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Abstract

Studies of the yeast Saccharomyces cerevisiae reveal four processes determining life span: metabolism, stress resistance, chromatin-
dependent gene regulation, and genome stability. The retrograde response, which signals mitochondrial dysfunction resulting in changes in
nuclear gene expression, extends yeast life span and is induced during normal aging. This response involves extensive metabolic adaptations.
The retrograde response links metabolism and genome stability during yeast aging. A reduction in the availability of nutrients also extends
yeast life span. This metabolic mechanism operates by pathways distinct from the retrograde response, although it shares with the latter some
longevity effectors. Life extension by calorie restriction entails re-modeling of mitochondrial function. The retrograde response appears to
compensate for age changes, while calorie restriction may be a preventive mechanism. The maintenance of age asymmetry between the
mother and daughter yeast cells also depends on mitochondrial function. Loss of this age asymmetry occurs during normal yeast aging and
may be a paradigm for stem cell aging. The importance of mitochondrial integrity in yeast longevity is emphasized by the role of prohibition
function in attenuating oxidative damage. Our studies point to the central role of mitochondria in yeast aging. They highlight the importance of
the maintenance of mitochondrial membrane potential, which drives the transport of biosynthetic precursors derived from the Krebs cycle.
Common threads weave their way through the studies of aging in yeast and in other model organisms. This suggests conserved features of

aging across phyla.
© 2004 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

The yeast S. cerevisiae has become an accepted model in
aging research (Guarente and Kenyon, 2000; Jazwinski,
2003a). The limits to yeast longevity have been examined in
two different experimental paradigms: chronological aging
is measured by the loss of cell viability during storage in
stationary culture. The metric of replicative aging is the
number of daughters produced by individual yeast cells. The
latter is the subject of this discussion, although there appears
to be a relationship between the two (Ashrafi et al., 1999).

Each time a yeast cell divides the probability that it will
divide again decreases (Mortimer and Johnston, 1959), and
this decline is exponential (Pohley, 1987; Jazwinski et al.,
1989). Interestingly, the mortality rate plateaus for the last
10% or so of an aging yeast cohort (Jazwinski et al., 1998),
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indicating that the demise of the remaining yeasts is due to
stochastic extrinsic events. A finite life span does not in itself
demonstrate a biological aging process at work. It is
apparent, however, that yeasts do age. This is readily
concluded from the observation of the many changes that
occur during the replicative life span, some of which clearly
represent functional decline (Jazwinski, 2003b).

One of the strengths of the yeast model is the facility with
which genetic analysis can be applied. Over the past 15
years, some 40 genes have been implicated in yeast aging.
These genes encode proteins, which are involved in a wide
array of biochemical processes. However, it has been clear
for some time that these processes fall into just four
categories: metabolism, stress resistance, chromatin-depen-
dent gene regulation, and genome stability (Jazwinski,
1996). Importantly, this categorization is applicable to
longevity genes identified in other species (Jazwinski, 1996;
Martin et al., 1996; Guarente and Kenyon, 2000), including
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human (Geesaman et al., 2003; Barzilai et al., 2003). This
article emphasizes the metabolic aspects of life span
determination in yeast. These aspects appear to play a
primary role in longevity with the other three categories
listed above having a derivative function, as will be evident
from the discussion.

2. Retrograde response

The measure of the replicative life span is the number of
daughters produced by a yeast mother cell. This production
requires significant metabolic activity. Thus, metabolism is
in reality a surrogate measure of longevity. This argues that
metabolism is important in determining life span. However,
nothing beats an experimental demonstration of this truism.
Such a demonstration first came with our direct implication
of the retrograde response in determining yeast longevity
(Kirchman et al., 1999).

The retrograde response is a pathway of interorganellar
communication (Butow, 2002). This signaling pathway is
triggered by mitochondrial dysfunction. It is most readily
observed in petite yeast cells. These are cells that have
dysfunctional mitochondria, because of mutations in or
complete lack of mitochondrial DNA (Parikh et al., 1987) or
because of mutations in nuclear genes that encode certain
mitochondrial proteins (Kirchman et al., 1999). The key
signaling proteins in the retrograde response are Rtg2p
and the transcription factor Rtglp—Rtg3p, which is activated
by Rtg2p. However, this is an elaborate pathway, which
cross talks with other pathways that sense cellular status
(Jazwinski, 2003a). The retrograde response is potentiated
by Ras2p (Kirchman et al., 1999). The net effect of
activation of the retrograde pathway is the translocation of
the Rtglp—Rtg3p from the cytoplasm to the nucleus (Sekito
et al., 2000), and the resulting induction of numerous nuclear
genes (Epstein et al., 2001). These induced genes code for
metabolic enzymes and stress proteins.

