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Tocopherol synthesis has only been observed in photosynthetic organisms (plants, algae and some cy-
anobacteria). Tocopherol is synthesized in the inner membrane of chloroplasts and distributed between chlo-
roplast membranes, thylakoids and plastoglobules. Physiological significance of tocopherols for human and
animal is well-studied, but relatively little is known about their function in plant organisms. Among the best
characterized functions of tocopherols in cells is their ability to scavenge and quench reactive oxygen species
and fat-soluble by-products of oxidative stress. There are the data on the participation of different mecha-
nisms of a-tocopherol action in protecting photosystem Il (PS II) from photoinhibition both by deactivation
of singlet oxygen produced by PS Il and by reduction of proton permeability of thylakoid membranes, leading
to acidification of lumen under high light conditions and activation of violaxanthin de-epoxidase. Additional
biological activity of tocopherols, independent of its antioxidant functions have been demonstrated. Basic
mechanisms for these effects are connected with the modulation of signal transduction pathways by specific
tocopherols and, in some instances, by transcriptional activation of gene expression.
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Study of tocopherols functions

The term «tocopherols» unites all mono-, di-
and trimethylated tocols and tocotrienols. Four iso-
forms (a, B, v, 8) of tocopherols and tocotrienols,
which differ in the number and positions of methyl
groups in the chromanol ring, are found in nature
(Fig. 1). Eight forms of tocopherols, isolated from
plant sources, consist of a 6-chromanol ring and a
hydrophobic phytyl side chain. Tocotrienols have a
similar structure, differ from tocopherols only by
the fact that their side phytyl chains have three dou-
ble bonds in positions 3’, 7' and 11". The biological
activity of tocopherols depends on their structure,
distribution of side radicals and stereoisomerism of
the carbon chain. a form is the most biologically ac-
tive one among four tocopherol izoforms. Its activity
taken as 100%, the activities of B, y and 8- forms are
30, 15 and 5%, respectively. Thanks to the presence
of methyl group in the aromatic ring of tocopherols,
those molecules are thermostable, resistant to the ac-
tion of acids and alkalies [1]. Tocopherols are syn-
thesized exceptionally by photosynthetic organisms
(plants, algae and the majority of cyanobacteria)
[2, 3]. Synthesis occurs in plastids, where tocotrie-
nols and tocopherols are formed from homogentisic
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acid and phytyl diphosphate or geranylgeranyl di-
phosphate, correspondingly. Enzymes involved in
the synthesis of tocopherols are associated with plas-
tid membranes, and vitamin E is distributed between
plastid membranes and plastoglobules [4].

Functions of vitamin E in animals and human
have been studied extensively, however, despite the
fact that photosynthesizing organisms are the only
source of vitamin E, few researches are devoted to
determination of tocopherols and tocotrienols func-
tions in plants and algae.

It was believed up to the 1990’s that the func-
tion of a-tocopherol in plants is associated only with
antioxidant activity and maintenance of membrane
integrity. Later it was found that, besides photo- and
antioxidant protective functions, a-tocopherol is able
to play a role in transmission of cellular signals in
plants, just the same as in animal cells. Experiments
performed on mutant plants, unable to tocopherol
synthesis, have proved this assumption and, thus,
varied functions of these compounds [4].

Localization of tocopherols and tocotrienols

Numerous studies have showed that tocophe-
rols and tocotrienols in plants are located in plastids:
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Fig. 1. Chemical formula of tocochromanols

in amyloplasts of seeds and bulbs, chloroplasts of
photosynthesizing tissues, in leucoplasts of petals-
and in chromoplasts of fruits [5, 6]. a-Tocopherol
has been found in barley leaves not only in the chlo-
roplasts, where its content varies from 48 to 57%,
but also in the vacuole, which contains up to 18%
of its total quantity. a-Tocopherol was also found in
the microsomal membranes of soy roots (12 pg of
a-tocopherol/g of proteins) [7].

a-Tocopherol is synthesized on the inner mem-
brane of plastids and distributed between chloroplast
envelope and thylakoid membranes [7, §]. A part of
a-tocopherol is stored in plastoglobules, located in
the stroma of chloroplasts [5, 9]. One third of the
total content of a-tocopherol in chloroplasts of spin-
ach is localized in the membrane of envelope and the
other two thirds in thylakoid membranes. a-, - and
y-tocopherols are present in spinach thylakoids in the
molar ratio 1: 0.06: 0.02, respectively. Tocopherols in
membranes are not connected with protein domains
and are present only in the lipid matrix of thylakoid
and chloroplast membranes [7, 8].

