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Catalase Expression Is Modulated by Vancomycin and Ciprofloxacin
and Influences the Formation of Free Radicals in Staphylococcus
aureus Cultures
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Detection of free radicals in biological systems is challenging due to their short half-lives. We have applied electron spin reso-
nance (ESR) spectroscopy combined with spin traps using the probes PBN (N-tert-butyl-a-phenylnitrone) and DMPO (5,5-di-
methyl-1-pyrroline N-oxide) to assess free radical formation in the human pathogen Staphylococcus aureus treated with a bacte-
ricidal antibiotic, vancomycin or ciprofloxacin. While we were unable to detect ESR signals in bacterial cells, hydroxyl radicals
were observed in the supernatant of bacterial cell cultures. Surprisingly, the strongest signal was detected in broth medium with-
out bacterial cells present and it was mitigated by iron chelation or by addition of catalase, which catalyzes the decomposition of
hydrogen peroxide to water and oxygen. This suggests that the signal originates from hydroxyl radicals formed by the Fenton
reaction, in which iron is oxidized by hydrogen peroxide. Previously, hydroxyl radicals have been proposed to be generated
within bacterial cells in response to bactericidal antibiotics. We found that when S. aureus was exposed to vancomycin or cipro-
floxacin, hydroxyl radical formation in the broth was indeed increased compared to the level seen with untreated bacterial cells.
However, S. aureus cells express catalase, and the antibiotic-mediated increase in hydroxyl radical formation was correlated
with reduced katA expression and catalase activity in the presence of either antibiotic. Therefore, our results show that in S. au-

reus, bactericidal antibiotics modulate catalase expression, which in turn influences the formation of free radicals in the sur-
rounding broth medium. If similar regulation is found in other bacterial species, it might explain why bactericidal antibiotics

are perceived as inducing formation of free radicals.

he mechanism by which bactericidal antibiotics kill bacterial

cells is highly debated (1-5). Interest was spurred by findings
suggesting that bacterial cells exposed to lethal concentrations of
bactericidal antibiotics are killed in part by reactive oxygen species
(ROS), such as hydroxyl radicals generated independently of the
primary targets of the antibiotics (6). The initial observation was
followed by a number of studies implicating free radicals in killing
of bacterial cells by antimicrobial compounds (7-14). Also re-
ported was the contribution of intrinsic factors providing protec-
tion against antibiotics such as guanosine pentaphosphate
(ppGpp), namely, extracellular hydrogen sulfide and endogenous
nitric oxide in biofilms and planktonic cells, respectively (15-17).
Although the hypothesis of a common pathway for killing by bac-
tericidal antibiotics was later disputed by several research groups
(3, 4, 18-22), bacterial metabolism and metabolites undoubtedly
influence antibiotic susceptibility, and in some situations ROS
may still promote lethality of antimicrobial compounds or be
formed as part of the killing process (5).

The main challenges in monitoring free radicals are their low
steady-state concentrations and short half-lives (23). Therefore,
their detection relies on the activation of probes with which they
react in order to yield relatively stable derivatives that can be mea-
sured (24). However, indirect detection via probe activation can
be challenging, as was demonstrated for the hydroxyphenyl fluo-
rescein (HPF) probe, which, when applied in combination with
flow cytometry for hydroxyl radical detection in bacteria treated
with antibiotics, gave a false-positive result due to increased auto-
fluorescence in filamenting cells after exposure to fluoroquin-
olone or beta-lactam antibiotics (25, 26). Another approach to
detect free radicals is electron spin resonance (ESR) spectroscopy
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(27). ESR is often applied in combination with spin traps, which
react with the short-lived free radicals to yield relatively long-lived
and detectable radical spin adducts (28). In ESR, the unpaired
electrons in radicals are exposed to an external magnetic field and
their absorption of definite electromagnetic radiation can be used
to obtain structural and quantitative characteristics of individual
radical species present in the testing system (28).