The retrograde response portends a remarkable metabolic
adaptation to the metabolic duress resulting from mitochon-
drial dysfunction. Notably, there is an induction of glyoxylate
cycle genes. It appears that the cell can utilize fatty acids
and acetate, in general, as a carbon source. This is a more
economical source of biosynthetic precursors than the Krebs
cycle, because the two carbon atoms of acetate are conserved
by the glyoxylate cycle, while the Krebs cycle releases them
as carbon dioxide. This and other anaplerotic reactions bolster
the flagging activity of the Krebs cycle in petite yeast cells.
The retrograde response is induced in direct proportion to
the extent of mitochondrial dysfunction (Kirchman et al.,
1999). Furthermore, the extent of life extension is directly
proportional to the activity of the retrograde response
(Jazwinski, 2000). Thus, the retrograde response is not a
simple on—off switch, but rather it responds in a continuous
manner to the changing metabolic needs of the cell. The life
extension observed in petites might be considered a curiosity

that has nothing to do with normal aging. However, we have
shown that mitochondrial dysfunction accumulates with age
in yeast (Lai et al., 2002), as much as it does in human cells
(Shigenaga et al., 1994). The dysfunction is likely linked to
the increased production of oxidants by mitochondria in old
cells (Laun et al., 2001). Significantly, this accumulating
dysfunction coincides with an increasing induction of the
retrograde response (Borghouts et al., 2004). Thus, the
retrograde response has a role to play during the course of
normal yeast aging. Perhaps its induction is the reason yeasts
live as long as they do.

Evidence has been available that the glyoxylate cycle is
active in long-lived Caenorhabditis elegans (Vanfleteren
and De Vreese, 1995). This activity is part of a pattern of
gene expression changes, similar to the retrograde response,
which is characteristic of the long-lived dauer larval state in
this nematode (Holt and Riddle, 2003). Interestingly, long-
lived nematodes result from the attenuation of the expression
of genes encoding mitochondrial proteins (Lee et al., 2003;
Dillin et al., 2002). This finding was the result of a long-lived
mutant hunt in one case (Lee et al., 2003). It is worth noting
that mitochondrial encephalopathies take several years to
develop pronounced symptoms. This may be partially due to
metabolic adaptations, much like the retrograde response
that compensate for the primary mitochondrial defect.

The activation of the retrograde response has a puzzling
consequence in yeast. It results in a higher than usual steady
state level of extrachromosomal ribosomal DNA circles
(Conrad-Webb and Butow, 1995). These circles can cause
cellular demise (Sinclair and Guarente, 1997). It is now
known that the retrograde response can counteract the
detrimental effects of these circles and at the same time
potentiate life extension independently (Borghouts et al.,
2004). The Rtg2p plays a critical role in the relationship
between the production of these circles and the induction of
the retrograde response. It suppresses the production of
circles. However, it cannot do this when it is transmitting
the retrograde signal (Borghouts et al., 2004). Rtg2p may
function in several protein complexes in the cell, and its
quantities appear to be limited, so that it cannot protect the
cell from the circles and perform in other capacities at the
same time. This protein is part of the SLIK histone acetyl-
transferase complex, which is a transcriptional co-activator
(Pray-Grant et al., 2002). It is also involved in suppression of
the events associated with trinucleotide repeat expansion by
recombination (Bhattacharyya et al., 2002).

Nutrient limitation can also extend yeast longevity (Jiang
et al., 2000; Lin et al., 2000), and in many ways it resembles
the calorie restriction paradigm described in rodents (Masoro,
1995). This mode of life extension operates in a pathway
clearly separate from the retrograde response (Jiang et al.,
2000). However, some of the downstream longevity effectors
may be common to both, as indicated by the genetic analysis.
Combining nutrient limitation with mutations in histone
deacetylase genes has delimited the range of gene expression
changes associated with life extension by calorie restriction in
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yeast (Jiang et al., 2002). The results point to carbohydrate/
energy metabolism and reflect a re-modeling of mitochon-
drial function. Similar conclusions have been reached by
others (Lin et al., 2002), although the details likely differ,
given the inconsistencies in the role that the Sir2p appears to
play. It is not likely that enhanced respiration increases life
span, as has been claimed (Lin et al., 2002). When yeasts are
grown on a non-fermentable carbon source that results in
respiratory growth, there is no increase in life span (Egilmez
et al., 1990). Calorie restriction may be a preventive mecha-
nism that extends life span, while the retrograde response is
obviously compensatory.

