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Abstract 
Beta-glucosidase (Bgl) is an enzyme with considerable food, beverage, and biofuel processing potential. However, as many 
Bgls are inhibited by their reaction end product glucose, their industrial applications are greatly limited. In this study, a novel 
Bgl gene (Bgl1973) was cloned from Leifsonia sp. ZF2019 and heterologously expressed in E. coli. Sequence analysis and 
structure modeling revealed that Bgl1973 was 748 aa, giving it a molecular weight of 78 kDa, and it showed high similar-
ity with the glycoside hydrolase 3 (GH3) family Bgls with which its active site residues were conserved. By using pNPGlc 
(p-nitrophenyl-β-D-glucopyranoside) as substrate, the optimum temperature and pH of Bgl1973 were shown to be 50 °C and 
7.0, respectively. Bgl1973 was insensitive to most metal ions (12.5 mM), 1% urea, and even 0.1% Tween-80. This enzyme 
maintained 60% of its original activity in the presence of 20% NaCl, demonstrating its excellent salt tolerance. Furthermore, 
it still had 83% residual activity in 1 M of glucose, displaying its outstanding glucose tolerance. The Km, Vmax, and kcat of 
Bgl1973 were 0.22 mM, 44.44 μmol/min mg, and 57.78 s−1, respectively. Bgl1973 had a high specific activity for pNPGlc 
(19.10 ± 0.59 U/mg) and salicin (20.43 ± 0.92 U/mg). Furthermore, molecular docking indicated that the glucose binding 
location and the narrow and deep active channel geometry might contribute to the glucose tolerance of Bgl1973. Our results 
lay a foundation for the studying of this glucose-tolerant β-glucosidase and its applications in many industrial settings.

Key points
• A novel β-glucosidase from GH3 was obtained from Leifsonia sp. ZF2019.
• Bgl1973 demonstrated excellent glucose tolerance.
• The glucose tolerance of Bgl1973 was explained using molecular docking analysis.
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Introduction

Beta-glucosidase (Bgl, EC 3.2.1.21, synonyms include gen-
tiobiase, cellobiase, or β-D-glucosidase), an essential mem-
ber of the glycosidase family, can hydrolyze β-glucosidic 
linkages present in either disaccharides, oligosaccharides, or 
so-called conjugated glucosides, from non-reducing termini 
and release β-D-glucose (Godse et al. 2021; Ketudat Cairns 
and Esen 2010). Bgl has been reported in a wide range of 

species, such as plants, animals, bacteria, and fungi (Singh 
et al. 2016), and even in many metagenomic samples (Su 
et al. 2021). This enzyme has many important applications 
in food and beverage production, biofuels, and medical fields 
(Bhatia et al. 2002; Chamoli et al. 2016; Godse et al. 2021; 
Singh et al. 2016; Zhang et al. 2021b). Bgls also play an 
important role in the winemaking process to promote the 
production of aromatic compounds in wine (Zhang et al. 
2021b). Bhatia et al. argued that the supplementation of 
immobilized Bgl to the wine vinification process could sig-
nificantly enhance the aroma of wine (Bhatia et al. 2002). In 
addition, Bgl has been applied in simultaneous saccharifica-
tion and fermentation (Wu et al. 2018). Most phytochemi-
cals in foodstuffs exist in a glycosylated form that cannot 
be easily absorbed in the intestine (Rossi et al. 2013). Bgls 
have been applied to release the aglycones of phytochemi-
cals, including isoflavone (Kim et al. 2012), anthocyanidin 
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(Monteiro et al. 2019), and polydatin (Zada et al. 2021), 
thereby increasing their bioavailability. However, one major 
drawback of Bgl in industrial applications is that their activi-
ties are vulnerable to inhibition by their final products, espe-
cially glucose (Salgado et al. 2018).

In the current CAZY database (http://​www.​cazy.​org/​
Glyco​side-​Hydro​lases.​html), glycoside hydrolases (GHs) are 
divided into 173 families according to their amino sequence 
and structural similarities. Therein, Bgls are mainly distrib-
uted in the GH1, GH2, GH3, GH5, GH16, GH30, GH39, 
and GH116 families (Kaushal et al. 2021), and they are espe-
cially enriched in the GH1 and GH3 families (Sathe et al. 
2017). Bgls belonging to the GH1 and GH3 families show 
distinct structures, explaining the diversity of their enzy-
matic properties (Tiwari et al. 2016; Zhang et al. 2018). 
Numerous studies have revealed that most GH1-family Bgls 
have higher glucose tolerance capabilities than GH3 family 
Bgls (Godse et al. 2021; Mariano et al. 2014; Salgado et al. 
2018). GH1 family Bgls with the inhibition constant (Ki) 
for glucose higher than 1 M have been isolated from differ-
ent microbes, such as BglNB11 from Saccharomonospora 
sp. NB11 (Ki more than 4 M), Bgl from Bacillus subtilis 
(Ki 1.9 M) (Chamoli et al. 2016), BGL-1 from Talaromyces 
amestolkiae (Ki 3.78 ± 0.13 M) (Méndez-Líter et al. 2020), 
Bgl1269 (Ki 4.28 M) (Li et al. 2012), and Bgl6 (Ki 3.5 M) 
(Cao et al. 2015) from microbial metagenome. On contrast, 
the enzyme activity of most Bgls from the GH3 family was 
shown to be inhibited at glucose concentrations less than 
100 mM (Bohlin et al. 2013; Harnpicharnchai et al. 2009; 
Qu et al. 2020; Xia et al. 2016), with some exceptions, such 
as MpBgl3 from the fungus Malbranchea pulchella (tolerant 
to 1 M glucose) (Monteiro et al. 2020), Mg9373 from Scler-
actinian coral-associated bacteria metagenomics (retaining 
51.9% activity at 833 mM glucose) (Su et al. 2021), and a 
GH3 Bgl from Mucor circinelloides (retaining 84% activity 
at 140 mM glucose) (Huang et al. 2014). Generally speak-
ing, Bgl is the dominant enzyme in the GH3 family, and its 
catalytic efficiency in the GH3 family is significantly higher 
than that of the GH1 family (Teugjas and Väljamäe 2013). 
Therefore, based on the considerable amount of Bgls in the 
GH3 family, it is worth identifying glucose-tolerant GH3 
family Bgls, due to their broad applications in many fields.

