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SUMMARY

Aging has been associated with a progressive decline of proteostasis, but how this process affects
proteome composition remains largely unexplored. Here we profiled more than 5,000 proteins
along the lifespan of the nematode C. elegans. We find that one third of proteins change in
abundance at least 2-fold during aging, resulting in a severe proteome imbalance. These changes
are reduced in the long-lived daf-2 mutant, but enhanced in the short-lived daf-16 mutant. While
ribosomal proteins decline and lose normal stoichiometry, proteasome complexes increase.
Proteome imbalance is accompanied by widespread protein aggregation, with abundant proteins
that exceed solubility contributing most to aggregate load. Notably, the properties by which
proteins are selected for aggregation differ in the daf-2 mutant, and an increased formation of
aggregates associated with small heat shock proteins is observed. We suggest that sequestering
proteins into chaperone-enriched aggregates is a protective strategy to slow proteostasis decline

during nematode aging.



INTRODUCTION
Protein homeostasis (proteostasis), the state in which the proteome of a living organism is in
functional balance, must be tightly controlled within individual cells, tissues and organs.
Maintaining proteome balance requires a complex network of cellular factors, including the
machineries of protein synthesis, folding and degradation (Balch et al., 2008; Hartl et al., 2011),
as well as neuronal signaling pathways that regulate proteostasis at the organismal level (Prahlad
and Morimoto, 2009; Taylor and Dillin, 2013; van Oosten-Hawle and Morimoto, 2014). An
important function of these systems is to prevent the accumulation of potentially toxic misfolded
and aggregated protein species (Knowles et al., 2014). However, as organisms age, quality
control and the cellular response to unfolded protein stress become compromised (Ben-Zvi et al.,
2009; Douglas and Dillin, 2010), and the defense against reactive oxygen species declines
(Finkel and Holbrook, 2000). Indeed, aging is considered the principal risk factor for the onset of
a number of neurodegenerative disorders associated with aggregate deposition, such as
Alzheimer’s, Huntington’s and Parkinson’s diseases (Knowles et al., 2014). The accumulation of
aberrant protein species in these pathologic states in turn places a burden on the proteostasis
machinery and thus may accelerate aging by interfering with protein folding and clearance, and
other key cellular processes (Balch et al., 2008; Gidalevitz et al., 2006; Hipp et al., 2014;
Olzscha et al., 2011). Understanding these relationships requires systematic analyses of the
changes that occur in proteome composition and balance during aging.

The nematode C. elegans is one of the most extensively studied model organisms in
aging research, owing to its relatively short lifespan and the availability of genetic tools to
identify pathways that regulate longevity. Inhibition of the insulin/insulin-like growth factor 1

signaling (11S) pathway in strains carrying mutations in the DAF-2 receptor (or the downstream



P1(3) kinase AGE-1) activates the DAF-16/FOXO transcription factor and leads to a dramatic
lifespan extension (Kenyon et al., 1993; Murphy et al., 2003). Several lines of evidence suggest
that the lifespan-prolonging effect of IIS reduction involves an improvement in cellular stress
resistance and proteostasis capacity through upregulation of the machineries mediating protein
folding and preventing the formation of toxic aggregate species (Morley et al., 2002; Cohen et
al., 2009; Demontis and Perrimon, 2010). In addition to DAF-16 activation, the longevity
phenotype in daf-2 mutants requires the function of HSF-1, the transcription factor regulating the
expression of multiple heat-shock proteins and molecular chaperones (Hsu et al., 2003; Morley
and Morimoto, 2004). These pathways of proteostasis maintenance appear to be conserved in
evolution from worms to mammals (Cohen et al., 2009; Demontis and Perrimon, 2010).

Aging and the effect of the IIS pathway have been studied in C. elegans by transcriptome
analysis (Budovskaya et al., 2008; Golden and Melov, 2004), but only limited information exists
about changes at the proteome level (Dong et al., 2007). Here we exploit the recent progress in
mass spectrometry-based proteomics, which now enables the identification and quantification of
thousands of proteins in complex mixtures (Bensimon et al., 2012; Cox and Mann, 2011). We
applied stable isotope labeling with amino acids in cell culture (SILAC) (Ong et al., 2002) to
profile the abundance levels of more than 5,000 different proteins at multiple time points during
the lifespan of C. elegans. We then extended our study to short-lived and long-lived strains
carrying mutations in the 1S pathway and performed a detailed analysis of age-related protein
aggregation. Our data show that during aging, the proteome of the animal undergoes extensive
remodeling, escaping proteostasis and ultimately reaching a state of marked proteome imbalance.
These changes are accompanied by widespread protein aggregation, with abundant proteins that

exceed their solubility limit making the major contribution to aggregate load. Interestingly, the



intrinsic aggregation propensity of proteins is modulated in long-lived daf-2 mutant worms,
resulting in the enhanced formation of chaperone-containing aggregates. Thus, protein
aggregation may occur not just as a consequence of proteostasis decline, but may also be induced

to improve proteostasis by sequestering surplus, potentially harmful protein species.

RESULTS
Extensive Proteome Remodeling During Aging

To study proteome changes in aging nematodes in depth and with high accuracy, we established
a quantitative proteomics approach using SILAC (Ong et al., 2002). Near-complete incorporation
of 1*Cs-**N,-lysine into the proteome was achieved by feeding worms with SILAC labeled
(“heavy”) E. coli cells (Larance et al., 2011). We used a pool of lysates prepared from labeled
worms of different ages as internal standards for quantifying protein expression. These standards
were added to lysates of synchronized worm populations, followed by digestion and peptide
analysis by mass spectrometry (MS) (Figure 1A). Replicate analyses indicated a high degree of
reproducibility between individual experiments (Figure S1A and Table S1A). We analyzed the
proteomes of adult wild-type (WT) worms from one day up to 22 days of age, when less than
30% of the animals remain alive (L4 larval stage defined as day 0). More than 5,000 different
proteins were identified and quantified at a false discovery rate of 1% (Table S1B).

Our analysis reveals a broad remodeling of the C. elegans proteome during aging. About one
third of the quantified proteins increased or decreased in abundance by at least 2-fold, when
equal amounts of total protein were analyzed (Figure 1B and Table S1B). The proteins that
increased by at least 2-fold amounted to approximately 50% of total protein in aged animals, as

determined by label free absolute quantification (absolute LFQ values) (Schwanhausser et al.,
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2011) (Figure 1C). Protein abundance changes were progressive until day 22 (Figure 1B, S1B
and Table S2A) and were observed in most cellular compartments (Figure 1D). Thus, proteome
composition and the relative stoichiometries of proteins change dramatically during aging,
presumably impeding overall proteostasis. A similar mechanism of proteostasis impairment has
been suggested to occur as a result of aneuploidy (Oromendia et al., 2012; Stingele et al., 2012).

Changes in transcript levels previously observed during aging (Budovskaya et al., 2008;
Golden and Melov, 2004) contribute to the changes in protein abundance observed here, but the
overall correlation is only moderate (R = 0.3) (Figure S1C). Thus, the age-dependent
accumulation of a substantial fraction of the proteome is likely to be largely due to post-
transcriptional processes. Taking into consideration that miRNA-mediated translational
repression of MRNAs is relieved during aging and stress (Ibanez-Ventoso et al., 2006), we
compared our proteome data with a published transcriptome analysis of Dicer mutant worms
with defective miRNA biogenesis (Welker et al., 2007). We find that ~30% of proteins that
increased more than 2-fold between day 6 and 22 (99 of 357 proteins), i.e. after the worms have
reproduced, have significantly elevated transcript levels in dicer mutants, and this proportion
increases to nearly 40% for the subset of proteins with a more than 4-fold abundance change (50
out of 133 proteins) (Figure S1D). Thus, miRNA-mediated translational derepression is likely to
contribute to the observed increase in protein abundance.

We analyzed the proteomic changes in C. elegans aging in terms of various criteria,
including subcellular compartments, pathways and cell types. Among the proteins that increased
more than 2-fold in aged worms (22 days) were 183 extracellular proteins (out of 490
extracellular proteins quantified) (Figure S1E and Table S2B). These included multiple

transthyretin (TTR)-like factors, which increased up to 100-fold (Figure S1F), as well as all six



of the vitellogenin egg storage proteins, despite egg formation having been completed before day
6. Likewise, proteins involved in DNA replication and repair processes were up-regulated
(Figure S1E), even though all somatic cells of adult C. elegans are postmitotic. These examples
suggest that many changes in protein abundance during aging do not correlate with biologically
relevant activities and instead reflect proteome dysregulation. Among the proteins that declined
during aging are nucleolar ribosome biogenesis factors, various peroxisomal enzymes and
proteins involved in lipid glycosylation (Figure S1E and Table S2C). The levels of many
mitochondrial proteins also decreased (Figure 1D). For example, subunits of respiratory chain
complex I declined gradually by up to 50% during lifespan (Figure S1G), which may result in
the production of reactive oxygen species.

