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Figure 1. Supersaturated nuclear-encoded mitochondrial proteins aggregate in the cytosol. (A) SDS-PAGE analysis of aggregation assay fractions of WT 
yeast cells that overexpressed Atp2FLAG, Atp20FLAG, Cox8FLAG, pRip1FLAG, Qcr8FLAG, Cor1FLAG, Mas1FLAG, Cox12FLAG, and Qcr6FLAG for 3 hr when 2 % galactose 
with 0.1 % glucose was used as the carbon source. Pellet fractions after 4000 and 125,000× g centrifugation are indicated as P4k and P125k, respectively. 
The soluble fraction at 125,000× g is indicated as S125k. n = 3. (B) Ten-fold dilutions of WT cells that expressed metastable proteins or controls that were 
spotted on selective medium agar plates with galactose as the main carbon source at 28 and 37°C. (C) Total protein cell extract from WT yeast grown at 
24 °C and treated with 0, 5, 10, or 15 µM carbonyl cyanide m-chlorophenyl hydrazine (CCCP) for 30 min. (D) Quantification of pRip1, pSod2, and pMdh1 
from (C). Quantified data are shown as mean ± SEM. n = 3. (E) SDS-PAGE analysis of aggregation assay fractions of yeast cells that were treated with 
15 µM CCCP for 30 min, with 2 % sucrose as the carbon source. (F) SDS-PAGE analysis of aggregation assay fractions of WT (pam16WT) and pam16-
3 mutant yeast strains grown at 19 °C and shifted to 37 °C for 0, 3, or 5 hr, with 2 % sucrose as the carbon source. In (A), (C), (E), and (F), the samples 
were separated by SDS-PAGE and identified by western blot with specific antisera. n = 3 for each experiment. *Nonspecific; p: presequence protein; i: 
intermediate protein; m: mature protein. *p<0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001.
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Figure 1—figure supplement 1. Supersaturated nuclear-encoded mitochondrial protein aggregate in the cytosol and stimulate growth defects. (A) 
Schematic representation of the aggregation assay. (B, C) Metastable proteins aggregate in the cell, showing SDS-PAGE analysis of aggregation assay 
fractions of WT yeast cells that overexpressed Atp2FLAG and Atp20FLAG (B) and Cox8FLAG, Qcr8FLAG, pRip1FLAG, iRip1FLAG, mRip1FLAG, Cor1FLAG, Mas1FLAG, 
Cox12FLAG, and Qcr6FLAG (C) for 3 hr at 28 °C, with 2 % galactose with 0.1 % glucose as the carbon source. (D) Metastable proteins exhibit a temperature-

Figure 1—figure supplement 1 continued on next page
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sensitive phenotype. Each protein-expressing strain was subjected to consecutive 10-fold dilutions and spotted on selective medium agar plates 
with glucose as the main carbon source at 28 and 37°C. (E) Cartoon representation of Rip1, Sod2, and Mdh1 mitochondrial proteins containing their 
presequences. (F) Total protein cell extract from WT (pam16WT) and pam16-3 mutant yeast strains that were grown at a permissive temperature of 
19 °C and shifted to a restrictive temperature of 37 °C for 0, 1, 3, or 5 hr. In (B), (C), and (F), protein samples were separated by SDS-PAGE and identified 
by western blot with specific antisera. Each experiment was repeated three times. p: presequence protein; m: mature protein; i: intermediate; *: 
nonspecific; aa: amino acid.

Figure 1—figure supplement 1 continued
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Figure 2. Mitochondrial protein import defects stimulate specific transcriptomic responses. (A, B) Volcano plot comparison of changes in expression (in 
terms of the logarithm of the fold change) assessed by the RNA-seq analysis of (A) WT yeast cells that overexpressed pRip1 compared with the empty 
vector (ev) control (induction [I] was performed under control of the CUP1 promoter for 1, 4, or 8 hr for both ev and pRip1) and (B) the pam16-3 strain 
compared with WT (pam16WT) (both cell types were grown at a permissive temperature of 19 °C and shifted to a restrictive temperature of 37 °C for 

Figure 2 continued on next page
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1, 4, or 8 hr). HS: heat shock time (in hours). Differentially expressed genes that encode molecular chaperones are indicated in blue. The gene name is 
displayed for each molecular chaperone if it was detected as differentially expressed (i.e., 5 % false discovery rate [FDR], log2 fold change [log2FC] ± 
1). (C) All differentially expressed genes in pRip1 samples after 1, 4, and 8 hr of overexpression. (D) Analysis of changes in the expression of genes that 
encode molecular chaperones using pam16-3 samples that were treated as in (B). Up- and downregulated genes (5 % FDR) are shown in green and 
pink, respectively. The intensity of the color shades reflects the level of expression change (log2FC). Genes that were not detected or those without 
statistically significant expression changes are depicted in gray.

