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EFFECT OF SODIUM NITROPRUSSIDE
AND S-NITROSOGLUTATHIONE ON PIGMENT CONTENT
AND ANTIOXIDANT SYSTEM OF TOCOPHEROL-DEFICIENT
PLANTS OF Arabidopsis thaliana
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Sodium nitroprusside (SNP) and S-nitrosoglutathione (GSNO) were used as a source of exogenous ni-
tric oxide (NO) to investigate their effects on biochemical parameters and antioxidant enzyme response in leaves
of wild type Columbia and tocopherol-deficient vte4 and vtel mutant lines of Arabidopsis thaliana plants and
possible tocopherol involvement in regulation of antioxidant response under NO-induced stress. SNP enhanced
the activity of the enzymes, that scavenge hydrogen peroxide in leaves of all studied lines, and increased glu-
tathione reductase and glutathione-S-transferase activity there. In addition, it decreased the intensity of lipid
peroxidation in vtel mutant line leaves. At the same time, GSNO increased the levels of protein carbonyls and
inactivated enzymes ascorbate peroxidase, guaiacol peroxidase and dehydroascorbate reductase in almost all
investigated plant lines. In contrast to wild type, GSNO increased superoxide dismutase activity and decreased
catalase activity and chlorophyll a/b ratio in the leaves of two mutant lines. It can be assumed that tocopherols
in some way are responsible for plant protection against NO-induced stress. However the mechanisms of this
protection remain unknown.

Key words: sodium nitroprusside; S-nitrosoglutathione; nitric oxide; antioxidant enzymes; Arabidopsis thali-
ana; protein oxidation; lipid peroxidation; tocopherols.

itric oxide (NO) is a free radical with dif-
N ferent biological functions in plants — ei-

ther cytotoxic or cytoprotective [1]. The
cytoprotection is partly based on NO ability to
regulate the level and toxicity of reactive oxygen
species (ROS) under oxidative stress conditions
and terminate the propagation of lipid oxidation
mediated by free radicals [2—5]. NO-mediated tox-
icity can be attributed to various derivatives of NO,
collectively referred as reactive nitrogen species
(RNS). The latter ones comprise not only the NO
radical, nitroxyl (NO~) and nitrosonium (NO™)
ions, but also peroxynitrite (ONOO™), S-nitros-
othiols, higher oxides of nitrogen and dinitrosyl-
iron complexes [1, 5].

Previous studies demonstrated that the lipo-
philic antioxidant tocopherol represented by a-, -,
v-, and 3-forms can scavenge membrane-soluble
RNS [6, 7]. Both a-tocopherol and y-tocopherol
interact with nitric oxide, but the products formed
during in vitro reaction are different. However, ex-
periments in vivo showed that nitric oxide species
directly interact with y-tocopherol and that this re-
action is more beneficial for the organism than the
reaction of a-tocopherol with NO [7].

In most experiments NO donors are used for
clarification of the biological NO role in living
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organisms. This investigation aimed to determine
the effects of two NO-donors, SNP and GSNO,
on biochemical parameters and antioxidant en-
zyme response of Arabidopsis plants and possible
tocopherol involvement in the regulation of an-
tioxidant response under NO-induced stress. We
used wild type of Arabidopsis thaliana plants and
tocopherol deficient vte4 and vtel mutant lines of
this plant. Wild type of Arabidopsis plants accu-
mulates a-tocopherol only in its leaves. The vrel
mutant is deficient in tocopherol cyclase activi-
ty. It does not synthesize tocopherols, but accu-
mulates the redox-active tocopherol biosynthetic
pathway intermediate 2,3-dimethyl-6-phytyl-1,4-
benzoquinol (DMPBQ) at the level comparable to
a-tocopherol in wild type plants [8]. The vte4 mu-
tant is defective in y-tocopherol methyltransferase
activity and devoid of a-tocopherol, but accumu-
lates y-tocopherol in leaves [9].

