





Mechanism of yeast aging

Figure 1. Growth medium conditions that extend chronological life span. (A) Relative to growth in SC 2%, reducing the glucose present in the medium,
use of glycerol as the carbon source, transfer to water, or addition of sorbitol increases cell survival. On the indicated days, the aging culture was
serially diluted ten-fold in rich YPD medium, and 5 ul of each dilution was spotted onto YPD agar plates and incubated for 48 hours at 30°C. A single
representative biological experiment for each condition is depicted; triplicate biological replicates were performed. SC 2%, SC 0.5% and SC 0.05% =
synthetic complete medium at the indicated glucose concentration; SG 3% = synthetic complete 3% glycerol; SC 2% H,O Txfr = SC 2% cells washed
and transferred to distilled water at day 2; SC 2% + 18% sorbitol = SC 2% supplemented with 18% sorbitol. (B) Glucose is depleted in logarithmically
growing cultures. The diploid strain BY4743 was grown overnight in YPD, and back-diluted 1:100 (starting density = ~1.4 x 10 cells/ml) in SC 2%
or SC 0.05% medium. Error bars are standard deviation of biological duplicates.

Table 1 48 hour cell density of chronologically aging
yeast under varying environmental conditions
BY4743 Density (cells/mL)
SC 2% 2.71 x 108 (£3.0%)
SC 0.5% 1.59 x 108 (+0.3%)
SC 0.05% 4.86 x 107 (+2.4%)
SG 3% 1.59 x 108 (£3.4%)

SC 2% + 18% Sorb
SC 2% pH 6.0
DBY746

WT (SC 2%)

sch9 (SC 2%)

2.23 x 108 (£5.0%)
3.37 x 108 (+1.7%)
Density (cells/mL)
1.95 x 108 (+1.7%)
2.00 x 108 (£2.1%)

Wild type BY4743, DBY746 or sch9A cells were grown for 48 hours in the indicated media, and the cell
density was calculated from the A600 measurement, based on a conversion factor of 2 x 107 cells/OD
unit. Parentheses denote standard deviation of three biological replicates.
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cells completely suppressed the life span extension from DR, and
phenocopied the life span of control cells.

Since different yeast strains have been shown to have very
different aging properties, at least with respect to replicative life
span (reviewed in refs. 50-52), we wished to confirm that a similar
cell-extrinsic mechanism of CLS extension by DR occurs in other
yeast strains. As was the case for BY4743, cell-free supernatant
from a 48 hour SC 0.05% culture was sufficient to increase the
CLS of 48 hour control cells in both W303AR5 and DBY746
cells (Fig. 2B and C). Likewise, cell-free supernatant from 48 hour
SC 2% cells prevented life span extension in 48 hour DR cells
in both strain backgrounds. BY4743, W303AR5 and DBY746
are commonly used for both replicative and chronological aging
studies in yeast and represent a diversity of genetic backgrounds.
Thus, we conclude that CLS extension from DR is due to altered
abundance of a cell-extrinsic aging factor and that this mechanism
of chronological aging is likely to be general among different strain
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backgrounds. Further, since glucose is
already depleted within 12 hours in both
control and DR cultures (Fig. 1B), the
aging factor cannot be glucose, although
accumulation of the aging factor is influ-
enced by the initial glucose concentration
of the aging culture.

Acidification of the medium promotes
chronological aging. Under standard
glucose culture conditions yeast cells accu-
mulate fermentation products, such as
ethanol, from sugars in aerobic culture.>?
This accompanies an increase in medium
acidity, presumably through secretion of
organic acids during fermentative metabo-
lism. We therefore asked whether the cell
extrinsic chronological aging factor might
be related to differential acidification of
the media in control versus DR cultures.
The initial pH of the culture medium was
unaffected by the glucose concentration;
however, significant acidification of the
medium was observed for BY4743 cells
grown in SC 2% after 24 hours, reaching
a final pH of 2.82 after 96 hours of
outgrowth (Table 2, Suppl. Fig. S2). Unlike
SC 2%, outgrowth in SC 0.5% had only
a slight effect on medium pH (pH 3.67)
(Table 2). Surprisingly, SC 0.05% cultures
became alkaline over the first 48 hours
and achieved a final pH of 5.80. Growth
in 3% glycerol (SG 3%) led to an attenu-
ation of acidification comparable to 0.5%
glucose cultures. The reduced acidification
of the culture environment in response
to DR was not specific to BY4743 cells;
a similar effect was observed in isogenic
MATo haploid cells (BY4742), as well as
in W303AR5 and DBY746 cells (Table 2,
Suppl. Fig. §2). Thus, acidification of the
culture medium is a general response that
(1) correlates with starting glucose concen-
tration, (2) is attenuated by DR and (3)
correlates inversely with CLS.

