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Abstract Thermophilic enzymes have many potential

benefits in industrial production with increased flexibility

related to process configurations. A thermostable b-glu-
cosidase from Thermotoga naphthophila RUK-10 was

found to possess catalytic activity for cellobiose hydrolysis

with a high potential for application in biomass conversion.

The aggregation of cellobiose often has an inhibitory effect

on cellobiohydrolases and endoglucanases during cellulose

hydrolysis. The presence of b-glucosidases has a signifi-

cant effect on reducing inhibition from hydrolytic products

by hydrolysing the intermedia cellobiose. In this study, b-
glucosidase TN0602 exhibited a high tolerance to glucose

and high thermostability even after a long incubation

([72 h). Additionally, supplementing b-glucosidase
TN0602 with microcrystalline cellulose, untreated corn

straw and steam-exploded corn straw hydrolysis reactions

containing a commercial cellulase led to an increased

conversion rate in released glucose compared to hydrolysis

without the addition of b-glucosidase (15.82, 30.62 and

35.21%, respectively); the increase of conversion rates

were 61.86, 93.50 and 94.55%. It was thus shown that an

obvious synergistic effect exists between TN0602 and

cellulases for cellulose hydrolysis, suggesting its potential

as a component of enzymatic cocktails for the conversion

of lignocellulosic biomass to other chemicals.

Keywords Glucose tolerance � Cellulase � b-Glucosidase �
Intermedia inhibition

Introduction

Lignocellulose is considered to be a renewable resource for

biofuel production; it contributes to easing oil shortages

(Wyman et al. 2005; Takashima et al. 1999; Li et al.

2014a). The current technology gap is the most crucial

limiting factor in cellulose hydrolysis before fermentation

(Tilbeurgh et al. 1986). However, hundreds of microor-

ganisms exist that degrade plant cellulose in nature, thus

laying the basis for cellulose hydrolysis. Among these

microbes, Trichoderma reesei is the most commonly used

strain and is the first choice for cellulase production (Saha

and Bothast 1996). It has a high capacity for producing

cellulases and degrades cellulose in the presence of insol-

uble cellulose, semicellulose and some plant biomasses

(Janbon et al. 1995; Coughlan 1985).

Reese (1977) proposed the C1–Cx hypothesis to illus-

trate the mechanism of cellulose enzymatic hydrolysis.

Cellulase is a multienzyme system, not a monomeric

enzyme system (Sun and Cheng 2002). Cellulose hydrol-

ysis involves the synergistic actions of three enzymes in the

multienzyme system, acting in different ways, but coordi-

nating to catalyse the same reactions (Li et al. 2014b). (1)

Endoglucanases: endoglucanases act on amorphous regions

in cellulose molecules and hydrolyse b-1,4-glucosidic
bonds to produce short-chain cellulose, releasing abundant

small molecules of cellulose. (2) Exoglucanases: exoglu-

canase cleaves long cellulose chains at the extremities and
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hydrolyses b-1,4-glucosidic bonds to release soluble cel-

lobiose. (3) b-Glucosidases: b-glucosidases hydrolyse cel-

lobiose and soluble cellulose oligosaccharides to produce

glucose (Singh et al. 2016; Keerti et al. 2014).

b-Glucosidases belong to the hydrolases family that

includes b-D-glucoside hydrolases. It is one of the most

important components in the cellulose hydrolases family.

b-Glucosidases hydrolyse nonreductive b-D-glucosidic
bonds in cellobiose and liberate glucose and its relevant

ligands (Meinke et al. 1995). This is also the rate-limiting

step of the entire hydrolysis process. Therefore, b-glu-
cosidases is a key factor that determines the efficiency of

cellulose hydrolysis (Yang et al. 2015a).

The low activity and low content of b-glucosidases reduce
the cellulose hydrolysis efficiency to a great extent (Jabbour

et al. 2012). Preliminary studies have reported that cellobioses

strongly inhibitb-glucosidase activity (Bothast andSaha 1997;
Turan and Zheng 2005; Woodward and Wiseman 1982),

which explains why the hydrolysis of celluloses is always

inefficient. Because of the inhibition patterns of these saccha-

rogenic products, the hydrolytic yields from lignocellulosic

biomass to amonosaccharide are often improved by supplying

enzymatic cocktail components to cellulases using high

enzyme loading that is accurate per gramof cellulose aswell as

an excessive amount of b-glucosidase (Fang et al. 2010; Singh
et al. 2016; Meleiroa et al. 2015; Sun and Cheng 2002).

