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Abstract: β-Glucosidases hydrolyze terminal, non-reducing β-D-glucosyl residues 

and thereby release β-D-glucose. They have applications in the production of biofuels, 

beverages and pharmaceuticals. In this study, a β-glucosidase derived from 

Aspergillus aculeatus (BGLA) was expressed, characterized, and the molecular 

mechanism of its acid denaturation was comprehensively probed. BGLA exhibited 

maximal activity at pH 5.0–6.0. Its optimal temperature was 70 °C. Its enzyme 

activity was enhanced by Mg
2+

, Ca
2+ 

and Ba
2+

, while Cu
2+

, Mn
2+

, Zn
2+

, Fe
2+

 and Fe
3+

 

had a negative effect. BGLA showed activity on a broad range of substrates including 

salicin, cellobiose, arbutin, geniposide and polydatin. Finally, the acid-denaturation 

mechanism of BGLA was probed using molecular dynamics (MD) simulations. The 

results of simulation at pH 2.0 imply that the contact number, solvent accessible 

surface area and number of hydrogen bonds in BGLA decreased greatly. Moreover, 

the distance between the residues Asp280 and Glu509 that are part of the active site 

increased, which eventually destroyed the enzyme’s catalytic activity. These MD 

results explain the molecular mechanism of acid denaturation of BGLA, which will 

greatly benefit the rational design of more acid-stable β-glucosidase variants in the 

future. 

 

Keywords: β-glucosidase, protein expression, molecular dynamics simulation, acid 

denaturation 
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1. Introduction 

β-Glucosidases (BGLs) are a subgroup of β-D-glucoside glucohydrolases (EC 

3.2.1.21). They were among the earliest discovered and widely studied enzymes due 

to their broad distribution and wide variety of substrates. BGLs are well characterized, 

biologically important enzymes that hydrolyze terminal, non-reducing β-D-glucosyl 

residues and thereby release β-D-glucose [1-3]. BGLs have attracted considerable 

attention due to their important roles in various biotechnological processes including 

the hydrolysis of pharmaceutical ingredients such as isoflavone glucosides [4-7], the 

production of fuel ethanol from agricultural residues [8-11], or the release of aromatic 

compounds from flavorless precursor [12-14]. Thus, BGLs have a great application 

value in the food, pharmaceutical and energy industries. Moreover, they are used in 

the wine-making process, which requires enzymes that can withstand low pH as well 

as high concentrations of ethanol or glucose [15, 16]. Since the beverage-making 

process is generally carried out under acidic conditions, and cellulose hydrolysis 

processes are routinely carried out at pH 4.5–5.0, acid-stable β-glucosidases have a 

wide range of industrial applications. 

In addition to their use in industry, BGLs play pivotal roles in several biological 

processes. The physiological roles associated with these enzymes are diverse and 

depend on the location of the enzyme and the biological system in which they occur 

[17-19]. Filamentous fungi are known to be good β-glucosidase producers and a 

number of β-glucosidase were isolated from fungi [20-22]. However, reports on the 

cloning of BGLs from Aspergillus aculeatus are relatively rare, but enzymes from this 
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fungus are known to hydrolyze both soluble and insoluble cello-oligosaccharides [23], 

which makes them more widely applicable. Compared to BGLs from Trichoderma 

reesei, the BGL from A. aculeatus displays higher stability and conversion of sugars 

to ethanol [24]. Therefore, development of β-glucosidase from A. aculeatus has great 

significance. 

Due to its exceptionally high extracellular protein production capacity, Pichia 

pastoris is an ideal gene expression system for heterologous protein expression, and it 

has been exploited for industrial enzyme production [25]. In this study, the gene 

encoding a β-D-glucosidase from A. aculeatus (BGLA; GenBank: D64088) was 

obtained from the NCBI database (https://www.ncbi.nlm.nih.gov/). The BGLA gene 

was optimized according to the codon usage of P. pastoris and synthesized. The 

codon-optimized gene was cloned into the pPIC9K vector and integrated into the P. 

pastoris strain GS115 by electroporation to achieve secretory expression of the 

recombinant protein. Subsequently, the enzymatic properties, substrate specificity, and 

function were investigated. Finally, the molecular mechanism of acid-denaturation of 

BGLA was comprehensively studied using an all-atom molecular dynamics 

simulation. These data will hopefully contribute to future industrial applications of 

this promising enzyme. 
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2. Materials and methods 

2.1 Chemicals and reagents 

Yeast extract and tryptone were purchased from Oxoid Ltd (Basingstoke, UK). 

