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Abstract: Ginsenoside compound K (CK) has garnered considerable attention due to its versatile
pharmacological properties, including anti-inflammatory, anti-allergic, anti-aging, anti-diabetic, and
hepatoprotective effects, along with neuroprotection. The conventional approach to synthesizing
ginsenoside CK involves enzymatic conversion. However, the purification of enzymes necessitates
effort and expense, and enzymes are prone to inactivation. Additionally, whole-cell catalysis suffers
from inefficiency due to limited cell permeability. To address these challenges, we harnessed the
YiaT protein as an anchoring motif, establishing a surface display system for 3-glycosidase Bgp3.
This innovative system served as a whole-cell catalyst for the efficient synthesis of ginsenoside CK.
We further optimized the YiaT-Bgp3 system, enhancing display levels and significantly increasing
ginsenoside CK production. Optimal conditions were achieved at an IPTG concentration of 0.5 mM,
an induction temperature of 16 °C, a ginsenoside substrate concentration of 15 mg/mL, and a catalytic
temperature of 30 °C. Ultimately, the YiaT-Bgp3 system synthesized 5.18 %+ 0.08 mg/mL ginsenoside
CK within 24 h, with a conversion of 81.83 %+ 1.34%. Furthermore, the YiaT-Bgp3 system exhibited
good reusability, adding to its practicality and value. This study has successfully developed an
efficient whole-cell Bgp3 biocatalyst, offering a convenient, highly productive, and economically
viable solution for the industrial production of ginsenoside CK.

Keywords: 3-glycosidase; ginsenoside compound K; whole-cell catalyst; surface display

1. Introduction

Ginseng is a traditional herbaceous plant that can be used to maintain physical vitality
and prolong life, so it is also known as the “king of herbs” [1]. The pharmacological activity
of ginseng is mainly attributed to ginsenosides. Rare ginsenosides, including ginsenoside
compound K (CK), are the secondary metabolites of ginsenosides and the most important
active components [2].

Ginsenoside CK, first discovered in 1972, represents a rare protopanaxadiol class of
ginsenoside not naturally found in ginseng plants [2,3]. It emerges as the primary degrada-
tion product of other protopanaxadiol-type ginsenosides within the human intestine, and
it is a truly absorbed and functional entity [4]. Over the past half-century, the (auxiliary)
therapeutic ability of CK for cancer, tumors, inflammation, diabetes, and other diseases
has been confirmed in many studies. Owing to its high safety and diverse biological
functions, ginsenoside CK holds significant potential as a therapeutic agent for numerous
diseases [3,5-7].

Ginsenoside CK is currently mainly prepared through the deglycosylation of gin-
senosides Rb1, Rb2, Rd, and Rc. Enzymatic conversion is an important pathway for the
conversion of ginsenosides [8,9], and various glycosidases have been reported to be used
for the enzymatic synthesis of ginsenoside CK [10-15]. For example, Kim [11] used puri-
fied Armillaria mellea mycelium (-glycosidase BG-1 to convert ginsenoside Rb2 into rare
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ginsenoside CY and CK and elucidated the conversion pathway as Rb2 — CO — CY
— CK. Shin [12] characterized a 3-glucosidase, which can completely convert all PPD
(protopanaxadiol)-type ginsenosides in ginseng extract into ginsenoside CK. The extra-
cellular enzyme of Paecilomyces bainier sp. 229 was isolated and purified to obtain seven
components, each of which had the ability to hydrolyze ginsenosides. One of the com-
ponents is defined as 3-glucosidase, which can specifically hydrolyze Rb1 into CK [16].
However, glycosidases are typically intracellular enzymes, necessitating additional steps
for enzyme recovery and purification, which can elevate costs [17]. Moreover, the process
of enzyme recovery and purification may lead to a reduction in enzyme activity [17]. On
the other hand, whole-cell catalysis is often hindered by poor cell permeability, resulting
in reduced efficiency [18]. To surmount these challenges, we employed surface display
technology to express [3-glycosidase on the extracellular surface of cells. This innovative
approach enables the entire cell to serve as a catalyst for the synthesis of ginsenoside CK in
the extracellular space.

Surface display is a technique that presents the structural domains of expressed
exogenous peptides or proteins in the form of fusion proteins on the surface of cells or
bacteriophages [19]. This method offers notable advantages in terms of convenience,
efficiency, and cost-effectiveness [18,20]. Surface display can be used for a wide range of
biotechnology and industrial applications, including the development of live vaccines,
peptide libraries to screen displays, biosorbents, biosensors, whole-cell biocatalysts, and
biofuel [21,22].

