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Yeast chronological aging is regarded as a model for aging of mammalian post-mitotic cells. It refers to
changes occurring in stationary phase cells over a relatively long period of time. How long these cells can sur-
vive in such a non-dividing state defines the chronological lifespan. Several factors influence cell survival in-
cluding two well known normal by-products of yeast glucose fermentation such as ethanol and acetic acid. In
fact, the presence in the growth medium of these C2 compounds has been shown to limit the chronological
lifespan. In the chronological aging paradigm, a pro-aging role has also emerged for the deacetylase Sir2, the
founding member of the Sirtuin family, whose loss of function increases the depletion of extracellular ethanol
by an unknown mechanism. Here, we show that lack of Sir2 strongly influences carbon metabolism. In
particular, we point out a more efficient acetate utilization which in turn may have a stimulatory effect on
ethanol catabolism. This correlates with an enhanced glyoxylate/gluconeogenic flux which is fuelled by the
acetyl-CoA produced from the acetate activation. Thus, when growth relies on a respiratory metabolism
such as that on ethanol or acetate, SIR2 inactivation favors growth. Moreover, in the chronological aging
paradigm, the increase in the acetate metabolism implies that sir2Δ cells avoid acetic acid accumulation in
the medium and deplete ethanol faster; consequently pro-aging extracellular signals are reduced. In addition,
an enhanced gluconeogenesis allows replenishment of intracellular glucose stores which may be useful for
better long-term cell survival.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Aging is a time-dependent progressive and irreversible physiological/
functional decline of an organism that is accompanied by an increased
vulnerability to both environmental stress and diseases and increased
risk of mortality. On the whole, aging is a complex multi-factorial pro-
cess modulated by interplay between genetic and environmental fac-
tors. No single variable can adequately capture the full extent of this
complexity since several processes interact simultaneously and operate
at different levels of functional organization [1,2]. The budding yeast
Saccharomyces cerevisiae is one of the most established model systems
used for aging-related research which provides, among others, the
opportunity to study and compare the aging processes of both prolifer-
ating and non-proliferating cells in a simple single-celled organism. In
fact, in yeast two aging paradigms have been described: replicative
and chronological. In the former, replicative lifespan (RLS) is defined
as the number of daughter cells an asymmetrically dividing mother
generates in the presence of nutrients before senescence [3]. In the lat-
ter, chronological lifespan (CLS) is themean andmaximum survival pe-
riod of a population of non-dividing cells in stationary phase. Viability
+39 0264483565.

rights reserved.
over time, in this case, is defined as the ability to resumemitotic growth
upon return to rich fresh medium [4]. In the stationary phase, yeast
cells display a survival-based metabolism and acquire physiological
and morphological features, including a thickened cell wall, accumula-
tion of storage carbohydrates and increased stress resistance, which
result from the integrated responses of different signalling pathways.
The establishment of a quiescent program allows the cells to survive
starvation and resume growthwhen nutrient conditions become favor-
able again [5]. CLS can be extended by either inhibition/reduced activity
of two major nutrient-sensing pathways such as TORC1-Sch9 and
Ras-PKA ones, or by calorie restriction (CR), the practice of limiting
nutrient intakewhich in yeast is generally imposed by reducing the glu-
cose concentration in the growthmedium [6–8]. Defects in TORC1-Sch9
or Ras-PKA signaling as well as CR lead to in part common downstream
targets (Rim15, Msn2/4 and Gis1) which ultimately by increasing
endogenous stress defence mechanisms contribute to enhance cell sur-
vival [6,9]. Moreover, during chronological aging, in addition to thewell
known intrinsic factors such as hydrogen peroxide and superoxide [10],
cellular stresses also include extrinsic factors such as ethanol and acidic
acid. In fact, in some settings, the presence in the growth medium of
these two by-products of the yeast metabolism restricts CLS [11,12].

