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metabolites that help them withstand these stresses. Here, we show that two specialized
metabolites in the herbaceous perennial Belamcanda chinensis, tectorigenin and its glycoside
tectoridin, have diverse defensive effects against phytopathogenic microorganisms and
antifeeding effects against insect pest. We further functionally characterized a 7-O-uridine
diphosphate glycosyltransferase Bc7OUGT, which catalyses a novel reversible glycosylation of
tectorigenin and tectoridin. To elucidate the catalytic mechanisms of Bc7OUGT, we solved its
crystal structure in complex with UDP and UDP/tectorigenin respectively. Structural analysis
revealed the Bc7OUGT possesses a narrow but novel substrate-binding pocket made up by
plentiful aromatic residues. Further structure-guided mutagenesis of these residues increased
both glycosylation and deglycosylation activities. The catalytic reversibility of Bc7OUGT was also
successfully applied in an one-pot aglycon exchange reaction. Our findings demonstrated the
promising biopesticide activity of tectorigenin and its glycosides, and the characterization and
mechanistic study of Bc7OUGT could facilitate the design of novel reversible UGTs to produce
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valuable glycosides with health benefits for both plants and humans.

Introduction

Plants face numerous biotic and abiotic constraints throughout
their lifecycles, including biotic stressors such as pathogens,
herbivores, and weeds, which have tremendously negative
effects on agricultural crops (Atkinson and Urwin, 2012). These
stresses are typically controlled using chemical pesticides and
herbicides, but the excessive use of chemical treatments is
affecting the environment, agriculture, and poses a threat to
human health (Rani et al., 2021). Plants have evolved various
metabolites that function as direct defence compounds against
biotic stress (Ford et al., 2010; Pretali et al., 2016). For example,
pyrethrin and azadirachtin, isolated from Pyrethrum cinerariifo-
lium and Azadirachta indica, respectively, have a long history of
traditional and commercial use as pesticides, as they are safe,
environmentally degradable, and have low toxicity to mammals
(Casida and Quistad, 1995; Chaudhary et al., 2017). Therefore,
exploiting plant-specialized metabolites as biocontrol agents will
accelerate the development of eco-friendly substitutes for
hazardous chemical pesticides.

Belamcanda chinensis (blackberry lily) is an herbaceous
perennial in the Iridaceae family. A major class of bioactive
compounds in B. chinensis is isoflavones, including tectorigenin,
irigenin, and their glycosides tectoridin and iridin. Prior research
has focused on the biological efficacy of these compounds for
human health, for instance, as antioxidants, oestrogen receptor
modulators, and potential preventative agents (Ahn et al., 2006;
Wau et al., 2011); however, their physiological roles in plants are
less well understood. Isoflavones are predominantly found in
leguminous plants, where they act as signalling molecules in the
production of nitrogen-fixing root nodules (Eckardt, 2006;
Kim, 2022) or as precursors in the production of phytoalexins in
other plant-microbe interactions (Ciesielski and Metz, 2020; He
and Dixon, 2000). Isoflavones from B. chinensis, a non-
leguminous plant, contain a distinctive 6-methoxyl group, but
few studies have focused on their bioactivity or biosynthesis.

Glycosylation is a process by which a sugar moiety is transferred
to an acceptor molecule. The glycosylation of natural plant
products significantly affects their bioactivity, generally enhancing
their solubility and stability and facilitating storage (Plaza
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et al., 2014). Direct defence compounds that contain broad-
spectrum toxins are usually cytotoxic and can damage plant
tissues. However, due to their glycosylation, these compounds
can be safely stored in cells and activated as needed via the removal
of sugars to provide protection against pathogens and insect
pests (Itkinetal., 2011). Arecent comprehensive study in Nicotiana
attenuata  indicated that the glycosylation of 17-
hydroxygeranyllinalool diterpene glycosides prevents the autotoxi-
city of this chemical defence compound in vivo (Heiling etal., 2021).
Glycosylation is also important for the stability of anthocyanins or
terpenoids, contributing to the diversity of pigments, the aroma of
flowers, and the taste of fruits (Behr et al., 2020). In metabolic
engineering, the glycosylation of compounds such as terpenoid
glycosides, glucosinolates, cyanogenic glycosides, and flavonoid
glycosides is a necessary step in the production of drug lead
compounds, cosmetics, nutrients, and sweeteners (De Bruyn
etal., 2015; Huccetogullari et al., 2019; Spahn et al., 2016).

Glycosylation in plants is usually carried out by uridine
diphosphate (UDP)-dependent glycosyltransferases (UGTs) from
the glycosyltransferase 1 (GT1) family. The GT1 family is one of the
largest groups of natural product-decorating enzymes in plants,
and its gene expansion has greatly contributed to phytochemical
diversification during evolution (Yonekura-Sakakibara and
Hanada, 2011). The UGTs accommodate their sugar donors
primarily via a conserved 44-amino acid plant secondary product
glycosyltransferase (PSPG) motif (Hughes and Huges, 1994; Ross
et al., 2001), and a histidine positioned around the 20th residue
was reported to act as a general base to deprotonate the acceptor
(Lairson et al., 2008). While some plant UGTs show promiscuous
biocatalyst activity with regard to aglycone acceptors, most have
strict substrate specificity and regioselectivity (Wen et al., 2021).
This specificity might be determined by the correct orientation of
the acceptor molecule plus the structure and size of the enzyme,
but the residues within the acceptor-binding pocket are poorly
conserved (Li et al., 2007; Modolo et al., 2009b).

Previous phytochemistry studies of B. chinensis indicated that
the glycosides of its isoflavones (such as iridin, tectoridin,
iristectorin A, and iristectorin B) typically possess regiospecific
7-O-glycosylation (Tian et al., 2018). The UGTs that facilitate
these modifications remain to be identified, and their catalytic
features and mechanisms are currently unclear. In this study,
we evaluated the potential defensive effects of tectorigenin
and tectoridin towards phytopathogens and herbivores. By
sequencing the full-length transcriptome of B. chinensis, we
identified a novel Bc7OUGT that is responsible for the
reversible glycosylation of tectorigenin and tectoridin. To
explore its catalytic mechanism, we solved the crystal structures
of Bc70UGT in complex with UDP and UDP/tectorigenin.
Additional mutagenesis experiments further identified key
residues responsible for its catalytic activity. In addition, the
reversibility of Bc7OUGT was successfully applied in an one-pot
aglycon exchange reaction. These findings provide a basis for
enzyme engineering and a potential versatility of Bc7OUGT in
the biosynthesis of bioactive natural products.

