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Abstract Glycosylation is an important post-modification reaction in plant secondary metabolism,

and contributes to structural diversity of bioactive natural products. In plants, glycosylation is usually

catalyzed by UDP-glycosyltransferases. Flavonoid 20-O-glycosides are rare glycosides. However, no

UGTs have been reported, thus far, to specifically catalyze 20-O-glycosylation of flavonoids. In this

work, UGT71AP2 was identified from the medicinal plant Scutellaria baicalensis as the first flavonoid

20-O-glycosyltransferase. It could preferentially transfer a glycosyl moiety to 20-hydroxy of at least

nine flavonoids to yield six new compounds. Some of the 20-O-glycosides showed noticeable inhibitory

activities against cyclooxygenase 2. The crystal structure of UGT71AP2 (2.15 Å) was solved, and

mechanisms of its regio-selectivity was interpreted by pKa calculations, molecular docking, MD

simulation, MM/GBSA binding free energy, QM/MM, and hydrogen‒deuterium exchange mass
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spectrometry analysis. Through structure-guided rational design, we obtained the L138T/V179D/

M180T mutant with remarkably enhanced regio-selectivity (the ratio of 7-O-glycosylation byproducts

decreased from 48% to 4%) and catalytic efficiency of 20-O-glycosylation (kcat/Km, 0.23 L/(s$mmol),

12-fold higher than the native). Moreover, UGT71AP2 also possesses moderate UDP-dependent de-

glycosylation activity, and is a dual function glycosyltransferase. This work provides an efficient bio-

catalyst and sets a good example for protein engineering to optimize enzyme catalytic features through

rational design.

ª 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Flavonoid glycosides are widely present in the plant kingdom,
and represent an important class of bioactive natural products1,2.
They exhibit various potential functions in improving human
health. The regio-selective synthesis of flavonoid glycosides has
been challenging, especially when the aglycone has multiple
hydroxy groups3. In plants, the biosynthesis of glycosides is
usually catalyzed by UDP-glycosyltransferases (UGTs). In the
past two decades, a large number of flavonoid UGTs have been
identified from plants4-6. They mainly catalyze glycosylation
reactions at 3-OH, 5-OH, 7-OH, or 40-OH of the flavonoid
skeleton. Some of these UGTs exhibit high regio-selectivity,
including the 3-O-glycosyltransferase Sb3GT1 from Scutel-
laria baicalensis7, the 7,40-di-O-glycosyltransferase ZjOGT3
from Ziziphus jujuba var. spinosa8, and the 7-O-glucuronyl-
transferase EbF7GAT from Erigeron breviscapus9. These
enzymes provide green, efficient, and regio-specific approaches
to synthesize different types of flavonoid O-glycosides10. How-
ever, no UGTs have been reported, thus far, to specifically
catalyze 20-O-glycosylation of flavonoids. While OcUGT1 from
Ornithogalum caudatum could catalyze 3,20-dihydroxyflavone to
form both the 3-O-glucoside (<10%) and the 20-O-glucoside
(<8%), the conversion rates were low, and the regio-selectivity
was poor11.

Protein crystal structures play a critical role in catalytic
mechanism elucidation and functional evolution of enzymes. Thus
far, more than twenty crystal structures of plant-derived UGTs have
been reported12. However, little is known about the mechanisms of
regio-selectivity of UGTs13,14. Complex crystal structure analysis
revealed the regio-selectivities of UGT76G6 and UGT91C1 were
related to substrate orientation in the active pocket. Nevertheless, it
was difficult to enhance the regio-selectivities through site-directed
mutagenesis15-17. Several strategies have been used for protein
engineering of glycosyltransferases to alter catalytic functions, such
as error-prone polymerase chain reaction, iterative saturation
mutagenesis (ISM), and focused rational iterative site-specific
mutagenesis (FRISM)18,19. These methods rely on large-scale
screening and are time-consuming. Additionally, our group
changed the regio-selectivity of a triterpene glycosyltransferase
AmGT8 through semi-rational design and provided a feasible
strategy for directed evolution of UGTs20.

S. baicalensis Georgi is a popular medicinal plant distributed
all around the world. Its roots are used as the traditional Chinese
medicine Huang-Qin, and possess significant antiviral, anti-
inflammatory, and anticancer activities. S. baicalensis is one of
the few plants containing abundant flavonoid 20-O-glycosides,
indicating the existence of 20-O-glycosyltransferases21,22. In this
work, we report a novel and efficient flavonoid 20-O-glycosyl-
transferase (UGT71AP2, named by the UGT Nomenclature
Committee; GenBank accession number, MK894456) from S.
baicalensis. UGT71AP2 could preferentially catalyze the 20-O-
glycosylation of multi-hydroxy flavonoids. The mechanism for its
regio-selectivity was dissected by crystal structure analysis and
theoretical calculations. Moreover, a rationally designed mutant
was obtained with remarkably improved catalytic efficiency and
regio-selectivity.

2. Materials and methods

2.1. General remarks

Reference standards 5,7,20-trihydroxy flavone (1), 7,20-dihydroxy
flavone (2), 3,20-dihydroxy flavone (5), morusin (8), 20-hydroxy
flavavone (9), kaempferol (13), kaempferol 7-O-glucoside (13a),
and astragalin (13b, kaempferol 3-O-glucoside) were purchased
from Chengdu Must Biotechnology Co., Ltd. (China) and Aurum
Pharmatech LLC. (USA). The compounds of 5,60-dihydroxy-
6,7,8,20-tetramethoxy flavone (3), viscidulin III (4),
3,5,7,20,60-pentahydroxy flavone (6), 5,7,60-trihydroxy-8,20-dime-
thoxy flavone (7), viscidulin III 20-O-glucoside (4a), 5,7,60-trihy-
droxy flavone 20-O-glucoside (10), 5,60-dihydroxy-7,8-dimethoxy
flavone 20-O-glucoside (11), and 5,20-dihydroxy-6-methox
yflavone 7-O-glucuronide (12) were previously purified and
structurally characterized in our laboratory23. Thirteen UDP-sugar
or GDP-sugar samples were purchased from Guangzhou AIfly
Biotech Co., Ltd. (Guangzhou, China) and SigmaeAldrich (St.
Louis, MO, USA). Most of the molecular biology reagents were
from Transgen Biotech (Beijing, China). Methanol and
acetonitrile (Fisher Scientific, USA) were of HPLC grade. All
other chemicals and reagents were purchased from Beijing
Chemical Corporation (Beijing, China) unless otherwise stated.

2.2. Plant materials

The seeds of S. baicalensis were obtained from Anguo (China)
and were sown in our laboratory under natural conditions. Ten
days after sowing, the seedlings were collected and cleaned, and
then immediately frozen in liquid nitrogen for RNA extraction.

