RESEARCH ARTICLE

SOCIETY FOR

microsiotocy | Cellular BiOlOgy® o.)

‘Ll AMERICAN Molecular and

Check for
updates

Caloric Restriction Extends Yeast
Chronological Life Span by Optimizing
the Snf1 (AMPK) Signaling Pathway

Margaret B. Wierman,® Nazif Maqani,® Erika Strickler,® Mingguang Li,>
Jeffrey S. Smith?

Department of Biochemistry and Molecular Genetics, University of Virginia School of Medicine, Charlottesville,
Virginia, USA?; Department of Laboratory Medicine, Jilin Medical University, Jilin, China®

ABSTRACT AMP-activated protein kinase (AMPK) and the homologous yeast SNF1
complex are key regulators of energy metabolism that counteract nutrient deficiency Received 12 October 2016 Returned for
and ATP depletion by phosphorylating multiple enzymes and transcription factors L L LI eap el sl S C T

March 2017
that maintain energetic homeostasis. AMPK/SNF1 also promotes longevity in several Accepted manuscript posted online 3 April

model organisms, including yeast. Here we investigate the role of yeast SNF1 in me- 2017
diating the extension of chronological life span (CLS) by caloric restriction (CR). We Citation Wierman MB, Magani N, Strickler E, Li
find that SNF1 activity is required throughout the transition of log phase to station- MSmits017 Caloriciestictionlextends

. . . . . X . yeast chronological life span by optimizing the
ary phase (diauxic shift) for effective CLS extension. CR expands the period of maxi- Snf1 (AMPK) signaling pathway. Mol Cell Biol
mal SNF1 activation beyond the diauxic shift, as indicated by Sak1-dependent T210 37:€00562-16. https://doi.org/10.1128/MCB

.00562-16.

Copyright © 2017 American Society for
Microbiology. All Rights Reserved.

phosphorylation of the Snf1 catalytic a-subunit. A concomitant increase in ADP is
consistent with SNF1 activation by ADP in vivo. Downstream of SNF1, the Cat8 and
Adr1 transcription factors are required for full CR-induced CLS extension, implicating Address correspondence to Jeffrey 5. Smith,
an alternative carbon source utilization for acetyl coenzyme A (acetyl-CoA) produc- jss5y@virginia.edu.

tion and gluconeogenesis. Indeed, CR increased acetyl-CoA levels during the diauxic

shift, along with expression of both acetyl-CoA synthetase genes ACST and ACS2. We

conclude that CR maximizes Snf1 activity throughout and beyond the diauxic shift,

thus optimizing the coordination of nucleocytosolic acetyl-CoA production with mas-

sive reorganization of the transcriptome and respiratory metabolism.
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Ithough each eukaryotic species suffers from its own set of age-related maladies,

characteristics of the aging process at a cellular level are well conserved, including
mitochondrial dysfunction, inefficient turnover of damaged proteins and organelles,
accumulated reactive oxygen species (ROS) damage, and gradual breakdown of chro-
matin structure (reviewed in reference 1). Given the variety of the cellular components
involved, it is astounding that any single intervention can alleviate the deterioration of
all these processes. Caloric restriction (CR), however, slows the onset of aging-related
pathologies and extends life span in almost every model organism tested, ranging from
yeast to mammals (reviewed in reference 2). Some mechanistic commonalities for CR
have emerged, including upregulation of cellular autophagy, increased mitochondrial
respiration, protective oxidative stress responses, and decreased protein synthesis
(reviewed in reference 3). The majority of these processes are regulated by a series of
highly conserved nutrient signaling pathways, including the AMP-activated protein
kinase (AMPK) signaling pathway (4).

AMPK is the eukaryotic cell's primary energy sensor, regulating metabolism and
other downstream processes while interacting with other signaling pathways (5).
Experimental evidence for AMPK as a mediator of the CR longevity response is
mounting. In Caenorhabditis elegans, AMPK is activated and required for life span
extension under certain CR regimens (6, 7). In Drosophila, overexpressing the upstream
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AMPK-activating kinase LKB1 extends life span (8), but metformin-induced AMPK
activation does not (9). Whether AMPK directly mediates life span extension by CR in
mouse remains an unsettled issue (10), but AMPK’s effects on other known longevity
pathways support its role as a CR nexus. In mice, AMPK signaling inhibits target of
rapamycin (TOR) activity directly by phosphorylating the Raptor subunit (11) and
indirectly by phosphorylating the upstream kinase tuberous sclerosis protein 2 (TSC2)
(12). The FOXO family of transcription factors, downstream effectors of reduced insulin/
insulin-like growth factor (IGF) signaling (rllS)-mediated life span extension, are also
direct targets of AMPK phosphorylation in C. elegans and mice (6, 13), but it is not clear
how these phosphorylation events drive the effects on life span, if at all.

In the budding yeast Saccharomyces cerevisiae, the analogous AMPK complex is
known as SNF1 (14). As in multicellular eukaryotes, downstream targets of SNF1 are
involved in the regulation of multiple cellular processes, including metabolism, cell
growth and division, autophagy, and adaptive stress responses (15, 16). Given this
broad degree of conservation, we have utilized the yeast chronological life span (CLS)
model of postmitotic aging to gain a better understanding of the role that AMPK/SNF1
signaling plays in CR-mediated life span extension at the cellular level. CLS is a
measurement of cell survival during prolonged incubation in stationary phase (17) and
is distinct from replicative life span (RLS), which is defined by the number of successful
cell divisions before senescence. Here we demonstrate that SNF1 activity is required
throughout the transition from fermentative to respiratory metabolism (termed the
diauxic shift) to maximize CLS and to mediate the extension of CLS under CR condi-
tions. CR significantly broadens the period of SNF1 activity during the transition, as
measured by elevated T210 phosphorylation of the catalytic Snf1 a-subunit. Further-
more, the prolonged Snf1 phosphorylation correlates with CR-induced elevation of
cellular ADP, consistent with ADP being a key metabolite that directly regulates SNF1
in vivo (18). We go on to identify the transcription factors Cat8 and Adr1 as key
downstream SNF1 targets required for CLS extension by CR. Cells lacking Cat8 and Adr1
were unable to fully activate target gene transcription in response to CR during the
diauxic shift, thus blocking CLS extension. A model of CR-mediated yeast CLS extension
centered on SNF1 is presented.

