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Abstract. Glycosylation is the last step in the biosynthesis of the secondary metabolite. The glycosylation
process is catalyzed by glycosyltransferase (GTs), which are highly divergent and polyphyletic and belong
to a multigene family in plant organisms. Among them, the GT family 1 is the largest, often referred to as
UDP-glycosyltransferases (UGTs) and catalyzes the transfer of a glycosyl moiety from UDP sugars to a
diverse array of substrates, including hormones, secondary metabolites, and xenobiotics such as pesticides
and herbicides. UGTs play an essential role in stabilizing, enhancing water solubility, and deactivating/
detoxifying natural products, leading to regulating metabolic homeostasis, detoxifying xenobiotics, and
the biosynthesis, storage, and transport properties of secondary metabolites. In this review, we include the
classification, nomenclature, and sequence homology of glycosyltransferases and summarize their roles in
plant defense mechanisms, detoxification, secondary metabolite biosynthesis, and hormone regulation with
examples from some studies conducted in plants. Knowing more about the function and mechanism of this
gene in the organism will be essential to discover its industrial and scientific importance in the future. It
is a significant topic in the pharmaceutical industry, especially as it plays a critical role in the synthesis of
secondary metabolites and the defense system of plants.
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Introduction

Approximately two-thirds of the carbon in the
biosphere exists as carbohydrates [1], and the transfer
of glucose is quantitatively the most important
biotransformation on earth [2]. Glycosyltransferases,
which catalyze the transfer of a sugar residue from
an activated donor to an acceptor molecule, are found
in all living organisms. In contrast to animals, plants
are sessile organisms and cannot move away from
adverse environmental conditions; they need to adapt
to environmental stresses. Therefore, they have evolved
distinct mechanisms by which tolerance against these
stresses can be achieved, including a huge range of small
molecule compounds active in defense and signaling.
Plant secondary metabolite glycosyltransferases (GTs)
play an important role in this adaptation, as glycosylation
changes the stability, solubility, and biological activity

of such small molecules and creates a high diversity of
plant metabolites. They are crucial for the biosynthesis of
secondary metabolites and the regulation of the activity
of several signaling molecules and defense compounds,
and they also play a significant role in the detoxification
and compartmentation of endogenous compounds
and xenobiotics [3]. The huge diversity of plant
secondary metabolites is especially attractive for human
exploitation. Several pharmaceuticals and food additives
are based on plant chemical structures because of the
antimicrobial, antioxidative, and anticancer properties
of several of these natural compounds. Recombinant
glycosyltransferases could also have interesting
industrial applications, providing a unique toolbox for
the specific design of modified natural products.

Finally, GTs are suitable candidates to improve food
or crop quality, and a better understanding of their in
vivo function could have interesting prospects for plant
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metabolic engineering. Despite major advances in plant
biology due to genome annotations and omics approaches,
only a few plant GT functions have been deciphered. The
vast majority are still orphan enzymes without known
specific substrates or physiological roles, thus providing
a high yet unexplored potential. The following sections
of this chapter will give a more detailed introduction
to all the important aspects regarding plant secondary
metabolite glycosyltransferases mentioned in this short
overview.

Classification of glycosyltransferases

According to the International Union of Biochemistry
and Molecular Biology (IUBMB) nomenclature,
glycosyltransferases (GTs) belong to class EC 2.4.x.y.
[2]. However, there are several limitations to applying
this classification to GTs, as for most of these enzymes,
their biological functions are still unknown, and many
of them are known to have broad substrate specificities.
Therefore, they are characterized as different families
according to their degree of primary sequence identity
[2, 4]. To date, there are 116 glycosyltransferase families
listed in the Carbohydrate-Active Enzyme (CAZy)
database http://www.cazy.org/GlycosylTransferases.html
[5]. In plants, the largest family is GT family 1, and
among these enzymes are those that utilize a uridine
diphosphate (UDP) activated sugar as a donor in the
glycosylation reaction. Therefore, those referred to as
UDP-dependent glycosyltransferases or UGTs. [6-8].
123 different UGTs exist in the model plant Arabidopsis
thaliana (Table 1), which are classified into 14 different
phylogenetic groups [8-10] (http://www.p450.kvl.dk/
At ugts/table.shtml). Table 1 shows the predicted
number of genes, genome size and the identified UGTs

Table 1. Sequenced UGTs genes in the different genomes

of some model plants.

A UGT nomenclature was developed based on
divergent evolution [6]. Enzymes that show more than
40% amino acid identity are grouped within the same
family designed by a number; plant UGTs belong to
families 71-100. Furthermore, each family is divided
into different subfamilies, each of which comprises
UGTs with 60% or more sequence identity described by
a letter, which is followed by an Arabic number assigning
each single gene (Fig. 1). A second nomenclature exists
based on the secondary and tertiary structures of GTs
and their mechanisms of catalysis [4]. In this work, the
UGT nomenclature was used based on Mackenzie ef al.
(1997).

UGT - Superfamily (UDP-glycosyltransferase)
72 - Family (>40% identity)
A - Subfamily (>60% identity)

4 - Individual gene

Example:
UGT72A4

Fig. 1. Summary of the current UGT superfamily classification
and nomenclature system [6]

Sequence homology

In general, plant glycosyltransferases show only little
sequence similarity [22]. However, their amino-terminal
regions are more variable than the carboxy-terminal
regions, which supports the suggestion that this domain
might be involved in recognizing and binding the diverse
aglycon substrates. The carboxy-terminal region, in
contrast, shows more sequence homology and was
thought to be involved in binding the nucleotide sugar
substrate [7]. This assumption could later be confirmed
by analysis of the crystal structure [8] and site-directed

Predicted number

Genome size

Plant species of genes (Mb) Putative UGTs References

Arabidopsis thaliana 27416 135 123 [11] TAIR homepage
Malus x domestica 57524 750 242 [12] Zhou et al., (2017)
Vitis vinifera 33514 487 228 [13] Wei et al., (2021)
Populus trichocarpa 45654 485 178 [14] Caputi et al., (2012)
Glycine max 46430 1115 212 [15] Yin et al., (2017)
Camellia sinensis 42628 3105 230 [16] Hoffmann et al., (2023)
Cucumis sativus 26682 243 85 [17] Huang et al., (2009)
Oryza sativa 25012 389 180 [18] Tanaka et al., (2008)
Sorghum bicolor 27640 730 180 [19] Paterson et al., (2009)
Selaginella moellendorffii 22285 212.5 74 [20] Banks et al., (2011)
Zea mays 93770 2400 147 [21] Li et al., (2014)
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Fig. 2. Plant UGT consensus motif. Consensus sequence defining the plant secondary product glycosyltransferase (PSPG) box. It
encompasses the motif typical of all UGTs. Two highly conserved residues downstream of the PSPG box are also indicated [16], [25].

mutagenesis [23]. A highly conserved sequence was
found in the C-terminal region of UGTs involved in
secondary plant metabolism called Plant Secondary
Product Glycosyltransferase (PSPG)-Box [24]. These
44 amino acid-long boxes (Fig. 2) contain an N-terminal
extension compared to the originally proposed consensus
sequence for UDP-glycosyltransferases [6]. Database
searches for sequence similarity with the PSPG motif led
to the identification of more than 100 different plant GTs.
In the Arabidopsis GT family 1, most GTs are UGTs,
carrying the C-terminal consensus sequence, except for
three GTs. UGT80A2, UGT81A1, and UGT81B1 have
incorporated additional residues in their PSPG motif,
showing higher similarity to non-plant UGT sequences.
They are more conserved and catalyze housekeeping
functions. The UGT families containing the PSPG motif
are less stable than the ones without it, since PSPG-
containing UGTs are putatively involved in secondary
metabolism and thus subjected to recruitment for novel
functions [25].

Functions of UGTs
1. Glycosylation of secondary metabolites

Plants can synthesize several thousands of low
molecular weight compounds or so-called “secondary
metabolites”. These organic compounds are not directly
involved in organisms’ normal growth, development,
or reproduction and are not required for survival. The
extremely high diversity of secondary metabolites
found to date might be necessary for the plants to
respond to the continuously changing environment to
which they are exposed due to their sedentary lifestyle
[26]. Each plant family, genus, and species produces a
characteristic mix of secondary metabolites, which can,
therefore sometimes also be a useful taxonomic tool.
Glycosylation is a prominent modification reaction
and is often the last step in the biosynthesis of natural
compounds. Other modifications contributing to the high
variety and complexity of plant secondary metabolites
are carboxylation, methylation and hydroxylation [3].

