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Summary: UDP-glycosyltransferases (GTases, UGT) catalyze the transfer of the sugar moiety from the
uridine-diphosphate-activated monosaccharide (e.g. uridine-diphosphate-5’-glucose, UDPG) molecule
to the specific acceptor. Glycosides contain aglycons attached by a B-glycosidic bond to C1 of the sac-
charide moiety. Glycosylation is one of the mechanisms maintaining cellular homeostasis through the
regulation of the level, biological activity, and subcellular distribution of the glycosylated compounds.
The glycosides play various functions in plant cells, such as high-energy donors, or signalling molecules,
and are involved in biosynthesis of cell walls. Plant cells exhibit structural and functional diversity of
UGT proteins. The Arabidopsis thaliana genome contains more than 100 genes encoding GTases, which
belong to 91 families, and are deposited in the CAZY (Carbohydrate Active enzyme) database (www.
cazy.org/GlycosylTransferases.html). The largest UGT] class is divided into 14 subfamilies (A-N), and
includes proteins containing highly conserved 44-amino acid PSPG (Plant Secondary Product Glycos-
yitransferase) motif at the C-terminus. The PSPG motif is involved in the binding of UDP-sugar donors
to the enzyme. UGT1’s catalyze the biosynthesis of both ester-type and ether-type conjugates of plant
hormones (phytohormones). Conjugation of the phytohormones is an important mechanism that regu-
lates the concentration of physiological active hormone levels during growth and development of plants.
Glycoconjugation of phytohormones is widespread in the plant kingdom and all known phytohormones
are able to form these conjugates. Most plant hormone conjugates do not indicate physiological activity,
but rather are involved in transport, storage and degradation of the phytohormones. UDPG-dependent
glycosyltransferases possess high substrate specificity, even within a given class of phytohormones. In
many cases, the phenotype of plants is strongly affected by loss-of-function mutations in UGT genes. In
this paper, advances in the isolation and characterization of glycosyltransferases of all plant hormones:
auxin, brassinosteroids, cytokinin, gibberellin, abscisic acid, jasmonates, and salicylate is described.
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Abbreviations: ABA — abscisic acid BL — brassinolide; BSMT — salicylic acid carboxyl methyltransfer-
ase; DON — deoxynivalenol; GA — giberellic acid; GT — glucosylotransferase; HK — histidine kinase;
IAA — indole-3-acetic acid; IAGLU — [AA glucosyltransferase; JA — jasmonic acid; JGT — JA glucosyl-
transferase; Me — methyl salicylate; MeSAG — MeSA glucoside; SA — salicylic acid; SAGT/SGT — SA
glucosyltransferase; TA — tuberonic acid; TAG — TA glucoside; UDPG — uridine-diphosphate-5’-glucose;
ZOG — zeatin glucosyltransferase , ZOX — zeatin xylosyltransferase
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INTRODUCTION

Glycosylation, one of covalent modifications of low- and high molecular
weight organic compounds forms an integral part of elementary and secondary
metabolism, both in plants and in animal tissues [5, 26]. Attachment of a sugar
moiety induces numerous alterations in physicochemical and biological proper-
ties of acceptor molecules, such as increases in their solubility and chemical sta-
bility, loss of reactivity or changes in biological activity.

Biosynthesis of glycosides for a long time was considered as a process of a re-
stricted influence on plant physiology even if oligosaccharides and glycoconju-
gates and, in particular glycoproteins and glycolipids, intrigued biologists due
to their unusual diversity and linked to it involvement as mediators in complex
cellular processes. Glycosides play various functions in cells, participating in
energy storage, formation of cell wall structure, signalling, and in intercellular or
host-pathogen interactions [2, 3, 48].

Biological effects of glycosylation in plant cells are particularly interesting in
the case of the phytohormones, key regulators of plant growth and development.
Physiological roles of phytohormones requires a precise control of their concentra-
tions in the cell. Conjugation of plant hormones with sugars, amino acids or proteins
represents one of the elements which maintain tissue homeostasis and occurs in the
case of all plant hormone classes [1, 13, 31]. Glycosyltransferases decrease the level
of an active hormone through synthesis of hormone glycosides and esters. In most
cases phytohormone conjugates display no activity as signalling molecules, but they
fulfil other functions, such as being involved in hormone transport and storage and
their degradation. Glycosylation of plant hormones is interesting because it is ima
portant not only for phytohormone turnover, but also for their temporary inactiva-
tion. Conjugation, followed by hydrolysis of the bound forms, maintains hormone
homeostasis without de novo synthesis of regulatory molecules [1, 26].

