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Abstract

Objectives. While organic and inorganic derivatives of selenium like thiol poisons are known
to activate enzymes in cells of different organisms, the mechanism of enzyme activity induction
is poorly studied. Therefore, the aim of the study was to investigate the effect of selenium
compounds on peroxidase activity induction in maize tissues.

Methods. Mechanism of sulfhydryl groups blocking in selenium derivatives was studied on
maize in comparison with fungicide tolylfluanid—a typical thiol poison. Electrolytes leakage
was determined using conductometry and capillary electrophoresis, protein fractions—by the
Ermakov-Durinina method, protein concentration—according to Bradford protein essay, and
peroxidase activity—by the Boyarkin method.

Results. Diacetophenolylselenide (DAPS-25) was shown to react with SH-groups similarly with
tolylfluanid fungicide. DAPS-25 increased K* and NH, leakage by 58 and 14 times, while
appropriate increases for tolylfluanid were 4.4 and 1.5 times as compared to control. Increased
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total protein content—especially albumins—was due to electrolyte leakage from maize cells.
DAPS-25 increased albumins concentration by 2.4-4.5 times, and tolylfluanid application by
2 times. Similar increase of peroxidase activity in maize roots and sprouts as a result of
DAPS-25 (by 63% and 112%) and tolylfluanid (by 73% and 63%) application indicates close
mechanism of their effect. Under DAPS-25 loading L-cysteine decreases peroxidase activity,
which records the removal of SH-groups blockage. A less intensive effect was registered
for sodium selenite and L-selenocystin, also capable of reacting with SH-groups. L-cysteine
supplementation to DAPS-25 solution decreases selenium concentration in maize, indicating
the decrease of selenium bioavailability.

Conclusions. The results indicated that selenium containing compounds react with SH-groups
of maize cells increasing electrolytes leakage, protein content and especially albumins resulting
in the increase of peroxidase activity.
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AnHOmMauyus

Ienu. HeopzaruuecKkue u opeaHuuecKue coe0uHeHUsl CeNeHa, KaK U psi0 0pyaux muoao8slx 51008,
akmusupyrom pepmeHmol 8 KAemrKax pasHblX 0p2aHU3MO8, 00HAKO MEeXAHU3M UHOYKYUU ¢ep-
MEHMAMuUBHOU aKMu8HOCMU MAJIOUSYUEH, 8 C8SI3U C IMUM Yesblo Hacmosiuieli pabomul cmasio
U3yUueHue MexaHusmMa 6AUSIHUSL COeOUHeHUNl ceseHa HAO UHOYKYUIO aKmueHoCmu gepmeHma
nepoxkcuoasbl 8 MKAHIX pacmeHull KYKypys3ot.

Memooust. Mexarusm 610Kupo8aHust cyibgeudpuioHovix epynn (SH-pynn) coedurneHull cenena
uccnedosanu Ha pacmeHusix KYykypy3svl 8 CpasHeHUU C pYyH2ULUOOM MOSUNAPAYAHUOOM — KAAC-
cuuecKkum muosogolm si0om. HemeueHue 21eKmponumos onpedensiiu memooom KoHOyKmome-
mpuu U KanuasipHozo aaekmpogpopesa, ppaxyuu benrxoe no memooy Epmarosa-/lypoiHuHotl,
ux KoHyeHmpayuro no 6padgopdy, axmueHocms nepokcudasst no memooy BosipKuHa.
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Pesynemamet. Bvuio ycmaHoesneHo, umo ouauemogpeHoHunceneHuo ([IADPC-25) ezaumo-
Oeticmeosan ¢ SH-epynamu, Kak u pyHauyud moaungyaHuod, Komopbwlil sieisiemest Kiaccuue-
CKUM Op2GHUUECKUM MUON08bIM si0oM. [JADC-25 cmumysrupyem ucmeueHue KaAmuoHo8 Kaaius
u ammoHust 8 58 u 14 pas, a moaungpayaruo e 4.4 u 1.5 pas e cpasHeHuu ¢ KonHmpoaem. Hemeue-
HUe 9/1eKmpoaumos U3 K1emok pacmeHull KYyKypy3svl npueooum K yeeauueHUur0 KOHUeHmpayuu
obwezo benrka u ocobeHHo anbbymuHos. KoHuermpauus ansbymuros ¢ JADPC-25 eospacmana
8 2.4-4.5 pasa, a ¢ moaungayarHudom — e 2 pasa. JADC-25 axkmusuposas gpepmeHm neporKcu-
043y 8 KOPHSX U Ha03eMHOU uacmu Kykypyset Ha 63% u 112%, a moaungayarHuo Ha 73% u 63%,
UMmo 2080pUM O CXOIXKeM MexaHusme ux deticmeausi. L-yucmeur cHuxaem aKxmusHoCcms NepoKcu-
odaszbl om Oeticmaust [JADPC-25, m.e. cHumaem bnokuposaHue SH-epynn. Cnabee axmusupyrom
neporcudasy Na,SeO, u L-ceneroyucmur, Komopsle maroke esaumooeticmeyrom ¢ SH-zpynnamu.
ColdeprkaHue ceneHa 8 pacmeHusx KYykypysvl ymeHvuwaemess npu dobasnreHuu L-uucmeuHa &
pacmeop ¢ JADC-25, umo 2080pum 0 CHUNKEHUU €20 NOCMYNIeHUSL 8 PACMEHUSL.

