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A highly efficient and promiscuous 7,4’-di-O-glycosyltransferase ZjOGT3 was discovered from the medicinal
plant Ziziphus jujuba var. spinosa. ZJOGT3 could sequentially catalyse 4'- and 7-O-glycosylation of flavones to
produce 7.4-di-O-glycosides with obvious regio-selectivity. For 7.4'-dihydroxyl flavanones and 3-O-
glycosylated 7,4’-dihydroxy! flavones, ZJOGT3 selectively catalyses 7-O-glycosylation. The crystal structure of
ZjOGT3 was solved. Structural analysis, DFT calculations, MD simulations, and site-directed mutagenesis
reveal that the regio-selectivity is mainly controlled by the enzyme microenvironment for 7,4’-dihydroxyl

iii:g’ti% 22591;] l;l\g;ir:l;grziozz flavones and 3-O-glycosylated 7,4'-dihydroxyl flavones. For 7,4’-dihydroxyl flavanones, the selectivity is mainly
controlled by intrinsic reactivity. ZJOGT3 is the first plant flavonoid 7,4’-di-O-glycosyltransferase with a crystal

DOI: 10.1039/d25c06504e structure. This work could help understand the catalytic mechanisms of multi-site glycosyltransferases and
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Introduction

Glycosylation is an important post-modification biosynthetic
reaction in plant secondary metabolism." This type of reaction is
generally catalyzed by uridine diphosphate (UDP)-dependent gly-
cosyltransferases (UGTs).> Thus far, a huge family of glycosyl-
transferases (GTs) has been discovered from plants.® They provide
powerful tools to prepare important bioactive glycosides, including
schaftoside,* stevioside,® glycyrrhizin,® and ginsenosides.”
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provides an efficient approach to synthesise O-glycosides with medicinal potential.

Glycosylation of polyhydroxyphenolics by chemical synthesis is
usually limited by poor regio- and stereoselectivity and protection
and deprotection of unstable hydroxyl groups under severe
conditions.? In contrast, GT-mediated glycosylation reactions take
only one step and exhibit high catalytic efficiency.” However, many
GTs suffer from poor selectivity, particularly regio-selectivity when
multiple glycosylation sites are present.*»%*

Flavonoids represent a large class of polyphenols and are widely
distributed in plants.” They possess a variety of bioactivities,
including anti-inflammatory, antioxidative, anti-viral, antitumor,
hepatoprotective, and cardio-cerebrovascular protective activities."
For example, diosmin and scutellarin are used as clinical drugs to
treat lymphatic insufficiency and brain stroke in China, respec-
tively. Flavonoids also contribute to plant tastes” and flower
pigments.**

Thus far, more than 10 000 flavonoids have been reported.""**
Due to the common biosynthetic pathway, a large proportion of
flavonoids possess two conserved hydroxyl groups at 7-OH and 4'-
OH.* Although many GTs have been reported to catalyse 7- and 4"
O-glycosylation reactions, very few of them show high catalytic
efficiency and high regio-selectivity.”” FAGT and F4'G7GT from
Nemophila menziesii could catalyse stepwise 7,4-O-glycosylation to
form flavonoid 4’-O-glycosides and 7,4-di-O-glycosides, respec-
tively." However, they could only accept a limited range of
substrates.

Wild jujube (Ziziphus jujuba var. spinosa, Rhamnaceae family) is
a medicinal plant native to China. Its seeds have been used as the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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traditional Chinese medicine Suan-Zao-Ren for a long time to treat
anxiety and depression.” This plant contains abundant flavonoid
4’-0-glycosides.

In this work, we report a regio-selective flavonoid 7,4-di-O-gly-
cosyltransferase ZjOGT3 (UGT84A68) from Z. Jujuba var. spinosa.
Mechanisms for its regio-selectivity were dissected by crystal
structure analysis, density functional theory (DFT) calculations,
molecular docking, molecular dynamics (MD) simulation, binding
free energy calculations, and site-directed mutagenesis.

