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AND GLUTATHIONE INTERACTING WITH HYDROXY L
AND SUPEROXIDE ANION RADICALS

T. Y. KUZNETSOVAL N. V. SOLOVYOVAZ? V. V. SOLOVYOV?, V. O. KOSTENKO?

Yu.Kondratyuk Poltava National Technical University, Ukraine;
2Ukrainian Medical Stomatological Academy, Poltava;
e-mail: kzt7@ukr.net

Based on the analysis of the results obtained by quantum chemical modeling of interaction between
reduced glutathione (GSH) and melatonin (MLT) molecules with oxygen radicals (*OH and * OO") it was
found that this interaction occured following the acid-base mechanism, where MLT and GSH acted as a base
in respect of *OH, and as acid in respect of *OO". We have carried out the correlation of the results of quan-
tum chemical calculations (density redistribution, energetic characteristics) under the interaction of MLT and
GSH molecules with *OH and *OO~ in changing macroscopic properties of the process of electroreduction of
free oxygen radicals in the presence of antioxidants (potential and maximal current wave reduction waves).
This was a direct experimental macroscale evidence of the results of theoretical modeling at the nanoscale
level that pointed to a marked antioxidant activity of glutathione compared with melatonin.
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T he environment contains the great number
of free radicals (FR) which, when found in
a human organism, bring to the lesion of
proteins, nucleic acids and lipids of biological mem-
branes. Depending on the situation, FR have a muta-
genic, cancerogenic or cytostatic effect on the human
organism that results in the development of various
pathologic states (cancerogenesis, atherosclerosis,
chronic inflammations, nervous degenerative disea-
ses, etc.) [1, 2]. Antioxidants (f-carotene, vitamins
C and E, selenium, etc.) are widely used in practical
medicine to neutralize the negative effect of FR on
human organism [3-5].

Epiphysial hormone — melatonin (MLT) — N-
acetyl-5-methoxytryptamine (C,H,N,O,) holds a
special position in a series of antioxidants. In the
authors’ opinion [6-8], it is a more efficient antioxi-
dant in contrast to beta-carotene, vitamins C and E,
selenium and others. Positive results of this hormone
application under the treatment of oncologic and
other diseases, which were obtained as based on the
analysis of medical clinical data only, do not allow
understanding the nature of biochemical processes

bringing to such a result, and are of purely phenome-
nological character. One should note a broad dis-
cussion concerning antioxidant properties of MLT
[9-11], which activity is compared with that of tri-
peptide glutathione (GSH), and that is not in favor
of the latter [10]. Such a conclusion is insufficiently
correct since the publications do not include the data
of comparative investigations of antioxidant activity
of these compounds under the same conditions and
at a molecular level. The authors have already estab-
lished a possibility of such modeling from the results
of quantum chemical and electrochemical modeling
[12, 13]. The obtained results bring researchers to a
more profound understanding of the mechanism of
processes proceeding in vivo with the participation
of GSH i MLT, but do not give a direct answer as to
their antioxidant activity.

The absence of systematic investigations, es-
pecially at a molecular level, of antiradical activity
of various antioxidants under their interaction with
free radicals in biological systems not only deter-
mines the availability of contradictory estimates in
interpretation of the results of experimental regulari-
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ties [14-17], but also creates difficulties in develop-
ment of general notions in respect of the mechanism
of antioxidants’ interaction with free radicals and
purposeful approach to governing these processes,
practically used in medicine, for example [11, 18].
So, it seems timely to study the efficiency of the
effect of endogenic antioxidants by modeling the
mechanism of their interaction with free radicals by
the methods of quantum chemistry combined with
experimental methods, electrochemical ones in par-
ticular.

The work was aimed at studying the reactions
of catalytic oxidation of melatonin and glutathione
with superoxide anion radical (*OO~) and hydroxyl-
radical (*OH) under equal conditions on the basis
of the results of electrochemical investigations and
their comparative analysis with characteristics of
qguantum-chemical calculations.

