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Abstract

for enhancing hydrolytic activity of B-glycosidase.

Ginsenoside compound K has been used as a key nutritional and cosmetic component because of its anti-fatigue
and skin anti-aging effects. B-Glycosidase from Sulfolobus solfataricus (SS-BGL) is known as the most efficient enzyme
for compound K production. The hydrolytic pathway from ginsenoside Rb, to compound K via Rd and F, is the most
important because Rb; is the most abundant component in ginseng extract. However, the enzymatic conversion of
ginsenoside Rd to F, is a limiting step in the hydrolytic pathway because of the relatively low activity for Rd. A V209
residue obtained from error-prone PCR was related to Rd-hydrolyzing activity, and a docking pose showing an interac-
tion with Val209 was selected from numerous docking poses. W361F was obtained by rational design using the dock-
ing pose that exhibited 4.2-fold higher activity, 3.7-fold higher catalytic efficiency, and 3.1-fold lower binding energy
for Rd than the wild-type enzyme, indicating that W361F compensated for the limiting step. W361F completely
converted Rb, to compound K with a productivity of 843 mg I=" h~" in 80 min, and showed also 7.4-fold higher activ-
ity for the flavanone, hesperidin, than the wild-type enzyme. Therefore, the W361F variant SS-BGL can be useful for
hydrolysis of other glycosides as well as compound K production from Rb,, and semi-rational design is a useful tool
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Introduction

Ginsenosides, which are the active components of the
valuable herb ginseng (Panax ginseng C. A. Meyer), have
been used as traditional herbal medicines in Asian coun-
tries (Lu et al. 2009). They have diverse beneficial bio-
logical properties such as anti-cancer (Lee et al. 2009),
anti-oxidant (Cho et al. 2006), anti-inflammatory (Wang
et al. 2012), anti-allergic (Bae et al. 2002), anti-fatigue
(Yoshikawa et al. 2003), and anti-skin aging (Kang et al.
2009) activities. Most ginsenosides are classified into
two types: a protopanaxadiol (PPD)-and protopanaxa-
triol (PPT)-types harboring 1-4 molecule glycosides
such as D-glucose, L-arabinosepyranose, and L-arabino-
furanose at C-3 and/or C-20, and D-glucose, L-rham-
nose and D-xylose at C-6 and/or C-20 (Fig. 1), and the
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abbreviations of ginsenosides are shown in Additional
file 1: Table S1. Glycosylated ginsenosides (Rb;, Rb,, Rc,
Rd, Rg;, and Re) constitute more than 80% of the total
ginsenosides as major ginsenosides in wild ginseng (Park
et al. 2010; Son et al. 2008), however, minor deglyco-
sylated ginsenosides (F,, Rgs;, Rh;, Rh,, and compound
K) exhibit superior biological activity compared to major
glycosylated ginsenosides because they possess smaller-
sized structures, higher bioavailability, and better perme-
ability across the cell membrane (Kim et al. 2005).
Compound K, one of the most pharmaceutically active
PPD-type ginsenosides, has gained attention in recent
years because it is effective for the inhibition of tumor
invasion (Wakabayashi et al. 1998), shows hepatoprotec-
tive activity (Lee et al. 2005), induces tumor cell apoptosis
(Oh et al. 2004), and prevents wrinkling and skin damage
(Lim et al. 2015; Shin et al. 2014). Because compound K
is absent in wild ginseng, it has been produced from gin-
seng extract by enzymatic reactions using recombinant
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B-glycosidases (Liu et al. 2014; Noh and Oh 2009; Quan
et al. 2012, 2013; Yan et al. 2008; Yu et al. 2007). Of these
enzymes, Sulfolobus solfataricus B-glycosidase (SS-BGL)
is the most efficient enzyme for the production of com-
pound K from ginseng extract because it has broad sub-
strate specificity and high activity for ginsenosides (Noh
et al. 2009; Shin et al. 2015). The hydrolysis of ginseno-
side Rb; to compound K via Rd and F, as intermediates
is the most important among the hydrolyses of major
PPD-type ginsenosides by SS-BGL because ginsenoside
Rb; is the most abundant component in ginseng extract
(Ji et al. 2001). However, the enzymatic conversion of
ginsenoside Rd to F, is a limiting step in the hydrolytic
pathway because SS-BGL exhibits approximately 15-fold
lower activity for ginsenoside Rd than Rb;. For the effec-
tive production of compound K, a variant SS-BGL that
shows increased activity for ginsenoside Rd is needed.

In the field of protein engineering, rational design and
directed evolution have been used for obtaining efficient
biocatalysts. However, directed evolution requires a
high-throughput screening system and a large number of
libraries, and rational design requires detailed and accu-
rate structural knowledge of a protein. To address these

limitations, a combined approach has been proposed as
semi-rational design (Chen et al. 2012; Lutz 2010). In this
approach, rational design is based on the variant biocat-
alysts obtained from a small library than the traditional
random mutagenesis library, and thus, does not require
high-throughput screening.

In the present study, we found that the V209 residue
was related to Rd-hydrolyzing activity by analysis of
variant enzymes constructed from random mutagenesis
using error-prone PCR. A W361F variant that showed
higher hydrolytic activity for ginsenoside Rd than the
wild-type SS-BGL was obtained by rational design using
the docking pose interacting with Val209 among the
ginsenoside Rd-docking SS-BGL models. The substrate
specificity, kinetics parameters, and compound K pro-
duction from ginsenoside Rb, of the variant enzyme were
investigated and compared with those of the wild-type
enzyme.

Materials and methods

Microorganisms, medium, and culture conditions
Sulfolobus solfataricus DSM 1617, Escherichia coli
ER2566, and plasmid pET-24a were used as the
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sources of the [-glycosidase, host cells, and expres-
sion vector, respectively. To express [-glycosidase,
recombinant E. coli cells were cultivated in a 2-1 flask
containing 500 ml of Luria-Bertani (LB) medium sup-
plemented with 20 pg ml™" of kanamycin at 37 °C with
agitation at 200 rpm. When the optical density of the
bacterial culture at 600 nm reached 0.6, isopropyl-p-b-
thiogalactopyranoside (IPTG) was added to the culture
to a final concentration of 1.0 mM to induce enzyme
expression. After induction, the cells were further incu-
bated with shaking at 150 rpm at 16 °C for 16 h.