GLYCOSYLOTRANSFERASES

Glycosyltransferases may attach sugar moieties from molecules of active do-
nors to substrates through O atoms of —OH and —COOH groups (the so called
O-glycosylation), or also N, S and C atoms [2, 3]. The sugar residue donor most
frequently involves uridine-diphosphate-5’-glucose (UDP-glucose, UDPG) (fig. 1),
but enzymes which use UDP-galactose, UDP-xylose, UDP-ramnose or UDP-glu-
curonate have also been identified. The process of O-glycosylation is conducted
by uridine-diphosphosugar-dependent glycosyltransferases (UGT), ubiquitous enp
zymes whose abundance matches the wide range of glycosides found in plants [6].



UDP-GLYCOSYLTRANSFERASES OF PLANT HORMONES 45

N O\ o (l)

://'/\\l\\ , GTaza . — .

o +HOR T OoR ., 0=P—0
® |
| OR

0=—P—o0

oR

donor reszty cukrowcowej glukozyd

(np UDPG)

FIGURE 1. Scheme of the reaction catalyzed by UDP-glucosyltransferases (based on [34], modified)

The characterisation and classification of glycosylotransferases is difficult bee
cause of their structural and functional heterogeneity. For example, the genome of
Arabidopsis thaliana contains over 100 genes for glycosyltransferases, belonging to
91 families, deposited in the CAZY (arbohydrate Active enzyme) database , which
reveal diverse enzymatic activities toward acceptors of sugar residues [2, 3, 6, 35].
Based on phylogenetic analyses, UGT proteins were grouped into three classes [29].
The most numerous class of the enzymes, UGT1, contains 14 subclasses (A — N),
including enzymes participating in glycosylation of phytohormones and xenobiot-
ics, while the two remaining less numerous classes include GTases, the substrates of
which are sterols and other lipids.

The present paper describes enzymes classified as GTases of the first class
(UGTT1) which, as mentioned, catalyse phytohormone glycosylation [29, 50]. The
structure of GTases contains a conserved PSPG (Plant Secondary Product Glyco-
syltransferase) motif of 44 amino acids (fig. 2), responsible for binding the highly
energetic glucose donor, UDPG [18, 34]. This motif is present at the N-terminus and
it participates in binding of a sugar residue donor.

Analysis of protein spatial structures, the sequences of which were deposit-
ed in the CAZY data base, demonstrated that the UGT1 enzymes contain the so
called GT-B fold. Consistent with the model, the N-terminus of UGT1 protein is
comprised of 7 parallel B strands (N B1-8), separated by eight a-helical segments
(N al-8). The C-terminus consists of six B-strands and eight a-helices. The N-terT
minal fragments of GTases in this class is less conserved than their C-terminal
fragments, which seems logical taking into account the fact that the N-terminal
participates in binding of various aglycons, i.e. acceptors of the sugar residue. It
has been precisely determined which amino acid residues are involved in substrate
binding. The acidic amino acids and glutamine situated in the loop N3 and Na3
can form hydrogen bonds with a glucose acceptor. The structure of Nf§3/Na3 subt
strate-binding loop seems to be crucial for attachment of a saccharide acceptor.



46 M. OSTROWSKI, A. JAKUBOWSKA

Ca3 Cp4 Co4 CR5 Cab
VvGT1 WAPQAEVLAHEAVGAFVTHCGHNSLWESVAGGVPLICRPFFGEQRLNGRM
Mt71G1l WAPQVEVLAHKAIGGFVSHCGENSILESMAFGVPILTWPIYAEQQLNAFR
At72B1\?ﬁ?QAQVLAHPSTGGFLTHCGENSTLESVVSGIPLIAWPLYé%%FMNAVL

—
motyw PSPG

FIGURE 2. Alignment of PSPG motif sequences in three UDP-glucosyltransferases (VVGT1 — Vitis
vinifera GT1, Mt71G1 — Medicago truncatula 71G1, At72B1 — Arabidopsis thaliana 72B1). a-Helices
in green and (-sheets in red. Three sugar interacting amino acid residues (W -tryptophan, D/E-asparh
tate/glutamate, and Q-glutamine) are underlined in bold (based on: [34], modified)

Indeed, the enzyme UGT85H?2 that binds a triterpene molecule containing a long
ring structure, indicates a broad NB3/Na3 loop. However, the mechanism has not
been unequivocally proven, since another related enzyme, UGT72B1, with a sim-
ilar loop appears to be specific for such simple compounds as phenols or aniline.

