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Enzymatic modification of dihydromyricetin by
glucosylation and acylation, and its effect on the
solubility and antioxidant activityy
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Although dihydromyricetin exhibits strong potential for pharmaceutical applications, its limited aqueous
solubility, permeability and stability restrict its use. In this work, we have synthesized a series of glucosides
and acyl-glucosides of dihydromyricetin that could increase the bioavailability of this molecule. First, the
R134A variant of sucrose phosphorylase from Thermoanaerobacterium thermosaccharolyticum catalyzed
the formation of three monoglucosides, and the major one was identified as dihydromyricetin 4'-O-a-b-
glucopyranoside (>75% conversion yield). The molecular features that define this specificity for the 4'-OH
phenolic group were investigated through induced-fit docking analysis of each potential derivative.
Furthermore, the acylation of the 4'-monoglucoside with fatty acid vinyl esters (C8, C12, and C16) was

Received 18th October 2024, performed with high efficiency using the lipase from Thermomyces lanuginosus. Three novel acyl deriva-
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tives of dihydromyricetin were characterized. Furthermore, the water solubility and antioxidant activity
(ABTS, DPPH) of the synthesized compounds were measured, concluding that the location of the glucosyl
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Introduction

Vine tea (Ampelopsis grossedentata) has long been enjoyed for
its appealing flavour and health benefits, especially in tra-
ditional Chinese medicine." Its primary bioactive compound is
the flavanonol (+)-dihydromyricetin (DMY, also known as
ampelopsin), which has attracted interest due to its potential
uses in food, cosmetic, nutraceutical and pharmaceutical com-
positions.”> The tender stems and leaves of the plant are par-
ticularly rich in DMY, comprising over 35% of their dried
weight (w/w). Hovenia dulcis, commonly referred to as the
Japanese raisin tree, and Cedrus deodara are other natural
sources of DMY."”

DMY is being explored as a natural antioxidant in the food
and beverage industries, with promising potential to enhance
food preservation and extend shelf life.> Among its pharma-
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moiety may affect their physicochemical properties and, as a result, their bioactivity.

ceutical activities, it has been reported that DMY safeguards
the cardiovascular system,’ inhibits proliferation and
migration of cancer cells,” protects against neurodegenerative
diseases,® ameliorates liver diseases’ and provides anti-inflam-
matory,® antimicrobial® and skin protection effects.’® In
addition, no significant cytotoxicity of DMY has been observed
in normal cells."

Although DMY shows considerable potential for develop-
ment in the pharmaceutical field, it faces challenges in appli-
cations due to its low water-solubility, permeability and stabi-
lity, which explain its poor bioavailability in vivo."> DMY has
five phenolic hydroxyl groups, which contribute to its strong
antioxidant activity but also increase its susceptibility to
instability."® DMY is stable at an acidic pH of 1.0-5.0 but
becomes easily oxidized and significantly degraded under
neutral and alkaline conditions, particularly between pH 6.0
and 8.0." Based on the biopharmaceutical classification
system (BCS) standards, DMY is categorized as a class IV com-
pound due to its low solubility and permeability,”> with an
absolute bioavailability close to 4%.'* To address its low bio-
availability, different strategies have been developed, such as
co-administration of DMY with other substances, along with
novel formulations designed to improve its stability, solubility,
permeability, and bioactivity.'”” Thus, researchers have
designed various new dosage forms for DMY, including gastric
floating formulations,'> microemulsions,'® nanoparticles,'”

This journal is © The Royal Society of Chemistry 2025
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emulsion gels,"® cocrystals,"® phospholipid complexes,*® and
cyclodextrin inclusion complexes,> thereby enhancing its
medicinal properties.

Chemical modification is an alternative for enhancing the bio-
availability of polyphenols. In particular, glucosylation involves
attaching a glucose moiety to the polyphenol compound, thereby
increasing its water solubility and stability.>* Enzymes offer a
highly efficient, clean and selective approach for glucosylating
complex compounds in comparison with traditional chemical
methods.> In this context, the R134A variant of the sucrose phos-
phorylase from Thermoanaerobacterium thermosaccharolyticum
demonstrated a significant affinity for polyphenols compared to
the native enzyme, attributed to the larger size of its catalytic
pocket.** Notably, it has shown success in the glucosylation of
various polyphenols, including pyrogallol, alkyl gallates, resvera-
trol, quercetin, catechins and dihydrochalcones.*****?> A variant
(Q345F) of the sucrose phosphorylase from Bifidobacterium adoles-
centis was also able to glucosylate (+)-catechin and resveratrol.>®

On the other hand, acylation involves the attachment of a
fatty acid to the polyphenol, which can provide additional
advantages. Acylation enhances the lipophilicity of polyphe-
nols, improving their partitioning into lipid-rich environments
and potentially enhancing their penetration through biological
barriers, including cell membranes, the blood-brain barrier,
and skin, which are mainly made up of lipids.>” We recently
devised an effective strategy to acylate flavonoids based on a
first a-glucosylation step using sucrose phosphorylase, fol-
lowed by acylation catalyzed by a lipase.?®

In this work, we have investigated the synthesis of several
glucosides and acyl-glucosides of DMY. These modifications
render derivatives with different solubility (in water and
organic solvents), permeability and stability compared to the
aglycone, which could enhance the bioavailability and func-
tional properties of DMY.

Results and discussion
Glucosylation of dihydromyricetin

The glucosylation of dihydromyricetin was performed using
the R134A variant of the sucrose 6’-phosphate phosphorylase
from T. thermosaccharolyticum (TtSPP_R134A) (Fig. 1A). This
enzyme has been previously shown to be effective in the gluco-
sylation of various polyphenols.?**?>” The reaction (1 mL) was
conducted at 48 °C and pH 6.5, in the absence of a cosolvent,
using a 12.5-fold molar excess of sucrose relative to DMY.
HPLC analysis (Fig. 1B) revealed the formation of three pro-
ducts: one major (1a) and two minor peaks (1b and 1c).

