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Abstract 
 
 With every cell cycle, a cell must faithfully replicate its genetic information and 

distribute the duplicated genome equally between each daughter cell or risk genomic 

instability and cell death. To facilitate this essential process, centromeres are 

chromosomal domains that couple the pulling forces of the mitotic spindle to each sister 

chromatid. Centromere identity is dictated by the presence of nucleosomes containing the 

histone H3 variant, centromere protein A (CENP-A). Following S phase, newly 

synthesized nucleosomes must be deposited into chromatin in order to compensate for the 

dilution that occurs during chromatin replication. However, human cells do not deposit 

newly synthesized CENP-A nucleosomes until immediately after mitotic exit, in G1. 

While centromere architecture varies across species, the deposition of CENP-A is 

controlled by a group of conserved proteins, which includes the CENP-A assembly 

factor, Holliday junction recognition protein (HJURP) and the Mis18 complex. The 

human Mis18 complex consists of Mis18α, Mis18β and Mis18 binding protein 1 

(Mis18BP1). In this dissertation, I will describe several aspects of this highly conserved 

complex and its role in the temporal and spatial regulation of CENP-A deposition. 

Chapter one will contain a general introduction to centromere architecture and function. 

In chapter two, I will describe how the Mis18 complex couples cell cycle progression to 

HJURP-mediated CENP-A deposition. In chapter three, I will detail the specific 

interactions that dictate Mis18 complex formation and centromere recognition. Finally, 

chapter four will highlight new preliminary data that will drive future experimental 

explorations of additional mechanisms guiding Mis18 complex recruitment and function.
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Chapter 1 - Centromere Structure, 
Function and Maintenance 
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Stellfox, ME, Bailey, AO, and Foltz, DR. Putting CENP-A in its place. Cellular and 
molecular life sciences: CMLS (2012). 
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General Introduction 
 

Accurate chromosome segregation is controlled by the centromere. The 

centromere is the chromosomal domain that directs kinetochore assembly thereby 

coupling microtubule pulling forces to each chromosome. In most eukaryotes, 

centromeres exist as a single locus on each chromosome, and a chromosome lacking a 

centromere will fail to segregate properly. Such segregation errors lead to aneuploidy, 

which in turn causes cellular stress and greater genomic instability [1]. On the other hand, 

a chromosome with too many centromeres leads to chromosome breakage, when an 

individual chromatid is attached to both spindle poles during mitosis and is torn apart. 

Such breakages can lead to breakage-fusion-bridge (BFB) cycles described originally by 

Barbara McClintock in 1941 [2]. BFB cycles may play a critical role in the creation of 

complex karyotypes often observed in cancers [3]. Therefore, a cell in these organisms 

must dedicate and maintain a single contiguous locus as the centromere among the 

millions of possible base pairs present on each chromosome. This process requires the 

involvement of a large, multi-protein centromere complex, which is directed by the cell 

cycle controlled assembly of centromere-specific nucleosomes, as well as chromatin 

remodeling and modifying activities, and the destabilization of centromere-specific 

nucleosomes at non-centromeric loci. 

The evolutionarily conserved mark of centromere location is the presence of a 

unique nucleosome in which canonical histone H3 is replaced by CENP-A (Cse4 in 

budding yeast, Cnp1 in fission yeast, and CID in fruit flies). CENP-A is absolutely 

essential for viability in all organisms tested [4, 5]. While the presence of a centromere-
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specific nucleosome is conserved throughout eukaryotic evolution, several features of the 

centromere including its organization, underlying DNA sequence, and mechanism of 

assembly are quite divergent. The budding yeast, S. cerevisiae, and a number of its 

relatives, determine the location of their centromeres through a specific DNA sequence to 

generate a so called “point centromere” consisting of 125 base pairs that position the 

centromere specific nucleosome [6, 7]. Fission yeast, S. pombe, and higher eukaryotes 

have more expansive genomic regions assigned as centromeres and employ epigenetic 

mechanisms to specify centromeric location at a single site on each chromosome. In 

contrast to both of these cases, the nematode, C. elegans, assembles centromeres along 

the entire length of its chromosomes instead of at a single site [8]. Despite these 

differences, all known centromeres depend on the presence of the centromere-specific 

nucleosome that contains the H3 variant, CENP-A. Only recently have we begun to 

appreciate the fact that despite vast differences in centromere architecture throughout 

evolution, many of the proteins and mechanisms involved in CENP-A deposition are 

highly conserved [9].  
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The Epigenetic Specification of the Centromere 
 

The majority of higher eukaryotes with regional centromeres have unique DNA 

sequences that underlie endogenous centromeric chromatin. These loci tend to contain 

highly repetitive sequences. In humans and other mammals, the centromeric DNA is 

made up of tandemly arrayed alpha-satellite repeats [10]. However, the heritability of 

experimentally induced and naturally occurring neocentromeres and pseudodicentric 

chromosomes provides compelling evidence that the site of centromere formation and 

maintenance is epigenetically determined. 

There are numerous examples in humans where an initially non-centromeric 

locus, outside of the endogenous alpha-satellite region, becomes an active centromere. 

These regions are called “neocentromeres” and they arise stochastically, at very low 

frequency, and without rearrangements of the underlying DNA [11]. Psuedodicentric 

chromosomes can occur through DNA translocations or inverted duplications and result 

in a single chromosome with two alpha-satellite containing regions. In psuedodicentrics, 

only one of the two alpha-satellite regions remains active, recruiting CENP-A 

nucleosomes, and the other loses its centromeric function. 

Neocentromeres have been observed on almost every human chromosome but 

appear to cluster around certain regions within a given chromosome [11]. The non-

random distribution of neocentromeres across the human genome suggests that not all 

sites have an equal potential to support centromere activity. This may be due either to 

unknown DNA sequences that are refractory to centromere formation or to chromatin 

states that may be more or less favorable for stable centromere formation. 
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Neocentromeres and active centromeres of pseudodicentric chromosomes recruit 

CENP-A and all other centromere proteins that have been tested, except the DNA 

sequence-specific binding protein, CENP-B, which only localizes to DNA that contains 

CENP-B boxes [12-15]. The epigenetic inheritance of regional centromeres has been 

experimentally demonstrated in fission yeast and flies through the experimental 

generation of stable neocentromeres on chromosomal fragments that lack an original 

centromeric locus [16, 17]. These data suggest that DNA sequence is neither necessary 

nor sufficient for centromere specification, and that the proteins associated with this 

region are the key determinants of centromere identity. Such plasticity in centromere 

location means that not only can CENP-A nucleosomes be deposited in a variety of 

chromosomal domains, but the machinery that deposits CENP-A nucleosomes into 

chromatin must also be able to function at these various sites. 

 

The CENP-A Nucleosome 

The CENP-A nucleosome is sufficient to specify the site of centromere formation 

and distinguish it as the location for kinetochore assembly during mitosis [18, 19]. The 

centromere is occupied throughout the cell cycle by a large multi-subunit complex of 

proteins termed the CCAN (Constitutive Centromere Associated Network) comprised of 

16 centromere proteins (CENPs C, H, I, K through U(50), W and X) [20-22]. It is the 

CCAN which mediates the assembly of the kinetochore in mitosis. The CCAN assembles 

only at centromeres and therefore distinguishes CENP-A nucleosomes from the H3-

containing nucleosomes found in general chromatin.  
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The overall structure of the CENP-A nucleosome as well as particular sequences 

within have been proposed to be defining features that mediate the specificity of CCAN 

recruitment to CENP-A chromatin. Several provocative forms of the CENP-A 

nucleosome, other than the canonical octamer, have been proposed in an attempt to 

describe the uniqueness of the CENP-A nucleosome. The different proposed forms 

include a heterotetrameric form containing a single copy of each histone (CENP-A, 

histone H4, H2A and H2B) in flies and humans, as well as a hexameric form in yeast that 

excludes H2A and H2B but contains the chaperone Scm3 [23-25]. 

Recently, the crystal structure of the human CENP-A nucleosome was solved, 

revealing an octameric nucleosome that wraps DNA in a left-handed manner similar to 

the H3-containing nucleosome [26]. Additional evidence for an octameric nucleosome 

structure comes from in-depth mutational studies of CENP-A. Mutations that disrupt the 

CENP-A-CENP-A interface in humans and flies preclude the stable incorporation of 

CENP-A into chromatin (Figure 1-1) [27, 28]. While these data do not rule out the 

possibility that CENP-A nucleosomes exist in multiple forms, it appears that the 

formation of an octameric structure is possible and important for initial stable CENP-A 

incorporation. 

The overall protein structure of the CENP-A nucleosome is very similar to the 

histone H3-containing nucleosome. However, there are several features of the CENP-A 

nucleosome that distinguish it from canonical H3, which are highlighted in the schematic 

of human CENP-A in Figure l-1A. The CENP-A targeting domain (CATD) consists of 

the unique residues within the loop 1 and alpha-2 helix of the CENP-A histone fold. The 
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CATD is sufficient for centromere localization and confers a unique rigidity to the 

CENP-A nucleosome that may be a defining characteristic [29, 30]. 

Structural studies have identified two other regions of the human CENP-A 

nucleosome that stand out relative to canonical nucleosomes. The most N-terminal helix 

of CENP-A, the alpha-N helix, contains three fewer residues and is therefore 

approximately one helical turn shorter than the comparable helix in histone H3 [26]. This 

region of the nucleosome is interesting as it is also the DNA entry/exit site. Consistent 

with a shorter alpha-N helix is the observation by several groups that CENP-A 

nucleosomes protect a smaller fragment of DNA in nuclease assays due to a partial 

unwrapping of the DNA at the entry/exit sites [26, 31, 32]. Correlative data from 

hydrogen-deuterium exchange mass spectrometry experiments, measuring protein 

dynamics, show that CENP-A exchanges protons 10-fold faster than H3 at the α-N helix 

even in extended nucleosome arrays [31].   

The second important region of distinction is loop 1 of the human CENP-A 

histone fold, which was observed to form a surface-accessible bulge using Arg80/Gly81 

in the CENP-A heterotetramer and in the CENP-A nucleosome [26, 33]. The extra two 

amino acids that form the bulge are a conserved feature of CENP-A homologs across all 

species (although S. pombe contains an even larger expansion); however, conservation of 

the positively charged arginine is restricted to mammals and birds. This bulge is 

accessible on the surface of the CENP-A nucleosome and could therefore serve as a 

recognition motif (Figure 1-1B). The surface bulge is not essential for centromeric 

targeting, but it is required for stable incorporation of the CENP-A nucleosome. 



8 
 
Coexpression of wild type and CENP-AΔR80G81 confirmed that the mutant protein initially 

localized to centromeres, but the number of cells with the mutant protein localized to 

centromeres decreased over several days [26]. 

Until recently phosphorylation of serine 7 was the only known posttranslational 

modification of CENP-A. CENP-A is phosphorylated at serine 7 by the Aurora A and 

Aurora B kinases beginning in prophase and throughout mitosis [34-36]. Phosphorylation 

at serine 7 was found to be essential for proper mitosis and cytokinesis [34-37]. Recently, 

CENP-A has been identified as a target of N-terminal RCC1 methyltransferase, NRMT 

[38-40]. The initiating methionine is cleaved from CENP-A, and the subsequent glycine 

residue is N-terminally trimethylated [40]. In addition, CENP-A also appears to be 

phosphorylated on serine 16 and serine 18 (S17 and S19 in Figure 1-1, which includes the 

initiating methionine) [40]. Similar to phosphorylation of serine 7, serine 16 and 18 

phosphorylations appear to be required for proper mitosis and may play a role in ordered 

structure of the centromere [40]. While the specifics underlying the writing and 

downstream functions of these new posttranslational modifications have yet to be 

detailed, CENP-A specific posttranslational modifications indicate new possible 

mechanisms to organize centromeric structure and mediate centromere function. 
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Figure 1-1. The CENP-A nucleosome: binding sites and structure.  

(A) Primary sequences of human CENP-A and H3.1 are compared at single amino acid 

resolution. Dashes have been added at the relative position for H3.1. Known 

posttranslational modifications are mapped onto the sequence of both histones. Amino 

acid numbering begins with the N-terminal methionine as amino acid number 1, which is 

usually cleaved from the mature CENP-A protein. Binding sites of HJURP, CENP-N and 

CENP-C are highlighted on the CENP-A sequence, as well as the CENP-A-CENP-A 

dimerization domain (labeled nucleosome self-association). (B) Space-filling models of 

the CENP-A nucleosome as well as a CENP-A-CENP-A dimer from different 

perspectives. Highlighted amino acids are shaded to match the colors of the binding sites 

mapped in A. Two additional, non-conserved residues (R80, G81) in CENP-A constitute 

a bulge relative to H3. 
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Figure 1-1 

Figure designed by A.O. Bailey 
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Centro-chromatin: Epigenetic context of CENP-A 

A consensus of immunofluorescence microscopy data on stretched interphase 

chromatin shows that centromeres contain alternating stretches of H3 and CENP-A-

containing nucleosomes, which is a quality conserved from flies to humans [41-43]. The 

amino-terminal tails of the interspersed histone H3 stretches are enriched for 

dimethylation on Lys4, Lys9 and Lys36 (H3K4me2, H3K9me2 and H3K36me2) (Figure 

1-2) [43, 44]. The pattern of centromeric histone post-translational modifications is 

different from that of general chromatin as well as that of pericentric heterochromatin and 

does not adhere to the characteristic “activating” or “silencing” patterns. The perturbation 

of histone marks within the centromeres of human artificial chromosomes (HAC) results 

in a loss of HAC stability, loss of centromere-specific proteins and an inhibition of the 

CENP-A deposition pathway [44-47]. This suggests that the unique combination of 

histone modifications present in centromeric chromatin may be important for centromere 

function and propagation. 

Another centromeric, chromatin-associated complex has also been proposed that 

includes members of the CCAN, the CENP-T/W/S and X complex [48]. Each of these 

proteins contains a histone fold domain. Histone folds are not only found in histones, but 

are also found in several transcription factor complexes [49]. The members of the CENP-

T/W/S/X complex use their histone folds to form a heterotetramer, which has structural 

similarities to transcription factor complexes as well as the histone H3-H4 heterotetramer. 

Mutations in any of the tetramerization domains in this complex results in failed mitoses 

in vivo, suggesting that this complex is absolutely required for kinetochore formation in 
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chickens and humans [48]. The CENP-T/W/S/X complex binds and protects 100 base 

pairs of DNA from nuclease digestion in vitro. While these data suggest that CENP-

T/W/S/X may form a nucleosome-like structure at centromeres; CENP-T/W/S/X may 

simply bind to centromeric DNA, albeit in a discrete complex.  

The stability of the CENP-T/W/S/X complex is very different from that of CENP-

A, which is stable throughout the cell cycle and is completely retained through S-phase. 

Recruitment of CENP-T and -W occurs during late S-phase or G2 [50, 51]. The CENP-

T/W dimer does not remain stably-bound to centromeres, but is instead completely 

replenished upon each new cell cycle [51]. The CENP-T/W/S/X complex appears to be 

interspersed between CENP-A domains in stretched chromatin fibers, and 

immunoprecipitations of the complex from MNase treated extracts pull down histone H3 

[50, 52]. This suggests that the CENP-T/W/S/X complex may couple the kinetochore to 

the H3 containing domains of centromeric chromatin [50, 52].  

During mitosis, the higher-order organization of the centromere is speculated to 

resemble a cylinder or a multi-layered boustrophedon [41, 52]. CENP-A occupies 10% of 

the DNA at the primary constriction, in a condensed space at the distal, kinetochore-

facing aspect of centromeres [53]. A self-organization model has been proposed to 

generate this three-dimensional centromeric chromatin structure. In such a model, 

centromeric chromatin folds into a specific three-dimensional structure that facilitates 

kinetochore formation above the external CENP-A clusters while the interspersed H3 

regions are excluded as a looped or coiled structure to form the inner centromere below. 



13 
 

Consistent with this idea, the N-terminal tails of H3 nucleosomes have been 

shown to dictate the three dimensional folding of polynucleosome arrays [54]. CENP-A 

and H3 N-terminal tails are vastly divergent. In vitro folding experiments show that 

arrays of CENP-A nucleosomes were found to fold into more condensed, higher-ordered 

structures than H3 nucleosome arrays [31]. The differences in histone posttranslational 

modifications found in the inner and outer centromere and pericentric regions may 

influence this property. Therefore, histone variant specific protein-protein interactions 

may confer a way for three-dimensional folding instructions to be laid out in the two 

dimensional organization of the centromere. 
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Figure 1-2. The 3D organization of the human centromere.  

Centromere and pericentromere chromatin organization depicted in interphase (1D model 

- left) and in mitosis (2D model - right). Histone H3 and CENP-A post-translational 

modifications are notated per cell cycle position, black for constitutive modifications and 

red for mitosis specific posttranslational modifications. CENP-A modifications are 

numbered including the initiating methionine. In the 2D model, background shading 

distinguishes the organization of the centromere: pericentromere (dark grey), inner 

centromere (light grey), and outer centromere (pink, green/red). 
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Influences of heterochromatin in centromere specification   

Regional centromeres are consistently organized such that a central CENP-A-

containing region is flanked by pericentric heterochromatin (Figure 1-2). In humans, 

pericentric heterochromatin contains nucleosomes that are trimethylated on lysine 9 of 

histone H3 (H3K9me3), while H3K9me2 chromatin is interspersed with CENP-A inside 

the centromere region [43]. Pericentric heterochromatin is a repressive chromatin 

structure, where the H3K9 trimethylation acts as a signal for the recruitment of the 

chromodomain protein, HP1 [55, 56]. 

Heterochromatin formation in S. pombe is required for de novo centromere 

formation [57]. Pericentromeric regions are established through the RNAi pathway. 

H3K9me3 and Chp1 mediate binding of the RITS complex, which in turn recruits RNA-

dependent polymerase complex (RDRC) mediated transcription of double stranded RNA. 

Dicer then processes the double stranded RNA to generate siRNAs that help facilitate 

centromere silencing. In a positive-feedback loop, the methyltransferase Clr4 is locally 

recruited by the RNAi pathway and reinforces the trimethylation mark on H3K9 [58]. In 

plasmid based de novo centromere formation assays, when heterochromatin formation is 

inhibited on flanking regions, de novo CENP-A nucleosome deposition cannot occur. 

However, when the siRNA requirement is bypassed by direct targeting of the Clr4 

methyltransferase, CENP-A nucleosomes are deposited demonstrating that the key 

requirement for de novo CENP-A deposition is the activity of Clr4 [59]. 

In addition, neocentromere formation in other experimental systems appears to 

prefer sequences that are in close proximity to heterochromatin, perhaps reflecting the 
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need for pericentric heterochromatin in de novo centromere formation. When 

neocentromeres are induced by the removal of endogenous centromere sequences on 

chromosome 1 in S. pombe, neocentromeres most often arise near telomeric regions, 

where H3K9 methylation is present [16]. Likewise, in D. melanogaster, overexpressed 

CID/CenH3 forms islands throughout the length of the chromosomes, but it appears that 

ectopic centromere formation is biased to regions where heterochromatin and 

euchromatin are in close apposition [60]. It seems that this boundary element may make a 

more permissive structure for de novo CID/CenH3 deposition. It is not clear if these same 

modifications influence neocentromere formation in humans, as the consistent 

localization of H3K9me3 regions nearby sites of neocentromere formation  has so far not 

been observed [61]. 
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The CCAN: Coupling Chromosomes to the Kinetochore 
 

The CCAN forms a bridge between centromeric chromatin and the mitotic 

kinetochore. Two distinct components of the CCAN have been shown to “read” the 

unique structure of the CENP-A nucleosome. CENP-C and CENP-N both interact with 

the CENP-A nucleosome, but in different ways. CENP-C is recruited to centromeres via 

an interaction with the extreme carboxyl terminus of CENP-A (Figure 1-1) [62, 63]. 

Replacement of the extreme C-terminus of histone H3 with the last six amino acids of 

CENP-A is sufficient to recruit CENP-C in vitro and in Xenopus extracts [62, 63]. 

However, the primary sequence of the CENP-A carboxyl terminus is not conserved 

between yeast, flies, zebra fish and humans. In addition, a chimeric histone H3 containing 

the CATD (H3CATD), which lacks the C-terminus of CENP-A, was still sufficient to 

recruit CENP-C to centromeres at endogenous levels in human cells [64]. Therefore, it 

remains to be demonstrated whether recruitment of CENP-C through the C-terminus of 

CENP-A is a conserved method of CENP-A recognition, or whether multiple 

mechanisms link CENP-A and CENP-C. 

The interaction of CENP-N with CENP-A is through the CATD of CENP-A [65]. 

CENP-N selectively interacts with CENP-A in its nucleosomal form, suggesting that it 

recognizes a structural aspect of CENP-A that is only found in the intact nucleosome [62, 

63, 65]. Both CENP-C and CENP-N appear to prefer nucleosomal CENP-A in vivo as 

well, as neither of these two proteins is found in prenucleosomal CENP-A fractions [21, 

66]. 
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 CENP-C and -T also interact with proteins of the kinetochore. A major 

microtubule-binding complex of the kinetochore is the KMN network which consists of 

KNL-1, the Mis12 complex, and the Ndc80 complex, which is recruited by the N-

terminus of CENP-C [67-69]. The amino terminus of CENP-T extends far beyond its C-

terminal histone fold domain’s incorporation within centromeric chromatin, and its N-

terminus interacts with the Ndc80 complex in the outer kinetochore [70-72]. A third 

CCAN/KMN network interaction point involves a complex of CENP-H, -I, and -K which 

appears to be recruited distally to CENP-C and -N and participates in kinetochore 

formation through direct binding to KNL-1 [73]. When CENP-T and CENP-C are 

targeted to a non-centromeric locus using the LacO/LacI system, they are sufficient to 

assemble a functional kinetochore, including mitotic checkpoint signaling, which does 

not require CENP-A at this artificial locus [71]. 

Although the KMN network can directly bind microtubules through KNL-1 and 

through the Ndc80 complex, the CCAN may also play a direct and dynamic role in 

microtubule binding. During typical kinetochore oscillations, CENP-H/I show dynamic 

enrichment at kinetochores coupled to growing versus shrinking microtubules [74]. In 

addition, a complex involving CENP-O (Mcm21R), -P, -Q, and -U (CENP-50) appears to 

play a role in regulating the quality of microtubule attachments to kinetochores and is 

essential for recovery from experimentally induced spindle damage in vivo [75]. Human 

CENP-Q can directly bind microtubules in vitro, so it is speculated to serve as the 

microtubule-binding component in the CENP-O/P/Q/U sub-complex [74]. 

Phosphorylation of CENP-U by Aurora B is required for spindle damage recovery [75]. 
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Because CENP-U is regulated by Aurora B, the role of the CENP-O/P/Q/U sub-complex, 

and thereby the entire CCAN, is not simply binding kinetochore components, but rather 

playing an active role in generating correctly formed microtubule attachments. 
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Maintaining Centromere Identity through DNA Replication 
 
 Replication of the genome necessitates that nucleosomes be distributed to each 

newly synthesized sister chromatid and requires the stable propagation of CENP-A and 

many other histone modifications. Replication of general chromatin includes the 

incorporation of new histone H3.1 containing nucleosomes as well as the re-incorporation 

of histones from pre-existing nucleosomes [76, 77]. As the replication fork passes 

through chromatin, pre-existing nucleosomes are distributed among the daughter strands. 

Then, newly synthesized histones are deposited into both strands to make up for the 

dilution of histones that occurs during the replication process. 

 At the centromere, previously incorporated CENP-A nucleosomes are stably 

retained through S-phase [78]. Each CENP-A domain parses its CENP-A nucleosomes 

between the two daughter strands. Immunofluorescence studies of replicated chromatin 

fibers show that daughter strands have the same number of CENP-A blocks, but the 

blocks are one half of the intensity of pre-S-phase centromeres [79]. How CENP-A 

nucleosomes are stably transited across the replication fork and whether this mechanism 

is similar to that used by H3-containing nucleosomes remains unknown.  

However, newly synthesized CENP-A is not deposited during S phase, and 

minimal availability of the CENP-A protein may help to preclude CENP-A deposition 

during replication. Overexpression of CENP-A can lead to the misincorporation of 

CENP-A into non-centromeric chromatin, suggesting that high levels of CENP-A can 

overtax the mechanisms that restrict CENP-A deposition to centromeres [80-82]. While 

canonical histone levels increase by early S phase to allow for the massive deposition of 
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new nucleosomes, CENP-A mRNA levels do not rise until mid S-phase leading to the 

accumulation of newly synthesized CENP-A protein in G2, after replication has finished 

[83-85]. As such, high levels of CENP-A are not available for deposition during 

replication, and G2 centromeres contain only half of the amount of CENP-A molecules 

that were present in the parental centromere prior to replication. 

 Without placing new CENP-A nucleosomes during replication, cells may leave 

gaps in centromeric loci resulting in only partial nucleosome protection. Alternatively, 

H3.1/3.3-containing nucleosomes (or an alternative complex) may occupy these CENP-A 

deficient regions. Recent data suggests that histone H3.3 nucleosomes may serve to fill in 

the gaps left by CENP-A distribution at the centromere during DNA replication, and 

these H3.3 nucleosomes are then exchanged in G1 when newly CENP-A nucleosomes 

are deposited [79]. It is unclear whether the deposition of H3.3 at the centromere is 

through the replication machinery or dependent on centromeric transcription. Regardless, 

it suggests that active displacement of a “placeholder” through a chromatin-remodeling 

event may be necessary in order to make room for newly synthesized CENP-A 

nucleosomes in G1.  

An alternative model is that old CENP-A nucleosomes are split between the two 

daughter chromosomes generating either a “hemisome” consisting of only one copy of 

each histone or a heterotypic nucleosome containing one copy of CENP-A and one copy 

of H3.1/3.3. There is some evidence to support the existence of a hemisome-like particle 

via crosslinking studies as well as atomic force microscopy, in which the height of the 

CENP-A nucleosome particles are one half the size of the canonical H3 nucleosomes [24, 
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25]. In addition, fluorescent molecule FRET experiments in budding yeast and humans 

indicate that CENP-A nucleosomes may switch from hemisomes to octamers at specific 

times in the cell cycle [86, 87]. In humans, the data suggests that the nucleosomes 

become octameric at the G1/S boundary [87]. This would provide a model for 

propagation of CENP-A particles during S phase without deposition of newly synthesized 

CENP-A. However, many other studies, including crystal structure analysis, indicate a 

definite presence and structural role for the traditional octamer.  

Another level of complexity lies in the distribution of various CCAN components 

during S phase. The CCAN is a large complex of centromere proteins (CENPs) that are 

constitutively localized at the centromere throughout the cell cycle [21]. While these 

proteins are continually present at centromeres, their localization is dynamic, with varied 

exchange profiles [88, 89]. CENP-N has a rapid exchange rate throughout the cell cycle, 

allowing it to dissociate as the replication fork passes (Figure 1-3). However, during late 

S phase, centromeric levels of CENP-N increase as the exchange rate drops [89]. This 

suggests that CENP-N is free to diffuse before replication, but afterwards loads onto 

centromeric chromatin in a more stable manner. This may enable CENP-N to mark 

centromeres that have completed replication. 

The CENP-T/W/S/X complex remains stably associated with centromeric DNA 

throughout most of the cell cycle, but becomes dynamic in late S phase and completely 

turns over, suggesting  that  the CENP-T/W/S/X complex is disrupted by the replication 

fork and reassembles after it has passed [51]. In contrast, CENP-C is highly dynamic 

throughout the cell cycle but becomes stably associated with centromeres during S phase 
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and mitosis [88]. CENP-C interacts directly with CENP-A nucleosomes, meaning that 

CENP-C may pass the replication fork in a similar manner. How CENP-A nucleosomes 

transit the replication fork during S-phase is an extremely interesting yet poorly 

understood aspect of centromere inheritance, and it is fascinating to consider the possible 

roles of the various CCAN proteins in this process. 
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Figure 1-3. Replication of centromeric chromatin and the S phase dynamics of the 

CCAN. 

Centromeric chromatin is replicated in S phase concurrently with general chromatin. S 

phase dynamics of the most CENP-A-chromatin proximal CCAN proteins: CENP-

T/W/S/X complex, CENP-C and CENP-N are also shown. Red arrows symbolize 

dissociation from the centromere. The green arrow symbolizes possible replication fork 

passage. Black arrows symbolize loading of new CENPs. (A) Existing CENP-A 

nucleosomes are allotted to each daughter strand, but no new CENP-A nucleosomes are 

added during S phase. New H3.1/H3.3 nucleosomes may serve as placeholders during 

replication-coupled dilution of existing CENP-A nucleosomes at the centromere (yellow 

nucleosomes). CENP-C is stably associated with centromeres in S phase and may track 

with CENP-A nucleosomes across the replication fork. (B) As the replication fork passes, 

CENP-T/W/S/X complexes are turned over every cell cycle and load during late S phase. 

CENP-N localization is dynamic throughout the cell cycle, but loads to maximal levels 

during S phase. 
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Figure 1-3 
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The CENP-A Deposition Pathway 
 

In order for centromeres to be stably inherited across many generations, new 

CENP-A nucleosomes must be assembled specifically at the site of the pre-existing 

centromere after each round of DNA replication. For human CENP-A containing 

nucleosomes, this process occurs during G1, after mitotic exit. The CENP-A deposition 

pathway can be broken down into three basic stages that involve distinct protein 

complexes: initiation, deposition, and maintenance. At the correct moment in the cell 

cycle, the location of the centromere must be sensed and the underlying chromatin 

modified to or maintained in a permissive state for CENP-A deposition. Once this occurs, 

CENP-A-specific assembly factors associate with the centromere and allow for CENP-A 

deposition. Finally, through chromatin remodeling and maturation processes, centromeric 

chromatin is fully stabilized.  

 

Initiation of CENP-A deposition: Key players  

 In human cells, the deposition of CENP-A occurs during G1, after cells exit 

mitosis [78]. Therefore, initiation must occur prior to CENP-A loading. The earliest 

recognized step in the recruitment of new CENP-A nucleosomes is the association of the 

Mis18 complex, which localizes to centromeres in late anaphase, directly after mitotic 

exit [90]. Mis18 was first discovered in fission yeast by a temperature sensitive screen for 

mutants that missegregated their chromosomes [91]. Along with Mis16 mutants 

(homolog of the human proteins RbAp48 and RbAp46), the Mis18 temperature sensitive 

mutants resulted in the missegregation of chromosomes during mitosis due to a reduction 
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of centromeric Cnp1, the CENP-A homolog in S. pombe [91]. This indicated that Mis16 

and Mis18 were both required for the deposition of Cnp1-containing nucleosomes at the 

fission yeast centromere. 

 Through sequence homology searches, two human homologs of the Mis18 protein 

were discovered: Mis18α and Mis18β [90]. Pull downs of both Mis18α and Mis18β from 

chromatin fractions confirmed a physical interaction between the two Mis18 proteins as 

well as with the human homologs of Mis16, RbAp48 and RbAp46 [90]. In addition, an 

uncharacterized protein, termed Mis18 Binding Protein 1 (Mis18BP1), was also found to 

interact with chromatin-associated Mis18α and Mis18β [90]. Concurrently, an RNAi 

screen in C. elegans discovered a homolog of Mis18BP1 (named KNL-2) that was also 

required for CENP-A centromeric localization in nematodes; thus providing further 

evidence of the conserved nature of these proteins [92]. 