2.3. Candidate gene screening

The transcriptome data of S. baicalensis Georgi (NCBI,
SRP156996) were used. Reported UDP-glycosyltransferase gene
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sequences (UGT88D1, AB479151.1; SbUFGT, AB031274.1;
PfUGT57, AB362992.1; AmUGTcg10, AB362988.1; UGT88D5,
AB362989.1; SiUGT23, AB362990.1; PfUGT50, AB362991.1;
VvGT6, AB499075.1; VvGT5, AB499074.1) were selected as
query sequences. Through BLAST analysis, more than 20 open
reading frames (ORFs) were obtained as candidate genes. Five of
them showed high expression levels (FPKM>200) (Supporting
Information Table S1).

2.4. Phylogenetic analysis

Molecular phylogenetic analysis was conducted using MEGA6
software with the maximum likelihood method. The bootstrap
consensus tree inferred from 1000 replicates was used to represent
the evolutionary history of the taxa analyzed (Supporting
Information Fig. S1).

2.5. Molecular cloning, site-directed mutagenesis, heterologous
expression, and protein purification

2.5.1. Molecular cloning
Total RNA of S. baicalensis was extracted from frozen seedlings
by grinding the seedlings with a mortar and pestle under liquid
nitrogen using TransZol method according to the manufacturer’s
instructions (Transgen Biotech, Beijing, China). The first-stranded
complementary DNA (cDNA) was synthesized using TransScript
one-step genomic DNA (gDNA) removal and cDNA synthesis
SuperMix (Transgen Biotech, China). PCR was performed using
0.5 mL first strand cDNA as template, UGT-F and UGT-R as
primers, and KD Plus DNA polymerase under manufacturer’s
instructions (Supporting Information Table S2). The amplified
fragments were cloned into pET28a-(þ) vector at the BamH I site
by homologous recombination. The genes were sequenced by
Tsingke Biological Technology Incorporation (Beijing, China).
The recombinant vector was transformed into Escherichia coli
BL21(DE3) for heterologous expression. Transformed cells were
selected on agar plates containing 50 mg/mL kanamycin.

2.5.2. Site-directed mutagenesis
The mutants of UGT71AP2 were obtained by Fast Mutagenesis
system (Transgen Biotech, Beijing, China). The primers were
synthesized by Tsingke Biological Technology (Beijing, China)
(Table S2). The positive recombinant plasmids were transformed
into E. coli BL21(DE3) for heterologous expression. The other
conditions were the same as described above.

2.5.3. Heterologous expression and protein purification
Single colonies harboring the target expression construct were inoc-
ulated overnight at 37 �C with shaking in LB culture medium con-
taining 50mg/mLkanamycin. Isopropyl thiogalactoside (0.1mmol/L)
was added into the medium for expression of recombinant protein at
18 �Cwhen optical density at 600 nmwas about 0.6. After incubation
with shaking for 20 h, E. coli was harvested by centrifugation. The
recombinant proteinswere purified using a nickel-affinity column and
concentratedusingAmiconUltra-15Ultracel-30K (MerckMillipore).
The concentrated proteins were used as purified recombinant en-
zymes. The recombinant UGT71AP2 determined by SDS-PAGE is
shown in Supporting Information Fig. S2. The concentrations of
recombinant enzymes were determined by micro-spectrophotometer
with E 1%Z 8.3.
2.6. Effects of reaction time, pH, temperature, and divalent
metal ions on enzyme activity

To characterize the enzymatic properties of UGT71AP2, its optimal
reaction time, pH, temperature, and divalent metal ions were studied.
To investigate the reaction time, 9 time points between 5 and 600min
were set. To optimize the reaction pH, enzymatic reactions were
carried out invarious reaction buffers ranging inpHvalues from4.0 to
6.0 (citric acid-sodium citrate buffer), 6.0e8.0 (Na2HPO4/NaH2PO4

buffer), 7.0e9.0 (Tris-HCl buffer), and 9.0e10.0 (Na2CO3/NaHCO3

buffer). To investigate the optimal reaction temperature, enzymatic
reactions were incubated at different temperatures (4e60 �C). To test
the dependence on divalent metal ions for UGT71AP2 activity,
different divalent cations Ba2þ, Ca2þ, Co2þ, Cu2þ, Fe2þ, Mg2þ,
Zn2þ, EDTA, and Blank in a final concentration of 5 mmol/L were
used individually. All enzymatic reactions were conducted with
UDP-glucose (UDP-Glc) as sugar donor and 5,7,20-trihydroxy-
flavone (1) as acceptor. All experiments were performed in triplicate
and themeanvaluewas used. The reactionswere terminatedwith pre-
cooled methanol (MeOH) and centrifuged at 21,130 � g for 15 min
for further HPLC analysis (Agilent 1260 instrument, Agilent Tech-
nologies, Waldbronn, Germany). The samples were separated on an
Agilent Zorbax SB-C18 column (250mm� 4.6 mm, 5 mm) at a flow
rate of 1 mL/min. The mobile phase was 20%e100%MeOH in H2O
containing 0.1% formic acid in 20 min (linear gradient), followed by
100% MeOH for 5 min. The column temperature was 30 �C. The
conversion rates inpercentagewerecalculated fromHPLCpeakareas
of glycosylated products and substrates (Supporting Information
Fig. S3).

2.7. Glycosyltransferase activity assay

The sugar acceptor and donor promiscuity of UGT71AP2 was
investigated. The reaction mixtures were individually performed
in a final volume of 100 mL containing 50 mmol/L Na2HPO4/
NaH2PO4 buffer (pH 7), 8 mg of purified UGT71AP2, 0.1 mmol/L
substrate, 0.5 mmol/L sugar-donor, 45 �C, 2 h. For unstable
substrates 4, 5, and 6, their optimized reaction conditions were as
follows: a final volume of 100 mL containing 50 mmol/L
Na2HPO4/NaH2PO4 buffer (pH 7), 2 mmol/L DTT, 0.1 mmol/L
substrate, 0.5 mmol/L sugar-donor, 40 mg of purified UGT71AP2,
30 �C, 30 min. All the reactions were quenched with 200 mL ice-
cold methanol. The supernatants were concentrated, resolved in
50% methanol, and then centrifuged at 21,130 � g for 15 min
before LC/MS analysis. Enzymatic activities of the mutants were
determined with the same method as described above.

