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Abstract

A molecular‐level understanding of the effects of atmospheric‐pressure plasma

on biological samples requires knowledge of the effects on proteins. Superoxide

dismutases, which detoxify superoxide under oxidative stress conditions, play a

key role in bacterial plasma resistance. Investigation of the impact of dielectric

barrier discharge (DBD) treatment on purified superoxide dismutases SodA

and SodB of Escherichia coli showed that DBD treatment caused a rapid

protein degradation, with only

8% of protein remaining after

10 min. The affinity of SodA for

the metal cofactor Mn2+ was

reduced. Mass spectrometry, in

conjunction with coupled‐
cluster calculations, revealed

that modifications of amino

acid residues in the active site

can explain the decreased me-

tal affinity and a distortion of

the coordination geometry re-

sponsible for the activity loss.
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1 | INTRODUCTION

Atmospheric‐pressure plasmas are employed in the
medical field for decontamination, sterilization, disin-
fection, and treatment of patients. They are usually
generated by ionizing ambient air or defined gas

mixtures, and they can be applied on sensitive mate-
rials such as a patient's skin.[1–3] The physics and
chemistry of the plasma gas phase are still under
intense investigation and the interactions of plasma
with liquids and biological samples are even less well
understood. Driven in ambient air, plasma mainly
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consists of reactive oxygen and nitrogen species such as
atomic oxygen, superoxide, and nitrogen oxides.[4,5]

When in direct contact with water, plasma‐borne spe-
cies may enter the solution, as recently shown even for
the short‐lived atomic oxygen,[6] and react with long‐
lived species: hydrogen peroxide, peroxynitrite, nitrite,
nitrate, and—in the presence of chloride ions—
hypochlorite.[7,8] Plasma exhibits antibacterial proper-
ties, as these reactive species target many biomolecules
that are essential for survival. The physiological chal-
lenges caused by plasma range from DNA modifica-
tions and strand breaks,[9,10] to modifications of
proteins and protein inactivation,[11,12] and finally to
membrane perforation and lipid peroxidation.[13] One
of the plasma‐generated species known to have all of
the effects listed above is the superoxide radical (O2

−).
Many proteins, for instance, have iron–sulfur clusters
as essential cofactors that are prone to oxidation by
superoxide.[14] The importance of superoxide in
plasma‐mediated inactivation of bacteria was recently
uncovered in a genome‐wide screening for plasma‐
sensitive Escherichia coli mutants.[15] Half of the mu-
tants with a plasma‐sensitivity phenotype were also
sensitive to superoxide as a sole stressor.[15]

All organisms with an aerobic lifestyle rely on
superoxide dismutases (SODs) to remove superoxide,
utilizing a two‐step disproportionation with a metal
cofactor (M)[16]:

→O + M SOD O + M SOD,2
− 3+

2
2+

→O + M SOD + 2H H O + M SOD.2
− 2+ +

2 2
3+

SODs with manganese, iron, or nickel cofactors, as
well as SODs with a combination of copper and zinc as
cofactors, have been described in this study.[17] In
E. coli, three different SODs are present. SodA has
manganese as a cofactor, SodB has iron as a cofactor,
and SodC has copper and zinc as cofactors. The three
SODs have different functions. SodA localizes in the
cytosol in close proximity to the DNA, protecting it
from superoxide.[18] SodB is homogeneously distributed
in the cytosol, where it is thought to mainly protect
proteins.[18] SodC localizes in the periplasm (the space
between inner and outer membrane), where it forms
the first layer of protection against superoxide from the
cell's environment.[19] SODs have evolved to perform
under the oxidative stress. We hypothesized that they
might endure plasma treatment longer than other en-
zymes that had been tested so far, such as lysozyme,[20]

glyceraldehyde 3‐phosphate dehydrogenase,[11] lactate
dehydrogenase,[21] and RNase A,[22] which were
inactivated by plasma on the scale of seconds or few

minutes. Using a clinically relevant dielectric barrier
discharge (DBD) plasma, we investigated the role of
SODs in protecting E. coli from plasma‐borne super-
oxide and the effects on the stability and activity of
purified SodA and SodB.

2 | EXPERIMENTAL SECTION

2.1 | Plasma treatment

A DBD device (PlasmaDerm from Cinogy, Duderstadt,
Germany) known from dermatology was applied for the
plasma generation.[5] The isolated copper electrode had a
diameter of 20mm, and it was driven at VRMS = 13.5 kV
and a trigger frequency of 300 Hz. Samples of 40 µl
volume were placed on grounded stainless steel supports
with 1‐mm distance to the DBD. All treatments were
performed at least in triplicate on different days.

2.2 | SOD activity assay

SOD activity was determined colorimetrically. Phenazine
methosulfate (PMS) and nicotinamide adenine dinu-
cleotide (NADH) were used to generate superoxide from
the oxygen dissolved in the assay solution. Nitroblue
tetrazolium (NBT) was used as the final electron acceptor
to quantify the generated superoxide.[23] Upon reduction,
the color of NBT, colorless, turns blue. SODs act as su-
peroxide scavengers, resulting in a lower NBT conver-
sion. NBT (25 µM), NADH (80 µM), and SOD were
preincubated in the reaction buffer (17‐mM sodium
phosphate buffer, pH 8.3) at 25°C for 10min. PMS (5 µM)
was added to start the reaction. The final reaction volume
was 1ml. The initial slope within the first seconds of the
reaction was used for calculating the enzyme activity.
The initial slope, when no SOD was added, was set to 0%
activity, whereas the theoretical slope of Δabs = 0 AU/s
was set to 100%. Five micrograms of freshly purified
SODs (as used in this study) exhibited an activity of
approximately 90–95%.

