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Aerobic bacteria are continuously fighting potential oxidative stress due to endogenous and exogenous
reactive oxygen species (ROS). To achieve this goal, bacteria possess a wide array of defenses and stress
responses including detoxifying enzymes like catalases and peroxidases; however until now, the dy-
namics of the intra-bacterial redox balance remained poorly understood. Herein, we used redox-sensitive
GFP (roGFP2) inside a variety of gram-negative bacteria to study real-time redox dynamics immediately
after a challenge with hydrogen peroxide. Using this biosensor, we determined the individual con-
tributions of catalases and peroxidases and found that each enzyme contributes more to rapid detox-
ification or to prolonged catalytic activity. We also found that the total catalytic power is affected by
environmental conditions. Additionally, using a Salmonella strain that is devoid of detoxifying enzymes,
we examined endogenous ROS production. By measuring endogenous ROS production, we assessed the
role of oxidative stress in toxicity of heavy metals and antibiotics. We found that exposure to nickel
induced significant oxidative stress whereas cobalt (which was previously implicated to induce oxidative
stress) did not induce ROS formation. Since a turbulent debate evolves around oxidative stress as a
general killing mechanism by antibiotics (aminoglycosides, fluoroquinolones and -lactams), we mea-
sured oxidative stress in bacteria that were challenged with these antibiotics. Our results revealed that
antibiotics do not induce ROS formation in bacteria thereby disputing a role for oxidative stress as a
general killing mechanism. Together, our results expose how the intra-bacterial redox balance in in-
dividual microorganisms is affected by environmental conditions and encounters with stress-inducing
compounds. These findings demonstrate the significant potential of roGFP2 as a redox biosensor in gram-

negative bacteria to investigate redox dynamics under a variety of circumstances.

1. Introduction

Reactive oxygen species (ROS) plague all microorganisms that
live in oxygenated environments. Either through exposure to
exogenous ROS that are present in the environment or endogenous
ROS, bacteria experience various degrees of oxidative stress. The
term “reactive oxygen species” includes a wide variety of different
oxygen radicals that all have specific reactivity to certain biomo-
lecules and therefore can have profoundly different effects on
bacteria. Parameters that are important for understanding inter-
actions between specific ROS and bacteria, include the spatial
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localization of ROS and their respective concentration. For ex-
ample, hydrogen peroxide is known to exhibit bacteriostatic ac-
tions at lower concentrations, whereas at higher concentrations,
hydrogen peroxide directly interacts with DNA and proteins
eventually leading to bacterial cell death [1,2].

Bacteria have evolved numerous defense mechanisms against
oxidative stress. An important first line of defense is the produc-
tion of detoxifying enzymes including catalases, peroxidases and
superoxide dismutases. Together, these enzymes convert super-
oxide and hydrogen peroxide into water and oxygen. After damage
to intra-bacterial components, specific enzymes are produced to
repair biomolecules and restore a healthy environment. Another
defense strategy is to use glutathione as a buffering molecule to
maintain a stable intra-bacterial redox balance. Many gram-ne-
gative bacteria use glutathione as their buffering low-molecular
weight thiol for maintaining a stable redox environment [3,4].



Bacterial defenses against oxidative stress are regulated by
specific transcriptional regulators e.g. OxyR or SoxR, that can
“sense” oxidative stress [5]. Oxidation of these transcription fac-
tors leads to a conformational change in the protein and a corre-
sponding change in DNA-binding properties. After oxidative stress
has occurred, specific genes are switched “on” while others are
switched “off”. Bacterial catalases and peroxidases are examples of
genes that are regulated by these transcription factors.

