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Abstract
Glycosylflavonoids are a class of natural products with multiple pharmacological activities and a lot of glycosyltransferases 
from various plant species have been reported that they were involved in the biosynthesis of these phytochemicals. However, 
no corresponding glycosyltransferase has been identified from the famous horticultural and medicinal plant Iris tectorum 
Maxim. Here, UGT73CD1, a novel glycosyltransferase, was identified from I. tectorum. based on transcriptome analysis and 
functional identification. Phylogenetic analysis revealed that UGT73CD1 grouped into the clade of flavonoid 7-OH OGTs. 
Biochemical analysis showed that UGT73CD1 was able to glycosylate tectorigenin at 7-OH to produce tectoridin, and thus 
assigned as a 7-O-glycosyltransferase. In addition, it also possessed robust catalytic promiscuity toward 12 structurally diverse 
flavonoid scaffolds and 3, 4-dichloroaniline, resulting in forming O- and N-glycosides. This work will provide insights into 
efficient biosynthesis of structurally diverse flavonoid glycosides for drug discovery.
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Introduction

Flavonoids are a versatile class of phenolic metabolites with 
multiple pharmacological activities in plants [1]. These 
natural products exhibit diverse bioactivities and confer 
considerable health benefits, such as antioxidant, anti-
inflammatory, anti-cancer, anti-obesity, anti-diabetes, and 
anti-carcinogenic activities [2, 3]. Often, they are present 
in the form of free aglycones and glycosides [1]. Compared 
with free aglycones, sugar moieties attached to flavonoids 
are crucial for the structural diversity of plant secondary 
metabolites, and remarkably affect the bioactivities of these 
phytochemicals [4]. Glycosylflavonoids can be categorized 

into the O-glycosidic derivatives and C-glycosidic deriva-
tives [5], while the former is more abundant in plants. Previ-
ous researches revealed that the stability of natural products 
benefit from chemical modifications in plants, such as meth-
ylation, acylation and glycosylation, eventually leading up to 
the formation of secondary metabolites [6, 7]. In addition, 
glycosylation can effectively enhanced water solubility of 
natural products as well as bioavailability, pharmacological 
properties [8].

The vast majority of glycosylation reactions are mediated 
by glycosyltransferase (GT; EC 2.4.x.y.) [9]. These enzymes 
are grouped into 114 families based on sequence similarity 
and collected in the Carbohydrate-Active Enzymes (CAZy) 
database (http://​www.​cazy.​org//​Glyco​sylTr​ansfe​rases.​html). In 
plants, flavonoid 7-O-glycosyltransferases (7GTs) belong to 
the GT superfamily 1 (UGT) that is the largest multigene GT 
family, using uridine 5’-diphosphate (UDP) sugar as glycosyl 
donors. UGTs are characterized by C-terminus signature motif 
that is composed of a highly conserved 44-amino-acid resi-
dues, and the motif used to be called Plant Secondary Product 
Glycosyltransferase (PSPG) box. Plenty of 7GTs have been 
reported in a wide range of plant species, the overwhelm-
ing majority of which were from dicotyledon. For example, 
UGT73C6 and UGT89C1 were identified from Arabidopsis 
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thaliana, a famous model plant, and led up to the formation of 
flavonoid glycosides and flavonoid rhamnosides respectively 
[10, 11]. Moreover, the canonical WsGT and UGT76F1 were 
sporadically distributed in other plant families, including 
Solanaceae and Rutaceae, displaying robust catalytic activity 
to structurally diverse substrates, such as flavones, flavonols, 
isoflavones [12, 13]. In contrast, with isoflavones as major 
glycosylated substrates, a considerable number of 7GTs have 
been reported in Leguminosae family plants, such as Puer-
aria lobata, Glycine max [14, 15]. It should be particularly 
noted that the identified 7GTs were rare in monocotyledon, 
and they were mainly found in Oryza sativa. For instance, 
UGT706D1 could catalyze flavones at their 7-OH group and 
thus was characterized as a 7GT in Oryza sativa [16], while 
UGT706C2 could catalyze flavones and flavanones [17]. How-
ever, few 7GTs have been identified in I. tectorum, a monocot 
Iridaceae family plant. Moreover, the substrate promiscuity of 
most known flavonoids glycosyltransferases are not as broad as 
that of UGT73AE1 [18], which would hinder the availability 
of bioactive natural product glycosides. Hence, it is of great 
practical significance to further discover 7GTs with catalytic 
promiscuity from I. tectorum.

