
PROPERTIES AND METABOLISM

OF GLUTATHIONE

Interest in the study of the functions of glutathione

(GSH), a compound discovered at the end of XIXth cen�

tury, remains high. In scientific and popular�science pub�

lications glutathione is often called the most potent natu�

ral antioxidant, the best instrument of cellular defense

guaranteeing health for an organism, and achievements of

the last two decades in the study of medical and clinical

aspects of GSH amount to a virtual “glutathione revolu�

tion”. These successes are related mainly to the role of

glutathione in eukaryotic cells. Physiological and bio�

chemical aspects and the role of GSH in bacteria are stud�

ied to a considerably lesser degree. Here we attempt to

summarize the data on GSH metabolism and functions in

bacteria and to reveal common features and differences

typical for the role of GSH in prokaryotic and eukaryotic

cells. Particular attention is given to recent information on

the role of GSH in bacterial adaptation to various stresses.

Glutathione is present in relatively high concentra�

tions in all eukaryotic cells. In prokaryotic cells, it is found

chiefly in gram�negative bacteria including Escherichia

coli. In most gram�positive bacteria, with the exception of

some Streptococcus and Enterococcus species, GSH is not

found [1, 2]. However, some gram�positive bacteria are

able to synthesize GSH or consume GSH from the growth

medium [3, 4]. Facultative anaerobic and aerobic

prokaryotes, which are characterized by absence of glu�

tathione, produce other low molecular weight thiols

which possibly fulfill the same functions as GSH [2, 5].

Glutathione is a tripeptide (L�γ�glutamyl�L�cys�

teinyl�glycine, molecular mass 307 daltons) that has two

negatively charged carboxyl groups and a positively

charged amino group at physiological pH values:

The presence of the γ�glutamyl bond protects the

tripeptide from degradation by intracellular peptidases,

and the sulfhydryl group of cysteine can serve as an elec�

tron donor, endowing glutathione with reducing proper�

ties and ability to remove free radicals. One�electron

reaction of GSH with free radicals results in the forma�

tion of a thiyl radical, GS•, which reacts with another

GS• radical to form glutathione disulfide (GSSG). A sec�

ond type of redox reaction in which glutathione partici�

pates is thiol–disulfide exchange. This reaction plays a

key role in the formation of protein disulfides (GSSR)

and may be an important element in regulation of biolog�

ical processes [6]. A third type of redox reaction involves

two�electron oxidation of GSH with the formation of an

intermediate reacting with a second identical or non�

identical molecule to form glutathione disulfide GSSG or

mixed disulfide, respectively.
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GSH is synthesized in all cell types via two sequen�

tial reactions catalyzed by γ�glutamyl�cysteine synthetase

(γ�GCS) (EC 6.3.2.2) and GSH�synthetase (GS) (EC

6.3.2.3). γ�GCS catalyzes the formation of a peptide

bond between the γ�carboxyl group of glutamate and the

α�amino group of cysteine. Glutathione synthetase forms

the peptide bond between the α�carboxyl of cysteine in γ�

glutamyl�cysteine and the α�amino group of glycine.

Both reactions depend on ATP, and their mechanisms are

similar: both involve the formation of an acylphosphate

intermediate [7]. γ�GCS isolated from E. coli cells differs

from eukaryotic enzymes and consists of one polypeptide

with molecular mass of 55 kD. The enzyme displays max�

imum activity at pH 8.5 and temperature of 45°C. GSH�

synthetase from E. coli cells consists of four identical sub�

units of 38 kD and displays maximum activity at high pH

values (8.0�8.5) and temperature of 45°C [8, 9]. The

genes gshA and gshB encoding γ�GCS and GSH�syn�

thetase have been sequenced, and their crystal structures

have been studied [9�11].

Escherichia coli mutants deficient in both enzymes of

glutathione biosynthesis have normal growth rate in min�

imal medium, but they are substantially more sensitive to

a number of chemical substances and oxygen than wild

type cells [9, 12, 13]. In bacteria, as in other organisms,

GSH synthesis is limited by the bioavailability of L�cys�

teine and is stimulated by the addition of cysteine or its

precursors into the medium [14].

γ�Glutamyl transpeptidase (GGT) (EC 2.3.2.2) is

the key enzyme in the reaction chain leading to GSH

degradation. In the first stage GSH is transported from

the cell into the medium and interacts with GGT, the

active center of which is localized on the outer side of the

plasmatic membrane, to form a γ�glutamyl residue bound

with the enzyme and L�cysteinyl�glycine. Then cysteinyl�

glycine undergoes cleavage by dipeptidase (EC 3.4.13.6)

to cysteine and glycine, which are absorbed by the cell.

The larger portion of intracellular cysteine is re�incorpo�

rated in GSH, whereas another portion, depending on

cell requirement, enters protein synthesis [7]. The γ�glu�

tamyl residue of glutathione can either be transferred

onto an amino acid or interact with water or another glu�

tathione molecule and return to the cell. So, glutathione

can take part in the transport of amino acids, particularly

cysteine.

When the intracellular concentration of cysteine

increases as a result of metabolic imbalance, this amino

acid can be involved in reduction of trivalent iron due to

catalysis by the Fenton reaction in the presence of H2O2

to form the toxic hydroxyl radical, which damages cellu�

lar macromolecules, particularly DNA. So, under normal

conditions bacteria and other cells maintain a very low

intracellular pool of cysteine (<200 µM) [15] and require

a nontoxic reserve form of cysteine, such as GSH.

In E. coli GSH can really be used as a reserve form of

reduced sulfur, and an interrelation exists between the

GSH and cysteine pools [14]. Like many other bacteria,

E. coli is also able to transport GSH into the medium and

has the enzymes γ�glutamyl transpeptidase and cysteinyl�

glycinase. Any of the peptidases A, B, and N or dipepti�

dase D can catalyze decomposition of cysteinyl�glycine

and provide for its utilization as a source of cysteine [16].

Thus, through the function of GGT, glutathione can play

two roles: a reserve form of cysteine and a component of

the transporting system for exogenous cysteine.

GGT isolated from E. coli cells is well characterized

[17]. The gene encoding E. coli GGT has been mapped

and sequenced. Bacterial GGT is essentially homologous

to the enzyme from human and rat cells [18, 19]. The only

phenotypic difference of ggt mutants from wild�type cells

is elevated excretion of glutathione into the medium [18].

Activity of E. coli K12 GGT depends on growth

temperature with a maximum at 20°C. It is seven�fold

decreased at 37°C and disappears at 45°C. The biological

significance of enhanced GGT activity at low tempera�

ture is not clear, because mutation in the ggt gene does not

influence bacterial growth, nutritional needs, and sensi�

tivity to cold [18].