Although DMY was not fully soluble in MOPS buffer at the
assayed concentration, the reaction was quite fast and the fla-
vonoid was mostly consumed in only 4 h (Fig. 1B). Seemingly,
as the reaction progresses, the polyphenol dissolves in the
medium until it is completely transformed into products.

To study the effect of the molar excess of sucrose on the
glucosylation yield, four concentrations of sucrose were
assessed: 0.1, 0.25, 0.5 and 1 M, which corresponded to molar

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (A) Scheme of the DMY glucosylation reaction; (B) HPLC chro-
matograms (at 15 min, 1 h and 4 h reaction) showing the glucosylation
of dihydromyricetin catalyzed by the sucrose phosphorylase variant
TtSPP_R134A. Reaction conditions: 40 mM DMY, 500 mM sucrose, 2 U
mL™! sucrose phosphorylase, 50 mM MOPS buffer (pH 6.5), 48 °C,
orbital shaking.

ratios of 2.5:1, 6.25:1, 12.5:1 and 25 : 1 with respect to DMY.
The progress of the formation of the main glucoside 1a is rep-
resented in Fig. 2.

As shown, it is necessary to employ at least a 6.25-fold molar
excess of sucrose to achieve a notable conversion yield. Using 0.5
and 1 M sucrose, the DMY almost disappeared in 6 h. In both
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Fig. 2 Reaction profiles of the formation of the main glucosylation
product (1a) using 40 mM dihydromyricetin and different concentrations
of sucrose: (A) 0.1 M; (B) 0.25 M; (C) 0.5 M; and (D) 1 M. Reaction con-
ditions: 40 mM DMY, 2 U mL™! sucrose phosphorylase, 50 mM MOPS
buffer (pH 6.5), 48 °C, orbital shaking.
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cases, the concentration of the main glucoside reached a plateau
at around 4 hours, corresponding to a conversion yield higher
than 75%. At this point, the remaining DMY was insignificant,
approximately 1.0-1.5 mM. We selected 0.5 M sucrose for further
studies of the glucosylation reaction.

The conversion of DMY into its glucosides was really
efficient compared with other glycosylation processes
described for this flavonoid. Thus, Wen et al. employed a gly-
cosyltransferase from Helleborus thibetanus to glucosylate
DMY, reporting a conversion yield lower than 10%.>°

The glucosylation reaction was scaled to 72 mL, and the
primary products were purified using silica gel chromato-
graphy, following the procedure outlined in the Experimental
section. Two products (1a and 1b) were isolated and character-
ized by mass spectrometry and NMR. Although we were unable
to purify compound 1¢, HPLC-MS analysis revealed that it was
a monoglucoside.

The molecular weights of 1a and 1b were determined using
ESI-MS in negative mode, coupled with a QTOF analyzer. For
1a, the presence of a major peak with m/z 481.0989 that corre-
sponded to the ion [M — H]~ of the DMY monoglucoside was
detected (Fig. S1, ESI{). In the case of 1b, the major peak was
detected at an m/z value of 481.0988, which corresponded to
the [M — H]™ ion of another monoglucoside.

The glucosylation position of both compounds was deter-
mined by NMR. Proton (*H) and carbon (**C) NMR experi-
ments, along with 2D-gHSQC, 2D-gCOSY and 2D-gHMBC spec-
troscopy, were conducted to identify and assign the signals.

For the major compound 1a (Fig. S2-S4, ESIT), the HMBC
spectrum shows a correlation between the anomeric proton of
the glucose and the carbon 4', which demonstrated
a-glucosylation at the 4'-O position of ring B (Fig. 3). The same
a-glucoside (CAS 1391980-27-0) was obtained using a mutant
dextransucrase from Lactobacillus reuteri, along with a digluco-
sylated (a-maltosyl) conjugate.??? In this case, the reaction was
carried out in the presence of 20% (v/v) DMSO, even though
no conversion yield is mentioned. The same 4'-derivative at
the pyrogallol group was also synthesized using the dextransu-
crase from Leuconostoc mesenteroides B-1299CB4.°° In this
case, although the yield was notable, at least five polyglucosy-
lated products were obtained containing 1-5 glucose units
attached to the 4’-OH.

1a OH O 1b
Fig. 3 Molecular structure of the isolated a-glucosides: (1a) dihydro-

myricetin 4'-O-a-p-glucopyranoside (major product) and (1b) dihydro-
myricetin 3'-O-a-p-glucopyranoside (minor product).
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In contrast, for the minor compound 1b, the "H-NMR spec-
trum showed a shift in the aromatic signals of ring B, in com-
parison with the aglycone, and the loss of symmetry in the
signals of this ring suggested that glycosylation had occurred
at the chemically equivalent positions 3’ or 5' (Fig. 3).
Moreover, this was confirmed by HMBC through the observed
correlation between the anomeric proton of the glucose and
carbon 3' of ring B (Fig. S5-S7, ESIf). This anomeric proton
exhibits a J value of 3.7 Hz, which indicates an a-linkage. To
our knowledge, this is a novel compound.

Due to the preference of this enzyme for phenolic OHs
versus aliphatic OHs,>**>?! our hypothesis is that monogluco-
side 1¢, which could not be purified, must be glucosylated at
ring A, corresponding to the derivatives 5-OH or 7-OH, instead
of aliphatic 3-OH at ring C.

