
Apoptosis, or programmed cell death, is a regulated

process of cell self�killing. It plays an important role in

individual development and the maintenance of the tissue

homeostasis in multicellular organisms. Disturbances of

apoptosis regulation bring about the development of sev�

eral kinds of illnesses [1].

In multicellular organisms, every cell is ready to die

if it is necessary for the whole organism. But recent stud�

ies have indicated that programmed cell death could also

take place in primitive single�celled eukaryotes [2, 3] and

prokaryotes. What is the aim of this process in unicellular

organisms? When did programmed cell death appear in

phylogenesis? And how did cells manage to die when nec�

essary? We discuss these questions in this paper. But let us

first provide a brief review of the classical mammalian

apoptosis.

WHAT IS APOPTOSIS?

Apoptosis principally differs from programmed

necrosis [4] by several biochemical and structural charac�

teristics. Apoptosis involves separation of cells from the

matrix [5], chromatin condensation, cytoplasmic shrink�

age, plasma membrane blebbing, and swelling of the outer

mitochondrial membrane. This results in the formation of

specific apoptosis bodies, membranous vesicles with cel�

lular content consumed by macrophages and adjacent

cells. Molecular changes during apoptosis include inter�

nucleosomal DNA cleavage and randomization of the

distribution of phosphatidylserine between the inner and

outer leaflets of the plasma membrane. Macrophages

excrete specific glycoprotein MFG�E8 (milk fat globule�

EGF�factor 8), which is subjected to specific binding

with phosphatidylserine at the surface of apoptotic cells

[6]. This is probably a marker for macrophages to dis�

criminate dead cells. Such morphological and molecular

changes are observed in cells from diverse tissue types and

species [7]. In contrast, necrosis involves cell swelling,

damage to organelles, disruption of membrane integrity,

and cell lysis. Both apoptosis and necrosis are accompa�

nied by rapid ATP depletion and dramatic changes in

mitochondrial ultrastructure [8, 9].

Four principal components of apoptotic biochemical

mechanisms are usually considered: 1) Cys�Asp�proteas�

es or caspases; 2) specific “death receptors” at the cell

surface; 3) mitochondria and cytochrome c released from

them, and 4) specific pro� and anti�apoptosis proteins

[10]. Such secondary messengers as Ca2+, reactive oxygen

species (ROS), and nitric oxide (NO) are also very impor�

tant for apoptosis [11].
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MAIN COMPONENTS OF APOPTOSIS

Caspases (a family of cysteine aspartate�specific pro�

teases) play the central role in triggering apoptosis [12].

The caspases family in mammals consists of 14 proteins,

which are constantly synthesized almost in all cells in the

form of proenzymes (zymogens) that are activated during

apoptosis. Procaspases (32�56 kD) contain four domains:

N�terminal domain, larger (17�21 kD) and smaller (10�

13 kD) subunits, and a short linker region between the

large and small subunits [12]. Caspase activation involves

proteolytic processing of the proenzyme at specific aspar�

tate residues between the domains, resulting in removal of

the N�terminal domain as well as the linker region and

formation of a heterodimer containing one large and one

small subunit [13]. The active caspase is a tetramer com�

posed of two such heterodimers [14].

Evidence for the sequential activation of caspases has

lead to the concept of a caspase cascade [15]. This cas�

cade begins with autocatalytic activation of initiator cas�

pases that, in turn, transmit the signal by cleaving and

thereby activating the downstream effector caspases [16].

There are initiator caspases (procaspase�2, �8, �9, �10,

�12) and effector caspases (procaspase�3, �6, �7).

Cleavages by effector caspases result in diminished

integrity of the actin and intermediate filament networks

within the cell, inhibition of protein synthesis, and acti�

vation of DNase [17]. Other caspases (procaspase�1, �4,

�5, �11, �13) are not involved in apoptosis [12]. They are

involved in inflammatory processes and, along with the

effector caspases, in the proliferation of T�lymphocytes

and terminal differentiation of epithelial cells of the lens

and keratinocytes [14, 18].

Cell�surface “death receptors”. Apoptosis is rapidly

induced in mammals by activation of “death�inducing

signaling complexes” at the plasma membrane. They are

formed when extracellular ligands, such as Fas and TNF

(tumor necrosis factor), interact with cell surface recep�

tors belonging to the cysteine�rich tumor necrosis factor

receptor (TNFR) gene superfamily [10], called the

“death receptors”. The death receptors Fas (also called

CD95 or Apo1) and TNFR1 (also called p55 or CD120a)

are two of the best characterized. They trigger activation

of caspase�8 through the formation of a death�inducing

signaling complex containing a death receptor, adapters

such as TRADD (tumor necrosis factor receptor�1�asso�

ciated protein with death domain) and FADD (Fas�asso�

ciated protein with death domain)/MORT1, and the pro�

caspase�8 [16]. Activated caspase�8 is released into the

cytoplasm and initiates a protease cascade that activates

downstream effector caspases, including caspase�3 [19].

Caspase�3 is the convergence point of the death receptor

and mitochondrial pathways of caspase activation [12]

(figure).

Mitochondria have emerged as the central processing

organelles in the majority of apoptotic pathways in mam�

mals. Signals from cell surface death receptors or from

damaged sites converge on mitochondria, leading to per�

meabilization of both mitochondrial membranes, dissipa�

tion of the inner membrane transmembrane potential

(∆Ψm), and release of apoptosis�related proteins such as

apoptosis�inducing factor (AIF) [20], SMAC (second

mitochondria�derived activator of caspases), and certain

procaspases from the intermembrane space.

