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ABSTRACT 

During each cell cycle, eukaryotic cells must faithfully replicate their genome, ensuring 

exactly one full copy is made. Both under-replicating or over-replicating the genome can have 

deleterious consequences including cell death, genome instability and cancer. Thus, this 

process is tightly regulated.  

The major mechanism to ensure that DNA is replicated once per cell cycle entails the 

temporal separation of two key replication events: helicase loading and helicase activation. 

Helicase loading occurs during the G1 phase of the cell cycle. In S. cerevisiae cells, Cyclin-

Dependent Kinases (CDKs) prevent helicase loading outside of G1 by phosphorylating three of 

the four helicase-loading proteins: Mcm2-7, Cdc6, and the Origin Recognition Complex (ORC). 

Phosphorylation of free Mcm2-7 and Cdc6 leads to their removal from the nucleus (Mcm2-7 by 

nuclear export and Cdc6 by protein degradation). However, phosphorylated ORC remains in the 

nucleus bound to origins. ORC phosphorylation intrinsically inhibits the helicase loading 

reaction. In in vitro reconstituted helicase loading reactions, CDK phosphorylation of ORC is 

sufficient to completely inhibit helicase loading. However, the precise event(s) during helicase 

loading that are affected by ORC phosphorylation were not known prior to this study.   

To identify the steps of helicase loading that are inhibited by ORC phosphorylation, we 
used single-molecule microscopy to compare the progression of helicase loading with 
phosphorylated versus unphosphorylated ORC. Successful helicase loading results in two 
head-to-head Mcm2-7 helicases encircling DNA. We show that ORC phosphorylation prevents 
loading of both the first and second Mcm2-7 complexes. An initial intermediate in helicase 
loading containing origin DNA and all four proteins (the OCCM) still forms when ORC is 
phosphorylated, albeit slower. Focusing on events after OCCM formation, we found that ORC 
phosphorylation alters Cdt1 dissociation kinetics and inhibits successful Mcm2-7 ring closing. 
ORC is phosphorylated on both the Orc2 and Orc6 subunits in vivo; we find that in vitro 
phosphorylation of either single subunit leads to nearly identical effects as phosphorylation of 
both subunits. My studies suggest a model in which ORC directly controls Mcm2-7 ring closing 
through physical interactions with both Cdt1 and Mcm2-7 and these interactions, and thus ring 
closing, are inhibited by ORC phosphorylation. 
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Overview: 

We start out as a single cell whose genome contains all the information required to create a 

complete multicellular human being. This cell and its progeny then divide to create the 

approximately 37 trillion cells in the adult human body.  Moreover, many of these cells continue 

to divide throughout your life, and thus over a human lifetime, many more than 37 trillion cells 

are produced. Every time our cells divide, from the initial fertilized egg through all of our adult 

cells, the entire genome is duplicated in a process called DNA replication. Each human cell has 

about 2 meters of DNA, thus if all of the DNA from your 37 trillion cells were lined up end-to-end, 

it would stretch between the earth and the sun 61 times.  Even more awe-inspiring than the 

amount of DNA in the human body is the fidelity of DNA replication. Only one mistake is made 

for every 1010 bases copied. This is equivalent to typing continuously at 60 words per minute for 

over 30 years and only making one mistake.  

The fundamental process of DNA replication occurs in all life forms from bacteria, to plants, 

fungi, and animals. Most models of the origin of life propose that RNA was the original genetic 

material. Despite this origin, at some point, the last universal common ancestor to all extant life 

on earth (LUCA) outcompeted other life forms, in part, by switching to using the more stable 

DNA as the genetic material. Thus, because copying DNA as the genetic material originated 

prior to the LUCA, this process retains many similarities across all organisms.  

Although the big picture mechanisms of DNA replication are conserved in all life forms, 

details vary with evolutionary distance. DNA replication diverges between the kingdoms of life 

(bacteria, archaea, eukaryotes), being more conserved within each kingdom than between 

them. Although the mechanism of DNA synthesis and the functions during elongation are fairly 

well conserved between kingdoms, the process of initiating DNA replication is particularly 

distinct. This is likely due to the close coupling of this event to cell division and its regulation 

which is highly differentiated among the kingdoms of life. Thus, studying DNA replication in a 
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eukaryotic model organism has been a powerful approach to reveal paradigms and details 

many of which are conserved in human DNA replication.  

Much of what we understand about eukaryotic DNA replication has been discovered using 

the budding yeast, S. cerevisiae. This organism has many advantages including ease of genetic 

manipulation and rapid growth in simple media to yield sufficient material for biochemical 

studies. Although there are still questions that remain to be answered, work in yeast (and other 

model organisms) on the fundamental process of DNA replication has led to this being one of 

the best understood processes in biology. Furthermore, probing the details of DNA replication at 

increasingly deep levels has served as a paradigm for studying other complex biochemical 

processes. My thesis work used yeast to explore the biochemical details of one aspect of the 

regulation of DNA replication.  

 The basic mechanism of DNA replication is tightly connected to the physical structure of 

DNA. As first revealed in 1953 (Watson and Crick 1953) DNA molecules consist of two 

complementary strands which form an anti-parallel double-helical structure, with specific ñbase 

pairsò of adenine with thymine and guanine with cytosine.  During DNA replication, the two 

strands are unwound and each single DNA strand serves as a template for synthesis of a 

complementary base-paired strand. The result of this process is the formation of two identical 

copies of the original double helical DNA (Figure 1). 
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Figure 1. Double helical DNA is unwound to serve as a template for semi-conservative 

replication.  

   

Accurate genomic replication is critical for cellular life: both inaccurate, incomplete, or 

excessive replication has deleterious consequences. Inaccurate replication leads to mutations in 

genes that result in small or large phenotypic consequences. Incomplete DNA replication leads 

to loss of genetic material (most often whole chromosomes), and almost always results in cell 

death. Excessive replication leads to genomic instability and/or aneuploidy and aberrant copy 

numbers of genes, which can disrupt biochemical pathways. At the single-cell level, major 

mistakes in DNA replication generally cause cell death, whereas minor mistakes cause loss of 

fitness of the resulting cells. In multicellular organisms, replication errors lead to abnormal 

development, genetic diseases, tumors, and cancer.  

Eukaryotic cells prevent incomplete DNA replication by providing much more replication 

capacity than is necessary to completely replicate the genome. Eukaryotic cells contain many 

linear chromosomes, and DNA replication initiates at many site within each chromosome, 
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termed ñoriginsò of replication. Having many origins within each chromosome allows eukaryotic 

cells to complete DNA replication faster than if each chromosome had only a single origin. 

Using many origins at once allows the cells to copy different regions of the chromosome in 

parallel (Figure 2). What happens if the replication machinery from one or more origins stalls, 

and cannot complete the replication of that region of DNA? To combat the incomplete 

replication that would occur in this situation, eukaryotic cells have evolved to have many more 

origins than are necessary to replicate their DNA under ideal conditions. Thus, if a replication 

fork stalls, most often there is another origin nearby that is ready to initiate DNA replication and 

fill in any gaps. Origin redundancy allows eukaryotic cells to rescue incomplete replication, but 

also raises a related complication. The cell only wants the ñextraò origins to initiate DNA 

replication if they are needed to fill in gaps. It is critical that that any DNA that has already been 

replicated not be replicated again due to activation of these extra origins, as this would cause 

over-replication.  

 

Figure 2. Eukaryotic DNA replication proceeds bi-directionally from 

multiple origins of replication within each linear chromosome. 
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To prevent inappropriate or excessive origin activation causing over-replication, eukaryotic 

cells have evolved an elegant regulatory mechanism.. Prior to any origin initiating, a biochemical 

mark is assembled at each origin that marks it as prepared to initiate DNA replication. This mark 

is referred to as an ñorigin licenseò.  Eukaryotic cell division occurs with a distinct pattern of 

events, termed the cell cycle. During the initial stage, termed ñGrowth 1ò or ñG1ò the cells grow 

and prepare for DNA replication by licensing their origins. During the next phase of the cell cycle 

licensed origins are activated and DNA synthesis occurs (and thus, this phase is termed 

ñSynthesisò or ñSò phase). Importantly, origins that are licensed in G1 cannot be activated until S 

phase, but once S phase starts, further origin licensing is inhibited. Additionally, initiation from or 

replication of a licensed origin removes the license. Thus, replicated DNA in S phase cells does 

not contain any licensed origins. Because licensing can only occur in the G1 phase of the cell 

cycle and cells must divide to reach the next G1 phase, no region of DNA can be replicated 

more than once in a given cell cycle. Importantly, unreplicated DNA retains licensed origins that 

can be activated until the genome is fully duplicated and all licenses are removed (Figure 3).    

 

Figure 3. Conceptual cartoon of the control of origin activity though origin licensing.  
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My thesis research focused the mechanisms that restrict origin licensing to G1.  In the 

Introductory chapter of my thesis, I will cover the historical context of the identification of origins 

and the origin licensing model. I will then describe the molecular details of the license, and what 

is known about its cell-cycle dependent regulation. This will allow me to describe the remaining 

questions, and which of these my thesis work seeks to answer.  

 

1. Origins of Replication: 

1a. The replicon model and identification of origins of replication 

The discovery that DNA is the molecule containing genetic information within cells 

(Avery, MacLeod and McCarty 1944, Hershey and Chase 1952) led to great interest in the 

structure, function, and replication of DNA. The determination of the double-stranded helical 

structure of DNA (Watson and Crick 1953) resulted in the hypothesis that each strand is used 

as a template to create two duplicate DNA molecules. This semi-conservative model for DNA 

replication was subsequently confirmed as the mechanism of DNA replication (Meselson and 

Stahl 1958). After these important advances, the details of the DNA replication process became 

a focus of the field. This chapter will focus on the most highly regulated part of this process, 

DNA replication initiation.  

The first model for the initiation of DNA replication was called the replicon model (Jacob 

et al. 1963). This model proposed that a specific region of the DNA, referred to as a ñreplicator,ò 

was recognized by a trans-acting ñinitiatorò protein to positively activate replication initiation.  

This model was in contrast to the contemporary operon model for transcription regulation in 

which a negative protein regulator (the repressor) recognized a specific DNA sequence (the 

operator) to inhibit transcription and displaced to activate transcription. The evidence for 

replicator regions of DNA came from experiments in which random bacterial DNA fragments 
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were transformed into bacteria. Only a small subset of fragments were able to replicate, 

suggesting that these DNA fragments contained a specific DNA element required to initiate 

replication. Additional studies went on to identify a single consensus-sequence defined 

replicator in E. coli cells called OriC. . Further evidence for the replicon model came from the 

identification of temperature-sensitive mutations that impaired DNA replication initiation when 

inactivated. These findings indicated that there were protein components that positively acted to 

initiate DNA replication leading to the idea that they act at the replicator locus. Jacob et al. 

(1963) also noted that when replication enzymes (now known as polymerases) that synthesize 

DNA and RNA had been studied in vitro ñthese enzymes do not appear to obey any control, in 

contrast with what is observed in vivo, where both replication and transcription are strictly 

regulated.ò Thus, they hypothesized that there must be distinct initiator proteins that control ñthe 

timing of replication.ò  

 

1b. Eukaryotic chromosomes contain many origins 

After the identification of sequence-defined origins of replication in bacteria, studies in 

budding yeast (Saccharomyces cerevisiae) focused on identifying replicator sequences within a 

eukaryotic genome. Fragments of yeast chromosomes were cloned into bacterial plasmids, 

transformed into yeast, and tested for autonomous replication (i.e., replication without 

integration into the yeast genome). These studies identified a subset of chromosomal DNA 

fragments that supported autonomous replication of plasmids and were thus named 

Autonomous Replicating Sequences (ARS) (Struhl et al. 1979,  Hsiao and Carbon 

1979; Stinchcomb et al. 1979). Subsequent studies showed that a subset of these sequences 

were sites of chromosomal initiation of DNA replication in their endogenous chromosomal 

contexts (Brewer and Fangman 1987; Huberman et al. 1988). Thus, these sequences were 

named chromosomal origins of replication.  

https://www.genetics.org/content/203/3/1027#ref-139
https://www.genetics.org/content/203/3/1027#ref-139
https://www.genetics.org/content/203/3/1027#ref-319
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The difference between ñreplicatorò sequences and ñoriginsò is analogous to the 

difference between the transcriptional initiation elements called the ñpromoterò and the 

ñtranscription start siteò. The replicator and the promoter are the DNA regions required to initiate 

replication or transcription respectively. The origin and the transcription start site are the specific 

physical site of initial DNA unwinding that allows assembly of the RNA or DNA synthesis 

machinery.  

Unlike bacterial chromosomes that contain only a single replicator and origin of 

replication (the origin is almost always contained within the replicator) within a circular 

chromosome, early EM autoradiography studies showed that the linear eukaryotic 

chromosomes contain many origins (and presumably replicators).  These sites were distributed 

throughout each chromosome (Cairns 1966; Huberman and Riggs 1966, 1968) (Figure 4). 

These studies also showed that each origin led to a the bi-directional replication of the 

surrounding DNA on either side of the origin. This implied that a bidirectional pair of replication 

machines (aka replisomes) must be formed at each origin. The use of many origins of 

replication allows eukaryotic cells to execute a relatively rapid cell cycle despite having much 

larger genomes and much slower replication machinery than bacteria. For example, E. coli cells 

take 40 minutes to replicate their 4.6 million bp genome from one origin using replisomes that 

are moving at 1,000 bp/sec. In contrast, the Drosophila genome is 100 times larger yet during 

the embryonic stages Drosophila nuclei take only four minutes to replicate their DNA because at 

this stage there is an origin every ~10 kb (Blumenthal et al. 1974). Thus, each replication fork in 

a Drosophila embryo only needs to replicate ~5 kb. Thus, even though the replisomes in 

eukaryotic cells move at least 40-60-fold slower than their bacterial counterparts, they can 

replication these short regions in very little time. Notably, in later stages of Drosophila 

development, when the speed of replicating the DNA is less important (embryos are immobile 

and are good eating), fewer origins are used and DNA replication takes hours to complete 

(reviewed Spradling and Orr-Weaver 1987).  
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Figure 4: Original audioradiograms of pulse-chase experiments in hamster 

cells showing DNA replication extending from multiple origins. (Huberman and 

Riggs 1968) 

 

Eukaryotic cells have many more origins than are necessary to replicate their genome 

and typically only a subset of potential origins fire each cell cycle (Pasero et al., 2002).  The 

evolution of origin redundancy likely provided a selective advantage by ensuring that all of the 



16 
 

DNA is replicated even in the face of replication stresses (e.g. damaged DNA). Given this origin 

redundancy, eukaryotic cells must choose which origins are used. Additionally, consistent with 

the early EM studies (Huberman and Riggs 1966, 1968), when origins initiate during S phase is 

also regulated. In yeast, Origins initiate throughout S-phase, however a specific subset of 

origins tend to initiate earlier in S-phase, and another subset tend to initiate later in S-phase 

(Raghuraman et al., 2001). These groups are termed ñearly origins or late originsò. In 

mammalian cells there is more of a continuum of initiation events throughout S phase.. In yeast 

grown under optimal lab conditions, the early origins are sufficient to completely replicate the 

DNA. However, if two adjacent replication forks from early origins stall before reaching each 

other, later-initiating origins will fill any replication gaps that remain (Ge et al 2007). Stalling of 

replication forks initiated from early origins occurs more frequently when cells are exposed to 

DNA damage or limiting dNTPs. Thus, it is under these conditions that origin redundancy 

becomes particularly important to ensure successful DNA replication.  

