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The non-reducing disaccharide trehalose has been long considered only as a reserve carbo-
hydrate. However, recent studies in yeast suggested that this osmolyte can protect cells
and cellular proteins from oxidative damage elicited by exogenously added reactive oxygen
species (ROS). Trehalose has been also shown to affect stability, folding, and aggregation
of bacterial and firefly proteins heterologously expressed in heat-shocked yeast cells. Our
recent investigation of how a lifespan-extending caloric restriction (CR) diet alters the meta-
bolic history of chronologically aging yeast suggested that their longevity is programmed
by the level of metabolic capacity — including trehalose biosynthesis and degradation — that
yeast cells developed prior to entry into quiescence. To investigate whether trehalose
homeostasis in chronologically aging yeast may play a role in longevity extension by
CR, in this study we examined how single-gene-deletion mutations affecting trehalose
biosynthesis and degradation impact (1) the age-related dynamics of changes in trehalose
concentration; (2) yeast chronological lifespan under CR conditions; (3) the chronology of
oxidative protein damage, intracellular ROS level and protein aggregation; and (4) the time-
line of thermal inactivation of a protein in heat-shocked yeast cells and its subsequent
reactivation in yeast returned to low temperature. Our data imply that CR extends yeast
chronological lifespan in part by altering a pattern of age-related changes in trehalose con-
centration. We outline a model for molecular mechanisms underlying the essential role of
trehalose in defining yeast longevity by modulating protein folding, misfolding, unfolding,

refolding, oxidative damage, solubility, and aggregation throughout lifespan.
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INTRODUCTION

Growing evidence supports the view that the fundamental mecha-
nisms of aging are conserved across phyla (Kenyon, 2001; Kirk-
wood, 2008; Fontana et al., 2010; Kenyon, 2010). The identi-
fication of single-gene mutations that extend lifespan in yeast,
worms, flies, and mice revealed numerous proteins that regu-
late longevity (Kenyon, 2005, 2011; Fontana et al., 2010; Kae-
berlein, 2010). These proteins have been implicated in a wide
array of cellular processes including cell cycle, cell growth, stress
response, protein folding, apoptosis, autophagy, proteasomal pro-
tein degradation, actin organization, signal transduction, nuclear
DNA replication, chromatin assembly and maintenance, ribo-
some biogenesis and translation, lipid and carbohydrate metabo-
lism, oxidative metabolism in mitochondria, NAD' homeostasis,
amino acid biosynthesis and degradation, and ammonium and
amino acid uptake (Greer and Brunet, 2008; Guarente et al., 2008;
Kenyon, 2010; Masoro and Austad, 2011). The spatiotemporal
organization of all these numerous cellular processes and their
functional states are governed by a limited number of nutrient-
and energy-sensing signaling pathways that are conserved across
phyla and include the insulin/insulin-like growth factor 1 (IGF-1),

AMP-activated protein kinase/target of rapamycin (AMPK/TOR),
and cAMP/protein kinase A ((AMP/PKA) pathways (Greer and
Brunet, 2008; Narasimhan et al.,2009; Fontana et al., 2010; Kenyon,
2010).

Caloric restriction (CR), a dietary regimen in which only calo-
rie intake is reduced but the supply of amino acids, vitamins, and
other nutrients is not compromised, is known to have the most
profound longevity-extending effect across phyla and to improve
overall health by delaying the onset of age-related diseases (Wein-
druch and Walford, 1988; Masoro, 2002; Mair and Dillin, 2008;
Colman etal.,2009; Anderson and Weindruch, 2010; Fontana et al.,
2010). The longevity benefit associated with CR is mediated by a
signaling network that integrates the insulin/IGF-1, AMPK/TOR,
and cAMP/PKA longevity regulation pathways and governs a dis-
tinct group of cellular processes (Mair and Dillin, 2008; Greer
and Brunet, 2009; Narasimhan et al., 2009; Fontana et al., 2010;
Goldberg et al., 2010). Our recent investigation of how CR alters
the metabolic history of chronologically aging yeast suggested that
trehalose metabolism is one of these longevity-defining processes
(Goldberg et al., 2009). A possible essential role of trehalose in
regulating yeast longevity has been also suggested by other recent
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studies (Wang et al., 2010; Pluskal et al., 2011). Trehalose is a
non-reducing disaccharide that until recently has been considered
only as a reserve carbohydrate (Francois and Parrou, 2001). How-
ever, the demonstrated abilities of this osmolyte to protect yeast
cells and cellular proteins from oxidative damage caused by exoge-
nously added reactive oxygen species (ROS; Benaroudj et al., 2001)
or inflicted in the process of industrial alcoholic fermentation
(Trevisol et al., 2011) and to impact stability, folding, and aggre-
gation of bacterial and firefly proteins heterologously expressed in
heat-shocked yeast (Singer and Lindquist, 1998a,b) suggested that
trehalose may exhibit similar effects on endogenous proteins in
cells of yeast and other organisms (Singer and Lindquist, 1998a,b;
Elbein etal.,2003; Jain and Roy, 2009,2010). Itis conceivable there-
fore that trehalose may be involved in modulating cellular protein
homeostasis (proteostasis). By maintaining proper synthesis, post-
translational modifications, folding, trafficking, degradation, and
turnover of proteins within a cell, an evolutionarily conserved
proteostasis network governs various cellular activities, influences
diverse age-related pathologies, and defines organismal healthspan
and longevity (Tavernarakis, 2010; Morimoto et al., 2012).

