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B 2024r. ucnionusiercst 1251eT akaaeMuKy
BACXHWJI Muxaunny MBanosuuy XamkuaoBy u 90
net akanemuky PAH Bukropy I'eopruesuuy Psgun-
koBy. Onu 0b111 B CCCP nuoHepaMu B pelieHnn
npoOJIeMbl YCHICHUS TUTATEIbHON LIEHHOCTH 3epHa
KyKYpY3bl CEJIEKIMOHHBIM IyTEM. B ocHOBe uX paboT
nexanu 3pQexTs MyTaluy reHa opagque-2Mexanu3m
JercTBus KoTopoit Obu1 BeisiBiieH B CIIIA 601er
HazaJ. MHoroserHue uccienoanus B KpacHonap-
ckom HUMCX nokazanu oco0eHHOCTH MeTabou3ma
CO3PEBAIOIIEr0 MyTAaHTHOTO HHIOCIIEPMa KyKYPY3bI:
MPHK OundepmenTa mTu3nHKETOpETyKTa3bI-
CaxapoNMHICTHAPOTCHEI, IPEBPAIIAIOIIEMY B KIETKE
CcBOOOTHBIH TN3WH B TIIyTaMUH, HE CTAOMIIBHA U JIETKO
YHUYTOKAeTCsl MOBBIIIEHHON akTuBHOCTHI0O PHK-a351,
9TO NMPHUBOJUT K HAKOIUICHUIO CBOOOJHOTO JIN3MHA B
9H/IOCTIEPME, KOTOPBIHA SIOBUT IS )KUBOU KIICTKH.
Jis HeWTpaau3aluy JIM3WHA YCUITUBACTCS CHHTE3 JIU-
3MHOOTraThIX OEJIKOB AILOYMHUHOB U TJIO0YJIMHOB, KO-
TOpBIE SIBISIIOTCS (PepMEHTaMU, ONPEICIISIOLINMHU Me-
Tabou3M U TudGepeHINANNI0 TKAaHEeH JH0CIepMa.
Kak ciencrsue Hapymaetcs (OpMHPOBaHNE POTOBH-
HOH (nepudepruecKoil) TKaHH, OIPEIEIIAIONIEH Mexa-
HUYECKYIO TPOYHOCTH 3€PHA, M SHAOCIIEPM OKa3bIBa-
€TCs MPEACTABIICH TOJBKO LIEHTPATLHON MYYHUCTON
TKaHBIO, JIETKO ITOpaXaeMOW MUKPOOPTaHU3MaMH U
rpubamMu. DTO TaK HA3bIBAEMBIH «BBICOKOJIM3HHOBBII
cHHIpOM», McciienoBanus B 1abopaTopuy OKa3aly,
YTO OH MPAKTHYCCKH UICHTUYCH <«@QIaNTallHOHHOMY
CUHIIPOMY», KAPTHHE OMOXMUMHYCCKIX H3MCHEHU
MeTa0oIM3Ma B PACTUTEIHHON KIIETKE MPU 3aKauBa-
I0IIIei 30HE cTpecca, Kor/ia MOBhIIICHA aKTHBHOCTh
PHKa3. PaboTbl ameprKaHCKHX U (paHIly3CKHH HC-
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In 2024, Academician of the All-Union Academy of
Agricultural Sciences (VASKhNIL) Mikhail Ivanovich
Khadzhinov would be 125 years old, and Academician
of the Russian Academy of Sciences Viktor
Georgievich Ryadchikov would be 90 years old. They
were pioneers in the USSR in solving the problem of
improving the nutritional value of corn grain thghu
selection based on the mutation of the regulateneg
opaque-2, the biochemical effect of which was disco
ered in the USA 60 years ago. Long-term studi¢keat
Krasnodar Research Institute of Agriculture have
shown the peculiarities of the metabolism of the ma
turing mutant endosperm of corn: the mRNA of the
bienzyme lysine ketoreductase-saccharopine dehydro-
gens, which converts free lysine into glutamin¢hie
cell, is not stable and is easily destroyed byirthe
creased activity of RNase. This leads to the actaimu
tion of free lysine in the endosperm, which is totd
living cells. To neutralize lysine, the synthesigys
sine-rich proteins, albumins, and globulins, whica
enzymes that determine the metabolism and different
ation of endosperm tissues, is enhanced. As atyesul
the formation of horn-like (peripheral) tissue, oHi
determines the mechanical strength of the grain, is
disrupted, and the endosperm is represented only by
central mealy tissue, easily affected by microorgan
isms and fungi. This is the so-called “high-lyssya-
drome.” Laboratory studies have shown that itis al
most identical to the “adaptation syndrome,” agratt

