







    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



	letters

	
                                    article


    
        
        
            
            
                
                    	Letter
	Published: 11 April 2018



                    Structural basis for ATP-dependent chromatin remodelling by the INO80 complex

                    	Sebastian Eustermann1,2Â na1, 
	Kevin Schall1,2Â na1, 
	Dirk Kostrewa1,2, 
	Kristina Lakomek1,2, 
	Mike Strauss3, 
	Manuela Moldt1,2 & 
	â€¦
	Karl-Peter Hopfner1,2,4Â 

Show authors

                    

                    
                        
    Nature

                        volumeÂ 556,Â pages 386â€“390 (2018)Cite this article
                    

                    
        
            	
                        20k Accesses

                    
	
                        152 Citations

                    
	
                            79 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Chromatin remodelling
	Cryoelectron microscopy


    


                
    
    

    
    

                
            


        
            Abstract
In the eukaryotic nucleus, DNA is packaged in the form of nucleosomes, each of which comprises about 147 base pairs of DNA wrapped around a histone protein octamer. The position and histone composition of nucleosomes is governed by ATP-dependent chromatin remodellers1,2,3 such as the 15-subunit INO80 complex4. INO80 regulates gene expression, DNA repair and replication by sliding nucleosomes, the exchange of histone H2A.Z with H2A, and the positioning ofâ€‰+â€‰1 and âˆ’1 nucleosomes at promoter DNA5,6,7,8. The structures and mechanisms of these remodelling reactions are currently unknown. Here we report the cryo-electron microscopy structure of the evolutionarily conserved core of the INO80 complex from the fungus Chaetomium thermophilum bound to a nucleosome, at a global resolution of 4.3â€‰Ã… and with major parts at 3.7â€‰Ã…. The INO80 core cradles one entire gyre of the nucleosome through multivalent DNA and histone contacts. An Rvb1/Rvb2 AAA+ ATPase heterohexamer is an assembly scaffold for the complex and acts as a â€˜statorâ€™ for the motor and nucleosome-gripping subunits. The Swi2/Snf2 ATPase motor binds to nucleosomal DNA at superhelical location âˆ’6, unwraps approximately 15 base pairs, disrupts the H2Aâ€“DNA contacts and is poised to pump entry DNA into the nucleosome. Arp5 and Ies6 bind superhelical locations âˆ’2 and âˆ’3 to act as a counter grip for the motor, on the other side of the H2Aâ€“H2B dimer. The Arp5 insertion domain forms a grappler element that binds the nucleosome dyad, connects the Arp5 actin-fold and entry DNA over a distance of about 90â€‰Ã… and packs against histone H2Aâ€“H2B near the â€˜acidic patchâ€™. Our structure together with biochemical data8 suggests a unified mechanism for nucleosome sliding and histone editing by INO80. The motor is part of a macromolecular ratchet, persistently pumping entry DNA across the H2Aâ€“H2B dimer against the Arp5 grip until a large nucleosome translocation step occurs. The transient exposure of H2Aâ€“H2B by motor activity as well as differential recognition of H2A.Z and H2A may regulate histone exchange.
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                    Fig. 1: Structure of the INO80coreâ€“nucleosome complex.[image: ]


Fig. 2: Ino80ATPaseâ€“nucleosome interaction.[image: ]


Fig. 3: Multivalent nucleosome binding by Arp5.[image: ]


Fig. 4: Model of INO80 nucleosome remodelling.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Purification of apo INO80, INO80â€“0N50 and sliding activity of INO80.
a, Schematic of expression and purification of INO80. b, SDSâ€“PAGE of INO80 purification steps (stained with SimplyBlue). Protein identity was confirmed by mass spectrometry (data not shown). c, Quantification of band intensity from SDSâ€“PAGE (SEC sample) plotted against the molecular weight shows stoichiometric presence of all subunits. d, Label-free semi-quantitative mass spectrometry analysis of INO80core complexes after individual purification steps. e, Right-angle light scattering measurement of apo INO80. Measured refractive index and calculated logarithmical molecular weight are plotted against the elution volume. The measurement yields a molecular weight of 880â€‰kDa, confirming the integrity and correct stoichiometry of the purified complex. f, Comparison of the SEC elution profile of apo INO80 and the Arp5DBD mutant on a Superose 6 3.2/300. g, Purification of the INO80â€“nucleosome complex. SEC elution profile from a Superose 6 3.2/300 is shown together with an analysis of the main peak fraction by SDSâ€“PAGE. h, Sliding of end-positioned 0N80 mononucleosomes by INO80. Native PAGE analysis of fluorescein-labelled nucleosome is shown. i, Interaction of INO80 and mononucleosome monitored by electrophoretic-mobility shift assay.


