Tor1 regulates protein solubility
in Saccharomyces cerevisiae
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ABSTRACT Accumulation of insoluble protein in cells is associated with aging and aging-
related diseases; however, the roles of insoluble protein in these processes are uncertain. The
nature and impact of changes to protein solubility during normal aging are less well under-
stood. Using quantitative mass spectrometry, we identify 480 proteins that become insoluble
during postmitotic aging in Saccharomyces cerevisiae and show that this ensemble of insolu-
ble proteins is similar to those that accumulate in aging nematodes. SDS-insoluble protein is
present exclusively in a nonquiescent subpopulation of postmitotic cells, indicating an asym-
metrical distribution of this protein. In addition, we show that nitrogen starvation of young
cells is sufficient to cause accumulation of a similar group of insoluble proteins. Although
many of the insoluble proteins identified are known to be autophagic substrates, induction of
macroautophagy is not required for insoluble protein formation. However, genetic or chemi-
cal inhibition of the Tor1 kinase is sufficient to promote accumulation of insoluble protein. We
conclude that target of rapamycin complex 1 regulates accumulation of insoluble proteins via
mechanisms acting upstream of macroautophagy. Our data indicate that the accumulation of
proteins in an SDS-insoluble state in postmitotic cells represents a novel autophagic cargo
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preparation process that is regulated by the Tor1 kinase.

INTRODUCTION

Protein homeostasis is critical to cellular and organismal viability.
Several key mechanisms have evolved to ensure protein homeosta-
sis during normal cellular function and in the context of cellular and
organismal stress. These processes include modulation of protein
synthesis, increased chaperone activity, and enhanced protein
degradation (Taylor and Dillin, 2011). Together these mechanisms
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work in concert to reestablish and maintain protein homeostasis
during times of stress but can also trigger apoptosis (Rasheva and
Domingos, 2009). In general, protein homeostasis is challenged
with the increased levels of proteomic dysfunction associated with
aging (Soskic et al., 2008). Age-related reduction in the cell’s ability
to clear damaged proteins contributes significantly to cellular dys-
function and associated decline in organismal integrity (Cuervo
et al., 2005; Taylor and Dillin, 2011). Supporting this idea, several
studies have shown that activation of processes known to promote
protein homeostasis (e.g., chaperone function, macroautophagy,
and translation inhibition) enhance longevity, whereas abrogation of
these pathways generally leads to reduced lifespan (Juhasz et al.,
2007; Pan et al., 2007; Hansen et al., 2008).

Much of our understanding about the relationship between
compromised protein homeostasis and organismal function and
viability has come from the study of late-onset neurodegenerative
proteinopathies such as spongiform encephalopathy, amyotrophic
lateral sclerosis, and Huntington, Parkinson, and Alzheimer dis-
eases. The presence of specific insoluble protein aggregates in af-
fected tissues is both a histopathological hallmark of these diseases
and evidence of impaired protein homeostasis in these cells. In
many cases, these disease-associated protein aggregates exist in
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conformations insoluble in the strong detergent SDS (Tanemura
et al., 2006). Although microscopic protein inclusions were initially
believed to cause cellular dysfunction in these disorders, in some
cases their presence does not correlate positively with cell death
(Tagawa et al., 2004). Moreover, some forms of large protein inclu-
sions associated with neurodegenerative diseases are relatively be-
nign or even protective as compared with more toxic small oligo-
meric aggregates (Ravikumar et al., 2002; Taylor et al., 2003;
Arrasate et al., 2004; Selkoe, 2004).

One example of a protective regulated mechanism that pro-
motes insoluble protein accumulation is the active sequestration of
misfolded proteins into large inclusions called aggresomes. This
microtubule-dependent process ultimately leads to lysosomal deg-
radation of the misfolded proteins via macroautophagy (Kopito,
2000; Taylor et al., 2003). Aggresome formation promotes protein
homeostasis by sequestering and ultimately degrading aberrant
proteins, thus preventing toxic forms of these proteins from interfer-
ing with normal cellular processes (Riley et al., 2010). Whereas for-
mation of SDS-insoluble protein aggregates has been primarily
studied in the context of neurodegenerative diseases, a wide range
of cellular proteins were recently shown to undergo a transition into
SDS-insoluble conformations during aging in Caenorhabditis ele-
gans (Reis-Rodrigues et al., 2012). This suggests that this phenom-
enon likely plays a role in protein homeostasis during healthy aging,
as well as in response to proteinopathic diseases.

The target of rapamycin (TOR) complex plays a central role in
protein homeostasis. The TOR complex, specifically TOR complex
1 (TORC1), has been well characterized as a fundamental regula-
tor that couples cell growth and proliferation to growth factor and/
or nutrient signaling cues. Although active in nutrient-rich condi-
tions, nutrient limitation inactivates TORC1, resulting in decreased
protein production, mobilization of nutrient stores, degradation of
proteins, activation of the stress-response mechanisms, and sup-
pression of growth and proliferation (Dann and Thomas, 2006).
Although this has placed TORC1 at the nexus of nutrient signaling
and growth, TORC1 also has a critical role in regulating protein
homeostasis. TORC1 activity is down-regulated in response to
several challenges to protein homeostasis, including oxidative
stress, heat shock, osmotic stress, and aging (Reiling and Sabatini,
2006). Furthermore, in models of neurodegenerative diseases
TORCT1 inhibition has been shown to reduce levels of toxic protein
species through autophagy-dependent mechanisms and amelio-
rate phenotypes associated with expression of the disease pro-
teins (Ravikumar et al., 2004; Tsvetkov et al., 2010; Barnett and
Brewer, 2011).

