







    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

                    
        
            
    
        
            
                
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                
                            
                        
                    
                    

                    
                    	
                            
                                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: 22 February 2017



                    Reconstitution of the tubular endoplasmic reticulum network with purified components

                    	Robert E. Powers1,2Â na1, 
	Songyu Wang1,2Â na1, 
	Tina Y. Liu1,2Â nAff3 & 
	â€¦
	Tom A. Rapoport1,2Â 

Show authors

                    

                    
                        
    Nature

                        volumeÂ 543,Â pages 257â€“260 (2017)Cite this article
                    

                    
        
            	
                        14k Accesses

                    
	
                        76 Citations

                    
	
                            60 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Endoplasmic reticulum
	Membrane structure and assembly


    


                
    
    

    
    

                
            


        
            Abstract
Organelles display characteristic morphologies that are intimately tied to their cellular function, but how organelles are shaped is poorly understood. The endoplasmic reticulum is particularly intriguing, as it comprises morphologically distinct domains, including a dynamic network of interconnected membrane tubules. Several membrane proteins have been implicated in network formation1,2,3,4,5, but how exactly they mediate network formation and whether they are all required are unclear. Here we reconstitute a dynamic tubular membrane network with purified endoplasmic reticulum proteins. Proteoliposomes containing the membrane-fusing GTPase Sey1p (refs 6, 7) and the curvature-stabilizing protein Yop1p (refs 8, 9) from Saccharomyces cerevisiae form a tubular network upon addition of GTP. The tubules rapidly fragment when GTP hydrolysis of Sey1p is inhibited, indicating that network maintenance requires continuous membrane fusion and that Yop1p favours the generation of highly curved membrane structures. Sey1p also forms networks with other curvature-stabilizing proteins, including reticulon8 and receptor expression-enhancing proteins (REEPs)10 from different species. Atlastin, the vertebrate orthologue of Sey1p6,11, forms a GTP-hydrolysis-dependent network on its own, serving as both a fusion and curvature-stabilizing protein. Our results show that organelle shape can be generated by a surprisingly small set of proteins and represents an energy-dependent steady state between formation and disassembly.
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                    Figure 1: Co-reconstituted Sey1p and Yop1p form GTP-dependent tubular networks.


Figure 2: Network maintenance requires continuous GTP hydrolysis by Sey1p.


Figure 3: Visualization of reconstituted networks with negative-stain electron microscopy.


Figure 4: Networks formed with different membrane-fusing and curvature-stabilizing proteins.
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Extended data figures and tables

Extended Data Figure 1 Purity of ER-shaping proteins used in reconstitution experiments.
The indicated proteins were purified and subjected to SDSâ€“PAGE and Coomassie blue staining.


Extended Data Figure 2 Orientation of proteins after reconstitution into liposomes.
a, D. melanogaster ATL was reconstituted into rhodamine-PE-labelled liposomes at a protein:lipid ratio of 1:1,000. The vesicles were incubated with decreasing concentrations of trypsin in the absence (left) or presence (right) of 0.2% Triton X-100 for 30â€‰min at room temperature. Samples were analysed by SDSâ€“PAGE and Coomassie blue staining. b, As in a, but with S. cerevisiae Sey1p at a protein:lipid ratio of 1:500. c, As in a, but with S. cerevisiae Yop1p at a protein:lipid ratio of 1:100. d, As in a, but with Sey1p and Yop1p at protein:lipid ratios of 1:500 and 1:100, respectively. For gel source data, see Supplementary Fig. 1.


