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Platycosides, saponins contained in balloon flower, which have been used as food health supplements for res-
piratory diseases, have diverse pharmacological effects. Platycosides exhibit better pharmacological activity by
hydrolyzing their own sugars. However, to date, there have been no studies on the production of deglucosylated
platycodin D suitable for food applications. In this study, Pluszyme 2000P, which was derived from Aspergillus
niger, a food-grade microorganism, was used to completely convert platycoside E into deglucosylated platycodin
D. For an efficient and economical production of deglucosylated platycodin D, the productivity was improved

approximately 2.4 times by application of high hydrostatic pressure and the discarded balloon flower leaf was
used as a substrate. As a result, deglucosylated platycodin D was produced with the highest concentration (3.49
mg/mL) and productivity (581.7 mg/L/h) reported so far. Our results contribute to functional saponin production

and the related food industries.

1. Introduction

Balloon flower roots have been used as medicinal herbs in Northeast
Asia due to their effectiveness against respiratory diseases, including sore
throat, bronchitis, tonsillitis, asthma, and tuberculosis (Zhang et al.,
2015a). Over the last decade, the interest in platycosides, which are the
saponins of the balloon flower root Platycodi radix, has increased due to
their diverse pharmacological properties, such as immune stimulation
(Noh et al., 2019; Xie et al., 2009), anti-oxidant (Luo et al., 2007; Ryu
et al., 2012), anti-inflammatory (Lee et al., 2020; Zhang et al., 2021),
anti-tumor (Li et al., 2016; Yim et al., 2016), anti-allergy (Oh et al., 2010;
Zhang et al., 2015b), and anti-obesity properties (Kim et al., 2019b; Zhao
et al., 2008). Platycoside is a pentacyclic triterpene aglycone with
two-sided sugar chains that contain glucose residues at the C-3 position
and an oligosaccharide consisting of arabinose, rhamnose, xylose, and
apiose at the C-28 position in the aglycone. Platycoside E is a major
platycoside that accounts for more than 20% of the total balloon flower
root platycosides(Yoo et al., 2011). On the other hand, it is present in
about 92% of the balloon flower leaf, which is discarded during the
harvesting of the balloon flower root (Figure 1).(Shin et al., 2019)

The biological activity of saponins is improved by their deglycosyla-
tion, since they are more readily absorbed in the human gastrointestinal
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tract due to the lower molecular weight and better hydrophobicity (Park
et al., 2010; Shin and Oh, 2016). Therefore, various methods such as
heating (Kim et al., 2000), acid treatment (Bae et al., 2004), and
biotransformation (Kim et al., 2019a; Shin et al., 2018) have been used to
deglycosylate saponins. Among these, the enzymatic biotransformation of
platycosides shows the highest selectivity and productivity, which has
been demonstrated in diverse studies using a crude enzyme from Asper-
gillus niger (Wie et al., 2007), p-galactosidase from Aspergillus oryzae (Ha
et al., 2010), p-glucosidase from Aspergillus usamii (Ahn et al., 2018), re-
combinant f-glucosidases from Caldicellulosiruptor bescii (Kil et al., 2019),
Caldicellulosiruptor owensensis (Shin et al., 2019), and Dictyoglomus tur-
gidum (Kang et al., 2019), and commercial enzymes, such as cellulase (Ha
et al., 2010), laminarinase (Jeong et al., 2014), snailase (Li et al., 2012),
pectinase (Ju et al., 2020), and cytolase(Shin et al., 2020). f-Glucosidase
from D. turgidum was the only enzyme that produced deglucosylated
platycodin D and showed the highest lipoxygenase inhibitory activity
among all platycosides. However, since a recombinant enzyme was used in
production, it is difficult to apply this process to the food industry.

