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Characteristics and Kinetic Analysis of B-glucosidase
(MaBgl) from Mucor ardhlaengiktus RSC1

Zhihai Yang,** Liping Wu,®* Mingjia Fu,®* Qin Li,* and Dexiao Ye ?

Cellulolytic enzymes from fungi are complex compound enzyme structures
that generally include three kinds of hydrolytic enzymes, which are called
endo-B-1,4-glucanases, exo-B-1,4-glucanases, and f3-1,4-glucosidases (-
glucosidases). The fungus Mucor ardhlaengiktus isolated from field rice straw
produced a B-glucosidase (MaBgl). Maximal MaBgl production occurred
when M. ardhlaengiktus was incubated for 6 days in fermentation liquor at
30 °C and an initial pH of 6. Purified MaBgl was obtained from M.
ardhlaengiktus fermentation broth by ammonium sulfate fractional
precipitation and DEAE-Sepharose FF ion exchange chromatography. The
molecular weight of MaBgl as determined by SDS-PAGE electrophoresis was
approximately 72 kDa. The kinetic parameters, Michaelis constant (Km) and
maximum velocity (Vmax), of MaBgl were 78.2 ymol/L and 28.5 pymol/(L-min),
respectively. Assays of MaBgl produced by M. ardhlaengiktus RSC1 under
different conditions were investigated by the 3,5-dinitrosalicylic acid (DNS)
assay for glucose. The pH and temperature optima for catalytic activity of
MaBgl were pH 4.8 and 50 °C, respectively. MaBgl exhibited good thermal
stability in the range of 20 to 30 °C, but the thermal stability of MaBgl|
decreased rapidly over 60 °C. MaBgl had better pH stability between pH 4.6
and 5.0, and the stability of MaBgl decreased when the pH value was lower
or higher than this range.
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INTRODUCTION

Cellulose is the most abundant renewable carbon and energy source in the world.
It can be naturally degraded to glucose and other saccharides with different grades of
polymerization by cellulolytic microorganisms that produce cellulases, which break the -
1,4-glycosidic bonds linking the glucose units in polysaccharides (Baldrian and Valaskova
2008). Lignocellulosic biomass, the major combustible component of non-food energy
crops and an abundant renewable resource, is a potential feedstock for bioethanol
production (Cavka et al. 2014; Kiran et al. 2014; Nanda et al. 2014). Cellulolytic fungi and
bacteria have complex cellulase systems that actively hydrolyze cellulose (Tomme et al.
1995). Fungal and bacterial cellulases play an important role in the biospheric carbon cycle
and have many industrial applications (Bhat and Bhat 1997; Gaur and Tiwari 2015).

Cellulase, which is very effective in enzymatic hydrolysis because it acts on
substrates synergistically, is usually secreted as part of multi-enzyme complexes that are
made up of several proteins, including three types of cellulase components, namely,
endoglucanases (EC 3.2.1.4, endo-B-D-1,4-glucanase), exoglucanases (EC 3.2.1.91), and
B-glucosidases (EC 3.2.1.21) (Bhat and Bhat 1997; Teeri 1997; Wilson and Irwin 1999;
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Lynd et al. 2002; Kumar et al. 2008; Zhang et al. 2013; EI-Naggar et al. 2015b).

Enzyme production is the most crucial and costly step in the process of cellulose
hydrolysis. The subdivisions Ascomycetes, Basidiomycetes, and Deuteromycetes contain
large numbers of cellulolytic species (Carlile and Watkinson 1997). Member genera
include Bulgaria, Chaetomium, and Helotium in Ascomycetes; Coriolus, Phanerochaete,
Poria, Schizophyllum, and Serpula in Basidiomycetes; and Aspergillus, Cladosporium,
Fusarium, Geotrichum, Myrothecium, Paecilomyces, Penicillium, and Trichoderma in
Deuteromycetes (Carlile and Watkinson 1997). There are many fungal species that produce
cellulase, including Aspergillus niger, Talaromyces pinophilus, Trichoderma koningii,
Trichoderma viride, Fusarium solani, Penicillium pinophilum, and Monilia sp. (Wood and
McCrae 1972; Berghem et al. 1975; Wood and McCrae 1977; Gong et al. 1981; Wood and
McCrae 1986; Cavka et al. 2014; EI-Naggar et al. 2015). Ortiz et al. (2015) identified a
wild-type Trichoderma reesei strain that has a higher cellulase production than 19 other
evaluated strains. Ang et al. (2013) and Sherief et al. (2010) have shown that Aspergillus
fumigatus SK1 secretes cellulases (endoglucanase, exoglucanase, and B-glucosidase),
xylanase, and protease.