The release of these proteins results from the open�

ing of a large conductance channel known as the perme�

ability transition pore complex (PTPC), which is formed

at contact sites of the outer and inner mitochondrial

membranes. The PTPC is thought to be comprised of at

least three transmembrane proteins: the 30�kD inner

membrane adenine nucleotide translocator; the 32�kD

outer membrane voltage�dependent anion channel or

mitochondrial porin, and the 18�kD outer membrane

peripheral benzodiazepine receptor [21�23]. There is also

evidence for the association of other proteins with the

PTPC: members of the Bax/Bcl�2 family, cyclophilin D,

and enzymes of energy metabolism, such as hexokinase

and mitochondrial creatine kinase. Binding of Ca2+ is

accompanied by the formation of the permeability transi�

tion pore with diameter 2.6�2.9 nm, which could transmit

low�molecular�weight substances with Mr ≤ 1500, bring�

ing about rapid release of Ca2+, reduction of ∆Ψm, and

high�amplitude mitochondrial swelling [21�24]. Opening

of the permeability transition pore is stimulated by sever�

al factors, such as inorganic phosphate, prooxidants, SH�

reagents, and depletion of the mitochondrial ATP pool.

On the contrary, Mg2+ [25], adenine nucleotides [21, 24],

antioxidants, spermine [26], and cyclosporin A [27] facil�

itate the closure of the pore. The opening of the Ca2+ �

dependent permeability transition pore is considered as a

way of efficient removal of the cations from mammalian

mitochondria when the concentration of free Ca2+

([Ca2+]in) reaches high values and as a key event in trig�

gering apoptosis [1, 21, 24, 28] and necrosis [29, 30] of

animal cells.

Cytochrome c, released from the intermembrane

space of mitochondria into the cytosol together with spe�

cific apoptotic proteins, binds to Apaf�1 (apoptotic pro�

tease activating factor�1) to form the apoptosome com�

plex and initiate activation of the cascade of caspases.

With the aid of Smac/DIABLO and Omi/HtrA2 (Omi

stress�regulated endopeptidase/high temperature requi�

rement protein A2), cytochrome c triggers Apaf�1�de�

pendent activation of caspase�9 [31]. Caspase�9 cleaves

and activates procaspase 3 and 7 (figure); these effector

caspases are responsible for the cleavage of various pro�

teins leading to biochemical and morphological features

characteristic of apoptosis [32].

Cytochrome c is bound to the inner membrane by

anionic phospholipids, primarily cardiolipin. This bind�

ing involves at least two conformations: i) a loosely bound

conformation provided by electrostatic (i.e., ion–ion
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A common scheme of classical mammalian apoptosis (based on the scheme from [11]). ROS and Ca2+ activate the opening of the mito�

chondrial permeability transition pore, which causes swelling, rupture of the outer membrane, and the release into the cytoplasm of

cytochrome c and AIF. Cytochrome c forms a complex with cytosolic Apaf�1, Smac/DIABLO, and procaspase�9, producing active cas�

pase�9. This in turn activates procaspase 3 and 7. Caspases activation processes are blocked by inhibitors of apoptosis proteins (IAP), which,

in turn, are inhibited by Smac/DIABLO. Caspase�12 could activate caspase�9 without participation of cytochrome c [39]. Procaspases 3

and 7 are also activated by caspase�8, which, in turn, are activated by so�called “death inducing signal complexes” in plasmalemma. They

consist of the “death receptor” and specific adaptor, interacting with procaspase�8. Interacting with them FLIP protein blocks activation

of caspase�8 [18]. Caspase�8 releases activated cathepsin B from lysosomes; further one of them (cathepsin B or caspase�8) activates by par�

tial cleaving of cytosolic protein Bid. Then activated protein tBid activates another proapoptotic protein Bax. Interacting with mitochon�

drial protein porin, it forms channels for cytochrome c and AIF in the outer mitochondrial membrane [41]. AIF directs immediately to the

nucleus and causes DNA degradation. Bcl�2 prevents the release of cytochrome c from mitochondria. (In contrast, Bax stimulates it via

channel formation.) P53 activates PUMA. Then PUMA stimulates cytochrome c release via Bcl�2�binding [44]. NO blocks apoptosis via

selective nitrosylation of effector caspases [11]
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interaction with positively charged lysine residues of

cytochrome c and negatively charged phosphate groups of

cardiolipin [33]), and ii) a tightly bound conformation

wherein hydrophobic interactions accompany a loosen�

ing of the tertiary structure, resulting in partial embed�

ding of the protein into the membrane [34].

In either case, because of its association with cardio�

lipin, it seems that permeabilization of the outer mem�

brane alone would be insufficient to stimulate the release

of cytochrome c. Electrostatically bound cytochrome c is

mobilized by changes in ionic strength, surface�charge

density, or pH [35], and hydrophobically bound when

mitochondrial lipids are subjected to oxidative modifica�

tion [36].

Thus, mitochondria are not only the powerhouse of

energy generation within the eukaryotic cell but they also

play a major role in inducing apoptotic cell death through

the release of redox proteins such as cytochrome c and

AIF. AIF homologs are present in animals and plants,

eubacteria, and archaebacteria [37]. Recent evidence

indicates that some present day prokaryotes release redox

proteins that induce apoptosis in mammalian cells

through stabilization of the tumor suppressor protein p53.

This is very interesting within the context of the symbiot�

ic theory of the origin of mitochondria [38].

Nonetheless, cytochrome c is not always necessary

for the apoptosis chain [9]. For example, apoptosis of car�

diac tissue is not accompanied its release from the inter�

membrane space [9]. Caspase�12 could activate caspase�

9 even without its participation [39] (figure).

It was shown on isolated liver mitochondria that

cytochrome c release occurs by distinct mechanisms that

are either Ca2+�dependent or Ca2+�independent [40]. In

the first case, mitochondrial Ca2+ overload promotes the

opening of the permeability transition pore. This

increased permeability of the inner mitochondrial mem�

brane leads to matrix swelling, rupture of the outer mito�

chondrial membrane, and the release of cytochrome c.

