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Abstract

:

Tissue inflammation drives the infiltration of innate immune cells that generate reactive species to kill bacteria and recruit adaptive immune cells. Neutrophil activation fosters the release of myeloperoxidase (MPO) enzyme, a heme-containing protein generating hypochlorous acid (HOCl) from hydrogen peroxide (H2O2) and chloride ions. MPO-dependent oxidant formation initiates bioactive oxidation and chlorination products and induces oxidative post-translational modifications (oxPTMs) on proteins and lipid oxidation. Besides HOCl and H2O2, further reactive species such as singlet oxygen and nitric oxide are generated in inflammation, leading to modified proteins, potentially resulting in their altered bioactivity. So far, knowledge about multiple free radical-induced modifications of MPO and its effects on HOCl generation is lacking. To mimic this multi-oxidant microenvironment, human MPO was exposed to several reactive species produced simultaneously via argon plasma operated at body temperature. Several molecular gas admixes were used to modify the reactive species type profiles generated. MPO was investigated by studying its oxPTMs, changes in protein structure, and enzymatic activity. MPO activity was significantly reduced after treatment with all five tested plasma gas conditions. Dynamic light scattering and CD-spectroscopy revealed altered MPO protein morphology indicative of oligomerization. Using mass spectrometry, various oxPTMs, such as +1O, +2O, and +3O, were determined on methionine and cysteine (Cys), and -1H-1N+1O was detected in asparagine (Asp). The modification types identified differed between argon-oxygen and argon-nitrogen plasmas. However, all plasma gas conditions led to the deamidation of Asp and oxidation of Cys residues, suggesting an inactivation of MPO due to oxPTM-mediated conformational changes.
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1. Introduction


Neutrophils secrete myeloid peroxidase (MPO) during the oxidative burst, where aggressively lytic oxygen-centered radicals are secreted by these innate immune cells, supporting the first line of unspecific antimicrobial immune defense. MPO is known to generate hypobromous acid (HOBr), hypochlorous acid (HOCl), and hypothiocyanous acid (HOSCN) [1,2,3,4], which act as a disinfecting agent killing bacteria and pathogens. At the same time, MPO products also lead to lipid peroxidation [5] and can initiate oxidative tissue damage and cellular malfunction. For instance, circulating MPO initiates vascular inflammation and endothelium dysfunction and contributes to the progression of atherosclerosis. Therefore, intraplaque MPO activity is used as a biomarker to identify high-risk plaque [6], qualifying MPO inhibition as an interesting goal in drug research. Indeed, MPO inhibition reverts biomarker profiles strongly associated with heart failure [7]. Increasing evidence suggests that MPO drives the development of numerous other diseases correlating with chronic inflammation, such as Chron’s disease and ulcerative colitis [8], Alzheimer’s disease [9], cancer, and neurodegenerative disease [10]. Interestingly, in coronary artery disease patients, increased MPO concentrations were found in the blood, which correlated with elevated levels of circulating antibodies targeting oxidative post-translational protein modifications (oxPTMs) (e.g., protein-bound 3-nitrotyrosine) [11]. However, little is known about whether MPO gets modified by its own catalyzed reactive species and radicals, such as HOCl.



The 150 kDa enzyme MPO forms a dimer from two light chains (15 kDa) each and two heavy chains with different sizes depending on the isomer (57, 59, or 60 kDa). Different oxidized states of MPO are known for generating reactive species and are described in detail elsewhere [12]. In brief, in the resting state, the heme iron of MPO is in the ferric state, while oxidation generates a porphyrin p-cation radical species with an oxygen coupled to the heme iron in the ferryl state (compound I) via a double bond. Primary products are then produced via reduction to the native enzyme by abstracting two electrons from (pseudo-)halide ions (halogenation cycle), leading to HOCl, HOBr, HOSCN, or HOCN. Alternatively, two consecutive one-electron steps (peroxidase cycle) can lead to the generation of nitric oxide (NO) and nitrite (NO2−), tyrosyl radicals, and polyphenols. This formation of compound II contains a ferryl iron-oxygen moiety, and superoxide anion radicals can convert ferric MPO into compound III, a mixed ferric-superoxide/ferrous-dioxygen complex. Interestingly, a negative feedback loop of H2O2 on MPO was shown in vitro [13], and similar findings were observed in the presence of nitroxide [14,15]. During an immune response, a mixture of reactive species, including H2O2, is present [16,17], supporting the hypothesis of inhibiting and controlling MPO for homeostasis. However, no current data exist on whether a mixture of reactive oxygen and nitrogen species affects the protein’s activity.



