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Chapter 7
Maximising the Yeast Chronological Lifespan

Peter W. Piper

Abstract When investigating aging it is important to focus on the factors that are
needed to attain, and which can be manipulated to extend, the longest lifespans. This
has long been appreciated by those workers who use Drosophila or Caenorhabditis
elegans as model experimental systems to study aging. Often though it seems it is
not a consideration in many studies of yeast chronological aging. In this chapter
I summarise how recent work has revealed the preconditioning that is needed for
yeast to survive for long periods in stationary phase, therefore for it to exhibit a long
chronological life span (CLS). Of critical importance in this regard is the nature of
the nutrient limitation that, during the earlier growth phase, had forced the cells to
undergo growth arrest. I have attempted to highlight those studies that have focussed
on the longest CLSs, as this helps to identify investigations that may be addressing –
not just factors that can influence chronological longevity – but those factors that
are correlated with the authentic processes of chronological aging. Attempting to
maximize long-term stationary survival in yeast should also enhance the potential
relevance of this organism as an aging model to those who wrestle with the problems
of aging in more complex systems. Finally I also give a personal perspective of how
studies on the yeast CLS may still yet provide some important new insights into
events that are correlated with aging.

Keywords Chronological lifespan · Survival · Starvation · Somatic maintenance ·
High throughput screen
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The “Survival/Fecundity Balance”: How Does It Impact
on Yeast?

According to the disposable soma theory of aging (reviewed in Kirkwood 2008)
processes associated with the age-related degeneration of cells and tissues over time
(e.g. oxidative damage to DNA and proteins) can generally be slowed by the diver-
sion of extra resources to somatic maintenance (e.g. by increasing DNA repair or
protein turnover capacity). Survival and reproduction are two competing priori-
ties, such that the allocation of extra resources to somatic maintenance in order
to improve survival (longevity) will generally operate to the detriment of reproduc-
tion (fecundity). Many species, including the Drosophila and C. elegans models of
aging, rapidly readjust this “survival/fecundity balance” in response to nutritional
availability or environmental stress. Furthermore, it would seem that evolution has
conserved much of the mechanism for this switching between basic maintenance
and reproduction. Thus diverse organisms – from yeast through to mammals – are
now known to achieve a balance between either growth/proliferation or longevity by
the gain or loss of a conserved activity, the conserved TOR (“Target Of Rapamycin”)
protein kinase (Anisimov et al. 2010; Blagosklonny 2008; Powers et al. 2006).

In yeast this survival/fecundity balance is reflected in the capacity to switch
between a stationary, nonreproductive cell (G0-arrest, low metabolic activity and
high stress resistance) when starved and an actively-dividing cell (high metabolic
activity but lower stress resistance) when nutrients are abundant. Survival will
depend on its ability to switch efficiently between these two cell states in response
to nutrient availability. Furthermore, as long-term starvation is the condition most
commonly encountered by microbes in the wild, one must expect that yeast can sur-
vive for months, or even years in the starved state. But how long can it survive?
CLS is temperature-dependent (MacLean et al. 2001; Qin et al. 2008). Therefore
the maximal yeast CLS might be strongly dependent upon the ambient temperature.
The longest-lived organism identified to date is a mollusc which can live for up to
400 years on the seabed at 4◦C (Abele et al. 2008). It is quite possible that senes-
cence is completely arrested under such conditions. Nevertheless it would be very
interesting to know if the psychrophilic yeasts found in Antarctica (Deegenaars and
Watson 1998) are also extremely long lived. Recently it was shown that the long-
term chronological survivals of yeast deletion mutants at 4◦C do not correlate with
their oxidative stress resistance or their lifespans as measured at higher temperatures
(Postma et al. 2009). However this was a study of S. cerevisiae, a species that is not
a psychrophile.

