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ABSTRACT 

Thiols play very important role in the intracel-
lular redox homeostasis. Imbalance in the redox 
status leads to changes in the intracellular me-
tabolism including respiration. Thiol stress, a 
reductive type of stress can also cause redox 
imbalance. When Gram-positive bacterium Strep- 
tomyces coelicolor was exposed to thiol stress, 
catalaseA was induced. Induction of catalaseA 
is the consequence of elevation of ROS (reac-
tive oxygen species). The two major sources of 
reactive oxygen species are Fenton reaction 
and slippage of electrons from electron trans-
port chain during respiration. Hence, the effect 
of thiol stress was checked on the rate of oxi-
dative phosphorylation in S. coelicolor. We 
found correlation in the increase of oxidative 
phosphorylation rate and the generation of ROS, 
subsequently leading to induction of catalase. It 
was observed that thiol stress does not affect 
the functionality of the individual complexes of 
the ETC, but still there was an increase in the 
overall respiration, which may lead to genera-
tion of more ROS leading to induction of cata-
lase. 
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1. INTRODUCTION 

According to endosymbiont hypothesis mitochondria 
evolved from the primitive aerobic bacteria [1]. Similar 
to mitochondria, bacteria have their electron transport 
chain located on the inner membrane. There is a lot of 
flexibility in bacterial electron transport and it varies 
amongst different bacteria and also shows changes in 
response to growth conditions. Unlike mitochondria, 
bacteria generally possess a branched electron transport 
chain with features, which equip bacteria for successful 

adaptation to changes in the environment [2,3]. Based on 
the physiology and environment of the bacteria, many 
organic and inorganic molecules such as nitrate and fu-
marate, can act as terminal electron acceptors instead of 
oxygen, thus facilitating anaerobic growth [4,5]. The 
efficiency of oxidative phosphorylation is higher in in-
tact mitochondria as compared to that of bacteria. Hence, 
overall bacterial oxidative phosphorylation rate is lower 
than that of intact mitochondria in oxidizing the identical 
substrates [6,7]. 

In both prokaryotes and eukaryotes respiratory chain 
is the major source of reactive oxygen species (ROS) 
under normal conditions. When E. coli grows exponen-
tially in glucose medium, respiratory chain accounts 
for as much as 87% of the total H2O2 production [8]. 
This is mainly due to the leakage of electrons at the 
NADH dehydrogenase and ubiquinone sites [9,10]. 
When E. coli respiratory vesicles are incubated in vitro 
with reductive substrates and oxygen, normal electron 
transport is accompanied by the generation of O2

-
 and 

H2O2 [11]. 
Many studies were carried out to check the effects of 

oxidizing agents on the respiratory rate of bacteria. In 
Pseudomonas aeruginosa, exposure to H2O2 activated 
the expression of cyoABCD operon which is a key com-
ponent of aerobic respiration, by more than 10-fold 
along with oxidative stress response genes such as cata-
lase katB, alkyl hydroperoxide reductase ahpF, and the 
thioredoxin reductase II operon [12]. In contrast, there 
are very few reports on the effects of reductive stress on 
bacteria. In our earlier studies, with the objective of 
probing into the effects of reductive stress in bacteria, 
we chose to expose Streptomyces coelicolor, a Gram 
positive aerobe to dithiothreitol (DTT). CatalaseA was 
found to be induced as a consequence of exposure to 
DTT, which was associated with elevated thiol to disul-
phide ratio. Although DTT is a very strong reducing 
agent generally used to reduce proteins, it can induce 
H2O2 production in the presence of O2 and transition 
metal ions [13] through Fenton reaction [14,15]. 
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In the present work we studied the effect of DTT 
stress on oxidative phosphorylation, its correlation with 
ROS generation and subsequently catalaseA induction in 
the bacterium Streptomyces coelicolor. Further, the ele-
vated ROS levels observed under DTT stress with cata-
laseA deficient mutant of S. coelicolor elucidate the sig-
nificance of catalaseA induction in wildtype S. coeli-
color under DTT stress. 

2. MATERIAL AND METHODS 

2.1. DTT Treatment and Cell Isolation 

S. coelicolor A(3)2 cultures were grown to log phase 
in YEME media at 30°C [9] and exposed to 10 mM DTT. 
After two hours of DTT stress, 10 ml of cells were cen-
trifuged and resuspended in 5 ml of respiration medium 
(225 mM sucrose, 20 mM KCl, 10 mM MOPS pH 7.4, 5 
mM potassium phosphate buffer pH 7.4, 0.2 mM EDTA 
and. 0.1 mg BSA/ml) and kept in ice till the assay was 
performed. 

