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B mocienree BpeMst UCIIOJIb30BaHKUE XOJOIHON aTMOC(HEPHON MIa3Mbl IS JICYCHHUS PaKa CTa-
JI0 OJHOHM M3 HanboJee MHTEPECHBIX TeM MPUMEHEHHs ia3Mbl. HecMoTpst Ha MHOTooOemao-
IIME PE3yJIbTaThl OOJIBIIIOIO KOJHMYECTBA MCCIICAOBAHUN, OCHOBHBIC MEXaHH3MBbI BO3/ICHCTBHS
TUIa3Mbl Ha PaKOBBIE KJIETKH BCE €lle He SICHBI U TpeOYIoT OoJiee TIATeNbHbIX (yHIaMeHTab-
HBIX UCclenoBanuii. B aToii paboTe mpeacTaBiieH 0030p HANIMX MOCICIHUX BBIYACITATEIBHBIX
HCCIICIOBAHMMA, MPOBEACHHBIX JJIS U3yYCHHUS MECXAHH3MOB B3aMMOJICHCTBUS aKTUBHBIX (OPM
KHCJIOPO/a U a30Ta, TEHEPUPYEMBIX XOJOAHON atMoc(epHOH Mmia3Mol, co crenuuIecKuMu
OekaMu, IMCIOIIMMHU OTHOIIICHUE K paKy (JiedeHuto). B yacTHOCTH, OCHOBHOE BHUMaHHE yJIe-
JICHO BIUSHHIO 3TUX YACTHI[ IDIa3Mbl HA MPOHHUIIAEMOCTh aKBAaNlOPHHA W TPAHCIIOpPTEpa ITHC-
tuH/Tnytamara XCT, HCcromb3yeMBIX B Ka4eCTBE MOACTBHBIX CUCTEM Ul HHTETPATBHBIX MEM-
OpaHHBIX OeNKOB. Pe3ynpTaThl MOJOETHUPOBAHMS MOMOTAIOT JIyYIlIe MOHATH OCHOBHBIE MeXa-
HU3MBI 3aMETHOTO POCTa TIa3Ma-HHAYIIHPOBAHHBIX PEaKTUBHBIX YaCTHIl, HAOIIOIaeMbIX B pa-
KOBBIX KJIETKaX IO CPABHEHUIO C HOPMAJIBHBIMHU KJIETKaMH, TEM CaMbIM yJydInas oOIiee Imo-
HUMaHHE PONM WHTETPATbHBIX MEMOpAaHHBIX OEIKOB B CEJICKTHBHOH INPOTHBOOIYXOJEBOH
CIOCOOHOCTH XOJIOJTHOM aTMOC(HEPHOH IIa3MBl.

Kiw4yeBble cioBa: X0JoIHas aTMOC(i)epHaSI I1asma, IjIa3MEHHOE JICUCHUE paKa, pEaKTUBHBLIC q)OpMI)I
KHCJIOpOJa U a30Ta, UHTCTPaJIbHBIC MeM6paHHBIe 6en1<1/1, MOJICKYJIdpHas JUHaMUKa.

Recently, the use of cold atmospheric plasmas for cancer therapy has become one of the most
exciting topics of plasma application. Despite promising results from a large number of stu-
dies, the underlying mechanisms by which plasma acts on cancer cells are still elusive and
require more thorough fundamental investigations. In this account, an overview is provided
on our latest computational studies performed to investigate the interaction mechanisms of
reactive oxygen and nitrogen species generated by cold atmospheric plasma with specific pro-
teins relevant for cancer (treatment). In particular, the main attention is paid on the effect of
these plasma species on the permeability of aquaporin and cystine/glutamate transporter xCT,
used as model systems for integral membrane proteins. The simulation results help to gain in-
sight in the underlying mechanisms of the noticeable rise of plasma-induced reactive species
observed in cancer cells compared to normal cells, thereby improving overall understanding on
the role of integral membrane proteins in the selective anticancer capacity of cold atmospheric
plasma.

Keywords: cold atmospheric plasma, plasma cancer treatment, reactive oxygen and nitrogen species, in-
tegral membrane proteins, computer simulations, molecular dynamics.