The suggested mechanistic pathway of glycosyltransferase-catalysed reac-
tions occurs in the following way: the residue of histidine 19/20, but probably
also other conserved histidines, detach proton/s of the carboxy group of sugar
acceptors, forming an oxyanion/s, which conduct a nucleophilic attack of —OH
group by the C1 carbon of UDP-glucose [50]. The protonated histidine 19/20 is
stabilized by a hydrogen bond formed with the aspartate 119 residue

GLYCOSYLTRANSFERASES OF AUXINS

Auxins represent the earliest recognised small group of phytohormones,
among which indole-3-acetic acid (IAA) is the most important [12, 13, 20]. Free
IAA, the biologically active form of the phytohormone, forms just a small frac-
tion of the entire auxin pool in plants while auxin conjugates are the dominant
form. Glycosyltransferases decrease levels of active auxin by catalysis of phy-
tohormone ester synthesis. It should be emphasised that UGT1s are frequently
involved only at the first stage of ester conjugate biosynthesis, forming a cova-
lent bond between the carboxyl group in the hormone and the hydroxyl group at
C1 in B-D- glucopyranose hemiacetal, e.g., 1-O-indole-3-acetyl B-D-glucose (fig.
3). Such a product represents a highly energetic unstable intermediate compound,
providing a substrate in synthesis of the proper ester conjugates [20].
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FIGURE 3. The structure of an 1-O-indole-3-acetyl-B-D-glucose

IAA-glyco sydes are widespraead in plants, however their metabolism is relaf
tively poorly recognised. UDPG-dependent IA A glycosyltransferase (EC 2.4.1.121)
was isolated and purificated from endosperm of immature maize seeds. The enzyme
catalyses synthesis of 1-O-indolyl-3-acetyl-B-D-glucose (1-O-IAGIc) in the reac-
tion of glucose residue transfer to IAA carboxy group in the reaction of:

IAA + UDPG < 1-O-IAGlc + UDP

1-O-1AGlc synthase is a monomeric enzyme with a molecular weight of 46.5
kDa [13]. The enzyme is very specific in respect to indole-3-acetic acid as an accep-
tor of the sugar residue and UDPG as the glucose donor. The -SH group of cysteine
is essential for catalysis and regulation because tiols substantially increased enzyme
activity. Development of maize seeds is linked to alterations in auxin levels, results
ing from activity of UDP-glycosyltransferase. This is indicated by the fact that ex-
pression of the enzymatic protein is induced by a synthetic auxin, 1-naphthyl-acetic
acid (1-NAA), and its activity is 14-fold higher in endosperm of immature seeds
than in germinating seeds [15].

Polyclonal antibodies developed against 1-O-IAGlc synthase enabled the screen-
ing of a cDNA library from maize endosperm and identification of the ZmIAGLU
gene which codes 1-O-1AGlc synthase [13, 15, 21]. In silico analyses demonstrated
that this amino acid sequence of IAA glycosyltransferase contains at its C-terminus
the PSPG motif, characteristic of class 1 UPDG transferases. It cannot be excluded
that activity of the enzyme is controlled by covalent modifications, such as N-gly-
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cosylation or O-phosphorylation, since the first order structure of ZmIAGLU was
found to contain three sites for a potential N-glycosylation (N-X(S,T); N-S, N-T)
and the S/T-XR/K motif specific for substrates of protein kinase C [21]. The sug-
gestion of control over activity of IAGlc synthase by phosphorylation/dephospho-
rylation seems even more plausible since the enzyme purified from maize seeds was
activated by calcium ions and calmodulin.

