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            Abstract
Knowledge of the elastic properties of DNA is required to understand the structural dynamics of cellular processes such as replication and transcription. Measurements of force and extension on single molecules of DNA1,2,3 have allowed direct determination of the molecule's mechanical properties, provided rigorous tests of theories of polymer elasticity4, revealed unforeseen structural transitions induced by mechanical stresses3,5,6,7, and established an experimental and conceptual framework for mechanical assays of enzymes that act on DNA8. However, a complete description of DNA mechanics must also consider the effects of torque, a quantity that has hitherto not been directly measured in micromanipulation experiments. We have measured torque as a function of twist for stretched DNAâ€”torsional strain in over- or underwound molecules was used to power the rotation of submicrometre beads serving as calibrated loads. Here we report tests of the linearity of DNA's twist elasticity, direct measurements of the torsional modulus (finding a value âˆ¼40% higher than generally accepted), characterization of torque-induced structural transitions, and the establishment of a framework for future assays of torque and twist generation by DNA-dependent enzymes. We also show that cooperative structural transitions in DNA can be exploited to construct constant-torque wind-up motors and forceâ€“torque converters.
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                    Figure 1: Experimental design.


Figure 2: Analysis of bead rotation. A tether was overwound by 1,200 turns before releasing the 760â€‰nm rotor bead.


Figure 3: Torque calibration and twist elasticity of DNA.


Figure 4: Unwinding during overstretching, and the global forceâ€“torque phase diagram of DNA.
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Supplementary Movie 1: Assembly of the experimental system. The molecular construct is stretched between an anti-DIG bead on the micropipette and an anti-fluorescein bead held in buffer flow (right to left). A 520 nm streptavidin-coated bead is held in the optical trap in the lower portion of the screen. The stage is moved to position the biotinylated portion of the molecule near the streptavidin bead, which becomes attached to the DNA and is pulled out of the trap. The lower bead is then placed in the trap to complete the assembly of the system (Fig. 1b). In the final half of the movie, the tension on the molecule is repeatedly increased to ~65 pN. Overstretching occurs in the lower DNA segment but not the upper segment, confirming the existence of a nick below the bead (allowing the DNA to unwind and enter the overstretched state) but not above it. Bead rotation is inhibited by flow.  (AVI 2627 kb)
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Supplementary Movie 2: 520 nm bead rotation during relaxation of an overwound molecule. A molecule with a 520 nm rotor bead was overwound as in Figure 1b. The movie begins subsequent to release of the rotor. The bead rotates at constant velocity for the first ~35 s, due to constant-torque conversion of P-DNA to B-DNA. Next, the angular velocity decays as torque and twist are removed from the molecule. Constant tension was maintained at 45 pN. (AVI 10402 kb)
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Supplementary Movie 3: Constant-torque rotation powered by the P-B transition is shown for a 760 nm rotor bead. Constant tension was maintained at 45 pN. Off-axis alignment of outer beads is due to an eccentric DNA attachment point; DNA is held vertically as judged by the absence of horizontal force. (AVI 6085 kb)
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Supplementary Movie 4: Overstretching and rewinding. Overstretching and rewinding is shown for a molecule with a 400 nm rotor bead (see Figure 3a). During the first ~26 s of the movie, the molecule is held at 85 pN and the bead rotation reflects unwinding of the molecule during the B-S transition. The separation of the beads increases at constant tension as the molecule converts to the longer S form. During the last part of the movie, the molecule is relaxed to 15 pN and the bead rotates in the opposite direction as the molecule rewinds. The movie is 2X actual speed. (AVI 12270 kb)





Rights and permissions
Reprints and permissions


About this article
Cite this article
Bryant, Z., Stone, M., Gore, J. et al. Structural transitions and elasticity from torque measurements on DNA.
                    Nature 424, 338â€“341 (2003). https://doi.org/10.1038/nature01810
Download citation
	Received: 06 February 2003

	Accepted: 28 May 2003

	Issue Date: 17 July 2003

	DOI: https://doi.org/10.1038/nature01810


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Exploring TRF2-Dependent DNA Distortion Through Single-DNA Manipulation Studies
                                    
                                

                            
                                
                                    	Xiaodan Zhao
	Vinod Kumar Vogirala
	Jie Yan


                                
                                Communications Biology (2024)

                            
	
                            
                                
                                    
                                        The energy landscape for R-loop formation by the CRISPRâ€“Cas Cascade complex
                                    
                                

                            
                                
                                    	Dominik J. Kauert
	Julene Madariaga-Marcos
	Ralf Seidel


                                
                                Nature Structural & Molecular Biology (2023)

                            
	
                            
                                
                                    
                                        Storage of mechanical energy in DNA nanorobotics using molecular torsion springs
                                    
                                

                            
                                
                                    	Matthias Vogt
	Martin Langecker
	Jonathan List


                                
                                Nature Physics (2023)

                            
	
                            
                                
                                    
                                        Probing the microscopic structure and flexibility of oxidized DNA by molecular simulations
                                    
                                

                            
                                
                                    	Khadka B. Chhetri
	Supriyo Naskar
	Prabal K. Maiti


                                
                                Indian Journal of Physics (2022)

                            
	
                            
                                
                                    
                                        Supercoiling and looping promote DNA base accessibility and coordination among distant sites
                                    
                                

                            
                                
                                    	Jonathan M. Fogg
	Allison K. Judge
	Lynn Zechiedrich


                                
                                Nature Communications (2021)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            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


    





        
    
        
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    
                    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
            
        


    









    








