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ABSTRACT. Oxidative stress in microbial cells shares many similarities with other cell types but it has its specific features which 
may differ in prokaryotie and eukaryotic cells. We survey here the properties and actions of primary sources of  oxidative stress, the role 
of transition metals in oxidative stress and cell protective machinery of microbial cells, and compare them with analogous features of  
other cell types. Other features to be compared are the action of reactive oxygen species (ROS) on cell constituents, secondary lipid- or 
protein-based radicals and other stress products. Repair of  oxidative injury by microorganisms and proteolytic removal of  irreparable 
cell constituents are briefly described. Oxidative damage of  aerobically growing microbial cells by endogenously formed ROS mostly 
does not induce changes similar to the aging of  multiplying mammalian cells. Rapid growth of  bacteria and yeast prevents accumulat- 
ion of  impaired macromolecules which are repaired, diluted or eliminated. During growth some simple fungi, such as yeast or Podo- 
spora spp,, exhibit aging whose primary cause seems to be fragmentation of the nucleolus or impairment of  mitochondrial DNA 
integrity. Yeast cell aging seems to be accelerated by endogenous oxidative stress. Unlike most growing microbial cells, stationary- 
phase cells gradually lose their viability because of  a continuous oxidative stress, in spite of  an increased synthesis of  antioxidant enzy- 
mes. Unlike in most microorganisms, in plant and animal cells a severe oxidative stress induces a specific programmed death pathway 
- apoptosis. The scant data on the microbial death mechanisms induced by oxidative stress indicate that in bacteria cell death can 
result from activation of autolytic enzymes (similarly to the programmed mother-cell death at the end of bacillar sporulation). Yeast 
and other simple eukaryotes contain components of a proapoptotic pathway which are silent under normal conditions but can be acti- 
vated by oxidative stress or by manifestation of mammalian death genes, such as bak or bax. Other aspects, such as regulation of oxid- 
ative-stress response, role of  defense enzymes and their control, acquisition of stress tolerance, stress signaling and its role in stress 
response, as well as cross-talk between different stress factors, will be the subject of  a subsequent review. 
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A bbreviations 

EPR electron paramagnetic resonance LOO,. POO, 
FRAP ferric reducing ability of plasma LO" 
GLR glutathione reductase MPT 
GPx glutathione peroxidase Po 
GSH reduced glutathione RNS 
GSSG oxidized dimerie glutathione ROS 
LOOH, POOH lipid or protein peroxides SOD 

lipid or protein peroxyl radicals 
alkoxyl radicals 
mitochondrial permeability transition 
protein carbon-centered radicals 
reactive nitrogen species 
reactive oxygen species 
superoxide dismutase 

I OXIDATIVE STRESS AS A BIOLOGICAL PHENOMENON 

1.1 Introduction 

In this review we try to characterize the effect of oxidative stress on microbial cells, both prokaryo- 
tic and eukaryotic, and compare the ways in which different microorganisms respond to oxidative damage. 
Because of the vast diversity of microbial species we concentrate only on the basic features of the process. 
To achieve this, we cannot avoid mentioning briefly the role of oxidative stress as a general biological 
phenomenon and discussing some aspects of its participation in physiological and pathophysiological pro- 
cesses in multicellular organisms, including the man. Microorganisms are useful models for studying various 
aspects of oxidative stress at biochemical, molecular biological and cellular levels because the nature of 
stress factors, and the damage caused by the oxidative stress to nucleic acids, proteins, lipids and other cell 
components are very similar in all types of organisms. Also the principles of cell defense against oxidative 
stress, e.g., the nature and role of enzymes participating in decreasing ROS level, repair of damaged macro- 
molecules (primarily DNA), and elimination of irreparable proteins are basically similar at all levels of cell 
organization. On the other hand, several aspects of the effect of oxidative stress on animal and plant cells 
differ from those found in microbial cells. This holds mainly for the regulation of the response to ROS 
through the synthesis of corresponding enzymes which involves different mechanisms of gene expression 
control. Also the senescence phenomena which are considered to be one of the consequences of a continuous 
endogenous oxidative stress on animal cells, are absent or proceed in a different way in microorganisms. In 
addition, the death pathways eliminating irreparably damaged microbial cells, and those of multicellular 
organisms, are not alike. Comparison of these aspects is therefore the subject of one chapter of this review. 

The notion that oxygen exerts toxic effects through the generation of free radicals was very probably 
proposed for the first time by Gershman et al. (1954) and by Harman (1956) (see Sohal and Allen 1990). 
The term "oxidative stress" was coined in 1978 by Fridovich (Krems et al. 1996). It was defined as 
a disturbance in the cell or organism prooxidant-antioxidant balance in favor of the former (Sies 1993). 
Many external oxidative stresses, such as hyperbaric oxygen, y-radiation, near-UV radiation, trioxygen 
(ozone), peroxides and redox-cycling drugs (Imlay and Linn 1988) have toxic consequences for both pro- 
karyotic and eukaryotic cells. 

1.2 Primary and secondary oxidative stress factors 

Oxidative stress differs from many other stresses in that its primary effectors, the reactive oxygen 
species (ROS), can arise largely in the course of  normal cell metabolism. Over a life span of 70 years, an 
average human consumes about 17 Mg (i.e. 17 tons) of  oxygen, out of which a non-negligible part is con- 
verted into oxygen radicals (Esterbauer 1993). In the course of 02 reduction to 2 H20 and oxidation of 
organic substances to CO2 during the cell energy-yielding reactions, up to 2-3 % of the oxygen molecules 
are reduced only partially, giving rise to different reactive oxygen species (Ames et al. 1993). Cells of 
aerobic organisms therefore cannot avoid continuous exposure to ROS, and hence a continuing damage to 
their components by oxidative stress during their life. Since the properties of  ROS are crucial for the type, 
course and outcome of oxidative stress, Chapter 2 describes the physical and chemical characteristics of 
basic ROS in some detail. Primary oxidants, successively formed as by-products of energetic metabolism, are 
the superoxide radical, hydrogen peroxide and hydroxyl radical. Hydroperoxyl radical (HOOo) is formed 
from superoxide under acidic conditions (Farr and Kogoma 1991) (Fig. 1). All these primary oxidative 
stressors can generate additional secondary reactive oxygen metabolites which also cause extensive oxidative 
damage to cell organelles, such as mitochondria, cell membranes or nuclei, and also to both soluble and 
bound enzymes (Stadtman 1992; Ames et al. 1993; Sohal and Weindruch 1996). Many secondary radicals 
(hydroperoxides, alkoxyl and peroxyl radicals, epoxides or aldehydes) are the products of lipid peroxid- 
ation (Sies 1986; Rikans and Hornbrook 1997) (Chapter 6.2) and protein oxidation (Chapter 6.3). 
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Hydrogen peroxide is also generated as a by-product in peroxisomes during the 13-oxidation of fatty 
acids. Different ROS can also be produced by higher plants, e.g., during detoxication of  man-made agro- 
chemicals which act as xenobiotics. Production of ROS can also be induced by some anticancer drugs 
(Simizu et al. 1998). 

The most prominent among exocellular oxidant stressors, which can also cause oxidative damage, 
is probably trioxygen (ozone; O3), which is decomposed to HO~ and HOO �9 radicals and can react with 
organic compounds to produce ozonides (cyclic peroxides) which can further decompose to, e.g., 
RI-CH(O.)--CH(OO-)-R 2 radicals or aldehydes (Halliwell and Gutteridge 1989). Also nitric oxide, NO, 
which is involved in signal transfer, and hypochlorous acid (HCIO), used in disinfection, induce oxidative 
damage and can therefore be included among oxidative stress factors (Dukan et al. 1996; Mohr et al. 1997). 

The main targets of  oxygen radicals are DNA, lipids and proteins. Oxidative damage of  DNA 
involves single strand breaks and base alterations which can induce mutations. The number of oxidative hits 
per day is high - 104/d in humans and 105/d in rats - because the metabolic activity of rat cells is substan- 
tially higher (Ames et al. 1993). Mitochondrial DNA damage which may result in degradation of  the whole 
macromolecule is much greater than that of nuclear DNA because mitochondria themselves are generators of 
oxygen radicals. Protein oxidation converts several amino acid residues into their carbonyl derivatives, 
induces S-S and Tyr-Tyr cross-linking (Stadtman 1992) - f o r  details see Chapter 6.3. In aged animals up to 
30 % of proteins can suffer oxidative damage (Smith and Pereira-Smith 1996). 

Peroxidation of lipids generates secondary oxygen radicals which multiply the toxic effect of the 
primary stress source. The secondary ROS affect mainly proteins in the proximity of lipids. 

2 FORMATION, INACTIVATION AND DETERMINATION OF ROS 

2.1 Primary ROS 

The term reactive oxygen species (ROS) covers oxygen molecules in different reduction and/or 
excitation states, and compounds of oxygen with hydrogen, chlorine and nitrogen. The generation of the most 
common primary ROS by one-electron reduction of oxygen is shown schematically in Fig. 1 (for more 
details see, e.g., Halliwell and Gutteridge 1989; Gille and Sigler 1995; Khan and Wilson 1995). Oxidants are 
formed as normal products of aerobic metabolism but can be produced at elevated levels under pathophysio- 
logical conditions (Sies 1997). They are also generated by different types of radiation - X-radiation gener- 
ates the hydroxyl radical (HO~ while UV-irradiation produces a high-energy (and therefore highly reactive 
though nonradical) form of oxygen called singlet oxygen (IO2; see below)*. Ultrasound and microwave 
radiation, and even shear stress can also produce ROS. 

Ordinary oxygen, which is energetically in the ground triplet state (302; cf. Halliwell and Gutteridge 
1989), does not react very avidly with normal biomolecules but reacts readily with radicals. On acquiring 
energy from chemical or photochemical reactions it becomes singlet oxygen Io2, (reaction I in Fig. 1). I o  2 
has a lifetime of about 2 ItS in water and it interacts with target molecules either by transferring its excitation 
energy, or chemically. It reacts very rapidly and selectively with unsaturated biomolecules (oligounsaturated 
fatty acids or guanine bases in DNA), yielding labile peroxides and hydroperoxides. It is generated, e.g., in 
the reaction of  H202 or other peroxides with peroxynitrite (Di Mascio et al. 1994), with O~ �9 (Khan and 
Kasha 1994), or with hypochlorite, and this production forms the basis of the killing of bacteria or viruses by 
activated macrophages and neutrophils. It is efficiently quenched by water and by superoxide, and also by 
vitamin C and superoxide dismutase (SOD), by vitamin E (acting at the polar-nonpolar interface) and 
13-carotene (in the lipid phase). 

The first one-electron reduction of oxygen (reaction 2 in Fig. 1) yields the superoxide radical, O2., 
a weak base with low reactivity with most biomolecules and a weak oxidant at neutral pH. O~ �9 does not pass 
through membranes and does not peroxidate lipids in lipophilic cell constituents, but it can reduce transition 
metal ions such as Fe 3§ The reduction is mediated by enzymes such as NADPH oxidase or xanthine oxidase, 
or by constituents of the respiratory chain. In mitochondria, O~~ is formed by reduction of dioxygen by 
ubisemiquinone (in complex III) and by NADH dehydrogenase (complex I). Ubisemiquinone seems to serve 
as the major electron donor responsible for 80 % of the O2 o, the rest being due to the NADH dehydrogenase 
flavoprotein (Liu 1997). Under physiological conditions the daily yield of O2~ may reach some 3 x 107 per 

*It should be noled that the symbols Io 2 and 302 are combinations of the common chemical nomenclature and term symbols for atoms 
introduced by Russel and Saunders (West 1956). 
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mitochondrion but its scavenging by Mn-SOD and other enzymes brings its steady-state in  v i v o  concentrat ion 
to 10 pmol/L. 
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Fig. I. Some reactions yielding reactive oxygen (ROS) and nitrogen (RNS); reactions 1 - 8  see text; reaction 9 -  Haber- 
Weiss chemistry; reaction 1 0 -  Fenton chemistry; adapted from Farr and Kogoma (1991); Ames et al. (1993); Khan and 
Wilson (1995); Sohal (1996); Henle and Linn (1997); Saran et al. (1998). 
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The superoxide radical is also generated by autoxidation of intracellular compounds such as ubi- 
quinols, catechols, flavins and others. At pH below 4.8, it is present as protonated hydroperoxyl radical 
(HOOo). its spontaneous dismutation in water, which yields H20 2 and also Io2, proceeds at a very high rate, 
yet in the cell the dismutation is additionally catalyzed by SOD. This rapid removal of 02~ is very important 
for the cell because superoxide can give rise to very reactive ROS, such as H202, HO ~ or singlet oxygen; the 
peroxynitrite anion (ONOO-) is formed when O~o reacts with NO. Despite its low reactivity, O~ �9 has been 
shown to inhibit antioxidant enzymes, such as glutathione peroxidase, and partially also catalase (Halliwell 
and Gutteridge 1986). It also inhibits mitochondrial enzymes, such as NADH dehydrogenase, NADH oxi- 
dase and mitochondrial ATPase (Zhang et al. 1990), and may be involved in cyanide-resistant respiration - 
a branch of respiratory chain not associated with ATP formation at the level of the ubiquinone pool, found in 
plant and animal mitochondria, and also in yeasts (e.g., Rhodotorula glutinis; Janda and Tauchov~t 1982). 

Superoxide can react directly with iron-sulfur clusters in enzymes, such as aconitase and other 
hydrolyase enzymes containing 4Fe-4S clusters (Valentine et al. 1998 and references therein). The reaction 
of O~. with these centers inactivates such enzymes both in vitro and in vivo and leads to increased levels of 
intraceilular free iron conducive to ROS-induced cell injury. It thus represents, together with O] �9 reaction 
with NO, mechanisms of  ROS generation independent of the Fenton reaction (see below; Winterbourn 1995). 

Superoxide dismutation yields hydrogen peroxide (reaction 3 in Fig. 1). The basic form of hydro- 
gen peroxide, HO], arises by dismutation of superoxide and the hydroperoxyl radical (HOOo). At neutral or 
acidic pH, hydrogen peroxide exists predominantly as fully protonated H202. Its molecule therefore carries 
no charge and can freely penetrate membranes and diffuse throughout the cell. This long-range action is 
increased by its ability to form adducts with various cell constituents. Hydrogen peroxide is a better oxidant 
than O2 �9 and HOO~ and has been suggested to act also as a signaling molecule (Khan and Wilson 1995). In 
cells under physiological conditions, H202 levels are kept low (1-100 nmol/L) through the action of catalase 
and the nonheme, non-free-radical-forming glutathione peroxidase. 

The oxidative damage caused by H202 has been attributed to its reactions with transition metals (see 
below) or with heme proteins, such as cytochrome c. These reactions may involve formation of  protein- 
centered radicals and ferryl radicals (see below), which then catalyze oxidative processes, such as lipid 
peroxidation (Barr et al. 1996). H202 reacts very fast with various peroxidases and the reaction gives rise to 
free radicals derived from the other peroxidase substrate (Mason 1997). As stated above, H202 may act 
relatively far from the site of its production owing to its ability to form adducts (hydrogen-bonded chelate 
structures) with many biomolecules, such as histidine, alanine, glycine, aspartic acid, succinic acid or DNA 
bases, which act as H202 carriers (Schubert and Wilmer 1991). These adducts facilitate the penetration of 
H202 through membranes and considerably delay its decomposition, thereby enhancing its oxidative effects. 

The highly reactive hydroxyl radical (HOo) is produced in vivo by high-energy (X-ray) irradiation of 
water or UV-irradiation of H202 (Stahl and Sies 1997). It is also generated in several biologically important 
reactions. Thus, activated neutrophils, which release hypochlorite and superoxide, may exert their cytotoxic 
effects on infecting microorganisms by forming HO ~ in the following rapid reaction (Candeias et al. 1993): 

O2" + HOCI --~ HO~ ~- 02 + CI- (reaction 5 in Fig. 1). 

Reaction of hydrogen peroxide with transition metal ions such as Fe 2+, known as the Fenton reac- 
tion, also yields (HO~ 

Fe 2++H202 -~Fe 3++OH-+HO o ,o r  

Fe 2+ + H202 + H + --~ Fe 3+ + H20 + HO- (reaction 4 in Fig. 1) 

Although the rate of the reaction is low (<100 L mol -I s-I), the reactivity of the ensuing HO ~ is 
such that it will react very fast (109-101~ L mol -I s -I) with practically every biological molecule. Its lifetime 
is thus very short (<1 ns). It acts either by abstracting hydrogen or adding to a double bond, and often initi- 
ates chain reactions. Its propensity to add to aromatic rings makes aromatic amino acids of proteins its prime 
targets. Some of the products, e.g., o-tyrosine arising by (HOo)-induced hydroxylation of  phenylalanine, can 
be used for its detection. It also adds to double bonds of DNA bases, producing other biomarkers of oxida- 
tive stress - thymine glycol (Karam et al. 1991; see p. 602) or 8-hydroxy-2"-deoxyguanosine (Kaneko et al. 
1996). 

When iron is complexed to a biological ligand L, the reaction with H202 may have the form 

L-Fe 2+ + H202 -~, L-Fe(H202) 2+, 

L-Fe(H202) 2+ --+ L-Fe 3+ + 1tO. + OH- or, alternatively, 

L-Fe(H202) 2+ --~ L-Fe 4§ + 2 OH- + R ~ L-Fe 3+ + HRO. + OH- 
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Fe(H202) 2+ and Fe 4+ are regarded as iron(IV) or ferryl species (Winterboum 1995), which is charge- 
equivalent to an Fe3+-complexed HO., or (FeO) 2+. The nature of the chelator is the major determinant of the 
reaction product (HO~ L-Fe 4+ or HRO-). The ferryl ion arises also in the reaction of some heme proteins 
with H202 (Catalano et al. 1989). 

Reaction of O~~ with NO (reaction 6 in Fig. 1) yields peroxynitrite ONOO-, a very strong oxidant, 
stable under physiological conditions, with a long lifetime. It induces lipid peroxidation in lipoproteins, may 
impair phosphorylation and interfere with cellular signaling by nitrating tyrosine residues in proteins (Stahl 
and Sies 1997 and references therein). On decomposing it may yield IO 1. 

The strong oxidant hvpochlorite (C[O-) is generated from H202 and CI- by enzymes such as myelo- 
peroxidase (reaction 8 in Fig. 1). It peroxidizes and/or chlorinates many biological molecules. Hypochlorous 
acid generated by, e.g., activated neutrophils may also be a source of hydroxyl radicals (Candeias et al. 
1994): 

HCIO + Fe 2"- ~ HO" + CI-+ Fe 3§ 

2.2 Secondary radicals and stress-inducing species 

The reaction of primary ROS with major cell constituents - DNA, lipids and proteins - gives rise to 
a large number of secondary radicals that can further damage the cell (cf. Chapter 6). However, one should 
realize that even low-molar mass substances such as metabolic substrates, buffer components, etc., can 
succumb to oxidative changes and yield products that may injure the cell. Thus glucose, the most widely used 
metabolic substrate in microorganisms, is known as radical scavenger (Gutteridge 1984). However, under 
physiological conditions, glucose can undergo autoxidation to yield free radicals (Donnini et al. 1996 and 
references therein). The resulting cell damage may be especially noticeable in cells with decreased GSH 
levels, as the GSH redox cycle is a key step in the cellular scavenging of glucose-generated free radicals (cf. 
Chapter 4.1). 

Ascorbate, which at high concentrations can act as an antioxidant, behaves as a pro-oxidant at low 
concentrations (Nordmann et al. 1990). The pK a of ascorbic acid is 4.2 and at pH 7.4 and under physiologi- 
cal conditions it is present predominantly as a mono-anion (Noguchi et al. 1997). In the presence of transit- 
ion metal ions, it takes part in redox cycling giving rise to ROS (Haberland et al. 1996). Likewise, uric acid, 
an end product of purine metabolism in mammals, which is considered a natural physiological antioxidant, 
causes unspecific DNA breaks in the presence of transition metals; this action is enhanced by visible light 
(Shamsi and Hadi 1995). 

Under certain conditions (during the autoxidation of iron), radicals are formed from the piperazine 
ring-based buffers Hepes, Epps and Pipes but not from Mes which contains a morpholine ring (Grady et al. 
1988). At the same time, Hepes has been found to be an effective hydroxyl radical scavenger. 

2.3 Radical-forming compounds 

Paraquat and other redox active drugs, e.g., menadione (2-methyl-l,4-naphthoquinone), its derivat- 
ive plumbagin and ubiquinone (Fig. 2) are used in model experiments to produce nonenzymically the super- 
oxide anion. 

Iron(ll)-ascorbate mixture is often used to induce lipid peroxidation. The optimum rate of in vitro 
lipid peroxidation was found to decrease with decreasing ambient pH (llaberland et al. 1996). Owing to the 
insensitivity of the reaction to superoxide dismutase, catalase, and radical scavengers, such as mannitol or 
ct-tocopherol, and difficulties in EPR detection the nature of the radicals formed by the reaction and causing 
the lipid peroxidation is not known. 

Among other systems used to experimentally induce oxidative stress are, e.g., xanthine-xanthine 
oxidase, glucose-glucose oxidase, transient metals-chelators, transient metals-H202 mixtures, paraquat, 
t-butylated hydrogen peroxide, cumene hydroperoxide (Haberland et al. 1996) and others. 

A highly promising group of compounds that have lately been often used for generating radicals in 
both the aqueous and the lipid phase of the cell comprises azo compounds (diazenes), which decompose 
unimolecularly to yield nitrogen and two carbon-centered radicals R �9 (Niki 1990): 

R-N=N-R --~ 2 R. + N 2 

Some undergo recombination but many of them diffuse apart and react rapidly with 02 to yield per- 
oxyl radicals. Formation of R~ by azos is rapid so that the peroxyl radical HROO. is usually taken to be the 
initiating species of lipid peroxidation. The rate of decomposition of azo compounds is given primarily by 
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temperature, to some extent by medium pH, and the efficiency of R, generation depends also on medium 
viscosity. 

At 37 ~ and neutral pH the half-life of the best known azo compound AAPH (see Fig. 2) is about 
175 h and the rate of  R- generation is thus practically constant for the first several hours. The R. generated 
from AAPH induce chain oxidation of  lipids in micelles, liposomes, or membranes. Azos are useful for 
studying quantitatively the (R.)-induced damage. The radicals can be generated at a constant rate at 
a specific site, the rate of R. formation can be measured and controlled. The azo compound used for eliciting 
lipid peroxidation may be chosen according to the desired purpose (Hanlon and Seybert 1997; Noguchi et al. 
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Fig. 2. Some compounds used as ROS generators. 

1997). 
Among agents used originally for other 

purposes but exhibiting pro-oxidant activities 
on simple eukaryotes, such as yeasts, are, e.g., 
some disinfectants (Fujita et al. 1995) or tumor 
inducers, such as 7,12-dimethylbenz[a]anthra- 
cene (Frenkel et al. 1995). 

ROLE OF TRANSITION METALS 
AND THEIR CHELATES IN ROS 
FORMATION 

All oxygen reactions, whether slow (auto- 
xidations of organic materials) or fast (com- 
bustion), have to be initiated by some catalytic, 
activating step. In practice, virtually all oxid- 
ation reactions proceed through metal catalysis 
(Saran and Bors 1991), most otten mediated by 
transition metal ions (for review see Greenwood 
and Earnshaw 1993). The most important ones 
in terms of ROS generation are Fe and Cu, and 
the heavy metal Cd. 