In the chronological aging paradigm, a pro-aging role is also
played by Sir2 [12]. Sir2 is the founding member of Sirtuins, a family
which comprises the unique class III of NAD+-dependent deacetylases
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known to be evolutionary conserved regulators of aging [1,7,13].
Much work in yeast has focused on histone deacetylation, but a wide
range of non-chromatin substrates for the other Sirtuins have been
identified which are involved in different metabolic processes in-
cluding energy production, the urea cycle, fatty acid and acetate me-
tabolism [14,15]. Concerning the acetate metabolism, in mammals,
acetate derived from both exogenous and endogenous sources, is acti-
vated to acetyl-CoA either in the cytoplasm by acetyl-CoA synthetase 1
(AceCS1) or in themitochondria by AceCS2 [16,17]. The Sirtuins, SIRT1
and SIRT3 deacetylate AceCS1 and AceCS2, respectively, promoting
their activity [18]. Both SIRT1 and SIRT3 play an important role during
energy-poor diets [19]. In particular, under long-term fasting or CR,
acetate is released from the liver and utilized for energy production
in extraepatic tissues following AceCS2 activation [16,20]. In this con-
text, SIRT3might modulate the reprogramming of mitochondria to low
energy input [21]. The SIRT1/3-dependent regulation of AceCS1/2 and
the implication of the two Sirtuins in aging and in the CR-mediated lon-
gevity response [13,22,23], have suggested an involvement of the ace-
tate metabolism in the aging process [16]. Similarly to SIRT1/3, a Sir2
ortholog, CobB, in Salmonella enterica activates through deacetylation
the acetyl-CoA synthetase (Acs in bacteria and yeast) allowing acetate
utilization for acetyl-CoA synthesis and bacterial growth on acetate
[17,24]. In S.cerevisiae two Acs isoenzymes, Acs1 and Acs2, are present
which differ with respect to kinetic properties and cellular localization
[25,26]. To date, there is no evidence of a reversible acetylation involved
in their enzymatic activation [25]. Interestingly, Acs2 is required for
replicative longevity [25], further supporting the notion that the ace-
tate metabolism can play an important role during aging. This is also
suggested by data showing that genetic interventions which drive
yeast metabolism away from acetic acid production increase CLS [11].

In this study, we provide evidence that in the budding yeast, SIR2
inactivation actually influences positively the acetate utilization by
way of an increased flux of the glyoxylate/gluconeogenic pathway.
In the chronological aging paradigm, this implies low levels of toxic
extracellular factors (ethanol and acetic acid) and an increase of pro-
tective intracellular factors (trehalose) in the sir2Δ cultures which all
together may favor a better long-term survival and extension of CLS.

2. Materials and methods

2.1. Yeast strains and growth conditions

All yeast strains used in this work are listed in Table S1. All dele-
tion strains were generated by PCR-based methods [27]. Genomically
3HA-tagged strains were obtained as described [28]. The tagged
strains were undistinguishable from the congenic untagged ones
with respect to overall morphology, cellular volumes, duplication
times and CLS. The accuracy of all gene replacements and correct
deletions/integrations was verified by PCR with flanking and internal
primers. Primer sequences are available upon request. Standard
methods were used for DNA manipulation and yeast transformation.
Yeast cells were grown in batches at 30 °C in rich medium (YEP, 1%
w/v yeast extract, 2% w/v bacto peptone) with the indicated carbon
source at 2%. For the acetate-YEP medium (pH 4 or 5.8) precalculated
amounts of 0.2 M acetic acid and 0.2 M sodium acetate solutions
were mixed and added to YEP medium to obtain the required pH
and molarity (0.1 M). pH 5.8 was selected since it was the initial pH
of the unbuffered YEP medium. For cells grown in minimal medium
(Difco Yeast Nitrogen Base without amino acids, 6.7 g/l), auxotro-
phies were compensated for with a four-fold excess of supplements
[12]. All strains were inoculated at the same cellular density (culture
volume no more than 20% of the flask volume). Growth was moni-
tored by determining cell number using a Coulter Counter-Particle
Count and Size Analyzer, as described [29]. Doubling time (Td) was
obtained by linear regression of the cell number increase over time
on a semilogarithmic plot.
2.2. Ethanol and acetate pulses