To evaluate a potential role of trehalose in lifespan exten-
sion by CR, in this study we monitored how single-gene-deletion
mutations that alter trehalose concentrations in pre-quiescent and
quiescent yeast cells affect longevity of chronologically aging yeast
under CR conditions. We also elucidated how these mutations
influence the chronology of oxidative protein carbonylation, intra-
cellular ROS, protein aggregation, thermal inactivation of a protein
in heat-shocked yeast cells and a subsequent reactivation of this
protein in yeast shifted to low temperature. Our findings pro-
vide evidence that the longevity-extending effect of a CR diet
in chronologically aging yeast is due in part to a specific pat-
tern of age-related changes in trehalose concentration elicited by
CR. Based on these findings, we propose a model for molecular
mechanisms by which trehalose modulates cellular proteostasis
throughout lifespan, thereby defining yeast longevity.

MATERIALS AND METHODS

YEAST STRAINS AND GROWTH CONDITIONS

The wild-type (WT) strain BY4742 (MAT o his3A 1 leu2 A0 lys2A0
ura3A0) and single-gene-deletion mutant strains in the BY4742
genetic background (all from Open Biosystems) were grown in YP
medium (1% yeast extract, 2% peptone) containing 0.2% glucose
as carbon source. Cells were cultured at 30°C with rotational shak-
ing at 200 rpm in Erlenmeyer flasks at a “flask volume/medium
volume” ratio of 5:1.

CHRONOLOGICAL LIFESPAN ASSAY

A sample of cells was taken from a culture at a certain time-
point. A fraction of the sample was diluted in order to determine
the total number of cells using a hemacytometer. Another frac-
tion of the cell sample was diluted and serial dilutions of cells
were plated in duplicate onto YP plates containing 2% glucose
as carbon source. After 2 day of incubation at 30°C, the num-
ber of colony forming units (CFU) per plate was counted. The
number of CFU was defined as the number of viable cells in a
sample. For each culture, the percentage of viable cells was cal-
culated as follows: (number of viable cells per ml/total number

of cells per ml) x 100. The percentage of viable cells in mid-
logarithmic phase was set at 100%. The lifespan curves were vali-
dated using a LIVE/DEAD yeast viability kit (Invitrogen) following
the manufacturer’s instructions.

TREHALOSE CONCENTRATION MEASUREMENT

Preparation of alkali cellular extract and a microanalytic biochem-
ical assay for measuring trehalose concentration were performed
as previously described (Lin et al., 2001). To prepare an alkali cel-
lular extract, 2 x 10° cells were harvested by centrifugation for
1 min at 21,000 x g at 4°C. The cells were washed three times in
ice-cold PBS (20 mM KH,PO4/KOH, pH 7.5, and 150 mM NaCl).
The cell pellet was quickly resuspended in 200 pl of ice-cold SHE
solution (50 mM NaOH, and 1 mM EDTA), and 800 1 of ice-cold
SHE solution were added to the cell suspension. The resulting
alkali extract was incubated at 60°C for 30 min to destroy endoge-
nous enzyme activities and pyridine nucleotides. The extract was
neutralized by adding 500 .1 of THA solution (100 mM Tris/HCI,
pH 8.1, and 50 mM HCI), divided into 150-p1 aliquots, quickly
frozen in liquid nitrogen, and stored at — 80°C prior to use. To
measure trehalose concentration, 50 1 of alkali extract (recovered
from the total of 6.5 x 107 cells) were added to 150l of tre-
halose reagent [25 mM KH,PO4/KOH, pH 7.5, and 0.02% BSA;
with or without 15 mU trehalase (Sigma)]. The mixture was incu-
bated for 60 min at 37°C. Eight hundred microliters of glucose
reagent [100 mM Tris/HCl, pH 8.1, 2mM MgCl,, 1 mM DTT,
1 mM ATP, 0.2 mM NADP*, and mixture of hexokinase (7 U)
and glucose-6-phosphate dehydrogenase (8 U; Sigma)] was added
and the mixture incubated for 30 min at 25°C. The NADPH gen-
erated from NADP™ was measured fluorimetrically (excitation at
365 nm, emission monitored at 460 nm).

HEXOKINASE ACTIVITY MEASUREMENT

Preparation of cellular lysate and a microanalytic biochemical
assay for measuring hexokinase enzymatic activity were performed
as previously described (Lin et al., 2001). To prepare a cellular
lysate, 2 x 107 cells were harvested by centrifugation for 1 min
at 21,000 x g at 4°C. The cells were washed three times in ice-
cold PBS (20mM KH,PO4/KOH, pH 7.5, and 150 mM NaCl).
The cell pellet was quickly resuspended in 800 pul of EB buffer
(20 mM KH,PO4/KOH, pH 7.5,0.02% BSA, 0.5 mM EDTA, 5 mM
B-mercaptoethanol, 25% glycerol, and 0.5% Triton X-100) and
incubated for 5 min at 25°C. The resulting lysate was divided into
40-pl aliquots and stored at — 80°C prior to use. To measure hex-
okinase activity, 4 il of cellular lysate (recovered from the total of
1 x 10° cells) were added to 996 L1 of hexokinase reagent [ 100 mM
Tris/HCI, pH 8.1,0.05% BSA, 7 mM MgCl,, 5 mM ATP, 5 mM glu-
cose, 0.5 mM DTT, 100 uM NADP*, 0.5% Triton X-100, and 2 U
glucose-6-phosphate dehydrogenase (Sigma)]. The mixture was
incubated for 1h at 25°C. The NADPH generated from NADP*
was measured fluorimetrically (excitation at 365 nm, emission
monitored at 460 nm). To monitor the extent of thermal inac-
tivation of hexokinase in heat-shocked yeast cells and the efficacy
of its reactivation during subsequent incubation of these cells at
low temperature, yeast were grown at 29°C, and recovered upon
entry into a quiescent state at day 7 or following such an entry at
day 13. These cells were treated with cycloheximide for 5 min at
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29°C, heat-shocked for 60 min at 43°C, then shifted to 29°C, and
incubated for 60 min. Hexokinase enzymatic activity was mea-
sured every 15 min of heat shock treatment and every 15 min of
the following incubation at 29°C.