The radical-forming ability of  transition 
metals in the presence of, e.g., H202, varies 
depending on their complexation or chelation 

which may prevent rapid autoxidation of transition metal ions, such as Fe 2+ and, at physiological pH, may 
increase the solubility of the metal ion (Cohen 1985). However, if the chelation lowers the oxidation poten- 
tial of the ion, the ability of the resulting chelate to form radicals is higher than that of unchelated ion. Thus 
the Fenton reaction in the presence of the Fe-EDTA complex runs much faster than with iron alone, whereas 
the chelation of Cu with EDTA prevents the reaction (which is normally 70 times faster than with iron). The 
catalytic efficiency of metal chelates depends on the metal-chelator concentration ratio and the type of 
binding. When, e.g., the chelate leaves one of the coordination sites of the metal free and accessible to 
binding of water, the catalytic activity is usually enhanced, whereas complexation that leaves no coordination 
bonds free usually lowers it (iron chelated by deferroxamine; e.g., Klebanoff et al. 1989). As stated above 
(Chapter 2. l), the nature of the ligand may also affect the mechanism of reaction of the metal center with 
H202 (Luzzarto et al. 1995). 

Many cell constituents can form chelates with iron. Iron ions can be loosely attached to phosphate 
compounds, such as ATP, saccharides and organic acids (citrate, picolinate), DNA or lipids, and can be 
tightly bound to nonheme proteins, ferritin, hemosiderin, transferrin, and to heine proteins, such as cyto- 
chrome e. Transferrin, the iron-binding and -transporting protein of animal cells, is a 80-kDa glycoprotein 
with two high-affinity binding sites for Fe 3+. Ferritin, a storage protein, has a molar mass of about 450 kDa 
and is composed of  24 equivalent subunits arranged around an inner core. One molecule of ferritin can store 
up to 4500 iron atoms as ferric hydroxide-phosphate inside the core (Galey 1997). Bacterioferritin, the iron 
storage protein of bacteria, is also a multimeric protein shell sequestering iron in its core together with 
phosphate. A ferritin-like molecule was purified also from iron-loaded S. cerevisiae, but its iron content was 
very low (Raguzzi et of. 1988). 
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3. I Metal transport and storage, metal-induced oxidative injury 

As stated above, in the presence of dissolved oxygen the iron present in cells and tissues can cause 
oxidative modifications of cell proteins and bring about oxidative stress (Taborsky 1973; Jimenez Del Rio et 
al. 1993). For this reason, the level of Fe a+ (or Cu 2+) in cells is carefully controlled and excess amounts of 
these ions are sequestered, chelated, expelled or otherwise rendered harmless. The transport and storage of 
these metal ions is therefore extremely important for the maintenance of cell integrity. Microbial cells have 
a large variety of mechanisms ensuring transition metal homeostasis, which will be discussed here in some 
detail. 

An important step in the homeostasis is the control of metal uptake. The free equilibrium concentra- 
tion of Fe 3+ at neutral pH is very low (Adjimani and Owusu 1997 and references therein) and microorgan- 
isms have to find ways to scavenge iron from the external medium even at very low concentrations. 

Bacteria under iron-deficient conditions produce siderophores, specific iron chelators that solubilize 
and transport Fe 3+ in aqueous media (Galey 1997). Most siderophores are hydroxamates (e.g., ferrichrome, 
deferrioxamine, rhodotorulic acid, pseudobactin and mycobactins) or catecholates (e.g., enterobactin and 
agrobactin;for review see Albrecht-Gary and Crumbliss 1998). A major natural antioxidant in plants, phytic 
acid, has also been found to act as iron chelator (Galey 1997 and references therein). 

Many bacteria including E. coli take up Fe 3+ as ferric siderophore complexes (Pressler et al. 1988; 
Kim et al. 1997). The synthesis of the siderophores and the related iron transport systems in E. coli and other 
bacteria (Daniel et al. 1999) are controlled by the Fur (ferric uptake _regulation) regulatory protein, which 
suppresses iron uptake (Bagg and Neilands 1987). The transport of iron-siderophore complexes across the 
outer membrane of E. coli and related species is energy-dependent, involves the TonB, ExbB and ExbD 
inner membrane proteins (which may also transport vitamin BI2 and the antibacterial proteins colicins) and 
requires highly specific receptors. In contrast, further translocation of these siderophores is less specific and 
is mediated by a single system following a periplasmic binding protein (PBP)-dependent action of ABC-type 
ATPases (Higgins 1992). 

Pathogenic bacteria have developed highly sophisticated iron assimilation systems in response to 
iron-limiting conditions encountered in the host's body fluids. In mammalian cells, iron is sequestered by 
Fe-binding proteins, such as transferrin and lactoferrin, and bacteria possess a variety of mechanisms for 
acquiring Fe from the host. The mechanisms often involve the action of siderophores secreted from the cells 
and capable of binding Fe 3+ with high affinity (Moore et al. 1995; Brickman and Armstrong 1996; Fouz et 
al. 1997). Some bacteria may obtain Fe directly from transferrin or lactoferrin in a siderophore-mediated 
process; other bacteria do not synthesize soluble siderophores, but they can utilize transferrin and lactoferrin, 
but also heroin, hemoglobin, hemoglobin-haptoglobin complexes and some siderophores produced by other 
bacteria as iron sources for growth (McKenna et al. 1988; Chen et al. 1996; Biswas et al. 1997). 

In many Gram-negative species ferric siderophores are internalized with the aid of specific outer 
membrane receptors that facilitate Fe transport through the otherwise impermeable outer membrane. Ligand- 
dependent gated porins are the entities transporting the iron-siderophore complexes, which cannot traverse 
the outer membrane, e.g., via the open channels of general porins. Many bacteria are also capable of taking 
up ferric siderophore complexes secreted by other organisms (Beall and Sanden 1995). 

Some bacteria excrete pyoverdin-type siderophores, which are not universally recognized, but their 
assimilation requires a specific recognition by an iron-repressible outer membrane protein (IROMP) (Cas- 
tignetti 1997 and references therein). 

The removal of ferric ion from the siderophores can involve esterase-catalyzed iron removal, 
exchange of the metal for another ligand, reductive removal catalyzed by ferrisiderophore reductases which 
use NAD(P)H as reducing agents, or the involvement of a stronger iron chelator (Adjimani and Owusu 1997). 

The iron acquisition systems of Gram-positive bacteria are less known. Iron uptake systems have 
been described in, e.g., Staphylococcus aureus, Bacillus subtilis, B. megaterium and Corynebacterium 
diphtheriae. Streptococcus species do not produce siderophores while Listeria species use an inducible 
citrate uptake mechanism and a surface-bound reductase (Coulanges et al. 1998 and references therein). 

Yeasts such as S. cerevisiae do not excrete sider0phores although they were also found to release 
metal-complexing substances (see below) and S. cerevisiae can also use siderophores excreted by other 
microorganisms, such as ferrioxamine B (Lessuise et al. 1998). 

S. cerevisiae has two major systems for iron uptake. The high-affinity uptake system includes 
plasma membrane Fe 3+ reductases Freip and Fre2p which reduce extracellular Fe 3+ to Fe2+; a multicopper 
ferroxidase Fet3p, which facilitates iron uptake by catalyzing oxidation of the reductase-generated Fe 2+ to 
Fe 3+ by 02; and iron transporter Ftrlp which actually transports the iron into the cell. The expression of 
these functions depends on the degree of cell aerobiosis (Hassett et al. 1998). The low-affinity iron-uptake 



1999 OXIDATIVE STRESS IN MICROORGANISMS--review SO5 

system requires the integral membrane Fet4 protein that appears to be the actual Fe 2+ transporter (Dix et al. 
1997). The iron reduction and uptake may be facilitated by reducing and/or chelating compounds (anthranilic 
acid, 3-hydroxyanthranilic acid) excreted by the cells into the medium (Lesuisse et al. 1992). Once inside the 
cell, the iron is distributed among the vacuole as a storage compartment, the mitochondria (Li and Kaplan 
1997) and the cytosol. Yeasts do not produce ferritin, which is the most common iron storage protein in most 
eukaryotes (Eide 1998). In some regulatory proteins, iron is bound in Fe-S clusters, which have been sug- 
gested to act as sensors for oxygen, superoxide, nitric oxide or other oxidants (Hidalgo et al. 1997). 

Thus iron, which has to be reduced before its uptake, finally enters the cells as Fe 3+. Iron toxicity in 
the cell thus may depend not only on the amount of the metal taken up, but also on the redox status of the 
cell. In the presence of  oxygen. Fe 2§ may undergo autoxidation 

2 Fe 2+ + 02 + 2 H + --~ 2 Fe 3+ + H202 . 

Reaction of the resulting hydrogen peroxide with another Fe 2+ then yields HOo (see Fenton reaction 
in Chapter 2.1). The intracellular Fe 3§ may react with O]. generated during metabolic processes, 

Fe 3+ + O2. --~ Fe 2+ + 02 . 

The net result is a redox iron cycling that produces ROS (Wignicka et al. 1998). 
Copper transport is tightly intertwined with iron transport. The copper that is taken up by the cell is 

bound by cy~osolic copper molecular chaperones that deliver it to the cytosolic CuZn-SOD, to mitochondria 
or to a vesicular copper transporter, which effects the copper loading of Fet3p (Askwith and Kaplan 1998). 

Heavy metal ions, such as Cd2§ Cu 2+, strongly affect cell and organelle membranes. In aerobic 
S. cerevisiae cultures, Cu 2+ causes a strong increase in cytoplasmic CuZn-SOD but not in mitochondrial 
Mn-SOD (Lee el al. 1996). Copper also elicits a rapid permeabilization of the plasma membrane that causes 
release of amino acids and cell K +, while the permeability of the vacuolar membrane is not altered (Ohsumi 
et al. 1988). This effect was ascribed to a heavy-metal-induced lipid peroxidation (Howlett and Avery 1997). 
Cd 2+, although not redox-active, also induces strong K + efflux and membrane fluidization in Schizosaccha- 
romyces pombe, and also affects the function of plasma membrane H+-ATPase (ABmann et al. 1996). These 
effects may be due to induction of oxidative stress (Brennan and Schiestl 1996). 

3. 2 Metal detoxication 

Metal ion detoxication, which is one of the primary means of protection of cells against metal- 
catalyzed generation of  ROS, is closely linked with metal-ion homeostasis. The uptake of  transient metals in 
bacteria is under strict control. In E. coli, the induction of oxidative stress response is combined with sup- 
pression of Fe 3§ uptake (Zheng et al. 1999) and the resistance of bacteria to toxic metals is based on their 
efflux from cells (Xu et al. 1998). In yeasts, maintenance of transition- and heavy-metal homeostasis includes 
chelation by GSH, small metal-binding peptides phytochelatins ()'-Glu-Cys),-Gly and the small cysteine- 
rich proteins metallothioneins which serve both for removing excess ions and as their reservoir. The GSH- 
metal chelates can be transported out of the yeast cells by multidrug resistance pumps, such as the YCFI 
gene product of S. cerevisiae. In Schizosaccharomyces pombe, toxic metals are sequestered or chelated by 
phytochelatins, which are not produced by RNA translation but arise by GSH polymerization catalyzed by 
phytochelatin synthase. Both metals and phytochelatin-metal complexes can again be expelled from the cells 
by ABC-type ATPases (Perego and Howell 1997). Other yeasts such as Candida glabrata seem to share 
these mechanisms. 

4 PRINCIPAL ANTIOXIDANTS 

A biological antioxidant has been defined as "any substance that, when present at low concentra- 
tions compared to those of an oxidizable substrate, significantly delays or prevents oxidation of  that sub- 
strate" (Halliwell and Gutteridge 1995). Antioxidants prevent the generation of ROS, e.g., by metal chelation 
or enzyme-catalyzed removal of a potential oxidant, or by reacting with the ROS instead of the "substrate". 
Some substances, such as polyols, may shield oxidation-prone groups of peptides or proteins, such as gluta- 
thione, thioredoxin and ferredoxin, from inactivation by ROS (Shen et al. 1997). Important in the antioxidant 
defense are also the tyrosyl (Lupo et al. 1997) and methionyl residues of proteins. The latter can be oxidized 
to methionine sulfoxide without affecting the function of the respective protein. The modified proteins can be 
subsequently repaired by methionine sulfoxide reductase (Levine el al. 1999). It should be noted, however, 
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that every antioxidant is in fact a redox agent that may lend protection against ROS in some circumstances 
while promoting ROS generation in others (Herbert 1996). 

4.1 Hydrophilic antioxidants 

Glutathione (GSH) is an abundant thiol tripeptide which takes part in many cell processes including 
amino acid transport, synthesis of proteins and nucleic acids, modulation of enzyme activity and metabolism 
of xenobiotics and ROS. Proteins in bacterial cytoplasm do not generally contain disulfide bonds and the 
maintenance of the reductive milieu is therefore important for their physiological activities. This is achieved 
by glutathione (GSH) and thioredoxin (Stewart et al. 1998). The concentration of GSH in E. coli cells may 
exceed 10 mmol/L (Fergusson and Booth 1998). The reduced form of GSH in bacteria is maintained by 
glutathione oxidoreductase (Becker-Hapack and Eisenstark 1995; Patel et al. 1998). The GSH level in 
unstressed wild-type yeast cells is about 40 p.mol per 106 cells, and exposure to H202 causes its drop (Ste- 
phen and Jamieson 1996). Fluctuations in GSH levels also occur on treatment with heat, ethanol, aldehydes 
or fungicides. Products of lipid peroxidation, such as 4-hydroxy-2-nonenal, completely but reversibly deplete 
GSH in exponential S. cerevisiae cells. Recent findings (Zadzifiski et al. 1998) indicate that in S. cerevisiae 
glutathione may form conjugates with redox-active drugs, such as menadione, which are then exported from 
the cells by ABC-type ATPases. In S. cerevisiae, GSH alone is transported by two systems, a high-affinity 
ATP-driven GSH-PI and a low-affinity GSH-P2 (Miyake et al. 1998). 

Glutathione can directly react with HO o, reducing it to H20. Oxidation of GSH by ROS yields its 
disulfide form GSSG, which is converted back to reduced GSH in a reaction mediated by NADPH and 
catalyzed by GSH reductase (GLR). The NADPH acting as reductant comes from the pentose-phosphate 
pathway via reactions catalyzed by glucose-6-phosphate dehydrogenase and gluconate-6-phosphate dehydro- 
genase (Grant and Dawes 1996). 

In addition to GSH, thioredoxin, glutaredoxin and the corresponding reductases also participate in 
maintaining the reductive milieu in the cytoplasm of bacteria and eukaryotic microorganisms (Aslund and 
Beckwith 1999). Thioredoxin and glutaredoxin are small proteins containing an active site with a redox- 
active disulfide. They function in electron transfer via the reversible oxidation of two vicinal SH-groups to 
an -S -S-  bridge. Thioredoxin acts as a hydrogen donor for ribonucleotide reductase that provides deoxy- 
ribonucleotides for DNA replication (Holmgren 1989 and references therein). The thioredoxin system, 
which is composed ofNADPH, glutathione reductase, GSH and glutaredoxin, is a general disulfide reductase 
and catalyzes NADPH-dependent reductions of exposed -S-S-  bridges in proteins. Glutaredoxin is a general 
GSH-disulfide oxidoreductase. It is a protein containing about 100 amino acids, with the active site Cys- 
Pro-Tyr-Cys. Thioredoxin is about the same size, with the active site Cys-Gly-Pro-Cys. Apart from its 
antioxidant effects, thioredoxin appears to play a role in vacuole inheritance in S. cerevisiae (Xu and 
Wickner 1996). 

Although it is not produced by yeast cells (Wi~nicka et al. 1998), ascorbate is a major antioxidant in 
plants where the ascorbate-glutathione cycle protects plants against oxidative stress. Ascorbate is also 
a cofactor of some plant hydrolase enzymes. Ascorbate occurs in the cell wall where it forms the first line of 
defense against trioxygen (Smirnoff 1996). On interacting with ROS, ascorbate is oxidized to dehydroascor- 
bate via the intermediate ascorbyl free radical. Dehydroascorbate is recycled back to ascorbate by dehydro- 
ascorbate reductase. As ROS scavenger, ascorbate is effective against O~ o, H202, HO ~ and Io 2. Ascorbate is 
capable of regenerating tocopherol from the tocopheroxyl radical that is formed in the lipid peroxidation 
chain-breaking reaction of vitamin E (Stahl and Sies 1997). While 
preventing H202-induced lipid peroxidation and protecting cells against 
oxidant-induced apoptosis (Deutsch 1998 and references therein), in H0- I OH 4 
the presence of transition metals ascorbate may give rise to HO �9 and I ' ~ , , . ~ ,  
start lipid peroxidation (see Chapter 2.3). 

A derivative of ascorbic acid, D-erythro-ascorbic acid, has 
been found to play an important antioxidant role in S. cerevisiae (Lee 
and Kang 1999). Ascorbate plays also some role in the prevention of 2-C-methyl-o-ery~ritol- 
oxidative damage in bacteria although its effect seems to be of minor -2,4-diphosphate 
importance as compared with that of et-tocopherol (Fuentes and 
Amabile-Cuevas i 998). 

Some bacterial cells exposed to oxidative stress accumulate special protective substances. Thus 
Corynebacterium ammoniagenes accumulates 2-C-methyI-D-erythritol-2,4-diphosphate (Diomina et al. 
1995). 
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4.2 Lipophilic antioxidants 

The lipophilic antioxidant c~-tocopherol (vitamin E), which is highly efficient in inhibiting lipid per- 
oxidation in membranes or lipoprotein particles, scavenges lipid peroxyl radicals LOO. to yield lipid hydro- 
peroxides. The ensuing tocopheroxyl radical has a lower reactivity than LOO �9 and breaks the chain reaction. 
"['he tocopheroxyl radical can be reduced by ascorbate or glutatbione, or further oxidized to the quinone. It 
also quenches Io  2, both by physical quenching and by chemical reactions, and reacts with ONOO-. Tocoph- 
erol efficiency may derive from its optimal positioning in the membrane by its phytyl side chain (Sies 1997). 

Carotenoids are isoprenoid membrane-protective antioxidant pigments that efficiently scavenge 10 2 

and peroxyl radicals, although they are 10-30 times less reactive toward ROS than ct-tocopherol is (Stahl and 
Sies 1997; Tsuchihashi et al. 1995) (Fig. 3); their antioxidative efficiency is apparently related to their 
structure. Unsaturated hydrocarbons, such as 13-carotene and lycopene, are situated within the hydrophobic 
membrane core, displaying certain mobility whereas xanthophylls are firmly anchored in the polar lipid 
headgroups via their two distal polar groups. They may thus have better contact with ROS arising on, or 
entering, the membrane periphery (Rice-Evans et al. 1997). The best antioxidant appears to be astaxanthin 
whereas the antioxidative efficiency of the most popular carotenoid, 13-carotene, has recently been questioned 
(Liebler et al. 1997). In yeasts, carotenoids, in particular astaxanthin, have been found to play the role of 
important antioxidants during aging in Phaffia rhodozyma (Schroeder and Johnson 1993). In the pigmented 
yeast Rhodotorula mucilaginosa, carotenoids were found to prevent cytotoxicity induced by ROS other than 
singlet oxygen (e.g., superoxide and hydrogen peroxide) (Moore et al. 1989). 

Flavonoids are polyphenolic compounds that act as efficient lipophilic antioxidants (see Fig. 3); 
they are often found in fruits, vegetables and other plants. Flavonoids, such as phloretin, k~empferol, apigenin 
and others possess both excellent iron-chelating and ROS-scavenging properties, scavenging HO~ and O~. 
(van Acker et al. 1996). 

Retinol (vitamin A) is an isoprenoid compound containing a carbocyclic ring and a side chain. Apart 
from its role in the vision of vertebrates it has antioxidant effects. In model systems, ct-tocopherol and all- 
trans-retinol were found to act synergistically against lipid peroxidation (Tesoriere et al. 1996). 

Ubiquinone or coenzyme Q, a reversibly reducible quinone with a long isoprenoid side chain that 
plays a crucial role in the electron transfer chain of mitochondria, has several forms differing in the side 
chain length. The plasma membrane orS. cerevisiae contains ubiquinone-30 (CoQ6) which apparently aids in 
protecting the membrane against ROS (Santos-Ocafia et al. 1998). 

4.3 Other cell defenses 

Antioxidant action may be seen to include prevention of ROS formation, interception of ROS once 
formed and repair of ROS-induced damage. Preventive antioxidation has been proposed to involve preven- 
tion by diversion, i.e. channeling the attacking ROS into a less harmful product (Sies 1997). Interception of  
ROS includes deactivation (formation of a low-reactivity secondary radical incapable of chain reaction) or 
transfer of the oxidizing species from the lipophilic to the hydrophilic phase. 

Cells are equipped with several lines of antioxidant defense, both enzymic and nonenzymic, pre- 
venting or minimizing generation of ROS. The defense relies on systems for detoxication of transition metals 
(ferritin, transferrin, ceruloplasmin or metallothioneins - Chapter 3.2), or regulation of  their entry into the 
cells (Fur in bacteria), hydrophilic radical scavengers, such as glutathione, ascorbate and urate, and lipophilic 
scavengers, such as tocopherols, carotenoids, retinol, flavonoids and ubiquinol (Chapters 4.1 and 4.2), and 
also on a number of enzyme systems. The enzymes preventing the toxic action of ROS will be dealt with in 
detail in a subsequent review which will describe their function and regulation. At this place, let us state that 
these enzymes include the enzymic scavengers catalase, superoxide dismutase, cytochrome-c peroxidase, 
glutathione peroxidase or thioredoxin peroxidase, which react directly with ROS. Other enzymes are in- 
volved in the reduction of oxidized low-molar-mass antioxidants (glutathione reductase) or in the mainten- 
ance of protein thiols (thioredoxin reductase). Still other enzymes maintain reducing environment inside 
the cell (glucose-6-phosphate dehydrogenase and other pentose-phosphate cycle enzymes regenerating 
NADPH). Proteolytic systems (proteinases and peptidases) that prevent the accumulation of oxidatively 
damaged proteins can be taken as secondary antioxidant defenses (Davies 1986). 

Other means of prevention of oxidative stress include, e.g., the ingenious design of some of the 
enzymes that might generate ROS. Thus cytochrome-c oxidase which carries out most of the cell oxygen 
reduction, does not release any ROS although it contains copper and iron (Sies 1997). Moreover, intrinsic 
slips in its function, i.e. uncoupling between the flow of electrons and proton translocation, have been sug- 
gested to play a role in antioxidant defense (Papa et al. 1997). Cytochrome c itself rapidly scavenges O~, 
in vitro and is present in mitochondria at local concentrations of 0.5-5 mmol/L (Beckman and Ames 1998). 
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In addition to the scavenging effect, which can help to rescue cells which have the chance to survive the ROS 
attack, cytochrome c released from ROS-damaged mitochondria activates the proteolytic cascade, directing 
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the severely damaged cell to apoptosis (see Chapter 7.1). It cannot be excluded that the rapid decrease of 
oxygen radicals by cytochrome c participates in the activation of caspases ~(~ysteine asDartases), components 
of the cascade. 

