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Abstract
The Sir2 family proteins (sirtuins) are evolutionally conserved NAD+ (nicotinamide adenine
dinucleotide)-dependent protein deacetylases and ADP-ribosylases, which have been shown to play
important roles in the regulation of stress response, gene transcription, cellular metabolism and
longevity. Recent studies have also suggested that sirtuins are downstream targets of calorie
restriction (CR), which mediate CR-induced beneficial effects including life span extension in a
NAD+-dependent manner. CR extends life span in many species and has been shown to ameliorate
many age-associated disorders such as diabetes and cancers. Understanding the mechanisms of CR
as well as the regulation of sirtuins will therefore provide insights into the molecular basis of these
age-associated metabolic diseases. This review focuses on discussing advances in studies of sirtuins
and NAD+ metabolism in genetically tractable model system, the budding yeast Saccharomyces
cerevisiae. These studies have unraveled key metabolic longevity factors in the CR signaling and
NAD+ biosynthesis pathways, which may also contribute to the regulation of sirtuin activity. Many
components of the NAD+ biosynthesis pathway and CR signaling pathway are conserved in yeast
and higher eukaryotes including humans. Therefore, these findings will help elucidate the
mechanisms underlying age-associated metabolic disease and perhaps human aging.
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1. Introduction
The Sir2 family proteins (sirtuins) are evolutionally conserved longevity factors that were
originally discovered and studied in yeast. SIR2 and its mammalian orthologs encode NAD+-
dependent protein deacetylases and ADP-ribosylases [1]. By coupling the cleavage of NAD+

and the modifications of target proteins, sirtuins serve as a potential molecular link relaying
the cellular energy state to the machinery of life span regulation. Recent studies have shown
that sirtuins play important roles in CR-induced life span extension [2–8] as well as in
regulating stress response, cell survival and energy metabolism [9–11], suggesting a role for
sirtuins in age-related metabolic diseases.
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In addition to being a co-substrate for sirtuin activities, NAD+ is also an essential pyridine
nucleotide functioning in many biological processes including metabolic redox reactions and
DNA repair [12]. NAD+ also plays an important role in CR-mediated life span extension by
regulating NAD+-dependent longevity factors, including the Sir2 family proteins [2]. Aberrant
NAD+ metabolism has also been linked to certain age-associated diseases [13–15]. In
eukaryotes, NAD+ is synthesized via the de novo and salvage pathways. Cells can also
assimilate extracellular NAD+ precursors into intracellular NAD+ pool via specific transporters
and the salvage pathway. In this review, we summarize recent studies on yeast sirtuins and
their regulation by NAD+ metabolism and CR as well as discussing possible implications of
these findings in the mechanisms underlying age-related metabolic diseases.

2. Sir2 and Sir2 family proteins
Sir2 (silent information regulator 2), the founding member of the sirtuin family (silent mating-
type information regulator 2 homolog), was first identified as one of the components of
Sir1/2/3/4 silencing complex in yeast [16,17]. The SIR silencing complexes are required for
the maintenance and repression of three repetitive genomic regions: telomeres, the cryptic
mating type loci (HML and HMR), and the ribosomal DNA loci (Fig. 1A) [18–21]. Each locus
employs a unique set of DNA binding factors to recruit specific Sir proteins to mediate
transcriptional silencing. Among these Sir proteins, only Sir2 is required for maintaining the
silencing of all three repetitive regions. It is now clear that the repression of these loci is
achieved by generating a compact chromatin configuration. The main structure of chromatin
is established by packaging DNA around histones. Biochemical analysis of silenced genomic
regions reveals that the core histones, mainly H3 and H4, resided within transcriptionally
repressed loci are hypoacetylated in their extended N-terminal tails, which results in a compact
chromatin structure less accessible for DNA binding proteins including transcription regulators
[21,22]. The fact that Sir2 exhibits a NAD+-dependent histone deacetylase activity in vitro and
in vivo provides a molecular mechanistic basis for SIR complex-mediated transcriptional
silencing [23–25].

Comparative genetic analyses have identified Sir2 homologs in a wide variety of organisms,
ranging from bacterium to human [26,27], showing that the Sir2 family proteins are highly
conserved throughout evolution. The Sir2 family members harbor a conserved core domain
required for enzyme activity, and these proteins are now collectively called sirtuins. Many
sirtuins have been biochemically characterized and found to be NAD+-dependent protein
deacetylases or ADP-ribosylases [28]. In higher eukaryotes, sirtuins reside in different
intracellular compartments (nucleus, cytosol and mitochondria) to regulate a variety of proteins
involved in different cellular processes. Examples of sirtuin targets include transcription factors
[29–33], cytoskeleton components [34], and metabolic enzymes [35–38].

