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            Abstract
The ribosome is a ribonucleoprotein machine responsible for protein synthesis. In all kingdoms of life it is composed of two subunits, each built on its own ribosomal RNA (rRNA) scaffold. The independent but coordinated functions of the subunits, including their ability to associate at initiation, rotate during elongation, and dissociate after protein release, are an established model of protein synthesis. Furthermore, the bipartite nature of the ribosome is presumed to be essential for biogenesis, since dedicated assembly factors keep immature ribosomal subunits apart and prevent them from translation initiation1. Free exchange of the subunits limits the development of specialized orthogonal genetic systems that could be evolved for novel functions without interfering with native translation. Here we show that ribosomes with tethered and thus inseparable subunits (termed Ribo-T) are capable of successfully carrying out protein synthesis. By engineering a hybrid rRNA composed of both small and large subunit rRNA sequences, we produced a functional ribosome in which the subunits are covalently linked into a single entity by short RNA linkers. Notably, Ribo-T was not only functional in vitro, but was also able to support the growth of Escherichia coli cells even in the absence of wild-type ribosomes. We used Ribo-T to create the first fully orthogonal ribosome–messenger RNA system, and demonstrate its evolvability by selecting otherwise dominantly lethal rRNA mutations in the peptidyl transferase centre that facilitate the translation of a problematic protein sequence. Ribo-T can be used for exploring poorly understood functions of the ribosome, enabling orthogonal genetic systems, and engineering ribosomes with new functions.




            
                
                    

    
        
            
                
                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
            
        

        
    



                    
                

                
    
    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: Global screening of circularly permutated 23S rRNAs identifies variants capable of replacing the natural 23S rRNA in a functional ribosome.[image: ]


Figure 2: Ribo-T design.[image: ]


Figure 3: Functional characterization of Ribo-T.[image: ]


Figure 4: Evolving Ribo-T to identify gain-of-function PTC mutations that facilitate synthesis of problematic amino acid sequences.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Key plasmids used in the study.
a, The pAM552 plasmid is a derivative of pLK35 (ref. 27), from which the unessential segments of the pBR322 cloning vector have been removed. pAM552 contains the entire rrnB operon of E. coli under the control of the phage lambda PL promoter, which is constitutively active in the conventional E. coli strains but is silent at 30 °C in the strain POP2136 (30 °C) carrying the cI857 gene of the temperature-sensitive lambda repressor. The 16S rRNA gene is shown in orange, and the 16S rRNA processing stem sequences indicated in yellow. The 23S rRNA gene is blue, and the corresponding processing stem sequences are light blue. The intergenic tRNAGlu gene is shown in dark grey. b, The map of the pRibo-T8/9 plasmid derived from pAM552. The native 5′ and 3′ ends of the 23S rRNA were linked via a tetranucleotide sequence GAGA (connector C shown in green), and circularly permutated 23 rRNA gene, ‘opened’ in the apex loop of H101, was inserted in the apex loop of 16S rRNA helix h44 via an A8 linker T1 and an A9 linker T2 (red bars). c, The map of the backbone plasmid pT7wtK and the reporter plasmids pT7oGFP and pLpp5oGFP, expressing sf-gfp controlled by an orthogonal Shine–Dalgarno sequence (orange semi-circle) under T7 or lpp5 promoters (black triangles). d, The map of the pACYC177-derived plasmid containing the secM-lacZa reporter gene controlled by the T7 promoter (black triangle) and alternative Shine–Dalgarno sequence (orange semi-circle). The sequence of the secM-lacZa reporter matches that in the originally described plasmid pNH122 (ref. 18).


Extended Data Figure 2 The experimental scheme of preparing and testing circularly permuted 23S rRNA gene library.
a, The CP23S template is generated from pCP23S-EagI plasmid by EagI digestion and ligation. Each CP23S variant is generated by PCR using circularized 23S rRNA gene as a template and a unique primer pair, with added sequences overlapping the destination plasmid backbone. b, The plasmid backbone is prepared by digestion of pAM552-Δ23S-AflII with the AflII restriction enzyme, which linearizes the backbone at the 23S processing stem site. c, Gibson assembly is used to incorporate each CP23S variant into the plasmid backbone to generate the 91 target circular permutants. d, The pAM-CP23S plasmids are transformed into the SQ171 strain lacking chromosomal rRNA operons and carrying the pCSacB plasmid with the wild-type rRNA operon, and transformants resistant to ampicillin, erythromycin and sucrose are selected. e, A complete replacement of pCSacB with pAM-CP23S is verified by a three-primer diagnostic PCR.