Yeast cells were grown in glucose-limited chemostat cultures [30]
at a dilution rate of 0.15 h−1 and with an airflow of 0.8 l/min. Mineral
medium was prepared according to [31], supplemented with glucose
at 7 g/l. The pH was kept constant at 4.5 by the automatic addition of
2 M KOH. Once chemostat cultures achieved the steady-state, the me-
dium feed and the effluent pumps were switched off. At this time-
point, a concentrated solution of ethanol or sodium acetate (pH 4.5)
was injected aseptically giving an initial concentration in the chemostat
of about 90 mM of ethanol and 3.3 mM of acetate. Samples were
collected at different time-points for analyses of metabolite contents.
Cell dry weight was determined as described [32]. Off-gas analysis (O2

and CO2) was performed with a BM2001 gas analyzer (Bioindustrie
Mantovane, Italy). O2 consumption and CO2 productionwere calculated
as in [33]. Each pulse experiment was carried out in triplicate. Trends
reported refer to a representative experiment.

2.3. Metabolite measurements

At designated time-points, aliquots of the yeast cultures were
centrifuged and both pellets (washed twice) and supernatants were
frozen at −20 °C until used. Glucose, ethanol and acetate concentra-
tions in the growth mediumwere determined using enzymatic assays
(K-HKGLU, K-ETOH and K-ACET kits from Megazyme). Intracellular
trehalose was extracted and measured as described [34]. After incu-
bation with trehalase (Sigma), the amount of glucose generated
from trehalose hydrolysis was determined using the K-HKGLU kit.
The pre-existent glucose in each sample was measured in a parallel
reaction without trehalase and subtracted from the total glucose.
Total protein concentration was estimated using the BCA™ Protein
Assay Kit (Pierce).

Final values represent the average of three independent experi-
ments. Differences in measurements were assessed by Student's t-test.
The level of statistical significance was set at a P value of≤0.05.

2.4. Enzyme assays

Cell extracts were prepared from harvested cells as described [35]
except that cells were broken with acid-washed glass beads by shaking
on a vortex for several cycles interspersed with cooling on ice. Immedi-
ately after preparation of cell-free extracts, Pck1 and Icl1 activities were
determined [35].

2.5. Immunoprecipitation and Western analysis

Cellular extracts for anti-HA immunoprecipitation were prepared
essentially as described [36] in the presence of protease inhibitors
(1 mM phenylmethanesulfonyl fluoride and Complete EDTA-free Pro-
tease Inhibitor Cocktail Tablets, Roche) and histone deacetylase inhibi-
tors (100 μM Trichostatin A, 50 mM nicotinamide and 50 mM sodium
butyrate). A crude lysate aliquot was stored at −20 °C as immuno-
precipitation input control. For immunoprecipitation, lysates (about
500 μg) were incubated with 2 μg of anti-HA mAb (12CA5; Roche) at
4 °C overnight, followed by the addition of 50 μl Dynabeads Protein A
(Dynal Biotech) for 2 h. After five washes with washing buffer (50 mM
Tris, pH 7.4, and 50 mM NaCl) at 4 °C, bound proteins were eluted by
boiling in SDS sample buffer, resolved by SDS-PAGE and then subjected
to Western analysis. Primary antibodies used were: anti-HA mAb
(12CA5; Roche), anti-acetylated-lysine mAb (Ac-K-103; Cell Signaling)
and anti-3-phosphoglycerate kinase (Pgk1) mAb (22C5; Invitrogen).
Secondary antibodies were purchased from Amersham. Binding was vi-
sualized with the ECL Western Blotting Detection Reagent (Amersham).
Afterwards ECL detection, films were scanned on a Bio-Rad GS-800 cali-
brated imaging densitometer and quantified with Scion Image software.
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2.6. Acetic acid sensitivity

Exponentially growing cells on glucose were harvested and
resuspended (107 cells/ml) in YEP/glucose (YEPD) pH 5.8, YEPD pH
4 or YEPD pH 3 (set with HCl) medium containing 80, 100 or
120 mM acetic acid. Cells were incubated for 200 min at 30 °C with
shaking [37]. After treatment, cells (serially diluted) were spotted
onto YEPD plates. Plates were incubated at 30 °C for 3 days.