Nutritional Status During the Earlier Growth Phase, Genetic
Background of the Strain and Heterogeneity in the Population
of Aging Cells All Affect CLS

There have been a number of studies of yeast stationary phase (reviewed in Herman
(2002), Werner-Washburne et al. (1996)) and, nowadays, all such investigations
make the claim that they are addressing “chronological aging”. Unfortunately, most
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have not attempted to maximize chronological longevity. As described below, it
is now apparent that CLS is heavily impacted by the precise conditions that the
cells had experienced during the early stages of nutrient depletion (i.e. whether their
earlier growth arrest was caused by a starvation for nitrogen, carbon, sulphur or
phosphate) and the true nature of the “post-mitotic growth arrest” that this precondi-
tioning had induced. The problem that now needs to be addressed is not the practical
measurement of CLS (readily amenable to automation, see below) but whether – in
each study – the preconditioning of the cells had enabled them to survive for long
periods in stationary phase. If this latter condition is not met, the work might have
identified factors that influence chronological longevity under the experimental con-
ditions that were employed, but such factors might not be identical to those that
delimit the maximal possible CLS.

This preconditioning of the cells is not the only problem in CLS analysis. CLS
studies tend to use laboratory S. cerevisiae strains of different genetic origins, strains
that exhibit dissimilar CLSs even under identical conditions of stationary mainte-
nance (MacLean et al. 2001; Qin et al. 2008). Some of these strains have been quite
extensively mutagenised in their history. They therefore carry poorly-characterised
mutations that may reduce overall fitness and shorten life span. As this is less of a
problem with the S288c-derived strains of the deletion mutant collection (Winzeler
et al. 1999), it is generally now considered prudent to conduct most CLS analy-
ses using these S288c-based strains, especially as this also facilitates comparisons
between different studies (Piper 2006). However, increasingly secondary mutations
are being discovered in this deletion mutant collection, raising some not insignifi-
cant concerns that unknown secondary mutations might have influenced some of the
results of genomic screens for altered CLS. As such mutations will mostly be reces-
sive, genomic screens for altered CLS should ideally use the library of diploid stains
homozygous for single gene deletions. Despite this some genomic studies (Matecic
et al. 2010) still use of the libraries of haploid deletion mutants.

As an additional complexity in CLS analysis, cultures of stationary yeast are not
homogeneous. Instead they generally comprise at least two cell populations; truly
quiescent (Go) cells, the daughters formed in the final cell division, and larger cells
with higher ROS levels that more rapidly display the markers of apoptosis as they
die in stationary phase (Fabrizio et al. 2004; Herker et al. 2004). Apoptosis of the
latter, shorter-lived cells leads to the release of cell contents which – in dense cell
cultures – “cross-feed” the longer-lived cells, thereby enhancing the survival of these
longest survivors (Burtner et al. 2009; Herker et al. 2004).

The Strong Influence of Cell Preconditioning on CLS

After cultures have been grown to stationary phase in liquid media, CLS is gener-
ally measured as the percentage of the cells remaining viable over time. However,
it is clear from the literature that there is no general consensus as to exactly how
this should be done. Different laboratories grow their yeast to saturation using dif-
ferent growth media (Table 7.1). Some, after the cells reach stationary phase, leave
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Table 7.1 Influences of growth medium and the subsequent cell maintenance conditions on
longevity in stationary phase (data for cells maintained at 30◦C, taken from several notable studies
of chronological survival)

Initial culture and subsequent maintenance Time for cell viability to decline to less than 50%;
or below 1% in stationary cultures maintained
at 30◦C

SCa, subsequent maintenance in “spent”
medium

<50% ∼5–7 d; <1% ∼11–14 d (strain DBY746)
(Fabrizio and Longo 2003; Wei et al. 2008)
<50% ∼8 d; <1% ∼16 d, extended to ∼17–20
d; <1% >30 d with lowering of initial glucose
level to 0.5% (strain BY4741)(Smith et al.
2007)
<50% extended to ∼23 d with lowering of
initial glucose level to 0.05%, or buffering the
medium to pH6 (strains W303 and BY4743)
(Burtner et al. 2009)

