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            Abstract
Ribosomal surveillance pathways scan for ribosomes that are transiently paused or terminally stalled owing to structural elements in mRNAs or nascent chain sequences1, 2. Some stalls in budding yeast are sensed by the GTPase Hbs1, which loads Dom34, a catalytically inactive member of the archaeo-eukaryotic release factor 1 superfamily. Hbs1â€“Dom34 and the ATPase Rli1 dissociate stalled ribosomes into 40S and 60S subunits. However, the 60S subunits retain the peptidyl-tRNA nascent chains, which recruit the ribosome quality control complex that consists of Rqc1â€“Rqc2â€“Ltn1â€“Cdc48â€“Ufd1â€“Npl4. Nascent chains ubiquitylated by the E3 ubiquitin ligase Ltn1 are extracted from the 60S subunit by the ATPase Cdc48â€“Ufd1â€“Npl4 and presented to the 26S proteasome for degradation3,4,5,6,7,8,9. Failure to degrade the nascent chains leads to protein aggregation and proteotoxic stress in yeast and neurodegeneration in mice10,11,12,13,14. Despite intensive investigations on the ribosome quality control pathway, it is not known how the tRNA is hydrolysed from the ubiquitylated nascent chain before its degradation. Here we show that the Cdc48 adaptor Vms1 is a peptidyl-tRNA hydrolase. Similar to classical eukaryotic releaseÂ factor 1, Vms1 activity is dependent on a conserved catalytic glutamine. Evolutionary analysis indicates that yeast Vms1 is the founding member of a clade of eukaryotic release factor 1 homologues that we designate the Vms1-like release factor 1 clade.
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                    Fig. 1: Vms1 is required for release of ubiquitylated, tRNA-linked non-stop protein A reporter (Ubâ€“PrANSâ€“tRNA) from 60S ribosomal subunits.[image: ]


Fig. 2: Vms1 is a member of the aeRF1 superfamily and the founding member of the VLRF1 clade.[image: ]


Fig. 3: Point mutations in the conserved, putative peptidyl-tRNA hydrolase active site of Vms1 phenocopy vms1Î”.[image: ]


Fig. 4: Peptidyl-tRNA hydrolase activity of Vms1 and ANKZF1 depend on the catalytic glutamine residue.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Mass spectrometry analysis of Vms1 required for release of Ubâ€“PrANSâ€“tRNA from ribosomes.
a, Serial tenfold dilutions of exponential cultures were spotted on YPD plates with or without 100 Î¼g mlâˆ’1 hygromycin B and allowed to grow at 30â€‰Â°C for 3 days. Data shown are representative of three biological replicates. b, Ponceau S stained nitrocellulose filter used as loading control for Fig.Â 1c. c, Lysate from vms1Î” cells expressing PrANS (input lysate, lane five) was fractionated on a sucrose gradient and 60S fractions were pooled and mock-treated (lanes one and three) or pretreated with the deubiquitylating enzyme Usp2c (1 Î¼M; lane two) or 100 Î¼g mlâˆ’1 RNase A (lane four) at 30â€‰Â°C for 20â€‰min before CTAB precipitation. The pellets were immunoblotted with PAP. d, Ribosomes from the indicated strains were isolated using sucrose cushions and aliquots were immunoblotted to detect PrANS and Rpl3. The remainder was bound to TUBE resin. The adsorbed fractions were immunoblotted with PAP. All lanes in the left and right panels are from the same blots. The dashed lines indicate cropping of lanes not pertinent to the current study. Uncropped gel source images are provided in Supplementary Fig.Â 1. Data in c and d are representative of two biological replicates. eâ€“h, Mass spectrometry analysis of TAP-tagged Cdc48, Vms1 and Ufd1. e, Relative abundance of each Cdc48 adaptor co-immunoprecipitated with Cdc48 relative to all adaptor proteins identified. f, Schematic illustrating the estimated stoichiometry of Cdc48â€“adaptor complexes. g, Relative stoichiometry of associated proteins that co-immunoprecipitated with Cdc48, Vms1 and Ufd1. Samples were normalized to the iBAQ value of the bait protein and are presented as percentage of the bait protein. Protein iBAQ values from the untagged control were subtracted from the tagged immunoprecipitation samples. h, Coomassie blue-stained gel of samples used for mass spectrometry analysis. All mass spectrometry data (eâ€“h) are representative of two biological replicates.


Extended Data Fig. 2 Vms1 is the founding member of the VLRF1 clade.
a, Extended sequence alignment of aeRF1 superfamily with representatives from all families and clades (compared to the limited subset shown in Fig.Â 2a). b, Phylogenetic tree depicting relationships within the aeRF1 superfamily; colouring matches clade labels in Fig.Â 2a. In the classical aeRF1 clade, two branches contain eukaryotic orthologues (eRF1) and archaeal orthologues (aRF1), respectively. Of the bacterial (baeRF1) versions, certain members are misannotated as â€˜Host_attachâ€™ in the Pfam database while most cannot be detected by existing profiles. The total number of prokaryotic representatives of the VLRF1 clade in the non-redundant database (NCBI, as of 1 December 2017) is 1,044. Of these, the archaeal VLRF1 family (aVLRF1) has 279 members, actino-chloroflexi VLRF1 family (acVLRF1) has 669 and the bacteroidetes VLRF1 family (bVLRF1) has 96. Notable domain architectures and conserved gene neighbourhoods are shown to the right of tree. A gene encoding a ribosome hibernation factor (HPF-like or YfiA-like) that facilitates inactive ribosome aggregation frequently co-occurs and is predicted to function with the baeRF1 domains. The labels below the architecture diagrams list the well-characterized clade representatives, PDB structure accessions and phyletic distributions. The dashed outline indicates domains that are not universally present.


