
CHAPTER I

INTRODUCTION

1. BACKGROUND

Yeasts are one of the most important groups of microorganisms

exploited by humans and serve a steady and beneficial purpose. Yeasts are

also relatively safe for human consumption and easily modified. The ability of

yeast to produce alcohol in the form of beer was known by the Sumerians and

Babylonians before 6000 B.C. Later, in 4000 B.C., the Egyptians discovered

that the carbon dioxide generatEd by the action of brewer's yeast could leaven

bread (Demain and Solomon, 1931).

In the modern era, yeas :s of which Saccharomyces is by far the most

widely used genus, are used in a variety of key industrial processes: in baking

for leavening and as a flavouring agent:; in alcoholic beverage production such

as beer, wine and sake; in the production of industrial alcohol; in biomass

formation and also in the production of vitamins and enzymes (Rose, 1980;

Reed and Nagodawithana, 19911.

The activities of yeast are affected by the environment in which they live.

Environmental changes, both p wsical and chemical, influence the growth of

yeast clue to effects on metabolic processes. Temperature is one of the most

important environmental parameters influencing the yeast life cycle. On the one

hand, temperature can cause -apid growth by accelerating the activities of

some enzymes and, on the other hand, can cause damage to cells by

denaturation of proteins and other essential cellular constituents.

Molecular oxygen is anot -ter very important factor governing the growth

of yeast. However, oxygen can be toxic when the concentration is greater than

the normal requirement. The damaging effects of oxygen can be attributed to

the formation of oxygen-derived free radicals (Halliwell and Gutteridge, 1989).

All classes of biological molecu es are potential targets for free radical attack
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and these include lipids, proteins and nucleic acids (Sies, 1986; Halliwell and

Gutteridge, 1989).

Much recent attention ha; been focussed on the mechanisms whereby

biological systems deal with toxic forms of oxygen-derived free radicals. The

role of antioxidants, both enzymatic arid non-enzymatic, in reacting with and

removing free radicals is a area of considerable interest and intense research,

not least of all from the viewpo nt that free radicals have been implicated as

causative agents of major hum an diseases including cancer, atherosclerosis

and various inflammatory disorders (Halliwell and Gutteridge, 1989). Although

the characterisation of antioxidant enzymes, especially superoxide dismutase

(SOD), have been long studied in yeast. dating from the original observations of

Gregory et al. (1974), only a har dful of studies have focussed on the effects of

non-enzymatic antioxidants on yeast metabolism. This is extremely surprising

considering the extensive use of non-enzymatic antioxidants in the food

industry and the importance of yeast in the human food and beverage

industries.

The aims of this shady were to determine the effects of

environmental stresses, both physical and chemical, on the yeast

Saccharomyces cerevisiae an I the role of non-enzymatic antioxidants in

stress protection. The environmental stresses used in these experiments

were primarily temperature and oxygen. The naturally-occurring

antioxidants used were ascorbate (vitamin C), glutathione, a—tocopherol

(vitamin E), ergosterol and 3—carotene (vitamin A) and the synthetic

antioxidants: butylated hydroxytoluene and propyl gallate. Three other

factors, namely, trehalose :ontent, heat shock proteins and lipid

composition were also exam ned in order to investigate their possible

interactive effects on stress tolerance of the yeast cell.
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2. LITERATURE REVIEW

2.1. Response of yeast to temr erature

Yeasts are capable of growth over a relatively wide temperature range,

from below 00C to just below 50 0C (Stokes, 1971). The vast majority of yeasts

grow within the temperature range at or above 0 0C to 48°C and are hence

termed mesophilic. Yeasts whici are unable to grow at or above 20°C have

been classified as psychrophilic and, conversely, yeasts unable to grow at or

below 20°C have been termed 1 hermophilic (Watson, 1987). There are only a

limited number of yeasts which 'all into either of these two categories and the

vast majority of yeasts are thus riesophilic.