3. Age asymmetry between mother and daughter cells

A full understanding of yeast aging requires an
elucidation of the mechanism underlying the aging of the
mother cell. As importantly, it is essential to grasp the
processes that determine that daughter cells are born young
and have before them the potential for a full life span. This
capacity is not absolute, however. Daughters born of old
mothers have this capacity diminished (Hogel and Miiller
cited in Jazwinski, 1993; Kennedy et al., 1994). Indeed, the
senescent phenotype is restricted to mother cells early in the
life span, but it progressively becomes part of the inheritance
of the daughters (Egilmez and Jazwinski, 1989). Daughters
receive a cytoplasmic ‘senescence factor’ from their
mothers, whose effects they can gradually overcome. It
appears that the quantity they receive from old mother cells
is, however, overwhelming.

We have instituted a hunt for mutants in this senescence
factor by screening for conditional mutants for clonal
senescence (Lai et al., 2002). This yielded mutants in which
the age asymmetry between mother and daughter is
abrogated. These mutants showed neither abnormal accu-
mulation of extrachromosomal ribosomal DNA circles nor
telomere shortening. One of the mutants was shown to be the
result of a single-base change in the nuclear ATP2 gene,
which encodes the -Bsubunit of mitochondrial ATP synthase.
This mutation caused a subtle and progressive loss of
mitochondrial membrane potential (Ay,,) over time. This
was followed by the loss of mitochondrial mass from the
cells. It was the young cells in the population, which showed
this loss of mitochondria preferentially. Microscopic exam-
ination demonstrated a change in mitochondrial morphology
and distribution in the cell. There was a defect in the
segregation of mitochondria from mothers to daughters
during cell division. The net result was the generation of a
population of cells that were totally devoid of mitochondria.

The atp2 mutant demonstrates the significance of active
mitochondria in the maintenance of age asymmetry between
mother and daughter. The phenotype of this mutant is,
however, an induced pathology, and the question arises as to
the role of this phenomenon in normal aging. We have
demonstrated that older mother cells have a tendency to

segregate dysfunctional mitochondria to their daughters
(Lai et al., 2002). This indicates that what we observe to be
accentuated in the atp2 mutant is part and parcel of normal
yeast aging. Our results also support the notion that
dysfunctional mitochondria are the senescence factor whose
operation we had adduced some time ago.

The studies of age asymmetry in yeast have implications
for stem cell aging. The renewal of many tissues requires
the function of stem cells. This renewal is critical for
maintenance of function as the organism ages. However, it is
essential that the cells that the stem cells produce are pristine
and possess full functional ability. Our studies show that
such stem cells may age, if the analogy with the yeast mother
cell is appropriate, and that this leads to the production of
cells with reduced functional ability. At least one of the
factors important in maintenance of this functional ability is
active mitochondria. We have proposed, in general, that there
must be “filters’ operative that guarantee that daughter cells
receive fully functional components (Lai et al., 2002). The
decay of these filters may be a cause of aging of cells and
tissues, and ultimately organisms.

How does the mutation in ATP2 lead to the profound
changes in cell physiology described here? This mutation has
no effect on energy production and growth (Lai et al., 2002).
The activity of the mitochondrial electron transport chain
drives the synthesis of ATP. However, it also generates the
A, that is utilized to power the transport of biosynthetic
precursors out of the mitochondrion. Some of these
precursors are the intermediates in the Krebs cycle. When
yeasts are fermenting glucose, the bulk of the ATP is
generated at the substrate level in glycolysis. The ATP is used
among others in the maintenance of A,. This occurs
through the exchange of mitochondrial ADP for ATP by the
action of the ADP-ATP translocator in the inner mitochon-
drial membrane. For this reaction to proceed, the ATP
synthase must act in reverse to hydrolyze ATP within the
mitochondrion (Dupont et al., 1985). The afp2 mutant
exhibits a subtle defect in this activity, which gives rise to a
reduction of Ay, over time. The age asymmetry phenotype
of the atp2 mutant is observed when the cells are grown on
glucose, but not on glycerol, when the A, is generated by
the electron transport chain (Lai et al., 2002). As mentioned
earlier, the Ay, declines with age. This indicates that Ay,
and the processes it supports may play a crucial role in
determining yeast longevity, a conclusion, which is supported
by our studies of age asymmetry. Among the crucial
processes, the provision of biochemical precursors from
the Krebs cycle seems to be of paramount importance, as the
studies of the retrograde response and calorie restriction
suggest.