DNA modifying enzymes and restriction enzymes were purchased from TaKaRa 

(Dalian, China). Salicin was purchased from Aladdin Bio-Chem Technology Co., LTD 

(Shanghai, China). Cellobiose, arbutin and geniposide were purchased from Solarbio 

Science & Technology Co., Ltd (Beijing, China). All other chemicals and reagents 

were of analytical grade and purchased from local sources. 

 

2.2 Strains, media, and culture conditions 

E. coli JM109, P. pastoris GS115, and the pPIC9K plasmids were all preserved 

in our laboratory. E. coli JM109 and P. pastoris GS115 were used as the host for gene 

cloning and expression of the target protein, respectively. E. coli JM109 was cultured 

in LB medium consisting of (g l
-1

): tryptone, 10.0; yeast extract, 5.0; NaCl, 10.0; agar 

powder, 20.0 at 37 °C, and P. pastoris GS115 was culture in YPD medium consisting 

of (g l
-1

): tryptone, 20.0; yeast extract, 10.0; glucose, 20.0; agar powder, 20.0 at 30 °C. 

For selection of transformants, the media were supplemented with the corresponding 

antibiotics. 
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2.3 Construction of plasmids for the overexpression of the putative β-glucosidase 

BGLA 

We queried the NCBI database for β-D-glucosidase genes and found a DNA 

sequence containing an open reading frame with an intron encoding a putative BGLA 

gene. The sequence was optimized according to the preferences of P. pastoris (the 

preferences were provided in Table S1) and synthesized by GENEWIZ Co.,Ltd. 

Restriction endonuclease cutting sites for AvrII and NotI were incorporated into the 

5’and 3’ primer, respectively. The target gene was cloned into the pPIC9K vector and 

the vector was integrated into the genome of P. pastoris GS115 by electroporation to 

achieve secretory expression of recombinant β-glucosidase. 

2.4 Expression, purification and de-glycosylation of BGLA 

We picked single colony and placed the transformants into shaking tubes for 

enzyme production according to the protocol described in the Pichia manual 

(Invitrogen Life Technologies, Carlsbad, CA, USA). The cells were transferred to a 

sterile 50-ml centrifuge tube, centrifuged for 20 min at 4°C and 3000 × g, and the 

supernatant was collected. After passing through a 0.22 μm MCE filter, all of the 

enzyme purification steps were performed at 4°C. Ammonium sulfate was added to 

the filtrates containing BGLA under stirring to obtain 65% saturation for contaminant 

protein removal. The BGLA activities in the supernatants were recovered at 80% 

saturation. The precipitate formed was collected by centrifugation at 12,000 × g for 20 

min and dissolved in 20 mM phosphate buffer (pH 6.6) and then dialyzed overnight at 

4°C. Following ammonium sulfate precipitation, the BGLA dialysate was added to a 
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Toyopearl Super Q-650M column (1.6 × 4.0 cm, Tosoh Corp., Tokyo, Japan) which 

had been equilibrated with 20 mM phosphate buffer (pH 6.6). The column was 

washed with the same phosphate buffer and elution was then performed with a linear 

gradient of NaCl from 0 to 0.2 M in the same buffer. All of the eluted fractions were 

analyzed by SDS-PAGE. The activity of β-glucosidase was valuated using 

p-nitrophenyl-β-D-glucopyranoside (pNPG) as the substrate. The recombinant BGLA 

was subjected to de-glycosylation using PNGase F (New England Biolabs, Hitchin, 

UK) for 1 h at 37 °C following the manufacturer's instructions, prior to analysis by 

SDS-PAGE. 

