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ABSTRACT 

Microcin J25 has two targets in sensitive bacteria, the RNA polymerase, and the 

respiratory chain through inhibition of cellular respiration. In this work, the effect of 

microcin J25 in E. coli mutants that lack the terminal oxidases cytochrome bd-I and 

cytochrome bo3 was analyzed. The mutant strains lacking cytochrome bo3 or 

cytochrome bd-I were less sensitive to the peptide. In membranes obtained from the 

strain that only expresses cytochrome bd-I a great ROS overproduction was observed 

in the presence of microcin J25. Nevertheless, the oxygen consumption was less 

inhibited in this strain, probably because the oxygen is partially reduced to superoxide. 

There was no overproduction of ROS in membranes isolated from the mutant strain 

that only express cytochrome bo3 and the inhibition of the cellular respiration was 

similar to the wild type. It is concluded that both cytochromes bd-I and bo3 are affected 

by the peptide. The results establish for the first time a relationship between the 

terminal oxygen reductases and the mechanism of action of microcin J25. 

 

Keywords: MICROCIN J25, RESPIRATORY CHAIN, CYTOCHROME, ROS. 

Abbreviations: MccJ25: Microcin J25; MIC: Minimum inhibitory concentration; RNAP: 

RNA polymerase. GME: glycine methyl ester, EDAC: 1-ethyl-3-[3-(dimethyl amino) 

propyl]-carbodiimide hydrochloride. MTT: (3-(4,5-Dimethylthiazol-2-yl)-2,5-

Diphenyltetrazolium Bromide).  
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1. Introduction 

Microcin J25 (MccJ25) is a class I, low molecular weight microcin (Accession: BAC015) 

[1,2]. Class I microcins are post-translationally modified bacteriocins produced by 

Gram-negative bacteria [3]. MccJ25 has a peculiar structure consisting of a ring of 

eight amino acids (formed by a lactam bond between amino acids 1 and 8) and a C-

terminal tail of 13 amino acids folded upon itself that passes through the ring [4–6]. 

This peptide is naturally produced by the strain AY25 of Escherichia coli. It is active 

against foodborne pathogenic bacteria, such as Shigella spp., E. coli O157:H7 and 

Salmonella spp. [1,7,8]. MccJ25 is recognized by a ferric hydroxamate uptake receptor, 

called FhuA [9,10], which obtains energy from the electrochemical gradient generated 

in the inner membrane. This energy is transduced to FhuA by the protein complex 

TonB-ExbB-ExbD [11]. Once in the periplasm, MccJ25 must pass through the inner 

membrane, and this process involves the SbmA protein [11,12]. Once in the cytoplasm, 

MccJ25 inhibits the RNA polymerase (RNAP) of sensitive bacteria [13]. The peptide 

occludes the RNAP secondary channel, preventing the entry of ribonucleotide 

precursors to the active site of the enzyme [14]. MccJ25 interacts moderately weakly 

with RNAP with an apparent Ki of 20 µM at a saturating NTP concentration [15].  

MccJ25 has a second independent mode of action due to an enhanced production of 

reactive oxygen species (ROS) by a mechanism yet to be determined. The 

overproduction of superoxide is accompanied by inhibition of components of the 

aerobic respiratory chain [16]. The inhibitory effect of MccJ25 on E. coli respiration can 

be readily observed when its receptor, FhuA, is overexpressed, allowing more MccJ25 

to enter the cell [16]. A chemically modified version of MccJ25, called MccJ25-GA, has 

been shown to selectively act on the respiratory chain but not on the RNAP. This 

derivative was obtained by amidating the C-terminal Gly21 carboxyl group with L-glycine 

methyl ester [17]. The modified microcin can be used to selectively examine the effects 

of the antibiotic in the absence of any perturbation to RNAP. 
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The effects of MccJ25 on intact rat heart mitochondria have also been studied [18]. As 

observed with bacteria, MccJ25 increases the production of superoxide which, in turn, 

results in triggering the opening of the mitochondrial transition pore [19], the release of 

cytochrome c [19] and inhibition of enzymes of the respiratory chain [20]. The 

mechanism remains to be worked out but is presumably related to what also occurs in 

E. coli. 

In the current work, the activities of MccJ25 and MccJ25-GA are examined in intact 

cells and in membranes prepared from strains of E. coli that have mutations in one or 

more of the respiratory oxygen reductases present in the organism. E. coli has three 

respiratory oxygen reductases: cytochrome bo3 and two closely related bd 

cytochromes, bd-I and bd-II [21]. These enzymes oxidize quinol in the cytoplasmic 

membrane and reduce O2 to water and each directly contributes to generating the 

proton motive force, which is used in ATP synthesis. Cytochrome bo3 predominates 

under high aeration growth conditions and is part of a large family of heme-copper 

respiratory oxidases with homologs in almost all bacteria as well as in mitochondria 

[22–24]. The bd-type cytochromes are also membrane-bound heme proteins, but lack 

copper and are not phylogenetically related to the heme-copper oxidoreductases. The 

bd-type oxygen reductases are found in a number of bacterial pathogens [25]. 