Although the presence of more origins than are necessary for replication has the 

advantage of ensuring complete genome duplication, it is critical that once DNA replication has 

initiated from a particular origin, that re-initiation does not occur from the same origin. Re-

replicating an already replicated region causes deleterious and unpredictable amplifications 

(which can also lead to genomic rearrangement, reviewed Diffley 2011). Thus, it is not 

surprising that eukaryotes have evolved mechanisms to prevent any origin from initiating more 

than once per cell cycle. These mechanisms will be discussed in detail in the origin licensing 

(section 2a,b,c,d) and DNA replication regulation (section 4) below. 

 

1c. The determinants of an origin of replication in budding yeast cells 

Detailed characterization of budding yeast origins of replication led to the identification of 

specific sequence elements required for function. Origin sequence comparison initially identified 
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a consensus sequence element - the 11 bp ARS Consensus Sequence (ACS), and later studies 

extended this consensus sequence to a 17bp motif (Figure 5, Broach et al 1983, Theis and 

Newlon 1997). The ACS is present in and essential for the function of all budding yeast origins 

(Broach et al 1983). Detailed mutagenesis studies identified two additional functional elements 

in yeast origins called ñB1ò and ñB2ò elements, which, like the ACS, are AT-rich sequences. 

Unlike the ACS, the B1 and B2 elements are less conserved at the sequence level and neither 

is essential (Figure 5; Marahrens and Stillman 1992; Liachko et al. 2010). Interestingly, the B2 

element resembles an inverted ACS site (Wilmes and Bell, 2002; Coster and Diffley, 

2017, Warner et al., 2017), suggesting that it could share functions with the ACS. This similarity 

will be discussed in more detail in later sections (section 3k.1)  

 

Figure 5. The consensus structure of budding yeast origins of replication.  

(from Bell and Labib 2016) 

The top panel show the consensus sequence of the ACS and B1 sites within 

yeast origins. The bottom panel shows a cartoon with relative distances and 

sizes of the three core elements of budding yeast origins.  

 

Origins of replications occur in nucleosome-free regions of DNA (Berbenetz et al., 2010; 

Eaton et al., 2010). Although there are over 6,000 matches to the ACS in the budding yeast 

genome, only ~600 are used as origins (Siow et al., 2012). Importantly, these origin-associated 

ACS sites are consistently found in nucleosome-free regions (Berbenetz et al., 2010; Eaton et 
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al., 2010). Most of the other ACS matches are in nucleosome-occupied DNA, rendering them 

inaccessible to replication initiation proteins (Lipford and Bell 2001). In addition to allowing 

initiation proteins to bind, the nucleosome-free feature of origins is also proposed to allow 

accessibility of the rest of the DNA replication machinery to the origin DNA. Indeed, the ACS is 

consistently located asymmetrically within the nucleosome-free region, leaving adjacent 

sequences open for additional protein-DNA interactions necessary for initiation (Eaton et al., 

2010). Interestingly, the local chromatin environment flanking different origins also affects 

whether origins initiate early in S phase or late in S phase (Rhind and Gilbert, 2013).  

 

1d.  Origins of replication in other eukaryotes:  

 Unlike in budding yeast, origins of replication in most other eukaryotic organisms are not 

defined by specific sequence elements. In fact, there is no single factor that defines metazoan 

origins of replication. Certain chromatin elements and DNA sequences have been found to 

correlate with different subsets of origins, but, as of yet, no defining feature has been identified 

that is present at all origins in eukaryotic organisms outside of S. cerevisiae and its close 

relatives (reviewed in Ganier et al 2019, Leonard and Mechali 2013, Macalpine and Almouzni 

2013). Despite the lack of any single defining characteristics, origin determination is not purely 

stochastic as many studies have identified origins at reproducible loci (Austin et al. 

1999; Ladenburger et al. 2002; Karnani et al. 2010; MacAlpine et al. 2010). Metazoan origins 

are often found in actively transcribed and nucleosome-depleted regions (reviewed in Sequeira-

Mendes and Gomez 2011, ). In mice and humans, 80-90% of origins contain G-rich repeat DNA 

element which forms a G-quadruplex three-dimensional structure (Cayrou et al. 2011, 2012). 

CpG islands are also frequently found in mammalian replication origins (Delgado et al. 1998, 

Cayrou et al 2011). The eukaryotic DNA replication initiator protein, the Origin Recognition 

Complex (ORC, which will be discussed in detail in later sections) interacts with chromatin 

https://elifesciences.org/articles/22512#bib53
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through a conserved BAH domain found in its largest subunit binding to H4K20me2 histone 

modifications (Noguchi et al 2006, Kuo et al 2012). The ORC-chromatin interaction varies at 

different origins (reviewed in Leonard and Mechali 2013, Macalpine and Almouzni 2013).  

 The lack of a single defining origin characteristic in most eukaryotic origins may play an 

evolutionary role. In contrast to budding yeast, where origins are defined by a consensus 

sequence that is recognized by ORC, ORC does not show sequence specificity in other 

organisms (Vashee et al. 2003, Remus et al 2004). However, it is clear that ORC remains the 

initiator protein in these organisms. A more opportunistic approach for ORC binding to different 

sequences and initiating DNA replication may allow organisms to adapt DNA replication to 

achieve vastly different replication capacities at different times in development. This flexibility 

may allow for origins to be located at different sites depending on different gene expression 

patterns. For example, as described previously, Drosophila embryos have origins spaced every 

5kb to allow for complete genome replication in a matter of minutes, however adult Drosophila 

use fewer origins and DNA replication takes many hours. There is little or no gene expression 

occurring in the embryo but there is extensive transcription later in development. Budding yeast 

has an exceptional genome compared to other eukaryotes. The budding yeast genome is much 

more compact and largely lacks introns, or large intergenic regions found in many other 

eukaryotes. Thus, this compactness may be what demands budding yeast have sequence-

defined origins.  

 

2. Cell cycle regulation of DNA replication:  

2.a. The concept of origin licensing 

As discussed above, the presence of many origins allows for faster replication but means 

that origin function must be carefully regulated to ensure the genome is duplicated exactly once 
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during each mitotic cell cycle. Once DNA replication starts, unreplicated regions must be 

continually identified and origins within those regions activated to complete replication. Equally 

important, origins within regions of DNA that have already been replicated must not be re-used 

during the same cell cycle to prevent re-replication of the genome.  

Experiments fusing HeLa cells in different stages of the cell cycle provided a key early 

insight into how this coordination occurs. Fusing G1-phase cells with S-phase cells caused the 

G1 cell nuclei to prematurely enter S phase (i.e. synthesize DNA). In contrast, fusing G2-phase 

cells with S-phase cells did not induce DNA replication in the nuclei of the G2 cells (Rao and 

Johnson 1970). The conclusion of these studies was that S phase cells contained a diffusible 

DNA synthesis-promoting factor that stimulates replication in nuclei from an earlier phase of the 

cell cycle (G1), but cannot act on the later G2 phase nuclei.  

The previous experiments suggested that the G1 DNA template contains modifications 

that are absent in G2 nuclei. A theoretical model for what this modification might be was 

sparked by the observation that in Xenopus egg extracts any injected DNA fragment (including 

from other organisms - e.g. E.coli) were replicated without any sequence requirement (Harlan 

and Laskey 1980). This presented a paradox: if every DNA sequence was capable of initiating 

DNA synthesis in developing Xenopus embryos (and thus contained at least one origin of 

replication), what prevents the thousands of potential origins in already-replicated DNA from re-

initiating? A theoretical solution to this problem was suggested: the passing DNA replication fork 

must modify the template in a way that prevents replicated DNA from participating in further 

replication initiation. Two ideas were considered:  either the replication fork continuously places 

inhibitors of initiation on replicated DNA, or the replication fork actively removes a factor 

required for initiation (Harland and Laskey 1980, Harland 1981). The idea that the replication 

fork removed an activating mark was deemed the simpler model, and this removeable activator 

was termed an origin ñlicensing factor.ò In this model, origins must be ñlicensedò to initiate 
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replication and once an origin has initiated, or the DNA replication fork replicates an uninitiated 

origin, this license is removed. Thus, the license would be present in G1 cells but absent in G2 

cells..  

The licensing model was extended by an observation suggesting that the licensing factor 

was excluded from the nucleus after replication started. Again, the primary discovery was made 

in Xenopus egg extracts. In this case, the researchers found that when the nuclear membrane 

was permeabilized the enclosed DNA was able to re-initiate replication without entering the next 

cell cycle (Blow and Laskey 1988). This observation suggested that a factor was lost during 

DNA replication, and only restored to nuclei when the nuclear envelope breaks down during 

mitosis. Note that in budding yeast, the nuclear membrane does not break down. Thus, another 

mechanism must allow the next round of licensing (Figure 6). 
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Figure 6. Initial model of ñorigin licensingò from (Blow and Laskey 1988). 

 

The origin licensing model together with the observation of a DNA synthesis promoting 

factor present in S phase led to a model for the coordination of origin firing during eukaryotic 

DNA replication. This model requires that origin licensing and origin activation are temporally 

separate and mutually exclusive events that occur during different phases of the cell cycle. In 

this model, DNA replication initiation proceeds in three stages: 1) Origins are licensed 

exclusively during G1 phase; 2) As S phase commences, a diffusible DNA synthesis-promoting 

factor initiates DNA replication at licensed origins consuming the origin license; 3) Replication 

forks remove origin licenses when they replicate un-initiated origins (Figure 7).  

 

Figure 7: Cartoon representation of the hypothesis of origin licensing.  
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2.b. Origin licensing is replicative helicase loading  

  Although the licensing model led to the important conceptual advance that eukaryotic 

replication was likely separated into a licensing phase and an activation phase, the molecular 

identity of the licensing factor remained mysterious. Early studies of the Mcm2-7 proteins found 

that they cycled in and out of the budding yeast nucleus, suggesting that they were a 

component of the licensing complex (Hennesy and Botstein 1991). Additional evidence 

regarding the molecular nature of origin licensing came from nuclease protection assays 

performed at budding yeast origins of replication (Diffley et al. 1994). These studies revealed 

the presence of a large nuclease-protected region at origins of replication in G1 phase. In 

contrast, in cells that completed S phase this protected region was significantly smaller. The 

protein complex responsible for the G1-specific protection was termed the pre-replicative 

complex (or pre-RC), whereas the complex responsible for the post-replication protection was 

termed the post-replicative complex (post-RC) (Diffley et al 1994). Because the pre-RC footprint 

was not present after DNA replication, it was proposed that factor(s) responsible for the pre-RC 

footprint was the licensing factor.  

The potential that the protein(s) responsible for the pre-RC footprint represented the 

licensing factor led to multiple studies aimed at identifying the protein components of the pre-

RC. Together these studies identified showed that ORC, Cdc6, Cdt1 and Mcm2-7 are each 

required for pre-RC formation (reviewed in Bell and Dutta 2002). Biochemical studies found that 

once the Mcm2-7 proteins were bound to origins, ORC and Cdc6 were no longer required for 

DNA replication (Rowles et al. 1999, Hua et al. 1998). Based on these studies, it seemed likely 

that the Mcm2-7 complex was the origin licensing factor.  

Importantly, at the same time extensive evidence was accumulating that the Mcm2-7 

complex was the core of the eukaryotic DNA helicase. In vivo studies showed that these 

proteins moved with the DNA polymerases at the replication fork, and elimination of any Mcm2-
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7 subunit stopped replication fork movement (Aparicio and Bell 1997, reviewed in Labib and 

Diffley 2001). In addition, the Mcm2-7 proteins were each AAA+ proteins capable of hydrolyzing 

ATP (Schwacha and Bell). Subsequent biochemical studies showed that the Mcm2-7 complex 

had helicase activity that was strongly stimulated by association with other initiation factors 

(Ilves et al. 2010, reviewed in Vijayraghavan and Schwacha 2012). If Mcm2-7 was the licensing 

factor and the replicative helicase, it was easy to understand why initiation would remove the 

licensing factor from the origin, as the helicase would move away as part of the replication fork. 

In addition, assuming that DNA replication removes all proteins from the DNA as it is replicated, 

inactive helicases at uninitiated origins would be displaced by passing replication forks.  

 

2.c. The S-phase-promoting diffusible factor is S-CDK, which activates dormant helicases 

at origins.  

Early microscopy studies on many types of eukaryotic cells, such as budding yeast, 

fission yeast, Xenopus eggs, and human and mouse cells, revealed that all dividing cells 

undergo a cell cycle with four stages: Growth stage 1 (G1), DNA synthesis (S), a second growth 

phase (G2), and cell division (Mitosis, or M). Key genetic screens for cell-cycle progression 

mutants identified CDK and cyclins as drivers of the cell cycle (Hartwell 1974, 1978, Pringle 

1978, Nurse 1975, Nurse et al 1976, Nasmyth & Nurse 1981, reviewed in Hunt 1989). As these 

studies progressed it became clear that one of the events driven by cyclin/CDK activity was 

DNA replication.  

The diffusible S-phase promoting factor proposed to explain the Rao and Johnson 

experiments was eventually determined to be the S-phase CDK (S-CDK). When mutated, 

Cdc28, the catalytic CDK in S. cerevisiae, prevented yeast cells from transitioning from G1 to S 

phase (Hartwell 1973, Reed 1980). Budding yeast has two types of cyclins: G1 cyclins (Cln1-

Cln3), and B-type cyclins (Clb1-Clb6). The Clns accumulate during G1 and activate expression 
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of two Clb genes (Clb5 and Clb6) during the transition from G1 to S phase (Schneider et al. 

1996; Tyers 1996). When all six Clbs are eliminated, budding yeast cannot initiate DNA 

replication during S phase of the cell cycle (Schwob et al. 1993). Interestingly, deletion of just 

Clb5 and Clb6, delays but does not prevent DNA replication, indicating that other Clb-CDK 

complexes are capable of activating DNA synthesis. Similarly, depletion of the analogous 

cyclin/CDK proteins from Xenopus egg extracts prevents DNA replication (Blow and Nurse 

1990, Fang and Newport 1991). However, DNA replication can be restored to CDK-depleted 

extracts of S-phase Xenopus eggs by adding back purified CDK and cyclin protein or mRNA 

(Chevalier et al. 1995; Jackson et al. 1996; Strausfeld et al. 1996). These experiments showed 

that S-CDKs were a rate-limiting diffusible S-phase promoting factor as was hypothesized in the 

origin licensing model.  