Enzyme purification

The harvested E. coli cells were resuspended in 50 mM
citrate/phosphate buffer at pH 5.5 and pH 7.0 containing
300 mM NaCl. The resuspended cells were disrupted by
sonication using a Sonic Dismembrator (Fisher Scientific
Model 100, Pittsburgh, PA, USA) on ice for 10 min. The
unbroken cells and cell debris were removed by centrif-
ugation at 13,000xg for 20 min at 4 °C, and the super-
natant was used as a crude extract. The crude extract
in 50 mM citrate/phosphate buffer (pH 5.5) was subse-
quently heated at 75 °C for 10 min. After heat treatment,
the suspension was centrifuged at 13,000xg for 20 min
to remove insoluble denatured proteins. The supernatant
obtained was used as the partially purified enzyme. The
crude extract in 50 mM phosphate buffer (pH 7.0) was
applied to a His-trap HP affinity chromatography column
(GE Healthcare, Piscataway, NJ, USA). The bound pro-
tein was eluted with a linear gradient of 10-250 mM imi-
dazole with 50 mM phosphate buffer (pH 7.0) at a flow
rate of 1 ml min~'. The active fractions were collected
and dialyzed against 50 mM citrate/phosphate buffer (pH
5.5) at 4 °C for 16 h. The resulting solution was used as
the purified enzyme. The purification step with the col-
umn was carried out in a cold room at 4 °C with a fast
protein liquid chromatography system (Bio-Rad, Hercu-
les, CA, USA).

Mutation of SS-BGL

SS-BGL was cloned and expressed in E. coli as pre-
viously described (Kim et al. 2006). For mutation of
B-glycosidase genes, an error-prone PCR was con-
ducted using a PCR mutagenesis kit (ClonTech
Laboratories, Palo Alto, CA, USA). The mutated
B-glycosidase genes were used as templates and sub-
cloned into pET-24a using an assembly method (Gib-
son et al. 2009). Forward (5-GTACCTCCAGTA
AAGCCATTAAGGCACTAACTCGAGCACCACC
ACCACCACCACTGAGAT-3’) and reverse primers
(5'-AAACCTAAAGCTATTTGGAAATGAGTACA
TCATATGTATATCTCCTTCTTAAAGTTAAAC-3'),
and forward (5-GTTTAACTTTAAGAAGGAGATA
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TACATATGATGTACTCATTTCCAAATAGCTTT
AGGTTT-3') reverse primers (5-ATCTCAGTGGTGG
TGGTGGTGGTGCTCGAGTTAGTGCCTTAATGG
CTTTACTGGAGGTAC-3') were designed to amplify
the expression vector and mutated [-glycosidase DNA
fragments, respectively. The amplified linearized vector
and DNA fragments were ligated using Gibson Assem-
bly Master Mix (New England Biolabs), and the ligated
DNA products were transformed into E. coli ER2566.
Site-directed mutagenesis (SDM) was performed using a
QuickChange kit and the manufacturer’s protocol (Strat-
agene, Beverly, MA, USA).

Screening

Colonies of recombinant E. coli were grown on LB agar
containing 20 pg ml~! kanamycin and were transferred
to a 96-well plate containing 50 pl LB medium supple-
mented with 20 pg ml™' kanamycin. The 96-well plate
was incubated at 37 °C with shaking at 200 rpm for
3 h. Subsequently, 50 ul of 50 mM citrate/phosphate
buffer (pH 5.5) containing p-nitrophenol (pNP)-B-p-
glucopyranoside (2 mM) as a substrate was added to the
96-well plate, the plate was incubated at 90 °C for 10 min
to allow for cell lysis and hydrolytic reactions, and the
reactions were then stopped by the addition of Na,CO,
at final concentration of 200 mM. The increase in absorb-
ance at 405 nm was measured by microplate reader
(BioTek Instrument, Seoul, Republic of Korea) to analyze
the release of pNP. The selected colonies were incubated,
and enzyme expression in cells was induced by adding
IPTG as described in the culture conditions section. The
variant enzymes were partially purified with heat treat-
ment as described above. The reactions were performed
in 50 mM citrate/phosphate buffer (pH 5.5) containing
0.001 mg ml~! partially purified enzyme and 1 mM pNP-
B-p-glucopyranoside at 90 °C for 10 min. The selected
variant enzymes were purified by His-trap chromatog-
raphy as described above. The reactions were performed
in 50 mM citrate/phosphate buffer (pH 5.5) containing
0.02 mg ml~! purified enzyme and 0.5 mM ginsenoside
Rd at 90 °C for 10 min.

Ligand docking

Homology modeling of the wild-type and W361F vari-
ant SS-BGLs was performed using the Build Homol-
ogy Models module in the MODELER application of
Discovery Studio (DS) 4.0 (Accerlys, San Diego, CA)
based on the crystal structure of SS-BGL [Protein data
bank (PDB) entry, 1GOW] as a template. Compara-
tive modeling was used to generate the most probable
structure of the queried protein by aligning it with the
template sequence, simultaneously considering spatial
restraints, and local molecular geometry. The quality
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of the model was analyzed by PROCHECK (Laskowski
et al. 1993). Hydrogen atoms were added to the model
and minimized to have a stable energy conformation
and to relax the conformation from close contacts.
Ginsenoside Rd as a substrate was docked into the
active-site pocket in the model of the wild-type and
W361F variant SS-BGLs using the C-DOCKER mod-
ule, and the active site was derived from a structure of
1GOW. Candidate poses were created using random
rigid-body rotations, followed by simulated annealing.
The structures of the protein, substrate, and their com-
plexes were subjected to energy minimization using the
CHARMM force field in DS 4.0 (Al-Balas et al. 2012).
Full-potential final minimization was used to refine
the substrate poses. The energy-docked conformation
of the substrate was retrieved for postdocking analysis
using the C-DOCKER module. The substrate orienta-
tion giving the lowest interaction energy was chosen
for subsequent rounds of docking. The binding energy
between receptor and ligand (AEy;,q;,,) were defined
as Ecomplex — Eligand — ERreceptor (Tirado-Rives and Jor-
gensen 2006).