Here we test the idea that insoluble protein accumulates with
age in Saccharomyces cerevisiae and that this event is a regulated
cellular process. We go on to characterize different stimuli that pro-
mote insoluble protein accumulation and hypothesize that this pro-
cess is critical in the maintenance of protein homeostasis. Using
quantitative mass spectrometry, we identify and compare insoluble
proteins that accumulate in response to aging and nutrient signal-
ing. Our results indicate that the TORC1 complex regulates protein
homeostasis in two distinct ways: first, by sequestering proteins
from the soluble fraction into SDS-insoluble inclusions, and second,
by activating the autophagic pathway to promote protein degrada-
tion. We suggest that the transition of proteins from the soluble to
the insoluble phase may be a process for preparing autophagic
cargo for loading into forming autophagosomes and subsequent
degradation via macroautophagy. Understanding the mechanisms
involved in the accumulation of SDS-insoluble protein will illuminate
the pathways involved in maintaining cellular homeostasis while
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FIGURE 1: Insoluble proteins accumulate in chronologically aged

S. cerevisiae. (A) Whole-cell lysates (WCL) were cleared of cellular
debris via a low-speed centrifugation. Insoluble protein was pelleted
from cleared lysates via high-speed centrifugation, washed with 1%
SDS, and resolubilized in 70% formic acid. Formic acid was removed
via desiccation, and remaining protein was resuspended in buffers
compatible with downstream proteomic analysis. (B) Cells that had
just entered the postmitotic state were harvested (young) or aged for
48 h postmitotically (aged) before preparation of insoluble protein.
Formic acid-soluble protein was resuspended in loading buffer, run on
polyacrylamide gels, and stained for total protein. Two biological
replicates of each time point are shown (1, 2). SDS-insoluble protein
from 8 x 107 cells was loaded in each lane. (C) GO analysis of the

480 SDS-insoluble proteins identified in aged cells revealed three
significantly enriched cellular component GO categories:
mitochondrion (GO:0005739), ribonucleoprotein complex
(GO:0030529), and chaperonin-containing T-complex (GO:0005832).

providing novel insights into mechanisms underlying neurodegen-
erative and other protein-folding diseases.

RESULTS

Age-dependent accumulation of insoluble proteins

is conserved across taxa

Although the accumulation of insoluble protein has been exten-
sively studied in the context of late-onset neurodegenerative dis-
eases, this phenomenon and the cellular processes that regulate it
during normal aging are less well characterized. We set out to iden-
tify insoluble proteins that normally accumulate in eukaryotic cells
using a chronologic aging model in the yeast S. cerevisiae. Using an
insoluble protein extraction protocol and quantitative mass spec-
trometry, we compared the insoluble protein content of postmitotic
young and aged cells (Figure 1A).
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Yeast were grown in synthetic complete media and harvested
soon after the diauxic shift (young) and 48 h after entrance into this
postmitotic state (aged; Supplemental Figure S1A). At both time
points, cultures had similar viability, allowing us to exclude the effect
of cell death on insoluble protein accumulation (Supplemental
Figure S1B). SDS-insoluble protein was subsequently extracted from
cell lysates, resolubilized in formic acid, and analyzed by PAGE. To-
tal protein staining was used to show the overt differences in the
amount of insoluble protein extracted from young and aged cells
(Figure 1B). We observed that a significant amount of SDS-insoluble
protein accumulated in aged yeast, but no SDS-insoluble protein
was detected in young cells on polyacrylamide gels. To determine
the effective range of detection using this method, serial dilutions of
aged samples showed young samples had at least 200-fold lower
levels of SDS-insoluble protein as compared with that present in
aged cells (Supplemental Figure S1C).

Isobaric tag for relative and absolute quantitation (iTRAQ) mass
spectrometry was used to identify insoluble proteins and deter-
mine variation between biological replicates (Supplemental Figure
S2). This technique allowed us to directly compare pairs of protein
preparations from biological replicates of young and aged sam-
ples with a high degree of accuracy and sensitivity. Overall we
identified 480 unique proteins from 6819 distinct peptides at a
95% confidence interval (Supplemental Table S1). Nearly all de-
tected peptides were derived from aged samples, as we found
essentially no iTRAQ reporter ions corresponding to peptides
originating from the young samples. Because this multiplexed
iTRAQ tagging approach was normalized to yeast cell counts for
all samples, the inability to detect iTRAQ-specific reporter ions for
peptides originating from either of the young biological replicates
led us to conclude that very little insoluble protein was extracted
from young cells. In contrast, aged biological replicates had strong
yet remarkably similar protein levels between the biological repli-
cates. Of the 480 proteins identified, we accurately measured the
relative quantitation of 434 proteins between biological replicates,
only six of which showed significantly different levels between rep-
licates (Supplemental Table S1). The plasma membrane ATPase’
(encoded by the PMAT gene) had the largest difference (2.3-fold)
between replicates and yet was orders of magnitude less than the
total variation between young and old samples (Supplemental
Figure S1C). We therefore concluded that all 480 identified pro-
teins were enriched in the aged sample and thus had undergone a
chronological aging—-dependent transition from the soluble to the
insoluble fraction.

We next compared the age-dependent insoluble proteins iden-
tified in yeast to insoluble proteins that accumulate with age in a
metazoan aging model. Using a similar method, our group recently
identified SDS-insoluble proteins that accumulate in aging C. ele-
gans (Reis-Rodrigues et al., 2012). This study found 203 proteins
enriched in the SDS-insoluble fraction of aged nematodes. When
we compared the age-dependent SDS-insoluble proteins detected
in yeast to those identified in nematode, we found a high degree
of overlap. Of the 480 insoluble yeast proteins, 246 have direct
homologues in C. elegans. Of these 246 genes, 30.5% (75 of
246 genes) encode proteins that were identified in the insoluble
fraction in aged C. elegans (Supplemental Table S2). Overall this
represents 15.6% (75 of 480) of the proteins identified in our yeast
study having a direct homolog present in the insoluble fraction in
aged C. elegans. This represents a 5.7-fold enrichment over the
chance expectation (p < 0.001). This significant overlap indicates
that many of the proteins that become insoluble with age are con-
served between these two species.
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We used Gene Ontology (GO) analysis to identify shared charac-
teristics that might contribute to an age-dependent change in solu-
bility of identified yeast insoluble proteins. We searched our list of
age-dependent insoluble proteins against the yeast genome to de-
termine enriched GO categories using the DAVID Bioinformatics
Databases Functional Annotation Tool. We found that three cellular
complexes were significantly enriched (false discovery rate [FDR] <
0.05) in the age-dependent insoluble fraction: ribonucleoprotein
complex (RNP; FDR = 1.1E-8), mitochondrion (1.3E-15), and chaper-
onin-containing T complex (9.8E-3; Figure 1C and Supplemental
Table S2). More than 53% of the proteins identified in this study had
either the RNP or mitochondrion GO annotations (Figure 1C and
Supplemental Table S2). Of note, GO analysis of the C. elegans age-
dependent insoluble protein using identical parameters revealed
enrichment in both mitochondrion and ribonucleoprotein catego-
ries as well (Reis-Rodrigues et al., 2012). Because both mitochon-
drial and ribosomal proteins are enriched in insoluble fractions ex-
tracted from the aged population of these divergent organisms, we
suggest that these highly conserved organelles undergo an aging-
dependent change in solubility through a conserved mechanism.