Despite many years of research, measuring oxidative stress
inside bacteria remains challenging and a variety of experimental
approaches have generated results that are often ambiguous or
contradictory [6,7]. A clear example of this is illustrated by the
recent debate over oxidative stress as a general antimicrobial
mechanism caused by antibiotics. These discussions are fueled by
conflicting data over the potential involvement of ROS in bacterial
killing by antibiotics [8-13]. New analytical tools for the mea-
surement of oxidative stress in bacteria are desperately needed to
resolve some of these uncertainties. Traditional methods for ana-
lyzing oxidative stress often rely on the conversion of a fluorescent
dye after interaction with specific ROS. Although these measure-
ments can generate useful results, dyes can sometimes be affected
by unrelated chemical events and their output relies on the con-
centration of dye inside the cell which can vary for different ex-
perimental conditions [6]. Moreover, since the conversion of
fluorescent dyes is mostly irreversible, these methods provide no
useful information about dynamics or detoxification of ROS inside
bacteria. More recent approaches that rely on induction of oxida-
tion-sensitive promoters that drive GFP or RFP expression have
shown promise in the study of bacterial ROS encounters that
happen over longer periods of time [14,15]. However, since ROS
concentrations are known to fluctuate rapidly, there is an urgent
and unmet need for the development of methods that can mea-
sure rapid redox fluctuations in the intra-bacterial redox en-
vironment in real time. Recently, we described the use of redox-
sensitive GFP (roGFP2) inside Salmonella enterica Typhimurium to
measure real-time changes to the intra-bacterial redox balance
[16]. The roGFP2-biosensor was engineered to contain specific
cysteines that form a disulfide bond upon oxidation [17]. Forma-
tion of the disulfide bond leads to a slight shift in protein con-
formation and the resulting oxidized and reduced isoforms of the
protein can be distinguished by differential fluorescence after ex-
citation at 405 nm and 480 nm, respectively. The ratio of fluor-
escent signal after excitation at 405 and 480 nm can be used to
calculate the redox potential and is a continuous measure re-
porting the intra-bacterial redox balance [18]. Because roGFP2
reports the redox balance by ratio-metric analysis, this system
excludes variations due to differences in roGFP2 concentrations.
Despite extensive use of roGFP in eukaryotic cells [3,17,19-23], this
biosensor has only recently been used in bacterial systems [16,24].
Although other groups have created fusions between roGFP2 and
catalyzing enzymes to speed up the response time and increase
specificity [3,25], we found that the response of unaltered roGFP2
in bacteria was immediate [16,18]. In order to ensure sensitivity to
different sources of redox stress, we used unaltered roGFP2 for our
analyzes.

First, we tested roGFP2 in a variety of different gram-negative
bacteria to explore differences in stress responses between bac-
terial species. By real-time monitoring of the intra-bacterial redox
balance, we analyzed the length of time required to detoxify var-
ious amounts of hydrogen peroxide (H,0,). We were able to use
this information to calculate the catalytic activity of detoxifying
enzymes in several bacterial species and measure the catalytic
activity in different environmental conditions. We also studied the
contributions of individual detoxifying enzymes in S. Typhimur-
ium. Finally, we investigated the role of metal ions in bacterial
detoxification and tested endogenous ROS generation after

exposure to metal ions and antibiotics. These results provide major
insights into the complex nature of redox dynamics that occurs in
gram-negative bacteria.

In this manuscript, we mostly focus on disruption of the intra-
bacterial redox balance resulting from exposure to exogenous
hydrogen peroxide or from endogenous ROS produced within
bacteria. If the exact oxygen radicals in an experimental set up
were known to us, we refer to these radicals by their specific
names. However, when the production of endogenous ROS was
examined, the cocktail of radicals was more undefined and we
chose to refer to these radicals with the more broad terminology of
ROS.

2. Material and methods
2.1. Cloning roGFP2

The roGFP2 gene used in this study, originated from the pRSETB
vector [17]. This gene was cloned into the high copy pfpv25 vector
for constitutive expression of roGFP2 in gram-negative bacteria.
The pfpv25 vector carried the RpsM promoter from S. Typhimur-
ium [26]. The pfpv25-roGFP2 vector was transformed into target
strains and maintained by addition of 100 pg/ml carbenicillin [16].

2.2. Bacterial strains and growth conditions

The bacterial strains used in this study are listed in Table 1.
Most gene deletions were made in the S. Typhimurium (12023)
background. Deletions and concomitant insertion of an antibiotic
resistance cassette were done using A-red-mediated recombina-
tion as was described previously [27]. In short, mutations were
moved by P22 transductions. In order to avoid outgrowth of sup-
pressed strains, katE, katG, katN, ahpCF and tsaA, mutations were
selected anaerobically on LB agar supplemented with bovine liver
catalase (2000 U/plate). In some cases, antibiotic resistance cas-
settes were removed by using the temperature-sensitive plasmid

Table 1
Bacterial strains used in this study.

Strain Relevant Source or
characteristics reference

Salmonella enterica Typhimurium [28]
(SL1344)

0XyR oxyR::kan [29]

Salmonella enterica

kat- AkatE, AkatG, katN::kan [27]

ahp- ahpCF::kan tsaA::cat [27]

hpxf AkatE, AkatG, AkatN, [27]

AahpCF, AtsaA

katE AkatE This study

katG AkatG This study

katN AkatN This study

ahpCF AahpCF This study

tsaA AtsaA This study

Escherichia coli (DH10B) [30]

Escherichia coli (BL21) [31]

Salmonella enterica Typhi (TY2) [32]

Salmonella enterica Typhi [33]
(ISP1820)

Enteropathogenic E. coli (EPEC) [34]
0127:H6 (E2348/69)

Enterohaemorrhagic E. coli (EHEC) [35]
0157:H7 (86-24)

Citrobacter rodentium (DBS100) [36]

Yersinia pseudotuberculosis (YPIII) [37]




pCP20 carrying the FLP recombinase. Bacteria were grown in LB-
media unless otherwise stated.