Ca2+�independent cytochrome c release seems to be gov�

erned by different members of the Bcl�2 family of pro�

teins (B�cell leukemia�2).

Bcl�2 family proteins. Bcl�2 family members regulate

apoptosis, induced by many apoptotic stimuli, primarily

at the level of the mitochondria. Anti�apoptotic members

of this large protein family include Bcl�2, Bcl�xL, Bcl�w,

Mcl�1, Al, and Boo; whereas pro�apoptotic members

include Bax, Bad, Bok, Bcl�xS, Bak, Bid, Bik, Bim, Krk,

and Mtd.

Cytosolic Bid (p22) is cleaved by caspase�8 activated

by the death receptors and lysosomal cathepsin proteases.

The resulting protein, truncated Bid (t�Bid), then

changes the conformation of another pro�apoptosis pro�

tein, Bax, which integrates into the membrane and forms

a complex with porin. They form ion channels, so that

cytochrome c and other proteins are released from the

intermembrane space [41] (figure).

Proteins of this family are usually linked with the

cytoskeleton and after the inductions of apoptosis are

transmitted to mitochondria where they deactivate anti�

apoptosis proteins integrated in their membranes. Bcl�xL

and Bax can form ion channels in artificial membranes,

suggesting regulation of apoptosis via the formation of

pores. Bcl�2 acts as an antioxidant and blocks the release

of cytochrome c (figure). It is hypothesized that the ratio

between pro� and anti�apoptosis members of the family

determines whether the cell will live or die [9].

Cathepsin B (cat B), a lysosomal cysteine protease,

has recently been implicated in mammalian apoptosis.

Caspase�8 caused release of active cat B from purified

lysosomes and that cat B, in turn, increased cytosol�

induced release of cytochrome c from mitochondria [42]

(figure).

P53 is involved in the induction of apoptosis caused

by DNA damage, activation of oncogenes, and hypoxia

[43] interacting with Bax, stimulating the death receptors

and activating apoptosis genes. p53 activates so�called

PUMA (p53 upregulated modulator of apoptosis), which

then binds Bcl�2, thereby stimulating the release of

cytochrome c from mitochondria [44] (figure).

Several Ca2+�binding proteins, for example apopto�

sis�linked gene�2 (ALG�2), take parts in apoptosis too.

ALG�interacting protein X (Alix), also known as AIP1,

may regulate apoptosis since it binds ALG�2 [45]. The

molecule ALG�2 includes sorcin, peflin, grancalcin, and

calpain [46].

Unlike caspases and cathepsins, calpains specifically

cleave proteins containing a region rich in proline, aspar�

tate, serine, and threonine residues called PAST motifs

[47]. They include DNA ligase III [48] containing such a

motif in the N�terminal portion. Additionally, calpains

release caspases from bound inhibitors of apoptosis pro�

teins [49].

Inhibitors of apoptosis proteins. Because of the

potentially dire consequences of inadvertent caspase acti�

vation, caspase activity within cells is tightly regulated. A

family of polypeptides known as IAPs (inhibitors of apop�

tosis proteins) has been implicated in this process. First

identified in baculoviruses [50], IAPs homologs have

been found in eukaryotic species from yeast to mammals

[51]. In mammals, there are currently eight known IAP

family members, all of which contain from one to three

~70�amino�acid BIR (baculoviruses inhibitor of apopto�

sis repeat) domains [52]. X�Chromosome linked IAP

(XIAP) [53] and cellular inhibitors of apoptosis protein

(cIAP1,2) each having three N�terminal BIR domains

followed by a C�terminal RING (really interesting new

gene) finger that has ubiquitin�ligase activity [54]. X�

Chromosome linked IAP and cellular inhibitors of apop�

tosis protein (cIAP1,2) have been shown to inhibit cas�

pases 3, 7, and 9 [55]. Zinc finger�like BIR domains

directly bind to active caspases, allowing BIR linker

sequences to block the caspase�active sites [56]. The
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RING domain mediates caspase ubiquitination and

degradation [57]. The 76�amino�acid�residue protein

ubiquitin represents a kind of “black mark”, because the

proteins bound it are subjected to proteolysis [58].

As in the case with other protease inhibitors, XIAP,

cIAP1, cIAP2 are themselves subject to negative regula�

tion. In particular, the 25�kD mitochondrial polypeptide

Smac/DIABLO (direct IAP�binding protein with low pI)

has been shown to bind these IAPs and disrupt their bind�

ing to caspases [59]. During apoptosis, Smac/DIABLO is

released from mitochondria into the cytosol, where it

binds to IAPs and facilitates caspase activation [60].

Omi/HtrA2 binds IAP proteins and also suppresses their

ability to inhibit caspases [61]. At high molar excess, cas�

pase�3 and �7 can also overcome XIAP inhibition and

cleave XIAP [62].

Recent data suggest that XIAP and cIAP1 and �2

could resist the inhibitor effect of Smac/DIABLO by

binding ubiquitin [63, 64]. One isoform of Smac/DIA�

BLO, Smac3, in turn, stimulates ubiquitin binding to

XIAP [65]. Another endogenous caspases inhibitor, FLIP

(FLICE�inhibitory protein), bounds with the death

inducing signal complexes, blocking the activation of cas�

pase�8 and the transmission of pro�apoptotic signal from

the TNFR family death receptors [18].