High hydrostatic pressure (HHP) has been applied in several food
processes, including the inactivation of microorganisms, extraction of
functional metabolites from plants, and increasing the content of certain
food components, such as vitamin and gamma-amino butyric acid. In
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Platycoside R, R2 R3 ((':%o,nvt;:,t)
Platycoside E CH,OH  Glc(1-6)Glc(1-6)Glc  Api(1—3)Xyl(1—4)Rha(1—3)Arap 92.31
Platycodin D CH,OH Glc Api(1—3)Xyl(1—4)Rha(1—3)Arap 1.34
Polygalacin D CH; Glc Api(1—-3)Xyl(1—4)Rha(1—3)Arap 212
3"-0-Acetyl polygalacin D CHj Gle Api(1—3)Xyl(1—4)Rha-Ac(1—3)Arap 0.45
Platycodin A CH,OH Glc Api(1—-3)Xyl(1—4)Rha-Ac(1—3)Arap 0.36
Deapi-Platycoside E CH,OH Glc(1—6)Glc(1—6)Glc  Xyl(1—4)Rha(1—3)Arap 2.89
Deapi-Platycodin D CH,OH Gilc Xyl(1—4)Rha(1—3)Arap 0.53

Figure 1. Chemical structures and contents of platycosides in balloon flower leaf. Platycosides contain glycosides at the C-3 and C-28 positions. The glycosides at the
C-3 position are Glc and Gle-Gle-Gle. The glycosides at the C-28 position are Arap-Rha-Xyl and Arap-Rha(-Ac)-Xyl-Api. Glc, p-p-glucopyranosyl-; Arap, a-L-arabino-

pyranosyl-; Rha, a-L.-thamnopyranosyl-; Rha-Ac, 3'-O-acetyl-a-L.-thamnopyranosyl-; Xyl, f-p-xylopyranosyl-; and Api, f-p-apiofuranosyl-.
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Figure 2. (A) HPLC profiles for the conversion of platycoside E into an unknown compound via platycodin D3 and platycodin D. (B) MS TIC chromatograms of
deglucosylated platycodin D using UPLC-Q/TOF/MS in negative ion mode. (C) Extracted ion chromatogram of platycodin D (peak 1) and platycodin E (peak 2).

enzymatic biotransformation, HHP was effective in improving the activity
and stability of several commercial enzymes, including viscozyme, nar-
inginase, rhamnosidase, pectinase, cellulose, and amylase. (Palaniyandi
et al., 2015). However, to date, all studies on the biotransformation of
platycosides have been carried out only at atmospheric pressure (AP).

In this study, the biotransformation of platycoside E into deglucosy-
lated platycodin D was accomplished using the commercial enzyme
Pluszyme 2000P derived from A. niger, a food-grade microorganism. For
a more efficient production of deglucosylated platycodin D, HHP was
applied in the enzymatic biotransformation of platycosides. In addition,

agricultural by-products of balloon flower leaf containing high levels of
platycoside E were used as a substrate for the production of deglucosy-
lated platycodin D.

2. Materials and methods
2.1. Materials

Commercial enzymes such as Pluszyme 2000P, Cellosin AL8, Plantase
UF, Sumizyme AC, Celluase KN, Plantase C150P, and Sumilact L was
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Figure 3. Deglucosylation pathway of the biotransformation of platycoside E to deglucosylated platycodin D via platycodin D3 and platycodin D by Pluszyme 2000P.
Gle, p-p-glucopyranosyl-; Arap, a-L-arabinopyranosyl-; Rha, a-.-rhamnopyranosyl-; Xyl, f-p-xylopyranosyl-; and Api, -p-apiofuranosyl-.
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Figure 4. Effects of pH and temperature on Pluszyme
2000P activity under AP and HHP conditions. (A)
Effects of pH and (B) temperature on Pluszyme 2000P
activity. The symbols @ and @ represent AP and HHP,
respectively. (C) Thermal inactivation of Pluszyme
2000P under AP conditions. (D) Thermal inactivation
of Pluszyme 2000P under HHP conditions. The
enzyme was incubated at 45 (a), 50 (a), 55 (¥), 60
(m), and 65 °C (m). The Y-axis of the graph for thermal
inactivation is expressed on a logarithmic scale. Data
are represented as the means of triplicate experi-
ments, and error bars represent the standard
deviation.
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provided by the Bision Corporation (Seoul, Korea). Other commercial
enzymes including Cellucalst 1.5L, Viscozyme L, Pectinex 5XL, Pectinex
XXL, Pectinex Ultra Color, Novozyme 33095, and Novoprime B357 were
purchased from Novozymes (Copenhagen, Denmark). The platycoside
standards platycoside E, platycodin D3, and platycodin D were purchased
from Ambo Laboratories (Daejeon, Republic of Korea). All the other re-
agents were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Deglucosylated platycodin D was purified from the reactants produced by
Pluszyme 2000P. It was prepared by preparative high-performance liquid
chromatography (Prep-HPLC, Agilent 1260; Agilent, Santa Clara, CA,
USA) using a Hydrosphere C18 prep column (10 x 250 mm, 5 pm particle
size; YMC, Kyoto, Japan). The column was eluted with distilled water ata
flow rate of 4.5 mL/min at 30 °C and detection was conducted at 203 nm.
The prepared deglucosylated platycodin D was used as a standard and a
substrate.

