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Introduction
Reactome is open-source, open access, manually curated and peer-reviewed pathway database. Pathway
annotations are authored by expert biologists, in collaboration with Reactome editorial staff and crossreferenced to many bioinformatics databases. A system of evidence tracking ensures that all assertions
are backed up by the primary literature. Reactome is used by clinicians, geneticists, genomics researchers, and molecular biologists to interpret the results of high-throughput experimental studies, by bioinformaticians seeking to develop novel algorithms for mining knowledge from genomic studies, and by
systems biologists building predictive models of normal and disease variant pathways.
The development of Reactome is supported by grants from the US National Institutes of Health (P41
HG003751), University of Toronto (CFREF Medicine by Design), European Union (EU STRP, EMI-CD), and
the European Molecular Biology Laboratory (EBI Industry program).
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Activation of the pre-replicative complex ↗
Stable identifier: R-HSA-68962
Compartments: nucleoplasm

In S. cerevisiae, two ORC subunits, Orc1 and Orc5, both bind ATP, and Orc1 in addition has ATPase activity. Both ATP binding and ATP hydrolysis appear to be essential functions in vivo. ATP binding by Orc1 is
unaffected by the association of ORC with origin DNA (ARS) sequences, but ATP hydrolysis is ARS-dependent, being suppressed by associated double-stranded DNA and stimulated by associated singlestranded DNA. These data are consistent with the hypothesis that ORC functions as an ATPase switch, hydrolyzing bound ATP and changing state as DNA unwinds at the origin immediately before replication. It
is attractive to speculate that ORC likewise functions as a switch as human pre-replicative complexes are
activated, but human Orc proteins are not well enough characterized to allow the model to be critically
tested. mRNAs encoding human orthologs of all six Orc proteins have been cloned, and ATP-binding
amino acid sequence motifs have been identified in Orc1, Orc4, and Orc5. Interactions among proteins
expressed from the cloned genes have been characterized, but the ATP-binding and hydrolyzing properties of these proteins and complexes of them have not been determined.
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Mcm10 associates with the pre-replicative complex, stabilizing Mcm2-7 ↗
Location: Activation of the pre-replicative complex
Stable identifier: R-HSA-68919
Type: binding
Compartments: nucleoplasm

MCM10 is required for human DNA replication. In S. cerevisiae, Mcm10, like Mcm2-7, is required for
minichromosome maintenance, but Mcm10 has no sequence homology with these other proteins (Merchant et al., 1997). Genetic studies have demonstrated that Mcm10 is required for DNA replication in S.
pombe (Aves et al., 1998) and S. cerevisiae cells (Homesley et al., 2000) and immunodepletion of
XlMcm10 interferes with DNA replication in Xenopus egg extracts (Wohlschlegel et al., 2002). Human
Mcm10 interacts with chromatin in G1 phase and then dissociates during G2 phase. In S. cerevisiae,
Mcm10 has been shown to localize to origins during G1 (Ricke and Bielinsky, 2004), and it may stabilize
the association of Mcm2-7 with the pre-replicative complex (Sawyer et al., 2004). This timing of association is consistent with studies that demonstrate that, in Xenopus egg extracts, Mcm10 is required for association of Cdc45, but not Mcm2-7 with chromatin. Biochemical evidence that Mcm10 plays a direct role
in the activation of the pre-replicative complex includes the requirement for SpMcm10 in the phosphorylation of the Mcm2-7 complex by DDK (Lee et al., 2004) and the fact that SpMcm10 binds and stimulates DNA polymerase alpha activity (Fien et al., 2004).
Followed by: Cdt1 is displaced from the pre-replicative complex.
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Cdt1 is displaced from the pre-replicative complex. ↗
Location: Activation of the pre-replicative complex
Stable identifier: R-HSA-68940
Type: dissociation
Compartments: nucleoplasm

At the beginning of this reaction, 1 molecule of 'Mcm10:pre-replicative complex' is present. At the end of
this reaction, 1 molecule of 'Mcm10:active pre-replicative complex', and 1 molecule of 'CDT1' are present.
This reaction takes place in the 'nucleus'.
Preceded by: Mcm10 associates with the pre-replicative complex, stabilizing Mcm2-7
Followed by: Cdt1 associates with geminin, CDK and DDK associate with the Mcm10:pre-replicative complex

Literature references
Bell, SP., Dutta, A. (2002). DNA replication in eukaryotic cells. Annu Rev Biochem, 71, 333-74. ↗
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Cdt1 associates with geminin ↗
Location: Activation of the pre-replicative complex
Stable identifier: R-HSA-69299
Type: binding
Compartments: nucleoplasm

At the beginning of this reaction, 1 molecule of 'geminin', and 1 molecule of 'CDT1' are present. At the
end of this reaction, 1 molecule of 'Cdt1:geminin' is present.
This reaction takes place in the 'nucleoplasm'.
Preceded by: Cdt1 is displaced from the pre-replicative complex.

