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            Abstract
Quality control mechanisms intervene appropriately when defective translation events occur, in order to preserve the integrity of protein synthesis. Rescue of ribosomes translating on messenger RNAs that lack stop codons is one of the co-translational quality control pathways. In many bacteria, ArfA recognizes stalled ribosomes and recruits the release factor RF2, which catalyses the termination of protein synthesis1,2,3. Although an induced-fit mechanism of nonstop mRNA surveillance mediated by ArfA and RF2 has been reported4, the molecular interaction between ArfA and RF2 in the ribosome that is responsible for the mechanism is unknown. Here we report an electron cryo-microscopy structure of ArfA and RF2 in complex with the 70S ribosome bound to a nonstop mRNA. The structure, which is consistent with our kinetic and biochemical data, reveals the molecular interactions that enable ArfA to specifically recruit RF2, not RF1, into the ribosome and to enable RF2 to release the truncated protein product in this co-translational quality control pathway. The positively charged C-terminal domain of ArfA anchors in the mRNA entry channel of the ribosome. Furthermore, binding of ArfA and RF2 induces conformational changes in the ribosomal decoding centre that are similar to those seen in other protein-involved decoding processes. Specific interactions between residues in the N-terminal domain of ArfA and RF2 help RF2 to adopt a catalytically competent conformation for peptide release. Our findings provide a framework for understanding recognition of the translational state of the ribosome by new proteins, and expand our knowledge of the decoding potential of the ribosome.
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                    Figure 1: Structure of ArfA and RF2 bound to the ribosome on a nonstop mRNA.


Figure 2: Interactions between ArfA and RF2 in the ribosome.


Figure 3: The activation domain of ArfA.


Figure 4: Schematic representation of sequential events involved in rescuing a nonstop translation by ArfA and RF2 in the ribosome.
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Extended data figures and tables

Extended Data Figure 1 Structure determination of 70S ribosome with ArfA and RF2 on a nonstop mRNA by cryoEM.
a, A representative micrograph with corresponding FFT shown in an insert. The insert shows the CTF estimation of an average background-subtracted power spectrum and fitted CTF (top-left corner) using CTFFIND440. b, Representative 2D class averages from reference-free 2D classification. c, Particle classification and structural refinement procedures used to in this study. d, Conformational differences between the nonstop ribosomal complexes in the two classes obtained from the global classification and refinement. Rotation of 16S rRNA in the 30S subunit relative to 23S rRNA in the 50S subunit from class I (red) to class II (blue) showing a 1.7Â° 16S body domain rotation and an orthogonal 1.8Â° head domain rotation. Ribosomes in the two classes were aligned using the 23S rRNA of the 50S subunit. Small subunit ribosomal proteins are omitted for clarity.


Extended Data Figure 2 Map and model quality.
a, Gold-standard FSC curves for the electron microscopy map from 155,440 particles (black), and electron microscopy maps of class I (red, 82,077 particles) and class II (blue, 73,363 particles) from the global 3D classification and refinement. Resolution is demarcated using the FSCâ€‰=â€‰0.143 criterion. b, Fit of the model to the map. FSC curves calculated between the refined structural model and the final electron microscopy map (sum, black), with the self-validated (half1, red) and cross-validated (half2, blue) correlations shown. c, The unfiltered and unsharpened density map coloured by local resolution in surface and slice views for the entire nonstop ribosomal complex. d, Gold-standard FSC curves for the electron microscopy maps obtained from the focused refinements with a mask over the ArfA/RF2/30S body domain (black) and a mask over the ArfA/RF2 region (red). e, Same as c for the electron microscopy map obtained from the focused refinement with a mask over the regions of ArfA, RF2 and the 30S body domain. f, Gold-standard FSC curves for the electron microscopy maps obtained from the local refinement with partial signal subtraction using a mask over the ArfA/RF2/30S body domain (black) and a mask over the ArfA/RF2 region (red). g, Fit of the model to the map. FSC curves are calculated between the refined structural model and the final electron microscopy map (sum, black) for the ArfA and RF2 region, with the self-validated (half1, red) and cross-validated (half2, blue) correlations shown. h, Same as c for the electron microscopy map obtained from the local refinement with a mask over the region of ArfA and RF2. i, Representative electron microscopy maps showing the refined structures of ArfA (density), RF2 (firebrick), 23S rRNA (cyan) and 16S rRNA (orange).


Extended Data Figure 3 Conformations of RF2 in the canonical and nonstop termination complexes.
Superposition of structures of RF2 in the canonical termination complex from T. thermophilus (PDB code: 4V5J26, coloured in grey) and nonstop translation complex from E. coli (this study, coloured in red) based on an alignment of the 16S rRNAs of the two ribosomal complexes. In both structures, domains II and IV of RF2 bind to the decoding centre of the ribosome, domain III extends into the 50S subunit positioning the universally conserved GGQ motif into the PTC, and domain I interacts with the L11 stalk and the 30S shoulder region.


Extended Data Figure 4 Sequence alignment of ArfA from different bacterial species.
a, Pictorial representation of the consensus sequence showing the frequency of different amino acids in residues 1â€“55 of ArfA from 66 species. Alignment was generated by Weblogo (http://weblogo.berkeley.edu/logo.cgi), and amino acids are coloured according to their chemical properties. Polar and uncharged amino acids (G, S, T, Y, C) are coloured green, amino acids (Q, N) in purple, basic amino acids (K, R, H) in blue, acidic amino acids (D, E) in red, and hydrophobic amino acids (A, V, L, I, P, W, F, M) in black. Secondary structure features of ArfA from E. coli when it binds to the ribosome are shown according to the atomic structure obtained in this study. b, Multiple sequence alignment of ArfA proteins from different bacterial species showing that all ArfA proteins contain a positively charged C-terminal domain, as framed in the blue box. E. coli ArfA (NCBI GenInfo Identifier (GI) number 1450289), Proteus mirabilis ArfA (GI6802815), Haemophilus influenza ArfA (GI951152), Pasteurella multocida ArfA (GI29389120), and Vibrio fischeri ArfA (GI3280674) are used as examples. The red box indicates the C-terminal truncated region during ArfA maturation17. ArfA mutants used in this study are highlighted in yellow. Multiple sequence alignment was carried out in Clustal Omega62.