Thermostable b-glucosidase offers potential advantages,
especially in industrial processes, such as biorefining, where

heat treatment of substrates is desirable, and has an excellent

specific activity for reducing the supplementation of

enzymes, higher temperature stability and improved pH

flexibility related to process configurations (Bhat and Bhat

1997; Harnpicharnchai et al. 2009). Therefore, constructing

engineered bacteria that can express b-glucosidases with

high activity and glucose tolerance is of great significance in

cellulose hydrolysis (Teeri et al. 1983; Sun andCheng 2002).

In our previous study, we cloned b-glucosidase TN0602

from Thermotoga naphthophila RKU-10 and overexpressed

it in Escherichia coli BL21 (DE3), which has a high toler-

ance to glucose and high thermostability, even after a long

incubation (Kong et al. 2015). Themain purpose of this work

is to investigate the synergistic effect between b-glucosidase
TN0602 and commercial cellulase, which may provide a

potential approach for improving the economy of the process

and the cellulose hydrolysis efficiency with good prospects.

Materials and methods

Materials

Cellulase (Trichoderma reesei ATCC26921 Solid, pur-

chased from Sigma-Aldrich, USA); thermostable b-

glucosidase TN0602 (expressed and purified by Key Lab-

oratory for Molecular Enzymology and Engineering in Jilin

university); cellobiose (Shanghai Moclin Biotech Co.,

LTD.); microcrystalline cellulose (Shanghai Ruiyong

Biotech Co., LTD.); BCA Assay Kit (Beijing Aidlab Bio-

tech Co., LTD.); Glucose Assay Kit (Shanghai Rongsheng

Biomed Co., LTD.).

Protein concentration and enzyme activity assay

The protein concentration was assayed according to the

BCA method, using 5 mg/ml BSA as the standard. The

absorbance was measured using a spectrophotometer at

540 nm.

One unit of enzyme activity was defined as the amount

of enzyme required to release 1 lmol of glucose per

minute at 50 �C and pH 4.5 under the assay conditions.

b-Glucosidase assay: for the determination of b-glu-
cosidase TN0602 activity, crude enzyme was diluted

with 100 mM Na2HPO4–citric acid buffer (pH 4.5). 50 ll
of the dilution was added to 950 ll of 15 mmol/l cel-

lobiose substrate and was incubated at 50 �C for 30 min.

Then, the mixture was heated in a boiling water bath for

5 min and cooled quickly after heating. The amount of

released glucose was determined by a standard glucose

assay kit.

Effects of temperature and pH on cellulase and b-
glucosidase TN0602

The effects of temperature on cellulase and b-glucosidase
TN0602 were investigated using the same method descri-

bed above. The hydrolysis efficiency was investigated in

the range of 30–90 �C for different times until reaching

48 h. The release of reducing sugars was determined by a

standard glucose assay kit at room temperature. The effects

of pH on cellulase were investigated at different pH values

ranging from 3.0 to 10.0. Half a gram of microcrystalline

cellulose was dissolved in buffers with different pH levels.

A mixture of 50 ll of the enzyme preparation and 950 ll
of the prepared solution was incubated at 50 �C for 48 h.

The amount of released reducing sugars was examined by a

standard glucose assay kit. To determine the influence of

pH on b-glucosidase TN0602, the same method as

described above was used and the substrate was changed to

cellobiose.

Glucose tolerance of b-glucosidase TN0602

Glucose tolerance of b-glucosidase TN0602 was measured

at 50 �C in a 0.1 M Na2HPO4–citric acid buffer solution

(pH 6.5). First, the diluted enzyme solution was incubated

with a gluconate-d-lactone solution at different
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concentrations for 5 min, followed by incubation with

pNP-b-Glc solutions in the range of 0.125–1 mmol/l. The

kinetic parameters were then measured under the absor-

bance at 420 nm.

Effect of the cellulase dosage and substrate

concentrations on the hydrolysis of microcrystalline

cellulose

A mixture of 40 ml of 5% microcrystalline cellulose and

different additions of a cellulase solution from 0.125 to

0.875 U/ml was shaken in an incubator at 140 rpm, 50 �C,
and pH 5.0. The amount of reducing sugars was assayed at

seven time points.

To investigate the influence of the substrate con-

centrations on hydrolysis productivity, we designed a

single factor test. The cellulase solution was added to

substrate solutions at different concentrations ranging

from 1 to 11% at pH 5.0. The glucose liberated during

the reaction was quantified per 48 h under standard

assay conditions.