The interested reader is referred to reviews on the effects of temperature

on yeast growth and metabolism by Stokes (1971), Van Uden (1984) and

Watson (1987). In recent years, the heat shock response in which exposure of

cells to a mild non-lethal temperature induces resistance to a higher, generally,

lethal temperature, has attracted considerable attention (Watson, 1990; Piper;

1993; Parsell and Lindquist, 1993). In this respect, the role of heat shock

proteins, trehalose and lipid composition in yeast thermotolerance appear to be

of special importance. It should be pointed, however, that at this point in time,

the precise mechanism of thermotolerance (and other stresses) is not known.

Heat shock protein

Heat shock induction of specific: proteins in yeast was first reported in

detail by Miller et al. (1982) and McAlister et al. (1979). Shortly thereafter,

McAlister and Finkelstein (198C) observed that exposure of cells for a short

period to mild heat shock (370C) protected against subsequent challenge to a

normally lethal temperature. Watson and Cavicchioli (1983) extended this

observation to include heat sho ;lc induced tolerance to high concentrations of

ethanol and, conversely, PlessEt et al. (1982) established that a mild ethanol

shock protected against a heat c hallenge. These initial observations have since

been extended to include cross-tolerance correlations and the detailed
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molecular biology of the stress -esponse (Lindquist and Craig, 1988; Watson,

1990; Parsell and Lindquist, 1993).

All organisms so far examined, ranging from Archae to plants and

animals, induce the synthesis of specific and, in many cases, highly

evolutionary conserved proteins on exposure to a heat shock. Many of these

proteins are also induced upon exposure of cells to stresses other than heat

and these include ethanol, hem y metals, amino acid analogues and oxidative

stress (Nover, 1984; Watson, 1990), The more general term stress proteins has

therefore been applied to descri )e this class of proteins (Morimol:o et al., 1990;

Watson, 1990).

The heat shock or stress proteins of yeast can be broadly divided into

different classes based on molecular mass as determined by sodium dodecyl

sulphate-polyacrylamide gel electrophoresis. The major groups belong to the

heat shock protein (hsp) 100, hsp 90, hsp 70 and hsp 60 classes. In addition, a

number of small molecular mass proteins have been described in yeast. These

include hsp 26 (Petko and Lind luist, 1986), hsp 30 (Regnacq and Boucherie,

1992; Panaretou and Piper, 1a 2), hsp 12 (Praekelt and Meacock, 1990), hsp

10 (Hartl et al., 1992) and ubiqui tin (Finley et al., 1987).

The latter protein (8.5 k Da) is highly conserved across all eucaryotic

organisms. It is a stress-inducible protein in yeast for which there is some

evidence that it may function, through its role in proteolysis, as a stress

protectant (Finley et al., 1987). More recently, hsp 30 has been localised as an

integral yeast plasma membrane protein and it has been suggested to function

to stabilise plasma membrane cDmponents, in particular the plasma membrane

ATPase, during heat stress (Piper, 1993).

In most organisms, the sp 70 family, of which yeast has at least nine

members (Craig et al., 1993), a -e among the most prominent proteins induced

by heat. It is now well established that in the normal cell hsp 70 proteins, in

conjunction with their binding to protein substrates, participate in a variety of
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protein folding, unfolding and trE nslocating processes (Gething and Sambrook,

1992; Craig et al., 1993). In this respect, hsp 70 proteins function in various

organelles and the endoplasmic reticulum as molecular chaperones.

Similarly, yeast hsp 60, also known as chaperonin 60, has been shown

to participate in protein translocation and assembly associated with the

mitochondria (Hartl et al., 1992). The chaperonin activity of hsp 60 in yeast

mitochondria requires interactior with hsp 10 (chaperonin 10), a homo-oligomer

consisting of 10 kDa subunits found in mitochondria, chloroplasts and bacteria.

