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Abstract: The study of protein–protein interactions is of great interest. Several early studies focused
on the murine double minute 2 (Mdm2)–tumor suppressor protein p53 interactions. However, the
effect of plasma treatment on Mdm2 and p53 is still absent from the literature. This study investigated
the structural changes in Mdm2, p53, and the Mdm2–p53 complex before and after possible plasma
oxidation through molecular dynamic (MD) simulations. MD calculation revealed that the oxidized
Mdm2 bounded or unbounded showed high flexibility that might increase the availability of tumor
suppressor protein p53 in plasma-treated cells. This study provides insight into Mdm2 and p53 for a
better understanding of plasma oncology.

Keywords: Mdm2–p53; plasma treatment; molecular dynamic (MD) simulations

1. Introduction

Overexpression of murine double minute 2 (Mdm2), detected in many malignancies
such as lung cancer, liver cancer, breast cancer, colorectal cancer, esophagogastric cancer,
etc., has resulted in the inactivation of tumor suppressor protein p53 [1,2]. p53 plays
an essential role in inhibiting the malignant transformation by controlling the cell cycle,
apoptosis, and DNA repair [3,4]. The disruption of the Mdm2–p53 complex is a target
for developing many therapeutic agents [5]. The chemical agents were synthesized to
inhibit the inactivation of p53 by Mdm2 to enhance the anticancer activity [6,7]. Numerous
peptides that mimic p53 have been synthesized to use as inhibitors, but peptides’ poor
membrane permeability limited their use in cancer treatment [8–10]. Very recently, Sahin
et al. reported that cell lines with high expression of Mdm2 showed resistance to T-cell-
mediated tumor killing [11]. It was reported that Mdm2 overexpression could result in
therapeutic resistance to radiotherapy, chemotherapy, etc. [1]. However, the role of the
Mdm2–p53 complex is missing in plasma oncology.

Plasma consists of ionized gas that contains a mixture of positively charged ions,
electrons, and neutral particles. The discharge under atmospheric conditions is also com-
monly known as non-thermal atmospheric pressure plasma (NTAPP) or cold atmospheric
plasma (CAP). Plasma generates plenty of reactive chemical species, both short-lived and
long-lived, such as reactive oxygen and nitrogen species (RONS). In the last few years,
CAP use in cancer treatment has increased tremendously [12–16]. Adil et al. showed 58.07,
61.7, and 68% of cancer cells death for AMJ13 (human breast cancer), MCF7 (human breast
cancer), and AMN3 (mouse mammary adenocarcinoma) cell lines, respectively, while there
was an insignificant cytotoxic effect on the HBL (normal breast tissue) cell line after CAP
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treatment [12]. Irani et al. showed the anticancer effect of CAP and gold nanoparticle
combination on HCT-116 cells (human colorectal cancer cells) [13]. Vaquero et al. showed
that CAP reduced the CCA (cholangiocarcinoma) progression through DNA damage [14].
The apoptotic cell death of A549 lung cancer cells within a 3D collagen matrix, was shown
by Karki et al. [15]. Additionally, direct CAP and CAP-treated liquid was used to kill
the chemoresistant cell lines (temozolomide (TMZ)-resistant glioblastoma cells, tamoxifen
sensitivity breast cancer cells, tumor-necrosis-factor-related apoptosis-inducing ligand
(TRAIL)-resistant colorectal cancer cells, and 5-fluorouracil-resistant hepatocarcinoma cells,
etc.) [16–21]. Besides the reported achievements of CAP to treat cancer, CAP’s action is
still not known entirely. Bauer noted that extracellular RONS could trigger membrane-
associated intracellular signaling, which resulted in cell death through the deactivation
of the catalase enzyme by singlet oxygen (1O2) [22]. We recently reported that CAP treat-
ment on cancer cells decreases NOX1 expression in A375 melanoma cells and oxidizes the
NADPH oxidase activator (Noxa 1) SH3 protein [23]. Decreased NOX1 expression might
result in low production of O2

•−, which affects the generation of 1O2. Hence, catalase
enzymes remain active and decompose the excess H2O2 in cancer cells, so there will be
an alternative pathway for CAP-induced cancer cell death. To do so, we investigated the
structural changes in Mdm2, p53, and Mdm2–p53 complex before and after possible plasma
oxidation through molecular dynamic (MD) simulation. This study provides insight into
Mdm2 and p53 that will help in further understanding plasma oncology.