Surface display systems consist of a carrier protein that acts as an anchoring motif, a
passenger protein that acts as a target protein, and a host strain. Among the host organisms,
Escherichia coli stands out as one of the most extensively employed choices, benefitting from
its well-explored genome, well-established genetic toolbox, exceptional transformation
efficiency, and good compatibility with heterogeneous proteins [18,23-25]. The choice
of anchoring motif is particularly important because an incorrect motif may destabilize
cell envelope integrity and cause growth defects [24]. Many different proteins have been
developed as anchoring motifs of E. coli. The Lpp Ompa (LOA) system is the first widely
used carrier protein in the surface display system of E. coli [26]. Subsequently, numerous
candidate proteins located on the outer membrane of E. coli, such as MipA [27] and YiaT [28]
motifs, have been developed and demonstrated to effectively display proteins of varying
sizes and characteristics.

In this study, the N-terminal truncated YiaT protein of E. coli MG1655 was used as the
anchoring motif to construct a surface display system for 3-glycosidase Bgp3. We further
optimized the YiaT-Bgp3 system to achieve higher display levels and compared it with
Bgp3 in the intracellular expression system. Additionally, the reusability of the YiaT-Bgp3
system was evaluated to facilitate industrial applications.

2. Results and Discussion
2.1. Expression and Analysis of Recombinant Proteins in E. coli

The generated recombinant plasmids pET28a-bgp3 and pET28a-yiaT-bgp3 were con-
firmed to be correct using restriction enzyme analysis (Figure S1) and DNA sequencing
before being transformed into E. coli BL21(DE3) for expression. The recombinant Bgp3
protein was examined using SDS-PAGE and found to have a molecular mass of approx-
imately 80 kDa, corresponding to the predicted value of 79.7 kDa (Figure 1a) [29]. The
anticipated molecular weight of the recombinant YiaT-Bgp3 protein from entire cells resus-
pended in a PBS buffer (0.01 M, pH 7.4) after fermentation was 105.7 kDa [28]. SDS-PAGE
analysis demonstrated that the molecular weight was approximately 110 kDa (Figure 1b),
suggesting that the plasmid pET28a-yiaT-bgp3 was successfully expressed.
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Figure 1. SDS-PAGE analysis: (a) SDS-PAGE analysis of recombinant bgp3. Lane M: marker; Lane
1: recombinant bgp3; (b) SDS-PAGE analysis of recombinant yiaT-bgp3. Lane M: marker; Lane 2:
recombinant yiaT-bgp3.

2.2. Confirmation of the Surface Display System

Trypsin cleaves proteins on the C-terminal side of lysine and arginine residues, so
proteins attached to the cell surface with extracellular exposure can be digested by trypsin
while the intracellular proteins are unavailable to trypsin. The trypsin accessibility can
be easily determined using SDS-PAGE analysis of trypsin-treated and untreated whole
cells, which provides the position of specific proteins [18,30,31]. To evaluate if the trypsin
accessibility assay is effective for the Bgp3 protein, whole cells and cell lysates from the Bgp3
intracellular expression system were treated with trypsin. SDS-PAGE analysis showed the
same intact Bgp3 bands for the trypsin-untreated and treated whole cells, but the Bgp3 band
of the cell lysate disappeared after trypsin treatment (Figure 2a). This demonstrated that
Bgp3 could be digested by trypsin, but trypsin could not pass through the cell membranes.
Therefore, a trypsin accessibility assay can be used to determine the surface localization of
the expressed Bgp3.
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Figure 2. SDS-PAGE analysis: (a) SDS-PAGE analysis of recombinant bgp3. Lane M: marker; Lanes 1-
2: whole cells of intracellular Bgp3 expression system without and with trypsin treatment; Lanes 3—4:
cell lysate of intracellular Bgp3 expression system without and with trypsin treatment; (b) SDS-PAGE
analysis of recombinant yiaT-bgp3. Lane M: marker; Lanes 5-6: trypsin-untreated and treated whole
cells expressing YiaT-Bgp3.
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SDS-PAGE analysis of trypsin-treated and untreated whole cells expressing fusion
proteins YiaT-Bgp3 showed that the band of YiaT-Bgp3 existed in trypsin-untreated cells,
while the band of YiaT-Bgp3 in trypsin-treated cells disappeared (Figure 2b). This result
suggested that the fusion protein YiaT-Bgp3 was successfully displayed on the E. coli cell
surface.