SCa, subsequent maintenance in water <50% ∼11 d; <1% ∼27 d (strain DBY746); <1%
>40 d (strain BY4741) (Fabrizio et al. 2005;
Fabrizio and Longo 2003)

SC – Hopkins mixb, subsequent
maintenance in “spent” medium

<50% ∼15–18 d; <1% ∼23 d if pregrown 2%
glucose; <50% >30 d; <1% ∼33 d if pregrown
0.5% glucose (strain BY4741) (Matecic et al.
2010)

SDc with essential growth supplements;
subsequent maintenance in “spent”
medium

<50% ∼2–5 d; <1% ∼10 d (strain DBY2006)
(Bonawitz et al. 2006; Pan and Shadel 2009)

YPGlycerold, subsequent maintenance in
water

<50% ∼24 d; <1% ∼50 d (strain FY1679-28c)
(Harris et al. 2005)

aSC – Glucose Synthetic Complete medium (Ausubel et al. 2003) with 4x the recommended
supplementation of auxotrophic requirements
bSC – Hopkins mix (Matecic et al. 2010)
cSD – Synthetic Defined Medium (Sherman 1991)
dYPGlycerol – 2% bactopeptone, 1% yeast extract, 3% glycerol.

the cells in the original (“expired”, “spent”) medium, determining CLS as the sub-
sequent survival in this spent medium. Others, following the initial growth, will
transfer the cells to sterile water, measuring CLS as the survival over time of these
cells maintained in aqueous suspension. While this transfer to water is a simple
manipulation that extends the CLS quite considerably, it can be viewed as imposing
an extreme form of caloric restriction (Fabrizio et al. 2005).

Table 7.1, data compiled from a number of studies, shows how these different
pretreatments can have a marked affect over the CLS. Cultures grown on glucose
yeast nitrogen base (SD) medium exhibit a relatively poor stationary survival. One
must therefore question why certain laboratories that claim to be studying chrono-
logical aging are still using this medium for growing their cultures. In contrast,
glucose synthetic complete medium (SC) – especially when supplemented with
excess levels of auxotrophic requirements and used in conjunction with lowered
glucose levels so that the cells are calorically restricted during their growth – yields
cells of a much longer CLS. SC Hopkins mix – richer in amino acids compared
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Table 7.2 Treatments that increase longevity in stationary phase

Treatment
Probable reason for the increase in
chronological survival

Stationary maintenance at lower temperature
(MacLean et al. 2001)

True for diverse species, probably a reflection of
slower metabolism

Stationary maintenance in water, not the
original “spent” culture medium (Burtner
et al. 2009; Granot and Snyder 1993;
MacLean et al. 2001)

When cultures are pregrown on glucose the
medium accumulates millimolar levels of
acetic acid which act to shorten CLS (Burtner
et al. 2009); also the medium pH often
declines to ∼2–3, a factor that contributes to
the leakage of glutathione from the cells
(Perrone et al. 2005). Buffering cultures at pH
6 extends CLS (Burtner et al. 2009; Matecic
et al. 2010)

Increasing the levels of respiration during the
initial growth period, achieved either
genetically (e.g. by Hap4 overexpression
(Piper et al. 2006)); by preculturing the cells
in medium containing 0.5% rather than 2%
glucose (“caloric restriction”); or by growth
on a respiratory carbon source (Barros et al.
2004; Burtner et al. 2009; MacLean et al.
2001; Matecic et al. 2010; Oliveira et al.
2008)

Now validated in numerous studies. It is
probably a reflection of efficient survival in
stationary phase requiring respiratory
metabolism (Werner-Washburne et al. 1996).
The increase in respiration with caloric
restriction leads to increases in NAD+/NADH
ratio; reduced oxidative stress (Barros et al.
2004); increased mitochondrial biogenesis;
slower apoptotic DNA degradation
(Weinberger et al. 2007); and reduced
medium acetic acid levels (Matecic et al.
2010)

