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            Abstract
Translation of messenger RNAs lacking a stop codon results in the addition of a carboxy-terminal poly-lysine tract to the nascent polypeptide, causing ribosome stalling. Non-stop proteins and other stalled nascent chains are recognized by the ribosome quality control (RQC) machinery and targeted for proteasomal degradation. Failure of this process leads to neurodegeneration by unknown mechanisms. Here we show that deletion of the E3 ubiquitin ligase Ltn1p in yeast, a key RQC component, causes stalled proteins to form detergent-resistant aggregates and inclusions. Aggregation is dependent on a C-terminal alanine/threonine tail that is added to stalled polypeptides by the RQC component, Rqc2p. Formation of inclusions additionally requires the poly-lysine tract present in non-stop proteins. The aggregates sequester multiple cytosolic chaperones and thereby interfere with general protein quality control pathways. These findings can explain the proteotoxicity of ribosome-stalled polypeptides and demonstrate the essential role of the RQC in maintaining proteostasis.
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                    Figure 1: NS-protein aggregates in ltn1Δ cells.[image: ]


Figure 2: Effect of poly-basic sequence and ribosomal stalling on NC aggregation.[image: ]


Figure 3: Role of Rqc2p in aggregation of stalled NCs.[image: ]


Figure 4: Aggregates of stalled polypeptide sequester chaperones.[image: ]


Figure 5: Failure of RQC results in impairment of cytosolic quality control.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Properties of NS-proteins in ltn1Δ cells.
a, Firefly luciferase (Luc) or NS–Luc was expressed under the GAL1 promoter in WT or ltn1Δ yeast cells for ~16 h (~5 generations) at 30 °C. Proteins were immunoprecipitated (IP) from cell extracts with anti-Myc antibody, followed by anti-Luc immunoblotting (IB). SDS-res., SDS-resistant aggregates. The cell extracts used as input were analysed by immunoblotting against phosphoglycerate kinase 1 (Pgk1p) as a loading control. EV, empty vector. b, SDS-resistant HMW forms of NS–Luc do not represent polyubiquitylated protein. Myc-tagged NS–Luc was expressed under the GAL1 promoter in pdr5Δ or ltn1Δ yeast cells. pdr5Δ cells were incubated with DMSO or with MG132 (95 μM in DMSO) for 1.5 h. Cell lysates were prepared under denaturing conditions (see Methods), followed by NS–Luc IP with anti-myc antibody and IB with anti-Luc antibody (left panel) or anti-Ub antibody (right panel). The positions of SDS-resistant NS–Luc, polyUb–Luc and IgG are indicated. NS–Luc and Pgk1p in input fractions were analysed. c, The WT yeast strain used in this study (BY4741) and its LTN1 deletion strain were in the [RNQ+] state. To cure [RNQ+], cells were grown on YPD plates containing 3 mM guanidinium chloride (GdmCl) and subsequently streaked on YPD plates without GdmCl to isolate single colonies. The [RNQ+] prion state was confirmed by Rnq1–GFP inclusion body formation upon expression of Rnq1–GFP from CUP1 promoter by induction for 4 h with 50 μM CuSO4 during exponential growth. Live cells were analysed by fluorescence microscopy. Scale bar, 5 μm. d, NS–GFP was expressed under the GAL1 promoter in ltn1Δ cells in the [RNQ+] or [rnq−] state. Cell extracts were analysed by IP and IB with anti-GFP antibody. e, Sucrose density gradient fractionation of ltn1Δ cells expressing NS–GFP for 16–18 h. Absorbance at 254 nm indicates the position of ribosomes and polysomes (top panel). Gradient fractions were immunoblotted for the 60S protein Rpl3p with anti-Rpl3p antibody (middle panel) or anti-GFP antibody (bottom panel). SDS-resistant material was incompletely recovered, presumably due to the use of 10% TCA to precipitate the fractions before IB. Note that the immunoblot was overexposed to visualize the fractionation of SDS-resistant NS–GFP.