The assay was performed in different variations. To
determine the cellular SOD capacity (see below),
100 µg of soluble protein extract were used in place of
purified SOD. To determine the activity of purified
SOD, 5‐µg/ml SOD, as determined by the Bradford
assay (i.e., after plasma treatment), was used in the
assay, translating to a maximum volume of 85‐µl
solution for the samples treated with plasma for
10 min. To determine the interference of plasma‐
generated long‐lived species in the assay (see below),
SOD was substituted by H2O2, HOCl, or ONOO−.
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2.3 | Determination of cellular capacity
to detoxify superoxide

The strain E. coli BW25113 (wild type) and the corre-
sponding deletion strains, ΔsodA, ΔsodB, and ΔsodC,
were taken from the KEIO collection.[24] The double
mutant ΔsodAΔsodB was generated by removing the
kanamycin resistance cassette from the ΔsodA strain
using Flp encoded on the plasmid pCP20.[25] Subse-
quently, the sodB locus in the resulting kanamycin‐
sensitive strain was substituted by another kanamycin
resistance cassette using P1 bacteriophage transduction
and the single‐deletion strain ΔsodB as a donor.[24,26]

Cultures of all five strains were inoculated in
Luria–Bertani (LB) medium from overnight cultures and
incubated aerobically at 37°C.[27] At OD600 = 0.3, cells were
harvested, washed in a buffer (17‐mM sodium phosphate
buffer, pH 8.3), and lysed by ultrasonication. Cell debris
was removed by centrifugation for 45min at 18,000g and
4°C. Also, 100 µg of the supernatant, as determined by the
Bradford assay, were subjected to the SOD activity assay.[28]

2.4 | Bacterial growth and colony‐
forming units (CFU)‐based survival assay

The sensitivity of E. coli to paraquat and DBD plasma
was investigated in the wild type and the sod‐deletion
mutants. Paraquat interacts with the bacterial respira-
tion chain, causing superoxide generation. It is, thus,
frequently used to study the superoxide stress in living
cells.[29] To this end, cultures were inoculated in LB
medium from overnight cultures.[27] Control cultures
were left untreated. To the other cultures, 200‐µM
paraquat was added at inoculation, which reduced the
growth of the wild type strain by approximately 25%.
After a 16‐hr incubation at 37°C under agitation,
optical densities (OD) at 600 nm were determined and
set in relation to the OD600 of the respective untreated
control cultures.

Sensitivity to DBD plasma treatment was tested by
taking the cultures prepared from overnight cultures, as
described above, and incubating them until they reached
an OD600 of 0.3. The cultures were diluted, 1:15,000, in
LB medium. Also, 40 µl of these low‐density cell sus-
pensions (approximately 500 CFU, at 12,500 CFU/ml)
were placed on a grounded stainless steel support and
treated with plasma for 1 min, which resulted in a
reduction of CFU of approximately 20% for the wild type.
Afterward, cells were removed from the support, plated
on LB agar, and incubated overnight at 37°C for colony
counting the next day. Controls were prepared in
the same way but without ignition of the plasma. For

each strain, CFU of plasma‐treated samples was set in
relation to the respective untreated controls to calculate
the survival rates.

2.5 | Protein purification

The gene for superoxide dismutase A (sodA) was cloned
from E. coli MG1655 into the expression plasmid pASK‐
IBA5+, replacing the streptavidin affinity tag for a
His6‐tag. In the case of superoxide dismutase B (sodB),
the plasmid pCA24N::sodB from the ASKA collection
was used.[30] For the overexpression of both, the main
culture was inoculated in an LB medium from an
overnight culture and incubated aerobically at 37°C. At
OD600 = 0.3, 100‐µM MnCl2 (sodA) or 100‐µM FeSO4

(sodB) was added to the cultures. After an additional
30‐min incubation, the overexpression was induced by
200‐ng/ml anhydrotetracycline (sodA) or 100‐µM iso-
propyl thiogalactoside (sodB). The cultures were shifted
to 30°C for 5 hr. Cells were harvested and lysed by
ultrasonication. Both proteins were produced with an
N‐terminal His6‐tag for purification by Ni‐NTA affinity
chromatography according to standard protocols.[30]

The buffer for elution of the proteins consisted of
potassium phosphate (50 mM), NaCl (300 mM), and
imidazole (150 mM) at pH 8. Finally, the eluted proteins
were washed with potassium phosphate buffer (100 mM,
pH 7.5, composed of 73.6‐mM K2HPO4 and 26.4‐mM
KH2PO4) using centrifugal filter units (MWCO 10 kDa)
giving a final dilution of approximately 1:50,000. The
protein concentration was adjusted to 1 mg/ml, based on
protein measurements by the Bradford assay.[28]

As a result of the cloning procedure, the amino acids
MASHHHHHHCT and MRGSHHHHHHTDPALR were
added N‐terminally to SodA and SodB, respectively, in
lieu of the start methionines. As the added amino acids
were not detected in the mass spectrometry (MS)
experiments, amino acid numbering started with the
native N‐terminal amino acid residue serine.

2.6 | H2O2 quantification

Hydrogen peroxide was quantified using the Spectro-
quant kit (Merck, Darmstadt, Germany) following the
manufacturer's instructions.

2.7 | Synthesis of peroxynitrite

Peroxynitrite was synthesized from hydrogen peroxide
and isoamyl nitrite according to the method of Uppu and
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Pryor.[31] Peroxynitrite solutions were stored at −20°C for
a maximum of one week. Directly before use, the
concentration was determined photometrically at 302 nm
using Lambert–Beer's law (ε302 = 1,670M−1 · cm−1).
Peroxynitrite solutions were diluted to 10mM in po-
tassium phosphate buffer (100mM, pH 7.5) before use.

2.8 | Protein carbonylation

Carbonylation of amino acid side chains was determined
using 2,4‐dinitrophenylhydrazine (DNPH).[32,33] Un-
treated and plasma‐treated proteins were incubated with
5‐mM DNPH in the dark for 10 min. Furthermore, 1.2‐M
NaOH was added and the mixture was incubated in the
dark for another 10min. Afterward, the absorption at
405 nm was determined and corrected for the absorption
of a protein‐free sample.

