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INTRODUCTION

When it was first proposed that the budding yeast Saccha-
romyces cerevisiae might serve as a model for human aging in
1959, the suggestion was met with considerable skepticism, and
for seemingly good reasons. Although yeast had proved a valu-
able model for understanding basic cellular processes in hu-
mans, it was difficult to accept that such a simple unicellular
organism could provide information about human aging, which
is one of the most complex of biological phenomena. While it
is true that causes of aging are likely to be multifarious, there
is a growing realization that all eukaryotes possess surprisingly
conserved longevity pathways that govern the pace of aging.
This realization has come, in part, from studies of S. cerevisiae,
which has emerged as a highly informative and respected
model for the study of life span regulation. Genomic instability
has been identified as a major cause of aging, and over a dozen
longevity genes have now been identified that suppress it.
Translating these findings to higher organisms remains a major
challenge over the next decade. Here we present the key dis-
coveries in the yeast-aging field, regarding both the replicative
and chronological measures of life span in this organism. We
discuss the implications of these findings not only for mamma-
lian longevity but also for other key aspects of cell biology,
including cell survival, the relationship between chromatin
structure and genome stability, and the effect of internal and
external environments on cellular defense pathways. We focus
on the regulation of replicative life span, since recent findings
have shed considerable light on the mechanisms controlling
this process. We also present the specific methods used to
study aging and longevity regulation in S. cerevisiae.

Yeast as a Model for Aging Research

The usual reasons for using yeast as a model system—its
ease of genetic manipulation, well annotated genome, and
short generation time—can be given for using this organism as
a model for aging. But these do not suffice. The reason is that
aging is unlike other basic biological processes because it is
probably nonadaptive (i.e., it confers no benefit to the species)
(100). In fact, it is even misleading to call aging a process.
There are no “death genes” directing aging as they do, say,
growth or development. In fact, aging is at most a by-product

of natural selection, arising from a lack of selection for longer-
lived organisms. So, if a process needs to be adaptive to be well
conserved between species, how can yeast aging research have
any relevance to humans? Is there an aspect of aging that is
adaptive?

In the early days of aging research, few researchers sus-
pected the existence of single genes that control aging. This
was based in part on the valid assumption that aging was an
incredibly complex process that was impacted by hundreds, if
not thousands, of genes. Then, genetic studies with model
organisms in the 1990s began to uncover numerous single-gene
mutations that extend life span (75, 92, 95). Today there are
dozens of mutations known to extend life span in model or-
ganisms (109) (Table 1). This leads to the question: what had
researchers overlooked? The major oversight appears to have
been the failure to foresee that organisms have evolved genes,
not to promote aging but to promote survival and longevity
during times of adversity. Longevity regulation, as it has come
to be known, is now generally accepted as a highly adaptive
biological trait, especially in a changing environment (94, 100).

The concept of longevity regulation fits well with current
evolutionary hypotheses such as the “disposable soma” theory
of Kirkwood and Holliday (100) and the “hormesis hypothesis”
of Masoro (132). These ideas are based on the concept that
each organism has limited resources and that these resources
can be allocated to only a finite number of cellular activities,
the two primary ones being reproduction and somatic mainte-
nance (reviewed in reference 101). In summary, the theory
proposes that organisms do not live forever because they can-
not afford to devote all their energy to somatic maintenance,
due to the competing demands of growth and reproduction.
The key to this new paradigm is that these same evolutionary
forces have led to the evolution of species with the ability to
alter the amount of energy they devote to somatic maintenance
within an individual’s lifetime.

A second reason to expect some conservation between yeast
and human aging, put simply, is that they have the same fun-
damental biology. If aging really is due to “wear and tear,” and
most evidence suggests that it is, then not all biological systems
will experience wear and tear at the same rate. Some systems,
such as basic metabolic pathways, are relatively robust because
they are inherently self-regulating and often contain inbuilt
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redundancy. The systems that fail first are those whose main-
tenance is energy demanding and for which the damage is
irreversible. A good example of such a system is the genome.
The energy required to constantly survey and repair the ge-
nome is immense, and the wear and tear often irreversible.
Consistent with this idea, as we describe below, a major cause
of replicative aging in S. cerevisiae has been shown to arise
from the cell’s inability to fully maintain the integrity of its
genome at its most highly repetitive locus, the ribosomal DNA
(rDNA) (180). Although rDNA stability may not play a role in
human aging, it is suspected that the cumulative loss of coding
or structural DNA (e.g., the repeats found at telomeres) may
contribute to aging in humans (33). The important point is that
the mechanisms of aging may be related between distant spe-
cies (but by no means as highly conserved as longevity regula-
tory pathways) because eukaryotes have the same basic biology
and some systems are inherently difficult to maintain over a
lifetime.

Definition of Yeast Aging

For studies of aging, be they in yeast or in humans, it is
critical to make a clear distinction between events that cause
aging and those that cause sickness or disease. The ability to
distinguish between these two phenomena, which both reduce
life span in model organisms, is critical to the study of aging.
According to the Merck Manual of Geriatrics, aging is a decline
that occurs to the majority of the population whereas a sick-

ness or disease occurs to a minority (14). Applying this crite-
rion to S. cerevisiae, for a mechanism or gene to be considered
relevant to aging, it must occur in most wild-type strains. Oth-
erwise, it is merely a strain-specific sickness.

It is thus of particular concern that some yeast strains used
routinely in the field have average life spans that are half that
of most wild-type strains (Table 2). Any one of a number of
mutations that shorten the life span could have been intro-
duced into laboratory strains over the preceding decades, and
researchers would not have detected a difference unless they
examined the life span of individual cells. Even very short-lived
strains appear to grow at normal rates. One way to ensure that
one is studying true aging is to test one’s findings with multiple
wild-type strains that are not relatively short-lived. This would
be an arduous task that most laboratories have yet to embrace.

Replicative versus chronological yeast life span. Many re-
searchers have proposed that aging in dividing or “mitotic”
human cells may be fundamentally different from aging in
those that remain in a postmitotic state. Similarly, for S. cer-
evisiae a distinction is made between the aging of mitotic cells
and those that are quiescent. Yeast “replicative life span” is
defined as the number of divisions an individual yeast cell
undergoes before dying. One attractive feature of S. cerevisiae,
as opposed to many other simple eukaryotes, is that the pro-
genitor cell is easily distinguished from its descendants because
cell division is asymmetric: a newly formed “daughter” cell is
almost always smaller than the “mother” cell that gave rise to

TABLE 1. S. cerevisae longevity genes

Longevity gene Relevant function of gene product

Overexpression or
mutation

increases life
spana

Increases rDNA
silencing/stability? Reference

Replicative life span
CDC25 Glucose response signaling pathway M Yes 114
CYR1 Glucose response signaling pathway M ? 114
FOB1 Replication fork block; contributes to rDNA instability M Yes 37
GPR1 Glucose response signaling pathway M ? 114
GPA2 Glucose response signaling pathway M ? 114
HAP4 Heme-activated transcription factor; induces respiration O Yes 115
LAG1 Synthesis of ceramides and inositol phosphorylceramide M ? 35
LAG2 Transmembrane domain containing protein O ? 29
NPT1 NAD biosynthesis O Yes 2
NMA1/2 NAD biosynthesis O Yes 2
PNC1 NAD biosynthesis O Yes 3
RAS1 Glucose response signaling pathway M ? 194
RAS2 Glucose response signaling pathway O ? 194
RPD3 Histone deacetylase, affects rDNA silencing M Yes 79
RTG3 Transcription factor that transduces mitochondrial signals M ? 78
SIP2 Repressor of the Snf1 serine/threonine kinase O Yes 117
SNF4 Activator of Snf1 M Yes 117
SIR2 NAD�-dependent HDAC; stabilizes rDNA O Yes 88
SIR4 Associates with Sir2; Sir4-42 extends life span M ? 92
TPK1 Glucose response pathway M ? 114
UTH1 Unknown function; responds to oxidative stress M Yes 92
UTH4 Localization of Sir complex M Yes 54
ZDS1 Deletion increases silencing at rDNA locus M Yes 163

Chronological life span
CYR1 Glucose response signaling pathway M ? 45
RAS2 Glucose response signaling pathway M ? 44
SCH9 Protein kinase Akt/PKB homolog M ? 45
SOD1/SOD2 Cytosolic/mitochondrial superoxide dismutases O ? 125

a O, overexpression; M, mutation.
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it. Yeast mother cells divide about 20 times before dying and,
as described below, undergo characteristic structural and met-
abolic changes as they age. Table 2 lists the average and max-
imum replicative life spans of the primary strains used in yeast
aging research.

The alternative measure, “chronological life span,” also re-
ferred to as “postdiauxic survival,” is the length of time a
population of yeast cells remains viable in a nondividing state
following nutrient deprivation (124). Yeast cells grown in a
nutrient-rich medium multiply until all readily utilizable nutri-
ents are exhausted. At this point, cells cease dividing and enter
a postdiauxic, hypometabolic state known as stationary phase,
where they can remain viable for weeks. In synthetic medium,
cells deplete the medium and cease dividing yet retain rela-
tively high metabolism (124). Such cells have a short chrono-
logical life span relative to cells in rich medium and are
thought to more closely resemble postmitotic cells in multicel-
lular organisms (125).

REPLICATIVE AGING

Background

In 1950, Andrew Barton monitored the fate of individual
yeast cells by micromanipulation and discovered that mother
cells are mortal (11). For the next 40 years, most yeast aging
research remained descriptive. It was noted that as yeast cells
grow older they accumulate bud scars, divide more slowly, and,
finally, become sterile (reviewed in reference 178). One key
observation was that daughter cells arising from old mothers
inherit characteristics of old age and have a shorter life span
(85, 91). This effect was not the result of mutation because the
premature-aging phenotype could be diluted through succes-
sive generations, eventually restoring a normal life span in
descendants. Based on these observations, Egilmez and
Jazwinski proposed that yeast aging might be due to the sto-
chastic appearance of a senescence factor that then accumu-
lated exponentially until it killed cells (42). Such a factor was
proposed to diffuse from old mothers into daughters, thus
explaining how old age could be inherited and then diluted
through successive generations.

A second important observation came from a genetic screen
for long-lived yeast mutants (92). Kennedy, Guarente and col-
leagues first identified starvation-resistant mutants, having
noted that in many other organisms there is a strong correla-

tion between stress resistance and longevity. Rescreening of
the stress-resistant mutants for increased longevity led to the
isolation of four so-called “youth mutants”, uth1 to uth4. In-
terestingly, three of these have been found to affect the same
cellular process: the formation of silent heterochromatin.

In yeast, transcriptional silencing occurs at telomeres, the
two mating-type loci (HML and HMR), and rDNA locus RDN1
(127, 142). The establishment of heterochromatin at telomeres
and mating-type loci requires the yeast Sir2/3/4 protein com-
plex. Sir2, but not Sir3 or Sir4, also mediates silencing at the
rDNA (24, 188). In many strains, the overexpression of Sir2
increases the extent of silencing at both telomeres and rDNA,
implying that Sir2 is a limiting component of the silencing
apparatus (88, 190).

The most informative allele isolated in the screen for lon-
gevity mutants was UTH2-1 (later renamed SIR4-42), which
extended replicative life span by 45% (92). This semi-dominant
mutation truncated the Sir4 protein, causing the Sir complex to
relocalize to the nucleolus (93), thus increasing rDNA silenc-
ing (D. A. Sinclair, unpublished results). The other UTH genes
were also interesting. The UTH1 gene encodes a SUN domain
protein whose expression is greatly induced by oxidative stress
and whose deletion results in a global increase in silencing and
life span extension (L. Guarente, unpublished results). UTH4,
which encodes a Drosophila Pumilio homolog (39), influences
the distribution of the Sir complex within the nucleus (54, 93).
Deletion of UTH4 reduces life span and decreases rDNA si-
lencing, whereas overexpression of UTH4 has the opposite
effect (93). Although the biochemical function of Uth1 and
Uth4 remain to be determined, a clear trend emerged from
these studies: increased heterochromatin at the yeast rDNA
locus correlates with increased longevity.