RESULTS

Snf1 mediates maximum CLS extension by CR. For the yeast chronological aging
system, CR typically involves reducing the starting glucose concentration of a liquid
culture at the time of inoculation and allowing the cells to enter stationary phase (19).
Exponentially growing yeast cells preferentially ferment glucose into ethanol and
acetate. As glucose is depleted, cells then reorganize their transcriptional and metabolic
programs to favor the catabolism of secreted ethanol and acetate as nonfermentable
carbon sources for energy and biomass production (20). This programmed transition is
called the diauxic shift and involves a nutrient (glucose) depletion-triggered signaling
cascade featuring activation of SNF1 (16), a heterotrimeric kinase complex consisting of
a catalytic a-subunit (Snf1), a regulatory y-subunit (Snf4), and one of three possible
scaffolding B-subunits (Gal83, Sip1, or Sip2) (21) (Fig. 1A). Cells lacking Snfl are
defective in glycogen accumulation and do not properly enter stationary phase (22),
resulting in a dramatically shortened CLS (23).

Expression profiling of cells grown to stationary phase under CR conditions revealed
that the genes involved in acetate utilization were upregulated compared to those in
nonrestricted (NR) yeast cells (24). Since Snf1 was known to be important for alternative
carbon source utilization (25), we hypothesized that it was mediating the CLS extension
induced by CR. To test this idea, we first deleted SNFT and aged the mutant in synthetic
complete (SC) medium with NR (2.0%) or CR (0.5%) initial glucose concentrations. CR
extended the CLS of a wild-type (WT) strain (BY4741) (Fig. 1B) but had little effect on
the short CLS of the snflA mutant (Fig. 1C). Larger colonies that appeared after day 13
were derived from cells that underwent a phenomenon known as adaptive regrowth
(or “gasping”), whereby spontaneous mutants that have a survival advantage occur
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FIG 1 Snf1 is required for normal chronological life span and life span extension by glucose and methionine
restriction. (A) The yeast SNF1 complex shares a conserved heterotrimeric structure with mammalian AMPK
consisting of one catalytic a-subunit (Snf1), a regulatory y-subunit (Snf4), and one of three possible B-subunits
(Sip1, Sip2, or Gal83). Activity of the complex requires phosphorylation of T210 within the activation loop of Snf1.
KD, kinase domain of Snf1. (B) Semiquantitative CLS assay of WT (BY4741) grown under nonrestricted (NR, 2%
glucose) or calorie-restricted (CR, 0.5% glucose) growth conditions. (C) CLS of the snflA mutant (J51394) under NR
and CR conditions. (D) CLS of BY4741 in normal (125-mg/liter) or restricted (5-mg/liter) concentrations of
methionine. (E) CLS of BY4741 supplemented with 25 mM isonicotinamide (INAM). (F) CLS of snflA mutant under
normal or restricted methionine conditions. (G) CLS of snflA with or without INAM supplementation.

within the population (26). SNF1 was also required for the extension of CLS induced by
methionine restriction (Fig. 1D and F), another dietary regimen that extends the life
span of organisms ranging from yeast to mice (reviewed in reference 27). However, the
CLS-extending compound isonicotinamide (INAM) clearly extended CLS of the snflA
mutant (Fig. 1E and G), consistent with INAM changing the stationary-phase gene
expression profile differently from CR (24) and indicating that INAM extends CLS
through a more Snfl-independent mechanism.

To further investigate the role of Snf1 in CLS and dietary restriction, we focused on
the glucose model of CR. It was possible that poor stationary-phase viability of the
snflA mutant was simply masking the beneficial effect of CR on CLS rather than CR
functioning through SNF1 signaling. To address this idea, we took advantage of a
specialized Snfl mutant protein (Snf1-as) that functions normally but is specifically
inactivated by the cell-permeable kinase inhibitor 2NM-PP1 (28). Importantly, this
compound has no effect on the normal Snf1 protein. This system allowed for inacti-
vation of Snf1-as after cells had already progressed through the diauxic shift. Based on
growth curves, both the WT and snfl-as strains from NR and CR cultures entered the
diauxic shift approximately 12 h after inoculation and stopped doubling by 24 h (Fig.
2A), indicating that they had progressed through the diauxic shift. 2NM-PP1 was added
to the WT and snf1-as cultures either at the time of inoculation (0 h), at the onset of the
diauxic shift (12 h), or after the shift (24 h) as indicated schematically in Fig. 2B. CLS was
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FIG 2 Inhibiting Snf1 after the diauxic shift shortens CLS. (A) Growth curve with SNF1 control strain (PY855) and mutant snfl-as strain (PY856) showing the
cessation of cell growth within 24 h after inoculation. 2NM-PP1 was not added to the cultures. (B) Schematic diagram of timing for cell growth and addition
of either dimethyl sulfoxide (DMSO) or 2NM-PP1 at various times either at the time of inoculation or at the indicated hours after inoculation. The percent viability
was tracked starting at day 2. (C) Quantitative CLS assay with NR medium for the WT SNF1 control strain (PY855) treated with 2NM-PP1 at the time of inoculation
(0 h) or after inoculation at 12 and 24 h. (D) Quantitative CLS assay with CR medium for strain PY855. (E) Quantitative CLS assay with NR medium for the mutant
snfl-as strain (PY856). (F) CLS assay with CR medium for PY856. Error bars indicate standard deviations from 3 biological replicates.
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FIG 3 CR expands the time period of Snf1 T210 phosphorylation during growth in batch cultures. (A) Representative Western blot of whole-cell
extracts using an antibody directed against human AMPKa phosphorylated on T172, which cross-reacts with yeast Snf1 phosphorylated at T210.
Log phase is indicated by the 10-h time points. Snf1-HA is detected with an anti-HA antibody. (B) Quantitation of Snf1 T210-P levels relative to
total Snf1-3HA from 3 biological replicates. (C) Representative Western blot for a time course extended to 48 h. (D) Quantitation of Snf1 T210-P
levels in the extended time course from 3 biological replicates. (E) Quantitation of intracellular ADP levels from the extended time course samples.
(F) Quantitation of intracellular ATP levels from the extended time course. Error bars represent standard deviations. Asterisks indicate P values

