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ARTICLE INFO ABSTRACT

Glycosyltransferases (GTs) are key enzymes in the glycosylation of plant secondary metabol-
ites, primarily catalyzing the transfer of a sugar moiety from an activated donor to a specific
acceptor molecule. Triterpenoid saponins, an abundant and diverse group of natural
products, are composed of triterpenoid aglycones and one or more sugar chains, under the
catalysis of GTs. Phytolacca Radix is a traditional Chinese medicine containing over 40 triter-
penoid saponins with pharmacological values. However, the identification of glycosyltrans-
ferases related to triterpenoid saponin synthesis from Phytolacca species remains scarce. In
this study, a novel glycosyltransferase, PamUGT, was identified from Phytolacca americana.
PamUGT exhibits catalytic activity toward 28-/30-COOH of pentacyclic triterpenoids, and it
exhibits a preference for the C-30 position when both carboxyl groups are available. To our
knowledge, PamUGT is the first glycosyltransferase identified in Phytolacca species that can
catalyze triterpenoids. Further analysis of substrate specificity revealed that PamUGT cata-
lyzes the glycosylation of a wide range of compounds, including triterpenoids, flavonoids,
diterpenoids, alkaloids, and phenolic acids. Our findings identify a highly promiscuous glyc-
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osyltransferase, offering a valuable enzymatic tool for modifying diverse natural products.

1. Introduction

Glycosylation is widely recognized as the final step in the
formation of glycosides and a key modification that significantly
contributes to the structural diversity and complexity of penta-
cyclic triterpenoids °. It can also improve pharmaceutical prop-
erties such as solubility, stability, and bioactivity, while reducing
toxicity °, as exemplified by compounds such as a-hederin *, QS-
21 *, and saponariosides A and B °. Glycosyltransferases (GTs)
catalyze the transfer of sugar moieties from activated sugar
donors to various acceptor molecules. Among these, uridine di-
phosphate (UDP)-dependent glycosyltransferases (UGTs) play
important roles in the biosynthesis of glycosides and typically
catalyze the glycosylation at functional groups including carbon
atoms, hydroxyl groups (-OH), carboxyl groups (-COOH), amino
groups (-NH,), and thiol groups (-SH) *’.

Triterpenoid saponins are a class of medicinally valuable
plant natural products consisting of a hydrophobic triterpenoid
aglycone (sapogenin) and hydrophilic sugar moieties. The am-
phiphilic nature enables them to form water-soluble complexes
with hydrophobic drug molecules, thereby enhancing the solubil-
ity and bioavailability of poorly soluble pharmaceuticals * °.
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Therefore, triterpenoid saponins exhibit diverse pharmacologic-
al activities °, including anti-tumor ', anti-bacterial "', anti-vi-
ral *, and anti-inflammatory " effects. However, the research and
production of many such compounds are hindered by their com-
plex chemical structures and limited plant availability **. In re-
cent years, biosynthesis has attracted increasing attention due to
its environmental friendliness, high efficiency, product spe-
cificity, and mild reaction conditions. These advantages have
greatly avoided a series of drawbacks in extraction and chemical
synthesis > '°. However, the biosynthetic pathways of many triter-
penoid saponins remain constrained by the incomplete identifica-
tion of key enzymes, such as GTs °.

Phytolacca acinosa, as well as its relative Phytolacca americ-
ana, is the botanical origin of the traditional Chinese medicine
known as Shanglu (Phytolacca Radix) with a long history of use.
These plants produce various chemical constituents, including
triterpenoids, flavonoids, and sterols *°. Among these, triterpen-
oid saponins are characteristic compounds of Shanglu and one of
the main bioactive constituents. They have been reported to ex-
hibit anti-tumor "/, anti-inflammatory . and anti-viral '°. To date,
over 60 triterpenoids have been isolated from Phytolacca species.
Triterpenoid saponins account for two-thirds of these com-
pounds. Structurally, all of these triterpenoids are based on the
oleanane-type skeleton . These triterpenoid saponins are typic-
ally glycosylated at the C-3 hydroxyl and C-28 carboxyl positions.
Their sugar moieties primarily consist of glucose and xylose, with
some also containing rhamnose and galactose . Although two
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glycosyltransferases, PaGT2 and PaGT3, have been identified in
P. americana, their catalytic activities appear to be restricted to
flavonoids and phenolic compounds *’.

