
Contents lists available at ScienceDirect 

Bioorganic Chemistry 

journal homepage: www.elsevier.com/locate/bioorg 

Characterization of a novel thermostable glucose-tolerant GH1 β- 
glucosidase from the hyperthermophile Ignisphaera aggregans and its 
application in the efficient production of baohuoside I from icariin and total 
epimedium flavonoids 
Jingcong Xiea,b, Hao Xua,b, Jianchun Jianga,b,⁎, Ning Zhanga,b, Jing Yanga,b, Jian Zhaoa,b,  
Min Weia,b 

a Institute of Chemical Industry of Forest Products, Chinese Academy of Forestry, National Engineering Lab. for Biomass Chemical Utilization, Key and Open Lab of Forest 
Chemical Engineering, SFA, Key Lab of Biomass Energy Sources and Materials, Nanjing 210042, China 
b Co-Innovation Center of Efficient Processing and Utilization of Forest Resources, Nanjing Forestry University, Nanjing 210037, China  

A R T I C L E  I N F O   

Keywords: 
β-glucosidase 
Ignisphaera aggregans 
Thermostability 
Baohuoside I 
The total epimedium flavonoids 

A B S T R A C T   

The minor flavonoid baohuoside I from Herba epimedii has better bioactivities than its precursor compounds 
icariin and other major epimedium flavonoids. In this study, a novel β-glucosidase gene (Igag_0940) was cloned 
and expressed to improve the conversion efficiency in the process of baohuoside I production. For the first time, 
the recombinant IagBgl1 was purified and then identified uniquely as a trimer in GH 1 family protein from 
Archaea. The maximum activity of recombinant IagBgl1 was exhibited at 95 °C, pH 6.5, and it retained more 
than 70% after incubation at 90 °C for 4 h. IagBgl1 had a high catalytic activity towards icariin with a Kcat/Km 

ratio of 488.19 mM−1·s−1. Under optimized conditions (65 °C, pH 6.5, 0.8 U/mL enzyme, and 90 min), 10 g/L 
icariin was transformed into 7.564 g/L baohuoside I with a molar conversion of 99.48%. Meanwhile, 2.434 g/L 
baohuoside I was obtained from 10 g/L total epimedium flavonoids by a two-step conversion system built with 
IagBgl1 and two other thermostable enzymes. This is the first report of enzymatic conversion for producing 
baohuoside I by thermostable enzymes.   

1. Introduction 

Epimedium flavonoids, a series of flavonoid derivatives consisting 
of isoprenoid and methoxyl substitutions, have been proven to be the 
primary bioactive constituents of Herba Epimedii. Among the total fla
vones of Epimedii (TFE) from plants, epimedium flavonoids usually 
exist in the form of glycosides that are substituted with glucosyl, 
rhamnosyl or xylosyl residues in various numbers and positions [1]. 
Among them, four multiple glycosides with high contents, namely, 
epimedin A, epimedin B, epimedin C, and icariin (Fig. 1), were classi
fied as major epimedium flavonoids (contents of 1.0–2.6% in raw ma
terial of Epimedii species). Interestingly, a monoglycoside baohuoside I 
with quite low contents (less than 0.15% in raw material of Epimedii 
species) was confirmed to exhibit various attractive pharmacological 
activities, such as antiosteoporosis [2], antioxidant [3], and anti
osteoblast [4] activities. Moreover, baohuoside I displayed better and 
broader bioactivities than the major epimedium flavonoids, such as 

icariin, in many aspects. It was not only reported to enhance the dif
ferentiation of osteoblasts but also found to inhibit the differentiation of 
osteoclasts [5]. Meanwhile, it was found that baohuoside I had a sig
nificant inhibition effect on various types of cancers, including osteo
sarcoma [5], epidermoid carcinoma [6], breast cancer [7], acute 
myeloid leukemia[8], and hepatoblastoma [9], while icariin did not. 
Moreover, baohuoside I exhibited greater bioavailability than icariin  
[10]. The lower polarity of baohuoside I made it more efficiently ab
sorbed into capillaries in the small intestine. Due to the attractive 
benefits of baohuoside I and the high structural similarity between 
icariin and baohuoside I, many studies were focused on the preparation 
of baohuoside I from icariin by releasing its glucose residue. Acid hy
drolysis, microbial conversion, and enzymatic transformation have 
been explored and confirmed as possible ways to produce baohuoside I  
[11–13]. With high selectivity, high efficiency and mild reaction con
ditions, the enzymatic transformation method exhibited great applica
tion potential for the production of baohuoside I from icariin. Several 
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commercial enzymes [14], including dextranase, cellulase, and β-glu
cosidase, were reported to be capable of hydrolyzing icariin into bao
huoside I; however, commercial β-glucosidase exhibited a better 
transformation capability. 

β-Glucosidase is well known as one of the main hydrolases in cel
lulose saccharification; thus, it has been widely used in lignocelluloses 
biorefineries. However, the functions of β-glucosidase include but are 
not limited to the hydrolysis of cellulose. Based on its catalysis speci
ficity, β-glucosidase can be classified into three clades [15]: i) aryl-β- 
glucosidase displays a strong affinity to aryl-β-glucoside, ii) cellobiase 
hydrolyzes oligosaccharides only, and iii) the third clade of β-glucosi
dases exhibits broad specificity for a wide range of substrates, including 
oligosaccharides, aryl-glycosides and alkyl-glycosides with different 
glycosidic bonds [16,17]. Recently, the third clade of β-glucosidases 
has attracted increasing attention because of its application potential as 
a biocatalyst for obtaining glycoside secondary metabolites from nat
ural resources, including polyphenols [18], flavonoids [19], and sapo
nins [20]. Some thermostable β-glucosidases exhibited significant ad
vances in two aspects: i) they exhibited higher specific activity and a 
stronger catalysis capability for natural glycosides [21], and ii) ther
mostable β-glucosidase with a high reaction temperature exhibited 
natural advantages for improving substrate solubility, enhancing the 
mass transfer rate and reducing the risk of contamination [22]. Thus, 
thermostable β-glucosidase has been used in industrial applications as 
an ideal catalyst for the conversion of natural glycosides [23,24]. The 
use of thermostable β-glucosidase with high specifies to icariin might be 
a feasible option for further improving the transformation efficiency of 
baohuoside I production. 

In this paper, a novel GH1 thermostable putative β-glucosidase, 
IagBgl1, from Ignisphaera aggregans was cloned and characterized as a 
multifunctional glycoside hydrolase with β-glucosidase/β-xylosidase/β- 

galacosidase/α-arabinosidase activities. It displayed high selectivity for 
producing baohuoside I from icariin with high productivity. Moreover, 
it exhibited excellent thermostability, organic solvent resistance and 
sugar tolerance. These extraordinary properties make IagBgl1 more 
suitable for production of baohuoside I under high concentrations of 
icariin. Meanwhile, the total epimedium flavonoids (TEF) was used as a 
substrate to produce baohuoside by a two-step conversion system 
consisting of IagBgl1 and two other thermostable enzymes from 
Thermotoga petrophila. 

2. Materials and methods 

2.1. Materials 

The artificial substrates, including p-nitrophenyl-β-D-glucopyrano
side (pNPG), pNP-β-D-galactopyranoside (pNPGal), pNP-α-L-arabino
pyranoside (pNPArp), pNP-β-D-xylopyranoside (pNPXyl), p-nitrophenyl- 
α-L-rhamnopyranoside (pNPR), and pNP-α-L-arabinofuranoside 
(pNPArf), were purchased from Sigma-Aldrich (St Louis, MO, USA). The 
standards, including epimedin A, epimedin B, epimedin C, icariin, sa
gittatoside A, sagittatoside B, sagittatoside C, baohuoside I, and icaritin 
were purchased from Chendu Must Bio-Technology (Chendu, Sichuan, 
China). The TFE, containing epimedin A (2.65%), epimedin B (5.73%), 
epimedin C (12.23%), icariin (18.53%), and baohuoside I (1.95%), was 
obtained from Sobeo biotech Co. Ltd. (Xian, Shanxi Province, China). 
The recombinant rhamnosidase TpeRha and recombinant xylosidase 
TpeXyl3 were kindly provided by Professor Linguo Zhao from the 
Department of Biopharmaceuticals, Institute of Chemical Engineering, 
Nanjing Forestry University, Nanjing, China. 

2.2. Bioinformatic analysis of IagBgl1 

BLAST from the NCBI was employed to search databases and obtain 
sequence identity. Clustal X version 2.0 was used for multiple align
ments of protein sequences [25,26]. ESPript 3.0 was applied to generate 
protein alignment figures. The phylogenic trees were created by Mega 
6.0. 