2.9 | Circular dichroism (CD)
spectroscopy

Far‐UV CD spectroscopy was performed with a spectro-
polarimeter (J815; Jasco) at 20°C. Protein samples were
diluted to 0.15 mg/ml, based on protein measurements
(the Bradford assay) performed after plasma treatment.
Ten accumulations per sample were carried out. The
spectra were smoothed, applying the moving average
algorithm with a span of 0.05 (R2019a; MatLab).

2.10 | Mass spectrometry

Protein samples were treated with the DBD plasma and
protein concentration determined by the Bradford assay,
as described above. Samples were prepared for mass
spectrometrical analysis by reducing and alkylating the
cysteines. To this end, 40 µl of the protein sample
were mixed with 0.1% Rapigest (Waters) and 2.5‐mM
Tris(2‐carboxyethyl)phosphine, and incubated at 60°C for
45min. Afterward, alkylation with 2‐iodoacetamide
(5 mM) was performed in the dark at 25°C for 15min.
Proteins were digested either with trypsin or with trypsin
and chymotrypsin in combination (Promega sequencing
grade). The protease‐to‐substrate ratio was 1:50 (w/w) for
trypsin and 1:25 (w/w) for chymotrypsin. Digestion with
trypsin alone took place at 37°C for 5 hr. For digestion
with both proteases, first, chymotrypsin and 10‐mM
CaCl2 were added, and the mixture incubated at 30°C for
3 hr. Second, trypsin was added, and incubation con-
tinued at 37°C for an additional 3 hr. Rapigest was pre-
cipitated by the addition of 2% trifluoroacetic acid and

removed by centrifugation. On the basis of the protein
concentration measured in the beginning, 500‐fmol pro-
tein in 2 µl was injected into a nanoUPLC system coupled
to a Synapt G2‐HDMS mass spectrometer (Waters).

Chromatography was carried out on a C18 column
(pore size 130 Å, particle diameter 1.7 µM, inner dia-
meter 75 µm, length 150 mm, heated to 40°C). Solvent
A was Aqua destillata, solvent B was acetonitrile, both
containing 0.1% formic acid. The flow rate was set to
350 nl/min, and the following gradient was applied:
0–44 min, 0.5% solvent B; 44–46 min, 50% solvent B;
46–52 min, 99% solvent B; 52–60 min, 0.5% solvent B.
MS data were acquired in a positive mode with 1‐s
scanning time. Leucine enkephalin was added as a lock
mass every 60 s. The collision energy for fragmentation
was ramped from 14–45 V.

Modifications of amino acid residues were detected by
analyzing the obtained spectra with BioPharmaLynx
(v1.3.3; Waters). Only peaks with an intensity of at least
5,000 counts were considered. Furthermore, at least two
b or y ions had to be detected per peptide for peptide
identification. Spectra were processed and searched for
modifications described by Takai et al.,[34] as well as
carbamidomethylation of cysteines stemming from the
alkylation step of sample preparation (Table S1).

2.11 | Kd determination of the Mn
cofactor of SodA

SodA samples were denatured in guanidine hydro-
chloride (3.5 M) and ethylenediaminetetraacetic acid
(EDTA; 10mM) at pH 3.5 to yield manganese‐free SodA
(apoSodA). After vigorous mixing, the solution was in-
cubated at 45°C for 30min. Subsequently, two steps of
dialysis were performed: first, 5 ml of protein sample was
dialyzed against 1‐L Tris buffer (20 mM tris/HCl, pH 7.5)
containing 10‐mM EDTA, second against 1 L of Tris
buffer without EDTA.[35]

For reconstitution of apoSodA with manganese,
different amounts of MnCl2 were added to 0.05‐mg/ml
apoSodA, giving final manganese concentrations ran-
ging from 0 to 1,000 µM. The samples were incubated at
45°C for 30 min and immediately subjected to the
measurement of the intrinsic tryptophan fluorescence
with a spectrofluorometer (FP‐750; Jasco) using
λex = 280 nm and λem = 340 nm. Plasma treatment and
denaturation were performed in three independent
replicate experiments, in which each MnCl2 con-
centration was tested in technical duplicates. The
differences in fluorescence intensity between Mn2+‐
reconstituted samples and the control sample without
manganese (ΔFI) were set in relation to the maximal
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ΔFI (measured at 1 mM MnCl2) yielding ΔFI/ΔFImax.
The data from all replicates were fitted to five‐
parameter logistic growth and used for determination of
95% confidence intervals (MatLab, R2019a). The dis-
sociation constant Kd was the MnCl2 concentration, at
which ΔFI/ΔFImax = 0.5.[36,37]

2.12 | Coupled cluster calculations

First principle calculations were performed with the Orca
program package version 4.2.0.[38] For the initial geo-
metry optimization, the composite low‐cost B97‐3c den-
sity functional method (see Reference [38] for details)
was applied with the method‐specific optimized small
def2‐mTZVP basis set, utilizing the atom‐pairwise dis-
persion correction with the Becke–Johnson damping
scheme.[39–41]

Afterward, these optimized structures were used for
single‐point CCSD(T) calculations using extended basis
sets (based on an extrapolation of Ahlrichs‐type basis
sets) within the domain‐based local pair natural orbital
approach, as implemented in Orca.[38,42–47]

3 | RESULTS

3.1 | Role of SODs for bacterial survival
of plasma

In a recent screening, 87 plasma‐sensitive E. coli mutants
were identified, each lacking a single gene. More than 40
of these mutants were also sensitive to superoxide.[15]