Increasing the osmolarity of the medium
during stationary maintenance (Smith et al.
2007; Weinberger et al. 2007)

Suggested to act similarly to caloric restriction
(Kaeberlein et al. 2002; Weinberger et al.
2007)

Ensuring the cells do not enter stationary
phase as the result of starvation for an
auxotrophic requirement (Boer et al. 2008;
Gomes et al. 2007)

Starvation caused by limitation of auxotrophic
requirements results in a failure to achieve a
prompt cell cycle arrest and entry to Go,
unlike starvation for either carbon, phosphate
or sulphate (Boer et al. 2008)

Removal of the preferred nitrogen sources
asparagine and glutamate from SDC media
(the total nitrogen content being held
constant) (Powers et al. 2006)

Thought to act by causing a diminished TORC1
signalling in response to deficits in levels of
intracellular amino acids (especially
glutamine) (Powers et al. 2006)

to the standard SC, appears to be increasing survival still further (Matecic et al.
2010). Caloric restriction serves to enhance the levels of mitochondrial respiration,
the latter a key determinant of an extended CLS (Table 7.2). Our laboratory actually
pregrows cultures on a respiratory carbon source (glycerol) in order to ensure that
they have a long CLS (MacLean et al. 2001; Piper 2006). It should be noted that
YEPD (Sherman 1991) – the “workhorse” rich glucose medium of the yeast labora-
tory – is not usually considered ideal for CLS studies, as it is difficult to determine
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when a true stationary phase starts, the initial phase of rapid growth on glucose
being followed by postdiauxic phase of slow respiratory growth on ethanol that can
last for up to 4–8 days (Barford 1990). YEPD-grown cells are still though employed
in certain studies of stationary phase (Pawar et al. 2009).

The synthetic media are commercially available from several companies, includ-
ing Difco, Clontech, and QBioGene Inc.

How Do These Pretreatments Impact on the Determinants
of Longevity?

The different pregrowth conditions in Table 7.1 are now known to impact on a num-
ber of the factors which influence how long cells will survive in stationary phase
(see Table 7.2 for summary). Only recently has the importance of some of these
factors been fully appreciated, for example the highly detrimental effect of a growth
arrest caused by starvation for an essential auxotrophic requirement on subsequent
survival (Boer et al. 2008; Gomes et al. 2007).

The Practical Measurement of CLS

CLS is measured by determining the percentage of cells that remain viable over time
when cultures, initially pregrown in liquid media (Table 7.1), have entered stationary
phase. Generally this is done by the traditional colony counting approach – period-
ically removing an aliquot of the aging culture so as to determine what fraction of
the cells are still capable of forming a colony when plated onto rich medium agar
plates (either by “spreading” or by “pinning” serial dilutions onto the agar plates).
This method of determining cell viability has certain advantages. It is simple. It also
provides an ability to monitor the CLS of a large number of individual mutants or
growth conditions at the same time. Several strains can be pregrown in 96 microtitre
well format. They can then be left in their original “spent” medium for CLS deter-
mination. Alternatively, the cells can be spun down, washed (resuspended in water
then repelleted) and finally resuspended in water for long term stationary mainte-
nance – all in the same microtitre plate. To make the procedure less labor-intensive,
a simple robot system can be used to routinely pin the cells onto rich media as they
age, providing an assay that is about as consistent as the traditional colony count-
ing approach to determining maximal CLS (Fig. 7.1). A disadvantage of these agar
plating/colony counting techniques, though, is that they can miss relatively small
differences in CLS.

