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Sir2 and calorie restriction in yeast: A skeptical perspective
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Abstract

Activation of Sir2-family proteins in response to calorie restriction (CR) has been proposed as an evolutionarily conserved
mechanism for life span extension. This idea has been called into question with the discovery that Sir2-family proteins are not
required for life span extension from CR in yeast. We present here a historical perspective and critical evaluation of the model that
CR acts through Sir2 in yeast, and interpret prior reports in light of more recent discoveries. Several specific cases where the Sir2
model of CR is inconsistent with experimental data are noted. These shortcomings must be considered along with evidence
supporting a role for Sir2 in CR in order to fully evaluate the validity of this model.
© 2007 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Calorie restriction (CR) is the only intervention known to enhance longevity in yeast, worms, flies, and
mammals; however, the mechanistic details of this process remain largely unknown. A large body of evidence
supports the idea that CR slows aging in multicellular eukaryotes, at least in part, by modulating the activity of key
nutrient and growth factor responsive genes (such as those regulated by insulin/IGF-1-like signaling and TOR
activity) and by decreasing the accumulation of oxidative damage (Bartke et al., 2003; Kenyon, 2005; Merry, 2004;
Warner, 2005). An alternative, but not necessarily mutually exclusive, model for CR posits that limiting calories
results in activation of the Sir2-family of protein deacetylases (sirtuins), and that this activation accounts for the
reduced rate of aging and increased life span observed in response to CR (Guarente and Picard, 2005; Masoro,
2004; Sinclair, 2005).

Although accepted by many biogerontologists and supported by data from multiple studies, aspects of the models
proposing a link between sirtuins and CR (referred to hereafter as ““Sir2/CR models”) are lacking in key experimental
verification, and, in a growing number of instances, are inconsistent with recent observations. This perspective-review
attempts to provide a more critical analysis of the data regarding the relationship between sirtuins and CR, specifically
as it applies to life span extension in the budding yeast. The genetic and molecular models for activation of sirtuins in
response to CR were developed largely based on work carried out in yeast. Additionally, yeast offer a facile means of
conducting experiments which expose the Sir2/CR models to experimental scrutiny. Thus, we believe that a critical
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evaluation of the primary literature in yeast is an appropriate place to begin a discussion on the validity of these
models.

2. A historical perspective of Sir2 and CR in yeast

A role for sirtuins as ‘““master regulators” of eukaryotic aging arose from work on replicative aging in the budding
yeast, Saccharomyces cerevisiae. Replicative life span in yeast is defined as the number of daughter cells produced by
a mother cell prior to senescence, and has been used as a model for the aging of dividing cells for more than 50 years
(Mortimer and Johnston, 1959). A second model of aging has been described in yeast, termed chronological aging, in
which the survival of cells in a non-dividing state is monitored (Fabrizio and Longo, 2003; Kaeberlein, 2006). For the
remainder of this review, unless otherwise stated, the term “life span” when used in the context of yeast cells refers to
replicative life span.

2.1. Sir2 and extrachromosomal rDNA circles

One cause of yeast replicative aging is believed to be the age-associated accumulation of extrachromosomal rDNA
circles (ERCs) in the mother cell nucleus (Sinclair and Guarente, 1997). The yeast rDNA is a tandem array of several
dozen copies of a 9.1 kb repeat, and ERCs can be formed by homologous recombination between adjacent rDNA
repeats (Sinclair and Guarente, 1997). Two factors are likely to contribute to the toxicity of ERCs. First, once an ERC
has formed, it has the potential to self-replicate due to the presence of an autonomously replicating sequence (ARS)
within the rDNA repeat. Second, ERCs (similar to other CEN-lacking circular DNA molecules) are asymmetrically
inherited by the mother cell at cell division. This combination of self-replication and asymmetric segregation leads to
an increase in ERC abundance with replicative age, a phenomenon that can be observed by quantifying ERC levels in a
sorted population of aged cells (Sinclair and Guarente, 1997).

The evidence for ERCs as a cause of aging in yeast is correlative, but reasonably well-supported. Mutations that
increase ERC formation tend to shorten life span, while a subset of mutations that decrease ERC formation increase
life span. One such example is deletion of the rDNA replication fork block protein Fobl. Deletion of Fob1 reduces
rDNA recombination and the abundance of ERCs in both young and aged cells (Defossez et al., 1999). Deletion of
Fob1 also increases life span in many yeast strains (Defossez et al., 1999; Kaeberlein et al., 1999, 2005b), although
this is not universal (discussed below). Additional support for the ERC model of replicative aging was provided by
the observation that release of an ERC in a young yeast cell is sufficient to shorten life span (Sinclair and Guarente,
1997).

