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Light induced expression of β-glucosidase
in Escherichia coli with autolysis of cell
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Abstract

Background: β-Glucosidase has attracted substantial attention in the scientific community because of its pivotal

role in cellulose degradation, glycoside transformation and many other industrial processes. However, the tedious

and costly expression and purification procedures have severely thwarted the industrial applications of β-glucosidase.

Thus development of new strategies to express β-glucosidases with cost-effective and simple procedure to meet the

increasing demands on enzymes for biocatalysis is of paramount importance.

Results: Light activated cassette YF1/FixJ and the SRRz lysis system were successfully constructed to produce

Bgl1A(A24S/F297Y), a mutant β-glucosidase tolerant to both glucose and ethanol. By optimizing the parameters

for light induction, Bgl1A(A24S/F297Y) activity reached 33.22 ± 2.0 U/mL and 249.92 ± 12.25 U/mL in 250-mL flask

and 3-L fermentation tank, respectively, comparable to the controls of 34.02 ± 1.96 U/mL and 322.21 ± 10.16 U/mL

under similar culture conditions with IPTG induction. To further simplify the production of our target protein, the SRRz

lysis gene cassette from bacteriophage Lambda was introduced to trigger cell autolysis. As high as 84.53 ± 6.79% and

77.21 ± 4.79% of the total β-glucosidase were released into the lysate after cell autolysis in 250 mL flasks and 3-L scale

fermentation with lactose as inducer of SRRz. In order to reduce the cost of protein purification, a cellulose-binding

module (CBM) from Clostridium thermocellum was fused into the C-terminal of Bgl1A(A24S/F297Y) and cellulose was

used as an economic material to adsorb the fusion enzyme from the lysate. The yield of the fusion protein could reach

92.20 ± 2.27% after one-hour adsorption at 25 °C.

Conclusions: We have developed an efficient and inexpensive way to produce β-glucosidase for potential industrial

applications by using the combination of light induction, cell autolysis, and CBM purification strategy.
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Background
β-Glucosidases (EC 3.2.1.21) are a heterogeneous group

of enzymes that hydrolyze β-1,4-glycosidic bond in

disaccharides, oligosaccharides, aryl-, and alkyl β-gluco-

sides, and release non-reducing terminal glucosyl resi-

dues [1, 2]. In recent years, β-glucosidases have attracted

considerable interests because of their potential applica-

tions in a variety of biotechnological processes, such as

production of ethanol from agricultural wastes [3, 4],

release of aromatic compounds from flavorless glycosidic

precursors [5], and synthesis of useful β-glucosides [1],

etc. β-Glucosidases are ubiquitous in all domains of liv-

ing organisms including Archaea, Eubacteria, and

Eukaryotes [6]. However, production of β-glucosidases

from native sources has been a great challenge due to

low level enzyme expression and high costs in protein

purification [2, 7].

To overcome these disadvantages, heterologous host

strains have been employed to produce β-glucosidases.

Among them, Escherichia coli has been widely used in

the production of heterologous β-glucosidase, because it

has been well characterized in terms of molecular genet-

ics, physiology and expression systems [8]. Nonetheless,

a number of bottlenecks exist when large scale produc-

tion of β-glucosidases (from E. coli) is needed. As E. coli

and T7 promoter are the most frequently used prokary-

otic expression combinations, the addition of chemical

inducers such as isopropyl β-D-1-thiogalactopyranoside

(IPTG) at a final concentration of about 1 mM or more

is needed to achieve maximal production of the desired
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proteins (Additional file 1: Table S3). IPTG is expensive,

toxic, and difficult to remove during downstream opera-

tions [9]. Another obstacle on the production of β-glu-

cosidases using E. coli is that they are often expressed as

intracellular proteins [10–13]. Cell wall breakage is

required in order to obtain the target protein. This

process is costly and energy consuming because of the

robust cell wall, which is consisted of lipopolysaccha-

rides, an outer membrane, a peptidoglycan layer, and an

inner membrane [14]. Furthermore, time-consuming

and laborious protein purification steps using different

kinds of chromatography such as Ni2+-NTA chromatog-

raphy are necessary to purify the target protein.

Among protein induction strategies, optogenetic

approaches have demonstrated that light can have pre-

cise control over cellular functions. The unique variabil-

ity of the stimulus light, including wavelength and

intensity, allows for specific triggering of cellular events

in a non-invasive and highly resolving spatiotemporal

fashion [9, 15]. Several light-sensitive protein domains

have been engineered as optogenetic actuators to spatio-

temporally control protein expression [16]. On the other

hand, compared with traditional methods, cell breakage

by autolysis is attracting much attention [17]. The SRRz

lysis gene cassette, which comes from bacteriophage

Lambda, has shown high efficiency in E. coli autolysis

[18, 19]. Moreover, modules such as cellulose binding

module (CBM) have been successfully used as fusion

protein tags. They have been widely used for the

immobilization of recombinant proteins for industrial

purposes [20, 21].

Bgl1A(A24S/F297Y) is a double mutant of β-glucosidase

Bgl1A (GenBank accession No. GU647096). It exhibits

excellent ethanol and glucose tolerance, has good pH- and

thermostability, and displays high hydrolysis rates for iso-

flavone glycosides [22]. In order to explore new strategies

to express β-glucosidase in a cost-effective and simple

way, we co-expressed β-glucosidase Bgl1A(A24S/F297Y)

with the CBM from Clostridium thermocellum, using the

combination of light induction, cell autolysis, and CBM

purification strategy. Protein expression was induced by

the light activated cassette YF1/FixJ [22, 23]. After induc-

tion, cells were autolyzed using the SRRz lysis system, and

the enzyme in the lysate was purified using cellulose by a

one-step centrifugation. Our results showed that the com-

bination of light induction, cell autolysis, and CBM purifi-

cation provide a promising revenue to efficient and

economic production of β-glucosidase.