2. Results

The previously reported experimental and computational studies showed the effect of
CAP-induced oxidation on various proteins structure such as Noxa1SH3 [23], SARS-CoV-2-
CTD spike protein [24], bacteriorhodopsin [25], horseradish peroxidase [26], MTH1880 [27],
lysozyme [28,29], myoglobin [30,31], lipase [32], hemoglobin [33], α-chymotrypsin [34],
and lactate dehydrogenase (LDH) enzyme [35], that results in the structural distortion of
proteins. Based on the possible oxidation products of amino acids after plasma treatment,
we modified the selective amino acids of Mdm2 and p53, which play an essential role in
the Mdm2–p53 complex, and performed simulations. As reported earlier, the p53-binding
region of Mdm2 consists of a hydrophobic groove with 70% of the atoms at the nonpolar
interface [6,7]. Recently, Zou et al. showed that binding of intrinsically disordered protein
p53 prefers the induced-fit mechanism that proceeds stepwise [36]. Authors noticed
that unbinding of p53 firstly unfolds and then unbinds from Mdm2 protein [36]. In
another study, 182 independent continuous binding pathways were obtained for Mdm2
and intrinsically disordered p53 [37]. This shows Mdm2–p53 binding is of great interest.

p53 hydrophobic amino acids Phe19, Trp23, and Leu26 are located face-to-face on
the helix’s same side towards the Mdm2 protein [6]. p53 is surrounded by hydrophobic
residues of Mdm2 such as Leu54, Leu57, Ile61, Met62, Tyr67, Val75, Val93, Phe86, Ile99,
Phe91, and Ile103 [6]. Hence, we modified the hydrophobic amino acids of Mdm2 and
p53 based on the reported amino acid product after plasma oxidation [38] and divided
it into three types. In type 1, we used the oxidized plasma product of Phe19, Trp23, and
Leu26 of p53, amino acids called plasma1; see Figure 1. For type 2, we oxidized only Mdm2
amino acids located in a hydrophobic groove such as Leu54, Leu57, Met62, Tyr67, Val75,
Val93, Phe86, and Phe91, called plasma2, and modified amino acids of both p53 and Mdm2,
known as plasma3 (type 3 form) (Figure 1). The GROMACS force field parameters [39,40]
for Ile plasma oxidation products are not available, so we have not included Ile61, Ile99,
and Ile103 amino acids modification in Mdm2 for plasma2 and plasma3.
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Figure 1. Schematic representation of the different types of oxidized form of Mdm2–p53 proteins
plasma1, plasma2, and plasma3. The Mdm2–p53 protein PDB IDs is 1YCR.

2.1. MD Simulation of p53 and Mdm2 before and after Possible CAP Modification

We used MD simulation to calculate the root-mean-square deviation (RMSD), root
mean square fluctuation (RMSF), solvent-accessible surface area (SASA), and principal
component analysis (PCA) for native and oxidized p53 and Mdm2 proteins, to evaluate the
CAP-induced oxidation effect on stability and flexibility of the proteins. We modified Gln,
Leu, Met, Phe, Trp, Tyr, and Val to 4-hydroxyglutamine, 4-hydroxyleucine, methionine sul-
foxide, 2,3-dihydroxyphenylalanine, 6-hydroxytryptophan, 3,4-dihydroxyphenylalanine,
and 3-hydroxyvaline. Figure 2a shows the change in RMSD values of p53 before and after
CAP-induced modification. The average RMSD values were 0.50± 0.06 and 0.50 ± 0.10 nm
for control and oxidized p53, respectively, from the last 50 ns simulation. No change in
RMSD value before and after p53 oxidation reveals the stability p53 against possible plasma
oxidation. RMSF results in Figure 2b also indicated the slightly reduced fluctuations for
oxidized p53. Figure 2c shows the changes in SASA of p53 with and without oxidized
amino acids. The average SASA was 19 ± 1 and 17 ± 1 nm2, for control and modified p53,
respectively. The results indicate that the surface area accessible to the water decreases
after modification of amino acids (Phe19, Trp23, and Leu26). Further, we calculated the
properties of the motions characterized by the principal components. The magnitudes of
p53 control and oxidized eigenvalues are similar, as seen in Figure 2d; these results are
correlated with RMSD analysis.