Buteooust. HcenedogaHust noKasaiu, Umo CesleHCo0epIauue seurecmaed e3aumooeticmayrom ¢
SH-zpynnamu Kiemok pacmeHull KYKkypyssl, YCUAUBAS UCMeEUeHUE 3/1eKMPOAUMO8 U NOSbLULAS
KOHUEeHMpauyur 6en1Ko8 8 MKAaHsX, 0CObeHHO anbbyMuUHO8, A, c1ed08amesbHO, Yeeauuusads aK-
MmusHOCMb hepMmeHma nepoKcuoasbt.

Knroueesvte cnoea: ouayemogpeHOHUNCeNeHUD, MOAUNDAYAHUD, KYKYpY3a, hneporkcuoasa,
anekmposumel, benxu

Jna yumupoeanus: Tlony6ospunos I1.A., [lernnnna H.J., Mouceesa W.5., Mukynsx H.U., Tonyokuna H.A., Kamyn A.IL

THO3aBUCHMBIE MEXaHHU3MbI JICHCTBHS CEICHOCOMCPIKAIIUX TMPEernaparoB U TOMWI(IyaHHIA Ha HCTEYCHUE DIICKTPOIUTOB
U aKTUBHOCTH TNEPOKCHAA3bl B PACTEHUSIX KYKypysbl (Zea mays L.). Tounkue xumuueckue mexuonoeuu. 2022;17(5):394-409.
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INTRODUCTION

In recent years, the catalytic functions of the trace
element selenium, which forms the active selenol
sites of antioxidant enzymes—in the first place,
four selenium-dependent glutathione peroxidases,
selenium-containing peptides and proteins—have been
widely studied [1].

Inorganic salts of selenium (sodium selenate and
selenite) and organic selenium compounds: ebselen,
2-phenylbenzoselenazol-1,2-3(2n)-one)[2], selenopyran,
9-phenyl-sym-nona-hydro-10-selenaanthracene!’,
diacetophenonyl selenide (DAPS-25), 1,5-diphenyl-
3-selenapentadione-1,5 [3], (I), have an activating
effect on a number of enzymes: catalase, peroxidase,
superoxide dismutase, glutathione peroxidase (GPx)
in plants [4-7], bacteria [8], insects [9], crustaceans [10],

' Blinokhvatov ~ A.F.  9-R-sim-nonahydro-10-oxa
(chalcogen) anthracene and 9-R-sim-octahydro-10-oxonium
(chalcogenonia) anthracene salts. Dr. Sci. Thesis (Chem.).
Saratov: SGU; 1993.