RNAi depletion experiments in human cells showed that Mis18α, Mis18β, and 

Mis18BP1 were dependent upon each other for localizing to the centromere [90]. In 

addition, depleting all three proteins as well as RbAp48/46 confirmed that the entire 

complex was required for the deposition of newly synthesized CENP-A at the human 

centromere [90, 91]. In summary, the human Mis18 complex was found to consist of 

Mis18α, Mis18β, Mis18BP1, RbAp48 and RbAp46, which were all required to deposit 

new CENP-A at centromeres. Although, little was initially known regarding the 

mechanisms by which this complex influenced downstream CENP-A deposition, several 

aspects will be addressed in the following chapters. 
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Initiation of CENP-A deposition: Temporal regulation 

In many organisms, it has been shown that the deposition of newly synthesized 

CENP-A nucleosomes can occur via a replication-independent process unlike the 

assembly of canonical H3.1 nucleosomes, which is concurrent with DNA synthesis [84]. 

As described above, human CENP-A is not available for deposition during DNA 

replication. CENP-A mRNA and protein levels are not maximal until the end of S phase, 

after the majority of centromeric DNA has already completed replication [84, 85]. 

Instead, human cells and D. melanogaster embryos load new CENP-A nucleosomes in 

G1 only after mitotic exit [78, 93]. In D. melanogaster S2 cells, deposition occurs slightly 

earlier during mitosis [94]. In an independent genome-wide RNAi screen in D. 

melanogaster, depletion of cyclin A and Rca1, an inhibitor of the Chd1-APC complex, 

caused a direct loss of CID at centromeres [95, 96]. Therefore, although the timing 

between systems differs slightly, data greatly suggest that CENP-A deposition is 

regulated by cell cycle progression. 

Since human CENP-A deposition only occurs in G1, it is hypothesized that the 

proteins involved in CENP-A deposition must be regulated by the cell cycle. Progression 

through the cell cycle is orchestrated by the cyclical accumulation and destruction of the 

cyclin proteins and their interactions with the various cyclin dependent kinases (Cdks) 

[97, 98]. Throughout G1 and S phase, cyclin A and cyclin B1 accumulate, which results 

in increased Cdk1 and Cdk2 activity. By the G2/M transition point, Cdk activity levels 

are maximal, ensuring that the vast majority of Cdk substrates are maintained in a 

phosphorylated state. Cdk activity levels remain elevated by the spindle assembly 
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checkpoint until all sister chromatids are bioriented at the metaphase plate. After the SAC 

is satisfied, the cyclins are rapidly degraded by the anaphase-promoting complex and the 

cell enters G1, with minimal Cdk activity.  

This dearth of Cdk activity at anaphase onset coincides with the deposition of 

newly synthesized CENP-A (Figure 1-4) [78, 93]. Many of the proteins required for the 

deposition of CENP-A at centromeres share the localization pattern of associating with 

centromeres after the exit from mitosis, when Cdk activity is low [66, 83, 90, 91]. This 

suggests that there may be a Cdk controlled mechanism that directly prevents CENP-A 

deposition in S phase when Cdk activity is high, but allows for CENP-A assembly into 

centromeric chromatin after the exit from mitosis, when Cdk activity is low (Figure 1-4).  
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Figure 1-4. Overview of the cell cycle control mechanism of CENP-A deposition.  

The deposition of CENP-A is tightly coordinated with the cell cycle. Chromosome 

schematics show the stepwise change in CENP-A protein levels at the centromere and the 

apparent localization dynamics of CENP-A deposition factors. (A) Starting at the exit 

from mitosis, each daughter centromere possesses one-half of the full complement of 

CENP-A nucleosomes (light pink oval). Cyclins are rapidly degraded following mitotic 

exit, and Cdk activity dramatically drops (dark blue gradient). The Mis18 complex 

associates with centromeric chromatin directly after mitotic exit. (B) HJURP appears to 

be recruited soon after and deposits newly synthesized CENP-A nucleosomes (light pink 

to red gradient oval). (C) In mid to late G1, the RSF complex (Rsf1-Snf2h) and 

MgcRacGap interact transiently with centromeres to stabilize newly assembly CENP-A 

nucleosomes and generate mature centromeric chromatin (red oval). By the G1/S phase 

transition, Cdk activity levels increase again. (D) During S phase, CENP-A nucleosomes 

are parceled to each daughter centromere (two light pink ovals). 
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Figure 1-4 
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Initiating CENP-A deposition: Spatial regulation 

CENP-A deposition must be spatially regulated to occur only at the designated 

centromere locus. This may be achieved by coupling the CENP-A deposition machinery 

to constitutive centromere proteins. Recent experiments have identified a physical 

interaction between the CCAN protein, CENP-C, and the Mis18 complex [99, 100]. 

While centromeric localization of CENP-C was shown to be dependent upon the presence 

of CENP-A nucleosomes, several studies in D. melanogaster cells determined that 

CENP-C is required for efficient deposition of CENP-A [95, 101, 102]. In egg extracts, 

one isoform of Xenopus Mis18BP1 (M18BP1) was dependent upon CENP-C to localize 

to metaphase centromeres [100]. Recent studies in mice suggest a similar interaction 

between Mis18BP1 and CENP-C [99]. Of the various CCAN proteins assayed, only 

CENP-C co-localized with Mis18BP1, when it was targeted to a chromatin locus outside 

of the endogenous mouse centromere [99]. As in Xenopus, this colocalization was found 

to be mediated through a physical interaction with Mis18BP1 and a C-terminal portion of 

CENP-C [99, 100].  

This proposes a model of reinforcement whereby new CENP-A deposition is 

reinforced at an existing centromere by the presence of the CCAN protein, CENP-C, 

which directs the localization of the CENP-A assembly factors. Several observations 

support this idea of a feed-forward mechanism to ensure continual enrichment of newly 

synthesized CENP-A at active centromeres. Overexpression of CENP-A (CID) in flies 

results in its mislocalization throughout chromatin; however, only a subset of regions 

containing the mislocalized CENP-A develop into active centromeres that recruit CCAN 
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proteins and downstream kinetochore components [81, 82]. It may be that the recruitment 

of CCAN proteins at non-centromeric loci is minimal, possibly due to limiting protein 

levels. Therefore, the continual recruitment of new CENP-A to non-endogenous CENP-A 

foci may be limited and centromeric CENP-A is continually replenished because of the 

presence of bound CCAN proteins.  

Another physical characteristic that may direct CENP-A deposition at centromeric 

sites is the overall architecture of a post mitotic centromere. Human CENP-A deposition 

occurs immediately following mitosis, and the hypercondensed state of chromatin in 

early anaphase may be the most efficient substrate for CENP-A deposition. Human 

condensin I and condensin II are multiunit complexes that function to condense 

chromosomes during mitosis [103]. Experiments in several organisms suggest that 

chromatin condensation may be important for the efficient deposition of CENP-A 

nucleosomes. At the budding yeast point centromere, condensin depletion results in 

decreased localization of Cse4 to centromeric chromatin [104]. Experiments using 

Xenopus egg extracts demonstrated that condensin II is required for efficient CENP-A 

deposition [105]. SMC2 depletion by siRNA in human cells leads to decreased 

recruitment of new CENP-A nucleosomes to centromeres [106]. Condensin association 

with chromosomes peaks in anaphase, placing it directly prior to the association of the 

Mis18 complex with centromeres in late anaphase [90, 107]. While these experiments 

suggest a connection between CENP-A deposition and condensin, the function of 

condensin may be simply to maintain a three-dimensional structure that is required to 

facilitate CENP-A deposition.  
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Priming the centromere for CENP-A deposition 

The exact function of the Mis18 complex at centromeres largely remains a black 

box in the understanding of the centromere lifecycle. Current research in the field centers 

on the hypothesis that the Mis18 complex primes centromeres for CENP-A deposition by 

recruiting chromatin modifying activity to the centromere in order to generate or maintain 

a permissive state for CENP-A deposition [90, 91]. 

In fission yeast, temperature sensitive mutants of Mis16 and Mis18 show a 

significant increase in the acetylation of centromeric H4 at the inner centromere repeats 

(cnt1 and imr1) [91]. Although, where fission yeast Mis18 seems to antagonize histone 

acetylation, the human Mis18 complex appears to promote acetylation. Cells depleted for 

members of the Mis18 complex, lose the deposition of newly synthesized CENP-A at 

centromeres; however, treating those cells concurrently with the HDAC inhibitor, 

trichostatin A (TSA), rescues CENP-A deposition [90]. Global inhibition of HDAC 

activity with TSA would increase the acetylation status of the entire genome and 

theoretically the centromere as well. 

Consistent with these observations, targeting the histone acetyltransferase activity 

of  P300 or PCAF to a human artificial chromosome is sufficient to induce CENP-A 

deposition [47]. In addition, an increase in centromeric H3 acetylation can be seen in 

early G1, which correlates with the localization of the Mis18 complex at centromeres. 

However the identity of the endogenous histone acetyltransferase responsible for this 

activity is not known. Since an artificial increase in centromere acetylation seems to 
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bypass the requirement for the Mis18 complex in CENP-A deposition, this argues that the 

human Mis18 complex may function by affecting the centromeric histone acetylation.  

The Mis18 complex may also affect CENP-A deposition by altering epigenetic 

modifications of DNA. The DNA methyltransferases, DNMT3A and DNMT3B, interact 

with centromeric chromatin through interactions with Mis18α and CENP-C [108, 109]. 

Conditional knockout studies in mouse embryonic fibroblasts found that Mis18α loss 

resulted in a reduction of centromeric DNA methylation [109]. Disrupting DNMT3A/B 

decreased the methylation of centromeric DNA and lead to a significant decrease the 

level of CENP-A at the centromere. However, mouse ES cells in which DNMT1, 

DNMT3A and DNMT3B were disrupted by gene targeting, replicate and divide normally 

without chromosomal instability or gross segregation errors [110]. It is not clear whether 

DNA methylation is actually part of the specific CENP-A recruitment pathway or 

whether disruption of DNA methylation alters the state of centromeric chromatin and 

leads to downstream problems in CENP-A deposition.  

Further evidence to support the role of the Mis18 complex in affecting the histone 

modification state of centromeric chromatin is the fact that the proteins of the Mis18 

complex have several ties to chromatin remodeling and modifying complexes. Mis18BP1 

contains a SANT (Swi3-Ada2-NCoR-TFIIIB) domain as well as a SANT-Associated 

(SANTA) domain [90, 111]. The SANTA domain was found in silico as a domain that 

characteristically is present in proteins which also contain a SANT domain [111]. In the 

human proteome, the SANTA domain has been identified exclusively in Mis18BP1. The 

function of the SANTA domain is currently unknown, although, the conserved 
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hydrophobic residues are proposed to be involved in protein-protein interactions, possibly 

mediating contacts with its various binding partners at the centromere [111]. 

As its full name implies, the Swi3-Ada2-NCoR-TFIIIB (SANT) domain is found 

in a variety of chromatin remodeling and modifying complexes including the remodeler, 

SWI/SNF, and the SAGA histone acetyltransferase (HAT) complex [112]. SANT 

domains are made up of roughly 50 amino acids that form three alpha helices in a helix-

turn-helix motif, similar to the DNA binding domain in c-Myb [113]. The Myb domain in 

the proto-oncogene, c-Myb, has been shown to bind DNA in a sequence specific manner 

[114]. However, analysis of the crystal structure of the SANT domain in Xenopus ISWI 

shows that the amino acid residues responsible for the sequence specific DNA 

interactions in c-Myb are not conserved in all SANT domains [113].  

Other SANT domains mediate protein-protein interactions to recruit and activate 

additional binding partners in order to generate a fully functional chromatin-modifying 

complex. Examples include HDAC3 in the SMRT and N-CoR co-repressor complexes as 

well as the HAT activity of the SAGA complex [115-117]. In addition, RbAp48 or 

RbAp46 are common to several known histone modifying and remodeling complexes 

[118, 119]. The presence of RbAp48 and RbAp46 as well as the domain architecture of 

Mis18BP1 give credence to the hypothesis that the Mis18 complex is capable of 

recruiting chromatin-modifying activity to the centromere. 
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Deposition of CENP-A  

The ultimate goal of the centromere specification pathway is the deposition of 

new CENP-A nucleosomes. Nucleosome assembly is facilitated by the activity of histone 

chaperone proteins [76, 77]. Other histone H3 variants, such as H3.1 and H3.3, utilize 

unique chaperone proteins in order to facilitate distinct timing and location of deposition 

[76, 77]. Despite vast differences in centromere organization between budding yeast and 

humans, these organisms all employ a related chaperone, known as HJURP (Holliday 

junction recognition protein) in humans and Scm3 in yeast, in order to achieve deposition 

of newly synthesized CENP-A nucleosomes. 

CENP-A/H4 and HJURP form a prenucleosomal complex that localizes to 

centromeres in G1 during new CENP-A deposition [66, 83, 105, 120]. This complex is 

required for new CENP-A deposition and is sufficient to determine the site of centromere 

formation [18]. Deletion of Scm3 in budding or fission yeast leads to chromosome loss or 

missegregation events due to defects in Cse4/Cnp1 recruitment [23, 121, 122]. Although 

Scm3 and HJURP serve similar functions the entirety of their similarity is located within 

a small, 50 amino acid, region of homology within their N-termini [9]. HJURP is a much 

larger, 83 KD protein, in humans compared to the 26 KD Scm3 protein of S. cerevisiae. 

HJURP was originally identified as a protein that recognizes synthetic Holliday junctions 

(thus termed Holliday junction recognition protein) [123]. A requirement for complex 

DNA structures has not been identified in CENP-A deposition. The differences between 

HJURP and Scm3 may reflect differing mechanisms by which they are recruited to the 

centromere. Until recently, a direct fly homolog for HJURP had not been identified; 



39 
 
however, the localization of the CALI protein and its requirement in CenH3/CID 

deposition has recently determined CAL1 to be the functional homolog of HJURP/Scm3 

[94, 124].  

The classical role of histone chaperones is to facilitate the deposition of histones 

into nucleosomes. The deposition of CENP-A nucleosomes is a conserved function of 

every HJURP/Scm3 homolog protein. In vitro chromatin assembly assays, using 

recombinant proteins, show that human HJURP and budding yeast Scm3 are both 

sufficient to assemble CENP-A into nucleosomes [18, 125-128]. In each of these cases, 

HJURP/Scm3 assembles an octameric nucleosome that wraps DNA in a left-handed 

manner, similar to canonical H3 nucleosomes. In cells, the targeting of HJURP to non-

centromeric loci is sufficient to drive the incorporation of CENP-A into chromatin [18]. 

CENP-A point mutants that affect the CENP-A dimerization interface are able to bind 

HJURP but cannot be stably assembled into chromatin by HJURP [28]. Heterotypic 

nucleosomes that contain one copy of CENP-A and histone H3 have been observed as a 

small fraction of human CENP-A nucleosomes [21]. Since histone H3 uses a similar 

dimerization interface, mutations in this region would also be expected to eliminate the 

formation of heterotypic octameric nucleosomes. However, to date no function has been 

assigned to heterotypic CENP-A-H3 nucleosomes. These data suggest Scm3/HJURP 

proteins assemble octameric CENP-A nucleosomes at centromeres. Nonetheless, data 

exists that depicts other sub-octameric forms of centromeric nucleosomes. It is possible 

that the structure of the CENP-A nucleosome is dynamic throughout the cell cycle, and 

perhaps may change through downstream remodeling events.  
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Recent crystal structures provide interesting insights into the interaction between 

HJURP/Scm3 and a CENP-A/histone H4 heterodimer in budding yeasts and humans. The 

CENP-A binding domain (CBD) of HJURP includes the Scm3 homolog domain and 

forms a long alpha helix followed by a short beta sheet. In all structures, the long alpha 

helix, within the Scm3 homology domain of HJURP/Scm3, interacts with the CENP-A 

CATD [129-131]. The CBD of HJURP extends into the region of CENP-A self-

association and precludes CENP-A/H4 heterotetramer formation; therefore, the 

HJURP/CENP-A/H4 complex forms a heterotrimer which contains a single copy of each 

protein [28, 129]. The formation of the HJURP/CENP-A/H4 prenucleosomal complex 

excludes tetramer formation and DNA interaction suggesting a step-wise conformational 

change is required for incorporating CENP-A into centromeres. 

Residues outside of the CATD domain of CENP-A also interact with the 

previously identified TLTY box recognition domain of HJURP/Scm3, although it is 

unlikely that these resides contribute to specificity [28, 120, 129]. These structures show 

that although the centromeres of yeast and man are very divergent, the specific 

interaction between HJURP/Scm3 and a CENP-A/H4 heterodimer is conserved. 

 

Centromeric chromatin maturation 

A growing amount of evidence supports the idea that CENP-A nucleosomes are 

not fully stable after their initial deposition in early G1, but require additional changes 

through remodeling complexes and GTP cycling to become fully mature, stable 

centromeric nucleosomes [132, 133]. This maturation process occurs after the deposition 
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of newly synthesized CENP-A by HJURP and does not affect CENP-A nucleosomes 

already present at the centromere (Figure 1-4). The RSF complex (Rsf1 and SNF2h) 

associates with the centromere in mid G1 and confers stability to newly deposited CENP-

A nucleosomes [132]. In addition, MgcRacGap and Ect2 GTP cycling activity is 

recruited to centromeric chromatin in late G1 and is also required to stabilize new CENP-

A nucleosomes [133]. These events occur asynchronously and transiently at only a subset 

of centromeres during late G1. While the function of this maturation process is not 

completely understood at this time, RSF and MgcRacGap seem to help generate 

centromeric chromatin that is sufficiently stable to support its roles throughout the cell 

cycle, such as serving as the kinetochore platform during mitosis. 

 

Non-coding RNAs, transcription and the centromere  

Mounting evidence suggests that RNA polymerase II (RNAPII) mediated 

transcription through CENP-A containing chromatin is a conserved feature of 

centromeric regions across several species. Transcripts have been identified from the 

central domain of S. pombe centromeres as well as from maize centromere sequences 

[134, 135]. In human cells, centromeric alpha-satellite repeat transcripts have also been 

detected in several different cell lines [136, 137].  

The process of transcription seems to be at odds with the highly stable character 

of CENP-A containing chromatin, as CENP-A nucleosomes do not appear to turn over 

except for deposition of newly synthesized CENP-A during G1. However, centromeric 

character is not mutually exclusive with gene expression. Immunofluorescence studies of 
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stretched centromeric chromatin fibers show that centromeres contain H3K4me2, a mark 

of open or permissive chromatin, and do not contain several H3 modifications implicated 

in transcription silencing [43]. In addition, human neocentromeres can form in 

chromosome regions containing actively transcribed genes, and CENP-A nucleosome 

deposition in gene coding regions of human artificial chromosomes (HACs) does not 

diminish gene expression [11, 46, 138]. Recent studies demonstrate that modest amounts 

of transcription across the alpha-satellite centromere region of a HAC are compatible 

with centromere function; however, driving high levels of transcription does lead to a loss 

of kinetochore function and a destabilization of CENP-A chromatin, [139] suggesting 

that the level of transcription may be key to the stability of transcribed centromeres.  

Recently an accumulation of active RNAPII at human centromeres in metaphase 

was observed [136]. Analysis of a pseudodicentric chromosome showed that RNAPII 

only colocalized with the active neocentromere and was not found at the inactivated, 

alpha-satellite-containing region of the original centromere. Pulse labeling using FITC-

rUTP showed nascent α-satellite transcripts colocalizing specifically with centromeres 

during mitosis, which were abolished upon α-amanitin treatment. Disruption of these 

centromere transcripts in mitosis caused lagging chromosomes in the subsequent 

anaphase [136]. The increase in lagging chromosomes correlated with a measurable 

decrease in centromeric CENP-C levels [136]. CENP-C has been previously implicated 

as binding to centromeric RNA transcripts suggesting a connection between centromeric 

transcription and the CCAN [140]. 
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While it is clear that centromeric transcription occurs, its function remains 

unclear. One hypothesis has been proposed where centromeric transcription is coupled to 

chromatin remodeling activity in order to facilitate the exchange of histone H3 

nucleosomes for CENP-A nucleosomes [134]. SSRP1 (structure-specific recognition 

protein), a subunit of the FACT (facilitates chromatin transcription) complex, was also 

found to localize to RNAPII foci in human cells [136]. FACT is a general chromatin 

remodeler that has been found to associate with human CENP-A along with another 

chromatin remodeler, chromo-helicase DNA-binding protein 1 (Chd1) [20, 21, 141, 142]. 

The fission yeast homolog, Hrp1, has already been implicated in efficient CENP-A 

deposition at centromeres [143]. Depletion of Hrp1 caused an increase in H3 

nucleosomes in the inner repeats of the fission yeast centromere [134]. Like in humans, 

the central domains of S. pombe centromeres were transcribed by RNAPII to produce 

small amounts of non-coding RNA (ncRNA) [134]. In both species, Chd1 associates with 

actively transcribed centromeres and is present at a moment when histone exchange 

would occur. However, this remains highly speculative and is an area in need of intense 

study.  
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Ensuring CENP-A Centromere Specificity 
 
 The directed recruitment of CENP-A deposition machinery to centromeres is the 

major method to ensure stable centromere identity. However, overexpression of CENP-A 

in several systems leads to the misincorporation of CENP-A nucleosomes into other sites 

within the genome [80-82]. This means that while CENP-A is deposited specifically at 

centromeres; it retains the ability to localize throughout the rest of the genome. 

Mislocalization of CENP-A throughout general chromatin by overexpression, or to 

specific non-centromeric loci via targeted deposition, can cause chromosome 

missegregation errors [18, 19, 81, 82]. Therefore, in order for a cell to ensure the 

formation of only one centromere per chromosome, it must also employ mechanisms that 

remove non-centromeric CENP-A. Experimental evidence strongly suggests that this 

occurs via ubiquitin-mediated proteasome degradation, a mechanism that seems to be 

conserved from yeast to humans (Figure 1-5).   

In both budding yeast and flies, specific E3 ubiquitin ligases have been linked to 

CENP-A degradation. The S. cerevisiae E3 ligase, Psh1, specifically signals the 

degradation of Cse4 as compared to histone H3 [144, 145]. Deletion of Psh1 prevents 

Cse4 from being ubiquitinated and increases the association of Cse4 at non-centromeric 

loci [144, 145]. Psh1 is a major buffer to the effects of Cse4 overexpression, which are 

lethal in the absence of Psh1 [144, 145]. The major E3 ubiquitin ligase responsible for 

CenH3/CID degradation in D. melanogaster is the SCF complex component, Ppa [146]. 

Ubiquitin ligase activity, associated with CENP-A stability, has also been identified in 

human pathogens. Infection by HSV-1 hijacks the proteasome and targets CENP-A for 
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degradation through a viral RING finger domain containing protein, ICP0 [147]. ICP0 is 

required and sufficient to cause CENP-A degradation after infection [147]. However, a 

host ubiquitin ligase that is coupled to targeted CENP-A degradation remains to be 

discovered in humans. 

Both Ppa and Psh1 recognize the CATD domain of CENP-A [145, 146]. This is 

the same region recognized by both the CENP-A chaperone HJURP/Scm3 and the CCAN 

protein CENP-N in human cells [65, 83, 120]. Consistent with these observations, 

centromeric pools of Cse4 in budding yeast are resistant to proteolytic degradation [148]. 

Scm3 binding to Cse4, prevents its ubiquitination by Psh1 in vitro, and turning off Scm3 

expression in vivo accelerates Cse4 degradation in budding yeast [144]. Likewise, 

depletion of HJURP reduces CENP-A protein levels in human cells [66, 83]. In addition, 

depletion of Swi/Snf activity in budding yeast causes the accumulation of Cse4 at non-

centromeric loci suggesting that non-centromeric CENP-A nucleosomes are sensitive to 

destabilization by chromatin remodelers [149]. These data suggest that accessibility of 

CENP-A to degradation is limited by its interaction with either the HJURP chaperone 

complex or with the CCAN upon incorporation into centromeres. Misincorporated 

CENP-A lacks these interactions and is therefore removed during remodeling and 

subjected to proteasomal degradation. 
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Figure 1-5. Removal of non-centromeric CENP-A through the proteasome pathway. 

 (A)  Centromeric CENP-A is protected from degradation by binding partners that 

compete with the binding of CENP-A specific, E3 ubiquitin ligases such as Psh1. HJURP 

binding to unassembled CENP-A/H4 heterodimers or specific interactions between 

centromeric CENP-A nucleosomes and the CCAN, inhibit the degradation of CENP-A. 

(B)  Non-centromeric CENP-A is removed from ectopic locations in a cell cycle 

independent manner. This may occur as a natural consequence of histone exchange 

during chromatin remodeling and transcription across chromosome arms or via a targeted 

degradation event by a specific E3 ubiquitin ligase, such as Psh1. The CENP-A specific 

E3 ubiquitin ligase has yet to be found in humans; however, research indicates that 

CENP-A degradation can occur through the ubiquitin-mediated proteasome pathway in 

humans. 
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Figure 1-5 
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Summary 
 

The centromere is the chromosomal region that directs kinetochore assembly 

during mitosis in order to facilitate the faithful segregation of sister chromatids via the 

mitotic spindle. Centromere location is epigenetically specified by the presence of 

nucleosomes containing the histone H3 variant, CENP-A. Maintenance of centromeric 

identity across cellular generations requires the orchestration of several mechanisms to 

ensure proper temporal and spatial CENP-A deposition as well as removal of CENP-A 

from non-centromeric locations. During replication, existing CENP-A nucleosomes are 

divided among the daughter chromatids to propagate centromere location from one 

generation to the next. After mitotic exit, new CENP-A nucleosomes are deposited in the 

correct location every G1 to ensure centromeric CENP-A levels remain constant. Newly 

deposited CENP-A nucleosomes must then undergo a maturation process to generate 

stable incorporation into centromeric chromatin. The following chapters highlight several 

experimental results that elucidate many aspects of the CENP-A deposition pathway; in 

particular, the role that the Mis18 complex plays in integrating signals to ensure  the 

proper temporal and spatial regulation of CENP-A deposition at the human centromere. 
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Abstract 
 

The epigenetic mark that dictates centromere identity is considered to be the 

presence of nucleosomes containing the histone H3 variant CENP-A. Human cells 

deposit newly synthesized CENP-A nucleosomes immediately after mitotic exit, in G1. 

While centromere architecture varies widely between fission yeast and vertebrates, the 

deposition of CENP-A is controlled by a group of conserved proteins, which includes the 

CENP-A chaperone and assembly factor, HJURP, and the Mis18 complex. The human 

Mis18 complex consists of Mis18α, Mis18β and Mis18 binding protein 1 (Mis18BP1). 

Here I will show that the Mis18 complex directly recruits HJURP to centromeric 

chromatin to initiate CENP-A deposition. In addition, the centromeric localization of the 

Mis18 complex is regulated by the direct phosphorylation of Mis18BP1 by Cdk1/Cdk2. 

While all three Mis18 complex proteins are required for CENP-A deposition, Mis18BP1 

and Mis18α bind to the centromere with differing dynamics. Mis18α remains stably 

bound to centromeric chromatin in G1 and binds Mis18β via a conserved C-terminal 

coiled-coil domain. This stable Mis18α-Mis18β complex recruits HJURP in the absence 

of Mis18BP1 when Mis18α and Mis18β are artificially targeted to a non-centromeric 

locus. Therefore, efficient recruitment of HJURP, and downstream CENP-A deposition, 

requires the presence of Mis18α and Mis18β, whose localization is coupled to cell cycle 

position by the Cdk1/Cdk2 regulation of Mis18BP1.  



51 
 

Introduction 
 
 During replication, previously incorporated CENP-A containing nucleosomes are 

distributed to the daughter chromatids. CENP-A protein levels do not rise until near the 

end of S phase, and the cell proceeds through DNA synthesis, G2 and mitosis with both 

daughter chromatids having roughly one-half of the centromere’s full capacity of CENP-

A [78, 83-85]. It is only after mitosis that the conserved deposition factors, the Mis18 

complex and HJURP/Scm3, associate with the human centromere and direct the 

incorporation of the newly synthesized CENP-A nucleosomes into centromeric chromatin 

[66, 78, 83, 90, 91]. This indicates that CENP-A deposition is tightly regulated by the cell 

cycle. 

Histone variants have different chaperones and assembly factors to facilitate their 

incorporation into chromatin [150]. In human cells, HJURP functions as the chaperone 

and assembly factor for CENP-A containing nucleosomes [18, 66, 83]. HJURP binds to 

prenucleosomal CENP-A/H4 complexes and prevents the degradation of soluble CENP-

A. In addition, HJURP is sufficient to assemble CENP-A nucleosomes into chromatin 

[18, 66, 83]. 

 Additional factors have been discovered that are required for CENP-A deposition 

at centromeric chromatin. In fission yeast, a temperature sensitive screen discovered that 

two proteins, Mis18 and Mis16, are required for CENP-A deposition [91]. Humans and 

many higher eukaryotes express two Mis18 paralogs, Mis18α and Mis18β [90]. In 

addition, human cells also contain a third protein that interacts with Mis18α and Mis18β 

at the centromere [90]. This protein, originally discovered in C. elegans as KNL-2, is 
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known as Mis18 binding protein 1 (Mis18BP1) in humans [92]. Found in a complex with 

Mis18α and Mis18β on chromatin, Mis18BP1 is required for the centromeric localization 

of Mis18α and Mis18β and vice versa [90]. 

Previous work suggests that the Mis18 complex binds to centromeres prior to 

HJURP localization [83]. A dual staining experiment looked at the localization of Mis18α 

and HJURP. A population of G1 cells had only Mis18α localized to centromeres. 

However, all centromeres that were HJURP positive were also Mis18α positive [83]. 

Therefore, this suggests that the Mis18 complex plays an important role in HJURP 

recruitment. 

 In the following experiments, I discovered that the Mis18 complex is responsible 

for the centromeric recruitment of HJURP, thereby initiating CENP-A assembly in G1. In 

addition, we showed that CENP-A deposition is cell cycle regulated by Cdk1/Cdk2 

activity. When Cdk kinase activity was high, Mis18BP1 existed in a phosphorylated state 

and could not associate with centromeric chromatin. After mitotic exit, Cdk activity 

levels dropped, and Mis18BP1, in a relatively dephosphorylated state, was able to 

localize to the centromere. 

Mis18BP1 freely exchanged with centromeric chromatin during G1, while 

Mis18α bound stably to centromeres. Therefore, I assessed which components of the 

Mis18 complex were specifically required for HJURP recruitment. Artificially targeting 

Mis18α to a non-centromeric locus indicated that HJURP only required the presence of 

Mis18α and Mis18β once they were recruited to chromatin. Therefore, proper CENP-A 

deposition was coupled to cell cycle position by Cdk1/Cdk2 regulation of Mis18BP1 
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localization. Once Mis18BP1 was bound to centromeric chromatin, Mis18α and Mis18β 

were able to localize and enable HJURP recruitment. 
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Results 
 
Recruitment of HJURP to centromeres requires the Mis18 Complex 

HJURP and the Mis18 complex are both required for the recruitment of CENP-A 

to the centromere [18, 66, 83, 90, 91]. The Mis18 complex accumulates at centromeres 

beginning in late anaphase while HJURP localizes to centromeres just after that, during 

G1 [83, 90]. While the loading of HJURP seems to follow the Mis18 complex, it is 

unknown whether HJURP or the Mis18 complex requires the presence of the other for 

their centromeric recruitment. In order to shed light on this question, HeLa cells lines 

stably expressing GFP-tagged Mis18α or HJURP were generated. GFP-Mis18α and GFP-

HJURP localized to centromeres similarly to what would be expected of the wild type 

proteins. GFP signal was never found at the centromeres of mitotic cells, but was only 

visible in cells that appeared to be in G1. Then, siRNA was used to deplete protein levels 

of Mis18α, Mis18BP1 or HJURP in both cell lines. 