2.3. Expression and purification of IagBgl1 

The target gene Igag_0940 from Ignisphaera aggregans DSM17230 
(CP002098.1) was synthesized by Generay (Generay Biotechnology, 
Co., Ltd., Shanghai, China). The codons of coding gene IagBgl1 were 
optimized following the codon bias of Escherichia coli. The synthesized 
Igag_0940 was inserted into pET20b vector (Novagen Company, USA) 
by using NcoI and XhoI restriction sites at the 5′-end and 3′-end, re
spectively. The positive transformant was obtained by screening with 
LB plates, adding 100 μg/mL ampicillin (Amp). The optimal inducer 
concentration was determined by adding different concentrations 
(0 mM, 0.005 mM, 0.01 mM, 0.05 mM, 0.1 mM, and 0.25 mM) of 
isopropyl-β-D-thiogalactoside (IPTG); then, the bacterium was in
cubated at 32 °C for approximately 7 h. The recombinant IagBgl1 was 
expressed after adding IPTG to the culture with a final concentration of 
0 mM and 0.005 mM and incubation at different temperatures (27 °C, 
32 °C, 37 °C, and 42 °C). All the pellets incubated under different in
duction conditions were collected through centrifugation (8,000g, 4 °C) 
for 20 min after ice-baths. 

The positive transformants were grown in 400 mL of Amp-resistant 
LB medium at 37 °C for 7 h. All pellets from 1.2 L mediums 
(3 × 400 mL) were harvested and resuspended by using binding buffer 
(containing 25 mM Tris-HCl, 500 mM sodium chloride, and 20 mM 
imidazole); then, the pellets were fully treated by ultrasonication in an 
ice-bath. The soluble enzyme was obtained by centrifugation of crude 
enzyme under 12,000g at 4 °C for 25 min. Then, the enzyme was loaded 
on a Ni2+ affinity chromatography column. The purified recombinant 
IagBgl1 was obtained by using elution buffer (containing 25 mM Tris- 

Fig. 1. The chemical structures of epimedium flavonoids.  
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HCl, 400 mM sodium chloride, and 20 mM imidazole). To remove 
imidazole, the purified protein IagBgl1 was dialyzed with phosphate 
buffer (50 mM citrate phosphate, 200 mM sodium chloride, pH 6.5). As 
a standard of the Bradford method, bovine serum albumin (BSA) was 
used for the determination of protein concentration, and the protein 
homogeneity was estimated by SDS-PAGE (12%). 

2.4. Size exclusion chromatography ofrecombinant IagBgl1 

The molecular weight of purified IagBgl1 was analyzed by size ex
clusion chromatography (SEC). Approximately 250 μg of the sample 
was loaded on a Superdex 200 10/300 GL column (General Electric 
Healthcare Company, USA), which was equilibrated with 50 mM citrate 
phosphate buffer (pH 6.5, 0.2 M sodium chloride) at 2 column volumes 
(CVs). A constant rate of 0.75 mL/min was applied for elution with a 
1.5 CV. The standard curve of this column was calibrated with protein 
molecular weight standards, includingovalbumin (44 kDa), albumin 
(75 kDa), aldolase (158 kDa), ferritin (440 kDa), thyroglobulin 
(669 kDa) and blue dextran (2000 kDa). 

2.5. Assay of enzyme activity and characterization of therecombinant 
IagBgl1 

The enzyme activity assays were performed as previously reported  
[27]. One unit of enzyme activity was defined as the amount of enzyme 
that released 1 μmol p-nitrophenyl (pNP) or glucose under assay con
ditions. 

The substrate specificity of IagBgl1 was detected by the following 
substrates: pNPG, pNPGal, pNPArp, pNPXyl, pNPR, pNPArf, cellobio
se,sucrose and lactose. The reaction mixture (200 μL) contained 1 mM 
artificial substrate or 10 mM oligosaccharides and 25 mM citrate 
phosphate buffer (pH 6.5). The reaction was stopped by adding 600 μL 
of 1 M Na2CO3 after incubation for 10 min. The quantity of released 
pNP was determined by measuring the ultraviolet absorbance at 
405 nm. A glucose assay kit (Jiancheng Biotech Co., Ltd., Nanjing, 
China) was used to detect the amount of released glucose when cello
biose, sucrose and lactose were used as substrates. 

The optimum pH of IagBgl1 was determined at 90 °C with 25 mM 
citrate phosphate buffer (pH 3.0–7.5) and Tris-HCl (pH 7.5–9.0). pH 
stability was examined by pre-incubation of IagBgl1 at 90 °C for 2 h in a 
pH range from 3.0 to 9.0, and then the residue activity of IagBgl1 was 
determined under 95 °C at pH 6.5. The optimum temperature of IagBgl1 
was determined by performing the β-glucosidase assay in a temperature 
range from 50 °C to 100 °C under pH 6.5. The thermostability of IagBgl1 
was measured by incubating enzyme at a temperature range from 70 °C 
to 100 °C for 4 h under pH 6.5. Then, the residual activities of IagBgl1 
incubated for different durations were obtained by measuring β-glu
cosidase activity. 

The effects of chemicals on IagBgl1 were determined by measuring 
the β-glucosidase activity by adding different reagents to reaction 
mixtures: 1. metal ions (Mn2+, Mg2+, Cu2+, Ca2+, Co2+, Li+, Zn2+, 
Ni2+ and Ba2+) and the chelating reagent EDTA were added at final 
concentrations of 1 mM and 5 mM, respectively; 2. three organic re
agents (methanol, ethanol and DMSO) were added at final concentra
tions of 1%, 2%, 5% and 10% to the reaction mixtures; and 3. four kinds 
of monosaccharides, including glucose, arabinose, galactose and xylose, 
were added to the reaction mixture with final concentrations ranging 
from 0 mM to 3000 mM. All residual activities were measured under 
standard conditions (pH 6.5, 90 °C). 

2.6. The kinetic parameters of recombinant IagBgl1 

To obtain the kinetic parameters of recombinant IagBgl1 via artifi
cial substrates, three artificial substrates, pNPG (0.2–1.2 mM), pNPGal 
(1–10 mM) and pNPX (1–10 mM), were added to the reaction system 
with different final concentrations. All mixtures were reacted under 

standard assay conditions. 
To obtain the kinetic parameters of IagBgl1 via the major epime

dium flavonoids, icariin, epimedin A, epimedin B, and epimedin C were 
added to the reaction mixture with final concentrations from 0.02 mM 
to 0.4 mM. The reactions were stopped by adding 400 mL of methanol 
after incubating at 95 °C for 10 min, and then all samples were passed 
through a 0.22 μm filter before HPLC analysis. 

2.7. Enzymatic transformation of icariin into baohuoside I 

The reaction mixture (100 uL) contained 20 mM citrate phosphate 
buffer (pH 6.5) and 10 g/L icariin. To obtain the optimal conversion 
conditions for producing baohuoside I from icariin, the effects of re
action factors, including reaction temperature, reaction pH, enzyme 
dosage, icariin concentration and transformation duration, were in
vestigated. 

To determine the suitable reaction temperature and pH condition of 
for converting icariin into baohuoside I by IagBgl1, icariin and IagBgl1 
were added to the reaction mixtures with final concentrations of 1 g/L 
and 50 U/L, respectively. The optimal conversion temperature for 
IagBgl1 was obtained by detecting the product concentration of con
version mixtures that were incubated in the range from 70 °C to 100 °C 
at pH 6.5. The optimal conversion pH for IagBgl1 was obtained by 
detecting the product concentration of conversion mixtures with 20 mM 
citrate phosphate buffer from a pH range of 4.0 and 7.5 under 90 °C. 
The suitable icariin concentration was obtained by determining the 
product concentration of conversion mixtures in the range from 1 g/L to 
10 g/L icariin by adding 500 U/mL IagBgl1 at 90 °C and pH 6.5. The 
optimal enzyme dosage was obtained by determining the product 
concentration of conversion mixtures by adding IagBgl1 at final con
centrations from 550 U/mL to 850 U/mL and reacting under optimal 
conditions (pH 6.5, 90 °C, 10 g/L of icariin). After 90 min of incubation 
at 90 °C and pH 6.5, the time effect curve for enzymatic transformation 
was generated by estimating the amounts of substrate and products 
with the addition of 800 U/L IagBgl1 and 10 g/L icariin. All the con
version reactions were stopped in an ice bath. Then, all the samples 
were sufficiently vibrated after adding 400 µL of methanol and passed 
through a 0.22 μm filter. Finally, the products of conversion mixtures 
were detected by an HPLC analysis system. 

2.8. The enzymatic transformation of baohuoside I from total epimedin 
flavonoids by three thermostable enzymes 

The enzymatic properties of α-L-rhamnosidase TpeRha, β-D-xylosi
dase TpeXyl3 and β-D-glucosidase IagBgl1 were determined by using 
their optimal artificial substrates. To improve the productivity of bao
huoside I, six different enzymatic conversion schemes were designed to 
select a suitable addition protocol of these three enzymes. The details 
are summarized in Fig. 2. 

