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            Abstract
In eukaryotes, the anaphase-promoting complex (APC/C, also known as the cyclosome) regulates the ubiquitin-dependent proteolysis of specific cell-cycle proteins to coordinate chromosome segregation in mitosis and entry into the G1 phase1,2. The catalytic activity of the APC/C and its ability to specify the destruction of particular proteins at different phases of the cell cycle are controlled by its interaction with two structurally related coactivator subunits, Cdc20 and Cdh1. Coactivators recognize substrate degrons3, and enhance the affinity of the APC/C for its cognate E2 (refs 4, 5, 6). During mitosis, cyclin-dependent kinase (Cdk) and polo-like kinase (Plk) control Cdc20- and Cdh1-mediated activation of the APC/C. Hyperphosphorylation of APC/C subunits, notably Apc1 and Apc3, is required for Cdc20 to activate the APC/C7,8,9,10,11,12, whereas phosphorylation of Cdh1 prevents its association with the APC/C9,13,14. Since both coactivators associate with the APC/C through their common C-box15 and Ile-Arg tail motifs16,17, the mechanism underlying this differential regulation is unclear, as is the role of specific APC/C phosphorylation sites. Here, using cryo-electron microscopy and biochemical analysis, we define the molecular basis of how phosphorylation of human APC/C allows for its control by Cdc20. An auto-inhibitory segment of Apc1 acts as a molecular switch that in apo unphosphorylated APC/C interacts with the C-box binding site and obstructs engagement of Cdc20. Phosphorylation of the auto-inhibitory segment displaces it from the C-box-binding site. Efficient phosphorylation of the auto-inhibitory segment, and thus relief of auto-inhibition, requires the recruitment of Cdkâ€“cyclin in complex with a Cdk regulatory subunit (Cks) to a hyperphosphorylated loop of Apc3. We also find that the small-molecule inhibitor, tosyl-l-arginine methyl ester, preferentially suppresses APC/CCdc20 rather than APC/CCdh1, and interacts with the binding sites of both the C-box and Ile-Arg tail motifs. Our results reveal the mechanism for the regulation of mitotic APC/C by phosphorylation and provide a rationale for the development of selective inhibitors of this state.
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                    Figure 1: EM reconstructions of the APC/CCdc20-Hsl1 complex and comparison of Cdc20NTD and Cdh1NTD.[image: ]


Figure 2: Apo unphosphorylated APC/C is repressed by an Apc1 auto-inhibitory segment.[image: ]


Figure 3: The Apc1 auto-inhibitory segment binds to the C-box binding site and mimics the Cdc20C box.[image: ]


Figure 4: Mechanism for APC/C activation by mitotic phosphorylation and the molecular basis for TAME inhibition.[image: ]
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                Data deposits

                EM maps are deposited in the Electron Microscopy Data Bank with accession codes 3385 (APC/CCdc20-Hsl1), 3386 (apo unphosphorylated APC/C), 3387 (apo phosphorylated APC/C), 3388 (combined apo phosphorylated APC/C), 3389 (APC/Câˆ†Apc1-300s) and 3390 (APC/Câˆ†Apc1-300s-TAME). Protein coordinates are deposited in the Protein Data Bank under accession codes 5G04 (APC/CCdc20-Hsl1) and 5G05 (apo phosphorylated APC/C).
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Extended data figures and tables

Extended Data Figure 1 Preparations and EM images of different APC/C samples used for structural studies.
a, Recombinant human APC/C was phosphorylated in vitro using Cdk2â€“cyclin A3, Cdk2â€“cyclin A3â€“Cks2 or Plk1 alone or with both Cdk2â€“cyclin A3â€“Cks2 and Plk1. The phosphorylated APC/C samples are shown after SDSâ€“PAGE. b, In vitro phosphorylated recombinant human APC/C can be fully activated by Cdc20 to ubiquitylate a native substrate Cdk2â€“cyclin A2â€“Cks2 when both kinases were added (lanes 9, 10). Without Cks2 (lanes 3, 4) or with Plk1 alone (lanes 7, 8) no activation of the APC/C could be observed, whereas treating with Cdk2â€“cyclin A3â€“Cks2 alone (lanes 5, 6) resulted in its partial activation. Samples were recorded at 15 and 30 min of the reaction and 20â€‰nM of Cdc20 was used. This experiment was replicated three times. Anti-Apc3 antibodies (BD Bioscience, cat. code: 610454) were used as a loading control. c, Purified wild-type (WT) APC/C and mutant samples with and without kinase treatment (both Cdk2â€“cyclin A3â€“Cks2 and Plk1). Upon deletion of the Apc3 loop, no association of the Cdk2â€“cyclin A3â€“Cks2 kinase to the APC/C could be observed (lanes 6 and 8). d, SDSâ€“PAGE of purified APC/CCdc20-Hsl1 ternary complex. e, A typical cryo-EM micrograph of APC/CCdc20-Hsl1 representative of 15,582 micrographs. f, Gallery of two-dimensional averages of APC/CCdc20-Hsl1 showing different views; representative of 100 two-dimensional averages. g, Gold-standard FSC curves of all APC/C reconstructions in this work. See Supplementary Fig. 1 for gel source data.