Figure 2 continued
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Figure 2—figure supplement 1. Characterization of gene change that was attributable to mitochondrial protein import defects. (A) Bar plots of the 
total number of detected gene transcripts in pam16-3 compared with WT at the indicated time of heat shock and pRip1 compared with the empty 
vector (ev) at the indicated expression time by RNA-seq. The proportions of significant genes (5 % false discovery rate [FDR]) are shown in gray shades 
(statistically significant), and the proportions of differentially expressed features in the pam16-3 and pRip1 samples (5 % FDR; log2FC ± 1) are shown 
in green (upregulated) and pink (downregulated). The number of genes in each group is indicated. (B, C) Kyoto Encyclopedia of Genes and Genomes 
(KEGG) enrichment analysis of differentially expressed genes for pRip1 vs. ev (B) and pam 16-3 vs. WT (C) samples, respectively. The results are shown 
as a negative log10 p value after Bonferroni correction. Bars in green indicate KEGG terms that were enriched for upregulated genes. Pink bars 
represent KEGG terms for downregulated features. No KEGG terms were identified for down- and upregulated pRip1 and pam16-3 genes, respectively. 
I: induction time; HS: heat shock time (in hours). (D) Bar plots of the proportion of mitochondrial genes that encode the high confidence mitochondrial 
proteome (HCMP) in each set. The proportions of significant genes (5 % FDR) are shown in gray shades (statistically significant). The proportions of 
differentially expressed features in the pam16-3 and pRip1 samples (5 % FDR; log2FC ± 1) are shown in green (upregulated) and pink (downregulated). 
The number of genes in each group is indicated. The number of genes in each fraction is indicated in parentheses. (E) Expression analysis of selected 
molecular chaperone genes based on RNA-seq analysis in pam16-3 strains. Cells were grown at a permissive temperature of 19 °C and shifted to a 
restrictive temperature of 37 °C for 1, 4, and 8 hr. Dark shades indicate the expression level in pam16-3 compared with WT strains. Light shades show 
expression changes in WT samples that were triggered by the heat shock response. To estimate transcriptional changes that were induced by the 
higher temperature, WT samples that were incubated at 37 °C for 1, 4, and 8 hr were compared against untreated WT samples (0 hr). Arrows indicate 
chaperones for which the largest increase in gene levels of molecular chaperones was observed because of the mitochondrial import defect compared 
with changes that were only attributable to heat shock. (F) Analysis of expression changes for genes that are related to the mitoCPR (Weidberg and 
Amon, 2018) response based on the RNA-seq analysis in pam16-3 strain samples as in (A). Up- and downregulated genes (5 % FDR) are shown in green 
and pink, respectively. The intensity of the color shades reflects the level of expression change (log2FC).
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Figure 2—figure supplement 2. Characterization of gene change that was attributable to heat shock in WT and the pam16-3 mutant. (A, B) Bar plots 
of the number of changed gene transcripts in WT (A) and pam16-3 (B) for the indicated heat shock time. Values of log2FC ± 1 are shown in green 
(upregulated) and pink (downregulated). The number of genes in each group is indicated. (C, D) Kyoto Encyclopedia of Genes and Genomes (KEGG) 
enrichment analysis for differentially expressed genes for WT (C) and pam 16-3 (D) samples for the indicated heat shock time, respectively. The results 
are shown as a negative log10 p value after Bonferroni correction. Bars in green indicate enriched KEGG terms for the upregulated genes. Pink bars 
represent KEGG terms for downregulated features.
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Figure 3. Cytosolic mitochondrial protein aggregation elicits a molecular chaperone response to restore cellular homeostasis. ( A-D) Hsp104 and Hsp42 
are upregulated in response to impairment in mitochondrial protein import. (A) Total protein cell extracts from WT yeast cells were grown at 24 °C and 
treated with 0, 5, 10, or 15 µM carbonyl cyanide m-chlorophenyl hydrazine (CCCP) for 30 min. (B) Quantified changes in Hsp104 protein expression from 
(A). Quantified data are shown as mean ± SEM. n = 3. (C) Total protein cell extracts from WT (YPH499), pam16-WT, pam16-1, pam16-3, pam18-WT, 

