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Lab Name Chromosome Replication Laboratory 

Research programme and achievements 

Overview:  
My laboratory uses a variety of approaches to understand the mechanism and regulation 
of eukaryotic DNA replication. We have historically studied this in budding yeast, and we 
continue to exploit this as a very useful model system, but we are increasingly interested 
in understanding this process in human cells as well. We are interested in understanding 
how the MCM helicase is loaded at origins, how it is activated and how it nucleates 
replisome assembly. We are also interested in how DNA damage checkpoints are 
activated by stalled replication forks and how active checkpoints regulate replication, 
especially how they stabilise stalled replication forks. Recently, we have become very 
interested in understanding how chromatin is replicated, how histones ahead of the fork 
are re-deposited behind the fork, how this is coordinated with assembly of nucleosomes 
from newly synthesised histones and how heterochromatin is replicated.   
 
Past quinquennium:  
We had previously published the reconstitution of MCM helicase loading at replication 
origins. In this past quinquennium, we have shown that MCM loading is quasi-
symmetrical. ORC loads both MCM hexamers by a similar mechanism (Paper 2) requiring 
two opposed ORC binding sites. Using time-resolved cryo-EM with our collaborator at the 
Crick, Alessandro Costa Paper 5), we showed how this works: ORC binds to a high 
affinity binding site, loads the first hexamer, and then releases from its binding site. Then 
it or a second ORC molecule binds at a degenerate ORC binding site, stabilised by a 
novel interaction between ORC and the loaded MCM hexamer, to load the second 
hexamer by the same mechanism as the first.   
   
In the last month of the previous quinquennium, we published the reconstitution of 
replication initiation with purified budding yeast proteins. This provided a crucial tool to 
understand how the MCM double hexamer is converted to two active CMG helicases. We 
showed (Paper 1) that the critical firing factor Sld3 is a phosphopeptide binding protein 
which binds specifically to MCM subunits (4 and 6) which have been phosphorylated by 
Dbf4-dependent kinase. We went on to show that double hexamer separation, CMG 
formation and initial DNA melting are coordinated with ADP release and ATP rebinding 
before Mcm10 activates the two CMG helicases to pass each other as they unwind DNA 
(Paper 4). We showed that, to achieve maximum replication rates, the leading strand 
must be synthesised by DNA polymerase ε together with PCNA, and the accessory 
factors Mrc1 and Csm3/Tof1 are required. We showed that a variety of factors are 
required to replicate chromatinised templates, most important of these being the histone 
chaperone, FACT (Paper 3).  
  
Future plans:  
We continue to dissect the MCM loading and activation mechanisms with purified 
proteins. We have evidence that different mechanisms are used depending on the 
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distance between the ORC sites. We also continue to try to understand how chromatin is 
replicated. Using the reconstituted system we have found multiple FACT and histone 
binding sites in the replisome and we are trying to understand how they work together. 
We have evidence that the replisome cannot replicate heterochromatin templates; we are 
trying to identify additional factors required for heterochromatin replication. We also 
believe we have reconstituted the complete replication checkpoint with purified proteins. 
We are trying to understand the roles of the two mediators (Mrc1 and Rad9) along with 
the variety of Mec1 activators in responding to different forms of DNA damage/replication 
stress. Finally, we are expressing all of the proteins required to reconstitute replication 
with human proteins.   

 

Research outputs 

Deegan, T.D., Yeeles, J.T., and Diffley, J.F.X. (2016) Phosphopeptide binding by Sld3 
links Dbf4-dependent kinase to MCM replicative helicase activation. EMBO J 35, 961-
973. DOI: 10.15252/embj.201593552 
Here we showed that Sld3, which we previously identified as being one of two essential 
cyclin dependent kinase (CDK) substrates in replication, is a phosphopeptide binding protein 
which binds specifically to Mcm4 and Mcm6 when they have been phosphorylated by Dbf4 
dependent kinase (DDK).  Sld3 then directly recruits Cdc45 to MCM and, via CDK 
phosphorylation, recruits the remaining firing factors. We had previously shown that Sld3 is 
also one of two targets of the DNA damage checkpoint kinase involved in inhibiting origin 
firing in response to DNA damage. Thus, Sld3 plays key roles with all three kinases that 
regulate replication (CDK, DDK, Rad53).   

 
Coster, G., and Diffley, J.F.X. (2017) Bidirectional eukaryotic DNA replication is 
established by quasi-symmetrical helicase loading. Science 357, 314-318. DOI: 
10.1126/science.aan0063 
This paper shows that loading of the MCM double hexamer is a quasi-symmetrical reaction: 
two ORC molecules bound at two opposing sites of different affinity each recruit and load a 
single hexamer. The distance between the ORC binding sites is not critical. Subsequent 
work has provided further evidence for this from cryo-EM.  

 
Kurat, C.F., Yeeles, J.T., Patel, H., Early, A., and Diffley, J.F.X. (2017) Chromatin 
Controls DNA Replication Origin Selection, Lagging-Strand Synthesis, and 
Replication Fork Rates. Mol Cell 65, 117-130. DOI: 10.1016/j.molcel.2016.11.016  
In this and the accompanying paper (Yeeles et al. 2017 Mol Cel 65, 105-116. DOI: 
10.1016/j.molcel.2016.11.017) we describe the reconstitution of full chromatin replication. 
We first identified all of the factors required for complete and rapid replication of naked DNA. 
Then we identified and characterised factors required to replicate chromatinised templates. 
We showed FACT is essential for chromatin replication, whilst nucleosome remodellers and 
histone acetylases help chromatin replication.  In addition, chromatin enforces origin 
specificity and Okazaki fragment processing. Finally, we found that histones are efficiently 
transferred to nascent DNA.  
 

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. DOI: 10.1038/nature25787 
This paper provided the first view of how the inactive MCM double hexamer is converted to 
two active CMG helicases. We showed MCM remains bound to ADP after loading; firing 
factors trigger ADP-ATP exchange; ATP rebinding causes double hexamer splitting, initial 
DNA melting and CMG formation. Active helicases then translocate N-terminus first.  

https://www.embopress.org/doi/full/10.15252/embj.201593552
https://science.sciencemag.org/content/357/6348/314
https://www.sciencedirect.com/science/article/pii/S1097276516307249?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1097276516307250?via%3Dihub
https://www.nature.com/articles/nature25787


 
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. DOI: 10.1038/s41586-019-1768-0 
Using time-resolved cryo-EM, we showed that ORC binds to its high affinity binding site to 
load the first MCM hexamer. ORC then releases this site and it, or another ORC molecule 
then binds the B2 element, which contains a degenerate ORC binding site.  This binding is 
stabilised by a novel interaction between the Orc6 subunit of ORC and the N-terminus of the 
MCM hexamer. ORC then recruits and loads the second hexamer by the same mechanism 
as the first hexamer.   

https://www.nature.com/articles/s41586-019-1768-0