2.3. Protein purification

roGFP2 was expressed and purified from BL21(DE3) E. coli that
carried vector pet28a-roGFP2 facilitating IPTG inducible expres-
sion of roGFP2. The protein was purified as previously reported
[38].

2.4. Fluorescent protein assays

For complete reduction purified roGFP2 was pre-incubated
with 10 mM DTT. Excess DTT was removed from the solution using
Centri-Spin 20 columns (Princeton Separations Inc.). Reactions
were carried out with 10 pg of protein in 200 pL of saline in a
black, clear bottom 96 well plate (Corning). Excitation scans were
carried out in a Tecan plate reader with excitation wavelengths
covering 350-500 nm while emission was measured at 510 nm.
Signals for fully oxidized and fully reduced roGFP2 were obtained
by adding 100 mM H,0, and 10 mM DTT 30 min prior to the ex-
periment. Data were analyzed in Excel and all values were nor-
malized to the values obtained for maximally oxidized and for
fully reduced protein.

2.5. Fluorescence measurements

Prior to the experiments, bacteria were grown in LB-broth with-
out addition of antibiotics unless otherwise stated. Bacteria were
grown until late exponential phase (ODgopo=1.0) in 125 mL flasks
with aeration. For analysis of stationary phase bacteria, an overnight
culture was used. During growth of hpxf S. Typhimurium cultures,
bovine liver catalase (1000 U/ml) was added to the medium. Bacteria
were spun down and washed in saline (0.9% w/v) before resuspen-
sion of bacterial cultures at density ODgpp=2 in saline solution. To
check if bacterial numbers for each experiment were similar, these
samples were additionally plated out for CFU counting. 100 pL of
culture was loaded into pre-warmed 96 well black, clear bottom
plates (COSTAR). The redox balance inside bacteria was analyzed by
measuring fluorescence after excitation at 405 nm and 480 nm while
emission was measured at 510 nm [16]. Before challenge with H,0-,
the intra-bacterial redox balance was determined for 25 min to en-
sure equal start positions. Bacteria were challenged with 0 mM,
20 pM, 40 pM, 60 pM, 80 pM, 100 pM, 150 pM, 200 pM, 400 pM,
600 pM, 800 pM, 1 mM, 2 mM, 3 mM, 4 mM, 5 mM, 7.5 mM, 10 mM
or 100 mM (oxidized control) of H,O, As a reducing control 1 mM
DTT was added. Background signals from non-fluorescent bacteria
were obtained in the same experiment. The 405/480 ratio values
were normalized to the 405/480 ratio values for maximum oxidized
and reduced conditions (minimum value 0.1 and maximum value
1.0). For the experiment with chelators, 25 mM EGTA (ethylene glycol
tetraacetic acid, Sigma-Aldrich) or 25 mM EDTA (ethylenediamine-
tetraacetic acid, Sigma-Aldrich) was added 25 min prior to the
challenge with H;0,.

2.6. Calculation of velocity and determination of Michaelis Menten
correlation

The total detoxification time was determined for each H,O0,
concentration that was used for the challenge. The detoxification
time was used for calculation of the reaction velocity v (HM/s)
using Eq. (1).

<1
v= [ R0, ]challenge 2
Lderox (1 )

With this equation, the velocity was determined as a function of
[H20-]. The average [H,0,] throughout the experiment is assumed
to be half of the concentration that is used to challenge the bac-
teria ([H202]chalienge). The detoxification time tgex (S) is de-
termined experimentally. The velocity was plotted against the
[H0] and a Michaelis Menten correlation was fitted against the
resulting data. The standard Michaelis Menten equation is shown
below.

_ Vinax *[HZOZ]
"~ Kw +[H:0;]

2.7. Measurement of endogenous ROS production

For the measurement of endogenous ROS production, the hpxf
S. Typhimurium strain was used which is devoid of detoxifying
enzymes. This strain was grown to late exponential phase in LB-
broth supplemented with bovine liver catalase (1000 U/ml). All
measurements were done in saline over 100 min or 10 h de-
pending on the experiment. The 405/480 ratio values were nor-
malized to the maximum reduced (1 mM DTT addition) and
maximum oxidized (100 mM H,O0, addition) values as was done
previously. The normalized ratio at the start of the experiment was
set to 0. To determine oxidative stress caused by metal ions, 1 mM
sodium chloride, 1 mM potassium chloride, 1 mM lithium chloride,
1 mM rubidium chloride, 1 mM magnesium chloride, 1 mM cal-
cium chloride, 1 mM zinc chloride, 1 mM cobalt chloride or 1 mM
nickel chloride was added to the saline solution. For determination
of endogenous ROS production after exposure to antibiotics,
12.5 pg/ml gentamicin, 25 pg/ml streptomycin, 25 pg/ml kana-
mycin, 1 pg/ml ciprofloxacin, 50 pg/ml cefotaxime or 25 pg/ml
ampicillin was added to bacterial cultures.

