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C-Glucosyltransferase is an enzyme that mediates carbon–carbon bond formation to generate
C-glucoside metabolites. Although it has been identified in several plant species, the catalytic amino
acid residues required for C-glucosylation activity remain obscure. Here, we identified a
2-hydroxyflavanone C-glucosyltransferase (UGT708D1) in soybean. We found that three residues,
His20, Asp85, and Arg292, of UGT708D1 were located at the predicted active site and evolutionarily
conserved. The substitution of Asp85 or Arg292 with alanine destroyed C-glucosyltransferase activ-
ity, whereas the substitution of His20 with alanine abolished C-glucosyltransferase activity but
enabled O-glucosyltransferase activity. The catalytic mechanism is discussed on the basis of the
findings.
� 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
1. Introduction

Plants produce various flavonoid derivatives that are often
C-glycosylated [1–3], as exemplified by C-glucosylflavones, vitexin
and isovitexin, wherein the anomeric carbon of the glucose moiety
is directly linked to the aromatic carbon of the flavone skeleton
(see Fig. 1 for chemical structures). C-Glucosylflavones are preva-
lent in both monocots and dicots and are attracting attention
because they exhibit various pharmacological activities [4–6].
C-Glucosylflavones are biosynthesized from flavanone via
C-glucosylation of 2-hydroxyflavanone or flavone (Fig. 1).
C-Glucosyltransferases (CGTs), which C-glucosylate either the C-8
or -6 position of 2-hydroxyflavanone, have been identified in the
monocots rice (Oryza sativa) and maize (Zea mays) and the dicot
buckwheat (Fagopyrum esculentum) [7–9]. A CGT that
C-glucosylates the C-6 position of flavone has recently been identi-
fied in the dicot Gentiana triflora [10]. These enzymes use
UDP-glucose as a sugar donor and catalyze the transfer of the glu-
cose moiety to the aromatic carbon of the acceptor substrate.

Plant CGTs identified to date belong to family 1 glycosyltrans-
ferases (http://www.cazy.org/GlycosylTransferases.html), which
are widely distributed among organisms and are known as
UDP-sugar-dependent glycosyltransferases (UGTs). In plants,
UGTs comprise a highly divergent multigene family and are
involved in the glycosylation of a wide range of small lipophilic
molecules [11,12]. Most plant UGTs isolated to date show
O-glycosylation activity; however, UGTs with S- or
N-glycosylation activities have also been reported [13,14]. The
crystal structures of several plant UGTs have been revealed to
contain two structural domains: N-terminal acceptor-binding and
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Fig. 1. Proposed biosynthetic pathway for C-glucosylflavones. C-Glucosylflavones (vitexin and isovitexin) are biosynthesized from flavanone (naringenin) via C-glucosylation
of 2-hydroxyflavanone (2-hydroxynaringenin) [7–9] or flavone (apigenin) [10]. 2-Hydroxynaringenin is present in equilibrium between open-chain and ring-closed forms,
and either or both of them are C-glucosylated by 2-hydroxyflavanone CGT. C-Glucosylated-2-hydroxyflavanone can be present in equilibrium among the ring-closed forms (6-
C-glucoside and 8-C-glucoside) and open-chain form, and the ring-closed forms are spontaneously or enzymatically dehydrated to yield corresponding C-glucosylflavones.
Glucose moieties are indicated by bold lines.
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C-terminal sugar-donor-binding domains, which form a catalytic
pocket, and a highly conserved plant secondary product glycosyl-
transferase (PSPG) motif in the C-terminal domain recognizes the
UDP-sugar [14–18].

In contrast to O-glucosyltransferases (OGTs), which catalyze O–
C bond formation to produce O-glucoside metabolites, relatively
little is known about CGTs. A few reports based on the analysis
of the rice 2-hydroxyflavanone CGT (OsCGT) have proposed that
enzymatic aryl-C-glucosylation proceeds by an electrophilic aro-
matic substitution (EAS) mechanism [7,19]. However, the catalytic
amino acid residues that can properly account for the reaction
remain unknown owing to the absence of structural information.