108

Glycosides of a huge group of secondary metabolites
such as phenolics, terpenoids, alkaloids (e.g.,
betalains), thiohydroximates (glucosinolate precursors),
cyanohydrins (cyanogenic glycoside precursors),
and steroids could be identified [22]. Flavonoids, for
example, are a huge and diverse plant natural product
group often in glycosylated forms. Approximately 9000
different flavonoids have been reported from plant
sources [27]. In addition to their UV-protective function,
evidence suggests that flavonoids are also involved in
plant development, such as pollen fertility in petunia and
maize [28] or auxin transport [29]. Among the flavonoids,
anthocyanins, the glucosides of anthocyanidins, are the
major flower pigments in higher plants. They are water-
soluble and may appear red, purple, or blue according to
the vacuolar pH [30]. 1-O-sinapoylglucose, a compound
derived from the phenylpropanoid pathway (in members
of the Brassicaceae family), is an intermediate in the
synthesis of sinapoylmalate, a putative ultraviolet
protectant in foliar tissue [26]. Glucosinolates, found
almost exclusively in the Brassicaceae family, are
compounds derived from glucose and amino acid. They
are stored in the plant vacuole; upon tissue damage,
they come into contact with enzymes, which convert
them into compounds responsible for the bitter or
sharp taste of many common foods. In addition to their
roles in plant defense against herbivores, they have
also been shown to have fungicidal, bactericidal, and
cancer chemoprotective effects [31]. These are only a
few examples of the huge array of glycosidic secondary
metabolites synthesized by plants. Glycosylation not
only plays an important role in the biosynthesis of
secondary metabolites; it also alters the physical and
chemical properties of the small acceptor molecules and
their movement within the cell. The covalent bonding
of sugar residues to the nucleophilic parts of organic
molecules leads to reduced reactivity, toxicity, and/or
higher stability of the acceptor molecules or converts
them into more stable storage forms [3]. The addition
of sugar moieties to small hydrophobic molecules also
increases the polarity. Thereby, the water solubility
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of the resulting compound. It inhibits free diffusion
through lipidic membranes, thereby influencing cellular
compartmentation and regulating the local concentration
of metabolites [6]. Aromatic compounds such as vanillin
are stored as a bitter glycoside in the vacuole and released
through the action of endogenous glycosidases during
the ripening process [32]. Glycosylation of cyanogenic
compounds avoids their spontaneous hydrolysis, which
releases toxic hydrogen cyanide [33]. Saponins are
terpene glucosides with antifungal properties. Removal
of their sugar residues results in a loss of bioactivity
[34]. Another example is the reduced toxicity of the
glycosylated form of the alkaloid solanidin from
Solanum tuberosom [35]. Glycosylation usually leads
to stabilization and inactivation, but cases are known
where adding the sugar residue also leads to activated
conjugates, highly energetic compounds and biosynthetic
intermediates. This has primarily been demonstrated with
1-O-sinapoylglucose, a high-energy glucose ester, which
is used as an activated sinapate donor in the synthesis of
sinapoylmalate and sinapoylcholine in the Brassicaceae
family [26]. In addition to sugar conjugation, hydrolysis
is another important and complementary part of
glycoside metabolism [36, 37]. The hydrolysis of the
glycosides by beta-glucosidases leads to the fast delivery
of the (usually active) aglycon.

2. Regulation of plant hormones

Control of hormone homeostasis is crucial to
rapidly adapting plants to continuously changing
external environments. Therefore, various mechanisms,
including glycosylation, have evolved to precisely
control the levels and compartmentation of different
active hormones in plant cells and tissues. Depending
on the individual hormone, glycosylation can be either
reversible (most hormone glycosides) or irreversible
(e.g., 7-N- and 9-N-glucosilation of cytokinins) [38§]
and glycoside conjugates have bioactivities different
from the free forms of the hormones. Glycosylation of
plant hormones or their precursors is an important issue
in regulating related defense pathways. All classical
hormones, except ethylene, occur as glycosides in plants
[26]. Many other mechanisms regulating hormone
activity and other conjugation forms exist, including
amides or fatty acid esters. The first glycosyltransferase
glucosylating the plant hormone indole acetic acid (IAA)
was cloned from maize [39]. Later UGT84B1, showing
high TAA glucosylating activity, was isolated from
Arabidopsis [40]. Glycosylation of cytokinins involves
O-glucosylation, O-xylosylation, and N-glucosylation
[41]. Zeatin is the most common cytokinin; its
glucosides are transport and storage forms protected
from enzymatic digestion. Zeatin glycosylating enzymes

have been identified in several plant species [42-44].
UGT76C1 and UGT76C2 from Arabidopsis can form N-
and O-glucoside conjugates in vitro. UGT76C1 function
towards cytokinins in vivo was confirmed in transgenic
plants with constitutive overexpression [38]. Abscisic
acid glucose ester is the most abundant conjugate of the
plant hormone abscisic acid (ABA), but several other
glycosides of ABA have been identified in many plant
species [45]. The A. thaliana genome contains eight
sequences coding for UGTs able to glycosylate abscicic
acid. One of them, UGT71B6, showed enantioselective
glucosylation only towards the naturally occurring cis-S-
(+)-ABA in vitro [46]. The same protein was also shown
to be able to glucosylate a wide range of ABA analogues
in vitro [47]. Several brassinosteroid glycosides
have also been identified in plants [48, 49]. The only
glycosyltransferase able to glycosylate brassinosteroids
was found in 4. thaliana [50]. UGT73C5 catalyzes
23-0-glucosylation of the brassinosteroid brassinolide
and its biosynthetic precursor, castasterone. Studies
using overexpression and knockout lines confirmed that
UGT73CS is involved in brassinolide glucosylation in
plants. Interestingly, the same gene is able to glycosylate
a fungal toxin [51], which suggests that UGT73C5 may
play a dual role in the plant’s glycosylation of endogenous
and exogenous acceptors. Salicylic as well as jasmonic
acid are two other important plant hormones, the activity
of which seems to be regulated by conjugation. Both are
key players in plant defense reactions [52].

3. Involvement in plant defense and detoxification

Plants have to defend themselves continuously against
a host of different unfavorable environmental conditions.
These can be abiotic stress cues such as drought, heat,
cold, or oxidative stress, as well as biotic stress factors
such as herbivore attacks and bacterial or fungal
infections. Several UGTs are highly inducible by abiotic
and biotic stress factors [53, 54], indicating an important
stress-related function. Accordingly, the changed
expression of candidate UGT genes led to an altered
defense response in several cases. Langlois-Meurinne
et al. (2005), for example, reported two UGT knockout
mutants with decreased resistance to the hemibiotrophic
pathogen Pseudomonas syringae. Scopoletin is a
phytoalexin that accumulates in abundance during the
hypersensitive response to block the spreading of the
tobacco mosaic virus; it is known to be glycosylated
in tobacco through the UGT TOGT. Downregulation
of TOGT led to increased oxidative stress, whereas
overexpression in plants resulted in precocious lesion
formation during the hypersensitive response to
the tobacco mosaic virus [55, 56]. Overexpression
of UGT74F2 led to increased susceptibility to the
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hemibiotrophic  pathogen Pseudomonas syringae,
caused by reduced salicylic acid and its glucoside levels
[57]. Salicylic acid (2-O-hydroxybenzoic acid) is an
important signal molecule in plant development and
defense. Two glucosylated forms have been identified in
plant species: the glucose ester and the 2-O-glucoside.
Both the conjugated and the free form are increased
upon pathogen infection. An in vitro screening of several
recombinant UGTs from Arabidopsis revealed two
active proteins against salicylic acid (SA) and benzoic
acid [58]. UGT74F1 forms only SA 2-O-B-D-glucose
(SAG), while UGT74F2 forms both SAG and the SA
glucose ester (SGE). Using mutant Arabidopsis plants,
it could be shown that changes in either UGT74F1 or
UGT74F2 activity can dramatically affect the in vivo
metabolism of exogenously supplied SA [59]. Jasmonic
acid is another important plant hormone involved in plant
defense against herbivores (wounding) and necrotrophic
pathogens [60]. One Arabidopsis GT (UGT74D1)
recognized JA in vitro but showed significant activity

towards other substrates [61]. Additionally, a jasmonic
acid glucoside accumulated in wounded leaf extracts of
A. thaliana [62]. This further supports the importance of
plant UGTs in hormone regulation and plant-pathogen
interactions.

