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INFLUENCE OF EXOGENOUS CALCIUM
AND ITS ANTAGONISTS ON NITRIC OXIDE CONTENT IN ROOTS

OF WHEAT PLANTLETS
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The influence of treatment of roots of etiolated plantlets of wheat (Triticum aestivum L.) with
exogenous calcium (50 mM CaCl,), chelator of calcium EGTA (100 puM), blocker of calcium
channels lanthanum chloride (2 mM), inhibitors of phospholipase C neomycin (100 uM) and ADP-
ribosylcyclases nicotinamide (5 mM), and also inhibitor of protein biosynthesis cycloheximide (20
KUM) on the content of nitric oxide (NO) have been investigated. The intensifying of formation of
nitric oxide in roots of plantlets occurred under the influence of calcium chloride with the maximum
within 1-2 hours after the treatment beginning. Antagonists of calcium EGTA, lanthanum chloride
and neomycin to some extent reduced the nitric oxide content in cells of roots. At the combined
action of CaCl, and lanthanum chloride or neomycin partial leveling of intensifying of NO
generation, caused by exogenous calcium, was observed. At the same time nicotinamide in itself did
not render the significant effect on the nitric oxide content in wheat roots and did not influence almost
on the effect of intensifying of its formation, invoked by the exogenous Ca?*. Cycloheximide reduced
the nitric oxide generation in cells of wheat roots. However at the cotreatment with the cycloheximide
and calcium chloride the nitric oxide content in roots was considerable above, than in the variant with
one only antibiotic. The conclusion is made that the generation of nitric oxide by cells of wheat roots

essentially depends on the calcium homeostasis.
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Calcium and nitric oxide (NO) are im-
portant signal mediators in plant and animal cells
between which one there is the difficult functional
interplay (Khan et al., 2014). It is shown that exog-
enous calcium in low concentration influences the
rhythmic dynamics of content of nitric oxide in
cells of roots of pea plantlets (Glyan’ko et al.,
2014). 1t is established that one of the main enzy-
matic producers of nitric oxide in plants cells — the
enzyme similar to animal NO-synthase — is acti-
vated with involvement of calcium and/or calmod-
ulin (Lamotte et al., 2004; Courtois et al., 2008;
Neill et al., 2008). Also it is known that the nitrate
reductase, capable to generate nitric oxide, is acti-
vated with the participation of protein kinases de-
pendent on calcium (Weiner, Kaiser, 1999; 2000).
At the same time it is established that oxidation of
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L-arginine in chloroplasts of green seaweed by en-
zyme, homologous to animal NO-synthase, does
not depend on calcium, though the similar process,
which is taking place in peroxisomes, is calcium-
dependent (Roster, 2014). In general, information
about the influence of calcium on the NO content
in various plant objects and on the activity of ap-
propriate enzymatic systems remain inconsistent
enough till now.

With use of methods of chemiluminescence
it is shown the presence of the enzyme, similar to
animal NO-synthase, in cytoplasm, chloroplasts,
peroxisomes and mitochondria (Neill et al., 2008;
Wilson et al., 2008). It is reported that the greatest
pool of this enzyme is localized in chloroplasts and
peroxisomes (Gas et al., 2009; Gupta et al., 2011).
On the other hand, it is shown that in the cells of
Arabidopsis roots the nitric oxide synthesis was
suppressed by the inhibitors of animal NO-
synthase (Zhao et al., 2007). In our experiments it
is established that the treatment of intact roots of
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etiolated wheat plantlets with the exogenous calci-
um and/or calcium ionophore A23187 caused the
intensifying of formation of nitric oxide, which
was substantially suppressed with the inhibitor of
enzyme, similar to animal NO-synthase, L-NAME
(N®-nitro-L-arginine methyl ester) (Karpets, Ko-
lupaev, 2015). It is possible to suppose that the ac-
tivation of animal-like NO-synthase by calcium
ions takes place at their influx in the cytosol both
from extracellular and from intracellular compart-
ments.

The participation of different pools of calci-
um in the activation of NO formation in plant cells
can be established with the use of calcium chela-
tors and blockers of calcium channels, different by
relative specifity. The purpose of present study was
to investigate the action of exogenous calcium and
its antagonists, influencing the influx of Ca®*ions
in cytosol from various compartments, on the nitric
oxide content in roots of wheat plantlets.