Both hsp 60 and hsp 10 are essential proteins. There is evidence that these

chaperonins, by virtue of their association with a wide variety of proteins,

prevent protein aggregation at high temperatures and promote refolding when

cells are returned to normal temperatures (Parsell and Lindquist, 1993). These

proteins, therefore, may play a i important role in the recovery' of cells from

stress.

It should be pointed ou that many, if not all, hsp are constitutively

expressed in the normal cell anc play key roles in protein folding, assembly and

translocation. Their fundamentE I role in normal cell physiology is thus well

established. However, their precise function in the stressed cell and in recovery

from stress is enigmatic and remains to be elucidated.

Earlier studies by Hall (1983) and Watson et al. (1984), in which heat

shock protein synthesis in yeas: was blocked by cycloheximide, indicated that

hsp may not be required for heat shock induced thermotolerance. Furthermore,

the kinetics of loss of induced thermotolerance do not correspond with levels of

hsp (Cavicchioli and Watson, 1986). More recently, research from Lindquist and

co-workers have shown that hsp 104 is important for yeast tolerance to different

stresses, including heat and ethanol (Sanchez et al., 1992). On the other hand,

De Virgilio et al. (1991) examined therrnotolerance in a deletion mutant of HSP

104 and the corresponding wild-type and found similar levels of induced
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thermotolerance. The authors concluded that the acquisition of thermotolerance

in these cells were in fact more closely related to levels of trehalose.

Trehalose as a stress protectant

(Earlier studies indicated that trehalose, a non-reducing disaccharide of

glucose, functioned as a storage compound in yeast (Lillie and Pringle, 1980).

However, the concept of trehalose as a stress protectant was stimulated by the

observation that heat shock ind ices the rapid synthesis of trehalose (Attfield,

1987; Hottiger et al., 1987).

lit is noteworthy that trehE lose also accumulates in yeast during periods

of starvation, on entry into static nary phase and an exposure to environmental

stresses (Attfield, 1987; Van Leere, 1989; De Virgilio et al., 1990; Wiemken,

1990; Hottiger et al., 1992). Trehalose is also thought to influence membrane

structure and in protecting mernk , ranes against desiccation (Crowe et al., 1992),

freezing (Coutinho et al., 1988) and salt stress (MacKenzie et al., 1988). It is

also noteworthy that trehalose mobilisation has been reported to be controlled

by the levels of specific hsp during heat shock. In particular, levels of hsp70

appear to influence trehalose m )bilisation in the heat shocked cell (Hottiger et

al., 1992).

As in the case of hsp, End despite the wealth of data supporting the

concept that trehalose is a key Stress protectant in yeast, there are numerous

studies which indicate that, at least under certain conditions, levels of trehalose

do not correlate with levels of s:ress tolerance (Gelinas et al., 1989; Panek et

al., 1990; Winkler et al., 1991; Attfield et al., 1992). For example, Gelinas et al.

(1989) reported a correlation be . ween trehalose content and freezing tolerance

only under certain growth conditions. A detailed study by Attfield et al. (1992)

on heat and freezing tolerance in a number of closely related strains of S.

cerevisiae concluded that trehalose content and stress tolerance were not

related in a linear manner. A comprehensive study in this laboratory of fourteen

baking strains of S. cerevisiae subjected to six distinct stresses (heat, ethanol,
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rapid freezing, slow freezing, salt and acetic acid) did not show any statistically

significant correlation between trehalose concentration and stress tolerance,

except acetic acid (Lewis, 1994).

