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Abstract An efficient β-1,4-glucosidase (BGL) secreting strain, Agaricus arvensis, was isolated and identified. The relative molecular weight of the purified A. arvensis BGL was 98 kDa, as determined by sodium dodecylsulfate polyacrylamide gel electrophoresis, or 780 kDa by size exclusion chromatography, indicating that the enzyme is an octamer. Using a crude enzyme preparation, A. arvensis BGL was covalently immobilized onto functionalized silicon oxide nanoparticles with an immobilization efficiency of 158%. The apparent Vmax (kcat) values of free and immobilized BGL under standard assay conditions were 3,028 U mg protein−1 (4,945 s−1) and 3,347 U mg protein−1 (5,466 s−1), respectively. The immobilized BGL showed a higher optimum temperature and improved thermostability as compared to the free enzyme. The half-life at 65 °C showed a 288-fold improvement over the free BGL. After 25 cycles, the immobilized enzyme still retained 95% of the original activity, thus demonstrating its prospects for commercial applications. High specific activity, high immobilization efficiency, improved stability, and reusability of A. arvensis BGL make this enzyme of potential interest in a number of industrial applications. Keywords Covalent bonding . β-1,4-Glucosidase . Immobilization . Silicon oxide nanoparticles
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Introduction Enzymatic hydrolysis of lignocellulosic biomass and the subsequent fermentation of released sugars is an important route for the generation of transportation fuel (Elyas et al. 2010). Efficient hydrolysis of cellulose requires the synergistic activities of three types of enzymes: cellobiohydrolase, endo-β-1,4-glucanase, and β-glucosidase (BGL) (Chauve et al. 2010; Lynd et al. 2002). Endo-β-1,4-glucanases catalyze the hydrolysis of glycosidic linkages on cellulose chains to provide new sites for attack by exo-acting cellobiohydrolases, which remove successive cellobiose units (Tu et al. 2006). Finally, BGL hydrolyzes cellobiose and smaller amounts of higher cellooligomers to glucose. Enzymes are versatile biocatalysts that offer high stereospecificity to biochemical reactions under mild reaction conditions. However, the lack of long-term stability and the difficulty of recovering and/or recycling enzymes used in a solution have limited their applications (Wang et al. 2006). To overcome this problem, enzymes are often immobilized onto solid insoluble supports, a process that allows an easy and economical recovery of the enzyme after the reaction. Immobilization of an enzyme ensures that the enzyme can be easily used again for several cycles without any significant loss in its biochemical properties. Thus, immobilization often confers considerable stability towards temperature and organic solvents, in addition to providing a convenient means to separate and reuse the biocatalyst to improve process economics (Polizzi et al. 2007). During the last decade, the newly emerging field of nanobiocatalysis has demonstrated the potential of nanostructured materials such as nanoporous media, nanofibers, nanotubes, and nanoparticles as effective enzyme stabilization media that achieve high enzyme loading and activity (Kim et al. 2006, 2008; Lee et al. 2010). Several methods
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are available for stable attachment of proteins onto these supports. Fundamental interactions between proteins and solid surfaces include one or a combination of physical adsorption, electrostatic forces, specific recognition, and covalent binding (Tan et al. 2008). Of these, covalent bond formation provides the most stable attachment, fixing the enzyme to the carrier. Thus, enzyme leaching into aqueous media is minimized and no protein contamination of the reaction product occurs. Most commonly, the amino groups of the enzyme are employed for covalent immobilization (Fessner and Anthonsen 2009). The amino group, as a nucleophile, can attack an epoxide or an aldehyde, for instance. Covalent methods are very useful for immobilizing the unmodified proteins since they rely only on naturally present functional groups (Hanefeld et al. 2009; Wong et al. 2009). The exposed amine groups present on the surface of unmodified proteins can readily couple with aldehyde groups to form an imine. In the present study, a BGL-producing fungus was isolated and identified as a strain of Agaricus arvensis. A highly efficient BGL was covalently immobilized onto silicon oxide nanoparticles using a crude enzyme preparation from A. arvensis culture filtrate. This paper presents further comparative data on the characterization of free and immobilized BGL, including its thermostability and kinetic parameters.