Sir2 homologs in yeast include Hst1, Hst2, Hst3 and Hst4 (homologous to Sir two) [26]. Among
those, Hst1 has highest homology with Sir2 and has been shown to suppress silencing defects
at the mating type loci of a sir2Δ deletion mutant when overexpressed [26]. However, it is
suggested that Hst1 mediates transcription regulation independent of the SIR silencing
complex. By interacting with another transcription regulator Sum1, Hst1 regulates
transcription in a gene-specific manner [39,40]. Hst2 is the most abundantly expressed Sir2
homolog in yeast and accounts for most of the intracellular NAD+-dependent deacetylase
activity [24]. The primary subcellular localization of Hst2 is somewhat perplexing. Although
Hst2 is reported as a cytoplasmic protein [24,41], it has also been shown that Hst2 works in
concert with Hst1 to down-regulate subtelomeric gene expression [42]. Interestingly, Hst2 also
plays a role in regulating rDNA silencing [41] and recombination [5]. It is now believed that
Hst2 shuttles between the nucleus and the cytoplasm, however, detailed mechanisms
underlying the regulation of Hst2 shuttling remains unclear [43]. Although deleting any HST
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genes alone does not result in silencing defect, deleting HST3 and HST4 together affect
telomeric silencing and cell cycle progression, accompanied by increased mitotic
recombination and genome instability [26]. This genome-wide effect is possibly due to
continuous acetylation of H3 at lysine 56, which is of importance in silencing and the formation
of heterochromatin, further linking the Sir family to regulation of genome stability [44]. In
addition, a transcriptome analysis of strains carrying individual deletions of the Sir2 family
members reveals a significant overlap in regulation targets among Hst1, Hst2 and Hst3, further
complicating the characterization of individual yeast sirtuin [45].

3. Sir2 family members as longevity regulators in yeast
Budding yeast propagates by asymmetric cell division, in that the partitioning between two
resultant cells is unequal in morphological and in molecular aspects. The larger one is
designated as mother cell, and each yeast cell can only undergo a certain number of divisions,
which is known as the replicative life span (RLS). The process of approaching the limit of cell
division is recognized as replicative aging. Similar to higher eukaryotic cells, aged yeast cells
show declined division potential and reduced fitness. Another type of yeast life span is
chronological life span (CLS), which measures the length of time cells remain viable at a non-
dividing state. Yeast cells enter a non-dividing stationary phase (or post-diauxic phase) when
nutrients are limited. This quiescent state has been suggested to resemble the G0 state in higher
eukaryotes [46]. Several longevity factors have been identified through RLS and CLS studies
[2,47–52]. Since the roles of yeast Sir2 family proteins in CLS regulation remain unclear, in
this section, we focus on the discussion of the roles of Sir2 family proteins in RLS regulation.

A primary cause of yeast replicative aging stems from structural changes within the nucleolus,
a distinct region that is responsible for ribosomal RNA transcription from the rDNA loci and
ribosome assembly [53]. The yeast rDNA loci consist of a stretch of ~9 kb rDNA repeats and
are inherently recombinagenic. Homologous recombination between adjacent repeats is known
to result in the excision of repeat unit and the formation of extrachromosomal rDNA circles,
known as ERCs. ERCs are autonomously replicating circles that preferentially accumulate in
the ageing mother cells due to asymmetrical segregation [53]. As a result, the abundance of
ERCs increases exponentially in mother cells to a level that even exceeds the yeast genome
[53]. Given the abundance of ERCs, it is possible that they might cause cell death by titrating
away essential transcription and/or replication factors; however, detailed mechanisms remain
unclear [54].