Cytochrome bd-I from E. coli is expressed under low oxygen tension and was the first 

bd-type oxygen reductase to be biochemically isolated and characterized [22]. One of 

the physiological functions of cytochrome bd is to act as an oxygen scavenger, thereby 

protecting cells from ROS damage, facilitating bacterial colonization of ecological 

niches at low O2 tension [21]. Cytochrome bd-II is closely related to cytochrome bd-I 

and also has a very high affinity for O2, but the two bd-type oxygen reductases are 

expressed under different growth conditions [26,27]. In this work, we demonstrate that 

the effects of MccJ25 on E. coli cells and membranes depend on what oxygen 

respiratory reductases are present. 
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2. Material and methods 

2.1 Strains and plasmids 

Bacterial strains and plasmids used in this work are shown in Table 1. The source or 

reference and the relevant features are highlighted. 

Table 1 Strains and plasmids. 

Strain Genotype Reference 

AB259 HfrHsupQ80 λ. relA1 spoT1 thi-1 CGSC 

C43 F–ompT gal dcmhsdSB(rB
-mB

-)(DE3) [28] 

C43 Δbd-I C43 (DE3) cydABX 
Myat Lin and R.B. 
Gennis 

C43 Δbo3 C43(DE3) cyoABCDE::kan [29] 

CBO C43 (DE3) cydABX, appBCX [30] 

CBDI C43(DE3) cyoABCDE::kan,appBCX, Kmr 
Myat Lin and R.B. 
Gennis 

Salmonella enterica 
serovar Newport 

Clinical isolate FBQF-UNT 

Plasmids Description Reference 

pTUC200 pBR322 mcjABCD+, Apr [31] 

pTUC203-6 
pACYC184 184 mcjBCD+mcjA::Cm, 
CmrKmr 

[32] 

pGC01 pBR322 fhuA+, Apr [33] 

 
CGSC, Escherichia coli Genetics Stock Center; Kmr, kanamycin resistant; Apr, 

ampicillin resistant; Cmr, chloramphenicol resistant; FBQF-UNT, Facultad de 

Bioquimica, Quimica y Farmacia, Universidad Nacional de Tucuman.  

The presence of the fhuA and sbmA mutations was verified by the resistance to colicin 

M (fhuA), bacteriophage T5 (fhuA) and microcin B17 (sbmA) [34–36]. 

2.2 Culture media and reagents 
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Bacterial strains were cultured in LB or M9 (Sigma-Aldrich, USA) [37]. The M9 minimal 

medium was supplemented with 0.2 % D-glucose, 0.2 % casein enzymatic hydrolyzate 

(Sigma-Aldrich, USA), vitamin B1 (1 µg/ml) and MgSO4 (1 mM) after autoclaving. 

Thiamine (vitamin B1) was sterilized by filtration. To prepare solid media, 1.5% (w/v) 

agar (Sigma-Aldrich) was added. 

2.3 MccJ25 and MccJ25-GA purification 

MccJ25 was purified according to the procedure described by Blond et al [38]. Cultures 

from MccJ25 producing strain were grown in Erlenmeyer flasks containing 1 liter of 

supplemented M9 medium. After 36 hours, the cultures were centrifuged at 6,000 x g 

for 10 minutes. The cell-free filtrates were passed through preparative C8 cartridges 

(Phenomenex), and MccJ25 was eluted with increasing concentrations of methanol. 

Then, a semi-preparative reverse phase HPLC (Waters μBondapackTM C18 – 10 μm) 

was performed using water-0.1% TFA and acetonitrile-0.1% TFA as solvents A and B, 

respectively. The activity of eluted fractions was determined using the MccJ25 sensitive 

strain S. Newport.  

