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This review discusses recent advances in single-particle cryo-EM and single-molecule
approaches used to visualise eukaryotic DNA replication reactions reconstituted in vitro.
We comment on the new challenges facing structural biologists, as they turn to describ-
ing the dynamic cascade of events that lead to replication origin activation and fork
progression.

Introduction
Accurate transfer of genetic information from parental to daughter cells requires that chromosome
replication is finely tuned, so that DNA is faithfully copied only once per cell cycle [1]. Failures in this
process can lead to cellular abnormalities, genetic disease and cancer. In vitro reconstitution studies
using budding yeast proteins revealed that the replication machinery is assembled in three temporally
separated steps (Figure 1) [2–4]. First, the MCM helicase is loaded onto replication start sites
(origins), during a process known as licensing that occurs in the G1 phase of the cell cycle. Here, the
Origin Recognition Complex (ORC) associates with Cdc6 and recruits a set of two hexameric MCM
rings, initially associated with the loading factor, Cdt1 [5,6]. Helicase loading requires ATP hydrolysis
by MCM [7,8], which prompts the formation of a double hexameric MCM ring encircling duplex
DNA [4,9–11]. A second step involves untwisting of the double helix [3], which is promoted by the
association of Cdc45 and GINS to the MCM, together forming the CMG holo-helicase [12,13]. The
third step in origin activation requires the recruitment of the firing factor, Mcm10, which activates the
ATPase powered DNA translocation function of CMG [3,14,15]. At this stage single-stranded DNA
becomes exposed and serves as a template for the replicative polymerases, which dynamically associate
with the replisome during fork progression [3,16]. Here, we review recent biochemical, single-molecule
and structural studies on in vitro reconstituted reactions that recapitulate DNA replication at cellular
rates. We comment on how integrative single-molecule and cryo-electron microscopy (cryo-EM)
approaches can provide unprecedented insights into the molecular mechanisms of DNA replication.

A sequential, quasi-symmetric mechanism for MCM
helicase loading
The loading of a head-to-head MCM double hexamer establishes the symmetry required for bidirec-
tional DNA replication. How the double hexamer is formed around duplex DNA has been the subject
of intense debate. Both biochemical and structural work have shown that ORC binds and bends the
DNA [17,18]. Upon association with Cdc6, ORC recruits one hexameric helicase ring via a set of
C-terminal winged-helix domains [5,6,19]. The MCM ring contains a discontinuity (gate) between two
subunits in the hexamer, which is kept open by the loading factor, Cdt1 [20,21]. Bent DNA is threaded
through the MCM gate, leading to the formation of a short-lived ORC–Cdc6–Cdt1–MCM (OCCM)
complex [19,22], which can be stabilised in the presence of a slowly hydrolysable ATP analogue. Several
models have been proposed to explain the downstream molecular events that lead to MCM double-
hexamer formation. Single-molecule work performed by the Bell group supports a sequential model
whereby DNA loading of the first MCM ring drives origin-association of the second MCM ring. In the
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Figure 1. Licensing and activation of an eukaryotic origin of replication.

Origin licensing is the recruitment of a set of two MCM ring-shaped helicases forming a double hexamer around duplex DNA.

Origin DNA untwisting (and possibly melting) requires the recruitment of GINS and Cdc45 to MCM, which disrupt the double

hexamer leading to the formation of two CMG assemblies, in an ATP-binding-dependent manner. Replication fork

establishment requires of Mcm10 that switches on the ATP-hydrolysis function of CMG, causing lagging-strand ejection via an

unknown mechanism.
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experimental conditions used, a single ORC complex is sufficient to drive double-hexamer formation. This obser-
vation suggests that the second helicase ring is recruited by the first loaded MCM, in particular via its N-terminal
dimerisation interface [23,24]. Biochemical work from the Diffley group, however, indicates that the same winged-
helix C-terminal elements in MCM are required for the loading of the first and second MCM rings, suggesting
that both rings are recruited via the same OCCM mechanism [5]. Furthermore, efficient helicase loading requires
two distinct ORC-binding events at inverted DNA sites, supporting a symmetric mechanism for double-hexamer
formation [25]. While the two studies initially appeared to describe two distinct helicase-loading pathways, recent
electron microscopy experiments indicate otherwise [22]. Time-resolved cryo-EM imaging revealed, in fact, that
ORC first binds a high-affinity site (the ‘ACS’ element) on the origin of replication and recruits a first helicase
ring by forming the OCCM (ORC–Cdc6–Cdt1–MCM) intermediate (Figure 2). Upon Cdc6 and Cdt1 release, as
well as MCM ring closure, ORC disengages from the C-terminal domain of MCM. A second ORC-binding event
occurs downstream on origin DNA, concomitantly engaging an inverted DNA site (the lower-affinity ‘B2’
element) and a previously unknown protein-binding site on the N-terminal face of MCM [22]. This new struc-
tural intermediate is named MO (MCM–ORC). The TFIIB-like ORC6 subunit [26] mediates the interaction and
selectively recognises the MCM ring when this is locked around DNA. This mechanism ensures that recruitment
of the second helicase occurs with a defined geometry, and only after the loading of the first MCM ring is com-
plete [22]. In this inverted configuration, ORC is suitably positioned to recruit a second MCM ring via the
OCCM pathway, eventually leading to double-hexamer formation. The cascade of events observed was completely
unexpected, yet the observed structural transitions reconcile what initially appeared as contrasting models. As
indicated by the Bell study, loading of the first MCM ring does drive loading of the second ring, and the
N-terminal face of the first loaded MCM is indeed important in this process, as it mediates the second
ORC-binding event [22,23]. Likewise, in accord with data from the Diffley group, both MCM rings are loaded via
the same OCCM mechanism and involve two ORC-binding events that load two MCM rings in an inverted con-
figuration [5,22,25]. Open questions remain — for example: does the same ORC complex always mediate the
loading of both the first and second MCM ring without ever being released into solution? Or is loading mediated
by two distinct ORC complexes, when working at physiological protein concentration? To prevent re-replication,
origin licensing is inhibited by the CDK kinase which phosphorylates specific subunits in ORC [27–29]. What
steps in the helicase-loading reaction are blocked by CDK to impair double-hexamer formation? Is it OCCM
formation, MO assembly or perhaps downstream double-hexamer engagement? Hybrid biochemical, structural
and single-molecule approaches will be needed to address these questions.