Extended Data Figure 5 Interactions of the C-terminal tail of ArfA and the ribosome.
a, View of the mRNA entry channel showing the positively charged residues in the C-terminal domain of ArfA interacting with negatively charged phosphate backbones of rRNA. RF2 is omitted for clarity. Electrostatic potentials were calculated using APBS63 with pdb2pqr64, where k is Boltzmannâ€™s constant, T is the system temperature of the calculation (310â€‰K) and ec is the charge of an electron. b, c, Positively charged residues in ArfA interact with phosphate backbones of the rRNA in the ribosome. Densities for selected ArfA residues are shown. R41 of ArfA makes contact with nucleotides in the mRNA entry channel (b). R28 of ArfA interacts with A519 of 16S rRNA (c). ArfA and16S rRNA are coloured blue and orange, respectively. d, Flexibility of loop 3 (E30â€“G37) in ArfA allows accommodation of a few nucleotides downstream from the P-site in the ribosome. One to two codons downstream of the ribosomal P-site appear to be accommodated by ArfA, and three codons downstream from the P-site nearly abolishes the peptide release activity in the ribosome, consistent with the biochemical data1,4,13. 30S is shown in yellow. ArfA, nonstop mRNA and P-tRNA are coloured in blue, magenta and lemon, respectively. An mRNA (grey) taken from PDB 4V6F65 was used in the figure for the purpose of illustration.


Extended Data Figure 6 Peptide release by RF2 and ArfA mutants in the nonstop stalled ribosome.
a, Representative time courses of peptide release for ArfA mutants with point mutations on residues interacting with the ribosomal decoding centre including P23A, R28A and E30A. b, Representative time courses of peptide release for ArfA mutants with point mutations in the C-terminal tail including K34A, K36A and R41A. Data on wild-type ArfA are shown. Ribosomal complexes (25â€‰nM) with nonstop mRNA and P-site fMet-tRNAfMet were incubated with 62.5â€‰nM ArfA and 5â€‰Î¼M RF2 at 37â€‰Â°C and the released peptides were measured at different time points after adding ArfA and RF2. c. Observed rate versus RF2 concentrations showing fits for kcat and K1/2 calculations for wild-type ArfA and K34A, K36A and R41A mutants. d, Observed rate versus RF2 concentrations showing fits for kcat and K1/2 calculations for wild-type ArfA and A18T mutant. The kcat and K1/2 values on A18T, kcatâ€‰=â€‰0.0038â€‰Â±â€‰0.0002â€‰sâˆ’1 and K1/2â€‰=â€‰1.14â€‰Â±â€‰0.28â€‰Ã—â€‰10âˆ’6â€‰M, were reported but the fitting curve was not shown4. kobs was determined as described in Methods. Catalytic rate constants and values of K1/2 were obtained by fitting the observed rates against the corresponding RF2 concentrations to the Michaelisâ€“Menten equation. An average of three independent measurements is reported for each reaction and errors are calculated by standard error propagation.


Extended Data Figure 7 Multiple sequence alignment of domain IIâ€“IV of RF2 and RF1 from different bacterial species.
E. coli RF1 (NCBI GenInfo Identifier number 949002) and RF2 (GI947369), T. thermophilus RF1 (GI3169506) and RF2 (GI3168831), P. mirabilis RF1 (GI6801441) and RF2 (GI23391224), P. multocida RF1 (GI29388454) and RF2 (GI29389590), and V. fischeri RF1 (GI3277422) and RF2 (GI3277319) were submitted to Clustal Omega for alignment. Except for the genome of T. thermophiles, which does not contain a gene for ArfA, the genomes of the other species all contain the ArfA gene17. The sequence alignment is validated by structural alignment of RF1 and RF222,25. Domain I of RF1 and RF2 are omitted for clarity. The SPF and GGQ motifs are highlighted in cyan, and the four functionally important residues discussed in this study (V198, F217, F221 and W319) are highlighted in magenta. Sequences of RF1 and RF2 from E. coli and T. thermophilus are highlighted in yellow.


Extended Data Figure 8 A heterologous ribosomal nonstop complex can be formed in vitro but is biologically inactive.
a, RF2 from T. thermophilus binds to E. coli nonstop ribosomal complex in vitro. The heterologous nonstop ribosomal complex consisting of RF2 from T. thermophilus and ribosomes from E. coli was formed as described in Methods. SDSâ€“PAGE shows T. thermophilus RF2 (lane 1), apo ribosome from E. coli (lane 2) and the formation of heterologous nonstop ribosomal complex after gel filtration (lane 3). **Ribosomal protein S1. b, The heterologous ribosomal complex fails to catalyse peptide release. Representative time courses of peptide release by 5â€‰Î¼M E. coli RF2 and T. thermophilus RF2 at 25â€‰nM nonstop stalled ribosome and 62.5â€‰nM ArfA from E. coli showing that T. thermophilus RF2 fails to catalyse peptide release in the ribosome.


Extended Data Table 1 Data collection and model statisticsFull size table


Extended Data Table 2 Rates and binding constants of peptide release for wild-type and mutants of ArfA on the nonstop ribosomal complexFull size table
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