Previous research has found that different anchoring motifs have different efficien-
cies [18]. In a surface display system, the display of a successful recombinant protein is
highly dependent on the choice of anchoring motif [28]. Thus, the anchoring motif YiaT
originating from E. coli itself was selected to overcome the significant problems associated
with the broader applications of display systems, such as target protein size limitations and
misfolding, making it possible to generate cost-effective biocatalytic systems for various
chemical industries [28].

2.3. Determination of Surface Display Efficiency

After confirming that YiaT-Bgp3 could be displayed on the E. coli cell surface, the
whole cell activity of the cell surface display system was assessed, exhibiting an activity
of 57.06 £ 0.95 U/mg (Table 1). By comparison, the whole cell activity and lysate activity
of the cells with Bgp3 in an intracellular expression system were 56.10 £ 1.45 U/mg and
10.91 £ 1.26 U/mg, respectively, indicating that the YiaT-Bgp3 system exhibited good pro-
tein expression. Furthermore, the YiaT-Bgp3 system could synthesize 1.07 & 0.05 mg/mL
ginsenoside CK, which increased the production by approximately 3.5 times compared
to the whole cell with Bgp3, suggesting that the YiaT-Bgp3 system enabled the strain to
synthesize ginsenoside CK more effectively. The specific enzyme activity and ginsenoside
CK production of the YiaT-Bgp3 system was similar to the lysate cell with Bgp3, but the
system did not need additional steps to recover and purify the target enzymes, which may
contribute to decreased enzyme activity and increased production costs [17].

Table 1. Comparison of surface display and intracellular expression systems.

T Specific Enzyme Ginsenoside CK Conversion (%)
ype Activity (U/mg) Production (mg/mL) onversion {7
Whole cell
(pET28a-yiaT-bgp3) 57.06 £ 0.95 1.07 £ 0.05 50.48 +2.34
Lysate (pET28a-bgp3) 56.10 + 1.45 1.06 + 0.07 50.24 + 3.35
Whole cell (pET28a-bgp3) 1091 +1.26 0.31 £0.04 14.69 +2.01

2.4. Effects of IPTG Concentration on Protein Expression and Ginsenoside CK Production

Isopropyl-p-D-thiogalactopyranoside (IPTG) is an inducer with strong induction capa-
bility. The optimal concentration of IPTG appears to be highly system-dependent [32,33].
Therefore, we evaluated the effect of IPTG concentrations of 0 mM, 0.2 mM, 0.5 mM, 0.8 mM,
and 1 mM. Trypsin accessibility assays demonstrated that the amount of expressed YiaT-
Bgp3 was almost the same under these IPTG concentrations (Figure 3a). The maximum
yield of ginsenoside CK was 1.17 £ 0.07 mg/mL observed at a concentration of IPTG of
0.5 mM (Figure 3b), with a conversion of 55.45 &+ 3.35%.

The concentration of IPTG required for optimal expression is influenced by various
factors, such as the strength of the promoter, the presence or absence of repressor genes on a
plasmid, the cellular location of product expression, the response of the cell to recombinant
protein expression, the solubility of the target protein and the characteristics of the protein
itself [32]. In addition, the characteristics of target proteins, their required forms, and the
cell location where the target protein accumulates significantly affect the optimal IPTG
concentration [33]. Therefore, we had to conduct experiments to determine the optimal
concentration.
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Figure 3. The effect of the inducer IPTG concentration: (a) SDS-PAGE analysis of the YiaT-Bgp3
expression. Lane M: marker; Lanes 1-10: each pair of lanes are trypsin-untreated and treated whole
cells induced by IPTG with the concentrations of 1 mM, 0.8 mM, 0.5 mM, 0.2 mM, and 0 mM;
(b) the effect of IPTG concentration on ginsenoside CK production. Induction temperature: 25 °C;
ginsenoside substrate concentration: 5 mg/mL; catalytic temperature: 37 °C; reaction time: 24 h.