Results and discussion
Molecular cloning and functional characterization of ZjOGT3

Six transcriptome data sets of Ziziphus jujuba var. spinosa
(SRR9721936, SRR9721937, SRR9721938, SRR9721939,
SRR9721941, and SRR9721944) were downloaded from the
Sequence Read Archive (SRA) database of NCBI, and clean reads
were de novo assembled using the Trinity program (K-mer = 31)
with default parameters. Several reported UDP-glycosyltransferase
genes were selected as query sequences (Table S17). By using local
BLAST search, 24 putative full-length GT genes (ZjOGT1-24) were
discovered.” After heterologous expression and functional char-
acterization, ZjOGT3 was identified as a flavone 7,4"-di-O-glycosyl-
transferase. The cDNA sequence of ZjOGT3 contains an open
reading frame (ORF) of 1440 bp encoding 479 amino acids (Table
S2 and Fig. S17). It was named UGT84A68 (accession number:
0Q603459) by the UGT Nomenclature Committee.

The catalytic function of ZjOGT3 was characterized using
kumatakenin B (1, 7,4-dihydroxy flavone) as a sugar acceptor and
uridine 5-diphosphate glucose (UDP-Glc) as a sugar donor. The
enzymatic reaction system contained 25 pg purified protein,
0.1 mM substrate (1), and 0.5 mM UDP-Glc in 100 pL of 50 mM
NaH,PO,-Na,HPO, buffer (pH 8.0). After co-incubation at 37 °C
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for 8 h, the products were analyzed by liquid chromatography
coupled with mass spectrometry (LC/MS) (Table S3t). ZjOGT3
could completely convert 1 into a more polar product 1b (Fig. 1A
and B). The mass spectrum of 1b showed an [M-H+HCOOH] ion
at m/z 623, which was 370 amu greater (2Glc + HCOOH) than 1,
indicating 1b as a di-O-glucoside. The structure of 1b was fully
identified as 7,4-di-O-glycoside flavone by comparing with an
authentic reference standard.'*® However, after 15 min of co-
incubation, 1 was converted into 1a as the main product, which
was identified as kumatakenin B 4-O-glucoside (Fig. 1B and S27).
These results indicated that ZjOGT3 could catalyse glucosylation of
1 at 4- and 7-OH consecutively. Kumatakenin B 7-O-glucoside was
never observed as a main product.

The biochemical properties of recombinant ZjOGT3 were
further investigated using 1 and UDP-Glc as substrates. ZjOGT3
showed its maximum activity at pH 8.0 (50 mM NaH,PO,-
Na,HPO, buffer) and 45 °C and was independent of divalent
cations (Fig. S31). The apparent kinetic parameters for 1 and 1a
with saturated UDP-Glc were measured (Fig. S41). The K, value for
1 and 1a was 15.57 uM and 197.70 uM, respectively. The catalytic
efficiency (kea/Kin) for the 4-O-glycosylation of 1 (0.010462 pM
s~ ") was around 53 times higher than that for 7-O-glycosylation of
1a(0.0002014 uM ' s~ ). Thus, the second step was rate-limiting to
form 1b.

Substrate promiscuity and synthetic applicability of ZjOGT3

To explore the substrate specificity of ZjOGT3, 34 flavonoids were
screened by enzymatic assay using UDP-Glc as the sugar donor
(Fig. 2). These substrates included 7,4-dihydroxy flavones (1-9),
7,4-dihydroxy flavanones (10-11), 3-O-glycosylated 7,4"-dihydroxy
flavones (12-17), 7 or 4 monohydroxy flavones (18-28), isoflavones
(29-31), isoflavans (32), isoflavone glycoside (33), and chalone (34).
LC/MS analysis revealed that ZjOGT3 could catalyse glucosylation
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Fig.1 7.4'-Di-O-glucosylation of kumatakenin B (1) catalysed by recombinant ZjOGT3. (A) Two-step glucosylation of 1 to produce 1a and 1b. (B)

LC/MS analysis of the enzymatic reaction products after 15 or 480 min

of co-incubation. The (—)-ESI-MS and MS/MS spectra of 1a and 1b are

shown. The HPLC chromatograms were recorded at 340 nm. STD, reference standard.
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of all 34 substrates. The glucosylated products were characterized
by the diagnostic fragment ions [M-H-162]" in the MS/MS spectra
(Fig. S5-S38t). Some of the products were purified and fully
identified by NMR spectroscopy or by comparing with reference
standards.

