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            Abstract
Ribosome rescue pathways recycle stalled ribosomes and target problematic mRNAs and aborted proteins for degradation1,2. In bacteria, it remains unclear how rescue pathways distinguish ribosomes stalled in the middle of a transcript from actively translating ribosomes3,4,5,6. Here, using a genetic screen in Escherichia coli, we discovered a new rescue factor that has endonuclease activity. SmrB cleaves mRNAs upstream of stalled ribosomes, allowing the ribosome rescue factor tmRNA (which acts on truncated mRNAs3) to rescue upstream ribosomes. SmrB is recruited to ribosomes and is activated by collisions. Cryo-electron microscopy structures of collided disomes from E. coli and Bacillus subtilis show distinct and conserved arrangements of individual ribosomes and the composite SmrB-binding site. These findings reveal the underlying mechanisms by which ribosome collisions trigger ribosome rescue in bacteria.
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                    Fig. 1: SmrB is a ribosome rescue factor.


Fig. 2: SmrB cleavage at the 5â€² boundary of stalled ribosomes promotes ribosome rescue.


Fig. 3: SmrB acts on collided ribosomes.


Fig. 4: Cryo-EM structure of the E. coli disome.


Fig. 5: Cryo-EM structure of the SmrB-bound E. coli disome.
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                Data availability

              
              Cryo-EM volumes and molecular models have been deposited at the Electron Microscopy Data BankÂ (EMDB) and Protein Data Bank (PDB) with the following respective accession codes: for the E. coliÂ disome,Â EMD-13952 and 7QG8 (stalled 70S) and EMD-13955 and 7QGH (collided 70S); for the E. coliÂ trisome, EMD-13964; for the B. subtilisÂ disome, EMD-13959 and 7QGU (stalled 70S) and EMD-13961 and 7QH4 (collided 70S); for the E. coliÂ disomeâ€“SmrBÂ complex, EMD-13956 and 7QGN (stalled 70S) and EMD-13958 and 7QGR (collided 70S). Gel source images are provided in Supplementary Figs. 1 and 2.

            

Code availability

              
              Custom Python scripts used to analyse the Tn-seq and RACE data are freely available at https://github.com/greenlabjhmi/2021_SmrB.
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Extended data figures and tables

Extended Data Fig. 1 SmrB is a general ribosome rescue factor.
a, Reporter protein from wild-type and âˆ†ssrA strains was detected by antibodies against the N-terminal Strep-tag. Arrows indicate the full-length fusion protein (FL) and shorter NanoLuc protein (N). The RpoB protein serves as a loading control. b, Additional reporters to study ribosome rescue in E. coli with various stalling motifs. c, The expression of full-length NanoLuc-Ble protein was monitored with an anti-Flag antibody; anti-Strep antibodies reveal both full-length NanoLuc-Ble and truncated NanoLuc protein. RpoB serves as a loading control.


Extended Data Fig. 2 Phylogenetic tree of SMR domain proteins.
Stylized phylogenetic tree depicting relationships between SMR domain clades. Clades with indicated bootstrap support are marked with circles. Clade names are given to the right of the tree. Dotted lines indicate positions with little or no bootstrap support.


Extended Data Fig. 3 Distribution and architectures of SMR-domain proteins.
a, Heat map demonstrating the conservation and distribution of SMR-domain proteins and other related translational quality control factors. Smr-all includes all types of SMR-domain proteins; Smr-euk includes only the eukaryotic branch. b, Domain organization of three representative bacterial proteins containing an SMR domain. c, Multiple alignment of the conserved regions in the N-terminal extension of SMR proteins from proteobacteria. Columns in the alignment are shaded and labeled according to biochemical character: -, negatively charged; h, hydrophobic in yellow; a, aromatic; p, polar in blue; l, aliphatic in yellow; s, small in green; u, tiny in green. Residue positions in theâ€“xxxa motif are colored in white and shaded in black, marked by asterisks above the alignment. Residue positions forming part of the active site of the core SMR domain are colored in white and shaded in red. Sequences are labeled with NCBI accession number and organism abbreviation; abbreviations are provided below alignment. Secondary structure provided at top of alignment. Numbers to left and right of alignment denote positioning of the region. Internal numbers give the size of excised variable insert regions. d, Sequence alignment of SMR domains of representative proteins. Identical residues are shown in white with a red background; conserved residues are shown in red. The identity of each sequence is represented by the gene name, species name, and numbers indicating the beginning and the end of the residues used for the alignment. Ecol, Escherichia coli; Scer, Saccharomyces cerevisiae; Cele, Caenorhabditis elegans; Hsap, Homo sapiens; Atha, Arabidopsis thaliana; Bsub, Bacillus subtilis.