MATERIALS AND METHODS

For investigations the etiolated plantlets of
wheat (Triticum aestivum L.) variety Elegiya were
used. After 30-minute disinfecting in the 5% solu-
tion of hydrogen peroxide the seeds were germi-
nated during four days on the cleared tap water at
the temperature of 20°C. After that plantlets of ex-
perimental variants transferred for one days on the
solutions of 50 mM calcium chloride, 500 uM che-
lator of external calcium EGTA, 5 mM lanthanum
chloride, 50 uM neomycin, 5 mM nicotinamide, 20
MM cycloheximide. Also the effects of combina-
tion of calcium and blockers of calcium channels
or inhibitor of protein biosynthesis cycloheximide
on the nitric oxide content in roots were investigat-
ed. In this case the EGTA, lanthanum chloride, ne-
omycin, nicotinamide and cycloheximide were
added in the media of incubation of roots for 2
hours before the addition of calcium chloride into
it. The concentrations of indicated compounds
were chosen on the basis of preliminary experi-
ments.

Through certain time after the beginning of
incubation of plantlets on the solutions of investi-
gated compounds, the nitric oxide content in roots
was quantified by the method described Zhou et al.
(2005) with modifications. The method is based on
the transformation of NO containing in plants tis-
sues into the nitrite and quantification of its con-
centration on Griess reaction. The weighed portion
of plant material was homogenized on ice in the 50
mM acetate buffer (pH 3,6) with addition of 2%
zinc acetate. The homogenate was centrifuged at
the temperature not above 4°C at 8000 g within 15
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minutes and then to the 10 ml of supernatant was
added the 250 mg of charcoal. Further, the filtra-
tion through the paper filter was conducted, and
then 2 ml of filtrate and 1 ml of 1% Griess reagent,
dissolved in 12% acetic acid, was mixed. Within
30 minutes the solution light absorption was quan-
tified at the wavelength of 530 nanometers. As the
standard the solutions of sodium nitrite were used.

Experiments were conducted in triple bio-
logical replicate and each experiment was repro-
duced independently three times. The figure shows
the average values and their standard errors. Ex-
cept where specifically noted, the differences sig-
nificant at p < 0,05 are discussed.

RESULTS AND DISCUSSION

The influence of 50 mM calcium chloride on
the plantlets roots invoked the increase of nitric ox-
ide contents in them (fig. 1). The maximum effect
was observed during 1-2 hours after the treatment
beginning, within 6-24 hours it decreased, however
the NO content in variant with calcium exceeded
the values of control.

In the further experiments there was investi-
gated the nitric oxide generation in wheat roots
within 1 and 24 hours after the beginning of their
treatment with calcium salt in the combination
with blockers of calcium channels or else within 3
and 27 hours after the beginning of influence of
calcium antagonists.

Under the influence of "external™ calcium
chelator EGTA the small, but significant at p <
0,05, decrease of NO content in plantlets roots was
registered (fig. 2). More essential reduction of gen-
eration of nitric oxide by wheat roots took place at
their treatment with the lanthanum chloride block-
ing calcium channels of various types. NO for-
mation was also a little suppressed by neomycin,
which one through the binding of phosphatidylino-
sitolbiphosphates can inhibit the phosphatidylinosi-
tol-specific phospholipase C (PI-PL C) (Liu et al.,
2006) and by that can prevent the accumulation of
product of reaction - inozitol-1,4,5-phosphate
(IP3). It is considered that the last one influences
the calcium influx in cytosol from the intracellular
compartments and by that activates many calcium-
dependent processes (Lee, Lee, 2008).

In the opening of intracellular calcium chan-
nels along with 1P; the cADP-ribose can also par-
ticipate. For the studying of its contribution to the
regulation of processes of formation NO by wheat
roots the antagonist of cADP-ribose synthesis (an
inhibitor of ADP-ribosylcyclases) nicotinamide
(Allen et al., 1995) was used. The treatment of
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Fig. 1. The dynamics of content of nitric oxide (nmol/g fresh weight) in the roots of etiolated
wheat plantlets under the calcium chloride influence.

1 — control; 2 — CaCl, (50 mM).

roots with this compound did not influence almost
on the content of nitric oxide in them (fig. 2).

The influence of lanthanum chloride and ne-
omycin on plantlets roots partially removed the ef-
fect of rising of NO content in them, caused by ex-
ogenous calcium (fig. 2). These effects were more
appreciable within 1 hour after the beginning of in-
fluence of exogenous calcium. Nicotinamide al-
most did not change the action of calcium on the
nitric oxide content in roots.