Excessive amounts of tocopherols, which can-
not be stored in the thylakoids, come to plastoglobu-
les — a regular ball-like osmiophil plastid structures,
which are also reservoirs for excess lipids. Plasto-
globules in young leaves are few and have relatively
small size (diameter range: 0.07-0.2 um). With in-
creasing age of leaves and chloroplasts, the number
and size of plastoglobules increase, especially in the
leaves, which are regularly getting enough light and
have high photosynthetic activity [5, 9].
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Antioxidant properties of tocopherols

In plant organisms constantly generated reac-
tive oxygen species (ROS) (singlet oxygen ('O,),
superoxide anion (O,), hydrogen peroxide (H,0,),
hydroxyl radical (HO"), which have high activ-
ity and toxicity, and can lead to oxidative damage
of cells. The main sources of ROS in the light are
chloroplasts and peroxisomes, and in the dark —
mitochondria [10]. Unfavorable conditions of plant
growth, for example, deviations from optimal tem-
perature, availability of water, heavy metals effect,
air pollution, shortage of nitrogen or salt stress can
stimulate the production of ROS [11]. In response to
the potential threat an effective antioxidant defense
system was developed, that includes enzymatic and
non-enzymatic components. The latter includes to-
copherols — the main fat-soluble antioxidants in plant
cells. Antioxidant activity of tocopherols is provided
by their ability to deactivate free radicals and act as
hydrogen donors, and is dependent on the structural
features of molecules such as the level of methyla-
tion of aromatic ring (o> 3 = y> 9), size of heterocy-
clic ring, stereochemistry at position 2 and length of
phytyl chain. The main functions of tocopherols are
determined by the localization of side groups and
amphipathic properties. Hydrophobic phytyl chain
of the fat-soluble tocopherol molecules is associated
with membrane lipids and the chromanol part of
molecule with polar groups, which are located on the
surface of membrane [4, 12]. Tocopherols decrease
the level of ROS, mainly 'O, and HO" in the thyla-
koid membranes and limit the degree of lipid peroxi-
dation by reducing the lipid peroxyl radicals [12—14].

Peroxide oxidation of lipids (POL) is conside-
red as the most harmful process that occurs in all
living organisms. Its level indicates the degree of
damage components of plant cells under various
stress factors. The result of the lipid peroxidation is
the increase of membrane fluidity, which facilitates
the movement of phospholipids between the layers of
membrane, increases its permeability to substances
that normally pass through specific channels, in-
crease the membrane protein damages and inactiva-
tion of receptors, enzymes, ion channels [15]. POL
takes place in several phases, the first of which is
induced by ROS, mainly HO", and consists in con-
version of (poly)unsaturated fatty acid to alkyl radi-
cal. The latter has high activity and interacts easily
with oxygen, and transforms into peroxyl radical.
POL chain is continued under conditions of inter-
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action of the new (poly)unsaturated fatty acid with
the peroxyl radical, which, giving up hydrogen, is
converted into a new alkyl radical [4]. Tocopherols
on this stage stop POL chain with formation of hy-
droperoxides of fatty acids; that is why tocopherols
are called the chain-terminating antioxidants. To-
copherol molecules, losing hydrogen are converted
into the tocopheroxyl radicals (Fig. 2). Tocopheroxyl
radicals may be renewed with the help of antioxidant
system, which consists of ascorbate and glutathione;
renewals with the help of coenzyme Q or covalent
interaction with free radicals with further formation
of tocopherols, are also possible [16, 17]. Tocophe-
rols are able to neutralize physically or chemically
singlet oxygen 'O,, which oxidizes membrane li-
pids, proteins, amino acids, nucleotides, thiols, etc.
Physical deactivation of 'O, in chloroplasts is going
on by electron transfer from tocopherol to 'O, with
creation of *O,. It was showed with using synthet-
ic membranes that one molecule of a-tocopherol
is able to deactivate up to 120 molecules of 'O, by
charge transfer [10]. Tocopherols also may chemi-

8 — hydroperoxy-tocopheron

cally react with 'O,. The reaction takes place with
formation of intermediate compound — hydroperoxy
dienone, which decomposes to form tocopheryl qui-
none and tocopheryl quinone-2,3-epoxide [18, 19].
The products of tocopherol oxidation in this case are
not recycled and are lost [10]. Tocopheryl quinone
may be enzymatically converted into a-tocopheryl
quinol, which is also a potential antioxidant [4].
Tocopheryl quinol in experiments in vitro was more
active antioxidant than tocopherol, which can neu-
tralize free radicals and regenerate tocopherol from
the tocopheroxyl radicals [20].

