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            Abstract
Loss of proteostasis underlies ageing and neurodegeneration characterized by the accumulation of protein aggregates and mitochondrial dysfunction1,2,3,4,5. Although many neurodegenerative-disease-associated proteins can be found in mitochondria4,6, it remains unclear how mitochondrial dysfunction and protein aggregation could be related. In dividing yeast cells, protein aggregates that form under stress or during ageing are preferentially retained by the mother cell, in part through tethering to mitochondria, while the disaggregase Hsp104 helps to dissociate aggregates and thereby enables refolding or degradation of misfolded proteins7,8,9,10. Here we show that, in yeast, cytosolic proteins prone to aggregation are imported into mitochondria for degradation. Protein aggregates that form under heat shock contain both cytosolic and mitochondrial proteins and interact with the mitochondrial import complex. Many aggregation-prone proteins enter the mitochondrial intermembrane space and matrix after heat shock, and some do so even without stress. Timely dissolution of cytosolic aggregates requires the mitochondrial import machinery and proteases. Blocking mitochondrial import but not proteasome activity causes a marked delay in the degradation of aggregated proteins. Defects in cytosolic Hsp70s leads to enhanced entry of misfolded proteins into mitochondria and elevated mitochondrial stress. We term this mitochondria-mediated proteostasis mechanism MAGIC (mitochondria as guardian in cytosol) and provide evidence that it may exist in human cells.
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                    Figure 1: Heat shock aggregates and mitochondrial import.[image: ]


Figure 2: Mitochondrial import of aggregate proteins.[image: ]


Figure 3: Degradation of aggregate proteins in mitochondria.[image: ]


Figure 4: Mitochondrial import of unstable proteins in RPE1 cells.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Aggregate purification and role of mitochondrial import in aggregate dissolution.
a, Schematics of aggregate purification. Yeast strains expressing FlucSMâ€“GFPâ€“3Ã—Flag or FlucSMâ€“GFP as control were treated with heat shock at 42â€‰Â°C to induce aggregate formation (green dots). Sucrose gradient centrifugation was then used to separate FlucSMâ€“GFP monomers from aggregates in the cell lysates. The fraction enriched for protein aggregates was applied to an anti-Flag column to separate FlucSMâ€“GFPâ€“3Ã—Flag aggregates from other cellular debris (grey shapes). b, Representative images (nâ€‰=â€‰8) of anti-flag resin and associated aggregates isolated from FlucSMâ€“GFP (left) or FlucSMâ€“GFPâ€“3Ã—Flag (right) strains. c, Total non-redundant peptides identified by MudPIT of independent repeats using FlucSMâ€“GFPâ€“3Ã—Flag (blue) and FlucSMâ€“GFP (red) strains. d, Representative images of examples of proteins identified by MudPIT that form aggregates after 30â€‰min heat shock. Not3 is a negative control. Three images for each. e, Tom70â€“GFP did not colocalize with aggregates after 30â€‰min heat shock. FlucSMâ€“RFP was used as a marker for cytosolic aggregates. Image is representative of five captured. f, Anti-HA immunoblot showing co-purification of HA-tagged Tom70 and Tom40 but not Om45 with aggregates. g, Additional negative controls for experiment in f: anti-HA immunoblotting of two mitochondrial outer membrane proteins Mdm10 and Mdm34 that face the cytosol and were not identified by proteomics to be enriched in aggregates. h, Dissolution kinetics of heat shock-induced FlucSMâ€“GFP aggregates in cells treated with CHX (green) or CHX+CCCP (red). Shown are fluorescent traces of three biological repeats for each condition. i, Measurement of ATP level under the same experimental conditions as for h using a FRET-based sensor showing that CCCP did not deplete cellular ATP. The FRET efficiencies of the CCCP+CHX-treated group and the CHX-treated group were normalized to the mean of the CHX-treated group at each indicated time point. 36 cells were measured at time 0 (before drug addition), 43 and 74 cells for the CHX condition (at 30 and 60â€‰min, respectively), and 39 and 74 cells for CHX/CCCP (at 30 and 60â€‰min, respectively). Shown are means and s.e.m. j, Images, representative of about 300 cells imaged, from three biological repeats of TIM23 and tim23ts cells stained with TMRM (red) after heat shock to demonstrate that the membrane potentials of these cells were similar. Scale bar, 2.5â€‰Î¼m for (e), 5â€‰Î¼m for other panels. For gel source data, see Supplementary Fig. 1.

