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DNA replication is fundamental to the maintenance and diversification of life. In eukaryotic cells, DNA replication
initiates from multiple origins deployed across the whole genome, implying the need for a tight orchestration of their
firing. Complex multi-step regulatory mechanisms coordinate such efforts and ensure that the genome is fully
duplicated. Notably, a large excess of DNA replication origins are present throughout the human genome, with only
5-10% of them firing throughout S phase. Based on their usage, DNA replication origins are classified into the
following three categories: (1) constitutive origins that invariably fire in all cells of a population, (2) flexible origins
(the majority) that only fire in some cells of a population, and (3) dormant origins that are kept silent during normal

conditions but can become activated upon DNA damage when a replication fork stalls in the vicinity.

DNA replication replication fork helicase phosphorylation complexes

| 1. Introduction

Eukaryotic DNA replication initiation follows a conserved process that leads to the assembly of two replisomes,
which will move away from the activated origin in opposite directions [l In budding yeast, at the core of the
replisome is a hexameric DNA helicase motor, composed of the minichromosome maintenance subunits 2 to 7
(MCM2-7), in the shape of a ring that unwinds parental double-stranded DNA (dsDNA) . To avoid genome re-
replication and thus strictly limit replication to once per S phase, the activation of DNA replication origins entails a
two-step process consisting of (1) DNA helicase loading onto DNA and (2) DNA helicase activation, which occurs at
temporally distinct times. The first step takes place in the G1 phase via the “licensing” of all replication origins,
rendering them competent for firing. The second step occurs in the early S phase via the activation of the DNA
replicative helicase and the formation of two active replication forks through the regulated sequential recruitment of
firing factors (Figure 1). The temporality of this two-step process is governed by the activity of global cell cycle
regulators, mainly the Ser/Thr protein kinases CDKs (cyclin-dependent kinases) and DDK (Dbf4-dependent kinase,
also known as CDC7-DBF4), ensuring that the DNA replication program is coupled with cell growth conditions and
environmental cues B, A recent study also demonstrated that CDK1 plays a redundant role with CDC7 in the G1/S

transition 4,
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Figure 1. Licensing and activation of a replication origin. The replication origin of eukaryotes is first marked by the
origin recognition complex 1-6 (ORC1-6), which recruits cell division cycle 6 (CDC6) and subsequently loads
minichromosome maintenance 2-7 (MCM2-7)/Cdcl0-dependent transcript 1 (CDT1) to form the pre-replication
complex (pre-RC); one of two double hexamers is shown. An excess of MCM2-7 hexamers is loaded into DNA
during the G1 phase, constituting dormant replication origins. Licensing occurs once per cell cycle and is restricted
to G1 by the inhibitory interaction of CDT1 with GEMININ (GMNN) during S and G2 phases (in vertebrates), as well
as proteasomal degradation of CDT1. The pre-initiation complex (pre-IC) is formed by DBF4-dependent kinase
(DDK)-mediated phosphorylation of MCM2-7, which promotes binding of TRESLIN and CDC45 to replication
origins. CDKs subsequently phosphorylate TRESLIN and RECQL4, thereby promoting the recruitment of TOPBP1
and Go-Ichi-Ni-San (GINS1-4) complex to assemble the CMG (CDC45-MCM2-7-GINS) helicase complex together
with polymerase € (Pol €). Origin activation: engagement of pre-IC with MCM10 initiates melting of dsDNA and
unwinding by the CMG. RPA binds and protects resulting ssDNA, and two separate replisomes are established to

synthesize nascent DNA in a 5'-3' direction. ®: phosphorylation.

| 2. Origin Licensing: Pre-RC Formation in G1 Phase

DNA replication origins are first recognized by the heterohexameric origin recognition complex (ORC1-6) that

possesses DNA-binding domains and exhibits AAA* ATPase activity. In mammals, ORC1 and ORC6 weakly
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interact with the ORC2-5 core, thus forming a dynamic open ring that binds to DNA through its central cavity .
ORCL1 is loaded onto DNA as early as in mitosis and is degraded during the S phase through the ubiquitin-
proteasome system, suggesting that it promotes the timely assembly of the ORC complex at its origins €. In yeast,
Orcl1-6 binding to origins induces a small bend in dsDNA followed by the binding of another ATPase, Cdc6, thus
closing the Orc ring around duplex DNA . Then, CDT1 (CDC10-dependent transcript 1) is recruited to ORC1-
6/CDC6 bound origins, forming the platform necessary to recruit and sequentially load two MCM2-7 hexamers in a
head-to-head orientation using ATP hydrolysis. In yeast, Cdtl forms a complex with MCM2-7 before being loaded
onto origins [&. At this stage, the MCM double hexamer is inactive as it encircles duplex DNA. Together, this
assembly of proteins forms the pre-replication complex (pre-RC) at the licensed replication origins. Importantly,
helicase loading can only occur in the G1 phase during low CDK activity because of the inhibitory effect of the
direct phosphorylation of ORC, CDC6 or MCMs BRI The CRL4CPT2 ybiquitin E3 ligase targets CDT1 for
degradation in a proliferation cell nuclear antigen (PCNA)-dependent manner to prevent DNA re-replication 12,
Additionally, CDT1 is inhibited through sequestration by the S phase-specific inhibitor GEMININ, thus preventing
pre-RC assembly (23],

