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Abstract: Several studies have revealed that various diseases
such as cancer have been associated with elevated
phospholipase A2 (PLA2) activity. Therefore, the regulation of
PLA2 catalytic activity is undoubtedly vital. In this study,
effective inactivation of PLA2 due to reactive species
produced from cold physical plasma as a source to model
oxidative stress is reported. We found singlet oxygen to be
the most relevant active agent in PLA2 inhibition. A more
detailed analysis of the plasma-treated PLA2 identified
tryptophan 128 as a hot spot, rich in double oxidation. The

significant dioxidation of this interfacial tryptophan resulted
in an N-formylkynurenine product via the oxidative opening
of the tryptophan indole ring. Molecular dynamics simulation
indicated that the efficient interactions between the trypto-
phan residue and phospholipids are eliminated following
tryptophan dioxidation. As interfacial tryptophan residues are
predominantly involved in the attaching of membrane
enzymes to the bilayers, tryptophan dioxidation and indole
ring opening leads to the loss of essential interactions for
enzyme binding and, consequently, enzyme inactivation.

Introduction

Phospholipase A2 (PLA2) is a group of membrane proteins that
specifically cleaves the acyl ester bond at the sn-2 position of
glycerophospholipids, releasing fatty acids and

lysophospholipids.[1] The mammalian genome encodes more
than 30 PLA2 isoforms or related enzymes. The PLA2 superfamily
has three primary classification: secretory PLA2 (sPLA2), cytosolic
PLA2 (cPLA2), and Ca2+-independent PLA2 (iPLA2). The activity of
PLA2 isoforms leads to the release of a mixture of bioactive
lipids or lipid mediators. Lysophosphatidic acid (LPA) is one
such bioactive phospholipid produced by the enzymatic action
of PLA2. It has been found to induce many cancer hallmarks,
including cellular processes such as proliferation, growth,
survival, migration, invasion, and angiogenesis promotion.[2]

PLA2 overexpression is not only associated with numerous
cancers,[3] but also with inflammation in pathological processes
such as asthma or allergy.[4] Moreover, increased PLA2 activity
has been reported in autoimmune disorders,[5] schizophrenia,[6]

autism,[7] and bipolar disorders.[8] Therefore, elevated PLA2

activity may play a role in the aforementioned disease states,
and the regulation of its activity is of great interest. Several
PLA2 inhibitors have been developed so far: Nevertheless, there
has been no reported clinical successes to date and no
treatments have reached the market.[9] Hence, novel strategies
for the effective and safe inhibition of PLA2 are highly desirable.

Two regions are known to be involved in the PLA2 activity;
first, the interface site responsible for the enzyme binding to
the membrane and the catalytic site.[10] Accordingly, the lack of
efficient binding to the lipid membrane leads to a reduction of
enzymatic activity. Interfacial bindings are formed primarily by
hydrophobic amino acids, of which tryptophan plays a signifi-
cant role.[11] Leslie et al. reported that the association of the
catalytic domain of human cPLA2 with the membrane is
mediated in part by a tryptophan residue located at the
membrane-exposed face of the enzyme.[12] Mutation of this
tryptophan residue significantly reduced the membrane associ-
ation of the enzyme.[13] It is also known that tryptophan plays
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an essential role in the interfacial binding and activity of other
PLA2 isoforms.[14] Han et al. reported that tryptophan 31 in the
binding surface of human group V PLA2 was essential for
membrane penetration of the enzyme.[15] Hence, a mutation of
tryptophan 31 reduced enzyme activity 7-fold.[16] Notably, Beers
et al. reported that the addition of only a single tryptophan to
the membrane binding surface of human group IIA significantly
enhanced the enzyme activity.[17] PLA2 enzymes which contain
the tryptophan residue in the interfacial binding surface are
reported to display the highest activity toward neutral
phospholipid substrates.[18] Gaspar et al. found that the non-
steroidal anti-inflammatory drugs (NSAIDs) inhibit PLA2 activity
due to the disturbance of the enzyme binding efficiency to the
membrane, possibly by shielding the tryptophan residues of
the enzyme.[19] Based on that, we considered the destruction of
the tryptophan-lipid interactions beneficial for the enzyme
inhibition.