Among the ribosomal proteins present in the insoluble fraction
of postmitotic yeast, we identified 93 and 82% of the structural pro-
teins making up the 40S and 60S ribosomal subunits, respectively
(Supplemental Figure S3A). This indicates that ribosomes are parti-
tioned into the insoluble fraction as an intact protein complex.
We also noted that the mitochondrial proteins identified in the in-
soluble fraction come from all major suborganelle regions within the
mitochondria (Supplemental Figure S3B), suggesting similarly that
the entire organelle undergoes a transition into the insoluble phase
with age.

Insoluble proteins accumulate in the nonquiescent
subpopulation of postmitotic yeast

On entrance into stationary phase, yeast cultures partition into two
physiologically distinct subpopulations: a quiescent population
made up of daughter cells of the final mitotic division, and a nonqui-
escent population comprising the corresponding mother cells (Allen
et al., 2006). Differences in buoyant density between the denser
quiescent cells and less dense nonquiescent cells allow these two
populations to be separated using gradient centrifugation. Several
features have been described that distinguish these populations.
Nonquiescent cells have several characteristics indicative of pro-
teomic stress. These include higher levels of reactive oxygen spe-
cies, increased sensitivity to heat stress, lower levels of glycogen
accumulation, and reduced ability to reenter the cell cycle as com-
pared with quiescent cells (Allen et al., 2006). Given the evidence for
impaired protein homeostasis in nonquiescent cells, we reasoned
that insoluble protein accumulated during chronologic aging might
be asymmetrically distributed between quiescent and nonquiescent
cells.

To test this idea, we separated quiescent and nonquiescent cells
in young and aged cultures and assayed each population for insolu-
ble protein accumulation. Gradient centrifugation of young and
aged cultures separated distinct populations that varied in density.
As expected, young cells migrated primarily to the denser quiescent
fraction, indicating that the two subpopulations had yet to be estab-
lished. However, after 48 h of postmitotic aging, both quiescent and
nonquiescent populations had been established and cells were dis-
tributed approximately equally between the two populations
(Figure 2A). Because the young cells partitioned nearly entirely
(>95%) to the denser fraction, we analyzed the insoluble protein
content of three different populations: the young population, the
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FIGURE 2: Insoluble proteins accumulate in the nonquiescent
population of postmitotic yeast. (A) Postmitotic cultures that had just
entered stationary phase (young) or chronologically aged in stationary
phase for 48 h (aged) were separated by Percoll gradient
centrifugation into quiescent (Q) and nonquiescent (NQ) populations.
(B) Young cells, aged Q, and aged NQ populations were harvested
and insoluble protein extracted from a standard number of cells.
SDS-insoluble protein from 8 x 107 cells was loaded in each lane.

aged quiescent population, and the aged nonquiescent population.
Consistent with our previous observations, no insoluble protein was
found in cells from the young population. The aged culture, how-
ever, showed a marked difference in insoluble protein content be-
tween the quiescent and nonquiescent populations. Whereas aged
quiescent cells lacked insoluble protein, aged nonquiescent cells
contained significant insoluble protein (Figure 2B), indicating that
only nonquiescent cells accumulate significant levels of insoluble
protein during postmitotic aging. Alternatively, these data would
indicate that SDS-insoluble proteins are preferentially retained in
the mother cell during the final cell division events that establish the
quiescent and nonquiescent populations (Liu et al., 2010).

Insoluble protein formation correlates with presence

of autophagic bodies in postmitotic cells

One adaptive cellular response to proteomic stress is increased pro-
tein turnover via autophagy (Taylor and Dillin, 2011). Highly special-
ized forms of autophagy, termed mitophagy and ribophagy, are re-
sponsible for sequestering and degrading mitochondria and
ribosomes (Kraft et al., 2008; Kanki et al., 2009; Okamoto et al.,
2009). Because we found the insoluble fraction to be enriched for
proteins from ribosomes and mitochondria, we hypothesized that
autophagic processes might influence their accumulation into this
form. Consistent with this idea, we observed an accumulation of
autophagic bodies in the vacuole of aged cells (Figure 3A). Au-
tophagic bodies (ABs) are substrates of autophagy bound by a sin-
gle membrane vesicle in the lumen of the vacuole. These vesicles
are distinguishable by light microscopy because they exhibit exten-
sive Brownian motion within the vacuole (Takeshige et al., 1992).
Although inhibition of vacuolar proteases is generally needed to
detect ABs during nitrogen starvation of logarithmically growing
cells, we found this treatment unnecessary to detect ABs in postmi-
totically aged yeast. This indicates that postmitotic cells deliver au-
tophagic substrates to the vacuole more rapidly than the proteases
degrade them, resulting in higher steady-state levels of ABs in this
compartment. Studies describing ABs showed that they contain
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both mitochondrial and ribosomal proteins (Takeshige et al., 1992).
We found the vast majority of young postmitotic cells had enlarged
but empty vacuoles. Those with ABs had only one to two discrete
particles per vacuole. Conversely, aged cells had vacuoles that had
many (more than three) particles per vacuole (Figure 3A). We con-
cluded that the accumulation of ABs in postmitotic cells correlates
with the appearance of SDS-insoluble protein that we detected
biochemically.

