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Abstract: Panax ginseng is a traditional Chinese medicine with significant pharmaceutical effects and wide application.
Through orientational modification and transformation of ginsenoside glycosyl, rare ginsenosides with high antitumor
activities can be generated. Traditional chemical methods cannot be applied in clinic. because of extremely complex
preparation technologies and very high cost Transformations using microorganisms and their enzymatic systems provide the
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most feasible methods for solving the main problems. At present, the key problems in enzymatic synthesis of ginsenosides
include low specific enzyme activities, identity of enzymes involved in the enzymatic synthesis, and their catalytic
mechanisms, as well as nonsystematic studies on structural bioinformatics; specificity of enzymatic hydrolysis for saponin
glycosyl has been rarely studied. Many reviews have been reported on glycosidase molecular recognition, immobilization, and
biotransformation in ionic liquids (ILs), whereas ginsenoside transformation and application have not been systematically
studied. To evaluate theoretical and applied studies on ginsenoside-oriented biotransformation, by reviewing the latest
developments in related fields and evaluating the widely applied biocatalytic strategy, this review aims to evaluate the
ginsenoside-oriented transformation method with improved product specificity, increased biocatalytic efficiency, and
industrial application prospect based on the designed transformations of enzyme and solvent engineering of ILs. Therefore,
useful theoretical and experimental evidence can be obtained for the development of ginsenoside anticancer drugs, large-scale

preparation, and clinical applications in cancer therapy.

Keywords: ginsenosides, biocatalysis, whole cell conversion, enzyme conversion, ionic liquids
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Table 1 Selected key characteristics of different types
of catalysis

o Catalysis
Characteristics - :
Chemical Enzymatic  Whole-cell

Sustainability Low High High
Cost High High Low
Selectivity Good High High
Self-replication No No Yes
Solvent High Good Low
tolerance
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Biocatalysis

I

Isolated enzymes

One-step simple reactions

Whole cells

Multi-step complex processes

Biotransformation

Conversion of non-native
substrates into target products

I
Fermentation
Conversion of growth
substrates into target
products via cell metabolism

1 HYBEBEMEHITEYELNELE (8% B85 % H[18])

Fig. 1 Biocatalysis is carried out by isolated enzymes or by whole cells™®. In the latter case, non-native (biotransformation)

or native (fermentation) substrates can be used.
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TR AP R SR AL R . Ku 2500253531 A
KX #F1 Bifidobacterium longum RDA47 Fil il 4%
WEFLAT I Lactobacillus rhamnosus GG ¥ A 5 5.1
Rb2. Rc fil Rb1 /KA AZS BT Rd. 1ER4FEYY .
Y K BRI FLERE (Lactic acid bacteria,

LAB) TEfA ANZ i AF 1 Ak )7 T , Park 28
HUCGH T B Y R Leuconostocs FIFLER T
I# Lactobacilli 4= 4l ifa %% {4 7 Compound K.Hug
SBURL LAB 7R B Al B SR E (20 g/L &
I, 20 g/L %5 HEAN 10 o/L BERESRICY)) R& T7d

#2 WEVERIRESERELEUASEE

KW, NZRAF Rbl ¥4k Rg3, 1 MRS #;
I HBRFE L3 R, VR I8N A i A
PR 1109 GRAS 15 3, Li 255258 3o 98 Ak 25 5 -,
TEFLIR FLER# Lactococcus lactis A ik o H I
JR R ZE AT Paenibacillus mucilaginosus At 40
B-HIAIHE TG, Felb AZ 24 Rb1 Ml Rd y F2,

TE =W G LR AR R U T, DL R I B
Saccharomyces cerevisiae NCEAHEY TRE
WZ T AS RIS (k 2), a%E
Cyt P450 fif (CYP716A47) & 5kl A\ 2

Table 2 Production of ginsenoside in genetically engineered microorganisms by whole cell biocatalysis

. Microbial . . Amount of ginsenosides
Strategies hosts Introduced gene and source Type of ginsenosides produced Reference
Biosynthetic Saccharomyces CYP716A47 and PgDDS from Galactose—— / [35]
pathway cerevisiae P. ginseng Protopanaxadiol

constituted PgDDS and PgPPDS

genes from P. ginseng,
NADPH-cytochrome P450
reductase gene of Arabidopsis
thaliana (AtCPR1)

Glucose——
Dammarenediol-11—
Protopanaxadiol

8.40 mg/g dry cell weight [36]
(DCW) protopanaxadiol

(1 189 mg/L), together

with 10.94 mg/g DCW
dammarenediol-I1

(1548 mg/L)
PPDS modified through Glucose—— 1 436.6 mg/L [37]
transmembrane domain Protopanaxadiol
truncation of P. ginseng+
ATR1of Arabidopsis thaliana
UGTPg45 and UGTPg29 from Glucose—— 3.49 umol/g DCW [39]
P. ginseng+PPD-producing Protopanaxadiol—
chassis Rh2—Rg3
UGTPg1/UGTPg100 from Glucose——Rh1, F1 and Rh1 measured as [40]