As it was already noted, in the literature
there are evidences on the activation by calcium
ions of enzyme similar to animal NO-synthase
(Lamotte et al., 2004). It is possible to suppose that
in this case the increase of enzyme activity by cal-
cium ions does not depend on the protein biosyn-
thesis. In our experiments the inhibitor of protein
biosynthesis on 80S ribosomes cycloheximide re-
duced the NO formation in the roots of wheat
plantlets (fig. 2). This result will be agreed with the
data received on the protoplasts of Arabidopsis and
rape, cultivated in vitro (Tewari et al., 2013). Au-
thors have concluded that the synthesis of enzyme
similar to animal NO-synthase, which can be local-
ized in various compartments, depends on the bio-
synthesis of proteins in cytoplasm. In the condi-
tions of our experiments in variant with the co-
treatment of plantlets roots with cycloheximide and
calcium chloride the NO content was above, than
in variant with one only inhibitor of protein syn-
thesis (fig. 2). In this connection it is possible to
suppose that influence of calcium on the enzymatic
systems, generating nitric oxide, is not bound to
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the induction of their synthesis, and determined by
activation of already existing enzymatic molecules.

Thus, in our experiments dependence of
formation of nitric oxide in roots cells from the
calcium homeostasis is shown. This process was
enhanced under the influence of exogenous calci-
um and suppressed with some its antagonists. Re-
duction of NO generation in roots cells under the
influence of EGTA gives evidence to importance
of influx of calcium into the cytosol from the ex-
tracellular compartments in the regulation of en-
zymatic systems, that generate the nitric oxide. The
blocker of calcium channels of various types lan-
thanum in itself lowered the nitric oxide formation
in roots cells and leveled the effect of increase of
NO content, caused by treatment with the exoge-
nous calcium (fig. 2).

Some decrease of NO content in cells of
wheat roots took place under the influence of neo-
mycin which is used as the inhibitor of PI-PL C. It
is difficult to interpret unequivocally the effect of
neomycin to level of intensifying of NO formation,
caused by calcium in cells of wheat roots. Phe-
nomenological similarity of neomycin effects with
influence of EGTA and lanthanum indicates possi-
bility of its action on the calcium homeostasis. As
it is known, in cells of animals the PI-PL C, cata-
lyzing process of formation of IP; and diacylglyc-
erol, stimulates calcium influx into the cytosol. It is
bound to opening of intracellular calcium channels
under the influence of IP3, and also with the activa-
tion by diacylglycerol of protein kinase C, which
participates in the regulation of potential-
dependent calcium channels of plasmalemma. De-
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Fig. 2. The influence of calcium antagonists and cycloheximide on the nitric oxide content (nmol/g

fresh weight) in the roots of wheat plantlets.

| — within 1 hour after the beginning of influence of calcium chloride or within 3 hours after the beginning
of influence of calcium antagonists and cycloheximide; Il — within 24 hours after the beginning of influ-
ence of calcium chloride or within 26 hours after the beginning of influence of calcium antagonists and

cycloheximide.

1 - control; 2 - EGTA (500 pM); 3 — LaCl; (5 mM); 4 — neomycin (100 pM); 5 — nicotinamide (5 mM);
6 — cycloheximide (20 uM); 7 — CaCl, (50 mM); 8 — CaCl, (50 mM) + LaCl; (5 mM); 9 — CaCl, (50 mM)
+ neomycin (100 uM); 10 — CaCl, (50 mM) + nicotinamide (5 mM); 11 — CaCl, (50 mM) + cyclo-

heximide (20 uM).

spite the fact that in plants have not yet detected
the homologues of targets of 1P, it is known that
neomycin can reduce the calcium influx into the
cytosol of plant cells. For example, this compound
removed the effect of rising of calcium concentra-
tion in the tobacco cells, invoked by the influence
of elicitor cryptogein (Lecourieux et al., 2002).
Thus, it is possible to suppose that the NO for-
mation in cells of wheat roots, at least, partly de-
pends on processes of calcium-fosfolipid signal-
ling.

On the other hand, the NO formation by
roots in the conditions of our experiments was al-
most not influenced by the treatment with the in-
hibitor of ADP-ribosylcyclase, suppressing calci-
um influx in the cytosol through the calcium chan-
nels, dependent on the cADP-ribose and localised
mainly in the tonoplast.

