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Calorie restriction (CR) extends lifespan in a wide spectrum of
organisms and is the only regimen known to lengthen the life-
span of mammals'™. We established a model of CR in budding
yeast Saccharomyces cerevisiae. In this system, lifespan can be
extended by limiting glucose or by reducing the activity of the
glucose-sensing cyclic-:AMP-dependent kinase (PKA)°. Lifespan
extension in a mutant with reduced PKA activity requires Sir2
and NAD (nicotinamide adenine dinucleotide)®. In this study we
explore how CR activates Sir2 to extend lifespan. Here we show
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that the shunting of carbon metabolism toward the mitochon-
drial tricarboxylic acid cycle and the concomitant increase in
respiration play a central part in this process. We discuss how this
metabolic strategy may apply to CR in animals.

Ageing in yeast is regulated by SIR2. Deletion of SIR2 shortens
lifespan and overexpression of SIR2 extends lifespan®. Sir2 exhibits
an NAD-dependent histone deacetylase activity that is conserved
among Sir2-family members and is required for chromatin silencing
and lifespan extension’”. Recent studies show that Caenorhabditis
elegans carrying extra copies of the SIR2 orthologue, sir-2.1, also
exhibit a longer lifespan'’. The unusual NAD-requirement for
the Sir2 deacetylase may link metabolic rate to silencing and life-
span''.

Calorie restriction can be modelled in yeast by reducing the
glucose content of the media from 2% to 0.5% (ref. 5). We first
extended our earlier findings by testing whether Sir2 is required for
the extension of replicative lifespan by 0.5% glucose. As shown in
Fig. 1a, growth in 0.5% glucose extended lifespan (~25% increase)
relative to the normal 2% glucose, and deletion of SIR2 prevented
this extension. We also examined whether Sir2-dependent riboso-
mal DNA silencing is increased. As shown in Fig. 1d, cells grown on
0.5% glucose medium exhibited enhanced silencing (using a
MET]15 marker integrated at the ribosomal DNA'? as an indicator).
This enhanced silencing, like the extension of lifespan on 0.5%
glucose, required Sir2 function.

How does CR increase Sir2 activity and extend lifespan? As shown
in Fig. 2a, glucose is metabolized to pyruvate, at which point the
pathway bifurcates into respiration and fermentation'’. Respiration
oxidizes the glucose to CO, generating 28 ATP molecules per
molecule of glucose, whereas fermentation to ethanol generates
only two ATP molecules per molecule of glucose'. When glucose
levels are high, energy is in excess and fermentation is preferred.
When glucose is limiting, respiration is preferred and carbon is
shunted to the mitochondrial tricarboxylic acid (TCA) cycle,
thereby increasing electron transport and respiration'.

To investigate whether this metabolic shift toward respiration
occurs under our conditions of CR, we measured oxygen consump-
tion rates of cells in 0.5% glucose. Figure 2b shows that respiration
of cells grown in 0.5% glucose was significantly increased (~2-fold)
compared to that of cells grown in 2% glucose. As a further test for
this metabolic shift, we used a strain lacking HXK2, which encodes
one of three hexokinases that introduce glucose into glycolysis.
Deletion of HXK?2 is expected to mimic the effect of growth in low
glucose and has been shown to extend lifespan®. Transcriptional
profiling of the yeast genome indicates a highly significant overlap
(P = 3% 10" "'"*) in the transcriptional changes caused by growth
in 0.5% glucose and by deletion of HXK2 (Fig. 3a). Similar to
growth in 0.5% glucose, deletion of HXK2 also increased the
respiration rate significantly (~3-fold) (Fig. 2b).

Is the metabolic shift toward respiration required for CR-
mediated lifespan extension? If so, elimination of electron transport
ought to prevent the extension in lifespan. Thus, the gene encoding
cytochrome cl, CYTI1, was deleted, and lifespan analysis was
performed (Fig. 2¢). Calorie restriction failed to extend lifespan in
the cytlA mutant, suggesting that the metabolic shift toward
respiration is necessary for lifespan extension mediated by CR.

