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Abstract—The study of glutathione statusin aerobically grown Escherichia coli cultures showed that the total
intracellular glutathione (GSH;, + GSSG;,,) level falls by 63% in response to arapid downshift in the extracel-
[ular pH from 6.5t0 5.5. Theincubation of E. coli cellsin the presence of 50 mM acetate or 10 pg/ml gramicidin
Sdecreased thetotal intracellular glutathione level by 50 and 25%, respectively. Thefall inthetotal intracellular
glutathione level was accompanied by a significant decrease in the (GSH;,, : GSSG;,,) ratio. The most profound
effect on the extracellular glutathione level was exerted by gramicidin S, which augmented the total glutathione
level by 1.8 times and the (GSH,,; : GSSG,,;) ratio by 2.1 times. The gramicidin S treatment and acetate stress
inhibited the growth of mutant E. coli cells defective in glutathione synthesis 5 and 2 times more severely than
the growth of the parent cells. The pH downshift and the exposure of E. coli cellsto gramicidin S and 50 mM
acetate enhanced the expression of the sodA gene coding for superoxide dismutase SodA.
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The circulation of ions, including protons, through
the bacterial plasma membrane plays an important part
in energy transduction, the maintenance of turgor pres-
sure, the intracellular pH homeostasis, and the regula-
tion of cell activity [1, 2]. Thereisevidencethat the dis-
turbance of pH homeostasis and the intracellular ionic
balance is accompanied by phenomenatypical of oxi-
dative stress. For instance, the incubation of Escheri-
chia coali cells in the presence of membrane-penetrat-
able acetic acid enhancesthe expression of alarge num-
ber of genes, including the antioxidant defense genes
katG, katE, and grxB coding for hydroperoxidases HPI
and HPII and glutaredoxin 2, respectively [3-5]. Fur-
thermore, the pH downshift and bacterial growth at low
pH are accompanied by an enhanced expression of the
ahpC gene coding for alkylhydroperoxide reductase
[5]. The major emphasis in these works was made on
the study of the role of the enzymes (and their genes)
that are involved in the degradation of oxidants,
whereas the glutathione system of antioxidant defense
remained virtually unstudied.

This work was undertaken to study changes in the
status of glutathione and its role in the response of
growing E. coli cellsto stresses disturbing the intracel-
[ular ionic balance and pH homeostasis.

MATERIALS AND METHODS

The Escherichia coli strains used in this work are
listed in Table 1. The strains were grown in a minimal
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M9 medium [6] supplemented with 0.4% glucose,
0.2% casamino acids, and 10 pg/ml thiamine. In exper-
iments with gramicidin S, valinomycin, and nigericin,
the content of K+ ions in the medium was reduced to
1 mM. E. coli cells were collected from an overnight
culture by centrifugation, resuspended in 100 ml of
fresh growth medium, and incubated at 37°C in 250-ml
flasks on a shaker (150 rpm). Bacteria growth was
monitored by measuring culture turbidity at 670 nm.
Acetate and antibiotics were added and pH was shifted
when the pH of the cultivation medium declined to 6.5
in the process of bacterial growth. At thistime, the cul-
ture density was about 0.4 g dry cell wt/l. The pH of the
medium was rapidly shifted from 6.5 to 5.5 by adding the
necessary amount of an HC| solution within 1-2 min.

The reduced (GSH) and oxidized (GSSG) forms of
glutathione were assayed spectrophotometrically [7] as
described earlier [8]. The activity of glutathione oxi-
doreductase (GOR) was determined at 30°C by mea-
suring the oxidation rate of NADPH at 340 nm with
GSSG as the enzyme substrate [9]. The intracellular
content of K* ions was determined by the flame pho-
tometry of the cell samples obtained by the rapid filtra-
tion of cell suspensions through amembranefilter [10].

