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研究成果の概要（和文）：酸化ストレスによるNoxa 1の構造修飾評価では、NOX1の制御サブユニットのNoxa1 
SH3タンパク質の構造のプラズマによる変化を明らかにした。Noxa1タンパク質の構造変化を実験およびMDシミュ
レーションによって解析した。SARS-CoV-2スパイクタンパク質のC末端ドメイン構造へのプラズマの酸化の影響
について、SARS-CoV-2-CTDスパイクタンパク質のC末端ドメインの構造およびSARS-CoV-2-CTDとヒトhACE2の相互
作用に対するプラズマの影響を検討した。プラズマにより酸化の可能性があるMdm2、p53およびMdm2-p53の構造
変化をMDシミュレーションにより検討した。

研究成果の概要（英文）：Target 1: Structural modification of NADPH oxidase activator (Noxa 1) by 
oxidative stress: An experimental and computational study. In this work, we demonstrate the effect 
of plasma effect on the structural changes of Noxa1 SH3 protein, one of the regulatory subunits of 
NOX1. The structural deformation of Noxa1 SH3 protein was analyzed by various experimental methods 
and by MD simulations. Target 2: Possible impact of plasma oxidation on the structure of C-terminal 
Domain of SARS-CoV-2 spike protein: A computational study. We checked the plasma effect on the 
structure of the C-terminal domain of SARS-CoV-2 (SARS-CoV-2-CTD) spike protein and interaction 
SARS-CoV-2-CTD with human Angiotensin-Converting Enzyme 2 (hACE2). Target 3: In this study we 
investigated the structural changes in Mdm2, p53, and the Mdm2-p53 before and after possible plasma 
oxidation through molecular dynamic (MD) simulations.

研究分野： Applied Plasma research

キーワード： Protein folding　MD Simulation　Biophysical studies

  ２版

令和

研究成果の学術的意義や社会的意義
本研究の学術的意義はプラズマ照射へのがん細胞の応答機序解明にある。我々はプラズマ処理によるNADPHオキ
シダーゼ・アクチベーター・プロテインとリゾチームの構造変化はアミノ酸の酸化によると示した。続いて
SARS-CoV-2-CTDタンパク質の構造がプラズマ処理により不安定化し、酸化の抑制が結合自由エネルギーの減少に
寄与すること、さらにプラズマで酸化されたMdm2はp53を阻害しないことを計算から示した。つまりプラズマ処
理したがん細胞内の活性酸素の増加はp53によるカタラーゼの不活性化が原因と考えられる。以上の成果は新薬
やワクチン、診断薬、治療薬の開発に繋がり、人類の健康へ貢献可能と期待できる。

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。
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１．研究開始当初の背景 
 

Plasma medicine is a new scientific field that uses cold atmospheric plasmas (CAP) for 
cancer treatment. The plasma sources for plasma medicine applications typically operate 
in air or in argon or helium with air impurities. Hence, they generate reactive oxygen and 
nitrogen species (RONS), e.g., OH, O2

•─, O, NO, H2O2, NO2
─, NO3

─, NO2, ONOO─, etc, 
which are stated to be responsible for the biomedical effects. Most studies concluded that 
CAP-mediated apoptosis induction acts selectively on tumor cells, but the latest studies 
also reveal that selectivity is not observed for all cancer cell lines. 

Although, there is general consent that RONS plays a central role in plasma-
mediated antitumor effects (Fig 1). However, there is no evidence about the role of 
antioxidant enzymes after plasma treatments. In addition, the folding and unfolding of 
antioxidant enzymes after plasma treatment are still absent from the literature. Recently, 
much evidence were reported on the role of an enzymatic antioxidant in tumor growth 
and resistance to radiation therapies. Oxidative stress is one of the common modes of 
action in radiation therapy and plasma medicine. Therefore, studying the plasma effect 
on proteins/enzymes is essential. As the oxidative stress mechanism is similar for both 
radiation and plasma, there is a possibility of resistance occurring in cancer cells due to 
plasma treatment, as shown for radiation. Therefore, we will study the structural and 
functional changes that occur in antioxidant proteins after CAP and PTLs treatment using 
biophysical techniques and computer simulations. In addition, we will also study the 
inhibition effect of enzymatic antioxidants on the efficacy of CAP or PTLs to kill cancer 
cells. 

 
This shows the possibility of protein sulfenylate, nitrosylate, or carbonylation. Other 
modifications also occur in the protein/enzymes when they come in contact with RONS.  
 
２．研究の目的 
 
Both anticancer activity and the inactivation of microbes by plasma are due to the 
generation of plasma agents such as photons, electric fields, charged particles, and 
radicals, all of which have different effects on all biomolecular systems. To induce a 
specific biological effect using single or repeated plasma exposure, all reaction channels 
that the plasma action can trigger need to be explored, including not only simple physical 
or chemical damage to biomolecules but also structural modifications and changes in the 



biological environment, e.g. acidification or local reactive oxygen and nitrogen species 
(RONS) balance shift. However, plasma efficiency needs to be improved for sterilization 
and plasma selectivity for cancer cells.  