Enzyme reactions and determination of kinetic parameters
Unless otherwise stated, the reactions were performed at
95 °C for 10 min in 50 mM citrate/phosphate buffer (pH
5.5) containing 1 mM aryl-glycoside and 0.001 mg ml™*
enzyme or 0.5 mM ginsenoside and 0.02 mg ml™!
enzyme. The aryl-glycoside activity was determined by
measuring the increase in absorbance at 405 nm due to
the release of pNP. The effects of pH and temperature
on the activities of the wild-type and W3621F variant
enzymes for pNP-p-p-glucopyranoside were investigated
by varying the pH from 4.0 to 7.0 using 50 mM citrate/
phosphate buffer at 95 °C and by varying the temperature
from 75 to 95 °C in 50 mM citrate/phosphate buffer (pH
5.5). Temperature was varied below 100 °C because the
boiling temperature of water, 100 °C, was not accurately
maintained. The hydrolytic reactions for ginsenosides
and flavanone glycosides were performed in 50 mM cit-
rate/phosphate buffer (pH 5.5) containing 0.05 mg ml~*
enzyme and 0.4 mM substrate at 95 °C for 5-20 min. The
time-course reaction by the wild-type or W361F variant
enzymes was performed at 95 °C in 50 mM citrate/phos-
phate buffer (pH 5.5) containing 2 mg ml~! ginsenoside
Rb, and 0.01 or 0.1 mg ml~! enzyme for 60 or 90 min,
respectively.

To determine the kinetic parameters of the wild-type
and W361F variant enzymes, the concentrations of gin-
senosides Rb; and Rd substrates used were in the ranges
of 0.125-2 mM. The K, and k_, for the substrates were
calculated by a Hans-Woolf plot from the Michaelis—
Menten equation.

Page 4 of 11

Analytical methods

A reaction solution containing digoxin as an internal
standard and ginsenosides as substrates and products
was extracted by adding an equal volume of n-butanol.
The solvent in the extracted solution was evaporated
and methanol was added to the dried sample. Ginseno-
sides were assayed using an HPLC system (1100, Agilent,
Santa Clara, CA, USA) equipped with a UV detector at a
wavelength of 203 nm using a C18 column (YMC, Kyoto,
Japan). The column was eluted with a linear gradient of
acetonitrile/waster from 20:80 to 80:20 (v/v) and a flow
rate of 1 ml min~! for 80 min at 37 °C. Ginsenoside con-
centrations were determined using linear calibration
curves relating the peak areas to the ginsenoside stand-
ard concentrations.

Statistical analyses

The means and standard errors for all experiments were
quantitatively calculated with one-way analysis of vari-
ance (ANOVA) from triplicates. ANOVA was carried out
using Tukey’s method with a significance level of p < 0.05
using SigmaPlot 10.0 (Systat Software, Chicago, IL).

Results

Determination of a residue related to ginsenoside
Rd-hydrolyzing activity by screening of mutant library
produced from error-prone

The hydrolytic activity of pNP-B-p-glucopyranoside is
determined using a microplate reader, while ginseno-
side Rd is determined using an HPLC system, indicat-
ing that the assay of pNP-B-D-glucopyranoside is more
convenient and rapid. Thus, in the first and second
rounds of selection, the hydrolytic activity was measured
using pNP-B-D-glucopyranoside as a substrate. How-
ever, the increase in the hydrolytic activity for pNP-p-
D-glucopyranoside does not mean exactly the increase
in the hydrolytic activity for ginsenoside Rd. Therefore,
in the final round, the hydrolytic activity was measured
using ginsenoside Rd as a substrate.

A library of mutated p-glycosidase genes was con-
structed using an error-prone PCR with a mutation rate
of 1-2 mutations per 1000 bp. For the first round of
selection, cells were isolated and incubated from the ini-
tial 10,000 mutant colonies, and 500 cells expressing vari-
ant enzyme, which exhibited 1.2-fold greater hydrolytic
activities for pNP-p-p-glucopyranoside than that of the
wild-type cells, were selected. For the second round of
selection, the cells selected at the first round were incu-
bated, and p-glycosidases in cells were expressed. The
B-glycosidases expressed in the crude extracts obtained
from the culture broths of the selected cells were partially
purified by heat treatment. The hydrolytic activities of the
partially purified enzymes for pNP-B-p-glucopyranoside
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were estimated, and then 50 variant B-glycosidases show-
ing 1.2-fold greater activity than that of the wild-type
enzyme were selected. For the third round of selection,
the heat-treated variant enzymes selected at the sec-
ond round were purified by His-Trap chromatography,
and the hydrolytic activities of the purified enzymes for
ginsenoside Rd were determined. Ginsenosides were
not hydrolyzed when the reactions were run under
the experimental conditions without enzyme or with
grown cells of E. coli ER2566, which did not contain the
B-glycosidase gene from S. solfataricus. A V209A variant
[-glycosidase, which showed 1.7-fold higher activity than
the wild-type enzyme, was selected for an enzyme with
the highest activity for the conversion of ginsenoside Rd
to compound K. The finally selected variant enzyme and
its DNA sequence were used for further studies such as
structural analysis and SDM.

The amino acid at position 209 in SS-BGL was replaced
with a residue such as Lys, Asp, Phe, Trp, Gly, Ala, Leu,
or Thr. The variant enzymes, V209G, V209A, V209T, and
V209L exhibited hydrolytic activity for ginsenoside Rd,
whereas V209F, V209 W, V209 K, and V209D exhibited
no activity (Fig. 2a). Among the variant enzymes, V209A
showed the highest activity for Rd.