The differences observed in media pH
in control versus DR cultures indicates
that, although glucose is rapidly depleted
from the medium in both cases, DR
yeast cells are aging in a substantially
different environment than control cells.
This observation combined with the cell
extrinsic nature of the chronological aging
factor led us to consider the possibility
that CLS extension observed from DR

could be due to the less acidic environment experienced by these
cells. To test this possibility, we asked whether the addition of a
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Figure 2. Chronological aging is caused by a cellextrinsic factor. (A) BY4743, (B) W303ARS5 or (C)
DBY476 were grown in SC 2% or SC 0.05% medium for 2 days then resuspended in supernatant
from isogenic cells grown in either in SC 2% or SC 0.05% medium for 2 days. In each case, cells
grown for 2 days in SC 2% then transferred to cell free pre-conditioned medium from 2 day old SC
0.05% yeast (SC 2% — SC 0.05%) lived significantly longer than cells maintained in SC 2% medium
(SC 2%). Cells grown for 2 days in SC 0.05% then transferred to cell free pre-conditioned medium
from 2 day old SC 2% yeast (SC 0.05% — SC 2%) lived significantly shorter than cells maintained in
SC 0.05% medium. The asterisk in (C) indicates culture re-growth, a phenomenon known as gasping
that is observed in chronologically aging cultures when a small fraction of the population re-enters the
cell cycle. Error bars are standard deviation of three biological replicates.

pH buffer to the culture medium could influence the CLS of yeast
cells. In four different strain backgrounds, cells inoculated into SC
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Table 2 pH of aging cultures is influenced by media composition

5C2% $C 0.5% $C 0.05% 56 3% $C2% H,0 Txfr  SC2% + 18% Sorb
Initial 3.97 3.97 3.96 3.93 N/a 3.89
BY4743 2.82 (+0.07) 3.67 (£0.06) 5.80 (+0.19) 3.74 (+0.09) 5.87 (+0.12) 2.67 (+0.08)
BY4742 2.87 (+0.04) 4.21 (+0.04) 5.96 (+0.01)
W303AR5 2.54 (+0.07) 3.67 (+0.03) 6.01 (+0.02)
DBY746 2.90 (+0.09) 3.91 (£0.03) 4.75 (+0.39)
DBY746 sch9A 3.31 (+0.09)

Wild type cells were inoculated into the indicated medium and pH was measured after 96 hours of aging. Data is presented as mean pH of three biological replicates with standard deviation in parentheses.

2% supplemented with either of two different pH 6.0 buffers (a
citrate phosphate buffer, or a low salt MES buffer, see Materials
and Methods), showed significant increases in CLS, relative to
cells aged in unbuffered SC 2% (Figs. 3A-D; S3A and B). Cell
survival in buffered SC 2% was comparable to that of unbuffered
SC 0.05% medium. Unlike the case for cells grown in SC 0.05%
medium, however, cells grown in buffered SC 2% media reached a
similar maximal density to those in unbuffered standard medium
(2.71 x 108 vs. 3.37 x 108 cells/ml, Table 2). These observations are
consistent with a prior report that CLS can be increased by addi-
tion of base (NaOH) to the culture during aging.>

Since the pH of SC 2% cultures becomes acidified within 24
hours (Fig. S2), one possibility is that exposure to acidic condi-
tions early in life leads to a long-term increase in mortality.
Alternatively, it may be the case that mortality is high only while
cells are exposed to low pH. The latter hypothesis is attractive, as
this could explain the observation that transferring cells to water
after 48 hours increases CLS (Fig. 1). To further examine this
question, we asked whether raising the pH of the culture would
be sufficient to increase CLS after 2, 4 or 6, days of age in SC 2%
medium. In each case, subsequent addition of a concentrated pH
6 citrate phosphate buffer led to an apparently immediate increase
in survival (Fig. 3E). The slight volume change due to addition of
buffering components cannot account for this effect, as addition
of a volume matched control of unbuffered basic medium fails to
increase CLS (Fig. 3F). Likewise, transfer of cells grown in SC 2%
medium to water at day 2, 4 or 6 had a similar protective effect
(Fig. 3G). Thus, we conclude that removal of the cells from a low
pH environment rapidly decreases mortality and improves survival
of chronologically aging yeast cells.

Dietary restriction decreases extracellular production of
organic acids. Since organic acids are known to accumulate in
yeast cultures, we hypothesized that the relatively higher pH of
DR cultures might be due to altered secretion of acidic metabolic
by-products. Using high performance liquid chromatography
(HPLC), we were able to identify and quantify the accumulation
of several organic acids, including acetic, malic, citric, pyruvic,
and oxalic acids in cultures grown in the presence of 2% glucose
(Figs. 4; S4A and B). Consistent with our hypothesis, each of these
acidic metabolites accumulated to a lesser extent in SC 0.5% and
SC 0.05% cultures, relative to SC 2% cultures (Fig. 4). Similar to
the organic acid profile for SC 0.05%, acid metabolites did not
accumulate in cultures whose sole carbon source was 3% glycerol
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(Figs. 4 and S4C). The accumulation of acetic acid differed from
the other organic acids in that a decrease in acetate abundance
was observed following the initial increase. This is likely due
to the re-utilization of acetate as a carbon source when glucose
is depleted,”® and was observed in all four biological replicates
with HPLC and supported using an enzymatic acetic acid assay
detection kit (data not shown). Malic acid is excreted into the
environment, but not re-absorbed as a citric acid cycle interme-
diate, presumably because intracellular malate is replenished by
anapleurotic reactions.>> Regardless of these differential patterns of
acid accumulation, in each case DR led to a decreased abundance
of the acid product in the culture environment.