Materials and methods Screening and isolation of the microorganism The soil samples collected from Sorak Mountain, Korea, by the capillary tube method were diluted in sterile dilution solution (0.9% saline), aliquots were spread on potato dextrose agar plate, and the plates were incubated for 3 days. The morphologically different colonies were inoculated into 3 ml of the growth medium containing (g l−1) peptone 8, yeast extract 2, KH2PO4 5, K2HPO4 5, MgSO4·7H2O 3, and cellulose 20 (Sigma) and cultivated at 28 °C with agitation at 200 rpm for 5 days. BGL activity of the culture broth was analyzed using p-nitrophenyl-β-D-glucopyranoside (pNPG; Sigma) as described previously (Riou et al. 1998). For the sequence analysis, the ITS1-5.8 S-ITS2 rDNA region of the fungus was amplified by PCR using primer set pITS1 (5′-TCCGTAGGTGAACCTGCCG-3′) and pITS4 (5′TCCTCCGCTTATTGATATGC-3′) (White et al. 1990). The 604-bp amplicon thus obtained was cloned and sequenced. The sequences were proofread, edited, and merged into composite sequences using the PHYDIT program (version 3.1). The sequence was submitted to the GenBank with accession no: HM004552. Pairwise evolutionary distances and phylogenetic tree were constructed with the MegAlign
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software (DNA Star, Madison, WI, USA). The identified strain A. arvensis KMJ623 was deposited at the Korean Culture Center of Microorganisms (KCCM) and was given the KCCM accession number 11246P. Culture conditions The fungal strain was sub-cultured every 3 weeks and stored at 4 °C in PDA plates. A 500-ml flask containing 50 ml of PDB was used for seeding the culture. After 4–5 day incubation, 5 ml of this pre-culture was inoculated into 50 ml of the standard media which contained (g l−1) peptone 8, yeast extract 2, KH2PO4 5, K2HPO4 5, MgSO4·7H2O 3, thiamin hydrochloride 0.02, and cellulose 20 with pH adjusted to 5.0. The inoculated flasks were shaken at 150 rpm and 25 °C. Purification The procedures were performed at 4 °C. Protein was measured by the Bradford method, using bovine serum albumin as standard. Protein in the column effluents was monitored by measuring the absorbance at 280 nm. The chromatographic separation was performed using a BioLogic FPLC system (Bio-Rad, CA, USA). The culture broth was harvested by centrifugation at 10,000×g for 30 min. The supernatant was concentrated and desalted by ultrafiltration using 10-kDa cutoff membrane. The concentrated enzyme solution was loaded on a Hiload 16/60 Superdex 200 pg equilibrated with 20 mM sodium acetate containing 0.5 M NaCl at pH 5.0. Protein was eluted with the same buffer at a flow rate of 0.5 ml min−1. The eluted fractions were checked for BGL activity. The active fractions were run on SDS-PAGE. Preparation of crude enzyme and molecular weight determination The culture broth was harvested by centrifugation at 10,000×g for 30 min. The supernatant was concentrated and desalted by ultrafiltration using 10-kDa cutoff membrane. The molecular mass of the purified BGL was determined by size exclusion chromatography using a Sephacryl S-300 HR (Amersham Pharmacia Biotech, Uppsala, Sweden) column attached to a Bio Logic FPLC system (Bio-Rad, Hercules, CA, USA). The enzyme was eluted with 20 mM sodium acetate (pH 5.0) at a flow rate of 0.5 ml min−1. Activation of silicon oxide Immobilization of BGL was done on the modified silicon oxide nanoparticles. The activation of silicon oxide nanoparticles (80 nm APS, Nanostructured & Amorphous
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Material Inc., USA) was achieved by treating the nanoparticles with glutaraldehyde (Sigma). The silicon oxide nanoparticles are washed twice with deionized water. The silicon oxide nanoparticles are then recovered by centrifugation. The washed silicon oxide nanoparticles are then suspended in 1 M glutaraldehyde (Libertino et al. 2008). Support activation was carried out at 25 °C in a shaker (rpm, 150) for 4 h. The activated support was removed by centrifugation and then washed at least three times with 30 ml of distilled water to remove the glutaraldehyde and subsequently washed with 50 mM sodium acetate buffer. Immobilization of A. arvensis BGL A. arvensis BGL was immobilized using a modified covalent binding method as shown in Fig. 1. It was immobilized on the functionalized silicon oxide (80 nm) nanoparticles through covalent linkage. The crude enzyme preparation (200 mg of protein per gram of activated support) was mixed with the activated support in 100 mM sodium acetate buffer, pH 5.0. The immobilization process was performed at 25 °C in the shaker (150 rpm) for 36 h. Noncovalently adsorbed protein was removed thereafter by thorough washing of the nanoparticles with deionized water and sodium acetate buffer. The supernatant was used for BGL protein analysis and residual enzyme activity. The washed carrier was directly used for the determination of activity and stability. For immobilization on other carriers, 1.0 g of dry carrier was added to crude enzyme preparation (200 mg of protein) in 100 mM sodium acetate buffer, pH 5.0 (Zhang et al. 2009). The suspension was mixed gently and incubated at 25 °C in the shaker (150 rpm) for 36 h. Unabsorbed protein was removed thereafter by thorough washing of the carriers with deionized water and sodium acetate buffer. The immobilization efficiency and immobilization yield were calculated as follows: immobilization efficiency ¼



