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Abstract

Mitochondria are organelles with their own genomes but rely on the import of nuclear-encoded
proteins synthesized by cytosolic ribosomes. Therefore, it is important to understand whether
failures in the mitochondrial uptake of these nuclear-encoded proteins may cause proteotoxic
stress, and to identify which response mechanisms may be in place to respond to it. Here, we
report that upon mitochondrial protein import impairment, high-risk precursor and immature
forms of mitochondrial proteins form aberrant deposits in the cytosol. In turn, these deposits
cause further cytosolic accumulation of other mitochondrial and disease-related proteins,
including a-synuclein and amyloid . This aberrant accumulation triggers a cytosolic protein
homeostasis imbalance that is accompanied by specific molecular chaperone responses, both at
the transcriptomic and protein levels. Our results provide evidence that mitochondrial
dysfunction, and specifically protein import defects, can contribute to protein homeostasis
impairment, thus revealing a possible molecular mechanism for mitochondrial involvement in

neurodegenerative diseases.

Introduction

Although more than a thousand proteins are required for mitochondria to perform their
functions, only about 1% of them are synthesized inside this organelle. Therefore, the majority
of mitochondrial proteins synthesized in the cytosol must be actively transported to
mitochondria, a process that takes place via a sophisticated system of protein translocases and
sorting machineries (Calvo, Clauser, & Mootha, 2016; Morgenstern et al., 2017; Neupert &
Herrmann, 2007; Pfanner, Warscheid, & Wiedemann, 2019). The consequences of
mitochondrial protein import defects on the cellular proteostasis are severe, but we currently
know only a few response mechanisms that are able to respond to it (Boos et al., 2019; 1zawa,

Park, Zhao, Hartl, & Neupert, 2017; Kim et al., 2016; Martensson et al., 2019; Priesnitz &
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Becker, 2018; Wang & Chen, 2015; Weidberg & Amon, 2018; Wrobel et al., 2015; Wu et al.,
2019). Mitochondrial dysfunction is indeed a hallmark of neurodegenerative disorders, as
mitochondrial defects such as Ca?* handling, reactive oxygen species (ROS) increase, electron
transport chain (ETC) inhibition, impairment in ER-mitochondria tethering are well described
pathological markers (Cabral-Costa & Kowaltowski, 2020). It is still not known, however, if
mitochondrial defects are consequences of neurodegeneration, or if they can contribute to it, or
both. On one side, disease-related proteins can interfere with mitochondrial import and further
processing of imported proteins within mitochondria (Cenini, Rub, Bruderek, & Voos, 2016;
Di Maio et al., 2016; Mossmann et al., 2014; Vicario, Cieri, Brini, & Cali, 2018). Furthermore,
aggregated proteins can be imported into mitochondria where they can be either cleared or
sequestered in specific deposit sites (Bruderek et al., 2018; Ruan et al., 2017; Sorrentino et al.,
2017). However, the reverse aspect of how mitochondrial dysfunctions, including
mitochondrial import defects, contribute to the progression of neurodegenerative diseases
remains elusive. A possible mechanism can be through altered cellular homeostasis, as
mitochondrial dysfunctions affect it in many ways (Andreasson, Ott, & Buttner, 2019; Braun
& Westermann, 2017; Escobar-Henriques, Altin, & Brave, 2020).

Recently, it has been shown that mitochondrial proteins import impairment, as well as
overloading of mitochondrial import machineries, results in the accumulation of mitochondria-
targeted proteins in the cytosol and stimulation of mitoprotein-induced stress (Boos et al., 2019;
Wang & Chen, 2015; Wrobel et al., 2015). The question arises of, whether the accumulation of
mistargeted mitochondrial proteins contributes to the progression of neurodegeneration at the
cellular level. Additionally, one would like to understand whether mitoprotein-induced stress
is a general response to all precursor proteins that globally accumulate in the cytosol, and if

there is a subset of mitochondrial precursor proteins that pose difficult challenges to the protein
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homeostasis system, and consequently may contribute to the onset and progression of
neurodegenerative disorders (Boos, Labbadia, & Herrmann, 2020).

The analysis of a transcriptional signature of Alzheimer’s disease supports the notion that there
IS a subset of mitochondrial proteins that are more dangerous than others for the cell (Ciryam
et al., 2016; Kundra, Ciryam, Morimoto, Dobson, & Vendruscolo, 2017). These studies have
shown that specific mitochondrial proteins functionally related to oxidative phosphorylation are
transcriptionally down-regulated in Alzheimer’s disease. Here we addressed the question of
why these proteins are downregulated. As a poin of attack, we hypothesized that this need arises
from the potential metastable properties of these proteins. Indeed, we found that when some of
these mitochondrial proteins remained in the cytosol, due to mitochondrial protein import
insufficiency, they formed insoluble aggregates disrupting protein homeostasis in the cell.
These proteins triggered a prompt specific molecular chaperone response aimed at minimizing
the consequences of protein aggregation. However, if this rescue mechanism was not sufficient,
these aggregates stimulated the cytosolic aggregation of other mitochondrial proteins, and led
to the downstream aggregation of non-mitochondrial proteins. Thus, our results indicate that
metastable mitochondrial proteins could be transcriptionally downregulated during
neurodegeneration in order to minimize cellular protein homeostasis imbalance caused by their

mistargeting.

Results
Metastable mitochondrial precursor proteins can aggregate in the cytosol

The analysis of a transcriptomic signature of Alzheimer’s disease identified oxidative
phosphorylation as a pathway metastable and downregulated in the human central nervous
system (Ciryam et al., 2016; Kundra et al., 2017). This observation suggests that a group of

mitochondrial proteins might be dangerous for cellular protein homeostasis due to their poor
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97  solubility at their cellular concentrations. We selected these mitochondrial genes from KEGG

98 analysis and identified their yeast homologs when possible (Figure 1-figure supplement 1).

99  Based on the yeast homologs sequence, we generated FLAG-tagged constructs expressed under
100 the control of the copper-inducible promoter (CUP1). Next, we established a multi-
101  centrifugation step assay to assess whether or not these proteins, when overproduced, exceed
102  their critical concentrations and become supersaturated (Vecchi et al., 2020), thus acquiring the
103  ability to aggregate during their trafficking to mitochondria (Figure 1-figure supplement 2A).
104  We followed a FLAG peptide signal to evaluate if the protein was present in the soluble (S12sk)
105  orinsoluble (P12sk) fraction. We found that subunits B and g of the mitochondrial FiFo ATP
106  synthase (Atp2 and Atp20, respectively) were present in the insoluble fraction, indicating that
107  they formed high-molecular-weight deposits (Figure 1A and Figure 1-figure supplement
108 2B). We made a similar observation for the Rieske iron-sulfur ubiquinol-cytochrome c
109  reductase (Ripl). Ripl and subunit VIII of cytochrome c oxidase complex IV (Cox8) had their
110  precursor forms entirely insoluble, whereas the mature forms were partially insoluble (the
111 precursor form of the protein is bigger in size and migrates on the gel above the mature form)
112 (Figure 1A and Figure 1-figure supplement 2C). Furthermore, the mature forms of subunit
113 8 of ubiquinol cytochrome c reductase, complex 111 (Qcr8), the core subunit of the ubiquinol-
114  cytochrome c reductase complex (Corl), and the subunit B of the mitochondrial processing
115  protease, MPP (Masl) were found partially insoluble. Only subunit VIb of cytochrome c
116  oxidase (Cox12) and subunit 6 of ubiquinol cytochrome c reductase complex (Qcr6) were
117  mainly present in the soluble fraction (Figure 1A and Figure 1-figure supplement 2B).
118  Moreover, the tendency to aggregate and its harmful consequences correlated well with growth
119  defects of yeast strains under oxidative conditions when galactose was used as a carbon source
120  (Figure 1B). Higher the amount of an overproduced protein in the insoluble fraction, the bigger

121  increase in lethality was observed. The difference was still present under the heat shock of
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122 37 °C, indicating that general chaperone response associated with an increase of the temperate
123 could not compensate for the observed changes for Atp2, Cox8, pRip1 and could only partially
124  compensate in case of Cox12 and Atp20. Furthermore, the growth defect disappeared under the
125  condition of fermentative respiration (Figure 1-figure supplement 2D). Interestingly, when
126  glucose was used as a carbon source, a gain of stress resistance was observed upon the
127  overproduction of Atp20, suggesting protective mechanism stimulation.