After 48 hours of treatment with siRNA against Mis18α, GFP-Mis18α protein 

levels were reduced to below 25% of mock treated levels (Figure 2-1A). Analysis of 

fixed cells using fluorescence microscopy showed that the characteristic centromeric 

localization of GFP-Mis18α was also largely abolished after Mis18α siRNA treatment 

(Figure 2-1, B and C). Treating cells with siRNA against Mis18BP1 did not significantly 

lower the protein level of the exogenously expressed GFP-Mis18α, but in agreement with 

previous data, Mis18BP1 depletion abolished GFP-Mis18α localization to centromeres 

(Figure 2-1B) [90]. In contrast, siRNA depletion of HJURP did not significantly alter the 

localization pattern of GFP-Mis18α to centromeres.   
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In order to determine whether the Mis18 complex affects HJURP recruitment, 

similar siRNA treatments were performed in the HeLa GFP-HJURP cell line. HJURP 

siRNA reduced the endogenous and GFP-tagged HJURP to below 12.5% of normal 

HJURP protein levels in mock treated HeLa cells (Figure 2-1D). As expected, HJURP 

depletion completely abolished centromeric localization of the GFP-HJURP protein after 

48 hours. While the Mis18α and Mis18BP1 siRNA treatment did not decrease the protein 

level of endogenous or exogenous HJURP, the localization of GFP-HJURP to 

centromeres was decreased to 0.0% and 0.3% respectively in randomly cycling cells 

(Figure 2-1, E and F). These data suggest that while HJURP is not required for the 

localization of the Mis18 complex to centromeres, in the absence of the Mis18 complex 

cells fail to recruit HJURP to centromeric chromatin. 
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Figure 2-1. Recruitment of HJURP to centromeres requires the Mis18 complex. 

(A) Anti-GFP western blot of HeLa GFP-Mis18α lysates. Each lane contains lysate from 

approximately 1 x 105 cells. The HeLa control lysates are from HeLa cells not expressing 

GFP-Mis18α. (B) Representative maximum projections of deconvolved z-stacks in pre-

extracted, fixed HeLa GFP-Mis18α cells. All images were procured with the same 

exposure time and scaled equally in the CENPT (red) and GFP-Mis18α (green) channels. 

DAPI staining was overlaid onto the DIC image with arrows to highlight midbodies. 

Scale bar = 5μm. (C) Average percentage of GFP-Mis18α positive nuclei (see Materials 

and Methods). Error bars show the standard deviation between replicates. (D) Anti-

HJURP western blot of HeLa GFP-HJURP lysates treated similarly as in A. The standard 

curve was generated with plain, untreated HeLa cell lysates. (E) Similar image 

acquisition as in C in the HeLa GFP-HJURP cell line. (F) Average percentages of GFP-

HJURP positive nuclei in each condition. Error bars show the standard deviation between 

replicates. 
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Figure 2-1 

Published as Figure 6 in Barnhart, M.C., et al. (2011). The Journal of Cell Biology. 
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The Mis18 complex regulates the cell cycle timing of CENP-A 

deposition  

In human cells, CENP-A deposition is uncoupled from the incorporation of 

canonical histones during S phase and only occurs in G1 of the following cell cycle [84]. 

Therefore a cell must activate CENP-A deposition during the proper time as well as 

prevent CENP-A deposition during other phases of the cell cycle. As shown above, the 

Mis18 complex is required for the CENP-A assembly factor, HJURP, to localize to 

centromeres. Those results and previous work indicate that the localization of the Mis18 

complex to centromeric chromatin is arguably the first step in the CENP-A deposition 

pathway [83, 90, 91].  

 The Mis18 complex localizes to centromeres in late anaphase, directly after 

mitotic exit. Cell cycle progression is mediated by several kinases that regulate the 

passage of a cell from one state to another, which indicates a possible regulatory 

mechanism for Mis18 complex recruitment by cell cycle kinases [98]. As cells exit 

mitosis, mitotic kinase activity drops dramatically. To assess changes to the Mis18 

proteins during mitosis, prior to their localization to the centromere, I isolated whole cell 

lysates from randomly cycling cells and compared them to lysates from cells blocked in 

nocodazole for 12 hours. Western blot analysis of the lysates showed that the levels of 

phosphorylated serine 10 of histone H3 (H3S10p) increased in the nocodazole treated 

cells as compared to the randomly cycling cell population (Figure 2-2A). Randomly 

cycling cells would be expected to have roughly 10% of the whole cellular population in 

mitosis at any one time. Therefore, the increase in levels of H3S10p signal in the 



59 
 
nocodazole treated cell lysates indicated that I had successfully made a mitotically 

arrested population. Blotting for endogenous Mis18BP1 identified a mitotic form of 

Mis18BP1 that traveled through a SDS-PAGE gel with a slightly larger apparent 

molecular weight than in the randomly cycling lysates (Figure 2-2A). Mitosis is a 

hyperphosphorylated state with respect to mitotic kinase activity, and this shift in 

apparent molecular weight suggested a mitotic phosphorylation event on Mis18BP1. 

In order to confirm that the increase in apparent molecular weight of Mis18BP1 in 

mitosis was caused by a change in phosphorylation state, I developed a pull down and 

calf intestinal alkaline phosphatase (CIP) treatment assay (Figure 2-2B). Cells stably 

expressing GFP-tagged Mis18BP1 were blocked in mitosis as in Figure 2-2A. Whole cell 

lysates from randomly cycling and mitotic populations were run over Ni-NTA agarose 

column that was coated with His-tagged GFP-binding protein (His-GBP). Bound proteins 

were left untreated or treated with CIP in the absence or presence of an excessive 

concentration of the phosphatase inhibitor, sodium orthrovanadate (NaV). 

Two bands are present in each GBP pull downs presumably because GFP-

Mis18BP1 constitutively interacted with endogenous Mis18BP1. GBP bound fractions 

from untreated mitotic lysates only contained the higher molecular weight bands for 

GFP-Mis18BP1 and the endogenous protein. However, those cells, which had been 

blocked in mitosis, but were also treated with CIP for 1 hour only contained lower 

molecular weight bands, similar to the bands present in GBP pull down from randomly 

cycling cells. When CIP activity was blocked by sodium orthovanadate, the upper 
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molecular weight bands remained in the CIP + NaV pull downs. Therefore, the molecular 

weight shift in Mis18BP1 is the result of direct phosphorylation of Mis18BP1 in mitosis. 

 In order to further confirm this conclusion, we sought to generate a Mis18BP1 

construct that can no longer be phosphorylated in mitosis. Such a construct would no 

longer display the upward molecular weight shift. Our collaborators predicted 24 possible 

phosphorylation sites on Mis18BP1 (Figure 2-2C). Many of these sites were Cdk 

consensus sites. Cdk1 and Cdk2 activities peak in mitosis, and there were ideal candidate 

kinases for mitosis-specific phosphorylation of Mis18BP1 [98]. Our collaborators 

mutated all 24 putative phosphorylation sites to alanine and generated an N-terminal GFP 

fusion protein (GFP-Mis18BP124A). 

Expressing this construct in cells allowed us to assess the presence or absence of 

the molecular weight shift in mitotically arrested cell lysates as in Figure 2-2A. Wild type 

GFP-Mis18BP1 (GFP-Mis18BP1wt) transfected cells that were allowed to randomly 

cycle had two prominent bands when blotted with an antibody against Mis18BP1. The 

lower band corresponded with the endogenous protein, and the higher molecular weight 

band corresponded to the wild type GFP-tagged construct (Figure 2-2D, left panel). 

When these cells were blocked in mitosis with nocodazole overnight, four Mis18BP1 

bands appeared. The two upper bands corresponded to GFP-Mis18BP1wt protein, and the 

lower two bands corresponded to the two forms of endogenous Mis18BP1. However, in 

cells that were transfected with the GFP-Mis18BP124A construct, the highest molecular 

weight band, which would correspond to the phosphorylated form of GFP-Mis18BP124A, 

was not seen in the mitotically arrested lysates (Figure 2-2D, right panel). While the 
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multiple alanine mutants do not indicate which phosphorylation sites contributed to the 

mitotic molecular weight shift, it is clear that this mutant prevents mitotic 

phosphorylation events on Mis18BP1. 

In order to delineate the function of the cell cycle specific phosphorylation of 

Mis18BP1, our collaborators in the Jansen laboratory performed a series of in vivo 

experiments that clearly indicated that Mis18BP1 phosphorylation regulates the cell cycle 

timing of CENP-A deposition. Their first step was to see if this mitotic phosphorylation 

played a role in regulating the cell cycle specific, centromeric recruitment of the Mis18 

complex. GFP-Mis18BP1wt and GFP-Mis18BP124A were transiently transfected into 

cells, and the cellular localization of was assessed. CENP-T staining marked endogenous 

centromeres and high levels of cyclin B staining indicated non-G1 cells. In the cells 

transfected with GFP-Mis18BP1wt, GFP signal was not seen at centromeric foci in G2 

and mitotic cells (Figure 2-2E, left panels). This follows the normal localization pattern 

previously described [90]. In addition the centromeric GFP intensity of the mitotic and 

G2 populations transfected with GFP-Mis18BP1wt was low (Figure 2-2F). Interestingly, 

G2 and mitotic cells transfected with GFP-Mis18BP124A clearly had GFP signal at 

centromeres (Figure 2-2E, right panels). In addition, the centromeric GFP intensity of 

these two populations was higher than in the wild type GFP-Mis18BP1 transfection 

condition (Figure 2-2F). Therefore, the ability of a cell to phosphorylate Mis18BP1 in G2 

and mitosis is required to keep the Mis18 complex off of centromeric chromatin, outside 

of G1. 
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However, the question remained as to whether this regulation also affected 

downstream CENP-A deposition. If Mis18BP1 was able to associate with centromeres 

outside of its normal G1 time frame, could it also recruit HJURP and begin the CENP-A 

deposition pathway during other cell cycle phases? In order to answer this question, our 

collaborators used a SNAP-tag assay. The SNAP tag is a protein tag that is classified as a 

“suicide enzyme”. It catalyzes a covalent linkage between a substrate and itself, which 

then inactivates the enzyme. 

Cells stably expressing a SNAP-tagged CENP-A were synchronized with a 

double thymidine block to the G1/S boundary. Cells were treated or “quenched” with a 

non-fluorescent substrate of the SNAP-tag (BTP). This effectively labeled the previously 

translated pool of CENP-A-SNAP with a non-fluorescent tag. Cells were then released 

from the thymidine block and the BTP was washed out. This allowed cells to progress 

through S-phase and synthesize new, unlabeled CENP-A-SNAP protein. Seven hours 

after release from the thymidine block, the cells were simultaneously treated with 

roscovitine, a Cdk1/Cdk2 inhibitor and the fluorescent SNAP substrate (TMR-Star). Only 

the CENP-A molecules, synthesized after release from the thymidine block, would be 

fluorescently labeled with TMR-Star. In G2 cells not treated with roscovitine (G2 

control), GFP-Mis18α was not localized to centromeres and no TMR-Star-labeled CENP-

A-SNAP was recruited to centromeric chromatin (Figure 2-2, G and H). However in G2 

cells treated with roscovitine, a large percentage of cells were not only positive for GFP-

Mis18α at endogenous centromeres, but also had centromeric TMR-Star-labeled CENP-

A-SNAP present. Therefore, when G2 cells were treated with a Cdk1/Cdk2 inhibitor, the 
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Mis18 complex was no longer inhibited by phosphorylation. Without this inhibition, the 

Mis18 complex was free to associate with the centromere and initiate the CENP-A 

deposition pathway, outside of G1. 
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Figure 2-2. The Mis18 complex regulates the cell cycle timing of CENP-A 

deposition.  

(A) Western blots against H3S10p and endogenous Mis18BP1 of whole cell lysates from 

randomly cycling (nocodazole -) and mitotically arrested (nocodazole +) populations. (B) 

Anti-Mis18BP1 western blots of GBP bound GFP-Mis18BP1 from randomly cycling and 

mitotically arrested cell lysates. NT represents mitotic lysates that received no further 

treatment after nocodazole arrest; CIP indicates lysates that were incubated at 37°C for 1 

h with 60 units of CIP, CIP + NaV represents lysates that were incubated with CIP in the 

presence of 10 mM sodium orthovanadate for 1 h at 37°C. (C) Diagram depicting the 

putative Cdk sites and other phosphorylation sites on Mis18BP1. (D) Anti-GFP and anti-

Mis18BP1 western blots of whole cell extracts from HeLa T-Rex cells transfected with 

either GFP-Mis18BP1wt or GFP-Mis18BP124A. (E) Representative images of GFP-

Mis18BP1wt and GFP-Mis18BP124A transfected into HeLa cells and stained for cyclin B1 

and CENP-T. (F) Box and whisker plots of centromeric GFP intensity of GFP-

Mis18BP1wt and GFP-Mis18BP124A in G2 and mitosis. (G) Diagram depicts the cell 

synchronization, SNAP-tag protocol and inhibitor treatment of CENP-A-SNAP 

expressing cells. Images depict the GFP-Mis18α localization and CENP-A-SNAP 

recruitment in G2 cells with and without roscovitine treatment. (H) Quantification of G1 

and G2 cell populations from the experiment described in G. 
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Figure 2-2 

Published as Figure 4 and Figure 5 in Silva, M.C., et al. (2013) Developmental Cell. 

Data in panel C and E-H was generated in collaboration with the Jansen Laboratory 
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Mis18α and Mis18BP1 bind centromeric chromatin with differing 

dynamics 

The Mis18 complex associates with centromeric chromatin directly after mitotic 

exit, and I have shown that its presence in the cell is required for HJURP recruitment and 

subsequent CENP-A deposition. Previous work has highlighted the possibility that the 

Mis18 complex might license centromeric chromatin and make it available for CENP-A 

deposition in G1 [90, 109]. Since there are several unique epigenetic aspects of 

centromeric chromatin, the hypothesis that a complex required for CENP-A deposition 

may mediate a change in the epigenetic character of centromeric chromatin remains an 

interesting hypothesis. 

However, it is known that members of the Mis18 complex can interact with 

proteins of the CCAN, which will be discussed further in chapter 3. However, the 

dynamics of how the Mis18 complex interacts with centromeric chromatin in humans is 

currently unknown. In an enzymatic process, one would expect the Mis18 complex to 

bind to its substrate, modify it and move on to the next substrate site. Following substrate 

modification by the Mis18 complex, HJURP would then recognize the modified 

nucleosome as the site for proper, regulated CENP-A deposition. This type of interaction 

with centromeric chromatin would require that the Mis18 complex have a rapid rate of 

turnover and a minimal retention time during each enzyme cycle during G1. 

In contrast, the Mis18 complex might serve as an adapter. The complex may 

contain a recognition motif that recognizes a certain aspect of centromeric chromatin and 

stably binds to that unique characteristic. The Mis18 complex would then serve as a 
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platform for additional downstream effectors of CENP-A deposition. Such a mechanism 

would require a more stable interaction between the Mis18 complex and the centromere 

during G1, with little exchange as CENP-A deposition occurs. 

In order to study the interaction of the Mis18 complex with centromeric 

chromatin I used a fluorescence recovery after photobleaching (FRAP) assay to 

determine the binding dynamics of the Mis18 complex in G1. Overexpression of GFP-

Mis18α and GFP-Mis18BP1 in HeLa cells allowed us to assess the dynamics of the G1 

centromeric localization of the Mis18 complex. For the assay, I chose cells that had a 

focal, GFP localization pattern and cell morphology to suggest G1 placement in the cell 

cycle. Individual centromeres were then bleached and the fluorescence recovery was 

measured over the following 4.5 minutes (Figure 2-3). 

While all three proteins of the Mis18 complex are mutually required for 

localization to centromeres and for CENP-A deposition, FRAP analysis of GFP-Mis18α 

and GFP-Mis18BP1 indicated that individual components of the Mis18 complex bind to 

centromeric chromatin with very different dynamics. GFP-Mis18BP1 showed clear 

recovery of fluorescence over time. Recovery curve analysis showed that the t1/2 was 

44.3s and the final recovery was 68.2%. This indicated a steady recovery to more than 

half of the original intensity. This dynamic profile argued that Mis18BP1 was continually 

turned over at centromeric chromatin during G1. 

On the other hand, GFP-Mis18α had a much less dynamic interaction profile. 

After photobleaching of GFP-Mis18α positive centromeres, the GFP signal recovered to 

only 19.9% of the initial, pre-bleach intensity. This data suggested that during G1 Mis18α 
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loads onto the centromere and remains stably associated. While all Mis18 proteins 

associate with centromeric chromatin at the same point in the cell cycle and require each 

other’s presence, they interact with the centromere via very different mechanisms. This 

suggests that individual components of the Mis18 complex may serve separate functions 

in the downstream CENP-A deposition pathway. 
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Figure 2-3. Mis18α and Mis18BP1 bind centromeric chromatin with differing 

dynamics. 

(A) Representative images of fluorescence recovery after photobleaching (FRAP) of 

GFP-Mis18BP1 (top) and GFP-Mis18α (bottom). Upper insets follow unbleached, 

control centromeres, while lower insets highlight an individual photobleached 

centromere. (B) A fluorescence recovery plot of photobleached centromeres over time. 

Closed circles indicate the average recovery of GFP-Mis18BP1 and open circles indicate 

the recovery of GFP-Mis18α. Both plots were fitted to a single exponent recovery curve 

A*(1-e-kt) using ‘nls’ function in R. Table above the graph describes the total recovery, 

t1/2, and the R2 value determined by the fitted recovery curve. 
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Figure 2-3  



71 
 
Mis18α and Mis18β interact through conserved C-terminal coiled-coils 

 The data generated by FRAP analysis indicated that Mis18α is stably bound to 

centromeres during G1. Mis18α and Mis18β protein levels are tightly correlated and the 

depletion of one paralog results in a decreased protein level of the other [90]. Since both 

proteins are required for the localization of HJURP to centromeres and subsequent 

CENP-A deposition, a better understanding of the physical interactions between Mis18α 

and Mis18β would increase our knowledge of how this protein complex directs CENP-A 

incorporation during G1 [151].  

 I ran the protein sequences of human Mis18α and Mis18β through the Paircoils2 

coiled-coil prediction program and graphed the p-value versus the amino acid number 

(Figure 2-4A) [152]. Both Mis18α and Mis18β contained a C-terminal coiled-coil with a 

predicted p-value of less than 0.03 (Figure 2-4A, dotted line). Mis18α also had a second, 

N-terminal coiled-coil. This N-terminal coiled-coil had a slightly lower probability score, 

but the p-value was still less than 0.05. In Figure 2-4B, I diagramed the amino acid 

positions of a canonical, parallel coiled-coil using a helical wheel model adapted from 

Mason, et al 2006 [153]. The fuchsia positions (a and d) correspond to the hydrophobic 

residues that lie in the central domain of the coiled-coil, while the green positions (e and 

g) correspond to the ionic interactions that help maintain the interaction surface. 

Clustal2W alignments generated by Geneious, displayed the conservation of 

amino acid residues within the predicted coiled-coil region from several evolutionarily 

diverse organisms (Figure 2-4C) [154]. Above the alignment, the coiled-coil position 

markers assigned by the Paircoil2 program for human Mis18α and Mis18β were 
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indicated. These letters corresponded to the position of each amino acid in the predicted 

coiled-coil, diagramed in Figure 2-4B. The level of conservation suggested that this 

protein-protein interaction motif is likely a highly conserved method of Mis18 complex 

formation. 

 In order to assess the role the coiled-coils play on the function of the Mis18 

complex, I expressed GFP-tagged full-length and coiled-coil deletion constructs of 

Mis18α and Mis18β in U2OS cells and assessed the constructs’ ability to localize to 

endogenous centromeres (Figure 2-4D – H). Both full-length and coiled-coil deletion 

constructs of Mis18α and Mis18β were expressed at similar levels, which indicated that 

deleting the C-terminal portion of either protein did not dramatically alter the GFP 

construct’s stability (Figure 2-4E). Both full-length GFP-Mis18α and GFP-Mis18β 

localized to centromeres in a proportion of randomly cycling cells, which was expected 

due to the known G1 localization pattern of both proteins (Figure 2-4F). For unknown 

reasons, full-length GFP-Mis18α localized to centromeres in a higher proportion of cells 

(13.0 ± 4.2%) than the full-length GFP-Mis18β construct (5.9 ± 0.1%). However, both 

results indicated that the localization of either protein maintained a regulated pattern of 

centromeric recruitment. In contrast, centromeric localization of both Mis18α and 

Mis18β coiled-coil deletion mutants was abolished. Neither GFP-Mis18α2-175 nor GFP-

Mis18β2-188 was found to colocalize with endogenous CENP-T foci. 

 Two hypotheses arose from this observation. Either the coiled-coils were part of a 

required domain for Mis18α and Mis18β to recognize the centromere, or the coiled-coils 

were required for the two proteins to interact with each other physically. Previous studies 
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documented that Mis18α and Mis18β protein stability and centromeric localization are 

mutually dependent on each other [90]. Therefore, if deleting the coiled-coil regions of 

Mis18α and Mis18β prohibit the physical interaction between the proteins, then they 

would also be unlikely to localize properly. 

 In order to separate Mis18α-Mis18β binding from centromeric localization, I used 

a cell line with an incorporated LacO array on chromosome 1 to artificially target Mis18α 

to chromatin and assess the ability of Mis18β to interact with Mis18α. Mis18α constructs 

were fused to mCherry-LacI in order to drive their recruitment to the integrated LacO 

array (Figure 2-4G). Cells were then cotransfected with the mCherry-LacI-Mis18α 

constructs as well as full-length GFP-Mis18β, and mCherry-LacI alone was used as a 

negative control. Transfected cells were fixed and stained, and the ability for the various 

mCherry-LacI constructs to recruit GFP-Mis18β to the array was assessed by fluorescent 

microscopy (Figure 2-2, G and H). 

Almost 100% of cells that expressed full-length mCherry-LacI-Mis18α recruited 

GFP-Mis18β to the array. In addition, deletion of the putative coiled-coil near the N-

terminus of Mis18α (mCherry-LacI-Mis18α81-233) was also able to recruit GFP-Mis18β 

with a level of efficiency similar to wild type Mis18α. However, when a Mis18α 

construct that lacked the C-terminal coiled-coil (mCherry-LacI-Mis18α2-175) was targeted 

to the LacO array, GFP-Mis18β was no longer recruited. Therefore, Mis18α and Mis18β 

required the C-terminal coiled-coil domain to interact in vivo.  
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Figure 2-4. Mis18α and Mis18β interact through conserved C-terminal coiled-coils. 

(A) Graphs of the p-value calculated by Paircoil2 versus amino acid position of human 

Mis18α and Mis18β [152]. (B) Helical wheel diagram, modified from Mason et al., 2006, 

showing the physical positioning and the interactions between hydrophobic (magenta) 

and ionic (green) residues in a canonical parallel coiled-coil. Diagram depicts the 

structure looking down the coil axis. (C) Clustal2W alignment of Mis18 homologs across 

evolutionarily divergent species generated by Geneious software [154]. Grayscale 

highlights amino acid conservation. Color-coded letters above indicate the predicted 

position in the coiled-coil of the human amino acid sequence. Colors correspond to the 

helical wheel diagram in B. (D) Schematic of putative coiled-coil regions (grey) in 

human Mis18α and Mis18β. (E) Anti-GFP western blot showing the expression GFP-

tagged wild type and coiled-coil deletion constructs of Mis18α and Mis18β in U2OS 

cells. (F) Representative images of U2OS cells transfected as in E. CENP-T staining 

marks endogenous centromeres. White boxes and enlarged images highlight GFP and 

CENP-T colocalization at individual centromeres. Numbers in white indicate the average 

percentage of randomly cycling, transfected cells that have centromeric GFP signal, plus 

or minus the standard deviation between replicates. Scale bars = 5 µm. (G) 

Representative images of mCherry-LacI constructs targeted to the LacO array and the 

recruitment of GFP-Mis18β. CENP-T staining marks endogenous centromeres. White 

boxes and enlarged images highlight mCherry-LacI/GFP colocalization at the LacO 

array. Scale bars = 5 µm. (H) Graph depicting the percentage of transfected cells that 

recruited full-length GFP-Mis18β to the array.  
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Figure 2-4 
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Mis18α and Mis18β recruit HJURP to centromeres for CENP-A 

deposition 

   It is known in human cells that all three Mis18 proteins are required for HJURP 

recruitment to centromeres and the downstream incorporation of newly synthesized 

CENP-A nucleosomes into centromeric chromatin [18, 155]. FRAP experiments 

discussed above indicate that the Mis18 complex proteins may serve different functions 

during CENP-A deposition. While all three proteins are required for the localization of 

the complex, it has not been determined which components of the Mis18 complex are 

specifically required for HJURP recruitment. 

 In order to assess which components of the Mis18 complex, uncoupled from their 

mutual dependency for centromeric localization, specifically recruited HJURP, I once 

again used the LacO array system. I targeted mCherry-LacI-Mis18α to the array and 

cotransfected in GFP-Mis18β and HA-tagged full-length HJURP (HA-HJURP). By co-

treating with control siRNA and siRNA that targeted endogenous Mis18BP1, I was able 

to assess HJURP recruitment to chromatin by Mis18α and Mis18β in the presence and 

absence of endogenous Mis18BP1. 

In the Mis18BP1 siRNA treated cells, protein levels of Mis18BP1 decreased to 

less than 10% of the levels in GAPDH control siRNA treated cells (Figure 2-5A). In the 

presence of endogenous Mis18BP1, HJURP was recruited to the LacO array in 67.6 ± 

9.7% of triply transfected cells (Figure 2-5, B and C). Despite the robust reduction in 

Mis18BP1 protein levels, HJURP was recruited to the mCherry-LacI-Mis18α array in 

89.2 ± 0.3% of triply transfected cells treated with Mis18BP1 siRNA. 
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 In addition, I assessed whether the conserved coiled-coils were required for 

HJURP recruitment to the array. I targeted mCherry-LacI-Mis18α to the array and 

assessed whether the coiled-coil deletion mutant would be able to recruit HJURP without 

its interaction with Mis18β. When full-length mCherry-LacI-Mis18α was targeted to the 

array, GFP-Mis18β and HA-HJURP were both robustly recruited to the LacO array as 

expected based on our previous experiments. However, when we targeted the coiled-coil 

deletion mutant of Mis18α (mCherry-LacI-Mis18α2-175) to the array, HJURP was no 

longer recruited. While this could be solely due to a lack of Mis18β presence at the array, 

it is clear that HJURP recruitment to chromatin absolutely requires the presence of 

Mis18α and Mis18β. 
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Figure 2-5. Mis18α and Mis18β recruit HJURP to centromeres for CENP-A 

deposition. 

(A) Anti-Mis18BP1 western blot indicating the successful depletion of endogenous 

Mis18BP1 after siRNA treatment. An anti-tubulin antibody was used as a loading 

control. (B) Representative images of mCherry-LacI-Mis18α targeted to the array and the 

recruitment of GFP-Mis18β and HA-HJURP in Mis18BP1 siRNA or GAPDH control 

siRNA treated cells. Enlarged images highlight recruitment of GFP-Mis18β and HA-

HJURP to the array. Scale bar = 5 µm. (C) Graph of the average percentage of 

transfected cells that recruited HA-HJURP to the array with respect to siRNA treatment. 

Error bars display the standard deviation between replicates. (D) Representative images 

of mCherry-LacI-Mis18α constructs targeted to the array and the recruitment of GFP-

Mis18β and HA-HJURP in the presence and absence of the C-terminal coiled-coil 

domain of Mis18α. Enlarged images highlight recruitment of GFP-Mis18β and HA-

HJURP to the array. Scale bar = 5 µm. (E) Graph of the percentage of transfected cells 

that recruited HA-HJURP to the array with respect to siRNA treatment. 
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Figure 2-5 
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Discussion 
 

The Holliday junction recognition protein, HJURP, was previously found to 

interact specifically with prenucleosomal CENP-A/H4 [66, 83]. In human cells, HJURP 

was also found to be necessary and sufficient for the deposition of newly synthesized 

CENP-A nucleosomes in vivo and to assemble CENP-A nucleosomes onto plasmid DNA 

in vitro [18, 66, 83]. These results strongly indicated that HJURP is the assembly factor 

for CENP-A. Cell cycle analysis of HJURP localization showed that HJURP localizes to 

centromeres in G1, which follows the late anaphase recruitment of the human Mis18 

complex [66, 83]. Indeed, we determined that human Mis18α and Mis18BP1 are required 

for the centromeric localization of HJURP as siRNA depletions of either protein 

abolished HJURP’s ability to interact with G1 centromeres. Similar studies in frogs and 

fission yeast showed that the dependency of HJURP homologs on the Mis18 proteins is 

highly conserved [100, 156, 157].  

In addition, we have found that the G1 regulated deposition of CENP-A is 

controlled by Cdk1 and Cdk2 activity. When Cdk activity is high in late G1 and 

throughout G2/M, Mis18BP1 is unable to associate with centromeric chromatin. Once 

Cdk activity sharply declines during anaphase onset, there is a change in Mis18BP1 

phosphorylation status, and the complex is able to associate with the centromere to recruit 

downstream CENP-A deposition factors. When Cdk1 and Cdk2 are artificially inhibited 

at other points of the cell cycle, the Mis18 complex and its downstream effectors 

aberrantly associate with the centromere and deposit newly synthesized CENP-A outside 

of G1. This indicates that not only is centromere location spatially regulated by the Mis18 
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complex, but also the phosphorylation of Mis18BP1 by Cdk1/Cdk2 temporally regulates 

CENP-A deposition. While the localization of the Mis18 complex is affected by the 

inhibition of Cdks, it is conceivable that Cdk phosphorylation may regulate multiple 

players in this pathway. 

Finally, our data suggest that the Mis18 complex may have multiple functions in 

the CENP-A deposition pathway. Mis18BP1 dynamically binds to G1 centromeres, while 

Mis18α remains stably bound to centromeric chromatin. In addition, only Mis18α and 

Mis18β are absolutely required for HJURP localization to centromeric chromatin. The 

role of Mis18BP1 appears to be required only for Mis18α and Mis18β localization in 

human cells. In Figure 2-6, we propose a model by which the Mis18 complex senses the 

biochemical changes as a cell exits mitosis, through the phosphorylation status of 

Mis18BP1. Once Cdk activity levels decrease, Mis18BP1 is dephosphorylated and the 

Mis18 complex associates with the centromere. Mis18α and Mis18β interact together via 

a C-terminal coiled-coil domain in each protein and recruit the CENP-A assembly factor, 

HJURP. Finally CENP-A is deposited into centromeric chromatin where it is subject to 

further maturation processes to ensure stable incorporation into centromeric chromatin. 