2.2. Preparation of balloon flower leaf extract

Balloon flower leaf extract was prepared as previously reported. (Shin
et al, 2019). A two-year-old balloon flower leaf harvested in
Bonghwa-Gun was used to prepare the extract. The balloon flower leaf
was dried for 72 h at 40 °C, and then ground using an electric grinder. A
crude powder (100 g) as a particle size of about 300-700 pm was
extracted and added to 1 L of 80% (v/v) methanol at 70 °C for 24 h
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Figure 5. Effect of pressure on Pluszyme 2000P activity. The reactions were
performed in 50 mM citrate/phosphate buffer (pH 4.5) containing 0.2 mM
platycoside E at 60 °C for 10 min at 0.1-400 MPa. This pressure was induced
using an HHP instrument. Data are represented as the means of triplicate ex-
periments, and error bars represent the standard deviation.

Table 1. Specific activities of Pluszyme 2000P for platycosides in hydrolytic
pathway of platycoside E into deglucosylated platycodin D under AP and HHP
(200 MPa) conditions.

Substrate Product Specific activity
(nmol/min/mg)
AP HHP
Platycoside E Platycodin D3 467.5 + 1598.9 +
11.5 16.6
Platycodin D3 Platycodin D 55.5 + 5.1 216.7 +10.1
Platycodin D Deglucosylated 155+ 1.5 89.1 £2.6
platycodin D
Deglucosylated - ND ¢ ND ¢
platycodin D

The detection limit of deglucosylated platicodin D was calculated to be 1.64 pM.
2 ND, not detected.
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without shaking. The methanol extract was filtered, the methanol was
completely removed using a rotary evaporator, and the residue was
dissolved in the same volume of distilled water. To prevent inhibition of
the reactions, the sugars in the extract were removed using a Diaion
HP-20 resin (Sigma-Aldrich, St. Louis, MO, USA) column. After loading 1
L of the extract onto the column, the resin that was adsorbed with pla-
tycosides was washed with 2 L of distilled water. The column was then
eluted with 2 L of methanol at a flow rate of 0.5 mL/min. The methanol in
the eluent was evaporated, and 1 L of distilled water was added to the
residue. The resulting balloon flower leaf extract was used for the pro-
duction of deglucosylated platycodin D.

2.3. Enzyme assay

Unless otherwise specified, the following reactions were performed at
60 °C in 100 mM citrate/phosphate buffer (pH 4.5) containing 0.05 mg/
mL Pluszyme 2000P and 0.2 mM platycoside E for 10 min at AP (0.1
MPa) and HHP (50 MPa). The specific activities of Pluszyme 2000P for
platycoside E, platycodin Ds, platycodin D, and deglucosylated platyco-
din D were evaluated at various concentrations of the enzyme (0.05-0.5
mg/mL) and a 0.2 mM concentration of each platycoside for 10 min at 60
°C and pH 4.5. The effects of pH and temperature on the activity of

A
1.2
s
E
0n
[}
b=
7]
g
K}
o
) 20 40 60 80 100 120
Time (min)
B
1.2

Platycosides (mM)

@ )
0 20 40 60 80 100 120

Time (min)