In the subdivision Zygomycotina, only certain members of the genus Mucor have
significant cellulolytic activity (Lynd et al. 2002). Strains of Mucor pusillus and Mucor
miehei synthesize cellulase, including B-glucosidase, which attacks native cellulose, acid-
swollen cellulose, carboxymethylcellulose, and cellobiose (Somkuti et al. 1969; Somkuti
1974). Genomic analysis and analysis of the major PAGE gel bands of secretome proteins
shows that Mucor circinelloides grows on carboxymethyl cellulose (CMC) and cellobiose,
confirming the enzymatic activities of endoglucanases and -D-glucosidases, respectively
(Wei et al. 2013). B-Glucosidase from the soluble and wall-associated fractions of Mucor
racemosus have identical physicochemical and kinetic properties (Borgia and Mehnert
1982). Borgia and Sypherd (1977) reported that M. racemosus p-glucosidase activity was
expressed during growth on all carbon sources studied except hexoses, whereas both
hexoses and cyclic adenosine monophosphate severely repressed synthesis of the enzyme.

The current study describes the isolation of a fungal strain identified as Mucor
ardhlaengiktus RSC1 from field rice straw. B-glucosidase from this strain was partially
characterized, and the influence of various factors on p-glucosidase activity was analyzed.
Also, B-glucosidase produced by M. ardhlaengiktus RSC1 was purified by ammonium
sulfate precipitation, dialysis, and DEAE-cellulose ion-exchange chromatography. Finally,
the kinetics of the purified B-glucosidase were investigated.

EXPERIMENTAL

Materials

The RSC1 strain was isolated from field rice straw in Yin Tan, Jiangxi province,
China, and stored at Jiangxi Normal University. The strain was identified as M.
ardhlaengiktus by 18S rDNA sequence analysis performed by the China Center of
Industrial Culture Collection (CICC) and archived by CICC (strain no: CICC 2712). All
chemicals and reagents were analytical grade and were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China).

A solution of 3,5-dinitrosalicylic acid (DNS) was prepared by first dissolving
18.2 g potassium sodium tartrate in 50 mL distilled water in a water bath at 80 °C until a
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clear solution was obtained, after which the following chemicals were added and stirred:
0.03 g 3,5-dinitrosalicylic acid, 2.1 g NaOH, and 0.5 g phenol. After cooling, the solution
was brought to 100 mL with distilled water.

Methods
Preparation of crude MaBgl and assay of its activity (Ghose 1987)

The RSC1 strain was inoculated into 250-mL flasks containing 100 mL
fermentation medium supplemented with 13 g/L CMC-Na, 0.8 g/L NHsNOs, 2 g/L
KH2PO4, 1 g/L M@SOs4, 1 g/L soybean powder, 1 g/L yeast extract, and 1 mL/L of
polyoxyethylene (20) sorbitan monooleate (Tween-80). The inoculated medium was
shaken at 180 rpm for 5 days at 28 °C, after which it was centrifuged at 5000 rpm and 4 °C
to remove the mycelia, leaving crude MaBgl enzyme in the supernatant.

