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Abstract

Mitochondria have been associated with aging in many experimental systems through the damaging action of reactive oxygen

species. There is more, however, to the connection between mitochondria and Saccharomyces cerevisiae longevity and aging. In-

duction of the retrograde response, a pathway signaling mitochondrial dysfunction, results in the extension of life span and

postponement of the manifestations of aging, changing the metabolic and stress resistance status of the cell. A paradox associated

with the retrograde response is the simultaneous triggering of extrachromosomal ribosomal DNA circle (ERC) production, because

of the deleterious effect these circles have on yeast longevity. The retrograde response gene RTG2 appears to play a pivotal role in

ERC production, linking metabolism and genome stability. In addition to mother cell aging, mitochondria are important in es-

tablishment of age asymmetry between mother and daughter cells. The results more generally point to the existence of a mechanism

to ‘‘filter’’ damaged components from daughter cells, a form of checkpoint control. Mitochondrial integrity is affected by the PHB1

and PHB2 genes, which encode inner mitochondrial membrane chaperones called prohibitins. The Phb1/2 proteins protect the cell

from imbalances in the production of mitochondrial proteins. Such imbalances appear to cause a stochastic stratification of the yeast

population with the appearance of short-lived cells. Ras2p impacts this process. Maintenance of mitochondrial membrane potential

and the provision of Krebs cycle intermediates for biosyntheses appear to be crucial elements in yeast longevity. In sum, it is clear

that mitochondria lie at the nexus of yeast longevity and aging.

� 2004 Federation of European Microbiological Societies. Published by Elsevier B.V. All rights reserved.
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1. Introduction

The yeast Saccharomyces cerevisiae has a finite rep-

licative life span, which is measured by the number of

times an individual cell divides rather than by chrono-

logical time [1,2]. With each division, the mother cell

becomes older, but it produces daughter cells that, in

principle, start from scratch, having the potential for a
full life span. This latter characteristic, in which asym-

metric cell division ‘‘erases’’ the experiences of the mo-

ther from the ‘‘memory’’ of the daughter, breaks down

as the mothers get older [3], and the daughters of old

mothers tend to have shorter life spans than those pro-

duced by young mother cells [4]. These aging pheno-

types have been taken as evidence for the elaboration of

a cytoplasmic senescence factor, which accumulates in
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old mother cells, increasing its probability of transmis-

sion to the daughters where it operates in a dominant

fashion [3]. A senescence factor of this sort may accu-

mulate in stationary phase. It has been shown that

holding cells in stationary culture curtails their replica-

tive life span when cell division resumes [5]. The loss of

viability of stationary-phase cells has been termed

chronological aging [6]. Thus, the same senescence fac-
tor may cause both replicative and chronological aging

of yeast cells. This article focuses on the former process.

The fact that individual yeasts are mortal is not in

itself evidence of the operation of an aging process.

However, mother cells undergo a variety of changes as

they progress through their replicative life spans, some

of these represent functional decline [7]. Two of these

age changes have been used frequently to assess the
. Published by Elsevier B.V. All rights reserved.
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course of aging. They are the gradual increase in gen-

eration time [3] and the development of resistance to

mating pheromone [8].

Studies of yeast aging have intensified over the past

decade, and there are now over a dozen laboratories
worldwide interested in this biological problem. It has

been clear for some time now that both genetic and

environmental factors contribute to the limited life span

and aging of yeast [9]. However, the realization that

chance has a predictable role in yeast aging has been a

more recent development [10]. There are more than 30

genes with an effect on yeast longevity [9]. These genes

describe a wide array of biochemical functions, but they
can be grouped into four broad cellular processes: me-

tabolism, stress resistance, chromatin-dependent gene

regulation, and genome stability [11].

The accumulation of ERCs is viewed as the ultimate

cause of yeast aging by some [12]. However, the pre-

vention of circle accumulation does not result in im-

mortality [13], and aging is not always associated with

their accretion [14,15]. The presence of more than one
mechanism or cause of aging in a genetically homoge-

nous population of cells kept under constant and de-

fined conditions seems to present a conceptual difficulty.