P. ginseng+PPD-producing
chassis (PgDDS+
CYP716A47+CYP716A53v2+
PgCPR1 of P. ginseng)
Semi-rationally designed
UGT51 from S. cerevisiae+
PPD-producing chassis

Glucose——F1

Glucose——Rh2

42.1 mg/L and 92.8 mg/L,
respectively

2.90 mg/g dry cell [41]
weight DCW, ~300 mg/L

Pichia pastoris Self-assembly of ERG1 from  Glucose—— 0.1 mg/g DCW [42]
P. pastoris and PgDDS from  Dammarenediol-11
P. ginseng
Escherichia  SS, SE and CPR from S. Isopentenyl pyrophosphate 8.63 mg/L [43]
coli cerevisiae+SE from (IPP) and its isomer
Methylococcus capsulatus+ dimethylallyl pyrophosphate
CPR from Arabidopsis (DMAPP)—Dammarened
thaliana iol-11
Ectopic UGT genes from P. 20(R)PPD—Compound 0.06 mg/L [44]
expression notoginseng, Medicago sativa, K—20(R)F2
and Bacillus subtilis
S. cerevisiae  UGTPg71A29, from P. ginseng Rh1—Rgl, Rd—Rb1 / [45]

“—" represents one-step reaction; “——" represents more than one-step reactions; “/” represents data not mentioned.
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SRR AR DA TR C-12 i B AL, Han 2%
Wit 7E S. cerevisiae ' CYP716A47 FlikFL I — %
G AR (PgDDS) M3k, ANk EgG —
fE-11 B Al P24z PPD, Dai 2581 S. cerevisiae
IR ZBE-11 A UG . PPD & BB 5L A DL 2
IFE T NADPH-4iil (52 P450 )5 (ATR1)
FEB, JfiEal i R IA A (Truncation) 1Y 3-%%
FE-3-FH LG A G A SRR | R TR A
AR . fR e 0 A U AN 2,348 4k £ B 0 A Rk
B, DU $Em PPD ARG B Pk,
Ji 38 32 WUAH A< UK B2 4R 1% 8.40 mg/lg DCW PPD
(1 189 mg/L). Zhao 2Pt 5| A NSk —
BE-10 5 . NS4 2 P4A50 B PPD 4 il i
(PPDS) FIHLlRIST ATRL JL[H, 7E S. cerevisiae H
T PPD MAEY AR, LAl R P450
FAL RGN, 785 LAY N A8 HhabRb it &
I, PPD =ik 1 436.6 mg/L.

) AR IS B 2 i EE AL 5 AL R AR Ak
AU ED A SRR, LB LAY kE
Ao BT UCERAE 1 R 40 DU B8 = SIS b S Ak
) UDP-HEILE: R/ (UGT) UGTPgl, %2
43 3] PPD f4 C-20S-OH 753 Compound K,
& e — 4 SN FH AT SR AR )6 B Compound K A%
iy B wang PN A S IR E T
PR UGT J:[H . UGTPg45 1 UGTPg29, 4547
PPD [WEEREIC AL AN, AUA T Fl i 2 b 2k ™
Rh2 FI Rg3 MR BRI T . Wei Z:UOHiERA A
S ERETR UGT JE[H UGTPg100 #1 UGTPg101
ARSI PPT 9 C6-OH 43377 4k A ST
Rhl. F1, 7EREBRICALAHAIHE T FL A0 Rhl fY
KA . Zhuang 25 A1 PPD £ A 2 ;24 Rh2
HALRUE YR R R il UGTSL i o~ M ik
Th, W S AR R R Tl [R5 | A B I 2 A
BUE—Ib)G, 765 L A9 O kot
KW, Rh2 7= ikF|#) 300 mg/L,
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s PR Sl AR o SR 3 0 - T P~ RE B 2.1 5. L
214315 35k 78 K W AT 1 Escherichia coli Fp 87 2,3-
AL IR A I =R S AT A BUEE,
S Re P ik I A - T Y E. coli JEE 4%, A4
TR RS, KEE 48 h 774k 8.63 my/L.
{FR 5 26 T AR BT (R F ik B he B A 2 AT
R - A A, AR ITIE R X Fs
AZ BT

WL AME A A R R T T AR B
NS R RIRY G RRA NS 21 . Yo 2000 i
PRAT IR EIL RS I (UTG) RN TR R
FrE s> 20(R)-PPD Al 20(R)-PPT #i4k A==
20(R)-Compound K F1 20(R)-F1, Lu 2% p T
%5 NS B1F Rgl fil Rbl E¥14 Ay UDP-H 3t
HRME, JFSCIT S. cerevisiae H A A i fL

22 HefE

HEE A 5 Z IR, # b NS BT
MR 2 . RN, S5 RN AR E .
A% Ak pR TR 5 0T PR HLRO DR Sk i, B
RS AR A R A TR kA
WVl A, 52 B AR i R il 2 [ S,
DA 5 A L 32 240 ot A BT V) . AT RO A 1Y) A il
et i 10