I. tectorum, known as a horticultural plant, is also a famous 
traditional medicinal plant in China. As a traditional Chinese 
medicine, whose dried rhizome referred to as “Chuan She 
Gan”, have been widely used to treat inflammation, pharyngitis 
and cough for thousands of years [19]. An abundant of bioac-
tive ingredients have been reported in I. tectorum, including 
flavonoids, terpenoids, and phenolics [20, 21]. Among these 
components, flavonoids, particularly isoflavones, are deemed 
to be the main compound. Previous studies have indicated that 
isoflavone glycosides, the most important bioactive compo-
nent, determines the quality of medicinal materials [22]. As 
the main bioactive isoflavone 7-O-glycoside, abundant tec-
toridins have been found in I. tectorum, indicating that 7GTs 
should be involved in the biosynthesis of tectoridin in this 
plant. However, 7GTs in I. tectorum have not yet been identi-
fied. With the aim to character the target 7GT enzyme, de novo 
transcriptome of different organs of I. tectorum was investi-
gated, and ItUGT700, a candidate gene, had been screened 
based on a BLAST search. By heterologous expression and 
enzymatic assays, a 7GT was identified as a multifunctional 
glycosyltransferase that could catalyze O-, N-glycosylation 
reactions. This finding paves the way for the biosynthesis of 
structurally diverse flavonoid glycosides in monocot Iridaceae 
family plants.

Materials and Methods

Chemicals and Materials

Substrates including tectorigenin (1), formononetin (2), 
genistein (3), daidzein (4), apigenin (5), luteolin (6), narin-
genin (7), eriodictyol (8), hesperetin (9), kaempferol (10), 
isorhamnetin (11), 3,4-dichloroaniline (13), 3,4-dichloroben-
zenethiol (14), emodin (15), tectoridin (16), puerarin (17), 
vitexin (18), orientin (19), and mangiferin (20) were pur-
chased from Sichuan Weikeqi Bio-Technology CO., LTD. 
(Chengdu, China) and Chengdu Must Bio-Technology Co., 
Ltd (Chengdu, China) while the compound phloretin (12) as 
a gift was obtained from Dr. Peng Wu, Guangzhou Univer-
sity of Chinese Medicine. UDP-glucose was purchased from 
Tianjin Heowns Bio-Technology Co., Ltd. (Tianjin, China). 
Analytical or High-Performance Liquid Chromatography 
(HPLC) grade solvents were obtained from Thermo Fisher 
Scientific Co., Ltd. (Shanghai, China). Unless otherwise 
stated, all other chemicals and reagents were purchased from 
Sigma-Aldrich (St. Louis, MO, USA) and Shanghai Sangon 
Bio-Technology CO., LTD. (Shanghai, China).

Plant Materials, RNA Isolation, Transcriptome 
Sequencing and Transcriptome Assembly

I. tectorum, plants were collected from the Institute of Bot-
any, Chinese Academy of Sciences in Beijing and they were 
cultivated in the Guangzhou University of Chinese Medi-
cine. Total RNA was extracted from the rhizomes, leaves 
and flowers of I. tectorum, using the Quick RNA Isolation 
Kit (Waryong Biotech., Beijing, China). All samples were 
performed in triplicate. The transcriptome sequencing was 
performed by Illumina HiSeq™ 2000 (Biomarker Tech-
nologies, Beijing, China). Transcriptome assembly was 
conducted using Trinity 2 with min_kmer_cov set to 2 by 
default and all other parameters were set by default.

Phylogenetic Analysis

The diverse UGTs protein sequences from plants and micro-
organism were aligned by Clustal W. A Neighbor-Joining 
phylogenetic tree was then constructed by MEGA 7.0 
software.

Molecular Cloning of UGT73CD1

The total RNA of the rhizomes of I. tectorum was extracted 
using the Quick RNA Isolation Kit (Huayueyang Biotech, 
China) and reverse-transcribed to cDNA with the Pri-
meScript™ II 1st Strand cDNA Synthesis Kit (TaKaRa 
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Biotech, Dalian, China) according to the manufacturer’s 
instructions. ItUGT700, as a candidate unigene with the full-
length coding sequences, was screened out in the transcrip-
tome databases. It was amplified by PCR using Phanta MAX 
Super-Fidelity DNA Polymerase (Vazyme Biotech, Nanjing, 
China) with gene-specific primers. The PCR product was 
then cloned between the EcoRI and XhoI restriction sites of 
the expression vector pET-32a (+) (Novagen, USA) using 
the ClonExpressII One Step Cloning Kit (Vazyme Biotech, 
Nanjing, China) and was confirmed by sequencing.