To date, the role that Sir2 plays in modulating replicative longevity in yeast has been assumed to be by affecting the
rate of rDNA recombination and thus ERC formation (Guarente, 2000). Deletion of SIR2 increases rDNA
recombination by ~5-10-fold (Gottlieb and Esposito, 1989), increases ERC levels (Kaeberlein et al., 1999), and
reduces life span by about 50% (Kennedy et al., 1995). These phenotypes are partially suppressed by deletion of FOB1
in sir2 A cells, which restores the short life span of a sir2A mutant to the level of wild type cells (Kaeberlein et al.,
1999). Also consistent with this model is the finding that overexpression of Sir2 fails to further increase the long life
span of fobl A mutants (Kaeberlein et al., 1999).

The idea that Sir2 modulates longevity solely by repressing ERC formation may be too simplistic, however, as
evidenced by the incomplete suppression of the sir2A life span defect by deletion of FOBI. When ERCs are
quantitated in aged cells, both fobl A and sir2 Afobl A cells have a dramatic reduction in ERCs relative to wild type
cells (Defossez et al., 1999; Kaeberlein et al., 1999). If sir2 Afobl A cells have a lower level of ERCs than wild type
cells, why is their life span not longer than wild type and comparable to that of fobI A cells? A key piece of data that is
missing from the literature is quantification of ERCs in long-lived cells overexpressing SIR2. One possibility is that,
although ERCs limit the life span of sir2A mutants, due to hyper-recombination at the rDNA, perhaps ERCs do not
limit life span in wild type cells (or in sir2 AfobI A cells). In support of this idea, we note that, although deletion of fob1
increases life span, several other mutants with comparably low levels of rDNA recombination do not show increased
life span (Defossez et al., 1999; Lin and Keil, 1991). Alternatively, ERCs may limit the life span of some wild type
cells but Sir2 may have a novel longevity-promoting role that is necessary for long life span. Given that ERCs are not
thought to cause aging in higher eukaryotes, any novel function of Sir2 in yeast could be highly relevant (discussed
further in Section 4.2).
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2.2. Linking Sir2 to metabolism

At the time Sir2 was first implicated in yeast longevity, little was known about the mechanism by which Sir2 protein
was able to promote transcriptional silencing (Kennedy et al., 1995, 1997). Later, three groups independently solved
this mystery and reported that Sir2 catalyzes an NAD-dependent histone deacetylation reaction (Imai et al., 2000;
Landry et al., 2000; Smith et al., 2000). The unique NAD-consuming catalytic mechanism of Sir2 results in the
production of deacetylated lysine, 1-O-acetyl-ADP-ribose, and nicotinamide (Tanner et al., 2000).

The NAD-dependent nature of Sir2 catalysis immediately suggested a potential link between Sir2 activity and the
metabolic state of the cell (Guarente, 2000). Lin et al. (2000), found that reducing the glucose concentration of the
media from 2 to 0.5% increased replicative life span by 20-30%. This protocol of glucose reduction was proposed as a
yeast model for CR (Lin et al., 2000). The magnitude of life span extension from this CR protocol is comparable to that
observed upon overexpression of Sir2 (Table 1). Furthermore, in cells where the gene coding for Sir2 has been deleted,
life span is shortened by approximately 50%, and reducing the glucose concentration fails to increase life span in this
short-lived mutant (Lin et al., 2000). This latter finding was interpreted to suggest that life span extension by CR is
mediated through activation of Sir2 (Lin et al., 2000).

Building on this model, and using knowledge about the catalytic mechanism of histone deacetylation by Sir2,
competing hypotheses were developed to explain how CR might enhance Sir2 activity in yeast (Couzin, 2004). The
first hypothesis, proposed by Guarente and co-workers, centers around the metabolic shift from fermentation to
respiration that occurs in response to CR (Lin et al., 2002). This shift has been suggested to result in either increased
levels of NAD" (a substrate of the Sir2 reaction) (Lin et al., 2002) or decreased levels of NADH (an inhibitor of
Sir2) (Lin et al., 2004) (referred to hereafter as the ‘““Sir2/CR respiration model’’). An alternative hypothesis,
developed largely from work carried out by Sinclair and co-workers, proposes that CR results in a decreased
concentration of nicotinamide (an inhibitor of Sir2) in the cell, which is accomplished by up-regulation of the gene
coding for nicotinamidase, PNCI (Anderson et al., 2003a) (referred to hereafter as the ““Sir2/CR nicotinamide
model”).