Methods

Bacterial strains, chemicals and culture media

The strains and plasmids used in this study were listed

in additional file (Additional file 1: Table S1). E. coli

Trans5α (TransGen, Beijing, China) was used for

plasmid construction. E. coli BL21(DE3) and E. coli

BL21(DE3)pLysS (TransGen, Beijing, China) were used

as the hosts for Bgl1A(A24S/F297Y) production. Ampi-

cillin, chloramphenicol, and IPTG were purchased from

Sangon Biotech (Shanghai, China). p-Nitrophenyl β-D-

glucopyranoside (pNPG) was from Sigma-Aldrich (St.

Louis, MO, USA). The insoluble microcrystalline cellu-

lose with an average particle size of 25 μm was acquired

from Aladdin Chemistry (Shanghai, China). Ni2+-charged

chelating sepharose fast flow was purchased from GE

Healthcare (Uppsala, Sweden). All other chemicals were

of analytical grade unless otherwise specified. Standard TB

medium (per liter contains 4 g glycerol, 24 g yeast extract,

12 g peptone, 17 mM KH2PO4, and 72 mM K2HPO4) was

used as culture medium in 250-mL Erlenmeyer flasks.

Modified TB medium (per liter contains 15 g glycerol)

was employed in high cell density culture (HCDC), the

feeding solutions contained 45 g tryptone, 45 g yeast

extract, and 500 g glycerol per liter.

Construction of engineered strains

In order to evaluate the effect of light on Bgl1A(A24S/

F297Y) expression, the light inducible expression plas-

mid pET22b–pD-bgl was constructed. Briefly, pET-22b

vector was digested with Xba I and PshA I to excise the

T7 promoter region and lac I open reading frame and

ligated with the similarly digested light activated cassette

sequence (GenBank accession number JN579121) [24]

synthesized by Sangong Biotech (Shanghai, China),

resulting in vector pET22b–pD. Gene sequence of

Bgl1A(A24S/F297Y) was amplified using the primer pair

listed in additional file (Additional file 1: Table S2) and

ligated into pET22b–pD in the Nde I and Xho I diges-

tion sites under the control of light activated cassette,

generating pET22b–pD-bgl (Fig. 1a). This plasmid was

transformed into E. coli BL21(DE3) for light induction of

Bgl1A(A24S/F297Y).

To combine the light induction and cell autolysis pro-

cesses, SRRz gene from bacteriophage Lambda was cloned

and inserted into Nde I and Xho I digestion sites of pET-

22b under the control of T7 promoter, generating plasmid

pET22b-T7-SRRz. Then the pD-bgl sequence that con-

tains the light activated cassette and the bgl, cloned from

pET22b–pD-bgl, was inserted into the PshA I digestion

site of pET22b-T7-SRRz, generating plasmid pET22b–pD-

bgl-T7-SRRz (Fig. 1b), which was then transformed into E.

coli BL21(DE3)pLysS and used for protein production and

cell autolysis.

In order to use cellulose as substrate for immobilization,

the CBM gene from Clostridium thermocellum, a

cellulosome-producing bacterium, was codon optimized

(GenBank accession number KY994538) according to the

codon preference of E. coli and synthesized by Sangong

Biotech (Shanghai, China), and then fused to the C-
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terminal of Bgl1A(A24S/F297Y) with a flexible linker

GSAGSA using overlap extension-PCR, generating plas-

mid pET22b–pD-bgl-CBM-T7-SRRz (Fig. 1c). The plas-

mid was transformed into E. coli BL21(DE3)pLysS for

further research.

Protein expression in 250-mL Erlenmeyer flasks

In order to induce Bgl1A(A24S/F297Y) expression with

light, BL21(DE3)/pET-22b-pD-bgl was cultivated at 28 °

C in 50 mL TB medium supplemented with 100 μg/mL

ampicillin in an orbital shaker under dark condition.

Induction was started when the cell density (OD600)

reached 0.6, 3.0, and 6.0, respectively, using white light

LED belt with light intensity of 6500 ± 200 lx, to investi-

gate the influence of cell density on Bgl1A(A24S/F297Y)

production. The induction was maintained for 24 h

before harvest. E. coli BL21(DE3) containing pET22b-

T7-bgl was used as control, and was induced by IPTG as

described previously [22].

When inducing cell autolysis and releasing Bgl1A(A24S/

F297Y) or Bgl1A(A24S/F297Y)-CBM from the cytoplasm,

E. coli BL21(DE3)pLysS containing plasmid pET22b–pD-

bgl-T7-SRRz or pET22b–pD-bgl-CBM-T7-SRRz were cul-

tivated at 28 °C in 50 mL TB media supplemented with

100 μg/mL ampicillin and 34 μg/mL chloramphenicol,

respectively, in an orbital shaker under dark condition

until the OD600 reached 0.6. Then light induction was

started. Lactose was added at a final concentration of 5 g/

L after light induction for 8 h. Samples were taken every

4 h after addition of inducer and incubated in 4 °C for 4 h.

The lysis efficiency was determined by analyzing both

extracellular and intracellular activity of the enzyme. SRRz

expression induced by IPTG at a final concentration of

1 mM was used as control.

Protein expression in 3-L bioreactors

To compare the effect of culture condition on protein

expression, cultivation was performed in a 3-L

bioreactor (BioFlo 115, New Brunswick Scientific Co.).