Since ERCs in an old cell could arise from a single initial recombination event, suppression of
rDNA recombination should forestall or delay the initiation of aging process in the mother cell.
A major mechanism by which yeast cells suppress ERC formation is the packaging of DNA
and histones into a “silent structure” analogous to heterochromatin in higher eukaryotes. In
yeast, heterochromatin is formed at telomeres, the HM loci, and the rDNA loci [18–21]. The
formation of heterochromatin at the HM loci and telomeres is mediated by silencing complex
Sir2/3/4 [18,19], whereas heterochromatin at the rDNA loci is catalyzed by the RENT
(regulator of nucleolar silencing and telophase exit) complex, which includes Sir2, Net1 and
Cdc14 (Fig. 1A) [55–57]. Interestingly, Sir2 is the only factor that is required for silencing at
all three regions [20,58,59]. Supporting the ERCs model of yeast replicative aging, expressing
one extra copy of Sir2 increases yeast replicative life span, whereas deleting SIR2 accelerates
ERC generation and shortens replicative life span [60]. In addition, other factors that can affect
homologous recombination between rDNA repeats have also been demonstrated to function
as longevity regulators [5,61–63].

ERC production is likely due to a combination of Fob1-dependent rDNA repeat expansion,
contraction, double strand break formation and repair (Fig. 1B)[64]. Fob1 is a nucleolar protein
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that binds to rDNA at the replication fork block site, creating a replication barrier in the rDNA
loci, and may lead to double strand breaks [62,65,66]. In addition to modulating chromatin
configurations, Sir2 also counteracts ERC formation via the establishment and/or maintenance
of sister-chromatid cohesion at the rDNA loci [64]. Increasing the contacts between the two
sister chromatids at the rDNA loci during DNA replication may reduce unequal-sister
chromatid recombination upon double strand break repair [64]. Therefore, deleting Fob1 in a
sir2Δ deletion mutant mitigates the formation of ERCs and rescues replicative life span back
to wild type levels [60,62]. Sir2 also affects general genomic stability. The sir2Δ deletion
mutant has an increased mutation frequency compared to wild type during the initial growth
phase of yeast cultures [67]. These findings also raise the question of the causal relationship
between genomic instability and aging.

In addition to regulating rDNA recombination and ERC formation, Sir2 also plays a role in
stress resistance and the regulation of newborn cell fitness (Fig. 1C). It has been shown that
oxidatively damaged proteins, namely carbonylated proteins, are retained in mother cells and
are not inherited by daughter cells during cytokinesis [68]. Interestingly, the accumulation of
damaged proteins in the mother cell is a function of replicative age, and the asymmetrical
partitioning of damaged proteins is lost in the sir2Δ deletion mutants [68]. Quantitative
comparisons of reactive oxygen species (ROS) and ROS scavenging enzyme catalase in the
mother and the daughter cells suggest a Sir2-dependent free-radical defense mechanism that
confers a superior ROS management in the daughter and therefore protects the progeny from
aging [69]. This rejuvenation process not only functions in asymmetrical cell division system
but might also provide beneficial effects in binary division system [70].

Telomere silencing and maintenance also affect the progression of aging in multiple organisms
including metazoan. Telomere maintenance in yeast requires multiple telomere binding
proteins working in concert to preserve the integrity of chromosome ends, while telomere
silencing is mainly achieved by the formation of heterochromatic structure. Sirtuins have been
implicated both in telomere silencing and Ku protein-mediated telomere maintenance [71–
73]. A very recent study shows that Sir2-mediated deacetylation of histone H4 lysine 16
decreases with age suggesting telomere silencing also plays a critical role in regulating yeast
life span [73].

Although it is still unclear whether sirtuin-mediated telomere silencing and ERC-formation
also contribute to longevity regulation in higher eukaryotes, accumulating evidence from
various model systems suggest that sirtuins play significant roles in mediating life span
regulation in complex organisms. For example, over-expressing Sir2 homologs in
Drosophila and C. elegans also confers extended life span [3,74]. In addition, the mammalian
Sir2 family proteins (SIRT1-7) have been shown to regulate stress response, cell survival, as
well as insulin and fat metabolism [9,10], suggesting a role for sirtuins in age-related metabolic
diseases and perhaps human aging. Future studies are warranted to determine whether over-
expressions of sirtuins would indeed extend life span and/or ameliorate age-associated
diseases.

