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Aggregation of cytosolic proteins is a pathological finding in disease states, including ageing and neurodegenerative diseases. We
have previously reported that hypoxia induces protein misfolding in Caenorhabditis elegans mitochondria, and electron
micrographs suggested protein aggregates. Here, we seek to determine whether mitochondrial proteins actually aggregate after
hypoxia and other cellular stresses. To enrich for mitochondrial proteins that might aggregate, we performed a proteomics analysis
on purified C. elegans mitochondria to identify relatively insoluble proteins under normal conditions (110 proteins identified) or
after sublethal hypoxia (65 proteins). A GFP-tagged mitochondrial protein (UCR-11 – a complex III electron transport chain protein)
in the normally insoluble set was found to form widespread aggregates in mitochondria after hypoxia. Five other GFP-tagged
mitochondrial proteins in the normally insoluble set similarly form hypoxia-induced aggregates. Two GFP-tagged mitochondrial
proteins from the soluble set as well as a mitochondrial-targeted GFP did not form aggregates. Ageing also resulted in aggregates.
The number of hypoxia-induced aggregates was regulated by the mitochondrial unfolded protein response (UPRmt) master
transcriptional regulator ATFS-1, which has been shown to be hypoxia protective. An atfs-1(loss-of-function) mutant and RNAi
construct reduced the number of aggregates while an atfs-1(gain-of-function) mutant increased aggregates. Our work
demonstrates that mitochondrial protein aggregation occurs with hypoxic injury and ageing in C. elegans. The UPRmt regulates
aggregation and may protect from hypoxia by promoting aggregation of misfolded proteins.
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Protein aggregation is one of the most active areas of
biological research. Protein aggregation has been linked to
disease states including ageing1 and many neurodegenera-
tive diseases.2–4 It is well established that in these conditions
protein aggregation occurs in the cytoplasm where it is a key
indicator of pathological progression. In contrast, the presence
or pathological consequences of protein aggregation in other
cellular compartments, such as mitochondria, remains rela-
tively understudied.
Recent work has established that mitochondrial protein

homeostasis is preserved by a mitochondrial specific stress
response known as the mitochondrial unfolded protein
response (UPRmt).5–8 The UPRmt is believed to be activated
in response to the accumulation of misfolded proteins within
mitochondria leading to the upregulation of mitochondrial
chaperone levels.6,7 Most knowledge about the UPRmt has
been derived from monitoring levels of mitochondrial chaper-
ones either directly with western blots or through induction of
transcriptional reporters of two such chaperones in Caenor-
habditis elegans, hsp-6 and hsp-60.6 This has severely limited
our understanding of mitochondrial proteostasis as monitoring
chaperone levels reflects the response to misfolded proteins
rather than a direct readout of mitochondrial protein
homeostasis. In addition, chaperone levels do not allow for
real-time assessment of the mitochondrial proteostatic envir-
onment, which precludes analysis of the dynamics of protein
homeostatic changes within mitochondria.

Despite these limitations, a number of studies have
identified conditions that are associated with an increase in
insoluble mitochondrial protein. Conditions such as hypoxic
injury9 and ageing10,11 have been associated with a rise in
detergent-insoluble proteins, which is believed to represent
misfolded or aggregated proteins. However, these studies are
limited in that they have not established direct evidence for
aggregation of proteins within the mitochondria, but rather for
protein misfolding, which does not invariably lead to protein
aggregation as misfolded proteins may be degraded or
misfolded rather than aggregate.12

In this study we identify mitochondrial proteins that misfold
following a hypoxic injury and develop real-time reporters of the
mitochondrial protein folding environment. Using these repor-
ters we establish that proteins aggregate within mitochondria
following both acute stressors such as hypoxic injury and with
the chronic stress of ageing. We also establish the dynamics of
mitochondrial protein aggregate formation and resolution
following hypoxic injury and determine the impact of modulation
of the UPRmt on mitochondrial protein aggregate load.