of biochemical changes in metabolism in a plarit cel
during a hardening stress zone, when RNase acisvity
increased. The work of American and French re-
searchers using the microchip method showed the va-
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clieoBaTelNiei METOIOM MUKPOYHMIIOB Noka3aiu crpa-  lidity of this conclusion. The increased content of
BEIUTMBOCTH TOTr0 BbIBOJA. [I0BBILICEHHOE colepkaniue Magnesium cations (Mg++) in the grain of the mutant
B 3€pHE MyTaHTa KATHOHOB MarHUs U CHU)KEHHE CTe- and the decreased degree of mRNA polyadenylation
nenu noiuanenunuposanus MPHK mossonuio cpop-  made it possible to formulate a molecular physislog
MYJIHPOBATh MOJIEKYISPHO-()U3UOIOTUYECKYIO THIIO- cal hypothesis about the molecular mechanismseof th
TE3y O MOJIEKYJISPHBIX MEXaHU3MaX (POPMHUPOBAHHUS formation of frost resistance in wheat and barley

MOpO30yCTOI>'I‘IPIBOCTI/I NMIICHUIBI U AYMCHA

Kimouessie coa: 3EPHO, 'EH OPAQUE-2MV- Key words: GRAIN, OPAQUE-2 GENE, MUTA-
TALIMS, PHKA3A, B})ICOKOJ'II/BI/IHOBI)H\/II u TION, RNA-ASE, HIGH-LYSINE AND ADAPTA-
AJATITAIITMOHHBIM CUHAPOMBI TION SYNDROMES

http://dx.doi.org/10.21515/1990-4665-199-014

I ntroduction

It was discovered in the latter part of the 180f2& proteins are made up of
amino acids and that the nutritional value of vasiproteins varies. But only in
1914, after the discovery of essential amino abid$. Osborne and L. Mendel,
it became obvious that the biological value of emd is determined by their
amino acid composition and that protein is necgs&ar humans and animals
not in itself, but as a source of amino acids.

The problem of protein remains acute in Russiassliock farming and can
be solved through its production and rational U$ere is an acute deficiency of
lysine and tryptophan in food and feed, which aseeatial amino acids for
humans and monogastric (non-ruminant) animals wathsingle-chamber
stomach.

Corn grain provides 15% of the protein and 20% hw& talories in the
world's food supply. It is digested by animals &éethan other grains (by 90%),
while being the highest in energy and calories. elav, its nutritional value is
not high due to the very low content of the abowentioned essential amino
acids in the storage protein (zein).

The creation of a highly nutritious protein complek corn grain still
remains a global problem and is being solved by anodnethods of genetic
engineering. But in our country in the 1970s of #@#h century, enthusiastic

pioneers in solving this problem at the Krasnodaeific Research Institute of
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Agriculture (KNIISKH) wereM.l. Khadzhinov (Fig. 1) and V.G. Ryadchikov
(Fig. 2), who will turn 125 and 90 years old in 2QPespectively.

Figure 1 — Mikhail Ivanovich Khadzhinov (1899-1980yeneticist and breeder, student of N.
I. Vavilov. Academician of VASKhNIL (1966). Even fu@e moving to Kuban (1940), the
author of major monographs on the biology and sieleof corn, the scientist’'s achievement
was the discovery of the phenomenon of cytoplasnate sterility (sterility), that is, the
absence of normal pollen in corn panicles (sultafsprn (1931) regardless of the American
researcher M. Rhodes. Hero of Socialist Labor (1.96€nin Prize (1963), awarded four
Orders of Lenin (1966, 1971, 1973, 1979), OrdethefBadge of Honor (1957), medals. He
was awarded the honorary title “Honored Scientishe RSFSR.” In 1972-1977 - vice-
president of the All-Union Society of Genetics @&réeders named after N. I. Vavilov. Since
1977 - president of the corn and sorghum sectidheEuropean Association of Geneticists

and Plant Breeders.

