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ABSTRACT: The catalytic promiscuity of a new glycosyltransferase (UGT73AE1) from Carthamus tinctorius was explored.
UGT73AE1 showed the capability to glucosylate a total of 19 structurally diverse types of acceptors and to generate O-, S-, and
N-glycosides, making it the first reported trifunctional plant glycosyltransferase. The catalytic reversibility and regioselectivity
were observed and modeled in a one-pot reaction transferring a glucose moiety from icariin to emodin. These findings
demonstrate the potential versatility of UGT73AE1 in the glycosylation of bioactive natural products.

Sugar moieties, as part of many bioactive natural products,
have important effects on the physiological activity,

selectivity, and pharmacological properties of these products.1

Although enzymatic glycosylation engineering has been applied
to attach or alter the sugar moieties of numerous natural
products,2 the process remains primarily restricted by enzyme
specificity and the availability of suitable glycosyltransferases
(GTs) for the targets of interest.3 GTs with substrate
promiscuity are generally recognized as powerful tools in the
glycodiversification of natural products for both in vitro and in
vivo use.3 Thus, the discovery of GTs with catalytic promiscuity
and novel specificity is of necessity in practice, and great
progress has been achieved, especially for GTs from microbe-
s.2a,c,d,3b−d However, in the past few years, studies on plant GTs
have revealed that dramatically varied GTs are involved in plant
secondary metabolism;4 e.g., the model plant Arabidopsis
thaliana contains >100 GTs dedicated to small-molecule
conjugation.4a Furthermore, plant GTs have advantages in
glycosylating botanical natural products, derivatives of which
constitute a large proportion of clinical drugs.5 However, most
of the reported plant GTs show relatively narrow substrate
spectra and few plant GTs have been used as enzymatic tools
for the glycosylation of natural products with structural
diversity. Thus, mining GTs from plants with catalytic
promiscuity is important to synthesize bioactive natural product
glycosides. Here, we report a new glycosyltransferase
(UGT73AE1) from Carthamus tinctorius, which can tolerate a
number of structurally different acceptors, form O-, S-, and N-
glycosidic bonds, and catalyze the reverse reaction, along with

its use in a deglucosylation reaction and an aglycon exchange
reaction.
C. tinctorius (L.) (Honghua) is a traditional Chinese

medicinal herb, and a wide variety of bioactive natural
glycosides, including the rare C-glycosylated quinochalcones
and O-glycosylated flavonoids, have been isolated from its
florets.6 The diverse glycosylated secondary metabolites imply
the existence of corresponding GTs, which inspired us to seek
GTs with interesting substrate specificity. To clone permissive
GTs from C. tinctorius, a degenerate PCR primer (GT-5′
RACE, Table S2) for 5′ RACE was designed based on the
conserved PSPG (Plant Secondary Product Glycosyltrans-
ferases) motif of five plant species GTs (Figure S1).7

Combined with 3′ RACE, nine new C. tinctorius GTs
(CtGTs) were successfully cloned by RT-PCR amplification
using the total RNA from C. tinctorius florets as a template and
heterologously expressed in Escherichia coli as described in the
Supporting Information (SI).
To investigate the glycosylation capability of the CtGTs in

vitro, UDP-glucose (UDPG) along with phloretin (9) and
resveratrol (11), which are usually used as acceptors in
glycosylation by GTs involved in the plant secondary
metabolism,8 were used in the enzymatic assay. The detecting
reactions (50 mM Tris-HCl, pH 7.4; 0.5 mM UDPG; 0.25 mM
aglycon; 500 μg of crude CtGTs; 30 °C, 6 h) were analyzed by
HPLC-UV/MS (high-performance liquid chromatography-UV
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absorption/mass spectrometry). Of the nine recombinant
CtGTs, only CtGT6 showed glycosylation activity to all of
the hydroxyls of phloretin (9) and resveratrol (11) with high
conversion rates (Figure 1). Control reactions lacking either
enzyme or UDPG confirmed that the reactions were dependent
upon both the enzyme and UDPG. The glucosylated products
were isolated from the preparative-scale reactions, and their
structures, including the glucosylated positions and anomeric
stereochemistry, were characterized by MS, 1H NMR, and 13C
NMR spectroscopic data analyses compared with reported data
(SI). The observed large anomeric proton-coupling constants (J
= 6.8−7.8 Hz) indicated the formation of the β-anomers and an
inverting mechanism for UGT73AE1. The cDNA sequence of
CtGT6 (1476 bp, GenBank accession number KJ956788)
contained an ORF encoding 491 amino acids, and this
permissive GT was named UGT73AE1 according to the
UGT Naming Committee.9 UGT73AE1 showed the highest
identity (56%) to 73C2, a predicted UDP-glycosyltransferase
from Vitis vinifera. Purification of His6-UGT73AE1 was
accomplished by His-tag affinity chromatography, and it was
analyzed by SDS-PAGE (Figure S2). The biochemical
characteristics of purified UGT73AE1 were determined and
shown in the SI (Figures S3 and S4). Unlike those in
microorganisms, the native substrates of GTs in plants are
difficult to identify because of the catalytic promiscuity of GTs

