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Abstract of the Dissertation 

Dynamics of Human Origin Recognition Complex During the Cell Division Cycle 

by 

Nihan Kara 

Doctor of Philosophy 

in 

Molecular and Cellular Biology Program 

Stony Brook University 

2014 

 

	
  DNA replication occurs once every cell cycle in normal cells and it is a tightly controlled 

process that ensures complete duplication of the genome. Perturbations in DNA replication may 

cause catastrophic consequences for the cell including compromised cell proliferation, genomic 

instability, or cancer susceptibility. The origin recognition complex (ORC) plays a key role 

during the initiation of DNA replication. I have studied the dynamics of ORC in human cells 

throughout the cell division cycle to better understand its function in replication initiation.  In 

human cells, the largest subunit of ORC, Orc1 is regulated during the cell cycle. During early S 

phase it is ubiquitinated and targeted for destruction. New synthesized Orc1 localizes to 

chromatin during M phase and during late G1 phase is sequentially lost from chromatin, 

remaining longest on chromatin that is normally late replicating. Orc1 also shows distinctly tight 

chromatin binding dynamics compared to other ORC subunits. Depletion of Orc1 causes 

concomitant loss of Mcm3 on chromatin. Together these results suggest that Orc1 acts as pioneer 

factor by localizing to chromatin during M phase, showing dynamic localization during G1 and 

recruiting other pre-RC components to chromatin as cell progress through G1. The data suggest 

that gradual removal of Orc1 from chromatin in late G1 phase may reflect the temporal pattern of 

DNA replication in S phase. 
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Chapter 1 

 

Introduction 

 

 

 

1.1 Initiation of DNA Replication 

 

 

In eukaryotic cells, the genome is duplicated once during S-phase of each cell division 

cycle and is highly regulated. DNA replication initiation begins with the assembly of pre-

replication complexes (pre-RC) at each origin on chromatin (reviewed in [6-9]). The process 

begins with binding of the six-subunit origin recognition complex (ORC) to chromatin at 

hundreds of sites in yeast and thousands of sites in metazoan cells (Illustration 1). The paradigm 

for initiation of DNA replication derives from studies in the yeast S. cerevisiae. In yeast, ORC is 

bound to the origins of DNA replication throughout the cell division cycle [10] and Cdc6 is 

recruited to these sites during early G1 followed by binding of Cdt1 that is complexed with the 

six mini-chromosome maintenance (Mcm2-7) proteins [11, 12]. The Mcm2-7 hetero-hexamer is 

destined to become part of the active helicase following initiation of DNA replication at each 

origin. Recruitment of Mcm2-7 helicase complex to ORC-Cdc6 complexes completes the 

formation of the pre-RC. Loading of Mcm2-7 onto chromatin is called replication licensing 

because only those origins that have loaded Mcm2-7 can initiate DNA replication. Following 

Mcm2-7 loading, ORC becomes dispensable [13-15]. Formation of pre-RCs occurs during the 



	
  

	
   2	
  

G1 phase of the cell cycle corresponding to the time when cyclin-dependent kinase (CDK) 

activity is low [16]. 

 

DNA replication begins only when the Mcm2-7 complex is activated by recruitment of 

additional proteins, including the S-phase cyclin-dependent kinase (CDK) and the Dbf4-

dependent Cdc7 protein kinase (called DDK) [17-19]. This second step in DNA replication 

initiation involves recruitment of many other factors, including Cdc45 and the four-subunit 

GINS protein complex that then forms a larger complex known as the pre-initiation complex 

(pre-IC). The Cdc45, Mcm2-7 and GINS form a particular complex that has DNA helicase 

activity and is called the CMG [20, 21]. Activation of licensed origins involves loading of Cdc45 

and GINS, which is crucial for activation of the CMG helicase. Loading of Cdc45 is regulated by 

two kinases Cdc7 (in DDK) and Cdk2 (in S-phase CDK) [22, 23]. Cdc7 phosphorylates multiple 

Mcm2-7 subunits, particularly a region of the Mcm4 N-terminus that functions in its 

unphosphorylated form as an intrinsic inhibitor of the initiation of DNA replication [24, 25]. In 

metazoans, however, the crucial target of DDK is unknown. In yeast, the S-phase CDK (Clb5-

Cdc28) phosphorylates Sld2 and Sld3, promoting their binding to Dbp11, which in turn 

facilitates loading of the GINS complex in a Cdc45 dependent manner [26-28].  

 

A final step in DNA replication is elongation and involves synthesis of nascent strands. 

Formation of the pre-IC is followed by origin unwinding. Single-stranded DNA binding protein 

RPA binds to unwound DNA [29-31]. Then, DNA polymerase alpha/primase is loaded and 

synthesizes an RNA primer that is extended by DNA polymerase alpha DNA polymerase 

activity [32-34]. Replication factor C (RFC), a multi-subunit protein complex, recognizes and 
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binds primer-template DNA and allows loading of PCNA (Proliferating cell nuclear antigen) to 

form processive DNA polymerase delta or epsilon complexes [35, 36]. Cdc45 may act as a 

bridge between the pre-RC and the proteins involved in elongation step since it has been shown 

that Cdc45 interacts with components of pre-RC such as Orc2 [37], Mcm2-7 [23, 38, 39], and 

proteins required for elongation like RPA [23], DNA polymerase alpha [29, 39] and epsilon [23]. 
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Illustration 1. Overview of DNA replication initiation. In metazoans, binding of ORC is cell 

cycle regulated (unlike yeast where ORC is bound to chromatin throughout the cell cycle). Orc1 

binds to chromatin during mitosis to G1 transition, and ORC complex recruits Cdc6 and Cdt1, 

which in turn facilitate binding of Mcm2-7 complex. The resulting pre-replication complex (Pre-

RC) is activated to form pre-initiation complex (Pre-IC) by the recruitment of additional factors. 

These include Cdc45, Sld2, Sld3, Dbp11, GINS complex and Mcm10. The initiation of DNA 

replication requires phosphorylation of pre-RC by CDK and DDK and recruitment of DNA 

polymerases. After replication all the components of pre-IC leave the chromatin except for some 

ORC subunits (Post-RC). Re-initiation of DNA replication cannot take place until G1 in next cell 

cycle when pre-RC is formed. (Adapted from Aladjem, M. I. (2007). "Replication in context: 

dynamic regulation of DNA replication patterns in metazoans." Nat Rev Genet 8(8): 588-600.) 
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1.2 Spatio-temporal dynamics of DNA Replication 

 

 

In metazoans, DNA replication initiates from thousands of sites called replication 

initiation regions or origins. In budding yeast, there are about 400 origins in each genome that 

consist of partially conserved sequence elements called ARS (autonomously replicating 

sequence), whereas in fission yeast the sequence requirements are less defined and distributed 

over large DNA segments that are rich in A and T bases. In metazoans the nature of these 

initiation sites are even less well defined. In contrast to yeast, attempts to find efficient ARS 

sequences in metazoans have failed. Instead, it has been shown that any DNA fragment of 

sufficient length can act as a replication initiation site in human cells [40-42]. 

 

Although the G1-S transition is a cell cycle regulated event, not all origins fire at the 

beginning of S phase. In yeast, a very well defined temporal program of origin activation occurs 

during S phase, with each origin being activated at a characteristic time [43]. Origin timing is 

determined in part by rate limiting DNA replication factors such as Cdc45, Sld2, Sld3 and Dbf4 

[44] and chromatin context [45]. Likewise, in metazoan cells not all origins are utilized at the 

same efficiency each cell division cycle and throughout the course of cell type differentiation 

during development the origin activity varies. Selection of new replication initiation sites occur 

at each cell cycle during a distinct time point during G1 which is called as origin decision point 

[46]. In addition to that, each selected origin starts firing in a temporal order which is determined 

later in G1 phase and this is known as timing decision point [47, 48].  
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DNA replication follows a global level of spatio-temporal patterning throughout S phase 

in which patterns of DNA replication change during early, mid and late S phase (Figure 1) [49]. 

Replication foci form these 120 nM structures, which are stable throughout S phase and over 

many cell generations [50, 51]. In early S phase there are numerous small foci throughout the 

nucleus, excluding the nucleoli and the nuclear periphery. In mid S phase, these foci become 

larger and better defined at the nuclear periphery and around nucleoli. Finally, during late S 

phase even larger but fewer replication foci are seen in electron dense interior regions of 

heterochromatin as well as smaller and fewer foci at the nuclear periphery. The presence of these 

foci suggests that certain clusters of replication origins are activated at the same time and that the 

timing is regulated, with some clusters activated early in S phase and others activated late. 

Another important aspect of DNA replication is the observation that the spatio-temporal pattern 

of DNA replication within the nucleus of each cell is inherited from mother to daughter cells [52-

54]. It has been shown that the replication sites in G1/S border overlap in two consecutive cell 

generations. Interestingly, maps of chromatin interactions determined by chromosome 

conformation capture technologies reveal the most definitive correlation with DNA replication 

timing profiles, indicating that clusters of replicons form a domain of the chromosome which is 

replicated at a characteristic time in S phase and are spatially compartmentalized into the visible 

replication foci in cells [55-58].  
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Figure 1. DNA replication follows a global spatio-temporal dynamics over S phase. Super 

resolution light microscopy images represent three characteristic replication patterns: Se (early S 

phase), Sm (middle S phase) and Sl (late S phase). Nascent DNA is detected by short pulse 

labeling of nucleotide analog (red), DNA is detected with DAPI (grey).  (Adapted from Casas-

Delucchi, C. S. and M. C. Cardoso (2011). Epigenetic control of DNA replication dynamics in 

mammals. Nucleus. 2: 370-382.) 
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It is known that chromatin structure largely influences replication timing, for example it 

has been shown that there is a strong correlation between histone acetylation levels and 

replication timing in several organisms including, budding yeast, Drosophila, Xenopus and 

human cells (Reviewed in [59, 60]).  

 

In budding yeast, Sir3, which interacts with the Sir2 histone deacetylase to silence sub-

telomeric heterochromatin and silent mating type loci, delays initiation of sub-telomeric origins 

[61]. Deletion of histone deacetylase Rpd3 causes some of the late non-telomeric and sub-

telomeric origins to fire earlier, concomitant with earlier Cdc45 loading onto those origins along 

and higher acetylation levels of histones around those origins. In addition, recruitment of histone 

acetyltransferase Gcn5 to the vicinity of a late replication origin causes early firing from this 

origin [45]. This suggests a role for histone acetylation in DNA replication timing. It is important 

to note that Rpd3 also plays a role in transcriptional repression. There are two functionally 

distinct Rpd3 complexes involved in this process, Rpd3L and Rpd3S.  Rpd3L is recruited to 

promoters by sequence-specific proteins like Ume6 [62]. On the other hand Rpd3S is non-

specifically recruited to actively transcribed regions to deacetylate the chromatin and suppresses 

transcription from the cryptic start sites [63]. It has been shown that Rpd3’s effect on replication 

timing is independent of its role in transcriptional silencing [64]. According to a genome-wide 

analysis of replication timing done in rpd3Δ cells using a BrdU-IP-Chip method, Rpd3 deletion 

causes an increase in histone acetylation surrounding Rpd3 regulated origins and advances 

initiation of more than 100 non-telomeric origins and Rpd3L plays the dominant role. Rpd3S 

plays a minor role, only affecting 6 origins [65]. Histone acetylation has also been shown to be 
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required for efficient origin activation in yeast since histone acetylation mutants have delayed 

origin activation [66].  

 

In human cells, a strong correlation between histone acetylation and origin activity was 

observed by a microarray study [67].  In another study, the histone deacetylase inhibitor 

trichostatin A advanced the timing of replication initiation in human cells [68]. Also, it has been 

shown that histone acetylation brings transcriptional independent control of replication timing in 

the human beta-globin locus [69]. Similarly, in mouse cells, DNA replication timing is correlated 

with chromatin status and late replication is followed by a reduction in H3K9 and H4 acetylation 

[70]. These observations illustrate the importance of histone modifications in the spatio-temporal 

program of DNA replication.  

 

Interestingly, the largest subunit of the origin recognition complex, Orc1 interacts with 

the MYST histone acetyl transferase Hbo1 in human cells [71]. Therefore the link between Hbo1 

HAT and Orc1 might indicate an important role in establishment of spatio-temporal regulation of 

DNA replication. It is also known that Hbo1 interacts with Mcm2 in addition to ORC. When 

Hbo1 protein was depleted by siRNA in human cells, Mcm2-7 failed to associate with chromatin 

even though ORC and Cdc6 loading was normal [72]. 

 

In cells, controlling the number and efficiency of the replication initiation sites is 

important to maintain genomic stability. In human cells, which accommodate around six billion 

base pairs in the DNA in their nucleus, control of replication initiation is crucial to prevent un-
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replicated regions from entering into mitosis and also to prevent re-replication during a single S 

phase.  

 

In eukaryotes replication initiation sites have different efficiencies with some origins 

firing in only a subset of S-phases in a population of cells. If the selection of replication initiation 

sites were totally stochastic then it would be highly likely that some regions of the genome 

remain unreplicated since those regions lack any initiation regions. This phenomenon has been 

addressed as the random completion problem [73, 74]. Therefore it is more likely that origin 

selection and efficacy is a non-random process to ensure that the entire genome is replicated. 

 

The dynamics of DNA replication is flexible over the course of development and 

differentiation. During early embryogenesis in Xenopus embryos, DNA replication starts at the 

same time randomly in all over the chromatin and with start sites for DNA replication located 

close together [75, 76]. During the mid-blastula transition, concomitant with onset of 

transcription and global changes in chromatin structure, DNA replication dynamics change, with 

the inter-origin distance increasing and a temporal pattern of replication timing being introduced 

[75, 76]. In mammalian cells, reprogramming of mouse somatic cells into embryonic stem cells 

is accompanied by a reduction in size of replication domains [77].  Other genome-wide studies 

also showed that upon differentiation, the replication-timing program changes in about half of 

the genome and involves 400-800kb units [56, 78-80].  

 

In fission yeast, it has been shown that ORC dynamics during the M/G1 period of the cell 

cycle pre-determine DNA replication origin usage and efficiency in S phase, and is also related 
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to the timing of pre-RC assembly in G1 [81]. Timing of ORC binding to an origin is correlated to 

the time of firing of the origin in S phase. Delaying Orp1 binding, the S. pombe Orc1 homolog, 

to an early origin by mutating it resulted in a delay in Mcm4 recruitment and Cdc45 binding and 

this was also reflected as a delay in DNA replication timing. Lengthening the M phase using a 

microtubule-depolymerizing agent caused redistribution of Orp1 at origins such that a more 

homogenous loading of Orp1 occurred at origins and the consequent DNA replication pattern of 

these origins changed, with efficient and early origins firing later while inefficient and late 

origins firing earlier in S phase. Furthermore, over-expression of Cdc45, Hsk1 (Cdc7 homolog) 

and Dfp1 (Hsk1 activator) caused increased firing in efficient and inefficient origins [81]. 

