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Following the analysis of the results of quantum chemical simulation of interaction between a GSH
molecule and oxygen radicals *OH and OO0, it was found that it takes place through the acid-base mecha-
nism, where GSH acts as a base towards *OH, and as an acid towards *OO". The results of quantum chemical
calculations (electron density redistribution, energy characteristics) were correlated at the time of interaction
of a GSH molecule with *OH and *OO™ with a change of macroscopic parameters of the process of free oxygen
radical electroreduction in the presence of GSH (potential and maximum current of reduction waves), which
is a direct experimental macroscale evidence of results of the conducted nanoscale theoretical simulation.
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radicals on a living organism practical medi-

cine widely uses endogenous oxidants since
they take part in the system of human organism pro-
tection from the aggressive action of free radicals,
for example [1-3]. The lack of systematic investiga-
tions, especially at the molecular level, of antiradical
activity of various antioxidants under their interac-
tion with free radicals in biological systems not only
determines availability of contradictory estimates in
interpretation of the results of experimental regu-
larities [4—7] but also creates difficulties in develop-
ment of general ideas concerning the mechanisms
of interaction of antioxidants with free radicals and
purposeful approach to the control of these processes
which are applied to medical practice [8, 9]. The
above said actualizes studying the antiradical activi-
ty of various antioxidants.

Interaction of antioxidants with free radicals is
determined by the influence of the great number of
various interrelated kinetic processes which stabili-
zation is rather problematic even in the experiment
conditions. Thus, it seem urgent to study efficiency
of the influence of endogenous antioxidants by simu-
lating the mechanism of their interaction with free
radicals by the methods of quantum chemistry in
combination with experimental ones, in particular,
with electrochemical method that allows not only
obtaining the substantiation of the positive effect

T o decrease the negative effect of free oxygen
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of using the antioxidants but also establishing po-
tential significance of these substances as medical
remedies.

The work objective was investigation of anti-
radical properties of endogenous antioxidant glu-
tathione (C,)HN,OS) by simulation of the mecha-
nism of its interaction with free radicals (hydroxyl

radical (*OH) and superoxide-anion-radical (<OO").
Materials and Methods

Human organism contains a nonenzymatic an-
tioxidant system of cells protection from the influen-
ce of free radicals. The compounds with various
properties appear as the system components. One of
such compounds is glutathione (GSH) synthesized
in each organism cell, but antiradical mechanism of
its interaction with active oxygen forms at the mi-
croscopic level is not completely understood, except
for certain results of macroscopic medical [11] and
electrochemical [12] investigations which are unfor-
tunately of phenomenological character and do not
give a purposeful approach to such processes con-
trol.

One of the key active forms of oxygen is *OO",
which is formed when adding one electron to oxygen
molecule in the basic state and can be a source of
*OH formation in human organism; it may be the
strongest oxidizer among free oxygen radicals [13],
thus «OH and *OO" can exist simultaneously and be
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used for studying their interaction with glutathione
for simulation of its antioxidant activity. The above
said has determined the choice of investigation
objects.

Theoretical study of the mechanism of GSH
interaction with *OO™ and *OH is performed with
the help of the program module GAMESS (version
of March 27, 2007) and program module Firefly 8
by the most modern unempirical quantum chemi-
cal method in the basis 6-31G** [14]. To calculate
the solvent effect on properties of the systems under
study the authors used the polarization continuum
model PCM and set into motion the program CAUS-
SIAN 09 (D.01); the access to this model was kindly
put at the authors’ disposal by professor V. M. Gun-
ko, Dr. sc. (chemistry), (O. O. Chuyko Institute of
Chemistry of Surface, NAS of Ukraine).

Electrochemical investigations of simulation of
GSH interaction with free oxygen radicals with the
use of differential volt-ampermetry were conducted
jointly with researchers of the Institute of Bioorganic
Chemistry and Petroleum Chemistry of NAS of
Ukraine. L-glutathione of the company SERVA, res.
grad. was used for making the solution. The com-
pounds were used without additional purification.