Figure 6. Biotransformation of platycoside E (@) into deglucosylated platycodin
D (m) via platycodin D3 (@) and platycodin D (m) by Pluszyme 2000P at (A) AP
and (B) HHP. The reactions were performed in 50 mM citrate/phosphate buffer
(pH 4.5) containing 1 mM platycoside E at 60 °C for 2 h. Data are represented as
the means of triplicate experiments, and error bars represent the stan-
dard deviation.
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Pluszyme 2000P were examined by varying the pH from 3.5 to 6.0 at 60
°C, and by varying the temperature from 40 to 70 °C at a pH of 4.5. The
effect of the thermostability of Pluszyme 2000P was monitored as a
function of the incubation time by maintaining the solution of enzymes at
45, 50, 55, 60, and 65 °C in citrate/phosphate buffer (pH 4.5). After
incubation, the reaction samples were assayed with 0.2 mM platycoside E
in citrate/phosphate buffer (pH 4.5) at 60 °C for 10 min. The effect of
pressure was measured at AP (0.1 MPa) and HHP (0.1-400 MPa) using an
HHP instrument (TFS-2L, Toyo-Koatsu Innoway Co. Ltd., Hiroshima,
Japan). The mixtures for the reaction were immediately reacted in the
HHP instrument set at each temperature and pressure, and the reaction
samples were taken out from the HHP instrument and treated with an
equal amount of n-butanol to terminate the reaction.

2.4. Biotransformation of platycoside E into deglucosylated platycodin D

The biotransformation of platycoside E into deglucosylated platy-
codin D was performed for 2 h at 60 °C in 50 mM citrate/phosphate
buffer (pH 4.5) containing 0.2 mg/mL Pluszyme 2000P and 1 mM
platycoside E at AP (0.1 MPa) and HHP (200 MPa). The optimal con-
centration of Pluszyme 2000P for the production of deglucosylated
platycodin D from balloon flower leaf extract was determined by
varying the concentration of the enzyme from 0.5 to 3 mg/mL using
balloon flower leaf extract with 5 mg/mL platycoside E. The optimal
concentration of platycoside E in the balloon flower leaf extract as a
substrate was determined by varying the concentration of platycoside E
from 1 to 10 mg/mL at a constant enzyme concentrations of 2.0 and 1.5
mg/mL at AP and HHP, respectively. The reactions were performed in
50 mM citrate/phosphate buffer (pH 4.5) for 3 h at 60 °C and HHP (200
MPa). The time-course reaction for converting platycoside E in balloon
flower leaf extract to deglucosylated platycodin D was performed in 50
mM citrate/phosphate buffer (pH 4.5) with 2.0 and 1.5 mg/mL Plus-
zyme 2000P at AP and HHP, respectively, using 5 mg/mL platycoside E
in balloon flower leaf extract (containing 5 mg/mL platycoside E and
0.07 mg/mL platycodin D) at 60 °C for 6 h.
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2.5. High-performance liquid chromatography analysis

An equal amount of n-butanol was added to the reaction mixture to
quench the reaction and extract the platycosides. Of the separated frac-
tions, the n-butanol soluble fraction of the extract was dried to
completely evaporate the butanol. The dried residues containing platy-
cosides were dissolved in methanol and subsequently analyzed using an
HPLC system (Agilent 1100) at 203 nm using a hydrosphere C18 column
(4.6 x 150 mm, 5 pm particle size; YMC, Kyoto, Japan). The column was
eluted at 30 °C with a gradient of acetonitrile and water from 10:90 to
40:60, from 40:60 to 90:10, from 90:10 to 10:90, and at a constant ratio
of 10:90 for 30, 15, 5, and 10 min, respectively, at a flow rate of 1 mL/
min. The standard solutions of platycosides (0.2-1.0 mM) were used to
construct the linear calibration curves relating the logarithmic value of
the peak areas to the concentrations of platycosides, and the platycoside
concentrations were determined based on the curves.