3. Results and discussion
3.1. Comparing redox dynamics in different bacterial species

In this study, we expressed roGFP2 in Escherichia coli (DH10B),
E. coli (BL21), S. Typhimurium (12023), enteropathogenic E. coli
(EPEC) 0127:H6 (E2348/69), enterohaemorrhagic E. coli (EHEC)
0157:H7 (E86-24), Salmonella enterica Serovar Typhi (S. Typhi
ISP1820), S. Typhi (TY2), Citrobacter rodentium (DBS100), Yersinia
pseudotuberculosis (YPIII) and S. enterica Serovar Typhimurium
(S. Typhimurium SL1344) and we individually challenged each
bacterial species with varying amounts of H,O, to analyze the
catalytic power of their detoxifying enzymes (Fig. 1A). For this,
bacterial cultures were grown to late exponential phase in M9
minimal media and the Michaelis Menten correlation was de-
termined for overall detoxification of H,0, (Figs. 1B-2K). The slope
of the Michaelis Menten correlation generates information about
how fast detoxification occurs whereas the V. tells us what the
maximum capacity is of detoxifying enzymes.

In each experiment we used 2.6 - 108 bacteria and this number
remained constant throughout each experiment. These results
show that roGFP2 can be used in a variety of different bacteria and
that substantial differences in detoxifying power exist between
closely related bacterial species and even between bacterial
strains.

3.2. How do environmental conditions affect detoxification of
hydrogen peroxide?

To examine how environmental conditions would impact the ve-
locity (v) by which catalases and peroxidases detoxify H,O,, we
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Fig. 1. Comparing the catalytic power of detoxifying enzymes in different bacteria. (A) Example of real-time analysis of intra-bacterial redox potential during a challenge
with varying concentration of H>0,. The time required for detoxification of H,0, was determined for each challenge. (B-K) The Michaelis Menten equation was fitted using
Graphpad Prism 6 showing detoxifying power of E. coli (DH10B), E. coli (BL21), S. Typhimurium (12023), EPEC 0127:H6 (E2348/69), EHEC 0157:H7 (E86-24), S. typhi
(ISP1820), S. typhi (TY2), C. rodentium (DBS100), Y. pseudotuberculosis (YPIII) and S. Typhimurium (SL1344) after growth in M9 minimal medium for 5 h. Bacteria were
challenged with varying amounts of H,O, up to a total concentration of 0 mM, 200 pM, 400 uM, 600 pM, 800 uM, 1 mM, 2 mM, 3 mM, 4 mM, 5 mM, 7.5 mM, 10 mM or
100 mM of H,0,. Each value represents the average of four technical replicates. Each assay was performed in at least two separate experiments.

examined detoxification after growth in different growth medias, and
at different pH and temperatures. For these experiments, S. Typhi-
murium (12,023) was used. Significant differences in detoxification
kinetics were observed after growth in various growth media (Fig. 2A).
In M9 minimal media (M9) and Heart and Brain media (H&B), initial
detoxification was slower than for bacteria grown in LB but the
maximal capacity of detoxifying enzymes was higher. In Super Opti-
mized Broth (SOB), detoxification by S. Typhimurium was slower
overall and a lower maximal capacity was found.

A similar approach was used to examine the effect of pH. After
growth in LB, S. Typhimurium was resuspended in phosphate
buffered saline (PBS) at different pHs and the Michaelis Menten
correlation for H,0, detoxification was determined (Fig. 2B).

Detoxification was fastest and most efficient in pH 7 while a shift
away from pH 7 in either direction decreased the velocity of de-
toxification. These results indicate that S. Typhimurium's detox-
ifying enzymes have evolved to be most efficient at pH 7.

To test the effect of temperature, we challenged S. Typhimurium
with H,0, at temperatures of 25 °C, 37 °C and 42 °C (Fig. 2C). The
velocity of detoxification by S. Typhimurium at 37 °C was greater for
smaller amounts of H,0, whereas bacteria at 25 °C detoxified H,0,
slower but had greater maximal capacity for detoxification. The
velocity of detoxification by S. typhimurium at 42 °C was lower
which is surprising since higher temperatures often speed up en-
zyme Kinetics. The V4« at 42 °C was also reduced.

All living organisms need to rapidly adapt to their environment.
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To test if pre-exposure to H,O, helped bacteria become more ef-
ficient at detoxification of H,0,, we challenged S. Typhimurium
with 500 pM H,O, prior to a challenge with varying concentra-
tions of H,0, (Fig. 2D). We found that pre-exposed (“primed”)
bacteria were significantly faster at detoxification then naive
bacteria. In addition, primed bacteria had a higher maximal ca-
pacity for detoxifying H,O, showing that bacteria rapidly adapt to
oxidizing environments.