£ E. coli Hhak ik 4 R a 4 - 17 i LA iy
FRBERAL I A S T, Cui ZEUTH & 4167 10 L
R EERERG ML 20 mg/mL Re 3% 113 g fa k4l
(84.0+1.1)%1% Rg2 (S), B XKL H 100 g 2% Rg2 (S)
Mgk 7 Kim ZEUSR Rt 8 R R Ak 2 35 B-D-
BEH AN o-L- BT A1 Wk i b 11 B E. coli, it
SRR BRI, R AS R R A
Z 1Y Compound K. Shin 25Mhy k5 4 i 4y,
fiiE PPD RIREFF K Compound K (1) -4 B
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E. coli %Kik, A EFHFASMHE) PPD B B
¥4kl Compound K. Xie 2P ko F rg
it o- PN Z BRIK AR H i, 85 °C . pH 5.0, 1h N¥&fk
25 g/L Rc &y 21.8 g/L Rd,Rd y=4 21 800 mg/(L-h).
Quan P YA T AR P T AL B- A b
TEBE S BB N2 21T Re Ml Rgl 8516 8 A S B H
Rg2 #1 Rh1, 7Efi# & 1.36 U/mL .85 C .pH 5.5,
1 h N%%4k 10 g/L AZ R 1T Re 24 8.02 g/L Rg2,
2 g/L AZ%H Ryl iy 1.56 g/L Rh1,

E. coli F 414 NS AT REN T B2 25
25 k. ARMTE R CUHE SRR W) 17
WA, E. coli A R AN AT AN, R
T AS B HMAEY AR &, A0
BAELUF it — g 1) RS IZE RS
i s 2) PEm A A R i 3) e A
T HEF T 0 R FR L 4B

5 A TS AR O S A, H
MRS 55 7234 A8 ALK E. coli AY 3 i LA SN
[N T4 TR ) 2 2 T R G E. coli, Youn 25
FERUEFTFEE B. bfidum w3 ik el [ 3h %) MU FF
Bifidobacterium animalis Y B4 -7 7 W5 11 i
DU AL N2 AF Rbl Fl Rb2, T 5 v T
B TS R G, SO ) L2 3R e A
WL K I, 08 B 0 25 25 TR BR AR R0 Ak 20 B 8%
Fe A, SRIETEEGE BT Armillaria mellea 1 7#
2RI (RAREEFE 2 ), 25 °C, ZARFHREL.
BRBRECDIVE BT A T) ¥4k Rbl #] Compound K,
IG5l 72-96 h. pH 4.0-45. Ji ¥
45-55 ‘CP¥ 3§ F 20 mg 1£ %%k 163.2 26 TCHY 98%
FL, BR T A5 53 7 0 S P G AL BE 1 1 /N A1
B, Wang 25T il T L GRAS A4
ARG Cellulase KN 7E 48 h Y52 L4 Re
1 Rgl (JiH 10 mg/mL PPTGM) % F1 % 10 g %%
Ll

B T KNS BRI, MAYhrei i

http://journals.im.ac.cn/cjbcn

P R R N B S AR AL AT ) . Zhou 257
L4275 % Paecilomyces bainier sp. 229 X A & & 1F
Rb1 9 6 L &l , @it 52wk BeAT 247 il e
TR 1% o3 e alifb h 3- 77 A ) R b 4 o
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23 MEEBBEE
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9 Rd, [RIESIRE T 8B 15 S8 K B Vinax s
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Fig. 2 Schematic diagram of functional and structural characterization of a pB-glucosidase involved in saponin metabolism
from intestinal bacteria””. (A) Overall structure of BIBG and structural analysis on its active site geometry for transfer
reaction of ginsenoside Rbl. (B) Structural comparison with other GH3 family members. (C) Compound protobioside
(magenta) was docked to the active pocket of BIBG3. (D) Stereoview of the pocket with a van der Waals surface

representation of BIBG3 with protobioside: glucose.
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Fig. 3 Schematic diagram of rational design of a B-glycosidase with high regiospecificity for triterpenoid tailoring™. (A)
Overall structure of the wild type enzyme (BGL167). (B) Structural analysis on its active site geometry for transfer reaction of

PPD-type ginsenosides. (C) Structural comparison with other GH1 family members, substrate binding mode of the 3MT. (D)
Biotransformation pathways of the major triterpenoids by 3MT.
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Fig. 4 Schematic diagram of rational design of a B-glycosidase with increased a-L-arabinofuranosidase activity for conversion
of ginsenoside Rc to compound K™, (A) Construction of ligand docked pose, sequence alignment. (B) Biotransformation
pathways from ginsenosides Rb1, Rb2, and Rc to C-K by the wild-type and L213A variant B-glycosidases from S. solfataricus.
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Fig. 5

Mechanisms of cellulase activity and structure on non-aqueous homogenous biocatalytic conversion of

polysaccharides in ionic liquids®™. (A) Cartoon detailing proposed mechanism for cellulose hydrolysis by B-glucosidase
solubilized and stabilized in ionic liquids, showing dissolution of cellulose in ionic liquid. (B) Far-UV SRCD spectra showing
secondary structure of [C-GIu][S]. (C) SAXS profiles showing nanoconjugate dimensions for concentrated solutions of

[C-Glu][S].
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