Synthesis of IAGlc occurs universally since /JAGLU genes have also been iden-
tified also in other plants, such as Arabidopsis, duckweed, cauliflower, soyabean,
tomato and tobacco plant [12, 13]. Heterologic expression of maize 1-O-IAGlc syn-
thase in tomato tissues suggests that the enzyme participates in control of [AA levels
during plant growth and development [9, 21]. Overexpression of ZmIAGLU reduc-
es root development in tomato in parallel to a decrease in free auxin levels. Similar
results were obtained in studies conducted on Arabidopsis thaliana [11]. Analysis
of the phenotype in Arabidopsis overexpressing ZmIAGLU demonstrated that such
transgenic plants revealed poor development of side radices and side leaves, which
was linked to the lowered concentration of IAA as a result of an intense synthesis of
[A-glucose. The growth inhibition could not be observed following action of IBA
(indole-3-butyric acid) or 2,4-D (2,4-dichlorphenyloxyacetic acid), what pointed to
specificity of the enzyme in respect to IAA. Overexpression of ZmIAGLU disturbed
auxin equilibrium by reducing IAA level below the concentration which induced
synthesis of [A A-aspartate and IA A-glutamate, the main conjugates of auxin in tis-
sues of Arabidopsis. The high specificity of UGT, as related to auxins, was suggest-
ed also by the fact that the genome of the plant was found to contain the UGT74E2
gene, which codes for an IBA-specific glycosyltransferase [45]. Overexpression of
the UGT74E20OE gene resulted in phenotypic traits typical for overexpression of
IAA glycosyltransferase and, in addition, it increased plant resistance to drought
and salinity. Most probably, the genome of Arabidopsis thaliana contains more
genes which code for IBA-glycosyltransferases, since a null mutation of UGT74E2
gene did not change the phenotype of the plant.

IAGIc synthase purified from immature seeds of pea (Pisum sativum L.) exhibits
high enzymatic activity which is comparable to ZmIAGlu activity [14]. The signifi-
cance of [AGlc synthesis in dicotyledonous plants is interesting since, as mentioned
earlier, 1-O-indolyl-3-acetyl-glucose represents an unstable intermediate compound
in the synthesis of the appropriate [AA esters. While enzymes catalysing transfer of
an [AA residue from 1-O-IA-glucose to myo-inositol (1-O-IAGlc acyltransferase:
myo-inositol), as well as in galactose-containing oligosaccharides (Sugar Acyltrans-
ferase, SugAc), are functional and present in maize endosperm [13] [43], until re-
cently no acceptor of the indolylacyl residue from 1-O-1A-glucose had been been
identified. The acceptor certainly does not involve amino acids since the mechanism
of IAA amide conjugate synthesis proved to be entirely distinct [27].
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Even if ester conjugates represent the main form of auxin in tissues of
monocotyledonous plants, it is apparent from studies of the A. thaliana genome
that four genes coding UDPG-indol-3-ylacetyl glycosyltransferase were pres-
ent (UGT84B1, UGT84B2, UGT75B1, UGT75B2) [10]. Kinetic analyses have
demonstrated that UGT84B1 glycosyltransferase has a clear preference for [AA
as an acceptor of glucose. UDPG: indole-3-acetic acid glycosyltransferase from
A. thaliana plays the key role in hormonal homeostasis, since overexpression
of UGT84B1 in Arabidopsis results in an abrupt increase in IAA-glucose and
IBA-glucose levels, manifested by insensitivity of the plants to biologically active
auxin [11]. The normal phenotype becomes re-established following application
of exogenous 2,4-D, the synthetic auxin, which is not a substrate in the reaction
catalysed by UGT84BI1.

GLYCOSYLTRANSFERASES OF BRASSINOSTEROIDS

Brassinosteroids, the plant steroid hormones, attach glucose residues through
a hydroxyl group in position 23 (fig. 4) [38]. In tissues of Arabidopsis thaliana the
modification is catalysed by the UDP-glycosyltransferase, UGT73C5 and its homo-
logue, UGT73C6 [8, 32]. Apart from brassinolide (BL), the substrates for the recom-
bined enzyme UGT73CS5 include also castasterone and brassinosteroid precursors:
tifasterole and 6-deoxycastasterone, and also a mycotoxin of the fungus Fusarium,
deoxynivalenole (DON) [32]. Most probably, synthesis of brassinosteroid glyco-
sides controls the concentration of the physiologically active phytohormone, since
UGT73C5 gene is expressed in hypocotyls and roots of young seedlings and levels
of its mRNA decreases during plant development. Overexpression of UGT73C5
erases sensitivity of Arabidopsis tissues to brassinosteroids while silencing of the
transcription results in an absence of 23 -O-glucoside BL synthesis. UGT73C6 and
its homologue (UGT73C6) are expressed in the same tissues which are the sites of
an intense synthesis of brassinosteroids. On the other hand, brassinolid does not
induce UGT73C5 and UGT73C6 expression. Transcription of UGT73C6 is stimu-
lated by DON, the herbicide of imidazoline, oligogalactouronides of plant cellular
walls, salt stress and by infection with Botrytis cinerea [8]. This suggests involve-
ment of both glycosyltransferases in, i.e., detoxication of xenobiotics, particular-
ly because the UGT73C5 and UGT73C6 genes are located at branching sites of
the phylogenetic tree corresponding to flavonoid GTases. An intriguing problem is
posed by the intracellular localization of UGT73C5 and UGT73C6 in that they are
present not only in the cytoplasm, but also in cell nucleus. This is striking because
in contrast to animal steroid hormones no nuclear receptors have been identified for
brassinosteroids.
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FIGURE 4. The structure of a/the brassinosteroid-glycoside

