
The hypothesis of programmed organism death as a

mechanism developed by natural selection for elimina-

tion of old, worn down individuals to make life space and

resources available for young generations was put forward

by August Weismann in the 1880s [1, 2]. This process was

dubbed phenoptosis by V. P. Skulachev [3, 4], by analogy

with apoptosis (from Greek words apo and ptosis, mean-

ing “falling off”) – an active, regulated at genetic level

mechanism of programmed cell death aimed at precise

eliminating of self-destructive, unused, damaged, virus-

infected, weakened, cell cycle-completed, and potential-

ly dangerous cells; mitoptosis – self-elimination of mito-

chondria [5-8], and organoptosis – the well-known

degradation of some organs emerging temporally in juve-

nile organisms and disappearing later in development,

probably, by virtue of apoptosis of cells composing these

organs.

According to Skulachev [3, 4], evolutionary events

gave rise to a set of mechanisms designated as fast

phenoptosis (sepsis, carcinogenesis, myocardial infarc-

tion, etc.) and slow phenoptosis (aging of the whole

organism). The major role in slow phenoptosis belongs

presumably to the mechanism of cell apoptosis often trig-

gered by mitoptosis. The evolutionary mechanism for

such a suicide program might be based on kin selection

(when organisms die for the good of their offspring bear-

ing useful new traits) or group selection (the death for the

good of individuals unrelated by ties of kinship).

Theoretically, aging can stabilize population size and pre-

vent overpopulation; it can increase genetic diversity,

shorten the effective generation cycle, and accelerate

adaptation.

Since phenoptosis of multicellular organisms is based

on apoptosis of cells composing the metazoan body,

apoptosis in mammals deserves closer attention.

According to the recommendation of the Nomenclature

Committee on Cell Death [9], apoptosis is distinguished

from other forms of cell death (autophagy, anoikis, ento-

sis, mitotic catastrophe, necroptosis, NETosis, and oth-

ers) by characteristic morphological and biochemical

markers including retention of the intact cytoplasmic
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membrane (maintenance of plasma membrane integrity)

up to late stages of the process. At earlier stages there are:

disturbance of the cytoplasmic membrane symmetry

(externalization of phosphatidylserine to the outer leaflet

of the plasma membrane); shrinking of the cell volume;

intensive vacuolation and vesiculation. At late stages there

are: blebbing of the cytoplasmic membrane; in some cases

release of cytochrome c from the intermembrane space of

mitochondria into the cytosol and activation of cysteine

proteases (caspases); generation of reactive oxygen

species (ROS); breakage of nuclear DNA in internucleo-

somal sites; chromatin condensation on the periphery of

the nucleus with further nuclear fragmentation (50-

180 kb); and cell fragmentation leading to formation of

apoptotic bodies.

A typical roughly simplified scenario of induction

and regulation of apoptosis in mammalian cells is given in

Fig. 1 in [9]. Several key points should be noted. Both

external factors and intrinsic defects of intracellular

processes can act as triggers for the onset of apoptosis in

animal cells. A number of pro- and antiapoptotic factors

have been found (the number of such factors is increasing

every year), and their interactions are arranged into a

complicated hierarchical structure. Caspase activation is

not a strict requirement for many cases of apoptosis. It is

obvious that mitochondria play a central role of in the

choice between life and death of a cell. This particular

role of mitochondria relies on the fact that mitochondria

are not only the major intracellular generators of reactive

oxygen species (ROS) (frequently potent triggers of apop-

tosis), but also the place (normally in the intermembrane

space) of some proapoptotic factors. Rupture of the outer

mitochondrial membrane is accompanied by the release

of proapoptotic factors, which in turn induces and

enhances a reaction cascade ultimately leading to cell

death. So, AIF (apoptosis-inducing factor), a phyloge-

netically old, bifunctional FAD-containing protein with

significant homology to plant ascorbate reductases and

bacterial NADH oxidases [10], normally confined to the

mitochondrial intermembrane space, after rupture of the

outer mitochondrial membrane translocates to the

cytosol and then relocates to the nucleus. Ectopic (extra-

mitochondrial) AIF induces nuclear chromatin conden-

sation as well as large scale (approximately 50 kb) DNA

fragmentation [10, 11]. Similarly, endonuclease G, also

normally confined to the mitochondrial intermembrane

space, translocates to the cytosol and then relocates to the

nucleus, mediating large-scale DNA fragmentation inde-

pendently of caspases. The OMI protease, released into

the cytosol from the intermembrane space, belongs to

HtrA protease family; it activates apoptosis by means of

its own protease activity [12] as it disturbs the normal

dynamics of the cytoskeleton. These events are accompa-

nied by inhibition of the respiratory chain, by decline of

membrane potential, deenergization of mitochondria and

cells, and excessive production of ROS. The simplified

scenario of apoptosis does not consider the implication of

caspases.

In case of caspase-dependent apoptosis, the released

cytochrome c (the injury of mitochondrial outer mem-

brane is obligatory but insufficient for cytochrome c

release, since oxidation of cardiolipin existing in a com-

plex with cytochrome c is also required) binds to the cyto-

plasmic adaptor protein Apaf-1, dATP or ATP, and the

initiating procaspase-9 (cysteine protease) with the for-

mation of the apoptosome, a high molecular weight hep-

tamer activating effector procaspases 3 and 7 [13]. The

initiated proteolytic cascade involves also other procas-

pases (2, 6, 8, and 10), which results in cell destruction.

The Smac/DIABLO (second mitochondria-derived acti-

vator of caspase/direct inhibitor of apoptosis-binding

protein with low pI) protein released from the mitochon-

drial intermembrane space enhances this cascade by

means of binding to the inhibitor of apoptosis (IAP) pro-

teins. This scheme is still simplified: the apoptogenic sig-

nal transduction recruits also endoplasmic reticulum

(ER) (see below); stress conditions promote activation of

procaspase-12, with the total number of known procas-

pases being 14 already.

Until recently, there has been a general belief that

apoptosis is uniquely metazoan, as in genomes of unicel-

lular organisms genes encoding apoptotic factors analo-

gous to those of metazoan have not been found and

because there was reasonable skepticism about the physio-

logical usefulness and evolutionary advantages of apopto-

sis in unicellular organisms, including yeasts.

The discovery of apoptosis-like death of yeast cells

comes from experiments where pro- and antiapoptotic

factors of animals were heterologously expressed in the

yeast Saccharomyces cerevisiae and the physiology of the

yeast cells was studied ([14], for review see [15]). In these

experiments, yeast cells either died, showing a set of char-

acteristic physiological markers of apoptosis, or survived,

depending on the expression of pro- or antiapoptotic fac-

tors, respectively. Later, apoptosis-like process induced

by heterologously expressed Bax (a proapoptotic factor of

mammals) was described not only for S. cerevisiae [14-

17], but also for Schizosaccharomyces pombe [18, 19],

Pichia pastoris [20], Kluyveromyces lactis [21], and

Candida albicans [22]. Collectively, these data are a solid

indication of similarity of several elements in the mecha-

nisms underlying apoptosis in yeast cells and in animals.

