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Abstract

The genetic analysis of the yeast replicative life span has revealed the importance of metabolic control and resistance to stress. It |
also illuminated the pivotal role in determining longevity that B¥8Sgenes play by the maintenance of homeostasis. This role appears to
be performed by the coordination of a variety of cellular processes. Metabolic control seems to occupy a central position among the
cellular processes that include stress resistance. Some of the features of metabolic control in yeast resemble the effiattsadhivesy
for adult longevity in Caenorhabditis elegansnd the metabolic consequences of selection for extended longeviBrasophila
melanogasteras well as some of the features of caloric restriction in mammals. The distinction between dividing and nondividing cells is
proposed to be less important for the aging process than generally believed because these cell types are part of a metabolic continuur
which the total metabolic capacity determines life span. As a consequence, the study of yeast aging may be helpful in understandi
processes occurring in the aging brain. © 1999 Elsevier Science Inc. All rights reserved.
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1. Introduction in mating ability [32,44]. It is difficult to use these changes
as biomarkers of aging. The increase in generation time can
The metric of the yeast life span is the number of divi- be uncoupled from life span, resulting in an early appear-
sions (generations) that an individual cell completes or, in ance of this senescent phenotype [21]. This uncoupling has
other words, the number of daughter cells produced [30,33]. also been found for size increase [4]. The decline, with age,
We call this the replicative life span. More recently, aging in the ability to respond to the mating pheromanéactor
has also been studied as the length of time yeast cells remairhas been used to define premature or accelerated senescence
viable in stationary phase [25]. These two rather distinct in yeast [42,44]. Mutations that give rise to such premature
ways of looking at longevity and aging in this organism may aging cause a redistribution of Sir-transcriptional silencing
not be as disparate as it would seem. (This statement will becomplexes [35,42] to either extrachromosomal ribosomal
subjected to a critical evaluation later in this article.) Unless DNA [41] or double-stranded DNA breaks [29]. This redis-
stated otherwise, life span will refer here to the replicative tribution results in a loss of transcriptional silencing at the
life span. silent mating-type loci that is the direct cause of the loss of
Yeasts undergo many morphological and physiological response to the mating pheromone. Thus, it is difficult to use
changes as they progress through their replicative life spanloss of response to the pheromone as a measure of the global
[15]. Among the most universal age changes are the in- aging process. Perhaps, the loss of mating ability in yeast is
crease in generation time (the time between consecutivethe equivalent of a unimodal progeroid syndrome [27].
buddings) [8], increase in size [7], and progressive decline  This discussion regarding phenotypic changes points to
the difficulty of defining biomarkers of aging in yeast,
which mirrors the problem with biomarkers of aging in
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of divisions already completed [16,37]. Thus, replicative tension of life span in four different yeast strains. Although
life span is the tool most commonly used in yeast aging the details of the conditions that elicit the retrograde re-
studies. Interestingly, the mortality rate plateaus late in the sponse differ among these strains, life span is always ex-
life span. A mathematical model based solely on change astended when the retrograde response is induced. Increased
the cause of aging predicts, counterintuitively, that such a longevity requires the activity oRTG2 a downstream ef-
plateau must occur, suggesting that the leveling of mortality fector of the retrograde response. The nature of the physi-
rate at later ages may be an expression of age changes imlogical signal that the mitochondrion sends to the nucleus
individual yeast [17]. is not clear at present, nor is it known whether it can be
The genetics of aging in yeast is a well-developed dis- elicited by means other than the disruption of mitochondrial
cipline, with some 14 genes that influence longevity iden- function.
tified [15]. The first genes implicated in yeast longevity The retrograde response underscores the fundamental
were RASland RAS2 the homologues of mammalian H- role that metabolic control plays in yeast longevity. Inter-
RAS[4]. The divergent roles of these two genes in deter- estingly, this pathway and its effect on the yeast life span are