2.7. CLS determination

Survival experiments in expired medium were performed on cells
grown either in YEPD or in minimal medium (with a four-fold excess
of supplements)/2% glucose as described by [12,38]. During growth,
cell number and extracellular glucose, ethanol and acetic acid were
measured in order to define the growth profile (exponential phase,
diauxic shift, post-diauxic phase and stationary phase) of the culture.
Cell survival was monitored by harvesting aliquots of cells starting
72 h (Day 3, first age-point) after the diauxic shift (Day 0). CLS was
measured according to [12] by counting colony-forming units (CFUs)
every 2–3 days. The number of CFUs on Day 3 was considered the ini-
tial survival (100%).

Survival experiments in water and in water containing ethanol
were performed on cells grown in minimal medium/glucose (with a
four-fold excess of supplements) as described by [12]. Every 48 h,
ethanol was added to the culture after washing at a concentration
(6 g/l) equal to that found in the expired medium at Day 0. In parallel,
50 mM pyrazole (Sigma) was added [39]. Viability was measured as
described above.

For CLS determination in media-swap experiments, cells were
grown inminimalmedium/glucose (with a four-fold excess of supple-
ments) and at Day 1 after the diauxic shift harvested by centrifugation.
Cell pellets were washed and then resuspended in the filtered original
medium or equivalently conditioned one of the indicated strain.

3. Results and discussion

3.1. Chronological aging sir2Δ cells avoid extracellular acetic acid
accumulation

In chronological aging, two by-products of glucose fermentation,
ethanol and acetic acid, which accumulate in the yeast culture
medium, have CLS-shortening effects [11,12]. Since CLS extension in
sir2Δmutants is associated with an increase in the depletion of extra-
cellular ethanol, which is re-introduced into the metabolism via its
oxidation to acetate (Fig. 1A), wewonderedwhether the extracellular
acetate/acetic acid (see below) was also influenced by SIR2 inactiva-
tion. To this end, we analyzed the kinetics of ethanol and acetate
accumulation in wild type (wt) and sir2Δ cultures during growth on
YEP/2% glucose (YEPD) and the subsequent utilization of these C2 sub-
strates during the post-diauxic phase. During the exponential phase,
when growth is sustained by a prevalent fermentative metabolism,
the glucose decrease was accompanied by ethanol accumulation that
in both strains followed the same kinetics (Fig. 1B). After the diauxic
shift, when cells switched to a respiration-based metabolism, ethanol
was depleted more rapidly in the sir2Δ culture compared with the wt
one (Fig. 1B and C). With regard to acetate, in the wt culture, its con-
centration initially increased and then slowed down (Fig. 1D). Inter-
estingly, in the sir2Δ culture very low levels of excreted acetate were
detected (Fig. 1D). Moreover, measurements of ethanol and acetate
in the culture media of cells grown in minimal medium also revealed
that, after the diauxic shift, in the sir2Δ culture, ethanol was exhausted
earlier than in the wt one (Fig. S1A) in line with changes observed by
[12] and acetate was detected at very low levels (Fig. S1B). Thus, lack
of Sir2 affects the extracellular abundance of two chronological aging
factors, ethanol and acetic acid, but unlike the case with ethanol, the
reduced accumulation of acetic acid seems to be linked to a reduced
secretion of the fermentation product.

It is known that culturing cells in rich YEPDmedium rather than in
synthetic defined minimal medium extends CLS [40–42] and this was
the case for both wt and sir2Δ cultures (Fig. 1E and F). Besides, sir2Δ
cells aged in YEPD medium lived longer than the wt ones (Fig. 1E). In
agreement with [12], no significant difference in CLS was observed
between the two strains grown on minimal medium when CFUs
were monitored until 99.9% of the population died (Fig. 1F). However,
CFUs monitored below this value (Fig. 1F) and some experiments
performed in another genetic background [12] may suggest that
SIR2 inactivation also affects positively chronological survivability in
minimal medium. Known interventions that increase CLS, such as
CR, promote longevity by reducing also the extracellular amount of
acetic acid [11,43]. It is therefore conceivable that the low level of
this compound in the sir2Δ medium might contribute to determine
the sir2Δ long-lived phenotype.