The coincident appearance and similar protein content of the
SDS-insoluble protein fraction and ABs suggested that insoluble
protein detected biochemically represents AB cargo. We therefore
tested whether induction of autophagy through nitrogen starvation
would clear both insoluble protein and ABs from the cell. Nitrogen
starvation is known to induce autophagy during logarithmic growth.
We first confirmed that nitrogen starvation activated autophagy in
postmitotic cells using the Pho8A40 alkaline phosphatase assay
(Takeshige et al., 1992). Alkaline phosphatase (ALP) activity was
compared between cells that were postmitotically aged in synthetic
complete (SC) media for 56 h to those postmitotically aged for 48 h
and nitrogen starved (SC-N) for 8 h. Although there was low ALP
activity in both wild-type and autophagy-null (atg1A) cells aged in
complete media, those cells that were nitrogen starved showed a
fivefold increase in ALP activity compared with similarly treated
atg 1A cells (Figure 3B). This confirmed that nitrogen starvation acti-
vates autophagy in postmitotic cells.

To test the effect of autophagic activation on protein solubility,
we compared the presence of ABs and insoluble protein accumula-
tion between cells that had just entered stationary phase to those
that were aged in SC or SC-N for 48 h. We again found that young
cells grown in SC had no detectable insoluble protein, whereas ag-
ing promoted accumulation of SDS-insoluble protein (Figure 3C).
Surprisingly, cells aged in SC-N media accumulated considerably
more insoluble protein than those aged in SC even though au-
tophagy is induced by nitrogen starvation (Figure 3, B and C). Again,
we found that the SDS-insoluble protein load correlated with the
percentage of cells containing ABs under these circumstances. Only
2.3% of young cultures had ABs, and these cells had only one to two
ABs per vacuole. Conversely, 92.2% of the cells in cultures aged in
SC had ABs (Figure 3, D and E). Nitrogen starvation exacerbated
this phenotype. Although only slightly more cells in the SC-N cul-
tures contained ABs (92.2% vs. 97.7%), nitrogen-starved cells had
more ABs per vacuole in the cultures aged in SC-N. Overall these
results demonstrate that the accumulation of insoluble protein is
correlated with presence of ABs and suggest that both phenotypes
are similarly modulated by nutrient signaling pathways.

Nitrogen starvation is sufficient to induce accumulation

of insoluble protein

Levels of ABs and the biochemically defined SDS-insoluble protein
fraction are similarly affected by aging and nitrogen starvation in the
postmitotic state. Furthermore, they contain common protein com-
plexes (Figure 1C and Table S2; Baba et al., 1994b). We therefore
reasoned that SDS-insoluble protein could be an intermediate sub-
strate of an autophagic process. If this were the case, starvation of
logarithmically growing cells lacking vacuolar proteolytic function
would promote accumulation of insoluble protein to levels similar to
that observed in aged postmitotic cells.

To test this idea, we first measured protease activity in cells lack-
ing the major vacuolar aspartyl protease Pep4 after 8 h of nitrogen
starvation using a green fluorescent protein (GFP)-Atg8 processing
assay. This assay measures the vacuolar cleavage of a GFP-Atg8 fu-
sion protein as detected through Western blotting (Klionsky et al.,
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dependent of postmitotic aging.
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FIGURE 3: Accumulation of SDS-insoluble protein correlates with the presence of autophagic
bodies. (A) Young and aged cells were harvested as described, and vacuolar morphology was
evaluated for the presence of ABs (arrows) by light microscopy. (B) After 48 h of postmitotic
growth in synthetic complete media (SC), wild-type (TN121) or atg1A (TN123) cells carrying the
Pho8A60 reporter were starved for nitrogen (SC-N) for 8 h, and alkaline phosphatase (ALP)
activity was measured (n = 4). (C-E) Wild-type cells were grown into the postmitotic state and
harvested (young) or aged in SC or SC-N media for 48 h. Cells were harvested, and SDS-
insoluble protein extracted from 4 x 107 cells was analyzed by SDS-PAGE (C) or the percentage
of cells with ABs quantitated (D, E). More than 200 cells were quantitated for each replicate

(n=3). White bars, 10 pm. *p < 0.01.

2007). The release of free GFP is indicative of delivery of autopha-
gosomes to the vacuole and activation of vacuolar proteases. We
found that 8 h of nitrogen starvation promotes the production of the
free GFP in wild-type cells but not in pep4A cells (Figure 4A). When
we compared the level of insoluble protein that accumulates in wild-
type and pep4A cells, we surprisingly found that both strains accu-
mulate insoluble protein in response to nitrogen starvation (Figure
4B). This indicates that nitrogen starvation is itself sufficient to in-
duce the accumulation of insoluble protein.

We next wanted to compare the identity of proteins that accu-
mulate in response to nitrogen starvation to those that accumulate
during postmitotic aging. To do this, we extracted insoluble protein
from logarithmically growing cells before (SC) and after (SC-N) 8 h of
nitrogen starvation. We also extracted insoluble proteins from post-
mitotic cells before (young) and after (aged) 48 h of aging as de-
scribed previously. Total protein staining after gel electrophoresis
showed that 8 h of nitrogen starvation was sufficient to induce the
accumulation of SDS-insoluble protein to levels similar to those ob-
served in postmitotically aged cells (Figure 4C). This indicates that
nutrient signaling pathways are capable of regulating insoluble
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pathway activation

