., 2005). After DNA replication, the 

remaining CENP-A interacts with CENP-C, which in turn acts as the loading bait 

for the licensing-loading Mis18 complex (HJURP/RBBP7/RBBP4 in human) 

(Dambacher et al., 2012; Moree et al., 2011). Together, these factors ensure 

that there is a single chromosome locus that will be marked by CENP-A to 

direct the kinetochore assembly. 

 
figure 4: The regional centromere in primates 

Regional centromere including CENP-A nucleosomes (red) and canonical nucleosomes (green). 
The regional centromere is built on α satellite DNA (α), which repeats over several megabases 
long locus. 
 

 Cse4 licensing at the point Centromere: In contrast to the length and 

variety of the regional centromeres, the point centromeres are composed of a 

short DNA sequence, varying in length between 125 and 200 bp and including 

two canonical nucleosomes positioned on both sides of a single centromere 

nucleosome (Cole et al., 2011). The first point centromere sequences were 

identified in budding yeast through their ability to confer mitotic and meiotic 

stability when transformed to a plasmid (Clarke and Carbon, 1980). The point 

centromere sequence is composed of three ubiquitously conserved centromere-

DNA elements (CDE): CDEI a small conserved palindrome, CDEII an AT-rich 

stretch, and CDEIII a highly conserved sequence that determine the centromere 

positioning (see figure 5 and figure 6) (Cole et al., 2011; Fitzgerald-Hayes et al., 

1982). CDEI is highly conserved and includes a consensus sequence, which is 

targeted by the centromere binding factor I (Cbf1), an helix-loop-helix 

transcription factor (Cai and Davis, 1990). CDEI and Cbf1 are not essential for 
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H3
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mitosis progression but are required for kinetochore stability (Cai and Davis, 

1990) and interact with the other licensing-loading CBF3 complex of the point 

centromere (Hemmerich et al., 2000). The exact function of Cbf1 at the point 

centromere is still unknown, although it has been suggested that it helps the 

CBF3 complex to fulfil its function. CDEII is a semi-conserved sequence with an 

A-T base content higher than 90% and varying between 78 to 160bp in length 

(Jehn et al., 1991). The CDEII harbours the specific Cse4 histone, which, 

according the CENP-A octameric structure, would interact with roughly 120 bp 

(Cole et al., 2011). Hence the Cse4 nucleosome would not only encompass the 

CDEII sequence but also small portions of the CDEI and CDEIII sequences 

(see figure 5). The CDEIII sequence is the most conserved of all the CDE and 

binds to the CBF3 complex via a conserved 7-bp palindromic core including a 

CCG triplet that is absolutely essential in point centromere establishment (see 

figure 5) (Jehn et al., 1991; Lechner and Carbon, 1991). The CCG triplet motif 

was identified by point mutations, which lead to non-viable cell lines though 

impaired mitosis (Jehn et al., 1991). This severe phenotype contrasts with the 

deleterious yet non-lethal mutation in CDEI and CDEII, which only lead to 

higher rates of chromosome missegregation. The CDEIII sequence also 

includes two inverted triplets TTT and AAA separated by 17 bp, which plays a 

crucial yet unknown role during Cse4 loading, as suggested by the mutagenesis 

studies. The 17 bp separating the TTT-AAA inverted triplets includes the highly 

conserved 7-bp palindrome and the aforementioned CCG triplet. By targeting 

the CCG triplet, Cep3, one of the components of the CBF3 complex, ensure the 

point centromere licensing through a mechanism that will be highlighted in the 

next paragraph. Another conserved characteristic of CDEIII is its spatial 

localization and asymmetry as the CDEIII inversion leads to severely impaired 

binding (Espelin et al., 1997). The CDEIII spatial conservation suggests that the 

CBF3 complex function is linked to its location compared to Cse4. On the 

contrary to regional centromere establishment, which depends on pre-existing 

CENP-A, the point centromere formation relies on the conserved CDEIII DNA 

sequence. This DNA motif is targeted by the CBF3 licensing-loading factor, 

which licenses the centromeric DNA by recognising the conserved CCG triplet, 
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and loads the centromere nucleosome by exchanging the histone H3 with the 

centromere specific histone Cse4. 

 

 

 
figure 5: Budding yeast point centromere consensus sequence. 

The S.cerevisiae point centromere consensus sequence derived from the comparison of 13 
different centromere DNAs (Jehn et al., 1991). Conserved bases are indicated by letters 
whereas non-conserved positions are specified with dots. The arrows indicate the inverted DNA 
repeat (dyadic symmetry) whereas the white squares denote the twofold axis going through the 
C-G base pairs. R indicates purine bases. 

 

 
figure 6: The point centromere 

Point centromere including Cse4 nucleosomes (red) surrounded by two canonical nucleosomes 
(green). The centromere is built on the specific CDEI-CDEII-CDEIII sequences seen in orange, 
green and blue. The TGT-CCG triplets that are ubiquitously conserved amongst point 
centromeres are highlighted on the CDEIII region. 
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1.5 Centromere binding factor 3 complex and the 
establishment of point centromere in S.cerevisiae 

1.5.1 The CBF3 complex binding function at the point centromere 

 The CBF3 complex: The CBF3 complex was first identified as a DNA 

binding complex with a high affinity for the CDEIII sequence (Ng and Carbon, 

1987). The complex is composed of four essential proteins known as Ndc10 

(Nuclear division cycle 10-1 - also called Cbf3a/Cbf2/Ctf14/p110 – 112 KDa) 

(Goh and Kilmartin, 1993; Jiang et al., 1993), Cep3 (Centromere protein 3 – 

also called Cbf3b/p64 – 70 Kda) (Lechner, 1994; Strunnikov et al., 1995), Ctf13 

(Chromosome transmission fidelity 13 – also called Cbf3c/p58 - 58kDa) 

(Doheny et al., 1993), and Skp1 (Suppressor of kinetochore protein mutant 1 – 

also called p19 – 19 kDa) (Connelly and Hieter, 1996; Stemmann and Lechner, 

1996). As such, every single one of the CBF3 components knockouts mutants 

display non-viable cell lines due to impaired mitosis (Gillis et al., 2005; Lechner 

and Carbon, 1991). Cep3 and Ndc10 are the DNA binding factors of the 

complex (Espelin et al., 2003; Strunnikov et al., 1995) whereas Ctf13 and Skp1 

link the CBF3 assembly to the cell cycle (Rodrigo-Brenni et al., 2004). 

Biochemical (Espelin et al., 1997) and atomic force microscopy (Pietrasanta et 

al., 1999) analysis of the CBF3 complex suggest a stoichiometry of 2:2:1:1 for 

Ndc10:Cep3:Ctf13:Skp1, and an overall molecular mass of 450 kDa (see figure 

10). Upon CDEIII binding, the complex structure adopts a dumb-bell shape and 

curve the bound DNA slightly, a characteristic that has unknown function at the 

point centromere (Pietrasanta et al., 1999). In vitro footprinting showed that 

CBF3 binds a definite 57 bp centromere DNA covering CDEIII and a few 

additional base pairs on the right side of the element (Cole et al., 2011; Lechner, 

1994; Lechner and Carbon, 1991) (see figure 7). During the point centromere 

establishment, an activator complex composed of Skp1, Sgt1 and Hsp90 

activates Ctf13, which in turn assemble a CBF3 “core” complex containing Cep3. 

The Cep3-Ctf13-Skp1 core complex then targets the CDEIII specific sequence, 

through the Cep3 interaction with the CCG triplet, and achieves the licensing 

phase (Rodrigo-Brenni et al., 2004; Russell et al., 1999). Once the Cep3-Ctf13-
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Skp1 core complex is attached to the CDEIII sequence, Ndc10 binds Ctf13 and 

completes the CBF3 assembly. The activated CBF3-CDEIII complex interacts 

with the Scm3-H4-Cse4 complex, by the intermediary of Ndc10, and exchange 

the histone H3 with the Cse4 histone, though an unknown mechanism 

(Camahort et al., 2007; Cho and Harrison, 2011; Shivaraju et al., 2011; Zhou et 

al., 2011). Once the Cse4 nucleosome is formed and the loading phase is 

closed, the CBF3 complex remains stably bound at the centromere until S-

phase, during which it is released to allow the centromere DNA replication 

(Espelin et al., 1997; Rodrigo-Brenni et al., 2004). Indeed, the ndc10-1 

temperature sensitive mutant requires the cells to go through S-phase before 

displaying the chromosome missegregation phenotype (Poddar et al., 2004). 

After the licensing-loading phase, the CBF3 complex remains bound to the 

CDEIII sequence and interacts with Mif2 directly and other CCAN components 

indirectly (Meluh and Koshland, 1995). In addition to its role at the centromere, 

the CBF3 complex contributes to the spindle stability and the coordination of 

chromosome segregation with cytokinesis (Bouck and Bloom, 2005a; Bouck 

and Bloom, 2005b). Additionally, it could play a role in the spindle checkpoint 

during anaphase (Gardner et al., 2001; Gillis et al., 2005). The CBF3 complex is 

a key nucleating factor for the yeast kinetochore and although tremendous work 

had been achieved over the years, very little is known about the precise 

mechanism of Cse4 loading and about the interaction between the components 

of the CBF3 complex itself. At the start of this project, the only structural data 

available on the CBF3 was the Cep3 structure (Bellizzi et al., 2007; Purvis and 

Singleton, 2008) and the AFM analysis of the entire assembly (Pietrasanta et al., 

1999).  

 

 
figure 7: CBF3 binding sequence 

Partial nucleotide sequence of the S.cerevisiae chromosome 3 point centromere showing the 
sequence protected by CBF3 (Jehn et al., 1991).  

CDEII CDEIII

TGTATTTGATTTCCGAAAGTTAAAAA....ATATTAG

CBF3 binding sequence

AGAAATAGTAAGAAATATATATTT....
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1.5.2 The CBF3 components 

 Cep3, the licensing factor: Cep3 binds the conserved CCG triplet of the 

CDEIII sequence and fulfils the licensing function within CBF3. Early sequence 

comparison of Cep3 noticed a strong homology with the Zn2Cys6 family of 

transcription factors (Strunnikov et al., 1995), which binds the major groove of 

inverted CGG/CCG triplets through two zinc domains (Schjerling and Holmberg, 

1996). Similarly, Cep3 has two N-terminal zinc domains (residues 1-63), which 

bind to the CDEIII CCG conserved triplet (Strunnikov et al., 1995). The structure 

of Cep3 with the zinc finger domains deleted (Cep3ΔN) was solved in K.lactis 

and S.cerevisae and displays a predominantly α-helical bilobal structure 

(Bellizzi et al., 2007; Purvis and Singleton, 2008) (see figure 8).  Cep3ΔN 

structure includes domain I (residues 48–335), which consists of a helical barrel 

surrounding a central α-helical bundle, and the domain II (residues 336–608), 

which includes an open α-helical bundle (see (C) figure 8). Cep3ΔN forms 

dimers both in solution and within the crystal structure through the interaction of 

domain I, which adopts a semi-circular structure enclosing a 30 Å wide central 

groove (see (A) figure 8). The domain II of Cep3 is structurally homologous with 

the HEAT repeat motif from the β-importin with a Cαr.m.s.d of 3.7 Å over 135 

residues (see (A) and (C) figure 8). HEAT repeats are predominantly protein–

protein interaction domains (Groves and Barford, 1999), which suggests that 

this domain interacts with the CBF3 components or with other CCAN 

components, such as Mif2 (Meluh and Koshland, 1995). The structural 

homology between Cep3 and the Zn2Cys6 family of transcription factors 

suggests that Cep3 binds to the CDEIII CCG triplet through its N-terminal zinc 

domains. The studies conducted by Belizzi et al. and Purvis et al. suggest two 

DNA binding models. In the model suggested by Purvis & Singleton the DNA 

lies along the central channel of the dimer, which is electrostatically charged 

and would weakly bind to DNA. This positioning would allow the zinc clusters to 

bind the conserved CCG triplet and another conserved TGT triplets, both 

through DNA major groove (Purvis and Singleton, 2008) (see (B) figure 8). This 

model would leave the Zinc domains free to interact with Ctf13 and would be 

consistent with the cross-linking study of the CBF3 complex assembly (Espelin 
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et al., 1997). In the model proposed by Bellizzi & Harrison, the Cep3 dimer sits 

on top of the CDEIII with the 2-fold axis perpendicular to the DNA (Bellizzi et al., 

2007). As such, both of the suggested models remain valid but during this study 

we will use the model suggested by Purvis and Singleton. The electrophoretic 

mobility-shift assays (EMSAs) of Cep3 and Cep3ΔN with a native CDEIII 

sequence showed no DNA binding for Cep3ΔN and a strong interaction between 

Cep3 and CDEIII, suggesting that most of the DNA binding function of Cep3 

arises from the Zinc finger domains. Mutations in the CCG motif showed no 

binding between CDEIII mutant and Cep3, whereas mutations in the TGT motif 

showed weakened binding suggesting that the CCG site is the main contributor 

to the protein–DNA affinity. This result is consistent with the CDEIII mutation 

analysis showing that the CCG motif mutations displays higher rates of 

chromosome loss whereas the TGT triplet mutations led to increased rates of 

chromosome missegregation (Jehn et al., 1991). Interestingly, Cep3 is 

sumoylated by an unknown ligase, which possibly relocates Cep3 prior to DNA 

replication during S-phase (Montpetit et al., 2006). Whereas Cep3 structure and 

function as a licensing factor has been well defined, its interaction with the 

CBF3 components remains uncharacterised but is likely to be mediated by the 

HEAT domain of Cep3. 

 
figure 8: Cep3ΔN dimer and DNA binding prediction 

(A) Cep3ΔN homodimer structure (pdb 2VEQ). The central groove and HEAT domains are 
highlighted. (B) Model of the Cep3 DNA binding according to Purvis and Singleton. The 
predicted zinc domain interaction with the centromere DNA is shown in transparent (ZC) with 
the conserved CCG and TGT triplets. 
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 Ctf13-Skp1 regulates the CBF3 assembly: The CBF3 complex assembly 

is regulated by the interaction between the Ctf13 F-box domain and Skp1 

(Russell et al., 1999), which relies on the Ctf13 maturation by the Hsp90-Sgt1 

complex (Stemmann et al. 2002; Bansal et al. 2004; Rodrigo-Brenni et al. 2004). 

F-Box domains play a crucial role in the specificity of the E3 ligase Skp1-Cullin-

F-Box containing complex (SCF) by targeting the proteins regulated by the 

complex. Subsequent interaction with Skp1 brings the targeted protein into 

proximity with the functional E2 protein, eventually leading to its ubiquitination 

(Nakayama and Nakayama, 2005). The CBF3 assembly starts with the 

formation of the Sgt1-Ctf13-Skp1 heterotrimer complex and the subsequent 

recruitment of Hsp90 (see figure 9). Sgt1 binds to Skp1 and SCF complexes, 

acting as a co-chaperone with Hsp90 for the SCF targeted proteins (Allosteric 

regulation of the Hsp90 dynamics and stability by client recruiter cochaperones: 

protein structure network modeling), and is also required for kinetochore 

function (SGT1 Encodes an Essential Component of the Yeast Kinetochore 

Assembly Pathway and a Novel Subunit of the SCF Ubiquitin Ligase Complex). 

Upon Hsp90 binding, Sgt1 is released and the matured Skp1-Ctf13 heterodimer 

is transported into the nucleus (Lingelbach and Kaplan, 2004). Once in the 

nucleus, Skp1-Ctf13 heterodimer forms a CBF3 core complex with Cep3 

(Rodrigo-Brenni et al., 2004), which is completed by the rate limiting addition of 

Ndc10 (Russell et al. 1999; Rodrigo-Brenni et al. 2004). It is not known however 

if Ndc10 binds to the CBF3 core complex before or after the binding of the later 

to the CDEIII sequence. The addition of Ndc10 to the core complex leads to the 

formation of an activated CBF3 complex at the centromere and to the loading of 

Cse4. The Ctf13 maturation process, which is necessary for the CBF3 

assembly, is not known. The link between Skp1 and the cell cycle regulation 

suggests that the SCF degradation pathway targets Ctf13 during mitosis pause 

or when the CBF3 complex must be removed from the centromere (Kaplan et 

al., 1997; Russell et al., 1999). Hence, it is likely that this mechanism precisely 

controls the CBF3 turn over by monitoring the total levels of Ctf13 via 

proteolysis (Kaplan et al., 1997; Rodrigo-Brenni et al., 2004) and prevents the 

accumulation of unfolded Ctf13. Remarkably, Ctf13 includes a PEST motif 
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between its N-termini F-box and C-termini domain. PEST motifs are linked with 

protein degradation and instability and could be targeted by the proteasome 

(Rechsteiner and Rogers, 1996). As such, Ctf13 acts as an unfolded protein 

scaffold, which, through its interaction with Skp1, link the CBF3 assembly to the 

cell cycle regulation.  

 

 

 
figure 9: Skp1-Ctf13 pathway 

The Ctf13 pathway is modeled according to (Lingelbach and Kaplan, 2004). Deactivated Ctf13 
bound to Skp1 is contacted by Sgt1 (1) or targeted by the SCF complex  (2). The Sgt1-Skp1-
Ctf13 complex binds to Hsp90 (3) and releases Sgt1 (4) after Ctf13 activation (5). Activated 
Ctf13 forms a pre CBF3 “core” complex by binding to Cep3 (6). 
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 Ndc10, the CBF3 loading factor: Ndc10 is an essential component of the 

yeast centromere, which leads to chromosomal defect and mitosis arrest when 

mutated (Goh and Kilmartin, 1993; Jiang et al., 1993; Lechner and Carbon, 

1991). Within the CBF3 complex, Ndc10 forms dimers and is the last subunit to 

interact with the complex by binding to Ctf13 (Russell et al., 1999). Whether this 

binding occurs in the context of the centromere or freely in the nucleus is not 

known. Upon binding to the CBF3 complex, Ndc10 contacts the loading 

complex Scm3-H4-Cse4 through an unknown domain and replaces the H3 

histone with the specific Cse4 histone (Camahort et al., 2007; Shivaraju et al., 

2011). The Ndc10 loading function is complemented by a DNA binding function, 

which seems to preferentially attach to the CDEII A-T rich sequence (Espelin et 

al., 2003). Interestingly, the Ndc10 DNA binding could have an effect on the 

DNA structure of as supported by the atomic force microscopy studies of the 

CBF3 complex (Pietrasanta et al., 1999). Both the binding to A-T rich sequence 

and the bending property of Ndc10 are expected to have a function during Cse4 

loading. Ndc10 regulated by the Ipl1 and CK2 kinases, which possibly promote 

the removal of Ndc10 from the centromere prior to anaphase (Glover, 1998; 

Peng et al., 2011). In addition to its role at the centromere, Ndc10 is relocated 

to the spindle microtubule (+)-end midzone in late anaphase where it interacts 

with Bir1, directly or through a yet unknown partner, and is essential for spindle 

disassembly (Bouck and Bloom, 2005a). Interestingly, Ndc10 sumoylation by an 

unknown ligase facilitates its relocation to the spindle midzone and the 

sumoylation of Bir1, which in turn signals the start of the spindle 

depolymerisation and the entry into telophase (Montpetit et al., 2006). Indeed, 

the late anaphase is delayed as a result of the absence of Ndc10 to the mitotic 

spindle and results in additional spindle elongation (Bouck and Bloom, 2005b). 

At the start of this project, Ndc10 was known to be essential to Cse4 loading 

and spindle disassembly but nothing was known on its mechanism of action.  

 

 

 



 

 

51 

 The CBF3 model: By compiling the available structural information, we 

can assemble a provisional model for the licensing-loading step of the point 

centromere establishment. The conservation observed between Cse4 and 

CENP-A nucleosome suggests that the structures are similar. Hence, Cse4 is 

likely to wrap around a 125 bp DNA sequence. We know that the Cse4 

nucleosome is centred on the CDEII (Cole et al., 2011). Hence, at the point 

centromere, the H2A-H2B tetramer would be positioned to interact with 10 to 30 

bps of CDEI and CDEIII and the CENP-A-H4 tetramer would interact with the 

∼80 bp A-T rich CDEII sequence (Tachiwana et al., 2011). In this model, Cbf1 

and CBF3 would be spatially closely associated with the nucleosome. 

Additionally, we know that Ndc10 binds A-T rich sequence preferentially, which 

would suggest that Ndc10 interacts with the CDEII sequence, a characteristic 

possibly associated with its Cse4 loading function. Finally, the bending 

properties of Cbf1 (Niedenthal et al., 1993) and CBF3 (Pietrasanta et al., 1999)  

might play a role in the binding of the centromere nucleosome. Although 

approximate, the following figure summarises the structural results 

aforedescribed.   

 
figure 10: The point centromere just after Cse4 loading 

The point centromere after Cse4 loading including the CBF3 complex, Cbf1 and the Cse4 
specific nucleosome. The arrangement of the protein is based on the Cep3 interaction with 
CDEIII supported by Purvis and Singleton, the interaction between Ctf13 and Cep3 supported 
by Espelin, the Ndc10 interaction with CDEII supported by Espelin, the Scm3 interaction with 
Ndc10 and Cse4 supported by Camahort and the Cse4 nucleosome structure suggested by 
Tashiwana.  
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1.6 Statement of research: the CBF3 relevance to kinetochore 
biology 

 

 Studying the point centromere: Regional centromeres are typically 

difficult to study, because of their size, their repetitive nature and their variability. 

This characteristic is highlighted by the difficulty to estimate the stoichiometry of 

the CCAN components in regional centromeres. Additionally, despite the huge 

progress accomplished in the understanding of the CENP-A epigenetic 

mechanism, the exact process by which CENP-A is re-established after S-

phase is still subject to debate. The contrast couldn’t be sharper in budding 

yeast. Biochemical and in vivo studies have established all the components that 

are necessary for the Cse4 establishment. Furthermore, the Cse4 

replenishment mechanism after DNA replication has been characterised and 

turns out to be controlled by a small conserved DNA sequence at the 

centromere. Additionally, most CCAN components now have homologues in 

yeast and higher eukaryotes and, as time passes, more functional homologies 

are being discovered. Notably, Scm3, the Cse4 loading factor, has been 

observed in point and regional centromeres and is likely to be part of a 

conserved loading mechanism. Hence, despite a remarkably different licensing 

mechanism, one based on epigenetic factors the other on sequence 

conservation, the loading mechanism of Cse4 and CENP-A at the nucleosome 

shares significant similarities between regional and point centromeres. The 

small size, conservation, sequence specificity and simplicity of the budding 

yeast centromere made it an ideal target to understand the mechanism of 

CENP-A loading as a whole. Hence, we hypothesise that by understanding the 

mechanism of CBF3 licensing and Ndc10-Scm3 loading, we will shed light on 

the mechanism of CENP-A loading as a whole. 

1.7 Project aims 

 Ndc10 structural characterisation, DNA binding and interaction with 

Scm3: At the start of my project, Ndc10 was the least characterised of the CBF3 
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proteins and was only known to bind to the centromere DNA and to be essential 

to Cse4 loading. The exact role of Ndc10 in Cse4 loading, either as a simple 

Scm3 carrier or as a genuine loading helper, was unknown. The functions of the 

Ndc10 DNA bending capacity and preferential binding to CDEII were also 

unknown. As a whole, very little structural information was available for the 

Ndc10 homodimer. Sequence and domain analysis of Ndc10 displayed no 

conservation apart from its yeast homologues and no domain prediction. Hence, 

the first aim of this project is to characterise Ndc10 biochemically and 

structurally to understand its function within the CBF3 complex. The results I 

obtained will be highlighted in the first part of the results chapter.  

 

 Study the Skp1-Ctf13 structure and interaction with the CBF3 

components: One of the major limitations toward the reconstitution of the CBF3 

complex is the expression of Ctf13, due to its architectural and unstable nature. 

Additionally, despite extensive studies, the nature of the activation process of 

Ctf13 was unknown and its link with the SCF mechanism of protein degradation 

was still unclear. Hence, the second goal of this work is to express and purify 

Ctf13 and to analyse the Ctf13 interaction with the CBF3 components. 

Additionally, some preliminary results in the maturation process will be 

discussed. The results I obtained will be highlighted in the second part of the 

results chapter. 

 

 CBF3 complex reconstitution and structural elucidation: The ultimate goal 

of this project is to reconstitute the CBF3 complex in vivo or in vitro. Previous 

internal results suggest that the CBF3 complex is difficult to purify mostly 

because of the inherent Ctf13 instability. Hence the final goal of this work is to 

purify a stable CBF3 complex to conduct biochemical and structural experiment, 

and with the final goal of reconstituting the point centromere in vitro. The results 

I obtained will be highlighted in the third and last part of the results chapter. 
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Chapter 2. Ndc10 function at the point centromere 

2.1 Ndc10 N-terminal domain, an unsuspected Cre-
recombinase structural homolog 

2.1.1 Ndc10 domain identification 

 Ndc10 domain identification by mass spectrometry (MS) and Edman 

degradation sequencing: The Ndc10 N-terminal domain (Ndc10NTD) and Ndc10 

C-terminal domain (Ndc10CTD) were identified during the purification of the 

Ndc10 full length from S.cerevisiae (Ndc10) (see paragraph 2.2.1). Ndc10 (112 

kDa) rapidly degrades into products of 110 kDa, 55 kDa and 35 kDa, which are 

consistently observed on SDS-PAGE (see figure 11). MALDI mass 

spectrometry of the Ndc10 degradation products identified three degradation 

products. The band number 1 on the gel corresponds to the full length Ndc10 

with the sumo tag, whereas the band number 2 matches Ndc10, which has lost 

the sumo tag and five N-terminal residues. Interestingly, the band number 3 

matches two sub-products, the Ndc10NTD including residues 1 to 550 (57.3 kDa) 

and the Ndc10CTD including residues 570 to 956 (45 kDa). Finally, the band 

number 4 corresponds to a second Ndc10 C-terminal subdomain including 

residues 653 to 956 (39 kDa). The detection of Ndc10NTD and Ndc10CTD in band 

number 3 possibly arises from contamination during the mass spectrometry 

sample preparation or because, due to their close MW, the Ndc10NTD and 

Ndc10CTD migrate narrowly on a SDS-PAGE. This degradation pattern led us to 

suspect the presence of a strong cleavage site between residues 500-650. Both 

Ndc10NTD and Ndc10CTD N-terminal residues were sequenced by Edman 

degradation and confirmed that the Ndc10NTD starts at residue 1 and that the 

Ndc10CTD starts at residue 570. 
 
 Ndc10 sequence and domain conservation: Ndc10 homologs from 

Saccharomyces cerevisiae, Zygosaccharomyces rouxxi, Lachancea 

thermotolerans, Candida galabrata, Ashibya gossypii and Kluyveromyces lactis 

were identified using BLAST (Altschul et al., 1990) and aligned with Clustalw 
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(Larkin et al., 2007). Ndc10 alignment displayed 28 to 42% sequence identity 

with the closest alignment between S.cerevisiae and L.thermotolerans. The 

sequence conservation increases to 70% between Ndc10 homologs for four 

conserved motifs, numbered I to IV (see figure 12). In S.cerevisiae, motifs I 

(L291-L308) and II (I321-F358) are located in the middle of the Ndc10NTD and 

motifs III (V584-R617) and IV (C870-E898) are positioned at the extremities of 

the Ndc10CTD. Notably, these ubiquitously conserved motifs include basic 

arginine and lysine rich motifs. Ndc10 secondary structure and domain 

prediction were analysed with psipred (Buchan et al., 2013) and Interpro 

(Hunter et al., 2012)  but no discernible domains could be identified. 
 
 Ndc10 folding prediction: Ndc10 folding was predicted using Foldindex 

(Prilusky et al., 2005). Foldindex algorithm prediction is based on the average 

residue hydrophobicity and net charge of the sequence. Ndc10 was predicted to 

be partially to highly unfolded. Precisely, Ndc10NTD displayed unfolded region 

between residues 1-50, 70-110 and 325-460 whereas Ndc10CTD was expected 

to be largely unfolded between residues 650-750 and 850-950. The predicted 

cutting site is situated in an unfolded central spot including residues 530-580 

(see figure 13).  
 
 Ndc10 domains: Mass spectrometry, sequence conservation and folding 

prediction results suggested that Ndc10 includes an Ndc10NTD and an 

Ndc10CTD, which are linked by a loose, cleavage sensitive loop. These results 

supported the expression, purification and crystallisation of Ndc10NTD and 

Ndc10CTD independently. 
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figure 11: Ndc10 degradation 
(A) Ndc10 three degradation products were first visualised on a SDS-PAGE. (B) Ndc10 
degradation products were identified with MALDI mass spectrometry. The Ndc10NTD and 
Ndc10CTD sequences (highlighted in red) were estimated based on the MW, residues 
composition and N-terminal Edman sequencing.  
 

 
figure 12: Ndc10 conserved motifs 
(A) the Ndc10NTD conserved motifs I and II and (B) the Ndc10CTD conserved motifs III and IV 
display up to 70% conservation. Conserved (*) and chemically or sterically matching (: and .) 
residues are displayed. Alignment was performed using Clustalw. 

 
figure 13: Ndc10 folding prediction 
Folding prediction is showed in red and green on a scale going from -1 to 1 for unfolded and 
folded region respectively. The Ndc10NTD and Ndc10CTD are highlighted. 
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2.1.2 Ndc10NTD recombinant expression in E.coli and purification  

 Molecular biology: The sequence encoding Ndc10NTD (residues 1-551) 

was cloned by restriction free cloning (see methods 6.1) into a pET28a(+) 

plasmid containing a sequence coding for a poly-histidine tag including a sumo 

domain and linked to the 5’ of the Ndc10 gene by a Ulp1 protease site (sumo-

Ndc10NTD). Colonies were picked individually and sequenced. 

 

 sumo-Ndc10NTD expression and his tag purification: the sumo-Ndc10NTD 

expression plasmid was transformed into BL21-RIL (DE3) competent cells by 

electroporation and grown at 37°C, 200 rpm in 5 litres (L) of Luria broth (LB) 

until the OD600 reached 0.6. The protein expression was induced overnight at 

16°C by adding 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) to the 

media. Pellets were centrifuged at 6000 rpm, re-suspended in lysis buffer (60 

milliMolar (mM) 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 

pH 7.5, 300 mM NaCl, 40 mM imidazole, 5% glycerol, 10 mM benzamidine, 

1mM phenylmethanesulfonylfluoride (PMSF) and 10 mM β-mercaptoethanol (β-

merc)) and immediately sonicated 3 x 30 seconds (s) in an ice bath. The lysate 

was centrifuged at 33,000 g and the clarified supernatant was loaded onto a 

pre-equilibrated HisTrap fast flow column (GE Healthcare, see 6.3.1). The 

column was cleaned with 10 column volumes (cvs) of lysis buffer and the sumo-

Ndc10NTD was eluted by gradually adding the elution buffer (60 mM HEPES pH 

7.5, 150 mM NaCl, 500 mM imidazole, 5% glycerol and 10 mM β-

mercaptoethanol). A peak, absorbing strongly at 280 milliabsorbance unit 

(mAu), was observed once the imidazole concentration reached 170 mM. The 

fractions were analysed on a SDS-PAGE (see figure 14) and a 70 kDa band 

was observed, corresponding to the Ndc10NTD (55 kDa) linked to the sumo tag 

(12kDa). The column flow through and wash fractions were also analysed and 

display the same band at 70 kDa, suggesting that some of the sumo-Ndc10NTD 

is lost during the purification. This is possibly due to the sumo tag blocking the 

polyhistidine tag availability.  
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 sumo-Ndc10NTD anion exchange purification: The theoretical Ndc10NTD 

isoelectric point (IP) is 6.5, so the sumo-Ndc10NTD fraction was adjusted to pH 

7.5 and 100 mM NaCl concentration by buffer exchange. The equilibrated 

fraction was loaded onto a MonoQ 10/100GL column, washed with binding 

buffer (20 mM HEPES pH 7.5, 100 mM NaCl, 1 mM DTT) and eluted with a 150 

mL gradient of elution buffer (20 mM HEPES pH 7.5, 1 M NaCl, 1 mM DTT). 

The chromatogram displayed a peak (1) at 250 mM NaCl corresponding to the 

sumo-Ndc10NTD and four small peaks (2) at 270 mM NaCl corresponding to 

contaminated or degraded sumo-Ndc10NTD (see figure 15). Interestingly, a third 

peak (3) absorbing strongly at 254 nm was observed at 600 mM NaCl and 

corresponds to DNA contamination suggesting that Ndc10NTD has a non-

specific DNA binding function. The fractions eluting at 270 mM NaCl were 

concentrated to 4 mL at 3 mg.mL-1 for a total of 12 mgs. The collected fractions 

were treated overnight (ON) at 4°C with 1 milligram (mg) of Ulp1 to remove the 

sumo tag. Following the ON incubation, the cleaved and uncleaved fractions 

were run on a SDS-PAGE and showed a clear shift suggesting that the sumo 

tag was removed (see figure 16). 

 

 
figure 14: sumo-Ndc10NTD purification on poly-his trap beads 
The SDS-PAGE of sumo-Ndc10NTD fractions after his tag purification is shown with the 
imidazole concentration indicated on the top of each well. The flow through (Ft), and wash (W) 
are shown on the left of the gel. The ladder situated on the left of the gel is in kDa. 
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figure 15: sumo-Ndc10NTD MonoQ 10/100GL purification 
(A) sumo-Ndc10NTD anion exchange chromatogram.  The absorbances at 280 nm (blue) and 
254 nm (red) are in milli Absorbance Units (mAu) and are plotted on the left axis. The buffer 
conductivity (yellow) is in millisiemens per centimetre (mS.cm-1) and is plotted on the right axis. 
(B) the 12% SDS-PAGE of the peaks (1) and (2) shows high purity and concentration. The 
ladder, displayed on the left is in kDa.  
 

 

 
figure 16: sumo-Ndc10NTD digestion by Upl1 
Uncleaved (UN) and cleaved (C) fractions of sumo-Ndc10NTD are displayed. A clear band shift is 
visible between bands UC and C. The MW ladder is in kDa. 
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 Ndc10NTD size exclusion purification onto a Superdex 75 16/60: After 

removing the sumo tag, the Ndc10NTD fraction was loaded onto a Superdex 75 

16/60 and eluted in crystallisation buffer (10 mM HEPES pH 7.5, 50 mM NaCl, 1 

mM DTT). Ndc10NTD eluted at 54 mL, which, assuming that Ndc10NTD is 

globular, indicates a MW ranging between 50 to 80 kDa according to the 

Superdex 75 16/60 calibration curve. This MW corresponds to a monomeric 

form of Ndc10NTD (see figure 17). The sumo tag which has a molecular weight 

of 11.3 kDa eluted at V = 72 mL and was separated from Ndc10NTD whereas 

Ulp1 could not be seen. The SDS-PAGE shows that Ndc10NTD is highly pure 

and concentrated. The Fractions between 50-60 mL were collected and 

concentrated to 15 mg.ml-1. 