Fig. 1 Schematic representation of the activation of silicon oxide nanoparticles and immobilization of BGL onto the functionalized silicon oxide nanoparticles by covalent bonding. The amino groups of
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ðai =af Þ  100; immobilization yield ¼ ½fPi  ðPw þ Ps Þg =Pi   100: where αi is the total activity of the immobilized enzyme and αf is the total activity of the free enzyme. Pi is the total protein content of the crude enzyme preparation; Pw and Ps are the protein concentration of wash solution and supernatant after immobilization, respectively. Temperature optimization of the immobilization procedure of BGL on silicon oxide nanoparticles was achieved by carrying out the immobilization at different temperatures (4, 16, 25, 30, and 37 °C). Similarly, for the pH optimization, the immobilization procedure was carried out at different pH values (3–9) in different buffers: citrate (100 mM, pH 3–4), sodium acetate (100 mM, pH 4–6), phosphate (100 mM, pH 6–8), and glycine (100 mM, pH 9). Enzyme assay and protein estimation of free and immobilized enzymes BGL activity was determined by monitoring the release of pNPG. A total of 100 μl of enzyme solution was incubated with 100 μl pNPG 10 mM in 800 μl of 100 mM sodium acetate buffer (pH 5.0) for 15 min, at 50 °C. The reaction was stopped by adding 100 μl of 2 M sodium carbonate. The color was measured at 415 nm. One unit of βglucosidase activity was determined as the amount of enzyme catalyzing 1 μmol pNPG in 1 min (Joo et al. 2009). The protein content of the enzyme solution before and after immobilization in washing buffer solution were determined by the Bradford method using bovine serum albumin as a standard protein (Bradford 1976). Characterization of the free purified BGL and immobilized BGL on silicon oxide The effect of temperature on immobilized and free BGL activity was determined by measuring the relative activity



lysines present on the surface of the BGL react with the activated silicon oxide nanoparticles to form the covalent bond at multiple points