Heterologous Expression and Protein Purification 
of UGT73CD1

The recombinant plasmid was then introduced into E.coli 
BL21 (DE3) (Transgen Biotech, Beijing, China) for heter-
ologous expression. E.coli cells were cultured (2 mL) over-
night in Luria–Bertani (LB) medium containing 100 μg/mL 
ampicillin at 37 °C with shaking (200 rpm). These cultures 
were then added into 500 mL of LB medium containing 
100 μg/mL ampicillin and grown at 37 °C with shaking 
(200 rpm). After the OD600 value reached 0.4–0.6, the cells 
were induced with 0.1 mM isopropyl β-D-thiogalactoside 
(IPTG) at 18 °C for 18 h with shaking (150 rpm). The cells 
were harvested by centrifugation at 4000 rpm for 10 min at 
4 °C, and then resuspended in 20 mL lysis buffer (50 mM 
Tris–HCl pH 8.0) and ruptured by sonication on ice. Then 
the cell lysate was removed by centrifugation at 12,000 rpm 
for 30 min at 4 °C. The supernatant was mixed with 3 mL 
of Ni–NTA resin (TaKaRa Biotech, Dalian, China) pre-
equilibrated with 15 mL binding buffer (pH 8.0, 50 mM 
Na3PO4, 300 mM NaCl, 20 mM imidazole) and incubated 
for 1 h at 4 °C. The target protein was eluted by the elution 
buffer (pH 8.0, 50 mM Na3PO4, 300 mM NaCl) with 50, 80, 
150, 250 and 300 mM imidazole, respectively. After sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) analysis, the purified target protein was concentrated 
by Amicon Ultra-30 K (Millipore, USA) and the protein 
concentration was determined by Bradford Protein Assay 
Kit (Sangon Biotech, Shanghai, China).

Glycosyltransferase Activity Assays

The whole reactions were individually conducted in a final 
volume of 100 µL containing 50 mM Tris–HCl buffer (pH 
8.0), 0.1 mM aglycone, 0.5 mM sugar donor, and 50 µg 
of purified ItUGT700. Reactions were incubated at 37 °C 
for 2 h and were terminated as previously described. After 
centrifugation at 12,000 rpm for 30 min, the supernatants 
were collected to be analyzed by HPLC on an Agilent 
1200 instrument and Agilent 1200 ultrahigh performance 
liquid chromatography couple to Agilent 6540 Q-TOF 
MS (LC–MS) system fitted with an ESI source (Agilent 

Technologies, USA). All samples were separated on a 
Eclipse plus C18 column (3.0 × 100 mm, 1.8 μm, Agilent, 
USA). For quantitative analysis, the system was operated 
in positive ion mode at a flow rate of 0.4 mL/min using 
solvent A (water containing 0.1% formic acid) and solvent 
B (acetonitrile), accompanied by the column temperature 
set at 50 °C. The gradient elution programs were described 
in Table S3. An optimal data was collected with UV spec-
tra scanned from 190 to 400 nm and full scan mode set 
from 100 to 1500 m/z at a scan rate of 3 scans per sec-
ond. The other scan ion source parameters was as follows: 
gas temperature, 320 °C; dry gas flow rate, 11 L/min; gas 
flow of the atomizer, 12 L/min; skimmer voltage, 65 V; 
capillary voltage, 3,500 V; fragmentor, 130 V; nebulizer, 
35 psi. The reaction products were identified based on a 
comparison of their retention times, UV spectra and MS 
spectra with that of standards or the published literature. 
The conversion rates were obtained through calculating 
peak areas of products and substrates from HPLC–UV/
ESIMS.