 

 

 
figure 17: Ndc10NTD size exclusion purification 
(A) the Ndc10NTD size exclusion chromatogram shows absorbances at 280 nm (blue) and 254 
nm (red) in milli Absorbance Units (mAu). (B) the SDS-PAGE of the fractions eluting between 50 
and 62 ml displays a clean 55 kDa band. The MW ladder, displayed on the left, is in kDa. 
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2.1.3 Ndc10NTD crystallisation and crystal optimisation 

 Ndc10NTD crystallisation screens: Ndc10NTD was concentrated to 15 

mg.ml-1 and crystallisation trails were set up at 16°C on 96 wells MRC 2 drops 

plates using the JCSG I-IV (Qiagen), PEG I and II (Qiagen) and Crystal Screen 

I and II (Hampton Research) crystallisation screens. Drops of 0.5 µL with a ratio 

of 1:1 - Ndc10NTD : buffer were set up for a final Ndc10NTD concentration of 7.5 

mg.mL-1. Crystals, including needles, crystal shower and single large crystal, 

were observed within an hour in four different conditions (see figure 18). New 

crystal nucleation continued for 24 hours in a total of 18 conditions. 

Crystallisation conditions consistently included 0.1 M sodium acetate (NaOAc) 

pH 5.5 or 0.1 M sodium cacodylate ((CH3)2AsO2H) pH 6.5 or 0.1 M tris pH 8.5 

buffers and 0.2 M potassium bromide (KBr) or 0.2 M potassium thiocyanate 

(KSCN) or 0.2 M lithium sulphate (Li2SO4) salts (see Table 3). 

 

 Ndc10NTD crystal optimisation: Conditions including 0.2 M KBr, 0.1 M 

NaOAc pH 5.5 were selected for optimisation and added to a range of different 

PEGs (see Table 4). Drops of 1 µL with a ratio 1:1 Ndc10NTD : buffer were set up 

in 24 wells cryschem plates. The PEG concentration was chosen as the 

variable. Crystal nucleation was observed within 30 minutes and led to 

rectangular crystals with an average size of 200 µm on the long axis within 24 

hours. The best-looking crystals grew in 0.2 M KBr, 0.1 M NaOAc pH 5.5 and 

10% PEG 4K (see figure 19). Crystals were harvested after 24h and cryo-

protected by soaking in increasing concentrations of PEG 400 and glycerol to 

final concentration of 20% and 5% respectively.  
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figure 18: Ndc10NTD crystallisation hits 
Ndc10NTD crystallisation hits show the four different crystal forms observed: (A) needles grown 
in 0.1 M NaOAc pH 5.5, 0.2 M Li2SO4, 25% PEG 2K MME, (B) small crystal grown in 0.1 M 
NaOAc pH 5.5, 0.2 M KBr, 25% PEG 2K, (C) large single crystal grown in 0.1M NaOAc pH 5.5, 
0.2 M KBr, 8% PEG 20K, and 8% PEG 500 MME (D) multiple crystals grown in 0.1M NaOAc pH 
5.5, 0.2 M KBr, 15% PEG 4K  
 

 
figure 19: Ndc10NTD optimised crystals 
Pictures of the Ndc10NTD crystallisation optimisation are displayed and show the main crystal 
form observed. (A) crystal grown in 0.1M NaOAc pH5.5, 0.2M KBr, 8% PEG 4K, (B) crystal 
grown in 0.1M NaOAc pH5.5, 0.2M KBr, 8% PEG 2K MME. Ratio 1:1 - Ndc10NTD : buffer was 
applied. Images scale = 0.5mm/0.5mm.  
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Table 3: Ndc10NTD crystallisation hits 
Buffer Salt Precipitant Crystal 

0.1 M NaOAc pH 
5.5 

0.2 M Li2SO4 25% PEG 2KMME 
Needles 
clusters 
Multiple crystals 
Single crystal 

0.2 M KBr 
15% PEG 4K 
25% PEG 2K 
8% PEG 20K + 8% PEG 550 MME 

0.2 M Li2SO4 10% PEG 8K + 10% PEG 1K 
0.2 M KBr 10% PEG 8K + 10% PEG 1K 

0.1 M 
(CH3)2AsO2H pH 
6.5 

0.2 M KSCN 
25% PEG 2K MME Small crystals -

nucleation 
shower 10% PEG 8K + 10% PEG 1K 

0.1 M Tris pH 7.5 0.2 M KSCN 
25% PEG 2K MME Small crystals -

nucleation 
shower 

15% PEG 4K 
10% PEG 8K + 10% PEG 1K 

0.1 M Tris pH 8.5 0.2 M KSCN 

25% PEG 2K MME 

Small crystals -
nucleation 
shower 

25% PEG 2K MME 
15% PEG 4K 
15% PEG 4K 
10% PEG 8K + 10% PEG 1K 
10% PEG 8K + 10% PEG 1K 
8% PEG 20K + 8% PEG 550 MME 

 

 

 

Table 4: Ndc10NTD crystal optimisation 
Buffer Salt Precipitant Crystal 

0.1 M 
NaOAc 
pH 5.5 

0.2 M  
Kbr 

10-20% PEG 4K 
Rectangular 
crystals 

4-14% PEG 20K / 4-14 % PEG 550 MME 
19-34 % PEG 2K MME 
15-35 % PEG 550 KMME 
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2.1.4 Ndc10NTD X-ray data collection 

 Ndc10NTD native data collection: The native dataset was collected at the 

Diamond Light Source I24 microfocus beamline. A sample of 10 frames was 

collected and indexed with iMOSFLM (Battye et al., 2011) and suggested that 

Ndc10NTD packing has an orthogonal lattice with cell dimensions of a =55.6 Å, 

b=87.2 Å, c=104.5 Å, α= β= γ= 90°. The initial P222 space group was 

determined based on three observations: Primitive Orthorombic (oP) was the 

point group with the combination of high symmetry and the low penalty score, 

the next lattice penalty dramatically increased from 0 to 153 and the spot 

profiles of the crystals matched best with a P222; spots being will predicted by 

the lattice calculated. The P222 symmetry requires collection of over 90°θ 

oscillation for a 99% complete dataset. 450 images with a 0.2°θ increment per 

frame were collected. The data collection summary with X-ray wavelength, θ 

angle increment, number of images and maximum resolution is shown in figure 

20. The crystal used for data collection showed no ice and no breaks nor visible 

radiation damage on the crystal (see (A) figure 20). The diffraction frames 

displayed very light ice ring, nice round spots with no split or doubled spots (see 

(B) figure 20). A summary for the methods of data collection is provided in 6.5.2. 

 
figure 20: Native crystal, diffraction image and data collection summary 

 

Wavelength Å: 0.9700
Omega Start: 63°
Time Per Image: 0.2s
Number Of Images: 450
Beam Size X: 10 m
Resolution:
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Beam Size Y:
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0.2°
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 Ndc10NTD dataset indexing, cell refinement, scaling and statistics: After 

data collection, diffraction were indexed, integrated, and scaled using XDS 

(Kabsch, 2010) and SCALA (Evans, 2006). The scaling of the entire dataset 

showed the presence of systematic absences in all directions hence screw axes 

to give the final P212121 space group and showed 99% of completeness, a 

multiplicity of 3.3, with no crystal slippage and a constant beam position. 

Dataset scaling was implemented with SCALA and I/Iσ (A), Wilson Plot (B), 

Rfactors plot against resolution (C) and L-test for twinning (D) of the recorded 

dataset were analysed. I/Iσ showed that the spot intensities were usable 

between 47.05–1.89Å and the Wilson plot showed a mean B value of 25.11 Å2. 

The Rfree, Rpim, and cc1/2 before refinement showed acceptable and uniform 

values up to 2Å resolution and the L-test showed no twinning for the crystal. 

The crystallographic statistics are summarised in the crystallographic statistic 

table (see Table 5).  
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 figure 21: Ndc10NTD native data analysis with SCALA and C-truncate 
(A) Intensity against resolution (B) Wilson Plot (C) Rfactors depending on resolution (D) Twinning. 
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2.1.5 Anomalous data collection 

 Ndc10NTD selenomethionine derivative crystallisation: the Ndc10NTD
Se+ 

selenomethionine derivative (Ndc10NTD
Se+) was obtained by transforming the 

Ndc10NTD expression plasmid into E.coli B834 (DE3) and using minimal media 

enriched with selenomethionine (see paragraph 6.2.2). Ndc10NTD
Se+ was 

purified following the same purification protocol as Ndc10NTD. Ndc10NTD
Se+, 

concentrated to 15 mg.ml-1 was screened and showed crystal formation in 

conditions similar to the native protein (see Table 3). Crystals were optimised 

using the same strategy (see Table 4) and led to the crystals similar in size and 

shape to the native form. 

 

 Ndc10NTD
Se+ anomalous data collection: A MAD dataset was collected at 

the Diamond light source I24 microfocus beamline. As for the Native dataset, a 

sample of 10 frames was indexed with iMOSFLM and suggested that, again, 

Ndc10NTD
Se+ packing has an orthogonal lattice with similar cell dimensions of a= 

55.9 Å, b =88.1 Å, c =104.9 Å, α= β = γ = 90°. The Ndc10NTD
Se+ crystal 

orientiation required to collection over 140°θ oscillation for a 99% complete 

anomalous dataset.  700 images with a 0.2°θ increment were therefore 

collected. The data collection summary with beam wavelength, θ increment, 

number of images etc. is compiled in (C) figure 22. The crystal is displayed in 

(A) figure 22 and, as for Ndc10NTD, shows no ice but does show some slight 

breaks, which might have occurred during crystal freezing. One of the diffraction 

frame collected is shown in (B) figure 22 and displays no ice ring, nice round 

spot and no double spots. Three datasets were recorded at remote (0.9797Å), 

peak (0.978664Å) and inflection (0.978649Å) wavelength, using a single crystal. 

The constant resolution indicated no radiation damage. During later stages of 

phasing, only the peak dataset was used for Single anomalous diffraction (SAD) 

phasing and only this recorded data set will be discussed in the following 

sections. For a summary of the MAD and SAD methods, see paragraph 7.5.3. 
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 Ndc10NTD
Se+ anomalous dataset indexing, cell refinement, scaling and 

statistics: The anomalous dataset was indexed, integrated, and scaled using 

XDS and SCALA. Systematic absences, suggested the  P212121 space group. 

The dataset showed 99% anomalous completeness, a multiplicity of 5 check 

anom, no crystal slippage and a constant x-y beam position. Anomalous dataset 

scaling was implemented with SCALA and showed similar statistics than the 

native dataset. I/σI indicated usable data up to 2Å whereas the Wilson plot 

showed a mean B value of 23.05 Å2. The Rfree, Rpim, and cc1/2 against 

resolution before refinement showed acceptable and uniform values up to 2.0 Å 

and the L-test showed no twinning. The crystallographic statistics are 

summarised in the crystallographic statistic table (see Table 5). 

 

 
figure 22: Ndc10NTD

Se+ crystal, diffraction pattern and data collection for SAD 
(A) The Ndc10NTD

Se+
 crystal mounted on a cryo-loop before data collection at the Diamond I24 

beamline. (B) The Ndc10NTD
Se+

 diffraction pattern shows no ice-ring, round spots, and no 
obvious macroscopic tweening. (C) The data collection strategy is summarising and was used 
during data indexing and integration. 
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2.1.6 Ndc10NTD single-wavelength anomalous dispersion phasing  

 Cell content analysis and phasing: Analysis of the cell content using the 

Matthews coefficient implied one Ndc10NTD molecule in the asymmetric unit 

giving a 43.90% solvent content. The experimental phasing and structure 

building was implemented by using the Autosharp pipeline (Vonrhein et al., 

2007) and the CCP4 suite (1994). First, ShelxC analysed the derivative dataset 

and suggested a cut-off of 2Å for the anomalous signal after which the 

differences fall below the noise level. The dataset was prepared for a SAD 

phasing and fed into ShelxD to perform the heavy atom search by automated 

Patterson search. ShelxD detected two anomalous scatterers with high 

occupancy with a clear drop between the scatterers 2 and 3  (see table 6). 

Finally, SHARP refined the heavy atoms parameters positions and calculated 

initial phases. The first density map had an overall figure of merit of 0.272 to the 

resolution limits of the data. After the heavy atoms search, the density 

modification and phase improvement was undertaken with Parrot, giving a 

figure of merit of 0.281 and an overall correlation of 0.821. 

2.1.7 Ndc10NTD model building and refinement 

 Initial model and model refinement: Using the Parrot electron density 

map, an initial model was auto-traced using BUCCANEER (Cowtan, 2006), 

which located a total of 456 residues refinement, which were output to  an initial 

pdb file. This first model was refined by iterative rounds of rebuilding in Coot 

(Emsley et al., 2010) and refinement with Refmac5 (Murshudov et al., 1997) 

until the model Rfree stabilised. Later stages of refinement were carried out 

against the native data to an R-work of 19.4% (Rfree = 23.2%). After a final stage of 

refinement, 452 residues had been located with no electron density visible for 

the residues numbers 1– 43, 65–72, 97–108, 168–182, 257–264, 414–423, and 

538 –551. The final structural model was validated using Coot and Molprobity 

(Lovell et al., 2003) and displayed 1.1% of Ramachrandran outlier residues. The 

structure was released in the Protein Data Bank under the PDB code 4aco. 

 



 

 

70 

Table 5: Crystallographic statistics 
  Native SAD 

Space Group P212121 P212121 

Unit cell (a, b, c, α, β, γ) 55.6, 87.2, 104.5, 90, 
90, 90 

55.9, 88.1, 104.9, 90, 
90, 90 

Wavelength (/Å) 0.9700 0. 9797 
Resolution range (/Å) 47.05–1.89 52.4–1.79 

Total reflections 135,352 210,835 
Unique reflections 41,242 48,942 

Multiplicity 3.3 (3.3) 4.3 (4.3) 
Completeness (%) 98.70 (98.80) 99.10 (99.50) 

I/σ(I) 13.40 (2.20) 13.40 (2.20) 
Wilson B-factor (/Å2) 25.11 23.05 

Rsym 0.051 (0.496) 0.063 (0.659) 
 

Table 6: Selenium sites 
Site X Y Z 

1 8.14 70.7 90.7 
2 4.62 8.73 22.52 

 
 

Table 7: Final refinement statistics 
Rfactor 0.194 
Rfree 0.232 
Number of atoms 3879 
Residues 452 
Water molecules 86 
RMS bonds (Å) 0.021 
RMS angles (degrees) 2.02 
Ramachandran favoured (%) 98.9 
Ramachandran outliers (%) 1.1 
Model B-factor 27.9 

 

 

2.1.8 Ndc10NTD structure 

 Ndc10NTD overall features: Ndc10NTD is composed of two α-helical 

domains at the N-terminal (α-Nterm) and C-terminal (α-Cterm) surrounding a 

central antiparallel β-sheet core domain (β-core). The α-Nterm domain is 

composed of four antiparallel α-helices (α1 to α4, residues 44 to 167) that are 

linked to the central β-core domain by a flexible unresolved loop (residues 168–

182) (see (A) figure 23). Standing out of the β-core domain is a central 

antiparallel β-sheet (β1, β2 and β3, residues 237-271) including a flexible 
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unresolved loop (residues 257–264) (see (A) figure 24). The antiparallel β-sheet 

motif is linked to the α-Nterm domain by three flanking α-helices (α5 to α7, 

residues 182-236) travelling through the bulk of the protein. Notably, α6 is 

buried deeply within the bulk of the protein and is crucial to organise the 

structure integrity. At the C-terminal, the β-core domain is encircled by five α-

helices and one short β-sheet (α8 to α12 and β4, residues 272-412).  α8 is half 

buried and emerges from the central core of the protein to join α9 and α10 

through two exposed loops (η3 and η4 on figure 26). α9, α10 and the loops 

connecting them (residues 300-360), which have a significant role in Ndc10NTD 

function, are highly exposed on the structure surface and enclose the central 

domain. Next, α11 and α12 circle around and under the side of β1, β2 and β3 to 

join the α-Cterm domain by a flexible unresolved loop (residues 414 – 423) (see 

(B) figure 24). The α-Cterm domain is composed of small α-helices (α13, α14, 

α16, α17, α18) and one long α-helice (α15). The domain does a 180° turn 

between α14 and α15 before emerging from the structure on the opposite side 

of the antiparallel β-sheet (see (B) figure 23). For clarity, the side of the 

structure including α8, α9 and α10 will be referred as “top convex” of the protein 

whereas the side including α11 to α18 will be referred as “bottom” of the protein 

(see figure 25). The superposition of the Ndc10NTD secondary structure with the 

sequence alignment of Ndc10 and Ndc10 from L.thermotolerans (Ndc10LT), the 

closest Ndc10 sequence homolog, shows the relevant structural motifs 

positions and conservation (see figure 26). Notably, two of the most conserved 

features are the α-Nterm α1 and the central β-sheet core α8, α9, α10 and 

connecting loops.  
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figure 23: Ndc10NTD α-Nterm and α-Cterm domains 
(A) Top view of Ndc10NTD. The N-terminal α-helical domain (blue) is seen on the left with α1 to 
α4 highlighted. (B) Bottom view of Ndc10NTD with a clear sight of the C-terminal α-helical domain 
(orange). α13 to α18 are highlighted.  

 
figure 24: Ndc10NTD β-core domain 
(A) Top view of Ndc10NTD antiparallel β-sheet domain (red) with a clear outlook of α6, α8, α9 
and α10. (B) Bottom view of Ndc10NTD antiparallel β-sheet domain with β1, β2 and β3 and α11 
and α12 clearly in sight.  

 
figure 25: Ndc10NTD nomenclature in “Goodsell” view  
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figure 26: Ndc10NTD motifs and alignment to Ndc10LT 
Ndc10NTD structure motif alignment with Ndc10 and Ndc10LT sequence alignment was 
performed using the ESPript server (Gouet et al., 2003). α-helices and β-sheets are highlighted 
on the top of the sequences and numbers α1 to α18 and β1 to β4. The sequence conservation 
is emphasising in red for conserved and chemically close residues.  
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2.1.9 Ndc10NTD surface charge and surface conservation 

 Ndc10NTD electrostatic Poisson-Boltzmann surface charge: The 

Ndc10NTD PDB file was prepared by PDB2PQR (Dolinsky et al., 2007), which 

assigns charge and radius parameters to surface amino acids. The electrostatic 

surface charge of the Ndc10NTD PDB2PQR file was calculated by using the 

Adaptive Poisson-Boltzmann Solver server (Baker et al., 2001) (see figure 27). 

The Ndc10NTD top convex is predominantly electropositive with basic motifs 

running from the α-Nterm to the β-core domains (see (A) figure 27). Noteworthy 

are the two charged α1-α3 at the α-Nterm and turns T1, T3, and α-helices α9 

and α10 on the β-core domain. Interestingly, T3 and α10 contain the 

aforementioned RGKS and YKRR conserved motifs, which are surface exposed 

(see paragraph 2.1.1). The Ndc10NTD bottom has an electronegative cleft 

composed of α11 and α12 and a slightly electropositive cleft formed by β1, T2 

and β2 (see (B) figure 27). On the contrary, the α-Cterm domain is 

predominantly apolar (see (B) figure 27). Hence, Ndc10NTD has two 

predominantly charged patches: an electropositive patch parallel to the 

structure long axe and composed of basic residues situated on α1, α3, α9 and 

α10, and an electronegative patch running perpendicular with the structure long 

axe including acid residues situated on α11 and α12. 

 

 Ndc10NTD surface conservation: The Ndc10NTD surface amino acids 

conservation was analysed with Consurf (Glaser et al., 2003). The conservation 

of an amino-acid position depends on its structural and functional relevance and 

conserved areas highlight significant structural and functional domains. The 

Ndc10NTD surface conservation analysis displays four conserved patches. At the 

αN-term domain, α1 is highly conserved and solvent exposed and could be 

functionally relevant to the Ndc10 biology (see (A) figure 28). In the β-core 

domain, two conserved motifs, including α6- α7-α8 and α9-T3-α10, can be 

distinguished. α6 and α8 appear to be structurally conserved elements as they 

are mostly buried inside the structure except for the loop joining α8 to α9. On 

the contrary α9-T3-α10 are solvent exposed, which suggests a biological role 



 

 

75 

(see (A) figure 28). Finally, at the αC-term domain, a motif including α13 and 

α14 is deeply buried is most likely to be a structurally conserved element (see 

(B) figure 28). Ndc10NTD homologs alignment with Clustalw shows strikingly 

conserved motifs between residues 291-358 including the aforementioned 

conserved RGKS and YKRR motifs (see (C) figure 28). 

 
figure 27: Ndc10NTD electrostatic surface 
(A) The top convex view of the Ndc10NTD electrostatic surface shows a distinctively 
electropositive area running from the α-Nterm to the β-core (α1 to α4 and T1, α9, T3 and α10). 
(B) The bottom view of the Ndc10NTD electrostatic surface shows a highly electronegative cleft 
(α11 - α12) at the edge between the α-Nterm and the β-core domains an electropositive turn T1. 
The mostly apolar C-terminal motif can be seen on the right. The electrostatic potential scale 
goes from electronegative (-5 T.ec

-1, red) to apolar (white) to electropositive (5 T.ec
-1, blue). 

 

 
figure 28: Ndc10NTD surface conservation and conserved patches 
(A) The top convex view shows the conserved motif α6-α7-α8 and T2-α9-α10. (B) The bottom 
view displays the conserved motif α13 - α14. Conserved and non-conserved residues are 
shown in violet - 9 and blue – 1 respectively. (C) Ndc10NTD homologs T2-α9-α10 alignment with 
Clustalw. The two conserved patches RGKS and YKRR are highlighted with a violet squares. 
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2.1.10 Ndc10NTD homology with Cre-recombinase 

 Ndc10NTD fold: Ndc10NTD coordinates were compared against the Protein 

Data Bank using the DALI server (Holm and Rosenstrom, 2010). Instead of 

superimposing each structure as rigid objects by a least-squares method, the 

Dali server compares intramolecular distances with a sum-of-pairs method. The 

resulting analysis identifies local structural similarities, which would not be 

detected with traditional superimposition methods. Interestingly, despite having 

no observed sequence or domain homologies, Ndc10NTD structure belongs to 

the type 1(B) topoisomerase family. Type I and II topoisomerase enzymes relax 

DNA supercoiling during transcription, replication, chromosome condensation, 

recombination and mitosis through a transesterification reaction (Nitiss, 1998; 

Westermann et al., 2005). The type I topoisomerases break the DNA backbone 

one strand at a time whereas the type II synchronically cut DNA double strands. 

The two types are subdivided into IA, IB, IIA and IIB families, which share 

structural and enzymatic similarities. The DNA relaxation starts with the 

formation of a covalent phosphotyrosine bond between a conserved tyrosine 

and the 5’ (type IA and II) or 3’ (type IB) DNA phosphorus (see (B) figure 31). 

The resulting DNA phosphodiester bond break allows the DNA knots and 

catenanes to be relaxed. Reversing the initial transesterification regenerates the 

DNA backbone bond; the DNA hydroxyl group generated attacks the 

phosphotyrosine link and breaks the DNA-protein covalent bond. The IB 

topoisomerases use a unique ATP independent “DNA rotation” mechanism to 

relax supercoiling. Once the 3’OH DNA is linked to the tyrosine, the helical 

duplex downstream of the cleavage site can rotate up to five times per nick and 

release the DNA torsional stress (Redinbo et al., 1998; Stivers et al., 1997). The 

phosphotyrosine bonding reaction, illustrated in (B) figure 31, relies on a 

conserved enzymatic site including a ubiquitous tyrosine perfectly aligned for 

the nucleophilic attack (3) on the DNA 3’ phosphate group and a triad of basic 

amino acids to stabilize the transition state through interactions with the non-

bridging oxygens (1) and (2) (Guo et al., 1997) (Cheng et al., 1998; Redinbo et 

al., 1998). 
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 Ndc10NTD – Cre structural homology: The closest Ndc10NTD structural 

homolog is the Enterobacteria phage p1 Cre-Recombinase  (Cre) (Ghosh et al., 

2005). Ndc10NTD matches Cre with a Zscore of 9.3, which is well above the 

threshold of 2 and indicates significant structural homologies. Cre is 

representative of the site-specific recombinases and catalyses recombination 

between the specific palindromic LoxP DNA sequences by forming 4-way 

Holliday junction intermediate (see figure 29 and figure 30). Cre is composed of 

two domains. At the N-terminal, Cre has a σ-integrase domain (CreNσ) trapping 

the double DNA strands being cut and including strong DNA binding residues 

(R100, R101, R106 R121) (see (B) figure 30).  At the C-terminal, Cre has a 

DNA breaking re-joining domain (CreBRD) that contains the conserved enzymatic 

motif (K173-H289-R292-T314-Y324) and includes the DNA binding residues 

(T200, K201, T206, R242, R243, K244, R259, R269, K276, R282, R292) (see 

(B) figure 30 and (A) figure 31). Overall, Ndc10NTD and Cre displayed a Carbon 

α root-square means deviation (Cαr.m.s.d) of 14.5 Å. After detailed structure 

analysis, a much lower Cαr.m.s.d was observed between the Ndc10NTD β-core 

domain (2.7 Å) and the CreBRD and between the Ndc10NTD α-Nterm domain and 

the CreNσ (2.1 Å). The structural homologies between Cre and Ndc10NTD will by 

analysed in the following section. 

 
 
 

 
figure 29: Cre-Recombinase LoxP palindrome 

 

ATAACTTCGTATA -NNNTANNN-TATACGAAGTTAT

13bp Recognition13bp Recognition 8bp Spacer 



 

 

78 

 

 
figure 30: The Cre-recombinase 
(A) Enterobacteria phage p1 Cre-Recombinase dimer in complex with HJ DNA. The two 
subunits are highlighted in orange and green. (B) Cre monomeric subunit in complex with DNA. 
The CreNσ (blue), CreBRD (red) and the active site (white) including the conserved tyrosine and 
basic residues are highlighted. The DNA binding residues are shown in sticks (PDB accession 
code 1xoO). 
 
 
 

 
figure 31: Cre active site 
(A) Cre conserved enzymatic site. All the conserved residues of the enzymatic motif are 
displayed. (B) Transesterification reaction between the conserved tyrosine and a DNA 5’ 
phospho-group. (1) and (2), His and Arg stabilise transition state by interacting with the non-
bridging oxygen and (3) shows the tyrosine nucleophilic attack on the DNA 3’ phosphate group. 
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  Ndc10NTD β-core domain – CreBRD superimposition: Ndc10NTD β-core 

domain (β1, β2, β3, α5 to α10, residues 182–360) superimposes with the 

CreBRD (residues 139–274) with a Cαr.m.s.d of 2.7Å. Structurally, the two domains 

are identical. Specifically, α5 to α9 and β1, β2 superimpose perfectly with the 

CreBRD antiparallel β-sheet motif. Only a longer loop including η2 and η3 and a 

longer β3 diverge from CreBRD (see figure 32). The CreBRD contains the key 

basic residues interacting with the DNA backbone (T200, K201, T206, R242, 

R243, K244, R259, R269, K276, R282, R292) (see (A) figure 37). In CreBRD, 

these residues are situated over the structural equivalent of the Ndc10NTD top 

convex including T2, α9 and α10. Despite attempts to align CreBRD and 

Ndc10NTD, no sequence conservation could be observed and no equivalent of 

the DNA binding residues could be find. However, the conserved and charged 

motifs RGKS and YKRR aforementioned are situated on α9 and α10. 

 Ndc10NTD α-Nterm – CreNσ superimposition: A closer analysis of the 

Ndc10NTD/Cre superimposition revealed that Ndc10NTD α-Nterm domain and 

CreNσ are structurally homologous with a Cαr.m.s.d of 2.4Å (see figure 33). 

However, the spatial position of these two domains within their respective 

structure is strikingly different. Instead of clamping DNA on top of the core 

domain like in Cre, the Ndc10NTD α-Nterm domain has been shifted by 90° 

anticlockwise and is situated in the prolongation of the β-core domain. The 

CreNσ spatial arrangement is accommodated by a long loop linking the domain 

to the CreBRD. This loop also gives the flexibility required by the CreNσ 

rearrangement during DNA relaxation. In Ndc10NTD a spatially equivalent loop 

(residues 168 – 181, unresolved) links the α-Nterm to the β-core domain. 

Potentially, this loop could accommodate for the α-Nterm rearrangement but it is 

not known if any such rearrangement occurs. The CreNσ interacts with the DNA 

backbone through a set of conserved arginines (R100, R101, R106 and R121, 

see (A) figure 33) and controls the Cre tetramerisation. In Ndc10NTD, despite the 

conservation a few basic surface residues (R40, K51, see figure 26), the α-

Nterm surface is considerably less electropositive and the DNA binding is 

unlikely to rely on the α-Nterm domain. Finally, Ndc10NTD does not form dimers. 

Hence, the α-Nterm supports a yet undiscovered function. 
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figure 32: Ndc10NTD β-core domain – CreBRD superimposition 
(A) Top convex view of Ndc10NTD β-core domain – CreBRD superimposition. (B) Bottom view of 
Ndc10NTD β-core domain – CreBRD superimposition. Ndc10NTD  and CreBRD are coloured in red 
and yellow respectively. 
 
 
 

 
figure 33: Ndc10NTD α-Nterm – CreNσ superimposition 
(A) Side view of the Ndc10NTD α-Nterm - CreNσ superimposition with α1 to α4 highlighted. The 
CreNσ DNA binding residues R100, R101, R106 R121 are in sticks. (B) Side view of the 
Ndc10NTD α-Nterm - CreNσ superimposition rotated 180°. Ndc10NTD and CreNσ are coloured in red 
and yellow respectively. 
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 Ndc10NTD α-Cterm – CreBRD catalytic domain divergence: The IB 

topoisomerases are characterised by a ubiquitously conserved enzymatic site 

composed of one lysine, two arginine and by the ubiquitous tyrosine (Gibb et 

al., 2010). In CreBRD, the catalytic site, composed of Lys173 (not pictured), 

His289, Arg292, Thr315 and Tyr324, is situated in the C-terminal just after the 

central β-sheet (see (B) figure 34). This motif, to our surprise, is entirely absent 

in Ndc10NTD. Indeed, Ndc10NTD and Cre C-terminal are completely divergent 

(see (A) figure 34). Ndc10NTD β-core domain starts differing after the α9 and, 

instead of forming the catalytic site, turns back toward the α-Nterm before 

turning in the opposite direction with α10 to α12. Finally, the α13 to α18 wraps 

under the β-core domain in an antiparallel fashion. The Ndc10NTD α-Cterm is 

much longer than CreBRD catalytic site, which is only composed of four short α-

helices (see (A) figure 34). After mining the literature, no studies reporting an 

enzymatic DNA rearrangement activity in Ndc10 or CBF3 were found. It is likely 

that Ndc10NTD lost any such activity and represents the first member of the type 

IB topoisomerase fold that does not relax DNA supercoiling. 

 

 

 
figure 34: Ndc10NTD α-Cterm – CreBRD catalytic domain divergence 
(A) Top convex view of the Ndc10NTD and CreBRD superimposition. The central β-sheets are 
seen in white. Ndc10NTD divergent α-Cterm (red) diverges from the CreBRD C-terminal enzymatic 
domain (yellow) just after α9. (B) CreBRD conserved enzymatic motif containing the Y324 
missing in Ndc10NTD. 
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2.1.11 Ndc10NTD DNA binding 

 Ndc10 and Ndc10NTD DNA binding: Previous studies have shown that 

Ndc10 binds preferentially to AT rich DNA such as CDEII (Espelin et al., 2003). 

During Ndc10 and Ndc10NTD expression in E.coli and purification, DNA 

contaminants were observed during anion exchange chromatography (see 

figure 15). Suspecting that this DNA contamination was non specific and due to 

a Ndc10 DNA binding domain, the Ndc10 and Ndc10NTD DNA binding against 

several non-AT rich and non-centromeric DNA was tested by EMSA. Non-

specific PCR products were used as binding templates and the experiment was 

repeated using varying unrelated sequences. Ndc10 and Ndc10NTD were mixed 

at increasing concentrations (from 0 to 100 µM) with 20 µM of a 1.2 Kb PCR 

product and incubated on ice for 30 mns (see (A) and (B) figure 35). The Ndc10 

and Ndc10NTD - DNA mixes were run on an agarose gel at 0.4% and visualising 

under ultraviolet light (UV). Interestingly, a strong DNA shift increasing with the 

protein concentrations was observed for both Ndc10 and Ndc10NTD. Hence, 

both Ndc10 and Ndc10NTD have a non-specific DNA binding capacity. It is 

plausible that, due to the Ndc10 non-specific DNA binding property, multiple 

binding events happens along the 1.2 Kb cDNA template. When the DNA shift 

length for Ndc10 and Ndc10NTD was plotted on a graph, the binding curves 

displayed a steeper DNA binding for Ndc10, which reaches a maximum DNA 

binding faster than Ndc10NTD (see figure 36). The stronger Ndc10 binding ability 

suggested a second DNA binding domain at the Ndc10CTD. Knowing the 

Ndc10NTD DNA binding capability, the structure was analysed to identify the 

DNA binding residues by using the Cre structural homology, the surface 

conservation and the electrostatic charge. 
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figure 35: Ndc10 and Ndc10NTD EMSA 
(A) and (B) show Ndc10 Ndc10NTD non-specific binding to a 1.2 Kb DNA. Protein was added at 
concentrations going from 0 to 100 µM. Agarose gels were prepared at 0.4%.  
 