On the occasion of the 90th anniversary of Academiof the Russian
Academy of Sciences V. G. Ryadchikov, a book ofrhemoirs was published
entitled “Confession of a Livestock Technician” ,[4vhich, in particular,
describes the events associated with breeding #@whdmical work on the
creation of high-lysine corn based on the biochaméffect of the regulatory
mutation the opaque-2 gene, discovered in the USA964, i.e. exactly 60

years ago [10]. Therefore, it is possible to exgme the basic emotional and
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evaluate the scientific aspects of this large meteand production project,
which formed part of the global search for waystprove the nutritional value

of corn grain.

Thefate of enthusiasts

Mikhail lvanovich Khadzhinov. In 1940, Nikolai Ivanovich Vavilov was
arrested. 40-year-old Misha Khadzhinov was at &,ld&ke many of his
comrades, Vavilov's closest collaborators. Thete favas unclear. Misha sat
thoughtfully on a chair in the corridor of VIR -alAll-Union Institute of Plant
Growing, the brainchild of Nikolai lvanovich.

At this time, a creative person came to VIR frombkn, puzzled by
finding here a specialist in corn breeding, who wésarly missing at the
Krasnodar breeding station. This man had interestad/ersations with the
bosses, who were unable to say anything definitdisnssue. Suddenly, one of
the VIR employees approached him in the corridat said quietly: “Do you
see the young man on the chair? He is small imrgtabut very big on corn.
Don't ask anyone, just take him to Krasnodar. Ydunet regret...".

In 1967, academician of VASKhNIL Mikhail lvanovidthadzhinov began
breeding work to increase the content of the necgsamino acids tryptophan
and lysine in corn grain. But for this fundamentatlew work, he needed an
assistant who could carry out biochemical work &edmine amino acids in
grain.

Viktor Georgievich Ryadchikov worked at the All-Union Institute of
Animal Husbandry in the 1960s. The issue of amicid anbalance captivated
him. Amino acids compete with each other duringogitson in the digestive
tract and during translation during biosynthesisttos ribosomes of the protein
chain. American researchers have shown that exxedseertain amino acids
with a deficiency of others cause a sharp decreageowth, nitrogen use and

other changes in physiological functions in whatesr
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To study amino acid imbalance, Victor masteredafimno acid analyzer of
the Japanese company Hitachi. This was exactly Wiidtail Ivanovich needed
for successful work. Therefore, Viktor Ryadchikoaswinvited to work at the
KNIISKh, where, at the age of 35, he headed theaeproquality assessment

laboratory, which was equipped with the latestrsmeand technology.

Figure 2 — Viktor Georgievich Ryadchikov (1934-2p20Soviet and Russian scientist,
specialist in feeding, physiology and biochemistfyarm animals. Academician of the
Russian Academy of Sciences and Russian Acadergrafultural Sciences (2013, 1995),
Doctor of Biological Sciences and professor (19888). Laureate of the Government of the

Russian Federation Prize and Honored ScientisteoRiussian Federation (2000, 1994).

Suffice it to say that the laboratory had four amacid analyzers from the
Japanese company Hitachi, two liquid chromatogrdgm the same company,
Technikon and an installation for the determinatudrlysine and protein with
orange-g dye (Sweden). An installation for isofaeggroteins from the USA, a
densitometer for studying nucleic acids from the.UHKree ultracentrifuges:
two from the German company VAC (601 and 602) amel foom the Japanese
company Hitachi. Centrifuge Park, spectrophotomefgrd much more. The
laboratory received chemicals without restrictidream Germany from Merck
and from Switzerland from Sigma.