 

In Drosophila, high density ORC binding to chromosomal sites is a determinant of early 

replication of those sites and ORC is found to be associated with H3.3 enriched open chromatin 

sites [82]. Again, another study shows that ORC is enriched on sites with open chromatin 

features where there is dynamic nucleosome turnover [83]. Early replicating origins are 

correlated with different clusters of chromatin features. Two of these clusters are enriched in 

sites with activating histone marks, the presence of chromatin remodelers like ISWI, and DNA 

binding proteins such as RNA Polymerase II. These two clusters have the strongest correlation 

with early origin activation strength. Another cluster consists of repressive chromatin marks, 

heterochromatin binding proteins and another cluster contains insulator elements [84]. Recently, 

it has been reported that human Orc1 is associated with transcriptional start sites (TSSs), and 

transcription rate from those sites is correlated with replication timing [2], although this 

conclusion was based on Orc1 ChIP sequence data that was not very convincing. 
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1.3 Assembly of the Origin Recognition Complex (ORC)  

 

 

The origin recognition complex is composed of six subunits; Orc1-6 [85]. Human ORC is 

a dynamic complex in contrast to its budding yeast counterpart (Illustration 2) [85, 86]. Orc1, 

Orc4 and Orc5 are defined as typical AAA+ ATPase-like proteins with Orc1, Orc4 and Orc5 

containing functional ATP binding sites based on their primary sequence motifs. Mutations in 

ATP binding sites of Orc4 and Orc5 have been shown to impair complex assembly in vitro while 

Orc1 ATP binding is not required [3]. ORC complex assembles on chromatin in an ATP 

dependent manner during mitotic exit. Assembly of ORC is an Orc1 dependent process. 

Following ORC assembly during mitotic exit or during G1 phase, entry into S phase results in 

ubiquitin mediated proteolysis of Orc1 and subsequent dissociation of ORC complex from 

chromatin [3, 87-89]. Levels of Orc2, Orc3, Orc4 and Orc5 are constant throughout the cell 

division cycle [3] however the chromatin bound level of Orc2 decreases as the Orc1 level on 

chromatin also decreases as cells progress through S phase [89]. Moreover co-

immunoprecipitated levels of Orc2, Orc3 and Orc4 also decrease when Orc1 is 

immunoprecipitated from synchronized cells [89]. Orc6 interacts with ORC complex, however it 

only represents a small fraction of total Orc6 in cells [3]. 
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Illustration 2. Assembly of Origin Recognition Complex. Orc1 is loaded onto chromatin 

during mitosis and ORC assembles during G1 phase. At the G1/S boundary Orc1 is degraded and 

Orc4/5 and Orc6 dissociates.  Orc2/3 remain associated with centromeres and ORc6 associates 

with kinetochores during mitosis. (Adapted from Siddiqui, K. and Stillman, B., (2007). ATP-

dependent assembly of the human origin recognition complex. The Journal of Biological 

Chemistry, 282(44), pp.32370–32383.) 
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1.4 Diverse functions of the Origin Recognition Complex subunits 

 

 

In addition to its roles in DNA replication, ORC is known to be involved in other cellular 

processes including chromosome segregation, cytokinesis, and heterochromatin maintenance and 

centrosome duplication. 

 

During mitosis Orc2 and Orc3 subunits are required for stable spindle attachment and 

their absence causes aberrant mitosis with multipolar spindles [5](Ni and Stillman, unpublished). 

Another subunit of ORC, Orc6, which is the smallest subunit of ORC, has a role in cytokinesis. 

Orc6 is essential for cytokinesis in both Drosophila [90] and human cells [91]. Depletion of Orc6 

from cells by RNA interference results in cytokinesis defects in human cells. In Drosophila, 

Orc6 co-localizes and interacts with the Septin protein Pnut and stimulates its GTPase activity of 

the Septin complex [92]. 

 

ORC also has a role in heterochromatin maintenance. Multiple ORC subunits localize to 

heterochromatin and co-localize with HP1 foci. It has been recently shown that Orc1 and Orc3 

interact with HP1alpha and knockdown of Orc2 or Orc3 disrupts HP1 localization to 

heterochromatin [93]. In other studies ORC has been found to associate with H3K9me3, 

H3K27me3 and H4K20me3 marks, again suggesting a role in heterochromatin maintenance  [94, 

95]. 
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ORC also plays a role in centrosome biology. ORC subunits localize to centrosomes and 

Orc1, the largest subunit of ORC, controls centrosome copy number. Cyclin A promotes Orc1 to 

localize to centrosomes and in the centrosome Orc1 inhibits Cyclin E dependent centrosome re-

duplication in a single cell division cycle [96]. All these different functions of ORC indicate a 

diverse array of ORC associated proteins facilitating ORC in these functions.  

 

Recently, mutations in different ORC subunits have been implicated in Meier-Gorlin 

syndrome, which manifests itself with intra-uterine growth retardation, post-natal short stature 

and microcephaly [50, 97-99]. Meier Gorlin mutations in a region of Orc1 that is responsible for 

cyclin E/CDK inhibition cause centrosome re-duplication in a single cell division cycle [100]. It 

has been also recently shown that mutations in the BAH domain of Orc1, which is found in 

MGS, disrupt Orc1 association with histone H4 that is modified by di-methylation on lysine 20, 

H4K20me2, and also disrupts Orc1 binding at an origin region [101].  

 

Besides general understanding of ORC assembly dynamics, I proposed to study ORC 

chromatin dynamics as well as complex assembly in vivo to better understand its role in 

replication initiation and possible role in spatio-temporal regulation of DNA replication. Here, 

we propose that Orc1 acts a pioneer factor by binding to condensed mitotic chromosomes, and 

later recruiting other ORC subunits to those sites to facilitate assembly of pre-RC on origins 

during G1. Orc1 shows dynamic organized patterning in G1 nuclei that anticipates spatio-

temporal dynamics of replication in S phase indicating possible role of Orc1 in spatio-temporal 

regulation of DNA replication. 

  



	
  

	
   16	
  

 
Chapter 2 

 

Generation and characterization of  

monoclonal antibodies against human Orc1 protein 

 

 

 

2.1 Purification of human Orc1 protein 

 

 

In order to better understand ORC complex dynamics in vivo, I wanted to perform ORC 

immunoprecipitations in synchronized cells. At the time, Orc1 antibodies that could 

immunoprecipitate Orc1 were unavailable. Therefore I raised monoclonal antibodies capable of 

immunoprecipitating Orc1. For this purpose I have expressed recombinant human Orc1 protein 

as a glutathione S-transferase (GST) fusion protein in E.coli cells and purified the hybrid protein 

using a glutathione affinity column. The conditions for purification were optimized to get the 

highest protein yield with lowest levels of contaminant proteins. 

 

I used the recombinant Orc1 protein as an antigen for antibody generation and therefore 

purified a truncated version of Orc1 protein: GST-Orc1ΔN400 (expressing the GST-Orc1-401-

861 protein) for immunization of mice. pGEX-6P1 GST-Orc1 ΔN400 vector was transformed 

into E.coli BL21 DE3 Codon plus cells and cells were grown in appropriate medium. Then, 

cultured cells were induced with synthetic lactose analog IPTG (isopropyl-beta-D-
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thiogalactopyranoside) overnight and harvested the next day. To optimize yield and purity of the 

purified protein, different lysis buffer conditions and gluthathione resin were tested 

(summarized in Table 1). The effect of different buffer systems (HEPES, Tris, Phosphate 

buffer), detergent, ATP, DTT and different resin material (Sigma glutathione agarose beads 

[Buffer 3] or GE healthcare glutathione sepharose beads [all other buffers]) were investigated. 

Buffer system 1 and 8 were based on a previous study that used purified ORC recombinant 

proteins [3], buffer system 5 was based on a previous study that utilized purified human Orc1-5 

using a similar pGEX system [102]. Triton X-100 was tested since it may reduce non-specific 

hydrophobic interactions being a non-ionic detergent, which in turn may facilitate efficient 

solubilization and elution of the protein of interest. DTT (dithiothreitol) was tested since it is a 

reducing agent and may promote solubilization of proteins with cysteine residues. To purify the 

recombinant Orc1 protein, cells were lysed in indicated lysis buffer and then the extract was 

bound to glutathione column, washed several times and elution was done using reduced 

glutathione in corresponding elution buffer (Figure 2). The results indicated that the most 

efficient solubilization of Orc1 was when using buffer system 6 and 8. These two buffer systems 

also enabled the highest efficiency for the amount of eluted proteins. The presence of Triton in 

buffer 6 helped solubilize the protein compared to buffer 1. The other modifications including, 

DTT, or Tris in buffer systems did not significantly increase the yield or solubilization. ATP had 

a positive effect in solubilization and yield. Based on these findings I therefore used the buffer 

system 6 and 8 for purification of recombinant Orc1. 

 

In the recombinant GST-Orc1 ΔN400 protein, there is a prescission protease site between 

the GST tag and Orc1 protein to enable cleavage of the GST tag from the recombinant Orc1 
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(Figure 3). GST-Orc1-ΔN400 is 88kDa protein; while the prescission protease cleaved Orc1-

ΔN400 fragment is 62kDa. Results indicated that buffer system 6 gave higher yield after elution 

with prescission protease, however there was another band right above the Orc1 fragment visible 

in the Coomassie Brilliant Blue dye stain. In contrast, when buffer system 8 was used, the 

prescission protease eluate was cleaner. For this reason I used the prescission protease cleaved 

recombinant Orc1 fragment from buffer system 8 for the immunizations of mice. 

 

2.2 Screening monoclonal hybridoma cell lines 

 

 

Three mice were immunized with two boosts of purified recombinant Orc1 protein. Next, 

bleeds from these mice were tested in whole cell extracts for the ability to detect Orc1 in 

immunoblots and the ability to immunoprecipitate recombinant Orc1 from the same extracts 

(Figure 4). It was evident that all three bleeds reacted against Orc1 in whole cell extracts, with 

other cross-reacting proteins as seen from the western blot (Figure 4A).  The results also showed 

that all three bleeds were able to immunoprecipitate full length MBP-Orc1 (arrow) as well as its 

degradation products (lower bands) (Figure 4B).  All three bleeds also successfully 

immunoprecipitated purified GST-Orc1-ΔN400 protein (result not shown). 

 

Mice 2 and 3 were sacrificed and spleen cells were harvested. Afterwards, the spleen 

cells were used for fusion with NS1 mouse myeloma cell line to generate hybridoma cell lines 

for production of monoclonal antibody.  The hybridomas were grown as monoclonal cultures and 

supernatants from these cultures were used for screening. Initially the hybridomas were screened 
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by enzyme-linked immunosorbent assay (ELISA) using the antigen and positive clones were 

screened further. A total of 92 supernatants were screened for ability to immunoprecipitate 

purified MBP-Orc1 ΔN100, and among them a total of 27 supernatants were able to 

immunoprecipitate MBP-Orc1 ΔN100 (results not shown). Those 27 supernatants were further 

tested for their ability to immunoprecipitate Orc1 from HeLa whole cell extracts (Figure 5). Few 

of the supernatants were able to immunoprecipitate Orc1 and co-immunoprecipitate Orc4. 

Interestingly none of these supernatants that tested positive could detect Orc1 in western blots 

(Figure 6) suggesting that the supernatants were not able not detect the denatured form of Orc1 

in western blots. Therefore, these supernatants can only detect the native, un-denatured form of 

Orc1 protein.  

 

Based on these results, I selected three clones: 45-1-139, 78-1-188 and 81-1-172 (marked 

with asterisk) that immunoprecipitated Orc1 and co-immunoprecipitated Orc4 from whole cell 

extracts (Figure 5). Those monoclonal hybridoma cell lines were further used for production of 

ascites to obtain higher antibody titer. Ascites production is an excellent method to obtain high 

titers of the antibody [103, 104]. 

 

Monoclonal hybridoma cell line supernatants (a total of 44) were also screened for their 

ability to detect Orc1 in western blots (Figure 6). Our result showed that, clone 46-1-144 

detected a band corresponding to the size of Orc1 protein (arrow). This particular clone was 

selected for ascites production and further characterization.  
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Supernatants from monoclonal hybridoma cell lines were also tested for the ability to 

detect Orc1 protein in fixed cells by immunofluorescence. Two different fixation methods 

involving either methanol or paraformaldehyde were utilized for immunofluorescence detection 

of Orc1 with supernatants. Human osteosarcoma U2OS cells grown on coverslips were used for 

the assay. Alexa-fluor 488-conjugated goat anti mouse secondary antibody was used for 

fluorescence. However none of the supernatants tested positive for detecting Orc1 (results not 

shown). 

 

2.3 Characterization of antibodies 

 

 

Ascites containing high titer antibodies from clones 45-1-139, 78-1-188 and 81-1-172 

were tested again using HeLa nuclear extracts for ability to immunoprecipitate Orc1 (Figure 7). 

Orc2 and Orc3 immunoprecipitations were also performed as a control. The results showed that, 

all three of the anti-Orc1 monoclonal antibodies immunoprecipitated Orc1, which could be seen 

as the same molecular weight band protein that was immunoprecipitated by anti-Orc2 and anti-

Orc3 antibodies. Among those anti-Orc1 antibodies, antibody 78-1-188 was selected for further 

characterization. 

 

First, anti-Orc1 monoclonal antibody 78-1-188 was tested for its ability to specifically 

immunoprecipitate Orc1 (Figure 8). It can be seen that the antibody immunoprecipitated 

endogenous Orc1 (lower arrow) along with an over-expressed GFP-Orc1 fusion protein (upper 

arrow) (Figure 8A) from U2OS cell extracts indicating that the antibody was indeed 
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immunoprecipitating Orc1 protein. The antibody also co-immunoprecipitated other ORC 

subunits including Orc3 and Orc4 (Figure 8B), again indicating that the antibody recognized 

Orc1 specifically and co-precipitated other proteins that interact with Orc1. The fact that this 

antibody co-immunoprecipitated other ORC subunits was very useful since I was able to use this 

antibody to study ORC complex dynamics during cell division cycle.  

