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DNA replication is a fundamental process by which organisms copy 

their DNA. Biochemical reconstitution approaches in bacteria and viral 

systems have been instrumental in enhancing our mechanistic understanding 

of this process. However, a reconstituted system to study eukaryotic 

chromosomal DNA replication has been lacking. My thesis work focused on 

overcoming this deficiency by aiming to reconstitute eukaryotic DNA 

replication with purified budding yeast proteins, as chromosome replication is 

highly conserved from yeast to humans but best understood in budding yeast, 

Saccharomyces cerevisiae.  

Eukaryotic DNA replication initiates via a conserved two-step 

mechanism from multiple origin sites distributed along the length of each 

chromosome. In the first step, which is restricted to G1 phase, the core of the 

replicative helicase complex, Mcm2-7, is loaded in an inactive form at origins 

of replication, forming a pre-replicative complex (pre-RC). Subsequent 

activation of the Mcm2-7 helicase in the second step occurs exclusively in S-

phase. Mcm2-7 loading has been previously reconstituted with purified 

proteins. However, the unusual double hexameric configuration of the Mcm2-7 

complex bound around double stranded DNA observed in this reaction, while 

providing a molecular rationale for bi-directional origin activation, raised the 

question whether this structure is a true replication intermediate. Here, I show 



that reconstituted pre-RCs indeed support regulated replication of plasmid 

DNA in yeast cell extracts exhibiting the hallmarks of cellular replication 

initiation. 

Expanding on this observation, I have subsequently reconstituted DNA 

replication free in solution with purified budding yeast proteins in order to 

generate a system that allows for the biochemical study of all steps of 

eukaryotic DNA replication. The system recapitulates regulated bidirectional 

origin activation; synthesis of leading and lagging strands by the three 

replicative DNA polymerases Pol α, Pol δ and Pol ε, and canonical maturation 

of Okazaki fragments into continuous daughter strands. A dual regulatory role 

for chromatin was uncovered during the replication of chromatinized 

templates: i) promoting origin dependence and ii) determining Okazaki 

fragment length by restricting Pol δ progression. Hence, this system provides a 

functional platform for the detailed mechanistic analysis of eukaryotic 

chromosome replication.    
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CHAPTER ONE 
 

INTRODUCTION 
 
 

Overview 

 DNA replication is a fundamental process by which a cell copies its 

genome and passes it on to the next generation. Accurate duplication of the 

genetic material is essential in all domains of life. This is accomplished by 

multiprotein machine termed ‘replisome’ that coordinates multiple enzymatic 

activities (e.g. DNA helicase, DNA polymerase, primase etc.). In eukaryotes 

replication of DNA is regulated via multiple mechanisms to ensure genomic 

integrity (Diffley, 2004; Siddiqui et al., 2013) as its misregulation can cause 

under- or over-replication of the genome resulting in genome instability, 

tumorigenesis and cell death (Blow and Gillespie, 2008; Vassilev and 

DePamphilis, 2017). 

 In general, DNA replication occurs in three phases: initiation, elongation 

and termination. Firstly, during the initiation step, the double helical DNA is 

untwisted and unwound into its component single strands by the replicative 

DNA helicase to form a replication fork (Dewar and Walter, 2017). The 

unwinding of the parental DNA duplex provides the single-stranded DNA 

(ssDNA) template for synthesis of the daughter DNA strands by DNA 

polymerases during the elongation phase. As DNA polymerases synthesize 

the nascent DNA only in 5′ to 3′ direction, the anti-parallel configuration of the 

two strands of the template DNA dictates that they be copied in opposite 

direction from each other as the replication fork progresses along parental 

DNA (Marians, 1992). One strand can be copied continuously in the direction 

of the replication fork and is called the leading strand while the other strand, 
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the lagging strand, is synthesized discontinuously in the form of short Okazaki 

fragments (Okazaki et al., 1968). Finally, termination occurs when replication 

forks moving in opposite direction converge. During termination, the daughter 

strands synthesized by the opposing forks are ligated and the replisomes are 

disassembled (Dewar and Walter, 2017). 

 Studies in bacteriophages (reviewed in (Alberts, 1987)), bacteria 

(reviewed in (Marians, 1992)) and eukaryotic viruses (reviewed in (Kelly, 

2017)) were vital in formulating basic principles of DNA replication. In 

particular, biochemical reconstitution approaches were instrumental in 

identifying and characterizing replication factors by allowing the purification of 

the respective activities from crude cell extracts that recapitulated the 

replication of origin-containing plasmid DNA templates. Extract fractionation 

and the genetic characterization of mutants exhibiting conditional defects in 

cellular DNA replication ultimately led identification of the complete 

complement of factors required for the replication of bacteriophage, E. coli, 

and SV40 genomes (Barry and Alberts, 1972; Hinkle and Richardson, 1975; 

Schekman et al., 1975; Wickner and Hurwitz, 1974) , culminating in the 

complete reconstitution of the respective replication systems with purified 

proteins (Bramhill and Kornberg, 1988; Funnell et al., 1986; Kelly, 2017; 

Marians, 1992; Tsurimoto et al., 1990; Waga et al., 1994; Waga and Stillman, 

1994). This approach of reductionist biology, perhaps more appropriately 

called constructionist biology, created an opportunity to study the components 

in a minimalistic environment avoiding interference from the cellular milieu (Liu 

and Fletcher, 2009).   

 Characterization of the cell-free SV40 DNA replication reaction was 

essential for the identification of many basic eukaryotic replisome components, 
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such as replicative DNA polymerases, the single-stranded DNA binding 

protein, RPA, the polymerase processivity clamp, PCNA, and its loader, the 

RFC complex, as well as basic chromatin replication factors such CAF-1, as 

this virus depends on cellular replication proteins for its genome duplication in 

addition to the virus-encoded large T antigen DNA helicase(Li and Kelly, 1984; 

Smith and Stillman, 1989; Tsurimoto et al., 1990; Tsurimoto and Stillman, 

1989; Wold et al., 1989). However, as the activities of SV40 large T antigen 

bypass the virus’ dependence on the cellular initiation machinery as well as 

the cellular replicative DNA helicase, many aspects of SV40 replication appear 

fundamentally different from cellular chromosomal DNA replication (Borowiec 

and Hurwitz, 1988; Dodson et al., 1987). Reconstitution of chromosomal 

origin-dependent DNA replication is thus essential for our ability to study the 

mechanism of cellular genome replication.   

 This thesis focuses on the reconstitution of eukaryotic DNA replication 

with purified budding yeast proteins, which allowed us to define the minimal 

complement of proteins required for budding yeast DNA replication. Almost all 

of the proteins involved in the duplication of the budding yeast genome have a 

single ortholog in other eukaryotic species including humans (Table 1.1) and 

chromosome replication is one of the most highly conserved areas of 

eukaryotic cell biology (Bell and Labib, 2016). In this introduction, I review our 

current understanding of the various phases of eukaryotic DNA replication and 

the roles individual replication proteins play in this process. I will also discuss 

how the additional level of complexity in eukaryotes brought about by the cell 

cycle regulation of DNA replication and chromatinization of the genome 

fundamentally affects the process of genome duplication. 
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Table 1.1 List of proteins involved in budding yeast DNA replication and 

their human orthologs. (Adapted from Bell and Labib, 2016)  

 
Protein or Complex Derivation of Name 

 
Human Ortholog 

ORC  Origin Recognition Complex ORC 

Cdc6 Cell division cycle CDC6 

Cdt1 Cdc10 dependent transcription CDT1 

MCM Minichromosome maintenance MCM 

DDK Dbf4-dependent kinase DDK 

CDK Cyclin-dependent kinase CDK 

Sld3 Synthetic lethal with Dpb11 Treslin 

Cdc45 Cell division cycle CDC45 

Sld2 Synthetic lethal with Dpb11 RECQL4 

Dpb11 DNA polymerase B interacting TOPBP1 

GINS Go-Ichi-Ni-San in Japanese for 
5-1-3-2 for subunits (see text) 

GINS 

Pol ε  Polymerase Pol ε 
Mcm10 Minichromosome maintenance MCM 10 

RPA Replication protein A RPA 

Pol α Polymerase Pol α 
Ctf4 Chromosome transmission 

frequency 
AND-1 

Pol δ  Polymerase Pol δ 
Fen1 Flap endonuclease FEN1 

Cdc9 Cell division cycle LIG1 

RFC Replication Factor C RFC 

PCNA Proliferating cell nuclear antigen PCNA 

Top1 Topoisomerase Topo I 

Top2 Topoisomerase   Topo II 
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Initiation   

 In 1963, Jacob, Brenner and Cuzin proposed the replicon model for 

DNA replication initiation, which postulates that the binding of a trans-acting 

factor (the initiator) to a specific cis-acting sequence in the genome (the 

replicator) defines an origin of DNA replication (replication start site) (Jacob et 

al., 1963). The basic premise of this model has been confirmed in DNA 

replication initiation across all domains of life. Many bacterial genomes 

comprise a single circular chromosomal DNA on which DNA replication 

initiates from a single origin. On the other hand, eukaryotic genomes generally 

consist of multiple linear chromosomes that are replicated from many origins 

distributed along the length of each chromosome (Leonard and Mechali, 

2013). The multiplicity of replication initiation events in eukaryotic cells 

ensures the timely replication of the relatively large eukaryotic chromosomes, 

as the time required to replicate a chromosome is essentially dependent only 

on interorigin distance (origin density) and not on replication fork speed as in 

genomes replicated from a single origin (Diffley, 2011). While the utilization of 

multiple replication origins thus allowed for the evolution of large eukaryotic 

genomes, it demands robust cellular mechanisms that ensure once-and-only-

once replication in each cell cycle to ensure genome integrity across 

generations (Diffley, 2011). This cell cycle regulation of origin function 

fundamentally impacts potential strategies for the reconstitution of eukaryotic 

DNA replication, as will be discussed further below. 

 

Replication Origin Structure 

 Among eukaryotes, replication origins are best understood in the 

budding yeast, Saccharomyces cerevisiae, where they were originally 
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identified by their ability to support the replication of episomes or 

minichromosomes, giving rise to the name autonomously replicating sequence 

(ARS) elements (Stinchcomb et al., 1979). A fraction of these ARS elements 

was subsequently shown to function as origins in their chromosomal location 

(Brewer and Fangman, 1987; Huberman et al., 1988). Budding yeast ARSs 

are around 200 base-pairs (bp) long and consist of A and B domains (Fig 1.1). 

The A domain contains an 11-base pair, AT rich, highly conserved sequence 

called ARS consensus sequence (ACS) (Broach et al., 1983) that serves as a 

binding site for ORC (Bell and Stillman, 1992). Mutational disruption of the 

ACS disrupts ARS function (Bell, 1995; Marahrens and Stillman, 1992) .The B 

region is less highly conserved and entails short sequence elements that 

contribute to origin activity (Marahrens and Stillman, 1992). For instance, in 

the case of ARS1, the B regions contains B1, B2 and B3 elements with B1 

contributing to ORC binding and B2 contributing to helicase loading (Bell and 

Stillman, 1992; Lee and Bell, 1997; Rao and Stillman, 1995; Rowley et al., 

1995). 

 Although the ACS is essential for origin activity in budding yeast, this 

sequence element alone is insufficient to determine an origin site, as many 

more ACSs than origins exist in the budding yeast genome (Breier et al., 2004; 

Eaton et al., 2010). In fact, chromatin structure profoundly determines origin 

function in vivo. Nucleosome mapping across the genome showed that ACSs 

that are part of replication origins are embedded within a nucleosome-free 

region (NFR) flanked by highly positioned nucleosomes (Berbenetz et al., 

2010; Eaton et al., 2010). Budding yeast origins are particularly A/T-rich and 

characterized by a distinct A/T skew (Breier et al., 2004). This A/T skew may 
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contribute to the inherent exclusion of nucleosomes from the origin (Segal and 

Widom, 2009). Nucleosome depletion from the origin is important for origin 

function as assembly of nucleosomes across an origin inhibit origin activity 

(Eaton et al., 2010; Simpson, 1990).  In addition, nucleosomes are specifically 

positioned on either side (Fig 1.1) of the NFR at the origin, partly through the 

binding of ORC at the origin, and positioned origin-proximal nucleosomes 

appear to assist origin function by promoting pre-RC assembly (Lipford & Bell, 

2001)  

 Intriguingly, the sequence conservation observed at budding yeast 

origins is not observed in higher eukaryotes and apparently random 

heterologous DNA sequences were for example found to support regulated 

replication of plasmids in Xenopus oocytes, Xenopus oocyte extracts, and 

mammalian tissue culture cells (Harland and Laskey, 1980; Heinzel et al., 

	  Figure 1.1 Structure of S. cerevisiae origin of replication. Budding 
yeast origins comprise A and B elements located within a nucleosome 
free region. B elements are further divided into the B1 element and a 
variable number of addition B elements. ORC binds to the region 
encompassing the A and B1 elements. 
 



	   	   8 

1991; Hyrien and Mechali, 1993; Mechali and Kearsey, 1984). Regardless, 

recent genome-wide studies have revealed some common patterns underlying 

origin activity in metazoans, including among others the formation of a NFR 

(Karnani et al., 2010; MacAlpine et al., 2010) and enrichment for G-rich 

sequences and CpG islands (Cadoret et al., 2008; Delgado et al., 1998). 

However, the exact function of these elements in determining replication origin 

function is currently an active area of research.  

 

Two steps in eukaryotic DNA replication initiation 

In eukaryotes, DNA replication initiates via a two-step mechanism to 

prevent repeated origin firing within one cell cycle. In the first step, which 

occurs exclusively at the end of mitosis and during G1 phase, origins are 

marked as potential sites for initiation of DNA replication in a step known as 

origin licensing (Blow and Laskey, 1988). This step involves the assembly of a 

pre-replicative complex (pre-RC) that is characterized by an extended DNase1 

footprint at the origin (Diffley et al., 1994). As described below pre-RC 

formation involves the loading of the replicative helicase, Mcm2-7, in inactive 

form at the origin by the origin recognition complex, Cdc6, and Cdt1 (Labib et 

al., 2001). Following origin licensing in the second step, which occurs 

exclusively in S phase, a subset of the loaded Mcm2-7 helicase complexes is 

activated ultimately resulting in the formation of a pair of oppositely oriented 

replication forks emanating from each origin (Boos et al., 2012; Mantiero et al., 

2011; Tanaka et al., 2011). The temporal separation of helicase loading and 

activation in the cell cycle ensures that the entire genome is replicated once 

and only once per cell cycle thus maintaining genome integrity (Remus and 

Diffley, 2009; Siddiqui et al., 2013).  
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Proteins involved in helicase loading 

The core of the eukaryotic replicative helicase is the Mcm2-7 complex, 

a hetero-hexameric assembly of six distinct, yet related, AAA+ ATPases. As 

described above loading of the Mcm2-7 complex occurs specifically in G1 

phase and results in the formation of inactive head-to-head double hexamer 

(DH) encircling the double stranded DNA (dsDNA) (Evrin et al., 2009; Remus 

et al., 2009). Mcm2-7 loading requires the coordinate activities of the origin 

recognition complex (ORC), Cdc6 and Cdt1 (Bell and Dutta, 2002). In the 

following I will briefly review the individual components of pre-RCs before 

describing how these factors coordinately load Mcm2-7 onto DNA. 

   

ORC  

The origin recognition complex (ORC) is the initiator protein for 

eukaryotic DNA replication. It was initially isolated from budding yeast cell 

extracts as a hetero-hexameric protein complex that specifically binds ARS 

DNA in vitro in the presence of ATP (Bell and Stillman, 1992). The binding of 

ORC to ARS elements in vivo was confirmed by in vivo footprinting studies 

(Diffley and Cocker, 1992; Diffley et al., 1994) and genome-wide chromatin 

immuno-precipitation (ChIP) analyses (MacAlpine and Bell, 2005), which 

revealed that ORC is bound at origins throughout the cell cycle. Subsequent 

studies found that ORC’s function as the initiator is conserved throughout all 

the eukaryotes studied so far (Carpenter et al., 1996; Chesnokov et al., 1999; 

Gavin et al., 1995; Grallert and Nurse, 1996; Romanowski et al., 1996; Rowles 

et al., 1996; Vashee et al., 2003).   



	   	   10 

ORC consists of six subunits, Orc1-6, named in descending order of 

their molecular weight (Bell et al., 1993). Five of those subunits, Orc1-5, 

belong to the family of ATPases associated with diverse cellular activities 

(AAA+) (Li and Stillman, 2012), while Orc6 comprises of a conserved TFIIB 

like domain (Liu et al., 2011). The characteristic feature of AAA+ proteins is 

the formation of composite, bipartite active sites upon oligomerization with one 

subunit contributing the Walker A and Walker B motifs for ATP-binding and -

hydrolysis and the neighboring subunit providing an arginine finger essential 

for ATPase activity (Neuwald et al., 1999). Orc2 and Orc3 lack essential 

residues for ATP binding, while Orc1, Orc4 and Orc5 can all bind ATP (Clarey 

et al., 2006; Klemm et al., 1997; Speck et al., 2005). Yet only Orc1 possesses 

ATPase activity and ATP-binding to this subunit only is required for ATP-

dependent ORC binding to origins (Klemm et al., 1997). The N-terminus of 

Orc1 also consists of Bromo-Adjacent Homology (BAH) domain (Bell, 1995), 

an evolutionarily conserved chromatin associated motif (Callebaut et al., 

1999). In addition to AAA+ domain, Orc1-5 also contain C-terminal winged-

helix (WH) domain. Recent high-resolution structure of ORC complex bound to 

replication origin DNA show that the WH domains from ORC subunits make 

contacts with the DNA (Li et al., 2018).  

 

Cdc6  

Cdc6 was first identified during a screen for S. cerevisiae mutants that 

affect the cell divison cycle (Hartwell, 1976). It was later discovered to have a 

role in DNA replication initiation (Palmer et al., 1990) and to be essential prior 

to S-phase (Hogan and Koshland, 1992; Kelly et al., 1993). Cdc6 genetically 

interacts with ORC (Liang et al., 1995), which physically recruits Cdc6 to 
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origins (Cocker et al., 1996; Coleman et al., 1996; Liang et al., 1995; 

Santocanale and Diffley, 1996). Primary sequence analysis revealed that 

Cdc6 consists of a AAA+ domain similar to ORC, sharing homology with Orc1 

in particular (Bell, 1995). Recruitment of Cdc6 to origins by ORC is ATP 

dependent (Coster et al., 2014; Kang et al., 2014; Kneissl et al., 2003; Perkins 

and Diffley, 1998) and activates the ATPase activity of Cdc6, possibly by 

establishing a canonical AAA+ interaction between subunits of ORC and Cdc6 

(Randell et al., 2006). Structural studies show that ORC forms a crescent-

shaped structure and Cdc6 bridges the gap in ORC and to form a ring like 

structure encircling the DNA (Chen et al., 2008; Speck et al., 2005; Yuan et 

al., 2017). Like Orc subunits, C-terminus of Cdc6 also contain WH domain, a 

domain that plays an important role in DNA binding (Liu et al., 2000).  

 

Mcm2-7 

The Mcm2-7 complex (MCM complex) is comprised of six distinct yet 

closely related AAA+ proteins that were originally identified in a budding yeast 

genetic screen aimed at identifying factors required for minichromosome 

maintenance and cell cycle progression (Maine et al., 1984; Moir et al., 1982). 

In parallel, it was also identified as a replication-licensing factor (RLF-M) in 

frog Xenopus laevis egg (Blow and Laskey, 1988; Madine et al., 1995; 

Todorov et al., 1995; Treisman et al., 1995). The MCM complex serves as the 

core engine of the eukaryotic replicative helicase as revealed by multiple lines 

of evidence: Mcm2-7 is a component of the Replisome Progression Complex 

(RPC), a multi-protein complex formed at replication forks in budding yeast 

cells specifically in S-phase (Gambus et al., 2006); depletion of Mcm2-7 

subunits in S-phase acutely and irreversibly blocks the progression of 
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replication forks (Labib et al., 2000; Pacek and Walter, 2004); and the purified 

Mcm2-7 complex exhibits DNA helicase activity in vitro (Bochman and 

Schwacha, 2008).  

Like ORC and Cdc6, the Mcm2-7 complex is also an assembly of AAA+ 

proteins, indicating a critical role for ATP metabolism in pre-RC formation. 

Each MCM protein consists of three core domains: A conserved N-terminal 

domain (NTD), AAA+ ATPase domain and C-terminal winged helix domain. 

Additionally, several of the Mcm subunits also consist additional N- or C-

terminal tails that play important regulatory role (Frigola et al., 2013; Labib, 

2010). These subunits assemble into a hexameric ring with a defined subunit 

order: Mcm5-Mcm3-Mcm7-Mcm4-Mcm6-Mcm2 (Davey et al., 2003). The ring 

displays two distinct tiers; one comprising of the NTD and other one consisting 

of AAA+ domains and features natural discontinuity between Mcm2-5 interface 

acting as a gate entry and exit of DNA (Bochman and Schwacha, 2008; Costa 

et al., 2011).  

   

Cdt1 

Cdt1 was first identified in fission yeast Schizosaccharomyces pombe 

as a factor essential for initiating DNA replication and as a protein inducing re-

replication in the absence of cell division (Hofmann and Beach, 1994; Nishitani 

et al., 2000). Its budding yeast counterpart was later identified as Tah11, a 

gene first isolated during screen for synthetic lethality with mutant 

topoisomerase I allele (Fiorani and Bjornsti, 2000; Tanaka and Diffley, 2002). 

Although Cdt1 is conserved in all eukaryotes (Maiorano et al., 2000; Whittaker 

et al., 2000; Wohlschlegel et al., 2000), its primary structure has markedly 

diverged between yeast and metazoans. For example, while all Cdt1 
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homologs contain a conserved C-terminal pair of WH domain, the N-terminal 

region is not conserved (Lee et al., 2004). In budding yeast cells Cdt1 and 

MCMs are imported into the nucleus in an interdependent fashion, indicating 

tight complex formation between these proteins (Tanaka and Diffley, 2002; Wu 

et al., 2012). Indeed, budding yeast Cdt1 forms a tight complex with Mcm2-7 

in vitro (Frigola et al., 2013; Kawasaki et al., 2006; Remus et al., 2009).  

 

The mechanism of Mcm2-7 helicase loading 

In preparation for MCM loading in G1 phase ORC recruits Cdc6 to 

origins, forming a complex (Cocker et al., 1996; Coleman et al., 1996) that 

encircles and bends double-stranded origin DNA through extensive protein-

DNA interactions (Fig 1.2) (Bleichert et al., 2015; Li et al., 2018; Tocilj et al., 

2017). The ORC-Cdc6 complex then recruits Cdt1-Mcm2-7 to the origin to 

form an unstable intermediate complex called ORC-Cdc6-Cdt1-Mcm2-7 

(OCCM), which can be biochemically enriched by preventing ATP hydrolysis 

during the helicase loading reaction (Sun et al., 2013; Yuan et al., 2017). High-

resolution cryo-EM analysis of this complex reveals that ORC-Cdc6 and Cdt1-

Mcm2-7 each form a toroid structure encircling the DNA with a shared central 

channel (Yuan et al., 2017). Single molecule studies indicate that following the 

deposition of the first Mcm2-7 complex onto DNA, Cdc6 and Cdt1 are released 

from the complex, while ORC and MCM remain bound (Fig 1.3) (Ticau et al., 

2017; Ticau et al., 2015). 

Once the first Mcm2-7 complex is loaded onto the DNA, Cdc6 and a 

second Cdt1-Mcm2-7 complex associate with the origin-bound ORC to load 

the second Mcm2-7 complex around the DNA, resulting in the formation of a 

head-to-head Mcm2-7 DH stably bound around dsDNA (Fig 1.3) (Abid Ali et 
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al., 2017; Evrin et al., 2009; Li et al., 2015; Noguchi et al., 2017; Remus et al., 

2009). ATP-hydrolysis by MCM appears to play an essential role during this 

process (Coster et al., 2014; Kang et al., 2014).  The MCM hexamers in the 

DH are held together via interactions between the MCM N-terminal domains, 

while the DNA inside the central channel makes extensive contacts with 

specific DNA binding loops of select Mcm2-7 subunits (Noguchi et al., 2017). 

The head-to-head orientation of the MCM hexamers in the DH provides a 

structural basis for bidirectional replication fork establishment at the origin.    

 

 

 

 

	  
Fig 1.2 Initial recruitment of Mcm2-7 to origin DNA. Origin-bound ORC 
recruits Cdc6. Once Cdc6 is bound, Cdt1·Mcm2-7 is recruited to the origin 
to form a ORC-Cdc6-Cdt1-Mcm2-7 (OCCM) complex. 
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Proteins involved helicase activation 

Helicase activation is the commitment step of DNA replication and 

occurs exclusively in S-phase. On its own, Mcm2-7 is a poor helicase but 

association of two helicase co-factors Cdc45 and GINS greatly stimulate its  

 

	  
Fig 1.3 Mcm2-7 helicase loading. Origin-bound ORC recruits Cdc6. Once 
Cdc6 is bound, Cdt1·Mcm2-7 is recruited to the origin to form a ORC-
Cdc6-Cdt1-Mcm2-7 (OCCM) complex. 
.   
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activity via the formation of Cdc45-Mcm2-7-GINS (CMG) complex (Ilves et al., 

2010). Activation of Mcm2-7 is dependent on two protein kinases: the Dbf4-

dependent kinase (DDK) and the cyclin dependent kinase (CDK) with DDK 

activity recruiting Cdc45 and CDK activity recruiting GINS (Gambus et al., 

2006; Heller et al., 2011; Labib, 2010; Yeeles et al., 2015). Additional firing 

factors: Dpb11, Sld2, Sld3, Pol ε and Mcm10 are also required for this process 

(Bell and Labib, 2016) and below I review each of these factors. 