The amidation of the MccJ25 carboxyl group was carried out according to a 

modification of the previously described procedure [17,39]. To separate the modified 

MccJ25-GA from the native peptide, an anion exchange chromatography (FPLC - 

Pharmacia Biotech) was performed using a Protein-Pak™ DEAE 8HR (Waters AP-1) 

column. A linear gradient between 0 and 0.5 M NaCl was performed in 10 mM HEPES 

buffer pH 8. MccJ25-GA has no negative charge upon amidation of the C-terminal 

carboxyl group. Hence, it can be eluted in the void volume, while native MccJ25 

interacts with the column and is retained. The peptides identities were confirmed by 

mass spectrometry (Additional Figure 1).  

2.4 Determination of peptide concentration 
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In order to prepare stock solutions, the lyophilized peptides were dissolved in 

methanol. The concentration of the stock solution was spectrophotometrically 

determined at 278 nm (Beckman DU7500) using a molar extinction coefficient (of 

3340 cm-1 M-1 [40].  

2.5 Minimal inhibitory concentration test 

The sensitivity of the different strains to MccJ25 and MccJ25-GA was determined by a 

modified critical dilution method [41]. A 0.5 mM solution of either MccJ25 or MccJ25-

GA was successively diluted with 0.1% Tween 80. Then, 10 µl of each dilution was 

spotted onto an M9 agar plate. The plate was then overlaid with 4 mL soft agar (0.6%), 

inoculated with approximately 107 cells of the test strain. After overnight incubation at 

37°C, the plate was examined for growth inhibition. The MIC was taken as the 

concentration of peptide present in the last dilution capable of producing a halo of 

inhibition. 

2.6 Viability assay 

Strains were transformed with pGC01. Then, exponentially growing cultures were 

exposed to 20 μM MccJ25 or methanol (control) for 30 minutes and aliquots were 

successively diluted in M9.One hundred microliters of each dilution were spread on LB 

plates with ampicillin. The CFU/ml were counted after overnight incubation. 

2.7 Isolation of bacterial membranes 

Bacterial membranes were obtained as previously described by Evans [42]. Cells were 

grown in LB medium (OD600nm 0.8), harvested by centrifugation (6,000 x g, 4 °C 10 min) 

and resuspended in 20 mM Tris-HCl, 1 mM MgCl2 pH 7.5 (buffer T). Afterward, they 

were broken by passage through a French press (Thermo French Press). Cell debris 

was separated by centrifugation (6,000 x g, 4 °C, 10 min). The bacterial membranes 

were obtained by ultracentrifugation at 76,000 x g (Beckman Coulter - USA) for 60 
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minutes at 4°C. Finally, the protein concentration was determined by the Lowry method 

[43] and fractions were stored at -70 °C until use. 

2.8 Oxygen consumption 

The average rate of cell respiration was measured at 37°C with constant stirring with a 

Clark Type polarographic oxygen electrode (Oroboros oxygraph-2k). Bacterial cultures 

were grown in LB to an OD600nm of 0.8, harvested by centrifugation at 6,000 x g for 10 

min and washed twice with M9 medium. The cells were resuspended to an OD600nm of 

0.2 in LB. The cultures were preincubated with MccJ25 and MccJ25-GA (20 μM) during 

30 minutes at 37 °C. Glycerol [0.2 % (w/v)] was used as carbon source. 

2.9 Determination of NADH dehydrogenase and oxidase activities 

NADH dehydrogenase and oxidase activities were determined as previously described 

[44]. The reaction mixture containing the membrane extract (10 μg/ml protein), MTT (50 

mg/ml) and MccJ25 (20 µM) was preincubated for 10 minutes at 37 °C. A control 

without peptide was included. The substrate (0.5 mM NADH) was added and MTT 

reduction was followed at 570 nm in the presence of 6 mM KCN. For NADH oxidase 

activity, the NADH consumption was measured at 340 nm without MTT and KCN. The 

polarographic determination of E. coli C43 membranes NADH oxidase activity was 

carried out using a Clark type electrode to measure oxygen concentration. The reaction 

mixture in 50 mM sodium phosphate buffer pH 7.4 containing the membrane extract 

(10 μg/ml protein) and MccJ25 (or the same volume of methanol for control) at a final 

concentration of 20 μM was preincubated for 10 minutes in the cell of the oxygraph 

under magnetic stirring at 37 °C (Oroboros oxygraph-2k). The volume of methanol was 

never greater than 0.7% of the total volume of the reaction. The cell was capped and 

the reaction started with the addition of 10 mM NADH. When necessary, 150 IU Mn-

SOD, 425 IU bovine liver catalase or 6 mM KCN were added. 

2.10 Measurement of ROS 
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The fluorescent probe 2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA, Molecular 

Probes-Invitrogen) was used for measuring ROS production. The diacetate groups 

were eliminated by treatment with 0.01 N NaOH for 30 minutes at room temperature. 