Participation of vitamin E in protecting
plants from photoinhibition

Maintaining a balance between absorbed and
utilized light energy is vital for the oxygen photo-
synthesizing organisms. Changed conditions of envi-
ronment may cause stresses, which, causing the mis-
balance, lead to formation of harmful ROS and, as a
result, to possible death of the cells. High light inten-
sity can stimulate the formation of ROS. During pho-

Ascorbate-
glutathione
cycle

o — tocopheryl quinone

Fig. 2. Oxidative conversion of o-tocopherol
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tosynthesis PSII constantly generates singlet oxygen
('0,), the formation of which is the result of reaction
between chlorophyll in the triplet state (‘P680*) and
oxygen in its ground state (*O,). ROS generated in
the chloroplasts of photosynthetic organisms under
conditions of high light intensity, causing photoin-
hibition — light-induced damage of PSII. Together
with carotenoids, located within protein-pigment
complexes in thylakoid membranes, tocopherol is
the predominant fat-soluble antioxidant, localized at
the site of light absorption and photosynthetic elec-
tron transport. Thus, tocopherols are involved in the
protection of pigments and proteins of the photosyn-
thetic apparatus, lipids of the thylakoid membranes
from the oxidative damages [21]. Protection of the
photosynthetic apparatus from the light-induced
oxidative damages is one of the main functions of
vitamin E synthesized in plant cells. Several ways of
protective action of tocopherols from development of
photoinhibition have been investigated.

The reactive center of PSII consists of two ho-
mologous polypeptides D, and D, with the specific
binding sites for important molecular components
of the photosynthetic apparatus. It is known that
the protein D, during formation of oxygen is per-
manently and quickly renewed, especially under the
condition of intensive light. The elevated level of
singlet oxygen 'O, is the main reason of photoinhibi-
tion through the detention of repair PSII, mediated
inhibition of protein synthesis at the stage of trans-
lation elongation. a-Tocopherol, neutralizing 'O,,
helps restore PSII due to stimulation of the protein
synthesis D, de novo. Owing to their participation in
the defense of PSII from 'O,, tocopherols are con-
stantly produced and used in plants [22, 23]. The
absence of such protection leads to the degrada-
tion of protein D, decay and release of chlorophyll
from PSII, resulting in light-induced discoloration
of chloroplasts. Secondary ROS, accompanying dis-
coloration of pigments, may also be neutralized by
a-tocopherols oxidation [3]. It was showed on the
example of microalgae Chlamydomonas reinhardtii
that under a decrease of a-tocopherol level by 80%
under the action of herbicide and light of high in-
tensity (1500 umole of photons m?s™) activity of PS
II is fully lost with the simultaneous degradation of
protein D,. This proves the antioxidant role of toco-
pherols in the protection of PSII structural organiza-
tion under te development of oxidative stress in this
alga [18, 23, 24].

Under stress conditions, the cyclic electron
transport around PSII is the first step in the protec-
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tion against photoinhibition. It is assumed that the
valence and spin state of heme and non-heme iron
are critical in the regulation of linear and cyclic elec-
tron flow. The proximity of heme and non-heme iron
as binding sites for a-tocopherol quinine was found
in the native center of PSII. Most likely, the rupture
of hydrogen bonds of heme and non-heme iron by
prenyl quinones is a mechanism for initiating fur-
ther electrical and conformational changes of the
two iron sites. Moreover, the binding of a-tocopheryl
quinone with the iron-quinone complex and cyto-
chrome b, significantly modifies the environment
of iron atoms, increasing the rigidity of the matrix
protein. a-Tocopheryl quinone takes influence on
the cyclic electron flow and the energy dissipation
in PS II. This demonstrates the ability of prenyl qui-
nones to initiate the photoprotective mechanisms in
PSII [3]. a-Tocopherol inhibits the cyclic transport
of electrons around PSII and a-tocopheryl quinone
activates it. Thus, accumulation of a-tocopherols in
thylakoids provides protection against the photoin-
hibition in two ways: deactivation of 'O, and ac-
tivation of the cyclic transport of electrons around
PSII by a-tocopheryl quinone [4]. It is assumed that
quinone and quinol forms of tocopherol are poten-
tial electron-transporting pair in the photosynthetic
transport of electrons. The increase of quinone forms
of tocopherols is not always associated with changes
in the level of tocopherols and may be due to oxida-
tion of its quinol forms [20].