Extended Data Fig. 2 Cryo-EM data analysis.
a, b, Schemes of RELION40 classifications and refinements that were used to obtain cryo-EM reconstructions of the INO80coreâ€“NCP complex. a, Outline of an initial classification scheme that used a cryoSPARC42 ab initio 3D reconstruction of the complex as a reference. b, Classification scheme that yielded the final cryo-EM reconstructions. In a and b, boxed 3D classes were selected for further processing as indicated. Two-dimensional classes discarded for further processing are marked with an asterisk. c, Ab initio 3D reconstruction by cryoSPARC42 using 6,000 semi-automatically picked particles d, Eight hundred manually picked particles were used to obtain initial 2D classes that were usedÂ as references for automated particle picking as indicated in a. e, Projections of the experimentally determined 5.8â€‰Ã… cryo-EM reconstructions obtained from the scheme in a. These projections were low-pass filtered to 35â€‰Ã… and used then as templates to improve automated picking of particles corresponding to sparsely populated orientations of the complex (see Methods). The quality of the automated particle picking was verified by visual inspection of micrographs as well as by diagnostic 2D classifications (not shown). Later 3D classifications in the scheme shown in b were facilitated by masks and fixed Euler angles from previous refinements as indicated (3D classification B3). f, Gold standard Fourier shell correlation curves of final maps (3.75, 4.34, 4.62 and 4.68â€‰Ã…). The resolutions were determined using the 0.143 Fourier shell correlation criterion as indicated by the dotted line. Extended Data TableÂ 1 summarizes data collection and processing.


Extended Data Fig. 3 Cryo-EM data quality.
a, Two representative micrographs of the set that was used to determine the structure of the INO80coreâ€“NCP complex. b, Typical 2D class averages of the INO80coreâ€“NCP complex. Note that dynamic extranucleosomal DNA (extra-nuc DNA) visibly protrudes from the well-ordered core complex. câ€“e, The final 4.3â€‰Ã… (c, overall), 3.7â€‰Ã… (d, Rvb1/Rvb2â€“Arp5 mask) and 4.6â€‰Ã… and 4.7â€‰Ã… (e, grappler conformations A (right) and B (left)) maps were analysed by using ResMap50. Local resolution estimates are shown as a colour-coded surface representation along with representations of angular distributions of particles contributing to the 4.3 and 3.7â€‰Ã… maps. fâ€“m, Representative examples of cryo-EM map areas used for model building. f, The 3.7â€‰Ã… map using the colour codes of Fig.Â 1c showing the definition of Rvb1/Rvb2â€“client interactions. g, â€˜Explosionâ€™ figure of the Rvb1/Rvb2 layers, along with corresponding regions of the 3.7â€‰Ã… map. h, Top, details showing a representative ATP/ADP-binding site of Rvb1/Rvb2 with highlighted ADP, and showing the latch of the Ino80insert (red). i, Map area at the Arp5core showing the N-terminal brace (left), with representative details of the actin core (middle) and the ATP-binding site (right). j, Overview showing Ies6 (left) and details of its HIT-like domain (right). k, Map area at the Ies2â€“Rvb1/Rvb2 interaction (left) with details showing an anchoring tryptophane. l, Map area at the NCP. m, Map area at the Ino80 motor domain bound to SHL âˆ’6 (red).


Extended Data Fig. 4 Comparison of nucleosome-bound Swi2/Snf2-type ATPases.
a, Interaction of Ino80ATPase bound to SHL âˆ’6 (left, this study), Snf2ATPase bound to SHLâ€‰+â€‰6 (middle), Snf2ATPase bound to SHLâ€‰+â€‰2 and Chd1ATPase bound to SHLâ€‰+â€‰2 (right) with NCPs. b, Comparison of domain architectures of the Swi2/Snf2-type ATPases and their interaction with nucleosomal DNA.