Molecular modelling of the glucosylation reaction

We investigated the specificity of TtSPP_R134A in glucosylating
DMY by induced-fit docking analysis of the 3'-O-a-p-glucopyra-
noside and 4-O-o-p-glucopyranoside derivatives, using the
crystal structure of TtSPP*>* with Arg134 replaced by Ala as the
template. It is worth noting that Arg134 corresponds to Arg148
in the deposited coordinates that contain an N-terminal
polyHis-tag. Autodock Vina was used to explore the accommo-
dation of the derivatives in the active site and allowed further
insight into the molecular interactions underlying the speci-
ficity of the reaction.

Several residues delineating the catalytic tunnel, therefore
considered key in acceptor-substrate binding, were defined as
flexible, i.e., Phe146, Phel71, Tyr215, Phe225, Glu252, and
His358. Around 9 solutions were calculated with the 3'-O-a-p-
glucopyranoside derivative for each docking run, in a binding
energy range between —12.74 and —7.164 kcal mol™". In the
case of the 4’-O-a-p-glucopyranoside, 10 solutions were calcu-
lated in a binding energy range between -—8.583 and
—6.782 kecal mol™". From these conformations, we selected the
pose with more conservative interactions at subsite —1, as
deduced from superimposition of the model onto the reported
complex of the homologous Bifidobacterium adolescentis
sucrose phosphorylase with sucrose (BaSP, PDB code 2GDU).*?
It should be noted that the best model of the 4'-O-a-p-glucopyr-
anoside (Fig. 4B) shows a more conserved interacting pattern,
as compared to the 3'-O-a-p-glucopyranoside derivative
(Fig. 4A), which also corresponds to the first-ranked confor-
mation in terms of energy. Thus, the glucose unit of the
derivative makes the expected polar links to the TtSPP_R134A
residues Arg209 (02), His309 (03), Asp63 (04, 06) and His101
(06) (Fig. 4B). Moreover, the modelled complex suggests that
binding of DMY seems to involve a marked reshaping of the
narrow slit, giving access to the TtSPP_R134A active site.

As shown in Fig. 4C and D, DMY interacts with the enzyme
through hydrophobic interactions, positioned between His358
and Phe171, with both residues presenting a significant con-
formational change upon binding. In addition, the prominent
side-chains of the residues Phe146, Tyr215 and Phe225 retract
by large conformational changes, allowing space to allocate

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Docking simulation of the dihydromyricetin glucosylated derivatives into the TtSPP_R134A variant. Polar interactions of the (A) 3'-O-a-b-glu-
copyranoside and (B) 4'-O-a-p-glucopyranoside in the catalytic pocket are depicted, as a result of the docking simulation from AutoDock Vina. The
catalytic residues are shown in light green. (C) and (D) illustrate how several residues at the active site show large conformational changes upon
binding, making room for accommodating the bulky DMY moiety. Grey sticks show the position of these residues in the unliganded enzyme.

the fused ring of the bulky DMY moiety. Besides, with the
exception of Tyr215, the three Phe side chains are located in
loops, thus, in principle, not confined to rigid regions, which
may potentially contribute to providing additional flexibility to
the enzyme, allowing it to accommodate bulky acceptors such
as DMY. It is plausible that, apart from the enlargement of the
cavity in TtSPP_R134A, the flexibility of this region allocating
subsites +1 and +2 is related to the broad acceptor promiscuity
of this variant, enabling the enzyme to accept bulky donor sub-
strates like this flavonoid.>® This flexibility is probably
enhanced by the removal of the neighbouring Arg134 side-
chain in the mutant (Fig. S8, ESI{).

Acylation of glucosylated dihydromyricetin

Acylating non-glycosylated polyphenols is particularly challen-
ging, especially when long-chain fatty acids are involved.’® The
previous literature reports that DMY fatty acid esters have been
synthesized through chemical methods using either acid or
alkaline catalysts.*® Enzymatic acylation methodologies offer
several advantages over chemical methods, including milder
reaction conditions, higher regioselectivity, and often fewer
purification steps.*

This journal is © The Royal Society of Chemistry 2025

In this context, the presence of an aliphatic secondary 3-OH
group in the C ring of DMY allowed Cao et al. and Li et al. to
synthesize acetylated derivatives,>® but no results have been
reported for longer acyl chains. Recently, we proposed a strat-
egy for highly-efficient acylation of polyphenols based on a
first a-glucosylation step—which increases the number of
available reactive sites—followed by acylation of the sugar
moiety catalyzed by a lipase.>®?”

In light of this, we explored the acylation of dihydromyri-
cetin 4’-O-a-p-glucoside using vinyl esters with fatty acid
chains of varying lengths (C8, C12, and C16). Immobilized
Thermomyces lanuginosus lipase (Lipozyme TL IM) was
chosen as a biocatalyst for its exceptional regioselectivity
towards the 6-OH position of glucose in acylation reac-
tions.>® The reaction was carried out in tert-butyl alcohol,
which has demonstrated great effectiveness as a solvent for
enzyme-catalyzed reactions, significantly contributing to the
stability and activity of the biocatalyst. Additionally, it offers
remarkable solubility for dihydromyricetin monoglucoside.
Vinyl esters were selected as acylating agents due to their
fast transesterification rates with carbohydrates, up to
100-fold faster compared to alkyl esters.*®

Org. Biomol. Chem., 2025, 23, 136-1145 | 1139
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Fig. 5 Reaction profiles of the acylation reactions in tert-butyl alcohol using 15 mM dihydromyricetin 4'-O-a-p-glucoside and 330 mM vinyl ester:
(A) C8; (B) C12; and (C) C16. Reaction conditions: Lipozyme TL IM (7 mg mL™), 60 °C.

The acylation reactions were analyzed (Fig. 5). As illustrated,
the reactions proceeded rapidly, completing within 90 min for
the three acylating agents, with conversion yields exceeding
95%. The immobilized lipase exhibited exceptional efficiency.