Membrane lipid composition

Heat and certain other stress agents such as ethanol act to increase

membrane permeability (Ingram and Buttke, 1984). Ethanol has also been

shown to induce changes in lipid composition of yeast and bacterial

membranes as an adaptive response (Ingram and Buttke, 1984; Casey and

Ingledew, 1986). A recent paper by Mansure et al. (1994) demonstrated a

possible correlation between viability of yeast cells challenged with high ethanol

concentration (10% w/v) and trehalose levels. These authors concluded that

yeast cells can respond to heal and ethanol stress by increasing trehalose

synthesis, resulting in increased survival. Similar conclusions were reached by

D'Amore et al. (1991) using brewing strains of yeast. Mansure et al. (1994)

further showed using model membrane systems (liposome) challenged with

ethanol, that liposomes enrichE d in unsaturated phospholipids showed less

leakage than those containing saturated phospholipids. Using a more

biologically relevant system, nariely yeast protoplasts, Alexandre et al. (1994)

proposed a relationship among Ethanol tolerance, lipid composition and plasma

membrane fluidity. The latter was correlated with an increase in phospholipid

unsaturation in response to an Ethanol stress. However, detailed studies using

a number of different strains and stressors (ethanol, heat, 11-1 202) in this

laboratory have shown no Simple correlation among membrane lipid

composition, stress tolerance and membrane fluidity (Swan and Watson,

personal communication).

In the case of temperature, it is well documented that, in common with

most other organisms, yeast adjust their membrane lipid fatty-acyl composition

with temperature (Watson, 1984). The lower the growth temperature the more

unsaturated the phospholipid riembraine. For example, psychrophilic yeast,
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which are unable to grow above 200C, have mono and polyunsaturated fatty

acids, with the latter in relatively high concentrations. By contrast, thermophilic

yeasts (unable to grow below 20 0C) are rich in monounsaturated fatty acids

and have little or no polyunsaturated fatty acids. On the other hand, mesophilic

yeasts are rich in monounsaturated fatty acids and, depending on the species,

with small amounts of polyunsaturated fatty acids.

It is therefore an attractive hypothesis to propose that membrane lipid

composition, at least as deter mined by the fatty acyl composition, is an

important parameter in determining heat sensitivity of organisms. Early studies

on E. coli showed that cells enriched in oleic acid (C 18:1) were more

thermoresistant than linolenic acid (C 18:3) enriched cells (Overath et al.,

1970). On the other hand, in mammalian systems, there appears to be no

correlation between membrane lipid composition and thermotolerance

(Konings, 1988; Konings and Ruifrok, 1985).

The yeast system is an attractive one in which to investigate possible

relationships between membrar e lipid composition and stress tolerance. The

former can be readily manipulated by environmental factors which include

growth temperature, membrane lipid composition and oxygen. The present

studies address all three param Dters with respect to tolerance of cells to heat,

ethanol and oxidative stress.

2.2. Effect of oxygen

It is paradoxical that oxygen, which is essential for all aerobic life, is also

one of the most toxic molecules known. This toxicity is due to highly reactive

oxygen-derived free radicals, )enerated as by-products of normal cellular

metabolism such as electron transport in mitochondria and chloroplasts. The

major species of oxygen-derived free radicals are thought to be the superoxide

anion and the highly reactive hydroxyl radical (Halliwell and Gutl:eridge, 1989).

In addition, H 202 formed in biological systems by dismutation of the superoxide



9

anion, is a most important oxygen-derived reactive species, although it is not a

free radical.

Based on the requirement of or tolerance to oxygen, microorganisms can

be broadly divided into aerobes, facultative anaerobes or anaerobes. Within

each of these groups, there are subgroups depending on their requirement or

tolerance to different levels of oxygen, for example obligate aerobes which

absolutely require oxygen for me intenance and growth and obligate anaerobes,

some of which are highly sensiti‘e to low levels of oxygen.

Although it is generally assumed that yeast are facultative anaerobes

and thus capable of growth aerobically or anaerobically, this appears to be a

myth. A recent survey of type species of 75 genera, covering a broad spectrum

of yeasts, revealed that only 18 species were capable of true anaerobic growth

(Visser et al., 1990). It was notE worthy that S. cerevisiae stood out as a rapid

fermentor and grew well under strictly anaerobic conditions. It should be noted,

however, that under strictly anEerobic conditions, S. cerevisiae does have a

growth requirement for unsatur3ted fatty acid and ergosterol, both of which

require oxygen for their biosynthesis (Andreasen and Stier, 1953; 1954).