Cold physical plasma (also called medical gas plasma, cold atmospheric pressure plasma, low-temperature plasma, non-thermal plasma, cold plasma; CAP, LTP, or NTP) simultaneously generates short-lived reactive oxygen and nitrogen species [18,19]. By coupling energy (e.g., electric fields) into a gas (e.g., argon, helium) ignition takes place, and the ionization of the gas atoms or molecules generates free electrons, gas ions, higher energy state neutrals, and radicals. The presence of oxygen, nitrogen, and water drives the formation of nitric oxide (NO), nitrite (NO2−), nitrate (NO3−) [20,21] or hydroxyl radicals (OH), H, and .O [22]. Plasmas are standard in industrial processes and—more recently—emerged for biomedical applications. The plasma jet kINPen used in this study is an approved clinical device [23] with proven antimicrobial effects and wound closure promotion in chronic non-healing wounds [24,25]. Recently, we found altered immunogenicity of kINPen plasma-treated proteins [26,27] and inhibition of phospholipase A2 [28]. However, evidence is absent on whether plasma affects MPO. Therefore, the present study investigates the activity and structure of plasma-treated MPO, along with introducing oxidative post-translational modifications (oxPTMs) using high-resolution mass spectrometry. We found MPO changes depending on the reactive species mixture generated by physical plasma.




2. Materials and Methods


2.1. Protein Reconstitution


MPO (≥95% purity, >200 U per mg protein, negatively tested for HBsAg; HIV; HCV antibodies, Sigma Aldrich, Taufkirchen, Germany) was reconstituted following the manufacturer’s recommendations in dH2O (concentration of 1 mg mL−1). The MPO supplier’s datasheet can be found as Supplemental file. Aliquots (10 µL and 20 µL) of these solutions were stored at −80 °C until use. Before treatment, aliquots were thawed and diluted in phosphate-buffered saline (PBS), 50 mM potassium phosphate buffer, or 50 mM ammonium bicarbonate puffer (AmBiC). An amount of 100 µL protein suspension was added per well in a 96-well plate with properties optimal for suspension cells (Sarstedt, Sarstedt, Germany) for plasma treatment. 4-Aminobenzoic acid hydrazide (ABAH; Sigma Aldrich, Taufkirchen, Germany) served as positive control, and MPO was treated with 100 µM ABAH. Denaturation was carried out for 5 min at 70 °C.




2.2. Plasma Device and Treatment


The kINPen (neoplas, Greifswald, Germany) is an atmospheric pressure plasma jet operating at radiofrequency at a sinusoidal voltage waveform, ranging from 2 to 3 kV amplitude peak at a frequency of 1 MHz. In the jet, a ceramic capillary with an inner diameter of 1.6 mm has mounted a pin-type electrode at its center with a diameter of 1.0 mm. The cold plasma is generated at the tip of the central electrode, and the effluent expands into the ambient air. The kINPen was operated at flow rates of 1.0 to 1.5 standard liters per minute (slm) with argon or helium gas with admixtures of oxygen (0.5% for argon, 2% for helium) and/or nitrogen (0.5%). All gases were 99.999% pure (Air Liquide, Bremen, Germany). A homemade gas shielding device made of glass [29] (flushed with 3 slm N2) was attached around the jet for the 0.5% oxygen admixture setting, causing a near-laminar curtain gas flow around the jet effluent, suppressing its interaction with the ambient atmosphere. During all treatment conditions, the plasma effluent was in direct contact with the target surface (conducting mode) [30] or at the closest possible distance (when using the shielding device). The evaporated volume was filled up with dH2O (or HPLC water), and protein concentration was determined to ensure constant protein concentrations. Scavengers were freshly prepared in potassium phosphate buffer, added to the MPO solutions before the plasma treatment, and incubated for at least 10 min at room temperature. The final concentration of the scavenger was 2 mM 2-(4-Carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO; Dojindo Laboratories, Tokyo, Japan), 20 mM L-ergothioneine (Enzo Life Sciences, Lörrach, Germany), 20 mM histidine (Sigma-Aldrich, Taufkirchen, Germany), and 100 mM mannitol (Sigma-Aldrich, Taufkirchen, Germany).




