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Molybdoenzymes and molybdenum cofactor
in dormant and developing wheat seeds

The distribution of the activities of molybdenum cofactor (MoCo) and molybdenum containing enzymes
- nitrate reductase (NR), aldehyde oxidase (AO) and xanthine dehydrogenase (XDH) in different parts of
dormant and developing wheat seeds are studied. The activities of MoCo, AO and XDH were highest in the
embryo. The aleurone layer of the seed also showed these activities; however, activity levels in the aleurone
were approximately three times lower than those in the embryo. The activities of these molybdoenzymes
were not detected in the endosperm portion of the seed. There was no detectable NR activity in any part of
the seed. The XDH activity remained at a steady level in both the embryo and endosperm throughout the
course of seed development and maturation, whereas AO activity was extremely low in these same seed
parts. However, AO activity increased at a high rate when seeds entered desiccation phase. At this stage,
the contfent of ureides also increased by two and a half times. It is known that AO is involved in abscisic acid
(ABA) biosynthesis, converting abscisic aldehyde to ABA, and the by-product of this reaction is superoxide.
Therefore, we propose that increased ABA synthesis results in the increase of reactive oxygen species
(ROS), which are scavenged by uric acid forming ureides.

Key words: Aldehyde oxidase, dormancy, molybdoenzymes, molybdenum cofactor, nitrate reductase,
wheat seeds, xanthine dehydrogenase.

3.9. 9nukynos, F.A. LlanaxmetoBa, O.H. babeHko,
P.b. YnekoBa, 0.)K. bakeHoBa
Bupait AaHiHIH ThIHbIWTLIK Kyii MEH AaMy CaTbICbIHAAFbI
MonuéaodepMeHTTEp XKoHEe MonnbGAeHAI KodaKkTop

TbIHbIWTBLIK Ky MeH AaMy caTbiCbiHAaFbl Ouaan AaHAepiHiH Typni GenikrepiHae MonnbaeHai Ko-
taktopnap (Mo-co) MmeH MonubaeHai hepmeHTTep: HUTpaT peaykTasa (HP), anbaernpokenaasa(AO) meH
KcaHTUHAernaporeHesarblH(KAT) Tapanybl 3epTTengi. MoCo, AO Men KA xofapbl 6enceHainikte ypbiKTa
aHbIKTanabl. ¥pblK 6eniMiHe KapafaHia anepoHabl Kabatra ocbl hepmeHTTep MeH MoCo GenceHginiri
yl ece TeMeH 6onabl. JaHHiH 3HA0CNepMAiK GeniMiHae 6yn depmeHTTepaiH GenceHainiri Tipkenmeai. HP
6enceHainiri AaHHIH ewKaHaanm 6eniringe anbikTanMagbl. KA 6enceHainiri aamy aHe eTiny KeseHae-
piHae ypbIK GenimiHae ae, aHaocnepM Genirinae ae 6ipaen 6onbin cakTanca, an AO 6enceHainiri atanfaH
OenikTepae 3KCTpMManabl TEMeH AeHreige aHbiKTanabl. Ananga, AO gaH germapatauma dasachl KesiHae
KenTereH biNfanbl XXOFaNTKaH Xafaanaa xofapbl XbingamabikneH aptrbl. Ocbl dhasaga ypenarep ge 2,5
ece aptTbl. AO abcums anbgerngidn ABK-Ha ageitiH e3reptin, ABK, 6rocuHTesiHe KaTblcaTbiHAbIFbI XaHe
0Cbl peaKLMA eHiMi CynepoKcuz ekeHairi 6enrini.

CoHablKTaH Aa, 6i3 ABK-HbiH )XoFapbl GMOCKMHTE3i Hecen KbIWKbUIbl apKblibl GerTapanTtaHbin, ypeua
Ty3€TiH OTTeriHiH peakTVBTI paguKangapbiHbiH Nariaa 6onybiHa anbin Kenegi gen 60mKaiMbl3.

TyitiH ce3aep: anbaerna okcnaasa, bugain gaHaepi, ThIHbIWTbIK, MOANGA0hepMeHTTep,MONNOAEHAI
KothaKTop, HUTpPaT peflyKTa3a, KCaHTUH AerMaporeHasa.
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3.A. Annkynos, I'A. LLanaxmetoea, O.H. babeHKo,
P.b. YnekoBa, O.XK. bakeHoBa
Monu6aogepmMeHTbl U MONIMGAEHOBDBIN Ko aKTop
B COCTOAHMMU NMOKOA U pa3BUTUA
CeMeHM NiueHULbI