4. Regulation of the Sir2 family proteins
4.1. Biochemistry of Sir2 activity

Sir2 exhibits a NAD+-dependent protein deacetylase activity, which is highly conserved among
Sir2 family members [23–25] and is required for most sirtuin-mediated regulations. During
deacetylation reactions, Sir2 catalyzes the transfer of acetyl group from specific lysine residues
on protein substrates to the ADP ribose moiety of NAD+, followed by releasing nicotinamide,
O-acetyl-ADP ribose, and deacetylated substrates [1]. In addition to serving as co-substrate in
Sir2-mediated deacetylations, NAD+ and its reduced form NADH are essential redox carriers
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that connect the metabolism of biomolecules to ATP synthesis. The ratio of NAD+ to NADH
therefore reflects the intracellular redox state and is considered as readout of metabolic activity
[75]. Since Sir2 couples the cleavage of NAD+ to protein modification, it has been suggested
that Sir2 functions as a molecular link relaying the signals from energy metabolism to the
biological processes that Sir2 regulates.

Since NAD+ is absolutely required for Sir2 activity, deficiencies in the NAD+ synthesis salvage
pathway, for example deleting the critical enzyme Npt1 (nicotinic acid
phosphoribosyltransferase), abolish Sir2-mediated silencing [24,76,77], whereas over-
expressing Npt1 confers rDNA stability and life span extension [77]. Sir2 is also subject to
negative regulation by its reaction product nicotinamide (Nam). It has been shown that dosing
yeast cells with Nam or genetically deleting the nicotinamidase Pnc1 reduces Sir2-mediated
silencing and shortens life span [78,79]. Extensive structural analysis of Sir2 reveals that the
presence of Nam could drive Sir2 to undergo a base-exchange reaction and prevent further
proceedings of deacetylation [1,80–82], which mechanistically explains Nam as a natural non-
competitive feedback inhibitor of Sir2. On the other hand, the role of another small molecule
generated from Sir2-catalyzed reaction, O-acetyl-ADP ribose (AADPR), is relatively unclear
yet intriguing. Structural studies show that AADPR forms a complex with Sir2 and could
potentially act as an inhibitor [1,83]. However, studies of the in vitro reconstitution of silencing
complexes indicate that AADPR promotes the assembly of silencing complex and potentiates
silencing activity [84]. In contrast, another study has shown that AADPR seems to be
dispensable for the assembly and spreading of silencing complexes [85]. Finally, although
NADH is not derived from Sir2-catalyzed reactions, it has also been demonstrated to function
as a competitive inhibitor of Sir2 [75]. In addition to these endogenously produced Sir2
activators/inhibitors, many recent studies have identified small molecules that can modulate
Sir2 activity, for example, sirtinol and resveratrol [1,4,86,87], which are also invaluable tools
for studying the functions of sirtuins.

4.2. Regulation of Sir2 by CR and environmental stresses
Calorie restriction, CR, is the most effective intervention examined to extend life span in a
wide spectrum of species including mammals [88,89]. Moderate CR can be imposed in yeast
by reducing the glucose concentration from 2% to 0.5% in rich media [2,5,90–94]. Under this
CR condition, the growth rate remains robust and both replicative and chronological life spans
are extended. Variations in CR protocols have also been described in which limitation of amino
acids and/or further reduction in carbon sources are employed [91,95–97]. In yeast, moderate
CR is suggested to function through reducing the activities of conserved nutrient-sensing
pathways to extend life span. Decreasing the activity of the Ras-cAMP/PKA (cyclic-AMP
activated protein kinase A) pathway, which regulates cell growth and stress response, extends
life span [2,48]. Deleting the nutrient responsive Sch9 (homolog of mammalian S6K kinases)
or Tor1 (target of rapamycin) kinases also promotes longevity [48,50]. Both tor1Δ and
sch9Δ mutants have been suggested to be genetic mimics of CR [48,50].

Life span extension induced by low-glucose mediated CR has been shown to require both
NAD+ and Sir2 [2]. Two major models have been proposed to explain how CR-induced signals
are translated to Sir2-dependent life span extension (Fig. 2). The first model centers on the
metabolic shift in response to CR. CR induces a shunting of carbon metabolism from
fermentation towards the mitochondrial TCA cycle [98]. The concomitant increase in
respiration is necessary and sufficient for the activation of Sir2-mediated silencing and life
span extension [98]. One important aspect of mitochondrial respiration is to couple ATP
synthesis, a process fueled by electron transport chain resided in the inner membrane of
mitochondrium, to the regeneration of NAD+ via NADH oxidation. In yeast, CR induces an
increase in intracellular NAD+/NADH ratio by decreasing the NADH level [75]. Since NADH
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can function as a competitive inhibitor of Sir2 activity [75], it is suggested that the increase of
NAD+/NADH ratio induced by CR activates Sir2. In support for this model, genetic
manipulations that cause a decrease in NADH levels are shown to increase Sir2 activity and
extend life span [75,98]. However, since NADH is a weak inhibitor of Sir2, it has been
questioned that reported in vivo NADH levels are too low to inhibit Sir2 activity [99]. It is
possible that intracellular compartmentalization of NAD+ and NADH and/or specific protein-
protein interactions create local high NAD+/NADH ratios thereby activating Sir2 in vivo. It
has also been suggested that the affinity/sensitivity of Sir2 towards its substrates and inhibitors
varied when Sir2 was in complex with different interacting partners [100].