Figure 3 continued on next page
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pam18-1, mia40-4WT, mia40-4int, and mia40-3 grown at a permissive temperature of 19 °C and shifted to a restrictive temperature of 37 °C for 3 hr. 
(D) Total protein cell extracts from WT yeast cells and hsp42-GFP yeast grown at 24 °C and treated with 0 or 15 µM CCCP for 30 min. (E–H) Metastable 
protein overexpression increases the expression levels of molecular chaperones. Total protein cell extracts that expressed the indicated metastable 
proteins or an empty vector control for 4 hr showed higher levels of Hsp104 (E) and Hsp42 (G). (F, H) Quantitative analyses of Hsp104 (F) and Hsp42 (H) 
levels from (E) and (G), respectively, are shown. Quantified data are shown as the mean ± SEM. n = 3. (I) Aggregated metastable proteins co-localize 
with Hsp42-GFP. Representative confocal microscope images show metastable proteins that were tagged with Alexa568 fluorophore in the hsp42-GFP 
yeast strain. Scale bar = 2 μm. See Materials and methods for further details. Pearson’s correlation coefficients were calculated for the indicated cells for 
each condition. (J) Total protein cell extracts from WT yeast cells and Δhsp104 yeast grown at 24 °C and treated with 0 or 15 µM CCCP for 30 min. (K) 
SDS-PAGE analysis of aggregation assay fractions of samples of WT yeast cells and Δhsp104 yeast grown at 24 °C and treated with 0 or 15 µM CCCP 
for 30 min, with 2 % sucrose as the carbon source. (L) Total protein cell extracts from WT yeast cells and Δhsp42 yeast grown at 24 °C and treated with 
0 or 15 µM CCCP for 30 min. (M) Quantified changes in Hsp104 expression from (L). Quantified data are shown as the mean ± SEM. n = 3. (N) Total 
protein cell extracts from WT yeast cells and yeast cells that expressed Hsp104 grown overnight at 24 °C and treated with 0 or 15 µM CCCP for 30 min. 
In (A, C–E, G, J–L, N), the samples were separated by SDS-PAGE and identified by western blot with specific antisera. Each experiment was repeated 
three times. p: presequence protein; m: mature protein; *: nonspecific. Significance in (B, F, H, M): *p<0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001; ns: 
nonsignificant.

Figure 3 continued
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Figure 3—figure supplement 1. Total protein cell extract changes that were attributable to mitochondrial import defects. (A) Total protein cell extracts 
from WT yeast cells grown at 24 °C and treated with 0, 5, 10, or 15 µM carbonyl cyanide m-chlorophenyl hydrazine (CCCP) for 15 min. (B) Total protein 
cell extracts from WT (YPH499), pam16-WT, pam16-1, pam16-3, pam18-WT, pam18-1, mia40-4WT, mia40-4int, and mia40-3 grown at 19 °C and shifted 
to 37 °C for 6 hr. In (A, B), protein samples were separated by SDS-PAGE and identified by western blot with specific antisera. Each experiment was 
repeated three times.
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Figure 3—figure supplement 2. Cellular effects of Hsp42 and Hsp104 overexpression during mitochondrial import defects. (A) Total protein cell 
extracts from WT yeast cells and Δhsp42 yeast grown at 24 °C and treated with 0 or 15 µM carbonyl cyanide m-chlorophenyl hydrazine (CCCP) for 
30 min. (B) Quantification of pRip1, pSod2, and pMdh1 from (A). Quantified data are shown as the mean ± SEM. n = 3. (C) Quantification of pRip1, 
pSod2, and pMdh1 from Figure 3N. Quantified data are shown as the mean ± SEM. n = 3. (D) Quantification of Hsp42 chaperone from Figure 3N. 