The resulting DCFH was neutralized with 25 mM NaH2PO4 (pH 7.4) and stored on ice. 

Purified cell membranes (0.1 mg/ml) were mixed with 3 mM DCFH and 20 µM MccJ25. 

The reaction was initiated by adding 10 mM sodium succinate or 100 µM reduced 

quinone as substrate. The assay was conducted in the absence and presence of 

superoxide dismutase (SOD). Fluorescence emission at 37°C was recorded as a 

function of time in a Perkin-Elmer LS-55 Fluorescence Spectrometer. Excitation and 

emission wavelengths were set at 485 nm and 520 nm, respectively [45,46]. 

The reduced quinone (QH2) was prepared from the commercial ubiquinone Q1 (Sigma-

Aldrich, USA) by reduction with sodium borohydride [47]. Ubiquinone Q1 was dissolved 

in 200 μl of anhydrous ethanol to achieve a 10 mM concentration. Then, 100 μl of 1.2 N 

HCl and a few grains (about 5 mg) of NaBH4 were added until a completely colorless 

and reduced solution was obtained. The extraction of QH2 was carried out adding 400 

μl of cyclohexane. The organic phase was transferred quickly to another clean glass 

tube. When the cyclohexane was dried under N2, the QH2 was dissolved in 200 µl of 

anhydrous ethanol. The concentration of reduced quinone was measured 

spectrophotometrically using the Ɛ290 nm = 4 mM-1 cm-1.  

2.11 Effect of ascorbic acid on MccJ25 sensitivity 

The ascorbic acid effect was studied by the antibiotic disk diffusion method [48]. M9 

plates supplemented with 5 mM ascorbic acid were employed and a bacterial lawn was 

prepared as mentioned above. Whatman filter discs containing MccJ25 at different 

concentrations were deposited onto the lawn. The plates were incubated overnight at 

37°C. 

3. RESULTS  
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3.1 Effect of MccJ25 on E. coli cytochrome mutant strains 

To help clarify the requirements for the observed effects of MccJ25 on E. coli, the 

antibiotic was examined with four different C43 mutant strains: 1) a mutant lacking 

cytochrome bd-I; 2) a mutant lacking cytochrome bo3; 3) a mutant lacking both 

cytochrome bo3 and cytochrome bd-II (CBDI); and 4) a mutant lacking both cytochrome 

bd-I and cytochrome bd-II (CBO). 

Figure 1 shows that the MICs for the different strains do not differ significantly (0.24-

0.48 µM, clear halos), except for strain CBO (bd-I/bd-II) which is completely resistant 

to both MccJ25 and MccJ25-GA. This resistance was traced to a mutation in fhuA, 

which encodes FhuA, the ferrichrome-iron receptor of E. coli that also acts as the outer 

membrane receptor/transporter used by MccJ25. FhuA is required for the antibiotic to 

gain entry to the cells to attain sufficient intracellular concentration to be effective [16]. 

This was confirmed by transforming all the strains with the plasmid pGC01, a pBR322 

derivative which overexpresses FhuA [33]. The MIC of the bd-I/bd-II double mutant 

drops from >500 μM to 15 nM when fhuA is overexpressed. For the WT strain, 

overexpression of fhuA also results in a reduction of the MIC from 240 nM to 8 nM 

(Figure 1) and the viability count decreases 3.14 log units (Figure 2). A similar 

reduction of the MIC is not observed in either of the two mutant strains in which 

cytochrome bd-II has not been deleted (strain bo3 and strain bd-I). 

3.2 MIC determination for MccJ25-GA 

MccJ25-GA is an amidated variant of MccJ25 and has lost its ability to interact with the 

E. coli RNAP [17]. As shown in Figure 1, if FhuA is not overproduced, the MIC value is 

≥125 μM for all of the strains including the WT. The primary target of MccJ25 is clearly 

RNAP. In the WT strain, overproduction of FhuA results in lowering the MIC value of 

MccJ25-GA from 125 μM to 3.9 μM. The MIC of the MccJ25-GA for strains that can 

only produce cytochrome bo3 (bd-I/bd-II) or can only express cytochrome bd-I 
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(bo3/bd-II) suggest that the MccJ25-GA affect the respiratory chain equally well 

when either cytochrome bo3 or cytochrome bd-I is the sole oxygen reductase present. 