In 1997, a temperature-sensitive S. cerevisiae strain carry-

ing a mutation in the CDC48 gene was described (cdc48p

plays an important role in many cellular processes,

including protein degradation, membrane fusion, chap-

erone activity). Under non-permissive temperatures, the

mutant cells died, displaying markers of apoptosis com-

monly observed in higher eukaryotes, such as exposure of

phosphatidylserine on the outer leaflet of the plasma

membrane, chromatin condensation, and cell fragmenta-

tion [23]. In 2002, in S. cerevisiae the first proapoptotic
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protein involved in apoptosis in yeast was identified, i.e. a

metacaspase (cysteine protease) termed yeast metacas-

pase-1 (Yca1p) [24], a functional analog of caspases of

animal cells.

It is now clear that microorganisms, including

yeasts, in nature preferably live in multicellular commu-

nities (e.g. biofilms, colonies) and undergo a sort of dif-

ferentiation coupled to apoptosis [25-29].

Saccharomyces cerevisiae cells secrete aromatic alco-

hols (tryptophol and phenylethanol) that stimulate mor-

phogenesis. The production of these autosignaling alco-

hols is regulated by nitrogen: high ammonia restricts it by

repressing the expression of their biosynthetic pathway,

whereas nitrogen-poor conditions activate it. Formation

of specific aromatic alcohols mediating social interac-

tions between Saccharomyces cells has been described.

The same autoregulatory molecules do not evoke the

morphological switch in Candida albicans, suggesting that

these molecular signals are species-specific [30]. An

ammonia signal, emitted by aging colonies, triggers

metabolic changes that localize yeast death only in the

colony center. The remaining population can exploit the

released nutrients and survives. The establishment of

these zones required a functional SOK2 gene product,

which functions in the ammonia signaling pathway. In

colonies defective in Sok2p transcription factor that are

unable to produce ammonia, death is spread throughout

the whole population, thus decreasing the lifetime of the

colony. The physical removal of the dead zone from grow-

ing colonies caused a reduction in growth at the colony

periphery, strongly suggesting that apoptosis within the

central dead zone benefits the population and thereby

acts to preserve the whole colony [26, 28, 29, 31, 32].

Therefore, for unicellular organisms, including yeasts,

apoptosis or phenoptosis is an active, highly genetically

regulated mechanism of programmed cell death aimed at

eliminating self-destructive, damaged, weakened cells

that are potentially dangerous for the cell population.

Strictly speaking, phenoptosis is an appropriate term

to describe the death of unicellular organisms, including

yeast, when it refers to individual cells and uniform cell

suspensions. The term apoptosis should be reserved for

the death of individual cells in biofilms and cell colonies,

by analogy to cell death in multicellular communities of

higher organisms. However, in the analysis below we

apply the term “apoptosis” because it was used by the

authors of the cited papers.

COMPONENTS IMPLICATED

IN YEAST APOPTOSIS

Numerous cases of apoptosis-like death of yeast cells

(investigations have been made primarily on S. cerevisiae)

have been described. Apoptosis in yeast cells implicates

not only metacaspase(s) Yca1p [24, 33], but also another

caspase-like cysteine protease (conserved in mammals)

Esp1 [34]. This protease of yeast was recently reported to

cleave yeast Mcd1 (ortholog of human cohesin

Rad21/Mcd1) involved in the attachment of sister kineto-

chores for chromatid cohesion [34]. Among other com-

ponents involved in apoptosis signaling in yeasts are the

serine protease OMI (Nma111p – nuclear mediator of

apoptosis) belonging to the family of HtrA (high temper-

ature requirement A) proteins. Nma111p is able to pro-

mote apoptotic cell death by, at least in part, degradation

of Bir1p, the only identified inhibitor of apoptosis in S.

cerevisiae (see [35, 36]); AIF (an apoptosis-inducing fac-

tor) and AMID (AIF-homologous mitochondrion-asso-

ciated inducer of death) [37, 38]; Dnm1p [39], a homolog

of animal Drp1p (dynamin-related protein) responsible

for fragmentation of mitochondria in humans;

cytochrome c [40, 41]; the normally confined to the

intermembrane space endonuclease Nuc1p [42, 43], the

yeast homolog of endonuclease G; an endo-/exonuclease

Tat-D (the enzyme activities are metal-dependent with

Mg2+ as the optimal metal ion) [44]; mitochondrial pro-

teins (Ysp1 and Ysp2 – yeast suicide proteins), specifical-

ly required for the mitochondrial thread–grain transition,

de-energization, and cell death (in pheromone and amio-

darone-induced apoptotic changes) [45, 46]; Rho5

GTPase (under apoptosis induced by ROS) [47]; Mcd1

(the yeast homolog of human Rad21) in hydrogen perox-

ide-induced apoptosis in yeast [48]; proapoptotic factor

Ybh3p (yeast cells lacking Ybh3p display prolonged

chronological and replicative lifespans and resistance to

apoptosis induction) [49], and the antiapoptotic factor

Bir1p (baculovirus IAP repeat), a substrate of Nma111p

[34, 50, 51]. Bre1p (a product of the BRE1 gene), a ligase

that is required for the ubiquitylation of histone H2B at

lysine 123 in S. cerevisiae, also manifests antiapoptotic

activity [52]. Enhanced levels of Bre1p protect from

hydrogen peroxide-induced cell death, whereas deletion

of BRE1 enhances cell death. Moreover, cells lacking

Bre1p show reduced lifespan during chronological aging.

Very recently [53], in S. cerevisiae a homolog of Bax

inhibitor-1 (BI-1), an antiapoptotic protein that resides

in the ER and is involved in the unfolded protein response

(UPR) that is triggered by ER stress (see below) has been

revealed. Deoxyuridine triphosphatase (dUTPase), a

product of the mitochondrial variant of the human DUT

gene (DUT-M), can prevent apoptosis in yeast in response

to internal (Bax expression) and to exogenous (H2O2 and

cadmium) stresses [54]. Of interest, cell death was not

prevented under culture conditions modeling chronolog-

ical aging, suggesting that DUT-M only protects dividing

cells. Lithocholic acid modulates housekeeping longevity

assurance pathways by suppressing mitochondria-con-

trolled apoptosis, enhancing stability of nuclear and

mitochondrial DNA, attenuating mitochondrial frag-

mentation, and enhancing resistance to oxidative and

thermal stresses [55].
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In the fission yeast S. pombe novel cell-death regula-

tors, including metacaspase Pca1, BH3-domain protein

Rad9 (a component of the Rad9–Hus1–Rad1 complex, a

sensor of DNA damage and replication), and diacylglyc-

erol-binding proteins Pck1 and Bzz1 [56], have been

identified. Also, three conserved MAP kinase signaling

pathways have been revealed in this yeast [57]. In yeasts,

some of the abovementioned apoptotic factors are locat-

ed in the mitochondrial intermembrane space, like in

animal mitochondria.

INDUCERS OF YEAST APOPTOSIS

Numerous cases of apoptosis-like death of yeast cells

caused by various environmental stimuli and intercellular

defects have been described (see [50, 58-62]).

Defects of DNA, mutations. Apoptosis was found to

occur in mutant S. cerevisiae yeast displaying defective

initiation of DNA replication [63, 64]. The apoptosis-like

phenotype of the initiation mutants includes the produc-

tion of ROS and activation of the budding-yeast metacas-

pase Yca1p.