All this was largely a consequence of a visit te iiistitute in 1968, a year
before the creation of the laboratory by V. G. RyJaklov, General Secretary of

http://ej.kubagro.ru/2024/05/pdf/14.pdf
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the CPSU L. I. Brezhnev and Chairman of the Courfd¥inisters of the USSR
A. N. Kosygin. The purpose of the visit is to getjaainted with the work of the
institute on the creation of highly productive grarops, as well as to express
deep respect to Academician P. P. Lukyanenko fsrduitstanding breeding
achievements.

State leaders also talked with Academician M.I. dktanov. He shared his
plans for the future and spoke about the importaficzeating high-lysine corn
hybrids for livestock breeding and human nutriticAcademician P. P.
Lukyanenko was also interested in this topic.

Collaboration of enthusiasts. Academician of the All-Russian Academy of
Agricultural Sciences M.l. Khadzhinov was the filstthe USSR to develop
models of forms of highly nutritious corn with aghicontent of protein, lysine
and tryptophan based on a number of mutationsctimmge the metabolism of
the endosperm of the corn grain. Mutation of trgulatory gene opaque-2 was
the main hope for increasing the content of theessary amino acids
tryptophan and lysine in corn grain. However, aarease in the nutritional
properties of corn grain was associated with a edsm in yield and a
deterioration in the physical properties of themfa, 2].

During combine harvesting, the grain of high-lysoceen was more easily
damaged than the grain of regular flint corn. At time of harvest, this corn had
a higher moisture content than normal corn. Ibiild not be dried immediately
to standard humidity, it quickly began to mold. tAat time, drying equipment
was extremely insufficient on farms, which creatdificulties with the
preservation of new corn. If it was dried in tintlkeen there were no problems
with its storage.

Its nutritional advantage could be observed noy artien feeding animals
on farms, but also in the field. The birds happi&cked it from the cobs, while
ordinary corn in the neighboring field remainedauthed [4].

http://ej.kubagro.ru/2024/05/pdf/14.pdf
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Numerous studies around the world have shown timaier the influence of
a mutation in the opaque-2 gene, the activity ofiyrenzymes changes [1, 2]. In
particular, the mutant endosperm contains lesgtstavhich is associated with
low activity of the enzymes glucose-6-phosphateiketmerase and ADPG-
starch glucosyltransferase (starch synthetasexiSigvery dense and makes up
at least 70% of the dry matter in the endospermis Tdetermines the
deterioration of the physical conditions of theigrand the decrease in the yield
of high-lysine hybrids. In addition, the increasewisture content of mature
grain of new corn, associated with a relativelyhhagpntent of free amino acids,
sugars, and ash elements, determines the increaseeptibility of grain to
insects and fusarium.

The theoretical foundation for the idea of prodgcimgh-lysine corn was
developed in the laboratory of V. G. Ryadchikovarder to get around the
challenges that arose. The cause of the pleiotreffect is increased RNase
activity in the ripening grain of high-lysine colnd, as a consequence, a
redistribution of MRNA stability, leading to an nease in the synthesis of some
proteins but a sharp decrease in the synthesighef @roteins, according to
experimental studies conducted to investigate tleasans behind the
redistribution of protein fractions in the mutamaig.

In addition to a reduction in the primary zein s protein's mMRNA
levels within a mutant maize grain, the contentn®NA of other proteins also
changes compared to their level in the grain ofmabrcorn.

A series of studies were conducted in the laboyatdrV. G. Ryadchikov
to test the idea that the destruction of shortdiRNA, which is responsible for
the instability of some mRNAs, leads to the stahtion of the remaining
MRNAs. It was demonstrated that when actinomycioldzks transcription, the
ripening grain of regular corn's mMRNA decays, iasieg the grain's lysine
content, and RNase inhibitors introduced into tbé of high-lysine 02-corn

reduce the lysine content in its grain compareithéocontrol.

http://ej.kubagro.ru/2024/05/pdf/14.pdf
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All biochemical changes in the grain of the mutlomtthe opaque-2 gene
were theoretically explained by the paradoxicaéeffof an increased level of
RNase activity on the mRNA population.

