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Abstract

This review focuses on the biogenesis and composition of the eukaryotic DNA replication fork, 

with an emphasis on the enzymes that synthesize DNA and repair discontinuities on the lagging 

strand of the replication fork. Physical and genetic methodologies aimed at understanding these 

processes are discussed. The preponderance of evidence supports a model in which DNA 

polymerase ε (Pol ε) carries out the bulk of leading strand DNA synthesis at an undisturbed 

replication fork. DNA polymerases α and β carry out the initiation of Okazaki fragment synthesis 

and its elongation and maturation, respectively. This review also discusses alternative proposals, 

including cellular processes during which alternative forks may be utilized, and new biochemical 

studies with purified proteins that are aimed at reconstituting leading and lagging strand DNA 

synthesis separately and as an integrated replication fork.
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1. INTRODUCTION

Cellular DNA replication mechanisms are highly conserved. All organisms in the three 

kingdoms of life carry out semiconservative DNA replication, as originally hypothesized by 

Watson and Crick (1). All organisms also have solved the mode of replication of antiparallel 

double-stranded DNA (dsDNA) in a similar fashion. The strand that is synthesized in the 

same direction as that of the moving replication fork is replicated continuously, whereas the 

strand synthesized in the opposite direction is replicated discontinuously. The small 

fragments laid down on the lagging strand are termed Okazaki fragments, in honor of Reji 

Okazaki & Tuneko Okazaki (2), who first proposed the model for their synthesis in 1968. 

The term semidiscontinuous should not be interpreted too literally. It is generally assumed 

that the leading strand is replicated continuously, although the incorporation of noncanonical 

nucleotides by the DNA polymerases, particularly uracil and ribonucleotides, followed by 
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their subsequent excision repair, has given the appearance that the leading strand may also 

be replicated somewhat discontinuously (3, 4). This was in fact one of the models originally 

proposed by the Okazakis (2).

Beyond this simple replication model, the details vary considerably among kingdoms and 

even within kingdoms, in particular within the bacterial and archaeal kingdoms. The 

inherent asymmetry of the fork imposes an iterative priming mechanism on the lagging 

strand, which in eukaryotes is coupled to a polymerization machinery that is distinct from 

that on the leading strand. To understand these machineries, how they are assembled during 

the initiation of DNA replication at origins is important. We briefly describe this process and 

then discuss methodologies and experimental approaches that have resulted in the proposal 

of current models of the eukaryotic replication fork.

Ideally one would like to take a snapshot of the replication fork using a biophysical analysis 

of unperturbed cells. Recently advented biochemical studies of the initiation and elongation 

of DNA replication using purified yeast replication factors promise to become powerful 

tools for in-depth studies of the replication fork (5). However, much of the current 

information we have still derives from genetic analyses based on the use of informative 

replication mutants. Unfortunately, this genetic analysis can be complicated by the fact that 

the very alterations introduced to assess the structure of the replication fork through 

measuring perturbations in mutants may also alter the structure of the replication fork itself 

(6).1 This may occur through recruitment of alternative factors that suppress growth defects 

resulting from our alterations and also through an altered deployment of those factors 

already present. Therefore, ideally, the perturbations introduced by such an analysis should 

be as minimal as possible. In this review, we discuss the methodologies and experiments that 

have led to our current proposal of an unperturbed fork and briefly indicate situations in the 

cell and cellular responses to stress that may alter the fork structure.

2. REPLICATION FORK ASSEMBLY

A recent review in this series focused on the selection of replication initiation sites in 

eukaryotes and their control (7). A second review in this series discussed both the 

commonalities and the critical differences in replisome assembly and activity in the three 

kingdoms of life (8). Additional reviews focus on the binding and activities of the many 

replication initiation proteins in eukaryotes and the step-by-step assembly of distinct 

replication initiation intermediates and their progression into a functional replisome (9, 10). 

Here, we briefly summarize replisome assembly with a focus on those factors that end up 

moving with the replication fork. We divide initiation into four broad stages (Figure 1): (a) 

loading of the minichromosome maintenance (MCM) helicase as a double hexamer at sites 

marked by the origin recognition complex (ORC); (b) loading of other accessory factors to 

form a preinitiation complex; (c) rearrangement of the MCM complex from an inactive to an 

active helicase; and (d ) priming of DNA replication.

1In this review, we largely cite recent publications. Readers who are further interested in any topic mentioned here are encouraged to 
read other outstanding articles cited in the reviews that we mention.
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The initial loading of the heterohexameric MCM helicase to form a preinitiation complex 

involves Cdc6 and Cdt1 as loading factors, and it proceeds in two distinct steps. Initially, the 

ORC–Cdc6 complex recruits a single MCM hexamer in a complex with Cdt1. Subsequently, 

the second MCM–Cdt1 complex is recruited and both MCM hexamers, in the form of a 

symmetrical double hexamer, surround the dsDNA (reviewed in 9–11). During the second 

stage of replisome assembly, many additional factors are recruited to this inactive double 

hexamer, and the assembly is driven by both DDK (Cdc7/Dbf4 kinase) and CDK (cyclin-

dependent kinase) protein kinase activity. During this assembly, the heterotetrameric ring-

like complex GINS, consisting of the Sld5, Psf1, Psf2, and Psf3 subunits, is loaded as a 

tightly interacting complex with DNA polymerase ε (Pol ε), the first DNA polymerase to be 

incorporated into the ever-growing conglomerate of initiation factors (12–14).

The next stage of replication initiation, the transformation of the MCM double hexamer 

surrounding the dsDNA into that of a single MCM hexamer encircling the leading strand at 

each of the two divergent forks, is currently not well understood. It is known to depend on 

the preceding phosphorylation of initiation factors by the CDK and DDK protein kinases. 