Extended Data Figure 2 Inclusion formation by stalled poly-basic proteins in ltn1Δ cells.
a, The disordered region from Hsp82p (residues 210 to 263) was used as an alternative spacer sequence (s*) in the stalling construct GFP–s*-K20, using GFP–s* as control. Representative live cell fluorescence images are shown and cells with visible inclusions were quantified as in Fig. 1b. GFP–s-K20 (Fig. 2a) and GFP–s*-K20 showed a similar frequency of inclusion formation. b, Live cell fluorescence microscopy of ltn1Δ cells expressing the GFP–s-polyR–mCh proteins indicated (see Fig. 2b). Cells were analysed for GFP and mCherry fluorescence. Cells with visible inclusions were quantified as in Fig. 1b. Scale bar, 5μm. c, The GFP–s-polyR–mCh proteins shown on the left were expressed in ltn1Δ cells. Cell extracts were analysed by SDD-AGE, followed by IB with anti-GFP antibody. Note that constructs R4RARE (3) and R20RARE (5) form SDS-resistant aggregates detectable by SDS–PAGE (Fig. 2b), while R20FREQR4RARE (6) forms inclusions but little SDS-resistant aggregates by SDS–PAGE (Fig. 2b). In lane 1, only 25% of cell lysate was applied to avoid overloading.


Extended Data Figure 3 Rqc2p-dependent aggregation of stalled polypeptides.
a, NS–GFP is released from ribosomes in rqc2Δ cells. Sucrose density gradient fractionation of rqc2Δ cells expressing NS–GFP for 16–18 h. Analysis was performed as in Extended Data Fig. 1e. b, Live cell fluorescence microscopy of RQC mutant cells expressing NS–GFP. Hoechst 33342 was used for nuclear staining. Cells with visible inclusions were quantified as in Fig. 1b. Scale bar, 5 μm. c, rqc2Δ cells preserve the ability to deposit aggregated protein in inclusions. The rqc2Δ and ltn1Δrqc2Δ strains used in this study were derived from the [RNQ+] WT strain. Rnq1–GFP was expressed as in Extended Data Fig. 1c to confirm inclusion formation in the RQC2 deletion strain. WT [rnq−] cells were isolated from WT [RNQ+] cells by GdmCl treatment as in Extended Data Fig. 1c. Inclusion formation was analysed by fluorescence microscopy. Scale bar, 5 μm. d, RQC2 or rqc2aaa was expressed under the RQC2 promoter in ltn1Δrqc2Δ cells expressing GFP–s-R20RARE–mCh. Cell extracts were analysed by IB with anti-GFP antibody. Pgk1p was used as a loading control. CAT-tails are indicated. e, RQC2 deletion prevents inclusion formation of stalled polypeptides in ltn1Δ cells. GFP–s-K20 was expressed in ltn1Δrqc2Δ cells under the GAL1 promoter. WT Rqc2p or Rqc2aaa was co-expressed under the RQC2 promoter in a single copy plasmid. Inclusion formation was analysed by fluorescence microscopy and quantified as in Fig. 1b. Scale bar, 5 μm.


Extended Data Figure 4 Engineered CAT-tails mediate aggregation.
a, Schematic representation of GFP–s fusion proteins with stop codon containing 20 Lys residues or a (Ala-Thr)6 sequence, or 20 Lys residues followed by a (Ala-Thr)6 or (Gly-Ser)6 sequence (top). Live cell fluorescence microscopy of ltn1Δhel2Δ cells expressing the proteins indicated. The fraction of cells with visible inclusions is indicated (quantified as in Fig. 1b). Scale bar, 5 μm. b, Deletion of HEL2 increases read-through efficiency through a 20 Lys tract (encoded by AAG codons). The fusion proteins indicated and shown schematically in the top panel were expressed in ltn1Δ or ltn1Δhel2Δ cells. Cell extracts were analysed by IB with anti-GFP antibody (bottom panel). Arrowhead indicates position of full-length GFP–s-K20–mCh.