Acquisition of a variant with increased ginsenoside
Rd-hydrolyzing activity by rational design based on the
selected residue

To obtain a variant with higher ginsenoside Rd-hydro-
lyzing activity than that of the V209A variant, ginse-
noside Rd as a ligand was docked to the active site of
SS-BGL [Protein data bank (PDB) entry, 1GOW, 2CEQ,
and 2CER] (Aguilar et al. 1997; Gloster et al. 2006) as a
receptor. Ginsenoside Rd was docked only to 1GOW but
not docked to 2CEQ or 2CER. In the docking pose using
1GOW with ginsenoside Rd, Val209 interacted with the
catalytic residue Glu206 and Leu213, ginsenoside Rd
interacted with Leu213 and Phe222, and Phe222 inter-
acted with Ser220 (Fig. 3). Thus, the residues Leu213,
Phe222, and Ser220 were selected as putative candidate
residues related to ginsenoside Rd-hydrolyzing activity.
These residues indicated only hydrophobic interaction
with ginsenoside Rd, whereas the catalytic residue inter-
acted only with hydrogen bond. Therefore, two residues
Phe359 and Trp361 that have two hydrophobic interac-
tions with ginsenoside Rd were additionally selected as
candidates.

These five residues were replaced with Ala, and the
specific activities of the wild-type and Ala-substituted
variant enzymes were determined using ginsenoside Rd
as a substrate. The activities of L213A, S220A, F222A,
and F359A, were 110, 92, 105, and 84% of the wild-
type enzyme activity, respectively, whereas the activity

Page 5 of 11

Y]

180

160 -

140

120 -

100

80 -

60 -

Relative activity (%)

40 -

20 -

0 | | | | I;_|

e & O  of oV o> o S o©
NSRRI NUSRCTSING S

Variant enzyme

=3

400 |-

300 - —

200

Relative activity (%)

100

el e

@ A& AD  AC N\ DA AN ©)
TN AN

Variant enzyme

Fig. 2 Activities of the variant SS-BGLs for ginsenoside Rd for the
conversion to compound K. a Activities of the variant enzymes

with mutations at position 209 of SS-BGL. b Activities of the variant
enzymes with mutations at position 361 of SS-BGL. Data represent
the means from three separate experiments, and the error bars repre-
sent standard deviations

of W361A was 241% of the wild-type enzyme activity,
which was 1.4-fold higher than that of V209A. Thus, the
W361A variant was the most efficient for ginsenoside Rd
hydrolysis.

The Trp residue at position 361 of SS-BGL
was substituted with Lys, Asp, Phe, Tyr, Gly, Ala,
Leu, or Thr. The hydrolytic activity of the vari-
ant enzymes for ginsenoside Rd followed the order
W361F > W361T > W361G > W361A > W361Y > wild-
type > W361L > W361 K > W361D (Fig. 2b). The W361F
variant enzyme showed the highest activity for ginseno-
side Rd. Therefore, the W361F variant was selected for
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further investigations of its biochemical properties and
the conversion of ginsenoside Rb, to compound K.

Binding energy of the wild-type and W361F variant
enzymes
Homology modeling of the W361F variant SS-BGL was
performed based on the crystal structure and bind-
ing energy of the variant enzyme was compared with
that of wild-type enzyme. The binding energy (AE;4.
ing Of the W361F variant enzyme docked with Rd
(— 183.2 kcal mol™!) was lower than that with the wild-
type enzyme (— 59.7 kcal mol™?). The C-DOCKER inter-
action energy, indicating the non-bonded energy between
the ligand and the enzyme, of the W361F variant enzyme
(— 87.6 kcal mol ') was lower than the wild-type enzyme
(— 65.8 kcal mol ™).

Substrate specificity of the wild-type and W361F variant
enzymes

The effects of pH and temperature on the activity of the
W361F variant enzyme for pNP-B-p-glucopyranoside
were compared with those of the wild-type enzyme. The
maximum activities of both enzymes were observed at
pH 5.5 and 95 °C (Additional file 1: Figure S1). Although
the hydrolytic activity of the W361F variant enzyme for
pNP-B-p-glucopyranoside was lower than that of the
wild-type enzyme, the order of the hydrolytic activity for
specific aryl-glycoside types of both enzymes were the
same (Additional file 1: Table S2).

The activity of the W361F variant enzyme for F,
was similar to that of the wild-type enzyme, how-
ever, the substrate specificity for other PPD-type
ginsenosides was distinctly different (Table 1). The
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Table 1 Specific activities of the wild-type and W361F var-
iant enzymes for ginsenosides and flavanones

Substrate Specific activity (nmol min~" mg~")
Wild-type W361F

Ginsenoside
Rb, 5082 +76 3213 £106
Rb, 1643 £ 3.7 9077 £ 159
Rc 20.1£06 233 £ 1.1
Rd 3384+1.2 1415+ 38
F, 13,130 £ 20.5 13,227 £423
Compound O 6354 +12.8 2031 £52
Compound Y 4588 £ 10.1 1347 £49
Compound Mc;, 19402 120£0.1
Compound Mc 154+£02 72401

Flavanone
Hesperidin 3914103 288 + 0.6
Naringin 233£03 355+£02

specific activity of the W361F variant enzyme followed
the order F, > Rb, > Rb; > compound O > Rd > com-
pound Y > Rc > compound Mc; > compound Mc, while
that of the wild-type enzyme followed the order F, > com-
pound O > Rb; > compound Y > Rb, > Rd > compound
Mc; > Rc > compound Mc.

The kinetic parameters of the wild-type and W361F-
variant enzymes for ginsenosides Rb; and Rd were
determined (Table 2 and Additional file 1: Figure S2).
Although the wild-type enzyme showed higher affinity
for the ginsenosides than the W361F variant enzyme, the
turnover number and catalytic efficiency of the W361F
variant enzyme for ginsenoside Rd were 11- and 3.7-fold
higher, respectively, than those of the wild-type enzyme.