This stage appears to be catalyzed by Mcm10 and the single-stranded binding protein RPA 

(replication protein A) (15–19). At this point, the active DNA helicase consists of three 

factors—Cdc45, Mcm2-7, and GINS—i.e., the CMG complex (20, 21). Movement of the 

CMG helicase along each of the two leading strands of the nascent replication forks 

generates single-stranded DNA (ssDNA) coated with RPA, which provides sites for priming 

by the DNA polymerase α (Pol α)–DNA primase complex for leading strand DNA 

synthesis.

3. METHODOLOGIES TO LOCALIZE REPLICATION FACTORS TO LEADING 

AND LAGGING STRANDS IN CELLS

The techniques described below have been primarily developed to address a central question 

in eukaryotic DNA replication: Which DNA polymerase replicates which strand at the 

replication fork? In addition, these techniques have also been useful in addressing other 

replication fork–related questions, such as that of chromatin dynamics behind the fork.

3.1. Biochemical Techniques

Ideally, one would like to take a snapshot of replication forks in unperturbed cells during the 

course of DNA replication and identify individual proteins that are associated with either the 

leading or the lagging strand. Only then can one proceed in determining how these 

associations change when cells are subjected to replication inhibitors or genotoxic agents. 

Methodologies have been developed to probe the association of proteins with replication 

forks inside living cells (22, 23). For example, replicating DNA can be pulse labeled by 

incorporation of a nucleotide analog that allows purification of the labeled DNA together 

with proteins associated with this DNA by a cross-linking step. This step is followed by the 

detection of the cross-linked proteins, specific DNA sequences, or both. The success of this 

technique depends critically on the sharpness and effectiveness of the pulse, i.e., a rapid on 

phase when the analog is added followed by a rapid and effective chase phase. For example, 

in one pulse-labeling study of DNA replication in mammalian cells, a 2.5-min pulse yielded 
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PCNA (proliferating cell nuclear antigen) and the chromatin assembly factor CAF-1 as the 

most abundant cross-linked species, whereas a 5-min pulse yielded core histones as the more 

abundant species (22). Therefore, depending on pulse labeling conditions, post-fork 

processes may actually predominate the analysis.

Pulse labeling of nascent DNA in yeast has been combined with strand-specific sequencing 

of the labeled DNA that was cross-linked to replication proteins (23). Given that origins in 

yeast are known with high accuracy, this technique allows mapping of the nascent labeled 

strands, and by inference the proteins that were associated with it, to either the leading or 

lagging strand of replication forks (Figure 2a). The technique was used to map Pol ε, Cdc45, 

and the Mcm6 subunit of CMG predominantly to the leading strand and RPA, Pol α, and Pol 

δ mainly to the lagging strand (23). There are two potential concerns with the interpretation 

of these data. First, a preferential association of a replication protein with one strand does 

not imply a lack of association with the opposite strand. As an example, RPA is 

preferentially associated with the lagging strand where it binds to the exposed ssDNA of 

unreplicated Okazaki fragments. However, a more limited association of RPA with the 

leading strand would also be consistent with the data. Second, the specific association of an 

enzyme with a certain strand does not necessarily imply that the enzyme carries out its 

catalytic function on that strand. This unusual explanation has been put forward to argue that 

Pol ε, although associated with the leading strand, does not carry out DNA synthesis of the 

leading strand (24).

3.2. Genetic Techniques: Strand-Specific Ribonucleotide Incorporation

The roles of Pol α, Pol δ, and Pol ε in replicating the two strands of the nuclear genome 

have been estimated from genetic studies of their abilities to incorporate noncanonical 

nucleotides during replication of DNA that has not been exposed to external environmental 

stress. The most abundant noncanonical nucleotide precursors present in eukaryotic cells are 

the ribonucleotide triphosphates (rNTPs). Most DNA polymerases discriminate well against 

inserting rNTPs during DNA synthesis in vitro, by factors ranging from 1,000-fold to 

>1,000,000-fold (25–27). However, the four rNTPs are present in eukaryotic cells in 10-fold 

to >100-fold excess over the four deoxynucleotide triphosphates (dNTPs) normally used to 

synthesize DNA (28, 29). Thus, when the four rNTPs and the four dNTPs are all present in 

polymerization reactions at concentrations estimated to be present in vivo (4), yeast Pol α, 

Pol δ, and Pol εincorporate one rNTP for every 625, 5,000, or 1,250 dNTPs incorporated in 

vitro, respectively, and their mammalian equivalents were subsequently found to behave 

similarly (30, 31).

Such frequent incorporation of ribonucleotides into DNA in vitro predicts that 

ribonucleotides should be readily incorporated into DNA during replication of the nuclear 

genome in vivo. If so, ribonucleotide incorporation could be used to estimate the roles of Pol 

α, Pol δ, and Pol ε in replicating the leading and lagging strands of undamaged DNA in 

vivo, using variant polymerases with amino acid substitutions in the polymerase active site 

that enhance ribonucleotide incorporation. The presence of the 2′-hydroxyl group makes 

RNA exquisitely sensitive to alkaline degradation compared with DNA, and this chemical 

property has been utilized to cleave genomic DNA specifically at ribonucleotide positions. 
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Moreover, repair of single genomic ribonucleotides is initiated by ribonuclease H2 (RNase 

H2) (32–34). Therefore, ribonucleotide mapping experiments have been carried out in an 

RNH201-defective mutant lacking RNase H2 to prevent the excision of ribonucleotides.