farm animals and birds [11, 12]. It should be
especially noted that out of 27 organic selenium
compounds and their 16 sulfur-containing analogs,
the highest activity of phase II enzymes—quinone
reductase (EC 1.6.5.5) and glutathione-S-transferase
(EC 2.5.1.18)—was induced by 9 selenium-
containing  compounds:  dimethyl  diselenide,
dibenzyl diselenide, diphenyl diselenide, benzyl
selenol, benzene selenic acid, ebselen, 2,5-diphenyl
selenophen, triphenylselenonium chloride, i.e., mainly
those drugs that interact with sulfhydryl groups
of mouse hepatoma cells (Hepa-1clc7) with the
formation of selenosulfide bonds [13]. However,
the mechanisms of metabolism of organoselenium
xenobiotics in biological media and their effect
on the induction of enzyme activity are not well
understood. It is known that at high concentrations,
inorganic selenium compounds: selenite, sodium
selenate, selenium oxide, act as thiol poisons to
block the sulfthydryl groups of proteins [14, 15].
Such poisons acting in this way also include certain
heavy metals: mercury, cadmium, and lead.
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A relationship between electrolyte leakage
in wheat root cell membrane damage by mercury
chloride (HgCI,) was shown to involve an increase
in the concentration of malondialdehyde (MDA),
along with activation of catalase, superoxide
dismutase, peroxidase, and ascorbate peroxidase
[16]. In contrast to plants not treated with selenium,
where the level of enzyme activity is lower, rapeseed
plants treated with sodium selenite demonstrated
an increase in the activity of catalase and ascorbate
peroxidase under stress and drought conditions [17].

The method of inhibitors is widely used to
determine the mechanism of action of various drugs.
The classic thiol poison is tolylfluanid (IV) (fungicide
Euparen Multi 500 g/kg), which does not contain
selenium. Regarding the mechanisms of action, it is
known that it nonspecifically inhibits biochemical
processes in which enzymes and coenzymes
containing sulthydryl groups and thiol-containing
cellular components take part [18]. Like all thiol
poisons, it increases the permeability of cell
membranes and promotes the “leakage” of potassium
ions from the cell [19].

The mechanism of increased activity of
enzymes may be due to the synthesis of de novo
isoenzymes, a change in the conformation of the
enzyme molecule or prosthetic group under the
influence of an inhibitor, or the catalytic effect of
the trace element selenium on selenium-dependent
enzymes. However, antioxidant defense enzymes
(catalase, peroxidase, superoxide dismutase), which
utilize peroxides and free radicals, do not belong
to selenium-dependent enzymes. In most scientific
studies, there is a relationship between the action
of thiol poisons—heavy metal ions, selenium
preparations—and the induction of the activity
of various enzymes. This may be due to the leakage
of electrolytes, i.e., modification of ion channels,
aquaporins, and lead to an increase in protein
concentration in the biomass, and, as a result, an
increase in enzyme activity.

In connection with the above, the aim of the
present study is to study the mechanism of the
effect of selenium compounds on the induction
of peroxidase enzyme activity in corn seedlings
(Zea mays L.).

MATERIALS AND METHODS

Reagents and equipment

The following reagents were used in the
work:  hydrogen  peroxide  30%,  benzidine,
L-cysteine  hydrochloride, acetone (Vekton, Russia),

DAPS-25 (Sulfat, Russia), tolylfluanid—FEuparen Multi

fungicide (BASF, Germany). The organoselenium
xenobiotic DAPS-25 and tolylfluanid were dissolved
in acetone and added to the Knop’s solution?.
Sodium selenite and L-selenocystin were dissolved
in 0.1 M HCI (Vekton, Russia). Solvents—acetone
(chemically pure) and hydrochloric acid (chemically
pure) (Vekton, Russia)—were added to the control
variants.

Determination of the electrical conductivity of
distilled water and solutions was carried out on the
conductometer  Expert-002-2-6  (AnalitPromPribor,
Russia) according to GOST 6709-723.

Determination of inorganic cations in water
was carried out according to the M 01-31-20114
method using a Capel 105M capillary electrophoresis
system (LUMEX Group of Companies, Russia).

Peroxidase activity was determined using a KFK-3
photometer (ZOMZ, Russia).

The study of the anatomy of corn root cells was
carried out under a Levenhuk D320L microscope
(Levenhuk, Russia).

Germination of corn seeds

Seeds of comn (Zea mays L.) varieties
Krasnodarsky 291 AMV (Gavrish, Russia) and
Utrennyaya Pesnya (Gavrish, Russia) were germinated
for 3 days in a thermostat at a temperature of
25-26°C [20]. For experiments, seedlings with
a root length of 1-2 cm were used. The roots
of control seedlings were immersed in a Knop’s
solution or distilled water through a perforated
plastic plate, while the experimental seedlings
were immersed in a solution with the addition of
preparations. The roots of the seedlings were kept
either in the Knop’s solution or distilled water
during the entire time of the experiment (3 days).