Results

Tectorigenin and tectoridin provide biotic resistance
against plant pathogens in vitro and in vivo

We isolated tectorigenin and its 7-O-glycosylated form tector-
idin from the root, stem, leaf, rhizome, flower, and fruit of B.
chinensis (Figure S1A). We measured their contents using

high-performance liquid chromatography-tandem mass spec-
trometry (HPLC-MS) via comparisons to authorized standards
(Figure S1B,C). Among the six tested tissues, both compounds
were most abundant in the rhizome (162.4 pg/g and 293.4 pg/
g, fresh weight), followed by the stem, which is consistent with
the previous findings (Figure S1D) (Peng et al., 2009; Wang
et al.,, 2011; Wozniak and Matkowski, 2015).

As tectorigenin and tectoridin are highly abundant special-
ized metabolites in B. chinensis, we reasoned that they might
protect plants against biotic stress, such as bacterial or fungal
pathogen attack. We therefore investigated their roles in plant
pathogen resistance in vitro. Xanthomonas oryzae pv. oryzicola
(Xoc) and X. oryzae pv. oryzae (Xoo) are major phytopatho-
genic bacteria in rice (Oryza sativa) that cause bacterial leaf
streak and bacterial blight respectively (Chu et al., 2022). These
bacterial diseases cause serious yield losses, and many high-
yielding rice cultivars are highly susceptible to these pathogens
(Wang et al, 2022). We tested the in vitro antibacterial
activities of tectorigenin and tectoridin against Xoc strain HGA4
and Xoo strain PX099 (Figure 1a). Compared with the negative
control (DMSO), tectorigenin effectively inhibited the growth of
HGA4 and PX099, with 55.2% and 54.0% reductions in
growth, respectively, after 48 h of treatment at a concentration
of 200 pum (Figure 1a,b). Treatment with 400 um tectorigenin
led to 50.0% and 59.6% reductions in the growth of HGA4
and PX099 respectively. By contrast, neither 200 um nor
400 pm tectoridin affected the growth of either strain in vitro
(Figure 1a,b).

The plant pathogenic fungus Rhizoctonia solani causes
economically important diseases in many agricultural and
horticultural crops worldwide, including rice sheath blight
(Méndez-Chavez et al., 2022). We therefore tested the
antifungal activities of tectorigenin and tectoridin against R.
solani strain  YWK196 in vitro (Figure 1a). Tectorigenin
effectively inhibited the growth of R. solani, resulting in
40.5%, 67.6%, and 86.5% reductions in growth relative
to the control (DMSO) when applied at 100, 200, and 300 um
respectively (Figure 1a,b). By contrast, tectoridin had
a relatively weak effect, reducing R. solani growth by
12.4% when applied at concentrations up to 300 pm
(Figure 1a,b).

To determine whether tectorigenin and/or tectoridin
enhances the resistance of rice to R. solani in vivo, we carried
out inoculation experiments with R. solani strain YWK196 in
rice leaf sheaths in vivo (Figure 1c). Compared with the solvent
control (DMSO), rice leaf sheaths pretreated with 300 um
tectoridin exhibited milder disease symptoms, with a signifi-
cantly shorter lesion length of 4.5 + 1.0 cm compared to
7.1 £ 2.3 cm for the solvent control. By contrast, tectorigenin
treatment at the same concentration (300 pm) did not inhibit
lesion progression, resulting in a similar lesion length to the
control treatment (Figure 1c). Thus, even though tectoridin did
not show a significant antifungal effect in vitro, it might trigger
plant immune responses and improve rice resistance in vivo.

Tectorigenin and tectoridin show antifeeding activity
against Spodoptera frugiperda larvae

Spodoptera frugiperda is an economically important herbivore
pest whose larval stage affects a wide variety of crops, including
maize (Zea mays), sorghum (Sorghum bicolor), rice, and soybean
(Glycine max) (Lemus de la Cruz et al., 2022). Identifying and
developing new biopesticides is highly desirable (Fang
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Figure 1 Tectorigenin and tectoridin show phytopathogen resistance and antifeeding activity. (a) Xanthomonas oryzae pv. oryzicola (Xoc) strain HGA4,
X. oryzae pv. oryzae (Xoo) strain PX099, and Rhizoctonia solani strain YWK196 were grown for 48 h on medium containing DMSO, tectorigenin, or
tectoridin at the indicated concentrations. (b) Migration distances of the HGA4, PX099, and YWK196 on medium containing tectorigenin and tectoridin
after 48 h of growth (N = 3). Asterisks indicate significant differences between the DMSO and treatment groups (ns, not significant; *P < 0.05,

**P < 0.01, and ***P < 0.001). (c) Lesion growth on rice leaf sheaths pretreated with DMSO control or 300 pm of either compound for 48 h after
inoculation with R. solani strain YWK196 (N = 8; ns, not significant; *P < 0.05). The middle line represents the median. Lower and upper hinges
correspond to the first (Q1) and third (Q3) quartiles. The lower whisker extends to Q1 — 1.5 x IOR (where IOR is the interquartile range) and the
upper whisker extends to Q3 + 1.5 x IOR. Outliers are shown as solid data points. (d) Antifeeding activity experiment with third-instar Spodoptera
frugiperda larvae. Representative consumed leaf discs after 48 h of feeding are shown. (e) Left, percentage of consumed leaf area after 48 h of feeding by
the larvae (N = 15; ns, not significant; **P < 0.01, ***P < 0.001). Right, larval weight after 72 h of feeding on food premixed with 100 pm of each
test compound (N = 15; final concentration = 0.4 umol/g; ns, not significant; **P < 0.01, ***P < 0.001). (f) Representative S. frugiperda larvae fed with
food that was premixed with the tested compounds.

et al., 2019). Here, we evaluated the antifeeding activity of tectorigenin (52.3%) or tectoridin (43.1%) compared to the
tectorigenin and tectoridin against S. frugiperda larvae. We fed DMSO control (72.1%), revealing that both tectorigenin and

third-instar larvae of S. frugiperda with maize leaf discs presoaked tectoridin have remarkable feeding deterrent activities (Figure 1d,e).
with the tested compounds (100 pum) and measured the When third-instar larvae were fed with food premixed with
consumed area after 48 h of feeding (Figure 1d). A significantly tectorigenin or tectoridin for 72 h (final concentration: 0.4 umol/
smaller leaf area was consumed from leaf discs treated with g), the larval mass exhibited a 23.2% and 47.7% decrease
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compared with the control group respectively (Figure 1e,f). The
diminished larval weights were in line with the antifeedant activity,
as less consumption results in a lower larval body mass. These results
reveal that both tectorigenin and tectoridin have significant
antifeeding activity against S. frugiperda larvae.