Triterpenoid biosynthesis

Triterpenoids and sesquiterpenoids are biosynthesized
via the MVA pathway, whereas monoterpenoids,
diterpenoids, and tetraterpenoids are biosynthesized
via the MEP pathway. The first diversifying step
in triterpenoid biosynthesis is the cyclization of
2,3-oxidosqualene catalyzed by oxidosqualene cyclase
(OSC; Fig. 3) [63]. Animals and fungi generally have
only one OSC, lanosterol synthase (LAS), for sterol
biosynthesis. However, higher plants have several OSCs
for sterol biosynthesis, such as cycloartenol synthase
(CAS) and LAS [64], and triterpenoid biosynthesis.
The molecular diversity of OSCs enables more than 100
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skeletal variations of triterpenoids in plants [65]. Until
now, dozens of OSC genes from model plants, crops,
and medicinal plants have been cloned and functionally
characterized. For example, the A. thaliana genome
has 13 OSC genes, and the functional identification
of these genes has been completed, at least, by in
vitro experiments. Most of the OSCs from eudicots
are phylogenetically classified into some groups, and
the reaction products differ from group to group. Site-
directed mutagenesis and homology modeling of plant
OSCs have been carried out to investigate the reaction
mechanisms regarding their product variety. In OSCs
from various organisms, the structure of the human LAS
protein was elucidated [66].

After an OSC constructs the basic triterpenoid
skeleton, the skeleton is modified into a hydrophobic
aglycone called sapogenin. The first modification is
oxidation catalyzed by cytochrome P450 monooxygenase
(P450), and this step enables further modifications
such as O-glycosylation. P450 is highly diverse and
catalyzes several chemical reactions committed to
secondary metabolism [67]. Glycosylation is essential
for saponin biosynthesis. Glycosylation increases the
water solubility and changes the biological activity of
triterpenoids. Uridine diphosphate (UDP)-dependent
glycosyltransferases (UGTs) recognize a wide range of
natural products as acceptor molecules. P450 species
and UGTs belong to multigene families and are the key
factors in the explosive diversification of other plant
natural products. In the case of reported P450 species in
saponin biosynthesis, those CYP families vary, respecting
the carbon skeletons of the triterpenoid substrates and
the target positions of the reactions [68]. The diversity of
these enzymes makes identifying the genes for saponin
biosynthesis difficult. The genes involved in triterpenoid
biosynthesis identified in plants to date are presented as
follows [69].

Summary

Glycosylation, catalyzed by glycosyltransferases
(GTs), is the final step in the biosynthesis of secondary
metabolites and has been shown to be important in plant
self-defense against biotic and abiotic stresses. The
fact that this gene is a superfamily can be seen that it
is divided into 116 groups by structure and function.
GTs have been revealed owing to the development of
scientific technology, such as omics, the functions of the
majority remain uncharacterized. Not only secondary
metabolite synthesis and defense systems, but also
diverse mechanisms such as detoxification and hormone
regulation, may have new implications. The sketchy
knowledge on important topics such as structure,
function, and motif sequence of glycosyltransferases

will be useful for the use and efficiency of enzymes that
synthesize important glycosylated compounds.
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XypaaHryii. Imuko3mwisuiin nporecc Hb X0EpA0ord MeTabOoINTHIH OHOHUAIAIKIMAH XaMTHIH CYYITHHH
mar oM. [nuko3wmsinuitH npouecchr miuko3uiaTpancdepasa (GTs) xypaacragar Gereex TAAr3p Hb
OJIOH sUITaaTai, MoMM(UIETHK IUHX YaHapTai 0ereel ypramiiblH Mall TOM OYJIST reH oM. Taaraspuita
nmorpooc GT 1-p Oymar xamruitH ToM HB Oereen mx’BwIdH UDP-rmukosmirpancdepaza (UGTs) rax
Hepmaraaer 6a UDP caxapaac NIMKO3MIIMHH X3CTHAT TOPMOH, XOEPIOTd METabOIHUT, KCEHOOMOTHK 33p3r
OJIOH TOPIWHH CyOCTpaT ypyy MIMIDKYYJAST Karaau3aTtopblH Yypar TyHmdTrmsr. UGT we Oaiiramuita
rapantaii OyTIdIIPXYYHHHT TOTTBOPXKYYJIaX, YCaHI yycaxX HYaABaphil caibKpyynax, HWAIBXTYIKYYIDX/
XOPTYWXKYYISX3 dYyXall YYpar TYHIPTrasr 0ereex 3H® Hb OOMUCHIH CONMILIOOHBI TOMEOCTA3bIT
30XMIlyyIaX, KCCHOOMOTHKUIT XOPTYIKYYIdX, XOEPHord MeTaOOMuTyyblH OMOHMHISIKHI, XaaAralanT,
300BOPIOITHIT 30XUIYyJIaXaJ OPOIILIOT. DHAXYY TOHMI OW IIMKO3WITpaHC(hepa3blH aHT WA, HIPIIHIL,
JlapaaJulblH TOMOJIOTH 33PTHHT OarTaaxblH 33pATIP? yPraMilbIH XaMIaaJIbIH MEXaHH3M, XOPTYHKYYIIIT,
X0€pord MeTabOMUThIH OMOHMHIISTKIII, JaaBPhIH 30XHILYYIaNT 39P3IT TIATIIPUAH TYHIPTIOX YYpruir
ypramana XHHC3H 3apUM CyJaliraaHbl KHII9H J33p HATTTH XapyyinaB. DHIXYY OYIST TeHUHH OpraHu3MI
, SUTaHTysia XO€pAOord METaOONUTYYABIH HUAISIKHIT, ypraMaJl XaMraajuIblH CHCTeM] TYHIITI3X YYpor,
MEXaHU3MBIH TaJaap WIYY UXHHT M3I9X Hb ITHHXIIX YXaaH ] 9yXajl ad X0JI00TI0ITONT00C TaIHa UPI3IYHIT
TYYHUH YATABIPIAIA TYC A5M OOJIOX FOM.

Tyaxyyp yre: mmuxosmwsinn, UDP-aac xamaapanrait rmukoswirpancgepasa, PSPG motud

XymasH aBcan 2023.10.31; xaHan Toxuonayyncan 2023.11.24; 3eBmeepcen 2023.11.25
© 2023 3oxuorung. CC BY-NC 4.0 license.

Opuiua

Bruocdep maxp HyypcTeperdynmiiH TypaBHBI XOEp
Hb HYYPC YC X3103p33p Oaiimar [1] Gereen TTUKO3BIH
IIWDKUAT Hb TOOH Y3YYJIITHHH XyBbJ A3JIXHUA
IPIpX XaMIHHH dYyxan OworpaHchopmanu tom [2].
Wm3BXKYYJICO3H ~ JOHOPOOC — CaxpblH  YIITIUIMAT
XYJI93H aBard MOJEKYJd pyy MIMIDKYYJI3X3H OPOIIIOT
IIMKO3WITpaHcdepas3a Hb OYX aMbja OpraHu3Mm] Oanaar.
Ypramai ambT/Aaac suIraatail Hb CyypuH OpraHn3m 6ereen
XYp3oH Oyl OpUYHBI Taarylh HOXIOIIeec 3aiICXUIlK
YaJmarryd Tynm XypasiasH Oyl OpYHBI CTpeccT JacaH
30XUIOX Mraapmiararait Oommor. TuitM3sc ypraman Hb
eepHiiree xamraanax, JOXHO erex 4aaBap OyXuil oloH
TOOHBI JKVDKUT MOJIEKYJ T HITAIYYIUHH TyclaMKTanraap

