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Objective: In order to obtain new glycosyltransferases with highly efficient catalysis, the glycosyltrans-
ferases from Carthamus tinctorius which contains diverse types of glycosides were mined.

Methods: A new glycosyltransferase gene (UGT88B2) with full length was obtained by PCR and further
transformed into Escherichia coli for heterologous expression. The catalytic activity of recombinant
UGT88B2 was determined by HPLC-MS". The structures of representative catalytic products were eluci-

Results: UGT88B2 exhibited catalytic promiscuity and various patterns in glycosylation of flavonoids

Conclusion: A new glycosyltransferase named UGT88B2 was successfully mined and can be employed as
enzymatic tools in glycosylation of flavonoids.

© 2020 Tianjin Press of Chinese Herbal Medicines. Published by ELSEVIER B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Safflower (Carthamus tinctorius L.) is widely cultivated in China
as traditional herbs (Hu et al., 2013). Its dried pedals have been
used in traditional Chinese medicine (TCM) clinically for the pre-
vention and treatment of cardiovascular and cerebrovascular dis-
eases for a long time (Guo et al., 2017). Many studies showed
that the main active ingredients in safflower flowers were struc-
turally diverse flavonoids and their glycosides (Hu et al., 2013),
indicating the existence of various glycosyltransferases (GTs). GTs
are recognized as powerful synthetic tools for bioactive glycosy-
lated products, which can alleviate many disadvantages by chem-
ical glycosylation such as poor regio- and stereoselectivities,
tedious protection and deprotection of functional groups (Xie
et al,, 2017). In our previous works, we have obtained several
GTs with good catalytic properties from C. tinctorius (Xie et al.,
2014, 2017; Zhang et al., 2019). In the course of discovering GTs
with novel catalytic properties from this plant, a new GT named
UGT88B2 was obtained and employed as enzymatic tools in glyco-
sylation of selected flavonoids.

* Corresponding authors.
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2. Materials and methods
2.1. Chemicals and reagents

Chemical reagents were purchased from Sigma Aldrich (St.
Louis, MO, USA), ] & K Scientific Ltd. (Beijing, China), InnoChem
Science & Technology Co., Ltd. (Beijing, China) and BioBioPha (Kun-
ming, China). KOD-Plus DNA polymerase was purchased from Toy-
obo Biotech Co., Ltd. (Shanghai, China). Primer synthesizing and
DNA sequencing were performed by Sangon Biotech Co., Ltd.
(Shanghai, China). Restriction enzymes and DNA ligase were pur-
chased from Takara Biotech Co., Ltd. (Dalian, China).

2.2. Analytical procedures

Enzymatic products were detected on an Agilent 1260 series
HPLC system (Agilent Technologies, Germany) coupled with an
LCQ Fleet ion trap mass spectrometer (Thermo Electron Corp.,
USA) equipped with an electrospray ionization (ESI) source. Com-
pounds were characterized by 'H NMR at 400 MHz and '*C NMR
at 100 MHz on Mercury-400 spectrometers. Chemical shifts (J)
were referenced to internal solvent resonances and given in parts
per million (ppm). Coupling constants (J) were given in hertz
(Hz).
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2.3. Molecular cloning of UGT88B2

The total RNA of C. tinctorius fresh pedals was prepared by using
E.ZN.ATM Plant RNA Kit (Omega Bio-Tek, USA) and reverse-
transcribed (RT) to cDNA with RACE cDNA Amplification Kit (Clon-
tech, USA). The RT product was subjected to rapid amplification of
cDNA ends (RACE) according to the manufacturer’s protocol. The
full-length UGT88B2 was amplified by PCR and the PCR forward
primer (FP) and reverse primer (RP) were 5-ATGGAATCAGC
CACGGTGGTTATGTATCCTTCGC-3'  and  5-TCATTTCAAAATTT
CATTTTCCGATCCCTTGCGCCC-3’, respectively.