Supporting the NAD+/NADH ratio model, the NADH shuttle system has been shown to play
important roles in CR [94]. The mitochondrial inner membrane is impermeable to NAD+ and
NADH, therefore, the NADH shuttle system is required to move small permeable redox
equivalents of NAD+ and NADH across the mitochondrial membrane to balance the NAD+/
NADH ratio between the mitochondrial and the cytosolic/nuclear pools (Fig. 3) [101]. It has
been shown that deleting NADH shuttle components abolishes CR-mediated life span
extension whereas over-expressing NADH shuttle components extends life span [94]. In
mammals, impairments of mitochondrial metabolism and NADH shuttles have also been
implicated in age-associated diseases such as diabetes [38,102]. The NADH shuttles thus play
important roles in mitochondrial metabolism, metabolic fitness and life span regulation. In line
with this model, CR has also been reported to increase mitochondrial respiration in multiple
model organisms and humans [6,103–107].

The other model is derived from biochemical studies of Sir2 inhibition. As mentioned above,
nicotinamide (Nam) is a by-product generated during Sir2-mediated deacetylation, which is
also a potent non-competitive inhibitor of Sir2 [78,80]. The nicotinamidase Pnc1 in yeast is
responsible for the clearance of Nam by converting it to nicotinic acid (NA) and ammonia
[108]. In vitro experiments show that recombinant Pnc1 stimulates Sir2 activity [79].
Moreover, over-expression of Pnc1 increases life span [109] and prevents the inhibition of
Nam towards rDNA and telomeric silencing [79]. Along with the enzyme activity of Pnc1, the
finding that Pnc1 protein level is up-regulated under CR conditions places Pnc1 to the CR
pathway [109]. In addition, several types of environmental mild stresses, such as increased
osmolarity, salinity, and amino acid starvation, as well as internal stresses also profoundly
induce the elevation of Pnc1 protein [79,108–110], a response primarily mediated by stress
responsive transcription factors Msn2 and Msn4 [108,111]. Given that many mild stresses have
been shown to extend life span [90,109,112] and that the reduction in calorie intake might also
be sensed by cells as mild stress signals, it has been proposed that Pnc1 is the key factor that
translates stress signals (including CR) to Sir2 activation [113]. Interestingly, Nampt
(nicotinamide phosphoribosyltransferase), the functional homolog of Pnc1 in higher
eukaryotes, is also responsive to stresses and suggested to be the mediator of CR-induced
benefit [114,115].

It is noteworthy that in addition to these models, other schemes for the mechanisms of CR are
highly possible and remain to be explored. For example, the requirement of Sir2 as well as
mitochondrial respiration in CR-induced replicative life span (RLS) extension has remained
controversial [116]. It has been shown that under extreme CR conditions or in certain genetic
backgrounds, neither functional mitochondria nor Sir2 are required for RLS extension [95–
97,117]. In addition, Sir2 also appears to be dispensable for CR-induced chronological life
span extension [67,92]. Identification of additional CR downstream factors and understanding
their relationships with Sir2 activity and NAD+ metabolism will help elucidate the molecular
aspects of these CR models. It is, however, generally believed that CR modulates a complex
metabolic network and multiple longevity factors functioning in accordance to improve overall
fitness and to ensure optimal survival of organisms.
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4.3. NAD+ metabolism and the regulation of sirtuins
The function of NAD+ in carrying electrons from one pathway to another does not directly
affect the size of the pyridine nucleotide pool. In contrast, the participation of NAD+ as a co-
substrate in protein modifications catalyzed by sirtuins, for example, results in consumption
of NAD+ accompanied by the generation of Nam. It has been suggested that the basal levels
of intracellular NAD+ are accounted by those bound to redox enzymes to fulfill the function
in delivery of redox equivalents, and are kept relatively constant [118]. On the other hand,
those involved in sirtuin-mediated reactions are free-form NAD+ and rely on salvage pathway
for regeneration [118]. The best example to explicate the significance of NAD+ salvaging is
the finding that deleting the critical salvage enzyme Npt1 results in a significant decrease in
total cellular NAD+ level [75,76], and abolishes Sir2-dependent benefits induced by CR [2].
On the other hand, over-expression of Npt1 is sufficient to extend life span, although the steady-
state level of NAD+ remains unchanged [77]. It is therefore suggested that increased flux
through the salvage pathway might also help increase the availability of NAD+ to Sir2 [77].