340



of enzyme over the temperature range 40–80 °C. Other experimental conditions were followed as in standard assay protocol. The optimum pH for immobilized and free BGL activity was determined by using standard assay conditions in different buffers: citrate (100 mM, pH 3–4), sodium acetate (100 mM, pH 4–6), phosphate (100 mM, pH 6–8), and glycine (100 mM, pH 9). The maximum activity was considered as 100% and used as reference in determining relative activities at different pH values. Determination of kinetic parameters Kinetic parameters of free and immobilized BGL were determined in the standard assay mixture at pH 4.5. The kinetic constants were obtained from at least triplicate measurements of the initial rates at varying concentrations of pNPG. The kinetic parameters, such as Vmax and km, were determined from non-linear regression fitting of the Michaelis–Menten equation using Prism 5 (Graphpad Software, Inc., CA, USA). The data represent the average of all statistically relevant data with a standard deviation of less than 10%. Thermal stability of free and immobilized enzymes Thermal stability of the free BGL was determined in terms of the loss in enzyme activity when incubated at different temperatures in the absence of a substrate. The activity of the free BGL was observed after a certain time interval (0– 1 h). Similarly, to determine the thermostability of the immobilized enzyme, the immobilized BGL was incubated at different temperatures (30, 35, 40, 45, 50, 60, 65, and 70 °C) in the absence of substrate (Tiwari et al. 2010). After keeping them for certain periods of time, the residual BGL activity was determined as described above. The activity of the free and immobilized BGL without incubation was considered as 100% for their respective reaction. Reusability of the immobilized BGL The reusability of the immobilized preparation was assessed at 50 °C by carrying out the hydrolysis of pnitrophenyl-β-D-glucopyranoside (pNPG) under the standard assay condition. After each cycle of hydrolysis, the immobilized enzyme was removed by centrifugation at 4,000 × g for 30 min. The immobilized enzyme was collected and washed simultaneously with deionized water and buffer. In running the second cycle, the immobilized enzyme was redissolved in fresh buffer and added to undegraded pNPG and processed the same way as before. The activity of the immobilized enzyme after the first cycle was considered as 100%. Each cycle is defined here as the complete hydrolysis of the substrate present in a reaction
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mixture. Before defining a cycle, time taken by a certain amount of immobilized enzyme to hydrolyse the substrate present in the reaction mixture completely was determined.



Results Identification of the isolated strain A fungal microorganism that produced high levels of BGL was isolated from the soil. When the ITS rDNA gene of the isolated fungus was sequenced, the isolated strain showed the highest identity with A. arvensis. Through alignment and cladistic analysis of homologous nucleotide sequences of known microorganisms, phylogenetic relationships and the phylogenetic position of the strain could be inferred. The isolated fungus and A. arvensis belonged to the same branch with 99% probability. Based on its rDNA gene sequence, the isolated strain was identified as a strain of A. arvensis and was named A. arvensis. The A. arvensis was characterized by white to slightly tannish or yellowish cap with long stems that have a hanging veil. Smooth spores were about 6.5–9.0×4.5–6 μm in diameter and the spore print was chocolate brown in color. Immobilization of BGL on silicon oxide nanoparticles Initially, the crude BGL was immobilized onto various supports and their immobilization efficiency was compared, as shown in Table 1. The immobilization efficiency of BGL onto silicon oxide nanoparticles was comparatively high. The crude enzyme preparation was covalently immobilized on silicon oxide nanoparticles (80 nm) using the naturally present amine groups (lysine residues) on the surface of A. arvensis BGL. The optimum temperature and pH for Table 1 The immobilization efficiencies of BGL onto different supports. The activity of the free enzyme was considered as 100%. Each value represents the mean of triplicate measurements and varied from the mean by not more than 15% Support



Immobilization efficiency (%)



Free BGL XAD- 4 XAD 7HP resin XAD- 16 Eupergit -C IRA- 400 Amberlite XAD-2 Duolite A-7 ion exchange resin Duolite A568 Silicon oxide nanoparticles



100 3.8 5.3 7.1 9.3 10 11 21 31 158
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immobilization were 25 and 5.0 °C, respectively. The immobilization efficiency of the BGL was 158% when analyzed under standard assay conditions. The immobilization yield was calculated to be 32%. The residual BGL activity of the unbound enzyme after immobilization was analyzed to be 5%, which was negligible in comparison to the immobilized BGL activity. Characterization of the BGL immobilized on silicon oxide nanoparticles A comparative study between free and covalently bound BGL was performed with varying pH values to compare the pH dependence of the enzyme activity using pNPG as a substrate before and after immobilization. The variation in the relative activity of the immobilized and free BGL at different pH values is shown in Fig. 2. The optimum pH for both free and immobilized BGL was 4.5. The immobilized BGL exhibited 82%, 96%, and 91% of the maximum activity at pH 3.0, 4.0, and 5.0, respectively. An acidic pH optimum and maximal activity at about pH 4.5 are common features of BGL enzymes isolated from diverse microbial systems (Leite et al. 2007). The effects of temperature on the free and immobilized BGL activities were investigated using pNPG as substrate. The optimum temperature of the free BGL appeared at 65 °C, but the immobilized BGL had maximal activity at 70 °C, higher than that of the free BGL. For the free enzyme, increases in temperature resulted in a sharp decrease in the relative activity of the free enzyme. In contrast, the immobilized enzyme showed no such tendency and retained 82% of its optimum activity even at 85 °C. The optimum temperature for the hydrolysis reaction by the immobilized BGL was 70 °