Characteristics of Replicatively Aged Cells

Because many mutations can shorten life span, it is neces-
sary to have a set of characteristics that distinguish accelerated
aging from cell sickness. Recognizing aging in humans is so
natural for us that we take it for granted. Even without mo-
lecular analyses, human “accelerated-aging” or progeroid dis-
eases such as Werner’s syndrome and Rothmund-Thompson
syndrome are clearly not perfect mimics of normal aging (107).
However, recognizing genuine aging in yeast is a much harder
task. Although yeast cells go through a number of morpholog-
ical and biochemical changes, as described below, none of
these phenotypes is specific for aging. The sterility of old cells,
for example, has been proposed as a reliable aging marker
(187). As yeast cells age, the Sir2/3/4 protein complex that
silences the mating-type genes at HM loci relocalizes to the
nucleolus, resulting in a sterile state of pseudo-diploidy. Un-
fortunately, this phenotype does not appear to be specific to
old yeast. In 1999, three separate papers showed that the Sir
complex is relocalized from silent loci to DNA breaks, also
resulting in sterility (108, 134, 140). Clearly, any mutation that
results in frequent DNA breaks will cause sterility in a haploid
yeast cell. One of the most promising approaches to identifying
aged yeast cells involves microarray analysis. Transcriptome
profiles of old yeast are now publicly available and should
greatly facilitate our ability to distinguish between premature
aging and mere sickness (116).

TABLE 2. Replicative life spansa of wild-type haploid yeast strains

Strain
Life span (no. of divisions)

Reference
Avg Maximum

Bky1-14c (uth4-I4c) 16 25 93
SP1 12 22 79
DBY747 22 32 92
PSY316 22 34 16
W303-1A 23 43 180
X2180-1A 24 39 40
X30 24 42 145
S 288C 28 47 147
PSY142 29 55 92

a Life spans determined on complete 2% glucose media.

VOL. 67, 2003 AGING IN SACCHAROMYCES CEREVISIAE 379



Bud scar accumulation. When a daughter separates from a
mother cell, the boundary between the two cells constricts,
leaving behind on the mother cell’s surface a circular chitin-
containing remnant termed the bud scar (Fig. 1A). Bud scars
remain permanently deposited on the surface of the mother
cell. As a mother cell goes through successive rounds of cell
division, bud scars accumulate on the cell surface, serving as a
convenient marker for the number of divisions realized by a
single cell. As a cell continues dividing, previous sites of bud-
ding are seldom reused. Although it has been hypothesized
that the accumulation of bud scars may impose a theoretical
upper limit on a cell’s replicative potential (25), evidence in-
dicates that it does not result in senescence of wild-type strains.
First, most mutations that extend life span appear to have no
relation to cell wall biosynthesis. Second, a bud scar typically
occupies approximately 1% of the available cell surface, giving
a theoretical upper limit of at least 100 divisions, but most
laboratory strains have an average life span of 20 to 30 divi-
sions (178) (Table 2). Third, increasing the cell size, and thus
increasing the number of available budding sites, does not
extend life span (147). Fourth, it is possible to artificially ele-
vate the deposition of chitin by briefly incubating cells contain-
ing a temperature-sensitive allele of CDC24 at the nonpermis-
sive temperature (185, 186). At this temperature, cdc24-ts cells
arrest in an unbudded state and randomly accumulate cell wall
chitin. Elevated chitin deposition does not adversely affect the
life span (42), further demonstrating that bud scar accumula-
tion is probably not a cause of yeast aging.

Increased cell size. After three or four divisions, mother
cells are easily distinguished from daughter cells due to their
increased size. It has been proposed that one cause of aging
might be a critical upper limit on size (145). Theoretically,
increased cell volume could impose a replicative limit if the
rate of nutrient diffusion to disparate parts of a large cell
becomes limiting. However, the fact that life span can be ex-
tended over twofold by manipulating a variety of genes that are
not apparently associated with cell size appears to counter this
possibility. This model has also been tested directly (91). Cells

were arrested in their cell cycle for various lengths of time
during the G1 phase. Cells arrested at this phase remain met-
abolically active and continue to grow in size. After release
from G1 arrest, cells that were greatly increased in size had an
identical life span potential to those of untreated cells (91).

Loss of asymmetry. As yeast cells age, they grow dramati-
cally larger but continue to give rise to small daughter cells
throughout most of their life span. However, very old mother
cells tend to produce large, short-lived daughter cells (76, 85,
91). At or near the final division, daughter cells often do not
separate from the mother until both cells are similar in size (76,
85). The loss of the asymmetry of age in old cells is intriguing
because it provides a strong argument for the ERC model of
senescence (discussed below). When old cells become packed
with extrachromosomal rDNA circles (ERCs), these molecules
“leak” into daughter cells, presumably causing the premature
aging seen in these cells (180). The ERC model would also
explain why old age is diluted by successive generations, so that
the great granddaughter of an old mother, for example, has a
normal life span.

Loss of fertility. S. cerevisiae can exist in either a haploid or
diploid state. When two fertile haploid cells of opposite mating
type encounter one another, they mate to form a diploid zy-
gote. To switch between the two mating types (MATa and
MAT�), a cell transposes the opposite silent information to the
mating-type locus, where it is expressed. Young yeast cells are
normally fertile since the two repositories of mating-type in-
formation, HMR and HML, remain in a transcriptionally silent
state (127). As discussed above, the silent state at HM loci
requires the Sir2-Sir3-Sir4 silencing complex. When yeast cells
grow old, they become sterile (147), and this phenotype re-
mains one of the most reliable external markers of yeast aging.

Sterility in old cells is caused by a loss of transcriptional
silencing at the cryptic mating-type loci, HMRa and HML�,
resulting in simultaneous expression of both a and � informa-
tion (187). To prove this, HMRa was deleted from a MAT�
strain. The resulting strain exhibited the same characteristic
life span as the wild type but no longer became sterile. In

FIG. 1. Yeast cell division and bud scar formation. (A) The budding of each daughter cell leaves a ring-shaped deposit, termed the bud scar,
on the cell wall of the mother cell. These chitin-containing rings, formed at the neck of buds, can be stained with calcofluor, a fluorescent dye. The
exact number of times an individual mother cell has undergone division can thus be determined by counting the number of bud scars present.
(B) An aged yeast nucleus has an enlarged and fragmented nucleolus (arrows), unlike the nucleoli of two young cells in the upper left corner.
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addition to a loss of mating-type silencing, old cells lose silenc-
ing near telomeres (97) and the Sir complex relocalizes to the
nucleolus in old cells (93).

Nucleolar fragmentation. The nucleolus is a nuclear struc-
ture containing the rDNA genes and other components re-
quired for ribosome assembly (31, 137). Yeast rDNA, located
on chromosome XII, contains 100 to 200 tandemly repeated
copies of a 9.1-kb unit. In young yeast cells, the nucleolus forms
a crescent-shaped structure retained near the nuclear periph-
ery (168). In old cells, however, the nucleolus becomes en-
larged and fragmented into multiple, rounded structures (181).
(Fig. 1B). Fragmentation of the nucleolus and relocalization of
Sir3 may be a response to the accumulation and aggregation of
extrachromosomal rDNA circles (180). It is important to note
though, that chromosomal rDNA remains intact in these frag-
mented nucleoli.

Metabolic changes. The only study to specifically address the
question of metabolism in aging yeast cells involved a combi-
nation of microanalytical biochemical assays and microarray
analyses of mRNA levels (116). The major finding was that
yeast cells, as they age, undergo a progressive shift away from
glycolysis toward gluconeogenesis and energy storage. This
shift is associated with the induction of genes involved in gly-
cogen production, fatty acid degradation, gluconeogenesis, and
the glyoxylate cycle. Biochemical profiling of enzymes and met-
abolic intermediates confirmed the shift to gluconeogenesis.
Much of the up-regulation of genes involved in gluconeogen-
esis appears to be due to the translocation of the Mig1 tran-
scriptional repressor from the nucleus to the cytoplasm as cells
age (6) (see below). ATP levels do not decline with age, but
there is a �30% drop in the NAD� level between divisions 0
to 1 and 7 to 8. Interestingly, many of these changes are
recapitulated in short-lived sip2 cells, which lack the putative
repressor of Snf1, a kinase that regulates cellular responses to
glucose deprivation. The role of the Snf1/Sip2 pathway in lon-
gevity is described in further detail below.

Mechanisms of Yeast Replicative Aging

Background. Over the past 40 years, numerous models have
been proposed to explain the mortality of yeast cells. In the
1960s, researchers noted that yeast mother cells accumulate
numerous bud scars, one for each daughter, and grow larger as
they age. The first models for yeast aging suggested that there
might be limits to the number of bud scars that can be accom-
modated by a cell or there might be an upper size limit. As
described above, neither of these models withstood close scru-
tiny. Artificially increasing the size of yeast mothers by tran-
siently blocking the cell cycle did not reduce life span, and the
increased cell surface of dividing mother cells easily accomo-
dates the new bud scars. In recent years, the demonstration
that replicative life span can be significantly extended by spe-
cific mutations, with a concomitant increase in final cell size
and bud scar number, showed that these attributes do not limit
the life span of yeast cells.

Mortimer and Johnston first noted that daughter cells that
budded from old mothers tend to have premature-aging char-
acteristics, including a large size, a slow cell cycle, and a short
life span (145). Based on this observation, Egilmez and Jazwin-
ski proposed that yeast aging is caused by a (potentially cyto-

plasmic) senescence factor that accumulates exponentially as
cells divide, reaching a level that eventually kills cells (42). This
model is appealing for two reasons. First, it explains how
daughters inherit old age from their mothers. When mothers
become sufficiently old due to the accumulation of the senes-
cence factor, some of this factor might leak into daughter cells,
making them prematurely old themselves. Second, the senes-
cence-factor model explains the dynamics of yeast mortality.
All species that experience aging, from yeast to humans, have
characteristic rates of mortality that can be described mathe-
matically by the Gompertz-Makeham equation (53). Mortality
curves derived by plotting percent survival against age have a
characteristic “shoulder,” where most individuals remain via-
ble early in life but then viability rapidly declines as the mor-
tality rate increases exponentially. There is also a characteristic
“tail,” where some lucky individuals seem to experience de-
layed mortality and remain viable longer than would be ex-
pected by extrapolating the curve. These kinetics imply that
aging is the sum of two components (182): (i) a stochastic
trigger that initiates a process and (ii) an aging process whose
negative impact on life span increases exponentially with age.
Egilmez and Jazwinski proposed that the triggering event
might be the generation of a senescence factor and that aging
would result from the exponential accumulation of this factor
with each cell division (42). This idea is consistent with the
ERC mechanism of yeast aging described below.

Over the past 5 years, researchers have come to the consen-
sus that a primary cause of yeast replicative aging stems from
changes within the nucleolus, the distinct nuclear region re-
sponsible for rRNA transcription and ribosome assembly. The
first clue that nucleolar events were involved in aging came
from the aforementioned genetic screen for mutations that
increased yeast life span and the subsequent isolation of SIR4
(92). SIR4 encodes a component of the Sir2-Sir3-Sir4 silencing
complex that catalyzes the formation of heterochromatin at the
silent mating-type (HM) loci and telomeres. The mutation in
SIR4 resulted in a C-terminal truncation of the protein, caus-
ing it to relocalize from telomeres and HM loci to the nucleolus
(93). Although the mechanism by which the Sir4-42 protein
increases life span was not immediately clear, the finding fo-
cused researchers attention on the nucleolus and the rDNA,
eventually leading to the identification of a molecular cause of
yeast aging.

rDNA stability. In 1997, Sinclair and Guarente proposed
that yeast replicative aging stems from genomic instability at
the rDNA locus, RDN1 (180). The yeast rDNA locus is inher-
ently recombinagenic due to its repetitive nature and unidirec-
tional mode of DNA replication. The locus, which comprises
10% of the total yeast genome, consists of 100 to 200 tandemly
arrayed 9-kb repeats that encode the rRNAs. Each repeat
contains a potential origin of DNA replication, with three ARS
consensus sites within each origin. Roughly one of three ori-
gins within these repeats fires during each S phase (139). Ho-
mologous recombination between adjacent repeats is known to
result in the excision of extrachromosomal circular forms of
rDNA known as ERCs (Fig. 2). The important aspect of the
aging mechanism is that ERCs replicate during S phase but are
inefficiently segregated to daughter cells. Because ERCs can
double in copy number every S phase, their abundance in-
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creases exponentially in mother cells at a rate timed by cell
division (180).