However, the operation of chance in aging and the re-

lated epigenetic stratification of a yeast population re-

move any impediments to the acceptance of multiple,

simultaneous causes of aging in a yeast population [9].
2. Retrograde response

The retrograde response is an intracellular signaling

pathway, which for several years possessed the status of

a curious phenomenon of gene regulation [16]. This

pathway is triggered by dysfunctional mitochondria,

and it results in the induction of numerous nuclear
genes, which encode metabolic enzymes and stress re-

sponse proteins destined for the cytoplasm, mitochon-

dria, and peroxisomes [17]. The induction of the

retrograde response causes a remodeling of cell metab-

olism. Importantly, it also results in an increase in yeast

longevity and a postponement of the increase in cell

cycle time characteristic of yeast aging [18]. Deletion of

the retrograde response genes RTG2 [18] or RTG3 (J.C.
Jiang, J. Wawryn, and S.M. Jazwinski, unpublished),

which are signal transducers in the pathway, prevents

the enhancement of life span. In some yeast strains, the

induction of the retrograde response only becomes ap-

parent on media possessing a non-repressive carbon

source [18].

The retrograde response is not a simple on-off switch.

Instead, it functions more like a rheostat. The greater
the mitochondrial dysfunction is, the more extensive

is the induction of the retrograde response and the larger

the attendant enhancement of life span [19]. There is a
gradual increase in mitochondrial dysfunction during

the course of aging, as measured by the decline in mi-

tochondrial membrane potential (DWm) [20]. Concomi-

tantly, there is a commensurate increase in the

retrograde response [21]. Oxidative stress induces ap-
optotic death of yeast cells [22]. The age-dependent loss

of mitochondrial function [20] occurs in conjunction

with increased oxidative stress [23], marking the yeast

cell for apoptotic demise at the end of its replicative life

span [23]. Interestingly, apoptotic death punctuates the

yeast chronological life span as well [24].

There are various ways in which genetic and envi-

ronmental factors can be implicated experimentally in
aging. The most straightforward occurs when such a

factor fulfills four criteria: (1) its application extends life

span; (2) it induces a postponement of the senescent

phenotype; (3) the factor impacts or is associated with a

normal aging process; and 4) the factor is induced dur-

ing the course of normal aging. These are stringent cri-

teria. Once they have been applied to identify an aging

determinant, any additional factor that modulates the
effect on longevity of such a determinant is readily im-

plicated in aging. The retrograde response fulfills all four

criteria for a determinant of longevity, and the retro-

grade response genes RTG2 and RTG3 can be consid-

ered longevity-determining genes.

The retrograde response pathway is elaborate. It is

modulated by several other pathways that monitor the

biosynthetic status of the cell, notably the target of ra-
pamycin (TOR) [25,26] and RAS [18] pathways. In turn,

the retrograde response pathway regulates the nitrogen

catabolism pathway, which is induced to allow the uti-

lization of low-quality nitrogen sources [27]. The key

regulator is the Mks1p, which was originally identified

as a downstream component of the RAS pathway [28].

Mks1p appears to be a target of the TOR pathway [29],

and it displays a complicated relationship to Rtg2p, the
proximal sensor of mitochondrial dysfunction in the

retrograde response, with which it can form a complex

[30]. In fact, the phosphorylated Mks1p, which blocks

the retrograde response pathway, is complexed with the

14-3-3 proteins Bmh1 and Bmh2 that are also negative

regulators of this pathway, rather than with Rtg2p

which binds the dephosphorylated form and inhibits the

negative effect of Mks1p on the retrograde response [31].
Glutamate, a rich nitrogen source, represses both the

retrograde response and the nitrogen catabolism path-

ways and appears to be pivotal in regulation of cell

metabolism [32].

The metabolic remodeling that the retrograde re-

sponse portends encompasses a shift to the utilization of

lipid/acetate as a carbon source. The acetate is utilized

by the glyoxylate cycle, which is more economical than
the Krebs cycle because it conserves the two carbons of

acetate rather than releasing them in the form of carbon

dioxide. The glyoxylate cycle is an anaplerotic process
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that provides biosynthetic precursors in the face of de-

clining Krebs cycle activity and the loss of DWm to

power export of Krebs cycle intermediates from the

mitochondrion for biosyntheses. Thus, the retrograde

response is a compensatory anti-aging mechanism,
whose induction during normal aging may explain why

yeasts live as long as they do. Another metabolic anti-

aging mechanism is calorie restriction, which remodels

mitochondrial function [33,34] and may play a pre-

ventive role.