More high-throughput methods of determining the CLS of large numbers of
strains have now been developed, mainly to facilitate genome-wide investiga-
tions designed to identify mutants of increased chronological longevity. Two such
approaches to analyzing CLS of collections of gene deletion strains have been sued
to date:
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Fig. 7.1 Automated measurements of 37◦C CLS in microtitre plate format for a wild type strain
(FY) and its derivatives engineered for overexpression of the genes for either mitochondrial Mn-
Sod (SOD2), the Sod1 apoprotein of cytosolic Cu,Zn-Sod (SOD1), Ccs1 the chaperone that inserts
copper ions into the Sod1 apoprotein (CCS1), or a combined Sod1 and Ccs1 overexpression
(SOD1+CCS1). a Life spans as determined by manual dilution, replica plating and colony count-
ing, showing how these strains have varying lifespans, either shorter (SOD1) or longer (SOD2,
CCS1, and SOD1+CCS1) than that of the FY parental strain (data from Harris et al. 2005).
b Viabilities of the same liquid cultures as determined by automated replica platings at 0, 3, 6,
9, 12, 15, 27 days. At each of these times 4 replica platings from each culture were performed
(cultures arrayed in 96 well plate format, replica platings performed using the 96-pin replicator
of a Biomek R© 2000 Laboratory Automation Workstation, with movements programmed using the
BioWorksTM Version software (Beckman)), each of these replica platings being programmed to
4 adjacent positions of a YPD agar plate). Plates were photographed after 3 days growth at 30◦C.
The data from the automated replica platings in (b) closely correlates with that obtained by manual
dilution and replica plating in (a)

• The mutants are initially grown (each mutant as an individual culture so as to
avoid any effects of the mutation affecting growth rate), these individual cultures
then being mixed and chronologically aged as a pool in liquid culture. Aliquots
of this pool of aging mutants are then selected, so that the mutants that are still
viable can be detected, at sequential time points. One such study (Matecic et al.
2010) used the collection of haploid deletion strains, each tagged with a unique,
identifying DNA “bar-code” sequence, the mutants remaining viable in the pool
being grown, then detected, using microarray DNA hybridization to quantify the
abundance of the barcode tags. There is also now the possibility to apply recently
developed, very high throughput sequencing techniques (http://www.dnavision.
com/nextgen-sequencing.php) in order to rapidly identify the long-term survivors
in such a mixed culture population.

• As an alternative approach, the chronological survival of each mutant can be
analysed individually, the gene deletion mutants arrayed in small aging cultures.
The Kaeberlein lab has pioneered this latter approach, their procedure involving
the robotic transferral of a small aliquot of each of the arrayed deletion mutant

http://www.dnavision.com/nextgen-sequencing.php
http://www.dnavision.com/nextgen-sequencing.php
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cultures – at different time points as they age – to rich medium, then a monitoring
of the kinetics of outgrowth of cells in these rich medium cultures (Burtner et al.
2009; Murakami et al. 2008; Olsen et al. 2010; Powers et al. 2006). Such out-
growth is readily measured by any apparatus (e.g. a Bioscreen (www.bioscreen.
fi/bioscreen.html)) that can record increases in optical density over time.

These two alternative ways of screening the deletion mutant collections both
have their merits. Whilst they readily identify large numbers of mutants with a
shortened CLS, it is a more demanding challenge for them to comprehensively
identify all the mutants in a strain collection that have an extended CLS. Notably
some of the long-lived mutants identified by the mixed population approach were
not detected when mutants were grown individually (Matecic et al. 2010). There
are a number of possible reasons for this, for example the use of haploid (Matecic
et al. 2010) versus diploid (Powers et al. 2006) deletant strain collections, or dif-
ferences in the levels of “cross-feeding” of cells by the nutrients released by cells
undergoing apoptosis. In the initial screen (Powers et al. 2006) mutants were indi-
vidually pregrown on 2% glucose SDC, then maintained in the expired medium.
Subsequent mixed population screening was able to demonstrate that most long-
lived mutants have their lifespan increased by a pregrowth in 0.5% compared to
2% glucose SC (“caloric restriction”) (Matecic et al. 2010). It should be noted
that all the genome-wide screens for mutants of long CLS to date appear to
have been conducted on cultures maintained in the original growth medium, not
cultures aged in water. Such a regimen has probably resulted in long, but not
maximal, CLS (Table 7.1). Therefore, while these studies have clearly identified
a number of the key determinants of chronological longevity, it is still debatable
whether they have identified all of the factors needed to ensure and extend the
maximal CLS.