<0.05 in the bar graphs.

then quantitatively tracked for the first 10 days, which avoided the later appearance of
adaptive regrowth. As expected, adding 2NM-PP1 had no effect on CLS of the WT SNF1
strain (Fig. 2C and D). However, 2NM-PP1 significantly shortened the CLS of the snf1-as
mutant under NR and CR conditions regardless of when it was added to the cultures
(Fig. 2E and F), thus phenocopying the snflA effect on CLS. We conclude that Snf1
activity is required throughout and after the diauxic shift to sustain cell viability during
stationary phase and to mediate the beneficial effect of CR on CLS.

CR promotes Snf1 activation during the diauxic shift. Glucose depletion from
yeast cultures induces Snf1 activation, which is indicated biochemically by phosphor-
ylation of threonine 210 on the activation loop (29). T210 phosphorylation is analogous
to phosphorylation of T172 in the human AMPK a-subunit and cross-recognized by an
antibody specific for phospho-T172 (30). We hypothesized that one of the mechanisms
by which CR extended CLS was through hyperactivation of Snf1. To test this idea, Snf1
T210 phosphorylation (T210-P) was initially tracked by Western blotting through a
growth time course in NR or CR medium up to 28 h following inoculation. T210-P levels
relative to total hemagglutinin (HA)-tagged Snf1 were extremely low in exponentially
growing NR and CR cells (Fig. 3A and B, 10 h), indicating that simply reducing glucose
from 2% to 0.5% was insufficient to activate Snf1 in exponentially growing cells. T210-P
appeared earlier for the CR condition (16 h versus 22 h for NR), most likely because
glucose expired more quickly in the CR cultures (Fig. 3A and B). This result also
suggested that cells in CR cultures entered the diauxic shift ~4 h earlier than NR
cultures. By 28 h, there was significantly higher T210-P in CR cells, perhaps due to
reduced phosphorylation in NR cells (Fig. 3B). Indeed, extending the time course to 48
h revealed a continual decline in T210-P after the peak 24-h time point under the NR
condition, which was significantly delayed under the CR condition (Fig. 3C and D, 32-
and 40-h time points). CR clearly expanded the period of time that Snf1 remained
highly active during the transition into stationary phase, both earlier and later than
under the NR condition.
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We next addressed the mechanism of expanded Snf1 T210-P under the CR condi-
tion. Unlike mammalian AMPK, which is activated either by AMP or by ADP (31, 32), the
yeast SNF1 complex is activated only by ADP (18). In vitro, ADP binds to the Snf4
y-subunit and inhibits dephosphorylation of Snf1 T210 by Glc7 (18). AMP and ATP do
not affect Snf1 T210-P or its catalytic activity (18). Therefore, we hypothesized that the
expanded period of highly phosphorylated Snf1 was related to the intracellular ADP
concentration. To assess this possibility, WT cells were grown under NR and CR
conditions, and intracellular ADP concentration was measured across a time course
similar to that in the above-described Western blot assays. ADP dropped significantly
after the diauxic shift in NR cells (Fig. 3E, 24 h), correlating with the start of a steady
decline in T210-P (Fig. 3C and D). CR, on the other hand, prevented the decline in ADP
through the time course (Fig. 3E), consistent with the expansion of T210-P (Fig. 3C and
D). Interestingly, ATP levels also remained elevated in CR-grown cells as was previously
observed (33). Since ATP does not impact SNF1 activation, this result is consistent with
the notion that SNF1 responds to the absolute ADP concentration rather than to the
ADP/ATP ratio (18).

Upstream kinases have differential effects on CLS. Having established that CR
promotes extended Snfl T210-P during CLS assays, we next asked whether a specific
upstream kinase was responsible for the CR-induced life span extension. Snf1 is
activated by any of 3 upstream kinases: Sak1, ElIm1, and Tos3 (30, 34, 35). Although
some studies found these kinases equally capable of phosphorylating Snf1 and func-
tionally semiredundant under glucose depletion (34), others indicated variability in
their ability to activate Snf1 under different stresses (36, 37). We quantitatively mea-
sured CLS for individual sak1A, elm1A, or tos3A mutants under NR and CR conditions
and observed different phenotypes for each. The CLS of the tos3A mutant was
indistinguishable from that of the WT in both types of medium (Fig. 4A and D). The
elm1A mutant was longer lived than the WT under the NR condition, but the CLS was
still fully extended by CR (Fig. 4B and D). In contrast, CLS of the sak7A mutant was
slightly reduced compared to that of the WT under the NR condition, but the CR effect
was blocked (Fig. 4C and D). This result strongly implicated Sak1 as the critical upstream
Snf1 kinase for mediating CR effects on CLS. Next, the effect of each kinase mutant on
Snf1 T210-P was examined by Western blotting. As shown in Fig. 4E, T210-P signal was
generally reduced in each mutant compared to the WT, consistent with the previously
observed redundancy among the three kinases. However, despite the overall reduction
in Snf1 phosphorylation, CR still maintained T210-P into stationary phase (40 h) for the
elm1A and tos3A mutants but not in the sak7A mutant. These results suggest that Sak1
is required for CR to maintain active Snf1 beyond the diauxic shift, which is important
for CLS extension.