To discern cell-type specific patterns of change, we grouped proteins into clusters using
the fuzzy c-means method (Kumar and Futschik, 2007) and analyzed these by tissue-specific
expression scores (Chikina et al., 2009) (Figure 1E). We find that age-dependent changes in
proteome composition affect a range of tissues. For example, proteins that are predominantly
expressed in the germline strongly increase during the first 6 days of adulthood (cluster 1), when
the animals reproduce, but surprisingly retain constant levels later in life. Proteins enriched in
neuronal cells either increase in abundance throughout lifespan or after day 6 (clusters 2 and 3).
In contrast, the levels of many proteins enriched in intestine, muscle and hypodermis decline

(clusters 4-6), consistent with an age-related deterioration of these tissues.

Age-related Changes in Proteostasis Network Components

Approximately 440 proteostasis network components involved in protein synthesis, folding and
degradation were quantified throughout the nematode lifespan (Figure S2A and Table S3). A

~25% reduction in the median level of cytosolic ribosomal proteins occurred between day 1 and
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day 12 (Figure 2A, left panel). This reduction correlates with a decrease in the transcript level of
ribosome proteins (Golden and Melov, 2004) and an overall age-associated reduction in
polysomes (Kirstein-Miles et al., 2013). A similar decrease was observed for mitochondrial
ribosomes between day 1 and day 6 (Figure 2A, right panel). Interestingly, aged animals
displayed a pronounced imbalance in the relative subunit stoichiometry of cytosolic, but not
mitochondrial ribosomes, with several subunits decreasing more than 60% below median subunit
levels (Figure 2A, left).

Next, we employed SILAC to estimate protein synthesis in aging C. elegans. Pulse
labeling of worms with “heavy” bacteria as the food source showed a sharp reduction in the
incorporation of labeled amino acids into protein between day 1 and day 4 of adulthood (Figure
S2B and Table S1C). This effect was not caused by reduced food uptake, as eat-2 mutant
animals, deficient in pharyngeal pumping, showed protein labeling equivalent to WT controls,
despite their reduced food uptake (data not shown). The reduction in protein synthesis between
day 1 and 4 is greater than the decrease in ribosomal levels (Figure 2A and S2B) and probably
reflects the reduction in growth of the animals.

In contrast to the effect on ribosomes, we observed an age-dependent increase in 20S and
19S proteasomal subunits (~2-fold at day 22 for 20S subunits) (Figure 2B), correlating with an
increase in proteasome activity measured in worm lysates in vitro (Figure S2C). Many E3
ubiquitin ligases and other components of the ubiquitin proteasome system (UPS) also increased
moderately (Table S3B), while there was no systematic change in the components of autophagy
(Figure S2D).

Age-dependent changes in the levels of abundant cytosolic chaperones of the HSP70 and

HSP90 (DAF-21) families (Figures 2C) as well as their DnaJ (DNJ/HSP40) and tetratricopeptide



repeat (TPR) co-factors were limited (Figure S2E and S2F). Similarly, the subunits of the
TRIC/CCT chaperonin remained unchanged (Figure S2G). In contrast, multiple small HSPs,
chaperones that function by buffering aggregation, increased dramatically (~13-90-fold), mainly
between day 1 and day 6 (Figure 2D). Several of these proteins are under regulation by DAF-16
and HSF-1 (Hsu et al., 2003).

Several components mediating the defense against oxidative stress, including glutathione
peroxidase isoform GPX-5 and superoxide dismutases (SOD) increased during aging (up to 12-
fold) (Figure 2E and Table S3B). While changes in mitochondrial proteostasis components were
generally moderate (Figure S2H and Table S3B), we observed diverse alterations in the
proteostasis network of the endoplasmic reticulum (ER) during the nematode lifespan (Figure
S21). For example, protein disulfide isomerases (PDI-2, C14B9.2), the chaperone calreticulin
(CRT-1) as well as the HSP70 homolog HSP-3 decreased ~2-fold, and the pro-collagen
modifying enzymes lysyl hydroxylase (LET-268) and prolyl-4-hydroxylase o (DPY-18, PHY-2)
decreased ~3-10-fold. These findings suggest an age-dependent decline in ER quality control and
collagen synthesis capacity.

In summary, the levels and activities of two main branches of proteostasis control,
protein synthesis and degradation, change in opposite directions during aging. The decrease in
ribosomal subunit proteins is accompanied by a dysregulation of cytosolic ribosome assembly,
while the increase in proteasome subunits is likely to reflect an attempt at removing surplus or
damaged proteins. Other notable changes in the proteostasis system include an increase in the
abundance of small HSP chaperones and of components involved in the defense against

oxidative stress, as well as a decline in ER protein quality control machinery.



Proteome Changes in Long-lived and Short-lived Mutant Strains

To understand in more detail the relationship between the observed proteome changes during
lifespan and the aging process, we next analyzed the proteomes of long-lived daf-2 (e1370), and
short-lived daf-16 (mu86) and hsf-1 (sy441) mutant worms. The increase in levels of specific
proteins observed during aging of WT animals was considerably less pronounced in daf-2 mutant
animals and enhanced in daf-16 mutant animals (Figure S3A, left panel), indicating that the
long-lived daf-2 mutant strain is more effective in controlling the accumulation of surplus
proteins. The extent to which proteins decreased in abundance during aging was also greater in
daf-2 mutant worms (Figure S3A, right panel).

The changes in components of the proteostasis network observed in the mutant strains
occurred again predominantly in the protein synthesis and degradation pathways, but at different
rates compared to WT. The upregulation of proteasomal subunits commenced earlier during the
lifespan of the daf-2 mutant and was more pronounced than in the WT worms (Figure 3A and
B); such upregulation was instead less prominent in the short-lived daf-16 and hsf-1 mutant
strains (Figures 3C and D). These results are consistent with the DAF-16 dependent regulation of
some proteasome subunits, including RPN6 which is required for 26S proteasome assembly
(Vilchez et al., 2012). The decrease in ribosomal proteins occurred at a similar rate in daf-2
mutant worms as in WT (Figure 3A), but was strongly enhanced in daf-16 mutant worms (Figure
3C), suggesting that DAF-16 is involved in ribosome maintenance.

Components involved in the oxidative stress response showed marked differences in
levels between WT and daf-2 mutant animals. For example, cytosolic and peroxisomal catalases
(CTL-1, CTL-3 and CTL-2, respectively) were 4- to 8-fold higher in the daf-2 mutant than in
WT worms throughout their lifespans (Figure S3B). SOD-1 (cytoplasmic) and SOD-2

(mitochondrial) were elevated 2-fold compared to the WT and short-lived mutant animals
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(Figure S3C), consistent with their DAF-16-dependent transcriptional regulation (McElwee et
al., 2003; Murphy et al., 2003). Among the small HSPs, SIP-1 was already more abundant in
young daf-2 mutant worms (day 1) and HSP-16.48 was markedly elevated in hsf-1 mutant
animals (Figure S3D).

The earlier and more pronounced increase in proteasome abundance in daf-2 mutant
animals may improve the capacity of the organism for the clearance of surplus proteins that
accumulate during aging. The elevated levels of catalases and superoxide dismutase may provide

improved defense against oxidative damage.

Age-dependent Protein Aggregation and its Relation to Protein Abundance

Declining proteostasis capacity is thought to result in the accumulation of protein aggregates,
consistent with recent reports of age-dependent aggregate formation in C. elegans (David et al.,
2010; Reis-Rodrigues et al., 2012). To analyze this process systematically, we developed a
sensitive method for the quantification of aggregated proteins (see Experimental Procedures) and
validated it in animals expressing muscle specific FlucDM-GFP, a conformationally unstable
mutant of firefly luciferase fused to GFP (Gupta et al., 2011) (Figure S4A and B). We isolated
insoluble proteins from total lysates of WT animals by centrifugation and performed MS analysis
using lysate from labeled worms for quantification (Figure S4C). About 90% of the proteins that
were quantified in 3 out 4 experiments (975 of 1083 proteins) accumulated significantly in the
insoluble fraction of day 12 animals relative to day 1 (Table S1D). Age-dependent aggregation
was most pronounced between day 6 and day 12 (Figure 4A), i.e. after the hermaphrodite
animals ceased to lay eggs. Proteins with predicted transmembrane segments were not enriched

in the insoluble fraction (Figure S5A), indicating that lysis was efficient.
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To measure the aggregation propensities of proteins during aging, we quantified the
insoluble amount of each protein as a fraction of its total amount in aged WT worms (day 12)
(Figure S4D and Table S1E). The aggregation propensities of >2100 analyzed proteins varied by
more than two orders of magnitude (Figure 4B), with the median insoluble fraction per
individual protein amounting to ~ 9%.

Previous studies reported a negative correlation between computationally predicted
aggregation propensities and protein abundance (Tartaglia et al., 2009). To investigate this
dependency at the proteome scale, we grouped proteins according to their aggregation
propensities measured at day 12 and estimated the total abundance of each protein in the whole
cell lysate by absolute LFQ (Figure 4C). The most abundant proteins were 10-times more soluble
than the least abundant proteins. An analysis of the physicochemical properties of the abundant
proteins based on their amino acid sequences revealed that they were more hydrophobic (Figure
S5B) and more structured (data not shown) than the less abundant ones. These results suggest
that abundant proteins increase their solubility, at least in part, by stabilizing their native states
through formation of a more extensive hydrophobic core. Indeed, a calculation of the
aggregation propensities (Z-scores) (Tartaglia et al., 2008; Sormanni et al., 2015a) (see Extended
Experimental Procedures) predicts that the more abundant proteins, if correctly folded, are also
more soluble (Figure S5C). This conclusion is consistent with the idea that the solubility of
proteins follows their abundance (Tartaglia et al., 2009).