DOI: https//doi.org/10.52304/.v24i1.302

Vol. 24, No. 1, pp. 14-18, 2022



Influence of plasma oxidation on proteins: modeling at the molecular level

15

I. Introduction

In recent years, the application of non-thermal
atmospheric pressure plasmas operating at near am-
bient temperature (or simply cold atmospheric plas-
mas) in cancer treatment is attracting increasing inter-
est and is becoming one of the main topical areas of
plasma research [1]. Experiments already evidenced
that cold atmospheric plasma may selectively kill can-
cer cells, leaving homologous normal cells less dam-
aged [2-5]. This and other features of cold atmospheric
plasma, such as causing no pain in patients, no thermal
and electrical damage, and low cost [6, 7], might give
an advantage to cold atmospheric plasma over tradi-
tional anticancer therapies.

Cold atmospheric plasma generates reactive oxy-
gen species (ROS) and reactive nitrogen species
(RNS). According to the literature, the most relevant
ROS generated by cold atmospheric plasma include
atomic oxygen (O), singlet delta oxygen (‘O,), supe-
roxide (O, ), ozone (Os), hydroxyl (*OH) and hydro-
peroxyl (HO,*) radicals, and hydrogen peroxide
(H,0,), whereas the most important plasma-generated
RNS are nitric oxide (*NO), nitrogen dioxide (*NO,),
and peroxynitrite (ONOQO") [8, 9]. Some of these reac-
tive oxygen and nitrogen species (RONS), e.g., hy-
droxyl radical, may have strong oxidizing effects that

induce modifications in lipids and proteins, leading to
significant alterations in cells. Other RONS, such as
nitric oxide, can act as the regulator of the cellular
function, thereby influencing the proliferation of cells
or immune responses [10, 11].

It is generally believed that the selective anticanc-
er capacity of cold atmospheric plasma is linked to the
higher levels of RONS that are generated in cancer
cells, while normal cells experience a relatively modest
increase (if any) in RONS levels [4, 12-14]. The plas-
ma-induced RONS diffuse across the cell membrane,
causing nitro-oxidative stress in the cell, thereby af-
fecting the intracellular signalling pathways, and even-
tually leading to cell death [15, 16]. However, the un-
derlying mechanisms of the distinct increase of intra-
cellular RONS are still not fully understood, although
several explanations have already been proposed in the
literatures [17-19].

In this paper, we will provide an overview of our
latest computational studies performed using integral
membrane proteins [20-23]. These proteins might play
an important role in the selective rise of intracellular
RONS observed in cancer cells (see Fig. 1 below and
explanations therein). Hence, obtained results might
give possible explanations to the selective action of
cold atmospheric plasma on cancer cells.
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Figure 1. Schematic illustration of the integral membrane proteins aquaporin (AQP) (left) and xCT antiporter (right).
Plasma-generated RONS (e.g., H,O,) can diffuse across AQP with and without modifying/oxidizing the extracellular part
of AQP (yellow star), thereby increasing the intracellular RONS level. These species may also interact with xCT, oxidi-
zing its extracellular part (yellow stars), thereby affecting the xCT function (by e.g., suppressing the cystine permeation),
which might also contribute to increasing RONS levels in the cell.
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II. Simulation setup

All details of the simulation setup are provided in
[20-23]. Briefly, we applied atomistic simulations,
employing different simulation techniques including
molecular dynamics, to study (a) the permeation of
RONS through aquaporin (AQP) as well as (b) the
transport process of cystine across XCT. As plasma-
generated RONS we used H,O, molecule, *OH, *NO
and *NO, radicals that are in ground states and their
spin-states are not taken into account in the simula-
tions.

Both structures (AQP and xCT) were used as
model systems for integral membrane proteins in this
study (see Fig. 1).We also examined the effect of
plasma-induced oxidation (in these model systems) on
the transport of the above-mentioned permeants

(RONS and cystine). For calculation of the free en-
ergy profiles associated with the transport of per-
meants across model systems, we used the umbrella
sampling (US) simulations.