Figure 3—figure supplement 2 continued on next page
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Quantified data are shown as the mean ± SEM. n = 3. (E) Total protein cell extracts from WT yeast cells, yeast cells that expressed Hsp42 under the Gal1 
promoter, and Δhsp42 yeast grown at 24 °C. (F) Total protein cell extracts from WT yeast cells and yeast cells that expressed Hsp42 and grown overnight 
at 24 °C and treated with 0 or 15 µM CCCP for 30 min. (G) Ten-fold dilutions of WT cells that expressed Hsp42 or Hsp104 along with the indicated 
metastable protein expression spotted on selective medium agar plates with galactose as the main carbon source at 28 and 37°C. In (A, E, F), samples 
were separated by SDS-PAGE and identified by western blot with specific antisera. Each experiment was repeated three times. p: presequence protein; 
m: mature protein; *: nonspecific. Significance in (B–D): *p<0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001; ns: nonsignificant.

Figure 3—figure supplement 2 continued
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Figure 4. Mitochondrial protein import dysfunction enhances impairment in cellular homeostasis. (A–D) Metastable proteins cause the accumulation 
and aggregation of other mitochondrial precursor proteins. (A) Total protein cell extracts from hsp42-GFP cells that expressed selected metastable 
proteins or an empty vector control overnight. Changes for pRip1 (B) and pSod2 (C) were quantified. Quantified data are shown as the mean ± SEM. n 
= 3. (D) SDS-PAGE analysis of aggregation assay fractions of hsp42-GFP yeast cells that overexpressed Atp2FLAG or an empty vector control for 3 hr, with 
2 % sucrose as the carbon source. Insoluble, S4k aggregation assay fraction. (E) Total protein cell extract from pam16-3 mutant yeast strains treated with 
75 µM MG132 for 1 hr under permissive growth conditions and subsequently heat shocked at 37 °C for 0, 1, 2, or 4 hr. (F, G) Representative confocal 
images of α-Syn WT-GFP (F) and A53T-GFP (G) aggregates in WT (pam16-WT) and pam16-3 yeast strains. α-Syn WT-GFP and A53T-GFP were induced 
for 4 hr at 19 °C and for an additional 2 hr at 19 °C for control or at 37 °C for heat shock. Scale bar = 2 μm. See Materials and methods for further details. 
The bar plot shows the average number of aggregates per cell. The data are shown as the mean ± SEM. n = 57–83 for α-Syn WT-GFP. n = 154–175 for 
α-Syn A53T-GFP. (H) Total cell extracts of WT (pam16-WT) and pam16-3 yeast strains that expressed α-Syn WT-GFP induced for 4 hr at 19 °C and for an 
additional 2 hr at 19 °C for control or 37 °C for heat shock. (I) Quantitative analysis of pRip1 from (H). Quantified data are shown as the mean ± SEM. n 
= 3. In (A, D, E, H), protein samples were separated by SDS-PAGE and identified by western blot with specific antisera. Each experiment was repeated 
three times. For western blot: p: presequence protein; i: intermediate protein; m: mature protein; *: nonspecific. *p<0.05, **p≤0.01, ***p≤0.001, 
****p≤0.0001; ns: nonsignificant.
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Figure 4—figure supplement 1. Effects of mitochondrial protein import dysfunction on cellular homeostasis. (A) The presence of metastable proteins 
results in the cytosolic accumulation of other mitochondrial precursors proteins, showing the SDS-PAGE analysis of total protein cell extracts from 
hsp42-GFP yeast cells that expressed Atp2FLAG, Cox8FLAG, or an empty vector control for 3 hr, corresponding to the aggregation assay from Figure 4D, 
Figure 4—figure supplement 1B. (B) SDS-PAGE analysis of aggregation assay fractions of hsp42-GFP yeast cells that overexpressed Cox8FLAG or an 

Figure 4—figure supplement 1 continued on next page
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empty vector control for 3 hr, with 2 % sucrose as the carbon source. Insoluble, S4k aggregation assay fraction. (C) SDS-PAGE analysis of aggregation 
assay fractions of the pam16-3 mutant yeast strain grown at a permissive temperature of 19 °C to the mid-logarithmic phase. Cells were treated with 
75 µM MG132 for 1 hr and heat shocked at 37 °C for 0, 3, or 5 hr, with 2 % galactose as the carbon source. (D, E) WT (pam16-WT) and pam16-3 yeast 
strains that expressed α-Syn WT-GFP (D) or A53T-GFP (E) samples that were used for the confocal images presented in Figure 4F and G were subjected 
to the SDS-PAGE analysis of total protein cell extracts. (F, G) Quantification of average aggregate size (in µm) for WT and pam16-3 yeast strains that 
expressed α-Syn WT-GFP (F) or A53T-GFP (G) from Figure 4F and G, respectively. Quantified data are shown as the mean ± SD. n = 10. In (A–E), protein 
samples were separated by SDS-PAGE and identified by western blot with specific antisera. Each experiment was repeated three times. *p<0.05, 
**p≤0.01, ***p≤0.001, ****p≤0.0001; ns: nonsignificant.