The genus Leifsonia, a member of the Microbacteriaceae 
family in the order Actinomycetales, is characterized as 
Gram-positive, obligate aerobic, non-motile, rod-shaped, 
or filamentous bacteria (Evtushenko et al. 2000). Leifsonia.
sp.ZF2019, a mesophilic bacterium belong to genus Leifso-
nia, was isolated from the gut of Artipe eryx larvae, a Lepi-
doptera pests of Gardenia jasminoides, by our laboratory. In 
this study, a novel glucose-resistant GH3 Bgl, Bgl1973, was 
identified and cloned from Leifsonia sp. ZF2019. Bgl1973 
was expressed in E. coli and the enzymatic properties were 
investigated in detail. In addition, the influence of metal 

ions, organic solvents, NaCl, and chemical reagents, as 
well as glucose, on Bgl1973 enzyme activity was analyzed. 
Moreover, the possible mechanism of its tolerance to glu-
cose was studied using molecular docking simulation. Our 
research provides a new insight into the future application 
of Bgl in several industries.

Materials and methods

Chemical reagents

The 4-nitrophenyl-β-D-glucopyranoside (pNPGlc), 
4-nitrophenyl-β-D-galactopyranoside (pNPGal) , 
4-nitrophenyl-β-D-xylopyranoside (pNPX), 4'-nitrophenyl-
2-acetamido-2-deoxy-β-glucopyranoside (pNPNag), 
p-nitrophenyl-α-D-glucopyranoside (α-pNPG), isopropyl-
β-D-thiogalactopyranoside (IPTG), and glucose oxida-
tion–reduction (GOD-POD) kits were purchased from 
Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, 
China). p-nitrophenol (pNP) was purchased from Shanghai 
Macklin Biochemical Co., Ltd. (Shanghai, China). Bovine 
serum albumin (BSA) was purchased from Shanghai Sangon 
Biotech Co., Ltd. (Shanghai, China). Kits for genomic DNA 
and plasmid DNA extraction were purchased from Tiangen 
Biotech Co., Ltd. (Beijing, China). DNA markers, protein 
makers, Taq DNA polymerase, restriction endonucleases, 
and T4 DNA ligase were purchased from Promega (Mad-
ison, WI, USA). Nucleic acid dyes were purchased from 
Thermo Fisher Scientific Co., Ltd. (Shanghai, China). All 
other reagents used were of analytical grade.

Gene sequence analysis and structure modeling

Leifsonia sp. ZF2019 was isolated from the larvae of a pest 
of Gardenia jasminoides Ellis fruits, and had been depos-
ited in China Center for Industrial Culture Collection (CICC 
25134). The whole genome was recently sequenced (Gen-
Bank CP065037 and CP065038). IT072_19730 (GenBank 
UAJ79388.1) was annotated as a glycosyl hydrolase and was 
designated as Bgl1973 here. Its signal peptide was analyzed 
previously (Nielsen et al. 2019) using the SignalP 5.0 sever 
(http://​www.​cbs.​dtu.​dk/​servi​ces/​Signa​lP/). The BLASTP 
algorithm in NCBI was employed to further compare the 
gene for this enzyme with the non-redundant (NR) NCBI 
protein database (https://​blast.​ncbi.​nlm.​nih.​gov/​Blast.​cgi). 
MEGA7 software was employed to construct a phylogenetic 
tree based on the Neighbor-Joining algorithm. The self-
development test Bootstrap values repeatedly for 1000 times 
were marked on the branches to evaluate the confidence of 
this phylogenetic tree (Altschul et al. 2005; Kumar et al. 
2016). Bgls from the GH3 family, whose enzyme activities 
and structures had been determined, were retrieved from the 
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CAZy database (Lombard et al. 2014). CLUSTAL-Omega 
software was used for multiple sequences alignment (Sievers 
et al. 2011), and ESPrit3.0 online software (http://​espri​pt.​
ibcp.​fr/​ESPri​pt/​cgi-​bin/​ESPri​pt.​cgi) was used for second-
ary structure prediction (Robert and Gouet 2014). ExPASy 
(https://​web.​expasy.​org) online software was used to predict 
the isoelectric point and molecular mass of this protein.

Gene cloning and protein expression

The genomic DNA of Leifsonia sp. ZF2019 was obtained 
using a bacterial DNA extraction kit, according to the manu-
facturer’s instructions. The Bgl1973 gene was amplified by 
PCR using a forward primer (5′-TTT TTT CAT ATG​ GTC 
GAC CGT CTC GTC-3′, italics indicated the recognition 
sequence for NdeI) and reverse primer (5′-TT GAA TTC​ TAC 
CGT TCG CCG CGG CGA CCA-3′, italics indicated the 
recognition sequence for EcoRI). The PCR-amplified DNA 
fragment was then digested with restriction enzymes includ-
ing EcoRI and NdeI, and this fragment was ligated to the 
pET-28-HMT expression vector, which contained an HMT 
tag (6 × His tag, MBP, and TEV protease cleavage site) at the 
N-terminus. The resultant ligation product was transformed 
into E. coli DH5α competent cells and screened on LB plates 
containing 40 μg/L kanamycin. After DNA sequencing by 
Qingke Biotechnology Co., Ltd (Hangzhou, China), the 
recombinant plasmid pET-28-HMT-Bgl1973 was trans-
formed into E. coli BL21 (DE3) for protein expression.

This Bgl1973 expression strain was cultured in LB broth 
containing 40 μg/L kanamycin and 20 μg/L chloramphenicol 
at 37 °C with 200 rpm shaking, to an OD600 of 0.4–0.7. The 
protein expression of Bgl1973 was induced at 30 °C for 6 h 
by adding IPTG (final concentration 0.3 mM). After harvest, 
cells were resuspended in lysis buffer (20 mM Tris–HCl and 
500 mM NaCl, pH 7.0) and disrupted by sonication (30 min 
with 14 s on and 20 s off). The crude lysate was then cen-
trifuged at 4 °C with 10,000 rpm (10,380 × g) for 20 min, 
and 20 mL of the supernatant was collected and mixed with 
1 mL of Ni–NTA resin that had been pre-equilibrated with 
lysis buffer (QIAGEN GmbH, Hilden, Germany). The resin 
was then washed with 20 mM imidazole, and the protein was 
finally eluted with 300 mM imidazole. To obtain tag-free 
Bgl1973, the protein was digested with TEV protease at 4 °C 
for 16 h to cleave the HMT tag and then dialyzed against 
lysis buffer for 24 h (Austin et al. 2009). Next, the protein 
was loaded onto Ni–NTA resin to absorb uncleaved HMT-
Bgl1973, HMT tag, and TEV protease. Tag-free Bgl1973 
in the flow-through fraction was collected (Wu et al. 2012). 
The purified tag-free Bgl1973 was dialyzed against PBS 
(10 mM, pH 7.4) for 48 h (changing the dialysate every 6 h) 
and stored at − 80 °C in PBS with 10% (w/v) glycerol. The 
relative molecular mass and purity of Bgl1973 protein was 
determined by SDS-PAGE.

