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A b s t r a c t :  

To improve the conversion efficiency of ginsenoside Rb1 by β-glucosidase, 
the key regions and sites involved in substrate recognition and binding were 
obtained through molecular docking during the conversion of ginsenoside 
Rb1 by β-glucosidase. The J384 site was subject to site-directed mutation to 
W384, and the physicochemical properties, hydrophilicity/hydrophobicity, 
transmembrane regions, and secondary/tertiary structures of the wild-type and 
mutant enzymes were compared using bioinformatics. The results showed that 
modifying the internal structure of the enzyme increased the number of binding 
sites and enhanced overall stability. The mutant enzyme was more likely to 
spontaneously bind to ginsenoside Rb1 than the wild-type enzyme, with a 
minimum binding energy of -9.02 kJ/mol. 
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1. Introduction
β-glucosidase is a crucial component of cellulase [1], 
primarily involved in cellulose metabolism and various 
biochemical pathways. The low catalytic efficiency of 
the enzyme and the slow enzymatic conversion rate 
of glucose are attributed to the feedback inhibition 
of glucose. Therefore,  engineering β-glucosidase is 
essential for producing enzymes with high catalytic 
efficiency [2]. In the production of second-generation 
biofuels, β-glucosidase plays a role in the final step 
of saccharification, cleaving the β-1,4 glycosidic 
bond of cellobiose to produce glucose molecules [3]. 

However, β-glucosidase is strongly inhibited by glucose, 
leading to increased concentrations of glucanase and 
endoglucanase [4]. The characterization and improvement 
of β-glucosidase have been research goals in recent years, 
aiming to enhance sugar tolerance and thermal stability. 
By reviewing relevant literature on β-glucosidase [5,6], 
it has been found that changes at the J384 site have an 
impact on β-glucosidase. In this study, important sites 
within the active pocket were selected for site-directed 
mutagenesis. Through bioinformatics and molecular 
docking techniques, the structure and properties of wild-
type β-glucosidase were compared with those of the 
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mutant protein to analyze the molecular mechanism 
of β-glucosidase involved in the transformation of 
ginsenoside Rb1.

2. Materials and methods
2.1. Bioinformatics comparison 
The gene and amino acid sequences of the hydrolase 
β-glucosidase (ID: 3WH7) were downloaded from the 
RCSB database website (https://www.rcsb.org/) [7,8]. The 
physicochemical properties and stability of β-glucosidase 
were analyzed using ProtParam software. ProtScale 
and Tmhmm were used to predict the hydrophilicity/
hydrophobicity and transmembrane regions of the protein, 
respectively. PredictProtein and Swiss-Model online 
software were used to predict and analyze the secondary 
and tertiary structures of the protein.

2.2. Molecular docking 
Autodock 4.2.6 and Autodock Tools 1.5.7 software 
were downloaded from the Autodock software official 
website (http://autodock.scripps.edu/) [9]. The 3D structure 
program database file of hydrolase β-glucosidase was 
downloaded from the PDB database, consistent with 
the enzyme used in bioinformatics. The small molecule 
structure SDF file of ginsenoside Rb1 was downloaded 
from the Pubmed database and converted to PDB 
format using Openbabel software. The downloaded 
β-glucosidase file was imported into Autodock, and the 
protein receptor was dehydrated and hydrogenated. Due 
to the high uncertainty of flexible groups, semi-flexible 
docking was chosen. The ligand was read in Autodock, 
and non-polar hydrogen atoms were merged and added 
with Gasteiger charges to maintain a minimum energy 
state [10]. The position and number of small molecule 
centers and rotatable bonds were viewed through the 
Ligand subroutine package. The file was saved as 
Rb1.pdbqt. Molecular docking was performed using 
AntodockVina software to obtain the initial coordinates of 
the ligand-receptor complex (40.518, 29.090, 8.272) [11,12]. 
The docking box size was set within a reasonable range 
to completely enclose the volume of the entire substrate 
catalytic site, with a grid spacing of 0.2983 Å. A semi-
empirical scoring function, Lamarckian genetic algorithm 
[13], and semi-flexible docking algorithm were used during 

the ligand conformation search process. The number of 
rounds for molecular docking was set to 50, and all other 
parameters were set to default values.