In this study, we examined if ESR/spin trapping is a suitable
method for the detection of free radicals in the Gram-positive
bacterium Staphylococcus aureus when exposed to hydrogen per-
oxide and vancomycin or ciprofloxacin antibiotics. S. aureus is a
facultative anaerobic bacterium that causes a variety of serious
infections and is increasingly difficult to treat due to antibiotic
resistance (29). It protects itself against reactive oxygen species by
expressing scavenging enzymes such as catalase, encoded by katA
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(30, 31). Yet hydroxyl radicals have been implicated in antibiotic-
mediated killing of S. aureus in a process mitigated by the presence
of the iron-chelating compound 2,2'-bipyridyl, which reduces
free radical formation via the Fenton reaction and by the radical
scavenger thiourea (6). Here, we have monitored intracellular and
extracellular free radical formation in S. aureus cells employing
the lipophilic spin trap probes PBN (N-tert-butyl-a-phenylni-
trone), which mainly reacts with radicals buried in cell membrane,
and DMPO (5,5-dimethyl-1-pyrroline N-oxide), which is rela-
tively hydrophilic and applicable for detecting radicals in the wa-
ter phase (32). For the PBN probe, sensitivity is significantly en-
hanced by ethanol, which reacts with hydroxyl and alkoxyl
radicals to form relatively stable 1-hydroxyethyl radicals, which
give highly stable spin adducts (33—35). Our results suggest that
bactericidal antibiotics enhance extracellular free radical forma-
tion through repression of catalase expression, and they highlight
the role of hydrogen peroxide-scavenging enzymes in the moni-
toring of free radical formation in bacterial cells.

MATERIALS AND METHODS

Strain, chemicals, and cultivation conditions. Staphylococcus aureus
Newman (NTCT 8178) was cultivated in 25 ml of tryptic soy broth (TSB)
or brain heart infusion broth (BHI) (Oxoid, Denmark) in a 250-ml nar-
row-neck Erlenmeyer flask at 37°C and 200 rpm. Ethanol (Kemetyl; 2%
[vol/vol]) and PBN (40 mM) were present in all cultivations for ESR
experiments. The spin traps PBN and DMPO (no further purification
required) were obtained from Sigma-Aldrich. The iron chelator 2,2"-bi-
pyridyl (Sigma-Aldrich) and Chelex 100 (Bio-Rad) were used to remove
the free iron from the cell broth media. Catalase from bovine liver (Sigma-
Aldrich) (2,000 to 5,000 U/mg powder) and Triton X-100 (Sigma-Al-
drich) were used for catalase quantification assay. Plasma pure nitric acid
(SCP Science, Denmark) was used for sample preparation of inductively
coupled plasma optical emission spectrometry (ICP-OES).

Growth was followed in TSB, and, when the early exponential phase
(optical density at 600 nm [ODg,,] = 0.1, 10° CFU/ml) was reached,
hydrogen peroxide (Sigma-Aldrich) (6 mM), vancomycin (Sigma-Al-
drich) (2.5 pg/ml), or ciprofloxacin (Bayer Schering Pharma) (0.4 pg/ml)
was added to the bacterial cultures. The samples for determination of CFU
were taken immediately before the addition of chemicals and every 2 h
afterward. CFU levels were assessed after 24 h of incubation at 37°C on
tryptic soy agar (TSA) or brain heart infusion agar (BHIA) (Oxoid, Den-
mark) plates.