Figure 2. MCM double-hexamer formation follows a sequential, quasi-symmetric mechanism.

A first ORC origin-association event involves an ACS, high-affinity DNA site. ORC binds and bends DNA, to allow for the recruitment of a first MCM

ring, through a C-terminal MCM interaction. Upon release of ORC from the ACS site, a second ORC-binding event involves the N-terminal MCM

domain and an inverted lower-affinity ORC-binding site. In this configuration, ORC is competent for recruiting a second MCM ring, following the

same mechanism as the loading of the first MCM ring. The end result of the helicase loading reaction is the formation of a head-to-head double

hexameric ring. The use of the ReconSil in silico reconstitution approach allows for the visualisation of a nucleosome, which flanks the ACS site in

the reconstituted system and in yeast origins of replication.
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Origin DNA melting and replication fork establishment
While helicase loading requires ATP hydrolysis by MCM, the double hexamer remains ADP-bound and does
not unwind DNA [3,10,11]. Helicase activation requires the kinase function of both DDK and CDK. In particu-
lar, DDK phosphorylates MCM allowing for the recruitment of Sld3 and Cdc45 [30], while CDK phosphory-
lates Sld2 and Sld3, leading to the formation of a super-complex of firing factors (phospho-Sld3–Dpb11–
phospho-Sld2–GINS–Pol ε) [31,32], eventually promoting stable MCM engagement of helicase activators GINS
and Cdc45 [2]. CMG assembly disrupts the double hexamer resulting in the formation of two holo-helicase
particles. This process requires the release of ADP and binding of ATP by MCM, followed by the concomitant
untwisting of origin DNA by 0.7 turns of DNA per CMG particle [3] (Figure 1). The structural state of
untwisted origin DNA engaged by CMG remains unknown. In particular, it is unclear whether untwisting of
0.7 turns of the double helix can disrupt Watson–Crick base-pairing within the MCM cavity, which would
nucleate origin DNA melting. Cryo-EM imaging of CMG assembled onto origin DNA is required to address
this question.
ATP–CMG formation at origins fails to recruit the single-stranded binding protein RPA, indicating that add-

itional components are required to establish a bidirectional replication fork [3]. The Mcm10 firing factor plays
a key, yet elusive role in this context. Mcm10 promotes the ejection of the lagging-strand template from the
MCM central channel and activates the ATP-hydrolysis function of the CMG, which powers single-stranded
DNA translocation and DNA fork unwinding [3,14,15]. Two-dimensional single-particle EM analysis of CMG
activated by Mcm10 demonstrated that the helicase advances with the N-terminal face forming the leading
edge of the advancing replisome [3]. This observation, supported by 3D cryo-EM experiments [33–36], implies
that the two helicases need to cross paths in order for bidirectional replication forks to be established. In this
process, the strand ejected by one CMG helicase becomes the translocation strand of the second helicase
(Figure 1). Several key questions remain unanswered. For example, is Mcm10 promoting ejection of the
lagging-strand template from the MCM ring, and is this the trigger that activates the ATP-hydrolysis function
in the CMG? Alternatively, is lagging-strand ejection a consequence of ATP-hydrolysis-driven leading-strand
translocation along the leading-strand template, as proposed by a recent cryo-EM study on CMG fork trans-
location [33]? Do the Mcm10-activated, converging CMG particles exchange DNA strands as they pass one
another? Or does strand ejection occur before the helicases cross paths? Is a specific gate used for strand ejec-
tion [16] as observed for the duplex DNA entry into MCM–Cdt1 during origin loading [20,21,37,38]?
Addressing these questions will be important to establish whether CMG can actively translocate along duplex
and not only single-stranded DNA, which is a compelling frontier question raised by a recent single-molecule
study [16].

Architecture and functions of the eukaryotic replisome
Not only does the CMG unwind the established DNA fork, it also serves as the organising centre of the repli-
some bringing together multiple DNA replication, genome and epigenome maintenance functions (reviewed in
[39,40], Figure 3A). For example, the leading-strand polymerase Pol ε contacts both GINS and the ATPase
(rear) face of the advancing MCM through a set of essential, non-catalytic modules [34]. Two functional ele-
ments are in turn flexibly tethered to the non-enzymatic core of Pol ε. One is the catalytic domain, which is
likely free to engage and disengage the primer-template junction on the leading strand, hence allowing substrate
access to the RFC clamp loader or other DNA polymerases [41]. The second flexible Pol ε element is the
Dpb3–4 histone-like dimer [42], which plays a key role in re-depositing parental histones onto the leading-
strand DNA [43,44]. Fork protection factors Csm3 and Tof1 are positioned ahead of the helicase, and they
contact and stabilise duplex DNA as it enters the helicase pore [33]. These factors, together with Mrc1, support
DNA replication at cellular rates in the in vitro reconstituted system; however, the mechanism is unknown
[45,46]. Engagement of the incoming parental DNA at the fork by Csm3–Tof1 might directly increase the effi-
ciency of replisome progression, as proposed in a recent cryo-EM study [33]. Also positioned at the leading
edge of the replication fork is the homo-trimeric Ctf4 adaptor protein, linking the CMG helicase to a set of
various client proteins. One example is Pol α, which primes Okazaki fragments on the lagging strand [47–49],
and another is the helicase/nuclease Dna2, which functions during Okazaki fragment maturation [50].
Surprisingly, despite the direct interaction with lagging-strand enzymes, in vitro reconstitution experiments
have failed to identify any role for Ctf4 in DNA replication per se [2,45], indicating that Ctf4 might play a
more important role in critical chromosome maintenance functions. One of these roles is parental histone
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reshuffling at the replication fork. Indeed, Ctf4, alongside histone chaperone elements found in N-terminal
Mcm2 and the Pol1 subunit of Pol α, have been found to function in the selective redeposition of parental his-
tones onto lagging-strand DNA [51–55]. A second key activity is sister chromatid cohesion establishment,
which indeed is the first function attributed to Ctf4 in cells [56]. The monomeric helicase Chl1, another known
cohesion establishment factor, employs the same molecular mechanism to contact Ctf4, as identified for GINS
and Pol α. Consistent with this, when point mutations were introduced in Chl1, designed to impair Ctf4
engagement, a sister chromatid cohesion establishment defect was identified, which nearly phenocopied the
Ctf4 knockout [57]. Ctf4 can also bridge between two GINS (and therefore two CMG) assemblies, although the
functional significance of this complex is unknown [47,58]. While it is established that two replisomes need
not be physically connected for efficient DNA replication to occur [59], physical tethering of two CMGs has
been suggested to play a role during sister chromatid cohesion by keeping the two ends of a growing replication
bubble in close physical proximity [48]. Mechanistic studies on sister chromatid cohesion and parental histone
redeposition at the replication fork are in their infancy, and present exciting new challenges for the field of
chromosome replication.