The acylated derivatives were purified using silica-gel chrom-
atography and characterized by exact mass spectrometry (ESI-MS,
negative mode) as shown in Fig. S9 (ESI).t The acylation position
of the three acylated derivatives was determined by 2D-NMR
(Fig. S10-S18, ESIf). The NMR signals of the compounds were
assigned by a combination of 1D (*H and "*C) and 2D (gCOSY,
gHSQC and gHMBC) experiments. In all cases, as expected, the
acylation took place at the 6-OH primary hydroxyl of the glucose
(Fig. 6), as inferred from the 2D-gHMBC experiment by the corre-
lation between the two protons at position 6” of the glucose and
the first carbon of the acyl chain.

These fatty acid glucosyl derivatives of DMY are novel com-
pounds and could also prove highly useful for applications in
hydrophobic environments both in vitro and in vivo.”

Aqueous solubility

DMY has low water solubility and remains stable only at low
temperatures.’>* This appears to be associated with its low

OH O

Fig. 6 Molecular structure of the synthesized acylated derivatives: (2a)
dihydromyricetin 4'-O-(6"-O-octanoyl)-a-p-glucopyranoside; (2b) dihy-
dromyricetin 4'-O-(6"-O-lauroyl)-a-b-glucopyranoside; and (2c) dihy-
dromyricetin 4'-O-(6"-O-palmitoyl)-a-b-glucopyranoside.

140 | Org. Biomol. Chem., 2025, 23, 136-1145

membrane permeability and bioavailability.’® We measured
the aqueous solubility at 25 °C of dihydromyricetin, the 3’- and
4'-O-a-glucosides and the three acylated derivatives (Table 1).

The solubility of DMY matched well with that reported by
Sun et al. (0.85 g L™')."*> However, Fan et al. reported a lower
solubility for DMY of 0.2 ¢ L™ and 0.9 g L™ at 25 °C and
37 °C, respectively.*

The monoglucoside at the 4-OH position exhibited 4.5
times higher aqueous solubility compared to the aglycone. The
solubility reported by Woo et al. for the same a-glucoside at
room temperature was significantly higher (59.7 mM, approx.
28.7 g L7).*° Interestingly, the minor glucoside at 3-OH
exhibited an outstanding solubility in water, nearly 600-fold
compared with the aglycone. This suggests that the position of
the glucosyl group may influence its physicochemical pro-
perties. As anticipated, the aqueous solubility of the acyl-gluco-
side was extremely low, in the ppm range. The solubility
decreased with the length of the fatty acid chain.

Antioxidant activity

DMY has demonstrated strong antioxidant properties both
in vitro and in vivo, even higher than those of ascorbic acid
and Trolox."”*? This notable activity is related to the o-dihy-
droxy system (hydroxyl groups at the C-3' and C-4’ positions) in
the B-ring, along with the free hydroxyl group at the C-3 posi-
tion in the C-ring.

The synthesized compounds were tested for their ability to
neutralize the radical cation ABTS™ or DPPH. After adding
DMY or its derivatives, the reduction in colour intensity was

Table 1 Aqueous solubility at 25 °C of dihydromyricetin, its
a-glucosides 1a and 1b and the acylated a-glucosides 2a—2c

Compound Solubility (g L™
Dihydromyricetin 1.1+0.1

la 5.0+04

1b 666 + 43

2a 0.059 + 0.001

2b 0.030 + 0.001

2¢ 0.006 + 0.000

This journal is © The Royal Society of Chemistry 2025
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Table 2 Antioxidant activity on ABTS™* and DPPH of dihydromyricetin,
its a-glucosides 1a and 1b and the corresponding acylated a-glucosides
2a—2c. Data are expressed as TEAC value + SD

Compound TEAC (ABTS™) TEAC (DPPH)
Dihydromyricetin 2.77 £0.20 1.96 +0.18

1a 1.08 £ 0.08* 0.020 + 0.002*
1b 1.17 £ 0.12* 0.98 + 0.12*
2a 2.04 +0.20" 0.0034 + 0.0002*
2b 2.55 +0.23 0.0056 + 0.0006*
2¢ 2.66 +0.23 0.0037 + 0.0002*

(R)-Trolox served as the reference in both assays (TEAC value 1). “p <
0.01 vs. dihydromyricetin; *p < 0.005 vs. dihydromyricetin (n = 3).

measured using spectrophotometry (Table 2). The TEAC values
were calculated from the slope of the plot showing the percen-
tage of absorbance reduction vs. the concentration for the fla-
vonoid divided by the slope of the equivalent plot for Trolox. A
higher TEAC value indicates a greater antioxidant capacity.
The TEAC value for Trolox is 1. It is worth noting that the
TEAC values depend on the incubation time between the
ABTS™ and the antioxidant.*> We observed that 15 min of
incubation gave rise to consistent results.

Table 2 indicates that the TEAC of DMY with ABTS™ is
higher than that of its glucosides; however, the differences are
not substantial when compared to the acylated derivatives.

In the case of DPPH, the only derivative that does not show
a significant decrease in antioxidant activity is the 3'-OH
monoglucoside. The low activity of acyl-glucosides could be
linked to the steric accessibility of the compounds during their
reaction with DPPH.**

Conclusions

In this study, we have explored the enzymatic synthesis of various
glucosides and acyl-glucosides of DMY in order to vary its
Hydrophilic-Lipophilic Balance (HLB). The glucosylation pro-
ceeded rapidly, producing 4'-O-a-p-glucoside as the predominant
product. This o-glucosylation step enabled the subsequent acyla-
tion of the sugar moiety, which was catalyzed by a regioselective
lipase. The second step exhibited remarkable speed and conver-
sion, yielding a range of acyl-glucosides with varying chain
lengths. These modifications result in derivatives that exhibit
different physicochemical properties (including water solubility)
compared to the aglycone, potentially altering the bioavailability
of DMY. This could favor the application of DMY in the food,
nutraceutical, cosmetic and pharmaceutical industries, in which
more polar or nonpolar derivatives of DMY may be necessary.

