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Abstract

Apoptosis is associated in many cases with the generation of reactive oxygen species (ROS) in cells across a wide range of organisms including
lower eukaryotes such as the yeast Saccharomyces cerevisiae. Currently there are many unresolved questions concerning the relationship between
apoptosis and the generation of ROS. These include which ROS are involved in apoptosis, what mechanisms and targets are important and
whether apoptosis is triggered by ROS damage or ROS are generated as a consequence or part of the cellular disruption that occurs during cell
death. Here we review the nature of the ROS involved, the damage they cause to cells, summarise the responses of S. cerevisiae to ROS and

discuss those aspects in which ROS affect cell integrity that may be relevant to the apoptotic process.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Yeast cells have a range of responses to reactive oxygen
species (ROS) that depend on the dose [1]. At very low doses
the cells can adapt to become more resistant to a subsequent
lethal exposure [2,3]. At higher doses the cells activate various
antioxidant functions including a program of gene expression
mediated mainly by the Yaplp and Msn2,4p transcription
factors [4] and cell-division cycle delay [5,6]. At even higher
doses, death of a proportion of cells in the population occurs,
initially by apoptosis, but at extreme doses by necrosis. It has
been demonstrated that yeast cells ageing either chronologically
or replicatively accumulate ROS and undergo apoptotic death
[7,8], indicating that oxidative stress defence plays a major role
in governing ageing-induced apoptosis. These aspects have
been reviewed [9,10].

Yeast apoptosis was initially described in a temperature-
sensitive cdc48 mutant of Saccharomyces cerevisiae incubated
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at the restrictive temperature [11]. CDC48 is an essential gene
involved in the translocation of ubiquitinylated proteins from
the endoplasmic reticulum (ER) to the proteasome for degra-
dation. The subsequent finding that a similar form of apoptosis
also occurred in gsh/ mutants depleted for the important cel-
lular redox buffer glutathione, or in cells exposed to moderate
levels of H,O,, led to the hypothesis that generation of oxygen
radicals is a key event in the apoptotic pathway [12]. It was also
shown that ROS accumulated at the restrictive temperature in
the cdc48 mutant and that the radical scavenger spin traps PBN
and TMPO, as well as anaerobiosis suppressed the DNA frag-
mentation phenotype seen in this mutant.

Subsequently, apoptosis was found to result from exposure
of cells to a wide range of environmental treatments including
NaCl stress [13], acetic acid [14], hypochlorite [15], glucose in
the absence of other nutrients [16], as well as other forms of
starvation seen in chronological ageing experiments [17]. In
most of these cases there was concomitant production of ROS
as judged by the use of fluorochromes such as dihydroethidium,
which is moderately specific for superoxide anion, and dihy-
drorhodamine 123 and 2,7-dichlorodihydrofluorescein diace-
tate, which are oxidised by a broader range of ROS. Other
examples of mutations leading to ROS generation and apoptotic
death include loss of LSM4 [18,19].
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Similar apoptotic processes have been identified in other
lower eukaryotes, including Aspergillus fumigatus and Can-
dida albicans in response to the antibiotic amphotericin B [20].
In Schizosaccharomyces pombe, mutations blocking triacylgly-
cerol synthesis lead to accumulation of fatty acids and
lipoapoptosis, and this process is dependent on ROS generation
[21].

The question arises of which comes first (apoptotic break-
down or generation of ROS). This is answered to some extent
by the findings with the cdc48 mutant, and also those showing
that expression of the human bax gene in S. cerevisiae leads to
accumulation of ROS and an apoptotic phenotype that can be
alleviated by trapping of free radicals and anaerobiosis. This
indicates that in S. cerevisiae ROS generation is an early and
possibly regulatory step in many of the apoptotic processes. It
is, however, not possible to generalise since in K/uyveromyces
lactis expression of the anti-apoptotic mammalian gene Bel-x;.
does alleviate the effects of expressing Bax in yeast, but does
not prevent the induction of ROS by Bax [22] and much re-
mains to be done to determine the mechanisms whereby ROS
are generated and how they become involved in cell death
pathways.

2. What are the important ROS and where do they come
from in cells?

The emergence of oxygen in the early evolution of organisms
led to a variety of stresses due to the reactive nature of mo-
lecular oxygen and the diverse reactive species that are
produced from its metabolism, or reaction of sensitive meta-
bolites with oxygen. These products, collectively termed ROS,
include a range of molecules that are either oxidants (such as
H,0,) or reductants (such as the superoxide anion O5 ) and all
are capable of affecting the redox homeostasis of the cell. In
addition to the primary ROS, there are a number of toxic
reactive species produced from their reaction with other com-
pounds in cells. While the term oxidative stress has generally
been applied to the range of processes involved, it is clear from
the differential responses of S. cerevisiae mutants to a range of
ROS that “oxidative stress” is really a set of different conditions
depending on the nature of the redox-active species involved
[1,23].

The ROS and their products produced during aerobic
metabolism have been discussed extensively in several reviews
including [24-26]. The main ROS generated from oxygen in
cells include the superoxide anion, O> , which is relatively
abundant in cells and mainly generated from the leakage of
electrons from the mitochondrial respiratory chain as a normal
consequence of aerobic respiration [27]. It is also formed in
microsomal metabolism, and during the respiratory burst pro-
duced by phagocytes. The superoxide anion is not strongly
reactive, but can react directly with some proteins [28]. Hy-
drogen peroxide is produced during the detoxification of
superoxide anion catalysed by superoxide dismutases, also in
yeast during the oxidation of fatty acids in the peroxisome,
various oxidase reactions and also from the protein folding
processes in the ER [29-32]. H,O, can readily cross most

biological membranes. While it is relatively unreactive, it has
deleterious effects through its conversion to the extremely
reactive hydroxyl radical. During phagocytosis, neutrophils
produce the very reactive hypochlorite from H,O, and chloride
ions via the action of myeloperoxidase. Hypochlorite can react
with free amines to generate chloramines that are also toxic to
cells.

The very reactive hydroxyl radical is formed via the Fenton
and Haber—Weiss reactions involving the combined action of
superoxide anion and H,O,, catalysed by transition metal ions
such as Fe?" [33]. Ferrous ions react with H,O, to generate the
hydroxyl radical and an OH™ ion with the formation of Fe>".
This can then be reduced to the Fe** by superoxide anion to
reinitiate the process. The hydroxy radical reacts indiscrimi-
nately with most metabolites and macromolecules, in many
cases generating other radicals in the process [34]. The pro-
cesses involved in Cu and Fe homeostasis therefore are a very
important component of the cellular defences minimising the
damage caused by ROS. In addition, in cells that can produce
nitric oxide, the nitric oxide radical can react with the super-
oxide anion to generate a range of reactive nitrogen species
including the fairly reactive peroxynitrite (ONOO ) which is
more reactive than H,O, in oxidising thiols and damaging some
proteins [35]. S. cerevisiae has recently been shown to produce
NO in mitochondria under hypoxic conditions [36] and NO is
formed as part of the apoptotic process induced by H,O,, and an
inhibitor of NO synthesis leads to decreased damage to the
nitrosylation-sensitive protein glyceraldehyde 3-phosphate
dehydrogenase, decreased ROS production and increased cell
survival [37]. These results indicate that NO may play a sig-
nificant role in apoptosis in yeast.