Time-course reactions for the hydrolysis of ginsenoside

Rb, to compound K by the wild-type and W361F variant
enzymes

The reactions for compound K production by the wild-
type and W361F variant enzymes were performed with
0.01 mg ml~! enzyme and 2 mg ml ™! ginsenoside Rb, for
60 min (Fig. 4a, b). The concentrations of ginsenosides

Table 2 Kinetic parameters of the wild-type and W361F
variant enzymes for ginsenosides Rb, and Rd

Enzyme  Substrate K, (mM) ko (s™")  ke/Km (7' mM™Y)
Wild-type  Rb; 057 £001 2257 £33 3967 £91

Rd 052 +£0.01 921 178 £4
W361F Rb, 1934+£002 1343+£28 697+ 16

Rd 159+£002 10494+12 660+ 11
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converted by the wild-type and W361F variant enzymes
were quantitatively analyzed by an HPLC system dur-
ing the conversion of ginsenoside Rb; to compound K
via Rd (Additional file 1: Figure S3). Ginsenoside F, was
not detected in the reactions of either enzyme because
the hydrolytic activities for F, were 39- and 9.4-fold
higher, respectively, than that for Rd (Table 1). The rate
of the hydrolysis of ginsenoside Rb; by the wild-type
enzyme was slightly (1.14-fold) faster than that of the
variant enzyme. After 60 min, the concentration of
compound K produced by the W361F variant enzyme
was 0.32 mg ml~!, while that produced by the wild-type
enzyme was less than 0.04 mg ml™".

The time-course reactions were conducted with a
higher enzyme concentration of 0.1 mg ml~'. All of the
ginsenoside Rb; was completely degraded to Rd and
compound K in 10 min by both enzymes (Fig. 4c, d).
The W361F variant enzyme converted 2 mg ml~' Rb,
to 1.12 mg ml~! compound K after 90 min, with a molar
conversion of 100% and a productivity of 843 mg ™! h™*,
while the wild-type enzyme converted 2 mg ml~! Rb, to
0.46 mg ml~! compound K after 90 min, with a molar
conversion of 41% and a productivity of 306 mg 17! h™™,
The molar conversion and productivity values for the
W361F variant enzyme were 2.4- and 2.8-fold higher,
respectively, than those of the wild-type enzyme.

Discussion

V209A variant enzyme was selected with the highest
activity by screening of mutant library produced from
error-prone PCR. To investigate the effect of the type
of the amino acid at position 209 in SS-BGL on the
hydrolytic activity for ginsenoside Rd, the amino acid
was replaced with other residues. The variant enzymes
with only uncharged side chains and no aromatic ring
(V209G, V209A, V209T, and V209L) exhibited hydrolytic
activity for ginsenoside Rd. With the nonpolar amino
acid residues at position 209, the hydrolytic activity for
Rd followed the order Ala > Gly > Val > Leu. Thus, the
amino acid residue at position 209 is a residue related to
Rd-hydrolyzing activity.

The structure of 1GOW was determined without
ligand, whereas that of 2CEQ or 2CER was determined
as a complex with the smaller molecule glucoimidazole
(Mw: 200) or phenethyl-substituted glucoimidazole (Mw:
304) as a ligand than ginsenoside Rd (Mw: 946), respec-
tively. However, there has been no ginsenoside Rd-bound
structure. Ginsenoside Rd was not docked to the ligand-
bound structure of 2CEQ or 2CER because the enzymes
may have a smaller binding pocket. Therefore, ginseno-
side Rd was docked only to 1GOW. Numerous forms
of docking poses using 1GOW with ginsenoside Rd
were generated because ginsenoside Rd has 25 rotatable
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Fig. 4 Hydrolysis from ginsenoside Rb, to compound K via Rd and F, by the wild-type and W361F-variant SS-BGLs. Ginsenoside F, was not
detected in the hydrolysis reactions because of high specific activity for ginsenoside F,. Ginsenoside Rb, (closed square), Rd (closed circle), and
compound K (open circle). a Using 0.01 mg ml~" wild-type enzyme. b Using 0.01 mg mI~' W361F variant enzyme. € Using 0.1 mg ml~" wild-type
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bonds. Among poses those generated, a docking pose
was selected that included the catalytic residues Glu206
and Glu387, and the Val209 residue related to ginseno-
side Rd-hydrolyzing activity.

Among the six alanine-substituted variant enzymes,
the W361A variant showed the highest activity for
ginsenoside Rd hydrolysis. The Trp residue at posi-
tion 361 of SS-BGL was substituted with charged Lys
or Asp, aromatic Phe or Tyr, nonpolar Gly, Ala, or Leu,
or polar neutral Thr. The variant enzymes with charged
side chains, W361K and W361D, showed lower activity
than that of the wild-type enzyme, whereas the variant
enzymes with aromatic side chains, W361F and W361Y,

exhibited higher activity. The variant enzymes with
uncharged side chains, W361G, W361A, and W361T
displayed higher activity than that of the wild-type
enzyme with the exception of W361L. As the molecu-
lar size of the aromatic amino acid side chain decreased,
the hydrolytic activity increased (Phe > Tyr > Trp). As
a result, the W361F variant enzyme showed the highest
activity, and its activity was 2.4- and 1.3-fold higher than
V209A and double-site (V209A-W361F) variant enzyme,
respectively (data not shown). The binding energy and
C-DOCKER interaction energy of the W361F variant
enzyme were lower than that of the wild-type enzyme.
These results suggest that the W361F variant enzyme
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formed a more stable and favorable complex with Rd
than the wild-type enzyme.

The W361F variant enzyme exhibited 5.5-, 1.2-, 4.2-,
and 6.3-fold higher activity for ginsenosides Rb,, Rc,
Rd, and compound Mc,, respectively, than the wild-
type enzyme, whereas the wild-type enzyme showed
1.6-, 3.1-, 3.4-, and 2.1-fold higher activity for ginse-
nosides Rb;, compound O, compound Y, and com-
pound Mc, respectively. The hydrolytic pathway of
ginsenoside Rb; to compound K by SS-BGL was
Rb,—Rd—F,—compound K (Fig. 5). Ginsenoside Rd
was produced from ginsenoside Rb; by the specific
hydrolysis of the outer glucose linked to C-20, while
compound K was produced from ginsenoside Rd via
F, by the specific hydrolysis of the outer glucose and
inner glucose linked to C-3. The wild-type enzyme had
15- and 39-fold higher activity for ginsenoside Rb; and
F,, respectively, than ginsenoside Rd, indicating that
the conversion of Rd to F, is a limiting step for the pro-
duction of compound K from Rb,. The W361F vari-
ant SS-BGL exhibited 4.2-fold higher activity for the
rate-limiting reaction of Rd to F, than the wild-type
enzyme. Thus, the W361F variant enzyme was a suit-
able enzyme for the improved hydrolysis of ginsenoside
Rb; to compound K. The W361F variant completely
converted 2 mg ml™' Rb, to 1.12 mg ml™' compound
K after 90 min, with a productivity of 843 mg ™! h™!
and it was 2.4 higher than that of Microbacterium ester-
aromaticum B-glucosidase, which had the highest pre-
viously reported productivity of 460 mg 1! h™! (Quan
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et al. 2012). Therefore, the W361F variant of SS-BGL
was an efficient compound K-producing enzyme using
Rb;.