128 To test whether these metastable mitochondrial proteins aggregate in the cytosol as a
129  result of an inefficient mitochondrial protein import system, we followed the cytosolic fate of
130  non-imported mitochondrial proteins containing a cleavable targeting sequence. In agreement
131 with the previous studies (Wrobel et al., 2015), cells treated with a chemical uncoupler,
132 carbonyl cyanide m-chlorophenyl hydrazine (CCCP) have a compromised mitochondrial inner
133  membrane electrochemical potential (IM potential) and protein import failure (Chacinska,
134  Koehler, Milenkovic, Lithgow, & Pfanner, 2009; Neupert & Herrmann, 2007; van der Laan,
135  Hutu, & Rehling, 2010). To ensure sufficient conditions to observe import defects, but not to
136  extended negative consequences of using CCCP such as autophagy, the treatment time was
137  limited to 30 min. The perturbed IM potential resulted in the accumulation of the precursor
138  forms of Ripl (pRipl), similarly as at the condition when Rip1 was overproduced (Figure 1C
139  and Figure 1-figure supplement 2E). We also extended the analysis for the precursor form of
140  the other proteins for which antibodies were available at the laboratory and allowed for
141  precursor forms detection, namely: the mitochondrial matrix superoxide dismutase (Sod2), and
142 mitochondrial malate dehydrogenase 1 (Mdhl) (Figure 1C and Figure 1-figure supplement
143  2E). The accumulation of pRip1, as well as the precursor form of Sod2 (pSod2), and precursor
144  form of Mdhl (pMdh1) were increasing with increasing CCCP concentration (Figure 1D).
145  Next, the aggregation assay was performed to assess the fate of precursor mitochondrial

146  proteins under chemical impairment of mitochondrial import. The pRip, pSod2, and pMdh1
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147  forms were present in the pellet fractions, demonstrating that even without overproduction they
148  also formed insoluble aggregates in the cell (Figure 1E). We also tested the conditions of
149  defective protein import by using a temperature-sensitive mutant of TIM23 presequence
150 translocase, pam16-3(Wrobel et al., 2015). The precursor forms of Rip1l and Sod2 accumulated
151  (Figure 1F) and consequently formed insoluble aggregates at this conditions (Figure 1-figure
152 supplement 2F). Therefore, the mistargeted precursor forms of mitochondrial proteins
153  aggregate when their concentration exceeds their solubility point, as observed both when
154  mitochondrial metastable proteins were overproduced, and when the defect of mitochondrial
155  import was stimulated chemically, or by employing mutants of the presequence translocases
156  import pathway.

157

158  Mitochondrial proteins aggregation stimulates a cytosolic molecular chaperone response
159 To further investigate a cellular response, we determined global transcriptomic changes
160  triggered by the pRip1 overproduction and pam16-3 mutation (Figure2-Source Data 1-4). Our
161  time-series analysis revealed groups of differentially expressed genes (Figure 2A and 2B, and
162  Figure2—figure supplement 1A). pRipl overexpression introduced small, rather specific
163  changes to the transcriptome, wherein a total of 9 genes were up- and 4 were down-regulated,
164  all listed in the Fig 2C. The KEGG analysis identified oxidative phosphorylation pathway to be
165  upregulated as expected by the pRipl overexpression (Figure2—figure supplement 1B).
166 Interestingly, the second upregulated KEGG pathway was ABC transporters, but after extensive
167  pRpil production for more than 4 hours (Figure2—figure supplement 1B). Moreover, in the
168  case of pRipl, the biggest fold change was observed for the SSA1, SSA4, and HSP82 chaperones
169  being a probable response mechanism to pRip1 aggregation (Figure 2A and 2C). Nevertheless,
170 the extended pRipl overproduction, started to reflect on mitochondrial performance as

171  mitochondria associated genes, POT1, DLD3, AGP3, PDC6, became down-regulated (Figure
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172 2C). Furthermore, the effect of pam16-3 mutation was stronger and, perhaps unsurprisingly
173 (Wrobel et al., 2015), down-regulated the expression of genes related to the oxidative
174  phosphorylation, metabolic, citrate cycle, and biosynthesis of secondary metabolites pathways
175  (Figure2—figure supplement 1C). More than half of the genes affected were coding for
176  mitochondrial proteins (Morgenstern et al., 2017) (Figure2-figure supplement 1D).
177  Furthermore, we wanted to test if, similarly as for when pRip1l overexpression, the chaperone
178  geneswould also be upregulated in case of pam16-3 mutation. Therefore, we analysed all genes
179  that were significantly changed and selected those with chaperones function (Figure 2D).
180 Indeed, the pam16-3 mutation affected a series of genes encoding for molecular chaperones.
181  We observed the upregulation of HSP82 and SSA4 genes, which were also upregulated in case
182  of pRipl overexpression. We also observed upregulation of others chaperone genes e.g.: SNO4,
183  HSP26, HSP42, SSE2, HSP12, HSP32, HSP104, HSP33 (Figure 2B (blue) and 2D). Since we
184  used a temperature-sensitive mutant pam16-3, we wanted to test if the observed chaperones’
185  genes upregulation was specific to the mitochondrial dysfunction effects, and not due to the
186  heat shock treatment. For that purpose, we compared the changes in the wild-type samples both
187 at 19 °C and 37 "C and compared them to the corresponding changes in the pam16-3 mutant
188  (Figure2—figure supplement 1E). Our analysis showed that the chaperone response in pam16-
189 3 went beyond the changes expected just for the high-temperature treatment. In particular, the
190 most pronounced change was observed for SSE2, SIS1, HSP42 and HSP104 at 4 hours of
191  treatment (Figure2—figure supplement 1E, black arrows). This suggested that impairment of
192  mitochondrial import originating from defects of translocases had a similar consequence as
193  clogging the import sites (Boos et al., 2019). Again, to compare pRipl data with the effects of
194 paml6-3 mutation, we wanted to check if the ABC-transporter's genes would also be
195  upregulated. The analysis of significantly changed genes showed that with extended of time the

196  PDR5 gene levels were changed, as well as other ABS-transporters: PDR15, SNQ2 (Figure2—
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197  figure supplement 1F). The PDR5 is controlled by the PDR3 transcription factor (Gulshan,
198  Schmidt, Shahi, & Moye-Rowley, 2008), which gene levels also increased. Interestingly all
199  these genes were identified to be involved in the MitoCPR response (Weidberg & Amon, 2018).
200  When we extended our analysis to other MitoCPR related genes, we observed their upregulation
201  starting at 4 hours of treatment (Figure2—figure supplement 1F).

202 Next, we wanted to assess if the observed molecular chaperone upregulation would also
203  be observed at the protein level. We used CCCP to stimulate the mitochondrial dysfunction to
204  avoid the temperature factor at the initial screening. We monitored the changes of the protein
205 levels for all chaperones against which we had antibodies available at the time of the studies:
206  Hspl04, Ssal, Ssb1, Sscl, Hsp60, Edgl. While no changes were observed for most of the them,
207  asignificant response was observed for Hsp104 chaperone (Figure 3A and 3B). Remarkably,
208  the Hsp104 upregulation on the protein level was observed already after 15 min of treatment
209  (Figure3—figure supplement 1A). Furthermore, we tested if the Hspl04 protein was
210  upregulated in response to mitochondrial import defects caused by pam16-3 mutation, along
211 with established pam16-1 and pam18-1 mutants, and MIA import pathway mutations, mia40-
212 4int and mia40-3(Wrobel et al., 2015). For all of the mutants at the permissive conditions
213 (19 °C), when just a mild induction protein import phenotypes take place, we observed
214  upregulation of Hsp104 chaperone at the protein level (Figure 3C). This effect was still present
215  atthe restrictive conditions 37 °C, but the differences were less eminent due to the activation of
216  heat shock responses (Figure3—figure supplement 1B). We also wanted to test if the Hsp42
217  chaperone would be upregulated on the protein level since its upregulation was one of the most
218  prominent based on the transcriptomic data for pam16-3 mutant. Due to the lack of the antibody
219  against Hsp42 chaperone, we used a yeast strain with hsp42 tagged with GFP, that allowed for
220 following Hsp42 protein levels by monitoring the GFP signal. We could only test the

221 consequences of mitochondrial import impairment caused by CCCP treatment, in such an
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222 experimental setup. With an agreement to the transcriptomic data of pam16-3, we observed the
223 increased abundance of Hsp42 protein (Figure 3D). Having identified Hsp42 and Hsp104 as
224  two chaperones that change significantly when the mitochondrial import is impaired, we
225  examined their expression levels when metastable mitochondrial proteins were overproduced.
226  The Hspl104 protein levels were significantly upregulated upon such protein overproduction
227  (Figure 3E and 3F). The Hsp42 levels were again analysed in the background of hsp42-GFP
228  strain, and here we also observed an increased abundance of Hsp42 chaperone for all of the
229  metastable proteins (Figure 3G and 3H). Interestingly, in the case of pRip1, this response was
230 not observed at the transcriptome levels, but it was significant at the protein levels (Figure 2C
231  vs. Figure 3G and 3H). Thus, upregulation of a specific molecular chaperones in response to
232 cytosolic mitochondrial protein aggregation can be performed both transcriptionally and post-
233 transcriptionally. However, these processes can be independent of each other as in the case of
234 pRipl overproduction.