 
 

 
 

figure 36: Plot of Ndc10 and Ndc10NTD EMSA 
DNA gel shift was plotted on a graph after binding to Ndc10 and Ndc10NTD. Migration distances 
were measured in % of the maximum migration using the band with no added protein as a 
baseline. The red curve with squared dots represents Ndc10 and the blue curve with triangle 
dots represents Ndc10NTD. 
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 Evidences from the Ndc10NTD structure: Using the Ndc10NTD sequence, 

surface conservation and surface electrostatic charge, two conserved basic 

motifs RGK (R325, G326, K327) and KRR (K354, R355, R356) were 

characterised on the T2, α9 and α10 motifs elements of the β-core domain. By 

superimposing the Ndc10NTD β-core domain to the CreBRD, it was clear that T2, 

α9 and α10 are spatial homologs with the CreBRD basic motifs interacting with 

the Lox DNA strand (see (A) figure 37). Indeed, by superimposing Ndc10NTD 

with CreBRD-DNA and by removing the CreBRD, leaving the Cre-DNA only, it was 

clear that both R325-K327 and K354-R355-R356 motifs are perfectly aligned to 

make contact with the Cre-DNA minor groove phosphodiester backbone (see 

(B) figure 37). Hence, it was hypothesised that Ndc10NTD-CreBRD share a similar 

DNA binding mechanism. 

 

 Ndc10NTD DNA binding mutants: To test this hypothesis, Ndc10NTD 

R325A-K327A and/or R355A-R356A mutants were prepared by mutagenesis 

PCR (see paragraph 6.1.2). Ndc10NTD mutants DNA binding was tested with a 

non-specific 0.6 Kb cDNA. Increasing Ndc10NTD mutants concentrations from 0 

to 100 µM, were mixed with 20 µM of the targeted cDNA and incubated on ice 

for 30 mns (see figure 38). The Ndc10NTD R325A-K327A and/or Ndc10NTD 

R355A-R356A - DNA mixes were run on an agarose gel at 0.4% and visualising 

under UV light. The Ndc10NTD R325A-K327A mutant shows totally abolished 

DNA binding, the R355A-R356A mutant displays highly impaired DNA binding 

and finally, the R325A-K327A-R355A-R356A mutant shows fully abolished 

binding. The Arg325-Lys327-Arg555-Arg356 that were identified, as conserved 

basic motifs on the Ndc10NTD surface and as spatial homologs with the CreBRD 

DNA binding residues, are indeed responsible for Ndc10NTD DNA binding.  
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figure 37: CreBRD and Ndc10NTD DNA binding residues 
(A) CreBRD DNA binding residues and (B) Ndc10NTD putative DNA binding residues. The DNA 
represented in white/grey is the Cre binding DNA. 
 

 

 

 
 

figure 38: Ndc10NTD mutant binding against a non-centromeric DNA 
Ndc10NTD R325A/K327A, Ndc10NTD R355A/R356A and Ndc10NTD R325A/K327A/R355A/R356A 
mutants DNA binding were tested against a random non-centromeric DNA. The protein was 
added at increasing concentrations going from 0 to 100 µM. Agarose gels were prepared at 
0.4% and DNA was visualising under UV light.  
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2.1.12 Ndc10NTD phosphorylation 

 Ndc10 phosphorylation: The kinetochore assembly is tightly regulated by 

kinases (Cheeseman et al., 2002). Ndc10 relocalisation to the spindle during 

anaphase is controlled by multiple serine and threonine phosphorylation by the 

Ipl1 and CK2 kinases (Glover, 1998; Peng et al., 2011). Two of the 

phosphorylated residues, Thr106 and Ser189 lie within the Ndc10NTD domain. 

Interestingly, Ser189 is buried deep inside the structure and is not accessible to 

the kinase. It is possible that Ndc10 undergoes substantial structural 

rearrangements during or after the centromere establishment, or that the 

phosphorylation of S189 blocks the Ndc10 folding and stops the CBF3 

formation. However, it cannot be excluded that such a phosphorylation is not 

biologically relevant and may indeed represent an experiment artefact. On the 

contrary, the T106 is situated on a disordered loop between the α-helices α3 

and α4 and is clearly exposed and accessible to either Ipl1 or CK2 (see (B) 

figure 39). Interestingly the T106 is situated on the α-Nterm domain of Ndc10NTD 

and could control the unidentified motif function.  

 
figure 39: Ndc10NTD phosphorylation 
(A) Ndc10NTD structure and spatial position of the phosphorylated S189 and T106. (B) Close up 
of the S189, which is situated on the α5 and is deeply buried in the core of the protein. (C) 
Close up of the T106, which is situated on the unresolved loop joining α3 and α4 and is situated 
on protein surface. 
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2.1.13 Ndc10NTD crystallisation with DNA 

 Ndc10NTD DNA hairpin: Following Ndc10NTD structure resolution and DNA 

binding mechanism elucidation, Ndc10NTD was co-crystallised with DNA hairpins 

of various oligomer-lengths (see Table 8). The sequence selected for the oligos 

was the centromere from the chromosome number 3 in S.cerevisae 

(centromere 3). The DNA lengths were chosen based on the size of the 

Ndc10NTD and on the CDEIII sequence described in (Lechner and Carbon, 

1991). The DNA hairpins were annealed by heating them to 95°C for 5 mns and 

slowly decreasing the temperature to 4°C, with a 1 mn step per 1°C (see figure 

40). 

 
figure 40: 19bp DNA hairpin 

 

Table 8: Ndc10NTD co-crystallisation with DNA hairpins of various lengths 
Length Sequence Crystals 

7 ACTGCTATTCCCTAGCAGT X 
9 GCACTGCTATTCCCTAGCAGTGC X 

10 AGCACTGCTATTCCCTAGCAGTGCT ✔ 
13 GCGAGCACTGCTATTCCCTAGCAGTGCTCGC ✔ 
16 AATGCGAGCACTGCTATTCCCTAGCAGTGCTCGCATT ✔ 
19 TCTAATGCGAGCACTGCTATTCCCTAGCAGTGCTCGCATTAGA ✔ 

 

 The hairpins were  mixed with Ndc10NTD (15 mg.ml-1) at a molar ratio of 

1.2 DNA to 1 protein.  Initial screening lead to crystallisation in various buffers 

including conditions similar to Ndc10NTD crystallisation (see figure 41). Crystals, 

with morphologies including needles, round plates and rectangles, were 

observed with oligos from 10 to 19 bp. Crystals were harvested after 24h and 

successfully cryo-protected by variously soaking in increasing concentrations of 

PEG 400 and glycerol. 
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figure 41: Ndc10NTD - DNA crystals 
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2.1.14 Ndc10NTD – centromere 3 structure resolution 

 Ndc10NTD - centromere 3 11bp and 19bp data collection: Datasets for the 

Ndc10NTD - centromere 3 11bp and 19bp native crystals were collect in house, 

using the Rigaku MicroMax 007HF X-ray generator and MAR345DTB image 

plate detectors. The datasets were indexed with iMOSFLM and displayed a 

C222 space group with similar cell dimensions of a= 58.2 Å, b= 108.74 Å, c= 

200.2 Å), α= β= γ = 90° for the Ndc10NTD + 11bp and a= 58 Å, b =(109.3 Å, c 

=(202Å, α= β= γ= 90° for the Ndc10NTD + 19bp. The C222 space group was 

selected as the space group with the low penalty score, high symmetry and the 

good spot spot prediction. The strategy recommended by iMOSFLM for the 

C222 space group was to collect over a 90°θ oscillation to yield a 99.8% 

complete dataset. The datasets collected for both the 11bp and 19bp included 

100 images with a 1°θ increment per frame. The crystal used for the data 

collection shows no ice and no breaks nor visible radiation damage on the 

crystal and the diffraction frames display no ice rings, mostly round spots and 

no doubled spots. However, due to the size of the unit cell and the streakiness 

of some spots, some h,k,l intensities were overlapped occurred. The indexing 

and scaling statistics are displayed in Table 9.  

 

 Molecular replacement: The Ndc10NTD - centromere 11bp and 19bp 

structures were solved by molecular replacement with MOLREP in CCP4i  

(1994), using the Ndc10NTD structure (4aco) as a model. Molrep identified a 

single solution with a rotation (RF) and translation (TF) function correlation 

scores of 0.62 for the Ndc10NTD – centromere 11 bp and 0.71 for the Ndc10NTD 

– centromere 19 bp. The scores dropped from 0.62 to 0.23 and 0.71 to 0.44 for 

for the next best solution and suggest a true solution for both (see Table 10). 

The final solution following automatic refinement in Refmac ended with a Rwork 

of 33.9% and 26.6% for the 11bp and 19bp respectively (see Table 11). 
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Table 9: Ndc10NTD with DNA crystallographic statistics 

  11 bp 19 bp 
Space Group C222 C222 

Unit cell (a, b, c, α, β, γ) 58.2, 108.74, 200.2 
90, 90, 90 

58, 109.3, 202 
90, 90, 90 

Wavelength (Å) 1.54179 1.54179 
Mosaicity 2.61 3.17 

Resolution range (Å) 29.41 - 3.00 29.50 - 2.78 
Total reflections 75,595 61,401 

Unique reflections 13,149 16,052 
Multiplicity 5.75 (5.84) 3.17 

Completeness (%) 99.8 (100.0) 96.5 (91.3) 
I/σ(I) 3.5 (1.3) 3.3 (1.0) 
Rmerge 0.339 (0.712) 0.231 (0.721) 

 

Table 10: Rotation and Translation function results 

 
 

Table 11: Ndc10NTD with DNA refinement statistics 

 11 bp 19 bp 

Rfactor 0.2884 0.2662 
Rfree 0.3476 0.3594 
Number of atoms 3762 4140 
Protein residues 537 508 
RMS bonds (Å) 0.0100 0.0127 
RMS angles (degrees) 1.6099 1.610 
Model B-factor 82.9 40.230 

  

Solution RF TF x y z TFcnt Rfac Score
1 1 1 138 -175 172 0.09 0.21 0.11 10.11 0.39 0.62
2 2 8 45.1 177 173 0.41 0.20 0.40 1.61 0.57 0.23
3 4 5 135 -5.65 177 0.22 0.31 0.44 3.71 0.58 0.22
4 10 1 52.9 -136 105 0.40 0.38 0.16 2.26 0.57 0.22

1 1 1 138 -175 172 0.08 0.20 0.11 10.87 0.43 0.71
2 2 3 45.1 175 173 0.42 0.20 0.40 3.08 0.60 0.44
3 4 5 145 -167 171 0.10 0.22 0.35 1.73 0.60 0.41
4 3 6 146 -166 171 0.69 0.38 0.36 1.90 0.61 0.41

11bp

19bp
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 Ndc10NTD – centromere structure: After careful analysis of the structure 

no extra electron density could be seen at the predicted Ndc10 DNA binding 

sites. Hence, we concluded that the DNA did not co-crystallise with the protein 

but influenced the crystal environment, so changing the crystal packing. It is 

possible that the use of a Hairpin DNA weakened the Ndc10NTD – DNA 

crystallization. Concomitantly, at the time of this research, work led by Harisson 

et al. led to the crystal structure of Ndc10NTD in K.lactis with and without DNA. 

Hence, further attempts to crystallize Ndc10NTD with DNA were abandoned to 

focus on the structure of the Ndc10 full length. 

2.2 Ndc10 structural elucidation 

2.2.1 Ndc10 purification 

 Molecular biology: The sequence encoding Ndc10 (residues 1-957) was 

cloned by rfPCR into a pETDuet plasmid. 

 

 Ndc10 expression and heparin purification: The Ndc10 expression 

plasmid was transformed into BL21-RIL (DE3) competent cells by 

electroporation and grown at 37°C, 200 rpm in 5L LB to OD600 of 0.4. Protein 

expression was induced overnight at 16°C by the addition of 1 mM IPTG. 

Pellets were centrifuged at 6000 rpm, re-suspended in lysis buffer (60 mM 

HEPES pH 8.0, 200 mM NaCl, 20% Glycerol, 0.5 mM TCEP) and immediately 

sonicated 3 x 30 seconds. The cell lysate was centrifuged at 33,000 x g and the 

clarified supernatant was loaded onto a pre-equilibrated heparin column 

(Heparin FF, GE Healthcare). The column was cleaned with 10 cvs of lysis 

buffer and the protein was eluted with a gradient of elution buffer (60 mM 

HEPES pH 8.0, 600 mM NaCl, 20% Glycerol 0.5 mM TCEP). A strong 

absorbance was detected at 380 mM NaCl. The fractions were analysed on a 

12% SDS-Page and a band at 110 kDa corresponding to Ndc10 (112 kDa) 

could be observed (see (A) figure 42). The bands (B) and (C) were suspected to 

correspond to Ndc10 degradation.  
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 Ndc10 anion exchange purification: The isoelectric point of Ndc10 is 6.0 

so the fraction was adjusted to pH 8.5 and 100 mM NaCl, and loaded onto a 

MonoQ 10/100GL. Ndc10 was washed with binding buffer (20 mM HEPES pH 

8.5, 100 mM NaCl, 1 mM DTT) and eluted with a 150 mL gradient of elution 

buffer (20 mM HEPES pH 8.5, 1 M NaCl, 1 mM DTT). The chromatogram 

displayed a peak at 240 mM NaCl corresponding to Ndc10 and a second peak 

at 600 mM NaCl corresponding to DNA (see figure 43). Fractions eluting at 280 

mM NaCl were analysed on a 12% SDS-PAGE showing high concentration of 

Ndc10 (112 kDa, (A)) and two clear 55kDa and 25kDa Ndc10 degradation 

products (B and C). Fractions eluting at 240 mM NaCl were concentrated to 4 

mL at 2 mg.mL-1 for a total of 8 mgs. 

 

 
figure 42:  Ndc10 heparin purification 
Fractions eluted between 300 and 420 mM NaCl. (A) corresponds to Ndc10, (B) and (C) 
correspond to contaminants or Ndc10 degradations. The ladder is in kDa. 
 

 Ndc10 size exclusion purification onto a Superdex 200 16/60: Ndc10 was 

loaded onto a Superdex 200 16/60 and eluted in crystallisation buffer (10 mM 

HEPES pH 8.5, 200 mM NaCl, 1 mM DTT). Ndc10 eluted at 55 mL with a small 

left shoulder (see figure 44) corresponding to aggregates. According to the 

Superdex 200 16/60 calibration curve, the Ndc10 elution volume would 

correspond to a MW above 300 kDa. This elution is a little bit higher than the 

expected elution volume of Ndc10 dimer (249 kDa). The observed lower elution 

volume may be due to an elongated form. The fractions were analysed on a 
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12%SDS-PAGE and Ndc10 was identified along with two lower bands 

corresponding to Ndc10 degradations. The fractions between 55-60 mL were 

collected and concentrated to 15 mg.ml-1. 

 

 
figure 43: Ndc10 MonoQ 10/100GL purification 
(A) Ndc10 anion exchange chromatogram.  Absorbances at 280 nm (blue) and 254 nm (red) are 
in milli Absorbance Units (mAu) and are plotted on the left axis. Buffer conductivity (yellow) is in 
millisiemens per centimetre (mS.cm-1) and is plotted on the right axis. (B) 12% SDS-PAGE of 
the peaks (1) and (2). The ladder is in kDa. 
 

 
figure 44: Ndc10 size exclusion purification 
(A) Ndc10 size exclusion chromatogram on a Superdex 200 16/60 gel filtration. Absorbances at 
280 nm (blue) and 254 nm (red) are in milli Absorbance Units (mAu) and are plotted on the left 
axis. The Ndc10 peak elutes at 50 mL and has a left should which is likely to be aggregates. (B) 
SDS-PAGE of the fractions eluting between 42 and 56 ml. (A) (B) and (C) correspond to Ndc10, 
Ndc10NTD and an Ndc10 C-terminal degradation. The MW ladder is in kDa.  
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2.2.2 Ndc10 crystallisation and structure resolution 

 Ndc10 crystallisation screens: Crystallisation trails of Ndc10 concentrated 

to 15 mg.ml-1 were set up at 16°C and 4°C on 96 wells MRC 2 drops plates 

using JCSG I-IV (Qiagen), PEG I and II (Qiagen) and Crystal Screen I and II 

(Hampton research). Drops of 0.5 µL with a ratio of 1 Ndc10 for 1 buffer were 

set up for a final Ndc10 concentration of 7.5 mg.mL-1. Crystals, including 

needles, crystal clusters and single large crystal, were observed between 13 

and 21 days in four different conditions (see figure 45). Crystallisation 

conditions included 0.1 M HEPES pH 7.5 - 0.2 M MgCl2 - 25% PEG 3350 (A), 

0.1 M NaOAc pH 5.5 - 0.2 M KBr - 25% PEG 2K (B), 0.1 M BIS-Tris pH 5.5 - 0.2 

M CaCl - 25% PEG 3350 (C), 0.1 M di-sodium malonate - 20% PEG 3350 (D). 

 

 Ndc10 crystal optimisation: Condition including 0.2 M KBr - 0.1 M NaOAc 

pH 5.5 – 25% PEG 2K was selected.  Drops of 1 µL with a ratio 1:1 sumo-

Ndc10: buffer were set up in 24 wells cryschem plates at 16°C and 4°C. The 

only varying factor was the PEG concentration. At 16°C crystal growth was 

observed after 13 days and led to rectangular crystals massive crystals ranging 

from 400 µm to 1mm on the long axis (see figure 46). At 4°C, crystal growth 

was observed much later, after 40 days and led to small needles cluster, thin 

plates and small crystals clusters (see figure 47). Crystals at both temperatures 

were harvested and cryo-protected by soaking them in increasing 

concentrations of PEG 400 to final concentration of 20%. 
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figure 45: Ndc10 crystals 
Pictures of the Ndc10 crystallisation screen hits are displayed and show the 3 crystal forms 
observed: needles (A), single large crystal (B) and crystal clusters (C) and (D). Ratio 1:1 - 
Ndc10 : buffer was applied. Pictures scale is 0.8mm/0.8mm.  

 
figure 46: sumo-Ndc10 crystals optimised at room temperature 
Pictures of the sumo-Ndc10 crystallisation screen optimisation at 16°C are displayed and show 
the massive crystal obtained: 600 µm (A), 1 mm (B) and crystal clusters of 700 µm (C). Pictures 
scale is 1 mm/1 mm.  
 

 
figure 47: sumo-Ndc10 crystals optimised at 4°C 
Pictures of the sumo-Ndc10 crystallisation screen optimisation at 4°C are displayed and show: 
small needles cluster (A), thin plates (B) and small crystal clusters (C). Pictures scale is 0.2 
mm/0.2 mm. 
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 Ndc10 data collection of the RT and the 4°C crystals: The Ndc10 crystals 

grown at RT and 4°C were analysed in house on the Rigaku MicroMax 007HF 

and the datasets were collected on the image plates MAR345DTB. The 

diffraction spots were indexed with iMOSFLM and suggested three different 

space groups space group with different unit cell dimensions. The biggest 

crystals led to a unit cell of length a = 55.6 Å, b = 87.2 Å, c = 104.5 Å and 

angles α = β = γ =90° and were indexed in a P212121 space group, which is 

similar to the Ndc10NTD unit cell dimension and angles. A complete dataset was 

collected following the strategy recommended by iMOSFLM, by collecting 450 

images with a 0.2°θ increment at a maximum resolution of 1.5 Å. The second 

sets of crystal to be diffracted were the thin plates grown at 4°C. These crystals 

were also indexed in a P212121 space group and a unit cell dimension of a = 

56.66 Å, b = 102.71 Å, c = 106.2 Å and angles α = β = 90°, γ = 120°. Again, a 

complete dataset 450 images with a 0.2°θ increment at a maximum resolution 

of 2.8Å was collected. The indexing and scaling statistics are displayed in Table 

11. 

 

 Ndc10 phasing by molecular replacement and structure refinement: 

Experimental phasing was done using molecular replacement in Phaser (Mccoy 

et al., 2007) with the structure of Ndc10NTD as a model. Analysis of the cell unit 

parameters for the crystal grown at room temperature suggested that Ndc10 is 

breaking down in the drop and Ndc10NTD is crystallising again. The refinement 

of the two structures was done in coot using iterative cycles of Refmac. The 

structure statistics for the new cell grown at 4°C are summarised in Table 13. 

The structure were analysed and, as expected, had the same structure than 

Ndc10NTD suggesting that the Ndc10 full length is breaking down in the drop, at 

the cutting site identified in paragraph 2.1.1 and lead to the crystallisation of 

Ndc10NTD. Although the unit cell of the crystal grown at 4°C were different, the 

Ndc10NTD is only packing differently but include the exact same domain. 

Because of the inherent degradation observed in Ndc10, it was decided to 

switch to other structural techniques to elucidate the Ndc10 structure. 
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Table 12: Ndc10 crystallographic statistics 
  RT 4°C 
Space Group P212121 P1211 

Unit cell  
(a, b, c, α, β, γ) 

55.6, 87.2, 104.5, 
90, 90, 90 

56.66, 102.71, 
154.2, 90, 95, 90 

Wavelength (Å) 0.970 0. 9797 
Resolution (Å) 51.98–1.53 50 – 3.29 

Total reflections 268,564 110,259 
Unique 

reflections 65,502 29,971 

Multiplicity 4.1 (3.7) 3.7 (3.1) 
Completeness 

(%) 98.40 (90.1) 98.4 (93.1) 

I/σ(I) 23.7 (1.8) 5 (1.7) 
Wilson B-factor 25.11 23.05 

Rmerge 0.031 (0.759) 0.309 (0.930) 
Rpim  0.017 (0.438) 0.189 (0.555) 

 

 

Table 13: Ndc10 refinement statistics 

 4°C 

Rfactor 0.277 

Rfree 0.366 

Number of atoms 11379 

Protein residues 1359 

RMS bonds (Å) 0.020 

RMS angles (degrees) 2.034 
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2.2.3 Ndc10 – centromere 3 complex structural elucidation by Small-
angle X-ray scattering (SAXS) 

 Ndc10 – centromere 3 analysis by SAXS: After our unsuccessful attempt 

to solve Ndc10 structure by crystallisation, SAXS was used to study Ndc10 

envelope. SAXS provides low-resolution structural information by analysing the 

X-ray low angle elastic scattering of macromolecules in solution (see paragraph 

6.5.1). SAXS delivers structural information of macromolecules with a resolution 

ranging from 5 to 25 nm, although it is hard to assess resolution. This type of 

resolution can inform about the shape and size of macromolecules. During data 

collection, the sample is run through an HPLC column and exposed to a 

vacuum X-ray source (wavelength 0.1 to 0.2 nm). The diffraction of the proteins 

in solution is recorded at low angle (typically 0.1 - 10°). Likewise, the buffer 

diffraction is recorded with the same parameters and subtracted to the sample 

diffraction. The resulting low angle scattering describes the protein only and can 

be used to determine parameters such as MW, radius of gyration (RG) and the 

maximum particle diameter (Dmax). Ultimately, the scattering data can be used 

to create an ab initio model and generate a 3D envelope of the complex. 

 

  Ndc10 – DNA complex purification: In SAXS, purity and sample 

homogeneity has paramount consequences on the data quality and exceptional 

care was added during Ndc10 purification (as described in 2.2.1). To stabilize 

the Ndc10 dimer and to study its interaction with the centromere, the Ndc10 

dimer was mixed with dimeric DNA oligos corresponding to the centromere from 

the budding yeast chromosome III sequence. Various length of DNA were 

tested (28 - 34 - 42 bp), and mixed with Ndc10 at a 1.4 DNA for 1 protein ratio. 

The complexes were further purified by size exclusion purification using a 

Superdex 6 10/30 in SAXS buffer (10 mM HEPES pH 8.5, 200 mM NaCl, 5% 

glycerol, 1 mM DTT) (see figure 48). The chromatograms for Ndc10 (A) and 

Ndc10 bound to the centromere 3 oligos (B) show symmetrical peaks eluting at 

11.7 mL and 12.1 mL respectively. The complexes Ndc10 + DNA show a higher 

absorbance at 254 nm and a slightly higher elution volume, which suggests the 

complex formation and the presence of DNA. The SDS-PAGE analysis of both 
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Ndc10 and Ndc10 - centromere 3 displayed high purity and no contaminations. 

Fractions for both Ndc10 and Ndc10  - centromere 3 were analysed on an 

agarose gel and showed nothing for Ndc10 and smeared bands for Ndc10  - 

centromere 3, indicating the presence of DNA. Having obtained pure sample for 

both Ndc10 with and without centromere 3, SAXS data was collected at the 

beamline SWING at the SOLEIL synchrotron.  

 

 

 

 
figure 48: Ndc10 and Ndc10 - centromere purification 
(A) Ndc10 size exclusion chromatogram on a Superose 6 10/30 column. The Ndc10 peak elutes 
at 11.7 mL. (B) Ndc10 bound to a 32bp centromere 3 oligos size exclusion chromatogram on a 
Superose 6 10/30 column. The protein-DNA peak elutes at 12.10 mL. Absorbances at 280 nm 
(blue) and 254 nm (red) are in milli-Absorbance Units (mAu) and are plotted on the left axis. (C) 
SDS-PAGE of the Ndc10 and Ndc10  - centromere 3 peaks. The MW ladder is in kDa. (D) 
Agarose gel of the Ndc10 and Ndc10  - centromere 3 peaks. 
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 Ndc10 - DNA complex data collection and SAXS map analysis: Raw X-

ray scattering images were collected at the SOLEIL synchrotron on the SWING 

beamline. Scattering data was collected for Ndc10 alone and Ndc10  - 

centromere 3 at concentrations of 0.5 and 1 mg.mL-1 for each sample. The X-ray 

scattering was then converted at the beamline to 1D SAXS profiles of intensity 

of the scattered beam (I) as a function of the modulus of the scattering vector 

(s). Ten frames of data were collected for each the protein alone and for the 

protein with the different DNA oligos. The frames profiles collected from the 

protein alone and from the protein with 24 and 42 bp DNA were fitted with 

GNOM but could not be superposed, suggesting a strong radiation damage 

effect. The radiation damage was further indicated by the increased scattering 

beam intensity at low angles, which corresponds to an increase in the longest 

distances within the sample in the beam. The Ndc10 in complex with the 32 bp 

DNA did not show any radiation damage, and was combined and averaged to 

improve the signal-to-noise ratio. The raw data analysis with GNOM generated 

a pair distance distribution function of vectors within the sample in the beam, 

based on an iteratively determined average size of 128 Å. The DAMMIN 

analysis of the Ndc10  - centromere 3 (32 bp) complex dataset showed stable 

and linear Guinier curve. The analysis of the P(r) distribution displayed an 

estimated molecular weight of 214.2 kDa and a median Rg of 64.90 Å (see (A) 

figure 49). The comparison of the model intensities (Icalc) against the raw 

intensities (Iobs) displayed a Chi score of 1.253, which suggest an acceptable 

model (see (B)). The Ndc10  - centromere 3 map was generated using DAMMIF, 

which was run 50 times. The resulting models were aligned and an averaged 

model generated using DAMAVER in batch mode (see figure 50). The low 

resolution map obtained from the Ndc10 dimer bound to DNA displayed a weak 

2-fold symmetry (see figure 50). No specific features allowed us to dock the 

Ndc10NTD structure. Knowing that a linear DNA oligo of 32 bp would be 140 Å, 

the only conformation for the DNA would be on the long axis of the structure 

(see figure 50). Per se, our SAXS structure of the Ndc10FL did not lead to 

sufficient structural insight to understand the mechanism of DNA binding. 

Further experiments could have been focused on solving the Ndc10CTD dimer 
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and the Ndc10NTD in complex with DNA to doc the densities in the bigger SAXS 

envelope. However, the differences observed between the SAXS data collected 

with Ndc10FL in complex with DNA or not suggested that the protein-DNA 

complex form a tighter and more stable association. 

 

 
figure 49: Ndc10 – centromere complex SAXS data analysis 
(A) P(R) distribution against the Rg (Å-1) and (B) raw and calculated intensity of the scattered 
beam (I) as a function of the modulus of the scattering vector (s). 
 

 
 
figure 50: Ndc10 - centromere SAXS envelope 
The Ndc10  - centromere 3 (32 bp) was generated with DAMMIF and DAMAVER and displays a 
weak 2 fold symmetry. The only possible orientation for a straight DNA is shown. 
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2.3 Lanchancea thermotolerans Ndc10 (Ndc10LT) purification, 
crystallisation and structure resolution 

2.3.1 Ndc10LT conservation and domain analysis 

 Ndc10LT sequence conservation and Ndc10LT folding prediction: After our 

attempt to crystallise the Ndc10, an alternative point centromere organism was 

used to study the Ndc10 structure. Ndc10 homologs alignment displayed overall 

conservation ranging from 20 to 42%. The closest S.cerevisae Ndc10 homolog 

was observed in L.thermotolerans (Ndc10LT) with a sequence conservation of 

42%. Analysing the Ndc10LT sequence displayed the same conserved N-

terminal (see paragraph 2.1) and C-terminal (see paragraph 2.6) DNA binding 

motifs. Additionally, the Ndc10LT folding prediction shows a more ordered N-

terminal despite a still disordered C-terminal domain (see figure 51). For these 

reasons L.thermotolerans was selected as a potential candidate.  

figure 51: Ndc10 and Ndc10LT folding prediction 
Folding prediction is showed in red and green on a scale going from -1 to 1 for unfolded and 
folded region respectively. The N-terminal domain (NTD) and C-terminal domain are indicated 
(CTD). 
 

2.3.2 Ndc10LT purification 

 Molecular biology: The sequence encoding Ndc10LT was cloned by 

cloned by restriction free cloning into a pETDuet plasmid containing no tag. 

 Ndc10LT expression and heparin purification: The Ndc10LT plasmid was 

transformed into BL21-RIL (DE3) competent cells by electroporation and grown 

at 37°C, 200 rpm in 5L LB to OD of 0.4. Protein expression was induced 

overnight at 18°C by the addition to a final concentration of 1 mM IPTG. Pellets 

were harvested by centrifugation at 6000 rpm, re-suspended in lysis buffer (60 
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mM HEPES pH 8.5, 200 mM NaCl, 20% Glycerol, 0.5 mM TCEP) and 

immediately sonicated 3 x 30 seconds in an ice bath. The cell lysate was 

centrifuged at 33,000 x g and the clarified supernatant was loaded onto a pre-

equilibrated heparin column (Heparin FF, GE Healthcare). The column was 

cleaned with 10 cvs of lysis buffer and the protein was eluted with a gradient of 

elution buffer (60 mM HEPES pH 8.5, 600 mM NaCl, 20% Glycerol 0.5 mM 

TCEP). A strong 280 mAu peak was observed at a NaCl concentration of 350 

mM. The fractions were analysed on a SDS PAGE and Ndc10LT was identified 

as a 92 kDa band (see figure 52). Suspecting that Ndc10LT was binding DNA 

non-specifically, the fractions were pooled and loaded onto a MonoQ 10/100GL 

for further purification. 

 Ndc10 anion exchange purification onto a MonoQ 10/100GL: Ndc10LT pI 

is 6.032 making it suitable for anion exchange chromatography at pH 8.5. 

Ndc10LT fraction was carefully adjusted to a NaCl concentration of 150 mM, and 

washed with 10 cvs of binding buffer (20 mM HEPES pH 8.5, 100 mM NaCl, 1 

mM TCEP). Ndc10LT was eluted with a 200 mL gradient of elution buffer (20 

mM HEPES pH 8.5, 1 M NaCl, 1 mM TCEP). The elution profile displayed two 

peaks. The main peak, eluting at 320 mM NaCl, corresponds to Ndc10LT. The 

following peaks eluting 600 mM NaCl correspond to DNA contaminations (see  

figure 53). The elution of a second peak of DNA suggests that Ndc10LT has a 

non-specific DNA binding capacity, which is similar to Ndc10 in S.cerevisae. 

Fractions eluting at 320 mM NaCl were pooled and concentrated to 5 mL. 

 Ndc10LT size exclusion purification onto a Superdex 200 2660: Ndc10LT 

was loaded onto a Superdex 200 2660 and eluted at a speed of 0.8 ml.min-1 in 

running buffer (10 mM HEPES pH 8.5, 200 mM NaCl, 1 mM TCEP). Due to 

instability at low salt concentrations Ndc10LT crystallisation buffer has to include 

at least 200 mM NaCl. Ndc10LT elutes at 137 mL corresponding to a dimeric 

Ndc10LT (see figure 54). The slight shoulder observed on the gel filtration profile 

does not seem to correspond to a higher oligomerisation. Fractions between 

130 mL and 157 mL were pooled and concentrated to a final concentration of 

15 mg.ml-1. 



 

 

104 

 
figure 52: Ndc10LT heparin purification 
Fractions eluting between 200 (wash) and 400 mM NaCl corresponds to Ndc10LT (*). The ladder 
is in kDa. 
 

 
figure 53: Ndc10LT anion exchange purification 
(A) Ndc10LT anion exchange chromatogram.  Absorbances at 280 nm (blue) and 254 nm (red) 
are in milli Absorbance Units (mAu) and are plotted on the left axis. Buffer conductivity (yellow) 
is in millisiemens per centimetre (mS.cm-1) and is plotted on the right axis. (B) 12% SDS-PAGE 
of the peak Ndc10LT. The ladder is in kDa. 
 

 
figure 54: Ndc10LT size exclusion purification 
Ndc10 LT size exclusion chromatograph is displayed on the left.  Absorbance at 280 nm and 
254 nm is shown in blue and red curves respectively and is related to the left axis. SDS-PAGE 
of the fractions is shown on the right. The fractions eluting between 130 and 154 mL 
corresponds to the Ndc10 LT elution peak. The MW ladder is displayed on the left of the gel. 
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2.3.3 Ndc10LT crystallisation 

 Ndc10LT crystallisation screens: Crystallisation trails of Ndc10LT 

concentrated to 15 mg.ml-1 and 25 mg.ml-1 were set up at 16°C and 4°C on 96 

wells MRC 2 drops plates using a wide range of crystal screen including: JCSG 

I-IV (Qiagen), PEG I and II (Qiagen) and Crystal Screen I and II (Hampton 

research) Salt Rx, Peg-Ion, PGA, MIDAS, Clear Strategy I, Clear Strategy II. 

Drops of 0.5 µL with a ratio of 1 protein to 1 buffer were set up for final 

concentrations of 7.5 mg.mL-1 and 15 mg.mL-1. No crystals were observed and 

a large part of the conditions (50%) lead to phase separation. 

 

 Ndc10LT  - centromere 3 DNA oligos crystallisation screens: Knowing the 

DNA binding properties of Ndc10LT, it was decided to co-crystallize the protein 

with various lengths double stands DNA. The DNA oligos design was based on 

the lengths of DNA used during the structural elucidation of Ndc10 from 

S.cerevisae by SAXS (see Table 14). Centromere III DNA oligos of 20, 22, 28, 

30, 32 and 34 bps were designed and mixed with Ndc10LT at a molar ratio of 1.2 

: 1 DNA : protein. The protein-DNA mixes were screened using the usual JCSG 

I-IV (Qiagen), PEG I and II (Qiagen) and Crystal Screen I and II (Hampton 

research) Salt Rx, Peg-Ion, PGA, MIDAS, Clear Strategy I, Clear Strategy II. 

