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Antifungal activity of a panel of 24 terpenoid glycosides including 15 previously undescribed compounds. A mutant library

containing 44 variants was constructed based on the identification of critical residues by molecular dock-
ing simulations and protein model alignments, and a mutant UGT91AH1Y'®74 with increased catalytic
efficiency was obtained. The steroidal saponins exhibited remarkable antifungal activity against four
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widespread strains of human pathogenic fungi attributed to ergosterol-dependent damage of fungal cell
membranes, and 2'-O-rhamnosylation appeared to correlate with strong antifungal effects. The findings
elucidated the biosynthetic machinery for their production of steroidal saponins and revealed their poten-

tial as new antifungal agents.

© 2023 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Saponins are highly diversified steroid and triterpenoid glycoside
natural products possessing broad biological activities and
important commercial applications in various fields such as
pharmaceuticals, foods, and cosmetics'. One of the most impor-
tant modifications of saponins is glycosylation, which is catalyzed
almost exclusively by uridine diphosphate-dependent glycosyl-
transferases (UGTs) belonging to glycosyltransferase family 1
(GT1)%. Since glycosylation is an important contributor to the
structural complexity and diversity, chemical stability, water sol-
ubility, and biological activity of saponins, the roles of UGTs in
saponin formation have attracted considerable interest. Enzymes
catalyzing the elongation of existing sugar chains form a distinct
group within the UGT family that often leads to the unique
characteristics of saponins, such as better biological activity and
taste, as exemplified by ginsenosides and steviosides®*. However,
the identification of sugar—sugar glycosyltransferases that cata-
lyze the addition of new sugar units to already-bound sugar resi-
dues remains challenging. UGTs are a highly divergent,
polyphyletic and multigene family, and the saponin intermediates
that accept additional sugars occur only in trace amounts in
saponin-containing organisms. Phylogenetically, most of the
characterized plant sugar—sugar glycosyltransferases belong to
UGT73, UGT74, UGT76, or UGT94 subfamily. For instance,
UGT74G1 and UGT76G1 have been identified as the catalysts for
the sugar chain elongation of steviosides (diterpenoid glycosides)
in Stevia rebaudiana®®, UGTPg29, Pn3-31, and Pn3-32 for gin-
senosides (triterpenoid glycosides) in Panax ginseng”®, and
GAME17, GAME18, and GAME?2 for steroidal glycoalkaloids in
potato’. However, considering the large numbers of steroidal sa-
ponins in plants, GTs catalyzing sugar—sugar linkages to form
steroidal polyglycosides have been very much understudied.

The genus Paris belonging to the family Melanthiaceae in-
cludes famous traditional medicinal herbs worldwide'". In
particular, Paris polyphylla Smith var. yunnanensis (Franch.)
Hand.-Mazz. and Paris polyphylla Smith var. chinensis (Franch.)
Hara. are raw materials of traditional Chinese medicine Rhizoma
Paridis (“Chonglou” in Chinese) that have been documented in the
Chinese Pharmacopoeia since 1977'". Rhizoma Paridis has served
as an important ingredient in more than 100 kinds of Chinese
patented medicines and Chinese medicine prescriptions (https://
db.yaozh.com/), including the well-known “Yunnan Baiyao” se-
ries and “Gongxuening” capsules that are used to stop wound
bleeding and abnormal uterine bleeding, respectively. Because of
increasing market demands, over-exploitation, and habitat
destruction in the past few decades, wild populations of the genus
Paris have become rare or even endangered. Steroidal saponins
(named Paridis saponins, PSs hereafter) are the major bioactive
components of Rhizoma Paridis, and more than 200 naturally

occurring steroidal saponins (mainly spirostanol-type) have been
isolated and identified from different Paris species'> . Among
them, PSI, PSII, and PSVII are considered as important marker
compounds to evaluate the quality of Rhizoma Paridis and their
preparations'®. In addition, PSs exhibit extensive pharmacological
activities, including antitumor'’, anti-angiogenesis'®, hemostat-
ic'?, immuno-stimulatingzo, antifungaIZI, anthelmintic’?, and
antiviral>® properties, which have attracted considerable attention
in drug discovery. However, the availability of PSs for both
research and medicinal use remains a major limitation owing to
diminishing natural populations, slow growth (7—8 years) of
cultivated plants, and the tedious and costly processes needed to
separate natural mixtures. Chemical synthesis of steroidal sapo-
nins has also been restricted by several challenges, including the
structural complexity of the aglycones as well as the poor regio-
and stereo-selectivity of glycosylation reactions”*. By contrast,
biotechnological production using synthetic biology and enzy-
matic conversion, as has been successfully used to produce ample
amounts of artemisinic acid, ginsenosides and other natural
products™~°, could be used to target specific PSs in an eco-
friendly manner.

Investigation of the biosynthesis of PSs has begun despite the
large genomes of Paris species (approximately 80 Gb) remaining
unsequenced and the genetic manipulation of these plants not yet
being established. For the two main aglycones of PSs, diosgenin
and pennogenin (C17«a-OH diosgenin), cytochrome P450 enzymes
involved in their formation from cholesterol have recently been
identified from P. polyphylla var. yunnanensis as well as Trig-
onella foenum-graecum and Dioscorea zingiberensis, two plants
producing dioscin as a major saponin’’ *’. However, there are
still major gaps in understanding the subsequent glycosylation
steps contributing to the major structure and bioactivity variations
of this group of compounds. Approximately 90 spirostanol-type
saponins derived from diosgenin and pennogenin, including
mono-, di-, tri-, and tetra-glycosides, have been identified from the
genus Paris. Their sugar chains are often composed of p-glucose,
L-rhamnose, L-arabinose, D-xylose, D-apiose, D-galactose or L-
fucose. It has been proved that the numbers and types of sugar
moieties and their linkages have crucial impacts on the chemical
properties, pharmacological activities and bioabsorbabilities of
PSs*' %, Therefore, UGTs have attracted considerable interest in
the construction of PSs, but the dedicated UGTSs responsible for
sugar—sugar glycosylation remain elusive and are the last
remaining undescribed steps of the full PS biosynthetic pathway.

Here, we report the functional characterization of a series of
six UDP-glycosyltransferases from P. polyphylla var. yunnanensis,
including four novel sugar—sugar glucosyltransferases, which
could catalyze a cascade of glycosylation to yield steroidal
diglycosides and triglycosides. Moreover, the antifungal action of
PSs against four widely spread strains of human pathogenic fungi,
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Trichophyton rubrum, Epidermophyton floccosum, Microsporum
gypseum, and fluconazole-resistant Candida albicans are also
described.

2. Materials and methods
2.1.  Plant materials and transcriptome analysis

Paris polyphylla var. yunnanensis plants were collected from the
wild (Locality: Luquan, Yunnan, China; N 24° 58’ 36.78", E 102°
28’ 35.27"; Elevation, 1879 m. Habitat: an evergreen broadleaf
forest dominated by Quercus glaucoides). The voucher specimen
(Collection Number: JiYH2013104) was identified by Prof. Yun-
heng Ji and deposited at Kunming Institute of Botany, Chinese
Academy of Sciences. The plants were repotted and grown in a
greenhouse. RNA-seq was performed using total RNA extracted
from the whole plants of P. polyphylla var. yunnanensis on Illu-
mina sequencer in Solexa RNA (paired-end) mode. More detailed
information on transcriptome analysis was described in Support-
ing Information Materials and methods.

2.2.  Molecular cloning and heterologous expression

UGT genes of interest were amplified by PCR from the first strand
cDNA synthesized by EasyScript® First-Strand cDNA Synthesis
SuperMix (TransGen Biotech) using gene-specific primers listed
in Supporting Information Table S1. The genes were then subcl-
oned to pCold-TF vector by ClonExpress® Ultra One Step
Cloning Kit (Vazyme Biotech) and transferred into the Escher-
ichia coli strain Rosetta (DE3). After confirmation by colony-PCR
and DNA sequencing, the positive transformants were induced to
express target proteins under 0.3 mmol/L isopropyl-g3-p-thio-
galactopyranoside (IPTG) at 16 °C. Ni-NTA agarose columns
(Qiagen) were used to purify recombinant proteins according to
the manufacturer’s instructions, and elution buffer (pH 8.0) con-
taining 0.5 mol/L NaCl, 250 mmol/L imidazole and 5 mmol/L
DTT was applied to purify target proteins. Both crude lysates and
purified proteins were analyzed by SDS-PAGE. The purified
proteins were concentrated in 30 kDa ultrafiltration centrifugal
tubes (Millipore) and then treated with HRV 3C protease (Takara)
at 18 °C for 2 h to remove the TF tags. The recombinant proteins
with TF tag fusion or deletion were analyzed by SDS-PAGE. The
protein concentrations were quantified using a BCA Protein Assay
Kit (NCM Biotech). More detailed information was described in
Supporting Information Materials and methods.

2.3.  Enzyme assays in vitro

The recombinant UGT proteins with TF tag fusion or deletion
were used to assay the enzyme activity in vitro, while the lysate
harboring empty pCold-TF vector was used as a negative control.
The reaction was performed in a final volume of 200 pL con-
taining 50 mmol/L Tris-HCI (pH 8.0), 50 pmol/L sugar acceptor,
100 pumol/L UDP-glucose or UDP-rhamnose, and 100 pg re-
combinant proteins. The reaction mixture was incubated at 37 °C
for 6 h. After concentration under reduced pressure using a
concentrator (Eppendorf), the reaction products were dissolved
with 100 pLL methanol and centrifuged at 12,000 rpm for 10 min
for the subsequent product analysis.

