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Abstract: The dried roots of Phytolacca acinosa Roxb. are widely utilized in traditional Chinese medicine for
their potent diuretic, anti-edematous, and detoxifying properties. Esculentosides, the primary bioactive constituents
of P. acinosa, exhibit various pharmacological activities, including anti-inflammatory, anti-tumor, and antifungal
effects. However, their clinical potential is hampered by low natural abundance and the inherent challenges of
chemical synthesis due to their complex structural scaffolds, while synthetic biology represents a promising strategy
for the sustainable and green production of esculentoside. However, the biosynthetic pathways remain unclear, and
their key functional enzymes have not been reported yet. Herein, through activity-guided enzyme mining and
transcriptome analyses, three novel glycosyltransferases (PaUGT2, PaUGT15, and PaUGT25) were functionally
characterized from P. acinosa callus. These enzymes were capable of catalyzing the regio-selective glycosylation
of 28-COOH of phytolaccagenin. Notably, PaUGT2 could efficiently catalyze 28-O-glycosylation of esculentoside
A and esculentoside B, and PaUGT15 and PaUGT25 also exhibited catalytic activities toward these substrates.
These findings not only preliminarily clarified the crucial enzymes for 28-O-glycosylation and elucidated the
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molecular basis for the structural diversity of oleanane-type esculentosides in Phytolacca plants, but also paved the

way for further deciphering the biosynthetic pathway and constructing an artificial pathway of these glycosides.
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Figure 1 Proposed biosynthetic pathway of partial triterpenoid saponins from Phytolacca acinosa. -AS: -Amyrin synthase; UGT: UDP-

glycosyltransferase; MT: Methyltransferase
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Basic Seamless Cloning and Assembly Kit (TransGen
Biotech 2 @)); PR ] 1 N 1) B Ndel. Sall. EcoRI.
Sacl (New England Biolabs 7> @], USA); PageRuler™
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Gle (8% UDP-Xyl) 2 uL, & 41 % {4 500 pg, Tris-HCI
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PaUGT2 i b = Ik 4 (1) g {12 s B 2 /5 5 i, [ 5 7 i
BFFICHIRE 400 pmol L, ¥ B UDP-Gle A~ [R5 B
% (20~1 400 pmol- L"), R MAK R 4 8 & 7 Mn™ 4%
WA 5 mmol-L”, H 4 PaUGT2 2 [ 400 pg, 3 pH
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Tris-HC1 2% /% (pH 8.0, 50 mmol-L™") %M /2 % 100 pL.
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Dionex UltiMate3000 =1 R AH €415 4% (Thermo Fisher
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Figure 2 In vitro enzymatic reaction of crude enzyme extracted from P. acinosa callus cultures. A: HPLC analysis of the enzymatic

reactions. The reaction mixtures contained crude protein extracts, phytolaccagenin (1) as the glycosyl acceptor, and UDP-Glc or UDP-Xyl as

the donor. Boiled crude protein extracts with 1 served as the control. Peaks 1a and 1b represent the products formed with UDP-Glc and

UDP-Xyl, respectively; B: Ultraviolet (UV) spectra of substrate 1, enzymatic products 1a and 1b. C: Typical negative ion mass spectrum

(MS) of substrate 1, enzymatic products 1a and 1b; UDP-Glc: Uridine diphosphate glucose; UDP-Xyl: Uridine diphosphate xylose
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Figure 3 Phylogenetic analysis of UGT candidates from the transcriptome of P. acinosa callus cultures and known UGTs. The evolutionary

history was inferred based on the neighbor-joining method using the software MEGA 11. The bootstrap values are 1 000 replicates, and the

scale bar represents 0.2 amino acid substitutions per site. The GenBank accession numbers of UGTs used for analysis are as follows:
UGT73C11 (AFN26667, B. vulgaris)™'; UGT73C12 (AFN26668, B. vulgaris)™; UGT73AH1 (AUR26623, C. asiatica)"; UGT73ADI
, C. asiatica) "™ , S. vaccaria) ' , Siraitia grosvenorii) =",

ALD84259, C ica) "), UGT74M1 (ABK76266, S. ia) ", UGT74AC1 (K7INBW3, Siraiti i) ' UGT74AGS5
, llex asprella)"™; Pg , Panax ginseng)"™; , Medicago truncatula)™,
MK994508, 1! Ila)"V; PeUGT74AE2 (QEA68969, P [ UGT73F3 (ACT34898, Med, 1a)®"; UGT73C22
(AVWS82178, B. vulgaris)*"; UGT73C25 (AVWS2181, B. vulgaris)*"; Pq3-O-UGT1 (ALE15279, Panax quinquefolius)**; UGTPg45