To determine protein fractions (albumins,
globulins, prolamins, and glutelins) and peroxidase
activity, unseparated corn roots were immersed
in Knop’s solutions containing selenium-containing
preparations and tolylfluanid in various concentrations
for 3 days. Next, the seedling samples were
divided into roots and aerial parts (hereinafter
referred to as seedlings), crushed, ground, and
centrifuged. Proteins were extracted according to
the Ermakov—Durynina method [21]. The content
of individual protein fractions was determined by
the Bradford method [22]. The control was corn

2 Chesnokov V.A., Bazyrina E.N., Bushueva T.M.,
I’inskaya N.L. Growing plants without soil. Leningrad: Izd.
Leningrad. Univ.; 1960. 170 p.

* GOST 6709-72. Interstate Standard. Distilled water.
Specifications. Moscow: Standartinform; 2010.

4 https://www.lumex.ru/complete_solutions/11ar03 01 _02 1.
php. Accessed April 18, 2020.
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seedlings whose roots were in the Knop’s solution
without the addition of biologically active substances.

Peroxidase activity was determined by the
Boyarkin method at a wavelength of 610 nm. This
method is based on measuring the time during
which a certain optical density is reached in an
experimental solution (£ = 0.250). The change in
optical density for 1 s per 1 g of raw tissue was
calculated. Benzidine was used as a substrate, the
oxidation of which results in the formation of a blue
compound [23].

The presence of elemental selenium was
determined by a qualitative reaction according to
Feigley and West [24]. The total selenium
content in the roots and seedlings of corn was
determined by the fluorimetric method with
diaminonaphthalene.’®

Statistical analysis was carried out using
the Duncan test and the computer statistical
program Excel.

RESULTS AND DISCUSSION

Influence of DAPS-25 and tolylfluanid
on the outflow of electrolytes from the cells
of the roots of corn plants

When DAPS-25 is added to the Knop’s solution,
a reaction occurs on the roots of corn seedlings
with the formation of a red modification of elemental
selenium (Fig. 1la). The formation of elemental
selenium granules and strong plasmolysis revealed
under microscopic examination indicates an increase
in the permeability of cell membranes and the
outflow of electrolytes from root cells. An increase
in the permeability of cell membranes is characteristic
of some thiol poisons [19].

Plasmolysis of maize root cells was also noted
in the variant with tolylfluanid (Fig. 1b). Thus, the
separation of the protoplast from the cell wall of the
corn root is related to the presence of thiol poison
in the Knop’s solution.

Thiol poisons can disrupt the functioning of
potassium channels [19] to cause the outflow of
electrolytes from cells. To determine the outflow
of electrolytes from root cells, distilled water was
used as a nutrient solution instead of Knop’s solution
(Table 1).

Thus, according to Table 1, it can be judged
that DAPS-25 promotes the outflow of electrolytes

MUK 4.1.033-95. Methods of control. Chemical factors.
Determination of selenium in food. Methodical instructions.
Moscow: Inform.-izd. Tsentr Goskomsanepidemnadzora
Rossii; 1995.

(b)

(©

Fig. 1. Maize roots with 100x magnification:
(a) DAPS-25 in Knop’s solution (0.025 mg Se/L, 0.16 mM/L),
(b) tolylfluanide (0.16 mM/L), (c) control.

from root cells, increasing the permeability of cell
membranes, causing plasmolysis. Determination
of cations by capillary electrophoresis showed the
presence  of ammonium, potassium,  sodium,
magnesium and calcium ions (Table 2).

Analysis of electropherogram data and those
given in Table 2 indicates that DAPS-25 stimulates
the outflow from root cells mainly of potassium
cations, as well as ammonium cations, whose
similarity in terms of ionic radius to potassium
ions [25] indicates a probable modification of the
potassium ion channels of DAPS-25. Residues of
the amino acid cysteine contained in potassium ion
channels and aquaporins [26] increase sensitivity
to the effects of thiol poisons such as mercury [27]
and silver [28] ions, as well as to subsequent blocking
of ion channels.
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Table 1. Electrical conductivity of solution from roots of maize, Krasnodarsky 291 AMV (uS/cm?)*

Days Control, pS/cm DAPS-25, 0.025 mg Se/L, nS/cm
3 2.13+£0.17a 2.04+£0.14a
4 13.61 £0.54 b 7024 +3.51b
6 1297+£0.65b 265.20 £26.52 ¢
*Values in columns with the same letters are not statistically different according to Duncan’s test with

a significance value of p < 0.05.