Cat8 and Adr1 mediate CR effects on CLS downstream of Snf1. Sak1 is the
primary kinase for SNF1 complexes containing the Gal83 B-subunit (36). Upon activa-
tion, Gal83-containing complexes localize primarily to the nucleus (38), resulting in the
altered expression of hundreds of genes through direct and indirect regulation of a
series of transcriptional activators and repressors (16). This turned our attention to
identifying key downstream effectors of Snf1 required for CR-induced CLS extension. A
top candidate was Cat8, a transcription factor that activates genes involved in the
consumption of ethanol and acetate via the glyoxylate and gluconeogenesis pathways
(39, 40). Furthermore, Snf1 directly activates the Cat8 protein by phosphorylation (41,
42) and is required for activation of CAT8 gene expression (43). Some Cat8-regulated
genes are coactivated by another transcription factor, Adr1 (44, 45). To determine if
Cat8, Adr1, or both were important for CR-induced life span extension, the CLS of WT,
cat8A, adr1A, and cat8A adr1A strains was tested. Initial semiquantitative spot assays
strongly suggested that the CLS of cat8A and cat8A adr1A mutants was less responsive
than that of the adr7A mutant and WT to extension by CR (Fig. 5A to D). Quantitative
assays confirmed this, showing that CLS of the adr7A mutant was extended by CR to
the same extent as the WT control strain, while CLS of the cat8A mutant was only
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FIG 4 Effects of deleting TOS3, ELM1, or SAKT on CLS. (A) CLS of the WT strain BY4741 and the tos3A mutant SY841 in NR and CR media. (B) CLS of BY4741
and the e/m7A mutant SY844 in NR and CR media. (C) CLS of BY4741 and the sak7A mutant SY848 in NR and CR media. (D) Mean CLS in days, SEMs, and 95%
Cl calculated from OASIS. (E) Western blots of Snf1 T210 phosphorylation or total Snf1-HA levels in WT (MSY1238), tos3A (JS1521), elm1A (JS1517), and sak1A
(JS1519) strains. Cultures were grown in SC medium with either NR or CR glucose concentrations at the time of inoculation. Cells were harvested at the 9 (log

phase)-, 16-, 24-, and 40-h time points.

partially extended (Fig. 5E to G). The CR effect was slightly more attenuated in the cat8A
adr1A double mutant (Fig. 5E to G), indicating that Adr1 makes only a minor contri-
bution to CLS in the absence of Cat8. Importantly, loss of Cat8 and/or Adr1 did not
shorten CLS under NR growth conditions (Fig. 5E and G), strongly suggesting that other
transcription factors can compensate for their loss in order to maintain cell survival
under NR conditions. Under CR conditions, however, Cat8 and Adr1 together become
critical for the extended CLS.

CR amplifies expression of specific Cat8/Adr1 targets. The dependence of CLS
extension on CAT8 and ADRT suggested that expression of their target genes could be
enhanced by the CR growth condition. Previous studies implicated acetate and acetic
acid utilization as important for proper CLS maintenance (24, 46), so we focused
quantitative reverse transcription (qRT)-PCR analysis on the expression of several
Cat8/Adr1 target genes involved in the conversion of acetate into acetyl coenzyme A
(acetyl-CoA). ACHT encodes a mitochondrial enzyme that produces acetyl-CoA by
transferring the CoA moiety of succinyl-CoA onto acetate (47, 48). ACS1, on the other
hand, encodes a nucleocytoplasmic acetyl-CoA synthetase that utilizes acetate and free
CoA as the substrates (49). Both are glucose repressed and activated during the diauxic
shift (49, 50). ACHT was activated during the diauxic shift, as expected, but there was
not much difference between the NR and CR conditions other than the earlier activa-
tion in CR cultures (Fig. 6A, 14 h). Furthermore, ACHT expression was only modestly
attenuated in the cat8A adr1A mutant, suggesting the existence of compensatory
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FIG 5 CAT8 and ADR1 are together required for maximum CLS extension by CR. (A to D) Semiquantitative CLS assays showing relative cell survival
over time for WT (BY4741), adr1A (SY826), cat8A (SY825), and cat8A adri1A (SY767) strains grown under NR or CR conditions. (E and F) Quantitative
CLS assay for the same strains as described for panels A to D, grown in 2% glucose (NR) cultures (E) or in 0.5% glucose (CR) cultures (F). (G) Mean

CLS in days, SEM, and 95% Cl calculated from OASIS.

transcription factors. In stark contrast, activation of ACST expression was strongly
amplified by CR in a completely Cat8/Adr1-dependent manner (Fig. 6B). ACST and other
genes with this pattern of expression, such as ADY2 (data not shown), likely work
together to extend CLS during CR. For example, the acetate permease gene ADY2 (51)
directly feeds acetate into the system for acetyl-CoA production.

We also tested mRNA expression of ACS2, which encodes another nucleocytoplas-
mic acetyl-CoA synthetase that is not a Cat8/Adr1 target gene and has the opposite
expression pattern of ACST (49). As expected, ACS2 expression decreased during the
diauxic shift under the NR condition and was unaffected by deletion of CAT8 and ADR1
(Fig. 6C). Under the CR condition, however, ACS2 expression remained elevated past the
shift in both strains. This was surprising and strongly implied that both acetyl-CoA
synthetase isoforms were active during and beyond the diauxic shift under CR condi-
tions. So, we next measured acetyl-CoA levels in each strain through a time course
spanning log phase to stationary phase (Fig. 6D). As expected from an earlier study (52),
acetyl-CoA in the WT strain decreased during the diauxic shift under the NR condition
(Fig. 6D). However, CR prevented the post-log-phase reduction and instead increased
acetyl-CoA beyond the log-phase concentration (Fig. 6D). CR also prevented acetyl-CoA
depletion in the cat8A adr1A mutant, although the increase in acetyl-CoA over log-
phase levels was lost (Fig. 6D). Taken together, these results suggest that both Acs1 and
Acs2 contribute to CR-induced maintenance of elevated acetyl-CoA during the diauxic
shift and the stationary phase, consistent with the amplified expression of Cat8/Adr1
target genes.