Biochemical Properties of UGT73CD1

To test the optional pH value for ItUGT700 activity, the 
reactions were performed in different reaction buffers 
ranged in pH values from 4.0 to 5.0 (citric acid-sodium 
citrate buffer), 6.0–8.0 (Na2HPO4-NaH2PO4 buffer), and 
9.0–11.0 (Na2CO3-NaHCO3 buffer). To investigate the 
optimal reaction temperature for ItUGT700, the reactions 
were performed at different temperatures (4, 25, 37, 42, 50, 
60 °C). To test the dependence of divalent metal ions for 
ItUGT700, CaCl2, BaCl2, MgCl2, ZnCl2, CoCl2 and EDTA 
were added into the reactions individually at 5 mM. After 
30 min, all of the reactions were terminated with an equal 
volume of ethyl acetate and extracted for three times. The 
extracts were dissolved in HPLC-grade methanol after being 
dried in vacuum, and centrifuged at 12,000 rpm for 30 min, 
then the supernatants were analyzed by HPLC. The above 
reactions were conducted in triplicate.

Determination of Kinetic Parameters of UGT73CD1

For kinetic studies of ItUGT700, enzymatic assays were 
performed in a final volume of 100 μL containing 50 mM 
Na2HPO4-NaH2PO4 buffer (pH 7.0), 20  μg of purified 
ItUGT700, 500 μM of saturated uridine 5’-diphosphate glu-
cose (UDP-Glc), and varying concentrations(10, 20, 30, 50, 
80, 100, 200 μM)of 1. All of the reactions were conducted 
at 37 °C for 30 min. Then the reactions were extracted 
with ethyl acetate and centrifuged for HPLC analysis as 
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previously described. The value of Km was calculated using 
Michaelis–Menten plot method.

Results

Candidate Gene Screening and Phylogenetic 
Analysis

In this work, we analyzed the transcriptome data of I. 
tectorum and a BLAST search was used for candidate 
gene screening. A few of (iso)flavonoid 7GTs nucleo-
tide sequences were used as query sequences (Table S2), 
including the flavonoid 7GT gene UGT73C6 (Arabidopsis 
thaliana), UGT73C8 (Medicago truncatula), and isoflavo-
noid 7GT gene PlUGT4 (Pueraria lobata), etc. Through 
homology analysis and gene annotation based on differ-
ent databases, ItUGT700, a (iso)flavonoid 7GT with full-
length coding sequences, was preliminarily identified. 
ItUGT700 was observed with characteristic PSPG Box 
(Fig. 1), in keeping with other flavonoid UGTs. The open 
reading frame (ORF) of ItUGT700 encodes 494 amino 

acids, and the molecular weight of ItUGT700 was pre-
dicted to be 54.8 kDa.

For the better understanding of the relationship of 
ItUGT700 with functionally characterized (iso) flavo-
noid UGTs, a phylogenetic tree was constructed by align-
ing the protein sequences of these UGTs. The phyloge-
netic tree divided into six clusters, including Cluster I 
(Microbial CGTs), Cluster II (Flavonoid 5-OH OGTs), 
Cluster III (Flavonoid 3-OH OGTs), Cluster IV (Fla-
vonoid 7-OH OGTs), Cluster V ( (Iso)flavone 7-OH 
OGTs), Cluster VI (plant CGTs) (Fig. 2). As expected, 
ItUGT700 was grouped into the Cluster IV, and it was 
close to UGT73AE1, UGT73C6 and UGT73C8, indicat-
ing that ItUGT700 may have similar function with them. 
Both UGT73C6 from Arabidopsis thaliana and UGT73C8 
from Medicago truncatula were functionally character-
ized as canonical flavonoid 7GTs, with flavone units as 
substrates [10, 23]. ItUGT700 shared a 45.06% similarity 
with UGT73C8, slightly more than UGT73C6 (44.93%). In 
contrast, ItUGT700 shared the highest similarity (45.51%) 
with UGT73AE1 [18], implying that it was able to glyco-
sylate structurally diverse flavonoid compounds.

Fig. 1   Multiple amino acid sequences alignment of UGT73CD1 with 7GTs. The sequences were aligned using DNAMAN 6.0 software. “red 
line” was demonstrated PSPG Box
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Molecular Cloning and Functional Characterization 
of UGT73CD1

The full-length cDNA of ItUGT700 were obtained from 
reverse transcription with total RNA of I. tectorum, and they 
were subsequently cloned into the pET-32a (+) vector so as 
to be transformed into E.coli BL21 (DE3). The recombinant 
protein contained fused Trx·tag, S·tag and 6 × His tag, lead-
ing up to a molecular weight of 75.2 kDa when analyzed by 
SDS-PAGE, and it was purified by Ni–NTA affinity Chro-
matography (Fig. S1).