For LC/MS analysis, an Agilent 1260 HPLC instrument
(Agilent Technologies, Waldbronn, Germany) was used. Samples
were separated on an Agilent ZORBAX SB-C18 column (4.6
mm � 250 mm, 5 mm). The mobile phase consisted of methanol
(A) and water containing 0.1% formic acid (v/v, B). The analytes
were eluted using a linear gradient program: 0e20 min, 20%e
100% A; 20%e25% min, 100% A; 26e31 min, 20% A. The flow
rate was 1 mL/min. The column temperature was 30 �C. The ul-
traviolet absorption wavelength was 340 nm. MS analysis was
performed on a Q-Exactive hybrid quadrupole-Orbitrap mass
spectrometer connected to the HPLC instrument through a heated
ESI source (Thermo Fisher Scientific, USA). The MS parameters
were as follows: sheath gas pressure 45 arb, aux gas pressure 10
arb, discharge voltage 4.5 kV, capillary temperature 350 �C. MS
resolution was set as 70,000 FWHM, AGC target 1*E6, maximum
injection time 50 ms, and scan range m/z 100e1000. MS2
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resolution was set as 17,500 FWHM, AGC target 1*E
5

, maximum
injection time 100 ms, NCE 35.

2.8. Kinetic studies

All assays were performed in a final volume of 50mLwith 50mmol/L
Na2HPO4/NaH2PO4 buffer (pH 7.0). The reactions were incubated at
45 �Cfor 10min, quenchedwith ice-coldMeOH,and thencentrifuged
at 21,130 � g for 15 min. The supernatants were used for HPLC
analysis. The conversion rates in percentage were calculated from
HPLC peak areas of glycosylated products and substrates. For
UGT71AP2 native, 0.1175 mg protein, 2 mmol/L of saturated UDP-
Glc, and different concentrations of compound 1 (5, 10, 20, 30, 50,
60, 80, 100, 200 mmol/L); For UGT71AP2 V179D/M180T mutant,
0.0569 mg protein, 2 mmol/L of saturated UDP-Glc, and different
concentrations of compound 1 (5, 10, 20, 30, 50, 60, 80, 100,
120 mmol/L); For UGT71AP2 V179K/M180I mutant, 0.1625 mg
protein, 2mmol/L of saturatedUDP-Glc, and different concentrations
of compound 1 (5, 10, 20, 30, 50, 80, 100, 120, 150, 200 mmol/L); For
UGT71AP2 L138D mutant, 0.425 mg protein, 2 mmol/L of saturated
UDP-Glc, and different concentrations of compound 1 (5, 10, 20, 30,
50, 60, 80, 100 mmol/L); For UGT71AP2 L138T mutant, 0.0368 mg
protein, 2mmol/L of saturatedUDP-Glc, and different concentrations
of compound 1 (5, 10, 20, 30, 50, 100, 150 mmol/L); For UGT71AP2
L138T/V179D/M180T mutant, 0.0219 mg protein, 2 mmol/L of
saturated UDP-Glc, and different concentrations of compound 1 (5,
10, 20, 30, 50, 80, 100, 120 mmol/L). Michaelis‒Menten plot was
fitted.

2.9. Preparative-scale reactions

The substrates (50 mmol/L) were dissolved in dimethyl sulfoxide
(DMSO) as sugar acceptor, and 50 mmol/L UDP-Glc as sugar
donor. The reactions contained 2 mL buffer (50 mmol/L
Na2HPO4/NaH2PO4), 10e20 mL sugar acceptor (50 mmol/L),
20e40 mL sugar donor (50 mmol/L), and UGT71AP2
(100e200 mg). The reactions were incubated at 45 �C for up to
8 h and terminated by adding 6 mL methanol. The mixtures were
then centrifuged at 21,130 � g for 15 min and the supernatants
were concentrated and dissolved in 50% methanol. The glycosy-
lated products were isolated and purified by semi-preparative
HPLC (SSI, USA). NMR spectra were recorded on a Bruker
AVANCE III-400 instrument at 400 (1H) and 100 (13C) MHz in
DMSO-d6.

2.10. Crystal structure of UGT71AP2

2.10.1. Protein expression, purification, and crystallization
The full-length cDNA of UGT71AP2 was cloned into a modified
pET-28a(þ) vector. A poly-histidine tag (His-tag) followed by a
tobacco etch virus (TEV) protease cleavage sequence was added
in front of the N-terminus of the target protein to facilitate puri-
fication. The protein was expressed in E. coli BL21(DE3) strain
and was purified by Ni-NTA affinity chromatography. After TEV
protease digestion, the protein was purified by size-exclusion
chromatography on a Superdex 200 increase 10/300 GL pre-
packed column (GE Healthcare). Fractions containing UGT71AP2
were collected and concentrated to 20 mg/mL using 20 mmol/L
Tris-HCl (pH 7.5). Purified UGT71AP2 was incubated with
5 mmol/L UDP-Glc at 4 �C for 1 h before crystallization. The
crystals were prepared by hanging drop vapor diffusion (1 mL
protein and 1 mL reservoir solution). Crystals were obtained in
0.2 mol/L NaCl, 0.1 mol/L MES pH 6.0, 20% PEG6000. The
crystals were flash-frozen in the reservoir solution supplemented
with 30% glycerol or glycol.

2.10.2. Crystal structure determination and refinement
The diffraction data of UGT71AP2 and UGT71AP2$UDP crystals
were collected at beamlines BL18U1 and BL19U1 of the
Shanghai Synchrotron Radiation Facility (SSRF). All the data
were processed with HKL-300024. The structures were solved by
molecular replacement with Phaser25. UGT72B1 structure (PDB
ID: 2VCE) was used as the search model. Crystallographic
refinement was performed repeatedly using Phenix and
COOT26,27. The refined structures were validated by Phenix and
the PDB validation server (https://validate-rcsb-1.wwpdb.org/).
The final refined structures were deposited in the Protein Data
Bank. The diffraction data and structure refinement statistics were
summarized in Supporting Information Table S3.

2.11. In-silico modeling and calculations

2.11.1. Molecular modeling and molecular docking
The modeling of UGT71AP2 L138T/V179D/M180T mutant was
carried out using UGT71AP2 (apo, 2.15 Å) as template at SWISS-
MODEL online website28. UDP-Glc and UDP were simulated to
UGT71AP2 (apo, 2.15 Å) and its mutants according to GgCGT/
UDP-Glc and UGT71AP2/UDP complex structures29. Then we
used AutoDock 4.2 software to construct a series of complex
structures, which contain UGT71AP2/UDP-Glc/5,7,20-trihydrox-
yflavone (the axis of grid box is x Z �31.574, y Z �19.521, and
z Z �13.119), UGT71AP2 L138T/V179D/M180T mutant/UDP-
Glc/5,7,20-trihydroxyflavone (the axis of grid box is xZ �31.574,
y Z �19.521, and z Z �13.119), UGT71AP2/UDP/5,7,20-tri-
hydroxyflavone 20-O-glucoside (the axis of grid box is
x Z �29.126, y Z �19.021, and z Z �8.533), UGT71AP2
L138T/V179D/M180T mutant/UDP/5,7,20-trihydroxyflavone 20-
O-glucoside (the axis of grid box is x Z �29.126, y Z �19.021,
and z Z �8.533). Then we performed Auto-Dock analysis by
Lamarckian Genetic Algorithm with default parameters for
2,500,000 evaluations in 100 cycles, and the other parameters
followed the default information30.