Interestingly, the mutants lacking sodA (ΔsodA), sodB
(ΔsodB), or sodC (ΔsodC) were not identified as plasma‐
sensitive mutants. It was shown, however, that the
overexpression of sodA led to increased survival of a
ΔmntH mutant under plasma stress.[15] It is possible that
the single mutants were not identified as plasma‐
sensitive mutants, because the genetic defect of the loss of
one SOD gene was compensated on a functional level. It
has been observed previously for Klebsiella pneumoniae
growing in an LB broth medium that single mutants
lacking only one SOD survive oxidative stress caused by
60‐µM paraquat.[48] The same study showed that the
double mutants lacking both cytosolic SODs (ΔsodA
ΔsodB) were the most sensitive of the three possible
double mutants. We, thus, focused our investigation on
the E. coli SOD single‐deletion mutants, to determine the
individual contribution of each SOD to plasma sensitiv-
ity, and on the double mutant ΔsodAΔsodB, lacking both
cytosolic SODs, which served to compare the effects
of the absence of cytosolic (ΔsodAΔsodB) versus

periplasmic SOD activity (ΔsodC). To investigate the
overall superoxide detoxification capacity of the wild type
and the E. coli mutant strains, and to test the degree to
which the SODs can functionally complement each other
under plasma treatment conditions, we performed SOD
activity assays with protein extracts (Figure 1a) and de-
termined the superoxide and plasma sensitivity of single
and double mutants (Figure 1b,c). One hundred micro-
grams of cellular protein extracts of the wild type strain
and mutants was subjected to SOD activity measure-
ments. Compared with the wild type strain, the overall
capacity to detoxify superoxide was reduced only mar-
ginally (<10%) in the single mutants (ΔsodA, ΔsodB, and
ΔsodC) and even in the double mutant lacking both
cytoplasmic SODs (ΔsodAΔsodB; 13%; Figure 1a). This
indicates that any one of the SOD genes and even both
cytoplasmic SOD genes are dispensable under steady‐
state growth conditions.

We then tested the sensitivity of the wild type strain
and mutants to paraquat treatment (Figure 1b). Paraquat
is a chemical agent that causes superoxide generation in
vivo by interaction with complex I in the respiratory
chain.[29] When treated with paraquat at a concentration
of 200 µM, in the wild type strain there was a 25% de-
crease in final OD after 16 hr of growth. The two strains
ΔsodA and ΔsodAΔsodB lacking SodA (and thus the
ability to upregulate SodA) showed a severe growth de-
fect. The ΔsodB and ΔsodC mutants, which are able to
upregulate SodA, were no more sensitive to paraquat,
compared with the wild type strain. These data suggest
that a lack of SodA and/or the inability to upregulate
SodA upon paraquat stress limits growth when super-
oxide is generated intracellularly by means of paraquat
over a longer period of time and cannot be compensated
by SodB or SodC.

All deletion strains were more sensitive to plasma
treatment than the wild type strain (Figure 1c). A 1‐min
DBD plasma treatment reduced survival of the wild type
strain to 77%. The ΔsodB strain exhibited the lowest
survival rate (42%), whereas the ΔsodA strain was af-
fected less (60%). The double deletion mutant ΔsodA
ΔsodB exhibited a survival rate similar to the ΔsodB
strain (38%). The data indicate that the cellular levels of
all three SODs that are present inside the cells at the time
of plasma treatment are crucial for survival when the
cells are exposed to the DBD‐generated cocktail of species
that contains superoxide. Due to the short duration of
the treatment (60 s), the short lifetime of superoxide
(seconds), and the comparably slow process of gene
regulation (on the order of minutes), we do not expect
regulation of SOD levels during the plasma treatment
to play a major role in the survival of DBD plasma
treatment in this experiment.
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3.2 | The effect of DBD plasma
treatment on purified SodA and SodB

SODs have evolved to detoxify the reactive oxygen species
superoxide, producing another reactive oxygen species,
H2O2, in the reaction. They have evolved to perform

under oxidative stress conditions, which led us to
hypothesize that they might be more stable than other
proteins under plasma treatment conditions. The two
cytoplasmic SODs of E. coli, SodA and SodB, which were
proven most important for the survival of E. coli
under plasma stress, share approximately 43% amino
acid identity and are structurally superimposable
(Figure S1).[49] In contrast with SodC, they do not contain
a structural disulfide bond, which has been shown to be
overoxidized by plasma in RNase A,[22] and each of them
has (only) one metal cofactor. To study the inactivation
mechanism of these metal‐containing proteins, we ana-
lyzed SodA and SodB in parallel with regard to stability,
activity, and plasma‐mediated modification.

3.2.1 | Degradation of SodA and SodB

Solutions containing 1‐mg/ml SodA or SodB in potassium
phosphate buffer were treated with the DBD and the
protein concentration was determined after exposure
(Figure 2a). The protein concentrations decreased 50%
within the first minute of treatment, and less than 10% of
the initial protein was detected after 10 min of plasma
treatment, which is in agreement with recent studies on
plasma‐induced protein degradation.[50]

3.2.2 | Interference of plasma‐generated
species in the SOD activity assay

Intrigued by the rapid degradation of SODs, we wanted to
investigate whether the protein remaining after plasma
treatment (residual protein) is active or inactivated.
However, we first needed to know if, and to what extent,

(c)

(b)

(a)

FIGURE 1 The characterization of SOD‐deletion strains.
(a) SOD capacity of E. coli. One hundred micrograms of soluble
protein extract of exponentially growing cultures of the wild
type and deletion strains were subjected to SOD activity
measurements. (b) Paraquat sensitivity of SOD‐deletion strains
was determined in growth experiments. E. coli cells were
exposed to paraquat (200 µM, light bars) or left untreated (dark
bars). Final ODs after 16‐hr incubation are shown. (c) Plasma
sensitivity of SOD‐deletion strains was determined in survival
assays. E. coli cells in the mid‐log phase were exposed to DBD
plasma (1 min), and for each strain, survival was set in relation
to the respective untreated controls. Data reflect three
independent biological replicates, and error bars represent
standard deviations. DBD, dielectric barrier discharge; OD,
optical density; SOD, superoxide dismutases. The significance
of differences to the wild type strain was calculated using
Student's t test: *p≤ .05; **p≤ .005; ***p≤ .0005
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plasma treatment of samples influences the downstream
SOD activity assay.