2.4. Expression and purification of UGT88B2

The coding region of UGT88B2 was amplified with the primer
pairs UGT88B2-F-BamH I and UGT88B2-R-EcoR I harboring BamH
I and EcoR I restriction sites, respectively. The PCR product was
purified, digested with the corresponding enzymes and cloned into
pET-28a vector. After the verification of the sequences, the recom-
binant plasmid was transformed into Transetta (DE3) Escherichia
coli (TransGen Biotech, China) for heterologous expression. Then
the recombinant E. coli strains were cultivated in 1 L shake flasks
at 37 °C and 200 rpm using 400 mL LB-media containing 50 g/
mL kanamycin and 34 pg/mL chloromycetin until ODgg reached
0.6. The recombinant N-terminal Hisg-UGT88B2 expression was
achieved by induction with 0.1 mmol/L isopropyl B-D-
thiogalactoside (IPTG) for 18 h at 17 °C. The cells were harvested
by centrifugation at 10 000 g for 5 min at 4 °C and resuspended
in 20 mL binding buffer (20 mmol/L phosphate buffer, 0.5 mol/L
NaCl, 20 mmol/L imidazole, pH 7.4) containing 1 mmol/L phenyl-
methanesulfonyl fluoride (PMSF). Cells were disrupted by sonica-
tion in ice bath and the cell debris was removed by
centrifugation at 10 000 g and 4 °C for 60 min. The soluble fraction
was passed through a 0.45 um syringe filter unit and the cleared
supernatant was immediately applied to 1 mL of Ni-NTA resin
(GE, USA) loaded in a column pre-equilibrated with binding buffer.
The resin column was subsequently eluted with 10 mL binding
buffer. Elution was carried out with 5 mL different elution buffer
(20 mmol/L phosphate buffer, 0.5 mol/L NaCl, 50—500 mmol/L imi-
dazole, pH 7.4). The protein purification was performed under the
flow rate of 1 mL/min and the temperature of 4 °C. The protein was
concentrated and buffer exchanged to desalting buffer (50 mmol/L
Tris-HCI buffer, 50 mmol/L NaCl, 1 mmol/L DTT, 5% glycerol, pH
7.4) using centrifugal concentrator with Amicon Ultra-30K (Milli-
pore). Protein purity was confirmed by SDS-PAGE to be >90% and
protein concentration for all studies was determined by the Protein
Quantitative Kit (Bradford) (TransGen Biotech, China).

2.5. HPLC-MS based glycosyltransferase activity assay

The reaction mixture containing 0.8 mmol/L uridine diphos-
phate glucose (UDP-glc), 0.4 mmol/L aglycon and 216 ug purified
UGTS88B2 in a final volume of 100 uL were incubated at 30 °C for
12 h. The reactions were terminated by the addition of 200 pL
ice-cold methanol. Subsequently, samples were centrifuged at 15
000 g for 30 min and analyzed by HPLC-MS. The supernatants were
performed on Polar RP-18 column (250 mm x 4.6 mm L.D., 5 um,
Shiseido Co., Ltd., Japan) at a flow rate of 1 mL/min at 30 °C. The
HPLC conditions were as follows: 15%—100% methanol linear gra-
dient (30 min) in 0.1% formic acid aqueous solution for aglycons
2-6; or 15%—35% acetonitrile linear gradient (30 min) in 0.1% for-
mic acid aqueous solution, then acetonitrile reached to 100% in 1
min, followed by 100% B for 5 min for aglycon 1. For quantification,
three parallel assays were routinely carried out.
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2.6. Effects of pH, temperature, and divalent metal ions

To assay the optimal reaction temperature, the reactions were
incubated at different temperatures (20—60 °C) for 30 min. To
investigate the optimal pH, the enzymatic reaction was performed
in various reaction buffers with pH values in the range of 5.0-6.0
(citric acid-sodium citrate buffer), 6.0—8.0 (Na,HPO4-NaH,PO, buf-
fer), and 8.0—10.0 (Tris-HCI buffer) at 40 °C for 10 min. To test the
necessity of divalent metal ions for UGT88B2 activity, CaCl,, FeCl,,
ZnCl,, MgCl,, CuCl,, MnCl,, BaCl,, CoCl,, NiSO4, and EDTA were
used individually in the final concentration of 5 mmol/L. All deter-
minations were performed with UDP-glc (0.8 mmol/L) as a donor
and kaempferol as an acceptor (0.4 mmol/L) at 40 °C for 10 min.
Three parallel assays were routinely conducted. Aliquots were
quenched by adding ice-cold methanol and centrifuged at 15 000
g for 30 min. Supernatants were analyzed by HPLC-MS" as
described above.