ESR spectroscopy measurement. Four different protocols were used
for the electron spin resonance (ESR) spectroscopy measurements. In the
first protocol, bacterial culture (500 wl) was collected as described for
CFU determination except with sampling every hour. All samples were
adjusted to an ODg, of 0.1 for ESR measurement. The rest of the culture
was centrifuged at 1.2 X 10* X g at room temperature for 30 s, and then
the supernatant and the cell pellet resuspended with fresh medium were
measured by ESR as well. The second protocol was modified from a pre-
vious study (36) with the following changes. Cells were collected when the
ODg reached 0.1 and were resuspended in 50 mM sodium sulfate buffer
to a final concentration of 2.5 X 10° CFU/ml. DMPO (66 mM) and hy-
drogen peroxide (6 mM) or antibiotics (vancomycin at 2.5 pg/ml or cip-
rofloxacin at 0.4 pg/ml) were added to the suspension at the same time to
reach a total volume of 150 .l for ESR measurement, and the reaction was
initiated with a sweep time of 300 s and was continued overall for 50 min,
at which time water was added to the bacterial cell suspension as a blank
control. While the preceding reactions were all recorded in the cavity of
the ESR equipment at room temperature throughout the measurement,
the third protocol entailed 2.5 X 10° cells that were vigorously mixed with
DMPO (66 mM) or PBN (40 mM) for 5 min and incubated at 37°C for 30
min before ESR measurement. The fourth protocol was utilized to test the
effect of catalase on the radical formation in broth medium. Catalase (1
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FIG 1 ESR spectra of spin adduct of PBN and 1-hydroxyethyl radicals
(an =~ 16.1 G, a;y = 3.4 G) generated by hydroxyl radicals in a suspension of
S. aureus cells treated with 6 mM hydrogen peroxide for 1 h and containing 2%
(vol/vol) ethanol and 40 mM PBN.

U/ml) was added into BHI medium, followed by incubation at 37°C with
ethanol (2% [vol/vol]) and PBN (40 mM). Samples (50 ul) were collected
every 30 min for ESR analysis. The ESR spectra were obtained with a
MiniScope MS200 spectrometer (MagnetTech, Berlin, Germany) and the
settings were as follows: magnetic field, 3,370 G; field sweep, 97 G; sweep
time, 30 s; modulation amplitude, 2 G. The ESR spectra were analyzed
with MiniScope Control 6.51 and Analysis 2.02 software.

Removal of iron from bacterial broth media. BHI broth medium,
iron-depleted BHI medium treated with Chelex 100, and BHI medium
with iron chelator 2,2"-bipyridyl (5 mM or 50 mM) were shaken at 37°C
and 200 rpm for 6 h in total with 2% (vol/vol) ethanol and 40 mM PBN
(37). A 50-pl volume was taken from each sample every hour for ESR
measurement. The same setup was tested with TSB medium.

Quantification of intracellular iron by ICP-OES. The bacteria were
cultivated in BHI medium under the same conditions as those described
above, and samples were taken immediately before the addition of chem-
icals and 6 h after. A 1-ml volume of each sample was digested at 230°C
with 2.5 ml 70% nitric acid and 1 ml 15% hydrogen peroxide in a pres-
surized microwave oven (Ultrawave; Milestone Inc., Italy). The digest was
analyzed by ICP-OES (Optima 5300 DV; PerkinElmer, Waltham, MA,
USA), and the data were processed with PerkinElmer Winlab32
3.1.0.0107.

Catalase assay. The quantification of cellular catalase activity was
tested as reported previously (38). After treatment with hydrogen perox-
ide or antibiotics for 3 h in TSB medium, 2 X 10 cells were collected from
each sample, resuspended with FKP buffer (8.5 g/liter sodium chloride, 1
g/liter peptone), and thoroughly mixed with 100 .l Triton X-100 and 100
pl hydrogen peroxide (undiluted, 30 weight percent) in a Pyrex tube
(Assistent, Germany) (16-mm diameter by 160-mm height). The mixture
was incubated at room temperature until the reaction completed after
approximately 10 min, and the height of foam was measured with a ruler.
To define the catalase activity, 100 pl of catalase solution with predefined
concentrations replaced the cell suspension in the reaction mixture.