Extended Data Fig. 5 Details of Rvb1/Rvb2â€“Ino80insert interactions.
a, Close-up views of Rvb1 client cavities (blue), bound to the different interaction elements of Ino80insert (red, with yellow hydrophobic and green aromatic side chains). b, As in a but depicting Rvb2 client cavities. c, Ino80insert shown in rainbow colouring from N terminus (red) to C terminus (blue), to highlight the circular fold. Selected elements as well as the positions of the Rvb1/Rvb2 binding partners are annotated. d, As in c but viewed from the side to highlight the protruding plug and latch elements. e, f, Rvb1/Rvb2 pair (the pair 1c and 2c from the hexamer in Fig.Â 1c) bound to Ino80insert (e) compared with a Rvb1/Rvb2 pair from the unliganded dodecameric state (f) (PDB code: 4WVY). The comparison shows how client binding arranges the AAA+, OB and middle layers and displaces the N-terminal domain of Rvb1 from the client pocket, also seen for human INO80core 23. Both types of conformational changes have an effect on the ADP-binding site (ADP and ATP represented by colour-coded spheres), which suggests how client interactions are allosterically coupled to the ATPase activity of Rvb1/Rvb2. g, Exemplary view of the ADP coordination along with the superimposed map.


Extended Data Fig. 6 Two conformations of the grappler element and location of the post-HSA domain.
Masked 3D classifications identified two conformations of the grappler element of INO80core and the post-HSA domain of the Ino80ATPase. a, Left, grappler conformation A (conformation discussed in this study). Right, open conformation B in which the bar interacts with SHL â€“1 of the nucleosome. b, Subclass showing the post-HSA domain (magenta) at the Ino80ATPase (red). Post-HSA domain protrudes towards extranucleosomal DNA. Ies2 is depicted in orange. c, Hidden Markov model (HMM) sequence logo of Ies2, showing high sequence conservation at key Ino80 and Rvb1/Rvb2 interaction sites. d, Detailed view of the map around post-HSA domain and extranucleosomal DNA, with superimposed models.


Extended Data Fig. 7 Analysis of the enzymatic activity of INO80.
a, Sequence alignment of H2A and H2A.Z. Olive, residues at the interface of H2A with the foot of the grappler differ in a species-conserved fashion from H2A.Z. b, Sliding of 0N80 mononucleosomes by INO80 analysed by native PAGE. In the Arp5DBD mutant, K88, R90, R92, K96, R112 and R118 are mutated to alanines. AcPatch (E61A, E64A, D72A and D90A) and H2AmutZ (N73L and N89G) describe mutants of grappler-contacting residues of H2A (see Fig.Â 3). Individual data points with exponential fit (nâ€‰=â€‰3, technical replicates). c, Evaluation of the sliding activity of INO80. Band intensities of remodelled and unremodelled nucleosome species were quantified and the fraction of remodelled nucleosome plotted against time. Data points were fitted using an exponential equation. d, Raw data of ATPase assays. Basal ATPase rates were determined for INO80 wild type (WT) and the Arp5DBD mutant, along with nucleosome-stimulated rates. Superscripted text indicates whether a nucleosome was used to stimulate ATPase activity, and if so what type of nucleosome was used. e, ATPase rates of INO80 with and without stimulation by nucleosomes. Rates were calculated from the linear area of the raw data and were corrected for a buffer blank (colour code as in d). Mean and individual data points (nâ€‰=â€‰3, technical replicates). f, Initial sliding rates of INO80 and mutants (colour code as in c). Data were derived from exponential fits of individual sliding curves in c. Mean and individual data points (nâ€‰=â€‰3, technical replicates). g, Quotient of the sliding rate in f and ATPase rate in e normalized to the wild type. Mean and individual data points (nâ€‰=â€‰3, technical replicates).


Extended Data Table 1 Cryo-EM data collection, refinement and validation statisticsFull size table
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