The most dramatic result observed is that the MIC is >500 μM even when fhuA is 

overexpressed in the strain from which the operon encoding cytochrome bo3 has been 

deleted. Sensitivity to MccJ25-GA is restored when the operon encoding cytochrome 

bd-II is also deleted, i.e., bo3/bd-II. In other words, if the presence of either 

cytochrome bo3 or cytochrome bd-I confer sensitivity to MccJ25-GA, then the ability of 

the strain to also express cytochrome bd-II can confer some degree of resistance to 

MccJ25-GA, with the exception of the WT strain, which remains sensitive (MIC 3.9 μM). 

3.3 Effect of MccJ25 on E. coli respiration 

Inhibition of the respiratory chain is one of the causes for MccJ25 toxic effect on E. coli 

and S. Newport [49,16]. However, overexpression of the outer membrane transporter, 

FhuA, is required for observing the MccJ25 effect in E. coli [16]. In fact, no significant 

inhibition of oxygen consumption was observed when fhuA was only expressed from 

the single-copy chromosomal gene (data not shown). Figure 3 shows the inhibition of 

respiration of pGC01-transformed cells treated with 20 µM MccJ25 compared to the 

untreated control. In mutant strains having cytochrome bo3 (bd-I and CBO) the 

inhibition does not differ from that seen in the WT strain (> 20 % inhibition). By contrast, 

strains having cytochrome bd-I are less affected. The Additional Figure 2 indicates no 

inhibition for bo3 strain and figure 3 shows 12.6 ± 3.2 % for the CBDI strain (bo3/bd-

II). Similar results were obtained with MccJ25-GA: parental strain, 20.9 ± 2.9 %; bd-I, 

17.4 ± 4.4 %; and Δbo3, no inhibition (Additional Figure 3). 

3.4 Effect of MccJ25 on E. coli NADH dehydrogenase and oxidase activities 

NADH dehydrogenase activity in E. coli membranes was determined by three different 

approaches: 1) reduction of MTT in the presence of KCN. Electrons flow directly from 

the reduced quinones to the artificial acceptor, MTT; meanwhile, terminal oxidases are 

blocked with cyanide; 2) oxidation of NADH. Absorbance at 340 nm is recorded as a 
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measure of NADH concentration; 3) oxygen consumption. This activity includes the 

flow of electrons from NADH dehydrogenases to the terminal oxidases. 

In all the isolated membranes tested, no inhibition of NADH dehydrogenase activity by 

MccJ25 is observed in the presence of KCN and MTT (Additional Figure 4). However, 

when absorbance at 340 nm was determined a small inhibition of NADH oxidation is 

noted with MccJ25 (Figure 4). The values are similar to those previously reported [16]. 

The highest inhibition is obtained with membranes isolated from the double mutant 

CBDI (23.1 ± 7.2 %).  

Since MccJ25 induces ROS production, we evaluated the effect of the peptide on the 

oxygen consumption of membranes obtained from the WT strain. We used NADH as a 

substrate of the respiratory chain in the absence or presence of SOD and catalase. 

These enzymes are involved in the detoxification of superoxide and hydrogen peroxide, 

respectively, as shown in equations 1 and 2.  

 

2 H+ + O.-
2 + O.-

2  H2O2 + O2   Eq. 1 

2 H2O2   O2 + 2 H2O    Eq. 2 

 

As can be seen in Figure 5A and 5B, O2 consumption rate decreases to about half of 

the value without microcin. In the presence of E. coli Mn-SOD the rate of oxygen 

consumption diminishes (Figure 5C), the slope decreases even more with MccJ25, i.e. 

approximately one-quarter of that obtained without MccJ25 (Figure 5D). Moreover, 

when catalase is added to the reaction medium containing MccJ25 and SOD the rate of 

O2 consumption is almost void (Figure 5D). The production of O2 in the detoxification 

reactions of SOD and catalase could explain these results. Importantly, the presence of 
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cyanide in the medium completely abolishes O2 consumption (see Additional Figure 5), 

indicating that ROS formation occurs through terminal oxidases. 

3.5 Superoxide overproduction induced by MccJ25 in isolated membranes 

Herein, the production of ROS by microcin was studied in membranes obtained from 

different terminal oxidase mutants. For this purpose, DCFH probe, which is capable of 

detecting hydrogen peroxide, superoxide and hydroxyl radical was employed [50–53]. 