It is interesting that some bacteria cannot synthesize

glutathione, but possess γ�glutamyl transpeptidase activi�

ty. This allows them to use glutathione as a source of cys�

teine [20].

Apart from GGT, the product of the ybiK gene (the

expression of which is regulated by the transcription acti�

vator of the cysteine regulon cysB) was recently found to

participate in glutathione transport into E. coli cells. Cells

with mutations in the genes ybiK and cysA could not use

glutathione as the sole source of sulfur, thus suggesting an

important role of ybiK in glutathione transport [21].

In general, despite great recent achievements in

studies of glutathione transport in eukaryotic cells, GSH

transport in bacteria remains poorly studied. Note that

the transport of glutathione is a constituent part of its

metabolic cycle including intracellular synthesis, egress

into the extracellular medium, with following reentry into

the cell in the form of the entire molecule or its frag�

ments. All these processes are energy�dependent and, in

general, resemble a futile cycle. Its biological role has

long been intriguing, the more so because the whole cycle

or its elements are found in all organisms containing glu�

tathione.

Glutathione disulfide (GSSG) produced in the

course of cell life is highly toxic because it easily reacts

with free sulfhydryl groups. Reduction of GSSG to GSH

is catalyzed by glutathione reductase (GOR) (EC

1.6.4.2), which seems to play a crucial role in evolution�

ary adaptation of organisms to atmospheric oxygen. GOR

is a member of the flavin�containing enzymes, pyridine

nucleotide disulfide oxidoreductases, and catalyzes the

transfer of reduced equivalents from NADPH to GSSG:

NADPH + GSSG + H+ → 2GSH + NADP.
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GOR is widespread among bacteria, fungi, plants,

protozoa, and animals. All glutathione reductases isolat�

ed from different sources are very homologous, showing

high evolutionary conservativeness of this protein.

Escherichia coli with mutations in the gene gor

encoding glutathione reductase retain normal growth and

can maintain a high pool of reduced glutathione, thus

suggesting the possible existence of an alternative GOR�

independent pathway of GSSG reduction [22]. This

function may be executed by glutaredoxin or thioredoxin

systems [23]. GOR isolated from E. coli cells is a dimer

composed by two identical subunits with molecular mass

of 55 kD; it is highly homologous to the enzyme from

human cells [24, 25].

In S. typhimurium and E. coli expression of gor is con�

trolled by the transcription factor OxyR regulating adap�

tation to peroxide stress [26, 27]. Moreover, the E. coli

gene gor is under the OxyR�independent control of an

alternative σs subunit of RNA�polymerase (RpoS) [28],

which is a regulator of general response to various stress�

es. Thus, GOR is involved in a global regulatory circuit

providing bacterial adaptation to various stress conditions.

GLUTATHIONE STATUS

The glutathione status is defined as the concentra�

tion of total glutathione and the ratio between its different

forms in the cell [6]. The most important forms of glu�

tathione are reduced GSH, GSSG, and mixed disulfides,

mainly GSS�protein, and mixed disulfides with low

molecular weight SH�compounds, such as cysteine, α�

pantetheine, and coenzyme A (CoA).

In E. coli cells, 99.5% of glutathione exists in the

reduced form. The concentration of GSSG is 0.17�0.33%

of the total intracellular glutathione, and the ratio

GSH/GSSG = 300�600. The level of mixed disulfides

does not exceed 1% (1.5�2% of total glutathione is excret�

ed into the medium) [1, 29, 30].

Glutathionylspermidine is another form of glu�

tathione in E. coli. In stationary culture, virtually all

intracellular spermidine and a significant portion of the

glutathione are converted into glutathionylspermidine.

When the culture is diluted with fresh medium, glu�

tathionylspermidine rapidly decomposes to glutathione

and spermidine [31]. Interconversion of glutathionylsper�

midine is supposed to play an important role in metabol�

ic integration of glutathione and spermidine. In station�

ary growth phase and transition to anaerobiosis the level

of CoASSG, the mixed disulfide of glutathione and CoA,

in E. coli cells significantly increases. Its intracellular level

also increases in response to fluoride, cyanide, and

antibiotics [32, 33]. Changes in both glutathione status

and pools of spermidine and CoA are reversible and con�

trolled by the cell itself due to the activity of enzymes

decomposing glutathione conjugates.

Glutathione status depends on the dynamic balance

between its synthesis, decomposition, transport, oxida�

tion, and reduction, so it can vary depending on what

reaction prevails, which, in turn, depends on cellular state

and environmental conditions. Changes in glutathione

status might be observed under both normal physiological

situations and stresses or result from genetic defects or the

action of some chemicals. Significant changes in intracel�

lular level of GSH in E. coli are observed upon transition

of the culture from logarithmic to stationary phase,

ammonium depletion, transition to anaerobiosis, and

exposure to rifampicin and acetate [1, 14, 34]. The most

significant changes in GSH status are observed in E. coli

mutants in genes encoding enzymes of glutathione

metabolism. The absence of glutathione reductase results

in increased fraction of GSSG: although the level of GSH

remains almost unchanged, the ratio GSH/GSSG

decreases almost twofold. The most appreciable changes

in glutathione status are observed in cells deficient in glu�

tathione reductase, catalase, and GSH synthesis, in

which the concentration of GSSG and mixed disulfides

more than tenfold increases [29].

Oxidation of GSH to GSSG and mixed disulfides is

reversible, and subsequent reduction is catalyzed by glu�

tathione reductase and glutaredoxins. Irreversible

changes in glutathione status appear resulting from inhi�

bition of synthesis, covalent binding, or irreversible efflux

of glutathione. Most existing data concern changes in the

level of reduced glutathione, whereas the status of other

glutathione forms in the cell under various influences

remains far less studied.

Diamide was suggested as an agent oxidizing GSH to

GSSG [35]. Taken at concentration 0.1 to 5 mM, it was

supposed to be inactive towards protein sulfhydryl groups

and only exhibit its effect on cell metabolism via oxida�

tion of low molecular weight thiols. However, it was later

shown that diamide is not so specific for glutathione oxi�

dation [36].

To exhaust the intracellular pool of glutathione, some

electrophilic agents are used, such as diethylmaleimide,

N�ethylmaleimide (NEM), and bromobenzene, which

form conjugates with GSH. However, these substances are

toxic and have nonspecific effects on proteins and other

components of cells. An inhibitor of γ�glutamyl�cysteine

synthetase, L�buthionine�[S,R]�sulfoximine (BSO), is

widely used for inhibition of GSH synthesis in eukaryotes.