The requirement for both sterol (Proudlock et al., 1968) and unsaturated

fatty acid (Meyer et al., 1963) ar?, fairly non-specific. It is possible, therefore, to

manipulate the lipid composition of S. cerevisiae grown anaerobically (Watson

and Rose, 1980) and thus, for example, examine the relationship between

membrane lipid composition and stress tolerance, one of the aims of the

present studies.

There is increasing knowledge as to gene regulation with respect to

oxidative stress in bacteria, especially Escherichia coli and Salmonella

typhimurium (Farr and KogomE[, 1991). There is less known about oxygen

regulation in eucaryotic microorganisms. Zitomer and Lowry (1992) have

recently reviewed the regulation of gene expression by oxygen in S. cerevisiae.

The main emphasis of this revie N was on gene regulation by herne, which acts



10

as the prosthetic group in the crtochromes and other oxygen-binding proteins.

On the other hand, there is surprisingly little information on genes (and their

products) which may be regulated or induced by anaerobiosis in yeast,

although Zitomer and Lowry (1992) did allude to the identification of genes

which were expressed exclusively in the absence of oxygen. However, the

nature and function of the gene products remains to be identified.

2.3. Antioxidants

The detoxification of highly reactive oxygen-derived free radicals is a

prerequisite of all forms of life. Defense systems adopted by living organisms

include non-enzymatic and enzymatic, collectively termed antioxidant defense

systems. Halliwell and Gutterdge (1989) defined an antioxidant as "any

substance which, when preseni at low concentration compared to that of an

oxidisable substrate, significantly delays or inhibits oxidation of that substrate".

Antioxidants are widely us ed in the food industry, primarily as protectants

against oxidative degradation of lipids. In the past few years, considerable

emphasis has been placed on tne promotion and use of natural over synthetic

antioxidants. The former include ascorbate (vitamin C), a–tocopherol (vitamin

E) and p–carotene (vitamin A) and the latter include propyl gallate (PG) and

butylated hydroxy toluene (BHT 1. There is continuing and considerable debate

as to the relative merits of the two types of antioxidants. For example, the

toxicity of BHT has been variously reported as non-toxic (Bomhard et al., 1992)

or to increase the rate of hepatic cancer in rats (Olsen et al., 1986; lnai et al.,

1988). This debate has been further fuelled by the substantial body of scientific

evidence pointing to involvement of oxygen-derived free radicals as causative

agents of many human dise3ses, including cardiovascular, inflammatory

disorders and cancer (Halliwell and Gutteridge, 1989). Moreover, the

popularisation of the free-radice I theory of ageing (Emerit and Chance, 1992)

has lead to a demand by cons umers for antioxidants (in the form of tablets
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rather than food) and antioxidant therapy. There is a voluminous literature

dealing with the interactions of antioxidants and free radicals in higher

organisms (Halliwell and Gutteridge, 1989; Rice-Evans, 1993). This section will

therefore be limited to a summary of previous relevant work on antioxidants in

microbial systems. In this respect, and in marked contrast to studies on higher

organisms, there are surprisingl ∎ ► few recent publications on the effects of non-

enzymatic antioxidants on microbial physiology.

Synthetic antioxidants, us ed primarily in the food industry (Aruoma and

Halliwell, 1991) such as BHT and PG, have been reported to inhibit the growth

and survival of some bacteria (C sang and Branen, 1975; Davidson and Branen,

1980 a and b; Chung et al., 199:•), fungi (Fung et al., 1977; Beuchat and Jones,

1978) and yeast (Beggs et al., 1978; Eubank and Beuchat, 1982, 1983).