The optimal dosage of TpeRha was measured by the product content 
of the reaction mixture with the addition of TpeRha at final con
centrations of 25, 30, 45, 50, 55, and 60 U/mL for 30 min of incubation 
in the first transformation stage. The optimal incubation time for the 
first transformation stage was detected by estimating the product con
tent of the reaction mixture after incubation for 10, 15, 20, 25, 30, and 
35 min. 

To detect the reaction factors of the second transformation stage, all 
reaction mixtures were incubated at 90 °C for 30 min after adding 55 U/ 
mL TpeRha, and then these reaction mixtures were mixed with IagBgl1 
at final concentrations of 0.2, 0.4, 0.6, 0.8, 1, and 2 U/mL. The optimal 
dosage of IagBgl1 was obtained by measuring the product content of 
reaction mixtures incubated at 90 °C for 60 min after adding IagBgl1. 
Meanwhile, the reaction mixtures previously treated by TpeRha were 
mixed with 2 U/mL Iagabel1 and TpeXyl3 added at final concentrations 
of 0.2, 0.4, 0.6, 0.8, 1, and 2 U/mL. Then, the optimal dosage of 
TpeXyl3 was obtained by measuring the sagittatoside B content of the 
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reaction mixtures after incubation at 90 °C for 60 min. 
The variation curve for two-step enzymatic transformation was 

generated by estimating the amounts of substrate and products upon 
the addition of TpeRha at 55 U/mL for 30 min in the 1st stage and 1 U/ 
mL IagBgl1 and 200 U/mL TpeXyl3 for 60 min in the 2nd stage. All the 
samples were analyzed by HPLC after adding 400 µL of methanol, 
sufficiently vibrated, and passed through a 0.22 μm filter. 

2.9. HPLC analysis for the identification of transformation products 

All the samples were analyzed by using an HPLC 2695 system 
(Waters, USA) with a Poroshell 120 EC-C18 column (3 × 150 mm, 
2.7 μm; S.No. USCFW12101) in the stationary phase, with 0.1% acetic 
acid solution (A) and acetonitrile (B) as the mobile phases. The injec
tion volume was 20 μL for each sample, the flow rate was 0.3 mL/min, 
the column temperature was 40 °C, and the absorbance at 269 nm was 
monitored. 

A 46 min binary gradient elution was employed for the analysis of 
icariin and baohuoside I. An isocratic elution of 25% solvent B lasted for 
the initial 5 min; a linear gradient elution of 25–30% solvent B was 
performed from 5 to 25 min, followed by a linear gradient elution of 
30–63% solvent B from 25 to 32 min; this was followed by a linear 
gradient elution of 63–95% solvent B from 32 to 40 min; and finally, the 
column was equilibrated with the starting conditions for 6 min. 

A 65 min binary gradient elution was used for the analysis of TEF 
and its products after enzymatic hydrolysis. An isocratic elution of 25% 
solvent B lasted for the initial 5 min; a linear gradient elution of 
25–30% solvent B was performed from 5 to 25 min; a linear gradient 
elution of 30–42% solvent B was performed from 25 to 48 min; a linear 
gradient elution of 42–95% solvent B was performed from 48 to 55 min; 
an isocratic elution of 95% solvent B was performed from 55 to 58 min; 
and finally, the column was equilibrated with the starting conditions for 
7 min. 

3. Results and discussion 

3.1. Bioinformatic analysis of IagBgl1 

Five putative β-glucosidase-encoding genes were revealed after in
vestigating the genome information of Ignisphaera aggregans DSM 
17,230 from the CAZy database [25]. BlastP analysis with different 
databases revealed a novel coding gene, Igag_0940, consisting of 486 
amino acids, which was chosen for further investigation because of its 
significant distant relationship with other characterized β-glucosidase 
genes. This putative β-glucosidase shares the highest identities of 69%, 
63% and 61% with unidentified GH 1family proteins (RLG75229.1, 
RLG79985.1) from Thermoprotei archaeon and (ADG91379.1) from 
Thermosphaera aggregans, respectively. Moreover, this putative β-glu
cosidase only exhibits 60% to 51% identities with β-glycosidase (PDB 
ID: 1QVB) from Thermosphaera aggregans [28], β-glucosidase(PDB ID: 
3APG) from Pyrococcus furiosus [29], β-galactosidase (PDB ID: 4HA3) 
from Acidilobus saccharovorans 345-15 [30] and β-glycosidase (PDB ID: 
1UWI) from Saccharolobus solfataricus [31]. On the other hand, two 
well-supported evolutionary trees were generated according to the 
evolutionary relationships detected through the neighbor-joining 
method and the maximum likelihood method. Significant evolutionary 
distances between IagBgl1 and the other GH family 1 enzymes from 
archaebacteria were clearly displayed by both of the evolutionary trees 
(Fig. 3b, 3c). 

Alignment of the putative β-glucosidase with thermophilic GH fa
mily 1 proteins whose structures and enzymatic properties were in
tegrally analyzed previously revealed two special strictly conserved 
motifs (Fig. 3a): TMNEPNVV (residues 207–214) and TENG (residues 
387–389). Based on the structural information of these identified GH 
1family enzymes, the two glutamate residues (E210 and E388) annotated 
in conserved motifs (Fig. 2) were identified as a potential catalytic core 
acting as the acid/base and the nucleophile catalyst, respectively. They 
also share a few other conserved residues related to substrate binding  
[28], suggesting that IagBgl1 has the same catalytic mechanism as other 
β-glucosidases. 

3.2. Expression and purification of IagBgl1 

The induction conditions were optimized for improving expression 
of target gen in E. coli BL21 (DE3) after incubation for 7 h at 37 °C 
without IPTG (Supplementary Fig. 1). The recombinant protein IagBgl1 
with His-Tag fused at its C-terminus was purified by affinity chroma
tography and gel chromatography. The results are summarized in  
Supplementary Table 1 and Fig. 4. Finally, approximately 1.5 mg of 
purified protein was obtained with a yield of 54%. 

To determine the molecular mass of monomer recombinant IagBgl1, 
the purified IagBgl1 was analyzed by SDS-PAGE, and it showed a clear 
band with a molecular mass of approximately 55 kDa, which corre
sponded to its theoretical molecular weight of 56356.44 Da (Fig. 4, lane 
2). Meanwhile, a slender band with a molecular mass between 180 kDa 
and 130 kDa was displayed clearly. It might be a part of the in
completely denatured IagBgl1 after SDS-heat treatment, a phenomenon 
also occasionally reported for some other multimeric proteins from 
thermophilic bacteria [32]. This suggested that the native IagBgl1 ex
isted in a multimeric form with high possibility. 

The multimerization of proteins with noncovalent bonds is a 
common phenomenon, especially for enzymes from thermophilic mi
croorganisms [33–35]. As shown in Clade III of Fig. 3b and 3c, the 
quaternary structural features of the characterized archaea GH1 en
zymes were classified and annotated. Almost all of them were pre
viously identified as dimers and tetramers. Meanwhile, thermostable 
enzymes in two evolutionary clusters of Clade I were previously iden
tified as multimers. The gel chromatography analysis showed that 
IagBgl1 had a molecular weight of approximately 169 kDa (Fig. 5f), 
which adequately proved that native IagBgl1 existed in a trimeric form 

Fig. 2. The schematic diagram for six different transformation schemes built 
with three enzymes. 

J. Xie, et al.   Bioorganic Chemistry 104 (2020) 104296

4



under routine conditions. To the best of our knowledge, this is the first 
trimeric β-glucosidase identified from archaea. The closest trimeric β- 
glucosidase is from Thermus thermophilus HB8 [34], which only shares 
28% sequence similarity with IagBgl1. At present, the multimerization 
regularity of the protein has not been elucidated systematically; 
therefore, this special multimerization of the trimeric β-glucosidase 
IagBgl1 may provide new interaction forms between protein subunits of 
the GH1 family, after further investigation by protein crystallography. 

3.3. Substrate specificity of the recombinant IagBgl1 

The results for the catalytic activity of recombinant IagBgl1 with 
different artificial substrates are summarized in Table 1. The re
combinant IagBgl1 exhibited the highest hydrolytic activity on pNPG of 
92.47 U/mg, followed by pNPGal of 26.16 U/mg, pNPX of 13.93 U/mg 
and pNPArap of 8.95 U/mg, which indicated that it was a multi
functional β-glucosidase with broad substrate specificity. However, it 
could not hydrolyze pNPArf, which indicates that IagBgl1 has high se
lectivity for pyranose-type glycosides rather than for furanose-type 
glycosides. Otherwise, the catalytic activities of β-xylosidase and α- 
arabinopyranoside are rarely found in the GH 1 family. 