 

2.5 SDS-PAGE analysis and β-glucosidase activity assay 

SDS-PAGE was performed using the method described by Laemmli [26]. 

β-Glucosidase activity was assayed using pNPG as the substrate. The reaction mixture, 

which consisted of 1.9 mL of citric acid/phosphate buffer (200 mM Na2HPO4 and 100 

mM citric acid pH 5.0, the preparation of buffer was indicated in Table S1), 0.1 mL of 

enzyme sample and 1 mL of 3 mM pNPG, was incubated at 70 °C for 4 min. The 

reaction was terminated by adding 1 mL of 1 M Na2CO3. The absorbance of the 

released p-nitrophenol (pNP) was measured at 400 nm. One unit of enzyme activity 

was defined as the amount of enzyme that catalyzes the generation of l μmol of pNP 

per minute under the described assay conditions. Protein concentrations were 

determined using a BCA Protein Assay Kit with BSA as the standard. The enzyme 

activity was expressed as U/ml and the specific activity was expressed as U/mg. 
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2.6 Effect of temperature on the activity and stability of BGLA 

The effect of temperature on the activity of BGLA was determined by 

incubating the enzyme at various temperatures ranging from 30 to 80°C in citric 

acid/phosphate buffer (200 mM Na2HPO4 and 100 mM citric acid, pH 5.0) using 3 

mM pNPG as the substrate. The thermal stability of BGLA was examined by 

incubating the enzyme for 0.5 to 10 h at various temperatures (50, 60 and 70°C) in 

citric acid/phosphate buffer (200 mM Na2HPO4 and 100 mM citric acid, pH 5.0) 

without any substrate and after which the system was cooled to 37 °C before normal 

measurement of residual enzyme activity. In the test of the optimum temperature, the 

maximum activity obtained was defined as 100%. However, the initial activity was 

defined as 100% in the temperature stability study. All of the tests were repeated three 

times and the averages calculated. 

2.7 Effect of pH on the activity and stability of BGLA 

The effect of pH on the activity of BGLA was assessed in the pH range between 

3.0 and 8.0 in citric acid/phosphate buffer (200 mM Na2HPO4 and 100 mM citric acid) 

at 70 °C. pH stability was determined by incubating the enzyme in buffers from pH 

3.0 to 8.0 for 24 h at 4 °C, and valuating the remaining activity using the standard 

enzyme activity assay conditions. In the test of the optimum pH, the maximum 

activity obtained was defined as 100%. However, the initial activity was defined as 

100% in the test of pH stability. 
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2.8 Effects of metal ions on the enzyme activity of BGLA 

To investigate the effects of different metal ions on the enzyme activity of BGLA, 

various metal ions (Mg
2+

, Ca
2+

, Cu
2+

, Mn
2+

, Zn
2+

, Fe
2+

, Fe
3+ 

and Ba
2+

) were added 

individually into the reaction system with final concentrations of 1 mM, 5 mM or 10 

mM. Enzyme solutions containing each individual metal ion at optimal pH and 

temperature (i.e. pH 5.0 and 70°C) were incubated with 3mM pNPG substrate for 4 

min, and the enzyme activity was measured as described above. The activity in the 

sample without metal ions was taken as the positive control (100%). 

 

2.9 Analysis of substrate specificity 

For substrate specificity analyses, pNPG, salicin, cellobiose, arbutin, geniposide 

and polydatin were tested. β-Glucosidase catalyzes the hydrolysis of β-glucosidic 

linkages of various glycosides to form glucose and an aglycone. Accordingly, the 

enzymatic activity was measured by detecting the product formation and expressed as 

U/mg. One unit (U) was defined as the amount of enzyme that releases l μmol of 

glucose or aglycone per minute under the described assay conditions. Detailed 

information on the substrates including chemical structure and their corresponding 

aglycones is listed in Table S8. The activities toward natural substrates (e.g., salicin, 

cellobiose arbutin and geniposide) were determined by measuring the amount of 

released glucose. The activity toward polydatin was determined by measuring the 

resveratrol. The target enzyme BGLA was mixed with each of the 2 mM substrates 

and incubated for 20 min at 70 °C. The reaction was stopped by boiling for 10 min, 
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and the amount of product was measured by HPLC. The HPLC was conducted using 

a Prevail Carbohydrate ES 5u column (250mm×4.6mm, Agilent, USA) toward the 

detection of glucose, and using a Zorbax-C18 column (Agilent, USA) to detected the 

resveratrol.  