IMMUNODETECTION OF CARBONYL GROUPS IN OXIDATIVELY
DAMAGED CELLULAR PROTEINS

Total cell lysates were made by vortexing the cells in ice-cold
TCL buffer (25 mM MOPS/KOH, pH 7.2, 150 mM NaCl, 50 mM
DTT, and 1% CHAPS) with glass beads three times for 1 min.
Lysates were then centrifuged for 5min at 21,000 x g at 4°C, and
the supernatants of total cell lysates were collected. The carbonyl
groups of proteins recovered in total cell lysates were derivatized to
2,4-dinitrophenylhydrazones using the OxyBlot™Protein Oxida-
tion Detection Kit (Chemicon), according to the manufacturer’s
instructions. Briefly, total cellular proteins were denatured by
adding 12% SDS to an equal volume of the total cell lysate contain-
ing 10 Lg of protein. Denatured proteins were incubated with 2,4-
dinitrophenylhydrazine for 15 min at room temperature. Proteins
were separated by 12.5% SDS-PAGE. Immunoblotting using a
Trans-Blot SD semi-dry electrophoretic transfer system (Bio-Rad)
was performed as described (Titorenko et al., 1998). The deriva-
tized carbonyl groups were detected with a 2,4-dinitrophenyl-
specific antibody (Chemicon) and the Amersham ECL Western
Blotting System (GE Healthcare).

ROS MEASUREMENT

Reactive oxygen species were measured in live yeast by fluorescence
microscopy of Dihydrorhodamine 123 (DHR) staining according
to established procedures (Madeo et al., 1997; Goldberg et al.,
2009). Briefly, 5 x 10® cells were harvested by centrifugation for
1 minat 21,000 x g at room temperature and then resuspended in
100 pl of PBS. DHR (Sigma) was added to a final concentration
of 10 wM. Following incubation in the dark for 60 min at room
temperature, the cells were washed in PBS, and then analyzed
by fluorescence microscopy. Images were collected with a Zeiss
Axioplan fluorescence microscope (Zeiss) mounted with a SPOT
Insight 2 megapixel color mosaic digital camera (Spot Diagnos-
tic Instruments). Fluorescence of individual DHR-positive cells
in arbitrary units was determined by using the UTHSCSA Image
Tool software (Version 3.0). In each of three to six independent
experiments, the value of median fluorescence was calculated by
analyzing at least 800—1000 cells that were collected at each time-
point. The median fluorescence values were plotted as a function
of the number of days cells were cultured.

RECOVERY OF INSOLUBLE AGGREGATES OF DENATURED PROTEINS

Insoluble aggregates of denatured proteins were recovered accord-
ing to established procedures (Parsell et al, 1994; Boukh-
Viner et al, 2005), with the following modifications. Total
cell lysates were made by vortexing the cells in ice-cold
MBS buffer (25 mM MOPS/KOH, pH 7.2, and 150 mM NaCl)
with glass beads four times for 1min. Unbroken cells and
cell debris were removed by centrifugation for 3min at
1,000 x g at 4°C. The supernatants of total cell lysates were
collected and normalized by dilution to a final concentra-
tion of 1mg/ml. Equal aliquots of the total cell lysates were

supplemented with 3-[(3-Cholamidopropyl)dimethylammonio]-
1-propanesulfonate (CHAPS; Sigma) to a final concentration of
10 mM. CHAPS is a zwitterionic, non-denaturing, and electrically
neutral detergent; although it protects a native state of soluble
proteins and efficiently solubilizes intrinsic membrane proteins
(including proteins associated with lipid raft membrane domains),
it is unable to solubilize aggregates of denatured proteins (Chow
and Zukin, 1983; Evans et al., 1986; Boukh-Viner et al., 2005; Tao
et al., 2010). After incubation on ice for 30 min, samples were
subjected to centrifugation at 100,000 x g for 30 min at 4°C. The
pellet fractions of insoluble aggregates of denatured proteins were
analyzed by 12.5% SDS-PAGE, followed by silver staining.

STATISTICAL ANALYSIS

Statistical analysis was performed using Microsoft Excel’s (2010)
Analysis ToolPack-VBA. All data are presented as mean & SEM.
The p values were calculated using an unpaired two-tailed ¢ test.

RESULTS

LIFESPAN EXTENSION BY CR REQUIRES A SPECIFIC PATTERN OF
AGE-RELATED CHANGES IN TREHALOSE CONCENTRATION

To evaluate the effect of trehalose on lifespan extension by CR, we
incubated WT strain and several mutant strains, each carrying a
single-gene-deletion mutation affecting trehalose biosynthesis or
degradation (Francois and Parrou, 2001), in YP medium initially
containing 0.2% glucose. We monitored the chronological lifes-
pans of all these strains and assessed the dynamics of changes in
trehalose concentration during their aging under CR conditions.