The SOD activity assay is based on the redoxcycling
compounds phenazine methosulfate and NADH, which
generate superoxide from molecular oxygen in vitro.[23]

Superoxide then reacts with nitroblue tetrazolium, form-
ing a blue product that can be quantified photometrically.
Active SODs act as catalytic scavengers of superoxide in

this assay, decreasing the amount of the blue product
formed. Plasma‐generated species could interfere in the
assay, for example, by preventing superoxide generation,
scavenging superoxide, or reacting directly with nitroblue
tetrazolium. In particular, long‐lived species were of con-
cern, because short‐lived species have enough time to re-
act in the time between plasma treatment of the SOD
solutions and the performance of SOD activity assays (at
least 60min). To determine potential interference, we
performed the SOD activity assay with plasma‐treated
buffer (100‐mM phosphate buffer, pH 7.5) in the absence
of SODs. Indeed, plasma‐treated buffer exhibited a SOD‐
mimicking activity, dependent strictly on the plasma
treatment time and volume applied in the activity assay
(Figure S2a). Interference could be up to 50% when 100 µl
of buffer were used, which were treated with plasma for
10min. A direct reaction with nitroblue tetrazolium or
NADH is unlikely, as no reaction was observed during a
10‐min preincubation of nitroblue tetrazolium and NADH
with plasma‐treated buffer, based on absorption spectra
(Figure S3). Solutions of several long‐lived reactive species,
which are known to accumulate in plasma‐treated liquids,
were tested in the activity assay to identify potentially in-
terfering species: hydrogen peroxide, peroxynitrite, nitrite,
nitrate, and hypochlorite—of which the latter is generated
only in the presence of chloride ions (Figure S2b).[8] The
pH of the solution remained stable at pH 7.5 after the
longest treatment time of 10min according to pH mea-
surements with pH indicator strips, covering ranges from
pH 4 to 7 and pH 6.5 to 10 (MColorpHast; Merck), sug-
gesting that the solution was sufficiently buffered. No in-
terference was observed for nitrite (tested as NaNO2) or
nitrate (tested as NaNO3) up to final concentrations of
5mM in the assay reaction mixture. However, for H2O2,
ONOO−, and HOCl, SOD‐mimicking activity was ob-
served in a concentration‐dependent manner (Figure S2b).

(a)

(b)

(c) FIGURE 2 The characterization of SodA and SodB after
plasma treatment. (a) Protein concentration after plasma
treatment was determined by the Bradford assay. (b) The
activity of residual SodA and SodB (relative specific activity)
was determined. Five µg/ml of plasma‐treated protein was
applied in the activity assay, based on the Bradford assay results
shown in (a). Assay results were corrected for interference
(Figure S2). The significance of differences to the untreated
sample was calculated by Student's t test: *p≤ .05; **p≤ .005;
***p≤ .0005. (c) 2,4‐dinitrophenylhydrazine (DNPH), which
reacts with carbonyl groups, was used to grossly measure
protein oxidation. Protein solutions containing 40 µg of SodA or
SodB were exposed to plasma, and the whole sample was
subjected to the reaction with DNPH. Mean values and
standard deviations of three independent experiments are
shown for (a–c)
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Furthermore, 0.3‐mM H2O2, the maximum final con-
centration of H2O2 in the assay when buffer was treated
with plasma for 10min (Figure S2c), mimicked 8% SOD
activity. Dependent on the treatment time and the volume
applied in the assay, H2O2, thus, may cause up to 8% in-
terference in the assay (Figure S2). To determine the effect
of ONOO− on the SOD activity assay, ONOO− was syn-
thesized and tested for interference with the assay (Figure
S2b). Subtracting the 8% interference by H2O2 from the
50% total interference and assuming that ONOO− is the
only other interfering species, the concentration of
ONOO− in the buffer can be approximated to 460 µM after
10‐min DBD treatment (Figure 3).

The H2O2‐detoxifying enzyme catalase, which also
degrades ONOO−,[51] was added to the plasma‐treated
buffer (5 µg/ml, 10–25 U, bovine liver; Sigma‐Aldrich),
and the SOD activity assay was performed after a 10‐min
incubation with catalase (Figure S2d). The activity of the
plasma‐treated buffer remained the same (or, if anything,
increased slightly) with catalase, perhaps suggesting that
catalase is inactivated by the plasma‐treated buffer, thus
not degrading H2O2 or ONOO

−. For all following activity
measurements with SODs, the activity determined to be

due to interference by the plasma‐treated buffer for the
respective treatment times (Figure S2a) was subtracted.

Chloride ions, which are not relevant for the experi-
ments with plasma‐treated buffer described above, but
relevant when treating protein‐containing solutions with
plasma before performing the SOD activity assay, can
lead to the formation of HOCl during plasma treatment.
In our study, the elution buffer used for protein pur-
ification is a potential source of chloride. It contained
300‐mM NaCl. After elution, the protein was washed
extensively, theoretically resulting in a final concentra-
tion of approximately 10‐µM Cl−. We found that HOCl
interferes in the SOD activity assay (Figure S2b). A con-
centration of 10‐µM HOCl in the treated protein solution
translates to a maximum of 0.8‐µM HOCl in the SOD
activity assay, which can thus explain no more than 2%
interference in the SOD activity assay.

3.2.3 | The influence of plasma
treatment on SOD activity

The residual protein was subjected to activity measure-
ments using the SOD activity assay as described above
(Figure 2b). To this end, 5 µg/ml of the residual protein,
based on the protein measurements after plasma treat-
ment, was used. The fraction of SodA and SodB protein
that was not degraded exhibited an activity of approxi-
mately 80% after 4min of plasma treatment. Even after
10‐min treatment, the activity of the residual protein was
still at 30%.