Results

Identification of insoluble mitochondrial proteins. To
identify mitochondrial proteins that may aggregate we used
an in vivo C. elegans hypoxic injury model13 to produce
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insoluble proteins, followed by isolation of insoluble mito-
chondrial proteins and identification by label-free quantitative
mass-spectrometry-based proteomic methods. Proteins were
isolated after hypoxic incubation, either immediately or
following a 24 h recovery period. A total of 1482 proteins
were identified in total (Supplementary Table S1). A total of
327 proteins exhibited hypoxia preferential insolubility
( hypoxia insoluble
normoxia insolubleZ2) either immediately after recovery or after
24 h (Figure 1a). Sixty-five proteins were hypoxia preferen-
tially insoluble at both time points. A total of 330 proteins were
enriched in the insoluble fraction in either hypoxia or
normoxia-treated samples ( insoluble

total mitochondriaZ2under either
hypoxia or normoxia conditions) (Figure 1b). Of these
generally insoluble proteins, 110 were enriched in the

insoluble fraction in both the immediate and 24 h recovery
samples. Proteins identified in samples from both time points
represented hits with highest confidence. Thus, we focused
on the 65 hypoxia preferential insoluble proteins and the 110
generally insoluble proteins for further analysis.
Inconsistent with a stochastic mechanism of insolubility,

certain classes of proteins were enriched in the generally
insoluble fraction (Supplementary Table S2). Proteins with
conserved domains falling in the mitochondrial carrier and
acyl-coA dehydrogenase superfamilies were significantly
(Po0.01) enriched in the generally insoluble set. In the
hypoxia insoluble set, thioredoxin-like and GST-C superfamily
containing proteins were highly enriched (Po0.0001).
Surprisingly, predicted secondary structure did not correlate

Figure 1 Mitochondrial-associated insoluble proteins. (a) Proteins identified as preferentially hypoxia insoluble ( hypoxia insoluble
normoxia insolubleZ2) immediately (green) or 24 h

(purple) post hypoxia. (b) Proteins identified as generally insoluble ( insoluble
total mitochondriaZ2 for hypoxia and normoxia) immediately (green) or 24 h (purple)

post exposure. (c) Gene ontology classes identified as significantly over or under represented by PANTHER overrepresentation test comparing
proteins identified as generally insoluble with all detected proteins. (d) The number of proteins with predicted transmembrane domains in the total,
generally insoluble, and hypoxia-induced Insoluble sets was estimated by TMHMM 2.0. *Po0.001, **Po0.0001 (hypergeometric probability test)
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with insolubility (Supplementary Figure S1a and b), in contrast
to other diseases of protein aggregation.14,15 We also
examined whether transmembrane proteins were present in
the insoluble sets.16 In all, 38 out of the 110 generally insoluble
proteins were predicted to have at least one transmembrane
domain compared with only 316 of the 1482 total set of
proteins (Po0.001) (Figure 1c). However, 0 proteins in the
hypoxia insoluble set were predicted to have transmembrane
domains, a highly statistically significantly difference from both
the total and generally insoluble sets (Po0.00001). This
suggests that hypoxia-induced insolubility and perhaps
aggregation may primarily affect non-transmembrane
proteins.

Mitochondrial proteins aggregate with hypoxic stress.
We made use of the proteins in the insoluble sets to develop
GFP-tagged fusion reporters that might demonstrate aggre-
gation (Supplementary Table S3). First, we obtained an
existing GFP fusion construct for expression of UCR-11,17 a
component of complex III of the electron transport chain iden-
tified as generally insoluble. Under normoxia, UCR-11::GFP
was uniformly expressed throughout mitochondria, but
following hypoxia, UCR-11::GFP aggregates were readily
apparent in most mitochondria (Figures 2a,b and m). To
determine if the GFP tag alone could drive aggregation, we
tested a strain that expresses an unfused GFP in body wall
muscle mitochondria.18 This control strain did not exhibit any
GFP aggregates within mitochondria (Figures 2c and d).
Next, we constructed two strains expressing GFP-tagged
copies of MDH-2 and CRI-3, which were found by proteomics
to remain soluble ( insoluble