We found, however, that despite of their lower intrinsic aggregation propensities, the
most abundant proteins contribute most to the total aggregate load. A strong correlation (R =
0.75) was observed between the abundance of specific proteins in the aggregate fraction and

their level in the corresponding whole cell lysate (Figure 4D). Apparently, the high solubility of
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abundant proteins is insufficient to protect them from age-dependent aggregation, as eventually
these proteins exceed their critical concentrations, a phenomenon referred to as ‘supersaturation’
(Ciryam et al., 2013). Notably, we also observed a medium correlation (R = 0.43) between the
age-dependent change in the total abundance of proteins and their increase in the aggregate
fraction (Figure 4E), and this correlation became stronger as aging progressed (data not shown).
Thus, proteome remodeling during aging likely drives the aggregation of numerous proteins.

We further investigated whether aggregation also correlates with function. Gene ontology
analysis showed that proteins with a relatively high aggregation propensity in aged animals are
enriched in the nucleus, whereas abundant glycolytic enzymes and mitochondrial proteins tend to
be highly soluble (Figure S5D and Table S4A). Interestingly, all identified small HSPs, but not
other chaperones, were highly insoluble at day 12 (Figure 4F), with a high rate of accumulation
in the aggregate fraction during aging (Figure S5E). The recruitment of these chaperones into the

insoluble fraction may reflect an attempt of the organism to sequester protein aggregates.

Protein Aggregation in Long-lived and Short-lived Mutant Strains

Is the age-dependent formation of insoluble aggregates merely a reflection of declining
proteostasis capacity, or is it a means to improve proteostasis by sequestering surplus proteins?
Consistent with the former possibility are findings that aggregation-prone model proteins
increasingly aggregate in proteostasis-compromised hsf-1 mutant strains (Ben-Zvi et al., 2009).
Indeed, compared to WT animals, the short-lived hsf-1 mutant worms accumulated more
insoluble proteins and aggregation occurred earlier during aging (between day 1 and day 6)
(Figures 5A and S6A). However, in support of a beneficial role for aggregation, we found that
the long-lived daf-2 mutant worms also accumulated more insoluble proteins than age-matched

WT animals (Figures 5A, S6A and B). This effect was not observed in daf-16 mutant animals
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(Figures 5A and S6A), suggesting that age-dependent aggregation is (at least in part) an active
process under regulation by DAF-16. The increased aggregation in daf-2 mutant animals
comprised preferentially cytosolic proteins (Figure S6C and Table S4B) and initiated between
day 6 and day 12 as in WT (Figure S6A), i.e. when the long-lived mutant worms are still
youthful.

While there was a large overlap between the proteins identified in the insoluble fractions,
the extent to which specific proteins aggregated varied greatly in a strain specific manner.
Interestingly, the proteins that showed increased aggregation in the daf-2 mutant over WT are
not generally more abundant at the total proteome level (Figure 5B), indicating that abundance in
this case is not the main driver of aggregation. Similar findings were made in the hsf-1 mutant
(Figure 5C). On the other hand, proteins that aggregated less in the daf-2 strain than in WT are
also generally less abundant (Figure 5B), which would allow these proteins to maintain
solubility.

Next, we compared the physico-chemical properties of the insoluble proteins. Strikingly,
the proteins that aggregate most in the daf-2 mutant animals are predicted to have significantly
lower aggregation-propensity Z-scores, are more charged, display more structural disorder (coil
average) (Sormanni et al., 2015b) and are less hydrophobic compared to the proteins aggregating
in WT (Figure 5D-G). These findings support the hypothesis of an extrinsic rescuing mechanism
of aggregation that is activated in the daf-2 mutant, modulating the intrinsic properties of
proteins that typically govern aggregation. As a result, aggregation is enhanced for a set of
proteins that have certain properties resembling disease-associated proteins with structural

disorder (Knowles et al., 2014). By contrast, aggregation in the hsf-1 mutant correlates with
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intrinsic aggregation scores (Figure 5D), consistent with a degeneration mechanism arising from

the premature decline of proteostasis.

Among the proteins that were strongly increased in the insoluble fraction of daf-2 mutant
animals were several small HSPs (Figure 6A). These proteins contribute ~7% to total aggregate
load, suggesting that they may be involved in a ‘protective aggregation response’. Small HSPs
were also enriched in the insoluble fraction of hsf-1 mutant animals, although to a lesser extent,
but not in the aggregates of the daf-16 mutant (Figure 6A). Besides small HSPs, 26S proteasome
complexes were enriched in the insoluble fractions (Figure 6B), most strongly in the daf-2
mutant strain, but contributed only ~1% to total aggregate load.

Interestingly, the proportion of specific small HSPs in the aggregates differed between
strains. SIP-1 and HSP-16.1 made the major contribution by mass to the aggregates in the daf-2
mutant, while HSP-17 was most enriched in the aggregates of hsf-1 mutant animals (Figure 6C
and Table S1F). To monitor the behavior of HSP-16.1 during aging, we used strains expressing
GFP-tagged HSP-16.1 (hsp-16.1::gfp) under its endogenous promoter. HSP-16.1-GFP formed
inclusions in muscle cells. This phenomenon was strongly enhanced in daf-2 mutant worms, with
~60% of animals at day 12 containing inclusions compared to ~20% in WT (Figure 6D and E).
While the actin architecture of muscle cells was well preserved in daf-2 mutant animals, the
muscles of day 15 WT animals showed a reduced structural integrity (Figure 6D). Indeed, the
daf-2 mutant animals displayed a higher proteostasis capacity, as reflected in their ability to
maintain the metastable FlucDM-GFP (Gupta et al., 2011) expressed in muscle in a functionally
active state. While similar levels of total and soluble FlucDM-GFP protein were present in day
12 WT and daf-2 mutant worms, the latter contained ~4-fold more luciferase activity (Figure

S6D). In contrast, a muscle specific polyQ protein construct (Q35-GFP) aggregated more
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extensively in daf-2 mutant worms already early in adulthood (day 2), and semi-denaturing
detergent agarose gel electrophoresis (SDD-AGE) of worm lysates revealed that the protein
accumulated predominantly in higher molecular weight, SDS-resistant oligomers (Figure SGE).
Taken together these results suggest that daf-2 mutant animals drive a set of aberrant,
potentially toxic proteins into insoluble aggregates, thereby sequestering them and improving

overall proteostasis. Small HSPs are likely to play a role in this process.

DISCUSSION

Age-dependent Deterioration of Proteome Balance

Organisms allocate considerable resources towards maintaining proteome composition, including
the relative balance of subunits of multi-protein complexes (Li et al., 2014). Using quantitative
mass spectrometric methods, we have shown here that aging in C. elegans is associated with the
progressive failure to maintain protein homeostasis, resulting in extensive proteome remodeling
and protein imbalances. These imbalances are largely due to changes at the level of protein
translation and turnover, and give rise to the accumulation of potentially harmful, aggregation-
prone species (Figure 7A and B). Our analysis revealed that the sequestration of such proteins in
insoluble aggregates is a protective strategy that contributes to maintaining proteome integrity
during aging.

The extensive proteome remodeling during aging in C. elegans is contrary
to observations in tissues of aged mice, where comparatively minor proteomic changes were
detected with a similar experimental approach (Walther and Mann, 2011). Evidently mammals
devote greater resources to maintaining proteome balance, resulting in a more protracted
proteostasis decline. These differences correlate with different reproductive strategies in worms

and mice, in which the former display a more extensive, time-restrained burst of reproduction
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followed by a rather rapid and massive decline of somatic functions. Future studies on a range of
metazoans will be necessary to establish whether deterioration of proteome integrity during

aging or proteome stability is more typical.

Changes in the Proteostasis System During Lifespan

We showed that aging in C. elegans affects multiple components of the proteostasis system, most
prominently protein biosynthesis and protein degradation. A decrease in the levels of cytosolic
and mitochondrial ribosomal proteins was accompanied by an overall reduction in protein
synthesis. In contrast, we observed an increase in the abundance of proteasome subunits and a
corresponding increase of in vitro proteasome activity. These changes may initiate as a response
to the altered physiological requirements of the aging organism (Shore and Ruvkun, 2013), but
ultimately may prove insufficient or even detrimental (Figure 7B). The reduction of the levels of
cytosolic ribosomes was associated with a pronounced imbalance in the stoichiometry of
ribosomal proteins. Thus, attenuating the translational machinery as an adaptive measure imparts
the danger of dysregulation of the essential machines that ensure balance of the proteostasis
network, which in turn may promote aging. In contrast, the increase in proteasomal subunits is
likely to represent an attempt of the organism to remove aberrant protein species. Whether this
proteasome upregulation is effective in vivo is unclear, however, given that proteasome function

is generally thought to decline as a result of aging and protein aggregation (Hipp et al., 2014).