Centromere organization varies greatly across evolution, and there are many 

correlations between centromere architecture and the proteins involved with CENP-A 

homolog deposition. Budding yeast, which have a point centromere, do not possess a 

Mis18 homolog. Instead, the S. cerevisiae Scm3 protein binds AT-rich DNA at the 

centromere, which may serve as a possible recruitment mechanism [158]. In humans and 

fission yeast, which both harbor regional centromeres; the Mis18 homologs are required 
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for the recruitment of HJURP/Scm3 to centromeres [18, 91]. Even among organisms that 

have regional centromeres there are differences in the mechanisms by which the Mis18 

proteins recruit HJURP/Scm3. A single Mis18 protein is present in S. pombe while two 

paralogs are found in higher eukaryotes [90]. Moreover, the Mis18BP1 subunit of the 

complex appears to be specific to higher eukaryotes, as an S. pombe homolog has not 

been identified. While C. elegans, which have regional but holocentromeres, have only a 

Mis18BP1 homolog [92]. Therefore, the components of the CENP-A deposition pathway 

have evolved for each organism’s specific centromere architecture. The presence of the 

separate Mis18 proteins and their differential binding behavior may indicate different, yet 

essential roles in ensuring the maintenance of human centromeric chromatin from cell 

cycle to cell cycle. This concept will be further addressed by data presented in chapters 3 

and 4.  
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Figure 2-6. The deposition of newly synthesized CENP-A occurs during G1. 

 The schematic shows a model of CENP-A deposition into centromeric chromatin during 

the G1 phase of the cell cycle. Cdk activity decreases after the exit from mitosis which 

correlates with the recruitment of the CENP-A deposition factors, the Mis18 complex and 

HJURP. Finally, the association of Rsf1/Snf2 and MgcRacGap with the centromere 

enables the establishment of fully stable CENP-A nucleosomes through chromatin 

remodeling mechanisms and GTP-GDP cycling. 
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Figure 2-6 

 
Published as Figure 4 in Stellfox, ME, et al. (2012) Cellular and molecular life sciences. 
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Materials and Methods 
 
Tissue culture 

HeLa derived cells lines were cultured in DMEM High Glucose (Gibco) 

supplemented with 10% heat inactivated FBS (Optima, Atlanta Biologicals) and 1X 

Penicillin/Streptomycin (Gibco). U2OS derived cell lines were cultured in DMEM High 

Glucose GlutaMAX™ (Gibco) supplemented with 10% FBS and 1X 

Penicillin/Streptomycin. Cells were incubated at 37°C in 5% CO2 and 85% humidity. A 

stable GFP-Mis18BP1 expressing cell line was generated using the Flp-In system (Life 

Technologies) in a previously established HeLa T-REX Flp-In cell lines (S. Taylor, 

University of Manchester). Recombined cell lines were maintained in media 

supplemented with 200 µg/mL Hygromycin B. 

 

General immunofluorescence and image acquisition methods 

Cell lines were grown on poly-lysine coated glass coverslips, fixed for 10 min 

with 4% formaldehyde in PBS (137 mM NaCl, 2.7 mM KCl, 5.4 mM Na2HPO4, 1.8 mM 

KH2PO4), warmed to 37°C and then quenched for 5 min with 100 mM Tris pH 7.5. 

Coverslips were blocked for 1 h in blocking buffer: 2% heat inactivated FBS, 2% BSA, 

and 0.1% Triton-X100 in PBS. Primary antibodies were incubated for 1 h in blocking 

buffer: anti-CENP-A mouse monoclonal antibody (ab13939, Abcam) at 1 µg/mL and 

anti-CENP-T rabbit polyclonal antibody serum (D. Cleveland, Ludwig Institute for 

Cancer Research) at 1:2000. Coverslips were washed three times for 5 min with 0.1% 

Triton-X100 in PBS. Secondary antibodies were diluted in blocking buffer and were 
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incubated with the coverslips for 1 h (Alexa-647 conjugated goat-anti-mouse at 0.375 

µg/mL, Cy5 conjugated goat-anti-rabbit conjugated at 0.375 µg/mL, Cy3 conjugated 

goat-anti-mouse at 0.75 µg/mL; Jackson ImmunoResearch Laboratories, Inc.). Cells were 

washed as above and then incubated in PBS containing 0.2 µg/mL of DAPI for 5 min. 

Coverslips were rinsed with PBS prior to mounting onto glass slides with Prolong Gold 

Antifade Reagent (Life Technologies). 

Fluorescence microscopy images were acquired using a DeltaVision 

deconvolution microscope (GE Healthcare Lifesciences) equipped with a CoolSNAP 

HQ2 camera (Photometrics). Images were collected using either a 60X (numerical 

aperture = 1.42; Olympus) or a 100X (numerical aperture = 1.40; Olympus) oil 

immersion lens. All images within an experiment were acquired using identical exposure 

times across all conditions. Images shown in figure panels are deconvolved maximum 

projections and scaled equally. 

 

siRNA treatment and sample preparation 

For western blot analysis of protein levels, HeLa cell lines were plated at 8 x 105 

cells in six-well plates. The next day, cells were transfected with 5 nM siRNA in Opti-

MEM media (Gibco) and RNAiMAX (Invitrogen). Mock transfections contained 

RNAiMAX transfection reagent without siRNA. The following day, 1/3 of the plating 

volume of DMEM with 10% heat inactivated FBS was added. Forty-eight hours after 

siRNA treatment, cells were harvested with 3 mM EDTA, counted and whole cell lysates 

were made in SDS-PAGE sample buffer (60 mM Tris HCl/SDS pH 6.8, 5% glycerol, 
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1.67% SDS, 0.01% bromophenol blue, 1% β-mercaptoethanol). Lysates from 1x105 cells 

were run out on 10% SDS-PAGE gel and transferred to nitrocellulose. Blots were 

incubated in primary antibody overnight at 4ºC and in secondary for 1 h also at 4ºC 

(Figure 2-1) or at room temperature for the remaining figures.   

 

Fluorescent microscopy analysis of Mis18 and HJURP depletions 

HeLa GFP-HJURP cells were scored as single-plane images. Nuclei with all 

CENP-T foci colocalized with GFP-HJURP were considered “GFP-HJURP positive”. 

GFP-Mis18α loading was analyzed using MetaMorph 7.7. Using maximum projection 

images from deconvolved z-stacks, nuclei were visually divided into three categories: 

fully loaded (all CENP-T and GFP-Mis18α foci colocalized), partially loaded (at least 

one, but <80%, of CENP-T foci colocalized with GFP-Mis18α) and unloaded (no 

CENPT and GFP-Mis18α colocalization). The maximum GFP intensities were plotted for 

every nucleus in each category. The maximum intensity of partially loaded and unloaded 

nuclei was always below 7600 A.U.s. Thus, only cells that had GFP-Mis18α at all 

centromeres with a maximum intensity above 7600 A.U.s were considered to be GFP-

Mis18α positive. 

 

Nocodazole treatments for Mis18β 

HeLa cells growing in DMEM 1X high glucose media (Gibco) were treated with 

100 ng/mL nocodazole or vehicle control (DMSO) for 12 h. Mitotic cells were isolated 

by shake-off from nocodazole treated cells, and vehicle control cells were collected with 
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3 mM EDTA-PBS. Cell pellets were resuspended in 1X sample buffer (60 mM Tris 

HCl/SDS pH 6.8, 5% glycerol, 1.67% SDS, 0.01% bromophenol blue, 1% β-

mercaptoethanol) at a concentration of 1x107 cells/mL and disrupted using an insulin 

syringe. 1x105 cells per lane were run on either an 8% (Mis18BP1) or a 12% (H3S10p) 

SDS-PAGE gels and blotted to nitrocellulose using standard approaches. The 

nitrocellulose was blocked for 1 h in blocking buffer: 5% milk in TBST (137 mM NaCl, 

2.7 mM KCl, 25 mM Tris Base, 0.1% Tween 20). Primary antibodies were incubated 

overnight in blocking buffer at 4°C [0.2 µg/mL Mis18BP1 (Bethyl Laboratories, Inc., 

Cat# A302-825A or Cat# A302-824A) and 0.2 µg/mL histone H3 phosphorylated serine 

10 (H3S10p clone 3H10) (Millipore, 05-806)]. HRP conjugated secondary antibodies 

were incubated in blocking buffer at 40 ng/mL for 1 h at room temperature (Goat-anti-

mouse, Cat# 115-035-003; Goat-anti-rabbit, Cat# 111-0.35-003, Jackson 

ImmunoResearch Laboratories, Inc.). HRP was detected using the West Pico ECL Regent 

(Pierce) chemiluminescent substrate. 

 

Mis18BP1 phospho-mutant transfection and western blot 

HeLa cells were plated at a density of 1x105 cells per well in a 6-well plate. Cells 

were transfected the following day with 400 ng of plasmid DNA using Effectene 

transfection reagent (Qiagen) in Opti-MEM reduced serum media (Gibco) according to 

the manufacturer’s directions. 29 h later, cells were blocked for approximately 12 h in 

either 100 ng/mL nocodazole or DMSO as a vehicle control. Cells were harvested and 

lysed in SDS sample buffer and 1 x 105 cells per lane were run on a 6% SDS-PAGE gel. 
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Anti-GFP antibody for immunblotting was used at a 1:1000 dilution overnight at 4°C. 

Secondary antibody was at a 1:10000 dilution of goat-anti-rabbit-HRP (Jackson 

ImmunoResearch) for 1 h at room temperature. Protein levels were analyzed with West 

Pico ECL Reagent (Pierce).  

 

CIP treatment and western blotting 

 For CIP treatments, lysates were prepared from a HeLa cell line stably expressing 

LAP-Mis18BP1 that had been blocked approximately 12 h with 100 ng/mL nocodazole 

or DMSO as a vehicle control. Loosely adhered mitotic cells and were combined with 

adhered cells harvested with 3mM EDTA-PBS for 10 min at room temperature. Cells 

were resuspended in buffer containing 75 mM HEPES pH 7.5, 1.5 mM EGTA, 1.5 mM 

MgCl2, 150 mM KCl, 15% glycerol, 0.075% IGEPAL, 10 mM imidazole, 200 μM 

sodium orthovanadate, 5 mM sodium fluoride, 50 mM β-glycerophosphate and Roche 

Complete EDTA-free Protease Cocktail. Cell suspensions were then sonicated on ice in 

30 s cycles for a total of 2 min. Lysates were centrifuged for 10 min at 1000g at 4°C and 

the supernatants were passed 5X over a column containing His-tagged GFP binding 

protein (GBP) bound to Ni-NTA agarose. Proteins bound to the GBP beads were washed, 

resuspended in 30 μL wash buffer (50 mM HEPES pH 7.5, 1 mM MgCl2, 300 mM KCl, 

10% glycerol) and  incubated with 10 mM sodium orthovanadate (MP Biomedicals) 

and/or 60 units of calf intestinal alkaline phosphatase (CIP, New England Biolabs) for 1 h 

at 37°C. Reactions were stopped by the addition of SDS sample buffer. Western blots 

represent 11% of total input. Anti-Mis18BP1 antibody (Bethyl Labs) was a 1:5000 
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dilution overnight at 4°C. Secondary antibody was a 1:10000 dilution of goat-anti-rabbit-

HRP (Jackson ImmunoResearch) for 1 h at room temperature. Protein levels were 

analyzed with West Pick ECL Reagent (Pierce). 

 

GFP-Mis18BP1 localization and CENP-A-SNAP tag experiments 

 As these experiments were done in collaboration with the Jansen laboratory, 

please refer to the materials and methods section of: 

 
Silva, MC, Bodor, DL, Stellfox, ME, Martins, NM, Hochegger, H,  Foltz, DR and Jansen, 
LE. Cdk activity couples epigenetic centromere inheritance to cell cycle progression. 
Developmental cell. (2012) 22:52-63. 
 

Fluorescence recovery after photobleaching (FRAP) 

HeLa cells stably expressing GFP-Mis18α or transiently transfected with GFP-

Mis18BP1 were grown on glass-bottomed culture dishes (MatTek Corporation) in normal 

growth media. Prior to imaging, growth media was replaced with Leibovitz’s L-15 

medium without phenol red (Gibco) supplemented with 10% heat inactivated FBS 

(Optima, Atlanta Biologicals). Photobleaching was conducted using a Zeiss LSM 510 

UV Confocal Microscope with a 100X oil immersion lens (Plan-Apochromat). Cells with 

GFP-Mis18α or GFP-Mis18BP1 localized to centromeres were selected for analysis. At 

least two pre-bleach images were collected to assess the initial fluorescence intensity. 

Individual centromeres were bleached with 70 iterations of the 488 nm laser and the 

fluorescence recovery at the centromere was assessed over time. Images were collected at 

10 s intervals throughout the experiment. Fluorescence recovery at photobleached 
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centromeres was analyzed using ImageJ. Fluorescence data were normalized to account 

for sample bleaching based on previous methods [159]. Briefly, fluorescence intensity 

was measured within the entire nucleus (T), within the photobleached region (PB) and 

within a background region (BG) outside the nucleus. BG intensity was subtracted from 

the T and PB intensities at each time point. Pre-bleach intensity measurements of the 

entire cell and of the photobleached region were averaged to yield Tpre and PBpre. 

Normalized values at each time point (t) were calculated according to 

(Tpre/Tt)*(PBt/PBpre). The fluorescence recovery intensity was expressed as recovery 

relative to the PBpre (equal to 1) and the intensity immediately after photobleaching 

(equal to 0). Fluorescence recovery was averaged across 18 centromeres for GFP-Mis18α 

and 10 centromeres for GFP-Mis18BP1. Average fluorescence recovery data was fit to a 

single exponent curve A*(1-e-kt) using ‘nls’ function in R [159]. 

 

Plasmid transfections 

U2OS cells were plated at a density of either 10,400 cells/cm2 or 35,000 cells/cm2 

in a 6-well plate or 24-well plate respectively and allowed to attach to the plate and 

coverslips for DNA transfections. The following day, cells were transfected with either 1 

µg plasmid DNA (6-well format) or with 300 ng (24-well format) using Lipofectamine 

2000 (Life Technologies) in Opti-MEM (Gibco) according the manufacturer’s protocol. 

For centromere localization counts of the GFP-Mis18α and GFP-Mis18β constructs, cells 

were transfected with a 10:1 ratio of GFP construct to RFP-H2B plasmid, which served 

as a transfection marker. For the LacO array experiments, mCherry-LacI constructs were 



92 
 
always transfected either in a 1:2 ratio with GFP proteins, or in a 1:2:2 ratio with the 

GFP-Mis18β and HA-HJURP constructs. The transfection media was removed after 10 – 

12 h and replaced with fresh growth media. Cells were harvested with 3mM EDTA-PBS 

for western blot analysis or fixed for immunofluorescence 48 h post-transfection. 

  



93 
 

 
 
 
 
 
 
Chapter 3 - Distinct Roles of Mis18α and 

Mis18β in Cell Cycle Regulation of 
Centromere Specification 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This chapter is based on the manuscript currently under review: 
 
Stellfox, M.E., I.K. Nardi, C.M. Knippler, D.R. Foltz. “Distinct roles of Mis18α and 
Mis18β in cell cycle regulation of centromere specification”.  
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Abstract 
 

The deposition of newly synthesized CENP-A nucleosomes into centromeric 

chromatin occurs during G1, and it is controlled by the CENP-A specific assembly factor, 

Holliday junction recognition protein (HJURP), and the Mis18 complex, which consists 

of Mis18α, Mis18β and Mis18 binding protein 1 (Mis18BP1/hsKNL2). We show that 

Mis18α and Mis18β interact as a complex that is separate from Mis18BP1 in mitosis, 

prior to the recruitment of the complex to the centromere. Although Mis18α and Mis18β 

are considered homologous proteins, we find that they mediate distinct interactions that 

link the Mis18 complex to centromeric chromatin during G1. Mis18α interacts directly 

with the amino terminus of Mis18BP1. Mis18β mediates a physical interaction with 

CENP-C in a cell cycle dependent manner. Both of these interactions require the 

Yippee/Mis18 domain of Mis18α and Mis18β. The N-terminus of Mis18BP1, containing 

both the Mis18α and CENP-C binding domains, is necessary and sufficient for 

centromeric localization and for CENP-A deposition at centromeres. Therefore, the 

interaction of Mis18BP1 with Mis18α and the cell cycle regulated interaction between 

Mis18β and CENP-C generate robust centromeric localization that leads to CENP-A 

deposition.  
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Introduction 
 
 The centromere is the chromosomal region that dictates kinetochore formation 

during mitosis. Centromere location is specified epigenetically in most eukaryotes, and 

the histone H3 variant, centromere protein A (CENP-A) is considered to be the epigenetic 

marker of centromeric chromatin [160, 161]. CENP-A deposition in human cells is 

separated from the S phase deposition of canonical nucleosomes. Parental CENP-A is 

retained during DNA replication while newly synthesized CENP-A is deposited during 

the following G1 [78, 84, 85, 93, 162]. Therefore, cells proceed through G2 and mitosis 

with the centromere of each daughter chromatid containing half of the full complement of 

CENP-A. Only after mitotic exit are newly synthesized CENP-A nucleosomes deposited 

into centromeric chromatin. 

Mis18 is a highly conserved family of proteins present from yeast to humans. 

Mis18 association with the centromere is the earliest known step in CENP-A deposition 

[90, 91]. Human cells contain two homologs of the fission yeast Mis18 protein, Mis18α 

and Mis18β [90]. Both Mis18α and Mis18β contain a highly conserved Yippee/Mis18 

(YM) (PFAM: PF03226) domain that is characterized by a set of cysteine residues, 

whose replacement with alanine, in Mis18α, disrupts its centromeric recruitment and 

function [90, 163]. In humans and many higher eukaryotes, Mis18α and Mis18β interact 

with another protein, Mis18 binding protein 1 (Mis18BP1 also known as KNL-2 and 

M18BP1), which is required for Mis18α and Mis18β localization as well as downstream 

CENP-A deposition [90, 92]. Mis18BP1 contains a highly conserved SANT (Swi3, 

Ada2, N-Cor, and TFIIIB) domain as well as a SANT-associated (SANTA) domain [92, 
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111]. The Mis18 proteins are mutually dependent on each other for localization, and over 

time, the loss of Mis18BP1 induces the destabilization of Mis18α and Mis18β [90]. In 

addition, all three proteins are required for the deposition of newly synthesized CENP-A 

nucleosomes by recruiting the CENP-A specific chromatin assembly factor, HJURP [18, 

66, 83, 90, 100, 151]. However, it is unknown how the three proteins of the Mis18 

complex physically interact with each other, and whether the interactions are cell cycle 

regulated. 

 The cell cycle timing of CENP-A deposition is mediated through the recruitment 

of the Mis18 complex to the centromere. Centromeric localization of Mis18BP1 is 

inhibited by Cdk1/Cdk2 activity, which declines rapidly after anaphase onset thereby 

allowing Mis18BP1 to localize to centromeres and initiate CENP-A deposition in early 

G1 [164]. However, many questions remain regarding the mechanisms that mediate the 

interaction of the Mis18 complex with centromeric chromatin. In frogs and mice, 

Mis18BP1 physically interacts with the constitutive centromere protein, CENP-C [99, 

100]. This interaction is currently the only known physical interaction that contributes to 

the specific centromeric localization of the Mis18 complex; however, the sufficiency of 

the Mis18BP1-CENP-C interaction to support the highly regulated recruitment of the 

Mis18 complex in human cells remains unclear. 

In this study, we show that the Mis18α and Mis18β paralogs have distinct binding 

partners, which serve to link the Mis18 complex to centromeric chromatin through 

several physical interactions. We find that during mitosis, Mis18α and Mis18β form a 

separate complex that does not include Mis18BP1. After mitotic exit, Mis18α interacts 
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directly with the amino terminus of Mis18BP1 while Mis18β physically interacts with 

CENP-C in a cell cycle dependent manner. Fragments of Mis18BP1 that only include the 

previously identified CENP-C binding domain are not sufficient to localize Mis18BP1 to 

human centromeres. In addition, neither the conserved SANT nor SANTA domains are 

required for centromere localization. Full localization of the Mis18 complex requires the 

previously identified CENP-C binding domain as well as the Mis18α interacting domain 

of Mis18BP1. This joint interaction between the Mis18 complex proteins and CENP-C 

mediates the tightly regulated localization of the Mis18 complex and subsequent CENP-

A deposition.  
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Results 
 
The N-terminus of Mis18BP1 is sufficient for centromeric localization 

and CENP-A recruitment 

In order to determine the domains of Mis18BP1 that were required for its 

localization to centromeric chromatin, I expressed a series of GFP-tagged fragments of 

human Mis18BP1 in randomly cycling U2OS cells (Figure 3-1A and Supplemental 

Figure S3-1A). Recruitment to endogenous centromeres was determined by co-

localization with either CENP-T, or CENP-A (Figure 3-1B). Full-length Mis18BP1 was 

found at centromeres in 21.0 ± 12.9% of randomly cycling cells, which is consistent with 

its limited presence at centromeres from late telophase through mid-G1 phase (Figure 3-

1C) [90, 133]. Only the fragment of Mis18BP1, which contained the N-terminus and the 

CENP-C binding domain (Mis18BP12-721) displayed centromere recruitment similar to 

that of the full-length protein [99, 100]. Full-length Mis18BP1 displayed a greater 

variation in its centromeric recruitment than GFP-Mis18BP12-721 between experiments, 

but the difference between the two GFP constructs was not statistically significant (p = 

0.32). A fragment of Mis18BP1 containing the entire CENP-C binding domain 

(Mis18BP1476-721), but not the N-terminus, was not recruited to centromeres. This 

suggests that although this region of Mis18BP1 is able to interact with CENP-C, this 

interaction is not sufficient to localize the Mis18 complex to the human centromere [99, 

100]. In addition, the inclusion of the conserved SANTA domain (Mis18BP1383-721) with 

the CENP-C binding region was not sufficient to recruit Mis18BP1 to centromeres. In 

fact, deleting the conserved SANTA domain alone did not abolish the centromeric 
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localization of the otherwise full-length protein (Mis18BP1Δ377-475). This agrees with 

recent data in Arabidopsis showing that the SANTA domain is not required for 

centromeric localization of Mis18BP1 [165].  Interestingly, the C-terminal Mis18BP1 

fragment (Mis18BP1717-1132), which contains the well-conserved SANT domain, was also 

not required for centromere recruitment. 

The human Mis18 complex localizes to centromeres after mitotic exit and remains 

at centromeres throughout G1, in a Cdk-regulated manner [90, 164]. Throughout the 

localization analysis of the GFP-Mis18BP1 fragments, I did not observe any centromeric 

recruitment that would suggest a change in the cell cycle regulation of the GFP-

Mis18BP12-721 fragment (Figure 3-1). Cells with GFP positive centromeres always had 

the morphology of a G1 or interphase cell. Therefore, the first 721 amino acids of human 

Mis18BP1 are sufficient to interact with centromeric chromatin with normal cell cycle 

regulation. 

Using siRNAs that target an exon in the C-terminal portion of Mis18BP1, I were 

able to selectively deplete endogenous Mis18BP1 to less than 5% relative to controls, 

while maintaining exogenous expression of GFP-Mis18BP12-721 (Supplemental Figure 

S3-1, B and C). This allowed me to examine whether Mis18BP12-721 required endogenous 

Mis18BP1 to localize to centromeric chromatin. GFP-Mis18BP12-721 localized to 

centromeres in cells that were depleted of endogenous Mis18BP1 as efficiently as in cells 

that were treated with siRNA targeting GAPDH as a control (Supplemental Figure S3-1, 

C and D). Therefore, Mis18BP1 requires two domains for centromere targeting, the 

CENP-C binding domain (a.a. 476-721) and the N-terminal sequence, upstream of the 
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SANTA domain (a.a. 2-376). These sequences are sufficient to fully recruit Mis18BP1 to 

centromeres [99, 100].  

Mis18BP1 is required for the localization of HJURP and the subsequent 

deposition of newly synthesized CENP-A into centromeric chromatin [18, 90, 92]. While 

the first 721 amino acids of Mis18BP1 were sufficient for centromeric recruitment, the 

question remained as to whether this domain was sufficient to support new CENP-A 

deposition into centromeric chromatin. Therefore, I assayed whether GFP-tagged 

Mis18BP12-721 was sufficient to rescue CENP-A loss when endogenous Mis18BP1 was 

depleted by siRNA targeted to an exon of Mis18BP1 not present in Mis18BP12-721. Cells 

treated with GAPDH or Mis18BP1 siRNA were simultaneously rescued with either 

myristolated GFP (myr-GFP), as a negative control, or GFP-Mis18BP12-721 and stained 

for endogenous CENP-A. Mis18BP1 siRNA treated cells rescued with myr-GFP 

demonstrated a 50% decrease in centromeric CENP-A (Figure 3-1, E and F). However, 

Mis18BP1 siRNA treated cells rescued with GFP-Mis18BP12-721 showed CENP-A levels 

similar to cells treated with control siRNA. This demonstrates that Mis18BP12-721, in 

addition to being required for centromeric recruitment, was also sufficient to direct 

CENP-A deposition to centromeres. 
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Figure 3-1. Mis18BP1 N-terminus is required and sufficient for localization and 

function.  

(A) Schematic of the GFP-tagged Mis18BP1 constructs used throughout Figure 3-1. (B) 

Representative images of GFP-tagged Mis18BP1 constructs expressed in randomly 

cycling U2OS cells. Centromeres (CEN) were identified using either anti-CENP-A 

(Mis18BP1Δ377-475) or anti-CENP-T antibodies (all other constructs). Insets highlight GFP 

localization to an individual centromere. Scale bar = 5 µm. (C) Graph indicates the 

percentage of randomly cycling, transfected U2OS cells that have GFP signal localized to 

the centromere marker. Error bars show the standard deviation between replicates. 

Asterisks indicate a p-value < 0.05 as compared to the centromeric localization of full-

length GFP-Mis18BP1 using the Student’s t-test. (D) Representative images showing 

CENP-A recruitment to endogenous centromeres in U2OS cells treated with siRNA 

against GAPDH or Mis18BP1 and rescued by transfections with GFP-Mis18BP12-721 or 

myristolated GFP (myr-GFP). (E) Graph depicts the relative CENP-A intensity of cells 

treated with siRNA against endogenous Mis18BP1 compared to control cells treated with 

GAPDH siRNA. 
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Figure 3-1 
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The extreme N-terminus of Mis18BP1 interacts with Mis18α 

 The region of Mis18BP1 that supports the interaction with Mis18α and Mis18β 

was previously unknown. All three proteins of the Mis18 complex are required for 

CENP-A deposition [90]. Therefore, I hypothesized that a region of the N-terminal 

domain of Mis18BP1, which is sufficient for centromere localization and CENP-A 

retention, would also contain the interaction domain for Mis18α or Mis18β. Therefore, I 

assayed the interaction between Mis18BP1 and Mis18α by co-immunoprecipitation. N-

terminal and C-terminal Mis18BP1 fragments fused to an N-terminal 6xMyc-tag were 

co-expressed with GFP-Mis18α in HEK cells. Proteins associated with Mis18BP1 were 

isolated from cell lysates using anti-Myc antibodies (Figure 3-2, A and B). Both full-

length Mis18BP1 and Mis18BP12-721 efficiently co-immunoprecipitated GFP-Mis18α; 

however, the C-terminal Mis18BP1 fragment failed to interact with Mis18α. This 

indicated that Mis18BP1 interacts with Mis18α through its first 721 amino acids. 

I used a complementary LacO interaction assay to validate the interaction 

between Mis18α and Mis18BP1 and refine the interaction domain within Mis18BP1. Bait 

proteins were tagged with mCherry-LacI and targeted to a Lac operator (LacO) array 

integrated near the telomere of chromosome 1 [166] (Figure 3-2C). GFP-tagged prey 

proteins were co-expressed, and the interactions between the bait and prey proteins were 

assayed in an in vivo chromatin setting [166, 167]. I assayed the recruitment of GFP-

Mis18BP1 fragments to the LacO array when mCherry-LacI-Mis18α was expressed as a 

bait protein (Figure 3-2, D and E). GFP-Mis18BP12-721 was robustly recruited to arrays 

targeted with mCherry-LacI-Mis18α, which was consistent with the co-
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immunoprecipitation assay. GFP-Mis18BP12-376 was also recruited to the mCherry-LacI-

Mis18α arrays similarly to Mis18BP12-721. Whereas, the GFP-Mis18BP1383-721 construct 

was not recruited to the arrays by mCherry-LacI-Mis18α. Therefore, the first 376 amino 

acids of Mis18BP1 mediate its physical interaction with Mis18α, an interaction which 

contributes to the robust localization of the complex. 
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Figure 3-2. Mis18BP1 interacts with Mis18α through its extreme N-terminus.  

(A) Schematic of the Mis18BP1 fragments used throughout Figure 3-2. (B) Immunoblot 

of anti-Myc co-immunoprecipitations from RIPA extracts of HEK cells co-expressing 

GFP-Mis18α and 6xMyc-tagged Mis18BP1 constructs indicated by the amino acid 

numbers above each lane. (C) Diagram of the U2OS cell line containing a LacO/TetR 

array incorporated into chromosome 1. (D) Table of mCherry-LacI-tagged bait constructs 

and the GFP-tagged prey constructs analyzed in E and F. (E) Representative images of 

targeting mCherry-LacI alone or mCherry-LacI-Mis18α to the LacO array and the 

recruitment of the GFP-tagged Mis18BP1 constructs. Anti-CENP-A antibody was used to 

mark endogenous centromeres. Scale bar = 5 µm (F) Bar graph depicts the recruitment of 

the GFP-Mis18BP1 constructs to the array over the average nuclear background GFP 

signal, when either mCherry-LacI or mCherry-LacI-Mis18α was used as bait. Error bars 

describe the standard deviation across replicates. Double asterisks indicate a p-value of < 

0.01 with respect to the recruitment of the GFP-Mis18BP1 fragments by mCherry-LacI 

alone, as calculated by the Student’s t-test. 
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Figure 3-2 
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Mis18BP1 exists in a separate complex from Mis18α and Mis18β prior 

to G1 

 Previous work demonstrated that Mis18BP1, Mis18α and Mis18β are 

interdependent for their recruitment to centromeres [90]. I confirmed that Mis18BP1 

requires both Mis18α and Mis18β to be recruited to centromeres using siRNA depletion 

in a HeLa Flp-In T-Rex cell line that stably expressed GFP-Mis18BP1 (Figure 3-3A). 

Depleting Mis18α or Mis18β reduced the percentage of cells with GFP-Mis18BP1 at 

centromeres compared to control siRNA (Figure 3-3, B and C). In addition, depletion of 

all three Mis18 complex proteins resulted in a marked decrease in endogenous CENP-A 

deposition, indicating that each siRNA reduced the protein level and downstream 

function of its intended target (Supplemental Figure S3-2, A and B). Mis18β protein 

levels were clearly reduced in response to Mis18α siRNA depletion, consistent with 

previous reports that indicated that Mis18β requires Mis18α for protein stability (Figure 

3-3B) [90]. Despite the absence of GFP-Mis18BP1 from centromeres, GFP-Mis18BP1 

(upper band) as well as the endogenous Mis18BP1 protein (lower band) remained stable 

after 48 hours of Mis18α and Mis18β depletion (Figure 3-3B).  

 Mis18α, Mis18β and Mis18BP1 protein levels are high during mitosis, but 

Cdk1/Cdk2 activity inhibits the recruitment of Mis18BP1 to centromeres until G1 [163, 

164]. The localization of Mis18BP1 requires the presence of Mis18α and Mis18β; 

therefore, one additional way in which Mis18 complex recruitment may be limited during 

mitosis would be to inhibit the interaction between the individual proteins outside of G1. 