Cell death with predominant apoptotic features was

mediated in S. cerevisiae by deletion of the histone chap-

erone Asf1p/Cia1p [65]. Deletion of the histone chaper-

one inhibits the normal assembly/disassembly of nucleo-

somes in the yeast and thereby initiates the active cell

death system. Many changes were identified, such as frag-

mentation of the nuclei, condensation and fragmentation

of chromatin, reduction of the mitochondrial membrane

potential, dysfunction of the mitochondrial proton

pump, and a discernible release of cytochrome c to the

cytoplasm that resembles these features of apoptosis in

multicellular organisms.

Pds5p is a cohesin-related protein. It is required for

maintenance of sister chromatid cohesion in mitosis and

meiosis. Cohesin is a multisubunit complex thought to

embrace DNA as a ring-shaped structure that mediates

sister chromatin cohesion and ensures accurate chromo-

some segregation [66, 67]. A reduction in the mainte-

nance of sister chromatid cohesion as a result of a mutat-

ed cohesin-like gene, PDS5, led to apoptosis induction

during early meiosis in S. cerevisiae. The pds5-1-caused

cell death has characteristics of apoptosis and necrosis,

including externalization of phosphatidylserine at the

cytoplasmic membrane, accumulation of DNA breaks,

chromatin condensation and fragmentation, nuclei frag-

mentation, and then degeneration of the membrane and

cell [66].

Mutation in CDC48 (cdc48(S565G)), a gene essen-

tial in the ER-associated protein degradation (ERAD)

pathway, led to the discovery of apoptosis as a mechanism

of cell death in S. cerevisiae. Mitochondrial dysfunction

in the cdc48(S565G) strain was accompanied by structur-

al damage of mitochondria and ROS accumulation con-

comitantly, and caspase-like enzymatic activity emerged,

suggesting a role for caspases in the cell death process

[23].

Defects of RNA structure. Apoptosis was also found

in cells exhibiting increased mRNA stability as a result of

disruption of the efficiency of pre-mRNA splicing and

mRNA decapping. Mitochondrial function and YCA1,

which encodes a budding yeast metacaspase, is necessary

for apoptosis triggered by stabilization of mRNAs.

Deletion of YCA1 in yeast cells mutated in the LSM4 gene

prevents mitochondrial fragmentation and rapid cell

death during chronological aging of the culture, dimin-

ishes reactive oxygen species accumulation and DNA

breakage, and increases resistance to H2O2 and acetic

acid [68].

Defects of actin dynamics. Mutations (or addition of

drugs) that reduce actin dynamics lead to the formation

of F-actin aggregates, resulting in constitutive activation

of a caspase-independent signaling mechanism, ROS

production, and apoptosis [69]. As a reduction in the

dynamic state of filamentous actin (F-actin) and the con-

sequent formation of F-actin aggregates is commonly

observed in aging yeast, an exciting possibility is that this

apoptosis pathway provides a means to eliminate aged

cells from a population. In actin-induced yeast apoptosis,

ROS accumulation is thought to be the major killer, this

being demonstrated by the fact that the addition of

antioxidants, or the reduction of ROS at their source, can

circumvent cell death [70, 71].

Defects of N-glycosylation. N-Glycosylation in the

ER is an essential protein modification and highly con-

served in evolution from yeast to man. Defects of N-gly-

cosylation in humans lead to congenital disorders. The

key step of this pathway is the transfer of the evolutionar-

ily conserved core-oligosaccharide GlcNAc2Man9Glc3

linked to dolichyl pyrophosphate to selected asparagine

residues of the nascent polypeptide chain, catalyzed by

the heterooligomeric membrane complex oligosaccharyl

transferase (OST). Biochemical and molecular genetic

studies in S. cerevisiae have identified nine proteins,

which are assembled into a complex consisting of Ost1p,

Stt3p, Wbp1p, Ost3p, Ost6p, Swp1p, Ost2p, Ost5p, and

Ost4p. One of the subunits, Ost2p, is 40% identical to

Dad1 (defender against apoptotic death), a highly con-

served protein in higher eukaryotes including plants. Ost

mutants, such as ost2 and wbp1-1, display morphological

and biochemical features of apoptosis upon induction of

the glycosylation defect [72]. Nuclear condensation,

DNA fragmentation, as well as externalization of phos-

phatidylserine have been observed. As deletion of meta-

caspase YCA1 does not seem to abrogate glycosylation-

induced apoptosis, this suggests a different proteolytic

process involved in this death pathway.

Heterologous expression of proteins. Expression of

DR4 (a tumor necrosis factor-related apoptosis-inducing

ligand receptor) in S. cerevisiae causes growth inhibition.
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Moreover, treatment of DR4-expressing yeast with a

DNA damaging agent sustained cell growth inhibition

accompanied with massive apoptotic cell death. Further

analysis revealed that cell death in the presence of DNA

damage and DR4 expression was not dependent on the

yeast caspase YCA1 [73].

Human PDCD5 protein is a novel programmed cell

death-promoting molecule. However, the function of

Ymr074cp, a S. cerevisiae homolog of PDCD5p, is still

unknown. YMR074c overexpression promotes H2O2-

induced apoptosis in yeast, not only in a metacaspase

Yca1-dependent manner but also in an Yca1-independent

manner [74].

Huntington’s disease is caused by specific mutations

in huntingtin protein. Expansion of a polyglutamine

(polyQ) repeat of huntingtin leads to protein aggregation

in neurons followed by cell death with apoptotic markers

[46, 75]. The physiological consequences of expanded

polyQ domain expression in yeast are similar to those in

neurons. In particular, expression of expanded polyQ in

yeast causes apoptotic changes in mitochondria, caspase

activation, nuclear DNA fragmentation, disorder of the

cell cycle, and death [46].

Bax, a proapoptotic protein of animals, induces

apoptosis in several yeast species (see above) with charac-

teristic morphological and biochemical markers includ-

ing chromatin condensation on the periphery of the

nucleus with further nucleus fragmentation, externaliza-

tion of phosphatidylserine to the outer leaflet of the plas-

ma membrane, ROS generation, and in some cases

release of cytochrome c from mitochondria into the

cytosol [15, 76]. Recently [77], it has been shown that

protein kinase Cα (PKCα) increases the translocation

and insertion of Bax c-myc (an active form of Bax) into

the outer membrane of yeast mitochondria.

Schizosaccharomyces pombe cells expressing a lume-

nal version of calnexin (an ER transmembrane chaperone

playing key roles in translocation, protein folding, and

quality control of newly synthesized polypeptides) exhib-

ited a 2-fold increase in the levels of apoptosis provoked

by inositol starvation [78].

Oxidative stress. Oxygen radicals are important

components of apoptosis. The ROS produced during

mitochondrial respiration of yeast cells are the main

mDNA damaging agents [79]. Yeast cells with nonfunc-

tional mitochondrial DNA (petite) are known to be

extremely stress-resistant [80].

Hydrogen peroxide (H2O2) induces oxidation of spe-

cific proteins in yeast cells, and the glycolytic enzyme

glyceraldehyde-3-phosphate dehydrogenase (Tdh) is a

major target. Using a 2D-gel system to study protein car-

bonylation, it was shown that both Tdh2p and Tdh3p

isozymes are oxidized during exposure to H2O2. In addi-

tion, two other proteins were carbonylated and inactivat-

ed – Cu,Zn-superoxide dismutase (SOD) and phospho-

glycerate mutase. The oxidative inactivation of SOD

decreases the antioxidant capacity of yeast cells and prob-

ably contributes to H2O2-induced cell death [81-84] with

classical parameters of apoptosis such as chromatin con-

densation, DNA fragmentation, and morphology

changes of the cells [83]. Yeast cells were most sensitive to

peroxide at the exponential growth phase. Minocycline

(an antibiotic of the tetracycline family that displays cyto-

protective potency) increased availability of peroxide-

treated exponentially growing cells (young cells) [85].