We then investigated whether the metabolic shift toward respir-
ation is sufficient for increased lifespan. Overexpression of the
transcription factor Hap4 has been shown to cause a switch of
metabolism from fermentation toward respiration'>. Hap4 is
expected to activate many genes involved in mitochondrial respir-
ation'®". Transcription profiling indeed showed that many of the
genes that were upregulated more than 2-fold by Hap4 overexpres-
sion fell into this category (Fig. 3¢c; Supplementary Information
Table 2). Overexpression of Hap4 significantly extended the lifespan
(~35% increase) of cells grown in 2% glucose (Fig. 1b). Similar to
CR, this extension required Sir2 (Fig. 1b). Hap4 overexpression also
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Figure 1 Calorie restriction (CR) and Hap4 overexpression extend lifespan and enhance
rDNA silencing in a Sir2-dependent manner. a, Lifespan analysis of cells grown on media
containing 0.5% and 2% glucose (glu). In 2% glucose, average lifespans in numbers of
cell divisions: wild type (WT), 23.3; sir2Afob14, 21.5. In 0.5% glucose, average
lifespans: WT, 29.4; sir?Afob1A, 21.3. b, Lifespan analysis of wild-type and sir2Afob1A
mutant cells overexpressing Hap4. Average lifespans: WT + v, 23.2; WT + Hap4-oe,
31.9; sir2Afob1A + v, 21.5; sir2Afob1A + Hap4-oe, 19.6. The short lifespan of a
Sir?AFOB1 strain was also unaffected by CR or by Hap4 overexpression (not shown).
¢, Lifespan analysis of cells overexpressing Hap4 on media containing 0.5% and 2%
glucose. In 2% glucose, average lifespans: WT + v, 21.3; WT + Hap4-oe, 30.6.1n 0.5%
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Figure 2 Respiration is required for calorie restriction (CR) and Hap4-overexpression-
mediated lifespan extension. a, Schematic presentation of glucose utilization. During
glycolysis, two molecules of pyruvate and ATP are generated per molecule of glucose,
whereas respiration yields 28 ATP molecules per molecule of glucose. In mammals,
pyruvate is dissimilated by respiration. In both systems, pyruvate is also used through
alternative pathways such as synthesis of fatty acid and storage carbohydrates. b, Oxygen
consumption measurement. Cells were grown in 2% or 0.5% glucose then assayed with
2% or 0.5% glucose respectively as substrates. Results shown here represent the
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average of 2 or 3 experimental trials, conducted in triplicate. Error bars show standard
deviations. ¢, Deletion of CYTT prevents lifespan extension by CR. In 2% glucose, average
lifespans: WT, 24.1; cyt14, 23.3. In 0.5% glucose, average lifespans: WT, 31.9; cyt14,
21. d, Deletion of CYT7 prevents lifespan extension by Hap4 overexpression. Average
lifespans: WT + v, 21; WT + Hap4-oe, 30.6; cyt1A + v, 21.5; cyt1A + Hap4-oe, 23.
Forb, ¢ and d: WT indicates PSY316 wild-type cells; +v indicates cells carrying a control
vector; +Hap4-oe indicates cells overexpressing Hap4; cyt1A and hxk2A represent
isogenic derivatives of PSY316.
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increased Sir2-dependent rDNA silencing (Fig. 1d). Thus, shifting
metabolism toward respiration in cells grown in 2% glucose is
sufficient to trigger the same effects on lifespan and silencing as does
CR.

Three further findings reinforce the conclusion that the shift
toward respiration induced by CR and by Hap4 overexpression is
what extends lifespan. First, Hap4 overexpression did not synergize
with growth on 0.5% glucose for the extension of lifespan (Fig. 1c).
Second, Hap4 overexpression failed to extend lifespan in a respir-
ation-deficient cyt1 A mutant (Fig. 2d). Third, Hap4 overexpression
resulted in a substantial increase in the respiration rate (~3-fold),
similar to the increase observed for the hxk2A mutant (Fig. 2b).

We also compared the transcriptional effects of Hap4 overexpres-
sion to CR (the 124 genes co-regulated by 0.5% glucose and hxk2
mutant; Supplementary Information Table 1). As shown in Fig. 3b,
of the 255 genes upregulated more than 2-fold by Hap4 over-
expression (Supplementary Information Table 2), 55 genes were
similarly regulated by CR (Supplementary Information Table 3).
This overlap is statistically significant (P = 1.5 X 10~ ). However,
many of the transcriptional changes observed by overexpressing
Hap4 were not observed during CR, and in fact, HAP4 gene
expression is not induced by CR. These observations suggest that
transcriptional mechanisms unrelated to Hap4 or post-transcrip-
tional mechanisms may also contribute to the activation of respir-
ation by CR.