Full-length transcriptome sequencing reveals candidate
7-O-glycosyltransferase genes in B. chinensis

To identify the glycosylation transferases involved in tectorigenin
decoration, we sequence mixed samples of root, rhizome, leaf,
flower, and fruit tissues of B. chinensis using PacBio HiFi full-
length transcriptome sequencing. A total of 16 500 transcripts
were assembled, and 46 putative UGT genes were identified
using the UGT superfamily signature motif PFO0201. Their amino
acid lengths were predicted to range from 290 to 615.
Phylogenetic analysis of the 46 UGTs with other functionally
characterized plant UGTs suggested that the putative B. chinensis
UGTs cluster into the previously identified A, C, D, E, F, G, K, L, O,
and R subgroups (Figure 2a; marked in red). Notably, 10 putative
B. chinensis UGTs were phylogenetically closer to the monocot-
specific genes within the D and E subgroups (Figure 2a, marked in
blue), which were reported to catalyse the 7-O-glycosylation of
flavonoids (Figure 2b). We thus considered these UGTs to be
candidate enzymes for the glycosylation of tectorigenin into
tectoridin. Among these, Bch3/13402.p1 and Bch3/12632.p1
have the same protein sequence and showed the most similarity
to UGT706C1 and UGT706D1, which were previously identified
as flavonoid 7-O-glycosyltransferases in rice (Peng et al., 2017).

Bc70UGT catalyses the reversible glycosylation of
tectorigenin and tectoridin

Six of the candidate genes were successfully amplified, cloned
into the pET28a (+) vector, and expressed in Escherichia coli strain
C43 (DE3) (Figure 2b). In the presence of UDP-Glu and
tectorigenin, reactions with Bch3/11990.p1, Bch3/13583.p1,
and Bch/13713.p1 did not yield any new products, whereas
reactions with Bch3/13400.p1, Bch3/13211.p1, and Bch3/
12632.p1 resulted in a peak with the same retention time as
tectoridin (19.6 min; Figure 2b). The identity of the product was
further confirmed using HPLC-MS/MS with a comparison to the
authorized standard of tectoridin. Among these, Bch3/12632.p1
had the highest conversion rate, while Bch3/13211.p1 generated
a by-product with a retention time of 20.2 min. We then
measured the transcription level of Bch3/13400.p1, Bch3/
13211.p1, and Bch3/12632.p1 in six B. chinensis organs. The
expression of these UGTs are very low in rhizome, only Bch3/
12632.p1 showed the highest transcript levels in the leaf and
flower (Figure 2c). These results identify Bch3/12632.p1 as a
functional regiospecific 7-O-UGT of tectorigenin in B. chinensis,
which we refer to hereafter as Bc7OUGT.

We purified the recombinant proteins using Ni-NTA affinity
chromatography for functional characterization (Figure 2d). In
the presence of tectorigenin and UDP-Glu, Bc7OUGT exhibited
a K, of 4134+ 0.82 um and a Vi of 1040 &+ 72 nmol/
minug protein. The purified protein also catalysed a reverse
reaction that removed the sugar moieties from tectoridin
(Figure 2d); in the presence of tectoridin and UDP, Bc70OUGT
exhibited a K, of 295+096um and a V. of
1042 + 329 nmol/min/ug. We then tested whether variations
in reaction conditions, such as pH or temperature, would
affect the balance of this bidirectional reaction. The maximum
catalytic activities in both directions occurred at pH 6.5 and

42 °C (Figure 2e). The equilibrium constant Keq = 0.93 (pH
6.5, 42 °C) indicates that glycosylation is a reversible reaction,
with the formation and removal of glycosides occurring
simultaneously.

We next explored the subcellular localization of Bc7OUGT in
planta. Sequence prediction using TargetP (https://services.
healthtech.dtu.dk/services/TargetP-2.0) suggested that Bc7OUGT
might be localized to the chloroplast. We fused Bc7OUGT to the
N terminus of GFP and transiently expressed it in Arabidopsis
mesophyll protoplasts. The eight N-terminal amino acids
(MGGCFSKK) of tomato (Solanum lycopersicum) LeCPK1 were
fused to the N terminus of mCherry to generate a membrane
localization marker (Rutschmann et al, 2002; Vermeer
et al., 2004). Bc70UGT appeared to completely colocalize with
the marker (Figure 2f), indicating that it localizes exclusively to the
plasma membrane. We therefore reasoned that Bc7OUGT might
glycosylate not only tectorigenin but also other substrates. To
explore the catalytic promiscuity of Bc7OUGT, we used a library
containing flavones and isoflavones for substrate screening.
Bc70UGT glycosylated genistein, quercetin, kaempferol, narin-
genin, chrysin, luteolin, apigenin, phloretin, and isoliquiritigenin,
producing multiple glycosylated products, indicating that
Bc70UGT is highly promiscuous towards flavonoid and isoflavone
substrates (Figure 2g). We also tested its activity with other small
molecules, such as gallic acid and 4-O-methyl gallic acid, but no
glycosylated products were detected.

The structural basis for the glycosylation mechanism of
Bc70UGT

To explore the catalytic mechanisms of Bc7OUGT, we determined
its crystal structures in complex with UDP-Glu or with UDP and
tectorigenin in space-group P 2 2, 2; at 2.12 A and 2.50 A
resolution respectively. We used the Alphafold2 server to
generate the initial model for structural determination using the
molecular replacement method. One Bc70UGT molecule is
present in the asymmetric unit. Data collection and refinement
statistics are presented in Table S1. The N-terminal domain (NTD;
residues 1-233) and the C-terminal domain (CTD; residues 253—
467) of Bc7OUGT both include a core region of parallel B strands
surrounded by o helices (B/o/p) (Figure 3a). The NTD of Bc7OUGT
comprises a typical Rossmann fold, with a central seven-stranded
twisted parallel B-sheet surrounded by eight helices. The CTD
comprises a twisted B-sheet, with six strands flanked by eight
helices. The C-terminal helix containing residues 451-467 crosses
from the CTD and completes the NTD fold by forming an a-helix.
The NTD and CTD are connected by a flexible loop containing
residues 234-252. These two structural domains are tightly
bound together, with a cleft in the middle providing space for the
sugar donor and acceptor to bind. According to the DALI server,
the structure of Bc7OUGT is highly similar to the structures of
UGT74AC2 (PDB: 7BV3), UGT71G1 (PDB: 2ACV), UGT85H2
(PDB: 2PQ6), and UGT78G1 (PDB:3HBJ), with root mean square
deviations (RMSDs) ranging from 0.97 to 2.04 A, but Bc7OUGT
shares only 28.1%-37.4% sequence identity with these proteins
(Figure S2, Table S2). Among these, UGT74AC2 and UGT78G1
can use both flavonoids and isoflavonoids as substrates, resulting
in 3-O- or 7-O-glycosides, but only UGT78G1 is reported to
catalyse reversible reactions of isoflavonoids (Li et al., 2021;
Modolo et al., 2009b).