SS-BGL has been used for the hydrolysis of glycosides
such as stevioside (Nguyen et al. 2016) and isoflavone
(Kim et al. 2012), as well as ginsenoside. To investigate
the hydrolytic superiority of the variant enzyme for other
glycosides, the wild-type and W361F variant enzymes
were used for the hydrolysis of two flavanone glyco-
sides, naringin and hesperidin. The specific activity of the
W361F variant enzyme for hesperidin was 7.4-fold higher
than that of the wild-type enzyme, whereas that of the
W361F variant enzyme for naringin was 6.6-fold lower.
These results indicate that the alteration of the amino
acid at position 361 of SS-BGL results in a significant
change in the specificity for flavanone glycosides, and the
W361F variant enzyme can be used to increase the pro-
duction of hesperetin, which has more profound pharma-
cological activity than hesperidin (Shin et al. 2013).

In conclusion, semi-rational design, the computa-
tional analysis of the enzyme structure based on a variant
enzyme obtained from a small library, was used to obtain
a variant with increased hydrolytic activity for ginseno-
side Rd. The obtained W361F exhibited higher activity,
higher catalytic efficiency, and predicted lower binding
energy than the wild-type enzyme. The variant enzyme
completely converted ginsenoside Rb; to compound K
with the highest productivity ever reported. The W361F
variant enzyme also showed significantly higher activity
for the flavanone, hesperidin, than the wild-type enzyme.
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Fig. 5 Hydrolytic pathways from ginsenoside Rb, to compound K by the wild-type and W361F variant enzymes. Numbers indicate the specific
activity (nmol min~" mg~") for the substrates at each step. The thickness of arrow is depicted in proportion to the specific activity
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Therefore, the W361F variant SS-BGL is an efficient gly-
coside-hydrolyzing enzyme, and semi-rational design is a
useful tool for enhancing the hydrolytic activity of spe-
cific glycosides linked to ginsenosides. Moreover, to the
best of our knowledge, this is the first attempt to improve
the hydrolytic activity of an enzyme that converts ginse-
nosides using protein engineering.
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Additional file 1: Figure S1. Effects of a pH and b temperature on the
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Table S2. Relative activities of the wild-type and W361F variant enzymes
for aryl-glycosides.

Abbreviations

PPD: protopanaxadiol; PPT: protopanaxatriol; SS-BGL: B-glycosidase

from Sulfolobus solfataricus; LB: Luria-Bertani; IPTG: isopropy!-3-o-
thiogalactopyranoside; SDM: site-directed mutagenesis; pNP: p-nitrophenol.

Authors’ contributions

KCS and DKO designed the experiments, interpreted the results, and wrote
the manuscript. KCS, HYC, and MJS performed the experiments. All authors
read and approved the final manuscript.

Acknowledgements
There are no additional acknowledgements to report.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
All data are shown in Figures and Tables within this article. Any material used
in this study is available for research purposes upon request.

Consent for publication
Not applicable.

Ethics approval and consent to participate
This article does not contain any studies with human participants or animals
performed by any of the authors.

Funding

This work was supported by a Grant from the Next-Generation BioGreen 21
Program (No. PJ01222601), Rural Development Administration, Republic of
Korea.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 9 August 2017 Accepted: 28 September 2017
Published online: 04 October 2017

Page 10 of 11

References

Aguilar CF, Sanderson |, Moracci M, Ciaramella M, Nucci R, Rossi M, Pearl LH
(1997) Crystal structure of the B-glycosidase from the hyperthermophilic
archeon Sulfolobus solfataricus: resilience as a key factor in thermostabil-
ity. J Mol Biol 271(5):789-802. doi:10.1006/jmbi.1997.1215

Al-Balas Q, Hassan M, Al-Oudat B, Alzoubi H, Mhaidat N, Aimaaytah A
(2012) Generation of the first structure-based pharmacophore model
containing a selective “zinc binding group” feature to identify potential
glyoxalase-1 inhibitors. Molecules 17(12):13740-13758. doi:10.3390/
molecules171213740

Bae EA, Choo MK, Park EK, Park SY, Shin HY, Kim DH (2002) Metabolism of
ginsenoside Rc by human intestinal bacteria and its related antiallergic
activity. Biol Pharm Bull 25(6):743-747. doi:10.1248/bpb.25.743

Chen MM, Snow CD, Vizcarra CL, Mayo SL, Arnold FH (2012) Comparison of
random mutagenesis and semi-rational designed libraries for improved
cytochrome P450 BM3-catalyzed hydroxylation of small alkanes. Protein
Eng Des Sel 25(4):171-178. doi:10.1093/protein/gzs004

Cho WC, Chung WS, Lee SK, Leung AW, Cheng CH, Yue KK (2006) Ginsenoside
Re of Panax ginseng possesses significant antioxidant and antihyperlipi-
demic efficacies in streptozotocin-induced diabetic rats. Eur J Pharmacol
550(1-3):173-179. doi:10.1016/j.ejphar.2006.08.056

Gibson DG, Young L, Chuang RY, Venter JC, Hutchison CA 3rd, Smith HO (2009)
Enzymatic assembly of DNA molecules up to several hundred kilobases.
Nat Methods 6(5):343-345. doi:10.1038/nmeth.1318

Gloster TM, Roberts S, Perugino G, Rossi M, Moracci M, Panday N, Terinek
M, Vasella A, Davies GJ (2006) Structural, kinetic, and thermodynamic
analysis of glucoimidazole-derived glycosidase inhibitors. Biochemistry
45(39):11879-11884. doi:10.1021/bi060973x