C with 93%, 89%, and 82% of the maximum activity at 75, 80, and 85 °C, respectively (Fig. 3). Kinetic parameters of free and immobilized A. arvensis BGL BGL was purified as described in the “Materials and methods”. The purified enzyme appeared as a single band on SDS-PAGE, with a denatured molecular mass of 98 kDa (Fig. 4a). Size exclusion chromatography on a Sephacryl S300 high-resolution column resulted in the elution of the enzyme activity as a symmetrical peak corresponding to a Mr of approximately 780 kDa (Fig. 4b). Therefore, the enzyme appeared to be an octamer with the subunit Mr of 98 kDa. Initial velocities were determined in the standard assay mixture at pH 4.5. Using pNPG, hyperbolic saturation curves were obtained and the corresponding doublereciprocal plots were linear. Figure 5 shows the kinetic parameters for free and immobilized BGL activity with increasing pNPG concentration. Maximum activity of immobilized BGL was obtained with a pNPG concentration of about 40 mM under the given experimental conditions. Under standard assay conditions, the apparent Vmax and kM values of free BGL were 3,028 U mg protein−1 and 2.5 mM, respectively, while for immobilized BGL, these values were 3,347 U mg protein−1 and 3.8 mM, respectively. Thermal stability and reusability of the immobilized enzyme The kinetic stability of the free and immobilized BGL was compared. The free BGL completely lost its initial activity
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Fig. 2 Effect of pH on the activity of free BGL (open circle) and immobilized BGL (filled circle) from A. arvensis. The enzyme was assayed by the standard assay method by changing the buffer to obtain the desired pH. The buffers used were citrate (pH 3.0 to 4.0), sodium acetate (pH 4.0 to 6.0), phosphate (pH 6.0 to 8.0) and glycine buffer (pH 9.0)



Fig. 3 Effect of temperature on the activity of free BGL (open circle) and immobilized BGL (filled circle) from A. arvensis. The enzyme was assayed at various temperatures by the standard assay method. Each value represents the mean of triplicate measurements and varied from the mean by not more than 15%
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a



b Fig. 5 Effect of pNPG concentration on the activity of free (filled circle) and immobilized BGL (filled inverted triangle). BGL activity was measured in the presence of the indicated concentrations of pNPG at pH 4.5. The inset shows the Lineweaver–Burk plot of initial velocity versus various fixed substrate concentrations. Each value represents the mean of triplicate measurements and varied from the mean by not more than 15%
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Fig. 4 PAGE and determination of molecular mass of purified BGL from A. arvensis. a PAGE of BGL purified from the newly isolated A. arvensis. Lane 1, molecular marker; lane 2, SDS-PAGE of crude enzyme preparation; lane 3, SDS-PAGE of supernatant after immobilization; lane 4, molecular marker; lane 5, SDS-PAGE of purified enzyme. b Determination of native molecular mass of A. arvensis BGL by gel filtration chromatography on a Sephacryl S-300 high resolution column



after 55 min when incubated at 50 °C. The half-life (t1/2) of the free BGL at 70, 65, 60, and 50 °C was 2, 10, 16, and 35 min, respectively. The half-life of the immobilized BGL at 70, 65, and 60 °C was 24, 48, and 109 h. Thus, after immobilization, there was a 288-fold increase in the stability of the BGL at 65 °C. The immobilized BGL showed no significant activity loss after 48 h when incubated at 50 °C. At lower temperatures below 50 °C, the immobilized enzyme showed ∼100% activity after 96 h of incubation. The reusability of immobilized enzyme is the most important and most attractive characteristic of immobilized enzyme applications. A catalyst reusability test was carried out to determine the stability of the immobilized BGL. The immobilized BGL exhibited 95% of its original activity even after the 25th cycle of reuse, as shown in Fig. 6. This indicates that there is no noticeable decrease in the activity of the immobilized BGL during repeated uses.