In parallel, since ethanol and acetate can be utilized by S.cerevisiae
as sole carbon and energy source under aerobic conditions, we also
examined the growth behavior of the sir2Δ mutant during exponen-
tial growth on these nonfermentable substrates. A marked decrease
in the Td of the sir2Δ mutant was detected for cells growing on
YEP/ethanol compared with the wt, while for cells grown on glucose
no significant differences were observed (Table 1). Similar results
were obtained for YNB-based medium (data not shown). Given that
ethanol enters the cells by passive diffusion, a faster growth can be in-
dicative of a faster ethanol catabolism in agreement with the faster
depletion of ethanol in the sir2Δ culture reported in Fig. 1, Fig. S1
and by [12]. When cells were grown on acetate, pH 5.8, the Td of
the wt and of the sir2Δ strain was similar. Nevertheless, lowering
the pH to 4 favored the mutant strain growth with respect to the wt
that displayed a severe growth defect (Fig. S2A). Uptake of acetate
is linked to a proton symport mechanism accompanied by passive
diffusion of the undissociated acid [44,45]. The acetic/acetate couple
forms a buffer system: at pH 4, acetic acid (pKa 4.75) is substantially
undissociated while at pH 5.8 the amount of the charged acetate
anion considerably increases. Consequently, at pH 4 the uptake of
acetate is facilitated because passive diffusion is elevated. Once inside
the cell (pH close to neutral), acetic acid dissociates causing intracel-
lular acidification that, in turn, is thought to have negative effects on
yeast metabolic activity explaining why acetate is generally toxic at
pH 4 [37,45]. The fact that the sir2Δ strain grows on acetate at pH 4
also suggests an increased resistance of these cells to acetic acid. Con-
sistently, sir2Δ cells showed less sensitivity to acetic acid stress at low
pH (Fig. S2B).

3.2. Lack of Sir2 correlates with a more efficient acetate utilization

In order to better define the metabolic consequences of the SIR2
inactivation and to obtain reliable quantitative measurements of
metabolite productions, we carried out experiments in chemostat. A
prototrophic sir2Δ strain was generated in a GRF18 background
(Table S1) since auxotrophic strains are less suited for quantitative
physiological analyses [46]. In this genetic background, the effects of
SIR2 inactivation were similar to those reported in Fig. 1 and Table 1
(data not shown). Aerobic glucose-limited chemostat cultures at a
low dilution rate (0.15 h−1) were set up for prototrophic sir2Δ and
wt strains. In both cultures the high biomass yield, the absence of fer-
mentation products and CO2 production (biomass and CO2 were the
only products), all indicated that the metabolismwas fully respiratory
(data not shown) [30]. To this starting condition, where the catabolite
repression is alleviated and the enzymes for catabolism of C2 com-
pounds are partially derepressed [47], an ethanol pulse was applied
with the simultaneous switch-off of the glucose influx/efflux. In such
a way, cells grow using ethanol as the sole carbon source. As shown
in Fig. 2A and Table 2, the ethanol specific consumption rate (qEtOH,



Table 1
sir2Δ mutant growth is favored on ethanol.