Extended Data Figure 5 Chaperone sequestration by aggregates of stalled polypeptides.
a, SDS-resistant co-aggregates of NS–GFP with Sis1p are solubilized with formic acid. NS–GFP was expressed in ltn1Δ cells and immunoprecipitated from cell extracts with anti-GFP antibody. The precipitate was incubated without or with formic acid (FA) as in Fig. 1a and analysed by IB with anti-Sis1p antibody. b, Formation of SDS-resistant NS–GFP aggregates and co-aggregation with Sis1p are independent of prion state. NS–GFP was expressed under the GAL1 promoter in ltn1Δ [RNQ+], ltn1Δ [rnq−] or ltn1Δrqc2Δ [RNQ+] cells. Cell extracts were analysed by IP with anti-GFP, followed by IB with anti-GFP antibody (left panel) or anti-Sis1p antibody (right panel). Interaction of Sis1p and NS–GFP in [rnq−] state indicates that their interaction was not mediated by Rnq1p aggregates. c, Sis1–mCh co-localizes with NS–GFP inclusions in ltn1Δ cells. NS–GFP was expressed under the GAL1 promoter at 30 °C in cells with SIS1-mCh integrated into the SIS1 locus in the chromosome. Live cells were analysed by fluorescence microscopy. Scale bar, 5 μm. d, NS–GFP aggregation and co-aggregation with Sis1p in ltn1Δrqc2Δ cells is restored by expression of WT RQC2 but not rqc2aaa. NS–GFP was co-expressed with WT Rqc2p or Rqc2aaa in ltn1Δrqc2Δ cells. NS–GFP was expressed under the GAL1 promoter and WT Rqc2p and Rqc2aaa were expressed under the RQC2 promoter. Cell lysates were analysed by IP with anti-GFP, followed by IB with anti-GFP antibody (left panel) or anti-Sis1p antibody (right panel). e, Formation of Sis1p positive inclusions in ltn1Δ cells not expressing recombinant NS-protein. WT or ltn1Δ cells expressing Sis1–GFP from the genomic SIS1 locus were grown in YPD media at 30 °C. Cells with ≥ 2 Sis1–GFP inclusions were quantified by analysing >200 cells per condition in 4 independent experiments. Scale bar, 5 μm. f, Sis1p in ltnlΔ cells in high molecular weight (HMW) aggregates. Cell extracts from WT, ltnlΔ and ltn1Δrqc2Δ cells not expressing recombinant NS-protein were analysed by Blue native-PAGE and IB with anti-Sis1p antibody. Pgk1p was used as a loading control. The positions of the native Sis1p dimer and of HMW forms are indicated. The amount of HMW Sis1p was quantified by densitometry and expressed as percent of total. Error bars, s.d. from three independent experiments. P values from Student’s t-test. g, Aggregation of Sis1p in ltn1Δrqc2Δ cells is restored by expression of WT RQC2 but not rqc2aaa. Extracts of ltn1Δrqc2Δ cells expressing WT Rqc2p or Rqc2aaa under the RQC2 promoter were analysed as in f without expression of recombinant NS-protein. h, Formation of SDS-resistant aggregates in ltn1Δ cells observed with Sis1–HA or Sis1–GFP. SIS1 was chromosomally replaced by SIS1-HA or SIS1-GFP in WT or ltn1Δ cells. Tagged Sis1 proteins were immunoprecipitated with anti-HA antibody or anti-GFP antibody, followed by IB with anti-Sis1p antibody (right panel). Input fraction was analysed with anti-Sis1p antibody (left panel). Gel slices corresponding to the position of SDS-resistant Sis1p aggregates were excised from gels and subjected to MS-analysis to identify proteins interacting with the aggregates (see Methods). i, Proteins in SDS-resistant Sis1p aggregates are of relatively high abundance in the total yeast proteome. Abundance values measured in total proteome in ppm are plotted33.