Materials and Methods

Seeds of wild type (Columbia) and mutant
lines vte4 (SALK _03676) and vtel (GABI_11D07)
of Arabidopsis thaliana plants, defective in vte4
and vfel genes, respectively, were obtained from
the Salk Institute [10] and GABI-Kat [11] and
selected homozygote plants from the seeds at the
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Institute of Botany (Kiel, Germany) were used in
present investigation. The plants were grown in
hydroponic system at 23 + 2 °C and daily light/
dark regime of 16/8 h under low light intensity
(15 umol photons m=s!) as described in [12] with
some modifications. The Gibeaut nutrient solu-
tion [13] was used and changed every two weeks.
Leaves of basal rosette from 12-week-old plants
were used for experiments. GSNO synthesis was
performed as described in [14] and its concentra-
tion was determined spectrophotometrically at
335 nm (e = 586 M-'cm™). Leaves (1 g) were col-
lected from wild type and mutant lines vte/ and
vted of A. thaliana and immediately submerged
into water (control) or in either of the following
NO-donors, SNP (I mM) and GSNO (I mM) in
the round-bottomed flasks with constant shaking
at 150 rpm and temperature 20 °C. The 1 mM
GSNO solution was adjusted to pH 5.7. Potassium
hexacyanoferrate (11), K,[Fe(CN)], was used as
an additional control. The flasks were illuminated
by 18 W fluorescent light with intensity 3 W/m?.
The amount of nitric oxide released from 1 mM
NO-donor solutions was determined by the Griess
reaction, measuring the concentration of nitrite
generated at spontancous conversion of NO to
NO,™ [I5]. Arabidopsis leaves were collected af-
ter 24 h exposure with the above reagents, briefly
rinsed in water and frozen with liquid nitrogen.

Contents of chlorophylls, carotenoids and
anthocyanins were measured spectrophotometri-
cally in leaves as described in [16]. Tissues were
homogenized in a Potter—Elvjeham glass homoge-
nizer with ice-cold 96% ethanol (1:10, w/v) in
the presence of CaCO, (for preventing of pheo-
phytinization). The homogenates were centrifuged
at 8000 g during 10 min (4 °C) using centrifuge
OPN-8 (USSR), supernatants were collected and
the pigments were repeatedly extracted two times
from pellets with 1 ml of ice-cold 96% cthanol. All
supernatants were collected and the concentrations
of pigments were measured spectrophotometrically
in the combined resulting extracts using specific
absorption coefficients [16]. The content of chloro-
phylls and carotenoids was calculated as described
in [17]. Anthocyanin content was determined after
extract acidification with concentrated HCI to its
resulting 1% concentration. The anthocyanin con-
centration was assayed spectrophotometrically at
530 nm wavelength and the absorption coefficient
of 30 mM-'cm™! was used [18].

To measure the level of carbonyl proteins, lipid
peroxidation and activity of antioxidant enzymes
the frozen leaves were powdered in liquid nitrogen
with mortal and pestle and mixed (1/5, w/v) with
50 mM potassium-phosphate buffer (pH 7.0) that
contained 1 mM ethylenediamine-tetraacetic acid
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(EDTA) and 1 mM phenylmethylsulfonylfluoride
(PMSF). Ascorbic acid (1 mM) was added to po-
tassium-phosphate buffer in the case of ascorbate
peroxidase (APX) assay. The homogenates were
centrifuged at 13,000 g for 20 min at 4 °C in Ep-
pendorf 5415R (USA) centrifuge. The supernatant
obtained from each sample was collected and used
for further assay.

Supernatants were mixed with an equal ali-
quot of 40% (w/v) trichloroacetic acid (TCA) and
then centrifuged for 10 min at 5000 g. The pel-
lets were used for carbonyl proteins assay and the
supernatants were used for determination of lipid
peroxide level. The concentration of protein car-
bonyls (CP) was evaluated by reaction with 2,4-di-
nitrophenylhydrazine (DNPH) [19]. The degree
of lipid peroxidation was evaluated as the level of
thiobarbituric acid reactive substances (TBARS)
as described in [20].

The activity of superoxide dismutase (SOD;
EC 1.15.1.1) was assayed as a function of its inhibi-
tory action on quercetin oxidation [21]. One unit of
SOD activity is defined as the amount of enzyme
(per protein milligram) that inhibits quercetin oxi-
dation reaction by 50% of the maximum value,
which was calculated using ‘KINETICS’ program
for non-linear inhibition [22].