Only the 32 bp, similar to the one leading to a stable Ndc10 complex during the 

SAXS analysis, displayed to crystals in 0.2 M MgCl2, 35% 2-Methyl-2,4-

pentabediol (MPD) and 0.1 M Imidazole pH 7.5 (see figure 55). These crystals 

appeared after 12 hours and kept growing until receding after 24 hours, 

eventually, disappearing after 3 days. The high salt concentration present in the 

crystallisation buffer may have changed the thermodynamic of the drop and 

reversed the diffusion process, increasing the drop volume. This volume 

increases ultimately lowered the buffer and the protein concentrations and 

reverted the crystal growth. The conditions were selected for optimisation.  
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Table 14: Ndc10LT crystallisation oligos 
Length (bp) Sequence Crystals 

20 aatatatatttcttactatt X 
22 aaatatatatttcttactattt X 
28 atgaaatatatatttcttactatttctt X 
32 caatgaaatatatatttcttactatttctttt ✔ 
36 ttcaatgaaatatatatttcttactatttctttttt X 
38 attcaatgaaatatatatttcttactatttctttttta X 

 

 

 
figure 55: Ndc10LT - centromere crystals  
Crystals of Ndc10LT bound to a 32 bp centromere oligo grown in 0.2 M MgCl2, 35% MPD and 0.1 
M Imidazole pH 7.5 and drops were imaged after 12 hours and 2 days under normal light. 
 

 Ndc10LT – centromere complex crystal optimisation: The hit condition 

(0.2 M MgCl2, 35% MPD and 0.1 M Imidazole pH 7.5) was optimised with and 

without 0.2 M NaCl in the well and in the protein mix. The Ndc10LT + 32bp 

centromere 3 mix was prepared according to the same protocol and 

crystallisation condition were optimised by varying the pH (6.5 to 8.5) and the 

MPD concentration (30 to 40%). Crystals of hexagonal and circular shapes 

appeared after 24 hours (see figure 56). However, the crystals, when inspected 

under 90° birefringent light, where extremely shinny (see figure 57). This added 

to the huge morphology differences between the initial crystals and the 

optimised ones were a good indication of salts crystal. Interestingly, when the 

Ndc10LT – DNA complex was dialyzed against a low salt concentration (100 mM 

NaCl) the optimisation contents displayed high precipitation followed by the 

12 hours

12 hours 2 day
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formation of long and fragile looking needles and of small crystals possibly 

corresponding to salt (see figure 58). 

 

 

 
figure 56: Ndc10LT - centromere crystal optimisation 
Optimisation of the conditions including 0.2M MgCl2, 35% MPD and 0.1M Imidazole pH 7.5 . 
Initial conditions (A) were optimised by varying the concentration in MPD (B) and the pH (C).  
 

 
figure 57: Ndc10LT - centromere optimised crystals under birefringent light 
Crystal growing in 0.2 M NaCl, 0.2 M MgCl2, 35% MPD and 0.1 M Imidazole pH 7.5 conditions 
pictures under normal (A) and birefringent light (B).  
 

 
figure 58: Ndc10LT - centromere crystallization after dialyze in low salt buffer 
Crystal growing in 0.2 M MgCl2, 35% MPD and 0.1 M Imidazole pH 7.5 conditions pictures 
under normal light. The drops led to precipitation but also to two crystalline forms: proteins 
needles (P) and salt crystals (*). 
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 Crystal diffraction test: The crystals were sent to the I24 diamond 

beamline. The highly birefringent crystal diffraction showed few, very intense 

spots and, as predicted, suggested salt crystals. The needles crystals lead to a 

7.5 Å diffraction, which was indexed by Xia2 (Winter, 2010) on site and lead to 

two similar unit cells, one with dimensions a(134.14 Å) x b(258.26 Å) x c(278.48 

Å) and angles of α 90°, β 90°, γ 90° and one with dimension a(125.60 Å) x 

b(167.14 Å) x c(261.31 Å) and angles of α 90°, β 90°, γ 90°. Both unit cells 

appeared to be a P222 space group, but the high anisotropy of the diffraction 

could mask the symmetry on one axis. The Mathews coefficient, calculated for a 

Ndc10LT dimer including two DNA molecules totalling a molecule weight of 220 

kDa, indicates a unit cell composed of three or four subunits with a solvent 

content of 54% or 45% for the big unit cell and 78% or 57% for the small unit 

cell. The difference in size between the two unit cells could be explained by the 

presence or absence of DNA. 

 

 Ndc10LT – centromere 3 data collection and molecular replacement: The 

best diffracting crystal led to a diffraction of 4.5 Å with very weak high resolution 

intensities. The dataset was collected at the Diamond light source I04 beamline. 

A sample of 4 diffraction images was collected and indexed with Xia2 (Winter, 

2010) and confirmed the unit cell and space group. Xia2 suggested that the 

packing belongs to the P212121 space group with cell dimensions of a(136.14 Å) 

x b(260.3 Å) x c(279.4 Å) and angles of α 90°, β 90°, γ 90°. The P212121 

symmetry requires to collect over 90°θ oscillation for a 99% complete dataset. A 

total 450 images with a 0.2°θ increment was collected. The dataset was 

indexed, integrated, and scaled using XDS (Kabsch, 2010) and SCALA (Evans, 

2006). The space group likelihood was confirmed after indexing the dataset and 

showed 99% of completeness, a multiplicity of 3.3, no crystal slippage, a 

constant beam position and no twinning. The dataset scaling was implemented 

with SCALA and displayed a good Rpim of 15% at high resolution but a weak 

intensity signal at high resolution (5.2). The statistics were improved by cutting 

the resolution to 7.5 Å and by using images 1 to 250 to as the diffraction is 

decreasing quickly due to radiation damage. The crystallographic statistics are 
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summarising in the crystallographic statistic table (see Table 15). The Ndc10LT 

dataset was phased by molecular replacement using the Ndc10NTD as a model. 

Unfortunately, due to the low resolution of the dataset and the small size of the 

model, the molecular replacement by phaser failed (Mccoy et al., 2007). To this 

date the optimisation of the Ndc10LT – centromere crystals is on-going and the 

strategy to obtain a better resolution will be highlighted in the discussion and 

future plans. 

 

 

Table 15: Ndc10LT – centromere complex crystallographic statistics 

  
Ndc10LT – centromere 3 

complex 
Space Group P212121 

Unit cell  
(a, b, c, α, β, γ) 

134.1, 258.3, 278.5 
90, 90, 90 

Wavelength (Å) 0.920 
Resolution range (Å) 7.56 (33.8) 

Total reflections 42,675  
Unique reflections 12,837  

Multiplicity 3.3 (2.7) 
Completeness (%) 98.1 (89.6) 

I/σ(I) 5.2 (26.6)  
Rpim 0.151 (0.025) 
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2.4 Ndc10 interaction with Scm3 

Ndc10 interaction with Scm3: The Ndc10 interaction with Scm3, 

proposed by Camahort et al, is conserved amongst point centromeres and 

plays a crucial role during Cse4 loading (Mizuguchi et al., 2007). The structural 

interaction of the conserved CATD motif in Cse4 and CBD motif in Scm3 was 

determined by using a hybrid protein construct of Scm3-Cse4-H4 in 

S.cerevisiae and K.Lactis and supports a conserved interaction in higher 

eukaryotes (see figure 3 (Cho and Harrison, 2011; Zhou et al., 2011). With the 

exception of the ubiquitously conserved CBD motif, the Scm3 overall sequence 

conservation is poor between point and regional centromeres (Aravind et al., 

2007). Indeed, the C-terminal of the Scm3 homologues is highly divergent in 

composition and length and suggests a link with the centromere composition. In 

regional centromeres, the C-terminal region is composed of various DNA 

binding domain such as MYB, C2H2, zinc finger and AT-hooks domains. 

Remarkably, in point centromere organisms, the Scm3 C-terminal region is 

markedly shorter than in regional centromere and does not contains any DNA 

binding domains. However, point centromere organisms have a conserved N-

terminal domain that is entirely absent in regional centromeres. Only two 

conserved domains, the CBD domain and this N-terminal domain are found in 

Scm3. Remarkably, on the Cse4-Scm3-H4 structure, the N-terminal domain of 

Scm3 is left free and does not seems to interact with Cse4. Before our study, 

the Scm3 - Ndc10 binding mechanism was largely unknown, but the N-terminal 

sequence conservation and its specificity to point centromere suggested an 

important role possibly linked to the Ndc10 binding. Additionally, the structure of 

Ndc10NTD and its role as a DNA binding domain suggested that the interaction 

would take place at the Ndc10CTD. Hence, it was hypothesised that the binding 

is taking place between the Ndc10 C-terminal and the Scm3 N-terminal. To 

investigate the Ndc10 - Scm3 binding, the Scm3 interaction domain was 

identified by peptide array and MST. 
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Ndc10 binding to the Scm3 peptide membrane: The Ndc10 binding to 

Scm3 was tested using a peptide membrane of Scm3 (see paragraph 6.4.4 and 

figure 60). Each dot on the membrane contains a 20 residue long peptide of 

Scm3 with a single residue shift between the dots to reach maximum resolution. 

Ndc10 marked with a poly-his tag was incubated with the membrane and 

labelled with an anti-his primary antibody. The primary antibody was then 

targeted with an anti-goat secondary antibody including a chromo-luminescent 

tag, which was visualised by different time exposure to a photosensitive film. 

After careful analysis of the membrane, four Scm3 motifs were identified as 

being susceptible to interact with Ndc10. The motif number I (residues 1 to 25 

and 31 to 38) corresponds to the strongest signal and corresponds to the N-

terminal conserved region of Scm3 (see figure 59). The motif number II 

( residues 35 to 48) is situated just after the motif one and could correspond to a 

non-conserved interaction specific to S.cerevisae. Interestingly, the motif 

number III (residues 126 to 140) is situated on an exposed loop on the Scm3 - 

Cse4 - H4 structure (see figure 61) and could correspond to a conserved 

interaction. However, an interaction so proximal with the Scm3-Cse4 interaction 

motif may play a role in the Cse4 loading mechanism. The last motif, number IV 

(residues 143 to 159), corresponds to smaller and less conserved region of 

Scm3. Because of its conservation and specificity with point centromeres, 

region I was selected as a possible essential interaction site between Ndc10 

and Scm3. To test the Ndc10 – Scm3 interaction, Scm3 peptides including 

residues 1 to 25 were synthesised with a N-terminal 5-FAM (see ) and the 

binding interaction with Ndc10 was tested by microscale thermophoresis (MST). 
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figure 59: Scm3 predicted binding motif conservation 

 

 
figure 60: Ndc10 binding to the Scm3 peptide membrane 
Each dot is a 20 residues long peptide and has a single residue cut-off from the Scm3 N-
terminal to C-terminal (from top left to bottom right). (A) The X-ray film after exposition for 10 
mns to the Cep3 membrane incubated with 200 µg of Ndc10. The binding motifs are highlighted 
in red and numbered 1 to 4. The Cse4 binding domain (CBD) is shown in yellow. (B) The same 
membrane treated identically but without adding Ndc10. 
 
 
 

 
figure 61: Scm3 binding motif III 

The motif III is shown in sticks on the ribbon structure of Scm3-Cse4-H4 in S.cerevisae (pdb 
entry 2L5A). The motif III is solvent accessible and could theoretically interact with Ndc10.  
 

 

 

. ..   :: *  *:  :*
S.cerevisiae KTNKKISKRRS-LKNLHGALKGLLKES

S.arboricola KTSKKISKKKS-LKNLHGALKKLLNES
K.africana KHTKKTRKKSSALKTLHGALKSLLQDT

Z.rouxii RV-GKKPSKKA-VKKLHGAIKGILKRE
L.thermotolerans GVNKKRDKRKV-LKNLKGALKGLLAAD

T.delbrueckii RSKGKSSKKVA-LKKLHGALKSILG-S
N.castellii QSKKKKSKNLA-LKSLHSALRGLLDDP

C.glabrata IKIKKNKKNGKSLKQLHKALSGLLQKD
K.lactis IKRPSNSKKKANLRRLTGALRDLLGEE
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Ndc10CTD binding to Scm3 analysis with MST: The Ndc10 C-terminal 

domain was purified to high purity (see figure 63) diluted 16 times, starting from 

3120 nM to 0.0952 nM, and mixed with a constant concentration of Scm3 

peptide (500 nM). The MST measurement was done 3 times with 3 different 

laser powers (30, 60 and 90%). The measurements show a binding curve 

between 101 and 103 (see figure 64) and the KD was measured using the law of 

mass action (see paragraph 6.4.5) at temperature jump and thermophoresis 

(see table 16). The three measurements displayed a KD of 24 nM, 46 nM and 35 

nM for a median KD of 35 nM. These results could not be repeated due to time 

constraints and will necessitate further elucidation but suggest that a strong 

interaction between the N-termini of Scm3 and the C-termini of Ndc10. 

 

 
figure 62: Ndc10CTD size exclusion purification 

SDS-PAGE analysis of the Ndc10CTD fractions collected from a S75 16/60 column. 
 

 
figure 63: Scm3 N-termini peptide 

The 25 residues long Scm3 peptide used during the MST experiment is shown with a N-terminal 
5-FAM reporter. The squares on tops of the motif represent the conserved residues that are 
observed in all the point centromere organisms.  
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figure 64: MST measurements at 3 laser powers 

The fluorescence was measured at 30 – 60 and 90% laser and shows a spread, suggested that 
the measurement is accurate.  
 

 
 

figure 65: Scm3 N-termini binding to the Ndc10CTD 
The normalised fluorescence is plotted on the Ndc10 concentration in nM. The curve shows a 
steep increase between 102

 and 103.  
 

Table 16: Ndc10 – Scm3 dissociation constant measurements 

 

Ndc10 concentration (nM)

Fn
or

m

10-2 10-1 100 101 102 103 104
900

950

1000

1050

Fn
or

m

100 101 102 103 104
900

950

1000

1050

1100

Ndc10 concentration (nM)

Laser power KD Fluo.Conc Bound Unbound Amplitude

30% 24.1+/-0.606 548 1015.36 969.09 46.27

60% 46+/-1.03 549 1023.91 961.34 62.57

90% 35+/-0.552 640 1027.89 952.06 75.83

Mean 35 579 1022.39 960.83 61.56

(nM)
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2.5 Ndc10 dimerisation 

 Ndc10 dimerisation: The dimerisation of Ndc10 in the context of the point 

centromere has been described early on during the first description of the CBF3 

complex (Lechner and Carbon, 1991; Pietrasanta et al., 1999; Russell et al., 

1999). The Ndc10 homodimerisation, essential for its function at the point 

centromere, was analysed by the gel filtration, peptide array membrane assays 

and analytical ultracentrifugation. 

 

2.5.1 Ndc10, Ndc10NTD and Ndc10CTD gel filtration profile 

 Ndc10, Ndc10NTD and Ndc10CTD analysis by gel filtration: The Ndc10, 

Ndc10NTD and Ndc10CTD chromatograms profiles obtained from a gel filtration 

on a Superdex 200 10/30 were compared to compare their respective molecular 

weights. All 3 proteins were run at the same flow (0.3 ml.min-1) and in identical 

buffer (10 mM HEPES pH 8.5, 100 mM NaCl, 1 mM TCEP). The Ndc10, 

Ndc10CTD and Ndc10NTD residues sequences have a theoretical molecular 

weights of 112 kDa, 47 kDa and 65 kDa respectively. The Ndc10, Ndc10CTD and 

Ndc10NTD gel filtration profiles display three peaks at 8.5 mL, 9.9 mL and 11.7 

mL (see figure 66). Not surprisingly, Ndc10 has the lowest elution volume, 

which according to the Superdex 200 10/30 calibration curve corresponds to a 

molecular weight superior to 250 kDa, suggesting the presence of a Ndc10 

dimer. Ndc10NTD peaks elutes at 11.7 mL, whereas Ndc10CTD peaks elutes at 

9.9 mL. The lower elution volume of Ndc10CTD suggests that either Ndc10CTD is 

more elongated that Ndc10NTD and is excluded faster in a size exclusion 

chromatography. Another explanation is that Ndc10CTD forms dimers and has a 

higher MW (2x45 kDa) than Ndc10NTD. This hypothesis was tested by AUC. 
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figure 66: Ndc10, Ndc10NTD and Ndc10CTD size exclusion profiles 
Ndc10, Ndc10NTD and Ndc10CTD size exclusion chromatogram on a Superdex 200 10/30 gel 
filtration. Absorbances at 280 nm (blue) and 254 nm (red) are in milli Absorbance Units (mAu) 
and are plotted on the left axis. 
 

2.5.2 Ndc10, Ndc10NTD and Ndc10CTD AUC 

 Analytical ultra-centrifugation (AUC): Hydrodynamics and structural data 

suggested that Ndc10 homodimerisation occurs through the Ndc10CTD. AUC, 

one of the most sensitive methods to accurately determine macromolecular 

assemblies MW, was used to confirm this interaction (see paragraph 6.4.6). 

AUC allows the calculation of the sedimentation velocity (sv) and sedimentation 

coefficient (s*) by applying a high velocity centrifugal force to a protein sample 

and by calculating the concentration profile in the radial direction as a function 

of time. Partial specific volume and buffer density were calculated using 

SEDNTERP (Lebowitz et al., 2002) and data analysis was carried out by using 

dCdT (Philo, 2006; Stafford, 1992). All proteins were prepared at 0.5 and 1 

mg.mL-1. 

 
 Ndc10 AUC: The Ndc10 AUC dataset was collected overnight at 25000 

rpm, 16°C, and reading the 280 nm absorbance. The Ndc10 sedimentation 

coefficient distributions (g(s*)) was derived from 36 scans and Ndc10 

sedimentation velocity (Sv) was fitted from s* = 0.500 to 16.880 Svedbergs (S) 
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(see figure 67). Analysis showed a single peak with a corrected Sv of 8.991. The 

analysis of the corrected Sv with dC/dT gave a theoretical molecular weight of 

195 kDa, which is consistent with an Ndc10 dimer. 

 

 Ndc10NTD AUC: The Ndc10NTD AUC dataset was collected overnight at 

25000 rpm, 16°C, and reading the 280 nm absorbance. The Ndc10NTD 

sedimentation coefficient distributions (g(s*)) was derived from 32 scans and 

the Ndc10NTD sedimentation velocity (Sv) was fitted from s* = 0.500 to 17.000 

Svedbergs (S) (see figure 68). The data analysis displayed a single peak with a 

corrected Sv of 5.548. The analysis of the corrected Sv with dC/dT gave a 

theoretical molecular weight of 66 kDa, which is consistent with an Ndc10NTD 

monomer. 

 

 Ndc10CTD AUC: The Ndc10CTD AUC dataset was collected overnight at 

24000 rpm, 16°C, and reading the 280 nm absorbance. The Ndc10CTD 

sedimentation coefficient distributions (g(s*)) was derived from 30 scans and 

the Ndc10CTD sedimentation velocity (Sv) was fitted from s* = 0.500 to 13.32 

Svedbergs (S). The data analysis displayed a single peak with a corrected Sv of 

5.243. The analysis of the corrected Sv with dC/dT gave a theoretical molecular 

weight of 84 kDa, which is consistent with an Ndc10CTD homodimer. 

 

Table 17: Ndc10, Ndc10NTD and Ndc10CTD Sv fitting results 

 

Parameters Best Value 99% Confidence 
limit 

Starting 
Value 

Ndc10 Co(1) (OD) 0.3863 +/- 0.0022 0.3849 
  s(1) (S)  8.9911 +/- 0.02 8.974 
  kDa 195.96 +/- 3.02 192.42 
Ndc10NTD Co(1) (OD) 0.8777 +/- 0.0023 0.9659 
  s(1) (S)  5.581 +/- 0.087 5.13 
  kDa 61.24 +/- 3.24 49.41 
Ndc10CTD Co(1) (OD) 0.2248 +/-0.0016 0.1978 
  s(1) (S)  5.243 +/- 0.015 4.680 
       kDa 84.33 +/- 1.46 134.09 
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figure 67: Ndc10 sedimentation velocity plot 

Ndc10 sedimentation curve plotting the sedimentation coefficient distributions g(s*) against the 
Sverdberg s*. The mean s* obtained can be used to deduce the molecular weight of the protein 
or protein complex. 
 

 
figure 68: Ndc10NTD sedimentation velocity plot 

Ndc10NTD sedimentation curve plotting the sedimentation coefficient distributions g(s*) against 
the Sverdberg s*. The mean s* obtained can be used to deduce the molecular weight of the 
protein or protein complex. 
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2.5.3 Ndc10 peptide array 

 Ndc10 binding to the Ndc10 peptide membrane: The Ndc10 dimerization 

was analysed using a peptide membrane of Ndc10 (see paragraph 6.4.4). Each 

dot on the membrane contains a 20 residues long peptide of Ndc10 with a 

single residue cut-off between the dots to reach maximum resolution. Ndc10 

marked with a poly-his tag was incubated with the membrane and labelled with 

an anti-his primary antibody. The primary antibody was then targeted with an 

anti-goat secondary antibody including a chromo-luminescent tag, which was 

visualised by different time exposure to a photosensitive film. The analysis of 

the X-ray films suggests that Ndc10 interacts with Ndc10 within 10 motifs along 

the sequence (see Table 18). The sequence alignment shows only weak 

conservation for the 10 motifs, which is not unusual for dimerization interactions. 

The motifs 1, 2, 3, 9 and 10 include some conserved residues. These 

conserved residues are displayed on the Table 18 in bold for highly conserved 

residues and uppercase for sterically close residues. Interestingly, when plotted 

on the Ndc10 structure, the motifs 1 and 3 are buried between the N-termini and 

the β-core of the protein (see figure 70). As such, those residues are 

unavailable for protein interaction but it possible that they become available if 

the Ndc10 N-termini is spatially relocated, a feature observed in the tyrosine 

recombinase (see paragraph 2.1.10). The motifs 2, 4 and 5 are solvent 

accessible and could potentially interact with another Ndc10 monomer (see 

figure 70). Although useful for studying protein-protein interactions, peptide 

membranes are subject to non-specific bindings. Our results suggesting an 

interaction at the NTD contradicts the interactions results previously introduced 

(paragraph 2.5.2), and are possibly artefacts arising from non-specific 

interactions. On the contrary, the strongest signals were observed at the C-

termini with motifs 6 to 10 showing interactions all along the Ndc10CTD. These 

interaction peptides could correspond to a genuine interaction, but will 

necessitate thorough interaction measurements through Microscale 

thermophoresis or other measurement experiments. 
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figure 69: Ndc10 binding to Ndc10 peptide membrane 
Each dot is a 20 residues long peptide and has a single residue cut-off from the Ndc10 N-
terminal to C-terminal (from top left to bottom right). (A) The X-ray film after exposition for 10 
mns to the Ndc10 peptide membrane incubated with 200 µg of Ndc10. The binding motifs are 
highlighted in red and numbered. (B) The same membrane treated identically but without adding 
Ndc10.  
 

Table 18: Ndc10 dimerization motifs 

 

 
figure 70: Ndc10 binding motifs seen on the Ndc10NTD structure 

The motifs 1 to 5 are seen on the Ndc10 NTD structure surface in blue. 

Ndc10 binding regions

A B

Motif Residues Sequence
1 222 - 226 SYLNL
2 290 - 300 LYLRFYGIPSV
3 400 - 408 PFDFKKIMN
4 512 - 521 LsFdiLPGFn
5 525 - 541 kNktnFYSLLierPsql
6 622 - 627 nlFkit
7 634 - 649 kSkidDAdkFirDnqp
8 655 - 661 nivnedg
9 897 - 900 VEFY

10 937 - 956 RkWRhdHQNSFDGLLVylsn
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1/3

180˚
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2.6 Ndc10CTD DNA binding 

2.6.1 Ndc10CTD EMSA 

 Ndc10CTD binding to DNA: Ndc10 and Ndc10NTD bind DNA non-

specifically through a set of conserved basic residues at the N-terminal domain. 

Interestingly, during Ndc10CTD anion exchange purification, a DNA 

contamination could be observed, similarly to Ndc10 and Ndc10NTD, which 

would suggest a DNA binding domain at the C-terminal domain of Ndc10 (data 

not shown). Ndc10CTD DNA binding tested against several non-AT rich and non-

centromeric DNA during an EMSA experiment. The Ndc10CTD was mixed at 

increasing concentrations (from 0 to 160 µM) with 20 µM of a 1.0 Kb cDNA and 

incubated on ice for 30 mns (see (C) figure 72). The Ndc10CTD-DNA mix was 

run on an agarose gel at 0.4% and visualising under UV light. Again, we 

observed a DNA shift increasing with the protein concentrations for both 

Ndc10CTD and we conclude that Ndc10CTD has a non-specific DNA binding 

capacity. It was observed beforehand that Ndc10 DNA binding was stronger 

than Ndc10NTD, which lead to the suggestion of yet another DNA binding 

domain on Ndc10. This hypothesis was verified and opened new, unexpected 

possibilities for the function of Ndc10 within the point centromere. Indeed, a 

Ndc10 homodimer would bind the CDEII and CDEIII in four different points, 

which suggest an active role for Ndc10 during Cse4 loading. Because no 

structural data was available for the C-terminal domain, the DNA binding 

residues were identified by sequence conservation and mutagenesis.  

 

 Ndc10CTD conserved and charged patches: Ndc10CTD is poorly 

conserved except for two motifs, numbered III (V584-R617) and IV (C870-E898) 

(see figure 12 and figure 71). A closer analysis of the sequence identified a set 

of four charged and conserved motifs and residues : 613-KKSSR-617 ; 876-

KKSGNK-880 ; R883 ; 891-KERK-894 (see figure 71). These residues are 

found in the majority of the Ndc10 homologs and are likely candidates 

responsible for the DNA binding. To verify this hypothesis, the two main patches 
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613-KKSSR-617 an 891-KERK-894 were mutated to alanine and the DNA 

binding capacity of Ndc10CTD was tested by EMSA and MST. 

 
 
figure 71: Ndc10CTD conserved and charged motifs 
Sequence alignment of the Ndc10CTD homologs. The charged and conserved residues are 
highlighted with a red line.  

2.6.2 Ndc10CTD DNA binding mutants EMSA 

 Ndc10CTD DNA binding mutants: The Ndc10CTD DNA binding was tested 

by preparing 613-KKSSR-617 to 613-AASSA-617 (motif III) and 891-KERK-894 

to 891-AERA-894 (motif IV) mutants. Ndc10CTD mutants DNA binding was 

tested with a non-specific 1.0 Kb cDNA. Increasing Ndc10CTD concentrations (0 

to 100 µM) were mixed with 20 µM of the targeted cDNA and incubated on ice 

for 30 mns and run on an agarose gel at 0.4%. The Ndc10CTD motif III and motif 

IV mutant shows drastically decreased DNA binding (see figure 73). The 

migration quantification shows decreased binding form 100% to 25% at the 

protein: DNA ratio of 8:1. Hence, the 613-KKSSR-617 and 891-KERK-894 that 

were identified, as conserved basic motifs on the Ndc10CTD are indeed 

responsible for the Ndc10CTD DNA binding.   

:: ** :.* :: : .:*: : ::*.:
VVQFQTLSNFQILLSVVVFNKIFE K L EMMKKSSRYKILLL
VVQFQTVVSNFEILLKLLSQIFD R L EMMKKSSRF ARRARRRRALI
VVQFQTTSNFHLLLQSLSRRIFE K L ETKKSNRYKILI
VVQFQTLSNFNPMMMIDTFKKVVFE K L DMMKRSTRFKILI
VVKDQTLSNFTILIQLLSKLFE K V ETRKSNKMMMMMK VIVVRRR
IQLQTSTGGFSQLITVVVLLEIFQ R L DFKKSNKQFRVVRRRRVLI

584
477
504
549
455
443

617
510
537
582
488
476

III

S.Cerevisiae
Z.rouxvvii

L.thermotolerans 

C.glabrata
 A.gossypii

K.lactis

***:***. . ** :*: ** *::
CVVVHSMMMNKSGNKSWWRRARRANCE---AAALYKERKSIVVE
CVVVHSMMMNKK-DKSWWRRNGGFE---SLYKERKTIVVE
CVVVHTMMMNKKFGKTWWRRARRAGGSQEAAATHLYKQRKLIIE
CVVVHSMMMNKKYGKAAAAWAA RRTNSG-QEPIYKSRKVVIVVE
CVVVHSMMMNKKYKSKWWRRTGGFE---KIYRERKPIVVD
CVVVHSMMMNKKYGNKWWRRLTEP-NLSLYRIRKPIVVQ

IV
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898
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figure 72: Ndc10CTD EMSA 
(A) SDS-PAGE analysis of the Ndc10CTD fractions collected from a S75 16/60 column. (B) 
EMSA of a 1 Kb DNA binding with Ndc10CTD on-specific DNA binding. The protein was added at 
concentrations going from 0 to 160 µM. The agarose gel was prepared at 0.4%. 
 
 
 
 

 
figure 73: Ndc10CTD mutant EMSA and DNA binding quantification 
(A) EMSA of a 1 Kb DNA binding with Ndc10CTD mutant on-specific DNA binding. The protein 
was added at concentrations going from 0 to 160 µM. The agarose gel was prepared at 0.4%.  
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2.7 Ndc10 interaction with the CBF3 components 

2.7.1 Ndc10 - Cep3 interaction 

 Ndc10 binding to the Cep3 peptide membrane: The Ndc10 binding to 

Cep3 was tested using a peptide membrane array (see paragraph 6.4.4). Each 

dot on the membrane contains a 20 residues long peptide of Cep3 with a single 

residue cut-off between the dots to reach maximum resolution. Ndc10 marked 

with a poly-his tag was incubated with the membrane and labelled with an anti-

his primary antibody. The primary antibody was then targeted with an anti-goat 

secondary antibody including a chromo-luminescent tag, which was visualised 

by different time exposure to a photosensitive film. The membrane results were 

analysed and only the peptides showing a strong, constant and increasing 

signal were selected. The analysis of the X-ray films suggests that Ndc10 

interacts with Cep3 between residues 100 – 103, 387 - 400 and 429 – 439 (see 

figure 74 and Table 19). The sequence alignment shows a weak conservation 

for motif 1 but the motifs 2 and 3 includes some conserved residues. These 

conserved residues are displayed on Table 19 in bold for highly conserved 

residues and uppercase for sterically close residues. Interestingly, motifs 1 and 

2 belong to the HEAT domain of Cep3, which is possibly involved in protein-

protein interaction with the CBF3 components (see paragraph 1.5.1). 

Additionally, when the motifs are displayed on the Cep3 structure (see figure 

75), they are clearly situated on the protein surface and available for protein-

protein interactions. The Cep3-Ndc10 interaction was tested by interaction 

assay on a Superdex 200 16/60.  
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figure 74: Ndc10 binding to Cep3 peptide membrane 
Each dot is marked with a 20 residues long peptide and has a single residue cut-off from the 
Cep3 N-terminal to C-terminal (from top left to bottom right). (A) The X-ray film after exposition 
for 10 mns to the Cep3 membrane incubated with 200 µg of Ndc10. The binding motifs are 
highlighted in red and numbered 1 to 3. The Zinc domain binding to DNA is in green. (B) The 
same membrane treated identically but without adding Ndc10.  
 

 

Table 19: Cep3 binding motifs 

 
 
 
 

 
figure 75: Ndc10 binding motifs seen on the Cep3 structure 

The motifs 1, 2 and 3 are seen on the Cep3 structure surface in orange (motif 1), blue (motif 2) 
and red (motif 3). As such, the three motifs are situated on the surface and available for binding. 

 
 

  

Zinc domain
Ndc10 binding motifs

3
2

1
A B

Motif Residues Sequence
1 100-103 mFWm
2 387-400 lEEdfrSnNSRFQKF
3 429- 439 LlKVIHYSKvII

A B
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 Ndc10 - Cep3 gel filtration: Cep3 was mixed with Ndc10NTD and Ndc10 at 

in equimolar ratio and incubated 30 mns on ice. Each mix was loaded onto a 

Superdex 200 16/60 and run at 0.5 mL.mns-1
 in gel filtration buffer (10 mM 

HEPES pH 7.5-8.5, 100 mM NaCl, 1 mM TCEP). Both Ndc10-Cep3 (A) and 

Ndc10NTD- Cep3 (B) combinations displayed two elution peaks corresponding to 

(2) Ndc10 homodimers (55 mL) and (1) Cep3 homodimers (70 mL) and (3) 

Ndc10NTD monomer (80 mL) and (1) Cep3 homodimers (70 mL) (see figure 76). 

Hence, Ndc10 interaction with Cep3 is a weak interaction that does not tolerate 

a gel filtration. The interaction between Cep3 and Ndc10 has only be reported 

within the context of the CBF3 complex, which formation depends on Ctf13. 

Hence, it is possible that the weak interaction between Ndc10 and Cep3 is 

biologically relevant during the point centromere establishment but necessitate 

the binding of Ctf13. 

 

 
figure 76: Ndc10NTD, Ndc10 and Cep3 size exclusion analysis 
(A) Ndc10 / Cep3 and (B) Ndc10NTD / Cep3 gel filtration profiles. The peaks (1), (2) and (3) 
correspond to Cep3, Ndc10 and Ndc10NTD. The peaks were run on SDS PAGE 12%. 
Absorbance at 280 nm (blue) is in milli Absorbance Units (mAu) and is plotted on the left axis. 
The MW ladder is displayed on the left of the gel. 
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2.7.2 Ndc10  - Ctf13 peptide array 

 Ndc10 binding to the Ctf13 peptide membrane: The Ndc10 binding to 

Ctf13 was tested using a peptide membrane of Ctf13 (see paragraph 6.4.4 and 

figure 77). Ndc10 marked with a poly-his tag was incubated with the membrane 

and labelled with an anti-his primary antibody and a secondary antibody 

including a chromo-luminescent tag. The secondary antibody was visualised by 

different time exposure to a photosensitive film. After careful analysis of the 

positive spots on the membrane, several Ctf13 motifs situated mostly at the C-

terminal were recognising as interacting with Ndc10 (see figure 77). Specifically, 

Ndc10 interacts with Ctf13 between residues 71 – 77, 163 – 170, 239 – 347, 

255 – 264, 275 – 287, 309 – 320, 346 – 354, 357 – 361, 391 – 398 and 438 – 

455 (see Table 20). Some of the Ctf13 motifs include highly conserved residues, 

especially at the C-termini. These conserved residues are displayed on Table 

20 in bold for highly conserved residues and uppercase for sterically close 

residues. Although some of these signals may arise from false positive 

interactions due to the hydrophobic and architectural nature of Ctf13, it is likely 

that Ctf13 interact intensively with Ndc10. As expected, no interaction is taking 

place at the N-terminal Ctf13F-box, which is consistent with its interaction with 

Skp1. The majority of the interacting motifs identified on Ctf13 are situated 

between residues 250 and 455, which correspond to the middle and C-terminal 

end of Ctf13. The sequence conservation and intensity of the signal at the C-

termini suggest that the Ctf13 C-terminal domain is conserved and binds the 

Ndc10. 
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figure 77: Ndc10 binding to Ctf13 
Each dot is a 20 residues long peptide and has a single residue cut-off from the Ctf13 N-
terminal to C-terminal (from top left to bottom right). (A) The X-ray film after exposition for 10 
mns to the Ctf13 membrane incubated with 200 µg of Ndc10. The binding motifs are highlighted 
in red and numbered 1 to 10 on the side of the membrane. The F-box domain binding to Skp1 is 
in blue. (B) The same membrane treated identically but without adding Ndc10.  
 