It is reported that the indole ring of the tryptophan has
efficient interactions with the membrane’s interfacial region.[20]

We aimed to determine if the cleavage of the indole ring leads
to the loss of effective enzyme-membrane binding. Tryptophan
oxidation has been shown to be responsible for the opening of
the indole ring.[21] To this end, cold physical plasma (CPP) was
used as a source of reactive oxygen and nitrogen species
(RONS) for tryptophan oxidation. CPP is a promising medical
tool, which has been widely studied in different fields of
medicine, such as cancer cell treatment, blood coagulation,
wound healing, and skin disease treatment.[22] CPP is a body-
temperature ionized gas produced at atmospheric pressure by
applying energy to neutral gases.[23] CPP produces a mixture of
active agents, including free charged particles, radicals, RONS,
UV radiation, and electromagnetic fields.[24] It is assumed that
plasma generated RONS, such as hydrogen peroxide (H2O2),
ozone (O3), hydroxyl radical (

*OH), superoxide (*O2
� ), singlet

oxygen (1O2), atomic oxygen (O), peroxynitrite (ONOO� ), and
nitric oxide (*NO) are the critical elements in the above
mentioned medical applications of CPPs.[25]

Herein, we report the effective inhibition of bee venom
PLA2 by direct plasma treatment. The choice of enzyme was
based on the existence of a tryptophan residue on its interfacial
region. Supported lipid bilayers (SLBs) were prepared on the
surface of a gold electrode, and the activity of the wild-type
and plasma-treated enzymes to cleave the SLBs was monitored
by electrochemical techniques. Moreover, a detailed analysis of
the effect of plasma-produced RONS on the enzyme peptide
chain was performed using high-resolution liquid chromatog-
raphy-tandem mass spectrometry (HR-LC-MS). Finally, the
impact of tryptophan oxidation on the enzyme-lipid interac-
tions was identified by molecular dynamics (MD) simulation and
molecular docking studies.

Results and Discussion

Electrochemical studies to access the activity of PLA2

To study the PLA2 activity to cleave the lipids, lipid bilayers from
phosphoethanolamine (PE) and phosphatidylserine (PS) with
ratio of PE:PS (70%:30%) were transferred onto the gold
electrode surface by Langmuir-Blodgett and Langmuir-Schaefer
deposition techniques. Optimum deposition pressure was
assessed at 38 mN m� 1, where significant changes in the plot of
surface pressure as a function of area per lipid molecule (π-A
isotherm) were observed. It is possible to decrease the bilayer
thickness by lowering the deposition pressure. As a result,
thicker bilayers will be transferred at higher deposition
pressures.[26]

Electrochemical measurements were performed to confirm
the successful transfer of the lipid bilayer to the electrode
surface. As shown in Figure 1, the cyclic voltammogram (CV)
and differential pulse voltammogram (DPV) of [Fe(CN)6]

3� /4� as
the redox probe, in the case of gold supported lipid bilayer had
no significant peak current. This indicated that the gold
electrode surface was covered with the lipid bilayer and the
barrier properties of the transferred lipid bilayer were blocking
the probe’s access to the electrode surface. The enzymatic
activity of PLA2 to cleave the lipid bilayer was studied by
injecting 10� 4 mgmL� 1 of the enzyme into the electrochemical
cell containing the gold supported lipid bilayer working
electrode. It is reported that the bee venom PLA2 molecule is
Ca2+ dependent and highly basic (pl=10.5�1.0), which its

Figure 1. CVs (A) and DPVs (B) of the gold electrode, and gold supported
lipid bilayer electrodes before and after injection of PLA2 enzyme.
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optimal activity occurs at alkaline pH.[27] Based on that,
measurements were performed in Tris buffer (pH 8.9) contain-
ing 5 mM CaCl2.

The ability of the enzyme to hydrolyze the phospholipids
damaged the lipid bilayer. It led to the gold electrode surface
being more accessible for the redox probe, facilitating electron
transfer between the probe and the electrode. As a result, the
observed increase in the current and area of the DPV and CV
peaks of [Fe(CN)6]

3� /4� (Figure 1) after two hours was related to
PLA2 activity.

Balashev et al. have visualized the degradation of lipid
bilayer due to the action of PLA2 by atomic force microscopy.
They found that hydrolysis of the lipid bilayer is initiated at
specific regions where traces of structural bilayer defects or
holes are distinguished or depressions in the bilayer have been
identified. After PLA2 injection, the existing structural defects
were enlarged, and new holes appeared.[28]

The changes in lipid bilayer permeability after injection of
PLA2 to the electrochemical cell were calculated based on
Equation (1).