Materials and Methods

Theoretical study of the mechanism of MLT
and GSH interaction with «OO™ and *OH was
performed with the help of the program module
GAMESS-US [19] and the program module Firefly
8 by the non-empirical quantum chemical method in
the basis 6-31G** [20]. The dissolvent effect on the
properties of the systems under study was calculated
using the polarized continuum models (PCM).

Electrochemical investigations of modeling of
GSH interaction with free oxygen radicals using
differential impulse voltammetry were carried out
jointly with researchers of the Institute of Bioorganic
Chemistry and Petrochemistry of NAS of Ukraine.
L-glutathione of SERVA company and melatonin of
Merck company were applied to prepare the solu-
tion. The compounds were used without additional
purification.

Results and Discussion

To analyze the antioxidant activity of MLT
and GSH molecules it is principally important to
establish the most active centers of these molecules
interaction with free oxygen radicals. To search for
the “attack directions” of melatonin and glutathione
molecules by free oxygen radicals the authors have
made the calculations of distribution of molecular
electrostatic potential (MESP) in «OH and OO~
radicals and MLT and GSH molecules. It was es-
tablished in accordance with calculations that for
*OH there is a minimum of MESP localized near
oxygen atom, and for *OQO", on the contrary, its iso-

tropic distribution is observed. The obtained differ-
ence of such distribution of MESP should be nec-
essarily one of determining factors in establishing
the mechanism of MLT and GSH interaction with
radicals, since they, having one nonpaired electron,
will “attack” MLT and GSH molecules in directions
with positive MESP values.

To search for minima of full energy, corre-
sponding to maxima of *OH and OO interaction
with MLT i GSH molecules, a detailed scanning
of the surface of full interaction energy has been
performed in the vicinity of “attack places” of MLT
and GSH molecules by calculation of the transition
state of interaction reaction. When determining the
activation energy, for each of the “attack directions”,
when an angle changes between the corresponding
interatomic bonds of antioxidant molecules and
radicals and of corresponding distances between the
atoms of reagents, it was established that GSH mole-
cule has 17, while MLT molecule has 16 minimums
of full energy, including the global one (Fig. 1).

When GSH molecule interacted with one OO~
in the point of global minimum of full interaction
energy, the redistribution of a charge of 0.702¢ from
*O0" to glutathione molecule through the atom of
hydrogen H(23) occurred. This suggests a possibili-
ty of efficient interaction of *OO™ and GSH with a
probable formation of stable complexes (Fig. 2, A).
This process occurred similarly under «OO™ interac-
tion with melatonin molecule (transfer of a 0.664¢
charge from superoxide anion radical oxygen atoms
to MLT molecule) that resulted in the change of the
bond length both in the free radical from 0.136 to
0.143 nm and in melatonin molecule N(8)-H(14)
from 0.0999 to 0.142 nm (Fig. 2, B).

And on the contrary, the electron density in-
creased on the hydroxyl-radical oxygen atom by
0.208¢ under interaction with one *OH; as a result
the bond length S(22)-H(23) increased in glutathione
molecule from 0.132 to 0.317 nm, that indicated a
possibility of detachment of this hydrogen atom
from GSH molecule and addition to *OH with for-
mation of water molecule (Fig. 3, A).

The increase of electron density for “isolated”
hydroxyl-radical under interaction with hydrogen
atom H(14) (in global minimum of full energy) of
MLT molecule was about 0.229¢; as a result the
bond length between nitrogen and hydrogen atoms
N(8)—H(14) increased in melatonin molecule from
0.0999 to 0.311 nm (Fig. 3, B), thus suggesting a
probability of this hydrogen atom detachment from
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Fig. 1. Minimums of full interaction energy (E) in complexes: A — MLT --*OH[*OO7]; B — GSH+*OH[*OO"]
under the “attack™ of various centers of antioxidant molecules by free radicals: 1 — «OH; 2 — «OO™ (5 the

deepest minimums — O are distinguished)

MLT molecule and its addition to *OH with forma-
tion of water molecule.