The above experiments were all performed with bacteria
grown to late exponential phase. It is well established that bacteria
in stationary phase express different genes than organisms that
are still in exponential growth phase [39]. To investigate if sta-
tionary phase bacteria were more or less efficient at detoxification,
S. Typhimurium was grown overnight and the Michaelis Menten
correlation was determined (Fig. 2E). We found that stationary
phase bacteria were significantly better at detoxifying H,O, than
bacteria in exponential growth phase. This advantage was due to
catalases and/or peroxidases since hpxF S. Typhimurium (which
are devoid of catalases and peroxidases) was not more efficient at
detoxification after growth to stationary phase (Fig. 2F). All Mi-
chaelis Menten constants from the experiments in Fig. 2 are
shown in Table S1 in Supplementary Material.

In order to investigate if the differences in catalytic activity that
we observed for growth in different media, pH conditions, tem-
peratures and different growth phases were a direct result of
bacterial killing, we determined bacterial survival after exposure
to 4 mM or 8 mM H,0, (Fig. 1 in Ref. [40]). In these experiments
we did not find that bacterial killing was the reason for the ob-
served differences in Michaelis Menten kinetics. However, we
found that bacteria grown in M9 minimal medium and SOB
medium showed decreased survival after exposure to H,0,. In-
terestingly, the bacteria grown in M9 medium showed the highest
Vinax Value in our roGFP2 experiments. We speculate that the
higher V;;,qx could result from an increased H,0, influx over per-
forated membranes of dead bacteria compared to lower H,0, in-
flux over intact membranes of living bacteria. Another considera-
tion is that the survival of bacteria after HO, exposure depends
greatly on their fitness. Although detoxifying enzymes do con-
tribute to bacterial fitness, many other parameters play a role in
this and currently, bacterial fitness is difficult to quantify. Dramatic

differences in catalytic activity do translate to bacterial fitness as is
shown by the results in Fig. 1D in Ref. [40]. In these results, the
dramatic difference in catalytic activity between stationary phase
bacteria and bacteria that were grown to exponential phase cor-
relates with bacteria survival after exposure to H,0,.

3.3. Pre-exposure to H,0, primes bacteria for more efficient
detoxification.

In Fig. 2D we show that bacteria rapidly become more efficient
at detoxifying H,0, after pre-exposure to 500 pM of H,0, com-
pared to naive bacteria. Fig. 4A shows a visualization of the real-
time analysis of the intra-bacterial redox balance in S. Typhimurium
for primed (red) and naive (blue) bacteria after a challenge with
1 mM H,0, (Fig. 3A). Primed S. Typhimurium bacteria were con-
sistently faster than naive bacteria at detoxifying H,0,. To in-
vestigate if this adaptation was due to increased production of de-
toxifying enzymes (induced by the first exposure to H,0,), we
compared detoxification in primed and naive bacteria while in-
hibiting protein synthesis (Fig. 3B). For this, 150 pg/ml chlor-
amphenicol was added prior to pre-exposure to H,0,. We found
that addition of chloramphenicol blocked the ability to prime bac-
teria, indicating that bacterial adaptation requires protein synthesis.

OxyR is a major transcriptional regulator that can “sense” oxidative
stress through formation of an oxidation-sensitive disulfide bond [5].
To test if OxyR was driving transcription and subsequent protein
synthesis allowing adaptation of S. Typhimurium to H,0,, we com-
pared detoxification in WT S. Typhimurium and oxyR S. Typhimurium
after pre-exposure to 500 pM H,0, (Fig. 3C). The rapid adaptation that
was previously observed in primed bacteria was absent in the primed
oxyR mutant indicating that OxyR is driving rapid protein synthesis to
prime bacteria for subsequent H,0O, exposure. These results highlight
that adaptability of bacteria to H,O, is driven by rapid protein
synthesis that is regulated by OxyR.

3.4. Determining the contribution of individual catalases and
peroxidases

To gain more insight into the contribution of each detoxifying
enzyme individually, we tested the detoxifying activity in a variety
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experiments.