B33P CTPECCUNT JaBaH TyyJax TOJOPXOU MEXaHU3MTan
Ooincon OGaifmar. YpramiblH XOEpAOrd MeTaboIHT
muko3uTpanchepasa (GTs) Hb SHIXYY AacaH 30XHUIIOXO]
yyXajl YYpar TYHIDRTI3A3, yYUp Hb DIIHKO3WISIM Hb
MM KIDKUT MOJICKYTYyAbIH TOITBOPTOH Oaiinai, yycax
YaJBap, OMONOTHITH WAIBXHUUT eepyuiier 6eree oJoH
TOPJIMIH ypraMJyIblH METAOOIUTYYIbIH OJIOH sIH3 Ol [IbIT
6uii Gomrozmor. DAr3dp HB X0&PAOrd METaOOIUTYYIBIH
OMOHHMHIIATKUT, 3apUM  JOXHOJUIBIH  MOJIEKYI
O0JIOH XaMraajuIblH HITUTYYAMHH YVIUT awuiiaraar
30XUILyyJaxal OpOJIOX00C TajgHa 3HJIOTEH HATATYYA
00JIOH KCEHOOMOTHKYYABIT XOPIYIDKYYIdX, cairaxasn
yyxajl Yypar Tydmptrmsr [3]. YpramislH Xoépaord
MeTaOOoMUTYYIBIH OJIOH sTH3 Oaiiaaac XxaMmaapaH TYYHHUIIT
X3pX3H alluIVaXx Tajlaap aHxaapaH Cy[Iax OOJCOH.
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OAr’’p Hb HSIHTHMH 3CPAT, UCHIANITUHH 3CPIL, XOPT
XaBJIPBIH 3CPIT MIMHXK YaHapTaid OaramuiiH HATUTYYX
TYJl TYYHHH 9HAXYY XMMHHH OYTAI J33p TyNnryypiaH
3apUM 5M, XYHCHHH HOMAIIT OYTIIII9XYYHUH Haipiaran
opyynaar.  PexomOuMHanT  mmkoswiTpaHcdepasbir
alllUIIax Hb YWIABIPIIMMH XyBbJ allUTTall X3p3ridd
Oaibk Oomox Oereesn 5H® Hb OalfranuiiH rapanrai
OYTI3LASXYYHA 30PUYIICAaH ©BOPMOL] XIPAITCal OOmK
eryer.

Omacer v, GT HB X001 XYHC, razap TapHaJlaHTUIH
ypramplH = 4YaHapbIl  caibkpyyllaxal TOXHPOMXKTOU
KaH/auAaT 0ereej THAMIBPHUUH in Vivo YT aKuiuiaraar
WIIYY CaliH OMJITOX Hb YPraMiIbIH OOMCHIH COMMIILIOOHBI
WH)XXEHEPWII  COHHPXONTOH, HpIAYHTI  c313B
60k 000X oM. [€HOMBIH OOJIOH OMHKC CyJaJraaHbl
XODKIMHH yIMaac ypramiiblH OHOJIOTHJ TOMOOXOH
JPBIIMJI TapcaH XdAWi 4 OHOer XYpTdJ 1IeeH TOOHHI JI
ypramasiH GT-uiiH yin axwunnaraar Taiupk dYajcaH
Oaiina. JImiypHX HB cyOcTpar 3cBaN  (DU3HONOTHIHH
YYP2r Hb TOAOPXO0#t 007I00TYH X3BI3p Oaifraa Ty dyxad,
IIXI39 Cyularnaaryid Heell OOJOMKUHT Ouil Oonrox
OaiiHa. DOHY OYNrMHH &apaardifH X3CTYYIdA OSHIXYY
TOBY TOWMJ AypACaH ypramiiblH XOE€pA0rd MeTadoiuT
DIMKO3WNTpaHC(epa3blH Tajgaapx OyX dYyXanm WIYY
JJTIPIHTYH TaHWIIILYYITHIT OTX OOIHO.

Iimko3uTpancdepasbiH aHTHIIAT

Omnon ynceiH bruoxumu 6a Monekyn Buonoruiin
Xon6oo (JUBMB)-Hooc rapracan H3p TOMBEOHBI
naryy Inmkosmnrpancdepaza (GTs) mp EC 2.4.x.y.
anrmnang Oartaar [2]. I'dcoH Xomuih 4 9HD aHTHIUIBIT
GT-1 Xapanmxaa X3 X3I9H XsA3raapiant Oaiinar, yaup
Hb 30r39p GEPMCHTYYAMHH HXIHXUWHX Hb OHOIIOTHITH
Yiln axmiiaraa Hb TOIOPXOMTYH X9B33p Oaiiraa Oereen

TOATOPUAH OJIOHX Hb CYOCTpaTblH XyBbJl ©PIeH
XYPI3HUH OHIUIOT HIMHX 4YaHaprail Oaitmar. UMiimaoc
TOArIPPUNAT aHXJard AapaajjiblH OHIUIOTO0C XaMaapaH
eep eep OymdrT xyBaanar [2, 4]. Omooruiin Oaiimtaap
Carbohydrate-Active Enzyme (CAZy) ManomimiiH
caHq http://www.cazy.org/Glycosyl Transferases.html
mKo3unTpancdepasbi 116 Oyiar OyprrarncaH Oaitnar
[5]. Ypramana GT-nitH XaMruiiH Tom OyJar Hb 1-p Oyiar
Oeree 1 3Mr33p PepMEHTYYAUNH TyHI ypUIuH nudocdar
(UDP)  Wm3BXKYYJCOH  Caxphil  DIHKO3HJISIMAH
ypBana JoHOp OonroH  ammniazar — QGepMeHTtyyn
6artmar. TuiiMaac spraspuiir UDP-aac xamaapanrait
muko3unTpancepaza Oyroy UGT rak HIpmamar. [6-
8]. 3arBap ypraman Oonox Arabidopsis thaliana (1-p
xyewarrt)-n 123 eep UGT Tonmopxoiinoracon Gereen
anradpuiir 14 eep dunoreHeTuk OyndrT anruiaar [8-10]
(http://www.p450.kvl.dk/At_ugts/table.shtml). XycHarr
1-1 3apuM 3arBap ypramusiblH ypbA4YHJIaH TOOII00T0Op
rapracal TEeHUIH TOO, TEHOMBIH XdOMX33 OOJIOH
tonopxoinicon UGT renuniin Toor xapyyinas.

JuBepreHT xyBbcan a33p yHadcimdH UGT-uiiH Hap
ToMbEoT OoNoBepyyicaH [6]. 40% -uac wiIyy TeceeTdi
Japaanan Oyxuil aMMH XY4uJ aryyiacaH (epMeHTyyn
Hb TOOTOOp WIIPXUHIALACOH HAT Oyidrr Oartaar
6a ypramusin UGT-r 71-100-p Oyi3rT Xampyysijuar.
Haammunban, Oymr Oyp eep eep I3 OYIryyasn
XyBaarnaar 0ereeji Tyc Oyp Hb YCI33p AYPCIATICOH
60% O0a TyyH?3Cc mP3m TecTdi mapaananrtait UGT-
yymaac Oypasx Oa YyHHil apaac TeH Tyc Oypuir 3aax
erceH Apa0 nyraap Oaiimar (1-p 3ypar). GT-uiin
xoépmory 0a rypaBaard OyTaIl, TIAMIIPUNAH KaTaTHu3UiH
MEXaHHU3MJI YHIICIACOH X0Ep axb HIpIWI Oaiinar [4].
OHy eryymna Mackenzie napsia (1997) Togopxoiincon
UGT-uitH H3p TOMBEOT allIUIIacaH.