4. Prohibitins, mitochondrial sentinels

Some time ago, we reported that yeast prohibitin plays
a role in determining life span (Jazwinski, 1996). We
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indicated that this was observed in petite yeast and that there
was an interaction with the RAS2 gene. Several studies have
since been published detailing the biochemistry and cell
biology of the yeast prohibitins, Phb1p and Phb2p, and their
mammalian homologs (Nijtmans et al., 2002). It is clear that
these proteins are located at the inner mitochondrial
membrane and that they play a role as chaperones of
mitochondrial membrane protein subunits. However, many
of the published findings have been inconsistent and
incomplete. Therefore, we have recently detailed and
expanded our initial studies (Kirchman et al., 2003).

Deletion of either or both of the prohibitins has no effect
on the life span of yeasts with fully functional mitochon-
dria. However, there is a marked reduction in longevity
when PHBI and/or PHB2 are deleted in petites. This
reduction in life span is due to a large extent to a very
pronounced increase in the mortality of cells early in the
life span. In fact, the mortality curves are clearly bimodal,
with a portion of the population suffering early demise, and
the remainder leading a near normal life span. Interest-
ingly, deletion of the RAS2 gene suppresses this decreased
life span. The expression of the prohibitins declines during
yeast aging. This, in conjunction with the decline in
mitochondrial function noted earlier, could result in old
yeast cells in the equivalent of the prohibitin deletion in the
petite.

We next examined the effect of deletion of the prohibitin
genes on the appearance of the mitochondria (Kirchman et
al., 2003). The mitochondria were visualized by immunos-
taining the outer mitochondrial membrane porin. Although
no effect was observed in cells with fully functional
mitochondria, the deletion of PHBI in petites resulted in a
dramatic change in mitochondrial morphology and dis-
tribution in the cell. There was also a defect in mitochondrial
segregation. Quantitatively, this defect could readily account
for the early demise of cells that had been observed. A
fraction of the cells showed a very pronounced production of
reactive oxygen species, which was localized to the
mitochondria. Although the steady state level of these
oxidatively stressed cells was low, their number could
accumulate to account for the high initial mortality of the
prohibitin mutant in the petite background. The deletion of
RAS?2 reversed the morphological changes in the mitochon-
dria caused by prohibitin deletion, and it also suppressed the
appearance of cells producing large amounts of reactive
oxygen species.

One interpretation is that the oxidative damage to the
mitochondria is stochastic. However, the production of
oxidants would accelerate once a threshold in damage had
been sustained, resulting in the stratification of the cell
population and the emergence of cohort suffering early
death. Such an epigenetic stratification of aging populations
has been proposed earlier on theoretical grounds (Jazwinski
etal., 1998). In any case, it would be damaged mitochondria
that would limit life span, regardless of any overt morpho-
logical changes that would be secondary.

The deletion of prohibitins in petite yeasts produces an
induced pathology. However, this pathology is informative
of the events that occur during normal yeast aging.
Mitochondrial dysfunction, as measured by loss of Ay,
accumulates with age (Lai et al., 2002), as does the
appearance of oxidative damage (Laun et al., 2001).
Expression of the prohibitin genes declines during yeast
aging (Kirchman et al., 2003). This would accelerate the
deleterious mitochondrial changes, resulting in further
compromise of mitochondrial function and the improper
segregation of the organelle. These deleterious changes may
be balanced for a time by the normal reduction in RAS2
expression that occurs with age (Sun et al., 1994). However,
this reduction in Ras2p activity also decreases the
compensating retrograde response (Kirchman et al.,
1999), and it further accelerates the decline in Ay, because
of the role of RAS2 in potentiating the expression of ATP
synthase (Mabuchi et al., 2000). The deletion of prohibitins
in petite yeasts results in a phenocopy of an old yeast cell
with compromised mitochondria that produce large amounts
of reactive oxygen species (Kirchman et al., 2003).