MaBgl| activity was assayed in a reaction mixture containing 0.5 mL of the enzyme
solution and 2.0 mL of 1% salicin-disodium hydrogen phosphate-potassium dihydrogen
phosphate buffer. The reaction mixture was incubated at 50 °C for 30 min, after which 2.5
mL of DNS solution was added. The mixture was boiled for 5.0 min, cooled, and 10 mL
water was added and mixed. The ODs4o of the reaction mixture was measured to determine
reducing sugars. One enzyme unit (U) was defined as the enzymatic activity needed for the
release of 1 umol of glucose equivalents per unit volume and time of reaction (min).

Determination of the effect of M. ardhlaengiktus RSC1 incubation characteristics on
MaBgl activity
To measure the effects of pH, temperature, and duration of the RSC1 incubation on

subsequent MaBgl activity, the RSC1 fermentation and MaBgl assay procedures described
above were altered with the following modifications:

1. pH effect: 5 M NaOH and 5 M HCI were used to adjust the initial pH of the
fermentation media to pH 5.0, pH 6.0, pH 7.0, or pH 8.0.

2. Temperature effect: the RSC1 incubation was performed at temperatures of 26°C,
28 °C, 30 °C, 32 °C, or 34°C, using the optimal incubation pH determined in experiment 1.

3. Time effect: RSC1 incubation was performed for 1 day, 2 days, 3 days, 4 days, 5
days, 6 days, or 7 days, using the optimal incubation pH determined in experiment 1 and
temperature determined in experiment 2.

Characterization of crude MaBgl enzyme

The optimal pH for the activity of crude MaBgl enzyme was assayed as described
above, but with 1% phosphate buffer adjusted to different pH values ranging from pH 4.49
to pH 9.18 before incubation at 50 °C for 30 min. The optimal temperature for MaBgl
activity was determined at the optimal pH (determined as described above) after pre-
incubation of the crude enzyme at 6 temperatures ranging from 30 °C to 80 °C.

Crude MaBgl enzyme was incubated at 20, 30, 40, 50, 60, 70, 80, and 90°C for 0.5
and 1 h respectively to determine the residual enzyme activity and determine the thermal
stability of MaBgl. Crude MaBgl enzyme was mixed with pH 2.2, 2.6, 3.0, 3.4, 3.8, 4.2,
4.6, 5.0, 5.6, 6.2, 6.8, 7.4, or 8.0 citric acid-disodium hydrogen phosphate buffer solution
in a certain proportion, placed at 25°C for 1 h and 5 h, and then the residual enzyme activity
was determined to determine the pH stability of MaBgl.
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Purification of MaBgl

Preliminary purification of the crude MaBgl enzyme preparation was accomplished
by ammonium sulfate fractional precipitation. Ammonium sulfate was added to the crude
enzyme preparation to reach saturation levels of 20%, 40%, 60%, or 80%. The homogenate
was centrifuged at 10,000 rpm and 4 °C for 20 min and then kept at 4 °C for 2 h. The
sediment was dissolved in 0.1 M phosphate buffer (pH 5.4) followed by desalting with
distilled water. Protein concentration and total MaBgl enzyme activity were measured to
confirm the most suitable level of ammonium sulfate saturation. The enzyme solution was
concentrated using PEG20000.

The partially purified enzyme solution was adsorbed on a DEAE-Sepharose FF
column equilibrated with 0.1 M phosphate buffer (pH 7.0) and eluted by 200 mL 0.1 M
potassium phosphate buffer (pH 6.0) with a linear gradient of 0 M to 0.25 M NacCl.
Fractions containing MaBg| activity were collected and stored at 4°C. Protein purity and
molecular mass were assessed by sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE), and protein concentration was determined by the Bradford
method (Bradford 1976) using bovine serum albumin as the standard.

Determination of kinetic parameters

The Km and Vmax values were determined by a Lineweaver-Burk plot, according to
a transformation of the Michaelis-Menten equation, using 1/15 M phosphate buffer (pH
4.92) to prepare a range of concentrations of salicin as a substrate (Lineweaver and Burk
1934). A mixture of 2.0 mL substrate solution and 0.5 mL enzyme solution was incubated
at 50 °C for 0 min, 5 min, 10 min, 15 min, 20 min, 25 min, or 30 min, after which the rest
of the MaBgl activity assay was performed as described above. The absorbance of the
sample tube was translated into glucose production using a glucose standard curve, then
glucose production and time were used to calculate Vo. The double-reciprocal Lineweaver-
Burk plotting method was used to obtain Km and Vimax.