In the present study, a 2-hydroxyflavanone CGT was identified
in the dicot soybean (Glycine max). Catalytic residues required for
CGT activity were investigated by structural modeling and
site-directed mutagenesis.
2. Materials and methods

2.1. Chemicals

2-Hydroxynaringenin was synthesized according to an earlier
report [20]. UDP-glucose and naringenin were purchased from
Wako. Apigenin, isovitexin, phloretin, and vitexin were purchased
from Sigma–Aldrich. All other chemicals were of commercial
reagent-grade quality.

2.2. Plasmids

The soybean cDNA clone (GMFL02-51-N04) was purchased
from the National Bioresource Project (http://www.legumebase.
brc.miyazaki-u.ac.jp/top.jsp) [21]. Plasmid construction and
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Table 1
OsCGT homologs in soybean.

Gene locus IDa Lengthb

(aa)c
BLAST results

%
Identity

%
Similarity

E-Value Score
(bit)

Glyma09g29160.1 480 41 58 4.00e�82 305
Glyma16g33750.1 480 42 60 6.00e�104 323

a Gene locus abbreviations are as follows: Glyma, Glycine max.
b Putative protein length.
c Amino acids.
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site-directed mutagenesis were performed using standard proce-
dures (see Supplementary methods for details).

2.3. Heterologous expression

Escherichia coli strain BL21 (DE3) and vector pET-15b (Novagen)
were used for heterologous expression. Cells carrying the recombi-
nant plasmid were incubated at 30 �C in Luria–Bertani medium
containing 50 lg/mL ampicillin until OD600 reached 0.5–0.6.
After adding isopropyl 1-thio-b-D-galactoside to a final concentra-
tion of 0.4 mM, the cells were further incubated at 20 �C for 16 h to
induce expression. Protein expression was confirmed by Western
blot analysis using anti-His-tag antibody (QIAGEN).

2.4. Crude enzyme preparation

Cells expressing the recombinant protein were resuspended in
50 mM Tris–HCl buffer (pH 8.5) (500 lL/1 g cells) and disrupted
by sonication. After centrifugation at 15000�g for 20 min, the
supernatant was used as a crude enzyme.

2.5. Purification of recombinant enzyme

The recombinant protein was purified by affinity chromatogra-
phy on a His-TRAP column (GE Healthcare) with a linear gradient
of imidazole (pH 8.0), followed by anion-exchange chromatogra-
phy on a Resource Q column (GE Healthcare) with a linear gradient
of NaCl (pH 8.5), using an ÄKTA purifier system (GE Healthcare), at
a temperature below 4 �C (Supplementary Fig. S1). The protein
concentration was estimated using the extinction coefficient at
280 nm of 1.123 mg/mL/cm (http://web.expasy.org/protparam/).

2.6. Glucosyltransferase assay

Enzymatic activity was assayed with 0.8 mM UDP-glucose,
0.8 mM acceptor substrate, and recombinant protein (crude
enzyme or purified enzyme) in 50 mM Tris–HCl buffer (pH 8.5)
in a total volume of 50 lL at 30 �C for 60 min. The reaction was
stopped by the addition of twice the volume of methanol. After
centrifugation, the supernatant was used for high-performance liq-
uid chromatography (HPLC) analysis.

2.7. Acid treatment

Acid treatment was applied as described in the Supplementary
methods.

2.8. HPLC

HPLC was performed on an ODS column (CAPCELL PAK C18 MG
III, 2.0 � 150 mm, 5 lm, Shiseido) with a NanoSpace SI-2 instru-
ment (Shiseido) equipped with a photodiode array detector
(Thermo Scientific). HPLC conditions are as follows: flow rate,
200 lL/min; detection, absorbance of 287 nm; solvent A, 0.5% for-
mic acid; solvent B, acetonitrile; gradient, 10–80% B in 20 min.