total mitochondriar1under all conditions).
Neither of these strains formed any visible aggregates within
mitochondria (Figures 2e,f,o and p). From the generally
insoluble proteins we generated five additional GFP fusion
constructs (Supplementary Table S3). After hypoxia, all of
these strains exhibited aggregates within mitochondria
(Figures 2h,j,and m) in all tissues examined, with minimal
aggregation under normoxia (Figures 2g,i and m), indicating
that although these proteins were relatively insoluble under
normoxic conditions in our biochemical assay, a stressor is
required for visible aggregation. Expression levels alone did
not explain the aggregation phenotype, as the unfused GFP
control was expressed at much higher levels than transgenes
with aggregation (Figure 2q). Notably, these hypoxia-induced
aggregates were consistent in size, location, and morphology
with those seen previously9 and here by electron microscopy
(EM) following hypoxia (Figures 2k and l), suggesting that the
GFP-tagged protein aggregates faithfully model the native
aggregates.

To study the dynamics of mitochondrial protein aggregate
formation, we varied both the duration of hypoxia and the
recovery period and observed the level of UCR-11::GFP
aggregation. We found that the number of aggregates per high
powered field (HPF) increased with increasing length of
hypoxia and decreased with increasing periods of recovery
(Figure 2n). Interestingly, the aggregates were present under
conditions where the worms were not reoxygenated prior to
imaging (Figure 2b, immediate condition in Figure 2n). We
also assayed for aggregate formation with exposure to the
chemical hypoxia mimetics sodium azide and sodium cyanide.
Continuous incubation with both chemicals led to a time
dependent increase in the number of aggregates
(Supplementary Figure S2) indicating that aggregation can
occur rapidly and is not related to lack of environmental
oxygen per se, but is instead related to the cellular effects of
decreased oxygen utilization. We also asked whether redu-
cing translation rate might reduce aggregate level. This
question derives from the hypothesis that newly synthesized
proteins being transported into the mitochondria may be
particularly prone to aggregation. Further, translational sup-
pression has been shown to confer resistance to hypoxic
death and therefore if mitochondrial aggregates were deleter-
ious, cycloheximide might be associated with reduced
aggregates.19,20 However, cycloheximide at concentrations
previously shown to inhibit translation to 35% (1 mg/ml) and
20% (3 mg/ml) of baseline did not reduce aggregates load;19

rather, it dose-dependently increased it (Supplementary
Figure S3). Our findings demonstrate that aggregation
increases with worsening hypoxic stress, that the aggregate
load appears to be, in part, reversible, and that cytoplasmic
translational inhibition at a level previously shown to protect
from hypoxic injury actually increases aggregation.
To test whether protein aggregation generally results from

impairment of mitochondrial function or fragmentation, we
tested two drugs that block ATP generation by mitochondria,
the uncoupling agent carbonyl cyanide-4-(trifluoromethoxy)
phenylhydrazone (FCCP)21 and the ATP synthase inhibitor
oligomycin A.22 Following an exposure to FCCP sufficient to
depolarize and fragment mitochondria, no increase in mito-
chondrial protein aggregation was observed (Figures 3a–c).
Similarly, treatment with oligomycin A produced mitochondrial
fragmentation and severe mitochondrial swelling but did not
result in mitochondrial protein aggregation (Figures 3d–f).

Ageing promotes mitochondrial protein aggregation.
Cytosolic protein aggregation is a hallmark of ageing.1

Further, although controversial,23 induction of the UPRmt
has been associated with prolonging lifespan.24 Thus, we