M3yyeHbl pacnpeaeneHne MmonnbaeHoBoro Kopaktopa (Mo-co) U aKTMBHOCTEN MoAnbBAeHCoAepKa-
wux pepmMeHTOB — HUTpAT peaykTasbl (HP), anbaerng okcmaasbl (AO) u kcaHTuHAerngporerassl ( KAl B
PasfIMyYHbIX YacTAX MNOKOALLErocA ¥ CO3peBaloLLerocs 3epHa nieHnupbl. bbin nokasaHbl Hanbonee Bbl-
cokue aktueHocTn MoCo, AO n KAl - B 3apogbiwe. B Tpn pasa MeHblue ypoBeHb aKTUBHOCTM 3TUX e
tepmeHTOB U Moco Habnoganca B anelipoHOBOM CJI0€, YeM B 3apojblile. AKTUBHOCTU 3TWX (epMeHTOB
He oOHapyXuBanuch B 3HAOCMNEPMabHON YacTu ceMeHW. AKTMBHOCTb HP He obHapyxuBanach HU B 0A-
Hol yacTu 3epHa. AKkTMBHOCTb K/II ocTaBanacb paBHOMepHOW Kak B 3apojbllle, Tak U B 3HAOCNepMe B
TeyeHue Mepuoja pasBUTMA U CO3peBaHUA, TOrga Kak akTmBHocTb AQ 6bina 3KCTpeMasnbHO HU3KON B
3Tnx YacTaAx 3epHa. OaHako akTMBHOCTb AO yBenmumaach ¢ BbICOKOI CKOPOCTbIO, KOr/ia 3epHOBKa TepsAna
BNI@XKHOCTb BO BpeMA ¢a3bl gernapataumnun. B atoi dase cogepkaHve ypenjoB TakxKe yBennM4nMBanoch B
2,5 pa3a. N3BecTHo, uto AO BoBJeueH B 6rnocrHTe3 ABK, npeBpauas abcumnzoBbiv anbaerng no AbK, un
CynepoKcuzi CTaHOBUTCSA MPOAYKTOM 3Tol peakuuu. [o3ToMy Mbl npeanonaraeMm, YTo NoBbllleHHbIN 610~
cuHTe3 ABK npuBoanT K yBennyeHno peakTUBHbIX paAnKanoB KMCNOPOAa, KOTOpble HermTpanumsyTces ¢
MOMOLLbI0 MOYEBOI KNCNOTbl 06pasys ypeunsbl.

KnioueBble cnoBa: anbaern oKcraasa, ceMeHa MieHunLbl, MOKoi, MonnbaodepMeHTbl, MOIN6AEHO-

BbIi KOGaAKTOp, HUTPAT PeAyKTa3a, KCaHTWUH AernaporeHasa.

Introduction

Pre-harvest sprouting (PHS) in wheat, germina-
tion of the grain on the plant before harvest, is a ma-
jor source of loss for the grain industry in Kazakh-
stan. PHS affects the economic value of the harvest
since germinated seeds are sold at a much lower
price for use as feed than the grain for flour .The
phenomenon is due to lack of ABA in young seeds
and/or their insensitivity to the dormancy-inducing
hormone. ABA is a plant growth regulator involved
in various processes, including response to environ-
mental stressand seed maturation and dormancy [1].
Dormancy is a mechanism to prevent germination
during unfavorable ecological conditions, when the
probability of seedling survival is low [2]. A dor-
mant seed is one that is unable to germinate for a
specific period of time under a combination of envi-
ronmental factors that are normally suitable for the
germination of the non-dormant seed [3].In cereal
crops, an optimum balance between dormancy and
non-dormancy is desirable. Dormancy at harvest is
desired because it prevents the germination of the
physiologically mature grain (i.e. PHS)in the head
prior to harvest, a phenomen on that considerably
lowers grain quality and is especially common in
cool, moist environments. ABA regulates a number
of key events during seed development, such as the
deposition of storage reserves, prevention of preco-
cious germination, acquisition of desiccation toler-
ance, and induction of primary dormancy [4].
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In higher plants, ABA is derived from an epoxy-
carotenoid precursor that is oxidatively cleaved to
produce xanthoxin [5,6]. Following the cleavage,
xanthoxin is converted to ABA by a series of ring
modifications to yield abscisic aldehyde, which is
oxidized to ABA by AO (EC 1.2.3.14), a molyb-
denum-containing enzyme [7]. In addition to AO,
plant MoCo-containing enzymes include nitrate re-
ductase (NR; EC 1.7.1.1) and XDH (EC 1.17.1.4)
[9] XDH and AO have been characterized from
various organisms and shown to be homodimers of
150-kDa subunits that have a high similarity in their
amino acid sequence and motifs, among which are
the binding sites for two iron-sulfur centers and a
MoCo binding region[9,10, 11]. Whereas, NR re-
quires a dioxo-molybdenum, center XDH and AO
contain mono-oxoMoCo in which the second oxy-
gen was replaced by a sulfur ligand. AO belongs to a
multigene family [9] and appears to display a broad
range of substrate specificities [8,10,12,13] one of
which is the oxidation of indole-3-acetaldehyde to
indole-3-acetic acid (IAA) [12].