Other studies have suggested that CR functions to extend lifespan
by increasing resistance to reactive oxygen species (ROS) and/or by
reducing the production of ROS®. It thus seemed possible that the
shift toward respiration under CR could extend lifespan by inducing
resistance to ROS. However, expression of most antioxidant genes
was not increased by Hap4 overexpression or by CR (Fig. 4a;
Supplementary Information Table 4). Because a few genes, such as
SOD2 (mitochondrial superoxide dismutase), were slightly upre-
gulated by Hap4 overexpression, we directly investigated whether
CR or Hap4 overexpression increases resistance to oxidative stress.
As shown in Fig. 4b, both CR and Hap4 overexpression, if anything,
resulted in a slight decrease in resistance to paraquat. Further, while
deletion of SOD2 conferred a high degree of sensitivity to paraquat,
deletion of SIR2 had no effect. Also shown in Fig. 4c, CR and Hap4
overexpression slightly decreased resistance to hydrogen peroxide.
As a control, deletion of YAPI gave rise to hypersensitivity to
hydrogen peroxide, but, as for paraquat, deletion of SIR2 did not.
These findings all suggest that the Sir2-mediated extension of
lifespan during CR is not due to an increase in resistance to
oxidative stress.

How does this metabolic shift toward respiration during CR
activate Sir2? First, the higher yield of ATP per input carbon allows a
slower rate of glycolysis. Second, the increase in respiration yields a
higher rate of electron transport, thereby increasing the re-oxi-
dation of NADH to NAD in the mitochondria. This may increase
the NAD/NADH ratio in the mitochondria, a change that can be
transmitted to the cytosol by a shuttle that moves redox equivalents
across the mitochondrial membrane'®. It seems that the generation
of NAD in the mitochondria is important, because disruption of the
electron transport chain prevents the extension in lifespan by CR.
Thus, we infer that the slowing of carbon flow through glycolysis, an
increase in the NAD/NADH ratio, or both, contribute to the
activation of Sir2 and the extension of lifespan.

Because CR in yeast does not increase resistance to oxidative
stress, ROS are not limiting for the replicative lifespan of mother
cells and are not central to the extension of lifespan by CR. ROS do,
however, limit the long-term survival of stationary phase yeast
cells'*°, and may also play a role in the ageing of post-mitotic cells
in Drosophila melanogaster and C. elegans*'~>. It is therefore intri-
guing that the replicative ageing of yeast mother cells and the post-
mitotic aging in C. elegans are both regulated by the levels of Sir2
proteins®'°.
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Our results are in contrast to the frequent suggestion that CR
functions by slowing metabolism and thereby slowing the generation
of ROS; in fact, data addressing whether CR actually changes the rate
of respiration in animals is conflicting. In animals, respiration is
essential for viability and mutations that reduce electron transport
slow glycolysis and development and also lengthen lifespan®*. This is
consistent with one of our proposed mechanisms for CR in yeast, that
shifting metabolism toward respiration extends the lifespan by
slowing glycolysis. In mammals, major pathways of carbon utiliz-
ation, other than the TCA cycle, include the synthesis of fatty acids
and storage carbohydrates' (Fig. 2a). These alternative pathways
(perhaps analogous to fermentation) are likely to be lowered to a
greater degree during CR than the energy-producing TCA cycle.

We note that expression profiling of mouse skeletal muscle
suggests that CR induces gluconeogenesis®. This change is diag-
nostic of cells in a state of ATP excess, consistent with the hypothesis
that CR diverts a higher fraction of the carbon into the TCA cycle.
Finally, the increase in anti-oxidant enzymes that is reported to
occur during CR in animals may be a result of an increase in
respiration rather than a cause of the observed longevity. These
considerations suggest that the essence of our models for CR in yeast
could apply to animals. O
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Figure 3 Gene expression profile analysis of cells under calorie restriction (CR) and
overexpressing Hap4. a, Venn diagram of genes regulated by deletion of HXK2and growth
in 0.5% glucose. Of the 133 genes differentially regulated by 0.5% glucose, 124 are
similarly regulated by deletion of HXK2. b, Venn diagram of genes regulated by CR (0.5%
glucose and hxk2A) and Hap4 overexpression (Hap4-oe). Of the 124 genes differentially
regulated by CR, 55 genes are similarly regulated by overexpressing Hap4. ¢, Cluster
analysis of genes regulated by CR (0.5% glucose and hxk2A) and Hap4 overexpression
(Hap4-oe). Red represents genes that are upregulated and green represents genes that
are downregulated.
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Figure 4 Calorie restriction (CR) and Hap4 overexpression do not increase the oxidative
stress response. a, Cluster analysis of expression profile of genes involved in oxidative
stress response in calorie-restricted (0.5% glucose and hxk2A4) and Hap4-overexpressing
(Hap4-oe) cells. Red represents genes that are upregulated and green represents genes
that are downregulated. b, Paraquat sensitivity tests. ¢, Hydrogen peroxide sensitivity

