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            Abstract
Pentatricopeptide repeat (PPR) proteins represent a large family of sequence-specific RNA-binding proteins that are involved in multiple aspects of RNA metabolism. PPR proteins, which are found in exceptionally large numbers in the mitochondria and chloroplasts of terrestrial plants1,2,3,4,5, recognize single-stranded RNA (ssRNA) in a modular fashion6,7,8. The maize chloroplast protein PPR10 binds to two similar RNA sequences from the ATPIâ€“ATPH and PSAJâ€“RPL33 intergenic regions, referred to as ATPH and PSAJ, respectively9,10. By protecting the target RNA elements from 5â€² or 3â€² exonucleases, PPR10 defines the corresponding 5â€² and 3â€² messenger RNA termini9,10,11. Despite rigorous functional characterizations, the structural basis of sequence-specific ssRNA recognition by PPR proteins remains to be elucidated. Here we report the crystal structures of PPR10 in RNA-free and RNA-bound states at resolutions of 2.85 and 2.45â€‰Ã…, respectively. In the absence of RNA binding, the nineteen repeats of PPR10 are assembled into a right-handed superhelical spiral. PPR10 forms an antiparallel, intertwined homodimer and exhibits considerable conformational changes upon binding to its target ssRNA, an 18-nucleotide PSAJ element. Six nucleotides of PSAJ are specifically recognized by six corresponding PPR10 repeats following the predicted code. The molecular basis for the specific and modular recognition of RNA bases A, G and U is revealed. The structural elucidation of RNA recognition by PPR proteins provides an important framework for potential biotechnological applications of PPR proteins in RNA-related research areas.
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                    Figure 1: Crystal structure of RNA-free PPR10.


Figure 2: Structure of PPR10 bound to an 18-nt PSAJ RNA element.


Figure 3: Base-specific recognition of ssRNA by PPR10 repeats.


Figure 4: Coordination of the 3â€²-end segment of the PSAJ RNA by PPR10.
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                The atomic coordinates and structure factors of RNA-free and RNA-bound PPR10 have been deposited in the Protein Data Bank (PDB) with the accession codes 4M57 and 4M59, respectively.
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Extended data figures and tables

Extended Data Figure 1 Sequence alignment of the 19 repeats of PPR10.
a, PPR10 from maize specifically recognizes two RNA elements. The cartoon above illustrates the predicted domain organization of PPR10. 1 and 19 refer to the repeat numbers. CTP, chloroplast transit peptide. The blue brick with â€˜?â€™ represents a fragment of approximately 30 amino acids whose function remains to be characterized. The minimal RNA elements of PSAJ and ATPH that are targeted by PPR10 are shown below the cartoon. b, Sequence alignment of 19 repeats in PPR10. The secondary structural elements of a typical PPR motif are shown above. The residues at the 2nd, 5th and 35th positions which were predicted to be the molecular determinants for RNA-binding specificity are highlighted in magenta. The RNA sequences that can be recognized by PPR10 are listed on the right, 5â€² to 3â€² from top to bottom. The nucleotides which are recognized by PPR10 in a modular fashion in the PSAJâ€“PPR10 structure are shaded grey. c, The three numbering systems for a PPR motif. 1 is being used by Lurin et al.12, Barkan et al.6 and others; 2 is adopted by the Pfam database and being used by Kobayashi et al.28, Yagi et al.7 and others; and 3 is our proposed, structure-based numbering system. The residues that are predicted to specifically recognize RNA are coloured magenta.


Extended Data Figure 2 AUC-SE of PPR10 (residues 37â€“786, C256S/C279S/C430S/C449S) in the absence or presence of the target RNA elements.
The molar concentrations of PPR10 are indicated above each panel. PPR10 and the RNA oligonucleotides were mixed at a stoichiometric ratio of approximately 1:1.5. Details of the experiments are described in Methods.


Extended Data Figure 3 The two protomers of the RNA-bound PPR10 dimer exhibit similar conformations.
a, The two protomers can be superimposed with a root-mean-squared deviation of 1.31â€‰Ã… over 629 CÎ± atoms. b, c, The two ssRNA segments are coordinated by the PPR10 dimer similarly. The 5â€² and 3â€² segments of the bound PSAJ RNA are separately coordinated by the N-terminal repeats of one protomer (b), and the C-terminal repeats of the other protomer (c). Stereo-views are shown for all panels.


Extended Data Figure 4 Electron density maps for a bound ssRNA segment.
a, The 2Foâ€‰â€“â€‰Fc electron density for one segment of the bound PSAJ RNA. The electron density, contoured at 1Ïƒ and coloured blue, is displayed in stereo. b, c, The anomalous signals for bromine in the structures where the highlighted nucleotides were substituted with 5-bromouracil (5-BrU). The anomalous signals, shown in magenta mesh, are contoured at 5Ïƒ.


Extended Data Figure 5 Coordination of the bound ssRNA by PPR10.
a, The 5â€² and 3â€² portions of the PSAJ RNA element are separately bound by the N-terminal and C-terminal repeats of the two PPR10 protomers. Shown here is a close-up view of the binding of PSAJ by one end of the PPR10 dimer. b, The nucleotides U5â€“A10, which form a U-turn in the ssRNA, are uncoordinated in the cavity of the PPR10 dimer. The two protomers of PPR10 are shown in semi-transparent surface contour. c, The RNA backbone is coordinated by polar or charged residues through hydrogen bonds. The hydrogen bonds are represented by red dotted lines. The two protomers of PPR10 are coloured light purple and grey.