However, this inhibitor has no apparent effect on E. coli

[37]. The best way allowing complete absence of glu�

tathione in bacterial cells is selection of mutants in genes

encoding the GSH biosynthesis enzymes.

The common way to increase the intracellular con�

centration of GSH is to supply cells with cysteine by

addition of either cysteine or its oxidized form (cystine)

or alternative sources of cysteine into the medium [14, 37,

38]. As mentioned above, the disadvantage of cysteine is

its toxicity. The most widely used alternative sources of
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cysteine are L�2�oxo�4�thiazolidinecarboxylate (OXO),

cysteamine, N�acetylcysteine, and ethyl and methyl esters

of GSH. The latter easily penetrate the cellular membrane

and hydrolyze to release GSH. Another way to increase

the intracellular glutathione concentration is to create

gene�engineered strains carrying additional copies of

genes encoding the glutathione biosynthesis enzymes [9].

Some bacteria including E. coli can accumulate

micromolar levels of glutathione in the medium [39, 40].

A little is known on the role of extracellular glutathione in

physiology of bacteria. One of its possible functions is to

protect the cells against toxic substances through their

neutralization on “far boundaries” [41]. In E. coli, the

transport of cysteine from the medium includes its reduc�

tion with the participation of extracellular glutathione

[42].

The extracellular concentration of glutathione

changes depending on growth conditions and phase [18,

40]. The available data suggest that GGT is an important

but not the only component of the system controlling the

level of extracellular glutathione [18]. It is worthy of note

that in E. coli culture, even in aerobiosis, the level of GSH

in the medium 20�30�fold exceeds that of GSSG, and the

GSH/GSSG ratio in the medium remains rather high

despite being an order of magnitude lower than in the

cytoplasm [30]. Probably, E. coli cells growing under aer�

obic conditions maintain homeostasis (both the level and

redox status) of extracellular glutathione, because very

high concentrations of oxidants are necessary to oxidize

most of the extracellular glutathione. When the level of

oxidants is moderate, one can only observe a transient

decrease in both GSH level and the GSHout/GSSGout

ratio [30].

Stress factors often cause appreciable changes in the

level of extracellular glutathione. In particular, hyperos�

motic shock caused a transient decrease in the concentra�

tion of extracellular glutathione in E. coli [43], whereas

gramicidin increased it [34]. Increased level of glu�

tathione was observed in the medium upon heat and cold

shock and in cells adapted to increased or decreased tem�

perature [18, 44, 45].

Changes in the levels of glutathione and other low

molecular weight thiols in the extracellular space are so

great under certain conditions that they can significantly

influence redox potential (Eh) of the microbial culture. It

was shown that in aerobic cultures the redox potential

jumps (by 150 mV) may accompany various stresses, such

as heat and osmotic shocks, starvation, UV�irradiation,

and treatment with antibiotics. These Eh jumps were not

directly connected with changes in parameters that com�

monly determine the redox potential of microbial culture

(pH, pO2, etc.) [46�49]. Subsequent studies demonstrat�

ed that in both E. coli and B. subtilis the most significant

contribution to Eh under these circumstances comes from

changes in the level of extracellular thiols including glu�

tathione, both dissolved in the culture medium and asso�

ciated with the outer surface of cells [50, 51]. The above

described Eh jumps were only observed when bacteria

grew on synthetic mineral media. When the medium for�

mula was more complex and containing protein

hydrolyzates, the Eh changes in stresses did not correlate

with changes in the concentration of extracellular thiols.

GLUTATHIONE AS AN INTEGRAL PART

OF CELLULAR REDOX SYSTEM

A great number of reactions proceeding in cells are

coupled with transfer of redox equivalents. So, mainte�

nance of a particular redox state in cytoplasm is an

important condition for the normal life of the cell.

Both redox activity of glutathione with its resistance

to autooxidation and high concentration and its ability to

maintain its reduced state make GSH the most important

intracellular redox buffer. The intracellular concentration

of glutathione is 500�1000 times higher than that of

NADPH and other intracellular redox systems. So,

changes in the redox state of glutathione can directly

reflect changes in the redox status of the cell [52]. The

redox system of glutathione encompasses glutathione

itself, glutaredoxins, and glutathione reductase. The

functions of this system in many respects overlap those of

the thioredoxin redox system, the components of which

are thioredoxins and thioredoxin reductase. The proper�

ties of the components of these systems and their interac�

tion with glutathione are briefly described below.

Glutaredoxins catalyze reduction of disulfides or

mixed disulfides using GSH. The glutathione disulfide

produced undergoes reduction by glutathione reductase

[53]. The multiplicity of glutaredoxin isoforms in differ�

ent organisms possibly reflects multiplicity of their func�

tions. Escherichia coli cells contain glutaredoxins Grx1,

Grx2, and Grx3 encoded by the genes grxA, grxB, and

grxC, respectively [54].

The active center of Grx1 contains two cysteines sep�

arated by two amino acids and is represented by the

sequence �Cys�Pro�Tyr�Cys�. An important function of

glutaredoxins is their participation in transduction of

intracellular regulatory signals and redox regulation of

transcription factors. Thus, in E. coli cells Grx1 is in�

volved in reduction of the transcription factor OxyR [55,

56]. Escherichia coli mutants in each glutaredoxin sepa�

rately or in all three glutaredoxins together retain ability

to grow on rich and minimal media [57�59]. However,

triple glutaredoxin mutants carrying an additional muta�

tion in glutathione reductase cannot grow on minimal

medium without a source of reduced sulfur.

Thioredoxin is a small (12 kD) and widely distrib�

uted protein whose structure changes minimally from

archaebacteria through humans. A characteristic feature

of all thioredoxins is a conservative active center, Cys�

Gly�Pro�Cys. Thioredoxin oxidized due to the transfer of
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reductive equivalents to its substrates is reduced by

thioredoxin reductase [60]. Thioredoxin 1 can fulfill the

function of electron donor for ribonucleotide reductase,

3′�phosphoadenylylsulfate reductase (PAPS), and

methionine sulfoxide reductase [61]. Despite the central

role of thioredoxin in many metabolic processes in E.

coli, deletion of the gene encoding thioredoxin 1 (trxA)

does not lead to essential changes in phenotype [62].

Although the redox systems of thioredoxin and glu�

tathione do not exchange their reductive equivalents,

both these systems are functionally overlapping and dou�

ble each other to a great extent [63, 64]. For this reason,

the lack of components of one of these systems often

remains phenotypically inconspicuous; only multiple

mutations affecting both systems lead to significant dis�

turbance of metabolism.