Afterwards, we analyzed the change in RMSD, RMSF, SASA, and PCA analysis of
Mdm2 before and after modification of amino acids, as shown in Figure 3. The average
RMSD value for control Mdm2 was 0.18 ± 0.03 and 0.24 ± 0.02 for modified Mdm2
(Figure 3a). RMSD results reveal that flexibility of Mdm2 increases with the modification
of amino acids. Figure 3b shows that oxidized Mdm2 protein residues’ fluctuations were
higher than control Mdm2, especially between 66 and 109 residues. The residues between
66 and 74 showed the highest fluctuation of ≈0.37 nm, and residues between 79 and 105
showed the highest fluctuation ≈0.55 nm. Further, we calculated the average SASA for
Mdm2 before and after modified amino acids. Figure 3c shows the average SASA of 59 ± 1
and 60 ± 2 nm2 for control and modified Mdm2 proteins, respectively. Additionally, the
magnitudes of the eigenvalues of Mdm2 control was lower than plasma-modified Mdm2;
see Figure 3d. The RMSD, RMSF, and SASA values revealed that flexibility of Mdm2
increases after modification of amino acids (Leu54, Leu57, Met62, Tyr67, Val75, Val93,
Phe86, and Phe91). The unbounded control Mdm2 eigenvalues magnitude obtained in our
study is similar to the previously obtained value [41]. The overall flexibility of the native
and oxidized structure was calculated by the trace of the diagonalized covariance matrix
of the Cα-atomic positional fluctuations. The covariance value for native and oxidized
Mdm2 was 1.07 and 2.50 nm2, respectively. This clearly shows that overall flexibility was
increased for oxidized Mdm2, which supports the RMSD, RMSF, and SASA values.
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Figure 2. MD simulation results of the native and oxidized p53 protein. (a) Root mean square
deviation (RMSD) of the Cα atoms, (b) root mean square fluctuations (RMSFs), (c) solvent-accessible
surface area (SASA), and (d) comparison of the eigenvalues plotted against the corresponding
eigenvector indices obtained from the Cα covariance matrix.

2.2. MD Simulation of Mdm2–p53 Complex before and after Possible CAP-Induced Modification

Mdm2–p53 complex modifications were divided into 4 types: control, plasma1,
plasma2, and plasma3, as discussed above. Figure 4a shows the changes in RMSD values
for all the systems. The average RMSD values were 0.19± 0.03, 0.22± 0.01, 0.34 ± 0.02, and
0.32 ± 0.01 nm, for control, plasma1, plasma2, and plasma3, respectively. This shows that
the control complex has the least RMSD value and plasma2 has the highest RMSD value.

To better understand the fluctuation of Mdm2 in the Mdm2–p53 complex, we calcu-
lated the RMSF values in Figure 4b. Mdm2 of plasma1 amino acids fluctuated from 31
to 44 and 76 to 80 residues, Mdm2 of plasma2 showed slight variation between 81 and
89 residues, and Mdm2 of plasma3 showed higher fluctuation from 62 to 70 and 79 to 90
residues. The highest fluctuation was shown by Mdm2 in plasma1 at residue 79 for ≈0.34
nm and in plasma3 at residue 86 for ≈0.4 nm. Further, we analyzed the RMSF values for
the p53 in the Mdm2–p53 complexes in Figure 4c. RMSF value of bounded p53 revealed
the highest and least fluctuation for plasma1 and plasma2, respectively.

Mdm2 amino acids’ modification gives rise to the increased flexibility of the Mdm2–
p53 complex. Additionally, it was interesting to note that the RMSD value of plasma3
was less than plasma2, which means the oxidized form of Mdm2 and p53 has higher
rigidness than Mdm2 (oxidized)-p53 (without oxidation). Unlike RMSD values, plasma2
shows lower fluctuation than plasma1 and plasma3. Figure 5a indicates that the RMSD of
unbounded and bounded Mdm2 showed close RMSD values to each other. At the same
time, RMSD values for plasma1, plasma2, and plasma3 were higher than the unbounded
Mdm2 control. In contrast, p53 unbounded has higher RMSD than p53 bounded (control,
plasma1, plasma2, and plasma3); see Figure 5b.
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Figure 3. MD simulation results of the native and oxidized Mdm2 protein. (a) Root mean square
deviation (RMSD) of the Cα atoms, (b) root mean square fluctuations (RMSFs), (c) solvent-accessible
surface area (SASA), and (d) comparison of the eigenvalues plotted against the corresponding
eigenvector indices obtained from the Cα covariance matrix.

