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Abstract 

Nearly 70 years after the proposal of semiconservative replication of generic material 

by Watson and Crick, we now understand many of the proteins involved in the 

replication of host chromosomes and how they operate. The initiator and replicator, 

proposed in the replicon hypothesis, are now well defined in both prokaryotes and 

eukaryotes. On the other hand, studies in prokaryotes and Archae indicate alternative 

modes of initiation, which may not depend on an initiator. Here I summarize recent 

progress in the field of DNA replication and discuss the evolution of replication 

systems. 

 

 

The replicon hypothesis proposed by Jacob, Brenner and Cuzin 50 years ago (1), has 

played a leading role in studies of the regulation of DNA replication. It proposes an 

initiator and replicator as components of a replicon, the unit of DNA replication. The 

hypothesis was genetically substantiated by the discovery of dnaA by Kohiyama (2) and 

others, and of oriC, by Yasuda and Hirota (3) and others. The search for counterparts in 

eukaryotes led to the discovery of ARSs as candidate chromosome replicators (4), and 

subsequent studies demonstrated that these sequences serve as bona fide replicators of 

eukaryotic chromosomes. Initiators for eukaryotic chromosome replication had 

remained elusive until Bell and Stillman discovered ORC in budding yeast (5). 

Orthologs of ORC were soon identified in other species including humans, supporting 

the idea that ORC is the initiator for eukaryotic chromosome replication. These findings 

suggested the universality of replicon-based replication throughout evolution. In this 

article, I will first briefly summarize recent progress in this field and then discuss the 
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replicon hypothesis in view of the evolution of replication systems. 

 

Initiation of DNA replication 

In bacteria, the initiator DnaA protein binds to the replicator, oriC, and positively 

regulates initiation. This causes melting of the DUE (DNA unwinding element) duplex 

DNA near the initiator binding site, leading to the loading of replicative helicases (6). 

Duplex opening is facilitated by sharp bending of origin DNA by IHF and 

single-stranded DNA binding activity of DnaA at the DUE. ATP-ADP conversion of 

DnaA regulates initiation. RIDA (Regulatory inactivation of DnaA), DDAH 

(datA-dependent DnaA-ATP hydrolysis), and SeqA binding to the newly synthesized 

oriC DNA inhibit re-replication, whereas DARS (DnaA-reactivating sequences) 

dependent regeneration of the ATP-bound form of DnaA promotes timely initiation (7).  

 In eukaryotes, replication proceeds in two-stages (8). During G1, pre-RC is 

assembled at prospective initiation sites on the chromosomes. This process, called 

licensing, is strictly regulated by many layers of mechanisms so that it occurs only 

during G1. This is essential to ensure that replication of the genome occurs once and 

only once during a cell cycle. Failure will severely increase genome instability, leading 

to cancer formation. In the second stage, the pre-RC is activated by phosphorylation 

reactions, catalyzed by two kinases, Cdc7 and CDK, at the transition from G1 to S 

phase. This leads to assembly of an active replicative helicase, CMG 

(Cdc45-MCM-GINS), engaging three DNA polymerases (see below).  

 Budding yeast ORC binds specifically to the replicator ARS (5), although the 

specificity of ORC binding in higher eukaryotes is still not very clear. ORC binding 

determines potential origins and Mcm is recruited with the help of Cdc6 and Cdt1. 

Pre-RC assembly and activation of replication initiation has been reconstituted in yeast 

with purified proteins (9). The active replication fork has been reconstituted with human 

factors as well (10). The reconstitution of replicator-dependent initiation on a chromatin 

template with purified proteins has shown that binding of CMG helicase at the origin 

induces splitting of a double hexamer, DNA untwisting and 3 bp melting within each 

Mcm ring, which is promoted and stabilized by the MCM6 wedge structure (11).  

 

DNA chain elongation 

Following initiation at origins, replicative DNA helicases are engaged at replication 
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forks to promote DNA synthesis mediated by DNA polymerases. In E. coli, a single 

polymerase, DNA polymerase III holoenzyme, drives the replication fork on both 

strands (12). In eukaryotes, different DNA polymerases are required for leading and 

lagging strand DNA synthesis; DNA polymerase ε for leading and DNA polymerases α 

and δ for lagging strands. It is proposed that both strands are concurrently replicated at 
the fork by “snap back” of the lagging strand template DNA.  