Modeling of radical (¢<OO™ and *OH) concen-
tration change relative to antioxidant molecules has
shown, that simultaneous interaction of five radicals
in both cases with MLT and GSH molecules does not
change as a whole the character of redistribution of
electron density for interaction with one radical, but
makes it a “softer” one.

24

Thus the interaction of a molecule of the stu-
died antioxidant with free oxygen radicals initiates
heterodirected redistribution of electron density in
molecules antioxidants (Fig. 4).

The effect of water medium on the mechanism
of antioxidant molecules interaction with free oxy-
gen radicals has been modeled within the program
Firefly 8 to bring the results of quantum chemical
modeling closer to real conditions of the interaction
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Fig. 2. Scheme of molecules interaction: A — GSH; B — MLT with OO~ (arrows show charges on atoms by
Lyovdin)
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Fig. 3. Scheme of molecules interaction: A — GSH; B — MLT with *OH (arrows show charges on atom by
Lyovdin)
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Fig. 4. Scheme of redistribution of electron density
under interaction of MLT i GSH molecules with *OH
and <00~

of MLT and GSH molecules with *OH and OO in
the human organism. The analysis of the obtained
results has shown that the mechanism of redistribu-
tion of electron density, allowing for the effect of
water medium with dielectric constant € = 78.355 at
T =298 K within the continual model of the solvent
PCM (polarized continuum model) for these interac-
tions, remains almost unchanged that is confirmed
by the comparison of charges distribution according
to Lyovdin, corresponding distances in MLT, GSH,
*OH and OO0, as well as the values of activation

energies for the reactions of antioxidant molecule
interactions with *OH and «OO™ (Table 1, 2).

Thus, quantum chemical modeling of interac-
tion of MLT and GSH molecules with «OH and OO~
has shown that the change in radicals concentration
in respect of antioxidant and allowance for the effect
of water medium do not radically affect the redistri-
bution of electron density of antioxidants’ molecules
and permits concluding that the studied reactions oc-
cur following the acid-base mechanism; under these
conditions the antioxidant molecule act as a base in
respect of *OH and as an acid in respect of *OO™ in
agreement with the established scheme (Fig. 4).

To confirm the conclusions obtained from the
results of quantum chemical modeling, the electro-
chemical studies of MLT and GSH interaction with
free oxygen radicals have been conducted in water
physiologic solution using the method proposed at
the Institute of Bioorganic Chemistry and Petro-
chemistry of NAS of Ukraine [21].

Differential voltammetric 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:

Table 1. Comparative distribution of charges q by Lyovdin and activation energy Ea under interaction of
MLT and GSH molecules with free oxygen radicals in the global minimum point

q Ea, klJ/mol
Interaction GSH MLT
GSH MLT
S(22) H(23) 0(38) N(8) H(14) 0(34)

*OH In vacuum | 0.045 0.215 -0.449 -0.184 0.210 -0.470 101 106
PCM 0.036 0.222 -0.465 -0.178 0.215 -0.485 100 105

OO~ | Invacuum | -0.660 0.216 -0.206 -0.342 0.220 -0.204 17 31

PCM -0.731 0.211 -0.187 -0.370 0.209 -0.200 7 30

Table 2. Comparative distribution of the bonding orders Bij and distances R under MLT i GSH molecules
interaction with free oxygen radicals in the point of global minimum

GSH MLT
Interaction S(22)-H(23) 0(38)-H(23) N(8)-H(14) 0(34)-H(14)
Bij R, nm Bij R, nm Bij R, nm Bij R, nm
*OH In vacuum - 0.317 0.872 0.095 - 0.311 0.820 0.094
PCM - 0.268 0.859 0.094 - 0.314 0.816 0.095
00~ |00 0.163 0.185 0.713 0.098 0.149 0.142 0.671 0.098
PCM 0.153 0.195 0.738 0.096 0.139 0.144 0.689 0.097
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wave [ (E=-0.2 B)