GLYCOSYLTRANSFERASES OF CYTOKININS

Physiological activity of cytokinins is demonstrated by purin nitrogen bases, nu-
cleosides and their derivatives with an attached carbohydrate chain (isopentenylade-
nine) or with an aromatic ring (benzyladenine) [1]. Similar to other plant hormones,
cytokinins form conjugates with sugars or amino acids. The presence of nitrogen at-
oms in cytokinin molecules causes them to form both N- and O-glycosides (fig. 5).
The main bound form of cytokinins involves conjugates with glucose [1, 12]. O-gly-
cosyltransferase specific to trans-zeatin (EC 2.4.1.203) was the first isolated cytokinin
GTase, purified from immature seeds of Phaseolus lunatus [1]. The product of the en-
zyme-catalysed reaction, trans-zeatin O-glucoside, protects the phytohormone from
oxydative degradation, as well as being its storage and transport form.

Analysis of expression products in libraries of cDNA clones from Phaseolus
lunatus seeds permitted identification of the ZOG1 (Zeatin O-Glucosyltransferase
1) gene. In seeds of Phaseolus vulgaris L. expression of the ZOX1 (Zeatin O-Xy-
losyltransferase 1) gene takes place, which encodes for a UDP-xylosyltransferase
of trans-zeatin (EC 2.4.2.40) [30]. The recombinant enzymatic protein reveals
a high similarity to ZOGl.

Screening of genomic libraries of leguminous plants demonstrated other genes
of potential cytokinin glycosyltransferases [23, 35]. Two genes in Phaseolus luna-
tus (PIGT2, PIGT3), one gene in Phaseolus vulgaris (PvGT2) and two genes in Gly-
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cine max (GmGTI, GmGT2) are highly homologous to ZOGI and ZOXI. However,
the function of proteins coded by the recognised genes remains unknown and none
of them display catalytic activity of cytokinin GTase.

Cytokinin glycosyltransferases demonstrate substrate stereospecificity: they
distinguish cis/trans isomers. There are two orthologs of P. lunatus ZOG1 in maize
tissues, cisZOG1 and ¢isZOG2, which form O-glycosides of cis-zeatin [30]. The
genes of cisZOGI and cisZOG2 are 98.3 % homologous to each other, but their
expression pattern in tissues is different. Sensitivity of tissues to phytohormones
seems to be reflected also in the process of their inactivation by conjugation. This
thesis was confirmed by kinetic analyses, comparing binding of natural and syn-
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thetic cytokinins to receptors and the glycosyltransferases of ZOG1 and cisZOG1
[25]. In maize cells the prevailing form of an active cytokinin involves cis-zeatin,
the physiological activity of which is manifested following its binding to ZmHK1
receptor. Interestingly, the receptor protein, similarly to cisZOG1, binds cis-zeatin
and o-substituted synthetic cytokinins: o-topolin (hydroxy derivative of benzylad-
enine) and o-hydroxytidiazurone. In turn, frans-zeatin, which performs hormo-
nal function in Arabidopsis, and also m-topolin, manifested a specific binding to
the receptor kinases of AtHK4 and ZOG1, but could not serve as a substrate for
cisZOGl, or ligands for ZmHK1. The results additionally point to a competition
for the hormone molecule between receptor protein and a conjugating enzyme.
Thus, cytokinin binding to either of the proteins leads to completely distinct
physiological effects. As a receptor it mobilizes a signalling pathway, whereas as
a glycosyltransferase it decreases tissue sensitivity to phytohormone. Results of
this competition seems to depend on hormone concentration, corresponding to
values of K for the enzyme and K, for the receptor.