Much attention has recently been focused on
plant AOs because of their involvement in the bio-
synthesis of ABA, a phytohormone that plays impor-
tant roles in the prevention of pre-harvest sprouting
of seeds. AO is localized almost exclusively in the
embryo of dry, dormant wheat seeds, and this is due
to the production of ABA in the dormant embryo
[13]. However, until the present study the activity
of AO has never been investigated during the entire
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course of seed development and maturation.Aliku-
lov and Schieman [14]showed the existence of ac-
tive MoCo in dormant dry seeds of wheat and bar-
ley. In contrast, the activity of NR was not detected
in barley and wheat seeds, and the cell-free extract
of dormant seeds did not react with polyclonal anti-
bodies obtained against barley, squash and tobacco
NRs [14]. In this paper, we report the results of our
study on the distribution of molybdenum containing
enzymes and Moco in different parts of the wheat
seed, and their alteration during seed development
and maturation. The data on the synthesis of these
enzymes in developing and maturing wheat seeds
that are obtained from greenhouse-grown plants
are presented. We also discuss the possible role of
molybdenum-containing enzymes in the biochemi-
cal processes of seed development and maturation.

Materials and Methods

Plant material. In our investigations used the
seeds of the spring wheat (Triticumaestivum L.) cul-
tivar Lutescence 70. The seeds were obtained from
the A.l. Baraev Kazakh Scientific-Research Insti-
tute of Grain Farming (Republic of Kazakhstan,
Akmola region, town of Shortandy). The cultivar
was grown in fields at the A.l. Baraev Kazakh Sci-
entific-Research Institute of Grain Farming near the
town of Shortandy (Republic of Kazakhstan, Ak-
mola region) and in Kurgalzhin lands near the city
of Astana (Republic of Kazakhstan, Akmola region)
in 2011 and 2012.

Experimental set-up. For growth chamber ex-
periments, wheat seeds were pre-germinated in an
incubator at 21°C and planted in free-draining, 11
cm-diameter pots filled with acid-washed quartz
sand. Plants were watered with a modified Hoa-
gland’s solution and grown in a growth chamber
at 22°C /18°C day/night temperature under a 12-
hour photoperiod. For green house experiments,
seeds were germinated and grown in 10 L plastic
pots filled with a soil substratum containing light
high sphagnum peat, dark high peat, upper sphag-
num peat moss, PG-Mix (14+16+18), chalk and
sand (the group of OJSC Peat Enterprise «Nester-
ovskoie» and «Torfo» Ltd., Russia; www.torfo.ru).
Plants were grown in a greenhouse at 22°C/18°C
day/night temperature under a 12-hour photoperiod.
In order to harvest samples of the same develop-
ment stage, approximately 150 spikes were tagged
in the pots. Developing spikes were removed from
the mother plant at five-day intervals, starting at day
10 after pollination (DAP) to day 40 and also at the

stage of complete seed maturity. After the removal,
spikes were frozen immediately in liquid nitrogen
and kept in a freezer at -80°C. MoCo and molybdo-
enzyme activities were assayed in extracts obtained
from the frozen kernels on the same day.. In the case
of all samples, kernels were removed from spikes
immediately before homogenization,

Separation of seed parts. The surface of the
seeds was sterilized in NaClO solution (1% active
chlorine)for 5 minutes, washed and imbibed in dis-
tilled water. Mature and dormant seeds were soaked
at room temperature for 48 hours. Since after such
imbibition seeds became very soft, it was easy to
dissect and separate their parts. Moreover, experi-
ments showed that the MoCo content and the ac-
tivities of XDH, AO and NR did not change in the
seeds after 48 hours of imbibition. The embryos
were removed manually, and the endosperm was
removed from the seed coat by gentle squeezing.
Seed coat was used as aleurone layer. Although the
embryo and endosperm obtained by this procedure
were clean, the seed coat was contaminated with en-
dosperm fragments. However, the above-mentioned
molybdoenzymes did not have any activity in the
endosperm (see Results, Table 1), and the separa-
tion procedure provided satisfactory analysis of mo-
lybdoproteins in the seed parts isolated. In the case
of developing seeds, it was not possible to excise
embryos cleanly from seeds younger than 25 DAP.
Therefore, at early stages of seed development,
seeds were divided to the embryo and endosperm at
an approximate ratio of 1:4, respectively, along the
length of seeds. The youngest age at which relative-
ly clean embryos could be obtained for satisfactory
analysis was 35 DAP.