 

I wanted to determine the binding site of the anti-Orc1 monoclonal antibody 78-1-188 on 

its target antigen Orc1 protein. For this purpose, I performed epitope mapping of the antigen 

(Figure 9). I used N-terminal truncation mutants of MBP-Orc1 for immunoprecipitation with 

Orc1 antibody (Figure 9A). The results show that the antibody immunoprecipitated full length 

MBP-Orc1 and MBP-Orc1-ΔN400, however it failed to immunoprecipitate MBP-Orc1-ΔN500 

and other successive N-terminal truncation mutants. This suggested that the epitope was in the 

region between 400 and 500 amino acid of Orc1 protein. The antibody also failed to 

immunoprecipitate MBP-Orc1 1-400 and this was expected since the antigen used for 

immunization of mice also lacked this region of Orc1 protein (longer exposure blot also shows 

absence of this interaction, data not shown). 

 

The ascites for clone 46-1-144 that detected Orc1 in western blots was also tested for 

specificity (Figure 10). The antibody has been shown to detect Orc1 from HeLa and U2OS 

whole cell extracts (Figure 10A). To test for specificity, HeLa cells were transfected with an 

siRNA oligonucleotide directed against Orc1 that is known to deplete Orc1 from human cells 

[89], or a non-targeting siRNA oligonucleotides against the Epstein Barr virus nuclear antigen 1 

(EBNA) or luciferase (GL3), and harvested 72 hours post-transfection. Extracts from these cells 
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were used to test the antibody’s ability to specifically detect Orc1 protein (Figure 10B). The 

results showed that the band detected by the antibody 46-1-144 was depleted from extracts that 

had the Orc1 siRNA treatment. This result showed that anti-Orc1 mouse monoclonal antibody 

46-1-144 detects Orc1 specifically. 

 

To summarize, I was able to generate anti-Orc1 monoclonal antibodies that could 

immunoprecipitate Orc1 and co-immunoprecipitate Orc1 interacting proteins such as Orc3 and 

Orc4. I also raised a monoclonal antibody that could be used for detecting Orc1 in western blots. 

These antibodies can be utilized for many purposes such as studying Orc1 interacting proteins by 

immunoprecipitation, mass spectrometry analysis, determining Orc1 binding sites on chromatin 

by chromatin immunoprecipitation (ChIP), and studying of ORC complex dynamics in vivo by 

immunoprecipitation. 
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Figure 3. GST tag in recombinant Orc1 is cleaved by preScission protease. M: 

marker, the corresponding molecular weights are indicated in kDa (kilodaltons). I: input 

lysate. FT: flow through (unbound material). E: eluted fraction using reduced 

glutathione. PE: eluted fraction after prescission protease treatment. Buffer system used 

is indicated on the top. GST-Orc1-ΔN400 is 88kDa protein; while the prescission 

protease cleaved Orc1-ΔN400 is 62kDa. 
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Figure 4. Three mice were injected with purified Orc1-ΔN400 and bleeds were 

tested on whole cell lysates by western blots and immunoprecipitations. Hela and 

U2OS whole cell lysates were tested. A. Bleeds 1, 2 and 3 were diluted 1:1000 and blots 

were incubated overnight with the antibody. For positive control anti-Orc1 antibody 

PKS1-40 was used. Arrow corresponds to Orc1 protein. B. Bleeds 1-3 were used to 

immunoprecipitate purified MBP-Orc1 protein. Arrow corresponds to full length MBP-

Orc1.  
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Figure 7. Monoclonal antibodies immunoprecipitate Orc1 from nuclear extracts. 

Hela nuclear extracts were used for immunoprecipitation. Anti-Orc1 antibodies 45, 78 

and 81 denotes ascites from clones 45-1-139, 78-1-188, 81-1-172 respectively.  
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Figure 8. Monoclonal antibody immunoprecipitates GFP-tagged-Orc1 and 

endogenous Orc1, co-immunoprecipitates ORC subunits. A, Monoclonal 

antibody 78-1-188 can immunoprecipitate endogenous Orc1 protein as well as 

over-expressed GFP-Orc1 fusion protein from U2OS whole cell extracts, 

corresponding proteins are indicated with an arrow. B, Monoclonal antibody can 

co-immunoprecipitate other subunits of ORC including Orc3 and Orc4.  
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Figure 9. Epitope mapping for monoclonal Orc1 antibody. A, Antibody is used to 

immunoprecipitate purified MBP-Orc1 full length (FL) and truncation mutants. B, 

Epitope mapping for the Orc1 antigen reveals that the antibody recognizes MBP-Orc1 FL 

and MBP-Orc1-ΔN400 versions but not other N-terminal truncated mutants. Anti-MBP 

antibody was used for the blot. The corresponding sizes for the molecular weight marker 

are shown in kDa (kilo Daltons).  Asterisk indicates cross-reacting antibody heavy chain 

in IP section of the blot. 

A 

B 
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Figure 10. Orc1 antibody specifically recognizes Orc1 in cell extracts. A, Anti-Orc1 

antibody 46-1-144 detects Orc1 in HeLa and U2OS whole cell extracts. B, Antibody detects 

Orc1 specifically in western blot. HeLa cells were treated with siRNA oligos against Orc1, or 

non-targeting siRNA oligos EBNA and GL3. The Orc1 band is lost in siOrc1 treated extract. 

GL3 treated extract had been loaded as 100%, 50% and 10% (gradient). The corresponding 

sizes for the molecular weight marker are shown in kDa (kilo Daltons).  
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Chapter 3 

 

Chromatin dynamics of the Origin Recognition Complex 

 

 

 

3.1 Successive salt extraction of chromatin reveals distinct protein and DNA profiles 

 

 

Recent advances in genome wide tools including microarray platforms and next 

generation sequencing have led to advances in genome-wide profiling of chromatin binding 

proteins. The coverage, hence the depth of information has increased several fold with these 

advancements. Despite the advances in genome wide tools, the experimental protocols that are 

used to study chromatin interacting proteins such as chromatin immunoprecipitation have not 

significantly changed. One particular concern in chromatin preparation methods is that the 

preparation might not result in quantitative recovery of starting material. Successive salt 

extraction method provides a powerful tool to study protein chromatin dynamics, recovery and 

genome-wide profiling of physical properties of chromatin [105, 106]. 

  

My original goal was to identify a method to solubilize ORC subunits and perform 

chromatin immuno-precipitation to identify DNA sequences to which ORC bound throughout 

the cell division cycle. Therefore, to better understand the dynamics of ORC on chromatin I 

tested successive salt-extracted chromatin fractions of HeLa cells. First, nuclei were briefly 

treated with micrococcal nuclease (MNase) and then intact nuclei were subjected to successive 
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salt extractions with increasing salt concentration buffers (Figure 11A) [106]. It has been shown 

that successive salt-extraction of intact nuclei treated with MNase results in fractions with 

dramatically different genome-wide profiles; with the low salt soluble fraction enriched in highly 

accessible chromatin containing transcriptionally active genes and higher salt soluble chromatin 

representing the bulk of the chromatin. Interestingly, the profile of the insoluble fraction 

resembles that of low salt soluble fraction. The insoluble fraction is also enriched in transcribed 

regions albeit the peaks are wider, and there are additional regions in the insoluble fraction that 

are not present in the low salt soluble chromatin possibly representing other regions with 

chromatin bound complexes [105]. It is possible that large molecular weight complexes bound to 

these regions make it inaccessible to nucleases, rendering these regions insoluble. Treating the 

nuclei with successive salt extractions causes solubilization of nucleosomes (Figure 11B). Initial 

80 mM salt extraction solubilizes a small fraction of mono-nucleosome sized chromatin 

fragments. At 150 mM salt extraction those mono-nucleosome sized chromatin fragments are 

solubilized more effectively and as the salt concentration was increased to 300 mM di-

nucleosome sized and larger chromatin fragments were solubilized in addition to mono-

nucleosome sized fragments. 600 mM salt extraction solubilized tri-nucleosome sized fragments 

and almost no mono-nucleosome sized chromatin fragments were left beyond this point. After 

600mM salt treatment the insoluble pellet consisted largely of multi-nucleosome sized larger 

chromatin fragments.  

 

The protein profile at each successive extraction showed extensive differences (Figure 

11C). Successive salt extracted fractions were run on a SDS-PAGE gel and proteins were 

visualized by Coomassie Brilliant Blue staining, showing that successive salt fractions have 



	
  

	
   35	
  

different protein profiles. The majority of histones were solubilized at 300 mM salt extraction 

and they were almost completely solubilized after 600mM salt extraction, while some proteins, 

especially high molecular weight proteins, were still insoluble even after high salt treatment. A 

histone H4 immuno-blot also showed that by 600 mM salt concentration almost all histone H4 

was solubilized (Figure 12). 

 

3.2 Analysis of pre-RC components in different fractions 

 

 

Chromatin association of key pre-replication complex (pre-RC) proteins was studied in 

successive salt extracted fractions from HeLa cells (Figure 12). The results indicate that, Mcm2 

and Mcm4 subunits of Mcm2-7 complex were readily solubilized at 80 and 150 mM low salt 

concentrations. This suggests that Mcm2-7 subunits were not tightly associated with chromatin. 

This result is not surprising since it has been shown that Mcm2-7 proteins alternate between 

soluble and chromatin bound forms during the cell division cycle [1]. The results indicate that 

the soluble Mcm2-7 fraction was readily solubilized at low salt extractions while the chromatin 

bound form was solubilized at higher salt concentrations.  

 

Analysis of ORC subunits revealed that among the other ORC subunits Orc6 was the one 

that was most readily solubilized at low salt. However a small fraction of the protein remained 

insoluble. Orc6 is known to interact with ORC weakly and the association is likely transient [3]. 

This might explain why Orc6 is most readily solubilized. Orc2, Orc3 and Orc4 were also 
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solubilized albeit at higher concentrations and again a small portion of the proteins remained 

insoluble.  

 

Interestingly, Orc1 and Cdc6 proteins were salt resistant and remained insoluble up to 

300mM salt, and were solubilized only at high salt fractions.  A fraction of these proteins also 

remained insoluble in the pellet fraction. These findings are consistent with earlier findings that 

Orc1 is fairly salt resistant in mammalian cells [87, 89, 107] and Cdc6 being associated with 

nuclease resistant structures on chromatin [108]. Fluorescence recovery after photobleaching 

(FRAP) analysis with YFP tagged proteins in human cells also showed a distinct profile for Orc1 

[93]. Orc1 did not recover after photobleaching, while Orc2, Orc3 and HP1 were readily 

recovered. This indicates that Orc2 and Orc3 assemble and dissemble from chromatin more 

readily while Orc1 is more tightly bound to chromatin and less dynamic.   

	
  

The relative resistance of ORC, especially Orc1, to salt extraction indicates a tight 

association between the ORC and chromatin. We have investigated the extent of MNase 

digestion and found no significant difference in solubility of pre-RC components. Moreover 

increasing the incubation time for extractions did not improve the results as the majority of the 

proteins were extracted within a five minutes time frame. Presence or absence of detergent in 

extraction buffers did not affect the results as well (results not shown). These findings suggest 

that the insolubility of ORC is a true phenomenon rather than an experimental artifact. General 

insolubility of ORC complex subunits is likely due to Orc1, which associates with chromatin 

tightly and facilitates the assembly of ORC on chromatin. 
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3.3 Different cellular fractionation methods reveal similar ORC chromatin 

dynamics 

 

 

The finding that ORC components are resistant to extraction and a fraction of them 

remain insoluble led us to investigate whether this is a general phenomenon. For this reason I 

performed two different cellular fractionation protocols in HeLa cells (Figure 13). In the first 

method, which was developed to study pre-RC chromatin association, cells were lysed in Triton 

based sucrose rich buffer [1], then nuclei were collected and resuspended in a no salt buffer and 

optionally treated with micrococcal nuclease. Proteins that remained in the pellet fraction were 

enriched in chromatin bound proteins and proteins bound to nuclear matrix (Figure 13A). The 

second method was developed to purify chromatin bound proteins under native conditions [4]. In 

this method, cells were lysed in Nonidet P-40 based sucrose rich buffer. Next, nuclei were 

collected and resuspended in buffer B’ and homogenized with a Dounce B pestle to facilitate 

efficient lysis of nuclei. Then, the nucleoplasmic fraction was collected. The chromatin enriched 

pellet was treated with the nuclease benzonase to digest both DNA and RNA. After 

centrifugation the supernatant containing solubilized native chromatin proteins was collected 

(Figure 13B). 

 

I investigated ORC chromatin association using the above-mentioned methods (Figure 

14). Employing the first method, the results indicated that histones were associated with 

chromatin as expected (found in P3 fraction on MNase untreated extract) and MNase treatment 

solubilizes a significant fraction of histones (Figure 14A). An anti-tubulin blot showed that it 
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was only present in the S2 fraction indicating that the extraction of cytosolic proteins was 

complete. A small fraction of Mcm2 was associated with chromatin while the majority of Mcm2 

was readily solubilized with or without MNase treatment. ORC subunits including Orc1, Orc2, 

Orc3 and Orc4 were mainly associated with chromatin and MNase treatment partially solubilized 

these proteins. These results suggested that ORC was bound to chromatin tightly in these cells. 

Orc6, on the other hand, was also found in the nucleoplasmic fraction in MNase untreated cells 

(S3). The finding that ORC was not completely solubilized after MNase treatment suggests ORC 

might be associated with nuclear matrix structures.  

 

Native cellular fractionation method revealed that benzonase treatment solubilized 

histones and a significant fraction remained tightly bound to chromatin and insoluble. Mcm2 was 

found in the soluble nuclear fraction (N: nucleoplasm) and also in the chromatin bound fraction. 

A small fraction of Mcm2 was resistant to benzonase treatment, suggesting tighter chromatin 

association (Figure 14B). Interestingly, the Mcm2 that remained chromatin bound ran slower 

than the soluble Mcm2 protein, suggesting that it might be phosphorylated. A fraction of Orc2, 

Orc3, Orc4 and Orc6 was found in soluble nucleoplasmic fraction, while another fraction was 

chromatin bound and another fraction remained resistant to nuclease digestion. The results 

suggested that these proteins exist in nuclei as both soluble or chromatin bound forms. It is 

possible that certain combinations of these ORC subunits might exist as a sub-complex in the 

soluble fraction and recruited to chromatin as a sub-complex once Orc1 is bound to chromatin. 

Unlike other ORC subunits, Orc1 was only found in chromatin bound fraction. Interestingly, a 

much larger portion of Orc1 was nuclease resistant compared to other ORC subunits, again 

suggesting Orc1 chromatin association was stronger and tighter in comparison to the other ORC 
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subunits. For example, Orc2 and Orc3 was also more readily solubilized in lower salt conditions 

than Orc1 (Figure 14B). Among all ORC subunits studied Orc6 was the most readily solubilized 

subunit. Overall, these results again recapitulated the findings obtained by studying successive 

salt fractionation of MNase treated nuclei (Figure 12).  