In order to determine whether Mis18BP1, Mis18α and Mis18β form a complex prior to 
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CENP-A deposition, I generated chromatin-free extracts from mitotically arrested, GFP-

Mis18α expressing cells, and I.K. Nardi performed size exclusion chromatography on the 

extracts. Mis18α and Mis18β eluted in the same peak fraction indicating the formation of 

a separate Mis18α-Mis18β complex present during mitosis (Figure 3-3D). In contrast, 

Mis18BP1 eluted as part of a larger molecular weight complex that was devoid of 

Mis18α or Mis18β. This suggests that Mis18BP1 does not associate with Mis18α and 

Mis18β during mitosis, and regulated complex formation may be an additional 

mechanism by which a cell prevents the Mis18 complex from prematurely associating 

with centromeres, prior to mitotic exit. 
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Figure 3-3. Mis18BP1 exists in a separate complex from Mis18α and Mis18β prior to 

G1. 

(A) Representative images of HeLa Flp-In T-Rex cells stably expressing GFP-Mis18BP1 

that were treated with either negative control siRNA or siRNA targeting Mis18α, Mis18β 

or Mis18BP1 for 48 hours. Centromeres were visualized using anti-CENP-T antibodies. 

Scale bar = 5 µm. (B) Whole cell lysates of cells treated as in A were blotted with 

polyclonal antibodies against Mis18β and Mis18BP1. Two bands are present in the 

Mis18BP1 immunoblot. The upper band corresponds to GFP-Mis18BP1, and the bottom 

band corresponds to the endogenous protein. A monoclonal anti-tubulin antibody was 

used as a loading control. (C) Graph shows the percentage of cells in which GFP-

Mis18BP1 is localized to endogenous centromeres with respect to siRNA treatment. 

Double asterisks indicate a p-value of < 0.01 with respect to the negative control siRNA 

condition, as calculated by the Student’s t-test. (D) Mitotic extracts from cells stably 

expressing GFP-Mis18α were run over a Superdex 200 size exclusion column. Fractions 

were blotted for the presence of Mis18BP1, GFP-Mis18α, or Mis18β in each fraction. 

Arrows highlight the migration of protein standards with the indicated Stokes radii. 
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Figure 3-3 

Includes data generated by I.K. Nardi 
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Mis18α interacts directly with Mis18BP1 through the Yippee/Mis18 

domain 

 In order to gain a better understanding of the physical interactions that mediate 

Mis18 complex formation, I.K. Nardi expressed the three Mis18 complex proteins 

separately in bacteria and purified the recombinant proteins. Maltose binding protein 

(MBP) was fused to the N-terminus of full-length Mis18BP1. Both Mis18α and Mis18β 

were N-terminally tagged with a dual tag consisting of a Strep-tag and the HA epitope 

(StrepHA). MBP-Mis18BP1 was incubated with StrepHA-Mis18α and StrepHA-Mis18β, 

either individually or together, and proteins bound to MBP-Mis18BP1 were isolated on 

amylose beads. When MBP-Mis18BP1 and StrepHA-Mis18α were incubated together, 

MBP-Mis18BP1 bound to StrepHA-Mis18α (Figure 3-4A, lane 4). However, MBP-

Mis18BP1 was unable to pull down StrepHA-Mis18β unless StrepHA-Mis18α was also 

present (Figure 3-4A, lane 5 and 6). Thus, Mis18BP1 directly interacts with Mis18α but 

not Mis18β, and these two highly similar proteins may have evolved to serve different 

functions in the CENP-A deposition pathway.  

The Yippee/Mis18 domains present in Mis18α and Mis18β each contain two 

highly conserved CXXC motifs, shown in the alignments generated by Geneious Pro 

software [90, 154, 163] (Figure 3-4B and Figure 3-5B). Replacing the first conserved 

cysteine with alanine (C85A) in Mis18α eliminates its centromeric localization when 

transiently expressed in U2OS cells, without affecting steady-state levels of the protein 

(Figure 3-4, C and D), which is consistent with previous data [90]. I assessed the ability 

of Mis18BP1 to interact with wild type Mis18α and Mis18β or Yippee/Mis18 domain 
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mutants using the LacO interaction assay described above. Wild type and mutant 

constructs of Mis18α or Mis18β were N-terminally tagged with mCherry-LacI and 

targeted to the LacO array as bait proteins. Full-length GFP-Mis18BP1 was co-expressed 

as the prey protein (Figure 3-4, E and F). Wild type mCherry-LacI-Mis18α was able to 

recruit GFP-Mis18BP1 robustly to the LacO array, which is consistent with a direct 

interaction between Mis18α and Mis18BP1. In contrast, Mis18BP1 recruitment was low 

when wild type mCherry-LacI-Mis18β was targeted to the LacO array (Figure 3-4G). 

This is consistent with Mis18β interacting with GFP-Mis18BP1 through endogenous 

Mis18α. Additionally, mutating the Yippee/Mis18 domain in Mis18α by replacing the 

first cysteine of the domain with an alanine (mCherry-LacI-Mis18αC85A) failed to recruit 

GFP-Mis18BP1 in this assay. This indicates that the Yippee/Mis18 domain of Mis18α is 

responsible for the interaction between Mis18α and N-terminus of Mis18BP1. Previous 

experiments have shown that wild type Mis18α cannot be recruited to centromeres in the 

absence of Mis18BP1, and the  substitution of conserved cysteines within the 

Yippee/Mis18 domain also disrupts Mis18α centromeric localization [90]. Therefore, the 

in vitro pull downs and the LacO array experiments indicate that the inability of 

Mis18αC85A to accumulate at centromeres is likely due to a disruption in its ability to bind 

Mis18BP1. 
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Figure 3-4. Mis18α interacts with Mis18BP1 through conserved cysteine residues. 

(A) Immunoblots of amylose pull downs of recombinant MBP-Mis18BP1 incubated with 

StrepHA-Mis18α or StrepHA-Mis18β, alone or in combination using anti-HA or anti-

Mis18β antibodies. (B) ClustalW2 alignment of Mis18α homologs generated by 

Geneious Pro Software [154]. Darker highlighting and larger letter sizes indicate higher 

conservation. Break indicates a stretch of 39 amino acids, with respect to the human 

protein sequence, between the domain-specific cysteine repeats. The asterisk indicates the 

position of the cysteine to alanine mutant (C85A) in human Mis18α. (C) Anti-GFP 

immunoblot shows the expression of GFP-Mis18α wild type or the C85A mutant in 

U2OS cells. Anti-tubulin blot was used as a loading control. (D) Representative images 

of the localization of either GFP-Mis18α wild type or the C85A mutant. Centromeres are 

visualized by anti-CENP-C antibody. Insets highlight GFP localization to an individual 

centromere. For each condition, the percentage of cells with centromeric GFP signal, plus 

or minus the standard deviation across replicates, is shown in white. Scale bar = 5 µm. 

(E) Table summarizes the mCherry-LacI bait constructs and the GFP-Mis18BP1 prey 

construct used in F. (F) Representative images of mCherry-LacI-Mis18α or -Mis18β 

constructs targeted to the LacO array and the recruitment of full-length GFP-Mis18BP1. 

Insets highlight the array. Scale bar = 5 µm. (G) Graph indicates the recruitment of GFP-

Mis18BP1 to the array, over the average nuclear GFP background signal, when either 

mCherry-LacI or mCherry-LacI-Mis18α or -Mis18β were used as bait. Error bars 

describe the standard deviation across replicates. Double asterisks indicate a p-value of < 
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0.01 with respect to the recruitment of GFP-Mis18BP1 by mCherry-LacI alone, as 

calculated by the Student’s t-test. 

 

 

 

Figure 3-4 

Panel A, C and D include data generated by I.K. Nardi 
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Mis18β binds CENP-C in a cell cycle dependent manner  

 Depleting CENP-C, a constitutive centromere protein, in mouse cells by shRNA 

or by antibody depletion in Xenopus extracts reduces the centromeric localization of 

Mis18BP1, which suggests an important role for CENP-C in the recruitment of the Mis18 

complex [99, 100]. It is also clear that Mis18α and Mis18β play a significant role in 

centromeric recruitment of the Mis18BP1 constructs studied in Figure 3-1. Therefore, I 

asked whether the Mis18α and Mis18β proteins contribute to the recognition of CENP-C 

by the Mis18 complex. Work in mouse embryonic stem cells has shown that Mis18α can 

immunoprecipitated CENP-C, but it is not known if the interaction is direct or mediated 

through other members of the complex or CCAN [109]. We identified a conserved 250 

amino acid region of human CENP-C spanning amino acids 694 to 943 based on the 

Mis18BP1 binding domain within Xenopus and mouse CENP-C homologs (CENP-C694-

943). This region included the previously defined CENP-C centromere-targeting domain 

[168-171].  

I.K. Nardi generated an N-terminal fusion of this CENP-C fragment to a dual tag 

consisting of a 6xHis-tag and NusA (HisNusA) and expressed it in bacteria. The 

recombinant HisNusA-CENP-C694-943 protein was incubated with StrepHA-Mis18α or 

StrepHA-Mis18β alone or in combination. Proteins that bound CENP-C were isolated by 

Ni-NTA agarose pull down (Figure 3-5A). StrepHA-Mis18β was able to co-purify with 

HisNusA-CENP-C694-943 while Mis18α failed to interact with HisNusA-CENP-C694-943 

when incubated alone (Figure 3-5A, Lanes 4 and 5). However, incubating both Mis18α 

and Mis18β proteins with CENP-C694-943 resulted in both being found in the pull down 
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fraction (Figure 3-5A, Lane 6). This is indicated by the doublet band in the HA 

immunoblot, highlighted by the small black arrows to the left of the blot, as StrepHA-

Mis18α is slightly larger than StrepHA-Mis18β. 

The Yippee/Mis18 domain of Mis18α is known to contribute to its centromeric 

localization; however, the function of a similar domain in Mis18β is unknown [90] 

(Figure 3-5B). In order to determine whether the centromeric localization of Mis18β also 

depends on this domain, I.K. Nardi compared the expression and localization of wild type 

GFP-tagged Mis18β and a GFP-Mis18β construct containing a cysteine to glycine 

substitution for the first cysteine in the domain (C80G) (Figure 3-5, C and D). Both 

constructs were transiently transfected into U2OS cells and were expressed at similar 

levels. Wild-type GFP-Mis18β localized to centromeres in 6.0 ± 1.0% of transfected 

cells, whereas GFP-Mis18βC80G was not recruited to endogenous centromeres.  

In order to determine whether the loss of centromeric localization was related to 

an altered ability of Mis18βC80G to interact with CENP-C, I assayed the interactions 

between these proteins by using the LacO array. As a bait protein, mCherry-LacI-CENP-

C694-943 was targeted to the array, and the recruitment of wild type or mutant GFP-Mis18β 

to the array was analyzed (Figure 3-5, E – H). I observed that mCherry-LacI-CENP-C694-

943 was able to recruit wild type GFP-Mis18β to the array, which is in agreement with the 

in vitro pull down results in Figure 3-5A. Similar to the elimination of centromeric 

recruitment, the Yippee/Mis18 mutant (GFP-Mis18βC80G) was unable to interact with 

mCherry-LacI-CENP-C694-943 at the array. 
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In addition, I observed that the interaction between CENP-C694-943 and wild type 

GFP-Mis18β at the LacO array appeared to be cell cycle regulated. Recruitment of GFP-

Mis18β to the CENP-C bound LacO array occurred preferentially in cells that were in 

G1, which was indicated by the presence of GFP-Mis18β at endogenous centromeres 

(Figure 3-5H). GFP-Mis18β localized to the mCherry-LacI-CENP-C694-943 containing 

arrays in 80.8% of cells in which GFP-Mis18β was present at endogenous centromeres. 

Whereas, in those cells without GFP-Mis18β localized to centromeres, only 6.3% of cells 

recruited GFP-Mis18β to CENP-C occupied LacO arrays. 
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Figure 3-5. Mis18β binds CENP-C in a cell cycle dependent manner to generate full 

centromeric recruitment. 

(A) Ni-NTA pull down of HisNusA-CENP-C694-943 incubated with StrepHA-Mis18α or 

StrepHA-Mis18β, alone or in combination, and immunoblotted with anti-NusA, anti-HA 

or anti-Mis18β antibodies. (B) ClustalW2 alignment of Mis18β homologs generated by 

Geneious Pro software [154]. Darker highlighting and larger letter sizes indicate more 

highly conserved residues. Break indicates a stretch of 47 amino acids, with respect to the 

human protein sequence, between the domain specific cysteine repeats. Asterisk indicates 

the cysteine to glycine substitution (C80G). (C) Immunoblot showing the expression of 

wild type GFP-Mis18β or the C80G mutant in U2OS cells. Anti-tubulin blot was used as 

a loading control. (D) Representative images of the localization of either GFP-Mis18β 

wild type or the C80G mutant in U2OS cells. Centromeres are visualized by an anti-

CENP-C antibody. Insets highlight GFP localization to an individual centromere. For 

each condition, the percentage of cells with centromeric GFP signal, plus or minus the 

standard deviation across replicates, is shown in white. Scale bar = 5 µm. (E) Table of 

mCherry-LacI and GFP-tagged constructs used in F. (F) Representative images of 

targeting mCherry-LacI alone or mCherry-LacI-CENP-C694-943 to the LacO array and 

assessing the recruitment of wild type GFP-Mis18β or GFP-Mis18βC80G. (G) Graph 

indicates the recruitment of wild type GFP-Mis18β or GFP-Mis18βC80G to the array, over 

the average nuclear background GFP signal. Error bars describe the standard deviation 

across replicates. Triple asterisks indicate a p-value of < 0.001 with respect to the 
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recruitment of wild type GFP-Mis18β by mCherry-LacI alone, as calculated by the 

Student’s t-test. 

 

 

 

 

Figure 3-5 

Panels A, C and D include data generated by I.K. Nardi 
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The CENP-C-Mis18β interaction is regulated by kinase activity 

 In the above figure the recruitment of GFP-Mis18β to mCherry-LacI-CENP-C694-

943 targeted LacO arrays appeared to be cell cycle regulated. If a cell had GFP-Mis18β at 

centromeres, it was more likely to have GFP-Mis18β localized to the array. Since 

Mis18BP1 recruitment is mediated by Cdk1/Cdk2 activity, I hypothesized that the 

Mis18β-CENP-C interaction is also regulated by kinase activity. Cdk activity is high 

when Mis18BP1 is actively prohibited from localizing to centromeric chromatin. Polo-

like kinase 1 (Plk1) is another mitotic kinase that has many roles in ensuring proper cell 

cycle progression and cell division [172]. 

In order to test the hypothesis that the Mis18β-CENP-C interaction is also 

regulated by kinase activity, I targeted mCherry-LacI-CENP-C694-943 to the array and 

coexpressed GFP-Mis18β. One hour prior to fixation and staining, I treated the cells with 

either the Cdk inhibitor, purvalanol A (PurA), or the Plk1 inhibitor (BI 2536). I then 

stained the cells for endogenous centromeres and assessed the centromeric localization 

pattern and array recruitment of GFP-Mis18β. 

In cells treated with DMSO as a negative control, the cells behaved similarly to 

the untreated cells in Figure 3-5H. If a cell recruited GFP-Mis18β to centromeres, then 

that cell was also likely to have recruited GFP-Mis18β to the mCherry-LacI-CENP-C694-

943 targeted array (Figure 3-6, A and B). Cells that did not recruit GFP-Mis18β to 

endogenous centromeres were unlikely to have GFP-Mis18β at the mCherry-LacI-CENP-

C694-943 arrays. Treating cells with a Cdk inhibitor also had little effect on the correlated 

pattern of recruitment to centromeres and to the array. However, when cells were treated 



121 
 
with an inhibitor to Plk1, the number of non-centromeric GFP-Mis18β cells that recruited 

GFP signal to the array increased. This indicates that Plk1 may ensure that Mis18β and 

CENP-C do not interact prior to G1, similarly to the effect of Cdk1/Cdk2 on Mis18BP1. 

I wanted to determine if Mis18β was likely phosphorylated in mitosis, similar to 

Mis18BP1 discussed in chapter 2. HeLa cells were either allowed to randomly cycle, or 

else were blocked in nocodazole overnight. In addition, a proportion of nocodazole 

treated cells were released from mitosis and allowed to reenter the cell cycle for 3 hours 

before harvesting. Whole cell lysates were generated from each condition and analyzed 

by western blot for changes in apparent molecular weight (Figure 3-6C). In lysates from 

randomly cycling cells, the major band that was recognized by the Mis18β antibody was 

around 22 KD. In the mitotically arrested cells, the predominant band was shifted to 

around 26 KD. This is very similar to what was seen for Mis18BP1. Interestingly, in the 

nocodazole release lysates, both the 22 KD and 26 KD bands are present, albeit in much 

lower amounts. This suggests that Mis18β is post-translationally modified in mitosis, and 

this mark is removed as cells exit mitosis and progress into G1. 

These data indicate that Plk1, or another mitotic kinase, may phosphorylate 

Mis18β in mitosis in order to regulate its binding affinity to the centromere, through 

CENP-C. Therefore, I wanted to assess whether Plk1 can physically interact with the 

Mis18 complex in vivo. I targeted mCherry-LacI-tagged Mis18α, Mis18β and Mis18BP1 

to the array and coexpressed GFP-Plk1 (Figure 3-6, D and E). I could see Plk1 localize I 

saw recruitment of Plk1 to the Mis18 targeted arrays between 50% and 95% of the time, 

depending on the construct. While much of this preliminary data is correlative, it agrees 
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with recent data that declares the Mis18β is a substrate for Plk1 in vivo [173]. These 

observations open several lines of future inquiry into additional cell cycle regulation 

mechanisms underlying the recruitment of Mis18 complex to centromeres.   
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Figure 3-6. The CENP-C-Mis18β interaction is regulated by kinase activity. 

(A) Representative images of U2OS-LacO cells cotransfected with mCherry-LacI-CENP-

C-694-943 and GFP-Mis18β. Transfected cells were then treated with DMSO, purvalanol A 

(PurA) or BI 2536 for 1 h. Boxes and enlarged regions highlight colocalization between 

CENP-C and Mis18β at the array. Scale bar = 5 µm. (B) Graph depicts the percentage of 

cells with Mis18β at centromeres (CEN+) or not (CEN-) that recruit GFP-Mis18β to the 

array with respect to inhibitor treatment. Error bars show the standard deviation between 

replicates. (C) Anti-Mis18β western blot of whole cell lysates from HeLa cells that were 

allowed to randomly cycle, were blocked in mitosis or were blocked in mitosis and 

released for 3 h. Arrows highlight the two different molecular weight bands. (D) 

Representative images of mCherry-LacI-Mis18α, -Mis18β or -Mis18BP1 targeted to the 

array with GFP-Plk1 coexpressed. Boxes and enlarged sections highlight colocalization 

between the Mis18 proteins and Plk1 at the array. Scale bar = 5 µm. (E) Graph depicting 

the percentage of cotransfected cells that recruited GFP-Plk1 to the array. 
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Figure 3-6
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Full recruitment of the Mis18 complex by CENP-C requires multiple 

interactions 

The central region of Mis18BP1 (Mis18BP1476-721) has been previously reported 

to bind CENP-C; however, this region of Mis18BP1 is not sufficient to localize to 

centromeres (Figure 3-1, C and D) [99, 100]. Therefore, we assayed whether the ability 

of Mis18BP1 to be recruited by CENP-C on chromatin is influenced by the amino 

terminus of Mis18BP1. Using the LacO system, mCherry-LacI-CENP-C694-943 robustly 

recruited GFP-tagged full-length Mis18BP1 to the array (Supplemental Figure S3-3, A 

and B). The amino-terminal fragment, GFP-Mis18BP12-721, was also efficiently recruited 

to the CENP-C containing arrays, similar to full-length Mis18BP1. This is the same 

fragment that was sufficient to support centromere recruitment (Figure 3-1C). 

Mis18BP1476-721 was recruited to the LacO array by CENP-C, but to a significantly lesser 

degree than the full-length or Mis18BP12-721 construct (Supplemental Figure S3-3B). 

Therefore, although the central region of Mis18BP1 (Mis18BP1476-721) is able to interact 

with the C-terminal portion of CENP-C, Mis18BP1 requires its amino-terminus to 

provide the most efficient recognition of CENP-C through an interaction with Mis18α 

and Mis18β. 
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Discussion 
 
The stable inheritance of centromeric chromatin is dependent on the Mis18 

complex, which includes Mis18α, Mis18β and Mis18BP1. The recruitment of new 

CENP-A and its assembly factor, HJURP, requires the centromeric localization of the 

Mis18 complex. Therefore, Mis18 recruitment is a defining step in the early stages of 

centromere specification. Here we demonstrate that despite their common origin, the 

Mis18α and Mis18β paralogs participate in different interactions within the Mis18 and 

CCAN complexes. Mis18α binds directly to the amino-terminus of Mis18BP1, while 

Mis18β interacts with centromere targeting domain of CENP-C. The interaction between 

Mis18β and CENP-C is restricted in the cell cycle and contributes to the G1 specific 

recruitment of the Mis18 complex to centromeres.  

Mis18BP1 contains two highly conserved domains, the SANT and SANT-

associated (SANTA) domains, which are found in Mis18BP1 proteins from humans to C. 

elegans. We observed that fragments of human Mis18BP1 that lacked either SANT or 

SANTA domains were efficiently recruited to endogenous centromeres. Therefore, 

neither the SANT nor SANTA domains contribute to the centromere localization of the 

complex in humans. This is consistent with work with the Arabidopsis KNL-2, homolog, 

which shows that the SANTA domain is not required for localization of KNL-2 to 

centromeric regions [165]. Previous reports stated that the SANT domain was required to 

confer CENP-C binding in mice; however, this domain is dispensable in human cells. In 

addition, neither domain mediates the interaction with known centromere assembly 
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factors such as Mis18α and Mis18β. Therefore, the function of these conserved domains 

remains to be determined.  

Mis18BP1 was previously shown to interact with the CCAN protein, CENP-C, in 

Xenopus and mouse models, which has been proposed a possible centromere-specific 

targeting mechanism for the Mis18 complex [99, 100]. Our data demonstrate that while 

the CENP-C binding domain of Mis18BP1 is required for recruitment of the complex, it 

alone is not sufficient to recruit Mis18BP1 to centromeres. We show that centromere 

recruitment of Mis18BP1 requires its amino terminus in addition to the previously 

defined CENP-C binding domain. The required amino-terminus interacts directly with 

Mis18α. In turn, Mis18β helps facilitate a robust interaction with CENP-C.  

While the cell cycle regulation mechanism behind Mis18BP1 localization has 

been previously determined, our data indicate additional mechanism that tie Mis18 

complex localization and function to the cell cycle. It appears that the interaction between 

CENP-C and Mis18β is regulated by the cell cycle. Preliminary data (Figure 3-6) and 

data generated in other laboratories suggests that polo-like kinase 1 may play a 

significant role in regulating this interaction [173]. However, at this point, the majority of 

the data remains correlative. We have looked at the primary sequence of Mis18β and 

have identified a putative Plk1 site. Phospho mutants, such as the alanine substitution 

mutant that we have recently generated, will allow us to study this interaction more 

robustly. Therefore, the Mis18 complex requires that Mis18BP1 and Mis18β both bind 

CENP-C, being bridged by Mis18α, in order to generate a stable and cell cycle regulated 

interaction between the Mis18 complex and the CCAN.  
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Different higher eukaryotes use somewhat distinct mechanisms to achieve 

centromere inheritance that include a partially overlapping set of proteins. The Mis18 and 

HJURP proteins are conserved in fission yeast and humans, as well as a wide variety of 

eukaryotes, but have not been found in C. elegans and insects. C. elegans possess a 

Mis18BP1 homolog [92]. CAL1 in flies acts as a functional homolog of HJURP, despite 

a lack of sequence similarity, but nevertheless it depends on CENP-C for proper 

recruitment to existing centromeres [94, 95, 124, 174]. Similar to humans, many 

organisms in which both Mis18 and Mis18BP1/KNL2 homologs have been identified, 

two Mis18 paralogs have also identified. This is consistent with a conserved separation of 

function between the two Mis18 paralogs that we have demonstrated here in human cells. 

Mis18α and Mis18β paralogs share a conserved Yippee/Mis18 domain. 

Previously, mutations altering the conserved cysteine residues within the two CXXC 

motifs of the Yippee/Mis18 domain of Mis18α were shown to eliminate centromere 

recruitment of the Mis18 complex [90]. We show that the loss of centromere localization 

in Mis18α Yippee mutants is due to the inability of the mutant to bind Mis18BP1. 

Interestingly, mutating any of the four conserved cysteines at positions 85, 88, 141 and 

144 leads to centromere mis-localization, which suggests that each of these cysteines 

contributes to a common structure rather than directly mediating the interaction with 

Mis18BP1 [90, 163]. Similarly, replacing of one of the conserved cysteines in Mis18β 

with glycine (Mis18βC80G) also leads to a loss of centromere recruitment (Figure 3-5). 

This is due to the inability of the mutant Mis18β to bind CENP-C. While the Mis18α and 

Mis18β paralogs use their Yippee/Mis18 domains to interact with different partners, the 
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integrity of both domains in Mis18α and Mis18β are crucial to mediate the multiple 

interactions required for complete recruitment of the Mis18 complex to centromeres.  

Mis18 proteins have been previously thought to form a constitutive three-protein 

complex. Our data demonstrate that the formation of the three-protein Mis18α, Mis18β 

and Mis18BP1 complex is a regulated event. Mis18α and Mis18β exist in a separate 

complex from Mis18BP1 during mitosis, at a time when the cell is poised to assemble 

new centromeric nucleosomes, but is inhibited from doing so by high Cdk activity [164] 

(Figure 3-7). As evidenced by our deletion mutant analysis, Mis18BP1 that is unable to 

bind to Mis18α and Mis18β is not recruited to centromeres. Likewise, Mis18BP1 cannot 

be recruited to centromeres when Mis18α or Mis18β are depleted, even though 

Mis18BP1 protein levels remain high. Full assembly of the three-protein Mis18 complex 

may only occur at chromatin in G1 following reduction of Cdk activity, ensuring proper 

regulation of CENP-A deposition. 
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Figure 3-7. The roles of the Mis18α and Mis18β paralogs in centromere 

specification. 

This model depicts the manner by which the Mis18 complex interacts with the human 

centromere in a cell cycle dependent manner. Throughout mitosis, Cdk activity is high 

and the Mis18 complex is prevented from associating with centromeric chromatin. In 

addition, Mis18α and Mis18β do not interact with Mis18BP1. Therefore, the components 

of the Mis18 complex reside in separate complexes, and both Mis18BP1 and Mis18β are 

unable to associate with CENP-C. Without the localization of the Mis18 complex, 

HJURP is maintained off of centromeric chromatin and CENP-A deposition does not 

occur. After mitotic exit, Cdk activity levels drop, which allows the Mis18 complex to 

form and localize to the centromere. Finally, the Mis18 complex recruits HJURP to the 

centromere and CENP-A is deposited in G1. 

 

 

Figure 3-7 
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Materials and Methods 
 
Indirect immunofluorescence and image acquisition 

Cell lines were grown on poly-lysine coated glass coverslips, fixed for 10 min 

with 37°C 4% formaldehyde in PBS (137 mM NaCl, 2.7 mM KCl, 5.4 mM Na2HPO4, 1.8 

mM KH2PO4) and then quenched for 5 min with 100 mM Tris pH 7.5. Coverslips were 

blocked for 1 h in blocking buffer: 2% heat inactivated FBS, 2% BSA, and 0.1% Triton-

X100 in PBS. Primary antibodies were incubated for 1 h in blocking buffer: anti-CENP-

A mouse monoclonal antibody (ab13939, Abcam) at 1 µg/mL and anti-CENP-T rabbit 

polyclonal antibody serum (D. Cleveland, Ludwig Institute for Cancer Research) at 

1:2000. Coverslips were washed three times for 5 min with 0.1% Triton-X100 in PBS. 

Secondary antibodies were diluted in blocking buffer and were incubated with the 

coverslips for 1 h (Alexa-647 conjugated goat-anti-mouse at 0.375 µg/mL, Cy5 

conjugated goat-anti-rabbit conjugated at 0.375 µg/mL, Cy3 conjugated goat-anti-mouse 

at 0.75 µg/mL; Jackson ImmunoResearch Laboratories, Inc.). Cells were washed as 

above and then incubated in PBS containing 0.2 µg/mL of DAPI for 5 min. Coverslips 

were rinsed with PBS prior to mounting onto glass slides with Prolong Gold Antifade 

Reagent (Life Technologies). 

Fluorescence microscopy images were acquired using a DeltaVision 

deconvolution microscope (GE Healthcare Lifesciences) equipped with a CoolSNAP 

HQ2 camera (Photometrics). Images were collected using either a 60X (numerical 

aperture = 1.42; Olympus) or 100X (numerical aperture = 1.40; Olympus) oil immersion 

lens. All images within an experiment were acquired using identical exposure times 
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across all conditions. Images shown in figure panels are deconvolved maximum 

projections and scaled equally with the exception of Figure 1A where GFP-

Mis18BP1Δ377-475 transfected cells were stained with the CENP-A monoclonal antibody, 

instead of CENP-T, and imaged and scaled separately from the rest of the panel. 

 

Image quantitation 

CENP-A intensity at centromeres was measured from non-deconvolved maximum 

projections, using ImageJ [175]. The background intensity for an individual nucleus was 

determined by averaging the integrated intensity of at least three non-centromeric 

locations within the nucleus. The integrated intensity of at least five random centromeres 

in each nucleus was measured, and the average background for that nucleus was 

subtracted from each measurement. Background-corrected centromere intensities were 

then averaged across each condition. Standard deviations were calculated between the 

averaged centromere intensities for each condition, across replicates. 

The intensities of GFP bait proteins recruited to the LacO arrays were measured 

from non-deconvolved maximum projections using ImageJ. To determine the enrichment 

of GFP at the array the “recruitment over background” was calculated as follows. The 

background intensity of an individual nucleus was determined by averaging the 

integrated intensity of three non-centromeric, non-array containing locations within the 

nucleus. The integrated intensity at each array was then divided by the average 

background intensity within the individual cell to generate a ratio of the GFP signal at the 

array over the average GFP background intensity of the entire nucleus. An integrated 
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intensity at the array, equal to that of the nuclear background, yielded a ratio equal to one, 

which was subtracted from all calculated ratios to give a level of recruitment above the 

nuclear background signal. Standard deviations between replicates were calculated based 

on the average of these corrected ratios for each condition. 

 

Tissue culture 

HeLa derived cells lines were cultured in DMEM High Glucose (Life 

Technologies) supplemented with 10% heat inactivated FBS (Optima, Atlanta 

Biologicals) and 1X Penicillin/Streptomycin (Life Technologies). U2OS derived cell 

lines were cultured in DMEM High Glucose GlutaMAX™ (Life Technologies) 

supplemented with 10% FBS and 1X Penicillin/Streptomycin. Cells were incubated at 

37°C in 5% CO2 and 85% humidity. A stable GFP-Mis18BP1 expressing cell line was 

generated using the Flp-In system (Life Technologies) in a previously established HeLa 

T-REX Flp-In cell lines (S. Taylor, University of Manchester). Recombined cell lines 

were maintained in 200 µg/mL Hygromycin B-supplemented media. 