Later, we plotted the eigenvalues against the corresponding eigenvector for Mdm2 and
their corresponding Mdm2–p53 complex. Figure 6 shows the magnitude of the eigenvalues
of Mdm2 complexed with p53, which is lower than that of the Mdm2. This indicates that
the p53 binding decreased the magnitude of PC1. We observed similar behavior for all the
complex systems where the oxidized or control Mdm2 have a higher eigenvalue than their
corresponding complex with p53 (Figure 6). The Cα covariance value for Mdm2 in control
complex, plasma1, plasma2, and plasma3 was 197.99, 210.12, 205.21, and 197.99 nm2,
respectively. The Cα covariance value for Mdm2–p53 complex in the control complex,
plasma1, plasma2, and plasma3 was 135.43, 174.30, 145.35, and 135.26 nm2, respectively.
This clearly shows p53 binding decreases the Cα covariance value of Mdm2. Additionally,
oxidized p53 interaction with control Mdm2 results in the highest Cα covariance value
compared to the other systems.

Further, we calculated the total phase space before and after modifying amino acids
of Mdm2 (bounded) and Mdm2–p53 complex (with and without oxidation), as shown in
Figure 7, which indicates that fluctuations of the Mdm2 in different systems were confined
to the first two eigenvectors. The phase spaces with Mdm2 in control, plasma1, plasma2,
and plasma3 are different from each other.
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Figure 4. MD simulation results of the native and oxidized Mdm2–p53 protein. (a) Root mean square deviation (RMSD) of
the Cα atoms, (b) root mean square fluctuations of Mdm2 control or oxidized in the different complex, and (c) root mean
square fluctuations of p53 control or oxidized in the different complex.
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Figure 6. Comparison of the eigenvalues plotted against the corresponding eigenvector indices
obtained from the Cα covariance matrix for (a) control Mdm2 and Mdm2–p53 complex, (b) plasma1
Mdm2 and Mdm2–p53 complex, (c) plasma2 Mdm2 and Mdm2–p53 complex, and (d) plasma3
Mdm2 and Mdm2–p53 complex.

The minimum distance between the Mdm2 and p53 protein was computed for all the
complexes, as shown in Figure 8a. The average distance between native Mdm2 and p53
was 1.13± 0.02 nm in the last 50 ns simulation period. Simultaneously, the average distance
between Mdm2 and p53 in plasma1, plasma2, and plasma3 was 1.10 ± 0.03, 0.99 ± 0.04,
and 0.95 ± 0.02 nm, respectively. Average distance analysis showed the slightly increased
distance between Mdm2 and p53 in plasma1 than plasma2 and plasma3 complexes, which
may occur due to substituting oxidized amino acid in p53 protein. However, the distance
between oxidized Mdm2 and oxidized p53 was the smallest.

Hydrogen bonds (H-bonds) play an essential role in chemistry and biology. H-bonds
are responsible for maintaining protein stability, and establishing the H-bonds significantly
affects the protein stability or stability between the two proteins [42,43]. Figure 8b depicts
the number of H-bonds formed between Mdm2–p53 protein in both native and modified
states. The native complex of Mdm2–p53 protein exhibits an average of six H-bonds in the
last 50 ns simulation period. The average maximum number of H-bonds bonds formed
in plasma1, plasma2, and plasma3 were seven, two, and eight, respectively. Notably, the
plasma2 complex has the least number of H-bonds, and plasma3 has the highest number
of H-bonds, attributed to a minimum and maximum interaction between Mdm2 and p53.
H-bonds also contributed to higher free energy in protein–protein interaction [24,44].