% Changes in permeability ¼ ½ðA1 � A2Þ=A3� � 100 (1)

A1, A2 and, A3 were the area of the DPV curves of 10 mM
[Fe(CN)6]

3� /4� for gold supported lipid bilayer after two hours of
PLA2 injection, gold supported lipid bilayer, and gold electrode,
respectively.

The effect of plasma treatment on the activity of the PLA2

enzyme was investigated (Figure 2). A solution of 60 s Ar
plasma-treated PLA2 was added to the electrochemical cell
containing a gold supported lipid bilayer working electrode.
Interestingly, we found that lipid bilayer permeability changes
were negligible (Figure 2A), which illustrated that the plasma-
treated enzyme was no longer able to hydrolyze the phospho-
lipids. To better understand the plasma-mediated enzyme
inhibition, Tris buffer (pH 7.4) was exposed to Ar plasma, and
the PLA2 enzyme was added immediately after. The results of
which demonstrated that this ‘indirectly’-treated enzyme
cleaved the lipid bilayer to increase its permeability: as such,
indirect plasma treatment could not inhibit the enzyme activity.
We concluded that short-lived reactive species from plasma
were responsible for the observed enzyme inhibition, and the
responsible agents for enzyme inactivation were lost in indirect
treatment. Accordingly, the concentrations of deposited reac-
tive species during 60 s Ar plasma treatment were quantified
(Figure S2). We found *OH and 1O2 as short-lived and H2O2,
nitrite (NO2

� ), and nitrate (NO3
� ) as long-lived plasma-produced

reactive species in our measurement. Further experiments were
conducted by adding a similar amount of identified long-lived
reactive species to the PLA2 solution. The obtained results are
shown in Figure 2A, which indicated that none of these species
were able to inactivate the enzyme.

1O2 was one of the short-lived reactive species found only
within direct plasma treatment (Figure S2) and is reported to be
related to the anti-tumor effects of CPP.[29] Bauer et al.
introduced 2 mM of histidine as a standard concentration of 1O2

scavenger.[30] To assess the effect of 1O2, histidine was added to

the PLA2 solution during direct plasma treatment. It was found
that in the presence of histidine, the direct plasma-induced
abrogation was abolished. This suggested 1O2 to be the
responsible agent for the enzyme inactivation. To verify the role
of 1O2 in enzyme inhibition, a solution of PLA2 in D2O was
irradiated in the presence of 10 μM of rose bengal as photo-
sensitizer with continuous oxygenation. Then, the appropriate
amount of the irradiated enzyme was injected in the electro-
chemical cell containing gold supported lipid bilayer to have
10� 4 mgmL� 1 PLA2. After two hours, the changes in the
permeability of the lipid bilayer were monitored. We found that
the irradiated enzyme was inactivated and was not able to
cleave the phospholipids. The control experiment was repeated
similarly by mixing PLA2 and rose bengal in D2O without
irradiation. In the control experiment, the enzyme was able to
cleave the bilayer and increase the permeability. These results
confirm our suggestion that 1O2 is involved in the inactivation
of the enzyme by plasma treatment. Moreover, the effect of
substrate physical properties on the PLA2 activity was inves-
tigated and is shown in Figure 2B. The obtained results
indicated that wild-type PLA2 had a higher activity for cleaving
oxidized and PS exposed lipid bilayers (PE: PS (50%: 50%)) due
to the altered structure of the membrane, which facilitated
adsorption and access of the PLA2 to the sn-2 ester bond of the
phospholipids.[31] However, cleavage of the oxidized and PS
exposed membranes by treated PLA2 was sluggish. Further-
more, the impact of UV radiation from the plasma on the

Figure 2. The changes in the PE: PS (70%: 30%) lipid bilayer (LB)
permeability after incubation of bilayer with PLA2 enzyme for 2 h (A). The
changes in the lipid bilayer permeability after incubation of PE: PS lipid
bilayers with different physical properties with PLA2 for 2 h (B). The dashed
red line indicated the activity of wild-type PLA2 to cleave PE: PS (70%: 30%)
lipid bilayer.
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activity of PLA2 was investigated. The enzyme was treated in a
chamber with an MgF2 window to eliminate the effects of
plasma-generated RONS and ensure only UV radiation can
affect the enzyme. As shown in Figure 2B, the UV radiation
increases the enzyme activity of lipid cleavage and as such is
unlikely to be an influential factor in enzyme inhibition.