Table 2. Cations of solutions from roots of maize, Krasnodarsky 291 AMV (mg/L)*

Cations
Variants
NH,* K* Na* Mg* Ca*
Control 0.34+0.01a 3.57+0.04 a 1.82+0.04 a 037+0.01a 096+0.013 a
DAPS-25 19.72+£0.78b | 52.17+1.56b | 4.69+0.15b | 7.22+0.02b 484+0.17b
Multiplicity of increase in the
expiration of cations, DAPS-25, times >8.0 14.6 2.6 19.5 30

*Values in columns with different letters are significantly different at p < 0.001.

The outflow of electrolytes from the root cells
occurred similarly in the experiment with another
variety of corn with the addition of DAPS-25 and
tolylfluanid (Table 3).

The outflow of electrolytes in this experiment
was most active in the variant with DAPS-25 and to
a much lesser extent in the variant with tolylfluanid.
Capillary electrophoresis analysis also demonstrated

the presence of ammonium, potassium,
magnesium and calcium ions (Table 4).

The outflow of ammonium ions from the cells
of corn roots is 42 and 1.5 times higher than the
control in the variants with DAPS-25 and tolylfluanid,
while the outflow of potassium ions is 16.7 and
4.4 times higher, respectively. The outflow of sodium
and calcium ions is 3.6 and 1.9 times higher in the

sodium,

Table 3. Electrical conductivity of solution from roots of maize, Utrennyaya Pesnya (uS/cm?)*

DAPS-25, .
Days Control 0.025 mg Se/L, 0.16 mmol/L Tolylfluanid, 0.16 mmol/L
3 2.047 £0.08 1.890 £ 0.1 1.789 +0.05
6 6.12+0.36 101.7+6.1 21.79+ 1.1

*Values with the same indices do not differ statistically according to the Duncan’s test at p < 0.05.
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Table 4. Electrolyte cations of solution from roots of maize, Utrennyaya Pesnya (mg/L)*

Cations
Variants
NH,* K* Na* Mg Ca?
Control 0.164+0.01 a 1.16+0.04 a 0.268 +0.04 a 041+0.01a 1.76 £0.01 a
DAPS-25 6.90+0.78 b 19.36 £ 1.56 b 0.96+0.15b 3.58+0.02b 3.39+£0.17b
Tolylfluanid 0.25+0.03 ¢ 510+0.15¢ 0.56+0.01c¢ 0.77+0.02 ¢ 226+0.05¢
Multiplicity increase in
the expiration of cations,
DAPS-25/tolylfluanid. 42.0/1.52 16.7/4.4 3.56/2.0 8.7/1.88 1.9/1.3
times

*Values in columns with different letters are statistically different according to Duncan’s test at p < 0.05.

variants with DAPS-25 and tolylfluanid. The
concentration of magnesium ions in the solution is
87 and 1.9 times higher in the variants with
DAPS-25 and tolylfluanid compared to the control.
In general, tolylfluanid is more ion channel selective
than DAPS-25 and promotes efflux mainly of
potassium cations. The absence of protein in the
studied solutions indicates that the cell walls of the
plant roots have remained intact.

In our studies, DAPS-25 (I) interacts with
reduced glutathione and L-cysteine to form elemental
selenium and acetophenone (I1) [29—31]. As aresult of the

121.6 AU

first reaction, acetophenone and S-(acetophenylselenyl)
cysteine (III) are formed (Fig. 2). This selenosulfide
compound (III) is detected by high performance
liquid chromatography. A similar substance—
S-(acetophenylselenyl)glutathione—is formed by the
interaction of reduced glutathione and DAPS-25.

It is possible that DAPS-25 interacts with cysteine
residues in aquaporins and potassium channels,
increasing the water permeability of corn root cell
membranes (Fig. 3a).

The outflow of electrolytes from plant cells
and their plasmolysis upon the addition of

90%

N—
220 m
m‘_J\F

250 nm

280 nMm

300 nm

1" 12 13 14 15 16 17 18 19 min

Fig. 2. Chromatogram of a reaction mixture obtained in DAPS-25 and cysteine interaction (molar ratio 1:1, pH 7.0).
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tolylfluanid (IV) additionally indicates the general
mechanism of action of both substances in the
modification of ion channels (Fig. 3b).