Literature references
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CDK and DDK associate with the Mcm10:pre-replicative complex ↗
Location: Activation of the pre-replicative complex
Stable identifier: R-HSA-68918
Type: binding
Compartments: nucleoplasm

At the beginning of this reaction, 1 molecule of 'Mcm10:active pre-replicative complex', 1 molecule of
'DDK', and 1 molecule of 'CDK' are present. At the end of this reaction, 1 molecule of
'CDK:DDK:Mcm10:pre-replicative complex' is present.
This reaction takes place in the 'nucleus'.
Preceded by: Cdt1 is displaced from the pre-replicative complex.
Followed by: Mcm2-7 is phosphorylated by DDK, Cdc45 associates with the pre-replicative complex at
the origin

Literature references
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cells. Mol Cell Biol, 19, 5083-95. ↗
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Mcm2-7 is phosphorylated by DDK ↗
Location: Activation of the pre-replicative complex
Stable identifier: R-HSA-68954
Type: transition
Compartments: nucleoplasm

At the beginning of this reaction, 1 molecule of 'Mcm2-7 complex', and 1 molecule of 'ATP' are present. At
the end of this reaction, 1 molecule of 'phosphorylated Mcm2-7 complex', and 1 molecule of 'ADP' are
present.
This reaction takes place in the 'nucleus' and is mediated by the 'kinase activity' of 'DDK'.
Preceded by: CDK and DDK associate with the Mcm10:pre-replicative complex

Literature references
Masai, H., Matsui, E., You, Z., Ishimi, Y., Tamai, K., Arai, K. (2000). Human Cdc7-related kinase complex. In vitro
phosphorylation of MCM by concerted actions of Cdks and Cdc7 and that of a critical threonine residue of Cdc7
by Cdks. J Biol Chem, 275, 29042-52. ↗
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Cdc45 associates with the pre-replicative complex at the origin ↗
Location: Activation of the pre-replicative complex
Stable identifier: R-HSA-68917
Type: binding
Compartments: nucleoplasm

Once the Mcm2-7 complex has been assembled onto the origin of replication, the next step is the assembly of Cdc45, an essential replication protein, in late G1. The assembly of Cdc45 onto origins of replication forms a complex distinct from the pre-replicative complex, sometimes called the pre-initiation
complex. The assembly of Cdc45 onto origins correlates with the time of initiation. Like the Mcm2-7 proteins, Cdc45 binds specifically to origins in the G1 phase of the cell cycle and then to non-origin DNA during S phase and is therefore thought to travel with the replication fork. Indeed, S. cerevisiae Cdc45 is required for DNA replication elongation as well as replication initiation. Cdc45 is required for the association of alpha DNA polymerase:primase with chromatin. Based on this observation and the observation
that in S. cerevisiae, cCdc45 has been found in large complexes with some components of Mcm2-7 complex, it has been suggested that Cdc45 plays a scaffolding role at the replication fork, coupling Pol-alpha:primase to the replication fork through the helicase. Association of Cdc45 with origin DNA is regulated in the cell cycle and its association is dependent on the activity of cyclin-dependent kinases but not
the Cdc7/Dbf4 kinase. In Xenopus egg extracts, association of Cdc45 with chromatin is dependent on
Xmus101. TopBP1, the human homolog of Xmus1, is essential for DNA replication and interacts with
DNA polymerase epsilon, one of the polymerases involved in replicating the genome. TopBP1 homologs
have been found in S. cerevisiae and S. pombe. Sld3, an additional protein required for Cdc45 association
with chromatin in S. cerevisiae and S. pombe, has no known human homolog.
Preceded by: CDK and DDK associate with the Mcm10:pre-replicative complex
Followed by: DNA Replication Factor A (RPA) associates with the pre-replicative complex at the origin

Literature references
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DNA Replication Factor A (RPA) associates with the pre-replicative complex at the
origin ↗
Location: Activation of the pre-replicative complex
Stable identifier: R-HSA-68916
Type: binding
Compartments: nucleoplasm

After pre-RC assembly and Cdc45 association with the origin of replication, Replication Protein A (RPA)
also associates with chromatin. RPA is a heterotrimeric complex containing p70, p34, and p11 subunits,
and also is required for DNA recombination and DNA repair. The p70 subunit of RPA binds to the primase subunits of Pol alpha:primase. The p70 and p34 subunits of RPA are phosphorylated in a cell cycledependent manner. RPA is a single-strand DNA (ssDNA) binding protein and its association with chromatin at this stage suggests that DNA is partially unwound. This suggestion has been confirmed by detection of ssDNA in budding yeast origins of replication using chemical methods.
Preceded by: Cdc45 associates with the pre-replicative complex at the origin
Followed by: DNA polymerase alpha:primase binds at the origin, DNA polymerase epsilon binds at the
origin

Literature references
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association of Cdc45, RPA, and DNA polymerase alpha. Mol Cell, 5, 617-27. ↗
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DNA polymerase alpha:primase binds at the origin ↗
Location: Activation of the pre-replicative complex
Stable identifier: R-HSA-68914
Type: binding
Compartments: nucleoplasm

DNA polymerase alpha:primase is comprised of four subunits, p180, p70, p58, and p49. The two primase
subunits, p58 and p49, form a tight complex. The p49 subunit contains the DNA primase activity and one
role of p58 appears to be tethering p49 to p180, the DNA polymerase catalytic subunit. The fourth subunit, p70, binds p180 and may tether the DNA polymerase alpha:primase complex to Cdc45.
Preceded by: DNA Replication Factor A (RPA) associates with the pre-replicative complex at the origin,
DNA polymerase epsilon binds at the origin
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association of Cdc45, RPA, and DNA polymerase alpha. Mol Cell, 5, 617-27. ↗
Bell, SP., Dutta, A. (2002). DNA replication in eukaryotic cells. Annu Rev Biochem, 71, 333-74. ↗

https://www.reactome.org

Page 10

DNA polymerase epsilon binds at the origin ↗
Location: Activation of the pre-replicative complex
Stable identifier: R-HSA-68960
Type: binding
Compartments: nucleoplasm

At the beginning of this reaction, 1 molecule of 'origin of replication', and 1 molecule of 'DNA polymerase
epsilon' are present. At the end of this reaction, 1 molecule of 'DNA polymerase epsilon:origin complex'
is present.
Preceded by: DNA Replication Factor A (RPA) associates with the pre-replicative complex at the origin
Followed by: DNA polymerase alpha:primase binds at the origin

Literature references
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