Subsequent studies established that S-CDKs activate dormant helicases loaded at 

origins, and that S-CDK was the sole rate-limiting factor in DNA replication initiation. A key part 

of this regulation is that after being loaded at origins during G1, the Mcm2-7 helicase is inactive. 

Once S phase starts, the loaded Mcm2-7 helicases are activated by the association of two 

additional proteins, Cdc45 and GINS to form the active replicative helicase, the Cdc45-Mcm2-7-

GINS (CMG) complex (Moyer et al 2006, Ilves et al. 2010, Aparicio et al. 1997; Zou and Stillman 

1998,Tercero et al. 2000; Kanemaki et al. 2003; Takayama et al. 2003, Kanemaki and Labib 

2006, Gambus et al. 2006, reviewed in Vijayraghavan and Schwacha 2012). Assembly of the 

CMG is dependent on both S-CDK activity and on a second kinase, DDK (Heller et al. 2011, 

Masumoto et al. 2002; Tanaka et al. 2007; Zegerman and Diffley 2007), (Masai et al. 

2006; Sheu and Stillman 2006; Tsuji et al. 2006). However, only S-CDK activity is rate limiting in 

terms of entering S-phase: DDK is present at low levels during G1 and increases to high levels 

at the G1/S transition and during S-phase, whereas S-CDK completely inactive during G1 and is 

only activated as cells enter S-phase (Heller et al. 2011, Tanaka et al. 2011). DDK is rate limiting 

https://www.genetics.org/content/203/3/1027.long#ref-397
https://www.genetics.org/content/203/3/1027.long#ref-397
https://www.genetics.org/content/203/3/1027.long#ref-336
https://www.genetics.org/content/203/3/1027.long#ref-328
https://www.genetics.org/content/203/3/1027.long#ref-157
https://www.genetics.org/content/203/3/1027.long#ref-157
https://www.genetics.org/content/203/3/1027.long#ref-111
http://genesdev.cshlp.org/content/21/5/497.long#ref-109
http://genesdev.cshlp.org/content/21/5/497.long#ref-172
http://genesdev.cshlp.org/content/21/5/497.long#ref-195
http://genesdev.cshlp.org/content/21/5/497.long#ref-107
http://genesdev.cshlp.org/content/21/5/497.long#ref-107
http://genesdev.cshlp.org/content/21/5/497.long#ref-161
http://genesdev.cshlp.org/content/21/5/497.long#ref-178
https://www.genetics.org/content/203/3/1027.long#ref-332
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for replication initiation in that recued DDK delays initiation and increased DDK increases origin 

initiation. However, cells cannot enter S phase without S-CDK induction, whereas there is 

enough active DDK in G1 phase that cells are able to initiation replication initiation in G1 if S-

CDK (but not DDK) is bypassed (Zegerman and Diffley 2007, Tanak et al. 2011, Heller et al. 

2011).  

Furthermore, mutants that bypass S-CDK replication targets (either phosphomimic 

mutations or proteins fusions between binding partners reliant on S-CDK phosphorylation) allow 

DNA replication to initiate in G1 (Tanaka et al. 2007; Zegerman and Diffley 2007). Thus, S-CDK 

is the activating factor that restricts DNA replication to S phase of the cell cycle (Figure 8).. 

 

 

http://genesdev.cshlp.org/content/21/5/497.long#ref-172
http://genesdev.cshlp.org/content/21/5/497.long#ref-195
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Figure 8: Origin licensing is controlled by CDK/Cyclins. Origins are licensed by 

helicase loading during G1, when CDK levels are low. As S-CDK levels rise at the G1-S 

transition, S-CDK both activates helicases and thus initiates DNA replication, and also 

inhibits further helicase loading.  

 

2.d. In budding yeast S-CDK activates helicases and inhibits origin licensing.  

Even before it was known that loaded inactive helicases at origins constituted the origin 

license, it was observed that Cyclin Dependent Kinases (CDKs) were required to both activate 

DNA replication, and to prevent re-replication. Elimination of CDK activity during G1 phase 

prevents cells from initiating DNA synthesis (reviewed in Diffley 1996, and section 2c of this 
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thesis). Conversely, briefly inactivating CDK during S-phase caused aberrant re-replication. In 

fission yeast, temperature-sensitive CDK mutants inactivated during S phase led to re-

replication without cell division (Broek et al. 1991). Depletion of the major fission yeast mitotic 

cyclin also caused re-replication of the genome (Hayles et al. 1994). Overexpression of either 

the fission yeast or budding yeast endogenous CDK inhibitors during S phase or G2 also 

caused re-replication (Moreno and Nurse 1994, Dahmann et al. 1995). Finally, mutation of 

mitotic cyclins in Drosophila caused embryonic cells to become polyploid (Lehner and O'Farrell 

1990; Sauer et al. 1995). Thus, inhibition of CDK activity after the start of S phase allowed origin 

re-licensing and activation to happen without an intervening mitosis.  

The mechanism underlying S-phase CDK inhibition of origin licensing initially came from 

experiments in budding yeast showing that CDK inhibited re-replication by preventing formation 

of the pre-RC footprint (Piatti et al. 1996, Dahmann et al. 1995). This was subsequently 

understood to mean that S-phase CDK activity inhibited helicase loading. The role of S-phase 

CDK in inhibiting helicase loading in budding yeast was established as follows: Inducing Cdc6 

(recall that this was a protein implicated in the formation of the pre-RC) in G1 phase (a time of 

low CDK levels) stimulated pre-RC formation in budding yeast, but inducing Cdc6 during S, G2, 

or M phase (when CDK levels are high) did not result in pre-RC formation (Piatti et al 1996). 

This led to the hypothesis that the pre-RC is only able to form during G1 phase. However, both 

inhibiting CDK activity while inducing Cdc6 after the start of S-phase stimulated formation of 

preRC footprints, suggesting that S-phase CDK activity blocks preRC formation. This idea was 

further supported by the observation that overexpressing the endogenous CDK inhibitor (Sic1) 

in G2 phase of the budding yeast cell cycle led to pre-RC formation (Dahmann et al. 1995).   

(Note that this paragraph describes phenomena specific to S. cerevisiae. In metazoans, 

S-CDK is transiently turned off in response to DNA damage, and but other mechanisms exist in 

these organisms to continue to inhibit helicase loading even when CDK is turned off. In fission 

yeast, CDK is not turned off by DNA damage, and thus continues to inhibit helicase loading). 
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A more detailed examination of how CDK accomplishes the inhibition of origin licensing 

in budding yeast will be discussed in section 4, and my data chapter will explore one of these 

mechanism in molecular detail. Before discussing these details, I will introduce what is currently 

known about the molecular mechanism of the helicase loading.   

 

3. The mechanism of helicase loading 

I will now transition from a discussion of how the DNA replication field identified helicase 

loading as the origin license, to the biochemical details of helicase loading itself. As described 

above, initial studies identified ORC, Cdc6, and Cdt1 and Mcm2-7 as the proteins required to 

form the pre-RC footprint, and further studies led to our current understanding that Mcm2-7 is 

the core of the replicative helicase. We now know that during G1 phase of the cell cycle, ORC, 

Cdc6, and Cdt1 act together to load two Mcm2-7 complexes at origins (reviewed in Bell and 

Labib 2016). The end product of this reaction places the two inactive Mcm2-7 proteins in an 

head-to-head double hexamer conformation. The head-to-head nature sets the two helicases 

up to leave the origin in opposite directions to facilitate bidirectional replication. In this section 

L ǿƛƭƭ ŘŜǎŎǊƛōŜ ōƛƻŎƘŜƳƛŎŀƭ ŀǘǘǊƛōǳǘŜǎ ƻŦ ŜŀŎƘ ƻŦ ǘƘŜǎŜ ǇǊƻǘŜƛƴǎΣ ŀƴŘ ǊŜǾƛŜǿ ǘƘŜ ŦƛŜƭŘΩǎ ŎǳǊǊŜƴǘ 

understanding of the mechanism of the helicase loading.  
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                               Figure 9. Basic overview of helicase loading.  

 

3a. The eukaryotic initiator protein, ORC 

After the replicon model proposed the existence of a replicator and initiator protein 

(Jacob et al, 1963), it took many years to identify these components in any organism. Although 

the gene encoding the bacterial initiator was discovered the same year the replicon model was 

proposed, the biochemical demonstration that this gene encoded the initiator protein was not 

achieved until the late мфтлΩǎΦ {ƛƳƛƭŀǊƭȅΣ ŀƭǘƘƻǳƎƘ ȅŜŀǎǘ DNA replicators were discovered in 

1979, the associated eukaryotic initiator protein, the origin recognition complex (ORC), 
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remained  unidentified until 13 years later (Bell and Stillman, 1992), almost thirty years after 

the replicon model was proposed.  

We now know that ORC initiates the helicase loading reaction by recognizing and 

binding to origins, and then recruiting the rest of the helicase-loading machinery. ORC was first 

identified based on its affinity for the conserved ACS origin element (Bell and Stillman, 1992). In 

budding yeast, ORC binding to the ACS is a pre-requisite for all of the subsequent steps of the 

helicase-loading reaction (Randell et al. 2006; Remus et al. 2009).  Recent evidence (including 

new data in this thesis) suggests that in addition to recognizing origins and recruiting the rest of 

the helicase-loading machinery, ORC may play an active role in the downstream steps of 

helicase loading (see below).   

The structure of ORC informs how it interacts with DNA and with the rest of the 

helicase-loading machinery. ORC is a six-membered complex that forms a partial ring. Orc1-5 

each have two domains, an N terminal domain with homology to the AAA+ ATPase family, and a 

C-terminal domain with winged helix DNA-binding motifs (Bleichert et al. 2015). Structural 

studies show that Orc1-5 binds and partially encircles the ACS (Li et al 2018, Bleichert et al. 

2015) (figure 10). A complete 6-membered AAA+ ATPase ring is formed upon Cdc6 binding. The 

C-terminus of the ORC-Cdc6 ring binds to the recruited Mcm2-7 complex  (Sun et al. 2013, 

Bleichert et al. 2015).  

Orc6 is structurally distinct from the rest of the ORC subunits. Unlike ORC1-5, ORC6 is 

not related to AAA+ ATPases. Instead, Orc6 contains a motif related to the TFIIB general 

transcription factor and associates with Orc3 on the outside of the ORC ring. Orc6 is not 

required for ACS binding, but does interact with DNA at  the B1 origin element. This interaction 

https://www.genetics.org/content/203/3/1027#ref-269
https://www.genetics.org/content/203/3/1027#ref-276
https://www.genetics.org/content/203/3/1027#ref-321
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between Orc6 and B1 causes an 80 degree bend in DNA which will also be covered in more 

detail in section 3k (Lee and Bell, 1997, Li et al 2018, Miller et al. 2019]. Orc6 is not required for 

the initial recruitment of Mcm2-7/Cdt1, but does interact with Cdt1 and is essential to 

complete helicase loading ((Chen et al. 2007,  (Fernandez-Cid et al. 2013; Frigola et al. 2013). 

 

Figure 10. ORC structure.  (Li et al. 2018) 
bƻǘŜ Ƙƻǿ hw/с ōƛƴŘƛƴƎ ǘƻ 5b! ƭŜŀŘǎ ǘƻ ŀ ōŜƴŘ ƛƴ ǘƘŜ 5b! ƛƴ ǇŀƴŜƭ άŘέΦ  

https://www.genetics.org/content/203/3/1027#ref-53
https://www.genetics.org/content/203/3/1027#ref-98
https://www.genetics.org/content/203/3/1027#ref-108
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 ORC function requires ATP binding and hydrolysis. Although Orc1-5 all have homology 

to AAA+ ATPases, only subset of these interfaces bind ATP and only one retains ATP hydrolysis 

activity. Mutation of the ATP binding domains of each subunit showed that only the Orc1-Orc4 

ATP binding site is essential and this is the only functional ATP hydrolysis site (Bell and Stillman, 

1992; Klemm et al., 1997; Bowers et al., 2004). ATP binding, but not ATP hydrolysis, at this 

interface is required for ORC DNA binding. Interestingly, Orc1-Orc4-mediated ATP hydrolysis is 

essential for cell viability but the nature of the essential function remains mysterious (Klemm et 

al., 1997; Bowers et al., 2004). Interestingly, ORC free in solution is capable of hydrolyzing ATP, 

but this activity is inhibited upon sequence-specific DNA binding. Given that ATP binding to 

Orc1 is essential for DNA binding, it has been proposed that ATP hydrolysis drives ORC release 

from the origin DNA but why this activity would be essential in vivo is unclear (Tsakraklides and 

Bell, 2010).  

 

3b. Cdc6: 

 Cdc6 is related to Orc1-5 and acts as if it is a missing subunit of ORC. Similar to the Orc1-

5 subunits, Cdc6 has a AAA+ ATPase domain and a winged helix domain. Cdc6 binds to DNA-

bound hw/Φ /ƻƴǎƛǎǘŜƴǘ ǿƛǘƘ ǘƘŜ ƛŘŜŀ ǘƘŀǘ ƛǘ ƛǎ ŀ ΨƳƛǎǎƛƴƎΩ ǎǳōǳƴƛǘ ƻŦ hw/Σ ǘƘƛǎ ōƛƴŘƛƴƎ ŜǾŜƴǘ 

forms AAA+ interfaces with Orc1 and Orc2 and completes a 6-protein ring that encircles the 

DNA. The formation of a 6-subunit ring is typical of many AAA+ ATPases.  

Cdc6 has a functional ATPase site, but the purpose of Cdc6 ATP hydrolysis during loading 

is unclear.  Like ORC binding to DNA, Cdc6 requires ATP binding, but not hydrolysis, to bind to 

ORC-DNA (Coster et al 2014, Perkins and Diffley, 1998; Weinreich et al., 1999). Cdc6 ATP 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4157578/#bib27
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hydrolysis is required for Cdc6 to dissociate from ORC/DNA after Mcm2-7/Cdt1 recruitment 

(Chang et al. 2015, Frigola et al. 2013; Coster et al. 2014; Kang et al. 2014). Cdc6 ATPase 

mutations that prevent Cdc6 release cause defects in subsequent replication initiation that can 

be rescued by degrading the mutant Cdc6 (Randell et al., Chang et al 2015). The fact that 

ATPase mutations that prevent release can be rescued by degrading Cdc6 suggests that these 

Cdc6 mutants are still catalyzing the formation of functional Mcm2-7 double hexamers but 

interfere with a downstream event. Alternatively, perhaps these mutants are forcing the 

reaction to use two ORCs to load the two Mcm2-7 instead of the one ORC which normally 

catalyzes the loading of both Mcm2-7 complexes to form the double hexamer by flipping from 

the ACS to the B2 site to load the second Mcm2-7 (Ticau et al 2015, Miller et al 2019). The Cdc6 

ATPase mutants may prevent ORC from flipping over Mcm2-7 to the B2 site because Cdc6 

closes the OR/ ǊƛƴƎ ŀƴŘ ǿƛǘƘƻǳǘ /ŘŎсΩǎ ŘŜǇŀǊǘǳǊŜΣ hw/ ŎƻǳƭŘ ƴƻǘ ŘƛǎǎƻŎƛŀǘŜ ŦǊƻƳ ǘƘŜ !/{Φ 

Although Cdc6 ATPase activity is clearly required for Cdc6 release, whether it also fulfills 

additional functions is under investigation. Cdc6 ATPase activity also is required to release 

incorrectly loaded Mcm2-7 from DNA (Coster et al., 2014; Kang et al., 2014). This observation 

has led to the hypothesis that Cdc6 plays a proofreading role that prevents non-functional 

Mcm2-7 from completing the loading reaction or interfering with association of function 

Mcm2-7. Whether such a proofreading function is distinct from Cdc6 release or important in 

the cell is unclear.  