Escherichia coli cells maintain a balance between the

levels of ribonucleotide reductase, thioredoxin, glutare�

doxin 1, and glutathione. Mutations in gshA and/or trxA

result in increased induction of both ribonucleotide

reductase and Grx1. Double mutants gshA trxA retain via�

bility, but they contain extremely high level of Grx1 (55�

fold higher than that in wild�type cells). At the same time,

E. coli mutants in gshA have significantly increased levels

of thioredoxin and glutaredoxin [65].

Unlike cytoplasm with reductive conditions, the

periplasm of E. coli cells is a compartment with more

oxidative conditions. Most of all protein SH�groups in

cytoplasm are in the reduced state, whereas many, but not

all periplasmic proteins require formation of disulfide

bonds to form the proper tertiary structure necessary to

fulfill their functions. In E. coli cell periplasm, disulfide

bond formation in proteins is catalyzed by several redox

proteins called Dsb (DsbA, DsbB, DsbC, and DsbD)

[66]. There is still no data on the functional link between

the glutathione system and Dsb proteins.

Thus, the cytoplasm and periplasm of E. coli have

redox pathways maintaining the thiol–disulfide balance.

The main components of these pathways have been iden�

tified. Their importance for cell life is suggested by the

fact that although functions of many of them are rather

specific, they can overlap and compensate each other

under certain circumstances.

GLUTATHIONYLATION OF PROTEINS

AND REGULATION OF CELL FUNCTIONS

In recent years, redox�sensitive regulators of tran�

scription have been found in prokaryotic cells whose

oxidative modification is a signal for induction of con�

trolled genes or other regulatory events. Activation of

these regulatory proteins occurs via different mechanisms.

In particular, the single cysteine residue of OhrR forms the

stable derivative of sulfenic acid (C15�SOH), the repres�

sors PpsR/CrtJ form a convertible disulfide bond, and

oxidation of Hsp33 is accompanied by formation of two

disulfide bonds with release of zinc followed by dimeriza�

tion of the protein [67]. The effect of the “essential” SH�

groups in these proteins makes them implicit targets for

redox regulation with participation of thiol�containing

substances. One of the distinct molecular mechanisms of

this kind of regulation is formation of mixed disulfides

between thiol groups of proteins and glutathione. This

process is called glutathionylation versus the broader con�

ception of “S�thiolation”, which involves formation of

mixed disulfides of proteins with glutathione, cysteine,

and other thiols (including non�physiological ones) [68].

A hypothesis was proposed that glutathionylation is a

posttranslational mechanism of protein regulation in

response to changes in intracellular redox potential, which

is analogous to other regulatory mechanisms (phosphory�

lation, methylation, carboxylation, and ADP�ribosyla�

tion) associated with covalent modification of proteins.

The formation of mixed disulfides was hypothesized to be

a result of thiol–disulfide exchange between protein SH�

groups and glutathione disulfide. A shift in the ratio

GSH/GSSG to disulfide is therein accompanied by glu�

tathionylation, whereas decrease in concentration of

GSSG leads to cleavage of disulfide bond to form a free

SH�group in the protein molecule (dethiolation).

Since glutathionylation of essential thiol groups

leads to changes in enzymatic activity and shift in meta�

bolic processes, biological disulfides might play a role of

messengers in transmission of cellular signals [69].

Experiments in vitro have shown that GSSG can modu�

late activities of many enzymes including enzymes of gly�

colysis and gluconeogenesis, adenylate cyclase, protein

kinases, etc. [70, 71]. Nevertheless, formation of mixed

disulfides of glutathione with distinct proteins has not

been demonstrated in in vivo experiments. Moreover, the

ratios GSH/GSSG are so strongly shifted to GSH in cells

even in oxidative stress that protein SH�groups should to

be in the reduced state; hence, the existence of such reg�

ulatory mechanisms in vivo is hard to suppose [70, 71].

Interest in the problem of glutathionylation has been

revived in recent years in connection with intensive stud�

ies on processes of redox regulation and appearance of

sensitive methods allowing detection of glutathionylated

proteins in cells [68]. It was found that in eukaryotic cells,

mixed disulfides of GSH with proteins are accumulated

in certain situations, and this process can be under strict

control.

Along with the previously proposed mechanism of

formation of mixed disulfides with the participation of

GSSG, an alternative mechanism was proposed in which

mixed disulfides are produced from a reaction between a

protein thiol modified via oxidation and GSH with no

detectable shift in GSH/GSSG ratio [72]. Dethiolation

of glutathionylated proteins may occur either non�enzy�

matically or enzymatically with involvement of thiore�

doxin, glutaredoxin, or protein disulfide isomerase [73].
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Regulation of enzymatic activity and metabolism via

glutathionylation is also possible in prokaryotic cells, in

which the portion of mixed disulfides of proteins with

glutathione significantly increases when the intracellular

GSH/GSSG ratio decreases due to exposure of cells to

diamide or damage of cellular redox systems [29, 36, 65].

One of a few prokaryotic proteins whose regulation was

found to be possible via formation of its mixed disulfide

with glutathione is 3′�phosphoadenylylsulfate reductase

(PAPS�reductase) of E. coli. This enzyme is inactivated

on formation of a mixed disulfide between glutathione

and cysteine 239 in the active center, and its dethiolation

is catalyzed by glutaredoxins via a mono�thiol mecha�

nism [59, 74]. Activation of the transcription regulator

OxyR can also be associated with glutathionylation of this

protein [75].

GLUTATHIONE AND REGULATION

OF INTRACELLULAR POTASSIUM

CONCENTRATION

One of important functions of glutathione in gram�

negative bacteria is regulation of intracellular level of K+,

whose transport and accumulation plays a pivotal role in

maintenance of cell turgor and homeostasis of intracellu�

lar pH. The intracellular concentration of K+ in E. coli

cells is a result of a dynamic balance between the process�

es of potassium uptake by cells and its release from the

cells. In E. coli cells, the genes kefB and kefC were identi�

fied whose mutations cause a fast efflux of potassium from

the cells [76]. The same effect was achieved when bacte�

ria were treated with NEM or by other thiol reagents. It is

also known that E. coli cells deficient in glutathione syn�

thesis rapidly lose K+ when transferred into a K+�free

medium and cannot grow without exogenous GSH in a

medium with low potassium level [77]. These data led to

the following hypothesis: the products of kefB and kefC

form potassium channels, whereas glutathione partici�

pates in their regulation because it is a component of a

gate closing the channel [77].