mining yeast life span was later demonstrated [45]. The modulated byRAS2[23]. The induction of the retrograde
pleiotropic effects of yeastASare well known [46,47]. The  response postpones senescence, as defined by a prolonged
role of RASin metabolic control and in resistance to stress period of rapid cell division, and it enhances metabolic
was instrumental in proposing the importance of these phys-capacity [23]. The effect of this intracellular signaling path-
iological mechanisms for aging and in their perceived in- way on yeast life span can be likened to a rheostat, rather
terrelatedness, particularly given the emerging outlines of than a simple on-off switch, in that the greater its induction
similar responses in other organisms [12]. Today, this pro- the larger the effect on life span.
posal appears even better grounded [13,15]. The retrograde response results in the increase in activity
of several metabolic enzymes [3,43,49]. The net effect is a
shift from the Krebs cycle to the glyoxylate cycle, a switch
2. Molecular and physiological mechanisms of aging from the use of glucose to the use of acetate, and an increase
in gluconeogenic activity. This is to some extent reminis-
Because with each division the yeast cell must carry out cent of the mobilization of fat stores. The metabolic and
the biosynthetic processes required to produce a daughteenzymatic changes that occur @aenorhabditis elegans
cell, any extension of replicative life span must entail an whose life has been extended by the manipulation of the
increase in the total metabolic effort, called metabolic ca- daf-2daf-16 pathway suggest similar biochemical adjust-
pacity [12], if other things remain equal. Over expression of ments. There are also similarities to the metabolic changes
RAS2extends the life span and postpones the increase inthat are found irDrosophilathat have been selected for an
generation time observed during yeast aging [45]. Thus, theextended life span, including the storage of fat. The activa-
yeasts complete more cell divisions and divide rapidly for tion of gluconeogenic enzymes is also found during caloric
an extended period. By definition, therefore, they display an restriction (without malnutrition), which results in the ex-
enhanced metabolic capacity. Because this gene is importension of life span in mammals. Rather than simply a
tant in coordinating cell growth and cell divisidRAS2is caloric reduction, the retrograde response represents a shift
crucial [46]. Metabolic capacity is not as easy to assess infrom an energy source of high caloric content (glucose) to
organisms in which life span is measured chronologically, one of lower caloric content (acetate). All of these facts
because it is not directly related to the metric of longevity. support the crucial role of metabolic control in determining
In organisms other than yeast, this raises the questionlife span across several species. These connections are more
whether life extension has entailed more active life or sim- thoroughly discussed in Jazwinski [13,15].
ply more time.
2.2. Stress resistance
2.1. The retrograde response
The potential significance of stress resistance in yeast
A clear example of a molecular mechanism of yeast aging is inherent in the action &AS2in determining life
aging comes from the analysis of the role of mitochondria in span [45] because this gene modulates a variety of stress
longevity. A signaling pathway from the mitochondrion to responses [26]. However, the fact that the resistance of yeast
the nucleus that affects the expression of nuclear genesto ultraviolet radiation (UV) changes with age provided
encoding mitochondrial, cytoplasmic, and peroxisomal pro- further grounding for this proposal [19]. UV resistance
teins [34] also regulates yeast longevity [23]. Typically, this increases with age through midlife and then plummets. This
pathway, called the retrograde response, is induced in yeasbiphasic profile parallels th&AS2expression during the
lacking part or all of their mitochondrial DNA (rf re- yeast life spanRASZ2is required to protect yeast from UV
sulting in mitochondria that are not fully functional. The [9].
retrograde response has been shown to be induced by both The viability of Saccharomyces cerevisiaethe station-
genetic and environmental means, with a concomitant ex- ary phase or after lethal heat shock is enhanced when the
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RAS2gene is deleted [46]. However, the shift from the sta- mation of double-stranded DNA breaks in the rDNA that
tionary phase to logarithmic growth involv&@AS2and glu- are the likely precursor of the rDNA circles [6], although the
cose signaling [46,47]. Interestingly, fhgeast, in which the ~ causal relationship between breaks and circle formation
retrograde response is induced, are more resistant to lethal heaturing aging has not been demonstrated directly.