Herein, we report a functional GT from P. americana, desig-
nated PamUGT, which catalyzes the glycosylation at the C28-/C30-
COOH of oleanane-type triterpenoids. Enzymatic property de-
termination showed that it exhibited the optimal catalytic activ-
ity at 50 °C and pH 7.4. Investigations into substrate and sugar
donor promiscuity revealed that PAamUGT could utilize a variety
of sugar donors and possess a broad substrate scope, including
triterpenoids, flavonoids, diterpenoids, alkaloids, and phenolic
acids. This study provides an alternative approach for the prepar-
ation of diverse 0-glycosylated compounds.

2. Results

2.1. Gene screening and functional characterization

To identify GTs related to triterpenoid saponin biosynthesis
in Phytolacca, the publicly available transcriptome data of three
Phytolacca species were downloaded and analyzed using a com-
bination of transcriptomic and bioinformatic approaches, with
known glycosyltransferases involved in the triterpenoid saponin
biopathway serving as reference *'. A total of 36 candidate GT
genes were screened out, and 31 of them were successfully
cloned using gene-specific primers. After sequencing for confirm-
ation, these candidate genes were cloned into the pET-28a(+)
vector, and the recombinant plasmids were transformed into Es-
cherichia coli transetta (DE3) strains and induced with isopropyl
B-D-thiogalactoside (IPTG) for protein expression.

Functional characterization was subsequently performed us-
ing substrates 1, 2 and 3 as substrates with UDP-Glc as the sugar
donor in 50 mmol-L™" Tris-HCl buffer (pH 7.4). The reactions
were incubated overnight at 37 °C at 200 r-min~". UPLC/Q-TOF-
MS analysis revealed that only PamUGT exhibited catalytic activ-
ity toward three sugar acceptors, with conversion rates ranging
approximately from 30% to 40%. A new product was detected in
each of the three reaction mixtures containing PamUGT with sub-
strate 1, 2, or 3. As shown in Fig. 1, the [M - H] ion of the
products exhibited an m/z 162 higher than that of the substrates,
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consistent with the mass of the corresponding monoglucosides.
Further structural elucidation by NMR spectroscopy confirmed
that product 1a was phytolaccagenin 28-0-f-D-glucoside *. It can
be initially inferred that 3a is bayogenin 28-0-f-D-glucoside
based on structural similarity. Therefore, PamUGT may be in-
volved in the biosynthesis of esculentoside through glycosylation
at the 28-COOH position. Unexpectedly, product 2a was jaligonic
acid 30-0-B-D-glucoside, determined by NMR spectroscopy ~*, al-
though compounds 2 and 1 are highly similar (Figs. 1A and 1B).
The above results indicate that PamUGT can glycosylate the 28-/
30-COOH groups of oleanene-type pentacyclic triterpenoids. Fur-
thermore, when carboxyl groups are present at both the C-28 and
C-30 positions, PamUGT exhibits a preferential selectivity to-
ward the 30-COOH for glycosylation (compound 2, Fig. 1B).

PamUGT comprises an open reading frame (ORF) of 1443 bp,
encoding a protein of 480 amino acids. The molecular mass of the
purified protein was approximately 60 kDa, consistent with the
theoretically predicted molecular mass of recombinant PamUGT
protein (Fig. S2). Multiple sequence alignment was performed
between PamUGT and several known characterized glycosyltra-
nsferases from other species, including UGT74M1 (ABK76266.1),
UGT74AG1 (OR902350), and UGTPg8 (AIE12488.1), which glyc-
osylated the 28-COOH group, as well as UGT73F17 (AXS75258.1),
which acted on the 30/29-COOH group. The results revealed that
PamUGT exhibits low amino acid sequence similarity with the re-
ported enzymes, with a maximum identity of only 33.06% (Table
S5), though all sequences contained the conserved PSPG (plant
secondary product glycosyltransferase) motif, which is character-
istic of GT function (Fig. 2A). Phylogenetic analysis revealed that
PamUGT clusters closely with GT known to glycosylate the C28-
COOH group, which is consistent with the experimental demon-
stration that PamUGT catalyzes glycosylation at the C28-COOH
position (Fig. 2B).