2.11.2. pKa prediction
The pKa values for the hydroxyl spots of 1 were calculated using
the Jaguar package (Schrödinger, LLC: New York, USA). The
lowest energy local conformation was used for pKa prediction at
the level of B3LYP/6-31G** with implicit solvent model named
polarizable continuum model (PCM)

31

.

2.11.3. Molecular dynamics (MD) simulations
All the MD simulations were performed using the Desmond
package (Desmond Molecular Dynamics System, D. E. Shaw
Research, New York, version 2021-3) on the GPU nodes with
NVIDIA Tesla T4 on Tetralith at Linköping University. The
OPLS4 force field was used with the default atomic charge
scheme32. By adding w13,800 TIP3P water molecules, the sol-
vent environment is modeled explicitly with certain numbers of
counter ions Naþ and Cl‒ for mimicing the physical salt con-
centration of 0.15 mol/L33. An orthorhombic simulation box was
adopted with a 10.0 Å buffering area to the solute, which is the
protein‒ligand complex. For maintaining the temperature and
pressure of simulations at 300.0 K and 1.0 atm, the Nose-Hoover
chain thermostat34 and Martyna-Bobias-Klein barostat35 were

https://validate-rcsb-1.wwpdb.org/
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used, respectively. The default minimization and equilibration
protocol implemented in Desmond was used before the 100-ns
production simulation for each protein‒ligand system
(Supporting Information Table S4), with the trajectory saved every
20 ps.

2.11.4. Binding free energy calculations
A total of 400 snapshots evenly extracted from 100-ns trajectory
were used for the Prime (version 2021-3) MM/GBSA (molecular
mechanics, the generalized Born model, and solvent accessibility)
calculations. During the Prime calculations, the residues within
8 Å of the ligand were energy-minimized (OPLS4 force field) in
the continuum solvation VSGB (variable dielectric surface
generalized Born)36. The mean and deviation energy values
calculated from the extracted snapshots were reported in this
study.

2.11.5. QM/MM calculations
To understand the energy profile of the systems, we selected 3MD
snapshots from different systems for the QM/MM calculations
using the ONIOM method in Gaussian 16 (rev. C.01)37-39. The
tleap program in AmberTools20 was used to process the snapshots
extracted for getting the forcefield topology files (.prmtop)40. To
fit the ligand restraint electrostatic potential (RESP) charges by
the Antechamber module of AmberTools2041, the atomic elec-
trostatic charges of 1 were derived from Gaussian calculations
(HF/6-31G*). The extracted snapshots were energy minimized
using the Sander program with the Amber99SB (protein)/GAFF
(ligand) forcefield42,43, followed by the setup of ONIOM calcu-
lations using the VMD MolUP plugin (version 1.7.0)44. Ions and
water molecules beyond 4 Å of protein were removed. The
cofactor, UDP-Glc, was truncated at the carbon atom neighboring
the PA atom, while all the ligand atoms were included in the QM
regions. The side-chain atoms of Asp107, His16, Glu372, Leu/
Thr138, Val/Asp179, and Met/Thr180 and the water bridges be-
tween ligand and protein as well as the bridging protein atoms
were also included. This results in the number of QM region atoms
ranging from 126 to 139. To deal with the covalent bonds spanning
between the QM and MM regions, the linking hydrogen atoms
were added with defaults scaling factor for the new bond length.
All residues and water molecules beyond 4 Å of 1/UDP-Glc/1a/
UDP or beyond 6 Å of the QM region atoms were frozen. The
geometry optimizations and final energy calculations were per-
formed at the levels of B3LYP/6-31g(d):AMBER and B3LYP-
GD3BJ/6-311þg(2d,2p):AMBER, respectively. The geometry
of transition statewas fully optimized from an initial guess located
by the flexible scanning along the reaction coordinates. Each
optimized transition state was further confirmed by the unique
imaginary vibrational mode, which connects the bonding and de-
bonding atoms.

2.12. Hydrogen-deuterium exchange mass spectrometry (HDX-
MS) analysis

HDX-MS analysis deuterium labeling was initiated with a 20-fold
dilution into D2O buffer (100 mmol/L phosphate, pD 7.0) of
UGT71AP2/UDP, UGT71AP2/UDP/1, UGT71AP2/UDP/1a,
L138T/V179D/M180T mutant/UDP/1, and L138T/V179D/
M180T mutant/UDP/1a, respectively. The concentrations of pro-
tein and ligands are 1 mg/mL and 1 mmol/L, respectively. The
other parameters were the same as described previously45.
3. Results and discussion

3.1. Molecular cloning and functional characterization of the
flavonoid 20-O-glycosyltransferase UGT71AP2

More than twenty candidate UGT genes were obtained through
BLAST search of the transcriptome data of S. baicalensis46, using
reported flavanoid UGTs as templates. In the phylogenetic tree,
Sb03g16960 (UGT71AP2) was clustered with multi-site GTs
(with poor regio-selectivity), indicating it was not a typical
flavonoid 3-OGT, 5-OGT, or 7-OGT (Fig. S1). Three high-
expression genes (Sb03g16960, Sb01g13350, and Sb03g36680)
were cloned into pET-28a(þ) vector and expressed in E. coli
BL21(DE3) strain, and the proteins were purified for functional
characterization (Table S2).

To discover the 20-O-glycosyltransferase, 5,7,20-trihydroxy-
flavone (1) and UDP-Glc were utilized as sugar acceptor and sugar
donor, respectively. The reaction mixture was analyzed by liquid
chromatography coupled with mass spectrometry (LC/MS).
Sb01g13350 and Sb03g36680 did not show obvious glycosylation
activities. In the presence of Sb03g16960 (UGT71AP2), majority
(>90%) of the substrate was transformed, and LC/MS analysis
showed two major products (1a and 1b) and one minor product 1c
as mono- or di-O-glycosides (Fig. 1A and B). Compounds 1a and
1b were then purified by preparative-scale enzyme catalysis, and
were identified as 5,7,20-trihydroxyflavone 20-O-glucoside and
7,20-di-O-glucoside (a new compound), respectively. The location
of the glucosyl residue at 20-OH was determined by the HMBC
correlation of H-100 (dH 5.12, the anomeric hydrogen) with C-20

(dC 155.4). A time-course study indicated that 1 could be con-
verted to 1a quickly and then further converted to 1b gradually
(Fig. 1C).