Extended Data Figure 3 Flotation of proteoliposomes generated with Sey1p and curvature-stabilizing proteins.
a, S. cerevisiae Sey1p and Yop1p were co-reconstituted into rhodamine-PE-labelled liposomes at protein:lipid ratios of 1:500 and 1:35, respectively. The samples were centrifuged in a Nycodenz gradient, and fractions (F1â€“F6) were collected from the top and analysed by SDSâ€“PAGE and Coomassie blue staining. b, As in a, but with proteins only in the presence of 0.03% DDM. c, As in a, but with proteoliposomes containing S. cerevisiae Sey1p and Rtn1p at protein:lipid ratios of 1:500 and 1:50, respectively. d, As in c, but with proteins only in the presence of 0.03% DDM. e, As in a, but with proteoliposomes containing Sey1p and D. melanogaster Rtn1p at protein:lipid ratios of 1:500 and 1:50, respectively. f, As in e, but with proteins only in the presence of 0.03% DDM. g, As in a, but with proteoliposomes containing Sey1p and D. melanogaster CG8331 at protein:lipid ratios of 1:500 and 1:50, respectively. h, As in g, but with proteins only in the presence of 0.03% DDM. i, As in a, but with proteoliposomes containing Sey1p and X. laevis REEP5 at protein:lipid ratios of 1:500 and 1:200, respectively. j, As in i, but with proteins only in the presence of 0.03% DDM. k, As in a, but with proteoliposomes containing Sey1p and D. melanogaster ATL(K51A) at protein:lipid ratios of 1:500 and 1:100, respectively. l, As in k, but with proteins only in the presence of 0.03% DDM. m, As in a, but with proteoliposomes containing D. melanogaster ATL at protein:lipid ratios of 1:500 or 1:1,000. n, As in a, but with proteoliposomes containing S. cerevisiae Sey1p at protein:lipid ratios of 1:500 or 1:1,000. For gel source data, see Supplementary Fig. 1.


Extended Data Figure 4 Fusion activity of Sey1p-containing proteoliposomes.
a, Proteoliposomes were generated with either S. cerevisiae Sey1p alone (protein:lipid ratio of 1:500) or with Sey1p and S. cerevisiae Yop1p (protein:lipid ratios of 1:500 and 1:100, respectively). Donor vesicles contained NBD-PE and rhodamine-PE. After addition of 1â€‰mM GTP, fusion with unlabelled acceptor vesicles was measured by dequenching of the NBD fluorescence. Controls were performed in the absence of GTP. b, As in a, but with Sey1p and Yop1p at protein:lipid ratios of 1:1,000 and 1:200, respectively. Each curve corresponds to the mean of three biological replicates.


Extended Data Figure 5 Reconstituted networks display heterogeneity.
S. cerevisiae Sey1p and Yop1p were incorporated into rhodamine-PE-labelled liposomes at protein:lipid ratios of 1:500 and 1:35, respectively. The proteoliposomes were incubated with 2â€‰mM GTP, spotted on a cover slip, and imaged with a fluorescence microscope. Shown are different areas from the same coverslip. Note that the networks differ with respect to the density of three-way junctions and length of tubules. Scale bars, 20â€‰Î¼m.


Extended Data Figure 6 Control experiments for network formation.
a, S. cerevisiae Sey1p and Yop1p were co-reconstituted into rhodamine-PE-labelled liposomes at protein:lipid ratios of 1:500 and 1:35, respectively. The proteoliposomes were incubated with either 2â€‰mM GTP or GTP-Î³S and visualized by fluorescence microscopy. b, Proteoliposomes containing only S. cerevisiae Sey1p at a protein:lipid ratio of 1:500 were incubated in the absence of GTP. The same sample is shown incubated with GTP in Fig. 1d. c, As in b, but with proteoliposomes containing only S. cerevisiae Yop1p at a protein:lipid ratio of 1:35. The same sample is shown incubated with GTP in Fig. 1e. Scale bars, 20â€‰Î¼m.


Extended Data Figure 7 Network formation with different concentrations of Yop1p and Sey1p.
a, S. cerevisiae Sey1p was co-reconstituted with S. cerevisiae Yop1p into rhodamine-PE-labelled liposomes at protein:lipid ratios of 1:500 and 1:200, respectively (instead of the usual 1:500 and 1:35 ratios). The proteoliposomes were incubated with or without 2â€‰mM GTP and visualized by fluorescence microscopy. b, As in a, but with protein:lipid ratios of 1:1,000 and 1:200, respectively. Scale bars, 20 Î¼m.