 

3.4 Optimization of cellular fractionation method  

 

 

The finding that ORC, and particularly the complex containing the Orc1 subunit, was salt 

and nuclease resistant raised the question whether it would be efficient to study ORC complex 

assembly and disassembly dynamics in vivo using cellular extracts which might not effectively 

solubilize ORC subunits. In order to circumvent this issue I sought to find a cellular extraction 

method that effectively solubilized ORC and other chromatin associated proteins. 

 

For this purpose I investigated the effect of several buffer conditions in the cellular 

extraction method developed earlier [3], including buffering agent, pH, type of salt, salt 

concentration, presence and type of nuclease. In the end, I optimized a protocol to effectively 

solubilize ORC and other chromatin binding proteins (Figure 15). Nuclear extracts were 

prepared by resuspending the cells in hypotonic buffer and the suspension was homogenized 

with a Dounce B pestle to facilitate complete cell lysis. The intact nuclei were treated with 

DNase I and Benzonase nuclease cocktail in low salt. After the digestion, salt concentration was 

adjusted to 400mM NaCl to enable solubilization of chromatin-associated proteins efficiently 

(Figure 15A). 
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Analysis of ORC and MCM from these extracts revealed that Mcm3 was completely 

solubilized with nuclease and high salt treatment (Figure 15A). Orc2, Orc4 and Orc6 subunits 

were almost completely extracted and little or no protein is left in the insoluble pellet fraction. 

Orc1 and Orc3 were efficiently solubilized and a small fraction of these proteins still remained in 

the insoluble pellet fraction (Figure 15B). Interestingly, these two ORC subunits bind the 

heterochromatin protein HP1 [93]. An anti-tubulin blot showed that cytoplasmic fractionation 

was complete prior to nuclear extraction. These results encouraged us to pursue the study of 

ORC assembly dynamics in vivo now that I had an efficient extraction protocol for ORC 

constituents.  

 

In summary the results indicated that ORC was associated with chromatin tightly and 

among other ORC subunits Orc1 had the highest degree of salt and nuclease resistance indicating 

its tighter and less dynamic association with chromatin, as was shown by FRAP analysis earlier 

[93]. The distinct Orc1 chromatin dynamics might also indicate possible Orc1 and nuclear matrix 

interaction and is further discussed in Chapter 6. 
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3.5 Chromatin immunoprecipitation of ORC subunits 

 

 

As mentioned earlier in Chapter I, there is evidence in fission yeast that ORC dynamics 

during the M/G1 period of the cell cycle pre-determine DNA replication origin usage and 

efficiency in S phase, and is also related to the timing of pre-RC assembly in G1. Timing of ORC 

binding to an origin is correlated to the time of firing of the origin in S phase [81]. In the fruitfly 

Drosophila, the density of ORC on chromatin is reflected by the temporal dynamics of DNA 

replication since sites with higher ORC content tend to replicate earlier in S phase [82]. 

 

By studying ORC chromatin localization by ChIP-Seq at different stages during cell 

cycle, I might be able to determine if there is correlation with temporal profile of DNA 

replication. Moreover I would be able to compare ORC binding sites with other chromatin 

features such as active or repressed chromatin marks, DNase hypersensitivity, and correlation 

with binding sites of other chromatin binding proteins.  

 

At the time, there were only few studies involving ORC ChIP followed by semi-

quantitative or real time quantitative-PCR (RT-qPCR) analysis [109-116]. However, these 

studies often used only a few handpicked sites to show binding of ORC and a few sites to show 

absence of binding at the same regions on chromatin (MCM4/PRKDC, TOP1, LMNB2 and beta-

globin loci). In addition, these studies did not show the primers they used were actually working, 
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and lacked characterization of the antibodies used, and did not include data showing antibodies 

immunoprecipitate ORC from cross-linked extracts except for one study [112]. 

 

A recent paper on Orc1 ChIP-seq that utilizes low-density chromatin that is enriched in 

protein-DNA complexes shows enrichment of human Orc1 at 13,000 peaks over the genome 

with approximately 8000 peaks reproduced in replicate experiments [2]. When I investigated 

their published data the peak intensity looked low (around 20 reads per peak for Orc1 compared 

to RNA Pol IIa which has about 200 reads at some of the same loci), also some of the earlier loci 

(LMNB2 and CSF2) that were shown to be bound by Orc1 using the same antibody [109, 117, 

118] were not bound by Orc1 in this recent study or the peak intensity was too low, or the 

regions nearby also had peaks. In addition, the polyclonal antibody used in these studies was 

never characterized properly [109].  

 

Therefore, I proposed to take an unbiased approach to look at all ORC binding sites 

genome-wide by next-generation sequencing and I first proposed to confirm that the conditions I 

am using are suitable for immunoprecipitating ORC.  

 

Conventional chromatin immunoprecipitation techniques rely on denaturing conditions, 

which usually contain SDS in nuclear lysis buffer [119]. Briefly, Hela suspension cells were 

fixed with formaldehyde and quenched by glycine. Cells were lysed in a hypotonic buffer and 

then nuclei were lysed in 1x volume of buffer A (50 mM Tris-Cl pH 7.5, 1%SDS,). Next, 1x 

volume IP dilution buffer (20mM Tris pH7.5, 150mM NaCl, 1%Tx100, 0.01%SDS) was added 

to lysed nuclear extracts and the mixture was sonicated. After removal of insoluble debris by a 
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high-speed spin, the lysates were further diluted by addition of 3x volume IP dilution buffer. I 

have performed Orc1 and Orc3 chromatin immunoprecipitations using these extracts and 

antibody crosslinked to magnetic beads. I tested the amount of solubilized ORC proteins after 

sonication, about 90% of Orc1 and Orc3 were solubilized (Figure 16A) and only a small fraction 

was left in the insoluble pellet after 16 cycles of sonication, which sheared the chromatin to an 

average size of 500bp (Figure 16B). However when I performed Orc1 immunoprecipitation 

using this chromatin extract, I failed to detect any Orc1 by western blot. Also the Orc3 

immunoprecipitation was inefficient (Figure 16C). 

 

One possibility why I failed to immunoprecipitates Orc1 is that the conditions used for 

the ChIP is denaturing and therefore unsuitable to bring down native Orc1. Since I earlier found 

that the Orc1 antibodies that immunoprecipitates Orc1 failed to detect denatured Orc1 in western 

blots, denaturing conditions in ChIP also seemed to prevent antibody-antigen recognition. Thus I 

proposed to use a ChIP method using non-denaturing conditions. For this purpose, I optimized a 

non-denaturing ChIP method to immunoprecipitate ORC (Figure 17A).   

 

It is possible to shear DNA by sonication or micrococcal nuclease digestion. The 

conditions for sonication and micrococcal nuclease (Mnase) digestion have been optimized 

(results not shown). Extensive cycles of sonication (up to 20 cycles) were required to fragment 

the DNA to about 300bp length which might be very harsh for proteins and might dissociate the 

DNA bound proteins as well as protein complexes. On the other hand, Mnase treatment resulted 

in fragments of mono-nucleosome sized DNA at 5000u/mL enzyme concentration. I also 

compared Mnase and sonication methods for solubilization and chromatin immunoprecipitation 
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efficiency. Orc1 and Orc3 were more readily solubilized with micrococcal nuclease treatment 

than sonication (Figure 17B). Both methods yielded very efficient immunoprecipitations of Orc2 

and Orc3 (Figure 17C). For Orc1, I tested all three monoclonal antibodies that were generated 

(45-1-139, 78-1-188, 81-1-172). However, among those antibodies only clone 78-1-188 

immunoprecipitated Orc1 effectively (Figure 17D), which is the same monoclonal antibody that 

was further characterized in Chapter II. Since I was interested in ORC dynamics throughout the 

cell cycle and would like to investigate the dynamics of ORC chromatin binding and whether 

there is correlation with temporal ORC binding and temporal regulation of DNA replication, I 

used synchronized HeLa suspension cells to perform non-denaturing ChIP with Mnase treatment. 

 

Asynchronously growing HeLa suspension cells were blocked with addition of thymidine 

in two consecutive rounds to the culture medium, which creates an imbalance in nucleotide pools 

causing feedback inhibition of nucleotide synthesis and inhibition of DNA synthesis [120]. The 

cells were monitored by flow cytometry for DNA content and inspected under bright field 

microscopy for the presence of condensed mitotic chromosomes. The majority of the cells 

progressed through mitosis at 9-10 hours after release (results not shown), and we know that by 

this time point Orc1 starts to localize to chromatin (live cell imaging observation, Chapter V), 

and Orc2 and Orc3 are known to be present at centromeres during mitosis [5]. Flow cytometry 

profile showed that cells were in G1/S right before release, then cells progressed through S phase 

by 6 hours, were in G2/M at 9 hours and started entering G1 by 12 hours after release. At 17h 

cells reached late G1 (Figure 18A). 
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Since the goal was to perform ChIP-Seq, I wanted to have biological replicates for each 

experiment. There are 4 time points that I want to investigate, asynchronous cells, 9 hour mitotic 

cells, 12 hour early G1 and 17 hour late G1 cells. The extracts for ChIP were prepared as 

described earlier, the cells were fixed, lysed, and then extracts were treated with Mnase to 

fragment the DNA. The extracts were then tested for the presence of Orc1 and Orc2 (Figure 

18B). The Orc2 levels were constant at each time point while the Orc1 levels were lower at M 

phase cells since Orc1 levels start to increase during M after it gets degraded at S phase. 

 

The ChIP extracts were subjected to immunoprecipitation by anti- Orc1, Orc2 and Orc3 

antibodies and the IP efficiency was assessed after reverse crosslinking by western blot (Figure 

19). Under these conditions I was able to chromatin immunoprecipitate Orc2 and Orc3 from 

these extracts at each time point studied during cell cycle and from asynchronous extracts 

(Figure 19 A, B). For Orc1, it was hard to conclude that the immunoprecipitations worked due 

to the high background in the western blots (Figure 19 C).  The background was due to the 

crosslinking performed for ChIP extract preparation, and even tough the extracts were reverse 

crosslinked overnight, the background did not improve. Since our earlier results indicated that 

Orc1 associates with chromatin strongly and was nuclease and salt resistant, the crosslinking that 

is performed prior to extract preparation might not be necessary and this is generally known as 

native ChIP and used extensively for histone proteins [121]. The advantages of using the native 

ChIP protocol include antibody epitope recognition might be more efficient and higher 

immunoprecipitation yield can be obtained. Disadvantages of this technique are:  it might not 

generally be applicable to non-histone proteins, and protein can rearrange on chromatin during 

preparation. We still wanted to see white this method could be utilized for Orc1 ChIP. Thus I 
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have performed the exact protocol without crosslinking as well and immunoprecipitated Orc1 

from this extract (Figure 20).  Orc1 was immunoprecipitated efficiently using non-crosslinked 

(native) extracts. Orc1 was also immunoprecipitated from crosslinked extract as well, appearing 

as a darker band over the high background. I also tested whether Orc1 that was 

immunoprecipitated from non-crosslinked extracts has DNA by phenol-chloroform purification 

and found that it was the case (result not shown). 

 

At the end, I performed Orc1, Orc2 and Orc3 immunoprecipitations using crosslinked 

non-denaturing extracts from asynchronous, mitotic, early G1 and late G1 cells. I also performed 

Orc1 immunoprecipitations using non-crosslinked non-denaturing extracts from asynchronous, 

mitotic, early G1 and late G1 cells. After phenol-chloroform purification, DNA was used to 

prepare sequencing libraries. I have used Illumina TruSeq barcoded kit for this purpose, which 

enabled me to pool up to 12 samples at a time. Samples were then sequenced using HiSeq2000 

instrument. The resulting data was analyzed using Galaxy web tool offered by the CSHL 

Bioinformatics Facility, which enables users to upload data and analyze using powerful servers 

(http://bioinfo.cshl.edu/index.html).  

 

The data for Orc1, Orc2, Orc3 ChIP-Seq showed extensive background all over the 

genome lacking any specific peaks for all the time points studied (Figure 21). PRKDC locus is 

one of the loci where Orc1 has been shown to be bound by Orc1 ChIP-seq [2]. Earlier studies 

also indicated this locus was bound by Orc1 and Orc2 by ChIP-qPCR [112, 122, 123]. However 

as mentioned earlier, these studies did not use characterized antibodies, nor did they include 

extensive analysis of the locus. Only few amplicons were investigated in the locus. Our results 
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indicate extensive reads all over the PRKDC locus by Orc1, Orc2 and Orc3, however the 

intensity of this reads is low (Figure 21). One reason why I might have obtained these low 

abundance sequences throughout the genome might be that, ORC in human cells is a low 

abundance complex and lacks sequence specificity for DNA binding thus it is hard to enrich 

enough to obtain meaningful data. Another possibility is ORC binds all over the genome and the 

enrichment at particular sites is really low. Another possible reason why I did not observe any 

specific peaks might be due to size selection of 150-200 base pairs fragments during library 

preparation. A final possibility for the lack of peaks in the genomic data is that the PCR 

amplification of the post immuno-precipitated and size-selected DNA might be saturated, 

causing apparent uniform enrichment across all regions of the genome.  It is possible that ORC 

binds to smaller sized DNA fragments and size selection during library preparation causes loss of 

these fragments. Therefore I have prepared ChIP-seq libraries with smaller size DNA inserts and 

the libraries will be sequenced. 
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Figure 11. Profiling of successive salt-extracted fractions of chromatin in human cells. A, 

Illustration depicting the experimental outline: cells are first lysed in hypotonic buffer. Intact 

nuclei treated with MNase, supernatant is saved (MNase sup). Nuclei then subjected to successive 

salt-extraction with increasing salt concentration. The insoluble pellet after the last salt extraction 

(600mM) is also saved. B, DNA profile of successive fractions on agarose gel shows that 

increasing salt concentration solubilizes larger chromatin fragments. C, Protein profile of 

successive fractions revealed by Coomassie stain, histones are almost completely solubilized after 

600mM salt extraction. 