 

 

 

https://www.genetics.org/content/203/3/1027#ref-51
https://www.genetics.org/content/203/3/1027#ref-108
https://www.genetics.org/content/203/3/1027#ref-61
https://www.genetics.org/content/203/3/1027#ref-159
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4547096/#bib7
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4547096/#bib16
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Figure 11: The structural elements of ORC and Cdc6,  and how ORC and Cdc6 assemble 

together around DNA (from Yuan et al 2017).  

A: schematic of the protein motifs present in the different ORC subunits and Cdc6 

B: Cdc6 completes the ORC1-5 ring around DNA.  

 

3.c. Mcm2-7: 

Similar to the complex of ORC and Cdc6, the Mcm2-7 complex is a 6-membered AAA+ 

ATPase. Each of the Mcm2-7 subunits contain an unstructured N-terminal tail, an OB fold, a 

Zinc-finger (in 4/6 subunits), a C-terminal AAA+ ATPase domain, and C-terminal winged helix 
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domain (Li et al, 2015, Yuan et al 2017, Zhai et al 2017.) No matter the organism, all known 

replicative DNA helicases have a hexameric structure. Unlike the E.coli replicative helicase 

which is a six-membered homohexamer, all six Mcm2-7 subunits are distinct, and assemble in a 

defined order: Mcm2, Mcm6, Mcm4, Mcm7, Mcm3 and Mcm5 (Figure 12) (Bochman et al., 

2008; Davey et al., 2003; Yu et al. 2004, Li et al., 2015)). Although clearly related to one 

another, they are more closely related to other examples of the same from different species.  

Consistent with the differences between the subunits being important, deletion of any one of 

the six Mcm2-7 subunits is essential. . 

           

Figure 12. Mcm2-7 assembled around DNA. (Yuan et al 2017).  

 

Unlike ORC, all of the ATPase sites in Mcm2-7 are functional and essential. Mcm2-7 ATP 

hydrolysis is required for both Mcm2-7 helicase activity and for the initial loading onto DNA at 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3660832/#A010124C182
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origins (Kang et al 2014). Mutation in a subset of the ATPase sites do not prevent helicase 

activity, arguing that although ATP hydrolysis is required for DNA unwinding, ordered ATP 

hydrolysis in each of the subunits is not (Ilves et al 2010). In contrast, all-but-one of the ATPase 

sites are required for helicase loading and elimination of each of the individual ATP hydrolysis 

sites (except the Mcm4 site) in the Mcm2-7 complex prevents ring closure around DNA (Kang et 

al. 2014).  

The unstructured N-terminal tails of Mcm2-7 are essential and serve at least two 

functions. First, the tails are the sites of phosphorylation events that are required to activate 

the helicase upon entry into S phase. Second, removal of the Mcm2 N-terminal tail results in a 

strong defect in helicase loading. How this tail contributes to helicase loading is unclear. 

 

3d.  Cdt1: 

 Cdt1 is the fourth protein required for helicase loading, and has no homology to AAA+ 

ATPases. It is the least conserved of these proteins at the sequence level, although the C-

terminus is highly conserved and it is nonetheless found in all eukaryotic organisms (Jee et al., 

2010; Khayrutdinov et al., 2009). In budding yeast, Cdt1 forms a tight complex with free Mcm2-

7 in solution, however in higher eukaryotes Cdt1 is recruited separately from Mcm2-7.. Cdt1 

binds to Mcm2, 4, and 6, and also interacts with Orc6 during helicase loading (Ferenbach et al., 

2005; Yanagi et al., 2002; Chen et al 2007, 2011, Sun et al., 2013). Cdt1 is essential for Mcm2-7 

recruitment and also plays a role in Mcm2-7 ring closing which will be discussed in detail later 

(Tanaka and Diffley, 2002, Ticau et al 2017).  
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Figure 13. Cdt1 interaction with Mcm2, 4, 6. (from Yuan et al 2017) 

 

3e  Early studies of helicase loading.  

 A number of early studies of helicase loading, including genetic studies, bulk 

biochemical studies using purified proteins and ChIP, and early structural studies, gave insights 

to the initial set of protein-protein and protein-DNA interactions involved in helicase loading 

(Fig. 9). The first step in helicase loading is the binding of ORC to origin DNA (Bell and Stillman 

1992), which is rapidly followed by Cdc6 binding to ORC (Cocker et al 1996). That these steps 

anticipated Cdt1 and Mcm2-7 association was shown primarily through two observations: 

elimination of ORC prevented Cdc6 association and elimination of Cdc6 prevented Cdt1 and 

Mcm2-7 origin binding (Randell et al. 2006; Remus et al. 2009). In contrast, eliminating Cdt1 did 

not prevent Cdc6 binding to origins in vitro or Cdc6 chromatin association in vivo (Maiorano et 

al. 2000; Nishitani et al. 2000; Tsuyama et al. 2005; Randell et al. 2006; Remus et al. 2009). 

Once formed, the ORC-Cdc6-DNA complex recruits Mcm2-7 bound to Cdt1 (Randell et 

al. 2006, Remus et al. 2009). The fact that Mcm2-7-Cdt1 are recruited to origins in one step was 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3660832/#A010124C136
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3660832/#A010124C141
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3660832/#A010124C112
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3660832/#A010124C112
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3660832/#A010124C127
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3660832/#A010124C168
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3660832/#A010124C136
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3660832/#A010124C141
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hypothesized due to the fact that they form a stable complex in solution (Tanaka and Diffley 

2002), however, ǘƘƛǎ ǿŀǎƴΩǘ ŎƻƴŦƛǊƳŜŘ ǳƴǘƛƭ ƭŀǘŜǊ ǎƛƴƎƭŜ-molecule experiments (Ticau et al 

2015). When all four proteins are recruited to the DNA, they form an intermediate called the 

άh//aέ ōŜŎŀǳǎŜ ƛǘ Ŏƻƴǘŀƛƴǎ hw/Σ /ŘŎсΣ /ŘǘмΣ ŀƴŘ aŎƳн-7. Importantly, inhibition of ATP 

hydrolysis activity (e.g. with ATPgammaS), arrests the helicase-loading process at this point 

(Randell et. al 2006. Sun et al 2013), indicating an important role for ATP hydrolysis to go 

beyond this step of the reaction. 

 

 

3f Structure of the OCCM 

The ability to arrest helicase loading at the OCCM stage allowed structural studies of this 

intermediate that provided important insights into helicase loading (Sun et al 2013, Yuan et al 

2017). The OCCM structure showed that ORC encircles the ACS region of the origin DNA and 

that  Cdc6 completed the Orc1-5 ring by binding between Orc1 and Orc2.  More importantly, 

these studies showed that Mcm2-7 interacted with ORC and Cdc6 in such a way as to demand 

that the Mcm2-7 ring encircle the DNA adjacent to the C-terminal domains of the Orc1-5 and 

Cdc6 proteins.  Thus, it was clear from this structure that ORC-Cdc6 binding to Mcm2-7-Cdt1 

facilitated the first Mcm2-7 being placed around origin DNA). (although the ring has not yet 

closed around the DNA at this point).  
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Figure 14. Structure of the OCCM intermediate (Yuan et al 2017).  

 

3g. The end product of the helicase loading reaction is an Mcm2-7 head-to-head Double 

hexamer: 

Structural studies of the final form of loaded Mcm2-7 gave additional insights into the 

helicase loading. The end-product of helicase loading was known be to be a form of Mcm2-7-

DNA interaction that was stable to high-salt extraction.. Electron microscopy of this salt-stable 

product showed that two Mcm2-7s are loaded as a head-to-ƘŜŀŘ ΨŘƻǳōƭŜ ƘŜȄŀƳŜǊΩ at origins 

(Remus, Evrin, Sun et al 2014, Li et al 2015). This structure makes biological sense, as it suggests 

a way to ensure that DNA replication is always initiated in a bi-directional manner (Evrin et al. 

2009; Remus et al. 2009). The lack of single hexamers seen in the salt-stable preparation 

suggested that the double hexamer must be formed in a concerted or coordinated chemical 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3660832/#A010124C55
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3660832/#A010124C55
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3660832/#A010124C141
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reaction (Remus et al. 2009). The double hexamer structure also shows the two Mcm2-7s 

forming a closed ring around DNA in contrast to the open-ring Mcm2-7 structure seen in the 

OCCM. Because the N-terminal face of the helicase is the front of the helicase, this structure 

means that, once activated, the two helicases must separate and pass each other.  The two 

hexamers also form a slight, 14 degree, angle (Li et al 2015). This means that the dsDNA inside 

the Mcm2-7 channel will be in a strained conformation, which has been proposed to facilitate 

initial DNA melting (Zhai et al 2017).  Despite the potentially strained state, double hexamer 

complexes are very stable, remaining stable dimers even when removed from DNA (Evrin et al. 

2009).  

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3660832/#A010124C141
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Figure 15. Structure of the loaded double hexamer. (From Li et al. 2015) 

A: shows two views of the double hexamer structure 
B: a slice through the structure shows that the DNA within the channel is bent and 
under tension, and likely slightly melted.  
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3h. The Mcm2-5 Gate.  

Because the final double-hexamer form of the Mcm2-7 complex encircles dsDNA, the 

Mcm2-7 ring must open to allow entry of the DNA into the central Mcm2-7 channel.  The 

specific Mcm subunits that separate to allow DNA to enter the Mcm2-7 ring were initially 

identified by exploiting the finding that Mcm2-7 has the ability to bind a circular ssDNA 

template without ORC/Cdc6/Cdt1. Interestingly, analysis of various Mcm2-7 ATPase site 

mutations showed that mutation of Mcm2-Mcm5 ATPase altered the Mcm2-7-DNA interaction 

with DNA, while all other mutations did not have the same effect (Bochman and Schwacha 

2007). Because Mcm2 and Mcm5 are adjacent to one another, these studies led to the 

hypothesis that they formed a gate allowing DNA entry into the Mcm2-7 central channel. 

Further evidence in favor of the Mcm2-р άƎŀǘŜέ ƳƻŘŜƭ ŎŀƳŜ ŦǊƻƳ ƎŜƴŜǘƛŎ ƳƻŘƛŦƛŎŀǘƛƻƴ ƻŦ 

adjacent Mcm subunits to create a small molecule-dependent protein-tether association 

between the subunits (ie FRB/FKBP interaction mediated by rapamycin). This linker was added 

between each pair of adjacent subunits. Helicase loading was prevented only when  Mcm2 and 

Mcm5 were linked.. Linkers between other adjacent subunits had no effect on loading (Samel 

et al. 2014). Final confirmation of this Mcm2-5 gate hypothesis came from structural studies of 

Mcm2-7 complexes showing a clear gap between these two subunits when Mcm2-7 was bound 

to Cdt1.  
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Figure 16. The structure of the Mcm2-5 gate 

 

3i. Remaining questions: 

Although these initial studies provided a framework for how the helicase loading 

reaction proceeds, many mechanistic questions remained. How do these proteins load two 

Mcm2-7 complexes in the opposite orientations? How many of each of the loading proteins are 

required for loading the two helicases? Were the two Mcm2-7 complexes loaded 

simultaneously or sequentially? How does the Mcm2-7 ring open and close around DNA?  

Several aspects of both genetic and bulk biochemical experiments made these questions 

difficult to ask using early techniques. First, to address these questions one needed to observe 

events after the OCCM but before double-hexamer formation. Unfortunately, there are no 

tools to arrest this helicase loading between these two events. Second, the events of helicase 

loading are intrinsically asynchronous, meaning that kinetic studies of ensemble helicase 

loading reactions revealed little of no kinetic information. Finally, the potential that multiple 
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copies of Mcm2-7 and, potentially, the helicase-loading proteins are required for this process, 

meant that either leaving out proteins in vitro or mutations in vivo would only reveal the first 

function of any of these proteins.  

3j. Single molecule TIRF microscopy studies of helicase loading.  

Bulk biochemical studies of helicase loading suffer from several limitations. The biochemical 

studies described in the previous section relied on steady-state end points, and wash steps to 

remove proteins that are not associated with bead-bound DNA.   Thus, these techniques can 

only resolve stable complexes. Bulk biochemical helicase loading assays allow the visualization 

of two points in the reaction: 1) the loaded helicases are salt stable, so can be resolved at the 

end of an experiment after a high salt wash. 2) Since many of the steps in helicase loading are 

ATP dependent, using ATPgammaS in the reaction pauses it at the OCCM intermediate. 

However, many intermediate steps occur all along the helicase loading pathway that cannot be 

resolved using traditional bulk biochemical methods. 

Single molecule TIRF microscopy opens up the ability to visualize intermediates in the 

biochemical pathways at unprecedented levels, and can be used on helicase loading. Co-

localization Single Molecule Spectroscopy (CoSMoS) allows observation of proteins interacting 

with a single DNA molecule in real time. This technique works by using TIRF microscopy to 

visualize purified fluorescently labeled proteins associating with individual fluorescently labeled 

DNA molecules tethered to the surface of a slide. Using this technique we can observe transient 

intermediates, even ones that persist for a fraction of a second. Single molecule microscopy 

also allows the quantification of individual proteins interacting with individual DNA molecules 

meaning we can count how many times an independent ORC or Mcm2-7 interacts with each 

DNA molecule. In contrast, bulk assays can only measure the average number of proteins 

associated with DNA. Single molecule microscopy also allows us to take data from 
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asynchronous reactions on many different DNA molecules, and synchronize them at any point 

post hoc. Finally, FRET pairs can allow the detection of specific protein-protein interactions, or 

intra-protein conformational changes. 

Single-molecule studies on helicase loading has revealed many of the events that occur 

between OCCM formation and the first and second helicase ring closing around DNA.These 

studies confirmed the order of events leading up to OCCM formation which was predicted by 

bulk studies (Ticau et al 2015): ORC binds to the origin DNA, then subsequently recruits Cdc6. 