Acetic acid is toxic to yeast and sufficient for chronological
aging. We considered two possibilities for the acidic cell-extrinsic
aging factor: (1) low pH is sufficient to induce chronological aging
or (2) one (or more) specific component(s) of the aged culture
medium induces cellular senescence. As an initial test to determine
if an acidic extracellular environment alone was sufficient to cause
cell death, BY4743 cells were aged in SC 2%, SC 0.05%, or pre-
grown for 48 hours in SC 0.05% and buffered to pH 2.6 using a
concentrated citrate phosphate buffer. Buffering the media to pH
2.6 had only a modest inhibitory effect on DR, demonstrating that
an acidic environment alone is not sufficient to suppress the CLS
extension associated with DR (Fig. 5A).

We next examined the relative resistance of yeast cells to general
acid stress (hydrochloric acid) or to acid stress in the presence of
different organic acids identified in the aged culture medium.
Cells were challenged with varying concentrations of hydrochloric,
acetic, malic and citric acids for 200 minutes, and a dilution was
plated onto rich agar medium. Surprisingly, only treatment with
acetic acid showed a deleterious effect on cell survival, while the
other acids tested did not result in substantial mortality at any
concentration tested, even though the pH of the solutions became
acidic in each case (Fig. 5B and C; Suppl. Table 1). Treatment with
acetate (pH 7.0) had no effect on cell viability, indicating that only
acetic acid, and not the conjugate base, is toxic (Fig. 5D). These
data suggest that neither acetate nor acidic environment alone is
sufficient to rapidly kill yeast cells, but the combination of both is
toxic. Further, this toxicity is apparently specific to acetic acid, as
other organic acids do not have a similar effect.

In order to determine the relevance of acetic acid toxicity in
chronological aging, we next asked whether the addition of acetic
acid at physiologically relevant levels is sufficient to prevent CLS
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Figure 3. Buffering the aging culture at pH é extends CLS. Yeast strains (A) BY4743, (B) W303ARS5, (C) PSY316AT or (D) DBY746 were inoculated info
SC 2%, SC 0.05%, or SC 2% supplemented with a citrate phosphate buffer at pH 6.0 (SC 2% pH 6, see Materials and Methods). Buffering the SC 2%
medium increased CLS to an extent similar to DR. Error bars indicate the standard deviation of three biological replicates. (E) Addition of a pH 6.0 citrate
phosphate buffer in SC at day 2, day 4, or day 6 of chronological age is sufficient to increase CLS, relative to (F) cells treated with an equal volume of
unbuffered basic medium. (G) Transfer of cells from the aging culture to water at day 2, day 4 or day 6 also significantly increases CLS. The asterisk in
(G) indicates gasping (see Fig. Legend 2). Arrows indicate age at treatments. Error bars indicate the standard deviation of three biological replicates.

extension by transfer to water at day 2. Cells from day 2 SC 2%
cultures were transferred to low pH (2.8) water, and acetic acid
was maintained at 10 mM for the next 36 hours to replicate the
extracellular levels of this organic acid in chronologically aging
cells in SC 2% (see Materials and Methods). Relative to cells
maintained in water alone, cells maintained in water supple-
mented with 10 mM acetic acid had a significantly reduced CLS,
similar to that of cells aged in SC 2% (Fig. 6A). Addition of
acetic acid was also sufficient to prevent life span extension from
DR (Fig. 6B). Together, these data demonstrate that (1) acetic
acid in the environment of aging cells is dramatically reduced by
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DR or transfer to water, and (2) restoration of acetic acid to the
level observed in cells aged under standard conditions is suffi-
cient to fully suppress the CLS extension associated with these
interventions.

It has been previously reported that ethanol produced during
fermentative growth is a cause of chronological aging in yeast.*’
Ethanol produced during fermentation can be utilized as a carbon
source for respiratory metabolism in the post-diauxic phase, and
we observe this phenomenon in different strain backgrounds in our
standard aging cultures (Suppl. Fig. S5A and B). Additionally, the

sequence of ethanol metabolism requires the oxidation of ethanol
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Figure 4. Quantification of organic acid production during chronological aging. Organic acids were quantified by HPLC at the indicated age-points
for yeast cells grown in SC 2%, SC 0.5%, SC 0.05% or SG 3%. Quantification was performed for (A) acetic, (B) malic, (C) pyruvic, (D) citric and (E)
oxalic acids. The two peaks observed in the acetic acid profile were reproducible across multiple biological replicates and independent experiments and
verified using an enzymatic acetic acid assay (Boehringer Mannheim, see Materials and Methods, and data not shown). Error bars indicate standard

deviation of biological replicates (n = 4 for SC 2C%, SC 0.05% and SG 3%; n = 2 for SC 0.5%).

to acetaldehyde and the subsequent conversion to acetate in an
ATP-consuming reaction. To determine if ethanol could also be an
extracellular chronological aging factor, stationary phase yeast were
transiently treated (200 minutes) with either ethanol or acetic acid
and viability was determined. Ethanol only affected survival at the
highest concentration tested (3 M), while acetic acid had exhibited
toxicity at concentrations 10-fold lower than that of ethanol (Fig.
7A). Unlike ethanol, S. cerevisiae are unable to ferment methanol
to formic acid; however, a similar relative toxicity was observed
in cells transiently treated with either methanol or formic acid.
Methanol was not toxic at any concentration tested, while formic
acid displayed even greater toxicity than acetate, likely due to its
smaller size and greater ability to enter the cell (Fig. 7B). These
data support the hypothesis that acetic acid, not ethanol, is the
toxic product produced during chronological aging.