 

2.10 Molecular dynamics simulation 

 All MD simulations were carried out using the GROMACS 5.1.2 software 

package, together with GROMOS 53A6 force field parameters [27]. The 3D structure 

of β-glucosidase from A. aculeatus resolved at 1.8 Å (PDB ID: 4IIB) was used as the 

initial structure [28]. The detailed simulation parameters were the same as described 

elsewhere [29, 30]. Briefly, the protein was first solvated into a cubic box with an 

edge length of 97 Å. The SPC water model was used to represent water. Following 

similar protocols as used in our previous studies[31-34]. The simulation systems were 

first relaxed with 5000 steps of conjugate gradient minimization to avoid any 

unacceptable contacts between the protein and water molecules. The simulation 

system was first equilibrated for 200 ps under an isochoric-isothermal (NVT) 

ensemble using the Berendsen weak coupling method [35]. It was further equilibrated 

for 200 ps under an isothermal-isobaric (NPT) ensemble using the same method. 

Position restraints were applied to BGLA during the entire equilibration process. 

Finally, production MD simulations were performed using the NPT ensemble without 

any restraints. Temperature (300 K) and pressure (1 atm) were regulated by the 

Nosé-Hoover thermostat [36] and Parrinello-Rahman barostat [37], respectively. To 
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ensure that the effect of pH on the conformational stability of BGLA is intrinsic to the 

protein rather than a stochastic output of the simulations, three MD simulations of 50 

ns were conducted for each system under different initial conditions by assigning 

different initial velocities to each atom of the simulation systems. Table S9 

summarizes the important data for the different simulated systems. 

The particle-mesh Ewald method was used to process the long-ranged 

electrostatic interactions [38]. The short-ranged van der Waals interactions were 

processed with a cutoff of 10 Å. The LINCS algorithm was used to limit the bond 

length of the protein [39], and the SETTLE algorithm[40] was used to constrain the 

water bond lengths and angles. Periodic boundary conditions were applied for all 

three directions. To make sure that the effects of pH on protein stability reflect the 

intrinsic character rather than a stochastic output of the simulation, three independent 

50-ns-long simulation trajectories were collected for data analysis.  

In order to mimic the environment of the two pH values (i.e., 2.0 and 5.0), the 

side-chains of the negatively charged Glu and Asp residues were modified to have 

different charge states based on their isoelectric points. At pH 2.0, both Asp and Glu 

are neutral, while at pH 5.0, they are negatively charged. By contrast, the charged 

residues of Arg, Lys and His are positively charged, and the other residues are neutral. 

The same strategy was often applied in MD simulations to investigate pH-dependent 

protein folding/aggregation [41-43]. Thus, the environmental pH was accounted for 

by choosing the charge states of the described relevant residues in our MD 

simulations. 
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The simulation trajectories were analyzed using several auxiliary programs 

provided with the GROMACS 5.1.2 package. The values of the root-mean-square 

deviation of Cα atoms (Cα-RMSD), radius of gyration (Rg), root mean square 

fluctuation (RMSF), the number and distances of contacts, solvent accessible surface 

area (SASA), and hydrogen bonds (H-bonds) were calculated using gmx rms, gmx 

gyrate, gmx rmsf, gmx mindist, gmx sasa and gmx hbond programs, respectively. 

VMD software version 1.9.3  (http://www.ks.uiuc.edu/Research/vmd/) was used for 

the visualization and analysis of molecules and trajectories [44]. 