E. coli Mn-SOD was used as an indicator of superoxide formation. The difference in 

DCFH oxidation (fluorescence intensity) in the absence vs. presence of SOD 

corresponds to the produced superoxide (Additional Figure 6). Figure 6 shows that 

superoxide generation increases in the presence of MccJ25. It is important to note that 

the highest increment (242 % for CBDI) is obtained using membranes isolated from the 

strain which only expresses cytochrome bd-I. In the absence of cytochrome bd-I (with 

membranes of E. coli bd-I and E. coli CBO), the production of ROS is lower, 85 % of 

increase and no significant variation, respectively. To demonstrate that ROS formation 

occurs downstream of the dehydrogenases, the electrons were delivered to 

cytochromes from reduced quinone instead of succinate as a substrate for the 

respiratory chain. The overproduction of ROS was evidenced by an increase of ~500% 

fluorescence in the presence of MccJ25 with respect to the control in membranes 

obtained from wild type strain (Figure 7). 

3.6 Ascorbic acid effect on MccJ25 antimicrobial activity 

Increase in antibiotic resistance by the addition of an antioxidant indicates the 

involvement of ROS in its mechanism of action [54]. To verify if this is the case for 

MccJ25, the sensitivity to the peptide was evaluated with ascorbic acid added directly 

to M9-agar plate. In all the tested strains, inhibition halos around filter paper disks with 

MccJ25 turned out to be smaller and more turbid in the presence of the antioxidant 
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(Figure 8). This result confirms that ROS are important in the mechanism of action of 

the peptide. 

4. DISCUSSION 

The aim of this work is to study the importance of E. coli cytochromes in the 

mechanism of action of microcin J25. The effect of MccJ25 on different cytochrome 

mutant strains and membranes isolated from them is addressed. Initially, no significant 

difference in MICs is observed between wild type C43 and its terminal oxidases mutant 

strains when treated with MccJ25. As reported for E. coli laboratory strains, there is 

also no decrease in O2 consumption induced by the peptide [49]. 

However, bo3and bd-I mutants in which the entry of MccJ25 is facilitated by 

overexpressing FhuA are less sensitive than the wild type (Figure 1 and Figure 2). 

Besides, the MIC of MccJ25-GA for E. coli C43 bd-I (pGC01) increased 16-fold 

relative to the wild type, and E. coli C43 bo3 (pGC01) became completely resistant. 

Since MccJ25-GA acts only on the respiratory chain, we can affirm that the effect of the 

native peptide on the cytochromes mutants is independent of RNA polymerase 

inhibition. These results allow us to conclude that cytochromes bo3 and bd-I are 

involved in the mechanism of action of MccJ25. 

Unexpectedly in the bo3/bd-II and bd-I/bd-II strains, the original sensitivity to 

MccJ25 and MccJ25-GA is recovered. Therefore, it is concluded that cytochrome bd-II 

might exert a protective effect against MccJ25 and MccJ25-GA. To the best of our 

knowledge, there are no reports on ROS clearance activity or the possible induction of 

an antioxidant defense system by cytochrome bd-II. However, it has been reported that 

terminal oxidases may have associated peroxidase activity. E. coli cytochrome bd-I 

was recently reported that displays significant in vitro quinol peroxidase activity and 

enhances bacterial tolerance to oxidative and nitrosative stress conditions [55–57]. 

Moreover, Azotobacter vinelandii mutants lacking cytochrome bd-I were hypersensitive 
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to metal toxicity, and compounds exerting oxidative stress [58]. Additionally, 

cytochrome bd-I has high catalase activity and the expression of the terminal oxidase is 

induced by external H2O2 [59]. Therefore, further studies should be conducted to 

elucidate the mechanism by which cytochrome bd-II protects against the effect of 

microcin J25. 

Microcin J25 inhibits the E. coli respiratory chain, the inhibition of O2 consumption is 

observed in pGC01-transformed strains, except for bo3 mutant (Figure 3). As 

discussed below, it is possible that some of the electrons in the presence of MccJ25 

are diverted to ROS production, thereby underestimating the inhibition of oxygen 

consumption. MccJ25 and its derivative MccJ25-GA inhibit the cellular respiration in the 

same extent indicating that this effect is independent of the action on RNAP (Additional 

Figure 3) [17].  

As previously reported, ROS are involved in the mechanism of action of the peptide 

[16,60]. This fact was confirmed using ascorbic acid as an external antioxidant agent, 

which protects against the deleterious effect of the microcin (Figure 8). Unfortunately, 

we were unable to observe an increment in ROS production when MccJ25 was added 

to whole cells. We believe that ROS production in vivo is not sufficiently high to 

observe a significant difference between MccJ25 treated cells and control, or the 

fluorescent probe utilized is not sensitive enough. Higher concentrations of the peptide 

should be channeled to the plasma membrane for observing a significant effect in vivo. 