The cDNA sequence of UGT71AP2 contains an open reading
frame (ORF) of 1392 bp encoding 463 amino acids. The catalytic
conditions were optimized using 1 and UDP-Glc as substrates.
UGT71AP2 exhibited its maximum activity at pH 7.0 (50 mmol/L
Na2HPO4/NaH2PO4) and 45 �C, and the reaction was independent
of divalent metal ions (Fig. S3).

3.2. Substrate and sugar donor promiscuity of UGT71AP2

ManyUGTs show high catalytic promiscuity, such as OleD47-48 and
YjiC49,50. To explore the substrate promiscuity of UGT71AP2, we
tested nine flavonoids (1e9) containing a 20-hydroxy group
(Fig. 1D). According to HPLC analysis, the conversion rates were
>60%except for 8 (Fig. 1E, Supporting Information Figs. S4‒S12).
The products were characterized as O-glucosides according to the
[M‒H‒162]‒ fragment ions in the MS/MS spectra51. Then we
purified 2a, 2b, 3a, 5a, 5b, and 9a from preparative-scale enzymatic
reactions, and fully identified their structures by NMR and HR-
ESIMS analyses (Supporting Information Figs. S13‒S52). All the
products were identified as 20-O-glucosides according to theHMBC
correlations between H-100 and C-20. These results confirmed the
high regio-selectivity of UGT71AP2 towards 20-OH. To the best of
our knowledge, UGT71AP2 is the first reported flavonoid 20-O-
glycosyltransferase.

To probe the sugar donor specificity of UGT71AP2, 13
sugar donors were tested, including UDP-Glc, UDP-Gal, UDP-
GlcN, UDP-GalN, UDP-Xyl, UDP-Ara, UDP-GlcNAc, UDP-
GalNAc, UDP-GlcA, UDP-GalA, UDP-Rha, GDP-Man, and
GDP-Fuc (Fig. 1D, Supporting Information Fig. S53).
UGT71AP2 could utilize 5 UDP-sugars, with the preference



Figure 1 Substrate and donor promiscuity of UGT71AP2. (AeB) Glycosylation of 5,7,20-trihydroxyflavone (1), showing HPLC chromato-

grams and mass spectra of 1a and 1b. 1c, 5,7,20-trihydroxyflavone 7-O-glucoside. (C) A time-course study of the enzymatic reaction catalyzed by

UGT71AP2. (D) Structures of 9 sugar acceptors (1e9) and 5 UDP-sugar donors. D, the products were purified in this study and were identified by

NMR. V, the products were identified by comparing with reference standards. *, new compounds. The blue circles highlight 20-O-glycosylation.
(E) Conversion rates of 1‒9 with UDP-Glc as sugar donor, and of compound 1 with 5 sugar donors. For compounds 2, 4, and 6, a very minor

mono-O-glycoside product is present but not shown here (Supporting Information Figs. S5, S7, and S9). The experiments were performed in

triplicates (n Z 3).
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order of UDP-Glc > UDP-GlcN > UDP-Gal > UDP-
Xyl > UDP-GlcNAc (Fig. 1E). This preference was similar to
that of GgCGT, a C-glycosyltransferase we had previously re-
ported29. It was noteworthy that UGT71AP2 could catalyze 1
into two mono-O-glycoside products with similar conversion
rates when UDP-GlcN was used as sugar donor. Most probably,
these two products could be the 20-O-glycoside and 7-O-
glycoside. This result was different from UDP-Glc, with which
UGT71AP2 showed high regio-selectivity towards 20-OH.

Owing to the anti-inflammatory activities of S. baicalensis, we
evaluated the inhibitory activities of 1‒5 and their 20-O-glycosides
against the pro-inflammatory protein cyclooxygenase 2 (COX-2).
Compounds 2a, 2b, 3a, and 4a showed >50% inhibitions at
25 mmol/L against COX-2, and the 20-O-glycosides of 2, 4, and 5
were significantly more potent than the aglycones (Supporting
Information Fig. S54).

3.3. Crystal structure of UGT71AP2

Although the crystal structures of a number of plant glycosyl-
transferases have been reported, little is known about catalytic
mechanisms for their regio-selectivity13,14,52,53. UGT71AP2
could catalyze the glycosylation of flavonoids at 20-OH and 7-
OH, though 20-O-glycosylation was preferred (Supporting
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Information Fig. S55). To gain insights into the regio-selectivity,
we solved the crystal structure of the UGT71AP2/UDP complex
(PDB ID: 8hoj, 2.9 Å), which contains two highly similar
molecules with a root mean square deviation (RMSD) of
0.628 Å (Table S3). We also obtained a monomer apo structure
of UGT71AP2 (PDB ID: 8hok, 2.15 Å). However, after many
attempts including co-crystallization and soaking experiments,
we failed to obtain the complex structure with sugar acceptor.
Figure 2 Structural basis for the regio-selectivity of UGT71AP2. (A) C

domains are depicted in yellow and green, respectively. The NTD domain

values of the hydroxy groups of 1. (C) Molecular docking poses favoring 2

molecular mechanism of UGT71AP2-catalyzed UDP-dependent glycosyla

hydrogen bond interactions and reaction coordinates, respectively. (E) Re

glycosylation (top) and 7-O-glycosylation (bottom). The MM/GBSA bindi

optimized geometries for transition states TS1 and TS2. The reaction coo

lines, respectively. (G) Energy profiles for the 20-O-glycosylation an

311þg(2d,2p):amber with zero-point energy correction at the level of B3

product complex; 20-O-glycosylation and 7-O-glycosylation poses are dep

aligned to zero for the relation of energies of TS and PC in each system.
Similar to other UGTs, UGT71AP2 shows a typical GT-B fold
with two Rossmann-like b/a/b domains (Fig. 2A). The
N-terminal domain (NTD, residues 1e234 and 439e462) and
the C-terminal domain (CTD, residues 235e438) are responsible
primarily for sugar acceptor and sugar donor binding,
respectively. In the meanwhile, the binding pocket is
partially exposed to the solvent (Supporting Information
Fig. S56).
rystal structures of UGT71AP2 (apo) and UGT71AP2$UDP. The CTD

is shown in pink. (B) Quantum chemical calculations predicted pKa
0-O-glycosylation (top) and 7-O-glycosylation (bottom). (D) Proposed

tion. R, uridine monophosphate. Black and red dashed lines represent

presentative snapshots from MD simulations for poses favoring 20-O-
ng free energies (kcal/mol) are given in the right bottom. (F) QM/MM

rdinates and hydrogen bonds are depicted as yellow and blue dotted

d 7-O-glycosylation reactions at the level of B3LYP-GD3BJ/6-

LYP/6-31G(d):amber. RC, reactant complex; TS, transition state; PC,

icted in red and black, respectively. The energies of RC1 and RC2 are
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3.4. Structural basis for the 20-O-glycosylation selectivity of
UGT71AP2