The enzymatic properties of PamUGT were investigated us-
ing compound 1 as the acceptor and UDP-Glc as the sugar donor.
The optimal reaction temperature and pH for PamUGT were de-
termined to be 50 °C and 7.4 (50 mmol-L™" Tris-HCl buffer), re-
spectively. Mg®* could modestly enhance the enzymatic activity
(Fig. S3). The apparent K, and k_, for substrates 1, 2 and 3 are
shown in Table 1 (Fig. S4).
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Fig. 1 Functional characterization of the glycosyltransferase PamUGT. (A) PamUGT catalyzes the O-glycosylation of substrates 1, 2, and 3. (B) Total ion chromatograms
(TICs) of the reaction mixtures of PAmUGT with substrates 1, 2, and 3. (C) MS/MS analysis of the products 1a, 2a, and 3a.
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Fig. 2 Sequence alignment and phylogenetic analysis of PamUGT. (A) Multiple sequence alighment of PamUGT amino acid sequences with UGT74M1 (ABK76266.1),
UGT74AG11 (OR902350), UGTPg8 (AIE12488.1), UGT73F17 (AXS75258.1). The blue box represents the PSPG box. (B) Phylogenetic analysis of PamUGT and UGT catalyzing
oleanane-type triterpenoids from other plants. Enzyme was marked by “¥” in this study.

2.2. Probing the sugar donor specificity of PamUGT

To elucidate the sugar donor selectivity of PamUGT, five com-
mon UDP-sugars including UDP-glucose (UDP-Glc), UDP-xylose
(UDP-Xyl), UDP-glucuronic acid (UDP-GlcA), and UDP-L-rham-
nose (UDP-Rha), were evaluated as potential donors, using com-
pounds 1, 2 and 9 as acceptor substrates separately. As shown in
Fig. 3, PamUGT displayed strict specificity for UDP-Glc when com-
pound 1 was used as the acceptor. In contrast, with acceptors 2
and 9, the enzyme exhibited catalytic promiscuity, utilizing mul-
tiple sugar donors including UDP-Glc. Notably, all five UDP-sug-
ars could be accepted using compound 9 as substrate under the
applied catalytic conditions. The above results indicate that
PamUGT is a promiscuous GT that retains a strong inherent pref-
erence for UDP-Glc.

2.3. Exploring the substrate promiscuity of PamUGT

Most plant GTs possess a broad substrate scope and can
serve as biocatalysts for the synthesis of glycosidic compou-
nds ****. To investigate the substrate scope of PAmUGT, 42 struc-
turally diverse compounds, including triterpenoids (including
saponins, 1-20), diterpenoids (21), flavonoids (22-38), and oth-
ers (39-42), were screened as potential glycosyl acceptors with
UDP-Glc as the donor (Fig. 4B). PamUGT showed no activity to-
ward tetracyclic triterpenoids but catalyzed the glycosylation of
all tested pentacyclic triterpenoids (Fig. 4A). UPLC/Q-TOF-MS

Table 1 Kinetic parameters of PamUGT for representative substrates 1-3, 9, 21,
24 and 34.

Compound Kyn/(umol-L™) keae/(s7) keat/ K
1 169.56 5.85x 10" 0.809
2 754.86 1.38x 107" 0.183
3 320.71 1.17x107* 0.364
9 463.41 1.51x10™* 0.325
21 1010.12 352x10" 0.348
24 790.42 3.05x10™ 0.386
34 318.89 1.37x107* 0.430

analysis indicated that all products exhibited an [M + Glc - H]  ion
(or a corresponding adduct) with m/z 162 higher than their re-
spective substrates, confirming the formation of monoglucosides
(Fig. S38-S63).