In two related papers, Eubank and Beuchat (1982, 1983) reported that

heat stressed S. cerevisiae were significantly more susceptible to the synthetic

antioxidants PG and butylated Iiydroxyanisole (BHA) than untreated controls.

Furthermore, incorporation of the antioxidants into agar media also lead to

lower survival for heat stressed cells, suggesting an effect on repair

mechanisms of heat damaged cells.

In the case of naturally-occuring antioxidants there is a wealth of

information on their occurrence, properties and proposed mode of action in

protecting against oxygen-derived free radicals in higher organisms (see

previous references). Here agair , however, there is limited data on bacteria and

eucaryotic microbes. Moreover, the antioxidants which have been extensively

studied in higher organisms, es Pecially humans, are rarely found in microbes.

These antioxidants include asccrbate, a-tocopherol and p-carotene. The latter,

however, is found in photosynthetic bacteria and in pigmented) bacteria and

pigmented yeasts.

It is particularly significant that in one of the few studies on antioxidants

in yeast, Moore et al. (1989) reported that in the pigmented yeast, Rhodotorula
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mucilaginosa, the presence of high concentrations of carotenoids protected

against oxidative damage induced by hyperoxia or duroquinone-induced stress,

the latter generating intracellular superoxide radicals. The duroquinone system

was also used by Schroeder and Johnson (1993) who demonstrated the

antioxidant role of carotenoids i i the red-fermenting yeast Phaffia rhodozyma.

An interesting observation of both studies was the reported presence of Mn-

SOD but the absence of CuZn-SOD in the pigmented yeasts. It was proposed

by both sets of authors that, in the absence of CuZn-SOD, carotenoids may

function as the major cytosolic antioxidant. The occurrence and function of

enzymatic antioxidants, including SOD, in yeast is discussed in the next

section.

The tripeptide glutathiore (L-glutamyl-L-cysteinyl-glycine) is found in

most higher organisms and al ;o occurs in many microorganisms, primarily

facultative and aerobic microbes but apparently not in strict anaerobes

(Penninckx and Elskens, 1993).

The role of glutathione, at least in higher organisms, appears to be well

established as a substrate for \ arious enzymatic antioxidants (eg. glutathione

peroxidase) and as a free radical scavenger (Halliwell and Gutteridge, 1989).

Deficiencies in glutathione metabolism have drastic, if not fatal, effects in higher

organisms. There is good evidE nce in the literature that glutathione depletion

sensitises mammalian cells to heat and oxidative stress (Andreoli et al., 1986)

and conversely, glutathione ent ancement protects against stress (Lumpkin et

al., 1988; Harris et al., 1991). The diverse role of glutathione, which include

transport, enzyme activities and detoxification, in higher organisms suggests an

essential function. By contrast, although the tripeptide is found widespread in

microorganisms, it appears to play a less vital role (Penninckx and Elskens,

1993). Most relevant to the present studies is the report by Greenberg and

Demple (1986) that glutathione depletion in E. coli does not lead to any change

in resistance to heat, H 202 or other oxidative stresses. In the case of yeast
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cells, work by Murata and Kimura (1987b) has shown that, although glutathione

depletion was not lethal, growth was seriously impaired. Most importantly,

glutathione offered some protection to cells against susceptibility to various

toxic chemicals. The same gr )up has recently extended these studies to

include observations on glutathione-associated enzyme induction by oxidative

stress in yeast (Inoue et al., 1993 and Tran et al., 1993).

Antioxidant enzymes

For the purpose of the present studies, only antioxidant enzymes which

have been reported to be 01 importance in yeast will be discussed. A

comprehensive review of anticxidant enzymes and their function in higher

organisms can be found in Sies (198(3) and Halliwell and Gutteridge (1989).

These are a number of antioxidant enzymes which protect yeast against H202.