The supernatant (20 pL) was analyzed by HPLC with a diode
array detector (HPLC-DAD, Agilent 1260 system) equipped with

an Agilent ZORBAX SB-CI18 analytical column (5 pm, 4.6
mm X 250 mm) at a flow rate of 1 mL/min and column temper-
ature at 35 °C. The enzymatic products of PpUGT 1 and 2 were
separated with a linear gradient of 44% to 86% acetonitrile in
water (0—18 min) and 86% to 100% acetonitrile in water (18.01 to
22 min) followed by washing with 100% acetonitrile for 12 min,
and detected at 195 nm wavelength. The enzymatic products of
PpUGT 3—6 were separated with a linear gradient of 5% to 100%
acetonitrile in water for 30 min.

Meanwhile, all enzymatic products of PpUGTSs were subjected
to UPLC-MS/MS analysis in the positive ion mode on an Agilent
1290 Infinity LC coupled with 6530 Q-TOF MS equipped with an
electrospray ionization device. UPLC conditions and the injection
volumes were consistent with those of HPLC—-DAD analysis with
a mobile phase of 0.1% formic acid in water (A) and acetonitrile
(B). The Q-TOF source parameters were set as follows: scan
range, 200—1400 Da; dry gas flowrate, 8.0 L/min; gas tempera-
ture, 300 °C; nebulizer pressure, 35 psig; VCap, 3.5 kV. The
software Qualitative Analysis B.06.00 was used for data analysis.

2.4.  Product purification and structure characterization

To isolate the glycosylated products of PpUGTs, 40 mL crude
enzymes prepared from 500 mL E. coli cultures were used for the
enzymatic reaction, and more than 3 mg of each sugar acceptor
substrate (for detailed information see the Supporting Information
Materials and methods) was used. The reaction mixture was
incubated at 37 °C overnight and concentrated using a rotary
evaporator. The residue was dissolved in methanol and chroma-
tographed on a Sephadex LH-20 column (chloroform/methanol,
1:1) and then purified using semi-preparative HPLC (column:
ZORBAX SB-C18, 5 um, 9.4 mm x 250 mm) with different
acetonitrile/H,O elution systems (55%, 40%, 42%, 65%, 80%,
65%, 40%, 55%, 44%, respectively) to yield compounds 5
(tr = 15.9 min, 2.3 mg), 14 (rx = 8.9 min, 4.5 mg), 21
(tg = 10.3 min, 1.0 mg), 41 (tx = 16.0 min, 0.8 mg), 43
(tg = 11.4 min, 1.3 mg), 44 (tx = 15.4 min, 4.0 mg), 45
(trr = 8.9 min, 1.0 mg), 46 (trx = 19.5 min, 0.8 mg), and 53
(trg = 11.5 min, 3.0 mg). Compounds 23a (fg = 9.5 min, 2.5 mg)
and 26 (rg = 8.6 min, 3.5 mg) were obtained using linear gradient
aqueous acetonitrile from 22% to 64% (0—14 min). NMR spectra
were recorded on Bruker AV-600 or AV-800 spectrometer, with
TMS as the internal standard. Other products including com-
pounds 3, 13, gracillin, PSI, PSII, PSIII, PSVI and PSVII were
identified through comparison with an authentic standard pur-
chased from Chengdu HerbSubstance Co., Ltd. or Chengdu Must
Bio-technology Co. Ltd.

2.5.  Conversion rate analysis

The enzyme reaction system was the same as described above.
The enzymatic products were analyzed using HPLC-DAD with
water (A) and acetonitrile (B) as mobile phase. For the products of
8-10, 15—18, and 39—40, a gradient of 10%—95% B in A
(0—28 min) followed by isocratic 95% of B (28.01—33 min) was
used. For the products of 27-32 and 38, a gradient of 34%—100%
of B (0—22 min) followed by isocratic 100% of B (22.01—37 min)
was used. And, for the products of 6 and 15 catalyzed by the
PpUGT 4—6 mutants, a gradient of 22%—73% of B (0—17 min)
was followed by isocratic 95% of B (17.01—22 min). The injec-
tion volume was 30 pL. Conversion rates in percentage (%) were
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calculated from peak areas of enzymatic products and substrates
using HPLC-DAD according to the literature™.

2.6. Kinetic studies

For determination of the kinetic parameters of PpUGTs, the
in vitro enzyme assays were performed in a final volume of
100 pL containing 50 mmol/L Tris-HC1 (pH 8.0), UDP-sugar
donor (2 mmol/L UDP-glucose or 1.5 mmol/L UDP-rhamnose),
varying concentrations of sugar acceptor (2.5, 5, 10, 20, 40, 60,
80, 100, 200, 400 pmol/L of diosgenin for PpUGT 12, trillin for
PpUGTS3, PSVI for PpUGT 4—6) and purified recombinant pro-
teins (100 pg of PpUGT1, 100 pg of PpUGT2, 50 pg of PpUGT3,
50 pg of PpUGTA4, 300 pg of PpUGTS or 50 pg of PpUGT6). The
mixtures were incubated at 37 °C for 30 min (for PpUGT 1, 2, 3,
and 5) or 20 min (for PpUGT 4 and 6). The reactions were
quenched with 100 pL methanol and then concentrated. The
products were dissolved with 100 pL. methanol and centrifuged,
and 40 pL of supernatants catalyzed by PpUGT 4 and 5 were
analyzed using HPLC-DAD as described above, while 10 puL of
supernatants catalyzed by PpUGT 1, 3 and 6 or 20 pL of super-
natants catalyzed by PpUGT2 were analyzed using UPLC-MS/
MS. The mobile phase for UPLC-MS/MS analysis was 0.1%
formic acid in water (A) and acetonitrile (B). For the products of
PpUGT 1-3, a linear gradient of 50% to 95% of B (0 to 15 min)
was used, while for the products of PpUGT6, the mobile condition
was the same as that of PpUGT 4 and 5. All experiments were
performed in triplicate. Calibration curves of trillin, PSV, and
PSVI were generated with six gradients of standard samples
(3.125, 6.25, 12.5, 25, 50, and 100 pmol/L for trillin and PSYV,
while 5, 10, 20, 40, and 80 pmol/L for PSVI) using HPLC-DAD
(for PSVI) or UPLC-MS/MS (for trillin and PSV) with the same
method as described above. The linearity of the standard curve
was generated by plotting the peak area versus concentration. The
equations and correlation coefficients obtained from the linearity
study were y = 2037.6x + 27222.0 (R* = 0.997) for trillin,
y = 2583.4x + 4436.9 (R* = 0.996) for PSV, and y = 658.9y +
10.5 (R* = 0.999) for PSVI. The product yield of each enzyme
reaction was then calculated according to the peak areas and
calibration curves. The Ky, values were calculated by fitting the
initial rate to the non-linear Michaelis—Menten regression equa-
tion using GraphPad Prism 8.0%.

2.7.  Analysis of gene expression and steroidal saponin contents
in plants

Leaves, stems, rhizomes, and fibrous roots of P. polyphylla var.
yunnanensis were separately harvested and ground into powders
using liquid nitrogen from mature plants growing in the green-
house in April. Total RNA was extracted using the SteadyPure
Plant RNA Extraction Kit (Accurate Biology). Real-time qPCR
was performed using UltraSYBR mixture reagent (with ROX)
(TRANSgen) on an Applied Biosystems 7500 instrument (Life
Technologies) according to the product manual. The actin gene
was used as an internal standard and relative expression levels
were calculated using the AACt method. Real-time qPCR ex-
periments were carried out with three independent biological
replicates, each of which was performed in three technical repli-
cates. Meanwhile, the powders of leaves, stems, rhizomes, and
fibrous roots were extracted with methanol and analyzed using
UPLC-MS/MS. The equations and correlation coefficients

obtained from the linearity study were y = 441.5x - 20.1
(R*> = 0.9936) for compound 6, y = 2894.8x - 9994
(R> = 0.9986) for compound 14, y = 2549y + 220
(R? = 0.9999) for PSI, y = 422.8x — 19.7 (R* = 1) for PSII, and
y = 477.3% + 323.8 (R> = 0.9978) for PSVIIL The contents of
steroidal saponins were calculated according to the peak area and
calibration curves. More detailed information for compound
quantitation was described in Supporting Information Materials
and methods.

2.8.  Molecular docking, site-directed mutagenesis, and enzyme
assay

The Uni-fold server was used to build 3D protein models of
PpUGT 1 and 3—6 (https://hermite.dp.tech/home). The structure
alignment was performed using PyMOL. Aglycones and sugar
donors were docked into the binding pocket of PpUGT models
using the AutoDockTools-1.5.6 software. The receptor—ligand
interactions were predicted by Discovery Studio 4.0. All struc-
tures in the figures were generated using PyMOL. Mutants were
constructed using overlap extension PCR and then subcloned into
a pCold-TF vector. The primers are listed in Supporting Infor-
mation Table S1. The recombinant proteins of these mutants were
individually purified and quantified, and the in vitro enzyme assay
was performed as described above.

2.9.  Antifungal activity assay

T. rubrum ATCC4438, E. floccosum (CBS 566.94), and M. gyp-
seum (CBS 118893) were bought from the Hospital for Skin
Diseases, Institute of Dermatology Chinese of Medical Sciences,
Peking Union Medical College. The C. albicans strain was
donated by the Dermatological Department of the First Affiliated
Hospital of Kunming Medical University. 199 pL. microbe sus-
pension and 1 pL test compound (dissolved in DMSO) with
different concentrations were added into 96-well plates and
incubated at 28 °C for 5 days for dermatophytes or at 37 °C for
24 h for fluconazole-resistant C. albicans. The absorbance value at
625 nm was recorded by a microplate reader (SpectraMax plus
384, MD, USA). Terbinafine hydrochloride or amphotericin B was
used as the positive control, while DMSO and microbe suspension
were used as negative and blank controls, respectively. Each
experiment was carried out in triplicate. Statistical analysis was
conducted using GraphPad Prism 8.0 software. More detailed
information of antifungal assay was described in Supporting In-
formation Materials and methods.