2.7. Determination of kinetic parameters

For kinetic studies of UGT88B2, a typical assay contained 50
mmol/L Tris-HCl (pH 8.0), saturating UDP-glc (0.8 mmol/L), 1 pg
purified UGT88B2 and varying concentration of kaempferol
(0.02—0.4 mmol/L) at 40 °C in a total volume of 100 L for reaction
in 10 min. Aliquots were quenched by adding ice-cold methanol
and centrifuged at 15 000 g for 30 min. Supernatants were ana-
lyzed by HPLC-MS" as described above. All experiments were per-
formed in triplicate.

2.8. Effects of protein amount on kaempferol glycosylation pattern

The reaction mixture contained 0.4 mmol/L UDP-glc, 0.2 mmol/
L kaempferol, 50 mmol/L Tris-HCI (pH 8.0) and different amount
(2.4, 4.8, 12, 24, 48, 96, 192, and 232 ng, respectively) of purified
UGT88B2 (1 pg/ul) in a final volume of 100 uL were incubated at
40 °C for 12 h. The reactions were terminated by the addition of
200 pL ice cold methanol. Subsequently, samples were centrifuged
at 15 000 g for 30 min and analyzed by HPLC. The HPLC conditions
were the same as above for aglycon 1.

2.9. Products identification by MS and NMR

Reactions were up-scaled and carried out with following alter-
ations: 28.6 mg of kaempferol (1) and UDP-glc (120 mg) were
added in 21 mL UGT88B2 (9 mg/mL protein) and 95 mL 50
mmol/L Tris-HCl (pH 7.4), incubated at 30 °C for 12 h, followed
by extracting with ethyl acetate (300 mL x 5). The organic layer
was evaporated under reduced pressure to afford fraction 1. The
water layer was centrifuged at 10 000 g for 30 min, and the result-
ing supernatant was subjected to an Amberlite XAD-16 macrop-
orous resin column (50 mL, Rohm & Haas Corp., USA) eluting
with water, 50% (volume percentage) ethanol, and 100% (volume
percentage) ethanol. The fraction of 50% (volume percentage) etha-
nol containing products tested by HPLC-MS™ was concentrated to
give fraction 2. Fraction 1 was further purified by reversed-phase
semi-preparative HPLC (solvent A, 0.1% formic acid aqueous solu-
tion; solvent B, acetonitrile; flow rate, 3 mL/min; gradient, 22%—
25% B in 20 min followed by 100% B for 5 min) to afford 1a (3.0
mg), 1b (9.4 mg), 1c (1.0 mg). Fraction 2 was further purified by
reversed-phase semipreparative HPLC (solvent A, pure water; sol-
vent B, methanol; flow rate, 3 mL/min; gradient, 15%—70% B in
20 min) to afford 1d (1.2 mg), 1e (0.5 mg), 1f (3.6 mg). The purified
products were analyzed by '"H-NMR and *C-NMR (in DMSO-dg).
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Fig. 1. SDS-PAGE analysis of purified recombinant UGT88B2. Lane M: Protein
marker; Lane 1: His-tagged UGT88B2 (indicated with an arrow; predicted M. W.,
51.5 kDa).

3. Results and discussion
3.1. UGT88B2 expression and determination of enzymatic properties

The full-length of UGT88B2 (1431bp, GenBank accession num-
ber MH631206) was amplified by RT-PCR using the total RNA from
C. tinctorius fresh pedals as template and heterologously expressed
in E. coli. The recombinant Hisg-UGT88B2 was purified using Hisg-
tagged affinity chromatography and analyzed by SDS-PAGE (Fig. 1).

To determine the optimal reaction condition for UGT88B2, the
biochemical characteristics including temperatures, pH and diva-
lent metal ions were investigated by using kaempferol as receptor
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substrate. As shown in Fig. 2A, the catalytic activity of UGT88B2
increased with an increasing temperature in the 15—45 °C interval
but decreased with increasing temperature in the 45-65 °C inter-
val, and the optimum temperature was 45 °C. Analysis of the
enzyme activity over the pH range of 5.0-10.0 revealed that the
maximum activity was at pH 8.0 (Fig. 2B). The assay of divalent
cations showed that UGT88B2 was metal ion-independent
(Fig. 2C), while Ba®* could enhance the catalytic activity. The
kinetic parameter of the enzyme in the catalytic activity was deter-
mined under the optimum temperature and pH condition. The K,
value of UGT88B2 toward kaempferol was determined to be 39.1
pmol/L. The Vp4 value of UGT88B2 toward kaempferol was
328.9 nmol/min/mg (Fig. 2D).

