







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                [image: Advertisement]
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                [image: Nature]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	articles

	
                                    article


    
        
        
            
            
                
                    	Article
	Published: 04 March 2015



                    Regulated eukaryotic DNA replication origin firing with purified proteins

                    	Joseph T. P. Yeeles1, 
	Tom D. Deegan1, 
	Agnieszka Janska1, 
	Anne Early1 & 
	â€¦
	John F. X. Diffley1Â 

Show authors

                    

                    
                        
    Nature

                        volumeÂ 519,Â pages 431â€“435 (2015)Cite this article
                    

                    
        
            	
                        34k Accesses

                    
	
                        332 Citations

                    
	
                            139 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	DNA
	DNA metabolism
	DNA synthesis
	Replisome


    


                
    
    

    
    

                
            


        
            Abstract
Eukaryotic cells initiate DNA replication from multiple origins, which must be tightly regulated to promote precise genome duplication in every cell cycle. To accomplish this, initiation is partitioned into two temporally discrete steps: a double hexameric minichromosome maintenance (MCM) complex is first loaded at replication origins during G1 phase, and then converted to the active CMG (Cdc45â€“MCMâ€“GINS) helicase during S phase. Here we describe the reconstitution of budding yeast DNA replication initiation with 16 purified replication factors, made from 42 polypeptides. Origin-dependent initiation recapitulates regulation seen in vivo. Cyclin-dependent kinase (CDK) inhibits MCM loading by phosphorylating the origin recognition complex (ORC) and promotes CMG formation by phosphorylating Sld2 and Sld3. Dbf4-dependent kinase (DDK) promotes replication by phosphorylating MCM, and can act either before or after CDK. These experiments define the minimum complement of proteins, protein kinase substrates and co-factors required for regulated eukaryotic DNA replication.
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                    Figure 1: DDK- and CDK-dependent firing-factor recruitment with purified proteins.[image: ]


Figure 2: The purified firing factors are functional.[image: ]


Figure 3: The initiation of DNA synthesis with purified proteins.[image: ]


Figure 4: Requirements for origin firing.[image: ]


Figure 5: Regulation of MCM loading and origin firing by S-CDK.[image: ]


Figure 6: DDK phosphorylation of MCM promotes origin firing either before or after S-CDK.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Coomassie-stained SDSâ€“PAGE analysis of multi-subunit complexes required for DNA replication.
a, Annotation of the polyacrylamide gels in Fig. 1a in which individual protein subunits have been labelled. b, Analysis of A-Cdk2. The protein complex consists of human Cdk2 and the bovine cyclin A-3 fragment32.


Extended Data Figure 2 Analysis of firing factor recruitment.
a, Immunoblots of protein recruitment conducted as in Fig. 1b but with 0.3Â M KCl washes. b, Stability of recruited firing factors following washes of varying strength (lanes 1 and 5, 0.3Â M K-glu; lanes 2 and 6, 0.3Â M KCl; lanes 3 and 7, 0.45Â M KCl; lanes 4 and 8, 0.6Â M KCl). c, Psf2â€“Flag was depleted from a yJY18 S phase extract by two rounds of incubation with anti-Flag M2 magnetic beads. Levels of Psf2â€“Flag were determined by immunoblotting with the Flag-M2 antibody. Soluble and bead bound protein fractions are illustrated. d, Extract-based replication reaction schemes. In the left pathway (i), loaded MCM is treated with DDK and added to a KO3 extract (Sld3, Sld7, Cdc45, Dpb11, Sld2 overexpression). In the right pathway (ii), firing factors are recruited to MCM as illustrated in Fig. 1b and the complex is added to a yJY18 extract (no firing factor overexpression) in which Psf2 (GINS complex) has been depleted. e, Replication reactions as described in d using A-Cdk2 for firing factor recruitment. Where indicated, Sic1 was added to the extract 20Â min before replication.