Fungal spore germination of 7. rubrum was performed ac-
cording to the literature with suitable modifications*®. Different
concentrations of compound 13 (2.5, 5, 10, and 20 umol/L) and
PSI (0.25, 0.5, 1, and 2 pmol/L) in DMSO were used, and samples
containing the same concentration of DMSO were used as nega-
tive controls. The number of germinated and ungerminated spores
was determined in a hemocytometer and the percentage of
germinated spores was calculated. The experiment was performed
in triplicate.

2.10.  Sorbitol protection, cellular leakage, and ergosterol
antagonist assays

Sorbitol protection and cellular substance leakage assays were
performed according to the previous report’®. MIC was
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measured according to CLSI guidelines (M38-A2) in the
presence and absence of sorbitol (0.8 mol/L) and ergosterol
(250 pg/mL) in RPMI-1640 culture medium (GIBCO BRL,
Barcelona, Spain). The plates were incubated at 28 °C and
MIC values were determined after 5 days. For the cellular
leakage assay, the suspension of spores was prepared and
adjusted to 5 x 10° spores/mL with cold MOPS buffer (San-
gon, Shanghai, China). Compound 13 was added to the sus-
pension to final concentrations of 20, 40, and 80 pmol/L,
respectively, and PSI with concentrations of 5, 10, and
20 pmol/L was used. Samples containing the same concentra-
tion of DMSO were used as negative controls. 2% sodium
dodecyl sulfate (SDS) was used as a reference compound since
it could cause 100% cellular leakage. After treatment for 96 h
at 28 °C, the release of intracellular nucleic acid was deter-
mined by measuring the absorbance of cell-free supernatant at
260 nm with a UV—Visible spectrophotometer. The rate of
released intracellular material was calculated by comparing the
OD,¢ values with that of the lysing agent. The experiment was
performed in triplicate.

2.11.  Endogenous ergosterol content assay

T. rubrum (1 x 10° spores/mL) was inoculated in the PDB me-
dium and incubated with different concentrations of compound 13
(20 and 40 pmol/L) and PSI (0.625 and 1.25 umol/L) at 28 °C for
5 days. Terbinafine hydrochloride (10 pmol/L) and DMSO were
used as positive and negative controls, respectively. Endogenous
sterols were extracted with n-hexane (3 x 3 mL) by vigorous
vortex mixing, and 10 mg/mL of cholesterol was added as an
internal standard. The organic phase was dried under nitrogen and
derivatized with 0.4 mL N,O-bis(trimethylsilyl)trifluoroacetamide
(BSTFA)/trimethylsilyl (TMS) (99:1) and 0.1 mL anhydrous
pyridine for 1 h at 80 °C. Derivatized sterols were analyzed by gas
chromatography—tandem mass spectrometry (GC/MS) on an
Agilent Technologies 8890/7000D equipped with an Agilent
19091S-433 capillary column (HP-5MS 5% Phenyl Methyl Silox,
30 m x 250 pm X 0.25 pm). All assays were performed in trip-
licate, and ergosterol content was calculated according to the peak
areas.

2.12.  Ultrastructure analysis and RNA sequencing of T. rubrum

For scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM) analyses, hyphal samples exposed to PSI
(0.625 umol/L) or DMSO (control) were collected and then fixed
in 2.5% glutaraldehyde at 4 °C overnight. SEM studies were
performed using a scanning electron microscope (Hitachi SU-
8010, Tokyo, Japan), while TEM studies were performed using a
transmission electron microscope (Hitachi H-7650, Tokyo, Japan).

T. rubrum treated with 12.5 pL. of PSI (20 mmol/L in DMSO)
or 12.5 uL of DMSO was collected for RNA sequencing. Three
biological replicates were performed for each treatment. Genes
with a fold change > 2.00 and FDR < 0.05 were considered as
differentially expressed genes (DEGs), which were analyzed using
DESeq2 software’’. To obtain further insight into metabolic
pathways and functional classification of all annotated DEGs,
gene ontology (GO) and Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) pathway analyses were performed.

2.13.  Phylogenetic analysis

Protein sequences from different species were retrieved from the
NCBI database (Supporting Information Table S2). A phyloge-
netic tree was built using MEGA-X using the Neighbor-Joining
method. The amino acid sequences were aligned using Clustal
W. Bootstrap values (based on 1000 replicates) were indicated at
the tree nodes.

2.14. GenBank accession numbers

The sequences of PpUGT 1—6 have been deposited in the Gen-
Bank database under the following accession numbers: PpUGT1
(OP198194), PpUGT2 (OP198195), PpUGT3 (OP198196),
PpUGT4 (OP198197), PpUGTS5 (OP198198), and PpUGT6
(OP651003).

3. Results

3.1.  Cloning and heterologous expression of candidate sugar—
sugar glycosyltransferases

To discover UGTs responsible for sugar chain elongation in the
biosynthesis of PSs, transcriptome sequencing of one-year-old to
five-year-old plants of P. polyphylla var. yunnanensis was indi-
vidually performed using Solexa Paired-end sequencing tech-
nology (Supporting Information Tables S3 and S4) because the
contents of PSs were reported to be closely related to plant age®®.
As a result, 793 unigenes that were predicted to encode glyco-
syltransferases in the transcriptome library were found, of which
104 belonged to glycosyltransferase family 1 (GT1). The
expression levels of 41 putative UGT unigenes were considered
substantial as they were higher than 5 reads per kilobase of exon
model per million mapped reads (RPKM) in at least one
sequenced sample (Supporting Information Fig. S1, Table S5).
Because the marker compound PSVII was found to be mainly
accumulated in the leaves (Fig. S1) and the RNA quality of the
leaves was superior to that of the rhizomes in our experiments,
the cDNA of P. polyphylla var. yunnanensis leaves was used to
clone the target genes. As a result, 12 full-length cDNA se-
quences (PpUGT 1-—12) were successfully amplified. A
neighbor-joining phylogenetic tree of characterized plant
sugar—sugar glycosyltransferases and PpUGT 1—12 was
computed, including PpUGT73CR1 and Dz3GTl1, two sterol
glucosyltransferases identified from P. polyphylla and Dioscorea
zingiberensis, respectively””*" (Supporting Information Fig. S2).
From the tree, PpUGT 3—8 and 11 were evolutionarily related to
sugar—sugar rhamnosyl or glucosyl transferases, while PpUGT
1, 2,9, 10 and 12 had close phylogenetic relationships with
steroidal 3-O glucosyltransferases belonging to UGT80 and
UGT73 subfamilies. PpUGT 1 and 2 were found to be mostly
related to Dz3GT1, while PpUGT3 was close to DzGT]I, a 2'-O-
rhamnosyltransferase identified from D. zingiberensis*'. Repre-
sentatives of both groups were selected as candidates for
further study and subcloned into the pCold-TF vector and het-
erologously expressed in the E. coli Rosetta (DE3) strain. SDS-
PAGE analysis revealed that the recombinant proteins with ex-
pected molecular mass were presented in the soluble fraction
after induction with IPTG at low temperature (Supporting In-
formation Fig. S3). The recombinant proteins were then
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purified on Ni-NTA agarose columns for further functional
characterization.

3.2.  Functional characterization of two sterol 3-O-(-
glucosyltransferases and a steroid glucoside 2'-0O-
rhamnosyltransferase

The majority of PSs, including the marker compounds PSI, PSII,
and PSVII, possess an a-L-rhamnosyl-(1 — 2)-glucoside residue at
the 3-position on the steroid nucleus. To start construction of this
residue, we first characterized two sterol 3-O-B-glucosyl-
transferases PpUGT 1 and 2 (named UGT80A40 and UGT80A41,
respectively) that both convert the steroid aglycones diosgenin (1)
and pennogenin (2) into diosgenin 3-O-glucoside (3, trillin) and
pennogenin 3-O-glucoside (4) respectively (Fig. 1A, Supporting
Information Figs. S4 and S5). However, neither UGT80A40 nor
UGT80A41 could catalyze subsequent glycosylations.
UGT80A40 and UGT80A41 showed 99% identity with sterol 3-
O-f-glucosyltransferases UGT80A33 and UGT80A34, respec-
tively, identified from P. polyphylla var. yunnanensis recently™.
However, the N-terminus of UGT80A40 was 34 amino acids
shorter than sterol 3-O-@-glucosyltransferase UGT80A33. The
apparent Ky; values of UGT80A40 and UGT80A41 towards dio-
sgenin were 6.1 £ 0.7 and 5.9 £+ 0.5 pmol/L respectively (Sup-
porting Information Fig. S6, Table S6), lower than those of
UGT80A33 and UGT80A34, indicating that they might be natural
variants in different collections of P. polyphylla var. yunnanensis.

