







    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: 29 June 2015



                    A hemi-fission intermediate links two mechanistically distinct stages of membrane fission

                    	Juha-Pekka Mattila1 na1, 
	Anna V. Shnyrova2 na1, 
	Anna C. Sundborger3, 
	Eva Rodriguez Hortelano2, 
	Marc Fuhrmans4, 
	Sylvia Neumann5, 
	Marcus Müller4, 
	Jenny E. Hinshaw3, 
	Sandra L. Schmid1 & 
	…
	Vadim A. Frolov2,6 

Show authors

                    

                    
                        
    Nature

                        volume 524, pages 109–113 (2015)Cite this article
                    

                    
        
            	
                        8160 Accesses

                    
	
                        74 Citations

                    
	
                            54 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Endocytosis
	Membrane fusion


    


                
    
    

    
    

                
            


        
            Abstract
Fusion and fission drive all vesicular transport. Although topologically opposite, these reactions pass through the same hemi-fusion/fission intermediate1,2, characterized by a ‘stalk’ in which only the outer membrane monolayers of the two compartments have merged to form a localized non-bilayer connection1,2,3. Formation of the hemi-fission intermediate requires energy input from proteins catalysing membrane remodelling; however, the relationship between protein conformational rearrangements and hemi-fusion/fission remains obscure. Here we analysed how the GTPase cycle of human dynamin 1, the prototypical membrane fission catalyst4,5,6, is directly coupled to membrane remodelling. We used intramolecular chemical crosslinking to stabilize dynamin in its GDP·AlF4−-bound transition state. In the absence of GTP this conformer produced stable hemi-fission, but failed to progress to complete fission, even in the presence of GTP. Further analysis revealed that the pleckstrin homology domain (PHD) locked in its membrane-inserted state facilitated hemi-fission. A second mode of dynamin activity, fuelled by GTP hydrolysis, couples dynamin disassembly with cooperative diminishing of the PHD wedging, thus destabilizing the hemi-fission intermediate to complete fission. Molecular simulations corroborate the bimodal character of dynamin action and indicate radial and axial forces as dominant, although not independent, drivers of hemi-fission and fission transformations, respectively. Mirrored in the fusion reaction7,8, the force bimodality might constitute a general paradigm for leakage-free membrane remodelling.
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                    Figure 1: Stabilization of the transition-state conformer of dynamin.[image: ]


Figure 2: CxC-Dyn1 produces stable hemi-fission.[image: ]


Figure 3: CxC-Dyn1 displays enhanced membrane wedging activity and altered scaffolding properties.[image: ]


Figure 4: The two stages of dynamin-catalysed membrane fission.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Domain structure and biochemical characterization of dynamin constructs.
a, Domain structure of dynamin and cartoon illustrating that the GTPase domain (G domain, blue) connects through the bundle signalling element (BSE), composed of the N- and C-terminal helices of the G domain and the C-terminal helix from GED (yellow) to the stalk formed by the middle domain and GED (magenta). The pleckstrin homology domain (PHD, green) interacts with membrane lipids. b, c, Basal (b) and assembly-stimulated (c) rates of GTP hydrolysis for 0.5 μM WT-Dyn1 and CW-Dyn1 before and after BODIPY conjugation. Data are shown as average ± s.d., n = 3.


Extended Data Figure 2 Role of P294 in BSE conformational dynamics.
a, Changes in emission intensity of BODIPY-labelled CW-Dyn1 and CW-Dyn1(P294A) due to loss of PET after addition of 1 mM GMPPCP. Although the BSE partially opens upon addition of GMPPCP, its movements are constrained relative to wild type by the mutation of P294. b, Assembly-stimulated GTPase activity of 0.5 μM P294A, P294G and P294V Dyn1 measured on 100 nm liposomes relative to WT-Dyn1. The mutants show near wild-type activity, indicating their ability to self-assemble onto and tubulate liposomes (data shown as average ± s.d., n = 4). c, Fission activity of 0.5 μM P294A, P294G and P294V Dyn1 relative to WT-Dyn1 measured as the percentage of total membrane released from SUPER templates during 30 min incubation in the presence of GTP (data shown as average ± s.d., n = 3). Substitution of P294 with the more rigid valine residue has a greater effect on fission activity.


Extended Data Figure 3 Characterization of CxC-Dyn1.
a, Concentration dependence of the specific GTPase hydrolysis rates of WT-Dyn1 (filled squares), CC-Dyn1 (filled circles) and CxC-Dyn1 (open triangles) measured in solution at 1 mM GTP (data shown as average ± s.d., n = 3). b, EM micrographs (representative images from four independently prepared samples) showing CxC-Dyn1 assembled into rings and short spirals (arrows) in the presence of GMPPCP visualized by negative stain. Insets: top view, rings; side view, short spirals (arrows). These rings are reminiscent of those previously observed with WT-Dyn1 only in the presence of transition state nucleotide analogues (for example, GDP·AlF4−)39. Unlike CxC-Dyn1, CC-Dyn1 remained unassembled in the presence of GMPPCP (data not shown). Scale bars, 100 nm.


Extended Data Figure 4 Negative-stain and cryo-EM images of CC- and CxC-Dyn1 assembled onto PS liposomes in the absence of nucleotides.
a, b, Negative-stain (a) and cryo-EM (b) images are shown. Note the disordered nature of CxC-Dyn1 spirals relative to CC-Dyn1 structures seen via negative stain in a. Scale bars, 100 nm. b, Arrow points to relatively ordered CxC-Dyn1 assemblies, while arrowheads point to sparse dynamin assemblies appearing as single or double rings.