Changes in quantity of vitamin E, which is
localized in membranes, can affect the stability
and fluidity of membranes. It is proved: there is no
mere chance that tocopherols are distributed within
the membrane and form complexes with specific
membrane components. Vitamin E acts as a stabi-
lizer at the expense of bond formation between the
chromanol hydroxyl group of a-tocopherol and car-
boxyl group of phospholipid molecules, increasing
the rigidity of membranes [16]. Thus, this provides
another way to protect PSII from photoinhibition by
reducing the permeability of thylakoid membranes
for protons, leading to acidulation of lumen under
conditions of high light intensity and activation of
violaxanthin de-epoxidase [4].

Studying the functions of tocopherols
on the mutant organisms

All the enzymes which are necessary for syn-
thesis of tocopherols were isolated and characteri-
zed in the last decade both in plants (Arabidopsis
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thaliana) and in cyanobacteria (Synechocystis sp.
PCC6803). In the process of investigation, the mu-
tants with disrupted specific stages of tocopherol bio-
synthesis were created, that allowed direct evaluation
of tocopherols functions in the photosynthesizing or-
ganisms. Mutants of Arabidopsis vitamin e 2 (vte2)
and vtel (and corresponding Synechocystis slrl1736
and s/r1737) became the main objects of research.
Mutants vte2 (slrl1736) do not synthesize either to-
copherols, or intermediate products of their synthe-
sis, but only redox-active intermediate product of
tocopherol synthesis — 2,3-dymethyl-6-phytyl-1,4-
benzoquinol (DMPBQ) is created in veel (slr1737)
[25]. The impact of the absence of basic fat-soluble
antioxidants on appearing of new phenotypic fea-
tures was observed in experimental researches.
Some of these features were shown both in plant
Arabidopsis, and in cyanobacteria Synechocystis sp.
PCC6803, that proves conservatism of tocopherol
functions.

The presence of tocopherols in seeds during
their germination is of vital importance. A higher
amount of tocopherols is always accumulated in the
plant seeds, than in photosynthetic tissues. Spare li-
pids of seeds are enriched with polyunsaturated fatty
acids, and can be the object of the oxidation by ROS,
generated during germination in the processes of
B-oxidation and gluconeogenesis, and seedlings have
an additional source of ROS — photosynthesis. Toco-
pherols as the lipophilic molecules are placed in oil
bodies and provide the basic antioxidant protection
of seeds and seedlings at the early stages of growth
from oxidative stress, thus contributing to their sur-
vival [17]. The 5- and 10-fold increase of y and o
isoforms of tocopherols, respectively, was observed
already at the stage of ripening of tomato fruits. Ac-
cumulation of y-tocopherol — the basic fat-soluble
antioxidant of seeds — is connected with regulation
of enzymes activity of the tocopherol synthesis [26].

The mutants of Arabidopsis vtel and vte2,
which survived after seed germination, did not
show significant phenotypic differences from wild-
type plants even under high light intensity that can
characterize the degree of tolerance to this type of
stress. At the same time, at a lower temperature vze2
phenotype and, to a lesser extent, vtel, considerably
changed: signs of photoinhibition were recorded, the
levels of anthocyans increased, growth and seed pro-
duction was inhibited [12, 25].

Being unique fat-soluble antioxidants, toco-
pherols prevent oxidation of membrane components
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in chloroplasts. Total loss of this primary fat-solub-
le antioxidant was manifested in minimal impact
on the sensitivity of Arabidopsis plants to the high
levels of light, drought and salinization of soil. Simi-
lar results were obtained for the orthologous mutants
of Synechocystis. This suggests that tocopherols are
not of first importance in plant resistance to stress,
and other components of the antioxidant network
can compensate for its lack. It was shown that, in
contrast to photosynthetic tissues, tocopherols are
required to maintain the viability of seeds and limi-
tation of lipid peroxidation during its germination
[27]. In their absence a massive lipid oxidation can
happen during storage and germination of seeds as a
result of the increase in the level of signaling mole-
cules — derived lipids that disorganize antioxidant
system in the absence of pathogens.