Catalase (EC 1.11.1.6) activity was measured
spectrophotometrically at 240 nm [23]. The activ-
ity of ascorbate peroxidase (APX; EC 1.11.1.11)
was monitored following the decrease of absorb-
ance at 290 nm (¢ = 2.8 mM-cm') due the oxi-
dation of ascorbic acid to dehydroascorbate [24].
Guaiacol peroxidase (GuPx; EC 1.11.1.7) activity
was assayed spectrophotometrically following the
increase in absorbance at 470 nm due to guaiacol
oxidation (¢ = 26.6 mM-'cm™) [25]. Dehydroascor-
bate reductase (DHAR; EC 1.8.5.1) activity was
determined by measuring the increase in absorban-
ce at 265 nm due to the formation of ascorbic acid
(e = 14 mM-'cm™) [26]. Glutathione-S-transferase
(GST; EC 2.5.1.18) activity was measured by moni-
toring the formation of adduct between GSH and
1-chloro-2,4-dinithrobenzene (CDNB) at 340 nm
(e=9.6 mM-'cm™) [21]. Glutathione reductase (GR;
EC 1.6.4.2) activity was determined as the decrease
in absorbance at 340 nm (¢ = 6.22 mM-'cm™) due
to the oxidation of reduced NADPH [21].

One unit of CAT, APX, GuPx, DHAR,
GR and GST activity is defined as the amount
of the enzyme consuming 1 pmol of substrate or
generating 1 pmol of product per minute; activities
were expressed as international units (or milliu-
nits) per milligram of protein.

Protein concentration was determined with
Coomassie brilliant blue G-250 according to Brad-
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ford’s method [27] with bovine serum albumin as
a standard.

All values were expressed as means = S.E.M.
of three independent experiments. For statistical
analysis, one-way ‘ANOVA’ was used as appropri-
ate. The Dunnett’s test was used to compare values
at all conditions with their corresponding control
values. The Student’s z-test was used to compare
vte4 and vtel mutant lines with the wild type.

Results and Discussion

Nitric oxide is highly reactive free radical
which can modify different cellular components.
In plants it also acts as an important inter- and
intracellular signaling molecule involved in many
plant physiological processes [1]. Therefore, for
plants the mechanisms of NO detoxification as
well as reactivity and signal functions of this mol-
ecule are required. Tocopherols (o-, B-, y- and
d-tocopherols) are lipophylic antioxidants synthe-
sized by photosynthetic organisms only [28]. It is
known that o-tocopherol is the most widespread
form in plant leaves and it possesses the highest
antioxidant activity among natural tocopherols de-
scribed to date. However, y-tocopherol is a better
nucleophile than a-tocopherol and may scavenge
electrophiles with higher affinity compared to
a-tocopherol [28]. Previous in vitro investigations
revealed that y-tocopherol has the capability to
scavenge NO via nitration leading to the formation
of 5-nitro-y-tocopherol and this reaction could be
crucial for NO detoxication. Desel and coauthors
[7] showed the presence of 5-nitro-y-tocopherol
in the leaves of Arabidopsis vte4 mutant line, con-
firming that nitration of y-tocopherol occurs in
vivo. Accordingly, the level of NO_ in the leaves of
vte4 was significantly lower than in the leaves of
wild type and tocopherol-deficient vte/ mutant [7].

This article aimed to investigate the capability
of tocopherol composition to modulate physiologi-
cal and antioxidant Arabidopsis response, induced
by NO donors. Two different NO-donors SNP and
GSNO were used. They release nitrosonium cation
(NO™) and NO radical, respectively [29]. In the
present investigation, kinetics of NO release from
SNP and GSNO in solutions was evaluated indi-
rectly by measuring the amount of nitrite using
the Griess method [15]. The NO-donors differed
in the amount of NO,™ released during the experi-
ment (Fig. 1). Production of NO,™ from SNP and
GSNO increased within the time, and maximum
NO,” concentrations were observed after 18 h of
incubation under continuous illumination condi-
tions in both NO-donor solutions. However, the
concentration of NO,™ produced at I mM GSNO
decomposition was ~2-fold higher than that in
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Fig. 1. The amount of NO,™ released in 1 mM SNP
and 1 mM GSNO solutions during 24 h (n = 3)