Extended Data Figure 6 Impairment of cytosolic protein quality control in ltn1Δ cells.
a, CmCh* ubiquitylation is preserved in ltn1Δ cells. Following expression of CmCh* from GAL1 promoter, His6-tagged ubiquitin (His6–Ub) expression from CUP1 promoter was induced with CuSO4 for 4 h before harvesting cells. Ubiquitylated proteins were isolated by His6 pull-down from cell lysates prepared in 6 M GdmCl to preserve polyubiquitylation. Eluates were analysed by IB with anti-CPY antibody. The positions of CmCh* and of polyubiquitylated CmCh* (CmCh*–Ubn) are indicated. b, Inhibition of degradation of CPY* in ltn1Δ cells is rescued by overexpression of Sis1p. CPY* fused to GFP (CG*) and N-terminally HA-tagged Sis1p (HA–Sis1p) were expressed from the GAL1 promoter. The degradation of CG* was analysed after inhibition of protein synthesis with cycloheximide as in Fig. 5a. CG* was detected by IB with anti-GFP antibody and Sis1p with anti-HA antibody (top panel). Pgk1p was used as a loading control. Data were quantified by densitometry (bottom panel). Error bars, s.d. from three independent experiments. c, Sis1p co-aggregates with CmCh* in ltn1Δ cells. CPY*–mCherry (CmCh*) was expressed under the GAL1 promoter at 30 °C in ltn1Δ cells expressing Sis1–GFP from the genomic SIS1 locus. Live cells were analysed by fluorescence microscopy. Scale bar, 5 μm. d, Live cell fluorescence microscopy of WT and ltn1Δ cells co-expressing NS–GFP with CmCh* for 18 h at 30 °C. Nuclei were counterstained with Hoechst 33342. DIC, differential interference contrast. Scale bar, 5 μm. e, Sis1p overexpression does not suppress the formation of SDS-resistant NS–GFP aggregates in ltn1Δ cells. NS–GFP and N-terminally HA-tagged Sis1p (HA–Sis1p) was expressed under the GAL1 promoter in WT or ltn1Δ cells. Empty vector was used as a control for HA–Sis1p. SDS-resistant aggregates were analysed by IP with anti-GFP, followed by IB with anti-GFP antibody (left panel) or anti-Sis1p antibody (right panel).


Extended Data Figure 7 Additional proteostasis stress causes growth defect of ltn1Δ cells.
a–c, Growth phenotype of RQC mutant strains. Cells from WT and RQC mutant strains indicated were transformed with CmCh* expression vector under the GAL1 promoter and were serially fivefold diluted before spotting onto glucose medium (−Induction) and galactose/raffinose medium (+Induction). Plates were incubated for 3 days at 37 °C. In b, galactose inducible HA-tagged Sis1p was expressed. EV, empty vector. d, Hygromycin B (HygB) sensitivity of RQC mutant strains. Cells from WT and RQC mutant strains indicated were grown to exponential phase in liquid YPD medium, serially fivefold diluted and spotted onto YPD plates with or without HygB (18 μg ml−1). Plates without HygB were incubated for 2 days and with HygB for 3 days at 37 °C. e, Formation of Sis1p positive inclusions in ltn1Δ cells is enhanced under proteotoxic stress. ltn1Δ cells expressing Sis1–GFP replacing chromosomal SIS1 were grown in YPD media at 30 °C without or with hygromycin B (400 μg ml−1) for 18 h. Live cell fluorescence microscopy was performed. Cells with Sis1–GFP inclusions were quantified by analysing >200 cells per condition in 4 independent experiments. Data shown are an extension of the experiment shown in Extended Data Fig. 5e. Scale bar, 5 μm.


Extended Data Table 1 Yeast strains used in this studyFull size table


Extended Data Table 2 Plasmids used in this studyFull size table
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        Editorial Summary
Defective surveillance underlies proteotoxicity
Translation of proteins lacking a stop codon is prevented by a surveillance mechanism that utilizes the ribosome quality control (RQC) complex. Failure of quality control can result in proteotoxic stress and neurodegeneration. Ulrich Hartl and colleagues show that in the absence of Ltn1, an RQC subunit with E3 ubiquitin ligase activity, another RQC subunit, Rqc2p, adds a tail to stalled polypeptides and promotes their aggregation. Chaperones become sequestered in these aggregates, which affects normal protein quality control processes. These findings suggest a possible general mechanism underlying aggregate toxicity and proteostasis impairment.
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