Apoptosis can be induced in S. cerevisiae by deple-

tion of glutathione [83]. Cycloheximide (a protein syn-

thesis inhibitor) and hypoxia prevent apoptotic death,

revealing active participation of the cell. A shift in the cel-

lular GSH-to-GSSG redox balance in favor of the oxi-

dized species, GSSG, constitutes an important signal that

can decide the fate of a cell.

Allicin, a volatile prooxidant substance of garlic

juice, displaying antimicrobial activity primarily due to

impairment of thiol-disulfide exchange reactions with

-SH groups in proteins and glutathione (the oxidative

inactivation of essential thiol-containing enzymes), can

activate apoptosis in S. cerevisiae cells. Caspase activation

occurred after allicin treatment, and yeasts expressing a

human antiapoptotic Bcl-XL construct were rendered

more resistant to allicin [85].

Apoptosis in S. cerevisiae cells induced by UV irradi-

ation caused chromatin condensation in the nucleus, cell

shrinking, and DNA damage [86].

Hyperosmotic stress. Hyperosmotic stress caused by

high glucose or sorbitol concentrations in the culture

medium induced in S. cerevisiae a caspase-dependent cell

death accompanied by morphological and biochemical

indicators of apoptosis, namely chromatin condensation,

mitochondrial swelling and reduction of cristae number,

production of ROS, and DNA strand breaks with mainte-

nance of plasma membrane integrity. The mutant strains

cyc1Deltacyc7Delta and cyc3Delta, both lacking mature

cytochrome c, displayed a decrease in caspase activation

associated with increased cell survival when exposed to

hyperosmotic stress. Yeast cells lacking mitochondrial

DNA are hypersensitive to salt stress-induced apoptosis

[87].

Excess of mating pheromones. Haploid S. cerevisiae

yeast cells exist in two forms, a and α, each belonging to

one of the two mating types (Mat a and Mat α). Sexual

conjugation of haploid yeast cells of opposing mating type

is mediated by the secretion and detection of mating

pheromones (a-factor and α-factor). α-Cells secrete α-

factor, while a-cells secrete a-factor. These short peptide

pheromones are detected by heterotrimeric G-protein

coupled receptors (Ste2p and Ste3p). This leads to polar-

ization of the cell towards the pheromone source, remod-

eling of the cell wall and causing the formation of a mat-

ing projection [88]. Treatment of a-cells by the α-factor is

routinely used for cell synchronization in the G1-stage of

the cell cycle [62]. In modern practice, it is known that
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high concentrations of pheromones are toxic for cells. In

2002 [89], it was demonstrated for the first time that the

exposure of haploid S. cerevisiae to high concentrations of

the appropriate mating pheromone resulted in increased

cytosolic Ca2+ concentrations, hyperpolarization of mito-

chondria, and enhanced ROS production, which, in turn,

induced fragmentation of mitochondria and apoptosis-

like cell death [45, 62, 89, 90]. This was the first evidence

of apoptosis in a yeast cell induced by a natural factor.

Killer toxins. Moderate doses of the virally encoded

killer toxins induce an apoptotic yeast cell response. The

best known are three different killer toxins (K1, K2, and

K28) produced and secreted by S. cerevisiae (for review,

see [91]). Members of each group can kill non-killer

yeasts as well as killer yeasts belonging to the other types.

K1, K2, and K28 killer toxins are genetically encoded by

medium-size double-stranded RNA (dsRNA) viruses

grouped into three types, M1, M2, and M28, of 1.6, 1.5,

and 1.8 kb, respectively. Saccharomyces cerevisiae viral

toxins kill sensitive yeast cells in a receptor-mediated

process by interacting with receptors located in the yeast

cell wall and cytoplasmic membrane. After reaching the

plasma membrane, ionophoric virus toxins, such as K1

(19-kDa α/β heterodimer) and most likely K2, disrupt

the cytoplasmic membrane function by forming cation-

selective ion channels. K28 toxin (21.5-kDa protein),

after interacting with a sensitive cell, is taken up by endo-

cytosis and travels the secretion pathway in reverse until it

reaches the cytosol. This toxin blocks DNA synthesis and

arrests cells in the early S phase of the cell cycle [91].

Zygocin, a monomeric 10-kDa protein toxin secret-

ed by the osmotolerant spoilage yeast Zygosaccharomyces

bailii, is encoded by a double-stranded (ds) RNA killer

virus and kills a broad spectrum of human and phy-

topathogenic yeasts and filamentous fungi by disrupting

cytoplasmic membrane function [92, 93].

The spectrum of action and the activity of killer tox-

ins are influenced by temperature, salinity, pH of media,

and the prevailing growth phase (high activity in the log

phase of growth, decaying in the stationary phase). Low

and moderate concentrations of K1, K28, zygocin, and

killer toxin from Pichia acaciae [94] induced S. cerevisiae

apoptotic cell death that was mediated through yeast cas-

pase Yca1p and the generation of ROS [95-97]. High con-

centrations of killer toxins induced non-apoptotic

necrotic cell death [63]. Treatment of S. cerevisiae cells by

T-2 toxin induced externalization of phosphatidylserine,

oxidative damage to mitochondria, nucleolytic damage to

DNA, probably mitochondrial, and, ultimately, apoptot-

ic cell death [98].

Yeast cells harboring killer viruses were also shown to

induce apoptosis when incubated with uninfected or sus-

ceptible yeast cells [96].

Antifungal and antimicrobial preparations, peptides.

Plagiochin E (an antifungal active macrocyclic bis

(bibenzyl) isolated from liverwort Marchantia polymorpha

L.) induced apoptosis in C. albicans through a metacas-

pase-dependent apoptotic pathway [99]. Cells treated

with plagiochin showed typical markers of apoptosis:

chromatin condensation, nuclear fragmentation, and

phosphatidylserine exposure. Besides, plagiochin pro-

moted the release of cytochrome c and activated the

metacaspase, which resulted in apoptosis of the yeast.

The addition of L-cysteine prevented plagiochin-induced

nuclear fragmentation, phosphatidylserine exposure, and

metacaspase activation, indicating that ROS were an

important mediator of plagiochin E-induced apoptosis.

The expression of CDC28, CLB2, and CLB4 was downreg-

ulated by plagiochin. Gene CDC28 encodes Cdc28,

a cyclin-dependent protein kinase, the central coordina-

tor of the major events of the yeast cell division cycle.

Genes CLB2 and CLB4 encode cyclin B-like proteins.

Amphotericin B (a polyene macrolide antibiotic;

antifungal drug) induced an apoptotic process in biofilms

of three Candida species (C. albicans, C. krusei and C.

parapsilosis), probably activated by histone acetylation.

Externalization of phosphatidylserine, chromatin con-

densation, accumulation of ROS, DNA degradation, and

caspase activation were demonstrated [100].