2.9. Mass spectrometry (MS)

MS analysis was performed with a Q-Tof Ultima API mass spec-
trometer (Waters Corporation). The MS conditions are in
Supplementary Table S1. Detailed results of MS are shown in
Supplementary Table S2.

2.10. Structural modeling

The structural model of UGT708D1 (Supplementary model) was
built using the program MODELLER version 9.13 [22] based on the
crystal structure of UGT71G1 (PDB ID: 2ACW) [15]. Pairwise align-
ment for modeling was performed with SSEARCH [23,24]
(Supplementary Fig. S2). The structure of UDP-glucose molecule
in the template was transferred into the generated model as a rigid
body using the MODELLER program.

3. Results

3.1. Rice C-glucosyltransferase homologs in soybean

Soybean produces vitexin in its roots [25], suggesting that the
genes responsible for vitexin biosynthesis, including CGT, are pre-
sent in this plant and expressed in the roots. Because phylogenetic
studies with functionally characterized UGTs have found a
cross-species correlation between phylogenetic clades and sub-
strate specificity [26–28], phylogenetic analysis was performed
to determine whether closely related homologs clustering with
OsCGT, which was the first characterized CGT in plants [7], are pre-
sent in the soybean genome [29]. Protein sequences of translated
open reading frames (ORFs) predicted from the soybean genome
were obtained from Phytozome v9.0 (http://www.phytozome.
net/), and a BLAST search using the protein sequence of OsCGT as
a query was performed against the data set. The protein sequences
of the top 100 ORFs from the BLAST results (Supplementary
Table S3) together with OsCGT were aligned and subjected to phy-
logenetic tree construction. Two ORFs Glyma09g29160.1 and
Glyma16g33750.1 were found to fall into a single cluster with
OsCGT (Supplementary Fig. S3, Table 1). To narrow the candidate
set, the transcriptional profiles of the ORFs were investigated by
searching the NCBI EST database. Of the two genes, only
Glyma09g29160.1 was expressed in vitexin-producing roots
(Supplementary Table S4), suggesting its possible involvement in
vitexin biosynthesis. Glyma09g29160.1 was designated as
UGT708D1 by the UGT Nomenclature Committee (http://www.
flinders.edu.au/medicine/sites/clinical-pharmacology/ugt-home-
page.cfm). The nucleotide sequence of UGT708D1 was deposited in
the DDBJ/EMBL-Bank/GenBank database (accession number
LC003312).

3.2. CGT activity of UGT708D1

Based on the in silico analysis, the enzymatic activity of
UGT708D1 was assayed using 2-hydroxynaringenin, a possible
precursor in vitexin biosynthesis, as a substrate. A soybean cDNA
clone encoding the full-length UGT708D1 was obtained from the
National Bioresource Project (http://www.legumebase.brc.miyaza-
ki-u.ac.jp/top.jsp), and heterologous expression of UGT708D1 was
achieved in E. coli. HPLC analysis indicated that UGT708D1 had
UDP-glucose-dependent enzymatic activity toward
2-hydroxynaringenin (Fig. 2). MS analysis of peak 2 of Fig. 2
showed a deprotonated molecular ion of m/z 449.109, which was
assigned as 2-hydroxynaringenin monoglucoside. To establish the
type of linkage between the aglycone and glucose moiety, tandem
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Fig. 2. HPLC analysis of UGT708D1 reaction products. Enzymatic activity of
recombinant UGT708D1 protein toward 2-hydroxynaringenin was assayed with
(second panel) and without (top panel) UDP-glucose. The reaction products were
analyzed by HPLC. The MS/MS spectrum of the parent ion at m/z 449 from peak 2 is
shown in inset. HPLC profile of the UGT708D1 reaction product after acid treatment
is shown in third panel. Reference standards are as follows: 1, 2-hydroxynarin-
genin; 3, vitexin; 4, apigenin.