Influence of DAPS-25 and tolylfluanid
on the content and fractions of proteins in corn plants

With the loss of electrolytes and dehydration of
the body, an increase in the concentration of proteins
and, first of all, albumins is observed [32]. It is known

1y
2

(0]

Lo
A

<

that the total protein of plants includes albumins
and prolamins—mainly low molecular weight, water-
soluble and alcohol-soluble proteins, as well as
globulins—proteins soluble in salt solutions. The last
group of so-called storage high-molecular proteins
are alkali-soluble proteins—glutelins.

The outflow of electrolytes from the cells of corn
plants causes their dehydration and increases the
concentration of proteins in them (Fig. 4).

Fig. 3. Interaction of DAPS-25 (a) and tolylfluanide (b) with sulfhydryl groups in ionic channels of maize cells.
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Fig. 4. Effect of DAPS-25, cysteine, and their mixture on
quantitative composition of protein fractions in roots (a)
and sprouts (b) of maize seedlings (Krasnodarsky 291 AMYV).

DAPS-25 increased the content of albumins in
the aerial part by 4.5 times, globulins by 3.5 times,
prolamins and glutelins by 1.5 times, and total
protein by 3.5 times. Apparently, DAPS-25 causes
dehydration of corn root cells due to the loss
of electrolytes, which leads to an increase in
the concentration of proteins. In another experiment,
with tolylfluanid and DAPS-25, there was also an
increase in the albumin fraction and the concentration
of total protein in the roots and aerial parts of
corn seedlings (Fig. 5).

As in the previous study, the content of albumin
in the roots in the variant with DAPS-25 increased
by 2.4 times, with tolylfluanid by 2 times. In the
aerial part, the content of albumins changed less
significantly: in the variant with DAPS-25 it increased
by 6%, with tolylfluanid by 1.4 times. The concentration
of other protein fractions changes less significantly.

Thus, in the variants with thiol poisons—DAPS-25
and tolylfluanid—the content of the albumin fraction
and total protein increased both in the roots and in
the above-ground mass of plants, which indicates
their dehydration.
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Fig. 5. Effect of DAPS-25 and tolylfluanide
on quantitative composition of protein fractions in roots (a)
and sprouts (b) of maize seedlings (Utrennyaya Pesnya).

The antidote of thiol poisons is the amino
acid L-cysteine, which contains a sulthydryl group.
The addition of L-cysteine to a Knop’s solution
containing DAPS-25 showed that the content
of the albumin fraction and total protein in corn
plants differed from the control by no more than
10-20%. L-cysteine leveled the effect of DAPS-25
(Fig. 5), i.e., was its antidote.

Effect of DAPS-25 and tolylfluanid
on peroxidase activity in corn plants

An increase in the protein content in plant tissues
due to the loss of electrolytes under the influence
of thiol poisons should also lead to a higher enzyme
protein content, and, as a result, an increase in
their activity. DAPS-25 had a significant effect on
peroxidase activity in both roots and seedlings of corn
(Figs. 6a and 6b).

DAPS-25 sharply stimulated the activity of
the enzyme in almost all concentrations. The most
significant increase in peroxidase activity was observed
on the first day under the action of the highest
concentration of DAPS-25, 0.025 mg Se/L (63%
in the roots and 112% in the aerial part), a less
significant increase was observed at a concentration
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of 0.0025 mg Se/L (29% in the roots and 57% in the
aerial part). At the conclusion of the experiment,
DAPS-25 at a concentration of 0.00025 mg Se/L had
a stimulating effect on peroxidase activity in the
variant with roots, 29% (Fig. 7a), but a weakly
inhibitory effect in seedlings, 8.6% (Fig. 7b). In the control,
during the experiment, peroxidase activity in seedlings
changed little, but slightly increased in the roots.

Similarly to the other maize variety, an increase
in peroxidase activity in the variant with DAPS-25
was noted as compared to the control (Figs. 7c and 7d).
In corn roots, peroxidase activity in the variant
with tolylfluanid is 73% higher, while with DAPS-25,
it is 36% higher than the control. In the aerial part
variant at the beginning of the experiment, peroxidase
activity is higher with tolylfluanid by 60%, while
at the end of the experiment in the variant with
DAPS-25 it is 95% higher. Thus, tolylfluanid, having
a similar mechanism of action to that of DAPS-25,
increases the activity of peroxidase.