Protein Aggregation and Lifespan Extension

Previous studies demonstrated the formation of insoluble protein aggregates in aged worms
(David et al., 2010; Reis-Rodrigues et al., 2012). Here, we performed an in-depth quantitative
analysis of aggregation along the lifespan of C. elegans. We found that aggregation is a
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proteome-wide process that initiates mainly after day 6 of adulthood. Highly abundant proteins
are generally more soluble and display lower intrinsic aggregation-propensities than less
abundant ones, as previously predicted (Tartaglia et al., 2009). However, this higher solubility is
still not sufficient in the end, as abundant proteins make by far the major contribution by mass to
the age-dependent aggregate load. Importantly, proteome remodeling acts as a driver of
aggregation by raising the level of a subset of proteins beyond a critical solubility limit
(‘supersaturation’) (Ciryam et al., 2013) (Figure 7D).

While protein aggregation may be merely a consequence of declining proteostasis
capacity, our results provide evidence that a protective aggregation response is also an important
mechanism of the aging organism to improve proteostasis and mitigate the effects of proteome
imbalance. We observed that long-lived daf-2 mutant animals accumulate increasing amounts of
insoluble proteins during aging, and that such accumulation correlates with a more effective
maintenance of proteome composition (Figure 7C). Whereas the proteins that aggregate most in
the short-lived hsf-1 mutant are predicted to be more aggregation-prone, the enhanced
aggregation in the long-lived daf-2 mutant is much less dependent on intrinsic properties: the
proteins that are most enriched in the insoluble fraction have lower aggregation scores, are less
hydrophobic, more charged and contain more structural disorder, arguing for the existence of an
active, proteome-wide mechanism in promoting aggregation. This conclusion is consistent with
the view that soluble oligomers are the major proteotoxic species in neurodegenerative diseases
and that their sequestration into insoluble aggregates reduces proteotoxicity (Arrasate et al.,
2004; Cohen et al., 2006; Cohen et al., 2009). Interestingly, several highly toxic disease-
associated proteins are rich in disordered structure and have low overall hydrophobicity

(Knowles et al., 2014; Vendruscolo et al., 2011), properties resembling those of the proteins with
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enhanced aggregation in the daf-2 mutant. Indeed, a mechanism of aggregate deposition under
regulation of the insulin signaling pathway has been proposed for disease-related protein species,
such as toxic AP peptide (Cohen et al., 2006). However, that an overall ‘protective aggregate
response’ operates at the proteome-scale during aging was not anticipated.

We assume that this protective aggregation response is only partially activated during
normal C. elegans aging. As a result, WT worms are expected to accumulate a larger soluble
pool of aberrant, potentially toxic proteins than daf-2 mutant animals, eventually exhausting the
available chaperone capacity needed for protein folding and conformational maintenance, and
the clearance of misfolded polypeptides (Figure 7B and C). Formation of insoluble aggregates
may also be an, albeit insufficient, rescue attempt in the short-lived hsf-1 mutant strain.

Among the proteostasis components with strongly enhanced, age-dependent insolubility
were multiple small HSPs, a specific class of chaperones known to associate with aggregation-
prone proteins (Haslbeck et al., 2005). The small HSPs were most enriched in the insoluble
fraction of daf-2 mutant worms, consistent with the view that they may play a role as ‘extrinsic’
promoters of aggregation. In support of this possibility, individual RNAi knock down of several
small HSPs, including SIP-1, caused a 25 % shortening of lifespan in WT and daf-2 mutant
worms (Hsu et al., 2003) and overexpression resulted in lifespan extension (Walker and Lithgow
2003). Having multi-valent binding ability for aberrant proteins, the small HSPs may act to seed
and concentrate aggregate material, consistent with findings in vivo (Escusa-Toret et al., 2013;
Kaganovich et al., 2008; Specht et al., 2011) and in vitro (Haslbeck et al., 2005; Jiao et al.,
2005). The co-existence of multiple small HSPs suggests that different forms may vary in their
structural specificity for endogenous proteins. Notably, small HSPs are also transcriptionally

induced in the aging brain, while most other major chaperone components are down-regulated
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(Brehme et al., 2014). The association of the 26S proteasome with the aggregates may also be
functionally relevant. Although aggregates can inhibit the proteolytic activity of the proteasome
(Andersson et al., 2013; Hipp et al., 2014), evidence has been presented that the ATPase
chaperones of the 19S proteasome may promote aggregation (Rousseau et al., 2009).
Collectively, our data suggest that aging in C. elegans is associated with a progressive
loss of proteome balance, which drives the accumulation of surplus and aberrant protein species
that overburden the proteostasis system. As the maintenance of protein solubility imposes
stringent constraints on proteome composition, effective aggregate management appears to be

critical in determining lifespan.
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EXPERIMENTAL PROCEDURES

C. elegans Strains and Growth Conditions

A list of strains used in this study is provided in Extended Experimental Procedures. The Bristol
strain N2 was used as wild-type. The L4 larval stage was considered as day 0. Bacterial cultures
(ET505) for SILAC labeling were grown in **C¢-**N,-lysine (heavy lysine) containing M63

minimal media (Krijgsveld et al., 2003) (see Extended Experimental Procedures for details).

Sample Preparation for Total Proteome Measurements

Briefly, worms were suspended in lysis buffer (4% SDS, 0.1 M Tris/HCI pH 8.0, 1 mM EDTA),
incubated at 95°C for 5 min and further treated by ultra-sonication. Typically, an aliquot of
lysate containing 40 ug of protein was mixed with an equal amount of a heavy lysine labeled
lysate pool (Figure S1A). Proteins were reduced, alkylated and digested with endoproteinase
LysC using the FASP method (Wisniewski et al., 2009). Peptide mixtures were either analyzed
without fractionation or after fractionation by isoelectric focusing, as described in Extended

Experimental Procedures.

Isolation of Protein Aggregates

Worms were resuspended in lysis buffer (50 mM Tris/HCI pH 8.0, 0.5 M NaCl, 4 mM EDTA,
1% (v/v) Igepal CA630, Complete proteinase inhibitor cocktail; Roche Diagnostics), disrupted
by sonication and clarified by low-speed centrifugation (1 min, 1,000 rcf). Insoluble proteins
were sedimented by ultracentrifugation (500,000 rcf at 4°C, 10 min), washed twice with lysis
buffer containing 0.15 M NaCl and 0.5% sodium deoxycholate, and solubilized in SDS sample

buffer for 10 min at 95°C. For quantitative proteome measurements of aggregated proteins, an
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aliguot of pooled total lysate from heavy lysine labeled animals was added prior to
ultracentrifugation. For experiments measuring aggregation propensities, unlabeled worm lysates

were first fractionated and subsequently supplemented with SILAC-labeled whole cell lysate.

Mass Spectrometry and Data Analysis

Peptides were separated by reversed phase nano-HPLC and sprayed online into LTQ-Orbitrap
XL, LTQ-Orbitrap Velos or Orbitrap-Elite mass spectrometers (Thermo Fisher). In each scan
cycle, fragmentation spectra of the 10 most intense peptide precursors in the survey scan were
acquired in the higher-energy collisional dissociation (HCD) mode. Raw data was processed
using the MaxQuant software environment (Cox and Mann, 2008) and peak lists were searched
with Andromeda (Cox et al., 2011) against a database containing the translation of all predicted
proteins listed in Uniprot (release January 15, 2012) as well as a list of commonly observed
contaminants and the NCBI protein database of E. coli strain K12. The minimal required peptide
length was set to seven amino acids and both protein and peptide identifications were accepted at
a false discovery rate of 1%. To identify aggregation-prone proteins that were significantly
affected by aging, those proteins that were quantified in at least 3 out of 4 biological replicate
experiments at day 1 and day 12 were subjected to a Welch’s t-test and filtered based on a 5%

permutation-based false discovery rate threshold.

Miscellaneous

Proteasome activity assays, detection of polyQ aggregates by SDD-AGE, light microscopy and

methods used for bioinformatic analyses are described in Extended Experimental Procedures.

ACCESSION NUMBERS
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Proteomics raw data and selected MaxQuant output files have been deposited to the
ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier

PXD001364.

SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures, six figures, and four

tables.
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FIGURE LEGENDS

Figure 1 Proteomic Analysis of Aging in C. elegans

(A) Experimental design of total proteome analysis. Synchronized worm populations at different
time points were lysed and mixed with a metabolically (SILAC) labeled internal protein
standard. After digestion, peptides were either analyzed directly or after fractionation by
isoelectric focusing, followed by nano-HPLC coupled mass spectrometry (MS).

(B) Proteome changes in WT animals 6, 12, 17 and 22 days of age relative to day 1 animals
(Table S1B). The proportions of proteins that are at least 2-fold increased or decreased in
abundance are marked in yellow or blue, respectively.

(C) Contribution to the total proteome of the proteins that change at least 2-fold in abundance
between young (day 1) and aged (day 22) animals, as displayed in (A) and estimated by label
free quantification (absolute LFQ) (Table S1B).

(D) Proteome changes in subcellular compartments. The fractions of the total proteome that
increased (yellow) or decreased (blue) at least 1.5-fold in abundance in old (day 22) versus
young (day 1) animals are shown. Grey, proteins that remained within the indicated abundance
thresholds. Numbers of identified proteins are indicated. Protein subcellular localization was
predicted using WoLF PSORT.

