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            Abstract
Synthetic biology aims to develop engineering-driven approaches to the programming of cellular functions that could yield transformative technologies1. Synthetic gene circuits that combine DNA, protein, and RNA components have demonstrated a range of functions such as bistability2, oscillation3,4, feedback5,6, and logic capabilities7,8,9,10,11,12,13,14,15. However, it remains challenging to scale up these circuits owing to the limited number of designable, orthogonal, high-performance parts, the empirical and often tedious composition rules, and the requirements for substantial resources for encoding and operation. Here, we report a strategy for constructing RNA-only nanodevices to evaluate complex logic in living cells. Our â€˜ribocomputingâ€™ systems are composed of de-novo-designed parts and operate through predictable and designable base-pairing rules, allowing the effective in silico design of computing devices with prescribed configurations and functions in complex cellular environments. These devices operate at the post-transcriptional level and use an extended RNA transcript to co-localize all circuit sensing, computation, signal transduction, and output elements in the same self-assembled molecular complex, which reduces diffusion-mediated signal losses, lowers metabolic cost, and improves circuit reliability. We demonstrate that ribocomputing devices in Escherichia coli can evaluate two-input logic with a dynamic range up to 900-fold and scale them to four-input AND, six-input OR, and a complex 12-input expression (A1 AND A2 AND NOT A1*) OR (B1 AND B2 AND NOT B2*) OR (C1 AND C2) OR (D1 AND D2) OR (E1 AND E2). Successful operation of ribocomputing devices based on programmable RNA interactions suggests that systems employing the same design principles could be implemented in other host organisms or in extracellular settings.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Access Nature and 54 other Nature Portfolio journals
Get Nature+, our best-value online-access subscription
$29.99 /Â 30Â days
cancel any time

Learn more


Subscribe to this journal
Receive 51 print issues and online access
$199.00 per year
only $3.90 per issue

Learn more


Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more


Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Figure 1: In vivo computation using synthetic ribocomputing devices.[image: ]


Figure 2: Two-input ribocomputing logic circuits.[image: ]


Figure 3: Multi-input ribocomputing AND and OR circuits.[image: ]


Figure 4: Twelve-input DNF ribocomputing circuit.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Design, activation mechanism, and characterization of AND-computing toehold switches (ACTS).
a, Nucleotide-level schematics of the Type I and Type II ACTS systems (see Supplementary Information Section 1.2 for discussion). Green and orange bases specify the output GFP sequence and the common 21-nt linker sequence used, respectively. Black bases mark biologically conserved sequences, such as the RBS, start codon, and transcriptional terminator. White bases represent those that can adopt any sequence subject to secondary structure conditions in NUPACK. Programmed hybridization domains between different strands are specified by colour. b, The proposed ACTS activation mechanism in which the trigger RNA partially unwinds the switch RNA stem. The remaining weak stem, with low GC content, can interact with the ribosome to initiate translation. c, ON/OFF GFP levels measured for the ACTS systems employed in this study. ON/OFF GFP levels were determined from the geometric mean fluorescence of cells measured via flow cytometry 3â€‰h after induction with 0.1â€‰mM IPTG. Relative errors for the switch ON/OFF ratios were obtained by adding the relative errors of the switch ON and OFF fluorescence measurements in quadrature. Relative errors for ON and OFF states are from the s.d. of three biological replicates. Flow cytometry data were produced using the same procedure and the same number of biological replicates in subsequent Extended Data figures.


Extended Data Figure 2 Nucleotide-level schematics of ribocomputing devices.
a, Secondary structure of the two-input OR gate used in Fig. 2aâ€“d. b, Secondary structure of the six-input OR gate RNA used for circuits in Fig. 3dâ€“f and Extended Data Figs 7, 8. c, Schematic of a two-input AND gate using a Type I ACTS system. A1 and A2 domains are 14-nt halves of a 28-nt-long complete trigger RNA. d, Schematic of the A AND (NOT B) circuit design. The A AND (NOT B) system design features nearly perfectly complementary trigger (input A) and deactivating (input B) RNA strands used in Fig. 2iâ€“l. For all panels, black bases mark biologically conserved sequences, such as the RBS and start codon. White bases represent those that can adopt any sequence subject to secondary structure conditions in NUPACK. Grey bases are those whose sequences were originally determined on the basis of secondary structure considerations for the parental toehold switches and were left constant during the design of RNA circuit elements. The remaining programmed hybridization domains between different strands are specified by colour. Input RNA schematics are truncated just before the transcriptional terminator sequence.