Interestingly, ZjOGT3 could efficiently glycosylate 1-9 (Type 1)
to generate one mono-O-glycoside and one di-O-glycoside. The di-
O-glycoside was usually the major product (Fig. S5-S137).
Furthermore, we fully identified 1a, 2a, 3a, 4a and 7a as 4-mono-O-
glycosides and 1b, 2b, 3b, 4b and 7b as 7,4"-di-O-glycosides by NMR

Type 1: 7,4’-dihydroxy flavones

Regio-selectivity:
Stepwise 4',7-di-O-

glycosylation

12 2% V
1b 97 % V

I

I

I

I

I

I

| 4-0-glycoside (a)
| 7,4'-di-O-glycoside (b)
I

I

I

I

I

I

OH
HO. o. O
()
HO
OH O

5

5a 1%
5b 98 %

6a 1%

OH
OH

10 1"
7-0-glycosylation 7-0-glycosylation
10a 68% A 11a 72% A

I
I
I
I
I HO.
I
I
I
I
I

—_

18 19
4’-0-glycosylation 4’-0-glycosylation
18a 25% 19a 44%

20 * 21
4’-0-glycosylation 4’-0-glycosylation
20a 99% A 20a 94% A

7-0-glycosylation
24a 45%

7-0-glycosylation
25a 32% A

OH O

4 on
HO HO.
9@ @
)
.

OH
o. O HO.
|
2

2a 14%V
2b 73%V

7-0-glycosylation
12a 94% A

OH
Holo

|

|

: OHOOH{
o

| e

|

|

7-0-glycosylation
15a 96%

24 25 26
7-0-glycosylation
26a 94%

View Article Online

Edge Article

spectroscopic analyses and standards (Fig. $39-S537). For 10-11
which are flavanones with 7- and 4-OH (Type 2), ZjOGT3 could
only produce 7-mono-O-glycosides (10a and 11a) (Fig. S14-S21 and
$54-S607). Similarly, for 3-O-glycosylated 7,4-dihydroxy flavones
with 7- and 4'-OH (12-17, Type 3), ZjOGT3 also could only produce
7-O-glycosides, and the structure of 12a was fully identified (Fig.
S61-S64+). For Type 4 flavonoids which contain either one 7-OH or
one 4-OH (18-28), ZjOGT3 could produce the corresponding 7 or
4’-O-glucosides (Fig. $22-S32 and S65-S797). Moreover, ZjOGT3
could also accept isoflavones, isoflavans, isoflavone glycosides and
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Fig.2 Substrate promiscuity of ZJOGT3. A indicates that the products were purified and their structures were confirmed by NMR spectroscopy;
V indicates that the products were confirmed by comparing with reference standards. * represents new compounds.
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chalcones (29-34) as substrates (Fig. S33-53871). The above results
indicate that the C2-C3 double bond and 3-O-glucosyl substitution
could remarkably alter the regio-selectivity of ZjOGT3. A 6-C-glu-
cosyl substituent could also inhibit 7-O-glycosylation, as ZjOGT3
only catalysed 4'-O-glycosylation of 22.

To explore the sugar donor promiscuity of ZjOGT3, we tested six
other sugar donors, including UDP-galactose (UDP-Gal), UDP-
xylose (UDP-Xyl), UDP-arabinose (UDP-Ara), UDP-glucuronic acid
(UDP-GIcA), UDP-N-acetylglucosamine (UDP-GIcNAc), and UDP-
rhamnose (UDP-Rha). Compound 1 was used as the substrate.
The results demonstrated that ZjOGT3 could accept UDP-Glc,
UDP-Xyl, UDP-Ara, and UDP-GIcNAc. Among these four positive
sugar donors, ZjOGT3 produced di-O-glycoside as the major
product for UDP-Glc. While the conversion rate for UDP-Xyl was
almost 100%, mono-O-glycoside was the major product. The
conversion rates for UDP-Ara and UDP-GIcNAc were relatively low
(Fig. S807).