Based on the structure of compound 1 and the sugar addi-
tion site of product 1a, it is preliminarily speculated that
products 3a-8a were 28-0-glucoside derivatives (Fig. 4B). To
further determine the catalytic capability of PamUGT at 30-COOH,
we prepared the product of glycyrrhetinic acid (9). The NMR res-
ult showed that 9a was glycyrrhetinic acid 30-0-f-D-glucoside
(Figs. $20-S25) *. The apparent K, and k., for 9 are shown in
Table 1 (Fig. S4). It can therefore be inferred that compounds 10a
and 11a are also glycosylation products at the 30-COOH position.
This result is consistent with the glycosylation site specificity ex-
hibited by PamUGT for substrate 2 (Fig. 1B). As shown in Fig. 4A,
the conversion rates of the aglycones were higher than those of
corresponding saponins (1, 5-7, and 9-11), suggesting that
PamUGT preferentially utilizes free triterpenoid aglycones and
that catalytic efficiency decreases with the increase of sugar (Fig.
4A). This may be attributed to the effect of steric hindrance, as a
higher number of sugar groups leads to greater steric crowding,
thereby resulting in a reduction in the catalytic rate. Further-
more, structural elucidation by NMR confirmed that the glyc-
osylated products 12a and 13a are asiatic acid 28-0-glucoside
and celastrol 30-0-glucoside, respectively. This result further
demonstrates that PamUGT catalyzes the glycosylation of the 28-
COOH or 30-COOH groups of pentacyclic triterpenoids (Figs.
S26-S37).

PamUGT exhibited broad acceptance of various flavonoids,
with conversion rates for most exceeding 50%, significantly high-
er than those observed with triterpenoids (Fig. 4A). Enzymatic
reactions with compounds 22, 24, and 28 yielded multiple glyc-
osylated products. Notably, products 22a, 24a/b, and 28a/b ex-
hibited an m/z increase of 324 Da, identifying them as diglucos-
ides. Comparison with standards confirmed 22b, 24b, 24c, and
28c as apigenin-7-0-glucoside, luteolin-3',7-di-O-glucoside, lu-
teolin-7-0-glucoside, and quercetin-7-0-glucoside, respectively
(Figs. S49, S50, S53). Furthermore, the glycosylated products of
isoflavone 33 and flavanone 35 were both identified as 7-0-gluc-
osides, further supporting the high regioselectivity of PamUGT
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Fig. 3 Sugar donor specificity of PamUGT. (A) The structures of sugar donors. (B) TICs of compound 1 as a sugar acceptor. (C) TICs of compound 2 as a sugar acceptor. (D)

TICs of compound 9 as a sugar acceptor.

for the 7-OH position of flavonoids (Figs. S56, S58). Based on the
catalytic activity of PamUGT on luteolin-7-0-glucoside, quercetin-
7-0-glucoside, and quercetin-4'-0-glucoside, we proposed that
24a and 28a are the 7,4'-di-O-glucoside derivatives, whereas
24d and 28d are the 3'-0-glucoside derivatives. The high yields
of 24b and 25b indicated strong regioselectivity of PamUGT for
the 3'-OH and 7-OH positions (Fig. 4A).

PamUGT also demonstrated superior catalytic efficiency for
substrate 21, yielding 68%, which was about 1.7 times higher
than that for substrate 1 (Fig. 4A). The product was confirmed as
steviol-19-0-glucoside by comparison with a chemical standard
(Fig. S48). The enzyme also exhibited low activity (6%-15% con-
version) against phenolic, alkaloid and phenylpropanoid com-
pounds, generating a single glycosylated product (Figs. 4A,
S61-S63), although these compounds do not exist in P. americ-
ana. These results confirm that PamUGT is a versatile GT with a
broad substrate scope and high efficiency for most flavonoids.

3. Discussion

The amphiphilic structure of saponins, comprising a hydro-
phobic aglycone and hydrophilic sugar chains, is fundamental to
their structure-activity relationship, critically determining their
biological effects °. GTs play a crucial role in the metabolism of
triterpenoid saponins. It is closely associated with the structural
diversity of triterpenoids and confers multiple biological activit-
ies to these compounds *. Pentacyclic triterpenoids commonly
form glycosidic bonds at the C3 and C28 positions, with a few oc-
curring 30-COOH. GTs catalyzing the glycosylation of the C3-OH
and C28-COOH in pentacyclic triterpenoids have been extens-
ively studied in various plants, however, most of them exhibit
strict regioselectivity °. P. americana is a traditional Chinese
medicine in which triterpenoids constitute the primary chemical
constituents. However, investigations into the relevant GTs re-
main scarce.