 

Dbf4-dependent kinase (DDK) 

DDK comprises the Cdc7 catalytic kinase subunit and Dbf4, a 

regulatory subunit that relieves auto-inhibition of Cdc7 (Dowell et al., 1994; 

Jackson et al., 1993; Kitada et al., 1992). Cdc7 was first identified by Hartwell 

as a gene required for DNA synthesis in S. cerevisiae (Hartwell, 1973). 

Subsequently, its activity was discovered to be controlled by the cell cycle-

dependent association with Dbf4, which in turn is regulated by anaphase 

promoting complex (APC) (Cheng et al., 1999; Oshiro et al., 1999). The 

essential target for DDK during DNA replication is the Mcm2-7 complex as 

Mcm subunit mutations bypass DDK function (Hardy et al., 1997; Sheu and 

Stillman, 2010). It phosphorylates multiple Mcm subunits (Lei et al., 1997; 

Masai et al., 2006; Sheu and Stillman, 2006). In the budding yeast, 

phosphorylation by DDK promotes DNA replication initiation by alleviating an 

auto-inhibitory activity present in Mcm4 N-terminus (Sheu and Stillman, 2010).  

Recruitment of essential initiation factors Sld3 and Cdc45 to the origins is also 

dependent on DDK activity (Masai et al., 2006; Sheu and Stillman, 2006; 

Yabuuchi et al., 2006).    
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Cyclin-dependent kinase (CDK) 

In addition to DDK, CDK is also essential for DNA replication initiation in 

eukaryotes as established by the genetic studies in the budding yeast and the 

fission yeast (Hartwell, 1973; Nurse and Bissett, 1981). Similar to DDK, CDK 

is formed by association of a kinase and a regulatory partner, cyclin. In S. 

cerevisiae, CDK consists of a single Cdc28 kinase and its role in DNA 

replication involves two functionally redundant S-phase cyclins, Clb5 and Clb6 

(Schwob and Nasmyth, 1993). CDK has two essential targets during DNA 

replication Sld2 and Sld3 and their phosphorylation leads to the recruitment of 

additional initiation factors to the origin (discussed below) (Tanaka et al., 2007; 

Zegerman and Diffley, 2007). 

 

Helicase cofactors Cdc45 and GINS 

The core of the replicative helicase Mcm2-7 is a poor helicase on its 

own and requires the association two essential cofactors, Cdc45 and GINS 

(for Go, Ichi, Ni, San, meaning 5, 1, 2, 3 in Japanese), for robust activity 

(Bochman and Schwacha, 2008; Ilves et al., 2010). Cdc45 was initially 

identified in a S. cerevisiae screen for temperature sensitive mutants affecting 

cell cycle progression (Moir et al., 1982) and was subsequently found to be 

required for DNA replication initiation (Zou et al., 1997). On the other hand, the 

GINS complex was first identified in a screen searching for interaction partner 

for one of its subunits Sld5. Sld5, Psf1 (partner of Sld five 1), Psf2 and Psf3 

form a heterotetrameric GINS and all of these subunits are highly conserved 

across the species (Takayama et al., 2003). Both Cdc45 and GINS are 

essential component of replication fork and form a stable complex with Mcm2-
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7 during S-phase (Aparicio et al., 1997; Gambus et al., 2006; Moyer et al., 

2006; Pacek et al., 2006).  

 

Other firing factors 

Firing factors essential for helicase activation has been most well 

studied in the budding yeast. One of the key factors, Dpb11 was first identified 

as a high-copy suppressor of a mutation in Pol ε, an essential DNA 

polymerase (Araki et al., 1995). A single ortholog of Dpb11 that is essential for 

DNA replication initiation has been discovered across the eukaryotes, known 

as Rad4/Cut5 in fission yeast and TopBP1 in metazoans (Garcia et al., 2005). 

All of the Dpb11 orthologs consist of a series of BRCT domain, a phospho-

peptide binding motif(Manke et al., 2003; Yu et al., 2003). Discovery of Dpb11 

in the budding yeast paved the path for isolation of a series of SLD 

(synthetically lethal with Dpb11) genes that were subsequently found to be 

involved in MCM helicase activation (Kamimura et al., 1998). Sld2 was the first 

of these to be characterized and was shown to bind to C-terminal BRCT 

repeats of Dpb11 in CDK phosphorylation dependent fashion (Masumoto et 

al., 2002; Tak et al., 2006). Later, Sld3 was revealed to interact with Cdc45 

and was shown to bind to the two N-terminal BRCT repeats of Dpb11 when 

phosphorylated by CDK (Kamimura et al., 2001; Tanaka et al., 2007; 

Zegerman and Diffley, 2007). In humans, two proteins known as RecQ4 and 

Treslin have been proposed to be the functional homologs of Sld2 and Sld3 

(Marino et al., 2013; Sanchez-Pulido et al., 2010).   

 Pol ε complex is an essential DNA polymerase in eukaryotes and has a 

major role in leading strand synthesis during elongation (Morrison et al., 1990; 

Sugino, 1995). Surprisingly, Pol ε also has an essential role in initiation of DNA 
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replication that is independent of its DNA polymerase activtiy (Muramatsu et 

al., 2010). Pol ε comprises of four subunits: Pol2, Dpb2, Dpb3 and Dpb4 . The 

largest and catalytic subunit, Pol2, comprises two pairs of DNA polymerase 

and 3’-5’ exonuclease domains, one in the N-terminal half of the protein, and 

the other in the C-terminal half. However, the C-terminal DNA polymerase 

domain lacks essential catalytic residues rendering it inactive for DNA 

synthesis. Intriguingly, the catalytically active N-terminal DNA polymerase 

domain is not essential for cell growth or DNA replication, while the 

catalytically inactive C-terminus of Pol2 is essential for viability (Dua et al., 

1999; Kesti et al., 1999). This suggests that Pol2 has an essential structural 

function that is independent of its DNA polymerase activity, serving as scaffold 

other replication factors (Masumoto et al., 2000; Muramatsu et al., 2010). 

Consistent with this notion, the C-terminal region of Pol2 has been shown to 

genetically interact with initiation factors Dpb11 and Sld2 and helicase cofactor 

GINS (Muramatsu et al., 2010).  

 First identified in the same screen that isolated Mcm2-7 proteins in S. 

cerevisiae (Maine et al., 1984), the structurally unrelated Mcm10 protein has a 

strongly conserved role in DNA replication initiation across all eukaryotes 

(Gregan et al., 2003; Merchant et al., 1997; Wohlschlegel et al., 2002). 

Elimination of Mcm10 function prior to the initiation of DNA replication inhibits 

the recruitment of ssDNA binding protein RPA to the origin DNA but not the 

association of Cdc45 and GINS (Kanke et al., 2012; van Deursen et al., 2012; 

Watase et al., 2012), Additionally the binding of Mcm10 to the origins is 

dependent on both DDK and CDK suggesting a late role for Mcm10 in DNA 

replication initiation (Heller et al., 2011; van Deursen et al., 2012; Yeeles et al., 

2015).   
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How the Mcm2-7 helicase is activated 

 Recent studies suggest that the activation of the loaded double 

hexamer involves two major distinct steps: first, the assembly of the CMG, and  

 

 

	  Fig 1.4 CMG formation involves the separation of the Mcm2-7 double 
hexamer. Combined action of DDK and CDK recruits the helicase co-
factors Cdc45 and GINS to form CMG. Formation of CMG accompanies 
double hexamer separation. Pol ε presumably remains bound to CMG, 
forming a complex termed CMGE. 
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second the activation of the CMG helicase by Mcm10 (Figs 1.4 and 1.5) 

(Douglas et al., 2018; Yeeles et al., 2015). Formation of the CMG begins with 

the phosphorylation of the loaded Mcm2-7 DH by DDK. DDK phosphorylates  

 

	  
Figure 1.5 Model for CMG activation Activation of CMG helicase activity 
requires Mcm10. Once activated CMGs are oriented with N-terminal 
domain direction first thus requiring they pass each other. Red arrows by 
the CMGs indicate the direction of CMG translocation.   
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the unstructured N-terminal tails of Mcm4, Mcm6 and Mcm2 (Labib, 2010; Lei 

et al., 1997; Masai et al., 2006; Sheu and Stillman, 2006). This 

phosphorylation promotes the recruitment of two essential recruitment factors 

Sld3 and Cdc45 to the origin (Fig 1.4) (Deegan et al., 2016; Gros et al., 2014; 

Heller et al., 2011; Yeeles et al., 2015).  

CDK on the other hand phosphorylates Sld2 and Sld3, which promotes 

the complex formation between Sld2, Sld3 and Dpb11 (Tanaka et al., 2007; 

Zegerman and Diffley, 2007). Activity of CDK in S-phase also promotes the 

interaction between Sld2, Dpb11, Pol ε and GINS to form a labile but 

detectable pre-loading complex (preLC) independent of Mcm2-7 loading at 

origins (Araki, 2010; Muramatsu et al., 2010). Thus the recruitment of Sld3 to 

the origin in presence of DDK activity followed by the interaction between 

Dpb11 and Sld3 facilitated by CDK eventually recruits the pre-LC to the origin 

(Labib, 2010; Muramatsu et al., 2010). 

As described above, DDK and CDK recruit the helicase cofactors GINS 

and Cdc45 respectively and promote the formation of CMG. Formation of the 

CMG involves the separation of the double hexamer  and accompanies initial 

DNA untwisting (Douglas et al., 2018). Nonetheless, the separated CMG 

helicases are inactive and require Mcm10 for activation. Once activated, CMG 

helicases translocate in 3′-5′ direction on ssDNA along the leading strand 

template (Fu et al., 2011; Georgescu et al., 2017; Ilves et al., 2010; Moyer et 

al., 2006). Activated CMGs travel N-terminal domain first, requiring the two 

sister CMGs to pass each other during replication initiation (Fig 1.5)(Abid Ali et 

al., 2017; Georgescu et al., 2017) 
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Elongation  

Once the unwinding of the parental duplex begins and the replication 

forks are established, DNA polymerases and additional accessory factors 

necessary for genome duplication are recruited to the fork to form a 

multiprotein replisome (Bell and Labib, 2016; Burgers and Kunkel, 2017; Kelly, 

2017). In addition to three essential DNA polymerases, Polymerase α (Pol α), 

Polymerase δ (Pol δ) and Polymerase ε (Pol ε), the core replisome in 

eukaryotes comprises the single stranded DNA binding protein RPA, the 

clamp loader RFC, and the clamp PCNA (Bai et al., 2017). Additionally, as half 

of the genome is duplicated in the form of discontinuous Okazaki fragments, 

factors for maturation of lagging strands play an important role during 

replication elongation (Smith and Whitehouse, 2012). 

 

RPA 

 RPA was originally identified from human cell extracts as a component 

essential for replication of SV40 genome in vitro (Fairman and Stillman, 1988; 

Wobbe et al., 1987; Wold and Kelly, 1988) and was later found to be essential 

for cellular DNA replication (Adachi and Laemmli, 1994; Wold, 1997). In 

addition to replication, RPA also plays a very important role in other metabolic 

processes such as DNA repair and DNA recombination (Coverley et al., 1992; 

Coverley et al., 1991; Moore et al., 1991). It is a highly conserved protein and 

consists of three subunits: Rpa1, Rpa2 and Rpa3 (Wold, 1997). RPA binds 

single stranded DNA with high affinity and plays an important role in protecting 

vulnerable ssDNA exposed during the unwinding of parental duplex at the 

replication fork (Gomes et al., 1996; Kim et al., 1994; Oakley and Patrick, 

2010).  
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In addition to coating ssDNA, RPA also plays an active role in DNA 

replication by its interaction with several other replication factors (Prakash and 

Borgstahl, 2012). Pol α forms a stable complex with RPA and RPA binding 

stimulates the primase activity of Pol α (Braun et al., 1997). RPA also directly 

binds with RFC as well as Pol δ and it has been reported that competition to 

bind RPA plays an important role in polymerase switch during DNA replication 

(Yuzhakov et al., 1999). Hence, RPA plays a central role at the replication fork 

during DNA replication elongation.    

 

DNA polymerases 

 In eukaryotes, complete synthesis of daughter strands during DNA 

replication requires 3 DNA polymerases: Pol α, Pol δ and Pol ε (Burgers and 

Kunkel, 2017). Each of these polymerases has one catalytic subunit and two 

or three accessory subunits. DNA polymerases cannot synthesize DNA de 

novo but require a primer 3’-OH end to initiate chain synthesis. Only Pol α has 

the ability to synthesize the primers and thereby initiate DNA synthesis on both 

strands of the fork (Muzi-Falconi et al., 2003). Pol α is composed of four 

subunits, named Pol1, Pol12, Pri1, and Pri2 in S. cerevisiae. The primase 

subunits, Pri1 and Pri2, coordinately synthesize an 8-10 nucleotide long RNA 

oligo that gets extended by 10-15 nucleotides of DNA by the catalytic subunit 

of Pol α, Pol1 (Nunez-Ramirez et al., 2011; Pellegrini, 2012). Despite its 

polymerase activity, Pol α is ill suited to copy DNA extensively owing to its 

limited processivity and lack of proofreading exonuclease activity to correct 

mismatches (Perera et al., 2013). 

 Contrary to Pol α, both Pol δ and Pol ε are highly accurate polymerases 

with proofreading exonuclease activity (Morrison et al., 1991; Morrison and 
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Sugino, 1994). They are also highly processive enzymes when interacting with 

PCNA, a sliding DNA clamp that acts as a processivity factor (Burgers, 1991; 

Chilkova et al., 2007; Langston and O'Donnell, 2008; Lee et al., 1991). In the 

budding yeast Pol δ comprises of 3 subunits (Pol3, Pol31 and Pol32) (Gerik et 

al., 1998), whereas Pol ε comprises four subunits (Pol2, Dpb2, Dpb3 and 

Dpb4) (Chilkova et al., 2003; Hamatake et al., 1990). Owing to their high 

processivity and proofreading exonuclease activity, Pol δ and Pol ε are 

responsible for bulk of DNA synthesis (Burgers, 2009; Kunkel and Burgers, 

2008).  

 

Division of labor at the replication fork 

 The proofreading exonuclease activity of Pol δ and Pol ε has been used 

to explore the division of labor between these two polymerases at the 

replication fork. By mutating the exonuclease activity of either Pol2 or Pol3 and 

placing a marker gene in different orientation relative to the replication origin, it 

was shown that these two polymerases proofread on opposite strands 

(Shcherbakova and Pavlov, 1996). In a separate approach, using catalytic 

mutants that increase the rate of specific nucleotide misincorporations, it was 

determined that Pol ε extended primarily the leading strand (Pursell et al., 

2007), while Pol δ was primarily involved in the synthesis of lagging strand 

(Nick McElhinny et al., 2008). This differential activity of the two polymerases 

on separate strands was further confirmed using the mutants that have higher 

ribonucleotide incorporation in the genome during DNA replication (Clausen et 

al., 2015; Daigaku et al., 2015; Koh et al., 2015). 

 Interaction studies in vivo as well as in vitro with purified proteins 

showed that Pol ε binds directly to CMG helicase (Langston et al., 2014; 
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Sengupta et al., 2013). Furthermore, cryo EM analysis of the complex 

consisting of CMG and Pol ε indicated that Pol ε consisted of two flexible 

lobes, with the non-catalytic lobe being anchored to the CMG and the catalytic 

lobe extending flexibly away from the CMG core (Sun et al., 2015; Zhou et al., 

2017). CMG also interacts with Pol α indirectly through the Ctf4 protein 

(mammalian orthologue: AND-1 (Gambus et al., 2009; Kilkenny et al., 2017; 

Zhu et al., 2007). Ctf4 forms a homotrimer that can simultaneously interact 

with CIP (Ctf4-interacting peptide)-boxes present both GINS and Pol α. In 

vitro, Pol α can also directly associate with the CMG helicase to prime lagging 

strand synthesis (Georgescu et al., 2015; Sun et al., 2015). In contrast to Pol ε 

and Pol α, there is no evidence for direct interaction between Pol δ and CMG. 

Pol δ does not bind to CMG under conditions where Pol ε and Pol α bind to 

the replicative helicase (Sengupta et al., 2013). These genetic and 

biochemical data combined suggest that the lagging strand is replicated by Pol 

δ in an uncoupled manner from the CMG helicase, while the leading strand is 

synthesized by Pol ε tethered to CMG (Fig 1.6).  

 The strict strand assignment for Pol ε to the leading strand of the 

replication fork, however, is disputed (Johnson et al., 2016; Stillman, 2015). An 

alternative model has been suggested in which Pol δ synthesizes both leading 

and lagging strands and Pol ε only proofreads the errors made during leading 

strand synthesis, which could explain the genetic data observed with the 

exonuclease mutants (Johnson et al., 2015). Intriguingly, strains lacking the 

catalytic domain of Pol ε are viable (Dua et al., 1999; Kesti et al., 1999) 

indicating that Pol δ, Pol α, or both can synthesize the leading strand in the 

absence of Pol ε polymerase activity. Finally, a role for Pol δ in establishing 

leading strand synthesis has also been suggested based on studies both in 
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vitro and in vivo (Daigaku et al., 2015; Garbacz et al., 2018; Yeeles et al., 

2017). Overall, these data suggest a degree of flexibility of polymerase usage 

on the leading and lagging strand during DNA replication.  

 

 

 

Okazaki fragment maturation 

 Regardless of the debate concerning which polymerase synthesizes the 

leading strand at the fork, it is now widely accepted that the bulk of the lagging 

strand in eukaryotes is synthesized by pol δ (Kunkel and Burgers, 2008; 

Stodola and Burgers, 2017). Compared to the leading strand, which can be 

replicated continuously, lagging strands are synthesized discontinuously and 

	  
Fig 1.6 Division of Labor at eukaryotic Replication Fork. The Pol 
α primase harbors the primase activity required to initiate DNA synthesis. 
Pol ε and Pol δ synthesize the majority of the leading and lagging strand, 
respectively.   
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require additional proteins for its maturation. Efficient DNA synthesis by Pol δ 

requires the processivity clamp PCNA, which is loaded in ATP dependent 

manner at the 3’-primer-template junction by the clamp loader, RFC (Podust et 

al., 1995; Prelich et al., 1987; Yao and O'Donnell, 2012). Like RPA, PCNA and 

RFC were initially identified in human cell extracts as factors necessary for 

replication of the SV40 genome (Prelich et al., 1987; Tsurimoto and Stillman, 

1989). PCNA is a homo-trimeric ring-shaped sliding clamp that encircles DNA 

after loading onto DNA by RFC, thereby tethering Pol δ to the template to 

enhance its processivity ((Yao and O'Donnell, 2012). RFC on the other hand, 

consists of five subunits, RFC1-5, which are members of AAA+ superfamily of 

proteins (Kelch et al., 2012; Majka and Burgers, 2004). In addition to loading 

PCNA, RFC is also involved in polymerase switching by competing with Pol α 

for the primer 3’ end, thereby promoting the handover of the primer 3’-end to 

Pol δ following PCNA loading (Schauer and O'Donnell, 2017; Waga et al., 

1994; Yuzhakov et al., 1999). This phenomenon of polymerase switching 

promotes genome integrity by limiting DNA synthesis by the error prone Pol α. 

On the lagging strand, Pol δ extends the primer until it reaches the 5′ 

end of the preceding Okazaki fragment. The ligation of two Okazaki fragments 

requires the removal of the RNA primer from the 5′ end of the preceding 

Okazaki fragment to generate a DNA-DNA nick that can be sealed by DNA 

ligase I (Cdc9 in budding yeast and Lig1 in human cells) (Barnes et al., 1990; 

Howes and Tomkinson, 2012; Johnston and Nasmyth, 1978). Biochemical and 

genetic studies indicate that a major pathway for primer removal involves the 

combined action of Pol δ and the structure specific flap endonuclease1 (Fen1) 

(Balakrishnan and Bambara, 2013; Grasby et al., 2012). In this pathway, the 

strand displacement activity of Pol δ displaces the 5′ end of the preceding 
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Okazaki fragment, generating a short flap that can be cleaved by Fen1 (Garg 

et al., 2004; Rossi and Bambara, 2006; Stodola and Burgers, 2016). PCNA 

also participates in this pathway by directly interacting with both Fen1 and 

DNA ligase 1 (Levin et al., 2000; Li et al., 1995; Vijayakumar et al., 2007).  

 

Topoisomerases 

 Unwinding of the double helical DNA during the progression of 

replication forks leads to the accumulation of positive supercoils in front of the 

fork, which would impair replisome progression if not resolved (Schvartzman 

and Stasiak, 2004; Vos et al., 2011; Wang, 2002). Removal of supercoils 

requires topoisomerases, enzymes that change the topology of DNA 

molecules by transiently cleaving re-sealing the DNA (Champoux, 2001). They 

are classified as type I if they cleave a single DNA strand, or type II if both 

strands of DNA are cleaved (Vos et al., 2011). Positive supercoiling ahead of 

the fork can be resolved in two ways. The first way involves the relaxation of 

the supercoil by either type I or type II topoisomerase ahead of the fork. 

Alternativley, the replisomes may freely rotate clockwise relative to the 

direction of fork movement along the path of template DNA to dissipate the 

positive supercoils of the unreplicated DNA ahead of the fork to the replicated 

DNA behind the fork. This causes the two replicated sisters to cross over each 

other, leading to the formation of precatenanes, which can only be resolved by 

type II but not type I topoisomerase (Dewar et al., 2015; Peter et al., 1998; 

Schvartzman and Stasiak, 2004). 

 In budding yeast as well as higher eukaryotes, both Top1/Topo I (type I) 

and Top2/Topo II can remove positive supercoils ahead of the fork to promote 

fork progression (Bermejo et al., 2007; Vos et al., 2011). Top1 moves along 
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with the replication fork and is a component of the RPC, indicating that it is the 

primary topoisomerase acting at the forks during fork progression (Gambus et 

al., 2006). Consistent with this notion, depletion of Top2 in budding yeast cells 

as well as immunodepletion of Topo II from Xenopus laevis egg extract did not 

prevent the completion of DNA synthesis, suggesting that Top2/ Topo II 

activity is dispensible for elongation. However, Top2 is essential for the 

subsequent decatenation of daughter dimer molecules (Baxter and Diffley, 

2008; DiNardo et al., 1984). 

    

Termination 

 In eukaryotes, replication terminates when the replication forks fired 

from neighboring origin converge upon each other. Convergence of the forks 

ultimately results in the encounter of opposing replisomes, which is followed 

by replisome disassembly and filling of any gaps remaining in the daughter 

DNA strands (Dewar and Walter, 2017). Unlike initiation and elongation, 

termination of DNA replication in eukaryotes has not been extensively studied.  

Mapping termination events in budding yeast cells synchronously 

released into S phase showed that around 70 of almost 300 termination 

events occurred in specific chromosomal locations (Fachinetti et al., 2010). 

However, genome-wide replication profiling of budding yeast and mammalian 

cells by Okazaki fragment sequencing indicates that termination events 

generally occur midway between the origins (McGuffee et al., 2013; Petryk et 

al., 2016). Indeed, the location of termination events was shown to be primarily 

dependent on origin location and timing of origin activation, suggesting that 

termination events do not occur at specific loci in eukaryotic genome (Hawkins 
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et al., 2013; McGuffee et al., 2013). These data suggest that termination in 

eukaryotes does not require specific genomic DNA sequences. 

 During plasmid replication in Xenopus egg extract, two converging 

replication forks can bypass each other without any detectable slowing or 

stalling (Dewar et al., 2015), suggesting that there is no significant steric clash 

during fork encounter. Following fork bypass and completion of DNA 

replication, CMG was shown to be removed from the DNA. Removal of CMG 

during termination is essential to prevent re-replication of the genome and 

preserve genome integrity ((Dewar and Walter, 2017). In budding yeast and 

frogs, removal of CMG depends on ubiquitination of Mcm7 (Maric et al., 2014; 

Moreno et al., 2014). Mcm7 ubiquitination requires E3 ubiquitin ligase SCFDia2 

and CRL2LRR1 in budding yeast and frogs respectively (Dewar et al., 2017; 

Maric et al., 2014). Once ubiquitylated, CMG is removed from the chromatin 

by the ATPase p97 (Franz et al., 2011; Maric et al., 2014; Moreno et al., 

2014).     

    

DNA replication in the context of chromatin 

The genome of eukaryotic cells is confined into the nucleus by 

compacting it into chromatin. Chromatin comprises a repeating structural unit, 

called nucleosome (Kornberg, 1977). The nucleosome consists of 147 base 

pairs of DNA wrapped around a histone octamer containing one centrally 

located H3-H4 tetramer flanked by two H2A-H2B dimers (Luger et al., 1997). 

The wrapping of the DNA around the histone core poses a significant 

challenge to replisome progression, requiring the disassembly of nucleosomes 

ahead of the fork to access the DNA template. DNA replication in turn thus 

also poses a significant challenge to chromatin structure and the preservation 
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of the epigenetic information (Lucchini and Sogo, 1995; McKnight and Miller, 

1977; Whitehouse and Smith, 2013). How nucleosome disassembly ahead of 

the fork and nucleosome re-assembly behind the fork is coordinated at the 

replisome remains poorly understood. 