Dynamic light scattering (DLS) and circular dichroism
(CD)-spectroscopy measurements

DLS was performed to analyze possible enzyme degradation or
aggregation by investigating any changes in size and hetero-
genicity of the enzyme after plasma treatment. Comparing the
correlograms of PLA2, there were no significant changes in the
light scatter decay time (Figure 3A) and the total area under the
curve (AUC) (Figure 3B) for the enzyme after plasma treatment.
The high polydispersity index (wild-type=0.85, plasma-
treated=0.87) suggested a significant level of heterogenicity
that did not change following plasma treatment. Additionally,
the size of the enzyme before and after plasma treatment was
measured as 4.97�0.85 nm (wild-type) and 4.58�0.72 nm
(plasma-treated) (Figure 3C), which revealed no notable
changes in diameter after plasma treatment. Collectively, these
findings suggest no enzyme degradation or aggregation as a
result of plasma treatment.

Consequently, we performed CD-spectroscopy analyses to
track the changes in the secondary structure of the enzyme
that may appear after plasma treatment. For this purpose, the
CD spectra of the PLA2 enzyme before and after plasma
treatment with the Tris buffer spectrum used as the control
measurement were recorded. As is shown in Figure 3D, the
enzyme α-helix is depicted in the CD-spectra without consid-
erable changes. Assuming a constant enzyme concentration in
both measurements, no significant differences appeared in the
enzyme’s secondary structure after plasma treatment.

HR-LC-MS analysis

The inactivation of the plasma-treated PLA2 prompted us to
analyze the oxidative modifications of the enzyme induced by
RONS using HR-LC-MS. The coverage of the protein sequence
was more than 90% before filtering the peptide spectrum
matches with Byonic and delta mod score and 75% after
filtering. The comparison of the chromatograms revealed that
cysteine and methionine, as very reactive amino acids,[21e,32] did
not show significant oxidative modifications after plasma treat-
ment. However, tryptophan 128 at the exterior of the enzyme
appeared as a hot spot. A detailed view of the RONS-induced
oxidative modification sites found in the amino acid sequence
of the enzyme after plasma treatment and the relative amount
of each modification compared to the total number of
modifications is shown in Figure 4. Obviously, among all
modifications, tryptophan 128 dioxidation constituted more
than 25% of all the identified modifications. This number
indicated the high susceptibility of tryptophan to dioxidation,
possibly due to the oxidation by 1O2 produced from plasma.
The origin of other detected plasma-induced modifications of
amino acids was studied extensively.[33]

Dioxidation of tryptophan resulted in the formation of
different products.[34] Li et al. have studied the chemical basis of
tryptophan oxidation using an Ar plasma jet.[35] In addressing
this issue, they fully characterized each tryptophan-derived
product using LC-MS2. They demonstrated that the plasma-
induced oxidation of tryptophan gave rise to a mixture of
hydroxyl derivatives and hydroperoxides, which were decom-

Figure 3. Correlation coefficient (A), AUC (B), and the size (C) of untreated
and plasma-treated PLA2 in Tris buffer (pH 7.4) measured by DLS (n=3), and
CD spectra of Tris buffer (pH 7.4) and PLA2 enzyme before and after plasma
treatment (D) (n=2).

Figure 4. The complete amino acid sequence of PLA2 with the specific
location of each identified RONS-induced modification (A), and the relative
amount of each amino acid modification in plasma-treated PLA2 compared
to the total number of modifications (B).
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posed into N-formylkynurenine (NFK) under physiological
conditions. Furthermore, they proposed a mechanism for the
tryptophan reaction with the plasma-generated RONS, which
introduced NFK as the final product of tryptophan oxidation by
the Ar plasma jet. Moreover, Ronsein et al. have studied the
mechanism of tryptophan oxidation by 1O2.

[21b] They character-
ized two cis- and trans-tryptophan hydroperoxide (WOOH)
isomers as the major tryptophan oxidation products. They have
shown that WOOHs were highly unstable and rapidly decom-
posed under heating or basification, leading to the formation of
NFK. A similar mechanism was proposed by Gracanin et al. for
tryptophan oxidation to NFK.[36] As plasma is a body-temper-
ature ionized gas, and the treatment was done at slightly basic
solutions (pH 7.4) and based on the UV absorption spectra
(Figure 5S), we assigned NFK as the major product of
tryptophan dioxidation and the main oxidative product in the
plasma-treated PLA2 sequence.