stress [23], linking metabolic control to stress resistance. Double-strand breaks, as such, have also been purported
When yeast are subjected to chronic bouts of sublethalto be a cause of aging in yeast [35]. This conclusion rests on
heat stress, their replicative life span declines. This decline the life-shortening effects of a mutation in tR&AD52gene,
is ameliorated by thRAS2gene, but not b)RAS1[39]. This which is involved in the recombinational repair of double-
role in resistance to heat stress is the opposite of the effectstranded breaks in DNA. This curtailment of life span by
of this gene on survival following a lethal dose of heat. rad52is accompanied by a decline in the response of the
Yeast are more likely to encounter sublethal heat stress, asells to a-factor, which has been construed to indicate
opposed to a lethal heat shock, during their life span. Thus, premature senescence. However, double-strand DNA
the activity of RAS2represents a balance. The yeast pay a breaks attract the Sir silencing complex, which causes the
price to be able to withstand chronic, sublethal heat stressloss of silencing at the silent mating-type loci and loss of
during their replicative life sparRAS2allows the cells to response to thae pheromone [29]. Thus, the conclusion that
recover rapidly from the sublethal heat stress, as evidencedhe life-shortening effect of thead52 mutation causes pre-
by the expression of stress genes and growth-promoting genesnature aging is difficult to sustain. Although this mutation
[39]. Thus, this gene facilitates a rapid response to changingis not lethal, the abrogation of the fundamental function that
conditions in which the yeast cell finds itself, especially in the it specifies may require several cell divisions to be ex-
shift from stressful to relaxed conditions. Yeast have, therefore, pressed. More persuasive would be the demonstration that
two responses to stress. In the first, they “stay and fight” by the effect of this mutation is limited to the mother cell or
inducing stress responses, as happens in the stationary phasthat life span is extended by the over expressioRAD52
The induction of gene expression that this entails is downregu-in conjunction with a demonstration that double-stranded
lated byRASZ26]. In the second, they “run away” by resum- DNA breaks accumulate with age.
ing growth and division, thus overcoming the stress by shear The appearance of rDNA circles and their accumulation
numbers. This appears to be the preferred response during thevith age may cause senescence or outright death because of
replicative life span. One effect of the declineRAS2expres- the sequestration of DNA replicative complexes or tran-
sion late in life [45] would be to reduce this capability. Aging scription factors by these circles [41]. There may be other
yeast cells experience difficulty in maintaining a rapidly divid- ways in which these molecules could clutter up the yeast
ing state, which can be remedied by stimulating downstream cell, leading to its demise. However, these rDNA circles are
elements of thé&kRAS2pathway [31]. not always detrimental t&. cerevisiaelInduction of the
Sublethal heat stress can have a different effect on yeastretrograde response that results in a substantial extension of
longevity when it is transient rather than chronic. This can life span [23] also causes a several-fold increase in the
be likened to a conditioning effect that results in an exten- rDNA circle content [5]. Thus, an increase in life span
sion of life span through a persistent, but not permanent, occurs in spite of accumulation of circles, indicating that
reduction in mortality rate [40]. This effect requires both the they are not a cause of aging under these conditions. Per-
RASl1andRASZgenes, as well as the major heat shock gene haps some accumulation of these circles is beneficial and
that is largely responsible for induced thermal tolerance, contributes to extended longevity.
HSP104 and active mitochondria [40]. The effectsRAS2 There is also a possibility that gene dysregulation in the
on yeast longevity involve cyclic adenosin€-riono- form of loss of chromatin-dependent transcriptional silenc-
triphosphate-dependent and -independent pathways, deing may be a cause of aging in yeast. Loss of silencing at
pending on the presence and absence of stress [39,45]. Aftesubtelomeric loci [41] and at the silent mating-type loci [44]
transient stressiRAS2appears to be involved in the rapid has been demonstrated. MutantsSiiR4[20] and inCDC7
recovery from the stressful conditions, as discussed above for[8] affect silencing and yeast longevity, providing addi-
chronic heat stres®AS] on the other hand, may function in  tional support for the significance of gene dysregulation in
the long-term effects of the transient stress, perhaps operatingS. cerevisia@ging. Any conclusions are, however, plagued