 
 

Table 20: Ctf13 interacting motifs 

 
  

F-box

Ndc10 binding regions

2
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5
6
7

10

1
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A B

Motif Residues Sequence
1 71-77 atYLNIF
2 163-170 lnvsnIqF
3 239-247 krshdngn
4 255-264 ltsisVIrtI
5 275 287 kItVRGEkLYElL 
6 309  320 RRIneIrLsrm
7 346-354 DLNsIVFPk
8 357-360 KsLt
9 391-398 YIKeddsk

10 438 455 NHIkLqNV 
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2.8 Summary of the Ndc10 investigation 

 Ndc10NTD structure: I solved the structure of the Ndc10NTD, which 

displays an unexpected tyrosine recombinase fold. Ndc10NTD structure (4aco) 

was aligned with the structure of the bacterial Cre-recombinase with an overall 

Cαr.m.s.d of 2.7Å and 2.4Å for the two subdomains of Ndc10NTD (see paragraph 

2.1). This structural homology between Cre and Ndc10 is observed despite the 

complete absence of sequence conservation. This fold homology suggests that 

Ndc10NTD is likely to affect the local structure of the point centromere DNA. The 

biological implications behind this fold will be examined further in the discussion 

chapter (see paragraph 5.1). 

 

 Ndc10 DNA binding: The DNA binding domains of Ndc10 were identified 

at the N-terminal and C-terminal. Both domains display a non-specific DNA 

binding capacity relying on a set of conserved basic residues including the 

motifs RGK (R325, G326, K327) and KRR (K354, R355, R356) at the N-termini 

and 613-KKSSR-617 and 891-KERK-894 at the C-termini. Hence, the Ndc10 

dimer interacts in 4 points at the centromere. The function of Ndc10 DNA 

binding at the centromere is still unknown, but it is likely to be involved in the 

CBF3 loading function. The effects of the Ndc10 DNA binding capacity at the 

point centromere will be examined further in the discussion (see paragraph 5.1). 

 

 Ndc10 dimerisation: Ndc10 forms 240 kDa dimers at the point 

centromere that binds to the CDEII DNA sequence in 4 different points . The 

strong DNA interaction of the dimer is likely to bear an essential role during the 

Cse4 loading. I identified the Ndc10 dimerisation domain by AUC (see 

paragraph 2.5.2) and potentially narrowed down the interaction motif by peptide 

membrane analysis (see paragraph 2.5.3). The Ndc10 dimeric interaction 

occurs over an elongated C-terminal interaction and will be fully characterised 

once the Ndc10LT structure is resolved (see paragraph 2.3).  
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 The Ndc10 structure bound to DNA: Our preliminary work on the Ndc10 

dimer bound to centromeric DNA did not lead to a full structural characterisation 

of the complex but highlighted a few general structural features about the 

complex. The Ndc10-DNA contour map we obtain by SAXS showed a dimeric 

structure with a weak 2-fold symmetry and one possible DNA orientation (see 

paragraph 2.2.3). Additional SAXS analysis of the CTD and of the NTD could 

lead to the identification of the Ndc10 subdomains and of the DNA interaction 

within the protein-DNA complex. The size of the complex, combined to our 

knowledge about the Ndc10 DNA binding, dimerisation interaction and 

interaction with the CBF3 components, will yield to a refined map for the point 

centromere (see paragraph 5.3). Significantly, our work on the Ndc10LT 

crystallisation and structure could be a significant hallmark in the field of the 

centromere biology and yield to a profound understanding of the mechanism of 

CENP-A loading (see paragraph 2.3). 

 

 Ndc10 binding to the CBF3 components: Ndc10 seems to interact with 

both Cep3 and Ctf13 (see paragraph 2.7). Although Ndc10 interaction with 

Cep3 is too weak to tolerate size exclusion chromatography, the peptide array 

data displays three solvent exposed binding motifs, including two belonging the 

Cep3 HEAT domain. It is possible that Ndc10 and Cep3 proteins interact weakly 

in the context of the CBF3 complex. On the contrary, Ndc10 interaction with 

Ctf13 is likely to be much stronger and spread along the entire C-terminal of 

Ctf13. Combined with my work on the interaction between Ctf13 and the other 

CBF3 components (see paragraph 3.3), a complete interaction map of the 

CBF3 components will be soon available and will be discussed in the discussion 

(see paragraph 5.1). 

  

 Ndc10 binding to Scm3: I showed that the C-terminal domain of Ndc10 

interacts with the conserved N-terminal domain of Scm3, and that this 

interaction is conserved across species (see paragraph 2.4). The implication for 

the biology of the Cse4 loading will be examined in the discussion (see 

paragraph 5.1).  
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Chapter 3. Skp1 - Ctf13 structure and interaction 

3.1 Overcoming Ctf13 expression limitation 

 Overcome the Ctf13 instability: Because of its function as an architectural 

and a regulatory protein within the CBF3 complex, Ctf13 is a very unstable and 

is quickly degraded the cell. Indeed, the estimated half-life of Ctf13 is 15 

minutes in vivo and the protein was never successfully recombinantly purified in 

quantity and purity suitable for structural studies (Russell et al., 1999). Yet, 

obtaining a pure and activated Ctf13 is essential step toward the reconstitution 

of the CBF3 assembly. The Ctf13 unfolded nature can be observed when 

analysed with Foldindex, which predicts a largely unfolded structure. The N-

terminal domain of Ctf13 includes an F-box domain, which to Skp1, an essential 

component of the SCF ubiquitin-ligase complex (Connelly and Hieter, 1996) and 

modulates the CBF3 assembly (Rodrigo-Brenni et al., 2004). Skp1 mechanism, 

like all SCF components, relies on its interaction with its partners F-box domain, 

a domain that is ubiquitously found in ubiquitin ligases. The Skp1 interaction 

with the Ctf13F-Box is responsible for the activation and folding of Ctf13 and 

would link the formation of the CBF3 complex formation with the cell cycle. 

Interestingly, the structure of Skp1-Skp2 (S-phase kinase-associated protein 2) 

was resolved by fusing them with a -GSGSGSGS- linker, which stabilize the 

complex and helps crystallisation (Schulman et al., 2000) (see figure 78). This 

strategy, based on the simple yet effective idea, was applied to Ctf13 and Skp1 

to overcome the limitations of expressing Ctf13 recombinantly. A synthetic 

fusion protein with a N-terminal Skp1 fused to the N-terminal of Ctf13 with a 21 

residues long GS linker was designed based on the structure published by 

Schulman (see figure 79) (Schulman et al., 2000). The GS linker includes a 

TEV protease site (-ENLYFQ-) to separate both proteins after purification. The 

Skp1-Ctf13 synthetic gene (SCfusion) was optimised for E.coli and ordered from 

LifeTechnologies. The folding prediction of Ctf13 displayed a highly unfolded 

central region including a PEST sequence, which are highly unstable domains 

targeted by chaperones and the proteasome (Rechsteiner and Rogers, 1996). 

Hence, deletions constructs without the Ctf13 C-terminal domain were also 
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prepared at residues 58 (SCF-box), 204 (SC204), 254 (SC254) and 274 (SC274) by 

deletion PCR (see 6.1.3) to improve the protein stability and to test the 

interaction between Skp1 and Ctf13. Additionally, the sequence conservation 

and interaction studies (see 2.7.2) suggest that the Ctf13 C-terminal domain is 

likely to bind to the other CBF3 components. Hence, a construct including the 

Ctf13 C-terminal domain, again without the PEST sequence, was prepared. 

 
figure 78: Skp1-Skp2 fusion structure 
(A) Skp1-SKP2 fusion protein (PDB code 1FQV). Skp1 and SKP2 are displayed in orange and 
grey respectively. The loop linking Skp1 to SKP2 is not resolved in the structure.  (B) Diagram of 
the synthetic fusion protein with the loop linking the Skp1 interaction domain with the SKP2 F-
Box domain (red).  

 
figure 79: Diagram of the Skp1 – Ctf13 synthetic fusion protein 
(A) Skp1-Ctf13 fusion protein including the GS loop linker with its TEV site at the centre. The F-
Box and the Ribonuclease inhibitor domains are boxed in red and the predicted PEST domain is 
highlighted. (B) The foldindex prediction for Ctf13 is shown with the Ctf13 C-terminal cuts at 
residues 58, 204, 254 and 274 are shown. (C) The different constructs of Ctf13 are shown, 
including SCF-box, SC204, SC254, SC274 and Ctf13CTD290. 
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3.2 SCfusion crystallisation attempt  

3.2.1 SCfusion expression 

 SCfusion expression test: The SCfusion gene was cloned by rfPCR into a 

into a pET28a(+) plasmid containing a sequence coding for a 6xhis tag linked to 

the 5’ of the SC204 gene by a TEV protease site. The recombinant SCfusion 

expression tests in E.coli were unsuccessful and no overexpressed protein 

could be seen. Following this first test, the co-expression the SCfusion with Ndc10 

and Cep3 and with Sgt1-Hsp90 were tested but none of the co-expression 

system was successful. Hence, it was decided to focus on the deleted versions 

of Skp1-Ctf13.  

3.2.2 SC204, SC254, SC274 expression and purification 

 SC204, SC254 and SC274 expression test: SC204, SC254 and SC274 were 

transformed into BL21-RIL (DE3) competent cells by electroporation and grown 

at 37°C, 200 rpm in 0.5 L LB to OD600 of 0.4. Protein expression was induced 

overnight at 16°C by the addition to a final concentration of 1 mM IPTG. Pellets 

were harvested by centrifugation at 6000 rpm, re-suspended in lysis buffer 

(60mM HEPES pH 7.5, 400mM NaCl, 15% glycerol, 0.5mM TCEP) and 

immediately sonicated 3 x 30 s in an ice bath. The cell lysate was centrifuged at 

33,000 x g and the clarified supernatant was incubated for 2 hours at 4°C with 

1mL of nickel coated beads. The beads were cleaned with 10 cvs of buffer and 

the constructs were eluted with 1mL of elution buffer (60mM HEPES pH 7.5, 

400mM NaCl, 15% glycerol, 300mM imidazole, 0.5mM TCEP). The elution 

fractions were analysed on a SDS-PAGE 12%. Bands at 65 and 70 kDa were 

observed for SC204 and SC254 respectively but a only a faint 80 kDa band and 

high contamination was observed for SC274 (see (A) and (B) on figure 81). As 

predicted, the Ctf13 unstable central domain deletion drastically improved the 

protein stability. The successful purification of Ctf13 N-terminal domain linked to 

Skp1 was the first successful recombinant expression of a Ctf13. SC204 and 

SC254 were selected for crystallisation trials.  
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figure 80: SC204, SC254, SC535 his-tag purification 
SDS-PAGE of (A) SC204, (B) SC254 and (C) SC535. FT corresponds to Flow Through, W to Wash 
and Fraction to the elution fraction. The MW ladder is displayed on the left of the gel. 

3.2.3 SC204 purification  

 SC204 expression and his tag purification: SC204 was expressed following 

the same protocol described in 3.2.2 but on a larger scale (5 L) and using a 

histrap FF column (GE Healthcare). SC204 was eluted with a 40-500 mM 

imidazole gradient elution buffer (60mM HEPES pH 7.5, 400mM NaCl, 15% 

glycerol, 500mM imidazole, 0.5mM TCEP). The SC204 eluted at 200 mM 

imidazole. Fractions were pooled and incubated with TEV ON at 4°C to remove 

the polyhis-tag and to cut the loop. 

 

 SC204 size exclusion purification onto a Superdex 75 10/30: SC204 was 

concentrated to 0.5 mL, loaded onto a Superdex 75 10/30 and eluted in 

crystallisation buffer (10 mM HEPES pH 7.5, 100 mM NaCl, 1 mM DTT). SC204 

eluted at 8.5 mL with a slight asymmetrical peak (see figure 81). We analysing 

the uncut, cut and gel filtration fractions by SDS-PAGE. Looking at the uncut (-

TEV) and cut (+TEV) fractions, we could see that the TEV incubation worked 

and SC204 (1) was separated into Skp1 (2) and Ctf13204 (3). Interestingly, Skp1 

and Ctf13 interaction is strong enough to resist a gel filtration and the two 

proteins elute with a 1:1 ratio. Fractions between 7.0 - 9.5 mL were collected 

and concentrated to 20 mg.ml-1 with no apparent precipitation. 
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figure 81: SC204 size exclusion purification after TEV proteolysis 
(A) SC204 size exclusion chromatogram. Absorbances at 280 nm (blue) and 254 nm (red) are in 
milli Absorbance Units (mAu) and are plotted on the left axis. (B) SDS-PAGE of the fractions 
eluting between 6.5 and 10 ml. (1), (2) and (3) correspond to the uncut SC204 and to Skp1 and 
Ctf13204. The MW ladder is in kDa. 
 

  SC204 crystallisation screens: Crystallisation trails of SC204 

concentrated to 20 mg.ml-1 were set up at 16°C and 4°C on 96 wells MRC 2 

drops plates using JCSG I-IV, PEG I and II, Crystal Screen I and II, Salt Rx, 

Peg-Ion, PGA, MIDAS, Clear Strategy I, Clear Strategy II. Drops of 0.5 µL with 

a ratio of 1:1 - SC204: buffer were set up for a final SC204 concentration of 10 

mg.mL-1. No crystals were observed and the majority of the drops lead to yellow 

precipitation. 

3.2.4 SC254 purification and crystallisation attempt 

 SC254 expression and his tag purification: SC254 was expressed following 

the same protocol described in 3.2.2 but on a larger scale (5 L) and using a 

histrap column. SC254 was eluted with a 40-500 mM imidazole gradient elution 

buffer (60mM HEPES pH 7.8, 400mM NaCl, 15% glycerol, 500mM imidazole, 

0.5mM TCEP). The SC254 eluted at 250 mM imidazole. Fractions were pooled 

and incubated with TEV ON at 4°C to remove the His-tag and to cut the loop. 

 

 SC254 anion exchange purification on a MonoQ 10/100GL: SC254 was 

equilibrated at 100mM NaCl and loaded onto a MonoQ 10/100GL. SC254 was 

washed with binding buffer (20 mM HEPES pH 7.5, 100 mM NaCl, 1 mM DTT) 

and eluted with a 150 mL gradient of elution buffer (20 mM HEPES pH 7.5, 1 M 
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NaCl, 1 mM DTT). The chromatogram displayed a peak at 300 mM NaCl 

corresponding to SC254 (see (A) figure 82). SC254 uncut, cut and fractions 

eluting at 300 mM NaCl were analysed on a SDS-PAGE (see (B) figure 82). 

Uncut fraction showed one band at 70kDa corresponding to the uncut SC254 

whereas cut fraction showed 2 bands at 40 and 30 kDa, which correspond to 

Ctf13254 and Skp1. The MonoQ fraction showed high quantities of SKP- Ctf13254 

protein but also contaminants. The fractions were pooled and concentrated. 

Heavy precipitation appeared during concentration and the protein was lost. 

 

 
figure 82: SC254 anion exchange purification after TEV proteolysis 
(A) SC244 anion exchange chromatogram on a MonoQ 10/100GL. Absorbances at 280 nm (blue) 
and 254 nm (red) are in milli Absorbance Units (mAu) and are plotted on the left axis. (B) SDS-
PAGE of the fractions eluting between 6.5 and 10 ml. (1), (2) and (3) correspond to the uncut 
SC254 and to Skp1 and Ctf13254. The MW ladder is in kDa. 

3.2.5 SCFbox purification and crystallisation attempt 

 SCFbox construct design: SCFbox was designed to test the minimum Ctf13 

construct necessary to interact with Skp1 and was based on the Ctf13 

sequence  conservation and domain prediction.  

 

 SCF-box expression and his tag purification: the SCF-box plasmid was 

expressed and purified by His tag purification following the same procedure that 

SC204 (see 3.2.3). The expression was checked on a SDS-Page and showed 

very high expression and purity. The fractions were pooled and treated with 

TEV overnight. 

 

 SCF-box size exclusion purification onto a Superdex 75 16/60: SCF-box was 

concentrated to 5 mL, loaded onto a Superdex 75 16/60 and eluted in buffer (10 
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mM HEPES pH 7.5, 50 mM NaCl, 1 mM DTT). SCF-box eluted at 54 mL with a 

slightly asymmetrical peak (see figure 83). The fractions were analysed by 

SDS-PAGE and that SCF-box TEV incubation worked and Skp1 (1) and Ctf13F-box 

(2) co-elute. The difference in band intensity is due to the 1:5 ratios in size 

between Skp1 and Ctf13F-box. The gel filtration profile shows a strong interaction 

with a 1:1 ratio between Skp1 and Ctf13, which only requires the Fbox domain 

of Ctf13. Interestingly, these results contradict the previously reported 

requirements of the Ctf13 residues 1 to 400 to interact with Skp1 (Russell et al., 

1999). Because of the high expression and purity of SCF-box, the construct 

crystallisation was carried. Fractions between 52 and 58 mL were collected and 

concentrated to 30 mg.ml-1 with no apparent precipitation. 

 

 
figure 83: SCF-box size exclusion purification 
(A) SCF-box size exclusion chromatogram. Absorbances at 280 nm (blue) and 254 nm (red) are in 
milli Absorbance Units (mAu) and are plotted on the left axis. (B) SDS-PAGE of the fractions 
eluting between 44 and 64 ml. (1) and (2) correspond to Skp1 and Ctf13F-Box. The MW ladder is 
in kDa. 
 
 SCF-box crystallisation screens: Crystallisation trails of SCF-box 

concentrated to 20 mg.ml-1 were set up at 16°C and 4°C on 96 wells MRC 2 

drops plates using JCSG I-IV, PEG I and II, Crystal Screen I and II, Salt Rx, 

Peg-Ion, PGA, MIDAS, Clear Strategy I, Clear Strategy II. Drops of 0.5 µL with 

a ratio of 1:1 - SCF-box: buffer were set up for a final SC204 concentration of 10 

mg.mL-1. No crystals were observed and the drops mainly lead to phase 

separation. 
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3.3 Ctf13 interaction with the CBF3 components 

3.3.1 Skp1-Ctf13 fusion protein interaction with Ndc10 and Cep3 

 Ndc10 – Cep3 – Skp1Ctf13 fusion expression: SC204, SC254 and SC274 

were co-expressed with Ndc10 and Cep3 in E.coli. Different strategies and 

tagged were applied, including tagging different protein (Ndc10, Cep3 and 

Skp1) with different tags (SUMO, Strep and His), and adding the Hsp90-Sgt1 

maturation complex. Despite a relatively good expression for all the proteins, no 

interaction could be seen between the Ndc10, Cep3 and the different SCs. Two 

possible explanations arise from these results, either the Ctf13 activation 

requires another unknown maturation factor. Or, the Ctf13 C-terminal domain 

(Ctf13CTD) is essential to interact with the CBF3 components. To test this 

hypothesis, The Ctf13CTD was co-expressed recombinantly with the CBF3 

components.  

3.3.2 Ctf13 C-terminal (Ctf13CTD) design and expression 

 Ctf13CTD290 construct: The Ctf13CTD construct was designed to include the 

predicted Ribonuclease inhibitor domain (RI) and to delete the unfolded central 

regions. The construct, including residues 290 (Ctf13CTD290) to 477, was cloned 

into a pETDuet vector with a 2X Strep tag at the N-termini by RF cloning. 

 

 Ctf13CTD290 expression: The Ctf13CTD290 plasmid was transformed into 

E.coli BL21-RIL (DE3) competent cells and grown at 37°C, 200 rpm in 1L LB to 

OD600 of 0.4. The protein expression was induced overnight at 16°C by the 

addition to a final concentration of 1 mM IPTG and pellets were harvested and 

re-suspended in lysis buffer (60mM HEPES pH 9.0, 200mM NaCl, 15% 

glycerol, 0.5mM TCEP) and sonicated. The cell lysate was centrifuged and 

loaded onto a StrepTag FF column. Ctf13CTD was eluted with 5 mM biotin and 

the fractions were analysed on a SDS-Page 12% but no expression could be 

detected. 
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 Ctf13CTD290 co-expression with Ndc10 and Cep3: Ctf13CTD290 was 

transformed into E.coli BL21-RIL (DE3) competent cells together with Ndc10 

and Cep3 cloned on a pETDuet plasmid. Transformed cells were grown at 

37°C, 200 rpm in 1L LB to OD600 of 0.4. The protein expression was induced 

overnight at 16°C by the addition to a final concentration of 1 mM IPTG. Pellets 

were harvested by centrifugation at 6000 rpm, re-suspended in lysis buffer 

(60mM HEPES pH 7.5, 200mM NaCl, 15% glycerol, 0.5mM TCEP) and 

immediately sonicated 3 x 30 seconds in an ice bath. The cell lysate was 

centrifuged at 33,000 x g and the clarified supernatant was loaded onto a 

StrepTag FF column (GE Healthcare) (see 6.3.1) and a heparin column (see 

6.3.1) to take advantage of the Ndc10 DNA binding capacity. Ctf13CTD was 

eluted with 5 mM biotin and the fraction was collected. Following biotin elution, 

the fraction bound to the heparin column was eluted with 400 mM NaCl. The 

fractions collected from both heparin and strep tag columns were analysed on a 

SDS-Page 12%. A 23 kDa band corresponding to Ctf13CTD eluted alone from 

the strep tag. Additionally, three bands could be observed eluting from the 

heparin column, a 110 kDa, a 70 kDa and a 23 kDa bands (see figure 84). It is 

possible that the excess of Ctf13CTD290 remains bound to the strep column 

whereas the binding of Ctf13CTD290 to Cep3 and Ndc10 blocks the strep tag and 

stops the binding of the interacting proteins to the strep column. Remarkably, 

when compared with the impossibility to express Ctf13CTD290 on its own in 

identical expression conditions, it is clear that Ctf13CTD290 is stabilising by its 

interaction with the CBF3 components. Unfortunately, due to time constraints, 

we could not repeat these experiments and the identification of these bands by 

Mass spectrometry under investigation.  
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figure 84: Ctf13CTD290 co-expression with Ndc10 and Cep3 

Ctf13CTD290 was co-expressed with the CBF3 components and purified on streptavidin beads 
and heparin beads. The predicted identification of the bands are shown in the right and the MW 
ladder in kDa is shown on the left. 
 
 Ctf13CTD290 purification: The Ctf13CTD290 fraction eluting from the strep 

column was further purified on a Superdex 75 16/60 (see figure 85). The 

chromatogram displayed a single symmetrical peak eluting at 12mL and the 

concentrated fraction displayed a massive band at 20 kDa corresponding to 

Ctf13CTD290 but also two bands at 50 and 90 kDa corresponding to contaminants. 

These results suggest that's Ctf13 is folded and stable on its own after 

interacting with the CBF3 components. The observed MW of Ctf13CTD290 on a 

gel filtration corresponds to a monomer of 20 kDa.  

 

 
figure 85: Ctf13CTD290 Superdex 75 10/30GL purification 
(A) Ctf13CTD290 size exclusion chromatogram. Absorbances at 280 nm (blue) and 254 nm (red) 
are in milli Absorbance Units (mAu) and are plotted on the left axis. (B) SDS-PAGE of the 
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fractions eluting between 12 ml. (1) and (2) correspond to contaminants and (3) correspond to 
Ctf13CTD290. The MW ladder is in kDa. 
 

3.4 Ctf13 results summary 

 Ctf13 expression and stability: I successfully purified the C-terminal 

domain of Ctf13 and the N-terminal domain of Ctf13 fused to Skp1. Previous 

studies never reported the purification of a stable Ctf13 domain and this work is 

the first account of the recombinant purification of both Ctf13 domains. 

Interestingly, expression of the full protein leads to unfolding and/or degradation, 

which suggest that the instability of Ctf13 arises from the interaction of the N-

termini with the C-termini or that the sequence located between them is 

unstable. Indeed, this sequence includes the aforementioned PEST motif that is 

highly unstable and involved in protein targeting by chaperones and the 

proteasome. The future work and implications of this work will be analysed in 

the last chapter of this thesis.  

 

 Ctf13 interaction with Skp1: The reported results support a very strong 

interaction between the Ctf13F-box domain and Skp1 (see paragraph 3.2.5). This 

is in contradiction with the previously published work suggesting that Skp1 

interacts with the Ctf13 N-terminal domain up to residue 412 (Russell et al., 

1999). Hence, Ctf13 interaction with Skp1 is essentially identical to other E3 

ligase, which interact with Skp1 through their F-box. 

  

 Ctf13 interaction with Ndc10 and Cep3: The results I obtain support the 

interaction between the Ctf13 C-terminal domain and the CBF3 components 

Cep3 and Ndc10. Although preliminary, these results contradict the 

predominantly accepted model, which supports that the CBF3 complex 

formation requires the activation of Ctf13 by Skp1. The presence of a 

constitutively activated domain at the C-termini of Ctf13 suggests an alternative 

model that will be discussed further in the discussion chapter. 
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Chapter 4. The CBF3 complex reconstitution 

 The reconstitution of CBF3 from recombinantly expressed and purified 

proteins has never been reported in the literature. Indeed, the purification of this 

complex in quantity and purity sufficient for biochemistry and structural studies 

has been a long-standing challenge to the field. It was known, from previous 

internal results and studies, that Ctf13 is the limiting factor of the complex 

formation because of its instability. At that point, we did not have the results on 

the Ctf13 C-terminal domain to guide our research and the reconstitution of 

CBF3 was tested by recombinant co-expression in E.coli and insect cells and by 

endogenous over expression in S.cerevisae. To help the complex 

reconstitution, the co-expression was tested with and without the chaperone 

proteins Hsp90 and Sgt1. 

4.1 Recombinant expression in E.coli 

 Ndc10, Cep3, Ctf13 and Skp1 recombinant expression in E.coli: CBF3 

recombinant expression and purification was first tested in E.coli. The 

expression strategy was to tag the N-terminal of Ndc10 with a SUMO tag and 

co-express it with Cep3, Ctf13 and Skp1. The CBF3 complex was also co-

expressed with Sgt1 and Hsp90 to help Ctf13 folding. The plasmids used are 

detailed in Table 21. Expression tests were carried out, inducing at different 

OD600, temperature and IPTG concentrations, using different growth media and 

purification buffer. All of the expression tests showed an overexpression of 

Ndc10, Cep3, Skp1, Hsp90 and Sgt1 but no expression of Ctf13. Although 

unsuccessful, the Ndc10NTD was identified and successfully crystallised as a 

result of these tests. After unsuccessfully expressing the complex in E.coli, we 

switched to higher organisms system to overcome the expression limitations. 
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4.2 Recombinant expression in Baculovirus 

CBF3 expression and purification: Two pFastbac plasmid containing 

Ndc10 – Skp1 and Cep3 – Ctf13 were transformed in Hi5 insect cells and 

culture were grown for 72 hours at MOI of 2 and cells were pelleted at 6000 x g 

for 10 mns. The baculovirus infection and protein expression were carried out 

by Svend Kjaer from the Protein Purification Laboratory. The pellets were 

resuspended in 80 mL buffer A (50 mM Hepes pH 7.5, 400 mM NaCl, 5 mM 

Mg2+, 2 mM ATP, 1% Triton X-100, 10% Glycerol, 1mM DTT, 10mM 

Benzamidine, 1mM PMSF, 50 uM Zn2+, Roche protease inhibitor) and 

sonicated 4 x 5 s in an ice bath. Benzonase nuclease was added to the mix and 

incubated 15 mns at 4°C. The lysate was then centrifuged at 20000 rpm for 45 

mns at 4°C and the supernatant was loaded onto a 0.5 ml Strep tag column. 

The column was washed with 20 cvs of buffer B (20 mM Hepes pH 7.5, 300 mM 

NaCl, 1 mM DTT, 0.1% Triton X-100, 10% Glycerol, 1 roche protease, 2 mM 

ATP, 5 mM Mg2+) and the fraction was eluted with buffer C (buffer B + 10 mM 

Glutathione). The fractions collected, including supernatant, unbound fraction 

before and after wash and beads, were run on SDS PAGE 12%. The SDS 

PAGE displayed a high expression of Ndc10 and low expression of the other 

CBF3 components. The collected fraction was concentrated and purified by size 

exclusion chromatography on S6 10/30 column. No clear peak could be 

observed and the protein in the fraction possibly precipitated during the 

concentration. The baculovirus expression was unsuccessful and unlikely to 

lead to suitable results for structural and biochemical analysis of the complex.  
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Table 21: CBF3 expression in E.coli 

Protein Plasmid Codon 
Optimising Tag Expression 

Ndc10 pRSFDuet Yes N-term His tag Good 

Cep3 (HT) pRSFDuet Yes None Good 

Ctf13 pETDuet Yes None None 

Skp1 pETDuet Yes None Good 

Hsp82 pCDFDuet No None Good 

Sgt1 pCDFDuet No None Good 

 

 

 
figure 86: CBF3 expression in Hi5 cells 

SDS-PAGE 12% analysis of the fraction collected from GST purification from the Hi5 cells 
expressing the CBF3 components. The supernatant fraction was collected after high speed 
centrifugation, the unbound (U) before and after wash fractions correspond to the lysate and 
wash flow through and the eluate correspond to the fraction collected after glutathione wash. 
The MW is indicated by the ladder on the right and is in kDa. 
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4.3 Endogenous purification from S.cerevisiae 

 Tandem affinity purification (TAP): The TAP method is used to purify 

endogenous protein complex that are difficult to reconstitute in vitro. It has the 

advantage of purifying the targeted protein or protein complex near biological 

state and with the post transcriptional modifications required for its activity and 

folding (see 6.3.2). The strategy was to tag the C-terminal sequences of Ndc10, 

Cep3 and Ctf13 and to purify the CBF3 complex in small quantities for electron 

microscopy studies. The target genes were cloned into the pFA6a-TAP-kanMX6 

vector, which contains the TAP-tag and a G418/Geneticin resistance marking 

for selection in S. cerevisiae (Passmore et al., 2005). The TAP tagged genes 

were inserted by yeast transformation and selected on Geneticin plates. 

 

4.3.1 Tandem affinity purification (TAP) of Ndc10, Ctf13 and Cep3 

 Ndc10TAP: A single colony of Ndc10TAP strains was resuspended in 30 L 

yeast extract peptone dextrose (YPD) and incubated at 30°C, 200 rpm ON until 

the OD600 reaches 1.2.  The culture was centrifuged at 3000 x g for 15 mns at 

4°C and washed with cold water. Pellets were resuspended in lysis buffer (40 

mM HEPES pH 7.5, 400 mM KCl, 10% glycerol, 0.1% NP-40, 0.5 mM DTT, 1 

mM EDTA, complete inhibitors) and flash frozen drop by drop (“pop-corn” 

freezing). The “pop-corn” cells were broken by freeze-mill and spin down 30,000 

x g, for 45 mns. The supernatant was incubated with sepharose 6B IgG beads 

for 2 hours on at 4°C. The IgG beads were washed with NP-40 buffer (lysis 

buffer + 0.5% NP-40), equilibrated with TEV buffer (lysis buffer – 150 mM KCl) 

and incubated with TEV ON at 4°C. On day 2, the supernatant was equilibrated 

with calmodulin binding buffer (CBB) (TEV buffer + 1 mM magnesium acetate, 1 

mM imidazole + 5 mM CaCl2) and incubated with calmodulin sepharose beads 

1h at 4°C. The beads were washed with CBB + 0.1% NP-40 and eluted with the 

elution buffer (CBB + 10mM EDTA). The fractions collected after calmodulin 

purification were run on a 12% SDS Page (see figure 87). Multiple bands were 

observed including one band at 120 kDa (A), which was suspected, to 
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correspond to Ndc10. The bands were analysed by MALDI mass spectrometry, 

and identified as Ndc10 for band (A). No traces of Cep3, Ctf13 or Skp1 could be 

find in any of the other bands. Bands (B) to (D) were identified as contaminant 

and bands (E) and (F) as Ndc10CTD (see figure 87). 

 

 Ctf13TAP: Ctf13TAP tag plasmid was transformed as described previously. 

No colonies grew despite multiple transformation attempts. Likewise, no Ctf13 

TAP tagged strains could be found in the Thompson TAP strains databases. It 

is likely that tagging the C-terminal Ctf13 tag disturbs the CBF3 complex 

formation whereas tagging the N-terminal prevent to the interaction of Skp1 with 

the Ctf13 F-Box.  

 

 Cep3 TAP: 30L of Cep3TAP were grown following the same protocol 

described for Ndc10TAP. Again, Cep3TAP was purified following the protocol 

described for Ndc10TAP. Fractions collected after calmodulin purification was run 

on a gel. Only band traces could be observed. The bands were analysed by 

mass spectrometry but no traces of Ndc10, Cep3, Ctf13 or Skp1 were found. 

 

 
figure 87: Ndc10 TAP SDS Page and MS identification 

SDS-PAGE of the CBF3 complex tandem affinity purification. Supernatant was collected after 
the wash and the calmodulin elution. The MW is indicated by the ladder on the right and is in 
kDa. 
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4.3.2 Overexpression and purification using Gal1-10 promotors 

 Gal1-10 promotors system: To overcome the CBF3 recombinant 

expression limitations, we expressed the complex endogenously in budding 

yeast. The CBF3 components were cloned in the pRS303 and pRS305 

plasmids including a Gal1-10 bi-directional promotor (provided by John Diffley) 

and transformed in S.cerevisiae YJF1 strain. The principle of protein expression 

in yeast relies on the arrest of the cells at G1-phase with α-factor and the 

induction of protein expression with galactose. By arresting the cells in G1 (also 

called “schmoo phase” by the yeast field), the problem of over-expressing and 

having an over-occupency of the point centromere is removed as the 

polymerase will not need to pass through the centromere. Hence, our 

hypothesis was that overexpressing the complex would disturb the cell 

metabolism within reasonable limits. Ctf13 being the limiting factor of the CBF3 

formation, the system was designed with a 2xStrep tag at the Ctf13 C-termini of 

Ctf13. Another expression system was designed without any tag and would take 

advantage of the DNA binding capacity of Cep3 and Ndc10 to purify the 

complex by heparin. 