It was experimentally established that the mRNAhaf major components
of zein 22 kDa is less stable than the zein 19 kiBdNA, and the mRNA of the
bienzyme lysine ketoreductase-saccharopine dehgdesg (LKR-SDH), which
converts free lysine into glutamine in grains, m@cterized by very weak
MRNA stability. This corresponds to the moleculasdgical picture observed
in the ripening grain of mutant corn: the mRNA dfetbienzyme lysine
ketoreductase-saccharopine dehydrogens is verly eksitroyed by increased
RNase activity, this leads to the accumulationreéflysine in the endosperm,
which is toxic to the living cell. Therefore, toutealize lysine, the synthesis of
lysine-rich proteins, aloumins and globulins, ih&nced. But these proteins are
enzymes that determine the metabolism and diffetgort of endosperm
tissues. As a consequence of their inadequateatgctive formation of horn-like
(peripheral) tissue, which determines the mechamstangth of the grain, is
disrupted, and the endosperm is represented onbeblyal mealy tissue, easily

affected by microorganisms and fungi [1, 2].

Biochemical and molecular biological research

The ripening grain of mutant corn is a pioneer plalpject in important
fundamental research that allows us to obtain newwkedge about the
regulation of gene expression, which, in turn, isee the development of new
genetic engineering approaches to increase itgian#l value.

Global genetic engineering research has led testhation, sequencing and
study of the regulation of gene expression of @yain storage proteins - zeins,
as well as the opaque-2 gene itself [7, 12].

At the Institute of Bioorganic Chemistry of the USSAcademy of
Sciences, the Soviet scientist Vladimir AlekseeviEfimov (1947-2010)

http://ej.kubagro.ru/2024/05/pdf/14.pdf
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synthesized the zein gene, enriching it with lysindons [1, 2]. Unfortunately,
this joint work with KNIISKH was interrupted by throcesses of perestroika in
our country.

Researchers from around the world have devoted rypaans to studying
the genetic and biochemical phenomenon of mutatidhe opaque-2 regulatory
gene. An outstanding researcher of this mutartteatriolecular biological level
Is the American scientist Brian LarkinBr{an Larking. His first work on corn
dates back to 1975, and his last one is 2022.

Currently, this problem is being studied using anbmmation of research
methods: transcriptome (cDNA libraries with mRNA)yoteome roteins that
are expressed in a given cell, tissue, or orgaaisengiven timgand metabolic
analysis nethods of mathematical modeling of metabolism,cwrallows one

to determine the rate of reactions in the metabwievork) [6-9, 11, 12].

On therelationship between high-lysine and adaptation syndromes

Analytical work in the laboratory of V. G. Ryadcbik based on literature
data showed that under extreme environmental fmatorresponding to the
hardening stress zone, when the level of RNaseitgcdis increased, plant cells
develop a complex of biochemical changes (adaptagiondrome), similar to
that in high-lysine mutants (high-lysine syndromeflanges in the activity of
many enzymes [1, 2]. This hypothesis was experialgntonfirmed by B.
Larkins using the microarray method [9].

According to the laboratory of V. G. Ryadchikov,etlendosperm of
ordinary corn consists of two tissues that diffedically in the level of RNase
activity: peripheral, horn-like (12 units of activiper gram) and central, mealy
(60 units/g). At the same time, mealy tissue isratigrized by all the
biochemical features of the high-lysine syndroniiee endosperm, mutant for
the regulatory gene opaque-2: RNase activity isn®8g higher, increased lysine

content associated with the redistribution of profeactions - reduced content

http://ej.kubagro.ru/2024/05/pdf/14.pdf
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of the main storage protein - zein, poor in lysibhaet the content of albumins
and globulins rich in lysine is increased; starghtlsesis is impaired [1, 2]. The
endosperm of the mutant consists entirely of méague. French researchers
using microchips confirmed that powdery tissue a@snmfed under hypoxic
conditions, that is, under stressful conditions [6]

Perhaps the increased content of enzymes (albumih @obulins)
determines the increased 2.5-times level of magnmesiations (Mg2+) in the
mutant grain, because magnesium activates ovee@gfimes and is involved in
a wide range of metabolic processes. Magnesiumatguthe synthesis of cyclic
AMP and is involved in the creation and degradatbmucleic acids, proteins,
fatty acids, and lipids. At the same time, the degrf mMRNA polyadenylation in
the mutant endosperm is reduced: the mRNA of prdiedies, microsomes, and
free polyribosomes in ordinary corn is correlatedhis indicator as: 0.88; 0.55;
1.06; and in the opaque-2 mutant: 0.75; 0.36; 0[162].