ROS, Ca2+, and nitric oxide in triggering of apoptosis.
The production of ROS is associated with many forms of

apoptosis [66]. In multicellular organisms, ROS could be

in the beginning or at the end of the programmed death

process. In apoptosis caused by ischemia, ROS acts

before Bax and caspases [67]. In such cases, ROS scav�

enging prevents the activation of caspases, indicating that

ROS not only cause the damage, but also act as signaling

molecules [68]. ROS could become involved in apoptosis

at its later stages. The absence of K+, leading to hyperpo�

larization of plasmalemma, increasing [Ca2+]in and caus�

ing cell swelling, induced apoptosis in cerebellum neu�

rons, bringing about ROS generation. Actinomycin D,

cycloheximide, and caspases inhibitors prevented ROS

production, suggesting that it is the result of transcrip�

tion, translation, and posttranslational modification of

procaspases [69, 70].

Mitochondrial Ca2+ uptake is an early and necessary

event in both apoptosis and necrosis [8]. It has been

shown by many authors that Ca2+ and ROS levels are

closely related with each other, at least in multicellular

organisms. Increase in [Ca2+]in brings about the activation

of several ROS�inducing enzymes, including the stimula�

tion of ROS formation in the respiratory chain of mito�

chondria [71]. Treatment of nervous cells with 3�nitro�

propionic acid (3�NP, an irreversible inhibitor of succi�

nate dehydrogenase, increasing the production of O2
·–

and, as a consequence, H2O2 and ONOO– by mitochon�

dria) causes rapid increase in [Ca2+]in. Chelator of intra�

cellular Ca2+ BAPTA AM prevents apoptosis caused by 3�

NP. Nifedipine (an inhibitor of L�type Ca2+�channels in

cytoplasmic membrane) and dantrolene (an inhibitor of

Ca2+ release from endoplasmic reticulum) significantly

reduced 3�NP�induced apoptosis [72].

ROS and high intramitochondrial Ca2+ may act

together to trigger the opening of the mitochondrial per�

meability transition pore (mPTP) [73]. Mitochondrial

membrane permeability transition induced by inorganic

phosphate, uncouplers, or prooxidants such as t�butyl

hydroperoxide and diamide is caused by a Ca2+�stimulat�

ed production of ROS by the respiratory chain [74].

Studies with submitochondrial particles have demon�

strated that the binding of Ca2+ to these particles induces

lipid lateral phase separation. This condition leads to dis�

organization of respiratory chain components, favoring

ROS production and consequent protein and lipid oxida�

tion. The ROS attack to membrane protein thiols pro�

duces cross�linkage reaction, which may open membrane

pores upon Ca2+ binding [74].

Thus, ROS activate the opening of the mPTP, which

causes swelling, rupture of the outer membrane, and the

release into the cytoplasm of several intermembrane pro�

teins: cytochrome c, procaspase 9, and AIF. Cytochrome

c forms a complex with cytosolic Apaf�1 and procaspase�

9, producing active caspase�9. This in turn activates pro�

caspase 3 and 7. Caspases activation processes are

blocked by inhibitors of apoptosis proteins (IAP), which,

in turn, are inhibited by Smac/DIABLO. Caspase�12

could activate caspase�9 without participation of

cytochrome c [39]. Procaspases 3 and 7 are also activated

by caspase�8, which, in turn, are activated by so�called

“death inducing signal complexes” in plasmalemma.

They consist of the “death receptor” and specific adaptor,

interacting with procaspase�8. FLIP protein blocks acti�

vation of caspase�8 [18].

Caspase�8 releases activated cathepsin B from lyso�

somes; further one of them (cathepsin B or caspase�8)

activates by partial cleaving cytosolic protein Bid. Then

activated protein t�Bid activates another pro�apoptotic

protein Bax. Interacting with mitochondrial protein

porin, it forms a channel for cytochrome c and AIF in the

outer mitochondrial membrane [41].

AIF directs immediately to the nucleus and causes

DNA degradation. Bcl�2 prevents the release of

cytochrome c from mitochondria. NO blocks apoptosis

via selective nitrosylation of effector caspases [11].

Mitochondria are destroyed in the process of apoptotic

proteins release. The overall scheme of classical apoptosis

is presented in the figure (based on the scheme from

[11]).

IS DEATH MACHINERY

EVOLUTIONARILY CONSERVED?

Genetic analysis of programmed cell death in

Caenorhabditis elegans has led to the identification of 13
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genes that constitute a developmental pathway of pro�

grammed cell death. Two of the three key genes in this

pathway, ced�9, a cell death suppressor, and ced�3, a cell

death inducer, were found to encode proteins that share

structural and functional similarities with the mammalian

proto�oncogene product Bcl�2 and interleukin�1β�con�

verting enzyme (caspase�1), respectively. These results

suggest that the genetic pathway of programmed cell

death may be evolutionarily conserved from worms to

mammals, at least [75]. In relatively primitive Cnidarians,

apoptotic cell death plays an important role in morpho�

genesis and reproduction. A caspase�3�like enzyme has

been found in the Cnidarian Hydra vulgaris [76].

Furthermore, Bcl�2 related proteins and death receptors

have been shown to exist even in sponges [76]. Recent

findings indicate that programmed cell death take place

also in single�celled eukaryotes [2] and prokaryotes [3].

Let us review the programmed death processes in unicel�

lular organisms from bacteria to ciliates.

