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In eukaryotic cells, DNA replication is tightly regulated to ensure that the genome is 
duplicated only once per cell cycle. Errors in the control mechanisms that regulate 
chromosome ploidy cause genomic instability, which is linked to the development of 
cellular abnormalities, genetic disease and the onset of cancer.   
  
Initiation of eukaryotic genome duplication requires three distinct steps. First, DNA 
replication start sites are identified and targeted for the loading of an inactive MCM 
helicase motor, which encircles the double helix. Second, MCM activators GINS and 
Cdc45 are recruited, causing duplex-DNA untwisting. Third, upon interaction with 
additional firing factors, the MCM ring opens to eject one DNA strand, leading to 
establishment of the replication fork and duplication by dedicated replicative polymerases.   
  
A core interest of our group is studying the molecular mechanism for the activation of an 
origin of replication. In addition, we seek to understand how sister chromatid cohesion is 
established at the replication fork, in a process that involves the topological entrapment of 
two replicated DNA filaments by the ring-shaped cohesin complex. Thirdly, we are 
interested in the cellular mechanisms to bypass DNA roadblocks that cause fork stalling. 
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The natural substrate of the eukaryotic replication machinery is not DNA but rather 
chromatin, formed of nucleosome arrays that compact the genome. Chromatin plays 
important regulatory roles in all steps of DNA replication, by dictating origin start-site 
selection and stimulating replication fork progression. Only by studying chromatin 
replication will we understand the molecular basis of genome propagation. To this end, 
we are developing new protocols to perform biochemistry experiments under the cryo-
electron microscope (cryo-EM), to image chromatin duplication at high resolution, frozen 
as it is being catalysed. Using these strategies we seek to generate a molecular movie of 
the entire chromosome replication reaction.  
  
Within the last five years, our group has provided significant contributions to the 
chromosome biology field. We have employed time-resolved approaches to find that the 
MCM helicase motor is loaded onto duplex DNA in a concerted and sequential manner. 
We found that the loaded form of the MCM is a double hexamer that encircles but does 
not open the DNA duplex. Conversely, our structural studies indicate that the active form 
of the replicative helicase (Cdc45-MCM-GINS, or CMG) translocates on single-stranded 
and not duplex DNA. We used two parallel approaches, in collaboration with John 
Diffley’s and Hasan Yardimci’s groups at the Crick, to describe a failsafe mechanism 
whereby bidirectional DNA replication starts only when both MCM helicases have 
transitioned from interacting with duplex- to single-stranded DNA, ensuring genome 
stability maintenance. We found that CMG translocation involves the rotation of DNA 
inside the central channel of the MCM ring, in a process controlled by ATP binding and 
hydrolysis. We found that the leading-strand polymerase Pol epsilon is anchored on the 
posterior side of the advancing CMG helicase, perfectly poised to trap the 3’ end of DNA, 
as it egresses the MCM ring. Working with Frank Uhlmann’s group at the Crick we have 
solved the structure of a loading intermediate of cohesin, explaining how the loader 
contributes to topologically embracing the double helix, en route to the cohesin ring 
locking around DNA. We have described the architecture of the Fanconi anemia core 
complex, providing insights into a key step in the mechanism of interstrand-crosslink 
repair. This pathway is essential to remove detrimental roadblocks that impair replisome 
progression. Finally, we have provided our cryo-EM expertise in a collaboration with Peter 
Cherepanov’s group, in three seminal structural studies on the mechanism of retroviral 
integration.  
  
We have three major goals for the next five years. First, we seek to describe the 
molecular events that lead to CMG formation. In a manuscript in preparation we explain 
how only loaded MCM double hexamers and not loading-competent MCM assemblies 
can be phosphorylated by DDK, in an essential step step for the downstream CMG 
assembly. We are now structurally characterising the CMG formed at origins to 
understand how active helicase formation promotes DNA melting. We intend to describe 
the mechanism of lagging strand ejection from the MCM central channel, in a subsequent 
step towards replication fork establishment. A second major goal is understanding how 
the CMG helicase and the three replicative polymerases work together to promote 
replisome progression, and how nucleosomes are disassembled ahead of the fork during 
this process, while parental histones are recycled onto duplicated DNA. Finally, we seek 
to image by cryo-EM in vitro reconstituted DNA replication combined with cohesin loading 
reactions to understand how sister chromatid cohesion is coordinated at the replication 
fork.  