Synergistic effect of b-glucosidase TN0602

and cellulase in the hydrolysis of microcrystalline

cellulose and corn straw

To investigate the synergistic effect of b-glucosidase
TN0602 and cellulase, the reaction was performed at 50 �C
for 48 h using 5% microcrystalline cellulose, 0.1 M citric

acid buffer at pH 5.0, and 0.75 U/ml of cellulase with

different amounts of b-glucosidase (2.09 mg/ml) supple-

mentation levels from 0 to 0.75 U/ml.

One gram of untreated corn straw and steam-exploded

corn straw was hydrolysed in a 40-ml reaction system

containing 0.1 M citrate buffer (pH 5.0) and 0.75 U/ml of

cellulase (based on activity toward cellulose) with or

without 0.5 U/ml of b-glucosidase TN0602 and was incu-

bated at 50 �C for 48 h.

Results and discussion

Protein concentration and enzyme activity assay

The protein concentrations of cellulase and b-glucosidase
TN0602 were 0.83 and 0.02 mg/ml, respectively. As

shown in Table 1, the specific activity of b-glucosidase
TN0602 was 42.64 U/mg, using cellobiose as a substrate. It

is well accepted that cellulase always exhibits different

activity towards different substrates. Our results are in

accordance with this theory. The specific activity of cel-

lulase was 0.15 U/mg for cellobiose and 0.08 U/mg for

natural cellulose.

Effects of temperature and pH on cellulase and b-
glucosidase TN0602

Kong et al. (2015) previously reported that each enzyme has

different optimum temperatures for various substrates.

Temperature changes have a strong influence on the affinity

between enzymes and substrates or even the Km values of

reactions (Zhang et al. 2010). Cellulase is highly sensitive to

the change in temperature, and the maximum activity was

achieved at 50 �C (Fig. 1a). Cellulase maintains half of its

initial activity over the range of 40–80 �C. Furthermore, b-
glucosidase TN0602 exhibited its maximum activity at

75 �C, and the maximum activity was achieved atKm values

of reactions, in accordance with this theory.

It is well accepted that cellulase can only catalyse reac-

tions in a certain pH range. To ensure that both cellulases

and b-glucosidase maintain their high activity in the same

solution, we investigated the optimum pH for these two

enzymes (Fig. 1b). The optimum pH for cellulase was 4.5,

while it was 6.0 for b-glucosidase TN0602. Both retained

most of their activity at pH 5.0. Therefore, we regarded pH

5.0 to be the optimum pH for these two enzymes. Addi-

tionally, we found that the activity of b-glucosidase
remained 55% at pH 4.5 and decreased slowly at pH levels

ranging from 6.5 to 10.0, suggesting that TN0602 was rel-

atively stable in neutral or slight alkali environments.

Glucono-d-lactone and glucose tolerance of b-
glucosidase TN0602

At present, the inhibition effect of the final products is the

main obstacle for cellulases in industrial applications. When

hydrolysing cellulose, the accumulation of cellobiose always

inhibits the activity of endoglucanases and exoglucanases.

Though b-glucosidases can hydrolyse cellobiose and over-

come this limitation, the subsequently produced inhibition of

glucose canmake the entire system stopworking. A previous

study found that the low yield of b-glucosidases in T. reesei
was the main obstacle to effectively hydrolysing celluloses

(Guo et al. 2010). Thus, we mainly concentrated on the

glucose tolerance of b-glucosidase TN0602. According to

the Michaelis–Menten equation, the apparent Ki value of

glucono-d-lactone was 0.03 mmol/l (Fig. 2a), indicating its

strong inhibition of the activity of b-glucosidase TN0602

(Pei et al. 2015). As shown in Fig. 2b, theKi value of glucose

was 75 mmol/L, suggesting that the released glucose had a

minimal influence on b-glucosidase TN0602 activity.

Moreover, Fang et al. (2010) expressed b-glucosidase bgl1A
in marine microorganisms; in this study, when the concen-

tration of glucose reached 400 mM, the activity of bgl1A

began to be inhibited. In comparison with Fang’s research,

we could easily conclude that b-glucosidase TN0602

showed excellent glucose tolerance.
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Effect of the cellulase dosage and substrate

concentrations on hydrolysis

As mentioned above, the high cost of cellulase for cellulose

degradation is considered to be a crucial limiting factor in

industrial applications (Wyman 1994). There are two

approaches for minimizing the cost: one is to reduce the

productivity cost and increase the enzymatic activity, the

other is to reduce the addition of cellulases by supplying

accessory enzymes (Mullings 1985). Thus, determining the

optimal additions of enzymes is the priority when hydro-

lysing cellulose. The results in Fig. 3a show that the

amount of liberated glucose reached a peak with a 16.51%

Table 1 Protein concentration and enzyme activity assay of cellulase and b-glucosidase TN0602

Entry Enzyme Total protein (mg) Substrates Total activity (IU) Specific activity (IU/mg)

1 Cellulase 0.83 Cellobiose 0.13 0.15

Cellulose 0.07 0.08

2 b-Glucosidase TN0602 0.02 Cellobiose 2132.00 42.64
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Fig. 1 Optimal temperature (a) and pH (b) of cellulase and b-
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Fig. 2 Lineweaver–Burk plot of b-glucosidase TN0602 activities in
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conversion rate after 48 h of incubation when the addition

of cellulase was 0.75 U/ml. However, as the concentration

of cellulase increased, the released glucose did not show

significant improvement.