SNP solution (Fig. 1). Previous research showed
that under comparable experimental conditions
and donor concentrations, the rate of NO genera-
tion by these donors varied for tested compounds
and was higher in GSNO solution [29, 30].
Chlorophyll (Chl) content and the Chl a/b ra-
tio are fundamental parameters for determination
of photosynthetic activity and these parameters are
often used as indicators of stress in plants [16].
Table shows the concentration of total Chl in the
leaves of wild type and tocopherol-deficient lines
vte4 and vtel of A. thaliana plants. Incubation of
plant leaves with 1 mM SNP resulted in a 1.3-fold
increase of total Chl concentration in the leaves
of wild type and vfe4 mutant line plants, while in
the leaves of vfel plants they did not change. SNP
was found to enhance Chl content in different
plant species [31, 32]. During decomposition, SNP
may release other biologically active compounds
together with NO. To evaluate the responsibility
of NO for the increase of Chl concentrations in
the leaves of plant lines, control experiments were
carried out using potassium hexacyanoferrate (1I),
K,[Fe(CN),], since it has a chemical structure
similar to SNP but lacks the ability to produce
NO [33]. The concentrations of total Chl, as well
as Chl a/b ratio did not change in the leaves of
plants incubated for 24 h with 1 mM K, [Fe(CN),]
compared to the control values (Table). Other NO-
donor tested, GSNO, induced an increase of total
Chl concentrations in the leaves of vfe4 mutant
line plants. The Chl a/b ratio decreased 1.2-times
in the leaves of both mutant lines incubated with
GSNO (Table). Similarly, an increase of total Chl
level and decrease of Chl a/b ratio were observed
in Brassica napus leaves after SNP treatment [31].
The increase in Chl content might be related with
activation of chlorophyll biosynthesis or/and its
slow degradation [34] or involvement of NO in the
iron metabolism of plants [32]. Concentrations of
total carotenoids and anthocyanins are also given
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Effect of NO-donors on pigment content (umol/gww) in leaves of wild type, vted, vtel plants of A. thaliana

‘ Total chlorophyll ‘ Chlorophyll a/b ‘ Carotenoids Anthocyanins
Wild type

H,0 0.55 £ 0.05 1.65 £ 0.10 0.12 = 0.01 0.27 £ 0.02

K,[Fe(CN),] 0.61 = 0.05 1.60 = 0.08 0.12 £ 0.01 0.27 £ 0.02

SNP 0.74 £ 0.05* 1.63 £ 0.10 0.14 = 0.01 0.30 = 0.02

GSNO 0.67 £ 0.06 1.44 £+ 0.10 0.10 £ 0.01 0.32 = 0.03
vied

H,0 0.60 £+ 0.05 1.85 £ 0.09 0.12 = 0.01 0.25 + 0.02

K,[Fe(CN),] 0.67 =+ 0.05 1.89 £ 0.08 0.14 + 0.01 0.27 £ 0.02

SNP 0.80 = 0.06* 2.20 £ 0.13* 0.19 £ 0.02* 0.33 £ 0.03*

GSNO 0.87 £ 0.08** 1.54 £ 0.09* 0.13 £ 0.02 0.38 = 0.03**
vtel

H,0 0.73 £ 0.03wtvres 1.79 £ 0.08 0.16 & 0.01wtves 0.31 £ 0.01wtres

K,[Fe(CN),] 0.84 + 0.07 1.63 + 0.11 0.16 = 0.02 0.38 £ 0.02

SNP 0.72 £ 0.08 1.71 £ 0.10 0.15 + 0.02 0.31 = 0.03

GSNO 0.70 = 0.06 1.49 £ 0.06** 0.14 £ 0.01 0.34 = 0.03

*Significantly different from the respective control group (H,0) with P < 0.05, **P < 0.01. ™Significantly different
from respective group of wild type plants, 4 vte4 mutant line (P < 0.05)

in Table. SNP treatment resulted in the 1.6-fold
increase of carotenoid concentration only in the
leaves of vfe4 mutant line. Incubation with two
NO-donors led to an increase of anthocyanin con-
tent only in the leaves of vte4 mutant line plants.

Nitric oxide reacts readily with the superoxi-
de anion, that resulting in peroxynitrite ion for-
mation. Peroxinitrite caused a variety of protein
modifications, including cysteine and tryptophan
oxidation, tyrosine nitration and formation of pro-
tein carbonyls [35]. After exposure of the plants
with SNP a 30% decrease of CP concentration
was observed only in the leaves of wild type plants
(Fig. 2, A). However, virtually the same result was
observed in the leaves incubated with potassium
hexacyanoferrate (II), suggesting that this effect
could be caused by other compounds, besides NO.
In response to GSNO treatment, the level of CP in
the leaves of wild type, vfe4 and vtel mutant lines
of A. thaliana increased by 39, 43 and 180%, re-
spectively (Fig. 2, A). The highest, 3-fold increase
of CP concentration was observed in the leaves of
vte4 mutant line plants, lacking in a-tocopherol
synthesis.