More than half of the proteins that we iden-
tified in the insoluble fraction of either ni-
trogen-starved or postmitotically aged cells
are part of protein complexes or organelles
that are degraded by specialized forms of
autophagy (Figure 1C). Furthermore, these
same proteins make up autophagic cargoes
that are present in ABs after nitrogen star-
vation (Baba et al., 1994a). Given these
similarities, we hypothesized that the bio-
chemically identified insoluble protein fraction either represent
proteins that are sequestered for subsequent autophagic degra-
dation or are autophagic substrates that are in the process of be-
ing transported to the vacuole for degradation. To examine this,
we tested whether the canonical autophagic pathway was required
for the accumulation of insoluble protein during nitrogen starva-
tion by comparing insoluble protein accumulation in wild-type and
two autophagy-null strains, atg1A and atg7A. Atg1p kinase is re-
sponsible for activating the canonical autophagic pathway, whereas
Atg7p is critical to the formation of much of the machinery respon-
sible for assembly of the autophagosome. Loss of either protein
leads to the inability to form autophagosomes and thus inability to
degrade proteins via macroautophagy (Abeliovich and Klionsky,
2001). We found that nitrogen starvation for 8 h induced similar
levels of insoluble proteins in wild-type, atg1A, and atg7A strains
(Figure 5). This demonstrates that the canonical autophagic path-
way is not required for the transition of proteins into the insoluble
phase and that a nutrient-responsive mechanism acting upstream
of autophagy (i.e., ATGT) can control the accumulation of SDS-
insoluble protein.
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FIGURE 4: Nitrogen starvation is sufficient to induce the accumulation of a similar set of
SDS-insoluble proteins. (A) Wild-type and pep4A cells expressing a GFP-Atg8 fusion protein
were harvested after 8 h of nitrogen starvation. Protein extracts from 1 x 107 cells were
subjected to SDS-PAGE and blotted for GFP. GFP-Atg8 and free GFP are indicated. The amount
of free GFP as a percentage of the total GFP is shown for each sample. (B) Insoluble protein
from wild-type and pep4A cells during logarithmic growth and after 8 h of nitrogen starvation
were extracted and compared as previously described. Material from 8 x 107 cells was loaded
into each lane. (C) Insoluble proteins were extracted as previously described and compared
between cells growing logarithmically (SC), cells nitrogen starved for 8 h (SC-N), postmitotic
cells (young), and cells aged postmitotically for 48 h (aged). Two biological replicates (1, 2) of
each treatment are shown. Material from 8 x 107 cells was loaded from each sample.

Inhibition of TORC1 signaling promotes accumulation
of insoluble protein
Upon nutrient depletion, TORC1-dependent phosphorylation of
Atg1 and Atg13 is reduced. This promotes formation of the Atg1/13
complex and subsequent activation of autophagy (Dann and
Thomas, 2006). Given that accumulation of insoluble protein occurs
in response to nitrogen starvation via an ATG T-independent mecha-
nism, we tested whether TORC1 might be involved in this process.

We first compared insoluble protein accumulation in wild-type
and tor1A cells during logarithmic growth, under conditions of nitro-
gen starvation, and during postmitotic aging. Both strains accumu-
lated SDS-insoluble protein to similar levels upon nitrogen starva-
tion and did not accumulate insoluble protein during logarithmic
growth in synthetic complete media (unpublished data). Similarly,
neither strain contained insoluble protein immediately after the shift
to the postmitotic state (Figure 6A). However, when aged in the
postmitotic state, tor1A cells contained significantly more SDS-insol-
uble protein than aged wild-type cells (Figure 6A). This enhanced
level of SDS-insoluble protein accumulation is similar to that ob-
served in aged wild-type cells upon nitrogen starvation (Figure 3C).
This demonstrates that loss of the TOR1 enhances insoluble protein
accumulation during postmitotic aging.

We next tested whether acute inactivation of the TORC1 pro-
motes formation of SDS-insoluble protein in logarithmically growing
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pepdA were treated with rapamycin (or dimethyl
> sulfoxide [DMSQ)] control) for 4 h before in-

2 soluble protein was extracted and analyzed.
-4 0 We found that rapamycin treatment was suf-
™ . ficient to induce the formation of SDS-insol-
uble protein in wild-type cells, indicating

that acute TORC1 inactivation is sufficient to

promote the accumulation of insoluble pro-

== | tein (Figure 6B). Taken together, these data
i suggest that inactivation of the TORC1 pro-
== motes the transition of soluble proteins to
— the insoluble phase in response to either ni-
bad trogen starvation or postmitotic aging.

! Given that accumulation of SDS-insoluble

protein also occurs in response to nitrogen
starvation in autophagy-null atg1A cells
(Figure 5), the TORC1-sequestration of au-
tophagic substrates into an insoluble state
occurs through a mechanism distinct from
autophagic activation. Thus the autophagy-
independent regulation of protein solubility
represents a novel role of TORC1 in mainte-
nance of protein homeostasis (Figure 6C).

l

DISCUSSION

Here we report that a wide range of SDS-
insoluble proteins accumulate in S. cerevi-
siae during postmitotic aging. These insolu-
ble proteins are absent in logarithmically
growing or young postmitotic cells. We find
that the ensemble of proteins that become
insoluble in postmitotic yeast is similar to
that that accumulates during aging in adult
C. elegans. This indicates that the types of
proteins that undergo this conformation
transition in response to age are conserved
(Figure 1 and Supplemental Table S1). Fur-
thermore, this shows that the causative factors and/or mechanisms
governing age-dependent accumulation of insoluble proteins are
conserved between fungi and nematodes and thus may be con-
served in eukaryotes in general.

Recently an independent group identified proteins that be-
came insoluble with age in C. elegans. Using techniques similar to
those used in our yeast and nematode aging studies, David et al.
(2010) identified 461 proteins that became insoluble with age in
C. elegans. Although there is significant overlap with the proteins
that we identified in aging C. elegans with those reported in the
study by David and colleagues (Reis-Rodrigues et al., 2012),
we note that there is also remarkable similarity with the age-
dependent insoluble yeast proteins identified in this study. Of the
246 insoluble yeast proteins that have nematode homologues,
102 (41.5%) were found to accumulate in aged nematodes in the
study carried out by David et al. (2010). Overall the similarity of the
content of the age-dependent insoluble protein fraction found in
distinct aging models in divergent species strongly supports the
idea that this is a regulated and conserved phenomenon that is not
unique to the yeast chronologic aging paradigm.