A 28-/30-COOH O-glycosyltransferase, designated PamUGT,
was identified from P. americana. To our knowledge, PamUGT
represents the first GT discovered in Phytolacca species capable
of catalyzing pentacyclic triterpenoids. Although PamUGT
clusters with those GTs catalyzing 28-COOH, PamUGT shares a
low degree of similarity to GTs catalyzing the glycosylation at 28-
COOH (30.22%-33.06%) and 30-COOH (23.22%-28.07%) (Fig. 2,
Table S5). PamUGT is capable of catalyzing phytolaccagenin (1)
and its glycosides at the 28-COOH position, leading to the forma-
tion of corresponding esculentoside. Therefore, it can be prelim-
inarily speculated that PamUGT participates in esculentoside bio-
synthesis in P. americana through glycosylation at the 28-COOH
group (Fig. S5). Generally, GTs that catalyze at different positions

on the same substrate can produce multiple products if the cor-
responding sites on the substrate are available. For example,
UGT73C33 “/, a glycosyltransferase from Glycyrrhiza uralensis,
can glycosylate the 3-OH and 28-COOH positions of glycyrrhetin-
ic acid separately or simultaneously, resulting in three products.
However, when both 28-COOH and 30-COOH are present,
PamUGT exclusively glycosylates the 30-COOH position, forming
a monoglycoside. The absence of PamUGT activity against tetra-
cyclic triterpenoids is likely due to the conformational flexibility
of their C17 single bond. This flexibility introduces dynamic ster-
ic and electronic constraints that hinder the substrate from
achieving a reactive orientation. Consistent with this premise,
compound 42, which also possesses a rotatable bond at the ana-
logous position, was not accepted as a substrate. This parallel ob-
servation validates the proposed mechanism that conformational
lability at this key position is detrimental to catalysis by PamUGT.

Further phylogenetic analysis revealed that PamUGT
clustered closely with UGT75L4 from Maclura pomifera **, which
glycosylates the 7-OH position of flavonoids, and UGT75L20 from
Rubus suavissimus *°, which glycosylates the 19-COOH position of
diterpenoids (Fig. S7). This phylogenetic proximity suggested
that PamUGT may also catalyze the glycosylation at the 7-OH of
flavonoids and the 19-COOH of diterpenoids. Enzymatic assays in
vitro demonstrated that PamUGT exhibits significantly higher
catalytic efficiency toward diterpenoids and flavonoids com-
pared to triterpenoid substrates. This activity profile aligns with
its closer phylogenetic relationship to glycosyltransferases
known to act on flavonoids and diterpenoids (Fig. 4B). Although
no clear univariate structure-activity relationship was observed
among flavonoid substrates, PamUGT showed markedly higher
catalytic activity toward flavones and flavonols, efficiently gener-
ating multiple glycosylated products from these compounds. This
suggests that the enzyme possesses a broad substrate adaptabil-
ity and notable regioselectivity toward this class of structures.
However, phytolaccagenin (1) exhibited the lowest K, value, sug-
gesting it is a potential native substrate for PamUGT. Notably,
diterpenoid 21 and flavonoids 24 and 34 also displayed substan-
tial catalytic efficiencies, with k.,/K;, values within the same or-
der of magnitude as those of the triterpenoid substrates. These
results provide evidence for the broad substrate promiscuity of
PamUGT (Table 1). PaGT2 and PaGT3, two flavonoid-glycosylat-
ing UGTs isolated from P. americana previously, share 24.24%
and 25.65% amino acid sequence similarities with PamUGT, re-
spectively *. Both enzymes exhibit substrate promiscuity toward
diverse flavonoids. Notably, PaGT3 efficiently catalyzes quercetin
glycosylation to generate four products, all of which are mono-
glucosides *’. Additionally, PaGT3 can glycosylate the alkaloid
capsaicin. Although several promiscuous GTs, such as MhGT1 ',
OleD *, and UGT734AN3 **, have been reported, enzymes cap-
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Fig. 4 Substrate promiscuity of PamUGT. (A) Conversion rate percentages of glycosylation products for different substrates (1-42) using UDP-Glc as the sugar donor. (B)
Structures of the compounds (1-42) catalyzed by PamUGT. Products 1a, 2a, 9a, 12a and 13a were identified by NMR. Products 21a, 22b, 24b, 24c, 25b, 28c, 33a and 35a
were consistent with the authentic standards. N.D. denotes “not detected”. Error bars represent the standard deviation of three biological replicates. * represents new com-