APOPTOSIS IN UNICELLULAR ORGANISMS

AT DIFFERENT LEVELS OF PHYLOGENY

Prokaryotes. The best understood example of non�

animal cell suicide occurs in bacteria. As in metazoa, pro�

grammed cell death plays an important role in a number

of developmental processes in bacteria, such as lysis of the

mother cell in sporulation, lysis of vegetative cells in

myxobacterial fruiting body formation, and DNA trans�

formation liberated from cells of streptococci undergoing

spontaneous autolysis [2]. In sporulating Bacillus subtilis,

the mother cell is actively lysed prior to release of the

spore. Three autolysins have been identified that partici�

pate in mother cell lysis [2]. Fruiting body formation and

sporulation in Myxococcus xanthus is another example of

controlled death aiding development. “Autocides”, which

include fatty acids as well as glucosamine, induce autoly�

sis in dense cultures of M. xanthus and are required for

normal fruiting body development and sporulation. The

pathway leading from these inducers to autolysis is not

known, and neither is the exact role of autolysis in devel�

opment. Most likely, lysis of vegetative cells is altruistic

suicide, and the released nutrients feed the fruiting body

and developing spores [2]. In several species, autolysis is

part of a well�controlled mechanism of natural transfor�

mation. Cells that did not lyse pick up the released DNA.

Interestingly, the gene for the main autolysin in

Streptococcus pneumoniae, lytA, is located in the same

operon with recA, which is responsible for homologous

recombination with the incoming DNA. Both RecA and

LytA are induced by the quorum�sensing factor, a peptide

pheromone that accumulates at high cell density [2]. A

considerable body of data suggests that microorganisms

also evolved programmed death of defective cells. So,

some strains of Escherichia coli produce an inactive form

of a protease. If a particular phage infects them, one of

the phagal polypeptides binds to the protease and acti�

vates it. The activated protease cleaves and inactivates a

bacterial translation factor (EF�Tu), shutting down syn�

thesis and killing the bacterium, thereby curtailing phagal

multiplication and protecting the nearby E. coli popula�

tion from infection. Although this bacterial death pro�

gram shares a number of features with caspase�dependent

apoptosis in animal cells, the proteases involved in the

two programmed processes are unrelated [77]. It has been

found that E. coli has at least two more mechanisms of the

same function. One of them includes the identical events

in the beginning of the suicide cascade, but the final

product is the tRNALys�specific ribonuclease instead of

the EF�Tu�specific protease. The second suicide mecha�

nism was found to produce the RexA and RexB proteins

where the former is a phage DNA receptor, the latter

being an ion channel activated by the DNA·RexA com�

plex. The channel is assumed to dissipate all the ion gra�

dients of the bacterial membrane and, as a result, kills the

cell. Interestingly, all these systems are encoded by “par�

asitic” elements of the E. coli DNA including prophages

and plasmids [77] and are likely maintained by natural

selection. Several eukaryotic apoptotic proteins have

homologs in bacteria. A domain responsible for interac�

tion of some apoptotic proteins shows up in Streptomyces,

B. subtilis, Synechocystis sp., and Rhizobium spp., and cas�

pase homologs are found in Streptomyces spp. In the

absence of functional data, it is not possible to decide

whether these proteins are involved in programmed cell

death in bacteria or have other functions [2].

Autotrophic flagellates. Recent observations concern

programmed cell death in the dinoflagellate Peridinium

gatunense. Its cell death is induced by oxidative stress,

confirming the evolutionarily ancient link between ROS

and cell suicide. Catalase inhibited cell death in culture.

P. gatunense exhibits typical markers of apoptosis, DNA

fragmentation, and protoplast shrinkage. A cysteine pro�

tease inhibitor E�64 prevents cell death, indicating that a

protease participates in the suicide program, similar to

the situation in higher animals [78]. A unicellular chloro�

phyte alga Dunaliella tertiolecta undergoes apoptosis in

the absence of light. Many morphological criteria of

apoptotic cell death were observed, including an increase

in chromatin margination, degradation of the nucleus,

and DNA fragmentation. Caspase�specific inhibitors

inhibited the caspase�like activities. Antibodies against

mammalian caspases cross�reacted with specific proteins

in the alga. The expression of these proteins correlated

with the beginning of cell death [79].

Heterotrophic flagellates. A parasitic protozoan

Leishmania major, a representative of an ancient genus of

unicellular eukaryotes, contains only a single giant mito�

chondria, making it a very convenient object for studies.

Staurosporine, a protein kinase C inhibitor [80], causing

apoptosis in mammalian cells, was effective in L. major,
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bringing about the formation of vesicles, phosphatidylser�

ine redistribution, reduction of mitochondrial ∆Ψm,

release of cytochrome c, and at the level of the nucleus,

margination and degradation of chromatin and DNA

fragmentation, prevented by inhibitors of cysteine pro�

teases. Extract of L. major cytoplasm caused characteris�

tic of apoptosis changes in isolated mammalian nuclei,

pointing to the presence of AIF�like proteins. L. major

isolated mitochondria lost cytochrome c during incuba�

tion with human recombinant Bax even when Bax was

deleted of its transmembrane domain required for inte�

gration into the outer membrane of mitochondria.

Therefore, L. major could express proteins that can inter�

act with Bax. Thus, the involvement of cysteine proteases

and mitochondria in cell death may have quite ancient

origin [81]. Incubation with 4 mM H2O2 caused apopto�

sis�like death of Leishmania donovani, involving chro�

matin margination, nuclear condensation, DNA frag�

mentation, and reduction of the cell volume. The motili�

ty and survival of the parasites reduced with increasing

concentration of H2O2. After a 30�min exposure, the abil�

ity of cellular lysates for cleavage of caspase substrates sig�

nificantly increased. Specific inhibitor of caspases

reduced the number of cells with characteristic traits of

apoptosis. Therefore, these protozoa have caspase�like

proteins, activated by oxidative stress [82]. Induction of

apoptosis by H2O2 brought about dose� and time�related

loss of mitochondrial ∆Ψ, accompanied by reduction in

reduced glutathione and ATP, but not opening of the per�

meability transition pore. The blocker of the permeabili�

ty transition pore cyclosporine A did not prevent the ∆Ψm

loss, but antioxidant N�acetylcysteine, SH�glutathione

precursor [83], facilitated the recovery of the normal ∆Ψm

level and prevented the cell death [84]. The death of

ookinets accompanied by typical morphological and bio�

chemical traits of apoptosis, including caspase activity in

the cytoplasm, was also observed in the malaria plasmod�

ium Plasmodium berghei [85]. This death was not simply

caused by environmental factors but was spontaneous,

occurring prior to the penetration into the primary host

mosquito gut as well as in vitro. It is likely that the para�

site controls its population density with this mechanism

[85]. In spite of the external similarity of apoptosis in

multicellular organisms and parasitic kinetoplastids, lyso�

somal cathepsins have not been found in the latter [86].