An important role of cytokinin O-glycosyltransferases in maintenance of hor-
monal homeostasis in maize tissues is shown by the fact that overexpression of
the ZOGI gene results in an abrupt decrease of cytokinin concentration and in
phenotypic traits specific for an insufficient level of the hormones (lower apical
meristems, thin shoots, sagittate leaves, well developed roots) [47].

The genome of A. thaliana contains two genes that encode cytokinin N-glyco-
syltransferases: UGT73C1 and UGT73C2, which specifically catalyze the transfer
of a glucose moiety to N7, N?, N9 atoms of isopentenyladenine and N°-bensylad-
enine [7]. Genetic studies have demonstrated that the UGT73C2 isoenzyme is
responsible for control of active cytokinins concentration since Arabidopsis mu-
tants of ugt76¢2 manifest higher sensitivity to cytokinins and contain lower levels
of N-glycosides [49]. Moreover, overexpression of the gene induces phenotypic
alterations typical for growth of the plants in conditions of a lowered cytokinin
concentration.

GLYCOSYLTRANSFERASES OF GIBBERELLINS

Similar to other phytohormones, glycosylation of gibberellins provides one of
mechanisms for control of their endogenous level. Even if production of gibberellin
glycosides is ubiquitous, as they have been identified and isolated from tissues of
multiple plants, knowledge of the GTases involved in the process is elusive [12,
22, 31]. GA-specific UDP -glcosyltransferase was purified from maturing fruits
of Phaseolus coccineus beans. Apart from 3-O-GA -glucoside, the enzyme also
formed, with much lower potency, GA,— and GA, -glucose conjugates. Moreover,
synthesis of ester conjugates of GA_and GA, with glucose, was catalysed by UGT
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identified in the cytosol fraction of Lycopersicon peruvianum tomato cells. It cannot
be excluded that low chemical stability of gibberellin conjugates as well as variability
of the giberrellin isomers are the cause for poor identification of gibberellin GTases.

GLYCOSYLTRANSFERASES OF ABSCISSIC ACID

The mechanism warranting reversible inactivation of ABA involves its conju-
gation with glucose. Such conjugates may manifest characteristics of ester com-
pounds in cases when the glucose residue is attached through a carboxy group
at C1 of ABA or of ether compounds when the C1° OH group is involved in the
reaction [19, 24, 31, 52].

The gene encoding ABA-UGT in seedlings of adzuki beans (Vigna angularis)
was cloned in 2002 [52]. The genome of this plant contains two copies of the UGT
gene, the expression of which is activated by 50 uM ABA or plant damage and
drought. In silico analysis of UGT amino acid sequences revealed homology levels
of 30-44% to other UDP-glucosyltransferases. Similar to IA-glucose synthase from
maize, UGT from adzuki beans contains the typical motifs: the PSPG signature of
UDP-glycosyltransferases, three sites for N-glycosylation (NRSK, NGSG, NSTL),
the signal sequence directing the protein to peroxisomes and the coiled coil form-
ing region. The recombinant purified protein exhibits ABA ester synthetic activity,
but it does not form ether linkages with glucose. The most preferred substrate of
glycosyltransferase from the adzuki beans is frans-(+)-ABA, but the enzyme gly-
cosylates also (+)-S-ABA and (-)-R-ABA. Optimum pH of GTase ranges from 6.0
to 7.4, which contradicts the values determined for ABA glycosyltransferase in cell
cultures of Macleaya microcarpa (pH 5.0) and other identified GTases (pH 5.2).
The extensive diversity of the values may reflect the fact that the analyses were con-
ducted on recombined proteins obtained in bacterial cells, which undoubtedly may
affect folding conditions of the polypeptide.