Furthermore, one could speculate that detoxifying enzymes in the cytosol might be 

rapidly quenching ROS production. As a conclusion, the apparent lack of effect in 

whole cells might be explained by the low levels of ROS produced under our working 

conditions. It can be hypothesized that the cellular respiration is a secondary 

mechanism of action that complements the main effect on the RNA polymerase. 

However, the fact it cannot be assessed in vivo does not mean that it is not important. 

In order to unravel the ROS production at the membranes we had to move to in vitro 
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experiments. Indeed, a great production of ROS is directly induced in terminal oxidases 

by MccJ25 (~500% increase over control) when the electrons were supplied directly in 

the form of reduced quinones to isolated membranes (Figure 7). In addition, as shown 

in Figure 6, superoxide formation in the presence of the peptide was significantly higher 

in membranes of strains containing cytochrome bd-I (wild type, bo3, and CBDI). 

Moreover, in the absence of cytochrome bd-I, the overproduction of ROS is very low or 

not detected (membranes from bd-I and CBO strains). Both cytochromes are 

inhibited, but the way the peptide affects them could be different. The large production 

of ROS induced in vitro in membranes containing cytochrome bd-I do not correlate 

directly with the antibiotic effect observed in vivo. In fact, the cytochrome bd-I mutant 

strain would be expected to be much less sensitive than the cytochrome bo3 mutant if 

the overproduction of ROS were the only important factor for anti-bacterial activity. It is 

plausible to speculate that ROS can affect cells to some extent, thus triggering an 

unidentified mechanism that in turn would lead to cell death. 

In addition, the peptide was not able to inhibit the NADH dehydrogenase activity in 

membranes when cyanide was present (Additional Figure 4). However, a small 

inhibition of NADH oxidase activity is observed (Figure 4). As previously explained, this 

determination is performed in the absence of cyanide. These results suggest that 

NADH oxidation could be indirectly affected by the inhibition of terminal oxidases 

located downstream in the respiratory chain. In effect, the inhibition is greater if the 

determination is carried out using NADH as an electron donor for the respiratory chain 

and the oxygen consumption is measured (Figure 5). Moreover, in the presence of 

SOD, catalase and MccJ25, the rate of oxygen consumption falls dramatically. This 

confirms a simultaneous increased production of toxic oxygen species, with the 

subsequent release of O2 by detoxifying enzymes (Figure 5D). KCN dramatically halts 

oxygen consumption under such conditions (Additional Figure 5). It can be deduced 

from all these experiments that a flow of electrons to the terminal oxidases is 
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necessary for MccJ25 to exert its inhibitory action on NADH dehydrogenase activity 

and ROS overproduction. This is in agreement with previous work done with 

mitochondria [20]. 

Therefore, MccJ25 affects the respiratory chain and may act on the target cell in 

different ways: 1) MccJ25 induce ROS overproduction on cytochrome bd-I and inhibits 

quinol oxidases, producing an accumulation of reduced species upstream of the 

inhibition site, which increases further the production of ROS [61–63]; 2) Microcin J25 

produces an energetic imbalance of the target cell, whereas ROS may affect key 

enzymes of bacterial metabolism mainly those contain catalytic [4Fe-4S]2+ clusters [64]; 

3) Inhibition of RNA synthesis induced by the peptide makes it impossible for the 

affected cell to elaborate the necessary defense based on the synthesis of new 

enzymes, whose expression is induced under oxidative stress conditions [61]. 

5. Conclusions 

Both terminal cytochromes bd-I and bo3 demonstrated to be the target on which 

microcin J25 acts at the level of the respiratory chain, being the cytochrome bd-I the 

major site of superoxide formation induced by the antibiotic peptide. Interestingly, 

cytochrome bd-I plays a crucial role in pathogenic bacteria, becoming a potential drug 

target for eradicating bacterial infection. The importance of this work is that for the first 

time a link between terminal oxidases and the mechanism of action of MccJ25 in E. coli 

is established. Unexpectedly, our data suggest that cytochrome bd-II protects the target 

cell from the deleterious effect of MccJ25, possibly through ROS detoxification. A future 

work will elucidate the role of cytochrome bd-II in MccJ25 resistance. Additionally, the 

mechanism of inhibition of the terminal oxidases by MccJ25 will be studied with the 

purified proteins. These assays are currently being carried out in our laboratory. 
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Figure Legends 

Fig 1. Sensitivity by spot-on-lawn test. Minimal inhibitory concentrations (MIC) of 

MccJ25 and its chemical derivative MccJ25-GA against different strains of E. coli C43. 