3. Results and analysis
3.1. Physicochemical properties of wild-type 
and mutant enzymes
The physicochemical properties of two β-glucosidases 
were predicted using ProtParam software, and the wild-
type β-glucosidase was compared with the mutant 
β-glucosidase [14]. The wild-type enzyme consists of 
451 amino acids with a relative molecular weight of 
approximately 49.13 kD. The isoelectric point of the 
protein is 4.88, and the instability coefficient of the wild-
type enzyme is 32.58, which is less than 40. According 
to the criterion for judging the instability index, the wild-
type enzyme is a stable protein. Additionally, the average 
hydrophobicity index of the wild-type β-glucosidase is 
-0.220, indicating that it is a hydrophilic protein.

Prediction of the mutant β-glucosidase showed 
that it consists of 450 amino acids. Its relative molecular 
weight is approximately the same as that of the wild-type 
enzyme, around 49.18 kD. The isoelectric point of the 
protein is 3.57. The average hydrophobicity index of the 
mutant enzyme is -0.214, and the instability coefficient 
is 32.37, which is less than 40. Compared with the wild-
type enzyme, the mutant enzyme has a lower instability 
coefficient, indicating that the site mutation did not 
change the protein’s hydrophilicity/hydrophobicity. 
However, the mutant enzyme has a lower average 
hydrophobicity index and a smaller stability index 
compared to the wild-type enzyme, suggesting stronger 
protein stability.

The comparison results between the wild-type and 
mutant enzymes were visualized using software, and the 
amino acid statistics of the wild-type and mutant enzymes 
are shown in Table 1.

It can be observed that compared to the wild 
enzyme, the mutant enzyme has an increase of 2 amino 
acids in both the aliphatic and aromatic categories. The 
number of amino acids with alcoholic hydroxyl groups 
has also risen, while the counts of sulfur-containing, 
basic, and acidic amino acids have decreased. Changes 
in the number of amino acid types have led to variations 
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in the total amino acid count of the protein, resulting in 
a lower total amino acid count for the mutant enzyme 
compared to the wild enzyme. Additionally, both aliphatic 
and aromatic amino acids belong to the group of amino 
acids with non-polar and hydrophobic R-groups. The 
increase in these two types of amino acids in the mutant 
enzyme suggests an enhanced hydrophobicity compared 
to the wild enzyme.

3.2. Hydrophilicity/Hydrophobicity comparison 
The hydrophilicity/hydrophobicity analysis of the two 
β-glucosidase enzymes was conducted using the online 
prediction platform ProtScale (https://web.expasy.org/
protscale) [15,16]. The results indicated that the most 
hydrophilic site of both β-glucosidase proteins is the 
arginine at position 60, with a score of -2.444. The 
most hydrophobic sites are histidine at position 201 and 
isoleucine at position 220, with a score of 1.911. The 
distribution of hydrophilic/hydrophobic peptide chains 
in the enzyme protein sequence suggests that it is a 
hydrophilic protein. The most hydrophilic/hydrophobic 
sites of the mutant enzyme remain unchanged, and a 
comparison of hydrophilicity/hydrophobicity is shown in 

Figure 1. It can be seen that after site mutation, there is 
no significant change in the hydrophilicity/hydrophobicity 
of β-glucosidase. However, the scores of the mutant 
enzyme at positions 381–387 are higher than those of the 
wild enzyme, indicating a slight increase in hydrophilicity 
in this region.

3.3. Secondary structure prediction 
The secondary structure prediction of the wild enzyme 
was performed using the online prediction platform 
SOPMA (http://npsa-pbil.ibcp.fr/) [17]. The comparative 
analysis of the secondary structure prediction results is 
shown in Figure 2.

It can be seen that the protein contains 12 α-helices 
and 16 β-sheets, with amino acid ratios of 38.15% and 
15.35% for α-helices and β-sheets, respectively. The 
mutant enzyme has 21 α-helices and 12 β-sheets. In 
the 3–45 site region, the wild enzyme forms 5 helical 
regions (3–11, 13–14, 27–32, 35–36, 39–41), while the 
mutant enzyme forms 6 helical regions (3–6, 8–9, 10–11, 
23–26, 37–38, 39–40). At the 80–83 site, both the wild 
and mutant enzymes generate one helical region each; 
at the 118–122 site, the mutant enzyme generates one 

Table 1. Amino acid statistics of wild-type and mutant enzymes

Types of amino acids Wild enzyme (piece) Mutant enzyme (piece) Wild enzyme (%) Mutant enzyme (%)

Aliphatic 186 188 41.24 41.78

Aromatic 51 52 11.31 11.56

Sulfur-containing 14 13 3.1 2.89

Basic 49 48 10.86 10.67

Acidic 89 87 19.73 19.33

Alcoholic hydroxyl group 32 33 7.1 7.33

Figure 1. Affinity/hydrophobicity comparison. Figure 2. Comparison of secondary structure analysis.
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helical region. Additionally, there are changes in binding 
sites. The wild enzyme has 12 binding sites, while the 
mutant enzyme has 16 binding sites, an increase of 4 sites 
compared to the wild enzyme.