2.2. Oxidative Phosphorylation 

Measurements of oxidative phosphorylation were car-
ried out at 30°C using Clark-type oxygen electrode [16]. 
After introducing 180 l log phase culture of S. coeli-
color in 1.6 ml of respiratory medium (0.3 M mannitol, 
20 mM KCI, 0.2 mM EDTA, 5.0 mM potassium phos-
phate buffer and 10 mM Tris/HCI pH7.4) in the electrode 
chamber, respiration was induced by the addition of spe-
cific substrate/s. Final concentrations of the substrates 
used were: 10 mM glutamate, 10 mM pyruvate + 1 mM 
malate, 10 mM succinate and 10 mM ascorbate + 0.1 
mM TMPD. Measurements with the latter two substrates 
were performed in the presence of 1 μM rotenone. State 3 
respiration rates initiated by the addition of 80-200 n 
moles of ADP and state 4 rates ensuing after the depletion 
of added ADP were recorded. The ADP/O ratio was cal-
culated as n moles of ADP added, divided by n moles of 
O2 consumed while phosphorylating the added ADP. 
State 3 and state 4 respirations were calculated as n moles 
O2 consumed/ min/mg protein, in the presence and ab-
sence of ADP respectively. Respiration control ratio is 
given by state 3/state 4 respiration and ADP phosphoryla-
tion rate is determined by n moles of ATP formed/min/mg 
protein [16]. 

2.3. Generation of CatalaseA Mutants 

CatalaseA mutants were generated by ethyl methane 
sulphonate (EMS) mutagenesis [17]. Freshly isolated S. 
coelicolor spores were treated with 2 % v/v EMS in 0.1 
M potassium phosphate buffer, pH 7.0 for 30 minutes to 
obtain 90% mutagenesis frequency. The reaction was 

terminated by equal volume of 0.2 M sodium thiosulfate. 
Mutagenized spores were plated on SMA plates and al-
lowed to grow for three days. Fully grown cells were 
screened for catalase deficient mutants by looking for 
absence of bubbling followed by H2O2 overlaying. 
Catalase deficient mutant colony was identified with 
very slow bubbling rate and was further confirmed with 
measurement of catalase activity. Although, the catalase 
activity in the catalaseA deficient mutant (isolated above) 
was reduced extensively, its growth was unaffected un-
der normal conditions. 

2.4. Catalase Assay 

For enzyme activity assays, S. coelicolor lysates were 
prepared as described above. Catalase activity was as-
sayed by monitoring depletion of H2O2 at 240 nm every 
10 seconds [18]. One ml of 10 mM H2O2 solution in 50 
mM potassium phosphate buffer, pH 7.0 was used as 
assay solution and 5-50 μl of cell extract supernatant 
was added. Catalase specific activity was expressed as 
μmoles of H2O2 degraded per min per mg protein. 

2.5. Detection of CatalaseA mRNA by RT-PCR 

After two hours of exposure of log phase grown cul-
ture of S. coelicolor with DTT, it was pelleted and RNA 
was isolated with trizole reagent (sigma) followed by 
DNase treatment. First strand cDNA synthesis was per-
formed with ‘First strand cDNA synthesis kit for RT- 
qPCR’ from Fermentas using random primers. PCR am-
plification of catalaseA gene was carried out with for-
ward primer 5’CTG GGA TCC GGT CGG GAAC3’ and 
reverse primer 5’GGT GGA TCC GGT AGT TCT 
CCG3’ PCR product was run on 1.5% agarose gel and 
analysed by densitometry using ‘Image J’ software. 

2.6. Measurement of Hydrogen Peroxide 
Formation 

H2O2 formation was monitored from the conversion of 
2’,7’-dichlorofluorescin diacetate to 2’,7’-dichlorofluo-
rescein [19]. Five ml of mid log phase S. coelicolor cells 
were centrifuged and resuspended in one ml of 100 mM 
potassium phosphate buffer, pH 7.2 and incubated with 
10 pM dichlorofluorescin diacetate for 30 min at 30°C. 
After loading with dichlorofluorescin diacetate, the cells 
were washed twice in the same buffer and resuspended 
in potassium phosphate buffer. The cells were sonicated 
and centrifuged at 10000 g for 10 min to release the cy-
tosolic dye and to remove the debris. Conversion of non-
fluorescent dichlorofluorescin diacetate to highly fluo-
rescent dichlorofluorescein was monitored with a Hi-
tachi F-7000 fluorescence spectrophotometer, using ex-
citation and emission wavelengths of 490 and 520 nm 
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respectively. 