A major finding to emerge from these screens is that decreased activity of the
TORC1 signalling pathway increases CLS (Powers et al. 2006). Structurally and
functionally conserved from yeast to man, TOR complex 1 (TORC1) and TORC2
are large, essential multiprotein assemblies (Urban et al. 2007; Wang and Proud
2009; Wullschleger et al. 2006). TORC1 is active when sufficient nutrients are
present and noxious stressors are absent, mediating the signals that promote cell
growth through the stimulation of anabolic processes, such as protein synthesis and
ribosome biogenesis, and the inhibition of catabolic processes, such as autophagy.

The autophagy promoted by decreased TORC1 signalling is critically important
both for a long CLS (Alvers et al. 2009; Matecic et al. 2010) and for any exten-
sion to this CLS induced by low concentrations of rapamycin (Powers et al. 2006).
Clearly it is vital to have an ability to recycle resources in starvation, probably
not just because of the need to regenerate cellular components, but also to elimi-
nate the damaged proteins that arise as the cells age. In vertebrate species, mTOR
protein kinase is absolutely essential in development, but in nondividing cells and
tissues it appears to drive the events of senescence and ageing (Blagosklonny 2008).
mTOR would seem therefore to be a classic example of a function which exhibits
antagonistic pleiotropy – beneficial early in life but causing aging later (Kirkwood
2008).

www.bioscreen.fi/bioscreen.html
www.bioscreen.fi/bioscreen.html
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Some Future Challenges for Studies on the Yeast CLS

Investigating Which Aspects of TORC1 Signalling
Are Fundamental for Longevity

Structurally and functionally conserved from yeast to man, TORC1 is subject to
much more diverse and complex regulation in the latter (Urban et al. 2007; Wang
and Proud 2009; Wullschleger et al. 2006). Even in yeast, TORC1 has so far only
been shown to phosphorylate two activities directly, Tap42 and Sch9 (Huber et al.
2009; Urban et al. 2007). Sch9 is a protein kinase, the orthologue of the riboso-
mal S6 kinase that was recently shown regulate lifespan in (female, but not male)
mice (Selman et al. 2009). A downregulation of Sch9 appears to be a major factor
in the CLS increase caused by loss of TORC1 activity, since lack of Sch9 extends
the yeast CLS (Fabrizio and Longo 2003). One of the major downstream targets of
Sch9 is Rim15, the latter a protein kinase that activates the gene expression needed
in order to reprogramme cells for efficient maintenance in G0. With TORC1 active,
Rim15 is phosphorylated by Sch9, causing it to become associated with 14-3-3 pro-
teins and retained in the cytoplasm. With the inactivation of TORC1 signalling,
Rim15 becomes dephosphorylated and enters the nucleus, whereupon it induces the
transcriptional programme for entry to G0 (Wang and Proud 2009; Wullschleger
et al. 2006). This series of events – critical for the downregulation of TORC1 to
establish the physiological state that will ensure a long CLS – would appear to be
occurring during the entry to stationary phase, since the CLS increase induced by
the TORC1 inhibitor rapamycin is only apparent if this drug is administered before
the cells enter stationary phase (Powers et al. 2006). Most rapamycin-dependent
changes to the yeast phosphoproteome appear to be directed through Sch9 (Huber
et al. 2009).

Even in yeast the events upstream of TORC1 that regulate TORC1 activity; as
well as events downstream of TORC1 that couple this activity, also Tap42 and Sch9,
to their diverse range of readouts are only partially characterized (Huber et al. 2009;
Wang and Proud 2009). Over the next few years we can expect a much clearer pic-
ture to emerge of how individual regulatory proteins participate in this signaling and
influence CLS. Some of these aspects (e.g. TORC1 effects on maintenance repair
of DNA, see below) are still relatively unstudied. Yeast, with its amenable genetics,
will undoubtedly provide a number of unique insights. There is also the possibil-
ity to exploit strains of yeast in which TORC1 function is completely bypassed
genetically (Huber et al. 2009).