Extended Data Figure 5 Altered membrane interactions of the CxC-Dyn1 transition-state conformer.
a, Fluorescence emission spectra of 0.1 μM CC-Dyn1 or CxC-Dyn1 (donor) as well as dansyl-PE (acceptor)-containing liposomes (5 μM total lipid; 90 mol% PS, 10 mol% dansyl-PE) upon excitation at 280 nm. FRET between the PH domain Trp residues and dansyl is evident in the donor plus acceptor samples as a decrease in donor and an increase in acceptor emission. b, Self-assembly of the indicated proteins (1 μM) on liposomes identical to those used in the GTPase assay (300 μM total lipid; Fig. 3f) examined by sedimentation followed by SDS–PAGE analysis of the supernatant (S) and pellet (P) fractions. c, Percentages of proteins pelleted after incubation with or without 400 nm PS liposomes (1 μM protein, 300 μM total lipid) and 1 mM GTP, as indicated, was quantified by sedimentation followed by SDS–PAGE and densitometric analyses of the protein levels in supernatant and pellet fractions (data shown are average ± s.d., n = 3).


Extended Data Figure 6 Coarse-grained approach to modelling localized membrane constriction by CxC-Dyn1.
a, Schematic representation of the geometry of the ring system used to produce local constriction of a prototype membrane tube. Two pairs of rings are shown, each formed by two closely juxtaposed rings (separated by a small distance Δx). The inner ring in each pair has the radius r and the outer ring has a slightly larger radius r+Δr so that the ring pair promotes creation of an hourglass membrane shape. The PHDs of dynamin are represented as amphiphilic disks evenly distributed over the rings with the centre of mass of each disk being restrained to a position on the ring (marked by blue and orange points). Two overlapping disks (purple and brown) attached to the right juxtaposed ring pair are shown. The orientations of the disks are not fixed, so the normal to the disk surface (purple and brown arrows) can have an arbitrary direction. b, Axial cross-section of a stable hemi-fission intermediate, the cylindrical micelle, created by the ring system shown in a. The rectangular box indicates the dimensions of the cylindrical micelles (the diameter D and the length L).


Extended Data Figure 7 Molecular simulations of the hemi-fission and fission transformations.
The red box shows a representative sequence of simulation snapshots (axial cross-sections) demonstrating the formation of the stable hemi-fission intermediate26. Radial constriction of a membrane tube resulted in reversible closure of the tube lumen, that is, flicker26, followed by formation of a stable cylindrical micelle structure. The blue box summarizes the simulation runs exploring the stability of the hemi-fission intermediate and its rupture. The top part shows stable structures corresponding to the constrained intermediate (left, taken at zero tension) and the unconstrained intermediate (right, taken at 0.06 dyn cm−1 tension). The bottom part shows the rupture of the intermediates by 0.6 dyn cm−1 tension (left and right) or by elongation of the ring system at 0.06 dyn cm−1 tension (middle). The characteristic times for the rupture are indicated near the corresponding blue arrows.


Extended Data Figure 8 Dynamin-catalysed membrane fission occurs in two mechanistically distinct stages through a hemi-fission intermediate.
Model overlaying the distinct dynamin activities and conformational changes onto the two energy barriers (green curve) that must be overcome, first to catalyse formation of the metastable hemi-fission intermediate and subsequently to drive full fission. When trapped in the transition state and in the absence of GTP, CxC-Dyn1 can drive the formation of a metastable and flickering hemi-fission state (solid blue curve) through the assembly of small scaffolds and enhanced wedging activity of the PHD. However, without subsequent GTPase-driven conformational changes required to loosen the scaffold, generate axial force and retract the PHD, as occurs for WT-Dyn1 (dotted blue line), the membrane-bound CxC-Dyn1 creates an insurmountable barrier to fission (dashed blue line).





Supplementary information
Addition of CxC-Dyn1 to fluorescently-labeled membrane tethers drawn from SUPER templates.
CxC-Dyn1 assembles onto and constricts the membranes, seen as dark patches, but is unable to mediate membrane fission. Representative of 5 independent experiments. (AVI 4196 kb)


Addition of CC-Dyn1 to fluorescently-labeled membrane tethers drawn from SUPER templates.
CC-Dyn1 assembles onto and constricts the membranes, seen as dark patches, and subsequently catalyzes membrane fission causing the tether to break and retract. Representative of 5 independent experiments. (AVI 1483 kb)


CxC-Dyn1 is preassembled onto and tubulates GUVs in the absence of nucleotide. The movie shows the effect of addition of GTP.
The tubes remain constricted but collapse back in the reservoir indicating GTPase-dependent loosening of the CxC-Dyn1 scaffold. Representative of 3 independent experiments. (AVI 2371 kb)
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        Editorial Summary
Membrane fission dissected
The GTPase dynamin provides the driving force for the fission of membrane-bound vesicular structures, although how its GTPase activity leads to membrane remodelling is unclear. Sandra Schmid and colleagues show, using a dynamin that is locked in its transition state, that membranes can form a hemi-fission intermediate, but cannot progress to full fission. For this to occur, GTPase activity is needed to mobilize dynamin's PHD domain, which disassembles dynamin and results in resolution of the intermediate towards a full fission product.
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