The tps1A and tps2 A mutations, which eliminate two different
catalytic subunits of the trehalose synthase complex (Figure 1A),
decreased intracellular trehalose concentration and shortened
lifespan (Figures 1B,D). Yeast whose trehalose level was increased
before they have entered the non-proliferative stationary (ST)
growth phase and remained elevated during ST phase — as it was
observed in mutant cells lacking the Nthlp isozyme of neutral
trehalase — were short-lived (Figures 1C,E). Moreover, even if tre-
halose concentration exceeded the level seen in WT only after
yeast have entered ST phase — as it occurred in mutant cells lack-
ing the Nth2p isozyme of neutral trehalase — cells were short-lived
(Figures 1C,E). Importantly, some genetic manipulations altering
trehalose concentration extended lifespan. Specifically, in long-
lived mutants lacking the Tsl1p or Tps3p regulatory subunit of the
trehalose synthase complex, trehalose concentration exceeded that
in WT until the end of post-diauxic (PD) growth phase, but then
in ST phase reached a plateau at the level that was 50—-70% of that
in WT (Figures 1B,D). Similar dynamics of age-related changes
in trehalose concentration was observed in the long-lived mutant
athlA lacking acid trehalase (Figures 1C,E).

Altogether, these findings imply that the extended chronologi-
cal lifespan of CR yeast (as compared to that of non-CR yeast) can
be further prolonged by genetic manipulations that simultane-
ously (1) increase trehalose concentration by 70-160% during PD
phase, prior to entry into a quiescent state; and (2) reduce trehalose
concentration by 60-80% during ST phase, following entry into
quiescence. Thus, lifespan extension by a low calorie diet requires
a specific pattern of age-related changes in the intracellular level
of trehalose.
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FIGURE 1 | The chronological lifespan of yeast grown under CR
conditions can be extended by mutations that simultaneously increase
trehalose concentration prior to quiescence and reduce trehalose
concentration following entry into a quiescent state. (A) Outline of
metabolic pathways of trehalose biosynthesis and degradation. (B,C) The
dynamics of age-dependent changes in the intracellular levels of trehalose
during chronological aging of wild-type (wt) and mutant strains. (D-G) Survival
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MUTATIONS THAT INCREASE TREHALOSE CONCENTRATION PRIOR TO
ENTRY INTO QUIESCENCE REDUCE OXIDATIVE DAMAGE TO CELLULAR
PROTEINS THROUGHOUT LIFESPAN, IRRESPECTIVE OF THEIR EFFECTS
ON LONGEVITY

Trehalose accumulation in exponentially grown yeast cells exposed
to elevated temperature or to a proteasome inhibitor has been
shown to increase their ability to survive a subsequent treatment
with exogenous ROS and to protect cellular proteins from oxida-
tive carbonylation caused by such a treatment (Benaroudj et al,,
2001). According to the mitochondrial free radical theory of aging,
the gradual accumulation of macromolecular damage caused by
mitochondrially produced ROS throughout lifespan accelerates
cellular dysfunction and later in life leads to a functional decline
and increased mortality (Harman, 1956, 1972). Although a body
of evidence does not validate the core statement of this theory on
a casual role of ROS generation in aging, the importance of ROS
in mediating a stress response to age-related cellular damage is
supported by numerous findings (Gems and Doonan, 2009; Pérez
et al., 2009; Lapointe and Hekimi, 2010; Ristow and Zarse, 2010;
Sanz et al., 2010; Hekimi et al., 2011). To evaluate a potential role
of trehalose in linking a ROS-dependent oxidative macromole-
cular damage to lifespan extension by CR, we assessed how the
tsl1A and nthlA mutations influence the dynamics of age-related
changes in protein carbonylation and ROS in yeast grown under
CR conditions.

Both the tslIA and nthlA mutations elevated trehalose con-
centration (Figures 1B,C) and reduced oxidative carbonylation
of cellular proteins (Figure 2A) during PD phase, prior to entry
into a quiescent state. None of these mutations altered ROS lev-
els in pre-quiescent cells (Figure 2B). Thus, it is unlikely that the
observed reduction of oxidative damage to cellular proteins in pre-
quiescent tsIIA and nth1A cells was due to the previously proposed
by Benaroudj et al. (2001) ability of trehalose, a non-reducing dis-
accharide, to quench ROS. It is conceivable therefore that prior
to quiescence trehalose protects cellular proteins from oxidative
carbonylation (Figure 2A) by interacting with their carbonylation-
prone misfolded and unfolded species. These aberrantly folded
protein species are known to be much more sensitive to oxidative
carbonylation than their properly folded counterparts (Nystrom,
2005; Hipkiss, 2006).

The extent of protein carbonylation reached prior to entry
into a quiescent state was not significantly altered in #sIIA and
nthlA cells following entry into quiescence (Figure 2A), likely
due to greatly diminished ROS levels observed in quiescent #sl1A
and nthlA cells (Figure 2B). Trehalose concentration in quies-
cent tsl1A cells was substantially lower than that seen in quiescent
WT cells (Figure 1B). In contract, the concentration of trehalose
in quiescent nthlA cells exceeded the level detected in quies-
cent WT cells (Figure 1C). We therefore concluded that genetic
manipulations that increase trehalose concentration prior to entry
into a quiescent state reduce oxidative damage to cellular proteins
throughout lifespan, regardless of their effects on the intracellular
concentration of this non-reducing disaccharide following entry
into quiescence.