Preparation of tissue extracts. Structural parts
of the wheat seed were macerated with acid washed
sand in an ice-cold extraction buffer containing 50
mM Tris-HCI (pH = 7.5), 1 mM ethylene diami-
netetraacetic acid (EDTA), 1 mM L-glutathione
(GSH), 10 puM leupeptin, 0.01 mM Na MoO, and
0.01 mM flavin adenine dinucleotide disodium salt
dihydrate (FAD). All extractions were done at a ra-
tio of 100 mg fresh weight/ 1 ml buffer. The ho-
mogenate was centrifuged at 15,000 rpm at 50C for
20 minutes and the supernatant part was saved for
analysis.

Determination of MoCo activity. Cofactor
activity in seed tissue was estimated using a NR-
mutant nit-1 of Neurosporacrassa that is unable to
synthesize endogenous MoCo. MoCo activity was
determined by the method of Savidov et al. [15].
Protein fractions (40ul) of the wheat seed, obtained
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by S-300 gel chromatography, were used as MoCo
sources. MoCo was dissociated from its binding
proteins by heating at 800C in the presence of 4
mM GSHfor 2 min. The MoCo preparations (50ul)
were added to a reaction mixture containing crude
extract (50ul)of nit-1 of N. crassa, 10uM FAD, 5
mM Na,MoO,, 5 mM KNO,, 0.2 mM nicotinamid-
eadenosine dinucleotide phosphate (NADPH) and 5
mM Glucose-6-Phosphate (G6P) in a final volume
of 150ul. NADPH-NR complementation was car-
ried out at 100C for 24 hours. Nitrite accumulation
took place during complementation period because
of the activity of the newly reconstituted NR. Nitrite
was determined immediately after the complemen-
tation and prior to the assay of the reconstituted en-
zyme. The reconstituted enzyme was assayed with
0.4 mM NADPH and 5 mM KNO, at 300C for 30
min. The MoCo activity was estimated on the ba-
sis of the amount of nitrite produced by restored
NADPH-NR (pmol ml-1h-1).

Determination of enzyme activities. NR activ-
ity was determined in vitro according to Savidov
et.al.[15] .The reaction medium contained 50 mM
Na-phosphate buffer (pH = 7.7), 5 mM KNO, and
10 uM FAD. The reaction was started by the ad-
dition of the enzyme (i.e., seed part extract). After
10 min of incubation at 280C, the reaction was ter-
minated by adding 50 pl of a mixture of 0.3 mM
phenazinemethosulfate (PMS) and 1 M Zn acetate
(1:1) to remove residual NADPH from the assay
medium. This step was followed by the addition of
0.1 ml of a mixture of 0.02% (NED) and 1% (SA)
(1:1) for nitrite determination. Reaction mixtures
were centrifuged at 10000 rpm for 5 min, and their
absorbance was read at 540 nm after 20 min.

XDH and AO activities were detected in 7.5%
polyacrylamide gels after protein fractionation by
native gel electrophoresis using hypoxanthine and
xanthine as substrates for XDH and vanillin or in-
dole-3-aldehyde as substrates for AO [11], respec-
tively. The samples, which contained approximately
20-25 pg of soluble protein, were loaded onto wells
and electrophoresed at 40C for 1.5-2 hours. Then,
the gels were equilibrated and washed in 100 mM
sodium phosphate buffer (pH = 7.5) by gentle shak-
ing for 10 min, which was followed by incubation in
a reaction mixture containing 0.1 mM PMS, 1 mM
3(4,5-dimethylthiazolyl-2)2,5-diphenyltetrazoli-
um-bromide (MTT) and 1 mM specific XDH/AO
substrate. The activities of XDH and AO were esti-
mated based on the amount of MTT reduction that
resulted in the development of specific formazan
bands. The intensity of formazan bands was direct-
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ly proportional to enzyme activity in the presence
of excess substrate and tetrazolium salt. Quantita-
tive analyses were made by scanning the formazan
bands in the gel with a computing laser densitometer
(Molecular Dynamics) using the software provided
(Image Quant version 3.19.4). Standard curves for
estimation of XDH activity were based on forma-
zan band density in the gels loaded with increasing
amounts of commercial xanthine oxidase (1 unit per
1.3 mg protein, Sigma). XDH activity in gels was
expressed as enzyme unit’s mg-1 protein h-1.

XDH activity was also assayed spectrophoto-
metrically according to Triplett et al. [20].by follow-
ing the production of reduced nicotinamide adenine
dinucleotide (NADH) at 340 nm. AO activity also
was assayed monitoring the change of absorbance at
600 nm of the electron donor 2,6-dichloroindophenol
(DCIP) [14].The absorbance of the enzyme products
were measured in a spectrophotometer (Jenway).