From the action of primary ROS a variety of secondary re-
active molecules and radicals with varying reactivity are gene-
rated and hence identifying the main processes involved in ROS
damage to cells (and hence in apoptosis) is not a simple task.
One major target of the hydroxyl radical and protonated
superoxide anion is unsaturated fatty acids, resulting in auto-
catalytic formation of lipid radicals and toxic lipid hydroper-
oxides [38,39]. Reactive carbonyls such as malondialdehyde,
acrolein and 4-hydroxynonenal formed from the breakdown of
the lipid hydroperoxides, together with methylglyoxal formed
non-catalytically as a consequence of glycolysis can lead to
carbonylation of proteins and the formation of glycation end
products by direct, metal-catalysed, attack on specific amino
acid side chains, mainly arginine and proline to form glutamic
semialdehyde and on lysine to form aminoadipic semialdehyde
[40]. These modified proteins accumulate during chronological
ageing when cells are starved for carbon or nitrogen and in
mother cells during replicative ageing [41,42], both conditions
under which cells undergo apoptosis [8,17].

3. ROS-induced cellular damage

These aspects have been covered extensively in several
reviews [26,43,44]. ROS can damage a wide range of mole-
cules, including nucleic acids, proteins and lipids, and with this
wide range of targets it is difficult to determine which events
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lead to loss of viability of cells following damage, and in any
one population there may be more than one cause of death of
different individuals. One of the prime targets for ROS-induced
damage includes thiols leading to their oxidation to form di-
sulphides or sulphenic or sulphinic acids, and proteomic data
are available for which proteins are most susceptible to thiol
oxidation [45] as well as those that are S-thiolated (glutathio-
nylated) in response to H,O, [46]. Interestingly, these studies
have identified similar sets of proteins that function in H,O, and
carbohydrate metabolism, translation factors and stress chaper-
ones, and the analysis of oxidised proteins has shown that these
target proteins are to some extent oxidised under normal aerobic
conditions in the absence of added H,O, [45]. Similar studies
have identified the proteins that are carbonylated as cells age
[47-50] and again there is an interesting overlap with those that
are sensitive to oxidation or S-glutathionylation.

Free radical damage can also lead to cross-linking and frag-
mentation of proteins leading to enhanced proteolysis [51] and
hydroxyl radicals oxidise amino acid residues, especially aro-
matic amino acid residues and cysteine [52]. Reactive protein
hydroperoxides formed can decompose leading to free radicals
causing modification of amino acids on the protein backbone,
fragmentation, cross-linking and unfolding [53]. Hydroxylated
derivatives are generated from aliphatic amino acids and oxi-
dation of aromatic amino acid residues can also produce re-
active phenoxyl radicals [54,55]. ROS can damage nucleic acids
and they have been implicated in mutagenesis and carcinogen-
esis [56]. Only the hydroxyl radical and singlet oxygen are
considered energetic enough to affect DNA directly, and H,O,
and superoxide anion cause damage to nucleic acids via the
generation of the hydroxyl radical [33,57]. There is some dis-
cussion about whether DNA damage is one of the main con-
tributors to cell death caused by ROS, DNA repair functions are
not prominent in the mutant strains identified as sensitive to five
different ROS-generating agents [23], although some functions
relevant to DNA repair and synthesis of nucleotides are induced
on exposure to oxidants [4]. DNA damage, or induction of
replication stress by mutations affecting replication initiation,
has been shown to lead to apoptosis in S. cerevisiae and Schiz.
pombe [58, 59], and this is accompanied by the generation of
ROS.

4. Cellular responses to ROS

The diversity of ROS species that can be generated in cells is
matched by the variety and complexity of cellular responses
leading to detoxification, repair of damage or maintenance of
metal ion homeostasis. Cells produce a range of metabolites,
either hydrophilic or lipophilic, with antioxidant activity as well
as many enzymes with specific antioxidant functions. Some of
the major ones are listed in Table 1, together with their cellular
location where known. In many cases there are two or more
genes encoding these functions, with their products located in
different compartments or regulated in different ways. This list
is far from comprehensive since at least 450 genes are required
to maintain cellular resistance to ROS [23,60]. Overall resis-
tance to ROS attack is mediated by a combination of these

factors — deletion of any one does not lead to inviability and in
some cases only a mildly sensitive phenotype. However, dele-
tion of the SOD1 gene encoding the cytosolic Cu/Zn superoxide
dismutase leads to auxotrophy for several amino acids [61] due
to damage to Fe/S cluster protein integrity, while deletion of
GSHI required for synthesis of glutathione does lead to a
significant shortening of chronological lifespan of the cells and
increased apoptosis [12]. This highlights the role of glutathione
as a major cellular antioxidant, and the relative importance of
reducing superoxide anion levels to maintain redox integrity in
cells.

Genome-wide microarray analysis of the response of
S. cerevisiae cells to a wide range of different stresses has
shown that there are sets of genes that are coordinately up- and
down-regulated across stresses including those caused by heat,
oxidants, osmolytes, salt and starvation [4]. This environmental
stress response (ESR) was shown to result from a combination
of two main regulatory systems: one regulated by the Yaplp
transcription factor that mediates response to ROS and xeno-
biotics; and the other by the homologous Msn2p and Msn4p
more general stress response transcription factors. Recently
Gasch (2007) has reviewed these responses from the perspec-
tive of different yeast species [62]. While the evolutionarily
very diverse Schiz. pombe and S. cerevisiae show a very strong
correspondence in their ESR responses at a genome-wide target
level, there was less of a common response seen in Candida
albicans under the conditions examined, possibly due to the
specific niche of C. albicans as a pathogen and the range of
stress conditions tested. Interestingly, in S. cerevisiae there is
not much correspondence between the genes that are strongly
up-regulated in response to ROS and those that are required to
maintain full resistance to a range of oxidants [23], presumably
since the latter genes need to be constitutively expressed to
maintain cellular resistance while those that are needed for
repair functions are induced when required.