Several sequences which encode UDP-glucosyltransferases were found in the
genome of Arabidopsis thaliana [34]. Six of them (UGT84B1, UGT75B1, UG-
T84B2, UGT71B6, UGT75B2, UGT73B1) encode polypeptides which exhibit ac-
tivity as (+)-ABA-glucose synthases. The highest catalytic activity was manifested
by the UGT84B1 enzyme, but only UGT71B6 demonstrated enantioselectivity to-
ward (+)-ABA [17]. Synthetic derivatives of ABA, PBI-413 and PBI-410 which
contain a benzene ring attached to an ABA molecule were better acceptors of glu-
cose residues. Another ABA structural analogue, PBI- 82, containing a triple bond
between carbon atoms, was also a preferable substrate to (+)-ABA [17, 33]. Possi-
bly, the triple bond and hydrophobic properties of the benzene ring provide higher
stability of the bound substrate and a better exposure of the carboxy group during
enzymatic glucosylation.
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Involvement of ABA glycosyltransferases in control of hormonal homeostasis,
required for physiological processes in plants was recognised in part due to mutations
of the UGT71B6 gene in Arabidopsis [34]. Elimination of the gene using knocko-
ut techniques failed to affect the plant phenotype, which suggested that Arabidopsis
contains other glycosyltransferases which decrease the concentration of free ABA.
Overexpression of UGT71B6 increased levels of ABA esters. Interestingly, UGT71B6
functions in control of ABA levels during development of cotyledons but it exerts no
effect on the course of classical ABA-controlled processes, such as movements of
stomata or maturation of seeds. The results suggest that expression of genes coding for
abcissic acid glycosyltransferases remains under the control of tissue-specific promo-
ters, consistent also with the results of studies performed on adzuki beans [52].

GLYCOSYLTRANSFERASES OF SALICYLIC ACID

The regulatory role of salicylic acid (SA) in responses of plants to stress indicates
that it involves an important signalling molecule, the concentration of which has to
be precisely controlled. SA forms both methyl esters (MeSA) and ester-type (SGE)
or glycoside-type (2-O-, 5-O- salicylic acid glycoside, SAG) conjugates with glucose
(fig. 6) [4, 28]. SA-methyl esters may also form glycosides, e.g. MeSAG, the methyl
ester of salicylic acid 2-O-B-D-glycoside. The biological significance of SA-conjuj
gates remains unclear, but some of them are assumed to increase polarity of salicylic
acid, which permits their accumulation in vacuoles and protection against degrada-
tion. Thus, it seems highly probable that glycosides represent storage and transport
forms of SA. Moreover, SA glycosides are compounds with a high-energy potential
for transferring an acyl moiety and, therefore, they may be involved in biosynthesis of
aromatic compounds.

In tobacco plants, the gene encoding SAGT (Salicylic Acid Glycosyltransferase)
EC 2.4.1.35) was identified and this enzyme formed both esters and glycosides of sal-
icylic acid [16]. SAGTase possesses high homology with other UDP-glycosyltransfer-
ases. However, the tobacco SA-UGT participates in synthesis of phenolic secondary
metabolites, as indicated by results of analysis of its substrate specificity. 3-hydroxy-
and 4-hydroxybenzoic acid and frans-cinnamic acid are better glucose acceptors than
SA. This suggests also that SAGT participates in conjugation of SA precursors, in this
way controlling its concentration. SA is also a preferred substrate in the reaction cat-
alysed by AtSGT1 (UGT74F2) from Arabidopsis [4]. The enzyme is almost 50% ho-
mologous to SAGTase from tobacco plants and contains the 44-amino acid PSPG mo-
tif. All the UDP-GT regulate concentration of biotic stress mediators, and are induced
by SA, MeSA or infection [16, 37, 40]. In the context of these results it was interesting
to learn that overexpression of the AtSGT1 gene resulted in a lower accumulation of
SA and SAG and a reduced resistance to infection with Pseudomonas syringae [41].
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FIGURE 6. The structures of a salicylic acid-glycoside and a glucose ester of salicylate

Attempting to explain these paradoxical results, the authors advanced a hypothesis
assuming that high activity of AtSGT1, reflecting the overexpression, induced activ-
ity of salicylic acid methyltransferase, AtBSMT1 (Arabidopsis thaliana SA carboxyl
Methyltransferase I). This was supposed to lead to synthesis of methyl salicylate and
MeSAG, particularly because SA manifests higher affinity to AtBSMT1 than to AtS-
GT1. The redundancy of proteins exhibiting activity of SA glycosyltransferases in tisa
sues of A. thaliana was demonstrated by the fact that silencing of 4£SAGT1 expression
failed to affect the phenotype of the plants or SA and SAG levels [42]. Moreover, the
genome of Arabidopsis contains as many as 14 genes coding for glycosyltransferases
of hydroxybenzoate derivatives [16].