Fig. 3. Putative active site of UGT708D1. A cartoon representation of the predicted
active site of UGT708D1 is shown. The N-terminal domain (residues 1–254), C-
terminal domain (residues 255–480), and conserved PSPG motif (residues 353–396)
are colored in light blue, pink, and green, respectively. UDP-glucose is indicated by
the orange stick model, and the anomeric carbon is modeled as a sphere. Four
charged residues around the acceptor binding site are drawn as a stick model and
colored as follows: His20, yellow; Asp85, red; Arg202, blue; Arg292, blue. The
image was drawn using PyMOL (http://www.pymol.org/).
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mass spectrometry (MS/MS) analysis was performed. The product
ion spectrum of the precursor ion at m/z 449 showed ions of
[M�H�90]� at m/z 359 and [M�H�120]� at m/z 329 (Fig. 2, inset)
corresponding to the cross-ring cleavage of an aryl-C-glucosyl moi-
ety (Supplementary Fig. S4), indicating that the glucose moiety was
attached to 2-hydroxynaringenin by a C–C bond [30]. To reveal the
linkage position of the glucosyl moiety, acquisition of a nuclear
magnetic resonance (NMR) spectrum of peak 2 was attempted, but
unsuccessful owing to instability of this compound. However, when
the reaction product was treated with acid for product identifica-
tion, peak 3 was generated with disappearance of peak 2 (Fig. 2).
The retention time of peak 3 was consistent with those of vitexin
and isovitexin, the dehydration products of 8- or 6-C-glucosylated
2-hydroxynaringenin, respectively. These compounds could not be
separated under these HPLC conditions. However, HPLC analysis
using different conditions resolved peak 3 into two compounds
whose retention times coincided with those of vitexin and isovitexin
(Supplementary Fig. S5). Thus, recombinant UGT708D1 catalyzed
C-glucosylation of the A ring of 2-hydroxynaringenin in the presence
of UDP-glucose. The catalytic activity toward 2-hydroxynaringenin
was approximately 11 nkat/mg.

UGT708D1 showed enzymatic activity toward phloretin but not
toward naringenin and apigenin (data not shown). This substrate
specificity is similar to that of buckwheat CGT or OsCGT [7,9].

3.3. Predicted active site of UGT708D1

To investigate the catalytic residues for CGT activity, a struc-
tural model of UGT708D1 was constructed using the crystal
structure of Medicago truncatula UGT71G1 [15], which showed
the highest sequence homology with UGT708D1 among UGTs with
available crystal structure, as a template. The predicted structure
revealed the N-terminal acceptor-binding and C-terminal
sugar-donor-binding pockets (Supplementary Fig. S6).
Because both CGTs and OGTs use UDP-glucose as a sugar donor,
the key factors that determine the C-glucosylation activity are
likely to lie in the acceptor-binding pocket rather than in the
sugar-donor-binding pocket. Also, enzymatic C-glucosylation
implies the involvement of charged amino acid residues [31,32].
Based on these considerations, our investigation focused on the
charged residues around the putative acceptor-binding pocket. In
the structural model, four charged residues, namely His20,
Asp85, Arg202, and Arg292, were found to be located around the
acceptor-binding pocket (Fig. 3).

3.4. Sequence comparison of UGT708D1

To assess the evolutionary conservation of these residues, the
protein sequence of UGT708D1 was compared with that of func-
tionally characterized flavonoid UGTs. Sequence alignment showed
that His20 of UGT708D1 was commonly conserved among the
UGTs, irrespective of the difference between CGTs and OGTs
(Fig. 4). Interestingly, Asp85 and Arg292 of UGT708D1 were specif-
ically conserved in the 2-hydroxyflavanone CGTs characterized to
date (Fig. 4), implying the functional importance of these residues
in C-glucosylation reaction. No marked difference was observed in
the highly conserved PSPG motif between CGTs and OGTs (Fig. 4),
suggesting that the determinant factors for C-glucosylation activity
were not present in the motif.