Protein was quantified by the method of Lowry et al.
with bovine serum albumin as the standard. The
expression of genes was evaluated by measuring
B-galactosidase activity in strains carrying the pro-
moter fusions of these genes with the structural gene
of B-galactosidase [6].
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Table 1. TheE. coli strains used in this work

Strain Phenotype Source

AB1157 thr-1 leuB6 thi-1 arg-E3 his-4 proA2 tsx-33
supE44 lacY1 galK2 ara-14 xyl-5 mt-1 rpsL E. coli Genetic Stock Center

JTG10 AB1157 gshA (gshA20::Tn10 knT) B. Demple
NM23 As AB1157, but with plasmid pKT1033 (katG::lacZ) Laboratory collection
NM31 As AB1157, but with plasmid pRSkatE16 (katE::lacz) Laboratory collection
NM51 AsAB1157, but with plasmid pRS4A15KatF5 (katF::lacz) Laboratory collection
NM122 As AB1157, but with plasmid pGOR-12 (gor::lacZ) Laboratory collection
QC772 GC4468 sodA49 (sodA::lacZ) D. Touati
TN521 A(lac)U169 rpsL AsoxRS soxR* soxS:lacZ B. Demple
Plasmids
pRK4936/pK T1033 with katG::lacZ K. Tao
pRSkatE16 with katE::lacZ A. Eisenstark
pRSA15K atF with katF::lacz A. Eisenstark
pGOR-12 with gor::lacZ A. Eisenstark

The data presented in the paper are the means of at
least three independent measurements + the standard error
of the mean. The data obtained were processed using Stu-
dent’st-test satistics at significance level P < 0.05.

Gramicidin S, valinomycin, nigericin, casamino
acids, thiamine, and reagents used for the assay of
GSH, GSSG, B-gadactosidase, and glutathione oxi-
doreductase were purchased from Sigma (United
States). All other reagents used in the work were of ana-
Iytical grade.

RESULTS AND DISCUSSION

Immediately after the addition of 50 mM acetate
(hereinafter also called acetate stress) to a growing
E. coli AB1157 culture when its pH was 6.5, the specific
growth rate p of the culture fell from 0.67 + 0.04 h™! to
zero and then gradually increased to 0.29 +0.06 h!
(Fig. 1). The mutant E. coli JTG10 (gshA) cells defec-
tive in glutathione synthesis were about twice as sensi-
tive to high acetate concentrations (100 and 150 mM)
as the parent AB1157 cells (data not presented). The
rapid shiftin pH from 6.5to 5.5 resulted in adrop of the
specific growth rate of strain AB1157 t0 0.12 + 0.08 h!,
followed by a gradual increase in p to 0.32 £ 0.06 h!
(Fig. 1). The effect of pH downshift on the parent
AB1157 and the mutant JTG10 strains was the same.

It is known that gramicidin S augments the potas-
sium permeability of both the cytoplasmic and the outer
membrane of E. coli cells[11], thusinducing cell lysis
and ultimately death. In our experiments, gramicidin S
at a concentration of 10 pg/ml did not induce cell lysis
but decreased the cell survival rate threefold. At acon-
centration of 1 pg/ml, this antibiotic insignificantly
influenced cell survival.
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After the addition of gramicidin S to the growth
medium of E. coli AB1157 at a concentration of
10 pg/ml, the specific growth rate of this strain gradu-
aly decreased from 0.53 £ 0.029 to 0.26 + 0.012 h™!
(Fig. 1). Theeffect of thetenfold lower concentration of
gramicidin S (1 pg/ml) on the growth of this strain was
almost the same (data not presented). The gshA muta-
tion considerably enhanced the sensitivity of E. cali
cells to gramicidin S, as is evident from the fact that
45 min after the addition of 10 pg/ml gramicidin S, the
specific growth rate of the mutant cells was five times
lower than that of the parent cells (data not presented).

The addition of 50 mM acetate to the growth
medium of E. coli AB1157 resulted in atwofold decline
in the intracellular level of the total glutathione
(from 18.9 £ 0.57 10 9.53 £ 1.2 pmol/g dry cell wt). The
pH downshift decreased this level to the greatest
degree, from 18.9 £ 0.57 t0 6.9 £ 0.8 umol/g dry cell wt,
while the effect of gramicidin S was the least pro-
nounced (thetotal glutathione level fell from17.7 £1.3
to 13.3 £ 0.7 umol/g dry cell wt) (Fig. 2). In all of these
cases, the decline in the total glutathione level was
largely due to adecreasein the intracellular concentra-
tion of reduced glutathione (GSH;,,), whereas the intra-
cellular concentration of oxidized glutathione (GSSG;,,)
remained at a constant level. This resulted in a consid-
erable decline in the (GSH,,, : GSSG,,) ratio (Table 2).
Noteworthy is the fact that the incubation of E. coli
AB1157 cellsin the presence of 1 pg/ml gramicidin S
not only failed to diminish the intracellular GSH con-
tent but even dlightly increased it (by 28%).