The yeast S. cerevisiae produces two catalase hemoproteins, the peroxisomal catalase A and the 
cytosolic catalase T, which mediate the splitting of H202 to oxygen and water (Skoneczny et al. 1988; 
Belazzi et al. 1991). Most bacteria contain also two catalases, one induced by oxidative stress, the other 
formed during the stationary phase. 

Among SODs, which catalyze the disproportionation of O~ �9 to dioxygen and H202, are the well- 
known cytoplasmic CuZn-SOD of eukaryotic cells, the bacterial or mitochondrial Mn-SOD, the recently 
identified Ni-SOD from Streptomyces and a monomeric CuZn-SOD found in the periplasm of E. coli (Val- 
entine et al. 1998 and references therein). 

5 DETECTION OF OXIDATIVE STRESS 

5. I Methods for detecting and measuring ROS 

A number of methods are available for detecting and measuring ROS generation. Spectroscopic 
methods are used to detect and identify the unpaired electrons present in free radicals. EPR spectroscopy 
with spin trapping makes use of the primary ROS to react with a diamagnetic nitrone or nitroso compound 
(spin trap) such as ohenyl-t-butyl_itrone (PBN), ot-2,4,6-trimethoxy-PBN, ct-(4-Ryridyl-l-oxide)-N-t-butyl- 
nitrone (POBN) or 5,5-dimethyl-l-po'rroline N-oxide (DMPO), yielding more stable and detectable radical 
adducts (Mason 1996). 

Io 2 can be detected by its emission at 1270 nm (Khan and Wilson 
1995). Methods using chemical traps are based on given ROS forming a readily 
identifiable product with the trap substance. They have been used for identifying ~ 
IO 2 (reaction with 9,10-diphenylanthracene) or 02" (reaction with the biolumi- 
nescent protein polynoidin; Colepicolo et al. 1990). Methods for measuring 
oxidative stress and/or antioxidant activity include the use of specific fluorescent ~ 
probes reporting on oxidative stress, detection of oxidatively altered DNA bases 
and lipid oxidation products, measurement of activities of antioxidant enzymes, 
glutathione levels, coenzyme QI0, or the use of caged compounds. The methods 
have been described in detail in a number of methodological handbooks (see, ~ "~'] 
e.g., Greenwald 1985; Armstrong 1998). t& 

Radical quenchers, such as N-acetyl-L-cysteine, tocopherols, retinol and 
carotenoids, are also used for detecting the presence of ROS. The principle of 9,10<liphenylanthracene 
the method is again the reaction of HO. or other radicals with known scaven- 
gers, and identification of the final products of the ROS-scavenger reaction by gas chromatography, HPLC, 
absorption spectroscopy, and other methods. The reactions of ROS with the target scavenger compounds 
include, e.g., formation of thiobarbituric acid-reactive substances by deoxyribose oxidation (Halliwell and 
Gutteridge 1981), hydroxylation of benzoate, salicylate or O-phenylalanine (Bailey et al. 1997), ethylene 
production from 2-oxo-4-thiomethylbutyric acid (KMB) (Lawrence 1985), or reduction of Fe 3+ to Fe2~ " in 
cytochrome c by O~. (Khan and Wilson 1995). HO. can also be detected by its immediate reaction with 
some dyes and by competition experiments with other substrates such as ethanol, which react at known rates 
with the HO.  (Imlay and Linn 1988 and references therein; Zhao and Jung 1995). A recently described 
method for determining trace amounts of ROS is based on fluorescently derivatized nitroxides that react 
rapidly with carbon-centered radicals to form stable O-alkylhydroxylamines (radical adducts). These are then 
separated by HPLC and quantified fluorimetrically (Li et al. 1999). 

There are a number of methods for H202 determination making use of, e.g., oxidation of dimethyl- 
urea, radiolabeled methanol or formate, cytochrome-c peroxidase or horseradish peroxidase (Frew et al. 
1983), O2-electrode or some reactions of catalase (Haliiwell and Gutteridge 1989). Spectrophotometric 
methods using agents such as dichlorophenol-indophenol or ferrous oxidation of xylenol orange (Bleau et al. 
1998) have been described (see also, e.g., Gockeritz et al. 1995). 

Chemiluminescence (CL) methods, especially enhanced or amplified CL, make use of agents, such 
as luminol (3-amino-phthalhydrazide) or isoluminol (4-amino isomer). These molecules react with the 
oxygen species generated in the ROS-yielding reaction, and produce excited-state intermediates that emit 
chemiluminescence upon relaxation to the ground state. The luminol molecule can pass through biological 
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membranes and ROS released from the cells as well 
Lundquist and Dahlgren 1996). 

Lipid peroxidation can be measured by the 
loss of oligounsaturated fatty acids, loss of antioxi- 0 u 
dants, oxygen consumption, level of lipid hydroper- Ik ) l f ~ ~ N I  
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5.2 Methods for assessing oxidative damage 

Techniques used for assaying and quantifying the production of ROS are also used for assessing the 
overall extent of oxidative stress and its effect on individual cell components or whole cells. 

The cumulative effect of oxidative stress on whole cells may bring about depletion of antioxidant 
defenses, and increase the level of oxidized molecules in the cell. It can thus be reflected in an altered "redox 
status" of the cell. There are a number of methods for assessing the overall or total redox status of cells. One 
of the methods consists in measuring the ability of biological materials to scavenge the free radical DPPH 
(1,1 "-dil~henyl-2-oicrylhydrazyl; Santiago et al. 1991; Santiago and Mori 1993). Another test is based on inhi- 
bition by cell homogenates of formation of the radical cation of ABTS (diammonium [2,2"-~ino(3-ethyl- 
benzo_lhiazoline-6-sulfonate)]; Lapshina et al. 1995). 
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Still other assays are based on using oxidant-sensitive fluorescent probes, such as 2,7-di~hloro-3,6- 
di-O-_~cetyl__fluorescein (DCAF), which is widely used for determination of H202, hydroperoxides and nitric 
oxide, and for studies of oxidative stress at cell level. Yeast cells take up DCAF into the cytosol by passive 
diffusion, where it is deacetylated by cellular esterases to 2,7-~i_~hlorofluorescein (DCFH), which is assumed 
to be trapped within the cells. Once deacetylated, DCFH becomes susceptible to attack by free radicals and 
becomes oxidized to the highly fluorescent 2,7-dichloro_fluorescin 9-]actone (DCFL) (Fig. 4). The fluores- 
cence of the supematant is then measured fluorimetrically (Brennan and Schiestl 1997). In fact, fluorescein 
and carboxyfluorescein have been found to be expelled from S. cerevisiae by A~,- or ApH-driven transporters 
(Breeuwer et al. 1994, 1995). DCFL was found to be released into the extracellular medium at a rate that 
increased with increasing pHout and on addition of oxidants. Measurement of extracellular level of DCFL 
was thus recommended as a valid measure of oxidation processes taking place inside the cells (Jakubowski 
and Bartosz 1997). 

Chemiluminescence techniques for measuring the antioxidant potential of cells are based on esti- 
mating the ability of the biological material to inhibit the luminol-enhanced chemiluminescence induced by 
oxidants (Jakubowski et al. 1998). 

According to Benzie and Strain (1996), antioxidant power may under certain assumptions be 
equated to reducing ability, and a method using reductants in a redox-linked reaction employing an easily 
reduced oxidant in stoichiometric excess could offer a simple way of assessing this ability. The ferric _reduc- 
ing ability of plasma (FRAP) method is based on the fact that, at low pH, ferric-2,4,6-_Irioyridyl-l,3,5-_lriazine 
(Fem-TPTZ) complex is reduced to the Fe2+-form that forms an intense blue color with an absorption maxi- 
mum at 593 nm. The reaction is nonspeciflc, and any reaction, which has a less-positive redox potential than 
the Fe3§ reaction, will drive the Fe3+-TPTZ reduction. In the FRAP assay, excess Fe 3+ is used 
and the rate-limiting factor of color formation is the reducing ability of the sample. FRAP assay offers 
a putative index of cell antioxidant defense. 

Indices of oxidative damage of proteins include, e.g., increase in the content of reactive carbonyl 
groups, decrease in thiol groups, increase in -S -S-  bonds, loss of amino groups, formation of bityrosine (see 
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p. 604), destruction of tryptophan and formation of N-formylkynurenine (Rice-Evans et al. 1991). Oxidative 
damage to membrane proteins can be detected, e.g., by changes in the number of  membrane protein 
SH-groups that are accessible to the Ellman reagent (the most commonly used thiol reagent, 5,5"-dil_hio- 
bis(2-nitrobenzoic acid) (DTNB; Soszyfiski and Bartosz 1997) or the reaction of carbonyl groups of  oxidized 
proteins with 2,4-dinitrophenylhydrazine (Levine et al. 1990). 
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6 TARGETS OF ROS AND DAMAGE 
TO BIOLOGICAL MACROMOLECULES 
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Fig. 4. Reactions of  2,7-dichloro-3,6-di-O- 
acetylfluorescein (DCAF) used as a measure 
of oxidation processes within cells 

The prime target of  exogenous ROS is cell membranes 
and components of the cytoskeleton. The sensitivity of mem- 
brane transport systems of stationary-phase cells to oxidative 
stress caused by H202 or the HO* radicals was measured in 
the obligatory aerobic Rhodotorula glutinis and the fermenta- 
tion-competent S. cerevisiae and Schizosaccharomyces pombe 
(Sigler el al. 1998b). H + symports in S. cerevisiae and S. pom- 
be were found to be essentially unaffected by high H202 con- 
centrations whereas in R. glutinis they were much more 
damage-prone (Janda et aL 1990). This higher sensitivity of 
R. glutinis to oxidants obviously reflects its low and inactiva- 
tion-prone intracellular catalase activity and a high intensity of 
lipid peroxidation-in the plasma membrane. In contrast to 
H+-symports, the plasma membrane H+-ATPases of all three 
yeast species have a low and comparable sensitivity to per- 
oxide. These vitally important yeast P-type ATPases respond 
to oxidative assault by exhibiting decreased K m for Mg-ATP 

and decreased Vli m ('t, max') of the ATPase reaction (Sigler el al. 1998a,b). Another feature of  the response 
of the plasma membrane H+-ATPase to oxidants, determined so far in S. cerevisiae, is the protection of the 
enzyme from the inactivating action of H202 in the presence of ATP. The target site(s) for oxidants in the 
ATPase appear to be several cysteine residues in the vicinity of the ATP-binding site. Other enzymes attacked 
by oxidative agents show, e.g., altered Km for substrate and altered interaction with ions (glycerol dehydro- 
genase from Klebsiella pneumoniae; Johnson et al. 1985), while ion-transporting animal systems, such as 
Na, K-ATPase, may show a change in kinetic cooperativity and uncoupling of ion fluxes from ATP hydroly- 
sis (Garner et al. 1983, 1984). Lipid peroxidation alters Na,K-ATPase by modification at specific active sites 
in a selective manner, rather than through a nonspecific process (Mishra et al. 1989). 

H202 produced by polymorphonuclear leukocytes during inflammation was found to provoke cell 
death by disarranging filamentous (polymerized) actin (F-actin) through oxidizing actin thiol groups. Steady- 
state actin polymers made up from oxidized G-actin monomers are more fragmented than control polymers 
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(DalleDonne et al. 1995). Oxidative damage strongly affects calmodulin, which loses its ability to bind and 
activate the plasma membrane Ca-ATPase. Oxidatively modified calmodulin binds to the autoinhibitory sites 
of the Ca-ATPase in an altered conformation, affecting the calcium homeostasis of the cell (Yao et al. 1996). 

Despite the adverse effects of oxidants on cell proteins, probably the most dangerous for the cell and 
its progeny is the damage of DNA. 

6.1 DNA 

Among the many deleterious environmental factors, the attack by ROS is considered to be the most 
harmful source of spontaneous damage of DNA. Ames and Shigenaga (1992) have estimated that approxi- 
mately 2 x 104 oxidative DNA lesions occur per human genome every day. ROS produce a wide spectrum of 
types of DNA damage. Approximately 100 different free radical-induced lesions have been identified 
(Dizdaroglu 1992). Identified oxidation products include both primary lesions which are often unstable and 
the breakdown products of these lesions arising from hydrolysis and rearrangement reactions. 

Base damage: DNA base modifications represent approximately half of the lesions generated by 
hydroxyl radicals, whereas they constitute the major- 
ity of lesions induced by singlet oxygen (Epe 1995). 

OH A major family of thymine oxidation products, 

~ OH ( , O H  collectively called thymine glycols, consists of four 
N Me l ,~"  ~Me isomers of 5,6-dihydroxy-5,6-dihydrothymine, in 

~ , ,  which the vicinal hydroxyl groups may be either cis 
0 N / ~01-t ~ % OH or trans with respect to each other. Thymine glycols H 

cJs-isomers undergo alkali-catalyzed decomposition which gives 
rise to various fragmentation products and yields urea 
residues N-linked to deoxyribose (Demple and Har- 

t,,~ 
OH $.x~x , OH rison 1994). Production of thymine glycols in a sin- 
Me ! , , ~  Me gle-stranded DNA template results predominantly in 

I "%0H OH T-C mutations. When present in double-stranded 
DNA, thymine glycols and their breakdown product 

trans-isomers urea are not mutagenic; they have a toxic effect 
because they function as a strong block to replication 

thymine glycols (Basu et al. 1989). Thus thymine glycols are sup- 
posed to be lethal lesions with moderate mutagenic 
properties. 

Most oxidation products of cytosine are analogous to those detected for thymine. However, cytosine 
glycols can undergo a secondary reaction which does not occur with thymine, viz. deamination (Friedberg et 

al. 1995). Deamination of cytosine hydrates produces uracil derivatives that form base pairs preferentially 
with adenine, leading probably to enhancement of the mutagenic effects of cytosine hydrates relative to 
thymine glycols which form CG~TA transitions. 

Purines can undergo oxidation of ring atoms to form various products. Among these, 8-oxoguanine 
(8-oxoG, denoted also as 8-hydroxvguanine, the other tautomeric form), is the best characterized oxidation- 
induced base damage product. 8-oxoG is strongly mutagenic both in vitro and in vivo (Michaels and Miller 
1992; Grollman and Moriya 1993). It does not block DNA synthesis catalyzed by prokaryotic and eukaryotic 
DNA polymerases. It is detected in DNA in increased amounts after exposure to a variety of agents that 
produce ROS, including H202, ionizing radiation, the carcinogens 4-nitroquinoline oxide and 2-nitro- 
propane, as well as tO 2 and Fe 2+ or Cu 2§ in combination with H202. The majority of mutations so induced 
were found to be targeted at the position of 8-oxoG and more than 95 % of these mutations were CG~TA 
transversions. From this it follows that 8-oxoG is a highly mutagenic lesion with little, if any, lethal action. 

Another guanine residue generated by oxidative stress is 2,6-diamino-4-hydroxy-5-formamido- 
pyrimidine (Fapy-G). This guanine derivative with opened imidazole ring is one of the major adducts formed 
in DNA by hydrolysis. The properties of Fapy-G are derived from its methylated form (Me-Fapy-G). It was 
shown that Me-Fapy-G is an inhibitor of DNA synthesis by E. coli DNA polymerase I and phage T4 DNA 
polymerase I (Boiteux 1993). The results show that both Fapy-G and Me-Fapy-G are lethal lesions in DNA 
with marginal mutagenic potential. Fapy residues (derived from guanines or adenines) can arise also as 
secondary products of N7-alkylated guanines or adenines. 

Deoxyribose damage: Besides base damage, ionizing radiation and free radical attack on DNA gen- 
erate lesions in deoxyribose (Demple and Harrison 1994). This damage can remove and displace bases, thus 
creating abasic (AP) sites. It can oxidize and fragment the deoxyribose moiety. The resulting strand breaks 
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are typical structural alterations caused by oxidative damaging agents, such as ionizing radiation or hydrogen 
peroxide, and all of them can cause a complete loss of genetic information in the affected strand. 

o 

HN N 3 N N 

H2N H2N f 2 ~  - f  ~'-NH 2 
1 

guanine Fapy-G 

Cross-links: Ionizing radiation generates cross-links between DNA and proteins. Small amounts of 
interstrand cross-links can also be formed by radical attack. The repair of such lesions is mediated by recom- 
binational repair system, as is also the case with some chemical or photochemical cross-links (West 1992). 

6.2 Lipids 

Oxygen radicals can damage both cell membrane phospholipids and proteins but lipid oxidation is 
thought to be more dangerous for the ceil. It not only inflicts damage on the membrane as such, but multi- 
plies the toxic effect of the primary stressors by generating a burst of secondary stressors, Le. lipid peroxyl or 
alkoxyl radicals (Fig. 5). Both the primary and the secondary stressors can degrade molecules of fatty acids 
composing the lipid bilayer by cleaving the C~2 bonds to shorter molecules. 
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Fig. 5. Some reactions and products of lipid peroxidation; CD- conjugated 
diene; adapted from Valentine et al. (1997), Mlakar and Spiteller (1997). 

In the course of this radical-based chain reaction, lipid peroxidation generates alkanes, ketones, oxi- 
ranes and aldehydes, which increase the number of polar groups in fatty acid chains. Membrane fluidity thus 
changes and the cell is no more able to fully control its permeability. The membrane loses its structural 
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integrity and the transmembrane electrochemical gradient of protons is partially or completely dissipated. 
This ultimately leads to cell death. Another dangerous consequence of lipid peroxidation is the generation of 
secondary oxygen radicals attacking the DNA (see above). The secondary reactive radicals produced during 
the reaction of primary ROS with cell lipids then react with membrane-sited as well as cytoplasmic proteins, 
further compromising cell integrity. 

Lipid peroxidation produces peroxyl radicals (LOO.), a relatively long-lived species (half-lives of 
the order of seconds) with a considerable diffusion path in cells. Further products generated in lipid peroxid- 
ation are lipid hydroperoxides (LOOH), which may undergo rearrangement to yield endoperoxides that are 
cleaved to aldehydes, or react with Fe 2+ to produce alkoxyl radicals (LO o) (Mlakar and Spiteller 1997). 
Degradation of lipid hydroperoxides by 13-cleavage yields a variety of aldehydes including alkanals, 2-alke- 
nals, 2,4-alkadienals and 4-hydroxyalkenals (Esterbauer et al. 1991). The major aldehydes are otten hexanal 
and 4-hydroxynongnal (HNE) produced by oxidation of  0)-6 fatty acids. A sequential multiple oxygenation of  
LOOH can yield 2-hydroxydialdehydes (HDA) (Mlakar and Spiteller 1997). These and other aldehydes have 
toxic effects and have been suggested to act as "second toxic messengers" of  oxygen radicals and lipid 
peroxidation (Esterbauer 1996). They are prone to polymerize and the polymerization products are fluores- 
cent, enabling their detection (Halliwell and Gutteridge 1989). The reaction of aldehydes with amine groups 
of peptides and proteins is involved in the modification of  lipoproteins (Stahl and Sies 1997). 

The reactions of lipid alkoxyl (LO.) and peroxyl (LOO-) radicals are slower but more specific than 
those of HO.. Because of the close proximity of lipids to proteins and DNA in the cell, lipid radicals may be 
more efficient than HO. in damaging other cell components (Yang and Schaich 1996). 

According to Nordmann et al. (1990) one of the consequences of  the peroxidation of a biomem- 
brane is a decrease in the fluidity of the membrane lipid phase, i.e. membrane rigidization. Membrane rigid- 
ization has indeed been found in cells of several yeast 
species (S. cerevisiae, Schizosaccharomyces pombe, Rho- 
dotorula glutinis) on exposure to hydrogen peroxide (Gil- ~ _ ~  _ ~  
le et al. 1993). ,k, .~/ ,  NH NH 

Lipid peroxidation has been suggested to be the 
mechanism of toxic action of not only redox active drugs 
and heavy metals, such as Cd 2+ or Cu 2+ (see Chapter DPPD 
3.1), but also of mycotoxins produced by filamentous 
fungi (as found in Kluyveromyces marxianus; Hoehler et al. 1998). It can be prevented by pretreatment of 
the lipid with lipophilic antioxidants such as N,N'-diphenyl-l,4-benzenediamine (N,N'-diphenyl-l,4-1~he- 
nylenediamine; DPPD) (Kirkland 1991). 

6.3 Proteins 

Proteins - whether structural or free cytoplasmic ones - are probably the main target of externally 
induced ROS in animal as well as bacterial cells (Gebicky 1997). They are attacked either directly or indi- 

rectly via oxidized lipids. Two recent important publications - a monograph 
COOH by Davies and Dean (1997) and a review by Dean et al. (1997) - exten- 

sively analyze the data on protein modifications by various forms of oxygen 
0 ~  NH 2 radicals and bring a detailed information on this topic. Mechanisms of 

oxidative protein damage and its repair or elimination are also discussed in 
] an older review (Visick and Clarke 1995). We therefore summarize here 

O ~  u~2 c - ~  recently~ thepublishedmOSt importantfindings.data on this problem and supplement them with 

OOH Probably all amino acids can be modified by ROS or RNS. Amino 
acid residues are either oxidized to peroxidized forms, e.g., tyrosine to 

bityrosine tyrosine hydroperoxide, histidine to 2-oxohistidine; they can be transformed 
to another amino acid, e.g., proline to glutamic acid or to an organic acid, 
e.g, leucine to 2-oxoisocaproic acid or isovaleric acid. Methionine is oxid- 

ized to its sulfoxide and cysteine to cystine, which causes its dimerization. Other amino acids can also be 
dimerized, e.g., tyrosine to bityrosine ("dityrosine"). The oxidative defect on one amino acid residue can also 
be transferred to a neighbor amino acid. 

Amino acids in proteins can be oxidized either on a-carbon which forms the protein backbone, or 
on their aliphatic side-chains (Fig. 6). The damage of the carbon backbone, proceeding preferentially at pro- 
line or glycine residues, may result in fragmentation of the protein molecule. 
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The pathways of ROS-mediated protein oxidation are numerous. Leucyl and other amino acid resi- 
dues can be modified by the Fenton reaction (combined effect of transition metal ions and H202), many other 
amino acids can be oxidized by the hydroperoxyl radicals HOO �9 or by superoxide. The latter can be con- 
verted to more active radicals such as peroxyl (ROO~ alkoxyl (RO-) and hydroxyl (HOo) radicals. The 
oxidative modification otlen results in formation of amino acid hydroperoxides or carbonyl compounds. 
Especially sensitive targets for oxidation of enzymes are the metal-binding sites in their prosthetic groups. 
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Fig. 6. Main steps in protein oxidation by ROS; based on Dean et al. (1997), simplified. 

Oxidative damage to one kind of biomolecule can affect another one. Thus the reactive aldehyde 
groups of lipids can react with amino groups in proteins to form Schiff bases, or ROS can induce formation 
of cross-links between proteins and DNA (Stadtman 1986; Dean et al. 1997; Davies and Dean 1997). 

A detailed analysis of oxidative protein modifications induced by different ROS in Escherichia coil 

was published by Tamarit el aL (1998). They analyzed the distribution of carbonyl groups in proteins sepa- 
rated by I-D gel electrophoresis, and found that the mostattacked were the ~3-subunit of the FoFI-ATPase, 
enzymes of energy metabolism and the DnaK molecular chaperone, ttowever, they could not find any clear- 
cut correlation between the degree of protein modification and loss of viability. 