Extended Data Fig. 3 Mutagenesis of the non-catalytic domains of Vms1.
a, SDS lysates of cells were immunoblotted with anti-haemagglutinin antibodies. Ponceau S staining of the blot shows the equivalency of the extracts. The RR mutant is R313A, R314A. The DNKR mutant contains the following four mutations in the zinc-finger domain: D94A, N99A, K101A, and R102A. The âˆ†VIM mutant is deleted for amino acids 622â€“625. b, Serial tenfold dilutions of wild-type and vms1Î” cells transformed with the indicated vms1 alleles were spotted on YPD plates containing 10 or 25 ng mlâˆ’1 cycloheximide and incubated at 30â€‰Â°C for 3Â days. Data are representative of three biological replicates. c, Native lysates (10 A260 units each) were subjected to sucrose gradient analysis. In each case fractions 10â€“23 were resolved and immunoblotted to detect protein A and Rpl3. Identical exposures are shown for all panels. d,Â Native lysates of vms1Î” cells expressing wild-type Vms1â€“HA3 or Vms1â€“HA3-DNKR were subjected to sucrose gradient analysis. Fractions were immunoblotted for Vms1 and Rpl3. MW, molecular weight marker. All western blot data are representative of two biological replicates. Gel source images are available in Supplementary Fig.Â 1.


Extended Data Fig. 4 In vitro reconstitution of Vms1 peptidyl-tRNA hydrolase activity.
a, Coomassie blue-stained gels of the indicated purified proteins used for in vitro reconstitution. b, Analysis of ribosomeâ€“nascent chain complexes generated by translation in reticulocyte lysate. PCR products encoding Flagâ€“CRPNS followed by a 30-nucleotide poly(A) sequence and Flagâ€“CRPStop (with a stop codon) were transcribed and translated in reticulocyte lysate in the presence of 35S-labelled methionine. Completed translation reactions were treated (or not treated), fractionated using SDSâ€“PAGE, and visualized by autoradiography. Lane one, no treatment; lane two, RNase A treatment; lane three, CTAB treatment; lane four, immunoprecipitated with anti-Flag resin. For lanes three and four, the pellet fraction was analysed. c, Sucrose gradient analysis of reticulocyte translation reactions. Flagâ€“CRPNSKn was transcribed and translated in 200 Î¼l reticulocyte lysate for 30â€‰min. Lysates were layered onto 2-ml 10â€“50% sucrose gradients and centrifuged using a Beckman SW55 rotor for 80â€‰min. Eleven fractions (200 Î¼l each) were collected from the top by hand. Aliquots were analysed for fractionation of 35S-labelled substrate and Rpl8 by autoradiography and immunoblotting, respectively. d, Quantification of two independent biological replicates of the yeast His6â€“Vms1 and His6â€“Vms1-Q295L titration reactions shown in Fig.Â 4d. e, Quantification of the human ANKZF1 and ANKZF1-Q246L titration reactions shown in Fig.Â 4e. Data are representative of two biological replicates. Gel source images are provided in Supplementary Fig.Â 1 and Source Data are available with the online version of this paper.


Extended Data Fig. 5 Working model of Vms1 function at stalled ribosomes.
In non-stop decay of mRNAs lacking a stop codon, ribosomes translate the poly(A) tail and stall after translating several lysines4, 19. The A site as a consequence is occupied by an AAA codon. Our data suggest that Vms1 can potentially hydrolyse peptidyl-tRNA chains on this leading stalled ribosome without prior splitting by Dom34â€“Hbs1â€“Rli1. One of the known responses to stalling is endonucleolytic cleavage of the mRNA by an as-yet unidentified endonuclease. The cleavage reaction generates a truncated transcript. Lagging ribosomes that translate up to the cleavage site stall with an empty A site. Such stalls are recognized by Dom34â€“Hbs1 that together with Rli1 dissociate the 80S ribosome into the 40S subunit and the 60S subunit, which contains the nascent peptidyl-tRNA1. Dissociation allows for stable association of the RQC complex members Rqc1â€“Rqc2 and the E3 ubiquitin ligase Ltn19. Rqc2 adds non-templated alanine and threonine residues to the C-terminal end of the nascent chain to extrude sequences in the exit tunnel past the active site of Ltn1, which ubiquitylates lysine residues in the emerging nascent chain10 and with the aid of Cdc48, optimizes the conformation of Vms1 at the PTC such that it can hydrolyse the tRNA. The ubiquitylated nascent chain is engaged by Ufd1â€“Npl4 bound to Cdc48 that together unfold and extract the nascent chain. Dissociation of Rqc2 allows Vms1 to access the 60S subunit29, resulting in hydrolysis of the peptidyl-tRNA. Recruitment of Cdc48â€“Ufd1â€“Npl4 to the ubiquitylated nascent chain7 ensures its efficient extraction from the 60S subunit. It is unclear whether the action of Vms1 on 80S ribosomes is coupled in some manner to ribosome splitting.


Extended Data Table 1 Saccharomyces cerevisiae cell lines and plasmids usedFull size table
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