II1. Results and discussion

AQPs are trans-membrane proteins that conduct
not only water molecules across the cell membrane
but also other solutes, such as RONS produced, e.g.
by cold atmospheric plasma. In [20] we studied the
permeation of H,O, across native AQP1 (one of the
members of the AQP family) and lipid membrane,
which showed that the delivery of H,O, into the cell
interior should be through AQP [20]. However, the
overall nature of RONS transport through AQP was
still obscure. Therefore, in our next study we extended

this research, including more RONS [21].
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Figure 2. Free energy profiles of the hydrophilic (H,O, and *OH) and hydrophobic (*NO, and *NO) RONS across AQP1
pores of the native (NAT, black curve) and oxidized (OXL - oxidized lipids and OXP - oxidized protein, red and green
curves, respectively) model systems. The intracellular and extracellular aqueous phases are shown in light blue color. The
NPA (asparagine-proline-alanine) and ar/R (aromatic-arginine) regions are indicated by the brown dashed lines. For more

details about OXL, OXP, NPA and ar/R, see [21].
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Specifically, applying molecular dynamics simula-
tions we investigated the permeation processes of both
hydrophilic (H,O, and *OH) and hydrophobic (*NO,
and *NO) RONS through AQP1. The results revealed
that these RONS could all penetrate across the AQP1.
The permeation free energy barriers for *OH and *NO
were lower than that of HO, and *NO,, indicating
that these radicals may have easier access to the pore
interior and interact with the amino acid residues of
AQPI1. We also studied the effect of RONS-induced
oxidation of both the phospholipids and AQP1 on the
transport of the above-mentioned RONS across
AQP1. Both lipid and protein oxidation slightly in-
creased the free energy barrier for H,O, and *NO,
permeation, while for «OH and *NO, we did not ob-
serve a strong effect of oxidation (see Fig. 2). Hence,
we suggest that the hydrophilic species enter the cell
through AQPs, as they experience a clearly higher
barrier through the lipid membrane, especially in the
native lipid bilayer. On the other hand, the hydropho-
bic RONS most likely permeate through the mem-
brane, where lipid oxidation can take place, as their
barrier through AQP is higher (see [21] for more de-
tails).

Our next study consists of two parts. In a first
part, we investigated the permeation of cystine across
three model systems of xCT, the light subunit of the
xC  antiporter responsible for the cystine and gluta-
mate translocation [22]. We considered the outward
facing, occluded and inward facing configurations of
xCT, applying a combination of targeted MD [24],
steered MD [25] and classical MD as well as umbrella
sampling [26] simulation techniques. We found the
key role of amino acid residues in the outward facing,
occluded and inward facing configurations responsi-
ble for the uptake, transport and release of cystine.
The calculated free energy profiles of cystine across
the outward facing, occluded and inward facing struc-
tures showed the energy minimum of cystine to be
higher in the inward facing conformation, indicating
that a lower energy is required for the release of
cystine from the antiporter [22].

The second part was dedicated to the effect of
plasma oxidation on the extracellular cystine uptake
by the xCT [23], which is important for cancer ther-
apy. We considered the outward facing configuration
of xCT, and to study the effect of oxidation, we oxi-
dized the Cyss;y; residue, located in the vicinity of the
extracellular milieu. Our simulation results showed
that oxidation of Cyssy; results in a free energy barrier

for cystine translocation, thereby blocking the access
of cystine to the substrate binding site of the outward
facing system. The obtained results indicated that the
oxidation of Cyssy;, by e.g. cold atmospheric plasma,
is more effective in inhibiting the xC™ antiporter than
the mutation of this amino acid to Ala [23].

IV. Conclusions

In this paper, we provided an overview of our
latest simulation results that may help to gain more in-
sight in the underlying mechanisms of the noticeable
rise of cold atmospheric plasma-induced RONS in
cancer cells, thereby improving our understanding on
the role of integral membrane proteins in the selective
anticancer activity of cold atmospheric plasma.

In particular, the simulation results on the RONS
permeation across AQP revealed that oxidation of
both the phospholipids and AQP1 protein does not
strongly affect the permeation of *OH and *NO radi-
cals across AQP1, whereas it slightly increases the
free energy barrier for H,O, and *NO,, which we at-
tributed to the sizes of these species [20, 21]. Both
lipid and protein oxidation influences the shape of the
free energy profiles of all RONS, as well as the barrier
heights for H,O, and *NO,. Thus, these out comes
provide molecular level insight into the role of AQP,
which is often more expressed in cancer cells.