The Pol ε (M644G) variant shows an 11-fold increase in the incorporation of ribonucleotides 

into DNA in vitro (35). The sharp decrease in the size of fragments resulting from alkaline 

hydrolysis of chromosomal DNA isolated from an RNase H2–defective strain containing the 

Pol ε (M644G) variant compared with wild-type Pol ε has been taken as evidence that 

M644G Pol ε also more readily incorporates ribonucleotides during DNA replication in 

vivo. Importantly, these small fragments mapped predominantly to the leading strand from 

the well-behaved early replication origin autonomously replicating sequence 301 (ARS301), 

suggesting that the variant Pol ε, and by implication also the wild-type Pol ε, is primarily 

responsible for leading strand DNA replication (35). A similar pattern of strand-specific 

ribonucleotide incorporation was observed at a well-defined replication origin using a 

similar variant of Schizosaccharomyces pombe Pol ε (36). In comparison, alkaline 

hydrolysis of genomic DNA from RNase H2–defective yeast containing ribonucleotide-

promiscuous variants of Pol α and Pol δ showed preferential incorporation of 

ribonucleotides into the nascent lagging strand near ARS301 (37).

More recently, several studies have measured ribonucleotide incorporation by variant yeast 

nuclear replicases across the whole genome. Three independent studies used different 

approaches for mapping ribonucleotides in Saccharomyces cerevisiae (Figure 2b). In one 

study, isolated ribonucleotide-containing genomic DNA was cleaved by RNase H2, and the 

product DNA with a free 5′-hydroxyl group was targeted for strand-specific sequencing 

(38). In two other studies, the genomic DNA was treated with alkali and either the product 

DNA with a free 5′-hydroxyl group (39) or the product DNA with a 2′-3′-cyclic phosphate-

terminated ribonucleotide (40) and was targeted for further isolation and for strand-specific 

sequencing. These three S. cerevisiae studies show remarkable agreement. Ribonucleotides 

incorporated during replication in untreated yeast cells by the M644G variant of Pol ε are 

primarily present in the nascent leading strand, whereas ribonucleotides incorporated by 

ribonucleotide-promiscuous variants of Pol α and Pol δ are primarily present in the nascent 

lagging strand. Similar results have been reported in an analogous study in S. pombe (41). 

Collectively, these results strongly suggest that in undamaged yeast cells, the leading strand 

is primarily replicated by Pol ε, whereas the lagging strand is primarily replicated by Pol α 
and Pol δ. These data of course do not exclude that Pol α (and possibly Pol δ) initiates 

replication of both strands at origins and that Pol δ can replicate the leading strand under 

special circumstances, e.g., upon replication restart after blockage by natural but difficult-to-

replicate sequences (e.g., see 42), or following bypass of lesions resulting from endogenous 

or exogenous environmental stress.

Ribonucleotides that are incorporated into DNA can have both beneficial and detrimental 

consequences. On the beneficial side, two studies suggest that ribonucleotides incorporated 

into DNA by Pol ε, but not those incorporated by Pol α or Pol δ, can act as strand 

discrimination signals for repairing mismatches (37, 43). Other evidence indicates that two 

ribonucleotides in DNA may act as an imprint for mating type switching in fission yeast 

(44). On the detrimental side, a subset of ribonucleotides incorporated into DNA can be 
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mutagenic. For example, DNA topoisomerase 1 can cleave the DNA backbone at the site of 

a ribonucleotide, which can result in a nick bounded by a ribonucleotide 2′-3′-cyclic 

phosphate. If this occurs in a repetitive DNA element, short deletions can occur. This 

pathway was discovered in a RNase H2–defective yeast that accumulates ribonucleotides 

(35, 45). Interestingly, these effects are observed for ribonucleotides incorporated into DNA 

by a variant of Pol ε, but not for variants of Pol α and Pol δ, revealing asymmetric 

consequences of the three replicases on genome stability (46). Ribonucleotides in DNA also 

lead to large forms of chromosomal rearrangements (47–49), including gross chromosomal 

rearrangements, loss of heterozygosity, and nonallelic homologous recombination. Readers 

interested in further details are encouraged to read recent reviews on the causes and 

consequences of ribonucleotides incorporated into DNA by replicases (50–53).

3.3. Genetic Techniques: Strand-Specific Replication Errors

Pol δ and Pol ε were originally suggested to operate on opposite DNA strands in eukaryotic 

cells (54). However, budding and fission yeast strains lacking Pol ε catalytic and 

exonuclease activities ( pol2-16) were subsequently demonstrated to be viable, although 

multiple deleterious phenotypes are associated with such domain deletions (55–58). These 

studies clearly show that in the absence of catalysis by Pol ε, other DNA polymerases can 

synthesize both the leading and the lagging DNA strands. This type of replication is 

consistent with a recent study suggesting that Pol δ is the major replicase for both the 

leading and lagging strands (24; reviewed in 6). In this model, the polymerase activity of Pol 

ε is suggested to not be important for the bulk of DNA replication, but its 3′-exonuclease 

activity is important for editing some of the errors made by Pol δ during leading strand 

replication. Interestingly, although Pol ε polymerase domain deletion mutants are viable, 

polymerase catalytic site mutants of Pol ε are not, suggesting that when Pol ε is properly 

engaged at the leading strand, it is required to fulfill its polymerization function (56, 59).

The variant DNA polymerases that turned out to be so useful for ribonucleotide 

incorporation mapping were originally designed for asymmetric mutation mapping. For 

example, during DNA synthesis in vitro, the L612M variant of yeast Pol δ generates a 

template dG-dTTP mismatch at a 28-fold higher rate than it generates a dC-dATP mismatch, 

the other misincorporation event that could explain the origin of a G-C to A-T mutation 

arising during replication of dsDNA (60). Accordingly, the base substitution specificity of a 

pol3-L612M strain deficient in mismatch repair was measured using the URA3 gene placed 

in each of the two orientations adjacent to origin ARS306 on S. cerevisiae chromosome III. 