  

 Ctf13 C-terminal 2XStrep purification: ndc10/skp1 pRS305 – cep3/ctf13-

2xstep pRS303 plasmids were cloned into a S.cerevisiae YJF1 strain (see 

methods 6.2.4). After 3 days of incubation at 30°C, colonies were picked, 

streaked on selective LEU-HIS plates and the gene insertion was checked by 

colony PCR. Positive colonies were selected and grow into 10 L in Yeast extract 

Peptone Dextrose (YPD) with 2% raffinose and incubated at 30°C. Once 

cultures reached OD600 of 1.5, α-factor was added to block the cells in “schmoo” 

phase (haploid cell, G1) and cells were incubated for another 2 hours. Once 

cells are at 90% schmoo, 2% galactose was added to the media to induce the 

cultures for 3 hours at 30°C. Cells were pelleted at 4500 x g for 10 mns and 

washed twice in wash buffer (25 mM Hepes-KOH pH 7.6, 1 M sorbitol). Pellets 

were then resuspended in binding buffer (25 mM Hepes-KOH pH 7.6, 0.4 M KCl, 
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0.05% NP-40, 10% Glycerol) and “pop-corn” frozen in liquid hydrogen. The cells 

“pop-corn” was lysed with the freeze mill and centrifuged at 30,000 x g for 60 

mns. The supernatant was loaded into a Streptag column (GE-Healthcare) and 

washed with 30 mL of lysis buffer. The complex was eluted with 30 mL of 

elution buffer (binding buffer + 20 mg Biotin) and the fractions collected were 

run on a SDS PAGE 12%. The elution fraction shows one single band of 55 kDa 

corresponding to the molecular weight of Ctf13. This band was identified as 

Ctf13 by MALDI mass spectrometry. No other band could be seen within the 

fraction. Interestingly, Skp1 is not interacting with Ctf13, despite our results 

showing a clear interaction between the 2 components (see Chapter 3). No 

other bands could be observed on the elution fraction and it was conclude that 

the C-terminal tag is disturbing the complex formation, a results that is linked 

with our previous observation about the C-terminal domain of Ctf13 (see 

paragraph 3.3.2). 

 

 CBF3 untagged purification: ndc10/skp1 pRS305 – cep3/ctf13 pRS303 

plasmids were cloned into a S.cerevisiae YJF1 strain. Cells were selected and 

grown as for the Ctf13 2xStrep system and the protein expression was induced 

with 2% galactose. The cells were lysed by the freeze mill method and 

centrifuged at 33,000 x g and the clarified supernatant was loaded onto a pre-

equilibrated heparin column. The column was cleaned with 10 cvs of lysis buffer 

and the protein was eluted with a gradient of elution buffer (60 mM hepes pH 

8.5, 600 mM NaCl, 20% Glycerol 0.5 mM TCEP). The CBF3 complex was 

eluted with a gradient of NaCl. One peak eluted at a concentration of NaCl of 

400 mM and was collected. The collected fraction displayed a single band 

under 55 kDa. This band was suspected to be contaminants or Ndc10 

breakdown. 
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Table 22: CBF3 expression in S.cerevisae 

Protein Plasmid Codon 
Optimising Tag Expression 

Ndc10 pRS305 Yes None Good 

Cep3 (HT) pRS303 Yes None Ok 

Ctf13 pRS303 Yes C-terminal Step / 
None Ok 

Skp1 pRS305 Yes None Ok 
 

 
figure 88: Ctf13-2xStrep pull down 
SDS-PAGE of the CBF3 complex endogenous overexpression and purification with a 2xStrep 
tag. Supernatant was collected during loading (flow through), wash and elution. The MW is 
indicated by the ladder on the right and is in kDa. 
 

 
figure 89: CBF3 untagged purification with heparin 
SDS-PAGE of the CBF3 complex endogenous overexpression and heparin purification. 
Supernatant was collected during loading (ft), wash and elution. The MW is indicated by the 
ladder on the right and is in kDa. 
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4.3.3 Conclusions on the CBF3 reconstitution 

 CBF3 recombinant expression in E.coli: The reconstitution of the CBF3 

complex by co-expression of Ndc10-Cep3-Ctf13-Skp1 was unsuccessful 

regardless of the expression system used and irrespective of the presence or 

absence of Hsp70 and Sgt1 (see paragraph 4.1). These results can be 

explained by three reasons. The CBF3 formation could necessitate another 

unknown maturation element such as a chaperone or a kinase. Alternatively, 

the CBF3 could necessitate the CDEIII DNA sequence to form a stable complex. 

Finally, the unstable nature of Ctf13 could impede the formation of a stable 

complex. These hypothesises will be examined in the discussion chapter (see 

paragraph 5.3). 

 

 CBF3 tandem affinity purification: The CBF3 complex purification by TAP 

was unsuccessful regardless of the protein that was targeted (see paragraph 

4.3.1). By tagging Ndc10, we pulled it down but could not detect the rest of the 

CBF3 complex. This result is due to the Ndc10 higher endogenous expression, 

which is linked with its multiple roles in yeast. Both the Ctf13 N-termini and C-

termini are essential to the CBF3 formation and function. By adding a 

calmodulin tag to Ctf13, we disturbed its interaction with Skp1 and/or the CBF3 

complex, impeding the point centromere establishment and blocking the cell 

division. Finally, by tagging Cep3, we resolved the aforementioned problems 

but failed to purify the complex, possibly due to the naturally low level of 

expression of the CBF3 complex (16 complexes for 16 chromosomes per cell). 

Hence, the TAP method is not suitable for the CBF3 purification.   

 

 CBF3 endogenous expression: The CBF3 endogenous expression in 

yeast was unsuccessful (see paragraph 4.3.2). These results arise from the 

tight cell control over the CBF3 complex assembly. As it is being formed and 

expressed, the complex could be targeted by the degradation apparatus and 

degraded before purification. Additionally, it is likely that the Ctf13 C-terminal 

tag disturb the complex assembly. The implication for the future of this project 

will be examined in the discussion.  



 

 

151 

Chapter 5. Discussion 

5.1 The Ndc10 function during the point centromere 
establishment 

 The Ndc10NTD tyrosine recombinase fold: To our knowledge, the 

Ndc10NTD structure is the first reported example of a tyrosine recombinase fold 

being used in a non-catalytic role unrelated to DNA recombination. Given the 

extremely weak sequence homology observed between Ndc10 and the 

members of the type IB topoisomerase / λ-integrase (IB/Int) family, we predict 

that structurally uncharacterised proteins could bear a similar non-catalytic 

tyrosine recombinase fold that would be used in unsuspected cell pathways. 

Additionally, Ndc10 is the first reported example of the co-option of a tyrosine 

recombinase fold at the centromere. Although the function of the Ndc10NTD fold 

is still unclear, we expect it to play a crucial role during the point centromere 

establishment. On a structural biologist point of view, it is relevant to notice that 

none of the available information, from existing sequence homology or domain 

prediction, would have allowed us to predict such a fold and function for 

Ndc10NTD. The Ndc10NTD is a pertinent example illustrating the information 

gained from structural studies, which would be unattainable by other means.  

 

 Ndc10 DNA binding function: Our results indicate the presence of two 

DNA binding domains in Ndc10, one at the N-termini and one at the C-termini. 

The Ndc10 N-terminal DNA binding residues were identified by sequence 

conservation and structural homology and bind DNA non-specifically through 

the major groove. As such, the interaction between Ndc10NTD and the DNA 

backbone suggests that the N-terminal DNA binding of Ndc10 is similar to the 

members of the IB/Int family. However, the non-specific DNA binding and the 

absence of any tyrosine recombinase enzymatic activity clearly distinguish the 

Ndc10NTD DNA binding from the other family members. Likewise, two sets of 

DNA binding residues were identified at the Ndc10CTD and share a similar non-

specific DNA binding than Ndc10NTD. Since Ndc10 forms strong homodimers in 
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the context of the CBF3 complex, an Ndc10 dimer would interact with the 

centromeric DNA in four consecutive points with the DNA running along the 

homodimer, as suggested by the Ndc10NTD DNA orientation. Additionally, our 

low resolution SAXS model of the Ndc10 homodimer bound to a 32 bp DNA 

suggest an approximate 2-fold symmetry with the DNA running in a precise 

orientation. Combining these results allow the prediction of a model for the 

interaction of the Ndc10 homodimer with DNA (see ). In this model, the 

interaction between  This interaction raises two interpretations concerning the 

Ndc10 function. First, it is anticipated that the Ndc10 acts as a CBF3 DNA 

binding enhancer and would bind the CDEII sequence to serve as a platform 

spatially positioning Scm3 (see figure 90). The precise positioning of Scm3 

would allow the subsequent Cse4 loading by Scm3 itself or another yet 

unknown loading factor. A second more speculative hypothesis would be that 

Ndc10 has an impact on the local centromeric DNA structure, as suggested by 

the Ndc10NTD tyrosine recombinase fold, and helps the Cse4 loading by 

“arranging” the centromeric DNA structure. By structural arrangement, Ndc10 

would weaken the binding of the H3 histone to the centromere DNA or make the 

nucleosome available to the Cse4-H4-Scm3 complex. As such, Scm3 in 

budding yeast has lost the DNA binding domain present in regional centromere 

and is unlikely to structurally alter the centromeric DNA. Likewise, Cep3 does 

not interact directly with Cse4 or the CDEII sequence and Ctf13 does not bear a 

DNA binding activity. Finally, Cse4 cannot replace the histone H3 on its own 

and always necessitate a loading partner. Hence, a yet undiscovered loading 

factor or Ndc10 are the only candidates left to alter the DNA structure and 

support the Cse4 loading function. I suggest that Ndc10 DNA binding 

destabilises the canonical nucleosome at the point centromere through an 

uncharacterised mechanism and subsequently help to load Cse4. Although 

exciting, this hypothetical role for Ndc10NTD at the centromere remains 

speculative and will necessitate further structural work and in vivo studies. 

Notably, the structure resolution of the Ndc10LT bound to DNA will provide a 

new understanding of the function and mechanism of the Ndc10 DNA binding. If 

this prediction is accurate, it is interesting to consider which component(s) of the 
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CCAN, if any, fulfils a similar role in regional centromere. Although the presence 

of factors altering the DNA structure has been suggested in higher eukaryotes, 

to our knowledge, no studies ever reported a functional homologue or a similar 

fold in regional centromere. 

 

 Ndc10 interaction with CDEII and the point centromere nucleosome: The 

structural and interaction data I gathered suggest that the full length Ndc10 

dimer interacts with a 30 to 40 bp long DNA sequence in 4 different points and 

form a ~120 to ~140 Å long complex. Since the interaction of Ndc10 with DNA 

is non-specific, the positioning of Ndc10 on the point centromere relies on the 

specific binding of Cep3 to the CDEIII sequence. The CENP-A nucleosome 

structure has a diameter of ~100 Å. Hence the Ndc10 dimer is long enough to 

interact with four diametrically opposed points of the centromeric nucleosome 

DNA (see ). This apposition of Ndc10 on the nucleosome would be involved in 

the suggested Cse4 loading model based on the structure alteration of the 

centromere DNA by Ndc10. Again, the suggested loading mechanism will be 

fully examined once the structure of the Ndc10LT interacting with the centromere 

DNA will be resolved. 

 

 Scm3 binding to Ndc10 and function at the centromere: The Scm3-H4-

Cse4 structures solved in K.lactis, S.cerevisae show that Scm3 interacts with 

Cse4 through the CBD domain, leaving the conserved N-termini sequence free 

to interact with Ndc10. Our results show that Scm3 has four motifs interacting 

with Ndc10 and support the work by Camahort et al. Additionally, I showed that 

the N-terminal domain of Scm3, which is ubiquitously conserved in point 

centromere but absent in regional centromeres, interacts with the Ndc10CTD 

(see paragraph 2.4). This interaction could in turn provide a strong spatial 

orientation to the Cse4-Scm3-H4 complex. In higher eukaryotes, this spatial 

orientation could be fulfilled by the DNA binding capacity of Scm3 that has been 

lost in point centromeres. 
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5.2 The role and regulation of Ctf13 in CBF3 

 Ctf13 interaction with the CBF3 complex: Previous studies on the CBF3 

complex suggest that the CBF3 assembly on the point centromere is regulated 

by the interaction between Skp1 and Ctf13 and by the maturation of Ctf13 by 

the chaperone couple Hsp90-Sgt1 (Russell et al., 1999; Stemmann et al., 2002). 

The accepted model starts with Ctf13 binding to Skp1 and activation by the 

Sgt1-Hsp90 complex. Subsequently, the activated Ctf13 catalyses the formation 

of a Cep3-Ctf13-Skp1 core complex. Despite intense efforts to purify the 

complex in different expression system, and including the maturation complex 

aforementioned, I was unable to co-express full CBF3 complex (see Chapter 4). 

This failure arises from the highly unstable nature of Ctf13 (see chapter 3). Our 

attempt to express an hybrid protein including Skp1 linked to Ctf13 showed us 

that Ctf13 N-termini is not unstable when bound to Skp1. Additionally, I showed 

that the Ctf13 N-terminal domain does not interact with the CBF3 components, 

although I cannot rule out that this is due to a lack of an unknown co-factor 

required for maturation. Decisively, the recent preliminary results I obtained 

suggest that the C-terminal domain of Ctf13 constitutively interacts with Ndc10 

and Cep3. Although these results do not mean that the Ctf13 C-terminal domain 

is able to form an activated CBF3 complex, it suggests that it does not 

necessitate the Hsp90-Sgt1-Skp1 maturation complex. Provided that these 

results are confirmed, two interpretations arise from our study. One hypothesis 

could be that the Ctf13 N-terminal domain acts as a CBF3 complex formation 

repressor that requires the action of Hsp90-Sgt1-Skp1 to free the Ctf13 C-

termini, which includes the binding domain. As such, the mechanism of CBF3 

removal at the point centromere prior to S-phase is unknown (Espelin et al., 

1997; Rodrigo-Brenni et al., 2004). Hence, another interpretation could be that, 

instead of activating Ctf13, Skp1 is responsible for the targeting of the CBF3 

complex and links the sumoylation and ubiquitylation of Ndc10 and Cep3 prior 

to anaphase (Montpetit et al., 2006) to the SCF apparatus. Interestingly, the 

Ctf13 F-box is not conserved in L.thermotolerans, along with the majority of the 

Ctf13 N-terminal domain. This suggests that the aforementioned model could 
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be true concerning the constitutively activated Ctf13 C-termini, as Ctf13 does 

not require an F-box nor Skp1 to be activated in L.thermotolerans. Additionally, 

it implies that Skp1 is involved in another mechanism that is not present in 

L.thermotolerans, and, as I suggest, could be linked with the CBF3 regulation 

by the SCF. 

 

5.3 Advancing toward a the structural characterisation of CBF3 

 The CBF3 fold scavenging: The Ndc10NTD tyrosine recombinase fold is 

an additional illustration of the remarkable reuse of protein domains from 

unrelated pathways by the CBF3 complex. This unique feature was known from 

the domain prediction of Ctf13, which has an N-terminal F-box domain, and 

from the role of Skp1 as a component of the Skp1-Cullin-F-box complex. Both 

the F-box domain and Skp1 are commonly observed as catalytically active 

components of the E3 ubiquitin ligase system, whereas in CBF3, they appear to 

fulfil both structural and regulatory functions. Likewise, the Cep3 dimer reuses a 

sequence-specific DNA-binding fold from the Gal4 family, in a completely 

different way from the canonical transcription factor. The Ndc10NTD structure 

reveals the incorporation of yet another unrelated motif, closely associated with 

DNA topology and transposition. The relatively recent evolution of the point 

centromere in budding yeast (Meraldi et al., 2006) could explain this 

accelerated scavenging of pre-existing protein motifs to build the key functions 

relative to the licensing and loading of the point centromere. 

 

The CBF3 interaction with the point centromere: By gathering all the 

structural and functional information available on the CBF3 complex, we can 

refine the model for the CBF3 complex interaction with the point centromere. 

This is only a fixed model whereas that the dynamic nature of the Cse4 loading 

is likely to impose a transient and changing complex interaction. Nevertheless, 

the CBF3 components can be approximately placed on the point centromere 

DNA sequence. Cep3 is the component that can be placed with the highest 

confidence, as its specific binding to the CDEIII conserved CCG triplet anchors 
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its dimer about 12 bps (40 Å) away from the nucleosome. This would place the 

Cep3 dimer just on the side of the nucleosome - close enough to establish a 

platform for the other CBF3 components. Our results suggest that Ctf13 binds 

to both Ndc10 and Cep3 through a conserved C-terminal domain. The exact 

binding of Ctf13 with Ndc10 is unknown but Ctf13 has been suggested to bind 

the zinc domains of Cep3 (Espelin et al., 1997). More hypothetical is the 

placement of the Ndc10 dimer on the point centromere nucleosome. According 

to our SAXS structure, Ndc10 in complex with the centromere DNA, covers 120 

Å, which would be enough to cover the entire nucleosome (Tachiwana et al., 

2011). Additionally, Ndc10 needs to strongly interact with Ctf13 and weakly with 

Cep3 to form the complex. Finally, Ndc10 must accommodate the Cse4-Scm3-

H4 complex and load it on the nucleosome. Hence, these requirements 

constrain the positioning of Ndc10, which interacts with the undergo protein-

DNA interactions with CDEII and protein-protein interactions with Cep3, Ctf13 

and Scm3. The schematic positioning of Ndc10 is showed in figure 91.  

 

 
figure 90: A refined  model for the CBF3 binding to the point centromere. 

 

Conservation of the kinetochore establishment: Despite the significant 

differences observed between the regional and point centromere, the 

kinetochore establishment always starts with the licensing of the centromeric 

locus and the loading of the Cse4 specific nucleosome. The loading of Cse4 

CDEI CDEII CDEIII

H3
nucleosome

Ndc10

Ctf13

Cep3
Scm3

Cse4
nucleosome
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provides a strong epigenetic marker, which triggers the formation of the CCAN 

and lays the foundations leading to the kinetochore formation. Again, in both 

regional and point centromeres, the Cse4 epigenetic mark is defined by the 

CATD sequence, a small yet robust signal, which triggers ectopic kinetochore 

formations when artificially attached to the histone H3. Similarly, for every single 

component of the CCAN, a functional if not structural equivalent has been 

observed between point and regional centromere. Hence, the CCAN and the 

centromere establishment as a whole is functionally conserved, and that non-

related proteins will fulfil similar functions. The budding yeast and closely 

associated organisms adapted to different constraints to acquire a robust 

mechanism to establish the centromere. I suggest that the budding yeast has 

acquired, through the CBF3 complex, a simple and elegant mechanism to fulfil 

the licensing and loading functions present in regional centromere. Although the 

difference is striking between the licensing mechanisms observed in point and 

regional centromere, it is tempting to suspect that the Cse4 loading function 

itself retains some degree of conservation. Indeed, the conservation of the 

Scm3 specific chaperone between point and regional centromere seems to 

support this hypothesis. Additionally, in higher eukaryotes, Sgt1 controls the 

CMMW complex deposition (Steensgaard et al., 2004) and the Sgt1-Hsp90 

heterodimer may play a similar role in regional centromere by controlling the 

incorporation of the CCAN. Hence, I suggest that the predicted Ndc10 loading 

mechanism could have a functional equivalent in higher eukaryotes.  
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5.4 Future work 

 

 Limitations of the Ndc10 – DNA model structure: The main body of work 

introduced in this thesis relies on the description of the Ndc10NTD structure, 

DNA binding analysis and tyrosine recombinase fold. Additional experiments, 

including our SAXS model, the characterization of a second DNA binding motif 

at the CTD by EMSA, and the characterization of the Scm3-Ndc10 interaction, 

were made in an attempt to characterize the Ndc10 function at the centromere. 

Although preliminary, these results were nevertheless insightful and brought us 

closer to characterize the structure of Ndc10 in complex with DNA. However, 

these results remain preliminary and require a full and thorough biochemical 

characterization. First, the Ndc10 – Centromere structure by SAXS needs to be 

confirmed and improved by collecting data at different concentrations or buffer 

conditions. Further characterization of the CTD and NTD bound or not to DNA 

by SAXS and subsequent docking in the entire structure could also lead to a 

thorough characterization of the complex structure. All of these complexes have 

been biochemically characterized and are readily available. Hence, the Ndc10 – 

DNA structure at low resolution could be solved in a reasonable length of time. 

The EMSA experiments were designed in an attempt to qualitatively 

characterize the NTD and CTD DNA binding. Future work should be focused on 

quantifying the interaction, through MST or Isothermal titration calorimetry, to 

fully characterize the extent and relevance of the DNA binding function of 

Ndc10 at the centromere. Finally, the most interesting development arising from 

this work is possibly the discovery of a strong Ndc10 binding motif at the N-

termini of Scm3. This (N=1) experiment will require extended and repeated 

measurement and identification of the conserved residues by mutation. Once 

fully characterize, this binding motif importance at the centromere could be 

tested in vivo. 

 

 Limitations of the EMSA binding experiments: the study of the Ndc10-

DNA binding was only studied qualitatively by EMSA. Although powerful, this 
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method cannot provide a quantitative measurement of a protein – DNA 

interaction. Hence, further characterization of the Ndc10 function at the 

centromere will necessitate the use of quantitative technics such as MST. 

 

 Ndc10LT – DNA complex structure: Linked with the model’s limitations, 

the most pressing of all future development of this project will be to finish the 

Ndc10LT – centromeric DNA crystal optimisation and to collect a high resolution 

dataset suitable for molecular replacement using the Ndc10NTD structure. 

Optimisation of the buffer conditions, DNA length and Ndc10LT construct will be 

the first conditions targeted. Once the structure is obtained, the aforementioned 

Ndc10 centromere function will be tested and the Ndc10CTD DNA binding and 

Scm3 binding will be investigated. A complete understanding of the mechanism 

of Cse4 loading will be reachable and there is no doubt that the structure of 

Ndc10LT in complex with DNA will be a tremendous achievement in our 

understanding of the point centromere.  

 

Ndc10-Cep3-Ctf13CTD complex: The preliminary results we obtained on 

the binding of the Ctf13CTD to Cep3 and Ndc10 is a major achievement toward 

the characterisation of a stable CBF3 complex. Although confirming these 

results will necessitate a significant amount of work, provided they are 

confirmed, this work will lead to a new understanding of the CBF3 regulation 

and interaction. Additionally, this new knowledge will be an invaluable step 

toward the purification of a stable CBF3 complex in vitro. Future work should be 

focused on optimising the Ctf13CTD length, and interaction with Ndc10 and Cep3. 

Another possibility could be to use the CDEII-CDEIII sequence as a catalyser 

for the CBF3 assembly. Once optimized, the CBF3 complex assembly will lead 

to its structural and functional characterisation and will be a hallmark in the 

kinetochore field.  

 

Ctf13NTD: The Ctf13NTD domain prediction and sequence alignment show 

no recognisable features and the interaction test with Cep3 and Ndc10 showed 

no binding, which suggests that the Ctf13NTD as a yet uncharacterised function. 
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Our hypothesis is that Skp1 could be responsible for the removal of CBF3 from 

the centromere. Provided that the C-terminal domain of Ctf13 is indeed 

interacting with Cep3 and Ndc10, the N-terminal domain of Ctf13 could include 

the control mechanism. Hence, the next step in this project will be to 

characterise the function of the Ctf13 N-terminal domain. 

 

Scm3 interaction with Ndc10: Our preliminary results show that the binding 

between Ndc10 and Scm3 occurs at the conserved N-termini of Scm3. 

Interestingly, this interaction seems to be conserved at least between 

S.cerevisae and L.thermotolerans. An interesting development would be to 

structurally characterise the interaction domain of Ndc10 by co-crystallising the 

Scm3 peptide with Ndc10FL or Ndc10CTD. This study could be completed with an 

in vivo study of the effect of the deletion of the Scm3 N-terminal domain.  
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Chapter 6. Material and Methods 
6.1 Molecular cloning 

6.1.1 Restriction free cloning 

 The restriction free cloning, also known as overlap extension PCR 

cloning, allows the insertion of DNA sequences into any position within a 

plasmid, independently of restriction enzyme sites or homologous 

recombination sites (van den Ent and Lowe, 2006). Pairs of hybrid primers are 

designed with overhang sequences that are complementary to both 5’ and 3’ of 

the insert and of the target plasmid. The insert is first amplified from a cDNA or 

any other template source, run on an agarose gel and purified with the Gel 

Extraction Kit (Qiagen). The product, including the insert complemented by the 

plasmid target sequence at the 5’ and 3’, is used as a 'mega-primer' in a 

secondary PCR reaction, with the target plasmid acting as template. The 

sequences complementary of the plasmid situated on the insert anneal to the 

target sequence and the plasmid is amplified. The mix is treated with 1 μl of 

DpnI for 1 hour at 37C to digest the parental plasmid and the Dpn1 is 

deactivated for 10 mns at 65C. The mix is then transformed into chemically 

competent xl1 cells and resuspended onto plates containing the selective 

antibiotic.  Single colonies are then picked and grown overnight. The plasmid 

DNA is then extracted by miniprep and sequenced.  
Primary PCR 

5X HiFi Buffer 10 
10mM dNTP mix 5 
10µM Forward Primer 2 
10µM Reverse Primer 2 
DNA template 1 
2U/µl Velocity 1 
H2O up to 50 
Total 50 
Thermal cycler condition 

98°C 30' x1 

98°C 8' 
x35 55°C 20' 

72°C 15`/kb  

72°C 5' x1 
Secondary PCR 

5x Phusion buffer 10 
dNTP (10mM) 5 
Plasmid (20ng/ul) 1 
Megaprimer  2 
Phusion 1 
diH2O up to 50 
Total 50 

 

 

 
 

Thermal cycler condition 
98°C 30' x1 
98°C 8' 

x35 55°C 20' 
72°C 15`/kb = 2' 
72°C 5' x1 
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6.1.2 Site directed Mutagenesis PCR 

 The site-directed mutagenesis is used to make specific changes to the 

DNA sequence of a gene (Carey et al., 2013). A pair of complementary primers 

containing the desired mutation is designed to be complementary to the 

template DNA at least 20 bps around the mutation site. The primer is then 

extended using a DNA polymerase with low proof reading activity to copy the 

rest of the gene and insert the mutation. Following the reaction, the product is 

digested with 0.25 µL of DpnI at 37 for 1 hour and transformed into xl1 

competent cells. The cells are resuspended onto plates containing the selective 

antibiotic.  Single colonies are then picked and grown overnight. The plasmid 

DNA is then extracted by miniprep and sequenced to select the positive 

mutants. Oligos must be designed with a Tm of at least 78°C with the mutations 

in the middle and need to be PAGE purified. 

 

 
Mutagenesis PCR 

5X HiFi Buffer 10 

10mM dNTP mix 1 

10µM Forward Primer 0.5 

10µM Reverse Primer 0.5 

DNA template 1 

2U/µl Pfu 1 

H2O up to 50 

Total 50 

Thermal cycler condition 

95°C 1.5’ x1 

98°C 8' 

x35 60°C 20' 

68°C 1’/kb 

72°C 5' x1 
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6.1.3 Deletion PCR  

 The deletion PCR is a modification of the site-directed mutagenesis, 

which allows deletions of any size to be made with total accuracy in a plasmid 

(Hansson et al., 2008). The principal is as follows: two primers are designed to 

anneal to the outside of the desired section facing outwards. The 5’ end of each 

primer must start exactly at the beginning and ends of the deletion. The primers 

are extended around the plasmid using a conventional PCR and the parental 

plasmid digested using DpnI. The purified product is then relegated and 

transformed as usual. First, the deletion PCR is carried out on the plasmid 

using Pfu polymerase to ensure that the PCR product is blunt ended. A 100 µL 

reaction generates sufficient product. After the PCR, 0.25 µl of DpnI directly to 

the PCR mix and incubated at 37 °C for 2 hours. The DNA is purified using the 

standard PCR purification kit (Quiagen) and eluted in 30 µL of water. The mix is 

then treated with 1 µl of polynucleotide kinase in T4 ligase buffer for 1 hour at 

37°C. Finally the plasmids are ligated with 1 μl of T4 DNA at room temperature 

for at least 3 hours. The plasmids are then transformed in chemically competent 

xl1 cells and single colonies are picked and grown overnight. The plasmid DNA 

is then extracted by miniprep and sequenced to select the positive mutants 

Confirm the presence of the insert by colony PCR and sequence. 
Deletion PCR 

5X HiFi Buffer 10 

10mM dNTP mix 1 

10µM Forward Primer 0.5 

10µM Reverse Primer 0.5 

DNA template 1 

2U/µl Pfu 1 

H2O up to 50 

Total 50 

 

 

 

 

Thermal cycler condition 

95°C 1.5’ x1 

98°C 8' 

x35 60°C 20' 

68°C 1’/kb 

72°C 5' x1 



   

 

   

 

6.1.4 DNA sequencing 

 The Cancer Research UK London Research Institute equipment park 

sequenced all the plasmids used during this project. The DNA sequencing was 

carried using the BigDye™ Terminator Cycle Sequencing kit (PE Applied 

Biosystems) and capillary sequencing on an ABI Prism 3730. 

 

6.1.5 Agarose gel electrophoresis 

 The agarose gel electrophoresis is used to separate a mixed population 

of DNA in a matrix of agarose. The DNA fragments are separated according to 

their lengths by applying an electric field, on which the negatively charged 

molecules migrate through the agarose matrix. The separated DNA is viewed 

by casting the gel with ethidium bromide, which intercalates into the major 

grooves of the DNA and fluoresces under UV light. The DNA fragments can 

also be extracted and purified with the gel extraction method. The concentration 

in agarose of the gels are usually between 0.7 - 2%, depending on the length of 

the DNA, and dissolved in a suitable electrophoresis buffer. The appropriate 

mass of agarose is measured and into a beaker with the appropriate volume of 

TBE buffer (Tris/Borate/EDTA). The mix is microwaved until the agarose is fully 

melted and the cooled down for 5 minutes. The ethidium bromide is added and 

the gel poured into the gel box and wait until the gel solidifies. The TBE buffer is 

added to the gel box once the gel is cooled and the DNA is prepared by adding 

1:3 volume of bromophenol blue buffer (30% glycerol, 0.25% bromophenol 

blue). The samples are loaded in the wells and migrate on the gel at 80 volts for 

30 mns until the bottom of the ladder reaches the bottom of the gel. 

 

  

  



   

 

   

 

6.1.6 Expression constructs table 

	  	   Plasmid	  name	  
Number	  of	  
residues	   Vector	   Antibiotic	   Tag	  

CBF3	  
components	  
expression	  	  

Ndc10	  FL	   1-‐957	   pEtDuet	   Ampicillin	   No	  tag	  
Ndc10	  NTD	   1-‐551	   pET28(a)	   Kanamycin	   N-‐terminal	  SUMO-‐tag,	  Ulp1	  protease	  site	  
Ndc10	  CTD	   550-‐957	   pET28(a)	   Kanamycin	   N-‐terminal	  SUMO-‐tag,	  Ulp1	  protease	  site	  

Ndc10	  L.Thermo	  pCDFduet	   1-‐818	   pCDFduet	   Spectinomycin	   No	  tag	  
Skp1-‐	  Ctf13	   1-‐693	   pETduet	   Ampicillin	   N-‐terminal	  2xStrep-‐tag,	  TEV	  protease	  site	  

Skp1-‐	  Ctf13	  CTD204	   1-‐420	   pETduet	   Ampicillin	   N-‐terminal	  2xStrep-‐tag,	  TEV	  protease	  site	  
Skp1-‐	  Ctf13	  CTD254	   1-‐470	   pETduet	   Ampicillin	   N-‐terminal	  2xStrep-‐tag,	  TEV	  protease	  site	  
Skp1-‐	  Ctf13	  CTD274	   1-‐490	   pETduet	   Ampicillin	   N-‐terminal	  2xStrep-‐tag,	  TEV	  protease	  site	  

Ctf13	  CTD290	   290-‐566	   pETduet	   Ampicillin	   N-‐terminal	  2xStrep-‐tag,	  TEV	  protease	  site	  
CBF3	  

recombinant	  
expression	  
in	  E.coli	  

Ndc10(SUMO)/Cep3	  
1-‐957	  (Ndc10)	  /	  1-‐

608	  (Cep3)	   pRSFDuet	   Kanamycin	  
N-‐terminal	  SUMO-‐ta	  (Ndc10),	  Ulp1	  protease	  

site	  /	  No	  tag	  (Cep3)	  

Ctf13/Skp1	  
1-‐566	  (Ctf13)	  /	  1-‐

194	  (Skp1)	   pETduet	   Kanamycin	   No	  tag	  
CBF3	  

recombinant	  
expression	  
in	  Yeast	  

Ndc10(SUMO)/Skp1	  
1-‐957	  (Ndc10)	  /	  1-‐

194	  (Skp1)	   pRS305	   Kanamycin	   No	  tag	  

Ctf13/Cep3	  
1-‐566	  (Ctf13)	  /	  1-‐

608	  (Cep3)	   pRS303	   Ampicillin	  
C-‐termini	  2xStreptavidin	  tag	  (Ctf13)	  /	  No	  tag	  

(Cep3)	  
CBF3	  

recombinant	  
expression	  
in	  Hi5	  cells	  

Ndc10(SUMO)/Cep3	  
1-‐957	  (Ndc10)	  /	  1-‐

608	  (Cep3)	   pRSFDuet	   Kanamycin	  
N-‐terminal	  SUMO-‐ta	  (Ndc10),	  Ulp1	  protease	  

site	  

Ctf13/Skp1	  
1-‐566	  (Ctf13)	  /	  1-‐

194	  (Skp1)	   pETduet	   Kanamycin	   No	  tag	  



   

 

   

 

 
 

6.2 Protein expression 

6.2.1 Bacterial expression 

 Transformation into chemically competent Escherichia Coli BL21 (DE3) 

RIL: The expression plasmids were transformed by adding 1 μl of the plasmids at 

20 ng. μL-1 into 40 μL of cells and by incubating the mix 20 mns on ice. The cells are 

then heat-chocked by 45 seconds at 42°C and then re-cooled down on ice for 2 

mns. The cells are finally incubated at 37°C for one hour and plated onto 

selective LB agar plates. 