The most pronounced changes in the level of extra
cellular glutathione were observed under the action of
gramicidin S (Table 2). After 30 min of incubation in
the presence of 10 ug/ml gramicidin S, the content of
the total glutathione in the medium increased from
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Fig. 1. The effect of (1) 50 mM acetate, (2) gramicidin S
(20 pg/ml), and (3) pH downshift from 6.5 to 5.5 on the spe-
cific growth rate p of aerobicaly grown E. coli AB1157
cells. Acetate and gramicidin S were added to the culture
when its density reached 0.4 g dry cell wt/l. The pH of the
medium was shifted by adding rapidly (within 1-2 min) a
solution of HCI. Before the addition of gramicidin S, the
culture was supplemented with 10 mM EDTA.

8.6to 15.6 umol/g dry cell wt. A comparison of
changes in the levels of intracellular and extracellular
glutathione (Fig. 2, Table 2) indicated that the increase
in the extracellular glutathione level was likely due to
its transport from the cytoplasm into the medium. The
incubation of E. coli AB1157 cells in the presence of
1 pg/ml gramicidin Sgaveriseto a2.5-fold increasein
the extracellular glutathione level. Thus, gramicidin S
at the low concentration raised the glutathione content
both inside and outside cells.

The pH downshift augmented the concentration of
thetotal extracellular glutathione by 26%, whereas ace-
tate stress did not induce significant changesin the level
of extracellular glutathione (Table 2).

In E. coli AB1157, as in other organisms, GSSG is
reduced by the NADPH-linked glutathione oxidoreduc-
tase (EC 1.6.4.2). All of the treatments under study
caused a small increase (by 10-15%) in the activity of
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Fig. 2. The effect of (1) 50 mM acetate, (2) gramicidin S
(20 pg/ml), and (3) pH downshift from 6.5 to 5.5 on the
intracellular level of the total glutathione in aerobically
grown E. coli AB1157 cells. Curve 4 refers to untreated
(contral) cells. The cells were exposed to acetate, gramici-
din S, and acidification stresses at timet = 0. The other con-
ditions are as described in the legend to Fig. 1.

this enzyme, likely due to the enhanced expression of
its gene gor.

To investigate possible changes in the membrane
permeability, we measured intracellular potassium lev-
els. In response to the addition of 50 mM acetate, the
intracellular level of potassum in E. coli AB1157 célls
initially increased from 0.59 £ 0.05 to 1.46 + 0.26 mmol/g
dry cell wt and then decreased to 0.91 + 0.13 mmol/g
dry cell wt (Fig. 3). The maximum in the intracellular
potassium level coincided in time with the maximum
growth rate of cells (Fig. 1). The mutant JTG10 cells
incubated in the presence of 50 mM acetate accumu-
lated two times|ess potassium than the parent cells. The
maximum intracellular potassium level was reached
aready 5 min after the addition of acetate and persisted
for about 40 min (data not presented). The effect of pH
downshift on the concentration of intracellular potas-
sium was dstatistically insignificant in both strains.
Gramicidin S at concentrations of 1 and 10 pg/ml irre-
versibly decreased the intracellular potassium level by
40 and 30%, respectively. The rate of potassium excre-
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Table 2. Glutathione statusin the E. coli cells subjected to different stresses

Stress GSSG GSH GSH : GSSG

Intracellular glutathione

Control 0.06 £ 0.01 20.2+£0.15 337
50 mM acetate 0.077 £ 0.01 105+ 1.0 136
pH downshift from, 6.5t0 5.5 0.072 + 0.007 825+0.7 115
Gramicidin S, 10 pg/ml 0.079 + 0.005 123+17 156
Extracellular glutathione

Control 0.55+0.04 8.03+0.53 14.6
50 mM acetate 0.63+0.03 8.08 £ 0.26 12.8
pH downshift from, 6.5t0 5.5 0.66 £ 0.07 9.98+0.44 15.1
Gramicidin S, 10 pg/ml 0.49+0.03 1512+ 0.94 30.9

Note: Samples for analysis were taken 30 min after the treatments. Before the addition of gramicidin S, the E. coli culture was supple-
mented with EDTA, which decreased the concentrations of intracellular GSH and extracellular GSSG by 1.7 mM/g dry cell wt and
increased the concentration of extracellular GSH by 1.5 mM/g dry cell wt.

tion from the mutant cells was two times higher than
that from the parent cells.