Extended Dataï»¿ Fig. 4 SmrB cleavage, tmRNA tagging, and ribosome collisions.
a, The results of 5â€²-RACE showing the 5â€²-ends of downstream fragments in reads per million on the EP* reporter. The first nt in the A site codon in the stall motif is designated as zero. b, The results of 3â€²-RACE showing the 3â€²-ends of upstream fragments. c, tmRNA tagging sites on the EP* reporter in the wild-type and Î”smrB strains, corresponding to the residue immediately preceding the tmRNA tag in peptide sequences detected by targeted LC-MS-MS. The relative spectrum count is normalized by the count at the EP* stall site (red) where tmRNA tagging was expected to occur in both the wild-type and âˆ†smrB strains. The spectrum count corresponds to the mean and the standard deviation of three replicates. The arrow indicates the SmrB cleavage site demonstrated by 5â€²-RACE. d, 5â€²-RACE data on the SecM reporter reveal the SmrB cleavage sites as in Fig. 2b, zoomed in to show smaller peaks upstream. e, The distribution of Flag-SmrB in cells treated with 5, 50, or 500â€‰Î¼g/mL erythromycin (ERY) was determined by fractionation over a sucrose gradient and detected with an anti-Flag antibody.


Extended Data Fig. 5 Cryo-EM data processing for the E. coli disome sample.
Shown are the classification scheme, representative micrographs (the scale bar is 500â€‰Ã…), 2D class averages and the Gold standard Fourier Shell Correlation (GSFSC) curve for the volume containing the 70S stalled ribosome and the 30S of the collided ribosome, as well as the full disome.


Extended Data Fig. 6 Analysis of the E. coli disome structure and comparison of different disome structures.
a, The architecture of the E. coli disome is not compatible with bS1 remaining bound to the stalled ribosome. Aligned models of the 30S subunits of the collided (left) and the stalled (middle) ribosomes are shown in surface representation. The position of bS1 as observed in the collided ribosome is shown in purple and the same position of bS1 in the stalled ribosome is indicated by a dashed line. The clash between bS1 of the stalled ribosome and the 30S subunit of the collided ribosome that would occur upon disome formation is shown on the right. b, Cartoon representation of the individual interactions as they occur at the E. coli disome interface. c, 2D class averages and cryo-EM structure model of an E. coli trisome. d, e, Comparison of the E. coli (E.c.) and B. subtilis (B.s.) disomes displaying full and cut views. Note the smaller space between stalled and collided ribosomes in the B.s. disome interface as illustrated by comparing the positions of uS2 proteins in the zoomed view in c. f, Surface representation of the structural model of the S. cerevisiae disome. g&h, Surface representation of the E. coli and B. subtilis hibernation disomes.


Extended Data Fig. 7 Cryo-EM data processing for the B. subtilis disome and E. coli trisome sample.
a, Shown are the classification scheme, and the Gold standard Fourier Shell Correlation (GSFSC) curves for the final volumes of the B. subtilis disome containing the 70S stalled ribosome and the 70S of the collided ribosome. b, Shown are the 2D class averages, classification scheme, and the Gold standard Fourier Shell Correlation (GSFSC) of the E. coli trisome.