2.3. MPO Activity Assays


Enzymatic activity was measured based on the formation of HOCl by the enzymatically active MPO (or oxidized MPO, respectively) from H2O2 and chloride ions (Figure 1a), assayed by 3,3′,5,5′-Tetramethylbenzidine (TMB; Carl Roth, Karlsruhe, Germany) or 3′-(p-aminophenyl) fluorescein (APF; Enzo Life Sciences, Lörrach, Germany), as indicated in the figure legend and text. For the TMB assay, 5 µL of the sample (10 µg/mL MPO) was combined with 80 µL H2O2 (0.75 mM) and 110 µL TMB solution (2.67 mM TMB in 14.5% DMSO and 150 mM sodium phosphate buffer with a pH value of 5.4). The solution was incubated in a 96-well plate for 3 min at 37 °C, and then the reaction was stopped by adding 50 μL of 2 M sulfuric acid. To assess the impact of plasma treatment on the enzyme activity, MPO solutions were plasma-treated at least in duplicate, and each of the duplicates was then measured in triplicate. The APF assay was performed in a 96-well plate with 90 µL PBS containing 5 µg/mL MPO per well. Then, 5 µL of 100 µM APF solution and 5 µL H2O2 were added. A kinetic experiment was started measuring the fluorescence at an λex 485 nm and λem 535 nm using a microplate reader (Infinite F200 pro; Tecan, Männedorf, Switzerland).




2.4. High-Resolution LC-MS2 Measurements of MPO


MPO was diluted in ammonium bicarbonate buffer (10 µg/mL) and exposed to plasma (Ar, Ar/O2, Ar/N2) for 30 s. Subsequently, the protein was digested by trypsin V5111 (Promega, Walldorf, Germany) (ratio: MPO/trypsin, 40:1) and subjected to nano-liquid chromatography mass spectrometry (nLC-MS). Peptides (100 ng) were loaded onto a PepMap C18 trap column. A Dionex UltiMate 3000 RSLCnano HPLC was connected to an Exploris 480 mass spectrometer using a Nanospray Flex ion source (ThermoFisher, Dreieich, Germany). Peptides were eluted from the trap column and separated on a 150 mm × 75 µm ID Acclaim PepMap C18 column using buffer A (0.1% v/v acetic acid) and buffer B (95:5 acetonitrile: 0.1% v/v acetic acid) at a flow rate of 300 nL/min with an elution gradient of 4–40% buffer B over 50 min. The column temperature was set to 40 °C. The mass spectrometer was run in positive polarity mode with a transfer capillary temperature of 250 °C and a spray voltage of 2 kV. Spectra were recorded in DDA acquisition mode (Top 15), and peptides were analyzed in full scan (350–1200 m/z, R = 120,000 at 200 m/z) with a target of 5 × 103 ions, followed by 15 data-dependent MS/MS scans with higher energy collisional dissociation (HCD, maximum injection time (IT) 50 ms, isolation width 1.0 m/z, NCE 30%), detected in orbitrap (R = 15,000 at 200 m/z). Dynamic exclusion was enabled and set to 30 s.




2.5. LC-MS/MS Data Analysis


Raw LC-MS/MS data were analyzed with Proteome Discoverer software, version 2.4.1.15 (ThermoFisher, Dreieich, Germany). MS/MS spectra were extracted from the raw files, and search was performed using custom FASTA files, each containing a single protein sequence. MPO was unambiguously identified (79% coverage, 90 Peptides, 13272 PSMs, and 2265 isoforms total found). PMI-Byonic (Protein Metrics, Cupertino, CA, USA) was used for the identification and quantification of PSM and PTM. The search engine parameters for PMI-Byonic were set as follows: peptide mass tolerance = 10 ppm, fragment mass tolerance = 10 ppm, cleavage specificity = trypsin, missed cleavages = 2, and total common modifications = 2. A custom modification list was used based on previous experiments [30] (Figure S2). The raw data were filtered using Perseus 2.0.3.0 software and modifications were considered valid if a protein modification occurred in ≥66% replicates of a group. The valid dataset was imported into Excel, and the ratio of modified peptide sites to unmodified and otherwise modified peptide sites in the entire dataset was calculated for each modification. The cut-off for the ratio was set at ≥0.1; i.e., at least 10% of this peptide site was modified. The significance of the modification was determined using a custom R script (2022.02.1-461) that performed a Wilcoxon rank sum test with a cut-off of p ≤ 0.05.