235 To assess if the Hsp42 and Hspl104 upregulation is associated with the response to
236  protein aggregation (Balchin, Hayer-Hartl, & Hartl, 2016; Mogk, Kummer, & Bukau, 2015;
237  Mogk, Ruger-Herreros, & Bukau, 2019), we evaluated if these chaperones recognize metastable
238  mitochondrial protein aggregates. For that purpose, we labelled the FLAG-tagged metastable
239  proteins with Alexa 568 fluorophore and followed its co-localisation with Hsp42-GFP by
240  confocal microscopy. We observed a strong accumulation of pRipl in the forms of large
241  deposits in the cytosol (Figure 31). These deposits co-localised with the GFP signals and
242  indicated that Hsp42 sequestered pRipl aggregates. If these specific chaperones were
243 responsible for preventing aggregation of metastable proteins, we should observe a change in
244 the amount of the accumulated proteins when they were not present in the cell. Indeed, in the
245  cells with hspl04 deletion, we observed an increased accumulation of the mitochondrial

246  precursor protein pRipl upon CCCP treatment (Figure 3J). Therefore, the Hsp104 function

10
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247  was essential to limit aggregates of mitochondrial precursors in the cytosol. To support this
248  interpretation, we observed that Hsp104 protein came in the pellet fraction in higher amount
249  than when compared to the soluble fraction in our aggregation assay, suggesting that Hsp104
250 bound present there aggregates (Figure 3K).

251

252

253  Mitochondrial failure impairs cellular protein homeostasis

254 Furthermore, we asked whether the presence of metastable and aggregation-prone
255  mitochondrial precursors could initiate the accumulation of precursor forms of other
256  mitochondrial proteins. We verified that this is the case for some of the studied here metastable
257  proteins. The overproduction of Atp2, Cox8 resulted in the concurrent accumulation of other
258  mitochondrial protein, pRip1 and pSod2, in the total cell fractions, without any other stimulant
259  than just overexpression of metastable proteins (Figure 4A-C and Figure4—figure supplement
260 1A). The Atp20 overproduction also stimulated significant increase in the Sod2 precursor form
261 inthe total cell fractions, but not the pRipl (Figure 4A-C). The accumulated precursor proteins
262  also co-aggregated with metastable proteins in the insoluble fraction based on the aggregation
263  assay analysis (Figure 4D, and Figured—figure supplement 1B). Thus, the increased
264  abundance of aggregation-prone mitochondrial precursors resulted in progression of
265  mitochondrial protein defects and as consequence deeper cytosolic aggregation of
266  mitochondrial precursors. This observation might justify the reason why Atp2, Cox8, and Atp20
267  showed the most severe drop in lethality as presented by the drop-test results (Figure 1B).
268  Moreover, this process was partially counteracted by proteasome-mediated degradation.
269  MG132-mediated protein inhibition led to the increased accumulation and aggregation of

270  mitochondrial precursor proteins (Figure 4E, and Figure4—figure supplement 1C).

11
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271 Finally, we tested whether a chain reaction may take place, wherein the cytosolic
272 aggregation of mitochondrial proteins at first impaired the import efficiency and solubility of
273 other mitochondrial precursors, and subsequently induced the downstream aggregation of non-
274 mitochondrial proteins. We used an established yeast model system of wild-type (WT) and
275  AS53T mutant of a-synuclein (a-Syn) tagged with the GFP (Outeiro & Lindquist, 2003). By the
276  confocal microscopy experiments, we monitored the change in the average number of a-Syn
277  aggregates per cell by following the signal of the GFP tag in response to the mitochondrial
278  import. Here the mitochondrial defects were stimulated by the use of the temperature-sensitive
279  paml6-3 mutant. The average number of a-Syn aggregates per cell increased for pam16-3 at a
280  permissive temperature at 19 °C for both a-Syn WT-GFP and A53T-GFP when compared to
281  the wild-type (Figure 4F and 4G, and Figure4—figure supplement 1D and 1E). The increase
282  in average number of aggregates continued to grow for a-Syn WT-GFP at the restrictive 37 °C
283  temperature (Figure 4F). The average number of a-Syn A53T-GFP formed aggregates was
284  again higher at 37 "C than at the permissive temperature and did not significantly increase upon
285  mitochondrial import defect in pam16-3 mutant (Figure 4G). This observation might be
286  justified by the difference in the properties of WT and A53T a-Syn aggregates. A53T mutations
287  of a-Syn results in the aggregates bigger in size, when compared to the WT (Outeiro &
288  Lindquist, 2003). The A53T a-Syn puncta were bigger and better resolved than the WT a-Syn
289  (Figure 4G). We hypothesised that in case of A53T a-Syn at 37 "C, the number of average
290 aggregates did not change significantly after reaching some threshold and instead they got
291  bigger in size. Interestingly, we observed a higher accumulation of pRip at combined conditions
292  of the pam16-3 stimulated mitochondrial import defect and a-Syn aggregation at 37 °C (Figure
293  4H and 4l, and Figure4—figure supplement 1D and 1E). Thus, the aggregation stimulation by
294  the mitochondrial import defects had a two-sided effect: 1) a-Syn aggregation by itself was

295 stimulated, and 2) a-Syn aggregations further deepened the aggregation of mitochondrial

12
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296  precursor proteins. These results indicated that mitochondrial precursor aggregation in the
297  cytosol led to increased aggregation of other non-mitochondrial proteins, and this snowball
298  effect of proteins aggregation caused a reduced cellular protein homeostasis.

299 Next, to assess whether mitochondrial precursor aggregation due to mitochondrial
300 protein import deficiency compromised protein homeostasis at an organismal level, we used C.
301 elegans as a model system. For this purpose, we utilised RNAI silencing dnj-21 (a homolog of
302  yeast Pam18) strain in C. elegans, which stimulated mitochondrial import defect similar to the
303 one observed in yeast for pam16-3. RNAI silencing of dnj-21 in the early adulthood of C.
304 elegans, was sufficient to stimulate the cytosolic aggregation of the RFP and GFP (Figure 5A-
305 C and Figure5-figure supplement 1A). Next, we tested if the changes of the cellular
306 homeostasis due to mitochondrial defects affected the health state of C. elegans, which
307  produced a-Syn. Interestingly, the dnj-21 silencing accompanied by a-Syn expression resulted
308 in the reduced fitness of worms, manifested by a decrease in movement speed and fewer bends
309 when compared to the effect of dnj-21 silencing alone (Figure 5D). Finally, we assessed if the
310 link between mitochondrial dysfunction was only limited to a-Syn, or similar effects could be
311 observed for other proteins linked to neurodegeneration. For that purpose, we asked the
312 question whether mitochondrial dysfunction would enhance amyloid B (Af) aggregation in the
313 worms. We used animals carrying AP amyloids in body wall muscles and demonstrating
314  paralysis behaviour in adults when shifted to 25 °C (Figure5-figure supplement 1B)
315  (Sorrentino et al., 2017). The number of AP aggregates was elevated at 22 "C when dnj-21 was
316  silenced (Figure 5E and 5F and Figure5-figure supplement 1C). This stimulated aggregation
317 was a result of mitochondrial import defect without any accompanying changes in the
318  expression of AP peptides (Figure5—figure supplement 1D and 1E). We discovered that A
319 aggregation was accompanied by the decreased motility of dnj-21 RNAI silenced worms

320 (Figure 5G, and Figure5-figure supplement 1F). Our results showed that the mechanism of
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321  aggregation stimulation due to mitochondrial dysfunction was conserved between the species,
322  as we demonstrated for both a-Syn and AP amyloids.