Extended Data Figure 3 Systematic study of AND gate circuit overlap domain lengths and comparison of two-input AND ribocomputing devices in different strains.
a, An early two-input AND gate was constructed from a standard toehold switch by dividing the trigger evenly into two 15-nt domains, A1 and A2. Overlap domains u and u* were designed to cause the two input RNAs to hybridize and form an active trigger. b, A domain uâ€² was used to vary the region complementary to u* and measure its effect on expression levels. ON/OFF GFP ratios (left axis) vary as a function of the uâ€² domain length. The onset of substantial GFP expression coincides with the melting temperature of uâ€²â€“u* hybridization rising above 37â€‰Â°C (right axis). câ€“f, Comparison of two-input AND ribocomputing devices in RNase-deficient E. coli BL21 Star DE3 and non-RNase-deficient E. coli BL21 DE3. c, d, ON/OFF GFP on linear (c) and logarithmic (d) scales measured for the two-input AND gate from Fig. 2eâ€“h. e, f, ON/OFF GFP on linear (e) and logarithmic (f) scales measured for a second two-input AND gate with an identical design but different RNA sequences.


Extended Data Figure 4 Three-, four-, and five-input AND gate systems.
a, General schematic for a three-input AND gate with GFP output. b, Nucleotide-level schematic of the activated trigger complex for the three-input AND logic circuits. c, Flow cytometry measurements from the three-input AND gate with the truth table shown in d. dâ€“g, Truth tables for four different three-input AND gates. h, General schematic for a four-input AND gate with GFP output. i, Nucleotide-level schematic of the activated trigger complex for the four-input AND logic circuits. j, Truth table for an additional four-input AND gate. k, General schematic for the five-input AND gate with GFP output. l, Nucleotide-level schematic of the activated trigger complex for the five-input AND logic circuit. m, Linear-scale truth table for the five-input AND gate, showing a statistically significant difference between logical TRUE and logical FALSE conditions (Pâ€‰<â€‰0.03, Welchâ€™s unequal variances t-test). n, Logarithmic-scale truth table for the five-input AND gate. Insets of dâ€“g, j show logarithmic-scale plots of ON/OFF GFP for the devices.


Extended Data Figure 5 Systematic study of gate RNA performance as a function of secondary structure.
a, Nucleotide-level schematics of three four-input OR gate versions featuring small changes in secondary structure and sequence. Version 1 adopts the original secondary structures of the ACTS switch RNAs. Version 2 differs from the first gate RNA at the six positions marked in red, which weakens the hairpin secondary structure. Version 3 has an additional mismatch in the hairpin lower stem marked in blue. All other bases remain the same across the three gate RNAs. b, c, GFP fluorescence levels measured for the gate RNA versions for a panel of eight RNA triggers shown in linear (b) and logarithmic (c) scales. d, ON/OFF GFP ratios calculated for the three gate RNAs. Gate RNA version 2 provides the best combination of low leakage and high ON state GFP expression. Inset, logarithmic-scale plot of circuit ON/OFF levels.


Extended Data Figure 6 Four- and five-input OR gate systems.
a, Linear- and logarithmic-scale plots of ON/OFF levels of a four-input OR gate constructed from ACTS hairpin modules (schematic, left). b, Linear- and logarithmic-scale plot of ON/OFF levels of a five-input OR gate constructed from ACTS devices (schematic, left). Both OR logic gates were measured 3â€‰h after induction of T7 RNA polymerase expression.


Extended Data Figure 7 Gate RNA regulation of mCherry and cerulean outputs with five-input OR gates and an 11-input dual OR gate circuit.
a, b, ON/OFF mCherry ratio for a five-input ACTS-based OR gate on linear (a) and logarithmic (b) scales. c, d, ON/OFF cerulean ratio for a five-input ACTS-based OR gate on linear (c) and logarithmic (d) scales. e, A six-input OR gate was used to regulate GFP and a five-input ACTS-based OR gate was used to regulate mCherry. f, g, ON/OFF ratios of the gate RNAs on linear (f) and logarithmic (g) scales. Combinations of one- or two-input or decoy RNAs were expressed as specified by the filled green (GFP inputs), red (mCherry inputs), and black (decoys) circles below each panel. All circuit responses were measured via flow cytometry 4â€‰h after IPTG induction.


Extended Data Figure 8 Comparison of six-input OR gate ribocomputing devices measured in RNase-deficient E. coli (BL21 Star DE3) and non-RNase-deficient E. coli (BL21 DE3, MG1655Pro).
a, b, ON/OFF GFP ratios measured for the device using T7 RNA polymerase in BL21 Star DE3 and BL21 DE3 cells on linear (a) and logarithmic (b) scales. Gate and input RNAs were expressed using the T7 RNA polymerase and measured 4â€‰h after induction with IPTG. c, d, ON/OFF GFP ratios obtained from the OR gate using E. coli RNA polymerase in MG1655Pro cells on linear (c) and logarithmic (d) scales. Gate and input RNAs were expressed using the E. coli RNA polymerase and measured 4â€‰h after induction of the gate RNA with IPTG. Input and decoy RNAs were expressed using a constitutive PN25 promoter.