2.3. Strain-specificity: the skeleton in the Sir2 closet

The Sir2/CR models described above provide a reasonable explanation for how Sir2 might be activated in response
to CR; however, a significant complication in interpreting the early data relating to Sir2, CR, and aging in yeast is the
use of two different strain backgrounds, W303ARS (also called W303R or W303AR) and PSY316 (and variants
PSY316AR, PSY316AT, and PSY316AUT), for different types of experiments. Close examination of the studies
proposing a link between Sir2 and CR leads to an interesting observation. In general, experiments involving either
rDNA recombination or the effect on life span resulting from overexpression of SIR2 or deletion of FOB1 were carried
out in W303ARS5 (Defossez et al., 1999; Kaeberlein et al., 1999). In contrast, studies on the longevity effects of CR
were carried out almost exclusively in PSY316 (Anderson et al., 2003a; Bitterman et al., 2002; Lin et al., 2000, 2002,

Table 1
Summary of reported effects on replicative life span for calorie restriction (CR) at two different glucose concentrations, Sir2-overexpression (Sir2-
ox), and deletion of FOB [ in three commonly used yeast strains

BY4742 PSY316 W303AR5

CR (0.5% glucose) 13+1Q2) 26 £3 (5) -8 (1)?
CR (0.05% glucose) 22 +2(9) 39+9 (3) —23 (1)
Sir2-ox 29 +4 (2) 0+3(Q?) 30£3(3)
fobl A 37 £6(6) -2 (1) 294+1@3)
CR + Sir2-ox 62 (1) - -

CR + fobl A 78 £ 18 (2) - -

Sir2-ox + fobl A - - 32 (1)

Data shown as the average percent life span extension =+ standard error with the number of experiments available for comparison shown in
parentheses.

* Disputed by Lamming et al. (2005) who report that 0.5% glucose significantly increases life span in W303ARS5. Table 1 was constructed from
data derived from multiple studies (Defossez et al., 1999; Kaeberlein et al., 1999, 2002, 2004a,b, 2005a,b,c,d, 2006b; Kaeberlein and Kennedy, 2005;
Lin et al., 2002; Tsuchiya et al., 2006a).
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2004). This dichotomy is particularly evident in cases where both strains were used for different types of experiments
within the same study (e.g. see Anderson et al., 2002, 2003a; Bitterman et al., 2002; Howitz et al., 2003).

A possible explanation for why PSY316 was used for studies of CR but not Sir2-overexpression is that, although
CR increases life span in PSY316, overexpression of Sir2 does not (Kaeberlein et al., 2004b). Sir2 is activated in these
cells, as evidenced by increased silencing near telomeres, yet life span is not increased, thus uncoupling Sir2 activation
from longevity in this strain (Kaeberlein et al., 2005¢). Deletion of FOBI also does not increase life span in PSY316,
suggesting that either ERCs are not limiting for life span in this background or Sir2 and Fobl do not regulate ERC
formation in PSY316. Thus, we are left with an equivocation: the experiments supporting life span extension by CR
through activation of Sir2 were largely carried out in a genetic background where longevity is responsive to CR but is
not responsive to activation of Sir2 (Table 1).

What about W303ARS? Prior to 2005, this strain was used extensively for longevity studies of Sir2 and Fob1, but
the effect of CR on life span was not reported (Anderson et al., 2002, 2003a,b; Bitterman et al., 2002; Defossez et al.,
1999; Kaeberlein et al., 1999; Lin et al., 2000). One study has since described life span extension from CR at 0.5%
glucose in W303ARS5 (Lamming et al., 2005). In contrast, we have observed that CR does not increase life span in
W303ARS at 0.5% glucose, and further reduction in the glucose concentration dramatically shortens life span in this
strain (Kaeberlein et al., 2006b).

3. Evidence suggesting CR does not act via Sir2

In 2003, we began to quantitatively measure both replicative and chronological life span for ~4800 single-gene
deletion strains (Kaeberlein and Kennedy, 2005). It was our opinion that there were several benefits to such an
approach, one of which is the unbiased nature of a genome-level longevity screen. Since no predetermined notions
of which genes and pathways should modulate longevity entered into the equation, at least one source of potential
experimental bias was removed. A second benefit of using the yeast deletion collection for longevity screens was
that we would be able to sample a different genetic background than those used by other labs. The yeast deletion
collection was constructed in the BY4742 (MATw) strain background, which is closely related to S288C, the strain
of S. cerevisiae for which the genome has been sequenced (Brachmann et al., 1998; Cherry et al., 1997). BY4742
and its sister strains BY4741 and BY4743 have been used for the vast majority of recent genomic studies in yeast,
including genome-wide studies of protein localization (Huh et al., 2003) and expression (Ghaemmaghami et al.,
2003). We felt that working in the most widely characterized genetic background would prove valuable for placing
the results of genome-wide studies of yeast aging into context within the larger framework of eukaryotic cell
biology.

As a prelude to the large-scale replicative aging screen, it was important to first determine the replicative aging
phenotypes in BY4742 for several mutations previously studied in other yeast backgrounds. In general, single-gene
deletion mutations reported to be long-lived or short-lived in prior studies showed similar longevity effects in BY4742
(Kaeberlein et al., 2005b). One important difference, however, was that, unlike either W303ARS5 or PSY316, both
Sir2-overexpression and CR increased life span in BY4742 (Table 1).