2.5. Effects of Induction Temperature on Protein Expression and Ginsenoside CK Production

Induction temperature has an important impact on the expression of proteins. When
the induction temperature is higher, the protein synthesis rate is too quick, and it is easy to
form inclusion bodies [32,34,35]. Low induction temperature is conducive to the production
of recombinant proteins and can increase the yield or activity of target proteins [36]. This
study examined 4, 16, 25, and 37 °C to explore the effects of induction temperature on
protein expression and ginsenoside CK production.

According to the SDS-PAGE analysis, the YiaT-Bgp3 expression levels were different
under these temperatures, with the optimal induction temperature being 25 °C (Figure 4a).
However, the cells undergoing protein expression at 25 °C exhibited low activity (Figure 4b),
while those expressed at 16 °C exhibited the best activity. We speculated that the induc-
tion temperature was too high, resulting in the appearance of inclusion bodies, so the
SDS-PAGE analysis showed that trypsin could not fully digest the YiaT-Bgp3 band. Cor-
respondingly, the yield of ginsenoside CK was the highest at 16 °C (Figure 4c). Thus,
16 °C was employed as the optimal induction temperature for the YiaT-Bgp3 system in our
subsequent experiments.

CK production

H
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Conversion (%)

Specific enzyme activity (U/mg)
2
CK production (mg/mL)
=]
2

0.4
20
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0 . . 0.0
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Figure 4. The effect of the induction temperature: (a) SDS-PAGE analysis of the YiaT-Bgp3 expression.
Lane M: marker; Lanes 1-8: each pair of lanes are trypsin-untreated and treated whole cells with
the induction temperatures 4 °C, 16 °C, 25 °C, and 37 °C; (b) the effect of induction temperature on
specific enzyme activity; (c) the effect of induction temperature on ginsenoside CK production. IPTG
concentration: 0.5 mM; ginsenoside substrate concentration: 5 mg/mL; catalytic temperature: 37 °C;
reaction time: 24 h.
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The maximum specific growth rate of E. coli occurs at a temperature of 37-39 °C [37].
The use of suboptimal growth temperatures, in some cases, can reduce unwanted metabolic
responses to the synthesis of a foreign protein and, as a consequence, improve the yield
and/or solubility of the target protein product [32]. For example, growth and induction at
21 °C instead of 37 °C enhanced the soluble yield of cytoplasmic Fab fragments 10-fold [38].
So, induction at lower temperatures is beneficial as it can improve the expression of soluble
target proteins, which is consistent with our experimental results.

2.6. Effects of Ginsenoside Substrate Concentration on Ginsenoside CK Production

The substrate concentration affects the rate of whole-cell catalytic reactions and the
generation of products. The effect of ginsenoside substrate concentration on the generation
of ginsenoside CK was examined using different substrate concentrations (5 mg/mL to
25 mg/mL) (Figure 5). The production of ginsenoside CK increased with the increase in
substrate concentrations. When the substrate concentrations were 5 mg/mL and 10 mg/mL,
the conversion reached 68.49 & 1.68% and 73.11 £ 0.84%, respectively. When the substrate
concentration was 15 mg/mlL, the conversion reached its maximum of 76.86 £ 1.23%. As
the substrate concentration increased further, the conversion decreased, possibly due to
the inhibition of ginsenoside CK and the saturation of substrate concentration [15]. When
the substrate concentration was further increased to 20 mg/mL, the conversion decreased
to 63.10 & 1.76%. The conversion was 57.77 £ 1.00% with a substrate concentration of
25 mg/mL. Therefore, considering the cost, the following experiments were conducted
with a 15 mg/mL substrate concentration.

7] [CJCK production ggH Conversion Lod
L 90

_
'ﬁ 6- L 80
E" 54 s
R o 60 =
g 4- S
k) L50 7
~ @
] 2

34 L 40
z :
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Substrate concentration (mg/mL)

Figure 5. The effect of ginsenoside substrate concentration. IPTG concentration: 0.5 mM; induction
temperature: 16 °C; catalytic temperature: 37 °C; reaction time: 24 h.