Enzyme assays

The protein content was determined by the Bradford method 
using BSA as a standard (Bradford 1976). The enzyme activ-
ity of Bgl1973 was then determined using pNPGlc as a sub-
strate as previously described (Kaushal et al. 2021). Briefly, 
the reaction mixture (200 μL) comprised of 2 mM pNPGlc, 
130 μL phosphate-citrate buffer (pH 7.0), and 0.2 μg of 
enzyme was incubated at 50 °C for 20 min. The reaction was 
then stopped by adding 50 μL of 2 M Na2CO3; the absorp-
tion value at 405 nm was determined using a Multiskan Fc 
microplate reader (Thermo Fisher Scientific, MO, USA). 
Reaction mixture without enzyme was used as blank. The 
amount of enzyme needed to release 1 μmol pNP/min was 
referred to as one unit of enzyme activity.

Determination of optimum temperature 
and temperature stability of Bgl1973

The enzyme activity at different temperatures (35–60 °C) 
in phosphate-citrate buffer (pH 7.0) was measured accord-
ing to the method described in the “Enzyme assay” sec-
tion. The temperature with the highest enzyme activity was 
defined as the optimum temperature and its enzyme activity 
was defined as 100%. To evaluate its temperature stability, 
Bgl1973 was incubated at different temperatures (35–60 °C) 
for 60 min and the residual relative enzyme activity was 
determined at optimum temperature in phosphate-citrate 
buffer (pH 7.0). The enzyme activity of the untreated 
enzyme solution was regarded as 100%.

Determination of optimum pH and pH stability 
of Bgl1973

The enzyme activity was measured in different pH (pH 
3.0–10.0) at optimum temperature. The pH with the high-
est enzyme activity was defined as the optimum pH, and 
its enzyme activity was defined as 100%. To test pH sta-
bility, Bgl1973 was incubated in phosphate-citrate buffer 
(pH 3.0–8.0) or 0.1 M Gly-NaOH buffer (pH 8.0–10.0) for 
12 h at 4 °C, and then the residual relative enzyme activ-
ity was determined at optimum temperature in phosphate-
citrate buffer (pH 7.0). The enzyme activity of the untreated 
enzyme solution was defined as 100%.

Determination of the effect of additives on relative 
enzyme activity

To evaluate the effect of reagents on enzyme activity, 
Bgl1973 was mixed with organic solvents including ethanol, 
isopropanol, ethylene glycol, methanol, acetonitrile, and pyri-
dine, to final concentrations of 5%, 10%, 15%, and 20% v/v, 
or NaCl at final concentrations of 5%, 10%, 15%, 20%, and 
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25%, as well as metal salts including NiCl2, MgCl2, FeCl3, 
CaCl2, MnCl4, CoCl2, ZnCl2, KCl, CuSO4, and AlCl3, to final 
concentrations of 0.5, 5, and 12.5 mM. After incubating at 
optimum pH and temperature for 20 min, the enzyme activ-
ity was assessed. Likewise, Bgl1973 was mixed with SDS 
(0.1% w/v), imidazole (10 mM), Tween-80 (1% w/v), EDTA 

Enzyme kinetic parameters

To calculate the kinetic parameters of Bgl1973, 0.2 μg 
of Bgl was mixed with pNPGlc dissolved in phosphate-
citrate buffer, pH 7.0 to final concentrations of 0.2, 0.4, 
0.6, 0.8, 0.1, 1.5, and 2.0 mM. After incubating at 50 °C 
for 10 min, the substrate hydrolysis was determined. The 
Michaelis–Menten constant (Km) and maximum velocity 
(Vmax) of Bgl1973 were determined using a non-linear 
fit in OriginPro 8.0 software. The turnover constant 
(kcat) and the catalytic coefficient (kcat/Km) were then 
calculated.

Substrate specificity

A total of 0.2 μg of specified Bgl1973 was mixed with 
individual substrates including pNPGlc, pNPX, pNPGal, 
α-pNPG, and pNPNag, to a final concentration of 2 mM, 
and the reactions were incubated in optimum conditions for 
20 min, after which the enzyme activity was determined. 
For oligosaccharide and polysaccharide hydrolysis, substrate 
(cellobiose, sucrose, salicin, and carboxymethyl cellulose) 
was dissolved in phosphate-citrate buffer (pH 7.0). A total 
of 2 μg of Bgl1973 was then mixed with a substrate solu-
tion to indicated final concentration to start each reaction. 
After being incubated in optimal conditions for 20 min, the 
reactions were stopped by heating at 80 °C for 5 min and the 
glucose release was measured using a GOP-POD kit (Fusco 
et al. 2018).

Effect of glucose on enzyme activity

The effect of different concentrations (0–3.5 M) of glucose 
on the enzyme activity of Bgl1973 was investigated using 
pNPGlc as a substrate based on the standard enzymatic 
reaction system under optimal conditions. In addition, the 
glucose inhibitory constant (Ki) for competitive inhibition 
was calculated using GraphPad Prism 8.0. The enzyme 
activity without glucose addition was defined as 100%, and 

the relative enzyme activity with different concentrations 
of glucose was calculated.

Molecular docking

A BLAST search was performed against PDB (Protein 
Data Bank) using the Bgl1973 amino acid sequence as a 
query to obtain a template for homology modeling. Based 
on the Swiss-Model online modeling server (https://​www.​
swiss​model.​expasy.​org/), a Bgl1973 protein structure was 
predicted and an automatic model for Swiss-Model was 
constructed (Waterhouse et al. 2018) using BaBgl3 from 
Bifidobacterium adolescentis (PDB: 5WAB) as a template. 
The save tool (https://​servi​cesn.​Mbi.​ucla.​edu/​saves) was 
used to evaluate the quality of the predicted tertiary struc-
ture and PyMOL mapping software was used to draw the 
three-dimensional structure of this protein.

To obtain an insight into the potential mechanism 
of the glucose tolerance of Bgl1973, Bgl1973 (glucose 
tolerant) and BaBgl3 (glucose intolerant) were docked 
with ligands (pNPGlc and glucose) using Autodock-
Tools1.5.6. The chemical structures of pNPGlc and 
glucose were downloaded in MOL2 format from ZINC 
(http://​zinc.​docki​ng.​org). The model structure of the 
protein was used as a receptor protein, and the active 
site was wrapped in a docking box. The number of grid 
points in the X, Y, Z directions was set to 74 × 90 × 78, 
the grid spacing was 0.375 Å, the number of docking 
times was 100, and the remaining parameters were set 
to default values. The ligand was then moved into this 
grid to obtain the lowest energy conformation for fur-
ther analysis using PyMol and Discovery Studio Client 
molecular visualizing software.