Extended Data Figure 2 Three-dimensional classification of APC/CCdc20-Hsl.
The initial particles after two-dimensional classification were divided into six classes by three-dimensional classification using RELION. The resultant classes were grouped into four categories: (i) 9.0% in the active ternary state with coactivator and substrate bound; (ii) 11.3% in a hybrid state with coactivator bound, but the APC/C in the inactive conformation; (iii) 71.6% in the inactive apo state; (iv) 8.1% with poorer reconstruction owing to some bad particles. The first class in the active ternary state containing 179,660 particles was used for three-dimensional refinement and movie correction to obtain the final reconstruction at 3.9â€‰Ã….


Extended Data Figure 3 Comparison of Cdc20 and Cdh1 association to the APC/C.
a, The catalytic module (Apc2-Apc11) of the APC/CCdc20-Hsl1 complex is flexible and almost no density accounting for Apc11 (pink, modelled based on the structure of APC/CCdh1-Emi1, PDB 4UI9)23 could be observed. b, The WD40 domain of Cdc20 (purple) occupies a similar position as Cdh1WD40 (grey), but it is displaced from the APC/C by as much as 10â€‰Ã…. c, d, EM density for Cdc20C box allowed for ab initio model building and the C-box interaction with Apc8B (cyan) is well conserved between the two coactivators. e, Both Cdc20IR (right) and Cdh1IR (left) associates with Apc3A (orange), although the EM density for Cdc20IR is much weaker (not shown) and the C-terminal Î±-helix in Cdh1IR is absent.


Extended Data Figure 4 Conformational changes of the APC/C between the inactive apo and the active ternary states and domain and sequence analysis of Cdc20.
a, b, Subunits that undergo conformational changes upon coactivator and substrate binding are highlighted in their ternary state and coloured as in Fig. 1, while the corresponding proteins in the inactive apo state are in lighter shades. In the active conformation, the platform subdomain containing subunits Apc1, Apc4 and Apc5 is shifted upward, inducing a large movement of the catalytic module to enable E2 access. c, Domain organization of Cdc20. d, Sequence alignment of Cdc20NTD and Cdh1NTD with Î±-helices represented as cylinders (purple and grey for Cdc20NTD and Cdh1NTD, respectively) underneath the sequences and the C-box and KILR/KLLR motif highlighted.


Extended Data Figure 5 Comparison of apo APC/C in unphosphorylated and phosphorylated states.
a, b, Superposition of the apo unphosphorylated (magenta) and phosphorylated (cyan) APC/C EM maps revealed little conformational differences except in the vicinity of the C-box binding site. c, Apc3A is in an equilibrium between open (light blue) and closed (orange) conformations. While in the inactive apo state, the majority of Apc3A is in the closed state, association of Cdc20IR stabilizes the open state. d, Sequence alignment of the Apc1 300s loop across different species human, mouse, Xenopus tropicalis (western clawed frog) and Danio rerio (zebrafish). Phosphorylation sites are indicated and residues accounting for the Apc1 auto-inhibitory segment (361â€“380) are boxed.