323

324  Discussion

325 In this study, we have shown that a group of mitochondrial proteins downregulated in
326  Alzheimer’s disease, including Atp2, Cox8, and Atp20, can aggregate in the cytosol, and that
327 the overexpression of these proteins causes the upregulation of the Hsp42 and Hspl04
328 chaperones, which are responsible for the recognition and management of protein aggregates
329  (Balchin et al., 2016; Mogk et al., 2015; Mogk et al., 2019). This regulation, which we found
330 to be stimulated only post-transcriptionally, adds to the known transcriptomic response
331 mechanisms to mitochondrial import machinery overloading (Boos et al., 2019). Stress
332 responses induced by mitochondrial proteins, such as the one identified here, reduce the danger
333  related to aberrant formation of aggregates by mitochondrial metastable proteins.

334 Our study has also demonstrated that the mitochondrial import defects, either triggered
335 chemically or with use of mutations of the TIM23 translocase, resulted in the accumulation and
336  aggregation of mitochondrial precursor proteins. Consistently with experiments utilizing
337  overproduction of metastable mitochondrial proteins, a Hsp42 and Hsp104 specific molecular
338 chaperone response was also triggered in the cell with mitochondrial import defects. In addition,
339 the ubiquitin proteasome system (UPS) could mitigate this process to some extent (Wrobel et
340 al., 2015).

341 The unresolved aggregation of mistargeted metastable mitochondrial proteins
342  eventually resulted in a chain reaction leading to the accumulation of deposits formed by other
343  non-mitochondrial proteins. The collapse of cellular homeostasis resulted in the increase of
344  pRipl and a-Syn aggregation when the mitochondrial import was impaired. More generally,

345 we found that an increased aggregation of proteins linked to age-related degenerations under
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346  the conditions of mitochondrial protein import dysfunction was a conserved cellular mechanism
347  that we observed it both in yeast and C. elegans. We demonstrated that aggregation of a-Syn
348 and AP increased due to mitochondrial dysfunction on the organismal level, and was
349  accompanied by the decrease of worm fitness.

350 Recently, several stress response pathways have been identified to counteract the defects
351  of mitochondrial protein import (Boos et al., 2019; Wang & Chen, 2015; Weidberg & Amon,
352 2018; Wrobel et al., 2015). It has not been fully understood, however, if they act independently,
353  orthe concurrent action of all of them is needed to secure balanced cellular protein homeostasis.
354 In our case, the MitoCPR complemented the chaperone response at the later stage of
355  mitochondrial protein import impairment. Therefore, our results indicate that mitoprotein-
356  induced stress responses are orchestrated to complement each other.

357 Overall, we observed an aggregation snowball effect when rescue mechanisms against
358 aberrant aggregation, including the action of molecular chaperones, are not sufficient to control
359 it. Our findings led to a model in which a cascade of events triggered by the cytosolic
360 aggregation of specific metastable mitochondrial proteins contributes to the collapse of the
361  cellular protein homeostasis and primes the aggregation of other proteins, including some
362 linked to age-related degeneration. Consequently, defects in mitochondrial function, which are
363 commonly observed upon ageing and in neurodegeneration, triggered a vicious cycle of protein
364  aggregation. This notion is essential for understanding cellular events that contribute to the
365 onset and progression of neurodegenerative processes. Overall, our results illustrate an
366  important aspect of the interdependence of the mitochondrial fitness and cellular protein
367 homeostasis systems, with direct relevance for common neurodegenerative disorders and
368 mitochondrial function. Thus, our findings may suggest new avenues for therapeutic
369 interventions to cure or prevent the diseases linked to protein misfolding and aggregation.

370
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371

372  Materials and methods

373  Experimental Design. No statistical methods were used to predetermine sample size. The
374  experiments were not randomized. The investigators were not blinded to allocation during
375  experiments and outcome assessment. All experiments were repeated in at least 3 biological
376  replicates.

377

378  Yeast strains. Saccharomyces cerevisiae strains are derivatives of YPH499

379 (MATa, ade2-101, his3-D200, leu2-D1, ura3-52, trp1-D63, lys2-801) or BY4741

380 (MATa, his3D1; leu2D0; met15DO0; ura3DO0). Wild-type yeast cells description refers to the
381 BY4741 strain, if not otherwise stated. For the inducible expression of FLAG-tagged metastable
382  proteins, the amino acid sequences were amplified by polymerase chain reaction (PCR) from
383  yeast genomic DNA. The resulting DNA fragments were cloned in frame with the FLAG tag
384  with use of the oligonucleotides indicated in Supplementary file 1 into the pESC-URA vector
385  (Agilent) where the GAL10 and GAL1 promoters were replaced with the Cupl promoter. This
386  procedure yielded the pPChl7 (481p), pPChl18 (482p), pPCh19 (484p), pPCh20 (485p),
387 pPCh21 (486p), pPCh22 (487p), pPCh23 (488p), pPCh24 (489p), pPCh26 (492p), pPCh29
388  (490p), pPCh30 (483p), pPB36.1 (471p)(Kowalski et al., 2018) plasmids, with a FLAG tag at
389 the C-terminus and expressed under the control of the Cupl promoter (Supplementary file 2).
390  Yeast cells were transformed according to the standard procedure. The Ahsp 104 deletion yeast
391  stains was bought from Euroscarf. The hsp42-GFP yeast strain was bought from Invitrogen.
392  The temperature-sensitive pam16-1 (YPH-BG-mial-1; 733), pam16-3 (YPH-BGmial-3; 734),
393  with corresponding wild-type, pam16-WT (736) were described previously (Frazier et al.,
394  2004). The temperature-sensitive pam18-1 (YPH-BG-Mdj3-66; 739) with respective wild-type,

395 paml8-WT (738) was described before (Truscott et al., 2003); similarly, as mia40-3 (YPH-

16


https://doi.org/10.1101/2021.05.02.442342
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.02.442342; this version posted May 2, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

396 BGfomp2-8; 178), mia40-4int(305), and corresponding wild-type, mia40-WT (398) (Chacinska
397 etal., 2004; Stojanovski et al., 2008).

398

399 Yeast growth, treatments, and analysis. In experiments where metastable proteins were
400  overproduced the strains were grown on minimal synthetic medium (0.67% (w/v) yeast nitrogen
401  Dbase, 0.079% (w/v) complete supplement mixture (CSM) amino acid mix, without uracil
402  containing 2% (w/v) glucose or 2% (w/v) sucrose as carbon source. The yeast culture was
403  carried at 28 °C to the early logarithmic growth phase and were further induced with 100 uM
404  CuSOq for 4 h, if not otherwise stated. For the CCCP (Sigma C2759) treatment experiments,
405  yeast strains were grown in the full medium containing 2% (w/v) glucose or 2% (w/v) sucrose
406  at 24 °C, to the early logarithmic growth phase at which they were treated with 0, 5, 10 or 15
407  uM for 15 or 30 min at the growth temperature. The temperature-sensitive mutants were grown
408  at permissive temperature 19 °C and analysed with or without-a shift to a restrictive temperature
409 of 37 °C for the indicated time. The temperature-sensitive pam16-3 mutants, which were
410 transformed with the p426 a-Syn WT-GFP or A53T-GFP plasmids with galactose induction,
411  were grown at permissive temperature 19 °C to the early logarithmic growth phase. Next, they
412  were further induced with 0.5% (w/v) galactose for another 4 h. After the induction sample
413  were shifted to the restrictive temperate of 37 °C for the heat shock, or left at 19 °C as a control
414  for 2 h. The p426 GAL a-Syn WT-GFP or A53T-GFP were a gift from Dr. Tiago Outeiro
415  (Gottingen). In experiments, where proteasome inhibition was used, the strains were grown on
416  minimal synthetic medium (0.67% (w/v) yeast nitrogen base, 0.079% (w/v) CSM amino acid
417  mix without ammonium sulfate supplemented with 0.1% (w/v) proline, 0.03% (w/v) SDS and
418 2% (w/v) galactose as carbon source at permissive 19 °C to the early logarithmic growth phase.
419  Then, 75 pM MG132 was added to the cell culture and maintained at 19 °C or transferred to a

420  restrictive temperature of 37 °C for indicated time. Proteins were separated by SDS-PAGE
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421 using 12, or 15% gels, then transferred onto PVDF membranes. Immunodetection was
422  performed according to standard techniques using chemiluminescence. Following antibodies
423  were used in the study: FLAG (Sigma, Cat. No. F1804), GFP (Sigma, Cat. No. 11814460001),
424  Hspl04 (Enzo, Cat. No. ADI-SPA-1040-F), Alexa Fluor 568 (Invitrogen, Cat. No. A11031),
425  Ripl, Sod2, Mdh1, Hsp60, Pgkl, Tom70, Ssal, Ssc1, Rpl17, Ccpl, Qcr8, Qcr6, Cox12, Tom20,
426  Ssbl, Edgl, Cdc48, Rpl5, DNJ-21 are noncommercial antibodies and are available in the
427  laboratory depository.