I. tectorum is highly rich in 1, so it was used as sugar 
acceptor to conduct enzymatic activity assay, while UDP-
Glc was used as the only sugar donor. As shown in Fig. 3, 
new products 1a was observed, while control assay showed 

no product, displaying that ItUGT700 exhibited signifi-
cantly glycosylation activity toward 1. The MS/MS spec-
trum of 1a showed fragment ions at m/z 301.0738, which 
was the characteristic fragment ions [M + H-162] +, indi-
cating the presence of 1 and the catalytic products was 
O-glycoside [24]. The retention time and mass fragmenta-
tion pattern of 1a was essentially identical to an authentic 
reference standard 16, thus the glycosylated product 1a 
was identified as tectoridin. The above result unequivo-
cally established ItUGT700 as a first permissive plant 
UGT identified from I. tectorum, able to glycosylate iso-
flavone at 7-OH. ItUGT700 was further sent to be named 
as UGT73CD1 by the UGT Nomenclature Naming Com-
mittee [25].

Fig. 2   Phylogenetic analysis of UGT73CD1 together with function-
ally characterized flavonoid UGTs. Cluster I: microbial CGTs; Cluster 
II: flavonoid 5-OH OGTs; Cluster III: flavonoid 3-OH OGTs; Clus-

ter IV: flavonoid 7-OH OGTs; Cluster V: (Iso) flavone 7-OH OGTs; 
Cluster VI: plant CGTs. “Red star” indicates UGT73CD1. Accession 
numbers and species are shown in Table S3
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Substrate Promiscuity of UGT73CD1

To further explore the promiscuity and regiospecificity of 
UGT73CD1 for flavonoid substrates, structurally diverse 
flavonoid compounds were tested by enzymatic assay, with 
UDP-Glc as the sugar donor. Unexpectedly, UGT73CD1 
showed robust promiscuity towards diverse flavonoid sub-
strates. It could catalyze the whole 11 structurally diverse 
scaffolds to form mono products, including isoflavones 
(1–4), flavones (5, 6), flavanones (7–9), dihydrochalcone 
(12) and simple aromatic compound (13). For some rep-
resentative obtained glycosides, their structures were 
established by the standard references. For example, com-
pared with the Daidzin standard, the product catalyzed by 
UGT73CD1 using the compound 4 as the substrate was 
identified as Daidzin, a 7-O-isoflavone glycoside (Fig. S2). 
Besides, the other glycosylated products were tentatively 
characterized as O-glycosides based on a comparison of 
their retention times, MS spectrum and MS/MS spectrum 
with the published literature. Remarkably, UGT73CD1 
could accept compound 7–9 at relative high conversion 
rates (Fig. S7-S9). Moreover, apparent glycosylation con-
version rates (> 20%) were observed with compound 1, 3 
and 4, with the one exception of 2 (Fig. 4, Fig. S2–S4). 
Notably, the methoxy group in the B ring of compound 2 
hindered conversion rates. Overall, the above results proved 
that UGT73CD1 as an efficient and regiospecific UGT, was 
capable of glycosylating isoflavones, flavones and flavanones 

at 7-OH. It is important to point out that there were three 
different-sites glycosylated products when flavonols (10, 11) 
was used as substrates, indicating that UGT73CD1 had the 
potential to make full use of flavonols, as an efficient instru-
ment for glycosylation (Fig. S10–S11).

Inspired by the robust substrate promiscuity for flavo-
noid compounds, several structurally diverse compounds 
were used as substrates to further tested. The substrates 
include simple aromatic compounds with various nucleo-
philic groups of -SH, -NH2 group (13, 14), anthraquinone 
(15) and flavonoid glycosides (16–20). Interestingly, a new 
glycosylated product come out when compound 13 used 
as a substrate, different from the glycosylating pattern for 
above identified flavonoid substrates (Fig. S13). In contrast, 
UGT73CD1 showed no obvious activity to compound 14, a 
representative compound containing S-based nucleophile. 
Moreover, no product was observed when compound 16–20 
as glycosides were incubated with the enzyme, indicat-
ing that UGT73CD1 could catalyze aglycones instead of 
glycosides (Fig. 4). In general, these results showed that 
UGT73CD1 was a promising enzyme for the synthesis of 
glycosides with diverse structures and bioactivity.