The Yaplp transcription factor has a major role in regulating
responses to ROS and xenobiotics [63,64]. This factor is
activated by H,O, via formation of disulphide bonds mediated
by a glutathione peroxidase homologue (Gpx3p/Orplp;[65]).
Oxidised Yaplp is transported from the cytoplasm to the
nucleus [66] by either a process mediated by Ybplp [67] or one
involving the peroxiredoxin (thioredoxin peroxidase;[66]). The
activity of Yaplp has been suggested to be the result of a
balance between its oxidation and reduction of the resulting
disulphides by thioredoxins [68]. Disulphide formation leads to
structural changes in Yaplp, which inhibit its export from the
nucleus [69,70]. Recently Okazaki et al. (2007) have shown in
an in vitro system that oxidation of key cysteines in Yaplp
occurs in several steps leading to the formation of inter-domain
disulphides and that this leads to an active form of the tran-
scription factor that is more resistant to reduction by thioredoxin
[71]. This may explain the observed persistence of adaptation
of S. cerevisiae cells to low doses of H,O,. The resistance
imparted by a low dose of H,O, can persist for up to four hours
[72] and has also been observed in mammalian cells [73].
A screen of H,O,-sensitive mutants for those unable to adapt
identified a restricted set of functions including the Yaplp,
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Table 1
Important antioxidant defence systems in Saccharomyces cerevisiae
Function Gene(s) Location™® Role
Antioxidant metabolites
glutathione General Aqueous redox buffer, excretion of xenobiotics
ubiquinone Mit, ER and Mem Lipid soluble antioxidant, respiratory chain component
D-erythroascorbate Cyt? Water-soluble antioxidant
Enzymes
catalases CITI Cyt Dismutation of H,O, to H,O+0O,
CTAl Per
superoxide dismutases SOD1 Cyt, Mit, Nuc? Dismutation of O, to H,O,+0,
SOD2 Mit
SOD chaperone CCS1 Cyt Required for loading copper into Sod1p
thioredoxins TRX1, TRX2 Cyt Deoxyribonucleotide synthesis, sulphate assimilation,
cofactor for some peroxidases, redox control
dithiol glutaredoxins GRX1, GRX2, Cyt, Nuc Overlap with thioredoxins in many enzymatic functions,

monothiol glutaredoxins

GRX3, GRX4, GRX5

Nuc Mit matrix

peroxiredoxins AHPI, PRX1 Cyt Mit
thioredoxin peroxidase TSA41 Cyt
sulfiredoxin SRX1 Cyt, Nuc
glutathione peroxidases GPX1, GPX2 Cyt/Mem
phospholipid hydroperoxide GPX3/ORP1 Cyt
GSH peroxidase
cytochrome ¢ peroxidase CCPI Mit inner membrane
space
glutathione synthesis GSHI, GSH2 Cyt
glutathione reductase GLR1 Cyt
pentose phosphate ZWF1, GNDI, TALI, Cyt
pathway enzymes TKL1,2, RPEI,

ALOI, ARA2 Mit Outer Mem ?
Metal-binding proteins
metallothioneins CUPI, CRSS Cyt
Transcription factors, regulators
Yaplp YAPI Cyt/Nuc
Skn7p SKN7 Nuc
Msn2/4 MSN2, MSN4 Cyt/Nuc
Yap1-binding protein YBPI Cyt
Haem activated protein HAPI Nuc

HAP2,3.4,5 Nuc
Metal-binding activator MACI Nuc
Cup2p ACEI/CUP2 Nuc

have glutathione peroxidase activity

Protect cells from redox damage Fe/S cluster assembly
Reduction of alkyl peroxides, ROOH+R’SH=R’SSR’+ROH
Peroxiredoxin activity, thioredoxin peroxidase activity H,O,+
RSH=H,0+RSSR. Also mediates nuclear localisation of Yaplp
Reduces cystein-sulfinic acid residues in Tsalp, Ahplp
Reduction of oxidised lipid hydroperoxides

Has thioredoxin peroxidase activity. hydroperoxide receptor
transducing signal to Yaplp

Reduction of hydrogen peroxide in mitochondrion

Stepwise synthesis of GSH

Reduction of GSSG to GSH

Generation of NADPH for recycling of oxidised glutathione,
glutaredoxins and thioredoxins

D-erythroascorbate synthesis

Copper binding protein, multiple genes at locus, also binds Cd*"

Oxidative stress, resistance to xenobiotics, cadmium

Auxiliary transcription factor, functions with Yaplp for some
oxidative stress, also acts in osmoregulatin

General stress responsive transcription factor responding to PKA

pathway, responsive to heat, starvation, osmotic and oxidative stress
Protein involved in one mechanism for nuclear localisation of Yaplp

Regulation of respiratory functions

Regulator of genes involved in copper ion homeostasis and
H,0,-induction of CTTI

Cu-binding transcription factor activates CUPI at high copper

*Cyt: cytoplasm; Mit: mitochondrion; ER: endoplasmic reticulum; Per: peroxisome; Nuc: nucleus; Mem: membrane; ? indicates not known or not certain.
Genes encoding the functions are given with cellular location where known or indicated in the SGD database (http://www.yeastgenome.org/).
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Skn7p and Galllp transcription factors and other mutations
affecting the capacity of cells to generate NADPH including
those affecting the pentose phosphate pathway and ALD6 and
IDP2 [74]. This is in accord with the view that adaptation to
H,0,, and probably the maintenance of normal homeostasis of
redox status in cells under aerobic conditions, is mainly
regulated by the extent of Yaplp activation by oxidation and
reduction via thioredoxin and ultimately NADPH required to
reduce oxidised thioredoxin. For ROS other than H,O, there are
likely to be other systems involved overlapping with the above.
In response to low doses of lipid hydroperoxides (which are
much more toxic to S. cerevisiae than H,0,) the cells up-

regulate a specific set of genes including those involved in
NADPH generation and those for export of toxic compounds
under the control of Pdrlp and Pdr3p, which regulate expres-
sion of multi-drug resistance transporters in S. cerevisiae [75].
Surprisingly, with low doses of linoleic acid hydroperoxide
several major antioxidant systems including the catalases, a
glutaredoxin and thioredoxin 2 were down-regulated at low
doses and these were only up-regulated when a threshold level
of cell tolerance was reached at doses that led to cell cycle delay
and the onset of some cell death [75]. It was speculated that
this threshold may be the redox buffering capacity of the cell
and glutathione appears to be the major redox buffer in many
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cellular systems. This raises the question of which ROS are
involved in apoptosis and what mechanisms and targets are
important.

5. Mitochondrial ROS and apoptosis
5.1. Mitochondrial ROS production

Mitochondria are a major source or ROS generation in cells
under physiological conditions [76—78]. In humans it has been
estimated that ~1-2% of oxygen consumed leads to the
production of the superoxide anion. Damage to mitochondrial
macromolecules may lead to increased ROS production and
further damage to mitochondrial components thereby causing a
‘vicious downward spiral’ in terms of ROS production and
damage accumulation [77]. Mitochondrial mutations that slow
metabolism have been shown to result in altered production of
ROS in a number of eukaryotic organisms including Caenor-
habditis elegans, Drosophila melanogaster, Mus musculus, and
S. cerevisiae [79].