3.5. Mutation analysis of UGT708D1

To investigate the functional role of these residues, four alanine
substitution mutant proteins (H20A, D85A, R202A, and R292A)
were generated and assayed for their in vitro activity toward
2-hydroxynaringenin. HPLC analysis indicated that the D85A
mutant and the R292A mutant lost catalytic activity, whereas the
R202A mutant showed CGT activity, as did the wild-type
UGT708D1 enzyme (Fig. 5A). The H20A mutant produced no
C-glucoside product (peak 2); however, another small peak (peak
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Fig. 4. Parts of a multiple sequence alignment of flavonoid CGTs and OGTs. Multiple sequence alignment was performed with MUSCLE [41]. Completely conserved sites
among UGTs that share the same activity were shaded black (identical residues) or gray (similar residues) with BoxShade 3.31. Gene names of dicot UGTs are indicated in
boldface. The sites of His20, Asp85, Arg202, and Arg292 of UGT708D1 are indicated by arrows. The conserved PSPG motif is indicated by a solid line below the alignment. The
following abbreviations are used: F3OGT, flavonoid 3-O-glucosyltransferase; F5OGT, flavonoid 5-O-glucosyltransferase; F7OGT, flavonoid 7-O-glucosyltransferase;
UGT708A6, UGT708C1, and UGT708C2, 2-hydroxyflavanone C-glucosyltransferase. Species abbreviations are as follows: Ac, Allium cepa (onion); At, Arabidopsis thaliana
(thale cress); Fe, Fagopyrum esculentum (buckwheat); Gm, Glycine max (soybean); Gt, Gentiana triflora (Ezorindo); Ih, Iris hollandica (Dutch iris); Lb, Lycium barbarum (Chinese
wolfberry); Pf, Perilla frutescens (beefsteak mint); Zm, Zea mays (maize). Accession numbers are shown in Supplementary Table S5.
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5), which was not detected in the reaction product of the wild-type
enzyme, was observed (Fig. 5A). When peak 5 of Fig. 5A was ana-
lyzed by MS, an ion at m/z 449.109 was observed, indicating that
peak 5 was a monoglucoside of 2-hydroxynaringenin. The MS/MS
spectrum of the parent ion at m/z 449 indicated the presence of
a fragment ion of [M�H�162]� at m/z 287 (Fig. 5A, inset) arising
from the neutral loss of a whole glucose moiety (Supplementary
Fig. S7), suggesting that the glucosyl moiety was conjugated to



Fig. 5. (A) HPLC analyses of mutant UGT708D1 activity toward 2-hydroxynaringenin. Enzymatic activities of wild-type and mutant proteins (H20A, D85A, R202A, and R292A)
were assayed in the presence of 2-hydroxynaringenin and UDP-glucose using the crude enzymes and the reaction products were analyzed by HPLC. A crude solution prepared
from empty vector (pET-15b) transformant was used as negative control. The MS/MS spectrum of the parent ion at m/z 449 from peak 5 is shown in inset. Reference standards
are as follows: 1, 2-hydroxynaringenin; 3, vitexin; 4, apigenin. (B) The HPLC profile of the reaction product of H20A mutant before and after acid treatment. To infer the
attached position of the glucosyl moiety, the reaction product of the H20A mutant (top panel) was treated with acid to facilitate dehydration (second panel). Reference
standards are as follows: 1, 2-hydroxynaringenin; 3, vitexin; 4, apigenin; 6, apigenin 7-O-glucoside.
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2-hydroxynaringenin by an O-glucoside linkage [30]. When the
reaction product of the H20A mutant was treated with acid for pro-
duct identification, two compounds, peak 6 and peak 4, were gen-
erated with disappearance of peak 5 and peak 1 (Fig. 5B). The
retention times of peak 6 and peak 4 coincided with those of api-
genin 7-O-glucoside and apigenin, respectively (Fig. 5B).
Considering that the dehydration of 2-hydroxynaringenin
7-O-glucoside and 2-hydroxynaringenin produced apigenin
7-O-glucoside and apigenin, respectively, the glucose moiety of
peak 5 was inferred to be attached to the 7-OH position of
2-hydroxynaringenin. Thus, H20A mutant protein lost CGT activity
but retained low OGT activity. These results indicated that Asp85
and Arg292 of UGT708D1 were critical for enzymatic activity,
whereas His20 of UGT708D controlled enzymatic regioselectivity.