The observed pattern of G-C to A-T mutations, and other types of point mutations and 1-nt 

deletions that exhibited asymmetry, was consistent with the primary participation of Pol δ in 

lagging strand replication (61). Similar experiments were also performed with the 

homologous L868M Pol α variant (62) and with the M644G Pol ε variant (63). Mutation 

rates for various types of replication errors were consistent with the primary participation of 

Pol α in nascent lagging strand replication, whereas a different pattern of mutations was 

consistent with the participation of Pol ε in leading strand replication. In addition, and 

consistent with the evolutionary conservation of Pol δ and Pol ε in all eukaryotes, the base 

substitution specificity and ribonucleotide incorporation patterns observed in S. pombe 
strains with the analogous Pol δ and Pol ε variants led to the same conclusion (36).
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Because the studies just mentioned monitored mutations in reporter genes near one strong, 

early firing origin, which surveyed only ~0.01% of the yeast genome, more recent studies of 

strand-specific mutagenesis have also been performed across the whole yeast genome (37, 

64). As illustrated by the strand specificity of mutagenesis in those studies, the results again 

suggest that Pol α and Pol δ primarily perform lagging strand replication, whereas Pol ε 
primarily performs leading strand replication. This model is consistent with the mutational 

specificity observed in Pol ε exonuclease-defective human tumors, which have strand-

specific mutational patterns near origins that are similar to those in cell extracts, but only if 

Pol ε is assumed to primarily synthesize the leading strand (65).

The asymmetric mutator approach to polymerase mapping has two drawbacks that make this 

method less reliable than the ribonucleotide incorporation approach discussed above. First, 

the density of mutations generated along the genome is 100- to 1,000-fold lower than the 

density of ribonucleotides inserted by the variant DNA polymerases, lending superior 

statistical strength to the latter method. Second, to obtain interpretable spectra, the analysis 

needs to be carried out with strong polymerase mutators and preferably in a mismatch 

repair–defective background, so that polymerase misinsertions remain detectable (61). These 

highly mutable backgrounds are deleterious for growth and could potentially alter the 

results, through further mutations and/or by altering the fork itself. In a comment on the 

Johnson et al. (24) study, which concluded that Pol δ carries out replication of both the 

leading and the lagging strands in S. cerevisiae, we have argued that this may have occurred 

in their strains but not in ours (61). The reader is invited to peruse the Johnson et al. article 

(24), our commentary on the article (66), the response on our commentary by Johnson et al. 

(67), and a recent review by Stillman (6). In the sections below, we continue our discussion 

on the model that leading strand replication is predominantly carried out by Pol ε, with the 

reservation that alternatives are possible under some conditions.

4. LEADING STRAND REPLICATION

4.1. The CMG DNA Helicase

In the last few years, biochemical studies of DNA replication have shown great progress. 

Indeed, in 2015, the complete reconstitution of DNA replication initiation and elongation 

has been reported with purified proteins from yeast (5). In this section, we focus on the 

function of the leading strand replicase consisting of the CMG helicase and Pol ε. Initiation 

of DNA replication is associated with the rearrangement of the Mcm2-7 core helicase from 

an inactive form encircling dsDNA to that of an active helicase, which encircles ssDNA and 

unwinds parental dsDNA using the energy of adenosine triphosphate (ATP) hydrolysis 

(Figure 1). Several lines of evidence support the localization of the MCM core around the 

leading strand. The CMG complex is associated with the leading strand Pol ε, making its 

association with the leading strand plausible (13, 14). CMG is a 3′-5′ helicase on model 

DNA substrates (20), as is the homologous archaeal MCM helicase (68, 69). This 

directionality would place the complex on the leading strand when moving in the direction 

of the fork. Furthermore, lagging strand roadblocks, but not leading strand roadblocks, are 

bypassed by the CMG helicase, suggesting a tight association with the leading strand (70).
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Although X-ray and cryo–electron microscopy (cryo-EM) structures have been available for 

each of the three subassemblies of the CMG for some time (see references in 71, 72), two 

exciting new studies have yielded high-resolution cryo-EM structures of the CMG complex. 

Both studies reveal a similar overall arrangement of the three subassemblies—Mcm2-7, 

Cdc45, and GINS—providing new information on the organization of the leading strand 

replicase. The structure of yeast CMG was obtained without DNA at 3.7–4.8 Å resolution 

(73). These cryo-EM data are consistent with the presence of two different conformers, one 

compact form and one extended form. The conversion from the extended to the compact 

form upon ATP binding is proposed to be associated with movement of the six AAA+ 

domains of the Mcm2-7 core, although hydrolysis of ATP reverses this motion, allowing the 

CMG helicase to move along ssDNA in an inchworm motion. A second cryo-EM structure, 

of the Drosophila CMG complex, was obtained in the presence of a partially dsDNA 

molecule mimicking a stable replication fork (74). Again, two main conformers were 

obtained, a compact form at 7.4 Å resolution and a relaxed form at 9.8 Å resolution. In the 

compact form, the ssDNA portion of the DNA can be visualized to thread through the 

Mcm2-7 ring, supporting the conclusions from previous studies that CMG encircles the 

leading strand. The second, relaxed structure lacks DNA density in the core and shows a gap 

between the Mcm2 and Mcm5 subunits. Interestingly, both the initial loading of the MCM 

complex around dsDNA and the subsequent conversion to that of an active helicase 

surrounding ssDNA are proposed to be mediated through an opening between the Mcm2 and 

Mcm5 subunits (75, 76). The compact form of CMG predominates in the presence of 

nonhydrolyzable adenosine 5′-γ-thio-triphosphate (ATPγS), whereas the relaxed form 

predominates in the presence of ATP. The latter form likely represents a structure in which 

the ATP has been hydrolyzed, supporting a model in which ATP hydrolysis would convert 

the compact form into a relaxed form. Interestingly, this conformational change is associated 

with only minimal stretching movement of CMG, which was observed with yeast CMG and 

formed the basis for an inchworm model for helicase action (73). These new structures of 

the CMG complex are just the beginning of a new direction for the biophysics of DNA 

replication studies aided by cryo-EM studies.