Patch clamp�analysis has confirmed the presence of

glutathione�regulated K+�channels in membranes of E.

coli. GSH promotes closing of these channels, whereas

their maximum activation is observed in the presence of

both GSH and NEM [78]. The KefB� and KefC�systems

of K+ efflux are not unique for E. coli. Their homologs

are found in many other gram�negative bacteria, thus

suggesting importance of their functions [78]. In partic�

ular, these systems might participate in protection of cells

from toxic effect of electrophilic reagents [79, 80]. It has

been demonstrated that glutathione S�conjugates of

electrophilic substances can interact with KefB and

KefC channels to cause their activation and fast efflux of

K+ from the cells [79, 81]. So, the channels KefB and

KefC are under negative control of GSH and positive

control of glutathione S�conjugates. Moreover, glu�

tathione S�conjugate�dependent efflux of K+ from the E.

coli cells is accompanied by acidification of the cyto�

plasm, which in some way facilitates survival of bacteria

[79, 80, 82].

Mechanosensitive (MS) ion channels play an impor�

tant role in regulation of turgor pressure in bacteria [78].

These channels are membrane proteins, which react to

membrane tension by increased ability to be in the open

state and to pass ions along their electrochemical gradi�

ent. In E. coli, gene products have been identified that

form independent mechanosensitive channels MscL,

MscS, and MscK (KefA) involved in adaptation to hypo�

osmotic shock [83]. It was recently found that GSH

decreases the ability of these channels to open in response

to membrane tension [84]. At physiological concentra�

tions, GSH inhibits activity of MS�channels by 70�75%.

It has been hypothesized that glutathione can act as

reductive reagent altering the redox state of a disulfide

bond in either an MS�channel molecule or an associated

regulatory protein [84].

DEACTIVATION OF TOXIC SUBSTANCES

Because of its nucleophilic properties, GSH reacts

with a great variety of electrophilic components to pro�

duce GSH conjugates [6, 7]. The reaction of conjugate

formation can develop either spontaneously or under

catalysis by enzymes called glutathione S�transferases

(GST). The following stage is degradation of the conju�

gates to relatively harmless mercapturic acids through a

pathway that is one of the most important detoxification

processes. Along with this, glutathione conjugates of elec�

trophilic and lipophilic substances can be transported

into the medium through ATP�dependent pumps trans�

porting substances from cells and belonging to the family

of multidrug resistance proteins.

Glutathione S�transferases are found in both eukary�

otic and prokaryotic cells and comprise a large family of

multifunctional proteins. GSTs are subdivided into class�

es α, µ, π, and θ depending on their substrate specificity

and amino acid sequence. All known bacterial GSTs fall

into the class θ. Escherichia coli contains nine GST�like

genes in its genome [85]. GST present in bacterial cells

was found to heighten their resistance to some antibiotics

[86]. Moreover, some of these enzymes possess alkylper�

oxidase activity, which might play a role in protection

from oxidative stress [87]. Bacterial glutathione S�trans�

ferases are involved in detoxification of epoxides as well as

pesticides and herbicides [85]. Detoxification of NEM in

E. coli cells also passes through the stage of formation of

a conjugate with glutathione, although GST has not yet

been proven to take part in this process. The adduct of

glutathione with NEM undergoes hydrolysis into a non�

toxic (for E. coli) substance and glutathione [88].
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Escherichia coli cells are able to transport glutathione

S�conjugates into the medium, and their transport is

inhibited by the same substances as is the transport of GS�

conjugates in mammalian cells, thus indicating resem�

blance of these processes in eu� and prokaryotes [89].

Unlike eukaryotic GSTs specializing in processes of

detoxification, some bacterial GSTs, such as

dichloromethane dehalogenase (DCMD) and dehaloge�

nase of aromatic compounds (PcpC), are involved in

basal metabolism supplying bacterial cells with sources of

carbon and energy [85].

Glutathione also participates in detoxification of

some reactive aldehydes that can be produced from

oxidative processes in cells. Two enzymatic systems use

glutathione as a cofactor in formation of a thioester inter�

mediate with subsequent regeneration of glutathione in

thiol form. The glyoxalase system catalyzes conversion of

2�oxoaldehydes, such as methylglyoxal and phenylglyox�

al, into corresponding 2�hydroxy acids [90]. The second

system includes formaldehyde dehydrogenase oxidizing

formaldehyde to formic acid in the presence of NAD.

The first stage of glyoxalase system functioning is

formation of S�D�lactoylglutathione from glutathione

and the semimercaptal adduct of methylglyoxal catalyzed

by glyoxalase I. In the second stage, the thioester product

is hydrolyzed into D�lactate and GSH by glyoxalase II

[90, 91]. Glyoxalases I and II are widely distributed

enzymes: they have been isolated from cells of mammals,

yeasts, plants, and prokaryotes. Wide distribution of gly�

oxalases is not surprising in connection with their role in

detoxification of their physiological substrate, methylgly�

oxal, which possesses mutagenic activity. Bacteria lacked

GSH are more sensitive to methylglyoxal than wild�type

cells and rapidly lose viability in its presence [12, 85]. An

E. coli mutant resistant to methylglyoxal was selected that

possesses elevated activities of glyoxalase and glutathione

synthesis enzymes [92].

In the case of formaldehyde, the first stage is trans�

formation of formaldehyde to S�formylglutathione by

formaldehyde dehydrogenase PHDH. In the second

stage, S�formylglutathione hydrolase catalyzes hydrolysis

of the thioester [90]. Like glyoxalase I, formaldehyde

dehydrogenase is a widely distributed enzyme that is pres�

ent in cells of animals, plants, and microorganisms.

Exposure of cells to toxic metals is often accompa�

nied by decrease in the level of thiols, and the ability of

bacterial cells to maintain a high level of glutathione

largely determines their resistance to toxic metals and tel�

lurite [93, 94]. Bacteria resistant to mercuric chloride

twofold increase both activity of glutathione reductase

and the rate of glutathione synthesis in response to addi�

tion of HgCl2 [93]. Conversely, E. coli strains deficient in

biosynthesis of glutathione have elevated sensitivity to

salts of mercury, silver, cadmium, and arsenic [12, 41, 95].

It has been reported that the treatment of E. coli with

chlorine compounds led to decrease in the level of intra�

cellular GSH to a very low value [96]. Glutathione syn�

thesis�deficient mutants compared to wild�type cells are

more sensitive to these substances [96, 97].