3.6. Phylogenetic analysis of UGT708D1

To establish an evolutionary relationship of UGT708D1 with
other flavonoid UGTs, a phylogenetic tree was constructed
(Fig. 6). The tree was linearized assuming equal evolutionary rates
in all lineages to compare the relative gene divergence times of the
interior nodes. The tree showed that four gene divergences (Fig. 6,
nodes a–d) occurred almost simultaneously between the monocot
and dicot flavonoid UGTs that share the same regioselectivity. The



Fig. 6. Linearized phylogenetic tree of UGT708D1 and flavonoid glucosyltrans-
ferases. The evolutionary history was inferred using the maximum-likelihood
method with the molecular clock. Bootstrap values (500 replicates) are indicated
next to the branches. Confidence intervals (95%) are shown as white bars. The tree is
drawn to scale, with branch lengths measured in the relative numbers of
substitutions per site. Gene names of dicot UGTs are indicated in boldface. The
phylogenetic analysis was performed with MEGA5 [42]. Abbreviations are shown in
the legend of Fig. 4. Accession numbers are shown in Supplementary Table S5.
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result suggests that plants acquired the ability to C-glucosylate
2-hydroxyflavanone before the monocot–dicot species split.

4. Discussion

In silico cloning using the protein sequence of a rice CGT
(OsCGT) as a query led to isolation of a soybean CGT
(UGT708D1), which was unambiguously shown to catalyze
C-glucosylation of 2-hydroxynaringenin.

The enzymatic mechanism of plant CGTs remains to be eluci-
dated. Previous study of a bacterial CGT, which C-olivosylates an
aromatic polyketide, has suggested that an aspartate residue
Fig. 7. A possible catalytic model for UGT708D1. (A) The negative charge of the carboxy
ortho to the hydroxyl group of the acceptor substrate through resonance. The positive ch
UDP moiety of UDP-glucose. (B and C) After electrophilic attack on the aromatic carb
intermediate), His20 may act as a catalytic base to deprotonate the cationic non-aroma
located at its active center is essential for CGT activity because
the negative charge of this residue can activate the aromatic car-
bon of the acceptor substrate toward EAS reaction by resonance
[31,32]. However, no key residue functionally equivalent to that
in the bacterial CGT has been identified in plant CGTs. The present
study suggests that Asp85 of UGT708D1 plays a role similar to that
of the anionic residue in bacterial CGTs. The results of our study
support this idea.

Although the highly conserved N-terminal histidine has been
suggested to serve as a base to deprotonate the hydroxyl group
of the acceptor substrate in OGT [15], the role of the corresponding
residue in CGT is uncertain. Gutmann and Nidetzky have proposed
that the N-terminal histidine of OsCGT functions to deprotonate
the phenolic hydroxyl group of the aromatic substrate, leading to
activation of the aromatic carbon of the substrate by resonance
[33]; however, the histidine residue may be insufficient for activat-
ing the aromatic ring compared with the anionic residue. The pre-
sent study suggests a role for the N-terminal histidine that is
different from the one they proposed. Because the aromatic proton
of the acceptor substrate is displaced by a glucosyl moiety as a con-
sequence of the aryl-C-glucosylation reaction, efficient removal of
the aromatic proton is expected to be required for catalysis. We
accordingly propose that His20 of UGT708D1 functions as a base
to accept the aromatic proton in a way similar to that in which
the corresponding residue in OGT acts to accept the hydroxyl pro-
ton. Based on the observation that the N-terminal histidine is con-
served among both CGTs and OGTs (Fig. 4), it appears that the
histidine residue plays a common role in accepting the hydrogen
atom that is substituted by the glucosyl moiety, irrespective of
the difference between C- and O-glucosylation reactions. In a
recently discovered flavone CGT [10], the corresponding residue
was replaced by valine (data not shown), but the enzyme retained
C-glucosylation activity. The molecular function of the N-terminus
histidine may differ between 2-hydroxyflavanone CGT and flavone
CGT.