RESULTS AND DISCUSSION

The Effects of M. ardhlaengiktus RSC1 Incubation Characteristics on
MaBgl Activity and Production

The initial pH of the culture medium has a significant effect on the activity of -
glucosidase from several fungi (Juhész et al. 2004; Shahriarinour et al. 2011; Hmad et al.
2014; Sridevi et al. 2015; Hernandez-Guzman et al. 2016). The pH is one of the most
important factors that determines the growth and morphology of fungi. MaBgl activity was
assayed after M. ardhlaengiktus RSC1 had been grown for 5 days in medium with an initial
pH ranging from pH 5.0 to pH 8.0. Optimal MaBg| activity was achieved when the initial
pH of the culture medium was 6.0 (Fig. 1A). Optimal activity of cellobiase from
Ganoderma australe was obtained after 9 days of solid-state fermentation with an initial
pH of 5.5 (Chuwech and Rakariyatham 2014). Maximal activity of B-glucosidase from
Aspergillus terreus was also obtained at pH 5.5 (Shahriarinour et al. 2011). A. niger
cellulase production reached a maximum at pH 5.0 (Sridevi et al. 2015). The optimal initial
pH of fermentation for production of most fungal B-glucosidases ranges from pH 5.0 to pH
6.0, which is approximately consistent with the optimum growth pH of the fungus.

B-glucosidase production during fungal cell growth is usually highly dependent on
culture temperature. Therefore, the temperature of M. ardhlaengiktus RSC1 fermentation

Yang et al. (2019). “B-glucosidase from Mucor,” BioResources 14(1), 1626-1638. 1629



PEER-REVIEWED ARTICLE b | oresources.com

must be optimized for enzyme production. The MaBgl activity of the liquid medium was
assayed after RSC1 was fermented at temperatures ranging from 26 °C to 34 °C, with
optimal activity resulting from a fermentation temperature of 30 °C (Fig. 1B). Most of the
fungal strains producing B-glucosidase have an optimal growth rate at a temperature range
of 25 °C to 30 °C (Kumar et al. 2008). Optimal cellobiose activity from white-rot fungus,
Ganoderma austral, was obtained after 9 days of culture at 25 °C (Chuwech and
Rakariyatham 2014). Maximal production of cellulase (including B-glucosidase) by A.
niger MS82 occurred at 35 °C under submerged conditions (Sohail et al. 2009).

In general, B-glucosidase production in fungi occurs during a specific growth phase.
Maintenance of culture conditions for periods of time longer than necessary would result
in avoidable financial costs for industrial scale enzyme production. The MaBgl activity in
the liquid medium was assayed at 24-h intervals during 7 days of M. ardhlaengiktus RSC1
fermentation. At each time point, MaBgl activity was assayed at pH 4.8. The MaBgl
activity reached a maximum on day 6 (Fig. 1C). Thus, incubation time should be strictly
controlled in order to achieve efficient MaBgl production during fermentation of M.
ardhlaengiktus RSC1. Kocher et al. (2007) has reported that the activity of B-glucosidase
from Trichoderma harzianum was highest after 8 days of incubation.
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Fig. 1. (A) Effect of initial pH of M. ardhlaengiktus on culture medium on MaBgl production; (B)
effect of incubation temperature of M. ardhlaengiktus on MaBgl activity; (C) effect of incubation
time of M. ardhlaengiktus on MaBg| activity
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Purification and Kinetic Parameters of MaBgl

A two-step protocol was used to purify MaBgl to homogeneity. The crude MaBgl|
enzyme preparation was precipitated using a range of ammonium sulfate saturation levels
from 20% to 80%. Maximal MaBgl activity was achieved with an ammonium sulfate
saturation of 20% (Table 1).