SodA and SodB harbor the transition metals manga-
nese and iron as cofactors, respectively. The cofactors
could be released as a result of plasma treatment, espe-
cially when SODs are degraded. We, therefore, tested
whether free manganese or iron ions interfere with the
SOD activity assay (Figure S4). Free Mn2+ ions at a
concentration of 100 µM exhibit a SOD‐mimicking
activity, which can be suppressed by the addition of the
bivalent ion scavenger EDTA (Figure S4a). The total
concentration of manganese in untreated samples
(protein‐bound) is 0.2 µM, and in plasma‐treated SodA
samples (protein‐bound and free), it is 3.4 µM. The ad-
dition of EDTA, as expected, had no effect on the activity
of untreated SodA in which manganese was protein‐
bound and no significant effect on the activity of plasma‐
treated SodA. Free Fe2+ and Fe3+ ions did not interfere
with the components of the SOD activity assay (Figure
S4b). We conclude that, if released, metal ions do not
significantly contribute to the activity determination for
plasma‐treated SodA and SodB (Figure 2b).

A number of different plasma‐induced modifications
of amino acid side chains were described for proteins,

FIGURE 3 A maximal estimate of peroxynitrite in plasma‐
treated buffer was calculated on the basis of the assumptions
that besides H2O2, peroxynitrite is the only plasma‐generated
species interfering with the superoxide dismutase (SOD)
activity assay and there are no reactions between the reactive
species at the time of the assay. The concentration was
calculated on the basis of the activity of a peroxynitrite solution
of a defined concentration in the SOD activity assay and the
activity of plasma‐treated buffer minus the interfering activity
determined for H2O2. The significance of differences to the
sample treated for 2min was calculated by Student's t test:
*p≤ .05; **p≤ .005; ***p≤ .0005. The untreated sample could
not serve as a reference for Student's t test, as it did not interfere
with the SOD activity assay; thus, it could not be used to
calculate the ONOO− concentration
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which could explain losses in protein activity.[11,20,22,52]

We used 2,4‐dinitrophenylhydrazine (DNPH), a probe
that reacts with carbonyl groups, to grossly determine
oxidation of amino acid side chains in SodA and SodB
colorimetrically by measuring absorbance at 405 nm
(Figure 2c). SODs were treated with plasma for 0–10min
and used in the assay without adjusting the protein
concentration for protein degradation. Absorbance at
405 nm increased over the course of 10 min, indicating
that plasma caused the oxidation of amino acid side
chains in SOD. SODs have been applied as catalytic
scavengers of superoxide in the context of plasma treat-
ment.[53,54] The oxidation of amino acid side chains,
however, shows that SODs also react in a noncatalytic
fashion with plasma‐generated species, thereby serving as
unspecific scavengers.

3.3 | Mechanism of SOD inactivation

It was shown for glyceraldehyde 3‐phosphate dehy-
drogenase that oxidation of the active‐site cysteine was
among the plasma‐induced protein modifications.[11]

This modification is known to result in a protein in-
activation after H2O2 treatment.[55–57] For the SODs, in
addition to the plasma‐mediated degradation, inactiva-
tion of the residual SOD was observed. The activity de-
creased from 90–93% for untreated SODs to 31–36% after
10‐min plasma exposure. Plasma‐induced inactivation of
enzymes can be related to protein modification and/or
changes in protein fold (structure).[11,22] CD spectroscopy
was performed on the residual protein to probe for
structural changes after plasma treatment of SodA (Fig-
ure S5). As indicated by the CD spectra, SodA exhibited a
different fold after plasma treatment.

Using liquid chromatography (LC)‐coupled tandem
MS, we obtained high‐resolution data for the protein
modification analysis. Untreated and plasma‐treated
SodA and SodB were subjected to enzymatic digestion
with trypsin and chymotrypsin/trypsin before LC–MS/
MS analysis. The total sequence coverage for SodA and
SodB was 76% and 79%, respectively (Figure S6).
Searching the MS/MS data for a list of amino acid mod-
ifications that were previously described in the context of
plasma treatment (Table S1),[34] 27 amino acid residues
were found to be potentially modified in SodA and 30 in
SodB after 10‐min treatment with DBD plasma. The
modifications were distributed across the detected pep-
tides, not revealing a particular hot spot. Oxidative
modifications as well as nitrosylations, observed pre-
viously for plasma‐exposed free amino acids, were
found[34]; for example, the introduction of an additional
oxygen atom (theoretical Δmtheo = 15.9949 Da, observed

Δmobs = 15.9943 Da) presumably as ═O or –OH group to
Pro52 of SodA or the addition of an –NO2 group
(Δmtheo = 44.9851 Da and Δmobs = 44.9843 Da) to Tyr9 of
SodA and SodB.

The inactivation and carbonylation kinetics of SodA
and SodB are very similar. Of the 93 amino acids present
in both SodA and SodB, 15 amino acids showed the same
modifications after plasma treatment. His81 in SodA and
the structurally homologous His73 in SodB were among
these residues. In both proteins, this histidine residue is
directly involved in the coordination of the metal co-
factor, and it was found to be oxygenated in both proteins
upon plasma treatment presumably yielding dioxo‐
histidine (Δmtheo = 31.9898 Da, Δmobs = 31.9644 Da for
SodA, and Δmobs = 31.9219 Da for SodB; Figures 4 and
S6). The two additional oxygen atoms are electron‐
withdrawing atoms (negative inductive effect); thus, the
electron density in the pyrrole ring of the histidine is
reduced as is the affinity to the positively charged metal
ion. In the case of SodA, another histidine involved in
manganese coordination (His26) was also found to be
oxidized (Δmtheo = 15.9949 Da and Δmobs = 15.9762 Da;
Figure S6).