2.6. Ultra performance liquid chromatography quadrupole time-of-flight
tandem mass spectrometry analysis

The platycosides were identified and confirmed using an ACQUITY
Ultra performance liquid chromatography (UPLC) and SYNAPT G2-Si
HDMS system (Waters Co. software; Taunton, MD, USA). An ACQUITY
UPLC BEH C;g column (2.1 mm x 100 mm, 1.7 mm, Waters, MD, USA)
was used for the UPLC analysis at a column temperature of 40 °C. A
gradient program was employed with the mobile phase combining sol-
vent A (0.1% formic acid in H,O) and solvent B (0.1% formic acid in
acetonitrile) as follows: 0 min (A:B = 100:0), 3 min (A:B = 75:25), 4 min
(A:B = 35:65), 10 min (A:B = 0:100), and 12.5 min (A:B = 0:100). A
subsequent re-equilibration step (1 min) was performed before the next
injection. The injection volume and flow rate used were 3 pL and 0.4 mL/
min, respectively.

Quadrupole time-of-flight tandem mass spectrometry (Q-TOF/MS)
was operated in positive and negative electrospray ionization (ESI)
modes. The operating parameters were set as follows: cone voltage of 30

Figure 7. Effects of the enzyme and substrate

120 concentrations on the production of deglucosy-
lated platycodin D using balloon flower leaf
extract. (A) Effect of the enzyme concentration at
AP. (B) Effect of the enzyme concentration at
HHP. (C) Effect of the substrate concentration at
AP. (D) Effect of the substrate concentration at
HHP. @, platycoside E; @, platycodin D3; m, pla-
tycodin D; W, deglucosylated platycodin D; and ¢,
molar conversion yield. Data are represented as
the means of triplicate experiments, and error
bars represent the standard deviation.
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Figure 8. Time-course reaction of the production of deglucosylated platycodin
D from platycosides in balloon flower leaf extract by Pluszyme 2000P. (A) Time-
course of the production of deglucosylated platycodin D at AP. (B) Time-course
of the production of deglucosylated platycodin D at HHP. @, platycoside E; @,
platycodin D3; M, platycodin D; and M, deglucosylated platycodin D. Data are
represented as the means of triplicate experiments, and error bars represent the
standard deviation.

V, capillary voltage of 2 kV, and a source temperature of 100 °C. Data
were recorded in the mass-to-charge (m/z) range of 50-1,200 with a scan
time of 0.25 s and an interscan time of 0.02 s for 12.5 min. Data acqui-
sition and processing were performed using Analyst software (Masslynx
V4.1, Waters, MD, USA).
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2.7. Statistical analyses

The means and standard errors for every experiment were quantita-
tively calculated with one-way analysis of variance (ANOVA) from trip-
licates. ANOVA was conducted by Tukey's method with a significance
level of p < 0.05 using SigmaPlot 10.0 (Systat Software, Chicago, IL).

3. Results and discussion

3.1. Hydrolytic pathway of platycoside E to deglucosyl platycodin D by
pluszyme 2000P

Fourteen commercial enzymes such as Pluszyme 2000P, Cellosin ALS8,
Plantase UF, Sumizyme AC, Celluase KN, Plantase C150P, Sumilact L,
Cellucalst 1.5L, Viscozyme L, Pectinex 5XL, Pectinex XXL, Pectinex Ultra
Color, Novozyme 33095, and Novoprime B357 were used to hydrolyze
reagent-grade platycoside E as a substrate in this study. All enzymes
except Pluszyme 2000P converted platycoside E to platycodin D3 or
platycodin D without further hydrolysis (data not shown), whereas
Pluszyme 2000P converted platycoside E as a substrate into an unknown
platycoside via platycodin D3 and platycodin D, which were the in-
termediates (Figure 2A). A UPLC gradient elution with Q-TOF/MS
detection of the sample that was reacted for 2 h was performed to
examine the unknown platycoside. This compound was ionized in the
negative mode to achieve the highest sensitivity for the chemical con-
stituents. Figure 2B shows the total chromatogram ion (TIC) track with
the unknown platycoside. Two peaks (tR = 4.37 min and 4.76 min) with
the molecular formulas Cg1Hg1025 and CssHgi029 showed similar
deprotonated ions [M-H] at m/z of 1,223.5834 and 1,061.5303,
respectively (Figure 3C). The experimental mass data had a mass accu-
racy of less than 5 ppm compared to the theoretical value. Peaks 1 and 2
were identified as platycodin D and deglucosylated platycodin D,
respectively, using an exact molecular formula that matches the frag-
mentation information. Thus, Pluszyme 2000P hydrolyzed the sugar
moieties of platycosides via the following pathway: platycoside E —
platycodin D3 — platycodin D — deglucosylated platycodin D (Figure 3).