Medium Strain Td (h)*

Glucose wt 1.39±0.09
sir2Δ 1.41±0.03

Ethanol wt 4.38±0.36
sir2Δ 3.30±0.24

Acetate
pH 5.8

wt 2.19±0.2
sir2Δ 2.21±0.15

Duplication time (Td) of the indicated strains growing on different carbon sources. *Td
was calculated as ln2/k, where k is the constant rate of exponential growth. Data
represent the average of three independent experiments. Standard deviations are
indicated.
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mmol g−1 DW h−1) for the sir2Δ strain was higher than the wt one
indicating that SIR2 inactivation accelerates ethanol catabolism.More-
over, following the ethanol pulse, an immediate secretion of acetatewas
observed in both cultures (Fig. 2B) implying an increasedmetabolic flux
through acetaldehyde dehydrogenase towards acetate (Fig. 1A) in line
with other ethanol pulse experiments [48,49]. Acetate accumulation
in the medium is due to an imbalance between its production rate
from acetaldehyde and its conversion rate into acetyl-CoA (Fig. 1A).
Interestingly, the sir2Δ strain not only secreted less acetate than the
wt, but after a transient accumulation, the concentration of acetate
started to decrease quickly despite high levels of ethanol in themedium
(Fig. 2A and B). After 2 h from the pulse in the mutant, ethanol and
acetate were consumed in parallel (ethanol–acetate cometabolism)
and in the medium the latter was exhausted first (Fig. 2A and B). This
indicates that in the sir2Δ strain, acetate is metabolized faster than it
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is produced implying an increased metabolic flux downstream from
the acetate. Indeed, when an acetate pulse was applied to the aerobic
glucose-limited chemostat cultures set up for the sir2Δ and wt strains,
the acetate specific consumption rate (qAc, mmol g−1 DW h−1) of
the sir2Δ strain was higher than the wt one (Table 2) supporting the
assumption of a more efficient acetate metabolism in the mutant.
Table 2
SIR2 inactivation increases ethanol and acetate specific consumption rates.

Strain

wt sir2Δ

qEtOH (mmol g−1 DW h−1) 2.56±0.08 4.24±0.05
qAc (mmol g−1 DW h−1) 0.65±0.04 0.79±0.03

Ethanol (qEtOH) and acetate (qAc) specific consumption rates were determined in
ethanol and acetate pulse experiments, respectively. Data represent the average±
standard deviation of three independent replicates.
Acetate metabolism requires acetate activation by acetyl-CoA synthe-
tase isoenzymes Acs1 and Acs2, to acetyl-CoA which can be used to
fuel the glyoxylate and TCA cycles. In addition, acetyl-CoA is used for
synthesis of macromolecules which requires active gluconeogenesis
[50]. It has been reported that increase in Acs activity did not result in
enhanced acetate utilization [51,52] indicating that reactions down-
stream from Acs mainly control the in vivo rate of acetate activation.
In this context, off-gas analyses during the ethanol pulse gave some in-
formation about the reactions downstream from acetyl-CoA that were
influenced by SIR2 inactivation. No significant difference in the oxygen
specific consumption rate (qO2, mmol g−1 DW h−1) between the wt
and the sir2Δ strains was found (Fig. S3). This is indicative of a similar
mitochondrial respiratory activity. On the contrary, a higher CO2 pro-
duction rate was measured in the mutant during acetate accumulation
and utilization (Fig. 2B) suggesting that decarboxylation/s along the
pathway of the acetate metabolism is/are increased.

3.3. Lack of Sir2 correlates with enhanced gluconeogenesis

Phosphoenolpyruvate carboxykinase (Pck1) catalyzes the rate-
limiting step in gluconeogenesis by converting a C4 compound such
as oxaloacetate (OAA) to a C3, phosphoenolpyruvate. Pck1 is subjected
to different layers of regulation including posttranslational acetylation
at K514 by Esa1 which is crucial for its enzymatic activity, for the ability
of yeast cells to grow on nonfermentable carbon sources and for CLS
extension under a severe form of CR such as water starvation. Interest-
ingly, Sir2 is the enzyme responsible for Pck1 deacetylation [53]. In the
sir2Δ strain, during the ethanol pulse and during the growth in batch on
ethanol, Pck1 enzymatic activity was higher than that of the wt (Fig. 3A
and B). In addition, chronological aging sir2Δ cells had higher levels of
Pck1 enzymatic activity compared with the wt (Fig. 3C and D). Since
SIR2 loss of function increases acetylated Pck1 [53], these results
prompted us to investigate whether the increase of Pck1 enzymatic ac-
tivity detected in the sir2Δ cells was associated with an increase of the
acetylated form of the enzyme. To this end, wt and sir2Δ strains ex-
pressing a 3HA-tagged version of the endogenous Pck1were generated.
As shown in Fig. 3D and E and S4, SIR2 deletion did not affect Pck1-3HA
levels, while the amount of acetylated Pck1-3HA increased in the sir2Δ
strain comparedwith the wt. This suggests that SIR2 deletion correlates
with an in vivo increase of the acetylated enzymatic active Pck1 which,
in turn, may favor the gluconeogenic flux.