 PCNA is an evolutionally conserved DNA polymerase associated factor, 

which functions as a clamp and facilitates processive DNA synthesis. It also recruits a 

number of replication/ repair factors to maintain the integrity of the replication fork 

complex and enable it to swiftly respond to various unscheduled events to repair 

damaged templates and resume DNA synthesis. PCNA and its loader, RFC, are well 

conserved from bacteria to humans (12).  

 

Cellular responses to stalled replication forks. 

Once cells commit to initiation, DNA replication needs to proceed until the entire 

genome is replicated. However, replication fork progression can be stalled or halted by 

a number of external and internal impediments. Cells need to cope with these situations, 

first, by detecting the stalled fork, and second, by restoring an active fork (13). In 

bacteria, a conserved DEXH-type helicase, PriA, plays a central role in both steps (14). 

In eukaryotes, the replication fork complex (replisome) is significantly more complex 

than its prokaryotic counterpart, partly because it needs to deal with templates wrapped 

in chromatin, and also because tens of thousands of simultaneously progressing 

replication forks need to be coordinated. In fact, eukaryotic replisomes contain factors 

involved in chromatin remodeling (such as FACT) and replication stress checkpoint 

(Claspin, Tim-Tipin, And-1 etc.; 12). The latter factors are essential for both replication 

stress checkpoint induction and efficient replication fork progression (15). 

 

Replication timing regulation 

On human chromosomes, replication is initiated at 20,000~30,000 replication origins, 

and replication occurs in a spatially and temporally regulated manner (16,17). Early 

firing origins cluster in early-replicating domains and form minute foci spread through 

nuclei, while, during mid-to-late S, replication foci are located at the nuclear periphery 

and around nucleoli. Near the end of S phase, replication occurs mostly at large foci in 
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heterochromatic regions. Replication timing is affected by multiple factors including the 

epigenomic state of chromatin. A model was proposed that the stoichiometry of Mcm 

loading is correlated with the firing timing of origins during S phase (18). Other factors 

specifically regulating replication timing have also been reported. Rif1 affects 

genome-wide replication timing by suppressing mid-S firing origins using two 

mechanisms (19, 20, 21). First it recruits PPase1 to counteract phosphorylation required 

for origin firing (22,23,24) and second, it generates chromatin architecture that is 

closely related to mid-S replicating domains (25,26). Polθ was reported to regulate 
replication timing by regulating Mcm loading at some late-firing origins (27). Some late 

replicating domains, that are not regulated by Rif1, are associated with repressive 

histone marks including HH3 K9 methylation (28). Thus, temporal and spatial 

regulation of genome replication in S phase is regulated by multiple factors in different 

chromatin compartments defined by Rif1, epigenomic states, and pre-RC formation. 

 

Diversity in modes of genome replication: an alternative mode of E.coli genome 

replication 

Bacterial genomes are replicated efficiently by the actions of the DnaA initiator and 

replicator oriC (6). Because of this efficiency, this system is suitable for competition 

with other bacteria and is common to all bacterial replicons. However, this system 

consumes high amounts of energy with protein synthesis being required in each cycle of 

replication for de novo synthesis of the initiator. Thus, it is labile in nutrient-limiting 

environments, and E.coli has developed an alternative pathway for replicating its 

genome in a manner independent of DnaA/oriC (29). This second mode of replication, 

coined SDR (stable DNA replication), occurs in the absence of ongoing protein 

synthesis. The most robust SDR is observed in rnhA mutants, lacking cellular RNaseH 

activity. E.coli can grow in the absence of dnaA or oriC in rnhA mutants, likely due to 

RNA-DNA hybrids/R-loops generated on the genome. SDR was initially discovered in 

thymine-starved cells where oriC-dependent DNA synthesis was arrested. SDR-like 

replication also occurs in cells entering stationary phase, or in certain genetic 

backgrounds such as recG or dam methylase mutants (30). This mode of replication 

may be induced upon sudden changes in the environment or upon encountering cellular 

stresses that challenge the course of DNA replication.  