3.2. Probing glycosylation pattern of UGT88B2 to kaempferol

Interestingly, we observed that the amount of UGT88B2 influ-
enced the glycosylation pattern of kaempferol (Table 1). When
small amount of enzyme (for example 4.8 pg) was used for reac-
tion, only one mono-0O-glycosylated product, kaempferol 7-0-B-
D-glucoside (1b) was detected at high conversion (Fig. 3A). Two
other mono-0-glucosides (1a, 1¢) and one di-O-glucoside (1f) were
monitored when the amount of enzyme was increased to 12 pg
(Table 1). However, two additional di-O-glucosides (1d, 1e) were
also observed when enzyme 192 pg used (Table 1). Besides, the
conversion of di-O-glucosides increased as the amount of enzyme
was increased (Fig. 3B-D).

As an important aglycon from C. tinctorius, kaempferol was gly-
cosylated by UGT88B2 to produce six products, among which,
products (1a, 1b, 1c¢) were three mono-0-glucosides and products
(1d, 1e, 1f) were three di-O-glucosides (Fig. 4). It is interesting that
there is only one kaempferol mono-O-glucoside (kaempferol 3-0-
B-D-glucoside) found in C. tinctorius (Hu et al., 2013), while di-O-
kaempferol glucosides have not been reported in C. tinctorius.

In order to elucidate the structures of kaempferol glucosides,
products were prepared by up-scaled reaction in vitro and struc-
turally determined. Five kaempferol glucosides, kaempferol 4’-O-
B-D-glucoside (1a) (Scheer & Wichtl, 1987), kaempferol 7-0O-B-D-

B 120 4
100 1
® 80
z
2 60
B
©
2 40
s
3
@ 20 A
04
CK EDTA Ca’ Ba* Mg* Fe* Ni** Zn?* Cu* Mn** Co*
Divalent cation
400 —
. 300+
o
E
€ 200 -
t 2
£ K., =39.1 pmol/L
S 100 V. = 328.9 nmol/min/mg
0 T T T T 1

0 100 200 300

Concentration / (umol-L")

400 500

Fig. 2. Effects of temperature (A), pH (B), and divalent metal ions (C) on activity of UGT88B2. Nonlinear regression (D) of Michaelis-Menten equation for UGT88B2.

Kaempferol (1) was used as the acceptor, UDP-glc was used as the sugar donor.
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Table 1
Conversions of kaempferol glucosides catalyzed by different amount of UGT88B2
Enzyme amount /ug 1a /% 1b /% 1c /% 1d /% le /% 1f /%
2.4 0 60.96 0 0 0 0
4.8 0 78.43 0 0 0 0
12 0.52 77.16 0.46 0 0 0.40
24 0.98 72.29 0.97 0 0 0.79
48 1.67 68.51 1.76 0 0 133
96 291 45.12 3.07 0 0 1.40
192 8.99 42.29 6.95 2.14 1.68 5.12
232 12.68 43.83 6.47 4.22 3.06 7.81
A 1b C 1b
1
1
I
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
B D
1
1a
1f
1 1c
1e1d
1f 1,°J 1a
—rT_)\
0 (5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
t/ min t/ min

Fig. 3. HPLC of reaction of different amount of UGT88B2 with kaempferol (1) and UDP-glc. (A—D). Amount of UGT88B2 was 4.8, 48, 192, and 232 pg, respectively.

glucoside (1b) (Matlawska & Sikorska, 2004), kaempferol 3-0-B-D-
glucoside (1c) (Kazuma et al., 2000), kaempferol 3, 4’-di-O-B-D-
glucoside (1d) (Guo et al, 2009), kaempferol 3, 7-di-O-B-D-
glucoside (1f) (Liang et al., 2015) were elucidated on the basis of
their spectroscopic data and comparison with those reported in
the literatures. 1e was a di-O-glucoside by ESI-MS at m/z 611.01
[M + H]*, whose structure was not characterized due to the limited
amount.