The mechanism by which the H20A mutant exerts
O-glucosylation activity remains elusive. Replacing the conserved
N-terminal histidine with alanine usually abolishes OGT activity
[14–18] although there is an exceptional case of soybean isofla-
vone OGT (GmIF7GT) [34] in which the N-terminal histidine is dis-
pensable for OGT activity. It is unknown whether the OGT activity
of the H20A mutant may be relevant to the case of GmIF7GT. A pos-
sible explanation is that appropriate positioning of the acceptor
substrate and the glucose donor for C-glucoside formation is
impaired in this mutant, resulting in abnormal O-glucoside forma-
tion, as proposed previously [19,32]. Alternatively, enzymatic
C-glucosylation may proceed via the initial formation of an
O-glucosyl intermediate, followed by an O- to C-glucosyl rear-
rangement reaction [35]. In the latter case, His20 of UGT708D1
l group of Asp85 is expected to enhance the nucleophilicity of the aromatic carbon
arge of the guanidino group of Arg292 may enhance the leaving-group ability of the
on by the anomeric carbon of UDP-glucose to form the arenium ion (a Wheland
tic intermediate to yield the aryl-C-glucoside.
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may facilitate the O–C-glucosyl rearrangement step, given that a
mutant CGT enzyme that has lost the O–C rearrangement activity
is expected to display only OGT activity.

Following the assumption that the C-glucosylation reaction pro-
ceeds through an EAS, we propose an enzymatic reaction model for
UGT708D1 (Fig. 7). In the first step, the negatively charged Asp85
activates the aromatic carbon of the acceptor substrate toward
EAS (Fig. 7A). After the formation of the arenium ion as an EAS
reaction intermediate (Fig. 7B), His20 functions as a base to accept
a proton from the cationic non-aromatic intermediate to restore
aromaticity (Fig. 7C). Given that Arg292 is located near the
UDP-glucose molecule in the structural model (Fig. 3), the positive
charge of Arg292 may increase the leaving-group ability of the UDP
moiety (Fig. 7A). Thus, in this model, the three conserved residues
located at the putative active site of UGT708D1 act cooperatively to
facilitate enzymatic C-glucosylation.

One of the possible applications of the present study would be
the molecular cloning of CGTs using a homology-based method
[36,37] from other C-glucoside-producing plants whose genomes
have not been sequenced, as exemplified by the legume species
Pueraria lobata, which produces puerarin, an isoflavone
8-C-glucoside. C-Glucosylation activity, which catalyzes the con-
version of isoliquiritigenin (the precursor of puerarin) to puerarin
in the presence of UDP-glucose, has been reported in crude extracts
of the roots of P. lobata, but the gene responsible for the
C-glucosylation remains unknown [38–40]. Curiously, there have
been no reports of C-glucosylflavone metabolites in this genus,
raising the possibility that a 2-hydroxyflavanone CGT has evolved
into an isoflavone CGT. Thus, the unidentified CGT may show high
sequence similarity to legume UGT708D1.

In conclusion, the present study not only identified a
2-hydroxyflavanone CGT in soybean but also proposed key resi-
dues for CGT activity. This study will provide basic information
for understanding the catalytic mechanism of plant CGTs.
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