Ji QC, Harkey MR, Henderson GL, Gershwin ME, Stern JS, Hackman RM (2001)
Quantitative determination of ginsenosides by high-performance
liquid chromatography-tandem mass spectrometry. Phytochem Anal
12(5):320-326. doi:10.1002/pca.593

Kang TH, Park HM, Kim YB, Kim H, Kim N, Do JH, Kang C, Cho Y, Kim SY (2009)
Effects of red ginseng extract on UVB irradiation-induced skin aging
in hairless mice. J Ethnopharmacol 123(3):446-451. doi:10.1016/j.
jep.2009.03.022

Kim MK, Lee JW, Lee KY, Yang DC (2005) Microbial conversion of major ginse-
noside Rb; to pharmaceutically active minor ginsenoside Rd. J Microbiol
43(5):456-462

Kim Y-S, Park C-S, Oh D-K (2006) Lactulose production from lactose and
fructose by a thermostable 3-galactosidase from Sulfolobus solfataricus.
Enzyme Microb Tech 39(4):903-908. doi:10.1016/j.enzmictec.2006.01.023

Kim BN, Yeom SJ, Kim YS, Oh DK (2012) Characterization of a 3-glucosidase
from Sulfolobus solfataricus for isoflavone glycosides. Biotechnol Lett
34(1):125-129. doi:10.1007/510529-011-0739-9

Laskowski RA, Moss DS, Thornton JM (1993) Main-chain bond lengths
and bond angles in protein structures. J Mol Biol 231(4):1049-1067.
doi:10.1006/jmbi.1993.1351

Lee HU, Bae EA, Han MJ, Kim NJ, Kim DH (2005) Hepatoprotective effect of gin-
senoside Rb; and compound K on tert-butyl hydroperoxide-induced liver
injury. Liver Int 25(5):1069-1073. doi:10.1111/j.1478-3231.2005.01068 x

Lee SY, Kim GT, Roh SH, Song JS, Kim HJ, Hong SS, Kwon SW, Park JH (2009)
Proteome changes related to the anti-cancer activity of HT29 cells by the
treatment of ginsenoside Rd. Pharmazie 64(4):242-247

Lim TG, Jeon AJ, Yoon JH, Song D, Kim JE, Kwon JY, Kim JR, Kang NJ, Park
JS, Yeom MH, Oh DK, Lim'Y, Lee CC, Lee CY, Lee KW (2015) 20-O-B-0-
Glucopyranosyl-20(S)-protopanaxadiol, a metabolite of ginsenoside Rb;,
enhances the production of hyaluronic acid through the activation of
ERK and Akt mediated by Src tyrosin kinase in human keratinocytes. Int J
Mol Med 35(5):1388-1394. doi:10.3892/ijmm.2015.2121

Liu G, JinY,Yu H, Sun C, Gao P, Xiao Y, Zhang T, Xu L, Im W-T, Jin F (2014)
Biotransformation pathway and kinetics of the hydrolysis of the 3-O- and
20-O-multi-glucosides of PPD-type ginsenosides by ginsenosidase type .
Process Biochem 49:813-820. doi:10.1016/j.procbio.2014.02.011

Lu JM, Yao Q, Chen C (2009) Ginseng compounds: an update on their
molecular mechanisms and medical applications. Curr Vasc Pharmacol
7(3):293-302

Lutz S (2010) Beyond directed evolution-semi-rational protein engineer-
ing and design. Curr Opin Biotechnol 21(6):734-743. doi:10.1016/j.
copbio.2010.08.011


http://dx.doi.org/10.1186/s13568-017-0487-x
http://dx.doi.org/10.1006/jmbi.1997.1215
http://dx.doi.org/10.3390/molecules171213740
http://dx.doi.org/10.3390/molecules171213740
http://dx.doi.org/10.1248/bpb.25.743
http://dx.doi.org/10.1093/protein/gzs004
http://dx.doi.org/10.1016/j.ejphar.2006.08.056
http://dx.doi.org/10.1038/nmeth.1318
http://dx.doi.org/10.1021/bi060973x
http://dx.doi.org/10.1002/pca.593
http://dx.doi.org/10.1016/j.jep.2009.03.022
http://dx.doi.org/10.1016/j.jep.2009.03.022
http://dx.doi.org/10.1016/j.enzmictec.2006.01.023
http://dx.doi.org/10.1007/s10529-011-0739-9
http://dx.doi.org/10.1006/jmbi.1993.1351
http://dx.doi.org/10.1111/j.1478-3231.2005.01068.x
http://dx.doi.org/10.3892/ijmm.2015.2121
http://dx.doi.org/10.1016/j.procbio.2014.02.011
http://dx.doi.org/10.1016/j.copbio.2010.08.011
http://dx.doi.org/10.1016/j.copbio.2010.08.011

Shin et al. AMB Expr (2017) 7:186

Nguyen TT, Kim SB, Kim NM, Kang C, Chung B, Park JS, Kim D (2016) Produc-

tion of steviol from steviol glucosides using 3-glycosidase from Sulfolobus

solfataricus. Enzyme Microb Technol 93-94:157-165. doi:10.1016/j.
enzmictec.2016.08.013

Noh KH, Oh DK (2009) Production of the rare ginsenosides compound K,
compound Y, and compound Mc by a thermostable 3-glycosidase from
Sulfolobus acidocaldarius. Biol Pharm Bull 32(11):1830-1835. doi:10.1248/
bpb.32.1830

Noh KH, Son JW, Kim HJ, Oh DK (2009) Ginsenoside compound K production
from ginseng root extract by a thermostable 3-glycosidase from Sulfolo-
bus solfataricus. Biosci Biotechnol Biochem 73(2):316-321. doi:10.1271/
bbb.80525

Oh SH, Yin HQ, Lee BH (2004) Role of the Fas/Fas ligand death receptor path-
way in ginseng saponin metabolite-induced apoptosis in HepG2 cells.
Arch Pharm Res 27(4):402-406. doi:10.1007/BF02980081

Park CS, Yoo MH, Noh KH, Oh DK (2010) Biotransformation of ginsenosides
by hydrolyzing the sugar moieties of ginsenosides using microbial
glycosidases. Appl Microbiol Biotechnol 87(1):9-19. doi:10.1007/
500253-010-2567-6