2.7. Effects of Catalytic Temperature on Ginsenoside CK Production

In whole-cell catalytic reactions, the catalytic temperature is an essential factor. There-
fore, we investigated the influence of different catalytic temperatures (Figure 6). The
production of ginsenoside CK was 2.66 + 0.13 mg/mL when the catalytic temperature
was 16 °C. As the catalytic temperature increased, the production of ginsenoside CK also
increased. When the catalytic temperature was 30 °C, the production of ginsenoside CK
reached its maximum. The ginsenoside CK production decreased when the temperature
reached 37 °C. Therefore, the optimal catalytic temperature was 30 °C. Under these optimal
conditions, YiaT-Bgp3 converted 15 mg/mL ginsenoside substrate to 5.18 & 0.08 mg/mL
ginsenoside CK, with an 81.83 &+ 1.34% conversion.
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Figure 6. The effect of catalytic temperature. IPTG concentration: 0.5 mM; induction temperature:
16 °C; ginsenoside substrate concentration: 15 mg/mL; reaction time: 24 h.

2.8. Synthesis of Ginsenoside CK in a 100 mL System

It had been shown through the optimization experiments (based on incubating tube
set-up) that the whole-cell catalyst YiaT-Bgp3 can efficiently synthesize ginsenoside CK.
To demonstrate the scalability and reliability of the ginsenoside CK synthesis reaction,
a 100 mL system was conducted under optimal conditions, and the result is shown in
Figure 7. After 18 h, 4.99 £ 0.09 mg/mL ginsenoside CK was produced. This indicated
that the synthesis of ginsenoside CK is scalable and reliable, and the whole-cell catalyst
YiaT-Bgp3 has industrial potential.

100
—a— CK production
5 o =4==Conversion i—l - 90
g /I_ﬁ s
= 4 70 &
) <
-~ F60 ¢
= 34 S
o -
"3 - 50 %
= >
L 40
? 2- g
3 L300 ©
5 14 20
10
0 T ¥ b L) 0
0 6 12 18 24
Time (h)

Figure 7. Synthesis of ginsenoside CK in a 100 mL system. IPTG concentration: 0.5 mM; induction
temperature: 16 °C; ginsenoside substrate concentration: 15 mg/mL; catalytic temperature: 30 °C;
reaction time: 24 h.

2.9. Evaluation of the Reusability of the Surface Display System

The whole cells were suspended in a PBS bulffer, and the reusability of the cells was
examined via repeated whole-cell catalytic reactions. As illustrated in Figure 8, whole cells
with Bgp3 only produced 0.13 + 0.04 mg/mL of ginsenoside CK after being reusedeight
times, and with an increasing number of uses, ginsenoside CK production significantly
decreased. By comparison, whole cells with YiaT-Bgp3 still generated 4.18 £ 0.15 mg/mL
ginsenoside CK after being reused eight times, with a conversion of 65.96 & 2.34%. More-
over, the ginsenoside CK production of the surface displayed E. coli decreased smoothly.
This indicated that the YiaT-Bgp3 display system has good reusability, which is economical
for industrialization.
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Figure 8. Repeated use of whole cell (IPTG concentration: 0.5 mM; induction temperature: 16 °C;
ginsenoside substrate concentration: 15 mg/mlL; catalytic temperature: 30 °C; reaction time: 24 h):
(a) whole cell with YiaT-Bgp3; (b) whole cell with Bgp3.

3. Materials and Methods
3.1. Materials

The genomic DNA extraction bacteria kit, DNA purification kit, and plasmid mini-
prep kit were purchased from Tiangen Biotech Co., Ltd. (Beijing, China). The 2 x Phanta
Max Master Mix DNA polymerase and ClonExpress Ultra One Step Cloning Kit were
purchased from Vazyme Biotech Co., Ltd. (Nanjing, China). Restriction enzymes were
purchased from Takara Bio Inc. (Beijing, China). All other chemicals and reagents were
purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Ginsenoside
substrate (including 42.29% ginsenoside Rb1l) was provided by Shanxi Hongtian Jiali
Agricultural Science and Technology Co., Ltd. (Shanxi, China). Ginsenoside CK, with a
purity of 98%, was purchased from Shanghai D&B Biological Science and Technology Co.,
Ltd. (Shanghai, China).

3.2. Strains and Plasmids

All strains and plasmids used in this study are outlined in Table 2. E. coli strains
DH5a and BL21(DE3) were used as hosts for gene manipulation and protein expression,
respectively. The plasmid pET28a was used for the construction of expression vectors
for proteins.

Table 2. Strains and plasmids used in this study.