DISCUSSION

Yeast CLS is defined as the number of days that nondividing cells remain viable and
is measured by growing liquid cultures into stationary phase and then monitoring cell
viability over time. To mimic CR, glucose is reduced in the starting culture at the time
of inoculation. Somehow, reduced glucose availability during log phase confers phys-
iological changes that extend through the diauxic shift and into stationary phase. Since
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FIG 6 Effects of CR on acetyl-CoA and expression of genes involved in acetyl-CoA production. (A) Quantitative
RT-PCR of ACH1 expression relative to control during a time course with WT (BY4741) and cat8A adr1A (J5767)
strains. Strains were inoculated into NR (2% glucose) or CR (0.5% glucose) cultures. (B and C) Quantitative RT-PCR
of ACST expression (B) and ACS2 expression (C) across the same time course. (D) Quantitation of acetyl-CoA from
whole-cell extracts of BY4741 and JS767 derived from a time course of NR and CR cultures from log phase (10 h)
to stationary phase (40 h). Asterisks indicate a significant difference between the WT and mutant strains for each
time point (P < 0.01).

Snfl activity is regulated by glucose concentration and required for the proper tran-
sition into stationary phase, we hypothesized that Snf1 was a key factor in mediating
CR-induced CLS extension. We initially thought that reducing glucose to 0.5% might be
sufficient to activate Snf1 during log phase, but this turned out to be incorrect. Instead,
Snfl was activated earlier in time course experiments because there was less glucose
to be consumed in culture, driving cells into the diauxic shift earlier. This is why most
of the Snfl-induced activities that we tested in this study occurred earlier under the CR
condition. The striking result was that even though CR induced an earlier diauxic shift
and Snfl activation (T210 phosphorylation), the window of time that Snf1 remained
active was also extended, suggesting that CR induces an overall expansion of the
diauxic shift. This expansion likely optimizes the transcription profile and physiology
necessary for long-term cell survival.

ADP and Snf1 activation during CR. The AMPK complex in multicellular organisms
is regulated by adenylate nucleotides at multiple levels, including allosteric activation
by AMP, which serves as an indicator for low cellular energy pools (5), and AMP or ADP
binding to the y-subunit, which promotes activation by preventing T172 dephosphor-
ylation (32). The yeast SNF1 complex differs in that AMP does not allosterically activate
the enzyme. Instead, SNF1 is activated only by ADP, which binds to the Snf4 subunit to
prevent Glc7-mediated dephosphorylation of T210 on the Snf1 subunit, at least in vitro
(18, 53). Our results support a model whereby a relatively high cellular ADP concen-
tration helps maximize Snf1 activation late into the diauxic shift and early stationary
phase during growth under CR conditions, when ADP is usually being diminished under
the NR condition (Fig. 3E; also see Fig. 7). Additional factors could be involved in
prolonged SNF1 activation by CR, including further reduction of Glc7/Reg1 phospha-
tase activity or prolonged kinase activity from Sak1. While we cannot rule out contri-
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butions from unknown metabolites potentially stimulating SNF1 activity in vivo, ADP
makes the most sense based on what is known. The mechanism of how CR maintains
elevated ADP levels late into the diauxic shift remains unknown. It could be directly
related to the high ATP levels that are also maintained into stationary phase by CR
conditions (33), which we have also observed in our CLS system (Fig. 3F). ATP has no
measurable effect on SNF1 activity in vitro, again suggesting that the absolute ADP
concentration may be the critical factor, rather than the ADP/ATP ratio (18).

Elevated ADP and ATP fit very well with the enhancement of cellular respiration that
occurs under CR conditions. Furthermore, growth on nonfermentable carbon sources
strongly activates Snf1 and extends CLS (19). However, Cat8 and Adr1 are not required
for the elevated ADP and ATP under CR conditions (data not shown), yet they are still
required for robust CLS extension. This suggests that elevated ADP and Snf1 activation
are not sufficient for CLS extension, and numerous downstream factors such as Cat8
and Adr1 that drive changes in transcription and likely other processes are also
required.

CR-induced CLS extension is mediated by Cat8. Longevity experiments in this
study point to the transcriptional activator Cat8 as a key factor in the extension of CLS
by CR. Phosphorylation of Cat8 by Snfl occurs when glucose is depleted at the onset
of the diauxic shift and correlates with transcription of its target genes (42). Cat8 is a
Zn-finger cluster transcription factor that binds to a carbon source-responsive element
(CSRE) in the promoter of its target genes and recruits coactivators, such as SAGA, to
activate transcription (16). Both the ACHT and the ASCT target genes tested in this study
contain a CSRE in their promoter, but only ACS7 showed a strong Cat8/Adr1-dependent
transcriptional response to CR, indicating that they are differentially regulated despite
both having a Cat8 binding site. The CSREs in different promoters have significant
variation, with some elements considered stronger activation sequences than others.
Consistently, ACST has a “strong” CSRE and ACHT has a comparatively “weak” element
(54). Furthermore, although Adr1 associates with the ACHT promoter as measured by
chromatin immunoprecipitation (ChIP), deleting ADRT was previously shown to cause
upregulation of ACHT transcription (44). Strong CSREs also tend to be in genes that
encode factors important early in the diauxic shift (54), such as ACS7 and ADY2. Among
Cat8-activated genes are other transcription factors, such as Sip4, that turn on cellular
processes more important later in the diauxic shift (54). Maintaining high Cat8 levels
could make late diauxic shift processes such as respiration more efficient.

Efficient mitochondrial function has clearly been implicated in CLS extension by CR,
such that a certain threshold of respiratory activity during exponential growth must be
achieved in order for CR to extend CLS (55). Similarly, TOR inhibition was shown to
increase the density of OXPHOS complexes in the mitochondria such that the mito-
chondria were preconditioned for respiration late in the diauxic shift and stationary
phase (56). Extended Snf1 activation observed during CR could contribute to such a
mechanism in the context of CR.