Figure 4—figure supplement 1 continued
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Figure 5. Mitochondrial dysfunction results in the accumulation of Aβ aggregates in C. elegans. (A–C) Mitochondrial dysfunction stimulates the 
aggregation of model proteins in C. elegans. (A) Confocal images of worms that expressed wrmScarlet and green fluorescent protein (GFP) in body 
wall muscle [pmyo-3::wrmScarlet+ pmyo::GFP]. The zoomed image is presented in the white box. Scale bar = 20 μm. (B) Number of red fluorescent 
protein (RFP) aggregates at different days of adulthood of strain [pmyo-3::wrmScarlet+ pmyo-3::GFP] strain upon dnj-21 RNAi. n = 14–16 worms for 

Figure 5 continued on next page
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empty vector. n = 8–16 worms for dnj-21 RNAi. (C) Number of GFP aggregates present at different days of adulthood of [pmyo-3::wrmScarlet+ pmyo-
3::GFP] strain upon dnj-21 RNAi. n = 14–16 worms for empty vector. n = 8–16 worms for dnj-21 RNAi. (D) Motility of Parkinson’s disease model strain 
that expressed α-Syn::YFP in the body wall muscle or control strain that expressed YFP in the body wall muscle upon the silencing of dnj-21. An empty 
vector was used as the control. Data were obtained using an automated body bend assay. The data are shown as the mean ± SEM, with at least n 
= 700 for each condition. (E) Protein aggregation under native conditions in worms that expressed Aβ upon dnj-21 RNAi. Worms were cultured at 
20 °C or shifted to 22  or 25 °C. n = 3. (F) Aβ levels were calculated from the native aggregation data in (E). The data are shown as the mean ± SD. 
n = 3. (G) Motility in worms that expressed Aβ and GFP upon dnj-21 RNAi. The data are shown as the mean ± SEM. n = 50 worms per condition. 
Overall differences between conditions were assessed by unpaired t-test by assuming equal variance. *p<0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001; ns: 
nonsignificant.

Figure 5 continued
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Figure 5—figure supplement 1. Scheme and controls for experiments on mitochondrial dysfunction in C. elegans that resulted in Aβ accumulation. 
(A) RNAi silencing effectiveness on protein levels upon dnj-21 RNAi in worms strain [pmyo-3::wrmScarlet+ pmyo::GFP]. (B) Scheme of temperature 
shifts during worm culture in the experiments that are presented in Figure 5E–G, Figure 5—figure supplement 1D-F. (C) Protein levels in worms 
that expressed Aβ peptides upon dnj-21 RNAi. Worms were cultured with the indicated temperature shift. n = 3 biological replicates. (D) Coomassie 

Figure 5—figure supplement 1 continued on next page
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staining as a loading control for data that are presented in Figure 5E. n = 3 biological replicates. (E) SDS-PAGE analysis of aggregate levels in worms 
that expressed Aβ peptides upon dnj-21 RNAi. n = 3 biological replicates. Worms were cultured at 20 °C or with a temperature shift to 22 or 25 °C. 
(F) Coomassie staining as a loading control for data that are presented in (E). n = 3 biological replicates. (G) Aβ levels calculated from the SDS-PAGE 
analysis of aggregates in (E). The data are shown as the mean ± SD. n = 3. Overall differences between conditions were assessed by unpaired t-test by 
assuming unequal variance. (H) Motility in worms that expressed green fluorescent protein (GFP) upon dnj-21 RNAi. The data are shown as the mean 
± SEM. Overall differences between conditions were assessed by unpaired t-test by assuming equal variance. n = 35 worms for culture at 20 °C. n = 60 
worms for culture with 22 °C shift. n = 50 worms for culture with 25 °C shift. *p<0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001; ns: nonsignificant.

Figure 5—figure supplement 1 continued