Culturing the yeast C. utilis in the presence of low

doses of doxorubicin (an anthracycline antibiotic)

(25 µg/ml) caused morphological alteration of the plasma

membrane. In the presence of higher doxorubicin doses

(≥50 µg/ml), in addition to profound alterations in the

plasma membrane, changes in mitochondrial shape and

cristae organization were observed. Morphologically,

doxorubicin doses of up to 200 µg/ml produced apopto-

sis, whereas higher doxorubicin doses produced necrosis

[101].

Baicalein (one of the skullcap flavones; a compound

that was originally extracted from Scutellaria baicaleinsis

root, exhibits antioxidant, antibacterial, antiviral, and

antifungal activities) induced apoptosis in the yeast C.

albicans. Chromatin condensation and fragmentation,

increasing intracellular levels of ROS, and upregulation

of some redox-related genes (CAP1, which encodes the

transcription factor Cap1p); SOD2, the manganese SOD

gene; and TRR1, the thioredoxin reductase gene) were

observed. Finally, mitochondrial de-energization resulted

in loss of mitochondrial membrane potential accompa-

nied by the release of cytochrome c [102]. The antifungal

activity of baicalein in C. krusei isolates occurred through

perturbation of mitochondrial homeostasis without caus-

ing elevation of the intracellular ROS level and does not

involve apoptosis [103].

Acriflavine (an antiseptic fungicide agent against

parasitic infections) caused both apoptosis and necrosis

in C. utilis. Acriflavine induced uncoupling of oxidative

phosphorylation, a collapse in the electrochemical pro-

ton gradient, decrease in ATP synthesis, cell number, and

cytochrome c content, chromatin condensation, and sub-

sequent cytolysis (necrosis) [104].
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Metergoline (an antifungal agent) elicited cell death

in C. krusei (a notorious yeast species) through elevation

of the intracellular ROS level and perturbation of mito-

chondrial homeostasis, followed by damage to the nucle-

us in a concentration-dependent fashion [105].

The fungicidal piperazine-1-carboxamidine deriva-

tive BAR0329 induced caspase-dependent apoptosis in S.

cerevisiae, in which the mitochondrial fission machinery

consisting of Fis1 (an apoptotic factor), Drp1 (yeast

Dnm1, dynamin-related GTPase), and Mdv1 is involved

[106]. During mitochondrial division in yeast, Drp1 is

recruited to the outer mitochondrial membrane by a con-

served integral membrane protein, Fis1, and adaptor pro-

teins Mdv1 and Caf4. Both Dnm1/Drp1 and Mdv1 are

essential for mitochondrial fission in yeast [107].

The 26-kDa protein osmotin produced by cultured

tobacco (Nicotiana tabacum var Wisconsin 38) cells

adapted to grow under osmotic stress [108] belongs to the

family of plant protection proteins with antifungal activi-

ty in vitro and in vivo [109]. Osmotin induces apoptosis in

S. cerevisiae via a caspase-independent signaling mecha-

nism. Osmotin, being a homolog of mammalian

adiponectin, is believed to control apoptosis in yeast

through a homolog of mammalian adiponectin receptor

[109]. Osmotin-induced manifestations of apoptosis were

progressive, dependent both on duration of treatment and

osmotin concentration. After 2-h osmotin treatment, a

decrease in the number of viable cells was revealed, as well

as the appearance of cells with abnormal morphology,

enhanced ROS accumulation, fragmentation of DNA

and nucleus, membrane shrinkage and blebbing, and

increased vacuolation. Cells exhibiting increased cyto-

plasmic shrinkage, formation of cytosol fragments resem-

bling apoptotic bodies, or unusual mitochondrial mor-

phology were most common after 3-h treatments. Higher

osmotin doses produced necrosis. Accumulation of intra-

cellular ROS in S. cerevisiae induced the synthesis of pro-

teins with antioxidant properties, such as peroxidases,

catalases, and SODs. Deletion of even one of these

antioxidant proteins, namely the thioredoxin

peroxidase TSA1, resulted in increased loss of viability

and a greater proportion of the cell population presenting

apoptotic markers, such as ROS accumulation, than in

wild-type cells. Yeast cells were protected against osmotin

toxicity in the presence of N-acetyl-L-cysteine, an

antioxidant known to increase cellular pools of free radi-

cal scavengers [70, 71]. These results suggest that ROS are

effectors of osmotin-mediated apoptosis.

Bostrycin is an anthracenedione with phytotoxic and

antibacterial activity that belongs to a large family of

quinines isolated from secondary metabolites of a man-

grove endophytic fungus collected from the South China

Sea. Bostrycin inhibits S. cerevisiae cell proliferation by

blocking the cell cycle at G1 phase and ultimately leads to

cell death [110]. Bostrycin-induced lethal cytotoxicity is

accompanied by increased levels of intracellular ROS and

hallmarks of apoptosis such as chromatin condensation,

DNA fragmentation, and externalization of phos-

phatidylserine. Bostrycin induces apoptosis in yeast cells

through a caspase-independent pathway.

Psacotheasin (a 34-residue antimicrobial peptide

isolated from the yellow-spotted long-horned beetle

Psacothea hilaris) possesses an antifungal property in

opportunistic C. albicans via apoptosis. Cells treated with

psacotheasin showed diagnostic markers in yeast apopto-

sis: phosphatidylserine externalization from the inner to

the outer membrane surface, mitochondrial membrane

depolarization, increase in metacaspase activity, and

DNA fragmentation and condensation [111].

Pleurocidin isolated from skin mucous secretions of

the winter flounder Pleuronectes americanus and possess-

ing a high potency and broad-spectrum antimicrobial

activity induced apoptosis in C. albicans cells [112].

Exposure to pleurocidin caused at earlier stages activation

of yeast metacaspases, phosphatidylserine externalization,

elevated ROS accumulation, DNA fragmentation, chro-

matin condensation, depolarization of the mitochondrial

membrane, and release of proapoptotic factors [112].

Papiliocin, a 37-residue peptide isolated from the

swallowtail butterfly Papilio xuthus, induced apoptosis in

C. albicans. Cells treated with papiliocin showed a series

of cellular changes normally seen in cells undergoing

apoptosis: ROS accumulation, plasma membrane

translocation of phosphatidylserine, dissipation of the

mitochondrial membrane potential, and the presence of

active metacaspases, and DNA condensation and frag-

mentation [113].

Melittin (the principal toxic component in the

venom of the European honey bee Apis mellifera, a small

linear amphiphilic 26-residue peptide) forms voltage-

gated ion channels in planar lipid bilayers and induces

apoptosis in C. albicans [114]. Yeast cells exposed to

melittin showed increased ROS production, phos-

phatidylserine externalization, and DNA and nuclear

fragmentation.

Metal ions. At moderately toxic levels, Cu2+ and

Mn2+ induced extensive apoptosis in S. cerevisiae cells

[115]. At even higher concentrations necrosis took over.

Yeast metacaspase Yca1p is not involved in Cu-induced

apoptosis, although it plays an important role in the Mn-

induced process. Exposure of S. cerevisiae cells to 1 mM

Pb2+ resulted in severe oxidative stress, which can be the

trigger of programmed cell death by apoptosis [116]. The

addition of ascorbic acid (a ROS scavenger) strongly

reduced the oxidative stress. Very low doses of Cd2+ cause

ER stress in S. cerevisiae, DNA damage, oxidative stress,

and apoptosis [117]. Cd2+-induced ER stress and Cd2+

toxicity are a direct consequence of Cd2+ accumulation in

the ER. Cd2+ activated the calcium channel Cch1/Mid1,

which also contributed to Cd2+ entry into the cells.