Extended Data Fig. 8 Production of collided and non-collided disomes and relative peak areas of monosomes and disomes in the SmrB nuclease assay.
a, mRNA construct to create the collidedÂ E. coliÂ disomes and trisomes and below the sucrose density gradient afterÂ in vitro translation. The ribosome stalling site is indicated by an asterisk.Â b,Â mRNA construct to create the non-collided disomes that were used in the nuclease assay and below the sucrose density gradient afterÂ in vitroÂ translation.Â c,Â Relative monosome and disome peak area calculated from the sucrose gradient profiles of the SmrB nuclease assay, showing the mean and standard deviation of three replicates. d,Â The relative decrease of the area of the disome peak upon addition of SmrB is shown as the mean and standard deviation of three replicates. (The mean difference of the relative disome peak area of collided ribosomes between control and SmrB reaction was set to 1).


Extended Data Fig. 9 Cryo-EM data processing for the E. coli disome sample.
Shown are the classification scheme, representative micrographs (the scale bar is 500â€‰Ã…), 2D class averages and the Gold standard Fourier Shell Correlation (GSFSC) curve for the respective 3D reconstructions. The segmented density for SmrB is colored according to local resolution.


Extended Data Fig. 10 Structural model of SmrB.
a, Secondary structure of SmrB. The DLH to ALA mutation is indicated. b, AF2 prediction models 1-5 as predicted through the API from the SÃ¶ding lab. The SMR domain is predicted with high confidence, while the linker to the N-terminal helix appears flexible. c, AF2 prediction of the interaction between SmrB and uS2. For this prediction uS2 was fused to the C-terminus of SmrB with a glycine serine linker (39 copies of GS). The prediction shows the N-terminal helix of SmrB folded back onto uS2. d, Adjustment of the AF2 predicted model of SmrB-uS2. Without adjustment according to the cryo-EM density (as shown in D) the SMR domain would clash with the ribosome. e, Top: Cryo-EM density and adjusted model of the SmrB. Middle: Cryo-EM density and rigid body docked model of the N-terminus of SmrB from the collided 30S onto the stalled 30S. A second copy of SmrB was found anchored to uS2 of the stalled ribosome. However, there was no density for the SMR domain of the second SmrB, indicating a high degree of flexibility due to the lack of another ribosome in front of the stalled one. Bottom: in the control disome without SmrB, there is no density for the N-terminus of SmrB. f, Comparison of the AF2 prediction, the homology model, and the adjusted model of SmrB. Compared to the AF2 prediction, the homology model is missing the two N-terminal helices and most of the loops are slightly different (top). The AF2 prediction almost perfectly matched the cryo-EM density map and the corresponding adjusted model (middle and bottom). Only the catalytic loop (carrying the active site mutations) had to be slightly adjusted to prevent clashes with the mRNA. The N-terminus was adjusted as discussed above. g. During the preparation of this manuscript the AF2 prediction for SmrB (YfcN) became available at the alphafold database at EMBL-EBI. The deposited model resembles our final adjusted model very well including the position of the N-terminus. The confidence of the prediction (pLDDT) is indicated.


Extended Data Fig. 11 Testing the importance of structural interactions for SmrB activity.
a, Examples of operons containing both uS21 and SMR-domain proteins. b, The distribution of Flag-tagged full-length SmrB and a construct with only the SMR domain (residues 88â€“183) was determined by fractionation over sucrose gradient and detection with an anti-Flag antibody. A non-specific band is marked with *. c, Northern blots using the 3â€²-probe against the CRP reporters with the short SecM stalling motif in wild-type cells, bL9-deletion strain (âˆ†rplI), and a strain where mCherry is fused to the C-terminus of bL9 (bL9-mCherry). Ethidium bromide staining of 16S rRNA serves as a loading control. d, Northern blots using the 3â€²-probe against the CRP reporters with the short SecM stalling motif in wild-type cells, a strain where MBP is fused to the N-terminus of uS21, and a strain where GFP is fused to the C-terminus of uS6.
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