*OH + ¢~ — OH, D
wave II (E=-0.7 B)

0, + le” — 007, )
*0O0-+le"+2H+ — H,0,, (2a)
wave III (E=- 1,1 B)

H,O, +e"— "OH + *OH, €)]

were plotted on the background of 0.1 M solution of
NaCl in water (physiological solution) with further
titration of background electrolyte by additions of
MLT and GSH of different concentration (Fig. 5).

MLT and GSH additions of different concentra-
tion being introduced into the background solution,
the appearance of three waves was observed. There-
with the reduction potential () of the first wave did
not change that indicates the reduction of electro-
chemically activated particles (EAP) which are the
same in type and form. The increase of concentra-
tions of MLT and GSH additions led to the essential
decrease of limit current of the first waves on vol-
tammogram at the expense of purely chemical in-
hibition reaction in the volume phase of the solution
according to the scheme (4):

CH,N,0, [C H, N,O,S] + *OH —

13" '16 100 177 376
—+C,HN,0,[*C,H NOS]+HO, (4

13" 15 10" 16

That points to the decrease of EAP quantity of
*OH type.
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Further reduction of «OH, which concentration
decreases as a result of reaction (4) when introdu-
cing MLT[GSH] additions, will be observed under
the unchanged potential (0.2 V) on the electrode by
the following reaction:

«OH™ + & — OH~. )

It should be noted (Fig. 1) that in the presen-
ce of MLT and GSH additions with the same con-
centration 0.74-10° M/dm?3, one could observe a
considerable decrease of limit current of first waves
of reduction compared with the background (rela-
tive value of the current peak is 1.7 times higher in
the presence of GSH, and approximately 1.2 times
higher for MLT) indicating more expressed antira-
dical properties of GSH compared to MLT.

In contrast to the first wave, the cathode shift of
the second wave of renewal potential was observed
under introduction of MLT and GSH additions. The
results of quantum chemical investigations of «OO~
interaction with antioxidants did not point to the
breaking of hydrogen bonds in MLT and GSH mole-
cules. Complexation probability and experimentally
found cathode shift of the potential of 2 reduction
waves for both cases pointed uniquely to the process
of reduction of electroactive complexes, which type,
form and quantity will be determined by MLT and
GSH concentration in respect to *OO".

The «OO™ reduction wave in the presence of
GSH shifted towards a decrease of reduction po-
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Fig. 5. Differential voltamperograms of FR reduction on a copper cathode on the background of 0.1M NaCl
in water (1) in the presence of various concentrations of antioxidants: MLT (A): 2 — 0.39; 3 - 0.74; 4 — 1.07,
5-1.67; 6 —2.1810° M/dm?®; GSH (B): 2 - 0.24; 3-0.47; 4 -0.74; 5-0.91; 6 — 1.1:103 M/dm?
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tential value, and in the presence of MLT — towards
an increase that also confirms more expressed anti-
radical properties of GSH compared to MLT in re-
spect of *OO". Such a substantiation of the shift of
the second wave in the process of a single-electron
reduction of EAP correlates with results of quantum
chemical estimation of activation energy values un-
der single-electron charge transfer (Fig. 6), which
are different for the “isolated” *«OO™ molecule and
for complexes {MLT-OO7} and {GSH*OO™}. The re-
duction potential invariability and a decrease of the
limit current (wave 1) and cathode shift of the po-
tential (wave 2) with the increase of concentration of
antioxidants in interaction with free radicals for both
cases is a direct corroboration at the level of results
of quantum chemical calculations at the nanolevel.