The absence of tocopherols has impact on the
change of hydrocarbon homeostasis of plants by
blocking the transport of photoassimilants of the
main photosynthetic organs. The same effect was ob-
served in anatomically and physiologically different
plants (C3, C4, mono- and dicotyledons). Orthologs
of Arabidopsis VTE1 gen - ZmSXD1 and StSXDI
were found in corn (Zea mays), and potato (Solanum
tuberosum), respectively. Both mutant organisms
zmsxdl and stsxdl were different from the wild-type
by deponation of callose in plasmodesmata between
the cells of sheath and mesophyll in zmsxdl and in
the walls of vessels in stsxdl [28—30]. The disorder
of carbohydrate homeostasis, alteration of the levels
of phytohormones and the activation of expression of
a number of genes proves the involvement of toco-
pherols in the signal system of plant cells [28]. The
results obtained in the study of mutant organisms
Arabidopsis (vte2, vtel) and Synechocystis (slr1736,
slr1737), which helped reveal the role of tocopherols
in photosynthetic organisms, are low (Table).

Regulatory role of vitamin E in plant cells

According to recent data, tocopherols have not
only sunscreen and antioxidant function, but are
also involved in cell signaling. There is a lack of
direct proofs which would explain mechanisms of
tocopherols action in regulation of signal transduc-
tion and expression of genes. However, the author
has proved the involvement of these molecules in the
relation with ROS, antioxidants and phytohormones,
that have an impact on the transmission of cellular
signals in plants [37-39]. Tocopherol, ascorbate and
glutathione perform the interdependent control over
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Table. Studying the functions of tocopherols on the mutant photosynthesizing organisms

Research object
(acting factor)

Phenotypic specificities

Significance of author’s results

Plant seedlings
A. thaliana vte2 and
vtel

Seeds of plants vte2 have a number of
defects during germination (the in-
crease of cotyledons and the growth of
root were weakened) and significantly
shortened term of life. Seedlings are
not able to the effective lipid metabo-
lism and have significantly increased
the level of major classes of lipid per-
oxidation products. The vte/ mutants
have less differences from wild-type
seedlings

The data demonstrate the important role of
tocopherols in the control of non-enzymatic
lipids peroxidation in seeds during dorman-
cy, germination process and early seedling
development. Intermediate compound of
tocopherol synthesis (DMPBQ) is able to al-
most completely compensate for the absence
of tocopherols (Sattler et al. 2004) [17]

A. thaliana vtel (op-
timal conditions/
light of high inten-

sity)

In the level of photosynthetic activity,
chlorophyll content and polyunsatu-
rated fatty acids were not significantly
different from wild-type plants, even in
stressful conditions.

Under conditions of moderate oxidative
stress the absence of tocopherols did not
significantly affect the plant due to compen-
satory activation of the other antioxidants.
(Bergmuller et al., 2003) [31]

A. thaliana vte2 and
vtel (light of high
intensity + low tem-
perature of growth
(2-8°C))

High level of photoinhibition and POL
in both types of the mutants. General
level of carotenoids is decreased. The
content of zeaxanthin is increased com-
pared with violaxanthin

Tocopherols protect thylakoid membranes
from photooxidative damage. Zeaxanthin as
an antioxidant that works with tocopherol,
partially compensates for the absence of
the latter. DMPBQ cannot protect thylakoid
membranes from the photooxidative dama-
ges. (Havaux et al., 2005) [32]

A. thaliana vte2
and vtel (light of
high intensity + low
growth tempera-
ture)

Export of photoassimilates is inhibited,
the level of soluble sugars and starch
in growing cells is increased through
callose deposition in the walls of the
transport cells of phloem parenchyma.
Photosynthetic transport of electrons is
decreased; plant growth and seed for-
mation are suppressed. The level of an-
thocyans is decreased

Tocopherols are necessary for the forma-
tion and structuring of the walls of transport
cells of phloem parenchyma. Possible way to
influence — the involvement of these mole-
cules in the signal transduction between the
chloroplasts and nucleus, associated with
metabolism of hydrocarbons. (Maeda et al.,
2006) [33]

A. thaliana vtel

Increased level of jasmonic acid 1.6 and
2.4 times on the 11" and 13" weeks. Ini-
tiation of anthocyans accumulation

a-Tocopherol is involved in signal transduc-
tion thanks to its ability to modulate the
level of phytohormones. (Munne-Bosch et
al., 2007) [34]

A. thaliana vte2
and vtel

Induction of 160 genes is observed in
plants vte2 which are activated primari-
ly in conditions of biotic and abiotic
stresses. In plants vtel only 12 genes are
induced, six of which encode cytosolic
heat shock proteins (in mutants of vze2
they are also induced)

In the process of seed germination tocophe-
rols have an impact on the expression of a
number of genes. Modulation of non-enzy-
matic peroxidation of lipids with the help of
tocopherols plays an important role in for-
mation of protective reaction of plants. (Sat-
tler et al., 2006) [35]
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Table. (Continuation)

