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Abstract The recombinant bioluminescent Escherichia coli
strains, DPD2511 and TV1061 containing the katG and grpE
promoters, respectively, from Vibrio fischeri fused to luxCDABE,
were used to detect the adaptive and repair responses to
oxidative damage caused by hydrogen peroxide (H,0,), and
protein damage due to phenol. The response ratio, represented
as the bioluminescence induced in subsequent inductions of
DPD2511 and TV1061 with the mother cells previously
induced by each chemical, i.e., H,O, and phenol during the
previous induction stage, decreased suddenly compared with
the ratio of the control culture of each strain, meaning there is
a possible adaptive response to stress caused by chemicals.
Protein damage due to phenol was completely repaired by the
second culturing after the initial induction, as was oxidative
damage caused by H,0O,, which was also rapidly repaired, as
detected by the recovery of bioluminescence level. This result
suggests that E. coli promptly adapt and repair oxidative and
protein damage by H,O, and phenol completely.
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Living cells show a rapid cellular response when they are
exposed to adverse environmental conditions. This ubiquitous
phenomenon is commonly designated as a stress response,
and it can be considered as a general cellular reaction
to metabolic disturbances [14, 16]. Every organism has
elaborate mechanisms to cope with various types of stresses
induced by toxic chemicals inside the cell [4, 6, 10].
Exposure of Escherichia coli to mutagens that damage
DNA or interfere with DNA replication results in the induction
of a diverse set of physiological responses, termed the
SOS response, controlled under the SOS regulon [20]. In
addition, the OxyR regulon controls expression of many
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proteins, such as catalase, alkyl hydroperoxide reductase,
and glutathione, to reduce and repair cellular components
damaged by oxidative stress [6], and the heat-shock
regulon responds to molecular events such as protein
damage, operating upon a shift in temperature or chemical
exposure [16]. Therefore, the responses of each regulon to
these stresses mean there is an adaptive response to each
stress and it could be used to study and evaluate the
effectiveness of each regulon system. In this study, a
recombinant bioluminescent Escherichia coli, DPD2511
with the katG promoter fused to luxCDABE originated
from Vibrio fischeri 1,9, 15] and TV1061 with the grpE
promoter fused to luxCDABE [5, 15, 21], were used to
observe adaptive responses for oxidative damage and
protein damage, respectively, after the cellular components
were damaged by two different toxic chemicals, namely,
an oxidative damaging agent [hydrogen peroxide (H,0,)],
and a protein damaging agent (phenol).

MATERIALS AND METHODS

Stain, Growth, and Media

The recombinant bacterial strains E. coli DPD2511 and
TV1061, containing a katG: : luxCDABE and grpE::luxCDABE
fusion, respectively, were used in this study [1, 5,9, 15,
21]. Cells were grown in Luria-Bertani (LB) medium (Difco-
BRL, Gaithersburg, MD, U.S.A.) containing 25 mg/l of
kanamycin monosulfate (Sigma Co., St. Louis, MO,
U.S.A.) adjusted at pH 7.0, 30°C, with shaking at 250 rpm.
A flask containing 100 ml of sterile medium was inoculated
with 2 ml of inoculum overnight. When the optical density
at 600 nm (OD,) reached 0.08, chemicals were added to
the culture media [2, 3]. The bioluminescence (arbitrary
units, AU) emitted was monitored using a highly sensitive
luminometer (Model 20e, Turner Design, CA, U.S.A.) and
the cell growth was measured by UV/Vis spectrophotometer

(Perkin Elmer Co., U.S.A.) at 600 nm. All bioluminescence
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(BL) values were represented by specific bioluminescence
(SBL), defined as the volumetric light emission (arbitrary
unit, AU) divided by the optical density of the cell
suspension (OD,,,). The maximum relative SBL ratio here
is defined as the ratio of the SBL of the induced cells
divided by SBL of the uninduced cells.

Adaptation of E. coli to Oxidative and Protein Damage
Through a Serial Passage of the Induced Cells

When OD, of the cell suspension (100 ml) reached 0.8 by
induction with 100 ppb (mg/1) of H,0O, for DPD2511, and
400 ppm of phenol for TV1061 (Sigma Co.), the cell
suspension was harvested by centrifugation (Hanil Co.,
Inchon, Korea) for 30 min at 2,600 xg and 4°C to remove
the chemicals. The concentration of each chemical used in
this study was confirmed to be sub-lethal, i.e., without
growth inhibition based upon a previous study [10, 19].
The supernatant was discarded and the pellet was
resuspended in 100 m} of LB medium. A new flask with
100 ml of LB medium was inoculated with 2 ml of the
resulting suspension. When the optical density reached
0.08, the same chemical at the same concentration was

g

WG

Fig. 1. Experimental scheme to test adaptive and repair responses
by oxidative and protein damage.