In the great majority of cases conjugation of various

xenobiotics with GSH results in their detoxification;

however, in some instances the interaction of a substance

with glutathione with following metabolism is accompa�

nied by appearance of toxic and mutagenic derivatives. In

particular, alkylnitrosoguanidines, such as N�methyl�N′�
nitro�N�nitrosoguanidine (MNNG) and its analog N�

ethyl�N′�nitro�N�nitrosoguanidine (ENNG) can be acti�

vated by GSH. As a result, products may be produced

possessing increased DNA�alkylating ability and, hence,

high mutagenic activity [98]. So, glutathione�deficient

mutants of E. coli and S. typhimurium compared to

parental strains have elevated resistance to the mutagenic

effect of these substances [99, 100]. Pretreatment of bac�

teria with high concentrations of acetate at acidic pH of

the medium also diminished the mutagenic effect of

MNNG [51]. Yet in this situation a decrease in GSH level

might contribute to the observed effect, because the treat�

ment of E. coli with acetate results in diminution of intra�

cellular glutathione [34, 51]. The following mechanism

can be proposed for decrease in the level of intracellular

glutathione under the influence of acetate. Under the

conditions described, the treatment of cells with acetate

should lead to acidification of cytoplasm and, hence,

inhibition of glutathione synthesis, because activities of

both γ�GCS and GSH�synthetase linearly decrease with

decrease in pH below physiological values [8, 9].

Moreover, the treatment of cells growing on synthetic

mineral medium with acetate leads to partial efflux of low

molecular weight thiols from the cells to the medium

[50].

As in eukaryotes, glutathione�dependent elevation of

mutagenic and carcinogenic effects of some xenobiotics,

such as haloalkanes and haloalkenes, in bacteria may

occur involving glutathione S�transferases [101].

ADAPTATION TO STRESSES

Oxidative stress. Oxidative stress results from the

effect of reactive oxygen species (ROS)—such as superox�

ide anion (O 2
�), hydrogen peroxide (H2O2), hydroxyl rad�

ical (OH•), and hydroperoxides (ROOH)—on the organ�

ism. Because of their high reactivity, ROS can damage all

biological macromolecules and are an implicit threat for

the cell. During evolution, bacteria and other organisms

have developed mechanisms protecting them from vari�

ous types of oxidative stress [102, 103].

In eukaryotes glutathione as a cofactor of selenium�

dependent and independent glutathione peroxidases

plays a key role in defense against oxidative stress. A pow�

erful GSH oxidation occurs under oxidative stress, and

decrease in the ratio GSH/GSSG is one of general fea�
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tures of oxidative stress in eukaryotic cells. Unlike

eukaryotes, E. coli, as well as other bacteria, does not

contain glutathione peroxidase [5], so variations in the

status of glutathione and its role in response to oxidative

stress significantly differ in eukaryotes and bacteria [7,

63]. In particular, only lethal doses of H2O2 cause signifi�

cant increase in the level of intracellular GSSG and

decrease in the ratio GSH/GSSG in E. coli [13, 30]. It

has been found that E. coli mutants deficient in glu�

tathione synthesis do not show increased sensitivity to

H2O2 and cumene hydroperoxide in exponential growth

phase [13]. Nonetheless, non�growing gshA mutants

compared to wild�type cells become appreciably more

sensitive to hydrogen peroxide [96].

Sensitivity of mutants in gshA and gor to oxidants sig�

nificantly depends on not only growth phase, but on the

strain studied, medium composition, and growth condi�

tions [59]. This is one possible reason for inconsistency of

data on the role of glutathione in the response of bacteria

to oxidative stress.

Interestingly, the bacteria Haemophilus influenzae

and Lactococcus lactis, which cannot synthesize glu�

tathione, can take it up from the medium, thus increasing

their resistance to H2O2 [4, 104].

One possible function of the glutathione system in

antioxidant defense of bacteria is connected with its

involvement in regulation of activity of the transcription

factor OxyR. This regulator plays a pivotal role in adapta�

tion of E. coli and S. typhimurium to peroxide stress. When

bacteria are treated with low doses of H2O2, OxyR acti�

vates expression of several genes, such as katG, ahpCF,

gorA, dps, grxA, and trxC, encoding hydroperoxidase I,

alkylhydroperoxide reductase, glutathione reductase,

nonspecific DNA�binding protein, glutaredoxin 1, and

thioredoxin 2, respectively [26, 105].

Genetic and biochemical studies have demonstrated

intramolecular disulfide bond formation between Cys199

and Cys208 under the action of H2O2 [55], leading to

conformational change in the regulatory domain of OxyR

[106]. Reduction of disulfide the bond by glutaredoxin 1

in the presence of GSH results in inactivation of OxyR in

vitro and in vivo [55, 56]. Mutations of genes encoding

glutaredoxin 1 (grxA) or glutathione reductase (gor)

decrease the rate of OxyR reduction. Double mutations

gor trxA and gshA trxA partially activate OxyR in the

absence of added H2O2, but mutations grxA trxA have only

a minor effect. The data suggests that OxyR is sensitive to

both H2O2 and intracellular thiol�disulfide status change

[56]. Interestingly, gor and grxA are the members of the

OxyR regulon. This endows the system with the ability for

autoregulation under oxidative stress.

Results published recently by other investigators

challenge the model described above [67, 75]. In these

studies, no formation of intramolecular disulfide bonding

between Cys199 and Cys208 in native activated OxyR was

found, suggesting that such binding has no role in its reg�

ulation. The authors proved that the activity of OxyR is

controlled via various modifications of Cys199 in

response to various stresses: a stable derivative of sulfenic

acid (C199�SOH) is formed under oxidative stress, C199�

SNO is formed under the action of nitrosothiols, and glu�

tathionylation takes place under disulfide stress, i.e.

mixed disulfide with glutathione (C199�S�S�G) is formed

[75, 107]. These modifications of Cys199 are supposed to

activate OxyR in different ways, enabling initiation of var�

ious transcriptional responses under the action of various

stresses. Thus, a model of multiple active states was pro�

posed instead of the model of thiol�disulfide switching. It

is important that both models suppose the involvement of

glutathione and other thiol�containing redox systems in

the adaptive regulation of E. coli to oxidative stress

induced by hydrogen peroxide. This supposition is sup�

ported by the fact that the activation of OxyR and eleva�

tion of basal expression of OxyR�regulated genes occur in

E. coli cells deficient in glutathione (gshA) and thioredox�

in (trxA) [108, 109]. The absence of Trx1 and GSH results

in elevation of Trx2 and thioredoxin reductase transcrip�

tion, but it does not alter the expression of glutaredoxins

2 and 3 [108].

As in peroxide stress, the data are ambiguous on the

role of glutathione in defense against oxidative stress

induced by superoxide anion generating compounds.

Sensitivity of gshA mutants to superoxide generators

depends on strain, cultivation conditions, and growth

phase [59].