Synechocystis sp. | Photoinhibition is developing due to de- | Tocopherols, neutralizing 'O,, contribute to
PCC 6803 slr0090 | pression of the synthesis of protein D, | overall protein synthesis. (Inoue et al., 2011)

(light of high inten- | de novo [22]

sity)

Synechocys- The level of carotenoids considerably | Protection of membrane components from
tis slri736 (light of | decreases damage of ROS (Maeda et al., 2005) [36]
high intensity )

vation)

Synechocystis sp. | Under the autotrophic condition, photo- | Optimization of photosynthetic activity and
PCC 6803 slrl736 | synthesis is activated in cells, the level | the support of homeostasis of hydrocarbons,
(Autotrophic culti- | of dissolved sugars and glycogen in- | that may be not connected with antioxidant
creases. (Under the mixotrophic condi- | features (Sakuragi et al., 2006) [24]

tion, photosynthesis is suppressed, the
cells do not assimilate glucose and die)

the level of ROS, which is a critical modulator of
gene expression in chloroplasts and nucleus. Data,
collected on plant organisms, indicate a direct role
of tocopherols in the regulation of redox homeostasis
in cells unlike animal organisms in which tocophe-
rols are involved in the regulation of gene expression
activity [40]. Tocopherols regulate the degree of oxi-
dative stress, which is associated with tolerance to
stress and aging of plants, by neutralizing ROS and
preventing the development of POL [37].

The level of tocopherols, as well as that of other
antioxidants in plants usually increases in response
to a particular stress factor, which stimulates the
production of ROS and is mediated by the action of
phytohormones (jasmonic acid, abscisic acid). The
promotion of POL leads to the formation of jasmonic
acid — phytohormone that activates the expression of
nuclear genes encoding enzymes of tocopherol syn-
thesis [41, 42]. However, strengthening of photo- and
antioxidant protection in the cell may be insufficient
for the plant could bear unfavorable conditions and
does not stop its ageing. Reducing of tocopherols
level through predominance of their degradation
over synthesis is of regulatory significance.

For example, tocopherols as intermediates par-
ticipate in modulation of expression of jasmonate-
dependent genes, which are usually activated dur-
ing ageing and damaged by pathogens (Fig. 3) [41].
Thus, if propagation of POL does not stop as a result
of antioxidant action of membrane localized toco-
pherols, jasmonic acid level is increased. Jasmonic
acid activates protective mechanisms of cell that in-
clude synthesis of anthocyans and other antioxidants.
Studies of recent years have shown, that treatment of
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Elaeagnus angustifolia callus with jasmonic or sali-
cylic acids stimulate accumulation of a-tocopherols
in cells [43].

Tocopherol molecules can directly reduce sul-
fur radicals of membrane proteins, converting them
into hydrosulfides or protect indirectly their thiol
groups from the oxidation that may be of regulative
significance [12].

Tocopheryl quinone (a product of tocopherol
oxidation) is also an indicator of oxidative stress,
which exceeds in quantity a certain crucial level and
becomes a signal for the programmed cell death. To-
copherol quinone is not recycled like tocopheroxyl
radical, and a decrease of proportion tocopherol/to-
copheryl quinone proves inability of plant organism
to withstand the stress conditions. In this case, cell
apoptosis protects the plant from lesion propagation
[12].

Tocopherols involvement in the provision of
plants resistance to stresses is connected not only
with their antioxidant features. The data regarding
the change of tocopherols quantity in response to the
effect of low temperature are ambiguous. As shown
on the example of eucalyptus (Eucalyptus gun-
nii), the transcriptional level of EgSXDI (ortholog
ZmSXDI1 of corn) and content of a-tocopherol de-
creases with low temperature stress propagation.
Herewith one could observe high level of anthocyans
and proline, which was controlled by jasmonic acid.
Abscisic acid also did not control the expression of
EgSXD1 (ortholog ZmSXD1 of corn) in this condi-
tion, in contrast to drought or salt stress conditions
[44]. Thus, in this case, the antioxidant role of to-
copherols is not involved as the protective mecha-
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[ Biotic and abiotic stress factors }
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ROS formation
(chloroplasts, mitochondria,
peroxisomes)
Phytohormones ROS
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salicylic and
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J
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Slimination ’ elimination
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in the photosynthesizing cells

d

Modulation of plant development,
mitotic activity, flowering, aging and
programmed cell death