1-p xycHOIrT. SIH3 OypuiiH reHoM naxp gapaauisir Hb Torroocod UGT renyyn

Predicted number

Genome size

Plant species of genes (Mb) Putative UGTs References

Arabidopsis thaliana 27416 135 123 [11] TAIR homepage
Malus x domestica 57524 750 242 [12] Zhou et al., (2017)
Vitis vinifera 33514 487 228 [13] Wei et al., (2021)
Populus trichocarpa 45654 485 178 [14] Caputi et al., (2012)
Glycine max 46430 1115 212 [15] Yin et al., (2017)
Camellia sinensis 42628 3105 230 [16] Hoffmann et al., (2023)
Cucumis sativus 26682 243 85 [17] Huang et al., (2009)
Oryza sativa 25012 389 180 [18] Tanaka et al., (2008)
Sorghum bicolor 27640 730 180 [19] Paterson et al., (2009)
Selaginella moellendorffii 22285 212.5 74 [20] Banks et al., (2011)
Zea mays 93770 2400 147 [21] Li et al., (2014)
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UGT - Superfamily (UDP-glycosyltransferase)
72 - Family (>40% identity)
A - Subfamily (>60% identity)

4 - Individual gene

Example:
UGT72A4

1-p 3ypar. UGT-mifn cymep OynrmifH aHrmian, HAIPIUTHAH
CHUCTEMHIH XypaaHryi [6]

JapaanibIH roMoJiorn

Epenxuiinee ypramiiblH = TIHKO3WITpaHCc(epasza
TeHYY JapaaJuIblH XyBb]] 0ara 39par TecTait Oaiinar [22].
I'>coH Xonuil 4 TAHAr39pHUIH aMUHO Tercres X3Ccryyld Hb
KapOOKCH TercrelI X3cryya33¢ HIYY XyBbcax daiBapTai
Oalijar Hb S5H® JOMPHH Hb SH3 OYpHHH aIIMKOH
CyOCTpaTyyIpIll TaHHX, XOJOOXOA OpOJIIIOT TAICOH
Taamarnantaii taapu OaiiHa. KapOokcu-Tercren xscar
HB ACP3r33PI3 JapaauIblH WKHUI TOCTIH OalIIIBIT WYY
xapyyaaar 0ereejl HyKJICOTHIBIH CaXpblH CyOCTpaTHIT
XOJIOOXOA OPOJIIOT TIMK Y3IAT [7]. DHP TaaMariaibIr
XOKUM Hb KpUCTal OyTa11 [8] OOIOH CaliT pyy YHTIIACIH
MyTareHe3WiH IMWHXWIrIrdp Oarancan [23]. UGT-
uitH  C-TercreimifH X3COIT ypPraMmjblH  XOEPIOrd
OOIHCHIH CONMIOOH OPONIIOT HUMTIAT Japaarnai
onycoH 6a 3HIXYY mapaaisir Plant Secondary Product
Glycosyltransferase (PSPG)-Box rax mH3pmmsr [24].
Onravp 44 amuH xyumn Oyxuit mapaanan (2-p 3ypar)
#b UDP-mmukosmitpancdepa3yyablH XyBbJ aHXIard
HUWTISr JapaajianTail xapbllyynaxan N-Tercresinee
HOMOIT aryynmar [6]. MbomeammmitH canraac PSPG
3arBapTail WKWI TOCTdH mapaammelr mryyxan 100
rapyi eep ypramibiH GT-miir TomopXoiink rapraca.
Arabidopsis-nita 1-p oynruitn GT-nitn nxsaxX H6 UGT-
yyn Gereen rypBan GT-sac Oycaxm Hbp C-Tercrennee
HUUTIOT mapaamneir aryymngar. UGT80A2, UGT81AL,
6omon UGT81B1 ap PSPG MOTH()I00 HIMAAT YIAATIAI
aryyicad Tyn ypramiubsiH 0yc UGT mapaamanrait minyy
TocT3H Oaiimar. Toar?sp He HUWTIAT Aapaanan Oereen
XayCKHUNIMH VHI aXwniaraar WadBXKyymwmdr. PSPG
aryyncad UGT Hp X0€pmord OOAMCHIH COJIIIIIOOHI
opommor 6a PSPG wmotudwmitr aryyncam UGT-wiin
OYNTYYyZA Hb YYHTYHTI3p TOTTBOPryii Oaifmar [25].

Plant Secondary Product Glycosyltransferase motif (PSPG box)

UGT-niiH 4yur yypar
1. Xoépmord MeTaGo M TyyAbIH ITMKO3WISIIIH

VYpraman Hp  “Xo€pmord  MeTabomuT’  TIK
HAPIDTIZAST X9O3H MsIHTaH Oara MOJEKyd JKHHTAH
HATIIYYIUNT HUWIDOKYYIdX dYagBapTaid. ODAr’dp Hb
OPTaHU3MBIH X3BUIH ©COIT, X6I KW, HOXOH YPKHUXYIT
OIyyA OpONIIOITYH, ambll OpIIMH Oaifxax 3aaBai
mraapuiararyd  OpraHuK HITUTYYA oM. OHeenpuiir
XYPTAI ONJCOH XOEPAOrd METAOONUTYYIBIH OJIOH SH3
Oalijan Hb ypraman CyypHH aMBJPAJIBIH X3B MasTHIH
ynMmaac OaifHra XyBBCaH ©0pwWIer[ex Oy opuuHI Xapuy
YHILIRN Y3YYIRXOM maapuiararail 0Oaik 6omox 1om [26].
VYpramisiH OBOT, TOped, 3YyIIyya Hb 6BepMeL X0EpIord
METa0OJIUTYYIBIT HUMISIKYYIAST Oa 5H? Hb 3apuMIaa
ypramiblH aHTHIad 3YHA aluMIariuar Hir IHalryyp
X3parcan 0onmor. [MUKO3WISIIKY Hb ©epWIONTHHH IO
ypBan Oereej WXIBWIPH OalranuiiH HATIIYYIUIH
OMOHMIIPTKIIMIH 3aMBIH XaMTHHH CYYJTYHAH ajixaM
Gonzor. YpramiblH X0E€pIA0Trd METaOONMNUTYY/IBIH OJIOH STH3
6o0I10H 10T Oalimang Heneemnaer Oycan eepwIeNTYYI Hb
KapOOKCHIISIN, METHIISLHN, THAPOKCHIIAIH oM [3].

@eHONT HATUIYYA, TEPIEHOUAYYH, AaIKaIOUuAyYH
(>xum» HB, OerananH), THOTHAPOKCUMATY Y/
(TTUKO3WHONAT ~ TPEKypCoOpyyaA),  IHAHOTHAPHHYYI
(UMaHOTeH TIMKO3HUIBIH TIPEKYPCOPYYA), CTEPOUAYYI
39par  xoépmord  MeTabONMTYYyABIH  acap  TOM
OYNTHIfH TIMKO3UAYYOBIT TONOPXOWIDK OomHo [22].
Kunrnanban, ¢raBoHOMAYYN Hb MXIBWISH IIMKOIKCIH
x3103p33p Oaiimar ypramiblH OaWTamuitH TapaiTai
OYTISTIPXYYHYYIUIH acap TOM, OJNOH SH3 Oyxwii Oymar
oM. Yprammaac oiiponmooroop 9000 raBoHOMABIT
wiIpyyan OaifHa [27]. XoT sraaH TysaHaac xamraaiax
($yHKIPAC ragHa (PIaBOHOMAYYX Hb XyH IDINAT, dPAIHD
OIMIIAHH TOOC XYPTAAT [28], ayKCHHBI 360BOPIeNT
[29] 33psr ypramiblH ©CONT XODKWIX OPOJIIIOT
6omoxsIr Oarancan Oaifnar. OIaBOHOMIYYABIH AOTPOOC
AQHTOLMAHUABIH TJIHKO3HJ OO0JIOX AaHTOLHAHUHYY[
Hb JI931 YpramjblH IPUIHAH TOM TIMIMEHT OM.
Onrasp HE ycaHA yychar Oereen BakyonuitH pH-witn
Jaryy yiaaH, HWJI fraaH 3CB3I XX OHreTdH Oaibk
6omao [30]. DeHWTNPOMAHOWIBIH  HUWIATKIMAH