2.6. Photon Correlation Spectroscopy


Particle size analysis of MPO and plasma-treated MPO was carried out using a ZS90 dynamic light scattering (DLS) device (Malvern Panalytical, Kassel, Germany) equipped with a helium-neon laser light source (632 nm). Proteins (material RI = 1.45, absorption = 0.001) in a buffer (dispersant RI = 1.33, viscosity = 0.954) were measured in low-volume cuvettes (70 µL). All identical samples and controls were concentrated to twice the concentration (200 µg/mL) using a vacuum concentrator, pooled, and centrifuged at 21,000× g and 4 °C for 2.5 h. DLS measurements were carried out at a set angle of 90° and attenuator at 11. Size was measured at 22 °C with an equilibration time of 120 s and a cuvette position at 3 mm. Backscatter-angled detection was performed at 173° with a scattering collection angle of 147.7°. The measurement was repeated three times, and each replicate was measured in several replicates with minimal time between repeats.




2.7. Circular Dichroism (CD) Spectroscopy


MPO and oxidized MPO (1 mg/mL) measurements were performed in 1 mm cuvettes using a Chirascan CD spectrometer (Applied Photophysics, Leatherhead, England) coupled to a temperature controller. The CD spectra were recorded at 25 °C from 190 to 250 nm. The bandwidth was 1 nm, and the scan time per point was 1.5 s. CD analysis was measured in four replicates, each containing two pooled technical replicates. All spectra were blank-corrected.




2.8. SDS Page and Silver Staining


Denaturated (5 min, 95 °C) proteins (35 µg) were loaded with 4× sample buffer on a 10% polyacrylamide gel. Then, 10 µL of a prestained protein ladder with a 10 to 250 kDa size range was used as a protein standard (all Thermo Fisher, Dreieich, Germany). The loaded gels were run in a gel electrophoresis chamber with a running buffer, first at 50 V for 20 min and then at 120 V for 60 min. MPO and plasma-treated MPO were visualized using the ready-to-use Silver Stain Plus Kit according to the manufacturer’s instructions (Bio-Rad Laboratories, Düsseldorf, Germany).




2.9. Statistical Analysis


Graphing and statistical analysis were performed using GraphPad Prism 9.5.1 (GraphPad Software, San Diego, CA, USA). Statistical comparisons and the tests employed are referenced in the figure legend. Levels of significance are indicated as follows: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***).
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Figure 1. Myeloperoxidase activity assay. (a) Workflow of APF assay to determine hypochlorous acid based on the resulting reaction product of enzymatically active MPO diluted in PBS at indicated concentrations (b) without or (c) with adding 1 mM H2O2 and measuring for 45 min and (d) up to 8 h (for 1 µg/mL and 25 µg/mL MPO). Data are presented as the average of three experiments ± SEM. 
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3. Results


3.1. Plasma Treatment Decreased MPO Activity


First, the enzymatic activity of MPO was determined in the presence of APF reagent with or without adding H2O2 (Figure 1a). Different MPO concentrations were tested to determine correlations with the MPO amount and its HOCl generation within 45 min. No MPO activity without adding H2O2 was observed (grey line) (Figure 1b). When adding H2O2, MPO started to generate HOCl and enzyme concentrations lower than 3 µg/mL needed 1000 s to reach signals higher than PBS control (Figure 1c). Higher MPO concentrations started to generate HOCl immediately after adding 1 mM H2O2 and the maximum signal for 25 µg/mL MPO was 2.6 times higher compared to 0.4 µg/mL MPO. We further measured the HOCl production with 1 µg/mL and 25 µg/mL MPO after prolonged incubation times of up to 8 h and observed increasing amounts of HOCl (Figure 1d). However, an unbalanced system using other ratios of APF and H2O2 led to saturation and a low concentration of APF (1 µM) showed best signal-to-noise ratios after 4 h (Figure S1a,b).