The substrate concentration is the main factor con-

tributing to the efficiency of hydrolysis reactions. Over a

certain range, a higher solid content could reduce the

hydrolysis time and enhance the productivity of enzymatic

saccharification (Yang et al. 2010; Cheung and Anderson

1997). Nevertheless, when the concentration reaches a

certain point, the final glucose product inhibits hydrolytic

processes (Ramos et al. 1993). In this study, we found, as

shown in Fig. 3b, that cellulose had an obvious effect on

enzymatic reactions over a range of concentrations; the

highest conversion rate was obtained at a 5% substrate

concentration. However, a slight decrease in productivity

was also observed when the solid content was[5%; this

result could be explained by product inhibition (Bothast

and Saha 1997; Turan and Zheng 2005; Woodward and

Wiseman 1982). This might result from the special struc-

ture of cellulose and efficient enzyme additions. When the

initial substrate concentration was 5%, the cellulose con-

version rate reached 18.68% after incubation for 48 h.

Synergistic effect of b-glucosidase TN0602

and cellulase

To identify whether b-glucosidase TN0602 affects cellu-

lose saccharification and glucose production, the enzyme

was supplemented into the hydrolysis reaction. As shown

in Fig. 4a, supplementing TN0602 increased the yield of

reducing sugar over an enzyme dosage of 0–0.75 U/ml; the

increasing rate of cellulose conversion reached 24.83%

when the addition of TN0602 was 0.5 U/ml. Then, an

obvious drop in the conversion rate was observed when the

enzyme dosage was[0.5 U/ml, which might be explained
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Fig. 3 Effect of the enzyme dosage (a) and substrate concentrations
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by a complex inhibition pattern (Gusakov and Sinitsyn

1992; Gan et al. 2003). A multienzyme cellulase system

(e.g., cellulase and b-glucosidase) was used in a product

inhibition study; however, nonlinear and different inhibi-

tion patterns (noncompetitive, competitive, or mixed type)

might be observed. These inhibition patterns depended on

the cellulase binding constant, enzyme concentration,

maximum adsorption of the enzyme (cellulose surface area

accessible to the enzyme), range in which substrate con-

centration is varied, and b-glucosidase activity.

Corn straw is an abundant resource in nature; hydrolysis

of these lignocellulosic biomasses is not only an important

process in the conversion of agricultural residues to value-

added products, but also takes advantage of the important

components of sustainable development. It is commonly

found that a low activity and minimal content of b-glu-
cosidases reduce cellulose hydrolysis efficiency to a great

extent. To solve this problem, b-glucosidase TN0602 with a

high glucose tolerance was added to the hydrolysis reaction

of untreated corn straw and steam-exploded corn straw to

investigate the conversion rate of cellulose (Fig. 4b). When

combined with a commercial cellulase, the hydrolysis of

each substrate in the presence of TN0602 showed a greater

efficiency for cellulose conversion compared with reactions

without TN0602. The highest conversion rate (68.51%) was

found when the steam-exploded straw was used as a sub-

strate, up to a 94% increase in the conversion rate. It was

superior in sugar conversion to previously reported conver-

sion rates when supplementing b-glucosidases with cellulase
to improve the biomass hydrolysis efficiency (Table 2),

suggesting that b-glucosidase TN0602 could be an efficient

component of enzymatic cocktails with cellulases in a

complex lignocellulosic biomass.

Conclusion

In conclusion, this is the first evidence that a b-glucosidase
from thermophilic bacteria Thermotoga naphthophila

RUK-10 not only has a great tolerance to glucose, but also

contributes greatly to eliminating intermediate inhibition.

The hydrolysis results indicated that the highly efficient

synergistic effect can be achieved by combining cellulase

and b-glucosidase TN0602. The conversion rate of glucose

was 68.51% after 48 h of incubation, up to a 94%

improvement compared with the reaction catalysed by

cellulase only. Further studies on its potential for applica-

tion as an accessory enzyme in industrial production for the

hydrolysis of lignocellulosic biomasses are still in progress.
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