Seed culture at a final concentration of 5% (v/v) was

inoculated into the initial culture medium (containing

100 μg/mL ampicillin) for fed-batch cultivation. The cul-

ture process was divided into two phases. The first batch

phase was started with an initial glycerol concentration

of 10 g/L and at 28 °C in dark condition. Immediately

after the sudden increase in both dissolved oxygen (DO)

and pH, constant feeding of medium was conducted at a

flow rate of 12 mL/L/h. During the first phase, when cell

density (OD600) of 10, 25 or 40, respectively, was

reached, the second phase of induced cultivation was

started. The light activated cassette was induced by a

LED lamp with a light intensity of 30,000 ± 2000 lx.

For cell autolysis in HCDC, the culture was incubated

in dark environment and converted to light condition

when OD600 reached 10. Then lactose at a rate of 0.9 g/

L/h was added into the culture after OD600 reached 30.

Samples induced with IPTG at a final concentration of

1.5 mM were used as controls [25, 26]. Each sample was

taken every 4 h and incubated at 4 °C for 12 h. The lysis

efficiency was determined by analyzing both extracellular

and intracellular activity of the enzyme. During the

entire process, the pH was maintained at 7.0 by auto-

matic addition of ammonia solution (25%, v/v). Antifoam

was added manually when necessary. To maintain the

DO level of around 30% of air saturation, the agitation

speed was varied from 200 to 1000 rpm. The air flow

rate was 2.5 L/min. And the inlet air was enriched with

pure O2 when necessary.

Immobilization of Bgl1A(A24S/F297Y)-CBM onto cellulose

The cell lysate was centrifuged at 12,000×g for 10 min.

The supernatant was withdrawn and diluted to 10 U/mL

of β-glucosidase activity, the pH of crude enzyme solu-

tion was adjusted to 6.5 and NaCl was supplemented at

a final concentration of 200 mM. Finally, 0.5 g cellulose

was added into 10 mL of crude enzyme solution. The

Fig. 1 Construction of plasmids pET22b–pD-bgl (a), pET22b–pD-bgl-T7-SRRz (b) and pET22b–pD-bgl-CBM-T7-SRRz (c). The promoter region of the

Bradyrhizobium japonicum FixK2 protein (pFixK2), promoter of the lac repressor gene (Iq), lambda phage promoter (pR), lambda phage repressor

protein (cI), light-sensitive histidine kinase (YF1), and regulator of pFixK2 (FixJ) were included in light induced cassette pDawn [24]
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mixture was incubated at 25 °C under mild shaking for

1 h, followed by centrifugation at 4000×g for 5 min. The

cellulose bound Bgl1A(A24S/F297Y)-CBM was in sedi-

ment and was washed 3 times with Na2HPO4-citric acid

buffer (50 mM, pH 6.5) to remove the unbound or

loosely bound protein. The protein binding efficiency

was calculated by measuring the β-glucosidase activity in

supernatant and cellulose suspension. Bgl1A(A24S/

F297Y) with C-terminal His6 purified by Ni2+ charged

Chelating Sepharose Fast Flow (GE Healthcare, Uppsala,

Sweden) was used as control.

Determination of cell density

Cell growth was monitored during cultivation by meas-

uring OD600 using a visible spectrophotometer (INESA,

Shanghai, China). Samples were appropriately diluted

with 0.9% (w/v) NaCl before determination.

Protein activity assay and gel electrophoresis

Cells were withdrawn at different time intervals and col-

lected by centrifugation at 12,000×g for 10 min. The pel-

lets were washed and resuspended in Na2HPO4-citric

acid buffer (50 mM, pH 6.5) and disrupted by sonic-

ation. The cell lysates were centrifuged to separate the

soluble and insoluble fraction. The supernatants were

used to detect the enzyme activity. Simultaneously, sam-

ples including soluble and insoluble fractions were col-

lected and analyzed by 12% (w/v) sodium dodecyl

sulfate–polyacrylamide gel electrophoresis (SDS-PAGE).

In the cell autolysis section, the culture medium was

also used to detect the enzyme activity and analyzed by

SDS-PAGE. Protein bands were analyzed by density

scanning with an imaging analysis system (Bio-Rad,

USA). Protein concentration was determined by the

BCA method.

β-Glucosidase activity was determined using pNPG as

substrate. The assay mixture consisted 25 μL appropri-

ately diluted protein sample, 475 μL 50 mM Na2HPO4-

citric acid buffer (pH 6.5), and 5 mM pNPG. Enzyme

activity was determined by monitoring absorption

change at 405 nm. A unit of enzyme activity was defined

as the amount of β-glucosidase required for releasing

1 μmol of pNP per minute. Reactions with heat-treated

samples were used as controls. Enzyme activity was

given as the averages of three separate experiments per-

formed induplicate.

Quantitative reverse transcription PCR (qRT-PCR) assay

The transcription of bgl1A(A24S/F297Y) and SRRz was

assessed via qRT-PCR during fermentation. Briefly, total

mRNA of BL21(DE3)pLysS/ pET22b–pD-bgl1A(A24S/

F297Y)-T7-SRRz was extracted using the RNeasy Mini

Kit (Sangon Biotech., Shanghai, China) following the

manufacturer’s instructions. The cDNA was amplified

through reverse transcription, with the total mRNA as

the templates. Specific primer pairs (Additional file 1:

Table S2) were designed using the Primer 5.0 software,

and their specificities were confirmed by BLAST search

against the E. coli BL21(DE3) genome. The 16 s rRNA gene

was chosen as the control for normalization. qRT-PCR was

performed in a 96-well plate in Applied Biosystems® 7500

Real Time PCR System using a SYBRs Premix Ex Taq TM

II according to the manufacturer’s instructions (TaKaRa,

Dalian, China). The obtained data were analyzed using the

2-ΔΔCT method [27].