S. cerevisiae grows fermentatively on glucose even in the
presence of air, and there is a reduced rate of respiration. On
non-fermentable substrates, including ethanol formed during
fermentation, the cell switches to respiratory metabolism and
the redox environment of the cell becomes more oxidised [80].
This also leads to an up-regulation of antioxidant functions such
as GSH biosynthesis, and catalase and mitochondrial super-
oxide dismutase (Sod2p) to offset the increased flux of ROS
produced. These functions are regulated by the Yaplp,
Hap2,3,4,5p and Msn2,4p transcription factors [26]. The Target
of Rapamycin (TOR) pathway also plays a role regulating
mitochondrial respiratory function and ROS production [81,82].
Increased TOR pathway activity favours fermentation, sup-
presses mitochondrial respiratory capacity leading to increased
ROS production and reduced cell lifespan. Increased ROS pro-
duction is proposed to occur due to reduced oxygen consump-
tion by the respiratory chain, which is associated with an
increase in the availability of intracellular oxygen for ROS
production. Activation of the retrograde pathway signalling, a
transcriptional response that has evolved to counter/circumvent
the consequences of reduced mitochondrial respiratory capacity,
antagonises the negative effect of TOR signalling of mitochon-
drial respiratory capacity, thereby reducing ROS production and
increasing lifespan [83,84].

Growth of S. cerevisiae cells under conditions of caloric
restriction (reduced glucose), or treatment with the mitochondrial
respiratory chain uncoupler dinitrophenol (DNP), was found to
give rise to extended chronological and replicative lifespan and
this was prosed to occur through an increase in mitochondrial
respiratory capacity which acted by decreasing the availability of
intracellular oxygen for ROS generation [85]. Similarly, treatment
of human fibroblasts with low concentrations of DNP led to
reduced mitochondrial superoxide production and an extension of
replicative lifespan [86]. On the other hand, partial uncoupling of
mitochondrial respiration in human fibroblasts or yeast cells with
carbonylcyanide p-trifluoromethoxyphenylhydrazone (FCCP)
led to an increase in reactive species generation, and in this case

a decrease in replicative lifespan [87]. Evidently, mitochondrial
respiratory capacity and mitochondrial inner membrane potential
are key factors affecting ROS production, accumulation of da-
mage in cells and lifespan.

Mutations that block the respiratory chain have also been
associated with increased production of ROS by mitochondria.
Barros et al. (2003) demonstrated that the nature of the block
strongly influenced the magnitude of ROS production [88].
Mitochondria derived from a cyc3 mutant with reduced cyto-
chrome ¢ activity produced the highest level of H,O,, while
appreciable levels of H,O, were released from mitochondria
isolated from mutants affected in complex III and IV function.
Elevated RAS/protein kinase A (PKA) pathway signalling has
been shown to lead to increased ROS production and decreased
ATP/ADP carrier activity, due to damage accumulation [89].
Over-expression of SOD1 suppressed these effects, highlighting
the role of the superoxide anion in decreased ATP/ADP carrier
activity. Despite the effect of SODI the source of ROS pro-
duction was not pin-pointed. Interestingly, it has previously
been shown that hyper-activation of the RAS/PKA pathway
in S. cerevisiae leads to reduced lifespan and increased ROS
production, however elevated ROS appeared to be produced
independently of mitochondrial respiration [90]. In this case
reduced lifespan and ROS accumulation could be rescued by
treatment of cells with 1 mM glutathione.

Further evidence supporting an association between mito-
chondrial respiratory chain function and ROS production is
provided by observations that treatment of S. cerevisiae cells
with farnesol, which causes hyper-polarisation of the mitochon-
drial inner membrane, leads to increased ROS production [91].
ROS production caused by exposure to farnesol was abolished
by treatment of mitochondria with inhibitors (sodium azide;
oligomycin) of the FF(-ATPase.

It was recently shown that disruption of mitochondrial citrate
synthase (Citlp) catalysing the first step of the tricarboxylic acid
cycle, leads to a temperature-sensitive growth defect. Growth at
elevated temperature led to rapid loss of cell viability accom-
panied by the appearance of many hallmark traits associated
with apoptosis, including nuclear fragmentation, DNA break-
age, phosphatidylserine translocation and ROS production [92].
The apoptotic phenotypes associated with CI7] deletion were
rescued by addition of exogenous glutathione or glutamate,
indicating that supply of glutamate for glutathione biosynthesis
was likely to be a factor affecting ROS accumulation and cell
death.

5.2. Mitochondrial ROS and apoptosis in yeast

The role of mitochondria in ROS production and apoptosis in
mammalian cells is well established and has been reviewed
extensively [76,93]. The role of mitochondria in yeast apoptosis
has recently been comprehensively reviewed by Eisenberg et al.
[94] and as a consequence only a limited number of aspects
relating to key differences/similarities in mitochondrial ROS
and apoptosis in yeast versus mammalian cells are addressed
here. In mammalian cells the anti-apoptotic proteins Bcl-2 and
Bcl-xp and pro-apoptotic protein Bax can strongly influence the
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progression of cells towards death via apoptosis. S. cerevisiae
cells do not appear to encode any obvious homologues of Bcl-2,
Bcl-xg, or Bax. Despite this it was demonstrated that expression
of Bax in yeast is lethal and this effect is suppressed by co-
expression of Bel-2 or Bel-x; [95], or expression of BFL-1 [96].
Expression of Bax in yeast leads to release of cytochrome ¢
from mitochondria to the cytosol and it was proposed that Bax-
induced release involves a general change in outer mitochon-
drial membrane permeability and not induction of a perme-
ability transition of the inner mitochondrial membrane [97]. It
was subsequently shown that expression of Bax in S. cerevisiae
induces mitochondrial membrane hyper-polarisation, increased
production of ROS, growth arrest and cell death, however under
these conditions cytochrome ¢ release from mitochondria was
not detected [98]. Bax-induced growth arrest was independent
of components of the mitochondrial outer/inner membrane
including the voltage-dependent anion channel (VDAC), p or &
subunits of the F{FyATPase and mitochondrial cyclophilin and
proteins encoded by the mitochondrial genome, while Bax-
induced death was dependent on mitochondrial DNA and the 3
subunit of the F;FoATPase [98]. The mitochondrial TOM
complex has recently been implicated in Bax-induced cyto-
chrome ¢ release [99] but there is a conflicting report on this
involvement [100]. Expression of Bcl-x; suppressed all Bax-
induced effects. Expression of nematode ced-9, human bcl-2 or
chicken bcl-xI genes in S. cerevisiae protects cells from oxidant
and heat shock-associated ‘apoptotic-like’ death [101]. Polcic
and Forte (2003) proposed that the protective effect of Bel-x;.
stemmed from the ability of the protein to disrupt interaction of
Bax with mitochondrial target that is required for Bax action
in S. cerevisiae [102]. These studies indicate that although
S. cerevisiae lacks certain anti- and pro-apoptotic proteins found
in mammalian cells that the mechanism through which these
proteins (including Bcl-2, Bcel-x; and Bax) act is, at least con-
served to some extent in this yeast.