With the significance of NAD+ for cellular metabolism and sirtuin activities in response to
environmental cues and internal signals, it is essential to understand NAD+ biosynthetic
pathways. There are two major strategies for cells to generate NAD+ [119] (Fig. 4A). In yeast,
the de novo synthesis uses tryptophan to make intermediate NaMN (nicotinic acid
mononucleotide) through the oxygen-dependent kynurenine pathway, which consists of 6
enzymatic steps and one spontaneous reaction [119]. The other strategy of making NaMN
involves the salvage of Nam and NA generated intracellularly or taken from the environment
via the classical Preiss-Handler pathway, which is featured by Pnc1, Npt1 and Tna1 (transporter
of nicotinic acid) [120–122]. NaMN produced from both pathways are first adenylated by
adenylyltransferases Nma1/Nma2 to nicotinic acid adenine dinucleotide (NaAD), followed by
amidation via the NAD+ synthetase Qns1 to form NAD+ [121,122]. Cells also synthesize
NAD+ from nicotinamide riboside (NmR) and nicotinic acid riboside (NaR), another salvage
pathway conserved from bacterium to human. Assimilation of NmR/NaR could be initiated
via phosphorylation to form mononucleotide by NmR kinase 1 (Nrk1) [123,124] or via
hydrolysis/phosphorolysis to form Nam/NA by three nucleoside-splitting enzymes (Urh1/
Pnp1/Meu1) to enter the Preiss-Handler pathway [118]. Since Nrk1-dependent NmR
assimilation replenishes NAD+ pool without producing Nam (Fig. 4A), it is possible that
increasing the activity of this NmR salvage branch might also stimulate sirtuin activity.

The biochemistry of NAD+ biosynthesis has been intensively studied; however, the regulation
of NAD+ metabolism remains largely unclear. When grown in regular rich medium, cellular
NAD+ level of yeast is significantly lowered in the mutant deficient in Nam/NA salvage but
unchanged in the mutants defective in the de novo pathway [76], suggesting that salvaging
NAD+ metabolites is the primary means to make NAD+. It has been reported that the de
novo NAD+ synthesis is regulated by Hst1-mediated repression and that deletion of HST1 raises
the steady-state level of NAD+ [45]. However, it remains to be determined whether this
elevation in NAD+ production could be delivered into the nucleus where Sir2-dependent
regulation of life span takes place. Paradoxically, over-expression of Npt1 extends Sir2-
mediated life span without altering the steady-state total NAD+ level [77]. Moreover, studies
using a NAD+ reporter system to detect the level of free NAD+ in the nucleus show that CR
does not increase nuclear NAD+ level [125], which argues that Sir2 might not be regulated by
NAD+ availability under CR [125]. To reconcile all these seemingly conflicting observations,
the development of a real-time detection tool with the ability to distinguish NAD+ from the
reduced form (NADH) and phosphorylated form (NADP+/NADPH) is essential to reveal how
NAD+ residing in spatially separating compartments are modulated under various conditions.

It has been shown in various systems that exogenous NmR is a salvageable form of NAD+

