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            Abstract
Efficient duplication of the genome requires the concerted action of helicase and DNA polymerases at replication forks1 to avoid stalling of the replication machinery and consequent genomic instability2,3,4. In eukaryotes, the physical coupling between helicase and DNA polymerases remains poorly understood. Here we define the molecular mechanism by which the yeast Ctf4 protein links the Cdc45–MCM–GINS (CMG) DNA helicase to DNA polymerase α (Pol α) within the replisome. We use X-ray crystallography and electron microscopy to show that Ctf4 self-associates in a constitutive disk-shaped trimer. Trimerization depends on a β-propeller domain in the carboxy-terminal half of the protein, which is fused to a helical extension that protrudes from one face of the trimeric disk. Critically, Pol α and the CMG helicase share a common mechanism of interaction with Ctf4. We show that the amino-terminal tails of the catalytic subunit of Pol α and the Sld5 subunit of GINS contain a conserved Ctf4-binding motif that docks onto the exposed helical extension of a Ctf4 protomer within the trimer. Accordingly, we demonstrate that one Ctf4 trimer can support binding of up to three partner proteins, including the simultaneous association with both Pol α and GINS. Our findings indicate that Ctf4 can couple two molecules of Pol α to one CMG helicase within the replisome, providing a new model for lagging-strand synthesis in eukaryotes that resembles the emerging model for the simpler replisome of Escherichia coli5,6,7,8. The ability of Ctf4 to act as a platform for multivalent interactions illustrates a mechanism for the concurrent recruitment of factors that act together at the fork.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Subscribe to this journal
Receive 51 print issues and online access
$199.00 per year
only $3.90 per issue

Learn more


Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more


Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Figure 1: Architecture of yeast Ctf4.[image: ]


Figure 2: Pol α contains a Ctf4-interacting motif that binds to the helical domain of Ctf4.[image: ]


Figure 3: The Sld5 subunit of yeast GINS shares a common mechanism of Ctf4 binding with Pol α.[image: ]


Figure 4: The Ctf4 trimer coordinates the recruitment of replication factors to the fork.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Crystal structure of yeast Ctf4 region spanning amino acids 471–927 (C-end; Ctf4(CTD)).
a, The six-bladed β-propeller of Ctf4(CTD). The structure is drawn as a ribbon diagram, coloured blue to light green from the N to the C terminus. The six blades of the propeller are labelled WD1 to WD6, from the N to C end. The helical domain has been omitted for clarity. b, Two views of the Ctf4(CTD) protomer, highlighting the helical domain of Ctf4(CTD), coloured yellow to red from the amino to the carboxy terminus. The α-helices are labelled α1 to α6. The β-propeller domain is in light grey.


Extended Data Figure 2 2D EM of full-length Ctf4 and Ctf4(CTD).
a, Silver-stained SDS–PAGE gel showing the purified full-length yeast Ctf4 and GraFix gel of the same preparation. A red box highlights the fraction imaged by EM. b, Representative micrograph of the full-length yeast Ctf4. c, Zoomed-in view of the micrograph in panel b. d, Reference-free class averages of the full-length protein complex highlight the presence of a ring-shaped core linked to mobile, satellite densities. Box size 448 Å. e, Multi-angle light scattering reveals that Ctf4 forms stable homotrimers in solution (absolute molecular mass equates to 322 kDa, with a 0.6% error; expected molecular mass for a monomer: 106.9 kDa). f, Silver-stained SDS–PAGE gel showing the purified Ctf4(CTD) and GraFix gel of the same preparation. A red box highlights the fraction imaged by EM. g, Representative micrograph of the Ctf4(CTD) complex. h, Zoomed-in view of the micrograph in panel g. i, Reference-free class averages of the Ctf4(CTD) protein complex highlight the presence of an oligomerization core. Box size 448 Å.


Extended Data Figure 3 Crystal forms of the Ctf4(CTD) structure.
a, b, Side-by-side comparisons of the symmetric, closed form of the Ctf4(CTD) trimer (left-hand side) with the pseudo-symmetric, open form (right-hand side), used for study of the interaction with the Ctf4-binding motifs of Pol α and Sld5. Panel a shows a side view of the two crystal forms, drawn as ribbons, with the β-propeller domain of the three protomers coloured blue, cyan and light blue, respectively, and the helical domain coloured yellow. Panel b shows a top view of the two crystal forms, drawn as ribbons, with the symmetric, closed form of the Ctf4(CTD) trimer in light grey and the pseudo-symmetric, open form in dark grey. The helical domains have been removed for clarity. c–e, Superpositions of the Cα traces of the protomers of the symmetric, closed form of the Ctf4(CTD) trimer, the protomers of the pseudo-symmetric, open Ctf4(CTD) trimer and all protomers of the two crystal forms, respectively. In panels c and d, the protomers are coloured according to secondary structure, with β-strands in cyan and α-helices in yellow; the crystal form of the superimposed protomers is highlighted by a space-fill model of the structure in the top-left corner of the panel. In panel e, the Ctf4(CTD) protomers of the closed and open forms are coloured light and dark grey, respectively.


Extended Data Figure 4 Atomic details of the Ctf4–Pol α (a) and Ctf4–Sld5 (b) interfaces.
Ctf4(CTD) is drawn as a yellow ribbon, the Ctf4-binding motifs of Pol α and Sld5 as green and red tubes. The side chains of amino acids at the interface are shown as sticks, with carbon atoms coloured white (Ctf4) or light brown (Pol α and Sld5), oxygen atoms in red, nitrogen atoms in blue and sulphur atoms in yellow. The bidentate salt link between D142 (Pol1) or D7 (Sld5) and R904 of Ctf4 is shown as solid pink lines.