Metabolites and other factors. Dwindling nutrients

trigger the altruistic death of older yeast cells [118].
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Apoptosis may also play a role in aging as prominent

markers were observed in chronologically aged cells [58,

119]. Glucose administration to chronologically aged

yeast cells resulted in a diminished efficacy of cells to

enter quiescence, finally causing superoxide-mediated

replicative stress and apoptosis [120].

Treatment of S. cerevisiae cells with high (21-23%)

ethanol concentrations for 3-h triggers apoptosis with

DNA cleavage, chromatin condensation, and Fis1-medi-

ated mitochondrial fragmentation [121].

Inositol is a precursor for numerous molecules

including inositol-containing phospholipids, inositol

esters, and phosphorylated versions of inositol playing

central roles in membrane integrity and cell signaling.

Inositol starvation in S. pombe causes cell death with

apoptotic features. This apoptotic death is dependent on

the metacaspase Pca1p [78].

Farnesol, a precursor in the isoprenoid/sterol path-

way, is involved in the inhibition of germination and

biofilm formation by C. albicans. Farnesol promotes

apoptosis in C. albicans through caspase activation with

ROS accumulation and mitochondrial degradation [122].

The exposure of S. cerevisiae cells to 13-L-hydroper-

oxylinoleic acid (LOOH) caused their death with ROS

accumulation, the degree of which was dependent on the

growth phase of the cells. Antioxidants such as melatonin

and vitamin E inhibited the LOOH-triggered cell death,

while an inhibitor of glutathione synthetase enhanced the

cell death by LOOH [123].

Low concentrations of formic acid induced apopto-

sis-like cell death in S. cerevisiae with several morpholog-

ical and biochemical changes that are typical of apopto-

sis, including chromatin condensation, DNA fragmenta-

tion, externalization of phosphatidylserine, ROS produc-

tion, loss of mitochondrial membrane potential, and

mitochondrion destruction. This process may not be

dependent on the activation of the yeast metacaspase

Yca1p [124].

Acetic acid was identified as the principle cell-

extrinsic mediator of cell death during chronological

aging [40, 80, 125-127]. Cell death was dependent on

metacaspase activation and was accompanied by typical

hallmarks of apoptosis including ROS accumulation and

DNA fragmentation, as well as by cell cycle arrest at the

S-phase (instead of G1), possibly by cytosol acidification

and by an increase in the level of protonated superoxide,

the most reactive form of ROS [128]. The antioxidant N-

acetylcysteine prevented acetic acid-induced pro-

grammed cell death by scavenging H2O2 and by inhibiting

both cytochrome c release and caspase-like activation.

Valproic acid (2-propyl pentanoic acid, widely used

in treating epilepsy and bipolar disorder) induced apopto-

sis in S. cerevisiae that was not dependent on metacaspase

Yca1p [129]. Valproic acid inhibited the growth of yeast in

a dose-dependent manner: when cells were exposed to

25 mM valproic acid, the wild-type died showing apop-

totic markers, and when cells were exposed to 50 mM val-

proic acid, the wild-type died showing morphological

features similar to those of the autophagic death, which

was not dependent on Yca1p. Schizosaccharomyces pombe

treated with valproic acid died with apoptotic markers

(DNA fragmentation, loss of mitochondrial membrane

potential, chromatin condensation) independently of

metacaspase [130]. Sensitivity to valproic acid was

strongly dependent on growth phase. Cells in a later

growth phase were much more sensitive to valproic acid

than those in an earlier one. Altering the pH of the medi-

um also caused remarkable changes in sensitivity. Cells in

an acidic medium were more sensitive to valproic acid.

Aspirin (acetylsalicylic acid) induced apoptosis in

MnSOD-deficient S. cerevisiae cells when cultivated on

the non-fermentable carbon source ethanol [131].

Aspirin had an inhibitory effect on cellular respiration

and caused the release of most of the mitochondrial

cytochrome c and a dramatic drop in the mitochondrial

membrane potential.

Membrane-permeable C2-ceramide induced apop-

totic and necrotic cell death of S. cerevisiae cells, causing

generation and over-generation of ROS upon deletion of

the mitochondrial genome [132]. Thus, mitochondrial

function is strictly required for C2-ceramide-induced

yeast lethality.

Propolis (a natural product of plant resins that is

used by bees to seal holes in their honeycombs and protect

the hive entrance) was able to induce an apoptotic cell

death response in S. cerevisiae cells [133]. Cytochrome c

but not endonuclease G (Nuc1p) was involved in the

propolis-mediated cell death in S. cerevisiae. The meta-

caspase YCA1 gene was important for propolis-mediated

cell death.

A solution of 10-µM tributyltin chloride, a widely

occurring environmental pollutant toxic to a variety of

eukaryotic and prokaryotic organisms, induced apoptosis-

like cell death in S. cerevisiae via a Yca1p-dependent path-

way, possibly downstream of ROS production, with

nuclear fragmentation and chromatin condensation [134].

Amiodarone (a pharmaceutical substance used for

treating a number of diseases) was shown to cause apopto-

sis in S. cerevisiae [135]. Amiodarone caused the appear-

ance of small and separated, slightly swollen mitochon-

dria. Chromatin displacement to the periphery of the

nucleus, nuclear sectioning, and nuclear envelope distur-

bances were observed in the cells under these conditions.

Gefitinib, a selective inhibitor of the epidermal

growth factor receptor tyrosine kinase, induced apoptotic

cell death in the S. cerevisiae through a mitochondrial-

dependent pathway in a time- and dose-dependent man-

ner [136]. When cells were exposed to 15 µM gefitinib,

typical apoptotic markers including phosphatidylserine

exposure, DNA fragmentation, ROS production, and

decrease in mitochondrial membrane potential were

observed.
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PHYSIOLOGICAL IMPORTANCE

AND USEFULNESS OF APOPTOSIS

FOR YEAST CELLS

Intensive current studies have helped to clarify the

physiological importance and usefulness of apoptosis for

yeast cells. It is now clear that microorganisms, including

yeasts, in nature preferably live in multicellular commu-

nities (e.g. biofilms, colonies) [25, 31, 137]. Yeast

colonies can be considered as a multicellular organism

that undergoes a sort of differentiation coupled to apop-

tosis. According to [138], apoptosis of yeast cells usually

occurs only in the colony center. The physical removal of

the dead zone from growing colonies caused a reduction

in growth at the colony periphery, this strongly suggesting

the altruistic (from Latin alter – another, alternative;

antonym – selfish) nature of the cell death in these social

communities (preservation of the whole colony at the

expense of death of a part of the population) and advan-

tages of cell suicide.