In bacteria, oxidative stress damages proteins not only in vegetative cells but also in bacillar spores. 
Here, methionyl residues in small acid-soluble proteins have been found to be oxidized to methionine sulf- 
oxide, which decreased the interaction of the proteins with DNA (Hayes et al. 1998). Also enzymes partici- 
pating in energy-yielding reactions in spores can be inactivated by ROS (Palop et al. 1998). Hydrogen 
peroxide was found to be capable of attacking proteins directly and oxidizing their SH-groups. This was 
found to be true, e.g., with creatine kinase from rabbit muscle (Suzuki et al. 1992) and also with membrane 
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proteins such as the plasma membrane H+-ATPase from Schizosaccharomyces pombe that has a very low 
level of lipid peroxidation (Sigler et al. 1998a). H202 also partially inhibits mitochondrial enzymes (NADH 
dehydrogenase, NADH oxidase and cytochrome-c oxidase), and this inhibition again appears not to be rela- 
ted to lipid peroxidation (Zhang et al. 1990). 

Modifications or splitting of protein molecules dramatically change the protein conformation, inac- 
tivate enzymes and often cause their denaturation. Such altered proteins are then a suitable target for proteo- 
lytic attack (Levine et al. i 981 ; Gardner and Fridovich 1991 ). 

Partially unfolded proteins, which may exist during the first stage of oxidative damage, can be pro- 
tected by molecular chaperones against irreversible denaturation and subsequent proteolysis (Craig et al. 
1994; Fenton and Horwich 1997). However, the possibility to repair oxidatively modified proteins is limited, 
although the disulfides or methionine sulfoxides can be reduced back to cysteine and methionine residues 
under participation of thioredoxin and thioredoxin reductase (Farr and Kogoma 199 I). 

We shall briefly mention the fate of irreparable oxidatively damaged proteins though this topic will 
be a subject of a subsequent review. Most damaged proteins including nonfunctional enzymes must be eli- 
minated by proteolysis and replaced with new ones to keep cell viability. Like proteins containing amino acid 
analogs or treated by a supraoptimal temperature, oxidatively damaged proteins are prone to denaturation. 
They are more sensitive to hydrolysis by proteolytic enzymes than most normal proteins (Goldberg and 
St. John 1976; Davies 1987; Gardner and Fridovich 1991). However, some oxidized proteins, especially 
those forming protein aggregates, are not accessible to proteolytic enzymes. Higher concentrations of ROS or 
of amino acid analogues or a higher temperature may therefore cause accumulation of denatured nonfunc- 
tional proteins in cells (Chopra et al. 1986; Davies and Lin 1988a; Grune et al. 1995). 

Oxidatively modified proteins are degraded mainly by proteolytic enzymes involved in the hydroly- 
sis of short-lived proteins, e.g., by proteasomes in eukaryotic cells, but proteolytic enzymes able to recognize 
and degrade oxidatively modified proteins are present also in mitochondria (Marcillat et al. 1988). A special 
proteolytic system may be involved in the degradation of oxidatively modified proteins in bacteria (Davies 
and Lin 1988b) but more data are needed to characterize it. We recently showed that the Ca2+-dependent 
serine proteinase ISPI whose synthesis or activation in B. megaterium is increased by heat or osmotic stress 
(Vachovfi et al. 1994; Ku~erovfi and Chaloupka 1995) is promoted also by oxidative stress (Vfichovfi et al., 
to be published). The participation of this proteinase in degradation of defective proteins has not been fully 
elucidated. 

6.4 Saccharides and polysaccharides 

The data on oxidative damage to saccharides and its consequence for the cell are much less abun- 
dant than those for DNA, lipids or proteins. Monosaccharides can enolize and thereby reduce dioxygen 
under physiological conditions, yielding 2-oxoaldehydes, H202 and free radical intermediates. The process 
could form the basis of slow nonenzymic glycosylation of proteins. The extent of this nonenzymic protein 
glycosylation could reflect the extent of oxidative stress (Wolff and Dean 1987). 

Free radicals have been found to depolymerize polysaccharides, such as 13-cyclodextrin, pectin, 
alginate, dextran and pullulan (Uchida and Kawakishi 1986a,b; Lahiri et al. 1992), and also depolymerize 
chitosan (D-glucosamine polymer). Oxidative chitosan depolymerization is transition-metal-catalyzed, and 
involves the action of HO., but not H202, O]. or Io 2 (Tanioka et al. 1996). The degree of radical-induced 
polysaccharide depolymerization depends on the conformational state of the molecules, in particular their 
strandedness (Christensen et al. 1996). The radical-induced attacks on the polysaccharide chain are nonspe- 
cific. The depolymerization of multiple-stranded polysaccharides such as xanthan or scleroglucan differs 
from that of single-stranded polysaccharides (Hjerde et al. 1998). 

7 BIOLOGICAL ASPECTS OF OXIDATIVE STRESS ON MICROBIAL, 
PLANT AND ANIMAL CELLS 

This chapter is intended as a comparison of the effect of oxidative stress on plant and animal cells 
with its influence on bacteria and eukaryotic microorganisms. The main concern is with the endogenously 
induced stress because it affects all aerobically living organisms. However, endogenously formed ROS, such 
as H202, can be excreted by animal and plant cells as a defense tool in their struggle against pathogenic 
microorganisms, and their effect cannot therefore be neglected. ROS can also originate through natural 
causes (see Chapter 1.2) or can be used as disinfectants or experimental tools for unraveling the nature and 
regulation of cell response to oxidative stress as such. In all types of cells, the main biological consequence 
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of a severe oxidative stress is an inhibition of the cell cycle (Lowett et al. 1994; Wang 1998). This delay in 
cell cycle progression enables the cell either to decrease the ROS concentration, to repair the damage caused 
by oxidative stress or induce mechanisms eliminating irreparable cells. Whereas the former process is similar 
in all cells, the latter effect of oxidative stress proceeds differently in different cells. Cells in multicellular 
organisms developed sophisticated mechanisms resulting in their programmed death. The death of damaged 
cells thus prevents fixation of pernicious mutations, e.g., those leading to malignant transformation, which 
would be dangerous for the whole organism. Microbial cells have not developed a universal death mecha- 
nism or only a very rudimentary one. Also the biological consequences of a milder but continuous endo- 
genous oxidative stress in multicellular and unicellular organisms are different. Whereas the unrepaired 
changes in multiplying animal cells participate in their gradual aging, such changes in microbial cells are 
absent or rare. These problems are analyzed in the following sections. 

7.1 Oxidative stress in animal and plant cell aging and death and in development o f  diseases 

Mitochondria, key organelles producing endogenous oxidative stress, play a part in damaging other 
cell organelles by the ROS, which results in aging, but can also participate in induction of apoptosis - an 
executive pathway of programmed cell death. 

Apoptosis, a genetically regulated death pathway, can be induced in animal cells either by physio- 
logical effectors, such as hormones, or by a severe cell damage caused, e.g., by heat or oxidative stress (Petit 
et al. t996; Jacobson 1996; Wyllie 1997) (Fig. 7). Physiologically induced apoptosis is involved in the 
elimination of cells or tissues in the course of development of the organism (Ellis et al. 1991; Jacobson et al. 

1997); stress-induced apoptosis participates in cell defense by eliminating damaged cells that can no longer 
be properly repaired (Gabai et al. 1997; Hetts 1998). The main event in the process of induction ofapoptosis 
in animals is the sensing of stress-induced DNA damage by the sensor protein p53 (Enoch and Norbury 
1995; Yin et al. 1998). This protein is the product of the p53 antioncogene and activates a proteolytic cas- 
cade which triggers further steps in the apoptotic pathway (Hetts 1998). Protein p53 belongs among transcript- 
ional factors regulating the expression of genes that direct the cell to the arrest of the cell cycle, differentia- 
tion or death. 

A crucial role in the apoptotic pathway is played by caspases. The proteolytic cascade includes ten 
or more caspases and is triggered via several pathways. The main function of the proteolytic cascade in 
apoptosis is to degrade proteins, such as lamins which stabilize the nuclear structure, and enzymes partici- 
pating in DNA repair, e.g., poly(ADP-ribose) polymerase. The cascade also activates endonucleases 
(DNAases) which accomplish the terminal steps in the death pathway, by inactivating their inhibitors. The 
proteolytic enzymes participate also in apoptosis indirectly by degrading the mitochondrial membrane. The 
internal contents of mitochondria are then released into the cell. Among their components are the soluble 
proteinaceous factor AIF, cytochrome c and Ca 2§ which promote the apoptotic pathway (Skulachev 1996; 
Jacobson 1996; Cai and Jones 1998). An important factor in this process is the release of Ca 2§ ions from 
mitochondria and other cell structures; these ions then activate the Ca2+-Mg 2+ endonuclease activity. The 
cytochrome c released from mitochondria participates in the activation of the proteolytic cascade (Allen et 
al. 1998; Green and Kroemer 1998; Skulachev 1998). An oncoprotein Bcl-2, which is located in the mito- 
chondrial outer membrane, can temporarily delay or suppress the process by increasing AIg m and stabilizing 
the mitochondrial permeability. Although the apoptotic cell shrinks, its cell membrane functions remain 
almost unchanged until the end of the process. 

Another factor involved in the regulation of apoptosis is the sphingolipids ceramides, the synthesis 
of which increases in stress conditions. Ceramides can be considered as generalized mediators of apoptosis 
because of their function in signal transmission. They also participate in mobilization of Ca 2+ reserves and 
might thus affect the activity of nucleases (Pushkareva et al. 1995; Sakagami et al. 1996; Dickson 1998). 

Another apoptotic pathway, which proceeds in parallel to that induced by p53, is !riggered by accu- 
mulation of oxidatively damaged proteins (Gabai et al. 1997; J~i/tttel~i et al. 1998; Meriin et al. 1999). Oxi- 
datively modified proteins are denatured at physiological temperatures and interact with stress proteins 
belonging to the Hsp70 family. These stress proteins either renature the damaged proteins or make them 
accessible to intracellular proteolytic enzymes. This interaction depletes the pool of free Hsp70 proteins and 
this causes unblocking of c-Jun (an apoptosis-stimulating factor) function. 

Unlike the relatively mild oxidative stress resulting usually from endogenously produced ROS, 
which induce apoptosis, a more severe endogenous oxidative stress or moderate concentrations of exogenous 
ROS kill cells by necrosis (a non-programmed cell death; Sen 1992). Necrosis proceeds as an almost imme- 
diate breakdown of the cell membrane and release of the cell contents into the environment. The decisive 
factor directing a damaged cell either to apoptosis or to necrosis seems to be the ATP level. Its sudden drop 
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induced by impairment of  cell membrane or mitochondria drives the cell to necrosis. Maintaining satisfactory 
ATP level enables the cell to continue its metabolic activities and directs the damaged cell on the pathway to 
apoptosis (Tsujimoto ! 997). 
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Fig. 7. Main features of death pathways in animal cells. Cell death can be triggered by two interconnected pathways: by physiological 
stimuli (e.g,  Fas antigen and tumor necrosis factor TNF) or by stress factors (e.g., oxidative or heat stress) causing cell damage. Both 
affect transcription and trigger activation of the proteolytic cascade. An important role is played by mitochondria, which augment the 
death pathway by an increased production of ROS. Also, mitochondrial damage leads to the release of the apoptosis-inducing factor 
AIF and cytochromr c, which activates some compounds of the proteolytic cascade. The apoptotic pathway is stimulated by the 
sphingolipid ceramide whose synthesis is increased in stress condition. Serious damage to the cell membrane can dfi'r the cell to 
necrosis whereas a milder impairment of cell structures stimulates the apoptotic pathway. Based on Willie (1997); Kroemer et al. 
( 1997); Merlin el al. (1999). 

A continuous influence of  a relatively mild oxidative stress is one o f  the main causes o f  cell aging. 
Cell aging differs from apoptosis; it is a long-term biological process which leads to a continuous deteriora- 
tion of  cell functions, decrease o f  cells' reproductive activity and eventually cell death. It is controlled on the 
one hand by genetic regulation, and on the other it is affected by accumulation o f  defects caused by continu- 
ous oxidative stress (Line t  al.  1998). A close connection exists between cell aging and the development o f  
degenerative diseases. The main protein targets damaged by oxidative stress are respiratory enzymes which 
lose their activity, and components of  the cell-defense systems, such as superoxide dismutase and glutathione 
reductase (Oliver et  al .  1987; Wei 1998). This brings about a decline o f  many cell functions, including stress 
and immunological response. DNA and protein damage impairs the function o f  the nervous system which 
results in degenerative diseases such as Parkinson's disease and lateral sclerosis (Ames e t  al .  1993; Hetts 
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1998). There is also evidence that oxidative damage to DNA is a causative factor in human cancer, and may 
play a role in hereditary syndromes with proclivity to malignancy, such as ataxia telangiectasia, Bloom's 
syndrome and Fanconi's anemia. Oxidative damage to DNA is also assumed to participate in the inception of 
many other diseases, including atherosclerosis, stroke and auto-immune syndromes ( for rev iew see, e.g., 
Dreher and ./unod 1996; Newcomb and Loeb 1998). 

Oxidative stress also plays a role in infectious diseases, because the products of several viruses or 
pathogenic bacteria damage the infected tissue by inducing ROS generation (Edeas et al. 1997; Hahn et al. 
1998; Akaike et al. 1998; Kaur et al. 1998). It should be noted, however, that superoxide and NO also 
participate in the defense of organisms against bacterial and viral infections by killing the infectious agent 
(Irani and Goldsmith-Clermont 1998; Okada et al. 1998). The role of ROS in cellular immunity is ambigu- 
ous. On the one hand, ROS and RNS produced by macrophages kill infecting bacteria and viruses and, on the 
other hand, their accumulation in inflammatory regions can damage the host tissue by increasing the local 
concentration of ROS (Ginsburg 1998; Akaike et al. 1998). A continuous local irritation at the place of 
infection can even promote the process of malignization (Vile et al. 1998). 

A similar type of defense against pathogenic bacteria and fungi - the so-called hypersensitive 
response - is used also by plants. The ROS produced by infected host cells kill the invader but simul- 
taneously induce the death of the infected tissue. The dead cells are rapidly desiccated and cannot thus be 
utilized as a source of nutrients for the reproduction of pathogenic bacteria or fungi that had survived the 
oxidative injury (Levine et al. 1994; Greenberg 1996; Dangl and Holub 1997). 

7. 2 Effect o f  endogenously  f o r m e d  R O S  on growing  microbial  cells 

Aerobically growing cells are continuously attacked by internally produced ROS induced by aerobic 
respiration. Multiplying aerobically growing bacterial populations do not exhibit any evident signs of aging, 
probably with the exception of filamentous or budding bacteria (Mason et al. 1986). Aerobic bacteria are 
equipped with an efficient enzyme machinery (e.g., catalases and superoxide dismutases) to decrease the 
level of ROS and repair oxidative damage to biomolecules (Demple 1986; luchi and Weiner 1996; Storz et 

al. 1990; Farr and Kogoma 1991). In addition, the rapid growth and high biosynthetic activity of microbial 
cells bring about dilution of possibly nonrepaired lipids or proteins by new and functional ones. A repro- 
ducing bacterial cell divides into two similar or identical daughter cells and this prevents possible accumul- 
ation of damaged macromolecules in the mother cell (NystrOm 1998). Nevertheless, because the total number 
of cells in a multiplying bacterial culture is usually larger than the amount of cells able to form colonies, and 
their ratio is affected by cultivation conditions (Decamp et al. 1997; Sakamoto et al. 1998), the problem of 
aging and death of bacteria in a growing population cannot be resolved definitively. Also the terms "viabil- 
ity" and "culturability" need not be equated because of the recent finding of "viable-but-nonculturable" 
bacteria (Kell et (11. 1998). Unlike aerobically growing bacteria, which are equipped with enzymes decreas- 
ing the danger of oxidative damage, anaerobically growing bacteria contain much less of these enzymes and 
can be killed by endogenously produced hydroperoxides whose formation is triggered by Fe 2+ via the Fenton 
reaction (Dunning et al. 1998). 

Growing yeast cells exposed to endogenously produced ROS in aerated media are equipped with 
similar defense mechanisms as bacteria (Jamieson 1995). The action of antioxidative enzymes can be dem- 
onstrated only after their inactivation (l,ongo et al. 1996, 1997, 1999). However, unlike bacteria, multiplying 
cells ofS. cerevis iae  display signs of aging or so-called replicative senescence known from tissue cultures of 
multicellular organisms (Hayflick 1979; Campisi 1996; Faragher and Kipling 1998). This term implies that 
every differentiated tissue is endowed with only a limited reproductive capacity and, after several cell divi- 
sions, ceases to multiply and dies. Yeasts divide during the cell cycle into two morphologically and physio- 
logically different cells: a larger mother cell, and a smaller daughter (virgin) cell. The mother cell can be 
recognized by its larger size and by the presence of bud scars remaining after separation of every daughter 
cell (Streiblova. 1970; Jazwinski 1989). A mother cell can produce up to 40 daughter cells, then it stops 
multiplying and dies. This process resembles the phenomenon of replicative senescence of mammalian cells 
(Jazwinski et at. 1989; Jazwinski 1993). Yeast cell culture as such, however, does not age, because it con- 
tains one half of just separated young daughter cells and the proportion of senescent mother cells with 20 or 
more bud scars is negligible. Instructions for aging are encoded in the yeast genome, because mutations can 
cause either prolongation or shortening of the mother cell life span (Kennedy et al. 1995; Jazwinski 1996). 

Recent data suggest that yeast aging may result from nucleolar fragmentation (Sinclair et al. 1998). 
The yeast nucleolus contains 100-200 tandem copies of rDNA units separated by nontranscribed sequences 
as spacers. Each spacer contains three ~utonomously _replicating sequences (ARS). As the cell ages, one or 
several rDNA copies can be excised from the extrachromosomal rDNA (nucleolar DNA) tandem as circular 
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molecules (ERC) and, because of the presence of ARS, can replicate. These ERC molecules mostly accu- 
mulate in maternal nucleoli during cell division. After 15 or more generations the total DNA content in ERCs 
may be equal to that of the total yeast genome and the size of the nucleolus therefore enlarges. Still later the 
nucleolus breaks down and the cell dies (Fig. 8). Two recent publications suggest that oxidative stress could 
be involved in yeast aging. Ashrafi et al. (1999) found that the life-span of mother cells decreases by 
a prolonged incubation in the stationary phase, i.e. under the condition of a continuous cell exposure to 
endogenous oxidative stress. Moreover, Barker et al. (1999) proved that the function of the SOD gene is 
necessary to ensure the mother cell longevity. 
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Fig. 8. Aging of yeast cells. Left: life span of virgin (V, daughter) cells and old (O, 18th generation) cells; right: aging and death of 
a yeast cell as a consequence of the nucleolar development. A, nucleolus contains 100-200 tandem copies of rDNA (squares) separated 
by spacers containing autonomously replicating sequences (ARS; thin lines); B, excision/inheritance of extrachromosomal rDNA circ- 
les (ERC) composed of rDNA and ARS; C, replication of ERC remaining in the nucleolus (asymmetric segregation); D, enlargement of 
the nucleolus followed by its fragmentation; based on Jazwinski et al. (1989); Sinclair et al. (1998). 

Another example of aging in lower eukaryotes is the senescence and death of the filamentous fungus 
Podospora anserina (Cummings 1984; Ossiewacz 1997). In this case the senescence is caused by the loss of 
integrity of mitochondrial DNA, followed by release of its fragments in the form of circular plasmids. Mito- 
chondria thus lose their function as energy-generating machines and the organism ultimately dies. However, 
it is only a matter of speculation whether the splitting of mitochondrial DNA is a mere consequence of its 
intrinsic instability or whether it can be ascribed also to the action of continuously produced ROS. 

Unlike the merely hypothetical role of ROS in the aging of yeast and Podospora spp., oxygen radi- 
cals are without any doubt involved in the differentiation of another filamentous fungus, Neurospora crassa 
(Hansberg et al. 1993). Exposure of the mycelial mat of this lower fungus to air triggers adhesion of the 
hyphae, development of aerial hyphae and formation of conidia. The differentiation is accompanied by an 
increase in the number of carbonyl groups in proteins followed by their degradation. Protein degradation 
supplies amino acids necessary for the synthesis of new proteins under starvation conditions, which in 
microorganisms is usually accompanied by differentiation (Toledo and Hansberg 1990; Toledo et al. 1994). 

7. 3 Effect o f  endogenously f o rmed  ROS on nongrowing microbial cells 

Nongrowing microbial populations in the stationary phase are exposed to permanently produced 
ROS, which attack the same cell all the time. It is therefore probable that injuries caused by the oxidative 
damage will accumulate in these cells. However, two factors decrease this danger: an extensive protein 
turnover which permanently eliminates defective proteins (Goldberg and St. John 1976; Liu et ai. 1984; 
Davies 1986; Gottesman et al. 1997) and the development of defense mechanisms, e.g., synthesis of cata- 
lases and superoxide dismutases, which decrease the ROS level, along with enzymes repairing DNA and 
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proteins which stabilize DNA (Storz et al. 1990; Farr and Kogoma 1991; Pahl and Bauerle 1994; Marquis et 
al. 1994). This defense apparatus is more efficient than that operating in growing cells, as the resistance of 
nongrowing bacterial and yeast cells against exogenous ROS is greater (Dowds et al. 1987; Siegele and 
Kolter 1992; Hengge-Aronis 1993; Flattery O'Brian et al. 1997). 

For instance, stationary-phase cells of Kluyveromyces lactis are extremely resistant to both H202 
and O2 �9 (13illard et al. 1997). Likewise, S. cerevisiae cells nearing the stationary phase of growth are consid- 
erably more resistant towards oxidants than exponentially growing cells (Jamieson 1992). Stationary-phase 
cells with lowered intracellular level of glutathione are still more resistant to H202 and O~. than exponen- 
tially growing ones, suggesting that GSH level is not crucial in conferring resistance towards oxidants in 
stationary-phase cells (Stephen and Jamieson 1996). A similar situation was found with heat stress: exponen- 
tially growing S. cerevisiae cells exposed to nonlethal heat stress induce the synthesis of stress proteins and 
acquire tolerance to lethal heat shock in a process called acquired thermotolerance, whereas stationary cells 
are tolerant to heat shock without preceding heat stress, displaying the so-called intrinsic thermotolerance 
(Zahringer et al. 1997). Also, the synthesis of defense enzymes protecting growing bacteria against oxidative 
stress can be promoted by externally added H202 or menadione, whereas the development of the corre- 
sponding enzymes in nongrowing cells is induced by the mere entry of the population into the stationary 
phase (NystrOm 1998; Altuvia et al. 1994; Kawasaki et al. 1997). In spite of that the viability of the non- 
growing population gradually decreases (Postgate and Hunter 1962). Nevertheless, the proportion of dead 
cells would be much greater without the "buffering" action of the defense apparatus directed against the toxic 
effect of endogenous oxidative stress (Eisenstark et al. 1992). 