As these MS results indicate the possibility of an
impaired metal ion coordination in plasma‐treated SodA
and SodB, we investigated exemplarily the metal affinity
of SodA (Figure 5). To this end, manganese was removed
from plasma‐treated SodA by denaturing the protein. The
metal‐free apo‐protein, apoSodA, was then incubated
with different amounts of MnCl2 for reconstitution.

[35,58]

The incorporation of manganese was monitored using
fluorescence readings, as the intrinsic tryptophan fluor-
escence changes due to structural changes during re-
constitution (Figure 5a).[59] The dissociation constant Kd

was calculated from the obtained data (Figure 5b). The
lower the Kd, the higher is the affinity of SodA for the
manganese ion. The Kd of untreated SodA was found to
be 11.9 µM. The Kd increased with plasma treatment up
to 73.9 µM after 10min, indicating a reduced affinity of
the plasma‐treated protein to manganese ions. The Kd

values and the activity loss of SodA after plasma treat-
ment correlated linearly with R2 = 0.9975 (Figure 5b).

In SodA and SodB, four amino acid residues (three
histidine and one aspartate residue) form the first sphere
around the metal ion, assuring proper coordination and
thus allowing conversion of superoxide to oxygen and
hydrogen peroxide (Figure 6a).[49,60] To determine if the
modification of His26 and His81 observed for SodA by
MS was sufficient for reducing affinity to the manganese
ion, we evaluated the binding energy of untreated and
plasma‐treated SodA for the manganese ion. To this end,
in a three‐dimensional structure of SodA derived from
X‐ray crystallography studies (PDB ID 1vew),[60] the
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His26 and His81 modifications were added in silico. The
modified structure was optimized using the density
functional theory to ensure correct bond lengths and
charge distributions. The overall position of the amino
acids in the active site was not changed by the addition of
the oxygen atoms. The four manganese‐coordinating re-
sidues, His26, His81, Asp167, and His171, were then used

to calculate the binding energy of the manganese ion for
the amino acids using coupled‐cluster calculations. In
unmodified SodA, Mn2+ is bound to the four amino acid
residues with −15 eV (Figure 6b). In a plasma‐modified
active center of SodA (with oxidized His26 and His81),
the metal ion is bound with −13.5 eV, 1.5 eV less than
in unmodified SodA (Figure 6c). To put this into

(a) (b)

FIGURE 4 Mass spectrometry of chymotryptic/tryptic peptides of plasma‐treated SodB focusing on His73 (bold). Excerpts from
charge‐corrected mass spectra of (a) an untreated control and (b) a sample treated with dielectric barrier discharge plasma for 5min.
After reduction and alkylation, SodB was digested with chymotrypsin and trypsin. Peptide annotations indicate amino acid
numbering, detected b and y ions, and amino acid modifications. Carbamidomethylation of cysteine (m/z 1,384.6405, C marked by *)
occurs as a result of sample preparation. In the plasma‐treated sample, no chymotrypsin cleavage product of the peptide
Asn65‐Phe75 was observed, likely due to the modification of Trp71

(a) (b)

FIGURE 5 The affinity of SodA for manganese. (a) After removal of the manganese cofactor from untreated or plasma‐treated
SodA, the protein was reconstituted by adding different amounts of Mn2+ to the apoSodA. The incorporation of manganese into the
protein was observed by measuring the intrinsic tryptophan fluorescence (λex = 280 nm, λem = 340 nm). The obtained data were fitted
to a five‐parameter logistic function, as depicted. R2 is given for each fitting. The manganese concentration at ΔFI/ΔFImax = 0.5
represents Kd. Data reflect three independent denaturation experiments, in which each MnCl2 concentration for reconstitution was
tested in technical duplicates. (b) The dissociation constant Kd for the manganese cofactor of SodA was correlated with plasma‐
induced inactivation of SodA. For the activity of the residual protein (relative specific activity), the standard deviation is shown. The
significance of differences to untreated samples was calculated using Student's t test: *p≤ .05; **p≤ .005; ***p≤ .0005. For the Kd

values, the 95% confidence intervals as obtained from curve fitting are shown as a gray band. The data reflect three independent
experiments. For each data point, the corresponding plasma treatment time is shown. The coefficient of determination (R2) is given
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perspective, typical C–C bonds in alkanes exhibit a bond
dissociation energy of 3.6–3.9 eV; for terminal C–H
bonds, it is 4.4 eV,[61] and for hydrogen bonds with re-
levance to the secondary structure of proteins, it is up to
0.35 eV.[62] Hence, the 1.5‐eV reduction in binding energy
that is caused by the modifications of the histidine re-
sidues in the active center of SodA likely decreases the
affinity of SodA to Mn2+, which is sufficient to cause
the inactivation of the enzyme.

4 | DISCUSSION

When molecular oxygen serves as an acceptor of
nonpaired electrons, superoxide radicals are
formed.[63,64] In biological systems, this can occur,
when electrons leak from electron transport chains in
an uncontrolled fashion. The respiratory chain, in
which molecular oxygen serves as the preferred
terminal electron acceptor in organisms pursuing
aerobic lifestyles, is a prominent source of superoxide
formed by aberrant electrons. Normally in this pro-
cess, molecular oxygen receives four electrons from
cytochrome c, together with four protons, in a con-
trolled reaction mediated by cytochrome c oxidase,
forming water molecules. Due to the significant rate
of superoxide generation, SODs are important en-
zymes in the cellular detoxification machinery even
under nonstress conditions. In the present study, we
showed that SODs are crucial for bacterial survival of
DBD plasma treatment (Figure 1c). Although the loss
of any single SOD‐encoding gene can be partially

complemented, the ΔsodB mutant and the double
mutant lacking both cytoplasmic SODs (ΔsodAΔsodB)
were highly sensitive to acute plasma treatment (40%
survival rate compared with 77% survival rate of the
wild type strain). Of the mutants, the ΔsodC mutant
was best protected. This indicates that, in particular,
the intracellular detoxification capabilities are crucial
for the survival of acute plasma stress. SodB has been
shown to be distributed homogeneously in the
cytoplasm of wild type E. coli and is thought to pre-
dominantly protect proteins from superoxide, whereas
SodA is located in close proximity to the DNA.[18]