The question is what is the underlying mechanism of the
effects described above? Petites lacking mitochondrial DNA
cannot make intact complexes of the electron transport
chain. However, they can still make the nuclear encoded
subunits of these complexes. These supernumerary subunits
are held in the inner mitochondrial membrane by the
prohibitins acting as chaperones (Nijtmans et al., 2000), and
they are degraded there by the mAAA-protease (Steglich et
al., 1999). We have proposed that the prohibitins deliver
such supernumerary subunits to the mAAA-protease for
disposal (Kirchman et al., 2003). The absence of the
prohibitins results in an accumulation of these subunits,
which is likely to result in the enhanced production of
reactive oxygen species by the defective complexes of the
electron transport chain with all of the sequela discussed
above. The reason that deletion of RAS2 suppresses the
phenotypes of the prohibitin deletion in petites is that it
reduces the production of the nuclear encoded components
of the electron transport chain (Dejean et al., 2002).

5. From yeast to human

The genetic analysis of aging in the yeast model system
points to the role of mitochondria in the etiology of aging.
The maintenance of Ay, appears to have a predominant role
in determining yeast longevity. The A, affects mitochon-
drial integrity during the life span, and it also is important in
driving the transport of biochemical precursors out of the
mitochondria and into the cytoplasm where they are
available for the synthesis of new daughter cells. Thus,
mitochondria determine life span in a rather direct way in
yeast. The fundamental nature of the role of providing these
biochemical precursors for yeast longevity is underscored by
the compensatory retrograde response, which substitutes the
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Fig. 1. Role of the mitochondrion in yeast longevity. The Krebs cycle and other biochemical pathways that are localized within the mitochondrion provide
biosynthetic precursors for the production of daughter cells, which are the measure of the yeast life span, making metabolism the de facto metric. These
precursors must be transported out of the mitochondrion. This transport is driven by the mitochondrial membrane potential (A,,). Thus, mitochondrial
metabolism, which drives yeast cells through their replicative life span, coincidentally dissipates the Ay,,. An attenuation of A, lowers the production of
reactive oxygen species (ROS), which reduces oxidative stress and damage to the mitochondrion and to the cell. This has its own salutary effect on yeast
longevity. A disruption of the balance in the generation and dissipation of Ay, results in aging.

glyoxylate cycle for the Krebs cycle for this purpose.
Mitochondrial integrity denotes the proper morphology,
distribution in the cell, and segregation of this organelle.
This integrity has substantial implications not only for the
aging of yeast mother cells but also for the production of
daughter cells that have full functional capabilities. In this
respect, the yeast model can be informative in the study of
stem cell aging in mammals.

Metabolism, and especially mitochondrial metabolism,
plays an important role in yeast aging. This role is primary,
while the role of stress resistance, chromatin-dependent
gene regulation and genome stability are derivative. The
relationship of the latter two processes to metabolism should
be transparent from what has been described already. The
Rtg2p links metabolism with genome stability in yeast
longevity, as discussed above. The histone deacetylases have
a permissive role in the calorie restriction response that
extends yeast life span, as alluded to earlier. The link
between metabolism and stress, especially oxidative stress,
seems intuitively obvious. The central position of Ay, in
connecting yeast longevity and stress resistance may be less
so. As stated earlier, the significance of the mitochondrion in
yeast longevity is to provide biochemical precursors, first
and foremost. This function has a secondary salutary effect,
because the transport of these precursors is driven by the
Ay, (Fig. 1). This transport results in an attenuation of the
Ay, which in turn would have the effect of reducing the
production of reactive oxygen species (Nicholls, 2004).

The yeast-aging model is a distant mirror, in which we
can view human aging. We do not expect a one on one
relationship between yeast and human aging. However, the
yeast model focuses our attention on metabolism, and
especially energy metabolism, as a key factor in human
aging. We have instituted the Louisiana Healthy Aging

Study to test the hypothesis that the characteristics of an
individual’s energy metabolism determine longevity with
the retention of physical and cognitive ability, which in turn
is the source of the feeling of well being associated with
healthy aging. This study will provide a critical test of the
utility of model systems for the analysis of human aging.
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