Statistical analyses

All statistical data is presented as the mean ± stand-
ard deviation of three determinations using Origin 8.0 

(50 mM), or urea (1% w/v) for 20 min in the same conditions 
and the enzyme activity was then determined. All enzyme 
activity assays were performed in triplicate for each analysis. 
The activity of the original enzyme was defined as 100%, and 
the residual activity of the enzyme after treatment with dif-
ferent reagents was calculated using the following equation:

Residual activity (%) = (the release amount of pNP in the present of reagent × 100)

∕the release amount of pNP in original enzyme.
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(Originlab, Massachusetts, USA) and SPSS 20.0 (IBM, 
NY, USA). The Student’s t test was employed to evaluate 
the significant difference between two groups. *p < 0.05.

Results

Sequence analysis of Bgl1973

DNA sequence data showed that Bgl1973 consisted 
of 748 amino acids and was annotated as a putative 
GH3 family glycosyl hydrolase. It had 70.82% similar-
ity to the GH3 family β-glucosidase from Rhodococ-
cus sp. WS4 (GenBank: TQC50928.1). To clarify the 
relationship of Bgl1973 with other GH3 family glyco-
syl hydrolases, twenty-three GH3 family genes, includ-
ing four xylosidases, 14 β-glucosidases, and five β-N-
acetylglucosaminidase, were retrieved from the NCBI 
database and a phylogenetic tree was constructed. 
The results showed that Bgl1973 was clustered in the 
β-glucosidase branch, while it had a distant relationship 
with the β-N-acetylglucosaminidase and β-xylosidases in 
the GH3 family (Fig. 1).

Multiple sequence alignment was then performed 
between Bgl1973 and three structure determined GH3 
β-glucosidases from Bifidobacterium adolescentis (PDB: 
5WAB) (Florindo et al. 2018), Kluyveromyces marxianus 
(PDB: 3ABZ) (Yoshida et al. 2010), and Streptomyces 
venezuelae (PDB: 4I3G) (Zmudka et al. 2013). As shown 
in Fig. 2, Bgl1973 had multiple highly conserved amino-
acid motifs, including SDW and SEGF domains, and 

importantly, a D230 in the SDW motif and an E419 in the 
SEGF motif were identified as the key residues for nucleo-
philic attack and as a proton donor in GH3 Bgl, respec-
tively (Bause and Legler 1974; Varghese et al. 1999).

Cloning and expression of Bgl1973

The cloned Bgl1973 gene was next inserted into the pET-
28-HMT vector with an N-terminal HMT tag composed of 
6 × His, maltose binding protein (MBP), and a TEV protease 
cut site (Fig. 3a). The recombination plasmid was verified 
by sequencing and expressed as soluble protein in E. coli 
BL21 (DE3). This recombinant HMT-Bgl1973 protein was 
purified using Ni–NTA affinity chromatography. After being 
cut with TEV protease, the HMT Tag, uncleaved HMT-
Bgl1973, and TEV protease were removed using Ni–NTA 
resin, and homogeneous untagged Bgl1973 protein was 
finally obtained. The purified Bgl1973 protein showed a sin-
gle band with a molecular weight of appropriately 75 kDa 
by SDS-PAGE, which was consistent with its theoretical 
predicted molecular weight (78 kDa) (Fig. 3b).

Effects of pH and temperature on the enzymatic 
activity and stability of Bgl1973

Temperature and pH are key parameters for enzymatic activ-
ity and stability. As shown in Fig. 3c, the optimum tem-
perature of Bgl1973 was 50 °C at pH 7.0. Most mesophilic 
β-glucosidases show maximal activity in the temperature 
range from 35 to 65 °C (Ketudat Cairns and Esen 2010). The 
optimum temperature of Bgl1973 was similar to most GH3 

Fig. 1   Phylogenetic tree based on amino acid sequences of Bgl1973 and other GH3 family glycosyl hydrolases
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family β-glucosidases from other mesophilic microorganisms, 
such as Pseudoalteromonas sp. (Qu et al. 2020) and Serratia 
sp.TN49 (Zhou et al. 2011). Thus, Bgl1973 was pre-incubated 
in different temperatures (35–60 °C) for 1 h to determine its 
thermostability. Bgl1973 retained more than 80% of its maxi-
mal activity under 40 °C. However, its enzyme activity rapidly 
declined with temperature increase, and the activity almost 
could not be detected at 60 °C (Fig. 3d).

The effect of pH on the enzymatic activity of Bgl1973 is 
shown in Fig. 3e. The optimum pH of Bgl1973 was 7.0. It 
retained more than 75% relative activity at pH 6.0 and pH 
7.5, while the residual activity was 24.94% and 53.65% of 
the maximal activity at pH 5.0 and pH 8.0, respectively. 
The results indicated that Bgl1973 preferred neutral pH 
conditions. Interestingly, Bgl1973 displayed an interesting 
pH-stability characteristic (Fig. 3f). The activity of Bgl1973 
was maintained at approximately 80% of its initial activ-
ity in the pH range from 7.0 to 8.0 after pre-incubation at 
4 °C for 12 h, while its pH stability was decreased in pH 
values below 6.0 or above 9.0. The results indicated that 
Bgl1973 could function in neutral conditions and maintain 
it stability in weakly alkaline environments. Interestingly, a 
β-glucosidase from Serratia sp. TN49, a symbiotic bacte-
rium isolated from the gut of long horned beetle (Batocera 
horsfieldi) larvae, was also reported to tolerate to alkaline 
conditions (Zhou et al. 2011).

Effects of organic solvents, NaCl, metal ions, 
and chemical reagents on the enzyme activity 
of Bgl1973

The effects of organic solvents including ethanol, isopro-
panol, ethylene glycol, methanol, acetonitrile, and pyridine 
on the enzyme activity of Bgl1973 are presented in Fig. 4a. 
We found that organic solvents had significant inhibitory 
effects on the enzymatic activity of Bgl1973 in a dose-
dependent manner. At a concentration of 5% pyridine, the 
residual activity of Bgl1973 was less than 20%, indicating 
it was susceptible to pyridine. The retained activity was 
65–95% in a concentration of 5% ethanol, isopropanol, 
methanol, or acetonitrile, while the activity decreased dra-
matically as the concentrations increased to 10%. In con-
trast, the enzyme activity of Bgl1973 was significantly 
enhanced by ethylene glycol, especially 15% ethylene glycol 
(130.0 ± 7.2%).