During growth on C2 compounds, the glyoxylate cycle is generally
assumed to be the exclusive source of OAA (derived from two mole-
cules of acetyl-CoA) which enters the gluconeogenic pathway [50].
Measurements of the enzymatic activity of isocitrate lyase (Icl1),
which is one of the unique enzymes of the glyoxylate cycle, showed
higher levels in the sir2Δ mutant compared with the wt during both
the ethanol pulse and batch growth (Fig. 4A). This further supports
the notion of an increased assimilation of C2 units by the way of the
glyoxylate/gluconeogenic pathway linked to SIR2 inactivation and
also gives some experimental evidence of the model proposed by [53]
concerning the role played by the Pck1 acetylation state in the control
of the gluconeogenic flux.

Gluconeogenesis switches the direction of metabolite flow to-
wards the essential biosynthetic precursor, glucose-6-phosphate,
which is also needed for glycogen and trehalose stores. In particular,
trehalose has been proposed to be a key determinant of the quiescent
metabolic state as a fuel reserve that enables yeast to survive starva-
tion and then rapidly proliferate upon return to favorable growth con-
ditions [54]. During stationary phase, in both the wt and sir2Δ strains
the trehalose content increased but in the mutant this disaccharide is
more abundant (Fig. 4B), in line with transcriptional data showing
down-regulation of genes involved in utilization/breakdown of treha-
lose [12]. Enhanced intracellular trehalose levels might contribute to
the reported stress-resistant phenotype of the mutant [12] and to im-
prove its survivability and CLS.



Fig. 4. SIR2 inactivation increases acetyl-CoA flux towards glyoxylate-requiring gluconeogenesis. (A) Icl1 enzymatic activity was measured at the indicated time-points after the
ethanol addition to glucose-limited chemostat cultures of Fig. 2 (left panel) and in wt and sir2Δ cells exponentially growing on ethanol in batch (right panel). (B) Intracellular tre-
halose content of the indicated strains grown as described in Fig. 1B. Measurements were performed during the exponential phase (EXP) up to the stationary one. Histograms were
obtained from mean values determined in three independent experiments. Standard deviations are indicated. (C) CLS of the indicated strains grown on minimal medium. One rep-
resentative experiment is shown. In parallel, extracellular concentrations of ethanol (D) and acetate (E) were measured in medium samples collected at different time-points. Day
0, diauxic shift. Data were obtained frommean values determined in three independent experiments. Standard deviations are indicated. (F and G) CLS of wt, icl1Δ and sir2Δmutant
cells grown as in (C) which have been harvested and resuspended in their cell free original media or subjected to cell free media-swap at Day 1 after the diauxic shift. One repre-
sentative experiment is shown.
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Starting from the aforementioned results, we analyzed the effects
on CLS and on extracellular ethanol and acetate levels following PCK1
or ICL1 deletions in the sir2Δ background. As depicted in Fig. 4C, loss
of PCK1 significantly reduced CLS in agreement with [53] but interest-
ingly this was also the case for ICL1 deletion, further underlying a
connection between gluconeogenesis and chronological longevity.
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Moreover, SIR2 deletion did not influence the CLS of pck1Δ mutants
and did not influence the CLS of icl1Δ mutants either (Fig. 4C).
Concerning extracellular ethanol and acetate, the effect produced by
both the single PCK1 and ICL1 deletions was opposite of that elicited
by SIR2 deletion. In fact, in both single pck1Δ and icl1Δ cultures, eth-
anol was exhausted later than in the wt one (Fig. 4D) and acetate was
detected at higher levels (Fig. 4E). In addition, pck1Δ and icl1Δ cells
showed more sensitivity to acetic acid stress at low pH (Fig. S5). Sim-
ilar to the effect on CLS, PCK1 and ICL1were epistatic to SIR2 in the path-
way involved in the metabolism of ethanol and acetate, since SIR2
deletion did not affect either ethanol consumption (Fig. 4D), acetate
levels (Fig. 4E) or acetic acid sensitivity (Fig. S5) that were detected in
the pck1Δ and icl1Δmutants. We next performed a media-swap exper-
iment amongwt, icl1Δ and sir2Δ cultures. The three strainswere grown
on minimal medium and, at Day 1 after the diauxic shift, cultures were
centrifuged and media were exchanged. The media exchange did not
influence the chronological survival of the sir2Δ strain (Fig. 4F and G)
whose CLS was the same despite more ethanol and acetate present in
the icl1Δ pre-conditioned medium, (Fig. 4D and E). On the contrary,
the sir2Δ pre-conditioned medium had a beneficial effect on the CLS
of both wt and icl1Δ strains (Fig. 4F and G). Interestingly, resuspension
of icl1Δ cells in the sir2Δ pre-conditionedmedium increased their CLS to
the same extent as that of the wt maintained in its original medium
(Fig. 4F and G). These results further show that the SIR2 deletion not
only decreases the level of extracellular factors which contribute nega-
tively to CLS, but also enables the cells to better cope with them. With
regard to acetic acid, its role during CLS, it is a matter of debate and a
clear consensus has not been reached yet [55]. Although preventing
acidification of the culture media which is mainly due to acetic acid is
sufficient to extend CLS [11,42], it is unlikely that the physiological ex-
tracellular accumulation of acetic acid during CLS standard experiments
may be the toxic determinant in itself.