The oxidation of tryptophan to NFK in proteins has been
known. Kuroda et al. found that inactivation of lysozyme
occurred only when one specific tryptophan residue was
oxidized to NFK.[37] It was the first evidence that oxidation of a
particular tryptophan residue can impair enzyme activity. They
reported this oxidative inactivation is accompanied by the loss
of the ability of lysozyme to form an enzyme-substrate complex.
Moreover, tryptophan dioxidation to NFK has been detected in
a variety of other proteins, including mitochondrial ATP
synthase,[38] photosystem II subunits,[39] apoliprotein B-100,[40]

myoglobin,[41] aconitase-2 (mitochondria),[42] frataxin,[43] troponin
I and actin.[44] Furthermore, Kasson et al. introduced NFK as a
new marker identify ROS generation sites in photosystem II and
other proteins.[45]

It is known that the interactions of the tryptophan indole
ring with biomembranes are highly remarkable in their
solvation.[20,46] As a result, tryptophan dioxidation and the indole
ring-opening can prevent membrane proteins from efficiently
anchoring into the lipid bilayer, which leads to enzyme
inactivation. To prove our hypothesis, MD simulation and
molecular docking were done to measure the interactions
between wild-type PLA2 containing tryptophan 128 residue and
plasma-treated PLA2 with the NFK group and a PE lipid.

MD simulation

To further highlight that tryptophan dioxidation and NFK
formation had no effect on the size and structure of the
enzyme, but only altered the interactions with phospholipids,
MD simulation was applied. For this purpose, structures and the
surface electrostatic potentials indicating the positively and
negatively charged regions for the wild-type and plasma-
treated PLA2 were generated with PyMol and APBS and are
compared in Figure 5. As is shown, there were no significant
changes in the enzyme’s structure and size after plasma
treatment; especially in the active site of the enzyme, supports
the finding of the obtained DLS and CD-spectroscopy exper-
imental data. The most apparent structural change was
observed in the region where tryptophan 128, tyrosine 126, and

phenylalanine 129 were modified. Moreover, root-mean-square-
deviation (RMSD) for untreated against plasma-treated PLA2

was calculated as 0.585. This small RMSD suggests only partial
differences between the structure of enzyme before and after
plasma treatment.

As mentioned, tryptophan plays an essential role in the
binding of membrane enzymes. In this regard, FTMap[47] was
performed to identify if tryptophan 128 could be a hotspot for
different ligands. It was found that tryptophan 128 is able to
establish hydrogen bonds with 2.46% ligands (Figure S6), which
was a significant percentage for the outer region of the enzyme
active site. Hydrogen bonds and electrostatic-π interactions are
essential for indole solvation, and these interactions are
responsible for tryptophan’s role in anchoring proteins into the
membrane.[46] As a result, any changes in the indole ring
structure due to plasma treatment could affect tryptophan’s
ability to bond with the membrane. As such, molecular docking
was performed to simulate the interactions between PE lipid
and wild-type or plasma-treated PLA2 with tryptophan or NFK
residues, respectively.

The molecular docking results indicate that PE lipids can
establish two groups of hydrogen bonding via its carbonyl
groups with tryptophan 128 of wild-type PLA2. The first hydro-
gen bonding was between the lipid carbonyl group and NH2 of
tryptophan 128, which had an angle of 14.5 degrees to the x-
axis, and 143.8 degrees to the y-axis at a distance of 3.0 Å. The
other hydrogen bond formation was between the N atom of
the tryptophan 128 indole ring and the second carbonyl group
of PE, with an angle of 17.9 degrees to the x-axis and 116.8

Figure 5. Structural alignments (A) and surface electrostatic potentials (blue
for positively charged, red for negatively charged), before and after rotation
by 180° about the vertical axis (B) for wild-type and plasma-treated PLA2.
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degrees to the y-axis at a distance of 2.8 Å (Figure 6A and B).
After plasma treatment and dioxidation of tryptophan, these
hydrogen bond and the other electrostatic-π interactions of
tryptophan 128 with phospholipid were eliminated (Figure 6C
and D). Dioxidation of tryptophan and opening of the indole
ring decreased the total interactions between the phospholipid
and the enzyme. The enzyme‘s affinity for ligand binding was
calculated as � 4.3 kcalmol� 1 (docking score) for PLA2, which
was reduced to � 3.4 kcalmol� 1 after plasma treatment. The
molecular docking results indicated that in the case of plasma-
treated PLA2, the absence of sufficient interactions between the
enzyme and lipid membrane prevented enzyme localization in
the lipid bilayer, which resulted in the inactivation of the
enzyme.