Kaempferol 4’-0-B-D-glucoside (1a): yellow amorphous power.
ESI-MS (m/z): 447.34 [M—H]~. 'H-NMR (400 MHz, DMSO-d)s:
6.17 (1H, d, J = 2.0 Hz, H-6), 6.44 (1H, d, J = 2.0 Hz, H-8), 8.16
(2H, d, J = 9.0 Hz, H-2'/H-6"), 7.18 (2H, d, J = 9.0 Hz, H-3'/H-5");
4'-0-Glc, 4.98 (1H, d, J = 7.2 Hz, H-1"), 3.16—-3.71 (6H, m, H-2"
—H-6"). '*C-NMR (100 MHz, DMSO-dg) &: 145.7 (C-2), 136.7
(C-3), 176.4 (C-4), 160.7 (C-5), 98.5 (C-6), 164.8 (C-7), 93.6 (C-8),
156.3 (C-9), 102.8 (C-10), 124.7 (C-1’), 129.0 (C-2’/C-6’), 116.1
(C-3’/C-5"), 158.3 (C-4’); 4’-0-Glc, 100.0 (C-1"), 73.2 (C-2"), 76.7
(C-3"),69.7 (C-4"), 77.2 (C-5"), 60.6 (C-6") (Scheer & Wichtl, 1987).

Kaempferol 7-0-B-D-glucoside (1b): yellow amorphous power.
ESI-MS (m/z): 447.23 [M—H]~. "H-NMR (400 MHz, DMSO-dg) &:
6.42 (1H, d, J = 2.0 Hz, H-6), 6.80 (1H, d, J = 2.0 Hz, H-8), 8.08
(2H, d, J = 8.8 Hz, H-2’/H-6’), 6.94 (2H, d, | = 8.8 Hz, H-3'/H-5");
7-0-Glc, 5.07 (1H, d, J = 7.2 Hz, H-1"), 3.17-3.71 (6H, m, H-2"
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—H-6”). 3C-NMR (100 MHz, DMSO-ds) &: 147.5 (C-2), 136.2
(C-3), 176.2 (C-4), 160.4 (C-5), 98.8 (C-6), 162.7 (C-7), 94.4 (C-8),
155.8 (C-9), 104.7 (C-10), 121.6 (C-1"), 129.7 (C-2’/C-6’), 115.5
(C-3’/C-5"), 159.4 (C-4’); 7-0-Glc, 100.0 (C-1"), 73.1 (C-2"), 76.5
(C-3”), 69.6 (C-4"), 77.2 (C-5"), 60.6 (C-6") (Matlawska &
Sikorska, 2004).

Kaempferol 3-0-B-D-glucoside (1c): yellow amorphous power.
ESI-MS (m/z): 447.24 [M—H]~. "H-NMR (400 MHz, DMSO-dg) &:
6.11 (1H, brs, H-6), 6.44 (1H, brs, H-8), 8.02 (2H, d, J = 8.8 Hz, H-
2'[H-6"), 6.87 (2H, d, J = 8.8 Hz, H-3'/H-5’); 3-0-Glc, 5.42 (1H, d, J
= 7.2 Hz, H-1"), 3.07-3.57 (6H, m, H-2"—H-6"). '*C-NMR (100
MHz, DMSO-dg) &: 156.6 (C-2), 133.0 (C-3), 177.5 (C-4), 161.2 (C-
5), 99.0 (C-6), 164.0 (C-7), 93.6 (C-8), 156.6 (C-9), 104.1 (C-10),
120.9 (C-1"), 130.7 (C-2’/C-6"), 115.1 (C-3’/C-5’), 160.0 (C-4'); 3-O-
Glc, 101.1 (C-17"), 74.2 (C-2"), 76.5 (C-3"), 69.9 (C-4"), 77.5 (C-5"),
60.8 (C-6") (Kazuma et al., 2000).

Kaempferol 3, 4’-di-O-B-D-glucoside (1d): yellow amorphous
power. ESI-MS (m/z): 609.36 [M—H]~. "H-NMR (400 MHz, DMSO-
dg) 8: 6.04 (1H, d, J = 2.4 Hz, H-6), 6.26 (1H, d, J = 2.4 Hz, H-8),
8.09 (2H, d, J = 8.8 Hz, H-2'/H-6’), 7.14 (2H, d, ] = 8.8 Hz, H-3'/H-
5%); 3-0-Glc, 5.43 (1H, d, ] = 7.6 Hz, H-1"), 3.07-3.57 (6H, m, H-2’
'—H-6"); 4'-0-Glc, 5.01 (1H, d, J = 7.2 Hz, H-1""), 3.16-3.71 (6H,
m, H-2"—H-6""). 3C-NMR (100 MHz, DMSO-dg) &: 156.5 (C-2),
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Fig. 4. HPLC-DAD/ESI-MS analysis of UGT88B2 enzymatic products using kaempferol (1) as an aglycon acceptor. (A) HPLC chromatogram of 1 and enzyme products 1a—1f;
(B) MS spectra of 1a—1f in negative or positive mode successively; (C) Structures of enzymatic products of 1.