Death of bacteria in the stationary phase is probably not caused only by a metabolic disorder trig- 
gered by starvation or acontinuous oxidative stress. Recent data suggest that it can result also from 
a genetically directed process which has the features of programmed cell death. It seems to be regulated by 
a mutual interplay of two protein molecules - the toxin and the antidote, analogous to similar molecules 
involved in programmed cell death of some bacteria induced by plasmid elimination (Jensen and Gerdes 
1995; Chaloupka and Vinter 1996; NystrOm 1998). Unlike the suicide genes on plasmids, the genes respon- 
sible for killing bacteria in the stationary phase are localized on bacterial chromosomes (Aizenman et al. 
1996). The genes encoding the toxin remain silent during growth or their products are inactivated by the 
antidote. However, starvation either induces their activation or relieves their inactivation by the antidote 
molecules which are more labile than the toxin and are degraded by the proteolytic apparatus. The biological 
role of this suicide system seems to supply degradation products of dead cells (mainly amino acids) to the 
surviving part of the population in order to give it a better chance for adaptation to starvation conditions. 

7.4 Effect o f  exogenous ROS 

Exogenous oxygen radicals or their inducers can be produced by different cells, e.g., H202 or 
superoxide by leukocytes during bacterial infection (Ginsburg 1998; lrani and Goldschmidt-Clermont 1998). 
ROS are also present in the environment in various forms, e.g., trioxygen, or originate through the activity of 
UV- or ionizing radiation (see Chapter 1.2). They can also be added in various forms (H202, paraquat, 
menadione, azo compounds, etc.) to the microorganisms by a researcher as a tool in the study of the oxida- 
tive stress as such. Their application has been instrumental in revealing the mechanisms of the response of 
microorganisms to ROS, as well as of the regulatory circuits involved in their control (Storz et al. 1990; Farr 
and Kogoma 1991).* 

Exogenously produced ROS behave in the same way as other stress factors, e.g., elevated tempera- 
ture or osmotic shock. Their lower concentration added to a growing population promotes the Synthesis of 
enzymes and other proteins that protect the organism against the toxic effect of a second dose or a high 
concentration of the respective stress factor (Storz et al. 1990). However, the use of H202 as a primary stress 
tS.ctor induces in some cases an increased resistance only to H202 but not to, e.g., menadione, or vice versa 
(Storz et al. 1990; Farr and Kogoma 1991). 

As mentioned earlier, the tolerance of growing bacteria and yeast not pretreated with a low dose of 
H202 to oxidative stress is lower than that of nongrowing cells in the stationary phase (Dowds et al. 1987; 
Jamieson 1995). An enhanced tolerance of stationary cells of bacilli to external ROS is independent of their 
ability to differentiate. Thus a mutation in the key sporulation-regulating gene spoOA, which prevents sporu- 
lation, does not decrease the resistance of nongrowing cells to an elevated concentration of peroxide (Dowds 
et al. 1987). Paradoxically, this mutation decreases their sensitivity to the oxidative stress during the expo- 
nential phase. This implies that the spoOA gene, whose protein product is phosphorylated at the beginning of 

*A more detailed analysis of this topic will form part of a subsequent review. 
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the stationary phase and in this form triggers sporulation (Errington 1993; Stephens 1998), can in the non- 
phosphorylated form somehow promote the tolerance of growing bacilli to oxidative stress. 

Induction of endogenous ROS by many chemical disinfectants is also the principle underlying the 
killing of vegetative bacteria and bacillary spores (Stewart and Olson 1992; Bloomfield and Arthur 1992). 
Also some antibiotics and chemotherapeutics kill bacteria by generating oxidative stress (Deretic et al. 1995; 
Gutteridge et al. 1998). 

In anaerobic bacteria, oxygen plays the role of an exogenous stressor in addition to typical ROS 
such as H202. The first defense line against oxygen toxicity in anaerobes represents the negative aerotaxis 
which enables the bacterial population to move away from oxygen (Zhulin et al. 1997). Medium composition 
has also been shown to play a certain role in affecting the ROS toxicity, complex media increasing the 
tolerance (Leke et al. 1999). 

Strict anaerobes (e.g., Prevotella melaninogenica) are substantially more sensitive to the presence 
of oxygen or H202 than, e.g., the aerotolerant anaerobe Bacteroides fragilis or the facultative anaerobe 
Salmonella typhimurium, as detected by oxidative DNA damage or by viability assay (Takeuchi et al. 1999). 
Anaerobic bacteria, including such strict anaerobes as clostridia, contain at least one of the ROS-scavenging 
enzymes, such as catalases, superoxide dismutases or thioredoxin reductases, which represent the main 
defense enzymes in all microorganisms (Roche et al. 1996; Cortez et al. 1998; Lynch and Kuramitsu 1999; 
Harms et al. 1998). Their concentration or activity in strict anaerobes is not sufficient for ROS detoxication 
in aerated cultures but permits the aerotolerant species to grow in the presence of low oxygen concentrations. 
In some cases, a classical defense enzyme is replaced by another one with similar enzymic activity, such as 
the Clostridium perfringens rubererythrin with superoxide dismutase activity (Lehmann et al. 1996). 

Studies of oxidative stress and its control in anaerobes have in recent years been often carried out 
using the aerotolerant Bacteroidesfragilis (Rocha et al. 1996; Rocha and Smith 1998). This bacterium was 
established to contain a fairly low concentration of catalase B mRNA during the exponential phase of 
anaerobic growth, while its level sharply rises during the post-exponential or at the beginning of the station- 
ary phase (Rocha and Smith 1997). 

Hyperthermophilic archaebacteria represent a special group of anaerobes (Adams 1999). They also 
contain ROS-scavenging enzymes such as catalase-peroxidase (Cannac-Caffrey et al. 1998) or superoxide 
dismutase (Yamano and Maruyama 1999). 

It thus seems that the main defense principles coming into play in cells coping with oxidative stress 
are common to aerobic and anaerobic bacteria and the critical factor in the tolerance to 02 or H202 is only 
the level or activity of the respective enzymes. 

7.5 Cues on the mechanisms o f  cell death induced by ROS 

Before exploring the cell death mechanisms in microorganisms it must be stated that the criteria of 
their death are not sufficiently defined (see also an older review of Mason et al. 1986). The mere loss of 
colony-forming ability is not a sufficient criterion. On the one hand, a portion of nonreproducing population 
can be classified as "viable but not culturable cells" and the oxidative stress may increase the size of this 
portion (Hochman 1997). On the other hand, differentiating cells such as bacilli lose the ability to grow in the 
irreversible sporulation phase (Frehel and Ryter 1969; Kretschmer 1972) in spite of their very intense meta- 
bolic activity directed to spore development (Chaloupka and Vinter 1996). A better criterion of death is the 
loss of cell membrane potential and an increase of membrane permeability (Niven and Mulholland 1998; 
Nebe-von Caron et al. 1998). This is usually followed by autolysis, which is the best evidence of cell death. 
Unfortunately, most data concerning cell death of microorganisms are based only on the loss of colony- 
forming ability. 

There is no sufficient evidence concerning the death pathways in microorganisms induced by oxida- 
tive stress because much more effort has concentrated on the elucidation of their adaptation to oxidative 
stress than on the death pathways of irreparably damaged cells. We shall therefore analyze data on death 
mechanisms induced by other factors and speculate whether they could also take place in death triggered by 
ROS. 

In bacteria, death often results from an impaired integrity of the cell membrane or the cell wall by 
lysins or autolytic enzymes. This holds for the "enforced suicide" caused by elimination of plasmids coding 
for a toxin and its antidote, as well as for lysis of an infected bacterium by phage lysins. Also some drugs, 
e.g., penicillin derivatives, trigger cell death by preventing the maintenance of the cell-wall integrity either by 
inhibiting insertion of new peptidoglycan components into the cell wall weakened by its turnover, or by 
activating autolytic enzymes (Doyle et al. 1988). During sporulation of bacilli the mother compartment of the 
sporangium undergoes programmed death at the end of the developmental cycle (Chaloupka and Vinter 
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1996). Its autolysis is preceded by an extensive degradation of proteins prelabeled during growth or during 
the reversible sporulation phase (Strnadov~i et al. 1992). It is possible that the proteinases participating in this 
process can damage the cytoplasmic membrane or inactivate some energy-yielding enzymes which would 
cause activation ofautolytic enzymes. 

Oxidative stress injures the cytoplasmic membrane by oxidizing its lipids and proteins (see Chapter  

6) through the action of either extracellular or intracellularly generated ROS. This holds mainly for bacteria 
because the bacterial cytoplasmic membrane plays the role of mitochondria in energy-yielding reactions. It 
seems therefore a plausible speculation that the damaged membrane can either break down and release cell 
components, which results in immediate death, or it loses its biochemical function, i.e. the generation and 
maintenance of  the proton gradient, and this results in activation of autolytic enzymes (Kemper and Doyle 
1993; Kemper et al. 1993). The terminal phases of bacterial cell death in this case would be more similar to 
necrosis than to apoptosis. 

On the other hand, oxidative stress damages also DNA, impairing thus chromosome reproduction. It 
is therefore possible that such DNA damage may induce changes similar to thymineless death. This results 
from inhibition of DNA replication of bacteria and yeast and brings about single- or double-strand breaks, 
the former reparable, the latter irreparable, and drives the cell to death (Ahmad et al. 1998). The absence of 
thymine that stops DNA reproduction inhibits the normal course of the cell cycle. The cells can grow for 
some time and then they suddenly lose viability but do not autolyze (Smith and Hanawalt 1968). The mecha- 
nism of terminal steps of the thymineless death pathway has not yet been elucidated in spite of a fairly 
intense research. 

It is also necessary to mention the existence of "suicide genes" on chromosomes of some bacteria. 
They can be activated during starvation (Aizenman et al. 1996) or by an as yet unknown signal (Feng et al. 

1994; Pedersen and Gerdes 1999) and kill bacteria by different mechanisms. It is not excluded that oxidative 
or another stress could be involved in their activation. 

The ultrastructure of yeast cell and of cells of other unicellular eukaryotic microorganisms is similar 
to animal cells. A question therefore can be raised whether, in eukaryotic microorganisms, oxidative stress 
can trigger death pathways similar to apoptosis. Apoptosis of animal or plant cells, whether induced by 
development or by the oxidative or other kind of stress, proceeds in identical or similar steps for most of its 
pathway (Fig. 7). The key point in its course is the activation of the proteolytic cascade, although a caspase- 
independent mode of apoptosis may also be possible (Shaham 1998). Scant data are available on the death 
mechanism in simple eukaryotes caused by oxidative stress and analysis of the apoptosis-like steps in their 
development could therefore shed light also on their death pathway under pathological conditions. 

Programmed cell death is part of the developmental cycle of several eukaryotic microorganisms, 
e.g., of parasitic protozoa and saprophytic fungi (Dictyostel ium spp.). Its manifestations resemble apoptosis, 
especially as regards chromatin condensation, fragmentation and DNA degradation (Ameisen 1996; Welburn 
et al. 1997; Olie et al. 1998). It, however, proceeds by pathways different from apoptosis in multicellular 
organisms, because the key regulators of typical apoptosis of mammalian cells, i.e. p53, Bcl-2 family pro- 
teins and caspases, are absent in microorganisms (Shaham et al. 1998; Olie et al. 1998). 

Yeast cells do not exhibit any signs of typical apoptosis during their development. Their replicative 
senescence, which involves disintegration of the nucleolus (Sinclair et al. 1998), is accelerated by inactiva- 
tion of SOD, which implies the role of ROS in the process (Barker et al. 1999). 

Despite the lack of typical signs of apoptosis, some components of the apoptotic (or proapoptotic) 
pathway do exist in yeasts and some fungi because inactivation of the CDC48  gene regulating the cell cycle 
in S. cerevis iae (Madeo et al. 1997) or inhibition of the development of the fungus Mucor  racemosus  (Rose 
and Linz 1998) induce apoptosis-like changes in chromatin of their cells. Yeast also contains a derivative of 
ceramide, a signal molecule participating in apoptosis induction (Dickson 1998) and the mitochondrial 
FoFI-ATPase, which is suspected to play a role in the apoptotic pathway (Shaham et al. 1998). As shown 
recently, the ROS or a decreased glutathione level induce an apoptotic phenotype in yeast, which is charac- 
terized by chromatin condensation and DNA degradation, whereas the membrane function is preserved 
(Madeo et al. 1999). Also some protozoa (e.g., Trypanosoma brucei)  exhibit an apoptotic phenotype induced 
by ROS (Ridgley et al. 1999). Also here the death pathway is accompanied by DNA degradation while the 
permeability barrier remains intact. 

Yeasts are often used as model organisms for the study of mechanisms of action of foreign apoptotic 
genes. Thus the transcription of key human apoptotic genes (bak or bar) transferred into yeast cells promotes 
chromatin condensation and fragmentation, typical signs of the terminal phase of apoptosis (Ink et al. 1997; 
Shaham et al. 1998). In addition, simultaneous expression of the bak or bax and bcl-2 genes in yeast blocks 
the bak and bar activity as in animal cells (Tao et al. 1997; Ligr et al. 1998). The fact that the Bcl-2 protein 
increases the viability of yeast cells whose defense against the oxidative stress was impaired (Longo et al. 
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1996, 1997; Shaham 1998) suggests that this antiapoptotic protein could display an antioxidant activity in all 
eukaryotes. On the other hand, caspase-3, a key member of  the proteolytic cascade, inhibits the growth o f  
S. cerevisiae without causing cell death (Wright et al. 1999). 

Also in Trypanosoma brucei the apoptotic process proceeds without participation of  caspases or 
other proteolytic enzymes (Ridgley et al. 1999). Surprisingly, the apoptosis-triggering protein Bax kills the 
bacterium E. coli, probably by increasing the endogenous ROS formation (Asoh et al. 1998). 
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Fig. 9. A tentative scheme of the apoptotic pathway in yeast and fungi. 

It thus seems that yeast and probably also other eukaryotic microorganisms contain several compo- 
nents of  the apoptotic pathway participating in a caspase-independent mechanism ofapoptosis  (Sha and Reed 
1997; Madeo et al. 1997; Ink et al. 1997; Tao et al. 1997; Ligr et al. 1998). Yeasts are of  course equipped 
with a nucleolytic enzyme system involved in the repair o f  damaged DNA (Eide et al. 1996; Flattery-O'Brien 
1998; Wang 1998) and in DNA degradation in the terminal phase of  apoptosis. This proapoptotic system is 
silent under normal conditions but is activated either by foreign apoptotic factors (e.g., Bak and Bax) or by 
internal signals triggered by interruption of  the cell cycle or cytodifferentiation (Fig. 9). All this supports the 
idea of  the existence of  a part o f  the apoptotic death pathway in simple eukaryotes, which is characterized by 
chromatin condensation, DNA degradation and ROS involvement. The participation of  a specific proteolytic 
apparatus and its involvement in this process probably developed much later. 

The support of the Grant Agency of the Czech Republic (grant 204/99/0488), Bundesmmtsterium far Bildung und Fors- 
chung. Germany (grant TSR 113-97), Ministry of Education. Youth and Sports of the Czech Republic (grant ME-315/1999), Slovak 
Grant Agency for Science (grant no. 2/4029/98) and the NATO (grant SA-CRG.CRGP 973150) is gratefully acknowledged. The 
authors are gratethl to the statl'of the Editorial Office of Folia Microbiologica for excellent editorial assistance. 

REFERENCES 

ADAMS M.W.W.: The biochemical diversity of life near and above 100 ~ in marine environments. J.AppI.Microbiol. 85, 10gS-117S 
(1999). 

ADJIMANI J.P., OwusU E.: Nonenzymatic NADH/FMN-dependent reduction of ferric siderophores. J.lnorg.Biochem. 66, 247-252 
(1997). 

AHMAD S.L KIRK S.H., EISENSTARK A.: Thymine metabolism and thymineless death in prokaryotes and eukaryotes. Ann.Rev.Micro- 
biol. 52, 591-625 (1998). 

AIZENMAN E., ENGELBERG-KULKA H., GLASER G.: An Escherichia coli chromosomal addiction molecule regulated by 3',5'-bis- 
pyrophosphate: a model for programmed bacterial cell death. Proc.Nat.AcadSci.USA 93, 6059-6063 (1996). 

AKAIKE T., SUGA M., MAFDA H.: Free radicals in viral pathogenesis: molecular mechanisms involving superoxide and NO. Proc. 
Soc.Exp.BioLMed 217, 64-73 (1998). 

At.BRECHT-GARY A.-M, CRUMBLISS A.L: Coordination chemistry of siderophores: thermodynamics and kinetics of iron chelation and 
release, pp. 240-323 in Metal Ions in Biological Systems (A. Sigel, H. Sigel, Eds). Marcel Dekker, New York-BaseI-Hong 
Kong 1998. 



1999 OXIDATIVE STRESS IN MICROORGANISMS--review 615 

ALLEN R.T., CLUCK M.W., AGRAWAL D.K.: Mechanisms controlling cellular suicide, role of bcl-2 and caspases. Cell MoLLife Sci. 54, 
427--445 (1998). 

ALTUVIA S., ALM1RON M., HUISMAN G., KOLTER R., STORZ G.: The dps promoter is activated by OxyR during growth and by IHF and 
orS in stationary phase. Mol.Microbiol. 13, 265-272 (1994). 

AMEISEN J.C.: The origin of programmed cell death. Science 272, 1278-1279 (1996). 
AMES B.N., SHIGENAGA M.K., HAGEN T.M.: Oxidants, antioxidants and degenerative disease of aging. Proc.Nat.Acad.Sci.USA 90, 

7915-7922 (1993). 
AMES B M., SHIGENAGA M K :  Oxidants are the major contributor to aging. Ann.New York AcadSci. 663, 85-96 (1992). 
ARMSTRONG D.: Free Radical and Antioxidant Protocols/Methods, MoI.Biol. 108 (D. Armstrong, Ed). Humana Press, Totowa (NJ) 

1998. 
ASHRAFI K., SINCLAIR D., GORDON J.l., GUARENTE L.: Pasage through stationary phase advances replicative aging in Saccharomyces 

cerevisiae. Proc.Nat.A cad.Sci. USA 96, 9100-9105 (1999). 
ASKWITH C., KAPLAN J.: Iron and copper transport in yeast and its relevance to human disease. Trends Biochem.Sci. 23, 135-138 

(1998). 
ASLUND F., BECKWITH J.: The thioredoxin superfamily: redundancy, specificity, and gray-area genomics. J.Bacteriol. 181, 1375-1379 

(1999). 
ASSMANN S., SIGLER K., HOFER M.: Cd2+-induced damage to yeast plasma membrane and its alleviation by Zn2+: studies on Schizo- 

saccharomyces pombe cells and reconstituted plasma membrane vesicles. Arch.Microbiol. 165, 279-284 (1996). 
ASOH S., NISHIMAKI K., NANBU-WAKAO R., OHTA S.: A trace amount of the human pro-apoptotic factor Bax induces bacterial death 

accompanied by damage ofDNA. J.BioI.Chem. 273, 11384-11391 (1998). 
AUGERI L., LEE Y.M., BARTON A,B., DOETSCH P.W.: Purification, characterization, gene cloning, and expression of Saccharomyces 

cerevisiae redoxyendonuclease, a homolog ofEscherichia coli endonuclease I11. Biochemistry 36, 721-729 (1997). 
BAGG A., NEILANDS J.B.: Ferric uptake regulation protein acts as a repressor employing iron(ll) as a cofactor to bind the operator of an 

iron transport operon in Escherichia coli. Biochemistry 26, 5471-5477 (1987). 
BAILEY S.M., FAUCONNET A.-L., REINKE L.A.: Comparison of salicylate and D-phenylalanine for detection of hydroxyl radicals in 

chemical and biological reactions. Redox Report 3, 17-22 (1997). 
BARKER M.G., BRIMAGE L.J.E, SMART K.A.: Effect ofCu,Zn superoxide dismutase mutation on replicative senescence in Saccharo- 

myces cerevisiae. FEMS Microbiol.Lett. 177, 199-204 (1999). 
BARR D.P., GUNTHER M.R., DETERLING L.J., TOMER K.B., MASON R.P.: ESR spin trapping of a protein-derived tyrosyl radical from 

the reaction ofcytochrome c with hydrogen peroxide. J.BioI.Chem. 271, 15498-15503 (1996). 
BASU A.K., LOECHLER E.L., LEADON L.A., ESSIGMAN J.M.: Genetic effects of thymine glycols: site specific mutagenesis and molecular 

modeling studies. Proc.Nat.AcadSci. USA 86, 7677-7681 (1989). 
BEALL B., SANDEN G.N.: A Bordetella pertussis fepA homologue required for utilization of exogenous ferric enterobactin. Microbiol- 

ogy (UK) 14 I, 3193-3205 ( 1995 ). 
BECKER-HAPAK M., EISENSTARK A.: Role of rpoS in the regulation of glutathione oxidoreductase (got) in Escherichia coil FEMS 

Microbiol.Lett. 134, 39--44 (1995). 
BECKMAN K.B., AMES B.N.: The free radical theory of aging matures. PhysioLRev. 78, 547-581 (1998). 
BELAZZI T., WAGNER A., WlESER R., SCHANZ M., ADAM G., HARTIG A., RUIS H.: Negative regulation of transcription of the S. cere- 

visiae catalase T (CTTt) gene by cAMP is mediated by a positive control element. EMBOJ. 10, 585-592 (1991). 
BENZlE i.F.F., STRAIN J.J.: The ferric reducing ability of plasma (FRAP) as a measure of "antioxidant power": the FRAP assay. Anal. 

Biochem. 239, 70-76(1996). 
BISWAS G.B., ANDERSON J.E., SPARL1NG P.F.: Cloning and functional characterization ofNeisseria gonorrhoeae tonB, exbB and sxbD 

genes. Mol.Microbiol. 24, 169--179 (1997). 
BILLARD P., DUMOND H., BOLOTIN-FUKUHARA M.: Characterisation of an AP-I-like transcription factor that mediates an oxidative 

stress response in Kluyveromyces lactis. Mol. Gen.Genet. 257, 62-70 (1997). 
BLEAU G., GIASSON C., BRUNETTE !.: Measurement of hydrogen peroxide in biological samples containing high levels of ascorbic acid. 

Anal. Biochem. 263, ! 3-17 (1998). 
BLOOMFIELD S.F., ARTHUR M.: Interactions of Bacillus subtilis spores with sodium hypochlorite, sodium dichloroisocyanurate and 

chloramine. J.AppL Bacteriol. 72, 166-172 (1992). 
BOITEU• S.: Properties and biological functions of the Nth and Fpg proteins of Escherichia coil: Two DNA glycosylases that repair 

oxidative damage in DNA. Photochem. Photobiol.B 19, 87-96 (1993). 
BRENNAN R.J., SCHIESTL R.H: Cadmium is an inducer of oxidative stress in yeast. Mutat.Res. 356~ 171-178 (1996). 
BRE~NAN R.J., SCHIESTL RH.: Aniline and its metabolites generate free radicals in yeast. Mutagenesis 12, 215-220 (1997). 
BREEUWER P., DROCOURT J.-L., ROMBOUTS F.M., ABEL T.: Energy-dependent, carrier-mediated extrusion of carboxyfluorescein from 

S. cerevisiae allows rapid assessment of cell viability by flow cytometry. AppLEnviron.Microbiol. 60, 1467-1472 (1994). 
BREEUWER P., DROCOURT J.-L., BUNSCHOTEN N., ZWIETWRING MH., ROMBOUTS F.M., ABEL T.: Characterization of uptake and 

hydrolysis of fluorescein diacetate and earboxyfluorescein diacetate by intracellular esterases in S. cerevisiae, which result 
in accumulation of fluorescent product. Appl. Environ. Microbiol. 6 !, 1614-1619 (1995). 