To identify rhamnosyltransferases for transferring rhamnose to
the glucose moiety of diosgenin and pennogenin glucosides,
in vitro enzymatic assays were performed using UDP-rhamnose as
the sugar donor. The results showed that PpUGT3 (named
UGT73CE1) could convert compounds 3 and 4 to PSV (5) and
PSVI (6) respectively, whose structures were identified by com-
parison with commercially available standards (Fig. 1A-B and
Fig. S5). Furthermore, product 5 was purified from preparative-
scale enzymatic reaction and identified using 1D- and 2D-NMR
spectra that displayed the HMBC correlation between H-1" (6
5.21) and C-2' (6¢ 79.0) (Supporting Information Figs. S7T—S10).
Therefore, UGT73CE1 was characterized as a steroid glucoside
2'-O-rhamnosyltransferase, capable of transferring a rhamnosyl
group to the C-2’ position of diosgenin and pennogenin 3-O-
glucosides. UGT73CE1 contained a 1455 bp ORF encoding a
protein of 484 amino acids. The apparent Ky, values of
UGT73CE1 towards trillin was 7.1 &+ 2.1 pmol/L (Fig. S6, Table
S6).

To investigate the sugar acceptor selectivity of UGT73CEl,
16 natural products (compounds 7—11 and S1—S11) from our
compound library, including steroid, triterpenoid, diterpenoid,
monoterpenoid and flavonoid monoglucosides were selected to
incubate with this enzyme and UDP-rhamnose (Fig. 2A and
Supporting Information Fig. S11). However, only daucosterol
(7), the glucosylated product of g-sitosterol catalyzed by
UGT80A40 and 41, generated a product, which was identified as
rhamnosylated daucosterol (12) based on its [M-+H]' and
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Figure 1

Functional characterization of Paris polyphylla UDP-glycosyltransferases after heterologous expression. (A) Consecutive glyco-

sylation reactions catalyzed by the six characterized UDP-glycosyltransferases in the biosynthesis of Paridis saponins. UGT80A40 and
UGT80A41 glucosylate diosgenin (1) and pennogenin (2), and the resulting monoglycosides 3 and 4 are converted to rhamnosylated diglycosides
5 and 6 by UGT73CE1. These diglycosides are then converted to triglycosides 13 and 14 via a second glucosylation catalyzed by UGT91AH 1-3.
(B) HPLC-DAD analysis of UGT73CE] catalyzing the conversion of 3 and 4 to generate 5 and 6, respectively. (C) HPLC-DAD analysis of
UGT91AH 1-3 catalyzing the conversion of 5 and 6 into 13 and 14, respectively. The product peaks are highlighted in grey frames. For the

control assays, an empty vector was expressed.



4644 Yuegui Chen et al.

10 R=R1 21* R=R5
15 R=R2 23a* R=R6
20* R=R5 23b* R=R7
16 R=R3 24" R=R8
17 R=R4 25" R=R9

- . HO—gle
C
Gl HO o &\/
&g/ ‘o HO—Gle How Hm M
HO o oo OH 'HO
Hoo o HO Ho o ° o
/&&/ or"Go e Rha oH
Glc OH o o) $
g - COOH

OH HO

R5 R6 R7 R8

OH

C 9. mUGTo1AH1 D 100, m UGT80A40

z 804 H UGT91AH2 =901 B UGT80A41
% 70 4 m UGT91AH3 %80-
T 60- ] 70
5 50 g 60 -
® 40 B 20
2 30 g3
5 £ 30
O 201 O 20+
101 10
0

5 6 8 9 10 15(23a)15(23b) 16 17 18 27 28 29 30 31 32 38 39 40

Figure 2  Substrate specificity of Paris polyphylla UDP-glycosyltransferases towards sugar acceptors. (A) Structures of sugar acceptors and
their glycosylated products of UGT73CEl and UGT91AH 1—3. The substrates and products of UGT73CEI1 are in black, and UGT91AH 13 in
red. (B) Structures of sugar acceptors and their glycosylated products of UGT80A40 and 41. The substrates and products of UGT80A40 and 41
are in blue, and UGT80A40 only are in purple. Red asterisks indicate previously undescribed compounds. (C) The conversion rate in percentage

(%) of compounds 5—6, 8—10, and 15—18 catalyzed by UGT91AH 1—3. (D) The conversion rate in percentage (%) of substrates 27—32 and
38—40 catalyzed by UGT80A40 and 41.
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[M+Na]™ ions at m/z 723.4 and 745.1, respectively. The other
substrates could not be glycosylated by UGT73CEl from
UPLC-MS/MS analyses. Furthermore, UGT73CEl could not
accept UDP-glucose or UDP-arabinose as a sugar donor, when
using compound 3 as a sugar acceptor (Supporting Information
Fig. S12). These results indicated that UGT73CE1 could spe-
cifically elongate one rhamnose moiety at the C-2' position of
steroidal 3-O-glucosides.

3.3.  Functional characterization of three steroid glucoside 6'-O-
glucosyltransferases involved in the biosynthesis of steroidal
triglycosides

To screen for glycosyltransferases responsible for the subsequent
glycosylation steps, PSV (5) and PSVI (6), which were considered
as putative biosynthetic precursors of the major PSs including I, II,
III, VII and H, were tested as the substrates. When 5 or 6 was
incubated with PpUGT 4—6 and UDP-glucose, the products (13
and 14, respectively) found in the reaction mixtures had an
additional glucose residue (Fig. 1C and Fig. S5). Through com-
parison with authentic standards using HPLC-DAD and UPLC-
MS/MS, compound 13 was recognized as diosgenin-3-O-rham-
nosyl-(1 —2)-[glucosyl-(1 — 6)]-glucoside. Product 14 was puri-
fied from the enzymatic reactions, and its structure was
characterized as trikamsesuquiside B (pennogenin-3-O-rhamno-
syl-(1 —2)-[glucosyl-(1 — 6)]-glucoside) by interpreting its 1D-
and 2D-NMR spectra that showed the HMBC correlation between
H-1"" (6y 4.39) and C-6' (6¢ 69.6) (Supporting Information Figs.
S13—S21). As expected, PpUGT 4—6 could not catalyze gluco-
sylation of the steroid aglycones diosgenin (1) and pennogenin
(2), indicating that they were sugar—sugar glycosyltransferases
which function as steroid glucoside 6'-O-glucosyltransferases,
distinct from the sugar-sterol glycosyltransferases UGT80A40 and
41. PpUGT 4—6 contain ORFs of 1398, 1404 and 1401 nucleo-
tides encoding 465, 467, and 466 amino acids respectively, and
their protein sequences shared 72%—90% identity. PpUGT 4—6
were named UGT91AH 1-3 according to the UGT Naming
Committee. They are the first functionally characterized glucoside
6'-O-glucosyltransferases belonging to the UGT91 subfamily.
Among themselves, UGT91AH 1—3 showed differences in
enzyme properties. The apparent Ky, values of UGT91AH 1-3
toward 6 were 6.4 & 1.3, 13.7 £ 0.7, and 12.4 £ 0.2 mmol/L,
respectively (Fig. S6, Table S6).

The expression profiles of these characterized UGT genes were
analyzed by real-time qPCR in different tissues of P. polyphylla
var. yunnanensis, and the contents of enzymatic products as well
as the marker compounds PSI, PSII, and PSVII were quantified
using UPLC-MS/MS concomitantly (Fig. S1). The expression of
UGT91AH 1 and 3 along with UGT73CEl and UGTS80A40 was
found predominantly in rhizomes. UGT91AH2, on the other hand,
showed the highest expression level in fibrous roots, followed by
rhizomes, while UGTS80A41 was expressed mainly in leaves. The
triglycosidic product 14 was found to be accumulated mainly in
fibrous roots and rhizomes, consistent with the transcript profiles
of UGT91AH 1—3, UGT73CE]I, and UGT80A40, which suggested
that these genes were likely involved in the biosynthesis of
compound 14. The diglycosidic product 6 was detected exclu-
sively in the leaves. In addition, PSI and PSII were found to be
accumulated mainly in rhizomes, while the content of PSVII was
the highest in the leaf, followed by fibrous root and rhizome.

3.4.  Exploring the sequence of glycosylation steps in the
assembly of steroidal triglycosides

Considering that many of PSs are tri- or tetra-glycosides con-
taining a common a-L-thamnosyl-(1 —2)-glucoside moiety, we
are motivated to investigate glycosylation sequence through a
comparison of the substrate preferences of PpUGTs. Steroidal
saponins with a 4’-arabinose moiety instead of a 2’-rhamnosyl
moiety as their second sugar residues were tested as substrates for
UGT73CEIl. Neither diosgenin-3-0O-arabinosyl-(1 —4)-glucoside
(S1) nor pennogenin-3-O-arabinosyl-(1 — 4)-glucoside (S2), were
accepted by UGT73CEl (Supporting Information Fig. S22),
suggesting that 2’-rhamnosylation could not follow 4’-arabinosy-
lation. In addition, the steroidal monoglycoside 3 that lacks 2'-
rhamnose was tested as a substrate for UGT91AH 1-3. As a
result, UGT91AH 1-3 could glycosylate compound 3, but the
product, diosgenin-3-O-glucosyl-(1 — 6)-glucoside (previously
isolated from P. polyphylla var. yunnanensis**), was only detect-
able at trace levels using UPLC-MS/MS. Therefore, UGT91AH
1—3 preferred the steroidal diglycosides 5 and 6 as substrates over
the monoglycoside 3 (Supporting Information Table S7). This
result implied that the 6'-glucosylation likely proceeded after 2'-
rhamnosylation. This result gives further support to the role of 2'-
rhamnosylation likely as a general second glycosylation step in PS
formation. However, no enzymatic product could be detected
when UGT91AH 1-3 were incubated with steroidal di/tri/tetra-
glycosides S1, S2, and PSI, PSII, and PSIII, all of which are
glycosylated at the C-4’ position.