Extended Data Figure 6 Analytical gel filtration and activity assays.
a, With equal amount of input Cdc20, phosphorylated APC/C could form a stable binary complex with Cdc20 after a gel-filtration purification step (lane 5), whereas unphosphorylated APC/C could not (lane 4). b, Both unphosphorylated and phosphorylated APC/C associate with Cdh1 stably on gel filtration, as well as APC/Câˆ†Apc1-300s. Anti Cdc20 antibody (Santa Cruz Biotechnology, cat. code: sc-8358) and anti Cdh1 antibody (Sigma, cat. code: C7855) were used for detection; antibody to Apc4 (ref. 6) served as a loading control and unphosphorylated APC/C alone is used as a negative control for western blotting. c, Point mutations of peptide 7 (residues 361â€“380), either when Arg368 was mutated to glutamate or when the four neighbouring serines were mutated to phospho-mimics (Glu), caused the peptide to abolish its inhibition effect and restored the APC/C activity (lanes 4, 5). Phosphorylation of a single Ser377 only resulted in partial activation of the APC/C (lane 6). d, Chimaeric proteins composed of the NTD, the WD40 domain and the IR tail of either Cdc20 or Cdh1 were purified to study their differences in APC/C activation. Both the NTD and the CTD of the coactivators are essential for their association with the APC/C. Swapping both NTD and CTD of Cdh1 with Cdc20 makes it phosphorylation sensitive (lanes 7, 8), similar to Cdc20 (lanes 9, 10) and vice versa. e, Top, Cdh1 can activate both unphosphorylated and phosphorylated APC/C similarly, whereas Cdc20 requires APC/C phosphorylation for its activity. Bottom, a titration of Cdh1 against unphosphorylated APC/C and APC/Câˆ†Apc1-300s showed enhanced activity in the absence of the Apc1 auto-inhibitory segment at low Cdh1 concentration (â‰¤10â€‰nM), whereas Cdc20 requires displacement of the auto-inhibitory segment for its activity. f, Deletion of the Cdh1 Î±3 helix resulted in reduced activation of the APC/C and makes Cdh1 more phosphorylation sensitive. The substrate Cdk2â€“cyclin A2â€“Cks2 was used for assay in c and Hsl1 for the assays in dâ€“f. 20â€‰nM Cdc20 was used in c, 10â€‰nM chimaeric coactivators in d and 30â€‰nM coactivators in f. Experiments in a and b were replicated two times, in c, e and f three times and in d four times. See Supplementary Fig. 1 for gel source data.


Extended Data Figure 7 TAME competes with Cdc20 to bind at the IR-tail and the C-box binding sites.
a, TAME (C atoms in lime green) is superimposed with Cdc20IR (purple) and the arginine motif in both structures engages the same binding site on Apc3A (orange). b, The tosyl-Arg motif of TAME overlaps with Arg78â€“Tyr79 of Cdc20C box at the C-box binding site to out-compete Cdc20. c, A density for TAME was also observed within a pocket of the Apc8A TPR super-helix, similar to that of Apc8B.


Extended Data Table 1 EM data collection, processing statistics and structure refinement statisticsFull size table


Extended Data Table 2 Phosphorylation sites of Apc1 and Apc3 subunits of in vitro phosphorylated APC/C identified by mass spectrometryFull size table


Extended Data Table 3 Summary of phosphorylation sites of in vitro phosphorylated APC/C subunits (excluding Apc1 and Apc3) identified by mass spectrometryFull size table





Supplementary information
Supplementary Figure 1 
Original source images for all data obtained by electrophoretic separation: Coomassie stained SDS PAGE and western blots. (PDF 5046 kb)


Structure of phosphorylated APC/CCdc20.Hsl1 and unphosphorylated apo APC/C (a narrative of the main results of the manuscript).
The chronology follows Figures 1 to 3. Overall structure of the phosphorylated APC/CCdc20. Detailed views showing interactions between Cdc20 and the APC/C (C box, KILR motif and IR tail) and comparison with Cdh1. The apo unphosphorylated APC/C is shown revealing the Apc1 auto-inhibitory (AI) segment that overlaps with the C box motif of Cdc20. Red spheres on the Apc1 AI segment indicate mitotic phosphorylation sites. (MP4 24230 kb)
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        Editorial Summary
Coactivator Cdc20 control of APC/C
The anaphase-promoting complex/cyclosome (APC/C) is a large E3 ubiquitin ligase that coordinates sister chromatid segregation, cytokinesis and the initiation of chromosome duplication. It is regulated by elaborate mechanisms including by its coactivator subunits (Cdc20 and Cdh1), reversible phosphorylation, and the spindle assembly checkpoint. Here using cryo-electron microscopy and biochemical analysis, David Barford and colleagues define how mitotic phosphorylation of APC/C allows for its control by Cdc20. Of almost 150 phospho-sites in mitotic APC/C, only a few directly regulate Cdc20 binding through displacement of a newly identified auto-inhibitory segment. This study has relevance to understanding the control of other large multimeric complexes by multi-site phosphorylation.

show all

    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter â€” what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