Results and Discussion

The establishing of the most active centers of
glutathione molecule interaction with free oxygen
radicals is of principal importance for the analysis

I
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of antiradical activity of GSH molecule. To search
for the “attack directions” of glutathione molecules
by free oxygen radicals the authors have calculated
distribution of molecular electrostatic potential
(MESP) in the radicals *OH and *«OO™ and in GSH
molecule. As a result it was established that the
MESP minimum localized near oxygen atom exists
for *OH and, on the contrary, its isotropic distribu-
tion is observed for *OO™. The obtained difference of
such MESP distribution should obligatory be one of
determining factors in establishing the mechanism
of GSH interaction with radicals since they, having
one uncoupled electrode in their composition, will
“attack” the GSH molecule in directions with its
positive values of MESP (near oxygen atoms).

To search for full energy minima correspon-
ding to *OH and «O0O™ maxima with GSH molecule
a detailed scanning of the surface of full interaction
energy in the vicinity of “ attack places” of GSH
molecule was conducted. That was made by calcula-
tion of transition state of the reaction of interaction,
with determining activation energy for each of the
“attack directions” (Fig. 1), when changing the an-
gle between the corresponding interatomic bonds of
glutathione molecule and radicals and corresponding
distances between reagents’ atoms that has evidenced
for availability of 17 minima of full energy for glu-
tathione molecule, including the global one [15].

When GSH molecules interact with one «OO~
at the point of global minimum of full interaction

Fig. 1. “Attack directions” of different centers of GSH molecule with hydroxyl and superoxide-anion radicals
(free enumeration of atoms; 0 — mass center of GSH molecule)
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energy there occurs redistribution of the charge of
0.702e with «OO™ to glutathione molecule through
the atom of hydrogen H(23), indicating a possibility
of efficient interaction of OO~ with GSH, with prob-
able formation of stable complexes (Fig. 2).

Under analogous interaction with one *OH,
on the contrary, there occurs an increase of elec-
tron density on oxygen atom of hydroxyl radical
by 0.208e, as a result the bond length S(22) — H(23)

increases in glutathione molecule from 0.132 to
0.317 nm that points to the possibility of this atom
breaking off GSH molecule and its further attach-
ment to *OH with formation of water molecule
(Fig. 3).

Simulation of the change of radicals (*OO™ and
*OH) concentration in respect of antioxidant mole-
cule has shown that the simultaneous interaction of
five radicals in both cases with GSH molecule does
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Fig. 2. Scheme of interaction of GSH molecule with OO~ (arrows point to charges on atoms according to

Lowdin)
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Fig. 3. Scheme of interaction of GSH molecule with *OH (arrows point to charges on atoms according to

Lowdin)
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not change the character of redistribution of electron
density for interaction with one radical as a whole,
but makes it “softer”.

Thus, the interaction of a molecule of studied
antioxidant with free oxygen radicals initiates redis-
tribution of electron density in the glutathione mole-
cule in different directions (Fig. 4)

To bring the results of quantum-chemical
modeling closer to real conditions of interaction of
the antioxidant molecule with «OH and *«OO™ in hu-
man organism the authors performed simulation of
water medium influence on the mechanism of GSH
molecule interaction with free oxygen radicals in
terms of Firefly 8 program. An analysis of results
obtained has shown that the mechanism of electron
density redistribution with allowance for water me-
dium influence with dielectric constant € = 78.355
at T =298 K within the continual model of the sol-
vent PCM for these interactions remains almost un-
changed, that is confirmed by comparison of charges
distribution according to Lowdin, corresponding
distances in GSH, *OH, «OO", as well as the values
of activation energy of the reactions of GSH mole-
cule interaction with *OH and «OO™ (Table).

Thus, the quantum chemical simulation of glu-
tathione molecule interaction with «OH and «OO~
has shown that the change of radicals concentration
in respect of antioxidant and allowance for the in-
fluence of water medium do not practically influen-
ce redistribution of electron density of glutathione
molecule and permit concluding that the studied
reaction proceeds following the acid-base mecha-
nism, under these conditions GSH appears as acid
in respect of *OH in accordance with the set scheme
(Fig. 4).

To confirm the conclusions made by results of
quantum-chemical simulation the authors performed
electrochemical investigations of GSH interaction
with free oxygen radicals in physiologic water so-

(Hydroxyl-radical ]

[Superoxide radical]

Fig. 4. Scheme of redistribution of electron density
of GSH molecule as a result of interaction with radi-
cals

lution by electrochemical generation of free oxygen
radicals in the presence of antioxidant [16].