Along with protein oxidation we measured
the intensity of lipid peroxidation in the leaves
of Arabidopsis plants. The decomposition of li-
pid hydroperoxides produces low-molecular mass
products, including malondialdehyde (MDA). In
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this work the product of MDA condensation with
thiobarbituric acid (TBA) was measured as thio-
barbituric acid reactive substance (TBARS) [36].
SNP treatment did not change TBARS concen-
tration in the wild type and vfe4 mutant plants
(Fig. 2, B). Incubation of leaves with 1 mM GSNO
decreased the level of TBARS by 24 and 53%
in the leaves of wild type and vfe4 mutant line
plants, respectively. Both NO-donors caused 15%
decrease of TBARS content in the leaves of vfel
plants. In contrast to enhanced protein oxidation,
the level of TBARS content decreased in the leaves
of all plant lines treated with GSNO. A protective
role of NO against lipid peroxidation was previ-
ously reported by many researcher [2—5]. Nitric
oxide can affect lipid peroxidation due to interac-
tion with lipid alcoxyl (LO") and peroxyl (LOO")
radicals [1]. It is possible, that the increased of pro-
tein carbonyl content could be associated with the
action of NO-derived species, such as ONOO",
whereas a decrease of TBARS content could re-
sult from NO action. In the leaves of vfe/ mu-
tant line both, SNP and GSNO, suppressed the
level of TBARS content, but to smaller extent than
GSNO in the plants of the other line and wild
type plants. Tocopherols are key antioxidants, that
protect the polyunsaturated fatty acids from lipid
peroxidation [28]. The vfel/ mutant plants do not
synthesize tocopherols which probably resulted in
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Fig. 2. Protein carbonyl (A) and thiobarbituric acid reactive substances content (B) in leaves of wild type, vte4
and vtel plants of A. thaliana after 24 h treatment with 1 mM SNP or 1 mM GSNO *Significantly different
Jfrom respective control group (H,0) with P < 0.01, **P < 0.05. “Significantly different from respective group

of wild type plants (P < 0.05)

the highest TBARS content under control condi-
tions. A significant decrease in TBARS concentra-
tion was observed in vtel mutant after SNP and
GSNO treatment. These results suggest possible
ROS scavenging by NO in the studied plants. Un-
der conditions of ROS-related toxicity, NO can
play the role in a cell as a limiting factor of the
chain reaction of lipid peroxidation and thus limit
oxidative damage. Previously it was reported that
a-tocopherol and NO can act cooperatively to in-
hibit the processes of lipid peroxidation [37]. This
can explain only 15% of decrease of TBARS con-
tent in the leaves of mutant plants of vfel line,
which lacks all tocopherols.

It was found that NO promoted alleviation
of oxidative stress which was associated with in-
duction of activity of various ROS-scavenging en-
zymes [38]. Superoxide dismutase, an important
primary antioxidant enzyme, catalyzing super-
oxide radical dismutation to H,O,, was found in
different compartments of plant cells [39]. In our
experiments the incubation of leaves with SNP, as
well as potassium hexacyanoferrate (II), did not
affect the SOD activity in leaves of all investigated
plants (Fig. 3, A). However, GSNO treatment in-
creased this enzyme activity by 50% in the leaves
of vte4 and vtel mutants lines of Arabidopsis plants,
whereas in the wild type leaves the only tendency
of the increase of SOD activity was found. In seve-
ral previous investigations it was suggested to re-
gard the nitric oxide as an inductor of high SOD
activity in plants [2, 3, 40, 41]. The induction of
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SOD activity in the leaves of both mutant plants of
Arabidopsis in response to GSNO treatment may
reflect its important role in the defense mecha-
nisms of these plants.

Catalase, APX and GuPx are important H,O,
scavenging enzymes in plants [39]. The exposure
to SNP led to increase of catalase activity in the
leaves of wild type, vte4 and vfel mutant lines of
A. thaliana plants by 55, 39 and 41%, respectively
(Fig. 3, B). No changes in catalase activity were
observed in leaves of plants of all lines incubated
with potassium hexacyanoferrate (II). At the same
time, GSNO suppressed catalase activity by 30%
in leaves of vfe4 and vtel mutants. Similar tenden-
cies were observed in APX activity. It increased
by 80, 25 and 33% in the leaves of wild type, vfe4
and vrel plants, exposed to SNP action (Fig. 3,
(). However, K,[Fe(CN)] enhanced APX activ-
ity in the leaves of wild type plants also, whereas
this effect was not observed in leaves of mutant
plants. GSNO treatment induced the decrease of
APX activity by 46, 77 and 40% in the leaves of
wild type, vte4 and vtel plants, respectively (Fig. 3,
(). Under the same treatment, GuPx activity in-
creased by 97 and 33% in the leaves of wild type
plants and vfel mutants, respectively, whereas in
vte4 mutant it decreased by 27% (Fig. 3, D). How-
ever, GuPx activity was enhanced in the wild type
leaves after potassium hexacyanoferrate (II) treat-
ment as compared to control values. Incubation
with GSNO resulted in 45, 75 and 51% decrease of
GuPx activity in leaves of wild type, vte4 and vtel
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Fig. 3. Activity of superoxide dismutase (A), catalase (B), ascorbate peroxidase (C) and guaiacole peroxidase
(D) in leaves of wild type, vted4 and vtel plants of A. thaliana after 24 h treatment with 1 mM SNP or 1 mM
GSNO. *Significantly different from respective control group (H,0) with P < 0.01, **P<0.05. *'Significantly
different from respective group of wild type plants, v** vte4 mutant line (P < 0.05)