>90% >80%

VayF, A A vaG
g~G MFCWPQSQQ %NE"’-‘E"&'YE.E!LEM
2L NN38ERS325503225833 50022285282

Consensus sequence
for all glycosyltransferases

2-p 3ypar. YpramiblH Xo€paord MetaboauT minkosuntrpanchepasa (PSPG)-uiir TonopxoiicoH KOHCEHCYC Aapaanain. JHI Hb 0yx
UGT-z 6aiinar napaanan toM. PSPG-uiiH XxaMruifH ux AaBTarmaar X3Cruiir MOH cymaap 3aax erceH 0oiHo [25].
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3aMm (badlaliTHBI OBTMIH THIIYYA)-aac rapanTai
HArmPn  1-O-CHHAMOWNIIMKO3 Hb  CHHAINOWIMAlIaThIH
HUHJIBKWITHAH 3aBCPBIH 00c 62 HABYHBI HIUHT XOT
sraaH TysaHaac Xamraamgar Oaix marajanrtaii [26].
BaiiiiaiiTHBI OBOIT Oalifiar IMKO3WHOJATYY/ Hb TIIHKO3
0a aMHMH XYWIddC rapanTtaid HATTYyX oM. Taariasp Hb
ypramilblH BakyoJjbJ| Xairajarmgaar 0a ypramiblH 57
IOMTCOHHN apaa GpepMeHTTIH XOIO00TI0K, TIHArIIPUNT
OJIOH TOPJIMHH X0O0J XYHCOHJ TallyyH 3CBII XypI[
amMT opyyjjaar HArada OONroH XyBHprajaar. Tamrasp
Hb YpramJjbIl ©BCOH TKIDJT aMbT/aac Xamraajaxaac
rajHa MeereHIep, HSH yCTrax, XOpT XaBJIpPbIH XHMH-
SMUMITIHUN HeneeT3i 0o0joX Hb HOTIOrICOH [31].
Dr?9p Hb ypramiiaac HUHIAKIAT acap OJIOH ITTUKO3U/IbIH
X0€paord MeTabOoJIMTYYIbIH II06H X3I9H JKHUIID) IOM.
[muKo3mIsiM Hb 36BXOH XOEPAOrd MeTabOoIHTYYIbIH
OMOHMIIIDIKMIIA YyXaj YYpar TYWIDTIP3A 30TCOXIYH
MOH OKIDKMI' XYJD9H aBard MOJICKYIyYIbIH (QH3HK,
XMMUHH IIWHK YaHap, 3CUHH JOTOPX XO/1eJITreeHHHT
eepumiier. OpraHvk MOJEKYITYyYIblH HYKICODUITUK
XICTYY/I9/1 CaXPhIH YIIITII KOBAJICHT X0J000 Hb XYJI0H
aBard MOJICKYJTyYIbIH YPBaJIZ OpPOX YaHap, XOpyy 4aHap
Oyypax 0a/3cBaJ TOTTBOPTOW Oaiiiai, WiIyy TOITBOPTOU
XaJraiantelH X37100p OGonron xyeupranar [3]. XKwxur
runpodod  MONEKYIyyHaaJq  CaxpblH  X3CTYYIUIT
HAMCH?3p TYMIMIpansr HAMAITAYYAA3L.  MHracH?3p
YYCCOH HAIUIMIH yCaH] yycax 4ajaBap HAIMAIIIIAL DHD
Hb JIMITUIMHH MeMOpaHaap JaM)KUH 4eJI0eT TapXallThIT
JapaHTyIIDK, y/lIMaap OCHHH XyBaarnanj] HeJIeelloH
METaOOMUTYYIbIH KOHIICHTPAIMAT 30XUIlyyngar [6].
BaHwnnH X MOT aHXWIYYH YHIPT HOTIUIYYA Hb
BaKyOJIbJ| TalllyyH IJIMKO3MZ Xd3JI09p33p XaJranariaxk,
0o/OBCOpPY TYHIPX SBIAJ OHAOTCH TIIMKO3HMA3bIH
yimwnmep srapaar [32]. HuanoreH HATAmyyauitH
DIMKO3WIISIM Hb THATIIPUHAH XOPT YCTOPOrd IIMaHHIBIT
SIrapyyngar — THApOAM333C  3adicxumitmpr  [33].
CanoHUH Hb MEreHILpPUHH ACPAT  YITUMIArATIH
TEpHEHT TIMKO3MJ oM. TomHMH caxpblH YIIATIUIMAT
3aiiyynaxan OwowmdPBX Hb anmarmgar [34]. ©ep
HOT kUM Oon Solanum tuberosum-aac TapanTaii
DIMKO3KCIH  XONIOOPUHH  CONAHWAWH  aJIKaJIOWJIbIH
X0pyy 4aHap OyypcaH siprai oM [35]. [muko3ussiiy Hb
WX3BWIDH TOTTBOPXKMK, HJIIBXIYH OOJOXOI Xypramar
00JI0BY CaxpbIH YIIAATIDIT HIMITIIXI OHIOP SHEPTUTIH
HATIIYYX OOJOH OHWOCHUHTETHK 3aBCPBIH OOMUCYYH
00JI0X HAIBXXKYYJICOH KOHBIOTATYYHl YYCOX TOXHOJION
Oaiimar. YyHuir BailllaliTHBI OBIMIfH CHHAITOMJIMAJIaT
0a CHHAIMOMIXOJIMHBII HUAIATKYYIIIX UADBXKYYICIH
CHHAIIaThIH JOHOP OOJITOH aluIIafar eHaep YHEPrUTIH
DIMKO3BIH  3¢up  Oonox  1-O-CHHONMOWITINKO300p
HOTOJCOH Oaiimar [26]. CaxpblH HATIIIIC TajHa
THJPOJIHM3 Hb TIIMKO3M/IBIH COJIMJIIIOOHBI ©6p HAT dyXall
6erees HAMANT X3car oM [36, 37]. bera-ruko3unassiH
HOJI0ereep IIMKO3UABIH THAPOIN3 Hb (MXIBUWIDH

PIZ[SBXTSfl) ATVIMKOHBIT XypJIaH JaMXKUXaJl XYpraaor.

2. YpramiibIH rOpMOHBI 30XHIYYJIaIT

T'opMOHBI TOMEOCTa3bIr XSTHAX Hb ypraman OaiiHra
eepuiernex OaWmar ragaaj OpYMHA XypHaH JacaH
30XUI0XO]] YyXan YYparTdi. THiiMa3C ypraMisiH 3¢, 31
JI9X STH3 OYpHIH WI9BXTIH JaaBPhIH TYBIIHH, XyBaarIJIbIT
HapuiH XSHAXbIH Ty DIMKO3WIALM 33p3T ©preH
XYP33HUI MeXaHU3MYyJ XOIKCOH. [ 0OpMOHOOC XaMaapaH
DIMKO3WIAIY Hb OyIax OOJOMXKTOW (MX3HX IaaBphIH
DIIMKO3UAYYA) SCBAJI 3praAT OynanTryi (GKUImnamoam,
IUTOKUHUHYYIBIH 7-N- 0a 9-N-mmko3mmsaiu) [38]
Gaibx 000X 0a IIMKO3UABIH KOHBIOTATYY!l Hb aaBpBbIH
4eeeT Xd103padc  syraaraii  OMO  MAIBXKHITIU
Oaiijar. YpramusiblH JlaaBap 5CBAJI TOHATIIPUIH ypbaai
OoICyyAbIH TIMKO3WISIIM Hb XOJOOTJ0X XaMraajlTblH
3aMBIT 30XHUIIyYJax dyxajl YHII SIBI] oM. DTHIIEH?3C Oyca
OYX COHrozOT JlaaBap Hb ypramayi DIMKO3U X3I03pasp
yyeaor [26]. TopMoHBI i axujularaar 30XMIlyyaaxasn
oponpor Oycax OJOH MEXaHM3Myyd, TYYHWISH
aMuayyn OOJOH ©6X TOCHBI XYWIMHH >(up 33par
Oycaa KoHBIOTaMiH Xd103pyyn Oaiimar. YpramisiH
naaBap MHAON myyHbl Xywiuir (MLX) mmmkosxyynanar
DIMKO3UNITpaHC(EPasbIr aHX SPIIHD HIMIINAC XyBHIICaH
Oaiigar [39]. Xoxum Hp MIX-T TTHKO3KYyynax eHIOp
umexm  UGT84Bl1-uiir  Arabidopsis-33¢  snracan
[40]. LluTOKMHHMHBI TIHKOIKUITIA O-TIUKO3UIAIM,
O-kcuno3wiisiny, N-uko3wisiny opHo [41]. 3eatun
Hb IUTOKMHUHBI XaMTHHH TYT39M21 Tepesn 0a TyyHuil
DIMKO3UA Hb (EpPMEHTHHH 33/pajiaac XamraajarjcaH
TIBBIPIINT, XaATATANTHIH X3I09pa3p Oaiinar. 3eaTHHbIT
DIMKO3KYYIAar (EepMEHTHHT X34 XOA3H TOpIUHH
ypramiaac WIpyyicdH Oaipar [42-44]. Arabidopsis-
uitn UGT76C1 6a UGT76C2 ub in vitro-n N- 6a
O-IIMKO3U/IBIH KOHBIOTAT YYcrax yajgsapraid. UGT76C1-
WIH DUTOKMHUHYY/Al YADIACOH in Vivo YIII akniaraa
Hb OHIOp OJKclpecc OYXWH TpaHCTeH ypramain
Oatnaracad [38]. AOCIM3BIH XYWIMHH TIIMKO3BIH 3)HP
Hb YypramjblH JaaBap abOcumsbiH xywimidH (ABX)
XaMIuiH 2m05r Oadmar kxoHbrorar OomoBu ABX-uiin
Oycaa X XdIPH TIHKO3HMJ Hb YPraMJIbIH OJIOH 3YHIIJ
TOJOpXOMIoTcoH Oaiinar [45]. Arabidopsis-uiin TeHOM
Hb ABX-miir mmkozxyynax uwagsaprait UGT-uiir
KOZIONJOT 8 CEKBEHC Aapaajulbll’ aryynaar. Taaranpuiin
Hor 6omox UGT71B6 Hp 36BXeH OaifranuifH rapantai
cis-S-(+)-ABX-11 9HaHTH-COHTONT TIMKOIKYYIAITHIT in
vitro-x y3yyscaH [46]. TyyHTd# WKHI yypar Hb OJIOH
TopnuiiH ABX aHanoruiir in vitro-1 TIMKO3KYYIax
yaaBapTail OonoxmeIr xapyyncan [47]. Men ypramann
X391 X3/19H OpacCHHOCTEPOHIBIH INTMKO3UIBIT HIIPYYJICOH
Oaitna [48, 49]. bpaccuHOCTEPONITY yABIT TIIMKO3KYYIax
YyaaBapTail  IOpbIH  TaHI  DIHKO3WiITpaHcdepasa
A.thaliana-aac~ ongcon  [50].  UGT73C5  ®m
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OpaccHHOCTEpOUST OpaccHHOIU 0a TYYHHIHA
OMOHMIIPKIMIH ypbaan 0omuc 00J0X KacTacTepOHbBI
23-O-ukoswsiuiir - xypaacragar.  UGT73C5  sp
ypramai 1axp OpacCHHONUABIH ITTHKO3KISLIUL OPOIILIIOT
OOJIOXBIT OHOP JKCIpecc, HOKAyT JaliHbI cyJaraaraap
6arancan. COHUPXOJITON Hb, YKHII T'€H Hb MOOTOHIPHIH
XOpPT OOIUCHII DIIMKOIKYYIDK dYajjiar Hb OamiariacaH
[51], a3 B UGT73CS HB ypramiblH DIUKO3XKHUITIN
JaBXap Yypar TYHIPTrIer OOJOXBIT Xapyyipk OaifHa.
CanuuunuiiH Xy4mn 0a )KacMOHBI XYYWIJI Hb ypPTraMJIbIH
YyXaJ JaaBpyyn 0eree] THAIIPUIH Y aXuiuiaraa Hb
KOHBIOTAIMAp 30XUIlyyJarniar. Aib ajgb Hb YpraMiblH
XaMraaJulblH ypBaJIJ] TOJUIOH opomiyor [52].