(E) Clustering of time course expression patterns in WT animals using the fuzzy c-means
algorithm (Kumar and Futschik, 2007). Significantly enriched tissues as determined by
Wilcoxon rank sum test at 2% false discovery rate against predicted expression scores (Chikina
et al., 2009) are indicated for each cluster. Warm (red) and cold (blue) colors indicate low and

high deviation from the consensus profile, respectively. See also Figure S1 and Table S1 and S2.
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Figure 2 Abundance Changes in Specific Components of the Proteostasis Network

(A) Abundance changes of ribosomal proteins during the lifespan of C. elegans. 70 different
cytosolic (left) and 34 mitochondrial ribosomal proteins (right) were quantified (see Table S3).
Log2 values of fold-changes are shown in boxplot representation. Solid horizontal lines indicate
the median values, whisker caps indicate 10™ and 90" percentiles, and circles indicate outliers.
*+xx n_value <4.35 x 10™* for cytosolic ribosomal proteins and 1.17 x 10 for mitochondrial
ribosomal proteins from Wilcoxon signed rank test. Only proteins quantified at both time points
tested were considered.

(B) Abundance changes of proteasome subunits during lifespan. All 14 subunits of the 20S and
17 subunits of the 19S proteasome were quantified. Only subunits quantified in at least two time
points are displayed. **** p-value <1.23 x 10 and ****  p-value <1.53 x 10 from Wilcoxon
signed rank test.

(C-E) Abundance profiles of proteostasis network (PN) components along the lifespan of WT
animals. Log?2 relative changes in abundance are shown for HSP70 and HSP90 homologs (C),
small HSPs (D), and proteins involved in oxidative stress defense (E). Only components
quantified at day 1 and at least three consecutive time points are displayed. See also Figure S2

and Tables S1 and S3.

Figure 3 Remodeling of the Proteostasis Network During Aging

(A-D) Abundance changes in components of the PN (see Figure S2A) during aging in daf-2 (A),
WT (B), daf-16 (C) and hsf-1 (D) mutant worms. Concentric circles represent increasing age in
days from center to periphery. Circle size corresponds with lifespan. Functional categories of
components are indicated in the center: green, biosynthesis; red, degradation; light blue,

conformational maintenance (see Figure S2A). Abundance changes of components within these
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categories relative to day 1 of each strain (yellow, >1.5-fold up; blue, >1.5-fold down) are
indicated as bars, with the length of the bar representing the number of proteins undergoing
change. The total numbers of proteins quantified in the respective categories are indicated. See

also Figure S3.

Figure 4 Proteome-wide Analysis of Protein Aggregation during Aging

(A) Relative abundance of proteins in the insoluble fraction of WT animals during aging
determined by SILAC quantification (see Figure S4C and Table S1D). At least 1355 proteins
were quantified at the different time points (~3228 different proteins in total). ****, p-value <2.2
x 107 from Wilcoxon signed rank test.

(B) Distribution of aggregation propensities of proteins (insoluble protein as fraction of total
protein) in WT animals at day 12 (median from 3 independent experiments; Table S1E). Whole
worm lysates and insoluble fractions were quantified against the same SILAC standard and ratios
were calculated for each protein in % of total (see Figure S4D).

(C) Relationship between aggregation propensity and total protein abundance. Proteins were
divided into quantiles based on their measured aggregation propensities (median values are
indicated in %). Label free absolute quantification was used to estimate total protein abundance
(displayed as relative abundance values). ****, p-value <2.2 x 10™*® from Wilcoxon rank sum
test.

(D) Protein abundance in the insoluble fraction is positively correlated with abundance in the
total proteome (absolute LFQ values). Data for WT animals at day 12 are shown. The Pearson
correlation coefficient R is indicated.

(E) Positive correlation between age-related protein abundance changes in the insoluble fraction

and abundance changes for the same proteins in the total proteome. Abundance differences
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measured by SILAC between aged (day 12) and young (day 1) WT animals are plotted. The
Pearson correlation coefficient R is indicated.

(F) Aggregation propensities of small HSP family members relative to the aggregation
propensities of all quantified proteins in the proteome of day 12 WT animals. Also see Figure S4

and S5, and Tables S1 and S4.

Figure 5 Protein Aggregation in Lifespan Mutant Worms During Aging

(A) Increased aggregate load in daf-2 mutant animals compared to WT, daf-16 and hsf-1 mutant
animals at day 12. Relative abundance values of proteins in the insoluble fraction were
determined by SILAC quantification. 1367, 1988, 1449 and 1485 proteins were quantified in
WT, daf-2, daf-16 and hsf-1 mutant animals, respectively (one representative out of 4
independent experiments is displayed; Table S1F). **** p-value <2.2 x 10*° from Wicoxon
signed rank test.

(B and C) Quantiled abundance of proteins in the insoluble fraction of daf-2 (352-354 proteins
per quantile) (B) and hsf-1 mutant (292 proteins per quantile) (C) relative to WT animals at day
12 plotted against differences in total protein abundance values. Quantile median values are
indicated on the X-axis. Proteins that aggregated less in the mutant strains than in the WT have
been grouped separately (91 proteins in daf-2 and 259 in hsf-1 mutant).

(D-F) Physico-chemical properties of proteins enriched in the insoluble fractions of daf-2 and
hsf-1 mutant relative to WT animals at day 12. (D), Aggregation propensity scores (Z-scores,

see Extended Experimental Procedures). ***, p-value <1.4 - 10~*; *, p-value < 0.016, Wilcoxon
rank sum test. (E), Net charge. ****, p-value <4.9 - 10~11; (F), Coil content. ***, p-value

<1.1-107% (G), Overall hydrophobicity **** p-value <2.9 - 10~7. Quantile median values are
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indicated on both axes and standard errors are reported on the y-axis. See also Figure S6 and

Table S4.

Figure 6 Aggregation of small HSPs and Proteasome in Lifespan Mutant Worms

(A) Abundance of small HSPs in the insoluble fraction of daf-2, daf-16 and hsf-1 mutant relative
to WT animals as determined by summed absolute LFQ values. 6-11 different small HSPs were
quantified. **, p-value <0.0075 (WT vs. daf-2) and <0.0022 (WT vs. hsf-1) from Welch’s t-tests.
(B) Abundance of 26S proteasome subunits in the insoluble fraction of daf-2, daf-16 and hsf-1
mutant relative to WT animals. 19-27 subunits were quantified. ***, p-value <2.1 - 10 (WT vs.
daf-2) and <4.6 - 10 (WT vs. hsf-1) from Welch’s t-tests.

(C) Enrichment of the small HSPs HSP-16.1, HSP-16.48, SIP-1, HSP-17 and Q9N350 in the
insoluble fractions of day 12 WT (black circles), daf-2 mutant worms (red circles) and hsf-1
mutant worms (purple circles). Data from 2 to 4 independent experiments are shown.

(D and E) Formation of HSP-16.1 inclusions in muscle cells. (D) Representative fluorescence
images of muscle cells of WT and daf-2 mutant animals expressing HSP-16.1::GFP (top). Actin
was stained with rhodamine-phalloidin (bottom). Scale bar, 10um. (E) Animals with HSP-
16.1::GFP inclusions in muscle cells were quantified (20 animals per group). Averages + SD are

given in % of total. *, p-value < 0.01 from Welch’s t-test. See also Figure S6 and Table S1.

Figure 7 Proteome Maintenance During Aging in C. elegans

(A) The proteome of young adult WT worms is maintained in balance by the proteostasis system.
Aberrant protein species, including metastable conformers and soluble aggregates (red) are

efficiently cleared.
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(B) In aged WT animals, numerous proteins increase in abundance and normal protein
stoichiometries are lost, due in part to a relief of miRNA-mediated translational repression. The
amount of aggregation-prone species exceeds clearance capacity and insoluble aggregates
associated with small HSPs accumulate. Mechanisms of protective aggregate formation are
partially activated. Proteostasis is strongly reduced.

(C) Proteostasis collapse is delayed in aged daf-2 mutant worms. Proteome imbalance and the
soluble aggregate pool is reduced relative to age-matched WT animals, as clearance by protein
degradation may be more effective and protective aggregate formation is fully activated.

(D) Protein aggregate loads increase proportionally to protein abundance. Although abundant
proteins have lower aggregation propensities, they contribute more to aggregate load (see Figure
4). The age-dependent increase in expression level affects the subproteome of supersaturated
proteins, which fail to maintain solubility as their levels increase and proteostasis capacity

declines.
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SUPPLEMENTAL INFORMATION

EXTENDED EXPERIMENTAL PROCEDURES

Strains

C.elegans strains were maintained by standard methods (Brenner, 1974). The Bristol strain N2
was used as wild-type. The following mutants and transgenic strains were used: CB1370 [daf-2
(e1370)I11], CF1038 [daf-16 (mu86)I], PS3551 [hsf-1 (sy441)1], DA1113 [eat-2 (ad1113)11],
AM140 [rmls132 [P(unc-54) g35::yfp]], FUH135 [marls135 [P(unc-54) Fluc-DM::gfp]+rol-6
(su1006)], FUH139 [marls139 [P(unc-54) Fluc-DM::gfp]+rol-6 (su1006)], FUH179 [daf-2
(e1370); marls139 [P(unc-54)Fluc-DM::gfp]+rol-6 (su1006)], FUH219 [(daf-2 (e1370);
rmls132 [P(unc-54) q35::yfp]], FUH 236 [[P(hsp-16.1) hsp-16.1::gfp]+rol-6 (su1006)] and

FUH237 [(daf-2 (e1370); [P(hsp-16.1) hsp-16.1::gfp]+rol-6 (sul006)].