Quantification of catalase expression by real-time qPCR. After 3 h of
treatment with hydrogen peroxide or antibiotics, RNA was extracted from
cells grown in TSB using an RNeasy minikit (Qiagen). mRNA was reverse
transcribed (RT) to cDNA by the use of a RevertAid H Minus First Strand
c¢DNA synthesis kit (Thermo Scientific). For real-time quantitative PCR
(qPCR), FastStart Essential DNA Green Master (Roche) was used with the
primers listed in Table S1 in the supplemental material. The PCR products
were detected and analyzed with a LightCycler 96 real-time PCR system
(Roche). The relative expression levels were normalized to the expression
of the 7leS reference gene, and the ratios between samples were normalized
to the one without hydrogen peroxide or antibiotics. Means of biological
triplicates with standard deviations are shown, each measured with tech-
nical triplicates.
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FIG 2 ESR determination of hydroxyl radicals formed in cultures of S. aureus
treated with hydrogen peroxide or antibiotics. Hydroxyl-radical signals were
monitored in BHI (A) or TSB (B) medium (filled diamonds) or in cultures of
S. aureus grown in the corresponding medium left untreated (open circles) or
treated with 6 mM hydrogen peroxide (filled triangles), 2.5 pg/ml vancomycin
(filled circles), or 0.4 pg/ml ciprofloxacin (filled squares). a.u., arbitrary units.

RESULTS
ESR detection of free radicals in S. aureus broth culture. We
examined growth in two bacterial broth media, BHI and TSB, in
the presence of the spin trap PBN and ethanol (see Fig. S1 in the
supplemental material) and selected concentrations of bacteri-
cidal agents to obtain a reduction in CFU comparable to what has
previously been described (see Fig. S2 in the supplemental mate-
rial) (6). From the hydrogen peroxide-treated cells, we obtained
the characteristic spectra of 1-hydroxyethyl radical spin adducts,
which confirms the existence of hydroxyl radicals (Fig. 1) (34).
Monitored over time, the greatest and most consistent level of
PBN spin adducts accumulated in the absence of bacterial cells for
both types of broth medium (Fig. 2). In contrast, the presence of
bacterial cells essentially eliminated spin adduct formation,
whereas when the cells were treated with either of the bactericidal
antibiotics vancomycin and ciprofloxacin, spin adduct formation
was increased compared to the levels seen with untreated cells
(Fig. 2). After addition of hydrogen peroxide, the formation of
PBN spin adducts peaked immediately, reflecting the fact that
hydrogen peroxide reacts with iron in the broth medium, yielding
hydroxyl radicals via the Fenton reaction (27). Collectively, these
results indicate that the hydroxyl radicals monitored by the PBN
probe and ESR spectroscopy may be formed in the growth me-
dium rather than inside the bacterial cells and that bactericidal
antibiotics affect their formation.

To confirm that hydroxyl radicals are formed in the cell-free
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FIG 3 Iron sequestration and catalase abolish hydroxyl-radical formation.
Hydroxyl radicals formed in BHI broth medium were detected by ESR (40 mM
PBN and 2% [vol/vol] ethanol) in the presence of iron chelator 2,2'-bipyridyl
(5mM [filled triangles] or 50 mM [open circles]) or Chelex 100 (filled squares)
or under untreated conditions (filled diamonds) (A) or after addition of cata-
lase at 3 h (1 U/ml) (filled upside-down triangles) compared to the untreated
control (filled circles) (B).

broth medium as a result of the Fenton reaction, we reduced the
free iron concentration by use of the chelator, 2,2’ -bipyridyl, or of
the ion exchange resin, Chelex 100 (39). In both cases, hydroxyl
radical formation was essentially abolished compared to un-
treated BHI medium results (Fig. 3A). Also, addition of purified
catalase at a concentration of 1 U/ml immediately halted PBN spin
adduct formation (Fig. 3B). These results show that the ESR sig-
nals were formed by hydrogen peroxide and iron in the broth
medium entering the Fenton reaction, and they indicate that cat-
alase activity of S. aureus was reducing the hydroxyl radical for-
mation.