Differential volt-ampere curves of reduction of
free oxygen radicals which characterize reactions
(1-3) analogous to those proceeding in biosystems
in the process of respiration, metabolism, oxygen
stress:

wave I (E=-0.2B)+OH +¢ — OH, )
wave I1 (E=-0.7B) 02 + le”— 00", ®)
00" +l¢”+ 2H" — H,0,, (2a)

wave I (E=- 11 B)H,0,+¢"— OH ++OH, (3)

were taken on the background of 0.1 M solution of
NaCl in water (physiologic solution) with following
titration of background electrolyte with GSH addi-
tions of various concentration.

When adding GSH additives of different con-
centration (2-6) to background solution, the authors
observed the change of positions of reduction waves
(Fig. 5). In so doing the reduction potential of the
first wave did not change, that points to reduction
of electrochemically active particles (EAP) similar
by type and shape. The increase of concentrations
of GSH additions leads to essential decrease of the

Comparative distribution of charges q according to Lowdin, distances R and activation energies E under
GSH molecule interaction with free oxygen radicals at a point of global minimum

. R, nm g, a.0.
Interaction E , kJ/mol
S(22)-H(23) | O-H(23) S(22) H(23) o* 2

OH Without PCM 0.317 0.095 0.045 0.215 -0.449 101

GSH PCM 0.268 0.094 0.036 0.222 -0.465 100

.00 Without PCM 0.185 0.098 -0.660 0.216 -0.206 17

PCM 0.195 0.096 -0.731 0.211 -0.187 7
*Indicated atom of radical which directly interacts with atom H(23) of GSH molecule.
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boundary current of the first waves on curves at the
expense of chemical reaction of *OH inhibition in
the solution volume phase by the scheme (4):

C,H,N,OS ++OH — «C H N.OS+HO, )

1077177 376 107716~ 376

that points to the decrease of *OH amount in analogy
with the processes occurring in human organism un-
der the effect of GSH.

Further reduction of *OH, which concentration
will decrease as a result of the reaction (4) and under
introduction of addition GSH will be observed at un-
changed potential (0.2 B) on the electrode according
to the following reaction:

«OH + 1 — OH". G)

We explained earlier the cathode shift of the
second wave of reduction by purely phenomenologi-
cal complex formation of glutathione with oxygen
[16], since it is impossible to analyze it basing only
on electrochemical approach, as it was in the case
with the first wave of reduction. That is why we have
made a comparative quantum-chemical estimation of
activation barriers of a single-electron reduction ac-
cording to (2) for isolated superoxide-anion-radical
and its complexes with glutathione which has shown
that the calculated activation barrier for “isolated”
molecule «O0™ is 572.5 kJ/mol, and for the complex
{GSH...«O07} — 425.2 kJ/mol at a single-electron
reduction that explains the cathode shift of the sec-
ond wave of *OQO" reduction with an increase of GSH
concentration in the direction of a decrease of the
reduction potential value and points to the process of
reduction of EAP different in their type and shape at
the expense of complex formation which simplifies
the process of electric reduction in contrast to (5).

Thus, on the basis of analysis of quantum-
chemical simulation results the authors have es-
tablished the most probable active centers of GSH
molecule interaction with free oxygen radicals which
correspond to the deepest minima of full interaction
energy. The mechanism of glutathione molecule
interaction with *OH and «OO™ has been investiga-
ted. It has shown that the reaction between antioxi-
dant and radicals proceeded according to acid-base
mechanism, where GSH acts as a base towards *OH,
and as an acid towards *«OO". Correlation of the ob-
tained results of quantum-chemical calculations (re-
distribution of electron density, energy characteris-
tics) under the interaction of glutathione molecule
with free oxygen radicals with the change of mac-
roscopic parameters of electric reduction of oxygen
free radicals in the presence of glutathione (potential
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Fig. 5. Differential volt-amperograms of reduc-
tion of free oxygen radicals on a copper cathode
against a background of 0.1 M NaCl in water (1)
in the presence if various concentrations of GSH
(T=298K):2—-0.24;, 3 — 047, 4 - 0.74;5 — 0.91;
6— 1.1I'10°P M/ml

and boundary current of reduction waves). That is
a direct experimental confirmation on the level of
results of theoretical simulation conducted on the
nanolevel.