Figure 2 Insolubility predicts aggregation of tagged proteins. (a,b) UCR-11::GFP does not aggregate with normoxia (a) but aggregates following hypoxia independent of
reoxygenation (b). Unfused GFP (zcIs14) (c,d) and MDH-2::GFP (gcEx173) (e,f) did not aggregate following normoxia (c,e) or hypoxia (d,f). Aggregation of PHB-1::GFP
(gcEx169) (g,h) and MRPL-17::GFP (gcEx167) (i,j) following hypoxia (h,j) but not normoxia (g,i). After hypoxia, a UCR-11::GFP aggregate (arrow) in a single mitochondrion (k)
appears similar in relative size and shape to that observed by EM (arrow) (l). (m) Quantification of intra-mitochondrial aggregates. (n) Increased duration of hypoxia but not
normoxia resulted in an increase of UCR-11::GFP aggregates. Increased recovery periods decreased aggregation. CRI-3::GFP did not aggregate following normoxia (o) or
hypoxia (p). (q) Overexpression alone does not explain aggregation. GFP fluorescence (log10 in arbitrary units, A.U.) of non-aggregating strains (unfused GFP=SJ4103,
MDH-2::GFP=MC789) and aggregating strains (UCR-11::GFP=MC776, MRPL-17=MC784). Unfused GFP fluorescence greater than other constructs, Po0.0001, unpaired
t-test. Scale bar in (a) = 2 μm and applies to (a,b). Scale bar in (c) = 2 μm and applies to (c–j) Scale bar in (k) = 0.5 μm and applies to (k,l). Scale bar in (o) = 2 μm
and applies to (o,p). Arrows point to only a portion of the aggregates except for the single aggregate in (k) and (l). *Po0.05, **Po0.01, ***Po0.001, by unpaired t-test with
Holm-Šídák correction
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hypothesized that mitochondrial protein aggregation may
occur with ageing. To test this, we performed EM on wild-type
worms at three time points, adult days 1, 5 and 10. Under

these conditions the percent of mitochondria with intra-
mitochondrial electron-dense material consistent with protein
aggregates increased in an age-dependent manner (Figures
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4a-c). Next, we measured UCR-11::GFP aggregates with
ageing and found that aggregation of the reporter similarly
occurred with ageing (Figures 4d–f). Therefore, by both EM
and fluorescent reporter, we have established that mitochon-
drial protein aggregation is a component of the ageing
process.

An intact UPRmt is required for mitochondrial
aggregates. We and others have previously reported that
hypoxia induces the UPRmt and that UPRmt induction can
protect from hypoxic cell death.9,25 Under the assumption
that mitochondrial aggregates were deleterious to the cell, we
hypothesized that induction of the UPRmt would decrease
hypoxia-induced aggregation. To test this hypothesis, we
used three RNAi constructs previously shown to activate the
UPRmt, (cco-1, letm-1, and F02A9.4).23,24,26 We found that
pre-hypoxic treatment with the RNAi decreased aggregation
and improved hypoxic survival (Figures 5a and b). Some of
the proteins targeted by these RNAi constructs were
identified as insoluble by proteomics; therefore decreased
aggregation may represent a direct effect of decreased
protein level rather than actual improved proteostasis via
UPRmt activation. To more directly test the role of the UPRmt,
we tested the effect on aggregation of an RNAi construct,
loss-of-function, and gain-of-function mutations in the UPRmt
master transcriptional regulator atfs-1.27,28 Surprisingly, both
atfs-1 RNAi and the loss-of-function mutation atfs-1(tm4919)
resulted in a marked reduction of mitochondrial aggregates

(Figure 5c). The atfs-1(et18) gain-of-function mutant had a
modest but statistically significant increase in aggregates
(Figure 5c). We then tested doxycycline, a mitochondrial
translation inhibitor and a general inducer of the UPRmt.24

Consistent with the effects of manipulation of atfs-1 activity,
treatment with doxycycline also led to increased mitochon-
drial protein aggregation (Figures 5d–f). Thus, although the
data with cco-1, letm-1, and F02A9.4. RNAi constructs are
consistent with our original hypothesis, the near abolition of
aggregates by atfs-1 loss-of-function and the increase in the
atfs-1 gain-of-function mutant and by doxycycline indicate
that activation of the UPRmt can promote aggregation.