Salt is often employed to pretreat raw biomasses in indus-
trial settings. To investigate the salt-tolerance of Bgl1973, 
the enzyme activity was evaluated in the presence of different 
concentrations of NaCl. As shown in Fig. 4b, the enzyme 
activity of Bgl1973 weakened as the NaCl concentration 
increased, but Bgl1973 still had more than 60% residual 
activity in 20% (3.40 M) NaCl and maintained 34% residual 
activity even at a concentration of NaCl up to 25% (4.27 M). 
The NaCl tolerance capability of Bgl1973 was comparable to 
that of β-glucosidases from marine bacterial Alteromonas sp. 
L82 (53.3% activity at 4 M NaCl) (Sun et al. 2018) and Ther-
mococcus sp. (70% activity in the presence of 1.5 M NaCl) 
(Sinha and Datta 2016). The interplay of the hydrophobic 
and electrostatic interactions between the protein and the salt 
solution may contribute to the salt-tolerance of Bgl, similar 
to other halophilic proteins (Arakawa and Tokunaga 2004).

Table 1 summarizes the effects of different concentra-
tions of metal ions on the enzyme activity of Bgl1973 at 
a final concentration of 0.5 mM, 2.5 mM, and 12.5 mM. 
Bgl1973 displayed excellent metal ion tolerance. Its enzyme 
activity was not impaired by Ca2+, K+, Na+, Co2+, Mn2+, 
Al3+, Mg2+, or Fe3+ ions, even when the final concentration 
reached 12.5 mM. In contrast, Zn2+ and Cu2+ showed some 
inhibitory effects on the Bgl1973 activity, which maintained 
73.62% and 88.78% of its original enzyme activity in the 
presence of 12.5 mM Zn2+ and Cu2+, respectively.

Other chemical reagents, such as Tween-80, SDS, urea, 
imidazole, and EDTA, are usually used as pretreatment rea-
gents for biomass processing. As shown in Table 2, EDTA 
(50 mM) did not significantly inhibit Bgl1973 activity, a 
result that was consistent with the influence of metal ions. 
Interestingly, the enzyme activity of Bgl1973 increased 
in the presence of 1% Tween-80 (w/v), 10 mM imidazole, 
50 mM EDTA, and 1% urea (w/v). In contrast, the Bgl1973 
activity was destroyed by 0.1% SDS, which could be par-
tially explained by the unique properties of SDS to dis-
rupt the hydrophobic interaction of proteins or cause the 
unfolding of their natural structures (Kaushal et al. 2021). 
Generally speaking, the overwhelming inhibitory effect of 
SDS on Bgl activity is expected (Méndez-Líter et al. 2017; 
Zhou et al. 2011) and only a few Bgl proteins can resist SDS 
(Sun et al. 2020).

Effect of glucose on Bgl1973 enzymatic activity

The effect of glucose on the enzymatic activity of Bgl1973 
is shown in Fig. 4c, and the enzymatic activity of Bgl1973 
gradually decreased with increasing glucose concentration 
(0–1.0 M). The Bgl1973 activity still maintained 83% of 
its original enzymatic activity in the presence of 1.0 M 
glucose. When the glucose concentration was higher than 
1.0 M, the activity rapidly decreased with glucose con-
centration increase, even decreasing to 20% activity in 

Fig. 2   Multiple sequence alignment of Bgl1973 against three char-
acterized GH3 family β-glucosidases. Bifidobacterium adolescentis 
(PDB: 5WAB) (Florindo et  al. 2018a), Kluyveromyces marxianus 
(PDB: 3ABZ) (Yoshida et  al. 2010), and Streptomyces venezuelae 
(PDB: 4I3G) (Zmudka et al. 2013). The catalytic sites are represented 
by an asterisk (*) on the bottom of the alignment. The conserved cat-
alytic aspartic acid residue act as active nucleophile sites (D230) and 
conserved glutamic acid acts as catalytic proton donors (E419)

◂

5069Applied Microbiology and Biotechnology (2022) 106:5063–5079



1 3

the presence of 3.5 M glucose. Furthermore, the glucose 
inhibitory constant (Ki) of Bgl1973 was determined to be 
1713 mM, higher than that of GH3 family Bgls from most 
sources (Table 3).

Kinetic parameters

The kinetics of enzyme-catalyzed reactions can reflect the 
rate of an enzymatic reaction and its influencing factors, and 
it can be used to infer the possible chemical changes from 
substrate to product. The kinetic parameters of Bgl1973 
were then determined using pNPGlc as a substrate. As 
shown in Fig. 4d and Table 3, under optimal conditions, the 
Km and Vmax of the Bgl1973 were 0.22 mM and 44.44 μmol/
min mg respectively. Additionally, the apparent kcat and cata-
lytic coefficient (kcat/Km) was 57.78 s−1 and 262.6 s−1 mM−1, 
respectively. The kinetic parameters of many reported Bgls 
from GH3 family were summarized in Table 3. As can be 
seen, the Km value of Bgl1973 was similar to most of GH3 
family Bgls but much lower than that of Bgls from Str. ven-
ezuelae (Zmudka et al. 2013), Serratia sp. TN49 (Zhou 
et  al. 2011), and Scleractinian coral metagenomics (Su 
et al. 2021), indicating that Bgl1973 showed a high substrate 

affinity for pNPG. The ratio of kcat to Km is an important 
parameter for measuring the catalytic efficiency of enzymes. 
Accordingly, the kcat/Km value of Bgl1973 was measured, 
and it was lower than Bgls from Asp. oryzae (Langston et al. 
2006) and K. marxianus (Yoshida et al. 2010), but it still has 
similar kinetic properties to most GH3 Bgls.

Substrate specificity of Bgl1973

Different substrates were next used to analyze the sub-
strate specificity of Bgl1973, and the results are shown in 
Table 4. For aryl glycoside substrates, the specific activ-
ity of Bgl1973 against pNPGlc was 19.10 ± 0.59 U/mg, 
whereas the specific activity of Bgl1973 against pNPX 
was 3.83 ± 0.06 U/mg. In addition, we found that Bgl1973 
could hydrolyze cellobiose containing β (1 → 4) glyco-
side bonds but could not hydrolyze sucrose-containing α 
(1 → 2) glycosidic bonds, indicating that Bgl1973 was a β 
(1 → 4) glycosidase. As expected, the glycoside of salicin 
could be effectively hydrolyzed by Bgl1973 (20.43 ± 0.92 
U/mg) but carboxymethyl cellulose could not be hydro-
lyzed by Bgl1973.