“C” is the control, i.e., uninduced strain, and “I” is the induced strain.
DPD2511 and TV1061 were exposed to H,0, and phenol, respectively. In
order to determine how much time is required to recover their original
sensitivity after one induction, it was tested to the seventh stage.

added to the culture media again for the second passage.
When the OD,, of the cells reached 0.8, the procedure was
repeated for the second time. Experiments to determine the
adaptive and repair responses that occur after DNA
damage were conducted with a serial dilution protocol, i.e.,
the induced cells from the first passage were transferred to
two separate flasks, one for a control and the other for the
second induction in the next passage. In other words, the
induction by the same concentration of the chemical was
performed in the second flask at each stage. Using the
control cells as the seed for the next passage allowed us to
monitor the adaptation of the cells after oxidative and
protein damage by the induction of the exposed culture
to that of the control. This procedure was repeated for a
total of seven times as shown in Fig. 1. During all of these
experiments, the bioluminescence was monitored and
recorded. All bioluminescence (BL) values are presented
as the specific bioluminescence (SBL), defined as light
emission (arbitrary unit, AU), divided by the optical density
of the cell suspension (OD,,). The relative SBL (RSBL)
ratio is defined as the ratio of the maximum SBL of the
challenged (or ‘induced’) cells divided by maximum SBL
of the ‘uninduced’ cells. The percentage of indycibility at
each passage was used to explain the adaptive responses of
the cells to the DNA damage caused by each chemical
tested in this study, and is defined as the ratio of the RSBL
of the initially exposed culture to those at each passage.

Error Analysis

All the experiments were performed in triplicate for
statistical analysis. Three data points were used to calculate
standard deviation for the etror bars.

RESULTS AND DISCUSSION

In this study, some adaptive responses to the oxidative and
protein stresses caused by two different toxic chemicals,
H,O, and phenol, were studied and compared using two
recombinant E. coli strains, DPD2511 and TV1061, with
the katG and grpE promoters fused with the luxCDABE
operon, respectively.

H,O,, at a concentration of 100 ppb that was previously
observed to be sub-lethal [10, 19], was used to analyze the
adaptive responses for oxidative damage in DPD2511. The
experiments to determine the adaptive and repair responses
that occur after oxidative damage were conducted using
serial culture passages, i.e., the induced cells from the first
passage were transferred to two separate flasks, one for
using as a control and the other for the second induction
with the same chemical at the same concentration (Fig. 1).
The results are shown in Fig. 2. When subcultured from the
originally induced flask, it was found that the inducibility
of the cells to H,O, in the second passage was 43%,
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Fig. 2. Inducibility comparing relative specific biloluminescence
(RSBL) of the initially induced cell, using the RSBL values from
the induced cell at each passage that were exposed to H,0, and
phenol and were then serially subcultured and further induced.

@ is the response of DPD2511 with 100 ppb H,0,; O is the response of
TV1061 with 400 ppb phenol.

indicating that the recombinant E. coli had adapted and
was resistant to further insults by H,O, (Fig. 2). This result
was consistant with that of the adaptive response for
protein damage within TV1061 caused by phenol. When
subcultured from the originally induced flask, it was
shown that the inducibility of the TV1061 to 400 ppb
phenol in the second passage was 46%, and it is also
indicative of the fact that the recombinant E. coli had
adapted and was resistant to further exposure to phenol
(Fig. 2).

In a previous study, when the recombinant E. coli strain
DPD2794 with the recA promoter fused to the luxCDABE
was exposed to mitomycin C (MMC), the inducibility was
approximately half the original percentage for the third to
fifth passages and then began to increase again from
the sixth [17]. The bioluminescence ratio of DPD2794
recovered to a normal response ratio by the seventh
passage, showing that the induced cells could recover their
sensitivity [17]. However, DPD2511 and TV1061 showed
different patterns of adaptation when compared with that
of DPD2794. It was found that this adaptation due to H,0O,
and phenol addition was lost if the cells were not induced
in the stage just prior to those additions, indicating that the
-damage caused by these two chemicals is promptly repaired
and that the proteins produced to repair the damage may be
turned over more quickly than when the cells are damaged
by MMC.

Adaptive and repair responses brought on by oxidative
stress caused by hydrogen peroxide include the OxyR-
dependent regulation of numerous genes [6]. Reactive
oxygen species (ROS) cause oxidative stress in bacteria,
-and to adapt and repair the oxidative damage by oxidative
stress, bacteria produce several proteins including catalase,
alkyl hydroperoxide reductase, and glutathione, which have

been shown to be under the control of a transcriptional
activator, OxyR [6, 8]. In addition, adaptive and repair
responses for protein damage caused by phenol are
controlled by the heat-shock regulon [16]. The level of
heat-shock proteins needed to respond to protein damage
depends on the amount of ¢* produced. The major heat-
shock proteins, DnaK, Dnal, and GrpE, bind to 6” under
protein-damaging conditions and then act as a chaperone
to adapt and repair protein damage [16]. Therefore, E. coli
is capable of rapidly adapting to H,0, and phenol-induced
oxidative and protein damage. Along with the results
presented here, it could be suggested that E. coli promptly
adapts and completely repairs the oxidative and protein
damage caused by H,0, and phenol, as compared with
DNA repair by MMC, which takes more time to repair.
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