BRICKMAN T.J., ARMSTRONG S.K.: Purification, spectroscopic analysis and biological activity of the macrocyclic dihydroxamate 
siderophore alcaligin produced by Bordetella bronchiseptica. Biometals 9, 191-203 (1996). 

CAI J., JONES D.P.: Superoxide in apoptosis. Mitochondrial generation triggered by cytochrome c loss. J.Biol.Chem. 273, 11401- 
11404 (1998). 

CAMI'ISI J.: Replicative senescence: an old live's tale? Cell 84, 497-500 (1996). 
CANDELAS L.P., PATEL K.B., STRATFORD M.R.L., WARDMAN P.: Free hydroxyl radicals are formed on reaction between the neutrophil- 

derived species superoxide anion and hypochlorous acid. FEBS Left. 333, 151-153 (1993). 



6"16 K. SIGLER et al. Vol. 44 

CANDELAS L.P., STRATFORD M.R.L., WARDMAN P.: Formation of hydroxyl radicals on reaction of hypochlorous acid with ferrocyan- 
ide, a model iron(li) complex. Free Radicals Res. 20, 241-249 (1994). 

CANNAC-CAFFREY V., HUDRY-CLERGEON G., PETILLOT Y., GAGNON J., ZACCAI G., FRANZE'I-rl B.: The protein sequence of an archeal 
catalase-peroxidase. Biochimie 80, 1003-1011 (1998). 

CASTIGNETTI D.: Probing of Pseudomonas aeruginosa, P. aureofaciens, Burkholderia (Pseudomonas) cepacia, P. fluorescens, and 
P. putida with the ferripyochelin receptor A gene and the synthesis of pyochelin in P. aureofaciens, P.fluorescens and 
P. putida. Curr.Microbiol. 34, 250-257 (1997). 

CATALANO C.E., CHOE Y.S., ORTIZ DE MONTELLANO P.R.: Reaction of the protein radical in peroxide-treated myoglobin. J.Biol. 
Chem. 264, 10534-10541 (1989). 

CHALOUPKA J., VINTER V.: Programmed cell death in bacteria. Folia Microbiol. 41, 451-464 (1996). 
CHEN C.-J., SPARLING P.F., LEwis L.A, DYER D.W., ELKINS C.E.: Identification and purification of a hemoglobin-binding outer mem- 

brane proteins from Neisseria gonorrhoeae. Infect./mmun. 64, 5008-5014 (1996). 
CHOPRA A.K., STRNADOVA M., CHALOUPKA J.: Turnover of abnormal proteins in Bacillus megaterium and Saccharomyces cerevisiae: 

differences between in vivo and in vitro degradation. Arch.Microbiol. 145, 97-103 (1986). 
CHRISTENSEN B.C., MYHR M., SMIDSROD O.: The degradation of xanthan by hydrogen peroxide in the presence of ferrous ions. 

Comparison to acid hydrolysis. Carbohydr. Res. 280, 85-99 (1996). 
COHEN G.: The Fenton reaction, pp. 55-64 in CRC Handbook for Oxygen Radical Research (R.A. Greenwald, Ed.). CRC Press, Boca 

Raton 1985. 
COLEPICOLO P., CAMARERO V.C.P.C., NICOLAS M.T., BASSOT J.-M., KARNOVSKY M.L., HASTINGS J.W.: A sensitive and specific 

assay for superoxide anion released by neutrophils or macrophages based on bioluminescence of polynoidin. Anal.Biochem. 
184, 369-374 (1990). 

CORTEZ N., CARILLON., PASTERNAK C., BALZER A., KLUG G.: Molecular cloning and expression analysis of Rhodobacter capsulatus 
sodB gene, encoding an iron superoxide dismutase. J.Bacteriol. 180, 5413-5420 (1998). 

COULANGES V., ANDRE P., VII)ON D.J.-M.: Effect on siderophores, catecholamines, and catechol compounds on Listeria spp. Growth 
in iron-complexed medium. Biochem. Biophys. Res.Commun. 167, 126-130 (I 998). 

CRAIG E.A., WEISSMAN J.S., HORWICH A.L.: Heat shock proteins and molecular chaperones: mediators of protein conformation and 
turnover in the cell. Cell 78, 365-372 (1994). 

CUMMINGS D.J.: Mitochondrial DNA in Podospora anserina. A molecular approach to cellular senescence. Monograph.Dev.Biol. 17, 
254-266 (1984). 

CUNNINGHAM R.C.: DNA glycosylases. Mutat.Res. 383. 189-196 (1997). 
DAtA.t-DONNE I.. MILZANI A, COLOMBO R.: t1202-treated actin: assembly and polymer interactions with cross-linking proteins. 

Biophys.J. 69, 2710-2719 (1995). 
DANG J., HOLUB E.: La dolce vita: a molecular feast in plant-pathogen interactions. Cell 91, 17-24 (1997). 
DANIEL C., HAENTJENS S., BISSINGER M.C., COURCOL R.J.: Characterization of the Acinetobacter baumannii Fur regulator: cloning 

and sequencing of the fur homolog gene. FEMS Microbiol. Lett. 170, 199-209 ( t 999). 
DAVIES K.J.A.: Intracellular proteolytic systems may function as secondary antioxidant defenses: an hypothesis. Free Radicals Biol. 

Meal 2. 155-173 (1986). 
DAVIES K.J.A.: Protein damage and degradation by oxygen radicals. I. General aspects. J.BioI.Chem 262, 9895-9901 (1987). 
DAVIES K.J.A., LIN S.W.: Degradation of oxidatively denatured proteins in Escherichia coil Free Radicals Biol.Med. 5, 215-223 

(I 988a). 
DAVIES K.J.A., LIN S.W.: Oxidatively denatured proteins are degraded by an ATP-independent proteolytic pathway in Escherichia 

coil Free Radicals Biol.Med 5, 225-236 (1988b). 
DAVIES M.J., DEAN R.T.: Radical-mediated Protein Oxidation. From Chemistry to Medicine. Oxford University Press, Oxford-New 

York-Tokyo 1997. 
DEAN R.T.. FU S., STOCKER R., DAVIES M.J.: Biochemistry and pathology of radical-mediated protein oxidation. Biochem.J. 324, 1-18 

(1997). 
DECAMP O., RAJENDRAN N., NAKANO H., NAIR G.B.: Estimation of the viability of Vibrio cholerae OI39 by assessing cell membrane 

integrity. Microbios 92.83-89 (I 997). 
DEMPLE B.: Adaptive responses to genotoxic damage: bacterial strategies to prevent mutation and cell death. Bioassays 6, 154-160 

(1986). 
DEMPLE B., HARRISON L.: Repair of oxidative damage to DNA: enzymology and biology, dnn.Rev.Biochem. 63, 915-948 (1994). 
Dt-:RE'rlc V., PHILIPP W.. DHANDAYUTHAPANI S., MUDD M.H., CURCIC R., GARBE T., HEYM B., VIAT E., COLE S.T.: Mycobacterium 

tuberculosis is a natural mutant with an inactive oxidative-stress regulatory gene: implication for sensitivity to isoniazide. 
MoI.Mwrobiol. 17. 889-900 (1995). 

DEUTSCH J.C.: Ascorbic acid oxidation by hydrogen peroxide. AnaI.Biochem. 255, I-7 (1998). 
DICKSON R.C.: Sphingolipid functions in Saccharomyces cerevisiae: comparison to mammals. Ann.Rev.Biochem. 67, 27--48 (1998). 
DI MASCIO P., BECHARA E.J.H., MEDEIROS M.H.G., BRIVIBA K., SIES H.: Singlet molecular oxygen production in the reaction of 

peroxynitrite with hydrogen peroxide. FEBS Lett. 355. 287-289 (1994). 
DIOMINA G.R., PLESHAKOVA O.V., SIBELDINA L.A., KHARATIAN E.F., SHCHIPANOVA I.N., OSTROVSKY D.N.: Stability of a recently 

discovered product of oxidative stress in bacterial cells. Biochemistry (Moscow) 60, 481-486 (1995). 
DIX D.. BRIDGHAM J., BRODERIUS M., EIDE D.: Characterization of the FET4 protein of yeast. Evidence for a direct role in the trans- 

port of iron. J.BioLChem. 272, 11770-11777 (1997). 
DIZDAROGLU M.: Oxidative damage to DNA in mammalian chromatin. Mutat.Res. 275, 331-342 (1992). 
DONNINI D., ZAMBITO A.M., PERRELLA G., AMBESI-IMPIOMBATO F.S., CURCIO F.: Glucose may induce cell death through a free 

radical-mediated mechanism. Biochem.Biophys.Res.Commun. 219, 412-417 (1996). 
DOYLE R.J., CHALOUPKA J., VINTER V.: Turnover of cell wall in microorganisms. Microbiol.Rev. 52, 554-567 (1988). 



1999 OXIDATIVE STRESS IN MICROORGANISMS--review 6"17 

DOWDS B.C.A., MURPHY P., MC CONELL D.J., DEVINE K.M.: Relationship among oxidative stress, growth cycle and sporulation in 
Bacillus subtilis. ,I.Bacteriol. 169, 5771-5775 (1987). 

DrU~HER D., JUNOD A.F.: Role of oxygen free radicals in cancer development. Eur.J.Cancer 32A, 30-38 (1996). 
DUKAN S., DADON S., SMULSKI D.R., BELKIN S.: Hypochlorous acid activates the heat shock and sox RS systems of Escherichia coil 

Appl.Environ.Mwrobiol. 62, 4003--4008 (1996). 
DUNNING J.C., MA Y., MARQUIS R.E: Anaerobic killing of oral streptococci by reduced, transition metal cations. AppLEnviron. 

Mtcrobiol. 64.27-33 (1998). 
EDEAS M.A., EMERIT 1., KALFOUN Y., Lnztzl Y., CERNJAVSKI L., LEVY A., [.INDENBAUM A.: Clastogenic factors in plasma of lilY-infec- 

ted patients activate HIV-I replication in vitro, inhibition by superoxide dismutase. Free Radicals BioI.Med 23, 571-578 
(1997). 

LInE l).J.: The molecular biology of metal ion transport in S. cerevisiae. Ann.Rer.Nutr. 18, 441-469 (1998). 
EIDE L., BJORAS M., PIROVANO M., ALSETH I., BERDAL K.G., SEEBERG E.: Base excision of oxidative purine and pyrimidine DNA 

damage in Saccharomyces cerevisiae by a DNA glycosylase with sequence similarity to endonucleae III from Escherichia 
coll. Proc.Nat.AcadSci. USA 93, 10735-10740 (1996). 

EISENSTARK A., MILt, ER K., JONES J., LEVI~N S.: Escherichia coli genes involved in cell survival during dormancy: role of oxidative 
stress. Biochem.Biophys.Res.Commun. 188, 1054--1059 (1992). 

EISENSTARK A., YALLALY P., IVANOVA A., MII.LER C.: Genetic mechanisms involved in cellular recovery from oxidative stress. Arch. 

Insect. Biochem. Physiol. 29, 159-173 (1995). 
ELLIS R.E., YUAN J., HORVlTZ H.R.: Mechanisms and function of cell death. Ann.Rev. Cell Biol. 7, 663-698 (1991 ). 
ENOCH T., NORBURY C.: Cellular responses to DNA damage: cell-cycle check points, apoptosis and the roles of p53 and ATM. Trends 

BioLSci. 20, 426-430 (1995). 
EPE B.: DNA damage profiles induced by oxidizing agents. Rev.PhysioLBiochem.Pharmacol. 127, 223-249 (1995). 
ERRINGTON J.: Bacillus subtilis sporulation: regulation of gene expression and control of morphogenesis. Microbiol.Rev. 57, 1-33 

(1993). 
ESTERBAUER H., SCHAUR R.J., ZOLLNER H.: Chemistry and biochemistry of 4-hydroxynonenal, malonaldehyde and related aldehydes. 

Free Radicals BioLMed 10, 191-193 (1991). 
ESTERBaUER 11.: Cytotoxicity and genotoxicity of lipid oxidation products. Amer.J.Clin.Nutr. 57, 779S-786S (1993). 
ESTERBAUER H.: Estimation ofperoxidative damage. A critical review. Pathol.Biol. 44~ 25-28 (1996). 
FARAGHER R.G.A., KIPLING D.: How might replicative senescence contribute to human ageing? Bioassays 20, 985-991 (1998). 
FARR S.B., KOGOMA T.: Oxidative stress responses in Escherichia coil and Salmonella typhimurium. MicrobioI.Rev. 55, 561-585 

(1991). 
FENG J., YAMANAKA K., NIKI H., OGURA T., HIRAGA S.: New killing system controlled by two genes located immediately upstream of  

the mukB gene in Escherichta coil MoL Gen. Genet. 243, 136-147 (1994). 
FENTON W.A., HORWtCH A.L: GroEL-mediated protein tblding. Protein Sci. 6, 743-760 (1997). 
FERGUSON G.P., BOOTH I.R.: Importance of glutathione for growth and survival of Escherichia coli cells: detoxication of methylgly- 

oxal and maintenance of intracellular K*. J.Bacteriol. 180, 4314-4318 (1998). 
FLATTERY-O'BRIEN J.A., DAVES I.W.: Hydrogen peroxide causes RAD9-dependent cell cycle arrest in G2 in Saccharomyces cere- 

visiae whereas menadione causes GI arrest independent of RAD9 function. J.BioLChem 273, 8564-8571 (1998). 
I:LATTERY-O'BRIEN J.A., GRANT C.M., DAWES I.W.: Stationary phase regulation of the Saccharomyces cerevisiae SOD2 gene is 

dependent on additive effects of HAP2/3/4/5- and STRE-binding elements. Mol.Microbiol. 23, 303-312 (1997). 
FOUZ B., BIOSCA E.G., AMARO C.: High affinity iron uptake systems in Vibrio damsela: role in the acquisition of iron from transferrin. 

,].,4ppL Microbiol. 82, 157-167 ( 1997). 
FRt~HEL C., RYTER A.: Reversibilite de la sporulation chez B. subtilis. Ann.last.Pasteur 117, 297-31 I (1969). 
FRENKEL K., WEI LH., WEI H.C.: 7,12-Dimethylbenz[a]anthracene induces oxidative DNA modification in vivo. Free Radicals 

Biol.Med. 19, 373-380 (1995). 
Fe.EW J.E., JONES P., SCHOLES G.: Spectrophotometric determination of hydrogen peroxide and organic hydroperoxides at low concen- 

trations in aqueous solutions. AnatChim.Acta 155, 139-150 (1983). 
FRIEDBt-:RG E.C., WAt.KER G.C., SIEDE W.: DNA Repair and Mutagenesis. ASM Press, Washington (DC) 1995. 
Ft:ENTES A.M., AMABILE-CtJEVAS C F.: Antioxidant vitamins C and E afl~ect the superoxide-mediated induction ofsoxRS regulon in 

Escherichia coil Microbiology (UK) 144, 1731-1736 (1998). 
GABAI V.I,.. MERLIN A.B., MOSSER D.D., CARON A.W., RITS S., SIBFRIN V.I., SHERMAN M.Y.: Hsp70 prevents activation of stress 

kinases. A novel pathway of cellular thermotolerance. J. BioL Chem. 272, 18033-18037 (1997). 
GALEY J.-B.: Potential use of iron chelators against oxidative damage. Adv.Pharmacol. 38, 167-203 (1997). 
GARDNER P., FRIDOVlCH I.: Superoxide sensitivity of the Escherichia coli 6-phosphogluconate dehydratase. J.BioI.Chem. 266, 1478- 

1483 (1991). 
GARNER W.H., GARNER MH., SPECTOR A.: H202-induced uncoupling of bovine lens Na*,K§ Proc.Nat.Acad.Sci.USA 80, 

2044-2048 (1983). 
GARNER WH., GARNER M.H, SPECTOR A.: Kinetic cooperativity change after 1-1202 modification of (Na,K)-ATPase. J.Biol.Chem. 

259, 7712-7718 (1984). 
GEBICKY J.M.: Protein hydroperoxides as new reactive oxygen species. Redox Report 3, 99-110 (1997). 
GERSHMAN R., GILBERT D.L., NYF S.W., DWYER P., FENN W.O.: Oxygen poisoning and X-irradiation: a mechanism in common. 

Science 119, 623~)29 (1854). 
GILLE, G., SIOLER K.: Oxygen and the living cells. Folia Microbiol. 40, 131-152 (1995). 
GILLE G., SIGLER K., HOFER M.: Response of catalase activity and membrane fluidity of aerobically grown Schizosaccharomyces 

pombe and S. cerevisiae to aeration and the presence of s ubstrates. J.Gen. Microbiol. 139, 1627-1634 (I 993). 



6"18 K. SIGLER et al. Vol. 44 

GINSBURG I.: Could synergistic interactions among reactive oxygen species, proteinases, membrane-perforating enzymes, hydrolases, 
microbial hemolysins and cytokines be the main cause of tissue damage in infectious and inflammatory conditions? 
Meal Hypotheses 5 I, 337-346 (1998). 

GIRARD P.M., BOITEUX S.: Repair of oxidized DNA bases in the yeast Saccharomyces cerevisiae. Biochimie 79, 559-566 (1997). 
GOCKERITZ D., FRIEDRICH F., YAHYA M.: Spectrophotometric determination of hydrogen peroxide. Pharmacie 50, 437-438 (1995). 
GOFF S.A., GOLDBERG A.L.: Production of abnormal proteins in E. coli stimulates transcription of Ion and other heat shock genes. Cell 

41,587-595 (1985). 
GOLDBERG A.L., ST. JOHN A.C.: Intracellular protein degradation in mammalian and bacterial cells. Part 2. /Inn.Rev.Biochern. 45, 

747-803 (1976). 
GOSSARD F., VERLY W.G.: Properties of the main endonuclease specific for apurinic sites of Escherichia coil Mechanism of apurinic 

site excision from DNA. Eur.J.Biochem. 82, 321-332 (1978). 
GOSSETT J., LEE K., CUNNINGHAM R.P., DOETSCH P.W.: Yeast redoxyendonuclease: a DBA repair enzyme similar to Escherichia coli 

endonuclease III. Biochemistry 27, 2629-2634 (1988). 
GOTTESMAN S., WICKNER S., MAURIZI M.R.: Protein quality control: triage by chaperones and proteases. Genes Develop. I I, 815-823 

(1997). 
GRADY J.K., CHASTEEN N.D., HARRIS D.C.: Radicals from "Good's" buffers. AnaLBiochem. 173, I I 1-115 (1988). 
GRANT C.M., DAWES I.W.: Synthesis and role of glutathione in protection against oxidative stress in yeast. Redox Report 2, 223-229 

(1996). 
GREEN D., KROEMER G.: The central executioners ofapoptosis: caspases or mitochondria? Trends Cell Biol. 8, 267-271 (1998). 
GREENBERG J.T.: Programmed cell death: a way of life for plants. Proc.Nat.Acad.Sci.USA 93, 12094-12097 (1996). 
GREENWALD R.A. (Ed.): CRC Handbook for Oxygen Radical Research. CRC Press, Boca Raton 1985. 
GREENWOOD N.N., EARNSHAW A.: Chemistry of Elements, VoL H, pp. 1121-1126. (in Czech) lnformatorium, Prague 1993. 
GROt.LMAN A.P., MORIYA M.: Mutagenesis by 8-oxoguanine: an enemy within. Trends Genet. 9, 246-249 (1993). 
GRUNE T., REINHECKEL T., JOSHI M., DAVIES K.J.A.: Proteolysis in cultured epithelial cells during oxidative stress. Role of the multi- 

catalytic proteinase complex, proteasome. J.Biol. Chem. 270, 2344-3451 (1995). 
GRUNE T., REINHECKEI. T., DAVIES K.J.A.: Degradation of oxidized proteins in K562 human hematopoietic cells by proteasome. 

J.BioLChem. 271, 15504-15509 (1996). 
GRUNf- T., REINH[-CKEI. T., DAVIES K.J.A: Degradation of oxidized proteins in mammalian cells. FASEB J. I I, 526-534 (1997). 
GUTTI-3RIDGE J.M.: Reactivity of hydroxyl and hydroxyl-like radicals discriminated by release of thiobarbituric acid-reactive material 

from deoxy sugars, nucleosides and benzoate. Biochem.J. 224, 761-767 (1984). 
GUTTE'RIDGE J.M.C., QUINLAN G.J., KOVACIC P.: Commentary: phagomimetic action of antimicrobial agents. Free Radicals Res. 28, 

1-14 (1998). 
HABERLAND A., DAMERAU W., STOSSER R., SCHIMKE I., BAUMANN G.: Fe2+/vitamin C - an appropriate in vitro model system to 

initiate lipid peroxidation. J.lnorg.Biochem. 61, 43-53 (1996). 
HAHN K.B., LEE K.J., KIM J.ll., CHO S.W., CHUNG M.It.: Helicobacter pylori infection, oxidative DNA damage, gastric carcinogene- 

sis, and reversibility by rebamipide. Digest Dis.Sci. 43. $72-$77 (I 998). 
ItAI.HWt-EI. B.. GUTTERIDGE J.M.C.: Formation of a thiobarbituric-acid-reactive substance from deoxyribose in the presence of iron 

salts. FEBS Lett. 128, 347-352 ( 1981 ). 
HALLIWELL B., GUTTERIDGE J.M.C.: Oxygen free radicals and iron in relation to biology and medicine: some problems and concepts. 

Arch.Biochem.Biophys. 246, 501-514 (1986). 
|tALLIWELL B., GUTTERIDGE J.M.C.: Free Radicals in Biology and Medicine, 2nd ed Clarendon Press, Oxford 1989. 
HALLIWELL B., GUTTERIDGE J.M.C.:The definition and measurements of antioxidants in biological systems. Free Radicals BioLMed 

18, 125-126 (1995). 
HANLON M.C., SEYBERT D.W.: The pH dependence of lipid peroxidation using water-soluble azo initiators. Free Radicals Biol.Med. 

23, 712-719 (1997). 
HANSBERG W., DE GROOT It., SIES H.: Reactive oxygen species associated with cell differentiation in Neurospora crassa. Free Radi- 

cals Biol.Med 14, 287-293 (1993). 
HARMAN D.: Aging: a theory based on free radical and radiation biology. J.Gerontol. I I, 298-300 (1956). 
HARMS C., MEYER M.A., ANDREESEN J.R.: Fast purification of thioredoxin reductase and of thioredoxin with an unusual redox-active 

centre from anaerobic amino-acid-utilizing bacteria. Microbiology (UK) 144, 393-400 (1998). 
HASSE'I-r R.F., ROMEO A.M.~ KOSMAN D.J.: Regulation of high affinity iron uptake in the yeast S. cerevisiae. Role of dioxygen and 

Fe(ll). J. Biol. Chem. 273, 7628-7636 (1998). 
HAYES C.S., KLADES-AGUIAR B., CASILLAS-MARTINEZ I.., SETLOW P.: In vitro and in vivo oxidation of methionine residues in small, 

acid-soluble spore proteins of Bacillus species. J.Bacteriol. 180, 2694-2700 (1998). 
HAYFt.lCK L.: Cell biology of aging FedProc. 38, 1847-1850 (1979). 
HENGGE-ARONIS R.: Survival of hunger and stress: the role ofrpoS in early stationary phase gene regulation in E. coli. Cell 72, 165- 

168 (1993). 
HEr'~LE ES.. LINN S.: Formation, prevention and repair of DNA damage by iron/hydrogen peroxide. J.Biol.Chem. 272, 19095-19098 

(1997). 
HERBERT V.: Prooxidant effects ofantioxidant vitamins. J.Nutr. 126, 1197S-1200S (1996). 
HETTS S.W.: To die or not to die. An overview of apoptosis and its role in disease. J.Amer.MedAssoc. 279, 300-307 (1998). 
HIDALGO E., DING H., DEMPLE B.: Redox signal transduction via iron-sulfur clusters in the SoxR transcription activator. Trends 

Biochem.Sci. 22,207-210 (1997). 
HIGGINS C.F.: ABC transporters: from microorganisms to man. Ann.Rev.Cell BioL 8, 67-113 (1992). 
HJERDE T., STOKKE B.T., SMIDSROD O., CHRISTENSEN B.E.: Free-radical degradation of triple-stranded scleroglucan by hydrogen 

peroxide and ferrous ions. Carbohydr. Polymers 37, 41-48 (1998). 