Fig. 3   The purification of Bgl1973 and the effects of pH and tem-
perature on its activity. a Schematic diagram of the pET-28-HMT-
Bgl1973 expression vector. b SDS-PAGE of purified Bgl1973. Sam-
ples were subjected to 10% SDS-PAGE and gels were stained with 
Coomassie brilliant blue R250. Lane M: Protein marker; Lane 1: 
Purified HMT-Bgl1973; Lane 2: HMT-Bgl1973 digested with TEV; 
Lane 3: Purified Bgl1973 (without HMT tag). c Optimum tempera-
ture determination. The activity of Bgl1973 was measured over a 

range of temperatures (35–60  °C) at pH 7.0. d Thermostability 
assessment. Bgl1973 was incubated at different temperatures (35-–
60 °C) for 60 min and the residual enzyme activity was determined. e 
Optimum pH determination. The activity was measured over a range 
of pH values (3.0–8.0). f pH stability. Bgl1973 was incubated at pH 
7.0 with different pH (pH 3.0–10.0) for 12 h at 4 °C, and the activity 
was determined at the optimum temperature
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Structural mechanism of glucose tolerance

The glucose tolerance mechanism of Bgl1973 was inves-
tigated by using homology modeling and molecular dock-
ing stimulation. By search against PDB (Protein Databank), 

Fig. 4   Effects of chemical reagents on the activity of Bgl1973 and its enzymatic kinetics. Effects of organic solvents (a), NaCl (b), and glucose 
on the Bgl1973 activity (c). Michaealis-Menten (outer) and Lineweaver–Burk (inner) plots of Bgl1973 using pNPGlc as a substrate (d)

Table 1   Effect of different metal ions on Bgl1973 activity

a Enzyme activity without the addition of any metal ions is regarded 
as 100%; bValues are shown as the mean ± SD (n = 3); **Significantly 
different compared to the “None” group

Metal ions Residual activity to a specific concentration (%)

12.5 mM 2.5 mM 0.5 mM

Nonea 100.40 ± 0.40b 100.40 ± 0.40 100.40 ± 0.40
Ca2+ 99.05 ± 0.43 99.57 ± 1.94 100.70 ± 0.39
K+ 97.52 ± 0.26 98.40 ± 1.76 97.70 ± 0.31
Na+ 96.37 ± 2.27 97.19 ± 1.71 99.84 ± 2.04
Co2+ 95.10 ± 1.35 96.24 ± 1.91 97.82 ± 1.39
Mn2+ 98.29 ± 1.89 98.28 ± 2.64 101.64 ± 0.85
Al3+ 96.70 ± 0.79 95.60 ± 6.30 99.98 ± 2.86
Mg2+ 95.07 ± 0.45 99.43 ± 1.20 101.63 ± 1.14
Cu2+ 88.78 ± 0.22** 94.44 ± 0.27** 97.79 ± 3.93
Fe3+ 96.85 ± 0.89 97.47 ± 2.45 97.76 ± 0.81
Zn2+ 73.62 ± 2.60** 85.05 ± 2.41** 91.54 ± 8.93**

Ni2+ 95.86 ± 0.22 97.24 ± 0.78 98.09 ± 1.94

Table 2   Effect of different chemical reagents on Bgl1973 activity

a Values represent the mean ± SD (n = 3) relative to a blank control; 
bEnzyme activity without adding any chemical reagents is regarded 
as 100%

Chemicals Concentration Relative activity (%)a

None 0 100.00b ± 0.09
SDS 1% 0
Tween-80 1% 107.90 ± 0.88
Urea 1% 107.96 ± 1.22
Imidazole 10 mM 112.21 ± 3.44
EDTA 50 mM 97.83 ± 0.25
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it was found that the amino sequence of Bgl1973 had the 
highest similarity with that of B. adolescentis GH3 family 
β-glucosidase BaBgl3 (PDB ID 5wab) (Florindo et al. 2018) 
with the identity of 50.26%. The three-dimensional structure 
of Bgl1973 was modeled by homology modeling using the 
crystal structure of BaBgl3 (PDB ID 5wab) as a template. 
The potential pNPGlc and glucose binding sites were subse-
quently analyzed by molecular docking stimulation.

As shown in (Fig. 5a–b), Bgl1973 has a typical (β/α)8 
barrel structure and (α/β)6 sandwich domains, Asp230, 
and Glu419 residues on these two domains that act as 

nucleophilic groups and proton donors, respectively (Ketu-
dat Cairns and Esen 2010). A Ramachandran plot was 
obtained by analyzing the tertiary structure of Bgl1973, and 
this revealed that the proportion of amino acid residues in 
the allowable region exceeded 95% (Fig. 5c), indicating that 
the predicted tertiary structure of Bgl1973 was reliable and 
could be used as a template for molecular docking.

The molecular docking diagram between BaBgl3 (glu-
cose intolerant) and pNPGlc and pNPGlc + glucose is shown 
in Fig. 6a–g. The Asp44 and Lys153 are the primary amino 
acids of active pocket of BaBgl3 which interact with sugar 
moiety (Fig. 6b). Asp44 makes hydrogen bonds with glucose 
hydroxyl groups OH3 and OH4, while Lys153 interacts with 
OH2 and OH3 of glucose (Fig. 6c). As shown in Fig. 6d, 
the binding site of glucose is almost overlapped with sugar 
moiety of pNPGlc. The hydrophilic amino acids of the active 
pocket interacts with glucose including Asp44, Arg120, 
Lys153, His154, Arg164, Tyr200, and Asp232 (Fig. 6d). 
Asp44 and Lys153 interact with glucose hydroxyl groups 
OH1 through hydrogen bonding, and Asp232 interacts with 
OH4, which was consistent as Florindo et al. (Florindo et al. 
2018). Glucose prefers binding the bottom of the active 
pocket (Fig. 6g) and prevents pNPGlc from binding, which 
may be the reason for its glucose intolerance.

Fig 6(a)–(g) shows molecular docking results between 
Bgl1973 and pNPGlc and pNPGlc + glucose. Arg162, 
Ala349, Ser418, and Phe421 are the critical amino acids 

Table 3   Kinetic parameters and glucose inhibition of Bgl1973 and other GH3 β-glucosidases

Source Organism Km (mM) Vmax (μmol/min 
mg)

kcat (s−1) kcat/Km 
(mM−1 s−1)

Glucose inhibi-
tion (mM)

References

Leifsonia.
sp.ZF2019

Bgl1973 0.22 44.44 57.78 262.6 1713 (Ki) This study

Kluyveromyces 
marxianus

KmBglI 9.9 (± 1.4) × 10−2 8 1.5 (± 0.1) × 102 1.5 (± 0.2) × 103 - (Yoshida et al. 
2010)

Streptomyces 
venezuelae

DesR 9.1 ± 0.3 - 13.4 ± 0.6 1.5 - (Zmudka et al. 
2013)

Bifidobacterium 
adolescentis

BaBgl3 0.32 ± 0.03 0.37 ± 0.01 88 ± 3 275 ± 35 7.1 ± 0.4 (Ki) (Florindo et al. 
2018)

Penicillium ver-
ruculosum

PvBGL 0.35 ± 0.02 200 ± 20 571 0.2 (Ki) (Volkov et al. 
2020)

Aspergillus 
oryzae

BG 0.29 ± 0.03 - 370 ± 20 1.3 × 106 2.9 ± 0.1 (Ki) (Langston et al. 
2006)

Pseudoaltero-
monas sp.