There is a conundrum connected to this anti-aging

mechanism. The retrograde response is associated with

the production of ERCs [35], which have been shown to
kill yeast cells [12]. How does life extension occur under

these circumstances? The resolution of this dilemma

comes with the discovery that the retrograde response

protein Rtg2 plays a role in the production of these

circles [21]. Rtg2p relays the signal from dysfunctional

mitochondria to the Rtg1p–Rtg3p transcription factor

[36]. It is indirectly responsible for the activation and

translocation of the transcription factor from the cyto-
plasm to the nucleus [36]. It has been shown recently

that Rtg2p is a component of the histone acetyltrans-

ferase complex SLIK and can be found at the promoters

of retrograde responsive genes, where it serves as a co-

activator by modifying chromatin [37]. Rtg2p, however,

has an additional role. It suppresses the production of

ERCs, but it can only do this when it is not engaged in

transmitting the retrograde signal [21]. It appears that
Rtg2p, either in the SLIK or some other complex, pre-

vents the recombination events that result in ERC for-

mation, or alternatively it is engaged in relaying the

retrograde response signal.

The intensity of the signal provided by dysfunctional

mitochondria is what limits the retrograde response and

not limiting levels of Rtg2p [21]. With advancing age,

mitochondrial dysfunction increases, and this is coun-
tered by the increase in the retrograde response, which

enhances longevity. However, this engagement of Rtg2p

in retrograde signaling reduces its availability to counter

the production of ERCs, which accumulate with age and

curtail life span. Fortunately, the retrograde response

has two life-extending effects; one counters the negative

effects of ERCs, while the other has an independent role

in life extension [21]. Approximately one-half of the life-
extending effect of the retrograde response is devoted to

countering the negative effects of ERC production [21].
3. Age asymmetry

There are two main questions in yeast aging: Why do

mother cells age? Why are daughters born young? The
second of these questions can be restated in terms of the

establishment of age asymmetry between the mother and

the daughter. This is an important issue more generally
for stem cell aging. It has been addressed by the isola-

tion of mutants of age asymmetry in yeast. Conditional

mutants that undergo clonal senescence were isolated

and shown to produce daughters that possessed the

same replicative age as their mothers at the time of birth
[20]. The phenotype was subtle, took several cell gen-

erations to develop, and was reversible up to a point.

The defect in the mutant had all of the features of the

cytoplasmic senescence factor, described above.

One of the age asymmetry mutants isolated was

shown to be the result of a point mutation in the ATP2

gene, which encodes the b-subunit of mitochondrial

ATP synthase [20]. The effect of the mutation on enzyme
activity was subtle, because the cells could grow easily

on a non-fermentable carbon source. However, it re-

sulted in a gradual loss of DWm, followed by the loss of

mitochondrial mass under restrictive conditions. The

mitochondria showed a change in morphology and

distribution in the cell. Daughter cells often received less

than their share of mitochondrial material. At the ex-

treme, cells became totally devoid of mitochondria. The
atp2 mutant displayed a cell pathology. This pathology

indicates the importance of the segregation of a com-

plement of active mitochondria to maintain age asym-

metry. It suggests more generally that certain ‘‘filters’’

might exist to guarantee that progeny receive a set of

undamaged cell components. It has been shown that

older mother cells have a tendency to segregate dys-

functional mitochondria to their daughters [20]. This
indicates that a breakdown in age asymmetry is a feature

of normal yeast aging.

How does a mutation in ATP synthase lead to the

phenotypes described here? Normally, the mitochon-

drial electron transport chain generates the DWm, which

is needed for a variety of mitochondrial functions, in-

cluding the transport of various biosynthetic precursors.

Under fermentative conditions, this function is provided
by the ATP synthase acting as an ATPase and pumping

protons out of the mitochondrion. This requires coop-

eration with the ATP–ADP translocator, which brings

the ATP generated during glycolysis into the mito-

chondrion [38]. In fact, only the F1-ATPase portion of

the ATP synthase is essential as a sink for ATP, because

the translocator generates a DWm when it brings ATP

into the mitochondrion in exchange for ADP. It is this
DWm that appears to be important for age asymmetry,

which is compromised during yeast aging. The loss of

DWm with age affects the integrity of mitochondrial

function during aging in at least two ways. It decreases

the fidelity of segregation of active mitochondria to

daughter cells, and it reduces the ability of mitochondria

to provide the cell with precursors for biosyntheses.