Partially purified enzyme from this treatment was used in the further purification
of MaBgl. In the purification process of MaBgl, higher enzyme activity can be obtained
when ammonia sulfate saturation is 20%. Ammonia sulfate with higher saturation was used
to precipitate B-glucosidase in the most of reported fungi (Roy et al. 1991; Zanoelo et al.
2004; Chandra et al. 2013; Oh et al. 2018). Oh et al. (2018) reported that the protein
precipitates obtained by using 40% or 40 to 60% ammonium sulfate contained 10% and
90% of total activity, respectively. When EI-Naggar et al. (2015a) separated -glucosidase
from Aspergillus terreus, p-glucosidase could be obtained by precipitating crude culture
filtrate with 20, 40, 60, 80, and 90% ammonia sulfate, but 80% ammonia sulfate
precipitation was the best.

Table 1. Effect of Ammonium Sulfate Fractional Precipitation on MaBgl Enzyme
Activity

Ammonium Sulfate Saturation (%) Crude Enzyme Activity of MaBgl (U/mL)
20 0.53
40 0.036
60 0
80 0

Partially purified MaBgl was concentrated and applied to a DEAE-Sepharose FF
anion exchange column. Purified MaBgl was eluted and collected from a single peak with
gradient NaCl (Fig. 2A). SDS-PAGE analyses of the purified MaBgl revealed single
protein bands corresponding to molecular weight of about 72 kDa for MaBgl (Fig. 2B),
which indicated homogeneity of the preparation.

The molecular weights of B-glucosidases produced by different fungi vary. A B-
glucosidase with molecular weight of 340 kDa from Aureobasidium pullulans comprised
a glycoprotein of two subunits, each with a molecular weight of about 165 kDa (Saha et al.
1994). A. niger B-glucosidase has a molecular weight of approximately 160 kDa (Dan et
al. 2000), while the enzyme from P. decumbens presented as a single band of 120 kDa on
SDS-PAGE (Chen et al. 2010).

The purification process of MaBgl was started with 100 mL culture filtrate. After
precipitation with 20% ammonium sulfate, the recovery of MaBgl enzyme activity was
34.7%, which represents purification by a factor of 3.04 (Table 2). After separation and
purification with DEAE-Sepharose FF anion exchange column, the recovery of MaBgl
enzyme activity was 5.2%, and the specific activity was increased from 3.15 U/mg to 18.7
U/mg, with a purification of 5.92 times (Table 2). In addition, MaBgl precipitated by 40%
ammonium sulfate was not recovered, which will affect the total activity of the enzyme
and the recovery rate of the enzyme activity.
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Fig. 2. Characteristics of purified MaBgl from M. ardhlaengiktus RSC1: (A) chromatographic profile
of MaBgl purified in a DEAE-Sepharose FF column; (B) SDS-PAGE analysis of MaBg|

Table 2. Parameters in MaBgl Purification

Total Protein MaBgl activity
Purification step content | Total activity| Specific activity Recovery (%) Purification
(mg) (U) (U/mg protein) y o fold
Culture filtrate 47.80 150.75 3.15 100 1
20%(NH4)2S04, post dialysis 5.45 52.27 9.59 34.67 3.04
DEAE-Sepharose FF 0.42 7.84 18.66 5.20 5.92
anion exchange column

Lineweaver-Burk plotting of MaBgl kinetic data yielded the equation y = 2.743x +
35.064 (R? = 0.989) in Excel 2016 (Fig. 3). The kinetic parameters for the hydrolysis of
salicin by the purified enzyme were determined from the equation in Excel 2016. MaBgl
exhibited a Michaelis constant (Km) value of 78.2 umol/L and a maximum velocity (Vimax)
of 28.5 umol/(L-min). The kinetics of many fungal B-glucosidases have been studied (Saha
et al. 1994; Chauve et al. 2010; Jeya et al. 2010; Ramani et al. 2012; Kaur et al. 2014), but
due to differences in the fungal sources and B-glucosidase substrates used, the kinetic
parameters reported in these studies are not directly comparable.