Discussion

Hypoxia and ageing induce profound changes in the cellular
proteostasis network.11,19 The role of proteostasis in ageing
has been most extensively studied. Aggregation of cytoplas-
mic proteins is well established to occur with ageing.1,11 In
addition, the cytoplasmic heat shock response pathway is
required for both dietary restriction and insulin/IGF-1-like
signaling pathwaymediated extension of lifespan, and loss-of-
function in the heat shock response is associated with
premature ageing,29 highlighting the importance of
cytoplasmic proteostasis in the ageing process. Although
cytoplasmic proteostasis is established as having a funda-
mental role in ageing, the contribution of mitochondrial
proteostasis to the ageing process remains controversial.
Previously, activation of the UPRmt by inducing a state of

Figure 3 Mitochondrial dysfunction does not necessarily result in aggregation. (a–c), Treatment with the protonophore FCCP (carbonyl cyanide-4-(trifluoromethoxy)
phenylhydrazone) leads to mitochondrial depolarization but does not lead to an increase in aggregates per high power field. (a), 0 min post addition of FCCP demonstrating a high
degree of colocalization of the reporter UCR-11::GFP (green) with the mitochondrial membrane potential sensitive dye tetramethylrhodamine ethyl ester (TMRE) (red). (b) By
90 min of exposure to FCCP mitochondria in the same field are fragmented, and decreased colocalization of UCR-11::GFP and TMRE is observed indicative of mitochondrial
depolarization. (c), Treatment with FCCP did not lead to an increase in the amount of aggregates per high power field. (d–f) Overnight treatment with control buffer (d) or the
oxidative phosphorylation inhibitor oligomycin A (e) did not induce aggregation of the UCR-11::GFP reporter. (f). Scale bar in (a) = 2 μm applies to all images
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mitonuclear protein imbalance was shown to be protective
against ageing,24 however, more recent work23 has found that
some conditions of activation of the UPRmt, such as with gain-
of-function mutations in the UPRmt regulator atfs-1, do not
extend lifespan, but in fact may reduce lifespan. These
findings bring into question the role mitochondrial proteostasis
plays in the ageing process. In this study, by both EM of wild-
type worms and using the UCR-11::GFP reporter, we have
established that in fact, aggregation of mitochondrial proteins
does occur as part of the normal ageing process.
Despite advances in the prediction and identification of

proteins prone to aggregation, the mechanisms of toxicity of
misfolded and aggregated cytoplasmic proteins remain poorly
understood. In general, aggregation of proteins correlates
poorly with markers of toxicity such as cell death.30 In some
cases, protein aggregation is believed to be protective11,30,31

against toxicity by protein oligomers.2 It is unknown whether
aggregation of mitochondrial proteins is toxic or protective.
Our findings that ATFS-1 activity correlates with hypoxia-
induced mitochondrial protein aggregation and with hypoxia
protection is consistent with the mitochondrial protein aggre-
gates being protective. The increased aggregates with the
hypoxia protective compound cycloheximide is also suppor-
tive of the hypothesis of aggregation as a protective strategy
although how suppression of cytoplasmic translation might
promote mitochondrial protein aggregation is obscure.
Primarily based on the atfs-1 data herein and our previously
published work showing the UPRmt is induced by hypoxia and
is hypoxia protective,9 we favor the hypothesis that hypoxia
and ageing promote mitochondrial protein misfolding and that

atfs-1 responds to this stress by activating the UPRmt in a way
that promotes the large aggregates observed by EM and with
our reporters. Alternatively, the atfs-1-dependent aggregates
are unrelated to mitochondrial toxicity, and atfs-1 provides
hypoxia protection by some other mechanism. If indeed toxic,
potential mechanisms of aggregate toxicity include preventing
the normal functioning of mitochondria by sequestering
essential proteins for mitochondrial function, or activation of
pathways to degrade aggregate-containing mitochondria.
Potential mechanisms by which the aggregates might be
protective include sequestering toxic misfolded proteins and/
or oligomers. Given the overrepresentation of proteins
involved in electron transport and oxidative phosphorylation,
the aggregates may serve to sequester toxic proteins that
generate harmful free radicals.
In summary, in this study we have identified mitochondrial

proteins that aggregate under stress conditions most notably
hypoxia and ageing. We have also established the dynamics
of aggregate appearance and resolution with hypoxia. Finally,
we have found that the activity of atfs-1, which is the master
regulator of theUPRmt and a hypoxia protectant, is associated
with increased mitochondrial protein aggregation. It remains
to be determined whether the aggregates are actually an
atfs-1-directed protective response to hypoxia-induced protein
misfolding.