Strains or Plasmids Descriptions Source
E. coli DH5x Clone strain Vazyme
E. coli BL21(DE3) Expression strain Vazyme
pET28a pBR232 origin, lac I coding sequence, P17, Km" Lab stock
> s
pET28a-bgp3 pETZSa.derlvatwe, Pr7, Km', intracellular Bgp3 This study
expression
pET28a derivative, P17, Km®, fusion expression of

pET28a-yiaT-bgp3 This study

YiaT-Bgp3

3.3. Plasmid Construction and Transformation

The primers used in this study are listed in Table S1. The codon-optimized sequence of
bgp3 (GenBank accession number JN603821.1) was synthesized by General Biol. (Chuzhou,
Anhui, China). The bgp3 gene sequence assembled for genetic engineering was obtained
via PCR amplification using the primers bgp-F/Sal I and bgp-R/Xho I and ligated into
the Sal 1/ Xho 1 sites of the pET28a plasmid to obtain the recombinant plasmid pET28a-
bgp3. The genomic DNA of E. coli MG1655 was isolated and used as the template for
PCR amplification to obtain the YiaT gene (N-terminal residues 1-232) using the primers
YiaT-F/EcoR I and YiaT-R/Sal I. The YiaT gene was then ligated into the EcoR 1/5al I sites
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of the previously constructed plasmid (pET28a-bgp3) to generate the plasmid pET28a-
yiaT-bgp3. All recombinant plasmids were verified using restriction enzyme analysis and
DNA sequencing. The recombinant plasmids were transformed into E. coli BL21(DE3)
for expression.

3.4. Culture Conditions

The 200 pL of preserved recombinant E. coli BL21(DE3) was evenly coated on an LB
solid medium (10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl, and 20 g/L agar powder)
and cultured overnight at 37 °C. Overnight cultures of E. coli BL21(DE3) were inoculated
in an LB liquid medium (10 g/L tryptone, 5 g/L yeast extract, and 10 g/L NaCl) with
30 pg/mL kanamycin at 37 °C for 8 h, and inoculated in an LB liquid medium with an
inoculation amount of 5% (v/v). When the ODg reached 0.6-0.8, the protein expression
was induced using 0.2 mM IPTG at 25 °C for 24 h.

3.5. Ginsenoside CK Synthesis

After the cultivation, pellets that can serve as a subsequent whole-cell catalyst were
collected via centrifugation at 6000 rpm for 10 min at 4 °C. The pellets were washed twice
with a PBS buffer (0.01 M, pH 7.4) and then resuspended. The ginsenoside CK synthesis
reaction was carried out at 37 °C in a 25 mL incubating tube in a 5 mL PBS buffer containing
5 mg/mL ginsenoside substrate and whole cells.

3.6. Analytical Methods
3.6.1. Biomass Determination

Biomass was determined using a spectrophotometer (7565, Lengguang, Huangpu,
Shanghai, China) at 600 nm.

3.6.2. High-Performance Liquid Chromatography (HPLC) Analysis of Ginsenoside CK

After the ginsenoside CK synthesis reaction, 5 mL water-saturated n-butanol was
added to the reaction system, ultrasonic treatment for 30 min, standing for 1 h, centrifu-
gation, and rare ginsenoside CK was present in the upper solution. The upper solution
of water-saturated n-butanol extraction was steamed, an equal volume of methanol was
added and then filtered through a 0.22 pm membrane for analysis. HPLC (Agilent, Santa
Clara, CA, USA) was employed to quantitatively analyze ginsenoside CK at 203 nm with
a C18 column (4.6 mm X 250 mm, 5 um). The column temperature was 35 °C, and the
injected volume was 20 uL. The mobile phase consisted of a gradient of water (A) and
acetonitrile (B), as follows: 65% A, 0-10 min; 65% to 45% A, 10-12 min; 45% A, 12-35 min;
45% to 0% A, 35-40 min; 0% to 65% A, 40-45 min; and 65% A, 45-50 min. The flow rate
was established at 1.5 mL/min [1].

3.6.3. Trypsin Accessibility Assay for Confirmation of the Surface Display System

To investigate the surface display of Bgp3, a trypsin accessibility test was used. The
culture of E. coli BL21(DE3) harboring the Bgp3 surface display system was collected
via centrifugation at 6000 rpm for 10 min at 4 °C. Cell pellets were washed twice with
a PBS buffer and resuspended. The intact cells were treated with trypsin with the final
concentration of 400 pg/mL for 1 h at 37 °C. The digestion was terminated by adding
2.5 mM PMSF after incubation on ice for 5 min [18]. The E. coli BL21(DE3) cells containing
the pET28a-bgp3 plasmid for intracellular Bgp3 expression were treated the same way
and used as a control. All samples were analyzed via a SDS-PAGE gel and stained with
Coomassie blue dye.