In some cases, advantages are obvious when apopto-

sis is induced by pheromones or aging. Elimination of

infertile (i.e. incapable of mating) and damaged cells can

offer advantages for diploid cells better (as compared to

haploid cells) adapted to changing environmental condi-

tions [45]. Removal of old and damaged cells under star-

vation enhances the chance for the rest of the population

to survive and sporulate, therefore increasing probability

for clones to survive [45]. Moreover, the increased pro-

duction of reactive oxygen species increases the likeli-

hood for generation of genetic variants that can adapt to

continuously changing conditions. Therefore, altruistic

cell death via the activation of highly conservative, self-

destructive, enzymatic machinery confers an advantage

on the population, enhancing its genetic diversity both via

sexual reproduction and somatic mutations. At the same

time, apoptosis, while limiting longevity, would favor

genetic conservatism.

ORDER OF THE MAIN STEPS

IN YEAST APOPTOSIS

A scheme of the mitochondria-mediated death cas-

cade in yeast S. cerevisiae is proposed [62] (figure).

Treatment of yeast cells (Mat α) with α-factor or amio-

darone leads to an intracellular increase in Ca2+ concen-

tration. In turn the strong boost in cytosolic [Ca2+] acts

on mitochondrial respiration, possibly by stimulating the

activity of respiratory enzymes and by increasing energy

coupling, which is followed by hyperpolarization of the

mitochondrial membrane potential (∆ΨM). Elevation of

∆ΨM promotes ROS production mainly in complex III of

the respiratory chain, which then initiates the mitochon-

drial thread–grain transition (mitochondrial fragmenta-

tion) and de-energization. This process was shown to be

dependent on a mitochondrial protein named yeast sui-

cide protein 1, or Ysp1p. It is well conceivable that sever-

al distinct inducers of yeast apoptosis acting via the mito-

chondrial pathway trigger a similar chain of events [45,

50].

ROLE OF INTRACELLULAR ORGANELLES

IN YEAST APOPTOSIS

A crucial role of mitochondria in apoptosis signaling

has been proved for animals [9]. The early studies of

apoptosis in yeasts [40, 76, 125] were performed with the

facultative anaerobe S. cerevisiae grown in the presence of

high glucose concentration, i.e. under conditions of glu-

cose repression, when the oxidative cell metabolism is

replaced with glycolytic metabolism under which fully

functional mitochondria are replaced by so-called pro-

mitochondria exhibiting reduced mitochondrial func-

tions. These data seemed to indicate that the mitochon-

drial energetic function is not always important for apop-

togenic signal transduction. However, evidence is rapidly

accumulating indicating that mitochondria play the cru-

cial role in the transduction of apoptogenic signal in

yeasts. The first evidence that mitochondria are implicat-

ed in the programmed cell death process was presented

upon induction of apoptosis in S. cerevisiae by acetic acid

[40]. The apoptosis was accompanied by the release of

cytochrome c from mitochondria into the cytosol, by sup-

pression of mitochondrial respiration, by depletion of

Order of the main steps in mitochondria-mediated yeast apoptosis

Pheromone

Synthesis of new proteins,
increase in cytoplasmic

Ca2+ concentration

Hyperpolarization of mitochondrial membrane

ROS formation in mitochondria

Fragmentation of mitochondria

Cell death
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cytochrome oxidase subunit II and cytochromes a + a3

[40], as well as by implication of mitochondrial proteins

Fis1p, Dnm1p, Mdv1p, Aif1p, Nuc1p Aac, and Por1p in

this process [37, 39, 42, 139]. Amiodarone [45], hydrogen

peroxide [139], and other drugs caused the release of the

mitochondrial cytochrome c. In accordance with these

observations, rho0 mutants lacking functional mitochon-

drial DNA and mitochondria were found to be more

resistant to apoptosis inducers [40, 89, 124]. Apoptosis

induced in Zygosaccharomyces boidinii by acetic acid was

accompanied by mitochondrial ultrastructural changes,

namely decrease in number of cristae, formation of

myelinic bodies, and swelling [125]. The importance of

functional mitochondria and respiration in determining

yeast chronological lifespan and apoptosis was confirmed

[140].

The fragmentation of mitochondria was documented

for treatments with various apoptosis inducers [39, 45, 68,

95, 121] and was proven for the heterologous expression

of Bax [141]; it is supposed to be a common trait of apop-

tosis in yeast [139]. It should be noted that mitochondri-

al fragmentation per se is attributed not only to apoptosis

but also to some other processes, e.g. autophagy. It is

thought that such fragmentation facilitates the removal of

damaged mitochondria.

The most recent studies focused also on other

organelles that are capable of participating in the trans-

duction of the apoptotic signal in animal and yeast cells,

such as ER and the vacuole.

The ER is devoted to several crucial cellular process-

es including lipid synthesis, regulation of calcium homeo-

stasis, and biosynthesis of proteins destined for either

intracellular organelles or the cell surface. The ER is the

main intracellular Ca2+ store. Overloading the cell with

Ca2+ or changes in intracellular Ca2+ stores lead to cyto-

toxic stress and the induction of apoptosis. Mitochondria

and ER are physically close and physiologically connect-

ed, which can be spectacularly demonstrated by their

mutual influence during transduction of the Ca2+ signal in

animal cells. After the inositol trisphosphate-mediated

Ca2+ release from ER, the ER–mitochondria complexes

become the sites where microdomains with a high (50-

100 µM) Ca2+ concentration segregate. These events acti-

vate the mitochondrial uniporter having a comparatively

low Ca2+ affinity. The uptake of Ca2+ by mitochondria

modulates activities of Ca2+-dependent enzymes in the

Krebs cycle and induces the Ca2+-dependent permeabi-

lization of mitochondria, which can play a significant role

in the induction of an irreversible apoptosis stage in

response to various stimuli [9].

It is known that proapoptotic proteins Bax and Bak

in animal cells are not confined to mitochondria only but

localize also to ER, and that overexpression of these pro-

teins promotes Ca2+ release from ER with a concomitant

Ca2+ uptake by mitochondria during apoptosis.

Conversely, the deficiency of Bax and Bak proteins results

in a dramatic retardation of Ca2+ uptake by mitochondria

and confers extreme cell resistance to Ca2+-dependent

inducers of apoptosis.

The ER is also the site where secretory proteins are

primarily assembled and folded. ER stress results from an

imbalance between ER client protein load and folding

capacity. Exposure of animal cells to long-chain saturat-

ed fatty acids induces apoptosis due to so-called ER

stress. Ultimately, failure to handle ER stress can result in

apoptosis, a process that is believed to contribute to fatty

acid-induced cell death. The budding yeast S. cerevisiae,

which is not routinely exposed to high-fat substrates, also

undergoes ER stress under lipotoxic conditions. In both

cell types, which may seem largely unrelated in terms of

function and physiology, the impacts of non-esterified

fatty acids (NEFA) on cell viability appear to be very sim-

ilar. In both types of organisms, the deleterious effects of

NEFA vary significantly depending on the length and the

unsaturation level of their fatty acid chain. Overall, it

appears that NEFA with long saturated chains (such as

palmitate (C16:0) and stearate (C18:0)) are highly detri-

mental to cells, whereas shorter saturated (C14:0 and

below) and long-chain fatty acids bearing at least one

unsaturation (unsaturated fatty acids (UFAs), such as

palmitoleate (C16:1), oleate (C18:1), linoleate (C18:2),

and linolenate (C18:3)) are relatively harmless. Moreover,

unsaturated fatty acids can efficiently counteract cell

death induced by saturated fatty acids [142].