In the complex structures of Bc7OUGT with UDP-Glu or with
UDP and tectorigenin, we observed the electron densities for UDP
or UDP and tectorigenin (Figure 3b). UDP interacts with Bc7OUGT
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Figure 2 Functional characterization and catalytic features of Bc7OUGT. (a) Phylogenetic tree of the 46 putative B. chinensis UGTs and other functionally
characterized plant UGTs. The tree was adapted from Louveau and Osbourn (2019). (b) Upper panel, UGT phylogenetic subgroups D and E. Lower
panel, HPLC analysis of the glycosylation products with tectorigenin using candidate UGTs. (c) Relative expression of Bch3/13400.p1, Bch3/13211.p1, and
Bch3/12632.p1 in six organs of B. chinensis. (d) HPLC analysis of the products of bidirectional reactions with tectorigenin or tectoridin using purified
Bc70UGT (denatured Bc7OUGT was used as a negative control). (e) Effects of various temperatures and pH levels on the bidirectional catalytic activity of
Bc7OUGT. (f) Subcellular localization of Bc7OUGT in Arabidopsis protoplasts; MGGCFSKK-mCherry is a membrane localization marker. Scale

bars = 10 pm. (g) Conversion rates of Bc7OUGT acting on various flavone substrates.

mainly through the conserved residues of the PSPG motif molecule forms parallel m-stacking interactions with the indole
(Trp342-GIn385), which is involved in the recognition and binding ring of Trp342 and forms hydrogen bonds with Ala343. The
of the sugar donor (Figure 3c). The uracil ring of the UDP ribose ring of the UDP molecule forms hydrogen bonds with
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Figure 3 Structural basis for the glycosylation mechanism of Bc7OUGT. (a) Surface (left), cartoon (right), and secondary structure (bottom) representation
of the structure of Bc7OUGT. The N-terminal domain (NTD) and C-terminal domain (CTD) are shown in green and purple respectively. The o helices
are shown in dark purple and the f strands are shown in pink. (b) The electron density of Bc7OUGT with UDP (upper) or with UDP and tectorigenin (lower).
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and atoms are coloured by element (carbon: orange; nitrogen: dark blue; oxygen: red; phosphorus: dark orange), tectorigenin is also shown as a coloured
stick diagram, and atoms are coloured by element (carbon: green; oxygen: red). (c) Interactions between UDP and the residues of Bc7OUGT. Hydrogen
bonds are represented by yellow dashed lines. Atoms are shown in stick models and are coloured by element. (d) Interactions between tectorigenin and
Bc70UGT residues. Hydrogen bonds are represented by yellow dashed lines. (e) Relative glycosylation activities of wild-type Bc7ZOUGT and its mutants.
Significance was tested by a two-tailed unpaired t-test method (N = 3, error bars, mean + SD) with asterisks indicating P-value (***P < 0.001). (f)
Proposed glycosylation mechanism of Bc7OUGT.

GIn345 and Glu368. The a-phosphate group interacts mentioned residues are conserved except Tyr382, which was Phe
with Asn364 and Ser365. The B-phosphate forms hydrogen in the other UGTs examined. Tyr382 contains a hydrophilic
bonds with Ser273, His360, Tyr382, and GIn385. All the above- hydroxyl group that forms hydrogen bonds with the B-phosphate
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group of UDP, resulting in a stronger interaction than would
occur with Phe.

Several hydrogen bonds also exist between Bc7OUGT and the
sugar acceptor tectorigenin. Glu384 forms a hydrogen bond
with the 4-carbonyl group of the tectorigenin, while the
hydrogen group of Gly17, His18, Ser21, and Thr135 forms
hydrogen bonds with both the 7-hydroxyl groups (Figure 3d).
These interactions promote the correct orientation of tector-
igenin in the binding pocket and multiple hydrogen bonds for
the 7-hydroxyl groups enhance the specificity of substrate
recognition. Consistently, our mutagenesis experiments showed
that His18Ala, Asp113Ala, Thr135Ala, and Glu384Ala sub-
stitutions led to a nearly complete loss of glycosylation activity
(Figure 3e), indicating that these residues play important roles in
the glycosylation process.

The Sy2-like displacement mechanism, which is found in a
variety of plant UGTs, involves a catalytic triad formed by the
highly conserved Asp-His-sugar acceptor (Wang, 2009). Based on
the structure of the Bc7OUGT and tectorigenin complex, the
His18 forms hydrogen bonds with 7-hydroxyl group and Asp113
(Figure 3d). In our mutagenesis experiments, the His18Ala and
Asp113Ala substitution completely abolished the enzyme activity
of Bc70OUGT, suggesting that His18 and Asp113 indeed play a
key role in 7-hydroxyl glycosylation (Figure 3e). We therefore
propose that, while Asp113 helps balance the charge from His18,
and His18 residue detaches a proton from the 7-hydroxyl group
of the tectorigenin substrate, facilitating nucleophiles to attack
the anomeric carbon of UDP-Glu specifically at the 7-hydroxyl
group, resulting in the formation of the 7-O-glycoside product,
tectoridin (Figure 3f).

Substrate recognition of Bc7OUGT

The conserved residues of Bc70UGT were analysed by the
Consurf Web server (Ashkenazy et al., 2016). The C-terminal
domain, which comprised the sugar donor-binding pocket
showed a very conserved pattern, while the N-terminal domain,
especially the residues around the substrate-binding pocket
exhibited a novel and unique substrate recognition pattern for
Bc70OUGT (Figure 4a). By a B factor analysis of the Bc7OUGT
structure, we found His44-Gly48, Pro72-His83, and Ser305-
Arg316, three loop regions around the substrate-binding pocket
that are highly flexible (Figure 4b). The flexibility of these three
loops could function as ‘lids’ of the substrate pocket and
participate in substrate recognition. The electrostatic potential
surface map shows that the substrate-binding pocket of
Bc70OUGT is quite small and hydrophobic. Compared to that
of UGT74AN2 complexed with UDP and digitoxigenin (Huang
et al., 2022), the substrate-binding pocket of Bc7OUGT is in a
narrow channel shape, with the entrance diameter only 6.8 A,
much smaller than that in UGT74AN2 (15.8 A) (Figure 4q).