                          Source data
                        


Extended Data Figure 2 Additional data demonstrating import of aggregate proteins into mitochondria after heat shock.
a, Schematic diagram explaining the split-GFP assay to detect translocation of a cytosolic protein into mitochondria. b, Positive (Grx5) and negative (Hsp104, Not3) controls used for the split-GFP assay. The split-GFP signal for the stable mitochondrial matrix protein Grx5 did not diminish in cells treated at 30â€‰Â°C with CCCP for 15â€‰min. This result is to be compared with that in Extended Data Fig. 6a. Top, split GFP images; middle, MTSâ€“mCherry-labelled mitochondria; bottom, merged images. Images are representative of 9, 9, 4, 7, 8, 6 and 7 images captured from left to right. c, Additional examples of heat shock-induced translocation of cytosolic aggregate proteins into mitochondria, as shown by split-GFP signal after heat shock. Tsl1 and Tma19 are aggregate proteins confirmed by both imaging and proteomics (nâ€‰=â€‰9 from 3 biological repeats). dâ€“f, Representative images (d) and quantifications (e, f) showing that CCCP treatment blocked the heat shock-induced mitochondrial translocation of Lsg1â€“GFP11. e and f show mean and s.e.m. of, from left to right, 874, 503 and 385 cells counted (e) and 351, 164 and 261 cells quantified (f); three biological repeats. In f the intensity ratio from each cell is normalized to the mean of 30â€‰Â°C control samples before treatment. g, h, Images (g) and quantification (h) of TDP43â€“GFP11 split-GFP (top) and mitochondria (bottom). h shows mean and s.e.m. of 96 (30â€‰Â°C) and 133 (heat shock) cells imaged and quantified; three biological repeats. i, Representative images showing the effect of inhibition of Hsp104 with GdnHCl on FlucSM import. j, Quantification of images in i and Fig. 2e with the corresponding controls. Shown are mean and s.e.m., from left to right, of 174, 195, 181, 183, 180 and 168 cells. kâ€“n, Protease protection assay. k shows aggregates with FlucSMâ€“GFP attached to purified mitochondria (red), representative of eight images acquired. l and n show immunoblots of purified post-heat shock mitochondria treated with or without detergents and proteases as indicated. TR, trypsin; PK, protease K. m, Anti-HA immunoblot of Tom70â€“HA as a mitochondria outer membrane protein in the protease protection assay in various treated samples. o, Schematics of the APEX assay to detect mitochondrial import. p, Image showing localization of GFPâ€“APEX in mitochondria, representative of three images acquired. Tukeyâ€™s multiple comparisons test for e, f; unpaired two-tailed t-test for h, j. **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001. Scale bars, 5â€‰Î¼m. For gel source data, see Supplementary Fig. 1.

                          Source data
                        


Extended Data Figure 3 Mitochondrial proteases and peptidases are important for efficient dissolution of aggregates after heat shock.
a, b, Representative images (a) and quantification (b) over time showing that the mitochondrial split-GFP signal of Lsg1â€“GFP11 increased after 30â€‰min heat shock and gradually diminished during the 90-min recovery after returning to 30â€‰Â°C. Top, split-GFP images; middle, MTSâ€“mCherry-labelled mitochondria; bottom, merged images. b shows the mean and s.e.m. of the fraction of cells from three experiments that had a split-GFP signal at each time point. A total of 2,153 cells were counted; three biological repeats. c, Representative images (nâ€‰=â€‰8) of purified aggregates labelled by GFP-tagged FlucSM, bound to purified mitochondria, labelled with MTSâ€“mCherry. d, Quantification of the immunoblot shown in Fig. 3c. e, f, Immunoblots of FlucSMâ€“HA after aggregates purified from Î”hsp104 cells were incubated with wild-type mitochondria for various amounts of time as indicated (e) and quantification of the immunoblot (f). g, h, Dissolution curves of aggregates (g) and their half-decay times (h) showing that the deletion of different mitochondrial proteases delayed the dissolution of cytosolic protein aggregates. g shows mean curves; h shows data points and mean half decay times extracted from fitted curves of three biological repeats. Original data for each repeat are available in Supplementary Information. Scale bars, 5â€‰Î¼m. For gel source data, see Supplementary Fig. 1.