5.3. Mitochondrial morphology and ROS

An emerging area of interest is the role of mitochondrial
morphology in mitochondrial ROS production, apoptosis and/
or cell ageing. The morphology of mitochondria is diverse and
dynamic and mitochondria in cells may vary greatly in shape
and size [103]. Changes in mitochondrial morphology can in-
fluence ROS production by the organelle and cell death via
apoptosis. In Podospora anserina and S. cerevisiae deletion of
dynamin-related GTPase Dnmlp (or PaDnml), which func-
tions in mitochondrial fission and maintenance of mitochondrial
morphology, influenced a number of phenotypes depending on
the organism. These included: extension of lifespan; reduced
release of H,O, from senescent cells; and, increased tolerance to
an exogenous H,O, insult [104]. Fannjiang et al. (2007) sub-
sequently demonstrated that Dnmlp promotes mitochondrial
fragmentation and cell death in response to death stimuli [105].
From this study it was also found that Fislp, an outer mito-
chondrial membrane protein involved in membrane fission,
antagonises the effects of Dnm1p, and that the effect of Fislp on
mitochondria fragmentation associated with Dnml function

could be replaced by human Bcl-2 and Bel-x; . This led to the
proposal that humans and yeast possess a conserved pro-
grammed cell death pathway regulated by Dnmlp (Drpl in
humans) that is inhibited by a Bcl-2-like function. It has also
been reported that Fislp influences ethanol-induced mitochon-
drial fragmentation, ROS production and apoptosis [106].

6. ER stress, ROS and apoptosis
6.1. ER stress and apoptosis

The endoplasmic reticulum (ER) provides an environment
that is optimised to facilitate synthesis, folding and maturation of
resident ER and secretory pathway proteins [107,108]. Oxida-
tive protein folding in the ER is facilitated by a number of
factors. These include the activity of the protein disulphide bond-
forming machinery (PDBFM) which is comprised of numerous
proteins including the flavin-containing oxidoreductase Erolp,
protein disulphide isomerase Pdilp and other disulphide
isomerases, Mdilp, Mdi2p, and Euglp [32,109]. Appropriate
disulphide bond formation is essential for proteins to achieve
their native conformation, and this leads to transfer of two
electrons to Pdilp/Erolp. Under aerobic conditions oxygen acts
as the terminal electron acceptor of the disulphide bond
formation in the ER [30,31,110] and formation of H,O, and/or
other ROS has been proposed as a deleterious consequence of
oxidative protein folding in the ER [32]. /n vitro Erolp-mediated
oxidation of thioredoxin generates a molecule of H,O, for each
disulphide bond formed [30]. Despite the lack of direct in vivo
data demonstrating H,O, generation by the PDBFM it is likely
that under physiological conditions the ER constitutes a source
of ROS in cells, and the level of ROS produced would reflect the
flux of electrons from reduced sulphydryls to Pdilp/Erolp.
Import of reduced glutathione (GSH) from the cytosol to the ER
modulates the redox state of the ER, by interaction of GSH with
ER substrate proteins and/or the PDBFM to minimise genesis of
hyper-oxidising conditions, to facilitate disulphide bond iso-
merisation and activation of Erolp activity [32,111-114].

ER stress is any change that decreases the capacity of the ER
to fold, modify or traffic proteins from the organelle. Eukaryotic
cells have evolved the unfolded protein response (UPR) to
alleviate ER stress by promoting transient attenuation of trans-
lation, increased abundance of ER chaperones and other com-
ponents of the PDBFM, proliferation of the ER membrane
system, and stimulation of ER-associated protein degradation
[115—117]. Although activation of the UPR facilitates adapta-
tion to ER stress, depending on the nature, severity and duration
of ER stress the UPR can also contribute to cell death through
activation of apoptotic signalling in yeast and mammals [117,
118]. ‘Futile’ cycling reactions between ER substrate proteins,
the PDBFM, and glutathione have been proposed to give rise to
elevated ROS formation [118,119]. In S. cerevisiae, severe ER
stress caused by over-accumulation of mis-folded proteins in the
ER was shown to cause induction of the UPR and elevated ROS
production by the PDBFM and mitochondria [118]. ER stress,
elevated ROS production and changes in glutathione redox state
were associated with appearance of some programmed cell death
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markers (DNA fragmentation, phosphatidylserine externalisa-
tion), which were manifested through an UPR-dependent and
Ycalp-independent mechanism. Glutathione supplementation
led to decreased ROS production and an increase in cell survival.
The link between ER stress and induction of apoptosis in yeast
is further supported by observations that defective N-linked
glycosylation caused by mutations in components of the oli-
gosaccharyltransferase glycoprotein complex (OST), including
Ost2p [120], the yeast homologue of mammalian Defender
Against Apoptosis protein (Dadlp) [121] or Wbplp [122], the
beta subunit of OST, or, exposure of cells to the N-linked
glycosylation inhibitor tunicamycin, led to nuclear condensa-
tion, DNA fragmentation, externalisation of phosphatidylser-
ine and induction of caspase-like activity [122]. The ability of
N-acetylcysteine to confer partial protection from this apopto-
sis indicates a likely role of altered redox homeostasis in cell
death associated with defective N-linked glycosylation and
elevated ROS production. Although the source of ROS pro-
duction was not ascertained, it was found that deletion of YCA/
did not influence the appearance of apoptosis markers [122].

6.2. Possible source(s) of ROS generated during ER
dysfunction, and apoptosis

Mitochondria are proposed to be a source of ROS during ER
stress since deletion of mitochondrial DNA reduced ROS ac-
cumulation and increased cell survival, however the site(s) of
ROS production was not elucidated [118]. The site of mito-
chondrial ROS production has been ascertained for at least one
case involving ER stress, through the study of Cdc48p and its
human homologue, valosin-containing protein p97 [108]. As
indicated above, apoptosis in yeast was first observed in the
cdc485°%°% mutant [12]. CDC48 encodes an AAA-ATPase lo-
calised to the ER membrane, which together with Ufdlp and
Npldp, forms part of the endoplasmic reticulum-associated
degradation (ERAD) pathway that facilitates extraction of
ubiquitinated lumenal proteins targeted for proteasomal degra-
dation [123,124]. In human cells, reduction of p97 causes
increased ER stress, induction of transcripts involved in the
response to ER stress and triggering of apoptosis [125]. In
S. cerevisiae, growth of the cdc48%%°“ mutant at the restrictive
temperature is associated with elevated mitochondrial damage,
release of cytochrome ¢ to the cytosol, and increased ROS
production [126]. In this case a prominent site of ROS pro-
duction was the be; complex (complex III) of the mitochondrial
respiratory chain. An important question raised by these data is
what is the identity of the signalling molecule(s) that trigger
mitochondrially-induced apoptosis during prolonged ER stress?