of S. Typhimurium deletion mutants. First, we determined the
Michaelis Menten correlations for WT, kat- (no catalases), ahp- (no
peroxidases) and for hpxf (no catalases or peroxidases) mutants
(Fig. 4A-D). We observed attenuated detoxification after deletion
of all catalases (kat-) or after deletion of catalases and peroxidases
(hpxf). In contrast, deletion of peroxidases (ahp-) led to increased
detoxifying power (Fig. 4C). The dramatically increased detoxify-
ing power in the ahp- mutant suggests a scenario in which
S. Typhimurium over-compensates for the loss of peroxidases. The
corresponding V. of all mutants were also compared (Fig. 4E).
To further assess the contribution of individual enzymes, we
measured the detoxifying power of single deletion mutants in
katE, katG, katN, ahpCF and tsaA (Fig. 4F-]). Deletion of individual
catalases affected efficiency of H,O, detoxification more than de-
letion of individual peroxidases. This is in agreement with pre-
vious findings that show that catalases are the main scavengers of
higher doses of H,0,, despite favorable kinetics of peroxidase
detoxification [41]. This can be explained by the fact that perox-
idases use NADH for detoxification of H,0,. Previously, it was
shown that the cell cannot provide enough NADH for peroxidases

to rapidly degrade large amounts of H,O, [41]. Thus, peroxidases
are more efficient scavengers of H,O, at lower doses whereas
catalases play a bigger role in detoxification of higher doses of
H,0,. Since we used higher doses of H,0, in this study, we found
that catalases were more important than peroxidases for detox-
ification. Although catalases are thought to have redundant func-
tions, these measurements also showed unique properties for each
catalase. These findings showed that KatE and KatN were more
important for increasing the V,,.x whereas KatG played a bigger
role in rapid detoxification of H,0,.

3.5. Measuring endogenous ROS production

Since the roGFP2 redox sensor reports oxidative stress irrespective
of the source, we extended our analysis to measuring endogenous ROS
production. In particular, if the hpxf S. Typhimurium mutant is used
which lacks catalases and peroxidases, endogenous ROS production
can be examined without interference from rapid detoxification. En-
dogenous ROS production often results from bacterial respiration but
there may be other sources of endogenous ROS production which
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could play a role in bacterial toxicity [42,43]. First, we tested en- bacteria grown in rich (LB or SOB) medium whereas almost no ROS
dogenous ROS production after growth in different growth media were produced in bacteria grown in minimal (M9) medium. S. Ty-
(Fig. 5A). The change in the normalized 405/480 ratio over the course phimurium grown in Heart Brain Infusion (HBI) medium (fairly rich
of the experiment was used to determine the endogenous ROS pro- medium) produced high levels of ROS over the course of the experi-
duction. We found that the rate of ROS production was similar for ment. A similar approach was used to compare stationary phase



S. Typhimurium with bacteria grown to exponential growth phase.
Stationary phase bacteria were found to have lower endogenous ROS
production than exponential phase bacteria (Fig. 5B). To confirm that
the endogenous ROS production we measured using roGFP2 was in
accordance with results obtained using more established methods, we
measured the output of H,O, by stationary phase bacteria and by
bacteria that were grown to exponential growth phase with the Am-
plex Red assay (Fig. 2. in Ref. [40]). The output of H,0, correlates with
the amount of endogenous ROS that is produced and with the Amplex
Red assay, we confirmed our data obtained using the roGFP2
biosensor.

When comparing the effect of temperature on the rate of re-
spiration we found that bacteria kept at 37 °C or 42 °C showed a
similar accumulation of ROS whereas lowering the temperature to
25 °C slowed ROS production in S. Typhimurium (Fig. 5C). These
results show that roGFP2 inside bacteria can be used for compar-
ing endogenous ROS formation and that environmental conditions
significantly impact the rate of ROS production.

3.6. Metals and oxidative stress

Many enzymes, including catalases in S. Typhimurium require
heme or manganese ions for their activity [44]. Without metal
ions, these enzymes cannot function properly. In contrast, heavy
metals have toxic effects on algae, molds, spores, fungi, prokar-
yotic and eukaryotic microorganisms in a process that is referred
to as the oligodynamic effect [45]. Although mechanisms that lead
to metal-toxicity are not always clear, oxidative stress is often
implicated as a major contributor of toxicity in bacteria [6].

To gain a better understanding of the role of metal ions in
detoxification and as inducers of oxidative stress, we again used
roGFP2 in S. Typhimurium. First, we investigated the involvement
of metal ions in detoxifying enzymes by testing H,O, detoxifica-
tion in the presence of 25 mM of metal chelators EGTA or EDTA
(Fig. 6A). No inhibition was observed after addition of the specific
calcium chelator EGTA whereas addition of EDTA (which is a non-
specific divalent cation metal chelator) dramatically reduced the
activity of detoxifying enzymes. We then examined detoxification
after addition of several alkaline earth metals or zinc (1 mM
MgCl,, 1 mM CaCl, or 1 mM ZnCl,) and compared detoxification to
a 1 mM Nacl control (Fig. 6B). Only addition of zinc ions inhibited
activity of detoxifying enzymes significantly. In order to examine if
zinc would directly affect the roGFP2 biosensor sensitivity, we
tested the roGFP2 response of purified protein after addition of

Aminoglycosides

Cephalosporins and

10 mM H,0, and addition of zinc and compared these results to a
saline control (Fig. S1A, Supplementary Material). No direct effect
of zinc ions on roGFP2 sensitivity was observed. The effect of zinc
on detoxification can be explained by the finding that zinc can
replace iron in heme-binding catalases rendering the enzymes
useless [46].