Growth Conditions

Bacterial cultures (ET505) for SILAC labeling were grown in **Cg-'*N,-lysine (heavy lysine)
containing M63 minimal media, harvested by centrifugation and washed. Suspensions were
spotted onto nitrogen-free agarose plates (Krijgsveld et al., 2003). The incorporation of heavy
lysine into the proteome was more than 99% after four reproductive cycles. Worm eggs were
collected and synchronized populations of L1 larvae were obtained by overnight growth in M9
medium. The L4 larval stage was considered to be day 0 and larvae were transferred at this time
point to new plates with or without 10 uM fluorodeoxyuridine (FUdR). For total proteome
measurements FUdR was omitted and progeny was removed by repeated sedimentation. Dead

worms were removed manually before harvesting.
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Sample Preparation for Total Proteome Measurements

Worms were rinsed off plates and washed with M9 salt solution to minimize bacterial
contamination. Worm pellets were resuspended in lysis buffer (4% SDS, 0.1 M Tris/HCI pH 8.0,
1 mM EDTA), incubated at 95°C for 5 min and sonicated in a Bioruptor (Diagenode, Liege,
Belgium) ultrasonication bath for 10 min at high energy setting. Lysates were clarified by
centrifugation (20,000 x g, 10 min) and protein concentration was quantified using the BCA
assay kit (Pierce, Rockford, IL). In a typical experiment, 40 ug of total protein lysate was mixed
with an equal amount of a **Cg-**N,-lysine labeled lysate pool consisting of equal parts of lysates
from WT animals aged 1, 6, 12 and 17 days. Proteins were reduced, alkylated and digested with
endoproteinase LysC (Wako Bioproducts, Richmond, VA) using the filter aided sample
preparation method (FASP) (Wisniewski et al., 2009). Peptide mixtures were either analyzed
without fractionation or desalted via C18 solid phase extraction (SPE) cartridges (3M, St. Paul,
MN) and subjected to isoelectric focusing on an OFFGEL system (Agilent, Santa Clara, CA)
using 13 cm linear immobilized pH gradient strips with a pH range from 3 to 10 according to
published procedures (de Godoy et al., 2008; Hubner et al., 2008). Fractionated or unfractionated

peptides were purified via StageTips (Rappsilber et al., 2007).

Biochemical Isolation of Protein Aggregates
Approximately 600 worms were resuspended in 550 pl lysis buffer (50 mM Tris/HCI pH 8.0, 0.5
M NaCl, 4 mM EDTA, 1% (v/v) Igepal CA630, Complete proteinase inhibitor cocktail (Roche

Diagnostics, Mannheim, Germany)) and sonicated for 8 min at 0°C in a Bioruptor sonication



bath at high energy setting. Lysates were clarified (1,000 g, 1 min, 4°C) and protein content was
adjusted to equal levels. For proteome measurements, a lysate pool of **Cg-*N,-lysine labeled
animals was mixed with each of the samples. Insoluble proteins were sedimented by
ultracentrifugation (500,000 rcf, 4°C, 10 min) and subsequently washed twice with modified
RIPA buffer (50 mM Tris/HCI pH 8.0, 0.15 M NaCl, 4 mM EDTA, 1% (v/v) lgepal CA630,
0.5% sodium deoxycholate, Complete proteinase inhibitor cocktail) before solubilization in 2%
SDS containing sample buffer for 10 min at 95°C. Proteins were resolved by SDS-PAGE and
either analyzed by Coomassie staining or immunoblotting, or processed for MS analysis by in

gel digestion and StageTip purification.

Mass Spectrometry and Data Analysis

Peptides were separated on C18 reversed phase nano-HPLC columns (Nagaraj et al., 2011;
Walther and Mann, 2011) with gradient durations of 140 or 280 min for fractionated or
unfractionated samples, respectively, and sprayed online into LTQ-Orbitrap XL, LTQ-Orbitrap
Velos or Orbitrap-Elite mass spectrometers (Thermo Fisher Scientific, Bremen, Germany)
(Michalski et al., 2012; Olsen et al., 2009). In each scan cycle, fragmentation spectra of the 10
most intense peptide precursors in the survey scan were acquired in the higher-energy collisional
dissociation (HCD) mode (Olsen et al., 2005). Raw data was processed in the MaxQuant
software environment (Cox and Mann, 2008) and peak lists were searched with Andromeda (Cox
and Mann, 2011) against a database containing the translation of all predicted proteins listed in
Uniprot (release January 15, 2012) as well as a list of contaminants including commonly

observed human keratins as well as the NCBI protein database of E. coli strain K12 (release date



January 25, 2010). The minimal required peptide length was set to seven amino acids and both
protein and peptide identifications were accepted at a false discovery rate of 1%.

Proteomics raw data and selected MaxQuant output files have been deposited to the
ProteomeXchange Consortium (Vizcaino et al, 2014) via the PRIDE partner repository with the
dataset identifier PXD001364 and can be accessed using the following login data:

Username: reviewer14957@ebi.ac.uk

Password: 70sXFIP1

Proteasome Activity Assays

Worms were lysed by ultrasonication in the presence of 2 MM ATP and proteasomal activity was
performed as previously described using the fluorogenic substrate Z-Gly-Gly-Leu-AMC

(Kisselev and Goldberg, 2005; Vilchez et al., 2012).

Immunostaining and Microscopy

WT or daf-2 mutant worms expressing HSP-16.1::GFP were mounted on a 2% agar pad in 0.25
mM levamisole. A minimum of 20 worms were scored for each strain. To visualize actin, worms
were fixed in acetone and stained with rhodamine-phalloidin (Molecular Probes R415).

Fluorescence imaging was performed on a Zeiss Axiovert fluorescence microscope.

In Silico Aggregation Propensity Calculations
As the observed insoluble aggregates are unlikely to be all of amyloid nature, to predict the
intrinsic aggregation propensity of proteins we adopted the recently developed CamSol method

(Sormanni et al., 2015a). Only proteins with unambiguous IDs were analyzed. The Camsol
5
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method avoids the bias of the Zyggregator method of predicting specific amyloid aggregation
rates (Tartaglia and Vendruscolo, 2008). We started from the CamSol intrinsic solubility profile,
which consists of a score for each residue along the sequence, and used it as a starting point to
calculate a single aggregation propensity score (‘Z-score’) for each protein. The main principle
defining this Z-score from the CamSol intrinsic profile is that the overall aggregation propensity
of the protein should be proportional to the contribution given by the regions of the sequence that
are aggregation-prone, attenuated by the regions that are aggregation-resistant, and normalized
with respect to the protein length.

The CamSol intrinsic profile is calculated using a linear combination of physico-chemical
properties of amino acids that have generally been associated with the solubility of proteins
(Chiti et al., 2003, Fernandez-Escamilla et al., 2004, Pawar et al., 2005, Pechmann et al., 2009),
namely hydrophobicity, electrostatic charge, and a-helical and 3-sheet propensities. The
Wimley-White scale (Wimley and White, 1996) is selected as hydrophobicity scale and a-helix
and B-sheet propensities are calculated from the Protein Data Bank (PDB) using representative
structures with a filter of 50% sequence identity (Sormanni et al., 2015a). The linear combination

results in the position-dependent score s; , which for a given residue i, is thus:

hyd
Si = Gpyap; + acpf + agpf + aBPiB (1)

where p**, p¢, p% and pPare the hydrophobicity, the charge (at neutral pH), the a-helical and
the 3-sheet propensities, respectively, while the a values represent the constants of the linear

combination (Sormanni et al., 2015a). The p;*tvalues are then smoothed over a seven amino-acid
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window in order to account for the effects of neighboring residues, and corrected with two

additional terms to provide the intrinsic solubility profile S;

1 k
Si =;Xj=aSisj T Apael!™ + agl? (2)
where IP*" is the correcting term that takes into account the presence of specific patterns of

alternating hydrophobic and hydrophilic residues and Il.gk is the correcting term that takes into

account the gatekeeping effect of individual charges, defined as

4
k _J
Iig :Z}:":—se 200Ci4j - 3

where c;, ; is the charge of the amino acid i+j.

Once the intrinsic CamSol profile S; is obtained, the overall aggregation propensity score (Z-

score ) can be defined as

lL=1 wl}tps"iup (thup) + Z§=1 w}giowng’jclown(thdown)

yL?

Z= -

where

S; — th®Wn if §; < thdown

cdown downy —
ST (EhTET) {0 if S; > thdown



is the residue-specific aggregation-prone contribution, which is dependent on the parameter
th3°W" which is a minium ‘aggregating score threshold’ filtering the regions of the profile that
contribute to the overall aggregation propensity,

S, — th* if §; > th¥P
0 if S; < thv?

517 (eh?) = |
is the residue-specific aggregation-resistant contribution, which is dependent on th*? parameter,
which is the threshold that filters the regions of the profile that act to attenuate the overall

aggregation propensity, w}‘p and wj—i"W" are the soluble-region weights and aggregation-prone

region weights respectively, L is the length of the protein and y and § are two constants that
specify the functional law of the Z-score with respect to the protein length. The minus sign in the
formula refers to our sign convention for which higher Z-scores represent higher aggregation
propensity, while lower Z-scores indicate higher solubility. The parameters

th"?, th®", w;®, wf*"™,y and &, have been tuned with a Monte Carlo simulation aimed at
maximizing both the correlation coefficient of the Z-score with an ensemble of protein
aggregation rates measurements available in the literature (Dubay et al., 2004), and the efficiency
in the separation of the Z-score distributions of two datasets of known non-aggregating and
aggregating peptides respectively, obtained from a systematic literature search.