3.5.  Probing substrate specificity of the characterized
glucosyltransferases

A total of 18 structurally diverse natural products were incubated
with UDP-glucose to determine the substrate specificity of
UGT91AH 1-3 (Fig. 2A and Fig. S11), including steroidal gly-
cosides (7), triterpenoid glycosides (11, 18), diterpenoid glyco-
sides (8—10, 15—17, S3), iridoid glycosides (S4 and S5),
flavonoid glycosides (S6—S8) and phenolic glycosides (S9—S11).
None of UGT91AH 1—3 could accept the steroidal monoglyco-
side 7. However, specific ion peaks with m/z values 162 higher
than the substrate could be detected using UPLC-MS/MS when
UGT91AH 1-3 were individually incubated with the dammarane
and cucurbitane triterpenoid glycosides 11 and 18 and the labdane
and rearranged abietane diterpenoid glycosides 8—10 and 15—17
(Supporting Information Fig. S23). Thus, the products 19—26
were tentatively identified as the corresponding 6'-O-glucoside
congeners including a rare ginsenoside 22. Among them, com-
pounds 21, 23a and 26 were purified from the preparative-scale
enzymatic reactions and confirmed as eremostachiin-6'-O-gluco-
side, phlomioside IV-6'-O-glucoside, and picfeltarraenin IB-6"-O-
glucoside, respectively, by their 1D and 2D NMR spectra (Sup-
porting Information Figs. S24—S44), all of which were unde-
scribed compounds, while compounds 19, 20, 23b, 24 and 25 were
putatively undescribed compounds. The results further confirmed
UGT91AH 1-3 as 6'-O-glucosyltransferases. The glucosylation
rate of 10 was higher than that of 15-16 (Fig. 2C), indicating that
UGT91AH 1-3 preferred diterpenoid monoglycosides over the
diglycosides. Therefore, the conversion rate of glycosides cata-
lyzed by UGT91AH 1—3 was likely related to the sugar numbers
of glycosyl moiety. Intriguingly, two enzymatic products were
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generated when 15 was offered as a substrate, while only one
product was detected when using 16 as a substrate. Compared to
16, substrate 15 has a glucosyl residue instead of rhamnose at the
2'-0 position. Therefore, it was concluded that the UGT91AH
1—3 must have catalyzed the transfer of glucose on either of the
two existing glucosyl moieties (C-6'-O or C-6"-0) of this diter-
penoid glycoside. However, none of the tested phenolic glycosides
and iridoid glycosides was accepted as a substrate by UGT91AH
1-3.

UDP-rhamnose and UDP-arabinose were used to test the sugar
donor specificity of UGT91AH 1—3 using compound 6 as a sugar
acceptor. Intriguingly, product peaks as yet unidentified were
observed in UPLC-MS/MS chromatograms when UGT91AH 13
were incubated with UDP-rhamnose or UDP-arabinose (Fig. 3). In
addition, picfeltarraenin IB (18) was also used as an acceptor to
determine the function of UGT91AH2 since its conversion rate
catalyzed by UGT91AH2 was higher than compound 6. The results
also indicated the glycosyltransferase activity of UGT91AH2 to-
wards UDP-rhamnose and UDP-arabinose (Supporting Information
Fig. S45). These findings demonstrated that UGT91AH 1—3 could
accept UDP-rhamnose and UDP-arabinose as substrates, though
the conversion rate for UDP-glucose was higher.

For comparison, the substrate specificity of the two sterol 3-O-
B-glucosyltransferases UGT80A40 and UGT80A41 was also
investigated. Both UGT80A40 and 41 could accept a panel of
steroids (27—32 for UGT80A40 and 41, while 33—35 only for
UGT80A40) (Fig. 2B). None of these compounds had the 5,6-
spiroketal moiety in the C-17 side chain as their native sterol

6 + UDP-Ara

substrates 1 and 2, so the substrate selectivity of UGT80A40 and
41 seems to be independent of this moiety. Curiously, no glyco-
sylation products of cholesterol (S12), a-ecdysone (S13), and
(+)-ecdysterone (S14) Fig. S46 in the presence of UGT80G40 and
41 were detected in our HPLC-DAD and UPLC-MS/MS ana-
lyses (Supporting Information Fig. S46). Two triterpenoids, a
cycloartane 36 and a lupane 37, could be glycosylated to their
corresponding mono-3-0O-glucosides by both UGT80A40 and 41,
while the ursane triterpenoid 38 could be glycosylated to its
mono-3-0-glucoside by UGT80A40, although all of these re-
actions occurred at low efficiency (Supporting Information Table
S8). In addition, the abietane compounds 39 and 40 could be
converted into their mono-3-O-glucosides 52 and 53, respectively,
by both UGT80A40 and UGT80A41 (Fig. 2B and Supporting
Information Fig. S47). The enzymatic products 41, 43—46, and 53
were purified from preparative-scale enzymatic reactions, and
their structures were elucidated by HR-ESI-MS and NMR spectral
analysis. Compounds 43, 45, 46, and 53 were previously unde-
scribed and their structures were further confirmed by 2D NMR
(including 'H-'H COSY, HSQC, HMBC, and ROESY) experi-
ments. The HMBC spectra of 41, 43-46, and 53 showed 'H-'>C
long-range correlations of H-1/C-1’ of the glucose with C-3/H-3
of the aglycones (Supporting Information Figs. S48—S76),
providing solid evidence for the proposed structures. Compounds
42 and 47—52 were tentatively identified through UPLC-MS/MS
analysis based on the presence of characteristic [M+H]" or
[M+Na]™ ions (Fig. S47), and 51 and 52 were putatively previ-
ously undescribed compounds. Both UGT80A40 and 41 showed
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Substrate specificity analysis of UGT91AH 1—3 towards sugar donors. (A—B) UPLC-MS/MS analysis of the reaction mixtures

containing recombinant UGT91AH 1-—3 proteins using compound 6 and UDP-arabinose (UDP-Ara) or UDP-rhamnose (UDP-Rha) as substrates.
Controls are the analysis of the reaction mixture harboring an empty vector. (C—D) Positive ESI-MS of the specific product peaks 1 and 2 in (A)
and (B). Ion peaks at m/z 893 and m/z 907 represent an arabinose and a rhamnose addition to compound 6 (m/z 761), respectively.
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UDP-glucose specificity because no specific product was detected
when using UDP-rhamnose or UDP-arabinose as a sugar donor
and ergosterol peroxide (27) or topsentisterol D3 (29) as a sugar
acceptor. Considering their ability to glycosylate a series of plant
and fungal sterols including the ubiquitous (-sitosterol, as well as
widely distributed plant cycloartane, lupane, and ursane triterpe-
noids and abietane diterpenoids, UGT80A40 and 41 can be
considered very versatile plant sterol and triterpene glucosyl-
transferases, distinct from UGT91AH 1—3 that are sugar—sugar
6'-0-glucosyltransferases.

3.6.  Exploring molecular mechanisms of glycosyltransferases
and identification of residues crucial for catalytic activity

Since these characterized UDP-glycosyltransferases showed
different sugar acceptor and donor selectivities and regional
specificities, we were motivated to investigate their catalytic
mechanisms. The 3D structures of UGT80A40 with glucosyl
donor specificity, UGT73CE1 with rhamnosyl donor specificity,
and UGT91AH 1-3 with sugar donor promiscuity, were modeled
(https://hermite.dp.tech/home). All these PpUGTs were predicted
to adopt the GT-B fold consisting of two separated but flexibly
linked Rossmann-like domains and a catalytic cleft located be-
tween these two domains. Multiple sequence alignments showed a
characteristic plant secondary product glycosyltransferase (PSPG)
motif in the C-terminal Rossmann domain of these PpUGTs
(Supporting Information Fig. S77). As for UGT73CEl and
UGT91AH 1-3, the residues W22, D/E43, and Q44 in the PSPG
motif that have been reported to be involved in the formation of
hydrogen bonds with the sugar moiety of the donor were
conserved”. The last amino acid in the PSPG motif of
UGT73CE]1 was also found to be Q rather than H which has been
reported to play a key role in sugar donor recognition in rham-
nosyltransferases by interacting with the rhamnose ring***.
However, UGT80A40 and 41 showed significant differences from
UGT91AH 1-3 in their PSPG motifs by incorporation of 16
additional residues.