A 

B C 
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Figure 12. Chromatin dynamics of key pre-RC components. Profile of pre-Replication 

Complex (pre-RC) components in successive salt-fractions are studied by western blots. H4: 

Histone H4. Asterisk (*) in Orc2 blot represents a non-specific band [3].  
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Buffer A: 
10 mM HEPES pH 7.9 
10 mM KCl 
0.1% Triton X-100 
1.5 mM MgCl2 
0.34 M sucrose  
10% glycerol  
1 mM DTT 
 
Buffer B: 
3 mM EDTA  
0.2 mM EGTA 
1 mM DTT 
 
	
  

Buffer A’: 
10 mM TrisCl pH 7.9 
0.5% NP-40 
3 mM CaCl2 
2 mM MgOAc 
0.34 M sucrose  
1 mM DTT 
 
Buffer B’: 
20 mM HEPES pH 7.9 
150 mM KOAc 
0.1% NP-40 
1.5 mM MgCl2 
3mM EDTA 
10% Glycerol 
1 mM DTT 

 
Buffer C’: 
20 mM HEPES pH 7.9 
150 mM KOAc 
1.5 mM MgCl2 
10% Glycerol 

A B 

Figure 13. Comparison of cellular fractionation methods. A, Cellular fractionation 

method. Cells are lysed in hypotonic buffer, nuclei is treated with Mnase to release proteins 

from chromatin. Compositions of buffers are listed. Adapted from [1]. B, Native cellular 

fractionation method. Cells are lysed in hypotonic buffer, nuclei is treated with nuclear lysis 

buffer. Chromatin is treated with Benzonase to release chromatin bound proteins. 

Compositions of buffers are listed. Adapted from [4]. 
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Figure 14. Chromatin association of ORC. A, Chromatin association of ORC was studied 

using cellular fractionation method as illustrated in Figure 13A. Cells were lysed, nuclei were 

either treated or untreated with MNase. Different cellular fractions were run on SDS-PAGE 

gel. Coomassie staining shows histones. ORC subunits were studied by western blot. B, 

Chromatin association of ORC was studied using native cellular fractionation method as 

illustrated in Figure 13B. Cells were lysed, and nuclei were treated with Benzonase. Different 

cellular fractions were run on SDS-PAGE gel. C: cytoplasm, N: nucleoplasm, Chr: chromatin, 

P: insoluble pellet. Coomassie staining shows core histones. ORC subunits were studied by 

western blot. Asterisk indicates non-specific band in Orc2 blots.  

A B 
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B 

Buffer A’’: 
20mM Tris-HCl pH7.5  
50mM NaCl  
0.4% NP-40 
5mM MgOAc 
10% Glycerol 
1mM DTT  
 
Buffer B’’: 
Same as Buffer A’’  
+ 0.5mM CaCl2 
 
	
  

A 

Figure 15. Efficient extraction of ORC by nuclease and high salt cellular fractionation 

method. A, Overview of the cellular extraction method. Cells were lysed, nuclei were 

treated with nuclease cocktail (DNase I and Benzonase), salt concentration was adjusted to 

400 mM to release chromatin-associated proteins. Buffer compositions are listed. B, 

Extraction profiles of ORC and MCM as investigated by western blots. Asterisk shows the 

band in Orc2 blot as verified in an earlier study [5]. S: Soluble fraction Chr: Chromatin 

bound fraction P: Pellet 
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Figure 16. Conventional ChIP method fails to immunoprecipitate ORC efficiently.  A, The 

presence of ORC proteins in the extract was tested by western blot using input extract and 10 

fold concentrated insoluble pellet. B, The fragmentation profiles of DNA after indicated 

successive sonication cycles were analyzed by agarose gel electrophoresis. C, Orc1 and Orc3 

chromatin immunoprecipitation and western blot after reversing the crosslinking. 
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A 

Figure 17. Non-denaturing conditions can be used to chromatin immunoprecipitate ORC. 

(Continued on next page) 

C B 

D 
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Figure 17. Non-denaturing conditions can be used to chromatin immunoprecipitate ORC. 

A, Diagram of non-denaturing ChIP method. Cells were fixed and lysed. Nuclei were either 

sonicated or digested with micrococcal nuclease (Mnase) treated to fragment the DNA.  The 

salt concentration of the final extract after sonication or Mnase treatment was adjusted to 

200mM.	
  B, Levels of Orc1 and Orc3 were measured in the extract to compare solubilization of 

ORC in sonicated and Mnase treated extracts. C, Orc2 and Orc3 IP efficiency was tested by 

western blots after reversing the crosslink to protein. D, Orc1 IPs performed using 3 different 

monoclonal antibodies (45-1-139, 78-1-188, 81-1-172 respectively) and efficiency was tested 

by western blot after reversal of the crosslinking. Arrow indicates the molecular weight where 

Orc1 normally runs.  
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Figure 18. Non-denaturing extracts for ChIP from synchronized HeLa cells. A, HeLa 

suspension (spinner) cells were synchronized by double thymidine block and release. Cell cycle 

profile was monitored by flow cytometry using propidium iodide (PI) stained cells. X-axis 

shows DNA content, Y-axis shows cell count. B, Extracts from each replicate were tested for 

Orc1 and Orc2. Arrow indicates specific Orc2 band, other bands shown are cross-reacting 

bands as verified in an earlier study [5]. 

   

A 

B 
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Figure 19. Crosslinked ORC is immunoprecipitated from synchronized HeLa cells. 

(Continued on next page). 
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Figure 19. Crosslinked ORC is immunoprecipitated from synchronized HeLa cells. HeLa 

suspension (spinner) cells were grown asynchronously or synchronized by double thymidine 

block and released for indicated hours and crosslinked. Chromatin extracts were prepared in 

non-denaturing conditions as described. A, Orc2 immunoprecipitations were performed using 

asynchronous (Asy) or synchronized (release time points in hours) ChIP extracts. B, Orc3 

immunoprecipitations were performed using asynchronous or synchronized ChIP extracts. C, 

Orc1 immunoprecipitations were performed using asynchronous or synchronized ChIP extracts. 

Arrows show the molecular weight band where Orc1 normally runs. 
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Figure 20. Native ChIP method used for Orc1 immunoprecipitation. Orc1 was 

immunoprecipitated from non-crosslinked extracts and also from crosslinked extracts. Arrow 

indicates the molecular weight where Orc1 protein normally runs. 
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Chapter 4 

 

Dynamics of the Origin Recognition Complex during cell cycle 

 

 

 

4.1 Synchronization of HeLa cells to study cell division cycle profile 

 

 

Despite a general knowledge of ORC assembly and disassembly dynamics in vitro, I 

wanted to study ORC complex dynamics in deeper detail in vivo throughout the cell division 

cycle. For example, it is not known exactly when all of the ORC subunits form a six-subunit 

complex in human cells, although it is assumed to be in G1 phase because Orc1 is degraded 

during the G1 to S phase transition. Monoclonal antibodies that recognize native ORC subunits, 

including Orc1, Orc2 and Orc3, were used to immunoprecipitate ORC complex at different time-

points during cell cycle. 

 

I used human HeLa suspension (spinner) cells to study ORC and pre-RC dynamics in 

vivo because the amount of cells could be easily scaled up for biochemical analysis. In order to 

synchronize cells I used a double-thymidine block and release method to arrest them at the G1/S 

border and then release the block so that cells can progress through S phase and subsequent 

mitosis. I adapted the protocol from an earlier study with some modifications [3] (Figure 22). 

Asynchronously growing, early passage HeLa cells were blocked with addition of thymidine to 
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the culture medium, which creates an imbalance in nucleotide pools causing feedback inhibition 

of nucleotide synthesis and inhibition of DNA synthesis [120]. After two consecutive thymidine 

blocks, cells were released into warm medium without additional thymidine to allow cells to 

progress through cell division cycle (Figure 22A). Samples were collected at various time-points 

and cell cycle progression was monitored by propidium iodide (PI) staining of DNA and 

analyzed by flow cytometry (Figure 22B). 

 

Analysis of the cell cycle profile show that cells were successfully blocked at the G1/S 

border at right before the release (0 hour time-point), cells progressed through S phase and by 6 

hours they were in mid-S to late –S phase. A sharp G2/M peak appeared at the 9 hour time-point 

and persisted during the 10 hour time-point. The cells were also studied under microscope to 

monitor the presence of mitotic cells by viewing chromatin condensation and the presence of a 

metaphase chromosome plate and this also peaked at the 9-10 hour samples (results not shown). 

At 12 hours cells were already in G1 phase and they continued to progress through G1 for up to 

the 18 hour time point. By 21 hours a fraction of cells entered S phase and 24 hours marked a 

greater fraction of cells in S phase, however cell synchrony was partially lost at and after this 

time point. 

 

4.2 Dynamics of pre-RC components monitored during the cell cycle 

 

 

Unlike yeast cells, human cells are proposed to have a dynamic ORC assembly and 

disassembly cycle throughout the cell division cycle. Formation of ORC begins with binding of 



	
  

	
   63	
  

Orc1 to chromatin, which is followed by recruitment of other ORC subunits during early G1 

phase, and as the cells enter S phase the Orc1 subunit is ubiquitinated and targeted for 

degradation and ORC becomes dispensable [3, 88, 89, 124]. I studied the dynamics ORC along 

with other pre-RC components in the double thymidine blocked and released HeLa cells (Figure 

23). 

 

Since ORC is bound to chromatin tightly, especially Orc1, I used the cellular 

fractionation method described in Chapter 3 that effectively solubilizes ORC from nuclei to 

study pre-RC levels during cell division cycle (Figure 15). HeLa cells were synchronized at the 

G1/S border by double thymidine block and release and extracts from each time points were used 

to study levels of pre-RC components during the cell division cycle. The dynamics of cell 

division cycle progression was monitored by several cell cycle markers (Figure 23). The results 

showed that cells started entering S phase as they were released from the block, as seen by the 

Cyclin E blot which shows that levels were very high at 0-hour time-point but then immediately 

disappeared. Progression through S phase was monitored by Cyclin A blot, because levels of 

Cyclin A gradually increased as the cells progressed through S phase and entered into G2 phase. 

After 9 hours mitotic cells accumulated as seen from the metaphase specific phospho-serine-10 

histone H3 blot and by 10 hours the vast majority of the cells were in mitosis.  

 

The levels of Cdc6 in nuclei fluctuate during cell cycle and it has been shown that Cdc6 

is targeted for degradation by the Anaphase Promoting Complex E3-ubiquitin ligase (APC-

CDH1) that mediates Cdc6 proteolysis during early G1 [125]. In addition, Cdc6 phosphorylation 

by Cyclin A/CDK2 leads to its re-localization to the cytoplasm during S phase [126]. My results 



	
  

	
   64	
  

show that Cdc6 levels were low during S and early G1 phase in nuclei consistent with previous 

observations. The anti-Cdt1 blot showed that the levels of Cdt1 increased as the cells progressed 

through G1 phase of the cell division cycle and then it was degraded as cells progressed into S 

phase. It is known that in human cells, Cdt1 levels accumulate in G1 phase and it is degraded at 

the onset of S phase to prevent re-licensing of the origins [127-129].  

 

The results show that levels of Orc1 dramatically decreased as the cells entered S-phase 

while the levels of the other ORC subunits, including Orc2, Orc3 and Orc4, remained fairly 

constant during the cell division cycle. Orc1 levels started to increase as the cells entered the 

mitotic phase and accumulated over the course of G1 phase. As mentioned earlier, it is known 

that Orc1 is ubiquitinated and targeted for degradation on the onset of S phase [88]. Mcm2-7 

exists as a chromatin bound complex and in an un-bound form in human cells and chromatin 

bound form is known to be dissociated as cells progress through S phase [130], whereas 

chromatin bound Mcm2-7 levels increase in G1 [1]. My results indicate that there was a decrease 

in chromatin bound Mcm3 during S phase and the levels increased as the cells progressed 

through G1, concurrent with the increase in Cdt1 levels which is involved in loading of Mcm2-7 

onto chromatin [131]. 
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4.3 ORC Complex dynamics during the cell division cycle 

 

 

I then investigated ORC complex assembly and disassembly dynamics during the cell 

division cycle in vivo. For this purpose, I performed immunoprecipitations (IP) with ORC 

antibodies. I needed to optimize the conditions to perform immunoprecipitations to reduce 

background and increase IP efficiency. For this purpose I developed a protocol to crosslink the 

antibody to magnetic beads and optimized the conditions to maximize the amount of antibody 

cross-linked without affecting the efficiency of epitope recognition by the antibody. I found that 

the ratio of antibody to beads was a crucial factor (results not shown). I also optimized the IP 

conditions to reduce background and increase efficiency and found several factors including 

initial concentration of the extract used, incubation time, IP washing conditions, concentration of 

ATP affect immunoprecipitation efficiency (results not shown). The final method I used is 

described in the Materials and Methods chapter (Chapter 7). 

 

I performed immunoprecipitations using double thymidine synchronized HeLa cell 

nuclear extracts with monoclonal antibodies raised against Orc1, Orc2 and Orc3 subunits of the 

ORC complex (Figure 24). The results show that the amount of Orc1 immunoprecipitated with 

Orc1 antibody decreased in S phase cells, concomitant with a decrease in the levels of Orc1 

during that time. Similarly when Orc2 or Orc3 antibody was used for immunoprecipitation, the 

amount of Orc1 that co-immunoprecipitated was significantly lower in S phase cells, but the 

interactions between Orc1 and Orc2, Orc1 and Orc3 and orc1 with Orc4 were detectable by the 
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beginning of G1, which corresponded to the 12 hour time point in the synchronized HeLa cells. 

Interestingly, even though Orc1 was present at earlier time-points during mitosis, the interaction 

between Orc1 with Orc2 or Orc3 or Orc4 occurred only in G1 phase.  

 

On the contrary, the interaction between Orc2 and Orc3 was found to be present 

throughout the cell division cycle with a slight increase during G1 phase when Orc1 was also 

present (Figure 24). Earlier reports indicate that in vitro Orc2 and Orc3 interacted regardless of 

presence of other ORC subunits [132]. Furthermore, Orc2 and Orc3 are known to be associated 

with chromatin throughout the cell division cycle [1]. The increase in interaction levels in the 

presence of Orc1 may suggest that Orc1 might stabilize this interaction and/or it might facilitate 

extra interaction opportunities by recruiting them into ORC in addition to the interactions that 

were already present in the cell. 

 

The results demonstrated that Orc4 associated with Orc2 and Orc3 only when Orc1 was 

also present in the complex and the interaction was lost upon degradation of Orc1 during S phase 

(Figure 24). These results suggest that recruitment of Orc4 to ORC is stabilized and/or promoted 

in the presence of Orc1, which is consistent with an earlier report on assembly of ORC complex 

both in vitro and in vivo [3]. Unfortunately I was not able to study the association of Orc5 due to 

lack antibodies that were suitable for this study. I tried raising an antibody against Orc5 protein 

however the monoclonal hybridoma cell lines that reacted strongly against Orc5 did not 

proliferate and died. 
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Overall, our results indicate that ORC is dynamic throughout the cell division cycle. 