Although transient treatment with ethanol or methanol showed
no toxicity to yeast cells at concentrations where acetic and
formic acids showed complete toxicity, we wished to directly
test whether conversion of ethanol to acetic acid is sufficient to
cause chronological aging. The CLS of SC 2% cells transferred
to water containing 200 mM of either ethanol or methanol was
determined. We reasoned that cells maintained in the presence of
ethanol would convert the ethanol to acetic acid and show death
kinetics similar to normally aging cells, while cells maintained in
the presence of methanol would survive longer, since they would
be unable to convert the methanol to formic acid. Consistent with
this prediction, acidification and loss of cell viability similar to
normal chronological aging was only observed in ethanol treated
cells (Fig. 7C). Furthermore, the reduced viability of ethanol

treated yeast could be rescued by buffering the ethanol medium
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Figure 5. Acetic acid is specifically toxic to yeast cells. (A) BY4743 cells were aged in SC 2%, SC 0.05%, or pre-grown for 48 hours in SC 0.05% then
buffered to pH 2.6 with the addition of a concentrated buffer (see Materials and Methods). Arrow indicates age at buffer addition. Error bars indicate
the standard deviation of three biological replicates. (B) Acetic acid significantly reduced survival of 4 day old yeast cells cultured in SC 2%, but neither
malic nor citric acid had a similar effect, even though the pH was similar in each case (Table S1). (C) Addition of hydrochloric acid at a concentration
sufficient to decrease pH to a level comparable to 500 mM acetic acid did not reduce survival of 4 day old yeast cells. (D) Only acetic acid (pH 2.5)
and not the conjugate base (pH 6.0) caused cell death in BY4742 cells. Error bars indicate standard deviation of three technical replicates.

to pH 6 (Fig. 7D), thus alleviating the acid stress. Conversion of
ethanol to acetic acid was verified both by the change in pH and
by quantification of ethanol and acetic acid in the culture super-
natant 24 hours after addition of ethanol (Suppl. Fig. S5C and
D). Together, these results strongly suggest that acetic acid causes
chronological aging in yeast, and ethanol indirectly contributes to
chronological aging by being metabolized to acetic acid.

Resistance to acetic acid induced aging is associated with long
life span. Based on our model that acetic acid is the primary cause
of chronological aging in yeast, we reasoned that interventions
that substantially increase CLS could act by either (1) reducing
the amount of acetic acid present in the environment (via higher
medium pH or reduced secretion of acetic acid/acetate) or (2)
increasing the intrinsic resistance of the cells to acetic acid. DR,
growth in a non-fermentable carbon source such as glycerol, or
transfer to water can all be explained by reduced acetic acid in
the environment (Fig. 4). We therefore set out to determine the
mechanism of CLS extension associated with three additional
longevity-enhancing interventions: growth in high osmolarity
medium, deletion of SCHY, and deletion of RAS2.

Cells grown in SC 2% supplemented with 18% sorbitol or 300
mM NaCl are long-lived relative to control cells and have a CLS
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comparable to cells grown in DR medium (Fig. 1A).2*3% Unlike
the case with DR, medium acidification occurs to a similar extent
in control and high osmolarity medium after 96 hours of culture
growth (Table 2 and Suppl. Fig. S2). Therefore, reduced accumula-
tion of acidic metabolites is unlikely to explain CLS extension by
high osmolarity.

We next tested whether BY4743 cells grown in 18% sorbitol or
300 mM NaCl are resistant to acetic acid-induced death. Indeed,
relative to cells cultured in SC 2% medium, cells cultured in high
osmolarity medium show a significantly enhanced survival in the
presence of acetic acid (Fig. 8A). As expected, cells grown in DR
medium, glycerol medium, or transferred to water after 48 hours
do not show resistance to acetic acid (Fig. 8B). Thus, high osmo-
larity increases CLS by a mechanism distinct from DR, specifically
by increasing resistance to acetic acid.

Deletion of SCHY is the best-characterized genetic model
of increased CLS. Sch9 is known to regulate the response to
glucoseSG’58
as TOR, PKA and DR to increase yeast replicative life span.
Based on this, we reasoned that chronologically aging sch9A cells

and acts in the same or overlapping genetic pathway(s)
17,21

might phenocopy the reduced production of acetate associated
with DR, and that this contributes to the long CLS of these
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Figure 6. Acetic acid is sufficient to cause chronological aging. (A) 2-day old BY4743 cultures were transferred to water adjusted to pH 2.8 with HCI
and maintained at a concentration of 10 mM acetic acid. Acetic acid concentration was monitored every 1-2 hrs for the first 36 hours and additional
acetic acid was provided as needed to maintain a concentration of 10 mM (see Suppl. Fig. S8A). The total molar amount of acetic acid added was
108.6 mM. (B) 2-day old BY4743 cultures grown in SC 0.05% were first lowered to pH 2.8 with HCl and then supplemented with 10 mM acetic acid.
Acid was monitored similarly as (A) and added as needed over the first 36 hours (see Suppl. Fig. S8B). Mortality curve for SC 0.05% pH 2.8 + acetic
acid was normalized for culture growth observed during the course of adding the acid (see Suppl. Fig. S8C) by dividing the viability by the ratio of
culture ODs (pH 2.8 + acetic acid/pH 2.8 alone). Error bars indicate the standard deviation of 3 biological replicates for untreated and pH 2.8 cultures,
and 6 biological replicates of pH 2.8 cultures maintained at 10 mM acetic acid.