To directly examine oxidative stress resulting from the pre-
sence of alkali metals, we challenged hpxf S. Typhimurium with
1 mM KCl, 1 mM LiCl or 1 mM RuCl, and compared the normalized
405/480 ratio to a 1 mM NacCl control (Fig. 6C). None of the alkali
metals caused significant oxidative stress inside bacteria.

Secondly, we added alkaline earth metals (1 mM MgCl, or
1 mM CaCl,) to this strain and compared the A405/480 ratio to a
1 mM NaCl control (Fig. 6D). Again, no significant increased oxi-
dative stress was observed. Lastly, addition of several transition
metals (1 mM ZnCl,, 1 mM NiCl, or 1 mM CoCl,) showed that
nickel (Fig. 6E) caused oxidative stress. In addition, we found that
nickel ions did directly oxidize the roGFP2 biosensor (Fig. S1B,
Supplementary Material) indicating that nickel contributes to
formation of the disulfide bond in roGFP2. These results are in
agreement with previous findings showing that nickel can cause
spontaneous disulfide bond formation [47]. Based on these results
we speculate that nickel contributes to oxidative stress through
disulfide bond formation.

Together these results show that certain metal ions are re-
quired for H,0, detoxification, whereas other metal ions con-
tribute to oxidative stress by inhibition of detoxification (zinc) or
by catalyzing formation of disulfide bonds (nickel).

3.7. Antibiotics and endogenous ROS production

Several studies have generated evidence to support the concept of
oxidative stress as a general mechanism by which aminoglycosides,
quinolones and [-lactam antibiotics kill bacteria [8-10]. An equal
number of studies showed compelling data arguing there is no in-
volvement of oxidative stress in bacterial killing by antibiotics [11-
13]. To investigate if antibiotics induce endogenous ROS formation,
we used roGFP2 in hpxf S. Typhimurium and monitored the intra-
bacterial redox balance for 10hours following exposure to antibiotics.
First, we added the aminoglycosides gentamicin, kanamycin and
streptomycin and monitored the intra-bacterial redox balance
(Fig. 7A). Interestingly, decreased endogenous ROS formation was
observed compared to a control experiment in which no antibiotics
were added. Additionally, exposure to ciprofloxacin (quinolone) and

p-lactams
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Fig. 7. Antibiotics do not induce endogenous ROS production. (A) Endogenous ROS production in hpxf S. Typhimurium after addition of aminoglycosides gentamicin,
streptomycin or kanamycin. (B) Endogenous ROS production after addition of ciprofloxacin (fluoroquinolone) or cefotaxime (third generation cephalosporin). (C) Normalized
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assay was performed in at least two separate experiments.



cefotaxime (cephalosporin) did result in decreased ROS production
(Fig. 7B). Lower levels of endogenous ROS formation indicated that
the rate of respiration was decreased by exposure to antibiotics.
Lastly, we monitored the intra-bacterial redox balance after exposure
to ampicillin (p-lactam) and found strong fluctuations in the intra-
bacterial redox balance starting 400 min after exposure (Fig. 7C).
These fluctuations can be explained by the membrane disruption of
[-lactam antibiotics despite the fact that the plasmid containing
roGFP2 also carries ampicillin resistance. Since the experiment hap-
pened in saline without additional nutrients, no ampicillin resistance
could be generated and under these conditions membrane disruption
by ampicillin still occurred. In order to examine wether decreased
production of endogenous ROS is not due to bacterial killing, we
measured bacterial survival after exposure to the antibiotics used in
this study (Fig. 3 in Ref. [40]). The antibiotics kanamycin, cefotaxime
and ampicillin induced no significant killing under the conditions
that were used in this experiment. The antibiotics gentamicin,
streptomycin and ciprofloxacin induced only minor amounts of kill-
ing indicating that bacterial killing is not the reason behind reduced
endogenous ROS production. Taken together, these results showed no
induction of oxidative stress by any of the antibiotics tested in these
experiments.

4. Conclusions

Encounters with oxidative stress-inducing conditions are
commonplace for bacteria living with oxygen, and can affect re-
spiration, bacterial replication, cell death etc. Since many critical
cellular processes are directly affected by oxidative stress, it is
unsettling that we still understand so little about redox dynamics
inside living bacteria. We have now successfully used roGFP2 as a
redox biosensor for the study of redox dynamics inside gram-ne-
gative bacteria in real-time. Using this analytical tool, we were
able to compare the detoxifying power of several strains and found
substantial differences among closely related strains or species.
This was most apparent for two S. Typhi isolates (TY2 and ISP1820)
for which the difference can be explained by the loss of rpoS in the
TY2 background [48]. For many other strains tested in this study,
differences were unexpected and our results help describe redox
characteristics of these strains for the first time. We predict that
roGFP2 can be used to better define redox characteristics in many
other laboratory strains and clinical isolates, as well as environ-
mental microbes.