pound.

able of efficiently glycosylating such a broad range of substrates,
including flavonoids, diterpenoids, and diverse triterpenoids, are
relatively uncommon.

4. Conclusion

In this study, we identify a glycosyltransferase that catalyzes
the glycosylation of pentacyclic triterpenoids at the 28-COOH or
30-COOH positions. Notably, PamUGT showed a preference for
the 30-COOH position to yield a monoglycosylated product when
both 28-COOH and 30-COOH are present. Substrate promiscuity
assays further revealed the broad catalytic scope of PamUGT, in-
cluding triterpenoids, flavonoids, diterpenoids, and phenolic
compounds. The unique preference and unexpected catalytic
promiscuity of PamUGT distinguish it from previously described
glycosyltransferases. These distinctive features will provide nov-
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el insights into the functional evolution and adaptive mechan-
isms of plant UGTs.

5. Experimental

5.1. Materials and chemicals

P. americana plants were collected from Shanghai, China, in
September 2023. The fresh tissues were immediately frozen in li-
quid nitrogen, stored at -80 °C, and subsequently used for RNA
and DNA extraction. The plasmid of pET-28a(+) (Invitrogen, USA)
was preserved in our laboratory. E. coli DH5a (Tsingke Biotech,
China) and transetta (DE3) (TransGen Biotech, China) competent
cells were employed for vector construction and protein expres-
sion, respectively.
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Substrates phytolaccagenin (1), jaligonic acid (2), 7, 11,
13-16, 20-22, 24-42 were purchased from Bio CuiRan (Hubei,
China). Substrates bayogenin (3), 4, 10 were purchased from
NatureStandard (Shanghai, China). Substrates 6, 9, 12, 17-19,
23 were purchased from Desite (Chengdu, China). Substrates 5
were purchased from BAICAOYUAN (Jiangxi, China). Substrate 8
was isolated by our group from Verbena officinalis previously.
Sugar donors UDP-Xyl, UDP-Glc and UDP-Gal were purchased
from CuiYuan (Hubei, China). Sugar donors UDP-GluA and UDP-
Rha were purchased from Yuanye (Shanghai, China).

5.2. Gene screening and plasmid construction

The original transcriptome data for three Phytolacca species
(P. acinosa, P. americana, and P. icosandra) *' were downloaded
from the NCBI database (https://www.ncbi.nlm.nih.gov/) and as-
sembled using the Trinity software (Table S1). Putative glycosyl-
transferase sequences were identified by performing a local
BLAST analysis (using BioEdit) with 18 reported plant oleanane-
type glycosyltransferases as reference queries (E-value < 107,
ORF length > 1000 bp; Table S2). Homologous sequences con-
served across all three species were identified as the final set of
candidate genes. Among these, genes from P. americana were
chosen for subsequent experimental validation.

Genomic DNA and total RNA were extracted from the leaves
of P. americana using the DNAquick Plant System (TIANGEN,
China) and the TransZol up kit (TransGen Biotech, China), re-
spectively. The samples were genetically identified and classified
into P. americana through DNA barcoding * (Fig. S1). The extrac-
ted RNA was then reverse-transcribed into cDNA using the
TransScript® Uni One-Step gDNA Removal and cDNA Synthesis
SuperMix (TransGen Biotech, China) according to the instruc-
tions. The full-length sequences of candidate genes were ampli-
fied with the primers listed in Table S3, using the 2 x TransTaq®
High Fidelity (HiFi) PCR SuperMix I (TransGen Biotech, China).
The resulting PCR products were subcloned into the pET-28a(+)
vector using the pEASY®-Uni Seamless Cloning and Assembly kit
(TransGen Biotech, China) and then transformed into E. coli
DH5a competent cells to confirm whether the recombinant plas-
mids have been successfully constructed.