The Kinetic Parameters of UGT73CD1

To examine kinetic parameters of UGT73CD1, several vital 
parameters was screened by enzymatic assay using tecto-
rigenin as an acceptor and UDP-Glc as sugar donor. The 

Fig. 3   Glycosylation of 1 by UGT73CD1. a UGT73CD1 catalyzed the O-glycosylation of 1; b LC–MS analysis of 1, 16 and the product 1a; c 
LC–MS/MS analysis of 1a and 16
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result demonstrated that the optimum pH value was deter-
mined at 7.0 (Na2HPO4-NaH2PO4 buffer) (Fig. 5a) and the 
optimum temperature was 37 °C (Fig. 5b), similar to previ-
ously reported plant flavonoid UGTs [26, 33]. UGT73CD1 
was independent of divalent cations, supporting that was a 
GT-B type enzyme (Fig. 5c). Based on the above optimum 
parameters, kinetic parameters of UGT73CD1 reaction were 
calculated and Km value was 60 µM (Fig. 5d).

Discussion

Glycosides from medicinal plants play a critical role in drug 
discovery. For instance, tectoridin exhibits anti-tumor, anti-
inflammatory, anti-oxidant activities [27–29] and inhibits 
osteoclastogenesis and bone loss [30]. Recently, the lead 
compounds being synthesized by UGTs from different plant 

species in drug discovery has attracted considerable interest, 
especially for discovery of plant UGTs possessing robust 
promiscuity and regiospecificity. Typical examples include 
UGT73AE1 and UGT74AN1, which are from Carthamus 
tinctorius and Asclepias curassavica respectively [18, 31], 
and as multifunctional O-, S-, and N-glycosyltransferases, 
they are capable of glycosylating structurally diverse sub-
strates. MiCGT from Mangifera indica exhibited C-, O-, and 
N-glycosylation activity, and 35 structurally diverse drug-
like scaffolds could be glycoslated [32]. Moreover, TcCGT1 
from Trollius chinensis and GgCGT from Glycyrrhiza glabra 
could afford a more S-glycosylation than MiCGT [26, 33]. 
However, no corresponding UGTs have been discovered in I. 
tectorum. (Iso)flavonoids, especially tectoridin, were major 
bioactive components in I. tectorum, having a great influ-
ence on the pharmacological actions. A previous study has 
indicated that the bioactivity and potency of a compound are 

Fig. 4   Exploring the substrates promiscuity of UGT73CD1. a Rela-
tive activity (%) of glycosylated products for substrates 1–20. “N.D.” 
means no product. “a, b, c” represents different products, respec-

tively; b Structures of the substrates 1–20. LC–MS/MS analysis are 
given in Fig. S2-S14
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positively correlated with the position of the glycosidic bond 
[34]. Compared to the corresponding substrates, glycosides 
were reported to be better in druggabilities [6]. Synthesis 
of glycosides are usually divided into chemical synthesis 
and biosynthesis [35, 36]. Glycosyltransferase, known as a 
tool enzyme with high efficiency and regiospecificity, were 
further studied to promoting synthesis of glycosides.

In this study, we identified a new plant UGT named as 
UGT73CD1 from monocot I. tectorum, which accepted 
various flavonoid substrates and displayed regiospecific-
ity toward isoflavones and flavones aglycons. Specifically, 
the diverse substrates of UGT73CD1 was resulting from 
an acception of simple aromatic compound with-NH2 
group. Among these tested substrates, tectorigenin (1) as 
an endogenous compound was accepted by UGT73CD1 
at a relative high conversion, leading to production of tec-
toridin. Hence, we tentatively put forward that UGT73CD1 
might be involved in tectoridin biosynthesis in I. tectorum. 
Compared with tectorigenin (1), formononetin (2) was 
converted into a formononetin 7-O-glycoside at a lower 

conversion rate, indicating that it was badly affected by 
the position of the methoxy group on the B ring. In addi-
tion, UGT73CD1 also converted apigenin (5) and luteolin 
(6) into corresponding glycosides at a relatively low level. 
In contrast, UGT73CD1 possessed the highest conversions 
when flavanones (7–9) used as substrates. Considering that 
C2-C3 double bond exists at the C ring of flavones while 
flavanones are just a single bond at the same position, we 
speculate that subtle changes of substrate configurations may 
disturb sugar acceptors deeply entering the binding pocket 
of the enzemy, resulting in poor catalytic activity. It should 
be noted that UGT73CD1 showed no catalytic activity with 
flavonoid glycosides (16–20). It indicated that a structural 
alteration would interfere with the secondary glycosylation 
of UGT73CD1, contrary to the catalytic characteristic of 
PlUGT2 [37]. Intriguingly, multiple products were observed 
when flavonols (10, 11) were catalyzed by UGT73CD1. Pre-
vious studies also indicated that a UGT was capable of trans-
ferring a glycosyl moiety to different hydroxyl groups of fla-
vonoids [26, 33], while no exactly catalytic mechanism has 