Accuracy in the binary prediction of aggregate and non-aggregate peptide datasets has been

tested upon finishing the optimization, and an additional correlation control has been performed

with the solubility of a set of protein mutants (Sormanni et al., 2015a).

Statistics and Bioinformatic Analysis



Prediction of subcellular localization, signal sequences and transmembrane segments were
performed using WoLF PSORT (Horton et al., 2007), SignalP (Petersen et al., 2011) and
TMHMM v. 2.0 (Krogh et al., 2001) algorithms, respectively. Further annotation included
predicted tissue specificity of expression (Chikina et al., 2009), analysis of Pfam protein families
(Finn et al., 2008) and gene ontology databases (Ashburner et al., 2000). Benjamini-Hochberg
FDR-controlled Fisher Exact test as well as one- and two-dimensional annotation enrichment
analysis was performed in the Perseus data analysis suite (Cox and Mann, 2012). Fuzzy c-means
clustering of time course profiles was carried out using the Mfuzz package in the statistical
programming language R (Kumar and Futschik, 2007).

In time course analyses of individual proteins in WT animals, only those were displayed
that were quantified at day 1 and at least at three consecutive time points. Statistical significance
of abundance differences of protein subsets across different time points or strains were generally
performed using the Wilcoxon signed rank test in which only those proteins were considered that
were quantified in both conditions. To identify aggregation-prone proteins that were significantly
affected by aging, those proteins that were quantified in at least 3 out of 4 biological replicate
experiments at day 1 and day 12 were subjected to a Welch’s t-test and filtered based on a 5%

permutation-based false discovery rate threshold.

SUPPLEMENTAL REFERENCES

Ashburner, M., Ball, C.A., Blake, J.A., Botstein, D., Butler, H., Cherry, J.M., Davis, A.P., Dolinski, K.,
Dwight, S.S., Eppig, J.T., et al. (2000). Gene ontology: tool for the unification of biology. The Gene
Ontology Consortium. Nat. Genet. 25, 25-29.

Brenner, S. (1974). The genetics of Caenorhabditis elegans. Genetics 77, 71-94.



Cox, J., and Mann, M. (2012). 1D and 2D annotation enrichment: a statistical method integrating
guantitative proteomics with complementary high-throughput data. BMC Bioinformatics 13, S12.

Chiti, F., Stefani, M., Taddei, N., Ramponi, G., Dobson, C.M.. Rationalization of the effects of mutations
on peptide and protein aggregation rates. (2003). Nature 424, 805-808.

de Godoy, L.M.F., Olsen, J.V., Cox, J., Nielsen, M.L., Hubner, N.C., Frohlich, F., Walther, T.C., and
Mann, M. (2008). Comprehensive mass-spectrometry-based proteome quantification of haploid versus
diploid yeast. Nature 455, 1251-1260.

Dubay, K.F., Pawar, A.P., Chiti, F., Zurdo, J., Dobson, C.M and Vendruscolo, M. (2004). Prediction of
the Absolute Aggregation Rates of Amyloidogenic Polypeptide Chains. J. Mol. Biol. 341, 1317-1326.

Fernandez-Escamilla, A-M., Rousseau, F., Schymkowitz, J., Serrano, L.. Prediction of sequence-
dependent and mutational effects on the aggregation of peptides and proteins. (2004). Nat. Biotechnol. 22,
1302-1306.

Finn, R.D., Tate, J., Mistry, J., Coggill, P.C., Sammut, S.J., Hotz, H.R., Ceric, G., Forslund, K., Eddy,
S.R., Sonnhammer, E.L., and Bateman, A. (2008). The Pfam protein families database. Nucleic Acids
Res. 36, D281-288.

Haslbeck, V., Eckl, J.M., Kaiser, C.J., Papsdorf, K., Hessling, M., and Richter, K. (2013). Chaperone-
interacting TPR proteins in Caenorhabditis elegans. J. Mol. Biol. 425, 2922-2939.

Horton, P., Park, K.J., Obayashi, T., Fujita, N., Harada, H., Adams-Collier, C.J., and Nakai, K.
(2007). WoLF PSORT: protein localization predictor. Nucleic Acids Res. 35, W585-587.

Hubner, N.C., Ren, S., and Mann, M. (2008). Peptide separation with immobilized pl strips is an
attractive alternative to in-gel protein digestion for proteome analysis. Proteomics 8, 4862-4872.

Kisselev, A.F., and Goldberg, A.L. (2005). Monitoring activity and inhibition of 26S proteasomes with
fluorogenic peptide substrates. Methods Enzymaol. 398, 364-378.

Krogh, A., Larsson, B., von Heijne, G., and Sonnhammer, E.L. (2001). Predicting transmembrane protein
topology with a hidden Markov model: application to complete genomes. J. Mol. Biol. 305, 567-580.

Michalski, A., Damac, E., Lange, O., Denisov, E., Nolting, D., Muller, M., Viner, R., Schwartz, J.,
Remes, P., Belford, M., et al. (2012). Ultra high resolution linear ion trap Orbitrap mass spectrometer
(Orbitrap Elite) facilitates top down LC MS/MS and versatile peptide fragmentation modes. Mol. Cell.
Proteomics 11, 0111.013698.

Nagaraj, N., Wisniewski, J.R., Geiger, T., Cox, J., Kircher, M., Kelso, J., Paabo, S., and Mann, M.
(2011). Deep proteome and transcriptome mapping of a human cancer cell line. Mol. Sys. Biol. 7, 548.

Olsen, J.V., de Godoy, L.M., Li, G., Macek, B., Mortensen, P., Pesch, R., Makarov, A., Lange,
0., Horning, S., and Mann, M. (2005). Parts per million mass accuracy on an Orbitrap mass
spectrometer via lock mass injection into a C-trap. Mol.Cell. Proteomics 4, 2010-2021.

10



Olsen, J.V., Nielsen, M.L., Damoc, N.E., Griep-Raming, J., Moehring, T., Makarov, A., Schwartz, J.,
Horning, S., and Mann, M. (2009). Characterization of the Velos, an Enhanced LTQ Orbitrap, for
Proteomics. Mol. Cell. Proteomics 8, S40.

Pawar, A.P., Dubay, K.F., Zurdo, J., Chiti, F., Vendruscolo, M., Dobson, C.M.. Prediction of
“aggregation-prone” and “aggregation-susceptible” regions in proteins associated with neurodegenerative
diseases. (2005). J. Mol. Biol. 350, 379-392.

Pechmann, S., Levy, E.D., Tartaglia, G.G., Vendruscolo, M.. Physicochemical principles that regulate the
competition between functional and dysfunctional association of proteins. (2009). Proc. Natl. Acad. Sci.
USA 106, 10159-10164.

Petersen, T.N., Brunak, S., von Heijne, G., and Nielsen, H. (2011). SignalP 4.0: discriminating signal
peptides from transmembrane regions. Nat. Methods 8, 785-786.

Rappsilber, J., Mann, M., and Ishihama, Y. (2007). Protocol for micro-purification, enrichment, pre-
fractionation and storage of peptides for proteomics using StageTips. Nat. Protoc. 2, 1896-1906.

Tartaglia, G.G., Vendruscolo, M. (2008). The Zyggregator method for predicting protein aggregation
propensities. Chem. Soc. Rev. 37, 1395-1401.

Vizcaino, J.A., Deutsch, EW., Wang, R., Csordas, A., Reisinger, F., Rios, D., Dianes, J.A., Sun, Z.,
Farrah, T., Bandeira, N., et al. (2014). ProteomeXchange provides globally coordinated proteomics data
submission and dissemination. Nat. Biotechnol. 32, 223-226.

Wimley WC, and White SH. (1996). Experimentally determined hydrophobicity scale for proteins at
membrane interfaces. Nat. Struct. Biol. 3, 842-848.

11



SUPPLEMENTAL TABLES

Table S1. Proteome data, Related to Figures 1-6 and S1-6

Table S2. Gene ontology term analysis of proteins with abundance change during aging

in WT, Related to Figures 1 and S1
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SUPPLEMENTAL FIGURES

Figure S1. Proteomic Analysis of Aging in C. elegans, Related to Figure 1

(A) Reproducibility of SILAC-based proteomic analyses. Four biological replicates of proteomic
analysis of WT animals at the indicated ages were performed independently and quantified
against the same SILAC spike-in standard. Each one of the four replicates (open circles) was
prepared on a different day than the remaining three (closed circles). Principal component
analysis shows that different individuals of the same age cluster closely together in the two-
dimensional plot, demonstrating that the sum of technical and biological variation is much
smaller than the age-related changes in the C. elegans proteome (Table S1A). On a whole
proteome level, this allows analyzing results as a function of age only, and to disregard technical
variation and differences between individual worms.

(B) Comparison of GO categories of proteins that changed in abundance in the early (day 6 vs.
day 1) and late stage in life (day 22 vs. day 6) of WT animals (Table S2A). All terms that were
significantly affected in either of the two periods are displayed (Wilcoxon rank sum test at 5%
Benjamini Hochber FDR) and their relative changes were plotted against each other. The dashed
grey line indicates the position of categories which are equally affected early and late in life.
Selected outliers are indicated in the plot.