Results
Light induced expression of Bgl1A(A24S/F297Y) in E. coli

The relationship between the yield of Bgl1A(A24S/

F297Y) and cell density upon initial induction was ana-

lyzed. When cells were exposed to light at the early

exponential phase (OD600 = 0.6), the activity of

Bgl1A(A24S/F297Y) reached 33.22 ± 2.0 U/mL after

20 h induction (Fig. 2). However, lower Bgl1A(A24S/

F297Y) activity of 11.22 ± 1.7 U/mL was obtained when

the culture was exposed to light at the initial cell destiny

of 3.0 (OD600). When induction is initiated at a cell des-

tiny of 6.0, 2.87 ± 0.18 U/mL of β-glucosidase activity

was obtained after identical length of induction. On the

other hand, cell growth was not affected with initiation

time of induction for protein expression. The expression

of Bgl1A(A24S/F297Y) induced by light and IPTG were

compared. Similar trends were obtained in terms of

enzyme activity and cell growth, regardless of either T7

promoter or light activated cassette was used for

bgl1A(A24S/F297Y) expression (Fig. 2). Bgl1A(A24S/

F297Y) activity reached 34.02 ± 1.96 U/mL when

induced with IPTG. SDS-PAGE showed that the amount

of Bgl1A(A24S/F297Y) expressed corroborates with the

enzyme activities (Fig. 2b).

Autolysis of E. coli cells in Erlenmeyer flasks

In order to reduce the production cost of Bgl1A(A24S/

F297Y), and to avoid protein damage by ultrasonic or

chemical methods, the SRRz lysis gene cassette from

bacteriophage Lambda was cloned into pET22b vector

and under the control of T7 promoter. Furthermore,

pD-bgl1A(A24S/F297Y) cassette was also cloned into the

same vector, generating plasmid pET22b–pD-bgl-T7-

SRRz (Fig. 1b). However, after it was transformed into E.

coli BL21(DE3) and induced by light to express

Bgl1A(A24S/F297Y), little protein was obtained due to

cell disruption throughout fermentation caused by back-

ground expression of SRRz controlled by T7 promoter.

To overcome this challenge, E. coli BL21(DE3)pLysS

cells, in which protein expression controlled by T7 pro-

moter was strictly regulated, was used as an alternative

to express Bgl1A(A24S/F297Y) and SRRz. Lactose was
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used as an alternative inducer to induce SRRz expression.

The total β-glucosidase activity reached 24.14 ± 2.14 U/

mL, the lysis efficiency (extracellular enzyme activity/total

enzyme activity) was 84.53 ± 6.79% after 4 h incubation

(Fig. 3). As a control, when IPTG was used to induce cell

autolysis, the total β-glucosidase activity reached

25.53 ± 1.64 U/mL, and the lysis efficiency was found to

be 94.58 ± 3.10% (Fig. 3a). To further simplify the purifica-

tion procedure, strain BL21(DE3)pLysS/pET22b–pD-bgl-

CBM-T7-SRRz was used in the expression of fusion pro-

tein Bgl1A(A24S/F297Y)-CBM that contained a CBM-tag

(17.4 kDa) and a GSAGSA linker at the C-terminal. The

total β-glucosidase activity reached 21.45 ± 2.59 U/mL

with an autolysis efficiency of 85.34 ± 5.31% when induced

with lactose. Almost all of the fusion protein was

expressed in soluble form (Table 1).

Production of Bgl1A(A24S/F297Y) in 3-L bioreactors

Light induced expression of Bgl1A(A24S/F297Y) in

HCDC was investigated in 3-L bioreactors. BL21(DE3)/

pET22b–pD-bgl was used as the expression strain. The

enzyme activities reached 249.92 ± 12.25, 121.1 ± 9.87,

and 25.3 ± 3.87 U/mL when induced at OD600 values of

10, 25, and 40, respectively (Fig. 4). In comparison, when

expression was induced by IPTG, Bgl1A(A24S/F297Y)

activity reached 322.21 ± 10.16 U/mL when induced at

OD600 values of 40 (Fig. 4d). The specific activity

(42.3 U/mg) of Bgl1A(A24S/F297Y) has been reported

Fig. 3 Bgl1A(A24S/F297Y) activity and SDS-PAGE assay of extracellular and intracellular fraction after cell autolysis in flasks. Slash (extracellular) and

gray (intracellular) reflect β-glucosidase activity when SRRz lysis gene was induced with IPTG, vertical (extracellular) and dark gray (intracellular)

reflect enzyme activity when autolysis was induced with lactose (a). The soluble and insoluble fraction of cell lysate was assayed by SDS-PAGE

when autolysis was induced with lactose (b), M is molecular marker, lysis is supernatant of fermentation culture after cell autolysis, super and

precip are supernatant and precipitate after ultrasonic fragmentation of cells that were not autolysed

Fig. 2 Effect of initial induction cell density on recombinant Bgl1A(A24S/F297Y) synthesis in Erlenmeyer flasks. Bgl1A(A24S/F297Y) activity after

light induction at different cell densities (OD600 = 0.6, 3.0 and 6.0) and IPTG induction at OD600 = 0.6 (a). SDS-PAGE of Bgl1A(A24S/F297Y) induced

with IPTG or light at different initial induction cell density (b), M is molecular marker, blank represents BL21(DE3)-pET22b without bgl insertion,

IPTG represents BL21(DE3)/pET22b-T7-bgl induced with IPTG, OD600 = 0.6, OD600 = 3.0 and OD600 = 6.0 represent BL21(DE3)-pET22b–pD-bgl

induced with light at different cell density gradients
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previously [22]. Based on this data, the expression of

Bgl1A(A24S/F297Y) was 5.91 ± 0.29 g/L and

7.85 ± 0.24 g/L when induced with light and IPTG, re-

spectively, in the 3-L fermentation tank.