Cationsmagnesium is an important component during thetioreaf the
spatial structure of RNA and its stabilizatiofhe most general effect of Mg2+
on any tissue is that it stabilizes the structdrebmsomal and transfer RNA, but
destabilizes the mRNA molecules that control thesralv rate of protein
synthesis [3, 5].

These facts about the ratio of magnesium conteatdall and the degree of
polyadenylation of its total mMRNA, obtained in thesestigation of the high-
lysine syndrome of the opaque-2 mutation, are ofdl&mental importance during
the creation of the adaptation syndrome. In pdeicun the development of
molecular physiological concepts about the fornmataf frost resistance of
winter varieties of wheat and barley.

When studying the phenomenon of frost resistartcgas shown that the
more magnesium in ribosomal RNA, the higher thexdiaional activity of

polyribosomes in vitro. That is, it can be assurtiet translational activity is

http://ej.kubagro.ru/2024/05/pdf/14.pdf
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determined by two parameters: the degree of pohyddgon of mRNA and the
amount of magnesium cations in rRNA [3].

This hypothesis (Fig. 3) requires additional reskeabut there is no doubt
that studies of the relationship between high-lgsamd adaptation syndromes

have provided an experimental and theoretical dasiss formulation.

Genotype: Environment:
content of magnesium cations hardening temperature
(Mg™) in mature grain (4°C)

W ' 4

Mg™ content in seedling RNA

"4 \

directly proportional inversely proportional to
magnesium-dependent magnesium-dependent
stabilization of ribosomal RNA decrease in the degree of
and increase in its translational polyadenylation and
activity translational activity of mRNA

N ' 4

frost tolerance of varieties
as a consequence of differential polar changes
in the stability and translational activity of
mRNA and rRNA

Figure 3 — The concentration of magnesium catiortbe cell is a trigger for the formation of
frost resistance of winter forms of soft wheat @aadey (hypothesis)

Thus, the 1968 visit of L. I. Brezhnev and A. N.g¢gin to the KNIISH
not only supported breeding work, but also provifi@adamental research on

the molecular physiology of ripening corn graing fAcademician M. |I.
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Khadzhinov and the frost resistance of winter \a@seof wheat and barley for
academician P. P. Lukyanenko.

In addition, in the vivarium of V. G. Ryadchikoviaboratory, model
experiments were carried out to study the effectlysine and tryptophan
imbalance on the growth and development of laboyanhite Wistar rats and
piglets. The fundamental effect of the imbalance veareduce polyadenylation
and the corresponding stability of liver mRNA. Hoxge the translational
activity of polyribosomes in vitro was corresporglinreduced with tryptophan
iImbalance, but paradoxically increased with lysmbéalance. The reason is an
increase in the content of magnesium cations ifitke due to lysine imbalance
[1, 2]. This corresponds to the patterns presented-igure 3 about the
relationship between the stability of rRNA and mRMA&en the concentration
of magnesium cations changes in the eukaryotic cell

The successful development of molecular biologyhm world opens up
new opportunities, new ways in order to address iiseie of raising the
nutritional value of corn grain. Research on RNAeiference and genome
editing has gained significant importance recently.

However, the researchers encountered insufficielecsvity towards the
target RNA. In the future, when the problems of spmeific RNA binding are
resolved, RNA interference may become the mainctoe for improving the
nutritional value of corn grain. Then the fruitstbe activities of academicians
M.I. Khadzhinov and V.G. Ryadchikov and their drsaof radically improving
the feed supply of Russian livestock will come trivay their memory be

blessed...
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