Experimental
Enzymes and reagents

The recombinant sucrose phosphorylase variant TtSPP_R134A
from Thermoanaerobacterium thermosaccharolyticum was pro-

This journal is © The Royal Society of Chemistry 2025
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duced following previously established protocols,>** but in this
case the Escherichia coli culture was scaled-up to a 5 L fermen-
ter (Biostart BPlus, Braun Biotech) including 4 L of batch
medium (10 g L™" tryptone, 5 g ™" yeast extract, 5 g L™ NaCl,
100 mg L™* ampicillin and 0.05 mL L™ antifoam 204) main-
tained at 37 °C and 300 rpm agitation during 16 h. The lipase
from Thermomyces lanuginosus, immobilized on granulated
silica (Lipozyme TL IM, 250 IUN g~ '), was generously supplied
by Novozymes. Dihydromyricetin was sourced from Hunan MT
Health Inc. (Hunan, China), while sucrose was obtained from
Scharlau. Vinyl octanoate and vinyl palmitate were purchased
from TCI Chemicals. Vinyl laurate, ABTS [2,2-azino-bis(3-ethyl-
benzothiazoline-6-sulphonic acid)], DPPH (2,2-diphenyl-1-
picrylhydrazyl), and (R)-Trolox (6-hydroxy-2,5,7,8-tetramethyl-
chroman-2-carboxylic acid) were acquired from Sigma Aldrich.
All other reagents and solvents used were of the highest avail-
able purity grade.

Assay for sucrose phosphorylase activity

The sucrose phosphorylase activity was evaluated using the
bicinchoninic acid (BCA) assay for reducing sugars described
by Waffenschmidt et al.*> adapted to a 96-well microplate scale
as reported previously.>** One unit of activity (1 U) corre-
sponded to the release of one umol of reducing sugars per
minute.

Glucosylation of dihydromyricetin

For the screening of best reaction conditions, the mixture con-
tained 40 mM dihydromyricetin, 0.1-1 M sucrose, and sucrose
phosphorylase (2 U mL™" measured in the BCA assay) in 1 mL
of 50 mM MOPS buffer (pH 6.5). The reaction was maintained
at 48 °C during 4 h with orbital shaking (800 rpm) and fol-
lowed by high-performance liquid chromatography (HPLC).
For the scaling-up of the reaction, DMY (1 g, 3.13 mmol),
sucrose (13.4 g, 39.2 mmol) and sucrose phosphorylase
TtSP_R134A (2 U mL™") were mixed with 72 mL of 50 mM
MOPS buffer (pH 6.5) in a 100 mL Pyrex flask. The reaction
was maintained at 48 °C with magnetic stirring and monitored
by thin-layer chromatography (TLC) and high-performance
liquid chromatography (HPLC). After 4 hours, once the reac-
tion was complete, the reaction mixture was transferred to a
250 mL flask, and an equal volume of ethanol (72 mL) was
added to stop the reaction. This ethanol was subsequently
removed using a rotary evaporator (model R-210, Buchi; Flawil,
Switzerland). The aqueous phase was extracted with ethyl
acetate to remove the carbohydrates, until no more sugars
were observed in the TLC plates. The organic phase was dried
with MgSO, and evaporated in the rotary evaporator. The glu-
cosides were purified using silica gel chromatography. The
column head was prepared by dissolving the products in
methanol and adding silica gel 60 (particle size 0.06-0.2 mm,
Scharlau). Subsequently, the solvent was removed using a
rotary evaporator. The mobile phase consisted of a mixture of
ethyl acetate, methanol and water in the proportions 60:5:4
(v/v/v). The fractions were collected and analyzed by TLC and
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HPLC. Finally, the solvent was evaporated using a rotary
evaporator.

Dihydromyricetin 4’-O-o-p-glucopyranoside (1a). Yield: 85%.
HPLC-UV (295 nm): tg 12.0 min. 'H NMR (500 MHz, DMSO-d)
5 (ppm): 11.89 (s, 1H, OH-5), 6.48 (s, 2H, H-2' y H-6'), 5.90 (d, J
=2.1 Hz, 1H, H-6), 5.87 (d, J = 2.1 Hz, 1H, H-8), 4.96 (d, J = 10.8
Hz, 1H, H-2), 4.92 (d, J = 3.7 Hz, 1H, H-1"), 4.44 (dd, J = 10.8,
6.0 Hz, 1H, H-3), 4.03 (m, 1H, H-5"), 3.64 (m, 1H, H-3"), 3.61
(m, 2H, H-6"a y H-6"b), 3.41 (m, 1H, H-2"), 3.26 (m, 1H, H-4").
3C NMR (126 MHz, DMSO-d¢) § (ppm): 197.49 (C-4), 166.89
(C-7), 163.33 (C-5), 162.39 (C-9), 150.41 (C-3' y C-5'), 134.06
(C-4"), 133.62 (C-1), 106.97 (C-2' y C-6'), 103.81 (C-1"), 100.45
(C-10), 96.09 (C-6), 95.05 (C-8), 82.83 (C-2), 73.80 (C-5"), 73.21
(c-3"), 71.82 (C-2"), 71.58 (C-3), 69.34 (C-4"), 60.24 (C-6").
HRMS (ESI) m/z [M — H]™ caled for C,;H,,0,3, 481.1060;
found, 481.0989.