We also found the pocket is mainly formed by hydrophobic and
negatively charged residues, and the hydrophobic residues are
mainly composed of aromatic rings of sidechains, such as Phe115,
Phe144, Pro180, Pro182, and Met183 (Figure 4d), leading to a
more rigid of pocket entrances. To confirm their roles in the
catalytic process, we substituted each of the above-mentioned
residues with Ala. Four of the five substitutions—Phe144Ala,
Pro180Ala, Pro182Ala, and Met183Ala—increased the glycosyl-
ation activity of Bc7OUGT (Figure 4e). We propose that
substituting these residues with Ala, which has a smaller
sidechain, makes the substrate-binding pocket more spacious,
promoting its flexibility and possibly increasing the speeds of
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entrance and departure of the substrate or its glycosides.
Therefore, the residual composition together with the narrow
channel shape lead to the specificity of substrate recognition.

Mechanism and application of deglycosylation activity
of Bc7OUGT

Bc70UGT is one of the few plant UGTs that has been reported to
catalyse a reversible glycosylation reaction. However, very limited
information on the deglycosylation mechanism is available. It has
been suggested that glucosidases require two catalytic carboxyl-
ates, Glu191 and Glu406, to facilitate the hydrolysis of glycosidic
bonds (Modolo et al., 2009a). Moreover, a mutagenesis study on
the Medicago glycosyltransferase UGT78G1 confirmed that
Glu192 and Asp376, two acidic residues that are close to the
sugar moiety of the glucoside, play key roles in its deglycosylation
activity (Modolo et al., 2009b). In this regard, we screened amino
acids around the substrate-binding pocket of Bc7OUGT and
found two acidic residues Asp113 and Glu384 (Figure 5a).
Consistently, mutating either of these residues to Ala in Bc7OUGT
led to reduced deglycosylation activity (Figure 5b). Consistent
with its glycosylation activity, the mutation of His18Ala
completely abolished the deglycosylation activities, suggesting
that the His residue acts as a general base in the reactions of both
directions. Moreover, four of the five substitutions of the
hydrophobic  residues in the substrate-binding pocket
(Phe144Ala, Pro180Ala, Pro182Ala, and Met183Ala) exhibit
equal or increased deglycosylation activities, implying that the
possible expansion of the binding pocket would equivalently
improve its bidirectional activities. Further structural and
biochemical studies are needed to understand the detailed
mechanism for the reverse reaction.

Based on our activity tests with tectorigenin and tectoridin, we
found they show diverse defensive effects against various biotic
stresses (Figure 5¢). As a central coordinator, the use of reversible
UGTs could be a highly cost-effective solution to the problem of
stress in plants. Besides, these proteins could be also employed to
transfer sugars from glycoside scaffolds to other aglycons,
expanding the glycosylation diversity with limited but valuable
UDP-Glu in planta. In a preliminary experiment, when we
incubated Bc7OUGT with both tectoridin and tyrosol, the sugar
moiety was successfully transferred from tectoridin to tyrosol in
vitro, producing salidroside, a compound with potential pharma-
cological uses (Figure 5d). This finding indicates that UGTs not
only play regulatory roles in various stress responses, but they also
participate in complex regulatory networks in planta. The
identification of reversible UGTs may therefore provide enzymatic
tools for producing valuable glycosides in microbial factories using
metabolic engineering.

Discussion

Plants produce a wide variety of secondary metabolites to adapt
to the changing environment. Previous research has mainly
focused on the pharmaceutical performance of these metabo-
lites, leaving their detailed effects in plant defence and their
potential roles as pesticides largely overlooked. Here, we showed
that two specialized metabolites from B. chinensis, tectorigenin
and tectoridin, are involved in chemical defence against various
biotic stresses, such as resistance to phytopathogens, antifeeding
activity against larval pests. These findings provide a foundation
for their comprehensive use as biopesticides. In addition, the
isoflavonoid compound tectorigenin degrades in the environment
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Figure 4 Catalyse mechanism of the substrate recognition of Bc7OUGT. (a) The three-dimensional structure diagram and the substrate-binding pocket
diagram of conserved sequence analysis of Bc70UGT. (b) The three-dimensional structure diagram of B factor analysis of Bc7OUGT. Three loop regions of
high B factor are marked by yellow dashed boxes. (c) Upper panel—the electrostatic potential surface map of the substrate-binding pocket of Bc7OUGT.
Lower panel, the comparison of the substrate-binding pockets between Bc7OUGT and UGT74AN2 (PDB: 7W1B). The top and bottom diameters are
labelled. (d) The acceptor-binding pocket of Bc7OUGT. Aromatic or hydrophobic residues are represented by blue sticks, other residues are represented by
purple sticks. (e) Relative glycosylation activities of wild-type Bc7OUGT and its mutants. Significance was tested by a two-tailed unpaired t-test method
(N = 3, error bars, mean + SD) with asterisks indicating P-value (***P < 0.001).

due to heat and oxidation (Niamnuy et al., 2012), meaning it will
not build up in natural ecosystems and could be a more
environmentally friendly alternative to the chemical pesticides
currently on the market.

We confirm the results with several repeats that tectorigenin
showed a significant growth inhibition against R. solani at 300 um
in vitro, it failed to inhibit the lesion expanding in vivo, and the
phenotype is opposite for tectoridin (Figure 5c). Physically, R.
solani is a nectrophic fungal pathogen inoculated to the inner
face of the plant leaf sheaths, whereas the chemicals were
sprayed directly to the outer face of leaf sheaths. On the one
hand, tectorigenin may not be a systemic fungicide which is hard
to permeate the leaf sheath to direct inhibit the R. solani hypha

growth. The other hand, tectorigenin may not trigger the rice
immune response or trigger the responses independent of the
resistance to R. solani. Previous studies had revealed that
flavonoid regulator genes of AtMYB12 and OsF3H could
negatively resist to some pathogens or pest, but positively resist
to others (Ding et al., 2021, Wu et al., 2022). Ideally, more
pathogen types can be tested here.

Glycosylation significantly affects the bioactivities of natural
plant products. We found that tectorigenin and tectoridin, which
differ by one glucose decoration at the 7-hydroxyl group, provide
plants with variable resistance against several biotic stresses,
especially phytopathogens, in vitro and in vivo. This is an example
of a highly efficient adaptation of plants to various biotic stresses
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) with asterisks indicating P-value (***P < 0.001; *P < 0.05). (c) Summary of the

biological activities of tectorigenin and tectoridin against various biotic stresses. ‘v” indicates inhibitory activity at shown concentration. ' x ' indicates no or very
low inhibitory activity at shown concentration. (d) Bc7OUGT incubated with tectoridin and tyrosol transferred the sugar moiety from tectoridin to tyrosol,
producing salidroside in vitro; HPLC analysis of reaction products of tectoridin and tyrosol with Bc7OUGT (denatured as negative control).

via the regulation of just one reversible reaction. The large
number of UGT genes in the plant genome provides many
possibilities for the decoration of various metabolites, leading to
numerous functional diversifications throughout the plant's
lifespan. While preparing this article, we learned that two
research groups characterized seven UGTs from Iris tectorum
(UGT73CD1) and B. chinensis (BcUGT1-2, BcUGT4-7), all of which
can glycosylate tectorigenin into tectoridin (Huang et al., 2021,
Zhang et al., 2021). Sequence alignment showed that our
candidate genes are different from these genes and are novel
putative UGT genes.