Fig. 5   Biochemical properties of UGT73CD1. a Different pH con-
ditions (pH 4.0–11.0); b Temperature (°C); c Divalent metal ions. 
1 was used as the substrate and UDP-Glc was used as the sugar 
donor. An optimized reaction time of 30  min was used for a, b 
and c. UGT73CD1 exhibited its highest activity at pH 7.0 (50  mM 

Na2HPO4-NaH2PO4 buffer) and 37  °C, and this enzyme was inde-
pendent of divalent cations; d Determination of kinetic parameter 
for UGT73CD1. Using 1 as the acceptor and UDP-Glc as the sugar 
donor at 37 °C and pH 7.0 for 30 min. The apparent Km values and 
Vmax were 60 μM and 2.22 × 10−5 mmol/min/μg, respectively
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been reported for that. Moreover, 3, 4-dichloroaniline (13) 
as a proper N-glycosylation substrate could be catalyzed to 
form an N-glycoside. Hence, we were further convinced that 
UGT73CD1 was a multifunctional glycosyltransferase with 
robust promiscuity towards structurally diverse substrates.

Generally, most of the known 7GTs cluster in the same 
branch of the phylogenetic tree and exhibit similar func-
tion based on sequence similarity. For example, UGT73C6, 
UGT73C8 and UGT73AE1 clustered in the UGT73 family 
group, sharing similar catalytic activities toward flavonoids 
though UGT73AE1 was able to accept other structurally 
diverse substrates. Nevertheless, a recent study demonstrated 
that BcUGTs held a close relationship with the UGT706 
family and displayed different catalytic activities toward 
different sugar acceptors while they shared high sequence 
similarity of more than 80% [38], hinting the activities of 
UGTs are subject to substrate structures and enzyme-bind-
ing sites. The hypothesis was validated through the crystal 
structure analysis and molecular docking assay of TcCGT1 
[33], together with the site-directed mutagenesis studies of 
GgCGT [26]. Likewise, the activities of UGT73CD1 depend 
on the key active sites around the substrate binding pocket 
of itself. We note that AbCGT was able to improve the cata-
lytic activity and enhance the yield of glycosylated products 
through mutating Val183, a key amino acid residue that is 
interacting with the 4’-hydroxyl group of 2-hydroxynarin-
genin [36]. However, no corresponding amino acid residue 
of UGT73CD1 has been explored in this work. Therefore, 
key active sites of UGT73CD1 still need to be screened out 
based on sequence alignment and molecular docking, com-
bined with site-directed mutagenesis. In addition, further 
studies also need to be performed to improve the catalytic 
activities of UGT73CD1 and boost production of glycosyl-
flavonoids. Equipping UGT73CD1 with such capabilities is 
challenging and meaningful for the synthesis of biological 
glycosylflavonoids in drug discovery.

Conclusion

In summary, UGT73CD1 as a novel glycosyltransferase 
identified from the medicinal plant I. tectorum, was high-
lighted by the robust catalytic promiscuity to structurally 
different compounds. In this study, prokaryotic expres-
sion, enzymatic assays, and LC–MS analyses revealed that 
UGT73CD1 displayed regiospecificity toward isoflavones 
and led to the formation of 7-O-β-D-glucosides. In addi-
tion, flavones, flavanones, dihydrochalcone, flavonols could 
also be glycosylated to form mono- or multiple products. 
Unexpectedly, UGT73CD1 could catalyze 3, 4-dichloro-
aniline to generate corresponding N-glycoside. It expanded 
the substrate scope of UGT73CD1 and further manifested 
that UGT73CD1 was a multifunctional glycosyltransferase 

that could catalyze O-, N-glycosylation reactions. This study 
provides insights into the characterization of multifunc-
tional glycosyltransferase involving in structurally diverse 
glycosylflavonoids.
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