In the present study, we report the covalent immobilization of A. arvensis BGL onto silicon oxide nanoparticles. Using this newly isolated strain, we have obtained a remarkably efficient immobilized BGL with exceptional stability. This is the first report on immobilization and characterization of a BGL from A. arvensis, a basidiomycete. A crude enzyme preparation derived from the culture medium was immobilized onto silicon oxide nanoparticles. The optimum immobilization conditions and immobilization technique are very simple and economical. The immobilization efficiency was very high (158%), indicating that the immobilized BGL did not undergo any chemical denaturation or unfolding during the process of immobilization. It also indicates that the immobilization procedure is highly
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Fig. 6 Reusability of the immobilized A. arvensis BGL. One cycle is defined as the time taken to hydrolyze all of the substrates present in the reaction mixture under the standard assay condition
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efficient and that BGL is aligned properly on the support by multiple covalent bonding. The low immobilization yield can be attributed to the use of a crude enzyme preparation for the immobilization. It is clear from Fig. 4a that the crude enzyme preparation contains a variety of proteins in addition to the BGL. Interestingly, A. arvensis BGL was bound to the nanoparticles, as was confirmed by observing the BGL activity of the supernatant before and after immobilization. The SDS-PAGE gel confirmed that almost all the protein bands were present in the supernatant after immobilization, except the BGL. In this immobilization procedure, the support was activated by glutaraldehyde to immobilize the BGL by covalent bonding. In this case, the naturally present functional groups (amino group) of the lysine residues on the enzyme surface are able to form stable covalent bonds with the –OH group of the activated support particles. Apart from this, the orientation of the active site on the support after immobilization is another factor that is very significant for the immobilization efficiency (Cecchini et al. 2007). pNPG, being small in terms of molecular size, can penetrate to the active site of immobilized BGL without suffering from any significant steric hindrance generated by the support (Guisán et al. 1996). A significant improvement in the stability of the A. arvensis BGL was noted upon immobilization (Itoh et al. 2010; Rekuc et al. 2010). The immobilized BGL was highly stable in comparison to the free BGL. The free enzyme lost its activity completely after 12 min of incubation at 70 °C. In contrast, the immobilized BGL exhibited a half-life of 24 h at 70 °C. This is probably because the formation of multiple covalent bonds between the BGL and the support reduces conformational flexibility and thermal vibrations, thus preventing the immobilized protein from unfolding and denaturing (Mateo et al. 2000; Wang et al. 2009; Wong et al. 2009). Upon immobilization, the A. arvensis BGL could be used for many cycles of hydrolysis without any significant loss in its activity. Even after the 25th cycle, the immobilized BGL showed up to 95% residual activity. Thus, high stability and reusability makes the immobilized BGL very attractive for industrial applications. In conclusion, the present work demonstrates immobilization of the BGL from A. arvensis by covalent binding onto silicon oxide nanoparticles. The immobilized BGL exhibited 158% immobilization efficiency, with a higher optimum temperature and improved thermal stability as compared to the free enzyme. The half-life at 65 °C showed a 288-fold improvement over the free BGL. The use of crude enzyme and naturally present amino groups on the BGL enzyme for immobilization makes this procedure economically feasible and simple. This is the first report of covalent immobilization of BGL onto the activated silicon
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oxide nanoparticles using the crude enzyme preparation. Immobilized BGL should prove to be a great candidate for various industrial applications, including the production of fuel ethanol from cellulosic agricultural residues and the synthesis of useful glucosides. Acknowledgment This study was supported by a grant (code 2008A0080126) from ARPC, Republic of Korea. This work was also supported by a grant (code 20070301034024) from Biogreen 21 Program, Rural Development Administration, Republic of Korea.
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