Investigating Why Increased ROS Scavenging Has Markedly
Effects on CLS in Yeast, But Not It Seems in Other Model
Systems of Aging

CLS is strongly influenced by the levels of respiratory activity, these in turn affect-
ing both NAD+/NADH ratios (Barros et al. 2004; Jimenez-Hidalgo et al. 2009) and
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the resistance of the cells to oxidative stress (Harris et al. 2003, 2005; Longo et al.
1996; Sturtz et al. 2001). So interrelated are the redox status and oxidative stress
resistance of cells, that it is practically impossible to separate their roles in the deter-
mination of CLS. Remarkably the yeast CLS is not markedly shortened with loss
of the transcriptional regulators of the oxidative stress response, some of which are
redox-regulated (Piper 2006). It seems doubtful therefore that chronologically-aging
yeast mounts any effective transcriptional response to its increased prooxidant status
over time (Piper 2006). Instead it appears more important that the cells are prepro-
grammed for an efficient maintenance in G0 through the aforementioned actions of
Rim15.

We found CLS to be extended only slightly by catalase overexpression, rather
more by an overexpression of the mitochondrial Mn-Sod, and up to 2-fold by
a 7- to 8-fold overexpression of active Cu,Zn-Sod (Harris et al. 2005). These
dramatic effects of an increased Cu,Zn-Sod activity on the CLS in yeast seem
counterintuitive to the findings in other model systems of aging. The initial
reports of the Drosophila lifespan being extended by Cu,Zn-Sod overexpres-
sion could not be confirmed in longer lived fly lines (Orr et al. 2003); neither
did Sod overexpression extend lifespan in C. elegans or in mice (Doonan et al.
2008; Perez et al. 2009). While overexpression of MnSOD increased lifespan
by 20% in adult Drosophila, it appears this may be an effect exerted through
a reduced insulin/IGF-1 signalling (Curtis et al. 2007). One possible explana-
tion for this abnormally strong effect of Cu,Zn-Sod overexpression on the yeast
CLS is the tendency of stationary yeast to lose its glutathione to the medium
(Perrone et al. 2005). Loss of glutathione will severely compromise those antiox-
idant defences that rely on the reduced forms of glutathione and thioredoxins,
with the result that the activities that scavenge superoxide and peroxides will
then become much more critical in the prevention of oxidative damage. Whether
this is indeed a major factor, or whether stationary yeast is unable to repair
some critical target of oxidative damage (see below), remains an unresolved
issue.

Investigating the Nature of the Critical Oxidative Damage Targets

What is the nature of the critical oxidative damage in chronologically aging yeast?
Is it DNA damage? If so, to what extent are the cells able to counteract this through
maintenance DNA repair and is TORC1 – itself a target of oxidative stress (Neklesa
and Davis 2008) – involved?

ROS cause base damage, as well as double-strand breaks (DSBs) with non-
complementary ends of complex structure, the latter similar to those produced by
ionizing radiation (Pawar et al. 2009). In haploid yeast DSBs are repaired primarily
by homologous recombination between sister chromatids in the S or G2 phase of the
cell cycle; while in diploid cells, such recombinational repair can also occur between
homologous chromosomes throughout the cell cycle. DSBs are also repaired by the
nonhomologous end-joining repair (NHEJ) pathway but this, while responsible for
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the repair of most DSBs induced in mammalian cells, is a relatively minor pathway
for the repair of radiation-induced DSBs in vegetative yeast.