Experiments have shown that most virgin cells usually bud
off mothers without inheriting an ERC, except when the
mother cell is very old (180). This explains why the inheritance
of aging is asymmetric and why the daughters of old mothers
are prematurely aged. Southern blotting experiments have in-
dicated that ERCs accumulate to more than 1,000 copies per
old cell, which totals more DNA than the rest of the yeast
genome. All of the ERCs in old cells are probably derived from
a single initial recombination event (Fig. 2). The mechanism by
which ERCs cause death is not known, but given their abun-
dance, it is likely that they titrate away vital transcription
and/or replication factors (182).

There is now convincing evidence that in a typical wild-type
strain, ERCs are a major cause of aging. First, the ectopic
release of an ERC into a virgin cell shortens the life span and
causes premature aging, demonstrating that ERCs are suffi-
cient to cause aging (180). Second, genetic manipulations that
decrease the formation of ERCs greatly extend life span (2, 6,
36, 114, 117, 152, 180) whereas those that accelerate ERC
formation have an opposite effect (88, 152).

Genetic manipulations that extend yeast life span by sup-
pressing ERCs seem to fall into one of two categories. The
most common suppress ERC formation by increasing the ex-
tent of heterochromatin at the rDNA. Examples of this class
include SIR2 and PNC1 overexpression. These are discussed in
detail below in the context of environmentally regulated chro-
matin. The other class includes those that directly suppress
homologous recombination between rDNA repeats. A good
example of a longevity gene in this class is FOB1 (35). FOB1
encodes a nucleolar protein that is required for a DNA repli-
cation fork block immediately downstream of the rDNA ori-
gins (86, 102). The fork block is thought to prevent transcrip-
tion complexes from running head on into moving replication
forks and to allow the rDNA locus to expand and contract via
recombination. The Fob1-mediated fork block is thought to be

responsible for the general instability of the rDNA locus, since
strains lacking FOB1 have a 100-fold lower rate of rDNA
recombination (118) and have manyfold fewer ERCs than
aged-matched wild-type cells (36). As predicted by the ERC
model, fob1� mutants live almost twice as long as wild-type
controls. Weak mutations in FOB1 also extend the life span but
not to the extent of the deletion. Furthermore, ERC levels in
these strains correlate with the respective life span extensions.
The argument that this life span extension is due to effects on
rDNA silencing does not appear to be founded because rDNA
silencing in fob1 cells is the same as or less than that in wild-
type cells (M. Kaeberlein, personal communication).

Role of heterochromatin. A major mechanism by which
yeast cells suppress ERC formation is the packaging of DNA
and histones into “silent” heterochromatin. Heterochromatin
in yeast occurs at telomeres, HM loci, and the rDNA (142).
The formation of heterochromatin at HM loci and telomeres is
mediated by the silent information regulatory complex Sir2/3/4
(66, 192). Alternatively, heterochromatin at the rDNA locus is
catalyzed by the RENT (for “regulator of nucleolar silencing
and telophase exit”) complex, which includes Sir2, Net1,
Cdc14, and Nan1 (51, 176). Of these proteins, Sir2 is the only
factor that is indispensable for silencing at all three silent
regions (24, 55, 188). To be precise, “rDNA silencing” is ac-
tually a misnomer. Although polymerase II-transcribed marker
genes integrated at the rDNA are transcriptionally silenced,
transcription of the native rDNA is seemingly unaffected by
deletion of SIR2 (166). This suggests that the primary function
of heterochromatin at the rDNA locus may be to suppress
recombination rather than silence transcription. There have
been several reports, though, which demonstrate “natural” si-
lencing of polymerase II-transcribed genes within the rDNA
(24, 209).

Other mechanisms of replicative aging. It would be a mis-
take to assume that there is only one cause of aging for any
species, and no doubt other causes of yeast aging will be found.
As yet, apart from the ERC mechanism, there is no other

FIG. 2. Instability of repeated DNA as a cause of replicative aging in S. cerevisiae. The yeast rDNA locus is the most highly repetitive locus in
the organism, consisting of �150 tandem 9.1-kb repeats. These repeats are stabilized, in part, by the NAD�-dependent HDAC Sir2. The initiating
event is the generation of an ERC by homologous recombination between repeats within the rDNA array on chromosome XII. ERCs have a high
probability of replicating and are segregated almost exclusively to the mother cell. They accumulate exponentially in mother cells, resulting in
fragmented nucleoli, cessation of cell division, and cellular senescence. Stabilization of the rDNA locus or inhibition of ERC replication extends
the life span. Daughters from very old mothers inherit ERCs due to the breakdown in the asymmetry of inheritance, explaining why daughters of
old mothers are prematurely old. Ectopic release of an ERC in a young cell accelerates aging. Overexpression of SIR2 or deletion of FOB1
(encoding a replication fork block protein specific to the rDNA) reduces rDNA recombination and ERC formation, and the life span is extended
by 30 to 50%. Reprinted from reference 180 with permission.
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known cause of replicative aging, although some strains have
been found to age independently of ERC formation (96). One
proposed cause of aging is dysregulation of rDNA transcrip-
tion during the life span of a cell (74). This would also explain
the strong correlation between increased rDNA silencing and
life span. Another recent finding has uncovered a putative
rDNA- and silencing-independent contribution to yeast aging
(157). This mechanism appears to be governed by the Slt2
kinase via phosphorylation of Sir3, although the details of how
this mechanism influences life span are not yet known.

CHRONOLOGICAL AGING

Background

As discussed above, one measure of yeast life span is the
number of divisions a mother cell undergoes before senescing.
Another distinct measure of life span in this organism is the
ability of nondividing cells to maintain viability over time (122,
129). Under laboratory conditions, yeast cells grow rapidly
until they exhaust the available nutrients. At this point, diploid
yeast cells have the option of generating stress-resistant spores
that can remain viable for years without nutrients. Haploid
cells do not have this option. When pregrown in nutrient-rich
medium, they enter a low metabolic state known as stationary
phase, where they can survive for months. In synthetic defined
medium, haploid cells maintain a high metabolic state even
when nutrients are scarce, and they can survive for only about
1 to 2 weeks (124). It is under these conditions that chrono-
logical life span is usually measured because the high meta-
bolic state is thought to more closely resemble the metabolic
state of postmitotic cells in higher organisms (124).

Characteristics of Stationary-Phase Cells

A population of yeast cells that enters stationary phase un-
dergoes a number of dramatic physiological and biochemical
transformations. These primarily unbudded G0 cells accumu-
late glycogen and trehalose and develop thick cell walls (212).
They are also significantly more thermotolerant and resistant
to various forms of oxidative damage (191, 211). As may be
expected, protein synthesis rates drop dramatically, although
the number and identity of different proteins being synthesized
is similar to those of exponentially growing cells (212). As
Longo and Fabrizio point out, while the chronological life span
of yeast may appear to be a starvation phase distinct from the
aging of higher eukaryotic postmitotic cells, nondividing yeast
cells are not starving (124). During these postdiauxic phases,
yeast cells are breaking down glycogen and utilizing other
stored nutrients, similarly to hibernating animals and the dia-
pause state of other metazoans. Respiration is the primary
source of energy in these cells, and the limited resources ap-
pear to be directed toward resisting cellular damage and stress
(124).

Mechanisms

Free-radical theory of aging. Among the first genes to be
implicated in the chronological aging of yeast were SOD1 and
SOD2, which encode cytoplasmic and mitochondrial superox-
ide dismutases, respectively (125). It was found that long-term

survival in stationary phase required the expression of each of
these genes, sparking speculation that chronological death is
the result of extensive free-radical damage. Indeed, it has been
further demonstrated that overexpression of both SOD1 and
SOD2 can extend chronological survival by 30% and that loss
of mitochondrial function occurs just before the death of both
wild-type and sod2 mutant cells (45, 126). Analysis of the sod2
mutant led to the identification of aconitase as one of the
primary mitochondrial targets of oxidative damage (126). In-
terestingly, aging fruit flies also show increased oxidation and
inactivation of aconitase and in sod2 knockout mice, mitochon-
drial aconitase activity is 67% of the wild-type activity in some
tissues (138, 217).

These results have given support to the free-radical theory of
aging, first proposed a half a century ago by Harman (64).
Subsequent identification of other yeast genes involved in
chronological aging, though, has clearly shown that survival in
stationary phase requires more than just antioxidant protec-
tion. For example, whereas overexpression of SOD1 and SOD2
extends life span by 30%, mutation of specific signaling pro-
teins (discussed below) can increase longevity by as much as
300%. There is no question, though, that free radicals play an
important role in this process (see below). At the very least,
chronologically aging yeast has proven to be a valuable model
for the study of oxidative damage in the postmitotic tissues of
higher eukaryotes.

Interestingly, this research has provided novel insights into a
process seemingly far removed from yeast biology, i.e., pro-
grammed cell death or apoptosis. Expression of the human
antiapoptotic Bcl-2 protein in yeast partially reverses defects of
sod mutants and increases the survival of wild-type cells (123).
These results raised the possibility that components of the
apoptotic machinery are present in yeast (reviewed in refer-
ences 50 and 184). In support of this, the human proapoptotic
Bax protein has been shown to promote cell death in yeast, and
several putative apoptotic components (including a caspase-
like protease) have been recently identified in yeast (130, 131,
133, 172). As suggested by Frohlich and Madeo, the study of
old yeast cells that produce free radicals and that may die
apoptotically will probably provide clues to similar events in-
volved in mammalian aging (50).

SCH9 and CYR1. The most notable of the above-mentioned
discoveries came from a transposon-mediated mutagenesis
screen performed by Fabrizio et al. (45). In a search for mu-
tants that were both long-lived and stress resistant, the re-
searchers isolated strains with transposon insertions in two
genes, SCH9 and CYR1 (the transposon was in the promoter
region of SCH9). Loss-of-function mutations in these genes
had dramatic effects on chronological longevity. Mutant sch9
and cyr1 cells survived roughly three- and twofold longer than
did the wild type, respectively. Interestingly, these two mutants
not only had the greatest extension in chronological life span
compared with wild-type cells but also were the only two genes
isolated independently from both heat and oxidative stress
selections. This supports a model whereby survival in station-
ary phase and extension of chronological life span depends on
development of resistance to multiple forms of stress.

SCH9 encodes a serine/threonine protein kinase, whereas
CYR1 encodes adenylate cyclase, required for stimulation of
cyclic AMP (cAMP)-dependent protein kinase (PKA) activity

VOL. 67, 2003 AGING IN SACCHAROMYCES CEREVISIAE 383



(Fig. 3). These proteins appear to function in separate yet
parallel signaling pathways, both of which mediate glucose/
nutrient signaling, stimulate growth and glycolysis, and func-
tion to down-regulate stress resistance, glycogen accumulation,
and gluconeogenesis (113, 124). Consistent with a role of
cAMP signaling in regulation of chronological aging, deletion
of the gene encoding the GTP-binding protein Ras2, an up-
stream regulator of Cyr1, doubles chronological life span (44)
(Fig. 3). Similar to the above mutants, long-lived ras2 cells also
display multiple stress resistances, since they are thermotoler-
ant and more resistant to oxidative damage. Furthermore, the
life span extension of both cyr1 and ras2 strains requires the
stress response transcription factors Msn2 and Msn4. The life
span extension in sch9 strains does not require these factors
and may act via the protein kinase Rim15 (45). Rim15 in turn
functions via the stress response transcription factor Gis1
(153), which binds postdiauxic shift elements found in the
promoters of such genes as HSP26, HSP12, and SOD2 (Fig. 3).
The above results again highlight the close association between
stress response pathways and chronological longevity. Interest-

ingly, mutation of the PKA pathway extends the replicative life
span of yeast cells (114), arguing for some degree of overlap
between these two distinct measures of aging (see below). It is
worth noting that replicative life span extension is independent
of Msn2 and Msn4 (114), so that while there may be some
commonality in the pathways involved, the downstream mech-
anisms regulating these two processes are almost certainly dis-
tinct (Fig. 3).