Methods

Strains and plasmids

Strains PSY316 (MATao, ura3-52, leu2-3, 112, his3-A200, ade2-101, lys2-801,
RDN1::ADE2), JS237 (MATo, his3A200, met15A1, ura3-167, leu2Al, RDN1::Tyl-met15)
and JS218 (MATw, his3A200, met15A1, ura3-167, leu2Al, RDNI1::Tyl-met15, sir2A::HIS3)
have been previously described™'.

The integrating ppp81 (LEU2) vector, which allows gene overexpression under an
ADHI1 promoter, was provided by P. Park. The Hap4 overexpression construct pADH1-
HAP4 was made as follows: a pair of oligo-nucleotides were designed to amplify the HAP4
coding region (from start codon to stop codon) by polymerase chain reaction (PCR) using
Pfu DNA polymerase. This pair of oligo-nucleotides also added a Not1 site to the 5" end
and a Nhel site to the 3" end of the HAP4 gene. After PCR amplification, DNA was
digested with Notl and Nhel, then ligated to ppp81 digested with the same enzymes
resulting in pADHI-HAP4. DNA sequencing analysis of pADHI-HAP4 showed that no
mutation was introduced into the HAP4 gene during PCR amplification. This construct
was further verified by its ability to suppress the growth defects of a hap4A mutant on non-
fermentable carbon.

WT + Hap4-oe strains were made by integrating Xcm1 linearized pADHI-HAP4 into
the LEU2 locus. WT + v strains were made by integrating Xcm1 linearized ppp81 into the
LEU2 locus. All gene deletions in this study were constructed by replacing the wild-type
genes with the Kan" marker as described”, and verified by PCR using oligo-nucleotides
flanking the genes of interest.

Lifespan, silencing and paraquat sensitivity assays

Lifespan analyses were carried out as previously described®. All lifespan analyses in this
study were carried out on YPD plates at least twice independently with more than 45 cells
per strain per experiment. Results from a single experiment are shown.

Silencing assays were carried out by streaking cells onto YPD media containing 0.1%
PbNO; and 2% or 0.5% glucose, then grown for 5d at 30 °C. Serial dilution assays were
performed by growing cells overnight in YPD at 30 °C. Cells were then diluted 50-fold in
fresh YPD and cultured for 4-5 h. For each strain, a series of 10-fold dilutions were
prepared in fresh synthetic media over a range of concentrations from 10~' to 1077,
relative to the initial culture. 5 pl of the original culture and each dilution were spotted
sequentially onto the appropriate media. The cells were then grown at 30 °C for 2 d before
visualization. Paraquat media were prepared by supplementing synthetic complete media
with 0, 1, 2.5, or 5mM paraquat (Methyl Viologen, Sigma). Hydrogen peroxide media
were prepared by supplementing synthetic complete media with 0, 1.25, 1.5, 2mM
hydrogen peroxide (H,0O,, Sigma).

Oxygen consumption assay
For oxygen consumption experiments, cells were first grown overnight in YPD media
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tests. For b and ¢, serial 10-fold dilutions of cells were spotted onto synthetic complete
media containing different concentrations of paraquat or hydrogen peroxide then grown at
30°C for 2d. The HMR1 gene was deleted in the sir2A mutant to eliminate mating type

effects. WT indicates PSY316 wild type; Hap4-oe indicates WT cells overexpressing Hap4;
hXk2A, sod24, sir2AhmriA and yap1A represent isogenic derivatives of PSY316.

4

containing either 2% or 0.5% glucose, then diluted into fresh media the next day. For cells
grown in 2% glucose, cultures were diluted to an optical density at 600 nm (ODgg) of 0.2.
Cells grown in 0.5% glucose were diluted to ODgo = 0.05. Growth of cultures was
continued at 30 °C with shaking for approximately 6-8 h until the final ODyg of cultures
grown in 2% glucose was 0.8 and that of cultures grown in 0.5% glucose was 0.2. Cells were
then harvested, washed and resuspended in 500 pl of fresh YPD media containing either
2% or 0.5% glucose. Oxygen consumption was measured using a YSI Model 5300
Biological Oxygen Monitor equipped with a Clark-type oxygen electrode (Yellow Springs
Instrument) and readings were recorded every 15s. For WT + v and WT + Hap4-oe
strains, 2.5 X 10% cells were assayed. For WT cells grown in 2% and 0.5% glucose and the
hxk2A strain, 1.0 X 10° cells were used. Results are reported as per cent O, consumed per
minute per 1 X 107 cells.