To date, no other enzymes derived from food-grade microorganisms
have been able to convert platycoside E into deglucosylated platycodin D.
p-Galactosidase from A. oryzae (Ha et al., 2010), cellulase from Tricho-
derma reesei (Ha et al., 2010), and laminarinase from Trichoderma
sp.(Jeong et al., 2014) converted platycoside E into platycodin D, which
indicates that these enzymes hydrolyze only the glucose moiety at the C-3
position of the platycosides. In contrast, crude enzyme and cytolase from
A. niger (Shin et al., 2020), and pectinase from Aspergillus aculeatus (Ju
et al., 2020) converted platycoside E into deapiose-dexylosylated platy-
codin D and glucosylated platyconic acid, respectively, hydrolyzing
glycosides at the C-28 position. However, the enzyme that converts into
deglucosylated platycodin D is only the recombinant $-glucosidase from
D. turgidum (Kang et al., 2019).

Table 2. Production of deglucosylated platycodin D from platycoside E and balloon flower extracts.

Enzyme (Pressure) Substrate Concentration Productivity Molar Reference
(mg/mL) (mg/L/h) yield (%)

Pluszyme 2000P (AP) Platycoside E 0.41* 207.3 39 This study

Pluszyme 2000P (HHP) Platycoside E 1.06* 531.5 100

Pluszyme 2000P (AP) Balloon flower leaf extract 1.41 235.6 41

Pluszyme 2000P (HHP) Balloon flower leaf extract 3.49 581.7 100

p-Glucosidase for D. turgidum Platycoside E 0.69* 98.7 100 (Kang et al., 2019)

B-Glucosidase for D. turgidum Balloon flower root extract 0.96* 47.8 100

. .
Value converted from molar concentration.
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3.2. Effect of pH and temperature on enzyme activity at atmospheric
pressure and high hydrostatic pressure

The maximum hydrolytic activity of Pluszyme 2000P was observed at
pH 4.5, 60 °C, and AP. A similar result was obtained at HHP (50 MPa),
but the relative activity under HHP conditions was approximately 1.3-
fold higher than under AP conditions (Figure 4A, B). The thermosta-
bility of Pluszyme 2000P was examined in the temperature range of
45-65 °C at AP and HHP (50 MPa) (Figure 4C, D), and first-order kinetics
were displayed for the thermal inactivation by the enzyme. The half-lives
of the enzyme at AP were 10.4, 8.3, 6.4, 4.9, and 1.5 h, and those at HHP
were 35.9, 28.6, 19.9, 14.8, and 5.8 h at 45, 50, 55, 60, and 65 °C,
respectively. These results indicate that the thermostability of Pluszyme
2000P was more than 3-fold higher under HHP than under AP condi-
tions. f-Glucosidase from D. turgidum showed a half-life of 53 h at 70 °C
(Kang et al., 2019), which means that Pluszyme 2000P has a lower
thermostability than this enzyme. However, the hydrolytic activity of
p-glucosidase from D. turgidum was highest at 80 °C, and the half-life at
that temperature was 12 h, which indicates that Pluszyme 2000P at HPP
has a slightly higher stability with half-life of 14.8 h at 60 °C where the
hydrolytic activity is the highest.

3.3. Effect of pressure level on enzyme activity

To determine the most suitable pressure level to maximize the hy-
drolytic activity of Pluszyme 2000P for platycosides, the activity of the
enzyme was evaluated at 0-400 MPa (Figure 5). The relative activity
increased to 342% as the pressure increased to 200 MPa, and then
decreased to approximately 8% at 400 MPa. Therefore, the activity of
Pluszyme 2000P for platycosides, such as platycoside E, platycodin Ds,
platycodin D, and deglucosylated platycodin D, were compared at AP and
HHP (200 MPa) (Table 1). The specific activity for platycosides showed
the following order, regardless of the pressure value: platycoside E >
platycodin D3 > platycodin D. However, there was no activity for
deglucosylated platycodin D at either AP or HHP, indicating that the
enzyme was unable to hydrolyze the sugars at the C-28 position, even at
the pressure value that yielded the highest hydrolytic activity. At HHP
(200 MPa), the highest activity was observed for platycoside E, but the
highest fold increase compared to that at AP was observed for platycodin
D. These results indicated that the high pressure is more effective for
sugars that are more difficult to hydrolyze.