Levels of Orc1 decreased in S phase and gradually increased during mitosis and were highest 

during G1 phase, while the levels of Orc2, Orc3 and Orc4 were fairly constant. Interaction 

between Orc1 and the other ORC subunits studied occurred only during G1 phase, while the 

interaction between Orc2 and Orc3 occurred throughout the cell cycle. Orc4 interaction with 

ORC only occurred during G1 when Orc1 was present in the complex, suggesting it might be 

facilitated and/or stabilized by Orc1. 
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Figure 22. Synchronization of HeLa cells at G1/S border by double thymidine block and 

release. A, Experimental outline for double thymidine block and release. Cells were blocked 

in excess thymidine containing medium to arrest them at G1/S border. B, Samples from each 

time point were collected and DNA content (propidium iodide stained) was monitored using 

flow cytometry. X-axis shows DNA content (PI-area), Y-axis shows percentage of cells. 

   

A 

B 
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Figure 23. Levels of pre-RC components during the cell division cycle in HeLa nuclear 

extracts. Levels of pre-RC proteins and cell cycle markers in synchronized HeLa nuclear 

extracts at indicated time points and cell cycle phase were studied by western blot. p-H3S10 

denotes phospho-serine 10 histone H3 blot. Ponceau stained blots are shown as loading 

controls.  
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Figure 24. Dynamics of origin recognition complex during cell cycle. Immunoprecipitation 

(IP) of Orc1, Orc2 and Orc3 were performed from double-thymidine synchronized HeLa 

suspension cell nuclear extracts at the indicated time-points after release and cell cycle 

phases. Co-immunoprecipitation of Orc1, Orc2, Orc3 and Orc4 were investigated by western 

blots as indicated. 
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Chapter 5 

 

Organized Orc1 spatio-temporal dynamics  

 

 

 

5.1 Orc1 is localized to chromatin during mitosis 

 

 

The observation that levels of Orc1 gradually increase as the cells goes through mitosis 

(Figure 17) led me to investigate when exactly new synthesized Orc1 becomes localized to 

chromatin.  

 

In collaboration with Drs. Supriya Prasanth and Manzar Hossain, a former and current 

postdoctoral fellow, respectively, in the Stillman laboratory, I investigated Orc1 chromatin 

localization dynamics using a YFP-Orc1 U2OS stable cell line (Figure 25). This cell line 

expresses YFP-Orc1 in levels similar to endogenous Orc1 (result not shown). Live cell imaging 

showed that in G2 cells, Orc1 levels were low (Figure 25, a). Interestingly, as the cells entered 

prophase and chromatin condensation began; Orc1 levels increased in cells and became visible 

exclusively on the condensed chromatin (Figure 25, d-h). Orc1 levels continued to increase on 

chromatin during metaphase and anaphase, and persisted on chromatin throughout the process of 

cell division (Figure 25, e-l). 
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In collaboration with Dr. Manzar Hossain, I then investigated Orc1 chromatin 

localization with live cell imaging during mitosis using a U2OS stable cell line that expressed a 

teratrcycline (tet)-inducible GFP-Orc1. Levels of GFP-Orc1 expressed in these cells were 

comparable to endogenous Orc1 levels [100]. Similar to results shown in Figure 23, we observed 

that Orc1 levels build up in early mitotic cells and Orc1 was loaded onto chromatin during 

prophase with simultaneous chromatin condensation (Figure 26, a-s).  Orc1 was observed on 

chromatin throughout the extent of mitosis and after the cells underwent telophase, the Orc1 

signal became diffuse as the nuclear membrane formed in the daughter cells and chromatin 

decondensation began (Figure 26, t-x).  

 

Orc1 was found to be associated with chromatin earlier than other ORC subunits such as 

Orc2. During mitosis, Orc2 appeared diffusely distributed in the cell while Orc1 was observed on 

chromatin in telophase (Figure 27A, a). After mitosis both proteins appeared on nucleus during 

G1 (Figure 27A, b). Therefore, Orc1 appeared in the daughter nuclei prior to Orc2, suggesting 

that Orc1 chromatin association was one of the first events in pre-RC assembly. It is known that 

depletion of Orc1 results in reduced chromatin association of Orc2 [89]. These results indicate 

that Orc1 is the first ORC subunit to bind to chromatin extensively during mitosis that facilitates 

recruitment of other ORC subunits to chromatin. 

 

To further support this hypothesis, Orc1 was depleted by siRNA treatment in the YFP-

Orc1 U2OS stable cell line and Mcm3 chromatin loading was assessed (Figure 27, B). siRNA 

oligos targeted against either the coding region of Orc1 or 3’UTR of endogenous Orc1 were used 

in addition to a control non-targeting siRNA against luciferase. In cells treated with control 
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siRNA, Orc1 and Mcm3 chromatin loading was normal (Figure 27B, a). However, in cells 

treated with siRNA against coding region of Orc1, depletion of both endogenous Orc1 and YFP-

Orc1 resulted in loss of Mcm3 protein from the chromatin (Figure 27B, b), suggesting loading 

of Mcm3 protein on chromatin requires Orc1, consistent with earlier findings [89]. To address 

whether the YFP-Orc1 can functionally complement endogenous Orc1, cells were treated with 

siRNA targeted against 3’UTR of endogenous Orc1. In these cells only depletion of endogenous 

Orc1 but not YFP-Orc1 was observed (data not shown). Mcm3 loading was normal in these cells 

suggesting YFP-Orc1 could functionally complement endogenous Orc1 and rescue MCM3 

loading defect (Figure 27B, c). 

 

Together these results suggest that the Orc1 subunit of ORC acts as pioneer factor that 

binds to chromosomes extensively during mitosis and recruits other pre-RC components to 

facilitate origin licensing on those sites. 

 

5.2 Dynamic spatio-temporal patterning of Orc1 during G1 

 

 

The results showed that Orc1 appeared first on chromatin during mitosis, previous studies 

showed that the binding of Orc1 protein to chromatin was lost during the G1/S transition and 

Orc1 was degraded as cells enter S phase [87-89]. To study the dynamics of Orc1 in human cells 

during G1, YFP tagged human Orc1 was used for transient transfection experiments in mammary 

epithelial MCF7 cells and diploid human fibroblasts IMR-90. In addition to these cells, YFP-

Orc1 stable U2OS osteosarcoma cells were also used (Figure 28). YFP-Orc1 in IMR-90 (Figure 
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28A), U2OS cells (Figure 28B), MCF7 cells (Figure 28C) all showed variable Orc1 nuclear 

localization.  

 

Interestingly, Orc1 showed homogenous punctate nuclear staining in a population of cells 

(Figure 28A, a; 28B, a-b; 28C, a-c) while other cells showed that Orc1 was restricted to large 

and discrete foci (Figure 28A, b-c; 28B, c-d; 28C, d-i). Time-lapse live cell imaging of YFP-

Orc1 expressing human MCF7 cells (Figure 28C) revealed cell cycle regulated distribution of 

Orc1. First, Orc1 showed a homogenous punctate distribution (Figure 28C, a-c), later however it 

was found at larger foci around the nucleoli (Figure 28C, d-j) and the nuclear periphery. These 

patterns formed by Orc1 were striking since they were reminiscent of the pattern of DNA 

replication in S-phase. By 10-14 hours, Orc1 almost disappeared from the nucleus in MCF7 cells 

marking the beginning of S phase (Figure 28C, l). Therefore, the results suggest that Orc1 shows 

dynamic spatiotemporal patterns, after which it is degraded in human cell lines studied. 

 

Spatio-temporal patterns of other pre-RC constituents including Mcm3 and PCNA were 

also studied during cell cycle (Figure 29).  Association of the hexameric MCM complex is the 

final step in assembly of pre-RC. Earlier reports show that MCM proteins do not co-localize with 

DNA replication forks during S-phase [133, 134]. S-phase replication patterning is usually 

monitored by DNA replication fork protein Proliferating Cell Nuclear Antigen (PCNA) staining 

or BrdU pulse incorporation to mark replication foci in the nuclei [49, 135-137]. 

 

Dual immuno-fluorescence labeling of Mcm3 (green) and PCNA (red) after pre-

extraction of soluble proteins in MCF7 cells revealed homogenous punctate distribution of 
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Mcm3 and absence of PCNA in G1 cells (Figure 29A, a-a’’). As the cells progress through S 

phase Mcm3 distribution changed, initially it was localized as punctate foci (Figure 29A, b-b’’), 

later it was found at nuclear and nucleolar periphery (Figure 29A, c-f). Interestingly, spatio-

temporal patterning of Mcm3 mimics the PCNA staining during S phase. However, MCM 

patterns preceded PCNA patterns by about 1-2 hours during cell cycle (Figure 29A, c-g). As the 

cells entered G2 neither Mcm3 nor PCNA was detectable. These observations are consistent with 

earlier findings that MCM spatio-temporal dynamics might anticipate replication fork temporal 

dynamics in S phase [134]. These results suggest that temporal pattern of Mcm3 distribution 

during G1 precedes S-phase PCNA patterns and temporal dynamics of MCM proteins could 

anticipate the replication patterns.  

 

Dual immunolabeling of Mcm3 and PCNA in YFP-Orc1 expressing MCF7 cells showed 

that Orc1 was present only in cells that were PCNA negative and had homogenous punctate 

Mcm3 distribution (Figure 29B, a-a’’’). In cells where very faint PCNA staining was observed, 

indicating very early S-phase, Orc1 staining was also very weak (Figure 29B, b-b’’’). These 

results suggest that temporal patterns formed by Orc1 are restricted to G1 nuclei only. However 

it is sill possible that a small fraction of Orc1 remains bound to chromatin beyond S-phase, 

similar to Orc2 subunit of ORC, which remains associated with centromeres after S phase [5]. 

These observations support the earlier findings that Orc1 levels are cell cycle regulated and it is 

degraded at G1/S boundary [88, 124].   
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5.3 Orc1 localization in G1 phase anticipates temporal patterning of DNA 

replication 

 

 

The finding that spatio-temporal dynamics of Orc1 during G1 phase was similar to some 

of the global DNA replication patterns, particularly the late replication patterns seen in S phase 

raised the question whether Orc1 temporal dynamics might reflect temporal replication patterns. 

The spatio-temporal patterns of DNA replication are known to be inherited from mother nuclei to 

daughter nuclei [52-54]. Therefore, it is possible to investigate whether the Orc1 replication-like 

patterns in G1 phase in daughter nuclei coincide with the S-phase pattern of DNA replication of 

the previous cell cycle. In order to investigate this possibility, YFP-Orc1 U2OS stable cells were 

pulse labeled with Alexa dUTP 594 in S phase of generation 1. Following three washes to 

remove nucleotides, cells were allowed to go through mitosis and enter G1 of the next generation 

and were monitored by live cell imaging (Figure 30A). Imaging for both Alexa dUTP 594 (red) 

and YFP-Orc1 (green) patterns revealed a significant degree of overlap of the patterns in 6% of 

the G1 phase cells. (Figure 30B, a-b). In other words, DNA replication patterns from previous 

generation showed overlap with Orc1 patterns in G1 phase of next generation. Similar results 

were obtained when cells were labeled with BrdU in S phase, allowed to go through mitosis and 

YFP-Orc1 pattern was investigated by fixed cell analysis (Figure 30C). 

 

The overlap of YFP-Orc1 and replication pattern was most evident in late S phase 

patterns. In some cells the YFP-Oc1 pattern did not overlap with Alexa dUTP pattern instead the 

patterns were adjacent to each other (Figure 30B, c-c’’). In most of the cells, no co-localization 
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between YFP-Orc1 and DNA replication pattern was observed; however, this result was 

expected since matching of a snapshot of 15 minute S phase pattern to a snapshot of YFP-Orc1 

pattern in G1 that changes over the course of 14 hours, was highly unlikely.  

 

These findings strongly suggest that spatio-temporal patterns of Orc1 during late G1 

phase reflects the pattern of DNA replication found in late S phase. In addition, successive 

nuclear patterning profiles seen by Mcm3 also reflect similarity with global DNA replication 

patterns as seen by PCNA. These results indicate that a similar spatio-temporal patterning 

dynamics in nucleus is followed by Orc1, Mcm3 and PCNA, sequentially. Orc1 is gradually 

degraded during late G1 phase and the last remaining Orc1 is associated with chromatin that is 

late replicating in S phase.  It is possible that a common feature that persists through G1, S and 

subsequent G1, S in next generation causes this phenomenon. 

  



	
  

	
   78	
  

  

Figure 25. Orc1 localization during mitosis in YFP-Orc1 stable U2OS cells. Cells were 

monitored by live cell imaging as described in methods section. Frames were selected from 

live cell imaging movie to show the dynamics of Orc1 localization (a-l) at indicated time 

points (in hours). Arrow points the cell that was moving along the frame once it became 

rounded. Scale bar represents 5µm. 
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Figure 26. Orc1 is loaded onto chromatin during early prophase in mitosis. Tet-

inducible GFP-Orc1 U2OS cell line was followed by live cell imaging through mitosis. 

Arrow highlights the cell followed through mitosis (a-x) at indicated time points. Orc1 is 

loaded onto chromatin during prophase and stays on chromatin throughout mitosis. Scale 

bar represents 5 µm. Data obtained in collaboration with Dr. Manzar Hossain. 
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  A 

B 

Figure 27. Orc1 loading is the first event in pre-RC formation during cell cycle. A, YFP-Orc1 

U2OS stable cell line was studied by Orc2 IF. In mitosis Orc1 appears in the daughter nuclei prior 

to Orc2, which remain in the cytoplasm (a-a’’) and then Orc2 localizes to nuclei (b-b’’). B, YFP-

Orc1 U2OS cells were treated with siRNA against luciferase (control), coding region of Orc1 or 3’ 

UTR region of Orc1.  Depletion of Orc1 causes loss of Mcm3 from chromatin (b-b’’). YFP-Orc1 

can rescue loss of Mcm3 from chromatin phenotype by functionally complementing endogenous 

Orc1 (c-c’’). Scale bar represents 5 µM. Data obtained by Dr. Supriya Prasanth. 
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Figure 29.  Patterning of replication proteins occurs during G1 and S phase. 