3.1. Sir2 and CR map to parallel genetic pathways

The observation that CR alone or overexpression of Sir2 alone increased the life span of BY4742 mother cells by
20-30% allowed us to carry out a key experiment missing from prior studies: measuring the life span of long-lived
Sir2-overexpressing cells under CR. If CR was increasing life span by activating Sir2, as proposed in the Sir2/CR
models, then CR of Sir2-overexpressing cells should fail to further increase life span. Surprisingly, a combination of
CR plus Sir2-overexpression resulted in an additive longevity effect, increasing life span by approximately 60%
relative to wild type cells on 2% glucose (Kaeberlein et al., 2005b). CR combined with deletion of FOBI also
increased life span by approximately 60% (Kaeberlein et al., 2005b). These results suggested that CR may function to
slow aging in yeast through a pathway parallel to Sir2 and Fobl.

The evidence that CR and Sir2 might modulate longevity in parallel genetic pathways seemed at odds with the
prior observation that CR fails to increase the life span of sir2 A cells (Kaeberlein et al., 2004b; Lin et al., 2000).
Two potential explanations suggested themselves. First, if the Sir2/CR models were correct, the additive effect of
combining Sir2-overexpression and CR might simply be an indication that the standard CR protocol does not
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optimally activate Sir2. Second, since deletion of SIR2 shortens life span by about 50% (Kaeberlein et al., 1999,
2004b; Lin et al., 2000), the defect(s) causing this shortened life span could mask the beneficial effects of CR that
occur through a Sir2-independent mechanism(s). To differentiate between these two possibilities, we wished to
create a situation where Sir2 is absent from cells, but life span is approximately wild type, and test whether CR
could increase life span in this context. Fortuitously, deletion of FOBI (which reduces formation of ERCs)
suppresses the life span defect of sir2A cells, allowing us to carry out just such an experiment. BY4742 mother
cells lacking both Sir2 and Fob1 were grown under standard conditions (2% glucose), as well as at several different
reduced glucose concentrations ranging from 0.5 to 0.05% (in order to assure an optimal CR protocol). On 2%
glucose, wild type and sir2 Afobl A cells had median and maximum life spans that were not significantly different
(Kaeberlein et al., 2004b). In every case of CR tested, however, the life span extension observed in sir2 Afobl A
cells in response to a particular CR regimen was greater than the life span extension seen in wild type cells
(Kaeberlein et al., 2004b). These findings demonstrated unequivocally that Sir2 is not required for CR-induced life
span extension.

These epistasis experiments led to a model in which two pathways cooperate to cause senescence, one involving the
Sir2 and Fobl, and the other responsive to CR (Fig. 1). In sir2A cells where Fobl is present, elevated rDNA
recombination (Gottlieb and Esposito, 1989) results in hyper-accumulation of ERCs (Kaeberlein et al., 1999), causing
many or all of the cells to senesce prematurely, rendering the CR pathway irrelevant. Deletion of FOBI/ in the sir2 A
mutant suppresses the hyper-accumulation of ERCs and, in fact, reduces ERCs to a level much lower than seen in wild
type cells (Kaeberlein et al., 1999). Thus, in the sir2 Afobl A double mutant, the CR pathway has become predominant,
which may explain why CR is more effective at enhancing longevity in these cells.

One criticism of this model was that the mechanism accounting for Sir2-independent life span extension from CR
was uncharacterized (Guarente and Picard, 2005). Fortunately, this criticism can now be addressed. Accumulating
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Fig. 1. Factors regulating replicative life span in yeast. Reduction of glucose or amino acids in the growth media is known to increase life span and
decrease the activity of a nutrient-responsive aging pathway mediated by TOR, Sch9, and PKA. The precise mechanism by which these kinases
modulate aging remains unknown, but may involve regulation of translation, stress resistance, or autophagy. Reduced glucose has also been proposed
to activate the Sir2-mediated longevity pathway; however, it remains unclear whether Sir2 is involved in life span extension from calorie restriction.
Sir2 regulates the formation of extrachromosomal rDNA circles (ERCs), but there is evidence that Sir2 may also have additional longevity-

promoting roles which have yet to be characterized.
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evidence suggests that CR may be mediated through an evolutionarily conserved signaling pathway involving the
nutrient-responsive kinases TOR, Sch9, and PKA (Fabrizio et al., 2004; Kaeberlein et al., 2005d; Lin et al., 2000).
Like CR, these kinases regulate yeast chronological aging (Fabrizio et al., 2001; Powers et al., 2006), as well as aging
in worms and flies (Hertweck et al., 2004; Jia et al., 2004; Kapabhi et al., 2004; Vellai et al., 2003). Future efforts will
clarify which components of these pathways are most relevant for modulating longevity in response to nutrient
availability.

3.2. Sir2 is not globally activated by CR

Several groups have reported that CR can increase yeast life span independently of Sir2 (Jiang et al., 2000;
Kaeberlein et al., 2004b, 2006b; Lamming et al., 2005, 2006). An important question that remains to be answered,
however, is whether CR has any effect on Sir2 activity and whether there exist conditions under which a subset of the
effects of CR are mediated by Sir2.