Experiments showed that 10 UM nigericin, 10 uM
valinomycin, and 20 uM carbonyl cyanide m-chlo-
rophenylhydrazone (CCCP, an efficient uncoupler of
oxidative phosphorylation) inhibited the growth of
E. coli AB1157 cellsby 50, 64, and 100%, respectively.
In this case, the extracellular content of glutathione
increased by 27, 65, and 100%, respectively. Changes
in the intracellular glutathione level were less pro-
nounced. The content of intracellular potassium
decreased by 40, 25, and 52%, respectively.

In E. cali, the sodA gene codes for superoxide dis-
mutase SodA, which is important in cell defense
against superoxide anion. The pH downshift and
50 MM acetate enhanced the expression of the
sodA::lacZ gene fusion by 50% 1 h after the treatment,
whereas gramicidin S (10 pg/ml) augmented the
expression by 100% (Fig. 4). It is known that the
expression of sodA is controlled by the binary gene sys-
tem soxRS, which modulates cell response to superox-
ide radica—generating compounds. The treatments
used in thiswork had little influence on the expression
of the sodA gene. In response to the action of 50 mM
acetate, 10 pg/ml gramicidin S, and pH downshift, the
[-galactosidase activity of the E. coli TN521 cells car-
rying the soxS.:lacZ gene fusion increased by 24, 28,
and 21%, respectively.

It is known that E. coli AB1157 cdlls detoxify
hydrogen peroxide with the aid of two hydroperoxi-
dases (catalases), HPI and HPIl. The HPI protein,
encoded by the katG gene, is a bifunctional catal ase—
peroxidase, whose induction by hydrogen peroxide
depends on the OxyR transcription factor. HPII,
encoded by the katE gene, isamonofunctional catalase
regulated by the rpoS (katF)-encoded sigma factor
RpoS. As was shown by other researchers, the incuba-
tion of E. coli cells with acetate enhances the expres-
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sion of the katG, katE, and katF genes [3, 4]. In our
experiments, 50 mM acetate enhanced the expression
of the katG::lacZ, katE::lacZ, and katF::lacZ gene
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Fig. 3. The effect of (1) 50 mM acetate, (2) gramicidin S
(20 pg/ml), and (3) pH downshift from 6.5 to 5.5 on the
intracellular level of sodium in aerobically grown E. coli
AB1157 cells. The cells were exposed to acetate, gramici-
din S, and acidification stresses at timet = 0. Curve 4 refer
to untreated cells. The other conditions are as described in
thelegend to Fig. 1.
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Fig. 4. The effect of (1) 50 mM acetate, (2) gramicidin S,
and pH shift (3) on the expression of the sodA::lacZ gene
fusion in aerobically grown E. coli QC772 cells. The cells
were exposed to acetate, gramicidin S, and acidification
stress at time't = 0. Other conditions are as described in the
legend to Fig. 1.

fusions by 200, 37, and 40%, respectively. The other
treatments (pH downshift and incubation with gramici-
din S) did not induce notable changesin the expression
of the three genes. It should be noted that we are the
first to show the enhanced expression of the regulatory
gene soxS and the sodA gene controlled by the soxRS
system in response to the action of acetate, gramicidin
S, and pH downshift.

All of the treatments under study exert either adirect
or an indirect effect on the intracellular pH and ionic
balance in the cytoplasm and, hence, may influence the
cellular processes that depend on these parameters.
Reportedly, acetate acidifies the cytoplasm of E. cali
cells [12-14] and elevates the membrane potential AW
[14]. At the physiological values of intracellular pH,
acetic acid accumulates in the cytoplasm in the form of
acetate anions, which disturbs theionic balancein cells
[12, 13]. In response to incubation with high acetate
concentrations, the cells accumulate high amounts of
potassium [12, 15, and this paper]. It should be noted
that acetate is a normal cellular metabolite, but when
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accumulated in high amounts in fast-growing E. coli
cells, it inhibits their growth [16].

Reportedly, the rapid acidification of the growth
medium of E. coli decreasestheintracellular pH and the
cytoplasm volume [17, 18]. Of the stressful compounds
used in the present work, gramicidin S increases the
permeability of membranes to some ions, including
potassium cations; valinomycin specificaly increases
the permeability of membranes to potassium cations;
nigericin stimulates the K*/H* exchange; and CCCP is
a protonophore that efficiently uncouples oxidative
phosphorylation.