 

siRNA and plasmid transfections 

U2OS cells were plated at a density of either 10,400 cells/cm2 or 35,000 cells/cm2 

in a 6-well plate or 24-well plate respectively and allowed to attach to the plate and 

coverslips for DNA transfections. The following day, cells were transfected with either 1 

µg plasmid DNA (6-well format) or with 300 ng (24-well format) using Lipofectamine 

2000 in Opti-MEM according the manufacturer’s protocol (Life Technologies). For 



134 
 
centromere localization counts of the GFP-tagged Mis18BP1 fragments or the GFP-

Mis18α and GFP-Mis18β constructs, cells were transfected with a 10:1 ratio of GFP 

construct to RFP-H2B plasmid, which served as a transfection marker. For LacO array 

experiments, mCherry-LacI constructs were always transfected in a 1:2 ratio with the 

GFP bait proteins. The transfection media was removed after 10 – 12 h and replaced with 

fresh growth media. Cells were harvested with 3mM EDTA-PBS for western blot 

analysis or fixed for immunofluorescence 48 h post-transfection.   

For siRNA depletion and rescue experiments, U2OS cells were plated at a density 

of 10,400 cells/cm2 in a 6-well plate. The following day cells were transfected with 

Lipofectamine 2000 in Opti-MEM according to the manufacturer’s directions, including 

30 pmol Silencer® Select siRNA (Mis18BP1 5’-GGAUCUGAUAAGACAAAUAtt-3’ 

or GAPDH Positive Control siRNA, Cat# 4390850, Ambion) and a total of 1 µg of the 

GFP-Mis18BP12-721 plasmid and a RFP-H2B plasmid in a 10:1 ratio. Opti-MEM was 

replaced after 12 h with fresh growth media. 48 h after the initial transfection, cells were 

transfected again with a second round of siRNA at a concentration of 10 nM using 

RNAiMax in Opti-MEM (Life Technologies). Cells were harvested for western blotting 

analysis with 3 mM EDTA-PBS or fixed and stained using the protocol above 72 h after 

the initial transfection.  

Simple siRNA depletions of Mis18 proteins in cells that stably expressed GFP-

Mis18BP1 were accomplished by plating cells at a density of 10,400 cells/cm2 in a 6-well 

format and letting the cells attach to the plate and coverslips. The following day, cells 

were treated with 20 nM Silencer® Select siRNA (Mis18BP1, 5’-
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GGAUAUCCAAAUUAUCUCAtt-3’; Mis18α, 5’-GAAGAUGUCUUGAAAGCAUtt-

3’; Mis18β 5’-GCACAAUCGCUUAAAAUCAtt-3’, Negative Control, Cat# 4390846, 

Ambion) using RNAiMax in Opti-MEM. After 12 – 24 h, 1 mL of full growth media was 

added to supplement the reduced serum media. Cells were then harvested 48 h post-

siRNA transfection using 3mM EDTA-PBS or fixed and stained using the previously 

stated protocol. 

The degree of siRNA depletion was determined by immunoblot and protein 

depletion was estimated by a dilution series of control lysates. Cell lysates that 

corresponded to 1 x 105 cells were separated on 10% polyacrylamide gels and blotted to 

nitrocellulose using standard approaches. The nitrocellulose was blocked for 1 h in 

blocking buffer: 5% milk in TBST (137 mM NaCl, 2.7 mM KCl, 25 mM Tris Base, 0.1% 

Tween 20). Primary antibodies were incubated overnight in blocking buffer at 4°C [anti-

GFP (Custom made by Covance), c-Myc 9E10 (Santa Cruz Biotechnology, sc-40), anti-β 

Tubulin clone AA2, Mis18BP1 (Bethyl Laboratories, Inc., Cat# A302-825A and Cat# 

A302-824A), and Mis18β (BL10295, Bethyl Laboratories, Inc.). HRP conjugated 

secondary antibodies were incubated in blocking buffer at 40 ng/mL for 1 h at room 

temperature (Goat-anti-mouse, Cat# 115-035-003; Goat-anti-rabbit, Cat# 111-0.35-003, 

Jackson ImmunoResearch Laboratories, Inc.). HRP was detected using the West Pico 

ECL Regent (Pierce) chemiluminescent substrate.  

 

 

 



136 
 
Size exclusion chromatography 

HeLa cells stably expressing GFP-Mis18α (Iain Cheeseman, MIT) were plated 

and grown to 80% confluence. Cells were treated with 0.1 µg/mL nocodazole for 14 h 

and mitotic cells were collected by washing the plate with media and collecting detached 

cells. Cell pellets were brought up in ice-cold lysis buffer (3.75 mM Tris pH 7.5, 20 mM 

KCl, 0.5 mM EDTA, 0.5mM DTT, 0.05 mM spermidine, 0.125 mM spermine, 1 mM 

PMSF, 200 μM sodium vanadate, 50 mM β-glycerophosphate, 0.1% digitonin, 1X Roche 

Protease Inhibitors). Cells were disrupted on ice using a Wheaton glass dounce with a 

tight pestle. Lysates were centrifuged at 1000g for 5 min and dialyzed into a second 

buffer (50mM Tris-HCl pH 7.5, 250mM NaCl, 0.5mM DTT, 2.5% glycerol, and 0.05% 

NP-40). Lysates were cleared by centrifugation for 10 min at 1000g and separated by 

FPLC size exclusion chromatography in the dialysis buffer using a Superdex 200 10/300 

column (GE Healthcare). Separation was conducted using a Bio-Rad Duo-flow FPLC and 

0.5 ml fractions were collected. Fractions were concentrated using TCA precipitation, 

prior to immunoblotting.  

 

Immunoprecipitation 

HEK cells were plated at a 1:8 dilution from a confluent plate and allowed to 

adhere to the culture dish overnight. The following day the cells were cotransfected with 

GFP-Mis18α and Myc-tagged Mis18BP1 constructs using calcium phosphate. After 48 h, 

cells were harvested using 3 mM EDTA-PBS and flash frozen at -80°C. Cells were 

thawed on ice and resuspended in 1 mL cold RIPA buffer with protease and phosphatase 
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inhibitors (50 mM Tris HCl pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% sodium 

deoxycholate, 0.1% SDS, 0.5 mM PMSF, 50 mM β-glycerophosphate, 200 µM sodium 

vanadate, 5 mM sodium fluoride, 1X Roche Protease Inhibitors). Lysates were incubated 

on ice for 15 min with vortexing, centrifuged for 10 min at 10000g at 4°C, and cleared 

for 1 h with Affi-Prep Protein A Support slurry (Cat# 156-0006, Bio-Rad). Cleared 

lysates were then incubated with 1 µg anti-Myc 9E10 antibody (Santa Cruz 

Biotechnology, sc-40) overnight at 4°C on a rotator. Fresh protein A support was blocked 

for 1 h at 4°C with 1 mg/mL BSA in PBS. Antibody-lysate mixtures were incubated with 

the blocked protein A support for 5.25 h at 4°C. Protein A support was washed 3 times 

with PBST (PBS, 0.1% Tween 20, 1X Roche Protease Inhibitors) and bound proteins 

were eluted by boiling in SDS-PAGE sample buffer (60 mM Tris HCl/SDS pH 6.8, 5% 

glycerol, 1.67% SDS, 0.01% bromophenol blue, 1% β-mercaptoethanol). Bound fractions 

and inputs were separated on an 8% polyacrylamide gel and blotted according to the 

above protocol using anti-GFP (Custom made by Covance), c-Myc 9E10 (Santa Cruz 

Biotechnology, sc-40) primary antibodies. 

 

Recombinant proteins and in vitro pull-downs 

Mis18BP1 was cloned into a modified pMal-c2 vector containing an attR 

Gateway® cloning cassette inserted into the BamH1 cut site after the N-terminal MBP 

gene. Mis18BP1 harboring a C-terminal 6X-His tag was cloned into the modified pMal-

c2 vector using LR Clonase II (Cat# 11791020, Life Technologies). A StrepHA 

Gateway® vector was made from an existing 6X-his Gateway® vector (Addgene, pDest-
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527) by removing the 6X-His tag with Nde1 and BglII and replacing it with a StrepHA 

tag digested with the same enzymes. Entry clones of Mis18α and Mis18β were generated 

by recombination from PCR products according to the Gateway® cloning protocol (Life 

Technologies) and were recombined into the StrepHA acceptor vector with LR Clonase 

II. The CENP-C fragment (a.a. 694-943) was recombined into a HisNusA Gateway® 

vector (Addgene, pDest-544) using LR clonase II.  

Recombinant MBP-tagged Mis18BP1, StrepHA-Mis18α, StrepHA-Mis18β, and 

His-NusA-CENP-C (a.a. 694-943) proteins were expressed in the Rosetta™ (DE3) pLysS 

bacterial strain. Transformed bacteria were grown in LB media to an OD of 0.6 at 37oC, 

cooled to 18oC, and protein expression was induced with 0.1 mM IPTG for 16 h at 18oC. 

Pellets were lysed in 50 mM Tris-HCl, 350 mM NaCl, 0.5 mM CaCl2, 10% glycerol, 

0.1% NP-40, 5 mM β-mercaptoethanol, LPC, and 1mM PMSF using a steel Wheaton 

dounce homogenizer. For His-tagged proteins, 20 mM imidazole was added to the lysis 

buffer and 40 mM imidazole was added to the wash buffer. Strep–tagged proteins were 

purified with Strep-Tactin Superflow Plus (Qiagen) and eluted in a buffer containing 2.5 

mM d-desthiobiotin. His-tagged proteins were purified using Ni-NTA agarose (Qiagen) 

eluted with 250 mM imidazole. Mis18BP1 was initially purified using its C-terminal His-

tag using the protocol above. It was further purified using a Superdex 200 10/300 column 

(GE-Healthcare). Briefly, elutions were pooled and run over the column in the above 

buffer (without LPC and PMSF). Peak fractions were pooled and concentrated on Ni-

NTA agarose and eluted in the same buffer containing 250 mM imidazole. 
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In-vitro pull-downs were performed in buffer containing 50 mM Tris-HCl pH 7.5, 

250 mM NaCl, 20 mM MgCl2, 0.5% NP-40, 10% glycerol, and 5 mM β-

mercaptoethanol. Recombinant proteins combined at 1:1 molar ratio and incubated for 3 

h at room temperature. Affinity matrices were pre-incubated for 1 h at room temperature 

in the same buffer supplemented with 0.2 mg/mL BSA. The blocked matrices were added 

to the pre-formed complexes and incubated for 40 min at room temperature. Wash buffer 

for Ni-NTA pull-downs, which was supplemented with 40 mM imidazole. The matrices 

were resuspended in sample buffer boiled. Immunoblots were performed using antibodies 

against the 6X-His tags (sc-803, Santa Cruz Biotechnologies), MBP tag (New England 

Biolabs), Mis18β (BL10295, Bethyl Laboratories, Inc.), the HA.11 epitope tag 

(Covance), and NusA tag (Novus Biologicals). 

 

Nocodazole release and inhibitor treatments 

 HeLa cells either were left to randomly cycle, or were treated with 100 ng/mL of 

nocodazole in DMSO for 12 – 14 h. Cells that were to be released were harvested by 

mitotic shake off, and pelleted at 1000g for 3 min. The cells were washed 5X with warm 

media, pelleting after each wash. Then the released cells were plated again and incubated 

at 37°C for 3 h. Cells were harvested with 3 mM EDTA-PBS, counted and pelleted. Cell 

pellets were lysed in 1X sample buffer, pulled through an insulin syringe and boiled for 5 

min prior to analyzing by western blot using the protocol described above. 

 U2OS-LacO were treated for 1 h with 25 µM purvalanol A, 1 µM BI 2536 or 

DMSO as a vehicle control. Since the inhibitors had differing effective concentrations, 
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the volume of DMSO was matched to the purvalanol A treatment, since the volume of 

addition was greater. After 1 h at 37°C, cells were fixed and stained according to the 

above protocol and analyzed by immunofluorescence microscopy.  

 
  



141 
 

Acknowledgements 
 

We thank Iain Cheeseman for the GFP-Mis18α cell line and Don Cleveland for 

the CENP-T antibody. We thank Dan Burke and Todd Stukenberg for helpful comments 

on the manuscript. D.R.F was supported by a Research Scholar Award from the 

American Cancer Society and a Basil O’Conner Award from the March of Dimes. M.E.S. 

and I.K.N. were supported by NCI training grant 5T32CA00910937. C.M.K. was 

supported by a Harrison Award from the University of Virginia. 

  



142 
 

Supplemental Data 
 
Supplemental Figure S3-1. Endogenous Mis18BP1 is not required for Mis18BP12-721 

to localize to centromeres. 

(A) Anti-GFP immunoblot showing the transient expression of the GFP-Mis18BP1 

constructs expressed in U2OS cells for the immunofluorescence subcellular localization 

analysis in Figure 3-1. (B) Diagram of the transfection protocol for the simultaneous 

siRNA depletion of endogenous Mis18BP1 and the expression of exogenous GFP-

Mis18BP12-721 in U2OS cells. (C) Immunoblot of whole cell extracts from GAPDH or 

Mis18BP1 siRNA treated U2OS cells also expressing GFP-Mis18BP12-721. Anti-

Mis18BP1 blot shows protein level of endogenous Mis18BP1 alone. Anti-tubulin is used 

as a loading control. Anti-GFP western blot shows exogenous GFP-Mis18BP12-721 

expression. (D) Representative images of U2OS cells treated as diagramed in B. 

Centromeres are indicated by staining with polyclonal anti-CENP-T antibodies. Scale bar 

represents 5 µm. (E) Graph showing the percentage of randomly cycling, transfected cells 

with GFP signal localized to CENP-T foci. Error bars indicate the standard deviation 

between replicates. 
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Figure S3-1 
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Supplemental Figure S3-2. Decrease in CENP-A levels validates Mis18 complex 

depletion. 

(A) Representative images of HeLa T-Rex cells that stably express GFP-Mis18BP1, 

which were treated with negative control siRNA or siRNA against Mis18α, Mis18β or 

Mis18BP1. Cells were stained with polyclonal antibodies against CENP-T to mark 

centromere location. CENP-A protein levels at centromeres were assayed by staining 

with an antibody against endogenous CENP-A. Scale bar represents 5 µm. (B) Bar graph 

depicts the background corrected, CENP-A integrated intensity at centromeres. Error bars 

indicate the standard deviation across three replicates. Double asterisks represent a p-

value of < 0.01 with respect to the negative siRNA control, as calculated by the Student’s 

t-test. 

 

 

 

Figure S3-2 
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Supplemental Figure S3-3. Full recruitment of the Mis18 complex by CENP-C 

requires multiple interactions 

(A) Representative images of mCherry-LacI-CENP-C694-943 recruiting GFP-Mis18BP1 

constructs to the LacO array. Centromeres are marked by an antibody against CENP-A. 

Insets highlight the array. Scale bar represents 5 µm. (B) Graph indicates the recruitment 

of GFP-Mis18BP1 fragments to the array, over the average nuclear GFP signal, when 

mCherry-LacI-CENP-C694-943 was used as bait. Error bars describe the standard deviation 

across replicates. Asterisk indicates a p-value of < 0.05 with respect to the recruitment of 

full-length GFP-Mis18BP1, as calculated by the Kruskal-Wallis test. 
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Figure S3-3 
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Abstract 
 
 In this final chapter, I will focus on preliminary results from three additional 

projects and will propose several avenues for future research. The first section will 

highlight a possible new role for Mis18BP1 in centromeric stability and structure. After 

initiating HJURP-mediated CENP-A deposition upon mitotic exit, Mis18BP1 localization 

shifts to pericentric heterochromatin in late G1 and specifically binds HP1α. In the 

second section, I will describe recently acquired data that suggests additional mechanisms 

by which the Mis18 complex is recruited to existing centromeric chromatin. In addition 

to the known interactions between the Mis18 proteins and CENP-C, there appears to be 

an additional dependency on the CENP-H/I/K complex for proper Mis18 complex 

localization in vivo. In the final section, I will describe data that show that the conserved 

SANT domain of Mis18BP1 does not bind unmodified histone tails. The results indicate 

that further experimentation is required to understand the role of this highly conserved 

domain in Mis18 complex function and to determine the chromatin contacts that underlie 

the centromeric binding of the Mis18 complex.  
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Mis18BP1-HP1α interaction at pericentric heterochromatin 
 
Introduction: 

 A conserved feature of centromere architecture is the presence of heterochromatic 

regions that flank the CENP-A containing domain of each chromosome. Pericentric 

heterochromatin is constitutively present throughout the cell cycle and is maintained from 

generation to generation [176, 177]. The presence of constitutive pericentric 

heterochromatin is essential for proper centromere function and genomic fidelity during 

chromosome segregation [178-180]. In fact, in immunodeficiency-centromeric 

instability-facial anomalies syndrome 1 (ICF1) defects of heterochromatin, specifically at 

the pericentromere, result in significant chromosomal aberrations. Patient samples 

display highly irregular karyotypes that contain broken chromosomes and fused 

fragments, which are indicative of repeated chromosome segregation errors [181]. 

In flies and fission yeast, de novo CENP-A deposition during neocentromere 

formation prefers to occur near constitutive heterochromatin domains, such as at the 

border of pericentric heterochromatin [16, 60]. Additionally, ectopic targeting of the 

heterochromatin protein, HP1, to a discrete locus generates an artificial hotspot for non-

centromeric incorporation of over-expressed CID (CENP-A) in drosophila [60]. In 

addition to facilitating a permissive environment for nearby CENP-A recruitment, 

pericentric heterochromatin is hypothesized to lend structure and stability to the 

centromeric region of chromosomes during mitosis and to facilitate proper kinetochore 

attachment to the mitotic spindle [182]. Pericentric heterochromatin also ensures 
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chromosome stability by recruiting cohesin, which facilitates sister-sister chromatid 

binding and biorientation during mitosis [179, 183]. 

Pericentric heterochromatin is identified by a specific epigenetic landscape, 

including the presence of H3K9 trimethylation as well as hypoacetylation of histone tails 

[184, 185]. Effector proteins recognize these marks and bind to this region in order to 

mediate pericentric heterochromatin identity and function. Swi6 was originally 

discovered in fission yeast, and it was determined to be a quintessential non-histone, 

heterochromatin protein in drosophila [186, 187]. The human homolog, of Swi6 is 

heterochromatin protein 1 (HP1) [188]. Humans encode three different protein homologs 

of Swi6: HP1α, HP1β and HP1γ. HP1α and HP1β contain N-terminal chromo domains 

and C-terminal chromo shadow domains, and preferentially localize to centromeric and 

pericentric regions of chromosomes [189].  

My work discussed in previous chapters, as well as that of others, has delineated a 

clear role for the Mis18 complex in the direct recruitment of HJURP to the centromere 

for CENP-A deposition [18, 151]. However, only the N-terminal 376 amino acids of 

Mis18BP1 are required to interact with Mis18α and Mis18β, who alone direct HJURP 

recruitment through their C-terminal coiled-coil domains [90, 151]. Therefore, other 

aspects of Mis18BP1 may mediate additional, CENP-A deposition independent functions 

of the Mis18BP1. 

In fission yeast, the Mis18 protein has been implicated in maintaining the 

epigenetic environment of the centromere. At the restrictive temperature, Mis18 

temperature sensitive strains have increased acetylation of histone H4 in centromeric 
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nucleosomes [91]. This indicates that the presence of the Mis18 protein helps to 

maintains H4 in a hypoactelyated state. Studies on human artificial chromosomes (HACs) 

have also discovered a link between H3K9 acetylation status and the requirement of the 

Mis18 complex for de novo CENP-A deposition [47]. Tethering histone acetyltransferase 

(HAT) activity to the alphaloid repeats of a HAC can greatly increase the efficiency of 

generating a functional centromere. Interestingly, tethered HAT activity at the HAC 

bypasses the requirement for human Mis18α, which strongly suggests that the Mis18 

complex may assist in generating the particular epigenetic signature for CENP-A 

incorporation. Mis18BP1 also contains two highly conserved domains, the SANT domain 

and the SANT-associated (SANTA) domain [92]. SANT domains are common structure 

motifs found in many chromatin modification complexes, and the SANTA domain may 

mediate protein-protein interactions through conserved hydrophobic residues [111, 112]. 

Throughout my localization studies of the Mis18 complex, I noticed two 

consistent patterns of Mis18BP1 localization. Cells with early G1 morphology tended to 

display highly focal recruitment of Mis18BP1, which tightly overlapped with CENP-A 

staining. The second population consisted of interphase cells in which Mis18BP1 

localized to broader and more diffuse patches. These patches associated with clusters of 

centromeres, which tended to form around the edges of nucleoli. I defined this second 

pattern as diffuse centromeric localization. This diffuse pattern of localization was 

reminiscent of HP1α staining of pericentric heterochromatin [190]. Therefore, I decided 

to ascertain a possible linkage between the Mis18 complex and the proteins that mediate 

heterochromatin structure and function at the pericentromere. 
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Preliminary results: 

Mis18BP1 accumulates at pericentric heterochromatin in late G1 

I generated a HeLa Flp-In T-Rex cell line that stably expressed full-length GFP-

Mis18BP1 by recombination. The GFP-tagged protein had focal localization in early G1 

that completely colocalized with CENP-A foci, which was expected. As described above, 

a population of interphase nuclei had a slightly different localization pattern. Colocalizing 

with clusters of centromeres were larger and more diffuse patches of GFP-Mis18BP1 

signal, which I declared diffuse centromeric localization. It had previously been 

discovered that the Mis18 complex can remain associated with the centromere far into 

G1, and the cells that displayed the diffuse centromeric pattern of GFP-Mis18BP1 

localization were clearly non-mitotics [133]. Therefore, I hypothesized that the pattern of 

diffuse centromeric localization of Mis18BP1 follows the protein’s initial focal 

localization that occurs directly after mitotic exit.  

In order to ascertain whether the diffuse localization pattern indeed occurred after 

the focal localization seen in early G1 cells, I blocked HeLa GFP-Mis18BP1 expressing 

cells for 12 hours in nocodazole. The mitotic population was collected by mitotic shake 

off and the cells were washed and replated onto glass coverslips. At several time points 

post-release, the cells were fixed and stained for nuclei with DAPI. The fixed cells were 

analyzed by immunofluorescence microscopy for mitotic figures as well as for the GFP-

Mis18BP1 localization pattern (Figure 4-1, A – C). 

 After one hour of mitotic release, a small portion of cells had exited mitosis, 

which correlated with less than 10% of cells with GFP-Mis18BP1 localized to 
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centromeres in tight foci (Figure 4-1, A – C). As more cells exited mitosis, the proportion 

of cells that had the focal GFP-Mis18BP1 localization pattern increased. Interestingly at 

five hours after nocodazole washout the focal centromeric GFP-Mis18BP1 population 

began to decline and a new population of cells emerged with the diffuse centromeric 

localization pattern. Over the next several hours, the focal localization pattern indicative 

of early G1 continued to decrease and was replaced by a majority of cells portraying the 

centromere diffuse phenotype. 

 As described earlier in chapter 3, I had generated a series of GFP-tagged 

Mis18BP1 fragments in order to address which portions of Mis18BP1 were required for 

centromeric localization (Figure 4-1D). Using these constructs, I assayed which of these 

GFP-Mis18BP1 fragments were sufficient to display this centromere diffuse phenotype. 

As expected, transient transfection of full-length GFP-Mis18BP1 had a population of 

cells that displayed a diffuse centromeric pattern similar to what was seen in the stable 

cell lines (Figure 4-1E). The GFP-Mis18BP12-721 fragment, which was sufficient for full 

centromere localization, also had a population of cells that displayed this diffuse 

centromeric localization pattern. Finally, GFP-Mis18BP1383-721 was also able to localize 

into a diffuse pattern around centromeric clusters, despite the fact that this fragment never 

localized to early G1 foci. Mis18BP1383-721 contains the conserved SANTA domain, but 

not the N-terminal Mis18α binding domain. Therefore, this localization pattern may be 

dependent on the presence of the SANTA domain of Mis18BP1. 

 This diffuse pattern of GFP staining was reminiscent of HP1α staining of 

pericentric heterochromatin in interphase [190]. Therefore, I attempted to determine if 
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GFP-Mis18BP1 foci colocalized with HP1α staining. Using the HP1α antibody I was 

able to procure, I saw little colocalization between Mis18BP1 and HP1α above 

background. In Figure 4-1F, I highlighted one of the better examples of HP1α staining. In 

this image, there were several HP1α foci that colocalized with diffuse GFP-Mis18BP1 

patches (Figure 4-1F, white arrows). These HP1α foci tended to corresponded to 

centromeres that had clustered with neighboring centromeres, as indicated by the staining 

against endogenous CENP-A. This may indicate that this putative Mis18BP1-

heterochromatin interaction prefers the close proximity of other pericentric domains for 

optimal binding. 
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Figure 4-1. Mis18BP1 accumulates at pericentric heterochromatin in late G1. 

(A) Representative images of GFP-Mis18BP1 expressing HeLa cells after nocodazole 

release. Hours post-release indicated in white in the top right. Insets highlight GFP signal 

localization pattern in greyscale. (B) Graph of the percentage of cells in mitosis at each 

time point. N = 1. (C) Graph depicting the change in GFP localization pattern over time, 

after nocodazole release. Dark grey bars show the percentage of cells with focal 

centromeric GFP signal (as in hour 2 in A). Light grey bars show the percentage of cells 

with diffuse centromeric GFP signal (as in hour 5 in A). N = 1. (D) Schematic of GFP-

tagged Mis18BP1 fragments analyzed in E. (E) Graph of the average percentage of 

transfected cells with diffuse centromeric GFP-Mis18BP1 staining for each fragment. 

Error bars show the standard deviation across replicates. N = 3. (F) Image displaying 

overlap in cells transiently transfected with GFP-Mis18BP1. GFP signal (green) and 

staining against endogenous HP1α (red). Centromeres are indicated with anti-CENP-A 

staining (white). White arrows indicate colocalization events between Mis18BP1 and 

HP1α, one of which is highlighted by the boxed enlarged region. Scale bars = 5 µm.
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Figure 4-1 
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Mis18BP1 physically interacts with HP1α 

 As the limitations of immunofluorescence staining were clear, I performed 

immunoprecipitations from a cell line that stably expressed GFP-HP1α in order to 

confirm the possible relationship between Mis18BP1 and HP1α (gift from L. Liu). The 

Mis18 complex does not localize to chromatin in mitosis [90, 91, 164]. Therefore, 

immunoprecipitations were performed from randomly cycling cells and a mitotic 

population for comparison. I hypothesized that I would see a more robust Mis18BP1-

HP1α interaction in the randomly cycling population, and I would see little or no 

interaction in mitotically arrested lysates. 

Immunoprecipitations were performed first by using an anti-Mis18BP1 antibody 

and blotting back with antibodies against the GFP-tag of GFP-HP1α as well as against 

endogenous HP1α. Contrary to the original hypothesis, Mis18BP1 immunoprecipitations 

from mitotically arrested cells showed a distinct interaction between Mis18BP1 and both 

exogenous and endogenous HP1α (Figure 4-2A, last lane). In a reciprocal experiment, 

GFP-HP1α was immunoprecipitated by anti-GFP antibodies from randomly cycling and 

mitotically arrested lysates. There was an enrichment of Mis18BP1 in the anti-GFP 

(HP1α) immunoprecipitates from nocodazole treated cells. Once again, this strongly 

implies that there is a definite interaction between Mis18BP1 and HP1α in human cells, 

and that some aspect of the mitotic extract facilitates this interaction. 

For further confirmation that Mis18BP1 and HP1α bind, we performed size 

exclusion chromatography from mitotically arrested cells that stably express GFP-

Mis18α. I generated chromatin-free, mitotic extracts and I.K. Nardi ran the samples over 
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a Superdex 200 column, blotting the fractions for Mis18 complex proteins as well as 

endogenous HP1α (Figure 4-2C). HP1α most clearly co-eluted in a high molecular 

weight complex with Mis18BP1 (lanes 10 – 12). In addition, a population of HP1α also 

cofractionated with the mitotic Mis18α-Mis18β complex previously described in chapter 

3 (lanes 15 – 19). HP1α also eluted alone in another lower molecular weight complex that 

did not contain proteins of the Mis18 complex (lanes 21 – 23). These data indicate that 

Mis18BP1 and HP1α interact in a distinct complex in mitotic extracts. 

However, immunoprecipitations and size exclusion chromatography do not rule 

out the possibility that the interaction between Mis18BP1 and HP1α was mediated by 

additional factors that bind to each protein. HP1α and HP1β are both found to localize to 

pericentromeric heterochromatin [189]. Therefore, I.K. Nardi isolated recombinant full-

length MBP-Mis18BP1 as well as His-tagged HP1α and HP1β and assessed their 

interaction in vitro. This allowed us to determine if the Mis18BP1-HP1α interaction is 

direct and if there is a specificity for Mis18BP1 to bind HP1α over another 

pericentromeric heterochromatin protein. 

MBP-Mis18BP1 was incubated with either His-tagged HP1α or HP1β and 

possible interactions with Mis18BP1 were isolated on amylose beads. MBP-Mis18BP1 

clearly interacted with His-HP1α in this in vitro pull down assay, but no interaction was 

seen between MBP-Mis18BP1 and His-HP1β suggesting specificity for HP1α. However, 

the fraction of His-HP1α that was isolated on the amylose resin was a small fraction of 

the total input protein. This may indicate that other binding factors are involved in vivo to 



159 
 
help stabilize the interaction, or it may indicate that a robust Mis18BP1-HP1α interaction 

requires post-translational modifications, not present in the recombinant preparations. 
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Figure 4-2. Mis18BP1 physically interacts with HP1α. 

(A) Anti-Mis18BP1 immunoprecipitations from randomly cycling (nocodazole -) and 

mitotic (nocodazole +) populations of GFP-HP1α expressing cells. Rabbit IgG was used 

as an antibody control. Inputs equal 7% of total input fraction. (B) Anti-GFP IP from 

RIPA extracts of GFP-HP1α expressing cells allowed to randomly cycle (nocodazole -) 

or else mitotically arrested (nocodazole +), which was blotted for endogenous Mis18BP1. 

(C) Mitotic extracts from cells stably expressing GFP-Mis18α were run over a Superdex 

200 size exclusion column. Fractions were blotted for the presence of Mis18BP1, GFP-

Mis18α, Mis18β and HP1α. Arrows highlight the migration of protein standards with the 

indicated Stokes radii. (D) Amylose resin pull downs of recombinant full-length MBP-

Mis18BP1 incubated with either purified His-tagged HP1α or HP1β full-length proteins. 
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Figure 4-2 

SEC and amylose pull downs were performed by I.K. Nardi 
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HP1α is not required for centromeric recruitment of the Mis18 complex 

 Previous studies have shown that HP1 can generate a hotspot of CENP-A 

deposition outside of endogenous centromere loci [60]. Therefore, I tested whether HP1α 

was required for the centromeric localization of the Mis18 complex in early G1. I 

performed siRNA depletions of HP1α from cells stably expressing GFP-Mis18BP1. Cells 

were treated with HP1α siRNA over the course of 72 hours, using the protocol shown in 

Figure 4-3A. After siRNA treatment, GFP-Mis18BP1 cells were analyzed by western 

blot and immunofluorescence. Western blots against HP1α showed that HP1α protein 

levels were below 10% of untreated lysates in cells that had been treated with siRNA 

against HP1α (Figure 4-3B). Anti-Mis18BP1 blots indicated that HP1α depletion did not 

affect protein levels of endogenous Mis18BP1 or the GFP-tagged protein, as indicated by 

the doublet band. Immunofluorescence analysis showed that depleting HP1α did not 

affect the proportion of randomly cycling cells that displayed focal GFP-Mis18BP1 

localization to centromeres in G1. Additionally, the CENP-A levels at the centromere did 

not decrease appreciably in the HP1α depletions as compared to untreated controls.  