A central premise of both the respiration and nicotinamide Sir2/CR models (see Section 2.1) is that CR increases
Sir2 activity. In yeast, Sir2 promotes transcriptional silencing at three loci: telomeres (Aparicio et al., 1991), the
silent mating loci (Ivy et al., 1986; Rine and Herskowitz, 1987), and the rDNA (Bryk et al., 1997; Smith and Boeke,
1997), where it also represses recombination between rDNA repeats (Gottlieb and Esposito, 1989). Methods have
been developed for assaying Sir2 activity in vivo based the insertion of marker genes at one or more of the Sir2-
regulated loci (e.g. see Gallo et al., 2004; Imai et al., 2000; Kaeberlein et al., 2005c; Roy and Runge, 2000;
Sandmeier et al., 2002; Smith and Boeke, 1997). Several interventions have been reported that influence silencing at
one or more of these loci through both Sir2-dependent and Sir2-independent pathways (e.g. see Bryk et al., 2002;
Olaharski et al., 2005; Ray et al., 2003; Smith et al., 2000). Thus, if CR activates Sir2 in vivo, it should be
straightforward to detect.

The effect of CR on Sir2-dependent silencing at telomeres has been examined in the PSY316 strain background
using a strain with both ADE?2 (required for adenine biosynthesis) and URA3 (required for uracil biosynthesis)
integrated sub-telomerically (PSY316AUT). Both marker genes are transcriptionally silenced by Sir2 in this strain,
and the degree of silencing can be monitored by measuring the viability of cells plated onto media lacking either
adenine, uracil or both. A second quantitative measure of URAJ silencing is also available by plating cells onto media
containing 5-fluoroorotic acid, a chemical toxic to cells expressing the Ura3 enzyme, while ADE? silencing can also be
monitored qualitatively by plating cells onto media low in adenine and monitoring the formation of a red pigment.
Using each of these assays, it has been shown that, while overexpression of the Sir2 enzyme significantly increases
Sir2 activity in vivo, CR does not (Kaeberlein et al., 2005a,d).

In contrast to the lack of effect from CR on Sir2-dependent telomere silencing, CR has been reported to have
effects on Sir2-related phenotypes within the rDNA. Specifically, growth on 0.5% glucose media increased
transcriptional silencing of a MET5 gene inserted into the rDNA repeat (Lin et al., 2000), using a qualitative color
formation assay (Cost and Boeke, 1996). CR was also reported to reduce rDNA recombination in W303ARS, as
measured by loss of an ADE?2 marker from the rDNA (Lamming et al., 2005). Interpretation of these observations is
complicated, however, by the fact that TOR, Sch9, and PKA also influence both rRNA transcription and rDNA
recombination in a manner consistent with the hypothesis that the observed effects of CR could mediated by these
Sir2-independent nutrient-response pathways (Li et al., 2006; Lin et al., 2000; Martin et al., 2004; Prusty and Keil,
2004; Tsang et al., 2003). In unpublished experiments, we have observed that decreased TOR activity dramatically
decreases rDNA recombination in W303AR cells in a Sir2-independent manner (M. Kaeberlein and B. Kennedy,
unpublished data). Deletion of at least three different TOR- and Sch9-regulated ribosomal proteins has been
reported to increase life span in yeast (Chiocchetti et al., 2007; Kaeberlein et al., 2005d), suggesting that regulation
of ribosome biogenesis and, perhaps, rRNA levels by TOR may be an important aspect of Sir2-independent life
span extension from CR. Thus, activation of Sir2 need not be invoked to explain effects of CR at the rDNA, and it
remains unclear whether the rDNA phenotypes associated with CR are Sir2-mediated, TOR/Sch9/PKA-mediated,
or both.

The inability of CR to phenocopy overexpression of Sir2, at least with respect to telomere silencing, is clearly
inconsistent with the predictions of the Sir2/CR models. This finding alone, however, cannot rule out these models. For
example, it is possible that activation of the Sir2 enzyme could result in different phenotypes from overexpression of
the enzyme. Perhaps Sir2 enzyme is relocalized to telomeres when overexpressed, but the Sir2 present at telomeres is
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not activated by CR. Given the central nature of this question to the Sir2/CR models, a more thorough analysis of the
effect (if any) that CR has on Sir2 activity in vivo seems warranted.

3.3. Respiration is not required for CR

In yeast, a reduction in the glucose concentration of media results in a metabolic shift from fermentation
toward respiration (Lin et al., 2002). Guarente (2000) proposed that CR increases Sir2 activity by increasing
cellular NAD levels in response to this metabolic shift. This hypothesis was challenged, however, by subsequent
work from the Sinclair lab indicating that NAD levels are not altered by CR (Anderson et al., 2003b). Since then,
the respiration Sir2/CR model has been modified to posit that a shift from fermentation to respiration leads to
decreased NADH rather than increased NAD levels, and that this decrease in NADH leads to activation of Sir2
(Lin et al., 2004).