                          Source data
                        


Extended Data Figure 4 The protease activity of Pim1 is important for efficient degradation of misfolded cytosolic proteins.
a, b, pim1S1015A:PIM1 grows normally under fermentable (a) and non-fermentable conditions (b). c, Representative images showing that delayed split-GFP of FlucSM disappearance in pim1S1015A:PIM1 cells was not affected by CHX during the recovery phase. Top, split GFP images; bottom, MTSâ€“mCherry-labelled mitochondria. d, Quantification of mean split-GFP/mCherry ratio for pim1S1015A:PIM1. CHX was added after heat shock. Plotted are mean and s.e.m. from 747 cells that were imaged and measured; three biological repeats. e, f, Representative immunoblots (e) and quantification (f) from three biological repeats showing that the mitochondrial import (inhibited by CCCP) is the major source for degrading stress-damaged endogenous Lsg1â€“HA, but vacuole-mediated degradation (inhibited by PMSF) also plays a role, while the proteasome pathway (inhibited by MG132) has the least effect. f shows data points and mean. g, h, Representative immunoblots (g) and quantification (h) of wild-type or tim23ts cells treated with CHX after heat shock showing that mitochondrial import (inhibited by tim23ts) is important for the degradation of stress-damaged FlucSMâ€“HA. h shows data points and mean plots from three biological replicates. i, j, Representative immunoblots (i) and quantification (j) showing that without heat shock, proteasome-mediated degradation of FlucSMâ€“HA was inhibited by MG132. j shows data points and mean plots from three biological replicates. Scale bar, 5â€‰Î¼m. For gel source data, see Supplementary Fig. 1.

                          Source data
                        


Extended Data Figure 5 Impairment of cytosolic Hsp70 leads to enhanced import of unfolded proteins into mitochondria and mitochondrial damage.
a, b, Representative images (a) and quantification (b) of split-GFP signal for FlucSMâ€“GFP11 in the Î”ssa2 Î”ssa3 Î”ssa4 ssa1ts strain. Cells growing at 23 Â°C were treated with CHX for 30â€‰min. Shown are mean and s.e.m. of 126 and 133 cells imaged and measured; three biological repeats. Unpaired two-tailed t-test: **Pâ€‰<â€‰0.01. c, The fraction of cells with intact mitochondria was decreased after heat shock and the Î”ssa2 Î”ssa3 Î”ssa4 ssa1ts mutant showed more severe fragmentation and delayed recovery compared to the wild type (see also representative mitochondrial images in Fig. 3a). Shown are mean and s.e.m. quantified from three biological repeats with 1,335 cells for the wild type and 967 cells for the mutant. d, Representative images (from the 160-min time point of the plot in Fig. 3h) of ROS indicated by DHE signal. 1,621 mutant and 2,151 wild-type cells were imaged and quantified. Scale bars, 5â€‰Î¼m.

                          Source data
                        


Extended Data Figure 6 Unstably folded cytosolic proteins are imported into mitochondria in both yeast and human RPE1 cells.
aâ€“d, Representative images (a and c) and quantification (b and d, as in Fig. 2c) of the split-GFP signal for the super-aggregator Ded1 in cells grown at 30â€‰Â°C without or with CCCP for 15â€‰min or without or with treatment with CHX for 30â€‰min at 30â€‰Â°C, with 205 and 182 cells imaged and quantified in a, b, respectively; 283 and 287 cells imaged and quantified in c, d, respectively; three biological repeats. Top, split GFP images; middle, MTSâ€“mCherry-labelled mitochondria; bottom, merged images. b and d show mean and s.e.m. of measurements from the indicated number of cells. Unpaired two-tailed t-test: **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001. e, Images of the split-GFP signal of cells expressing the super-aggregators Fas1â€“GFP11, Ola1â€“GFP11 or FlucDMâ€“GFP11 under non-stressful growth conditions (30â€‰Â°C) showing that these proteins are imported into mitochondria even without imposed proteotoxic stress. Top, split GFP images; middle, MTSâ€“mCherry-labelled mitochondria; bottom, merged images. nâ€‰=â€‰7, 9 and 9 from left to right. f, Immunoblot showing expression of different luciferase mutants relative to wild-type luciferase in human RPE1 cells (corresponding to the quantification in Fig. 4c), representative of five biological repeats for the Fluc proteins. Loading control, GAPDH. g, Working model of MAGIC. Cytosolic aggregates are attached to mitochondria through interaction with import receptors such as Tom70. Individual aggregate proteins, which may be dissociated from aggregates by Hsp104, are imported through the outer membrane import complex to the intermembrane space, where they are either degraded by intermembrane proteases and peptidases, or imported through an inner membrane channel to be degraded by matrix proteases such as Pim1. Scale bars, 5â€‰Î¼m. For gel source data, see Supplementary Fig. 1.
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