 

Research outputs 

Miller TCR, Locke J, Greiwe JF, Diffley JFX, Costa A. (2019) MECHANISM OF HEAD-
TO-HEAD MCM DOUBLE-HEXAMER FORMATION REVEALED BY CRYO-EM. Nature 
575(7784):704-710. DOI: 10.1038/s41586-019-1768-0 
The MCM replicative helicase is loaded onto duplex DNA as a double hexamer. Here we 
use time-resolved cryo-EM to establish that double hexamer formation is concerted and 
sequential. Rather than solving one individual macromolecular structure, here we image a 
whole reaction reconstituted in vitro. We employ newly developed in silico reconstitution 
approaches to describe the full context of the helicase loading reaction, studied on a near-
native, chromatinised origin of replication. This study radically changes our approach to 
investigating chromosome replication with cryo-EM.  
 

Goswami P, Abid Ali F, Douglas M, Locke J, Purkiss A, Janska A, Eickhoff P, Early 
A, Nans A, Cheung A, Diffley JF, Costa A. (2018) STRUCTURE OF DNA-CMG-POL 
EPSILON ELUCIDATES THE ROLES OF ESSENTIAL, NON-CATALYTIC 
POLYMERASE MODULES IN THE EUKARYOTIC REPLISOME. Nature Commun 
9(1):5061. DOI: 10.1038/s41467-018-07417-1 
Eukaryotic origin firing depends on the assembly of the CMG helicase. A key step in this 
process is the recruitment of GINS to MCM, which also requires the leading-strand 
polymerase Pol epsilon. Here we used cryo-EM to find that the essential function of Pol 
epsilon in the replisome is to provide the physical link that directly connects the MCM 
helicase and the GINS activator. Reconstituted DNA replication demonstrates that the 
integrity of this physical link is required for origin activation.   
  
Abid Ali F, Douglas ME, Locke J, Pye VE, Nans A, Diffley JF, Costa A. (2017) CRYO-
EM STRUCTURE OF A LICENSED DNA REPLICATION ORIGIN. Nat. Commun 
8(1):2241. DOI: 10.1038/s41467-017-02389-0 
Eukaryotic origin licensing involves the loading of a catalytically inactive double hexamer 
of MCM around duplex DNA. Whether or not MCM loading is sufficient to melt the DNA 
double helix has been debated. To resolve this issue we used cryo-EM to demonstrate 
that helicase loading does not significantly alter the structure of B-form DNA. To perform 
this study we developed a protocol to discriminate between DNA-bound and DNA-free 
complexes in silico. This tool significantly extends our ability to handle compositional 
heterogeneity within a single-particle cryo-EM dataset, paving the way to high-resolution 
imaging of multi-component reactions reconstituted in vitro.  
  
Swuec P, Renault L, Borg A, Shah F, Murphy VJ, van Twest S, Snijders AP, Deans 
AJ, Costa A. (2017) THE FA CORE COMPLEX CONTAINS A HOMO-DIMERIC 
CATALYTIC MODULE FOR THE SYMMETRIC MONO-UBIQUITINATION OF FANCI-
FANCD2. Cell Rep 18(3):611-623. DOI: 10.1016/j.celrep.2016.11.013 
Activation of the main DNA interstrand crosslink repair pathway in higher eukaryotes 
requires mono-ubiquitination of FANCI and FANCD2 by FANCL, the E3 ligase subunit of 
the Fanconi anemia core complex. Here, we found that FANCB, FANCL, and FAAP100 
form a dimer of heterotrimers, containing two FANCL molecules that are ideally poised to 
mono-ubiquitinate both FANCI and FANCD2. This study provides key architectural 
information on the Fanconi anemia core complex and is our first study combining electron 
microscopy and crosslinking mass spectrometry. This approach has now become our 
method of choice for studying the structure of new macromolecular assemblies.  

https://www.nature.com/articles/s41586-019-1768-0
https://www.nature.com/articles/s41467-018-07417-1
https://www.nature.com/articles/s41467-017-02389-0
https://pubmed.ncbi.nlm.nih.gov/27986592/


Abid Ali F, Renault L, Gannon J, Gahlon HL, Kotecha A, Zhou JC, Rueda D, Costa A. 
(2016) CRYO-EM STRUCTURES OF THE EUKARYOTIC REPLICATIVE HELICASE 
BOUND TO A TRANSLOCATION SUBSTRATE. Nat Commun 7:10708.  
DOI: 10.1038/ncomms10708 
The CMG is the active eukaryotic replicative helicase. Whether replication fork 
progression involves CMG translocation on single- or double-stranded DNA has been long 
debated. Here we used cryo-EM to describe the structure of CMG bound to a forked-DNA 
substrate. We found that the MCM ATPase ring encircles and stretches one single DNA 
filament, indicating that the replicative helicase is a single-stranded DNA translocase. This 
is the first study where we combined cryo-EM and single-molecule fluorescence 
approaches, to describe dynamic protein-DNA interaction processes.   
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