KBAHTOBOXIMIYHE
MOJAEJOBAHHA
AHTHOKCHUJAHTHOI AKTUBHOCTI
TJIYTATIOHY 3A B3AEMOJIIT
3TIJIPOKCHUJI- I CYIITEPOKCHU -
AHIOH-PAIUKAJIAMMA
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Ha OCHOBI aHamizy pe3ynbTaTiB
KBAaHTOBOXIMIYHOTO MOJIETIOBAHHS B3a€MOIii MO-
nexynmu GSH i3 papmkanamu xucHio *OH i OO~
BCTAHOBJIGHO, IO IIE€H Tpolec BinOyBaeThcs 3a
KUCIIOTHO-OCHOBHUM  MEXaHI3MOM,  IMPUYOMY
GSH mno BigaomenHto no0 *OH Bucrtymae sk oc-
HOBa, a 1o BigHomeHHIO 10 *O0~ — gK KHUCJIOTAa.
[IpoBeneHO KOpENAIi0 ONEpKaHWX pPEe3yJbTaTiB
KBAaHTOBOXIMIYHUX PO3PaxyHKiB (I€PEpO3MOIia
€JIeKTPOHHOI TYCTHHH, E€HEPTeTHYHI XapaKTepu-
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cTukn) 3a B3aemonii monekynu GSH i3 *OH i <00~
31 3MIHOK0 MaKpPOCKOIIIYHUX TapaMeTpiB Mporecy
CJIEKTPOBITHOBJICHHS BUIBHHUX DPaJWKalliB KHCHIO
y mpucytHocti GSH (moreHmian Ta TpaHUYHHHA
CTPYM XBHJIb BiJTHOBJICHHSI), IO € TIPSIMUM EKCIIe-
PUMEHTAJbHUM TMIATBEPIKEHHSIM Ha MaxKpoOpiBHI
pe3yJbTaTiB MPOBEJCHOTO Ha HAHOPIBHI TEOPETHY-
HOT'O MOJICITIOBaHHSI.

KnwodonBi croBa: AQHTHOKCHIAHT,
T1IPOKCHII-paiuKaj, CyHepOKCHI-aHIOH-paIuKal,
[Ty TaTiOH.
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AHTUOKCUJAHTHOM
AKTHBHOCTH INTYTATUOHA ITPU
B3AUMOJIEMCTBUHU C T'HJPOKCH.I-
U CYINEPOKCHJI-AHUOH-
PAJIUKAJIAMHU
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[TonTaBCKUI HALMOHAJBHBIN TEXHUYECKUI
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Ha ocHoBaHMM aHallM3a pe3yJIbTaTOB KBAaHTO-
BOXUMHYECKOI'0 MOJICIIMPOBAHUS B3aUMOJICHCTBUS
montekyinsl GSH ¢ pagukanamu xuciopona *OH u
*OO" yCTaHOBIIEHO, YTO ATOT MPOIECC MPOUCXOTUT
10 KMCJIOTHO-OCHOBHOMY MeXaHu3Mmy, mpuyem GSH
B orHomeHnn *OH BBICTyNaeT Kak OCHOBaHWE, a
mo otHomeHuo k *O0™- kak kuciora. IIposene-
Ha KOPPEJISIIHS TOJNYYEHHBIX PEe3yJIbTaTOB KBaH-
TOBOXMMHUYECKMX PacdyeToB (IepepacrpeneieHue
AJIEKTPOHHON TIOTHOCTH, SHEPreTHUECKUE Xapak-
TEPUCTHKHN) NPH B3auMojecTBiu Mosekyinsl GSH
¢ *OH u OO0 ¢ u3MeHEeHHEeM MaKpPOCKOIMHUYECKUX
rapaMeTpoB Ipoliecca 3JIEKTPOBOCCTAHOBICHUS
CBOOOIHBIX PaJIMKAJIOB KHCIOPOJa B MPUCYTCTBUN
GSH (moTeHnman u TpeAeNbHBIA TOK BOJH BOC-
CTaHOBJICHUS), UYTO SIBIISCTCS TPSMBIM OKCIICPH-
MEHTAJIGHBIM TIOJITBEPKJCHUEM Ha MaKpOYypOBHE
pe3ynbTaToOB MPOBEACHHOTO HAa HAHOYPOBHE TEOpe-
THYECKOTO MOACTUPOBAHHUSL.

KnroueBbie CI10Ba: aHTHOKCUJIAHTBI, Me-
JATOHHWH, TUAPOKCUII-PAJHKAN, CyNEepPOKCHI-aHU-
OH-paJIMKaJ, Ty TaTHOH.
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