3.4. The effects of pH and temperature on recombinant IagBgl1 

The biochemical properties of purified IagBgl1 were determined by 
using pNPG as a substrate, and the results are summarized in Fig. 5. The 
recombinant IagBgl1 exhibited an optimal pH of 6.5, as shown in  
Fig. 5a. Meanwhile, the activity of IagBgl1 was more than 50 percent of 
the maximum activity in the pH range of 4.0–8.0, which indicated that 
it had a broad pH range for its efficient catalytic reaction and was si
milar to other thermostable GH family 1 protein [15,36–38]. IagBgl1 
was stable within a pH range of 4.0–7.5 after incubation at 90 °C for 
2 h, while it was more stable at the neutral pH (Fig. 5b). 

Usually, enzymes from extreme thermophiles have high optimal 
reaction temperatures and excellent thermostability. The greatest hy
drolysis activity of IagBgl1 was exhibited at 95 °C, and its catalytic 
activity was more than 50 percent of the maximum activity in the 
temperature range from 75 °C to 100 °C (Fig. 5c). Thermostability is an 

important property for the industrial utilization of enzymes, due to its 
advantages of viscosity reduction, a fast mass transfer rate, high sub
strate solubility and a lowered risk of contamination [22]. The residual 
activity of IagBgl1 was greater than 70% after incubation at 90 °C for 
4 h, and it retained more than 90% of its activity after being incubated 
at 70 °C for 4 h (Fig. 5d). Compared with some other GH1 thermostable 
β-glucosidases, such as the rBglA from Thermotoga neapolitana with a 
3.6 h half-life at 100 °C [38], that from Sulfolobus acidocaldarius with 
a 0.2 h half-life at 90 °C [39] and the DTGH from Dictyoglomus 

Fig. 3. The sequences comparison of IagBgl1 with family 1 glycoside hydrolases by multi-alignment and the analysis of evolutionary relationship between IagBgl1 
and 34 other GH1family proteins. a) Multiple sequence alignment among IagBgl1 and other four GH 1 family enzymes. The PDB IDs and the species names of 
glycoside hydrolases from GH1 family were as follows: Ignisphaera aggregans glycosidase (Igag0940), Thermosphaera aggregans glycosidase (1QVB), Pyrococcus furiosus 
glucosidase (3APG), Acidilobus saccharovorans 345-15 (4HA3), Saccharolobus solfataricus (1UWQ). The original figure was generated by Clustal X1.9 and ESPript 3.0. 
The yellow font with blue background indicated the conserved sequences around catalytic active center. The conserved residue amino acids with red background and 
green triangles indicate the as substrate binding sites for constituting catalytic domain. The red diamond below the conserved sequences highlighted by red font, 
indicate the residue amino acid as the catalytic active site. b) The phylogenic trees generated from analysis result of 35 GH family 1 protein amino acid sequences 
using neighbor-Joining (NJ) method. The bootstrap values were 1000 replicates. c) The phylogenic trees generated from analysis result of 35 GH family 1 protein 
amino acid sequences using Maximum-Likelihood (ML) method. The superscript text Mono, Dim, Trim, Tetra and Hexa represented that the natural protein existed as 
monomer, dimer, trimer, tetramer, hexamer form. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this 
article.) 

Fig. 4. SDS-PAGE analysis of recombinant IagBgl1 expressed in E. coli BL21 
(DE3). Lane M: protein molecular mass ladder, lane 1: IagBgl1 purified by size- 
exclusion chromatography; lane 2: IagBgl1 purified by Ni-NTA resin affinity 
chromatography; lane 3: 2: the crude extracts of E. coli BL21 (DE3) harboring 
PET-IagBgl1; lane 4: the insoluble protein of E. coli BL21 (DE3) harboring PET- 
IagBgl1; the total cell of E. coli BL21 (DE3) harboring PET-IagBgl1. 
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thermophilum with a 5.0 h half-life at 90 °C[37], IagBgl1 exhibited 
better thermostability, with a 7.7 h half-life at 90 °C. 

3.5. The effects of metal cations, organic solvent and monosaccharides on 
recombinant IagBgl1 

The effects of metal cations and chemical reagents on the activity of 
IagBgl1were also investigated in various assays, and the results are 
summarized in Tables 1 and 2. The activity of IagBgl1 was highly in
hibited after adding Zn2+ with final concentrations of 1 mM and 5 mM. 
However, most of the other metal cations did not significantly influence 
the activity of IagBgl1. Moreover, it was not inhibited by EDTA, which 
indicated that the catalytic activity of this enzyme does not depend on 
cofactors such as metal ions. This was similar to other GH 1 family 
enzymes [40–42]. 

The tolerance of organic solvent is an important property for the 
application of hydrolysis enzymes in transformation and for obtaining 

more valuable compounds from natural compounds with poor water 
solubility. The residual activities of IagBgl1 were greater than 90% with 
concentrations of methanol below 15% and more than 70% with con
centrations of ethanol and DMSO below 15% (Table 3). Moreover, the 
activity of IagBgl1 was activated by the addition of low concentrations 
of methanol and ethanol. This has seldom been reported for GH 1 fa
mily enzymes, except the β-glucosidase Dtur-Glu from Dictyoglomus 
turgidum [40] and β-glucosidase TtBGL1 from Thermotoga thermarum  
[21]. Otherwise, the tolerance of organic solvent of some β-glucosidases 
was modified through the regulation of key amino acid residues and 
motifs [43–45]; however, further investigation is still required to reveal 
the mechanism of organic solvent tolerance. Moreover, the enzyme also 
displays application potential in biotransformation in the presence of 
organic solvents. 

On the other hand, the feedback inhibition of the terminal product 
was a normal phenomenon in the self-regulation of biological 

Fig. 5. The biochemical properties of recombinant IagBgl1. a) The optimal reaction pH of recombinant IagBgl1, b) The pH stability of recombinant IagBgl1, c) The 
optimal reaction temperature of recombinant IagBgl1, d) The thermostability of recombinant IagBgl1, e) The sugar tolerance of recombinant IagBgl1, f) The 
molecular mass determination of native recombinant IagBgl1. These activities were expressed as relative values. All measurements were repeated three times at the 
same condition. The data represent the mean values of three experiments, and the error bars represent the standard deviation. 

Table 1 
Substrate specificity of the recombinant protein IagBgl1.    

Substratea Specific activity (U/mg)  

p-Nitrophenyl-β-D-glucopyranoside 92.47  ±  6.44 
p-Nitrophenyl-β-D-galactopyranoside 26.16  ±  1.73 
p- Nitrophenyl-β-D-xylopyranoside 13.93  ±  0.36 
p-Nitrophenyl-α-L-arabinopyranoside 8.89  ±  0.13 
p- Nitrophenyl-α-L-rhamnopyranoside ND b 

p-Nitrophenyl-α-L-arabinofuranoside ND 
Cellobiose (10 mM) 5.53  ±  0.95 
Sucrose (10 mM) ND 
Lactose (10 mM) 1.78  ±  0.23 

Data represents the means of three experiments, and the SD represents the 
standard deviation. 

a Final concentration of artificial substrate was 1.0 mM. 
b Not detected, specific activity is not detected by the analytical methods 

used in this study.  

Table 2 
Effects of metal cations chemical reagents on the activity of recombinant pro
tein IagBgl1.     

Cation of reagent Relative activity b (100%) 

1 mM a 5 mM a  

Control 100  ±  0.4 100  ±  0.58 
Zn2+ 48.78  ±  0.4 29.55  ±  0.33 
Ca2+ 97.41  ±  1.08 96.72  ±  0.4 
Co2+ 89.53  ±  1.06 76.30  ±  0.88 
Mg2+ 101.11  ±  0.66 101.02  ±  0.76 
Ba2+ 96.46  ±  0.4 94.01  ±  8.99 
Ni2+ 92.12  ±  0.32 84.43  ±  1.05 
Cu2+ 108.93  ±  0.88 76.40  ±  1.12 
Li+ 98.5  ±  1.3 92.67  ±  0.91 
EDTA 96.62  ±  0.4 99.20  ±  0.74 

a Final concentration of cation reagent in the mixture was 1 mM and 5 mM. 
b Data represents the means of three experiments, and the SD represents the 

standard deviation.  
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metabolism. However, it is undesirable for the application of enzymes, 
especially for monosaccharide preparation from biomass. Based on 
previous reports, β-glucosidases from GH family 1 usually exhibit better 
monosaccharide tolerance than GH family 3 enzymes, because their 
catalytic pockets are deep and narrow, and their active sites are located 
at the bottom of the catalytic cavity [46]. IagBgl1 exhibited a high 
glucose tolerance (Ki) of approximately 1600 mM (Fig. 5e), which is 
higher than that of the famous glucose-tolerant β-glucosidase from T. 
thermosaccharolyticum with a Ki of 600 mM [15], the β-glucosidase from 
A. oryzae with a Ki of 1066 mM [47] and the β-glucosidase from De
baryomyces vanrijiae with a Ki of 668 mM [48]. Moreover, high con
centrations of arabinose, galactose and xylose did not significantly in
hibit its activity with pNPG in the reaction mixture. In addition, the 
catalytic activity of IagBgl1 was activated at a glucose concentration 
range from 0 mM to 800 mM. The highest activation of enzyme activity 
was approximately 1.5 times greater than that under standard condi
tions, which was measured at a glucose concentration of 150 mM 
(Fig. 5e). These outstanding properties implied that monosaccharide- 
tolerant IagBgl1 had high catalytic efficiency in complex reaction sys
tems with high substrate concentrations of different glycosides. 