Replisome dynamics during fork progression
In silico reconstitution of double-hexamer formation using time-resolved cryo-EM has allowed for the visualisa-
tion of the structural intermediates that occur upon licensing of an origin of replication [22]. So far, however,
structural analysis of all the molecular assemblies that co-ordinate downstream replication events have either
been studied at equilibrium or as isolated subcomplexes stabilised with nucleotide analogues [33,36,60,61].
The precise nature of the molecular interactions between DNA polymerases and the rest of the core repli-

some is an important determinant in processes such as polymerase recycling and the mechanism of lagging-
strand synthesis. Biochemical studies have revealed that the leading-strand polymerase Pol ε is tightly associated
with the CMG helicase [34,41,62,63]. Conversely, the lagging-strand polymerase Pol δ is believed to be highly
dynamic and physically disconnected from the replisome core [39]. Whether the DNA polymerases act dynam-
ically or are stably tethered to the replisome core during fork progression remains to be established. A recent
van Oijen and O’Donnell study utilised single-molecule fluorescence imaging to simultaneously monitor DNA
synthesis and polymerase dynamics of individual replisomes in real time [64]. Reconstituted eukaryotic repli-
somes were found to be highly resistant to dilution, retaining the continuous presence of one Pol ε, one Pol δ
and two Pol α molecules for the synthesis of tens of kilobases. However, all three polymerases were found to
dynamically exchange into the replisome, when challenged with excess polymerases in solution (Figure 3B
[64]). The kinetics of these observed polymerase exchange events were dependent on the concentration of poly-
merase molecules in solution. Notably, a single Pol δ molecule was observed to be reused for the synthesis of

Figure 3. Architecture of the eukaryotic replication fork.

(A) The CMG forms the organising centre of the eukaryotic replisome. Pol ε is positioned at the back of the advancing MCM

helicase motor, directly interacting with the ATPase domain. Pol α is linked to the CMG via the homo-trimeric Ctf4 factor. Pol δ

has been reported to directly interact with Pol α. Additional replisome factors mediate fast and efficient replication and other

functions such as sister chromatid cohesion establishment and parental histone redeposition. (B) All three eukaryotic replicative

polymerases can exchange into the replisome using a multi-site competitive exchange mechanism.
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many Okazaki fragments, even when challenged with excess polymerases in solution. This apparent stability of
Pol δ during lagging-strand synthesis is facilitated in part through its Pol32 subunit [64]. Indeed, Pol32 has
previously been reported to interact with the Pol1 catalytic subunit of Pol α, suggesting a possible mechanism
for Pol δ tethering to the replisome core [65]. Consistent with this scenario, cryo-EM analysis of Pol δ bound
to primed-DNA reveals that the Pol32 subunit of Pol δ is surface-exposed and hence available to interact with
other replisome factors.
The dynamics of the interactions between replisome components raise an immediate paradox. How can the

replisome form a stable processive complex, while polymerases are easily exchanged? This same behaviour has
been observed in other model systems and can be explained by the presence of multiple weak pair-wise
protein–protein-binding sites linking polymerases with core replisome factors [66–69]. In this scenario, stable
polymerase association is mediated by interaction with two or more simultaneous binding sites, as indeed
observed in the CMG–Pol ε cryo-EM structure [34]. Under dilute conditions (or in the absence of a solution
pool of proteins), complete polymerase dissociation would involve at least two steps. Transient disruption to
one of the first interaction elements would be followed by rapid reassociation, preventing polymerase release.
Things would change if competitor polymerase molecules were to be found in close proximity to these transi-
ently vacated sites. Under these conditions, the polymerase exchange would be favoured as a transiently vacated
interaction site would become occupied by a polymerase molecule recruited from the solution pool. Such a
concentration-dependent multi-site exchange mechanism provides a general solution to tuning the stability of
proteins at the replication fork to help handle obstacles and endogenous stressors during replication of large
genomes.
We now understand that the Pol ε interaction with CMG is much more dynamic than originally suggested

by the first cryo-EM imaging experiments, while Pol δ is emerging as a candidate component of the replisome
core, in contrast with the textbook picture. Retention of Pol α and Pol δ over lagging-strand cycles has import-
ant implications for replisome coordination, presumably through the generation of priming, lagging-strand
loops or a combination of both. Simultaneous observation of DNA looping and leading-strand synthesis during
replication by T7 replisomes have demonstrated that most loop formation events occur during primer synthesis
[70]. Coordination of DNA synthesis may be achieved through multiple reaction mechanisms involving the
production of replication loops. Previous studies have implied the frequency to which possible mechanisms are
utilised by the replisome is often guided by the physical connections between different proteins [71–73]. It
remains to be established how lagging-strand primer hand-off, DNA polymerase activity and the formation of
loops on the lagging strand are co-ordinated to achieve simultaneous synthesis of both strands in such a
polymerase-tethered replisome. Understanding the molecular configurations available to the eukaryotic repli-
some during fork progression, especially during exchange events, will be exciting areas of the new investigation.

Future directions
The ability to describe the compositional and conformational dynamics of the advancing replisome is an
important new challenge for structural biologists. Recent biochemical reconstitution combined with single-
particle cryo-EM techniques have provided important insights into the mechanism of DNA replication. At the
same time, real-time single-molecule imaging of individual replisomes have started to reveal unexpected kinetic
and compositional dynamics at the replication fork. Thus, the development of new structural tools will be
required to characterise the molecular choreography that control and maintain the replisome during chromo-
some replication. Time-resolved imaging approaches, combined with in silico reconstitution techniques, have
enabled the detection of sequential MCM helicase loading reactions on the minute timescale [22]. Other events
leading to the replication fork establishment (e.g. Mcm10-triggered lagging-strand ejection from CMG) will
likely require higher temporal resolution. Fortunately, the ability to isolate reaction intermediates using micro-
fluidic devices coupled to spray-plunging technologies are rendering robust millisecond-resolution time-
resolved cryo-EM a reality [74].
In parallel, computational methods to tackle complex structural flexibility and compositional heterogeneity