4.2. DNA Polymerase ε and Leading Strand DNA Replication

The three replicative DNA polymerases, α, δ, and ε, are members of the B family of DNA 

poly-merases. A thorough review of these enzymes falls outside the scope of this review, and 

the reader is referred to recent comprehensive reviews discussing both the structure and 

function of Pol α, Pol δ, and Pol ε and their evolutionary relationships (77, 78). Another 

recent review describes the consequence of replicative polymerase mutations on cancer 

disposition in humans (79). In this section, we briefly consider the properties that predispose 

these polymerases to replicate the two strands of the nuclear genome (Figure 3).

The properties of Pol ε are distinguished from those of Pol α and Pol δ in several ways. Pol 

ε has a high-molecular-weight subunit whose N-terminal domain encodes DNA 

polymerization and 3′-exonucleolytic activity and a homologous but catalytically inactive 

C-terminal domain (CTD) that is required for replisome assembly and checkpoint activation 

(55–59, 80, 81). The holoenzyme form of Pol ε also contains a noncatalytic Dpb2 subunit 

that is essential and Dpb3 and Dpb4 subunits that are nonessential (82). The presence of a 
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small domain in the catalytic subunit allows Pol ε to encircle the nascent dsDNA (83), which 

is likely responsible for the high intrinsic processivity of this enzyme. This high processivity 

is increased even further by the nonessential Dpb3 and Dpb4 subunits and through 

interactions with the replication clamp PCNA. In contrast, the very low intrinsic processivity 

of DNA synthesis by Pol δ is vastly enhanced by PCNA, such that in the presence of PCNA 

both Pol ε and Pol δ have comparable processivities (84).

The capacity for strand displacement synthesis by the lagging strand DNA polymerase is 

essential for the efficient maturation of Okazaki fragments on the lagging strand. Compared 

with Pol δ, Pol ε does not perform efficient strand displacement synthesis (85). To a large 

degree, this is a consequence of its very active 3′-exonuclease activity, as strand 

displacement synthesis is observable in the exonuclease-defective enzyme (86). The intrinsic 

3′-exonuclease activity of Pol ε proofreads its own replication errors (87), and it does this so 

efficiently that Pol ε synthesizes DNA more accurately than proofreading-proficient Pol δ 
and much more accurately than the proofreading-deficient Pol α. Fortunately, this lower 

fidelity on the lagging strand is counterbalanced by more active mismatch repair on that 

strand (64). Thus, the lack of strand displacement capacity makes Pol ε less suitable to serve 

as the lagging strand replicase. In contrast, its interactions with several components of the 

CMG complex cause its unique targeting to the leading strand of the replication fork (Figure 

3). Previous biochemical and genetic studies established an essential interaction between the 

Dpb2 subunit of Pol ε and the Psf1 subunit of GINS (14). A low-resolution cryo-EM study 

of the CMG helicase in a complex with Pol ε is consistent with these interactions, and this 

structure revealed additional interactions between Mcm5 and the C-terminal half of Pol2 

(88). The functional significance of these interactions with Pol ε is supported by recent 

biochemical studies by O’Donnell and coworkers (89, 90). The CMG helicase, preloaded on 

the leading strand of a model replication fork, recruited Pol ε to the leading strand in 

preference to Pol δ and in a manner that was dependent on Pol ε’s Dpb2 subunit. 

Furthermore, even when Pol δ was prebound to the leading strand, Pol ε readily displaced it 

if CMG complexes were present.

The cryo-EM structure of the CMG–Pol ε complex not only revealed its overall architecture 

and protein interactions but also suggested a path for threading the leading ssDNA through 

the CMG complex and Pol ε (88) (Figure 4). In previous biochemical studies in the Xenopus 
egg extract–based DNA replication system, the replication fork was allowed to run into a 

precisely positioned interstrand cross-link (91). Transient stalling of leading strand 

replication was observed ~40 nt prior to the cross-link, followed by a more pronounced stall 

at a position ~20 nt before the cross-link. The ~20-nt stall is consistent with the length of 

DNA occluded by the Mcm2-7 hexamer (74), whereas the ~40-nt stall is proposed to 

represent additional threading of the leading strand through Cdc45 and GINS prior to 

entering the Pol ε active site (88). These biochemical and structural considerations would 

suggest that the leading strand preferentially threads through the entire CMG complex 

before binding Pol ε, but it may have the flexibility to release readily from Cdc45–GINS, 

perhaps to allow for a more flexible response to challenges in leading strand DNA 

replication (Figure 4).

Burgers and Kunkel Page 9

Annu Rev Biochem. Author manuscript; available in PMC 2018 June 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



5. LAGGING STRAND REPLICATION

5.1. Priming of Okazaki Fragments

Both leading and lagging strand DNA syntheses are initiated by the Pol α –RNA primase 

complex. This highly conserved heterotetrameric complex contains two catalytic activities, 

the RNA primase activity in the smallest p48 subunit (Pri1) and the polymerase activity in 

the largest p180 subunit (Pol1), and two regulatory subunits (92) (Figure 3). The catalytic 

subunit comprises a conserved polymerase core and a separate CTD connected to the core 

by a flexible linker (93, 94). The CTD is unique to the eukaryotic members of the B-family 

DNA polymerases, Pol α, Pol δ, Pol ε, and the mutagenic DNA polymerase ζ (Pol ζ), and it 

forms the structural basis for their multisubunit nature. Currently, structural information is 

available only for the CTD of Pol α (93, 94). The CTD has a bilobal shape that is stabilized 

by the binding of two metal ions to each of a set of four cysteine residues. The structure of 

the CTD of Pol α displays a zinc atom bound in both positions. However, biochemical 

studies of the CTDs of Pol δ and Pol ζ show that one of the 4-cysteine motifs contains an 

iron–sulfur cluster of the [4Fe–4S] type (95, 96), and the suggestion has been made that Pol 

α and Pol ε may also contain iron–sulfur clusters in their CTDs. The presence of iron–sulfur 

clusters as part of eukaryotic DNA polymerases remains enigmatic. Additional iron–sulfur 

clusters have been found in the primase accessory subunit and in the catalytic domain of Pol 

ε (97–99). Whether they are merely structural building blocks or are subject to oxidation and 

reduction, perhaps as part of a signaling pathway in response to the changing redox 

environments in the cell, remains to be established (100).