Extended Data Figure 6 Mutational analysis of PPR10 residues that may be important for PSAJ.
a, EMSA analysis of the interaction between PPR10 (residues 37â€“786, C256S/C279S/C430S/C449S) and PSAJ (5â€²-GUAUUCUUUAAUUAUUUC-3â€²). PPR10 was added with increasing concentrations of 0, 2, 4, 8, 16, 31, 63, 125, 250, 500, 1,000â€‰nM in lanes 1â€“11 with approximately 40â€‰pM 32P-labelled PSAJ in each lane. b, Mutational analysis of the 5th residues of the indicated PPR motifs. The indicated point mutations were introduced to PPR10 (residues 37â€“786, C256S/C279S/C430S/C449S). c, Examination of the 2nd residues in repeats 3 and 5. d, Examination of the 35th residue of repeat 6. Note that the side group of Aspâ€‰314 is hydrogen bonded to the side chain of Asnâ€‰284, the 5th residue of repeat 6. The same structural feature is also seen in repeat 4 (Fig. 3b).


Extended Data Figure 7 The predicted coordination of base C by an Asn at the 5th position of a PPR motif.
Left, the coordination of base U by Asn observed in the structure. Right, the coordination of base C by Asn at the 5th position of a PPR motif modelled on the basis of the structure shown on the left.


Extended Data Figure 8 Comparison of ssRNA coordination by PUF and PPR proteins.
a, The structure of the human PUF protein PUM1 (also known as HSPUM) bound to the RNA element NRE1-19 (PDB accession code, 1M8W)24. The PUF repeats constitute an arc with 8-nt ssRNA bound to the concave side. Notably, the orientations of the bound RNA and the protein are antiparallel, namely the 5â€² end is close to the C terminus of PUF. b, The structure of a PUF repeat. One canonical PUF repeat contains three helices, of which a short helix precedes a helical hairpin. c, Representative recognition of the RNA bases G, U, A by PUF repeats as seen in the structure of PUM1 bound to NRE1-19. The amino acids are labelled by the repeat number (r5, r6, r7, r8) followed by its one-letter code and position on the 2nd helix within a PUF repeat (S3, N4, E8, and so on). The same scheme applies to d. d, The coordination of RNA bases G, U, A by PPR10. It is noteworthy that PUF and PPR proteins share several common features for RNA binding: (1) the ssRNA elements are coordinated by the helices on the inner layer; and (2) the base is sandwiched mostly by hydrophobic residues or Arg. Yet the differences are evident between the two families of repeat proteins. As seen in c, the RNA base is usually coordinated by two residues that are located at the 4th and the 7th positions on helix 2 within a PUF repeat. By contrast, the base is mainly coordinated by the 5th residue of a PPR motif. The 35th residue, the last residue of a PPR motif that is located at a loop region preceding the next PPR motif, also contributes to base recognition.


Extended Data Table 1 Statistics of data collection and refinementFull size table


Extended Data Table 2 Statistics of data collectionFull size table





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4




Rights and permissions
Reprints and permissions


About this article
Cite this article
Yin, P., Li, Q., Yan, C. et al. Structural basis for the modular recognition of single-stranded RNA by PPR proteins.
                    Nature 504, 168â€“171 (2013). https://doi.org/10.1038/nature12651
Download citation
	Received: 28 May 2013

	Accepted: 12 September 2013

	Published: 27 October 2013

	Issue Date: 05 December 2013

	DOI: https://doi.org/10.1038/nature12651


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

                
                    	
                            
                                
                                    
                                        Differential adaptive RNA editing signals between insects and plants revealed by a new measurement termed haplotype diversity
                                    
                                

                            
                                
                                    	Yuange Duan
	Ye Xu
	Hu Li


                                
                                Biology Direct (2023)

                            
	
                            
                                
                                    
                                        A mitochondrial pentatricopeptide repeat protein enhances cold tolerance by modulating mitochondrial superoxide in rice
                                    
                                

                            
                                
                                    	Xiaofeng Zu
	Lilan Luo
	Xiaofeng Cao


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        The PPR-Domain Protein SOAR1 Regulates Salt Tolerance in Rice
                                    
                                

                            
                                
                                    	Kai Lu
	Cheng Li
	Ya-Dong Zhang


                                
                                Rice (2022)

                            
	
                            
                                
                                    
                                        U-to-C RNA editing by synthetic PPR-DYW proteins in bacteria andÂ human culture cells
                                    
                                

                            
                                
                                    	Mizuho Ichinose
	Masuyo Kawabata
	Bernard Gutmann


                                
                                Communications Biology (2022)

                            
	
                            
                                
                                    
                                        DYW domain structures imply an unusual regulation principle in plant organellar RNA editing catalysis
                                    
                                

                            
                                
                                    	Mizuki Takenaka
	Sachi Takenaka
	Gert Weber


                                
                                Nature Catalysis (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
            
        

        
    



            

        
    


    
        Editorial Summary
PPR protein recognition of ssRNA
Pentatricopeptide repeat (PPR) proteins are mitochondria- and chloroplast-targeted RNA-binding proteins involved in many aspects of RNA metabolism. The roles of PPR proteins have been well characterized, but how they recognize specific single-stranded RNAs (ssRNAs) is not as well understood. Nieng Yan and colleagues have solved the structure of maize PPR10 in the absence and presence of ssRNA. They find that in the RNA-free form, the 19 repeats make up a superhelical spiral, and that two PPR10 proteins assemble in an antiparallel dimer. Binding of a ssRNA induces strong conformational changes in PPR10, with six repeats each recognizing a single nucleotide in the 6-base-pair core of the target sequence.
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