are being developed. Three-dimensional classification strategies and multi-body refinement are established,
powerful techniques that can describe non-discrete conformational heterogeneity in large molecular assemblies
[75]. At the same time, new approaches are being developed to capture the full context of dynamic protein–
DNA assemblies. Traditional single-particle approaches can report on the high-resolution structure of nucleo-
protein complexes but often fail to report on the relative orientation of two particles spaced apart by a flexible
DNA stretch. Protocols such as ReconSil [22] aim to overcome these technical limitations and map different
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protein-binding sites on the same DNA molecule. By positioning averaged DNA-bound structures back onto
the original micrograph, overlaid to the corresponding raw particles, enhanced-signal views can be obtained for
large DNA segments decorated by multiple proteins. This approach is powerful in describing complex replica-
tion reactions performed by compositionally dynamic protein assemblies. Combined with time-resolved
resolved methods, these techniques enable observation of transient intermediates, which are lost during aver-
aging when using traditional single-particle averaging methods. In summary, biochemical reconstitution com-
bined with modern cryo-EM image processing promises to provide a complete understanding of the dynamic
structural transitions that occur upon replication fork establishment and replisome progression.

Perspectives
• Importance of the field: Studying chromosome replication is key to understanding genome

stability. To understand the concerted function of multiple enzymes that form the eukaryotic
replisome, we must describe their structural dynamics.

• Current thinking: Time-resolved cryo-EM methods allow us to establish the sequence of
molecular events that drive replication origin transactions. Single-molecule approaches
describe the unexpected dynamics of replisome components, posing new challenges to struc-
tural biology.

• Future directions: Development of time-resolved methods with millisecond resolution will allow
access to key short-lived structural intermediates on the path to replication fork establishment.
In silico reconstitution methods will enable understanding the concerted action of multiple
replication enzymes on the broader context of replication fork progression.

Abbreviations
cryo-EM, cryo-electron microscopy; ORC, Origin Recognition Complex.

Funding
This work was funded jointly by the Wellcome Trust, MRC and CRUK at the Francis Crick Institute (FC001065)
and by the European Research Council (ERC) under the European Union’s Horizon 2020 research and innovation
programme (grant agreement no. 820102).

Open Access
Open access for this article was enabled by the participation of The Francis Crick Institute in an all-inclusive
Read & Publish pilot with Portland Press and the Biochemical Society under a transformative agreement with
JISC.

Acknowledgements
We thank Fabrizio Martino for critical reading of the manuscript and our laboratory mates for useful discussion.

Competing Interests
The authors declare that there are no competing interests associated with the manuscript.

References
1 Bleichert, F., Botchan, M.R. and Berger, J.M. (2017) Mechanisms for initiating cellular DNA replication. Science 355 https://doi.org/10.1126/science.

aah6317
2 Yeeles, J.T., Deegan, T.D., Janska, A., Early, A. and Diffley, J.F. (2015) Regulated eukaryotic DNA replication origin firing with purified proteins. Nature

519, 431–435 https://doi.org/10.1038/nature14285
3 Douglas, M.E., Ali, F.A., Costa, A. and Diffley, J.F.X. (2018) The mechanism of eukaryotic CMG helicase activation. Nature 555, 265–268
4 Remus, D., Beuron, F., Tolun, G., Griffith, J.D., Morris, E.P. and Diffley, J.F. (2009) Concerted loading of Mcm2–7 double hexamers around DNA during

DNA replication origin licensing. Cell 139, 719–730 https://doi.org/10.1016/j.cell.2009.10.015

© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 1063

Biochemical Society Transactions (2020) 48 1057–1066
https://doi.org/10.1042/BST20190998

https://doi.org/10.1126/science.aah6317
https://doi.org/10.1126/science.aah6317
https://doi.org/10.1038/nature14285
https://doi.org/10.1016/j.cell.2009.10.015
https://creativecommons.org/licenses/by/4.0/


5 Frigola, J., Remus, D., Mehanna, A. and Diffley, J.F. (2013) ATPase-dependent quality control of DNA replication origin licensing. Nature 495, 339–343
https://doi.org/10.1038/nature11920

6 Fernandez-Cid, A., Riera, A., Tognetti, S., Herrera, M.C., Samel, S., Evrin, C. et al. (2013) An ORC/Cdc6/MCM2–7 complex is formed in a multistep
reaction to serve as a platform for MCM double-hexamer assembly. Mol. Cell 50, 577–588 https://doi.org/10.1016/j.molcel.2013.03.026

7 Coster, G., Frigola, J., Beuron, F., Morris, E.P. and Diffley, J.F. (2014) Origin licensing requires ATP binding and hydrolysis by the MCM replicative
helicase. Mol. Cell 55, 666–677 https://doi.org/10.1016/j.molcel.2014.06.034

8 Kang, S., Warner, M.D. and Bell, S.P. (2014) Multiple functions for Mcm2–7 ATPase motifs during replication initiation. Mol. Cell 55, 655–665
https://doi.org/10.1016/j.molcel.2014.06.033

9 Evrin, C., Clarke, P., Zech, J., Lurz, R., Sun, J., Uhle, S. et al. (2009) A double-hexameric MCM2–7 complex is loaded onto origin DNA during licensing
of eukaryotic DNA replication. Proc. Natl Acad. Sci. U. S. A. 106, 20240–5 https://doi.org/10.1073/pnas.0911500106

10 Ali F, A., Douglas, M.E., Locke, J., Pye, V.E., Nans, A., Diffley, J.F.X. et al. (2017) Cryo-EM structure of a licensed DNA replication origin. Nat. Commun.
8, 2241 https://doi.org/10.1038/s41467-017-02389-0

11 Noguchi, Y., Yuan, Z., Bai, L., Schneider, S., Zhao, G., Stillman, B. et al. (2017) Cryo-EM structure of Mcm2–7 double hexamer on DNA suggests a
lagging-strand DNA extrusion model. Proc. Natl Acad. Sci. U. S. A. 114, E9529–E9538 https://doi.org/10.1073/pnas.1712537114

12 Moyer, S.E., Lewis, P.W. and Botchan, M.R. (2006) Isolation of the Cdc45/Mcm2–7/GINS (CMG) complex, a candidate for the eukaryotic DNA replication
fork helicase. Proc. Natl Acad. Sci. U. S. A. 103, 10236–10241 https://doi.org/10.1073/pnas.0602400103