The provision of biosynthetic precursors by mito-
chondria has an additional role to play in preventing the

ravages of aging. Because the transport of these pre-

cursors out of the mitochondrion depends on DWm, it
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results in a slight reduction in its magnitude. This in turn

would ameliorate the production of reactive oxygen

species, which have a deleterious effect on cells and re-

duce life span. As discussed earlier, old yeast cells ac-

cumulate reactive oxygen species [23].
The notion of a mechanism that guarantees the

transmission of undamaged components from mother to

daughter cells, based on the unbiased screen for age

asymmetry mutants, has gained additional support more

recently. It has been shown that carbonylated proteins

tend to be retained in mother cells and that this reten-

tion depends on SIR2 [39]. These damaged proteins, in

similarity to damaged mitochondria, could be repre-
sentative of the cytoplasmic senescence factor. It has

also been suggested that ERC constitutes this senescence

factor [12], although no direct evidence for its involve-

ment in age asymmetry or clonal senescence has been

provided [20].
4. Mitochondrial biogenesis

The prohibitin genes, PHB1 and PHB2, have been

implicated in yeast longevity [9]. Although this has been

clear for some time, the nature of this involvement has

only become apparent recently. Deletion of either of

these genes curtails life span. This is observed consis-

tently in strains that lack a mitochondrial genome, and

thus do not have fully functional mitochondria, in which
the usual life extension due to induction of the retro-

grade response is not seen [40]. Surprisingly, the survival

curves are bimodal, with a fraction of the population

dying early, and the remainder showing a longer life

span. This pattern is also observed when both genes are

deleted, although the fraction dying early is larger. The

expression of the prohibitin genes declines during the life

span.
Phb1p and Phb2p are located in the inner mito-

chondrial membrane. They cooperate with the mito-

chondrial inner membrane mAAA-protease [41,42],

which degrades supernumerary or improperly folded

proteins of the inner membrane. An examination of cells

lacking mitochondrial DNA and Phb1p shows a striking

change in mitochondrial morphology and distribution.

A fraction of the cells has few or no mitochondria [40].
This fraction corresponds closely to the portion of the

yeast population that dies early in the life span. Inter-

estingly, the deletion of RAS2 in strains devoid of pro-

hibitin suppresses the life span deficit and the altered

mitochondrial morphology, distribution, and segrega-

tion. Deletion of PHB1 in the absence of a mitochon-

drial genome generates a sub-population of cells that

produce high amounts of reactive oxygen species in their
mitochondria. The accumulation of these cells could

readily explain in quantitative terms the decreased lon-

gevity of cells deficient for prohibitins. The production
of oxidants in these cells is suppressed by deletion of

RAS2.

Factors that attenuate life span are more difficult to

consider than those that extend it. The induction of

‘‘premature aging’’ has been used on occasion for this
purpose. The problem is the definition of premature

aging, as opposed to the negative effects of abrogation of

vital processes. If only one mechanism of aging exists in

yeast, there is no difficulty in this definition, because one

can choose any of the several manifestations of aging as

a measure. If there is more than one mechanism, a very

judicious choice that encompasses several truly inde-

pendent measures is needed. Such an approach has been
applied only on occasion [43]. There are other instances,

however, when life-shortening factors can be informa-

tive. This occurs when they exacerbate and thus make

more obvious events that occur during normal aging.

The deletion of one or both of the prohibitin genes in

cells lacking fully functional mitochondria creates a

cellular pathology. This pathology informs on events

that occur during normal aging of yeasts, creating a
phenocopy of an old yeast cell. There is a decline in the

expression of prohibitins during aging, as mentioned

above. Furthermore, there is a loss of DWm with age.

The combination of these two factors is equivalent to

the deletion of the prohibitin genes in cells devoid of

mitochondrial DNA. This would accelerate the pro-

duction of reactive oxygen species, which are known to

accumulate during yeast aging [23]. This implies that the
loss of mitochondrial function may be the primary

event, which is followed closely during aging by more

extensive oxidative damage to mitochondria. This would

represent a self-accelerating process. The probability

that a given yeast cell would cross the threshold for life

span limitation in this sequence of events would be fi-

nite, resulting in the type of epigenetic stratification of

the population described earlier, with the amplification
of oxidative damage and emergence of a sub-population

suffering early demise [40].