cells. Somewhat surprisingly, however, the pH of aging DBY746
sch9A cultures drops from 3.97 to 3.31 after 96 hours (Table 2).
This acidification occurs despite the fact that sch9A cells are slow
growing (Suppl. Fig. S7). The slight reduction in acidification
that occurs in the sch9A strain relative to the parental back-
ground suggests that a partial effect on life span extension may be
explained by an attenuated secretion of fermentation products in
the medium, and is consistent with reports that SCH9 has a role in
repressing respiratory metabolism in the presence of glucose.”

In addition to extended CLS, deletion of SCH9 is associ-
ated with enhanced resistance to a variety of stresses, including
oxidative and thermal stress.3! We therefore tested whether sch9A
cells are also resistant to acetic acid stress. Similar to cells treated
with 18% sorbitol or 300 mM NaCl, DBY746 sch9A cells show
a significant increase in survival after treatment with acetic acid
(Fig. 8C). The life span extension observed by deletion of SCH9
has been demonstrated by epistasis experiments to be dependent

9 Cell Cycle

on the glucose-repressible protein kinase RIMI 5,31 and partially
dependent on the transcription factor GIS1.23 Consistent with
these longevity data, RIM15 and GISI were required for enhanced
acetic acid resistance in BY4742 sch9A cells (Fig. 8D). Based on
these observations, we conclude that R/M15 and GISI-dependent
resistance to acetic acid induced cell death is likely the primary
mechanism by which deletion of SCHY increases CLS.

Deletion of the gene RAS2 has been shown to increase CLS,
and RAS2 acts upstream of PKA to repress stress resistance.?3’
Similar to sch9A cells, ras2A cells showed an increased survival
following exposure to acetic acid (Fig. 8E). These data suggest that
deletion of SCH9 and RAS2 both extend CLS in defined medium
by increasing cellular resistance to acetic acid produced during
fermentation.

Since acetic acid resistance by SCH9 deletion was shown to be
dependent upon RIMI15 and GIS1, we reasoned that these genes
might also be involved in acid resistance associated with high
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Figure 7. Metabolism of ethanol to acetic acid. (A and B) Stationary phase Saccharomyces are more resistant to the ethanol and methanol than to the
corresponding metabolic acid by-products, acetic acid and formic acid acidic. (C) 2-day old cultures transferred to water containing 200 mM ethanol
have a shorter CLS than cultures transferred to methanol-containing water, and a concomitant acidification of the culture medium only occurs in cells
receiving ethanol. (D) The short CLS of ethanol treated cultures can be rescued by buffering the culture medium to pH 6. Error bars indicate the standard

deviation of three biological replicates.

osmolarity. Consistent with this idea, RIM15 is required for the
corresponding increase in CLS observed in 18% sorbitol medium
(Fig. 8F). Thus, we conclude that CLS extension from growth in
high osmolarity medium, deletion of SCHY, or deletion of RAS2
can be explained, at least in part, by enhanced resistance to acetic

acid induced death.

Discussion

Yeast has proven to be a useful model organism for studying
the genetic modulation of longevity.26’27 A molecular mechanism
of yeast replicative aging was described several years ago,? although
other mechanisms exist and have yet to be characterized. Here we
describe a molecular mechanism of chronological aging caused
by extracellular acetic acid, which accumulates in the culture
medium as a by-product of fermentative metabolism. Although
several other organic acids also accumulate in the culture medium
during chronological aging, only acetic acid is sufficient to cause
chronological aging. We conclude that a variety of interventions
known to increase CLS, including DR, transfer to water, growth in
glycerol, high osmolarity, deletion of SCHY, and deletion of RAS2,

promote longevity by either reducing acetic acid accumulation or
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increasing resistance to acetic acid-induced death (Fig. 9). These
findings strongly support the hypothesis that acetic acid toxicity is
the predominant cause of chronological aging under the standard
conditions used in a majority of prior studies.