A central prediction of both variants of the respiration Sir2/CR model is that CR should not increase life span in
cells that are incapable of undergoing a metabolic shift from fermentation to respiration. In contrast to this prediction,
CR has been reported to dramatically increase the life span of respiratory deficient mutants in either the PSY316 or
BY4742 strain backgrounds. Deletion of the nuclear gene CYT1, which codes for cytochrome c1, does not significantly
alter life span but completely blocks respiratory metabolism (Kaeberlein et al., 2005a,b); CR increases the life span of
eytl A cells at either 0.5 or 0.05% glucose (Kaeberlein et al., 2005a). Rho® cells are respiratory defective and lack
mitochondrial DNA, which codes for three cytochrome ¢ oxidase subunits (COXI, COX2, and COX3), three ATP
synthase subunits (ATP6, ATPS, and ATP9), and apocytochrome b (CYTB) (de Zamaroczy and Bernardi, 1986;
Tzagoloff and Myers, 1986). CR significantly increases the life span of rho” cells at either 0.5 or 0.05% glucose
(Kaeberlein et al., 2005a). We have also determined that CR increases the life span of more than 10 additional
respiratory-deficient single-gene deletion strains (M. Kaeberlein and B. Kennedy, unpublished data). Thus, multiple
counter-examples to the respiration Sir2/CR models have been provided where CR is effective at increasing the life
span of respiratory deficient yeast cells.

Although a metabolic shift from fermentation to respiration is not necessary for life span extension from CR, this
does not imply that respiration and mitochondrial activity are not important for longevity in general. Overexpression of
the HAP4 transcription factor (Lin et al., 2002; Piper et al., 2006), which promotes transcription of many different
respiratory genes, or overexpression of mitochondrial NAD-dependent dehydrogenases (Lin et al., 2004) is reported to
increase yeast life span. Deletion of the mitochondrial NAD-dependent isocitrate dehydrogenase IDH?2 also increases
life span (Kaeberlein et al., 2005d), and recently a component the pyruvate dehydrogenase complex has been
suggested to play a role in life span extension from CR (Easlon et al., 2007). It remains to be determined whether the
effects of these mitochondrial proteins on life span are directly related to respiration and carbon utilization or whether
they modulate longevity via indirect mechanisms.

3.4. Nicotinamide affects life span independently of Sir2

The Sir2/nicotinamide model posits that, rather than resulting from increased respiration, life span extension from
CR is due to Sir2 activation in response to a reduction in intracellular nicotinamide (Anderson et al., 2003a). This
model was based upon the finding that CR results in increased expression of PNCI, the gene coding for
nicotinamidase, which catalyzes the breakdown of nicotinamide to nicotinate and ammonia (Anderson et al., 2003a).
Since nicotinamide is an inhibitor of Sir2, a reduction in intracellular nicotinamide could, in theory, result in activation
of Sir2 and increased life span. Further support for this idea was provided by the report that increased expression of
PNCI is sufficient to increase life span (Anderson et al., 2003a).

Interpretation of the relationship between PNC/ and SIR2 in the context of CR is difficult in light of the fact that all
of the experiments reporting increased longevity from PNCI overexpression were carried out in PSY316 (Anderson
et al., 2003a), the strain background in which enhanced Sir2 expression fails to increase life span (Kaeberlein et al.,
2004b). This raises the question that, if PNC/ overexpression increases life span in PSY316 by activating Sir2, why
does not increasing Sir2 activity by overexpression of the enzyme also increase life span in PSY316. As discussed
above, it is possible that increased expression of the Sir2 enzyme fails to recapitulate Sir2 activation through decreased
nicotinamide levels; however, Sir2-overexpression is known to increase life span in other strain backgrounds. An
alternative possibility is that PNCI-overexpression increases life span through a Sir2-independent mechanism, similar
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to CR. It would be interesting to know whether overexpression of PNCI increases life span in strain backgrounds
where overexpression of SIR2 has a similar effect. If so, this would allow more careful genetic testing of the
relationship between these two enzymes with respect to longevity in yeast.

More recent studies suggest that nicotinamide, at least, plays a role in mediating longevity that is distinct from its
sirtuin-inhibitory function. Treating yeast cells with 5 mM nicotinamide phenocopies deletion of SIR2, reducing life
span by about 50% (Bitterman et al., 2002; Tsuchiya et al., 2006a). This short life span is suppressed by deletion of
FOBI (Kaeberlein et al., 2005a). Interestingly, nicotinamide partially blocks life span extension from CR in
sir2 Afobl A double mutant cells (Kaeberlein et al., 2005a). Since Sir2 is absent from these cells, nicotinamide levels
must influence the response to CR through a Sir2-independent mechanism(s).