13 Ilves, I., Petojevic, T., Pesavento, J.J. and Botchan, M.R. (2010) Activation of the MCM2–7 helicase by association with Cdc45 and GINS proteins. Mol.
Cell 37, 247–258 https://doi.org/10.1016/j.molcel.2009.12.030

14 Langston, L.D., Mayle, R., Schauer, G.D., Yurieva, O., Zhang, D., Yao, N.Y. et al. (2017) Mcm10 promotes rapid isomerization of CMG-DNA for
replisome bypass of lagging strand DNA blocks. eLife 6, e29118 https://doi.org/10.7554/eLife.29118

15 Looke, M., Maloney, M.F. and Bell, S.P. (2017) Mcm10 regulates DNA replication elongation by stimulating the CMG replicative helicase. Genes Dev. 31,
291–305 https://doi.org/10.1101/gad.291336.116

16 Wasserman, M.R., Schauer, G.D., O’Donnell, M.E. and Liu, S. (2019) Replication fork activation is enabled by a single-stranded DNA gate in CMG
helicase. Cell 178, 600–611e16 https://doi.org/10.1016/j.cell.2019.06.032

17 Bleichert, F., Leitner, A., Aebersold, R., Botchan, M.R. and Berger, J.M. (2018) Conformational control and DNA-binding mechanism of the metazoan
origin recognition complex. Proc. Natl Acad. Sci. U. S. A. 115, E5906–E515 https://doi.org/10.1073/pnas.1806315115

18 Li, N., Lam, W.H., Zhai, Y., Cheng, J., Cheng, E., Zhao, Y. et al. (2018) Structure of the origin recognition complex bound to DNA replication origin.
Nature 559, 217–222 https://doi.org/10.1038/s41586-018-0293-x

19 Yuan, Z., Riera, A., Bai, L., Sun, J., Nandi, S., Spanos, C. et al. (2017) Structural basis of Mcm2–7 replicative helicase loading by ORC-Cdc6 and Cdt1.
Nat. Struct. Mol. Biol. 24, 316–324 https://doi.org/10.1038/nsmb.3372

20 Frigola, J., He, J., Kinkelin, K., Pye, V.E., Renault, L., Douglas, M.E. et al. (2017) Cdt1 stabilizes an open MCM ring for helicase loading. Nat. Commun.
8, 15720 https://doi.org/10.1038/ncomms15720

21 Zhai, Y., Cheng, E., Wu, H., Li, N., Yung, P.Y., Gao, N. et al. (2017) Open-ringed structure of the Cdt1-Mcm2–7 complex as a precursor of the MCM
double hexamer. Nat. Struct. Mol. Biol. 24, 300–308 https://doi.org/10.1038/nsmb.3374

22 Miller, T.C.R., Locke, J., Greiwe, J.F., Diffley, J.F.X. and Costa, A. (2019) Mechanism of head-to-head MCM double-hexamer formation revealed by
cryo-EM. Nature 575, 704–710 https://doi.org/10.1038/s41586-019-1768-0

23 Ticau, S., Friedman, L.J., Ivica, N.A., Gelles, J. and Bell, S.P. (2015) Single-molecule studies of origin licensing reveal mechanisms ensuring
bidirectional helicase loading. Cell 161, 513–525 https://doi.org/10.1016/j.cell.2015.03.012

24 Champasa, K., Blank, C., Friedman, L.J., Gelles, J. and Bell, S.P. (2019) A conserved Mcm4 motif is required for Mcm2–7 double-hexamer formation
and origin DNA unwinding. eLife 8 https://doi.org/10.7554/eLife.45538

25 Coster, G. and Diffley, J.F.X. (2017) Bidirectional eukaryotic DNA replication is established by quasi-symmetrical helicase loading. Science 357,
314–318 https://doi.org/10.1126/science.aan0063

26 Liu, S., Balasov, M., Wang, H., Wu, L., Chesnokov, I.N. and Liu, Y. (2011) Structural analysis of human Orc6 protein reveals a homology with
transcription factor TFIIB. Proc. Natl Acad. Sci. U. S. A. 108, 7373–7378 https://doi.org/10.1073/pnas.1013676108

27 Chen, S. and Bell, S.P. (2011) CDK prevents Mcm2–7 helicase loading by inhibiting Cdt1 interaction with Orc6. Genes Dev. 25, 363–372
https://doi.org/10.1101/gad.2011511

28 Nguyen, V.Q., Co, C. and Li, J.J. (2001) Cyclin-dependent kinases prevent DNA re-replication through multiple mechanisms. Nature 411, 1068–1073
https://doi.org/10.1038/35082600

29 Green, B.M., Morreale, R.J., Ozaydin, B., Derisi, J.L. and Li, J.J. (2006) Genome-wide mapping of DNA synthesis in Saccharomyces cerevisiae reveals
that mechanisms preventing reinitiation of DNA replication are not redundant. Mol. Biol. Cell 17, 2401–2414 https://doi.org/10.1091/mbc.e05-11-1043

30 Deegan, T.D., Yeeles, J.T. and Diffley, J.F. (2016) Phosphopeptide binding by Sld3 links Dbf4-dependent kinase to MCM replicative helicase activation.
EMBO J. 35, 961–973 https://doi.org/10.15252/embj.201593552

31 Muramatsu, S., Hirai, K., Tak, Y.S., Kamimura, Y. and Araki, H. (2010) CDK-dependent complex formation between replication proteins Dpb11, Sld2, Pol
(epsilon}, and GINS in budding yeast. Genes Dev. 24, 602–612 https://doi.org/10.1101/gad.1883410

32 Zegerman, P. and Diffley, J.F. (2007) Phosphorylation of Sld2 and Sld3 by cyclin-dependent kinases promotes DNA replication in budding yeast. Nature
445, 281–285 https://doi.org/10.1038/nature05432

33 Eickhoff, P., Kose, H.B., Martino, F., Petojevic, T., Abid Ali, F., Locke, J. et al. (2019) Molecular basis for ATP-hydrolysis-driven DNA translocation by the
CMG helicase of the eukaryotic replisome. Cell Rep. 28, 2673–88e8 https://doi.org/10.1016/j.celrep.2019.07.104

34 Goswami, P., Abid Ali, F., Douglas, M.E., Locke, J., Purkiss, A., Janska, A. et al. (2018) Structure of DNA-CMG-Pol epsilon elucidates the roles of the
non-catalytic polymerase modules in the eukaryotic replisome. Nat. Commun. 9, 5061 https://doi.org/10.1038/s41467-018-07417-1