(AKA44586, P. ginseng)™’; AmUGT14 (OM913795, Astragalus membranaceus)®"; AmUGT15 (OM913794, A. membranaceus)™"



- 2816 -

242 %4} Acta Pharmaceutica Sinica 2026, 61(7): 2810-2820

PaUGTs

UDP-Glc UDP

—_— el

200
150
5
< 100
g
50

0
200

Product 1a
M: 694.86

250 300 350 nm
Wavelength / nm

738.95 [M+HCOO]

—
~

Relative abundance
(=N}
(=}
1

o7+

6 8 10 12 14 16
Retention time / min

18 20 min 1000 2000

m/z

Figure 4 Enzymatic glycosylation of 1 catalyzed by recombinant PaUGTs. A: PaUGTs catalyzed the formation of glycosylated product of
1; B: HPLC analysis of enzymatic products of the PaUGT2, PaUGT15 and PaUGT25; C: UV and typical negative ion MS spectra of

enzymatic product 1a
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Figure 5 Sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) of purified recombinant PaUGT proteins. Lane M:
Protein marker; Lane 1: Recombinant PaUGT2 with trigger factor
(predicted molecular weight, 104.6 kDa); Lane 2: Recombinant
PaUGT15 with His tag (predicted molecular weight, 53.9 kDa);
Lane 3: Recombinant PaUGT25 with His tag (predicted molecular
weight, 57.2 kDa)
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28-0-p-D-Glucopyranosyl phytolaccagenin (1a): [
o, & 4k, C,,H,,0,,, ESI-MS m/z 739.07 [M+HCOO] ";
'H NMR (C,D.N, 600 MHz) ¢,, 6.34 (1H, d, J = 8.2 Hz,
H-1, Gle), 5.62 (1H, d, J = 3.7 Hz, H-12), 4.55 (1H, d,
J =3.8 Hz, H-2), 3.72 (1H, d, J = 10.5 Hz, H-23), 3.61
(3H, s, H-31), 3.30~3.20 (1H, m, H-18), 1.64 (3H, s, H-
25), 1.38 (3H, s, H-24), 1.24 (3H, s, H-27), 1.22 (3H, s,
H-26), 1.19 (3H, s, H-29); "C NMR (C,D,N, 150 MHz)
d. 45.4 (C-1), 72.1 (C-2), 73.4 (C-3), 42.9 (C-4), 48.6
(C-5), 18.8 (C-6), 33.4 (C-7), 40.5 (C-8), 49.1 (C-9),
37.7 (C-10), 24.4 (C-11), 124.0 (C-12), 144.3 (C-13),
42.7 (C-14), 28.8 (C-15), 24.0 (C-16), 47.0 (C-17), 43.7
(C-18), 42.9 (C-19), 44.4 (C-20), 31.0 (C-21), 34.5 (C-
22), 68.0 (C-23), 15.0 (C-24), 18.0 (C-25), 17.8 (C-26),
26.6 (C-27), 176.6 (C-28), 28.7 (C-29), 177.4 (C-30),
52.2 (C-31), 96.3 (C-1', Glc), 74.6 (C-2, Glc), 79.9 (C-
3', Gle), 71.4 (C-4', Gle), 79.4 (C-5', Glc), 62.3 (C-6',
Gle), bR ##s 5 SCHRiIE 1) 28-0-B-D-glucopyranosyl
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Figure 6 Effects of pH (A), temperature (B), and divalent metal ions (C) on the activity of PaUGT2. Nonlinear regression (D, E) of the

Michaelis-Menten equation for PaUGT2. 1 was used as the glycosyl acceptor, and UDP-Glc was used as the glycosyl donor. CK: Control

check
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Figure 7 Enzymatic glycosylation of the substrate catalyzed by recombinant PaUGT2. A: PaUGT?2 catalyzed the formation of glycosyl-

ated products from esculentoside B (2) and esculentoside A (3); B: HPLC analysis of 2, 3 and their respective enzymatic products 2a and 3a;

C: UV spectra of enzymatic products 2a and 3a; D: Typical negative ion MS spectra of enzymatic products 2a and 3a