Extended Data Figure 3 Characterization of the in vitro DNA replication reaction.
a, b, Replication reactions conducted as in Fig. 3a with A-Cdk2 on ARS1 circular DNA templates for 1Â h. c, Time course of a standard replication reaction using A-Cdk2 on the ARS1 linear DNA template. d, Quantitation of a time course conducted as in c. DNA synthesis was normalized to the total DNA synthesis at 90Â min. Small and large replication products were not quantified separately at 5Â min as they are not well resolved at this time point. e, Pulse chase experiment conducted with A-Cdk2 on the ARS1 linear DNA template. For the pulse the dCTP concentration was reduced to 4Â Î¼M. Following a 10Â min incubation unlabelled dCTP was added to 100Â Î¼M.


Extended Data Figure 4 Characterization of RPA recruitment.
Unless stated reactions were conducted on ARS1 circular templates. a, Vaccinia virus topoisomerase I supports DNA replication with purified proteins. Replication reactions with either Topo II (25Â nM) or vaccinia virus topoisomerase I (0.125 units per Î¼l). Two different Topo II fractions (Fr1 and Fr2) were used for comparison. b, Nucleotide dependence of RPA recruitment in a complete replication reaction with Topo II. c, RPA recruitment reactions were conducted on ARS1 circular template in the presence of vaccinia virus topoisomerase I (0.125 units per Î¼l), or on a linear template in the absence of a topoisomerase. dNTPs, C/G/UTP, pol Î± and Ctf4 were omitted from the final step of the reaction.


Extended Data Figure 5 Regulation of MCM loading and origin firing by S-CDK is ATP dependent.
a, Replication reaction where ORC was pre-incubated with S-CDK before MCM loading. When Sic1 was added before ORC the mix was incubated for 5Â min and ORC was then added for 10Â min. b, Pre-incubation of ORC with S-CDK in the presence or absence of ATP. After incubation with Sic1, ATP was added to the reaction lacking ATP. c, Sld3/7 and Sld2 were pre-incubated with S-CDK as illustrated in Fig. 5d in the presence or absence of ATP. Following incubation with Sic1, samples that did not contain ATP for the pre-incubation step were supplemented with ATP.


Extended Data Figure 6 Cartoon illustrating protein kinase regulated eukaryotic DNA replication origin firing with purified proteins.
Firing factors are recruited to loaded MCM in a DDK- and CDK-dependent manner. DNA synthesis is initiated once the DNA template has been unwound. CDK also functions to inhibit MCM loading by phosphorylating ORC.


Extended Data Figure 7 Internally Flag-tagged Cdc45 supports normal DNA replication in S phase extracts.
a, The previously reported interaction between Sld3 and Cdc45 (ref. 33) was exploited to co-immunoprecipitate Cdc45 from yJY16 extracts (Dpb11 and Sld2 overexpression) by incubation with Flagâ€“Sld3/7 that was pre-coupled to anti-Flag M2 magnetic beads. b, In vitro extract-based replication reaction on soluble ARS1 circular template using yJY16 extracts where endogenous Cdc45 was depleted as indicated. The extract was supplemented with purified Sld3/7 as the complex is not overexpressed in yJY16. The experiment was conducted for 30Â min as described previously6 and products were separated through a 1% native agarose gel. Internally Flag-tagged Cdc45 (52Â nM) was added back as indicated. The locations of the different replication products are illustrated.


Extended Data Table 1 Affinity tag strategies for protein purificationFull size table


Extended Data Table 2 Saccharomyces cerevisiae strainsFull size table


Extended Data Table 3 Plasmids used to generate yeast expression strainsFull size table
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        Editorial Summary
An origin-al in vitro system for DNA replication
It has been a long-desired goal to be able to reconstitute a eukaryotic system of DNA replication from its earliest stages of origin firing using purified proteins. However, the greater complexity of eukaryotes compared to bacterial and phage systems has hampered this development. But now John Diffley and colleagues have successfully reconstituted the initial events of budding yeast DNA replication in vitro. The purified system contains 42 proteins, comprising 16 complexes, and fulfills the staged process of origin-dependent initiation, including its regulation by kinases.
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