35 Georgescu, R., Yuan, Z., Bai, L., Santos R, Sun J, Zhang D. et al. (2017) Structure of eukaryotic CMG helicase at a replication fork and implications to
replisome architecture and origin initiation. Proc. Natl Acad. Sci. U. S. A. 114, E697–E706 https://doi.org/https://doi.org/10.1073/pnas.1620500114

36 Yuan, Z., Georgescu, R., Bai, L., Zhang, D., Li, H. and O’Donnell, M.E. (2020) DNA unwinding mechanism of a eukaryotic replicative CMG helicase.
Nat. Commun. 11, 688 https://doi.org/10.1038/s41467-020-14577-6

© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).1064

Biochemical Society Transactions (2020) 48 1057–1066
https://doi.org/10.1042/BST20190998

https://doi.org/10.1038/nature11920
https://doi.org/10.1016/j.molcel.2013.03.026
https://doi.org/10.1016/j.molcel.2014.06.034
https://doi.org/10.1016/j.molcel.2014.06.033
https://doi.org/10.1073/pnas.0911500106
https://doi.org/10.1038/s41467-017-02389-0
https://doi.org/10.1038/s41467-017-02389-0
https://doi.org/10.1038/s41467-017-02389-0
https://doi.org/10.1038/s41467-017-02389-0
https://doi.org/10.1073/pnas.1712537114
https://doi.org/10.1073/pnas.0602400103
https://doi.org/10.1016/j.molcel.2009.12.030
https://doi.org/10.7554/eLife.29118
https://doi.org/10.1101/gad.291336.116
https://doi.org/10.1016/j.cell.2019.06.032
https://doi.org/10.1073/pnas.1806315115
https://doi.org/10.1038/s41586-018-0293-x
https://doi.org/10.1038/s41586-018-0293-x
https://doi.org/10.1038/s41586-018-0293-x
https://doi.org/10.1038/s41586-018-0293-x
https://doi.org/10.1038/nsmb.3372
https://doi.org/10.1038/ncomms15720
https://doi.org/10.1038/nsmb.3374
https://doi.org/10.1038/s41586-019-1768-0
https://doi.org/10.1038/s41586-019-1768-0
https://doi.org/10.1038/s41586-019-1768-0
https://doi.org/10.1038/s41586-019-1768-0
https://doi.org/10.1016/j.cell.2015.03.012
https://doi.org/10.7554/eLife.45538
https://doi.org/10.1126/science.aan0063
https://doi.org/10.1073/pnas.1013676108
https://doi.org/10.1101/gad.2011511
https://doi.org/10.1038/35082600
https://doi.org/10.1091/mbc.e05-11-1043
https://doi.org/10.1091/mbc.e05-11-1043
https://doi.org/10.1091/mbc.e05-11-1043
https://doi.org/10.15252/embj.201593552
https://doi.org/10.1101/gad.1883410
https://doi.org/10.1038/nature05432
https://doi.org/10.1016/j.celrep.2019.07.104
https://doi.org/10.1038/s41467-018-07417-1
https://doi.org/10.1038/s41467-018-07417-1
https://doi.org/10.1038/s41467-018-07417-1
https://doi.org/10.1038/s41467-018-07417-1
https://doi.org/https://doi.org/10.1073/pnas.1620500114
https://doi.org/10.1038/s41467-020-14577-6
https://doi.org/10.1038/s41467-020-14577-6
https://doi.org/10.1038/s41467-020-14577-6
https://doi.org/10.1038/s41467-020-14577-6
https://creativecommons.org/licenses/by/4.0/


37 Samel, S.A., Fernandez-Cid, A., Sun, J., Riera, A., Tognetti, S., Herrera, M.C. et al. (2014) A unique DNA entry gate serves for regulated loading of the
eukaryotic replicative helicase MCM2–7 onto DNA. Genes Dev. 28, 1653–1666 https://doi.org/10.1101/gad.242404.114

38 Costa, A., Ilves, I., Tamberg, N., Petojevic, T., Nogales, E., Botchan, M.R. et al. (2011) The structural basis for MCM2–7 helicase activation by GINS
and Cdc45. Nat. Struct. Mol. Biol. 18, 471–477 https://doi.org/10.1038/nsmb.2004

39 Pellegrini, L. and Costa, A. (2016) New insights into the mechanism of DNA duplication by the eukaryotic replisome. Trends Biochem. Sci. 41,
859–871 https://doi.org/10.1016/j.tibs.2016.07.011

40 Miller, T.C. and Costa, A. (2017) The architecture and function of the chromatin replication machinery. Curr. Opin. Struct. Biol. 47, 9–16
https://doi.org/10.1016/j.sbi.2017.03.011

41 Zhou, J.C., Janska, A., Goswami, P., Renault, L., Abid Ali, F., Kotecha, A. et al. (2017) CMG-Pol epsilon dynamics suggests a mechanism for the
establishment of leading-strand synthesis in the eukaryotic replisome. Proc. Natl Acad. Sci. U. S. A. 114, 4141–4146 https://doi.org/10.1073/pnas.
1700530114

42 He, H., Li, Y., Dong, Q., Chang, A.Y., Gao, F., Chi, Z. et al. (2017) Coordinated regulation of heterochromatin inheritance by Dpb3–Dpb4 complex. Proc.
Natl Acad. Sci. U. S. A. 114, 12524–12529 https://doi.org/10.1073/pnas.1712961114

43 Bellelli, R., Belan, O., Pye, V.E., Clement, C., Maslen, S.L., Skehel, J.M. et al. (2018) POLE3-POLE4 is a histone H3-H4 chaperone that maintains
chromatin integrity during DNA replication. Mol. Cell. 72, 112–126e5 https://doi.org/10.1016/j.molcel.2018.08.043

44 Yu, C., Gan, H., Serra-Cardona, A., Zhang, L., Gan, S., Sharma, S. et al. (2018) A mechanism for preventing asymmetric histone segregation onto
replicating DNA strands. Science 361, 1386–1389 https://doi.org/10.1126/science.aat8849

45 Yeeles, J.T., Janska, A., Early, A. and Diffley, J.F. (2017) How the eukaryotic replisome achieves rapid and efficient DNA replication. Mol. Cell 65,
105–116 https://doi.org/10.1016/j.molcel.2016.11.017