Similarly, Cdc6 is required to recruit the Mcm2-7/Cdt1 complex. A FRET pair placed on the 

Mcm2-5 gate showed that Mcm2-7/Cdt1 free in solution exist in the ñopenò gate conformation, 

meaning the Mcm2-7 does not need to open its gate to load, but just needs to close the gate 

around DNA during loading (Ticau et al 2017). After OCCM formation, Cdc6 and then Cdt1 

leave in an ordered manner. Cdc6 leaves the OCCM first, and then Cdt1 departure is correlated 

with the timing of Mcm2-7 ring closure around DNA (Ticau et al 2015 and 2017). An ATP 

hydrolysis mutant in Mcm5 prevents both Cdt1 departure and Mcm2-7 ring closure, suggesting 

these two events are coupled in some way that requires Mcm2-7 ATP hydrolysis (Ticau et al 

2017).  

TIRF microscopy has also answered many of the questions about loading the second 

Mcm2-7 that could not be addressed with older techniques (Ticau et al 2015, 2017). One ORC 

remains associated with origin DNA during loading of both the first and second Mcm2-7 and 

does not dissociate from DNA until after the second Mcm2-7 ring has closed around DNA (Ticau 

et al 2015, 2017). A second Cdc6 association (presumably with ORC) occurs prior to 

recruitment of the second Mcm2-7/Cdt1 complex, and the second Cdc6 and Cdt1 still depart 

from the second OCCM in the same order (Cdc6, then Cdt1) with Cdt1 departure correlating 

with ring closure of the second Mcm2-7 (Ticau et al 2017). However, the characteristic lifetimes 

of the second Cdc6 and Cdt1 departures are longer than during the first event (indicating that it 
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is not the same event twice), and ORC dissociates from DNA very shortly after the second ring 

closure. Thus, we now know that one ORC loads both Mcm2-7 members of the double helix, in 

a sequential manner.  

 

Figure 17. New model of helicase loading from CoSMoS studies (Ticau et al 2015) 
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3k. Two recent and influential cryo-EM structures reveal new mechanistic details of the 

helicase loading reaction 

 

 3k-1. How ORC interacts with all three origin elements.  

ORC interacts dynamically with the origin DNA to complete helicase loading. ORC was 

initially discovered by its strong affinity to the ACS element which serves as the primary ORC 

binding site at budding yeast origins (Bell and Stillman 1992). The B1 and B2 were initially 

identified as origin elements that do not have strong sequence consensuses like the ACS, but 

nonetheless are important for origin function (as discussed in Section 1c). Two recent cryo-EM 

structures have shed light on the roles of the B1 and B2 elements.  

Insight into the role of B1 came from the structure of yeast ORC bound to origin DNA (Li 

et al 2018). This shows ORC1-5 encircling the double stranded ACS, and then an interface on 

the outside of the ORC ring involving ORC2,5,6 binds to B1, causing an 80 degree bend in DNA 

(Figure 10) (Li et al. 2018). Previous structures using ATPgammaS to capture the OCCM 

intermediate showed that origin DNA is straight in the OCCM (Figure 14). Thus, after Cdc6 and 

Cdt1/Mcm2-7 bind to DNA-bound ORC, ORC must release the B1 element allowing the DNA to 

straighten and enter the channel of the Mcm2-7 helicase (Figure 18, and Figure 20B) (Yuan et 

al. 2017, Miller et al. 2019).  
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Figure 18. ORC 2, 5 and 6 bind the B1 origin element. (Li et al 2018) 

 

A second cryo-EM structure identified a novel helicase loading intermediate after the first 

Mcm2-7 has been loaded, but the second Mcm2-7 has not yet arrived (Miller et al 2019). These 

studies were done using time resolved cryo-EM. In these experiments,  helicase loading 

reactions were applied to the EM grid and frozen at progressive time points. After 10 minutes a 

particular intermediate forms a large fraction of the cryo-EM particles, and was resolved. This 

structure shows ORC bound to the B2 element, while ORC6 maintains contact with the closed 

ring of the first Mcm2-7 (Figure 19, 20C). The end of the Mcm2-7 complex that interacts with 

ORC in the OCCM structure is free and there is no other ORC in the structure.  
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Figure 19. The MO intermediate. (Miller et al 2019) 

This structure shows a helicase loading intermediate between loading of the first Mcm2-7 
helicase and before recruitment of the 2nd Mcm2-7. The helicase ring has closed in this 
structure. There are two important findings: 

1) ORC is bound to the B2 origin site, and is now on the other side of the Mcm2-7 
compared to when it is bound to the ACS in the OCCM structure 

2) Orc6 binds directly to the close Mcm2-5 gate.  

.  

Single molecule studies had previously shown that one ORC molecule is responsible for 

loading both Mcm2-7 helicases (Ticau et al 2015). This new structure and the single-molecule 

result suggest that after loading the first helicase around double-stranded DNA, ORC flips over 

the helicase to encircle B2. (Figure 20C). This inverted orientation of ORC allows it to load the 

second helicase in a similar manner to the first but in an inverted orientation. During this 

process, interactions between the first and second Mcm2-7 complexes would form to make the 

double hexamer. A structure that had two Mcm2-7 interacting with one ORC bound to the B2 
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site and the 2nd Mcm2-7 recruited to bind ORC, but not DNA was also seen by (Miller et al. 

2019) although not solved to atomic resolution (Figure 21). Whether non-budding yeast ORC 

interacts in the same dynamic way with non-sequence specific origin DNA in other eukaryotic 

species is still unknown. [Note: A big question in the field has been whether one ORC loads 

both helicases or two ORCs each load one helicase and then slide them together. This one-

ORC mechanism makes even more sense if ORC has no specific binding site, as is seen in all 

eukaryotic organisms besides budding yeast. It would be more difficult to recruit two separate 

ORCs to the right place without specific binding sites spaced the perfect distance apart. But it 

would be straightforward for one ORC to flip to an inverted orientation after finishing he first 

loading event. ] 

 

Figure 20. ORC binding functions of the ACS, B1 and B2 elements of budding 
yeast origins of replication.  

A. ORC is a six-membered ring which encircles the ACS upon DNA binding. 
The B1 site of origins binds a region on the outside of ORC causing a 
bend in the DNA.  

B. After arrival of the helicase to the origin, ORC releases the B1 site to 
allow the helicase to load onto DNA 

C. The same ORC molecule then flips over the loaded helicase to bind and 
encircle the B2 element which acts as a weaker ACS 

D. This intermediate then recruits a second helicase.  
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Figure 21. The second Mcm2-7 being recruited to the MO intermediate. 
The second Mcm2-7 recruitment to ORC bound to the B2 site and to the first Mcm2-7 is 
shown within the pink rectangle. The data shown is negative stain electron microscopy, 
but the structure was not solved at an atomic level. (Miller et al 2019).  
 

These two structural papers have lead to the most up-to-date understanding of helicase loading: 
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Figure 22. Updated model of helicase laoding. 

 

1) When ORC binds DNA, it bends the DNA 
to an 80 degree angle. 

 

  

2) Cdc6 is recruited 

 

 

 

3) The Mcm2-7/Cdt1 complex is recruited 
while the DNA is bent, and initially binds to 
ORC/Cdc6. 

 

 

4) After Mcm2-7/Cdt1 binding, ORC 
releases the DNA into the Mcm2-7 channel to 
form the OCCM intermediate 

 

5) The Mcm2-7 ring closes after Cdc6 and 
Cdt1 dissociation. When the Mcm2-7 ring is 
closed, ORC is now found bound to the B2 
site in the origin, having flipped over Mcm2-7. 
ORC is tether to the first loaded Mcm2-7 
through Orc6 interacting with the Mcm2-5 
gate.  
 

6) The MO intermediate recruits the second 
Mcm2-7, which again binds while the DNA is 
bent.  
 

7) This is a hypothetical structureð
presumeably the DNA must then be 
deposited into the channel of the second 
Mcm2-7.  
 

8) The second ring closes and the double 
hexamer is formed. (ORC dissociates 
concomitantly).  
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4: How CDK inhibits helicase loading to prevent rereplication  

In budding yeast, CDK inhibits helicase loading starting during the G1/S transition and this 

inhibition is maintained for the rest of the cell until CDK levels go down in the next G1 phase. 

CDK inhibits helicase loading by phosphorylating three of the helicase-loading proteins: ORC, 

Cdc6, and Mcm2-7. CDK phosphorylation eliminates free Mcm2-7 (and its associated Cdt1) 

through induced nuclear export (Labib et al. 1999; Nguyen et al. 2000; Liku et al. 2005). CDK 

phosphorylation of Cdc6 leads to ubiquitin-modification and protein degradation (Drury et al. 

1997, 2000; Elsasser et al. 1999). In contrast to these mechanisms, phosphorylated ORC 

remains in the nucleus bound to origins (Aparicio et al, 1997). In in vitro helicase loading 

reactions, phosphorylation of ORC is sufficient to completely inhibit helicase loading (Chen et al 

2011, Frigola et al 2013). Indeed, CDK phosphorylation of Cdc6 and Mcm2-7 in vitro has no 

effect on loading (as there is no nucleus to export from, or protein degradation machinery) 

(Physicky et al 2018, and this study). Thus, phosphorylation of ORC intrinsically inhibits the 

helicase loading reaction.  

 

Figure 23: CDK inhibits helicase loading by phosphorylating free Mcm2-7, Cdc6, 
and ORC.  
Phosphorylation of Mcm2-7 leads to its nuclear export. 
Phosphorylation of Cdc6 leads to ubiquitination and degradation.  
Phosphorylation of ORC intrinsically inhibits ORCs function so that it cannot complete 
helicase loading.  
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These three mechanisms to inhibit helicase loading work together to prevent re-initiation of 

replication, but phosphorylation of ORC has the strongest inhibition of helicase loading.   

Eliminating all three CDK effects leads to extensive re-replication visible by flow cytometry and 

also microarray (Nguyen et al., 2001, Green et al 2006, Chen et al 2011, Tanny et al 2006). 

CDK phosphorylation of Mcm2-7 can be overcome by adding a strong nuclear localization 

sequence to Mcm2-7. CDK targeting of Cdc6 can be eliminated by deleting the Cdc6 

phosphorylation-activated degron. CDK targeting of ORC can be eliminated by mutating the 

phosphorylation sites in ORC. Disrupting any one of these three mechanisms does not cause 

detectable rereplication, at least to a level visible by FACS or microarray (Nguyen et al 

2001,Green et al 2006). (However, these experiments have not been re-done using deep 

sequencing, or better yet, single cell sequencing to determine whether modest levels of re-

replication are induced by the depletion of one of the three CDK target mechanisms). 

Eliminating both ORC phosphorylation and Cdc6 degradation leads to high re-replication levels 

visible by FACS. However, preventing Mcm2-7 export and Cdc6 degradation without affecting 

ORC phosphorylation only causes re-replication at a single origin (Green et al 2006). Thus, 

ORC phosphorylation alone prevents replication at most yeast origins, and is the most powerful 

inhibitory mechanism. 

Biochemical studies in bulk using yeast cell extract, or purified proteins, to investigate the 

mechanism of how ORC phosphorylation intrinsically inhibits helicase loading have revealed a 

few details. These studies have shown that ORC phosphorylation does not inhibit its DNA 

binding or the ability to form the initial OCCM intermediate, meaning phosphorylated ORC is 

capable of recruiting all of the other helicase-loading proteins (Chen and Bell 2011, Frigola et al. 

2013). However, helicase loading assays using phosphorylated ORC fail to form any salt-stable 

loaded Mcm2-7 helicases, meaning phosphorylated ORC is not capable of assembling the 

https://www.molbiolcell.org/doi/full/10.1091/mbc.e05-11-1043?keytype2=tf_ipsecsha&ijkey=05d451abcb74fceb9ab7768f092e20f93301d5c7#REF31
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Mcm2-7 double hexamer, or salt stable single hexamers (Chen and Bell 2011, Frigola et 

al.2013). However, exactly what steps of helicase loading are affected by ORC phosphorylation 

is still unknown and is the subject of this thesis.  

 

5. Thesis summary: 

In chapter 2 I will discuss how I used single molecule microscopy on helicase loading 

reactions with and without ORC phosphorylation to visualize what steps in the process are 

affected. As discussed above, single-molecule microscopy to allows resolution of intermediates 

between OCCM formation and loaded helicases. I examined the affect of ORC phosphorylation 

on initial OCCM formation, and found that this process was slower. This may play a role in 

allowing CDK more time to completely phosphorylate all targets. I found that ORC 

phosphorylation completely inhibits loading of the first Mcm2-7. I then examined steps between 

OCCM formation and the first Mcm2-7 loading event. I found that ORC phosphorylation 

changes Cdt1 dissociation kinetics in a way that disrupts the link between Cdt1 dissociation and 

Mcm2-7 ring closing seen in studies on successful loading events with unphosphorylated ORC. 

I found that ORC phosphorylation inhibits Mcm2-7 ring closing at an intermediate step in the 

ring closing process, in a way that implies that unphosphorylated ORC plays a direct role in 

closing the Mcm2-7 ring.  
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Introduction 

Eukaryotic cells have evolved mechanisms to ensure that exactly one full copy of their 

genome is created each mitotic cell cycle (reviewed Arias and Walter 2007). There is a strong 

selective advantage to this precise control: under-replicating or over-replicating the genome has 

deleterious consequences including cell death, genome instability, and cancer and 

developmental abnormalities in animals (reviewed in Gaillard et al 2015). Consistent with the 

importance of this control, multiple layers of regulation have evolved to ensure eukaryotic 

genomes are replicated exactly once per cell division. These mechanisms precisely control DNA 

replication initiation to prevent over-replication and delay the cell cycle when under-replication is 

detected to allow replication to finish (reviewed in Arias et al 2007, Hook et al 2008).  

Eukaryotic DNA replication initiates at many sites along each chromosome known as 

origins of replication (Cairns 1966; Huberman and Riggs 1966, 1968). Having many origins 

within each chromosome allows eukaryotic cells to rapidly complete DNA replication, even with 

replisomes that move more than 10-fold slower than their bacterial counterparts (Xu and Dixon 

2018, Burgers and Kunkel 2017). Although the use of many origins enables rapid DNA 

replication, this replication strategy requires cells to coordinate the action of hundreds to 

thousands of origins to ensure the genome is neither over- nor under-replicated. 