Enzyme kinetic studies with pNPG, pNPGal and pNPX added as the 
substrate at the optimum temperature and pH allowed for the de
termination of Michaelis-Menten parameters (Table 4). The enzyme had 
an obvious Km of 0.43 mM, Kcat of 134.64 s−1 and Kcat/Km of 
313.20 mM·s−1 when using pNPG as the substrate. It also exhibited 
broad substrate specificity with pNPGal, pNPX and pNPAarf, making it a 
potential candidate for bioconverting natural compounds with different 
glycosides. 

3.6. Enzymatic transformation of icariin into baohuoside I 

Baohuoside I is a minor compound of the TEF that exhibits more 
attractive bioactivities than the major compound icariin. Furthermore, 
baohuoside I and icariin share the same flavonoid skeleton, except one 
difference in the glucose residue at the C-6 position. Therefore, icariin 
was employed as a potential substrate for producing baohuoside I. 
Commercial enzymes, including β-glucosidase, β-dextranase, cellulose, 
and snailase, were used with an aim of converting icariin into bao
huoside I [14,49]. Among them, β-glucosidase exhibited the best 

catalytic ability in producing baohuoside I from icariin [14]. As Table 4 
shows, the Km and Kcat of recombinant IagBgl1 via icariin were 0.89 mM 
and 43.86 s−1, respectively. It was indicated that the recombinant 
IagBgl1 has high catalytic activity and great affinity for the hydrolysis 
of icariin. Based on its excellent thermostability, great sugar tolerance, 
and high specificity for icariin, recombinant IagBgl1 might be a po
tential alternative for producing baohuoside I with high productivity. 

To verify this hypothesis, single factors were investigated for opti
mization of the transformation conditions for converting icariin into 
baohuoside I though recombinant IagBgl1. The reaction temperature 
and pH had a significant influence on the conversion rate of the enzy
matic transformation system. After a 1 h reaction with DMSO as the 
cosolvent, the optimal reaction temperature and pH for transforming 
icariin into baohuoside I were 6.5 and 90 °C, respectively (Fig. 6a, 6b). 
On the other hand, the substrate concentration is also an important 
factor, as well as substrate inhibition and product inhibition. As dif
ferent concentrations of icariin were added from 1 g/L to 10 g/L, the 
yield of baohuoside I was slightly increased after the highest yield was 
obtained under the enzyme dosage of 500 U/L. This also indicated that 
recombinant IagBgl1 was not inhibited even when the concentration of 
icariin was increased into 10 g/L (Fig. 6c). As Fig. 6d shows, the con
version rate was increased for the reaction duration of 1.5 h following 
the increase in enzyme dosage. The optimal enzyme dosage and optimal 
reaction time were 800 U/L and 1.5 h, respectively. The time-course 
analysis of the biotransformation reaction for converting icariin by re
combinant IagBgl1 is shown in Fig. 6e and Fig. 6f. When adding 800U/L 
(approximately 8.9 mg/L) recombinant IagBgl1, 10 g/L icariin was 
converted into 7.564 g/L baohuoside I after incubation at 90 °C for 2 h, 
with a molar conversion of 99.48% and productivity of 5.043 g/L/h. 

Reports on the enzymatic hydrolysis of icariin are classified in  
Table 5. When the substrate concentration is lower than 20 g/L, the 
baohuoside I productivity of IagBgl1 is significantly higher than that of 
cellulase, acommercial β-glucosidase and the β-glucosidase from Tri
choderma viride. When the substrate concentration was increased to 
50 g/L, the biphasic biotransformation system providedhigh baohuo
side I productivity of 18.639 g/L/h; however, its enzyme dosage was 
much higher than that of IagBgl1. Thus, it can be seen that the re
combinant IagBgl1 has better prospects in producing natural medicines, 
such as baohuoside I. 

3.7. Enzymatic production of baohuoside I from the TFE 

Except for icariin, the major compounds of TEF, including epimedin 
C, epimedin B, and epimedin A, were also potential candidate sub
strates for producing the minor compound baohuoside I, due to their 
high structural similarity in the flavonoid skeleton (Fig. 1). 

Based on the sugar residues of major compounds of TEF (Fig. 1), the 
production of baohuoside I from TEF might be accomplished by using 
β-D-glucosidase, α-L-rhamnoside and β-D-xylosidase, theoretically. Two 
thermostable enzymes from a hyperthermophile, α-L-rhamnoside 
TpeRha and β-D-xylosidase TpeXyl3, were recently reported as efficient 
candidates for converting epimedin C and major ginsenosides into their 
corresponding minor active compounds. To obtain a feasible multiple 

Table 4 
Michaelis–Menten kinetics of recombinant protein IagBgl1 on different substrate.       

Substrate Product Km (mM) Kcat (s−1) Kcat/Km (mM−1·s−1)  

p-Nitrophenyl-β-D-glucopyranoside p-Nitrophenyl 0.43  ±  0.02 134.64  ±  0.92 313.20  ±  13.60 
p-Nitrophenyl-β-D-galactopyranoside p-Nitrophenyl 1.27  ±  0.11 55.91  ±  2.29 44.25  ±  2.06 
p-Nitrophenyl-β-D-xylopyranoside p-Nitrophenyl 3.71  ±  0.26 249.01  ±  10.81 67.11  ±  1.87 
Epimedin A Sagittatoside A 0.021  ±  0.003 19.51  ±  0.11 919.10  ±  28.63 
Epimedin B Sagittatoside B 0.041  ±  0.004 2.40  ±  0.16 57.84  ±  5.67 
Epimedin C Sagittatoside C 0.101  ±  0.006 41.34  ±  0.57 409.87  ±  12.47 
Icariin Baohuoside I 0.089  ±  0.003 43.68  ±  0.28 488.19  ±  13.04 

Data represents the means of three experiments, and the SD represents the standard deviation.  

Table 3 
Effects of organic solvent on the activity of recombinant protein IgaBgl1.      

Final concentration of organic 
solvent a 

Relative activity b (%) 

Methanol Ethanol DMSO  

0 100.0  ±  0.6 100.0  ±  0.6 100.0  ±  0.6 
2 105.6  ±  3.0 122.2  ±  1.1 103.1  ±  2.6 
5 110.3  ±  1.0 135.7  ±  1.3 93.0  ±  0.5 
10 111.9  ±  2.1 142.6  ±  1.6 79.0  ±  1.2 
15 102.8  ±  2.4 91.6  ±  1.6 70.8  ±  2.7 

a Final concentration of substrate was 1.0 mM. 
b Data represents the means of three experiments, and the SD represents the 

standard deviation.  
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enzymatic conversion scheme for producing baohuoside I from TFE 
with high efficiency, a comparison of enzymatic properties among 
Iagbgl1, TpeRha, and TpeXyl3 was performed, and six designed con
version schemes were implemented with product distribution analysis. 

With a comprehensive analysis of the results (Supplementary Fig. 2 and  
Fig. 7e), four relative insights were acquired: first, a reaction tem
perature of 90 °C was a suitable condition for this biotransformation 
system, because all three enzymes exhibited optimal catalytic abilities 