Materials and Methods
Strains. C. elegans strains were cultured as previously described.32 N2 (Bristol)
was used as the wild-type strain for all experiments.33 Strain MC776 containing the
gcIs46 transgene was generated by UV irradiation of strain DM732417 and was

Figure 4 Ageing results in mitochondrial aggregates. Electron micrographs of day 1 adults (a) demonstrated fewer mitochondria with aggregates (arrows) relative to day 10
adults (b). Expanded insets are for better visualization of the mitochondria. (c) Summary of EM data – number of mitochondria scored – day 1= 1444, day 5= 1609, day
10= 227, three animals/age group were scored. (d–f). Day 1 adults with UCR-11::GFP (d) had fewer aggregates (arrows) than day 10 (e). χ2-test (c), Dunnett’s multiple
comparison test (f). Inset scale bar in (a) = 2 μm and applies to both insets. ns, not significant, **Po0.01, ****Po0.0001
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outcrossed with N2 four times prior to use. Strain MC791 containing atfs-1(et18);
gcIs46 was made by crossing strains QC118 (ref. 34) and MC776, with presence of
the atfs-1(et18) allele confirmed by sequencing. atfs-1(tm4919);gcIs46 was
constructed and confirmed similarly. Proteins were selected for tagging on the
basis of known mitochondrial targeting and either were not in operons or were the
first gene in an operon. To generate strains with novel extrachromosomal arrays,
clones were first generated by using PCR to amplify the following genes including
the upstream intergenic region and excluding the stop codon from N2 genomic
DNA: F26E4.6 (F: TAAGCACTGCAGGAAAAATGTCGAAATCAGGTAA, R: TAAGC
AGGATCCTCTTGGTTGGCCTTTCTGAGTTG), mrpl-17 (F: TAAGCACTGCAGACA
AATGAAGTTTTAAGACGGAGAA, R: TAAGCAGGATCCTCTTGAGATTTCTTCGGA
GTATCCAGCT), mtx-1 (F: TAAGCAGGATCCCTTTTATCGGTGGAGCGCAC, R:
TAAGCAGGTACCCTCTCAGAGATCTCCTCTTCGACTGA), phb-1 (F: TAAGCAC
TGCAGAGCGGCAAATTTCGATCGAA, R: TAAGCAGGATCCTCGGATTGAAGGTT

GAGAAGGGTTTGT), dhod-1 (F: AGAGGAAAACAAAATAACGACTGC, R: ACC
GGTACTTTCGTTTTTTCTCTGTGATCAGCT), mdh-2 (F: TAAGCACTGCAGCT
TGAGAGTTGACTTGCTGAGA, R: TAAGCAGGTACCCTGTTTCCCTTAACGAAAG
CGACT), cri-3 (F: CCCACCCAATTCCCGGTATA, R: ACCGGTACTTTGGAGATG
AACTTCTTGATCTTGT). PCR products were cloned in frame into pPD95.75
(F26E4.6, mrpl-17, mtx-1, phb-1, mdh-2) or into pCR-XL-TOPO along with the GFP
and the 3’-UTR from pPD95.75 (dhod-1 and cri-3). Strains were then generated by
microinjections of the clones along with pRF4[rol-6(su1006)] as a co-injection
marker.35,36

Hypoxic exposure. Hypoxic and normoxic exposures and scoring were
performed as previously reported.37 For survival assays, hypoxic exposure length
was 18 h, for all other experiments, hypoxic exposure was for 12 h unless otherwise
noted. Survival assays were performed with three plates each containing ~ 50

Figure 5 The UPRmt regulates UCR-11::GFP aggregation following hypoxia. (a,b) RNAi constructs that activate the UPRmt decrease aggregation (a) and increase survival
(b) post hypoxia relative to L4440 empty vector control. (c) Aggregates are decreased in the loss-of-function atfs-1(tm4919) mutant and by atfs-1 RNAi and increased in atfs-1
(et18) gain-of-function mutant. Treatment with doxycycline (d–f) increased aggregates (arrows in f) relative to control. *Po0.05, **Po0.01, ***Po0.001, ****Po0.0001 by
Dunnett’s multiple comparison test (a,b), unpaired t-test with Holm-Šídák correction (c,d)
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worms per biological replicate. All animals were 1-day-old adults when placed into
the hypoxia chamber.