Attached to the catalytic polymerase domain by a flexible linker, the structure of the CTD of 

Pol α makes the majority of interactions with the other subunits (94, 101). The primase-

accessory subunit also contains two domains connected by a flexible linker (97, 102, 103). 

These flexible linkers allow the complex to go through several large-scale motions to 

synthesize the RNA primers that start the millions of Okazaki fragments required for 

replication of eukaryotic chromosomes (103, 104). Priming is initiated at the interface of the 

primase and the primase-accessory subunit. Primer elongation by the primase subunit is 

aided by binding of the 5′-end of the nascent primer to the primase-accessory subunit. 

Growing steric clashes as the RNA primer increases in length limit the primer length to ~10 

nt. The primase-to-polymerase switch is proposed to be mediated by a large rotation of the 

C-terminus of the primase accessory subunit with bound RNA to deliver this primer to the 

Pol α active site for DNA synthesis (103).

On the lagging strand, Pol α –mediated DNA synthesis is terminated after ~20–30 nt of 

DNA synthesis to allow initiation of Pol δ –dependent replication. These estimates are 

based on classical studies of SV40 viral DNA replication (105, 106), which also uses the Pol 

α –RNA primase complex for primer synthesis. However, in contrast to chromosomal DNA 

replication, SV40 uses solely Pol δ for primer elongation on both the leading and the lagging 

strands of the replication fork (107, 108). How the length of the DNA portion of the primer 

synthesized by Pol α is regulated is still uncertain, and several mechanisms have been 

proposed. In one model, Pol α –mediated DNA synthesis is abrogated by the loading of 

PCNA by replication factor C (RFC) (109, 110). A second model is based on the observation 
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that RNA–DNA duplexes often assume an A helix conformation, to which the Pol α 
polymerase domain binds with very high affinity. Elongation of the primer and subsequent 

assumption of the B DNA form would reduce the affinity of binding by Pol α and lead to its 

dissociation (111). Unfortunately, these studies were carried out on poly(dT) templates that 

are prone to triple-strand helix formation when partially replicated, which causes 

polymerase dissociation (112, 113). Therefore, although a combination of factors likely 

contribute to abrogation of DNA synthesis by the Pol α polymerase subunit, the relative 

contributions of these factors still await determination.

5.2. Elongation and Maturation of Okazaki Fragments

Pol α –synthesized primers are extended by Pol δ. The replication clamp PCNA enhances 

not only the processivity of Pol δ but also its actual rate of catalysis, such that at saturating 

dNTP concentrations, Pol δ replicates at a rate of ~250 nt/sec (114). Pol ε displays a 

similarly high rate of DNA synthesis (115). However, dNTP levels in the cell are far below 

the Km values for these enzymes (4, 116). When measured at physiological dNTP levels, and 

in the presence of competing rNTPs, DNA synthesis proceeds at ~50 nt/sec, which is 

commensurate with rates of fork movement in the cell (117).

When Pol δ reaches the 5′-end of the preceding Okazaki fragment, it initiates strand 

displacement synthesis. Several biochemical mechanisms are in place to ensure that the 5′-

flaps generated by strand displacement synthesis are kept to a minimal size, i.e., generally 

not more than a single nucleotide (Figure 5). First, the rates of DNA synthesis decrease 

sharply with each consecutive nucleotide being displaced by Pol δ. In part, this progressive 

molecular brake applied by the growing 5′-flap is due to a sharp decrease in the 

macroscopic rate of polymerization. But, in addition, kinetic modeling has shown that the 

polymerase-DNA complex equilibrates between an elongation-competent form and an 

elongation-incompetent form, and longer flaps show an increased partitioning to the 

elongation-incompetent form (114). In part, the elongation-incompetent form signifies a 

switch to the 3′-exonuclease domain of Pol δ, which degrades the primer terminus back to 

that of the nick position. This continuous elongation and degradation by Pol δ are in essence 

a futile cycle, termed idling, and constitute a second mechanism to restrain the formation of 

long flaps (reviewed in 118). However, the elongation-incompetent form can also be a 

structure in which the primer terminus has been released by Pol δ to provide access to flap 

endonuclease 1 (FEN1) for 5′-flap cutting. This initiates a degradation process termed nick 

translation (Figure 5).

Unlike the image often depicted in textbooks, the mechanism of FEN1 catalysis actually 

does not involve simple cutting at the base of the 5′-flap (reviewed in 119, 120). Rather, the 

nascent 5′-flap generated by strand displacement synthesis re-equilibrates to form a single-

nucleotide 3′-flap. This 3′-flap binds FEN1 with high specificity, directing precise cutting 

by the enzyme one nucleotide into the dsDNA, which has been unraveled inside the active 

site. Single-nucleotide 5′-flaps form inefficient substrates for FEN1, because they lack a 

distinct 5′-flap after re-equilibration (119). Yet, the single-nucleotide 5′-flap is the 

predominant substrate in the course of primer RNA degradation during nick translation 

(114). Increased strand displacement synthesis to form longer 5′-flaps does occur, 

Burgers and Kunkel Page 11

Annu Rev Biochem. Author manuscript; available in PMC 2018 June 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



particularly if the DNA has decreased duplex stability, e.g., in AT-rich regions. The catalytic 

activity of FEN1 increases on these longer flaps, and this more avid activity of FEN1 on 

longer flaps can be thought of as a third mechanism to keep 5′-flaps short.