A similar experiment was repeated in a cell line that stably expressed GFP-

Mis18α. Depletion of endogenous HP1α did not affect the centromeric localization of 

Mis18α, similar what was seen with GFP-Mis18BP1. These results indicated that while 

Mis18BP1 and HP1α do interact in vivo and in vitro, this interaction may mediate 

additional functions of the Mis18 complex outside of its role in the CENP-A deposition 

pathway.  
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Figure 4-3. HP1α is not required for centromeric recruitment of the Mis18 complex. 

(A) Diagram of the siRNA treatment protocol used throughout the figure. (B) Western 

blots of whole cell lysates from HP1α depleted GFP-Mis18BP1 expressing HeLa T-Rex 

cells. Standard curve was generated from untreated extracts. (C) Representative images 

comparing GFP-Mis18BP1 localization in untreated and HP1α depleted cells. Anti-

CENP-T staining was used as a marker of endogenous centromeres. Scale bars = 5 µm. 

(D) Graph of the average percentage of randomly cycling cells that have GFP-Mis18BP1 

signal at centromeres. Error bars indicate the standard deviation across replicates. N = 2. 

(E) Representative images comparing GFP-Mis18α localization in GAPDH control 

siRNA and HP1α siRNA treated cells that stably express GFP-Mis18α. Anti-CENP-T 

staining was used as a marker of endogenous centromeres. Scale bars = 5 µm. (F) Graph 

of the percentage of randomly cycling cells that have GFP-Mis18α signal at centromeres. 

N = 1.  
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Figure 4-3
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Discussion and future directions: 

It has long been known that pericentromeric heterochromatin is required to 

maintain genomic stability, and that the Mis18 complex is required for HJURP-mediated 

CENP-A deposition. In this section, I determined that the centromeric localization of 

Mis18BP1 shifts over time from a focal, dot-like appearance to broad and diffuse patches 

surrounding clusters of centromeres. This staining pattern is reminiscent of HP1α 

localization at pericentromeric heterochromatin [190]. HP1α and HP1β localize to 

pericentric heterochromatin, and we discovered that Mis18BP1 preferentially interacts 

with HP1α. This interaction is not required for the Mis18 complex to localize in general 

to centromeres. However, it does suggest that the Mis18 complex may perform additional 

functions at the human centromere outside of the CENP-A deposition pathway. The 

following proposed experiments seek to explore two aspects of the Mis18BP1-HP1α 

interaction. The first set of experiments will focus on obtaining more complete 

knowledge of the cell cycle regulation regarding the interactions between these two 

proteins. The other set of experiments will try to determine the downstream functions of 

the Mis18BP1-HP1α interaction in centromere biology. 

 

Phospho-regulation of the Mis18BP1-HP1a interaction  

 The data in this section suggests that the Mis18BP1-HP1α interaction is regulated 

by the cell cycle. Both proteins contain several highly conserved domains. Mis18BP1 

contains a C-terminal SANT domain as well as an N-terminal SANTA domain. HP1α 

consists of an N-terminal chromo domain (CD), an internal hinge region and a C-terminal 
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chromo shadow domain (CSD). Therefore, the first step to understanding the cell cycle 

mediated regulation of the Mis18BP1-HP1α interaction would be to ascertain what 

portion of each protein is physically interacting with the other. 

Both proteins are amenable to recombinant protein preparations, especially when 

fragmented into smaller portions. Since all fragments of Mis18BP1 that displayed a 

diffuse centromeric localization pattern contained the SANTA domain, recombinant 

Mis18BP1SANTA
 will be generated and its ability to interact with the CD, hinge or CSD of 

HP1α will be assessed by in vitro pull down experiments. If the required recombinant 

proteins cannot be generated in sufficient quantities for these experiments, these 

constructs could also be expressed in human cells. Then the interactions could be assayed 

by immunoprecipitation. However, that method does not rule out the possibility of 

additional proteins facilitating the interaction. 

Once the interaction domain between Mis18BP1 and HP1α has been identified, 

possible phosphorylation sites will be mapped to each fragment. HP1α is phosphorylated 

throughout the cell cycle on its N-terminus, but is differentially phosphorylated at its 

hinge domain in G2/M [191]. Mis18BP1 is phosphorylated by Cdk1 and Cdk2 activity, 

and has putative phosphorylation sites throughout the length of the protein [164]. Cdk2 

kinase activity begins to increases as a cell reaches the end of G1, which corresponds to 

the timing of the localization shift I observed in the nocodazole release experiment 

described above (Figure 4-1, A – C) [98]. The Mis18BP1 mutational studies described in 

chapter 2 indicated that a combination of 24 individual phosphorylation sites were 

inhibitory to centromeric localization, but those experiments did not delineate between 
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several possible combinations of phosphorylations across the entire Mis18BP1 protein 

[164]. In interphase, Mis18BP1 interacts with chromatin in a highly dynamic way. 

Therefore, if a hypophosphorylated state originally directed Mis18BP1 to CENP-A-

containing chromatin in early G1; it is possible that during its continual exchange with 

the centromere, Mis18BP1 may gradually gain specific late G1 phosphorylations, which 

may shift Mis18BP1 localization within the centromere region, to nearby pericentric 

heterochromatin. 

Additionally, the kinase activity present in the above immunoprecipitations from 

mitotic extracts may be affecting the post-translational modification status of HP1α. 

HP1α also has a highly dynamic interaction profile with the pericentromere, similar to 

Mis18BP1. In addition, HP1α is specifically phosphorylated by NDR kinase in G2/M on 

its hinge domain. This phosphorylation alters HP1α localization and drives it to the 

kinetochores [191]. Therefore, the regulation between Mis18BP1 and HP1α may be 

regulated by post-translational modifications of either protein. 

Once an interaction domain is determined, a series of phospho mutants will be 

generated in order assess the effects of specific residues on the interaction. Discovering 

the Mis18BP1-HP1α interaction domain and possible regulatory posttranslational 

modifications will be a significant advance in a novel interaction at the human 

centromere. In addition, gaining the knowledge of how to disrupt the Mis18BP1-HP1α 

interaction will also prove invaluable to probe the downstream effects of this protein-

protein interaction. 
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Functions of the Mis18 complex outside of the CENP-A deposition pathway 

While HP1α depletion does not seem to have an effect on the localization of the 

Mis18 complex, we have not asked the reciprocal question: Is the Mis18 complex 

required for the recruitment of HP1α to the centromere region and for the establishment 

of pericentric heterochromatin? While the GFP-HP1α cell line constitutively expresses 

GFP-HP1α, localization of this protein to pericentric heterochromatin is most easily seen 

in mitotic spreads. Therefore, the first step to determine whether there is a dependency on 

the Mis18 complex for HP1α localization would be to deplete the Mis18 complex from 

GFP-HP1α cells for 48 to 72 hours. After successful reduction of the Mis18 proteins, 

HP1α localization will be determined by immunofluorescence on mitotic spreads. 

Comparing the presence and intensity of GFP-HP1α at the centromere region in controls 

to those cells that were depleted of the Mis18 complex would allow us to determine if 

transient Mis18 depletion affects the binding of HP1α to the centromere. This would be 

an interesting and novel linkage between the deposition of CENP-A and the maintenance 

of pericentric heterochromatin. If there was an effect in HP1α localization, this would 

indicate a new function for the Mis18 complex in the maintenance of centromeric 

structure. 

As the first set of experiments determined the domains that mediate the 

interaction between Mis18BP1 and HP1α, it will be possible to disrupt the Mis18BP1-

HP1α interaction. For example, if a specific phosphorylation event facilitates the 

interaction, the responsible kinase could be inhibited pharmacologically. In addition, 

phosphomutants could be generated that no longer mediate the interaction. Once the 
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Mis18BP1-HP1α interaction has been successfully disrupted, then the downstream 

effects of this particular protein-protein interaction could be assessed. 

Disruption of pericentromeric heterochromatin leads to genomic instability, which 

is characterized by segregation errors. One possible way to assess the effects on genomic 

stability would be to perform a chromosome loss assay after disruption of the Mis18BP1-

HP1α interaction. Stable cell lines expressing a shRNA resistant form of a Mis18BP1-

HP1α interaction mutant can easily be generated by the Flp-In™ recombination system. 

Once the stable line is created, viral transfection of an inducible shRNA will yield a cell 

line that will only express the mutant form of HP1α or Mis18BP1 when shRNA 

expression is induced. After successful depletion of the endogenous protein, FISH 

analysis could be used to compare the copy number of individual chromosomes in control 

and depleted cells. If the copy number of the marker chromosome changes appreciably 

when the shRNA is expressed, then the Mis18BP1-HP1α interaction truly has some effect 

on chromosome segregation fidelity. The benefit of this particular experiment is that 

Mis18BP1-HP1α disruption can be assessed over longer periods of time as compared to 

transient transfections of exogenous mutant proteins and siRNA. This would be an ideal 

way to assess the disruption of this interaction over the course of several cell generations 

rather than a maximum of three generations during a 72-hour transient transfection. 
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Additional interactions between Mis18 and the CCAN 
 
Introduction: 

Current investigations indicate that the recruitment of newly synthesized CENP-A 

nucleosomes to existing centromeres is mediated by contacts between the deposition 

machinery and the CCAN. In particular, several studies have detailed physical 

interactions between the Mis18 complex and CENP-C [99, 100, 109]. However, CENP-C 

may not be the sole mechanism by which the Mis18 complex is localized to the 

centromere. Instead, insights from the literature and the following preliminary data 

suggest that the Mis18 complex requires several contact points at the centromere to 

properly localize and initiate CENP-A deposition. 

Several lines of evidence suggest that the CENP-H/I/K complex may play a 

significant role in Mis18 complex localization. Previous studies highlight the requirement 

for CENP-I in the CENP-A deposition pathway [22, 192]. In one particular experiment, 

CENP-I was targeted to chromatin on a chromosome whose endogenous centromere had 

been removed by recombination, and the tethered CENP-I established CENP-A 

deposition and a functional kinetochore at that position [192]. CENP-A deposition 

requires the Mis18 complex at endogenous centromeres [18, 90, 91], and the 

functionality of these ectopic, CENP-I derived kinetochores indicates that CENP-A was 

likely assembled by its proper deposition machinery.  

In addition, yeast genetics indicate a relationship between the Mis18 complex and 

the CENP-H/I/K complex. Scm3 not only requires Mis18 to localize to centromeric 

chromatin, but the fission yeast homolog of CENP-K (Sim4) is also required for Scm3 
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recruitment [156]. Mis18 and Mis16 (RbAp48/46) also appear to be required for Mis6 

(CENP-I) localization in S. pombe [91]. These data highlight a conserved mutual 

interaction between the Mis18 complex and the CENP-H/I/K complex in the CENP-A 

deposition pathway. Therefore we sought to explore the interactions between the Mis18 

and CENP-H/I/K complexes in human cells, and establish that CENP-C may not be the 

sole CCAN adapter for the centromeric localization of the human Mis18 complex. 

 

Preliminary results: 

CENP-I and CENP-H recruitment effected by Mis18α-Mis18β 

 The first step to understand the functional interaction between the CENP-H/I/K 

complex and Mis18 complex was to deplete components of the Mis18 complex and look 

for changes in the localization of CENP-I and CENP-H. Since the Mis18 complex is 

required for CENP-A deposition, HJURP was depleted as an internal control for the 

reduction in centromeric CENP-A. If a change in the localization of CENP-I or CENP-H 

was observed when the Mis18 complex was depleted, but not when HJURP protein levels 

were reduced, it would indicate a specific dependency on the function of the Mis18 

complex, rather than an effect of a general reduction of CENP-A at the centromere. 

 First I assessed the effects of the Mis18 complex on CENP-I localization. Mis18β, 

Mis18BP1 and HJURP were depleted in U2OS cells by siRNA and compared to cells 

treated with negative control siRNA. All three protein levels were reduced below 10% of 

the control treated cells, while CENP-I levels remained constant across all conditions 

(Figure 4-4A). Cells were prepared for immunofluorescence and stained for endogenous 
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CENP-A and CENP-I. In cells treated with siRNA against the Mis18 complex and 

HJURP, the intensity of centromeric CENP-A was decreased, further indicating 

successful depletion of all three proteins. All cells across each treatment condition 

retained CENP-I staining at the centromere. The intensity of centromeric CENP-I 

staining was only reduced in the Mis18β condition, and not in cells treated with 

Mis18BP1 or HJURP siRNA. This reduction was small, but statistically significant. 

However, centromeric CENP-I levels actually increased when cells were depleted of 

Mis18BP1. This may suggest that CENP-I localization is specifically dependent on 

Mis18β rather than the entire Mis18 complex or the full CENP-A deposition machinery. 

Despite a reduction in centromeric CENP-A in all conditions, CENP-I retained the ability 

to localize to centromeric chromatin. 

 A similar experiment was repeated in a cell line that stably expressed GFP-tagged 

CENP-H. Mis18BP1, Mis18α and HJURP were depleted and GFP-CENP-H localization 

in each condition was compared to cells treated with negative control siRNA 

oligonucleotides. Centromeric CENP-A levels were used to assess the degree of Mis18 

complex and HJURP depletion. In all three conditions, the protein level of CENP-A at 

individual centromeres were greatly reduced. Similar to CENP-I, all imaged cells 

retained GFP-CENP-H at centromeres regardless of the treatment condition. There was a 

slight (< 1000 AU) but significant decrease in GFP-CENP-H intensity when cells were 

treated with siRNA against Mis18α. However, centromeric GFP-CENP-H levels actually 

increased when cells were depleted of Mis18BP1 or HJURP. This may suggest that 

CENP-H localization is specifically dependent on Mis18α rather than the entire Mis18 
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complex, which was similar to what was seen with Mis18β for CENP-I. These results 

may indicate additional interactions and functions that are specifically related to only a 

subset of the Mis18 complex proteins.  
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Figure 4-4. CENP-I and CENP-H recruitment effected by Mis18α-Mis18β. 

(A) Western blots of whole cell lysates from U2OS cells treated with siRNA against 

Mis18BP1 and Mis18β (left blot) as well as HJURP (right blot) for 48 h. Standard curve 

was generated with lysates from negative control treated cells. Ponceau staining was used 

as a loading control. (B) Representative images of U2OS cells treated as in A. CENP-A 

and CENP-I were stained with antibodies against the endogenous proteins. (C) Graphs of 

the integrated intensities of CENP-A (upper graph) and CENP-I (lower graph) staining at 

individual centromeres, for each siRNA condition. Red interval bars indicate the 95% 

confidence interval around the mean. Red *** indicates a p-value < 0.001 calculated by a 

Mann-Whitney test. N = 1. (D) Representative images of cells stably expressing GFP-

CENP-H treated with siRNA against Mis18BP1, Mis18α and HJURP for 48 h. CENP-A 

was stained with antibodies against the endogenous protein. (E) Graphs of the integrated 

intensities of CENP-A staining (upper graph) and GFP-CENP-H signal (lower graph) at 

individual centromeres, for each siRNA condition. Red interval bars indicate the 95% 

confidence interval around the mean. Red *** indicates a p-value < 0.001 and ** 

indicates a p-value of < 0.01 as calculated by a Mann-Whitney test. N = 1. 
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Figure 4-4
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CENP-I and CENP-K depletions reduce Mis18α localization in interphase 

 In the reciprocal experiment, HeLa cells that stably express GFP-Mis18α were 

treated with siRNA pools against CENP-I and CENP-K. After 48 hours of treatment, live 

cells were imaged by phase to determine the mitotic index. The same cells were then 

fixed and stained for endogenous CENP-A and CENP-I. As expected CENP-I levels at 

the centromere decreased when cells were depleted of CENP-I and CENP-K (Figure 4-5, 

A and B). In addition, depleting either CENP-I or CENP-K resulted in a clear increase in 

the mitotic index, which is indicative of the loss of both proteins from the centromere 

(Figure 4-5C) [22]. Since the Mis18 complex does not localize to centromeres during 

mitosis, this cell cycle arrest decreased the number of cells that were eligible to recruit 

GFP-Mis18α to centromeric chromatin. A decrease in the percentage of total cells that 

localized GFP-Mis18α to centromeres may not indicate a direct dependency on the 

presence of CENP-I or CENP-K for Mis18 complex recruitment. Therefore, I only 

assessed the GFP-Mis18α localization in cells that did not have a mitotic phenotype. 

Of the remaining non-mitotic population, there was a marked decrease in the 

percentage of cells that recruited GFP-Mis18α to the centromere. Centromere intensity 

analysis of cells that had centromeric GFP-Mis18α showed a significant decrease in 

CENP-I intensity. This indicates that these cells were also targeted by the CENP-I and 

CENP-K siRNA and likely were not a population that escaped depletion. Together with 

the experiments highlighted in Figure 4-4, these data indicate the possibility of a mutual 

dependency between CENP-H/I/K and Mis18α-Mis18β for proper centromere 

localization.   
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Figure 4-5. CENP-I and CENP-K depletions reduce Mis18 localization in 

interphase. 

(A) Graph of the integrated CENP-I intensity at individual centromeres under each 

siRNA condition. Red interval bars indicate the 95% confidence interval around the 

mean. Red *** indicates a p-value < 0.001 calculated by a Mann-Whitney test. N = 1. (B) 

Graph showing the percentage of total cells that are in mitosis. N = 1. (C) Representative 

images of cells stably expressing GFP-Mis18α treated with either negative control siRNA 

or siRNAs against CENP-I and CENP-K. CENP-A and CENP-I were stained with 

antibodies against the endogenous proteins. Insets show the localization of each protein at 

an individual centromere. Scale bar = 5 µm. (D) Graph depicting the percentage of 

interphase cells that had GFP-Mis18α localized to CENP-A foci. N = 1. (E) Graph of the 

integrated centromeric CENP-I intensity in cells that have GFP-Mis18α at centromeres. 

Red interval bars indicate the 95% confidence interval around the mean. Red *** 

indicates a p-value < 0.001 calculated by a Mann-Whitney test. N = 1. 
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Figure 4-5
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  CENP-C is not required to maintain Mis18α at the centromere 

 Previously described experiments in chapter 3 and work performed in other 

laboratories have shown a definite relationship between CENP-C and the Mis18 complex 

[99, 100, 109]. Xenopus has two isoforms of Mis18BP1. One isoform is recruited 

throughout the cell cycle (M18BP1-1), while the other isoform localizes only during G1 

(M18BP1-2), similar to the localization pattern of most Mis18BP1 homologs [100]. In 

extracts depleted of CENP-C, only the metaphase localization of M18BP1-1 was 

compromised, while the canonical, G1 localization of both isoforms remained intact 

[100]. Additionally, CENP-C depletions by shRNA in mice only weakly reduced the 

localization of Mis18BP1 to centromeres, despite a significant reduction in CENP-C 

protein levels [99]. Therefore, the model, in which CENP-C serves as the sole contact 

point between the Mis18 complex and centromeric chromatin, does not fully describe the 

data. 

In order to gain a deeper understanding of the role CENP-C plays in facilitating 

the centromeric localization of the Mis18 complex, I sought an assay were I could 

determine if CENP-C was required to keep the Mis18 complex localized to centromeres, 

after the complex had already been loaded onto chromatin. Perpelescu, et al, described a 

high salt wash assay that diminished the presence of CENP-C at endogenous centromeres 

by immunofluorescence, while maintaining the presence of other centromere proteins that 

are more tightly associated with chromatin, such as CENP-A [132]. If a loss of CENP-C 

after the high salt wash resulted in a diminished presence of the Mis18 complex at 

centromeres, then CENP-C may play a role in continually tethering the Mis18 complex to 
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the centromere. However, if the Mis18 complex remained associated with the centromere 

despite a loss of CENP-C, then CENP-C would likely not be the main binding site for the 

Mis18 complex at the centromere.  

HeLa cells stably expressing GFP-Mis18α were grown on glass coverslips for 48 

hours to 75% confluence. The growth media was then removed and replaced with either 

PBS or PBS supplemented with 500 mM NaCl for 30 minutes at 37°C. After the low and 

high salt washes, the GFP-Mis18α expressing cells were fixed and stained for CENP-C 

(Figure 4-6A). After high salt extraction, centromeric CENP-C was clearly depleted but 

there was no change in the percentage of cells that localized GFP-Mis18α to centromeres 

(Figure 4-6, A and B). In order to ensure that the cells that had GFP-Mis18α localized to 

centromeres were indeed depleted for centromeric CENP-C; I assessed the GFP-Mis18α 

and CENP-C nuclear intensities in GFP-Mis18α positive cell population (Figure 4-6C). 

The GFP-Mis18α positive cells that had been washed with high salt clearly displayed a 

reduction in centromeric CENP-C (Figure 4-6, A and C). 

Since CENP-C localization was determined using an antibody to the endogenous 

protein, I needed to ensure that the reduction in centromeric CENP-C was not a result of 

the CENP-C antibody’s inability to recognize the antigen after exposure to the high salt 

wash. In order to answer this question, I performed the salt wash experiment on GFP-

Mis18α expressing cells that had already been fixed with formaldehyde prior to the salt 

wash and compared the nuclear intensity of CENP-C staining to the original protocol 

(Figure 4-6, D and E). Nuclear intensities of GFP-Mis18α and CENP-C were little 

changed when the salt wash occurred after fixation (Post-Fix conditions). This indicates 
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that the CENP-C antibody retained its ability to recognize the antigen despite the cell’s 

exposure to high salt conditions. However, the decrease in nuclear CENP-C was once 

again seen when cells were washed with high salt prior to fixation, similar to the original 

salt wash experiment (Figure 4-6, A – C). Therefore, the depletion of CENP-C and the 

retention of GFP-Mis18α at the centromeres under high salt conditions were not due to an 

experimental artifact.   

 These data indicate that CENP-C is not required for the Mis18 complex to remain 

associated with centromeric chromatin. While previous data indicate a role for CENP-C 

in the recruitment of the Mis18 complex to centromeres in several organisms, CENP-C is 

not continually required for the Mis18 complex to remain at the human centromere. 

Additional interactions between the Mis18 complex and centromeric chromatin or the 

CCAN must exist. 
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Figure 4-6. CENP-C is not required to maintain Mis18α at the centromere. 

(A) Representative images of HeLa GFP-Mis18α cells that were washed with low salt 

(PBS) or high salt (PBS + 500 mM NaCl) prior to fixation. Centromeric CENP-C was 

visualized with an antibody raised against the endogenous protein. Scale bar = 5 µm. (B) 

Graph depicting the percentage of nuclei that had GFP-Mis18α localized to centromeres. 

At least 95 cells were analyzed in each condition. Error bars display the standard 

deviation across replicates. N = 2. (C) Bar graph shows the mean nuclear intensity of 

GFP-Mis18α (green) and CENP-C (red) in GFP-Mis18α positive nuclei in both salt wash 

conditions. Nuclear intensities were normalized to 1 in the PBS condition. Error bars 

show the standard deviation between replicates. The Student’s t-test was used to 

determine statistical significance (p < 0.05). N = 2. (D) and (E) Graphs depict the mean 

nuclear intensity of cells subjected to the low and high salt washes before (Pre-Fix) and 

after (Post-Fix) formaldehyde fixation of GFP-Mis18α and CENP-C respectively. N = 1. 
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Figure 4-6 
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Discussion and future directions: 

 While CENP-C may be required for the initial localization of the Mis18 complex, 

it is dispensable for maintaining the complex’s association with the centromere 

throughout G1. CENP-C is unlikely the sole binding partner of the Mis18 complex at the 

human centromere. In addition to the interaction between Mis18BP1 and CENP-C, 

Mis18α and Mis18β appear to functionally interact with the CENP-H/I/K complex. From 

these preliminary results and previous genetic and cell biological studies, CENP-A 

deposition appears to be determined by several contacts between the proteins of the 

CCAN and the Mis18 complex. However, there are several additional experiments that 

are required to fully support this hypothesis. 

 In order to fully ascertain the mutual dependency between the Mis18 complex and 

CENP-H/I/K, the issue of cell cycle arrest needs to be addressed. CENP-I and CENP-K 

depletions yield a significant mitotic arrest phenotype. The Mis18 complex is present at 

centromeres only in G1. While centromeric analysis of CENP-I intensity at the few 

remaining GFP-Mis18α positive centromeres in CENP-I and CENP-K depleted cells 

indicated that these cells did not escape siRNA depletion, the dearth of Mis18α positive 

cells may still simply be a result of a perturbed cell cycle. In order to combat the cell 

cycle effects of CENP-I and CENP-K depletions, I propose the following experiments. 

The Mis18BP24A mutant described in chapter 2 localizes to centromeres outside of 

G1 and can be seen at mitotic centromeres [164]. Therefore, transfecting in GFP- 

Mis18BP24A while depleting the CENP-H/I/K complex would allow us to assess Mis18 

complex recruitment regardless of cell cycle position. Additionally, we could force 
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CENP-I and CENP-K depleted cells to reenter the cell cycle by perturbing the spindle 

assembly checkpoint (SAC). Pharmacological interventions could be used, include 

treating CENP-I and CENP-K depleted cells with an Aurora kinase inhibitor, such as 

ZM447439. The SAC could also be compromised by codepletion of BubR1, which would 

also allow the CENP-I and CENP-K siRNA treated cells to escape the mitotic arrest. As 

GFP-Mis18α localizes to centromeres in late anaphase, these methods would yield a large 

population of cells that should have GFP-Mis18α localized to centromeric chromatin. 

Therefore, any affect would be easily discernable. Both of these methods will allow us to 

confirm the requirement for CENP-H/I/K in Mis18 localization without the possible 

confounding nature of cell cycle regulation. 

 Previous work has shown that targeting CENP-I to chromatin can recruit CENP-A 

and generate a functional centromere. As canonical CENP-A deposition requires the 

Mis18 complex, it is hypothesized that this non-centromeric deposition is mediated 

through the normal pathway. Therefore, assessing whether CENP-H/I/K is sufficient to 

recruit the Mis18 complex to chromatin can also confirm that CENP-I mediated CENP-A 

deposition occurs through the Mis18 complex rather than through other chromatin 

assembly factors [193]. 

If the Mis18 complex localizes to the ectopic CENP-I foci, it will be important to 

understand which member of the Mis18 complex is mediating that interaction. As 

detailed in chapter 2 and 3, the proteins of the Mis18 complex have each evolved to 

interact with unique binding partners at the centromere. In addition, the Mis18α- and 

Mis18β-specific effects on CENP-H and CENP-I recruitment, while slight, suggest that 
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this theme may also be true in this pathway. The LacO array could be used to determine 

this information; however, the presence of the endogenous Mis18 complex proteins 

would complicate the analysis. Therefore, I propose to attempt to isolate recombinant 

proteins or fragments of the CENP-H/I/K complex in order to assess whether there are 

physical interactions between particular Mis18 complex proteins and individual members 

of the CENP-H/I/K complex. 

However, the most powerful use of the LacO technology would be to assess the 

efficiency of CENP-A deposition at the LacO array when the CENP-H/I/K complex or 

CENP-C is targeted to the array. Comparing the efficiency of CENP-A recruitment when 

the Mis18 complex is targeted by the CENP-H/I/K, CENP-C or a combination of both 

would yield important insights as to sufficiency of either interaction. 
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Possible histone binding capabilities of Mis18BP1 
 
Introduction: 

 Human centromeres, and the centromeres of all known Mis18BP1-containing 

organisms, are regional centromeres whose location is specified epigenetically. Mis18 

binding protein 1 (Mis18BP1, M18BP1 or KNL-2) is a conserved protein in higher 

eukaryotes. Mis18BP1 has two domains, a C-terminal SANT domain and a more N-

terminally located SANT-associated (SANTA) domain. The SANT domain, which lies 

outside of the essential portion of Mis18BP1 (amino acids 2-721), is extremely well 

conserved (Figure 4-7A).  

SANT domains are found in many chromatin remodeling and modifying 

complexes. SANT domains and the highly related Myb domain, which is the DNA 

binding domain originally found in c-Myb, have been found to have a variety of 

functions [112, 194]. They have been known to function as interaction domains between 

complex partners, histone binding modules, and DNA recognition motifs. While these 

functions may seem very divergent, a common theme is the fact that SANT domains 

mediate specific interactions that drive localization and or activation of protein 

complexes in the context of chromatin. 

 A subcellular fractionation protocol allowed us to determine the localization of 

Mis18BP1 in different portions of a cell. Blotting the fractions for endogenous Mis18BP1 

showed that in randomly cycling cells, Mis18BP1 is overwhelmingly found in the 

chromatin fraction rather than in the nucleoplasm as evidenced by the lack of 

nucleophosmin (Figure 4-7B). This agrees with previous experiments that have isolated 
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the Mis18 complex from chromatin preparations as well as the fact that Mis18BP1 

remains bound to chromatin throughout the majority of G1 [91, 133]. Although the 

SANT domain is not required for CENP-A deposition, it could still mediate chromatin-

binding activity of Mis18BP1, outside of the CENP-A deposition pathway. Therefore, I 

was interested in testing whether the conserved SANT domain of Mis18BP1 could 

interact in vitro with the various histone tails found in centromeric and pericentric 

chromatin. 
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Figure 4-7. Mis18BP1 contains a highly conserved SANT domain. 

(A) Alignment of SANT domains from Mis18BP1 homolog across evolution. Clustal W2 

alignment of C-terminal SANT domains from evolutionarily diverse Mis18BP1 

homologs using Geneious Pro software [154]. Shading indicates conservation. Amino 

acid numbers correspond to the human protein sequence. (B) Subcellular fractionation 

from randomly cycling cells. Anti-Mis18BP1 western blot indicates the majority of 

Mis18BP1 lies in the chromatin fraction. Anti-nucleophosmin antibody was used to 

indicate proper fractionation of the soluble nucleoplasm from the chromatin fraction. 

   

Figure 4-7
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Preliminary results: 

Mis18BP1 SANT domain is not sufficient for in vitro histone tail binding  

The epigenetic environment of the human centromeres is a complex mixture of 

canonical H3 containing nucleosomes as well as CENP-A-containing nucleosomes. 

Therefore, there is the possibility of bindings all major histone variants at the human 

centromere. In order to ascertain if the SANT domain of human Mis18BP1 had any 

affinity for unmodified histone tails, we used a GST pull down strategy. 

Glutathione S-transferase (GST) fusions to the N-termini of H2A, H2B and 

CENP-A were constructed in the lab, while GST-H3.1, GST-H3.3 and GST-H4 were a 

gift from Dr. Patrick Grant [195, 196]. In addition, the SANT domain from Mis18BP1 

was tagged N-terminally with a 6xHis/thrombin/S-tag (His-Mis18BP1SANT). The GST-

tagged histone tails and the His-Mis18BP1SANT construct were purified from bacteria to 

milligram per milliliter concentrations (Figure 4-8A).  

After purification, an equal amount of each GST-histone tail was incubated with 

the purified His-Mis18BP1SANTand binding was assessed by GST pull down. Two 

different protocols were used to test the interaction. In the first, Pre-Mix protocol, each 

GST-histone tail fusion protein was mixed with equal amounts of His-Mis18BP1SANT for 

three hours prior to GST pull down. The second protocol, Pre-Bound protocol, the GST-

histone tail fusions were first bound to the immobilized glutathione agarose. Then the 

His-Mis18BP1SANT protein was allowed to interact with the pre-bound agarose. The Pre-

Bound protocol was used to ensure that all GST-histone tails that were present in the 
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binding reaction had already made a sufficient interaction with the agarose, possibly 

slightly increasing the sensitivity of the assay. 