Quan LH, Min JW, Jin Y, Wang C, Kim YJ, Yang DC (2012) Enzymatic bio-
transformation of ginsenoside Rb; to compound K by recombinant
B-glucosidase from Microbacterium esteraromaticum. J Agric Food Chem
60(14):3776-3781.d0i:10.1021/jf300186a

Quan LH, Kim YJ, Li GH, Choi KT, Yang DC (2013) Microbial transformation of
ginsenoside Rb, to compound K by Lactobacillus paralimentarius. World J
Microbiol Biotechnol 29(6):1001-1007. doi:10.1007/511274-013-1260-1

Shin KC, Nam HK, Oh DK (2013) Hydrolysis of flavanone glycosides by
B-glucosidase from Pyrococcus furiosus and its application to the produc-
tion of flavanone aglycones from citrus extracts. J Agric Food Chem
61(47):11532-11540. doi:10.1021/jf403332e

Shin DJ, Kim JE, Lim TG, Jeong EH, Park G, Kang NJ, Park JS,
Yeom MH, Oh DK, Bode AM, Dong Z, Lee HJ, Lee KW (2014)

Page 11 of 11

20-0-3-D-glucopyranosyl-20(S)-protopanaxadiol suppresses UV-Induced
MMP-1 expression through AMPK-mediated mTOR inhibition as a down-
stream of the PKA-LKB1 pathway. J Cell Biochem 115(10):1702-1711.
doi:10.1002/jcb.24833

Shin KC, Choi HY, Seo MJ, Oh DK (2015) Compound K production from red gin-
seng extract by B-glycosidase from Sulfolobus solfataricus supplemented
with a-t-arabinofuranosidase from Caldicellulosiruptor saccharolyticus.
PLoS ONE 10(12):0145876. doi:10.1371/journal.pone.0145876

Son JW, Kim HJ, Oh DK (2008) Ginsenoside Rd production from the major
ginsenoside Rb, by 3-glucosidase from Thermus caldophilus. Biotechnol
Lett 30(4):713-716. doi:10.1007/510529-007-9590-4

Tirado-Rives J, Jorgensen WL (2006) Contribution of conformer focusing to the
uncertainty in predicting free energies for protein-ligand binding. J Med
Chem 49(20):5880-5884. doi:10.1021/jm060763i

Wakabayashi C, Murakami K, Hasegawa H, Murata J, Saiki | (1998) An intestinal
bacterial metabolite of ginseng protopanaxadiol saponins has the abil-
ity to induce apoptosis in tumor cells. Biochem Biophys Res Commun
246(3):725-730. doi:10.1006/bbrc.1998.8690

Wang L, Zhang Y, Chen J, Li S, Wang Y, Hu L, Wang L, Wu Y (2012) Immunosup-
pressive effects of ginsenoside-Rd on skin allograft rejection in rats. J Surg
Res 176(1):267-274. doi:10.1016/j.,js5.2011.06.038

Yan Q, Zhou XW, Zhou W, Li XW, Feng MQ, Zhou P (2008) Purification and
properties of a novel 3-glucosidase, hydrolyzing ginsenoside Rb, to CK,
from Paecilomyces Bainier. ) Microbiol Biotechnol 18(6):1081-1089

Yoshikawa M, Morikawa T, Kashima Y, Ninomiya K, Matsuda H (2003) Structures
of new dammarane-type Triterpene Saponins from the flower buds of
Panax notoginseng and hepatoprotective effects of principal Ginseng
Saponins. J Nat Prod 66(7):922-927. doi:10.1021/np030015]

Yu H, Zhang C, Lu M, Sun F, Fu'Y, Jin F (2007) Purification and characterization
of new special ginsenosidase hydrolyzing multi-glycisides of proto-
panaxadiol ginsenosides, ginsenosidase type I. Chem Pharm Bull (Tokyo)
55(2):231-235.doi:10.1248/cpb.55.231

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



http://dx.doi.org/10.1016/j.enzmictec.2016.08.013
http://dx.doi.org/10.1016/j.enzmictec.2016.08.013
http://dx.doi.org/10.1248/bpb.32.1830
http://dx.doi.org/10.1248/bpb.32.1830
http://dx.doi.org/10.1271/bbb.80525
http://dx.doi.org/10.1271/bbb.80525
http://dx.doi.org/10.1007/BF02980081
http://dx.doi.org/10.1007/s00253-010-2567-6
http://dx.doi.org/10.1007/s00253-010-2567-6
http://dx.doi.org/10.1021/jf300186a
http://dx.doi.org/10.1007/s11274-013-1260-1
http://dx.doi.org/10.1021/jf403332e
http://dx.doi.org/10.1002/jcb.24833
http://dx.doi.org/10.1371/journal.pone.0145876
http://dx.doi.org/10.1007/s10529-007-9590-4
http://dx.doi.org/10.1021/jm060763i
http://dx.doi.org/10.1006/bbrc.1998.8690
http://dx.doi.org/10.1016/j.jss.2011.06.038
http://dx.doi.org/10.1021/np030015l
http://dx.doi.org/10.1248/cpb.55.231

	Improved conversion of ginsenoside Rb1 to compound K by semi-rational design of Sulfolobus solfataricus β-glycosidase
	Abstract 
	Introduction
	Materials and methods
	Microorganisms, medium, and culture conditions
	Enzyme purification
	Mutation of SS-BGL
	Screening
	Ligand docking
	Enzyme reactions and determination of kinetic parameters
	Analytical methods
	Statistical analyses

	Results
	Determination of a residue related to ginsenoside Rd-hydrolyzing activity by screening of mutant library produced from error-prone
	Acquisition of a variant with increased ginsenoside Rd-hydrolyzing activity by rational design based on the selected residue
	Binding energy of the wild-type and W361F variant enzymes
	Substrate specificity of the wild-type and W361F variant enzymes
	Time-course reactions for the hydrolysis of ginsenoside Rb1 to compound K by the wild-type and W361F variant enzymes

	Discussion
	Authors’ contributions
	References