CR effects on acetyl-CoA during the diauxic shift. Saccharomyces cerevisiae is a
facultative anaerobe that prefers to generate ATP through glucose fermentation to
ethanol even in the presence of oxygen. During growth on glucose-containing me-
dium, most of the pyruvate generated by glycolysis is converted to acetaldehyde and
then ethanol via alcohol dehydrogenases. Some of the acetaldehyde is converted to
acetate by the cytosolic acetaldehyde dehydrogenase Aldé6 (57) and then converted to
acetyl-CoA by the nucleocytosolic acetyl-CoA synthetase Acs2 (58). Acetyl-CoA pro-
duced by this route is the major substrate for global histone acetylation carried out by
histone acetyltransferases such as SAGA/Gcn5 and Sas2 (59). Its major role in main-
taining acetyl-CoA also makes ACS2 essential when cells are grown in glucose (58). At
the onset of the diauxic shift, however, ACS2 expression is repressed, while the other
nucleocytosolic acetyl-CoA synthetase gene ACST is activated as a target of Cat8 (Fig.
6) (39, 49), presumably becoming a major source for acetyl-CoA production via acetate
in the cytoplasm and nucleus.
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Our results implicate increased ACST expression in CR-induced elevated acetyl-CoA
levels, though we cannot rule out other sources. Ach1 may function to transfer acetyl
groups from the mitochondria to the cytosol (60), forming cytosolic acetyl-CoA in the
process to detoxify excess acetate and acetic acid (47), although ACHT expression was
not significantly enhanced by CR (Fig. 6A). Additionally, Snf1 activation inhibits acetyl-
CoA carboxylase (ACC) (61), preventing the conversion of acetyl-CoA to malonyl-CoA,
the first step in fatty acid biosynthesis. A more-effective inhibition of ACC via phos-
phorylation by Snf1 could therefore result in the elevation of acetyl-CoA levels (62),
making the observed maintenance of acetyl-CoA under CR (Fig. 6D) more than a solely
transcription-linked mechanism. However, loss of CAT8 and ADR1 prevented acetyl-CoA
from accumulating above the log-phase level in CR cells (Fig. 6D), so the CAT8
ADR1-dependent hyperactivation of ACST expression could be responsible for this
portion of the acetyl-CoA pool.

The correlation between activated Snf1 and acetyl-CoA maintenance in response to
CR is consistent with previous results showing that Snf1 regulates acetyl-CoA homeo-
stasis (62). Inappropriate nucleocytosolic acetyl-CoA production by Acs2 represses
autophagy and shortens CLS under NR conditions (63), so sustained ACS2 expression
and high acetyl-CoA induced by CR likely reflects optimized acetyl-CoA utilization.
During the diauxic shift, elevated acetyl-CoA would contribute to CLS extension by
driving transcription of multiple Cat8 target genes involved in the glyoxylate and
gluconeogenesis pathways (Fig. 7), though there are certainly other possible targets
and important transcription factors that could contribute. Part of the optimized acetyl-
CoA utilization may therefore involve facilitating the activation of genes that produce
more acetyl-CoA through targeted histone acetylation. Acetyl-CoA is the acetyl donor
for histone acetylation by transcriptional coactivators such as the Gcn5-containing
SAGA complex (64), a known coactivator for Cat8 and Adr1 (65, 66). Furthermore, the
increase in acetyl-CoA and parallel activation of the glyoxylate and gluconeogenesis
pathways will also provide carbon skeletons for biomass during diauxic growth and
accumulation of trehalose, a key storage carbohydrate that functions in long-term yeast
cell survival (46, 67). Once cells pass the diauxic shift and enter stationary phase, the
elevated acetyl-CoA likely pushes flux toward the tricarboxylic acid (TCA) cycle and
oxidative phosphorylation, as indicated by the maintenance of ATP pools into station-
ary phase (Fig. 3F) (33). Enhanced SNF1-mediated respiration by CR is also consistent
with the activation of the Snf1 pathway that occurs in mutants that increase replicative
life span through enhanced turnover of Mig1 (68), suggesting that SNF1 activation is a
common feature of both CLS and RLS extension. Consistent with this result, deletion of
SNFT or the SIP2 B-subunit shortens RLS (69, 70). Interestingly, Snf1 can also negatively
impact RLS when Sip2 is acetylated, although this works independently of caloric
restriction (71). More work is clearly needed to dissect the SNF1-signaling pathway in
more detail, which could have important implications toward AMPK in higher eu-
karyotes.

Our results in yeast imply that in multicellular eukaryotes, CR not only promotes
AMPK activation but also temporally optimizes the signaling cascade from top to
bottom. Metazoans do not ferment pyruvate into ethanol but rather reduce the
pyruvate to lactate. The common process between them is therefore the ultimate use
of the carbon skeletons from either ethanol or lactate for gluconeogenesis. Indeed, CR
increases the activity of gluconeogenic enzymes in mouse liver and increases the
acetyl-CoA level in old mice (72), consistent with our results in yeast.