Extended Data Figure 8 Tubular network formation with different lipid compositions.
a, S. cerevisiae Sey1p and Yop1p were co-reconstituted into rhodamine-PE-labelled liposomes at protein:lipid ratios of 1:500 and 1:35, respectively. The liposomes were generated with a polar lipid extract from E. coli. The proteoliposomes were incubated with or without 2â€‰mM GTP and visualized with a fluorescence microscope. b, As in a, but with liposomes generated with a polar lipid extract from S. cerevisiae. Scale bars, 20â€‰Î¼m.


Extended Data Figure 9 Sey1p-containing networks visualized with negative-stain electron microscopy.
a, S. cerevisiae Sey1p and Yop1p were co-reconstituted into liposomes at protein:lipid ratios of 1:1,000 and 1:200, respectively. The samples were incubated with 1â€‰mM GTP and visualized by electron microscopy after staining with uranyl acetate. The boxed area of this network is shown enlarged in Fig. 3a. b, As in a, but with Sey1p and Yop1p at protein:lipid ratios of 1:7,500 and 1:200, respectively. Black arrowheads indicate Sey1p molecules. c, As in b, showing another area (left). Boxed area is shown enlarged (right) with black arrowheads indicating Sey1p molecules and the dotted black line traces approximate plane of the lipid bilayer. d, As in a, but with Sey1p and D. melanogaster Rtnl1 at protein:lipid ratios of 1:500 and 1:50, respectively, in the absence or presence of 1â€‰mM GTP. e, As in a, but with D. melanogaster ATL D. melanogaster Rtnl1 at protein:lipid ratios of 1:2,500 and 1:200, respectively, in the absence or presence of 1â€‰mM GTP. Scare bars, 100â€‰nm.


Extended Data Figure 10 Network formation with different membrane-fusing and curvature-stabilizing proteins requires GTP hydrolysis.
The samples shown in Fig. 4 were incubated without GTP. Scale bars, 20â€‰Î¼m.





Supplementary information
Supplementary Figure 1
Uncropped source gels for gels depicted in Extended Figures 2 and 3. (PDF 622 kb)


Dynamics of a reconstituted network
S. cerevisiae Sey1p and Yop1p were co-reconstituted into rhodamine-PE labeled liposomes at protein:lipid ratios of 1:500 and 1:35, respectively. The proteoliposomes were incubated in the presence of 2 mM GTP and visualized by fluorescence microscopy. The sample was imaged every 0.5 sec for 15 sec. The video is shown at 2 frames per sec. White arrows indicate sliding or fusing junctions that are shown in a magnified view in Fig. 1c. Cyan arrows indicate other sliding or fusing junctions. Frames from this video are shown in Fig 1c. Scale bars = 20 Î¼m. (MOV 3183 kb)


Fragmentation of a reconstituted network after addition of GTPÎ³S
S. cerevisiae Sey1p and Alexa647-labeled Yop1p were co-reconstituted into rhodamine-PE containing liposomes at protein:lipid ratios of 1:500 and 1:35, respectively. Network was formed by incubating proteoliposomes with 2 mM GTP. After addition of 1 mM GTPÎ³S, the samples were analyzed by fluorescence microscopy. The sample was imaged every sec for 30 sec. The video is shown at 2 frames per sec and displays the Alexa647-labeled Yop1p. Cyan arrows indicate points of fragmentation. Frames from this video are shown in Fig 2b. Scale bars = 20 Î¼m. (MOV 14834 kb)
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Building a basic endoplasmic reticulum
The endoplasmic reticulum (ER) has several distinct structural domains, including a dynamic network of interconnected membrane tubules. Tom Rapoport and colleagues study the membrane proteins that mediate the formation of the ER network. Here they show that in the presence of the energy molecule GTP, two ER proteins are sufficient to reconstitute a dynamic tubular membrane network, which then disassembles after GTP hydrolysis. One of these proteins must be a membrane-fusing GTPase enzyme, such as the yeast protein Sey1p, and the other must have a curvature-stabilizing effect, like Yop1p.
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