through a pathway of inositol phosholipid turnover [40]. by the pleiotropic effects of these genes. It should be noted
that RAS2functions in setting the basal silencing state of
2.3. Genetic stability subtelomeric heterochromatin [17].

Genetic stability plays an important role in aging f
cerevisiae This phenomenon manifests itself in two, closely 3. RAS coordinates cellular activities important for
related ways. The first concerns the release of ribosomallongevity
DNA circles from the array of 100—200 repeats of the basic
9.1 kb unit that encodes the 35S precursor of ribosomal The role ofRAS2in longevity through its involvement in
RNA and the 5S RNA [41]. The second involves the for- metabolic control, and thus in cell growth, is demonstrated
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Fig. 1. Cellular processes important in yeast longevity. In principle, the processes indicated in the figure must be important for yeast lorgevity. Th

evidence that each of these processes undergoes changes during aging.

substrates that are used in the indicated processes.

by its involvement in the retrograde response [23]. The
significance oRAS1andRAS2in the effects of heat stress

Nutrients are taken up by the cell and in metabolism are converted to energ)

listed, it is reasonable to propose that metabolic activity is
the primary process that is involved in life maintenance and

on longevity has been documented by the analysis of thelife span determination.

response to transient and to chronic heat treatment [39,40].

RASZ2regulates recovery from the stress of nutritional de-

RASregulates the flow of energy and substrate resources
to the competing demands represented by the cellular pro-

privation, such as can occur in the stationary phase [46,47,cesses involved in life maintenance, as proposed in the

50]. Clearly, these genes play a role in determining the
number of divisions available to the cell [45], perhaps
through an effect on cyclin activity [1,48]. Cellular spatial

model in Fig. 2. In this wayRAS2AandRAS) perform their
longevity-determining functions. The ras proteins do not lie
directly in any of the pathways that constitute or regulate

organization, measured as an effect on budding pattern, andhese cellular processes; instead, they modulate these path-

chromatin-dependent transcriptional silencing at subtelo-

meric loci are modulated biRAS2to maintain a youthful
pattern, and this effect dRAS2on these cellular processes
coincides with its positive effect on longevity [17]. For both

ways. This allows coordination of these cellular processes
by RAS Alternatively, RASmay only be involved in meta-
bolic control, responding to feedback from the critical cel-
lular processes. In this casRASwould help discern the

of these processes, a causal effect on yeast aging remains tquality and quantity of the energy and substrate resources

be determinedRASmay have a modulatory effect on ge-
netic stability that is important for aging.

available, which, in turn, would dictate their relative use by
the competing cellular processes. The only known signal to

It is possible to propose on fundamental grounds that which RASresponds is nutritional status.

certain cellular processes must be maintained within appro-

Two possible ways in whiclRRASaffects the aging pro-

priate bounds to prevent early aging. These processes guareess immediately spring to mind (Fig. 3). It may function as

antee the function of the cell under normal conditions and

an adaptation gene, in which it responds to the change

when the yeast cell is under stress. These processes includassociated with aging, in essence compensating for a decline

cell growth, cell division, response to stress (both environ-
mental and intrinsically generated), cellular spatial organi-
zation or polarity, chromatin-dependent transcriptional si-
lencing, and genetic stability (Fig. 1). The yeast cell takes

in homeostasis. On the other hand, it may function as a
regulatory gene. As such, it would coordinate life mainte-
nance processes, preserving homeostasis based on regula-
tory feedback. The latter alternative is more probable be-

up nutrients that become a source of energy and substratesause changes iRAS2expression alter the life span and
through metabolic activity. Because energy and substratesaffect a wide array of processes. Furthermore, there is an
are the resources the cell needs to perform the processes jusiptimal level ofRASactivity that results in the maximal life
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Fig. 2. The role of theRASgenes in yeast longevitRAS2has been shown to modulate each of the indicated processes, except for genetic stability. (It is
proposed that this gene also modulates this process.) By modulating these proRéZghannels” cellular resources (energy and nutrients) to the
competing demands that they represent. In this way, it maintains homeoRAS&is involved in nutritional assessment.