In accordance with previous observations, it was also shown
that the age-dependent inactivation of aconitase was signifi-
cantly lower in both sch9 and cyr1 mutants (45). This suggests
that increased survival of the strains is due, at least in part, to
increased protection from oxidative damage. This was further
supported by the recent confirmation that Sod2 functions
downstream of Sch9 (44). Deletion of SOD2 abolishes the life
span extension of an sch9 mutant; furthermore, expression of
endogenous SOD2 was shown to be elevated in sch9 cells. As
mentioned above, the limited survival obtained by overexpres-
sion of SOD1 and/or SOD2 indicates that these pathways prob-
ably regulate many downstream genes. Identification of these

FIG. 3. Conserved longevity-regulatory pathways in S. cerevisiae, C. elegans, and possibly humans. There are two ways to study longevity in S.
cerevisiae: replicative (mitotic) life span and chronological (nonmitotic) life span. Both these approaches have identified yeast genes with functional
homologues in a conserved insulin-like signaling longevity pathway. These include SIR2, which encodes an NAD�-dependent deacetylase, RAS,
which encodes a GTP-binding protein, and SCH9, which encodes a serine/threonine kinase. These findings are consistent with the idea that
longevity regulation is highly adaptive and that components of a primordial pathway have been conserved in a diverse range of species.
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targets will be a major step toward understanding the relation-
ship between stress resistance and chronological aging in this
organism.

Conservation in Higher Eukaryotes

The kinase domain of Sch9 is 47 and 49% identical to that of
Caenorhabditis elegans AKT-2 and AKT-1, respectively. AKT-1
and AKT-2 function in a longevity and diapause regulatory
pathway downstream of the insulin receptor homolog DAF-2
(62, 94) (Fig. 3). Loss-of-function mutations in this insulin-
insulin like growth factor type 1 (IGF-1) signaling pathway
causes the worms to enter a state of diapause called dauer, a
state normally initiated in response to nutrient limitation or
crowding. Weak mutations in this pathway, though, can extend
the life span of the adult worm by as much as twofold (84, 95).
Similar to the yeast Ras-Cyr1-PKA and Sch9 pathways, the
insulin–IGF-1 pathway in worms also acts to down-regulate
stress resistance and the storage of reserve nutrients (95, 98,
144). Thus, not only is there conservation between specific
factors involved, but also a similar strategy for the regulation of
longevity and stress resistance may be conserved.

These results have been extended to Drosophila, where it has
been shown that mutation of components of the fly insulin–
IGF-1 pathway can extend life span by 85% (30, 200). These
mutants also up-regulate nutrient storage and superoxide dis-
mutase expression, similar to yeast and worms. Yeast Sch9 is
also 49% identical to human Akt-1–Akt-2–PKB, involved in
insulin and glucose signaling, apoptosis, and cellular prolifer-
ation (89) (Fig. 3). Whereas down-regulation of the yeast path-
way leads to storage of glycogen, down-regulation of the hu-
man insulin–IGF-1 pathway stimulates the storage of fat, each
of which is the primary carbon source during starvation for the
respective organism (113, 124). The similarity in strategies,
pathways, and factors involved in such distantly related organ-
isms has led to the proposal that this common longevity regu-
latory system arose early in evolution as a way to delay repro-
duction and increase the chances of survival during times of
nutrient limitation (94). This degree of conservation ensures
that the study of chronological aging in yeast will continue to
shed light on the regulation of, and mechanisms underlying,
numerous critical processes in higher eukaryotes.

REGULATION OF REPLICATIVE AGING

Role of Sir2

Multiple lines of evidence point to Sir2 as being a key lon-
gevity protein that extends life span by suppressing rDNA
recombination (60). Sir2 is a limiting component of yeast lon-
gevity. A single extra copy of the SIR2 gene suppresses rDNA
recombination and extends life span by 40% (2, 88, 114). Con-
versely, deletion of SIR2 increases the frequency of rDNA
recombination 10-fold, leading to accelerated aging. It has
recently been shown that SIR2 is essential for the increased
longevity provided by calorie restriction (114). In dispute of
this, Jazwinski and colleagues have observed an extension of
lifespan in sir2� mutants grown on 0.1% glucose (79). Recent
experiments in our laboratory, though, confirm that sir2�
strains grown on either 0.5 or 0.1% glucose show no life span

extension compared to strains grown on medium containing
2% glucose (3). This disparity can probably be explained by
strain-specific differences or sickness, since the average lifes-
pan of the wild-type strain used by Jazwinski and colleagues,
(SP1) is roughly half that of our wild-type strain (PSY316)
(Table 2).

The role of Sir2 in longevity regulation appears to be con-
served. Sir2 homologues can be found in a wide array of or-
ganisms, ranging from bacteria to humans, and it has been
shown that increased dosage of the Sir2 homologue, sir2.1, can
extend the life span of the nematode C. elegans (202). In
addition, the nearest human homologue, SIRT1, inhibits apo-
ptosis through deacetylation and negative regulation of p53
(128, 206). These two findings suggest that Sir2 and its homo-
logues play a conserved role in the regulation of survival at
both the cellular and organismal levels (62). A recent study
with yeast has also implicated Sir2 in the asymmetric inheri-
tance of oxidatively damaged proteins during cell division (1).
It was found that carbonylated proteins, which accumulate
during aging, are retained in the mother cell during cytokinesis
in a Sir2-dependent manner. Although the authors do not
claim this process to be a determinant of replicative life span,
it probably contributes to the ability of cells to resist oxidative
damage and to the overall fitness of daughter cells.

Overview of Sir2 enzymology. Yeast Sir2 is the founding
member of class III histone deacetylases (HDACs). Unlike
class I or II HDACs, Sir2-like deacetylases are not inhibited by
trichostatin A and have the unique characteristic of being
NAD� dependent (72, 105, 189, 196). Yeast Sir2 is known to
have specificity for lysine 16 of histone H4 and lysines 9 and 14
of histone H3 (72, 105, 189). While many Sir2-like enzymes
readily deacetylate histone substrates in vitro, at least two Sir2
homologues, yeast Hst2 and human SIRT2, are localized to the
cytoplasm (20, 72, 196, 198). Studies have also demonstrated
that human SIRT3 is localized to mitochondria (149, 170), and
human SIRT1, a nuclear protein, has recently been shown to
target p53 for deacetylation (128, 206). In addition, eubacterial
species such as Salmonella lack histones entirely, yet their
genomes still encode Sir2 homologues (203). The above results
suggest that the Sir2 family of deacetylases may act on a broad
range of substrates and that only a subset of these enzymes are
likely to target histones for deacetylation in vivo.

Sir2-catalyzed deacetylation is considered an atypical reac-
tion from both thermodynamic and mechanistic standpoints.
Although trichostatin A-sensitive HDACs catalyze deacetyla-
tion without the need for a cofactor, Sir2 requires NAD�, even
though deacetylation is a simple and energetically favorable
hydrolysis reaction. Furthermore, NAD� is not required cata-
lytically for this reaction but is actually consumed by it. Hy-
drolysis of the glycosidic bond between the ribose and nicotin-
amide moieties of NAD� liberates roughly 8.2 kcal of free
energy per mol (143). This leads to the question of why the cell
would couple cleavage of a high-energy bond in a metabolically
valuable molecule to an already exothermic reaction. One pos-
sible explanation for these findings is that the NAD� depen-
dence of Sir2 may allow for regulation of its activity through
changes in the availability of this cosubstrate (167). In other
words, this may allow Sir2-like enzymes to “sense” the ener-
getic and redox states of the cell and adjust their activity ac-
cordingly. An additional possibility is that the products formed
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from the unique Sir2 reaction may initiate a signal transduction
pathway or may themselves allow for regulated control of the
enzyme (16, 143). These possibilities are discussed in more
detail below.

Evidence from crystal structures. Sir2 enzymes couple
NAD� hydrolysis to the deacetylation of the ε amine of lysine
residues with a 1:1 stoichiometry. The overall reaction actually
consists of two hydrolysis steps, which are thought to be cou-
pled (141). The first step is the cleavage of the high-energy
glycosidic bond that joins the ADP-ribose moiety of NAD� to
nicotinamide. This is followed by cleavage of the CON bond
between the acetyl group and lysine. Upon cleavage, Sir2 then
catalyzes the transfer of the acetyl group to ADP-ribose (189,
196, 198).

Crystal structures of two archaeal Sir2 homologues (Sir2-
Af1 and Sir2-Af2), as well as the catalytic core of human
SIRT2, have been solved and have begun to shed light on the
specifics of the reaction mechanism (9, 27, 46, 141) (Fig. 4).
The archaeal structures have been particularly revealing. Both
the wild-type and several catalytically deficient varieties of

Sir2-Af1 have been crystallized with an (albeit incomplete)
NAD� molecule (27, 141). In addition, Avalos et al. have
published a crystal structure of Sir2-Af2 bound to an acetylated
p53 peptide substrate (9). Conservation previously observed
only at the sequence level is immediately apparent when the
structures of these distantly related homologues are compared.
The conserved core domain of these enzymes forms two re-
gions which can bind an NAD� molecule within a deep pocket
between them (Fig. 4A). The larger of these two domains is
reminiscent of the Rossmann fold, a motif found in many
NAD(H)-NADP(H)-binding proteins (162), whereas the
smaller domain coordinates a structural zinc atom.

(i) NAD�-binding site. The NAD�-binding pocket itself is
divided into three distinct regions, termed sites A, B, and C
(Fig. 4B). Site A appears to bind the adenine-ribose moiety of
NAD�, while site B contacts the nicotinamide-ribose (141).
Many of the mutations that diminish or abolish the activity of
Sir2-like enzymes map to site B (5, 27, 141, 197), and it is
therefore thought to be directly involved in catalysis. Site C
forms a deep core within the pocket and does not appear to

FIG. 4. Crystal structure of the Sir2 deacetylase. (A) Ribbon diagram of Sir2-Af1 complexed with NAD� (PDB 1ICI based on the structure
of Min et al. [141]). The NAD� molecule and zinc atom are in green. Putative catalytic site B residue His116 is shown as stick model in dark blue.
Conserved site C residues Ser24, Asn99, and Asp101 are shown in pink. Gly185, which is located in site A and which is perfectly conserved in all
Sir2 family members, is shown in light blue. (B) Surface representation of Sir2-Af1. Blue and red patches show surface electrostatic potential
distribution for positively and negatively charged residues, respectively. Amino acid residues 30 to 47 are shown as a ribbon diagram for better
visualization of the NAD�-binding pocket. This pocket is spatially divided into three regions, termed sites A, B, and C, which contact different
portions of the NAD� molecule (141). An acetyllysine substrate is proposed to come in close proximity to site B by inserting into a tunnel within
the indicated substrate-binding cleft (9). The inhibitor nicotinamide is proposed to bind in the C site (16). Models were generated using Web Lab
Viewer Lite software.
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make direct contact with NAD� in any of the solved structures.
However, mutation of conserved residues within this pocket
(specifically, residues equivalent to Ser24, Asn99, and Asp101
of Sir2-Af1) can severely affect or abolish catalytic activity (27,
141) (Fig. 4A).