Experimental data on the intracellular and extracel-
lular status of glutathione are of great interest, sincelit-
tle is known about its role in cell response to acetate
stress, pH shift, and exposure to ionophores. As shown
in this work, the exposure of E. coli cells to acetate,
gramicidin S, and pH downshift leadsto a decreasein the
content of intracdlular GSH and the (GSH;,, : GSSG,,)
ratio. The decreasein the intracellular glutathione level
is one of the responses of eukaryotic cells to oxidative
stress. The enhanced expression of the antioxidant
genes katG and katE in response to acetate stress and of
the soxS and sodA genes in response to the treatments
described above suggests that the intracellular level of
reactive oxygen speciesis elevated.

Our earlier studies showed that the oxidative stress
induced by the superoxide radical—generating com-
pound menadione diminishes the content of intracellu-
lar GSH and the (GSHin : GSSGin) ratio [8]. Unlikethe
stresses studied in thiswork (Table 2), menadione |ow-
ered thelevel of GSH but augmented the level of GSSG
in cells. This suggests that the stresses under study
diminish the content of intracellular glutathione not
only through the formation of reactive oxygen species
but also through other mechanisms, such as the sup-
pression of biosyntheses in response to the decrease in
the intracellular pH, the activation of degradation pro-
cesses, and the formation of conjugates. Gramicidin S
likely induces the excretion of intracellular GSH into
the medium.

At physiological values of pH, glutathione occursin
anion form and thereby may be involved in transmem-
brane ionic currents and in the maintenance of ionic
balance. Roe et al. [13] showed that the accumulation
of acetate anion in the E. coli cells subjected to acetate
stress is accompanied by a decrease in the intracellular
pool of glutamate and other negatively charged amino
acids. Thisisin agreement with our finding that acetate
stress induces a twofold decrease in the intracellular
level of glutathione.

Glutathione may play arole in the redox regulation
of not only eukaryotic but also prokaryotic cells. A defi-
ciency of glutathione in the gsh-defective E. coli cells
stimulates the expression of the antioxidant genes soxS,
katG, and katE [19, 20]. The involvement of glu-
tathione in the regulation of these genes can be due to
its interaction with the redox-sensitive sites of regula
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tory proteins and due to its effect on the intracellular
level of oxidants[20, 21]. These data allow the sugges-
tion to be made that the activation of antioxidant genes
observed in this work may be due to a decreased level
of intracellular glutathione.

One of the known functions of glutathionein E. coli
cellsisitsinvolvement in the control over gated potas-
sium channels[10]. Changesin the intracellular potas-
sium pool of E. coli cellsin response to their exposure
to acetate or gramicidin S stresses considerably differed
(both qualitatively and quantitatively) in the wild-type
and glutathione-deficient mutant cells.

Thus, the beneficial effect of glutathione on the tol-
erance of E. coli cells to acetate and gramicidin S
stresses may be due to its global role as an antioxidant,
redox regulator, and acomponent of the regulatory sys-
tem of ionic balance. Investigationsinto the mechanism
of the stimulating effect of gramicidin S, nigericin, vali-
nomycin, and CCCP on the extracellular pool of glu-
tathione are in progress in our laboratory.

ACKNOWLEDGMENTS

We are grateful to B. Demple (Harvard University,
United States), A. Eisenstark (the University of Mis-
souri, United States), K. Tao (the University of Tokyo),
and D. Touati (Jacques Monod Institute, France) for
providing the bacteria strains.

Thiswork was supported by grant no. 01-04-48129
from the Russian Foundation for Basic Research and by
grant no. 235 for young scientistsfrom the Presidium of
the Russian Academy of Sciences.

REFERENCES

1. Harold, EM., lon Currents and Physiological Functions
in Microorganisms, Annu. Rev. Microbial., 1977, val. 31,
pp. 181-203.

2. Booth, I.R., Regulation of Cytoplasmic pH in Bacteria,
Microbiol. Rev., 1985, vol. 49, pp. 359-378.

3. Schellhorn, H.E. and Stones, V.L., Regulation of katF
and katE in Escherichia coli K12 by Weak Acids, J. Bac-
teriol., 1992, vol. 174, pp. 4769-4776.

4. Mukhoparadhyay, S. and Schellhorn, H.E., Induction of
Escherichia coli Hydroperoxidase | by Acetate and
Other Wesak Acids, J. Bacteriol., 1994, vol. 176,
pp. 2300-2307.