The SASA of a protein is that surface followed by the solvent molecule. Solvation
effects support the rearrangement of protein structure and the protein–protein binding
process. SASA was calculated for all the protein complexes of Mdm2–p53 protein. From
Figure 8c, the average SASA values of native Mdm2–p53 protein were obtained. SASA for
control, plasma1, plasma2, and plasma3 were 63± 1.6, 65± 1.5, 63± 1.2, and 64 ± 1.4 nm2

in the last 50 ns simulation. This revealed that SASA values slightly increase for plasma1
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and plasma3 compared to native and plasma2; this indicated the oxidized amino acids of
p53 influenced the SASA values.
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3. Discussion

MD simulation results reveal that oxidized Mdm2 is more flexible than the native
protein. The flexibility of the Mdm2–p53 complexes increases after oxidation. RMSD
and RMSF values showed that oxidation of the Mdm2 complex results in high flexibility
that might disturb the binding with p53. It was reported that overexpression of Mdm2
in human malignancies and epidermoid carcinoma inhibited cisplatin sensitivity and
simultaneously downregulated p53 [1,45,46]. Overexpressed MDM2 in breast cancer cells
induced resistance to doxorubicin through downregulating wtp53 [47]. Additionally,
homeobox A13 protein regulated the Mdm2–p53 loop, resulting in fluorouracil (5-FU)
resistance in tumor cells [48]. Overexpression of Mdm2 plays a critical factor in the tumor
cells’ resistance to radiotherapy [49]. In most of the studies, the overexpression of Mdm2
reduces the p53 expression. We proposed that oxidation of Mdm2 might impact the
decreased binding energies between Mdm2 and p53, resulting in the availability of p53
which results in the increased intracellular ROS in cancer cells and causes cancer cell death,
as described below.

The CAP chemical composition contains many short- and long-lived reactive species
such as hydroxyl radicals (•OH), superoxide (O2

•−), nitric oxide (NO•), ozone (O3), per-
oxynitrite (ONOO−), hydroperoxyl (HO2

•), hydrogen peroxide (H2O2), nitrites (NO2
−),

nitrates (NO3
−), etc. The long-lived reactive species such as H2O2, NO2

−, and NO3
− reach

the cell surface and initiate redox biochemistry, resulting in cancer cell death, as described
in earlier work [21]. After CAP treatment, the intracellular ROS concentration increase is
generally accepted and reported in various articles [50–57]. The long-lived reactive species
go through different reactions, shown below, that play an essential role in cell death [58].

NO2
− + H2O2 → ONOO− + H2O (1)

ONOO− + H2O2 → 1O2 + H2O + NO2
− (2)

ONOOH→ •NO2 + •OH (3)

H2O2 + •OH→ H2O + HO2 (4)

O2
•− + NO• → ONOO− (5)

H2O2 + catalase→ H2O + 1/2 O2 (6)

H2O2 and NO2
− react to produce ONOO− (Equation (1)). ONOO− reacts with

H2O2 to generate 1O2 and NO2
− (Equation (2)). ONOOH decomposes to •NO2 and •OH

(Equation (3)), and •OH induces lipid peroxidation [59]. Another possibility is the reaction
of •OH with H2O2 to form HO2

• (Equation (4)).
The O2

•− produced from the NOX enzyme reacts with HO2
• to generate the 1O2. We

have not included this reaction in our system because we recently reported that NOX1
expression decreases after plasma treatment [23]. It is highly possible that NOX1 will
not generate the O2

•− or generate a lesser amount. Therefore, there was not enough 1O2
to completely deactivate the catalase. These results are supported by recently published
work by Bengtson and Bogaerts [60]. The authors developed a mathematical model and
proposed that catalase-dependent apoptotic pathways did not contribute to the CAP-
induced anticancer activity [60]. Although, in the present study, we proposed that the
oxidized Mdm2 does not inhibit p53, which might lead to increases in the p53 availability,
deactivating the catalase through p53-inducible genes (PIG genes). It was already known
that p53 promotes oxidative damage by regulating its transcriptional targets such as PIG
genes [61]; PIG3 genes bind to catalase and inhibit its activity [62]. A recent review by Kim
et al. indicated the important role of p53 in radiation-induced oxidative stress [63]. Reports
stated the increased intracellular ROS level activated the p53 through JNK signaling, which
was accountable for pro-oxidant gene upregulation [64–66]. Additionally, p53 suppresses
the antioxidants associated with the nuclear-factor-E2-related factor (Nrf2) [67]. Hence,
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we assumed that oxidized Mdm2 does not inhibit p53 protein in CAP-treated cancer cells,
which results in cancer cell death through oxidative stress.