3.4. Tertiary structure prediction 
Homology modeling of wild-type β-glucosidase and 
mutant β-glucosidase was performed using the online 
prediction platform SwissModel (https://swissmodel.
expasy.org/) [18]. The amino acid sequences of the two 
β-glucosidase proteins show similar wave patterns to 
their respective model proteins. The wave patterns of the 
protein structures are relatively stable, and most of the 
amino acid residue scores are higher than 0.6, indicating 
that the predicted models are close to the real situation.

Changes in the tertiary structure steric hindrance of 
the mutant β-glucosidase were analyzed and predicted 
using Swiss-PdbViewer 4.1.0 software [19]. The tertiary 
structure space is shown in Figure 3.

Figure 3. Three-level structural space diagram.

It can be observed that after the mutation of 
β-glucosidase, there is an increase in hydrogen bonds 
formed by side chain groups. The spatial position 
occupied by the atomic side chains near the reaction 
center becomes larger, increasing the steric hindrance. 
Overall, the structure tends to be more stable and intact. 
Following the mutation of β-glucosidase, there are also 
changes in the internal spatial structure. The statistics of 
the dihedral angles of the four amino acids are shown in 
Table 2.

It can be seen that the phi [20] value decreases 
slightly, while the psi [21] value remains unchanged. This 
suggests that there are changes in internal spatial structure 
after mutation, but the magnitude of these changes is 
relatively small. The phi of an amino acid refers to the 
dihedral angle between the four atoms: the C atom of the 

adjacent amino acid, and the N, CA, and C atoms of the 
amino acid itself. The psi of an amino acid refers to the 
dihedral angle between the four atoms: the N, CA, and C 
atoms of the amino acid, and the N atom of the adjacent 
amino acid [22].

Table 2. Statistics of dihedral angles of four amino acids

Site

Wave function

phi psi

Wild type Mutant type Wild type Mutant type

GLY3
47.406 47.392 36.011 36.000

41.294 41.286 11.640 11.640

GLU4
49.611 49.625 33.693 33.631

42.838 42.860 13.020 13.020

ARG5
51.066 50.974 31.269 31.261

40.634 40.605 10.930 10.930

GLN384
43.671 43.673 30.899 30.982

37.476 37.455 6.070 6.070

3.5. Docking results of β-glucosidase with 
ginsenoside Rb1 
Two sets of docking experiments each output 50 docking 
result conformations. All conformations are arranged 
in order of increasing energy, and binding constants are 
calculated based on the top 10 lowest-energy docking 
models and their scoring. The slight decrease in phi [20] 
value and no change in psi [21] value indicate that there are 
changes in the internal spatial structure after mutation, but 
the magnitude of these changes is small. A comparison of 
the docking models is shown in Table 3.

It can be observed that the Gibbs free energy of all 
docking models is less than 0, indicating that both wild-
type and mutant β-glucosidase can spontaneously interact 
with ginsenoside Rb1. The lowest binding energy value 
between wild-type β-glucosidase and ginsenoside Rb1 
is -5.93 kJ/mol, while the lowest binding energy value 
between mutant β-glucosidase and ginsenoside Rb1 is 
-9.02 kJ/mol. The binding constant value of the mutant 
enzyme with ginsenoside Rb1 is higher than that of 
the wild-type enzyme, indicating a stronger interaction 
between the mutant β-glucosidase and ginsenoside Rb1.
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Table 3. Comparison of wild-type and mutant-type 
docking models

Gibbs free energy  
(kJmol)

Wild type mutant type binding 
constant (10,000 Kamol-1 L-1)

Wild type Mutant type Wild type Mutant type

-5.39 -9.02 35.98 36.36

-5.37 -8.88 35.06 35.35

-5.03 -8.56 35.71 35.72

-4.94 -8.16 35.62 34.64

-3.96 -7.29 36.75 35.09

-3.87 -7.18 35.41 34.79

-3.79 -7.14 34.26 35.78

-3.32 -6.84 34.89 36.13

-3.22 -6.76 35.16 35.18

-3.19 -6.71 34.97 35.34

3.6. Interaction between wild-type enzyme and 
ginsenoside Rb1 
Molecular docking was performed between wild-type 
β-glucosidase and ginsenoside Rb1. The two-dimensional 
plan view of the docking results is shown in Figure 4.