PABGL 2.023 ± 0.1553 7.357 ± 
0.1627

- - 8.17 ± 0.592 (Ki) (Qu et al. 2020)

Serratia sp. 
TN49

BglA49 7.79 14.5 22.6 2.91 - (Zhou et al. 2011)

Scleractinian 
coral associ-
ated bacteria 
metagenomics

Mg9373 15.11 37.467 - - 51.9% activity 
at 833 mM 
(15% W/V) of 
glucose

(Su et al. 2021)

Malbranchea 
pulchella

MpBg3 0.75 456 651 868 No inhibition at 
1000 mM of 
glucose

(Monteiro et al. 
2020)

Table 4   Substrate specificity of Bgl1973

ND, not detected

Chemicals Concentration Specific activity (U/mg)

pNPGlc 2 mM 19.10 ± 0.59
pNPX 2 mM 3.83 ± 0.06
pNPGal 2 mM ND
α-pNPG 2 mM ND
pNPNag 2 mM ND
Cellobiose 2 mM 1.58 ± 0.35
Sucrose 2 mM ND
Salicin 2 mM 20.43 ± 0.92
Carboxymethyl 

cellulose
1% ND
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for the interaction between Bgl1973 and pNPGlc (Fig 
(b)). Ser418 and Phe421 interact with glucose hydroxyl 
groups OH6, and Ala349 interacts with OH3 and OH4 
via hydrogen bonds, respectively (Fig (c)). Arg162 could 
form hydrogen bond with nitro group of p-nitrophenol 
moiety. In contrast, the binding site of glucose was differ-
ent from that of sugar moiety of pNPGlc in Bgl1973. Resi-
dues including Asp43, Arg49, Lys151, His152, Arg162, 
Glu221, and Asp230 played an essential role in the interac-
tion between glucose and Bgl1973 (Fig. 6(d)–(e)). Arg162, 
Asp232, and Lys151 made hydrogen bonds with glucose 
hydroxyl groups OH1, OH2, and OH4, respectively. 
His152 and Met195 interacted with OH3, and Arg49 and 
Glu121 interact with OH6 (Fig. 6(f)). The binding location 

was partially overlapped with p-nitrophenol moiety but 
distinct from that of sugar moiety (Fig. 6(g)). In addition, 
the active pocket of Bgl1973 was found to be narrower and 
deeper than that of BaBgl3 (Fig. 6(g)).

Discussion

The β-glucosidases have abilities to both hydrolyze and 
synthesize β-D-glycosidic bonds with a variety of sub-
strates, and have attracted much attention for a range of 
applications, including bioethanol production, fruit juice 
and wine aroma improvement, and bioactive aglycon and 
oligosaccharide synthesis (Salgado et  al. 2018; Singh 

Fig. 5   Homology model of Bgl1973. a Tertiary structure of Bgl1973, 
in which red represents alpha-helices, yellow represents beta-sheets, 
and the green represents the areas of greater flexibility. b Cata-

lytic residues: Asp240 (nucleophile) and Gly430 (proton donor). c 
Ramachandran plot diagram of Bgl1973
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et al. 2016; Zhang et al. 2021b). However, the activity of 
β-glucosidases is easily affected by many physiochemical 
conditions, and many β-glucosidase are especially sensi-
tive to their end product glucose, which significantly limits 
their applications in many industries (Salgado et al. 2018). 
The identification of glucose-tolerant enzymes is of great 
importance for improving their industrial applications and 
provides the possibility to create more robust enzymes via 
genetic modification (Singhania et al. 2017). In the pre-
sent study, a glucose-tolerant GH3-family β-glucosidase 
(Bgl1973) from Leifsonia sp. ZF2019 was expressed in E. 
coli and characterized.

Most of the characterized Bgls have shown strong enzy-
matic activity in weakly acidic conditions (pH 4.0–6.5) 
(Meng et al. 2009; Teugjas and Väljamäe 2013). For exam-
ple, the optimal pH of BGL0224 from O. oeni SD-2a was 5.0 
(Zhang et al. 2021a), while the optimal pH of PABGL from 
Pseudoalteromonas was 7.0 (Qu et al. 2020). The optimum 
pH of Bgl1973 was found to be 7.0 and to be more stable in 
neutral and weakly alkaline conditions (Fig. 3). This prop-
erty can be efficiently utilized in the textile industry due 
to more favorable polymer formation under weakly alka-
line conditions in the presence of Bgl (Meng et al. 2009). 
Bgl1973 also showed maximal activity at 50 °C while the 
residual activity decreased to appropriate 38% of basal after 
being pre-incubating at 50 °C for 1 h. A similar result has 
been reported in other studies about Microbulbifer thermo-
tolerans (Pyeon et al. 2019) and Thermoanaerobacterium 
saccharolyticum (Kim et al. 2022). The results indicated 
that, although Bgl1973 has the highest activity at 50 °C, the 
structure was not sufficiently stable to maintain its confor-
mation and activity at temperatures above 40 °C.

During the bioconversion of lignocellulosic biomass 
to biofuels, various pretreatments (including dilute acid, 
alkaline, organic solvents, among others) or additives (such 
as detergents and metal ions) are often employed as pre-
treatments (Chen et al. 2018). The residues of these sub-
stances may affect enzyme activity. Although Bgl1973 can 
only maintain its activity at low concentrations (5%, w/v) 
of organic solvents (ethanol, isopropanol, methanol, or ace-
tonitrile), Tween-80 (1%, w/v), urea (1%, w/v), and imida-
zole (10 mM) were associated with a stimulatory effect on 

Bgl1973 activity (Table 2). As a detergent, Tween-80 may 
facilitate the release of products from enzymes via reduction 
of the interaction between Bgl1973 and the end product glu-
cose (Zheng et al. 2008). Furthermore, Tween-80 has been 
proposed to increase cellulase stability by reducing thermal 
denaturation (Yang et al. 2011). 0.5 mM imidazole has been 
reported as a inhibitor of the sweet almond β-glucosidase 
(Field et al. 1991). However, it has also been reported to 
activate sweet almond β-glucosidase by exerting a confor-
mational transition poising the enzyme towards more profi-
cient catalysis in a concentration range of 0.125–0.250 mM 
(Caramia et al. 2017). Imidazole may stimulate the activity 
of Bgl1973 through a similar mechanism. Urea is a strong 
denaturant and most of Bgls are sensitive to urea (Jab-
bour et al. 2012; Kar et al. 2017). The activity of Bgl1973 
increased slightly in the present of 1% urea. The urea resist-
ance of Bgl1973 was comparable with that of SfBGL1 from 
Saccharomycopsis fibuligera and TrBGL1 from Tricho-
derma reesei, which retain 63.2 ± 0.1% and 91.5 ± 1.5% of 
their respective activity in the presence of 0.4 M urea (Ma 
et al. 2015). These results indicated that Bgl1973 was stable 
and compatible to hydrolyze various pretreated lignocellu-
lose types.