Although both the tsIIA and nthlA mutations reduced
oxidative carbonylation of cellular proteins throughout lifespan
(Figure 2A), their effects on longevity differed. The #s/1 A mutation
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FIGURE 2 | Although mutations that in yeast grown under CR
conditions increase trehalose concentration prior to entry into
quiescence do not alter ROS levels, they reduce oxidative damage to
cellular proteins throughout lifespan. (A) Immunodetection of carbonyl
groups in oxidatively damaged cellular proteins in chronologically aging wt
and mutant strains. (B) The dynamics of age-related changes in intracellular
ROS levels during chronological aging of wt and mutant strains. wt, ts/TA
and nth1A cells were cultured in YP medium initially containing 0.2%
glucose. Data are presented as mean = SEM (n=3-4). Abbreviations: D,
diauxic growth phase; PD, post-diauxic growth phase; ST, stationary growth
phase.

extended yeast lifespan, whereas the nthIA mutations shortened
it (Figures 1D-G). Hence, it is unlikely that the observed ability
of these genetic manipulations to protect cellular proteins from
oxidative damage plays a role in defining yeast longevity under CR
conditions.

A PATTERN OF AGE-RELATED CHANGES IN TREHALOSE
CONCENTRATION DEFINES THE DYNAMICS OF PROTEIN

AGGREGATION THROUGHOUT LIFESPAN

Trehalose has been shown to (1) stabilize bacterial and firefly
luciferases in their native (folded) states in heat-shocked yeast
cells; (2) prevent aggregation and maintain non-native (misfolded
or partially folded) states of these two luciferases, as well as of
firefly rhodanese, following their guanidinium-induced denat-
uration in vitro and in yeast cells briefly exposed to elevated
temperature; and (3) inhibit the refolding and reactivation of
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these pre-denatured bacterial and firefly proteins in vitro and
in yeast cells by interfering with chaperone-assisted folding of
their non-native (misfolded or partially folded) species (Singer
and Lindquist, 1998a). It has been predicted that trehalose may
exhibit similar effects on the stability, folding, and aggregation of
endogenous proteins in cells of yeast and other organisms (Singer
and Lindquist, 1998a,b; Elbein et al., 2003; Jain and Roy, 2009,
2010; Mir et al., 2009). Furthermore, our investigation of how
a CR diet affects the metabolic history of chronologically aging
yeast suggested that the elevated level of trehalose observed prior
to entry into quiescence in slowly aging CR yeast (as compared
to that seen in rapidly aging non-CR yeast) protects from aggre-
gation proteins that have been completely or partially unfolded
and/or oxidatively carbonylated due to their exposure to intracel-
lular ROS (Goldberg et al., 2009). We hypothesized that (1) such
protective effect of high trehalose concentrations could contribute
to the enhanced survival of CR yeast (as compared to survival
of non-CR yeast) following their entry into quiescence; and (2)
a dietary or genetic intervention providing yeast with the ability
to maintain trehalose concentration at a certain “optimal” level
prior and following entry into a quiescent state would extend their
longevity (Goldberg et al., 2009). We predicted that at such an
“optimal”level trehalose concentration is (1) sufficiently high prior
to entry into quiescence to allow this osmolyte to prevent aggre-
gation of proteins that have been completely or partially unfolded
and/or oxidatively carbonylated; and (2) sufficiently low following
entry into quiescence to reduce the efficiency with which trehalose
inhibits the refolding and reactivation of partially unfolded and/or
oxidatively carbonylated proteins (Goldberg et al., 2009).

To test the validity of our hypothesis, we assessed how the
tsl1A and nthl A mutations influence the dynamics of age-related
changes in the extent of protein aggregation in yeast limited in
calories. We found that both these mutations, which we demon-
strated to elevate trehalose concentration (Figures 1B,C) and to
decrease oxidative protein carbonylation (Figure 2A) during PD
phase, significantly reduce the extent of aggregation of cellular
proteins during this growth phase preceding entry into a quies-
cent state (Figure 3). Following entry into quiescence, the extent
of protein aggregation in tsl1A cells was substantially lower than
that seen in quiescent WT cells and especially in quiescent nthlA
cells (Figure 3). As we mentioned above, trehalose concentration
in quiescent tsIIA cells was significantly reduced as compared
to that in WT (Figure 1B) and especially in nthIA (Figure 1C)
cells reached reproductive maturation. Furthermore, both the con-
centration of trehalose (Figures 1B,C) and the extent of protein
aggregation (Figure 3) in quiescent nthlA cells were significantly
higher than that observed in WT cells and especially in #s/1A cells
entered a quiescent state.

In sum, these findings validate our hypothesis in which a genetic
intervention will extend longevity of calorically restricted yeast if it
(1) elevates trehalose concentration prior to entry into quiescence
to allow this osmolytic disaccharide to prevent aggregation of
completely or partially unfolded and/or oxidatively carbonylated
cellular proteins; and (2) reduces the concentration of trehalose
following entry into quiescence to limit its inhibitory effect on the
refolding and reactivation of partially unfolded and/or oxidatively
carbonylated proteins.