plants, respectively. Some authors supposed that
NO could increase the activity of antioxidant en-
zymes by stimulation of H,O, producing system(s)
[42]. Similar increase in catalase, APX and peroxi-
dase activity was observed in SNP-treated leaves of
Stylosanthes guianensis [41] and Zea mays [4] plants
as well as in adventitious roots of Panax ginseng
plants [2, 3]. The opposite effect was observed in
the activity of these enzymes in the leaves of plants
treated with GSNO. This NO-donor drastically
decreased the activity of catalase, APX and GuPx
in all investigated plants, excepting catalase activi-
ty in the wild type plants. It can be assumed that
such effects were mediated by different concentra-
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tions of NO released by SNP and GSNO (Fig. 1).
For example, under lower concentrations of NO
peroxidase activity increased in the leaves of Bras-
sica plants, whereas under higher concentrations
of NO this activity was decreased [43]. In addition,
pure NO (55 uM) inhibited peroxidase in the xy-
lem of Zinnia elegans plants [44], as well as GSNO
inhibited catalase and APX in Nicotiana tabacum
plants [45]. The inhibition could result from NO
binding to prosthetic heme group of peroxidases
and heme nitrosylation which, in turn, prevented
H,O, interaction with active centre [45]. Clarck
and colleagues [45] suggested that the inhibition
of APX by GSNO was mediated by peroxynitrite
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Fig. 4. Activity of dehydroascorbate reductase (A), glutathione reductase (B) and glutathione-S-transferase (C)
in leaves of wild type, vte4 and vtel plants of A. thaliana after 24 h treatment with 1 mM SNP or 1 mM GSNO.
*Significantly different from respective control group (H,0) with P < 0.01, **P<0.05. *'Significantly different
from respective group of wild type plants, "' vtel mutant line (P < 0.05)

rather than by NO. We did not observe any specific
response of peroxidases to NO-donors in tocophe-
rol deficient vfel and vte4 lines, except for GuPx
activity in the leaves of vte4 mutants. The activity
of this enzyme decreased in the leaves of vie4 mu-
tant after treatment of plants by NO-donors.

An ascorbate-glutathione cycle is the most
important H,O,-detoxifying system in plant chlo-
roplasts [39], which operates also in cytosol, per-
oxisomes, and mitochondria. The enzymes of the
ascorbate-glutathione cycle DHAR and GR play
an essential role in plant tolerance to the action
of various biotic and abiotic stresses by sustaining
of reduced status of ascorbate and glutathione, re-
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spectively [39]. Both NO-donors used in this work
led to ~30% decrease in DHAR activity and did not
change GR activity in the leaves of wild type plants
(Fig. 4, A, B). In leaves of vfe4 mutant plants we
observed the decrease of DHAR activity by 35%
and decrease of GR activity by 28% after GSNO
treatment. These two enzymes are thiol-contain-
ing and could be inactivated by oxidants via the
oxidation of their thiol groups [46, 47]. Moreover,
it is considered, that sulfhydryl oxidation may be a
major mechanism of NO action [47]. In vfel plants
the GR activity increased by 14% after SNP treat-
ment as compared to respective controls (Fig. 4,
B). Similarly, an increase in GR activity was ob-
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Fig. 5. Possible action of NO-donors in plants

served also in the adventitious roots of mountain
ginseng [2, 3] and in the leaves of citrus plants [48]
and in the leaves of pelargonium [5] under SNP
treatment. Potassium hexacyanoferrate (I1) did not
change GR activity in vtel plants. In the leaves of
vtel mutant both NO-donors did not cause any
changes in DHAR activity (Fig. 4, A).