 

Factors promoting replisome progression through chromatin 

Progression of the replisome through chromatin requires the 

coordinated activities of histone chaperones and chromatin remodelers 

(MacAlpine and Almouzni, 2013). Histone chaperones are broadly defined as 

non-catalytic proteins that sequester non-nucleosomal histones to prevent or 

reverse incorrect histone-DNA interactions and to mediate in turn the orderly 

assembly of canonical nucleosomes (Laskey et al., 1978; Ransom et al., 

2010). Chromatin remodelers on the other hand are large multi-protein 

complexes that catalytically change the structure, position and histone 

composition of nucleosomes.   

A key histone chaperone involved in promoting DNA transactions within 

a chromatin template is FACT, a heterodimer of Spt16 and Pob3 (SSRP1 in 

humans) (Orphanides et al., 1999). FACT binds to H3-H4 tetramers (Tsunaka 

et al., 2016) as well as H2A-H2B dimers (Belotserkovskaya et al., 2003) and 

plays an important role during transcription by disrupting and restoring 

nucleosomes ahead of and behind RNA polymerase, respectively (Jamai et 

al., 2009; Voth et al., 2014). FACT is also involved in changing chromatin 

structure during DNA replication as it promotes replication initiation in vivo and 

promotes fork progression on nucleosomal templates in vitro (Kurat et al., 

2017; Tan et al., 2006). Another histone chaperone with a potential role in 

regulating access to nucleosomal DNA is Nap1. Nap1 binds to H2A/H2B in co-
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immunoprecipitation studies and has the ability to assemble nucleosomes in 

vitro (Ito et al., 1996). It can also remove nucleosomes from DNA in vitro 

(Lorch et al., 2006). 

 In addition to histone chaperones, chromatin remodelers have also 

been implicated in the disassembly of the nucleosomes ahead of the fork 

(Alabert et al., 2017). In budding yeast, chromatin remodeling enzymes Ino80 

and Isw2 both promote efficient replication fork progression (Iida and Araki, 

2004; Kurat et al., 2017; Vincent et al., 2008). Along the same lines, members 

of IswI family (WICH and ACF) and Ino80 complex also promote fork 

progression in mammalian cell lines (Collins et al., 2002; Lee et al., 2014; Poot 

et al., 2004).  

 

Nucleosome assembly behind the fork 

 The newly synthesized DNA must be packaged into chromatin 

immediately to preserve epigenetic histone modifications and to maintain the 

normal nucleosome density (Alabert et al., 2017; Bell and Labib, 2016). The 

former is thought to be achieved by the transfer of parental histones locally to 

both daughter strands (Radman-Livaja et al., 2011). The latter requires the 

assembly of new nucleosomes behind the fork. The deposition of both 

parental and newly synthesized histones requires specific chaperones and 

remodelers, as discussed below. 

 

Parental histone transfer 

 Parental nucleosomal H3-H4 tetramers carry the majority of epigenetic 

information and appear to remain intact during DNA replication, suggesting 

that parental histone H3-H4 tetramers are transferred as a unit during DNA 
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replication (Katan-Khaykovich and Struhl, 2011; Prior et al., 1980; Vestner et 

al., 2000; Yamasu and Senshu, 1990). Mcm2, a subunit of the replicative 

helicase, has H3-H4 binding activity and possesses chaperone activity (Groth 

et al., 2007; Ishimi et al., 2001). The histone-binding domain in Mcm2 binds to 

H3-H4 tetramer by mimicking DNA in the nucleosome thus providing a 

potential binding site in the replisome for the recycling of parental histones 

(Huang et al., 2015). Consistent with this, human Mcm2 has been shown to be 

important for the symmetric segregation of parental nucleosomes into both 

leading and lagging strands, as histone binding mutations in human Mcm2 

result in a marked increase of parental nucleosome partitioning to the leading 

strand (Petryk et al., 2018). Interestingly, the Pol ε subunits, Dpb3 and Dpb4, 

also seem to be important for symmetrical histone segregation at the fork as 

their absence in budding yeast cells results in H3-H4 tetramer being deposited 

disproportionately to lagging strand (Yu et al., 2018). 

 

Assembly of new nucleosomes 

Electron microscopy (EM) studies analyzing nucleosome density at 

replication forks indicated that newly synthesized daughter strands at 

replication forks exhibit a similar nucleosome density as the parental duplex 

indicating that nucleosome re-assembly after DNA replication is fast (Lucchini 

and Sogo, 1995; Sogo et al., 2002). During S-phase there is a burst of histone 

synthesis to accommodate the high demand for new nucleosome assembly. 

For instance, 33 million new nucleosomes have to be deposited in human cells 

per replication cycle (Alabert et al., 2017). As with nucleosome disassembly, 

appropriate deposition of nascent histones onto daughter strand involves the 
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activities of histone chaperones and chromatin remodelers (Yadav and 

Whitehouse, 2016). 

Asf1 is a key chaperone involved in the deposition of nascent 

chromatin. It binds to a newly synthesized H3-H4 dimers and helps maintain 

the dimeric nature of the complex (English et al., 2006; Natsume et al., 2007). 

In S. cerevisiae, Asf1-bound histone H3 is subject to acetylation by Rtt109 on 

residue lysine 56 (Driscoll et al., 2007; Han et al., 2007; Tsubota et al., 2007). 

Acetylation of H3 K56 promotes the handover of the modified H3-H4 dimer 

from Asf1 to the downstream chaperones CAF-1 and RTT106 (Burgess et al., 

2010; Li et al., 2008). CAF-1 is recruited to the replication fork by its interaction 

with PCNA and plays a prominent role in the assembly of new H3-H4 

tetramers behind the fork (Hoek and Stillman, 2003; Li et al., 2008; Zhang et 

al., 2000). Biophysical studies of CAF-1 function show that two CAF-1 

complexes may cooperate to deposit an H3-H4 tetramer onto nascent DNA 

(Mattiroli et al., 2017; Sauer et al., 2017) prior to the recruitment of H2A and 

H2B. Nap1 is the major chaperone for H2A-H2B stabilizing the H2A-H2B 

dimer and facilitating its nuclear import (D'Arcy et al., 2013; Straube et al., 

2010). Nap1 also prevents nonproductive accumulation of H2A-H2B onto DNA 

(Andrews et al., 2010; D'Arcy et al., 2013) and is a prime candidate to deliver 

H2A-H2B to H3-H4 tetramer and complete the nucleosome assembly. 

      

Coordination between fork progression and nucleosome assembly 

In mammalian cells, inhibition of histone synthesis rapidly slows the 

replication fork and blocks replisome progression (Mejlvang et al., 2014; Seale 

and Simpson, 1975; Weintraub, 1972), indicating the necessity to coordinate 

DNA replication and nucleosome assembly. In budding yeast, although 
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replication fork progression is not strictly dependent on nucleosome assembly, 

the integrity of the progressing fork appears to be affected by replication 

coupled chromatin assembly. Mutations in budding yeast cells that impair 

replication-coupled chromatin assembly display elevated sister chromatid 

exchange, loss of fork integrity and large chromosomal rearrangements 

(Clemente-Ruiz et al., 2011; Clemente-Ruiz and Prado, 2009; Myung et al., 

2003). 

Nucleosome assembly on newly replicated DNA has been shown to be 

coupled with lagging strand synthesis. Genome-wide mapping of Okazaki 

fragment in S. cerevisiae showed that ligation sites between the Okazaki 

fragments occur near the nucleosome midpoint and that Okazaki fragment 

length and distribution depend on chromatin assembly (Smith and 

Whitehouse, 2012) . Consistent with this, lagging strand maturation proteins, 

Fen1 and DNA ligase I, can efficiently operate on a nucleosome (Chafin et al., 

2000; Huggins et al., 2002).          

 

Thesis summary 

As described above, we now seem to know the majority of essential 

proteins involved in eukaryotic DNA replication. Before my thesis work, the 

biochemical reconstitution of steps involved in eukaryotic DNA replication was 

only partially achieved. Pre-RCs had been reconstituted with purified proteins, 

which allowed the demonstration that Mcm2-7 are loaded as inactive DHs 

around DNA. At the time, however, it was not known if the inactive DH 

configuration of Mcm2-7 was a functional intermediate during DNA replication. 

This question is being addressed in the first part of my thesis, Chapter two, 
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which describes the development of a partially reconstituted cell-free budding 

yeast DNA replication system.  

In the second part of my thesis work, reported in Chapter three, I 

purified 24 different budding yeast proteins that were known to be important 

for DNA replication in vivo. Using these proteins, I developed a system that 

can activate reconstituted pre-RCs in an orderly and stepwise manner to form 

canonical budding yeast replication forks. I characterized this system to reveal 

functional roles of the clamp loading reaction, topoisomerases, and the role of 

chromatin during DNA replication.  
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CHAPTER TWO 

 
RECONSTITUTED PRE-REPLICATIVE COMPLEX SUPPORT REGULATED 

DNA REPLICATION * 
 
 
Introduction 

DNA replication in eukaryotes initiates from many origin sites distributed 

along the length of each chromosome in a two-step mechanism (Masai et al., 

2010). In the first step, the sites of DNA replication initiation, termed as origins 

of replication are “licensed” in G1 phase. Origin licensing involves the 

assembly of a pre-replicative complex (pre-RC) containing the DNA helicase, 

Mcm2-7, in an inactive form. Pre-RC formation requires the coordinate 

activities of the six-subunit origin recognition complex (ORC), Cdc6 and Cdt1, 

which load the Mcm2-7 complex in a head to head double-hexameric form 

around double-stranded DNA (Evrin et al., 2009; Gambus et al., 2011; Remus 

et al., 2009). In the second step called origin activation, the inactive double-

hexameric Mcm2-7 helicase is activated during S phase ultimately resulting in 

the formation of a pair of oppositely oriented replication forks with a single 

Mcm2-7 helicase hexamer at the apex of each fork (Boos et al., 2012).  

Activation of the Mcm2-7 helicase depends on the formation of pre-

initiation complex (pre-IC) to recruit the essential helicase cofactors Cdc45 

and GINS to form CMG (for Cdc45, Mcm2-7, and GINS), the replicative DNA 

helicase that encircles the single stranded DNA. This step requires the activity 

of two protein kinases, Dbf4-dependent kinase (DDK) and cyclin dependent  

 

* Gros, J., Devbhandari, S., and Remus, D. (2014). Origin plasticity during budding 
yeast DNA replication in vitro. The EMBO journal 33, 621-636. 
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kinase (CDK), and involves essential initiation factors, Sld3-Sld7 complex, 

Dpb11, Sld2, DNA polymerase ε and Mcm10 (Araki, 2010; Labib, 2010). The 

essential phosphorylation target for DDK is Mcm2-7 helicase whereas the 

CDK substrates are Sld3 and Sld2. In addition to promoting activation of 

helicase during S-phase, CDK also plays a crucial role in inhibiting pre-RC 

assembly from the onset of S phase, through G2 and M phases until the next 

G1 phase. This dual role for CDK ensures that origins are fired only once per 

cell cycle and prevents DNA re-replication by temporally separating the origin 

licensing and origin activation steps during DNA replication.    

While the insight into the requirement of factors for replication initiation 

and their relative order of assembly at eukaryotic replication origins have 

advanced over time, comparatively little is known about the mechanism of 

Mcm2-7 helicase activation. It is imperative that biochemical reconstitution of 

DNA replication with purified proteins would provide a powerful means to 

investigate this process. In this regard, a cell free system to study budding 

yeast Saccharomyces cerevisia DNA replication has been reported where 

origin licensing and origin activation steps are mimicked by using two different 

cell cycle extracts. In this system, pre-RCs are first assembled on bead 

coupled DNA templates using an extract from G1-arrested budding yeast and 

then transferred to S-phase extract and activated (Heller et al., 2011). This 

approach has provided information regarding the sequence of replication 

factor recruitment to pre-RC. In other studies, pre-RC assembly has also been 

reconstituted in vitro with purified budding yeast proteins (Evrin et al., 2009; 

Remus et al., 2009). Nonetheless, it is not yet known if these pre-RCs 

reconstituted with purified proteins are able to support DNA replication. This 
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chapter of the thesis focuses on investigating if the reconstituted pre-RCs 

using purified budding yeast proteins can undergo regulated DNA replication 

in the presence of S phase-arrested yeast extract; taking us a step closer to 

reconstitute complete eukaryotic DNA replication using only purified proteins. 

 

Results  

Reconstituted pre-RCs can license DNA for cell-free replication 

We first sought to determine if the pre-RCs reconstituted with purified 

proteins could substitute for G1-phase extracts in a previously described in 

vitro replication system where the immobilized DNA template is licensed in G1 

phase extract and activated by subsequent transfer of the template to S phase 

extract (Heller et al., 2011). The DNA template used was pARS/WTA 

(Marahrens and Stillman, 1992), a 5.9 kb ARS1-containing plasmid referred to 

here as pARS1, coupled to paramagnetic beads. Pre-RCs were assembled 

using the purified budding yeast ORC, Cdc6 and Cdt1 proteins (Fig 2.1A) as 

previously described (Remus et al., 2009). Following assembly, pre-RCs were 

isolated and phosphorylated with purified DDK (Fig 2.1A). Phosphorylated pre-

RCs were then recovered and incubated with S-phase extract prepared from 

yeast cells with the cdc7-4 temperature sensitive mutation arresting the cells 

at non-permissive temperature. This strain also conditionally overexpressed 

limiting replication initiation factors Sld3, Cdc45, Sld2 and Dpb11. DNA 

synthesis was assessed by monitoring the incorporation of [α-32P]dCTP into 

purified DNA using alkaline agarose gel electrophoresis and autoradiography. 

As shown in Fig 2.1B, robust DNA synthesis was observed following this 

approach and this DNA synthesis was dependent on both purified ORC as 

well as Cdc6. The observed DNA synthesis also required DDK as well as CDK  
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Figure 2.1 Reconstituted pre-RCs support DNA replication in vitro 
(A) Purified ORC, Cdc6, Cdt1�Mcm2-7, DDK  and Sic1 used in current 

study. Proteins were separated by SDS-PAGE and stained with 
Coomassie. Size markers (kDa) are indicated on left of each gel picture 
and position of respective protein on the right. λPPase = protein 
phosphatase (see Materials and Methods for DDK purification).   

(B) Left: Reaction scheme; blue circle indicates plasmid, gray sphere 
indicates magnetic bead. Reaction products were analyzed in lanes 1-6 
by autoradiography after alkaline agarose gel electrophoresis. 

(C)Left: Reaction scheme; Lanes 1-3: Autoradiogram of replication 
products fractionated by alkaline agarose gel electrophoresis. Lanes 4-
6: Western blot analysis of proteins associated with DNA after wash 
step. Pre-RCs were washed after DDK phosphorylation as indicated on 
top, prior to S-phase extract addition. Low-salt wash: 0.3 M K-glutamate 
buffer; high salt wash:0.5 NaCl buffer.    
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activity since the absence of DDK in the reaction and supplementation of CDK 

inhibitor Sic1 in the S-phase extract both resulted in inhibition of the signal (Fig 

2.1B). Taken together, these data demonstrate that reconstituted pre-RCs can 

license DNA for regulated replication in vitro that bears hallmarks of cellular 

DNA replication initiation.  

During the pre-RC assembly, unlike Cdc6 and Cdt1, ORC remains 

bound at origins even after Mcm2-7 has been loaded (Bowers et al., 2004; 

Diffley et al., 1994; Remus et al., 2009). Studies in Saccharomyces cerevisiae 

suggest that ORC is required for both the establishment and maintenance of 

pre-RCs in G1 phase (Chen et al., 2007). However, elution of ORC from 

licensed chromatin in Xenopus does not disrupt the replication competence 

(Hua and Newport, 1998; Rowles et al., 1999). Yeast ORC can be eluted from 

DNA by salt wash without disrupting the loaded Mcm2-7. Nonetheless, in high-

salt conditions, sliding of Mcm2-7 double hexamer along the length of DNA 

has been observed (Evrin et al., 2009; Remus et al., 2009). Hence, we asked 

if high-salt wash affects the ability of reconstituted pre-RCs to support DNA 

replication in vitro. While ORC is efficiently removed from DNA following high-

salt wash, loaded Mcm2-7 are resistant to elution from the closed circular 

plasmid as expected (Fig 2.1C, lanes 4-6). Notably, Mcm2-7 complexes 

largely retained their ability to support DNA replication even after the high-salt 

treatment (Fig 2.1C, lanes 1-3) indicating that ORC does not have to remain 

bound to DNA for replication initiation following pre-RC assembly. This data 

also suggests that Mcm2-7 double hexamers retain their ability to initiate DNA 

replication after diffusion along DNA. 
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Figure 2.2 Assembly of initiation factors to the reconstituted pre-
RCs 
(A) Left: Reaction Scheme. Lanes 1-10: Western blot analysis of 

indicated proteins associating with DNA beads after 40-min incubation 
in S-phase extract. Pre-ICs were assembled in S-phase extract 
prepared from YDR89 (lanes 1-5) or YSD8 (lanes 6-10) strains.   

(B) Mcm10 is not required for pre-IC assembly. Western blot analysis of 
S-phase whole cell extract (WCE) prepared from YSD8 cells in which 
Mcm10-myc was immunodepleted (lane2, Mcm10Δ) or mock-depleted 
(lane1). Lanes 3-6: Western blot of indicated proteins associated with 
DNA beads 40 min after addition of S-phase extract of Mcm10Δ or 
mock-depleted extract.  

(C)Autoradiograph of replication products obtained following reaction 
scheme as in (A). Purified DNA was isolated after the reaction and 
analyzed by alkaline agarose gel electrophoresis. 
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Ordered assembly of replication initiation factors to the reconstituted 

pre-RCs 

G1- and S-phases of cell cycle are incompatible for origin activation and 

licensing, respectively, requiring temporal and spatial separation of the two 

reaction conditions to initiate DNA replication in vitro using cell cycle extracts. 

This has been previously achieved by transferring the immobilized DNA 

templates from G1-phase to S-phase extracts (Heller et al., 2011). Since the 

pre-RC reconstitution reaction using purified proteins lack the inhibitors of 

origin activation that are otherwise present in the G1-phase extracts, we 

hypothesized that simple staging of the pre-RC assembly with purified proteins 

and origin activation with S-phase extract in a single reaction would bypass 

the need for template transfer. We assembled pre-RCs on bead bound DNA 

and added DDK directly to the pre-RC assembly reaction, followed by the 

addition of S-phase extract (Fig 2.2A). Pre-IC assembly in this reaction was 

monitored by western blot analysis of the DNA-bound fraction. Recruitment of 

pre-IC components Sld3, Cdc45, Sld2 and Dpb11 was dependent on 

reconstituted pre-RCs, but was unaffected in the presence of aphidicolin, a 

replicative DNA polymerase inhibitor (Fig 2.2A). Sld3 and Cdc45 were 

recruited to the pre-RC in DDK dependent fashion but were independent of 

CDK, consistent with reports that DDK promotes Sld3 and Cdc45 binding to 

early origins in G1 phase when CDK activity is low (Aparicio et al., 1997; 

Kamimura et al., 2001; Kanemaki and Labib, 2006; Tanaka et al., 2011). 

Recruitment of Sld2 and Dpb11, on the other hand, was dependent on both 

DDK and CDK (Fig 2.2A), in agreement with CDK promoting the formation of a 

ternary complex between Sld3, Sld2 and Dpb11 during initiation (Muramatsu 

et al., 2010; Tanaka et al., 2007; Zegerman and Diffley, 2007). These data 
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indicate that reconstituted pre-RCs support the ordered assembly of pre-ICs 

under the conditions used here. Mcm10 recruitment to the pre-RC was 

dependent on both DDK and CDK, but independent of DNA synthesis (Fig 

2.2A), consistent with previous reports (Heller et al., 2011; Watase et al., 

2012). Conversely, immunodepletion of Mcm10 from the S-phase extract (Fig 

2.2B), while greatly reducing the DNA synthesis activity (Fig 2.7B), did not 

eliminate the recruitment of Cdc45, Sld3, or Dpb11 (Fig 2.2B), supporting 

previous observations that Mcm10 acts after pre-IC and CMG assembly (van 

Deursen et al., 2012; Watase et al., 2012). In Xenopus egg extracts, 

aphidicolin induces the uncoupling of the CMG helicase from the replicative 

DNA polymerases leading to extensive DNA unwinding in the absence of DNA 

synthesis, which promotes the recruitment of RPA to the excess of single-

stranded DNA (Byun et al., 2005; Pacek et al., 2006; Walter and Newport, 

2000). Interestingly here we observed that yeast RPA recruitment was 

inhibited by aphidicolin (Fig 2.2A), suggesting that helicase uncoupling from 

the polymerase does not occur in the yeast system. 

 We tested the replication competence of complexes assembled using 

the modified approach in Fig 2.2A. As shown in Fig 2.2C, robust DNA 

synthesis dependent on reconstituted pre-RCs, DDK and CDK was observed, 

illustrating that our modified assay recapitulated regulated DNA replication. 

 

Complete replication of plasmid DNA in vitro  

 As our modified approach obviates the need to transfer template DNA 

from G1- to S-phase extracts, we performed the reaction scheme of Fig 2.3A 

with pARS1 not coupled to the beads and monitored DNA replication over 

time. DNA replication products began to appear after a lag phase of 10-20  
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Figure 2.3 In vitro replication of free plasmid in solution 
(A) Schematic of the replication reaction. 
(B) Time course analysis of pARS1 replication. Replication products 

were analyzed by autoradiography after native agarose gel 
electrophoresis. Total 32P-dCTP incorporation as determined by 
phosphorimaging is plotted over time on right. HMW: high 
molecular weight DNA. 

(C)  pARS1 replication products contain both covalently closed 
negatively supercoiled and nicked plasmid molecules. Replication 
products of pARS1 were analyzed by agarose gel-electrophoresis 
in the absence (left) or presence (right) of 1µg/ul of choloroquine 
and visualized by autoradiography. 
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min, accumulated over time and reached a plateau of DNA synthesis after 60 

mins (Fig 3B). Native gel electrophoresis (Fig 2.3B, lanes 1-5) identified five 

main replication products: (i) negatively supercoiled plasmid, (ii) nicked 

plasmid, (iii) linear plasmid, (iv) a distribution of high-molecular weight (HMW) 

species, and (v) products that did not enter the gel. The identity of the 

negatively supercoiled and nicked DNA species was confirmed by agarose gel 

electrophoresis in the presence of chloroquine, a DNA intercalator that 

reduces the negative supercoiling. As, expected, the gel mobility of the nicked 

monomer was unchanged whereas the gel mobility of the negatively 

supercoiled monomer was reduced upon chloroquine intercalation (Fig 2.3C). 

 DNA supercoiling induced during DNA replication can be relaxed by 

both type I and type II topoisomerases, but only type II topoisomerases can 

decatenate daughter molecules (Wang, 2002). To test whether the generation 

of plasmid monomers in our system was dependent on Top2 present in the S-

phase extract, we supplemented the extract with the Topo II inhibitor ICRF-

193. While the total DNA synthesis was largely unaffected by ICRF-193, native 

gel electrophoresis of the replication products revealed a marked increase in 

HMW species and a concomitant loss of plasmid monomers (Fig 2.4A). 

Replication products obtained in the presence of ICRF-193 were 

predominantly close to full-length single-stranded nascent strands (ssl, Fig 

2.4A, lane 4) whereas the generation of the faster migrating circular closed 

duplex DNA (ccc) was reduced as revealed by alkaline agarose gel 

electrophoresis. The identities of the slower and faster migrating bands were 

confirmed by the sensitivity of slower migrating band to Exonuclease III (Exo 

III) treatment (Fig 2.4B). Similar products were also observed previously 

during SV40 DNA replication in vitro (Ishimi et al., 1992). This data indicated  
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Figure 2.4 Characterization of the products from the replication 
reaction 
(A) Replication in S-phase extract containing 1.25% DMSO (lanes 1,3) and 

177uM ICRF-193 (lanes 2,4). Replication products were analyzed by 
autoradiography after native (lanes 1,2) or alkaline (lanes 3,4) agarose 
gel electrophoresis. Histogram on the left shows total 32P-dCTP 
incorporation. ssl: single-stranded linear, ccc: covalently closed circular.  

(B) Replication reaction were carried out as in Fig 3A, DNA isolated and 
either mock-treated (lane1) or treated with exonuclease III (Exo III, lane 
2) prior to alkaline agarose gel electrophoresis.   

(C)  DNA isolated from replication of pARS1 in the presence of 177mM 
ICRF-193 was incubated with 4 units of human topoisomerase IIα 
(hTopoIIα) and analyzed by native gel electrophoresis  

(D)DNA isolated from replication of pARS1 in the presence of 177mM 
ACRF-193 was incubated with Exonuclease III (Exo III) and analyzed by 
native gel electrophoresis. 

(E) Native agarose gel electrophoresis of the sample as described in B.  
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that Topo II inhibition by ICRF-193 blocks completion of DNA replication at a 

late step, as has also been seen in Xenopus extracts (Cuvier et al., 2008). A 

fraction of the HMW molecules was sensitive to treatment with purified human 

TopoIIα, implying that HMW species consist of catenated daughter molecules 

(Fig 2.4C). Most of the HMW molecules also appear to contain a free 3’ end, 

as demonstrated by the sensitivity to Exo III (Fig 2.4D). This Exo III sensitivity 

of the high molecular weight products was independent of ICRF-193 treatment 

(Fig 2.4E). These data combined suggest that the HMW replication products 

contain a mixture of replication intermediates, such as precatenanes and 

partially nicked catenated dimers, and that decatenation of fully replicated 

plasmid daughters is catalyzed by Top2 in the extract. From this it follows that 

our system supports the initiation, elongation and termination stages of DNA 

replication. 