Figure 4. Wild enzymes and ginsenoside Rb1.

It can be seen that ginsenoside Rb1 serves as 
the ligand molecule, and the green dashed lines 
represent hydrogen bonding interactions. The ligand 
molecule forms six hydrogen bonds with four amino 
acids (Glu4(A), Arg5(A), Phe6(A), Gln384(A)). The 
semicircles indicate hydrophobic interactions, and 

ginsenoside Rb1 exhibits hydrophobic interactions with 
five amino acids (Glu166(A), Tyr295(A), Glu352(A), 
Trp399(A), Tyr415(A)).

Molecular docking was performed between wild-
type β-glucosidase and ginsenoside Rb1, and the docking 
results are shown in Figure 5.

Figure 5. Interaction analysis diagram.

It  can be observed that  hydrogen bonding 
interactions are formed between the substrate and multiple 
active site residues [23,24], which together constitute a 
hydrophobic cavity. The green dashed lines represent the 
hydrogen bonds formed between the amino acid residues 
and the small molecule ligand, with a total of 6 hydrogen 
bonds formed. 

The sites occupied by GLU-4, ARG-5, PHE-6, 
and GLN-384 play a critical role in the binding of the 
substrate through hydrogen bonding with ginsenoside 
Rb1.

3.7. Interaction between mutant enzyme and 
ginsenoside Rb1 
Molecular docking was performed between the mutant 
β-glucosidase and ginsenoside Rb1, and the two-
dimensional plan view of the docking results is shown in 
Figure 6. 

It can be seen that ginsenoside Rb1 serves as the 
ligand molecule, and the green dashed lines represent 
hydrogen bonding interactions. The ligand molecule 
forms 8 hydrogen bonds with 6 amino acids (Pro317(A), 
Asp318(A), His321(A), His358(A), Asp359(A), 
His368(A)). The semicircles indicate hydrophobic 
interactions, and ginsenoside Rb1 exhibits hydrophobic 
interactions with 7 amino acids (Leu319(A), Pro320(A), 
Thr322(A), His358(A), Ile367(A), Asp369(A), 
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Gln371(A)). Compared to the wild-type, the mutant 
enzyme exhibits stronger hydrophobic interactions with 
ginsenoside Rb1.

Figure 6. Mutase interacts with ginsenoside Rb1.

Molecular docking was further conducted between 
the mutant enzyme and ginsenoside Rb1, and the docking 
conformation is shown in Figure 7.

Figure 7. Hydrogen bonding interaction.

I t  can be observed that  hydrogen bonding 
interactions are formed between the substrate and 
multiple active site residues, resulting in a total of 8 
hydrogen bonds and a columnar hydrophobic cavity. The 
sites occupied by PRO-317, ASP-318, HIS-321, HIS-358, 
ASP-359, and HIS-368 play a key role in the binding of 
the substrate through hydrogen bonding with ginsenoside 
Rb1. The mutant enzyme forms 2 more hydrogen bonds 
with the ligand molecule than the wild-type enzyme, 
indicating a stronger binding ability between the mutant 
enzyme and ginsenoside Rb1, as well as the formation of 
stronger Van der Waals forces with the small molecule 
ligand.

4. Conclusion
The mutant β-glucosidase is a hydrophilic protein with 
increased hydrophilicity compared to the wild-type 
enzyme. Changes in the distribution of α-helix and 
β-sheet regions within the protein enhance the stability of 
the mutant enzyme.

The binding structure of the complex between wild-
type β-glucosidase and the small molecule ginsenoside 
Rb1 was obtained using molecular docking techniques. 
After mutation of the wild-type enzyme, the number 
of protein binding sites and hydrogen bonds increased, 
indicating that the mutant enzyme is more favorable 
for reacting with ginsenoside Rb1. As a member of the 
glycoside hydrolase family, β-glucosidase selectively 
hydrolyzes the ginsenoside glycosyl group during 
ginsenoside transformation.
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