S. aureus cells do not produce detectable levels of hydroxyl
radicals. Since the ESR signal recorded by the PBN probe in bac-
terial cultures appeared to be highly influenced by the radicals
formed in the broth medium itself, we attempted to detect cellular
free radicals using the cell-permeative spin trap probe, DMPO,
applied to bacterial cells suspended in sodium sulfate buffer (36).
Compared with PBN, the DMPO probe is relatively hydrophilic,
with a partitioning coefficient of 0.15 in octanal/water (32). How-
ever, with this probe, there was no significant difference in spin
adduct signal between untreated cells and those exposed to hydro-
gen peroxide, vancomycin, or ciprofloxacin (Fig. 4). This result
confirms that the spin adducts observed for antibiotic-treated
broth cultures are not produced by the cells but are formed in the
broth medium.

S. aureus catalase activity and katA expression are influenced
by antibiotics. To address how bactericidal antibiotics affect the
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FIG 4 ESR determination of hydroxyl radicals formed in S. aureus. Hydroxyl-
radical signals were detected in S. aureus cells resuspended in 50 mM sodium
sulfate buffer using the DMPO probe. Cells were treated with 6 mM hydrogen
peroxide, 2.5 pwg/ml vancomycin, or 0.4 pg/ml ciprofloxacin. Measurements at
15 min (black columns) and 35 min (gray columns) of treatment are shown.

ability of S. aureus to mitigate free radical formation in the broth
medium, we monitored trace metal content in spent supernatants
by inductively coupled plasma optical emission spectrometry
(ICP-OES) (40). However, we found that Cu and Fe concentra-
tions were approximately identical in bacterial spent supernatant
from untreated cells and in supernatant from those treated with
antibiotics, which precludes the possibility that antibiotic treat-
ment influences the ability of S. aureus to bind or consume metal
ions (Fig. 5).

Alternatively, S. aureusis known to produce catalase; therefore,
the effect of bactericidal antibiotics on free radical formation
could be mediated through altered catalase production (30). To
examine this, we monitored catalase activity as well as transcrip-
tion of the katA gene and found that both vancomycin and cipro-
floxacin reduced the activity (Fig. 6A) as well as expression (Fig.
6B) of catalase compared to the results seen with untreated cells.
This reduction correlates with the increased ESR signal observed
in the presence of either of the antibiotics compared to untreated
cells (Fig. 2). Thus, our results show that catalase activity in S.
aureus is affected by antibiotics and explain the effect that antibi-
otics exert on the ability of S. aureus to reduce broth-mediated
ESR signals.

DISCUSSION

Free radicals play important roles in biological processes, but de-
tection is complicated by their low concentrations and intracellu-
lar locations (23). For this purpose, radical-sensitive probes are
often employed. Yet free radical detection is still challenging, as
was recently demonstrated for the HPF probe, which in Esche-
richia coli cells displays autofluorescence and masks the probe ox-
idation tentatively taking place in response to, for example, bac-
tericidal antibiotics (25, 26).

In the current study, we employed ESR spectroscopy and spin
trapping to monitor hydroxyl radical formation in S. aureus using
PBN and DMPO spin traps. In comparison to other radical detec-
tion methods, an advantage of the ESR/spin-trapping detection is
that it relies on absorption of microwave irradiation, which inter-
feres less with biological materials than UV or visible light,
whereas, for example, the fluorescent HPF probe requires irradi-
ation with intense excitation light (27). Using ESR/spin trapping,
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FIG 5 Trace metal concentrations in the supernatants of S. aureus culture. The
concentrations of Cu (A) and Fe (B) remaining in the supernatant of bacterial
cultures at 0 and 6 h without any treatment or with treatment with 6 mM
hydrogen peroxide, 2.5 pg/ml vancomycin, or 0.4 pg/ml ciprofloxacin were
measured by ICP-OES.