 Replication of plasmid DNA immobilized on beads yields predominantly 

shorter than full-length nascent strands (Fig 2.2C, lane 5). In striking contrast, 

the majority of the replication product obtained with free plasmid DNA template 

was full length to close to full length (Fig 2.4A, lane 1). To exclude the 

possibility that full-length 32P-labeled DNA strands were the result of gap-filling 

synthesis, we probed the newly synthesized DNA with DpnI. This enzyme 

efficiently cleaves the DNA sequence GATC when fully methylated (GAmTC), 

but shows reduced activity towards hemimethylated DNA, and does not cleave 

unmethylated DNA. Plasmid pARS1 consists of 23 copies of GATC 

recognition sequence. Sensitivity of the assay was increased by linearizing the 

DNA with EcoRI thus collapsing the distribution of topoisomers typically 

formed during the incubation with S-phase extract into a single band of linear 

DNA. Total DNA was detected by ethidium bromide staining whereas the 	  
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Figure 2.5 In vitro replication of free plasmid undergoes single round 
of replication  
(A) DNA isolated from replication reaction was either mock-treated (lanes 

1, 4) or treated with 0.4 units (lanes 2,5) or 2 units of DpnI after 
linearizing with EcoR1 to increase sensitivity, and analyzed by native 
agarose gel electrophoresis. An ethidum bromide stain of the gel is 
shown on the left (lanes 1-3), the corresponding autoradiograph is 
depicted on the right (lanes 4-6).  

(B) DNA isolated from Replication products were linearized with restriction 
enzyme as indicated on top after linearization with NdeI to increase 
sensitivity and analyzed by native gel electrophoresis. . An ethidum 
bromide stain of the gel is shown on the left (lanes 1-3), the 
corresponding autoradiograph is depicted on the right (lanes 4-6). 

(C)& (D) 32P-dCTP is incorporated throughout the plasmid. (C) Map of 
pARS1; restriction sites used for analysis and sizes of resulting 
restriction fragments A-D are indicated. (D) Left: DNA isolated from a 
pARS1 replication reaction was isolated and analyzed by native 
agarose gel-electrophoresis and autoradiography before (lane1) and 
after (lane2) restriction digestion. Arrows indicate the positions of 
restriction fragment labeled A-D as in (C). Right: 32P-dCTP 
incorporation into restriction fragments A-D was quantitated by 
phosphorimaging and plotted as % of total incorporation (blue bars); 
G/C content of each fragment was plotted as % of total G/C content of 
pARS1 (red bars).  
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replicated DNA molecule was detected by autoradiography. As can be seen in 

Fig 2.5A, the majority of fully methylated input linearized DNA (isolated from a 

dam+ E. coli strain) was digested at the lowest concentration of DpnI (lanes1-

3), whereas replicated plasmid DNA was resistant to cleavage under these 

conditions (lanes 4-6). Replicated DNA, is also resistant to cleavage by MboI 

(Fig 2.5B), recognizing the identical sequence as DpnI, but only when the DNA 

sequence is unmethylated on both strands. Product from the replication 

reaction, however, was sensitive to Sau3AI (Fig 2.5), which cleaves the same 

sequence as DpnI and MboI but is insensitive to DNA methylation state. 

Together, these data point that DNA molecules are replicated in a semi-

conservative fashion in our system and that the plasmid DNA undergoes a 

single round of replication in vitro. Additionally, the products from replication 

reaction were digested with four unique restriction enzymes to generate four 

fragments of known length from the input plasmid (Fig 2.5C) and the 

proportion of [α-32P]dCTP incorporated in each fragment was compared to the 

relative G/C content of the fragment. The continuous strand synthesis implied 

by the observation above is supported by the data that [α-32P]dCTP is 

incorporated along the length of the plasmid DNA (Fig 2.5D).  

 

Plasmid replication in solution exhibits hallmarks of cellular DNA 

replication initiation 

 The approach as described in Fig 2.3A, where pre-RC components are 

mixed with S-phase extracts raises the possibility that purified and 

endogenous pre-RC components interacted in the S-phase extract to form 

functional pre-RCs. In addition, we observed that closed circular plasmids 

underwent replication-independent nicking when incubated with S-phase  
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Figure 2.6 Protein requirements for plasmid replication in vitro 
(A) Time-course analysis of pARS1 replication in the absence (lanes 1-4) or 

presence (lanes 5-8) of Cdc6 during the pre-RC assembly reaction were 
analyzed by native agarose gel electrophoresis; total [α-32P]dCTP 
incorporation is plotted on the right. 

(B) Replication reactions were carried out in the absence or presence of 
factors indicated on top of each panel. Replication products were 
analyzed by native (lanes 1-5) or alkaline (lanes 6-10) agarose gel 
electrophoresis and autoradiography; total [α-32P]dCTP incorporation is 
plotted on the left. 

(C) In vitro replication reaction with Cdt1�Mcm2-7 absent (lane 1) or present 
(lane 2) during pre-RC assembly were analyzed by native agarose gel 
electrophoresis and autoradiography; total [α-32P]dCTP incorporation is 
plotted on the left. 
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extract, which could theoretically provide and entry site for a DNA polymerase 

to perform strand displacement DNA synthesis. To exclude any potential origin 

independent mechanisms of DNA replication initiation in the S-phase extract, 

we re-evaluated the contribution of replication initiation factors towards DNA 

synthesis in our modified system. In the soluble system, DNA synthesis was 

dependent on purified Cdc6 (Fig 2.6A), ORC (Fig 2.6B, lanes 1, 6) and 

Cdt1�Mcm2-7 (Fig 2.6C), indicating that reconstituted pre-RCs are essential in 

this system and that purified pre- RC components do not form functional pre-

RCs with endogenous pre-RC components that may be present in the S-

phase extract. This may be expected given all budding yeast pre-RC 

components are subject to CDK dependent inhibition in S phase (Diffley, 

2011). Moreover, DNA replication was dependent on DDK as well as CDK (Fig 

2.6B). DNA synthesis in our system also required Mcm10 since the 

immunodepletion of Mcm10 from the S-phase extract significantly inhibited [α-
32P]dCTP (Fig 2.7B). This inhibition could be rescued by the re-addition of 

purified recombinant Mcm10 to the extract. Finally, DNA synthesis exhibited a 

pronounced sensitivity to aphidicolin (Fig 2.7A), confirming a role for 

replicative DNA polymerases during plasmid replication in vitro. Taken 

together, these data demonstrate that plasmid replication in solution described 

here exhibits hallmarks of cellular DNA replication initiation  

 In bacteria, negative supercoiling of the DNA template is essential for 

DNA duplex opening by the initiator, DnaA (Bramhill and Kornberg, 1988). We 

tested if the topology of the DNA template had any impact on DNA synthesis 

in our system. We found that negatively supercoiled, relaxed or linear plasmid 

forms were replicated with comparable efficiencies, indicating that negative 

supercoiling is not essential for functional pre-RC formation and replication  
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Figure 2.7 DNA replication in vitro is dependent on replicative DNA 
polymerases and Mcm10 
(A)  In vitro replication was performed in the presence of 1.25% DMSO 

(lanes 1, 3) or 37 µM aphidicolin (lanes 2, 4). Products were 
analyzed by native (lanes 1-2) or alkaline (lanes 3-4)  gel 
electrophoresis and autoradiography. Total 32P-dCTP incorporation 
is plotted on the left. 

(B)  Left: Purified Mcm10 protein was separated by SDS-PAGE and 
stained with Coomassie. Size markers (kDa) is on left of the gel. 
Right: 32P-dCTP incorporation was monitored in mock-depleted, 
Mcm10-myc-depleted, or Mcm10-myc-depleted extract 
supplemented with purified recombinant Mcm10. 
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initiation in vitro, (Fig 2.8) as has been seen in the extract based system 

previously (Heller et al., 2011).    

 

Discussion 

 We have demonstrated that pre-RCs reconstituted with purified budding 

yeast proteins support cell-free DNA replication. Replication of plasmid DNA in 

our system results in the generation of covalently closed circular daughter 

molecules, indicating that the system recapitulates all stages of DNA 

replication, including initiation, elongation, and termination. However, only a 

	  

Figure 2.8 Negative supercoiling is not essential for replication 
initiation in vitro pARS1 template that was negatively supercoiled (lanes 
1,2), relaxed with vaccinia topoisomerase (lanes 3.4), or linearized with 
SmaI (lanes 5.6) was subjected to in vitro replication in the absence or 
presence of purified ORC as indicated; replication products were 
analyzed by native agarose gel electrophoresis and autoradiography (left 
panel). hHstogram of total 32-P dCTP incorporation was determined by 
phosphorimager analysis. (Right panel).  
	  



	   	   62 

small fraction of input DNA molecules seem to be replicated in this system 

since majority of DNA, post replication reaction seem to be sensitive to Dpn1, 

an enzymes that cleaves fully methylated input plasmid. Since elongation 

seems to be efficient once initiation has occurred, as replicated DNA 

molecules are mostly full-length, we presume that a step preceding elongation 

is limiting overall levels of replication. This notion is also supported by the 

observation that replication products began to appear only after a lag phase of 

10-20 min.  

DNA replication in this system requires the preassembly of the pre-RCs 

and exhibits the hallmark of cellular DNA replication initiation upon S-phase 

extract addition. Mcm2-7 double hexamers loaded around double-stranded 

DNA are, therefore, true intermediates of the eukaryotic DNA replication 

initiation reaction. Thus, activation of the Mcm2-7 helicase is predicted to 

require the transient opening of the topologically closed Mcm2-7 rings present 

in the double hexamer and specific extrusion of the lagging strand template in 

order to form active CMG helicase complexes bound around the leading-

strand template (Fu et al., 2011; Moyer et al., 2006). This raises a very 

interesting question about how the DNA duplex might be opened at eukaryotic 

origins. In E. coli, negative supercoiling of the DNA template is essential for 

origin unwinding by the initiator, DnaA. In contrast, as demonstrated here and 

by others previously (Heller et al., 2011), negative supercoiling of the template 

DNA is not required for replication initiation in budding yeast. DNA supercoiling 

also seems to be dispensable for DNA replication in Xenopus extracts 

(Yardimci et al., 2010). Additionally, despite the structural homology of AAA+ 

subunits of ORC to DnaA (Clarey et al., 2006; Erzberger and Berger, 2006; 

Speck et al., 2005), ORC does not exhibit DNA melting activity, which agrees 
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with Mcm2-7 being loaded around double stranded DNA. Our finding that ORC 

can be eluted from the DNA after Mcm2-7 loading without disrupting the 

replication competence of the loaded Mcm2-7 double hexamers suggests that 

ORC is also expendable for duplex opening at a step after the loading of 

Mcm2-7 double hexamer. Therefore, initial origin unwinding in eukaryotes is 

most likely mediated in a Mcm2-7 dependent mechanism. 

  The intricacy of the Mcm2-7 remodeling reaction during the origin 

activation needs to be coordinated with the progression of S-phase to prevent 

the generation of vulnerable single-stranded DNA in the absence DNA 

synthesis. This may explain the involvement of numerous initiation factors for 

Mcm2-7 activation. We demonstrate that DDK can be washed away after 

phosphorylation of purified Mcm2-7 complexes supporting the notion that 

Mcm2-7 are the only essential targets for DDK during origin activation. We find 

that DDK and CDK promote the ordered recruitment of the pre-IC components 

Sld3, Cdc45, Dpb11 and Sld2 to reconstituted pre-RCs in a pattern that 

mimics pre-IC assembly in vivo, suggesting that reconstituted pre-RCs initiate 

the DNA replication in vitro by a physiological mechanism. 

 Budding yeast Mcm10 appears to play a late role in Mcm2-7 helicase 

activation after pre-IC formation and CMG assembly (Ricke and Bielinsky, 

2004; van Deursen et al., 2012; Watase et al., 2012). In support of this notion, 

we find that pre-IC assembly in vitro occurs in the absence of Mcm10. There is 

some controversy regarding the timing of budding yeast Mcm10 association 

with the pre-RC, with some reports suggesting an association of Mcm10 with 

pre-RCs as early as G1-phase (Ricke and Bielinsky, 2004; van Deursen et al., 

2012), and others suggesting a pre-IC-dependent recruitment of Mcm10 to 

origins (Heller et al., 2011; Watase et al., 2012). Our observation that stable 
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Mcm10 association with reconstituted pre-RC in S-phase extract is dependent 

on both DDK and CDK is consistent with the latter studies. The discrepancies 

in the observed Mcm10 association timing between multiple reports may 

reflect that recruitment of Mcm10 to the origin is influenced by the 

experimental conditions, or that the stability of Mcm10 binding to Mcm2-7 

increases upon pre-IC formation. 

 An analogous cell-free replication system for budding yeast has also 

been reported (On et al., 2014) where mass spectrometry based proteomics 

approach was used to screen for proteins that bound to pre-RCs in a DDK 

dependent fashion. This approach led the authors to conclude that most or all 

of the core proteins involved in DNA replication initiation and elongation have 

been previously reported. This information, combined with our data that pre-

RCs reconstituted with purified proteins can support regulated DNA replication 

sets up a stage to potentially reconstitute complete DNA replication with a set 

of purified proteins 

 

Materials and methods 

Proteins 

 Unless stated otherwise, all the proteins purified from budding yeast 

used the overexpression strain. To obtain an overexpression strain, the protein 

of interest was cloned into a vector consisting of bidirectional inducible Gal1-

10 promoter into W303a (see the table below). Gal4 is a positive regulator of 

GAL genes in response to galactose and therefore overexpressed as well.  

ORC and Cdt1�Mcm2-7 were purified as previously described (Frigola et al., 

2013). 
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Purification of Cdc6 from bacteria 

pET15b/His-Cdc6 was transformed into BL21 DE3 Codon+ RIL cells. 3 

L of cells were grown at 37 °C to a density of OD600 = 0.5-0.8. Cells were 

chilled on ice, supplemented with 2 % ethanol, and induced with 1mM IPTG 

overnight at 17 °C. Cells were harvested at 5000 rpm in a SLA-3000 rotor 

(Sorvall) for 10 minutes, washed once in PBS 1X and stored at −80°C. Cells 

were resuspended in buffer C1 (25 mM Hepes-KOH pH7.6 / 0.4 M KCl / 

0.05% NP-40 / 5 mM Mg(OAc)2 / 1 mM ATP / 10 % glycerol) / 10 mM 

imidazole / 2 mM β-mercaptoethanol (βMe) / protease inhibitors (Roche, 

complete protease inhibitor coktail), supplemented with 1mg/mL of lysozyme 

and incubated for 30 minutes at 4°C with agitation. The lysate was sonicated 

on ice and centrifuged for 45 minutes at 18,000 rpm using an SS-34 rotor 

(Sorvall). The soluble phase was subjected to Ni-chelate chromatography in 

buffer C1 and bound protein eluted from the resin using a gradient of 0.025 – 

1M imidazole. His-Cdc6-containing fractions were pooled, concentrated using 

Microcon Ultracel 10,000 MWCO (Millipore), and fractionated by gel- filtration 

over a 120mL Superdex 200 HiLoad 16/60 (GE Healthcare) column 

equilibrated in buffer C1 / 2mM βMe. Peak fractions were pooled, dialyzed 

against buffer C2 (25 mM Hepes-KOH pH7.6 / 0.05 % NP-40/5 mM Mg(OAc)2 

/1mMATP/10%glycerol)/0.15MKCl/2mMβMe, and subjected to fractionation 

over a 1 mL MonoQ 5/50 GL column (GE Healthcare) column equilibrated in 

buffer C2 / 0.15 M KCl. His-Cdc6 was recovered in the flow-through and 

subjected to fractionation over a 1 mL MonoS 5/50 GL column (GE 

Healthcare) using an elution gradient of 0.15 – 0.5 M KCl over 20 column  
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volumes. Peak fractions containing His-Cdc6 were pooled, dialyzed against 

buffer C2 / 0.3 M K-glutamate and stored in aliquots. 3 to 6 mg of purified His-

Cdc6 was obtained from a 3L culture.  

 

Purification of DDK from yeast 

50 L of cells (strain YMC5) were grown in YP-raffinose (2 %) at 30 °C to 

a cell density of 2x107 cells/mL. Protein expression was then induced by 

adding galactose (2 %) for 3 to 4 hours at 30°C. Cells were harvested, washed 

twice with ice-cold 25 mM Hepes-KOH pH 7.6 / 1 M sorbitol, then washed 

once with buffer D (45 mM Hepes-KOH pH 7.6 / 0.05 % NP-40 / 10 % 

glycerol) / 0.1 M NaCl. The pellet was resuspended in 0.5 volumes of buffer D 

/ 0.1 M NaCl / 2 mM βMe / protease inhibitors, and frozen dropwise in liquid 

nitrogen. Frozen drops of cells were crushed using a freezer mill (SPEX 

CertiPrep 6850 Freezer/Mill) with 6 cycles of 2 minutes crushing at a rate of 15 

impacts per second. Frozen cell powder was thawed at room temperature, 

resuspended with 1 volume of buffer D / 0.1 M NaCl / 2 mM βMe / protease 

inhibitors, the concentration of NaCl was adjusted to 0.3 M, and the 

suspension was centrifuged for one hour at 47,500 rpm using a T-865 rotor 

(Thermo Scientific). The clear soluble phase was recovered and subjected to 

IgG immunoprecipitation by adding 0.5mL of packed IgG Sepharose 6 Fast 

Flow (GE Healthcare) per 50 mL of extract. After 4 hours at 4°C the beads 

were collected and washed with 10 bed volumes of buffer D / 0.3 M NaCl / 2 

mM βMe. Elution of the captured material was carried out overnight at 4°C by 

resuspending the beads in 1 bed volume of buffer D / 0.3 M NaCl / 2 mM βMe 

and adding an equal amount of TEV protease. On the next day, the flow-

through was recovered and concentrated using a Microcon Ultracel 10,000 
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MWCO, and treated with Lambda Protein Phosphatase (NEB) by bringing the 

MnCl2 concentration to 1mM final and adding 10U of λPPase per 20µL of 

sample and incubating the reaction for 1h at 30°C. Fractionation by gel 

filtration was then performed over a 120 mL Superdex 200 HiLoad 16/60 

equilibrated in buffer D / 0.3 M NaCl / 2 mM βMe. Peak fractions were pooled, 

dialyzed against buffer D / 0.15 M NaCl / 2 mM βMe and subjected to 

fractionation over a 1 mL MonoQ 5/50 GL column using an elution gradient of 

0.15 – 0.5 M NaCl over 20 column volumes. Peak fractions were pooled and 

stored in aliquots. 0.5 to 1 mg of purified Cdc7•Dbf4 complex was recovered 

from a 50L culture. 

 

Purification of Mcm10 from bacteria 

The MCM10 open reading frame was cloned into pET15b to yield 

pET15b/Mcm10. pET15b/Mcm10 was transformed into BL21 DE3 Codon+ RIL 

cells. 1 L of cells was grown at 37°C to a density of OD600= 0.6. Cells were 

chilled on ice and induced with 1 mM IPTG for 3 hr at 30°C. Cells were 

harvested at 5000 rpm in a SLA-3000 rotor (Sorvall) for 10 minutes, washed 

once in PBS and stored at −80°C. Cells were resuspended in buffer C (50 mM 

Tris pH7.5 / 1 mM EDTA / 0.05 % NP-40 / 10% glycerol) / 300 mM NaCl / 2 

mM β-mercaptoethanol / protease inhibitors (Roche, complete protease 

inhibitor coktail), supplemented with 1 mg/mL of lysozyme and incubated for 

30 minutes at 4°C with agitation. The lysate was sonicated on ice and 

centrifuged for 20 minutes at 18,000rpm using an SS- 34 rotor (Sorvall). 

Ammonium sulfate was added to 30% saturation to the soluble phase and the 

precipitate was resuspended in buffer C / 300 mM NaCl / 10 mM imidazole / 2 

mM β-mercaptoethanol. The extract was incubated with Ni-NTA agarose 
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beads for 2 hr at 4°C and the bound proteins were eluted with 10 column 

volumes of buffer C / 200 mM imidazole. His-Mcm10 containing fractions were 

pooled and dialyzed against buffer D (25 mM Hepes-KOH pH7.6 / 0.02 % 

NP40 / 10 % glycerol) / 100 mM NaCl and subjected to fractionation over a 1 

mL MonoS 5/50 GL column (GE Healthcare) using an elution gradient of 0.1-1 

M NaCl. Peak fractions were pooled and the His-tag was cleaved off using 

thrombin at the concentration of 0.1U/ug of Mcm10. The product from the 

cleavage reaction was fractionated by gel- filtration over a 120 mL Superdex 

200 HiLoad 16/60 (GE Healthcare) column equilibrated in buffer D / 300mM 

NaCl / 2mM β-mercaptoethanol. Peak fractions were pooled, and the salt 

concentration was reduced by dialysis against buffer D / 150 mM NaCl. 

Finally, the sample was subjected to fractionation over a 1 mL MonoS 5/50 GL 

column (GE Healthcare) using an elution gradient of 0.15-1 M NaCl in buffer 

D. Peak fractions containing Mcm10 were mixed and dialyzed against buffer D 

/ 300 mM K-glutamate, and aliquots snap-frozen in liquid nitrogen and stored 

at −80°C.  

 

Purification of Sic1 from bacteria 

Sic1 was expressed as a 6x His-tag fusion protein in BL21 DE3 

Codon+ RIL cells. Cells were grown to an OD600= 0.6 and induced with 0.1 

mM IPTG at 37°C for 3 hours. Cells were harvested by centrifugation, washed 

once with PBS, and lysed by sonication in 50 mM Tris-HCl pH 8.0 / 300 mM 

NaCl / 20 mM imidazole / 1% NP-40 / 1 mM PMSF. Extract was clarified by 

centrifugation and rotated with Ni- NTA agarose for 2 hours at 4°C. Ni-NTA 

resin was recovered by gentle centrifugation, washed with 50 mM Tris-HCl / 

300 mM NaCl / 20 mM imidazole, and bound proteins were eluted with 50 mM 



	   	   69 

Tris-HCl/ 300 mM NaCl / 400 mM imidazole. Peak fractions were pooled and 

fractionated by gel-filtration on a Superdex 200 HR 10/30 in 45 mM Hepes-

KOH pH 7.6 / 300 mM KCl / 1 mM EDTA / 1 mM EGTA / 10% glycerol / 1 mM 

DTT. Peak fractions off the gel-filtration were pooled, dialyzed against 45 mM 

Hepes- KOH pH 7.6/ 100 mM KCl / 1 mM EDTA / 1 mM EGTA / 10% glycerol / 

1 mM DTT, and fractionated on MonoQ ion-exchange resin using an salt 

gradient elution from 0.1 M to 1 M KCl over 20 column volumes.  

 

Topoisomerases 

 Vaccinia topoisomerase was a kind gift of Dr. Stewart Shuman 

(MSKCC). Human Topoisomerase II α was purchased from Sigma-Aldrich.  

 

DNA templates 

 pARS1 used in this chapter of the thesis is pARS/WTA (Marahrens & 

Stillman, 1992). Plasmids used in the soluble reaction were purified from E. 

coli using Plasmid Maxipre Kit (QIAGEN) in accordance with manufacturer’s 

instructions. For the reactions using pARS1 coupled to magnetic beads, 

pARS1 was randomly biotinylated using the PHOTOPROBE (Long Arm) Biotin 

Kit (Vector Laboratories) according to manufacturer’s guide. Following 

biotinylation, DNA was incubated with streptavidin-dynabeads() overnight and 

unbound DNA was washed away.  

 

S-phase extract 

 S-phase extract used in this chapter of the thesis was prepared as 

described previously (Heller et al., 2011). 
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Replication assay 

 The incubation steps during the replication reaction were performed 

with agitation in case of immobilized template and without agitation when 

template used was free in solution. Pre-RCs were reconstituted with 50 nM 

ORC, 50 nM Cdc6, and 250 nM Cdt1·Mcm2-7, for 30 min at 30°C on 5 nM 

plasmid DNA (either coupled to beads or free) in 40 µl of 25 mM Hepes-KOH 

pH 7.6, 0.12 M KOAc, 10 mM Mg(OAc)2, 0.02% NP-40, 5% glycerol, 1 mM 

DTT, and 5 mM ATP. Purified DDK was then added into the pre-RC assembly 

reaction to the final concentration of 50 nM. Incubation was continued for 

20 min, before adding 40 µl of S-phase extract supplemented with 5 mM ATP, 

0.1 mM dNTPs (dATP/dTTP/dGTP) each, 0.2 mM NTPs (UTP/GTP/CTP) 

each, 10 µCi of [α-32P]dCTP (3,000 Ci/mmol, Perkin Elmer), 40 mM creatine 

phosphate (Roche), 0.01 mg/ml creatine kinase (Roche), for 45 min at 30°C. 

Reactions were stopped by adding 15 mM EDTA, 0.2% SDS, and 20 µg of 

proteinase K, and incubation for 30 min at 37°C. DNA was isolated by 

phenol/chloroform extraction and ethanol precipitation, and fractionated on 

native (1 × TAE) or alkaline (30 mM NaOH, 2 mM EDTA) 0.8% agarose gels. 

Gels were dried onto Whatman paper and analyzed by phosphorimaging. 