Yeasts. When the complete genome sequence of

Saccharomyces cerevisiae became available [87], no rela�

tives of the most central players in apoptosis—e.g., the

caspases, members of the Bcl�2/Bax family, or Apaf�1—

were found. In 1997, a yeast mutant dying with a typical

apoptotic phenotype (exposition of phosphatidylserine,

margination of chromatin, and formation of cell frag�

ments) was found. This phenotype was caused by a point

mutation of CDC48 (cdc48S565G), coding for a S. cere�

visiae protein and involved in vesicle fusion [88]. Deletion

of ASF1/CIA1, a gene coding for a histone chaperone,

also results in yeast apoptotic cell death following an

arrest at the G2/M transition. Moreover, a reduction in

the mitochondrial membrane potential, dysfunction of

the mitochondrial proton pump, and release of

cytochrome c into the cytoplasm was observed [89].

Hydrogen peroxide treatment induces apoptosis together

with a caspase�like enzymatic activity in yeast. The

inhibitor of cytoplasmic translation cycloheximide,

antioxidants, and hypoxia prevented it. This suggests that

ROS generation was originally the key event of apoptosis

[90]. Ageing mother cells of S. cerevisiae, passed more

than 20 cleavages, produced ROS [91]. These cells dif�

fered from their younger offspring by larger size (10�15

versus 5�7 µm), retarded protein biosynthesis, and uneven

surface. Furthermore, they demonstrated typical traits of

apoptosis—chromatin fragmentation and phos�

phatidylserine redistribution [91]. Apoptosis inducing

treatment with H2O2 caused caspase activity in yeast,

which completely disappeared after knockout of the

yor197w gene and significantly facilitated by super�

expression of this gene. A product of the yor197w gene,

called Yeast Caspase�1 (YCA1) [92], is responsible for the

ageing of the culture, emphasizing the adaptive signifi�

cance of elimination of old cells. The absence of the pro�

tein coded by ygl129c prevented YCA1�induced apopto�

sis. This protein is an analog of a mitochondrial protein of

animals, DAP�3, involved in cytokine�dependent apop�

tosis [93]. Functional mitochondria are needed for apop�

tosis in yeast [94, 95]. Inactivation of telomere�binding

protein Cdc13 by mitochondrial protein MTCO3 caused

caspase�dependent apoptosis in S. cerevisiae, pointing to

active participation of yeast mitochondria in apoptosis

processes [96]. Bcl�2 family proteins have not been found

in yeast. Nonetheless, mammalian pro�apoptotic protein

genes expressed in yeast cause their programmed death.

For example, expression of pro�apoptotic protein Bax

controlled by the GAL10 promoter caused galactose�

induced death of S. cerevisiae cells [97]. Thus, yeasts rep�

resent a unique model, allowing studies of the role of

mitochondria in apoptosis at the molecular level [98]. It

was yeast models that showed the necessity of C�terminal

transmembrane domain of Bax for its cytotoxic effect

[97]. They also revealed a new suppressor Bax blocking its

integration into the mitochondrial membrane, Ku70

[99].

The expression of either of two mammalian pro�

apoptotic Bcl�2 family members, Bax and Bak, in S. cere�

visiae and Schizosaccharomyces pombe results in cytotoxi�

city, with similar characteristic phenotypes in each case

[100]. Bax�expressing S. cerevisiae showed margination of

chromatin at the nuclear envelope, extensive DNA cleav�

age, membrane blebbing, and externalization of phos�

phatidylserine at the plasmalemma. Simultaneous

expression of Bcl�2 or Bcl�xL that inhibit apoptosis in

animals prevented Bax�induced cell death [101]. In addi�

tion, Bcl�2 expression protected S. cerevisiae from death
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caused by oxidative stress [102]. A Bax�resistant mutant

with reduced quantity of Uth1p protein was obtained.

The absence of this protein did not affect the integration

of Bax into the outer membrane of mitochondria and the

release of cytochrome c, but prevented oxidation of mito�

chondrial membrane lipids and ROS production.

Absence of Uth1p brought about resistance to rapamycin,

a specific inducer of autolysis [103]. In S. pombe, Rad9

protein (SpRad9) containing an amino acid sequence

required for SpRad9–Bcl�2 interaction was found.

Overexpression of Bcl�2 in S. pombe cells increased resist�

ance of Rad9�free mutants toward UV irradiation and

ionizing radiation [104]. Recently, one more Rad9

homolog was found which is specific for budding yeast

[105]. Genes of apoptosis inhibition proteins (IAP) have

been found in genomes of S. pombe and S. cerevisiae

[106]. In rich medium, mutant of S. cerevisiae lacking

them underwent normal vegetative growth and mitosis.

However, on starvation, its diploid cells were poor to

develop spores, instead undergoing pseudohyphal differ�

entiation. Most of the developing spores did not sustain

more than two divisions after germination. Spores of the

same mutant S. pombe died at early stages of cleavage

after spore germination, terminating at the transition

between metaphase/anaphase because of an inability to

form normal mitotic spindles [106]. A protein similar to

mammalian HtrA�protein has been recently found in S.

cerevisiae (in mammals, it is an antagonist of XIAP [61]).