Crystal structure of the ZjOGT3/UDP complex

Although the crystal structures of many plant glycosyltransferases
have been reported, little is known about catalytic mechanisms for
stepwise di-O-glycosylation and regio-selectivity.>** In this work, we
obtained the crystal structure of ZjOGT3 in complex with UDP at
2.50 A resolution (PDB: 8INH) (Fig. 3, S81 and Table S4t). To our
knowledge, ZjOGT3 is the first plant flavonoid di-O-glycosyl-
transferase with a crystal structure. ZjOGT3 adopts a canonical GT-
B fold consisting of two Rossmann-like B/a/B domains that face
each other and are separated by a deep cleft.” The N-terminal
domain (NTD, residues 1-246 and 443-470) and the C-terminal
domain (CTD, residues 247-442) are responsible primarily for
sugar acceptor and sugar donor binding, respectively (Fig. 3B and
C). We made a lot of efforts to obtain the crystal structure in
complex with the sugar acceptor by optimizing protein/ligand
concentrations, pH values, temperatures, and precipitant concen-
trations, but we were not successful.

Catalytic mechanisms for the regio-selectivity

To reveal the catalytic mechanisms for regio-selectivity of ZjOGT3,
we conducted DFT calculations on the glycosylation of substrate 2
(Fig. 4A and Table S51). The 7-OH of 2 is in a deprotonated form in
the pH 8.0 buffer, since its pK, was estimated to be around 7.”* In
the presence of HPO,>~ ions,” deprotonation of 2 is spontaneous
and computed to be exergonic by 13.0 and 11.5 keal mol " in water
at 4-OH and 7-OH, respectively (Fig. 4A), suggesting that 2 is
deprotonated without enzyme catalysis under the experimental
conditions. This is remarkably different from reported glycosyl-
transferase mechanisms, where deprotonation of a hydroxyl group
activated by a histidine (His) residue is critical to initiate GT-
mediated glycosylation.*® Subsequently, the anionic intermediate
performs nucleophilic attack via a Sy2-like transition state and
generates the corresponding O-glucoside. The overall glycosylation
barrier for 4-OH in 2 (via TS2-b, 26.8 kcal mol ") is 0.9 kcal mol
higher than that for 7-OH (via TS2-a, 25.9 kcal mol ") (Fig. 44),
indicating that the innate nucleophilicity of the oxyanion at the 4™
position is not more favored than that of 7-OH. This result is not,
however, consistent with the observed 4-0O-glucosylation catalysed

© 2023 The Author(s). Published by the Royal Society of Chemistry
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by ZjOGT3. Therefore, the enzyme microenvironment is also
a critical factor affecting the regio-selectivity of ZjOGT3.
Subsequently, we employed the combination of molecular
docking,** MD simulations,” and binding free energy calcula-
tions™ to reveal the binding mechanisms of 2 in its two phenolate
forms (2-IMa, the oxyanion at the 7-position; and 2-IMb, the oxy-
anion at the 4-position) into ZjOGT3. First, we constructed the
binary complex configuration of ZjOGT3 in complex with UDP-Glc
based on the crystal structure and selected a representative MD-
equilibrated snapshot as the target receptor for molecular dock-
ing. Then, we docked 2-IMa and 2-IMb into the active site and
identified catalytically active binding modes as initial configura-
tions to perform MD simulations of the ternary complexes (Fig.
S8271). 2-IMa and 2-IMb locate above UDP-Glc in a hydrophobic
pocket constituted by F14, A16, L87, L199, 1285 and F318 residues,
defining a cavity in which acceptors with an aromatic group can be
easily accommodated (Fig. 5A). Additionally, H19 stabilizes these
two anionic intermediates by forming a hydrogen bond with the
nucleophilic attacking phenolic anion. According to the DFT-
optimized structures, we defined the active conformation (shown
in the light green dotted rectangle) that would lead to the forma-
tion of O-glucoside as O-C1 distance =<3.4 A (the sum of van der
Waals atomic radii of carbon and oxygen atoms®) and angle O-
C1-01 in the range of 140 + 15°. Our calculations showed that the
oxyanion at the 4-position in 2-IMb has a greater probability of
being situated in a catalytically competent position and is more
poised for nucleophilic attack than 2-IMa (140/5000 for 2-IMb vs.
84/5000 for 2-IMa, Fig. 5B). To qualitatively rank the binding
modes, we evaluated the binding free energies by the molecular
mechanics generalized born surface area (MM/GBSA) method. The
binding free energy of 2-IMb is about 6.4 kcal mol * (Fig. 5A) lower