Protein-ligand binding sites of  these UDP-
glycosyltransferases were predicted by docking the sugar
acceptor and donor into the active pockets in the N-domain and C-
domain (Supporting Information Fig. S78). The residue H21 of
UGT73CE1 and H20 of UGT91AH 1—3 were predicted to form a
hydrogen bond with the 2’-hydroxyl function of trillin (3) and the
6-hydroxyl function of PSV (5), respectively (Fig. 4A and
Fig. S78), which could deprotonate the hydroxyl function to
activate them for nucleophile attack to the UDP-sugar donor. In
addition, several residues of UGT73CE1 were predicted to interact
with trillin (3) (Fig. S78, Table S9), which might be crucial for
positioning the sugar acceptor in the active pocket. For UGT91AH
13, residues predicted to interact with the sugar acceptor
involved several aromatic amino acids (Fig. S78, Table S9).
Through comparison of the residues in the active pockets, it could
be found that the numbers of aromatic residues interacting with
the sugar acceptors in the glucosyltransferases UGT91AH 1—3
and UGT80A40 were greater than that in the rhamnosyltransferase
UGT73CEl. Besides, the 42nd amino acid in the PSPG box was
found to be different in UGT73CE1 and UGT91AH 1-3 (T386,
Y376, F378, and Y377, respectively) by comparing those amino
acids within 4 A of the glycosyl moiety of acceptor substrates
(Fig. 4A). Furthermore, the potential structural differences be-
tween rhamnosylation and glucosylation in UGT73CEl and
UGT91AH 1-3 were explored through comparison of the

residues within 5 A of the glycosyl moiety of sugar donor. Four
residues in the rhamnose donor UGT73CEIl, W293, A145, L146,
and T386, were found to be different from the amino acids at the
corresponding positions in the 6’-O-glucose donors UGT91AH
1—3 (Supporting Information Fig. S79, Table S9). Through pro-
tein model alignment, A145 and L146 in UGT73CE1, L142 and
F143 in UGT91AH 1 and 3, and L145 and F146 in UGT91AH2
were predicted to stabilize the sugar donor, similar to P147 and
[148 in the thamnosyltransferase AfUGT89C1 (61JA)*°. To test the
role of these residues, altogether 34 mutants (H20A, 1124A,
H125A, I151A, M154A, M203A, 1206A, T386F, and W293E for
UGT73CEl; H20A, Y121A, F143A, FI51A, F204A, F207A,
F207L, F207M, Y376A, Y376G, Y376L, Y376T, and E285W for
UGT91AHI; H20A, F209L, F209M, F378G, F378L and F378T
for UGT91AH2; H20A, F121A, Y377A, Y377G, Y377L, and
Y377T for UGT91AH3) and two double mutants (A145G/L146P
for UGT73CEl and L142A/F143L for UGT91AH1) were con-
structed (Table S9), all of which produced soluble recombinant
proteins (Supporting Information Figs. S80 and S81). Compound
3 and UDP-arabinose were used as substrates for the enzyme
assay of UGT73CE1 mutants, while PSVI (6) and UDP-glucose
were used as the substrates for the mutants of UGT91AH 1—3
because 6 has a similar chemical structure to 5 except for the
hydroxy at C-17 but was glycosylated by UGT91AH 1-3 at a
higher rate (Fig. 2C). All mutants resulted in a dramatic reduction
or even complete loss in enzyme activity compared to the native
enzymes (Fig. 4B-D and Supporting Information Figs. S81—S83,
Table S9), suggesting that these amino acids are crucial for cat-
alytic activity. The sugar donor selectivity of the mutants W293E
and A145G/L146P of UGT73CE1 and E285W and L142A/F143L
of UGT91AHI1 were assayed using UDP-glucose, UDP-arabinose
or UDP-rhamnose as the sugar donor. UPLC-MS/MS analysis
indicated that the mutant UGT73CE1A!*146P qccepted UDP-
rhamnose specifically at lower efficiency than native
UGT73CEl1, but was unable to use UDP-glucose and UDP-
arabinose (Fig. S82). The other three mutants had no detectable
enzyme activity at all (Figs. S82 and S83). Accordingly, H21/H20
of UGT91AH 1-—3 was required for specific binding of the sugar
moiety of the acceptor substrate, with the rhamnosyltransferases
and the glucosyltransferases utilizing similar active sites. Notably,
H20 of UGT91AH 1 and 2 could also form a hydrogen bond with
the 6'-hydroxyl function of compounds 8, 10, or 16 (Supporting
Information Fig. S84), which could explain the substrate pro-
miscuity of UGT91AH 1-3. The aromatic amino acids of
UGT91AH 1-3 surrounding the sugar acceptors are important for
acceptor recognition or stabilization, and the reason for more ar-
omatic residues existing in the active pockets of glucosyl-
transferases compared to rhamnosyltransferases deserves further
investigation.

Another feature conserved in the models of UGT91AH 13
was a hydrophobic interaction between the 5”-methyl group of
sugar acceptor 5 and the aromatic rings of Y187, F183, and F180
in UGT91AH 1-3, respectively (Fig. 4A), which might contribute
to 8-(1—6)-glycosylation through stabilizing the 2’'-rhamnosyl
residue of the sugar acceptor. To test this proposition, these aro-
matic residues were individually mutated to more flexible amino
acids, and eight mutants were created. The mutants UGT91A-
H1Y'¥* and UGT91AH1Y"*™ exhibited increased B-(1—6)-
glucosylation activity toward 6, with conversion rates of 80% and
68%, respectively, while the conversion rate of native UGT91AHI1
was around 60%. However, the other six mutants showed
decreased catalytic activity (Fig. 4B-D, Supporting Information
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Analysis of amino acids surrounding the glycosyl moiety of sugar acceptor within 4 A and the conversion rates catalyzed by

UGT91AH 1—3 mutants. (A) Amino acids surrounding the glycosyl moiety of compound 3 within 4 A of UGT73CEI (a), and compound 5 within
4 A of UGT91AH 1-3 (b—d). Hydrogen bonds are shown with green dashed lines, while w—alkyl interaction and 7 stacks are displayed with
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Fig. S85 and Table S10). The results indicated that the molecular
mechanisms of UGT91AH 1-3 for §-(1 — 6)-glucosylation were
not the same, and increased catalytic activity of UGT91AH1Y'874
and UGT91AH1Y"®™ might be due to the flexible amino acids
leaving larger spaces for sugar acceptors.

The substrate recognition and regiospecificity of UGT91AH
1—3 were further investigated using compound 15 as a substrate
because it could be converted into two enzymatic products, a 6'-O-
glucosyl derivative 23a and a 6”-O-glucosyl derivative 23b. The
H20A mutations of UGT91AH 1-—3 drastically reduced or even
abolished the production of 23a, but had less impact on 23b
production (Fig. S85, Table S10). The results implied that
PpUGT4-6 might employ different amino acids in controlling the
production of 23a and 23b. The strong effect of the mutation at
this site might have been expected given its predicted H bonding
with the 6/-OH function, as mentioned above. The other mutants
also showed a dramatic decrease in 6'-O-glycosylation activity
with less change or a slight increase in 6”-0 glycosylation activity
(Fig. 4B-D and Fig. S85, Table S10). The mutant UGT91A-
H1Y'87A displayed a unique pattern with a 2.8-fold increase in the
conversion rate of 23a formation, coupled with an obvious
decrease in 23b formation, which may reflect its increased cata-
Iytic activity toward the substrate 6 compared to native
UGT91AHI1 (see previous paragraph).

3.7.  Antifungal activity of Paridis saponins against three
dermatophytes and fluconazole-resistant Candida albicans

Considering the topical usage of Rhizoma Paridis to treat ab-
scesses and sores in traditional medicine'®, we evaluated the
inhibitory effects of the enzymatic steroidal glycosides and other

representative PSs against four widespread strains of human
pathogenic fungi, including three very common dermatophytes
Trichophyton rubrum, Epidermophyton floccosum and Micro-
sporum gypseum, and a clinical fluconazole-resistant C. albicans
strain (Supporting Information Fig. S86). It was found that com-
pounds S1, 13, gracillin, PSI, PSII, PSV (5), PSVI (6), PSVII, and
PSH showed significant inhibitory activity against the three der-
matophytes, with MICs, values ranging from 0.07 to 24.08 pmol/
L (Table 1). In particular, the triglycosidic product 13 showed
obvious anti-dermatophyte activity, with MICs, values much
lower than its diglycosidic precursor 5. Meanwhile, PSI and PSII
were found to show the strongest antifungal activity against 7.
rubrum, the most prevalent and primary causative pathogen of
worldwide dermatophytosis®’, with MICs, values of 0.12 + 0.02
and 0.37 £ 0.01 pmol/L, respectively, which were approximately
12- and 4-fold more potent than terbinafine hydrochloride
MICs5o = 1.54 £+ 0.03 umol/L). The antifungal activity of gra-
cillin and PSVII against T rubrum were comparable to that of
terbinafine hydrochloride. Compound S2 exhibited moderate
antifungal activity against E. floccosum and M. gypseum, but was
not active against 7. rubrum. However, no obvious antifungal
activity was observed for compound 14 and PSIII against any of
the three tested dermatophytes. Against the clinical fluconazole-
resistant C. albicans strain, PSI, PSII, PSIII, and PSVII showed
significant inhibitory activity, with MICs, values ranging from
1.79 to 8.84 umol/L (Table 1). Moreover, PSI, PSIII, and PSVII
significantly prevented the biofilm formation and morphological
transition from yeast to hyphae of C. albicans in a dose-dependent
manner (Supporting Information Fig. S87).

A structure—activity relationship (SAR) analysis suggested that
multiple glycosylation contributed to strong antifungal activity,
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Table 1
fluconazole-resistant Candida albicans.