Kubiak et al. studied the products of bovine eye lens protein
gB-crystallin (GCS) oxidation by MD modeling.[48] They induced
mutations at tryptophan residues converting them into NFK.
According to quantum chemical calculations, they found the
rearrangement of the charge distribution in the tryptophan
moiety after its oxidation to NFK is localized in the opened
indole ring. They demonstrated the increased local electric
dipole moment of the NFK residue decreased the hydro-
phobicity of the molecule. Furthermore, they reported the NFK
residue significantly more polar than tryptophan. Thus, under
favorable conditions, new hydrogen bonds with water were
created. They presented a snapshot from the GCS and NFK
trajectories, showing that NFK penetrated the water further
than tryptophan. Considering their results, oxidation of trypto-
phan to NFK was decreasing the lipophilicity of the treated
enzyme. Thus, the plasma-treated enzyme had less affinity to
form hydrogen bonds with phospholipids, leading to the loss of
efficient interactions between the enzyme and phospholipids
and enzyme inactivation. This could represent a novel treat-
ment strategy for many diseases that involve PLA2 over-
expression.

Conclusion

In this study, we demonstrated that the plasma-produced 1O2

led to the efficient inactivation of the PLA2 enzyme, which is
highly desirable due to its increased activity in many diseases.
We verified that the dioxidation of interfacial tryptophan 128
residue to NFK led to the decay of functional interactions
between the enzyme and phospholipid, preventing the enzyme
from anchoring in the membrane and consequently inhibited
the enzyme efficiently. The introduced inhibition mechanism is
not limited to the PLA2 enzyme, but can be extended to those
proteins in which interfacial tryptophan plays a role in their
membrane anchoring and functionality. Influenza virus
haemagglutinin,[49] Ebola virus matrix protein,[50] multidrug
resistance protein 1,[51] and Escherichia coli α-Hemolysin[52] are
only a few examples in which tryptophan residues are known to
be required for their stabilizing and proper function in cells.
This study deepens our knowledge of the structure-function
relationship of the PLA2 enzyme and introduces the possibility
of using this inactivation strategy based on pro-oxidant

Figure 6. 3D and 2D interactions of PLA2 and PE lipid before (A and B) and
after (C and D) plasma treatment. Abbreviations for amino acids: W:
tryptophan, Y: tyrosine, C: cysteine, K: lysine.
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therapies for all the proteins in which tryptophan has a role in
their membrane anchoring and functionality.

Experimental Section

Reagents

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (18 :1 (Δ9-Cis) PE
(DOPE)) and 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (sodium
salt) (18 :1 PS (DOPS)) were from Avanti Polar Lipids and purchased
from Otto Nordwald (Otto Nordwald GmbH, Germany) and used
without further purification. Chloroform and ethanol were HPLC
grade from Carl Roth (Carl Roth GmbH+Co. KG, Germany).
Methanol (99.95%) was from Th. Geyer (Th. Geyer GmbH & Co. KG,
Germany). Phospholipase A2 from honey bee venom (Apis mellifera,
UniProt P00630), rose bengal, potassium hexacyanoferrate(II) trihy-
drate, potassium hexacyanoferrate(III), and hydrogen peroxide
(30% w/w) were purchased from Sigma-Aldrich (Sigma-Aldrich
Chemie GmbH, Germany). Peroxynitrite was from Merck (Merck
Chemicals GmbH, Germany). Water used for cleaning and measure-
ments was purified with ultrapure MilliQ water (Milli-Q® Merck
KGaA, Germany). All other reagents were of analytical grade and
used without further purification.