Fig. 6. The optimal transformation condition of 
baohuoside I production from icariin. a) Effect of 
pH on the hydrolysis of icariin by IagBgl1; b) Effect 
of temperature on the hydrolysis of icariin by 
IagBgl1; c) Effect of substrate concentration on the 
hydrolysis of icariin by IagBgl1; d) Effect of enzyme 
dosage on the hydrolysis of icariin by IagBgl1; e) 
HPLC analysis of icariin hydrolysis by IagBgl1. The 
reaction mixture was containing 50 mM citrate 
phosphate buffer pH 6.5 and 800 U/L of purified 
IagBgl1, 10 g/L icariin was incubated at 90 °C for 5, 
10, 20, 40 min, 60, 70, 80, 85, 90 min, respectively. 
f) HPLC Spectrogram of the time-course curve on 
bioconversion of icariin by IagBgl1. 
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at this temperature (Supplementary Fig. 2). Second, the baohuoside I 
yield of the staged reaction was higher than that of a one-pot reaction 
by these three enzymes. After detecting the products of one-pot reac
tions under a pH of 4.5 and 6.0 (conversion schemes 1 and 2, respec
tively), the results indicated that the generation of the intermediate 
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products sagittatoside C and sagittatoside B significantly reduced the 
final productivity of baohuoside I. Based on a report for TpeRha [50], 
the imbalance of catalytic efficiency between TpeRha (epimedin C - 
icariin) and IagBgl1 (icariin - baohuoside I) causes the transformation 
pathway to have low efficiency (epimedin C - sagittatoside C – bao
huoside I); therefore, sagittatoside C accumulated in the reaction mix
tures treated by conversion schemes 1 and 2. Almost all the epimedin C 
of the TEF was converted into the target product baohuoside I by the 
staged reaction schemes (Fig. 7e). Third, the efficiency and baohuoside 
I productivity could be improved by adjusting the pH condition of the 
different transformation stages, based on the enzyme properties. 
TpeRha displayed an optimal reaction pH and the best pH stability at 
4.5, while IagBgl1 and TpeXyl3 exhibited batter catalytic ability at pH 
6.0 (Supplementary Fig. 2). Fourth, comparing the results of treatment 
with the two-stage reaction (conversion scheme 5) and the three-stage 
reaction (conversion scheme 6), it can be found that the accumulation 
of sagittatoside B cannot be reduced by a three-stage reaction. Although 
TpeXyl3 exhibited high specific activity of xylosidase and IagBgl1 dis
played xylosidase activity, the special β-1,2-glycosidic bond between 
the outer xylose and inner glucoside residue on epimedin B was hardly 
cleaved by both TpeXyl3 and IagBgl1, which differed from the trans
formation of epimedin C by TpeRha. Therefore, conversion scheme 5 
with two-step transformation is more suitable than other schemes. 
Furthermore, the scheme 3 exhibited the potential to further enhance 
baohuoside I productivity by optimization of the transformation con
ditions. 

To further verify the likelihood of converting the TEF into bao
huoside I by the three thermostable enzymes, the transformation con
ditions were optimized under a two-step conversion scheme, and HPLC 
analysis was employed for a time-course experiment on the transfor
mation process. The results are shown in Fig. 7. TpeRha was reported to 
have catalytic abilities on both of inner and outer rhamnose residues of 
epimedin C; therefore, two key factors (TpeRha dosage and reaction 
time) were optimized to reduce the concentration of the byproduct 
icariside I at the first transformation stage. The major compound epi
medin C of the TEF was converted into icariin as much as possible by 
adding TpeRha with a final concentration of 55 U/mL after incubation 
for 30 min (Fig. 7a, 7b). Then, the optimal enzyme dosage of IagBgl1 
and TpeXyl3 was obtained, and the results are shown in Fig. 7c and 7d. 
In the second transformation stage, all the icariin and nearly half of the 
epimedin B were converted into the target product baohuoside I after 
addition of 1 U/mL IagBgl1 and 200 U/mL TpeXyl3 and incubation for 
90 min. Moreover, the time-course experiment of the first transforma
tion stage revealed that epimedin C was rapidly converted into icariin 
at the beginning of the reaction. Before epimedin C was completely 
converted into icariin, a trace of the byproduct icariside I was detected 
after incubation for 30 min. At the second transformation stage, all the 

icariin of the reaction mixture was efficiently converted into the target 
product baohuoside I after incubation for 50 min. Meanwhile, the 
epimedin B was converted into sagittatoside B, and then more than half 
of the sagittatoside B was converted into baohuoside I after incubation 
for 60 min with TpeXyl3 at the second transformation stage. Finally, 
after two-stage biotransformation under the optimum conversion con
ditions, 2.432 g/L baohuoside I was obtained from 10 g/L TEF, and the 
productivity was calculated to be 1.621 g/L/h. Though all the epimedin 
A and nearly half of the epimedin B of the TEF were transformed into 
sagittatoside A (0.198 g/L) and sagittatoside B (0.220 g/L), almost all 
the other major epimedium flavonoids of TEF were converted into 
baohuoside I. Based on the reports, the baohuoside I yield of this 
multiple enzymatic conversion system via TEF is significantly higher 
than that of the transformation method with a single enzyme [51]. 
Thus, our study provides a useful two-stage transformation system for 
producing baohuoside I from TEF by three thermostable enzymes. 

4. Conclusion 

A novel thermostable β-glucosidase, IagBgl1, from Ignisphaera ag
gregans DSM17230 was overexpressed in E. coli BL21 (DE3) and suffi
ciently purified. Its quaternary structure was identified as a special 
trimetric form, which differed from those of other reported archaea GH 
1 family enzymes. IagBgl1 has multifunctional activity for hydrolyzing 
glucopyranose, galactopyranose, xylopyranose and arabinopyranose 
moieties from artificial substrates and natural components with β-1,4-, 
β-1,6- and α-1,6-type glycosidic bonds, respectively. Moreover, it ex
hibited high catalytic activity and stability at elevated temperatures in a 
wide pH range and showed good tolerance to sugar and organic sol
vents. Under optimal conditions, IagBgl1 had an efficient catalytic 
ability for transforming 10 g/L icariin into 5.043 g/L baohuoside I with 
a molar conversion rate of 99.48% and productivity of 5.043 g/L/h. On 
the other hand, a two-step multiple enzymatic conversion system was 
built by combination with IagBgl1 and other two thermostable en
zymes. baohuoside I at 2.432 g/L was obtained from 10 g/L TEF by 
transformation under the conversion system within 90 min. In sum
mary, the recombinant IagBgl1 was demonstrated to have high effi
ciency in the production of baohuoside I. The excellent enzymatic 
properties of IagBgl1 and the multiple enzymatic conversion system 
suggested the feasibility and application potential of preparing bao
huoside I from TEF through enzymatic transformation, which provides 
an effective pathway for improving the utilization rate of epimedium 
resources. 
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Fig. 7. Analysis of transformation factors for co-converting the TEF into bao
huoside I through three thermostable enzymes. (a) The Enzyme dosage of 
TpeRha required for transforming the TEF. In the first conversion stage, the 
epimedin C of the TEF was converted into icariin by TpeRha at different con
centrations. (b) The reaction time required for transforming the TEF with 
TpeRha. In the first stage on conversion of epimedin C from the TEF, the op
timum time factor was estimated after addition of 55 U/mL of TpeRha with 
incubation for different duration. (c) The dosage of IagBgl1 required for 
transforming the TEF. (d) The dosage of TpeXyl3 required for transforming the 
TEF. (e) Product distribution of the reaction mixture on converting the TEF by 
six different conversion schemes. The details of each conversion schemes are 
described in Fig. 2. (b) time-course curve of production of baohuoside I from 
the TEF by two-step bio-transformation system. (g) HPLC Spectrogram for 
analysis of the products of two-step bio-transformation system of the TEF into 
baohuoside I mediated by TpeRha, IagBgl1 and TpeXyl3. The standards were 
followed by 1. epimedin A, 2. epimedin b, 3. epimedin c, 4. icariin, 5. sa
gittatoside A, 6. sagittatoside b, 7. icariside I, 8. sagittatoside c, 9. baohuoside I, 
10. icaritin. 
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Appendix A. Supplementary material 

Supplementary data to this article can be found online at https:// 
doi.org/10.1016/j.bioorg.2020.104296. 

References 

[1] L.K. Pei, B.L. Guo, A review on research of raw material and cut crude drug of Herba 
Epimedii in last ten years, China J. Chinese Mater. Med. 32 (6) (2007) 466–471. 

[2] W. Liu, L. Mao, F. Ji, F. Chen, Y. Xie, Icariside II activates EGFR-Akt-Nrf2 signaling 
and protects osteoblasts from dexamethasone, Oncotarget 8 (2) (2017) 2594. 

[3] L. Wang, Y.-D. Xu, H. Li, H. Lei, Z. Xin, AB208. Antioxidant icariside II combined 
with insulin restores erectile function in streptozotocin-induced type 1 diabetic rats, 
J. Cell. Mol. Med. 19(5) (2015) 960-969. 

[4] J. Huang, L. Yuan, X. Wang, T.L. Zhang, K. Wang, Icaritin and its glycosides en
hance osteoblastic, but suppress osteoclastic, differentiation and activity in vitro, 
Life Sci. 81 (10) (2007) 832–840. 

[5] H.J. Choi, J.-S. Eun, D.K. Kim, R.H. Li, T.-Y. Shin, H. Park, N.-P. Cho, Y. Soh, 
Icariside II from Epimedium koreanum inhibits hypoxia-inducible factor-1α in 
human osteosarcoma cells, Eur. J. Pharmacol. 579 (1–3) (2008) 58–65. 

[6] W.U. Jinfeng, F. Zuo, D.U. Juan, P.F. Wong, H. Qin, X.U. Jinhua, Icariside II induces 
apoptosis via inhibition of the EGFR pathways in A431 human epidermoid carci
noma cells, Mol. Med. Rep. 8 (2) (2013) 597–602. 

[7] C. Huang, X. Chen, B. Guo, W. Huang, Q. Zhou, Induction of Apoptosis by Icariside 
II through Extrinsic and Intrinsic Signaling Pathways in Human Breast Cancer MCF7 
Cells, J. Agric. Chem. Soc. Jpn. 76 (7) (2012) 1322–1328. 