46 Lewis, J.S., Spenkelink, L.M., Schauer, G.D., Hill, F.R., Georgescu, R.E., O’Donnell, M.E. et al. (2017) Single-molecule visualization of Saccharomyces
cerevisiae leading-strand synthesis reveals dynamic interaction between MTC and the replisome. Proc. Natl Acad. Sci. U. S. A. 114, 10630–5
https://doi.org/10.1073/pnas.1711291114

47 Simon, A.C., Zhou, J.C., Perera, R.L., van Deursen, F., Evrin, C., Ivanova, M.E. et al. (2014) A Ctf4 trimer couples the CMG helicase to DNA polymerase
alpha in the eukaryotic replisome. Nature 510, 293–297 https://doi.org/10.1038/nature13234

48 Yuan, Z., Georgescu, R., Santos, R.L.A., Zhang, D., Bai, L., Yao, N.Y. et al. (2019) Ctf4 organizes sister replisomes and Pol alpha into a replication
factory. eLife 8 https://doi.org/10.7554/eLife.47405

49 Gambus, A., van Deursen, F., Polychronopoulos, D., Foltman, M., Jones, R.C., Edmondson, R.D. et al. (2009) A key role for Ctf4 in coupling the
MCM2–7 helicase to DNA polymerase alpha within the eukaryotic replisome. EMBO J. 28, 2992–3004 https://doi.org/10.1038/emboj.2009.226

50 Villa, F., Simon, A.C., Ortiz Bazan, M.A., Kilkenny, M.L., Wirthensohn, D., Wightman, M. et al. (2016) Ctf4 is a hub in the eukaryotic replisome that
links multiple CIP-Box proteins to the CMG helicase. Mol. Cell 63, 385–396 https://doi.org/10.1016/j.molcel.2016.06.009

51 Gan, H., Serra-Cardona, A., Hua, X., Zhou, H., Labib, K., Yu, C. et al. (2018) The Mcm2-Ctf4-Polalpha axis facilitates parental histone H3-H4 transfer to
lagging strands. Mol. Cell 72, 140–151e3 https://doi.org/10.1016/j.molcel.2018.09.001

52 Evrin, C., Maman, J.D., Diamante, A., Pellegrini, L. and Labib, K. (2018) Histone H2A-H2B binding by Pol alpha in the eukaryotic replisome contributes
to the maintenance of repressive chromatin. EMBO J. 37, e99021 https://doi.org/10.15252/embj.201899021

53 Petryk, N., Dalby, M., Wenger, A., Stromme, C.B., Strandsby, A., Andersson, R. et al. (2018) MCM2 promotes symmetric inheritance of modified
histones during DNA replication. Science 361, 1389–1392 https://doi.org/10.1126/science.aau0294

54 Huang, H., Stromme, C.B., Saredi, G., Hodl, M., Strandsby, A., Gonzalez-Aguilera, C. et al. (2015) A unique binding mode enables MCM2 to chaperone
histones H3-H4 at replication forks. Nat. Struct. Mol. Biol. 22, 618–626 https://doi.org/10.1038/nsmb.3055

55 Foltman, M., Evrin, C., De Piccoli, G., Jones, R.C., Edmondson, R.D., Katou, Y. et al. (2013) Eukaryotic replisome components cooperate to process
histones during chromosome replication. Cell Rep. 3, 892–904 https://doi.org/10.1016/j.celrep.2013.02.028

56 Petronczki, M., Chwalla, B., Siomos, M.F., Yokobayashi, S., Helmhart, W., Deutschbauer, A.M. et al. (2004) Sister-chromatid cohesion mediated by the
alternative RF-CCtf18/Dcc1/Ctf8, the helicase Chl1 and the polymerase-alpha-associated protein Ctf4 is essential for chromatid disjunction during
meiosis II. J. Cell Sci. 117(Pt 16), 3547–3559 https://doi.org/10.1242/jcs.01231

57 Samora, C.P., Saksouk, J., Goswami, P., Wade, B.O., Singleton, M.R., Bates, P.A. et al. (2016) Ctf4 links DNA replication with sister chromatid cohesion
establishment by recruiting the Chl1 helicase to the replisome. Mol. Cell 63, 371–384 https://doi.org/10.1016/j.molcel.2016.05.036

58 Liu, L., Zhang, Y., Zhang, J., Wang, J.H., Cao, Q., Li, Z. et al. (2019) Characterization of the dimeric CMG/pre-initiation complex and its transition into
DNA replication forks. Cell Mol. Life Sci. https://doi.org/10.1007/s00018-019-03333-9

59 Yardimci, H., Loveland, A.B., Habuchi, S., van Oijen, A.M. and Walter, J.C. (2010) Uncoupling of sister replisomes during eukaryotic DNA replication.
Mol. Cell 40, 834–840 https://doi.org/10.1016/j.molcel.2010.11.027

60 Ali F, A., Renault, L., Gannon, J., Gahlon, H.L., Kotecha, A., Zhou, J.C. et al. (2016) Cryo-EM structures of the eukaryotic replicative helicase bound to
a translocation substrate. Nat. Commun. 7, 10708 https://doi.org/10.1038/ncomms10708

61 Yuan, Z., Bai, L., Sun, J., Georgescu, R., Liu, J., O’Donnell, M.E. et al. (2016) Structure of the eukaryotic replicative CMG helicase suggests a
pumpjack motion for translocation. Nat. Struct. Mol. Biol. 23, 217–224 https://doi.org/10.1038/nsmb.3170

62 Langston, L.D., Zhang, D., Yurieva, O., Georgescu, R.E., Finkelstein, J., Yao, N.Y. et al. (2014) CMG helicase and DNA polymerase epsilon form a
functional 15-subunit holoenzyme for eukaryotic leading-strand DNA replication. Proc. Natl Acad. Sci. U. S. A. 111, 15390–15395 https://doi.org/10.
1073/pnas.1418334111

63 Sun, J., Shi, Y., Georgescu, R.E., Yuan, Z., Chait, B.T., Li, H. et al. (2015) The architecture of a eukaryotic replisome. Nat. Struct. Mol. Biol. 22,
976–982 https://doi.org/10.1038/nsmb.3113

64 Lewis, J.S., Spenkelink, L.M., Schauer, G.D., Yurieva, O., Mueller, S.H., Natarajan, V. et al. (2020) Tunability of DNA polymerase stability during
eukaryotic DNA replication. Mol. Cell 77, 17–25e5 https://doi.org/10.1016/j.molcel.2019.10.005