Chain A %)

ZjOGT3 (UGT84A68) PDB: 8INH

B C
Binding pocket

Fig.3 Structural basis for the catalytic mechanisms of ZJOGT3. (A) The
crystal structure of ZJOGT3 (PDB: 8INH); (B) superimposition of chain A
and chain B of ZJOGTS3; (C) a close view of the binding pocket.
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Fig. 4 Gibbs free energy profiles and DFT-optimized transition states for 7-O- and 4’-O-glucosylation of 2 (A), 10 (B), and 12 (C). Computed at
the CPCM(water)-B3LYP-D3/6-311++G(2d,p)//CPCM(water)-B3LYP-D3/6-31+G(d,p) level of theory. Carbon, gray; hydrogen, white; oxygen,

red; nitrogen, blue; phosphorus, orange. Distances are shown in A.

than that of 2-IMa, which is large enough to reverse the intrinsic
reactivity. Taken together, 4-O-glucoside has around 5.5 keal
mol " (6.4-0.9 kecal mol ) priority over 7-O-glucoside for substrate
2, which is consistent with the experimental data. Overall, the
regio-selectivity of 2-O-glycosylation is mainly controlled by the
enzymatic environment. Since H19 is closer to the nucleophilic
attacking phenolic anion in 2-IMb than 2-IMa, there may be
a stronger stabilizing effect of H19 in 2-IMb (Fig. S837). Per-residue
contribution of binding energies of 2 in the two phenolate forms

4422 | Chem. Sci, 2023, 14, 4418-4425

suggested that F14, A16, H19, H44, R84, R85, L87, F124, Q145,
Y196, L199, 1285, F318 and W382 may be key amino acids for
substrate binding (Fig. S841). As expected, alanine scanning
mutagenesis for the above residues reduced the conversion rates to
different extents (Fig. S85t). Interestingly, W382A and L199A
mutants changed the catalytic sequence. They first catalyzed 2 to
generate 7-O-glucoside and then 4'-O-glucosylation to generate di-
O-glycoside. In these two mutants, we found that the oxyanion at
the 4"-position in 2-IMb has a lower probability of being situated in

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Close-up views of representative ternary complex MD snapshots of the ZjJOGT3 active site in complex with UDP-Glc and the anionic
intermediates of acceptors 2, 10 and 12 (A), (C) and (E), as well as the corresponding binding free energies calculated by MM/GBSA. (B), (D) and (F)
MD plots for distances of the forming O—-C bond d(O-C1) and angles between the forming O—C bond and the breaking C-O bond a(O-C1-01)

for the two anionic intermediates in the ternary complex.

a catalytically competent position and is less poised for nucleo-
philic attack than 2-IMa by using molecular docking and MD
simulations (Fig. 86 and S87%). In addition, the probability that
the distance between the phenolic anion and the imidazole ring
hydrogen atom of the H19 side chain is less than 2.0 A in 2-IMa is
significantly higher than that in 2-IMb. Overall, 2 should prefer-
entially undergo 7-O-glycosylation in W382A and L199A mutants.