The treatment of E. coli cells with the superoxide

generator methyl viologen (paraquat) substantially

decreases GSH level but not the intracellular concentra�

tions of GSSG or mixed disulfides of glutathione with

proteins [37], while menadione, another generator of

superoxide anions, induced dose�dependent decrease in

total glutathione pool, elevation of GSSGin, and decrease

in GSHin/GSSGin ratio [30]. Interestingly, the treatment

of E. coli sodAsodB cells deficient in two superoxide dis�

mutases with menadione was not accompanied by GSH

decrease and GSSG accumulation, and GSHin/GSSGin

ratio was three times higher than in wild�type parent

strain [30]. One possible cause of low GSSG level in E.

coli sodAsodB cells treated with menadione may be the

decreased rate of superoxide dismutation and, hence,

intracellular H2O2 production. It is this H2O2 produced

by superoxide dismutation that may be responsible for

GSH oxidation in cytoplasm, because the inhibition of

GSSG formation in the reaction of menadione with

GSH by catalase, but not superoxide dismutase, was

demonstrated in the experiments in vitro earlier [110]. It

should be noted that the treatment of cells with genera�

tors of superoxide anion results in the decrease in

NADPH level [103], which is a donor of reductive equiv�

alents in the reaction of glutathione reductase. The

deficit of NADPH may be an indirect cause of GSSG

accumulation.
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Treatment of E. coli cells with compounds generating

superoxide results in an adaptive response accompanied

by the induction of a large number of proteins, some of

which are positively regulated by SoxRS proteins. The list

of genes in the soxRS regulon has been widened to 60 by

the use of new genetic techniques, and the total number

of genes responding to superoxide stress is at least 112

[111]. SoxR protein consisting of two subunits each con�

taining a [2Fe�2S]�cluster plays the role of sensory ele�

ment in the response to superoxide stress. These clusters

can be oxidized and reduced reversibly, but only the oxi�

dized SoxR form is a potent transcription activator. A

rapid reversible oxidation of SoxR occurs under its treat�

ment with substances generating superoxide. GSH may

influence the regulation of redox�sensitive transcription

factor SoxR in some way, because GSH favored the

destruction of [2Fe�2S]�clusters of SoxR in in vitro exper�

iments [112], and paraquat�induced soxS expression was

decreased in E. coli double mutants gor trxA [113].

Note the interpretation of the results of studies on

the role of glutathione in oxidative stress in bacteria is

complex due to overlapping functions of different compo�

nents of antioxidant systems and the ability of cells to

activate other systems instead of ones lost as a result of

mutation. It is obvious, however, that redox systems of

glutathione and other thiols comprise an integral part of

the response to oxidative stress.

Despite common mechanisms of antioxidant

defense and the role of glutathione in pro� and eukary�

otes, a difference exists due to more complex regulation

system of antioxidant response in eukaryotic cells. Unlike

eukaryotic cells, the GSH synthesis enzymes in E. coli are

not regulated by transcription factors and are not

expressed in response to H2O2 or superoxide generators

[105, 111]. Nonetheless, glutathione biosynthesis seems

to be indirectly regulated by H2O2 independently from

OxyR by expression of cysK and other genes controlling

the biosynthetic pathway of cysteine, the amino acid lim�

iting GSH synthesis during normal growth [105].

GSH catabolism as a source of reactive oxygen
species. It is paradoxical that glutathione, possessing

antioxidant properties, can simultaneously act as a

“prooxidant”, whose catabolism can be a source reactive

oxygen species. Under certain conditions, GSH at

physiological concentrations exhibits a mutagenic effect

on bacterial cells, and this effect is associated with γ�glu�

tamyl transpeptidase activity [114, 115]. Unlike the initial

substrate (GSH), cysteinyl�glycine produced from the

reaction catalyzed by GGT can reduce free or chelated

Fe3+, which, in turn, initiates (in presence of O2) a reac�

tion cascade leading to formation of superoxide, hydro�

gen peroxide, and hydroxyl radical.

Some doubts have been cast upon the possible physi�

ological role of these processes, because the active center

of GGT is exposed to the external membrane surface and,

hence, under normal conditions contacts with very low

micromolar GSH concentrations (not the millimolar

ones typical for inner medium of the cell and usually

employed in most experiments). Besides, when growing

in cysteinyl�glycine medium, E. coli CM86 strain is char�

acterized by the same mutation frequency as the wild�type

cells [16]. This effect may apparently be associated with

the high level of antioxidant defense in the studied strain.

Low doses of L�cysteine, cysteinyl�glycine, and GSH

have been demonstrated to be mutagenic for E. coli WP2

strain deficient in OxyR (regulating the response to per�

oxide stress), whereas high doses of these substances are

necessary to observe minor mutagenicity in oxyR(+)

[116]. This fact suggests suppression of thiol�mediated

mutagenesis by OxyR�regulated antioxidant defense and

confirms the oxidative character of the mutagenesis. Only

high doses of reactive thiols had mutagenic effect in the

presence of catalase and glutathione peroxidase [116].

Thus, effects associated with the prooxidant role of GSH

in the presence of GGT in vivo largely depend on the

activity of cellular antioxidant systems. Nonetheless, a

weak production of ROS in metabolism of extracellular

GSH seems to be of certain importance in regulation of

cellular processes. A hypothesis has been propounded that

in eukaryotic cells low�level hydrogen peroxide generated

by GGT with involvement of extracellular glutathione can

act as a continuous “signal of life” to support cell prolif�

eration and to protect from apoptosis by the influence on

ROS�sensitive regulatory signaling pathways [117].

ROS production leading to death of foreign microor�

ganisms due to oxidative damage is known to be one of

the elements of immune response. Microorganisms can

apparently also use ROS to attack host cells. In particular,

Pseudomonas aeruginosa use pyocyanine they produce

and glutathione from human epithelial cells to form free

pyocyanine radicals and O 2
�. Thus GSH is presumed to

enhance pyocyanine�induced cytotoxicity [118].

Temperature stresses. Studies on eukaryotic cells

suggest a possible protective role of glutathione in cell

response to temperature stresses. Increase in the level of

intracellular glutathione in response to heat shock, as well

as increase in thermal sensitivity of cells on depletion of

intracellular glutathione under the influence of SH�

reagents or glutathione synthesis inhibitors or in mutants

deficient in GSH synthesis, are considered as proof of

implication of glutathione in thermoresistance of eukary�

otic cells [119, 120]. A positive role of glutathione in

resistance to heat shock resistance is connected to its

antioxidant properties, because in various cell types ele�

vation of temperature is accompanied by increased pro�

duction of free radicals and peroxides [121, 122].