3. Ypraman xamraasiaJ, XopryiizkyyJIiaTy oposInox Hb

VYpraman Hp XypadiadH Oyl OpuHBI SH3 OypHiiH
Taaryil Hexueseec eepuiiree xaMraanax €cToi. DAraap
Hb TaH, XalyyH, XYHTOH, HCOIIITHHH CTpecc IdX
MAT aOMOTHK CTPECCHHH MIMHXK TIMATYYJ, MOH ©BCOH
TYKIMTHYYANHH malipant, OakTepu, MOereHIpHIH
XajBap 33pa3r OWOTHK CTPECCHHH XY4MH 3YHIYYX
6aibx 6omuo. Xon x3m9H UGT Hb abmoTtk 6a OHOTHK
CTPECCUIH XY4MH 3YIUICHIH anb aauH] Hb Mall UX33p
emeeraner [53, 54] Hb cTpeccTdit X0NOOOTOHM Uyxaln
GyHKIMHT Xapyymk OaliHa. YyYHHH naryy KaHaujar
UGT reHuiiH skcnpecc ©epuiericeH Hb X3 XIRH
TOXUOJJION]] XaMTaaJUTbIH Xapuy YpPBAJBIT ©0PUJIOXe.]
xypracas. JKnmmonban, Langlois-Meurinne Hap (2005)
TeMHUOHOTPOQUK IMIIT YYCrard Pseudomonas syringae-n
THCBIPIAX 4ajaBap Hb Oyypcan UGT-uitH Xo€p MyTaHT
HOKayThIl' cynayican Oaiinar. CKOMONETHH Hb TaMXHMHBI
MO3alK BHUPYCBHIH TapXaJTBII' 30ICOOX XOT MOIPIMTTHA
XapHy YpBaIbIH YeI HX XOMXKIIII3p XypHMTJarjjiar
¢uroanekcun oM. D> Hb UGT TOGT-39p mamxuH
TaMXWHJ TIHKOKIAr Hb Tomopxou Ooncon. TOGT-
WHH 30XMIyynanT Oyypax Hb HCOIJPITHHH CTPECCHHT
HUXACTIXAM XYPIracoH [55, 56]. XapuH TaMXHHBI MO3aiK
BUPYCT XOT MYIPIMTIHH XapHy YWIIN Y3YYJIdX Yen
ypramai XaT X dKCHPECCIATIX Hb OPT YEHHH IIMTAII
yycaxon xypransr. UGT74F2-uitn enmep skcipecc Hb
CATMIWIMAH XYY 0a TYYHUH TIMKO3WABIH TYBIIWHT
OyypyyJicHaac YYIAT3H TeMUOHOTPOd SMIAT yyCcrard
Pseudomonas  syringae-n ~ MIOPAIMTIHH  GalIbIr
HAMAIIAYYIX3A XypracdH [57]. CamuuuiauiH Xydun
(2-O-rumpokcnOeH30i Xy4wi) Hb YpramjblH ©CeJT
XOIKHJI, XaMTaaJUTbIH CHUCTEMHHH 4YyXaj JOXHOHBI
MOJIEKYJI FOM. YpPramilblH TOpeJ 3YWJ IIHKO3XKYyyJICcaH
X0Ep X2NIOIPHUHT TONOPXOIMICOH: IIMKO3BIH 3¢dup Oa
2-O-muKko3uj. OMIAT TepYYJIITUMMH XalABapblH Yen
KOHBIOTAT OOJIOH 4eneeT XdI03p Xo&ylaa HIMAIIJIAT
Arabidopsis-nitH xa1 xo19H pekomOnnant UGT-niiH in
Vitro CKpHHUH cypajiraaraap caaumuiuiH xyumn (CX)
6a OCH30MHBI XYWIMHH 3CPAT MIIBXTIH XOEp Yypruir

wipyyncsH [58]. UGT74F1 wp 3eBxen CX 2-O-B-D-
ko3 (CXTI') yyeragar 6on UGT74F2 up CXI' 6onon
CX mmko3biH 3¢up (CXD) xo€ydaaHr Hb YYCTIdL
Arabidopsis-uiitn  mytant ypraman naxe UGT74F1
acBa UGT74F2-uilH MIPBXKUIMHH €epulesT Hb
9Kk30reH’’p xanraracan CX-uitH in vivo OOJMCHIH
COJIMJILIOOH]T HOJeenaer OOJOXBII Xapyymk OaliHa
[59]. Kacmonwr xyumn (PKX) Hb ©BCOH T3XKIINTIH
(raMT39X) OOJIOH YXKHJI YYCIAI'd OMIAT TOPYYJIATda39¢
ypramiiell XamraajaxaJ OpOJIIOT ©ep HIr dYyXal
ypramiisiH naaBap tom [60]. Arabidopsis-uitn Har GT
(UGT74D1) ub XKX-r in vitro-n Tanpaar 6omosu Oycaj
cyOcTparyyman HWXI93XdH HMIPBXKWI Y3YYJICdH [61].
TyynwH, A. thaliana-wiiH TPMTCOH HaBYHBI XaH/AaHI
KX-uiH MUKO3UI XypUMTIaraigar O0JIOXbII TOITOOXK??
[62]. OH> HB MaaBpBIH 30XUIYYJIAIT, YpraMiblH 3MIAT
TOPYYJIIryAuiH Xapunuad yitmamng ypramiasiH UGT-
WHH a4 XOJIOOTIJIBIT yiiaM Oyp HIMATAYYJLIAT.