Plant glutathione-S-transferases are antioxi-
dant enzymes of the second line of defense and
they have the potential capability to remove cyto-
toxic/genotoxic compounds, which can damage the
DNA, RNA and proteins [39]. In response to SNP
exposure, GST activity increased only in the leaves
of vtel mutant plants by 22%, whereas no change
in GST activity was observed under K,[Fe(CN)]
treatment (Fig. 4, C). In wild type plants GST ac-
tivity increased by 47% under conditions of GSNO
incubation. In contrast, Arasimowicz-Jelonek and
colleagues [5] found that both SNP and GSNO
caused inhibition of GST.

It can be concluded, that the action of two
NO-donors caused different or even opposite ef-
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fects on physiological and antioxidant parameters
of investigated plants that can reflect the dual role
of NO (Fig. 5). This dual role of NO may depend
on its concentration- and time-course release by
the used NO-donors and/or components released
at their decomposition. SNP released less NO than
GSNO and induced H,O,-scavenging enzymes in
plants of all studied lines, as well as increased GR
and GST activity and decreased TBARS content in
the leaves of vfel mutant. At the same time, GSNO
induced the increase of protein carbonyl content
and inactivated APX, GuPx and DHAR enzymes
in almost all Arabidopsis lines in our experiments.
In contrast to wild type, in the leaves of plants of
both mutant lines GSNO increased SOD activity
and decreased catalase activity. Finally, GSNO de-
creased Chl a/b ratio in the leaves of plants of both
mutant lines. We can suggest that tocopherols in
some way are involved in plant protection against
NO-induced stress, but the molecular mechanisms
of above mentioned effects need to be elucidated.
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S-HITPO3OIVIYTATIOHY HA BMICT
INI'MEHTIB I AHTUOKCUIAHTHY
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3A TOKO®EPOJIOM POCJIIMH
Arabidopsis thaliana
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Hitponpycun Harpito Ta S-HiTpoO30r1yTaTioH
OynM BUKOPHUCTAHI SK JKepesia eK30IreHHOTO
okcuay azotry (NO) miss BUBUEHHSI MOTO BILIU-
By Ha O0ioxiMiuHi mapamMeTpuM Ta aKTUBHICTb
AHTMOKCUJAHTHUX €H3UMIB y JIMCTKax POCIWUH
Arabidopsis thaliana nukoro tuny Ta AedekT-
HHUX 3a OIOCMHTE30M TOKOEepoay MiHii vied
Ta vfel, a TakKoX MOXJIMBY y4acTb TOKO(epo-
JIy B peryjsiii aHTMOKCUAAHTHOI BIiIIOBimi 3a
crpecy, 3ymoBieHoMy NO. OOpoOka pociIuH
HITPOIPYCUJOM HATpil0 TiABUIILYE aKTUBHICTb
€H3UMIiB, SIKi 3HEIIKOIXYIOTh NMEPOKCUJT BOIHIO B
YCiX IOCHTiIXKyBaHUX JiHil, 301JIbIIYE aKTUBHICTh
MIyTaTioHpeAyKTa3u Ta IyTaTioH-S-TpaHcdepasu
Ta 3MEHIIYE iHTEHCUBHICTb MEPOKCUIHOTO OKMC-
JIEHHS JIiNiJiB y MYTaHTHOI JiiHii vfel. OO6pobKa
POCIUH S-HITPO3OINYyTaTiOHOM IIPU3BOAUTH 0
3pOCTaHHS BMIiCTy KapOOHiJIbHUX T'PYIl MPOTEiHiB
Ta iHAKTHUBallil acKOpOATIEepOKCUIAa3H, TBasIKOJI-
nepokcuaasyM Ta JAerigpoackopbdarpenykra3u B
JIMCTKAX POCJIMH YyCiX IOCHiIXyBaHUX JiHii. Ha
BiIMiHY BiJl POCJAWH AWKOTO TUMY, Y MYTaHTHUX
JIIHIM S-HITPO30MIyTaTiOH MiJABUIIYE aKTUBHICTh
CYTNEepOKCUIIMCMYTAa3u Ta 3HUXYE — Karaja3u
Ta CHiBBiHOWEHHSI XJjopodiny a/b. OcTtaHHE
MOXe CBITUMTU MPO Te, 10 TOKOPEPOJ SIKUMOCH
YMHOM 3aJisTHUI y 3aXMUCTi POCIUH BilI CTpecy,
inmykoBanoro NO, aje MexaHi3M ILILOI'O MPOLECY
111€ HAJIEXUThb 3’ICYyBaTH.