 

Pre-IC assembly  

 To monitor pre-IC assembly, replication reactions were carried out on 

plasmid DNA immobilized on paramagnetic beads as described in Materials 

and Methods, including 0.1 mM dCTP instead of [α-32P]dCTP. After 40 min 

incubation in the S phase extract, beads were recovered using a magnetic 

rack, washed twice with 0.4 ml of 25 mM Hepes-KOH pH 7.6 / 0.3 M K-

glutamate / 5 mM Mg(OAc)2 / 0.02 % NP-40 / 10 % glycerol / 1 mM EDTA / 1 
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mM EGTA / 1 mM DTT, boiled in SDS sample buffer, and analyzed by SDS-

PAGE and Western blotting.  

 

Mcm10 depletion and add-back  

7.5µg monoclonal myc-antibody was bound to Dynabead protein G (10 

µl) for 1 hr @30°C. Beads thus coupled to myc-antibody or uncoupled beads 

(mock) were rotated for depletion with 100µl S-phase extract prepared from 

YSD8 for 1hr @4°C immediately before usage of the extract in the in vitro 

replication assay. To rescue Mcm10 depletion, Mcm10-depleted extract was 

supplemented with 100 fmol of purified recombinant Mcm10.  

 

Antibodies  

Monoclonal antibodies SB49 (Orc6) and 9H8/5 (Cdc6), and polyclonal 

antibodies against Dpb11, Sld2, and Sld3 were a gift from John Diffley 

(CRUK). Polyclonal Cdc45 antibody was a gift from Bruce Stillman (CSHL). 

Polyclonal RPA antibody was purchased from Agrisera (AS07 214). Goat 

polyclonal antibodies against Mcm2 (sc-6680), Mcm7 (sc-6688), and Mcm5 

(sc-6687) were purchased from Santa Cruz Biotechnology. Monoclonal 

antibody 9E10 (c-myc) was purchased from Clontech (631206). 
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Table 2.1. List of yeast strains used in chapter two 
 
Name Genotype 
W303-1a MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-

100 
YDR89 W303-1a cdc7-4 Δpep4::kanMX Δbar1::hphNT1 ura3-

1::GALp-SLD3(URA3) trp1-1::GALp-CDC45(TRP1) leu2-
3,112::GALp-SLD2/DPB11(LEU2) 
 YSD8 YDR89 MCM10::MCM10-9myc(natNT2) 

YMC5 W303-1a Δpep4::hphNT1 his3-11,15::GALp-GAL4(HIS3) 
leu-3::GALp-DBF4-TAPtcp/CDC7-myc(LEU2/TRP1) 
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CHAPTER THREE 

 
CHROMATIN CONSTRAINS THE INITIATION AND ELONGATION OF DNA 

REPLICATION* 

 

Introduction 

Biochemical reconstitution approaches in bacterial and viral systems 

have been essential for elucidating mechanistic principles of DNA replication. 

In contrast, a reconstituted system to study eukaryotic chromosomal DNA 

replication, which exhibits additional levels of complexity that derive from the 

constraints of the cell cycle and the packaging of chromosomal DNA into 

chromatin, has not yet been available.  

A multi-step mechanism ensures that the activity of the numerous 

replication origins distributed along the length of each chromosome is 

coordinated with the cell cycle (Bell and Labib, 2016). In the first step, which 

can only occur at the end of mitosis and during G1 phase, (i.e. when cyclin-

dependent kinase (CDK) activity is low, the origin recognition complex (ORC)), 

Cdc6, and Cdt1 load the replicative DNA helicase, Mcm2-7, in inactive double-

hexameric form around DNA at the origin. Origin activation in the subsequent 

S phase entails the activation of the Mcm2-7 helicase and concurrent 

assembly of two oppositely oriented replisomes around the forks flanking the 

replication bubble. In a process that involves the initiation factors Sld3·Sld7, 

Dpb11, Sld2, and DNA polymerase ε (Pol ε), two cell cycle-regulated protein 

kinases, Cdc7·Dbf4 (DDK) and CDK, control the activation of the Mcm2-7  

 
* Devbhandari, S., Jiang, J. Kumar, C., Whitehouse I., and Remus D. (2017). Chromatin 
Constrains the Initiation and Elongation of DNA Replication. Molecular cell 65, 131-141. 
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DNA helicase during origin firing by promoting the assembly of the essential  

helicase subunits Cdc45 and GINS into the CMG (Cdc45-MCM-GINS) DNA 

helicase complex. Activation of the CMG depends on Mcm10, and is thought 

to induce origin unwinding, which promotes subsequent recruitment of the 

single-stranded DNA binding protein, RPA, and DNA polymerase α-primase 

(Pol α). Pol α primes DNA synthesis by the replicative DNA polymerases, Pol 

δ and Pol ε (Kunkel and Burgers, 2008). Although it is generally assumed that 

Pol ε synthesizes the leading strand, and Pol δ the lagging strand, this strict 

strand assignment is still a matter of debate (Stillman, 2015), and the ability of 

cells to complete DNA replication in the absence of DNA synthesis by Pol ε 

likely indicates that the strand specificity of DNA polymerases is to some 

degree flexible (Dua et al., 1999; Kesti et al., 1999). DNA replication 

terminates when two opposing forks emanating from adjacent origins meet, 

which leads to the ubiquitin-dependent removal of the CMG from chromatin 

(Bell and Labib, 2016). 

The antiparallel configuration of the parental DNA duplex strands 

dictates that one daughter strand, the lagging strand, be replicated 

discontinuously in the form of short Okazaki fragments, while the other strand, 

the leading strand, can be synthesized continuously. Pol α primes DNA 

synthesis by synthesizing RNA/DNA hybrid primers of approximately 30 nt 

length on the template strands, necessitating the removal of the RNA from the 

5' ends of Okazaki fragments prior to ligation by DNA ligase. Okazaki fragment 

processing occurs via concerted strand displacement by Pol δ and nucleolytic 

resection of the resulting 5' flap by the structure-specific endonuclease Fen1 

(Balakrishnan and Bambara, 2013). How Okazaki fragment synthesis is 

regulated is not clear, but the nucleosomal repeat of nascent chromatin behind 
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the replication fork has been implicated in determining Okazaki fragment 

length in vivo, indicating that lagging strand synthesis and chromatin assembly 

are functionally linked (Smith and Whitehouse, 2012).  

 

Results 

Regulated origin activation on plasmids free in solution 

To reconstitute budding yeast DNA replication with purified proteins we 

first assembled the minimal components required for regulated origin 

activation (Yeeles et al., 2015). To this end we purified the factors required for 

Mcm2-7 loading (ORC, Cdc6, Cdt1·Mcm2-7), CMG formation (DDK, Cdc45, 

Sld3·Sld7, Clb5·Cdk1, Sld2, Dpb11, GINS, Pol ε), CMG activation (Mcm10), 

and for initiating DNA synthesis (Pol α, RPA) (Fig 3.1A). In addition, we 

purified Ctf4, which has been implicated in tethering Pol α to the replisome 

(Bell and Labib, 2016), and topoisomerases I (Top1) and II (Top2), which are 

implicated in relieving topological stress during replication fork progression. To 

test the ability of this set of factors to initiate of DNA replication we followed 

the reaction scheme outlined in Fig 3.1B. A similar approach was reported 

recently (Yeeles et al., 2015), in which the individual steps were carried out 

with intervening washes on plasmid DNA immobilized on paramagnetic beads. 

However, we sought to perform the reaction on plasmid DNA free in solution to 

permit the observation of plasmid replication intermediates and to avoid 

replication termination defects inherent to the coupling of DNA to beads. First, 

Mcm2-7 loading was performed with ORC, Cdc6, and Cdt1·Mcm2-7 in the 

presence of ATP on the origin-containing plasmid pARS1 (4.8 kb). Then,  
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Figure 3.1 Reconstitution of origin activation on plasmid DNA free in 
solution  
(A) Purified budding yeast replication initiation proteins analyzed by SDS-

PAGE and Coomassie stain. 
(B) Reaction scheme. pARS: ARS-containing plasmid.  
(C)Nascent DNA products obtained with pARS1 (4.8 kb) as described in (B) 

were analyzed by alkaline agarose gel-electrophoresis and 
autoradiography. Initiation factors were individually omitted from the 
reaction as indicated. RC: Rolling circle; ssL: single-stranded full-length 
linear.  

(D)Analysis of DNA products obtained with pARS305 (9.8 kb) as in (C). RC: 
Rolling circle; ssL: single-stranded full-length linear. 

 



	   	   77 

	  



	   	   78 

purified DDK was added to phosphorylate Mcm2-7 double hexamers (DHs) 

formed in this reaction (Gros et al., 2014), followed by the addition of Cdc45 

and Sld3·Sld7, which form a complex with Mcm2-7 after DDK phosphorylation 

(Gros et al., 2014; Heller et al., 2011; Tanaka et al., 2011; Yeeles et al., 2015).  

We then performed the CDK-dependent step of the CMG assembly reaction 

by adding Clb5·Cdk1, Sld2, Dpb11, GINS, and Pol ε to the reaction mix. 

Subsequently, we added Ctf4, Pol α, RPA, and topoisomerase II to the 

reaction, and supplemented with NTPs and dNTPs to support the formation of 

RNA/DNA primers by Pol α and DNA synthesis; [α-32P]dCTP was included to 

monitor DNA synthesis. Finally, to initiate origin activation, we added Mcm10 

into the reaction mix. 

Analysis of the DNA products by alkaline agarose gel-electrophoresis 

revealed the generation of four distinct labeled DNA products (Fig 3.1C, lanes 

8 and 18): Full-length single-stranded DNA (ssL); longer than unit-length (> 

4.8 kb) nascent strands; long nascent strands of approximately half unit length 

(2-3 kb); and short nascent strands of approximately 100-300 bases. 

Formation of the labeled full-length single-stranded DNA (ssL) is dependent on 

Pol ε (Fig 3.1C lane 6), but not on other components of the reaction, indicating 

that this product results from replication-independent labeling of nicks present 

in the template by Pol ε, Generation of longer than unit-length nascent strands 

depends on most initiation factors, but not on topoisomerase or Ctf4, nor 

priming by Pol α (Fig 3.1, lane 7), indicating that these nascent strands are the 

product of rolling-circle (RC) replication carried out by Pol ε in conjunction with 

the CMG, primed by a nick in the template. The generation of the half unit-

length and short nascent strands is strictly dependent on 15 of the 16 proteins 

added into the reaction, the exception being Ctf4 (lane 10), indicating that 
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these products are the result of canonical origin activation and Pol α-primed 

DNA synthesis.  

The discrete size distribution of the half unit-length nascent strands is 

consistent with these products resulting from leading strand synthesis by two 

opposing forks emanating from a common origin and terminating at the 

opposite pole of the plasmid circle. Supported by results presented below, the 

short, 100-300 nt, nascent strands are likely to be nascent lagging strand 

products. In agreement with these interpretations, we found that the length of 

the short nascent strands is independent of the length of the template, 

whereas the average length of the long nascent strands correlates with 

template size. Thus long nascent strands reach a length of 4-6 kb, i.e. 

approximately half unit-length, on a 10 kb plasmid template, while the short 

nascent strands remain unchanged in length at 100-300 bases (Fig 3.1D). 

Moreover, quantitation of the relative amounts of the half unit-length and short 

nascent strands synthesized in lanes 8, 10, and 18 of (Fig 3.1C) reveals that 

these products are generated at similar levels, which is consistent with the 

notion that these nascent strands derive from coordinated leading and lagging 

strand synthesis at the fork. From these observations we conclude that the 

purified proteins described above support regulated bidirectional origin 

activation in vitro. 

 

Both Topo I and Topo II support fork progression, but only Topo II 

supports decatenation of plasmid daughters 

Nascent strands obtained in the absence of topoisomerase, except for 

those derived from rolling circle replication, were significantly shorter than half 

unit-length (Fig 3.1C, lane 9), probably because replication fork progression in 
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topologically closed template DNA is inhibited in the absence of 

topoisomerase by the accumulation of positive supercoils ahead of the forks 

(Wang, 2002). Consistent with this notion, we found that both Topo I and Topo 

II could support replication fork progression. Both budding yeast Top2 and 

human Topo II (hTopo II) could be used interchangeably in our experiments 

without qualitative differences in the resulting replication products, indicating 

that species-specific interactions are not required for Topo II function during 

budding yeast DNA replication in vitro; hTopo II was more active in these 

assays, possibly due to its greater specific activity.  

A time course of DNA synthesis in the presence of either Top1 or 

hTopo II revealed a lag time of 1-2 minutes upon addition of Mcm10, after 

which Top1 and hTopo II supported DNA synthesis at similar rates, reaching a 

plateau after around 45 minutes (Fig 3.2B). We find that approximately 10-15 

fmol of plasmid DNA molecules, or 10 % of the input, are ultimately 

synthesized per reaction under our standard conditions.  Analysis of the DNA 

products obtained in both time course experiments by alkaline agarose gel-

electrophoresis revealed that the long nascent strands reached half unit length 

(2-3 kb) after approximately 6-8 minutes, while maximal extension of the 

rolling circle replication products was observed after 30-45 minutes (Fig 3.2A), 

demonstrating that both Topo I and Topo II support replication fork 

progression. However, analysis of the replication products by native agarose 

gel-electrophoresis revealed that DNA replication in the presence of Top1 

results in the accumulation of slow migrating replication intermediates, while 

DNA replication in the presence of Topo II culminated in the formation of 

nicked plasmid monomers (Fig 3.2B), consistent with the well-documented 

ability of Topo II, but not Topo I, to support decatenation of double-stranded  
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Figure 3.2 Both Topo I and Topo II support replication elongation, but 
only Topo II supports decatenation of plasmid daughter molecules  
(A) Reactions were performed with pARS1 (4.8 kb) according to the scheme 

of Fig. 3.1B. At indicated times after addition of Mcm10 aliquots were 
withdrawn from each reaction and processed for analysis by native (top) 
or alkaline (bottom) agarose gel-electrophoresis and autoradiography. 
RI’s: replication intermediates. 

(B) Quantification of native gels from (A). 
(C) Reactions were performed with pARS1 (4.8 kb) according to the scheme 

of Fig. 3.1B using either Top1, Top2, or human Topo II (hTopo II) as 
indicated. DNA products were analyzed by native (top) or alkaline 
(bottom) agarose gel-electrophoresis and autoradiography. 
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DNA (Corbett and Berger, 2004). Side-by-side analysis of replication products 

obtained in the presence of Top1, Top2, or hTopo II by alkaline agarose gel- 

electrophoresis demonstrated that all three topoisomerases support the 

synthesis of half unit-length and short nascent strands, but that replication 

intermediates obtained with Top1 migrated slightly faster in a native agarose 

gel than those obtained with the type II enzymes, which may suggest that the 

slower migrating replication intermediates obtained with Top1 or Top2 differ in 

their molecular structure (Fig 3.2C). These results raise the question whether 

the inability of Top1 to resolve replicated daughter molecules is because of 

either a termination defect or its inability to decatenate nicked daughter 

molecules.  

 

PCNA clamp loading inhibits primer extension by Pol α 

To dissect the relative contributions of Pol ε and Pol α to DNA synthesis 

in the minimal system described above we took two approaches: The role of 

Pol ε was assessed by substituting wildtype Pol ε with a catalytically inactive 

variant that harbors a mutation in the DNA polymerase active site, while the 

role of Pol α was assessed by supplementing the system with the components 

necessary for RFC-catalyzed PCNA clamp-loading, a reaction that was 

previously shown to inhibit primer extension by human Pol α (Mossi et al., 

2000; Tsurimoto et al., 1990; Tsurimoto and Stillman, 1991; Yuzhakov et al., 

1999).  

Although the POL2 gene is essential in vivo, the catalytic activity of 

Pol2 is dispensable for viability (Dua et al., 1999; Kesti et al., 1999). To 

eliminate Pol ε DNA polymerase activity, we substituted the metal-coordinating 

aspartate 640 of the N-terminal Pol2 DNA polymerase active site  
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Figure 3.3 PCNA clamp loading inhibits primer elongation by Polα 
(A) Purified budding yeast factors.  
(B) Reactions were carried out with pARS1 (4.8 kb) according to the 

scheme in Fig. 3.1B, using either wildtype Pol ε (lanes 1 and 2) or Pol 
εpol- (lanes 3 and 4) either in the absence or presence of Pol α as 
indicated. DNA products were analyzed by alkaline agarose gel-
electrophoresis and autoradiography.  

(C)  Reactions were carried out with pARS1 (4.8 kb) according to the 
scheme in Fig. 3.1B, using either Pol εpol- (lanes 1-3) or wildtype Pol ε 
(lanes 4-9), and with increasing concentrations of either RPA (Lanes 
1-6) or E. coli SSB (lanes 7-9). Reaction products were analyzed by 
alkaline agarose gel-electrophoresis and autoradiography. The 
concentrations indicated for SSB refer to SSB tetramer.   

(D)Reaction scheme.  
(E) Reactions were carried out with pARS1 (4.8 kb) according to the 

scheme in (D) using either Pol εpol- (lanes 1-4) or wildtype Pol ε (lanes 
5-8) either in the absence or presence of RFC and PCNA as 
indicated. 
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(Hogg et al., 2014) with alanine (Pol2-D640A) to yield Pol εpol- (Fig 3.3A). 

Inactivation of the Pol ε DNA polymerase activity eliminated the rolling circle 

replication products, but permitted reduced synthesis of half-unit-length and 

short nascent strands, indicating that Pol α does not support rolling circle 

replication with the CMG, but does support the synthesis of nascent strands 

resulting from origin activation (Fig 3.3B). However, the average length of 

nascent strands synthesized by Pol α in the presence of Pol εpol- was markedly 

reduced relative to those synthesized in the presence of Pol ε, and we 

subsequently found that nascent strand synthesis by Pol α was significantly 

stimulated by RPA (Fig 3.3C, lanes 1-3). These data indicate that both Pol ε 

and Pol α can account for the synthesis of short and long nascent strands. E. 

coli SSB could not substitute for RPA in the generation of the long and short 

nascent strands, despite being able to support rolling circle replication by Pol 

ε/CMG, indicating that specific interactions are important for RPA function 

during DNA replication (Fig 3.3C, lanes 4-9).  

To investigate if clamp loading restricts primer extension by Pol α after 

budding yeast origin activation in vitro, we purified the budding yeast RFC 

clamp loader and PCNA clamp (Fig 3.3A) and supplemented the origin 

activation reaction with these proteins as outlined in the reaction scheme of 

Fig 3.3D. While the synthesis of short and long nascent strands by Pol α in the 

presence of Pol εpol- was unaffected by PCNA alone, RFC alone strongly 

reduced the synthesis of nascent strands by Pol α, and addition of both PCNA 

and RFC essentially abolished the synthesis of nascent strands by Pol α (Fig 

3.3E, lanes 1-4) indicating that RFC can displace Pol α from the 3' primer 

terminus during PCNA loading and thereby restrict primer extension by Pol α. 

RFC alone, but not PCNA alone, also inhibited nascent strand synthesis in the 
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presence of wild-type Pol ε, α (Fig 3.3E lanes 5-7). Importantly, however, both 

short and long nascent strands were synthesized by Pol ε if PCNA loading by 

RFC had occurred prior to DNA synthesis (Fig 3.3E lane 8), suggesting that 

Pol ε can displace RFC from 3' primer ends after PCNA loading. Together 

these observations suggest that budding yeast Pol α and Pol ε can engage in 

an RFC/PCNA-mediated polymerase switch mechanism analogous to that 

reported for Pol α and Pol δ during SV40 replication (Tsurimoto et al., 1990; 

Tsurimoto and Stillman, 1991). Thus, although Pol α can contribute to the 

synthesis of nascent strands after budding yeast origin activation in vitro (Fig 

3.3B and 3.3C), PCNA loading by RFC will normally restrict Pol α activity to 

the synthesis of short primers only. 

 

DNA synthesis by Pol δ  is unrestricted on naked DNA 

The bimodal distribution of nascent strands observed in the 

experiments above is a consequence of the omission of factors required for 

nascent strand ligation. Daughter strand ligation should require the removal of 

the RNA primer from the 5' end of nascent fragments to generate DNA nicks 

that can be ligated by DNA ligase I. Consistent with this notion, addition of 

purified budding yeast Cdc9 (DNA ligase I; Fig 3.5A) alone to the reaction 

outlined in Fig 3.3B was not sufficient to support ligation of nascent strands 

(Fig 3.4). Therefore, to complement the origin activation system with the 

canonical lagging strand machinery we purified budding yeast Pol δ and Fen1 

in addition to Cdc9 (Fig 3.5A), and supplemented the reaction outlined in Fig 

3.3D with these three components prior to addition of Mcm10. Because of the 

presence of RFC and PCNA, which suppress primer extension by Pol α 

(Fig3.3E), nascent strands formed under these conditions are synthesized  
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either by Pol ε or Pol δ. Addition of Pol δ increased the total amount of DNA 

synthesis approximately four-fold. Unexpectedly, however, nascent strands 

synthesized in the presence of Pol δ and Pol ε formed long heterogenous 

smears, contrary to the discrete bimodal length distribution of nascent strands 

synthesized by Pol ε in the absence of Pol δ (Fig 3.5C). Rolling circle 

replication was also markedly increased in the presence of Pol δ. The majority 

of the heterogenous nascent strands are synthesized in an origin activation-

dependent manner, while a small fraction of rolling circle products was also 

generated in the absence of regulated origin activation, probably via strand 

displacement synthesis by PCNA-Pol δ primed at nicks in the DNA template 

	  Figure 3.4 Cdc9 cannot ligate nascent strands synthesized by Pol α  
and Pol ε  Reactions were performed as schematized in Fig 3.3D in 
absence or presence of purified Cdc9 and Pol α as indicated. DNA was 
analyzed by alkaline agarose gel-electrophoresis and autoradiography.  
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Figure 3.5 Nucleosome assembly limits Okazaki fragment length 
(A) Purified budding yeast factors. 
(B) Reaction scheme.  
(C)Reactions were carried out with pARS1 (4.8 kb) according to the 

scheme in (B) but without nucleosome assembly in the first step, 
either in the absence (lanes 1 and 2) or presence (lanes 3 and 4) of 
Pol δ, and either in the absence (lanes 1 and 3) or presence (lanes 2 
and 4) of Cdc9. Reaction products were analyzed by alkaline agarose 
gel-electrophoresis and autoradiography.  

(D)Reactions were carried out with pARS1 (4.8 kb) according to the 
scheme in (B) either in the absence (lanes 1 and 2) or presence 
(lanes 3 and 4) of Pol δ, and either in the absence (lanes 1 and 3) or 
presence (lanes 2 and 4) of Cdc9. Reaction products were analyzed 
by alkaline agarose gel-electrophoresis and autoradiography.  

(E) Reactions were carried out with pARS1 (4.8 kb) according to the 
scheme in Fig 3.5B, excluding Cdc9, and with either Pol εpol- (lane 1) 
or wildtype Pol ε (lane 2). DNA products were analyzed by alkaline 
agarose gel-electrophoresis and autoradiography.  

(F) Reactions were carried out with pARS1 (4.8 kb) according to the 
scheme in (B) either in the absence or presence of Cdc9, S. 
cerevisiae Fen1 (yFen1), or with human Fen1 (hFen1), as indicated. 
Reaction products were analyzed by alkaline agarose gel-
electrophoresis and autoradiography. 
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 (Fig 3.6A) (Ayyagari et al., 2003). DNA synthesis by Pol δ was assessed in 

the presence of Pol εpol-, which revealed that synthesis of long nascent strands 

by Pol δ was strictly dependent on RFC/PCNA, whereas nascent strands 

obtained in the absence of RFC/PCNA corresponded to Pol α products only  

 

 

 

	  

Figure 3.6  Heterogenous DNA synthesis by Pol δ  on naked DNA is 
dependent on origin activation and clamp loading 
(A) Reactions were carried out in presence of Cdc9 as in Fig 3.5C, either 

in absence or presence of DDK as labeled.  
(B) Left; Reactions were carried out on pARS1 (4.8kb) as schematized in 

Fig 3.1B with Pol εpol- replacing wildtype Pol ε, and including Pol δ. 
RFC and PCNA were either absent or present as indicated. DNA 
products were analyzed by alkaline agarose gel-electrophoresis and 
autoradiography. Right; Same gel as in left with different contrast level 
to visualized products synthesized by Pol α in the absence of 
RFC/PCNA.  
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(Fig 3.6B), consistent with Pol δ being dependent on PCNA for processive 

DNA synthesis (Prelich et al., 1987). Although the ability of Cdc9 to ligate  

nicked plasmid circles was apparent from the conversion of full-length single-

stranded linear DNA (ssL) to single-stranded circular closed DNA (ssC) in the 

gel analysis of Fig 3.5C, the heterogeneity of the nascent strands obtained in 

the presence of Pol δ under these conditions compromised our ability to 

clearly assess the ligation of nascent strands by Cdc9. We conclude that 

PCNA-Pol δ synthesizes heterogeneously long nascent strands after origin 

activation on naked plasmid DNA. 