I

1A nthld  wt
Day 7
(PD/ST)

wt  tsllA nthlA wt
Day 3
(D/PD)

tsliA
Day 13
(ST)

nthiA

FIGURE 3 | In yeast grown under CR conditions, a pattern of
age-related changes in trehalose concentration defines the dynamics
of protein aggregation throughout lifespan. Total cell lysates were made
by vortexing the cells in ice-cold buffer with glass beads. Unbroken cells
and cell debris were removed by centrifugation for 3min at 1,000 x g at
4°C. The supernatants of total cell lysates were collected and normalized by
dilution to a final concentration of 1 mg/ml. Equal aliquots of the total cell
lysates were supplemented with CHAPS, a zwitterionic, non-denaturing,
and electrically neutral detergent that protects a native state of soluble
proteins and efficiently solubilizes membrane proteins, but is unable to
solubilize aggregates of denatured proteins. After incubation on ice for
30min, samples were subjected to centrifugation at 100,000 x g for 30 min
at 4°C. The pellet fractions of insoluble aggregates of denatured proteins
were analyzed by 12.5% SDS-PAGE, followed by silver staining. wt, ts/TA
and nth1A cells were cultured in YP medium initially containing 0.2%
glucose. Abbreviations: D, diauxic growth phase; PD, post-diauxic growth
phase; ST, stationary growth phase.

TREHALOSE CONCENTRATION IN YEAST CELLS DEFINES THE
SENSITIVITY OF AN ENDOGENOUS ENZYME TO THERMAL
INACTIVATION AND THE EXTENT OF ITS SUBSEQUENT REACTIVATION
AT LOW TEMPERATURE
To use a complementary experimental approach for validating our
hypothesis on a longevity-defining role of trehalose concentration
in maintaining biological activities of proteins in chronologically
aging yeast under CR conditions, we assessed how the #sIIA and
nthlA mutations influence (1) the extent of thermal inactivation
of hexokinase, an endogenous enzyme protein, in heat-shocked
yeast cells; and (2) the efficacy of its reactivation during subsequent
incubation of these cells at low temperature. In these experiments,
yeast grown at 29°C and recovered upon entry into a quiescent
state or following such an entry were treated with cycloheximide
for 5 min at 29°C, heat-shocked for 60 min at 43°C, then shifted to
29°C, and incubated for 60 min (Figure 4).

In tslIA and nthlA cells recovered at day 7, upon entry into
a quiescent state, the activity of hexokinase synthesized prior to a
cycloheximide-induced inhibition of protein synthesis at 29°C was
less susceptible to thermal inactivation at 43°C than in identically
treated and aged WT cells (Figure 4C). Under these conditions,
trehalose concentrations in both tslIA and nthl1A cells exceeded
that in WT cells of the same age (Figure 4A). If cells were recovered
at day 13, following entry into a quiescent state, hexokinase activ-
ity in tsl1A cells having a lower trehalose concentration than WT
cells (Figure 4B) was more susceptible to the thermal inactivation
at 43°C then in WT cells (Figure 4D). In contrast, in nthl1A cells
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FIGURE 4 | In yeast grown under CR conditions, trehalose concentration 60 min. (A,B) The intracellular levels of trehalose prior to cell treatment with
defines the sensitivity of hexokinase, an endogenous enzyme, to cycloheximide. (C,D) Changes in hexokinase enzymatic activity following cell
thermal inactivation, and the extent of its subsequent reactivation at exposure to cycloheximide, during heat shock treatment for 60 min at 43°C,
low temperature. Yeast cells grown at 29°C were recovered upon entry intoa  and subsequent incubation for 60 min at 29°C. wt, ts/TA and nth1A cells were
quiescent state at day 7 or following such an entry at day 13. The cells were cultured in YP medium initially containing 0.2% glucose. Data are presented
treated with cycloheximide for 5 min at 29°C to inhibit protein synthesis, as mean £+ SEM (n=3-5). Abbreviations: CHX, cycloheximide; PD,
heat-shocked for 60 min at 43°C, then shifted to 29°C, and incubated for post-diauxic growth phase; ST, stationary growth phase.

recovered at day 13 and having a higher trehalose concentration
then WT cells of the same age (Figure 4B) hexokinase activity
was less susceptible to such thermal inactivation then in WT cells
(Figure 4D). These findings imply that in calorically restricted pre-
quiescent yeast trehalose preserves biological activities of partially
inactivated cellular proteins, perhaps by stabilizing their native
(folded) state, preventing their unfolding, and/or inhibiting their
subsequent aggregation.

In #sIIA and nthlA cells recovered at day 7, upon entry into
quiescence, the reactivation of thermally inactivated hexokinase
during the subsequent incubation at low temperature occurred
less efficient then in WT cells of the same age (Figure 4C).
Noteworthy, the efficacy of such hexokinase reactivation was
inversely proportional to trehalose concentration in yeast cells
that reached a transition to a quiescent state (Figures 4A,C). If
cells were recovered at day 13, following entry into quiescence,
the reactivation of thermally inactivated hexokinase during the

subsequent incubation at low temperature occurred only in tsl1A
cells having lower trehalose concentration as compared to WT
and especially to nthl11A cells of the same age (Figures 4B,D).
In nthlA cells recovered at day 13 and having a higher trehalose
concentration then WT cells of the same age (Figure 4B), ther-
mally inactivated hexokinase was further inactivated during the
subsequent incubation at low temperature with the efficiency
exceeding that in WT cells (Figure 4D). These findings imply
that in calorically restricted quiescent yeast trehalose inhibits the
reactivation of inactivated cellular proteins, perhaps by interfering
with chaperone-assisted folding of their non-native (misfolded or
partially folded) species.