65 Johansson, E., Garg, P. and Burgers, P.M. (2004) The Pol32 subunit of DNA polymerase delta contains separable domains for processive replication
and proliferating cell nuclear antigen (PCNA) binding. J. Biol. Chem. 279, 1907–1915 https://doi.org/10.1074/jbc.M310362200

66 Aberg, C., Duderstadt, K.E. and van Oijen, A.M. (2016) Stability versus exchange: a paradox in DNA replication. Nucleic Acids Res. 44, 4846–4854
https://doi.org/10.1093/nar/gkw296

© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 1065

Biochemical Society Transactions (2020) 48 1057–1066
https://doi.org/10.1042/BST20190998

https://doi.org/10.1101/gad.242404.114
https://doi.org/10.1038/nsmb.2004
https://doi.org/10.1016/j.tibs.2016.07.011
https://doi.org/10.1016/j.sbi.2017.03.011
https://doi.org/10.1073/pnas.1700530114
https://doi.org/10.1073/pnas.1700530114
https://doi.org/10.1073/pnas.1712961114
https://doi.org/10.1016/j.molcel.2018.08.043
https://doi.org/10.1126/science.aat8849
https://doi.org/10.1016/j.molcel.2016.11.017
https://doi.org/10.1073/pnas.1711291114
https://doi.org/10.1038/nature13234
https://doi.org/10.7554/eLife.47405
https://doi.org/10.1038/emboj.2009.226
https://doi.org/10.1016/j.molcel.2016.06.009
https://doi.org/10.1016/j.molcel.2018.09.001
https://doi.org/10.15252/embj.201899021
https://doi.org/10.1126/science.aau0294
https://doi.org/10.1038/nsmb.3055
https://doi.org/10.1016/j.celrep.2013.02.028
https://doi.org/10.1242/jcs.01231
https://doi.org/10.1016/j.molcel.2016.05.036
https://doi.org/10.1007/s00018-019-03333-9
https://doi.org/10.1016/j.molcel.2010.11.027
https://doi.org/10.1038/ncomms10708
https://doi.org/10.1038/nsmb.3170
https://doi.org/10.1073/pnas.1418334111
https://doi.org/10.1073/pnas.1418334111
https://doi.org/10.1038/nsmb.3113
https://doi.org/10.1016/j.molcel.2019.10.005
https://doi.org/10.1074/jbc.M310362200
https://doi.org/10.1093/nar/gkw296
https://creativecommons.org/licenses/by/4.0/


67 Lewis, J.S., Spenkelink, L.M., Jergic, S., Wood, E.A., Monachino, E., Horan, N.P. et al. (2017) Single-molecule visualization of fast polymerase turnover
in the bacterial replisome. eLife 6 https://doi.org/10.7554/eLife.23932

68 Geertsema, H.J., Kulczyk, A.W., Richardson, C.C. and van Oijen, A.M. (2014) Single-molecule studies of polymerase dynamics and stoichiometry at the
bacteriophage T7 replication machinery. Proc. Natl Acad. Sci. U. S. A. 111, 4073–4078 https://doi.org/10.1073/pnas.1402010111

69 Beattie, T.R., Kapadia, N., Nicolas, E., Uphoff, S., Wollman, A.J., Leake, M.C. et al. (2017) Frequent exchange of the DNA polymerase during bacterial
chromosome replication. eLife 6 https://doi.org/10.7554/eLife.21763

70 Duderstadt, K.E., Geertsema, H.J., Stratmann, S.A., Punter, C.M., Kulczyk, A.W., Richardson, C.C. et al. (2016) Simultaneous real-time imaging of
leading and lagging strand synthesis reveals the coordination dynamics of single replisomes. Mol. Cell 64, 1035–1047 https://doi.org/10.1016/j.molcel.
2016.10.028

71 Lee, J.B., Hite, R.K., Hamdan, S.M., Xie, X.S., Richardson, C.C. and van Oijen, A.M. (2006) DNA primase acts as a molecular brake in DNA replication.
Nature 439, 621–624 https://doi.org/10.1038/nature04317

72 Hamdan, S.M., Loparo, J.J., Takahashi, M., Richardson, C.C. and van Oijen, A.M. (2009) Dynamics of DNA replication loops reveal temporal control of
lagging-strand synthesis. Nature 457, 336–339 https://doi.org/10.1038/nature07512

73 Dixon, N.E. (2009) DNA replication: prime-time looping. Nature 462, 854–855 https://doi.org/10.1038/462854a
74 Kaledhonkar, S., Fu, Z., White, H. and Frank, J. (2018) Time-resolved cryo-electron microscopy using a microfluidic chip. Methods Mol. Biol. 1764,

59–71 https://doi.org/10.1007/978-1-4939-7759-8_4
75 Nakane, T., Kimanius, D., Lindahl, E. and Scheres, S.H. (2018) Characterisation of molecular motions in cryo-EM single-particle data by multi-body

refinement in RELION. eLife 7 https://doi.org/10.7554/eLife.36861

© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).1066

Biochemical Society Transactions (2020) 48 1057–1066
https://doi.org/10.1042/BST20190998

https://doi.org/10.7554/eLife.23932
https://doi.org/10.1073/pnas.1402010111
https://doi.org/10.7554/eLife.21763
https://doi.org/10.1016/j.molcel.2016.10.028
https://doi.org/10.1016/j.molcel.2016.10.028
https://doi.org/10.1038/nature04317
https://doi.org/10.1038/nature07512
https://doi.org/10.1038/462854a
https://doi.org/10.1007/978-1-4939-7759-8_4
https://doi.org/10.1007/978-1-4939-7759-8_4
https://doi.org/10.1007/978-1-4939-7759-8_4
https://doi.org/10.1007/978-1-4939-7759-8_4
https://doi.org/10.1007/978-1-4939-7759-8_4
https://doi.org/10.7554/eLife.36861
https://creativecommons.org/licenses/by/4.0/

	Caught in the act: structural dynamics of replication origin activation and fork progression
	Abstract
	Introduction
	A sequential, quasi-symmetric mechanism for MCM helicase loading
	Origin DNA melting and replication fork establishment
	Architecture and functions of the eukaryotic replisome
	Replisome dynamics during fork progression
	Future directions
	Funding
	Open Access
	Competing Interests
	References