Thus, apparently, the generation of nitric ox-
ide by wheat roots depends on the calcium homeo-
stasis, namely on the influx of calcium ions in the
cytosol through specific calcium channels. With
calcium participation, probably, the activation of
enzyme similar to animal NO-synthase occurs. At
the same time, as it was already noted, activity of
nitrate reductase (other enzyme, possessing ability
to generate NO) also depends on calcium (Weiner,
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Kaiser 1999; 2000; Neill et al., 2003). However in
our experiments the plantlets grew up in the ab-
sence of the special nitrogen nutrition, and the ni-
trate reductase, as it is known, refers to the en-
zymes which synthesis is induced by substrate.
Earlier with the use of nitrate reductase inhibitor
sodium wolframate it has been shown by us that
the contribution of this enzyme to nitric oxide syn-
thesis in roots of wheat plantlets at their cultivation
on water is comparatively low (Karpets et al.,
2014). In this regard, within the model used by us
it can be considered that the pathway of NO for-
mation with the participation of enzyme similar to
animal NO-synthase, serves as the main one.

In our experiment, the total generation of ni-
tric oxide in the root cells was determined, which
does not allow talking about that, in which exactly
compartments its formation took place. At the
same time, there are grounds to believe that this
process is calcium-dependent. Now the enzymatic
systems (similar to NO-synthase of animals) locat-
ed in peroxisomes are considered as the important
source of NO in plant cells (Roszer, 2014). Re-
markable, in plant peroxisomes the calcium oscil-
lations, which resemble the changes of calcium
concentration in cytosol, are revealed (Costa et al.,
2013). Is not excluded that the similar mechanism
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may be involved in the regulation of nitric oxide
production in the cells of non-green parts of plants.
Naturally, to confirm this assumption the special
investigations are required for the establishing of
subcellular localization of nitric oxide production
under the conditions of changing of calcium ho-
meostasis.
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BILJIUB EK30T'EHHOI'O KAJIBIIIIO TA HOI'O AHTATOHICTIB
HA BMICT OKCHUAY A30TY B KOPEHAX NPOPOCTKIB ININEHUII

10. B. Kapneus, 1O. €. Konynaes, M. B. lIsuaenko, T. O. Sctped

Xapxiscokuil HayionanvHull azpapruil ynieepcumem im. B.B. Jloxyuacea
(Xapxis, Ykpaina)
e-mail: plant_biology@mail.ru

JocimKyBany BIUIMB 00pOOKH KOPEHIiB €Ti0Ib0BaHUX IpopocTkiB mnenumi (Triticum aestivum L.)
ek3oreHHUM KambIliem (50 MM CaCl,), xemaropom kanbitito EIT'TA (100 MxM), 6;10KaToOpoM KaJibIli-
€BUX KaHAJIB XJOpuAoM JanTaHy (2 MM), inribitopamu docdomninazu C HeomimmaoM (100 MxM) i
AJ1®-pubozmmkiiazy HikoTuHamizoM (5 MM), a Takox iHribitopoM OGiocuHTE3y OisiKa IUKIIOTeK-
cumigoM (20 MxM) Ha BMicT okcuny azory (NO). ITin BIuMBoM XJI0puay Kalibliito BiOyBajocs I1o-
CWJICHHS YTBOPEHHS OKCHY a30TY B KOPEHSX ITPOPOCTKIB 3 MAKCUMYMOM 4epe3 1-2 rox micis nova-
TKy 00poOku. AHrtaronicTu Kanbuito EI'TA, xymopupn naHTaHy i HEOMILMH TI€0 YU 1HIIOK MIpOIO
3HI)KYBAJIM BMICT OKCHJly a30Ty B KiliTHHax kopeHi. [Ipu ognowacHiit aii CaCl, 1 xnopuay aHTaHy
a00 HeOMINMHY BiA3HAYAJIOCS YaCTKOBE HiBENFOBaHHS MocwieHHS reHeparlii NO, COpHYrHIOBAaHOTO
€K30TEeHHUM KaJlbllieM. BogHOYac HIKOTHHAMIJ caM 1o co0i He YMHUB TOCTOBIpHOI /il Ha BMICT OK-
CHJYy a30Ty B KOPEHSX MNIIEHHLI i Maibke He BIUIMBAB Ha e()eKT MOCHICHHS HOro yTBOPEHHS, CIPH-
anHioBaHmi ex3oreHHnM Ca’’. IIMKIOreKCHMIz 3MEHIIYBaB IeHepalil0 OKCHIy a30Ty B KIiTHHAX
KopeHiB mmreHuni. OaHak mpu KoMOiHOBaHIH 00OpoOIli KOPEHIB IMUKJIOTSKCUMIZIOM 1 XJIOPHIOM Ka-
JBIIIO BMICT OKCHAY a30Ty B HHMX OyB 3HAYHO BHUIIWM, HDX Yy BapiaHTi 3 CaMHUM aHTHOIOTHKOM.
3po0IieHO BUCHOBOK, 1110 T'€Hepallis OKCHJy a30Ty KIITHHaMU KOPEHIB iCTOTHO 3aJIeKUTh BiJ Kajlb-
L[IEBOI'O TOMEOCTA3Yy.