Reaction pH greatly affects enzyme activity, and thus pH should be optimized in
order to accurately evaluate enzyme activity. The activity of the crude MaBgl enzyme
preparation obtained from M. ardhlaengiktus RSC1 was measured from pH 4.49 to pH
9.18. The MaBgl had maximum activity at pH 4.80 (Fig. 4A). Most fungal B-glucosidases
have pH optima in the acidic range (at pH 4.5 to pH 6.0) (Camassola et al. 2004; Chen et
al. 2010; Ramani et al. 2012; Santos et al. 2016). The MaBgl activity was also measured
at a range of temperatures (30 °C to 80 °C), and its optimum temperature was 50 °C (Fig.
4B). At 70 °C, the activity of MaBgl was over 80% of its maximum value, which indicated
that MaBgl from M. ardhlaengiktus had considerable thermotolerance. Native p-
glucosidases generally have an optimal temperature between 50 °C and 65 °C (Chen et al.
1992; Kumar et al. 2008; Gusakov 2011), while the optimal temperature of f-glucosidase
from Penecillium decumbens was reported to be 65 °C to 70 °C (Chen et al. 2010).
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The residual enzyme activity was determined by holding the enzyme at different
temperatures for 0.5 h and 1 h, respectively. The results showed that MaBgl exhibited good
thermal stability at 20 and 30 °C, and retained 93.5% of the enzyme activity at 30 °C for 1
h (Fig. 4C). With the increase of temperature and the prolongation of holding time, the
residual enzyme activity decreased gradually. When the temperature was higher than 60
°C, the residual enzyme activity decreased rapidly with the increase of temperature (Fig.
4C). The residual enzyme activity was only 45.2% and 17.3% of the initial enzyme activity
after holding for 0.5 hand 1 h at 70 °C (Fig. 4C). At 90 °C, the residual enzyme activity
almost disappeared (Fig. 4C), and most proteases had been denatured and inactivated.

The residual enzyme activity was determined by placing the enzyme at 25 °C for 1
h and 5 h at different pH. MaBgl was stable between pH 4.6 and 5.0, and the enzyme
activity remained basically unchanged (Fig. 4D). When the pH value was 2.2, the residual
enzyme activity was only 7.9% and 5.5% when MaBgl were preserved for 1 h and 5 h at
25°C, respectively (Fig. 4D). Later, with the increase of pH, the stability of MaBgl to pH
increased. When the pH value is higher than 5.6, the stability of MaBgl to the pH value
decreased with the increase of the pH value (Fig. 4D). The residual enzyme activity was
only 26.5% and 11.7% when MaBgl were stored at pH8.0 for 1 h and 5 h, respectively
(Fig. 4D).

CONCLUSIONS

1. This study describes a novel B-glucosidase, MaBgl, produced by the fungal strain M.
ardhlaengiktus RSC1 from field rice straw.

2. Time-course studies of MaBgl production by the RSC1 strain under optimized
conditions revealed that maximum production of B-glucosidase occurred after 6 days
of culture. This result indicated the potential usefulness of the enzyme in agricultural
and industrial processes, as maintenance of cultures for longer periods of time poses
economic costs.

3. The optimal pH for MaBgl enzyme activity was 4.80, in the acidic range. The optimal
initial pH for the culture medium used for MaBgl production was 6.0, which might be
related to the optimal pH for growth of M. ardhlaengiktus RSCL1.

4. MaBgl was purified to homogeneity by 20% ammonium sulfate saturation and DEAE-
Sepharose FF anion exchange column. The molecular weight of native MaBgl was 72
kDa by SDS-PAGE. This molecular weight was similar to that of several other fungal
B-glucosidases. The Km and Vmax values of purified MaBgl were 78.2 umol/L and 28.5
umol/(L-min), respectively. The study of MaBgl enzymatic properties provides a basis
for further development and utilization.
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