in vitro, the limitation of the gene knockout technique, the huge
number of GTs in a plant, and the long growth cycles of plants.
Given the high identities to the reported flavonoid GTs (Figure
S1) and the glucosylation activity to quercetin (3) and
kaempferol (21), of which glucosylated derivatives exist in C.
tinctorius, UGT73AE1 can be tentatively assigned as a flavonoid
GT.
GTs usually possess high substrate specificity in vivo. For

GT-mediated reactions that are performed in vitro, however,
the enzymes typically tolerate a broader set of substrates and
have therefore been useful biocatalysts in the synthesis of
various glycosylated derivatives.10 Thus, to explore the catalytic
promiscuity and probe the synthetic utility of UGT73AE1 in
vitro, a series of representative drug-like compounds with
structural diversity were collected. Thus, a compound library
including lignans (1, 5, and 7), flavonoids (3, 4, 9, and 21),
coumarins (6 and 8), anthraquinone (10), stilbene (11),
benzophenone (12), xanthones (13 and 22−27), curcuminoid
(15), cyclopeptide (16), triterpenes (19 and 20), and simple
aromatics with various nucleophilic groups of −SH, −OH, and
−NH2 (2, 14, 17, and 18) was employed for enzymatic assays
(Figure 1).
From the first-pass analysis with HPLC-UV/MS, enzyme-

catalyzed glucosylations of 27 members, including 19
structurally different types, were observed (Figures 1 and

Figure 1. Exploring the catalytic promiscuity of UGT73AE1. (A) Percent yields of glucosylated products catalyzed by UGT73AE1. Members (1−
19) are listed in descending order of yields with numbering corresponding to the structures listed in part B. The black, gray and white columns
represent the conversion of each glucosylated product. (B) Structures of the library members and corresponding glucosylated products. The percent
yields of compounds 20−27 are shown in the SI. “*” represents the glucosylated products (including 21a) that were isolated and confirmed by MS
and 1H, 13C NMR. 3b was not isolated due to the low yield.
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S5−S9). UGT73AE1 provided high conversion (>80%) with
14 (1−9, 21, 23, 24, 26, and 27) out of the 27 substrates. It is
important to note that, among the subgroup of library members
containing multiple nucleophiles (19 members), nine (1, 5, 10,
12, 15, 19, 20, 22, and 25) led to a single, chromatographically
distinct, monoglucosylated product individually, indicating the
regiospecificity of UGT73AE1. Twenty glucosylated products
of 16 aglycons were isolated from the preparative-scale
reactions, four (1a, 2a, 5a, and 13b) of which were novel
compounds. The structures were identified by MS and NMR
spectroscopic data analysis, and all of the anomers were in the β
configuration due to anomeric protons with large coupling
constants (J > 6.0 Hz, Table S5). To our surprise, UGT73AE1
could also transfer a glycosyl moiety to the aliphatic carboxyl
group of glycyrrhetinic acid (19) leading to a glucosyl ester,
different from the glucosylating pattern for the other aromatic
phenolic substrates. Most of the glucosylated derivatives above
are reported to exhibit better druggabilities than the
corresponding substrates. For example, the regioselective
glucosylation of emodin (10) at the 8-OH enhanced the
water solubility and even the purgative action.11

Interestingly, UGT73AE1 showed O-, S-, and N-glycosyla-
tion activities to the simple aromatics simultaneously in vitro
(Figures 2 and S7). NMR characterizations of the products (2a,