Mitochondrial isolation. Mitochondria were isolated from C. elegans raised
on HGM plates following 12 h of hypoxia/normoxia without recovery (immediate) or
after 24 h of recovery at 20 °C (24 h recovery), using Mitochondria Isolation Kit for
Tissues (MitoSciences, Eugene, OR, USA) according to manufacturer’s instructions.
For isolation of insoluble protein, mitochondria were resuspended in 2% NP-40,
1 mM DTT, 50 mM Tris pH 7.4, 1 mM EDTA, with Roche cOmplete Mini-Protease
Inhibitor Tablets,38,39 sonicated and centrifuged at 20 000 × g and 4 °C for 30 min
twice. Aggregates were then washed in 50 mM Tris, 150 mM NaCl and centrifuged
at 20 000 × g and 4 °C for 40 min.

Proteome sample preparations. Proteins were extracted from mitochon-
drial pellets with buffer (50 mM NH4HCO3, 8 M urea). Protein concentrations were
quantified with Bradford assays. Equal amounts of proteins were input for
proteomics analysis. Protein extracts were diluted with buffer (50 mM NH4HCO3,
5 % acetonitrile) to urea concentration o1 M, reduced with 10 mM DTT, alkylated
with 10 mM iodoacetamide and digested with trypsin in 1:50 ratio (Promega
Corporation, Madison, WI, USA) overnight. Tryptic peptides were purified with C18
Sep-Pak columns (Waters), dried, and resuspended with 0.1% formic acid for LC-
MS/MS analysis.

LC-MS/MS analysis. Proteome samples were analyzed with a Q Exactive
Plus mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) coupled to
an EASY-nLC 1000 system (Thermo Fisher Scientific). Reversed-phase separation
was performed with a 3 cm trap column (packed in-house with 200 Å C18 magic
bead, 5 μm) (Bruker) and a 65 cm analytical column (100 Å C18 magic bead,
5 μm), using mobile phase of solvent A (0.1% formic acid in water) and solvent B
(0.1% formic acid in acetonitrile). A linear separation gradient with 2–10% solvent B
for 1 min, 10–30% solvent B for 89 min, and 30–80% solvent B for 1 min was used.
The flow rate was set to 300 nl/min. Data-dependent acquisition analysis with Q
Exactive Plus included MS1 analysis with scan range 400–2000 m/z, scan
resolution 70 000 and automatic gain control (AGC) target value 1 × 106, and MS/
MS analysis for the top 20 most abundant precursor ions detected in MS1 scans.
MS/MS analysis included isolation window 1.6 m/z, fragmentation energy 25 NCE,
scan resolution 17 500, AGC target value 5 × 104. Charge exclusion for 1+ and
unassigned ions was enabled. Dynamic exclusion of 30 s was used.

Proteome quantitation analysis. The raw data was converted to mzXML
files with ReAdW (version 4.2.1). The mzXML files were searched with Comet40

