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Abstract—The response of aerobically grown Escherichia coli cells to the cold shock induced by the rapid
lowering of growth temperature from 37 to 20°C was found to be basically the same as the oxidative stress
response. The enhanced sensitivity of cells deficient in two superoxide dismutases, Mn-SOD and Fe-SOD, and
the increased expression of the Mn-SOD gene, sodA, in response to cold stress were interpreted as both oxida-
tive and cold stresses are due to arisein the intracellular level of superoxide anion. The long-term cultivation
of E. coli at 20°C was also accompanied by the typical oxidative stress response reactions—an enhanced
expression of the Mn-SOD and catalase HPI genes and a decrease in the intracellular level of reduced glu-

tathione (GSH) and in the GSH/GSSG ratio.
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In nature, bacteria (for instance, Escherichia coli
outside host organisms) often occur under conditions
that are unfavorable for their life and reproduction. To
cope with the stresses induced by drastic changesin the
ambient temperature, pH, oxygen concentration, and
solar radiation, bacteria have evolved various adaptive
mechanisms that allow them to survive in hostile envi-
ronments. One of these mechanisms s the synthesis of
new proteins, which is regulated at the level of tran-
scription of the respective regulatory genes. In E. coli,
the gene oxyR, which controls the synthesis of catalase
HPI and some other proteins, isinduced in response to
exposure to H,0,, while the multigene locus soxRSis
induced in response to exposure to superoxide radical-
generating compounds [1]. The exposure of E. coli to
low temperatures induces the synthesis of cold shock
proteins[2].

There is evidence that some stress factors can
induce responses that are specific to other stresses. For
instance, the exposure of eukaryotic and prokaryatic
cellsto heat can induce some reactions which are typi-
cal of oxidative stress [3, 4]. However, little is known
about the relationship of responsesinduced by cold and
oxidative stresses.

This work was undertaken to study the role of
antioxidant systems, which are commonly induced
by oxidative stress, in the cold stress response of E.
coli cells.

MATERIALS AND METHODS

The Escherichia coli strains used in this study were
asfollows. (1) Strain AB1157 (wt, wild type), (2) strain
JTG10 (the gshA derivative of AB1157), (3) strain
MP180 (wt), (4) strain UM202 (the katG derivative of
MP180, (5) strain GC4468 (wt), (6) strain QC909 (the
sodAsodB derivative of strain GC4468), (7) strain
JHC1092 (the AsoxR derivative of GC4468), (8) strain
QC771 (wt), (9) strain QC1732 (the Afur derivative of
QC771), (10) strain QC722 (the sodA-lacZ derivative
of QC771), and (11) strain NM23 (constructed in our
laboratory by transferring the katG-HacZ-bearing plas-
mid pKT1033 from strain RK4936 [5] to strain
AB1157). Strains 1 and 2 were obtained from
T. Ninoshiba (USA); strains 3 and 4, from P. Loewen
(Canada); strains 57, from B. Demple (USA); and
strains 8-10, from D. Touati (France).

The E. coli strains were grown aerobically at 37°C
in shaken 250-ml flasks (150 rpm) containing 100 ml of
minimal M9 medium [6] supplemented with 0.2% glu-
cose, 0.2% casamino acids, and 10 pg/ml thiamine. The
medium was inoculated with cells from a 20-ml over-
night culture. Growth was monitored by measuring cul-
ture turbidity at 670 nm.

Cold shock was induced by lowering the culture
temperature from 37 to 20°C within 10 min. The tem-
perature was measured in the culture and in the cooling
liquid. During cultivation at 20°C, E. coli cells contin-
ued to grow, although at alow rate.
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Fig. 1. Effect of cold stress (temperature shift from 37 to
20°C) on the growth rate of aerobic E. coli culture. The
maximum specific growth rate (1) at 37°C istaken as 100%.
Designations: wt, wild-type (parent) strain; sodAB, SOD-
deficient mutant; fur, mutant with theimpaired regul ation of
iron assimilation; gshA, mutant deficient in glutathione syn-
thesis.