Antifungal activity of Paridis saponins against Trichophyton rubrum, Epidermophyton floccosum, Microsporum gypseum and

Compound MICsq (umol/L)

T. rubrum E. floccosum M. gypseum C. albicans
1 = = = >100
3 = = = >100
5 (PSV) 18.76 + 0.37 12.40 + 0.69 6.89 + 0.34 38.33 + 0.08
6 (PSVI) 24.08 + 0.22 18.61 = 1.19 14.28 + 0.10 37.91 £+ 0.05
S1 391 +£ 0.18 1.62 £+ 0.03 2.18 £ 0.06 >100
S2 >100 45.86 £ 5.25 33.07 &+ 1.40 >100
13 546 + 0.23 241 £ 0.01 293 +£0.18 51.20 £ 0.11
14 >100 >100 >100 >100
Gracillin 1.38 + 0.03 0.31 £ 0.01 0.65 £+ 0.001 >100
PSIII >100 >100 >100 3.67 = 0.05
PSI 0.12 £+ 0.02 0.07 £+ 0.001 0.09 £ 0.004 1.79 £ 0.03
PSH 3.55 +£ 0.05 1.55 + 0.04 2.01 &+ 0.06 13.00 £ 0.05
PSII 0.37 £ 0.01 0.21 £+ 0.02 0.12 £+ 0.002 8.84 £+ 0.98
PSVIL 1.36 + 0.003 1.46 £ 0.04 1.61 £ 0.007 5.80 £ 0.03
Terbinafine 1.54 + 0.03 0.005 + 0.0001 0.001 + 0.0002 0.10 £+ 0.001

hydrochloride/

Amphotericin B

Dash indicates that the inhibitory effect was not tested. Terbinafine hydrochloride and amphotericin B were served as positive controls for evaluating
inhibitory activities against dermatophytes and C. albicans, respectively. A clinical fluconazole-resistant strain of C. albicans was used. MICsq
values record as mean =+ standard deviation (SD). The MICs, values lower than or comparable to that of the positive control are highlighted in gray

boxes.

since most steroidal saponins bearing di-, tri-, and tetra-glycosides
exhibited significant activity but the aglycone diosgenin (1) and
diosgenin-3-O-glucoside (3) showed no obvious activity. The
rhamnosyl group at the C-2’ position played an important role in
the antifungal potency of this class of compounds, as the activity
of PSI and PSH was significantly higher than that of compounds
S1 and S2. An arabinose group at C-4’ of the PSs appeared to be
more important than the glucosyl group for the antifungal activity,
but a rhamnosyl group substituted at the same position resulted in
remarkably decreased activity, based on a comparison of the
antifungal activity of gracillin and PSI and PSIII, which share the
same diosgenin aglycone and 3-glucosyl and 2'-rhamnosyl sub-
stituents, but have different glycosylations at C-4'. Further
rhamnosyl modification of the 4’-rhamnosyl group significantly
improved anti-dermatophyte activity, but decreased inhibitory
activity against fluconazole-resistant C. albicans, according to a
comparison of the antifungal activity of PSII and PSIIIL. Intrigu-
ingly, hydroxylation at the C-17 position of the steroidal aglycone
(as in the pennogenin) remarkedly diminished antifungal activity
against the three dermatophytes, as shown from a comparison of
the antifungal effects of compounds S1 and S2, 5 and 6, 13 and 14,
PSI and PSH, as well as PSII and PSVIL Strangely, C-17 hy-
droxylation had no obvious influence on the antifungal activity
against fluconazole-resistant C. albicans, since PSV and PSVI, and
likewise, PSII and PSVII, showed similar activity.

We also began to explore the mechanism of action of the
enzymatic product 13 and the most active PSI against the
dermatophyte 7. rubrum. Firstly, we evaluated the inhibitory effect
of 13 and PSI on the spore germination of 7. rubrum, since spore
germination is a critical process for pathogenesis and has been
considered as a viable target for antifungal drug development*®.
The results showed that compound 13 and PSI significantly
inhibited spore germination in a dose-dependent manner
(Fig. 5A). The inhibitory rate reached 95.6% and 96.7% when the
spore was exposed to 20 pmol/L of compound 13 and 2 umol/L of
PSI, respectively. However, no obvious inhibition of 7. rubrum

spore germination was observed in the presence of 0.25 pmol/L of
PSI, a concentration approximately two-fold higher than the
MICs, value, suggesting that other cellular processes might be
involved in addition to spore germination. In addition, we evalu-
ated the action of compound 13 and PSI on the cell wall and
membrane, which are the principal targets of many antifungal
agents. Osmotic protection and cellular substance leakage assays
were performed to determine the influence of 13 and PSI on the
integrity of the cell wall and membrane of T. rubrum. The MIC
values of compound 13 and PSI against 7. rubrum (10 and
0.625 umol/L, respectively) in the presence of osmotic protectant
sorbitol were identical to those of the compounds used alone,
suggesting that these compounds did not act on the cell wall.
However, compound 13 (40 and 80 pumol/L) and PSI (5, 10, and
20 pmol/L) caused significant leakage of intracellular nucleic
acids, and the leakage rates increased with the increase of com-
pound concentrations (Fig. 5B). Accordingly, compound 13 and
PSI were likely involved in the disruption of the integrity or
permeability of fungal cell membrane.

Considering that ergosterol is the main steroid component of
fungal cell membranes responsible for maintaining membrane
integrity and function, the influence of compound 13 and PSI on
fungal ergosterol content was determined. However, GC—MS
analysis indicated that no obvious change in the endogenous
ergosterol content of 7. rubrum was observed after treatment of
the fungus with compound 13 (20 and 40 pmol/L) or PSI (0.625
and 1.25 pmol/L) (Fig. 5C). By contrast, exposure to terbinafine
hydrochloride caused a significant decrease of endogenous
ergosterol of 7. rubrum (P < 0.01), which agreed with its inhi-
bition effect on ergosterol biosynthesis reported previously™’.
However, the addition of exogenous ergosterol led to the
compromised antifungal activity of compound 13 and PSI. In the
presence of 250 pg/mL of exogenous ergosterol, the MIC values
of compound 13 and PSI were 40 and 20 umol/L, which were 4-
and 32-fold of those of the compounds used alone (10 pmol/L for
compound 13, and 0.625 pmol/L for PSI), respectively.
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Antifungal activities of the enzymatic triglycosidic product 13 and PSI against Trichophyton rubrum. (A) Percentages of spore

germination of 7. rubrum treated by compound 13 and PSI. (B) The release rate of intracellular materials from 7. rubrum treated by compound 13
and PSI. (C) Endogenous ergosterol contents in 7. rubrum after exposure to compound 13, PSI, and terbinafine hydrochloride (TH). (D and E)
Scanning electron microscopy of 7. rubrum hyphae exposed to control (D) or PSI (E). (F and G) Transmission electron microscopy of 7. rubrum
hyphae exposed to control (F) or PSI (G). (H) Pathway of ergosterol biosynthesis in fungi. Genes in red color were upregulated by PSI treatment,
and those in black color showed no changes in expression level. (I) Gene ontology (GO) enrichment analysis for differentially expressed genes
(DEGs) of T. rubrum treated by PSI. Data are presented as means + SEM (n = 3 per group). *P < 0.05, **P < 0.01 vs. control.

To further investigate the effect on the cell membrane, the
ultrastructure of 7. rubrum hyphae treated with PSI was examined
by scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). SEM analysis showed that the hyphae of
control 7. rubrum displayed a smooth, plump, and uniform surface
(Fig. 5D). After exposure to 0.625 pumol/L of PSI, T. rubrum
hyphae became sunken and twisted (Fig. 5E). Under TEM, the
control 7. rubrum hyphae exhibited an intact cell wall and cell
membrane (Fig. 5F). However, PSI (0.625 pmol/L) treatment led
to the disruption of the hyphal cell membrane, while the cell wall
remained intact (Fig. 5G). The morphological changes of the cell
membrane were consistent with the leakage of cellular nucleic
acids, which further suggested that PS exposure caused damage to
the membrane.

Further RNA-sequencing analysis of T. rubrum treated with
PSI showed no obvious influence on the expression of most
ergosterol biosynthetic genes, except for ERG1, ERG11, ERG®6,
and ERG4 which were up-regulated (Fig. SH), indicating that PSs
did not act as inhibitors of ergosterol biosynthesis. Gene ontology
(GO) analysis of differentially expressed genes (DEGs) showed
that the biological process with the most changes in gene
expression after PSI treatment was transmembrane transport,
which included 38 DEGs (Fig. 5I and Supporting Information

Fig. S88). The cellular component with the most altered DEGs
was the membrane, and the molecular function with the most
alteration was transmembrane transporter activity. The top 10
DEGs included a P-type Na*/K™ transporter (downregulation) and
an ABC-type transporter (upregulation). However, PSI exposure
showed no obvious influence on the expression of genes partici-
pating in other processes associated with cell membrane
assembly, such as glycerophospholipid metabolism, glyco-
sylphosphatidylinositol (GPI)-anchor biosynthesis, sphingolipid
metabolism, and glycosphingolipid biosynthesis. In addition, the
pathways of stress response, oxidative phosphorylation, glycol-
ysis, and the citrate cycle were not significantly affected by PSs
(Supporting Information Fig. S89). All these results demonstrated
that PSI acted principally on fungal cell membranes, likely by
targeting ergosterol to influence transmembrane transport.

4. Discussion

Glycosylation is a critical step in the biosynthesis of steroidal
saponins, a structurally unique group of natural products that are
the major active constituents of a well-known, valuable traditional
Chinese medicine Rhizoma Paridis. Through transcriptome and
phylogenetic analysis combined with biochemical approaches, we
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have successfully characterized six PpUGTSs responsible for serial
glycosylation to produce steroidal diglycosides and triglycosides,
which provide a foundation for the production of steroidal sapo-
nins through plant or microbial metabolic engineering.
UGT80A40 and UGT80A41 are sterol 3-O-3-glucosyltransferases
converting diosgenin and pennogenin into their corresponding 3-
O-glucosides. Next in succession is UGT73CEl, a steroid
glucoside 2'-O-rhamnosyltransferase that converts the mono-
glycosides into diglycosidic PSV and PSVI. Finally, UGT91AH
1—3 are three steroid glucoside 6'-O-glucosyltransferases that
catalyze further 6'-O-glucosylation of PSV and PSVI to generate
the triglycosides 13 and 14, respectively. UGT91AH 1—3 are the
first functionally characterized glucoside  6'-O-glucosyl-
transferases belonging to the UGT91 subfamily. The biochemical
function of the UGT91 subfamily has been largely unknown, with
only a few rhamnosyltransferases and 2’-O-glucosyltransferases
identified® 2. Our findings reveal new regioselectivity and sugar
donor use in the sugar—sugar glycosylations catalyzed by this
subfamily. Among the enzymes characterized, UGT80A40 and 41
were variants of the recently published UGT80A33 and
UGTB80A34, respectively™, isolated from a different collection of
P. polyphylla var. yunnanensis. The differences between their
amino acid sequences and Ky, values indicate the diversity of
saponin biosynthetic enzymes in this taxon, which might be one of
the major causes for the unstable quality of Rhizoma Paridis.