14a, and 17a) prepared from the preparative-scale reactions
were consistent with the β-S-, O-, and N-glucosides (J = 9.6,
6.8, and 8.4 Hz for anomeric protons, respectively). Therefore,
UGT73AE1 is a “trifunctional” O-, S-, and N-glycosyltransfer-
ase. Although the only example of engineered GTs with O-, S-,
and N-glycosylation activity has been obtained from microbes
via the directed evolution,12,3b to the best of our knowledge,
UGT73AE1 is the first reported plant GT capable of catalyzing
an O-, S-, and N-glycosidic bond formation.
Generally, GTs are perceived as unidirectional catalysts that

drive the formation of glycosidic bonds from NDP-sugar
donors and aglycon acceptors.13 However, since the initial
reports,14,2c a number of GTs were observed to catalyze
reversible, bidirectional reactions, which could be employed for
deglycosylation in certain cases or to transfer sugars from
glycoside scaffolds to aglycons.2e,15 Removal of a glucose unit
from the 7-O position of icariin (28) affords the molecule

baohuoside I (28a) with more permeability and better
bioavailability.16 Thus, to obtain 28a via regiospecific
deglucosylation of 28 as well as explore the reversibility of
UGT73AE1, 28 and UDP (molar ratio 1:5) were exemplified as
substrates in the enzymatic assay. After being incubated at 30
°C for 12 h, 28a was detected in 38% yield by analytical HPLC
(Figure S11A). The equilibrium constant Keq = 7.5 (30 °C, pH
7.4) was consistent with an equilibrium only moderately
favoring the glycoside formation in the UGT73AE1-catalyzed
reaction of 28 and UDP.
Because UDPG was an expensive “waste” in the reaction, the

reverse reaction and the emodin (10) glycosylation reaction
were coupled together as a model, as shown in Figure 3. In this

“one-pot” reaction, UDP is a double-edged sword, which means
that a high concentration of UDP should boost deglucosylation
(yielding 28a), but disfavor glucosylation (affording 10a)
(Figures 3 and S12). The optimized reaction (50 mM Tris-HCl
buffer, pH 7.4; 1 mM DTT; 50 μM icariin (28); 2.5 μM UDP;
25 μM emodin (10); 1 mg UGT73AE1; 30 °C for 12 h) was
analyzed by analytical HPLC (Figure S11). Interestingly, the
two desired products (28a and 10a) with yields of 24% and
26%, respectively, were generated in the presence of only a very
small amount of UDP (1/10 molar of 10), which meant that
UDP was under cyclic utilization throughout the coupled
reactions.17,2c Above all, this one-pot reaction, providing two
desired products via reusing the byproduct without adding the
expensive extra UDPG, was economic and environmentally
benign.
In summary, the catalytic promiscuity of UGT73AE1, a new

glucosyltransferase, cloned from C. tinctorius is highlighted. As a
plant GT, UGT73AE1 showed robust glucosylation activity to a
series of structurally different drug-like compounds and the
capability of catalyzing an O-, S-, and N-glycosidic bond
formation, which was reported for the first time in a plant.
UGT73AE1 with catalytic promiscuity and reversibility may be
exploited as a powerful biocatalyst for the enzymatic synthesis
of bioactive glycosides or activated sugars, and the present
study may facilitate further enzyme engineering to develop
novel biocatalysts. Furthermore, future structural studies of
UGT73AE1 would provide structural insight into the enzyme
catalytic mechanism and specificity for plant GTs,18,19

particularly to address how the enzyme controls the reaction

Figure 2. UGT73AE1-catalyzed the S-, O-, and N-glycosidic bond
formation. The 3,4-dichlorobenzenethiol (2), 3,4-dichlorophenol (14),
and 3,4-dichloroaniline (17) were used as acceptors, and UDPG was
used as a donor. The assay conditions and HPLC chromatograms
(Figure S10) are available in the SI.

Figure 3. Catalytic reverse reaction and coupled glycosyltransferase-
mediated transglucosylation with UGT73AE1. The one-pot reaction
combines a selective deglucosylation reaction for nucleotide glucose
synthesis with a subsequent regioselective glucosylation to ultimately
generate two targeted products, baohuoside I (28a) and emodin 8-O-
glucoside (10a), in this case. The assay conditions and HPLC
chromatograms (Figure S11) are available in the SI.
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directions.20 The UGT73AE1 reported here suggests more
exciting, novel GTs hiding in the plant kingdom as enzymatic
tools for glycosylation in the search for drug leads.
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