In the knockout mutants, the overall capacity to
detoxify superoxide under nonstress conditions is
almost at wild type levels (Figure 1a), showing that
the mutants are adapted and are able to sufficiently
detoxify superoxide under control conditions. Plasma
has been shown to target all biomolecules including
nucleic acids, proteins, lipids, and low‐molecular‐
weight compounds like glutathione.[9,11,21,65–67] As
the ΔsodB and ΔsodAΔsodB strains were the most
sensitive to acute plasma treatment, it is tempting to
speculate that the protection of cytoplasmic proteins
is most important for the survival of plasma stress.
However, to draw a more definite conclusion, it re-
mains to be investigated if the compensatory upre-
gulation of SODs in the knockout mutants affects SOD
localization and protection patterns.

Under prolonged superoxide stress inflicted by para-
quat treatment, the capability of upregulating SodA is of
major importance for sustaining growth (Figure 1b). This
capability does not seem to come into play much during

(a) (b) (c)

FIGURE 6 The active site of SodA. (a) A two‐dimensional projection of the manganese‐coordinating residues. Interactions are
shown as dotted lines, and modifications caused by plasma are shown in black. Electron‐withdrawing effects are marked by arrows.
Interrupted dotted lines indicate that due to the plasma‐induced modifications, the interaction is impaired. (b) In the cartoon model, the
active site with the Mn‐coordinating residues highlighted as stick model. (c) It is similar to (b), but with the plasma‐induced modifications
of His26 and His81 modeled into the structure (marked with asterisks). For (b) and (c), the SodA structure from PDB file 1vew was used.
The energy by which the manganese ion is bound into the structure was calculated using the coupled‐cluster method
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the 1‐min plasma treatment (Figure 1c), likely due to a
lack of time allowed for physiological adaptation.

Plasma–liquid chemistry is of particular importance in
the field of plasma medicine, as most biological materials
contain liquids or are covered by them. The number of
possible reactants and reactions is high even in pure water,
but it increases further with the complexity of the treated
samples. In attempts to reduce the complexity or to isolate
specific phenomena, scavengers are often employed as
additives to the aqueous solutions before plasma exposure.
SODs, for example, have been used as scavengers of su-
peroxide.[53,54] SODs act as catalytic scavengers, which
means that they detoxify superoxide radicals by catalyzing
their reaction with protons, producing hydrogen peroxide
and molecular oxygen. A major concern with catalytic
scavengers in the context of plasma treatment is their
plasma stability, and the impact of plasma treatment on
their activity. We show here that purified SodA and SodB
are degraded by DBD plasma, with <10% of protein re-
maining after 10min of plasma treatment (Figure 2a). The
residual protein does retain some of its activity. After a
10‐min plasma exposure, the relative specific activity was
30–35% (Figure 2b). However, when using SOD as a sca-
venger, one cannot easily adjust the protein concentration,
thus relying on the actual relative activity, which after
10‐min treatment is reduced to approximately 1.9% (SodA)
and 2.8% (SodB). In comparison, using the same plasma
source for treatment, the relative specific activity of RNase
A dissolved in aqua destillata was reduced to 10% after
1min of plasma treatment and no activity was detectable
after 10min.[22] Although SodA and SodB are somewhat
more plasma‐stable than RNase A, their residual activity
after 10‐min treatment is not impressive for enzymes
evolved to counteract oxidative stress.

A second major concern is that of scavenger speci-
ficity. We observed that SodA and SodB are degraded
and modified as a result of plasma treatment, as shown
by protein concentration measurements (Figure 2a),
quantitation of protein carbonylation (Figure 2c), and
peptide MS analysis (Figures 4 and S6). This is likely to
be due to reactions not just with superoxide radicals
but with many different plasma‐generated reactive
oxygen, nitrogen, and chlorine species that can react
with the amino acid residues or the protein backbones
of SodA and SodB. Thus, SODs do not only remove
superoxide from the solution catalytically but also act
as unspecific scavengers.

We were interested in a better understanding of
SOD inactivation mechanisms, as this might open up
opportunities for engineering more plasma‐stable
proteins. The nitrosylation of Tyr34 in SodA has
been described as an inactivation mechanism by per-
oxynitrite.[68] In the MS analysis, no nitrosylation of

Tyr34 was detected in SodA or SodB. We did, however,
detect modifications of amino acid residues in the
active site, which are critical for metal ion coordina-
tion. In SodA and SodB, coordinating histidine
residues were oxygenated (Figure 6). The proper
alignment of the metal ions in SODs is of utmost
importance, as very slight shifts render these enzymes
inactive.[17,69–71] The decreased affinity of the plasma‐
treated SodA to manganese ions (Figure 5a) and the
loss in activity (Figure 5b) are congruent with the
disturbance of the metal ion coordination as the pri-
mary cause for inactivation of the residual protein by
plasma treatment.

5 | CONCLUSION

Proteins in aqueous solutions treated with atmospheric‐
pressure plasmas are rapidly inactivated. The evolution of
SODs to counter oxidative stress and both cytoplasmic
SODs of E. coli, SodA and particularly SodB, proved im-
portant for survival under plasma stress. Purified SodA
and SodB protein is degraded by plasma treatment,
thereby accumulating protein modifications. In parti-
cular, the modification of histidine residues in the active
center results in a reduced affinity of the protein for its
metal cofactor and thus protein inactivation. As a result
of degradation and modification, SodA and SodB retain
approximately 50% of their original activity after 1 min of
treatment with a DBD plasma and are significantly more
plasma‐stable than RNase A.
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