1999 OXIDATIVE STRESS IN MICROORGANISMS--review 619 

HOCHMAN A.: Programmed cell death in prokaryotes. Crit.Rev.Microbiol. 23, 207-214 (1997). 
HOEHLER D., MARQUARDT R.R., MCINTOSH AR.,  MADHYASTHA S.: Free radical-mediated lipid peroxidation induced by T-2 toxin in 

yeast (Kluyveromyces marxianus). J. Nutr. Biochem. 9, 370-379 (1998). 
HOLMGREN A.: Thioredoxin and glutaredoxin. J.Biol.Chem. 264, 13963-13969 (1989). 
HOWLETT N.G., AVERY S.V.: Induction of lipid peroxidation during heavy metal stress in S. cerevisiae and influence of plasma 

membrane fatty acid unsaturation. ,4ppl. Environ. Microbiol. 63,2971-2976 (1997). 
IMLAY J.A., LINN S.: DNA damage and oxygen radical toxicity. Science 240, 1302-1309 (1988). 
INK B., ZORNIG M., BAUM B., HAJIBAGHERI N., JAMES C., CHITTENDEN T., EVAN G.: Human Bak induces cell death in Schizosaccha- 

romyces pombe with morphological changes similar to those with apoptosis in mammalian cells. Mot,Cell Biol. 17, 2468- 
2474 (1997). 

IRANI K., GOLDSCHMIDT-CLERMONT P.J.: Ras, superoxide and signal transduction. Biochem.Pharmacol. 55, 1339-1346 (1998). 
Iucttl S., WE[NER L.: Cellular and molecular physiology of Escherichia coli in the adaptation to aerobic environments. J.Biochera. 

120, 1055-1063 (1996). 
J,~ATTELA M., WISSING D., KOKHOLM K., KALLUNKI T., EGEBLAD D.: Hsp70 exerts its anti-apoptotic function downstream of caspase- 

3-like proteases. EMBOJ. 21, 6124-6134 (1998). 
JACOBSON M.D., WElL M., RAEF M.C.: Programmed cell death in animal development. Cell 88, 347-354 (1997). 
JAKUBOWSKI W., BARTOSZ G.: Estimation of oxidative stress in Saccharomyces cerevisiae with fluorescent probes. Internat.J.Bio- 

chemCell Biol. 29, 1297-1301 (1997). 
JAKUBOWSKI W., ERTEL D., BILI]QSKI T., KI~DZIORA J., BARTOSZ G.: Luminol luminescence induced by oxidants in antioxidant- 

deft cient yeasts S cerevisiae. Biochem. Mol. BioL lnternat. 45, 191-203 (1998). 
JAMIESON D.J.: Saccharomyces cerevisiae has distinct adaptive responses to both hydrogen peroxide and menadione, d.Bacteriol. 174, 

6678-6681 (1992). 
JAMIESON D.J.: The effect of oxidative stress on Saccharomyces cerevisiae. Redox Report I, 89-95 (1995). 
JANDA S., TAUCHOV,~ R.: Cyanide and antimycin A resistant respiration and uptake of 6-deoxy-D-glucose in Rhodotorula glutinis. 

Cell.Mot.Biol. 28, 547-553 (1982). 
JANDA S., BENE,r 1., OPEKAROVA M.. ~'I'ASTNA J., TAU('HOVA, R.: Effect of hydrogen peroxide on the aerobic yeast Rhodotorula 

glutinis. Microbios Lett. 43, 37-42 (1990). 
JAZWINSKI S.M.: Replication control and cellular life span. Exp.Gerontol. 24.423-436 (1989). 
JAZWINSKI S.M.: Genes of youth: genetics of aging in baker's yeast. ASMNews 172-178 (1993). 
JAZWINSKI S.M.: Longevity. genes and aging. Science 273, 54-59 (1996). 
JENSEN R.B., GERDES K.: Programmed cell death in bacteria: protein plasmid stabilization systems. MoI.Microbiol, 17, 205-210 

(1995). 
JIMENEZ DEL RIO M., VEI,EZ PARDO C., PINXTEREN J., DE PO'I'I'ER W., EBINGER O., VAUQUELIN n.: Binding of serotonin and dopa- 

mine to "serotonin binding proteins" in bovine frontal cortex: evidence for iron-induced oxidative mechanisms. Eur.d.Phar. 
macol. 15, 11-21 (1993). 

JOHNSON E.A., LEViNE R.L., LIN C.C.: Inactivation of glycerol dehydrogenase of Klebsiella pneumoniae and the role of divalent 
cations. J.Bacteriol. 164, 479-483 (1985). 

KANEKO T., TAHARA S., MATSUO M.: Non-linear accumulation of 8-hydroxy-2'-deoxyguanosine, a marker of oxidized DNA damage, 
during aging. Mutat.Res. 316, 277-285 (1996). 

KARAHALIL B., ROLDAN-ARJONA T., DIZDAROGLU M.: Substrate specificity of Schizosaccharomyces pombe Nth protein for products 
of oxidative DNA damage. Biochemistry 37, 590-595 (1998). 

KARAM L.R., BERGTOLD D.S., SIMIC M.G.: Biomarkers of radical damage in vivo. Free Radicals Res.Commun. 12-1,$, 11-16 (1991). 
KAUR T., SINGtl S., DHAWAN V., GANGULY N.K.: Shtgella dysenteriae type I toxin induced lipid peroxidation in enterocytes isolated 

from rabbit ileum. Mot, Cell, Biochem. 178, 169-179 (1998). 
KAWASAK] L., WYSONG D.. DIAMOND R., AGUIRE J.: Two divergent catalase genes are differentially regulated during Aspergdlus 

nidulans development and oxidative stress. ,I.BacterioL 179, 3284-3292 (1997). 
KELL D.B., KAPRELYANTS A.S., WEICHART D.H., HARWOOD C.R., BARER MR.: Viability and activity of readily culturable bacteria: 

a review and discussion of the practical issues. Antonie van Leeuwenhoek 73, 169-187 (1998). 
KEMPER MA., DOYLE R.J.: Cell wall of Bacillus subtilis is protonated during growth, pp. 245-252 in Bacteria Growth and Lysis 

(E.M de Pedro. Ed.). Plenum Press, New York 1993. 
KEMPER M.A., URRUTIA M.M., BEVERIDGE T.J., KOCIt A.L., DOYLE R.J.: Proton motive force may regulate cell wall-associated 

enzymes of Bacillus subtilis. J. Bacteriol. 175, 5690-5696 (1993). 
KENNEDY B.K., AUSTRIACO N.R. Jr., ZHANG J., GUARENTE L.: Mutation in the silencing gene SIR4 can delay aging in S. cerevisiae. 

Cell 80, 485-496 (1995). 
KHAN A.U., KASHA M.: Singlet molecular oxygen in the Haber-Weiss reaction. Proc.Nat.AcadSci.USA 91, 12365-12367 (1994). 
KHAN A.U., WILSON T.: Reactive oxygen species as cellular messengers. Chem.BioL 2,437-445 (1995). 
KIM I.S., STIEFEL A., PLANTOR S., ANGERER A., BRAUN W.: Transcription induction of the ferric citrate transport genes via the 

N-terminus of the FecA outer membrane protein, the Ton system and the electrochemical potential of the cytoplasmic mem- 
brane./viol, MicrobtoL 23,333-344 (1997). 

KIRKI,AND J.B.: Lipid peroxidation, protein thiol oxidation and DNA damage in hydrogen peroxide-induced injury to endothelial cells: 
role of activation of poly(ADP-ribose) polymerase. Biochim. Biophys.Acta 1092, 31 9-325 ( 1991 ). 

KLEBANOFF S.J., WALTERSDORPH A.M., MICHEL B.R., ROSEN H.: Oxygen-based free radical generation by ferrous ions and desferri- 
oxamine, d.BioLChera. 264, 19765-19771 (1989). 

KREMS B., CHARIZANIS C., ENTIAN K-D.: The response regulator-like protein Pos9/Skn7 of Saccharomyces cerevisiae is involved in 
oxidative stress resistance. Curr.Genet. 29, 327-334 (1996). 

KRETSCHMER S.: Reversion sporulierender Bacillus megaterium-Zellen zum Wachstum. Z,411g.Mikrobiol. 12,459-467 (1972). 



620 K. SIGLER et al. Vol. 44 

KROEMER O., ZAMZAMI N., SUSIN S.A.: Mitochondrial control of apoptosis. ImmunoL Today lg, 44-51 (I 997). 
KU('EROVA H., CHALOUPKA J.: Intracellular serine proteinase behaves as a heat-stress protein in nongrowing but as a cold-stress 

protein in growing populations of Bacillus megalerium. Curr. Microbiol. 3 I, 39-43 (1995). 
LAHIRI B., LAI P.S., POUSADA M., STANTON D., DANISHEFSKY I.: Depolymerization of heparin by complexed ferrous ions. 

Arch. Biochem. Biophys. 293, 54-60 (1992). 
LAPSHINA E.A., JARUGA E.. BILINSKI "r., BARTOSZ G.: What determines the antioxidant potential of yeast cells? Biochera.Mol. 

Biol. InternaL. 37,903-908 (1995). 
LAVA/. J.: Role of DNA repair enzymes in the cellular resistance to oxidative stress. Pathol.Biol. 44, 14--24 (1996). 
t,AWRENCE GD.: Ethylene formation from methionine and its analogs, pp. 157-163 in CRC Handbook for Oxygen Radical Research 

(RA. Greenwald, Ed.). CRC Press, Boca Raton 1985. 
LEE C.L., KANG S.O.: D-erythro-Ascorbic acid is an in~portant antioxidant molecule in S. cerevisiae. MoI.Microbiol. 30, 895-903 

(1999). 
LEE JK., KIM JM., KIm S.W., NAM DOG HYUN, YONG C.S., HUH K.: Effect of copper ion on oxygen damage in superoxide dismutase- 

deficient S. cerevisiae. ArchPharmRes. 19, 178-182 (1996). 
LEHMANN Y., MELEE L., TEUBER M: Rubrerythrin from CIostridium perfringens: cloning of the gene, purification of the protein, and 

characterization of its superoxide-dismutase function. J.Bacteriol. 178, 7152-7158 (1996). 
LEKE N., GRENIER D., GOLDNER M., MAYRAND D.: Effect of hydrogen peroxide on growth and selected properties of Porphyromonas 

gingivalis. FEMS MicrobioI.Lett. 174, 347-353 (1999). 
LESSUISE E., SIMON M., KLEIN R., LABBE P.: Excretion of anthranilate and 3-hydroxyanthranilate by S. cerevisiae: relationship to iron 

metabolism. ,I. Gen. Microbiol. 138, 85-89 (1992). 
LESSUISE E., SIMON-CASTERAS M., LABBE P.: Siderophore-mediated iron uptake in S. cerevisiae: the SSTI gene encodes a ferri- 

oxamine B permease that belongs to the major facilitator superfamily. Microbiology (UK) 144, 3455-3462 0998). 
LESUISSE E, SIMON M., KLEIN R., LABBE P.: Excretion of anthranilate and 3-hydroxyanthranilate by S. cerevisiae: relationship to 

iron metabolism. J.Gen.Microbiol. 138, 85-89 (1992). 
LEVIN J.D., JOHNSON A.W., DEMPEE B.: Homogeneous Escherichia coli endonuclease IV. J.Biol.Chem. 236, 8066--8071 (1988). 
LEVINE A., TENKAKEN R., DIXON R., LAMB C.: H202 from the oxidative burst orchestrates the plant hypersensitive disease resistant 

response. Cell 79, 583-593 (1994). 
LEVINE RL., OLIVER CN., FULKS R.M., STADTMAN E.R.: Turnover of bacterial glutamine synthetase: oxidative inactivation precedes 

proteolysis. Proc.Nat.AcadSci. USA 78, 2120-2124 (1981). 
LEVINE R.L., GARLAND D., OLIVER C.N., AMICI A., CLIMENT ]., LENZ AG., AHN B.W., SI.tALTIEL S., STADTMAN E.R.: Determination 

ofcarbonyl content in oxidatively modified proteins. Meth.En=yrnol. 186,464-478 (1990). 
LEVINE R.L., BERLETT B.S., MOSKOWITZ J., MOSONI L., STADTMAN E.R.: Methionine residues may protect proteins from critical 

oxidative damage. Mechan.Ageing Develop. 107,323-332 (1999). 
LIB., GUTIERREZ P.L., BLOUGH N.V.: Trace determination of hydroxyl radical using fluorescence detection. Meth.Enzymol. 300, 202- 

216(1999). 
LI L., KAPLAN J.: Characterization of two homologous yeast genes that encode mitochondrial iron transporters. J.BioLChem. 272, 

28485-28493 (1997). 
LIEBLER D.C., STRATTON S.P., KAYSEN K.L.: Antioxidant actions of 13-carotene in liposomal and microsomal membranes: role of 

carotenoid-membrane incorporation and ct-tocopherol. Arch. Biochem. Biophys. 338, 244-250 (I 997). 
LIGR M., MADEO F., FROHLICH E., HILT W., FROHLICH K.-U., WOLF D.: Mammalian Bax triggers apoptotic changes in yeast FEBS 

Lett. 438, 61-65 (1998). 
LIN Y.J., SEROUDE L., BENZER S.: Extended life-span and stress resistance in the Drosophila mutant methuselah. Science 282, 943- 

946 (1998). 
LIU C.-J., CHOPRA A.K., S'rRNADOVA M., CHALOUPKA J.: Degradation of abnormal proteins in growing yeast. FEMS MicrobioI.Lett. 

21,313-317 (1984). 
LIU S.: Generating, partitioning, targeting and functioning ofsuperoxide in mitochondria. Biosci.Rep. 17, 259-272 (1997). 
LJUNGQUIST S., LINDAHL T., ]IOWARD-FLANDERS P.: Methylmethanesulfonate-sensitive mutant of Escherichia coli deficient in endo- 

nuclease specific for apurinic sites in deoxyribonucleic acid. d.Bacteriol. 126, 646-653 (1976). 
LONGO V.D., GRALLA E.B., VALENTINE J.S.: Superoxide dismutase activity is essential for stationary phase survival in Saccharomyces 

cerevisiae. Mitochondrial production of toxic oxygen species in vivo..1.BioI.Chem. 271, 12275-12280 (1996). 
LONGO V.D., ELLERBY L.N., BREDESEN D.C., VALENTINE J.S., GRALEA E.B.: tluman Bcl-2 reverses survival defects in yeast lacking 

superoxide dismutase and delays death of wild-type yeast. J.Cell BioL 137, 1581-1588 (1997). 
LONGO V.D., LIOU L.-L., VALENTINE J.S., GRALLA E.B.: Mitochondrial superoxide decreases yeast survival in stationary phase. Arch. 

Biochem. Biophys. 365, 13 I-  142 (I 999). 
LOWEIq" C.M. Jr., O'GARA T.M., WOODRUFF J.N.: Analysis of the SOS inducing signal in Bacillus subtilis using Escherichia coli 

LexA as a probe..I. Bacteriol. 176, 4914-4923 (1994). 
LUNDQUIST H., DAHLGREN C.: Isoluminol-enhanced chemiluminescence: a sensitive method to study the release of superoxide anion 

from human neutrophils. Free Radicals Biol.Med. 20, 785-792 (1996). 
LUPO S., ARANDA C., MIRANDA-HAM L., OLIVERA H., RIEGO L., SERVIN L., GONZALEZ A.: Tyrosine is involved in protection from 

oxidative stress in S. cerevisiae. Can.J. Microbiol. 43, 963-970 (1997). 
LUZZATTO E., COHEN H., STOCKHEIM C., WIEGHARDT K., MEYERSTEIN D.: Reactions of low valent transition metal complexes with 

hydrogen peroxide. Are they "Fenton-like" or not? Free Radicals Res. 23, 453-463 (1995). 
LYNCH M.C., KURAMITSU H.K.: Role of superoxide dismutase in physiology of Porphyromonas gingivalis. Infect.lmmun. 67, 3367- 

3375 (1999). 
MADEO F., FROHLICH E., FROHLICH K.-U.: A yeast mutant showing diagnostic markers of early and late apoptosis, d.Cell Biol. 139, 

729-734 (1997). 



1999 OXIDATIVE STRESS IN MICROORGANISMS--review 82'1 

MADEO F., FROHLICH E., LIGR M., GREY M., SIGRIST S.J., WOLF D.H.: Oxygen stress: a regulator of apoptosis in yeast. J.Cell Biol. 
145, 757-767 (1999). 

MARCILLAT O., ZHANG Y., LIN S.W., DAVIES K.J.A.: Mitochondria contain a proteolytic system which can recognize and degrade 
oxidatively-denatured proteins. Biochem.d. 254, 677-683 (1988). 

MARQUIS R.E., SIM J., SHIN S.Y.~ Molecular mechanisms of resistance to heat and oxidative damage, d.Appl.Bacteriol. 76, 40S-48S 
(1994). 

MASON C.A., HAMER G., BRYERS J D.: The death and lysis of microorganisms in environmental processes. FEMS MicrobioI.Rev. 39, 
373-401 (1986). 

MASON RP.: In vitro and in vivo detection of free radical metabolites with electron spin resonance, pp. 11-24 in Free Radicals: 
A Practical Approach (N.A. Punchard, F.J. Kelly, Eds). Oxford University Press, Oxford 1996. 

MASON R.P.: Electron spin resonance investigations of free radical toxicology, pp. 1-27 in Free Radicals in Biology and Environment 
(F. Minisci, Ed). Kluyver Academic Publishers, Dordrecht-Boston-London 1997. 

MCKENNA W.R., MICKELSEN PA., SPARLING P.F., DYER D.W.: Iron uptake from lactoferrin and transferrin by Neisseria gonorrhoeae. 
Infect.lmmun. 56, 785-791 (1988). 

MERLIN A.B., YAGLOM J.A., GABAI V., MOSSER DD., ZON L, SHERMAN M.Y.: Protein-damaging stress activates c-dun N-terminal 
kinase via inhibition of its dephosphorylation: a novel pathway controlled by HSP72. Mol. Cell Biol. 19, 2547-2555 (1999). 

MICHAELS ML., MILLER J.H.: The GO system protects organisms from the mutagenic effects of the spontaneous lesion 8-hydroxy- 
guanine (7,8-dihydro-8-oxoguanine). d.Bacteriol. 174, 6321-6325 (1992). 

M IGNOTTE B., WAYSSIERE J.-L.: Mitochondria and apoptosis. Eur.d.Bioehem. 252, I - I  5 (1998). 
MISHRA O.P., DELIVORIA-PAPADOPOULOS M., CAHILLANE G., WAGERLE L.C.: Lipid peroxidation as the mechanism of modification of 

the affinity of the Na+,K+-ATPase active sites for ATP, K +, Na +, and strophanthidin m vitro. Neurochem.Res. 14, 845-851 
(1989). 

MIYAKE T., HAZU T., YOSHIDA S., KANAYAMA M., TOMOCHIKA K., SHINODA S., ONO B.: Glutathione transport systems of the budding 
yeast S. cerevisiae. Biosci. Biotechnol. Biochem 62, 1858-1864 (1998). 

MLAKAR A., SPITELLER G.: 2-ttydroxysuccinaldehyde, a lipid peroxidation product proving that polyunsaturated fatty acids are able to 
react with three molecules of oxygen. Free Radicals Res. 26, 57-62 (1997). 

MOHR S.. ZECH B., LAPETINA E.G., GRONE B.: Inhibition ofcaspase-3 by S-nitrosation and oxidation caused by nitric oxide. Btochem. 
Biophys.Res.Commun. 238, 387-391 (1997). 

MOORE M.M., BREEDVELD M.W., AUTOR A.P.: The role of carotenoids in preventing oxidative damage in the pigmented yeast, 
Rhodotorula mucilaginosa. Arch. Biochem.Biophys. 270, 419-431 (1989). 

MOORE C.H., FOSTER L.-A., GERBIG D.G., DYER D.W., GIBSON B.W.: Identification of alcaligin as the siderophore produced by Bor- 
detella pertussis and Bordetella bronchiseptica, d. Bacteriol. 177, I 116--1118 (1995). 

MORADAS-FERREIRA P., COSTA V., PIPER P., MAGER W.: The molecular defenses against reactive oxygen species in yeast. MoI.Micro- 
biol. 19, 651-658 (1996). 

NASH H.M., BRUNNER SD., SCHARER O.D., KAWATE T., ADDONA T.A., SPOONER E., LANE W.S., VERDINE G.L.: Cloning of a yeast 
8-oxoguanine DNA glycosylase reveals the existence of a base-excision DNA-repair protein superfamily. Curr.Biol. 6, 96g- 
980 (1996). 

NEBE-VON CARON G., STEPHENS P., BADLEY R.A.: Assessment of bacterial viability status by flow cytometry and single cell sorting. 
,I.Appl. Microbiol. 84, 988-998 (1998). 

NEWCOMB T.G.. LOEB L.A.: Oxidative DNA damage and mutagenesis, pp. 65-84 in DNA Damage and Repair, Vol. I. DNA Repair in 
Prokaryotes and Lower Eukaryotes (J.A. Nickoloff, M.F. Hoekstra, Eds). Humana Press, Totowa (N J) 1998. 

NIKI E.: Free radical initiators as source of water- or lipid-soluble peroxyl radicals. Meth.Enzymol. 186, 100-108 (1990). 
NIVEN G.W., MULHOLLAND F.: Cell membrane integrity and lysis in Lactobacillus lactis: the detection of a population of permeable 

cells in post-logarithmic phase cultures, d.Appl.Microbiol. 84, 90-96 (1998). 
NOGUCHI N., YAMASHITA H., GOTOH N., YAMAMOTO Y., NUMANO R., NIKI E.: 2,2'-Azobis(4-methoxy-2,4-dimethylvaleronitrile), 

a new soluble azo initiator: application to oxidations of lipids and low-density lipoprotein in solution and in aqueous disper- 
sions. Free Radicals Biol. Med. 24, 259-268 (1997). 

NORDMANN R., RIBIERE C., ROUACH II.: Ethanol-induced lipid peroxidation and oxidative stress in extrahepatic tissues. Alcohol 
& Alcoholism 25, 231-237 (I 990). 