Our solved Bc70UGT structure and the mutagenesis exper-
iments in this study revealed the molecular basis for the
glycosylation mechanism of this enzyme. The Asp113-His18-
acceptor catalytic triad, which is conserved in most plant UGTs,
formed at the 7-hydroxyl group of tectorigenin. We also found
that plentiful aromatic residues form a novel substrate recogni-
tion pattern, play important roles in its catalytic activities of both
directions (Figure 4). Mutating these residues to Ala might cause
the displacement of the flavone-conjugated plate of tectorigenin,

eventually affecting its deprotonation at the His18 residue. These
results could provide a basis for enzyme engineering to produce
certain types of compounds in the future.

Although many bacterial GT1 enzymes exhibit reversible
glycosylation and deglycosylation activities (Zhang et al., 2006),
plant UGTs that can remove sugar moieties from glucosides
seem to be rare. To the best of our knowledge, only five plant
UGTs have been reported to catalyse the reverse reaction
from flavonoid or isoflavonoid glycosides, including one PcOGT
from Pyrus communis (Gutmann et al, 2014), MiCGT from
Mangifera indica (Chen et al., 2015), UGT73AE1 and UGT71E5
from Carthamus tinctorius (Xie et al, 2014, 2017), and
UGT78G1 from Medicago truncatula (Modolo et al., 2009b).
Analysis of the crystal structure of UGT78G1 identified a
Glu192 residue that plays a key role in its reverse reaction
(Modolo et al., 2009b). Interestingly, a single Val200Glu
mutation in UGT85H2, corresponding to Glu192 of UGT78G1,
conferred a gain of deglycosylation function, suggesting that
this residue in UGT78G1 might play a key role in the reverse
reaction (Modolo et al.,, 2009a). However, this is the only
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known example of a reverse reaction in plant UGTs, and this
mechanism was not applicable in Bc7OUGT. Given that the
reversibility of plant UGTs is important for the dynamic
regulation of natural product properties, a better understanding
of the structure/activity relationship of plant UGTs will provide
insights into the mechanisms involved and enable the rational
design of new enzymes.

In this study, we examined the roles of tectorigenin and its
glycosides as promising biopesticides. We also functionally
characterized Bc70UGT, which catalyses the reversible glycosyl-
ation of tectorigenin to tectoridin. Bc7OUGT might play an
important role in regulating plant chemical defences against
various biotic stresses. Our structural determination of Bc7O0UGT
and mutagenesis analysis also provided insights into the
mechanism underlying both glycosylation and deglycosylation
reactions. The catalytic reversibility was also modelled in an one-
pot aglycon exchange reaction. These findings could facilitate the
design of novel reversible UGTs to produce valuable glycosides
with health benefits for both plants and humans.

Materials and methods
Plant materials, chemicals, and reagents

Belamcanda chinensis was grown for 1 year under natural day/
night conditions in the greenhouse located in Wuhan University,
Wuhan, China (30°31/48” N, 114°21'20” E). The fresh and
healthy root, stem, leaf, rhizome, flower, and fruit tissues were
collected in September 2021. Upon harvest, plant materials
were washed clean and quickly frozen in liquid nitrogen and
stored at —80 °C until extraction of chemical constituents and
RNA. Tectorigenin and tectoridin standards were purchased from
Chengdu Herb Substance Biotechnology Co, Ltd. (Chengdu,
China). Crystallization screening kits were purchased from
Hampton Research (Laguna Niguel, CA). All solvents in this study
were in analytical reagent grade and purchased from Sangon
Biotech Co., Ltd. (Shanghai, China).

Plant isoflavonoids extraction and quantitative analysis

B. chinensis root, stem, leaf, rhizome, flower, and fruit samples
were ground to a fine powder in liquid nitrogen using a mortar
and pestle. To each 100 mg of plant material, we added 1 mL of
75% methanol and sonicated the samples in an ultrasonic bath
for 30 min at room temperature. After centrifuging at 14 000 g
for 10 min, the supernatant was then filtered using a 0.22-um
syringe filter (Jinlong Biotech Co., Ltd., Beijing, China). The
standard compounds were accurately weighed using an analytical
balance, dissolved in 75% methanol, and uniformly formulated to
a concentration of 1 mm for quantitative analysis.

LC-MS analysis

The samples (10 plL) were fractionated using an Acclaim C18
column (4.6 x 250 mm, 5 um; Thermo Scientific, MA, USA) in a
Dionex UltiMate 3000 HPLC system (Thermo Scientific) with a
flow rate of 0.5 mL/min. Solvent A was Milli-Q water containing
1%, (/) formic acid, while solvent B was acetonitrile
containing 1%, (vA) formic acid. The elution programme
commenced at 90% (v/v) solvent A and was ramped from 10%
to 20% (v/v) solvent B over 10 min, from 20% to 50% (v/v)
solvent B over 14 min, and from 50% to 100% (v/v) solvent B
over 6 min, then remained isocratic at 100% (v/v) solvent B for
4 min. Thereafter, it was ramped from 100% to 5% (v/v) solvent
B over 0.1 min, and then remained isocratic at 95% (v/v) solvent

A for 3.9 min. The total run time was 38 min. Chromatograms
were acquired at 254 nm, while photodiode array spectra were
recorded from 180 to 400 nm. The HPLC and LC-MS chromato-
grams followed consistent methods. The mass spectrometry
condition and software are consistent with that we used
previously (Cheng et al., 2022). Flavonoids identification was
achieved using exact masses, retention times, and CID spectra of
available authentic standards or previously published data. The
contents of different organs were determined by the peak area
from liquid chromatography data and the calibration curve was
drawn using the standard substance.

The antibacterial and antifungal effects of the
compounds in vitro and in vivo

Xanthomonas oryzae pv. oryzicola (Xoc) strain HGA4 and
Xanthomonas oryzae pv. oryzae (Xoo) strain PX099 were
cultured at 28 °C on potato sucrose agar (PSA; 0.7% infusion
from potatoes, 2% sucrose, and 2% agar, w/v) medium. The R.
solani AG1-IA strain YWK196 was cultured on potato dextrose
agar (PDA; 20% potato, 2% dextrose, and 2% agar, w/v) at
28 °C.