3.6.4. Enzymatic Activity Assays

The enzymatic activity was assayed using p-nitrophenyl-3-D-glucopyranoside (pNPG)
as the substrate. A 100 pL reaction solution consisting of 80 pL of 10 mM PBS buffer, 10 pL
of whole cell solution or lysate at the appropriate dilution, and 10 uL of 2.5 mM pNPG
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was incubated for 5 min at 35 °C. The reaction was stopped by adding 100 pL of 1 M
NayCO3, and the absorbance was measured at 400 nm. One unit (U) of hydrolysis activity
was defined as the amount of enzyme required to liberate 1 uM of pNP per minute under
standard conditions [39].

3.6.5. Data Analysis

All experiments were independently performed in triplicate, and the mean and stan-
dard deviation of the results were obtained by Origin 2017.

3.7. Effects of IPTG Concentration and Induction Temperature on Protein Expression and
Ginsenoside CK Production

To examine the effect of the inducer IPTG, different concentrations of IPTG ranging
from 0 to 1.0 mM were used to induce the expression of YiaT-Bgp3. The effect of induction
temperature on YiaT-Bgp3 expression after the induction was also examined at 4 °C, 16 °C,
25 °C, and 37 °C.

3.8. Effects of Ginsenoside Substrate Concentration and Catalytic Temperature on Ginsenoside CK
Production

The effects of ginsenoside substrate concentration and catalytic temperature on gin-
senoside CK production were examined by varying the ginsenoside substrate concentration
from 5 to 25 mg/mL at 37 °C and the catalytic temperature from 16 to 37 °C at 15 mg/mL
ginsenoside substrate.

3.9. Scale-Up of Ginsenoside CK Synthesis Reaction

For the scale-up of the synthesis reaction, pellets that can serve as a subsequent
whole-cell catalyst were resuspended in a 100 mL PBS buffer (in a 500 mL shake flask)
containing 15 mg/mL ginsenoside substrate. Other experimental conditions included the
concentration of IPTG, which was 0.5 mM, the induction temperature, which was 16 °C,
and the catalytic temperature at 30 °C.

3.10. Reusability Assay of Surface Display System

After induction with 0.5 mM IPTG and 16 °C, whole cells were suspended in a PBS
buffer and reacted with 15 mg/mL ginsenoside substrate at 30 °C. After the reaction,
cells were centrifuged, and the supernatants were used to determine the ginsenoside
CK concentration. The pellets were continued to be resuspended with a PBS buffer, and
ginsenoside substrate was added to repeat the reaction.

4. Conclusions

In this study, an efficient 3-glycosidase whole-cell catalyst YiaT-Bgp3 was obtained
using the YiaT motif. The whole-cell catalyst overcomes the membrane permeability
concerns of intracellular Bgp3 whole-cell catalysts and the high costs of purified Bgp3.
The activity of the YiaT-Bgp3 system is similar to cell lysate with Bgp3, indicating a good
display level. We also optimized the system and significantly increased the production
of ginsenoside CK. Ultimately, the YiaT-Bgp3 system synthesized 5.18 & 0.08 mg/mL
ginsenoside CK with a conversion of 81.83 £ 1.34% when the concentration of IPTG
was 0.5 mM, induction temperature was 16 °C, ginsenoside substrate concentration was
15 mg/mL, and catalytic temperature was 30 °C. Moreover, the YiaT-Bgp3 system can be
reused several times, providing a valuable system for industrial ginsenoside CK production.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/catal13101375/s1, Table S1: Primers used in this study; Figure S1:
Agarose electrophoresis diagram. (a) Lane M: Trans2K Plus Il DNA Marker; Lane 1: plasmid pET28a-
bgp3 digested with Xho I and Bgl II. (b) Lane 2: plasmid pET28a-yiaT-bgp3 digested with Xho I and
Bgl II; Lane M: Trans2K Plus I DNA Marker; Figure S2: The effect of IPTG concentration on specific
enzyme activity; Figure S3: HPLC analysis. (a) Standard. (b) Sample (IPTG concentration: 0.5 mM;
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induction temperature: 16 °C; ginsenoside substrate concentration: 15 mg/mL; catalytic temperature:
30 °C; reaction time: 24 h).
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