428

429  Aggregation assay. 10 ODsoo units of cells were harvested by centrifugation (5000 g, 5 min,
430 4 °C) and re-suspended in 400 ul of Lysis buffer (30 mM Tris-HCI pH 7.4, 20 mM KCI, 150
431 mM NaCl, 5 mM EDTA, 0,5 mM PMSF). Cells were homogenized by vortexing with 200 pul
432  of glass beads (425-600 pum, Sigma-Aldrich) using a Cell Disruptor Genie (Scientific
433  Industries) for 10 min at 4 °C. Cell lysate was solubilized with 1% [v/v] Triton X-100 and
434  mixed gently for 20 min at 4 °C. The sample was centrifuged (4000 g, 5 min, 4 °C) to remove
435  unbroken cells and detergent-resistant aggregates (Psx). Next, the supernatant was transferred
436  into two tubes at equal volumes. One was saved as total protein fraction (T). Second sample
437  was centrifuged (125,000 g, 60 min, 4 °C) to separate soluble proteins (Si2s) from protein
438  aggregates (Pixsk). Total (T) and soluble (Si2sk) fractions were precipitated by 10%
439 trichloroacetic acid. After 30 min incubation on ice the samples were centrifuged (20000 g, 15
440 min, 4 °C), washed with ice-cold acetone and centrifuged again. The obtained pellets from T
441  and Siosk Sample as well as Pk and P12sk were re-suspended in urea sample buffer (6 M urea,
442 6 % [w/v] SDS, 125 Tris-HCI pH 6.8, 0.01% [w/v] bromophenol blue, incubated for 15 min at
443 37 °C and analysed by SDS-PAGE followed by western-blotting.

444

445 RNA-seq — sample preparation
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446  The total RNA was isolated from pam16-3 mutant and corresponding wild-type samples, as
447  well as, BY4741 cells transformed with pESC-URA plasmid expressing pRIp1-FLAG protein
448  or empty vector under the control of the Cupl promoter. The pRip1l related samples were grown
449  at 28 °C to the early logarithmic growth phase and were further induced with 100 uM CuSO4
450 for 1, 4 or 8 h. Pam16 wild-type and the mutant pam16-3 sample after growing to the early
451  logarithmic phase and were shifted to a restrictive temperature of 37 °C for 0, 1, 4 or 8 h. 2.5
452  OD600 units of cells were harvested by centrifugation (5000 g, 5 min, 4 °C), re-suspended in
453 125 ul of RNAlater solution (Thermo Fisher Scientific, AM7020) and incubated for 1 h at 4 °C.
454  After re-centrifugation, the cell pellet was frozen in liquid nitrogen and stored for further
455  processing.

456 The pam16-3 and pRip1 related samples for RNA sequencing were prepared including
457  four biological replicates. Each replicate was individually generated from frozen stocks. The
458  defrost samples were spun at 5000 g for 5 min at 4 °C to remove thoroughly the supernatants.
459  The loosen pellet were re-suspend in 200 uL PBS. To this sample, 600 uL of Buffer RLT
460 (Qiagen Cat No./ID: 79216) was added along with acid-washed glass beads, and cells were
461  shakenin a cell disruptor for 10 min at max speed at 4 °C. The further processing was performed
462  with agreement of the RNA extraction from Qiagen Purification of Total RNA Kit for Yeast
463  with Optimal On-Column DNase Digestion (RNeasy Mini Kit (50), Qiagen Cat No./ID: 74104).
464

465 RNA-seq — analysis

466  Sequencing was performed on the Illumina NextSeq500 instrument using v2 chemistry,
467  resulting in average of 15-20 M reads per library with 75 bp single end setup. The resulting raw
468  reads were assessed for quality, adapter content, and duplication rates with FastQC (Andrews,
469  2010). Reads for each sample were aligned versus the Ensembl Saccharomyces cerevisiae

470  transcriptome version 91 (Saccharomyces_cerevisiae.R64-1-1.91.gtf) and quantified using
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471  Salmon (v0.11.2) (Patro, Duggal, Love, Irizarry, & Kingsford, 2017) with default parameters.
472  Full lists of genes for pam16-3 and pRip1 samples are available in Figure2-Source Data 1 and
473  Figure2-Source Data 2, respectively. Expression matrices for pam16-3 and pRip1 strains are
474  available in Figure2-Source Data 3 and Figure2-Source Data 4, respectively. For each time
475  point, differentially expressed genes were identified using DESeq2 (Love, Huber, & Anders,
476  2014) version 1.26.0. Only genes with a minimum fold change of log2 +/-1, a maximum
477  Benjamini-Hochberg corrected P-value of 0.05, and a minimum combined mean of 10 reads
478  were deemed to be significantly differentially expressed. The wild-type samples were used as
479  areference in pam16-3, while samples with empty pESC-URA plasmid were control in pRipl
480 comparisons. Raw data were deposited to GEO repository with the accession number
481 GSE147284. Raw data are available at

482  https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE147284  using  the  token:

483  mvwtugeexrgvbut.

484

485  KEGG enrichment analysis

486  Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis was performed for
487  RNA sequencing using in house developed methods based on KEGG.db (v. 3.2.3) and
488  org.SC.sgd.db (v 3.10.0). Pathways and genes selected in each developmental stage were
489 filtered after Benjamini-Hochberg correction for an adjusted P-value < 0.05.

490

491  Microscopy. Yeast confocal microscopy images of GAL a-Syn WT-GFP or A53T-GFP in
492  paml16-3 mutant and its corresponding wild-type were acquired with a Zeiss LSM700 laser-
493  scanning confocal microscope using a 60x oil objective (NA 1.4). Images were recorded with
494  pixel dimensions of 25 nm. To investigate the presence and distribution of aggregates, we used

495 2 photomultiplier tube (PMT) detectors with the 405 nm laser excitation for DAPI and the 488

20


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE147284
https://doi.org/10.1101/2021.05.02.442342
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.02.442342; this version posted May 2, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

496  nm for the GFP fluorescence scanned sequentially. The yeast cells were visualized using 1AU
497  confocal pinhole and many z-stacks (typically between 20-25) were acquired, each with optical
498  thickness of 0.28 um. The cytosolic aggregates were counted manually from the z-stacks
499  Maximum Intensity Projection merge. The metastable co-localisation experiments in the hsp42-
500 GFP strain were performed as above, with the additional detection of metastable proteins
501 through immunofluorescence. Metastable proteins were labelled through the standard
502 immunofluorescence protocol, with 1:1000 concentration of the FLAG antibody (Sigma,
503 F1804), and the 1:500 secondary Alexa Fluor 568 antibody (Invitrogen, A11031). To analyse
504  the number of RFP and GFP aggregates in C. elegans we recorded fluorescence images of the
505 head region of worms expressing wrmScarlet (RFP) and GFP in body wall muscles (strain
506 ACHS87). Pictures were captured with the usage of Zeiss 700 laser-scanning confocal
507  microscope using a 40x oil objective (NA 1.3). To investigate the presence and distribution of
508 aggregates, we used 2 PMT detectors with the 488 nm laser excitation for GFP and the 555 nm
509 for the RFP fluorescence scanned sequentially. Worms head regions were visualized using 1AU
510 confocal pinhole and a number of z-stacks (typically between 35-45) were acquired, each with
511  optical thickness of 1 um. 8 to 15 animals were taken per condition, per each day of worms’
512  adulthood, starting from L4 larvae as day 0 until day 5 of adulthood. Next, z-stacks were merged
513  using Maximum Intensity Projection. Finally, RFP and GFP aggregates were extracted from
514  pictures and counted in an automatic way with the usage of ImageJ. For all microscopy
515  experiments the exposure parameters were chosen that way that no saturation effect for the
516  fluorescent signal was present, and kept on the same level during the whole experiment.