KiarwueBnble cioBa: Triticum aestivum L., kanoyii, oxcud azomy, ¢epmenm, noodibHUN 00
NO-cunmasu meapun

BJIMAHUE 3K30I'EHHOI'O KAJIbIIUSA
N EI'O AHTATOHUCTOB HA COAEP KAHUE OKCHUJIA A30TA
B KOPHAX ITPOPOCTKOB INIIEHUIbBI

10. B. Kapner, 1O. E. Konymaes, H. B. [lIsunenko, T. O. Sctped

Xapvroseckutl HayuoHansHwlil azpapHsiii ynusepcumem um. B.B. /lokyuaesa
(Xapvros, Ykpauna)
e-mail: plant_biology@mail.ru

HUccnenoBanu BiausiHue 00pabOTKH KOPHEH STHONMPOBAHHBIX NPOpOCTKOB muieHuis! (Triticum aes-
tivum L.) sx3orennsim kanbimem (50 MM CaCly), xenaropom kaspius I TA (100 mxM), 6rmokaro-
POM KaJIbLIMEBBIX KaHAJOB XJIOPUAOM JaHTaHa (2 MM), naruburopamu ¢ochonunassr C HeOMUIU-
HoM (100 MxM) u AI®-pubosuiukiassl HUKoTHHaMEIOM (5 MM), a Takke MHIHOHUTOPOM OHO-
cuHTe3a Genka nukiorekcumuaoM (20 MkM) Ha coxmeprkanue okcupaa asora (NO). Ilox BiusHEEM
XJIOpHAA KaIbLHs IPOUCXOIIIO YCHICHHE 00pa30BaHus OKCHA a30Ta B KOPHSIX IPOPOCTKOB C MaK-
cumyMoM uepe3 1-2 4 mocie Hadana oO6paboTku. AHTaroHucTsl Kanblst DI TA, XJIopun JaHTaHa U
HEOMHUIIMH B TOM WM MHOW CTENEHH CHHYKAIM COJEPKAaHHe OKCHJA a30Ta B KieTKax kopHeil. [Ipu
couerantoM seiicteiuu CaCl, u xopu/ia NaHTaHa Uik HEOMUIMHA 0TMEYaIOoCh YaCTUYHOE HUBEIIH-
poBanue ycunenus reaepaiuu NO, BBI3BIBAEMOTr0 3K30I€HHBIM KallbIeM. B TO jxe BpeMsi HUKOTH-
HaMHJl caM 110 ce0e He OKa3bIBasl JOCTOBEPHOI'O BIHMSHUS Ha COJEPXKAHHE OKCUJA a30Ta B KOPHSX
NIIEHUIBI U TIOYTH HE BIMsUT HA 3Q(EKT yCHIeHHus ero 0O0pa3oBaHMsl, BbI3bIBAEMbIN HK30TCHHBIM
Ca?". LIMKIOreKCHMH yMEHbIIAN TEHEPAIIMIO OKCHA a30Ta B KIETKAX KOPHEH mieHuis. OTHAKO
npu KOMOMHHUPOBaHHOW 00paboTKe KOpPHEH HHUKIOTeKCHMHIOM M XJIOPHAOM KaIbLHS CONCPIKAHNC
OKCHZIa a30Ta B HUX OBUIO 3HAYMTENIHHO BHIIIC, Y€M B BapHaHTE C OAHAM aHTHOHOTHKOM. Crenano
3aKIIFOYEHHME, YTO TeHEPalsl OKCH/IA a30Ta KJICTKaMK KOPHEH CYIIECTBEHHO 3aBUCHUT OT KaJIbLIHEBO-
r0 rOMeocTasa.

Kunrouosi caosa: Triticum aestivum L., xaroyuil, okcud azoma, gpepmenm, nodobneiti NO-cunmasze
ICUBOMHBIX
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