Occasionally, strand displacement can become decoupled from FEN1 activity, and the long 

flaps that are generated are resistant to FEN1, because of either secondary structure 

formation or coating of the 5′-flap by RPA. In yeast, the processing of long flaps is carried 

out by the 5′-endonuclease activity of Dna2, an essential multifunctional nuclease/helicase 

(reviewed in 121, 122). Cutting of 5′-flaps by Dna2 occurs with lower precision than cutting 

by FEN1, with the remaining flap size varying from 0 to 5 nt in several studies (discussed in 

121, 123). Some ends produced by Dna2 are ligatable by DNA ligase 1. In addition, when 

Dna2 activity is coupled to strand displacement synthesis by Pol δ, ligation is more efficient 

because the 3′-exonuclease of Pol δ can trim the imprecise ends left by Dna2 into a ligatable 

nick (123, 124). However, the percentage of imprecise ends remaining would be too high for 

successful completion of the many Okazaki fragments produced even in a yeast cell with its 

small, compact chromosomes. Therefore, long flaps trimmed by Dna2 are generally thought 

to proceed through a pathway that requires further cutting by FEN1 (Figure 5). Given the 

importance of FEN1 in Okazaki fragment maturation, it is somewhat surprising that yeast 

FEN1 deletions are viable. However, it is very likely that other, related nucleases, e.g., Exo1, 

can substitute for FEN1 albeit with reduced efficiency and fidelity (reviewed in 118, 125).

Each of the three enzymes that make up the core Okazaki fragment maturation machinery—

Pol δ, FEN1, and ligase—has one or more PCNA-interaction motifs. Given that PCNA is a 

homotrimer, it is possible that each of these enzymes could occupy one monomer of PCNA 

and thereby carry out processive Okazaki fragment maturation without enzyme dissociation. 

This has been termed the toolbelt model (126). In archaea, strong evidence exists for this 

toolbelt model in Okazaki fragment maturation (127). In yeast, a toolbelt mechanism 

involving just Pol δ and FEN1 has been demonstrated (114). Although processive 

maturation is likely more efficient, it is not essential. This follows from a biochemical study 

of PCNA heterotrimers in which only one monomer has the capacity to bind either Pol δ or 

FEN1, thereby enforcing a distributive mechanism (128), and from the very mild phenotype 

displayed by a PCNA interaction–defective mutant of FEN1, compared with that of the 

FEN1 deletion (129).

After degradation of primer RNA, nick translation is terminated by the action of DNA 

ligase. DNA ligase also has a PCNA-binding motif that can stabilize ligase onto DNA 

substrate (130). However, in one biochemical study of Okazaki fragment maturation, DNA 

ligase acted distributively in this process (131) and the position after the RNA–DNA 

junction where ligation occurred was determined largely by the concentration of DNA 

ligase, rather than by the ability to make a complex with PCNA on the DNA. How closely 

behind the RNA–DNA junction this ligation step occurs is of some importance, because it 

determines to what extent the primer DNA synthesized by the lower-fidelity Pol α survives. 

Nick translation through that region would serve to substitute lower-fidelity DNA with 

higher-fidelity DNA synthesized by Pol δ (132). Despite this possible fidelity mechanism, 

remnants of Pol α –synthesized DNA with lower fidelity remain (38, 62, 133). That the nick 

translation machinery has the capacity to carry out extensive nick translation inside the cell 
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follows from an experiment in which DNA ligase was shut off in yeast cells (134). Okazaki 

fragments grew beyond their customary length through continuous nick translation until 

termination after collision with downstream chromatin.

6. REPLISOME COORDINATION

Given the differences in the machineries and mechanisms for carrying out leading and 

lagging strand DNA replication, it is obvious that additional factors and/or mechanisms must 

exist to enforce coordinated replication of both strands. On the basis of their studies of the 

bacteriophage T4 DNA replication system, Alberts and coworkers (135) proposed a novel 

mechanism, termed the trombone model, in which the two polymerases on both strands 

could coordinately replicate DNA by bending the lagging strand back upon itself (Figure 4). 

This model has been supported both by electron microscopy (136) and by measuring 

trombone loop dynamics in single-molecule studies (137). In addition, these two 

polymerization machineries require a physical linkage between the two sides. In T4, this 

linkage is mediated by the polymerase itself (138), whereas in Escherichia coli this linkage 

is mediated by two τ subunits of the clamp loader that bind the DNA polymerase III 

replicases at either strand (139). Recent studies of the yeast Ctf4 protein suggest that it may 

be the sought-after replisome coordinator in eukaryotes (140, 141). Ctf4 forms a homotrimer 

and exhibits protein–protein interactions with both Pol α on the lagging strand and GINS 

and Pol ε on the leading strand, thereby linking the two machineries (Figure 4). The human 

Ctf4 homolog AND-1 shows additional interactions with Pol δ (142). Other replication 

proteins, such as Dna2 and the sister chromatin cohesion protein Chl1, also bind Ctf4, 

marking this factor as an important interaction hub within the replisome (141, 143). 

Surprisingly, a deletion of CTF4, or of the S. pombe homolog mcl1+, is viable. However, the 

deletion shows various defects in genome stability (144–146). Possibly, other factor(s) 

contribute to coordinating the leading and lagging strands of the replication fork. Among 

these could be the Tof1–Csm3–Mrc1 replication pausing complex that also is physically 

associated with multiple factors in the replisome (147).