We show that insoluble protein only accumulates in the nonqui-
escent subpopulation of postmitotic yeast. This suggests that insolu-
ble protein accumulation in the postmitotic cells is not merely due to
nutrient depletion in stationary phase cultures. The quiescent
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FIGURE 5: SDS-insoluble proteins accumulate in autophagy-deficient
cells. Total protein staining of SDS-insoluble protein extracted from
wild-type, atg1A, or atg7A cells growing logarithmically in synthetic
complete media (Log) or after 8 h of nitrogen starvation (SC-N). Each
lane contains extract from 8 x 107 cells.

subpopulation has no detectable insoluble protein, yet both sub-
populations were subjected to the same nutrient conditions. Instead,
we suggest that insoluble protein accumulation is related to the
physiological state of the nonquiescent cells (Aragon et al., 2008). In
this case, insoluble protein accumulation is another indication of im-
paired protein homeostasis in nonquiescent cells, yet the role of in-
soluble protein inclusions in this context remains unclear. Recently
nonquiescent cells were shown to have lower levels of mitochondrial
proteins as measured by fluorescence intensity in strains carrying
single GFP fusions of mitochondrial-localized proteins (Davidson
etal., 2011). The nonquiescent fraction was also shown to have lower
levels of respiration, higher levels of reactive oxygen species, and
higher rates of petite formation, all indicative of mitochondrial dys-
function (Davidson et al., 2011). Given that we find insoluble protein
containing a significant amount of mitochondrial proteins in the
same subpopulation of cells, we suggest that the lower levels of mi-
tochondrial proteins in nonquiescent cells are due to their sequestra-
tion into the insoluble fraction. Thus, if insoluble protein accumula-
tion is an active process that occurs in nonquiescent cells (discussed
later), it may be a driving factor in decreasing mitochondrial function
and the associated phenotypes of nonquiescent cells.

Asymmetrical inheritance of aggregated and or damaged pro-
teins in yeast has been well documented and described as a form of
“spatial protein quality control” (Nystrom, 2011). This phenomenon
has been shown to involve a number of active processes dependent
upon chaperones, deacetylases, and cytoskeletal proteins (Aguilaniu
et al., 2003; Liu et al., 2010). We observed that SDS-insoluble pro-
tein is present in nonquiescent cells and absent in quiescent cells.
The nonquiescent cell population comprises the mother cells from
the last cell mitotic division upon entrance into stationary phase,
whereas the quiescent cells are the daughters from this division
(Allen et al., 2006). The difference in insoluble protein distribution
may be a result of asymmetrical inheritance of this protein fraction
during this final division and could contribute to the enhanced viabil-
ity of the quiescent daughter cells in the postmitotic population.

Postmitotic aging is not the only trigger for the formation of SDS-
insoluble protein. We found that either nutrient limitation or TORC1
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FIGURE 6: TORC1 inhibition promotes insoluble protein
accumulation. (A) Total protein staining of SDS-insoluble protein
extracted from 8 x 107 wild-type and tor1A cells that had just entered
the postmitotic state (young) and those postmitotically aged for 48 h
(aged). (B) Total protein staining of insoluble protein extracted from

8 x 107 wild-type cells growing logarithmically (Log), cells treated with
either vehicle for 4 h (DMSO) or vehicle and rapamycin for 4 h (Rapa).
(C) Proposed model of how the TOR pathway controls insoluble
protein sequestration and autophagic pathway activation via distinct
but parallel mechanisms.

inactivation is sufficient to induce this process (Figures 3B and 6). Our
observations indicate that TORC1 activity suppresses insoluble pro-
tein accumulation. Supporting this idea, we find that insoluble pro-
tein accumulation correlates with activation of the canonical au-
tophagic pathway (Figures 3B and 4A), which is also negatively
regulated by TORC1. However, insoluble protein accumulation does
not require activation of autophagy (Figure 5). This indicates that
TORC1 modulates insoluble protein accumulation and activation of
autophagy through distinct mechanisms. Given that more than half
of the insoluble proteins in yeast belong to complexes that have
been observed in ABs and are known substrates of autophagy (Figure
2: Baba et al., 1994b; Kraft et al., 2008; Kanki et al., 2009; Okamoto
et al., 2009), we suggest that insoluble protein accumulation plays a
role in autophagic cargo preparation (Figure 6C). This idea is analo-
gous to the sequestration of damaged proteins into aggresomes for
degradation via autophagy (Taylor et al., 2003; Wang et al., 2009).
Although aggresomes have been studied primarily in the context of
misfolded proteins that accumulate in specific neurodegenerative
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diseases (i.e., expanded polyglutamine proteins), our work suggests
that formation of SDS-insoluble proteins occurs during nutrient limi-
tation, TORC1 inactivation, and postmitotic aging. Overall TORC1
regulation of cargo sequestration and autophagic degradation sug-
gests that these mechanisms work in concert to promote protein
degradation, amino acid recycling, and protein homeostasis.

The regulation of protein aggregation has been extensively stud-
ied in several models of aging and disease. A study in C. elegans
reported that aggregation of the AB peptide into an insoluble form
is promoted by a daf-16-dependent mechanism activated when
proteasome capacity is overwhelmed (Cohen et al., 2006). This re-
port suggests that active promotion of insoluble protein aggrega-
tion is an important mechanism facilitating protein homeostasis and
is regulated in concert with disaggregase activity to promote pro-
tein degradation via the ubiquitin-proteasome pathway (Cohen
et al., 2006). In studies using cell models of neurodegenerative dis-
eases, the regulated formation of large insoluble protein aggregates
has been correlated with enhanced survival (Arrasate et al., 2004;
Cohen et al., 2006; Ben-Zvi et al., 2009). Overall these observations
underscore the importance of regulating protein homeostasis
through mechanisms that modulate protein conformation and solu-
bility. The results presented in this study indicate that Tor1 plays a
central role in regulation of protein solubility during aging and in
response to nutrient stress. It is known that reduction of Tor1 activity
by either genetic mutation or rapamycin treatment can increase
longevity in yeast, fly, and mouse models (Kapahi et al., 2004;
Kaeberlein et al., 2005; Powers et al., 2006; Harrison et al., 2009).
Our results suggest that Tor1-dependent regulation of protein solu-
bility and aggregation is likely to play a significant role in protein
homeostasis, longevity, and disease.