3.4. Biotransformation of platycoside E into deglucosylated platycodin D
under AP and HHP

Pluszyme 2000P converted 1 mM platycoside E into 0.39 and 1 mM
deglucosylated platycodin D under AP and HHP (200 MPa) with molar
conversion yields of 39 and 100%, respectively, after 2 h (Figure 6). An
approximate 2.5-fold increase in productivity demonstrated that the
high-pressure treatment is effective for the production of deglucosylated
platycodin D from platycoside E. This result may be because activity of
the enzyme was improved due to the high preference for the transition
state with a smaller volume compared to the enzyme-substrate complex
under high pressure(Czeslik et al., 2017). Platycodin D accumulated over
time under AP conditions, but it was converted to deglucosylated pla-
tycodin D faster than the precursor platycodin D3 was converted to pla-
tycodin D under HHP conditions. As shown in Table 1, this result
indicates that the activity of Pluszyme 2000P for platycodin D, in which
the enzyme showed the lowest activity among the platycosides in the
conversion pathway, increased with a greater fold under HHP conditions
than the activities for other platycosides.

3.5. Production of deglucosylated platycodin D from balloon flower leaf

The effect of Pluszyme 2000P concentration on the production of
deglucosylated platycodin D at various concentrations (0.5-3 mg/mL)
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was measured using balloon flower leaf extract containing 5 mg/mL
platycoside E under AP and HHP (200 MPa) conditions for 3 h
(Figure 7A,B). Deglucosylated platycodin D was produced almost pro-
portionally as the enzyme concentration increased up to 2.0 and 1.5 mg/
mL at AP and HHP, respectively; however, above those concentrations,
the increase in the production significantly decreased. To evaluate the
effect of substrate concentration on the production of deglucosylated
platycodin D, the concentration of platycoside E in the balloon flower leaf
extract was adjusted from 1 to 10 mg/mL (Figure 7C, D). The reactions
were performed with 2.0 and 1.5 mg/mL Pluszyme 2000P under AP and
HHP (200 MPa) conditions, respectively, for 3 h. At both pressures, the
production of deglucosylated platycodin D increased with an increasing
substrate concentration up to 5 mg/mlL, and then gradually decreased
thereafter. Thus, 2.0 and 1.5 mg/mL Pluszyme 2000P at AP and HHP,
respectively, and 5 mg/mL platycoside E in balloon flower leaf extract
were selected as the enzyme and substrate concentrations, respectively,
for the production of deglucosylated platycodin D.

Under optimized reaction conditions, Pluszyme 2000P at HHP pro-
duced 3.49 mg/mL of deglucosylated platycodin D from 5 mg/mL pla-
tycoside E and 0.07 mg/mL platycodin D in balloon flower leaf extract in
6 h with a productivity of 581.7 mg/L/h and a molar yield of 100%,
which were 2.5- and 2.4-fold higher than those at AP, respectively
(Figure 8). p-Glucosidase from D. turgidum produced deglucosylated
platycodin D from balloon flower root extract with a concentration of
0.96 mg/mL and a productivity of 47.8 mg/L/h (Kang et al., 2019),
which were 3.6- and 12.2-fold, respectively, lower than those at HHP in
this study (Table 2).

4. Conclusions

Pluszyme 2000P derived from A. niger completely converted platy-
coside E into deglucosylated platycodin D, which has been reported to
have excellent anti-inflammatory effects. HHP was applied to this
enzyme to improve the biotransformation process, resulting in a pro-
ductivity of approximately 2.4 times that under AP conditions. In addi-
tion, deglucosylated platycodin D was produced with the highest
concentration and productivity to date from balloon flower leaf extract,
which can be recycled from discarded leaves. To the best of our knowl-
edge, this is the first application of high-pressure treatment for the
biotransformation of platycosides, which will greatly contribute to
functional saponin production.
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