In higher eukaryotes the role of Ca®" homeostasis, and ER and
mitochondria function in apoptosis has been reviewed extensively
[93,103] and the comments herein will only touch on a limited
number of aspects relating to ER stress, Ca®" homeostasis and
ROS production by mitochondria. In mammalian cells, ER stress
is often associated with increased release of Ca®" from the ER to
the cytosol, and subsequent uptake into the mitochondrial matrix
[103]. Close proximity of sections of the ER and mitochondrial
membranes facilitates signalling (including Ca®" signalling) be-

tween these organelles. Mild increases in matrix Ca>* can sti-
mulate activity of the tricarboxylic acid cycle enzymes pyruvate
dehydrogenase, 2-oxoglutarate dehydrogenase and NAD*-iso-
citrate dehydrogenase [127] leading to increased respiratory
energy production. Increased matrix Ca>* can also promote ele-
vated ROS production by the respiratory chain through a number
of mechanisms, including stimulation of permeability transition
pore opening and release of cytochrome ¢ [93,128]. Perturbations
to respiratory chain function can promote formation of radical
species including the superoxide radical anion due to electron
‘leakage’ components of the respiratory chain.

Ca”" is therefore a potential signalling species linking ER
stress to apoptosis in yeast. Although the ER of yeast cells
appears to contain 10—100 times lower Ca®" than mammalian
cells [129], maintenance of appropriate calcium signalling is
vital for cell survival during prolonged ER stress [130]. In
S. cerevisiae it is yet to be established directly whether indu-
ction of ER stress leads to elevated mitochondrial matrix Ca*"
levels, elevated ROS and promotion of apoptosis. A considera-
tion of the response of yeast cells to the drug amiodarone
appears pertinent to this issue [131]. Amiodarone blocks L-type
Ca”*" in mammalian cells [132,133], while in S. cerevisiae it
leads to an increase in cytosolic Ca®" derived from extracellular
and intracellular stores [134,135]. In yeast cells, amiodarone
triggers a chain of events leading to programmed cell death
including an increase in mitochondrial respiration, increased
membrane potential, a burst of ROS production by the o centre
of complex III followed by loss of inner mitochondrial mem-
brane potential, release of cytochrome c to the cytosol, and cell
death [131]. Furthermore, catalase, and glutathione and thio-
redoxin peroxidases are required to minimise Ca®'-induced
ROS-dependent damage to mitochondria and mitochondrial
membrane permeabilisation [136,137]. These findings indicate
that changes associated with altered Ca>* homeostasis in yeast
lead to mitochondrial ROS production, which in the case of
amiodarone was shown to be from complex III of the respiratory
chain. Complex III is also the proposed site for ROS produc-
tion following disrupted N-linked glycosylation [122]. Ca*"
may therefore serve as the signal triggering apoptosis in re-
sponse to defective N-linked glycosylation in yeast [122]. The
role of altered Ca®" signalling in apoptosis in response to de-
fective N-linked glycosylation is supported by studies of hamster
fibroblast cells where it was found that treatment of cells with type
II pyrethroids, which perturb Ca>" signalling, blocks mitochon-
drial-dependent apoptosis caused by defective N-linked glycosy-
lation[138]. Analogous studies in yeast may help to further
delineate the role of altered Ca®" in induction of mitochondrial
ROS production and apoptosis during prolonged ER stress.

Another possible link between ER stress and mitochondrial
ROS production may involve perturbed TOR pathway signalling
and a concomitant decrease in mitochondrial respiratory capacity.
PMRI encodes a Golgi-located Ca®'/Mn2+ ATPase whose
deletion leads to defective N-linked and O-linked glycosylation,
and other phenotypes associated with ER dysfunction [139,140].
Interestingly, pmr mutants also exhibit a poor growth phenotype
under respiratory conditions [141]. The respiratory growth defect
of the pmrl mutant may simply be attributable to the effects of
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cytosolic Ca®" and/or Mn>" over-accumulation on mitochondrial
function [142—144]. However it was recently shown that Pmrlp
acts as a negative regulator of TOR pathway signalling [145,146],
and as indicated above TOR pathway signalling is a negative
regulator of respiratory metabolism [81]. Despite this link there is
no direct evidence demonstrating that the respiratory growth
defect of pmrl cells is mediated through altered TOR pathway
signalling, nor whether deletion of PMR leads to increased ROS
production and apoptosis. It remains to be determined whether
TOR pathway is affected by operation of other ER functions.

7. The actin cytoskeleton as a target for ROS

Altered actin cytoskeleton dynamics has been strongly
implicated in yeast apoptosis, as has been reviewed previously
[147,148] and discussion here is limited to the influence of ROS
on actin dynamics and vice versa. The actin cytoskeleton can be
damaged through various conditions including oxidative stress.
In S. cerevisiae old yellow enzyme (Oye2p), an NADPH-
dependent oxidoreductase, plays an important role in preventing
formation of a Cys285—-Cys374 disulphide in actin [149]. In
oye2 mutants under physiological conditions, the actin cyto-
skeleton is organised into stabilized actin filaments, and these
cells exhibit increased accumulation of ROS, nuclear DNA
fragmentation and degradation, and premature chronological
ageing [150]. The oye2 mutant also exhibits increased sensitivity
(relative to the wild-type) to H,O,, menadione and diamide and
this sensitivity can be rescued by introducing mutations into
actin preventing formation of the Cys285—Cys374 disulphide,
or by treatment of cells with the reductant N-acetylcysteine.
Although actin dynamics and organisation are subject to change
in response to oxidative damage, stabilisation of actin can itself
promote elevated ROS production. Disruption of proteins in-
volved in cytoskeletal organisation, including Slalp and End3p
(forms complex with Slalp and Panlp), that reduce actin
dynamics lead to altered mitochondrial membrane potential,
elevated ROS production, nuclear DNA fragmentation and cell
death [151,152]. The effects associated with deletion of SLA/
and END3 are mediated via activation of the RAS/cAMP
pathway and the Tpk3p subunit of protein kinase A [151]. Over-
expression of genes encoding the ubiquitin ligase Rsp5p, or the
phosphodiesterase Pde2p, restores actin dynamics and rescues
the oxidant sensitivity of the end3 mutant [152]. Importantly,
ROS generated as a consequence of actin stabilisation, and
which are hypothesised to be generated by mitochondria [151],
may in turn promote formation of intramolecular disulphide
bonds in actin molecules and promote a downward spiral with
respect to cell survival.