(Continued in next page)	
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Figure 29.  Patterning of replication proteins occurs during G1 and S phase. A, Dual color 

immunofluorescence assay was performed on MCF7 cells. Chromatin bound MCM3 (green) 

and PCNA (red) in MCF7 cells revealed punctate Mcm3 staining in PCNA negative G1 nuclei 

(a-a’’’).  As the cells entered S-phase both Mcm3 and PCNA showed a uniform punctate 

nuclear labeling (b-b’’’).  During early S-phase, MCM3 was observed at pericentric 

heterochromatin while PCNA showed a homogenous nuclear staining (c-d).  In mid-S phase, 

while PCNA showed heterochromatic association, MCM3 staining decreased significantly 

being restricted to large foci (e-f).  By late S most of MCM3 was lost from the chromatin while 

PCNA labeling was still present as large foci (g-g’’’). By G2 both PCNA and MCM3 were 

absent from the chromatin (h-h’’’). Chromatin was stained with DAPI (blue). B, Orc1 

distribution is observed only during G1.  Immunostaining of MCM3 (orange) and PCNA (red) 

in YFP-Orc1 (green) expressing MCF7 cells revealed the presence of Orc1 only in PCNA 

negative G1 cells (a-a’’’).  Weak signal intensity of YFP-Orc1 was also observed in cells 

weakly positive for PCNA representing the cells just entering S phase (b-b’’’). Scale bar 

represents 5 µm. Data obtained by Dr. Supriya Prasanth. 
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Figure 30.  Orc1 localization in G1 phase overlaps with inherited spatiotemporal 

pattern of DNA replication. (Continued in next page)	
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Figure 30. Orc1 localization in G1 phase overlaps with inherited spatiotemporal pattern 

of DNA replication. A, Overview of the experimental outline illustrated. Human U2OS cells 

expressing YFP-Orc1 (green) were transfected for 15 minutes with dUTP Alexa 594 (red). 

Following washing out the label and incubation for ~12-14 hrs (ensuring the cells progress 

from S phase of generation 1 to G1 phase of generation 2), live cell imaging was performed. 

B, Top two panels represent significant overlap of YFP-Orc1 (green) with the dUTP Alexa 

594 (red), both in nuclear and nucleolar periphery (merge; a-b). YFP-Orc1 and dUTP Alexa 

594 do not show any overlap, but are immediately adjacent to each other (c-c’’) and the 

lowermost panel show the expected most common situation of no overlap between YFP- 

Orc1 and dUTP Alexa 594 (d-d’’). Scale bar denotes 5 µm. Overlap was seen in 6% of all 

YFP-Orc1 positive cells. C, Cells expressing YFP-Orc1 were incubated for 10 mins with 

BrdU, and then extensively washed out. Following ~12-14 hrs incubation (ensuring the cells 

enter from S phase of generation 1 to G1 phase of generation 2), cells were fixed in 2% 

formaldehyde. BrdU was detected using anti-BrdU mouse mAb (red) in YFP-Orc1 (green) 

positive cells. Orc1 was observed both in the nuclear and nucleolar periphery. In a population 

of cells Orc1 showed significant overlap with BrdU positive regions. Scale bar denotes 5 µm. 

Data obtained by Dr. Supriya Prasanth. 
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Chapter 6 

 

Discussion and Perspectives 

 

 

 

The initiation of DNA replication involves the ordered and highly regulated assembly of 

a pre-replicative complex (pre-RC), which requires ORC, Cdc6, Cdt1 to load the hexameric 

Mcm2-7 complex at all replication origins on chromatin [138-142]. ORC chromatin association 

dynamics was studied by a successive salt fractionation method which is a valuable tool for 

profiling proteins and DNA based on their biochemical properties [105, 106]. It has been shown 

that successive salt-extraction of intact nuclei treated with MNase results in fractions with 

dramatically different genome-wide DNA profiles [105]. Analysis of ORC by successive salt 

fractionation showed that ORC was associated with chromatin tightly and among the subunits, 

Orc1 had significantly higher salt resistance. Two other cellular fractionation methods also 

showed that Orc1 had the highest degree of salt and nuclease resistance indicating its tighter and 

less dynamic association with chromatin. The distinct Orc1 chromatin binding dynamics was 

also observed by a FRAP study in which Orc1 failed to recover completely after photo-bleaching 

[93]. The overall salt resistance of ORC subunits in salt fractionation might be due to strong 

binding of ORC complex to chromatin that is facilitated by Orc1. In Drosophila, low salt soluble 

chromatin is enriched for transcriptionally active regions, depleted of histone H3.3 and correlated 

with histone H2A.Z and RNA polymerase II profiles (Pol II) [105]. Interestingly, high salt 

insoluble chromatin was also enriched for transcribed regions, and overall it showed a similar 
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profile to low salt soluble chromatin, but was broader and contained additional sites possibly 

representing other regions with chromatin bound complexes. I found that a fraction of Orc1 

remained insoluble in the pellet fraction. It has been reported that large molecular weight 

complexes, or nuclear matrix associated proteins are highly insoluble. It is known that the large 

Pol II elongator complex is nuclease resistant and insoluble [143, 144], similarly ISWI chromatin 

remodeler is also highly salt resistant [105]. It is also known that in human cells Rif1, which 

regulates chromatin loop size and is a critical determinant for replication timing control, is 

associated with insoluble matrix-associated nuclear structures in late M/early G1[145]. Similar 

results were also observed in mouse cells and deficiency of Rif1 altered the global replication 

timing program [146]. My results with Orc1 might indicate that a significant fraction of Orc1 is 

associated with these nuclease resistant insoluble structures. Future studies will determine which 

regions of Orc1 mediate the tight interaction between Orc1 and these structures, and potentially 

elicit any mechanisms that involve Orc1 in replication timing. 

 

In human cells, Orc2-5 forms the core ORC and Orc1 is known to be transiently 

associated with this complex [3, 88, 139, 147, 148]. The results show that Orc1 associates with 

chromatin beginning in early mitosis, and is the first one among pre-RC components to bind to 

chromatin. Orc1 levels gradually increased as the cells progress through mitosis and in G1 phase 

the highest levels of Orc1 on chromatin were present. Levels of other ORC subunits including 

Orc2, Orc3 and Orc4 were fairly constant throughout the cell division cycle. Interactions 

between Orc1 and Orc2, Orc1 and Orc3, Orc1 and Orc4, Orc2 and Orc4, and Orc3 with Orc4 

were detectable by the beginning of G1. Association of Orc4 with the complex occurred only 

when Orc1 was also present suggesting that recruitment of Orc4 to ORC is facilitated or 
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stabilized by Orc1. Interestingly, even though Orc1 was present at earlier time-points during 

mitosis, the interaction between Orc1 with Orc2 or Orc3 or Orc4 occurred only in G1 phase. The 

results indicated that Orc2 and Orc3 interaction on chromatin persisted throughout the cell cycle 

and slightly more interaction was seen in G1. It has been shown that in vitro Orc2 and Orc3 

interacted regardless of the presence of other ORC subunits [132]. The increase in interaction 

levels between Orc2 and Orc3 in the presence of Orc1 may suggest that Orc1 might stabilize this 

interaction or facilitate extra interaction by recruiting them into ORC in addition to interactions 

that were already present. In addition to these observations, depletion of Orc1 prevented 

formation of the pre-RC as measured by reduced Mcm3 recruitment to chromatin. Together, 

these results suggest that Orc1 is the initial and crucial factor that binds to chromatin and enables 

other proteins involved in DNA replication initiation to bind to chromatin.  

 

Pioneer factors are transcription factors that can bind to silent chromatin and enable other 

factors to bind. FoxA factors are examples of such pioneer factors [149]. FoxA proteins have the 

ability to bind compacted chromatin, which is mediated through a high affinity DNA binding 

site, and interaction with histones H3 and H4 [150]. FoxA1 is a member of the FoxA subfamily 

of proteins, and it has been recently shown that FoxA1 shows extensive mitotic binding, and 

slow recovery kinetics in interphase nuclei by FRAP compared to mitotic, cells and has more 

extensive background chromatin binding in mitotic chromosomes than interphase by ChIP-seq 

[151]. Interestingly, some of these characteristics are similar to Orc1, which also shows 

extensive mitotic chromosome binding and slow recovery kinetics in interphase nuclei. Another 

important feature of FoxA pioneer factors is the resemblance of their DNA binding domain 

(DBD) to the linker histone DBD.  There is structural similarity between the wing helix motif 
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DBDs of FoxA and the linker histone 5 [152]. FoxA and linker histone bind along the minor 

grooves of DNA through their wing helix motifs [152, 153]. Interestingly the bacterial initiator 

protein DnaA and archaeal Cdc6/Orc1 both have a wing helix motif linked to their AAA+ 

domain [154, 155]. Alignment of amino acid sequences of FOXA1 and Orc1 also revealed 

similarity between mammalian Orc1 proteins and FoxA1 wing helix motifs (Figure 31). Orc1 

localizes to chromatin before Orc2 early in mitosis, thus it might be the primary determinant for 

origin recognition. This finding is consistent with the evolutionary perspective that in archaea 

there is only an Orc1 like protein for origin recognition and other ORC subunits do not exist 

[156, 157]. These findings suggest that Orc1 might act as a pioneer factor that binds to compact 

chromatin during mitosis and later recruits other factors that are necessary for initiation of DNA 

replication. I am currently determining whether the Orc1 winged-helix domain is required for 

binding of Orc1 to mitotic chromosomes. 

 

DNA replication shows a global level of spatio-temporal patterning throughout S phase 

which could be categorized into early, mid and late S phase patterns based on the distribution of 

DNA replication foci (Figure 1). These patterns can be visualized by fluorescent tagged 

nucleotide analogs or proteins localized to the replication fork such as PCNA. The 

spatiotemporal regulation of these patterns suggests that certain clusters of replication origins are 

activated at the same time during a specific time point in S phase. 

 

Several factors are involved in governing spatial-temporal regulation of DNA replication 

including chromatin structure and modifications, rate limiting DNA replication factors and 

chromosomal position and organization [reviewed in [6, 158]]. Selection of new replication sites 
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occurs at each cycle at a specific time point in G1 called the origin decision point (ODP) [46]. At 

a later timing decision point (TDP) during G1, the global temporal order of DNA replication 

program is predetermined during G1 [47, 48]. G2 nuclei lack these determinants suggesting that 

they need to be established every cell cycle for proper spatio-temporal regulation of DNA 

replication [159]. The results showed that, in human cells Orc1 is localized to chromatin during 

mitosis and stays on chromatin as the cells go through telophase and shows dynamic nuclear 

patterning in G1 daughter nuclei. Among the ORC subunits studied, only Orc1 shows dynamic 

patterns during G1 and Orc1 is the first protein to localize to chromatin in mitosis among other 

ORC subunits. Orc1 is a member of AAA+ ATPase family proteins with a Walker A and Walker 

B motif and binding of ATP is essential for its ATPase, DNA binding and replication initiation 

ability [157, 160-162]. Unpublished results from Dr. Supriya Prasanth showed that intact ATP 

binding domain of Orc1 is important for dynamic patterning in G1, but is not essential for its 

degradation during G1/S boundary (personal communication).  Thus the dynamic G1 patterns 

displayed by Orc1 might be forming as the Orc1 is selectively degraded from chromatin.  

 

Histone acetylation plays an important role in temporal regulation of DNA replication. It 

has been suggested that there is a strong correlation between histone acetylation and temporal 

firing of origins in several organisms including, budding yeast, Drosophila, Xenopus and human 

cells [45, 67, 163]. In human cells, Orc1 interacts with HBO1 (Histone acetyltransferase binding 

to ORC) [71].Studies in Xenopus and human cells showed that depletion of HBO1 causes defects 

in MCM chromatin loading [72, 164]. In human cells, HBO1 associates with origins during G1 

and this association was stabilized by Cdt1 through direct interaction with HBO1 [165]. In 

addition, HBO1 enhances Cdt1 replication licensing activity, which might explain the MCM 
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loading defect in HBO1 depleted cells [165]. Geminin binds to Cdt1 and inhibits the acetylase 

activity of the HBO1-Cdt1 complex, which is essential for MCM loading and inhibits licensing 

activity [166, 167]. It is possible that Orc1 promotes chromatin modifications through 

interactions with HBO1 during mitosis and G1 that in turn establish the temporal dynamics of 

DNA replication during S phase. Another possibility is Orc1 might be reading a chromatin mark 

that is inherited from the mother nuclei to daughter nuclei and specifying the spatial-temporal 

pattern of DNA replication. The spatial overlap of Orc1 patterns with inherited DNA replication 

patterns suggests these two possibilities. Future studies will demonstrate whether there is such a 

heritable mark that is promoted or read by Orc1.  Another possibility is Orc1 binding to 

chromatin is dependent on accessibility of chromatin, its 3-D chromosomal organization and 

epigenetic marks. In early G1, Orc1 is localized to regions with higher accessibility and recruits 

ORC to those sites, later as the pre-RC forms, Orc1 dissociates from those sites. Later during G1, 

Orc1 starts to accumulate in sites with less accessible heterochromatin features and is followed 

by formation of pre-RC at those sites. Accessibility of a particular region on chromosome can be 

governed by several factors including, primary DNA sequence, epigenetic and histone 

modifications, presence of other DNA binding elements including, transcription factors or 

machinery, chromatin remodeling factors, and insulating elements. Orc1 localizes to chromatin 

in mitotic cells and during G1 it shows dynamic patterning. The earlier the Orc1 is bound to a 

particular site, the earlier pre-RC can form at those sites. This is consistent with the finding that 

in fission yeast timing of ORC binding determines the timing of  pre-RC formation and timing of 

replication [81]. ORC dynamics during the M/G1 period of the cell division cycle pre-determine 

DNA replication origin usage and efficiency in S phase, and is also related to the timing of pre-

RC assembly in G1. Timing of ORC binding to an origin is correlated to the time of firing of the 
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origin in S phase in the sense that during late G1 phase, Orc1 remains bound to late firing origins 

while removed from all other chromatin. Delaying Orp1 binding, the S. pombe Orc1 homolog, to 

an early origin by mutating it resulted in a delay in Mcm4 recruitment and Cdc45 binding and 

this was also reflected as a delay in DNA replication timing. Lengthening the M phase using a 

microtubule-depolymerizing agent caused redistribution of Orp1 at origins such that a more 

homogenous loading of Orp1 occurred at origins and the consequent DNA replication pattern of 

these origins changed, with efficient and early origins firing later while inefficient and late 

origins firing earlier in S phase. Furthermore over-expression of Cdc45, Hsk1 (Cdc7 homolog) 

and Dfp1 (Hsk1 activator) caused increased firing in efficient and inefficient origins [81]. In 

Drosophila, high density ORC binding to chromosomal sites is correlated with early replication 

of those sites [82], and ORC preferentially binds to sites with open chromatin features [84]. 