Decreased acetic acid production results from a metabolic
shift toward respiration. The observation that DR, or replacing
the glucose carbon source with glycerol, leads to a reduced
accumulation of acetic acid during chronological aging can be
explained by a metabolic shift from fermentation to respiration.
Acetic acid is produced as a by-product of fermentative metabolism
in yeast, due to conversion of acetaldehyde to acetate.’® A similar
metabolic shift toward respiration has been reported for cells
with reduced TOR signaling'# or cells overexpressing the HAP4
transcription factor, and both of these interventions results in
increased CLS.'%42 Thus, it seems likely that CLS extension from
these interventions, like DR, occurs through decreased produc-
tion of acetic acid in the aging culture (Fig. 9). Our results are
also consistent with prior work showing that ethanol production

S,47 since metabolic utilization of

correlates inversely with CL.
ethanol results in production of acetic acid. In addition, they are

consistent with a recent report that overexpression of the alcohol
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Figure 8. High osmolarity, deletion of SCH9, or deletion of RAS2 increase CLS by enhancing resistance to acetic acid. (A) Four day old BY4743 cells
grown in SC 2% supplemented with 18% sorbitol are significantly more resistant to acetic acid, compared to control cells. (B) Growth in reduced glu-
cose medium, growth in 3% glycerol, or transfer to water does not significantly increase resistance to acetate. Deletion of SCH? increases resistance to
acetic acid in (C) DBY746 and (D) BY4742 cells. Acetic acid resistance associated with deletion of SCH? requires both Rim15 and Gis1. (E) BY4742
ras2A cells are resistant to acetic acid, relative to parental wild type cells. (F) CLS life span extension by growth in high osmolarity is dependent upon
the protein kinase RIM15. Error bars indicate the standard deviation of three technical replicates.
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Figure 9. Model for acetic acid as a cause of chronological aging in
yeast. Chronological life span can be increased by either (1) increasing
cellular resistance to acetic acid produced as a by-product of fermentative
metabolism or (2) by reducing the amount of acetic acid produced via
a shift toward respiratory metabolism. This model explains many known
modifiers of CLS.

dehydrogenase Adhlp increases CLS,%
biochemical pathway towards ethanol production and away from
acetic acid metabolism. Furthermore, our data show that deletion

as this would drive the

of ADH2, the alcohol dehydrogenase which primarily converts
ethanol to acetaldehyde, also increases CLS (Suppl. Fig. S7A and
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B), supporting the assertion that genetic interventions which drive
metabolism away from acetic acid production increase CLS.

It is interesting to note that, like DR, overexpression of HAP4
also increases replicative life span.® Tt was initially proposed that
this increase in replicative life span was due to activation of Sir2
in response to elevated respiration; however, more recent data has
called this model into question.*4 Given that high osmolarity®! and
deletion of SCH9°? also increase replicative life span, the possibility
that acetic acid induced aging might contribute to replicative aging
warrants further examination. However, a key difference between
the two yeast aging assays is that yeast cells aging chronologically
in liquid culture do so in spent media at relatively high density
whereas replicatively aging yeast live in relative isolation on solid
media.% Thus, it seems unlikely that extracellular accumulation of
acetic acid occurs to any great extent during replicative aging.

Acetic acid induced aging and programmed cell death. The
mechanism(s) by which acetic acid kills yeast cells is an area of
active study. It is generally agreed that the acetate anion is not
readily taken up from the environment by yeast cells, but that
protonated acetic acid can cross the plasma membrane resulting
in acidification of the intracellular space.®*®> This explains our
observation that buffering the pH of the aging culture is sufficient
to increase CLS, even after 2, 4 or 6 days, and also explains why
exposure to acetic acid is not toxic to yeast cells when the growth
medium is buffered to pH 6.0. While we have shown that acetic
acid is sufficient to cause chronological aging, we note that produc-
tion of other organic acids during chronological aging is likely to
enhance acetic acid toxicity by further lowering the pH. Thus,
while acetic acid is a proximal cause of chronological aging, malic,
citric, pyruvic and other organic acids are likely to play a secondary
contributing role.

At concentrations appreciably higher than those observed in
chronologically aging cultures, acetic acid can initiate a cell death
pathway that has been likened to programmed cell death (PCD).%°
PCD in response to acetic acid molecularly and morphologically
resembles apoptosis, insofar as it requires cytochrome ¢ release
and depolarization of the mitochondrial membrane potential.®’
Interestingly, aging yeast cells show markers consistent with
apoptotic cell death and deletion of the yeast metacaspase gene
YCAI modestly increases CLS.9%%% It is therefore reasonable to
speculate that acetic acid induced chronological aging induces
PCD. Whether PCD occurs in all chronologically senescent cells
or in only a fraction of cells remains unknown. It has also been
speculated that PCD is associated with adaptive outgrowth in a
minority of the cell population, which may suggest that alternative
pathways of acetic acid induced cell death are at play in a majority
of the senescent cells.3270:71

A predominant hypothesis in the field has been that chrono-
logical aging is caused by oxidative damage resulting from reactive
oxygen species. This hypothesis is supported by experimental
evidence. For example, some chronologically long-lived cell types,
such as sch9A, cyrl-1, and superoxide dismutase overexpressing

3137 Likewise, markers

cells, are also resistant to oxidative stress.
associated with oxidative stress have been observed in chrono-

logically aging cells.®® Our data are not inconsistent with these
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observations, but suggest an alternative hypothesis: namely that
oxidative stress is a secondary effect of acetic acid induced cell
death, perhaps occurring as part of the PCD process, rather than a
cause of chronologic aging. It is also possible that oxidative damage
accumulates as part of the normal chronological aging process, and
perhaps even contributes to acetic acid sensitivity in aging cells.
Regardless, our data clearly demonstrate that the primary cause of
chronological aging under standard conditions is extracellular and
can be directly attributed to acetic acid.