B-Galactosidase was assayed as described in [6].
Catalase activity in intact cells was determined spectro-
photometrically by measuring the absorbance at
240 nm [7]. Oneunit of catalase activity was defined as
the amount of enzyme providing the breakdown of
1 pumol H,0, per min at 25°C. Glutathione was deter-
mined spectrophotometrically with the use of glu-
tathione oxidoreductase [8]. The amount of protein was
quantified by the method of Lowry et al. [9] with
bovine serum abumin (BSA) as the standard. The
results presented are the means of experiments per-
formed at least in triplicate.

RESULTS AND DISCUSSION

There are several enzymatic antioxidant systems
operating in E. coli, the most important of which are
catalase hydroperoxidase | (catalase HPI), Mn- and Fe-
dependent superoxide dismutases (Mn-SOD and Fe-
SOD), and reduced glutathione (GSH). To estimate the
contribution of these systems on the bacterial response
to cold shock, we measured the specific growth rate of
parent bacteria and their derivatives carrying mutations

in the genes that control the synthesis of the key com-
ponents of these systems.

The katG mutation in E. coli UM202 cells leads to
the loss of activity of the HPI catalase, which is
involved in the breakdown of H,0, in aerobically
grown E. coli cells[10]. The katG gene is a component
of aregulon, which isinduced by H,O, and controlled
by the oxyR gene. In our experiments, the cold shock
(37 —= 20°C) dowed the growth rate of both the
mutant strain UM202 and the parent strain MP180
(katG*). The difference in the effect of cold shock on
the growth rate of these two strains was statistically
insignificant.

Mn-SOD and Fe-SOD, the products of the genes
sodA and sodB, play an important rolein the protection

of E. coli from the superoxide radical (O,). Strain

QC909, which is a double sodAsodB mutant lacking
Mn-SOD and Fe-SOD activities, exhibits enhanced
sensitivity to the action of active oxygen species [11].
In our experiments, the growing culture of the SOD-
deficient strain QC909 was found to be more sensitive
to cold shock than the parent strain GC4468
(sodA*sodB*). The growth of strain QC909 was inhib-
ited by cold three times more than that of the parent
strain (Fig. 1).

E. coli JHC1092 is mutant in soxR, which is one of
the regulatory genes of the two-gene system soxRScon-
trolling the response of aerobic E. coli cellsto the oxi-

dative shock induced by O, generators [1]. Experi-
ments revealed no statistically significant differencein
the responses of the strains JHC1092 (soxR) and
GC4468 (soxRY) to cold shock.

In aerobically grown cells, freeironionsin the cyto-
plasm may enhance the effect of oxidative stress
through the formation of highly toxic hydroxyl radicals

(OH") in the Fenton reaction. The impaired regulation
of iron assimilation in the E. coli Afur mutants and, as
a result, the high intracellular concentration of free
iron, enhance the effect of oxidative stress[12]. In our
experiments, cold shock inhibited the growth of the
mutant strain QC7771 Afur mutants 34% more than
that of the parent strain QC1732 (fur*) (Fig. 1).

To estimate the role of glutathione in the resistance
of E. coli cells to cold shock, we used strain JTG10,
which is deficient in GSH synthesis due to the gshA
mutation, and found that this mutation decreased the
resistance of the cells to cold shock, albeit to a lesser
degree than the mutations sodA, sodB and Afur (Fig. 1).