8. Metals/Metalloids, ROS production and apoptosis

Exposure of yeast cells to metals (Cu, Mn, Cd) and metalloids
(As) has also been associated with ROS production and ap-
pearance of apoptotic markers [153—155]. Although copper and
manganese are essential for viability of yeast it was recently
demonstrated that these metals induce apoptosis or necrosis when
present at moderately toxic or highly toxic levels respectively

[153]. Disruption of genes encoding components of the mi-
tochondrial respiratory chain, or deletion of mitochondrial DNA,
reduced the appearance of apoptotic markers and cell death upon
treatment with either metal ion. Distinct phenotypes were also
reported for cells exposed to each metal. Copper toxicity was
associated with heightened ROS production, was alleviated by
over-expression of SOD2, encoding the mitochondrial manga-
nese superoxide dismutase, and was associated with induction of
apoptosis in a Ycalp- and Aiflp-independent manner. In contrast
exposure to manganese did not lead to ROS accumulation, and
apoptosis was dependent on Ycalp and Aiflp.

Although the identity of ROS generated during copper toxi-
city was not determined, the ability of SOD2 over-expression
(Mn-SOD) to confer protection indicates that mitochondrial
superoxide is likely to have been formed. As indicated above,
transition metal ions including Cu®, and Fe * can facilitate
hydroxyl radical formation from H,O, via the Fenton reaction
and this is exacerbated by the presence of superoxide anion,
which can recycle the oxidised metal ion to the reduced form.
Hydroxyl radicals damage cellular components including
peroxidation of lipids and DNA damage, and lipid-peroxidation
and/or DNA damage have been shown to trigger apoptosis in
both mammalian and yeast cells [58,156—158], suggesting a
conserved ROS-dependent mechanism in activating the apop-
totic pathway.

Cadmium ions and arsenite have also been shown to trigger
apoptosis in yeast [154,155]. Cd**-induced apoptosis was linked
to disruption of cellular GSH:GSSG balance [154]. Exposure
of yeast cells to these heavy metals/metalloids leads to up-
regulation of glutathione biosynthesis via the Yaplp transcrip-
tion factor [159,160]. Exposure of yeast cells to arsenite may
cause glutathione depletion [161] which may induced apoptosis
through a similar mechanism to that seen in the gsh/ mutant
[12]. Exposure of yeast cells to arsenite is also likely to promote
superoxide anion formation since mutants defective in Sod1p, or
its copper ion chaperone Ccslp, are hypersensitive to the
metalloid [161]. Arsenite also affects vicinyl cysteine residues
and its targets therefore include many proteins with oxidor-
eductase activity and heat shock proteins (similar to those that
are sensitive to H,O, as discussed previously). The ability of
arsenite to trigger apoptosis may be due to its interaction with
cysteine residues on a protein or proteins that influence cell fate
via apoptosis. Since glutathione is the major cellular redox
buffer in most cells [162] and exposure of cells to arsenic may
cause glutathione and/or increased generation of superoxide it is
likely that arsenite exposure (and possibly other heavy metal/
metalloids) triggers apoptosis by impacting one or more cellular
processes including those involved in generation or detoxifica-
tion of ROS.

9. Possible roles of yeast apoptosis factors in defence
against ROS

9.1. Aiflp

Given that there are a number of known anti- and pro-apoptotic
functions that have been identified in yeast, it is relevant to ask
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whether any of these has an effect on ROS generated in cells. One
possibility is Aiflp, the S. cerevisiae homologue of human AIF,
which like mammalian AIF is located in mitochondria under non-
apoptotic conditions, but under conditions that trigger apoptosis it
translocates to the nucleus resulting in DNA fragmentation
[163,164]. The primary amino acid sequence of Aiflp, especially
the oxidoreductase domain, shows homology to mammalian AIF
which has been proposed to have ROS-scavenging activity since
over-expression of AIFI reduces peroxide-mediated cell death in
cerebellar granule cells and cells deleted for AIF display increased
sensitivity to peroxide stress [ 165]. Furthermore, based on in vitro
studies, it was proposed that the NADH-oxidoreductase functions
in the mitochondria [166]. Both recombinant AIF and purified
AIF were able to oxidise NADH by reducing tetrazolium salt
NBT or cytochrome c¢ in vitro [166]. HO, and superoxide anion
were generated during this process and removal of superoxide
anion via the addition of superoxide dismutase prevented
reduction of cytochrome ¢ and NBT [166], indicating that the
superoxide anion was involved in the electron-donation process.
AIF also contains a FAD-binding moiety, which is proposed to
accept an electron from NADH for transfer to another redox
substrate. This proposed electron transfer would allow AIF to
detoxify H,O, via redox cycling [166,167]. The role of yeast
Aiflp in terms of its oxidoreductase activity or ROS-scavenging
properties has not been investigated in detail. Over-expression of
Aiflp in the presence of an apoptotic level of H,O, (0.4 mM)
triggers massive apoptotic cell death and deletion of A7F'/ results
in increased survival of cells at the same dose of H,O, [164],
indicating that Aiflp in yeast cells does not seem to play a role in
reducing ROS, at least in terms of H>O,. However it has been
suggested that in mammalian cells AIF plays a dualistic role
and can be both pro- and anti-apoptotic [167—-169]. The ROS-
scavenging activity of AIF may function under low levels of
oxidative stress and when ROS overwhelms the cell, AIF may
switch to its pro-apoptotic form. The dose of H,O, used to treat
aifl yeast cells may be at the higher end of apoptotic treatments,
thus only the pro-apoptotic function of Aiflp was observed.
Further analysis of the response of aif] and AIF [-over-expressing
strains to various types and doses of ROS-generating agents
would elucidate if Aiflp is involved in oxidative stress defence.

9.2. AIF-homologous mitochondrion-associated inducer of
death (AMID/Ndilp)

In mammalian cells AMID, like AIF is a mitochondrial fla-
voprotein that triggers caspase-independent apoptosis. The closest
homologue of AMID in S. cerevisiae was identified to be NDII,
which encodes the mitochondrial internal NADH dehydrogenase
Ndilp [170]. Ndilp and the external NADH dehydrogenase
(encoded by NDE]) transfer electrons from NADH to ubiquinone
in the respiratory chain. In yeast, over-expression of either NDI/
or NDEI results in increased ROS production in glucose-rich
media, sod! cells transformed with NDI// grow poorly and sod?2
mutants could not be transformed with the over-expression plas-
mid, indicating that over-expression of Ndilp leads to increased
ROS production [170]. The ROS produced is likely to be su-
peroxide anion generated from the mitochondria. Intriguingly,

only over-expression of NDI/ but not NDE1 resulted in hallmarks
of apoptosis [170], indicating that ROS alone may not be the sole
factor in determining apoptosis in the AMID-mediated pathway in
yeast. This notion is further supported by the fact that the oxi-
doreductase activity of AIF in mammals can be dissociated from
its apoptotic role [166]. It remains to be seen if Ndilp mediates
apoptosis independently of Ycalp in a manner similar to its
mammalian counter-part, AMID. Consistent with their hypo-
thesis, this group also showed that ndi/ and to a lesser extent ndel
strains had increased chronological lifespan, but reduced fitness
during recovery and proposed that this increase in chronological
lifespan is due to reduction of ROS production.