Protein modification by atmospheric pressure plasma is a novel nonthermal 
processing technology that can improve protein quality, functionality, and allergenicity 

reduction. It 
involves exposing 
proteins in an 
aqueous solution 
to reactive species 
generated by 
plasma, such as 
RONS. This can 
induce chemical 
modifications of 
amino acids, such 
as hydroxylation, 

nitration, 
sulfonation, 

disulfide linkage 
formation, sulfoxidation, amidation, and ring-opening, as shown in Fig. 2. These 
modifications can affect the protein structure, solubility, emulsification, antioxidant 
activity, and antigenicity. Plasma treatment can also inactivate proteins by destroying their 
tertiary structure or enzymatic activity. This can be useful in understanding the 
mechanism of the plasma effect for biomedical applications, such as sterilization, cancer 
therapy, and wound healing. 

 
３．研究の方法 
 
We have used 3 methods of study 

1. Biophysical techniques to check protein/enzyme structure: Circular dichroism, 
Fluorescence spectroscopy, UV-Vis spectroscopy, and Mass spectrometry. 

2. Non-reactive molecular dynamic simulation. 
3. Cancer cell viability test 

 
 
４．研究成果 
Project 1: NADPH oxidases 1 (NOX1) derived reactive oxygen species (ROS) play an 
important role in cancer progression through signaling pathways. Therefore, in this paper, 

we demonstrate the 
effect of cold 
atmospheric plasma 
(CAP) on the 
structural changes of 
Noxa1 SH3 protein, 
one of the regulatory 
subunits of NOX1. 
For this purpose, 
firstly, we purified the 
Noxa1 SH3 protein 
and analyzed the 
structure using X-ray 
crystallography, and 

subsequently, we treated the protein with two types of CAP reactors, such as pulsed 



dielectric barrier discharge (DBD) and Jet for different time intervals. The structural 
deformation of Noxa1 SH3 protein was analyzed by various experimental methods 
(circular dichroism, fluorescence, and NMR spectroscopy) and by MD simulations. 
Additionally, we demonstrate the effect of CAP (DBD and Jet) on the viability and 
expression of NOX1 in A375 cancer cells. Our results are useful for understanding the 
structural modification/oxidation that occurs in protein due to reactive oxygen and 
nitrogen (RONS) species generated by CAP.  
Citation: Pankaj Attri*, J.-H. Park, J. D. Backer, M. Kim, J.-H. Yun, Y. Heo, S. Dewilde, 
M. Shiratani, E. H. Choi, W. Lee, A. Bogaerts, Structural modification of NADPH oxidase 
activator (Noxa 1) by oxidative stress: An experimental and computational study. 
International Journal of Biological Macromolecules 2020, 163, 2405-2414. IF = 6.93 
 
Project 2: Possible impact of plasma oxidation on the structure of the C-terminal domain 
of SARS-CoV-2 spike protein: a computational study 
The recent outbreak of a novel coronavirus (SARS-CoV-2) has caused substantial public 
health issues worldwide. Cold atmospheric plasma (CAP) has shown its potential 
application in sterilization. It would be interesting to check the possible effect of CAP on 
the structure of the C-terminal domain of SARS-CoV-2 (SARS-CoV-2-CTD) spike 
protein and the interaction SARS-CoV-2-CTD with human angiotensin-converting 
enzyme 2 (hACE2). Therefore, we performed molecular dynamics simulations to 
calculate the root-mean-square deviation, root-mean-square fluctuation, principal 
component analysis and solvent-accessible surface area of SARS-CoV-2-CTD and the 
SARS-CoV-2-CTD/hACE2 complex with and without possible oxidation. 

 
Citation: Pankaj Attri*, K. Koga, and M. Shiratani, Possible impact of plasma oxidation 
on the structure of C-terminal Domain of SARS-CoV-2 spike protein: A computational 
study. Applied Physics Express 2021, 14, 027002. IF = 2.89 
Project 3: Plasma treatment causes structural modifications in lysozyme, and increases 
cytotoxicity towards cancer cells 
Bacterial and mammalian proteins, such as lysozyme, are gaining increasing interest as 
anticancer drugs. This study aims to modify the lysozyme structure using cold 
atmospheric plasma to boost its cancer cell-killing effect. We investigated the structure at 
acidic and neutral pH using various experimental techniques (circular dichroism, 
fluorescence, and mass spectrometry) and molecular dynamics simulations. The 
controlled structural modification of lysozyme at neutral pH enhances its activity, while 



the activity was lost at acidic pH at the same treatment conditions. Indeed, a larger number 
of amino acids were oxidized at acidic pH after plasma treatment, which resulted in a 

greater 
distortion 
of the 
lysozyme 
structure, 
whereas 

only 
limited 

structural 
changes were observed in lysozyme after plasma treatment at neutral pH. We found that 
the plasma-treated lysozyme significantly induced apoptosis to the cancer cells. Our 
results reveal that plasma-treated lysozyme could have potential as a new cancer cell-
killing drug. 
Citation: Pankaj Attri*, N. K. Kaushik, N. Kaushik, D. Hammerschmid, A. Privat-
Maldonado, J. D. Backer, M. Shiratani, E. H. Choi and A. Bogaerts, Plasma treatment 
causes structural modifications in lysozyme, and increases cytotoxicity towards cancer 
cells. International Journal of Biological Macromolecules 2021, 182, 1724–1736. IF 
= 6.93 
Project 4: Impact of Reactive Oxygen and Nitrogen Species Produced by Plasma on 
Mdm2–p53 Complex 
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 to better understand 
plasma oncology. 
Citation: Pankaj Attri*, H. Kurita, K. Koga and M. Shiratani, Impact of reactive oxygen 
and nitrogen species produced by plasma on Mdm2–p53 complex. International Journal 
of Molecular Sciences 2021, 22, 9585. IF = 5.92 
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