To interpret whether the selectivity towards 20-OH over other
hydroxy sites is caused by chemical reactivity, we calculated the
pKa values of all the three possible glycosylation positions of
5,7,20-trihydroxy flavone (1) using the Jaguar program31. For both
configurations of 1, the relatively small pKa values of 7-OH
indicated it was slightly more reactive than 20-OH (Fig. 2B). We
further conducted quantum chemical (QC) calculations using the
anion form of 1 deprotonated at 20- and 7-OH, respectively. The
activation barrier for 1-7-Oe bonding to UDP-Glc (16.5 kcal/mol)
Figure 3 Rational design to improve the specificity of 20-O-glycosy
5,7,20-trihydroxyflavone (1, left panels, referred to as 20-O-pose) and 5,7,20-
Glc-pose) in the active sites of native and mutant UGT71AP2. The MM/GB

are shown at the right bottom of each subfigure. (B) HPLC chromatogram

using 1 and UDP-Glc as the sugar acceptor and donor, respectively. 1b, 5,7

7-O-glucoside. (C) Kinetic analysis of the reactions. (D) Time evolution o

simulations. (E) Geometrically conserved (more than 20% enrichment in M

in L138T/V179D/M180T mutant. Coordinates of these sites were calcul

optimized transition state of 20-O-pose of the mutant (TS3). The reactio

dotted lines, respectively. (G) Energy profiles for the 20-O-glycosylation rea
of B3LYP-D3BJ/6-311þg(2d,2p):amber with zero-point energy correction

TS, and product complex (PC) of 20-O-pose in the native and mutant are

energies of RC1 and RC3 are aligned to zero for the relation of energies
is slightly lower than that of 1-20-Oe (17.3 kcal/mol, Supporting
Information Fig. S57). The above calculation results were oppo-
site to the experimental observations, indicating the intrinsic
reactivity was not the driving force for 20-O-glycosylation of 1.

Through molecular docking, we obtained the structural model
for UGT71AP2/UDP-Glc/1, which returned two binding modes
favoring the glycosylation at 20-OH and 7-OH, namely, 20-O-pose
and 7-O-pose, respectively (Fig. 2C)30. The 100-ns molecular
dynamics (MD) simulations showed all the protein backbone and
UDP-Glc atoms were stable in the two binding modes (RMSD
w2 Å, Supporting Information Fig. S58)54. It is clear that 1 in the
20-O-pose was more stable than in the 7-O-pose. In the 20-O-pose,
lation of UGT71AP2. (A) Key residues in the docking models of

trihydroxyflavone 20-O-glucoside (1a, right panels, referred to as 20-O-
SA binding free energies from 100-ns MD simulations with deviations

s of enzymatic reactions catalyzed by the native enzyme and mutants,

,20-trihydroxyflavone 7,20-di-O-glucoside; 1c, 5,7,20-trihydroxyflavone
f the number of water molecules within 5 Å of the ligand in the MD

D simulations) hydration sites from MD simulation for the 20-O-pose
ated using our in-house toolkit written in C language. (F) QM/MM

n coordinates and hydrogen bonds are depicted as yellow and blue

ctions in native enzyme and L138T/V179D/M180T mutant at the level

at the level of B3LYP/6-31G(d):amber. The reactant complex (RC),

illustrated as RC1, TS1, PC1, and RC3, TS3, PC3, respectively. The

of TS and PC in each system.
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1 was stabilized by two hydrogen bonds with His16 and Ser130,
and p‒p interactions of Phe128 with the A and C rings of 1.
Particularly, the d-protonated His16 could form a hydrogen bond
with Asp107, and the ε-nitrogen of His16 is close to 20-OH
(2.8 Å). Deprotonation of 20-OH by the ε-nitrogen of His16 (from
HID to HIE) could form product 1a and protonate Asp107 (from
Asp to ASH, Fig. 2D). Therefore, His16 plays dual roles as acid
and base to transfer the proton from substrate to Asp107.
Consistently, the H16A and D107A mutants almost showed no
catalytic activity (Supporting Information Fig. S59).

We calculated the binding free energies of 1 in the two poses
using themolecular mechanics generalized Born surface area (MM/
GBSA) method55. The binding free energies of 1 in the 20-O- and 7-
O-poses were�35.8 � 5.4 and �30.4� 4.0 kcal/mol, respectively
(Fig. 2E, Supporting Information Figs. S60‒S61), indicating the
binding pose favoring 20-O-glycosylation was more stable and had
larger probability to occur than 7-O-glycosylation. From repre-
sentative snapshots, we found the A/C rings of 1 could bewell fitted
into the hydrophobic area (region A) of the active site in the 20-O-
pose. For the 7-O-pose, however, the A/C rings of 1were exposed to
the solvent while the B ring pointed to region A.

We further constructed QM/MM model from representative
snapshots of the two binding poses, which included the side chain
conformations of important residues (Table S4). QM/MM calcu-
lations indicated that the deprotonation of substrate is coupled
with the formation of the glycosidic bond and internal proton
transfer within the His-Asp dyad39,56. By relating the energy of the
transition state (TS) to the reactant complex (RC), QM/MM cal-
culations showed a lower activation barrier for 20-O-glycosylation
(TS1, 19.7 kcal/mol) than for 7-O-glycosylation (TS2, 24.1 kcal/
mol) (Fig. 2F‒G and Supporting Information Table S5).
Compared to the docking results (Fig. 2C), more residues are
involved in the nonpolar interactions between the A/C rings of 1
and region A. These interactions provide extra stabilizing effects
to TS1 and lower the activation barrier for 20-O-glycosylation
(Fig. 2F). This result interprets why 20-O-glycosylation is the main
catalytic reaction, and thus unravels structural basis for the regio-
selectivity of UGT71AP2.
Table 1 The conversion rates of 5,7,20-trihydroxyflavone (1) catalyz

sugar donor.