Plasma-generated reactive gas phase species are either transported into the liquid or react with molecules and ions present, forming secondary species (Figure 2a). The extent increases when the plasma effluent touches the liquid (conductive mode), as was the case in the current approach [30]. MPO was exposed to plasma in a 96-well plate for different durations (Figure 2b). Kinetic APF measurements revealed reduced MPO activity when the enzyme was plasma-treated for 20 s (oxMPO) before 100 µM H2O2 was added (Figure 2c). This reduction was observed continuously for 60 min. Importantly, lower H2O2 concentration (10 µM) resulted in reduced MPO activity within the first 50 min but reached similar HOCl signals to untreated MPO after 60 min (Figure S1d). Plasma-induced MPO activity reduction was confirmed with TMB assay, where enzymatic activity after different exposure times was tested. A stronger reduction occurred after prolonged treatment times (Figure 2d). While plasma lowered the activity to a residual ≤ 20%, treatment with the inhibitor 4-aminobenzoic acid hydrazide (ABAH) or protein denaturation reduced the MPO activity only to 75% (Figure 2e). To investigate which of the plasma-generated reactive species was responsible for the reduced enzymatic activity, scavengers were used. The 1O2 scavenger L-Histidine and .OH scavenger mannitol rescued MPO activity reduction modestly but significantly (Figure 2f). However, the NO scavenger cPTIO fully abrogated plasma-induced MPO activity reduction. A reduction in the enzyme activity was also observed with other plasma feed gas mixtures, finding that Ar/N2 plasmas decreased the activity to the least extent (Figure 2g).




3.2. Plasma Treatment Modified the Protein Structure of MPO


We next investigated structural changes to MPO after exposure to argon plasma in PBS by photon correlation spectroscopy, CD spectroscopy, and gel electrophoresis. Plasma treatment drove MPO into aggregation/oligomerization, as indicated by an altered correlation coefficient (Figure 3a,c). DLS measurement revealed that a uniform population of aggregates appeared (Figure 3b). A more than two-fold size increase was observed (Figure 3d,e). Assuming that plasma treatment may trigger dimerization, we performed SDS PAGE. However, only monomers were observed for native and oxidized MPO. No size shift for stably formed dimers or oligomers were visible (Figure 3f). We further examined the MPO protein structure via CD spectroscopy, measuring α-helical structures indicated by a minimum signal at 209 nm and a shoulder at 222 nm; and β-sheets showing peaks at 195 nm and a negative minimum at 217 nm. We identified structural changes after plasma treatment and shrinking signals of the proportionate α- and β-structures in MPO (Figure 3g). To investigate if structural changes occur due to changes in specific amino acids that are relevant for protein folding, we next performed mass spectrometry to identify oxPTMs.




3.3. Plasma Treatment Provoked oxPTMs


As previous studies revealed, protein-bound amino acids show dramatically different rate constants for chemical reactions with reactive species, yielding to a variety of oxPTMs types and their abundances [31,32]. MPO contains 745 amino acids, including 17 cysteines, 19 tyrosines, and 23 methionine, which represent preferred targets for oxidation. After plasma exposure and subsequent protease digestion, LC-MS/MS was performed to map the newly introduced oxPTMs (Figure 4a and Figure S2). The amino acids Cys, Met, Tyr, and Trp have been shown to exhibit different susceptibility to modifications by Ar and Ar/O2 plasmas [33], which is also reflected in the current data (Figure 4b). Figure 4c gives an overview on the observed oxPTMs in the amino acid sequence of MPO. Individual positions were marked in color for oxPTM that occur after treatment with Ar (purple), Ar/O2 (pink), or Ar/N2 (blue) plasmas. OxPTMs that occurred in multiple plasma conditions were highlighted in yellow and labeled separately.