The expression of the genes encoding the compo-
nents of antioxidant systems was studied using the
strains that bore the fused promoters of these genes
with lacZ operon encoding -galactosidase (Fig. 2). As
can be seen from this figure, cold shock did not influ-
ence the expression of the gene fusion katG-lacZ. By
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Fig. 2. Effect of cold stress on the expression of the katG—
lacZ gene fusion: (1) cells preadapted to low temperature
and grown at 20°C; (2) cells grown at 37°C; and (3) cells
subjected to the cultivation temperature shift from 37 to
20°C at zero time.

comparison, Fig. 2 also presents the results of measure-
ments of (3-galactosidase activity in cells cultivated at
37°C in a batch mode. One can see a gradual increase
inthelevel of the expression of the genefusion katG-lacZ
during such cultivation.

These data are in agreement with the results of the
direct measurements of catalase activity, according to
which catalase activity increased from 2.6 £ 0.17 to
8.0+1.0 U (P < 0.01) during aerobic cultivation at
37°C in batch mode. Cold shock did not significantly
influence catalase activity, which increased from 2.6 +
0.17 to 3.2 = 0.45 U (P > 0.05) 80 min after shock
induction. Earlier, we showed that the increase in cata-
lase activity and in the degree of katG expression dur-
ing batch cultivation of E. coli at 37°C under aerobic
conditions is due to the accumulation of H,0, in cells
[13]. All of these data are consistent with results that
indicate the absence of the katG mutation effect on the
growth of cold-stressed cells (Fig. 1).

We also estimated the degree of expression of the
gene fusion katG-HacZ in the cells grown at 20°C
(Fig. 2). In this experiment, cells grown for 18 h at
20°C were used asthe inoculum. It should be noted that
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Fig. 3. Effect of cold stress on the expression of the sodA—
lacZ genefusion. For explanations, seethelegend to Fig. 2.

these cold-adapted cells, like those exposed to cold
shock, did not exhibit any significant changes in the
level of expression of katG-acZ gene fusion during
growth. However, the degree of the expression, in this
case, was three times higher than in the cold-stressed
cellsandinthefirst hoursof growth at 37°C. Inthecells
grown at 20°C in batch mode, catalase activity did not
significantly change during cultivation, comprising
3.3+ 0.16 U. Thus, we failed to observe a noticeable
correlation between the degree of expression of the
katG—-lacZ gene fusion and the total catalase activity of
the cells.

The expression of the sodA gene was studied by
measuring the [3-gal actosidase activity of strain QC772
with the sodA-acZ gene fusion [11]. The cold-stressed
cells of this strain exhibited a 60% increase in the
expression of the sodA-lacZ gene fusion (Fig. 3). The
same degree of stimulation of the sodA-acZ expres-
sion was observed in strain QC772 that was cultivated
at 20°C in batch mode. It should be noted that the batch
cultivation of this strain at 37°C led to a twofold
decrease in the degree of expression of sodA-acZ
(Fig. 3). This indicates that the aerobic growth of
E. coli at low temperaturesis accompanied by agreater
accumulation of superoxide anions than growth at opti-
mal temperature (37°C). This suggestion is confirmed
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Fig. 4. Effect of cold stress on the (a) intracellular and
(b) extracdllular concentrations of GSH: (1) cells pre-
adapted to low temperature and grown at 20°C; (2) cells
grown at 37°C; and (3) cells subjected to the cultivation
temperature shift from 37 to 20°C at zero time.

by the data showing that QC909 cells, which are defi-
cient in the synthesis of cytoplasmic superoxide dismu-
tases, are distinguished by enhanced sensitivity to cold
shock (Fig. 1).

The exposure of E. cali cells grown at 37°C to cold
shock did not induce any noticeable changes in the
intracellular level of reduced glutathione (GSH;,)
(Fig. 4a). However, in the cells preadapted to low tem-
perature and grown at 20°C, the concentration of
GSH;was 2.4 times lower than in the cells grown at
37°C. In this case, cells grown at 20°C exhibited an
enhanced level of oxidized glutathione (GSSG;,)
(Fig. 58). Reportedly, the low GSH; /GSSG;, ratio in
eukaryotic cells implies that they are subject to oxida
tive stress. In our experiments, this ratio was found to
be 423 for E. cali cells grown at 37°C (cold stress
decreased the GSH;,,/GSSG;,, ratio to 352) and 51 for
the low-temperature adapted cells grown a 20°C
(Figs. 4 and 5).