Fig. 3. Scheme of regulative role of tocopherols

nism. Oppression of EgSXDI expression serves as
the mechanism of protection against cold in these
plants, the disruption of photoassimilants transport,
accumulation of sugars and depression of photosyn-
thesis being its result [44]. The mechanism of to-
copherols influence on these processes is not well
studied, but it is supposed that it is connected with
their participation in cell signal transduction be-
tween chloroplasts and nucleus, and bears no relation
to the antioxidant function of these molecules. Other
authors state, that the deposition of callose may be
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stimulated by propagation of POL and level of phy-
tohormones. The absence of changes in cell walls
of mutant Arabidopsis vtel under optimal growth
conditions, that is the absence of antioxidant stress,
proves this presumption [28, 31].

Disruption of fully fledged nutrition of plant
through the blocking of photoassimilants in leaves
reduces their growth and development. Change of
the balanced gradient of sugars between different
tissues of a plant is a signal which regulates its de-
velopment [10]. The wide variety of genes are con-
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trolled by sugars at the transcriptional level, includ-
ing genes, involved in photosynthesis, nitrogen and
carbon metabolism, secondary metabolism and in
response to stress in different plants. It means that
tocopherols can directly or indirectly influence the
sugar level, acting as regulators of cell signals. The
same effect was proved in cyanobacteria Synecho-
cystis sp. PCC 6803 slr1736, the cells of which ac-
cumulated more sugars and glycogen, than the wild
type, that evidences for conservatism of tocopherols
property to regulate carbohydrate homeostasis [24].

Thus tocopherols in plant organisms are the
main part of antioxidant defense both under opti-
mal conditions and under the effect of stress factors.
Plant reaction to stress is dependent on the quantity
rate and functioning of these molecules, and varies
from abundant ROS deliverance to cells apoptosis.
Over the low antioxidant activity of tocopherols one
can observe changes in the activity of phytohor-
mone-dependent expression of genes or unbalanced
sugar accumulation in plant tissues. The possibility
of direct regulation of gene activity of plant cells by
vitamin E molecules still remains to be proved and
calls for further research.

®YHKIIII TOKO®EPO.IIB
Y KJIITUHAX POCJIMH TA THIIIUX
®OTOCHUHTE3YIOUUX OPTAHI3MIB

B. M. Mokpocnon

[acTuTyT 60TaHiKM iM. M. I. XomomHoro
HAH VYkpaian, Kuis;
e-mail: VictoryM6@yandex.ua

CuHTe3 TOKO(PEpOITiB Bi0YBAETHCS TINBKU B
(doToCHHTE3yI0UNX OpraHizamMax (pociuHax, BOJO-
poctsix i OinmbmocTi miaHoOakTepii). Tokodepo-
U CUHTE3YIOThCS B OOOJOHKAX XJIOPOIUIACTIB 1
PO3MOIISIOTECS MK MEMOpaHOI0 XJIOPOILIACTIB,
TUJAKoiAaMK 1 TiacToryoOysamu. Dizionoriuxe
3HAYCHHS TOKO(MEpOJIiB ISl JIFOAMHM Ta TBapUH
no0pe BIZIOMO, OJIHAK MOPIBHSHO Majo € JaHUX
po X QyHKIIOHYBaHHS B POCIMHHUX OpraHi3Max.
HaiiBuBuenimorm ¢yHKIi€El0 TOKOQEposiB € iXHA
3IaTHICTDb 3HEIIKO)KYBAaTH aKTHBHI (JOPMH KHCHIO
1 KUPOPO3YNHHI TOOITHI TPOTYKTH OKUCTIOBATHLHO-
ro crpecy. IcHy10Th gaHi mpo pi3Hi MexaHi3MH y4acTi
a-Tokodepory B 3axucti porocucremu I (OC 1II)
Bil (OTOIHTIOYBaHHS SIK LUISIXOM J€3aKTHBaIlii
CHUHIJIETHOT'O KUCHIO, 0 yTBOproeThesl B PCII, Tak
1 3HMKEHHS TPOTOHHOI TPOHUKHOCTI THJIAKOITHUX

34

MeMOpaH, 10 BeAC J0 3aKUCIICHHS JIOMCHY 32 BU-
COKOIO OCBITJIEHHS Ta akKTHUBaIl BIOJOKCAHTHH
Jieeniokcuaa3u. [IpoaeMOHCTPOBAHO  JIOJJATKOBY
0i0JIOTiUHY aKTHBHICTH TOKO(EPOIIiB, HE3aICKHY
Big iXHBOI aHTHOKCHIAHTHOI GyHKII. OCHOBHI
MEXaHi3MU IUX e()EeKTIB MOB’sI3aHi 3 MOJYJISIIIERO
[UISX1B TIepeadi CUTHAJY 33 y9acTi0 TOKO(hepodiB,
a B JIGAKUX BHIIQJIKaX, aKTHBAI[IEI0 TPAHCKPHUIILIIT
BIAIOBIJHUX TEHIB.