The in vitro antibacterial effects of tectorigenin and tectoridin
against the Xoc, Xoo, and YWK19 were determined by agar
microdilution as previously described (Baker et al., 1991). The Xoc
and Xoo was inoculated in 5 mL of potato sucrose broth medium
(0.7% infusion from potatoes and 2% sucrose, w/v) for 17 h and
then adjusted to ODg,o = 0.05. Tectorigenin and tectoridin were
added to the medium at the desired final concentration (100 um,
200 pm, or 400 pm) using a 200 mm stock solution in DMSO. A
total quantity of 2 mL medium with the tested compounds was
added to each well of 6-well plates (CostarTM 3516, Corning Inc.,
Corning, NY, USA). DMSO was used as a negative control. For
each treatment, 2 plL of Xoc and Xoo were added to the centre of
6-well plates, which were then cultured at 28 °C for 48 h. The
colony migration area was then determined. The R. solani AG1-IA
strain YWK196 was activated on potato dextrose agar medium at
28 °C, and a mycelial plug cut from the edge of a 3-day-old
colony was transferred onto potato dextrose agar modified with
the compound at the indicated concentration (100 pm, 200 pm,
or 400 pwm). After incubated for 48 h at 28 °C, the diameter of
the colony was measured. Three replicates were performed for
each experiment.

The Oryza sativa cv. Zhonghua 11 was used in the inoculation
experiment of rice sheath blight disease. The methods were
followed as previously described with modifications (Park
et al., 2008). The rice seedlings were grown in the greenhouse
at 22 °C and 60% relative humidity with a 16 : 8 h (light: dark)
cycle for about 10 weeks (before the heading stage). The R.
solani AG1-IA strain YWK196 was activated on potato dextrose
agar medium at 28 °C. Short sterilized strips were placed on
potato dextrose broth medium. The activated mycelium was
inoculated in a petri dish, cultured at 28 °C for 2-3 days, and
short strips with mycelium were selected for inoculation. Eight
plants with pretreated compounds in the sheath were inoculated
with R. solani strain YWK196, and the lesion length was
measured at 5 days post-inoculation. Independent experiments
were repeated twice, and significant analysis was performed by
student’s t-test.

Antifeeding bioassays with Spodoptera frugiperda

The leaf disc assay of target compounds (tectorigenin and
tectoridin) and negative controls (DMSO) against Spodoptera
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frugiperda were tested indoors according to the literature (Boica
Janior et al., 2015). Tested compounds were dissolved in DMSO
and diluted to 100 um with distilled water. Leaves of young maize
were cut into 1.4 cm diameter discs, soaked in compounds for
30 s, dried naturally, wrapped in wet absorbent cotton to
moisturize the lower edge of the leaves, and placed in petri
dishes (2.0 cm in diameter). Treatment with distilled water
containing 0.01% (v/v) DMSO was used as the negative control.
Fifteen pre-starved (for approximately 6 h) third-instar larvae of
well-developed S. frugiperda raised in the laboratory were placed
in each petri dish containing pretreated leaf disks. Petri dishes
were then incubated at 26 °C, 85% relative humidity, and a
photoperiod of 16 : 8 h (light: dark). Consumed leaf areas (%)
were determined 48 h after feeding to the larvae. The diet-
incorporation bioassay of tectorigenin and tectoridin followed a
method recommended before (Boica Junior et al., 2015). Tested
compounds were dissolved in DMSO and mixed with feed by
hand thoroughly. The final concentration was 0.4 pmol/g and
DMSO was used as a negative control. A total quantity of 10 mg
of premixed feed was placed in each of the 24-well plates. Fifteen
pre-weighed and pre-starved (for approximately 6 h) third-instar
larvae of well-developed S. frugiperda raised in the laboratory
were placed in each well. Feeding was refilled every 24 h for a
total of two times. Weight differences were measured 24 h after
the last feeding.

RNA extraction, real-time PCR, RNA sequencing, and
bioinformatics analysis

Total RNA was extracted from plant materials using the FastPure
Plant Total RNA Isolation Kit (Vazyme Biotech Co., Ltd., Nanjing,
China) according to the manufacturer’s instructions. One
microgram RNA was reverse-transcribed into cDNA with Super-
Script Il (ThermoFisher) followed by quantitative PCR assay with
SYBR Green Master Mix using CFX96 Real-Time System 690 (Bio-
Rad). Primers used in this study are listed in Table S3.

RNAs from different tissues were mixed for library construction
and PacBio Iso-seq were performed by Novogene Biotechnology
Co., Ltd (Beijing, China).

The open reading frames (ORFs) were identified using
TransDecoder software (version 5.5.0, https:/github.com/
TransDecoder/TransDecoder) to obtain putative genes, coding
sequences (CDS), and protein sequences. For gene annotation,
the DIAMOND program (version 2.0.4) (Buchfink et al., 2021) was
conducted between the predicted proteins of B. chinensis
and Swiss-Prot protein database (https://www.uniprot.org) with
an E-value threshold of 1e7>.

UDP-glycosyltransferase genes were identified using the
Hidden Markov Model (HMM) (Eddy, 2004) in the PFAM
database. Subsequently, multiple sequence alignments of these
proteins were performed by the MAFFT tool (version 7.475)
(Katoh et al., 2002). Finally, a phylogenetic tree was constructed
by the FastTree tool (version 2.1.11) (Price et al., 2009) using the
maximum-likelihood (ML) method. The bootstrap process was
replicated 1000 times.