TpuTepneHouAbIH OMOHMILIITKII

Tpurepnenonn 06a ceckButTeprneHonayyn Hb MVA
(Mevalonate) 3amaap HUHIDTKIAT 60T MOHOTEPIICHOM ],
auTepneHonn, TerpareprneHonnyyn Hb MEP (Methyl
erythritol 4-phosphate) 3aMaap HUMIATAK AL
TpurepneHOMIBIH ~ OMOHMHIDIIIIMIH — TOPOIDKYYIIX
OXHUHA anxaMm 0on okcumockBaieH nukiaza (OCS)-aap
Kartajnusnarjacal 2,3-OKCHJOCKBAJICHUHH [HUKIA3KHIT
oM (3ypar 3) [63]. Epenxwuiinee ambrax O0o0J0H
MOOTOHIOPT CTEPOJIBIH OMOHHHISIKUIATIA OPOIIAOT
nmanocrepon cuHtaz (LAS) xomasx 3eBxeH Har OSC
Gaiimar. XapuH /1931 ypramaji OUKIOAPTEHON CHHTa3
(CAS) 6a LAS 33p3r CTepoNbiH OHMOHHUIIIATKII
TOIUHUIYH TPUTEPNECHON] OMOHMHISIKUIL OPOJIIIOT
x31 x313H OSC Gaiinar [64]. OSC-uitH MOJICKYJIBIH OJIOH
siH3 Oaiiian Hb ypramibiH TputepreHouasH 100 rapyi
suraataii OyTimiAr Oumit Gonromor [65]. ©OHeer Xypran
30BXOH 3arBap ypramjaac TajHa Yp TapHa, SMHUHH
ypramiuaac oj0H apBaH OSC reHMHr MIDKYYIDK, YHI
@KWIaraa, MUHX YaHapbIl Hb TOJOPXOMJICOH Oainmar.
Kummaanoon, A. thaliana-witn renomna 13 OSC ren
Oaiijar 06a THArIIpUAT OYTIUIHX HB YT aKuaraar
TOAOPXOWIDK AyycracaH (3apUMBIT Hb in Vitro TYBLIIMHJ
cynancan). Xoc ypuitH Tant ypramibiH uxaHX OSCs
Hb (PUITOTEHETHKHUIH XyBb]] 3apUM OYJISIT aHTHJar/iar
Oerees ypBalbIH OYTI3IIPXYYH Hb Oyiarsnc Oyidrr
sraaraii  Oaimar.  ByTosrmpxyyHuit  Tepen OypuitH
yPBaJIBIH MEXaHU3MBIT Cy/IIaXbIH Ty ypramisin OSC-
WHH CalT pyy YHMIVIICOH MyTareHe3 0a TOMOJIOTHIHH
3arpapuialibll XMMCoH [66].

OSC Hb YHACOH TPHUTEPICHOMIBIH OYTLHMHT
OyTdacHMIT napaa yr OYTSIl Hb CaIlOTeHHH XOM2I9X
runpodod arMKOH OOIK — eepWIermuer. DXHHMA

eepuenT Hb IUTOXpoM P450 MoHOOKcUTeHa3aap
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3-p 3ypar. Tpureprnenoupi OnoHUMIAKIMNAH 3aM. OSC-33p kartamusnaracad 2,3-OKCHIOCKBAICHBI ITUKIU3SAIN
XUHACHUH napaa TputepreHousa Hb P450-karanuzarop ncangant, UGT-karanu3zarop mIMKO3WISIK 33pAT SH3 OypHiH
eepunente opaor. Llpuxsp cymuyyn - OSC-karanu3aTopblH ainxaM; yiaaH cyM - P450-kaTann3atopbiH ajixam; HOTOOH
cyM - UGT-karaau3aTopsiH ajixaM OPOJILICOH Oyca HIMAIT 66pwIenTyys [69]

(P450) xarammzmargcaH HCOAIANT 0Oreej dHI aixam
Hb O-IIIMKO3WISALM DX MAIT HIMOAJIT ©OpPUIeNTYYAUHT
XUiX Oomovxuir onromor. P450 Hp mam onoH sH3
Oerees1 X0€pAord OOMMCHIH CONMILIOOH]] OPOJIIIOT X1
X3/I9H TOpIUNH XUMHUIH ypBaJbIl Xyppaacrajgar [67].
['MUKO3MIISIM Hb CATOHMHBI OMOHUIIIAMKII 3aHIIITy i
mraapzsiararaii anxam om. [TMKo3uIIsIM Hb ycaHa yycax
YaJBapbIil HIMATAYY/DK, TPUTECPIICHOWIBIH OWOJIOTHIH
wIdBXUUAT eepumnper. Ypuaun audocdar (UDP)-
aac xamaapanrtaii mTimkosunTpanchepaza (UGTs) Hb
OaliranuiiH rapantail 0J0H TOPIMHH OYTIITIIXYYHHUIT
XYJ93H aBard MoJekya OonroH Ttanpaar. P450 0a
UGT-yyn Hb onoH reH Oyxuii Oyimdrr xamaapax
Oereen ypraman naxp Oycan OaWramuiiH rapairai
OYTIITIPXYYHUIT TOPOIDKYYIISH sUIrax rojl XY4HUH 3YHI
6onor. CaroHUHBI OMOHMIIAIKKUA 19X P450 reHuiiH
Tanaapx MIIIUIYYAIC xapaxan Taaranp CYP Oymor
Hb TPUTEPICHON CYOCTPAThIH HYYPCTOPOTYHIHH OYyTIIT
TOJUWATYH YpBaJbIH 30pWITOT Oaiiplulaac xamaapaH
sitraataii Oaivimar [68]. Darasp onoH siH3 Oaiiman Hb

CarlOHUHB OMOHUIJIATKIMAH TEHUHUT TOMOPXOUIOXOJ
TOBOITIH OONromor. OHeeNpUHT XYPTIT ypramaiji
TOJJOPXOMJIOTICOH TPUTEPIICHOUIABIH OUOHUIIIATKHII
OpOJIIIOT TeHYYIUIT napaax Oaiimmaap y3yyms (3-p
3ypar) [69].

dyrnaar
Imukosmnrpancdepasza (GTs) Xypaacrazmar
DITUKO3HIISLIH Hb xo&paory MeTabOIUTHIH

OMOHMIIPTKIIMIH SICHIH mIaT 0ereej; ypramibIH
OMoTHK, a0MOTHK CTpecc XY4YUH 3YWIHIH 3cpar
eepuiiree xamraajaxaj 4yxal YYpar TIYHLITI3I3T
Hb OJIOH CyHairaaraap TOTTOOTZACOH Oaimar. DHOIXYY
TeHYYI Hb Mall TOM OYJ3T OOJIOXBIT TYYHHHT OyTAII,
yitn axwuraraaraap 116 OymdrT XyBaaH —aHTHIDK
Oaiiraaraac  xapxk OomHo. Typmmir cymanraaHsl
TEXHOJIIOTH XOTKHX X3p33p IIHKO3mITpaHchepasa
TCHUHUT OTHOOp WIPYY/DK Oaiiraa 9 MXPHXWUHHX HB YHI
aXmuraraa TOOOPXOUTYH XaB33p Oaiina. Cymaracas yp
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JOYHTYYZI93C XapaxaJl 36BXOH XOEpAOTrd MeTaOOIUTHIH
HUMJIOIKUI, XaMraaulblH CUCTEMJI OpOJIIIOX00C TajHa
MOH XOPTYHXYYJIONIT, TOPMOHBI 30XHUILyYJQIT 33pAT
©6p OJIOH YYpAIT3H Oaifmar 0a maamua 9 OJOH IIHHD
Yp IyH rapax OonomxToi. Inmkosuntpancdepasbin
OyTa1, YYPAT, MOTH(} Aapaaai 33par dyXall CoIBYYIHHH
Tanaapx TOMM MOIUIT Hb TIMKO3WIDKCOH HATIUTYYAMHT
HUHIBKYYIAST 9HOXYY OYJIdr (DepMEHTHHT OHOBYTOW
alIumIax, yp AyHT3H Ooaroxon Tycrait 6aiix 60HO.
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