The sequence of glycosylation steps in the assembly of PSs can
now be proposed according to the products and substrate prefer-
ences of the characterized UDP-glycosyltransferases. After initial
3-O-glucosylation of the steroidal aglycones diosgenin and pen-
nogenin, the 2’-rhamnosylation catalyzed by UGT73CEl is sug-
gested to be the second glycosylation step in the formation of the
major PSs bearing an a-L-rhamnosyl-(1 —2)-glucoside moiety
because of the specific recognition of steroidal monoglycosides
rather than diglycosides by UGT73CE1. Of note, most of PSs
derived from diosgenin and pennogenin possess an a-L-rhamno-
syl-(1—2)-glucoside residue'”. Therefore, the glycosylation as-
sembly process of PSs is distinct from that of steroidal
glycoalkaloids in potatoes, in which 2'-rhamnosylation is
considered a terminal step™. The 6'-glucosylation should proceed
after 2'-rhamnosylation since UGT91AH 1—3 preferred steroidal
diglycosides rather than monoglycosides. However, glycosylation
at C-6' and C-4' cannot occur simultaneously or in succession in
this class of natural products due to steric hindrance, which is the
reason why previously identified PSs harbor only 6'-glycosyl or
4'-glycosyl moieties but not both'?. Intriguingly, the products of
UGT91AH 1-3 identified in our assays, 13 and 14, are not yet
isolated from the genus Paris, although they have already been
isolated from the closely related Lilium candidum®* and Trillium
kamtschaticum™, also in the order Liliales. Considering the close
phylogenetic relationship of these plants and that the affinity
constants of UGT91AH 1—3 are comparable to those of other
plant UGTs, compounds 13 and 14 should be minor rare steroidal
glycosides in P. polyphylla, as compound 14 was indeed detected
in all tissues especially rhizomes and fibrous roots, while com-
pound 13 might only be produced at specific growth stages or
under specific environmental conditions.

The rhamnosyltransferase UGT73CE1 displayed relatively low
sugar acceptor selectivity with the capacity to accept 3-O-glucosyl
steroids regardless of variation in the C-17 side-chain, but could not
utilize steroidal diglycosides as well as triterpenoid, diterpenoid,
monoterpenoid and flavonoid monoglucosides. However, the
regional and sugar donor specificities of UGT73CE1 were stringent,

and this enzyme catalyzed only g-(1—2)-rhamnosylation. By
contrast, the other characterized glucosyltransferases showed high
promiscuity in their sugar acceptor. UGT91AH 1—3 could accept
steroidal monoglycosides as well as diglycosides, although not
steroidal tri- or tetra-glycosides. The catalytic activity of
UGT91AH 1-3 could be enhanced by the presence of a 2’-rham-
nosyl moiety in steroidal diglycosides, but the existence of a 4'-
glycosyl moiety hindered (3-(1 — 6)-glucosylation probably due to
the steric effect. These enzymes also glycosylated triterpenoid and
diterpenoid glycosides but preferred monoglycosides over digly-
cosides. This was distinct from their preference for steroidal gly-
cosides (diglycosides preferred), probably due to space constraints
of the active pocket for the accommodation of sugar acceptors.
Moreover, UGT91AH 1—3 could utilize UDP-rhamnose and UDP-
arabinose besides UDP-glucose. The high substrate promiscuity of
UGT91AH 1-3 provides enzyme templates to create engineered
biocatalysts for §-(1 — 6)-glycosylation of valuable terpenoid sa-
ponins in the future. This is also true for UGT80A40 and 41, which
could glycosylate a series of plant and fungal sterols, triterpenoids
and diterpenoids. Ultimately, this study generated a panel of 24
terpenoid saponins, including 15 previously undescribed com-
pounds based on the astonishing substrate promiscuity of these
characterized UDP-glycosyltransferases.

Despite  their =~ general  promiscuity, these = UDP-
glycosyltransferases show distinct patterns of selectivity for sugar
acceptor and sugar donor allowing further study of the molecular
mechanisms of plant UGTs. Both the rhamnosyltransferase
UGT73CE1 and the glucosyltransferases UGT91AH 1-—3 utilize
His as a general acid to activate the nucleophilic hydroxyl group of
sugar acceptors. Molecular docking and site-directed mutagenesis
suggested that amino acids, especially aromatic residues interacting
with the sugar acceptors via hydrogen bonds or 7 stacks, are crucial
for substrate recognition or stabilization. The mutant UGT91A-
H1Y"®7A with increased catalytic efficiency was constructed,
providing an effective strategy for enzyme engineering of UGTs.
Intriguingly, PpUGT 4—6 could add two glucose to diterpenoid
glycosides containing two glucosyl moieties both having a free 6-
hydroxyl group, but the amnio acids controlling the catalysis of
these two glucosyl additions were different. Moreover, the residues
A145/L142, L146/F143, and W239/E285 in UGT73CEl/
UGT91AH1 appeared to interact with the sugar acceptors and were
therefore suggested to be crucial for sugar donor recognition.
However, both the double and single mutants showed a drastic
decrease or even loss of catalytic activity, highlighting that sugar
donor-specific recognition is determined by protein structure rather
than just conserved residues™.

Furthermore, we found for the first time that most PSs
exhibited potent antifungal activity against three dermatophytes
and fluconazole-resistant C. albicans, which are intractable clin-
ical troubles with increased morbidity globally”’®. In particular,
the triglycosidic product 13 showed obvious anti-dermatophyte
activity. Meanwhile, PSI and PSII were found to be approxi-
mately 12- and 4-fold more potent than the antifungal drug ter-
binafine hydrochloride against 7. rubrum. The results corroborate
the traditional usage of Rhizoma Paridis in the treatment of in-
fections. The sugar composition, aglycone type and connection
site of the glycosyl chain greatly modulated the antifungal activity
of PSs. In particular, the rhamnosyl group at the C-2’ position
played an important role in potent antifungal activity.

The osmotic protection and nucleic acid leakage assays sug-
gested that the antifungal activity of PSs was related to the
disruption of the fungal cell membrane rather than the cell wall.



4652

Yuegui Chen et al.

The primary site of action of PSs on cell membranes was further
confirmed by TEM and SEM studies. It has been proved that the
most commonly used antifungal drugs, including azoles and
polyenes, act primarily on cell membranes by either inhibiting
ergosterol biosynthesis or binding membrane-embedded ergos-
terol’”’. However, the inhibition of ergosterol biosynthesis could
be excluded in this study since PS exposure did not influence the
endogenous content of ergosterol, although the expression of
ergosterol biosynthetic genes of 7. rubrum was upregulated. The
antifungal activity of PSs against the fluconazole-resistant C.
albicans strain further demonstrated that the targets of PSs and
azole antifungal agents are different. However, the antifungal
activity of PSs is still ergosterol dependent, according to the
decreased antifungal effect of PSs in the presence of exogenous
ergosterol. The up-regulated expression of ergosterol biosynthetic
genes could be a compensatory response to cell membrane dam-
age or ergosterol sequestration by PSs. Structurally, PSs contain a
hydrophobic aglycone and a hydrophilic sugar chain that render
them amphoteric, which is also characteristic of the polyene an-
tibiotics amphotericin B, nystatin and natamycin. Whether PSs
function through binding ergosterol and punching holes in cell
membranes like amphotericin B remains to be investigated.
Alternatively, PSs could be incorporated into fungal membranes
directly by mimicking ergosterol, but the inactivity of aglycones
contradicts this scenario. The fact that PS treatment enriched the
GO biological process of transmembrane transport further sup-
ports the ability of these compounds to disturb cell membrane
integrity and permeability. Therefore, PSs could serve as a
promising candidate for the development of alternative therapeutic
strategies against 7. rubrum. This topic clearly warrants further in-
depth investigation to learn more about the mode of action of these
components of a renowned Chinese traditional medicine.

5. Conclusions

In conclusion, we have functionally characterized six UDP-
glycosyltransferases involved in the serial glycosylation of ste-
roidal aglycones to generate the triglycosides from a famous
medicinal plant P. polyphylla var. yunnanensis. We revealed the
catalytic specificity and astonishing substrate promiscuity of these
UDP-glycosyltransferases and demonstrated the catalytic residues
and mechanisms crucial for enzyme activity by molecular docking
and site-directed mutagenesis experiments. We found for the first
time that most Paridis saponins including the triglycosidic product
13 exhibited potent antifungal activity against three widespread
human dermatophyte pathogens and a fluconazole-resistant
Candida strain from the clinic. This class of natural products
damaged the fungal cell membrane via an ergosterol-dependent
mechanism. Take together, our work suggests that steroidal sa-
ponins in P. polyphylla var. yunnanensis are a promising new class
of potential antifungal agents in the treatment of dermatophyte
and fluconazole-resistant Candida infections, and the six charac-
terized PpUGTs provided valuable catalytic tools for manipu-
lating saponin production using synthetic biology or enzymatic
approaches for further drug development.
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