This leaves the question of the role of Ras2p in this

chain of events. It has been shown that Ras2p stimulates

the expression of mitochondrial protein genes in the

nucleus [44]. This would create an imbalance in the

production of mitochondrial protein complexes in cells

lacking a mitochondrial genome. This imbalance is
rectified by the prohibitins, which ameliorate the pres-

ence of supernumerary mitochondrial proteins, likely by

orchestrating their degradation by the mAAA-protease.

In the absence of prohibitins, these excess proteins

would accumulate. Under these circumstances, the de-

letion of RAS2 would have a salutary effect. During the

yeast life span, expression of prohibitins declines [40],

but this may be balanced by the decline in expression of
RAS2 [45]. Nevertheless, the mitochondrial deficits that

accrue during the life span would overwhelm the cells,

due to the loss of Ras2p function. This is likely to be the
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case, because it is known that deletion of RAS2 makes

cells more susceptible to chronic stress [46]. Further-

more, the loss of Ras2p activity impairs the induction of
Fig. 1. Model of some of the age-related processes in yeast involving

mitochondria. Active mitochondria in young cells have a high mem-

brane potential (DWm), which drives the export of biosynthetic pre-

cursors to the cytoplasm allowing the production of daughter cells.

This transport process would dissipate somewhat the DWm, reducing

the production of damaging reactive oxygen species (ROS). Ras2p

activity stimulates the expression of nuclear genes, encoding mito-

chondrial proteins. This, in conjunction with the expression of mito-

chondrial genes, facilitates the biogenesis of mitochondria. The

production of ROS is believed to damage mitochondria, leading to the

accumulation of less active organelles. The decline in Krebs cycle ac-

tivity, along with loss of DWm, markedly diminishes the capacity of

mitochondria to provide biosynthetic precursors. The dysfunctional

mitochondria, however, signal the induction of the retrograde re-

sponse, which provides these precursors and thus would provide for

production of daughter cells and the extension of life span that it

measures. But the induction of the retrograde response leads to the

production of ERCs, a phenomenon of genome instability. The dele-

terious effects of ERCs are countered by the retrograde response.

Ras2p-stimulated mitochondrial biogenesis now appears to begin to

have a sinister role, because the mounting damage in the organelle

interferes with the proper assembly of membrane protein complexes.

Fortunately, the Phb1/2p complex holds excess proteins and delivers

them to the mAAA-protease in the mitochondrial membrane for

degradation. This may only delay the inevitable accumulation of in-

active mitochondria during aging, because there is a decrease in PHB1/

2 expression with age. That could be balanced for a time by the si-

multaneous reduction in RAS2 expression. However, this latter process

also reduces the induction of the retrograde response, diminishing

progressively its salutary contribution to yeast longevity. As yeast cells

age, they develop the tendency to segregate fewer functional mito-

chondria to daughter cells. The dysfunctional mitochondria possess the

attributes of the cytoplasmic senescence factor. The significance of

the retrograde response in determining yeast life span is bolstered by

the observation of life extension in Caenorhabditis elegans as a result of

lowering the expression of mitochondrial protein genes [47,48] and by

the comparable metabolic remodeling observed in daf-2mutant worms

that display extended longevity [49,50]. For further details and refer-

ences, please see the text.
the life-extending retrograde response, which counters

the metabolic deficits resulting from the loss of mito-

chondrial activity [18].
5. Conclusions

The studies reviewed here point to a central role for

mitochondria in the yeast aging process. It appears

that the impacts of stress and genome instability on

yeast longevity are ultimately related to metabolism,

especially mitochondrial metabolism (Fig. 1). Mito-

chondrial activity sows the seeds of mitochondrial de-
cline during aging. However, this decline induces a

compensatory reaction in the form of the retrograde

response, which promotes longevity in the face of the

mitochondrial deficits. Unfortunately, the retrograde

response is in turn a Trojan horse creating genome

instability, which it is able nevertheless to counter at

least for a time. Even the elimination of this genome

instability, however, only extends longevity up to a
point, at which yet other life-limiting processes make

their presence known. It is an open question whether

this is an infinite series. Yeasts offer the opportunity to

resolve this quandary.
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