MATERIALS AND METHODS

Yeast strains and media. The wild-type (WT) S. cerevisiae lab strain used in this study was BY4741
(MATa his3A1 leu2A0 met15A0 ura3A0) (73). Strains containing additional gene deletions were either
obtained from the yeast knockout collection or generated in the BY4741 background via PCR (74).
Synthetic complete (SC) growth medium was used for all experiments (75), with glucose added to a final
concentration of 2.0% (nonrestricted [NR]) or 0.5% (calorie restricted [CR]). To restrict methionine, SC
medium contained 2% glucose and 5 mg/liter methionine instead of the normal 125-mg/liter concen-
tration. Where indicated, isonicotinamide (INAM) was added to a final concentration of 25 mM. All
cultures were grown at 30°C. The HA-tagged Snf1 strain (MSY1238) was kindly provided by Martin
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FIG 7 Model for CR-induced optimization of acetyl-CoA production during the diauxic shift to extend
yeast CLS. CR maximizes Snf1l T210 phosphorylation in part by maintaining elevated ADP levels. Snf1
activates Cat8 and Adr1 transcription factors, which turn on multiple genes, including the acetyl-CoA
synthetase gene ACST. CR also maintains high ACS2 expression during the diauxic shift but indepen-
dently of Cat8/Adr1. Elevated nucleocytoplasmic acetyl-CoA promotes histone acetyltransferase activity
of the SAGA transcriptional coactivator complex, which amplifies expression of ACS7 and a subset of
other Cat8/Adr1 target genes, resulting in a positive-feedback loop that drives sufficient acetyl-CoA
production. Carbon skeletons are shunted through the glyoxylate cycle and gluconeogenesis pathway,
supporting biomass formation during the early stages of the diauxic shift and storage of carbohydrates
for extended cell survival. The full TCA cycle and respiration become more important later. Circles
indicate proteins, and italics indicate genes. Red indicates components upregulated or enriched by CR
(compared to NR) during or after the diauxic shift.
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Schmidt (53). The snf1-as strain (PY856) was kindly provided by Karen Arndt and the 2NM-PP1 inhibitor
by Kevan Shokat (28). All strains and genotypes are listed in Table 1.

Chronological life span assays. Semiquantitative CLS (spot) assays were performed as previously
described (19). For the quantitative version of this assay, 2.5 ul of 1:10, 1:100, and 1:1,000 dilutions of the
cultures was spotted onto yeast extract-peptone-dextrose (YPD) plates, which were then incubated at
30°C for 18 to 24 h to allow for microcolony formation. Images of the dilution spots were captured on
a Nikon Eclipse E400 tetrad dissection microscope at a magnification of X30, and the microcolonies were
counted. At the end of each experiment, percent viability was calculated for each time point by
normalizing to the day 2 totals. Standard deviation error bars were determined from at least 3 biological
replicates. Mean life spans (days), standard errors of the means (SEM), and 95th percentile confidence
intervals of the means (95% Cl) were calculated using OASIS, an online program for Kaplan-Meier survival
curve analysis (76).

Cultures for protein, nucleotide, mRNA, and acetyl-CoA quantification. Overnight 10-ml cultures
were started from single colonies and grown at 30°C in 15-ml glass culture tubes with loose-fitting metal
caps on a New Brunswick Scientific roller drum. A spectrophotometer was used to determine the optical
density at 600 nm (ODg,,) of each overnight culture, and appropriate aliquots were inoculated into 75
ml SC medium (either NR or CR) to achieve a starting ODy,, of 0.015 in 250-ml Erlenmeyer flasks. This was
considered the starting point for each time course. Cultures were grown at 30°C in a New Brunswick
water bath shaker.
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TABLE 1 Yeast strains

Strain Relevant genotype

BY47412 MATa his3A1 leu2A0 met15A0 ura3A0

1513940 MATa his3A1 leu2A0 met15A0 ura3A0 snflA:kanMX

SY848¢ MATa his3A1 leu2A0 met15A0 ura3A0 sak1A:kanMX

SY844¢ MATa his3A1 leu2A0 met15A0 ura3A0 elm1A:kanMX

SY841¢ MATa his3A1 leu2A0 met15A0 ura3A0 tos3A:kanMX

SY825¢ MATa his3A1 leu2A0 met15A0 ura3A0 cat8A:kanMX

SY826¢ MATa his3A1 leu2A0 met15A0 ura3A0 adri1A:kanMX

SY767° MATa his3A1 leu2A0 met15A0 ura3A0 cat8A:kanMX adr1A:kanMX
MSY12384 MATa his3AT1 leu2A1 ura3-52 SNF1-3HA

JS1517 MATa his3A71 leu2AT1 ura3-52 SNF1-3HA elm1AkanMX4

JS1519 MATa his3A1 leu2A1 ura3-52 SNF1-3HA sak1AkanMX4

JS1521 MATa his3A1 leu2A1 ura3-52 SNF1-3HA tos3AkanMX4

PY855¢ MATa his3A200 ura3-52 snf1A10 [pSNF1-316 = CEN/ARS URA3 HA-SNFT]
PY856¢ MATa his3A200 ura3-52 snf1A10 [pSNF1-1132G-316 = CEN/ARS URA3 HA-snf1-as]

aStrain described in reference 73.

bFrom this study.

<Knockout collection strain (74).

dProvided by Martin Schmidt (University of Pittsburgh).
eStrain described in reference 28.

Western blot analysis. At indicated time points, medium containing 5 OD units (~1.4 X 108 cells)
was harvested from the 75-ml cultures and transferred to 5-ml glass tubes, which were then submerged
in a boiling water bath and rotated for 15 s to allow for more-even heat dispersal. After boiling for 3 min,
which preserves the Snfl phosphorylation state (77), samples were cooled at room temperature for 5
min, followed by transfer to 15-ml conical tubes and pelleting at 1,800 X g in an Eppendorf 5810R
centrifuge, at 4°C for 5 min. Supernatants were discarded, and cell pellets were resuspended in 1 ml of
ice-cold 20% trichloroacetic acid and transferred to a 1.5-ml microcentrifuge tube. Samples were then
pelleted at 14,000 rpm in a microcentrifuge at 4°C for 1 min, and the supernatant was discarded.
Whole-cell extracts were prepped by a combination of vortexing with glass beads and protein precip-
itation in 20% trichloroacetic acid.