3. DNA Helicase Activation: Pre-IC Formation at the G1-S
Phase Transition

The activation of the replicative DNA helicase requires a series of allosteric changes that only occur during high
CDK activity in the S phase, allowing for the phosphorylation and recruitment of firing factors. Importantly, DDK
transiently binds to the pre-RC and phosphorylates key sites on the double hexamer, most notably on the MCM4
and MCM®6 subunits, which induces structural changes that allow for the binding of CDC45 (cell division cycle 45)
and GINS heterotetramer (Go-Ichi-Ni-San, meaning 5-1-2-3 in Japanese) composed of Sld5 (synthetic lethal with
Dpb11), Psfl (partner of Sld5-1), Psf2, and Psf3 141316l Simultaneously, additional phosphorylation events by
CDKs and DDK of critical firing factors, such as TRESLIN, ATP-dependent DNA helicase Q4 (RECQL4; SId3 and
Sld2 in S. pombe), DNA topoisomerase 2-binding protein 1 (TOPBP1), and DNA polymerase € (pol ¢),
collaboratively contribute to the assembly of the pre-initiation (pre-IC) complex with two replicative helicases
formed by the tight CMG (CDC45-MCM2-7-GINS) complex at its core LAUEILANR0I21] A recent systemic chromatin
immunoprecipitation from budding yeast revealed distinct intermediates of the pre-IC assembly that are mutually

dependent on the origin firing factors 221,

4. Origin Firing: Formation of Two Functional DNA
Replication Forks

The CMG formation results in the release of ADP from the MCM double hexamer, which allows binding of ATP, thus
triggering the initial untwisting of a short stretch of DNA and the separation of two inactive CMG complexes.
MCM10 and ATP hydrolysis are instrumental for helicase activity, such that the two replisomes pass each other by
translocating 3' to 5’ on the leading strand template (with their N-terminus at the front of the helicase) after evicting

the lagging strand template from the MCM pore [23124] Replication protein A (RPA) quickly binds to the exposed
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single-stranded DNA (ssDNA) after DNA melting, while CDC6 and CDT1 are evicted and inactivated. DNA
polymerases a and & are then recruited along with replication factor C (RFC) and PCNA to convert the pre-IC into
two active replication forks, which move in opposite directions from the activated origin. DNA is thus replicated in a
semi-conservative fashion, while deoxyribonucleoside triphosphates (ANTPs) are incorporated at daughter strands,
in which the leading strand is copied continuously by DNA Pol €, while the lagging strand is copied discontinuously

as a succession of Okazaki fragments initiated by DNA Pol a primase (RNA primer) and elongated by DNA Pol &
)

References

1. Burgers, P.M.J.; Kunkel, T.A. Eukaryotic DNA Replication Fork. Annu. Rev. Biochem. 2017, 86,
417-438.

2. Riera, A.; Barbon, M.; Noguchi, Y.; Reuter, L.M.; Schneider, S.; Speck, C. From structure to
mechanism-understanding initiation of DNA replication. Genes Dev. 2017, 31, 1073-1088.

3. Costa, A.; Diffley, J.F.X. The Initiation of Eukaryotic DNA Replication. Annu. Rev. Biochem. 2022,
91, 107-131.

4. Suski, J.M.; Ratnayeke, N.; Braun, M.; Zhang, T.; Strmiska, V.; Michowski, W.; Can, G.;
Simoneau, A.; Snioch, K.; Cup, M.; et al. CDC7-independent G1/S transition revealed by targeted
protein degradation. Nature 2022, 605, 357—365.

5. Jaremko, M.J.; On, K.F,; Thomas, D.R.; Stillman, B.; Joshua-Tor, L. The dynamic nature of the
human origin recognition complex revealed through five cryoEM structures. eLife 2020, 9,
e58622.

6. Mendez, J.; Zou-Yang, X.H.; Kim, S.Y.; Hidaka, M.; Tansey, W.P.; Stillman, B. Human origin
recognition complex large subunit is degraded by ubiquitin-mediated proteolysis after initiation of
DNA replication. Mol. Cell 2002, 9, 481-491.

7. Feng, X.; Noguchi, Y.; Barbon, M.; Stillman, B.; Speck, C.; Li, H. The structure of ORC-Cdc6 on
an origin DNA reveals the mechanism of ORC activation by the replication initiator Cdc6. Nat.
Commun. 2021, 12, 3883.