[8] S.H. Kang, J. Soo-Jin, K. Sun-Hee, K. Ji-Hyun, J.J. Hoon, K. Wonil, K.J. Hyo, 
K.D. Keun, C.Y. Chen, K. Sung-Hoon, Icariside II Induces Apoptosis in U937 Acute 
Myeloid Leukemia Cells: Role of Inactivation of STAT3-Related Signaling, PLoS 
ONE 7 (4) (2012) e28706. 

[9] Y.D. Geng, L. Yang, C. Zhang, L.Y. Kong, Blockade of epidermal growth factor re
ceptor/mammalian target of rapamycin pathway by Icariside II results in reduced 
cell proliferation of osteosarcoma cells, Food Chem. Toxicol. 73 (2014) 7–16. 

[10] Pan, Caiyun, Cao, Xiuxiu, Tang, Lihua, Zhang, Yu, He, Haibing, Phospholipid 
Complex of ICA and ICA II Prepared by Wet Media Milling for Improving 
Bioavailability, Europ. J. Lipid Sci. Technol. (2018) 1700317. 

[11] D.F. Liu, Y.P. Li, T.M. Ou, S.L. Huang, L.Q. Gu, M. Huang, Z.S. Huang, Synthesis and 
antimultidrug resistance evaluation of icariin and its derivatives, Bioorg. Med. 
Chem. Lett. 19 (15) (2009) 4237–4240. 

[12] H. Wu, K. Mihyang, J. Han, Icariin Metabolism by Human Intestinal Microflora, 
Molecules 21 (9) (2016). 

[13] Q. Xia, D. Xu, Z. Huang, J. Liu, X. Wang, X. Wang, S. Liu, Preparation of icariside II 
from icariin by enzymatic hydrolysis method, Fitoterapia 81 (5) (2010) 437–442. 

[14] Y. Shen, H. Wang, Y. Lu, L. Xu, H. Yin, J.P. Tam, H. Yang, X. Jia, Construction of a novel 
catalysis system for clean and efficient preparation of Baohuoside I from Icariin based 
on biphase enzymatic hydrolysis, J. Cleaner Prod. 170 (2018) 727–734. 

[15] J. Pei, Q. Pang, L. Zhao, S. Fan, H. Shi, Thermoanaerobacterium thermo
saccharolyticum β-glucosidase: a glucose-tolerant enzyme with high specific ac
tivity for cellobiose, Biotechnol. Biofuels 5 (31) (2012) 1–10. 

[16] K.-H. Noh, J.-W. Son, H.-J. Kim, D.-K. Oh, Ginsenoside compound K production 
from ginseng root extract by a thermostable beta-glycosidase from Sulfolobus sol
fataricus, Biosci. Biotechnol. Biochem. 73 (2) (2009) 316–321. 

[17] K. Corbett, A.P. Fordham-Skelton, J.A. Gatehouse, B.G. Davis, Tailoring the sub
strate specificity of the β-glycosidase from the thermophilic archaeon Sulfolobus 
solfataricus, FEBS Lett. 509 (3) (2001) 355–360. 

[18] M. Chen, D. Li, Z. Gao, C. Zhang, Enzymatic transformation of polydatin to re
sveratrol by piceid-β-D-glucosidase from Aspergillus oryzae, Bioprocess Biosyst. 
Eng. 37 (7) (2014) 1–6. 

[19] K.I. Chen, Y.C. Lo, C.W. Liu, R.C. Yu, C.C. Chou, K.C. Cheng, Enrichment of two 
isoflavone aglycones in black soymilk by using spent coffee grounds as an im
mobiliser for β-glucosidase, Food Chem. 139 (1–4) (2013) 79–85. 

[20] S. Zhang, J. Luo, J. Xie, Z. Wang, W. Xiao, L. Zhao, Cooperated biotransformation of 
ginsenoside extracts into ginsenoside 20 (S)-Rg3 by three thermostable glycosi
dases, J. Appl. Microbiol. 128 (3) (2020) 721–734. 

[21] L. Zhao, J. Xie, X. Zhang, F. Cao, J. Pei, Overexpression and characterization of a glu
cose-tolerant β-glucosidase from Thermotoga thermarum DSM 5069T with high cata
lytic efficiency of ginsenoside Rb1 to Rd, J. Mol. Catal. B Enzym. 95 (2013) 62–69. 

[22] T. Pernilla, M. Gashaw, K. Eva Nordberg, Potential and utilization of thermophiles 
and thermostable enzymes in biorefining, Microbial Cell Factories 6(1) (2007) 1-9. 

[23] W. Soetaert, E.J. Vandamme, The Scope and Impact of Industrial Biotechnology, 
Wiley-CH Verlag GmbH & Co. KGaA2010. 

[24] B.L. Zamost, H.K. Nielsen, R.L. Starnes, Thermostable enzymes for industrial ap
plications, J. Ind. Microbiol. 8 (2) (1991) 71–81. 

[25] V. Lombard, H.G. Ramulu, E. Drula, P.M. Coutinho, B. Henrissat, The carbohydrate- 
active enzymes database (CAZy) in 2013, Nucleic Acids Res. (2014) 490–495. 

[26] M. Larkin, G. Blackshields, N. Brown, R. Chenna, P.A. McGettigan, H. McWilliam, 
F. Valentin, I.M. Wallace, A. Wilm, R. Lopez, Clustal W and Clustal X version 2.0, 
Bioinformatics 23 (21) (2007) 2947–2948. 

[27] J. Xie, D. Zhao, L. Zhao, J. Pei, W. Xiao, G. Ding, Z. Wang, Overexpression and 
characterization of a Ca(2+) activated thermostable beta-glucosidase with high 
ginsenoside Rb1 to ginsenoside 20(S)-Rg3 bioconversion productivity, J. Ind. 
Microbiol. Biotechnol. 42 (6) (2015) 839–850. 

[28] Y.I. Chi, L.A. Martinez-Cruz, J. Jancarik, R.V. Swanson, D.E. Robertson, S.H. Kim, 
Crystal structure of the β-glycosidase from the hyperthermophile Thermosphaera 
aggregans: insights into its activity and thermostability, FEBS Lett. 445 (2–3) 
(1999) 375–383. 

[29] Y. Kado, T. Inoue, K. Ishikawa, Structure of hyperthermophilic β-glucosidase from 
Pyrococcus furiosus, Acta Crystall. 67(12) (2011) 1473-1479. 

[30] V.M. Gumerov, A.L. Rakitin, A.V. Mardanov, N.V. Ravin, A Novel Highly 
Thermostable Multifunctional Beta-Glycosidase from Crenarchaeon Acidilobus 
saccharovorans, Archaea-an Int. Microbiol. J. 2015(1) (2015) 1-6. 

[31] M. Leon, P. Isorna, M. Menendez, J. Sanz-Aparicio, J. Polaina, Comparative study 
and mutational analysis of distinctive structural elements of hyperthermophilic 
enzymes, Protein. J. 26 (6) (2007) 435–444. 

[32] B. Dalhus, M. Saarinen, U.H. Sauer, P. Eklund, K. Johansson, A. Karlsson, 
S. Ramaswamy, A. Bjørk, B. Synstad, K. Naterstad, Structural basis for thermophilic 
protein stability: structures of thermophilic and mesophilic malate dehydrogenases, 
J. Mol. Biol. 318 (3) (2002) 707–721. 

[33] T.M. Gloster, S. Roberts, M.A. Ducros, G. Perugino, G.J. Davies, Structural Studies 
of the β-Glycosidase from Sulfolobus solfataricus in Complex with Covalently and 
Noncovalently Bound Inhibitors †, Biochemistry 43 (20) (2004) 6101–6109. 

[34] D. Teze, J. Hendrickx, M. Czjzek, D. Ropartz, Y.-H. Sanejouand, V. Tran, C. Tellier, 
M. Dion, Semi-rational approach for converting a GH1 β-glycosidase into β-trans
glycosidase, Protein Eng. Des. Select. Peds 27 (1) (2014) 13. 

[35] D.L. Zechel, A.B. Boraston, T. Gloster, C.M. Boraston, J.M. Macdonald, D.M.G. Tilbrook, 
R.V. Stick, G.J. Davies, Iminosugar Glycosidase Inhibitors:? Structural and 
Thermodynamic Dissection of the Binding of Isofagomine and 1-Deoxynojirimycin to β- 
Glucosidases, J. Am. Chem. Soc. 125 (47) (2003) 14313–14323. 

[36] M. Dion, L. Fourage, J.N. Hallet, B. Colas, Cloning and expression of a beta-gly
cosidase gene from Thermus thermophiles. Sequence and biochemical character
ization of the encoded enzyme, Glycoconjugate J. 16 (1) (1999) 27–37. 