Using roGFP2, we also measured how the intra-bacterial redox
balance was affected by several environmental conditions. In the
lab, this could be used to better characterize experimental condi-
tions; a need illustrated by a recent study showing major differ-
ences in the oxidative levels of commercially available LB media
[49]. Outside the laboratory, roGFP2 reporter strains can be used to
assess the effects of toxic contamination in the environment or
during water treatment. Our results show that the presence of
nickel and copper can induce endogenous ROS formation. Pre-
viously, cobalt was also found to induce ROS formation [50]
however, our studies did not reveal a role for oxidative stress in
cobalt-toxicity. The rapid experimental determination of intra-
bacterial oxidative stress could help reveal the basis of toxicity for
many compounds. In practise this may be of particular use in
preparing the correct bacteria for bioremediation of contaminated
soil or water.

In the clinic, oxidative stress plays an important role during
infection by bacterial pathogens. Interestingly, our results show
that H,0, detoxifying enzymes in the pathogen S. Typhimurium
perform fastest at 37 °C which is the temperature in our body. We
speculate that these enzymes specifically evolved their maximum
velocity at 37 °C to be optimized for colonizing the human host. A
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bacterial encounter with the host-generated oxidative burst was
considered to have mostly antimicrobial effects. However, more
recently it was reported that ROS can also benefit pathogens by
regulating virulence or facilitating a growth advantage. Powerful
examples include the finding that S. Typhimurium utilizes the
host's oxidative burst to outcompete commensal microbiota in the
gut [51]. This growth advantage is caused by active induction of
ROS formation by S. Typhimurium that subsequently react with
thiosulfate to form tetrathionate. A specific gene cluster in the
Salmonella genome enables S. Typhimurium to use tetrathionate as
a respiratory electron acceptor giving it an edge over commensal
microbiota. Recently, using roGFP2, we also showed that S. Ty-
phimurium uses specific virulence factors to evade oxidative stress
during infection by preventing proper co-localization of ROS with
the Salmonella containing vacuole inside macrophages [16]. Iden-
tifying and examining these intricate relationships requires reli-
able redox biosensors and we propose that the use of roGFP2 in
bacteria will greatly aid our understanding of host-pathogen
relationships.

A major ongoing debate that currently occupies many micro-
biologists is the potential involvement of oxidative stress as a
general killing mechanism for certain antibiotics [8-13]. Using
roGFP2, we were able to measure oxidative stress inside bacteria
during exposure to aminoglycosides, fluoroquinolones and f-lac-
tams; all of which have been called oxidative stress-inducing an-
tibiotics. In our experiments, we did not detect oxidative stress
after exposure to any of these antibiotics. In contrast, we found
that most antibiotics actually diminished endogenous ROS for-
mation indicating a decreased rate of respiration. These results are
in agreement with a recent study showing that inhibition of the
electron transport chain can induce tolerance to p-lactam anti-
biotics [52]. Only after exposure to ampicillin we detected fluc-
tuations in the intra-bacterial redox balance. However, these
fluctuations are most likely resulting from disruption of the bac-
terial cell wall after longer exposure, which is the main mode-of-
action of P-lactams. Since the cell well is at the hearth of all re-
spiratory processes in bacteria, it is not surprising that disruption
of the cell wall results in redox fluctuations. Thus overall our re-
sults do not indicate any induction of ROS formation by these
antibiotics.

For the first time, we used roGFP2 in a variety of different
gram-negative bacteria to assess and compare intra-bacterial re-
dox dynamics in real-time. Our findings that no oxidative stress
was induced by exposure to antibiotics, help solve a controversy
that captivated many microbiologists for the past couple of years.
Other uncertainties involving numerous heavy metals that were
implicated in causing bacterial oxidative stress, were answered by
confirming involvement of nickel and copper while countering the
role of oxidative stress in cobalt-toxicity. Considerably dissimilar
redox characteristics of closely related strains were previously
unknown and our results contribute greatly to a better under-
standing of bacterial defenses and stress responses. The use of
roGFP2 to reveal characteristics of H,O, detoxification by bacterial
pathogens will assist in characterization of host-pathogen re-
lationships and have broad utility as a tool to study redox related
virulence mechanisms. Taken together these results show that the
roGFP2 biosensor can be used inside bacteria and can play a cri-
tical role in research that will eventually elucidate intricate re-
lationships between oxidative stress and bacteria.
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