When lysis efficiency was investigated in HCDC,

BL21(DE3)pLysS containing pET22b–pD-bgl-T7-SRRz

was inoculated into a bioreactor and cultured as

described in the method section. When lactose was used

as the inducer, the highest total enzyme activity of

83.88 ± 5.34 U/mL was detected, and the final lysis effi-

ciency was 77.21 ± 4.79% after 12 h incubation (Fig. 5a).

SDS-PAGE showed that most of the target protein was

released into the culture after induction with lactose

(Additional file 1: Figure S1). When IPTG was used as

an inducer, the total enzyme activity reached the max-

imum value of 90.6 ± 4.35 U/mL. The final lysis effi-

ciency was 91.78 ± 5.27%. When the fusion protein

Bgl1A(A24S/F297Y)-CBM was expressed with light in-

duction, lactose was used as an inducer in the expression

of SRRz and the fusion enzyme was released into the lys-

ate after cell autolysis (Fig. 5b). The total β-glucosidase

activity reached the maximum value of 72.95 ± 4.82 U/

mL during fermentation, and the final lysis efficiency

was 77.21 ± 4.79% (Fig. 6).

Immobilization of fusion protein onto cellulose

To further simplify the steps of purification and lower

the cost of protein isolation, crude Bgl1A(A24S/F297Y)-

Table 1 Expression of β-glucosidase and autolysis efficiency of various strains in 250 mL Erlenmeyer flasks

strains and plasmids inducer β-glucosidases activity (U/mL) autolysis efficiency

BL21(DE3) + pET22b–pD-bgl Light 33.22 ± 2.01

BL21(DE3) + pET22b-T7-bgl IPTG 34.02 ± 1.96

BL21(DE3)pLysS + pET22b–pD-bgl-T7-SRRz Light + lactose 24.14 ± 2.14 84.53 ± 6.79%

Light + IPTG 25.53 ± 1.64 94.58 ± 3.10%

BL21(DE3)pLysS + pET22b–pD-bgl-CBM-T7-SRRz Light + lactose 21.45 ± 2.59 85.34 ± 5.31%

Fig. 4 Bgl1A(A24S/F297Y) production and E. coli growth in fed-batch cultivations induced with light and IPTG. Arrows indicate the point of light

induction at cell density of OD600 = 10 (a), OD600 = 25 (b), OD600 = 40 (c) and induced with IPTG at cell density of OD600 = 40 (d)
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CBM (supernatant after cell lysis) was adsorbed onto

cellulose. The adsorption efficiency of the crude fusion

protein was measured. After adsorption, the enzyme

activity remained in the supernatants and adsorbed on

cellulose were detected. Our results indicated that the

binding between Bgl1A(A24S/F297Y)-CBM and cellu-

lose could be accomplished within 1 h (Fig. 6). The yield

of the fusion protein reached 84.6 ± 3.51% in 30 min,

and reach the maximum of 92.20 ± 2.27% after 1 h

adsorption. In contrast, Bgl1A(A24S/F297Y) with C-

terminal His-tag had the yield of 91.1% with a Ni2+-NTA

column (Table 2).

Gene expression analysis using qRT-PCR

In Erlenmeyer flasks, qRT-PCR analysis showed that rela-

tive expression of bgl1A(A24S/F297Y) were 95.34 ± 9.25

and 245.22 ± 14.25 after 4 h and 8 h induction with IPTG,

and decreased to 158 ± 11.44 within 12 h (Fig. 7a). In

comparison, relative expressions of bgl1A(A24S/F297Y)

were 46.54 ± 5.25 and 101.24 ± 9.25, and reached to

181.44 ± 17.35 after 12 h of light induction. In cell autoly-

sis, qRT-PCR analysis results showed that the relative

expression level of SRRz was 22.21 ± 3.66 at 8 h post in-

duction with lactose as an inducer (Fig. 7b). In contrast,

the relative expression level of SRRz was 25.12 ± 4.43 after

4 h induction with IPTG, and reached 28.32 ± 5.45 after

8 h of induction. In 3-L bioreactors, the qRT-PCR analysis

showed that the relative expression level of SRRz was

14.04 ± 3.16 after induction with lactose for 12 h, as a

control, this value increased to the maximum of

19.4 ± 3.42 after induction with IPTG for 12 h (Fig. 7c).

Discussion

Most recombinant β-glucosidases were expressed in E.

coli BL21(DE3) or its derivatives using T7 promoter with

IPTG as inducer (Additional file 1: Table S3). Generally,

proteins expressed with this method are accumulated in

the intracellular portion of the cell that need to be

disrupted to acquire the target protein [10, 28]. These

strategies have high cost and involve tedious purification

procedures. Therefore, the search for a cheaper and

simple production strategy becomes important and ne-

cessary. In this study, we employed a light induced cas-

sette in E. coli for the production of β-glucosidase

Bgl1A(A24S/F297Y) in 250-mL Erlenmeyer flasks and

3-L bioreactors. Subsequently, lactose, a cheap and

harmless material, was used to induce the SRRz cell au-

tolysis system to lyse the cells and the CBM

Fig. 5 Bgl1A(A24S/F297Y) and Bgl1A(A24S/F297Y)-CBM expression in HCDC. Growth profile and activity of Bgl1A(A24S/F297Y) (a) and

Bgl1A(A24S/F297Y)-CBM (b) was detected after autolysis. Slash (extracellular) and gray (intracellular) reflect Bgl1A(A24S/F297Y) activity when SRRz

lysis gene was induced with IPTG, vertical (extracellular) and dark gray (intracellular) are enzyme activity when autolysis was induced with lactose

Fig. 6 SDS-PAGE of Bgl1A(A24S/F297Y)-CBM expression in E. coli

using light induction and adsorption onto cellulose after autolysis. M

is molecular marker, lysis is supernatant of fermentation culture after

cell autolysis, super and precip are supernatant and precipitate after

ultrasonic fragmentation of cells that were not autolyzed. Binding on

cellulose was allowed for one hour, the supernatant and precipitate

were separated by centrifugation. Bgl is purified protein using

hexahistidine affinity tag
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immobilization strategy was executed to purify the β-glu-

cosidase without the need of column chromatography.