Min et al. have suggested that because these residues are on
the surface of the NAD�-binding pocket, they probably do not
contribute to protein stability but may instead be somehow
involved in catalysis. They proposed that the first step in Sir2-
catalyzed deacetylation may be reminiscent of a serine pro-
tease reaction. A conformational change in NAD�, due to a
rotation around the ester bond joining the adenine-ribose to
the pyrophosphate and/or the phosphodiester bonds within the
pyrophosphate moiety, would position the nicotinamide in
proximity to site C. In this conformation, Ser24 may act as a
catalytic base in the cleavage of the glycosidic linkage between
the nicotinamide and the ribose (141) (Fig. 4A). Arguing
against this model, though, Chang et al. found that mutation of
Ser24 in Sir2-Af1 decreases activity by only sixfold, suggesting
that this residue is not essential for activity. From an exami-
nation of the structures of these mutants, they instead con-
clude that site C residues play a role in NAD� binding and
positioning rather than in catalysis (27). In either case, hydro-
lysis of the acetyl group from N-acetyllysine in the second step
of the reaction seems to require conserved residues in site B.
Specifically, His116 (His118 in Sir2-Af2) is proposed to be
directly involved in catalyzing this step (27) (Fig. 4A).

(ii) Substrate-binding site. A cleft between the Rossmann
fold domain and zinc-binding domain serves as a protein sub-
strate-binding site (9) (Fig 4B). The acetyllysine side chain
appears to insert into a tunnel within this cleft, bringing it close
to site B of the NAD�-binding region. In particular, the struc-
ture of Sir2-Af2 bound to a p53 peptide shows the acetyllysine
in close proximity to the putative catalytic His118 (His116 in
Fig. 4A). This is proposed to make the acetyl group of the
acetyllysine a better nucleophile during deacetylation (9).
Based on the available data, a current model for the mecha-
nism of deacetylation proposes a nucleophilic attack by the
carbonyl oxygen of the N-acetyl group of the substrate on the
C-1� of the nicotinamide ribose (167, 199). Since several mod-
els detailing the exact chemistry of the two hydrolysis steps
have been proposed (9, 27, 141), further investigation is
needed to elucidate the precise mechanism in its entirety.

(iii) Substrate specificity. Close analysis of the Sir2-Af2 pep-
tide structure may reveal insights into the substrate specificity
of Sir2-like proteins. It appears from this structure that all of
the contacts that anchor the substrate to its binding site on the
enzyme are simple hydrogen bonds between the two peptide
backbones (9). According to the authors, these interactions
form an enzyme-substrate �-sheet which they refer to as a “�
staple,” since the substrate appears to link two distinct regions
of Sir2-Af2. As Tanny and Moazed point out, this means that
any peptide with a stretch of amino acids containing an acety-
lated lysine and which are flexible enough to form a � staple
can be a putative substrate for Sir2-like enzymes (199). This
idea is consistent with the broad specificity displayed by many
of these enzymes in vitro. Indeed, Avalos et al. tested the
ability of archaeal Sir2-Af1, Sir2-Af2, human SIRT2, and yeast
Sir2 to act on both acetylated histones and two monoacetylated
p53 peptides. They found that all four enzymes were able to

deacetylate each of the four substrates (9). While mutation of
several nonconserved residues in this region did alter the spec-
ificity of Sir2-Af2, it is likely that in vivo substrate specificity is
determined primarily through protein-protein interactions out-
side the catalytic domain of the enzyme (199).

Sir2 reaction products. (i) Nicotinamide. While a complete
understanding of the chemistry underlying the reaction re-
quires further investigation, the products of Sir2-catalyzed
deacetylation have been determined with precision. It has been
demonstrated that this reaction leads to production of a
deacetylated lysine and two additional products in a 1:1:1 mo-
lar ratio (104, 196, 198). Cleavage of the glycosidic bond join-
ing the nicotinamide moiety of NAD� to ADP-ribose results in
the release of free nicotinamide. Bitterman et al. have shown
that nicotinamide is a strong inhibitor of Sir2 and have pro-
posed that it blocks catalysis by occupying site C of the NAD�

binding pocket (16). This important regulatory molecule,
which is a precursor of nicotinic acid in the cell and a form of
vitamin B3, is discussed in detail below.

(ii) O-Acetyl ADP-ribose. The other reaction product, which
results from cleavage of the CON bond between the acetyl
group and lysine followed by transfer of the acetyl to ADP-
ribose, has been the focus of considerable speculation. This
follows from the fact that this unique reaction leads to the
generation of two novel metabolites, namely, a regioisomer of
2�- and 3�-O-acetyl ADP-ribose (73, 167). The initial product
of the transfer reaction appears to be the 2� form of this
molecule, which quickly converts to 3�-O-acetyl ADP-ribose,
eventually forming an equilibrium between the two (27). It has
been proposed that Sir2 may initiate a signal transduction
cascade through generation of these compounds, since the
metabolic instability of these molecules is reminiscent of the
initiators of other signaling pathways (167). This is cited as one
possible rationale for the consumption of NAD� during
deacetylation. In support of this idea, injection of O-acetyl
ADP-ribose into living cells causes a delay or block in the cell
cycle and maturation of Xenopus oocytes (19). Furthermore, it
has recently been demonstrated that ADP-ribose hydrolases
may potentially metabolize O-acetyl ADP-ribose in Xenopus
cell extracts. Interestingly, though, the predominant activities
observed in these cell extracts appear to be those of novel,
unidentified enzymes (156). Elucidation of the fate of these
small molecules may uncover novel downstream effectors of
Sir2-like proteins and shed light on the signaling pathways
involved in longevity regulation and other cellular processes.

Metabolism, Chromatin, and Longevity

NAD� synthesis and Sir2 activity. While the production of
O-acetyl ADP-ribose provides an attractive hypothesis to ex-
plain the seemingly wasteful consumption of NAD� in this
reaction, others have been posited as well. As mentioned
above, it has been proposed that the strict NAD� dependence
of Sir2-catalyzed deacetylation may allow for regulation of
enzymatic activity through availability of the cosubstrate itself.
This may permit the Sir2 to respond to changes in the energy
status or redox state of the cell. In eukaryotes, there are two
pathways of NAD� biosynthesis: NAD� may be synthesized de
novo from tryptophan or recycled from nicotinamide via the
NAD� salvage pathway (48) (Fig. 5).
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(i) Kynurenine pathway. De novo NAD� synthesis, also
known as the kynurenine pathway, is catalyzed by the BNA (for
“biosynthesis of nicotinic acid”) genes, which catabolize tryp-
tophan to quinolinic acid and subsequently to nicotinic acid
mononucleotide (NaMN) (Fig. 5). Tryptophan taken up from
the medium or from an intracellular source is converted to
kynurenine in two steps by Bna2 and Bna3. Bna4 and Bna5
catalyze the ensuing conversion to 3-hydroxykynurenine and
3-hydroxyanthanilic acid, respectively. An oxidoreductase en-
coded by BNA1 then catalyzes the formation of quinolinic acid,
which is converted into NaMN by the BNA6 gene product (also
known as QPT1) (56, 165). It is interesting that the de novo
pathway for NAD� synthesis does not appear to be essential
for either Sir2-dependent silencing or life span extension by
calorie restriction. Deletion of either BNA1 or BNA6 does not
result in an rDNA-silencing defect, unless the cells are grown
on medium without nicotinic acid, compromising their salvage
synthesis of NAD� (see below) (165). In addition, a cdc25-10

strain, which is defective in glucose signaling and is considered
a genetic mimic of calorie restriction (see below), is long-lived
even in the absence of BNA6 (114).

(ii) Salvage synthesis of NAD�. In yeast, the salvage path-
way for NAD� synthesis consists of four steps (Fig. 5). Nico-
tinamide produced from NAD� cleavage is first converted to
nicotinic acid by the nicotinamidase Pnc1 (3, 52). The specific
role of this key enzyme in Sir2 regulation is discussed in detail
below. Nicotinic acid may also enter the pathway exogenously,
and a high-affinity transporter for this compound, Tna1, has
recently been identified (120, 165). In either case, nicotinic
acid is subsequently converted into NaMN by a phosphoribo-
syltransferase encoded by NPT1 (2). At this point, the NAD�

salvage and the de novo NAD� synthesis pathways converge
and NaMN is converted to desamido-NAD� by a nicotinate
mononucleotide adenylyltransferase (NaMNAT). In S. cerevi-
siae, there are two open reading frames (ORFs) with homology
to bacterial NaMNAT genes (43, 189), named NMA1 and
NMA2 (2). In Salmonella, the final step in the regeneration of
NAD� is catalyzed by an NAD� synthetase (71). An as yet
uncharacterized yeast ORF, YHR074w/QNS1, is predicted to
encode an NAD� synthetase.

The NAD� salvage pathway has been a recent focus of
attention because, unlike the de novo pathway, it is critical for
Sir2 activity. Cells lacking NPT1 or PNC1, for example, show a
loss of silencing at telomeres and the rDNA, reminiscent of a
sir2 mutant (165). Furthermore, the replicative life span of a
cdc25-10 strain (the genetic mimic of calorie restriction) is no
longer extended if NPT1 is absent (114). Conversely, increased
dosage of NAD� salvage pathway genes increases silencing,
and a single extra copy of the NPT1 gene extends the life span
by 60% (2). These results suggest a model whereby up-regu-
lation of NAD� synthesis leads to an increase in cellular
NAD� levels and a subsequent stimulation of Sir2 activity. In
support of this, NAD� levels are significantly reduced in cells
lacking NPT1 but not in those lacking BNA1 or BNA6, consis-
tent with the observed silencing phenotypes of these mutants
(165). Interestingly, although overexpression of NPT1 in-
creases silencing and extends life span, NAD� levels are un-
altered in these strains (2).

Calorie restriction, respiration, and NAD�. As mentioned
above, controlled fluctuations in NAD� levels provide an at-
tractive rationale for the cofactor dependence of the Sir2 re-
action. But is this the mechanism by which calorie restriction
affects Sir2 activity? And if so, how would limiting calorie
intake affect a change in cellular NAD� levels? Guarente and
colleagues have proposed that this is indeed the mechanism by
which Sir2 is regulated, and a recent paper by Lin et al. (115)
offers a possible explanation. S. cerevisiae, a facultative anaer-
obe, can generate energy through either fermentation or the
more energy-efficient respiration. When glucose levels are
high, cells preferentially utilize fermentation, since energy is in
excess. When glucose becomes limiting, though, respiration is
preferred because 16 ATP molecules can be produced from a
single glucose, compared to only 2 molecules from fermenta-
tion (10). Thus, carbon is shunted toward the mitochondrial
tricarboxylic acid cycle, increasing electron transport and res-
piration (155).

By measuring oxygen consumption, Lin et al. showed that
yeast grown on low glucose respire at a threefold higher rate.

FIG. 5. Pathways for NAD� and nicotinamide metabolism in S.
cerevisiae. In yeast, NAD� can be recycled from nicotinamide via the
NAD� salvage pathway or synthesized de novo from tryptophan. Nic-
otinamide generated by Sir2 is converted into nicotinic acid by the
nicotinamidase Pnc1 and subsequently into NaMN by Npt1. Nicotinic
acid may also enter the pathway exogenously. The formation of desa-
mido-NAD� (NaAD) is catalyzed by one of two adenylyltransferases
encoded by NMA1 and NMA2, and the subsequent formation of
NAD� by the NAD� synthetase Qns1. Trptophan taken up from the
medium is converted into quinolinic acid by Bna1 to Bna5. A quino-
linic acid phosphoribosyltransferase, encoded by BNA6/QPT1, cata-
lyzes the subsequent conversion to NaMN, which feeds into the salvage
pathway.
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Furthermore, calorie-restricted yeast that cannot respire due
to a mutation in their electron transport chain do not live
longer than unrestricted cells. In contrast, artificially inducing
genes involved in respiration through overexpression of the
HAP4 transcription factor causes a Sir2-dependent extension
of life span, even under high-glucose conditions (115). The
authors propose a model whereby increased respiration leads
to increased oxidation of NADH to NAD� in the mitochon-
dria. This change in the NAD�/NADH ratio would be trans-
mitted outside the mitochondria, where it would effectively
stimulate Sir2 activity.

While this is an attractive hypothesis, an overall increase in
the cellular NAD� concentration or in the NAD�/NADH
ratio has yet to be observed under these conditions. In fact, we
and others have been unable to detect increases in NAD�

levels in calorie-restricted cells (116) or in genetic mimics of
calorie restriction (2), even when the unbound NAD� level
was measured (R. M. Anderson, K. J. Bitterman, J. G. Wood,
and D. A. Sinclair, unpublished results). Furthermore, and
perhaps most striking, is the fact that although cells lacking
PNC1 are compromised for Sir2-dependent silencing, their
NAD� levels are unaltered (165). It is formally possible that
Sir2 is regulated either by nucleus-specific changes in NAD�

availability, flux through the salvage pathway, or a different
mechanism altogether.