3. RESULTS 

3.1. Effect of DTT on S. coelicolor Respiration 

From Table 1 it is evident that the respiratory rate of S. 
coelicolor in the presence of substrates for the respira-
tory complexes I, II and III was lower than the respira-
tory rate reported for mitochondria [1]. Oxygen uptake 
signal in bacteria was in compliance with that of the mi-
tochondria, but the ADP/O ratio was found to be slightly 
lower in the presence of all the four substrates. Since S. 
coelicolor is an obligate aerobe it showed induced respi-
ration with ADP (state 3 respiration) as compared to 
without ADP (state 4 respiration) similar to the case with 
mitochondria. The proposed ADP/O ratio establishes the 
value for S. coelicolor and the validity of the assay with 
bacterial system. 

State 3 and state 4 phosphorylation rates were in-
creased in the presence of DTT (Table 1). These obser-
vations suggest two possibilities. First, the functionality 
of the respiratory complexes must have gone up under 
DTT stress. Second, in order to combat the reducing 
environment created by DTT, S. coelicolor must have 
induced the expression of respiratory complexes. Further, 
there are no significant changes in the ADP/O ratio and 
the respiratory control ratio (RCR) as seen in Table 1, 
indicating that the functionality of the respiratory com-
plexes remains unaltered in the presence of DTT, ruling 
out the first possibility. Increased ADP phosphorylation 
rate in the presence of DTT, therefore suggests the sec-
ond alternative as the most likely possibility as bacterial 
systems are more flexible and responsive to external 
cues [20]. 

3.2. Effect of DTT on CatalaseA Expression 
and Activity 

In wild type S. coelicolor catalase activity was ele-
vated to ~80 fold in the presence of DTT, where as 
mutant fails to induce it (Figure 1(a)). CatalaseA in-
duction was further checked at the mRNA level by 
reverse transcriptase-PCR. Under DTT stress catA 
transcript levels showed an increase compared to WT 
control, which implies that catalase induction is at 
transcription level (Figure 1(b)). In catA mutant there 
was diminished expression of catA transcript account-
ing for lack of induction of catalaseA in response to 
DTT suggesting that the mutation has occurred in the 
catA gene itself and probably in the promoter region 
since it affects the expression rather than activity. The 
catA mutant shows diminished growth under DTT 
stress (results not shown). 

3.3. Effect of DTT on S. coelicolor and 
Generation of H2O2 

DTT is known to induce catalaseA in S. coelicolor [14]. 
H2O2 generated in the presence of DTT due to Fenton 
reaction as well as increased respiratory rate, appeared to 
induce catalaseA in S. coelicolor. Hence, H2O2 formation 
was examined for both S. coelicolor wildtype (WT) and 
catalaseA mutant of S. coelicolor in the presence of DTT 
using 2’, 7’dichlorofluorescene diacetate (Figure 2). It 
was observed that there was no change in the H2O2 pro-
duction in S. coelicolor WT, since the induced levels of 
catalaseA compensate for the increased respiratory rate. In 
contrast catalaseA mutant showed significant increase in 
H2O2 production in response to DTT. Hence, it can be 
concluded that DTT induces ROS generation through 
augmented respiratory rate. 

 
Table 1. Effect of DTT on oxidative phosphorylationa rate in S. coelicolor using glutamate, pyruvate + malate, succinate and ascor-
bate + TMPD as the substrate. 

Respiration rate 
(n mole O2/min/mg protein) 

Substrate Treatment ADP/O ratio 

+ ADP (State 3) -ADP (state 4) 

Respiratory Con-
trol Ratio (RCR) 

ADP phosphory-
lation rate (n mole 
ATP formed/min/ 

mg protein) 