Light induced promoter system has been applied to

study gene function, optimize metabolic pathways, and

control biological systems both spatially and temporally

[29]. Particularly, Ohlendorf et al. reported that light

induced cassette pDawn has several advantages in ex-

pressing proteins [24]. Here we employed light induced

cassette pDawn in E. coli to express a mutant β-

glucosidase, Bgl1A(A24S/F297Y). Our results indicated

that cell density at which the initial induction takes place

is a key factor for Bgl1A(A24S/F297Y) production. In

pDawn expression system, both YF1 and FixJ are consti-

tutively expressed [24]. YF1 is a light-sensitive histidine

kinase and phosphorylates FixJ in the absence of light.

The phosphorylated FixJ drives the expression of lambda

phage cI that binds to lambda phage promoter pR.

Promotor pR is the key in controlling the expression of

Bgl1A(A24S/F297Y). In the case of light stimulation, the

expression of cI was repressed and Bgl1A(A24S/F297Y)

expression was stimulated. Based on this mechanism,

and the fact that light is relatively poor in penetrating

tissues [30], in our research, it might also be difficult for

the light to penetrate the cultivations at high cell density.

Therefore, the expression of cI keeps going on, and

results in the reduced production of Bgl1A(A24S/

F297Y) from pR promoter.

T7 promoter has been recommended as one of the

strongest promoters used to produce proteins in E. coli,

and has been successfully used for the expression of

many heterologous proteins [31, 32]. Our results showed

that light induction may be used as an alternative of

IPTG induction for the expression of Bgl1A(A24S/

F297Y). However, the qRT-PCR results revealed that the

relative expression of bgl1A(A24S/F297Y) were

46.54 ± 5.25 and 101.24 ± 9.25, and reached

181.44 ± 17.35 after 12 h of light induction in flasks. In

comparison, the relative expression of bgl1A(A24S/

F297Y) rose up to 245.22 ± 14.25 after an 8 h induction

with IPTG. These results showed that the response time

of the light activated cassette was longer than that of the

T7 promoter, and the efficiency of light induction is

more tempered than IPTG induction, which could slow

down the expression rate of heterologous protein, and

thus facilitate protein folding. In accordance with this

fact, when IPTG was used as the inducer, some of

Bgl1A(A24S/F297Y) end up in the form of inclusion

body. But when using light as the inducer, almost all

Bgl1A(A24S/F297Y) was in soluble form. Therefore,

light induction may be used to produce some proteins

that are difficult to express in soluble form.

Conventional cell breakage methods include mechan-

ical, chemical, or biological strategies [33]. These

methods are costly and involve cumbersome operations.

For example, sonication is simple and powerful, but it is

difficult to scale up, and local heating may damage or

denature the target protein [34]. Enzymatic cell breakage

can also be adapted on a large scale, but this method

Table 2 Purification of Bgl1A(A24S/F297Y) and Bgl-CBM from E.coli

Steps Total protein (mg) Total activity (U) Specific activity (U/mg) Purification (Fold) Yield (%)

Hexahistidine affinity Cell extract 9.23 120.62 13.07 1 100%

Purificated 2.64 109.89 41.52 3.17 91.1%

Cellulose affinity Cell extract 9.65 116.88 12.11 1 100%

Purificated 3.29 105.89 32.12 2.65 90.6%

Data present was the average of three batches. Total protein = protein concentration (mg/mL) × volume (mL). Yield = total protein (mg) × purity (%)

Fig. 7 qRT-PCR analysis of bgl and SRRz in 250-mL Erlenmeyer flasks and 3-L bioreactors. The bgl transcription in recombinant E. coli BL21(DE3)-

pET22b–pD-bgl in Erlenmeyer flasks was detected (a), the transcription of SRRz in recombinant E. coli BL21(DE3)-pET22b–pD-bgl-T7-SRRz was

detected in Erlenmeyer flasks (b) and HCDC (c)
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was hindered by the cost of enzymes used. Meanwhile,

most β-glucosidases produced in E. coli exist as intracel-

lular proteins that require cell breakage to obtain the

target protein [10, 11, 13, 35, 36]. Therefore, autolysis

using proteins such as SRRz has attracted much atten-

tion during recent years. For instance, the lysis efficiency

of SRRz was found to be consistent and above 60% when

controlled by UV-inducible promoters recA and umuDC,

and measured using β-galactosidase as the reporter at

30 °C [19]. In comparison, when the SRRz gene cassette

was inserted after heat-inducible promoter, lysis effi-

ciency reached 97.0 ± 0.8% after heat induction at 42 °C

for 30 min. However, the lysis efficiency was only 76.0%

when the seed liquid was maintained at 35 °C overnight

[18]. In this study, the SRRz gene was controlled by the

strong T7 promoter in a strict expression host BL21(DE3)-

pLysS. The lysis efficiency reached 84.53 ± 6.79% and

94.58 ± 3.10% when lactose or IPTG was used as inducer.

Compared to IPTG, the induction effect of SRRz by lactose

is delayed, since lactose needs to be taken up by the cells

(by the lacY-encoded lactose permease), and then metabo-

lized to the actual inducer of allolactose [37].