Regulation by nicotinamide. (i) Inhibition of Sir2 by nico-
tinamide. One intriguing possibility, which may resolve these
apparent conflicts, concerns the other product of the Sir2-
catalyzed reaction, nicotinamide, produced from the cleavage
of the glycosidic bond of NAD�. Nicotinamide was recently
demonstrated to be a strong inhibitor of yeast Sir2 and human
SIRT1 activity, both in vitro and in vivo (16, 128) (Fig. 5). We
found that cells grown in the presence of this compound show
a nearly complete loss of Sir2-dependent silencing and have a
replicative life span indistinguishable from that of a sir2 mu-
tant. In vitro, the 50% inhibitory concentration of nicotin-
amide for SIRT1 was found to be �50 �M, leading us to
speculate that this small molecule may be a physiologically
relevant regulator of Sir2-like enzymes (16). Based on these
findings, we proposed that fluctuations in cellular nicotinamide
levels may directly control the activity of Sir2 proteins in vivo
and that these fluctuations may in turn be regulated by en-
zymes involved in nicotinamide metabolism.

(ii) Regulation of nicotinamide levels by Pnc1. PNC1 en-
codes a nicotinamidase that is situated in a key position to
regulate NAD�-dependent deacetylases. This enzyme converts
nicotinamide into nicotinic acid as part of the NAD� salvage
pathway. Thus, Pnc1 may reduce levels of this inhibitor and
simultaneously increase the availability of NAD� to Sir2. Im-
portantly, we have shown that the product of this reaction, the
structurally similar nicotinic acid, has no effect on Sir2 activity
either in vitro or in vivo (16). This raised the possibility that
high levels of Pnc1 induce Sir2 activity by removing the inhib-
itory effects of nicotinamide. In support of this model, we have
found that overexpression of PNC1 extends the replicative life
span by 70% in a Sir2-dependent manner and that the life span
of these cells is not further increased by growth on low glucose.
In addition, the life span of cells lacking PNC1 is not aug-
mented by calorie restriction (3). These results demonstrate
that PNC1 is necessary for life span extension by calorie re-

striction and that additional PNC1 is sufficient to mimic these
stimuli.

The most striking aspect of this model is the fact that en-
dogenous Pnc1 protein levels are greatly augmented in re-
sponse to all stimuli that extend yeast life span. These include
low glucose concentration, low amino acid concentrations,
heat stress, and osmotic stress (3, 173, 195). Consistent with the
involvement of the PKA pathway in regulating life span, Pnc1
levels are increased in a cdc25 mutant strain as well (3). Fur-
thermore, in support of the notion that nicotinamide is the
primarily regulator of Sir2, it was shown that manipulation of
nicotinamide metabolism by proteins outside the NAD� sal-
vage pathway can also affect Sir2 activity. These genes were the
human nicotinamide N-methyltransferase gene (NNMT) and
its putative yeast homologue encoded by the YLR285w ORF.
These results identify PNC1 as the first longevity gene that is
responsive to all stimuli that are known to extend replicative
life span and show that nicotinamide depletion is sufficient to
activate Sir2. These findings support a model whereby life span
extension via calorie restriction is the consequence of an active
cellular response to low-intensity stress (Fig. 6).

Why would an organism utilize a single gene and a small
ubiquitous molecule to govern such a critical pathway as life
span extension by calorie restriction? We speculate that this
system may allow the organism to process inputs from multiple
stimuli and facilitate a coordinated defense response. A more
intriguing possibility, however, is that this design permits the
rapid evolution of strategies to suit a changing environment via
changes in the Pnc1 promoter. The Sir2 pathway is ancient,
and perhaps early life-forms used nicotinamide directly as an
indicator of nutrient availability. Its role as a signaling mole-

FIG. 6. Model for the regulation of Sir2 activity and life span by
nicotinamide. Disparate environmental stimuli including calorie re-
striction, heat, and osmotic stress serve as inputs to a common pathway
of longevity. Cells coordinate a response to these inputs by inducing
the transcription of PNC1, which encodes an enzyme that converts
nicotinamide to nicotinic acid, thereby alleviating the inhibition of Sir2
and promoting longevity.
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cule regulating longevity and survival may have been conserved
to the present day.

(iii) Nicotinamide and higher organisms. It will be interest-
ing to determine whether nicotinamide levels do indeed de-
crease under conditions of calorie restriction or mild stress
and, if so, whether this mechanism is conserved in higher
organisms. The possibility that nicotinamide is the major reg-
ulator of Sir2-like proteins raises many questions regarding the
role of this small molecule and its targets in such organisms.
There is already evidence for a link between nicotinamide
metabolism and stress resistance in mammals. Poly(adenosine
diphosphate-ribose) polymerase 1 (PARP) is a nuclear enzyme
that cleaves NAD� to covalently attach poly(ADP-ribose) to
acceptor proteins (reviewed in reference 146). This two-step
reaction generates nicotinamide, which exerts an inhibitory
effect on PARP-1, allowing for autoregulation. PARP enzymes
have been implicated in numerous cellular functions including
DNA break repair, telomere length regulation, histone modi-
fication, and the transcriptional regulation of key proteins in-
cluding intercellular cell adhesion molecule 1 and nitric oxide
synthase (207). PARP enzymes are perhaps regulated by nic-
otinamide metabolism as part of a general stress response.

As mentioned above, nicotinamide also inhibits human
SIRT1 both in vitro and in vivo (16, 128). SIRT1 negatively
controls p53 activity, indicating that nicotinamide levels may
also regulate apoptosis and DNA repair (128, 206). Consistent
with this, increased expression of NNMT correlates with tu-
morigenesis (103) and decreased expression correlates with
radiosensitivity (90). There is no obvious homologue of PNC1
in model organisms more complex than Drosophila, which
probably reflects differences in nicotinamide metabolism. It
will be important to determine whether nicotinamide regulates
multiple Sir2-like proteins and, if so, which metabolic pathways
in turn regulate nicotinamide levels. Clearly there is still much
to be learned about this family of proteins and their potential
roles in cell and organismal survival.

Rpd3

Another HDAC that has been shown to influence life span
in multiple organisms is Rpd3. RPD3 encodes a class I HDAC
which seems to have specificity for lysines 5 and 12 of histone
H4 (164). The function of this enzyme in yeast has recently
been shown to be required for the proper timing of replication
origin firing (208) and for regulating the number of “open”
rDNA repeats expressed during stationary phase (166). In ad-
dition, Rpd3 is known to repress the transcription of a number
of critical genes including HO, TRK2, STE6, PHO5, and SPO13
(59, 193).

Mutation of RPD3 leads to histone hyperacetylation, similar
to deletion of SIR2 (28). Surprisingly, though, loss of Rpd3
function has an opposite effect on silencing compared to a sir2
mutant. Whereas deletion of SIR2 abrogates silencing at mat-
ing loci, telomeres, and the rDNA, deletion of RPD3 increases
silencing at all three of these loci (96, 164, 205). This disparity
extends to the life span of the organism as well, since rpd3
mutants live significantly longer than wild-type cells (96).
These findings have recently been extended to Drosophila
melanogaster. While complete loss of Rpd3 function is lethal in
this organism, Rogina et al. showed that a partial loss-of-

function mutation extended life span in both male and female
flies (159). In addition, it was demonstrated that Rpd3 appears
to function in the calorie restriction pathway in this organism.
This is consistent with the fact that levels of this protein are
reduced under nutrient-limiting conditions (154, 159). A sim-
ilar result has also been found for yeast RPD3 (79).

Because Rpd3 and Sir2 act on different lysine residues on
histones H3 and H4 and because they have opposing effects on
silencing and life span, it is clear that the overall pattern of
core histone acetylation governs the degree of silencing at
these loci. It has been proposed that in addition to changes in
the state of silent heterochromatin, overall changes in gene
expression patterns resulting from manipulation of these genes
may regulate yeast life span (15, 28). Additional work is re-
quired to elucidate the precise mechanisms by which low levels
of Rpd3 extend replicative life span in yeast and Drosophila.

Glucose Sensing and Calorie Restriction

Background. The link between diet and aging has been
known for over 50 years, ever since McCay et al. discovered
that restricting calorie intake in rats significantly extends life
span (135). Since then, this dietary regime, known as calorie
restriction, has been shown to extend life span in every species
tested thus far (132). In 2000, two groups laid the groundwork
for elucidating the genetic pathways of calorie restriction in S.
cerevisiae (78, 114). It was found that yeast grown on low
glucose or with limiting amounts of nonessential amino acids
showed a significantly extended replicative life span. Here we
provide a brief overview of glucose-signaling pathways in yeast
and what is known about their role in the calorie restriction
pathway of life span regulation.

HXT and HXK genes. In S. cerevisiae, glucose serves not only
as the preferred carbon source but also acts as a signaling
molecule (reviewed in reference 161). Yeast sense and trans-
port glucose via the Hxt family of transporters (Fig. 7). Exter-
nal glucose levels regulate transcription of the HXT genes,
which encode several isoforms of transporters, each possessing
different affinities for hexoses (reviewed in reference 151). This
finely tuned mechanism ensures the expression of low-affinity
receptors in response to conditions of high glucose availability
and intermediate-affinity receptors for situations in which the
supply of glucose is limiting. On transport, glucose is phos-
phorylated to glucose-6-phosphate (G-6-P), a high-energy in-
termediate that is a key substrate for glycolysis. This reaction is
catalyzed by the three kinases Hxk2, Glk1, and Hxk1. Notably,
mutation of HXK2 leads to a significant increase in yeast rep-
licative life span (114). Although the simplest interpretation of
this result is that the mutation mimics low glucose, this is not
necessarily the case because Hxk2 has an additional function:
the down-regulation of genes involved in respiration, glucone-
ogenesis, and the glyoxylate cycle during growth at high glu-
cose concentrations in a process called glucose repression.

Snf1 complex. Central to the derepression of glucose-re-
pressed genes is the Snf1 kinase complex, consisting of the
serine/threonine kinase Snf1, along with an activating subunit,
Snf4 (26), and one of three cofactors, Sip1, Sip2, and Gal83
(81), that confer substrate specificity (Fig. 7). Low glucose
levels stimulate the activity of the Snf1 complex (80), leading to
the expression of genes involved in gluconeogenesis and res-
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piration. The deletion of SIP2, encoding an inhibitory N-myr-
istoylprotein subunit of Snf1, results in an accelerated-aging
phenotype, characterized by the accumulation of ERCs and
shortening of the replicative life span (6). Conversely, deletion
of SNF4, an activating subunit of Snf1, increases the replicative
life span by approximately 20%, relative to wild-type cells (6).
Interestingly, LAG1, a gene required for ceramide synthesis
and the transport of glycosylphosphatidylinositol-anchored
proteins (12, 63), was shown to result in an increase replicative
life span when deleted (38). This is suggestive of a general
mechanism in which lipid-modified proteins may be involved in
transducing longevity-determining signals, as in the case of
Sip2.

Mig1, a component of the Tup1-Ssn6-Mig1 repressor com-
plex, is downstream of the Snf1 complex (Fig. 7). The Mig1
repressor serves to repress genes involved in respiration, glu-

coneogenesis, and alternative carbon source utilization. Low
glucose levels lead to the phosphorylation of Mig1 by the Snf1
complex, followed by its inactivation and export to the cyto-
plasm (37). Interestingly, deletion of MIG1 does not affect the
replicative life span (6). Thus, although Snf1 function and
respiratory activity are linked to life span, they must act via a
mechanism that is independent of the Mig1 repressor pathway.