5.3. Protein expression and purification

After sequence verification, the recombinant plasmids were
transformed into E. coli transetta (DE3) competent cells for het-
erologous expression. The transformed strains were cultured in
Luria-Bertani (LB) medium containing 50 pg-mL™" kanamyecin at
37 °C until the ODgqq reached 0.6-0.8. Protein expression was in-
duced by adding 0.1 mmol-L™" IPTG, followed by incubation at
16 °C for 18-20 h.

Bacterial cells were collected by centrifugation at 12 000
r-min”" for 3 min and resuspended in lysis buffer (1 g/8 mL, pH
7.4, 50 mmol-L™" Tris-HCl, 10 mmol-L™" imidazole, 300 mmol-L™"
Na(l), and disrupted by ultrasonication (30%) on ice for 15 min.
The lysate was centrifuged at 12 000 r-min~" for 50 min at 4 °C to
remove cell debris. Then, 1 mL of Ni-NTA Resin (TransGen Bi-
otech, China) was added to the supernatant, and the mixture was
incubated with shaking for 1 h at 4 °C. Subsequently, the mixture
was transferred into an affinity chromatography column
(BioSharp, China) and purified by lysis buffer with different con-
centrations of imidazole (from 20 to 250 mmol-L™"). The elution
fractions containing the target protein were merged. The puri-
fied protein was concentrated using Amicon® Ultra-15 Centrifu-
gal Filters 30K (Millipore, USA). Finally, the concentrate was
washed three times with storage buffer containing 20% glycerol
(pH 7.4, 50 mmol-L™" Tris-HCl, 300 mmol-L™" NaCl), and stored at
-80 °C.
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5.4. Functional characterization in vitro and phylogenetic analysis

To identify the function of the candidate enzymes, phytolac-
cagenin (1), jaligonic acid (2) and bayogenin (3) was used as sub-
strates. The reaction mixture was prepared containing 100 pg of
purified enzyme, 0.5 mmol-L™ UDP-Glc, 0.2 mmol-L™ aglycone,
respectively, and 50 mmol-L™" Tris-HCI buffer (pH 7.4) in a total
volume of 100 pL. The reaction was carried out at 37 °C for 12 h
and subsequently terminated by adding 200 pL of ice-cold meth-
anol. The mixture was then centrifuged at 12 000 r-min™ for 20
min, and the supernatant was analyzed by ultra-performance li-
quid chromatography/quadrupole time-of-flight mass spectro-
metry (UPLC/Q-TOF-MS, Agilent, USA).

The amino acid sequence of PamUGT was aligned with those
of glycosyltransferases known to catalyze the 28-COOH position
[UGT74M1 (ABK76266.1), UGT74AG11 (OR902350), and UGT-
Pg8 (AIE12488.1)] and the 30-COOH position [UGT73F17
(AXS75258.1)] using MEGA. A neighbor-joining tree was con-
structed with bootstrap values from 1000 replicates in MEGA to
illustrate the relationship between PamUGT and other glycosyl-
transferases that catalyze oleanane-type triterpenes from vari-
ous plants (Table S6).

5.5. Biochemical properties investigation

The optimal temperature for PamUGT was determined by
conducting reactions for 2 h at temperatures ranging from 4 to
60 °C. The reaction mixture (100 pL) contained 50 pg of purified
enzyme, 0.2 mmol-L™" phytolaccagenin (1), 0.5 mmol-L™" UDP-Glc,
and 50 mmol-L™" Tris-HCl buffer (pH 7.4). After incubation, the
mixture was centrifuged at 12 000 r-min ™" for 20 min, and the su-
pernatant was analyzed by UPLC/Q-TOF-MS.

Using the optimal temperature, the optimal pH of PamUGT
was determined over pH range of 4.0 to 11.0 using the following
buffer systems, citric acid-sodium citrate buffer (pH 4.0-6.0),
Na,HPO,-NaH,P0, buffer (pH 6.0-8.0), Tris-HCl buffer (pH
7.0-9.0), and NaHCO3;-Na,CO; buffer (pH 9.0-11.0).