KniouyoBi ciaoBa: HiTpolpycua Harpilo,
S-HiTpPO30IrNIyTaTiOH, OKCUJL A30TY,aHTUOKCUJAHT-
Hi eH3uMu, Arabidopsis thaliana, OKUCICHHS IIPO-
TEIHiB, NMEPOKCUIHE OKUCJICHHS JIiliAiB, TOKO(E-
pon.
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HATPUSA U S-HUTPO3OIJITYTATUOHA
HA COAEPXKAHUME ITUT'MEHTOB U
AHTUOKCUJIAHTHYIO CUCTEMY
JE®EKTHbLIX I10 TOKO®EPOJIY
PACTEHWM Arabidopsis thaliana

H. M. Cemuyk, IO. B. Bacuauk,
0. U. Kybpak, B. H. Jlywax

IMpukapnarckuii HallMOHAJbHBII YHUBEPCUTET UMEHU
Bacwiist Crepanbika, MiBaHo-PpaHKOBCK, YKpauHa;
e-mail: lushchak@pu.if.ua

Hutponpyccun  Hatpuss U S-HUTPO30-
TJIyTaTUOH OBITA WMCITOb30BaHBI B KAa4eCTBE WC-
TOUHHMKOB 3K30reHHOro okcuaa asora (NO) misa
W3yYeHUST ero BIMSHUS Ha OMOXMMHWYECKHE Tia-
paMeTpel M aKTUBHOCTb AHTHMOKCHUIAHTHBIX JH-
3UMOB y pacTteHuit Arabidopsis thaliana nukoro
TUna 1 Oe(PEKTHBIX M0 OMOCHHTE3y TOKOodeposa
JIMHUN vied n vtel, a TakKXe BO3MOXHOE BKJIIO-
yeHne TOKodeposa B peryasiinio aHTHOKCUIAHT-
HOTO OTBETa pacTEeHWI TIpU cTpecce, 0OYCITOBIICH-
HoM NO. O0paboTka pacTeHUIT HUTPOIPYCCUIOM
HaTpUs TIOBBIIIAET aKTUBHOCTH YH3WMMOB, KOTO-
pble 00e3BpPEXMBAIOT TEPOKCHI BOIOPOIA B pac-
TEHUSIX BCEX MCCICAYeMBIX JIMHUM, YBEIUUNBACT
AKTUBHOCTDH TIAYTaTMOHPEMIYKTAa3bl W TIYTaTHMOH-
S-TpaHcdepasbl UM yMeHblIaeT WHTEHCUBHOCTh
TMIePOKCUIHOTO OKUCIIEHUs JINTIUAOB B pacTEHU-
SIX MyTaHTHOU JmHUU viel. OOpaboTKa pacTeHU A
S-HUTPO30TITYTATHOHOM TIPUBOIUT K TOBBIIIIEHUTO
comepxXXaHsl KapOOHMIJIBHBIX TPYIIT IMTPOTEWHOB U
WHAKTUBAIIMM acKOpOaTIIepOKCUIa3bl, TBASTKOJ-
MepoKCcUaa3sl W JAETHAPOACKOPOATpenyKTa3bl BO
BCEX MCCIIeNYeMBIX JIMHUSIX pacTeHuit. B oTimmune
OT pacTeHWM ITMKOTO THUIIA, Y MYTAHTHBIX JTUHUN
S-HUTPO3OTIIYTATHOH TIOBBIIIAET aKTUBHOCTH CY-
MMePOKCUAANCMYTa3bl M CHMKAeT — Karajasbl U
COOTHOlLIeHUe XJopoduiia a/b B AUCTbIX. DTOT
(hakT MOXET CBUIETEIbCTBOBATb O TOM, UTO TOKO-
(eponr KaknuM-To 00pa3oM 3aaeiiCTBOBAH B 3alllM-
Te pacteHnid or NO-MHIYIMPOBAaHHOTO CTpecca,
HO MEXaHM3M 3TOTO TIpoIlecca elle MPeaCTONT BbI-
SICHUTb.

KnouyeBble ca0Ba: HUTPOIPYCCUI Ha-
TpUs, S-HUTPO3OMIYTATUOH, OKCHJ a30Ta, aHTH-
OKUCJIUTENbHbIE 3H3UMBbI, Arabidopsis thaliana,
OKMCJIEHUE TTPOTENHOB, MEPOKCUIHOE OKUCIIEHNE
JIMNIUIOB, TOKO(MEPOJIbI.
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