Our simulation results on the cystine uptake by
the xCT protein revealed that oxidation of XxCT pro-
tein leads to a free energy barrier for cystine transloca-
tion, thereby blocking the access of cystine to the sub-
strate binding site of the outward facing system
[22,23]. Hence, the inhibition of the xCT subunit of
the xC™ antiporter may lead to Cys starvation in some
cancer cells, eventually resulting in cancer cell death.
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Inazma opkKadu OKCHIJAIIHUHI OKCHJLIAPra
Tabcupu: MoJieKyJasap Aapakajarn MoJesuiaml-
THPHII

M. KOcynos'??,
V. Xamuios"?

M. FaceMMTapnﬁ", C. Mup3ae32,

' TUKXMMM Mummii  TagkukoT yHmBepenrets, 100000,
Towxkenr, Y36exucron

V.A. Apudos Homugaru Mon-Ilna3zma Ba Jlazep Texnomorus-
napu UucturyTy, 373P(DA, 100125, TomikeHT, V36exucron
AHTBepneH yHuBepcureTd, 2610, AnTBepneH, benbrus
lapu¢d Texnonorust YHusepcuretn, Texpon 14588-89694,

OpoH

Cyurru fimuiapia capaTOHHH JaBOJAIIa COBYK aTMocde-
pPUK mIa3ManaH (QoijaTaHWII TUTa3Ma aMaJHETHHHHT SHT
KM3UKapy WyHanunuiapuaad Oupura aimangu. Kym con-
I TaAKUKOTIAPHMHT  MCTUKOOIM  HaTHKaJapura
Kapamac/aH, Ila3MaHuHT capaToH XyKalpajgapura TabCcu-
PUHU TYLIYHTHUPYBUYU ACOCUM MEXaHU3MIIAPHUHT XAJId XaM
HOAQHHMKJIWIH  YYKyppOK  (QyHIaMEHTan  TaJKUKOTIap
YTKa3WINIIMHY TaK030 KHUJIaIH.

Ymby umpa coByK aTMoc(epuK Iula3Ma MYyXHTHIA
XOCHJI OYNraH peakTHB KHCIOpPOJ Ba a30T 3appajapHHUHT
capaToH Xy)kaifpacnmarun mMaxcyc OKCWIUIap OmiaH y3apo
TabCHUP MEXAHW3MIIAPHHY YPTaHMII YUyH ONHuO OopuiraH
CYHITH MOJCTIAIITHPHUIN  TaJKUKOTIAPUMH3  XaKuJa
KHCKada mapx Oepmirad. XycycaH, ymoy mapx/ia acocHid
9bTHOOP PEaKkTHB IUIa3Ma 3appajJapUHUHT HHTETPAT MEM-
OpaHa OKCWUIapH Y4YyH MoOJAeT TH3UMIap cudaruaa
KYJUIaHWJITaH aKBAIlOPUH Ba IMCTHH/TIyTaMaT TallyBYHCH
XCTHUHT YTKa3yBUAHJIMTUTa TAbCHUPUHH TYIIYHHIITA
KapaTwiarad. MoZAeIamTHpyIl — HaTWXKajlapd PEaKTHB
ia3mMa 3appajJapuHUHT HOpMal XysKalipajapra HucOaraH
capaToH Xykaiipanapuna ce3uIapiu Jlapakaza
KYMaHUIIMHUHT aCOCHH MEXaHM3MJIAPWHH SIXIIUPOK TY-
myHumra épaam Oepaau Ba HaTHXXa/la COBYK aTMochepuk
TUTA3MaHUHT CapaTOHTa TaHIa0 TabCUp YTKAZWIIUAA MEM-
OpaHa OKCWJUIADUHMHI POJM TYFPUCHIATH yMyMHUH Ty-
HIyHYaJIapHU SIXIIMIANIH.

Kamur cy3aap: coByk arMocdepHk IU1a3ma, capaToHHH Jia-
BOJIAIll, PEAKTUB KUCIIOPOJ Ba a30T, MOJICKYJISAP JUHAMUKA.