This protein was named Nma111p (nuclear mediator of

apoptosis). Cells lacking this protein better survive at

50°C and show no traits of apoptosis caused by H2O2.

Overexpression of Nma111p, on the contrary, caused

apoptosis [107]. The programmed cell death of yeasts

could be induced by a natural substances released by these

organisms. Thus, programmed cell death process sharing

common features with an apoptotic phenotype can be

induced by acetic acid in S. cerevisiae. Acetic acid (20�

80 mM) caused chromatin condensation along the

nuclear envelope suppressed by cycloheximide in S. cere�

visiae, phosphatidylserine redistribution, and DNA

strand breaks [108]. Furthermore, there were ROS gener�

ation and the translocation of cytochrome c into the cyto�

plasm and reduction of oxygen consumption and ∆Ψm

value [109]. The death of cells caused by 120�200 mM

acid was not suppressed by cycloheximide and was

accompanied by ultrastructural changes typical of necro�

sis [108]. The effects of acetic acid on cells of Candida

ablicans [110] and Zygosaccharomyces bailii were similar

[111]. Apoptosis in C. ablicans was caused by 40�60 mM

acid and in Z. bailii, by 320�800 mM acid; higher con�

centrations in each case caused necrosis. α�Factor, a

pheromone peptide produced by the α�type haploid cells

of S. cerevisiae, at concentration below 1 µM forced yeast

of the opposite mating type (a) to conjugate with the α�

type yeast whereas its higher concentration arrested the a

cell cycle and caused their apoptosis [112]. The

pheromone�induced death was accompanied by appear�

ance of typical features characteristic of apoptosis in ani�

mals. A mutation in the pheromone protein kinase cas�

cade prevented both death and appearance of apoptotic

markers [93].

Cytochrome c of yeast, however, did not activate cas�

pases in cytosolic extracts of amphibians and mammals.

This could be accounted for by almost 45% difference

between the amino acid sequences of cytochrome c in

mammals and yeast; the affinity of mammalian

cytochrome c to Apaf�1 is very high (K = 1011 M–1),

which is probably associated with strict specificity of their

interaction. The absence of apoptosis activity of yeast

cytochrome c is caused by its structural characteristics,

precluding the interaction with Apaf�1 [113]. The

chimerical block consisting of cytochrome c and GFP

(green fluorescent protein) could function normally in S.

cerevisiae in the electron transfer chain, but, unlike its

natural analog, was not released into the cytoplasm dur�

ing the expression of Bax. Nonetheless, cells expressing

Bax were subjected to apoptosis, indicating that the

excretion of cytochrome c is not necessary for its induc�

tion [114].

Yeasts differ from all other unicellular organisms

considered by receptor interacting protein (RIP), inter�

acting with Fas and the mammalian intracellular domain

TNFR1. C�Terminal part of RIP contains so�called

death domain, which is present in within�cell domains

Fas and TNFR1. RIP overexpression caused morpholog�

ical traits of apoptosis [115].

Slime molds. The multicellular development of the

single celled eukaryote, the slime mold Dictyostelium dis�

coideum, is induced by starvation and consists of initial

aggregation of the isolated amoebae, followed by their

differentiation into viable spores and dead stalk cells.

These stalk cells retain their structural integrity inside a

stalk tube that support the spores in the fruiting body.

Terminal differentiation into stalk cells has been shown to

share several features with programmed cell death.

Dictyostelium cell death in its normal development is sim�

ilar to classical apoptosis in that some cytoplasmic and

chromatin condensation occurs but differs from apopto�

sis because it involves massive vacuolization and, interest�

ingly, lacks DNA fragmentation [116]. Caspase inhibitors

did not affect cell death, although some caspase inhibitors

(DEVD�fmk) block the development of fruiting bodies

[117]. Investigating the genome of amoebae shows that

only a limited number of the proteins involved in mam�

malian apoptosis have homologs in Dictyostelium. A

Dictyostelium homolog of mammalian AIF that is local�

ized in mitochondria and is translocated from the mito�

chondria to the cytoplasm and the nucleus after the onset

of cell death has been recently found [118]. Two

homologs, Dd�ALG�2a and �2b, of the mammalian

Ca2+�binding protein ALG�2, and homolog of its binding

partner, Alix, have been found in the Dictyostelium.
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Murine Alix formed a heterodimer with �2a but not with

�2b, and the interaction was strictly dependent upon

Ca2+. The genes encoding both proteins, Dd�ALG�2a

and �2b, were expressed in growing cells. The levels of

mRNA were at maximum during aggregation and

decreases rapidly thereafter. In contrast, the levels of the

proteins remained fairly stable. Simple and double

knockouts of Dd�ALG�2a/2b produced no obvious

developmental phenotype, but an Alix�null mutant had a

strong defect in development of fruiting bodies [46]. In

the absence of aggregation and differentiation, D. dis�

coideum can undergo another form of programmed cell

death that closely resembles apoptosis of most mam�

malian cells, involves loss of mitochondrial transmem�

brane potential, phosphatidylserine surface exposure, and

engulfment of dying cells by neighboring ones [119].

Ciliates are unicellular eukaryotic organisms con�

taining two types of nuclei: macronuclei and micronuclei.