Microarray analysis

Slides for microarray analysis were prepared by PCR amplification of yeast open reading
frames (ORFs) using the Research Genetics Yeast Gene Pairs primer set. All ORFs were
spotted onto glass slides coated with poly-L-lysine using a Genemachines Omnigrid
Microarrayer and post-processed”’.

To obtain messenger RNA for microarray analysis, cells were grown in YPD overnight
and diluted 100-fold into fresh YPD and incubated at 30 °C to an ODg between 0.6 and
0.8. For cells grown in low glucose, cultures were incubated overnight in YPD containing
0.5% glucose then diluted 250-fold and grown to ODgg = 0.2. Cells were then washed in
water and frozen in dry ice/ethanol before storage at —80 °C.

Total RNA was obtained by the acid-phenol method. mRNA was purified from total
RNA using the PolyATtract mRNA isolation system (Promega). 2 pg of mRNA was labelled
for each sample using the reverse transcription and amino-allyl coupling method
described at http://www.microarrays.org. Reference samples of wild-type PSY316 mRNA
harvested from cells grown in YPD at 30 °C were labelled with Cy3 and experimental
samples were labelled with Cy5. Labelled samples were combined and hybridized
overnight at 42 °C. After hybridization, slides were washed”” and scanned using a Packard
BioScience 3000 scanner. Images were processed using the MolecularWare
Digital GENOME (Cambridge, MA) software package. All microrarray data sets are
available as Microsoft Excel files at http://web.mit.edu/biology/guarente/arrays/
kaeberlein.

A scaling factor was calculated and applied in each microarray experiment so that the
median ratio value of all experiments was equal to 1. Genes were defined as differentially
regulated if the Cy5/Cy3 ratio was greater than 1.5 or less than 0.667 (—1.5-fold) in both of
two independent experiments. Reported values are the mean values of duplicate
experiments. For the HXK2 deletion, a single microarray experiment was performed.
Cluster analysis was performed using Cluster and visualized with TreeView*. Red
represents genes that are upregulated and green represents genes that are downregulated.
Statistical significance of the overlap between regulated genes in different experiments
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shown in Fig. 3 was calculated using a hypergeometric distribution. P-values were
obtained from the online hypergeometric distribution calculator at
http://www.alewand.de/stattab/tabdiske.htm.

Received 8 March; accepted 12 April 2002; doi:10.1038/nature00829.
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In mammalian cells, a conserved multiprotein complex of Mrell,
Rad50 and NBS1 (also known as nibrin and p95) is important for
double-strand break repair, meiotic recombination and telomere
maintenance'™. This complex forms nuclear foci and may be a
sensor of double-strand breaks. In the absence of the early region
E4, the double-stranded DNA genome of adenovirus is joined
into concatemers too large to be packaged™. We have investi-
gated the cellular proteins involved in this concatemer formation
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Figure 1 Adenovirus genome concatemer formation with wild-type (Ad5) and mutant
viruses in human cell lines. a, Concatemers of Ad genomes. Hela cells were either
uninfected (mock) or infected with wild-type Ad5 or an E4-deleted virus (df004) at an
MOI of 25 p.f.u. per cell. DNA was prepared at 30 h.p.i. and analysed by PFGE. Left, gel
stained with ethidium bromide with the positions of size markers indicated in kilobases.
Right, Southern blot hybridization with an Ad probe. b, Genotype of mutant adenoviruses
used for infections. Shading indicates that the E4orf6 and E1h55K proteins function as a
complex. ¢ Concatemer formation is observed when both E4orf3 and the E4orf6—E1b55K
complex are inactivated. Hela cells were infected with mutant viruses and analysed by
PFGE. The position of the single linear viral genome is indicated. d, Cellular requirements
for concatemer formation. Wild-type and mutant cell lines were infected with viruses and
DNA was analysed by PFGE. Mutated genes are indicated in parentheses. e, Summary of
concatemer formation (CF) in mutant cell lines. Reconstituted cell lines are shown at the
bottom.

#2 © 2002 Nature Publishing Group NATURE | VOL 418 | 18 JULY 2002 | www.nature.com/nature