517

518 Co-localisation analysis. Fluorescence co-localisation between the Alexa568 FLAG (red
519 channel) and the Hsp42-GFP (green channel) was calculated on individual yeast cells, 3 cells

520 per conditions (marked as individual regions of interest (ROIls)), in a form of Pearson’s
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521  correlation coefficients above Costes threshold using the Co-localisation Threshold plugin of
522  ImageJ. This was followed by running the Co-localisation Test plugin of ImageJ to test
523  statistical significance of the performed calculations. A resulting P-values of 1.00 indicated the
524  results to be statistically significant.

525

526 Worm maintenance and strains. Standard conditions were used for the propagation of C.
527 elegans (Brenner, 1974). Briefly, the animals were synchronized by hypochlorite bleaching,
528 hatched overnight in M9 buffer (3 g/L KH2PQOg4, 6 g/L Na2HPO4, 5 g/L NaCl, 1 M MgSQOg), and
529  subsequently cultured at 20 °C on nematode growth medium (NGM) plates (1 mM CaCly, 1
530 mMM MgSOs, 5 pg/mL cholesterol, 25 mM KPO4 (buffer (pH 6.0), 17 g/L Agar, 3 g/L NaCl, 2.5
531 g/L peptone) seeded with the E. coli strain HB101 or OP50 as a food source. Following C.
532  elegans strains were used:

533 CL2122: dvisl5 [(pPD30.38) unc-54(vector) + (pCL26) mitl-2::GFP]. Control strain for
534 GMC101.

535 GMC101: dviIs100 [punc-54::A-beta-1-42::unc-54-3'-UTR + mtl-2p::GFP]

536 ACHB87: waclsll [pmyo-3::mGFP::SL2 gdp-2-wrmScarlet::unc-54-3’UTR, unc-119(+)]

537  OWA40: zgls15 [punc-54::asyn::YFP]IV (van Ham et al., 2008)

538  OW450: rmls126 [punc-54::YFP]V. Control strain for OW40 (van Ham et al., 2008)

539

540 Molecular biology for worms studies. A RNAI construct targeting the dnj-21 gene was created
541 by PCR amplification of gene from cDNA pools generated from RNA. Primers used for
542  generating PCR product were designed to amplify full cDNA sequence of dnj-21. The PCR
543  product was digested with Xhol and Kpnl restriction enzymes and cloned into the Xhol and
544  Kpnl-digested L4440 vector. Construct for expression of wrmScarlet (RFP — mCherry

545  derivative) (El Mouridi et al., 2017) and mGFP in the body wall muscles of the worms was

22


https://doi.org/10.1101/2021.05.02.442342
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.02.442342; this version posted May 2, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

546  created with usage of SLICE method (Zhang, Werling, & Edelmann, 2012) and the Three
547  Fragment Gateway System (Invitrogen, Carlsbad, CA). Briefly, wrmScarlet from plasmid
548 pSEM87 was PCR amplified with the wusage of following primers:
549  ggaaactgcttcaacgcatcatggtcagcaagggagag and gaagagtaattggacttacttgtagagctcgtccatt. PCR
550 product was used for replacement of mKate2 sequence in pCG150 vector with pmyo-
551  3::mGFP::SL2 gdp-2-mKate2::unc-54-3’UTR insert. Cloned constructs were sequenced for
552 inserts verification.

553

554  Worms transformation. The C. elegans transgenic strain ACH87 was created with the usage
555  of biolistic bombardment as described before (Praitis, Casey, Collar, & Austin, 2001). The unc-
556 119 rescue was used as a selection marker.

557

558 Worms RNA interference (RNAIi). RNAI was achieved by feeding worms with E. coli
559 HT115(DE3) bacteria transformed with construct targeting the dnj-21 gene. E. coli
560 HT115(DE3) transformed with empty vector L4440 was used as a control. LB medium (10 g/L
561 tryptone, 10 g/L NaCl, 5 g/L yeast extract) was inoculated with transformed bacteria and
562  cultured in 37 °C, 180 RPM. Bacterial culture was induced with 1 mM IPTG once culture ODsoo
563  reached 0.4 —0.6. After 2 h bacteria were pelleted. For liquid culture, bacterial pellet was added
564  to S-medium and used for further worm culture. For culture on solid medium, plates were
565  seeded with bacteria and used after bacteria have dried.

566

567  Worms total protein isolation and western blot. GMC101 L1 larvae were cultured in liquid
568  S-medium for 3 days for 24 h at 20 °C and then the temperature was maintained at 20 °C or
569 increased to 22 °C or 25 °C for 48 h to induce AP aggregation. Total proteins were isolated from

570  frozen worm pellets. Samples were thawed on ice in lysis buffer (20 mM Tris pH 7.4, 200 mM
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571  NaCl, 2mM PMSF) and sonicated 3 times for 10 s. The lysate was centrifuged at 2800 g, 5 min,
572 4 °C. The pellet containing debris was discarded. Protein concentration was measured with
573  DirectDetect. Proteins were separated by SDS-PAGE (using 15% gels) or native PAGE (12%
574  gels), then transferred onto PVDF membranes. Immunodetection was performed according to
575  standard techniques using chemiluminescence. The following antibodies were used: custom-
576 made rabbit antibody against DNJ-21, Purified anti-B-Amyloid 1-16 Antibody (803001
577 Biolegend), Tubulin (T9026, Sigma), mCherry (ab167453, abcam), GFP (11814460001,
578  Sigma).

579

580 Motility assay. Animals were placed in a drop of M9 buffer and allowed to recover for 30 s to
581 avoid the observation of behaviour associated with stress, after which the number of body bends
582  was counted for 30 s. The experiments were carried out in triplicates and for each experiment
583  at least 35 animals were analysed in total.

584

585  Automated body bend assay. Automated motility assessment was performed with tracking
586 device developed and described previously (Perni et al., 2018). Shortly, worms were washed
587  off the plates with M9 buffer and spread over 9 cm NGM plate in a final volume of 5 mL, after
588  which their movements were recorded for 120 s. Videos were analysed in a consistent manner
589  to track worm motility (bends per minute) and speed of swimming. The results show average
590 from two independent experiments = SEM.

591

592  Statistical analysis: For statistical analysis, a two-tailed, unpaired t-test was used assuming
593 equal variance unless otherwise stated. P-value < 0.05 was considered significant. For the
594  statistical analysis of the confocal microscopy co-localisation data please refer also to the co-

595 localisation analysis section of the Methods.
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772 Figure Legends

773  Figure 1. Supersaturated nuclear-encoded mitochondrial proteins aggregate in the
774  cytosol. (A) SDS-PAGE analysis of the aggregation assays fractions of the wild-type yeast cells
775  overexpressing Atp2rLac, Atp20rLac, Cox8rLac, PRIpP1rLaG, QCr8rLac, Corlriac, MaslriLac,
776  Cox12rLac and Qcr6ruac for 3 h. Pellet fractions after 4k and 125k speed spin are indicated as
777  Pa and P1zsk, respectively, the soluble fraction at 125k as Sizsk. (B) Tenfold dilutions of wild-
778  type cells expressing metastable proteins, or controls spotted on selective medium agar plates
779  with galactose as the main carbon source at 28 °C and 37 °C. (C) Total protein cell extract from
780  wild-type yeast grown at 24 °C and treated with 0, 5, 10, or 15 uM CCCP for 30 min. (D)
781  Quantification of pRipl, pSod2, and pMdhl froms from (C). Quantified data are mean + SEM,
782  for n=3. (E) SDS-PAGE analysis of the aggregation assay fractions of the yeast cells treated
783  with 15 uM CCCP for 30 min . (F) SDS-PAGE analysis of the aggregation assay fractions of
784  wild-type (WT) and pam16-3 mutant yeast strains grown at 19 °C and shifted to 37 °C for 0, 3,
785 or5h.In(A, C, E, F), samples were separated by SDS-PAGE and identified by western-blotting
786  with specific antisera. p-presequence protein, i-intermediate protein, m-mature protein, *-not
787  specific, Significance: * p-value<0.05, ** p-value<0.01; *** p-value<0.001; **** p<0.0001.
788  Figure supplement 1. Aggregation propensity characterisation of mitochondrial proteins.