So, the obtained experimental results have con-
firmed at a macrolevel the results of quantum chemi-
cal investigations and have shown that MLT and
GSH display antiradical activity, and under these
conditions, more expressed antiradical properties of
glutathione compared with melatonin were corrobo-
rated [10]. It should be noted that the result obtained
(reaction 4) coincides qualitatively with the results
of medical research by S. O. Bachurin [11], presen-
ted in a form of phenomenological scheme of MLT
interaction with free oxygen radicals in the human
organism.

Thus, the analysis of results of quantum chemi-
cal modeling served as a basis for establishing the
most probable centers of the interaction of MLT and
GSH molecules with free oxygen radicals, which
correspond to the deepest minima of full energy
of their interaction. The authors have studied the
mechanism of interaction of MLT and GSH mole-
cules with «OH 1 «OO", which has shown that the
reaction between antioxidants and radicals follows
the acid-base mechanism, and in so doing antioxi-
dants act as a base in respect of *OH and as an acid
in respect of *OO". The conducted electrochemical
investigations have confirmed antioxidant properties
of MLT and GSH, and thus research have confirmed
on the macroscopic level the cardinal difference of
the mechanisms of inhibition of hydroxyl radicals
and superoxide anion radicals by molecules of anti-
oxidants on the background of prevailing antiradical
activity of GSH compared to MLT.

The correlation of change of macroscopic pa-
rameters in the process of electroreduction of active
oxygen forms in the presence of MLT and GSH (the
potential and limit current of the reduction waves)
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Fig. 6. Diagram of changing the values of activation
barriers for «OO™ and its complexes and a single-
electron renewal

has been established as well as the results of quan-
tum chemical research obtained on the nanolevel (re-
distribution of electron density, the orders of bonds
between atoms, energetic characteristics) under the
interaction of antioxidant molecules with free oxy-
gen radicals.

A perspective of using the results of quantum
chemical calculations combined with electrochemi-
cal research for substantiating and establishing pe-
culiarities and differences of antioxidant activity of
melatonin, glutathione under the interaction with
superoxide anion radical and hydroxyl radical with
the aim to predict the ways of creating new medical
drugs was established.

AHTHUOKCUJAHTHA AKTUBHICTb
MEJATOHIHY ITJYTATIOHY

3A B3AEMOJII 3 T'TIPOKCHJI-

I CYIIEPOKCHU /I AHIOH-
PAIUKAJTAMU
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TlonTaBCbKHMM HALIOHAIBHUN TEXHIYHUI
yHiBepeuteT iM. 0. Konaparioka, Ykpaina;
2YkpailHChKa MEIMYHA CTOMATOJIOT YHA
akazemis, [TonraBa;
e-mail: kzt7@ukr.net

Ha OCHOBI aHajizy pe3ynbTaTiB
KBAHTOBOXIMIYHOI'O MOJEIIIOBAHHSA B3a€MOIIi MO-
nexyn wmenaroHiny (MLT) i rmyrartiony (GSH)
i3 pagukanamu kucHi (*OH i *OO”) BcraHOB-
J€HO, IO BOHA BiJOYBA€THCS 3a KHCIOTHO-OC-
HOBHMM MexaHi3moMm, npudomy MLT i GSH mo
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BinHOmEeHHIO 0 *OH BHCTynaroTh SK OCHOBa, a
no0 *O0™ — sk kucnora. [IpoBeseHO Kopesilito
KBaHTOBOXIMIYHHMX PO3paxyHKiB (ME€pepo3noin
€JIEKTPOHHOI I'yCTHHH, EHEPreTUYHI XapaKTePUCTH-
k) 3a B3aemoaii Mmosekyn MLT 1 GSH i3 *OH i <00~
31 3MiIHOK0 MaKpPOCKOIIIYHUX TapaMeTpiB Mporecy
€JIEKTPOBITHOBJICHHS BIJIbHUX PaJMKaIiB KHUCHIO B
MPUCYTHOCTI aHTUOKCUIAHTIB (MMOTEHLIaJ Ta Tpa-
HUYHUI CTPYM XBHJIb BiJTHOBIICHHSI), IO € IPIMHM
MiATBEPIPKEHHSM Ha MaKpOpPiBHI pe3yJbTaTiB Mpo-
BEJCHOTO Ha HAHOPiBHI TEOPETUYHOTO MOACIIOBAH-
Hs Ta BKa3ye Ha OJIbII BUPaKEHY aHTHOKCHIAHTHY
axtuBHicTs GSH y nopiBusHHI i3 MLT.