Dihydromyricetin 3’-O-a-p-glucopyranoside (1b). Yield: 9%.
HPLC-UV (295 nm): tg 10.9 min. 'H NMR (500 MHz, DMSO-d)
& (ppm): 11.89 (s, 1H, OH-5), 6.82 (d, J = 2.1 Hz, 1H, H-2'), 6.64
(d,J = 2.1 Hz, 1H, H-6'), 5.90 (d, J = 2.1 Hz, 1H, H-6), 5.85 (d, J
= 2.1 Hz, 1H, H-8), 5.15 (d, J = 3.7 Hz, 1H, H-1"), 4.94 (d, ] =
10.8 Hz, 1H, H-2), 4.48 (dd, J = 10.9, 6.0 Hz, 1H, H-3), 3.97 (m,
1H, H-5"), 3.67 (m, 1H, H-3"), 3.64-3.47 (m, 2H, H-6"a y H-6"
b), 3.34 (m, 1H, H-2"), 3.22 (m, 1H, H-4"). >*C NMR (126 MHz,
DMSO-dg) 6 (ppm): 197.72 (C-4), 166.81 (C-7), 163.32 (C-5),
162.49 (C-9), 145.56 (C-5'), 145.56 (C-3), 136.29 (C-4'), 127.22
(-1, 110.79 (C-6"), 109.26 (C-2), 100.67 (C-1"), 100.37 (C-10),
96.94 (C-6), 95.04 (C-8), 83.11 (C-2), 73.74 (C-5"), 73.14 (C-3"),
71.98 (C-2"), 71.54 (C-3), 69.77 (C-4"), 60.54 (C-6"). HRMS (ESI)
m/z [M — H|™ caled for C,;H,,0;3, 481.1060; found, 481.0988.

General procedure for enzymatic acylation of ampelopsin

Dihydromyricetin ~ 4-O-a-p-glucopyranoside (100  mg,
0.207 mmol), vinyl ester (4.6 mmol) and Lipozyme TL IM (98 mg)
were mixed in 14 mL of tert-butyl alcohol (previously dried using
3 A molecular sieves). The reaction mixture was incubated at
60 °C under vigorous shaking. Aliquots of 50 pL were taken at
various time points and diluted with 450 uL of methanol. These
samples were analyzed by TLC and HPLC. After 1 hour, when the
reaction was almost complete, the mixture was kept in a refriger-
ator at 4 °C, where the reaction stops as the tert-butanol solvent
freezes. The solvent was removed using a rotary evaporator. The
acyl-glucosides were purified using silica gel chromatography.
The column head was prepared by dissolving the products in
methanol and adding silica gel 60 (particle size 0.06-0.2 mm,
Scharlau). The mobile phase consisted of a mixture of ethyl
acetate and hexane in a 1:1 (v/v) ratio, until fatty acids were no
longer detected on TLC plates (revealed with bromocresol green).
Subsequently, the mobile phase was switched to 100% ethyl
acetate, until products were no longer detected on TLC plates
(revealed under UV light). The solvents were then evaporated to
obtain the acylated DMY derivatives. The purified products were
collected as yellow oils and characterized by MS and 2D-NMR.
Dihydromyricetin  4’-O-(6"-O-octanoyl)-a-p-glucopyranoside
(2a). Yield: 97%. HPLC-UV (295 nm): t 10.6 min. '"H NMR
(500 MHz, DMSO-d,) 6 (ppm): 11.88 (s, 1H, OH-5), 6.48 (s, 2H,
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H-2'y H-6'), 5.90 (d, J = 2.1 Hz, 1H, H-6), 5.86 (d, J = 2.1 Hz,
1H, H-8), 4.96 (d, J = 3.7 Hz, 1H, H-1"), 4.95 (d, J = 10.8 Hz, 1H,
H-2), 4.43 (dd, J = 10.9, 6.0 Hz, 1H, H-3), 4.27 (m, 2H, H-6"),
4.12 (m, 2H, H-5"/6"), 3.65 (m, 1H, H-3"), 3.41 (m, 1H, H-2"),
3.22 (m, 1H, H-4"), 2.28 (m, 2H, H-2""), 1.51 (m, 2H, H-3"),
1.27-1.22 (m, 8H, H-4"/5""/6'"[7""), 0.83 (t,J = 7.1 Hz, 3H, H-8"
"). '*C NMR (126 MHz, DMSO-ds) § (ppm): 197.44 (C-4), 172.92
(C-1"), 166.95 (C-7), 163.35 (C-5), 162.39 (C-9), 150.50 (C-3'y
C-5'), 133.67-133.51 (C-1'/4"), 106.91 (C-2'/6"), 103.03 (C-1"),
100.41 (C-10), 96.09 (C-6), 95.04 (C-8), 82.85 (C-2), 73.01 (C-3"),
71.82 (C-2"), 71.62 (C-3), 70.88 (C-5"), 69.58 (C-4"), 62.82 (C-6"),
33.45 (C-2'"), 31.17 (C-6""), 28.8-28.1 (C-4""/5""), 24.46 (C-3""),
21.96 (C-7""), 13.95 (C-8""). HRMS (ESI) m/z [M — H] calced for
CyoH36014, 607.2105; found, 607.2037.