It was recently shown that yeast vacuoles, which

share many similarities to plant vacuoles and mammalian

lysosomes, are also involved in the regulation of yeast

apoptosis and that the vacuolar protease Pep4p, an

ortholog of the human CatD (cathepsin D), is released

from the vacuole into the cytosol in response to acetic

acid and can trigger a mitochondrial apoptotic cascade

and necrosis [143].

RELEASE OF APOPTOTIC FACTORS

FROM MITOCHONDRIA

For animal mitochondria, two major mechanisms

for release of mitochondrial apoptotic factors from the

intermembrane space have been suggested. One involves

activation, conformational rearrangement, and insertion

in the mitochondrial outer membrane of proapoptotic

Bax, a member of the Bcl-2 family proteins. Insertion of

Bax into the mitochondrial outer membrane is a very

complicated process [144, 145] modulated by the mito-

chondrial complex of translocases of the outer membrane

[146], and it requires cardiolipin [147]. The other mech-

anism relies on increased mitochondrial conductance due

to opening of some pores in the inner mitochondrial

membranes: a nonspecific, Ca2+/Pi-dependent,

cyclosporin A (CsA)-sensitive pore (known as the mito-

chondrial permeability transition pore, mPTP), a
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megachannel with diameter of 2.6-2.9 nm enabling free

passage of molecules of <1.5 kDa [148-150]; a non-pro-

tein pore formed by Ca2+ in the presence of saturated fatty

acids (palmitate and stearate) and distinguished from the

classical pore (mPTP) by its insensitivity to CsA and Pi, a

nonselective permeability to divalent cations, and an abil-

ity to be spontaneously closed [151, 152]; a CsA-sensitive

pore induced by high extramitochondrial phosphate con-

centrations at acidic pH values [153, 154]; a CsA-sensi-

tive pore induced by anaerobiosis [155, 156]. Pore open-

ing is accompanied by dissipation of the membrane

potential, loss of the energy-transducing function of

mitochondria, disruption of ionic homeostasis, high-

amplitude swelling of mitochondria, and hence, rupture

of the outer membrane and release of proapoptotic fac-

tors located in the intermembrane space [148].

Yeast cells are lacking proteins of the Bcl-2 family

(the yeast genome does not contain genes encoding these

proteins). We still know practically nothing about the role

of cristae structural remodeling in release of apoptotic

factors from yeast mitochondria. Information on an

mPTP-like pore in yeast mitochondria has been until

recently scarce, fragmentary, and contradictory (for a

review see [157, 158]).

Very recently [157-160] we showed that mitochondria

from Yarrowia lipolytica and Dipodascus (Endomyces) mag-

nusii yeasts, which are aerobes possessing the fully compe-

tent respiratory chain with all three points of energy con-

servation and well-structured mitochondria, do not under-

go permeabilization when subjected to almost all condi-

tions known to induce permeability transition in animal

mitochondria. All our attempts to induce the Ca2+/Pi-

dependent pore in tightly-coupled, de-energized, or ade-

nine nucleotide-depleted yeast mitochondria from Y.

lipolytica and D. magnusii have failed, even when the incu-

bation medium was supplemented with agents (phenylar-

sine oxide, for example) known to promote mPTP open-

ing in mammalian mitochondria [157-160]. The general

conclusion is that yeast mitochondria are devoid of Ca2+-

dependent permeabilization; this feature makes them rem-

iniscent of protozoan mitochondria [161].

In S. cerevisiae the existence of the YMUC (yeast

mitochondrial unspecific channel) has been reported

[162-168]. The YMUC exhibited a similar cutoff size to

that of the mammalian mPTP, opened in response to ATP

addition and closed upon ATP depletion, and was active

in situ [166]. All our attempts to detect a similar channel

in mitochondria of D. magnusii and Y. lipolytica have been

unsuccessful [158]. Just the opposite, we succeeded, to

our knowledge for the first time, in revealing in mito-

chondria from Y. lipolytica and D. magnusii the existence

of an ATP-dependent K+-channel, closed, as in animal

mitochondria, by ATP and opened upon ATP depletion

[161, 169]. Moreover, according to our preliminary

results, under oxidative stress the selective ATP-depend-

ent K+-channel could be transformed into a nonspecific

pore permeable for apoptotic factors normally located in

the intermembrane space.

CONCLUSION AND PROSPECTS

Thus, there are currently known numerous factors

triggering yeast apoptosis, some pro- and antiapoptotic

factors, and the majority of morphological and biochem-

ical alterations accompanying yeast apoptosis. A crucial

role of mitochondria and other organelles in yeast apop-

tosis signaling is proved. A scheme of the mitochondrial

death cascade in yeast S. cerevisiae is proposed. In some

cases the physiological importance and usefulness of

apoptosis for yeast cells are obvious. Much progress has

been achieved toward understanding of the way for releas-

ing of apoptotic factors from mitochondria into the

cytosol, inducing the reversible stage of apoptosis.

Moreover, it has been recognized that yeasts, relatively

simple unicellular organisms, vigorously growing on sim-

ple and inexpensive media, having small and well-charac-

terized genomes, relatively easily changing their physio-

logical and genetic status, are extremely promising mod-

els for functional analysis not only of known pro- and

antiapoptotic factors, but also for revealing novel ones

[51, 170-173]. The yeast S. cerevisiae was employed to

study the apoptosis mechanisms underlying life-threaten-

ing human disorders such as Alzheimer’s disease (e.g.

[174]) and Huntington’s disease [46, 176]. As a result,

there has been a boom in research on yeast apoptosis in

the last 3-4 years: six specialized symposia have been

held, tens of reviews have appeared [50, 56, 58, 62, 89,

95, 176, 177], and a special issue of Biochimica et

Biophysica Acta was devoted to this topic.

However, some questions remain open because the

emerging picture is still incomplete and warrants further

studies. Admittedly, the current trend consists in widen-

ing rather than deepening of research on apoptosis induc-

tion. The crucial factors leading to apoptosis after its

induction by any particular agent have been fully clarified

only in few cases. Elucidation of the pathways for apopto-

genic signal transduction remains also problematic in

many cases. The first evidence for the crosstalk between

the Ca2+/calmodulin/calcineurin system and yeast apop-

tosis was deduced from study of apoptosis induced in the

calcineurin-deficient yeast mutant (cnb∆) by salt stress

[178]. It was established that calcineurin (PP2B phos-

phatase) regulates Na+ homeostasis, dephosphorylating a

transcription factor Tcn1p/Crz1p. As a result,

Tcn1p/Crz1p is translocated into the nucleus and acti-

vates transcription of many genes, including ENA1,

which encodes a P-type ATPase primarily responsible for

efflux of the cation across the plasma membrane.

Osmotin (a tobacco PR-5 protein that has antifungal

activity and is implicated in host-plant defense) induced

apoptosis in S. cerevisiae [70], and this induction corre-
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lated with intracellular accumulation of ROS due to acti-

vation of the RAS2/cAMP-dependent protein kinase,

which suppressed transcription of YRE (Yap-response

element) and STRE (stress response element) and there-

fore suppressed synthesis of enzymes of antioxidant

defense. However, such studies remain scarce. The role

of cytochrome c release from mitochondria into the

cytosol is still unclear (no apoptosomes have been found

in yeasts). It is still not known which pathways are

engaged in activation of metacaspase and what is the role

of other proteases in the transduction of apoptogenic sig-

nal.
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