(version 2015.01 rev.02) against the concatenated database containing forward and
reverse protein sequences of C. elegans N2 strain (total of 52 506 entries,
downloaded from Uniprot on 21 April 2015). Search parameters included 20 ppm
precursor mass tolerance, 13C offsets (−1/0/1/2/3) enabled, fragment bin tolerance
0.1, fragment bin offset 0, variable modifications of methionine oxidation (15.9949
Da), fixed modification of cysteine carbamidomethylation (57.021464 Da). Only fully
tryptic peptide sequences were considered, and up to two missed cleavages were
allowed. The false discovery rate for peptide identification was determined with the
target-decoy approach,41 and was controlled at 1%. Label-free quantitation for MS1

precursor ion intensity was performed with XPRESS.42 Peptide chromatograms
(time, intensity) were used to determine peptide ratios. Only peptides that were
quantified in at least two technical replicates, and with Coefficient of variation (CV)
of chromatogram intensity o80% in technical replicates were used for quantitative
comparison with other samples. The CV filtering process reduced the noise in
peptide quantitation. Peptide ratios quantified with different charge states were
averaged to represent the peptide ratios. The log2 of the peptide ratios
were averaged to determine the log2 of protein ratios. The protein fold changes
were obtained with the anti-log2 transformation of log2 protein ratios. Only
proteins with two or more unique peptides in each biological replicate were included
in further analysis.

Gene ontology. Gene list analysis, overrepresentation test, gene ontology
classification, and Figure 1c were generated by PANTHER43–45 (http://pantherdb.org).

Prediction of conserved domains. Conserved domain analysis was
performed using NCBI’s Batch CD-Search Tool (https://www.ncbi.nlm.nih.gov/
Structure/bwrpsb/bwrpsb.cgi).46

Prediction of secondary structure. Secondary structure predictions were
performed using Jpred4 (ref. 47) (http://www.compbio.dundee.ac.uk/jpred/).

Prediction of transmembrane domains. Prediction of transmembrane
helicies was performed using TMHMM Server v. 2.0 (refs. 16, 48) (http://www.cbs.
dtu.dk/services/TMHMM/).

Generation of graphs. Graphs were generated using Graphpad Prism 6 or
Microsoft Excel. Venn diagrams were generated using Venn Diagram Plotter
provided by Pacific Northwest National Laboratory (http://omics.pnl.gov/software/
venn-diagram-plotter). Error bars in all graphs represent standard error of the mean.

Statistics. All experiments were performed with a minimum of three independent
biological replicates. Statistics were performed using Graphpad Prism 6 or
Microsoft Excel. All statistical tests were performed as two-sided tests. Statistical
tests for overrepresentation using a hypergeometric probability test were performed
using he GeneProf calculator (https://www.geneprof.org/GeneProf/tools/hypergeo-
metric.jsp).49

Light microscopy. Confocal microscopy was performed using a Leica TCS
SP8 equipped with a HyD detector. Paralysis was produced by mounting worms in a
solution of 50 mM levamisole (Sigma-Aldrich Corp., St. Louis, MO, USA) in M9 prior
to imaging. Images were acquired from at least four randomly selected worms
(eight worms for ageing) at 1024 × 1024 resolution using a 63 × objective
with 8 × zoom producing a 23.07 × 23.07 μm image (defined as one high power
field, HPF). All images were acquired as a ten slice Z-stack with scan speed of
800-1800 Hz and flattened as a maximum intensity projection prior to analysis.
Analysis of images was performed by an observer blinded to condition. To assess
aggregation without reoxygenation, worms were mounted on slides in an
anaerobic chamber where a coverslip was applied and prior to removal from the
chamber for imaging. Mitochondrial depolarization was assessed using TMRE as
previously reported.9 For assessment of total fluorescence images were acquired
on a Zeiss Axioskop2 microscope with fluorescence intensity quantified using NIH
ImageJ.

Electron microscopy. EM was performed as previously reported.9

Drug treatment. All chemicals were acquired from Sigma-Aldrich. Sodium
azide and sodium cyanide were dissolved in M9 with 50 mM levamisole at 500 mM
and 50 mM concentrations respectively with M9+levamisole as a control and worms
were mounted in the solutions and maintained in them throughout imaging. For
experiments with doxycycline (50 μM), or oligomycin A (50 μM) worms were treated
overnight with drugs or their respective control solutions. For FCCP treatment
worms were mounted in 50 mM levamisole in M9 with FCCP (15 μM) or an
equivalent amount of DMSO added immediately prior to imaging, and maintained in
the solution throughout imaging.

RNAi. Feeding RNAi was performed as previously described.9
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