The amino acids Cys, Phe, Leu, Met, and Asn showed a fairly similar susceptibility towards different plasma conditions and the respective mix of reactive species generated, except for proline, which was modified only after exposure to Ar/O2 plasma. On the contrary, Ar/O2 plasma did not result in any observed Tyr modifications, albeit Tyr was modified by the exposure to Ar and Ar/N2 plasmas (Figure 4b). Interestingly, Cys 309, Cys 398, Cys 606, Cys 663, and Cys 704 that are all involved in disulfide binding showed oxPTMs. Looking in more detail at the specific oxPTMs that were induced (Figure S3), we found that 43–50% of all modifications were oxidation (+1O) and 10–12% dioxidation (+2O) (Figure 4d–f). Further modifications (-1C+1O; -C-4H-1S-1O; -1H-1N+1O; -2H+1O) were also found in similar proportions after plasma treatment with all conditions, but dehydration (-2H, orange) and the loss of the thiol group (-H2S, green) were found only after treatment with Ar/O2 plasma. Interestingly, the proportion of trioxidation was similar after treatment with Ar/N2 (24%) and Ar (20%) plasmas but not after Ar/O2 plasma exposure (8%). Those proportions were also reflected in the total number of modifications (Figure 4g). A principal component analysis of the observed oxPTM compositions revealed a good agreement of the gas controls (Ar, Ar/O2, or Ar/N2; plasma = off, oxidation background) that clustered together, while oxidized MPO treated with the different plasma conditions differed strongly from each other and the controls (Figure 4h).





4. Discussion


MPO is relevant for pathogen clearance [34] by generating reactive oxygen species. On the other hand, MPO correlates with several diseases, making it a suitable target for inhibition. Indeed, the irreversible MPO inhibitor AZD3241 improved the clinical outcome in a mice study for chronic inflammatory bowel disease [35] but failed for treatment in multiple system atrophy [36]. Cold plasma technology probably does not meet the requirements of a drug for treating MPO-related disease because systemic MPO inhibition is not possible with a local treatment. However, the technology allows the mimicking of an inflammatory response and the investigation of reactive species impact on the structure and functionality of engaged proteins.



Reactive species can activate or inhibit proteins due to the induction of oxPTMs, such as in the case of the thiol-based redox switches [37]. Along these lines, reactive species derived from cold physical plasma were shown to induce oxPTMs on peptides and proteins [38], leading to an altered activity [39,40]. The most prominent reactive species at the side of a physiologic inflammatory response is hydrogen peroxide. Interestingly, H2O2 has been found to inhibit MPO at a concentration of 1.5 mM [13], and our results align with these results when using lower APF concentrations (Figure S1a). However, it is unlikely that H2O2 is the only species relevant for MPO’s inactivation since He and HeO2 plasma also inactivate MPO, but these plasma conditions do not produce H2O2 [27]. H2O2 can decompose to hydroxyl radicals via the Fenton reaction and .OH is generated in most plasma conditions via the cleavage of trace amounts of water. However, the OH scavenger mannitol was not able to rescue the inhibitory effect on MPO.



On the other hand, we find rescuing effects of NO scavenger cPTIO on argon plasma-treated MPO pointing to NO as one major contributor for protein oxidation by plasma. However, NO itself is not very reactive, and few oxPTMs can be attributed to its activity. Among these is the nitrosylation of free thiol groups that has been observed in a minute extent after plasma treatment of cysteine [41]. Accordingly, other reactive species that derive from NO come into focus. Among these, peroxynitrite ONOO− is of note [42]. Having a relatively long lifetime combined with a high reactivity in acidic conditions, it may be responsible for many of the oxPTMs observed in MPO. The formation of ONOO− as a tertiary species can be achieved via gas–liquid interface reactions between nitric oxide and singlet oxygen (1O2) or in the liquid bulk via the reaction of H2O2 with NO. Since this reaction is driven only in strongly acidic conditions (pH 3.3) [43], it can be assumed negligible. Ultimately, a reaction between nitric oxide and superoxide O2− can also yield peroxynitrite (.NO + O2− -> ONOO−) [44]. Superoxide is created in the gas phase of most discharges from electron attachment to molecular oxygen, and it has frequently been observed in plasma-treated liquids [45]. This is in line with the investigated argon plasma conditions, which reduced the enzymatic activity but induced different oxPTM on MPO, suggesting a general inhibitory effect of excessive oxidation on MPO activity.