Kno4oBi cnoBa: aHTHOKCHIAHT, TiApo-
KCHJI-paJInKajl, = CYHNEepPOKCHJ  aHIOH-paJuKal,
[IIyTaTiOH, MEIIATOHIH.

AHTHOKCHUJIAHTHASA
AKTUBHOCTb MEJJTATOHUHA

U TJIYTATUOHA IIPHU
B3AMMOJIENCTBUHU

C T'MJIPOKCHJI- U CYIIEPOKCH ]I
AHUOH-PAJTUKAJIAMUA

T. IO. Kysneyosd', H. B. Conosvesd?,
B. B. Conosved", B. A. Kocmenko?

MTonTaBCKUI HALIMOHAIBHBIA TEXHUYECKUN
yuusepcuteT uM. FO. Konnparioka, Ykpanna,
2YKpanHCKast MEIUITHHCKAsT
cToMaTtoJiornyeckas akajaemus, [lonrasa;
e-mail: kzt7@ukr.net

Ha ocHoBe aHanm3a pe3yabTaToB KBAHTOBOXH-
MHYECKOTO MOJICIIMPOBAHUST B3aMMOJICHCTBUS MO-
nexyn menatonuHa (MLT) u rmyrarnona (GSH) ¢
panukanamu kuciopona (*OH u «OQO”) ycraHoBie-
HO, YTO OHO TPOUCXOJUT MO KUCIOTHO-OCHOBHOMY
Mexanusmy, npuaeM MLT n GSH no oTHoIeHuo k
*OH BBICTYNatOT KaK OCHOBAaHHME, a [0 OTHOIICHUIO
k *O0™ — xak xwucnoTa. [IpoBemena koppensius
KBaHTOBOXMMHYECKUX pacyeToB (mepepacrpee-
JICHWE JJICKTPOHHOW TUIOTHOCTH, YHEPreTHUECKHUE
XapaKTEPUCTUKH) TIPH B3aMMOJICHCTBUU MOJEKYI
MLT u GSH ¢ *OH u *OO" ¢ u3MeHEeHHEM MaKpo-
CKOTMYECKHUX IapaMeTpoB IpoIecca 3JIeKTPOBOC-
CTaHOBJICHUSI CBOOO/IHBIX PaJMKaJIOB KUCIOPO/a B
MPUCYTCTBUH aHTHOKCHJIAHTOB (IIOTCHIIMAT U TIpe-
JICNTbHBIN TOK BOJIH BOCCTAHOBJICHU ), YTO SIBISICTCS
NPSIMBIM  9KCTICPUMEHTAJIBHBIM  [TOJITBEPKACHUEM
Ha MaKpOypOBHE Pe3yJIbTaTOB MPOBEACHHOTO HA Ha-
HOYPOBHE TEOPETUYECKOT0 MOJICIIMPOBAHUS U yKa-

3bIBACT Ha OoJiee BHIPAKCHHYIO aHTHOKCUAHTHYIO
aktuBHOCTHh GSH no cpaBHenuto ¢ MLT.

KnmoueBnie cunmoBa: AHTHOKCHUIAHT, T'H-
APOKCUII-paauKall, CYICPOKCHU aHHUOH-paAUKall,
TJIYTaTUOH, MCJIIATOHWH.
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