 

Nucleosome assembly limits Okazaki fragment length 

Motivated by the observation that Okazaki fragment length in vivo 

appears to be determined by the nucleosomal repeat of nascent chromatin 

(Smith and Whitehouse, 2012), we directly tested the influence of chromatin 

on nascent strand synthesis in our system. To this end we assembled plasmid 

DNA into nucleosome arrays using purified Nap1, yeast histone octamers, and 

Isw1a (Fig 3.5A) (Vary et al., 2004). We assembled nucleosomes on plasmid 

DNA in the presence of ORC prior to Mcm2-7 loading and performed the DNA 

replication reaction as indicated in Fig 3.5 B. In the absence of Pol δ, Pol ε 

synthesized long and short nascent strands on chromatin that exhibited a size 

distribution similar to those obtained on naked DNA (compare Fig 3.5 D, lanes 

1 and 2, to Fig 3.5C, lanes 1 and 2). Strikingly though, on the chromatin 

template we were able to observe a canonical bimodal distribution of nascent 

strands characteristic for leading and lagging strand products even in the 

presence of Pol δ (compare Fig 3.5D, lanes 3 and 4, to Fig 3.5C, lanes 3 and 

4).  
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While the length distribution of the longer nascent strands obtained with Pol ε 

and Pol δ was very similar to that of strands synthesized by Pol ε in the 

absence of Pol δ, the shorter nascent strands, which we show below are 

lagging strand products, were on average almost twice as long in the presence 

of Pol δ compared to those obtained with Pol ε alone, similar to the average 

Okazaki fragment length observed in vivo (Smith and Whitehouse, 2012), 

suggesting that Pol δ contributes primarily to the synthesis of the lagging 

strand in the presence of Pol ε. In the absence of DNA synthesis by Pol ε, 

however, we found that Pol δ was also capable of synthesizing both short and 

long nascent strands, although both species were shorter than when 

synthesized by Pol δ alone (Fig 3.5E). Thus, both Pol ε and Pol δ may 

contribute to the synthesis of nascent lagging strands, whereas Pol ε alone 

can synthesize fully extended longer nascent strands. Importantly, however, 

nascent lagging strands obtained in the presence of both Pol δ and Pol ε, but 

not those synthesized by Pol ε alone, could be ligated by Cdc9 (Fig 3.5D) and 

this ligation was dependent on Fen1 (Fig 3.5F) indicating that the reaction 

recapitulates canonical nascent strand maturation. As both human and 

budding yeast Fen1 supported ligation (Fig 3.5F), species-specific interactions 

are not required for the nucleolytic processing of Okazaki fragments. 

In conclusion, these data demonstrate that chromatin restricts 

excessive strand displacement or nick translation synthesis by Pol δ to yield 

canonical nascent leading and lagging strands. While both Pol δ and Pol ε can 

principally contribute to the synthesis of nascent leading and lagging strands, 

only nascent lagging strands synthesized by Pol δ can be functionally matured 

into a continuous daughter strand by Fen1 and Cdc9.  
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Nucleosomes inhibit progression of Pol δ  

Intriguingly, the above results demonstrated that nascent strand 

synthesis by Pol ε was unaffected by the chromatinization of the template 

(compare Fig 3.5C, lane 1, to Fig 3.5D, lane 1), whereas the length of nascent 

strands synthesized specifically by Pol δ was significantly reduced on 

chromatin (compare Fig 3.5E, lane 1, to Fig 3.6B, lane 2). Thus the shortening 

of the nascent lagging strands synthesized by Pol δ is not due to differences in 

the rate of primer synthesis by Pol α on naked DNA and chromatin under 

these conditions. Instead, these observations indicate that restriction of Pol δ 

progression during lagging strand synthesis by nucleosomes is the primary 

reason for the generation of discrete nascent strands in the complete reaction 

on chromatin. Such a mechanism implies that nucleosomes are formed on the 

plasmid daughters. Indeed our replication reaction is performed in the 

presence of the chromatin assembly system, and we found that MNase 

digestion of daughter strands yields nucleosomal fragment sizes, consistent 

with nucleosomal packaging of the replicated DNA (Fig 3.7). To directly test 

the effect of nucleosomes on the DNA polymerase activity of Pol δ and Pol ε in 

greater detail we employed a linear oligonucleotide-based template composed 

of a 256 nt template encompassing the 601 nucleosome positioning sequence 

(Lowary and Widom, 1998), with a 29 nt single-stranded gap between the 

radiolabeled primer and the 601-containing duplex (Fig 3.8). In this system Pol 

δ efficiently extends the radiolabeled primer to fill the gap in an RFC/PCNA-

dependent manner (Fig 3.8B). Pol ε is similarly proficient in gap-filling, but 

does not require association with PCNA under these conditions (Fig 3.8C). In 

the presence of Fen1, Pol δ catalyzed nick-translation synthesis through the   
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downstream duplex to generate up to full-length, 256 nt, daughter strands(Fig 

3.8D, lanes 1-3). Pol ε, on the contrary, was unable to perform nick-translation 

in the presence of Fen1 (Fig 3.8D, lanes 4 and 5). Importantly, in the presence 

of a nucleosome at the 601 sequence, nick-translation by Pol δ/Fen1 did not 

progress beyond the midpoint of the nucleosome (Fig 3.8D, lane 8), 

demonstrating that nucleosomes pose a significant barrier to Pol δ 

progression.  

	  

Figure 3.7 Daughter strands are assembled into nucleosomes 
Reactions were carried out as outlined in figure 3.5B either in the 
absence or presence of DDK, as indicated. One hour after the addition of 
Mcm10 , micrococcal nuclease (MNase) was added to the reaction, and 
incubation was continued for an additional 15 minutes. DNA was isolated 
from the reactions and fractionated by native agarose gel- 
electrophoresis. Total DNA was analyzed by staining the gel with 
ethidium-bromide (EtBr, left), replication products in the gel were 
analyzed by autoradiography.    
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Figure 3.8 Nucleosomes limit strand displacement by Pol δ   
(A)Primer-template schematic. Red, 601 nucleosome positioning 

sequence; base pair positions are indicated above the substrate 
DNA; * indicates 32P label position on the 5’ end. Left; substrate 
without nucleosome (used in (B) and (C) as follows). Right; 
nucleosome is in green (used in (D))	  

(B) Primer-template extension assay: The primer-template was 
incubated with Pol δ, ATP, dNTP mix, and RFC/PCNA as 
indicated. Reaction products were analyzed by denaturing 
polyacrylamide gel-electrophoresis and autoradiography. Positions 
of the primer (59 bp), gap-filling product (88 bp), and full-length 
product (259 bp) are indicated on the right 

(C)As in (B) but Pol ε was used instead of Pol δ. 
(D)As in (B) with following modifications. Primer-template either 

without (lanes 1-5) or with (lanes 6-10) a nucleosome assembled 
at the 601 sequence was used. hFen1 and either Pol d or Pol e, 
as indicated were used as indicated. Reaction products were 
analyzed by denaturing polyacrylamide gel-electrophoresis and 
autoradiography. The nucleosome position is indicated by the 
green oval. 

 
Note: This figure was contributed by Jieqing Jiang. 
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The ability of Pol δ, but not Pol ε, to perform nick-translation synthesis 

together with Fen1 provides a mechanistic basis for the observation that 

lagging strand maturation can only occur if Okazaki fragments are synthesized 

by Pol δ (Fig 3.5D). Moreover, the above results suggest that the length of 

nascent strands synthesized by Pol ε is limited by the inability of Pol ε to 

synthesize DNA through a downstream 5' end, whereas the generation of 

discretely sized nascent strands by Pol δ requires the inhibition of Pol δ-

catalyzed strand displacement activity by nucleosomes in the template.  

 

Completion of plasmid replication 

We have demonstrated above that nascent strands synthesized by Pol 

α and Pol ε in the absence of Pol δ cannot be processed into mature daughter 

strands (Fig 3.5 D), which is consistent with Pol δ being essential for DNA 

replication in vivo. To test if the generation of fully replicated, covalently-closed 

plasmid daughter molecules was supported in reactions employing all three 

replicative DNA polymerases, we followed the scheme of Fig 3.5B, using  

either naked DNA or chromatin as a template. To separate covalently closed 

from nicked plasmid daughter molecules, we analyzed the DNA products by 

agarose gel electrophoresis in the presence of a high concentration of 

ethidium bromide, which induces positive supercoiling of topologically closed 

DNA molecules. 

In the replication control on naked DNA (Fig 3.9, lane 1) we observed 

low levels of origin activation-independent strand-displacement synthesis as 

before (Fig 3.6A), as well as background levels of end-labeled linear 

molecules and covalently closed plasmid monomers that derive from the 

labeling of nicks in the plasmid template. Regulated initiation of DNA  
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replication under these conditions resulted in significant increases in the levels 

of DNA products migrating at the position of rolling circles replication products 

near the well, replication intermediates, nicked monomers, and covalently-

closed monomers (Fig 3.9, lane 2). The large fraction of replication 

intermediates indicates that most daughter molecules resulting from regulated 

origin activation were either incompletely replicated or had failed to be 

decatenated, which contrasts with the efficient generation of fully replicated, 

but nicked, plasmid daughter monomers observed in the two-polymerase 

	  Figure 3.9 Generation of fully replicated plasmid daughter 
molecules Reactions were performed with pARS1 (4.8 kb) according to 
the scheme of Fig. 4B, using either naked DNA (lanes 1 and 2) or 
chromatin (lanes 3 and 4) as a template. DNA products were analyzed by 
native agarose gel-electrophoresis in the presence of 0.5 mg/ml ethidium 
bromide and autoradiography. Arrows indicate the positions of nicked 
and covalently closed plasmid daughter molecules 
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system earlier (Fig 3.2A). Nonetheless, the generation even of low levels of 

nicked and covalently closed plasmid daughter monomers (arrows in Fig 3.9) 

indicates that completion of DNA replication and subsequent decatenation by 

Topo II had occurred at least in a fraction of the plasmid molecules. These 

data indicate that even though Okazaki fragment maturation is more readily 

detectable when Okazaki fragments generated on chromatin template exhibit 

a short discrete size distribution (Fig 3.5D), heterogenously long Okazaki 

fragments generated on naked DNA (Fig 3.5C) can also be matured into a 

complete daughter strand. As before (Fig 3.5D), rolling circle replication was 

almost completely suppressed on chromatin. Strikingly, however, essentially 

all plasmid daughters generated from the chromatin template were 

incompletely replicated, migrating at the position of replication intermediates 

(Fig 3.9, lanes 3 and 4). Since nascent leading strands reached half unit 

length also on chromatin (Fig 3.5D), fork progression is not grossly defective 

under these conditions. Instead, nucleosomal packaging appears to inhibit 

replication termination. It will be of interest in the future to determine what 

limits the completion of DNA replication both on naked DNA and on chromatin. 

 

Chromatin promotes origin specificity during DNA replication in vitro 

A hallmark of plasmid replication in budding yeast cells is the 

dependency on specific origin sequences (Marahrens and Stillman, 1992).  

Contrary to the situation in vivo, we and others have previously found that 

plasmid DNA molecules can be replicated in a regulated manner even in the 

absence of specific origin DNA sequences in yeast cell extracts (Gros et al., 

2014; On et al., 2014). Because those previous studies employed naked 

plasmid DNA as a template, we decided to determine the site of replication   
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Figure 3.10 DNA replication initiates at origins in chromatin 
templates 
(A) Okazaki fragment distribution on the Watson (red) and Crick (black) 

strands of pARS1 (4.8 kb). Sequence reads at every base pair were 
plotted over the linear coordinates of the plasmid sequence on the X-
axis, with the position of ARS1 at 0 indicated by the vertical dotted 
line.  

(B) Reactions were performed with pARS1-wt or pARS1-A-B2- (5.9 kb) 
according to the scheme of Fig. 3.5B, excluding Cdc9, using either 
naked DNA (lanes 1 and 2) or chromatin (lanes 3 and 4) as a 
template. DNA products were analyzed by alkaline agarose gel-
electrophoresis and autoradiography. 
 

Note: Fig 3.10 A was contributed by Charanya Kumar 
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 initiation on our chromatinized template by isolating and sequencing Okazaki 

fragments generated in the complete system on chromatinized pARS1 (4.8 kb) 

(Smith and Whitehouse, 2012). Intriguingly, we observed a pronounced 

transition in Okazaki fragments mapping to the Watson or Crick strand at the 

position of ARS1, demonstrating that DNA replication initiates preferentially at 

ARS1 under these conditions (Fig 3.10 A). Moreover, due to the distinct strand 

bias this data demonstrates that the short nascent fragments detected in our 

assay are indeed Okazaki fragments. To test the dependency on origin 

sequences, we compared the replication efficiency of plasmids harboring 

wildtype ARS1 to a variant carrying inactivating mutations in the A and B2 

elements. Naked plasmid DNA molecules supported DNA replication at 

essentially identical levels irrespective of the presence of a functional ARS1 

sequence (Fig 3.10B), as observed previously in extracts (Gros et al., 2014). 

In contrast, plasmids harboring wildtype ARS1 replicated on average three-

fold more efficiently after assembly into chromatin than plasmids harboring a 

mutant origin (Fig 3.10B). Thus, chromatin promotes origin specificity during 

DNA replication in vitro. 

 

Discussion 

We have shown that origin-containing plasmids can be replicated free 

in solution by the stepwise addition of 24 purified budding yeast proteins. The 

system exhibits essential hallmarks of cellular eukaryotic DNA replication, 

including regulated, bidirectional origin activation, coordinated leading and 

lagging strand synthesis by the three eukaryotic replicative DNA polymerases, 

and canonical Okazaki fragment processing. Using this system we identify a 
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dual regulatory role for chromatin during DNA replication: Imposing replication 

origin specificity, and determining canonical Okazaki fragment length.  

On naked DNA we find that Pol δ and Fen1 support excessive strand 

displacement/nick-translation synthesis, leading to the synthesis of Okazaki 

fragments that are abnormally long and heterogenous. In contrast, 

nucleosome assembly during the DNA replication reaction delimits the 

average length of Okazaki fragments in vitro, yielding Okazaki fragments that 

exhibit a length similar to that observed in vivo (Smith and Whitehouse, 2012). 

Consistent with these findings, Okazaki fragment length is significantly 

increased in budding yeast cells compromised for replication-coupled 

chromatin assembly upon deletion of Rtt106 or subunits of the CAF-1 complex 

(Smith and Whitehouse, 2012; Yadav and Whitehouse, 2016). We 

demonstrate that nucleosomes in the template specifically affect lagging 

strand synthesis by Pol δ after origin activation, whereas nascent strands 

synthesized by Pol ε were indistinguishable either in the absence or presence 

of nucleosome assembly. Moreover, we find that Pol δ can extend a primer by 

nick-translation with Fen1 only up to the midpoint of a downstream 

nucleosome, which is consistent with the observation that Okazaki fragment 

ligation junctions accumulate genome wide around nucleosome dyads in vivo 

(Smith and Whitehouse, 2012). Together these observations establish that 

inhibition of Pol δ progression through nucleosomal DNA is a key determinant 

of Okazaki fragment length in eukaryotes. 

At first sight this notion seems contradictory to our finding that Pol α 

and/or Pol ε in the absence of Pol δ can synthesize short nascent lagging 

strands with a length distribution similar to canonical Okazaki fragments even 

on naked DNA. Importantly, however, we find that these nascent strands are 
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not ligatable and thus are not functional Okazaki fragments. This can be 

explained by our observation that Pol ε, unlike Pol δ, does not exhibit strand 

displacement or nick-translation activity with Fen1, as has also been observed 

previously (Garg et al., 2004), which is prerequisite for primer removal by 

Fen1. We speculate that the similar length distribution of canonical Okazaki 

fragments and nascent lagging strands synthesized by Pol α/Pol ε is 

coincidental and that nascent lagging strand lengths in the latter case are 

determined by the rate of primer synthesis by Pol α and subsequent gap-filling 

synthesis by Pol ε (or Pol α in the absence of RFC/PCNA).  

A mechanism whereby nucleosomes inhibit progression of Pol 

δ requires chromatin to be rapidly assembled on the daughter strands behind 

the fork. In addition, nucleosomes need to be disassembled ahead of the fork 

to allow fork progression and recycling of the parental histones onto the 

replicated daughter strands. Numerous factors have been implicated in 

mediating replication-coupled chromatin assembly and disassembly (Alabert 

and Groth, 2012). Our findings suggest that Nap1 and Isw1a can promote both 

replication fork progression through nucleosomal DNA and assembly of 

nucleosomes on daughter strands in vitro; the intrinsic H3/H4 chaperone 

activity of the Mcm2 N-terminal tail may also contribute to these events 

(Clement and Almouzni, 2015). However, we note that the level of DNA 

synthesis is 5- to 6-fold reduced on chromatin relative to naked DNA, and the 

assembly of extended nucleosomal arrays on the daughter strands is 

inefficient, indicating that additional histone chaperones and chromatin 

remodeling factors may facilitate efficient chromatin replication in vitro. It will 

be interesting to exploit the system described here to analyze how known 
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replication-coupled chromatin assembly factors, such as CAF-1, Rtt106, 

FACT, and Asf1, coordinate their activities at the replication fork. 

The rolling circle replication observed in the system described here, 

dependent on formation of CMG helicase as well as the polymerase activity of 

Pol ε, was enhanced by the presence of Pol δ. On the other hand, 

chromatinization of the template completely suppressed this replication. This 

raises an intriguing question regarding the potential mechanism by which 

chromatin inhibits rolling circle replication. One possibility is that 

chromatinization of the DNA significantly reduces the nicking of the template 

during the reaction resulting in reduced availability of nicks for priming the 

rolling circle replication. Alternatively, as rolling circle replication requires the 

recognition of the nick by the CMG-Pol ε complex be used as a primer 

chromatinization of the template could restrict the mobility of this complex. In 

future, rolling circle replication could provide an avenue to examine how CMG-

Pol ε complex reaches the nick in the template.     

We have shown previously that canonical origin sequences are not 

required for Mcm2-7 loading or origin activation in vitro (Gros et al., 2014; 

Gros et al., 2015; Remus et al., 2009). Nonetheless, we had found that ORC 

binding sites at ARS elements often exhibit the highest affinity for ORC within 

tested templates, resulting in the preferential loading of Mcm2-7 at these sites, 

and that mutation of the ORC binding site in ARS elements induced the 

redirection of Mcm2-7 loading to origin-distal sites, thus allowing the efficient 

replication of plasmids containing either mutant or wildtype origin sequences in 

vitro (Gros et al., 2014). In striking contrast, efficient plasmid replication is 

highly dependent on specific origin sequences in budding yeast cells 

(Marahrens and Stillman, 1992). Here we reconcile this discrepancy with the 
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finding that assembly of plasmids into chromatin establishes a dependency on 

specific origin sequences for efficient replication in vitro. We speculate that 

nucleosomes sequester lower-affinity non-canonical Mcm2-7 loading sites, 

while ORC bound at canonical origin sites may promote Mcm2-7 loading and 

replication initiation by establishing a permissive nucleosome-free region 

(Eaton et al., 2010).  

Pol α synthesizes DNA with a high error rate due to its lack of 

proofreading activity (Kunkel, 2004), requiring that Pol α-synthesized DNA in 

the genome be kept at a minimum to ensure maintenance of the genetic 

information. Errors made by Pol α can be corrected by Pol δ during Okazaki 

fragment maturation (Pavlov et al., 2006). In addition, we find here that PCNA 

loading by RFC efficiently inhibits primer extension by pol α on both leading 

and lagging-strand template. These observations differ from earlier results 

obtained with the SV40 system, where it was found that RFC/PCNA inhibits 

primer extension by Pol α specifically on the leading strand, whereas Pol α 

was able to extend primers on the lagging strand even in the presence of 

RFC/PCNA (Tsurimoto et al., 1990; Waga and Stillman, 1994). The reasons 

for this difference between budding yeast and SV40 replication are unclear, 

but they may indicate a departure of Pol α regulation in SV40 replication from 

that during cellular chromosomal replication.  

We show here that both Pol α and Pol ε can contribute under certain 

conditions to the synthesis of nascent lagging strands in vitro. However, Pol δ 

is essential for the synthesis of functional Okazaki fragments, as only Pol δ 

can perform the strand displacement required for primer removal by Fen1. 

Experiments that employed isolated recombinant CMG and synthetic fork 

substrates suggested that CMG does not support processive DNA synthesis 
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by Pol δ on the leading strand and that Pol ε moreover suppresses Pol δ 

activity on the leading strand (Georgescu et al., 2014; Georgescu et al., 2015). 

Contrary to these observations, we find here that in the absence of DNA 

synthesis by Polε, but in the presence of Pol εpol- complex, Pol δ can support 

efficient leading and lagging strand synthesis in conjunction with the CMG 

after regulated origin firing, as well as rolling circle replication when coupled to 

the CMG. These observations are consistent with the notion that Pol δ likely 

synthesizes both the leading and the lagging strand in cells depleted for Pol ε 

DNA polymerase activity (Dua et al., 1999; Kesti et al., 1999). 

The system described here employs the proteins known to be essential 

for DNA replication in budding yeast cells. While efficient initiation and 

elongation of DNA replication are faithfully recapitulated by this system, 

termination of DNA replication appears to be inefficient. Future studies are, 

therefore, aimed at determining the conditions or identifying additional factors 

required for efficient termination. Moreover, it will be interesting to supplement 

the system with non-essential fork components such as Csm3-Tof1 and Mrc1, 

which are known to promote the rate of fork progression and fork stability in 

vivo (Bell and Labib, 2016). 

 

Materials and methods 

DNA templates 

Plasmid pARS1 (4.8kb) was generated from pARS/WTA (Marahrens 

and Stillman, 1992) by excision of CEN4 with AfeI and PvuII. Plasmids 

pARS1-wt (5.9 kb), pARS1-A-B2-  (5.9 kb), and pARS305 (9.8 kb) have been 

described previously (Gros et al.,2014). 
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The primer-template for DNA polymerase assays was generated by 

two-step PCR: In the first step, the 601 sequence was amplified with primers 

Fwd1 (5’-

GATGCAGTAGCCTCGACTCGCATGACTCCGTCACGAGGGCGTTTTGGAG

-3’) and Rev1 (5’-ATCGAGAATCCCGGTGCC-3’). The PCR product was used 

as a template in a second PCR step, using the uracil-containing, and internally 

biotinylated, primer Fwd2 (5’-GTACC-bio-

ATCTGCAGTGCTAATTGATGATCGAGGATCCGGAGGCTAGCGAAGAAGG

GAGAUGCAGUAGCCUCGACUCGCAUGACUCCGUCA-3’), and 5’-

biotinylated primer Rev2 (5’-bio-ATCGAGAATCCCGGTGCC 3’). The final 

PCR product was 5’-radiolabeled using [γ-32P]ATP and T4 polynucleotide 

kinase. USER (Uracil-Specific Excision Reagent, NEB) enzyme was used to 

remove uracils from the template, generating a single-stranded DNAgap in the 

substrate. 

Protein purification 

Human Topo II was purchased from Sigma. Human Fen1 was 

purchased from Syd Labs. E. coli SSB was a gift from Ken Marians (MSKCC). 

ORC, Cdc6, Cdt1·Mcm2-7, DDK, Mcm10, S. cerevisae histone octamers, and 

Nap1 were purified essentially as described (Gros et al., 2014; He et al., 1996; 

Kingston et al., 2011; McBryant et al., 2003). 

 

Pol α 

Strain YSD16 was grown at 30°C in YP-GL (YP + 2% glycerol / 2% 

lactic acid) to a density of 2 x107 cells / ml, and expression induced for 3 hours 

by addition of 2% galactose. Cells were harvested by centrifugation, washed 

once with 1M sorbitol/25 mM Hepes-KOH pH 7.6, once with buffer A (25 mM 
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Tris-HCl pH 7.5 / 10 % glycerol / 0.02 % NP-40) / 0.1 M NaCl, resuspended in 

0.5 volumes of buffer A / 0.1 M NaCl / 1 mM DTT / protease inhibitors, and 

frozen dropwise in liquid nitrogen. The resulting popcorn was stored at -80°C 

until further processing. Cell lysate was prepared by crushing the frozen 

popcorn in a freezer mill (SPEX CertiPrep 6850 Freezer/Mill) for 6 cycles of 2 

minutes at a rate of 15 impacts per second. Crushed cell powder was thawed 

on ice, resuspended with 1 volume of buffer A / 0.1 M NaCl / 1 mM DTT. The 

suspension was supplemented with an additional 0.3 M NaCl, and insoluble 

material pelleted by centrifugation in a T647.5 rotor (Thermo Scientific) for 30 

minutes at 40,000 rpm. The clarified extract was supplemented with 2 mM 

CaCl2 and incubated with calmodulin affinity beads for 2 hours at 4ºC. The 

calmodulin resin was washed with 10 CV of buffer A / 300 mM NaCl / 2 mM 

CaCl2 / 1 mM DTT, and bound protein eluted with 8 CV of buffer A / 1 mM 

EDTA / 2 mM EGTA / 1 mM DTT. Peak fractions were pooled, dialyzed 

against buffer A / 120 mM NaCl / 1 mM DTT, and fractionated on a Mono Q 

column using an elution gradient of 0.12 – 1 M NaCl over 20 CV. Mono Q 

peak fractions were pooled and fractionated by gel-filtration on a Superdex 

200 column equilibrated in buffer A / 150 mM NaCl / 1 mM DTT. Peak 

fractions were pooled and stored in aliquots of ~ 1 mM Pol α at -80ºC after 

snap freezing in liquid nitrogen. Protein yield was 1 – 2 mg per 12 L of culture. 

 

Cdc45 

Strain YSD15 was grown at 30°C in YP-GL to a density of 2 x107 cells / 

ml, arrested in G1 phase with 100 ng / ml a-factor, and expression induced for 

3 hours by addition of 2% galactose. FLAG-tagged Cdc45 was purified from 

these cells essentially as described (Yeeles et al., 2015). Peak fractions were 
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pooled and stored in aliquots of ~ 2 mM Cdc45 at -80ºC after snap freezing in 

liquid nitrogen. Protein yield was 1 – 2 mg per 12 L of culture. 