In mature MPO, the amino acids Asp94, His95, Glu242, Met243, and His336 are major features of the MPO heme-binding pocket [46], and H2O2 triggers autocatalytic reactions [47]. Due to including signal peptide and propeptide sequence, these amino acids correspond to our MPO’s sequence Asp260, His261, Glu409, Met410, and His502. However, we did not identify any changes in these amino acids, with the exception of Met410, which showed an additional modification (-2H+2O) after one of the plasma conditions and dioxidation (+2O) after treatment with Ar/O2. Therefore, we conclude that plasma oxidation does not influence hem binding and probably does not promote autocatalytic reactions. We mainly identified oxidation on Met with all tested conditions, with slight variations. While Ar/O2 plasma modified 11 Met residues (at positions 341, 409, 415, 453, 519, 551, 577, 588, 644, 688, 719), the other plasmas modified only 8 Met. We further determined dioxidized and trioxidized cysteines, indicating the cleavage of disulfide bonds. Disulfide bridges are critical stabilizing motifs in maintaining the secondary structure of proteins, and previous studies have reported structural changes due to oxidative damage [48,49] and plasma treatment [39]. Importantly, the observed conformational changes are not similar to denatured MPO since the inhibitory effect after denaturation was less pronounced than the inhibitory effects of plasma. During the maturation process of MPO, disulfide binding in proMPO is a crucial step [50], so breaking disulfide bounds may drive MPO into a proMPO-like conformation. Furthermore, labile disulfides may enable the formation of hydrogen bonds due to reactive residues on cysteine and methionine due to altered electrostatic properties [51]. The changes in the protein’s architecture detected via CD spectroscopy after plasma treatment are consistent with this hypothesis.



Moreover, DLS measurement revealed a substantial increase in the size after plasma treatment, suggesting MPO homo-multimerization that can be reversed under denaturing and reducing conditions during SDS page. However, no differences in MPO’s chlorinating activity have yet been found in monomeric and dimeric forms of MPO [52], suggesting greater relevance to the combinatorial effect of amino acid modification, structural changes, and multimer formation. Myeloperoxidase’s di-Tyrosine (di-Tyr) formation occurs in the presence of chloride ions and L-tyrosine, leading to the cross-linking of proteins [53], similarly to other proteins as horseradish peroxidase (HRP) [54]. Furthermore, MPO was shown to multimerize α-Synuclein in the presence of H2O2 and NO2− [55]. However, studies about MPO homodimerization are lacking, but it could be an interesting aspect of the pathogenesis of some diseases. For instance, the cross-linking dimer species was also found for amyloid-beta [56] and is suggested in amyloid plaques in Alzheimer’s disease brain section [57]. Hence, MPO could oxidize and form a homodimer or cross-link to other proteins, causing it to be inactivated and circulating in the bloodstream as a non-functional protein, bypassing the immune cells’ self-tolerance and accumulating eventually. In atherosclerotic lesions of animals, Zeng et al. found increased MPO expression correlating with di-Tyr, nitrotyrosine (NO2Tyr) and 3-chlorotyrosine [58], and Baldus and colleagues also found colocalization of NO2Tyr and MPO [59]. Other studies provide evidence of tyrosine nitration in proteins in human atherosclerotic lesions [60]. However, these studies did not investigate whether MPO is oxidatively modified or if the generated reactive species modify other proteins. More evidence is needed to identify MPO as the cause for oxPTM on other proteins or a possible victim of its self-generated species.



The hypothesis of oxidative dimerization of phenols, including protein Tyr residues, would support the results of previous preclinical and clinical studies where co-localization of MPO and Tyr-modification was found. Interestingly, nitrotyrosine formation by plasma treatment was identified previously and prevented by cPTIO [55], supporting that cPTIO recovers MPO activity. However, we did not identify oxPTMs on Tyr after treatment with Ar/O2, albeit the enzymatic activity was disrupted. Since tyrosin modifications were found in all other conditions, it can be assumed that the Ar/O2 treatment led to unidentified modifications that were not captured by the software algorithm. Another reason for dimerization might be the deamidation on Asn 133, as occurs in MPO after exposure to all plasma conditions. Deamidation would suggest a hydrogen bonding shift by removing NH residue and adding O (−1H−1N+1O), leading to acidic residue formation and protein dimerization. Interestingly, conversions of Asn residues to aspartic acid through deamidation and aspartate isomerization (IsoAsp) have been reported to affect protein stability [61,62]. Aspartic acid is believed to serve as a molecular clock for biological processes, seriously disrupting biologically important functions. Indeed, IsoAsp was shown to have increased immunogenicity and promote an immune response [63,64].