DISCUSSION

To investigate whether trehalose homeostasis in yeast cells may
play a role in longevity extension by CR, we assessed how single-
gene-deletion mutations that in chronologically aging yeast alter
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trehalose concentrations prior to quiescence and following entry
into a quiescent state impact lifespan. We also examined the effects
of these mutations on the chronology of oxidative protein car-
bonylation, intracellular ROS, protein aggregation, thermal inac-
tivation of a protein in heat-shocked yeast cells and a subsequent
reactivation of this protein in yeast shifted to low temperature.
Our findings provide evidence that CR extends yeast chronolog-
ical lifespan in part by altering a pattern of age-related changes
in trehalose concentration. Based on our data, we propose a
model for molecular mechanisms underlying the essential role

of trehalose in defining yeast longevity by modulating cellular
proteostasis throughout lifespan (Figure 5). This outlined below
model adequately explains how genetic interventions altering a
pattern of age-related changes in trehalose concentration influ-
ence a longevity-defining balance between protein folding, mis-
folding, unfolding, refolding, oxidative damage, solubility, and
aggregation.

Pre-quiescent WT cells proliferating under CR conditions cope
with a flow of misfolded, partially folded, and unfolded pro-
tein species in the non-native folding state (Figure 5A, process

Pre-quiescent state

Quiescent state
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FIGURE 5 | A model for molecular mechanisms underlying the
essential role of trehalose in defining yeast longevity by modulating
cellular proteostasis throughout lifespan. The outlined model
adequately explains how the ts/TA and nth1A mutations altering a pattern
of age-related changes in trehalose concentration influence a
longevity-defining balance between protein folding, misfolding, unfolding,
refolding, oxidative damage, solubility, and aggregation. (A-C) The effects

of trehalose on essential processes governing proteostasis in wild-type
(A), tsl1A (B) and nth1A (C) cells prior to and following entry into a
quiescent state are outlined. See text for details. The thickness of arrows
and T bars correlates with the rates of the processes taking place in
chronologically aging yeast prior to entry into a quiescent state and
following such an entry under CR conditions. T bars denote inhibition of
the process. Abbreviation: ROS, reactive oxygen species.
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1). The continuous formation of these protein species within a
proliferating cell is due to a number of factors, including (1)
macromolecular crowding, which is caused by the very high intra-
cellular protein concentration and leads to inappropriate inter-
molecular contacts; (2) stochastic fluctuations in protein structure;
(3) transcriptional errors; (4) inherited genetic polymorphisms,
including gene copy number variations; (5) intrinsic errors in gene
expression that may create an excess of unassembled subunits of
oligomeric protein complexes; (6) errors in protein translation —
such as missense incorporation of amino acids, frame-shifting,
stop-codon readthrough, and premature termination; (7) defects
in post-translational protein modifications and turnover; and (8)
inefficient translocation of secretory and mitochondrial precur-
sor proteins across membranes of their target organelles (Chen
et al., 2011; Gidalevitz et al., 2011; Lindquist and Kelly, 2011). In
pre-quiescent WT cells, trehalose stabilizes the native state of pro-
teins and thereby reduces the formation of their aberrantly folded
species (Figure 5A, process 2). The promoted by trehalose shift
of a balance between native and non-native protein folding states
toward properly folded protein species is amplified by the tsl1A
and nth1A mutations, both of which significantly elevate trehalose
concentration prior to entry into a quiescent state (Figures 5B,C,
process 2). Our finding that the enzymatic activity of an endoge-
nous hexokinase synthesized prior to a cycloheximide-induced
inhibition of protein synthesis at 29°C in pre-quiescent tslIA and
nthlA cells is significantly less susceptible to thermal inactiva-
tion at 43°C than in identically treated and chronologically aged
WT cells (Figure 4C) supports the role of trehalose in stabiliz-
ing the native state of cellular proteins. Moreover, a previously
demonstrated ability of trehalose to stabilize bacterial and firefly
luciferases in their native states in heat-shocked yeast cells (Singer
and Lindquist, 1998a) provides additional support for the validity
of our conclusion on the essential role of this osmolyte in shift-
ing a balance between native and non-native protein folding states
toward native folding structures. It is conceivable that trehalose
may stabilize the native state of proteins in pre-quiescent yeast
cells via any of the three recently proposed mechanisms (Jain and
Roy, 2009, 2010).

In pre-quiescent WT cells, the aberrantly folded protein species
that have not been refolded into functional three-dimensional
native conformations or degraded within an elaborate network
of molecular chaperones and protein degradation factors (Chen
et al., 2011; Gidalevitz et al., 2011; Lindquist and Kelly, 2011)
form insoluble aggregates (Figure 5A, process 3). In these cells,
trehalose reduces the formation of such protein aggregates, per-
haps by shielding the contiguous exposed hydrophobic side chains
of amino acids that are abundant in misfolded, partially folded,
and unfolded protein species and promote their aggregation
(Figure 5A, process 4). Our finding that the tslIA and nthlA
mutations, both of which elevate trehalose concentration prior
to entry into quiescence (Figures 1B,C), significantly reduce the
extent of protein aggregation in pre-quiescent cells (Figure 3) sup-
ports the essential role of trehalose in preventing the formation
of insoluble protein aggregates in these proliferation-competent
cells (Figures 5B,C, process 4). Moreover, a previously demon-
strated ability of trehalose to prevent aggregation and maintain
non-native states of bacterial and firefly luciferases, as well as of

firefly rhodanese, following their guanidinium-induced denatura-
tion in vitro and in heat-shocked yeast cells (Singer and Lindquist,
1998a) further validates our conclusion that trehalose inhibits
aggregation of the aberrantly folded protein species accumulating
in pre-quiescent yeast.