NYSTROM T.: To be or not to be: the ultimate decision of the growth-arrested bacterial cell. FEMSMicrobioLRev. 21,283-290 (1998). 
OHSUMI Y., KITAMOTO K., ANRAKU Y.: Changes induced in the permeability barrier of the yeast plasma membrane by cupric ion. 

d. Bacteriol. 170. 2676--2682 (1988). 
OKADA S., ZHANG H., HATANO M., TOKUHISA T.: A physiological role of Bcl-x(L) induced in activated macrophages. J.lmmunol. 160, 

2590-2596 (1998). 
OLIE R.A., DURRIEU F., CORNILLON S., LONGHRAN G., GROSS J., EARNSHOW W.C., GOLDSTEIN P.: Apparent caspase independence of 

programmed cell death in Dictyostelium. Curr.Biol. 8, 955-958 (1998). 
OLIVER C.N., LEVINE R.E., STADTMAN E.R.: A role of mixed-function oxidation reactions in the accumulation of altered enzyme forms 

during aging, d.Amer.Geriatrics Soc. 35, 947-956 (1987). 
OSIEWACZ H.D.: Genetic regulation of aging, d.MoLMed. 75, 715-727 (1997). 
Ou P.M., TRITCHLER H.J., WOLFF S.P.: Thioctic (lipoic) acid: a therapeutic metal-chelating antioxidant. Biochem.Pharmacol. 50, 123- 

126 (1995). 
PAHL H.L., BAEUERLE P.A.: Oxygen and control ofgene expression. Bioassays 16, 497-502 (1994). 
PALOP A., RUTHERFORD G.C., MARQUIS R.E.: Inactivation of enzymes within spores of Bacillus megaterium ATCC 19213 by hydro- 

peroxides. Can.d.Microbiol. 44, 465-470 (1998). 
PAPA S., GUERRIERI F., CAPITANIO N.: A possible role of slips in cytochrome-c oxidase in the antioxygen defense system of the cell. 

Biosci.Rep. 17, 23-31 (1997). 



622 K. SIGLER et al. Vol. 44 

PATEL M.P., MARCINKEVICIENE J., BLANCHARD J.S.: Enterococcusfaecalis glutathione reductase: purification, characterization and 
expression under normal and hyperbaric 02 conditions. FEMSMicrobioI.Lett. 166, 155-163 (1998). 

PEDERSEN K., GERDES K.: Multiple hok genes on the chromosome of Escherichia coil Mol.Microbiol. 32, 1090-1102 (1992). 
PERI'GO P., HOWELL S.B.: Molecular mechanisms controlling sensitivity to toxic metal ions in yeast. Toxicol.AppI.Pharmacol. 147, 

312-318 (1997). 
PETIT P.X., SUSIN S.-A., ZAMZAMI N., MIGNOTTE B., KROEMER G.: Mitochondria and cell death: back to the future. FEBS Lett. 396, 

7-13 (1996). 
POSTGATE J.R., HUNTER J.R.: The survival of starved bacteria. ,I.Gen.Microbiol. 29, 233-263 (1962). 
PRESSLER U.. STAUDENMAIER H., ZIMMERMANN L., BRAUN V.: genetics of the iron dicitrate transport system of Escherichia coli. 

,1. Bacteriol. 170, 2716-2724 (1988). 
PUSHKAREVA M., OBEID L.M., HANNUM Y.A.: Ceramide: an endogenous regulator of apoptosis and growth suppression. Immu- 

noI.Today 16, 294-297 (1995). 
RAGUZZI F., LESSUISE E., CRICHTON R.R.: Iron storage in S. cerevisiae. FEBS Lett. 231,253-258 (1988). 
RICE-EVANS C.A, DIPLOCK AT., SYMOSS M.C.R.: Tech.Free Radical Research, pp. 207-234. Elsevier, Amsterdam-London-New 

York-Tokyo 1991. 
RICE-EVANS C., SAMPSON J., BRAMLEY P.M., HOLLOWAY D.E.: Why do we expect carotenoids to be antioxidants in vivo? Free 

Radicals Res. 26, 381-398 (1997). 
RIDGLEY E., XIONG Z., RUBEN L.: Reactive oxygen species activate a Ca2+-dependent cell death pathway in the unicellular organism 

Trypanosoma brucei. Biochem.J. 340, 33--40 (1999). 
RIKANS L.E., HOIL'qBROOK K.R.: Lipid peroxidation, antioxidant protection and aging. Biochim.Biophys.Acta 1362, 116-127 (1997). 
ROCHA E.R., SELBY T., COLEMAN J.P., SMITH C.J.: Oxidative stress response in an anaerobe, Bacteroidesfragilis: a role for catalase in 

protection against hydrogen peroxide. ,I.Bacteriol. 178, 6895-6903 (1996). 
R.OCHA E.R., SMITH C.J.: Regulation of Bacteroidesfragilis katB mRNA by oxidative stress and carbon limitation. ,I.Bacteriol. 179, 

7033-7039 (1997). 
ROCHA E.R., SMITH C.J.: Characterization of a peroxide-resistant mutant of the anaerobic bacterium Bacteroidesfragilis. J.Bacteriol. 

180, 5906-5912 (1998). 
ROLDAN-ARJONA T., ANSELMINO C., LINDAttL T.: Molecular cloning and functional analysis of a Schizosaccharomyces pombe homo- 

Iogue of Escherichia coil endonuclease III. NucLAcids Res. 24, 3307-3312 (1996). 
ROZE L.V., LINZ J.E.: Lovastatin triggers an apoptosis-like cell death in the fungus Mucor racemosus. Fungal Genet. Biol. 25, 119-133 

(1998). 
SAKA(JAMI H., KURIBAYASItl N., IIDA M., HAGIWARA T., TAKAItASHI H., YOSHIDA H., SHIOTA F., OHATA H., MOMOSE K., TAKEDA M.: 

The requirement for and mobilization of calcium during induction by sodium ascorbate and by hydrogen peroxide of cell 
death. LifeSci. 58, 1131-1138 (1996). 

SAKAMOTO T., DELGAIZO V.B., BRYANT D.A.: Growth on urea can trigger death and peroxidation of the cyanobacterium Synechococ- 
cus sp. strain PC 7002. ,4ppL Environ. Microbiol. 64, 2361-2366 (1998). 

SANTIAGO L.A., MORI A.: Antioxidant defenses of baker's yeast against free radicals and lipid peroxides in rat brain. ,4rch.Biochem 
Biophys. 306, 16-21 (1993). 

SANTOS-OC._'ANA C., CORDOBA F., CRANE F.L., CLARKE C.F., NAVAS P.: Coenzyme Q6 and iron reduction are responsible for the 
extracellular ascorbate stabilization at the plasma membrane of S. cerevisiae. ,I. BioL Chem. 273, 8099-8105 (1998). 

SARAN M., BORS W.: Direct and indirect measurements of oxygen radicals. Kiln. Wochenschr. 69, 957-964 (1991). 
SARAN M., MICHEL C., BORS W.: Radical functions m vivo: a critical review of current concepts and hypotheses. ZNaturforsch. 53c, 

210-227 (1998). 
SCHROEDER W.A., JOHNSON E.A.: Antioxydant role ofcarotenoids in PhaflTa rhodozyma. ,I.Gen.Microbiol. 139, 907-912 (1993). 
SCt-IUBERT J., WILMER J.W.: Does hydrogen peroxide exist "free" in biological systems? Free Radicals Biol.Med I !, 545-555 (1991). 
SEN S.: Programmed cell death: concept, mechanism and control. BioLRev. 67, 287-319 (1992). 
SHAHAX4 S.. SCHtJMAN M.A., ItERSKOWITZ 1.: Death-deleting yeast identity/novel apoptosis genes. Ce// 92,425--427 (1998). 
StlA~Sl F A.. I-tADI S.M: Photoinduction of strand scission in DNA by uric acid and Cu(ll). Free Radicals BioLMed. 19, 189-196 

(1995) 
SHEN B., JENSEN R.G., BOHNERT H.J.: Mannitol protects against oxidation by hydroxyl radicals. Plant PhysioL 115, 527-532 (1997). 
SIEGELE D.A., KOLTER R.: Life after log. ,/. Bacteriol. 174, 345-348 (1992). 
SIES H.: Biochemistry of oxidative stress. ,4ngew.Chem.lnternat.Edn.Engl. 25, 1058-1071 (1986). 
SIES H.: Oxidative Stress: Oxidants andAntioxidants. Academic Press, London 1993. 
SIES H.: Impaired endothelial and smooth muscle cell function in oxidative stress. Exp.Physiol. 82, 291-295 (1997). 
SIGLER K., GILLE G.: Stability and refractoriness of the high catalase activity in the oxidative-stress-resistant fission yeast Schizosac- 

charomyces pombe. Folia MicrobioL 43, 369-372 (I 998). 
SIGLER K., GILLE G., VACATA V., STADLER N., HOFER M.: Inactivation of the plasma membrane ATPase of Schizosaccharomyces 

pombe by hydrogen peroxide and by the Fenton reagent (Fe2~/H202): nonradical vs. radical-induced oxidation. Folia 
Microbiol. 43, 361-367 (1998a). 

SIGLER K., DENKSTEINOVA B., GA~iKOVA D., STADLER N., RADOVANOVI~ N., HOFER M.: Effect of stressors on yeast plasma mem- 
brane integrity, proton gradient and H+-ATPase function. Folia Microbiol. 43, 229--230 (1998b). 

SIMIZU S., TAKADA M., UMEZAWA K., IMOTO M.: Requirement of caspase-3(-like) protease-mediated hydrogen peroxide production 
Ibr apoptosis induced by various anticancer drugs. ,/. Biol. Chem. 273, 26900-26907 (1998). 

SINCLAIR D.A., MILLS K., GUARENTE L.: Molecular mechanisms of yeast aging. Trends Biochem.Sci. 23, 131-134 (1998). 
SKONECZNY M., CHELSTOWSKA m., RYTKA J. Study of the coinduction by fatty acids of catalase A and acyI-CoA oxidase in standard 

and mutant S. cerevisiae strains. Eur.J.Biochem 174, 297-302 (1988). 



1999 OXIDATIVE STRESS IN MICROORGANISMS--review 623 

SKULACHEV V.P.: Why are mitochondria involved in apoptosis? Permeability transition pores and apoptosis as selective mechanisms 
to eliminate superoxide-producing mitochondria and cell. FEBS Lett. 397, 7-10 (1996). 

SKULACHEV V.P.: Cytochrome c in the apoptotic and antioxidant cascades. FEBS Left. 423, 275-280 (1998). 
SMIRNOFF N.: The function and metabolism of ascorbic acid in plants. Ann.Bot. 78,661-669 (1996). 
SMITH D.W., HANAWALT P.C.: Macromolecular synthesis and thymineless death in Mycop/asrna latdlawii B. J.Bacteriol. 96, 2066- 

2076 ( ] 968). 
SMITtl J.R., PEREIRA-SMITtt O.M.: Replicative senescence: implications for in vivo aging and tumor suppression. Science 273, 63-67 

(1996). 
SOHAL R.S., ALLEN R.G.: Oxidative stress as a causal factor in differentiation and aging: a unifying hypothesis. Exp.Gerontol. 25, 

499-522 (1990). 
SOHAL R.S., WEINDRUCH R.: Oxidative stress, caloric restriction and aging. Science 273, 59-63 (1996). 
SOSZYIqSKI M., BARTOSZ G.: Decrease in accessible thiols as an index of oxidative damage to membrane proteins. Free Radicals Biol. 

Meal 23, 463-469 (1997). 
STADTMAN E.R.: Oxidation of proteins by mixed function oxidation systems: implication in protein turnover, aging and neutrophil 

function. Trends Btochem.Sci. II, 11 12 (1986). 
STADTMAN E.R.: Protein oxidation and aging. Science 257, 1220-1224 (1992). 
STAH L W., SIES H.: Antioxidant defense: vitamins E and C and carotenoids. Diabetes 46 (Suppl. 2), S14-SI7 (1997). 
STEPHEN D.W.S., JAMIESON D.J.: Glutathione is an important antioxidant molecule in the yeast S. cerevisiae. FEMS Microbiol.Lett. 

141,207-212 (1996). 
STEPHENS C.: Bacterial sporulation: a question of commitment? Curr.Biol. 8, R45-R48 (1998). 
STEWART E.J., ASLUND F., BECKWITH J.: Disulfide bond formation in the Escherichia coil cytoplasm: an in vivo role reversal for the 

thioredoxins. EMBO ,I. 17, 5543-5550 (1998). 
STEWART M.C., OLSON B.H.: Physiological studies of chloramine resistance developed by Klebsiella pneumoniae under low-nutrient 

growth conditions. AppL Environ. M~crobtol. 58, 2918-2927 (1992). 
STORZ (,J., TARTAGLIA L.A., FARR S.B., AMES BN.: Bacterial defences against oxidative stress. Trends Genet. 6, 363-368 (1990). 
SIRHBLOVA E.: Study of scar lbrmation in the life cycle of heterothallic Saccharomyces cerevisiae. Can.d.Microbiol. 16, 827-831 

(1970). 
STRNADOV,~ M., VOTRUBA J., CHALOUPKA J : Turnover kinetics of proteins labeled in different sporulation phases of Bacillus mega- 

terium. Folia Microbiol. 37, 163-168 (1992). 
SUZUKI Y.J., EDMONDSON J.D., FORD G.D.: Inactivation of rabbit muscle creatine kinase by hydrogen peroxide. Free Radicals Res. 

Commun. 16, 131-136 (1992). 
TABORSKY G.: Oxidative modification of proteins in the presence of ferrous ion and air. Effect of ionic constituents of the reaction 

medium on the nature of the oxidation products. Biochemistry 12, 1341-1348 (1973). 
TAKEUCHI T.. NAKAYA Y., KATO N., WATANABE K., MORIMOTO K.: Induction of oxidative DNA damage in anaerobes. FEBS Lett. 

450, 178-180 (1999). 
TAMARIT J., CABISCOL E., ROt J.: Identification of the major oxidatively damaged proteins in Escherichia coli cells exposed to oxi- 

dative stress. J.Biol.Chem. 273, 3027 3032 (1998). 
TANIOKA S., MATSUI Y., IRIE T., TANIGAWA T., TANAKA Y., SHIBATA H., SAWA Y., KONO Y.: Oxidative depolymerization of chitosan 

by hydroxyl radical. Biosci.Biotech.Biochem. 60, 2001-2004 (1996). 
TAO W., KURSCHNER C., MORGAN 11.: Modulation of cell death in yeast by the Bcl-2 family of proteins. J.BioLChem. 272, 15547- 

15552 (1997). 
TESORIERE L., BONGIORNO A., PINTAUDI A.M, ANNA R.D., ARPA DD.,  LIVREA M.A.: Synergistic interactions between vitamin A and 

vitamin E against lipid peroxidation in phosphatidylcholine liposomes. ,4rch.Biochem.Biophys. 326, 57-63 (1996). 
THOMAS D., SCOTT A.D., BARBEY R., PADULA M., BOITEUX S.: Inactivation of OGGI increases incidence of GC-TA transversions in 

Saccharomyces cerevlslae: evidence for endogenous oxidative damage to DNA in eukaryotic cells. Mol.Gen.Genet. 254, 
171-178 (1997). 

TOLEDO 1., AGUIRRE J., HANSBERG W.; Enzyme inactivation related to a hyperoxidant stage during conidiation ofNeurospora crassa. 

Microbiology (UK) 140, 2391-2397 (1994). 
TOLEDO I., HANSBERG W.: Protein oxidation related to morphogenesis in Neurospora crassa. Exp.Mycol. 14, 184-189 (1990). 
TSUCHIHASHI [t., KIGOSHI M., IWATSUKI M., NIKI E.: Action of 13-carotene as an oxidant against lipid peroxidation. Arch.Biochem. 

Biophys. 323, 137-147 (1995). 
TSUJIMOTO Y.: Apoptosis and necrosis: intracellular ATP levels as a determinant for cell death modes. Cell Death Different 4, 429-  

434 (1997). 
UCHIDA K., KAWAKISHI S.; Oxidative degradation of 13-cyclodextrin induced by an ascorbic acid-copper ion system. Agric.BioI.Chem. 

50, 367-373 (1986a). 
UCHIDA K., KAWAKISHI S.: Oxidative depolymerization of polysaccharides induced by the ascorbic acid-copper ion systems. 

dgric. BloI.Chem. 50, 2579-2583 (1986b). 
VACHOVA L., KUt~EROVA H, BENE~OVA J., CttALOUPKA J.: Heat and osmotic stress enhance the development of cytoplasmic serine 

proteinasc activity in sporulating Bacillus megaterium. Biochem. MoL BioL Internat. 32, 1049-1057 (1994). 
VALI;N'nNE J.S., WERTZ D.L., LYONS T.J., l,Iou L.-L., GOTO J.J., GRALLA E.B.: The dark side of dioxygen biochemistry. Curt. 

Opinion Chem.Biol. 2, 253-262 (1998). 
VAN ACKER S.A.B.E., VAN DEN BERG D.-J., TROMP M.N.J.L., GRIFFIOEN D.H., VAN BENNEKOM W.P., VAN DER VUGH W.J.F., BAST A..: 

Structural aspects of antioxidant activity of flavonoids. Free Radicals Biol. Med. 20, 331-342 (1996). 
VAN DER KEMP P..A., THOMAS D., BAP, BEY R., DE OLIVEtRA R., BOITEUX S.: Cloning and expression in Escherichia coli of the OGGI 

gene of Saccharomyces cerevisiae, which codes for a DNA glycosylase that excises 7,g-dihydro-8-oxoguanine and 2,6-di- 
amino-4-hydroxy-5-N-methylformamidopyrimidine. Proc.Nat.AcadSci. USA 93, 5197-5202 (1996). 



824 K. SIGLER etal. Vol. 44 

VILE G.F., ROTHWEt.L I..A., KETTLE A.J.: Hypochlorous acid activates the tumor suppressor protein p53 in cultured human skin 
fibroblasts, drch. Biochem. Btophys. 359, 51-56 (1998). 

VISICK J.E., CLARKE S.: Repair, refold, recycle: how bacteria can deal with spontaneous and environmental damage to proteins. Mol. 
Microbiol. 16, 835-845 (1995). 

WANG J.Y.J.: Cellular responses to DNA damage. Curr.Opin.Cell.Biol. 10, 240--247 (1998). 
WEI Y.-H.: Oxidative stress and mitochondrial DNA mutation in human aging. Proc.Soc.Exp.BioLMed 217, 53-63 (1998). 
WEISS B.: Endonuclease II ofEscherichia coli is exonuclease 111. J.BioLChem. 251, 1896-1901 (1976). 
WELBURG S.C., BARCINSKI N.A, WILLIAMS G.T.: Programmed cell death in trypanosomatides. Parasitol. Today 13, 22-25 (1997). 
WEST S.C.: Enzymes and molecular mechanisms of genetic recombination. Ann. Rev. Biochem 61,603-640 (1992). 
WEST W.: Introductory survey of molecular spactra, p. 37 in W. West (Ed.): Technique in Orgamc Chemistry. Vol. 9. Chemtcal 

Applications of Spectroscopy. Interscience Publishers, New York-London 1956. 
WILLIE A.H.: Apoptosis and carcinogenesis. Eur.d. Cell Biol. 7J, 189-197 (1997). 
W~qTERBOURN C.C.: Toxicity of iron and hydrogen peroxide: the Fenton reaction. ToxicoL Lett. 82---83, 969-974 (1995). 
WI~NICKA R., KRZEPII, KO A., WAWRYN J., KRAWIEC Z., BILI/qSKI T.: Protective role of superoxide dismutase in iron toxicity in yeast. 

Biochem.MoL Biol. InternaL. 44, 635-641 (1998). 
WOLFF S.P., DEAN R.T.: Glucose autoxidation and protein modification. Biochem.J. 245, 243-250 (1987). 
WRIGHT N.E., HAN D.K., CARTER L., FIELDS S., SCHWARTZ S.M., HOCKENBERY D.M.: Caspase-3 inhibits growth of Saccharomyces 

cerevisiae without causing cell death. FEBS Lett. 446, 9-14 (1999). 
Xu Z.U., WICKNER W.: Thioredoxin is required for vacuole inheritance in S. cerevisiae. J.Cell Biol. 132, 787-794 (1996). 
XU C., ZHOU T., KURODA M., ROSEN B.P.: Metalloid resistance mechanism in prokaryotes. J.Biochem. 123, 16-23 (1998). 
YAMANO S., MARUYAMA T.: An azide-insensitive superoxide dismutase from a hyperthermophilic archeon, Sulfobolus solfatarius. 

JBiochem. 125, 186-193 (1999). 
YAh'G M.-H, SCHAICH K.M: Factors affecting DNA damage caused by lipid hydroperoxides and aldehydes. Free Radicals BioI.Med. 

20, 225-236 (1996). 
YAO Y., YIN D., JAS G.S., KUCZERA K., WILLIAMS T.D., SCHONEICH H.C., SQUIER T.C.: Oxidative modification of a carbonyl-terminal 

vicinal methionine in calmodulin by hydrogen peroxide inhibits calmodulin-dependent activation of the plasma membrane 
Ca-ATPase. Biochemistry 35, 2767-2787 (1996). 

YIN Y., TERAUCHI Y., SOLOMON GG., AIZAWA S., RANGARIAN P.N., YAZAKI Y., KADOWAKI T., BARRETT J.C.: Involvement of p85 in 
p53-dependent apoptotic response to oxidative stress. Nature 391,707-710 (1998). 

YOU H.J., SWANSON L., DOETSCH P.W.: Saccharomyces cerevisiae possesses two functional homologues of Escherichia coli endonu- 
clease I11. Biochemistry 37, 6033-6040 (1998). 

Z,~DZINSKI R., FORTUNIAK A., BILI'NSKI T., GREY M., BARTOSZ G.] Menadione toxicity in S. cerevistae cells: activation by conjugation 
with glutathione. Biochem Mol. Biol. hsternat. 44, 747-759 (1998). 

ZAHRINGER tt., BURGERT M., [tOLZER H., NWAKA S.: Neutral trehalase Nth Ip ofS. cerevisiae encoded by the NTHI gene is a multiple 
stress responsive protein. FEBS Lett. 412, 615-620 (1997). 

ZHA H., REED J.C.: Heterodimerization - independent functions of cell death regulatory proteins BaT and Bcl-2 in yeast and mammal- 
ian cells. J.BioI.Chem. 272, 31482-31488 (1997). 

ZHANG Y., MARCILLAT O., GIULIVI C., ERNSTER L., DAVIES K.J.A.: The oxidative inactivation of mitochondrial electron transport 
chain components. ,~BioLChem. 265, 16330-16336 (1990). 

ZHAO M.J., JUNG L.: Kinetics of the competitive degradation of deoxyribose and other molecules by hydroxyl radicals produced by the 
Fenton reaction in the presence of ascorbic acid. Free Radicals Res. 23, 229-243 (1995). 

Z, HENG M., DOAN B., SCHNEIDER T.D., STORZ G.: OxyR and SoxRS regulation of fur. JBacteriol. 181, 4639-4643 (1999). 
ZHULiN I.B., JOHNSON MS., TAYLOR B.L.: How do bacteria avoid high oxygen concentrations? Biosci.Rep. 17, 335-342 (1997). 