 

 Protein expression: A single colony is inoculated into 100 mL of LB-Broth 

containing the selective antibiotic(s) and grown overnight at 37°C. This starter 

culture is used to inoculate the growth media (LB-Broth or Terrific Broth) by 

adding 5 mL to 1 litre of culture containing the selective antibiotic(s). The growth 

culture are grown at 37°C at 200 rpm until the optical density at 600 nm (OD600) 

reaches 0.4 (3.2 x 108 cells.ml-1). The growth media is then cooled down at 16 

or 18°C for 1 hour and 0.5 mM of IPTG is added to the media. Cells are then 

harvested by centrifugation at 4000 x g for 20 mns at 4°C in a Beckman J26 

XPI. 

 

 Cell lysis and protein extraction: The pelleted cells are resuspended in 

lysis buffer and treated with protease inhibitor (EDTA free tablets or 4-

benzenesulfonyl fluoride hydrochloride (AEBSF)). The cells are then lysed on 

ice by successive 30 s pulses of 15 microns with a Soniprep 150 ultrasonic 

disintegrator (MSE). The cells debris and large particles are then removed by 

centrifugation at 30,000 x g in a Beckman Allegra 64R centrifuge for 1 hour at 

4°C and filtrated with a 0.45 µm filter. 
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6.2.2 Bacterial expression of selenomethionine derivative protein in 
minimum media 

Protein expression: Selenium incorporated to methionine is the most 

commonly used heavy atom for SAD and MAD to phase macromolecular 

structures, along with selenocysteine. The well established recombinant 

techniques for the incorporation of selenium in prokaryal expression systems 

was established 25 years ago and has since been used in eukaryotic 

expression systems (Hendrickson et al., 1990). The expression plasmid is 

transformed into E.coli B834 and the freshly transformed plate is incubated over 

night at 37C. A 5ml pre-culture is grown in rich medium (2xTY, LB) and 

incubated overnight in 300 ml pre-culture in minimal medium (see below) over 

night with a 1:1000 inoculum. 5 L of minimal media are grown in the morning 

with a 1:100 inoculum until OD600 reaches 0.6. Prior to induction, 60 mg of 

selenomethionine along with 100 mg each of threonine, lysine hydrochloride, 

and phenylalanine and 50 mg each of leucine, isoleucine, and valine were 

added as solids and cultures were incubated for 15 more mns. IPTG was then 

added to 1 mM to start induction and cells were grown at 37°C for 3 hours. 

 

Minimal medium (1L): 780ml deionising water, 64g Na2HPO4-7H2O, 15g 

KH2PO4, 2.5g NaCl, 5.0g NH4Cl, 0.4% glucose, 2mM MgSO4, 1mM CaCl2, 2 

mM, pH to 7.0. Also add 1 mL of vitamins 1000x and 10ml trace elements 100x.  

 

100x trace elements (1L): 5g EDTA, 0.8g FeCl3, 0.05g ZnCl2, 0.01g CuCl2, 

0.01g CoCl2, 0.01g H3BO3, 1.6g MnCl2, Ni2SO4, molybdic acid. 
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6.2.3 Baculovirus protein expression 

 The production and amplification of baculoviruses and the protein 

expression in insect cells were carried out by Svend Kjaer and collaborators 

from the Protein Production Facility (CRUK). The baculoviruses were produced 

using the Clontech BacPAK system in Hi5 cells (BacPAKTM Expression System 

User Manual, Clontech). 

6.2.4 Yeast protein expression 

 Principle: The expression of recombinant and endogenous proteins in 

yeast is a commonly used as an alternative to bacterial, insect and mammalian 

cell expression. The yeast expression system offers many advantages by 

combining the simplicity and robustness of producing proteins in microbes 

(growth speed, easy genetic manipulation, low cost media) with the attributes of 

eukaryotic systems (post translational modifications, secretory expression). 

Several organisms are used such as Saccharomyces, Pichia, Kluyveromyces, 

Hansenula and Yarrowia. The expression vectors are integrated into the host 

chromosome and selected by amino acid deficiency. Once integrated, the 

plasmid remains stably integrated even in the absence if a selective marker. 

The expression vectors contain a strong yeast promoter/terminator and a yeast 

selectable marker cassette (his-leu). The yeast vectors are cloned and 

amplified in E.coli as any other expression plasmids and contain an E.coli 

replication origin and ampicillin selectable marker. 

 

 Yeast transformation: The yeast transformation (Gietz and Woods, 2002) 

starts with the linearization by cutting the marker with a digestion enzyme. The 

cells are inoculated in 50-100 ml mid and grown until they reach log phase (OD 

0.8). Cells are spin down and washed once with water and once with the 

transformation buffer (10 mM Tris/HCl, pH 7.5, 0.1 mM EDTA, 100 mM Lithium 

Acetate), before being resuspended in 100 µL TEL. In a separate tube, 8 µl of 

the linearizing plasmid (1 µg) is mixed with 2 µL of salmon sperm at 10 mg.ml-1 

that has been boiled for 5 min at 95°C. 50 µL of the cell suspension are then 
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added to the solution containing the plasmid. 300 µL of the transformation 

buffer (10% TEL, 50% H2O, 40% PEG3350) is then added to the mix and the 

cells are vortexed strongly for 10 s. The cells are incubates at 25°C for 4 hours 

and heat shocked for 15 mns at 42°C, then spin for 2 mns at 6000 rpm. The cell 

pellet is resuspended in 1 M Sorbitol and plates on selective yeast broth plates. 

The plates are incubated at 25°C for 2-3 days. 

 

 Yeast protein expression: A single colony was resuspended in 50 mL YP 

broth and grown overnight at 30°C. 2 to 4 mL of inoculum is added per litre of 

YP broth with 2% raffinose culture. The 1 L flasks are incubated until the cell 

density reaches 2x107 cells.mL-1 (OD = 1.5). The cultures are checked for 

eventual contamination and 25µl α-factor (10 mg.ml-1) is added to the media. 

The cells are incubated at 30°C for 2 hours with regular addition of α-factor 

every 60 mns until all the cells enter G1. Once 90% of the cells are in G1, the 

protein expression is induced by adding 2% galactose to the media and the 

cells are incubated for another 3 hours at 30°C.  

 

 Cell lysis and protein extraction: The cells are centrifuged at 4000 x g for 

10 mns and the supernatant is discarded. The pellets are then washed with the 

wash buffer (25 mM Hepes-KOH pH 7.6, 1 M sorbitol) and centrifuged again. 

The pellets are resuspended in lysis buffer with complete EDTA free protease 

inhibitor tablets and flash frozen in liquid nitrogen by pipetting drops of 

resuspended cells. The ‘popcorn’ created is crushed into a freezer-mill and the 

cells debris and large particles are then removed by centrifugation at 30,000 x g 

in a Beckman Allegra 64R centrifuge for 1 hour at 4°C and filtrated with a 0.45 

µm filter. 
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6.3 Protein purification 

6.3.1 Streptavidin, SUMO and Histag affinity chromatography 

Streptavidin affinity chromatography: Streptavidin affinity 

chromatography method is based on the interaction between a strep peptide 

(Trp-Ser-His-Pro-Gln-Phe-Glu-Lys) tagged to the recombinant protein and the 

vitamin H, also called biotin (Skerra and Schmidt, 2000). During the binding 

step, the strep-tagged protein is bound to the streptavidin-coated beads. During 

the elution step, the strep-tagged protein is eluted by adding biotin, which has a 

much higher affinity of streptavidin. The streptavidin-coated beads were packed 

into a 5 mL GE Healthcare columns connected a ÄKTA prime (GE Healthcare). 

The column is first equilibrated with 2 to 5 column volumes of binding buffer. 

The filtrated sample is bound to the column at a speed of 0.5-2 ml.min-1. The 

column is then washed with 10-20 column volumes until the 280 mAu returns to 

the baseline. The sample is eluted with a 30 ml volume of elution buffer 

containing 0.5 mM of biotin. The collected fractions are subsequently analysed 

on a SDS PAGE gel. The tag is removed by treating the fractions with TEV 

protease overnight at 4°C. 

 

Polyhistidine affinity chromatography: The polyhistidine affinity 

chromatography protocol relies on the interaction between a polyhistidine 

tagged recombinant protein and nickel coated beads (Hengen, 1995). During 

the binding step, the poly-His-tagged protein is bound to the nickel coated 

beads. During the elution step, the poly-His-tagged protein is eluted by a 

gradient of imidazole, a weak competitor of the 6xHis tag. Nickel coated beads 

are packed into a 5 mL GE Healthcare columns connected a ÄKTA prime (GE 

Healthcare). The column is equilibrated with 2 to 5 column volumes of binding 

buffer. The filtrated sample is bound to the column at a speed of 0.5-2 ml.min-1 

and washed with 10-20 column volumes until the 280 mAu absorbance returns 

to the baseline. The poly-histidine tagged recombinant protein is eluted with a 

gradient of imidazole (500 mM). The collected fractions are subsequently 
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analysed on a SDS PAGE gel. The tag is removed by treating the fractions with 

TEV protease overnight at 4°C. 

 

SUMO affinity chromatography: The SUMO affinity chromatography 

combines the use of a polyhistidine tag with the increased solubility procured by 

the SUMO tag (Peroutka Iii et al., 2011). This method is very efficient to obtain 

high expression of proteins prone to precipitation or degradation. The affinity 

purification step is similar to the poly-histidine affinity purification. The poly-

histidine-SUMO tagged protein is bounds to the nickel coated bead and eluted 

with imidazole. Nickel coated beads are packed into a 5 mL GE Healthcare 

columns connected a ÄKTA prime (GE Healthcare) and equilibrated with 2 to 5 

column volumes of binding buffer. The filtrated sample is bound to the column 

at a speed of 0.5-2 ml.min-1 and washed with 10-20 column volumes until the 

280 mAu absorbance returns to the baseline. The recombinant protein is eluted 

with a gradient of imidazole up to a concentration of 500 mM. The collected 

fractions are subsequently analysed on a SDS PAGE gel. The tag is removed 

by treating the fractions with Upl1 overnight at 4°C. 

6.3.2 Tandem Affinity Purification 

TAP principle: The TAP is a non-recombinant method used to purify 

protein endogenously and to study protein-protein interaction (Rigaut et al., 

1999). The gene coding for the protein of interest is modified at the 3’ or 5’ end 

with a sequence coding for the TAP tag including a calmodulin binding peptide 

(CBP), a TEV protease sequence and a Protein A motif. The target is 

expressed with a N-term or C-term TAP tag at endogenous levels and purified 

in two steps with IgG and calmodulin coated beads (Puig et al., 2001). 

 

 TAP protocol: A single colony of TAP tagged strain is resuspended in a 

large volume of yeast extract peptone dextrose (YPD) (usually 20 to 50 L 

depending on the endogenous expression of the protein) and incubated at 30°C, 

200 rpm ON until the OD600 reaches 1.2. The culture is then centrifuged at 3000 

rpm for 15 mns at 4°C and washed with cold water or Phosphate buffered 
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saline (PBS). The pellets are resuspended in lysis buffer and flash frozen drop 

by drop. The “pop-corn” cells are then lysed by freeze-mill cooled down by 

liquid nitrogen and the lysate is centrifuged at 19,500 rpm, for 45 mns. The 

supernatant is incubated with sepharose 6B IgG beads for 2 hours on at 4°C. 

The IgG beads are washed with NP-40 buffer (lysis buffer + 0.5% NP-40), 

equilibrated with the TEV buffer (lysis buffer – 150 mM KCl) and incubated with 

TEV ON at 4°C to cut the IgG tag. The supernatant eluting form the IgG beads 

is equilibrated with Calmodulin binding buffer (CBB) (TEV buffer + 1 mM 

magnesium acetate, 1 mM imidazole + 5 mM CaCl2) and incubated with 

calmodulin sepharose beads 1 h at 4°C. The beads are then washed with CBB 

+ 0.1% NP-40 and eluted with calmodulin elution buffer (CBB + 10mM EDTA). 

 

6.3.3 Anion exchange chromatography 

 Following the first affinity purification, the protein samples are further 

purified with anion exchange chromatography to eliminate the remaining 

contaminants from the cell lysate, to concentrate the protein and to exchange 

the buffer. Samples were loaded at 2-3 ml.min-1 onto a MonoQ 10/100GL (GE 

Healthcare) using a high performance liquid chromatography (HPLC) ÄKTA 

purifier system (GE Healthcare) at 4°C. Unbound protein are washed off with 

anion exchange binding buffer (50 to 150 mM NaCl) and the bound proteins are 

eluted by applying a gradient of 100% anion exchange binding buffer to 100% 

anion exchange elution buffer (1M NaCl) over 20 to 30 columns. The protein 

elution is monitored using the absorbance at 280 nm. 

6.3.4 Size exclusion chromatography 

 Following the anion exchange chromatography, the samples are 

concentrated to 5 ml for a size exclusion purification on a 120 ml Superdex 200 

16/60 column and Superdex 75 16/60 column or 0.5 ml for a size exclusion 

purification on a 24 ml Superdex 200 10/300, Superdex 75 10/300 and 

Superose 6 10/300 GL column (GE Healthcare). The columns are pre-

equilibrated with crystallization buffers on a HPLC at 4°C and the size exclusion 
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chromatography of the target protein is carried out at 1 ml.min-1 for the 16/60 

columns and 0.4 ml.min-1 for the 10/300 columns. 2 ml or 0.4 ml fractions are 

collected and the protein elution is monitored by using the absorbance at 280 

nm. 

6.4 Protein purification and analysis 

6.4.1 Measurement of protein concentrations 

 The protein concentrations were measured using a Nanodrop 1000 

spectrophotometer (Thermo Scientific) and calculated using the protein 

molecular weights and extinction coefficients of the respective proteins. 

6.4.2 SDS-PAGE 

Preparing the gel: The frame is set by clamping two glass plates in 

frames, and the gel solution is prepared according to the volume described 

below. The separating gel is pipetted between the glass plates and the gel is 

filed with water to obtain a flat horizontal line. After 20-30min, the solidified gel 

is dried and the stacking gel is pipetted until overflow. The 10 or 15 well-forming 

comb is inserted without trapping air under the teeth and the stacking gel is left 

to dry for 20-30min. Once the stacking gel is solid, the comb is taken out and 

the gel is placed in the buffer dam. The electrophoresis buffer is added into the 

inner chamber until the buffer surface reaches the required level. 

 

Prepare the samples and run the gel: The samples is mixed with the 

loading buffer and boiled for 5-10 min. The samples are loaded into the wells 

using one lane for the protein marker. The gel tank is close and the anodes 

connected to the tank. The samples migrate at 180 to 220 volts until the down 

most sign of the protein marker reaches the foot line of the glass plate. The gel 

is then stained with coomassie blue for 10 mns. 
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Running buffer: 25 mM Tris-HCl, 200 mM Glycine, 0.1% (w/v) SDS 

Loading buffer: 10% w/v SDS, 10 mM β-mercaptoethanol, 20 % v/v Glycerol, 

0.2 M Tris-HCl, pH 6.8 0.05% w/v Bromophenol blue 

 

 

Stacking gel  

H2O 2.975 ml 

0.5 M Tris-HCl, pH 6.8 1.25 ml 

10% (w/v) SDS 0.05 ml 

Acrylamide/Bis-acrylamide (30%) 0.67 ml 

10% (w/v) ammonium persulfate (AP) 0.05 ml 

TEMED 0.005 ml 

Acrylamide % 6% 8% 10% 12% 15% 
H2O 5.2ml 4.6ml 3.8ml 3.2ml 2.2ml 

acrylamide (30%) 2ml 2.6ml 3.4ml 4ml 5ml 

1.5M Tris(pH=8.8) 2.6ml 2.6ml 2.6ml 2.6ml 2.6ml 

10% (w/v)SDS 0.1ml 0.1ml 0.1ml 0.1ml 0.1ml 

10% (w/v) AP 100µl 100µl 100µl 100µl 100µl 

TEMED 10µl 10µl 10µl 10µl 10µl 

6.4.3 Electrophoretic mobility shift assay (EMSA) 

Principle: In an EMSA assay, different molar concentrations of proteins 

are mixed with a constant amount of target DNA to study the protein-DNA 

interaction. After incubating the protein-DNA mix 10 mns on ice, the 

bromophenol blue buffer is added and the samples are migrated on an agarose 

gel at 0.4% agarose. The DNA binding capacity of the protein is tested by 

observing a shift between the control band without protein and the bands with 

protein. 

6.4.4 Peptide array membrane 

Principle: Peptide array membrane assays are used to study protein-

protein interactions. The peptides of interest, covering the entire sequence of 

the samples binding partner, are linked to the surface of a cellulose membrane 

and are incubated with the biological sample. After several washing steps, the 
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primary antibody binding to the poly-histidine tag of the sample is applied. 

Subsequently, a secondary antibody tagged by a fluorescence label and 

specifically binding to the primary antibody is applied. The secondary antibody 

can be detected chemiluminescence. 

 

Protocol: The membrane is washed with stripping buffer (SB) (50% EtOH, 

10% Glacial Acet Acid) 1 h at RT and then rinsed Incubation buffer (IB) (50 mM 

Tris, 0.2 M NaCl, 250 uM TCEP). The membrane is then incubated with 200 µg 

of Ndc10 at 4°C ON. The next day, the membrane is incubated 1 h at RT with 

Binding buffer (BB) (IB + 0.1% Tween, 0.5% Milk) and the anti-his antibody was 

added. After 1 h at room temperature, the membrane is washed with IB buffer 

and the secondary antibody is added to bind to the anti-his. The developing 

chemical is added and the membrane is exposed to a light sensitive film for 

various length of time. A blank is recorded following the same procedure 

without adding the protein. 

 

6.4.5 Microscale Thermophoresis, principles and protocol 

Principle: Microscale thermophoresis (MST) is a technology frequently 

used to analysis molecular interactions. The MST measures changes of the 

hydration shell of biomolecules resulting from changes in their 

structure/conformation during a microtemperature gradient. The hydration shell 

fluctuations are used to determine binding affinities, binding kinetics and activity 

kinetics. MST is a powerful method as it does not requires an immobilising 

sample, it works at low concentration and the samples are in near native and 

soluble state. During the measurement, an infrared-laser (IR-laser) generates 

precise microscopic temperature gradients within a thin glass capillary that is 

filled with a fluorescent sample. The fluorescence is recorded to monitor the 

motion of molecules along these temperature gradients. At the start of the 

experiment, the fluorescent labelled molecules are distributed evenly in solution. 

Once the IR-laser is switched on, the molecules experience a thermophoretic 

force and move out of the heated spot. The spatial temperature difference ΔT 



 

   

 

176  

leads to a depletion of molecule concentration (chot) in the region of elevated 

temperature compared to the molecule concentration (ccold) in the region of 

lower temperature, which are quantified by the Soret coefficient ST (Duhr and 

Braun, 2006):  
𝒄𝒉𝒐𝒕
𝒄𝒄𝒐𝒍𝒅  

=   𝒆(!𝑺𝑻  𝜟𝑻)  

Equation 1: The Soret coefficient 
 

After turning off the IR-laser, the molecules diffuse back to re-establish a 

homogeneous distribution. The thermophoresis depends on the interface 

between molecule and solvent, also called the hydration shell. Hence, the 

thermophoresis of a fluorescently labelled molecule differs significantly from the 

thermophoresis of a fluorescently labelled complex due to the size, charge and 

solvation entropy differences. This difference is used to quantify the binding in 

titration experiments. The following stages are recorded for each sample: 

fluorescence signal before turning the IR laser on, thermophoresis of molecules 

and back diffusion after switching the laser off. This technology was developed 

by the NanoTemper Technologies GmbH. 

 

Protocol: A set of samples including fluorescent molecule, in our case 

DNA oligos labelled with 5FAM and protein peptide labelled with 6FAM, kept at 

constant concentration and a binding partner with decreasing concentration are 

filled in small glass capillaries (4 ul). Each titration series consists of up to 16 

capillaries measured in a single thermophoresis run. The concentration of the 

fluorescently labelled molecule should be close to the expected Kd and in the 

range of 80–1,500 fluorescence counts. The unlabelled protein concentration 

should start at a concentration 20-fold higher than the expected Kd and diluted 

down to 0.01-fold of the expected KD. Once the capillaries are ready, they are 

loaded in the reader and the LED is selected for 5-FAM or 6-FAM dyes. The 

capillaries are then identified by the function “find capillaries”  (initial settings: 

LED power: 50%, IR-laser power 10%). During this preliminary scan, the 

fluorescence signal should range between 100 and 2,000 fluorescence units 

and should not differ more than 10% between capillaries. The unlabelled protein 
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concentrations are then entered and the number of measurements and the 

strength/level of the temperature field induced by the IR-laser (low, moderate, 

high) are adjusted. After the measurement, the data is analysed with the MST-

analysis software and a binding curve is plotted using the normalising 

fluorescence of the labelled molecule at different concentrations of the 

unlabelled peptide. Finally, the NanoTemper analysis software quantifies the 

interaction affinity, the value of the dissociation constant KD or the EC50 by 

using the law of mass action:  

 

f c =
unbound + (bound − unbound)

2
  ×  ([Fluo] + c + K!Sqrt((FluoConc + c +   K!)^2 − 4×FluoConc×c) 

Equation 2: Law of mass action 
 

6.4.6 Analytical ultracentrifugation (AUC) 

Principle: AUC consists of the real time observation of the redistribution of 

macromolecules after applying a centrifugal force. Results can be analysed 

from first principles, given quantitative and rigorous data on a particular sample 

are available, without the requirement of labelling or modification of the 

proteins. Furthermore, the method gives access to native solution properties. 

The method relies on the simple observation that complexes sediment faster 

than single components. Analysis of the sedimentation coefficient allows the 

hydrodynamic and thermodynamic characterisation of even weak and transient 

interactions. Additionally, AUC of non-interacting proteins can be used to 

calculate molar mass, gross shape, and the heterogeneity of the sample, 

including oligomers and aggregates. Conceptually, AUC is a conventional 

centrifuge equipped with an optical system for the real-time observation of the 

protein distribution during the centrifugation. The spatial gradients measured 

results from the application of the centrifugal field and from the sedimentation 

evolution of the macromolecules with time. Analytical rotors usually contain 

100–400 µL chambers enclosing the sample between windows that are optically 

transparent and perpendicular to the plane of rotation. The detection system is 

tightly synchronising with the rotor speed and records data only as the chamber 
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passes the light path. Two measurements can be recorded: (a) the 

sedimentation velocity (SV) by applying a high centrifugal speed and analysing 

the time course of the sedimentation process (Schuck, 2000) and (b) the 

sedimentation equilibrium (SE) by applying a low centrifugal force and 

analysing the diffusion balancing the macromolecular sedimentation (Ghirlando, 

2011). 

 

Sedimentation: Sedimentation is governed by three parameters: the 

gravitational force, the buoyancy and the hydrodynamic friction. The 

gravitational force can be expressed as 

𝑭𝒔𝒆𝒅 =   𝒎𝝎𝟐𝒓 

with m the protein mass, ω2 the rotor angular velocity, and r the distance from 

the centre of rotation. Fsed is proportional to the square of the rotor speed, 

hence a wide range of particle sizes can be studied by the changing the rotor 

speed. The buoyancy force can be expressed as  

𝑭𝒃 =𝒎𝝊𝒑𝝆𝝎𝟐 

with 𝝊𝒑 the protein partial-specific volume and ρ the solvent density. Fb opposes 

the Fsed and is proportional to the mass of the displaced solvent. Finally, the 

frictional force Ff is depends on the hydrodynamic translational frictional 

coefficient and the migration velocity, and can be expressed 

𝑭𝒇 = 𝒔(𝒌𝑻/𝑫)𝝎𝟐 

with k the Boltzmann constant, T the absolute temperature, and D the diffusion 

constant. The sedimentation coefficient 𝒔 = 𝒗  /𝝎𝟐
 is a molecular constant (with 

v the absolute migration velocity. This constant allows the measurement of the 

low-resolution shape of the proteins and their complexes in terms. Another key 

parameter is the sedimentation coefficient s (measured in units of Svedberg, 

with 1 S_ 10_13 s). The Sverdberg equation can be derived these three 

equations: 

𝒔
𝑫 =

𝑴(𝟏− 𝒗𝒑𝝆)
𝑹𝑻  

 

Equation 3: Sverdberg equation 
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with M the protein molar mass, and R the gas constant. The Sverdberg 

equation provides a useful relationship between the sedimentation coefficient 

(obtained from the sedimentation migration in SV), the diffusion coefficient 

(obtained from the sedimentation spread in SV) and the molar mass (obtained 

from the exponential gradient in SE). 

 

Sedimentation velocity: The principle behind SV is simple, at 40 000 rpm or 

higher, proteins will sediment to the bottom of the cell in a size and shape 

dependence. Hence, an elongated 100-kDa protein may sediment slower than 

a globular 60-kDa protein. The typical amount of protein required for an AUC 

experiment is usually 1 to 2 ml of sample at 0.5–1 mg.mL-1. Usually, two to 

three dilutions are used at 1:1, 1:3 and 1:10 of the stock concentration usually 

not exceeding 1mg.ml-1 to prevent non-ideal sedimentation. The concentration 

series is essential for a self-associating system, which are often concentration 

dependant. The protein purity should be higher than 95%, and prepared with at 

least 20 mM NaCl to suppress electrostatic interactions. The protein effective 

partial-specific volume can be predicted from the amino acid sequence using 

the software SEDNTERP (Lebowitz et al., 2002). Additionally, the solvent 

density and viscosity can be predicted with SEDNTERP from pre-existing 

tabulated data. 

 

The sedimentation coefficient (s): s is the velocity per unit centrifugal force 

expressed as: 

𝒔 =
𝟏
𝝎𝒓𝟐

𝒅𝒓
𝒅𝒕 =

𝒎
𝒇  

Equation 4: Sedimentation coefficient 
 

where s is the sedimentation coefficient, ωr2 the centrifugal field, r the radius, t 

the time of sedimentation, m the buoyant molecular mass and f the frictional 

coefficient. s is a molecular constant, but will vary according to temperature and 

solution density. Hence, s is always converted into a standard state of 20°C in 

water at infinite dilution (denoted 𝑠!",!! ). This normalisation is done by 

SEDNTERP. The comparison of 𝑠!",!!  with the perfect sedimentation coefficient 
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of a smooth compact sphere of the same mass and density gives the frictional 

ratio, f/f0. The frictional ratio can be interpreted with SEDNTERP to deduce the 

shape of the molecule. Because the calculated 𝑠!",!!  cannot exceed the 

sedimentation speed of a smooth compact sphere of the same mass and 

density, 𝑠!",!!  can be interpreted to deduce the oligomeric state of the protein. 

 

Apparent Sedimentation Coefficient Distributions g*(s): SV data can be 

analysed by the differential sedimentation coefficient distribution g*(s). g* is a 

distribution of apparent sedimentation coefficients (s values of hypothetical non-

diffusing particles) and its distribution area is equal to the amount of 

sedimenting material with a specific sedimentation coefficient. To derive g*, we 

used the dc/dt-based method implemented by the dC/dT program. With this 

method, the time-dependent offsets are reduced by a vertical alignment prior to 

the data analysis, and the radial-dependent offsets vanish by taking pair-wise 

differences of scans. This method approximate the pair wise difference Δc/Δt 

(with c the concentration and t the time) for the time derivative dc/dt, which can 

be used in the transformation: 

𝒈 ∗ 𝒔 =
𝝏𝒄
𝝏𝒕

𝟏
𝒄𝟎

𝝎𝟐𝒕𝟐

𝐥𝐧(𝒓/𝒓𝒎)
𝒓
𝒓𝒎

𝟐
 

Equation 5: Apparent Sedimentation Coefficient Distributions 
 

with c0 the initial loading concentration. The g*(s) distribution is approximately 

Gaussian, with a half-width related to the diffusion coefficient of the protein. It is 

possible in a second stage of the SV analysis to fit the g(s*) distributions with 

Gaussians, and to derive the molar mass of the sample by using the Svedberg 

equation. 

 

 AUC experimental procedure: Proteins at a concentration ranging from 

0.1 to 1 mg.mL-1 are prepared in a suitable buffer containing at least 20 mM 

NaCl. It is usually better to check two concentrations per sample to check 

eventual aggregates or oligomerisation. Additionally, two cells facing each other 

are used per samples. The system used during this work includes an An-50 Ti 
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rotor in an Optima XL-A ultracentrifuge (Beckman) mounted with a detector 

reading absorbance at 280 mAu. 

6.5 Small-angle X-ray scattering 

6.5.1 Principle and theory of SAXS 

  Principle and theory: SAXS is a small-angle scattering technic, which 

records inhomogeneities in the nm-range using the low angle elastic scattering 

of X-rays (0.1 to 0.2 nm λ) of a biomolecule sample, usually of a large protein 

complex (reviewed in (Lipfert and Doniach, 2007). The diffraction data is 

recorded at very low angles (typically 0.1 - 10°) and contains information about 

the general structural information such as the shape and size and the 

characteristic distances of the protein. The size range of complex analysable by 

bio-SAXS varies between 5 and 25 nm. The low angle scattering curve of a 

biological sample is described by its intensity I and is a function of the 

momentum transfer q defined as  

𝒒 =
(𝟒𝝅 𝐬𝐢𝐧𝜽)

𝝀  

Equation 6: Momentum transfer q 
 

with 𝜃 the half angle between the scattering and incident radiation and 𝜆 the 

wavelength at 0.15 nm. Because of the low angle scattering and the fixed 

wavelength, the scattering function can be approximated by plotting I against q. 

At such low resolution, the scattering can be used to estimate the radius of 

gyration (Rg) and the zero angle scattered intensity I(0). Rg is the root mean 

square distance of all the scattering volumes from the centre of the particle 

mass. I(0) is the intensity of the scattered radiations at the 0° 𝜃 angle and 

represent the square of the number of electrons in the scatterer and can be 

used for independent molecular weigh assessment. The Rg and I(0) are 

determined by the Guinier equation and can be derived from the plot of ln(I) 

against q2: 

𝐥𝐧 𝑰 = 𝐥𝐧 𝑰 𝟎 −   
(𝒒𝟐𝑹𝒈𝟐)

𝟑  
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Equation 7: Guinier equation 
 

Another parameter measurable is the pair distribution function P(r), which 

measures the frequencies of all inter-atomic vector lengths within a molecule, 

giving access to low resolution information. P(r) is defined as: 

 

𝑷 𝒓 =   
𝟏
𝟐𝝅𝟐 𝑰 𝒒 ∗ 𝒒𝒓 ∗ 𝐬𝐢𝐧𝒒𝒓 ∗ 𝒅𝒒

𝑫𝒎𝒂𝒙

𝟎
 

Equation 8: Pair distribution function P(r) 
 

with r the inter-atomic vector distances and Dmax the maximum distance present 

in the scattering particle. P(r) is generated by a Fourier transform of the data 

and is a real space representation of the low angle scattering. Typically, P(r) 

equal zero at r=0 and Dmax (borders of the particle), the later being 

approximated as 2-4 Rg. 

6.5.2 Sample preparation and data collection at SOLEIL 

 The SAXS data was collected at the SWING beamline of the synchrotron 

SOLEIL and was coupled with a online High Performance Liquid 

Chromatography (HPLC) (Jensen et al., 2010). The HPLC separates 

aggregates, oligomers and monomers present in the sample directly before 

SAXS data collection. The beamline is equipped with a PCCD170170 detector 

(AVIEX) and a sample-detector distance of 1.6 m was used. The sample was 

passed through a thermostated 1.5 mm diameter quartz capillary within the 

vacuum chamber. The data was collected with a 1.5 or 2 seconds exposure for 

each frame collected followed by 1 second of dead time. The purified Ndc10-

DNA complex, previously purified on a Superdex 200 16/60, was injected onto a 

5 ml SHODEX KW403-4F column size exclusion column connected the online 

HPLC system (Agilent). The elution peak was eluted directly into the data 

collection capillary. The size exclusion was carried out at a flow rate of 150 

µl.min-1. In addition to the protein data collection, 60 frames of SAXS data was 

collected for the size exclusion buffer, after the protein elution. SAXS data was 
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collected for the protein sample across the entire size exclusion elution peak, 

recording a total of 100 frames of SAXS data. 

6.5.3 HPLC coupled SAXS initial data processing 

 The raw SAXS data collected at SWING was processed on site using 

Foxtrot to generate the 1D SAXS profiles. The buffer data was merged and 

subtracted from each individual protein frame from the HPLC peak. The 

sharpest SAXS profile, which corresponds to the protein peak center, was 

analysed in Foxtrot to determine the Rg using the Guinier approximation (see 

6.5.1). The Rg was calculated for every data collection SAXS profile across the 

HPLC peak and several frames with similar Rg, corresponding to the center of 

the HPLC peak, were merged. The resulting SAXS profile was used for 

subsequent analysis. 

 

6.5.4 SAXS data processing 

 The averaged SAXS profile was processed using the ATSAS suite 

(Konarev et al., 2006). PRIMUS used the Guiner approximation to define the Rg 

and generate the Kratky plots to detect the presence of aggregates. Next, 

GNOM fitted the data to generate the pair distance distribution function P(r) and 

assessed the quality of the data by calculating the chi square value showing the 

discrepancy between the experimental data (Iexp) and the fit (Icalc), the 

smoothness and stability of the solution and the presence of systematic 

deviations between the experimental data and the fit. The overall quality of the 

model is assessed by these five criterions to give a score between 0 and 1. 

Similarly, the maximum vector length Dmax was determined in GNOM, using an 

approximation of the Rg as the initial estimate and based on the score of the 

GNOM solution and whether the P(r) equaled zero at r=0Å and at the Dmax. 
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6.5.5 Ab-initio shape determination from SAXS data 

 The SAXS 3D map was generated using the ab-initio method 

implemented by DAMMIN (Svergun, 1999) and using the P(r) generated by 

GNOM. DAMMIN algorithm generates a protein model made of spheres and 

tries to closely pack them inside a sphere. The energy of the system is 

minimizing by simulated annealing to fit the experimental data.  The simulation 

was run multiple times and the resulting models were aligned and an averaged 

model generated using DAMAVER (Volkov and Svergun, 2003) in batch mode. 
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Chapter 7. Theory of protein crystallography 

 X-ray crystallography is key to structural biology. Although tremendous 

improvements have been achieved in EM, it remains the method of choice for 

high-resolution 3D structure resolution. The physical and methodological 

principles underlying crystallography will be briefly described in the following 

section with a special emphasis on the SAD and molecular replacement 

phasing methods, which were used during this project. 