To combat incomplete replication, eukaryotic cells have many more origins than are 

necessary to replicate their genome. Typically, only a subset of potential origins initiates each 

cell cycle (Pasero et al., 2002).  In the budding yeast Saccharomyces cerevisiae, initiation from 

replication origins occurs throughout S phase: a specific subset of origins initiates early in S 

phase and other subset initiate later in S phase (Raghuraman et al., 2001).  The later initiating 

origins both increase the rate of genome replication and fill in gaps of unreplicated DNA when 

replisomes from adjacent earlier-firing origins fail to replicate the intervening DNA. Under typical 

lab culture conditions, early firing origins are sufficient to completely replicate the genome, but 
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replication stresses such as DNA damage or limiting dNTPs increases the rate of stalled 

replication forks and increases the reliance on late firing origins (Gibson et al 2004). Thus, origin 

óredundancyô is increasingly important for successful DNA replication under sub-optimal 

conditions (Ge et al 2007). 

To prevent re-replication of already-replicated chromosomal DNA, it is critical that no 

origin initiates more than once per cell cycle. Furthermore, it is also critical that any origin DNA 

that is replicated by a replication fork from an adjacent origin is also inactivated. Importantly, this 

mechanism must function at all of the hundreds to thousands of origins of replication across a 

eukaryotic genome.  

Ensuring that each origin of replication initiates no more than once per cell cycle is 

achieved by temporally separating two key replication events: helicase loading and helicase 

activation (Siddiqui et al. 2013, reviewed in Arias et al 2007). Helicase loading is the first event 

of eukaryotic DNA replication and marks all potential origins of replication. Helicase loading is 

permitted during the G1 phase of the cell cycle, but prevented prior to the onset of S phase and 

throughout the remainder of the cell cycle (Drury 2009, Siddiqui et al. 2013).  Helicase 

activation, the rate-limiting step of replication initiation, can only occur after cells enter S phase 

(Tanaka and Araki 2011; Zegerman and Diffley, 2010). Importantly, passage of a replication fork 

through an un-initiated origin inactivates the origin by displacing the loaded helicase 

(Sanotcanale and Diffley, 1996). Thus, origin initiation or replication by a replication fork from an 

adjacent origin inactivates the origin until the next cell cycle. 

Although restriction of helicase loading to G1 occurs in all eukaryotes, the specific 

mechanism by which this is achieved varies. In budding yeast, helicase loading is restricted to 

G1 phase due to the activity of cyclin-dependent kinase (CDK). Specifically, the low CDK levels 

throughout most of G1 are permissive for helicase loading. The elevated CDK levels present in 

late G1 and throughout the rest of the cell cycle phosphorylate key helicase-loading proteins to 
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inhibit this event (Siddiqui et al 2013, reviewed in Arias and Walter 2007). In metazoans, 

additional CDK-independent levels of control maintain inhibition of helicase loading even when 

CDK levels are lowered (for example in response to DNA damage, McGarry and Kirschner 

1998, Wohlschlegel et al 2000, Tada et al 2001, Arias et al 2005).  

 The events of helicase loading are best understood in budding yeast. Four proteins are 

required for this process: the origin recognition complex (ORC), Cdc6, Cdt1, and the core of the 

replicative DNA helicase, the ring-shaped Mcm2-7 complex (reviewed in Yardimici and Walter, 

2014; Bell and Labib, 2016). ORC recognizes conserved sequences in budding-yeast origins 

and subsequently recruits Cdc6 to complete a protein ring encircling the origin. This protein 

DNA complex recruits an Mcm2-7 bound to Cdt1 to form a short-lived intermediate called the 

ORC-Cdc6-Cdt1-Mcm2-7 (OCCM) complex. Structural studies of the OCCM show that ORC 

and Cdc6 direct the Mcm2-7 complex to encircle the adjacent DNA.  Subsequently, in an ATP-

dependent process, ORC, Cdc6, and Cdt1 recruit a second Mcm2-7 complex to facilitate the 

formation of a head-to-head dimer of two Mcm2-7 complexes that encircle double-stranded 

DNA (the Mcm2-7 double hexamer, Evrin et al. 2009; Remus et al. 2009). Much of our early 

understanding of these events came from analysis of ensemble assays that recapitulated 

helicase loading with purified proteins. However, the asynchronous nature of the multiple events 

required for helicase loading prevent ensemble assay from yielding detailed kinetic analysis, 

including the detection of many short-lived intermediates. 

 Single-molecule studies of helicase loading have revealed a sequence of events after 

OCCM formation that lead to double-hexamer formation. After the Mcm2-7-Cdt1 complex 

arrives, Cdc6 and then Cdt1 depart in an ordered manner (Ticau et al 2015). Using single-

molecule FRET to monitor Mcm2-7 ring opening and closing showed that the Mcm2-7 ring 

arrives on DNA in an open state and closes concomitant with Cdt1 departure (Ticau et al 2017). 

After loading the first Mcm2-7 helicase, the same ORC recruits a second Cdc6 followed by a 
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second Mcm2-7/Cdt1 complex resulting in the loading of a second Mcm2-7 and formation of the 

double hexamer (Ticau et al 2015, Champasa et al 2019). Recent time-resolved Cryo-EM 

studies identified a new intermediate during helicase loading that shows ORC interacting with 

the opposite side of the Mcm2-7 complex as observed in the OCCM, providing insight into how 

one ORC can load a second Mcm2-7 in the opposite orientation (Miller et al, 2019). 

 In budding yeast cells, helicase loading is inhibited outside of the G1 phase by CDK 

activity. Specifically, CDK targets three of the four helicase-loading proteins: Mcm2-7, Cdc6, 

and ORC. CDK phosphorylation of Mcm2-7 induces the nuclear export of Mcm2-7 molecules 

(and associated Cdt1) that have not been loaded onto origin DNA during G1, preventing access 

to origins (Labib et al. 1999; Nguyen et al. 2000; Liku et al. 2005).  CDK phosphorylation of 

Cdc6 leads to ubiquitin-modification and protein degradation (Drury et al. 1997, 2000; Elsasser 

et al. 1999). In contrast to the removal of Mcm2-7 and Cdc6, phosphorylated ORC remains in 

the nucleus bound to origins (Aparicio et al, 1997). This suggests that unlike the mechanisms 

that eliminate (Cdc6) or prevent origin access (Mcm2-7-Cdt1), ORC phosphorylation intrinsically 

inhibits one or more ORC functions required for helicase loading.   

 Both genetic and biochemical studies have provided insights into the inhibition of 

helicase loading by ORC phosphorylation. The CDK phosphorylation sites on ORC have been 

mapped to specific sites on Orc2 and Orc6 (Nguyen et al. 2001). Mutating these sites to alanine 

causes extensive re-replication in vivo when expressed in cells with a non-degradable Cdc6 and 

constitutively nuclear form of Mcm2-7 (Chen at al 2011, Nguyen et al 2001). Biochemical 

studies show that phosphorylation of ORC alone completely inhibits helicase loading (Chen and 

Bell 2011, Frigola et al. 2013). Interestingly, these assays show that ORC phosphorylation does 

not inhibit ORC-DNA binding or the ability to form the OCCM intermediate. Thus, 

phosphorylated ORC is capable of recruiting all of the other helicase-loading proteins, but fails 

to form the Mcm2-7 double hexamer. However, these ensemble helicase-loading assays are not 
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able to monitor the events between those two steps. In contrast to phosphorylated ORC, CDK 

phosphorylated Mcm2-7 and Cdc6 function normally during helicase loading in in vitro reactions 

(Phizicky et al 2018), reinforcing the conclusion that only ORC phosphorylation directly inhibits 

helicase loading.  Nevertheless, the biochemical details of how phosphorylation of ORC inhibits 

helicase loading remain unclear (Nguyen et al. 2001; Green et al. 2006; Tanny et al. 2006). 

To understand the events of helicase loading that are inhibited by ORC phosphorylation, 

we used single-molecule microscopy to compare the events of helicase loading with 

phosphorylated versus unphosphorylated ORC. We show that ORC phosphorylation prevents 

loading of both the first and second Mcm2-7 complexes. Although OCCM formation still occurs 

when ORC is phosphorylated, this modification reduces OCCM formation by decreasing the 

rates of Cdc6 and Mcm2-7/Cdt1 association. Focusing on the events after OCCM formation, we 

found that ORC phosphorylation alters Cdt1 dissociation kinetics and inhibits successful 

Mcm2-7 ring closing. Although ORC is phosphorylated on 2 subunits, we find that 

phosphorylation of either single subunit leads to very similar outcomes as phosphorylation of 

both sites, suggesting that they function by similar mechanisms. These studies support a model 

in which ORC controls or catalyzes Mcm2-7 ring closing and this function is inhibited by ORC 

phosphorylation.  

 

Results: 

Phosphorylation of ORC inhibits salt-stable helicase loading in a single molecule setting.  

To investigate which step(s) in helicase loading are inhibited by ORC phosphorylation, 

we used previously developed single-molecule assays for this event (Ticau et al. 2015, 2017). 

These assays use Colocalization Single Molecule Microscopy (CoSMoS; Friedman et al. 2006, 

Hoskins et al. 2011) to detect an array of intermediate states during helicase loading (Ticau et 
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al. 2015, 2017). Briefly, we labeled origin DNA and one or two of the helicase-loading proteins 

with three distinct fluorophores. Using TIRF, we detected colocalization of the protein and DNA 

fluorophores as a proxy for origin DNA binding. To compare the effects of ORC phosphorylation, 

ORC was either pre-phosphorylated before use, or mock-phosphorylated, and each experiment 

was run under two conditions: with phosphorylated or unphosphorylated ORC.  

 

Figure 1. Schematic of single-molecule helicase loading assay 

In this example, DNA is labeled with a blue fluorophore, ORC is labeled with a red 
fluorophore, and Mcm2-7 is labeled with a green fluorophore. Cdc6 and Cdt1 are 
unlabeled. Labeling of other proteins allows monitoring of different helicase-loading 
events. The DNA is tethered to the surface of the slide and protein colocalization with 
DNA is measured using TIRF microscopy. 

 

We first asked whether ORC phosphorylation inhibited helicase loading in a single-

molecule setting, as expected from previous ensemble assays (Chen et al 2011, Frigola et al 

2013). For this experiment, we used fluorescently labeled Mcm2-7 to detect Mcm2-7 DNA 

associations. We used a high-salt wash at the end of the reaction to assess formation of loaded 

Mcm2-7 molecules, which are resistant to this treatment (Donovan et al., 1997; Randell et al., 
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2006). Unlike loaded Mcm2-7, the intermediates prior to loading are removed from DNA by 

high-salt. Consistent with previous ensemble assays, ORC phosphorylation resulted in complete 

inhibition of high-salt resistant Mcm2-7 association in our assays (Fig. 2). When ORC is not 

phosphorylated, 34% of the DNA molecules were associated with high-salt resistant Mcm2-7 

(Fig. 2B). In contrast, ORC phosphorylation resulted in no DNAs with high-salt resistant Mcm2-7 

(Fig. 2B).  I note that the large fluorescent spots seen in both images are neither DNA nor 

fluorescent protein, but are quantum dots used during post-processing of the data. The two 

protein fluorescent spots seen in the phosphorylated ORC field of view do not colocalize with 

DNA; this is consistent with a low rate of non-specific protein sticking to the surface of the slide. 

Thus, as seen in ensemble reactions, phosphorylation of ORC prevents salt-stable helicase 

loading in a single-molecule setting.  

 

 

 

 

 



76 
 

 

Figure 2: ORC phosphorylation inhibits the formation of salt-stable Mcm2-7 complexes 
on DNA in single-molecule experiments.  

A: Representative fields of view showing fluorescent DNA tethered to the slide (top panels), and 
Mcm2-7 fluorescence after a high-salt wash (bottom panels) for reactions including either 
unphosphorylated ORC (left) or phosphorylated ORC (right).  

The large fluorescent spots are quantum dots used to correct for thermal drift.  

The majority of the salt-stable Mcm2-7 spots in the unphosphorylated ORC case colocalize with 
DNA. The two salt-stable Mcm2-7 spots seen with phosphorylated ORC do not colocalize with 
DNA, which is consistent with and expected based on low rates of non-specific binding to the 
slide surface.  

B: Quantification of the percentage of DNAs that colocalize with Mcm2-7 fluorescence after a 
high-salt wash.  

 

ORC phosphorylation inhibits loading of the first and second Mcm2-7  

Having established that ORC phosphorylation inhibited Mcm2-7 loading in the SM 

setting, we assessed Mcm2-7-DNA associations in real time.  We quantified the percentage of 

DNAs that show either one or two long-lived (>5 seconds) Mcm2-7 associations with or without 

ORC phosphorylation (examples traces in figure 3A, quantification in Figure 3B). Traces that 

show a two-step increase in fluorescence indicate double-hexamer formation (Figure 3A;  Ticau 

et al. 2015). When ORC is unphosphorylated, 44% of DNA molecules showed at least one long-

lived single Mcm2-7 association and 16% showed two long-lived Mcm2-7 associations. The 
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discrepancy between 16% of DNAs showing double-hexamer formation (Fig. 3B), but 34% of 

DNAs showing association with salt-stable Mcm2-7 (Fig 2B) is due to a combination of 

unlabeled Mcm2-7 present in the reaction and the formation of salt-stable single hexamers 

(Ticau et al., 2015). Additionally, not all ñlong-livedò associations complete Mcm2-7 loading and 

some loaded complexes slide off the end of the linear DNA template. Thus, it is expected that 

the percentage of DNAs showing long-lived associations (60%) during the reaction will be 

higher than the percentage that show salt-stable associations at the end of the reaction (34%).  

We observed two important differences in Mcm2-7 associations when ORC was 

phosphorylated. First, far fewer DNAs showed long-lived Mcm2-7 associations (12.5% vs 60%).  

Second, we never observed more than one Mcm2-7 associate with the DNA at a time when 

ORC was phosphorylated (0/200 DNAs). The lack of sequential Mcm2-7 associations when 

ORC was phosphorylated, indicates that this modification inhibits the helicase loading between 

recruitment of the first and second Mcm2-7 complexes.   

We also compared the length of time Mcm2-7 spends associated with DNA with and 

without ORC phosphorylation (Figure 2C). Regardless of ORC phosphorylation, 40-50% of the 

Mcm2-7 associations are short-lived (dwell time <5s) and represent failed loading attempts 

(Ticau et al, 2015). In the presence of unphosphorylated ORC, we observed a second 

population of long-lived Mcm2-7 associations. Although not all of these long-lived associations 

result in successful loading, these associations are a prerequisite for successful loading. When 

ORC is phosphorylated, we again observe a second population of longer (> 5 sec) events, but 

these are, on average, much shorter than the long Mcm2-7-DNA associations seen with 

unphosphorylated ORC (Figure 2C). Thus, although phosphorylation of ORC does not lead to 

successful loading of any Mcm2-7 complexes, this inhibition does not prevent the long-lived first 

Mcm2-7 associations that are normally a prerequisite for successful loading.  
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Figure 3: ORC phosphorylation inhibits loading of the first and second Mcm2-7 and 
causes shorter dwell times of Mcm2-7 on DNA.  