Recently, it has been reported that human Orc1 is associated with transcriptional start sites 

(TSSs), and transcription rate from those sites is correlated with replication timing [2], although 

as discussed earlier in Chapter 3, the peak heights of the Orc1 binding sites are not high 

compared to conventional DNA binding proteins.  

 

The results presented here suggest that a similar spatial-temporal patterning dynamics in 

the nucleus is followed by Orc1, Mcm3 and PCNA, sequentially. It is possible that a common 

feature persisting through G1, S and subsequent G1, S in the next generation is sensed and read 

by these replication factors.  Patterning of MCM proteins occurs from G1 to the S phase of the 

cell cycle [134]. The DNA replication fork protein PCNA can be used to follow the movement of 

the replication fork during S phase of the cell cycle [135-137]. Dual immunofluorescence study 

of Mcm3 and PCNS shows tah the temporal pattern of Mcm3 precedes the temporal patterns 



	
  

	
   93	
  

displayed by PCNA suggesting MCM might be orchestrating the coordination of multiple DNA 

replication forks during S phase.  

 

To conclude, the results indicate that Orc1 acts as a pioneer factor by binding chromatin 

during mitosis first among other ORC subunits. ORC associates with chromatin strongly and 

particularly Orc1 shows tight association. Formation of ORC complex occurs during G1 phase; 

even though Orc4 is present throughout cell cycle it only associates with ORC on chromatin only 

when Orc1 is present, suggesting that Orc1 might stabilize or facilitate recruitment of Orc4. The 

dynamic patterns formed by Orc1 during G1 are also followed by MCM and eventually PCNA 

as multiple waves of similar patterns formed by different DNA replication proteins at successive 

time points during the cell division cycle. It still needs to be determined how the dynamic Orc1 

patterns predict the spatiotemporal dynamics of DNA replication. The spatial organization of the 

genome, nuclear architecture and epigenetic marks might all play a role in dynamic Orc1 binding 

and spatiotemporal regulation of DNA replication. It is possible that either Orc1 is contributing 

or reading some inherited pattern present in the chromatin. 
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Chapter 7 

 

Materials and Methods 

 

 

 

Cell culture and synchronization HeLa suspension cells were grown in suspension 

(spinner) flasks at 37oC in JMEM supplemented with 5% CS. Cells were synchronized as 

described previously [3] with some modifications. Early passage (up to passage 10) cells were 

grown until cell density reached 2x105 cell/mL, then the culture was supplemented with 2.5 mM 

thymidine and incubated for 14-16 hours. It is important to use early passage cells as higher 

passage cells gave inconsistent cell cycle profiles by flow cytometry. The cells were then washed 

with fresh warm medium thrice and resuspended into fresh warm medium, and incubated for 10-

12 hours to let the cells release from initial block. The medium was supplemented with 2.5 mM 

thymidine once again and incubated for 14-16 hours to synchronize them at G1/S transition. For 

time point 0 h, aliquots of cells were removed, washed with PBS thrice and processed 

immediately. For time points beyond, cells were washed with warm fresh medium thrice and 

released into fresh warm medium and incubated at 37 oC. At successive time points aliquots of 

cells were removed, washed with PBS thrice and processed accordingly. HeLa, U2OS and MCF7 

human cells were grown in DMEM supplemented with penicillin-streptomycin and 10% FBS.  

For stable cell lines a U2OS stable cell line containing the pEYFP-C1-Orc1, to express 

YFP-tagged-Orc1, was generated and maintained in DMEM (high glucose) with 10% fetal 
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bovine serum (FBS) and 0.5 mg/ml G418 (Invitrogen, Carlsbad, CA). Also previously described 

tet inducible GFP-Orc1 cell line was used [100].  

Human Orc1 cDNA that was cloned into pEYFP-C1 or pEYFP-N1 and expressed from a 

CMV promoter (CLONTECH Laboratories) were used for transient transfections with 

lipofectamine and stable cell line generation using antibiotic selection. 

 

Cell cycle analysis For flow cytometry analysis pelleted cells were fixed in 100% cold 

ethanol overnight. Then cells were washed thrice in PBS and treated with RNase. Next, they 

were incubated with propidium iodide (PI) solution to stain nucleic acids. Acquisitions were 

done in BD LSR II flow cytometry instrument. Analysis was done using FACS DIVA and  

FlowJo software. 

 

Fractionation and cellular extracts Successive salt fractionation was done as described 

previously [106]. Nuclear extracts were prepared by resuspending the cells in Buffer A (20mM 

Tris-HCl pH7.5, 50mM NaCl, 0.4% NP-40, 5mM MgOAc, 10% Glycerol, 1mM DTT, 20uM 

MG132, 1mM ATP) the suspension was homogenized in a Dounce B pestle. The pelleted nuclei 

were washed, resuspended in Buffer A +0.5mM CaCl2 and treated with DNase I (Invitrogen) and 

Benzonase ultra (Sigma) for 1 hour. The salt concentration was then brought up to 400mM NaCl 

and incubated for 30 min, the salt was then adjusted to 200mM. The nuclear extracts were 

cleared by high-speed spin at a table top centrifuge at 4 oC.   
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Immunoprecipitations Immunoprecipitations were carried out using antibody 

crosslinked Protein G Dynabeads (Invitrogen). The antibody was cross-linked to beads in the 

presence of 20mM dimethyl pimelimidate (Sigma) in 0.2M triethanolamine, pH 8.2 (Sigma) for 

30 min at 20oC. The beads were then resuspended in 50mM Tris pH 7.5, washed with wash 

buffer (20 mM TrisCl pH 7.5, 200 mM NaCl, 0.4% NP40) and kept at 4 oC until use. 

Immunoprecipitations were carried out for 2-8h at 4 oC on rocker. The samples were washed 

thrice with cold wash buffer, eluted with 2xSDS sample buffer (0.12 M Tris pH 6.8, 20% 

glycerol, 4% SDS, 0.2 M DTT) at 30 oC for 20 mins. Eluates were then boiled for 5min prior to 

loading onto SDS- Polyacrylamide Gel Electrophoresis (SDS-PAGE) gel. 

	
  

Antibodies For immunoprecipitations the following mouse monoclonal antibodies were 

used: Orc1 78-1-172, Orc2 920-2-44, Orc3 PKS1-16. For western blots rabbit polyclonal anti-

Orc1 (Bethyl Labs), rabbit polyclonal anti-Orc2 CS205-5, rabbit polyclonal anti-Orc3 CS1890, 

goat polyclonal anti-Orc4 (Abcam) were used. 

	
  

Western blot. Cells or extracts that are in 2X SDS sample buffer (0.12 M Tris pH 6.8, 

20% glycerol, 4% SDS, 0.2 M DTT) were boiled for 5 min. Samples were than loaded to SDS- 

PAGE gel and typically run at 100V. The gel were transferred to Whatman® nitrocellulose 

membranes. Transferred membranes were then blocked in 5% nonfat milk in TBST (Tris 

buffered saline +0.05% Tween-20) for 1 hour at room temperature, and then incubated with 

primary antibody solution in 5% nonfat milk in TBST for 2 hours at room temperature or 

overnight at 4 °C. The membranes were washed in TBST solution thrice for 10 min each, and 
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incubated appropriate HRP-conjugated secondary antibodies in 5% nonfat milk in TBST for 1 

hour at room temperature. The membranes were developed using Supersignal West Dura or Pico 

substrate (Thermo Scientific) and Kodak Biomax Light films were used.  

 

Raising antibody against human Orc1 protein GST-Orc1 ΔN400 was expressed and 

purified from E.coli BL21 (DE3) cells as described previously with some modifications (HN300 

+0.1 %Triton X-100 buffer was used) [3], the GST tag was cleaved by prescission protease (GE 

Healthcare). The monoclonal antibody was raised according to protocols as described previously 

[103]. The hybridomas were screened by enzyme-linked immunosorbent assay and positive ones 

were screened further for ability to immunoprecipitate GST and MBP tagged Orc1. Positive 

clones were screened further to test ability of immunoprecipitating endogenous Orc1 from HeLa 

whole cell extracts. The clone used in this study is Orc1 78-1-172. MBP tagged Orc1 was 

purified as described previously [100]. 

 

Live cell microscopy Tet-inducible GFP-Orc1 U2OS stable cells were used to make the 

movie after 16 hours of tetratcycline treatment (1ug/ml). The images were obtained using a 

Perkin Elmer Spinning Disk Confocal microscope with a 40x objective. The images were further 

processed using ImageJ 1.46r software. Human cells stably expressing YFP-Orc1 or transiently 

transfected with 2 µg EYFP-Orc1 and/or ECFP-PCNA were also used for live-cell imaging.  The 

cells were transferred to a live-cell chamber mounted onto the stage of a Delta Vision optical 

sectioning deconvolution instrument (Applied Precision) on a Olympus microscope and kept at 

37oC in L-15 medium (minus phenol red) containing 30% FBS.  Time-lapse images acquired 
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with a 63X 1.4 N.A. objective lens were captured with a Coolsnap CCD camera.  

 

Immunofluorescence For PCNA and MCM dual immunofluorescence, cells were first 

pre-extracted in cytoskeletal buffer (CSK buffer) (10mM PIPES, pH 7; 100mM NaCl, 300mM 

Sucrose, 3mM MgCl2) supplemented with 0.5% Triton-X for 5 min on ice to remove soluble 

proteins. Cells were then fixed in 1.7% paraformaldehyde at room temperature, then extracted 

with chilled methanol. Immunofluorescence was done using standard protocols. Slides were 

examined using a Zeiss Axioplan 2i fluorescence microscope (Carl Zeiss Inc., Thornwood, NY) 

which has Chroma filters (Chroma Technology, Brattleboro, VT), to collect digital images 

OpenLab software (Improvision, Boston, MA) was used with a Hamamatsu ORCA cooled CCD 

camera. Antibodies used were: anti-PCNA PC10 monoclonal, anti-Mcm3 738 polyclonal, anti-

Orc2 CS205 polyclonal.  Anti-GFP monoclonal antibody was from Roche and Anti-BrdU 

monoclonal antibody from Molecular Probes. 

 

Conventional chromatin immunoprecipitation Hela suspension (spinner) cells were 

washed with 1xPBS three times and fixed with 1% formaldehyde in PBS for 10 min at room 

temperature and quenched by 0.125M glycine as described previously [119]. Cells were lysed in 

a hypotonic buffer (10mM Tris-Cl pH 8.0, 10mM NaCl, 0.2% NP-40) and then nuclei were lysed 

in 1x volume of nuclear lysis buffer (50 mM Tris-Cl pH 8.0, 1%SDS, 10mM EDTA). Next, 1x 

volume IP dilution buffer (20 mM Tris pH 8.1, 2 mM EDTA, 150 mM NaCl, 1% Triton X-100, 

0.01% SDS) was added to lysed nuclear extracts and the mixture was sonicated. After removal of 

insoluble debris by high-speed spinning, the lysates were further diluted by addition of 3x 

volume IP dilution buffer. The immunoprecipitations were performed using crosslinked antibody 
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magnetic beads overnight at 4 oC.  The next day, beads were washed once with IP wash buffer 1 

(20 mM Tris-Cl pH 8.0, 2 mM EDTA, 50 mM NaCl, 1% Triton X-100, 0.1% SDS), then washed 

twice with high salt wash buffer (20 mM Tris-Cl pH 8.0, 2 mM EDTA, 500 mM NaCl, 1% 

Triton X-100, 0.01% SDS), once	
  with IP wash buffer 2 (10 mM Tris-Cl pH 8.0, 1 mM EDTA, 

0.25M LiCl, 1% NP-40, 1% deoxycholic acid), and twice with TE (Tris-EDTA buffer) as final 

washes. Chromatin was eluted with 100 ul elution buffer (100 mM sodium bicarbonate, 1% 

SDS) twice at room temperature. To reverse crosslinks and digest RNA, 2 ug of RNase A and 12 

ul of 5 M NaCl were added and incubated overnight at 65 oC.  Eluates were then treated with 60 

micrograms of Proteinase K at 42 oC for 2 hours. Samples were then diluted 2x with TE. 

Samples were then phenol chloroform extracted and ethanol precipitated. The pellets were 

dissolved in nuclease free water. 

 

Non-denaturing chromatin immunoprecipitation Hela suspension (spinner) cells were 

washed with 1xPBS three times and fixed with 1% formaldehyde in PBS for 10 min at room 

temperature and quenched by 0.125M glycine. Cells were lysed in TM2 buffer (10mM Tris-Cl 

pH 7.5, 2mM MgCl2, 0.5% NP-40) and then nuclei were resuspended in TM2 buffer and treated 

with micrococcal nuclease (5000 units per 1 million cells). The amount of Mnase should be 

optimized for each batch of the enzyme such that only mono and dinucleosome sized fragments 

are present along with small amount of trinucleosome sized DNA fragments after treatment. 

Next, nuclei were lysed in nuclei lysis buffer (50mM Tris pH 7.5, 400mM NaCl, 2mM MgCl2 , 

1% NP40) and sonicated briefly (2 -3 cycles 30 sec on/30 sec off) to enable complete lysis. After 

removal of insoluble debris by high-speed spinning, the lysates were adjusted to 200mM salt. 

The immunoprecipitations were performed using crosslinked antibody magnetic beads overnight 
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at 4 oC.  The next day, beads were washed once with IP wash buffer 1 (20 mM Tris-Cl pH 7.5, 2 

mM EDTA, 50 mM NaCl, 1% Triton X-10), then washed twice with high salt wash buffer (20 

mM Tris-Cl pH 8.0, 2 mM EDTA, 500 mM NaCl, 1% Triton X-100), once	
  with IP wash buffer 2 

(10 mM Tris-Cl pH 8.0, 1 mM EDTA, 0.25M LiCl, 1% NP-40, 1% deoxycholic acid), and twice 

with TE (Tris-EDTA buffer) as final washes. Chromatin was eluted with 100 ul elution buffer 

(100 mM sodium bicarbonate, 1% SDS) twice at room temperature. To reverse crosslinks and 

digest RNA, 2 ug of RNase A and 12 ul of 5 M NaCl were added and incubated overnight at 65 

oC.  Eluates were then treated with 60 micrograms of Proteinase K at 42 oC for 2 hours. Samples 

were then diluted 2x with TE. Samples were then phenol chloroform extracted and ethanol 

precipitated. The pellets were dissolved in nuclease free water. Libraries for next generation 

sequencing were prepared using Illumina Tru-seq DNA sample preparation kit according to 

manufacturers instructions. 18 or 11 rounds of PCR were performed to amplify the libraries. 

Quantification and quality control of libraries were performed using Agilent Bioanalyzer. 
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