Ureide and soluble protein determination.
Ureides were extracted with 80% ethanol and mea-
sured according to Vogels and Van der Drift [16]
using allantoin (Sigma) as reference. The colorimet-
ric assay was carried out essentially as described by
Vogels and Van der Drift to measure ureides, by
adding phenylhydrazine .The reaction mixture con-
tained the following: 50 mM TES-NaOH (pH 7.8),
0.5 mM MnSO4, 10.4 mM phenylhydrazine-HCI,
2.5 mM sodium ureidoglycolate, and an adequate
amount of enzyme. The reaction was started by the
addition of substrate, and the incubation was car-
ried out at 300C. Convenient aliquots were drawn
from the reaction mixture at different incubation
times and transferred to tubes kept on ice. After 5
min on ice, 1 ml of 12 M HCI and 0.2 ml of 46.6
mM (1.6% w/v) potassium ferricyanide were added
to each tube. The absorbance was measured at 535
nm after 15 min of incubation at room temperature.
Controls were always included to determine the
non-enzymatic formation of ureides. Water-soluble
proteins in the assays were measured according to
Bradford [17] using bovine serum albumin (BSA)
as reference.

Results

MoCo content and molybdoenzymes activities
in the structural parts of dormantwheat seeds.

Table 1 shows the distribution of MoCo, AO,
XDH and NR activities in different structural parts
of the dormant wheat seeds. According to these
data, MoCo activity was highest in the embryo and
aleurone layer, while it was negligible in the endo-
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sperm portion of dormant seeds. The embryo and
aleurone layer extracts exhibited also XDH and AO
activities (Table 1). However, activities of these
molybdoenzymes in the aleurone layer were lower

than that in the embryo. There was no XDH and
AO activity that is detectable in endosperm extracts.
Similarly, no NR activity was detected in extracts of
any dormant wheat seed part (Table 1)

Table 1 — Activities of MoCo, AO, XDH and NR in different parts of dormant wheat seeds

Seed Parts MoCo* AO* XDH* NR*
Embryo 19.7 85+ 1.8+ 0.0
Aleurone layer 12.5¢ 65+ 1.3+ 0.0
Endosperm 0.1 0.0 0.0 0.0

‘umol NO-, formed by nit' NR mg' protein hour'.
*[JJnmol DCIP mg™ protein min™.

“"umol NADH mg! hour™.

“"umol NO-, mg"' protein hour.

The distribution of AO activity in the different
structural parts of dormant wheat seeds after native
gel electrophoresis (Figure 1). AO bands were vi-
sualized in the embryo and aleurone layer. The AO
activity was highest (up to 61%) in embryo extracts,
followed by aleurone layer extracts (31%).

Parts of seeds Em Al En
- .
Total Relative Intensity (%) 62 31 0

Figure 1 — The activity of AO in different parts of dormant
seeds from the wheat cultivar Lutescens 70 (Em — embryo,
Al — aleurone layer, En — endosperm) MoCo content
and molybdoenzymes activities in the structural parts of
developing and maturing wheat seeds

MoCo, NR, XDH and AO activities in develop-
ing seeds were measured at 5-day intervals starting at
10 DAP. The time course of the changes in activities
of MoCo and molybdoenzymes in the embryo dur-
ing development and maturation are shown in Table
2.The MoCo level in the embryo and aleurone layer
gradually increased from10 DAP and reached a max-
imum at 40 DAP. The activity of MoCo in both the
embryo and aleurone layer was low at 10 DAP. How-
ever, a slow but steady increase of MoCo activity oc-
curred in both parts of the developing seeds after 15
DAP, and the synthesis of the cofactor was high at 30
DAP, reaching a maximum at 35-40 DAP and then

plateauing and showing no change from 35-40 DAP
to maturity. In the case of AO, extremely low activ-
ity was detected in the embryo and aleurone layer of
developing seeds until 30 DAP (Table 2, Figure 2).

After 30 DAP, the activity increased rapidly in
the embryo reaching a maximum at 40 DAP and
showing a slight decrease at maturity. In contrast,
there was only slight increase in enzyme activity in
the aleurone layer, and the activity remained at a
steady level thereafter (Table 2, Figure 2).

XDH activity was present in the embryo and al-
eurone layer of seeds throughout their development
although the activity in the aleurone layer was signifi-
cantly lower than that in the embryo. Since such ureides
as allantoin and allantoic acid are a product of purine
catabolism, XDH activity and ureides were assayed in
tandem throughout the seed development. XDH activ-
ity remained at a constant level until full maturity, but
the content of ureides increased 4.5 fold around 35-40
DAP (Figure 5), corresponding to a sharp increase in
AO activity (Table 2). Ureides reached a maximum
at and around 35-40 DAP,and then decreaseduntil full
maturation. Throughout seed development, the amount
of ureides was much higher in the embryo than that in
the aleurone layer. For example,theureides content in
the embryo was 5 times higher than that in the aleu-
rone layer during seed dehydration(data not shown).