A: Representative traces of Mcm2-7 DNA association in the presence of unphosphorylated (left) 
or phosphorylated (right) ORC. For unphosphorylated ORC, two sequential long-lived increases 
in Mcm2-7 fluorescent are seen and this is indicative of double-hexamer formation. In the 
presence of phosphorylated ORC, one long-lived Mcm2-7 association and three short-lived 
(<5sec) associations are seen.  

B: Quantification of percent of traces with single or double increases in Mcm2-7 fluorescence 
that last for 5 sec or longer. N=150 DNAs for unphosphorylated ORC and N=200 DNAs for 
phosphorylated ORC.  

C: Survival curves showing the distribution of Mcm2-7 dwell-times on DNA with and without 
ORC phosphorylation. Dotted lines represent 95% confidence intervals.  

 

 

ORC phosphorylation slows OCCM formation  

We next asked if ORC phosphorylation alters OCCM formation. Previous bulk assays 

found that OCCM formation is detected in the presence of phosphorylated ORC when using 



79 
 

ATPɔS (which stabilizes this intermediate by inhibiting ATP hydrolysis, Frigola et al. 2013, Chen 

et. al 2011). The single-molecule assay provided the opportunity to ask if phosphorylated ORC 

allowed OCCM formation in the presence of hydrolysable ATP and, if so, whether the kinetics of 

this event changed. To evaluate the effect of ORC phosphorylation on the kinetics of OCCM 

formation, we examined the ñtime to first bindingò relative to the beginning of the experiment for 

each helicase-loading protein. Comparison of ORC binding to DNA with and without 

phosphorylation showed a small delay in ORC DNA binding in response to ORC 

phosphorylation (Fig. 4A). Cdc6 showed a more significant reduction in the rate of recruitment 

when ORC was phosphorylated (figure 4B). Finally, Mcm2-7 time to first binding showed the 

largest rate reduction (figure 4C). Thus, phosphorylated ORC is less efficient in recruiting Cdc6 

and Mcm2-7-Cdt1 but the OCCM still forms when ORC is phosphorylated.  

Together, the combination of these initial observations of Mcm2-7 DNA association 

(Figure 2) and the kinetics of OCCM formation point toward a key interval that is impacted by 

ORC phosphorylation.  Although ORC phosphorylation delays OCCM formation, it does not 

prevent it, consistent with previous ensemble ATPɔS experiments. The absence of sequential  

Mcm2-7 associations in the presence of ORC phosphorylation indicates that inhibits the reaction 

prior to recruitment of the second Mcm2-7. Finally, the lack of salt-stable Mcm2-7 indicates that 

phosphorylation prevents successful loading of the first Mcm2-7. Thus, we focused our further 

experiments on the events between OCCM formation and loading of the first helicase. 
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  Figure 4: Phosphorylated ORC is less efficient in recruiting the OCCM 

A: Time to first ORC binding to DNA without and with ORC phosphorylation. The plot 
indicates the fraction of DNA molecules that have associated with at least one ORC 
protein at the indicated time after the start of the experiment.  

B: Time to first Cdc6 binding to DNA with and without ORC phosphorylation. Plot as in A. 

C: Time to first Mcm2-7 binding to DNA with and without ORC phosphorylation. Plot as 
in A. Note that the delay in Mcm2-7 recruitment seen here reflects both the defect in 
Cdc6 rate of binding to ORC-DNA and the rate of Mcm2-7 binding to Cdc6-ORC-DNA.  

 

ORC phosphorylation does not alter Cdc6 dissociation from the OCCM.   

We first asked if the release of Cdc6 from the OCCM was altered by ORC 

phosphorylation as this is the first known event after OCCM formation (Ticau et al. 2015). To 

address this question, we performed the single-molecule, helicase-loading assay using labeled 

Cdc6 and Mcm2-7. For either modified or unmodified ORC, Cdc6 binds and releases from DNA 

(presumably to and from DNA with an ORC bound) multiple times until one of the Cdc6 binding 

events results in Mcm2-7 recruitment. For unphosphorylated ORC, release of Cdc6 leaves 

behind a long lived Mcm2-7 and a second Cdc6 recruits a second Mcm2-7 before dissociating 

(Fig. 5A). A similar pattern of Cdc6 binding followed by Mcm2-7 association is seen for 

phosphorylated ORC reactions, however, the Mcm2-7 molecule fails to load and falls off the 
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DNA after Cdc6 dissociation (Fig. 5B). Because Mcm2-7 binding is the last event in OCCM 

formation, we used the time of Mcm2-7 association with DNA to measure the time of OCCM 

formation (Ticau et al. 2015, Randell et al. 2006, Remus et al. 2009). Cdc6 dissociation from the 

OCCM was measured as the time between Mcm2-7 arrival and Cdc6 departure (as marked in 

Figure 5A). We plotted these times as a survival curve for assays performed with either 

unphosphorylated ORC and phosphorylated ORC (Figure 5C). We observed no significant 

difference in the survival curve of Cdc6 dissociation from the OCCM under these two conditions. 

Thus, we conclude that ORC phosphorylation does not alter the rate of Cdc6 dissociation 

(Figure 5C).  
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Figure 5: Cdc6 departure from the OCCM is not affected by ORC phosphorylation.  

A: Representative traces of labeled Mcm2-7 and Cdc6 on one DNA molecule in the presence of 
unphosphorylated ORC (unlabeled). Cdc6 binding precedes Mcm2-7 arrival, and a second 
Cdc6 binding event precedes the second Mcm2-7 arrival. The measured quantity plotted in 
panel ñCò is shown between grey linesðie. Cdc6 dissociation after Mcm2-7 arrival.  

 

B: Representative traces of labeled Mcm2-7 and Cdc6 on one DNA molecule in the presence of 
phosphorylated ORC (unlabeled).  

 

C: Cdc6 dissociation times after Mcm2-7 arrival are represented as a survival plot. The two 
curves are from experiments where either ORC is phosphorylated (red line, n=64 events) or 
unphosphorylated (blue line, n=130 events). The Y axis represents the fraction of Cdc6 
molecules that are still associated with DNA after the indicated time on the X axis. The dotted 
lines represent the 95% confidence intervals and show that there is no significant difference in 
the Cdc6 release-time distributions with unphosphorylated and phosphorylated ORC.  
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ORC Phosphorylation alters the kinetics of Cdt1 release.  

There are two concomitant events that occur after Cdc6 release: Cdt1 release and 

Mcm2-7 ring-closure.  We first investigated the kinetics of Cdt1 release. Previous studies 

identified two types of Cdt1 dissociation events with different rates and that result in different 

fates for the associated Mcm2-7 (Ticau et al. 2015 and 2017). In one case, Cdt1 and Mcm2-7 

simultaneously dissociate from the DNA as a complex (Ticau et al. 2015), resulting in a failed 

loading attempt. The second type of Cdt1 dissociation occurs without Mcm2-7, leaving a 

complex of Mcm2-7 and ORC on the DNA. In this case, not only is the Mcm2-7 complex left on 

the DNA but closing of the Mcm2-7 ring is concomitant with Cdt1 departure (Ticau et al. 2017). 

Importantly, the failed loading events when Cdt1/Mcm2-7 dissociate simultaneously show much 

faster Cdt1 dissociation kinetics than events that lead to successful Mcm2-7 ring closure.  

To assess the impact of ORC phosphorylation on Cdt1 dissociation and Mcm2-7 fate, I 

performed the single molecule helicase loading assay with labeled Cdt1 and Mcm2-7. As for the 

Cdc6 studies above, I monitored OCCM formation by the arrival of Mcm2-7-Cdt1 and measured 

Cdt1 departure relative to this event on each DNA. ORC phosphorylation had no effect on the 

Cdt1 dissociations that were simultaneous with Mcm2-7, representing failed Mcm2-7 loading 

events (figure 6A, left column). The percentage of these events was not significantly changed in 

response to ORC phosphorylation (45% +/- 11%  for ORC, 40% +/- 15% for ORCPi). Similarly, 

survival plots showed that the dwell-time distribution of these Cdt1 molecules was not 

significantly different with or without ORC phosphorylation (Figure 6B).  

The second category of events in which Cdt1 dissociated from DNA independently of 

Mcm2-7 (Figure 6C) showed clear kinetic differences when ORC was phosphorylated (p=8e-

11).  When ORC is unphosphorylated, the survival plot of the Cdt1 dissociations follows a 

sigmoidal curve (Figure 6C). This pattern of release is consistent with a kinetically-slow event 

preceding Cdt1 dissociation (Ticau 2017). When ORC is phosphorylated, this class of Cdt1 
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dissociations shows a faster, non-sigmoidal decay. This difference in the kinetics of Cdt1 

release suggests that ORC phosphorylation prevents the kinetically slow event that precedes 

Cdt1 dissociation during successful loading in G1. That such an event is important for 

successful loading of Mcm2-7 is supported by the very different fate of the associated Mcm2-7 

complexes (Figure 6D). When ORC is phosphorylated, the Mcm2-7 complexes are released 

shortly after Cdt1 dissociates. Consistent with successful loading in the presence of 

unphosphorylated ORC, the Mcm2-7 complexes remain on DNA after Cdt1 release and show 

much longer dwell times that frequently extend to the end of the experiment (Figure 6D).  
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Figure 6: ORC phosphorylation causes Cdt1 to release from Mcm2-7 while 
bypassing a slow step required for successful loading. 

A: Representative fluorescent traces of Mcm2-7 (blue) and Cdt1 (green) on one DNA 
molecule in the presence of unphosphorylated (top panels) or phosphorylated (bottom 
panels) ORC. The left panels show events when Cdt1 departs simultaneously with 
Mcm2-7. The right panels shows events when Cdt1 dissociates from DNA before the 
corresponding Mcm2-7, which is either loaded (top right, ORC) or Mcm2-7 also 
dissociates some time later (bottom right, ORCPi).   

B: Survival plot of Cdt1 dwell times for events when Cdt1 departs simultaneously with 
Mcm2-7 (ORC, blue line, 85 events; ORCPi, red line, 71 events). The starting point of the 
plot is the arrival of Mcm2-7 (and Cdt1) on the DNA. Dotted lines represent the 95% 
confidence intervals and show that there is no significant difference between the curves. 

C: Survival plot of Cdt1 dwell times for events when Cdt1 dissociated separately from 
Mcm2-7 (ORC, blue line, 191 events; ORCPi, red line, 209 events). Data is plotted as 
described in B.  

D. Survival plot of Mcm2-7 dwell-times after their associated Cdt1 has dissociated (ORC, 
blue line, 191 events; ORCPi, red line, 209 events). This quantity was calculated by 
subtracting the Cdt1 dwell-time from the corresponding Mcm2-7ôs total dwell-time. 
Dotted lines represent 95% confidence intervals.  

 

CDK Phosphorylation of either Orc2 or Orc6 inhibits loading at the Cdt1 step 

Given that ORC is phosphorylated on two subunits, Orc2 and Orc6, we asked if they 

impacted the same or different steps in helicase loading. To answer this question, I used 

mutations that replaced the CDK-targeted residues with alanine on either Orc2 or Orc6. This 

allowed me to modify only one subunit with CDK and assess the contribution of phosphorylation 

of the two subunits independently. Ensemble helicase loading assays showed that 

phosphorylation of Orc2 or Orc6 alone fully inhibited helicase loading (Figure 7A, lanes 6 and 

7). Note this is inconsistent with in vivo data and data using yeast extracts which showed that 

phosphorylation of Orc6 strongly inhibited helicase loading and caused re-replication in vivo, but 

phosphorylation of Orc2 had almost no effect on helicase loading (Chen et al 2011). When all 

10 CDK sites were mutated, the mutant construct showed a slight loading defect when 

unphosphorylated, but phosphorylation had no inhibition of loading, showing that these 10 sites 
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are solely responsible for the consequences  of CDK phosphorylation (Figure 7A lane 8 

compared to lane 4).  

To investigate the consequence of Orc2 or Orc6 phosphorylation, I evaluated their 

effects on Cdt1 release kinetics. As fully-phosphorylated ORC did not affect the class of Cdt1 

events which dissociate from DNA simultaneously with Mcm2-7, I focused on events when Cdt1 

dissociated from Mcm2-7. The Cdt1 dissociation kinetics for each phosphorylated ORC mutant 

were similar to those seen for phosphorylated wild-type ORC (Figure 7B). In each case, the 

delay in Cdt1 dissociation seen when ORC was  unphosphorylated was lost. The dwell time 

distribution that resulted from phosphorylation of Orc2 alone (green line) showed slightly longer 

Cdt1 dwell times than the other phosphorylated ORCs but clearly distinct from unmodified ORC 

and much more similar to the phosphorylation of Orc6 alone or of both Orc2 and Orc6 (Figure 

7B).  
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Figure 7: Phosphorylation of either ORC2 or ORC6 alone is sufficient to inhibit 
helicase loading and change Cdt1 dissociation kinetics in purified in vitro 
reactions.  

A: An in vitro helicase loading reaction was performed using mutant forms of ORC that 
can be phosphorylated on either Orc2 or Orc6 only, or a third mutant that cannot be 
phosphorylated by CDK at all. Lanes 1-4 were not phosphorylated whereas lanes 5-8 
were.  

 

B: Survival plots of Cdt1 dwell times for Cdt1 molecules released independently of 
Mcm2-7 (wtORC, blue, n=191; wtORCPi, red, n=209; Orc6-4A-ORCPi, purple, n=424; 
Orc2-6A-ORCPi, green, n=287). Dotted lines represent 95% confidence intervals.   

 

ORC phosphorylation inhibits Mcm2-7 ring closing.  

Given previous studies connecting Mcm2-7 ring closing with Cdt1 release (Ticau et al., 

2017 and Frigola et al 2017), we turned our attention to understanding the impact of ORC 

phosphorylation on this event. Previous single-molecule studies revealed that Cdt1 release from 

Mcm2-7 was concomitant with Mcm2-7 ring closing (Ticau et al 2017). We were particularly 

interested in the finding that Cdt1 still released from Mcm2-7 when ORC is phosphorylated 

(albeit with different kinetics; Figure 6C), yet the corresponding  Mcm2-7s fail to load. We 

considered two possible models to explain this observation: 1) the helicase ring closes when 

Cdt1 leaves, but not around DNA; or 2) helicase-ring closing is decoupled from Cdt1 release by 

phosphorylated ORC.  
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To distinguish between these two models, I monitored closing of the Mcm2-5 gate using 

an Mcm2-7 complex modified with a pair of FRET fluorophores on the Mcm2 and Mcm5 

subunits (Ticau et al. 2017). When the helicase is in the ñopenò conformation, the fluorophores 

are far apart resulting in low FRET. When the gate closes, the fluorophores are brought into 

closer proximity and the Mcm2-7 complex transitions to a high-FRET state (Figure 8A). Note 

that the two subunits are separately labeled, so we restricted analysis to traces in which both 

subunits are labeled (i.e., we excluded traces in which either subunit was unlabeled). We 

evaluated the ring-closing FRET data by plotting the EFRET values 

 (ὉὊὙὉὝ ) as a 2D histogram for both unphosphorylated and 

phosphorylated ORC (Figure 8 B and C). The data was first synchronized by setting t=0 as the 

time of Mcm2-7 arrival for each Mcm2-7-DNA association. 2D histograms were then created by 

calculating the probability density of the proportion of Mcm2-7 associations in each EFRET state 

for each time point over the first 100 seconds.  A gradient of yellow to blue represents higher to 

lower occupancy of that EFRET and time value (Note: this plot is analogous to gene expression 

heat maps).  