Remarkably many of the details of how stationary yeast performs DNA repair
are still lacking. Isogenic haploid and diploid cells exhibit an essentially simi-
lar CLS (MacLean et al. 2001), suggesting that the capacity for recombinational
repair between homologous chromosomes in chronologically-aging cells is not a
major determinant of CLS. Moreover if resected DSBs were allowed to persist
for any length of time in such cells they should cause a checkpoint activation
that will prevent any reentry to the cell cycle – thus shortening the apparent
CLS. Checkpoint activation is normally monitored in yeast as the phosphorylation
of Rad53 checkpoint kinase (the functional orthologue of human Chk2) (Pawar
et al. 2009). In S phase yeast cells, the Rad53 that is activated in response to
DNA-damage (as induced by ROS or methyl methanesulfonate) promotes the acti-
vation of TORC1 signaling (Shen et al. 2007). This acts as a survival pathway,
the increase in TORC1 signaling being required for S-phase progression and via-
bility in response to such genotoxic stress. One of its best-characterised effects is
to increase the activity of ribonucleotide reductase (RNR), thereby providing the
increased levels of deoxynucleotide triphosphates (dNTPs) necessary for the action
of error-prone translesion DNA polymerases. In this way TORC1 activation pro-
motes cell survival. However this comes at the cost of an increased rate of mutation,
as higher levels of dNTPs promote the bypass of DNA lesions during translesion
DNA synthesis (polymerases generally have a higher Km for binding nucleotides
opposite a damaged base (Chabes and Stillman 2007)). In S phase yeast cells
rapamycin, by inhibiting TORC1 and thereby suppressing the RNR induction in
response to DNA damage, enhances cell lethality and abrogates mutagenesis (Shen
et al. 2007).

Maintenance DNA repair is important for survival of chronologically-aging
yeast, as underlined by studies with DNA repair mutants, which display a shortened
CLS and enhanced rates of spontaneous mutagenesis to canavanine resistance dur-
ing stationary maintenance (MacLean et al. 2003; Ringvoll et al. 2007). Increases
in DNA nicking are also revealed by the TUNEL assay (Madeo et al. 1999);
while overexpression of active Cu,Zn-Sod lowers rates of spontaneous mutagene-
sis (Harris et al. 2005). That CLS is shortened when cells are aged in the presence
of hydroxyurea, a highly selective inhibitor of RNR (our unpublished observa-
tions), suggests that the RNR-catalysed synthesis of dNTPs is of importance for
a long CLS. However it is completely unknown whether this RNR activity in
chronologically-aging cells reflects DNA damage and/or oxidative stress activa-
tion of TORC1, such as is seen in vegetative cells (Neklesa and Davis 2008; Shen
et al. 2007). If TORC1 is indeed activated in chronologically-aging cells, the stud-
ies on S-phase cells (Shen et al. 2007) indicate that the resultant increases in dNTPs
might both promote both DNA repair (beneficial) and mutagenesis (detrimental).
Endogenous ROS might also be a key factor, not only as a determinant of the levels
of DNA damage and TORC1 activity, but also because RNR can itself be inactivated
by oxidative stress. One of the protein components of RNR, Rnr2p, contains a oxid-
oferric centre for the generation of the diferric-tyrosyl radical [(Fe)2-Y.] – a radical
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essential for the reduction of ribonucleotides, therefore dNTP synthesis. A major
benefit of increasing the resistance to oxidative stress in aging cells may therefore
be the protection of this capacity for [(Fe)2-Y.] radical generation. Preventing the
oxidation of the two Rnr2p-liganded ferric ions as cells age and become steadily
more prooxidant may be critical, as it will allow these cells to retain their capacity
for [(Fe)2-Y.] radical generation, therefore their competence in dNTP synthesis and
maintenance DNA repair.

Yeast has a tremendous potential to reveal whether there is indeed a significant
degree of interplay between the levels of oxidative stress and DNA damage experi-
enced by aging cells and their associated effects on altered TORC1 signalling. These
are issues that have major implications for cancer and aging in man, where – both
in nondividing cells and in stem cells – any such interplay might have an important
impact both on damage accumulation and the events of senescence.
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