9.3. Does Ycalp have a role in oxidative stress defence?

S. cerevisiae does not have an aspartate caspase, but does
encode a metacaspase (Ycalp) related to the plant family of
metacaspases [171]. Ycalp has a definite role in some, but not
all yeast apoptotic processes [122,153,171,172]. Mutant ycal
strains undergo mainly necrotic instead of apoptotic cell death
and, under normal growth conditions, have increased levels of
protein carbonylation and methionine oxidation compared to
the wild-type [173]. This increase in protein carbonylation
and methionine oxidation is exaggerated in the ycal strain fol-
lowing H,O, treatment. These data indicate that Ycalp has an
additional role in protecting cells from ROS accumulation under
non-apoptotic conditions, although it may be just that, in the
population of cells lacking Ycalp, “damaged” cells do not
undergo apoptosis and these cells accumulate oxidised proteins.

Intriguingly, the amount, type and sources of intracellular
ROS generated from ycal strains were not clear from the avail-
able data. For example, wild-type cells treated with an apoptotic
dose of H,O, showed increased DHR staining whereas ycal
cells showed no increase in DHR staining [174]. However,
valproic acid-treated ycal showed similar DHE staining to
wild-type cells despite their reduced apoptotic death as com-
pared to wild-type cells treated under the same condition [172].
On the other hand, cells deleted for YCAI were shown to be
more resistant to H,O, compared to wild-type cells [171],
indicating that Ycalp is may not be required for H,O, tolerance.
A more detailed analysis of ROS production needs to be
performed in ycal strains under different conditions triggering
oxidative stress to explain the observed increase in protein
oxidation and clarify the possible role of Ycalp in oxidative
stress defence.

10. Conclusions

Fig. 1 illustrates the possible sources of ROS that are relevant
to apoptosis in yeast and how they may interact with cellular
systems. Based on differences in the response of mutants
affected in various components of the apoptotic machinery to
different conditions triggering apoptosis, it is clear that there
may be more than one route to cell death, and more than one
trigger in yeast [175]. It is still not clear in every case what
comes first, the generation or accumulation of ROS leading to
cell death, or the onset of apoptosis leads to damage that results
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Fig. 1. Potential sources of ROS relevant to apoptosis in yeast. Intracellular sources of reactive oxygen species that are involved in apoptosis are in red. The respiratory
chain in the mitochondrion produces superoxide anions which are converted to H,O, by Sod2p in the mitochondria matrix or by Sodlp in the cytosol and the
mitochondrial inter-membrane space. Ndilp represents the internal mitochondrial NADH dehydrogenase which transfers electrons to complex III of the respiratory
chain. The apoptosis inducing factor (Aiflp) is normally located in the mitochondrion and may have antioxidant activity. As part of the apoptotic process, Aiflp is
translocated to the nucleus where it initiates DNA breakage [159]. Deletion of the yeast metacaspase Ycalp may lead to increased ROS-induced damage [173]. During
protein folding, protein disulphide bond formation machinery in the ER produces H,O,. Hydrogen peroxide is detoxified to water by catalases (Cttlp and Ctalp) or
glutathione-dependent enzymes including glutathione peroxidases (Gpxs), glutaredoxins (Grxs) and glutathione transferases (Gsts). In the latter processes reduced
glutathione (GSH) is converted to oxidised glutathione (GSSG). GSSG is reduced to GSH by glutathione reductase (Glrlp) using NADPH as electron donor. Hydroxyl
radical (OH) is generated via the Fenton and Haber—Weiss reactions as described in the text. Actin dynamics involves changes in the actin cytoskeleton, if converted to
stabilized actin filaments, leads to increased accumulation of ROS as indicated in the text.

in augmented ROS production. There is good evidence dis-
cussed above from spin-trapping studies and from the sup-
pression of apoptosis by mutations in specific processes linked
to ROS production (e.g. mitochondrial respiratory mutants, and
actin mutants lacking reactive cysteine residues) that ROS
production is upstream of, or an important component in the
initiation of a number of apoptotic processes.

Primary sources of ROS appear to be the mitochondrion and
ER with some cross talk or interaction between the two, especially
in the direction of ER to mitochondrion. Where mitochondria are
involved in apoptosis there is the very real opportunity for free
radical generation, probably as superoxide, and the main source
appears to be complex III of the respiratory chain. Interestingly,
from the genome-wide screening of deletion strains, of five oxi-
dants tested, H,O, was that most deleterious to mutants affected in
mitochondrial respiration. This was proposed [23] to be due to the
defect in mitochondrial respiration leading to production of
superoxide radicals, which would, in conjunction with H,O,, lead
to generation of the very damaging hydroxyl radical via the
Fenton reaction. Cellular H,O, may therefore be an important
contributor that initiates, or augments, an apoptotic signal in yeast
cells when mitochondria are involved. It has recently been shown
that treatment of cells with H,O, leads to increased superoxide
anion formation [176] — since this is unlikely to be due to

reversal of superoxide dismutase activity, it indicates that once
H,0,-induced damage begins, then the process of superoxide
radical production is exacerbated leading to even further damage.
One important defence against this ROS-induced cell death is the
cellular redox buffering capacity. From the phenotype of gshl
mutants blocked in glutathione synthesis and reduction of oxi-
dised glutathione (g/r/) it is clear that reduced glutathione is a
primary defence against ROS insult [177—179]. Interestingly,
mutants that have impaired NADPH production overproduce
reduced glutathione to maintain cellular redox status [74]. Com-
pared to the wild-type, such mutants were found to have a greater
initial resistance to death caused by an acute dose of H,O,, which
indicates that cells can maintain resistance to a sudden change in
ROS flux until the reduced form of the redox buffers are con-
sumed, at higher ROS levels apoptosis ensues.

In those situations in which some other process than ROS
generation initiates apoptosis, damage elicited to mitochondria
during the subsequent stages would probably also lead to free
radical production and this would lead to further mitochondrial
damage causing an inescapable path to death. H,O, is probably
the product of protein folding in the ER [30,32], and hence this
may constitute a link between apoptosis induced by extreme ER
stress and the observed role of mitochondria in the process,
there are other potential links including altered Ca®"-signalling


http://dx.doi.org/doi:10.1016/j.freeradbiomed.2007.12.008

1364 G.G. Perrone et al. / Biochimica et Biophysica Acta 1783 (2008) 1354—1368

as discussed above. Of the oxidants used to stress cells, that
which was first reported, and is most reported to initiate apo-
ptosis is H,O, — although this may be merely a result of its
being the main choice as a convenient oxidant to use. Clearly
there is a need for careful appraisal of which other oxidants, or
compounds generating known ROS, cause apoptosis in yeast
and to determine the dose/effect relationships for both necrosis
and apoptosis. While the above discussion has indicated some
of the processes that may be important, the mechanisms where-
by ROS initiate apoptosis remain to be fully elucidated.
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