 

3. Results and discussion 

3.1 Expression and purification of BGLA from A. aculeatus 

The sequence of the BGLA gene from A. aculeatus was obtained by searching 

the NCBI database. The target gene was codon optimized, synthesized, cloned into the 

pPIC9K vector and overexpressed in P. pastoris GS115. The recombinant 

β-glucosidase was purified from the culture filtrates of the P. pastoris GS115 

transformants that overexpressed the bglA gene. The protein from the culture filtrate 

was concentrated and a dialyzed enzyme solution was obtained. BGLA was purified 

from the crude enzyme solution by anion exchange chromatography.  

The purification of BGLA is summarized in Table 1 and the purified protein was 

analyzed by SDS-PAGE. As shown in Fig. 1, a single band on the SDS-PAGE gel was 

observed with an apparent molecular mass of ~130 kDa. The full-length cDNA of the 

bglA gene consisted of 2583 base pairs that encode a polypeptide of 860 amino acids. 
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The theoretical molecular mass and isoelectric point (pI) were 93.05 kDa and 5.03, 

respectively. Hence, the apparent molecular mass (~130 kDa) of the purified BGLA 

was much higher than the theoretical value (93.05 kDa). This discrepancy may be 

caused by glycosylation, which is commonly observed when P. pastoris is used to 

secret target proteins into the extracellular space [45]. It should be kept in mind that 

correct glycosylation and folding is sometimes necessary to ensure the biological 

activity of recombinant proteins [46, 47]. After treatment with PNGase F, the protein 

band of BGLA was similar to the expected one. Moreover, the molecular weight of 

BGLA was confirmed by matrix-assisted laser desorption/ionization time of flight 

mass spectrometry (MALDI-TOF) (Fig. S1), and the result was consistent with the 

SDS-PAGE results. 

Finally, the standard assay mixture with pH 5.0 was used for the determination of 

β-glucosidases activity. The specific activity was 281.0 U/mg, which was higher than 

the specific activity of two published β-glucosidases from Aspergillus fumigatus Z5, 

at 103.5 and 101.7 U/mg [48].  

 

3.2 Effects of temperature and pH on the activity and stability of 

BGLA 

It is known that temperature and pH greatly affect the enzymatic activity of 

β-glucosidases [49-52]. We examined the effects of temperature on the activity and 

stability of BGLA. The results have shown that BGLA can maintain more than 60% 

relative activity between 50-75°C, and the optimal temperature was 70°C (Fig. 2A), 
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which was higher than the optimum temperature of the enzyme from A. fumigatus Z5 

[48]. The thermostability was also assessed as shown in Fig. 2B. The raw data are 

shown in Tables S3-S4. BGLA showed high thermostability at 50°C, retaining more 

than 89% relative activity after 10 h. However, at 60 and 70°C, the enzyme was 

significantly less stable. Nevertheless, it still maintained more than 50% activity after 

2 h at these temperatures. Taken together, the results show that BGLA has good 

thermostability, which gives it a wider range of potential applications than other 

β-glucosidases, which is more conducive to the reactions in industrial production and 

some conversion processes [2, 53]. 

The enzyme displayed more than 60% activity at pH values between 4.5 and 6.0 

with a pH optimum of 5.0 (Fig.2C). Moreover, BGLA was very stable in the pH range 

of 3.0–8.0, where it maintained more than 40% relative activity after pre-incubation 

for 24 h (Fig.2D). The raw data are shown in Tables S5 and S6. Overall, the enzyme 

showed maximum activity at pH 5.0, which was lower than the optimum pH of the 

β-glucosidase from A. fumigatus (pH 6.0) [48]. However, β-glucosidases from A. 

niger showed the same pH optimum [54]. Therefore, BGLA is a moderately 

acid-stable β-glucosidase, which indicates that it has good potential for application in 

cellulose hydrolysis processes, which are routinely carried out at pH 4.0–5.0 [55-57]. 