Preparation of gold supported lipid bilayer

To prepare the gold-supported lipid bilayers, Langmuir-Blodgett
(LB) and Langmuir-Schaefer (LS) deposition techniques were
applied for the transfer of the first and second lipid monolayers
onto the Au(111) (arrandee metal GmbH+Co. KG, Germany)
substrates, respectively. For this purpose, surface pressure-area
isotherms were recorded using a Langmuir trough (KSV NIMA, LOT-
QuantumDesign GmbH, Germany). The Au (111) substrate was
flame-annealed and cleaned in piranha solution (3 :1 mixture of
concentrated sulfuric acid and 30% hydrogen peroxide solution)
before being transferred into the trough.[53] A sufficient quantity of
1 mgmL� 1 lipid solution was dispersed onto the surface of the
water subphase in a dropwise manner. The lipid solvent was
allowed to evaporate for 15 min, and then the barriers were closed
to obtain the target pressure of 38 mNm� 1. The Au substrate was
raised vertically through the monolayer film at a speed of
2 mmmin� 1, while the pressure was maintained at the target
pressure and then dried in argon for 30 min. A transfer ratio of
1.0�0.1 was accepted as a successful transfer of the lipid to the
substrate. To transfer the second monolayer, the Langmuir-
Schaeffer (horizontal dip) was performed at a speed of
0.5 mmmin� 1. The Au substrate-supported lipid bilayer was placed
immediately into the electrochemical cell.

Electrochemical measurements

Electrochemical measurements were carried out using a potentio-
stat AUTOLAB PGSTAT302 N (Deutsche METROHM GmbH & Co. KG,
Germany) electrochemical system. All experiments were performed
in a three-electrode system consisting of a leakless Ag/AgCl
miniature reference electrode and a platinum wire auxiliary
electrode (eDAQ Europe, Poland), and a gold substrate supported
lipid bilayer as the working electrode. DPVs and CVs were recorded
in a solution of 10 mM [Fe (CN)6]

3� /4� in Tris buffer [0.010 M Tris
(pH 8.9), 0.150 M NaCl, 0.005 M CaCl2].

CPP treatment

The kINPen09 (Neoplas tools GmbH, Germany) was used as a well-
characterized plasma source[54] running at 1.1 W and a frequency of
1 MHz. Argon was used as feed gas at a flux of 3.0 standard liters
per minute (slm). Volumes of 750 μl of PLA2 enzyme in Tris buffer
[0.010 M Tris (pH 7.4), 0.150 M NaCl, 0.005 M CaCl2] were treated
with the kINPen at a distance of 9 mm between the jet nozzle and
the sample surface for 60 seconds.

Singlet oxygen generation

Samples of 0.01 mg mL� 1 PLA2 enzyme in D2O were irradiated for
30 minutes in the presence of 10 μM of rose bengal as photo-
sensitizer with PL201 compact laser module 520 nm wavelength
(Thorlabs GmbH, Germany) with continuous oxygenation.

DLS measurements

Samples of untreated and plasma-treated PLA2 (1 mg ml� 1) in Tris
buffer (pH 7.4) were loaded in low-volume disposal cuvettes
(ZEN0040). Spectra were recorded using a ZS90 dynamic light
scattering device (Malvern Instruments, UK) equipped with a
helium-neon laser light source (632 nm). The samples were
measured at 25 °C, with an equilibration time of 120 seconds.
Attenuator was set to 9, backscatter angled detection was
performed at 173° with a scattering collection angle of 147.7°.
Measurement was performed once in three technical replicates,
with a measurement duration of 25.2 sec (1.68 sec per run) for each
replicate. Data were evaluated with ZS XPLORER Software 1.3.0.140
and GraphPad prism 9.0.2.

CD-spectroscopy

Circular dichroism data were monitored with a Chirascan CD
spectrometer (Applied Photophysics, UK) combined with a temper-
ature controller (Quantum Northwest, USA). Each measurement was
done with samples in a concentration of 25 μg ml� 1 diluted in Tris
buffer (pH 7.4) and loaded in 5 mm-pathlength cuvettes (Hellma
Analytics, Germany). CD spectra were recorded at 25 °C in the range
of 190 to 270 nm with a bandwidth of 1.0 nm, a scanning time of
1.5 s per point, and five repetitions. All spectra were blank corrected
and repeated at least two times.