precursors, and total cellular NAD+ level of yeast cells could be effectively replenished with
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NmR supplement [118,126,127]. NmR has also been shown to rescue the silencing and life
span defects in cells grown in NA-free media in a Sir2-dependent manner [118]. In our earlier
studies, we observed that yeast cells defective in both de novo synthesis and Nam/NA salvage
were able to survive when inoculated next to NAD+ prototrophic cells [2]. This fortuitous
finding leads to the discovery that NmR is a bona fide endogenous NAD+ metabolite and is
constitutively produced, released and retrieved by yeast cells [128], suggesting an extended
NAD+ pool that encompasses both the intracellular and extracellular compartments (Fig. 4B).
The NmR assimilation pathways that consist of the Nrk1-dependent route and Urh1/Pnp1/
Meu1-mediated catabolism are necessary not only for utilizing NmR supplement [118] but
also for salvaging endogenously produced NmR [118,128]. It is still unclear why cells allow
NAD+ metabolites to traffic between intracellular and extracellular compartments, which poses
the potential risk of losing NAD+. One intriguing possibility is that keeping a flexible NmR/
NAD+ pool facilitates prompt adjustments of the activities of NAD+-dependent enzymes
[128]. In line with this idea, Nrk2, the isoform of Nrk1 identified in mammals, has been shown
to be up-regulated by ~20-fold in protein level in response to stresses [129]. It is suggested that
this induction of NAD+ metabolizing enzyme is to support sirtuin-dependent protection of
neurons [129]. In addition, it has also been reported that NmR circulates in peripheral
bloodstream in mammals [130], supporting the possible function of extracellualr NmR as a
pyridine nucleotide reservoir. These observations also raise another interesting speculation that
factors regulating NmR pool could also be CR targets. As mentioned above, it has been
suggested that Pnc1-mediated Nam salvage increases in response to mild stresses and CR to
eliminate sirtuin inhibitor, Nam, and/or to increase NAD+ availability. Before the Pnc1/Nam
route is activated, the NmR pool might serve as a prompt supply of NAD+ precursors since
NmR can be assimilated into NAD+ via multiple paths. Alternatively, NmR production/release
could also be used as a means by which cells down-regulate NAD+ levels to slow down growth
rate in response to stresses. Interestingly, it is also found that SIR2 deletion enhances NmR
release, which suggests an active role of Sir2 in NmR/NAD+ metabolism [128]. While we are
still searching for the answers to how and where NmR is produced, the investigation of the
regulation of NmR metaboizing enzymes under various growth conditions as well as the
identification of additional factors that modulate NmR/NAD+ metabolism might provide clues
to the physiological roles of this extended NAD+ pool and its relationship to NAD+ and central
metabolism.

5. Conclusions and Perspective
Despite the simplicity as a unicellular organism, these studies have demonstrated that the
budding yeast is a useful model system for studying the conserved longevity regulating factors/
pathways. Although these pathways are conserved among different organisms, significant
discrepancies also exist due to various degree of complexity. For example, in contrast to yeast
Sir2, which mainly functions in the nucleus, mammalian sirtuins are found in different
intracellular compartments. The enzymatic substrates of mammalian sirtuins encompass
diverse protein targets in addition to histones. These sirtuins may also play different roles in
different tissues during development, which further complicates sirtuin functions and elicits
concerns about systemic manipulation of sirtuin activities. Furthermore, there are
dissimilarities in NAD+ biosynthesis between yeast and higher eukaryotes, although the role
of NAD+ in regulating sirtuin activities is highly conserved.