span [4,45]. Expression d@AS2below or above this level  cell lysis [38], which is the usual mode of death in yeast at
results in a shorter life span. Thus, the dependence of lifethe end of their replicative life span.
span onRASIs biphasic [14]. Where a particular yeast cell
lies on this biphasic curve depends on its genetic back-
ground and on the environmental and epigenetic exigencies4. Aging of mitotic and postmitotic cells
to which this cell is subjected. The source of this biphasic
response t&RASactivity is likely to reside in the coordina- Mitotic and postmitotic cells are frequently set apart in
tion by RAS of cellular processes that exert competing discussions of aging. It is often stressed that the mechanisms
demands on limited cellular resources. The actual depen-of aging must be quite distinct in these two broad cell types.
dence of life maintenance on any individual cellular process Mitotic cells have the capacity for renewal in the process of
may vary with the circumstances. The yeast cell must be cell division that is lacking in postmitotic cells. This capa-
able to dynamically balance the requirements of competing bility of dividing cells generally brings in tow telomere
cellular processes as its needs and dependence upon theshortening, which is absent from nondividing cells, and
change. It cannot put all of its “eggs in one basket.” For ultimately leads to cessation of division and potential
example, the cell effects a trade-off between survival in the changes in the expression of subtelomeric genes. However,
face of heat stress and growth and cell division, as evi- both mitotic and postmitotic cells perform many of the same
denced by the transient arrest of growth and division fol- functions, although many processes are peculiar to each.
lowing heat shock [39]. Certainly, both are metabolically active. Indeed, some post-
RASconstitutes a homeostatic device in yeast longevity, mitotic cells, such as neurons, are more active than typical
as implied by its modulation of several cellular processes mitotic cells, and differences in metabolism are not greater
important for life maintenance. The loss of homeostasis hasthan can be found among various dividing or nondividing
been proposed to be the cause of aging [17]. The declinecell types.
with age in the levels of both of tHRASgene products [45] S. cerevisiag@rovides a cogent example of the metabolic
could contribute to the loss of homeostasis with age. The continuum to which all dividing and nondividing cells be-
resulting imbalance could be the cause of death in yeast.long (Fig. 4). The long-term viability of yeast cells in
The imbalance between cell growth and division in many stationary culture has been proposed as a model for the
cdcmutants arrested at nonpermissive temperature results instudy of aging of nondividing cells [25]. However, the
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distinction between the replicative life span of yeast and
their survival in stationary culture may not be as stark as
perceived. The greatest difference is the markedly reduced
metabolic activity in the stationary phase compared to ex-
ponential growth [50]. Depending on the conditions, the
mix of respiratory versus fermentative metabolism may
vary. Clearly, yeast in the stationary phase are stressed, as
indicated earlier, and the relative importance of stress re-
sistance is, therefore, greater. It takes nondividing yeast
considerably more time to achieve the lifetime metabolic
capacity of dividing yeast. Thus, the metabolic mechanisms
of aging should be accentuated during the replicative life
span, although nuances may be detected through the anal-
ysis of nondividing cells.
The yeast spore is virtually dormant metabolically; it is a
v true dispersal form. The dauer larva®©f elegangerforms
a similar function, but its metabolism is not as stringently
/ shut down. In terms of energy expenditure or metabolic rate,
nondividing S. cerevisiaeells in the stationary phase [24]
v show greater activity than do spores [28], whereas dividing
X X Y 7 cells are most active. It is proposed that the adult dauer that
displays extended longevity lies somewhere between the
RAS2may be an adaptation gene. In this model, this gene would be part of Statl?nary yeast and the d|v!d|ng ye?St .On the metabqllc
a pathway that responds to an age change(s) to compensate RS2 continuum. Measurement of life span in time (calendar life
may function as a regulatory gene. In this case, this gene would be part of Span) is relevant foC. elegansthe yeast spore, and the
a genetic hierarchy whose action plays a role in determining life span stationary yeast. It can also be used for dividing yeast cells;
Fhrough its regulation of normal cellular processes. This model does_not however, determination of the replicative life span is more
invoke a genetic program [11]. The two models are not mutually exclusive. ¢4 qjje \hen individual cells are concerned. The issue is
The arrows indicate steps in pathways in whRAS2participates. The . Lo
letters indicate the end products or outcomes of these pathways. really to assess the metabolic capacity in each case.
The existence of a metabolic continuum that circum-
scribes both the calendar and replicative life spans suggests

Adaptation Genes Regulatory genes

Fig. 3. Two alternative modes of action fBAS2in determining life span.

Metabolic Continuum

Energy expenditure
(metabolic rate)

Yeast Stationary phase Exponential phase
spore = (postmitotic) (mitotic)
Worm dauer Adult Adult
larva dauer™  non-dauer
Calendar Replicative
life span < P ife span

Fig. 4. Proposed role of metabolic capacity in determining life span. Dispersal forms, such as the yeast spore and the worm dauer larva, lie at one enc
a metabolic continuum. At the other end lie metabolically very active cells and organisms. In the case of yeast, these are dividing cells. Nyeaktiding
cells can be found somewhere between spores and dividing cells. Time is a reasonable measure of life span (calendar life span) at the lower end of
metabolic continuum. At its upper end, replicative life span is more useful for yeast. There is no discontinuity between calendar and replispéiue lif

The true measure of longevity is metabolic capacity. Certain aging processes and molecular mechanisms of aging operate throughout the metab
continuum, whereas others may apply to discrete regions. For further discussion, see the text.
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that metabolic capacity is being accrued whether or not cells  The study ofS. cerevisia@ging, and of th&k ASgenes in

are dividing. This has indeed been proposed to be the casegarticular, may help to illuminate some of the features of
in S. cerevisiad10,11]. In fact, the loss of transcriptional brain aging related to metabolic control and stress resis-
silencing that occurs in subtelomeric chromatinSncer- tance. However, the utility of these studies does not stop
evisiaeduring the replicative life span, without telomere with the RAS genes. The human homolog of the yeast
attrition, has led to the proposal that the distinction between |ongevity genelLAG1, is expressed in the brain [18]. The
dividing and nondividing cells may not be as great as might LAG1 protein affects glycosylphosphatidylinositol-an-
be thought [22]. If metabolic capacity is accrued in nondi- chored protein transport [2]. Glycosylphosphatidylinositol-
viding yeast cells, then this may contribute to the shortening anchored proteins include plasma membrane proteins, such

of their replicative life span. Anecdotal observations indi- as N-CAM, that are important in the development and
cate that individual cells from stationary cultures $f function of the nervous system.

cerevisiaehave shorter life spans than cells from exponen-
tial cultures (J.B. Chen, N.P. D’'mello, S.M. Jazwinski,
unpublished observations). References
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