Extended Data Figure 5 Structure-based multiple sequence alignment of S. cerevisiae Ctf4, S. pombe Mcl1 and H. sapiens And1.
Only the region corresponding to the crystal structure described in the paper is reported. Observed secondary structure elements of Ctf4 and predicted secondary structure elements of Mcl1 and And1 are boxed and shaded in green and yellow for β-sheets and α-helices, respectively. The extent of the WD40 domains of the six-bladed β-propeller and the α-helices of the helical domain are illustrated above the alignment. Ctf4 residues that form the interface with Pol α and Sld5 are marked by an asterisk.


Extended Data Figure 6 Ctf4 interactions with Pol α and CMG.
a, Binding affinity of Ctf4(CTD) for the Ctf4-binding motifs of Pol α (top panel) and Sld5 (bottom panel). Affinity was measured by fluorescence anisotropy of fluorescein-labelled peptides in the presence of increasing amounts of Ctf4. See Methods for experimental details. b, CMG still associates with Ctf4 and Pol1 in yeast cells with mutations in the Ctf4-binding motif of Sld5. The budding yeast strains MCM4-5FLAG (Control) and MCM4-5FLAG sld5- Δ 2-9 (the endogenous copy of SLD5 was modified to create sld5- Δ 2-9, such that the encoded protein lacks amino acids 2-9) were grown at 24 °C, arrested in G1 phase, and then released into S phase for 30 min. Mcm4-5FLAG was then isolated from cell extracts by immunoprecipitation, and the indicated proteins were detected by immunoblotting with the corresponding antibodies23 (top panel). An analogous experiment was performed with MCM4-5FLAG (Control) and MCM4-5FLAG sld5-GA (the endogenous copy of SLD5 was modified to create sld5-GA, such that amino acids 5-9 were changed from Ile-Asp-Asp-Ile-Leu to Gly-Ala-Gly-Ala-Gly) (bottom panel).


Extended Data Figure 7 2D EM analysis of Ctf4(CTD)–GINS complexes.
Comparison between GINS–Ctf4(CTD) complexes prepared by glycerol gradient or GraFix. a, SDS–PAGE gel of non-crosslinked GINS–Ctf4(CTD) complex. A red box highlights the fraction imaged by EM. b, Representative micrograph for the non-crosslinked preparation highlights small, globular particles. c, SDS–PAGE gel of crosslinked GINS–Ctf4(CTD) complex. A red box highlights the fraction imaged by EM. d, Representative micrograph for the crosslinked preparation highlights elongated features compatible with one, two or three GINS docked onto a Ctf4 trimerization core. e, Zoomed-in view of the same micrograph. f, Representative class averages of the Ctf4(CTD)–GINS complex show a mixture of complexes with clearly discernible stoichiometry: Ctf43–GINS, Ctf43–(GINS)2, Ctf43–(GINS)3. The box size is 448 Å.


Extended Data Figure 8 2D EM analysis of the Ctf4(CTD)–Pol1(NTD) complex.
a, Silver-stained SDS–PAGE gel showing the purified Ctf4(CTD)–Pol1(NTD) complex and GraFix gel of the same preparation. A red box highlights the fraction imaged by EM. b, Representative micrograph of the Ctf4(CTD)–Pol1(NTD) complex. c, Zoomed-in view of the same micrograph. d, Reference-free class averages of the Ctf4(CTD)–Pol1(NTD) complex highlight the presence of a ring-shaped core linked to one mobile globular density. The box size is 448 Å.


Extended Data Figure 9 2D EM analysis of Ctf4(CTD)–GINS–Pol1(NTD) complexes.
a, Silver-stained SDS–PAGE gel showing the purified GINS–Ctf4(CTD)–Pol1(NTD) complex and GraFix gel of the same preparation. A red box highlights the fraction imaged by EM. b, Representative micrograph of the GINS–Ctf4(CTD)–Pol1(NTD) complex. c, Zoomed-in view of the same micrograph. d, e, Reference-free class averages of the complex highlight the presence of a ring-shaped core linked to 2 or 3 peripheral features. The peripheral features fall into two categories: either elongated radially departing features similar to those seen for the Ctf4(CTD)–GINS complex, or smaller globular densities that were assigned to Pol1(NTD). The box size is 448 Å.


Extended Data Table 1 X-ray diffraction data processing and crystallographic refinementFull size table





Supplementary information
Open and closed conformations of the Ctf4CTD trimer
The animation shows morphing between the open and closed forms observed in crystal structures of the Ctf4CTD trimer. The protein is drawn as ribbon, coloured according to its domain structure: the β-propeller domain is in light blue and the helical domain in yellow. (MOV 2470 kb)


Two-dimensional EM analysis of the Ctf4CTD - GINS interaction
The video shows a sequence of reference-free class averages of Ctf4CTD - GINS complexes, arranged in order of increasing GINS occupancy around the Ctf4CTD trimer. (MOV 9011 kb)
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        Editorial Summary
Helicase–polymerase coordination
During DNA replication, each polymerase is preceded by a helicase that disrupts the two strands, funnelling them into the leading- and lagging-strand machineries. This study, a collaboration between the laboratories of Luca Pellegrini, Alessandro Costa and Karim Labib, examines the structural basis for the action of the yeast Ctf4 protein that links DNA helicase and DNA polymerase components of the replisome. The authors delineate how Ctf4 couples the DNA helicase, Cdc45–MCM–GINS, to polymerase α. The GINS subunit of the helicase and the polymerase use a similar interaction to bind Ctf4, suggesting that, as Ctf4 is a trimer, two polymerases can be simultaneously coupled to a single helicase during lagging-strand synthesis.
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