Available data do not give an unambiguous answer to

the question of the role of glutathione in adaptation of

bacteria to heat shock. In particular, in growing E. coli the

fast increase in growth temperature from 30 to 42°C led to

inhibition of glutathione reductase activity, decrease in

intracellular concentration of glutathione, and increase
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in its concentration in the medium. Interestingly, mutants

gshA deficient in glutathione synthesis were more resist�

ant to the fast elevation of temperature than were the

parental cells [45]. The levels of both intra� and extracel�

lular glutathione were appreciably higher in cells adapted

to elevated temperature compared to those growing at

optimum temperature [18, 45]. These data suggest that

both the role and dynamics of glutathione in response to

heat shock may significantly differ in eukaryotic cells and

bacteria.

Unlike heat shock, fast decrease in temperature from

37 to 20°C had more pronounced inhibitory effect on the

growth of E. coli cells deficient in glutathione synthesis

compared with the parental cells. The cold shock was not

accompanied by visible changes in the status of intracel�

lular glutathione. However, both the concentration of

intracellular GSH and the ratio GSHin/GSSGin were

lower in the cells adapted to lower temperature and grow�

ing at 20°C than in the cells growing at 37°C [44].

Increase in the level of extracellular glutathione observed

at low temperatures [18, 44] suggests that GSH release

into the medium may be one of possible causes of

decrease in the level of GSHin. In various eukaryotic cell

types, the effect of low temperatures is accompanied by

induction of antioxidant response in which glutathione

plays an important role [123]. Some features of oxidative

stress are found under cold stress and bacterial growth at

lower temperature [44]. The question still remains

whether glutathione is involved in antioxidant defense of

bacteria under cold shock or whether it performs other

functions.

Osmotic stress. In the course of evolution, bacteria

have developed turgor pressure regulating systems with

the main function of accumulation of intracellular

osmolytes that do not inhibit enzymatic activities and

enable bacterial growth in media with high osmolarity

[124]. So, E. coli cells restore turgor tension via accumu�

lation of large amounts of K+ ions in the initial stage of

the response to hyperosmotic stress. However, intracellu�

lar K+ in abundance can inhibit a number of enzymes, so

the replacement of K+ by betaine, proline, and trehalose

occurs at later stages of cellular response to osmotic stress

[125, 126]. Glutathione is one of the E. coli metabolites

whose cytoplasmic level becomes elevated under hyperos�

motic stress [127, 128]. The change in level of extracellu�

lar glutathione in response to osmolarity elevation is dif�

ferent: rapid decrease in glutathione level at the first stage

is replaced by its elevation at the second one [43]. It is

likely that glutathione uptake from the medium can con�

tribute to the accumulation of intracellular glutathione in

the initial stage of osmotic adaptation.

Glutathione obviously plays a positive role in

osmoadaptation of E. coli cells, because E. coli gshA and

gor mutants grow more poorly than parental cells in

medium with elevated osmolarity. The negative influence

of gshA mutation on osmoadaptation is more obvious in a

medium with high osmolarity and at low extracellular K+

concentrations [43, 128].

The elevated level of intracellular glutathione under

osmotic stress might suggest its direct participation in the

maintenance of turgor tension. Calculation suggests,

however, that glutathione concentration is relatively low

and, even being at the highest level of its accumulation,

glutathione cannot contribute substantially into the

maintenance of turgor tension under osmotic stress [127,

128]. Taking into account that GSH functioning is reten�

tive for cytoplasmic potassium [77], and change in trans�

membrane flows of K+ is an essential element of E. coli

response to osmotic stress, a possibility was tested of glu�

tathione participation in osmotic adaptation as a factor

controlling potassium retention [128]. However, the

authors came to the conclusion that the role of glu�

tathione in osmotic adaptation is not directly associated

with its effect on K+ retention. Another work showed that

the wild�type bacteria export potassium at a higher rate

than gshA mutants in the second stage of the response to

hyperosmotic stress [43]. The retarded K+ efflux in the

strain deficient in glutathione can be either associated

with the disturbance of normal functioning of K+�exit

channels in the absence of GSH or due to change in rate

of trehalose synthesis substituting for potassium.

However, glutathione probably does not affect trehalose

synthesis, because gshA and otsA (the gene encoding tre�

halose�6�phosphate synthetase) mutations have inde�

pendent and additive effect on E. coli osmotic adaptation

[128]. It is just the influence of GSH on changes in the K+

pool that possibly determines the higher ability to osmot�

ic adaptation in cells with normal GSH level.

Unlike gshA and gor mutants, E. coli cells deficient in

γ�glutamyl transpeptidase display higher ability for

osmotic adaptation and elevate their intracellular glu�

tathione concentration more rapidly than do the wild�

type cells in response to osmotic stress [43]. These data

give additional confirmation that cytoplasmic glutathione

accumulation under osmotic stress can be a positive fac�

tor for osmotic adaptation.

It should be borne in mind that the GSH molecule is

negatively charged at physiological pH values, and the

elevation of intracellular glutathione can facilitate main�

tenance of ion balance, when the intracellular accumula�

tion of positively charged potassium ions occurs under

hyperosmotic stress. This is supported by the fact that a

positive correlation exists between changes in intracellu�

lar potassium and glutathione pools at the initial stages of

E. coli response to osmotic stress, which is especially

obvious when bacteria are grown on mineral media [43,

129]. Note that the osmoprotector betaine added into the

E. coli culture growing in the medium with high osmolar�

ity induces immediate efflux of potassium ions as well as

low molecular weight thiols, the major part of which is

glutathione [130]. However, the contribution of glu�

tathione into the ion balance maintenance is not deter�
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mining, because from 70 to 90% of the potassium positive

charge is compensated by glutamate anions [128, 131].

Osmotic stress in E. coli was shown to be accompa�

nied by reactions typical for oxidative stress [132]. This is

supported by decreased ability in E. coli cells deficient in

SodA and SodB superoxide dismutase synthesis to grow

in media with high osmolarity as well as enhanced sodA,

soxS, and katE expression in response to osmotic stress.

One cannot exclude an involvement of glutathione as an

antioxidant in cellular defense against oxidative damage

under osmotic stress.

The treatment of E. coli cells with compounds induc�

ing disturbance of intracellular pH homeostasis and ion

balance also resulted in changes in glutathione status

inside and outside the cells. The presence of glutathione

endowed the cells more resistance to these exposures,

because the growth of mutants deficient in glutathione

synthesis was inhibited more than the growth of the

parental cells [34].
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