133.5 (C-3), 177.7 (C-4), 161.1 (C-5), 98.6 (C-6), 164.2 (C-7), 93.5
(C-8), 156.6 (C-9), 104.1 (C-10), 123.9 (C-1"), 130.5 (C-2’/C-6"),
115.8 (C-3’/C-5"), 159.0 (C-4'); 3-0-Glc, 101.4 (C-1"), 74.2 (C-2"),
76.5 (C-3"), 69.9 (C-4"), 77.6 (C-5"), 60.9 (C-6") ; 4’-0-Glc, 100.8
(C-1"), 73.2 (C-2™), 76.4 (C-3"™), 69.6 (C-4™), 77.2 (C-5™), 60.6
(C-6"") (Guo et al., 2009).

Kaempferol 3, 7-di-O-B-D-glucoside (1f): yellow amorphous
power. ESI-MS (m/z): 609.26 [M—H]~. 'H-NMR (400 MHz, DMSO-
dg) 8: 6.44 (1H, brs, H-6), 6.79 (1H, brs, H-8), 8.05 (2H, d, ] = 8.8
Hz, H-2'/H-6’), 6.90 (2H, d, J = 8.8 Hz, H-3'/H-5"); 3-0-Glc, 5.48
(1H, d, J = 7.2 Hz, H-1"), 3.07-3.55 (6H, m, H-2"—H-6"); 7-0-Glc,
5.07 (1H, d, J = 6.8 Hz, H-1""), 3.07-3.70 (6H, m, H-2""—H-6"").
13C-NMR (100 MHz, DMSO-d) 8: 156.0 (C-2), 133.5 (C-3), 177.6
(C-4), 160.9 (C-5), 99.4 (C-6), 162.7 (C-7), 94.5 (C-8), 156.8 (C-9),
105.7 (C-10), 120.7 (C-1), 130.9 (C-2'/C-6"), 115.2 (C-3'/C-5"),
160.3 (C-4'); 3-0-Glc, 100.7 (C-1"), 74.2 (C-2"), 76.5 (C-3"), 69.9
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(C-4"), 77.5 (C-5"), 60.8 (C-6"); 7-0-Glc, 99.7 (C-1""), 73.1 (C-2"),
76.5 (C-3"), 69.6 (C-4™"), 77.2 (C-5""), 60.6 (C-6"") (Liang et al.,
2015).

3.3. Exploring glycosylation capability of UGT88B2

To investigate the catalytic activity of UGT88B2, flavonoids with
several skeletons including flavonol (kaempferol, 1), flavone (api-
genin, 2), chalcone (naringenin chalcone, 3), dihydrochalcone
(phloretin, 4), and isoflavone (daidzein, 5; genistein, 6) were
employed for the enzymatic assays (Fig. 5A). Surprisingly,
UGT88B2 was able to recognize all selected flavonoids with high
conversion rates from the first analysis with HPLC-MS (Fig. 5B).
UGT88B2 not only recognized flavonoid aglycons (1-3) isolated
from C. tinctorius, also accepted flavonoid aglycons (4—6) undiscov-
ered in C. tinctorius.
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Fig. 5. Exploration of catalytic capabilities of UGT88B2. (A) Structures of aglycons; (B) Conversions of glycosylated products catalyzed by UGT88B2. Pa—Pf: means products

a—f of substrates listed in part A.

4. Conclusion

In summary, we have mined a promiscuous flavonoid O-GT,
UGT88B2, from plant C. tinctorius, which can catalyze various flavo-
noids with different structures. Especially, this enzyme exhibits
multiple glycosylation patterns including mono-, di-O-
glycosylation at different positions when kaempferol is used as
receptor substrate. UGT88B2 with catalytic promiscuity and vari-
ous glycosylation patterns might be exploited as a powerful biocat-
alyst for the enzymatic synthesis of various bioactive glycosides for
drug discovery.
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