Furthermore, the pH stability of BGLA was superior to that of the β-glucosidase from 

Dekkera bruxellensis (teleomorph of Brettanomyces)[58], which makes it suitable for 

a wider range of applications under low-pH conditions, including fruit and vegetable 

processing in beverage production, as well as cellulose hydrolysis [57]. While the pH 
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tolerance and stability of β-glucosidases from different microbial species are generally 

variable, and most of them prefer the acidic pH range [59-61], several β-glucosidases 

displayed a broad range of pH stability that indicated their potential suitability for a 

wide range of industrial processes. These enzymes were stable at pH 3.0~7.0 [62], 

which was similar to the experimental observations from this study.  

3.3. Effects of metal ions on the activity of BGLA 

The effects of different metal ions on the activity of BGLA were investigated 

using assays with the addition of metal ions (1 mM, 5 mM or 10 mM) in conjunction 

with pNPG as substrate. This information is important because many ions are 

ubiquitously present in various biotechnological processes that utilize β-glucosidases. 

Fig. 3 shows the effects of various metal ions on the activity of BGLA (the raw data 

are shown in Table S7). Mg
2+

, Ca
2+

 and Ba
2+

 greatly increased the enzymatic activity 

of BGLA, which was higher by more than 119.8, 126.0 and 112.7% in their presence, 

respectively. By contrast, Cu
2+

, Mn
2+

, Zn
2+

, Fe
2+

 and Fe
3+

 inhibited the enzymatic 

activity (Fig. 3), whereby Fe
2+

 greatly decreased the enzyme activity down to 55.8%. 

Similarly, the β-glucosidase from Sclerotinia sclerotiorum was reported to be 

inhibited by Fe
2+

, which reduced the activity down to 1.2% [63].  

 

3.4. Substrate specificity of BGLA 

A variety of artificial and natural substrates were employed in the substrate 

specificity analysis of recombinant BGLA (Table 2). The enzyme showed a certain 

hydrolytic activity towards pNPG, salicin, cellobiose, arbutin, geniposide and 
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polydatin. The enzyme had its highest activity with pNPG (73.56 ± 0.87 U/mg). The 

most preferred natural substrate was arbutin, which was similar to the substrate 

preference of β-glucosidase from A. oryzae [64]. Furthermore, BGLA had better 

specificity for arbutin (12.97 ± 0.59 U/mg) and salicin (7.40 ± 0.23 U/mg) than 

cellobiose (6.50 ± 0.30 U/mg). The β-glucosidase from A. oryzae also showed better 

specificity for arbutin than cellobiose [65]. Thus, BGLA may be specific for aryl 

β-glucosides (arbutin and salicin) to some extent. Overall, these results indicate that 

the recombinant β-glucosidase has a reasonably broad substrate spectrum. 

 

3.5 Molecular mechanism of the acid denaturation of BGLA probed 

by molecular dynamics simulations 

Based on the preceding experimental data, it was clear that BGLA showed 

excellent acid-tolerance, with an optimal pH for activity of 5.0. However, very low 

activity was observed at pH 2.0. Therefore, it was important to probe the molecular 

mechanism of protein stability of BGLA at different pH values, since this knowledge 

can benefit the rational design of β-glucosidase with a higher tolerance to low pH. 

Therefore, all-atom MD simulations were carried out to better understand the 

molecular mechanism of protein stability of BGLA at low pH values. To this end, 

three independent rounds of simulation spanning 50 ns were performed as described 

in previous methods. First, two structural parameters, the RMSD from the initial 

structure for Cα atoms and the Rg of the whole BGLA, were used to represent the 

structural stability of the protein. The values of Cα-RMSD and Rg are displayed as a 
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function of simulation time in Figs. 4A and B, respectively. As can be seen in Fig. 4A, 

after a rapid increase during the initial 1 ns, the Cα-RMSD values at pH 2.0 were 

larger than those at pH 5.0 during most of the simulation time. For example, the Rg 

value of BGLA at pH 2.0 increased greatly to 2.88 nm during the initial 1 ns, which 

was larger than at pH 5.0 (Fig. 4B). A similar phenomenon was also observed for the 

values of Rg. Another structural parameter, Rg, was also used to assess the 

compactness of the proteins during the MD simulation. Therefore, BGLA can be 

considered stable at pH 5.0 based on the results of the MD simulation, which was 

consistent with the experimental results (Fig. 2C). 