It is known that thiol-dependent redox
mechanisms can modulate the activity of the
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adenosine triphosphate-dependent K* channel in
the pancreatic beta cell [33]. Oxidation of
sulthydryl groups with mercury-containing thimerosal and
2,2’-dithio-bis-(5-nitropyridine) (DTBNP) at micromolar
concentrations causes rapid blocking of the channel,
which is reversible by thiols, dithiothreitol and
cysteine. Moreover, an excess of thiols restores the
functioning of aquaporins blocked by ions of mercury,
silver, and other heavy metals [26-28]. Apparently,
DAPS-25, interacting with  sulthydryl groups,
blocks ion channels, leading to the outflow of
electrolytes from the cell (Tables 2 and 4) and
consequent increase in  protein  concentration
(Figs. 5 and 6) and activity peroxidase (Fig. 7).
Accordingly, an excess of L-cysteine should restore
the functioning of ion channels to prevent the
outflow of electrolytes from the cell, reducing the
concentration of proteins almost to control values
along with the peroxidase activity.

In our study, the amino acid L-cysteine reduces
the activity of peroxidase both in the roots and
in the aerial parts of corn (Figs. 7a and 7b).
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Fig. 6. Effect of DAPS-25 on peroxidase activity in roots (a) and sprouts (b) on maize seedlings (Krasnodarsky 291 AMYV).
1 — Control; 2 — 0.025 mg Se/L; 3 — 0.0025 mg Se/L; 4 — 0.00025 mg Se/L. Effect of DAPS-24 and tolylfluanides
on peroxidase activity in roots (c) and sprouts (d) of maize seedlings (Utrennyaya Pesnya). 1 — Control;
2 — DAPS-25 (0.025 mg Se/L); 3 — tolylfluanide. The ordinate is the change in optical density (£ );
the abscissa axis is the processing time, starting from 3 days from the moment of the beginning of the corn germination.

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2022;17(5):394-409

403



Thiol-dependent mechanisms of selenium-containing preparations ...

250 } E, 1 day/1 g
200 IR
,of ......................... *
150 L. T T T T T e °
:LL—Y{‘
100 1 — -
50
) Days
3 4 ° °
(a)
200 } E, 1day/1 g
RSP
150 ,.‘~"‘,,o.4 ........................ *
100 "“‘./.'/4/ _ "-2 ~~~~~~~~~ ~°
* _- -7 4 T T ==
bl 1 T
5 I"——‘—\‘
) Days
3 4 ° °
(b)

Fig. 7. Changes in peroxidase activity in roots (a) and
sprouts (b) of maize seedlings treated with DAPS-25 and
L-cysteine. The ordinate is the change in optical density (£,,);
the abscissa axis is the processing time, starting from
3 days from the moment of the beginning of the corn germination.
1 — Control; 2 — 0.1% L-cysteine; 3 —0.025 mg Se/L DAPS-25;
4 —0.025 mg Se/L DAPS-25 + 0.1% L-cysteine.

In this experiment, peroxidase showed the
highest activity on the first day in the variant
with DAPS-25 at a concentration of 0.025 mg Se/L;
this was true both of the roots and the aerial parts
(exceeding the control by 69% and 129%, respectively).
In a mixture of DAPS-25 (0.025 mg Se/L) with
L-cysteine (0.1%), there was a significant decrease
in peroxidase activity to 42% and 79% in comparison
with the variant where only DAPS-25 was added.
A decrease in peroxidase activity indicates a decrease
in the blocking effect of DAPS-25 on ion channels
in maize plant cells to reduce electrolyte outflow
and lower protein concentration, including the
peroxidase enzyme.

A similar, but much weaker effect on the
increase in peroxidase activity is exerted by an
inorganic salt of selenium, sodium selenite, in the
roots (Fig. 8a) and aboveground parts of corn plants
(Fig. 8b), which also interacts with sulthydryl groups
like DAPS-25 to form selenodisulfides [34].