Sirtuins and NAD+ homeostasis factors have emerged as putative metabolic regulators of
longevity and have been implicated in CR and many age-associated diseases. With this
molecular basis, interventions to modulate sirtuin activity and NAD+ metabolism are now
under intense study. For example, administrations of NAD+ precursors such as nicotinamide
riboside (NmR) and nicotinamide mononucleotide (NMN) ameliorate deficiencies related to
aberrant NAD+ metabolism in yeast, mouse and human cells [129,131,132] and therefore
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appear to be a promising strategy for medical and nutritional purposes. Unraveling novel
components of NAD+ metabolic pathways will further our understanding of intracellular
NAD+ homeostasis, the regulation of sirtuin activity as well as the mechanisms of CR-induced
beneficial effects. These findings will also serve as an invaluable paradigm to facilitate the
development of preventative and therapeutic reagents for age-associated diseases and
metabolic disorders in human.
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Fig. 1.
Sir2 functions in yeast. (A) The SIR complexes mediate silencing at the mating type loci,
telomeres, and rDNA loci. Sir2 associates with Sir1/3/4 to repress the transcription of cryptic
mating type loci (HML and HMR), while Sir2/3/4 are recruited to telomeres by telomere
binding proteins to mediate telomere maintenance. In these two loci, Sir3 is suggested to
mediate the spreading of SIR complex along the region to accomplish the assembly of silent
chromatin. At the rDNA loci, Sir2 is recruited to the nucleolus to form RENT complexes with
nucleolar protein Net1 and phosphatase Cdc14 to repress the recombination of rDNA repeats
and to maintain genome integrity. (B) A model for ERC formation at the rDNA loci. Fob1-
dependent replication fork block (STOP) induces double strain breaks (DBSs) within rDNA
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repeats during DNA replication. The repair of DBS could be initiated via recombination by
using unequal sister chromatid (left) or equal sister chromatid (right) as template. The unequal
sister-chromatid recombination results in the excision of rDNA repeats and the formation of
extrachromosomal rDNA circle (ERC). ERCs are preferentially retained in the mother cell
during asymmetric cytokinesis, and this accumulation of ERCs is suggested to be the primary
cause of replicative aging in yeast. Sir2 functions in maintaining rDNA stability by promoting
the cohesion of sister chromatids, which favors the proceeding of equal sister-chromatid
recombination to fill up the double strand break. (C) Asymmetric segregation of oxidatively
damaged proteins in yeast. In wild type cells (WT), oxidatively damaged proteins (shown as
grey dots within cells) are asymmetrically retained in the mother cells, which is lost in old
cells. In the sir2Δ deletion mutant, this age-dependent asymmetry is abolished, suggesting a
role of Sir2 in protecting newborn cells by promoting an asymmetric segregation of damaged
proteins.
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Fig. 2.
A model for CR-mediated life span extension in yeast. Multiple pathways mediate CR-induced
life span extension. CR increases mitochondrial respiration and the concomitant elevation in
NAD+/NADH ratio. The malate-aspartate NADH shuttle components (Mdh1/Aat1) function
to balance redox equivalents between the mitochondrial and the cytosolic/nuclear pools, and
are essential for relaying the metabolic signals in the mitochondria to downstream longevity
factors, such as Sir2. CR also increases protein level of nicotinamidase Pnc1 in NAD+ salvage
pathway. Up-regulation of Pnc1 facilitates the clearance of Nam and enhances Sir2 activity.
Other Sir2-independent pathways also exist to mediate CR-induced beneficial effects including
life span extension.
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Fig. 3.
Schematic presentations of the yeast mitochondrial respiratory chain and the NADH shuttle
system. Mitochondrial NADH dehydrogenases (ND) oxidize NADH from both the cytosolic
and mitochondrial pools to regenerate NAD+. The electrons acquired are then passed down
the electron transport chain to the terminal acceptor oxygen (O2). CR activates mitochondrial
activity, which results in an increase in NAD+/NADH ratio. Since the mitochondrial inner
membrane is impermeable to NAD+ and NADH, this increase in NAD+/NADH ratio is
transmitted into the cytosolic/nuclear pools via the NADH shuttle system. The NADH shuttle
system affects the NAD/NADH ratio indirectly by coupling the redox reaction of NAD+ and
NADH with the redox reactions of permeable redox equivalents of NAD+ and NADH. In the
example shown here, cytosolic malate dehydrogenase (Mdh2) couples the oxidation of NADH
with the reduction of oxaloacetate (O). The resulting reduced product malate (M) enters the
mitochondria via specific carriers and thereby shuttling redox equivalents into the
mitochondrial matrix. In the mitochondrial matrix, mitochondrial Mdh1 catalyzes the
generation of NADH from NAD+ and electrons carried by malate (M) are concurrently
oxidized to oxaloacetate (O). Mitochondrial aspartate aminase (Aat1) then converts
oxaloacetate to aspartate (A), which is subsequently transported to the cytosol via other carriers.
Cytosolic Aat2 then regenerates oxaloacetate from aspartate, and another round of NADH
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shuttling is ready to resume. With the NADH shuttle system, alterations of the mitochondrial
NAD+/NADH ratio resulted from the increase of mitochondrial respiration could be conveyed
to the cytosolic/nuclear compartments.
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Fig. 4.
NAD+ biosynthesis and homeostasis in yeast. (A) The model of NAD+ biosynthesis pathways
in yeast. NAD+ is produced via de novo synthesis from tryptophan or the salvage of NAD+

metabolites from NAD+-consuming reactions and from environment. See text for detail steps.
(B) A schematic model of extended NAD+ pool. Yeast cells constitutively produce, release,
and retrieve nicotinamide riboside (NmR). This extended cycle encompasses intracellular and
extracellular compartments and might functions as a flexible pyridine nucleotide reservoir.
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