The probability density values can be normalized in two ways that highlight different 

features of the data. In the first approach (Figure 8B), I normalized the data relative to the total 

number of events at t=0. This approach illustrates both the change in EFRET with time and the 

relative fraction of events (versus the total number of starting events) that remain at a given 

time. Because a subset of Mcm2-7 complexes fall off the DNA over the time plotted, this 

normalization results in the total signal decreasing with time (Figure 8B). The data in these two 

panels show that when ORC is unphosphorylated, a fraction of the Mcm2-7 rings close after 

about 20 seconds and persist on DNA in the closed-ring state after that point. In contrast, when 

ORC is phosphorylated, the large majority of the Mcm2-7 molecules fall off the DNA without 

stably transitioning to the high-FRET state, indicating a failed helicase loading. Importantly, 
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when ORC is phosphorylated most of the Mcm2-7 molecules fall of the DNA before 20 seconds, 

which is the approximate time it takes for the ring to close when ORC is unphosphorylated. This 

timing suggest two hypotheses to explain the lack of loading when ORC is phosphorylated.  It is 

possible that ORC phosphorylation causes the Mcm2-7 molecules to fall off the DNA before 

they have the opportunity to close. Alternatively, ORC phosphorylation could actively inhibit 

helicase ring closing and the time of Mcm2-7 release being similar to the transition to a closed-

ring state for unphosphorylated ORC could reflect breaking of interactions (e.g. with ORC) that 

normally occur during this transition.  

To distinguish between the above two models, we renormalized the 2D histograms in a 

second way (Figure 8C). Specifically, the probability density was re-normalized to the number of 

Mcm2-7 molecules that remain on DNA at each successive time point. In this representation, 

the shorter events that fall off of the DNA do not influence the probability density at later 

timepoints. This brings out attributes of the longer-lived events that are difficult to observe with 

the previous normalization. These data show that when ORC is unphosphorylated all Mcm2-7 

events that remain on DNA longer than 20 seconds are in a closed-ring state and remain in this 

state. Interestingly, when ORC is phosphorylated, the low percentage of Mcm2-7 molecules that 

remain bound to DNA longer than 20 seconds remain primarily in the low-FRET state for the 

rest of their time on the DNA. These findings argue against a model in which ORC 

phosphorylation causes Mcm2-7 to fall off before they can close their rings. Instead, these data 

strongly suggest that ORC phosphorylation actively inhibits Mcm2-7 ring closing. 
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Figure 8: ORC phosphorylation prevents helicase ring-closing.  

A: Representative fluorescent traces of Mcm2-7 with Mcm2green and Mcm5red labels. The 
acceptor fluorophore is shown in red, the donor fluorophore in green. The FRET signal 
(ie the acceptor emission during donor excitation) is shown in blue, the total fluorescent 
emission (donor emission plus acceptor emission) is shown in magenta. The EFRET 
(Acceptor emission/total_emission) is shown in black.  

B: 2D heat maps show the change in EFRET vs time when ORC is either 
unphosphorylated or phosphorylated. The probability density of EFRET values for each 
time point are normalized to the total number of events in the data set (i.e. the total 
number of events present at t=0).  

C: 2D heat maps show the change in EFRET vs time when ORC is either 
unphosphorylated or phosphorylated. In contrast to B, in this plot the probability 
densities at each successive time point are normalized to the number of events that 
remain bound to DNA at that time point.  

 

 

ORC phosphorylation inhibits an intermediate state during ring-closing.  

Careful analysis of the Mcm2-7 EFRET data for reactions containing phosphorylated 

ORC suggested ORC phosphorylation did not lock the Mcm2-7 ring in the open state, but 

instead allows the Mcm2-7 to sample a ring-closing intermediate, but does not allow Mcm2-7 to 

fully close the ring. Although when ORC is phosphorylated, the majority of the EFRET data is in 

the low EFRET state (consistent with an open ring) for the entire time observed, a small portion 

is in the higher EFRET state after ~20 seconds (Figure 8C).  This small portion of higher-EFRET 

values was consistently present at all of the later timepoints. This distribution of EFRET values 

could result from two different scenarios: 1) either a small fraction of the Mcm2-7 molecules 

enter the high EFRET state and remain there; 2) or a large fraction of Mcm2-7 molecules are 

transiently sampling the high EFRET state.  

To investigate the two hypotheses, we plotted the data as 1D-histograms and fit the 

histograms with a 2-state Gaussian function to determine the proportion of data in the different 

EFRET states (Figure 9A). For both the phosphorylated and unphosphorylated ORC 

experiments, we binned the data into three time-intervals: 0-15 seconds, where we expect the 
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Mcm2-7 proteins to be primarily in the closed state; 15-75, seconds where we expect the Mcm2-

7 to exist in a mixture of closed and open states (as we saw in the 2D histograms); and 75-100 

seconds, where we expect that most Mcm2-7ôs with unphosphorylated ORC will be in the closed 

state, but the Mcm2-7 with phosphorylated ORC will still primarily inhabit the low EFRET state 

with a small population in the high EFRET state (as in the 15-75 time-interval). Each time-slice 

was fit to a two-state-Gaussian model independently of the other time slices. 

The results of the independent 2-state Gaussian fits suggested the existence of a third 

EFRET state. Previously published results detected only two states corresponding to the open 

and closed Mcm2-7 ring (Ticau et al 2017). Fitting the new data showed that the value of the 

low EFRET state (corresponding to the open ring) was similar in all time intervals (EFRET=0.25-

0.29). In contrast, fitting the separate time-intervals identified multiple high-EFRET states. When 

ORC was unphosphorylated, the high-EFRET state for the early time interval corresponded to a 

substantially higher value than the high-EFRET state for the later two time-intervals 

(EFRET=0.49+/- 0.01 vs EFRET=0.42+/-0.007). Additionally, the high-EFRET state seen for all 

of the phosphorylated ORC time-points was similar to the high-EFRET state seen in the early 

unphosphorylated ORC time point (EFRET=0.51+/- 0.02 for phosphorylated ORC). Because 

ring-closing has occurred at the later time points of the unphosphorylated data (Ticau et al., 

2017), the lower of these values (EFRET=0.42 state) represents the stably closed Mcm2-7 ring.  

Thus, these result suggested that there is an intermediate state in ring-closing represented by 

the highest of the three EFRET values (EFRET=0.49-0.51).   

The observation that the two-state model was fitting different high-EFRET states at 

different time points led us to test whether a 3-state model (where the 3rd state is assumed to be 

an intermediate state in ring closing) fits the unphosphorylated ORC data better than a 2-state 

model. To test this possibility, we used a global fitting algorithm (Figure 9B,C). The global fitting 

approach assumes that the same set of EFRET states (either 2 or 3 states) are available to the 
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Mcm2-7 at each moment in time, and fits the proportion of the data in each state at each time 

point. This is different from the ñindependentò fit in (Figure 9A) because the same set of states 

must exists at all time pointsðthe value of the ñhighò EFRET state cannot change as the 

reaction progresses, instead additional states can be added if the data does not globally fit to a 

2-state model. The data were separated into 5-sec time intervals to allow finer resolution of the 

prevalence of the different EFRET states as a function of time. Additionally, we pooled the data 

with both phosphorylated and unphosphorylated ORC, and required they fit to the same 3 

EFRET states. Fitting the two experiments at once makes the assumption  that the high-EFRET 

state seen in the phosphorylated ORC data is the same high-EFRET state seen in the early 

time points in the unphosphorylated ORC data. Representative histograms showing the 3-state 

Gaussian fit are shown in (Figure 9B). The data show similar EFRET values for the 3 different 

peaks as was found in the independently-fit 2-state model: the open-ring state fits to an 

EFRET= 0.26+/- 0.004, the closed ring state fits to EFRET=0.41+/-0.005, and the high-EFRET 

intermediate state fits to EFRET=0.48+/-0.01. When ORC is unphosphorylated, the data 

indicate that initially the Mcm2-7 molecules primarily inhabit the low EFRET state (EFRET=0.26) 

although a small portion of the data are in the intermediate-EFRET state (EFRET=0.48). At later 

timepoints the data transitions to a mixture of the low and intermediate states with more of the 

data in the EFRET=0.48 state. Subsequent timepoints show all three states together. Finally, 

the latest timepoints show Mcm2-7 is primarily in the closed-ring (EFRET=0.41) state (Figure 9B 

top panels). In contrast, when ORC is phosphorylated, the data indicate that Mcm2-7 molecules 

are primarily found in the low EFRET state with a small proportion of the EFRET data in the 

intermediate state at all timepoints. Consistent with the lack of loading, the phosphorylated ORC 

data never shows a significant occupancy of the closed-ring EFRET state.  

We will use the Baysian Information Criterion (BIC = ln(L) ī k/2 ln(n), where L is the 

maximized likelihood, k is the number of free fit parameters, and n is the number of 
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measurements) which penalizes the use of additional terms in the fit equation to statistically test 

whether the three state model is better than the two state model. Note that mathematically, 

adding more terms will always increase how well the model fits raw data, so a test like the BIC 

can show whether the additional terms are actually justified. However, we are working out some 

details with the log-likelihood before we can calculate this metric. In the meantime I have 

included examples of timeslices of the unphosphorylated ORC data which has been globally fit 

to either a 2-state model or a 3-state model (Figure 10). The differences are subtle by eye, but 

at early timepoints the two state model overfits the high proportion of the data because it is 

trying to fit small proportions of data in the ñextra highò EFRET state to the lower ñhighò EFRET 

state which dominates at later timepoints (Figure 10, green ovals).  Whereas adding a 3rd term 

fixes this by allowing a smaller amount of data to be in the ñextra highò EFRET state at early 

timepoints.  

To further investigate whether this 3-state model fits our hypothesis that the 

EFRET=0.48-state represents an intermediate, we plotted the proportion of the data in each 

state at each timepoint (Figure 9C). As with the 2D histograms (Figure 8B), this data is 

normalized in two ways: in the top panels, the portion of the data in each EFRET state is 

normalized to the total number of Mcm2-7-DNA associations in the data set. In this 

normalization, the dissociation of short-lived Mcm2-7-DNA associations events leads to the total 

occupancy decreasing over time. In the bottom panels, the proportion of the data in each 

EFRET state is normalized to the number of Mcm2-7-DNA associations that remain on DNA at 

the indicated time. The data with unphosphorylated ORC are consistent with a model in which 

the EFRET=0.48 state represents an intermediate. As the proportion of the data in the low-

EFRET state falls, the proportion in the intermediate state increases, initially with no occupancy 

of the final closed state. However, at later timepoints the proportion of data in the intermediate 

state decreases as occupancy of the final EFRET state increases (Figure 9C). During the final 
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timepoints essentially all of the molecules are in the closed-ring state (Figure 9C, lower left 

panel). In contrast, when ORC is phosphorylated (figure 9C, right panels), most of the data 

inhabits the low EFRET state, with a small proportion of data also inhabiting the intermediate-

EFRET state.  The portion of the data in the intermediate state increases slightly with time. 

Consistent with phosphorylated ORC never reaching a loaded state, these data never show 

significant occupancy of the EFRET state representing the stably-closed ring. From these data, 

we cannot distinguish whether a small minority of the Mcm2-7 molecules enter the intermediate 

EFRET state and then stay there when ORC is phosphorylated, or a majority of the Mcm2-7 

molecules transiently sample this intermediate state. Together, these data indicate that ORC 

phosphorylation must either inhibit or fail to catalyze the transition from the intermediate state to 

the closed ring.  
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Figure 9: 3-state model.  

A: Independent, 2-state Gaussian modeling of the EFRET data for separate time-slices 
from experiments using either unphosphorylated ORC (top 3 panels) or phosphorylated 
ORC (bottom 3 panels). The EFRET data is shown in blue (error bars represent binomial 
error). The fit equation (red line) and the individual fit components (grey dotted lines) are 
shown superimposed on the data. The fit parameters are shown in the tables below 
each graph. Green boxes highlight the expected EFRET value for a closed Mcm2-7 ring, 
and red boxes highlight the higher than expected EFRET value seen at the initial 
timepoint when ORC is unphosphorylated, and in the phosphorylated ORC data.  

B: Representative time-points of EFRET data globally fit to a 3- Gaussian model. The 
blue bars represent the data (error bars represent binomial error). The red line 
represents the fit, and the dotted line represent the contribution from each of the 3 
components (i.e., EFRET=0.26, EFRET=0.48, and EFRET-0.41).  

C: Results from the 3-state global fit in (B) plotted versus time. In the top panels the 
proportion of data in each state at each timepoint is normalized to the total number of 
events in the data set. In the bottom panels, the proportion of data in each state at each 
timepoint is shown (i.e., the data is normalized to the number of events at that time). 
Error bars represent standard error.  
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Figure 10: Comparison of the 2 state fit and the 3 state fit.  

A: Global fitting of the unphosphorylated ORC data to a two-state model. Selected time-
slices shown. Areas where the fit is over-fitting the higher FRET state are highlighted in 
green circles.  

B: Global fitting of the unphosphorylated ORC data to a three-state model. Selected 
time-slices shown.  

 

Phosphorylation of either ORC subunit alone is sufficient to inhibit ring-closing. 

We also wanted to evaluate how the two individual phosphorylated ORC subunits 

contributed to inhibiting Mcm2-7 ring closing. We used the same 2-5 gate FRET construct (as in 

Figures 8 and 9) to evaluate helicase ring closing with the two ORC mutants that have alanine 

mutations at the CDK sites in either Orc2 or Orc6. When we evaluated these mutant in the 

Mcm2-5-gate FRET assay we saw the same behavior as wild-type fully phosphorylated ORC. 

Both mutants led to the majority of Mcm2-7 molecules falling off of DNA before ~20 seconds 

without transitioning to a close ring FRET state (Figure 11).   
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Figure 11: Phosphorylation of either ORC2 or ORC6 alone prevents helicase ring-
closing.  

2D heat maps show the change in EFRET vs time when either ORC2 is phosphorylated 
and not ORC6 or vice versa. (N=847 for phosphorylated ORC2, mutated ORC6, N=1253 
for phosphorylated ORC6, mutated ORC2) 

A: Probability density of EFRET values for each time point are normalized to the total 
number of events in the data set (i.e. the total number of events present at t=0). 

B: Probability densities at each successive time point are normalized to the number of 
events that remain bound to DNA at that time point. 

 

 

 

 