7. FUTURE PERSPECTIVES

Over the years, many investigators have performed structural, biophysical, biochemical, and 

genetic studies to inform us about the properties of partial replication machines. These 

efforts can now be expanded to the more complete systems that are being developed to study 

eukaryotic DNA replication. In the last few years, major new insights into eukaryotic 

replication fork structure, fidelity, and dynamics have been gained through striking advances 

in the development of several key technologies. Improvements in cryo-EM have made it 

possible to study ever-larger complexes, such as those of the CMG helicase complex, and 

with resolution approaching that of X-ray crystallography. Single-molecule approaches have 

been developed that allow fork movement in simple replication systems to be visualized and 

are now making it possible to study the kinetics and dynamic properties of more complex 

eukaryotic replicases and the eukaryotic replisome. The advancement of genome-mapping 

technologies based on next-generation sequencing has also made it possible to obtain 

exquisite coverage of DNA alterations that inform us about the behavior of the replication 

fork inside the cell. These approaches offer a bright future for understanding how normal 
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eukaryotic DNA replication occurs as well as how perturbations in normal replication 

influence evolution and disease.
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Figure 1. 
Assembly of the eukaryotic replisome. The origin-bound ORC–Cdc6 complex initially 

recruits one Cdt1–Mcm2-7 complex, followed by a second complex, to form a double 

Mcm2-7 hexamer. Further assembly requires Dpb11, Sld2, Sld3, and Sld7, which are not 

thought to be associated with the mature replisome, and Cdc45, GINS, and Pol ε, which are 

associated with it, as well as DDK and CDK kinase activity to complete assembly and prime 

the complex for helicase activation that is accomplished by Mcm10 and RPA. Abbreviations: 

CDK, cyclin-dependent kinase; DDK, Cdc7/Dbf4 kinase; GINS, Sld5, Psf1, Psf2, and Psf3 

complex; Mcm2-7, helicase complex; ORC, origin recognition complex; Pol, DNA 

polymerase; RPA, replication protein A.
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Figure 2. 
Strand-specific mapping techniques. (a) Mapping of strand-specific protein binding. 

Replicating cells are pulse labeled with bromodeoxyuridine (BrdU), followed by chromatin-

immunoprecipitation (ChIP) of a lagging strand–associated protein. Protein-associated 

nascent single-stranded DNA (ssDNA) is enriched by immunoprecipitation (IP) with 

antibodies against BrdU, and the isolated ssDNA is subjected to strand-specific sequencing. 

The sequence reads are mapped to both the Watson (W) and Crick (C) strands and plotted as 

a ratio of W/C reads. The opposite result is expected when the experiment is carried out with 

a protein associated with the nascent leading strand. (b) Mapping of ribonucleotide 

monophosphate (rNMP) incorporation by the rNMP-prone lagging strand polymerase 

variant. The frequent rNMP incorporation by DNA polymerase δ (L612M) was detected in 

an RNH201 strain that eliminates ribonucleotide excision repair. After cleavage of 

ribonucleotides in the isolated DNA with alkali or ribonuclease H2 (RNase H2), various 

technologies have been used to target these ends (either the ribose-2′- or 3′-phosphate end 

or the 5′-phosphate end) for strand-specific sequencing. The sequence reads are mapped to 

both the Watson (W) and Crick (C) strands and plotted as a ratio of W/C reads. The opposite 

result is expected when the experiment is carried out with the rNMP-prone leading strand 

polymerase variant.
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Figure 3. 
Eukaryotic DNA replicases. DNA polymerase α (Pol α, red ) and Pol ε ( green) contain 

four subunits, and Saccharomyces cerevisiae Pol δ (blue) contains three subunits, whereas 

human Pol δand Schizosaccharomyces pombe Pol δhave an additional small fourth subunit 

(not shown). Demonstrated [4Fe–4S] iron–sulfur clusters are indicated with large orange 

balls, and bound zinc atoms with small gray balls. Catalytic properties and protein–protein 

interactions are listed. Note that Pol δhas a high fidelity for base–base mismatches but lower 

fidelity for single-nucleotide deletions in repetitive sequences. Abbreviations: GINS, Sld5, 

Psf1, Psf2, and Psf3 complex; n.d., not determined; PCNA, proliferating cell nuclear 

antigen.
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Figure 4. 
Replisome structure and interactions. Two models for the pathway taken by the leading 

strand prior to entry into the DNA polymerase ε (Pol ε) catalytic site. Either (a) ~40-nt or 

(b) ~20-nt lengths of single-stranded DNA are occluded. The proposal has been made that 

these two forms can also interconvert. The lagging strand is shown looped such that both Pol 

α and Pol ε move in the same direction while held in a complex by Ctf4. Abbreviations: 

GINS, Sld5, Psf1, Psf2, and Psf3 complex; Mcm2-7, helicase complex; PCNA, proliferating 

cell nuclear antigen; RPA, replication protein A.
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Figure 5. 
Okazaki fragment maturation. Primers on the lagging strand are elongated by Pol δ (DNA 

polymerase δ) until the downstream Okazaki fragment is reached. Subsequent strand 

displacement synthesis by Pol δ is counteracted by its 3′-exonuclease activity (idling). In the 

presence of FEN1, the nascent flap is cut and strand displacement synthesis restarts. This 

iterative process (nick translation) predominantly releases mononucleotides. Occasional 

excess strand displacement synthesis yields very long 5′-flaps that are processed to short 

flaps by the nuclease activity of Dna2. After degradation of all primer RNA, ligation of the 

DNA–DNA nick is performed by DNA ligase 1. Abbreviations: FEN1, 5′-flap endonuclease 

1; PCNA, proliferating cell nuclear antigen; RPA, replication protein A.
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