(C) Correlation between transcriptome data (Golden and Melov, 2004) and the proteomics
dataset of this study. The Pearson correlation R between both datasets is displayed.

(D) Proteins that increase in abundance during aging are targets for dicer-mediated miRNA
repression (Welker et al., 2007). The fractions of dicer (dcr-1) targets (transcriptionally
upregulated in dcr-1 mutants) among proteins that increased >4-fold (50 of 133 proteins) or >2-
fold (99 of 357 proteins) in abundance from day 6 to day 22 of aging as well as proteins that
decreased <4-fold (6 of 66 proteins) or <2-fold (25 of 325 proteins) in abundance or remained
within threshold (less than 2-fold change in either direction) (173 of 3307 protein) are shown.
(E) Significantly affected functional categories among the proteins that increased 2-fold (left
panel) or decreased 2-fold (right panel) in abundance in aged (day 22) animals. The enrichment
factors of gene ontology (GO) terms are plotted against the p-value derived from Fisher Exact
tests. Each term is represented by a circle. The size of the circle reflects the number of proteins
affected. Only categories with at least 4 members are displayed. Selected categories are indicated
(Table S2B and C).

(F) Abundance change of TTR-like proteins during aging.

(G) Abundance change of quantified subunits of the mitochondrial respiratory chain complex |
during aging. At least 17 subunits were quantified at each time point. **** p-value <1.53 x 10"
from Wilcoxon signed rank test.

Figure S2. Abundance Changes in Components of the Proteostasis Network During
Aging in Wild-type Animals, Related to Figure 2

(A) The proteostasis network (PN) is divided into three main categories: protein synthesis
(green), comprising transcription factors, translation factors and ribosomal components
conformational maintenance (blue), comprising components involved in folding and stress
response, and degradation (red), comprising components involved in the ubiquitin proteasome
system and autophagy (Table S3A).
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(B) Decline of protein synthesis during aging determined by SILAC pulse labeling. Animals
aged 1,4, 6 or 12 days were transferred to a heavy lysine-labeled food source for 24 h. Boxplot
shows the distribution of heavy lysine incorporation into proteins. At least 500 proteins were
quantified at each time point (Table S1C). p-value <2.2 x 10™*® from Wilcoxon signed rank test.
(C) Chymotryptic proteasome activity in lysates of old (day 12) and young (day 1) worms, as
measured with fluorogenic synthetic peptide as substrate in the presence of ATP (see Extended
Experimental Procedures). Assays were performed in the absence (DMSO) or presence of
proteasome inhibitors lactacystin (100 uM) or MG132 (25 uM). Error bars represent standard
deviations from 6 replicate experiments. p-value <7.4 x 102 from Welch’s t-test.

(D-1) Abundance change of proteins involved in protein folding and stress response in WT.
Autophagy related components (D), DnaJ/Hsp40 homologs (E), TPR domain proteins that
potentially interact with chaperones (Haslbeck et al., 2013) (F), subunits of the TRIC/CCT
chaperonin (G), components of the mitochondrial PN (H), components of the endoplasmic
reticulum PN (1) (Table S3B).

Figure S3. Proteome Changes in Wild-type and IIS Mutant Worms, Related to Figure 3
(A) Proteome imbalance in WT, daf-2, daf-16 and hsf-1 mutant animals expressed as proteome
imbalance index. Abundance differences of proteins that increased (left) or decreased (right) in
abundance during aging relative to day 6 were summed up for each strain and normalized to the
number of quantified proteins. The total number of quantified proteins was similar in the
different worm strains and ranged from ~3743 to ~4700 proteins (Table S1B).

(B-E) Abundance profiles of catalases (B), SOD proteins (C), and small HSPs (D) along the
lifespan of WT, daf-2, daf-16 and hsf-1 animals. Log2 changes in abundance are shown relative
to WT animals at day 1.

Figure S4. Isolation of Insoluble Aggregates from Worm Lysates, Related to
Figure 4
(A-B) Validation of the biochemical procedure for the isolation of insoluble protein aggregates
was performed with WT worms expressing FlucDM-GFP, a destabilized double-mutant of firefly
luciferase fused to GFP (Gupta et al., 2011) in body wall muscle cells. (A) FlucDM-GFP
expressing worms (day 1) were exposed to heat shock (33°C for 90 min), followed by recovery
for 90 min at 20°C. Insoluble fractions were isolated from worm lysates by centrifugation (see
Experimental Procedures), analyzed by immunoblotting with anti-luciferase antibodies, and
quantified by densitometry. Error bars represent standard deviations from three independent
experiments. **, p-value < 0.01, Welch’s t-test. (B) Fraction of insoluble FlucDM-GFP in young
(day 1) and old (day 19) WT worm populations analyzed as above. Error bars represent standard
deviations from four independent experiments. **, p-value < 0.01, Welch’s t-test.
(C) Experimental design for the quantitative analysis of insoluble proteins. Synchronized worm
populations at different ages were lysed and mixed with a metabolically (SILAC) labeled
internal protein standard. Insoluble proteins were isolated, separated by SDS-PAGE, subjected to
in gel digestion and analyzed by nano-HPLC coupled MS.
(D) Experimental design for the analysis of protein aggregation propensities. Lysates from aged
worms (day 12) were fractionated. Total lysates as well as insoluble and soluble fractions were
quantified against an identical SILAC standard to determine the insoluble and soluble fraction of
each protein.
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Figure S5. Proteomic Analysis of Protein Aggregation during Aging, Related to

Figure 4

(A) Procedure for aggregate isolation does not enrich for membrane proteins. Proportions of
identified proteins in total and insoluble fractions for soluble proteins and proteins that were
predicted to contain at least one transmembrane segment (TMS) are shown. TMS were predicted
with THMM.

(B-C) Physico-chemical properties of proteins that affect aggregation behavior. The overall
hydrophobicity (B) of proteins (which is associated with a tendency of forming a stabilizing
hydrophobic core) increases with their abundance, and the aggregation propensity score (Z-
score; see Extended Experimental Procedures) of the proteins (C) decreases with their
abundance, indicating that highly abundant proteins tend to be more soluble.

(D) GO annotation distribution among proteins with high and low intrinsic aggregation
propensities in WT animals at day 12. Enrichment scores and p-values of a Wilcoxon rank sum
test are plotted against each other. Only categories with a cutoff of 5% Benjamini-Hochgerg
FDR and at least 4 proteins are displayed (Table S4A).

(E) Members of the small HSP family of molecular chaperones display a high aggregation rate
compared to the overall distribution of aggregation propensities of all quantified proteins in the
proteome of day 12 WT animals (Wilcoxon rank sum test p-value: 3.4 e-3).

Figure S6. Protein Aggregation in Lifespan Mutant Worms During Aging, Related to
Figure 5

(A) Time course analysis of protein aggregation in daf-2, daf-16 and hsf-1 mutants, compared to
WT. Boxplots of SILAC ratios as in Figure 5A are shown. In this experiment fractionation of
hsf-1 mutant animals of 12 days of age was not reliable due to the limited number of live worms
recovered. Number of quantified proteins: WT day 1, 2010; day 6, 1698; day 12, 1987; day 17,
1355; daf-2 mutant day 1, 1093; day 6, 1103; day 12, 2660; day 17, 1599; day 22, 1572; day 28,
1759; daf-16 mutant day 1, 1120; day 6, 993; day 12, 1366; hsf-1 mutant day 1, 1318; day 6,
1739 (Table S1D). ****, p-value <2.2 x 10™® from Wilcoxon signed rank test.

(B) Analysis of differential aggregation between aged daf-2 mutants and WT animals (day 12).
Worm samples were separated into soluble and insoluble fractions and analyzed by SDS-PAGE
and Coomassie staining. Note that only 25% of total and soluble fraction is loaded. One
representative out of 3 independent experiments is shown.

(C) GO annotation distribution among proteins that are enriched in daf-2 mutant compared to
WT animals at day 12. Enrichment scores and p-values of a Wilcoxon rank sum test are plotted
against each other (Table S4B).

(D) Increased proteostasis capacity in daf-2 mutant worms. Fluc-DM-GFP and luciferase
activities were measured by immunoblotting with anti-luciferase antibody and luminescence
assay, respectively, in 12 days old WT and daf-2 mutant worms expressing muscle-specific Fluc-
DM-GFP. Protein levels, activities and specific activities (activities per amount of FlucDM-GFP
protein) are given in arbitrary units with values in WT set to 1. Results from 7 independent
measurements + SD are shown. *** p-value < 0.0001; **, p-value <0.001, Welch’s t-test.

(E) SDD-AGE analysis of WT and daf-2 mutant worms expressing muscle-specific Q35-GFP.
Worm extracts from 2 days old animals were analyzed with and without incubation at 95°C for
10 min. Q35-GFP was visualized by immunoblotting. Note that total amounts of Q35-GFP
detected after heat treatment are similar in WT and daf-2 mutant extracts.
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Figure S6

Walther and Kasturi et al., Suppl. Figure 6

Click here to download Supplemental Figure: Walther-Kasturi et al_Figure S6_Cell_D_14-02131R2.eps
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