Relevance of yeast chronological aging to aging in other
organisms. Given the nature of our findings, it will be important
for future studies to carefully explore the relevance of the yeast
chronological aging paradigm as a model for dietary restriction
specifically, and aging generally, in multicellular eukaryotes. How
acetic acid induced cell death could contribute to aging of higher
organisms is not immediately apparent. Nonetheless, it may be the
case that underlying similarities exist. For example, accumulating
evidence suggests that age-associated changes in the extracellular
milieu occur as a consequence of cell senescence and can contribute
to cellular dysfunction and disease in people.”? While the precise
molecular mechanisms accounting for these changes may not be
shared between yeast and humans, the cellular responses could be
quite similar.

In this study, we have explored only the standard method for
measuring CLS that has been used in a majority of prior studies.
Other methods for chronologically aging yeast cells have been
described or can be envisioned, including aging cells in rich media
such as YPD (2% yeast extract, 1% peptone, 2% glucose), aging
cells in buffered media, or transferring aged cells to water and
maintaining them at high temperature. Whether one or more of
these alternative methods will ultimately prove to be a better model
of aging in multicellular eukaryotes than the standard conditions
remains to be determined.

In support of the idea that yeast CLS shares features with aging
in other organisms, we note again that several genetic and envi-
ronmental factors that modulate CLS also modulate aging in other
systems. DR, Sch9 (S6 kinase), and TOR all play a similar role in
modulating longevity in replicatively aging yeast cells, worms and
flies.”? Decreased PKA activity also increases yeast replicative life
span’4 and has been recently associated with increased life span
in mice.”> It may be that these similarities can be accounted for
by a general increase in stress resistance. Alternatively, there may
be underlying metabolic or molecular changes that modulate
longevity in evolutionarily divergent organisms through conserved
pathways. Until the detailed mechanisms by which these factors
increase life span in different organisms is known, it will be impor-
tant to continue to characterize the molecular causes of aging in
diverse systems.

Materials and Methods

Strains and growth conditions. Saccharomyces cerevisiae diploid
strain BY4743 (MATalow his3A1 leu2A0 ura3A0), and the haploid
strains BY4742 (MATo. his3A1 len2A0 lys2A0 ura3A0), W303AR5
(MATa wra3-1 len2-3, 112 trpl-1 his3-11, 15 canl-100 rad5-
535::RAD5 rDNI1::ADE2), PSY316AT (MATo. ura3-52 leu2-3,
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112 his3-A300 ade2-101 lys2-801) and DBY746 (MATo leu2-3,
112 his3A1 trpl-289 ura3-52 GAL*) were used throughout this
study. DBY746 and the isogenic sch9A mutant were a kind gift
from V. Longo and P. Fabrizio. Chronological aging assays were
performed using outgrowth data from a Bioscreen C MBR machine
as previously described.?” All aging cultures were initiated by seeding
a single colony on YPD agar into 5 mL of rich medium (YPD) over-
night. A 1:100 dilution of this culture was then made into synthetic
complete (SC) medium, containing glucose or glycerol at the indi-
cated concentrations. Basic medium is 1.7 g/L Yeast Nitrogen Base
(-AA/-AS) (BD Difco™) and 5 g/L (NH,),SO,. Components of
the SC medium used in this study have been described elsewhere in
careful detail.? All strain auxotrophies were compensated for with
four-fold excesses of amino acids. Cultures were grown and aged in
a roller drum enclosed in a water-jacketed incubator at 30°C.

For incubations in water, cultures were centrifuged at 3,000 x g
for five minutes in a refrigerated Sorvall HS-4 swinging bucket
rotor. The spent medium was discarded, and the cell pellets were
washed twice with water before resuspension in a volume of water
equal to initial culture volume. For experiments using conditioned
medium, yeast was inoculated in either SC 2% or SC 0.05%
media and the cells were pelleted at 3,000 x g for five minutes. The
conditioned medium was harvested and filtered through 0.22 um
filters. The cells were washed twice in water before resuspension in
switched medium.

For growth in buffered medium, either a citrate phosphate
buffer (64.2 mM Na,HPO, and 17.9 mM citric acid, pH 6.0), or
a low salt 0.1 M MES buffer adjusted to pH 6.0 was added to the
medium prior to inoculation. In cases where buffer was added at
later age points, a 10X solution of the citrate phosphate buffer in
basic medium was added at the appropriate volume. For the pH
2.6 citrate phosphate buffer, a 10X concentrated buffer was added
to bring the final concentration of the aging medium to 10.8 mM
Na,HPO, and 44.6 mM citric acid.

Glucose, ethanol and acetic acid enzymatic detection assays.
Glucose/Glucose Oxidase Assay Kit was purchased from Invitrogen
Molecular Probes (cat# A22189). At designated time points, an
aliquot was removed from the aging culture, the cells were pelleted
at 3,000 x g for 1 min, and the supernatant was filtered through
a =0.45 um filter and stored at -80°C until analysis. The super-
natant was diluted 1:1,500-1:2,000 for 2% glucose, and 1:30 for
0.05% glucose, and assayed twice per biological replicate (n = 2)
on a Molecular Devices UVMax kinetic microplate reader at 560
nm absorbance.