Given that low glucose levels and the corresponding increase
in respiration correlate with increased life span (115), why
would loss-of-function mutations in the Snf1 complex, which
presumably mimic this metabolic state, lead to accelerated
aging? A plausible explanation is that the effect of the Snf1
complex on longevity is independent of its role in glucose
repression. This is supported by the recent finding that the
Snf1 complex can phosphorylate histone H3 in vitro on Ser10
(117, 121), which is suggested to result in desilencing and

FIG. 7. Glucose-sensing and signaling pathways of S. cerevisiae. Proteins indicated by bold type have been shown via genetic analyses to extend
the replicative life span when either deleted or mutated. Glucose in the environment is first sensed by either of two complementary receptor
families, the Hxt hexose transporters or the G-protein-coupled receptor, Gpr1. Glucose-mediated signals arising from these receptors cause Cdc25
to catalyze the formation of GTP-bound Ras1-Ras2, which then binds to and regulates the adenylate cyclase complex. Cyr1 (Cdc35) within the
complex then generates cAMP, which in turn activates PKA, consisting of subunits Tpk1, Tpk2, and Tpk3. PKA inhibits Msn2 and Msn4, two
factors required for the expression of heat shock proteins and superoxide dismutases, which are important for regulating the chronological life
span. Further downstream, both pathways also converge on the Snf1 serine/threonine kinase complex, which is responsible for derepressing genes
that are turned off during growth at relatively high glucose concentrations. The activity of the Snf1 complex is modified by the Glc7-Hex2 complex
and also perhaps by a proposed kinase(s) that may be responsive to intracellular ATP and AMP levels. The Snf1 complex inhibits the
Mig1-Ssn6-Tup1 repressor complex, required for shutting off the transcription of genes needed for respiration, and activates Sip4, which turns on
the transcription of genes required for gluconeogenesis under conditions of low glucose concentrations.
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hyperrecombination at the rDNA locus. Indeed, Snf1 kinase
activity has also been shown to increase in aged cells (117).
Thus, even if Snf1 were to increase the replicative life span by
promoting respiration, this would probably be offset by the
corresponding increase in recombination at the rDNA locus.
Although this is highly suggestive of a pleiotropic role for Snf1,
it still needs to be determined whether the increased kinase
activity directly affects the rDNA locus in vivo.

cAMP signaling and replicative life span. Glucose repres-
sion is dependent not only on signaling initiated by the Hxt
transporters but also on the activity of a G-protein-coupled
receptor complex, Gpr1-Gpa2, that activates cAMP synthesis
(160) (Fig. 7). The Hxk and Gpr1-Gpa2 glucose-signaling path-
ways are both required for the appropriate repression of genes
encoding proteins for respiration and gluconeogenesis. The
yeast PKA pathway was first implicated in the regulation of
longevity by Lin et al., who showed that mutations in GPR1,
GPA2, CDC25 (encoding a GTP-GDP exchange factor),
CYR1-CDC35 (encoding adenylate cyclase), or TPK1-3 (en-
coding the PKA catalytic subunits) each significantly extended
the replicative life span (114). Interestingly, life span extension
in a cdc25-10 strain requires Sir2. Although the mechanism by
which cAMP regulates Sir2 is not known, it is interesting to
speculate about whether Sir2 activity might be modulated by
PKA via regulation of Pnc1 (Fig. 3). Another possibility is that
intracellular AMP levels regulate Snf1 activity and thereby
regulate longevity. Although the mammalian homologue of
Snf1, AMP-activated protein kinase (AMPK), is allosterically
activated by intracellular concentrations of AMP, this is not
the case with Snf1 (70). Instead, Snf1 is proposed to be acti-
vated by an upstream kinase, which in turn may be directly
activated by AMP levels. Although Snf1 can be activated in
vitro using mammalian kinases such as AMPKK and inacti-
vated by phosphatases (213), the putative yeast kinase that
phosphorylates Snf1 is still unknown. Furthermore, it remains
to be seen whether kinases from cAMP-mediated signaling and
glucose signaling ultimately converge on a single downstream
substrate or whether there are multiple substrates that may
each affect longevity.

Retrograde Signaling And Life Span

Mitochondrial function is known to influence the transcrip-
tion of nuclear genes. This phenomenon, termed retrograde
signaling, can influence the replicative life span (99). In S.
cerevisiae, three genes, RTG1, RTG2, and RTG3, are required
for signaling between the mitochondria and nucleus (77, 111).
Deletion of RTG3 significantly increases the replicative life
span, in a manner independent of the calorie restriction path-
way (78). RTG1 and RTG3 encode a pair of basic helix-loop-
helix leucine zipper transcription factors that bind as het-
erodimers to “GGTCAC” consensus sequences. These sites,
referred to as R-box elements, are found within the nuclear
genome. Rtg3 localizes within the cytoplasm in a hyperphos-
phorylated state. Dephosphorylation of Rtg3 induces nuclear
relocalization and the activation of tricarboxylic acid cycle
genes (119, 171). It is still not known how the phosphorylation
status of Rtg3 is controlled, although there is some evidence
that the signal is transduced at least partly by Rtg2. The nu-
clear gene encoding peroxisomal citrate synthase, Cit2, is

highly up-regulated as a consequence of retrograde signaling
(112) and has thus been used as a convenient marker for the
activation of this pathway.

Several different strains of yeast that lack mitochondria,
known as “petites,” have increased replicative life spans rela-
tive to “grande” parental strains that contain functional mito-
chondria, although some standard laboratory strains such as
W303 do not show this effect (99). It is also worth noting that
these results appear to contradict those of Guarente and col-
leagues, who found that mitochondrial respiration is both nec-
essary and sufficient for replicative life span extension (115).
Long-lived petite strains have significant up-regulation of
CIT2, indicative of an activation of the retrograde response.
Thus, it is possible that strain differences within the retrograde
response pathways may account for the discrepancies in life
span observed when comparing grandes and petites. Although
CIT2 is up-regulated as a result of mitochondrial defects, it is
not required for the extension of life span observed in petites.
Instead, the G protein Ras2, required for the proper function-
ing of mitochondria, is necessary for this life span extension
(49, 201). Overexpression of RAS2 or deletion of RAS1 signif-
icantly extends the replicative life span (194). This is an inter-
esting finding, given that these genes are interchangeable for
signaling within the PKA pathway. One possibility is that Ras2
but not Ras1 is required to transduce retrograde signals be-
tween mitochondria and the nucleus, but this remains specu-
lative.

The similarities between the Snf1 pathway and the retro-
grade response are intriguing. Both Snf1 signaling and the Rtg
response are influenced by the PKA pathway, with retrograde
signaling being dependent on the activity of Ras2 while Snf1 is
responsive to intracellular AMP/ATP ratios. This suggests that
yeast longevity is regulated by at least two pathways, one of
which is responsive to the external environment and one re-
sponsive to the internal cellular environment. The elucidation
of these pathways may prove to be difficult because there is
probably considerable cross talk between them.

TELOMERE MAINTENANCE AND
PREMATURE-AGING SYNDROMES

Background

Since the discovery that primary cells in tissue culture divide
a finite number of times, a phenomenon known as the Hayflick
limit (65), it has been proposed that this phenomenon may play
a role in human aging, at least for actively dividing tissues
(169). This limit on cell division is due primarily to the pro-
gressive shortening of telomeres as cells replicate. Loss of
telomeric DNA is the consequence of the inability of lagging-
strand synthesis to finish replicating the ends of linear chro-
mosomes, originally termed the end replication problem (148,
210). To counter this problem, telomerase, a specialized re-
verse transcriptase that can synthesize telomeric DNA de novo
(57, 58), is expressed in many immortal cell types including
many tumorigenic cells. Unlike human somatic cells, wild-type
yeast cells constitutively express telomerase, and telomeric
DNA does not shorten with replicative age (93).
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Yeast as a Model For Replicative Senescence

Nevertheless, S. cerevisiae has been used to study replicative
senescence. By deleting genes encoding components of telom-
erase (e.g., EST2 or TLC1, encoding the catalytic protein sub-
unit and RNA template of telomerase, respectively), yeast cells
can be forced to undergo replicative senescence (110, 183).
These genetic manipulations lead to progressive telomere
shortening with each subsequent cell division, akin to what
occurs in actively dividing human primary cells. The popula-
tion of yeast cells in culture gradually ceases to divide when
telomeres reach critically short lengths. The cessation of divi-
sion is probably due to shortened telomeres being recognized
as double-stranded breaks (DSBs) by DNA damage-sensing
mechanisms. Indeed, telomeres are normally found associated
with a protective “cap” of proteins, containing factors that are
also required for repairing DNA DSBs (reviewed in reference
17). These factors include the Ku70-Ku80 heterodimer (204),
which is involved in nonhomologous end joining and the ATM
kinase orthologs, Mec1 and Tel1 (158), required for signaling
the presence of DSBs.

In yeast, telomeres serve as repositories for silencing factors
such as Sir2/3/4, of which Sir2 is present within the cell in
limiting quantities (190). These factors probably serve to min-
imize recombination between telomeric repeats. Unlike the
case for human cells, telomere shortening increases yeast rep-
licative life span (8), presumably because the telomere-bound
pool of Sir2 relocalizes to the rDNA, where it promotes DNA
stability. Recently it has been shown that telomeric silencing
also occurs in human cells (13). The integration of a luciferase
reporter gene proximal to telomeres demonstrated that silenc-
ing of this transgene was increased relative to an internal
genomic control. Microarray analysis has shown that senescing
mammalian cells have significantly different expression levels
of a wide variety of genes relative to nonsenescing controls
(175). It has been hypothesized that this may be due, in part, to
a redistribution of silencing factors away from telomeres and to
more distal regions of the genome, thereby affecting gene ex-
pression (216). Such epigenetic effects may account for the
differential gene expression observed in senescent cells (215).

Telomeres and Premature-Aging Syndromes

A link between premature aging and telomeres was recently
uncovered in studies using yeast as a model. The premature-
aging disease, Werner syndrome, is characterized by symptoms
that resemble premature aging, including cataracts, osteopo-
rosis, atherosclerosis, grey hair, and an increased incidence of
certain cancers. Werner syndrome is due to loss-of-function
mutations in the WRN gene, encoding a RecQ-like DNA he-
licase implicated in DNA repair during replication (reviewed
in reference 150). The rate of spontaneous immortalization of
senescent WRN�/� cells is extremely low, suggesting that they
lack some ability to reestablish telomere length and hence
bypass senescence.

S. cerevisiae possesses a single homologue of WRN, the slow-
growth suppressor, SGS1. Interestingly, mutation of SGS1 in
strains lacking telomerase causes them to undergo accelerated
senescence (32), similar to the phenotype of WRN�/� cells.
Moreover, sgs1 cells do not recover from senescence as rapidly

as do SGS1 controls, also reminiscent of the human Werner
phenotype (32, 69, 82). Examination of telomeric DNA in
these cells indicated that sgs1 cells lose telomeric DNA more
rapidly than do SGS1 cells (32) and that they cannot rebuild
their shortened telomeres via the main (type II) recombination
pathway that normally leads to extended telomeric terminal
repeats (32, 69, 82). These results imply that the WRN helicase
may be involved in maintaining the integrity of telomeric DNA
in normal cells and that its function might also be important for
the recovery of cells from replicative senescence, which is a key
step in tumorigenesis.

A related RecQ-like helicase gene found mutated in
Bloom’s syndrome patients, BLM, leads to a number of de-
fects, including an increased predisposition to certain cancers
and genomic instability. Unlike WRN, BLM was found to fully
suppress the increased rDNA recombination phenotype of sgs1
cells (68). Although sgs1 cells have a shorter replicative life
span, they should not be regarded as true mimics of aging
because the resultant life span is a composite of normal aging
processes and mitotic arrest due to increased intrachromo-
somal recombination (136). Similarly, the relevance of RecQ
helicases to normal aging in humans is still the subject of
conjecture.