3.5. Sir2 paralogs are not required for Sir2-independent CR

One possible explanation for the observation that nicotinamide partially blocks life span extension from CR in
sir2 Afobl A cells is that Sir2-independent CR is mediated by other nicotinamide-inhibited Sir2-family members. Yeast
has four homologs of Sir2, the sirtuins: Hst1, Hst2, Hst3, and Hst4 (Brachmann et al., 1995; Derbyshire et al., 1996).

All five sirtuins are thought to carry out a similar catalytic reaction as Sir2, although with varied cellular
localization and substrates.

If Sir2-independent CR were mediated by one of the Sir2 paralogs, then CR should not increase life span when both
Sir2 and the relevant Hst protein are deleted. Indeed, this initially appeared to be the case, with the report that CR does
not increase the life span of sir2Afobl A hst2A triple mutants (Lamming et al., 2005). We have independently
examined each of the Sir2 homologs, however, to determine their role, if any, in CR. In contrast to Lamming et al.
(2005), in our studies CR was found to increase life span by greater than 50% in all four of the sir2 Afobl A hstXA
triple mutants (Kaeberlein et al., 2006b; Tsuchiya et al., 2006a).

Although no single Sir2 paralog is sufficient to account for Sir2-independent life span extension from CR, it is
formally possible that more than one Sir2 paralog could redundantly function to promote life span extension from CR
in the absence of Sir2. Simultaneous deletion of all five sirtuins results in a severe growth defect, precluding
interpretation of an experiment directly examining CR in sirtuin-less yeast (Tsuchiya et al., 2006a). Hst1 and Hst2 are
the two sirtuins most closely related to Sir2, however, and CR increases life span to a similar extent in sir2 Afobl A
hstl A hst2 A cells as in sir2 A fobl A cells (Kaeberlein et al., 2006b; Tsuchiya et al., 2006a). These experiments were
carried out using multiple CR regimens, including 0.5, 0.05, and 0.005% glucose. Life span extension from CR was
observed at each level of restriction, with optimal extension at glucose levels below 0.5% (Kaeberlein et al., 2006b). In
addition, CR increases the life span of sir2 Afobl A hstl A hst2 A hst4 A cells, and this life span extension is reduced by
5 mM nicotinamide (Tsuchiya et al., 2006a). Since Hst3 is not significantly inhibited in vivo by 5 mM nicotinamide
(Tsuchiya et al., 2006a), it seems likely that nicotinamide inhibits life span extension from CR by a mechanism that is
independent of the entire family of yeast sirtuins.

4. Searching for clarity from controversy
4.1. “Moderate” versus “extreme” CR

One response to the accumulating data suggesting that CR is independent of sirtuins in yeast and C. elegans (see
below) has been a proposal that two different pathways for life span extension are activated by CR at different levels of
restriction (Sinclair et al., 2006). One pathway could be Sir2-dependent and responds to ‘“moderate CR”’, whereas the
other pathway could be Sir2-independent and responds to “‘extreme CR’’. Although it is generally accepted that a level
of restriction providing maximum life span extension should be used in genetic studies of CR, it is formally possible
that different mechanisms of life span extension could occur at different levels of restriction. Thus, this hypothesis
deserves consideration.

In the case of yeast replicative life span, it has been proposed that 0.5% glucose represents ‘“moderate CR” while
lower concentrations (such as 0.05% glucose) represent “‘extreme CR” (Sinclair et al., 2006). Do the data support the
hypothesis that life span extension at 0.5% glucose is Sir2-dependent while life span extension at 0.05% glucose is
Sir2-independent? There is little experimental evidence indicating that, under the conditions used for measuring
yeast replicative life span, cells grown at glucose concentrations lower than 0.5% show substantial physiological



136 M. Kaeberlein, R.W. Powers I11/Ageing Research Reviews 6 (2007) 128—140

differences from cells grown at 0.5% (Kaeberlein et al., 2006a). Indeed, microarray studies indicate that yeast grown
at 0.5% glucose undergo many of the gene expression changes associated with an absence of glucose (Lin et al.,
2002). Thus, the available data support the idea that, relative to growth at 2% glucose, “‘extreme’ and ‘“‘moderate”
CR are likely to induce similar gene expression changes, although this needs to be more carefully examined
experimentally.

The best evidence supporting the hypothesis that 0.5% glucose increases life span by a mechanism different from
0.05% glucose was provided by Lamming et al. (2006) who reported that 0.05% glucose significantly increases the life
span of fobl A sir2A hstlA hst2A cells, but 0.5% glucose does not. This report has been disputed, however
(Kaeberlein et al., 2004b). In contrast to Lamming et al. (2006), our data clearly argue that life span extension from CR
occurs independently of Sir2, regardless of the level of restriction used. CR significantly increased the life span of
sir2Afobl A double mutants at 0.5, 0.1, and 0.05% glucose, with 0.05% glucose providing the maximal benefit
(Kaeberlein et al., 2004b). Further, both “moderate” and ‘“‘extreme’ CR also increased the life span of sir2 A fobl A
hstl A hst2 A cells (Kaeberlein et al., 2006b). The discrepancy between our data and that of Lamming et al. remains
unresolved, and may be due to differences in experimental conditions or background mutations present in control
strains.