Enzymatic detection of acetic acid was performed using
Bochringer Mannheim r-biopharm Acetic Acid Kit (cat # 10
148 261 035), following the manufacturer’s instructions, diluting
samples 1:2 prior to assaying concentration. Ethanol detection
was performed using BioVision, Inc., (cat # K620-100) following
the manufacturer’s instructions, diluting samples 1:50 (for SC
0.05%) or 1:250 (for SC 2% or addition of 200 mM EtOH)
prior to assaying concentrations. All samples were filtered sterilized
through <0.45 um filter and stored at -80°C until analysis.

Analysis of gene expression by real time PCR. Cell lysates were
made from logarithmically growing BY4743 cells in SC 2% and
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SC 0.05% (OD = 0.4-0.5) as previously described.”® RNA was
purified from 5 A, units of the cell lysate using Qiagen RNeasy
Mini Kit (cat # 74104) following the manufacturer’s instructions.
Reverse transcription was performed using Invitrogen SuperScript
II reverse transcriptase (cat # 18080-044) using oligo d-T primer.
Quantitative PCR was performed using an iCycler (Bio-Rad,
Hercules, CA) and the iQ SYBR-green Supermix (cat # 170-8882)
detection reagent. All starting quantities were normalized to the
yeast gene PRP8, and the fold change is expressed relative to cells
grown in SC 2%. RNA was purified from two biological samples
each from SC 2% and SC 0.05% cultures, and all samples were
analyzed in triplicate. Primer sequences for QPCR expression
analysis are as follows: CYT1 5'-TCA TGC ATC CAT TAG AAG
AGG TTA C-3' and 5'-TCA TCA GGT TCG TCA TCG TAT
TC; ALD2 5'-ACG ATG AAG ATG TTA CCG TTC C-3' and
5-TGT GAA CTG CTT TTG TTT GAA GAT A-3'; CIT1
5'-GTG GTA ACG TTT CTG CCC ATA C-3' and 5'-AAC
CAG CGG CCA AAG ATA AG-3'; FBP1 5'-AAT GGT AGC
CGCTTG CTATG-3" and 5'-TCG CCCAAG TTT GTG TCT
AAG-3"; ACS1 5'-TGG CCA AGG CTA TTC CAT TAC-3' and
5'-CTT GCG AAC GCC CAT AGA G-3'; HAP4 5'-CGC ATC
ACC ATG ACG AGT TAG-3' and 5'-GTA CCG GCA CTA
CCG TCA ATA C-3'; PRP8 5'-GCG GCCTTT ATT TAT GGT
ATG TC-3' and 5'-CTC CGA TGT CAG GGA TGT TG-3".

High performance liquid chromatography and organic acid
analysis. Cells were grown according to our CLS aging protocols,
and at the indicated time points, an aliquot of 500 ul was removed
from the culture tube. Cells were pelleted at 3,000 x g for 1 min,
and the supernatant was removed and filtered through a 0.22 um
syringe filter. The samples were frozen at -80°C until analysis.

An Aminex HPX-87H column (BioRad cat # 125-0140) was
used with a Varian Pro Star UV detector and pump. Organic acids
were detected at abs 210 nm, with 4 mM H,SO, as the mobile
phase at a flow rate of 0.6 ml/min at room temperature. Organic
Acid Analysis Standard (BioRad cat# 125-0586) at varying
concentrations was used for the purposes of assigning elution times
and generating a standard curve of organic acid concentration.
50 ul of undiluted supernatant was injected once per biological
replicate. Varian Star Chromatography Workstation was used for
identifying elution times of the various acids and performing inte-
grations, with all peaks and integrations verified by the user. Acetic
acid concentrations were verified using an enzymatic acetic assay
(Boehringer Mannheim, cat # 10 148 261 035), following the
manufacturer’s instructions.

Organic acid treatments. Cultures were grown in the indicated
medium to 96 hour stationary phase. Concentrated organic acids
were added at either a 1:5 or 1:10 ratio of acid/culture volume to
500 uL. 0 mM treatments were carried out by adding a volume
matched control of water to the culture. Cells were incubated for
200 mins at 30°C with regular mixing. After incubation, cultures
were diluted 10,000 fold in liquid YPD and plated for colony
forming units (CFUs). The plates were incubated at 30°C for 3 days
and CFUs were counted. Percent CFUs were normalized to the 0
mM treatment. pH was measured after the 200 minute incubation
with litmus paper to determine the acidity of each treatment.
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Experiments to determine whether addition of physiologic
levels of acetic acid (10 mM) at low pH is sufficient to accelerate
chronologic aging in DR cultures were performed in the following
manner. In either low glucose (SC 0.05%) or cells transferred to
water, the culture pH was adjusted to pH 2.8 with HCl at 48 hours
for both the control and acetic acid add-back cultures, and then 5
M acetic acid was added to bring the culture to a final concentra-
tion of 10 mM. The culture was monitored at one or two-hour
intervals for 36 hours using the Boehringer Mannheim r-biopharm
Acetic Acid Kit (see above) and the appropriate volume of 5 M
acetic acid was added to maintain the concentration at 10 mM (see
Suppl. Fig. S8 for measurements and additions). In SC 0.05%, but
not in cultures transferred to water, addition of acetic acid initially
increased cell density (Suppl. Fig. 8C). In cases where cell density
increased as a result of treatment, the life span curve was normal-
ized to the fold increase.
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