Further aspects that would help to understand the inhibitory effects of multiple reactive species on MPO are the analysis of structural changes, multimerization, and identification of specific radicals. For instance, investigating protein melting points due to the modifications would give insights into the folding. However, we can rule out that plasma fully denatures the protein since (1) kINPen plasma operates at body temperature and (2) the heat-denatured protein did not show any comparable restrictions in activity. The identification of dimerization in combination with reactive species would clarify the inactivation through a Western blot, which is more sensitive than silver staining. However, a Western blot would still require that the samples run in SDS gel, and unstable dimerization can break down due to the reducing conditions. A compound for the controlled multimerizing of MPO has not yet been described in the literature, and a similar situation is true for individual radicals as positive controls for protein oxidation. Since our study aims at mimicking an inflammatory response and not the effect of a single reactive species, their use is limited anyway. During inflammation, a mixture of several species is present simultaneously, and physical plasma technology can generate various short-lived species. Altering the gas fed into the plasma jet used in this study even changes the reactive species composition produced with this plasma.



Altogether, our study provides evidence that NO/ONOO− and OCl− are more important for MPO inactivation compared to OH, and our data suggest that amino acid oxidation at multiple sites may be linked to conformational changes and reduced activity observed after MPO plasma treatment.
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Figure 2. MPO activity decreased after plasma treatment. (a) Scheme of physical plasma technology ionizing feed gas and releasing reactive species in the gas phase that further react with a treated surface (here: liquid). (b) Image of argon plasma treatment of MPO (oxMPO) in PBS before (c) APF and H2O2 were added to measure HOCl production for 60 min due to MPO activation. (d) MPO exposure to different argon plasma treatment times and TMB-based MPO activity calculation. (e) MPO was treated with 4-Aminobenzoic acid hydrazide (ABAH, 100 µM final concentration) or incubated for 5 min at 70 °C (denaturation) before H2O2 was added, and HOCl was measured by APF assay. (f) Histidine (His, 20 mM), mannitol (Man, 100 mM), or cPTIO (2 mM) were added prior to plasma treatment, and MPO activity was measured via TMB assay. (g) MPO was exposed to different plasma gas conditions for 30 s, and enzymatic activity measurement via TMB and APF assays. Data (d–g) are mean ± SEM normalized to untreated control from two to three independent experiments with three to six replicates each. Statistical analysis was performed using Mann–Whitney test (n.s. = not significant, * p < 0.05, ** p < 0.01, *** p < 0.001). 
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Figure 3. MPO structural changes were identified after plasma treatment. MPO was treated with argon plasma, and structural changes were measured. Dynamic light scattering revealed changes in (a,c) correlation coefficient, (b) polydispersity index, and (d) measured and (e) quantified size. SDS page (f), followed by silver staining, did not show oligomerization, and (g) shift in secondary structure was determined via circular dichroism spectroscopy. Data are shown as the mean of three experiments ± SEM. Statistical analysis was performed using T-test (* p < 0.05, *** p < 0.01). 
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Figure 4. MPO oxPTMs were detected after plasma treatment. MPO was exposed to Ar, Ar/O2, or Ar/N2 plasmas, or gas controls (plasma = off). Samples of three experiments were trypsin-digested and subjected to solid-phase extraction as described in the Materials and Methods section before LC-MS/MS analysis. (a) Data evaluation workflow: sorted raw files were analyzed via proteome discoverer and filtered using Perseus software and R script to identify ≥10% valid oxPTMs occurring in ≥66.6% of replicates. (b) oxPTM distribution per amino acid. (c) Human MPO amino acid sequence and oxPTMs determined after treatment with Ar (purple), Ar/O2 (pink), and Ar/N2 (blue) plasma. (d–f) MPO oxPTM distribution (shown without digits after decimal) after exposure to (d) Ar, (e) Ar/O2, and (f) Ar/N2 plasma. (g) Corresponding number of individual oxPTMs. (h) Principal component analysis of modification data, showing similarities in control gas-treated samples, while plasma-treated MPO samples differed. 
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