UDP-glycosyltransferase of SA in rice leaves is involved in systemic resistance
of the plants since OsSGTI, the gene coding for the enzyme was clearly induced
by probenasole, the anti-mycotic chemical agent [46]. The purified, recombined
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OsSGT1 manifested high substrate specificity for salicylic acid and UDP-glucose.
The rice reaction to probenasole was also specific since silencing of OsSGT! gene
expression resulted in a lowered resistance in the plants to infection with Mag-
naporthe grisea fungus. These studies indicate that the SA glycoside represents the
key molecule in the induction of a systemic plant protective response.

GLYCOSYLTRANSFERASES OF JASMONIC ACID

In contrast to other classical phytohormones, no specific jasmonic acid-GTase has
been identified [51]. In 2005, Song reported that among six proteins homologous to
AtSAGT only one, AtJGT1, manifested activity toward JA [39]. Nevertheless, de-
tailed kinetic analyses performed using purified, recombinant AtJGT1 demonstrated
that the glycosyltransferase preferred auxins, rather than JA.

Glycosylation of jasmonates was also linked to activity of SA GTases. An enzyme
isolated from rice tissue cultures glycosylated both 12-hydroxy-epi-jasmonic acid (tu-
beronic acid, TA) and salicylic acid [36, 37]. Tuberonic acid represents a product of
epi-jasmonic acid catabolism. An acceptor of a glucose moiety in the reaction catam
lyzed by GTase may involve carboxyl or hydroxyl group, suggesting that SAGTase
acts as an orthologue of UGT74F2 from Arabidopsis thaliana [16]. The product of the
enzymatic reaction involves the tuberonic acid glycoside (TAG), the mobile signalling
molecule, synthesised within plant responses to injury or to SA glycoside.

A NtSGT glycosyltransferase encoding gene was identified in tobacco plants, repg
resenting an orthologue of SGT from rice [37]. The enzyme provides a good exam-
ple that illustrates control of catalytic activity through accessibility of the substrate.
Similar to OsSGT1, GTase from tobacco exhibits double activity toward TA and SA
as the substrates in glycosylation. Following injury of the plant, NtSGT plays the role
of a tuberonic acid UDP-glycosyltransferase, since the concentration of TA increases
due to injury to the value of K typical for the enzyme. On the other hand, salicylic
acid acts as the glucose moiety acceptor in the reaction catalzyed by NtSGT during
mycotic infection. Silencing of NtSGT gene expression using RNA interference re-
duces tobacco resistance to diseases induced by necrotrophic fungi.

SUMMARY

Plant hormone glycosylation is not only involved in the metabolism of signal-
ling molecules, but also plays crucial roles in phytohormone homeostasis. Despite
advances in identification and characterisation of plant glycosyltransferases, studies
of glycosyltransferases in their functional context are far from easy ones due to the
aforementioned extensive structural and functional variability of these enzymes.
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It should be noted that synthesis of phytohormone ester or ether conjugates could
be also catalyzed by enzymes which are not specific for glucose acceptors. Immae
ture seeds of Ipomoea nil were found to contain InGTasel, an enzyme that exhibits
an equally high affinity to various phytohormones or their dervatives, including
trans-ABA, TAA, SA, (+)-JA, hydroxyderivatives of benzoic acid and cinnamic
alcohol [44]. Interestingly, InGTasel does not glucosylate gibberellins or trans-
zeatine. The amino acid sequence of InGTasel resembles sequences of other glycoe
syltransferases group 1, deposited in the CAZY database. InGTasel activity could
explain glycosylation of phytohormones in plants with /oss-of-function mutations in
UGT genes. The physiological significance of InGTasel for maintenance of hormo-
nal homeostasis remains still elusive. Synthesis of phytohormone-glycosides and
phytohormone-glucose esters represents key elements affecting their physiologie
cal concentrations. The significant role of UDPG-dependent glycosyltransferases
is documented not only by the their multiplicity and variability, but also by their
precise substrate specificity, even within the same phytohormone group. Moreover,
in several cases mutations of GTase-coding genes strongly affect plant phenotypes.
Earlier studies of UDPG-dependent glycosyltransferases were focused mainly on
their isolation, purification and biochemical characterization, whereas contempo-
rary studies, in view of advanced molecular biology techniques, allow for analysis
of gene expression and for isolation of plant mutants with dysfunction of phytohor-
mone glycosylation. To date, no promoter sequences of phytohormone GTase’s have
been described in detail. Indeed, elucidation of the molecular mechanism that regu-
lates the expression of UGT genes will be a fascinating and revealing development.
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