HR-LC–MS measurements and data analysis

The PLA2 samples were heated for 10 min to 95 °C. After cooling
down to room temperature, the protein was digested with trypsin
with an enzyme to protein ratio of 1 : 25 for 2 h at 37 °C. After
digestion, the peptides were ready for measurement by HR-LC-MS.
The peptides were analyzed on an Orbitrap Exploris 480 mass
spectrometer (Thermo Scientific, Germany) coupled to an UltiMate
3000 RSLCnano UHPLC system (Thermo Scientific, Germany).
Peptides were loaded on a trap column (Acclaim PepMap100 C18
material, 5 μM 0.1×20 mm, Thermo Fisher) with a flow rate of 5 μL
per minute for 6 minutes. The loaded peptides were resolved at
300 nLmin� 1 flow rate using a linear gradient of 4 to 45% solvent B
(0.1% acetic acid in 95% acetonitrile) over 42 minutes on an
analytical column (150 mm×75 μm, 2.0 μm particle size, Thermo
Fisher Scientific). Attached was an EASY-Spray ion source operated
at 1.9 kV voltage, and the temperature was 250 °C, with a stainless
steel emitter.

Mass spectrometry analysis was carried out with the peptide
application mode peptide and in a data-dependent manner with a
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full scan range of 350 to 1200 m/z with top N where N was set to
15 most abundant ions. Both MS and ddMS2 were measured using
an Orbitrap mass analyzer. Full MS scans were measured with a
resolution of 120,000 at 200 m/z. Precursor ions were fragmented
using fixed normalized higher-energy collisional dissociation (HCD)
collision of 30% and detected at a mass resolution of 15,000 at m/z
200. Normalized Automatic gain control (AGC) target for full MS
was set to 300% (3e6 ions), and for MS2 was set to standard with
an automatic maximum ion injection time for full MS and 50 ms for
ddMS2. Dynamic exclusion was set to 30 seconds, and singly
charged ions were excluded. The raw data analysis to identify the
peptides and the oxidative modifications was performed with the
Proteome Discoverer 2.4.1.15 software (Thermo Fisher Scientific)
using Byonic (Protein Metrics)[55] Version 3.8 as a plug-in tool. The
peptide spectrum matches were filtered via Byonic score of 250
and delta mod score of 5. A list of expected oxidative modifications
was used to screen and detect the modified peptides in Byonic
(Table S2) can be found in the supplemented information of the
paper.

MD simulation

MD simulation and molecular docking were applied to investigate
the structure of PLA2 and the interactions between tryptophan 128
residue of wild-type and plasma-treated PLA2 and PE lipid. MD
simulation was performed with GROMACS[56] program package
(version 5.0) OPLS-AA/L all-atom force field. The coordinate file of
PLA2 was obtained from the protein data bank (PDB ID: 1POC). The
structure of PLA2 was placed in the simulation box, and the box
type was defined as a cube with a size of 5.5 nm. The box was filled
with water molecules (the SPC water model) surrounding PLA2,
sodium ions were added to the system. Afterward, the energy of
the system was minimized. Eventually, a 100 ps equilibration run
was performed employing the NVT ensemble (i. e., a system with a
constant number of particles N, volume V and temperature T).
Finally, a 100 ns production run was accomplished using NPT
dynamics (i. e., a system with a constant number of particles N,
pressure P, and temperature T). The reference pressure was set to
1 bar. The calculated values were not identical for wild-type and
plasma-treated PLA2, and the treated enzyme showed less stability.

Molecular docking was performed by AutoDock Vina.[57] The model
mentioned above was used as the target, and PE was obtained
from PubChem[58] web server as the ligand. For docking, tryptophan
128 was chosen as the center of the grid box. According to affinity
(kcalmol� 1) and root-mean-square-deviation, which were given by
AutoDock Vina, the best model for wild-type PLA2 was selected.
The interactions between untreated PLA2 and PE ligand were
analyzed using AutoDockTools-1.5.6 and Discovery Studio.[59] First,
all the modifications detected by HR-LC-MS were applied to the
wild-type PLA2 using Avogadro[60] software. Afterward, energy
minimization was performed to optimize the modified structure
using the steepest descent algorithm. After that, according to the
study done by Kubiak et al.,[48] angles and distances were inves-
tigated for tryptophan. Finally, the mentioned experiments were
repeated to study the effect of modifications on the structure and
interactions of treated PLA2. Subsequently, the best model for the
plasma-treated PLA2 was selected, and by PyMOL,[61] the structures
of wild-type and plasma-treated PLA2 were compared.
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