After the sexual pathway takes place, a new macronucle�

us is formed from a zygote nucleus, whereas the old

macronucleus is degraded and lysed. The latter is elimi�

nated through a regulated developmental process that can

be prevented by inhibitors of gene expression or by gene

mutation. In the course of macronuclear differentiation,

polytene chromosomes are synthesized but degrade after

a few hours. Most of the DNA is eliminated, and the

remaining DNA is fragmented into small DNA molecules

that are amplified to a high copy number in the new

macronucleus. Thus, conjugating ciliates provide a

remarkable model system for the study of nuclear death

under conditions in which the cell continues to live,

selective nuclear apoptosis in a living cell [120]. The pro�

grammed nuclear death program involves nuclear con�

densation (pyknosis) and oligonucleosomal DNA frag�

mentation in the parental macronucleus. Caspase�8� and

�9�like (but not caspase�3�like) activity was detected in

the parasitic ciliate Tetrahymena [121]. Three species of

Tetrahymena expressed membrane Fas�receptors. All

these species are parasites of teleost fish. Nonspecific

cytotoxic cells of fish constitutively express soluble Fas

ligand, enabling these cells to initiate programmed cell

death of parasitic Tetrahymena [122]. The ciliate

Paramecium tetraurelia synthesizes cathepsins L [123]

and S [124]. Cathepsin B was found in the W strain of

Tetrahymena pyriformis [125]. Staurosporine, an inhibitor

of protein kinase C [80], could kill T. thermophila cells,

blocking the transmission of the survival signals, prolifer�

ation, and chemoreception. The death caused by it had

several traits characteristic of apoptosis and could be pre�

vented by actinomycin D. So, it is an active process asso�

ciated with or requiring RNA synthesis de novo [126].

Thus, we considered mechanisms of classical apop�

tosis and compared them with mechanisms of the pro�

grammed death in unicellular organisms. It has been

shown that apoptosis in the most primitive organisms is

triggered by ROS and Ca2+. However, they often have

homologs of mammalian apoptosis proteins. Even though

the role of special apoptosis proteins significantly

increased in phylogeny, the secondary messengers ROS

and Ca2+ [71] still continue to play important roles in the

regulation of programmed death.

On the whole, apoptosis in unicellular organisms has

much in common with that in mammals, but its compo�

nents appeared continuously during evolution. Almost all

eukaryotes have inhibitors of apoptosis, probably intro�

duced by viruses at the rise of life. It was probably adap�

tive for such viruses if their host continued to live, making

possible their further reproduction. This virus strategy is

characteristic of the parasitic protozoan Theileria parva,

preventing apoptosis of T�cells of its host by activation of

the transcription factor NF�κB [127], and the het�

erotrophic flagellate L. major, increasing production of

apoptosis�inhibiting interleukin�8 [128]. Mitochondria

and the release by them of proteins cytochrome c and AIF

are involved in triggering apoptosis in almost all organ�

isms except the protozoan Trichomonas vaginalis lacking

mitochondria [129]. The patterns of programmed death

in eukaryotes and prokaryotes are characteristically dif�

ferent. Whereas inhibitors of apoptosis proteins have viral

origin in eukaryotes, the proteins triggering apoptosis are

coded by plasmids and prophages in prokaryotes (at least

in E. coli) [77]. It is possible that bacteria have been

infected by the genes of these proteins and this acquisi�

tion turned out to be highly adaptive, making it possible

to avoid mass death caused by infection of certain indi�

viduals by phages. Proteins similar to caspases first

appeared in unicellular algae—dinoflagellates [78]. ALG�

2 and Alix first appeared in slime molds [46]. Slime molds

also have cysteine proteases, but their role in apoptosis

has not been determined. The death receptors probably

appeared first only in relatively highly organized proto�

zoa: yeasts [115] and ciliates [122]. Proteins which can

interact with proteins of the Bcl�2 family probably

appeared first in heterotrophic flagellates [81], even

though they were identified only in yeast (Rad9 [104]).

Cathepsins first appeared in ciliates, but their role in pro�

grammed death of these organisms is still unknown [123�

125].

Thus, three components are necessary and sufficient

for apoptosis: Ca2+, ROS, and at least one cysteine pro�

tease. Initiator caspases (�8, �9) probably appear in phy�

logeny prior to effector caspases (�3). The latter appear

only in primitive metazoans, Coelenterata [76].

Mitochondrial factors, cytochrome c, and AIF play the

primary role in triggering apoptosis in most lower eukary�

otes; however, T. vaginalis lacking mitochondria [129] in

some way manage without these factors. Deletion of

ALG�2 homologs in slime molds does not disturb the for�

mation of the fruiting bodies [46], indicating that these

proteins are not necessary participants of the apoptosis

process. Thus, most proteins involved in the programmed

death are used for more detailed regulation of its process�
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es, which is hardly possible with a small number of com�

ponents.

The functions of apoptosis in organisms at different

levels of the phylogeny are probably the same. In unicel�

lular organisms, apoptosis represents not only a highly

efficient means for the elimination of deficient mutant

individuals from the community, but also is involved in

the formation of the fruiting bodies in myxobacteria [2]

and slime molds [116]. With insufficient feeding, old and

damaged yeast cells die so that young cells could survive

better. On the other hand, such “altruism” is not adaptive

in the complete absence of feeding substrata (such as

rainfall water) and the apoptosis does not occur under

such conditions [88]. Apoptosis is triggered in bacteria

and yeast by factors accumulating with increasing density

of the culture. In the M. xanthus bacteria, they include

fatty acids and glucosamines [2], in yeast, acetic acid

[108�111], H2O2 [90], and the α�factor [93, 112]. Most

probably, this is involved in the maintenance of the opti�

mal population density in unicellular organisms.

However, apoptosis in the T. thermophila ciliate, on the

contrary, occurs at low population density [130]. It is like�

ly that these organisms require relatively high culture

density facilitating conjugation. In yeast, apoptosis is trig�

gered by a pheromone, the same substance as for copula�

tion. With such a mechanism, virgin cells (probably dam�

aged) could not take food from healthy cells capable of

copulation [93].
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