Name Total (%)

Native 94.2

L138D 80.5

L138E 89.0

L138S 87.4

L138V 83.7

L138T 90.0

L138W 81.4

L138K 64.5

V179A/M180A 89.0

V179D/M180S 91.4

V179D/M180T 93.0

V179E/M180S 87.6

V179E/M180T 89.6

V179K/M180I 77.2

L138T/V179D/M180T 96.0

1a, 20-O-glucoside; 1b, 7,20-di-O-glucoside; 1c, 7-O-glucoside. n.d., not de
3.5. Structure-guided engineering to improve the 20-OH
selectivity

A time-course study (0e160 min) indicated UGT71AP2 could
catalyze a second glycosylation reaction at both 7-OH of 20-O-Glc
(1a) and 20-OH of 7-O-Glc (1c), and finally yielded 1b
(Supporting Information Fig. S62). To improve the 20-OH regio-
selectivity of UGT71AP2 and to improve the yield of 20-O-
glucoside, we used two strategies, i.e., 1) to increase the stability
of transition state with a lower activation barrier, and 2) to in-
crease the stability of the product complex (PC) to suppress
second-step glycosylation. During the MD simulations and MM/
GBSA calculations, we found that region A was important for
the regio-selectivity. Region A is mainly composed of Leu138,
Pro177, Val179, and Met180. In the docking models, the carbonyl
and hydroxyl groups on the A/C rings of 1 are surrounded by
Region A (Fig. 3A). Particularly, the oxygen atoms are opposite to
the methyl groups of L138 and V179 or the methylene groups of
P177 and M180, leading to moderate interactions between 1 and
region A. In the UGT71AP2/UDP/1a model, the above four res-
idues showed similar interactions with 1a. To further stabilize the
binding of 1 or 1a in region A, we considered introducing new
hydrogen bonds between the ligands and surrounding key amino
acids.

With this aim, we constructed a series of mutants, in which the
introduction of carboxyl or hydroxyl groups to the side chain of L138
and V179/M180 remarkably improved the regio-selectivity towards
20-O-glycosylation (Supporting Information Fig. S63). Particularly,
the ratio of 7-O-glycosylation decreased from48%of the native to 4%
and 7% of the L138T and V179D/M180T mutants, respectively
(Table 1, Fig. 3B). Moreover, these two mutants showed higher
affinities with substrate 1 (Km Z 20.33 and 28.95 mmol/L for L138T
andV179D/M180T, respectively, vs 97.40mmol/L for the native), and
4.5 and 6.5 times higher catalytic efficiencies than the native enzyme
(kcat/Km Z 0.019 L/(s$mmol) (Fig. 3C, Supporting Information
Fig. S64). We further constructed the L138T/V179D/M180T
mutant. It also showed high regio-selectivity towards 20-O-glycosyl-
ation, with only 4% yield of 7-O-glucoside. More importantly, the
ed by UGT71AP2 (native) and its mutants, using UDP-Glc as the

1a (%) 1b (%) 1c (%)

46.2 48.0 Trace

80.5 n.d. n.d.

85.0 Trace 4.0

53.5 22.3 11.6

63.2 20.5 Trace

86.0 4.0 n.d.

35.3 28.9 17.2

53.5 8.0 3.0

26.3 58.9 3.8

64.6 26.7 Trace

86.0 7.0 Trace

50.6 31.8 5.1

65.0 20.6 4.0

57.6 14.5 5.2

92.0 4.0 n.d.

tected.
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triple-site mutant showed even increased catalytic efficiency, with a
kcat/Km value of 0.23 L/(s$mmol), which was 12-fold higher than the
native. The high regio-specificity and catalytic efficiency were veri-
fied by a time-course study (Fig. S55). Substrate 1 was almost
completely converted to 1a within 45 min, and the ratio of 7-O-
glycosylation (1b/1c) never exceeded 5%. In addition, we found that
S130 and P177 were related to 7-O-glycosylation. On the other hand,
we also obtained the S130A/P177Rmutant, which showed preference
to 7-O-glycosylation (Supporting Information Fig. S65).

Next, we established structure of the L138T/V179D/M180T
mutant by the SWISS-MODEL for dockings with 1 and 1a by the
Autodock suite (Fig. 3A, lower panels)28. Subsequently, 100-ns MD
Figure 4 Structural dynamics analysis for the native and mutants of U

(HDX-MS). (A) Deuterium uptake spectra at different exchange time

UGT71AP2/UDP/1. The uptake differences were calculated as the sum of

fragments that exhibited significant differences in deuterium uptake. (D

fragments for different proteins and ligands.
simulations were performed by the Desmond program. The MD-
based MM/GBSA calculations demonstrated the binding free en-
ergy of1 in themutant as�38.3� 4.2 kcal/mol,whichwas lower than
in the native (�35.8 � 5.4 kcal/mol, Fig. 3A). During the course of
MD simulation, we observed an increased number ofwatermolecules
around the active site, which could attribute to the large fluctuation of
1 in the L138T/V179D/M180T mutant (Fig. 3D). One hydration spot
between1 and regionAwasconserved inmore than20%of all theMD
snapshots in the mutant, indicating that more water molecules were
located in region A (Fig. 3E). These observations suggest the muta-
genesis increased the hydrophilicity of region A, which further
increased its polar interactions with the A/C rings of 1, most probably
GT71AP2 using Hydrogen‒Deuterium Exchange Mass Spectrometry

points. (B) Deuterium uptake differences of UGT71AP2/UDP and

differences for each peptide at each exchange time point. (C) Peptide

eE) Deuterium uptake plots of F127-L135 and S163-P172 peptide



3756 Zilong Wang et al.
via water bridges. The hydrogen bonding network mediated by water
molecules may be important to lower the binding free energy or
activation energy57. By keeping the water molecules around 1 in the
representative snapshots, QM/MM calculations with dispersion
correction illustrate the stabilizing effect of the solvent hydrogen
bonding network between 1 and UGT71AP2 for the transition state
(7.5 kcal/mol lower in activation barrier, Fig. 3F‒G).

We also docked the 20-O-glycosylation product 1a into
the active site of L138T/V179D/M180T mutant/UDP and
native/UDP models, followed by 100-ns MD simulations and
MM/GBSA free energy calculations (Fig. 3A, Supporting
Information Fig. S66). In the mutant system, T138, D179, and
T180 could form hydrogen bonds with 1a. These hydrogen
bonds could stabilize 1a in the active pocket, and thus suppress
its re-orientation to hinder a second glycosylation at 7-OH. This
is also supported by the MM/GBSA calculations, where the
binding free energies for 1a in native and L138T/V179D/M180T
mutant systems are �53.0 � 7.9 and �60.1 � 6.0 kcal/mol,
respectively. These results unraveled the mechanisms underly-
ing the highly specific and efficient 20-O-glycosylation of
mutant L138T/V179D/M180T.
Figure 5 UDP-dependent de-glycosylation catalyzed by UGT71AP2. (A

were individually performed in a final volume of 100 mL containing 50 mm

0.1 mmol/L 1a or 1b, 0.5 mmol/L UDP, 45 �C, 15 min. (B) Dynamic equ

Glc*, newly generated UDP-Glc. (C) Models of UGT71AP2/UDP-Glc/5

flavone 20-O-glucoside (1a). (D) The catalytic activities of H16A and D1
3.6. Hydrogen-deuterium exchange mass spectrometry (HDX-
MS) analysis