Extended Data Figure 3 The Ribo-T tethers allow for the ribosome ratcheting.
Distance changes (Å) between the 16S rRNA and 23S rRNA residues h44 and H101 connected by the oligo(A) linkers in Ribo-T when the ribosome undergoes the transition from the classic to the rotated state. The distances between the 5′ phosphorus atoms of the corresponding nucleotides are shown. 16S and 23S rRNAs in the non-rotated state are tan and pale blue, and in the rotated state are gold and blue, respectively. The structures of the E. coli ribosomes used for measuring the distances and generating the figure have PDB accession numbers 3R8T and 4GD2 (non-rotated state) and 3R8S and 4GD1 (rotated state).


Extended Data Figure 4 Chromosomal mutations enhance growth of SQ171 cells in which Ribo-T completely replace wild-type ribosomes.
a, Growth curves of the parental SQ171 cells transformed with the pAM552(G2058) plasmid (black curve) or pRibo-T8/9 plasmid (blue curve) or selected fast growing mutant (SQ171fg) transformed with pRibo-T8/9 (green curve). The cells express homogeneous populations of ribosomes (wt for pAM552 transformants or Ribo-T for the pRibo-T8/9 transformants, see panels b and c). b, PCR analysis of rDNA in the SQ171fg strain transformed with pRibo-T8/9 (the SQ110 strain that carries a single chromosomal copy of the rrn allele served as a wild-type control). The PCR primers amplify the 302-base-pair 23S rRNA gene segment ‘across’ the H101 hairpin in wild-type rDNA. In pRibo-T, the primer annealing sites are more than 4.8 kb apart (black dashed line), which prevents formation of the PCR product. Two additional primers designed to amplify a 467-bp fragment from the lacZ gene were included in the same PCR reaction as an internal control. The gel is representative of two independent biological experiments. c, Primer extension analysis of rRNA expressed in the SQ171fg cells transformed with pAM552 (WT), pAM552 with the A2058G mutation, or pRibo-T8/9, which carries the A2058G mutation. Primer extension was carried out in the presence of dTTP and ddCTP. Because Ribo-T contains the A2058G mutation in the 23S rRNA sequence, the generated cDNA is one nucleotide shorter than the one generated on the wild-type 23S rRNA template. The lack of the 20-nucleotide cDNA band in the Ribo-T sample demonstrates the absence of wild-type 23S rRNA in the SQ171fg cells transformed with pRibo-T8/9. The gel is representative of three independent biological experiments. d, e, Chromosomal mutations in SQ171fg: a nonsense mutation in the Leu codon 22 of the ybeX gene encoding a protein similar to Mg2+/Co2+ efflux transporter (d); and a missense mutation in codon 549 of the rpsA gene encoding ribosomal protein S1 (e).


Extended Data Figure 5 Ribo-T composition and integrity of the linkers.
a, b, Analysis of rRNA extracted from the isolated wild-type ribosomes or Ribo-T in a denaturing 4% (a) or 8% (b) polyacrylamide gel. a, Ribo-T(1) and Ribo-T(2) represent two individual preparations with Ribo-T(2) isolated following the standard procedure (see Methods), and Ribo-T(1) isolated by immediate pelleting through the sucrose cushion after the cell lysis. The faint bands in the Ribo-T2 preparation indicated by the asterisks could be occasionally seen in some preparations; they probably represent rRNA fragments generated by cleavage of the linkers in a small fraction of Ribo-T either in the cell or during Ribo-T preparation. b, 5S rRNA is present in Ribo-T. c, The relative abundance of small and large subunit proteins in Ribo-T in comparison with wild-type ribosome as determined by mass spectrometry (protein L26 could not be reliably quantified in Ribo-T and wild-type ribosomes). The data represent the average of three technical replicates, and error bars indicate the s.d. d, Analysis of the integrity of the T1 and T2 linkers in a Ribo-T preparation by primer extension. The 22-nucleotide-long primer was extended across the T1 linker in the presence of ddCTP terminator and the 23S-nucleotide-long primer was extended across the T2 linker in the presence of ddGTP terminator. Control samples (−) represent the unextended primers. The gels are representative of two independent experiments.