There was no NR activity detectable in vivo and
in vitro in the embryo, endosperm and aleurone layer
of developing seeds. In contrast, when seeds were re-
moved from the spikes that were at different stages of
maturation and incubated in 50 mM KNO3 solution for
30 hours, NR activity was detected in embryos starting
at 40 DAP (Table 2). The maximum level of NR activ-
ity was observed in the embryo portion of mature seeds.
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Table 2 — Changes in MoCo, AO, XDH and NR activities in the embryo of wheat seeds during development and
maturation (Em — embryo, Al — aleurone layer)

MoCo" AO™ XDH™ NR™#

DAP Em Al En Em Al En Em Al En Em Al En

10 5.3+ 1.4+ 0.0 102+ 23+14 0.0 1.6+ 04+ 0.0 0.0 0.0 0.0

15 8.5t 1.6 0.0 108+ 25+1.1 0.0 1.7+ 05 0.0 0.0 0.0 0.0

20 9.2+ 1.7+ 0.0 1.5+ 34+14 0.0 1.5+ 03+ 0.0 0.0 0.0 0.0

25 10.7+ 1.8+ 0.0 13.6£ 41+£1.8 0.0 1.9+ 07 0.0 0.0 0.0 0.0

30 13.5+ 2.2+ 0.0 203+  48+1.7 0.0 1.7+ 05 0.0 0.0 0.0 0.0

35 173+ 2.5+ 0.0 388+ 55+£24 0.0 1.8 04+ 0.0 0.0 0.0 0.0

40 17.5¢ 2.7+ 0.0 694+ 9.0+26 0.0 1.8 0.6£ 0.0 0.9+ 0.0 0.0

Full maturity 17.6+ 3.6 0.0 66.5+ 11.8+33 0.0 | 2.0+ 0.6+ 0.0 4.8+ 0.0 0.0

“‘umol NO-, formed by nit' NR mg' protein hour.

“““nmol DCIP mg"! protein min™'.

“umol NADH mg™! hour.[1111][]

"umol NO-, mg™' protein hour"'. Developing seeds were removed from spikes and incubated in 50 mM KNO, for 30 hours and
NADH-NR activity was determinedin their extracts.

DAP 25 30 35 40
Parts of seeds Em Al En Em Al En Em Al En Em Al En
b -
. -

Total Relative Intensity (%) 48 16 0 108 45 0 122 119 0 134 115 0

Figure 2 — The activity of AO in different parts of developing and maturing seeds of the wheat
cultivar Lutescens 70 (Em — embryo, Al — aleurone layer, En — endosperm)

120

100

80

60

40

NR activity, % of control

20

0,_
Control 10 15 20 25 30 35 40 Ful
DAP maturity

Figure 3 — Effect of cell-free extracts of developing seeds on
the induction of NR activity in the embryos of dormant wheat seeds”

*100 mg of freshly excised seeds were rigorously homogenized in 1 ml distilled water and then centrifuged. Then, the supernatant
was heated in boiling water for 5 minutes and centrifuged. The second supernatant was mixed with nitrate solution to a final
concentration of 50 mM (this concentrations of nitrate was found to be optimal for the induction of NR in the embryo). Then, this
solution was used as incubation medium to test its inhibitory effect on the NR induction in the embryo.

Furthermore, we studied the effects of cell-free results showed a correlation between the inhibitory
extracts obtained from seeds at different stages of effects of endosperm extracts of developing seeds
development on the induction of NR activity in the and the AO activity, as shown in Table 2. The effect
embryos excised from dormant seeds (Figure 3).The of ABA on NR activity was also investigated by
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treating excised embryos in that they were incubat-
ed in the presence of different ABA concentrations
and 50 mM KNO3for 14 hours. As shown in Fig-
ure 4, the increasing concentrations of ABA indeed
increased the inhibition of NR activity in excised
wheat embryos because decreases in enzyme activ-
ity were proportional to the concentration of ABA
used. However, NR activity was not inhibited by
ABA in cell-free extracts when 100uM ABA was
added to the reaction mixture.

..

control 10 nM 100 nM 10 uM 100 ph
ABA concentration

U - Y

NR activity,
pmol NO?mg™ protein hour!

[SI ]

—

(=]

Figure 4 — Effect of increasing ABA concentrations on the
induction of NR activity in excised wheat embryos.