To avoid background SRRz expression that will lead to

cell autolysis before gene expression takes place, in this

study, several strategies were employed to ensure that

gene cassette was reliable during protein expression.

Firstly, Bgl1A(A24S/F297Y) and SRRz were separately

controlled by light induced promoter and T7 promoter,

respectively. Secondly, E. coli BL21(DE3)pLysS was used

to prevent background SRRz expression since protein

expression in this strain is controlled by T7 promoter

that was strictly regulated. Thirdly, the expression of β-

glucosidase and cell autolysis were performed as two

independent induction processes. After β-glucosidase ex-

pression reached a plateau by using the light-activated

cassette YF1/FixJ [22, 23], lactose was added to trigger

the expression of lysis protein SRRz. Based on these

strategies, there were few proteins released into the cul-

ture medium caused by cell lysis (Fig. 3b), confirming

the reliability of the gene cassette.

HCDC are commonly used in numerous manufactur-

ing processes for large-scale production of biological

product with reasonable cost. For example, the product-

ivity of silk-elastin-like protein reached 4.3 g/L in a fed-

batch culture of E. coli BL21(DE3) [38]. Anuradha et al.

reported a final interferon-β concentration of 4.8 g/L

using a modified E. coli strain BL21(glpK+) [39]. Under

the fed-batch conditions, the final product titer of the

short peptide surfactant, DAMP4, reached 7.4 g/L in E.

coli BL21(DE3) [40]. However, there have been limited

examples referring to heterologous protein expression in

E. coli with light induction in HCDC. Here we demon-

strated that the expression of Bgl1A(A24S/F297Y) can

reach up to 5.91 ± 0.29 g/L with light induction initiated

at OD600 of 10, comparable to the productivities re-

ported by other inducers. On the other hand, cell destiny

in HCDC was much higher. It may be one of the bottle-

necks that affects the light signal, and consequently

affects the protein productivity. As a result, in HCDCs,

the time-point of induction is an important factor be-

cause induction at different cell density can result in dif-

ferent production yields [41]. Based on these facts, the

final Bgl1A(A24S/F297Y) activities observed in 3-L bio-

reactors were negatively correlated with the initial induc-

tion cell density. Although the light intensity was

improved in 3-L bioreactors than in flasks, it was still

difficult for the light to penetrate effectively into the cul-

tivation when the OD600 was higher than 25 (Fig. 4).

Industrial processes require the efficient production of

purified enzymes with simple and rapid protocols. Fusing

a heterologous protein with an affinity tag has been

proven to be a very useful method to purify and

immobilize protein [42, 43]. A large number of affinity

systems, such as the glutathione S-transferase and

maltose-binding protein, have been used as affinity tags

for the purification and immobilization of fusion proteins.

However, most of them are costly. CBM is an attractive

affinity tag for protein purification and immobilization for

its highly specific binding ability, efficient release of bound

protein under non-denaturing conditions, enhanced

protein folding and secretion/solubility [44, 45]. These fea-

tures make CBMs an ideal tool in purification and

immobilization of enzymes for industrial scale applica-

tions. The CBM fusion strategies have been successfully

applied in the immobilization of several enzymes such

as γ-lactamase (EC 3.5.2.-) and lipase (EC 3.1.1.3) [46,

47]. A CBD fusion β-galactosidase CBD-BgaL3 was

directly adsorbed onto microcrystalline cellulose with

immobilization efficiency of 61% [43]. These success-

ful examples have prompted us to fuse Bgl1A(A24S/

F297Y) with CBM using the light-induction system.

In this study, we preferred family 3 CBM because it

possesses irreversible and strong cellulose binding

capacity [44, 48] that facilitate the purification and

immobilization of the fusion protein from cell lysate.

The results showed that CBM used in this work ef-

fectively purified and immobilized target protein from

cell lysate. We further demonstrated that the immobi-

lized enzyme kept 92.20 ± 2.27% of the protein’s

activity after one-hour adsorption at 25 °C. The yield

of cellulose affinity and hexahistidine affinity were

almost the same, suggesting that cellulose can serve

as a convenient, efficient, and economic support in

the purification and immobilization of β-glucosidase.

Conclusions
In summary, a mutant β-glucosidase Bgl1A(A24S/

F297Y), tolerant to glucose and ethanol, was produced
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using a high-efficiency and cost-effective strategy that

combines light induction and cell autolysis in E coli. The

yield of recombinant Bgl1A(A24S/F297Y) induced by

light was comparable to that induced by IPTG in 250-mL

flask. Furthermore, 84.53 ± 6.79% of the total β-

glucosidase was released into the lysate after the induction

of SRRz lysis gene cassette from bacteriophage Lambda

with lactose. A cellulose-binding module (CBM) from

Clostridium thermocellum was codon optimized and fused

to the C-terminal of Bgl1A(A24S/F297Y) with a flexible

linker. More than 92.20 ± 2.27% of enzymatic activity was

transferred to the cellulose after one-hour adsorption at

25 °C. Our results indicated that combination of light in-

duction and cell autolysis is an efficient and cost-effective

way for large-scale production of β-glucosidase that has

great potential applications in biotechnology and industry.
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Abbreviations

CBM: Cellulose-binding module; HCDC: High cell density culture;

IPTG: Isopropyl-β-D-1-thiogalactopyranoside; pNPG: p-Nitrophenyl

β-D-glucopyranoside

Acknowledgements

Not applicable.

Funding

This work was supported by grants from the National High Technology

Research and Development Program of China (2014AA093515); the Natural

Science Foundation of China (31300062); the Introduction Project of

Academic and Technology Leaders in Anhui University (32030066); National

Innovation Experiment Program for University Students (201510357026).