 

Sld2 

Strain YSD13 was grown at 30°C in YP-GL (YP + 2% glycerol / 2% 

lactic acid) to a density of 2 x107 cells / ml, and expression induced for 2 hours 

by addition of 2% galactose. Cells were harvested by centrifugation, washed 

once with 1M sorbitol/25 mM Hepes-KOH pH 7.6, once with buffer B (25 mM 

Hepes-KOH pH 7.6 / 10 % glycerol / 0.02 % NP-40 / 1 mM EDTA) / 0.1 M KCl, 

resuspended in 0.5 volumes of buffer B / 0.1 M KCl / 1 mM DTT / protease 

inhibitors, and frozen dropwise in liquid nitrogen. The resulting popcorn was 

stored at -80°C until further processing. Cell lysate was prepared by crushing 

the frozen popcorn in a freezer mill (SPEX CertiPrep 6850 Freezer/Mill) for 6 

cycles of 2 minutes at a rate of 15 impacts per second. Crushed cell powder 

was thawed on ice and resuspended with 1 volume of buffer B / 0.1 M KCl. 

The suspension was supplemented with an additional 0.4 M KCl, and insoluble 

material pelleted by centrifugation in a T647.5 rotor (Thermo Scientific) for 60 

minutes at 40,000 rpm. FLAG- tagged Sld2 was subsequently isolated from 

the clarified extract as described (Yeeles et al., 2015). Peak fractions were 

pooled and stored in aliquots of ~ 1 mM Sld2 at -80ºC after snap freezing in 

liquid nitrogen. Protein yield was 1 – 2 mg per 12 L of culture. 

 

Isw1a 

Strain YSA10 was grown at 30°C in YP-GL to a density of 2 x107 cells / 

ml, arrested for 3 hours in G1 phase by addition of 100 ng / ml a-factor, and 

expression of Isw1-FLAG and Ioc3 induced for 4 hours by addition of 2% 
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galactose. Cells were harvested by centrifugation, washed twice with ice-cold 

H2O, once with buffer C (25 mM Hepes-KOH pH 7.6 / 0.1 mM EDTA / 0.5 mM 

EGTA / 2 mM MgCl2 / 20 % glycerol / 0.02 % NP-40) / 0.3 M KCl / 1 mM DTT / 

protease inhibitor mix, resuspended in 1 volume of buffer C /0.3 M KCl / 1 mM 

DTT, and frozen dropwise in liquid nitrogen. The resulting popcorn was stored 

at -80°C until further processing.Cell lysate was prepared by crushing the 

frozen popcorn in a freezer mill (SPEX CertiPrep 6850 Freezer/Mill) for 6 

cycles of 2 minutes at a rate of 15 impacts per second. Crushed cell powder 

was thawed on ice, resuspended with 1 volume of buffer C / 0.3 M KCl / 1 mM 

DTT, and soluble extract prepared by centrifugation of the suspension in a 

T647.5 rotor (Thermo Scientific) for 1 hour at45,000 rpm. The clarified 

supernatant was incubated for 3 hours with M2-agarose anti-FLAG beads 

(Sigma) at 4°C. Beads were recovered from the extract by centrifugation, 

washed three times with buffer C / 0.3 M KCl / 1 mM DTT, once with buffer C / 

0.1 M KCl / 1 mM DTT, and bound proteins eluted with five resin volumes of 

buffer C / 0.1 M KCl / 1 mM DTT containing 0.25 mg/ml FLAG peptide. Peak 

fractions were pooled, applied to a Mono Q column, washed on the column 

with 10 CV of buffer C / 0.2 M KCl /1 mM DTT, and eluted in a gradient from 

0.2 – 0.6 M KCl over 20 CV. Peak fractions were pooled, dialyzed against 

buffer C / 0.1 M KCl / 1 mM DTT, and stored in aliquots at -80°C after snap 

freezing in liquid nitrogen. 

 

Sld3·Sld7 

pET28b-His10-Smt3-Sld3 and pGEX-6P-1-Sld7 were co-transformed 

into BL21 DE3 Codon+ RIL cells. Cells were grown at 37 °C to a density of 

OD600 = 0.5-0.8, chilled on ice, supplemented with 2 % ethanol, and induced 
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with 1 mM IPTG over night at 18 °C. Cells were washed once in PBS, and the 

washed cell pellet stored at −80°C until further processing. Cells were 

resuspended in buffer D (50 mM Tris-HCl pH7.5 / 0.05 % NP-40 / 10 % 

glycerol) / 1 M NaCl / 2 mM β-mercaptoethanol / protease inhibitors (Roche, 

complete protease inhibitor cocktail), supplemented with 1 mg/mL lysozyme, 

and incubated for 30 minutes at 4°C with agitation. The cells were then lysed 

by sonication, and insoluble material was removed by centrifugation for 30 

minutes at 15,000 rpm in an SS34 rotor. 0.25 g/ml solid ammonium sulfate 

was added to the supernatant, followed by gentle stirring, and centrifugation 

for 30 minutes at 15,000 rpm in an SS34 rotor. The protein pellet was 

resuspended in buffer D / 0.5 M NaCl / 2 mM β- mercaptoethanol and dialyzed 

against the same buffer for 2 hours at 4°C. After dialysis, the extract was 

incubated with glutathione sepharose for 3 hours at 4°C. The resin was 

washed with 10 CV of buffer A / 0.5 M NaCl / 2 mM β-mercaptoethanol, and 

bound protein eluted with 10 CV of buffer A / 0.5 M NaCl / 2 mM β-

mercaptoethanol / 2 M glutathione. The eluates were pooled, dialyzed against 

buffer D / 0.3 M NaCl / 20 mM imidazole and incubated with PreScission 

protease (GE Healthcare) to remove the GST-tagfrom Sld7. The eluate was 

then incubated with Ni2+-NTA resin for 3 hours at 4°C. The resin was washed 

extensively with buffer D /0.3 M NaCl / 20 mM imidazole / 2 mM β-

mercaptoethanol, and bound protein eluted with 10 CV of buffer D / 0.3 M 

NaCl / 200 mM imidazole / 2 mM β-mercaptoethanol. Peak fractions were 

pooled and separated on a Superose 6 column equilibrated in 25 mM Hepes-

KOH pH 7.6 / 0.05 % NP-40 / 10% glycerol / 300 mM K-acetate / 2 mM β-

mercaptoethanol. Peak fractions were pooled and stored in aliquots of ~ 1 mM 
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Sld3·Sld7 at -80ºC after snap freezing in liquid nitrogen. Protein yield was 1 – 

2 mg per 6 L of culture. 

 

Pol ε / Pol ε-D640A 

Strain YDR116 was grown at 30°C in YP-GL to a density of 2 x107 cells 

/ ml, arrested for 3 hours in G1 phase by addition of100 ng/ml a-factor, and 

protein expression induced for 4 hours by addition of 2% galactose. Cells were 

harvested by centrifugation, washed once with 1 M sorbitol / 25 mM Hepes-

KOH pH 7.6 and once with buffer E (45 mM Hepes-KOH pH 7.6 / 10 % 

glycerol /0.02 % NP-40S) / 0.1 M NaCl / 1 mM DTT / protease inhibitors, 

resuspended in 0.5 volumes of buffer E / 0.1 M NaCl / 1 mM DTT, and frozen 

dropwise in liquid nitrogen. The resulting popcorn was stored at -80°C until 

further processing. Cell lysate was prepared by crushing the frozen popcorn in 

a freezer mill (SPEX CertiPrep 6850 Freezer/Mill) for 6 cycles of 2 minutes at 

a rate of 15 impacts per second. Crushed cell powder was thawed on ice, 

resuspended with 1 volume of buffer E / 0.1 M NaCl / 1 mM DTT. The salt 

concentration was adjusted to 0.3 M NaCl, and insoluble material pelleted by 

centrifugation of the suspension in a T647.5 rotor (Thermo Scientific) for 1 

hour at 45,000 rpm. The clarified supernatant was supplemented with 2 mM 

CaCl2 and incubated for 2 hours with calmodulin sepharose at 4°C. The resin 

was washed extensively with buffer E / 0.3 M NaCl / 2 mM CaCl2, and bound 

protein eluted with 10 CV of buffer E / 0.3 M NaCl / 2 mM EGTA / 1 mM EDTA 

/ 1 mM DTT. Peak fractions were pooled, applied to a Mono Q column, and 

eluted in a gradient from 0.15 – 0.5 M NaCl in buffer E / 1 mM DTT over 20 

CV. Mono Q peak fractions were pooled and further fractionated by gel-

filtration on a Superdex 200 column equilibrated in buffer E / 0.3 M K-acetate / 
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1 mM DTT. Peak fractions were pooled and stored in aliquots of ~ 2 mM Pol ε 

at -80ºC after snap freezing in liquid nitrogen. Protein yield was 2 – 

4 mg per 12 L of culture. Polε-D640A was purified identically to Polε. 

 

Clb5·Cdk1 

Strain YDR105 was grown at 30°C in YP-GL to a density of 2 x107 cells 

/ ml, and protein expression induced for 4 hours by addition of 2% galactose. 

Clb5·Cdk1 was subsequently purified using the procedure described for Polε. 

Final peak fractions were pooled and stored in aliquots of ~ 2 mM Clb5·Cdk1 

at -80ºC after snap freezing in liquid nitrogen. Protein yield was 1 – 2 mg per 

12L of culture. 

 

GINS 

GINS was purified from strain YDR109 using the procedure described 

for Pol ε. Final peak fractions were pooled and stored in aliquots of ~ 2 mM 

GINS at -80ºC after snap freezing in liquid nitrogen. Protein yield was 2 – 4 mg 

per 12 L of culture. 

 

Dpb11 

Strain YDR110 was grown at 30°C in YP-GL to a density of 2 x107 cells 

/ ml, arrested for 3 hours in G1 phase by addition of100 ng/ml a-factor, and 

protein expression induced for 4 hours by addition of 2% galactose. Cells were 

harvested by centrifugation, washed once with 1 M sorbitol / 25 mM Hepes-

KOH pH 7.6 and once with buffer E / 0.1 M KCl / 1 mM DTT / protease 

inhibitors, resuspended in 0.5 volumes of buffer E / 0.1 M KCl / 1 mM DTT, 

and frozen dropwise in liquid nitrogen. The resulting popcorn was stored at -
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80°C until further processing. Cell lysate was prepared by crushing the frozen 

popcorn in a freezer mill (SPEX CertiPrep6850 Freezer/Mill) for 6 cycles of 2 

minutes at a rate of 15 impacts per second. Crushed cell powder was thawed 

on ice, resuspended with 1 volume of buffer E / 0.1 M KCl / 1 mM DTT. The 

salt concentration was adjusted to 0.3 M KCl, and insoluble material pelleted 

by centrifugation of the suspension in a T647.5 rotor (Thermo Scientific) for 1 

hour at 45,000 rpm. The clarified supernatant was supplemented with 2 mM 

CaCl2 and incubated for 2 hours with calmodulin sepharose at 4°C. The resin 

was washed extensively with buffer E / 0.3 M KCl / 2 mM CaCl2, and bound 

protein eluted with 10 CV of buffer E / 0.3 M KCl / 2mM EGTA / 1mM EDTA / 

1 mM DTT. Peak fractions were pooled, applied to a Mono S column, and 

eluted in a gradient from 0.15 – 1 M KCl in buffer E / 1mM DTT over 20 CV. 

Peak fractions were pooled and dialyzed against buffer E / 0.3 M K-acetate / 1 

mM DTT, and stored in aliquots of ~ 2 mM Dpb11 at -80ºC after snap freezing 

in liquid nitrogen. Protein yield was 2 – 4 mg per 12 L of culture. 

Top2 

Strain YSDR17 was grown at 30°C in YP-GL to a density of 2 x107 cells 

/ ml, and protein expression induced for 6 hours byaddition of 2% galactose. 

Top2 was subsequently purified using the procedure described for Polε. Final 

peak fractions were pooled and stored in aliquots of ~ 1 mM Top2 at -80ºC 

after snap freezing in liquid nitrogen. Protein yield was 1 – 2 mg per 12 L of 

culture. 

 

Top1 

Top1 was purified from strain YDR 128. Cells were grown at 30°C in 

YP-GL to a density of 2 x107 cells / ml, and proteinexpression induced for 4 



	   	   114 

hours by addition of 2% galactose. Top1 was thereafter purified using the 

procedure described for Polε. Final peak fractions were pooled and stored in 

aliquots of ~ 1 mM Top1 at -80ºC after snap freezing in liquid nitrogen. Protein 

yield was 1 –2 mg per 12 L of culture. 

 

RPA 

RPA1, -2, and -3 were co-expressed in E. coli BL21 DE3 from plasmid 

pJM126 (He et al., 1996). Cells were grown at shaking condition to 37ºC in 

LB/ampicillin/chloramphenicol to OD600 = 0.2. Cultures were then shifted to 

17ºC and grown until OD600 = 0.5. Expression was induced for 4 hours at 

30ºC by addition of 0.4 mM IPTG. Cells were harvested by centrifugation and 

the cell pellet stored at -80ºC until further processing. Cell pellets were thawed 

on ice, resuspended in buffer F (25 mM Tris HCl pH 7.5 / 1 mM EDTA / 10 % 

glycerol) / 1 M NaCl / 1 mM DTT / protease inhibitors / 0.1 mg/ml lysozyme, 

and cells lyzed by sonication. The resulting extract was clarified by 

centrifugation in an SS34 rotor for 15 min at 12,000 rpm. Clarified extract was 

diluted 1:1 with cold buffer F / 1 mM DTT to reduce salt concentration to 0.5 M 

NaCl and applied to a HiTrap Blue HP column pre-equilibrated in buffer A / 0.5 

M NaCl / 1 mM DTT.  The column was washed sequentially with buffer F / 0.5 

M NaCl / 1 mM DTT and buffer A / 0.8 M NaCl / 1 mM DTT, and bound protein 

eluted in buffer F / 2.5 M NaCl / 1 mM DTT / 40 % ethylene glycol. Peak 

fractions were pooled, diluted with buffer F /1 mM DTT to reduce the salt 

concentration to 0.5 M NaCl, and applied to ssDNA cellulose (Worthington). 

The ssDNA resin as washed with 2 CV buffer F / 0.5 M NaCl / 1 mM DTT, 

followed by 2 CV buffer F / 0.8 M NaCl / 1 mM DTT, and bound protein eluted 

with 5 CV buffer F / 1.5 M NaCl / 50 % ethylene glycol. Peak fractions were 
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pooled, dialyzed against buffer F / 0.15 M NaCl /1 mM DTT, and fractionated 

on a MonoQ column with a gradient of 0.15 M NaCl – 1 M NaCl in buffer F / 1 

mM DTT over 20 CV. Peak fractions were pooled, dialyzed against buffer F / 

0.1 M NaCl / 1 mM DTT, and stored in aliquots of 5 – 10 mM RPA at -80ºC 

after snap freezing in liquid nitrogen. Protein yield was ~ 2 mg per 1 L of 

culture. 

 

Ctf4 

A culture of E. coli BL21 DE3 RIL codon+ transformed with plasmid xxx 

was grown at 37°C in LB / ampicillin /chloramphenicol to an OD600 = 0.7, 

subjected to a cold shock in ice water for 20 minutes, and expression induced 

at 25°C over nightby addition of 1 mM IPTG and 2 % ethanol. The cells were 

harvested by centrifugation, washed twice with ice cold PBS, and stored at-

80°C until further processing. The cell pellet was resuspended in buffer G (25 

mM Hepes-KOH / 10 % glycerol / 0.05% NP40 ) / 1M NaCl / 2 mM b -

mercaptoethanol / protease inhibitor cocktail, supplemented with 0.1 mg/ml 

lysozyme, and incubated for 20 minutes on ice. The cells were lysed by 

sonication, and insoluble material removed by centrifugation in an SS34 rotor 

for 30 minutes at 15,000 rpm. The clarified extract was incubated for 1 hour 

with Ni++-NTA agarose beads at 4°C. The beads were recovered by 

centrifugation, washed with 3 CV of buffer G / 0.5 M NaCl / 2 mM 2-

mercaptoethanol, and bound protein eluted with 5 CV of buffer G / 0.5 M NaCl/ 

100 mM imidazole / 2 mM 2-mercaptoethanol. Peak fractions were pooled, 

dialyzed against buffer G / 0.1 M NaCl / 2 mM b - mercaptoethanol, and 

fractionated on a Mono Q column using an elution gradient of 0.1 M – 1 M 

NaCl in buffer G / 2 mM b- mercaptoethanol over 30 CV. Peak fractions were 
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pooled and fractionated by gel-filtration on a Superdex 200 column 

equilibrated in45 mM Hepes-KOH pH 7.5 / 300 mM potassium acetate / 0.02 

% NP-40 / 10 % glycerol / 2 mM b-mercaptoethanol. Peak fractions were 

pooled and stored in aliquots of ~ 3 mM at -80ºC after snap freezing in liquid 

nitrogen. Final peak fractions were pooled and stored in aliquots of ~ 3 mM 

Ctf4 at -80ºC after snap freezing in liquid nitrogen. Protein yield was ~ 1 mg 

per 1 L of culture. 

 

RFC 

Strain YIW389 was grown at 30°C in YP-GL to a density of 2 x107 cells 

/ ml, after which protein overexpression was induced for 3 hours by addition of 

2% galactose. Cells were harvested by centrifugation, washed sequentially 

once with buffer A (1M sorbitol / 25 mM Hepes-KOH pH 7.6) and with buffer H 

(25 mM Tris-HCl pH 7.5 / 10 % glycerol) / 100 mM NaCl, and finally 

resuspended in 0.5 volumes of buffer H / 100 mM NaCl / 1 mM DTT / protease 

inhibitor mix, and frozen dropwise in liquid nitrogen.Cell lysate was prepared 

by crushing the frozen popcorn in a freezer mill (SPEX CertiPrep 6850 

Freezer/Mill) for 6 cycles of 2 minutes at a rate of 15 impacts per second. The 

resulting cell powder was thawed on ice, and resuspended in 1 volume of 

buffer H /0.02 % NP-40 / 100 mM NaCl / 1 mM DTT. The final NaCl 

concentration was adjusted to 0.4 M, and insoluble material pelleted by 

ultracentrifugation at 40,000 rpm for 30 minutes. Complexes were immuno-

precipitated  for 4 hours at 4°C from the clarified extract using M2 agarose 

anti-FLAG beads (Sigma). The resin was recovered from the extract, washed 

with 5 CV buffer H / 300 mM NaCl /1 mM DTT, and bound protein eluted with 

4 CV buffer H / 300 mM NaCl / 0.5 mg ml-1 3xFLAG peptide. Peak fractions 
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from theFLAG pull-down were pooled and dialyzed against buffer H / 100 mM 

NaCl / 1 mM DTT and fractionated on a Mono Q column using gradient of 0.1 

– 1 M NaCl in buffer H over 20 CV. Mono Q peak fractions were pooled and 

fractionated by gel-filtration on a Superdex 200 column equilibrated in 25 mM 

Hepes-KOH pH 7.6 / 300 mM K-acetate / 1 mM EDTA / 10 % glycerol / 1 mM 

DTT. Peak fractions were pooled and stored in aliquots of ~ 1 mM RFC at -

80ºC after snap freezing in liquid nitrogen. Protein yield was ~ 2- 4 mg per 12 

L of culture. 

 

PCNA 

 PCNA was expressed as a His-tag fusion protein in E. coli BL21 DE3. 

Cells were grown at 37°C to OD600 = 0.5. After a 30 minute cold shock on ice, 

expression was induced at 20°C overnight by adding isopropyl-1-thio-β-D-

galactopranoside (IPTG) to a final concentration of 0.5 mM. The cells were 

harvested by centrifugation and stored at -80ºC until further processing. The 

cell pellet was resuspended in 50 mM Na-phosphate pH 7.6  / 400 mM NaCl / 

10 mM imidazole / 1 mM DTT / 0.1 mg/ml lysozyme, incubated for 15 minutes 

on ice, and cells lyzed by sonication. Cell debris was removed by 

centrifugation in an SS34 rotor at 14,000 rpm for 30 minutes. After incubation 

of the clarified extract with Ni++-NTA agarose beads for 2 hours at 4ºC, the 

resin was recovered by centrifugation, washed with 5 CV of 50 mM Na-

phosphate pH 7.6  / 400 mM NaCl / 10 mM imidazole / 1 mM DTT, and bound 

protein eluted with 8 CV of 50 mM Na-phosphate pH 7.6  / 400 mM NaCl / 150 

mM imidazole / 1 mM DTT. Peak fractions were pooled and dialyzed against 

buffer F / 0.1 M NaCl / 1 mM DTT, and fractionated on a Mono Q column using 

an elution gradient of0.1 – 1 M NaCl in buffer F over 20 CV, followed by 
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fractionation on a Superdex 200 gel-filtration column equilibrated in 25 mM 

Hepes-KOH pH 7.6 / 300 mM K-acetate / 1 mM EDTA / 10 % glycerol / 1 mM 

DTT. Peak fractions were pooled and stored in aliquots of ~ 5 mM PCNA at -

80ºC after snap freezing in liquid nitrogen. Protein yield was ~ 5 mg per 1 L of 

culture. 

 

Pol δ 

Strain YDR131 was grown at 30°C in YP-GL to a density of 2 x107 

cells/ml, after which protein overexpression wasinduced for 4 hours by 

addition of 2% galactose. Cells were harvested by centrifugation, washed 

sequentially once with 1M sorbitol /25 mM Hepes-KOH pH 7.6 and with buffer 

I (30 mM Hepes-KOH pH 7.6 / 2 mM EDTA / 1 mM EGTA / 0.02 % NP-40 / 10 

%glycerol), and finally resuspended in 1 volume of buffer I / 1 mM DTT / 

protease inhibitor mix, and frozen dropwise in liquidnitrogen. Cell lysate was 

prepared by crushing the frozen popcorn in a freezer mill (SPEX CertiPrep 

6850 Freezer/Mill) for 6 cycles of2 minutes at a rate of 15 impacts per second. 

The resulting cell powder was thawed on ice, and resuspended in 1 volume of 

buffer I / 1 mM DTT. 0.15 M ammonium sulfate and 0.45 % polymin P pH 7.3 

were stirred into the cell lysate, and the suspension centrifuged for30 min at 

40,000 rpm in a T647.5 rotor (Thermo Scientific). Proteins in the clarified 

extract were precipitated by addition of 0.3 g/mlof solid ammonium sulfate and 

centrifugation for 30 min at 40,000 rpm in a T647.5 rotor. The resulting protein 

pellet was resuspended in buffer I / 250 mM NaCl / 1 mM DTT, followed by 

two hours of dialysis against buffer I / 250 mM NaCl / 1 mM DTT. The extract 

was incubated for 2 hours with glutathione-sepharose  at 4ºC. The resin was 

subsequently washed with 5 CV buffer I / 250 mM NaCl /1 mM DTT, 5 CV 
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buffer A / 250 mM NaCl / 5 mM Mg-acetate / 1 mM DTT, and 5 CV buffer I / 

150 mM NaCl / 1 mM DTT. Bound protein was eluted with 6 CV buffer I / 150 

mM NaCl / 20 mM glutathione / 1 mM DTT. Peak fractions were pooled and 

digested with TEV protease over night at 4ºC to remove the GST-tag from 

Pol3. The sample was diluted with 2 volumes of buffer K (25 mM Hepes-KOH 

pH 7.6 / 1 mM EDTA / 1 mM EGTA / 0.01 % NP-40 / 10 % glycerol) to reduce 

the NaCl concentration to 50 mM, and fractionated over a Mono S column, 

using an elution gradient of 0.05 – 1 M NaCl in buffer K. Peak fractions 

containing the full Polδ complex were pooled and fractionated by gel-filtration 

on a Superdex 200 column equilibrated in 25 mM Hepes-KOH pH 7.6 / 300 

mM K-acetate / 1 mM EDTA / 10 % glycerol / 1 mM DTT. Peak fractions were 

pooled and stored in aliquots of ~ 1 mM Pol δ at -80ºC after snap freezing in 

liquid nitrogen. Protein yield was ~ 1 mg per 12 L of culture. 

 

 

Fen1 

A culture of E. coli BL21 DE3 transformed with plasmid pET28a-Fen1 

was grown at 37°C to OD600 = 0.5, transferred to ice water for 30 minutes, 

and expression induced at 20°C over night by adding isopropyl-1-thio-β-D-

galactopranoside (IPTG) to final concentration of 0.5 mM. The cells were 

harvested by centrifugation and stored at -80°C until further processing. The 

cell pellet wasresuspended in 50 mM sodium phosphate pH 7.6 / 400 mM 

NaCl / 10 mM imidazole / 1 mM DTT, followed by addition of 0.1 

mg/mllysozyme and incubation for 15 minutes on ice. Cells were lysed by 

sonication, and insoluble material removed by centrifugation in an SS34 rotor 

for 30 minutes at 14,000 rpm. The clarified extract was rotated for 2 hours with 
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Ni++-NTA agarose at 4°C. The Ni++-resin was recovered by centrifugation, 

washed with 5 CV of 50 mM sodium phosphate pH 7.6 / 400 mM NaCl / 10 

mM imidazole / 1 mM DTT, and bound protein eluted with 8 CV resin volumes 

of 50 mM sodium phosphate pH 7.6 / 400 mM NaCl / 150 mM imidazole / 1 

mM DTT. Peak fractions were pooled, dialyzed against 25 mM Tris-HCl pH 7.5 

/ 0.1 M NaCl / 1 mM EDTA / 10 % glycerol / 1 mM DTT, and passed over a 

Mono Q column. The flow-through from the Mono Q column, which contains 

Fen1, was incubated with thrombin for 2 hours at 4ºC to remove the His-tag 

from Fen1, and further fractionated by gel-filtration on a Superdex 200 column 

equilibrated in 25 mM Hepes-KOH pH 7.6 / 300 mM KOAc / 1 mM EDTA / 10 

% glycerol / 1 mM DTT. Peak fractions were pooled and stored in aliquots of ~ 

2 mM Fen1 at -80°C after snap freezing in liquid nitrogen. Protein yield was ~ 

1 mg per 1 L of culture. 