Although most metal ions do not result in any significant 
inhibition effect on the activity of Bgls, Ag+, Hg+2, Cu2+, 
Zn2+, and Fe3+ have been reported to inhibit Bgl activity to 
some extent. The activity of BglA from Paenibacillus xyla-
nilyticus KJ-03 was decreased to 2% and 30% in the presence 
of 5 mM Cu2+ and Zn2+, respectively (Park et al. 2013). 
BglA49 from Serratia sp.TN49 maintained 16.03% of its 
original enzyme activity at 10 mM Cu2+ and only 15.07% 
was presented in 10 mM Zn2+ (Zhou et al. 2011). The activ-
ity of BglNB11 from Saccharomonospora sp. NB11 was 
completely inhibited by 2 mM Cu2+ or Zn2+ (Saleh Zada 
et al. 2021). The current study found that Bgl1973 was sta-
ble in the presence of 12.5 mM of various metal ions and 
showed excellent NaCl tolerance, indicating that it might 
be suitable for application in multiple metal ion conditions.

The kinetic parameters of Bgls from various resources 
are compared in Table 3. The kinetic parameters varied in 
response to the resources used as substrates. The Km, Vmax, 
and kcat of Bgl1973 were 0.22 mM, 44.44 μmol/min mg, 
and of 57.78 s−1, respectively. Bgl1973 has a low Km for 
pNPGlc and a relatively high kcat. Similarly, Bgl1973 has 
a higher specific activity for pNPGlc (19.10 ± 0.59 U/mg) 
and salicin (23.73 ± 0.82 U/mg), but it showed lower activ-
ity on pNPX or cellobiose and could hardly hydrolyze other 
substrates. Therefore, it can be classified as an aryl-BGL 
(Zhang et al. 2021a).

It was interesting to note that the activity of Bgl1973 only 
decreased 20% in 1 M glucose. The glucose tolerance capa-
bility of Bgl1973 was comparable to many glucose tolerance 
β-glucosidases from the GH1 family, such as Bglm from a 

Fig. 6   Molecular docking of BaBgl3 and Bgl1973 with glucose and 
pNPGlc. Interaction analysis of BaBgl3 (5wab) (a ~ b) and Bgl1973 
((a) ~ (b)) with pNPGlc: pNPGlc and binding sites are shown in yel-
low and red, respectively; two-dimensional (2D) view of BaBgl3 
interactions with pNPGlc (c) and glucose (f), Bgl1973 interactions 
with pNPGlc ((c)) and glucose ((f)). Interaction analysis of BaBgl3 
(d ~ e) and Bgl1973 ((d) ~ (e)) with both pNPGlc and glucose. 
pNPGlc, glucose, and binding sites are shown in yellow, magenta, 
and red, respectively. Electrostatic potential surface of BaBgl3 (g) 
and Bgl1973 ((g)). These images were created using PyMOL and 
Discovery Studio Client molecular visualizing software

◂
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hot-spring metagenome (retains 80% activity in 1 M glu-
cose) or AaBGL1 Actinomadura amylolytica YIM 77,502 
(retains 40% activity in 2 M glucose) (Yin et al. 2018), but 
lower than DT-Bgl from Anoxybacillus sp. DT3-1 (Chan 
et  al. 2016), or BglNB11 from Saccharomonospora sp. 
NB11 (Saleh Zada et al. 2021). This was higher than almost 
all other GH3 Bgls (Table 3), with the exception of MpBgl3 
from fungal M. pulchella, which had a similar glucose tol-
erance capability (tolerant to 1 M glucose) (Monteiro et al. 
2020) as Bgl1973. To the best of our knowledge, the major-
ity of the glucose-tolerant Bgls belong to the GH1 family. 
Hence, Bgl1973 may provide an alternative model for the 
analysis of the glucose tolerance mechanism of Bgls.

Homology modeling and molecular docking were also 
carried out to gain insights into the glucose tolerance mecha-
nism of Bgl1973 by comparing it with a glucose-intolerant 
GH3 Bgl from B. adolescentis (BaBgl3). Asp44 and Arg120 
were the binding sites for both sugar moiety of pNPGlc and 
glucose in BaBgl3 (Fig. 6a–f), while only one site (Arg162) 
contacted with p-nitrophenol moiety of pNPGlc and glucose 
in Bgll973 (Fig. 6(a)–(f)). In this case, glucose and pNPGlc 
compete for binding sites that may result in BaBgl3 glucose 
intolerance, similar to HiBG (de Giuseppe et al. 2014). In 
contrast, glucose and pNPGlc hardly compete for interac-
tion with Bgl1973. Furthermore, the glucose binding sites of 
Bgl1973 were found to be located in the middle of the active 
site channel, which was similar to the glucose-stimulated 
GH1 Bgl (BglNB11) from Saccharomonospora sp. NB11 
(Saleh Zada et al. 2021). The glucose located in the mid-
dle of the active site channel was also found to activate the 
cleavage of the substrate through transglycosylation or other 
mechanisms (such as allosteric effect) in glucose-tolerance 
Bgls from the GH1 family (Yang et al. 2015). In addition, the 
active channel of Bgl1973 (Fig. 6(g)) was shown to be nar-
rower and deeper than that of BaBgl3 (Fig. 6g). The deeper 
catalytic cavity and less accessible catalytic site entrance 
for substrate were proposed to contribute to the glucose 
tolerance of GH1 (de Giuseppe et al. 2014) and MpBgl3 
(Monteiro et al. 2020). Despite further experiments being 
needed to verify this, the glucose binding location and the 
narrow and deep active channel geometry may contribute to 
the glucose tolerance of Bgl1973.

In summary, a novel glucose-tolerant GH3 family 
β-glucosidase Bgl1973 was cloned from Leifsonia sp. 
ZF2019, a bacterium isolated from the larvae of a pest of 
Gardenia jasminoides Ellis fruits. It was heterologously 
expressed in E. coli, and the biochemical properties were 
characterized here for the first time. Bgl1973 was active in 
neutral and weakly alkaline conditions at moderate tempera-
tures. Bgl1973 showed excellent salt and metal ion toler-
ance and maintained 80% of its activity in the presence of 
1 M glucose. A molecular docking study suggested that the 
glucose binding location and the narrow and deep active 

channel geometry may contribute to the glucose tolerance of 
Bgl1973. These results provide a foundation for the analysis 
of glucose-tolerant molecular mechanisms in other Bgls and 
have future applications to Bgls in other industries.
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