5. Blankenhorn, D., Phillips, J., and Slonczewski, J.L.,
Acid- and Base-induced Proteins during Aerobic and
Anaerobic Growth of Escherichia coli Reveaed by Two-
Dimensional Gel Electrophoresis, J. Bacteriol., 1999,
vol. 181, pp. 2209-2216.

6. Miller, JH., Experiments in Molecular Genetics, Cold
Spring Harbor: Cold Spring Harbor Lab., 1972. Trans-
lated under the title Eksperimenty v molekul yarnoi gene-
tike, Moscow: Mir, 1976.

MICROBIOLOGY Vol. 72 No.5 2003

547

7. Tietze, F.,, Enzymic Method for Quantitative Determina-
tion of Nanogram Amounts of Total and Oxidized Glu-
tathione: Applications to Mammalian Blood and Other
Tissues, Anal. Biochem., 1969, val. 27, pp. 502-522.

8. Smirnova, G.V., Muzyka, N.G., Glukhovchenko, M.N.,
and Oktyabrsky, O.N., Effects of Menadione and Hydro-
gen Peroxide on Glutathione Status in Growing Escher-
ichia coli, Free Radical Biol. Med., 2000, vol. 28,
p. 1009-1016.

9. Scrutton, N.S., Berry, A., and Perham, R.N., Purification
and Characterization of Glutathione Reductase Encoded
by a Cloned and Over-expressed Gene in Escherichia
coli, Biochem. J., 1987, vol. 245, pp. 875-880.

10. Meury, J. and Kepes, A., Glutathione and the Gated
Potassium Channels of Escherichia coli, EMBO J.,
1982, vol. 1, pp. 339-343.

11. Katsu, T., Kobayashi, H., and Fujita, Y., Mode of Action
of Gramicidin Son the Escherichia coli Membrane, Bio-
chim. Biophys. Acta, 1986, vol. 860, pp. 608—619.

12. Diez-Gonzalez, F. and Russel, JB., The Ability of
Escherichia coli O157:H7 To Decrease Its Intracellular
pH and Resist the Toxicity of Acetic Acid, Microbiology,
1997, vol. 143, pp. 1175-1180.

13. Roe, A.J., McLaggan, D., Davidson, I., O'Byrne, C., and
Booth, I.R., Perturbation of Anion Balance during the
Inhibition of Growth of Escherichia coli by Weak Acids,
J. Bacteriol., 1998, vol. 180, pp. 767-772.

14. Bakker, E.P. and Mangerich, W.E., The Effects of Weak
Acids on Potassium Uptake by Escherichia coli K-12,
Inhibition by Low Cytoplasmic pH, Biochim. Biophys.
Acta, 1982, vol. 730, pp. 379-386.

15. Oktyabrsky, O.N. and Smirnova, G.V., Changesin Intra-
cellular Potassium and Thiol Levelsin Escherichia coli
K12 under Various Stresses, Biochem. Mol. Bial. Int.,
1993, vol. 30, pp. 377-383.

16. Smirnova, G.V. and Oktyabr'skii, O.N., The Effect of
Acetate on the Growth of Escherichia coli under Aerobic
and Anaerobic Conditions, Mikrobiologiya, 1985,
vol. 54, no. 5, pp. 252-256.

17. Slonczewski, J.L., Macnab, R.M., Alger, JR., and Cas-
tle, A.N., Effect of pH and Repellent Tactic Stimuli on
Protein Methylation Levelsin Escherichia coli, J. Bacte-
riol., 1982, vol. 152, pp. 384—399.

18. Hickey, EW. and Hirshfield, I.N., Low pH-induced
Effects on Patterns of Protein Synthesis and on Internal
pH in Escherichia coli and Salmonella typhimurium,
Appl. Environ. Microbiol., 1990, vol. 56, pp. 1038-1045.

19. Ding, H. and Demple, B., Glutathione-mediated Desta-
bilization In Vitro of [2Fe-2S] Centersin the SoxR Reg-
ulatory Protein, Proc. Natl. Acad. Sci. USA, 1996,
vol. 93, pp. 9449-9453.

20. Oktyabrsky, O.N., Smirnova, G.V., and Muzyka, N.G.,
Role of Glutathione in Regulation of Hydroperoxidase |
in Growing Escherichia coli, Free Radical Biol. Med.,
2001, vol. 31, pp. 250-255.

21. Zheng, M., Adund, F., and Storz, G., Activation of the
OxyR Transcription Factor by Reversible Disulfide Bond
Formation, Science, 1998, vol. 279, pp. 1718-1721.