These enzyme are the catalase:; and peroxidases which catalyse the following

reactions:
Catalase 2H202 —> 2H 20 + 02

PeroxidaEe SH +H202 --> S + H20

In S. cerevisiae, two major catalases have been identified, cytosolic

catalase T and peroxisomal catE lase A (Seah et al., 1973). The former enzyme

levels are enhanced upon a heat shock (Wieser et al., 1991). Catalase activity

has been correlated with oxyc en tension, with aeration of anaerobic cells

resulting in increased catalase 3ynthesis (Lee and Hassan, 1987; Clarkson et

al., 1991). Interestingly, Verdu in et al., (1988) have shown that catalase-

deficient mutants of Hansenula polymorpha were relatively resistant to H202

and capable of destroying H 20 ) at a high rate. In addition, studies by Steels

(1994) have indicated that catalase does not play a major role in

thermotolerance or oxytolerance in S. cerevisiae. On the other hand, there is

evidence that cytochrome c peroxidase plays an important role in oxytolerance

in S. cerevisiae. Elevated levels of cytochrome c peroxidase are found in
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deficient mutants exposed to H 702 (Verduyn et al., 1988) and 1:he enzyme is

thought to take part in H 202 detoxification in mitochondria. Marked increases in

cytochrome c peroxidase levels were detected when anaerobically grown S.

cerevisiae were subjected to hyperoxic conditions (Steels, 1994).

It is only relatively recently that glutathione peroxidase activity was

reported in yeast (Galiazzo et al., 1987; 1988). The group of Kimura and

coworkers (Inoue et al., 1993; Tran et al., 1993) have recently shown that

glutathione peroxidase plays a key defensive role in protecting the yeast H.

mrakii against oxidative stress. The enzyme is inducible on exposure of cells to

reactive oxygen species (lipid hydroperoxides). Recent studies from this

laboratory have shown that glutathione peroxidase levels in yeast are regulated

by oxygen tension with a 3 to 5-fold elevation on aeration of anaerobically

grown cells (Steels, 1994).

The superoxide dismutases (SOD) are a class of enzymes which

function to remove catalytically the superoxide radical according to the reaction:

02- + C 1 2- + 2H +--> H 202 +02

Three distinct superoxide dismutases are found in biological systems, all

of which catalyse the same reaction of superoxide dismutation but differ in the

metal moiety. The CuZn-SOD is found in almost all eucaryotic cells, localised in

the cytoplasm, and in a few species of bacteria (Fridovich, 1989; Halliwell and

Gutteridge, 1989). The Fe-SOD is found primarily in procaryotes and in a few

plant species and the Mn-SOD i 3 found in both procaryotes and eucaryotes. In

the case of the latter, the Mn-S DD is found associated with the mitochondria.

This may be a reflection of the E ndosyrnb iotic theory of evolution based on the

concept that mitochondria of eucaryotic cells originated from a procaryotic

ancestor.

The pioneering observations of Fridovich and coworkers (Gregory et al.,

1974; Fridovich, 1989) estabk.hed a key role for SOD as an antioxidant
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enzyme for detoxification of H 20 2 and related oxygen-derived free radicals. The

yeast CuZn-SOD (Lee and Has ;an, 1987; Clarkson et al., 1991) and the Mn-

SOD (Steels, 1994) are oxygen-inducible and it thus now appears well

established that these enzymes play an important part in protecting cells

against oxidative stress. Particu arly relevant are studies on mutants defective

in Mn-SOD which are hypersensitive to high oxygen concentrations (Van Loon

et al., 1986; Westerbeek-Marre3 et al. 1988). Moreover, CuZn-SOD-deficient

mutants are particularly sensitive to exogenous H 202 (Bilinski et al., 1985).

Finally, the Mn-SOD is also heat shock inducible and therefore a possible link

between heat and oxidative stre:s is suggested (Steels, 1994).

Overall, it is evident that SOD in yeast is a most important antioxidant

enzyme which functions to protect cells against the damaging effects of H202

and highly reactive oxygen-deriv ed free radicals.






