In general, starting from the highest (0.025 mg Se/L)
and low concentrations (0.00025 mg Se/L), all
concentrations of sodium selenite slightly stimulated
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Fig. 8. Effect of sodium selenite Na,SeO, on peroxidase
activity in roots (a) and sprouts (b) of maize seedlings.
The ordinate is the change in optical density (£ );
the abscissa axis is the processing time, starting from
3 days from the moment of the beginning of the corn
germination. 1 — Control; 2 — 0.025 mg Se/L;
3-0.0025 mg Se/L; 4 — 0.00025 mg Se/L.

peroxidase activity in the roots; this effect was
closer towards the end of the experiment and
somewhat stronger in the aerial part of corn seedlings.
It is likely that the relatively weak stimulation of
peroxidase activity is associated with the difficulty
of transporting the negatively charged selenite ion
into the cell interior. For example, thimerosal, which
is poorly permeable to membranes, inhibits channel
activity only when applied to the intracellular
surface of the plasma membrane. On the contrary,
DTBNP, which is a lipophilic substance, causes
potassium channel blocking and, as a result,
membrane potential depolarization even when applied
extracellularly [35].

In the experiment with the amino acid
L-selenocystin, which also interacts with sulfhydryl
groups, peroxidase-like activity was increased by
8.8-30.3% both in the roots and in the aerial part
of the plant throughout the entire experiment (Fig. 9.).

The lowest concentration of L-selenocystin
(0.00025 mg Se/L) weakly stimulates peroxidase
activity in the roots and aerial parts of corn seedlings.

Toukue xumudeckue TexHoaoruu = Fine Chemical Technologies. 2022;17(5):394-409

404



Pavel A. Poluboyarinov, Natalia V. Shchetinina, Inessa Ya. Moiseeva, et al.

E,1day/1g

150

100

(a)

150 | E, 1 day/ 1g

(b)

Fig. 9. Effect of L-selenocystine (Sec) on peroxidase
activity in roots (a) and sprouts (b) of maize seedlings.
The ordinate is the change in optical density (£, );
the abscissa axis is the processing time, starting from
3 days from the moment of the beginning of the corn germination.
1 — Control; 2 — 0.025 mg Se/L;

3-0.0025 mg Se/L; 4 — 0.00025 mg Se/L.

A more significant increase in peroxidase activity
is observed under the action of an average concentration
(0.0025 mg Se/L) and to a lesser extent under the
action of a high concentration (0.025 mg Se/L) in the
aerial part of corn seedlings.

The data obtained demonstrate a similar
relationship between the increase in peroxidase activity
in selenite- and L-selenocystin-treated corn seedlings.
Evidently, the amino acid L-selenocystin enters the
cell more easily due to being a less polar compound
than selenite; by interacting with the sulthydryl
groups of the cell, it causes a stronger induction of
peroxidase activity compared to the inorganic selenium
salt.

The total selenium content in the roots of corn
seedlings also depends on the presence of thiols in
the solution. It is maximum in the variant with
DAPS-25 and significantly lower in the variant of
combined use of DAPS-25 and L-cysteine (Table 5).

A decrease in the total selenium content
indicates a decrease in the intake of DAPS-25 into the
plant due to the presence of exogenous sulfhydryl
groups of L-cysteine in solution, but not in the tissues
of the roots of corn seedlings, which also confirms
the effect of the sulfur-containing amino acid as an
antidote for thiol poisons.

CONCLUSIONS

The conducted studies showed that the thiol-
dependent redox mechanisms of action of DAPS-25
and the organic thiol poison tolylfluanid increase
the water permeability of corn root cell membranes,
which leads to electrolyte leakage. The action of thiol
poisons leads to plasmolysis of maize plant cells and
an increase in the concentration of proteins, primarily
albumins. An increase in the content of proteins in
plant biomass leads to an increase in the concentration
of the enzyme and consequent increase in peroxidase
activity. The addition of a thiol, L-cystine, to a
solution containing DAPS-25 leads to a decrease in
the concentration of proteins in plant biomass and a
decrease in peroxidase activity. While sodium selenite
and L-selenocystin interact with sulfhydryl groups of
peroxidase cells to increase peroxidase activity in a
similar manner to lipophilic DAPS-25 and tolylfluanid,
the effect is much weaker.
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Table 5. Selenium content in roots and sprouts of maize seedlings (ug/kg of dry weight)

Plant oart Control DAPS-25 DAPS-25

ant par ontro 0.025 mg Se/L 0.025 mg Se/L + cysteine, 0.1%
Roots 40+3a 19300 £ 428 ¢ 4853 £ 167 ¢
Sprouts 53+4b 5099 +278 d 4812+ 135e
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