However, we observed no binding between the His-Mis18BP1SANT construct and 

any of the GST-histone tail fusions (Figure 4-8, B and C). Coomassie staining clearly 

showed the presence of the His-Mis18BP1SANT as well as the GST fusions in the input. In 

addition, all GST-histone tail fusions were found solely in the bound fractions of the GST 

pull downs. This indicates that the pull down was very efficient, leaving little GST 

protein unbound. However, I only found His-Mis18BP1SANT in the unbound fraction in 

every case. In addition, I used an anti-His antibody to further confirm the lack of His-

Mis18BP1SANT in the bound fraction of the GST pull downs. His-tag signal was only 

found in the unbound fractions, and there was no signal even at extended exposure times 

(Figure 4-8, B and C). 
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Figure 4-8. Mis18BP1 SANT domain is not sufficient for in vitro histone tail binding. 

(A) Coomassie stained gels of Ni-NTA and immobilized glutathione agarose purified 

His-Mis18BP1SANT and GST-histone tail fusion proteins, respectively. BSA was used to 

generate a standard curve in order to ascertain protein concentration of each purified 

construct. (B) GST pull down using the “Pre-Mix” protocol where GST-histone tails 

were first incubated with His-Mis18BP1SANT prior binding to the glutathione agarose. 

Upper panels are coomassie stained gels. The input fractions are on the left, and the 

bound and unbound fractions from the GST pull downs are on the right. U and B stand 

for unbound and bound respectively. Bottom right panel is an anti-His western blot of the 

unbound (left) and bound (right) fractions from the GST pull downs above. (C) Same as 

in B, using the “Pre-Bound” protocol of pre-incubating the GST-histone tails to the 

glutathione agarose prior to addition of His-Mis18BP1SANT. 
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Figure 4-8
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Discussion and future directions: 

 While these experiments indicate no physical binding between the His-

Mis18BP1SANT construct and the GST-histone tail fusions, there are several limitations of 

these experiments. A lack of binding between the SANT domain of human Mis18BP1and 

recombinant histone tails in vitro does not necessarily dictate that the SANT domain has 

no contact with centromeric histones in vivo. At actual centromeric chromatin, almost all 

histone tails are subject to some post-translational modification. However, in this 

experiment, none of those modifications are present. While most SANT domains prefer 

to interact with unmodified histone tails, there have been a few examples of SANT/Myb 

domains that bind preferentially to modified peptides [194]. 

 In addition, the SANT domain of human Mis18BP1 may also need to be post-

translationally modified in order to interact with centromeric histone tails. It is known 

that Mis18BP1 can be phosphorylated by Cdk, and a Cdk site has been mapped directly 

to the SANT domain of Mis18BP1 [164]. While global Mis18BP1 phosphorylation has 

been shown to be a negative regulator of centromere interaction, it is possible that single 

or small combinations of phosphorylation events on Mis18BP1 may actually allow for 

chromatin binding, while others are inhibitory. 

While the SANT domain of Mis18BP1 is dispensable for the centromeric 

localization and CENP-A deposition function of Mis18BP1, it still may be involved in 

histone tail interactions for other unknown functions at the centromere. Centromeric 

chromatin, as well as pericentric heterochromatin, contains a variety of unique histone 

mark combinations. Therefore I proposed to use the APEX system in order to get a better 



195 
 
picture of the chromatin to which the Mis18 complex binds in vivo. E. Zasadzinska has 

generated stable cell lines that express HA-CENP-APEX and HA-H3.1-APEX. In these 

systems, the APEX-tagged histones are able to modify nearby proteins with a covalent 

linkage. The active radius of these conjugating enzymes is small and indicates a close 

interaction between the modified protein and the enzyme tag. Since human centromeres 

contain alternating blocks of H3 and CENP-A containing nucleosomes, it will be 

interesting to see whether the Mis18 complex associates more closely with CENP-A rich 

regions or prefers H3 domains as it recruits HJURP for CENP-A deposition. 

Additionally, the covalent reaction takes place over the course of seconds once treated 

with the activator (H2O2). This may allow us to follow possible chromatin contact 

changes as the localization of Mis18BP1 shifts as cells progress from CENP-A deposition 

towards the G1/S boundary. 
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Materials and Methods 
 
Mis18BP1-HP1α interaction: 

Tissue culture 

HeLa derived cells lines were cultured in DMEM High Glucose (Life 

Technologies) supplemented with 10% heat inactivated FBS (Optima, Atlanta 

Biologicals) and 1X Penicillin/Streptomycin (Life Technologies). U2OS derived cell 

lines were cultured in DMEM High Glucose GlutaMAX™ (Life Technologies) 

supplemented with 10% FBS and 1X Penicillin/Streptomycin. Cells were incubated at 

37°C in 5% CO2 and 85% humidity. A stable GFP-Mis18BP1 expressing cell line was 

generated using the Flp-In system (Life Technologies) in a previously established HeLa 

T-REX Flp-In cell lines (S. Taylor, University of Manchester), and maintained in 200 

µg/mL Hygromycin B-supplemented media. 

 

Immunofluorescence preparation and staining protocol 

Cells grown on poly-lysine coverslips were fixed for 10 min with 37°C 4% 

formaldehyde in PBS (137 mM NaCl, 2.7 mM KCl, 5.4 mM Na2HPO4, 1.8 mM KH2PO4) 

and then quenched for 5 min with 100 mM Tris pH 7.5. Coverslips were blocked for 1 h 

in blocking buffer: 2% heat inactivated FBS, 2% BSA, and 0.1% Triton-X100 in PBS. 

Primary antibodies were incubated for 1 h in blocking buffer: anti-CENP-A mouse 

monoclonal antibody (ab13939, Abcam) at 1 µg/mL and anti-CENP-T rabbit polyclonal 

antibody serum (D. Cleveland, Ludwig Institute for Cancer Research) at 1:2000, and anti-

HP1α (05-689, clone 15.19s2, Millipore) at 10 µg/mL. Coverslips were washed three 
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times for 5 min with 0.1% Triton-X100 in PBS. Secondary antibodies were diluted in 

blocking buffer and were incubated with the coverslips for 1 h (Alexa-647 conjugated 

goat-anti-mouse at 0.375 µg/mL, Cy5 conjugated goat-anti-rabbit conjugated at 0.375 

µg/mL, Cy3 conjugated goat-anti-mouse at 0.75 µg/mL; Jackson ImmunoResearch 

Laboratories, Inc.). Cells were washed as above and then incubated in PBS containing 0.2 

µg/mL of DAPI for 5 min. Coverslips were rinsed with PBS prior to mounting onto glass 

slides with Prolong Gold Antifade Reagent (Life Technologies). 

 

Nocodazole release and image analysis 

 HeLa GFP-Mis18BP1 cells were treated with 100 ng/mL nocodazole in DMSO 

for 12 – 14 h. Mitotics were collected and pelleted for 3 min at 1000g. Mitotic pellets 

were washed 5X in fresh media before replating on to poly-lysine coated glass coverslips. 

Cells were incubated at 37°C in 5% CO2 and 85% humidity for 1 h. At 1, 2, 3, 5, 7 and 

12 h post-release, cells were fixed according to the above protocol. Fixed cells were then 

stained with only DAPI prior to mounting. 

Fluorescence microscopy images were acquired using a DeltaVision 

deconvolution microscope (GE Healthcare Lifesciences) equipped with a CoolSNAP 

HQ2 camera (Photometrics). Images were collected using either a 60X (numerical 

aperture = 1.42; Olympus) oil immersion lens. All images within an experiment were 

acquired using identical exposure times across all time points. Images were then scored 

for mitotic index and GFP-Mis18BP1 localization pattern. 
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GFP-Mis18BP1 fragment expression and localization analysis 

U2OS cells were plated at a density of either 10,400 cells/cm2 in a 6-well plate 

and allowed to attach to the plate and coverslips for DNA transfections. The following 

day, cells were transfected with 1 µg plasmid DNA using Lipofectamine 2000 in Opti-

MEM according the manufacturer’s protocol (Life Technologies). For centromere 

localization counts of the GFP-tagged Mis18BP1 fragments, cells were transfected with a 

10:1 ratio of GFP construct to RFP-H2B plasmid, which served as a transfection marker. 

The transfection media was removed after 10 – 12 h and replaced with fresh growth 

media. Cells were harvested with 3mM EDTA-PBS for western blot analysis or fixed for 

immunofluorescence 48 h post-transfection. Centromeres were highlighted with either 

CENP-T or CENP-A antibodies. RFP-H2B positive cells were assayed for GFP-

Mis18BP1 fragment localization pattern and score for nuclear, focal centromeric or 

diffuse centromeric. 

 

Immunoprecipitations 

 HeLa GFP-HP1α cells were left to randomly cycle or were treated with 100 

ng/mL nocodazole in DMSO for 12 – 14 h. Randomly cycling cells were harvested with 

3 mM EDTA-PBS and mitotics were collected by mitotic shake off. Cells were then 

pelleted for 5 min at 1000g.  

For Mis18BP1 immunoprecipitations cell pellets were resuspended in cold lysis 

buffer (25 mM Tris pH 7.5, 150 mM KCl, 0.2% NP-40, 1 mM DTT, 5 mM NaF, 50 mM 

β-glycerophosphate, 200 mM sodium orthovanadate, 0.5 mM PMSF and 1X Roche 
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protease inhibitor cocktail). Cells were allowed to rest on ice for 10 min with gentle 

vortexing. Cell lysates were then sonicated 3X with a probe sonicator, on ice (30% 

output, 25% duty cycle for 1 min, 2 min rest), then sonicated for an additional 30 s (40% 

output, 25% duty cycle). Lysates were then centrifuged at 15000g for 10 min at 4°C. 1 

µL of anti-Mis18BP1 antibody (1 mg/mL, Bethyl Laboratories, Inc., Cat# A302-824A) or 

1 µL rabbit IgG (1 mg/mL) as added to lysates and rotated at 4°C overnight. Dynabeads 

were blocked overnight at 4°C in 1 mg/mL BSA. Blocked dynabeads were added to the 

lysate-antibody mixture for 2 h. Beads were washed 3X with cold lysis buffer and then 

resuspended 40 µL 1X sample buffer (60 mM Tris HCl/SDS pH 6.8, 5% glycerol, 1.67% 

SDS, 0.01% bromophenol blue, 1% β-mercaptoethanol). 

For GFP immunoprecipitations, cell pellets were resuspended in RIPA buffer (50 

mM Tris HCl pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 

5 mM NaF, 50 mM β-glycerophosphate, 200 mM sodium orthovanadate, 0.5 mM PMSF 

and 1X Roche protease inhibitor cocktail). Pellets were left on ice for 15 min and 

vortexed every 2 min. Cell lysates were centrifuged 300g for 5 min and the supernatant 

was treated as in the above IP protocol using anti-GFP (3404 or 1 µL rabbit IgG (1 

mg/mL) as added to lysates and rotated at 4°C overnight. Blocked dynabeads were added 

to the lysate-antibody mixtures for 2 h at 4°C. Beads were washed 3X with cold RIPA 

buffer and the resuspended in 40 µL 1X sample buffer. 
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Size exclusion chromatography 

HeLa cells stably expressing GFP-Mis18α (Iain Cheeseman, MIT) were plated 

and grown to 80% confluence. Cells were treated with 0.1 µg/mL nocodazole for 14 h 

and mitotic cells were collected by washing the plate with media and collecting detached 

cells. Cell pellets were brought up in ice-cold lysis buffer (3.75 mM Tris pH 7.5, 20 mM 

KCl, 0.5 mM EDTA, 0.5mM DTT, 0.05 mM spermidine, 0.125 mM spermine, 1 mM 

PMSF, 200 μM sodium vanadate, 50 mM β-glycerophosphate, 0.1% digitonin, 1X Roche 

Protease Inhibitors). Cells were disrupted on ice using a Wheaton glass dounce with a 

tight pestle. Lysates were centrifuged at 1000g for 5 min and dialyzed into a second 

buffer (50mM Tris-HCl pH 7.5, 250mM NaCl, 0.5mM DTT, 2.5% glycerol, and 0.05% 

NP-40). Lysates were cleared by centrifugation for 10 min at 1000g and separated by 

FPLC size exclusion chromatography in the dialysis buffer using a Superdex 200 10/300 

column (GE Healthcare). Separation was conducted using a Bio-Rad Duo-flow FPLC and 

0.5 ml fractions were collected. Fractions were concentrated using TCA precipitation, 

prior to immunoblotting.  

 

In vitro binding assays 

Mis18BP1 was cloned into a modified pMal-c2 vector containing an attR 

Gateway® cloning cassette inserted into the BamH1 cut site after the N-terminal MBP 

gene. Mis18BP1 harboring a C-terminal 6X-His tag was cloned into the modified pMal-

c2 vector using LR Clonase II (Cat# 11791020, Life Technologies). Entry clones of 

Mis18α and Mis18β were generated by recombination from PCR products according to 
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the Gateway® cloning protocol (Life Technologies) and were recombined into a 

HisNusA Gateway® vector (Addgene, pDest-544) using LR clonase II.  

Recombinant MBP-tagged Mis18BP1, His-Mis18α and His-Mis18β proteins were 

expressed in the Rosetta™ (DE3) pLysS bacterial strain. Transformed bacteria were 

grown in LB media to an OD of 0.6 at 37oC, cooled to 18oC, and protein expression was 

induced with 0.1 mM IPTG for 16 h at 18oC. Pellets were lysed in 50 mM Tris-HCl, 350 

mM NaCl, 0.5 mM CaCl2, 10% glycerol, 0.1% NP-40, 5 mM β-mercaptoethanol, LPC, 

and 1mM PMSF using a steel Wheaton dounce homogenizer. For His-tagged proteins, 20 

mM imidazole was added to the lysis buffer and 40 mM imidazole was added to the wash 

buffer. His-tagged proteins were purified using Ni-NTA agarose (Qiagen) eluted with 

250 mM imidazole. Mis18BP1 was initially purified using its C-terminal His-tag using 

the protocol above. It was further purified using a Superdex 200 10/300 column (GE-

Healthcare). Briefly, elutions were pooled and run over the column in the above buffer 

(without LPC and PMSF). Peak fractions were pooled and concentrated on Ni-NTA 

agarose and eluted in the same buffer containing 250 mM imidazole. 

In vitro pull-downs were performed in buffer containing 50 mM Tris-HCl pH 7.5, 

250 mM NaCl, 20 mM MgCl2, 0.5% NP-40, 10% glycerol, and 5 mM β-

mercaptoethanol. Recombinant proteins combined at 1:1 molar ratio and incubated for 3 

h at room temperature. Affinity matrices were pre-incubated for 1 h at room temperature 

in the same buffer supplemented with 0.2 mg/mL BSA. The blocked matrices were added 

to the pre-formed complexes and incubated for 40 min at room temperature. Wash buffer 

for Ni-NTA pull-downs, which was supplemented with 40 mM imidazole. The matrices 
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were resuspended in sample buffer boiled. Immunoblots were performed using antibodies 

against the 6X-His tags (sc-803, Santa Cruz Biotechnologies) and MBP tag (New 

England Biolabs). 

 

siRNA depletions 

Simple siRNA depletions of Mis18 proteins in cells that stably expressed GFP-

Mis18BP1 or GFP-Mis18α were accomplished by plating cells at a density of 10,400 

cells/cm2 in a 6-well format and letting the cells attach to the plate and coverslips. The 

following day, cells were treated with 50 nM Silencer® Select siRNA (HP1α (CBX-5), 

ID#: s23884, Cat#: 4392420, Ambion; GAPDH Positive Control siRNA, Cat# 4390850, 

Ambion) using RNAiMax in Opti-MEM. After 12 – 24 h, 1 mL of full growth media was 

added to supplement the reduced serum media. Cells were then harvested 48 h post-

siRNA transfection using 3mM EDTA-PBS or fixed and stained using the previously 

stated protocol. 

The degree of siRNA depletion was determined by immunoblot and protein 

depletion was estimated by a dilution series of control lysates. Cell lysates that 

corresponded to 1 x 105 cells were separated on 10% polyacrylamide gels and blotted to 

nitrocellulose using standard approaches. The nitrocellulose was blocked for 1 h in 

blocking buffer: 5% milk in TBST (137 mM NaCl, 2.7 mM KCl, 25 mM Tris Base, 0.1% 

Tween 20). Primary antibodies were incubated overnight in blocking buffer at 4°C 

[Mis18BP1 (Bethyl Laboratories, Inc., Cat# A302-824A), and HP1α (CBX-5, A300-

877A, Bethyl Laboratories, Inc.). HRP conjugated secondary antibodies were incubated 
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in blocking buffer at 40 ng/mL for 1 h at room temperature (Goat-anti-rabbit, Cat# 111-

0.35-003, Jackson ImmunoResearch Laboratories, Inc.). HRP was detected using the 

West Pico or West Femto ECL Regent (Pierce) chemiluminescent substrate. 

 

Additional interactions with the CCAN: 

Tissue culture 

HeLa GFP-Mis18α cells lines were cultured in DMEM High Glucose (Life 

Technologies) supplemented with 10% heat inactivated FBS (Optima, Atlanta 

Biologicals) and 1X Penicillin/Streptomycin (Life Technologies). U2OS derived cell 

lines were cultured in DMEM High Glucose GlutaMAX™ (Life Technologies) 

supplemented with 10% FBS and 1X Penicillin/Streptomycin. Cells were incubated at 

37°C in 5% CO2 and 85% humidity. 

 

siRNA depletion and western blot 

Simple siRNA depletions of Mis18 proteins in U2OS cells and cells that stably 

expressed GFP-Mis18α were accomplished by plating cells at a density of 10,400 

cells/cm2 in a 6-well format and letting the cells attach to the plate and coverslips. The 

following day, cells were treated with 20 nM Silencer® Select siRNA (Mis18BP1, 5’-

GGAUAUCCAAAUUAUCUCAtt-3’; Mis18α, 5’-GAAGAUGUCUUGAAAGCAUtt-

3’; HJURP, 5’-CAAGUAUGGAAGUUCGAUAtt-3’; Negative Control #2, Cat# 

4390846, Ambion) using RNAiMax in Opti-MEM. After 12 – 24 h, 1 mL of full growth 

media was added to supplement the reduced serum media. Cells were then harvested 48 h 
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post-siRNA transfection using 3mM EDTA-PBS or fixed and stained using the protocol 

below. 

The degree of siRNA depletion was determined by immunoblot and protein 

depletion was estimated by a dilution series of untreated lysates. Cell lysates that 

corresponded to 1 x 105 cells were separated on 10% polyacrylamide gels and blotted to 

nitrocellulose using standard approaches. The nitrocellulose was blocked for 1 h in 

blocking buffer: 5% milk in TBST (137 mM NaCl, 2.7 mM KCl, 25 mM Tris Base, 0.1% 

Tween 20). Primary antibodies were incubated overnight in blocking buffer at 4°C 

[Mis18BP1 (Bethyl Laboratories, Inc., Cat# A302-824A); Mis18β (BL10295, Bethyl 

Laboratories, Inc.); and HJURP (antibody 3399)]. HRP conjugated secondary antibodies 

were incubated in blocking buffer at 40 ng/mL for 1 h at room temperature (Goat-anti-

rabbit, Cat# 111-0.35-003, Jackson ImmunoResearch Laboratories, Inc.). HRP was 

detected using the West Pico ECL Regent (Pierce) chemiluminescent substrate. 

 

Immunofluorescence preparation and staining protocol 

U2OS and HeLa GFP-Mis18α cells grown on poly-lysine coverslips were fixed 

for 10 min with 37°C 4% formaldehyde in PBS (137 mM NaCl, 2.7 mM KCl, 5.4 mM 

Na2HPO4, 1.8 mM KH2PO4) and then quenched for 5 min with 100 mM Tris pH 7.5. 

Coverslips were blocked for 1 h in blocking buffer: 2% heat inactivated FBS, 2% BSA, 

and 0.1% Triton-X100 in PBS. Primary antibodies were incubated for 1 h in blocking 

buffer: anti-CENP-A mouse monoclonal antibody (ab13939, Abcam) at 1 µg/mL, anti-

CENP-C mouse monoclonal antibody (custom) at 1:3000, and CENP-H and CENP-I (gift 
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from the P. T. Stukenberg lab) at 1:1000. Coverslips were washed three times for 5 min 

with 0.1% Triton-X100 in PBS. Secondary antibodies were diluted in blocking buffer and 

were incubated with the coverslips for 1 h (Alexa-647 conjugated goat-anti-mouse at 

0.375 µg/mL, Cy3 conjugated goat-anti-mouse at 0.75 µg/mL; Jackson ImmunoResearch 

Laboratories, Inc.). Cells were washed as above and then incubated in PBS containing 0.2 

µg/mL of DAPI for 5 min. Coverslips were rinsed with PBS prior to mounting onto glass 

slides with Prolong Gold Antifade Reagent (Life Technologies). 

 

Centromere intensity analysis 

 CENP-I, CENP-H and CENP-A intensity at centromeres was measured from non-

deconvolved maximum projections, using ImageJ [175]. The integrated intensity of at 

least five random centromeres in each nucleus was measured across ≥ 35 cells. The 95% 

confidence intervals were calculated for each measurement population. Mann-Whitney 

statistical analysis was used to determine statistical differences between the medians of 

the centromere intensities for each condition at a confidence value of 95%. 

 

Salt extraction and intensity analsys 

 HeLa GFP-Mis18α were grown on poly-lysine coated coverslips until 75% 

confluence. To perform the salt wash, growth media was removed from the cells and 

replaced with PBS alone (low salt) or PBS supplemented with 500 mM NaCl (high salt) 

that had been pre-warmed to 37°C. Cells were fixed either prior to the salt wash (Post-

Fix) or after the salt wash (Pre-Fix) according to the standard fixation techniques 
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described above. Fixed cells were then stained for endogenous CENP-C (Cy5 as the 

secondary fluorophore) and images according to the standard techniques above.  

 To analyze the changes in intensity between the low and high salt wash 

conditions, maximum projections of deconvolved z-stacks were analyze by ImageJ 

software [175]. Entire nuclei were bounded by DAPI staining and the maximum intensity 

of GFP-Mis18α and CENP-C (Cy5) in each nucleus was recorded along with its GFP-

Mis18α localization status. The maximum intensity measurements of each condition were 

averaged within each replicate. This average intensity was set to 1 (or 100%) in the low 

salt condition. Statistical significance was determined by the student’s t-test. 

 

Possible histone binding capabilities of Mis18BP1: 

Subcellular fractionation 

 Cells were harvested with 3 mM EDTA-PBS, pelleted and washed in PBS. Cell 

pellets were resuspended in Buffer A (10 mM HEPES pH 7.9, 1.5 mM MgCl2, 10 mM 

KCl, 0.5 mM DTT, and 0.2 mM PMSF) and incubated on 10 min (whole cell). Cell 

resuspensions were lysed with a tight Wheaton glass dounce and lysates were centrifuged 

30 s at 14000g and the supernatant was the cytoplasmic faction. Pellet was resuspended 

in Buffer B (20 mM HEPES pH 7.9, 25% glycerol, 420 mM NaCl, 1.5 mM MgCl2, 0.2 

mM EDTA, 0.5 DTT, and 0.2 PMSF) and was the whole nuclear fraction. Add triton X-

100 to a final concentration of 1% to the resuspended nuclei and incubate on ice for 10 

min. Centrifuge 10 min at 14000g. Supernatant was the nucleoplasm fraction and the 

final pellet was the chromatin fraction.   
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 In order to analyze fractions by western blot, glycerol concentrations were 

equalized across fractions before loading into 10% polyacrylamide gels and blotted to 

nitrocellulose using standard approaches. The nitrocellulose was blocked for 1 h in 

blocking buffer: 5% milk in TBST. Primary antibodies were incubated overnight in 

blocking buffer at 4°C [Mis18BP1 (Bethyl Laboratories, Inc., Cat# A302-824A); 

Nucleophosmin]. HRP conjugated secondary antibodies were incubated in blocking 

buffer at 40 ng/mL for 1 h at room temperature (Goat-anti-rabbit, Cat# 111-0.35-003, 

Jackson ImmunoResearch Laboratories, Inc.). HRP was detected using the West Pico 

ECL Regent chemiluminescent substrate (Pierce). 

 

GST fusion protein purification 

 Rosetta bacteria transformed with GST-histone tails plasmids were grown 

overnight. One liter of LB was inoculated with the overnight culture and grown to on OD 

of 0.6 at 37°C. Cultures were then induced with 1 mM IPTG for 3 h at 37°C. Induced 

cultures were centrifuged at 8000g in a SLA-3000 rotor for 10 min. Pellets were 

resuspended in LB and transferred to 50 mL conical tubes. Resuspended pellets were 

centrifuged again at 4000g for 10 min. Supernatant was removed and the pellets were 

flash frozen for long-term storage. 

 Frozen pellets were thawed on ice in lysis buffer (50 mM Tris pH 7.5, 150 mM 

NaCl, 10 mM reduced glutathione, 10 mM β-glycerophosphate, 1.5 mM MgCl2, 1 mM 

DTT). Lysozyme was added to a concentration of 1 mg/mL and cell resuspensions were 

incubated on ice for 30 min, then they were processed with a metal dounce until all 
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viscosity was lost. Lysates were centrifuged at 10000g for 10 min at 4°C. Glutathione 

sepharose was added to the supernatant and rocked for 1.5 h at 4°C. The sepharose was 

centrifuge 300 rpm for 3 min. The pellet was resuspended in lysis buffer and loaded into 

a column. The sepharose was washed 3X with lysis buffer. Then the GST-histone tail 

protein was eluted 5X with elution buffer (50 mM Tris pH 7.5, 150 mM NaCl, 10 mM 

reduced glutathione, 10 mM β-glycerophosphate, 1.5 mM MgCl2, 1 mM DTT). 

 

His fusion protein purification 

 Rosetta bacteria transformed with His-Mis18BP1SANT plasmids were grown 

overnight. One liter of LB was inoculated with the overnight culture and grown to on OD 

of 0.6 at 37°C. Cultures were then induced with 1 mM IPTG for 3 h at 37°C. Induced 

cultures were centrifuged at 8000g in a SLA-3000 rotor for 10 min. Pellets were 

resuspended in LB and transferred to 50 mL conical tubes. Resuspended pellets were 

centrifuged again at 4000g for 10 min. Supernatant was removed and the pellets were 

flash frozen for long-term storage. 

 Frozen pellets were thawed on ice in lysis buffer (50 mM phosphate buffer pH 

7.5, 300 mM NaCl, 10 mM imidizole, 10 mM β-glycerophosphate, 1.5 mM MgCl2, 1 

mM DTT, 0.5 PMSF, 1X LPC). Lysozyme was added to a concentration of 1 mg/mL and 

cell resuspensions were incubated on ice for 30 min, then they were processed with a 

metal dounce until all viscosity was lost. Lysates were centrifuged at 10000g for 10 min 

at 4°C. Nickel-NTA agarose was added to the supernatant and rocked for 1.5 h at 4°C. 

The agarose was centrifuge 300 rpm for 3 min. The pellet was resuspended in lysis buffer 
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and loaded into a column. The sepharose was washed 3X with lysis buffer. Then the 

GST-histone tail protein was eluted 5X with elution buffer (50 mM phosphate buffer pH 

7.5, 150 mM NaCl, 250 mM imidizole, 10 mM β-glycerophosphate, 1.5 mM MgCl2, 1 

mM DTT). 

 Purified proteins were run out on a 12% SDS-PAGE gel. Separated proteins were 

then stained with coomassie (0.2% R-250 coomassie, 50% methanol, 10% acetic acid) for 

1 h. The gels were incubated in destain buffer (73% water, 20% ethanol (95%), and 7% 

acetic acid) overnight. Destained gels were dried in cellophane prior to imaging. 

 

GST pull down protocols 

 Protocol 1: 10 µg of each GST-histone tail was incubated with His-

Mis18BP1SANT in incubation buffer (20 mM Tris pH 8.0, 50 mM NaCl, 1 mM EDTA, 1 

mM DTT, 0.2% triton X-100, 10% glycerol). The constructs were rotated for 3 h at 4°C. 

After incubation, 10 µL of glutathione sepharose was added to the GST and His-tagged 

constructs and rotated for 30 min at 4°C. The sepharose was washed for 3X with 

incubation buffer and then pelleted at 500g for 3 min. The supernatant was removed and 

was the unbound fraction. Then the sepharose was resuspended in 1X sample buffer to 

generate the bound fraction. 

Protocol 2: 10 µg of each GST-histone tail was incubated with glutathione 

sepharose for 30 min at 4°C incubation buffer. The sepharose was washed for 3X with 

buffer. 4 µg of His-Mis18BP1SANT was added to the sepharose bound GST-histone tails 

and incubated for 3 h at 4°C. The sepharose was washed for 3X with buffer and then 
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pelleted at 500g for 3 min. The supernatant was removed and was the unbound fraction. 

Then the sepharose was resuspended in 1X sample buffer to generate the bound fraction. 

Bound and unbound fractions from both protocols were run out on 12% SDS-PAGE to 

separate the GST-histone tails and His-Mis18BP1SANT proteins. After separation on the 

gel, the presence of His-Mis18BP1SANT in the bound or unbound fraction was determined 

by western blotting (anti-His, clone H-15, sc-803, Santa Cruz Biotechnology; Goat-anti-

rabbit, Cat# 111-0.35-003, Jackson ImmunoResearch Laboratories, Inc.) and coomassie 

staining using the previously described protocols. 
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Antibody Dilutions 
 
Primary Antibodies 

Protein	 Host	 Label	Information	 Dilution	 Application

CENP‐A	 Mouse ab13939, Abcam 
1:1000 

(1 µg/mL) 
IF & WB 

CENP‐C	 Mouse Serum (Custom) 
1:3000 – 
1:5000 

IF 

CENP‐T	 Rabbit 
D. Cleveland 

Ludwig Institute for 
Cancer Research 

1:1000 
(1:2 in glycerol) 

IF 

GFP	 Rabbit 3403 (Custom Covance) 1:1000 WB 

His	 Rabbit 
H-15 

(Santa Cruz, sc-803) 
1:1000 WB 

HJURP	 Rabbit 3399 1:1000 WB 
Mis18BP1	 Rabbit BL10286/A302-825A 1:5000 WB 

Mis18BP1	 Rabbit BL10285/A302-824A 
1:1000 – 
1:2000 

WB 

Mis18β	 Rabbit BL10295 1:500 – 1:1000 WB 

Myc	 Mouse 
9E10 

(Santa Cruz, sc-40) 
1:250 WB 

Tubulin	 Mouse AA2 (Hybridoma) 1:1000 WB 

CENP‐I	 Rabbit 
Gift from P.T. Stukenberg 

(Dan Matson) 
1:1000 IF & WB 

CENP‐H	 Rabbit 
Gift from P.T. Stukenberg 

(Dan Matson) 
1:1000 WB 

 
Secondary Antibodies 

Protein	 Label	 Dilution	

G	α	M	 Alexa-647 (Jackson) 
1:2000 – 1:4000 
(1:2 in glycerol) 

G	α	M	 Cy3 (Jackson) 1:2000 – 1:4000 

G	α	R	 Cy5 (Jackson) 
1:1000 

(1:2 in glycerol) 
D	α	R	 Cy3 (Jackson) 1:1000 
G	α	M	 HRP (Jackson) 1:10000 
G	α	R	 HRP (Jackson) 1:10000 
D	α	H	 HRP (Jackson) 1:5000 
D	α	R	 HRP (Bethyl Reliablot) 1:5000 
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Plasmid List 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

***Plasmid maps in electronic laboratory copy*** 
 

Plasmid list on following pages 
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