CBO strain is completely resistant to MccJ25 because it has a fhuA mutation. It turns 

into sensitive after pGC01 transformation. 

Fig 2. Cell viability. Cells from the different strains of E. coli C43 (pGC01) were grown 

to OD600 of 0.8. The cultures were divided into two portions, and one of them was 

treated with 20 μM MccJ25; the other was left as a control. The white bars represent 

the controls of each strain without peptide. Data are expressed as mean ± SD. 

Student’s t-test was used to determine the statistical significance; no asterisk: P > 0.05, 

*: P ≤ 0.05, **: P ≤ 0.01, ***: P ≤ 0.001 and ****: P ≤ 0.0001. Three independent 

experiments were performed.  

Fig 3. Effect of MccJ25 on oxygen consumption. E. coli C43 (pGC01) cells were 

grown to exponential phase (OD600 0.8) in LB medium. Samples were diluted to an 

OD600 of 0.15 and incubated at 37°C for 30 minutes with and without MccJ25. The 

inhibition percentages are related to a control without MccJ25. Data are expressed as 

mean ± SD. One way ANOVA was used to determine the statistical significance; no 

asterisk: P > 0.05, *: P ≤ 0.05, **: P ≤ 0.01 and ***: P ≤ 0.001. Three independent 

experiments were performed. 

Fig 4. Effect of MccJ25 on NADH oxidase activity. The activity was followed by 

measuring NADH consumption at 340 nm using E. coli C43 membranes (10 µg/ml 

protein). The membranes were pre-incubated for 15 minutes with or without MccJ25 20 

µM. Data are expressed as mean ± SD. Two way ANOVA was used to determine the 

statistical significance; no asterisk: P > 0.05, *: P ≤ 0.05, **: P ≤ 0.01 and ***: P ≤ 0.001. 

Three independent experiments were performed. 
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Fig 5. Effect of SOD and catalase on NADH oxidase activity: The oxygen 

consumption was measured using isolated membranes from E. coli C43 wild type 

strain in the presence of 10 mM NADH (added after 10 min preincubation of 

membranes with 20 µM MccJ25). The reaction was performed with and without 150 IU 

Mn-SOD. The control contained methanol instead of MccJ25. Bovine liver catalase 

(425 IU) was added at  20 minutes of reaction. The oxygen concentration is 

represented as a function of time from minute 15 (after 10 minutes of preincubation and 

5 minutes for system stabilization). The graph is representative of three experiments in 

which slopes values are obtainedThe average values of the slopes (pmol . s-1 . ml-1) are 

shown in the figure..The rate of oxygen consumption was calculated as the first 

derivative of the concentration of O2 with respect to time using Graph Pad Software 

(first derivative with 2nd order smoothing (4 neighbors)). 

Fig 6. Superoxide overproduction induced by MccJ25. E. coli C43 membranes 

were incubated with 3 µM DCFH and 20 µM MccJ25 or methanol (control). The 

reaction was initiated with 10 mM sodium succinate. The DCF fluorescence (exc 490 

nm - em 520 nm) was measured after 30 minutes. The values show the difference 

between DCFH oxidation without and with SOD (10 IU). Data are expressed as mean ± 

SD. Two way ANOVA was used to determine the statistical significance; no asterisk: P 

> 0.05, *: P ≤ 0.05, **: P ≤ 0.01 and ***: P ≤ 0.001 and ****: P ≤ 0.0001. Three 

independent experiments were performed. 

Figure 7. ROS production with reduced quinone. E. coli C43 WT membranes were 

incubated with 3 µM DCFH and 20 µM MccJ25 or methanol (control). The reaction was 

initiated with 100 µM QH2. The DCF fluorescence (exc 490 nm - em 520 nm) was 

measured during 30 minutes. Data are expressed as mean ± SD. The data shown are 

representative of at least three separate studies performed in triplicate.  

Fig 8. Antimicrobial activity of MccJ25 in the presence of an antioxidant agent. 

Decreased sensitivity of different E. coli C43 strains against MccJ25 in the presence of 
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5 mM ascorbic acid. Ten microliters of each MccJ25 concentration were spotted on the 

disk. 
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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Fig. 8 
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Graphical abstract 
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Highlights 

 

 E. coli cytochromes bd-I and bo3 are involved in the mechanism of action of 

MccJ25 
 

 Cytochrome bd-I would be the main site of superoxide formation induce by 

MccJ25 
 

 MccJ25 is the only known microcin that acts on the respiratory chain of E. coli 
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