8. Randell, J.C.; Bowers, J.L.; Rodriguez, H.K.; Bell, S.P. Sequential ATP hydrolysis by Cdc6 and
ORC directs loading of the Mcm2-7 helicase. Mol. Cell 2006, 21, 29-39.

9. Nguyen, V.Q.; Co, C.; Irie, K.; Li, J.J. Clb/Cdc28 kinases promote nuclear export of the replication
initiator proteins Mcm2-7. Curr. Biol. 2000, 10, 195-205.

10. Petersen, B.O.; Lukas, J.; Sgrensen, C.S.; Bartek, J.; Helin, K. Phosphorylation of mammalian
CDCS6 by Cyclin A/ICDK2 regulates its subcellular localization. EMBO J. 1999, 18, 396-410.

https://encyclopedia.pub/entry/46353 4/6



Initiation of DNA Replication | Encyclopedia.pub

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Saha, T.; Ghosh, S.; Vassilev, A.; DePamphilis, M.L. Ubiquitylation, phosphorylation and Orc2
modulate the subcellular location of Orcl and prevent it from inducing apoptosis. J. Cell Sci.
2006, 119, 1371-1382.

Havens, C.G.; Walter, J.C. Mechanism of CRL4(Cdt2), a PCNA-dependent E3 ubiquitin ligase.
Genes Dev. 2011, 25, 1568-1582.

Wohlschlegel, J.A.; Dwyer, B.T.; Dhar, S.K.; Cvetic, C.; Walter, J.C.; Dutta, A. Inhibition of
Eukaryotic DNA Replication by Geminin Binding to Cdtl. Science 2000, 290, 2309-2312.

Heller, R.C.; Kang, S.; Lam, W.M.; Chen, S.; Chan, C.S.; Bell, S.P. Eukaryotic origin-dependent
DNA replication in vitro reveals sequential action of DDK and S-CDK kinases. Cell 2011, 146, 80—
91.

llves, I.; Petojevic, T.; Pesavento, J.J.; Botchan, M.R. Activation of the MCM2-7 Helicase by
Association with Cdc45 and GINS Proteins. Mol. Cell 2010, 37, 247-258.

Sheu, Y.J.; Stillman, B. Cdc7-Dbf4 phosphorylates MCM proteins via a docking site-mediated
mechanism to promote S phase progression. Mol. Cell 2006, 24, 101-113.

Kumagai, A.; Shevchenko, A.; Shevchenko, A.; Dunphy, W.G. Treslin collaborates with TopBP1 in
triggering the initiation of DNA replication. Cell 2010, 140, 349-359.

Muramatsu, S.; Hirai, K.; Tak, Y.S.; Kamimura, Y.; Araki, H. CDK-dependent complex formation
between replication proteins Dpb11, Sld2, Pol (epsilon, and GINS in budding yeast. Genes Dev.
2010, 24, 602-612.

Sangrithi, M.N.; Bernal, J.A.; Madine, M.; Philpott, A.; Lee, J.; Dunphy, W.G.; Venkitaraman, A.R.
Initiation of DNA replication requires the RECQL4 protein mutated in Rothmund-Thomson
syndrome. Cell 2005, 121, 887—-898.

Tanaka, S.; Umemori, T.; Hirai, K.; Muramatsu, S.; Kamimura, Y.; Araki, H. CDK-dependent
phosphorylation of SId2 and SId3 initiates DNA replication in budding yeast. Nature 2007, 445,
328-332.

Zegerman, P.; Diffley, J.F. Phosphorylation of Sld2 and SId3 by cyclin-dependent kinases
promotes DNA replication in budding yeast. Nature 2007, 445, 281-285.

Miyazawa-Onami, M.; Araki, H.; Tanaka, S. Pre-initiation complex assembly functions as a
molecular switch that splits the Mcm2-7 double hexamer. EMBO Rep. 2017, 18, 1752-1761.

Douglas, M.E.; Ali, F.A.; Costa, A.; Diffley, J.F.X. The mechanism of eukaryotic CMG helicase
activation. Nature 2018, 555, 265-268.

Fu, Y.V.; Yardimci, H.; Long, D.T.; Ho, T.V.; Guainazzi, A.; Bermudez, V.P.; Hurwitz, J.; van Oijen,
A.; Scharer, O.D.; Walter, J.C. Selective bypass of a lagging strand roadblock by the eukaryotic
replicative DNA helicase. Cell 2011, 146, 931-941.

https://encyclopedia.pub/entry/46353 5/6



Initiation of DNA Replication | Encyclopedia.pub

Retrieved from https://encyclopedia.pub/entry/history/show/104868

https://encyclopedia.pub/entry/46353 6/6