4. Materials and Methods
Molecular Dynamics (MD) Simulations

We have taken the molecular structure of Mdm2–p53 protein PDB IDs 1YCR for the
MD simulations. We used UCSF Chimera v.1.13.1. (Molecular graphics and analyses
performed with UCSF Chimera, developed by the Resource for Biocomputing, Visual-
ization, and Informatics at the University of California, USA, with support from NIH
P41-GM103311) to separate the structure of Mdm2 and p53 from Mdm2–p53 complex [68].
MD simulations were performed on Mdm2, p53, and Mdm2–p53 complex using GRO-
MACS 5.1.2 package by research teams in the University of Groningen and Uppsala
University [69] using the GROMOS54A7 force field [70]. The protein was solvated with
water, described by the simple point charge (SPC) explicit solvent model [71]. Later, the
system was neutralized by Na+ or Cl− ions replacing the water molecules. The length of the
simulation box was set as 6.2 × 6.2 × 6.2 nm3, which contained 7500 water molecules. The
system was energy minimized with the steepest descent method. The NPT equilibration
was first carried out for 10 ns at 300 K and 1 bar by applying positional restraints (force
constant of 1000 kJ mol−1 nm−2) on the protein’s heavy atoms. This was done to keep the
system as close as possible to its crystal structure. We employed the stochastic velocity
rescaling thermostat with a time constant of 0.1 ps [72], Parrinello–Rahman barostat with
a time constant of 2 ps [73], and isothermal compressibility of 4.5 × 10−5 bar−1 [74]. The
cut-off radii of the van der Waals and Coulomb interaction were 1 nm.

Additionally, the long-range electrostatic interaction was calculated by the PME
(particle mesh Ewald summation) [75] and applying long-range dispersion corrections
for both energy and pressure. After the equilibration, we performed the unrestrained
(normal) MD simulations for 400 ns, of which the last 50 ns were used to calculate the
average values. In all simulations, a time step of 2 fs was used. Finally, we calculated
the root mean square deviation (RMSD) of the Cα atoms, solvent-accessible surface area
(SASA), root mean square fluctuations (RMSF), total number of H-bonds between Mdm2
and p53, minimum distance formed between Mdm2 and p53, principal component analysis
(PCA), etc. Besides simulating the native Mdm2, p53, and Mdm2–p53 complex structures
in water, we also performed the same simulations to an oxidized form of Mdm2, p53,
and Mdm2–p53 complex to better understand the effect of oxidized amino acids on the
protein. The Mdm2 and p53 oxidized amino acids were based on the most probable plasma
oxidized products [38]. We obtained the GROMOS54A7 force field parameters for the
oxidized Mdm2 and p53 from references [39,40].

5. Conclusions

Our MD study showed that the flexibility increased for the complexes with oxidized
Mdm2 or oxidized p53 compared to non-oxidized protein complex. RMSD, RMSF, and
SASA values revealed that flexibility increases for unbounded oxidized Mdm2 as com-
pared to non-oxidized Mdm2. On the other hand, no significant change was observed
in unbounded p53 before and after oxidation. The least and highest RMSD values were
obtained for the control Mdm2–p53 complex and plasma2, respectively. This reveals that
the flexibility of the Mdm2–p53 complex increases with oxidized Mdm2 as compared to the
control complex. Additionally, bounded Mdm2 showed the highest RMSF value in plasma2
and plasma3, while bounded p53 revealed the highest fluctuation in plasma1. This further
supports that fluctuation increases more for oxidized Mdm2 complex than non-oxidized
Mdm2 complex. Therefore, we proposed that plasma-induced oxidized Mdm2 does not
inhibit p53, which might be the possible reason for catalase deactivation by p53 rather
than singlet oxygen generated in plasma-induced reactions, which results in increased
intracellular ROS in the plasma-treated cancer cells. However, more studies are required to
prove our assumption for p53-induced cancer cell death in plasma oncology.
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