[37] Z.-Z. Zou, H.-L. Yu, C.-X. Li, X.-W. Zhou, C. Hayashi, J. Sun, B.-H. Liu, T. Imanaka, 
J.-H. Xu, A new thermostable β-glucosidase mined from Dictyoglomus thermo
philum: properties and performance in octyl glucoside synthesis at high tempera
tures, Bioresour. Technol. 118 (2012) 425–430. 

[38] T.H. Park, K.W. Choi, C.S. Park, S.B. Lee, H.Y. Kang, K.J. Shon, J.S. Park, J. Cha, 
Substrate specificity and transglycosylation catalyzed by a thermostable beta-glu
cosidase from marine hyperthermophile Thermotoga neapolitana, Appl. Microbiol. 
Biotechnol. 69 (4) (2005) 411–422. 

[39] A.-R. Park, H.-J. Kim, J.-K. Lee, D.-K. Oh, Hydrolysis and transglycosylation activity 
of a thermostable recombinant β-glycosidase from Sulfolobus acidocaldarius, Appl. 
Biochem. Biotechnol. 160 (8) (2010) 2236–2247. 

[40] F.A. Fusco, G. Fiorentino, E. Pedone, P. Contursi, S. Bartolucci, D. Limauro, 
Biochemical characterization of a novel thermostable β-glucosidase from 
Dictyoglomus turgidum, Int. J. Biol. Macromol. 113 (2018) 783–791. 

[41] Y. Xue, J. Yu, X. Song, Hydrolysis of soy isoflavone glycosides by recombinant β- 
glucosidase from hyperthermophile Thermotoga maritima, J. Ind. Microbiol. 
Biotechnol. 36 (11) (2009) 1401–1408. 

[42] F.F. Zanoelo, M.D.L.T. de Moraes, H.F. Terenzi, J.A. Jorge, β-Glucosidase activity 
from the thermophilic fungus Scytalidium thermophilum is stimulated by glucose 
and xylose, FEMS Microbiol. Lett. 240(2) (2004) 137-143. 

[43] J. Batra, S. Mishra, Organic solvent tolerance and thermostability of a β-glucosidase 
co-engineered by random mutagenesis, J. Mol. Catal. B Enzym. (2013) 61–66. 

[44] W. Fang, Y. Yang, X. Zhang, Q. Yin, X. Zhang, X. Wang, Z. Fang, Y. Xiao, Improve 
ethanol tolerance of β-glucosidase Bgl1A by semi-rational engineering for the hy
drolysis of soybean isoflavone glycosides, J. Biotechnol. 227 (10) (2016) 64–71. 

[45] J. Hong, H. Tamaki, H. Kumagai, Unusual hydrophobic linker region of β-glucosi
dase (BGLII) fromThermoascus aurantiacusis required for hyper-activation by or
ganic solvents, Appl. Microbiol. Biotechnol. 73 (1) (2006) 80–88. 

[46] P.O.D. Giuseppe, T.D.A.C.B. Souza, F.H.M. Souza, L.M. Zanphorlin, C.B. Machado, 
R.J. Ward, J.A. Jorge, R.D.P.M. Furriel, M.T. Murakami, Structural basis for glucose 
tolerance in GH1 β-glucosidases, Acta Crystallogr. Sect. D-Biol. Crystallogr. 70(6) 
(2014) 1631-1639. 

[47] C. Riou, J.M. Salmon, M.J. Vallier, Z. Günata, P. Barre, Purification, 
Characterization, and Substrate Specificity of a Novel Highly Glucose-Tolerant β- 
Glucosidase fromAspergillus oryzae, Appl. Environ. Microbiol. 64 (10) (1998) 
3607–3614. 

[48] A. Belancic, Z. Gunata, M.J. Vallier, E. Agosin, Beta-glucosidase from the grape 
native yeast Debaryomyces vanrijiae: purification, characterization, and its effect 
on monoterpene content of a Muscat grape juice, J. Agric. Food Chem. 51 (5) 
(2003) 1453–1459. 

[49] L. Cui, Z. Zhang, E. Sun, X.B. Jia, Q. Qian, Effect of β-cyclodextrin complexation on 
solubility and enzymatic hydrolysis rate of icariin, J. Nat. Sci., Biol., Med. 4 (1) 
(2013) 201–206. 

[50] J. Xie, S. Zhang, X. Tong, T. Wu, J. Pei, L. Zhao, Biochemical characterization of a 
novel hyperthermophilic α-l-rhamnosidase from Thermotoga petrophila and its 
application in production of icaritin from epimedin C with a thermostable β-glu
cosidase, Process Biochem. 93 (2020) 115–124. 

[51] X. Xin, G.-J. Fan, Z. Sun, N. Zhang, Y. Li, R. Lan, L. Chen, P. Dong, 
Biotransformation of major flavonoid glycosides in herb epimedii by the fungus 
Cunninghamella blakesleana, J. Mol. Catal. B Enzym. 122 (2015) 141–146. 

[52] T. Cheng, J. Yang, T. Zhang, Y. Yang, Y. Ding, Optimized biotransformation of 
icariin into icariside II by β-glucosidase from Trichoderma viride using central 
composite design method, BioMed Res. Int. 2016 (2016) 1–10. 

[53] Z. Zhang, L. Chen, X. Jia, J. He, X. Jin, Preparation technology of baohuoside Ⅰ by 
enzymolysis of icariin with β-glucosidase, China Pharm. 22 (43) (2011) 4059–4061.  

J. Xie, et al.   Bioorganic Chemistry 104 (2020) 104296

11

https://doi.org/10.1016/j.bioorg.2020.104296
https://doi.org/10.1016/j.bioorg.2020.104296
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0005
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0005
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0010
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0010
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0020
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0020
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0020
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0025
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0025
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0025
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0030
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0030
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0030
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0035
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0035
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0035
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0040
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0040
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0040
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0040
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0045
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0045
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0045
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0055
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0055
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0055
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0060
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0060
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0065
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0065
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0070
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0070
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0070
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0075
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0075
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0075
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0080
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0080
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0080
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0085
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0085
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0085
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0090
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0090
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0090
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0095
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0095
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0095
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0100
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0100
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0100
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0105
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0105
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0105
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0120
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0120
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0125
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0125
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0130
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0130
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0130
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0135
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0135
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0135
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0135
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0140
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0140
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0140
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0140
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0155
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0155
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0155
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0160
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0160
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0160
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0160
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0165
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0165
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0165
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0170
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0170
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0170
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0175
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0175
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0175
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0175
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0180
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0180
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0180
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0185
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0185
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0185
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0185
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0190
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0190
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0190
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0190
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0195
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0195
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0195
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0200
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0200
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0200
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0205
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0205
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0205
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0215
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0215
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0220
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0220
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0220
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0225
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0225
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0225
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0235
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0235
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0235
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0235
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0240
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0240
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0240
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0240
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0245
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0245
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0245
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0250
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0250
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0250
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0250
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0255
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0255
http://refhub.elsevier.com/S0045-2068(20)31594-7/h0255
http://refhub.elsevier.com/S0045-2068(20)31594-7/optCd5kwEsUKm
http://refhub.elsevier.com/S0045-2068(20)31594-7/optCd5kwEsUKm
http://refhub.elsevier.com/S0045-2068(20)31594-7/optCd5kwEsUKm
http://refhub.elsevier.com/S0045-2068(20)31594-7/optPRv1TznSSp
http://refhub.elsevier.com/S0045-2068(20)31594-7/optPRv1TznSSp

	Characterization of a novel thermostable glucose-tolerant GH1 β-glucosidase from the hyperthermophile Ignisphaera aggregans and its application in the efficient production of baohuoside I from icariin and total epimedium flavonoids
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Bioinformatic analysis of IagBgl1
	2.3 Expression and purification of IagBgl1
	2.4 Size exclusion chromatography ofrecombinant IagBgl1
	2.5 Assay of enzyme activity and characterization of therecombinant IagBgl1
	2.6 The kinetic parameters of recombinant IagBgl1
	2.7 Enzymatic transformation of icariin into baohuoside I
	2.8 The enzymatic transformation of baohuoside I from total epimedin flavonoids by three thermostable enzymes
	2.9 HPLC analysis for the identification of transformation products

	3 Results and discussion
	3.1 Bioinformatic analysis of IagBgl1
	3.2 Expression and purification of IagBgl1
	3.3 Substrate specificity of the recombinant IagBgl1
	3.4 The effects of pH and temperature on recombinant IagBgl1
	3.5 The effects of metal cations, organic solvent and monosaccharides on recombinant IagBgl1
	3.6 Enzymatic transformation of icariin into baohuoside I
	3.7 Enzymatic production of baohuoside I from the TFE

	4 Conclusion
	Declaration of Competing Interest
	Acknowledgments
	mk:H1_24
	Author statement
	mk:H1_26
	Appendix A Supplementary material
	References