In addition to finding that life span extension at 0.5 and 0.05% glucose are Sir2-independent, we have also observed
that life span extension at both glucose levels is independent of respiration (see Section 3.3). This observation has
recently been verified by Easlon et al. (2007), who report that both 0.5 and 0.05% glucose increase the life span of
cytl A cells, with 0.05% glucose providing a maximum life span extension (Easlon et al., 2007). Based on their
findings, Easlon et al. (2007) propose a complicated model suggesting that 0.5% glucose and 0.05% glucose increase
life span by partially distinct but interacting pathways (Easlon et al., 2007).

Clearly, the current data do not allow for a definitive answer to the question of whether ‘“moderate” and “‘extreme”
CR act by different mechanisms. We do not favor this model because (1) in our opinion, it is not necessary to account
for the observed data and (2) in our hands neither “moderate” nor “‘extreme” CR require Sir2 to increase life span
(Kaeberlein et al., 2004b, 2006b).

4.2. Evolutionary considerations

One argument made in support of Sir2 as a mediator of CR is based on apparent evolutionary conservation. Since both
CR and Sir2-overexpression increase life span in yeast, worms, and flies, this has been construed as evidence that CR acts
through Sir2 (Lamming et al., 2006). The same can be said of other interventions, however, such as decreased TOR
activity (Jiaetal.,2004; Kaeberlein et al., 2005d; Kapahi et al., 2004; Powers et al., 2006; Vellai et al., 2003) and increased
expression of antioxidant enzymes (Fabrizio et al., 2003; Parkes et al., 1998; Phillips et al., 2000; Schriner et al., 2005;
Sun and Tower, 1999). The apparent evolutionary conservation of sirtuins as longevity determinants is also perplexing for
two reasons. First, Sir2 antagonizes life span extension from CR in the yeast chronological aging model, which may be a
more relevant system for modeling the aging of post-mitotic cells and tissues in higher eukaryotes (Fabrizio et al., 2005).
In contrast, decreased TOR activity increases both replicative and chronological life span (Powers et al., 2006). Second,
Sir2 is thought to modulate yeast longevity by regulating ERC formation (Kaeberlein et al., 1999). Yet, there is no
evidence to indicate that ERCs accumulate with age or slow aging in multicellular eukaryotes.

The link between Sir2 and CR in higher eukaryotes is also ambiguous. Published data from studies in flies is, thus
far, consistent with a requirement of dSir2 for life span extension from CR, and genetic epistasis places dSir2 and CR
in the same pathway (Rogina and Helfand, 2004). The situation in worms, however, is less clear. One report indicated
that life span extension in a genetic model of CR, mutation of eat-2, is largely blocked by deletion of sir-2.1 (Wang and
Tissenbaum, 2006), but a second study found that deletion of sir-2.1 does not alter life span extension from mutation of
eat-2 (Hansen et al., 2007), and two groups have independently reported that life span extension from CR achieved
through a reduction in bacterial food is unaffected by deletion of sir-2.1 (Lee et al., 2006; Tsuchiya et al., 2006b). In
mammals there are several suggestive findings consistent with the possibility that sirtuins play roles in metabolic
processes related to CR (Guarente and Picard, 2005), and mice lacking SirT1 fail to show increased activity in
response to CR (although other measured phenotypes were unchanged; Chen et al., 2005). As yet, however, it has not
been demonstrated that any mammalian sirtuin is either necessary or sufficient for life span extension in response to
CR (Longo and Kennedy, 2006). Thus, definitive statements regarding the mechanistic details of life span extension by
CR in any organism seem premature.
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5. Conclusion

There are many intriguing links between Sir2, CR, and longevity. Like CR, Sir2 orthologs modulate longevity in
yeast, worms, and flies, and plausible molecular models have been suggested by which sirtuin activity could be altered
in response to nutrients. Experimental evidence has accumulated in yeast, however, suggesting that these models
should be re-evaluated. For example, three specific predictions that arise from the Sir2/CR models are (1) optimal CR
combined with overexpression of Sir2 should not result in an additive or synergistic effect on life span, (2) CR should
never increase life span in cells lacking Sir2 (and/or sirtuins), and (3) CR should activate Sir2 in vivo. In each case,
counter-examples have been demonstrated that are inconsistent with these predictions.

Others and we have begun to critically evaluate inconsistencies in the Sir2/CR models, and it is our hope that this
trend will continue. If correct in part or whole, the hypothesis that CR increases life span through activation of sirtuins
will be strengthened by this type of critical examination and follow-up experiments; if not, then aging-related research
will benefit from a more accurate picture of the (different) mechanisms by which sirtuins and CR affect longevity.
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