The misfolded, partially folded, and unfolded protein species
present in pre-quiescent WT cells are known to be more sensitive
to ROS-driven oxidative carbonylation than their properly folded
counterparts (Nystrom, 2005; Hipkiss, 2006). These cells accu-
mulate substantial levels of ROS (Figure 2B), which oxidatively
damage a pool of the aberrantly folded and unfolded proteins
(Figure 2A) prior to entry into a quiescent state (Figure 5A,
process 5). Prior to quiescence, trehalose protects cellular pro-
teins from oxidative carbonylation by interacting with their
carbonylation-prone misfolded and unfolded species (Figure 5A,
process 4) but not by quenching ROS (as it has been previously
proposed by Benaroudj et al., 2001). In support of this mechanism
for the protection of proteins from ROS-elicited oxidative dam-
age by trehalose, we found that in pre-quiescent cells the #sl1A
and nthIA mutations reduce oxidative carbonylation of cellular
proteins (Figure 2A) but do not alter ROS levels (Figures 2B and
5B,C, process 5).

The oxidatively carbonylated protein species present in pre-
quiescent WT cells are known to have a tendency to form insoluble
aggregates that escape degradation and can compromise the cel-
lular proteostasis network by inhibiting the proteasomal protein
degradation machinery (Nystrom, 2005; Hipkiss, 2006; Taylor and
Dillin, 2011). By protecting cellular proteins from oxidative car-
bonylation (Figure 5A, process 5; see above), trehalose reduces
the formation of insoluble protein aggregates prior to entry into
senescence (Figure 5A, process 6). This indirect inhibitory effect
of trehalose on protein aggregation supplements its direct inhibi-
tion by trehalose (Figure 5A, process 3; see above), which could
shield the patches of exposed hydrophobic side chains of amino
acids tending to promote aggregation of aberrantly folded and
unfolded protein species (Figure 5A, process 4; see above).

Following entry into a quiescent state, a network of molec-
ular chaperones in WT cells promotes a refolding of misfolded,
partially folded, and unfolded protein species, either soluble or
extracted from protein aggregates accumulated in pre-quiescent
cells (Figure 5A, processes 7 and 8). This chaperone-assisted
refolding of aberrantly folded protein species is the essential anti-
aging process (Kikis et al., 2010; Chen et al., 2011; Lindquist and
Kelly, 2011; Taylor and Dillin, 2011). By shielding the contiguous
exposed hydrophobic side chains of amino acids that are abun-
dant in misfolded, partially folded and unfolded protein species,
trehalose in quiescent WT cells competes with molecular chaper-
ones for binding with these patches of hydrophobic amino acid
residues (Figure 5A, processes 9 and 10) known to be mandatory
for enabling the chaperone-assisted refolding of aberrantly folded
protein species (Kikis et al., 2010; Chen et al., 2011; Lindquist and
Kelly,2011; Taylor and Dillin, 2011). By interfering with this essen-
tial anti-aging process in quiescent WT cells, trehalose operates as
a pro-aging compound (Figure 5A). In support of our hypoth-
esis that this mechanism underlies the essential role of trehalose
homeostasis in defining longevity of chronologically aging yeast
under CR conditions (Figures 5B,C, processes 9 and 10) we found
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that (1) the tslIA mutation reduces trehalose concentration fol-
lowing entry into quiescence (Figure 1B), decreases the extent of
protein aggregation in quiescent cells (Figure 3) and extends yeast
chronological lifespan (Figure 1D); and (2) the nthIA mutation
elevates trehalose concentration following entry into quiescence
(Figure 1C), increases the extent of protein aggregation in qui-
escent cells (Figure 3) and shortens yeast chronological lifespan
(Figure 1E).

The major challenge now is to get a greater insight into the
proposed mechanism underlying the essential role of trehalose
homeostasis in defining longevity of chronologically aging yeast
under lifespan-extending CR conditions. To address this chal-
lenge, many important questions need to be answered. What are
the identities of oxidatively damaged proteins whose accumula-
tion in pre-quiescent WT cells proliferating under CR conditions
is reduced by genetic manipulations that elevate trehalose con-
centration prior to entry into quiescence (Figure 2A)? Are these
proteins known for their essential role in defining longevity? Will
genetic manipulations eliminating any of these proteins or alter-
ing their levels affect the chronological lifespan of yeast? What
kind of proteins form insoluble aggregates that accumulate, in a
trehalose-dependent fashion, in WT cells prior to and/or follow-
ing entry into a quiescent state (Figure 3)? Are they known to
be modifiers of lifespan in yeast? How will genetic manipulations
eliminating any of these proteins or altering their levels influence
longevity of chronologically aging yeast? Do oxidatively damaged
and/or aggregated protein species concentrate in certain protein
quality control compartments, such as the juxtanuclear quality

control compartment, the insoluble protein deposit compartment
and/or aggresome (Ben-Gedalya et al., 2011; Chen et al., 2011;
Ben-Gedalya and Cohen, 2012), or are they randomly distributed
throughout a cell prior to and/or following entry into quiescence?
Does trehalose reside, permanently or temporarily, in any of these
protein quality control compartments or is this osmolyte dis-
persed within a cell before and/or after it enters a quiescent state?
What molecular chaperones constitute the proteostasis machinery
whose ability to refold aberrantly folded proteins is compromised
by trehalose in quiescent cells? We shall have to answer these
important questions if we want to understand the complexity
of the proteostasis network that defines longevity by sensing the
dynamics of age-related changes in trehalose concentration.
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