Dihydromyricetin  4'-0-(6"-O-lauroyl)-a-p-glucopyranoside
(2b). Yield: 94%. HPLC-UV (295 nm): tr 12.4 min. "H NMR
(500 MHz, DMSO-d;) 6 (ppm): 11.89 (s, 1H, OH-5), 6.47 (s, 2H,
H-2'/6"), 5.89 (d, J = 2.1 Hz, 1H, H-6), 5.85 (d, J = 2.1 Hz, 1H,
H-8), 4.96 (d, J = 3.7 Hz, 1H, H-1"), 4.94 (d, J = 10.8 Hz, 1H,
H-2), 4.42 (dd, J = 10.9, 6.0 Hz, 1H, H-3), 4.29 (m, 1H, H-5"),
4.27 (m, 14, H-6"), 4.11 (m, 1H, H-6"), 3.65 (m, 1H, H-3"), 3.40
(m, 1H, H-2"), 3.21 (m, 1H, H-4"), 2.27 (m, 2H, H-2""), 1.50 (m,
2H, H-3"), 1.29-1.17 (m, 16H, H-4""/5""/6""/7""'/8""/9""/10""/11""),
0.84 (t,J = 7.1 Hz, 3H, H-12""). "*C NMR (126 MHz, DMSO-d,) §
(ppm): 197.30 (C-4), 172.82 (C-1""), 166.95 (C-7), 166.25 (C-5),
162.29 (C-9), 150.39 (C-3' y C-5'), 133.67-133.51 (C-1'/4"), 106.81
(C-2' y C-6'), 102.91 (C-1"), 100.28 (C-10), 96.02 (C-6), 94.96
(C-8), 82.76 (C-2), 72.90 (C-3"), 71.72 (C-2"), 71.53 (C-3), 70.80
(C-5"), 69.51 (C-4"), 62.75 (C-6"), 33.35 (C-2""), 31.22 (C-10"),
31.50-28.06 (C-4""/5""/6""/7""/8""/9""), 24.35 (C-3""), 22.01 (C-11"
), 13.88 (C-12""). HRMS (ESI) m/z [M — H]| caled for
C33H44014, 663.2731; found, 663.2661.

Dihydromyricetin 4'-O-(6"-O-palmitoyl)-a-p-glucopyranoside
(2¢). Yield: 96%. HPLC-UV (295 nm): t 14.4 min. '"H NMR
(500 MHz, DMSO-d;) 6 (ppm): 11.88 (s, 1H, OH-5), 6.47 (s, 2H,
H-2' y H-6'), 5.90 (d, J = 2.1 Hz, 1H, H-6), 5.86 (d, J = 2.1 Hz,
1H, H-8), 4.96 (d, J = 3.7 Hz, 1H, H-1"), 4.93 (d, J = 10.8 Hz, 1H,
H-2), 4.42 (dd, J = 10.9, 6.0 Hz, 1H, H-3), 4.29 (m, 1H, H-5"),
4.28 (m, 1H, H-6"), 4.12 (m, 1H, H-6"), 3.65 (m, 1H, H-3"), 3.43
(m, 1H, H-2"), 3.21 (m, 1H, H-4"), 2.27 (m, 2H, H-2""), 1.50 (m,
2H, H-3"), 1.28-1.18 (m, 24H, H-4""/5""/6""/7"/8"/9""/10""/11"
'112""/13"'/14™"/15™"), 0.85 (t, J = 7.0 Hz, 3H, H-16""). >*C NMR
(126 MHz, DMSO-ds) § (ppm): 197.33 (C-4), 172.80 (C-1"
166.88 (C-7), 166.25 (C-5), 162.29 (C-9), 150.39 (C-3' y C-5'
133.67-133.51 (C-1'/4"), 106.80 (C-2' y C-6'), 102.93 (C-1"
100.30 (C-10), 96.00 (C-6), 94.94 (C-8), 82.76 (C-2), 72.90 (C-3"),
71.73 (C-2"), 71.53 (C-3), 70.80 (C-5"), 69.51 (C-4"), 62.76 (C-6"),
33.35 (C-2"), 31.22 (C-14"), 29.1-28.3 (C-4"/5""[6"[7""[8"[9"
'/10"'/11""/12"/13""), 24.36 (C-3""), 22.03 (C-15""), 13.88 (C-16"").
HRMS (ESI) m/z [M — H] caled for C33H,4044, 719.3357;
found, 719.3287.

’

)

b

— o

Thin-layer chromatography (TLC)

TLC analysis used 60 F254 silica gel plates (Merck). To
monitor the glycosylation and acylation reactions, the mobile
phase consisted of a mixture of ethyl acetate, methanol, and
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H,O in a 60: 5 :4 (v/v/v) ratio. To visualize dihydromyricetin or
the synthesized products, UV light was used. For detecting
sugars, the plate was dipped in a 10% H,SO, solution and
heated. Fatty acids were revealed using a solution of bromocre-
sol green (5 mg) and NaOH (1 mg) in 25 mL of ethanol.

High-performance liquid chromatography (HPLC)

HPLC analysis was performed using a quaternary pump
(model 600, Waters, Milford, MA, USA) coupled to an autosam-
pler (model ProStar 420, Varian Inc., Palo Alto, CA, USA). The
column used was a Zorbax Eclipse Plus C18 (4.6 x 100 mm,
3.5 pm, Agilent) at 40 °C, and detection was performed using a
photodiode array detector (ProStar, Varian). Peaks were
detected at 295 nm and analyzed using Varian Star LC worksta-
tion 6.41 software. The mobile phase consisted of water and
acetonitrile, both containing 0.1% (v/v) formic acid, with a
flow rate of 1 mL min™".

For the glucosylation reaction, the initial mobile phase con-
tained 1% (v/v) acetonitrile during 1.5 min. Then, the aceto-
nitrile increased to 10% (v/v) within the next minute and to
25% (v/v) in the following 12.5 min. For the acylation reaction,
the initial mobile phase contained 1% (v/v) acetonitrile during
1.5 min. Then, the acetonitrile increased to 10% (v/v) within
the next 30 seconds and to 95% in the following 13 min. In
both cases, the mobile phase returned to the initial con-
ditions, and the column was equilibrated for 5 minutes.

Mass spectrometry

The molecular weight of the main products was determined
using high-resolution mass spectrometry with electrospray
ionization (ESI) coupled to a hybrid QTOF analyzer (Agilent
6500 Accurate Mass) in negative reflector mode.