Discussion

Although NR is widespread among plants
and the enzyme was first isolated and character-
ized more than 40 years ago, its role in develop-
ing and maturing seeds has not been investigated.
This enzyme is considered to be a limiting factor for
growth, development, protein production and yield
in plants.In this study, we were unable to detect
NR activity in extractsof dormant wheat seed parts
when NADPH, reduced flavin adenine dinucleotide
(FADH) or Methyl viologenhydrogenase (MVH)
was used as electron donors (Table 1). Indeed, our
previous study showed that antibodies to NR did
not detect a cross-reacting antigen among proteins
extracted from embryos, endosperm and aleurone
layer (seed coats) of the wheat seed. Consistent with
the previous results, our current study did not also
detect any NR activity in vivo and in vitro in the
embryo, endosperm and aleurone layer. However,
the incubation of wheat seeds in nitrate solution for
24-30 hours resulted in the appearance of NR ac-
tivity in the embryo but not in the endosperm and
aleurone layer (Table 2). Gupta et al. [18]detected
NR activity in excised embryos of barley seeds af-
ter 4 hour of incubation in nitrate solution. Further-
more, these authors demonstrated that endosperm

extracts inhibit the induction of NR in excised em-
bryos. In our experiments, embryos of 35-40 DAP
were first excised and then incubated in nitrate so-
lution, which led to the induction of NR activity.
Specifically, a significant level of NR activity was
observed, detectable first after 6 hour of incubation
in 50 mM nitrate and reaching a peak after 14-16
hours of incubation (data not shown).These data
suggest that nitrates are taken up and assimilated in
wheat roots and leaves but not in developing and
maturing seeds.

Furthermore, we studied the effects of cell-free
seed extracts made at different stages of develop-
ment on the induction of NR activity in embryos ex-
cised from dormant seeds (Figure 3). These results
show that endosperm extracts inhibit the activity of
AO. It is also known that the induction of NR ac-
tivity is enhanced by cytokinins and suppressed by
ABA. Since AO is involved in ABA biosynthesis,
we hypothesized that ABA regulates the expression
of NR in wheat embryos. Thus, we studied the effect
of ABA on NR activity by subjecting the excised
embryos to ABA treatment. Our results indicated
that the induction of NR activity was responsive to
ABA. It should be emphasized that the actual ABA
uptake rate by the embryo is not measured and can
be lower than that shown in Figure 4. Because we
do not know how much ABA was taken up by the
embryo, the actual ABA concentrations at the tar-
get site may be much lower than the concentrations
that were used in the experiment. Nevertheless, our
dose-response study of ABA clearly indicates that
the expression of NR activity is regulated by ABA.
In fact, the endosperm ABA seems to play a role
in the regulation of NR expression in developing
wheat embryos. Previously showed that the regula-
tion of NR gene expression by ABA in barley leaves
is at the level of transcription. Thus, NR activity in
wheat embryosis induced by nitrate at later stages of
seed development when the ABA level is low. It is
conceivable that, nitrates taken up from the soil do
not reach developing seeds because of their assimi-
lation in roots and then in leaves.

As mentioned before, the embryo and aleurone
layer extracts of dormant wheat seeds contained
both AO and XDH activities; however, AO and
XDH activity in the aleurone layer was lower than
that in the embryo. The activities of these enzymes
were not detected in endosperm extractsof dormant
seeds; this is not surprising since there was little no
MoCo observed in this tissue (Table 1). It is known
that AO catalyzes the conversion of abscisic alde-
hyde to ABA, and AO is a molybdenum contain-
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ing enzyme. This conclusion was confirmed by the
experiments of Omarov et al. [13] performed on
roots of plants fed with tungstate. Our results show
that AO activity in both the embryo and aleurone
layer of the developing wheat seed begins to in-
crease when the water content of seeds begins to
decrease. Indeed, the water content of the seed at-
tained a peak at 25 DAP and then reached its lowest
level at maturity, whereas a linear increase in fresh
and dry matter of the seed was observed between
10 and 30 DAP (data not shown). After this age,
the activity of AO in the embryo showed a sharp
increase, reaching a maximum at 40 DAP (Table 2).
As for the increase of AO activity in the embryo, it
followed the pattern of MoCo activity observed in
the embryo. Thus, MoCo and AO activities reached
their maximum level at 40 DPA, whereas AO activ-
ity in developing seed parts increased sharply at 30
DAP. The increase of MoCo activity in the embryo
and aleurone layer accompanied their AO activity
during seed development and maturation. Although
we did not measure the ABA content in the em-
bryo and aleurone layer of developing and maturing
seeds, Kawakami et al. [19] showed that the ABA
content in embryos of wheat resistant to pre-harvest
sprouting began to increase at 30 DAP and reached
maximum at 40 DAP. Thus, our results are in ac-
cordance with the data obtained by Kawakami et al
[19]. In fact, when seeds enter the stage of maturity
the activity of AO remains almost at steady levels,
whereas the ABA content decreases two times .