Glutamate 
Control 

10 mM DTT 
2.36 ± 0.15 
2.62 ± 0.11 

178.5 ± 17.5 
249.6 ± 18.9* 

141.8 ± 15.7 
221.6 ± 19.9** 

1.344 ± 0.072 
1.213 ± 0.033 

1081 ± 94.98 
1475 ± 134.7* 

Pyruvate + Malate 
Control 

10 mM DTT 
2.49 ± 0.14 

3.04 ± 0.19* 
210.0 ± 15.4 
221.6 ± 25.8 

156.5 ± 11.2 
155.4 ± 15.6 

1.567 ± 0.093 
1.472 ± 0.061 

1015 ± 127.9 
1264 ± 197.8 

Succinate 
Control 

10 mM DTT 
1.75 ± 0.082 
1.67 ± 0.127 

196.9 ± 14.1 
278.2 ± 16.8** 

170.1 ± 10.1 
238.5 ± 13.4*** 

1.226 ± 0.035 
1.190 ± 0.037 

668.2 ± 38.31 
904.0 ± 79.32** 

Ascorbate + 
TMPD 

Control 
10 mM DTT 

0.392 ± 0.032 
0.387 ± 0.010 

181.5 ± 12.0 
265.5 ± 8.7*** 

149.6 ± 6.57 
235.6 ± 15.4*** 

1.274 ± 0.050 
1.118 ± 0.040* 

140.6 ± 12.7 
206.2 ± 9.8** 

aRespiratory rate of log phase grown S. coelicolor control and 10mM DTT treated cultures were measured using Clark type oxygen electrode in the presence 
and absence of ADP. Based on that ADP/O, RCR and ADP phosphorylation rate were calculated. Values are means of eight to twelve independent experiments 
± SEMs. *p < 0.05; **p < 0.01; ***p < 0.001.   
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(a) 

 
(b) 

Figure 1. Effect of DTT on catalase activity or catalaseA ex-
pression in WT and catA mutant of S. coelicolor. Log phase 
grown cultures of WT and mutant were treated with 10mM 
DTT (Cross bars) as compare to control(dots) and looked for (a) 
total catalase activity. (b) catalaseA mRNA expression by 
RT-PCR. Values are expressed as means of three independent 
experiments ± SEMs. Due to large variation in the values Y 
axis is represented in the log scale. 
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Figure 2. Effect of DTT on ROS generation in WT and catA 
mutant of S. coelicolor. Cross lined and dotted bars indicate 
ROS levels in WT and catalaseA mutant respectively. Values 
are expressed as means of six independent experiments ± 
SEMs. 

4. DISCUSSION 

In order to carry out all the metabolic processes 
smoothly, it is very important to maintain the intracellu-
lar environment in the reducing state. However, there are 
some reactions which rely on oxidizing conditions. For 
example, disulfide bond formation which occurs in en-
doplasmic reticulum in case of eukaryotes and periplasm 
in gram negative bacteria. When reducing conditions 
prevail to the extreme, they may lead to disturbances in 
the metabolism. For instance under anaerobic conditions, 
accumulation of reducing equivalents like NADH, GSH 

are known to cause reductive stress leading to UPR (un-
folded protein response). Similar effects can be triggered 
by reducing thiol containing compounds like homocys-
teine, glutathione and DTT [21-23]. It was reported ear-
lier that exogenous homocysteine treatment leads to tox-
icity in eukaryotic systems [24-26]. The above reports 
are in consent with the observations made by us with S. 
coelicolor in the present study. 

Bacteria are versatile and can adapt to extremes of 
adverse conditions. They, therefore, contain regulatory 
mechanisms to overcome reductive stress. CatalaseA is 
found to be induced to a very high level in the presence 
of DTT stress [14]. Looking at the role of catalaseA, 
earlier studies in E. coli showed that exposure to NADH, 
reduced flavins or cysteine exaggerate DNA damage 
through involvement of the Fenton reaction [27,28,29]. 
In the presence of metals and oxygen, DTT induces free 
radicals and causes damage to proteins, lipids and DNA 
[30]. In addition to Fenton reaction, our results show 
elevated respiration in the presence of DTT cause ROS 
generation. Reducing environment may lead to reduction 
of oxygen causing partial hypoxia. In order to compen-
sate for hypoxic stress, there seems to be a rise in the 
respiratory units on the inner membrane, subsequently 
leading to increased ADP phosphorylation. 

Thiol stress increases rate of oxidative phosphoryla-
tion in S. coelicolor. In other words, proportionate in-
crease in the state 3 and state 4 respirations in the pres-
ence of DTT signifies augmentation of the overall respi-
ration rate. No detectable changes in the ADP/O ratio 
and the respiratory control ratio (RCR) establish that 
there is no uncoupling of oxidative phosphorylation in 
the presence of DTT. The overall ADP phosphorylation 
rate is increased with all the four substrates elevating 
ATP synthesis. Respiratory induction leads to elevated 
levels of ROS. If ROS levels are not kept in check they 
will affect the growth of the organism as in the case of 
catalaseA mutant under DTT stress. 

In conclusion, the present studies demonstrate that as 
in oxidative stress, CatalaseA plays a significant role in 
reductive stress too. But the mechanism and cause in-
volved in the regulation appear to be different from 
those in the case of oxidative stress. Thus, the two chief 
effects of increased respiration and ROS generation due 
to Fenton reaction, act cumulatively to induce catalaseA 
under reductive stress. 
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