To test the divalent cation dependence of PamUGT, reactions
were performed under optimal conditions in the presence of 10
mmol-L™ of various additives: Ba®*, Ca*", Co**, Zn*", Mn*, Fe*", Cu®’,
Mg**, Ni**, and EDTA.

5.6. Kinetic parameters determination

The Kkinetic parameters of PamUGT were determined in a
100 pL reaction system containing 50 pg of purified enzyme,
1 mmol-L™" UDP-Glc, 50 mmol-L™" Tris-HCI buffer (pH 7.4), and
substrates at different concentrations (ranging from 20 to 1000
pmol-L ™). The reactions were conducted at 50 °C for 2 h. The con-
version rate was calculated, and the K, value of PamUGT for sub-
strates was subsequently determined using the Lineweaver-Burk
plot.

5.7. Glycosyltransferase activity assays

To explore the substrate promiscuity of PamUGT, various
sugar acceptors were tested, including triterpenoids (1-20),
diterpenoid (21), flavonoids (22-38), phenolic compound (39),
alkaloid (40), coumarin (41), and steroid (42). The reactions
were individually carried out in a total volume of 100 pL contain-
ing 50 pg of purified PamUGT, 0.2 mmol-L™" aglycone, 0.5
mmol-L™" UDP-Glc, and 50 mmol-L™" Tris-HCl buffer (pH 7.4). All
reactions were incubated at 50 °C overnight and terminated by
adding 200 pL of ice-cold methanol. The mixtures were centri-
fuged at 12 000 r-min™" for 20 min, and the supernatants were
analyzed using UPLC/Q-TOF-MS.

To investigate the sugar donor selectivity of PamUGT, five
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common sugar donors (UDP-Glc, UDP-Xyl, UDP-GlcA, UDP-Rha,
and UDP-Gal) were evaluated using compounds 1, 2, and 9 as ac-
ceptors. The reactions were performed in a total volume of 100
uL containing 50 pg of purified PamUGT, 0.2 mmol-L™" aglycone,
0.5 mmol-L™" UDP-sugar, and 50 mmol-L™ Tris-HCI buffer (pH
7.4). All reactions were incubated at 50 °C overnight, terminated
with 200 pL of ice-cold methanol, and analyzed by UPLC/Q-TOF-
MS.

5.8. UPLC-MS analysis

Analysis of the reaction mixtures was conducted via UPLC/Q-
TOF-MS employing an Agilent ZORBAX SB-C,g column (2.1 mm x
150 mm, 1.8 um; Agilent, USA). The separation was achieved at a
flow rate of 0.3 mL-min"" with a mobile phase composed of 0.1%
(v/v) formic acid in water (A) and methanol (B). Mass spectro-
metric detection was operated in full scan mode under negative
electrospray ionization (ESI). The mobile phase gradient pro-
gram is detailed in Table S4.

5.9. Large-scale preparation and structural characterization of
glycosylated products

The substrate was dissolved in DMSO to a final concentra-
tion of 20 mmol-L™, while UDP-Glc was dissolved in deionized
water to a final concentration of 50 mmol-L™. The reaction sys-
tem contained the substrate at a final concentration of 0.2
mmol-L™", UDP-Glc at 0.5 mmol-L™, and 500 ug of purified en-
zyme; the total volume was adjusted to 1 mL with buffer (50
mmol-L™" Tris-HCl buffer, pH 7.4), and the reaction was conduc-
ted at 50 °C for 6 h. The reaction was terminated by adding 2 mL
of ice-cold methanol, followed by centrifugation at 12 000 r-min™
for 20 min. The supernatant was collected and concentrated to a
final volume of 1 mL in methanol. Subsequently, the glycosylated
products were isolated via reversed-phase semi-preparative li-
quid chromatography (SHIMADZU, China) with an Agilent
ZORBAX SB-C;g column (9.4 mm x 250 mm, 5 um; Agilent, USA).
and verified by UPLC/Q-TOF-MS and NMR analyses.
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