XDH plays a key role in catabolic pathways of
purines from which ureides such as allantoin and
allantoic acid are produced [11, 20] XDH activity
data from embryos and aleurone layers of both dor-
mant and developing seeds are presented in Tables
1 and 2. Our results show that XDH activity remains
at a steady level throughout seed development and
maturation, while ureides increase in a correlated
fashion with the increase in AO activity. This ob-
servation raises interesting questions concerning the
role of AO in ureide biosynthesis.

It should be pointed out that such environmen-
tal stresses as drought, salinity and chilling cause
dehydration of plant cells. Similarly, natural seed
maturation process also leads to dehydration of
cells in seeds. It has also been well established that
there is correlation between ABA content and plant
response to dehydration. Furthermore, plant cells
respond to environmental stresses by producing re-
active oxygen species (ROS). There is also substan-
tial data indicating that molybdo enzymes, xanthine
oxidase and AO are the main cytosolic producers
of ROS during oxidative stress in animal cells .

ISSN 1563-0218

Both superoxide anion and hydrogen peroxide are
produced via either a one-electron or two-electron
transfer in the reaction of animal AO with oxygen
. Based on the similarity of animal and plant AOs,
we propose that the plant enzyme also produces free
oxygen radicals during the conversion of abscisic
aldehyde to ABA. Furthermore, lignostilbene di-
oxygenases, the key enzymes in ABA biosynthesis,
which use oxygen in the conversion of violoxanthin
and neoxanthin to xanthoxin, may also produce su-
peroxide anion . Thus, increased ABA synthesis,
which in plant cells can rise from 10- to 50-fold dur-
ing environmental stresses, results in the increase
of ROS.

Uric acid, a product of XDH reaction, in living
cells is oxidized to allantoin by the enzyme uricase,
and also non-enzymatically as potential antioxidant
by ROS. Uric acid is shown to be a powerful,water-
soluble ROS scavenger in animal cells. It is an effec-
tive inhibitor of ROS at levels found in human plas-
ma, whereas ascorbate and glutathione are protective
at concentrations exceeding those of uric acid . Uric
acid may also play an effective role in the protection
from ROS attack and removing the oxidative stress in
plants. For example, catabolism of hypoxanthine in
maize root tips was accelerated more than 3.5-fold by
salt stress or such stress resulted in the accumulation
of allantoin in tissue culture leading to increased con-
version of uric acid to allantoin. Thus, we propose
that increased synthesis of ABA in seeds leads to
the increase of ROS content during their maturation.
ROS chemically oxidize uric acid to allantoin, thus,
the amount of ureides increaseas result of seed dehy-
dration during maturation. It is well known that glu-
tamine and asparagine are important sources of am-
monia during seed germination. Increased synthesis
and accumulation of ureides during seed maturation
may also play important roles during seed germina-
tion later because they are an important reserve and
transport forms of nitrogen in plants. Based on these
results we propose that the main function of plant
XDH is in the production of uric acid, which plays an
important role in the production of ROS scavengers,
uric acid and ureides. Thus, XDH activity remained
at a steady and considerably high level during seed
development, while the increased allantoin synthesis
followed the pattern of AO activity increase (Table
2, Fig.5).

Calculation of DW: at each stage of seed de-
velopment, 20 of 40 freshly excised embryos from
the spikes and seeds were homogenized in buffer
and the extracts were used for allantoin and total
antioxidant determinations. Another 20 of 40 seeds
were dried and weighed.

KazNU Bulletin. Biology series. Nel (63). 2015



18 Molybdoenzymes and molybdenum cofactor in dormant and developing wheat seeds

106 15

20 25 30 35 40 Ful

DAP maturity

Figure 5 — Total ureides (allantoin) content in the embryo
of developing and maturing wheat seeds.

Conclusions

In developing wheat seeds two molybdenum-
containing enzymes, AO and XDH, are synthesized
constitutively. Whereas, NR, the third molybdoen-
zyme, is induced by nitrate. Seed molybdoenzymes
may play an important role in developing cereal
seeds. It has been known that molybdenum-defi-
ciency decreases the activity of plant molybdoen-

zymes, and in molybdenum-enriched soybean seeds
N accumulation, seed yield, and seed protein con-
tent increase(Campo et al., 2009). However, bio-
chemical relationships among molybdoenzymes in
the maturing wheat seed is very much in need of
further investigations. This would help understand
the biochemical mechanism of pre-harvest sprout-
ing of grains, which remains to be a major problem
in agriculture.
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