Nuclear magnetic resonance (NMR) analysis

The structure of the products was determined using a combi-
nation of standard 1D and 2D NMR techniques (*H, °C,
gCOoSY, gHSQC and gHMBC). Samples were dissolved in
DMSO-d6 and their spectra were recorded using a Agilent
System 500 NMR spectrometer equipped with a 5 mm HCN
cold probe, at 298 K. Chemical shifts were reported in parts
per million (ppm), using the residual DMSO-d6 signal as an
internal reference. All pulse sequences were provided by
Varian. For the "H NMR experiment, parameters included a
spectral width of 8012.8 Hz, a relaxation delay of 1.0000 s, 8
scans, and a digital resolution of 0.12. The acquisition time
was 2.0447 s, and the experiment was carried out at
499.81 MHz. For the C NMR experiment, parameters
included a spectral width of 31 250.0 Hz, a relaxation delay of
1.0000 s, and a digital resolution of 0.48. The acquisition time
was 1.0486 s, and the experiment was conducted at
125.69 MHz. For the 2D-gHMBC experiment, parameters
included spectral widths of 6345.2 Hz for 'H and 30 165.9 Hz
for 3C, with a relaxation delay of 1.0000 s, 16 scans, and a
digital resolution of 6.20 for "H and 29.46 for *C. The matrix
size was 1024 x 1024 points. For the 2D-gHSQC experiment,
parameters included spectral widths of 6345.2 Hz for 'H and
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25 133.5 Hz for >C, with a relaxation delay of 1.0000 s, 4 scans
for each of 96-time increments, and a digital resolution of 6.20
for '"H and 24.54 for *C. The matrix size was 1024 x 1024
points. For the 2D-gCOSY experiment, parameters included
spectral widths of 6345.2 Hz for both "H dimensions, with a
relaxation delay of 1.0000 s, 4 scans for each of 128-time incre-
ments, and a digital resolution of 6.20 for both dimensions.
The matrix size was 1024 x 1024 points, and the experiment
was conducted at 499.81 MHz for both dimensions.

Automated docking of dihydromyricetin glucosides into the
TtSPP_R134A structure

Glucose coordinates were downloaded from the PDB server
(https:/www.resb.org), whilst dihydromyricetin coordinates
were generated from a SMILES string using Coot.*® The
program Mercury from CCDC (Cambridge Crystallographic
Data Centre)”” was used to create the O-glycosidic bond
between glucose and the flavonoid, generating the glucosylated
derivatives, which were regularized by using Avogadro.*® The
deposited coordinates of TtSPP (PDB code 6S9V) were modi-
fied to the R148A mutation using Coot.*® This Arg148 of the
crystal structure corresponded to Arg134 in the wild-type TtSPP
sequence due to a 14 residue-long N-terminal histidine tag. All
water molecules and other heteroatoms were removed from
the coordinates, and this protein was used as a receptor in the
docking simulation. AutodockTools*® was used to create the
pdbqt files, including polar hydrogens and Kollman charges
added to the receptor coordinates and Compute Gasteiger
charges added to the ligands. The glycosidic linkages between
the glucose and DMY and the C-C bonds linking the three
phenolic rings to the fused rings within the DMY molecule
were defined as rotatable bonds.

Docking studies were carried out using AutoDock Vina®
with Phel46, Phe171, Tyr215, Phe225, Glu252 and His358
defined as flexible residues. The grid dimensions were 15 x 15
x 15.75 A, with a grid centre at 33.539 x 84.029 x 1.666 A for 3'-
O-a-p-glucopyranoside, and 12.75 x 15 x 17.25 A, with a grid
centre at 34.539 x 83.029 x —0334 A for 4'-0-a-p-glucopyrano-
side. Default parameters were defined, with exhaustiveness of
8 and energy range of 3. From the solutions, the best poses of
the glucosylated dihydromyricetin derivates were chosen based
on minimum binding energy and conservation of the binding
mode at subsite —1. The structural figures were prepared using
PyMOL.

Aqueous solubility

The compounds were incubated in water at 25 °C under satu-
rated conditions for 24 h with orbital stirring at 1000 rpm.
Subsequently, the samples were centrifuged and diluted with
methanol when necessary (to fit into the calibration curve).
Then, 150 pL of the supernatants were analyzed in triplicate
using a 96-well plate. A DMY calibration curve in methanol
(ranging from 0 to 100 pM) was used for the analysis.
Absorbance measurements were taken at 295 nm using a
BioTek Synergy H1 microplate reader (Agilent).

Org. Biomol. Chem., 2025, 23, 136-1145 | 1143


https://www.rcsb.org
https://www.rcsb.org
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ob01682c

Open Access Article. Published on 10 December 2024. Downloaded on 12/6/2025 2:10:11 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Antioxidant activity

The capacity of the synthesized derivatives to reduce the
radical cation 2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) diammonium salt (ABTS™) and 2,2-diphenyl-1-picrylhy-
drazyl (DPPH) was assessed using the method described by Re
et al.*® adapted to 96-well plates. (R)-Trolox served as the refer-
ence in both assays. Standard solutions were prepared in
methanol, with concentrations ranging from 0 to 200 uM for
(R)-Trolox and from 0 to 1000 uM for DMY and its glucosides
and acyl-glucosides. The compounds (20 pL) at varying concen-
trations were mixed with 230 pL of ABTS™" (diluted with metha-
nol to achieve an absorbance of 0.7 at 655 nm) or 200 uL of
DPPH (200 uM in methanol). After incubation in the dark at
room temperature for 15 min, the absorbance was measured at
655 nm for ABTS" and 540 nm for DPPH using a BioTek
Synergy H1 microplate reader (Agilent). The degree of inhi-
bition of ABTS™" or DPPH absorbance was plotted against the
concentration of both Trolox and the DMY derivatives. To cal-
culate the Trolox Equivalent Antioxidant Capacity (TEAC), the
slope of the plot showing the percentage inhibition of absor-
bance versus concentration for the flavonoid was divided by
the slope of the equivalent plot for Trolox.
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