789  Figure supplement 2. Supersaturated nuclear-encoded mitochondrial proteins aggregate in the
790  cytosol and stimulate growth defects..

791

792

793  Figure 2. Mitochondrial protein import defects stimulate specific transcriptomic
794  responses. (A, B) Volcano plot comparing expression changes (in terms of the logarithm of the
795  fold change) assessed by RNA-seq analysis of: (A) wild-type yeast cells overexpressing pRipl

796  compared to the control (the induction was carried under control of the copper-inducible
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797  promoter (CUPL) for O, 1, or 8 h), and (B) pam16-3 strain compared to wild-type (cells were
798  grown at a permissive temperature (19 °C) and shifted to restrictive conditions (37 °C) for 1, 4,
799 or 8 h. Differentially expressed genes encoding for the molecular chaperones are indicated in
800  Dblue. The gene name is displayed for each molecular chaperone if it is detected as differentially
801  expressed (false discovery rate (FDR) 5%, log2 fold change (log2FC) +/-1). (C) Table
802  representing all differentially expressed genes in pRipl samples after 1, 4, and 8 h of
803  overexpression. (D) Analysis of expression changes for genes encoding for molecular
804  chaperones using pam16-3 samples treated as in (B). Up- and down-regulated genes (FDR 5%)
805 are shown in green and pink, respectively. The intensity of the colour shades depends on the
806 level of expression change (log2FC). Genes not detected or those with not statistically

807  significant expression changes are depicted in grey.

808  Figure supplement 1. Gene changes characterization due to mitochondrial protein import

809  defects.

810 Source Data 1. Full lists of genes changes in response to pRipl overexpression.

811  Source Data 2 Full lists of genes changes in response to pam16-3 overexpression.

812  Source Data 3 Expression genes matrices in response to pRipl overexpression.

813  Source Data 4 Expression genes matrices in response to pam16-3 mutation.

814

815 Figure 3. Cytosolic mitochondrial proteins aggregation elicits a molecular chaperone
816  response to restore cellular homeostasis. (A, D) Hspl04 and Hsp42 are upregulated in
817  response to mitochondrial protein import impairment. (A) Total protein cell extracts from wild-
818  type yeast cells were grown at 24 °C and treated with 0, 5, 10, or 15 uM CCCP for 30 min. (B)

819 The quantified changes in the Hspl04 protein expression from (A). Quantified data are
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820 mean+ SEM, for n=3. (C) Total protein cell extracts from wild-type (YPH499), pam16-WT,
821 paml6-1, paml16-3, paml18-WT, paml8-1, mia40-4WT, miad40-4int, mia40-3 grown at a
822  permissive temperature (19 °C) and shifted to restrictive conditions (37 °C) for 3 h. (D) Total
823  protein cell extracts from wild-type yeast cells and hsp42-GFP yeast grown at 24 °C and treated
824  with 0, or 15 uM CCCP for 30 min. (E-H) Metastable protein overexpression increases the
825  expression levels of molecular chaperones. Total protein cell extracts expressing indicated
826  metastable proteins or an empty vector control for 4 h showing increased levels of Hsp104 (E),
827  and Hsp42 (G). (F, H) Quantitative analysis of Hsp104 (F) and Hsp42 (H) proteins levels from
828 (E) and (G), respectively. Quantified data are mean + SEM, for n=3. (I) Aggregated metastable
829  proteins co-localise with Hsp42-GFP. Representative confocal microscope images of
830 metastable proteins tagged with the Alexa568 fluorophore in hsp42-GFP yeast strain. Scale
831  bar, 2 um. See Methods for further details. Pearson’s correlation coefficient for indicated cells
832  for each condition. (J) Total protein cell extracts from wild-type yeast cells and Ahsp 104 yeast
833  grown at 24 °C and treated with 0 or 15 uM CCCP for 30 min. (K) SDS-PAGE analysis of the
834  aggregation assay fractions of the samples of wild-type yeast cells and A4sp 104 yeast grown at
835 24 °C and treated with 0, or 15 uM CCCP for 30 min. In (A, C-E, G, J, K), samples were
836  separated by SDS-PAGE and identified by western-blotting with specific antisera. p-
837  presequence protein, m-mature protein, *-not specific; (B, F, H) Significance: * p-value<0.05,
838  ** p-value<0.01; *** p-value<0.001; **** p<(0.0001, ns- not specific.

839  Figure supplement 1. Total proteins cell extracts changes due to mitochondrial import defects.
840

841  Figure 4. Mitochondrial protein import dysfunction enhances the impairment of cellular
842  homeostasis. (A-D) Metastable proteins cause accumulation and aggregation of other
843  mitochondrial precursor proteins. (A) Total protein cell extracts from hsp42-GFP cells that

844  overnight expressed selected metastable proteins or an empty vector control. The changes for
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845 pRipl (B) and pSod2 (C) were quantified. Quantified data are mean + SEM, for n=3. (D) SDS-
846  PAGE analysis of the aggregation assays fractions of the hsp42-GFP yeast cells overexpressing
847  Atp2rLac Or an empty vector control for 3 h. insoluble - S aggregation assay fraction. (E)
848  Total protein cell extract from pam16-3 mutant yeast strains treated with 75 uM of MG132 for
849 1 hin permissive growth conditions and subsequently heat-shocked at 37 °C for 0, 1, 2 or 4 h.
850 (F-G) Representative confocal images of the a-Syn WT-GFP (F) or A53T-GFP (G) aggregates
851 in wild-type (pam16-WT) and pam16-3 yeast strains. a-Syn WT-GFP and A53T-GFP were
852  induced for 4 h at 19 °C, and for additional 2 h under 19 °C for control, or at 37 °C for heat
853  shock. Scale bar, 2 um. See Methods for further details. Bar plot representation of average
854  number of aggregates per cell. Data are mean + SEM, n = 57-83 for a-Syn WT-GFP, and n =
855  154-175 for a-Syn A53T-GFP. (H) Total cell extracts of the wild-type (pam16-WT) and pam16-
856  3yeast strains expressing a-Syn WT-GFP induced for 4 h at 19 °C, and for additional 2 h under
857 19 °C for control, or at 37 °C for heat shock. (I) The quantitative analysis of the pRipl from
858  (H). Quantified data are mean = SEM, for n=3. In (A, D, E, H), protein samples were separated
859 by SDS-PAGE and identified by western-blotting with specific antisera. For western-blotting:
860  p-presequence protein, i-intermediate protein, m-mature protein, *-not specific, significance: *
861  p-value<0.05, ** p-value<0.01; *** p-value<0.001; ****P<0.0001, ns- not specific.

862  Figure supplement 1. Effects of mitochondrial protein import dysfunction on cellular
863  homeostasis.

864

865

866  Figure 5. Mitochondrial dysfunction results in accumulation of AP aggregates in C.
867 elegans. (A-C) Mitochondrial dysfunction stimulates aggregation of model proteins in C.
868 elegans. (A) Confocal images of worms expressing wrmScarlet and GFP in body wall muscle

869  [pmyo-3::wrmScarlet+pmyo::GFP]. Zoomed image presented in the white squere. Scale bar,
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870 20 um. (B) Number of RFP aggregates present at different days of adulthood of strain [pmyo-
871  3::wrmScarlet + pmyo-3::GFP] upon dnj-21 RNAI. Tested worms, emty vector = 14-16, dnj-
872 21 RNAI =8-16. (C) Number of GFP aggregates present at different days of adulthood of strain
873  [pmyo-3::wrmScarlet + pmyo-3::GFP] upon dnj-21 RNAI. Tested worms, emty vector = 14-
874 16, dnj-21 RNAI = 8-16. (D) Motility of model PD strain (expressing a-synuclein::YFP in the
875  Dbody wall muscle) or control strain (YFP, expressing YFP in the body wall muscle) upon
876  silencing of dnj-21; emty vector was used as control. Data were obtained using an automated
877  body bend assay. Data are mean + SEM with at least n=700 for each condition. (E) Aggregation
878 in native conditions in worms expressing AP upon dnj-21 RNAIi. Worms were cultured in 20
879  °C or with shift temperature to 22 °C or 25 °C. (F) AP levels calculated from native aggregation
880 (E). Data are mean £+ SD, n=3. (G) Motility in worms expressing Af and GFP upon dnj-21
881 RNAIi. Data are mean + SEM, n=50 worms per each condition, overall differences between
882  conditions were assessed by unpaired t-test assuming equal variances. Significance: * p-
883  value<0.05, ** p-value<0.01; *** p-value<0.001; **** p<0.0001, ns-not significant.