Extended Data Figure 6 Ribo-T can successfully translate most cellular polypeptides.
a, Protein synthesis rate in SQ171fg cells expressing wild-type ribosomes or Ribo-T. Protein synthesis was measured by quantifying the incorporation of [35S] l-methionine into TCA-insoluble protein fraction during a 45-s incubation at 37 °C in minimal medium. The bar graphs represent the average values of experiments performed in two biological replicates each done in two technical duplicates. Error bars denote s.d. b, c, 2D gel electrophoresis analysis of the proteins expressed in exponentially growing SQ171fg transformed with pAM552 (A2058G) (b) or pRibo-T (c).


Extended Data Figure 7 Chemical probing of the structure of the Ribo-T linkers.
Ribo-T or wild-type ribosomes were modified by dimethylsulfate, and extracted rRNA was subjected to primer extension analysis. In each gel, the left two lanes (‘C’ and ‘A’) represent sequencing reactions followed by dimethylsulfate-modified sample and control (unmodified) RNA. The diagrams on the right represent the secondary structures of helices H101 and h44 in wild-type ribosomes (left) and Ribo-T (right), with the nucleotide residues modified strongly, moderately and weakly indicated by black, grey and white circles, respectively. The gels are representative of two independent experiments.


Extended Data Figure 8 Translation of the orthogonal sf-gfp gene by oRibo-T in vivo and in vitro.
a, Expression of an orthogonal sf-gfp reporter in the E. coli POP2136 cells transformed with pAM552 plasmid encoding wild-type rRNA (wt Rbs), pAM552 with an orthogonal Shine–Dalgarno sequence in 16S rRNA of a non-tethered ribosome (oRbs) or poRibo-T1 expressing an orthogonal Ribo-T (green bar). Cells lacking gfp reporter gene (wt Rbs Δgfp) were used as a background fluorescence control. The data represent the average value of six biological replicates in technical triplicates; error bars indicate the s.d. b, In vitro translation of the orthogonal sf-gfp reporter by non-tethered non-orthogonal wt ribosomes (pink lines), or oRibo-T(A2058G) (which also contained cellular wild-type ribosomes) (green lines). The dotted lines correspond to the translation reactions without antibiotic and solid lines represent reactions supplemented with 50 μM clindamycin (Cld). c, Same as in b, but oRibo-T contained a G693A mutation instead of A2058G and clindamycin was replaced with 100 μM pactamycin (Pct). The red stars indicate the ribosomal subunit carrying the antibiotic-resistance mutation. Graphs in b and c are each representative of two biological replicates each performed in technical triplicates, and error bars indicating the s.d.


Extended Data Figure 9 Promoter mutation in oRibo-T improves transformation of the E. coli cells.
a, b, Several E. coli strains, including BL21 shown in this figure, as well as JM109 and C41, produced slowly growing, heterogeneous colonies when transformed with poRibo-T1. c, Fortuitously, in the course of the experiments we isolated a spontaneous mutant plasmid, poRibo-T2, which showed improved transformation efficiency, producing evenly sized colonies after a single overnight incubation. Sequencing of poRibo-T2 revealed a single mutation in the PL promoter controlling Ribo-T expression, altering the ‘-10’ box from GATACT to TATACT bringing it closer to the TATAAT consensus. It is unclear why the promoter mutation improves performance of poRibo-T (as well as of non-orthogonal pRibo-T) in ‘unselected’ E. coli cells. The plates show representative results of three independent biological experiments.


Extended Data Table 1 Characterization of the growth of E. coli SQ171 cells expressing a pure population of ribosomes with circularly permuted 23S rRNAFull size table
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        Editorial Summary
Ribo-T opens new synthetic pathways
The ribosome consists of two subunits, each of which contains a long ribosomal RNA (rRNA) on which dozens of proteins assemble. Reconstitution of the full ribosome occurs once one subunit locates a translation initiation signal. As the ribosome translocates on the mRNA, the two subunits undergo ratcheting movements that shift the tRNAs and nascent chain through the complex. This paper reports the synthesis of a ribosome with tethered subunits, achieved by making a hybrid rRNA. The new complex, termed Ribo-T, is able to support cell growth in vivo in the absence of wild-type ribosomes, and is used to establish a fully orthogonal ribosome–mRNA system.
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