Extended Data Figure 9 Evaluation of an eight-input DNF circuit.
a, The eight-input DNF circuit features four two-input ANDs coupled to the four-input OR gate RNA tested in Extended Data Fig. 6a. b, GFP fluorescence histograms obtained from flow cytometry measurements of the circuit under 16 different combinations of input RNAs. c, d, ON/OFF GFP levels obtained from flow cytometry on linear (c) and logarithmic (d) scales.


Extended Data Figure 10 Evaluation of a 10-input DNF circuit.
a, The 10-input DNF circuit features five two-input ANDs coupled to the five-input OR gate RNA tested in Extended Data Fig. 6b. b, GFP fluorescence histograms obtained from flow cytometry measurements of the circuit under 20 different combinations of input RNAs. c, d, ON/OFF GFP levels obtained from flow cytometry on linear (c) and logarithmic (d) scales.





Supplementary information
Supplementary Information
This file contains Supplementary Methods and Data, a Supplementary Discussion and Supplementary Table 10, a comparison of toehold switch design parameters. (PDF 737 kb)


Supplementary Table 1
This file contains the major conserved sequences Used. (XLSX 11 kb)


Supplementary Table 2
Sequences and Output Characteristics of AND-Computing Toehold Switches. (XLSX 9 kb)


Supplementary Table 3
Sequences for two-input OR gate circuit. (XLSX 9 kb)


Supplementary Table 4
Sequences for AND gate circuits. (XLSX 8 kb)


Supplementary Table 5
Sequences for A AND (NOT B) circuit. (XLSX 14 kb)


Supplementary Table 6
Sequences for the six-input OR gate circuit. (XLSX 8 kb)


Supplementary Table 7
Sequences for four- and five-input OR gate circuits constructed from AND-computing toehold switches. (XLSX 11 kb)


Supplementary Table 8
Sequences used for 11-input dual gate circuit shown in Extended Data Fig. 7e-g. (XLSX 10 kb)


Supplementary Table 9
Sequences for disjunctive normal form (DNF) circuits. (XLSX 12 kb)





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4




Source data
Source data to Fig. 1

Source data to Fig. 2

Source data to Fig. 3




Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Green, A., Kim, J., Ma, D. et al. Complex cellular logic computation using ribocomputing devices.
                    Nature 548, 117â€“121 (2017). https://doi.org/10.1038/nature23271
Download citation
	Received: 30 July 2016

	Accepted: 08 June 2017

	Published: 26 July 2017

	Issue Date: 03 August 2017

	DOI: https://doi.org/10.1038/nature23271


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

                
                    	
                            
                                
                                    
                                        Cas9-assisted biological containment of a genetically engineered human commensal bacterium and genetic elements
                                    
                                

                            
                                
                                    	Naoki Hayashi
	Yong Lai
	Timothy K. Lu


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        Circular single-stranded DNA as switchable vector for gene expression in mammalian cells
                                    
                                

                            
                                
                                    	Linlin Tang
	Zhijin Tian
	Jie Song


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        A portable regulatory RNA array design enables tunable and complex regulation across diverse bacteria
                                    
                                

                            
                                
                                    	Baiyang Liu
	Christian Cuba Samaniego
	James Chappell


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Customizing cellular signal processing by synthetic multi-level regulatory circuits
                                    
                                

                            
                                
                                    	Yuanli Gao
	Lei Wang
	Baojun Wang


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Recent Advances in CRISPR-Cas Technologies for Synthetic Biology
                                    
                                

                            
                                
                                    	Song Hee Jeong
	Ho Joung Lee
	Sang Jun Lee


                                
                                Journal of Microbiology (2023)

                            


                

            

        
    

            
                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
            
        

        
    



            

        
    


    
        Editorial Summary
Getting a toehold in Boolean logic
Toehold riboswitches are designer hairpin motifs inserted into RNA transcripts to hide ribosome binding sequences. This ensures that protein synthesis is minimal until a separate regulatory RNA species binds to and opens the hairpin. Peng Yin and colleagues combine several toehold riboswitches and antisense RNA species to implement complex Boolean regulatory logic, placing a single gene under up to 12 inputs with 5 clauses. The computation takes place in a single physical locus, making the design much more compact and efficient than existing synthetic biology approaches in which signals are encoded by DNA-binding proteins in complex regulatory networks. The work expands in vitro DNA origami concepts to in vivo RNA nanotechnology and synthetic biology.

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: ]