To further test our hypothesis, we studied the glycosylation
of substrates 10 and 12. Similarly, 10 and 12 would be depro-
tonated spontaneously under buffer solution conditions
(Fig. 4B and C). For 10, where the C2-C3 double bond is
reduced, the conjugation effect of the oxyanion is significantly
decreased, resulting in a remarkable increase in the total energy
barrier, especially at 4-OH (30.6 kcal mol " for 10-TSb vs. 26.8
kecal mol™* for 2-TSb; 27.3 kcal mol ' for 10-TSa vs. 25.9 keal
mol ' for 2-TSa; Fig. 4B). Consistent with these calculations,
only 10 underwent the 7-O-glucosylation reaction. Given that
the binding free energies of the two anionic intermediates for
compound 10 are almost the same (—22.1 vs. —22.4 kcal mol "
in Fig. 5C), the site selectivity depends primarily on the innate

© 2023 The Author(s). Published by the Royal Society of Chemistry

reactivity. In addition, the enzyme microenvironment could
further enhance the regio-selectivity (Fig. 5D).

For 12, the introduction of a 3-O-glucosyl substituent has
little effect on the intrinsic nucleophilicity because it is far from
the reactive sites. The similar energy barriers for 7-O- and 4"-O-
glycosylation also support our deduction (25.4 kcal mol™" for
12-TSa vs. 25.0 keal mol ™" for 12-TSb; Fig. 4C). In fact, ZjOGT3
exhibited high regio-selectivity toward 7-O-glycosylation for 12.
It is possible that the size and shape of the enzyme cavity make
it easier to place 12-IMa in a catalytically active conformation
(135/5000 for 12-IMa vs. 24/5000 for 12-IMb; Fig. 5F). The
favorable binding free energy (4 4.6 kcal mol™'; Fig. 5E) makes
7-O-glucosylation the dominant reaction. Moreover, R84 and
R85 could form two extra hydrogen bonds in 12-IMa.

To interpret why only the free flavones or flavonols (1-9)
could be catalysed to generate di-O-glycosides, we conducted
DFT calculations and molecular docking (Fig. S887). The energy
barrier for 7-O-glycosylation of 2a is 23.9 kcal mol ', and
molecular docking and molecular dynamics simulations show
that the conformation of 2a in the active pocket is reasonable.
Thus, 7-O-glycosylation of 2a could occur. However, the docking
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results show that 10a, 12a and 22a have obvious steric
hindrance (Fig. S897). Thus, the second glycosylation is difficult
to take place for 10, 12, and 22.

Conclusions

In summary, we report an efficient flavonoid 7,4"-di-O-glycosyl-
transferase ZjOGT3 from Z. jujuba var. spinosa. ZjOGT3 has broad
substrate promiscuity and could catalyse at least 34 flavonoids.
The structures of 19 products were fully identified. For free 7,4-
hydroxy flavones, ZjOGT3 could catalyse 4-O-glycosylation and 7-
O-glycosylation sequentially to produce 7,4-di-O-glycosides. For
7,4-hydroxy flavanones and 3-O-glycosylated 7,4-dihydroxyl
flavones, ZjOGT3 selectively catalyses 7-O-glycosylation. For
flavone-6-C-glycosides, however, ZjOGT3 only catalyses 4-O-glyco-
sylation. Furthermore, we solved the crystal structure of ZjOGT3
and interpreted mechanisms for the regio-selectivity by structural
analysis, DFT calculations, molecular docking, MD simulation,
MM/GBSA binding free energy calculations, and site-directed
mutagenesis. For 7,4-hydroxy flavones and 3-O-glycosylated 7,4
dihydroxyl flavones such as 2 and 12, the regio-selectivity is mainly
controlled by the enzyme microenvironment, especially the
binding orientation of substrates. For 7,4-hydroxy flavanones such
as 10, the regio-selectivity is mainly controlled by the intrinsic
reactivity. This work provides a highly efficient and regio-selective
biocatalyst to prepare flavonoid 7,4-O-glycosides and highlights
regio-selectivity mechanisms based on structural analysis and
theoretical calculations.
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