To sum up, collectively these data indicate that a lack of Sir2
deacetylase activity positively affects acetate metabolism by enhancing
the glyoxylate-requiring gluconeogenesis. This also has a stimulatory
effect on ethanol catabolism in order to support the more rapid meta-
bolic flux downstream from the acetate activation into acetyl-CoA. It
follows that i) sir2Δ cells growbetter than thewt on ethanol and acetate
and ii) in the post-diauxic phase, following glucose exhaustion, these
cells avoid acetate accumulation in themedium and deplete extracellu-
lar ethanol faster. This C2 compound indirectly has CLS-shortening
effects by being metabolized to acetate. In fact, it has been previously
reported that the addition of ethanol towater can prevent CLS extension
of chronologically aging cells associatedwith their transfer towater [12].
This is a severe form of CR which dramatically extends CLS and such a
salutary effect is more pronounced in cells lacking Sir2 [12 and Fig. 5].
In line with this, ethanol add-back wt and sir2Δ cultures had a reduced
CLS comparedwith cells incubated inwater alone (Fig. 5). Moreover, in-
hibition of ethanol oxidation to acetate by pyrazole, an inhibitor of alco-
hol dehydrogenase 2 [39], abrogated the pro-aging signaling seen with
ethanol producing a CLS extension similar to that observed in water
(Fig. 5).

Enhancement in the intracellular flux of the central metabolic
pathways such as glycolysis/gluconeogenesis, can be rarely ascribed
to changes in a single enzyme since flux control is shared by multiple
steps and not usually localized in only one step. Nevertheless, a par-
ticular enzymatic reaction can exert a high degree of control over
the flux along a pathway and, hence, strongly influence the rate of
the flux itself. Thus, except for enzymes subjected to allosteric regula-
tion or feedback inhibition, it is reasonable to speculate that if the rate
of this crucial step could be increased, the overall pathway flux might
also increase. In this context, probably the major signal which trig-
gered the metabolic changes leading to an improved assimilation of
C2 units by the glyoxylate-requiring gluconeogenesis in the sir2Δ
mutant is the increase in the main flux-controlling step of the gluco-
neogenesis, namely the Pck1 enzymatic activity. This increase can be
brought about by the increase in the acetylated active form of Pck1
due to the lack of the Sir2-targeted deacetylation. Furthermore, the
enhancement in the direction of metabolite flow towards glucose-6-
phosphate in the sir2Δ may not only reduce pro-aging extracellular
signaling from ethanol/acetic acid but also increase the accumulation
of trehalose creating a beneficial environment that is important for
the long-term survival of non-dividing cells.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.bbamcr.2012.11.008.
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