884  Figure supplement 1. Scheme and controls for experiments on mitochondrial dysfunction in

885  C. elegans that results in Af accumulation.

886
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887  Figure Supplement Legends

888  Figure 1-figure supplement 1. Aggregation propensity characterisation of mitochondrial
889  proteins. The protein sequences and information about mitochondria targeting presequences
890  were acquired from Saccharomyces Genome Database and verified using Mitofates

891 (Fukasawa et al., 2015) and MitoProt (Claros & Vincens, 1996) software. Protein solubility
892  was analysed using CamSol (Sormanni, Aprile, & Vendruscolo, 2015) software. Proteins and
893  sequence residues with score value of < -1 are poorly soluble and indicated as a potential self-
894  assembly hotspots (red). Value > 1 characterizes highly soluble proteins and sequence

895  residues (blue).. TMDs, Transmembrane domains; IMS, Inter membrane space; IM, inner

896  membrane.

897

898  Figure 1-figure supplement 2. Supersaturated nuclear-encoded mitochondrial proteins
899  aggregate in the cytosol and stimulate growth defects. (A) Schematic representation of the
900 aggregation assay. (B, C) Metastable proteins aggregate in the cell. SDS-PAGE analysis of the
901 aggregation assays fractions of the wild-type yeast cells overexpressing Atp2rLac, Atp20rLac
902 (B) and Cox8rLac, Qcr8rLac, PRIiplriac, iRiplriac, MRIiplriac, Corlriac, Maslriac,
903 Cox12rLac and Qcr6rLac (C) for 3 h at 28 °C. (D) Metastable proteins exhibit a temperature-
904  sensitive phenotype. Each protein expressing strain was subjected to consecutive tenfold
905 dilutions, spotted on selective medium agar plates with glucose as the main carbon source at
906 28 °C and 37 °C. (E) Cartoon representation of the Ripl, Sod2, and Mdhl mitochondrial
907  proteins containing their presequences. (F) Total protein cell extract from wild-type (WT) and
908 paml6-3 mutant yeast strains grown at permissive temperature (19 °C), and shifted to restrictive
909 conditions of 37 °C for 0, 1, 3 or 5 h.

910 p-presequence protein, m-mature protein, i- intermediate, *-not specific, aa-amino acid.

911
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912

913  Figure 2-figure supplement 1. Gene changes characterization due to mitochondrial
914  protein import defects. (A) Bar plots representing the total number of detected gene transcripts
915 inpam16-3 and pRipl samples by RNA sequencing. The proportions of significant genes (FDR
916  5%) are shown in grey shades (Statistically significant), while the proportions of differentially
917  expressed features in the pam16-3 and pRipl samples (FDR 5%; log2FC +/- 1) are shown in
918  green (up-regulated) and pink (down-regulated). The number of genes and in each group is
919 indicated. (B-C) Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis for
920 differentially expressed genes for pRipl (B) and pam 16-3 (C) samples, respectively. The
921  results are shown as a negative log10 P-value after Bonferroni correction. Bars in green indicate
922  KEGG terms enriched for up-regulated genes, while the pink bars represent the KEGG terms
923  for the down-regulated features. No KEGG terms were identified for down-and up-regulated
924 pRipl and paml16-3 genes, respectively. (D) Bar plots representing the proportion of
925  mitochondrial genes encoding the high confidence mitochondrial proteome (HCMP) in each
926  set. The proportions of significant genes (FDR 5%) are shown in grey shades (Statistically
927  significant), while the proportions of differentially expressed features in the pam16-3 and pRipl
928 samples (FDR 5%; log2FC +/- 1) are shown in green (up-regulated) and pink (down-regulated).
929  The number of genes and in each group is indicated. The number of genes in each fraction is
930 indicated in parenthesis. (E) Expression analysis of the selected chaperone genes based on the
931 RNAseq analysis in pam16-3 strains. Cells were grown at permissive temperature 19 °C and
932  were shifted to restrictive conditions of 37 °C for 1, 4 and 8 h. Dark shades indicate the
933  expression level in pam16-3 compared to wild-type strains, whereas the light shades show the
934  expression changes in wild-type samples triggered by the heat shock response. To estimate the
935 transcriptional changes induced by the elevated temperature, the wild-type samples incubated

936 for 37 °C for 1, 4, and 8 h were compared against no treated wild-type samples (Oh). Arrows
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937 indicate chaperones for which the biggest increase in chaperones’ genes levels were observed
938  due to mitochondrial import defect, when compared to changes just due to the heat shock. (F)
939  Analysis of expression changes for genes related to the MitoCPR™ response based on the
940 RNAseq analysis in pam16-3 strains. Up- and down-regulated genes (FDR 5%) are shown in
941  green and pink, respectively. The intensity of the colour shades depends on the level of

942  expression change (log2Fold Change).

943

944  Figure 3-figure supplement 1. Total proteins cell extracts changes due to mitochondrial
945  import defects. (A) Total protein cell extracts from wild-type yeast cells yeast grown at 24 °C
946  and treated with 0, 5, 10, or 15 uM CCCP for 15 min. (B) Total protein cell extracts from wild-
947  type (YPH499), pam16-WT, paml6-1, pam16-3, pam18-WT, pam18-1, mia40-4WT, mia40-
948  4int, miad40-3 grown at 19 °C and shifted to of 37 °C for 6 h.

949

950 Figure 4-figure supplement 1. Effects of mitochondrial protein import dysfunction on
951 cellular homeostasis. (A) The presence of metastable proteins results in the cytosolic
952  accumulation of other mitochondrial precursors proteins. The SDS-PAGE analysis of the total
953  protein cell extracts from hsp42-GFP yeast cells that expressed Atp2riac, Cox8rLac Or an
954  empty vector control for 3 h, corresponding to aggregation assay from Figure 4D and Figure
955  4-figure supplement 1B. (B) SDS-PAGE analysis of the aggregation assays fractions of the
956  hsp42-GFP yeast cells overexpressing Cox8rLac or an empty vector control for 3 h. insoluble
957 - Sk aggregation assay fraction. (C) SDS-PAGE analysis of the aggregation assay fractions of
958 the pam16-3 mutant yeast strain grew at permissive temperature 19 °C to the mid-logarithmic
959  phase. Cells were treated with 75 uM MG132 for 1 h and heat-shocked at 37 °C for 0, 3 or 5 h.

960 (D, E) The wild-type (pam16-WT) and pam16-3 yeast strains expressing a-Syn WT-GFP (D)
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961 or A53T-GFP (E) samples used for the confocal images presented in Figure 4F and 4G. were
962  subjected to the SDS-PAGE analysis of the total protein cell extracts.

963
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964  Figure 5-figure supplement 1. Scheme and controls for experiments on mitochondrial
965 dysfunction in C. elegans that results in Ap accumulation. (A) RNAI silencing effectiveness,
966  protein levels upon dnj-21 RNAI in worms strain [pmyo-3::wrmScarlet + pmyo::GFP]. (B)
967  Scheme of temperature shifts performed during worm culture in the experiments presented in
968  Figure 5E-G, and Figure 5-figure supplement 1D-F. (C) Protein levels in worms expressing
969 AP peptieds upon dnj-21 RNAI. Worms were cultured with indicated temperature shift. (D)
970 SDS-PAGE analysis of the aggregate levels in worms expressing A peptieds upon dnj-21
971  RNAI (n=3 biological replicates). Worms were cultured in 20 °C or with temperature shift to
972 22°Cor25°C. (E) AB levels calculated from SDS-PAGE analysis of the aggregate in (D). Data
973 are mean £+ SD, n=3, overall differences between conditions were assessed by unpaired t-test
974  assuming unequal variances. (F) Motility in worms expressing GFP upon dnj-21 RNAI. Data
975 are mean = SEM, overall differences between conditions were assessed by unpaired t-test
976  assuming equal variances, for culture in 20 °C n=35 worms; for culture with 22 °C shift n=60
977  worms, for culture with 25 °C n=50 worms. Significance: * p-value<0.05, ** p-value<0.01; ***

978  p-value<0.001; **** p<0.0001, ns-not significant.

979  Supplementary file 1. Nucleotides used to clone protein coding sequences and CUP1
980 promoter into pESC-URA.

981  Supplementary file 2. List of plasmid used in this study.
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