MATERIALS AND METHODS

Yeast strains, media, and methods

Diploid yeasts used in this study were derived from S288C back-
ground (MATa/o,; his3A1/his3A1; leu2A0/leu2A0; lys2A0/lys2A0;
ura3A0/ura3A0, met15A O/MET15; LYS2/lys2A 0). All deletion
mutants were purchased from the Open Biosystems (Huntsville, AL)
deletion collection (MATa his3A1/his3A1; leu2A0/leu2A0; lys2A0/
lys2A0;  ura3A0/ura3A0, met15A O/MET15; LYS2/lys2A  O;
XXX::kanMX4/XXX::kanMX4). TN121 (MATa; leu2-3, 112; trp1; ura3-
52; pho8::pho8A60; pho13A::URA3) and TN123 (MATa; leu2-3, 112;
trp1; ura3-52; pho8::pho8A60; pho13A::URA3; apg1A::LEUZ2) were
kindly provided by Y. Ohsumi (Tokyo Institute of Technology). YTS187
(MATa; his3-A200; leu2-3112; lys2-801; trp1-A901; ura3-52; suc2-A9;
GAL_URA3::GFP-ATG8) and YTS189 (MATa; his3-A200; leu2-3112;
lys2-801; trp1-A901; ura3-52; suc2-A9; GAL_pep4A:: LEUZ; GFP-
ATG8::URA3) were kindly provided by D. Klionsky (University of
Michigan). Ad libitum cultures were grown at 30°C in synthetic com-
plete media (0.67% yeast nitrogen base with ammonium sulfate
[Sigma-Aldrich, St. Louis, MO] and required amino acids; Sherman,
1991) supplemented with 2% glucose (SCD), and nitrogen-starved
cells were grown in SC-N (0.17% yeast nitrogen base without amino
acids or ammonium sulfate [BD-Difco, Sparks, MD]) supplemented
with 2% glucose. Cells were treated with rapamycin at 2.0 pg/ml in
0.2% DMSO vehicle for 4 h. Postmitotic growth of cultures was de-
termined by decreased budding index (<10%) and stabilization of
culture density and determined empirically to be established ~12 h
after cultures reached OD of 1.0 for wild-type strains.

Viability analysis
Approximately 2 x 108 cells from all cultures and the same number
of heat-killed cells were washed 2x in DPBS buffer (Cellgro, Manassas,
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VA) before being resuspended in 300 pl of DPBS buffer with 20 yM
propidium iodide and incubated for 30 min 37°C. The percentage of
stained cells was then determined using a BD LSR flow cytometer
(BD, Franklin Lakes, NJ) and CellQuest 3.3 software measuring
500-nm emission from 10,000 cells excited at 488 nm. The percent-
age of unstained cells was reported after normalization of all sam-
ples to autofluorescence of unstained cells (>0.1% in all samples).

Insoluble protein preparation

Atotal of 2 x 107 cells harvested at each time point were washed 1x
in RIPA buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 5 mM EDTA, 0.5%
sodium deoxycholate, 0.1% SDS, 1.0% Nonidet P-4) and frozen.
Defrosted samples were bead beat until 90% lysis was achieved in
200 pl of RIPA buffer containing complete protease inhibitor tablets
(RIPAc; Roche, Indianapolis, IN). Lysate was diluted to 1 ml in RIPAc
and centrifuged at 1000 x g. The resulting pellet was washed 2x
with 1 ml of RIPAc. The final lysate was centrifuged at 20,000 x g for
20 min. Supernatant was removed and the pellet washed for 5 min
2x with wash buffer (150 mM NaCl, 50 mM Tris, pH 8.0), 2x with
wash buffer containing 1% SDS, and 1x with water using the same
centrifugation parameters. Resulting SDS-insoluble protein was agi-
tated in 70% formic acid for 1 h and centrifuged at 20,000 x g for
20 min. Supernatant was aliquoted based on assay and SpeedVac
desiccated. Resulting material was resuspended in 40 pl of pH 8.0,
10 mM Tris-ethyl ammonium bicarbonate buffer and 0.2% SDS
(Applied Biosystems, Foster City, CA) for mass spectrometry analysis
or empirically derived volumes of BSB buffer (1x LDS loading buffer
[Invitrogen, Carlsbad, CA], 2% SDS) for SDS-PAGE analysis. Sam-
ples resuspended in BSB buffer were boiled at 100°C for 10 min,
sonicated in a water bath for 5 min, and boiled at 100°C for 10 min
before loading onto a gel. The relative amount of cells from the ex-
tract loaded onto each gel is noted. Polyacrylamide gels fixed with
10% methanol and 70% acetic acid were stained with Sypro Ruby
(Bio-Rad, Hercules, CA) for 3 h, washed, and imaged at 532 nm with
a Typhoon 8610 Variable Mode Imager and associated software
(Molecular Dynamics, Sunnyvale, CA).

Mass spectrometry analysis

Trypsin digestion. The pellet obtained form the dried formic acid—
soluble protein fraction was resuspended in 30 pl of 100 mM
triethylammonium bicarbonate, pH 8.0 (Sigma-Aldrich), 0.1% SDS,
and 0.5% NP-40. Protein thiols were then reduced with 4.5 mM
TCEP (Thermo, Rockford, IL) at 37°C for 1 h, alkylated with 10 mM
iodoacetamide (Sigma-Aldrich; 30 min at room temperature), and
incubated overnight at 37°C with 2 pg of sequencing-grade trypsin
(Promega, Fitchburg, WI).

iTRAQ labeling and strong cation exchange chromatography.
Peptides were labeled per manufacturers instructions (ABSciex,
Foster City, CA). Briefly, each iTRAQ reagent was individually
reconstituted with 50 pl of isopropanol, combined with the digested
peptide sample, and incubated at room temperature for 2 h.

Strong cation exchange chromatography. Strong cation exchange
chromatography was performed using a Harvard Apparatus syringe
pump (Holliston, MA) loaded with a polysulfoethyl A column (4.6 x
100 mm) packed with 5-um, 200-A beads (PolyLC, Columbia, MD).
iTRAQ-labeled peptides were combined and diluted 10-fold with
10 mM KH2PO4/25% acetonitrile, pH 3.0, and loaded onto the
column at 0.25 ml/min. The column was washed with 2 ml of buffer
A before elution into four 1-ml fractions with 10 mM citric acid with
increasing acidity of pH4.5,5.5, 7, and 8. Samples were concentrated
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to near dryness by vacuum centrifugation and resuspended in 0.1%
formic acid and 1% acetonitrile.