The level of reduced extracellular glutathione
(GSH,,) in the cold-stressed and cold-adapted cultures
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Fig. 5. Effect of cold stress on the (a) intracellular and
(b) extracellular concentrations of GSSG. For explanations,
see the legend to Fig. 4.

grown at 20°C was appreciably higher than in the cul-
ture grown at 37°C (Fig. 4b). In al cases, the concen-
tration of oxidized extracellular glutathione (GSSG,)
was an order of magnitude higher than its concentration
in the cells (Fig. 5). Accordingly, the GSH,/GSSG,,
ratio was very low (from 11 to 19) and did not appre-
ciably depend on the cultivation temperature.

It should be noted that the observed changes in the
extracellular concentration of GSH in the E. coli cul-
ture exposed to cold stress probably represent a com-
mon and universal response of E. coli to various kinds
of stresses. Earlier, we reported an increase in the level
of extracellular low-molecular-weight thiols in
response to starvation, hypoosmotic shock, acidifica-
tion of the cytoplasm, and in the presence of antibiotics
inhibiting protein synthesis[14, 15].

The exposure of E. coli to cold shock induces the
synthesis of new proteins, some of which are specificto
this type of stress[2, 16]. In this case, the temperature
shift from 37 to 10°C resulted in that E. coli cells could
not grow over a period of 4 h [2]. In the present study,
the cultivation temperature was decreased from 37 to
20°C. After this mildly stressful change, the wild type
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E. cali cells continued to grow, albeit at a rate about
three times lower than that observed at 37°C. It should
be noted that such temperature shiftsare common in the
life cycle of enterobacteria.

The results obtained in the present study indicate
that the response of aerobically grown E. coli céells to
cold shock induced by ashift in cultivation temperature
from 37 to 20°C within 10 min is basically the same as
the response to oxidative stress. Theincreasein the sen-
sitivity of cellsthat are deficient in two superoxide dis-
mutases, Mn-SOD and Fe-SOD, and in the degree of
expression of the sodA gene, which encodes Mn-SOD
in response to cold shock, suggests that it enhances the
intracellular level of superoxide anion rather than of
H,O,. This inference is indirectly confirmed by the
decrease in the intracellular concentration of GSH and
in the GSH/GSSG ratio in the cells grown at 20°C. As
shown previously, the exposure of the aerobically
grown E. coli cellsto menadione (a generator of super-
oxideanions), but not to H,0,, leadsto adecreasein the
intracellular level of total glutathione and in the
GSH;/GSSG;, ratio [17].

Thus, the data presented show that the long-term
cultivation of E. coli at 20°C is accompanied by meta-
bolic changes that are also typical of oxidative stress.
However, the role of particular antioxidant systems in
the cell response to these stresses remains unclear.

One of the reasons for this phenomenon may be the
change in the concentration of dissolved oxygen in aer-
obic E. coli culture, which is induced by the tempera-
ture shift from 37 to 19-22°C. Due to a decreased
growth rate at low cultivation temperatures, the rate of
oxygen consumption diminishes, while the rate of oxy-
gen that dissolves in the colder cultivation medium
increases. As aresult, the steady state concentration of
dissolved oxygen in the cultivation medium rises[18].

Another reason for the similarity of cell responsesto
oxidative and cold stresses may be the enhanced pro-
duction of active oxygen species in the respiratory
chain, since there is evidence that lowering the cultiva
tion temperature from 35 to 20°C substantially aters
the properties of bacterial membranes [19]. Further-
more, the membrane components of the respiratory
chain can produce active oxygen species in the aerobi-
cally grown E. cali [20]. The nature of these factorsis
such that they may act concurrently.
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