To further evaluate the binding stability of the substrate (1) and
product (1a) in the active pocket, we employed HDX-MS to
explore the protein conformational dynamics for UGT71AP2 and
its L138T/V179D/M180T mutant (Fig. 4A). The protein amino
acid sequence coverage rate was >70%. When substrate 1 was
added, the deuterium uptake rate of the peptide fragments K45-
N61, F127-L135, and S163-P172 decreased remarkably, indi-
cating this part of UGT71AP2 was more rigid after binding with 1
(Fig. 4B‒D, Supporting Information Fig. S67). We failed to
obtain information on peptide fragments containing L138, V179,
and M180. However, they are close to F127-L135 and S163-P172.
Changes of these peptides indicated significance of the above
amino acids in substrate binding. On the other hand, the deuterium
uptake rates for peptide fragments P230-D246 and A248-F272
increased, indicating they may be related to sugar donor binding
(Fig. 4C).

More importantly, we analyzed the dynamic changes during 5 s
and 240 min of the native and mutant when they were co-
) The de-glycosylation reactions of 1a and 1b. The reaction mixtures

ol/L Na2HPO4/NaH2PO4 buffer (pH 7), 8 mg of purified UGT71AP2,

ilibrium of de-glycosylation and glycosylation reactions of 1c. UDP-

,7,20-trihydroxy flavone (1) and UGT71AP2/UDP/5,7,20-trihydroxy-
07A mutants.



A flavonoid 20-O-glycosyltransferase from Scutellaria baicalensis 3757
incubated with 1 and 1a. By comparing the L138T/V179D/M180T
mutant to the native, the deuterium uptake decreased for F127-
L135 and S163-P172, indicating the mutant structures in com-
plex with 1 and 1a were more stable than the native (Fig. 4E).
These results were consistent with theoretical calculations.

3.7. UDP-dependent de-glycosylation of UGT71AP2

Despite the high catalytic efficiency of both the native and mutant
enzymes, we still could see minor residual substrates in the re-
action system. We speculate that the reverse of glycosylation
occurs, as bacterial GTs had been reported to possess dual func-
tions58,59. Thus, we co-incubated 1a and 1b with the enzyme, but
did not observe any products. However, when UDP was added into
the system, both 1a and 1b could be de-glycosylated at the 20-O-
glucosyl group after 15 min, with conversion rates of 35% and
8%, respectively (Fig. 5A). When 1c was co-incubated with UDP
and UGT71AP2, we observed a dynamic equilibrium between de-
glycosylation and glycosylation after 120 min (Fig. 5B). Similar
de-glycosylation reactions were also observed when other 20-O-
glycosides were used as substrates (Supporting Information Figs.
S68‒S70). Then we tested seven known UGTs, and all of them
showed UDP-dependent de-glycosylation capabilities (Supporting
Information Figs. S71‒S73)7,60-62. These results indicate that
plant UGTs may generally possess UDP-dependent dual functions
of glycosylation and de-glycosylation.

Glycosidases have been reported to show dual functions of
glycosylation and de-glycosylation, and the reactions are indepen-
dent of UDP63,64. The catalytic process is characterized by a two-
step double-displacement of two acidic residues; one as an acid/
base catalyst and the other as a nucleophile (see Supporting
Information Fig. S74 as an example). In the active site of
UGT71AP2, however, no similar acidic residues could be mapped.
Thus, UGT71AP2may have a newmechanism of de-glycosylation.

It is well recognized that the highly conserved catalytic dyad
(His-Asp) arrangement acts as a key factor in initiating the
glycosylation reaction of UGTs. According to the structural model
of UGT71AP2/UDP/1a, we propose that the de-glycosylation and
glycosylation of UGTs may share the same set of key amino acids
(Fig. 5C). Thus, we constructed the H16A and D107A mutants.
Both de-glycosylation and glycosylation activities were lost
(Fig. 5D). Similar results were observed for saturation mutagen-
esis of His16 (Supporting Information Fig. S75). Glu372 also
played a critical role in de-glycosylation by forming hydrogen
bonds with the sugar moiety of 1a. Consistently, the E372A
mutant almost showed no de-glycosylation activity (Supporting
Information Fig. S76).

As the same set of key amino acids plays the same effect on
both glycosylation and deglycosylation activities (Fig. 5C and D),
the de-glycosylation activity should be the reverse reaction of
glycosylation58,59. From the mechanism shown in Fig. 2D, to
suppress the reverse direction of the reaction, the protonated
Asp107 in the product complex needs to be consumed by the
environment. This indicates us to increase the buffer pH when the
initial glycosylation reaction reaches a balance. Consistently, we
found that the de-glycosylation was remarkably suppressed when
the pH increased from 6 to 9 (Supporting Information Fig. S77).
Thus, we incubated the reaction mixture at the optimal pH 7 for
1 h and then increased the pH using two volumes of pH 9 buffer.
The glycosylation conversion rate of 1 by the L138T/V179D/
M180T mutant was almost 100%, and no residual 1 could be
observed (Supporting Information Fig. S78).
4. Conclusions

In summary, we characterized the first flavonoid 20-O-glycosyl-
transferase UGT71AP2 from S. baicalensis. It could regio-
selectively and efficiently catalyze 20-O-glycosylation of flavo-
noids. Eight 20-O-glycosides were obtained and six of them are
new compounds. We solved the crystal structure of UGT71AP2
(2.15 Å), and deduced the regio-selectivity of UGT71AP2 was
mainly determined by the binding mode of the substrate in the
active pocket. We obtained the L138T/V179D/M180T mutant,
which showed remarkably enhanced 20-OH regio-selectivity (the
ratio of 7-O-glycosylation decreased from 48% to 4%) and
improved catalytic efficiency (kcat/Km, 0.23 L/(s$mmol), 12-fold
higher than the native). Furthermore, we find that UGT71AP2,
joined by other plant glycosyltransferases, possesses moderate
UDP-dependent de-glycosylation activity. The His-Asp dyad may
be shared by the glycosylation and de-glycosylation reactions as
key amino acids to initiate reaction. This work provides a new and
efficient approach to prepare flavonoid 20-O-glycosides, and elu-
cidates the regio-selectivity mechanisms of UGT71AP2. The
study also sets a good example for protein engineering to optimize
the catalytic features of enzymes through structure-guided rational
design and theoretical calculations.
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