 In comparison with the dnaA-oriC mediated initiation, which occurs with 
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100% efficiency and in a highly sequence-specific manner, SDR is inefficient and is 

characterized by low sequence specificity. However, because it is energy-saving, and 

suitable for survival during nutritionally challenging conditions, it can be more robust 

than the DnaA-oriC replication in certain situations. This mode of initiation is not 

suitable for competition through other bacteria, but may be useful during adaptation to 

changing environments. It could increase the survival of the species by elevating the 

mutation rate during replication. 

 Alternative modes of replication are not restricted to E.coli. In archae, 

Haloferax volcanii, deletion of all four replication origins did not affect growth, and 

replication initiated promiscuously (31). The origin-less strain depends on RadA, the 

RecA homologue of this species, for growth. In cyanobacteria, strains lacking DnaA 

were identified, suggesting the existence of a DnaA-independent pathway for DNA 

replication. In viral DNA replication, it has been well documented that genomes can be 

replicated by multiple mechanisms, including mechanisms dependent on recombination. 

In T4 phage DNA replication, the genome can be replicated from origins that generate 

RNA-DNA hybrids as well as in the form of RDR (Recombination-Dependent 

Replication; 32). 

 

A primordial mode of DNA replication independent of initiator? 

The replicon hypothesis explains the regulation of replication in bacteria very well. 

Orc-ARS in yeast also fits this hypothesis. However, the initiation of DNA replication 

appears to be more plastic and adaptive, and potentially more stochastic in eukaryotes 

(33).  

 Although specific sequences are clearly critical for replication origins in yeast, 

identifying similar type sequences in higher eukaryotes has been difficult. ARS 

sequences have not been identified in mammalian cells. However, a number of methods 

have been developed to identify cellular replication origins (34,35,36,37,38), and we 

now can clearly identify where replication will start in given cell types. Conserved 

sequences have not been identified, but more than 50% of mapped origins are 

associated with potential G4 forming sequences, raising the possibility that G4 may 

play a role in origin regulation (39,40,41).  

 The alternative mode of bacterial replication requires transcription and 

potentially the formation of RNA-DNA hybrids/R-loop, and could initiate at multiple 
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locations on the genome, reminiscent of initiation in eukaryotes. This mode of 

replication is simple, since it could operate without a sequence-specific initiator as long 

as a replicative helicase can be loaded onto duplex DNA.  

 Some replication factors, such as Clamp and Clamp loader, are highly 

conserved between prokaryotes and eukaryotes. On the other hand, some other core 

replication factors including helicases, DNA polymerases, and primase are more 

structurally divergent, suggesting that they are derived from separate ancestral proteins 

(12). Initiators (DnaA and Orc) are AAA+ proteins, but their modes of action could be 

distinct, and they may also have evolved separately. 

 I speculate that the primordial mode of DNA replication would not require 

initiators and replicators, but would be initiated at some structured nucleic acid where a 

replicative helicase can be loaded. Alternatively, replication may have occurred in the 

absence of active helicases, facilitated by RNA-driven catalysis. In the alternative mode 

of E. coli chromosomal replication, replication can start wherever transcription occurs 

and R-loops are formed. RNA-DNA hybrid/ R-loop formation is greatly facilitated by 

the presence of a G-rich sequence capable of forming G-quadruplex structures (42), thus 

making the R-loop/G4 structure an attractive candidate for a prototype of an ancient 

mode of replication. 

 The prevalent DnaA-oriC replication, that dominates the bacterial kingdom, 

may have evolved because of a need for efficient replication by horizontal transfer of a 

paired initiator-target unit. Thus, current bacteria are equipped with highly evolved 

replication systems, that specialize in replicating the 4.6 Mb genome in 40 min every 20 

min. Eukaryotes may have acquired ORC-replicator units independently. The prototype 

initiator-replicator interactions were probably sequence-specific, as still observed in 

some yeasts. However, as species evolved, they maintain the initiator (ORC)-replicator 

interactions, but the sequence specificity was relaxed to increase the flexibility and 

robustness required to replicate the large genomes. The sequence- and 

initiator-independent replication modes could be conserved in eukaryotes where it may 

function in specific cell types or under some stressed conditions. Search for such 

replication systems in eukaryotes is now ongoing. 
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