Kno4uoBi cao0Ba: aHTHOKCHIAHTH, IIjia-
CTUJHU, TUIAKOIIH, XJIOPOILIACTH, TOKO(PEPOIIH, TO-
KOTPHUEHOJIM, OKHCIIOBAJIBHUI CTpEC, MEPOKCUJTHE
OKHCJICHHS JiMiJiB, (POTOCHHTE3, BiTaMiH E.

OYHKIUHU TOKOPEPOJIOB

B KJIETKAX PACTEHUM U IPYTUX
OOTOCHUHTE3UPYIOIIUX
OPTAHU3MOB

B. M. Mokpocuon

WuctutyT 60oTanuku uM. H. I. XomogHoro
HAH VYxkpannsi, Kues;
e-mail: VictoryM6@yandex.ua

Cunte3 TOKO(EpOTOB MPOUCKXOAUT TOJBKO B
(OTOCHHTE3UPYIOIUX OpraHuzMax (pacTeHHsIX,
BOJIOPOCIISIX M HEKOTOPBIX IMaHOoOakTepusix). Toko-
(bepoit cuHTe3UpyeTCs B 000JI0YKaX XJIOPOIIACTOB
U pacrpesiensieTcss MeKy MeMOpaHoi XJioporiia-
CTOB, THUJIAKOMJIAMU U IUTacToriaoOynamu. dusno-
JIOTHYECKOoe 3HaueHHe TOKO(EeposoB JIJis YelloBeKa
U JKMBOTHBIX XOpOIIO W3BECTHO, OJTHAKO CpaBHH-
TEJIHHO MaJIo JaHHBIX 00 UX (PYHKIIMOHUPOBAHUU B
pacTuUTeNbHBIX Ooprann3max. Hanbonee nsyueHHon
(byHKIHEH TOKO(EPOIIOB SIBISIETCS KX CIIOCOOHOCTH
00e3BpeKMBaTh aKTUBHBIE (DOPMBI KHCIOpOJa U
KUPOPACTBOPUMBIC TTOOOUHBIC MPOAYKTHl OKUCITHU-
TEJIBHOrO cTpecca. VMIMeloTcs JaHHBIE O pas3iind-
HBIX MEXaHU3MaX y4acTHsl o-TOKO(epoa B 3alIUTe
¢dorocucremsr 11 (@CII) or GpoTonHruOMpOBaHUS
KaK 3a CUET JIe3aKTHUBAIMH CHHIJIETHOTO KHCIIOPO-
na, obpasytomierocst B OCII, Tak 1 myTem CHUXKe-
HUSL TPOTOHHOHW NPOHHUIIAEMOCTH THIIAKOHIHBIX
MeMOpaH, MPUBOASIIETO K 3aKHCICHHIO JIOMEHa
PU MHTEHCHBHOM OCBEIICHHHM M aKTUBAI[MU BUO-
JIOKCAaHTHH JedrnoKkcuaassl. [IponemoHcTprpoBaHa
JIOTIOTHUTEIIbHAsT OMOJIoTHYecKasi akTUBHOCTh TO-
KO(epoJIoB, He3aBHCSIIAS OT UX aHTHOKCUIAHTHON
¢yskuu. OCHOBHBIE MEXaHU3MBI 3TUX YPPEKTOB
CBSI3aHBI C MOJYJIAIMENd NyTeW nepegayu curHala
C y4acTHEM TOKO(EPOJIOB, & B HEKOTOPBIX CIIydasiX
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CBSI3aHBI C aKTHUBaIlMCH TPaHCKpPUIILIUKU COOTBET-
CTBYIOIIIUX I'€HOB.

KnroyeBrie clIoBa: aHTUOKCUIAHTEL,
TUTACTHABI, TUIAKOUIBI, XJIOPOIIACTHI, TOKOhEpo-
JIbl, TOKOTPUEHOJIbI, OKUCIUTENIBHBINA CTpece, mep-
OKCHIHOE OKHCJICHHE JINTUI0B, (OTOCHHTE3, BUTA-
muH E.
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