 

Cdc9 

A culture of E. coli BL21 DE3 transformed with plasmid pET15b-Cdc9 

was grown at 37°C to OD600 = 0.5, transferred to ice water for 30 minutes, 

and expression induced at 20°C over night by adding isopropyl-1-thio-β-D-

galactopranoside (IPTG) to final concentration of 0.5 mM. The cells were 

harvested by centrifugation and stored at -80°C until further processing. The 

cell pellet was resuspended in 50 mM Sodium phosphate pH 7.6 and  was 

resuspended in 50 mM sodium phosphate pH 7.6 / 400 mM NaCl / 10 mM 

imidazole / 1 mM DTT, followed by addition of 0.1 mg/ml 

lysozyme and incubation for 15 minutes on ice. Cells were lysed by sonication, 

and insoluble material removed by centrifugation in an SS34 rotor for 30 

minutes at 14,000 rpm. The clarified extract was rotated for 2 hours with Ni++-
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NTA agarose at 4°C. The Ni++-resin was recovered by centrifugation, washed 

with 5 CV of 50 mM sodium phosphate pH 7.6 / 400 mM NaCl / 10 mM 

imidazole / 1 mM DTT, and bound protein eluted with 8 CV resin volumes of 

50 mM sodium phosphate pH 7.6 / 400 mM NaCl / 150 mM imidazole / 1 mM 

DTT. Peak fractions were pooled, dialyzed against buffer F / 0.1 M NaCl / 1 

mM DTT, and fractionated on a Mono Q column using an elution gradient of 

0.1 – 1 M NaCl over 20 CV in buffer F / 1 mM DTT. Peak fractions were 

pooled and further fractionated by gel-filtration on a Superdex 200 column 

equilibrated in 25 mM Hepes-KOH pH 7.6 / 300 mM K-acetate / 1 mM EDTA / 

10 % glycerol / 1 mM DTT. The purified protein was stored in aliquots of ~ 1 

mM Cdc9 at -80°C after snap freezing in liquid nitrogen. 

Protein yield was ~ 1 mg per 1 L of culture.  

 

DNA replication assay 

Reactions were performed at 30°C. Mcm2-7 loading was carried out for 

20 minutes in a reaction volume of 20 ml containing 50 nM ORC, 50 nM Cdc6, 

100 nM Cdt1⋅Mcm2-7, and 10 nM plasmid DNA template in 25mM Hepes-

KOH pH 7.6 / 0.02 % NP-40 / 10 mM magnesium acetate / 5 % glycerol / 100 

mM K-Acetate / 2 mM DTT / 5 mM ATP. DDK was then added to the loading 

reaction and incubation was continued for 20 minutes. Subsequently, BSA, 

Sld3⋅7 and Cdc45 were added to the mix and incubation continued for 5 

minutes. Then CDK, GINS, Polε, Dpb11 and Sld2 were added to the reaction 

and incubated for 10min, followed by the addition of RPA, Ctf4, Polα, 

topoisomerase, RFC, PCNA, Cdc9, Fen1, Polδ, dNTP mix, CTP, GTP, UTP, 

and α32P-dCTP. Mcm10 was added last into the reaction. The final volume 

was 50 ml and consisted of 1 mg/ml BSA, 60 nM DDK, 20 nM Sld3·7, 40 nM 
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Cdc45, 80 nM CDK, 80 nM GINS, 24 nM Polε, 40 nM Dpb11, 50 nM Sld2, 210 

nM RPA, 30 nM Ctf4, 45 nM Polα, 80 mM dNTPs, 192 mM each CTP, GTP, 

and UTP, 66 nM α32P-dCTP (3,000 Ci/mmol, Perkin-Elmer), 20 nM RFC, 70 

nM PCNA, 20 nM Polδ, 20 nM Fen1, 36 nM Cdc9 and 20 nM Mcm10. Top1 or 

Top2 were included at 20 nM, while 2 U of hTopo II were included, as 

indicated. Reactions were terminated by incubation for 30 minutes at 37°C 

with 40 mM EDTA, 1.6 U Proteinase K, and 0.8% SDS. DNA was isolated by 

phenol/chloroform extraction and ethanol precipitation, and fractionated on 

native (1 × TAE) or alkaline (30 mM NaOH, 2 mM EDTA) 0.8% agarose gels. 

Gels were dried onto Whatman paper and analyzed by phosphor-imaging. For 

replication reactions on chromatin, nucleosomes were first assembled in a 

volume of 10 ml for one hour at 30ºC as described (Vary et al., 2004), using 

3.1 mM Nap1, 350 nM histone octamer, 50 nM Isw1a, 20 nM plasmid 

template, and 100 nM ORC. The reaction was then continued as described 

above. 

 

Primer-template extension assay 

Nucleosome core particles were reconstituted at the 601 nucleosomal 

positioning sequence of the primer-template by salt dialysis as described 

previously (Luger et al., 1999). Biotinylated primer-template (5 fmol per 

reaction) was pre-incubated with streptavidin (500 fmol per reaction) on ice for 

30 min. The streptavidin-bound primer-template was then incubated in a 

reaction volume of 34 µl with 25 fmol of RFC, and 25 fmol of PCNA for 10 min 

at 30°C, followed by the addition of 500 fmol of Pol δ and 25 pmol of human 

Fen1 for 30 min at 37°C. Reaction buffer contained 20 mM Tris-acetate, pH 

7.8 / 1 mM DTT / 100µg/ml BSA / 2 mM MgAc2 / 1 mM ATP / 100 µM dNTPs / 



	   	   123 

50mM NaCl. Reactions were terminated by freezing the samples in liquid N2. 

DNA was purified from the reaction by phenol/chloroform and ethanol 

precipitation, and analyzed by 6% urea denaturing gel-electrophoresis and 

autoradiography 

 

Okazaki fragment sequencing 

DNA from a complete replication reaction on chromatinized pARS1 (4.8 

Kb) in the absence of Cdc9 was purified as described (Smith and Whitehouse, 

2012). Peak fractions from source 15Q elution containing short nascent 

fragments (150-500 bp) were pooled and ligated to adaptor primer pairs with 

single-stranded overhangs. Purified libraries were amplified (16 cycles) using 

Illumina TruSeq barcoded primers. Libraries were sequenced on an Illumina 

platform. After deep sequencing, the reads were mapped back to pARS1 (4.8 

Kb) as described (Smith and Whitehouse, 2012). Briefly, Bowtie 2 was used to 

align the reads to pARS1 (4.8 Kb) sequence and Bedtools was used to isolate 

reads on Watson and Crick strands. A 500 bp average sliding window was 

used to smooth the data and the resulting Watson and Crick read values at 

every base were plotted. 
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Table 3.1 List of yeast strains used in chapter three 
Strain Genotype 
YSA10 MATa	  ade2-‐1	  ura3-‐1	  his3-‐11,15	  trp1-‐1	  leu2-‐3,112	  can1-‐100	  

pep4::HIS3	  P/Gal10	  (ADE2)	  ISW1-‐	  FLAG-‐KanMX	  P/Gal1	  (TRP1)	  
IOC3	  

YSD15 MATa	  ade2-‐1	  ura3-‐1	  his3-‐11,15	  trp1-‐1	  leu2-‐3,112	  can1-‐100	  
pep4::kanMX	  bar::hphNAT1	  Gal-‐	  GAL4	  (HIS3)	  Gal-‐CDC45-‐IF	  
(TRP1) 

YDR105 MATa	  ade2-‐1	  ura3-‐1	  his3-‐11,15	  trp1-‐1	  leu2-‐3,112	  can1-‐100	  
pep4::kanMX	  bar::hphNAT1	  Gal-‐	  GAL4	  (HIS3)	  Gal-‐CDC28/CLB5-‐
CBP	  	  (LEU2) 

YDR109 MATa	  ade2-‐1	  ura3-‐1	  his3-‐11,15	  trp1-‐1	  leu2-‐3,112	  can1-‐100	  
pep4::kanMX	  bar::hphNAT1	  Gal-‐	  GAL4	  (HIS3)	  Gal-‐SLD5/PSF1-‐
CBP	  	  (LEU2)	  Gal-‐PSF2/PSF3	  (URA3)	  

YDR116 MATa	  ade2-‐1	  ura3-‐1	  his3-‐11,15	  trp1-‐1	  leu2-‐3,112	  can1-‐100	  
pep4::kanMX	  bar::hphNAT1	  Gal-‐	  GAL4	  (HIS3)	  Gal-‐DPB2/DPB3	  
(LEU2)	  Gal-‐CBP-‐POL2	  /DPB4	  (URA3) 

YDR110 MATa	  ade2-‐1	  ura3-‐1	  his3-‐11,15	  trp1-‐1	  leu2-‐3,112	  can1-‐100	  
pep4::kanMX	  bar::hphNAT1	  Gal-‐	  GAL4	  (HIS3)	  Gal-‐DPB11-‐CBP	  
(URA3) 

YSD13 MATa	  ade2-‐1	  ura3-‐1	  his3-‐11,15	  trp1-‐1	  leu2-‐3,112	  can1-‐100	  
pep4::kanMX	  bar::hphNAT1	  Gal-‐	  GAL4	  (HIS3)	  Gal-‐SLD2-‐FLAG	  
(URA3) 

YSD16 MATa	  ade2-‐1	  ura3-‐1	  his3-‐11,15	  trp1-‐1	  leu2-‐3,112	  can1-‐100	  
pep4::kanMX	  bar::hphNAT1	  Gal-‐	  GAL4	  (HIS3)	  GAL-‐POL1/POL12	  	  
(URA3)	  GAL-‐CBP-‐PRI1/PRI2	  	  (LEU2)	  

YIW389 MATa	  ade2-‐1	  ura3-‐1	  his3-‐11,15	  trp1-‐1	  leu2-‐3,112	  can1-‐100	  
pep4::kanMX	  bar::hphNAT1	  GAL-‐	  RFC1-‐FLAG-‐HAT	  (HIS)	  GAL1-‐
10-‐RFC2/RFC3	  	  (TRP1)	  GAL-‐RFC4/RFC5	  (URA3)	  

YDR131 MATa	  ade2-‐1	  ura3-‐1	  his3-‐11,15	  trp1-‐1	  leu2-‐3,112	  can1-‐100	  	  
pep4::kanMX	  bar::hphNAT1	  Gal-‐	  GAL4	  /	  POL32	  (HIS3)	  Gal-‐GST-‐
POL3/POL31	  	  (TRP1)	  Gal-‐POL32	  (URA3)	  

YDR128 MATa	  ade2-‐1	  ura3-‐1	  his3-‐11,15	  trp1-‐1	  leu2-‐3,112	  can1-‐100	  
pep4::kanMX	  bar::hphNAT1	  Gal-‐	  GAL4	  (HIS3)	  GAL-‐CBP-‐TOP1	  
(LEU2)	  

YSD17 MATa	  ade2-‐1	  ura3-‐1	  his3-‐11,15	  trp1-‐1	  leu2-‐3,112	  can1-‐100	  
pep4::kanMX	  bar::hphNAT1	  Gal-‐	  GAL4	  (HIS3)	  Gal-‐CBP-‐
TOP2(LEU2)	  

YDR132 MATa	  ade2-‐1	  ura3-‐1	  his3-‐11,15	  trp1-‐1	  leu2-‐3,112	  can1-‐100	  
pep4::kanMX	  bar::hphNAT1	  Gal-‐	  GAL4	  (HIS3)	  Gal-‐DPB2/DPB3	  
(LEU2)	  Gal-‐CBP-‐POL2D640A	  	  /DPB4	  (URA3)	  
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CHAPTER FOUR 
 

DISCUSSION 

 

Perspective on Reconstitution of Eukaryotic DNA replication  

 Previous studies in bacteriophages (reviewed in (Alberts, 1987)), 

bacteria (reviewed in ((Marians, 1992), and eukaryotic viruses (reviewed in 

(Kelly, 2017)), have illustrated the power of reconstituted systems for the 

detailed mechanistic analysis of the DNA replication reaction. The 

reconstitution of eukaryotic DNA replication has, therefore, been a long-

standing endeavor in the field. Budding yeast has been a model for the study 

of eukaryotic DNA replication. In a major breakthrough, Bell and Stillman in 

1992 identified ORC as a protein that binds in vitro to yeast origins in the 

presence of ATP (Bell and Stillman, 1992). The discovery of ORC as an 

initiator protein for eukaryotic DNA replication led to the characterization of 

early events in origin activation that paved the way to recapitulate this process, 

namely pre-RC formation, in a cell free extract-based system (Seki and Diffley, 

2000). Reconstitution of pre-RC formation with purified proteins then followed, 

allowing the elucidation of the structure of the loaded Mcm2-7 helicase form 

(Evrin et al., 2009; Kawasaki et al., 2006; Remus et al., 2009). The 

complement of initiation factors necessary for replication initiation as 

evidenced by in vivo studies was then purified and shown to be sufficient for 

activation of Mcm2-7 DHs (Yeeles et al., 2015). The thesis work being 

presented here advances on the origin activation system by demonstrating 

that origin activation in the reconstituted system is bidirectional, supports 

coordinated leading and lagging strand synthesis by the three replicative DNA 
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polymerases, Pol α, Pol δ, and Pol ε, and recapitulates canonical Okazaki 

fragment maturation (Devbhandari et al., 2017).   

  

Key conclusions from the thesis 

In chapter two, I report a soluble, cell free DNA replication system and 

show that pre-RCs reconstituted with purified proteins can support DNA 

replication in S-phase extracts. DNA replication in the system is dependent 

cellular replication factors including pre-RC, DDK, CDK, DNA polymerases 

and Mcm10, thus exhibiting hallmarks of cellular DNA replication. All three 

stages of the DNA replication reaction - initiation, elongation, and termination - 

are supported by the reconstituted pre-RCs. Hence, the results from this 

chapter demonstrate that the Mcm2-7 double hexamer (DH) loaded around 

dsDNA during pre-RC formation (Evrin et al., 2009; Remus et al., 2009) is a 

true intermediate of eukaryotic DNA replication initiation. 

In chapter three, I build on the system from the preceding chapter and 

report regulated replication of plasmid DNA by stepwise addition of purified 

proteins. The system displays the essential hallmarks of the eukaryotic DNA 

replication including the following: (1) Origin activation is bidirectional; (2) three 

replicative DNA polymerases, Pol α, Pol ε and Pol δ coordinately synthesize 

leading and lagging strands; (3) maturation of the Okazaki fragment occurs in 

a canonical fashion requiring the coordinated activities of Pol δ , Fen1 and 

Cdc9. Using this system, we uncover two regulatory roles for chromatin during 

DNA replication: (1) promoting origin-dependence during DNA replication; (2) 

determining Okazaki fragment length by restricting Pol δ. Initiation and 

elongation of DNA replication are efficiently recapitulated by the system. 

However, termination of DNA replication appears to be inefficient. 
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The system described in this thesis provides a functional platform for 

the detailed mechanistic analysis of events during eukaryotic chromosome 

replication. Below, I discuss a few of the outstanding questions in the field and 

how the system described here can provide insight into these questions. 

 

Remodeling of Mcm2-7 hexamer during activation 

 During pre-RC formation Mcm2-7 exists as a stable head-to-head DH 

encircling dsDNA (Evrin et al., 2009; Remus et al., 2009). For activation of its 

DNA helicase activity Mcm2-7 requires association with the essential co-

factors Cdc45 and GINS to form the CMG (Ilves et al., 2010). Once activated 

the Mcm2-7 helicase translocates on ssDNA moving 3′ to 5′ on the leading 

strand template while displacing the lagging strand template (Fu et al., 2011). 

RPC contains just one copy of Mcm4 (Gambus et al., 2006) and CMG 

complex purified from Drospohilla egg extract consist of just one Mcm2-7 

hexamer (Moyer et al., 2006) suggesting separation of double hexamer during 

activation of helicase. Additionally, using a single molecule assay it has been 

shown that sister replisomes can progress independently of each other 

indicating that in its active form the replicative helicase comprises a single 

CMG (Yardimci et al., 2010). Hence, the activation of the Mcm2-7 helicase in 

S-phase after DH formation in G1 phase requires a remarkable and 

topologically complex molecular remodeling. In both of the systems described 

in chapter two and three of this thesis, reconstituted pre-RCs with purified 

proteins can initiate DNA replication. However, the exact mechanism of 

helicase activation remains far from clear.   

 Recent biochemical and structural studies have helped to delineate 

certain aspects of the  Mcm2-7 helicase activation mechanism (Abid Ali et al., 
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2017; Douglas et al., 2018; Noguchi et al., 2017). It has been reported that 

CMG assembly is accompanied by initial DNA untwisting and separation of the 

Mcm2-7 DH into discrete but inactive CMGs (Douglas et al., 2018). Activation 

of CMG requires Mcm10 and after activation sister CMGs have to pass each 

other as they translocate with the N-terminal tier leading in the direction of 

translocation (Douglas et al., 2018; Georgescu et al., 2017). Additionally, 

comparison of the structure of Mcm2-7 DH bound to DNA with CMG bound to 

replication fork substrate suggest how initial DNA melting might occur and how 

the lagging strand might be extruded during helicase activation.  DH to CMG 

transition has been proposed to stretch the DNA promoting its initial unwinding 

(Abid Ali et al., 2017; Noguchi et al., 2017).   

Despite these advancement major questions are still unanswered. For 

example, initial CMG formation prior to its activation requires several firing 

factors, such as Sld3, Sld2, Dpb11, Pol ε and the helicase co-factors Cdc45 

and GINS (Douglas et al., 2018; Yeeles et al., 2015). However, it is currently 

not known how these non-enzymatic factors (as the non-catalytic activity of 

Pol ε is essential for CMG formation (Araki, 2010; Dua et al., 1999; Kesti et al., 

1999)) structurally contribute towards CMG formation and separation. The DH 

is a very stable complex with the two hexamers making extensive inter-

hexameric contacts at the NTD interface (Li et al., 2015; Noguchi et al., 2017). 

How are the contacts between two hexamers disrupted during DH separation 

to form single CMGs?  To better understand this process, it will be crucial to 

determine the structure of the activation intermediates. We (in chapter two) 

and others have shown that reconstituted pre-RCs support the DDK- and 

CDK-regulated recruitment of initiation factors (Gros et al., 2014; Heller et al., 

2011; Yeeles et al., 2015) suggesting an approach for the reconstitution of 
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DDK- and CDK-dependent sub-complexes with purified proteins that may 

shed light on the structural transitions occurring during pre-RC activation. 

Recently, DDK-phosphorylated Mcm2-7 DHs have been imaged by 

negative stain and cryo-EM (Abid Ali et al., 2017; On et al., 2014). While 

significant conformational change was not detected upon DDK 

phosphorylation, symmetrical additional density was observed at the N-

terminal dimerization interface of Mcm4 and Mcm6 (Abid Ali et al., 2017). 

Mcm4 and Mcm6 phosphorylation is required for Sld3 binding (Deegan et al., 

2016) and the additional density observed has been proposed to serve as a 

binding surface for Sld3 and the recruitment of downstream replication factors. 

The reconstituted system reported in this thesis supports the regulated 

initiation of DNA replication dependent on each of the firing factors (Fig 3.1) 

and hence provides a platform for the systematic structural study of pre-IC 

intermediate complexes by the stepwise addition of initiation factors to the pre-

RC. 

Activation of the replicative helicase, Mcm2-7 also requires the 

extrusion of the lagging strand template from the central Mcm2-7 channel 

(Deegan and Diffley, 2016). Recent evidence suggests that CMG translocates 

on dsDNA prior to getting activated by Mcm10 (Douglas et al., 2018). How 

Mcm10 is involved in extruding the lagging strand is not clear. Initiation factors 

Sld2, Dpb11 and Sld3 are not thought to be part of replisome (Gambus et al., 

2006; Tanaka and Araki, 2013) but it is unknown when these proteins are 

released. It remains unclear if these proteins are involved in extrusion of 

ssDNA during helicase activation or if they are no longer needed for CMG 

activation after CMG formation. One way to answer this question would be to 

assay for the generation of ssDNA using ssDNA-specific nucleases such as 
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P1 or S1 nuclease, as has been previously used for the study of origin 

unwinding in the E. coli system (Bramhill and Kornberg, 1988). Individual 

protein requirement for strand extrusion can then be tested by a series of 

protein dropout experiments.             

 

Termination of DNA replication 

 Termination of DNA replication in eukaryotes is not as extensively 

studied as initiation and elongation (Dewar and Walter, 2017). The system 

reported herein can provide a platform for studying the mechanistic basis of 

termination of DNA replication. As can be seen in Fig 3.2A a significant 

fraction of replication products from the minimal origin activation reaction with 

purified proteins on a circular plasmid template culminated in the formation of 

decatenated monomer in the presence of Top2 indicating that termination of 

DNA replication is supported in these reaction conditions. In the presence of 

Top1, but not Top2, slow migrating replication products accumulated. It has 

been unclear if the slow migrating replication products result from the inability 

of Top1 to decatenate plasmid daughters or if they result from a defect in 

termination. To answer this, it would be necessary to differentiate if the slow 

migrating replication products obtained in presence of Top1 contain catenated 

dimers or incompletely replicated molecules. 

 Addition of the third replicative DNA polymerase, Pol δ, along with the 

clamp loading machinery (RFC and PCNA), Fen1, and the Cdc9 ligase, to the 

origin activation system resulted in a large fraction of replication products  

migrating as higher molecular weight products in a native agarose gel 

indicating that the daughter molecules were either incompletely replicated or 

had failed to be decatenate (Fig 3.9) . One possibility is that one or more of the 
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components added to the origin activation system inhibits the completion of 

replication and/or decatenation activity of Topo II. Additionally, as the 

experiment performed represents only one concentration of proteins being 

used it could also be that one or more proteins being used is limiting in the 

reaction or on the other hand masking the activity of other proteins.  

  An interesting observation from the comparison of the partially 

reconstituted replication system with S-phase extract (chapter two) with the 

fully reconstituted system (chapter three) is that termination appears to be 

more efficient in the presence of S-phase extract (Compare Fig 2.3 vs Fig 3.9). 

Similarly, Xenopus egg extract supports efficient termination of DNA 

replication (Dewar et al., 2015; Moreno et al., 2014). These observations may 

suggest that the reconstitution system described here might be missing 

proteins that promote termination. To test this hypothesis, the effect of S-

phase extract addition to the efficieny of termination in the reconstituted 

system can be monitored. Furthermore, if S-phase extract indeed does 

promote replication termination, the activity responsible can be isolated and 

identified via fractionation of the extract.     

   

Replication of Chromatin 

 DNA replication through chromatin poses a unique challenge to the 

replisome, as it must disassemble the nucleosomes in front of the fork as well 

as deposit nucleosomes behind the fork (Alabert et al., 2017; Bell and Labib, 

2016). Nucleosome assembly behind the replication fork has been shown to 

be intrinsically coupled to lagging strand synthesis (Smith and Whitehouse, 

2012). Consistent with this, we observe that nucleosome assembly limits 

Okazaki fragment length in our system (Fig 3.5) by inhibiting progression of 



	   	   132 

Pol δ (Fig 3.8). We also observed that daughter strands were indeed 

packaged into nucleosomes, as postulated by our model. This raises the 

question about how the nucleosomes are deposited into daughter strands in 

our system, since the canonical replication-coupled chromatin assembly 

machinery such as CAF-1 and Asf1 were not included here. Furthermore, how 

are the nucleosomes ahead of the fork being disassembled? We suspect that 

nucleosome assembly components Nap1 and Isw1 present in our reaction 

might promote both disassembly of nucleosomes ahead of the fork and the 

assembly of nucleosomes into daughters. Indeed, in vitro Nap1 has ability to 

assemble chromatin (Ito et al., 1996) as well as remove nucleosomes from 

DNA (Lorch et al., 2006).  

Recently, it has been reported that Mcm2 as well as Dpb3-Dpb4 are 

involved in the symmetrical segregation of parental nucleosomes into 

daughter strands (Petryk et al., 2018; Yu et al., 2018). Further, Pol α binds to 

H2A-H2B and contributes to maintain repressive chromatin states in budding 

yeast, while RPA has also been shown to bind to H3-H4 and contribute to 

replication-coupled nucleosome assembly (Evrin et al., 2018; Liu et al., 2017). 

These observations suggest that these core replisome components present in 

our replication system could be involved in both assembly and disassembly of 

nucleosomes. The system reported here thus can be used to determine the 

specific contribution of these histone binding proteins in the replisome towards 

replication coupled nucleosome assembly and disassembly.       

 Nucleosome deposition in our replication system seems to be inefficient 

evidenced by the lack of extended nucleosomal arrays on nascent strands 

after Mnase digestion. The level of DNA synthesis in our system is reduced by 

around five-fold on chromatin relative to naked DNA. This indicates that 
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additional histone chaperones and chromatin remodelers most likely required 

for efficient chromatin replication in vitro. The system being reported here thus 

is poised for the identification of factors that promote efficient replication 

coupled chromatin assembly. 
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