we were unable to detect free radicals formed inside S. aureus cells,
but the uninoculated broth medium provided high levels of spin-
adduct signals with the PBN spin trap, demonstrating the sponta-
neous formation of free radicals in the BHI and TSB media during
aerobic incubation at 37°C. The level of free radicals was greatly
reduced in the presence of S. aureus cells. This reduction was not
due to bacterial consumption or binding of prooxidative transi-
tion metal ions such as iron ions, which are present in culture
media in order to support growth, but was mediated via hydrogen
peroxide-scavenging enzymes produced by S. aureus such as cat-
alase, as addition of catalase to the broth medium immediately
stopped the formation of new spin adducts. Catalase is commonly
produced by aerobically growing bacteria, and it has been re-
ported to be found extracellularly (41, 42). Importantly, catalase
production by S. aureus was reduced by treatment with the bacte-
ricidal antibiotics vancomycin and ciprofloxacin and this reduc-
tion correlated with the increased PBN spin-adduct signal that
was observed compared to the level seen for untreated cells. ESR
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FIG 6 Catalase activity and expression in the presence of antibiotics. The
activity (A) or expression (B) of catalase was monitored by foam formation or
RT-qPCR, respectively, in untreated cells or in cells treated with 2.5 pg/ml
vancomycin or 0.4 pg/ml ciprofloxacin after 3 h of exposure.

and spin trapping have previously been applied to analyze radical
formation in cultures of Lactobacillus acidophilus, Listeria innocua,
Escherichia coli, S. aureus, and Streptococcus pneumoniae (34, 36,
43). All of those studies focused on the detection of hydroxyl rad-
icals, which mostly have been claimed to be present intracellularly
in the bacteria. In the case of L. acidophilus, production of hy-
droxyl radicals was shown to take place extracellularly (34). In an
early study, the presence of intracellular radicals in bacterial cells
was inferred from the ability of the DMPO probe to reduce killing
by peracetic acid but direct detection of hydroxyl radicals was
complicated by the presence of differing degrees of membrane
permeability and large background signals (36). Our data reveal
additional challenges in detection of free radicals in bacterial cells,
namely, the formation of free radicals in the broth medium and
the hydrogen peroxide-scavenging enzymes produced by some
bacteria. Also complicating free radical detection is the recent
finding that the oxidative stress levels in broth media differ be-
tween suppliers, as was observed for E. coli and Salmonella spp.,
where growth of oxidative stress response mutants depended on
the source of the LB broth (44). Thus, careful consideration
should be made prior to the interpretation of data from the mon-
itoring of free radicals in bacterial cells.

Within the eukaryotic host, reactive oxygen species, such as
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hydrogen peroxide, are produced as part of the innate immune
response (45). The primary host defense against S. aureus is rep-
resented by the neutrophils, which rely on ROS for antimicrobial
activity (46). Since our results show that antibiotics influence cat-
alase expression, this modulation may affect the efficacy of anti-
microbial therapy. For the investigated antibiotics, the reduced
catalase expression could help eliminate S. aureus infections by
reducing the organism’s ability to cope with oxidative stress
(47, 48).

In summary, we show that the free radicals detected by ESR
and spin trapping are produced extracellularly as a consequence of
the presence of hydrogen peroxide and iron in the broth medium
driving the Fenton reaction and radical formation. Given our in-
ability to detect free radicals within bacterial cells, we were unable
to assess the degree to which bactericidal antibiotics induce such
radical production. For S. aureus, however, the antibiotic-medi-
ated reduction in hydrogen peroxide-scavenging enzymes re-
sulted in an increase in free radicals in the broth medium. Our
findings may explain previous reports of free radicals in biological
systems, and they highlight the need for reliable methods for de-
tection of intracellular free radicals in bacterial cells.
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