 

7.1 Protein crystallisation 

 Protein crystallisation: Protein crystallisation requires the driving of a 

highly pure protein sample (>90% purity) to supersaturation. The protein must 

reach supersaturation, through high concentration and by using precipitant 

chemical, to overcome the thermodynamic energy barrier that precedes crystal 

nucleation. It is a perilous exercise since the supersaturated state must be 

reached without driving the protein to precipitation. An excessive protein 

concentration will push the equilibrium toward random molecular association 

and will give rise to large disordered aggregates. However, carefully 

implemented protein supersaturation will drive the system toward nucleation 

(see figure 91). The initial nucleation decreases the local protein concentration 

and creates another lower metastable state, which is ideal for ordered 

interaction giving rise to crystals. Supersaturation is achieved by mixing the 

protein with a crystallisation solution, which usually contains a precipitant in 

addition to salt and buffers. The precipitant shields the water molecules and 

increases the protein concentration. The precipitant also helps to slowly diffuse 

the water out of the drop by exchange with the mother liquor. The success of 

protein crystallisation depends hugely on the chemical and physical properties 

of the protein. Indeed, macromolecules are large, often unstable, irregular 

entities and packing them in an orderly fashion is usually challenging. Crystal 

packing depends on the interaction between protein and hence on the surface 

properties of the targeted protein. Large unfolded or hydrophobic surface 
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always block crystallisation proper and the success of a crystallisation 

experiment often depends on the crystallographer ability to design the right 

construct. 

 

 
figure 91: Thermodynamics of protein crystallisation  
Proteins in crystallisation solution go from soluble (A) to supersaturated state by the addition of 
precipitant chemical and the diffusion of water form the drop to the reservoir. If the right 
conditions are combined, the proteins nucleate and form big single crystals (C). Otherwise, the 
protein becomes unstable and precipitate by aggregating randomly (B).  
 

 Crystallisation screening: The most common crystallisation technic is 

hanging or sitting drop vapour diffusion. This simple method is based on the 

water diffusion between the drop containing the protein – precipitant mix and 

the reservoir containing the precipitant. The diffusion from the drop to the 

reservoir gradually increases the precipitant and protein concentration, which 

slowly reaches supersaturation and enters nucleation. The drop is either “sitting” 

in a special recipient or “hanging” on the cover slip closing the well. Once a 

crystal hit is obtained, the condition leading to crystallisation is selected and 

optimised by strategically varying the buffer components concentrations, 

changing the protein concentration or adding additives. It is impossible to 

predict conditions, which will lead to nucleation. Hence, one successful 

condition is identified by screening hundreds and thousands of solutions. 

Numerous factors can inhibit crystallisation such as varying temperature, 
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shocks, vibrations, impurities, and conformational flexibility. This huge 

constraint makes the likelihood of crystallising a protein to drop to 5% at the 

beginning of an experiment. Careful experiment planning and constructs design 

can therefore save month of work. 

 

Crystal freezing and mounting: Once the precious crystals are obtained, 

they need to be soaked or optimised in a suitable solution allowing cryo-

freezing. The crystal is then fished with a cryo-loop and mounted on a 

goniometer for measurement. The crystal is maintained in at liquid nitrogen 

temperatures to reduce the radiation damage and the protein thermal motion.  
 

7.2 Crystal packing 

7.2.1 Crystal packing 

 Protein crystals lattice: Bernal and Hodgkin first discovered in 1934 that 

generating protein crystals in their mother liquor give better diffraction patterns 

than dried crystals. Protein crystals are characterised by distinct edges and 

angled planes reflecting the internal protein packing. The diffraction patterns 

obtained depend on the nature of its contents and the way proteins are packed. 

It is therefore essential to understand the crystal internal symmetry to elucidate 

its atomic structure. Like in inorganic crystals, individual proteins align 

themselves in a repeating series of "unit cells" to achieve their lowest energy 

state by forming regular arrangements. The protein “lattice” generated is held 

together by non-covalent weak interactions. The unit cell is the basic repeating 

unit of a crystal and is characterised by its edges x, y and z by its vectors a, b 

and c and angles α, β and γ. The three unit cell planes are formed by vectors a 

and b for C, b and c for A and a and c for B. The unit cell is essentially an 

imaginary tool useful to represent the repeating protein packing and the 

assembly of which is give rise to the crystal lattice. Unit lattices in 3D space 

include a total of six primitives and eights centred lattices. The total forms the 

14 Bravais lattices. A primitive lattice contains one lattice point per cell and the 

unit cells within a primitive crystal are related by whole numbered translations 
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only. On the other hand, a centred lattice contains more than one lattice point 

per unit cell. The additional point arises because of the lattice centring which 

arises on the planes (face-centring F) or the lattice centre (body-centring I, or 

rhomboedral centring R). Because of the point multiplicity, fractional translations 

may relate unit lattices within centred crystals.  

 

 
figure 92: Unit lattice, primitive and centred lattice 
(A) a primitive lattice showing the vectors a, b and c and the respective angles  α, β and γ 
linking them. (B) face centred (denoted as F) on the plane C and (C) body centred (denoted as 
I) unit lattices. The corresponding translation relations between the unit cells are indicated in 
brackets. 
 
 Miller indices and the reciprocal lattice: Miller indices are a useful planes 

notation system in the Bravais lattices. In Miller notation, lattice planes are 

determined by three integers h, k, and ℓ. The Miller indices (hkℓ) characterises a 

plane orthogonal to a direction (h, k, ℓ) at the basis of the reciprocal lattice 

vectors a, b and c respectively. Planes with a defined Miller indices pass 

through the unit cell edges a, b and c define a position corresponding to 

fractions of the edges expressed in whole numbers. For example, Miller indexes 

100, 010 and 001 represent planes orthogonal to direction a, b and c 

respectively. The relevance of using Miller indices in crystallography arises 

when working in the reciprocal lattice. The reciprocal lattice is an enormously 
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useful mathematical construct that greatly simplifies metric calculations and the 

description of diffraction events. In physics, the reciprocal lattice, or momentum 

space, of a Bravais lattice is used to represent the Fourier transform (FT) of the 

spatial wave function of the direct lattice. In crystallography, the planes of a 

reciprocal lattice intersect an imaginary sphere with a 1/λ (Ewald sphere) radius 

centred on the crystal. The points of intersection between this sphere and the 

reciprocal space represent the point where diffraction spots are seen. In one 

crystal orientation, the observed diffraction spots only correspond to a tiny 

fraction of the Ewald sphere / reciprocal lattice. Hence collecting a full dataset 

describing the entire reciprocal space necessitates to rotate the Ewald sphere 

(by rotating the crystal). The mathematical relation between reciprocal and 

direct lattice of a reciprocal lattice is the original lattice. 

 

 Symmetry: Geometrical symmetry is the "operation" that maps an object 

onto itself. The object must be invariant under the transform, and all points 

before and after the transform must be indistinguishable (closure requirement). 

This property restrains protein symmetry in a crystal to 2, 3, 4 and 6 fold 

rotations. Inversion and mirror symmetry are forbidden, as they would change 

the protein chirality. If a rotation is followed by a translation along the same axis, 

the symmetry operation produces a screw axis. A screw operation, a N-fold 

rotation is followed by a translation of s/N fraction of a unit cell along the 

rotation axis with s ranging from 1 to (N-1). A 2-fold screw operation along X-

axis will involve a 180° rotation around X and a ½ translation of the magnitude 

of the vector a along the axis. Screw axes are common within protein crystals 

but translational symmetries are hard to distinguish at that level. At macroscopic 

level, only the rotation operations are left, giving rise to 32 point groups. The 32 

groups can be categorised in 7 crystal systems based on their symmetry 

operations and lattice conditions (see table 23). 
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Table 23: The 7 crystal systems 
Crystal system Lattice conditions Point group symmetry 

Triclinic a ≠ b ≠ c ; α ≠ β ≠ γ ≠ 90 1 
Monoclinic a ≠ b ≠ c ; α = γ = 90 2 (2-fold along b) 
Orthorhombic a ≠ b ≠ c ; α = β = γ = 90 222 (2-fold along a, b, c) 
Tetragonal  a = b ; α = β = γ = 90 4 (4-fold along c) 
Trigonal a = b ; α = β = 90 ; γ = 120 3 (3-fold along c) 
Hexagonal a = b ; α = β = 90 ; γ = 120 6 (6-fold along c) 
Cubic a = b = c ; α = β = γ = 90 23 or 432 (four 3-fold) 
 

 Asymmetric unit and non-crystallographic unit: The asymmetric unit in a 

crystal cell contains all the necessary information to generate a complete unit 

cell of a crystal structure by applying a simple symmetry operation. The 

molecule does not have to be constrained within the boundaries of the 

asymmetric unit or the unit cell. Oligomers can form within the asymmetric unit 

and are related by non-crystallographic symmetry with each other. They can be 

formed by any numbers of monomers and usually reflect biological 

oligomerisation. 

 

 Space group: The space groups are assigned an arbitrary number by the 

International Union of Crystallography. The numbers are summarising in the 

International symbol classification, also called the Hermann–Mauguin notation. 

The total number of space group available to protein crystal is limited to 65 out 

of 230 due to the restriction imposed by the molecule chirality. The notation 

describes the lattice and some generators for the group and consists of a set of 

four symbols: TBW1W2W3. T describes the type of Bravais lattice centring (P, A, 

B, C, I, R or F) whereas the next three describe the most prominent symmetry 

operation visible when projected along one of the high symmetry directions of 

the crystal. As a random example, a protein involved in the yeast centromere 

establishment called Ndc10 forms crystal packing belonging to the P212121 -

space group. P (primitive) describes the lattice type whereas 212121 describes 

the two fold symmetries along the 3 unit cell axes.  
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7.3 Properties of waves 

 Properties of waves: The nature and periodic distribution of the electron 

density in a macromolecular crystal is directly reflected by its X-ray diffraction 

pattern. When an X-ray beam hits a crystal, the force exerted on the electron 

cloud causes the electrons to oscillate at a frequency that is synchronising with 

the incident beam frequency. The oscillating electrons emit a radiation back 

with the same frequency but with a slightly different phase and angle when 

compared to the incident wave. The X-ray scattering of a protein crystal results 

from all the individual scattered waves addition of by all the electrons from the 

macromolecule. Electromagnetic waves, such as X-rays, interact with charged 

particles through their electric field (E). E varies as a cosine function of the 

frequency (v) and time (t) multiplied by the amplitude (A):  

 

𝐸 = 𝐴  cos   2𝜋𝑣𝑡 
Equation 9: Electric field 

 
E can also be expressed with the distance of angular velocity (ω) and the phase 

of the wave (Φ): 

𝐸 = 𝐴 cos 𝜔𝑡 +   𝜙  

 

 Addition of waves: Adding waves is a complicated process, which 

becomes impossible when considering the huge numbers of waves scattered 

by the electrons of a macromolecule. The ability to represent waves as vectors 

greatly simplifies the process. Representing a wave with a vector is made by 

converting its amplitude into the vector length and phase into the angle between 

the vector and the x-axis. Wave vectors can be represented in the Argand 

diagram and broken down into a real and imaginary part and expressed as a 

sum of the two. The real and imaginary components of different waves can be 

added separately which greatly simplify the process. A wave (E) can be 

expressed as: 

𝐸 = 𝐴 cos 𝜔𝑡 +   𝜙 + 𝑖𝑠𝑖𝑛 𝜔𝑡 +   𝜙  
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7.4 Diffraction and the Bragg’s law 

 Braggs’ law: William L. Braggs was the first to study the scattering of X-

rays through a crystal. His theory, the Bragg’s law, predicts the angles for 

coherent and incoherent X-ray scattering from a crystal lattice. Incident X-rays 

reaching an atom make the electronic cloud moves and radiates waves with the 

similar frequency (Rayleigh scattering or elastic scattering). This elastic 

scattering when radiating from a set of regular scatterers (electrons) produces a 

regular array of spherical waves, which principally cancel one another through 

destructive interference but can also be added constructively in a few specific 

directions, when the waves are in phase. The constructive interference is 

determined by the Bragg's law: 

2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆 

Equation 10: Bragg's law 
 

with d, the spacing between diffracting planes (resolution); θ, the incident angle; 

n, the integer; λ the wavelength of the beam. When recorded, the constructive 

interferences appear as spots and the sum of all reflection a diffraction pattern, 

the Braggs diffraction. Thus, the crystal diffraction is the product of the 

constructive interferences resulting from the electromagnetic wave (the X-ray) 

impinging a regular array of scatterers (the repeating arrangement of atoms 

within the crystal). Once assigning a Miller indice to the crystal lattice, the 

Braggs law can be written as:  

2𝑑!!"𝑠𝑖𝑛𝜃 = 𝑛𝜆 

 

with dhkl the distances between the two parallel planes. This equation can be 

rewritten as:  

𝑑!!" =
𝑛𝜆  
2

1
𝑠𝑖𝑛𝜃 

Hence, the distance between the lattice planes is inversely proportional to the 

glancing angle 𝜃. 
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7.4.1 Structure factor 

 Incoming X-rays are scattered by the centrosymmetric electron cloud, 

hence, the electron densities ρ(r) and ρ(-r) are the equivalent. The scattering 

factor (f) can be expressed as:  

𝑓 = 𝜌 𝑟 𝑒!!"#.!𝑑𝑟
!

 

with S the scattering factor. If we consider the position –r of the electron, which 

has the same magnitude than r but an opposite direction, i cancels out. The 

atomic scattering factor can be expressed with the real components:  

𝑓 = 𝜌 𝑟 𝑒!!".!𝑑𝑟
!

 

A unit cell X-ray scattering is a sum of all the individual atomic cloud scatterings. 

Hence, each unit cell scattering depends on the arrangement of the atoms and 

their electron densities, which are themselves determined by the molecule 

symmetry.  This scattering is known as the structure factor F(S) and describes 

the contribution of all the atoms of a unit cell toward the formation of a single 

spot on the detector. In a unit cell containing electrons at position rj(1,2,3,….,n), 

the F(S) can be written as the sum of the atomic scattering factors (fj):  

𝐹(𝑆) = 𝜌 𝑟 𝑒!!"#.!
!

!

!!!

 

In terms of electron coordinates x, y and z, F(S) can be written: 

 

𝐹(𝑆) = 𝑓𝑒!!!(!!!!!!!!!!!)!
!
!!!  c 

Equation 11: Structure factor 
 

7.4.2 The temperature factor 

 The temperature factor, also referred as the B-factor or Debye–Waller 

factor, describes the decrease in signal intensity for the X-ray scattering caused 

by the atomic thermal motion. Atoms vibrate and move within the protein 

structure in a temperature dependant manner and as a result, incoming X-rays 
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hit slightly shifted atoms at identical positions in different unit cells. The 

temperature factor indicates the relative vibrational motion, measured in units of 

Å2, of different parts of the structure. A low atomic temperature factor describes 

a well ordered parts of the structure whereas atoms with large temperature 

factor belong to a flexible part of the structure. The temperature factor is 

assumed to be isotropic and expressed as: 

𝑇(!"#) = 𝑒!!
!"#!!

!!  

By using the Bragg’s law equation 2𝑑!!"𝑠𝑖𝑛𝜃 = 𝑛𝜆 , T(iso) can be expressed as : 

 

𝑇(!"#) = 𝑒
!!
!!! 

Equation 12: Temperature factor 

 

The B-factor also account for the static crystal disorder arising from dynamic 

motion between the packed molecules. B accounts for the molecular motion 

and is expressed as: 

𝐵 = 8𝜋!𝑢! 

with u the root mean square displacement. By taking the Temperature factor 

into consideration the structure factor equation can be rewritten: 

𝐹(ℎ𝑘𝑙) = 𝜌 𝑟 𝑒!!"(!!!!!!!!!!!)𝑒!!! !"#(! !)!

!

!

!!!

 

Equation 13: Structure factor as a function of the temperature factor 
 

7.4.3 Fourier analysis 

 The Fourier transform (FT), developed by Joseph Fourier, is an 

incredibly useful mathematical transformation employed to transform signals 

between time or spatial domains and frequency domain. On one of the most 

useful property of the Fourier transform is its reversibility. As such you can 

move from spatial to frequency domain by a simple mathematical operation. In 

the case of a periodic function over time (for example, an X-ray wave), the 

Fourier transform can simplify the function into a discrete set of complex 

amplitudes, called Fourier series coefficients. They represent the frequency 
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spectrum of the original time-domain signal. Thus the Fourier transform can be 

used to describe a complicated wave, such as the structure factor and electron 

distribution in a unit cell, as a sum of series of simple waves whose frequencies 

are integral multiples of a fundamental frequency. In crystallography, the 

Fourier analysis is used to reconstruct the electron density from the calculated 

amplitude and phases. Hence, the complex function F(h) can be written as a 

Fourier series of function f(x): 

𝐹 ℎ = 𝑓(𝑥)𝑒!!!"(!!)𝑑𝑥
!!

!
 

Equation 14: Fourier transform 
 

with F(h) the Fourier transform of the function f(x) and with h and x the 

reciprocal units. The Fourier reversibility can rearrange the equation as  

 

𝑓 𝑥 = 𝐹(ℎ)𝑒!!!"(!!)𝑑ℎ
!!

!
 

with f(x) the reverse Fourier transform of the function F(h). 

7.4.4 Calculation of the electron density 

 The structure factor describes the electron density distribution within the 

unit cell and can be expressed as a Fourier sum of the individual atomic 

scattering factors. The electron density distribution p(r) at a position over the 

unit cell volume (V) can be expressed as:  

𝐹 𝑆 = 𝜌 𝑟 𝑒!!"#.!𝑑𝑣
!

 

By adding the fractional coordinates at the position r (x,y,z) and by replacing the 

diffraction vector S.r by (hx + ky + lz), F(S) can be expressed as an integral of 

infinitesimally small density elements defined by p(xyz): 

𝐹 ℎ𝑘𝑙 = 𝑉 𝜌 𝑥𝑦𝑧 𝑒!!"(!"  !  !"  !  !")𝑑𝑥𝑑𝑦𝑑𝑧
!

!!!

!

!!!

!

!!!

 

Equation 15: Fourier transform of the structure factor equation  
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This equation gives the amplitude and phases F(hkl) from the electron density 

p(xyz). The Fourier reversibility allows us to retrieve the electron density from 

the phases and amplitudes by applying the Fourier transform: 

 

𝜌 𝑥𝑦𝑧 =
1
𝑉 𝐹(ℎ𝑘𝑙)𝑒!!!"(!"  !  !"  !  !")

!!!

 

Equation 16: Reverse Fourier transform of the structure factor equation  
 

The reverse Fourier transform of the Equation 15 changes the integral into 

sums as the structure factors describe discrete spots in the diffraction pattern 

rather than a continuous function. Thus, single spots emanating from the 

diffraction pattern can be analysed and back transformed into the electron 

clouds by using the Fourier transform applied to the structure factor equation. 

7.5 The phase problem 

 To retrieve the electron densities from n an X-ray diffraction experiment, 

three pieces of information are needed: the indices of reflection (h,k,l), the 

intensities of the reflections, I(hkl), and the phase angles of the reflections 

Φ(hkl). Unfortunately, after examining the Equation 16, one can easily see that 

only the indices and reflections can be determined directly by the experiment. 

The indices (h,k,l) of a reflection are determined by the symmetry of the crystal 

whereas the intensities can be measured during the diffraction experiment. The 

last parameter, the phase α(hkl) of a reflection, cannot be directly determined 

by measuring the I(hkl), a phenomenon called the phase problem (Taylor, 2003; 

Taylor, 2010). The phases are indispensable to calculate the electron density 

within the crystal. In macromolecular X-ray crystallography, three methods, 

Multi-wavelength Anomalous Diffraction (MAD), Single-wavelength Anomalous 

Dispersion (SAD) and molecular replacement, can be used to calculate the 

phases. 
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7.5.1 The Patterson function 

 Arthur L. Patterson remedied to the impossibility of measuring the 

relative phases among the diffracted beams by introducing some modifications 

into the electron density function. He essentially replaced the amplitudes by the 

squared amplitudes whose values are proportional to the diffracted intensities. 

Hence, the Patterson function can be directly calculated from the experimental 

data obtained in the diffraction experiment. 

𝑃 𝑢, 𝑣,𝑤 =
1
𝑉 𝐹(ℎ𝑘𝑙) !𝑐𝑜𝑠!!!"(!"  !  !"  !  !")

!!!

 

 

with (u,v,w) the coordinates in the Patterson space, which can be replaced by 

the positional vector u. The Patterson function is essentially the Fourier 

transform of the intensities rather than the structure factors. The Patterson 

function is equivalent to the electron density convolved with its inverse: 

𝑃 𝑢 = 𝜌 𝑟 ×𝜌(𝑟 + 𝑢)
!

𝑑𝑣 

Hence, the Patterson function can be obtained by integrating the densities at 

position r and (r+u) over the entire Patterson map. The Patterson coordinates 

represent the relative positions of the atoms and are represented by peaks 

corresponding to interatomic vectors. The peaks are located within the 

Patterson unit cells, of dimension equivalent to the unit cell of the crystal. The 

Patterson map of a molecule with N atoms will have N2 numbers of peaks, 

which include N peaks corresponding to self-vectors. Practically the number of 

observed peaks will be N2-N. The Patterson map will therefore include a huge 

number of peaks. However, practically, the majority of the peaks are covered by 

noise. Since the size of the peaks in a Patterson map is proportional to the 

atomic number of the pair of atoms involved, heavy atoms with much higher 

atomic numbers will be easily distinguished. Hence it is easy to distinguish the 

heavy atom in a Patterson map and their number and position can be found out 

using a trial method. Molecules related by symmetry in a unit cell will have 

interatomic vectors concentrated in certain specific locations known as the 

Harker planes, which are useful when looking for peaks in the Patterson map.  
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7.5.2 Isomorphous replacement method 

 Isomorphous replacement relies on the addition of one or several heavy 

atoms acting as strong scatterers in the unit cell so that there is a measurable 

difference in the diffraction intensities. In Isomorphous replacement, the data 

from the native (protein) and derivative (protein + heavy scatterer) are collected 

so that intensities from equivalent dataset can be compared. Isomorphous 

replacement is based on the observation that a scattering from a derivative 

crystal (Fph) is the sum of the protein scattering (Fp) and the heavy atoms 

scattering (Fh). This scattering can be represented as such: 

𝐹!! = 𝐹! +   𝐹! 

which,  leads to 

𝐹!
! = [ 𝐹!! +    𝐹! ]! 

The intensity difference between the native and derivative datasets are used to 

calculate the Patterson function and ultimately the heavy atoms coordinates. 

The phase of the protein can be calculated by using the Harker diagram (see 

figure 94). This method leads to a phase ambiguity when a single derivative 

atom is used, a problem which is resolved by using multiple Isomorphous 

replacement. An important limitation with the Isomorphous replacement is 

crystals non-isomorphism. The use of the multiwavelength anomalous 

diffraction/dispersion (MAD) and the Single-wavelength anomalous 

dispersion/diffraction (SAD) methods can overcome the non-isomorphism 

problems. 
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figure 93: Phase estimation by Isomorphous method 

Harkers diagram for (a) SAD and (B)MAD. FPH1 is equal to the radius of the circle of centre O. 
FH1, which is obtained from the Patterson difference is drawn from O and is at the centre of 
another circle equal to the magnitude of FP. The point of intersection of the two circles X and X’ 
represent the 2 possible phases of the solution. The ambiguity of having 2 solutions is resolved 
by adding another circle (additional scatterers.  

7.5.3 Anomalous scattering method 

 The anomalous scattering factor: The atomic scattering factor contains 

three components: f0, the scattering dependent on the Bragg angle and f’ and f’’ 

that depends on the X-ray wavelength. f’ and f’’ represent the anomalous 

scattering occurring when the X-ray photon energy is sufficient to promote an 

electron from an inner shell. This phenomenon, also called scattering at the 

absorption edge, can be used to locate the anomalous scatterers.  f’, also called 

the dispersive term, modifies the normal scattering factor, whereas f’’, the 

absorption term, is 90° advanced in phase. In normal scattering, the Friedel’s 

law states that 

|𝐹ℎ𝑘𝑙|   =    |𝐹!!!!!!| 

 This condition is broken down at the absorption edge in presence of 

anomalous scatterers, giving rise to anomalous differences. This difference, the 

anomalous signal, is used to locate the anomalous scatterers. The anomalous 

difference, also called Bijvoet difference, is used in the Patterson space to 

locate the anomalous scatterers, similarly to the isomorphous replacement 

method. 

 

 MAD: In multiwavelength anomalous diffraction/dispersion (MAD), 

multiple datasets are recorded from a single anomalous crystal at different 

wavelengths. Usually, three measurement are measured: at the absorption (f’’) 

X’

X

X’’

X’

X
o

|FP|

|FPH1|

Fh1

FP

FPH1

Fh1

Fh1

FPH2

A B



 

   

 

200  

peak (λ1), at the point of inflection on the absorption curve (λ2), where f’ is 

minimal, and at a remote wavelength (λ3 and/or λ4) to maximize the dispersive 

difference to λ2. Practically, a MAD experiment requires accurate 

measurements, as the amplitudes changes arising from the anomalous signal 

are small. The crystal environment can affect the absorption edge and 

practically, the absorption curve is determined experimentally at the synchrotron 

by doing a fluorescence scan. MAD phasing requires high quality optics to 

ensure accurate wavelength setting and measurements must be recorded from 

a single cryo-cooled crystal with high multiplicity to increase the signal and high 

completeness. 

 

 SAD: Structures are increasingly solved by single-wavelength 

anomalous dispersion/diffraction (SAD) method (Dauter et al., 2002). The SAD 

experiment only records measurements of the Bijvoet differences: 

 

Δ𝐹±   =    𝐹!" + −    |  𝐹!"(−)|.  

 

The calculated Bijovet differences are used to estimate the heavy-atom 

contribution to the overall scattering, with which the positions of the heavy-atom 

substructure can be derived in the Patterson space. The Harker construction 

shows that once the heavy-atoms positions are known, the calculated amplitude 

and phase of this contribution can be calculated (FH). The phase ambiguity of 

the protein structure factor, due to the phase symmetrical values of the 

anomalous scattering (f0), can be broken through density-modification 

procedures. One of the major advantage of the SAD phasing is that intrinsic 

anomalous scatterers present in the molecule, such as the sulphur, can be 

used, although the technical challenge to measure the small Bijvoet difference 

can be limiting.  

7.5.4 Molecular replacement 

 Molecular replacement: Phasing by molecular replacement (MR) relies 

on the existence of previously solved protein structures homologous to the 
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structure from which the diffraction data is derived (Scapin, 2013). A sequence 

identity of >25% together with an r.m.s. deviation of <2.0 Å between the Cα of 

the two structures allows the phase information known from the existing 

structure to be used in to resolve the target structure. In order to use the MR, 

the only required information is the recorded native diffraction intensities and 

the atomic coordinates of the homologous protein structure, known as the probe. 

MR involves aligning the probe within the unit cell of the target crystal so that 

the probe diffraction pattern closely matches the experimental one. Hence, six 

parameters (three rotational and three translational), describing the probe 

alignment within the unit cell, have to be determined. Calculating 6 parameters 

would be computationally demanding and in practice, only the rotational 

(including 3 angles) and a translational (including 3 positions) need to be 

determined. First, the correct orientation of the probe is determined by a 

rotation function search. Second, the position of the correctly oriented molecule 

within the unit cell is characterised by a translation function. 

 

 The rotation function: In theory, the relative orientation of two molecules 

can easily be determined by comparing their rotation function. In a crystal, two 

molecules are related by symmetry operations and in this case, the Paterson 

function also consist of vectors between atoms of different molecules, called 

cross-Patterson vectors. A molecule rotation can be defined by rotating its self-

Patterson vectors and by ignoring the cross-Patterson vectors. Practically this 

condition is achieved by restricting the rotation search to a radius smaller than 

the dimensions of a molecule. Usually, a globular molecule radius will be 

reduced arbitrarily to 75% of the diameter whereas for elongated ones, an 

average of the three main axes is used as a guide. The model Patterson map is 

sampled over the entire Patterson space covered by the self Patterson vectors 

of the target and the rotated model fits are compared. The rotation function R of 

the rotation operation C can be expressed: 

𝑹 𝑪 =    𝑷(𝑪𝒖)𝑴×𝑷(𝒖)𝑻𝒅𝒖
𝒖

 

Equation 17: Rotation function  
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where the Patterson function of the target is represented P(u)t and the initial and 

rotated Patterson function of the model are denoted P(Cu)M and P(u)M. R is 

calculated over many positions u over the entire Patterson space U and reach a 

maximum when there is a overlap function. 

 

 The translation function: Once the model is correctly oriented to the 

recorded data, a translation function can be applied to correctly position the two 

model within the asymmetric unit. As for the rotation function, this is 

accomplished by moving the model and calculating a new Patterson map, 

which is then compared to the recorded Patterson map. Identification of the 

correct translation makes use of the cross-Patterson vectors between the 

symmetry related molecules.  

7.6 Refinement of protein structures 

 Structure refinement: The atomic structure factors are associated with 

the atomic coordinates and the thermal shift (B-factor). Hence, each atom 

structure factor has four parameters: x, y, z and the B-factor. During refinement, 

these parameters are adjusted until a global minimum, corresponding on the 

highest agreement between calculated and observed F, is reached. An 

important factor determining the structure refinement is the number of unique 

observations that are available. As a rule of thumb, the number of observations 

available should be thee times higher than the number of refinable parameters. 

Hence, a protein with X number of atoms r of parameters requires 3x4X 

numbers of unique observations. During refinement, a useful tool to refine the 

parameters is the stereochemistry constrains imposed by the peptides bounds. 

Indeed, peptides have specific bonds lengths and angles and must be enforced 

in the structure by constraints or restraints. Constraining the stereochemistry 

lowers down the number of parameters by treating the peptide bond as a rigid 

body. Restraining the stereochemistry is used in later stage of refinement as it 

does not decreases the number of parameters but leads to more reasonable 

assignment for the parameters values. Two methods, by least square and 
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maximum likelihood, are employed for structure refinement. The first one, the 

least square is employed mainly in small molecule crystallography whereas the 

second is employed for macromolecular crystallography.  

 

 Maximum likelihood refinement: The maximum likelihood is based on the 

assumption that the quality of a model is judged by its consistency with the 

observations. Hence, the maximum likelihood refines the parameters of a 

structural model to optimize the statistical probability of generating a set of 

observed intensities (Murshudov et al., 1997). During the structure refinement, 

the atomic model bond distances, angles and torsions and temperature factors 

are restrained and the phases are adjusted to minimise the R-factor. For an 

observed structure factor F0 and given a calculated structure factor Fc, the 

probability to obtain the F0 with Fc can be expressed as a Bayes probability 

𝑃 𝐹! ; 𝐹! . Hence, the probability of obtaining F0 with Fc  is assessed by the 

likelihood function L, expressed as:  

𝐿 =    𝑃(|𝐹!|; |𝐹!|)
!!"

 

L is usually calculated as a negative sum of the log of likelihood: 

−log 𝐿 =   − log𝑃(|𝐹!|; |𝐹!|) 

The maximum likelihood method generally results in an overall superior quality 

of the model and phases compared to the least square refinement. This 

refinement method is used in REFMAC (Murshudov et al., 1997), SHARP 

(Bricogne et al., 2003) and Phenix (Poleshko et al., 2010) and has become the 

reference method for structure resolution.  

 

 

 The Rfactors: Once the phase has been obtained, the initial electron 

density map is calculated but only leads to a. approximate model that requires 

refinement. Hence the first calculated structure factors only roughly match the 

recorded structure factor and structure refinement methods have been 

developed to narrow down this gap. All the methods work on the principle that 

the observed and calculated structure factors must converge to obtain the best 
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possible model for the data. The agreement between observed and calculated 

structure factors can be described by the refinement parameters (Rfactor): 

 

𝐑𝐟𝐚𝐜𝐭𝐨𝐫 =   
𝑭𝒐𝒃𝒔 − 𝑭𝒄𝒂𝒍𝒄𝒉𝒌𝒍

𝑭𝒐𝒃𝒔𝒉𝒌𝒍
 

Equation 18: Rfactor 

The Rfactor usually ranges from zero for a perfect agreement between calculated 

and observed intensities, to 0.6 for random agreement. An Rfactor greater than 

0.5 indicates poor agreement, and refinement of such model will prove 

impossible. An Rfactor of 0.4 is usually a suitable starting point that can be 

improved during refinement. After refinement, a desirable Rfactor for a protein 

model refined to 2.5 Å is considered to be 0.2. Both the atomic model and the 

diffraction pattern are used to calculate the electron density. Hence, the Rfactor 

introduces bias into the process and must be treated with caution. Indeed, 

partially incorrect structures have been reported with Rfactor values below 0.1 

whereas low resolution but essentially correct structures have been reported 

with higher Rfactor. During each cycle of refinement, the Rfactor is calculated to 

assess progress and refinement leading to higher Rfactor should be treated as 

incorrect. Because of the relative inconsistency of the Rfactor, a variety of other 

refinement measurement may be determined. The refinement against the 

square of the structure factors (F2) is used to monitor the progress of 

refinement: 

 

𝐑𝐅𝟐 =   
𝑭𝒐𝒃𝒔𝟐 − 𝑭𝒄𝒂𝒍𝒄𝟐𝒉𝒌𝒍

𝑭𝒐𝒃𝒔𝟐𝒉𝒌𝒍
 

Equation 19: RF2 
 

Likewise, refinement against the intensity I can be tracked using the Bragg 

Rfactor (RB): 

 

𝐑𝐁𝐫𝐚𝐠𝐠 =   
𝑰𝒐𝒃𝒔 − 𝑰𝒄𝒂𝒍𝒄𝒉𝒌𝒍

𝑰𝒐𝒃𝒔𝒉𝒌𝒍
 

Equation 20: RBragg 



 

   

 

205  

Rfree, the last Rfactor, introduces the least biases and consists of putting aside 

10% of the experimental observations at the beginning of the structure 

resolution (Brunger, 1992). The refinement is performed using the remaining 

90% and Rfree is calculated by comparing the model with the 10% of data that 

were not used in refinement. Ideally, an unbiased model should display an Rfree 

only slightly higher than the Rfactor. 
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