To probe the effect of pH on the protein stability of BGLA, two further structural 

parameters, SASA and inter-residue contact number, were also calculated (Fig. 5). As 

can be seen, at pH 5.0, the value of SASA remained stable around 335 nm
2
 during the 

entire MD simulation. By contrast, at pH 2.0, SASA increased greatly to above 360 

nm
2
. At the same time, the contact number of BGLA decreased greatly at pH 2.0. 

Moreover, the intra-molecular hydrogen bonds were also calculated and displayed as 

a function of time in Fig. 5C. At pH 5.0, the number of the intra-molecular hydrogen 

bonds of BGLA was about 530, which was more than at pH 2.0. Representative 

snapshots of the BGLA at different pH values are shown in Fig. 7. Therefore, the 

overall structure of BGLA was less compact at pH 2.0, and hence the number of 

intra-molecular hydrogen bonds was decreased. 

The RMSF is commonly used to represent the positional fluctuations of residues 

during the MD simulation process. Fig. 6 shows the RMSF values as a function of 
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amino acid sequence at pH 2.0 and 5.0 during the 50-ns MD simulation. As can be 

seen in Fig. 6, the RMSF values of the region of 720-748 and 280-285 varied much 

more at pH 2.0 than at 5.0. The locations of these residues in BGLA and their 

corresponding secondary structures are shown in Fig. S2. The fluctuating residues 

mainly formed bend and random coil structures, and the region of 720-748 was 

expanded and exposed to the solvent, so that it interacted with few residues from 

other regions of the protein. Therefore, this region is greatly affected by the acidic 

environment and the RMSF value fluctuates greatly. Moreover, the residue Glu280 in 

the active site of BGLA located in the region of 280-285 was also susceptible to the 

simulated acidic environment. 

The two residues Asp280 and Glu509 constitute the active site of BGLA [1, 66]. 

In order to further probe the exact locations of these two residues, their mutual 

distances were calculated as shown in Fig. 9. The distance between the residues 

Asp280 and Glu509 was clearly larger at pH 2.0 than at pH 5.0 (Fig. 8). It was about 

9 Å at pH 5.0, which is similar to the distance in the native state, while it was more 

than 15 Å at pH 2.0. Typical snapshots of the two active-site residues are shown in 

Fig. 9. The change of the distance between Asp280 and Glu509 is most likely caused 

by the general loss of compactness of BGLA’s overall structure (Figs. 4B and 5B), 

which may result in great structural fluctuation, a reduced number of contacts among 

residues and a reduced number of hydrogen bonds (Figs. 5A, 5C and 6). Based on the 

molecular mechanism of acid-induced denaturation of BGLA probed by molecular 

dynamics simulations, we revealed the decrease of contact number, SASA and the 
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number of the hydrogen bonds in BGLA, which will greatly benefit the rational 

design of new enzymes with improved acid stability. For example, inhibition of the 

structural expansion and enhancement of hydrogen bonds among the residues of the 

target proteins would enable the rational design of a novel β-glucosidase that is well 

adapted to acidic conditions. 

4. Conclusions 

In this study, we discovered and characterized a β-glucosidase from Aspergillus 

aculeatus, which was named BGLA. The enzyme was heterologously expressed, 

purified, and biochemically characterized. Recombinant BGLA exhibited maximal 

enzymatic activity at pH 5.0-6.0 and its optimal temperature was 70°C. BGLA 

displayed activity with a broad array of substrates, including salicin, cellobiose, 

arbutin, geniposide and polydatin. Moreover, the molecular mechanism of the acid 

stability of BGLA was investigated using all-atom molecular dynamics simulations. 

The contact number, SASA and number of hydrogen bonds of BGLA decreased 

greatly during the MD simulation. Hence, the protein’s intra-molecular interactions 

were weakened at low pH, so that the distance between the active-site residues 

Asp280 and Glu509 increased greatly. Consequently, the catalytic activity of BGLA 

was completely destroyed at pH 2.0. This study thus reveals the molecular mechanism 

of acid-tolerance of BGLA, which will hopefully inspire the rational design of more 

acid-tolerant industrial enzymes in the future. 
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Table 1 Purification of BGLA.  