METHODS

Replicative Life Span Analysis

Currently, the most accurate way to determine yeast repli-
cative life span is to micromanipulate away and count every
daughter cell that emerges from a mother. The method is
tedious, time-consuming, and often cited as the main barrier to
entry into the field. Many groups have searched for a less
labor-intensive method, so far without success. The entire as-
say takes about 2 weeks and demands that the researchers
spend the majority of their time at the microscope during this
period. The life span assay begins by twice passaging the strain
to be assayed on the appropriate medium. At least 40 cells are
then arrayed down the life span plate, using a 25- or 50-�m
dissection needle. Life span plates have at least 2% agar and
are poured thicker than usual. After 1 hour, virgin daughters
that emerge are then used for the assay and the mothers are
moved away and discarded. At 30°C, young cells divide every 1
to 2 h. Daughter cells are picked off mothers and moved at
least one field of view away so that they do not compete with
the mothers for nutrients. In the initial stages, it may be diffi-
cult to discern the daughter from its mother, so it is useful to
mark the orientation of the mother and her bud and not let the
mother divide more than once. Mothers are usually moved in
the opposite direction to daughters each dissection. Cells may
be placed at 4°C overnight to slow cell growth, but keeping
cells at this temperature for more than 2 days is not advised.

Toward the end of a cell’s life span, its division time will
become considerably longer, to more than 2 h, and the size
difference between mother and daughter will be obvious. A cell
is considered dead when it ceases to divide after �6 h. Often,
late-emerging daughters remain attached to the mother, and it
is imperative that daughters from these cells not be scored.
Potential pitfalls include the use of overcooked medium, use of
a dissection needle with a rough surface, working with a wild-
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type strain that is short-lived or whose daughters do not dis-
sociate from their mothers easily, and working in a dry atmo-
sphere where cells and plates can become desiccated. We have
found it helpful to place a humidifier in the vicinity of the
microscope and to always place dissection plates in a plastic
bag when they are incubating.

Chronological Life Span Analysis

Chronological life span in S. cerevisiae is determined by
maintaining cells in either complete or defined medium. In
these different media, cells cease dividing when they exhaust
nutrients, but they maintain different metabolic states. In com-
plete medium or in cells switched to water from defined me-
dium, cells maintain low metabolic rates. In contrast, cells
maintained in defined medium maintain relatively high meta-
bolic rates. Defined medium is used more frequently than
complete medium because the metabolic status of cells is
thought to more closely resemble that of postmitotic human
cells. Moreover, the average life span of cells in this medium is
a few weeks rather than months, so that experiments proceed
at a faster pace.

The standard chronological life span assay requires that cells
be diluted to the same density in synthetic complete medium
(2% [wt/vol] glucose) and incubated at 30°C. Cells cease di-
viding after the first 48 h, and most strains have a mean survival
of 15 to 29 days (W303, PSY316, S288C, and BY4700). Some
strains only live an average of 6 to 12 days (DBY746 and SP1).
Every 2 or 3 days, an aliquot of the cultures is plated to
complete YPD medium to score viability (expressed as CFU).
The CFU on day 3 are considered to denote 100% survival.
The assay is performed until less than 1% of the culture is
viable. A “live-dead” fluorescence assay from Molecular
Probes Inc. can also be used to determine viability.

Isolation of Old Cells

The study of the physical and biochemical changes that ac-
company yeast aging requires the separation of large numbers
of old individuals from young ones. This prospect is compli-
cated in single-celled, exponentially growing organisms be-
cause the fraction of old cells in the population is exceedingly
small. Consider a yeast strain with an average life span of 20
divisions. Because the population doubles with each cell divi-
sion, 50% of the population consists of virgin cells, 25% are
one division old, 12.5% are 2 divisions old, and only 1 in four
million cells has exceeded 20 divisions. The techniques for
accomplishing this separation are reviewed here.

Fluorescence-activated cell sorting. When yeast cells divide,
they synthesize a bud that eventually becomes the daughter
cell. The cell surface of the bud is derived de novo, with no
contribution from previously synthesized mother cell compo-
nents. This process allows mother cells to be “tagged” and then
distinguished from daughter cells, even when they are greatly
outnumbered in culture. Similar to magnetic sorting (see be-
low), proteins on the cell surface are conjugated to biotin and
then the cells are cultured in broth for up to 15 generations. By
adding fluorochrome-conjugated avidin to the final population
of cells, old cells become specifically labeled and may be sep-
arated using fluorescence-activated cell sorting (187). This
technique allows the rapid purification of an old-cell popula-
tion with greater than 99% purity, although yield is compro-

mised for the sake of purity. Typically, this method allows
procurement of 104 old cells.

Magnetic sorting. The most efficient and widely used
method for isolating old yeast cells relies on magnetic sorting
of mother cells from the unbiotinylated daughter cells (187).
Cells are biotinylated and allowed to divide as in fluorescence-
activated cell sorting. Avidin-coated paramagnetic iron beads
are then added to the final population. The beads coat the old
cells, which are then separated from the bulk population by
placing the culture near a magnet. Several rounds of magnetic
sorting and resuspension allow the high-fidelity separation of
old cells. Magnetic sorting is the most useful of the methods
described here because it combines the purity of biotin-depen-
dent sorting with the ability to rapidly sort large numbers of
cells. Magnetic sorting can easily yield 108 old cells and has
been used extensively to demonstrate a variety of age-associ-
ated molecular events (36, 114, 180).

Sucrose gradient centrifugation. After only a few divisions,
mother cells become substantially larger than the daughter
cells they generate. To generate an age-matched population of
cells, a saturated yeast culture can be separated on a 10 to 30%
sucrose gradient, generating two distinct bands of cells, one of
which is composed mostly of virgin cells (40). Virgin cells are
synchronized in the cell cycle by exposure to mating phero-
mone and then allowed to proceed through as many as three
divisions. Daughter cells are separated from mother cells by
repeating the sucrose gradient step, except that aged rather
than virgin cells are collected. By repeating cycles of synchro-
nization, growth, and separation, it is possible to isolate a
population of cells that are age matched up to 20 generations
and are contaminated by less than 10% young cells. One draw-
back of this technique is that many rounds of manipulation are
required to obtain old cells. However, it is advantageous be-
cause it allows large-scale isolation of a relatively pure popu-
lation of cells of advanced age. Using this technique, research-
ers have been able to prepare old cells and use them to
characterize various biomarkers of yeast aging (41).

Centrifugal elutriation. A variation on the cell size-depen-
dent separation scheme relies on centrifugal elutriation to con-
tinuously separate daughter cells from mother cells (214). This
method allows the rapid, manipulation-free purification of age-
matched, middle-aged yeast cells. Cells are grown in the cham-
ber of an elutriation rotor and eluted under centrifugation.
Daughter cells are collected and subjected to a second round
of elutriation. During the second elutriation, daughter cells are
discarded and mother cells are retained. Continuous growth
and elution over 15 divisions can produce a population 10
generations or older with 70% purity. Like most techniques for
isolating old cells, the purity of the final product is compro-
mised at large numbers of divisions.

Membrane attachment. One technique for separating
mother cells from daughter cells has been described as a “baby
machine” (67). Cells are attached to a membrane and allowed
to divide. Mother cells remain attached to the membrane, but
daughter cells are continuously eluted and collected by wash-
ing the membrane. Although this technique efficiently pro-
duces virgin cells, it is not used routinely due to the difficulty in
obtaining and processing large numbers of old cells.
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Isolation and Analysis of ERCs

Although ERCs are so abundant in old cells that they can be
visualized on an EtBr-stained gel, they are typically quantified
by Southern blotting (6, 7, 36, 88, 114, 117, 152). At least 5 	
106 cells isolated by magnetic sorting are used as starting ma-
terial (180). To isolate ERCs, the cell wall is digested with
lyticase and cells are lysed in dilute sodium dodecyl sulfate
buffer. Lysis must be performed gently to avoid excessive
shearing of linear genomic DNA. The DNA is cleaned by
phenol extraction, precipitated, electrophoresed as uncut
DNA, and probed by Southern blotting using an rDNA-spe-
cific probe. Two-dimensional chloroquine gel electrophoresis
may be performed to determine the degree of ERC supercoil-
ing (180).

CONCLUSIONS AND PERSPECTIVES

Although the use of S. cerevisiae as a model for aging re-
search was first proposed nearly half a century ago, only in the
last decade have the validity and power of this model been
truly established. With the elucidation of the ERC mechanism
of replicative aging, the identification of nearly two dozen
longevity genes (Table 1), and the ever-emerging conservation
of yeast longevity pathways in higher eukaryotes, S. cerevisiae
has emerged as a highly informative and respected model for
the study of metazoan longevity. Perhaps the primary reason
that such conclusions remained dubious for so long was the
inability to distinguish between aging, a nonadaptive by-prod-
uct of natural selection, and longevity, a highly adaptive trait.
In retrospect, it is no surprise that disparate organisms have
retained common mechanisms that allow them to allocate lim-
ited resources in response to environmental stimuli and thus
control the rate of aging.

Several areas of mammalian research have highlighted this
conservation. Prop-1 and Pit-1 dwarf mice, which are deficient
in serum growth hormone (GH), show decreased levels of
IGF-1 and live up to 65% longer than do wild-type mice (21,
47). In support of the notion that this phenotype is the result
of attenuated IGF-1 signaling is the fact that dwarf mice with
high GH levels but only 10% of the normal IGF-1 levels also
show a life span extension (34). Most recently, mice with a
fat-specific insulin receptor knockout (FIRKO) also showed a
significant life span extension compared to wild-type mice (18).
Not surprisingly, the links between these signaling pathways
and stress resistance appear to be conserved as well. Mice
hepatocytes which are exposed to either GH or IGF-1 show a
decrease in both superoxide dismutase and catalase activity as
well as in the expression of heat shock proteins (22, 23, 174).
Because of the many similarities between the yeast glucose and
mammalian IGF-1 signaling pathways, it is highly likely that
elucidation of the downstream targets and mechanisms which
mediate life span extension in yeast will shed light on a number
of critical processes in humans. Interestingly, high levels of
IGF-1 have already been implicated in osteoarthritis and nu-
merous forms of cancer including breast, lung, colorectal, and
prostate cancers (177, 218).

In addition to the highly homologous RAS and serine/thre-
onine kinase genes (SCH9 and Akt/PKB) found in the yeast
glucose and mammalian IGF-1 signaling pathways, the func-

tional conservation of Sir2 further emphasizes the critical im-
portance of yeast as a model organism. While the initial iden-
tification of SIR2 as a yeast longevity gene may have seemed to
be of little relevance to human aging, the subsequent implica-
tion of this gene in calorie restriction and the conservation of
its effect on life span in higher organisms have brought Sir2 and
its homologues to the forefront of aging research. Indeed, the
discovery that human SIRT1 negatively modulates the activity
of the p53 tumor suppressor not only underscores the impor-
tance of these enzymes but also highlights a conserved role for
this family of enzymes as “survival genes.” In addition to its
involvement in apoptosis and DNA repair, it is expected that
SIRT1 and its homologues SIRT2 to SIRT7 play key regula-
tory roles in numerous other cellular processes. Finding the
targets of the SIRT1 family and understanding how these en-
zymes are regulated in vivo are two of the many challenges
facing the field as we explore the relevance of the yeast findings
to mammalian biology. It will also be essential to determine the
influence of NAD� metabolism and the NAD�/NADH ratio
on the regulation of all Sir2-like deacetylases.

Among other questions which need to be addressed in the
near future, are those concerning the extent of overlap be-
tween yeast chronological and replicative life spans. In addi-
tion to the fact that mutations in the PKA pathway extend both
types of life span, results from several other studies have re-
vealed additional degrees of overlap. For example, the longer
the period that yeast cells are maintained in stationary phase,
the greater the decrease in their replicative life span once they
are released (7). Furthermore, deletion of both SOD1 and
SOD2 reduces both chronological and replicative life spans
(106, 125). Elucidating the extent of commonality between
these two aging paradigms will clearly be a significant asset to
the field. Other specific questions include the mechanism by
which nicotinamide inhibits Sir2, as well as the identification of
other putative targets of nicotinamide regulation. Identifica-
tion of genes involved in the retrograde response and elucida-
tion of the mechanisms which tie this process to replicative life
span will also be important. In the coming years, these and
other questions will provide the driving force for researchers in
the yeast aging field as the impact of this model organism
continues to grow exponentially.
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