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            Abstract
The self-assembly of proteins into highly ordered nanoscale architectures is a hallmark of biological systems. The sophisticated functions of these molecular machines have inspired the development of methods to engineer self-assembling protein nanostructures; however, the design of multi-component protein nanomaterials with high accuracy remains an outstanding challenge. Here we report a computational method for designing protein nanomaterials in which multiple copies of two distinct subunits co-assemble into a specific architecture. We use the method to design five 24-subunit cage-like protein nanomaterials in two distinct symmetric architectures and experimentally demonstrate that their structures are in close agreement with the computational design models. The accuracy of the method and the number and variety of two-component materials that it makes accessible suggest a route to the construction of functional protein nanomaterials tailored to specific applications.
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                    Figure 1: Overview of the computational design method.[image: ]


Figure 2: Experimental characterization of co-assembly.[image: ]


Figure 3: Designed interfaces of two-component protein nanomaterials.[image: ]


Figure 4: Electron micrographs of designed two-component protein nanomaterials.[image: ]


Figure 5: Crystal structures of designed two-component protein nanomaterials.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Comparison of one-component and multi-component symmetric fold trees.
Within the Rosetta macromolecular modelling suite, the connections between residues in a protein structure are represented as a directed, acyclic, graph referred to as a â€˜fold treeâ€™32,38. When modelling multiple subunits in symmetric systems, the rigid body orientations of the subunits can be controlled by modifying the appropriate connections in the fold tree. In this work, we have extended Rosetta to allow multiple, independently managed connections from the fold tree to the subunits in the asymmetric unit (ASU) of the modelled structure. To demonstrate the new behaviour enabled by this change, three different symmetric fold tree representations of a D32 architecture are shown. In this architecture, which is used because of its relative simplicity, two trimeric building blocks (wheat) are aligned along the three-fold rotational axes of D3 point-group symmetry and three dimeric building blocks (light blue) are aligned along the two-fold rotational axes. a, The dimer-centric one-component symmetry case. Rigid-body degree of freedom (RB DOF, black lines) JD3 connecting the dimer subunit to the trimer subunit in the ASU is downstream of RB DOFs JD1 and JD2 controlling the dimer subunit; in this case the positions of the trimeric subunits depend on the positions of the dimeric subunits. b, The trimer-centric one-component symmetry case. RB DOF JT3 connecting the trimer subunit to the dimer subunit in the ASU is downstream of RB DOFs JT1 and JT2 controlling the trimer subunit; in this case the positions of the dimeric subunits depend on the positions of the trimeric subunits. c, The multi-component symmetry case. With multi-component symmetric modelling, the RB DOFs controlling the trimer subunit (JT1 and JT2) and the dimer subunit (JD1 and JD2) in the ASU are independent. In this case the positions of the dimeric subunits do not depend on the positions of the trimeric subunits and vice versa, allowing the internal DOFs for each building block (JT2 and JD2) to be maintained while moving the building blocks independently (JT1 and JD1). See Supplementary Methods for additional discussion.


Extended Data Figure 2 Models of the 57 designs selected for experimental characterization.
Smoothed surface representations of each of the 30 T32 and 27 T33 designs are shown. The trimeric component of each T32 design is shown in grey and the dimeric component in orange. The two different trimeric components of each T33 design are shown in blue and green. The tetrahedral two-fold and three-fold symmetry axes (black lines) are shown passing through the centre of each component. Each design is named according to its symmetric architecture (T32 or T33) followed by a unique identification number. The pairs of scaffold proteins from which the designs are derived are also indicated.


Extended Data Figure 3 Native PAGE analysis of cleared cell lysates.
Each gel contains cleared lysates pertaining to a, T32-28, b, T33-09, c, T33-15, d, T33-21, or e, T33-28. Lane 1 is from cells expressing the wild-type scaffold for component A and lane 2 the wild-type scaffold for component B. Lanes 3 and 4 are from cells expressing the individual design components and lanes 5 and 6 the co-expressed components. Lanes 7 and 8 are from samples mixed as crude equal volume or crude adjusted volume (cr.e.v. or cr.a.v.) lysates, while lanes 9 and 10 are from samples mixed as cleared lysates (cl.e.v. or cl.a.v.). Lane 5 is from cells expressing the C-terminally A1-tagged constructs; all other lanes are from cells expressing the C-terminally His-tagged constructs. An arrow is positioned next to each gel indicating the migration of 24-subunit assemblies and the gel regions containing unassembled building blocks are bracketed. Each gel was stained with GelCode Blue. Portions of the gels in a and c are also shown in Fig. 2b.


Extended Data Figure 4 Structural metrics for the computational design models.
Selected metrics related to the designed interfaces are plotted for the 57 designs that were experimentally characterized, including a, the predicted binding energy measured in Rosetta energy units (REU), b, the surface area buried by each instance of the designed interface, c, the binding energy density (calculated as the predicted binding energy divided by the buried surface area), d, the number of buried unsatisfied polar groups at the designed interface, e, the shape complementarity of the designed interface, and f, the total number of mutations in each designed pair of proteins. Each circle represents a single design; the five successful materials are plotted as filled circles and labelled. In each plot, the designs are arranged on the x axis in order of increasing value of the metric analysed.


Extended Data Figure 5 Electron micrographs of in vitro-assembled T33-15.
Negative stain micrographs of independently purified T33-15A (a) and T33-15B (b), as well as unpurified, in vitro-assembled T33-15 (c) are shown to scale (scale bar at right, 25â€‰nm).


Extended Data Table 1 Root mean square deviations (r.m.s.d.) between crystal structures and design modelsFull size table
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        Editorial Summary
Multi-component proteins to order
The goal of achieving protein self-assembly inspired by the remarkable feats achieved in biological systems is a tempting prospect for materials scientists. As a step in that direction David Baker and colleagues have developed a computational method that can be used to design protein nanomaterials in which two distinct subunits co-assemble into a specific architecture. They used the method to design five 24-subunit cage-like protein nanomaterials and experimentally demonstrate that the structures of the materials are in close agreement with the computational design models. The accuracy of the method and the universe of two-component materials that it makes accessible pave the way for the design of functional protein nanomaterials tailored to specific applications.

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: ]