Liquid chromatography-tandem mass spectrometry and mass
spectrometry analysis. Individual fractions were separated out and
analyzed by reversed-phase nano-high-performance liquid
chromatography (HPLC)-electrospray ionization tandem mass
spectrometry (MS/MS) using an Eksigent nano-LC 2D HPLC system
(Eksigent, Dublin, CA) connected to a QSTAR Elite (QqTOF) mass
spectrometer (MDS SCIEX, Concorde, Canada). Settings for the 3-h
gradient were as described previously (Drake et al., 2011) with minor
modifications. Briefly, the fragment intensity multiplier was set to
6.0, with the maximum accumulation time set to 2.5 s and the
enhanced reporter region adjusted for collision energy of the iTRAQ
reagent in the data-dependent acquisition settings (Analyst QS 2.0).
Two injection replicates were performed to maximize sampling
efficiency.

Database searches. Mass spectrometric data were analyzed using
the database search engine ProteinPilot 4.0 (ABSciex) with revision
#148085 using the Paragon algorithm (4.0.0.0, 148083). The
following sample parameters were used: trypsin digestion, cysteine
alkylation set toiodoacetamide, and species S. cerevisiae. Processing
parameters were set to identify “Biological modifications” using a
“thorough ID" search effort. All data files were searched using the
SwissProt 2011_02 (8 Feb. 2011) protein database with 525,207
sequences. To determine FDR at the protein level we used the
Proteomics System Performance Evaluation Pipeline tool in
ProteinPilot 4.0 (Tang et al., 2008) to generate a global FDR at 1%
for a peptide confidence score of 88.8%. Although a high threshold
was set for peptide identifications in ProteinPilot, false-positive
assignments are known to be higher for proteins identified by only
one peptide. Therefore, to reduce false positives among this group,
we manually examined each of the 94 MS/MS spectra in this
category using a set of rigorous criteria we previously established
for this purpose (Lee et al., 2010) and discarded 14 peptide spectra
(14.9% attrition rate).

iTRAQ data analysis
Biological replicates. Relative ratios of >1.5 with p > 0.05 were
considered to be significantly different.

Nitrogen-starved versus postmitotically aged. Biological
replicates facilitated four distinct comparisons between treatments
of each protein identified in this study. Statistical difference was
determined to include those comparisons that had a relative ratios
of >1.5 with p > 0.05 in at least two of the four comparisons and
an average iTRAQ ratio that exceed biological variation.

Alkaline phosphatase assay

Approximately 1 x 107 cells carrying the Pho8A60 reporter gene
were harvested during log phase and washed 3x in 1 ml of ALP lysis
buffer (250 mM Tris-SO4, pH 9.4, 10 MM MgSQy, 10 M ZnSQOy). The
final cell pellet was resuspended in 250 pl of ALP lysis buffer, 50 pl
was diluted to 1 ml and ODggp measured, and the remaining cells
were lysed. The lysates were cleared, and 50 pl of cleared lysate was
incubated with equal volume of 50 mM o-naphthyl phosphate diso-
dium salt (Sigma-Aldrich) and 500 pl of ALP lysis buffer. After color
development, 0.5 ml of 2 M glycine-NaOH, pH 11.0, was added
and ODypg measured. Relative ALP activity was determined by the
ratio OD420/ODg0p and reported normalized to the corresponding
atg1A samples.
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GFP-Atg8 assay

The equivalent of 2 ml of cells at OD 1.0 was harvested from both
wild-type (TN121) and pep4A (TN123) cultures. Cell lysates were
created using trichloroacetic acetic acid precipitation and analyzed
via PAGE and Western blot using an anti-GFP antibody (Cell Signal-
ing Technology, Beverly, MA; Shintani and Klionsky, 2004). Signal
intensity was measured using Image Quant TL (GE Healthcare Life
Sciences, Piscataway, NJ).

Gene Ontology analysis

Age-dependent insoluble proteins were submitted to the DAVID
Bioinformatics Databases Functional Annotation Tool v6.7 (National
Institute of Allergy and Infectious Diseases, National Institutes of
Health; http://david.abcc.nciferf.gov/). GO enrichment was deter-
mined using the yeast genome as background. Reported enriched
cellular component categories have an FDR of <0.05 and are mini-
mally redundant.

Homology analysis

UniProt accession numbers obtained from protein report of insoluble
proteins identified in aged yeast were mapped to Entrez GenelDs
and queried for homology using the HomoloGene database (www
.ncbi.nlm.nih.gov/homologene). Homologous C. elegans proteins
were mapped to UniProt accession numbers and cross-referenced
with the C. elegans age-dependent insoluble protein lists from two
reports (David et al., 2010; Reis-Rodrigues et al., 2012). This process
was repeated starting with nematode insoluble protein lists and
mapping homologues found in the yeast insoluble protein list. Owing
to multiple mapping discrepancies, these conversions found slightly
different numbers of homologues (fewer than four) in either compari-
son. In both cases we report the more conservative estimate.

Postmitotic population separation

Percoll gradients were generated by centrifuging 10 ml of diluted
Percoll (1 g/ml Percoll [GE Healthcare], 1.67 M NaCl) at 19,240 x g
for 15 min. Cells were subsequently loaded onto gradient, and pop-
ulations were separated via centrifugation at 400 x g for 60 min.

Microscopy

Nomarski differential interference contrast images of cells in SCD me-
dium were taken at room temperature using an Eclipse E800 micro-
scope with a 100x/1.40 oil objective, imaged using a DXM1200 cam-
era (Nikon, Melville, NY), and processed with ACT-1v2.63 software.

Statistical analysis

All p values were generated using a Student's t test, except for the
homologous insoluble protein study, which was generated using a
permutation analysis. The permutation analysis was based on the
494 proteins that were identified at 95% confidence before the
parsing of the 14 single-peptide false positives. In this analysis, 494
proteins were randomly selected from the yeast proteome and com-
pared with the 192 nematode-to-yeast—converted insoluble pro-
teins. This was repeated 100,000 times, and the average overlap
between the permutations and nematode-converted insoluble pro-
tein list was 18 proteins.
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