Ten microliters of whole-cell extract was separated on 8% SDS-polyacrylamide gels in a Bio-Rad
Mini-Protean apparatus at 130 V. A Bio-Rad Trans-Blot semidry apparatus was used at 25 V for 1 h to
transfer protein from the gels to Millipore Immobilon-P membranes. Membranes were blocked for 1 h at
room temperature with either 5% bovine serum albumin (BSA; for the P-AMPKa T172 antibody; Cell
Signaling Technology) or 5% nonfat milk (for the anti-HA antibody; Promega) in 1X TBST (1X Tris-
buffered saline-0.05% Tween 20) and then washed at room temperature with 1X TBST (5 times for 5 min
each). Membranes were then incubated with diluted (1:2,000) primary antibody in either the BSA or
nonfat milk blocking buffer overnight at 4°C. Membranes were washed again, and horseradish peroxi-
dase (HRP)-conjugated secondary antibody (1:5,000) in the appropriate blocking buffer was added. The
secondary incubations were performed at room temperature for 1 h, and the membranes were washed
again. Proteins were detected using the enhanced chemiluminescence (ECL) method. ImageJ software
was used to quantify the protein signal intensities from scanned images of the Western blot X-ray films.
Snf1-P relative to Snf1-HA was calculated from three independent biological replicates. P values were
calculated using the Student t test.

qRT-PCR analysis. Total RNA was harvested from triplicate 50-ml cultures at the indicated time
points using the hot acidic phenol method (78). cDNA was synthesized from 1 g total RNA using a High
Capacity cDNA reverse transcriptase kit (Applied Biosystems) in accordance with the manufacturer’s
instructions and then quantitated by PCRs using SYBR Hi-ROX Mastermix (Bioline) and a StepOnePlus
real-time PCR system (Applied Biosystems). Transcript levels were normalized to levels of TFCT mRNA
(79). All DNA primers used for RT-PCR are listed in Table 2.

Quantification of intracellular adenosine nucleotides. To extract nucleotides from yeast cells, an
amount equal to 2.5 ODg,, units of cells (~7 X 107 cells) was transferred at the indicated time points
from 50-ml cultures into 1.5-ml microcentrifuge tubes and pelleted at 1,500 rpm and 4°C. Cells were
washed in 1 ml ice-cold Tris-EDTA (TE; 10 mM Tris, 1 mM EDTA, pH 8.0) and suspended in 250 ul LETS
buffer (10 mM Tris [pH 8], 100 mM LiCl, 10 mM EDTA, 0.5% SDS). A 250-ul volume of 1:1 phenol-
chloroform was added, and the samples were vortexed. The samples were then pelleted at 14,000 rpm
in a microcentrifuge at 4°C, and the aqueous supernatants were transferred to a fresh microcentrifuge
tube and diluted 1:10 with ice-cold TE buffer. To determine the ATP content of each sample, 4 ul of ATP
buffer (30 mM KPO, [pH 7.3], 40 mM MgSO,, 8% Tween 20) was added to 8 ul of sample. After incubation
at room temperature for 10 min, 4 ul of AXP buffer (30 mM KPO, [pH 7.3], 40 mM MgSO,) was added,
and the samples were incubated for an additional 30 min at 30°C. A 10-ul volume of each sample was
then used to determine ATP content using the ATP Determination kit (Invitrogen) in accordance with the
manufacturer’s instruction.

To quantify intracellular ADP, all ADP in the samples was first converted to ATP during the 30°C
incubation by the addition of 4 ul ADP buffer (30 mM KPO, [pH 7.3], 40 mM MgSO,, 0.4 mM
phosphoenolpyruvate, 0.0224 mg/ml pyruvate kinase) in place of AXP buffer. The ATP Determination kit
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TABLE 2 Oligonucleotides

Oligonucleotide Use Sequence

152022 TFC1 RT-PCR AATGTACCAAAGCCACCACCC

152023 TFC1 RT-PCR ACCGCCTGGAGTGTCTGATT

152399 ACST RT-PCR TGATGACGCGCTAAGAGAGA

152400 ACST RT-PCR AACGGGTGTGCATGGATAGT

152409 ACHT RT-PCR GTTAACACGGCTACGCCTTC

JS2410 ACH1 RT-PCR ATCGCAACAACCTTTTCAGG

152415 ACS2 RT-PCR CTTGGGTACCGCCTCAATAA

JS2416 ACS2 RT-PCR ATTTCGGCTTCACCTACACG

JS2511 CAT8 HA tag GATAATGTATCTGATTTATTCCAATGGCAAAA
CGCCAAACGGATCCCCGGGTTAATTAA

JS2512 CAT8 HA tagging GGATTCCGTTTTGAATATATTACACTATGAA
ATAAAGAAGAATTCGAGCTCGTTTAAAC

152525 ADY2 RT-PCR GGTTAGCTCCTGCTCCAGTG

JS2526 ADY2 RT-PCR ACATAGCACAACCGACGACA

152630 CAT8 RT-PCR GCATGGAATGGACAATGTG

152631 CAT8 RT-PCR GACCGATCCAAGTCATCGTT

(Invitrogen) was then used to determine the total concentration of ATP (both initial ATP and converted
ADP) in each sample. Final intracellular ADP concentrations were then calculated by deducting each
sample’s previously determined ATP content.

Quantification of intracellular acetyl-CoA. To quantify intracellular acetyl-CoA, 10 OD, units of
cells was transferred from the 75-ml cultures described above into 15-ml conical tubes at various time
points. Sodium azide was added to each sample to a final concentration of 10 mM. The cells were then
spun down for 5 min at 1,800 X g at 4°C in a tabletop centrifuge. The supernatant was removed, and
the pellet was resuspended in 250 ul of 10% perchloric acid. The cells were then lysed with the addition
of glass beads and vortexing. The lysed samples were then spun down at 800 X g for 5 min at 4°C, and
150 wl of the supernatants was transferred to new 1.5-ml microcentrifuge tubes. The lysate was
neutralized to pH 6 to 8 with 50 ul of 3 M KHCO,, and the resulting precipitate was spun down for 3 min
at 14,000 rpm in the microcentrifuge. A 125-ul volume of supernatant was then transferred to a new
microcentrifuge tube and kept on ice. The concentration of acetyl-CoA in each sample was immediately
measured using a Sigma acetyl-CoA assay kit in accordance with the manufacturer instructions.
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