Prokaryotic expression and purification of recombinant
protein

The gene of Bc7OUGT with optimized codons was cloned into the
pET28a (+) vector with an N-terminal 8 x His tag, an N-terminal
SUMO tag, and a TEV Protease cleavage site. The resulting
recombinant plasmid was transformed into E. coli C43 (DE3) for
heterologous expression. A single colony was then grown in
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10 mL LB media containing 50 pg/mL kanamycin at 37 °C and
220 rpm overnight. The cultures were then added into 1 L of LB
with 50 pg/mL kanamycin and shaken at 37 °C and 220 rpm
until ODggg reached 0.8. The cultures were induced with 0.15 mm
isopropyl-B-D-1-thiogalactopyranoside (IPTG) and further grown
for 15 h at 20 °C. Subsequently, the cells were harvested by
centrifugation at 4000 g and 10 °C for 10 min. Then, the
resulting cell pellets were resuspended in 50 mL buffer A (20 mm
Tris—HCI, pH 8.0, and 300 mm NaCl), and disrupted using a high-
pressure homogenizer at 800 bar. Cellular debris was removed by
centrifugation at 16 000 g and 4 °C for 50 min. The supernatant
was loaded onto a Ni-NTA HisTrap FF column (Cytiva) equilibrated
with buffer B (20 mm Tris—-HCI, pH 8.0, 300 mm NaCl, and 10 mm
imidazole). Then, the column was washed with 20 CV (column
volume) of buffer C (20 mm Tris—HCI pH 8.0, 300 mm NaCl, and
30 mm imidazole) and eluted with 2 CV of buffer D (20 mm Tris—
HCI pH 8.0, 300 mm NaCl, and 300 mm imidazole). The eluted
protein was further purified by passing it through a HiLoad 16/60
SuperdexTM 200 pg column (Cytiva) and exchanged into buffer
A. The target protein was pooled and incubated with TEV
Protease at 4 °C for 12 h to remove the SUMO tag and the
8 x His tag. The digestion mixture was reloaded onto the Ni-NTA
affinity column, and the column was washed with 3 CV of buffer
B. The flow through, containing the tag-free protein, was
collected and further purified using a SuperdexTM 200 Increase
10/300 GL column (Cytiva) and exchanged into buffer A. The
peak fractions containing Bc7OUGT were collected and checked
by 10% sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE). The protein concentrations were determined
using the BCA Protein Assay Kit (Solarbio Science), and the
purified protein was stored at —80 °C until use.

Enzymatic assays

The reaction was carried out according to methods reported
previously (Peng et al., 2017). In brief, the enzyme assays were
performed in a final volume of 100 pL of 150 mm PB (pH 7.5)
containing 1.5 mm UDP-Glu, 40 ng of purified protein, and
various concentrations of substrate. The purified recombinant
protein was denatured in boiling water for 10 min as a negative
control. The reaction was incubated at 42 °C for 4 h. Then, an
equal volume of methanol was added to the reaction mixture to
quench it. After filtering through a 0.22-um syringe filter, assay
samples were analysed using the HPLC system. Substrate
conversion rates were calculated based on substrate loss. The
kinetic parameters were measured at substrate concentrations
from 1 to 200 um and a fixed UDP-Glu concentration of 1.5 mwm.
All reactions were performed in triplicate. The products were
confirmed by LC-MS. The peak area of the product after each
reaction was determined using the standard curve obtained from
the standard compound. The K., and Vinax values were evaluated
by fitting the initial velocity-versus-substrate concentration to the
Michaelis-Menten kinetic equation using GraphPad Prism 8
software.

Optimization of the enzymatic reaction

The reaction mixture was kept at a constant pH of 6.5 at 27,
32, 37, 42, 47, 52, and 57 °C to identify the optimal
temperature for the enzymatic reaction. Three buffer systems
at a constant temperature of 42 °C were utilized to investigate
the influence of pH on enzyme activity: Na,HPO4-CiHs buffer
(30 mm and pH 2.0-6.0), NaH,P0O4-Na,HPO,4 buffer (30 mwm, pH
6.5-7.5), and glycine-NaOH buffer (30 mm, pH 8.0-11.0). All
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reactions were performed in triplicate. Each experiment began
with the addition of enzymes and a 4 h incubation period. The
reaction mixture was processed in the same way as
the enzymatic tests described above.

Subcellular localization in Arabidopsis protoplast

The lower epidermis of 2-week-old leaves from Arabidopsis
thaliana ectype Col-0 was peeled with tape and then soaked in
10 mL enzyme solution (0.4 M mannitol, 20 mm KCI, 20 mwm
MES, and pH 5.7) containing 0.1 g cellulase R10, 0.02 g R10,
10 mm CaCl, macerozyme, 0.5 mm b-mercaptoethanol, and
0.1% bovine serum albumin for 2 h with slow shaking. The
solution was then filtered through 75 mm nylon mesh. Pro-
toplasts were collected by 100 g centrifugation for 5 min and
then washed twice with W5 buffer (154 mm NaCl, 125 mm
CaCl,, 5mm KCl, 2 mm MES, and pH 5.7). After 40 min
incubation on ice in 10 mL W5 buffer, protoplasts were collected
and resuspended with 200 mL MMG buffer (0.4 M mannitol,
15 mm MgCl,, 4 mm MES, and pH 5.7). For each transformation,
10 mg plasmid and 220 mL PEG buffer (40% [w/v] PEG4000,
100 mm CaCl,, 200 mm mannitol) were added into 200 mL
protoplast and mixed well slowly. After 20 min incubation at
room temperature, the reaction was stopped by adding
800 mL W5 buffer. Pellet was collected and resuspended with
2mL W5 buffer and incubated on a 6-well plate.

Crystallization of Bc7OUGT

The purified Bc7OUGT (17 mg/mL) was incubated with 2 mm UDP-
Glu at 4 °C in advance for 1 h before crystallization screening.
Crystal optimization of the initial hits was further performed. Flaky
crystals of Bc70UGT complexed with UDP-Glu were obtained at 20
°C within 3 days using the sitting-drop vapour-diffusion method by
mixing 0.4 pL of protein solution with 0.2 pL of the reservoir
solution (0.17 M Lithium sulfate monohydrate, 0.085 M Tris
hydrochloride pH8.5, and 25.5% w/v PEG 4000). The crystals of
Bc70UGT complexed with UDP and tectorigenin were obtained by
soaking the crystals into 100 mm UDP and 100 mm tectorigenin
dissolved in the mother liquor for 10 min. All crystals were
cryoprotected with 10% (v/v) glycerol with mother liquid and
flash-frozen in liquid nitrogen before data collection.

Data collection and structure determination of Bc7ZOUGT

The crystallographic data sets were collected on the beamlines
10 U2 and 18 U1 at the Shanghai Synchrotron Radiation Facility,
China (SSRF). Collected data sets were processed with XDS and
scaled and merged with Aimless of CCP4 suite. The structure of
Bc70UGT in complex with UDP-Glu was solved by molecular
replacement using Phaser (Bunkéczi et al., 2013) from the CCP4
suite with the model predicted by AlphaFold2 as the initial search
model. The structure of Bc7OUGT in complex with UDP and
tectorigenin was determined by molecular replacement using the
structure of Bc7OUGT in complex with UDP-Glu as the search
model. REFMAC 5 and PHENIX were used for refinement.
Restriction files of the ligands were generated by AceDrug using
SMILES as input. (Long et al., 2017). All the electron density maps
shown in the figures were generated using the CCP4 FFT function.
PyMol is used to visualize the models and create the figures.
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