Esculentoside S (2a): H (i[# 1%, C,,H O, ESI-MS
m/z 871.04 [M+HCOO] ; 'H NMR (C.D.N, 600 MHz)
0, 6.33 (1H, d, J = 8.2 Hz, H-1", Glc), 5.60 (1H, t, J =
3.8 Hz, H-12), 5.09 (1H, d, J = 7.6 Hz, H-1', Xyl), 4.80
(1H, d, J = 3.7 Hz, H-2), 4.34 (1H, d, J = 3.8 Hz, H-3),
3.71 (1H, d, J = 10.6 Hz, H-23), 3.61 (3H, s, H-31), 3.24
(1H, dd, J = 13.9, 4.9 Hz, H-18), 1.62 (3H, s, H-25),
1.38 (3H, s, H-24), 1.25 (3H, s, H-27), 1.20 (6H, s, H-
26, H-29); "C NMR (C,D,N, 150 MHz) J. 44.4 (C-1),
71.4 (C-2), 83.3 (C-3), 42.6 (C-4), 49.1 (C-5), 18.5 (C-
6), 33.4 (C-7), 40.5 (C-8), 48.2 (C-9), 37.5 (C-10), 24.4
(C-11), 124.0 (C-12), 144.2 (C-13), 43.3 (C-14), 28.8 (C-
15), 24.0 (C-16), 47.0 (C-17), 43.7 (C-18), 42.8 (C-19),

44.8 (C-20), 31.0 (C-21), 34.5 (C-22), 65.7 (C-23), 15.5
(C-24), 18.0 (C-25), 17.8 (C-26), 26.6 (C-27), 176.5 (C-
28), 28.7 (C-29), 177.4 (C-30), 52.2 (C-31), 107.3 (C-1",
Xyl), 75.9 (C-2/, Xyl), 79.0 (C-3', Xyl), 71.6 (C-4", Xy1),
67.7 (C-5', Xyl), 96.3 (C-1", Glc), 74.6 (C-2", Glc), 79.9
(C-3", Gle), 71.5 (C-4", Glc), 79.4 (C-5", Glc), 62.3
(C-6", Glc), ik F ¥z 5 Sk # 18 /Y esculentoside S
— gl

Esculentoside H (3a): H (4[& £, C,(H,0,,, ESI-MS
m/z 1 033.73 [M+HCOO]'; 'H NMR (C,D.N, 600 MHz)
d, 6.33 (1H, d, J = 8.2 Hz, H-1", Gle), 5.60 (1H, t, J =
3.8 Hz, H-12), 5.07 (1H, d, J = 7.9 Hz, H-1", Glc), 5.00
(1H, d, J = 7.5 Hz, H-1", Xyl), 3.69 (1H, d, J = 10.5 Hz,
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H-23), 3.62 (3H, s, H-31), 3.24 (1H, dd, J = 13.4, 3.5 Hz,
H-18), 1.61 (3H, s, H-25), 1.36 (3H, s, H-24), 1.25 (3H,
s, H-27), 1.20 (6H, s, H-26, H-29); °C NMR (C,D.\N,
150 MHz) J,. 44.7 (C-1), 71.4 (C-2), 83.3 (C-3), 42.8 (C-
4), 49.0 (C-5), 18.4 (C-6), 33.4 (C-7), 40.5 (C-8), 48.2
(C-9), 37.4 (C-10), 24.4 (C-11), 123.8 (C-12), 144.2 (C-
13), 43.3 (C-14), 28.7 (C-15), 24.0 (C-16), 47.0 (C-17),
43.7 (C-18), 42.6 (C-19), 44.4 (C-20), 31.0 (C-21), 34.5
(C-22), 65.7 (C-23), 15.4 (C-24), 17.8 (C-25), 18.0 (C-
26), 26.6 (C-27), 176.5 (C-28), 28.8 (C-29), 177.4 (C-
30), 52.2 (C-31), 106.9 (C-1", Xyl), 75.5 (C-2', Xyl),
76.9 (C-3', Xyl), 78.6 (C-4', Xyl), 65.2 (C-5', Xyl), 104.0
(C-1", Gle), 74.7 (C-2", Glc), 79.4 (C-3", Glc), 72.2 (C-
4", Gle), 79.3 (C-5", Gle), 63.1 (C-6", Glc), 96.3 (C-1",
Glc), 74.6 (C-2", Glc), 79.8 (C-3", Glc), 71.4 (C-4",
Glc), 77.9 (C-5", Glc), 62.3 (C-6", Glc), iR ¥ #E 5
Mk 4% 18 1Y esculentoside H — 22",

it
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