Purification step Total 

activity (U)
a
 

Total 

protein (mg)
b
 

Specific 

activity 

(U/mg) 

Purification 

(fold) 

Culture filtrate 5354.4 1983.1 2.7 1.0 

(NH4)2SO4 precipitation 4493.3 59.2 75.9 28.1 

Toyopearl Super Q-650M 196.7 0.7 281.0 104.1 

a:
 Activity was measured in citric acid/phosphate (pH 5.0) at 70°C using 3 mM 

p-Nitrophenyl-β-D-glucopyranoside (pNPG) as the substrate. 

b:
 The protein content was assayed using a BCA Protein Assay Kit with bovine serum 

albumin as the standard. 
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Table 2 Substrate specificity of BGLA. 

Substrate
 a
 Specific activity (U/mg) 

pNPG 73.56±0.87 

Salicin 7.40±0.28 

Cellobiose 6.50±0.30 

Arbutin 12.97±0.59 

Geniposide 6.11±0.07 

Polydatin 4.91±0.16 

a
The specific activities were determined by measuring the amount of released 

p-nitrophenol (p-Nitrophenyl-β-D-glucopyranoside), glucose (salicin, cellobiose, 

arbutin and geniposide), or resveratrol (polydatin) after incubating them with the 

BGLA for 20 min at 70 °C, pH 5.0. 
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Figure captions 

Fig. 1. SDS–PAGE analysis of BGLA. Lane M, protein molecular mass marker; lane 

1, culture supernatant of P. pastoris transformed with pPIC9K empty vector control; 

lane 2, purified BGLA; lane 3, purified BGLA de-glycosylated using PNGase F. 

Fig. 2. Effects of temperature and pH on the enzymatic activity and stability of BGLA. 

(A) Optimal temperature, the maximum activity obtained was defined as 100%; (B) 

Thermostability, the initial activity obtained was defined as 100%; (C) Optimal pH, 

the maximum activity obtained was defined as 100%; (D) pH stability, the initial 

activity obtained was defined as 100%. The results represent the means, and the error 

bars represent the SE based on three independent experiments. 

Fig. 3. The effect of various metal ions on the enzymatic activity of BGLA. The 

activity of the enzyme in the absence of any additives was considered as the positive 

control (100%). The results represent the means, and the error bars represent the SE 

based on three independent experiments. 

Fig. 4. (A) Root mean square deviation (RMSD) of the Cα atoms and (B) radius of 

gyration (Rg) of the whole BGLA as a function of time for the MD simulations at pH 

5.0 and 2.0. 

Fig. 5. (A) Contact number, (B) solvent accessible surface area (SASA) and (C) the 

number of hydrogen bonds (H-bonds) of the whole BGLA as a function of time for 

the MD simulations at pH 5.0 and 2.0. 

Fig. 6. The values of root mean square fluctuation (RMSF) as a function of amino 

acid sequence at pH 2.0 and 5.0 during the 50-ns MD simulations. 
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Fig. 7. Representative structures of BGLA during the 50 ns of MD simulations at pH 

2.0 (A) and pH 5.0 (B). The main chain of the protein is shown as a cartoon model. 

β-Sheets, α-helices, coils and loops are shown in yellow, purple, white, and blue, 

respectively. All the structures were rendered using the visual molecular dynamics 

(VMD) software (http://www.ks.uiuc.edu/Research/vmd/). 

Fig. 8. The changes of distances between the residues Glu509 and Asp280 involved in 

the active site of BGLA during 50 ns of MD simulation. 

Fig. 9. Representative conformations of the residues Glu509 and Asp280, which are 

involved in the active site of BGLA, at pH 2.0 (A) and pH 5.0 (B). 
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4  
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Fig. 5 
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Fig. 6 
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Fig. 7 
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Fig. 8 

 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

40 

 

Fig. 9  
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