Availability of data and materials

The datasets used and/or analyzed during the current study available from

the corresponding author on reasonable request.

Authors’ contributions

ZF and YX conceived and supervised the study, FC and WF designed the

experiments, FC, XZ, YP and YL performed the experiments, WF, ZF, and YX

analyzed the results, FC, ZF, and XZ wrote the manuscript. All authors

reviewed the manuscript. All authors read and approved the final

manuscript.

Ethics approval and consent to participate

Not applicable.

Consent for publication

Not applicable.

Competing interests

The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.

Author details
1School of Life Sciences, Anhui University, Hefei, Anhui 230601, China. 2Anhui

Key Laboratory of Modern Biomanufacturing, Hefei, Anhui 230601, China.
3Anhui Provincial Engineering Technology Research Center of

Microorganisms and Biocatalysis, Hefei, Anhui 230601, China.

Received: 28 June 2017 Accepted: 31 October 2017

References

1. Guo DH, YS X, Kang YJ, Han SY, Zheng SP. Synthesis of octyl-β-D-

glucopyranoside catalyzed by Thai rosewood β-glucosidase-displaying

Pichia pastoris in an aqueous/organic two-phase system. Enzym Microb

Technol. 2016;85:90–7.

2. Seo J, Park TS, Kim JN, Ha JK, Seo S. Production of endoglucanase,

β-glucosidase and xylanase by Bacillus licheniformis grown on minimal

nutrient medium containing agriculture residues. Asian-Australas J Anim Sci.

2014;27(7):946–50.

3. Cripwell R, Favaro L, Rose SH, Basaglia M, Cagnin L, Casella S, et al.

Utilisation of wheat bran as a substrate for bioethanol production using

recombinant cellulases and amylolytic yeast. Appl Energy. 2015;160:610–7.

4. Feng CY, Zou SL, Liu C, Zhang K, Hong JF, Zhang MH. Ethanol

production from acid- and alkali-pretreated corncob by endoglucanase

and β-glucosidase co-expressing Saccharomyces cerevisiae subject to the

expression of heterologous genes and nutrition added. World J

Microbiol Biotechnol. 2016;32(5):86.

5. Riou C, Salmon JM, Vallier MJ, Gunata Z, Barre P. Purification,

characterization, and substrate specificity of a novel highly glucose-tolerant

β-glucosidase from Aspergillus oryzae. Appl Environ Microbiol. 1998;64(10):

3607–14.

6. Ramani G, Meera B, Rajendhran J, Gunasekaran P. Transglycosylating

glycoside hydrolase family 1 β-glucosidase from Penicillium funiculosum

NCL1: Heterologous expression in Escherichia coli and characterization.

Biochem Eng J. 2015;102:6–13.

7. Park AR, Park JH, Ahn HJ, Jang JY, BJ Y, Um BH, et al. Enhancement of

β-glucosidase activity from a brown rot fungus Fomitopsis pinicola KCTC

6208 by medium optimization. Mycobiology. 2015;43(1):57–62.

8. Choi JH, Lee SY. Secretory and extracellular production of recombinant

proteins using Escherichia coli. Appl Microbiol Biotechnol. 2004;64(5):625–35.

9. Drepper T, Krauss U, Meyer Zu Berstenhorst S, Pietruszka J, Jaeger KE. Lights

on and action! Controlling microbial gene expression by light. Appl

Microbiol Biotechnol. 2011;90(1):23–40.

10. Chang J, Park IH, Lee YS, Ahn SC, Zhou Y, Choi YL. Cloning, expression, and

characterization of β-glucosidase from Exiguobacterium sp. DAU5 and

transglycosylation activity. Biotechnol Bioprocess Eng. 2011;16(1):97–106.

11. Cui CH, Kim JK, Kim SC, Im WT. Characterization of a ginsenoside-

transforming β-glucosidase from Paenibacillus mucilaginosus and its

application for enhanced production of minor ginsenoside F2. PLoS One.

2014;9(1):e85727.

12. Sinha SK, Datta S. β-Glucosidase from the hyperthermophilic archaeon

Thermococcus sp. is a salt-tolerant enzyme that is stabilized by its reaction

product glucose. Appl Microbiol Biotechnol. 2016;100(19):8399–409.

13. Tao YL, Yang DH, Zhang YT, Zhang Y, Cai SQ, Liu SL. Cloning, expression,

and characterization of the β-glucosidase hydrolyzing secoisolariciresinol

diglucoside to secoisolariciresinol from Bacteroides uniformis ZL1. Appl

Microbiol Biotechnol. 2014;98(6):2519–31.

14. Kellenberger E, Ryter A. Cell wall and cytoplasmic membrane of Escherichia

coli. J Biophys Biochem Cytol. 1958;4(3):323–6.

15. Brieke C, Rohrbach F, Gottschalk A, Mayer G, Heckel A. Light-controlled

tools. Angew Chem Int Ed Engl. 2012;51(34):8446–76.

16. Pathak GP, Vrana JD, Tucker CL. Optogenetic control of cell function using

engineered photoreceptors. Biol Cell. 2013;105(2):59–72.

17. Park T, Struck DK, Deaton JF, Young R. Topological dynamics of holins in

programmed bacterial lysis. Proc Natl Acad Sci U S A. 2006;103(52):19713–8.

18. Cai Z, Xu W, Xue R, Lin Z. Facile, reagentless and in situ release of

Escherichia coli intracellular enzymes by heat-inducible autolytic vector for

high-throughput screening. Protein Eng Des Sel. 2008;21(11):681–7.

19. Li S, Xu L, Ren C, Lin ZA. Set of UV-inducible autolytic vectors for high

throughput screening. J Biotechnol. 2007;127(4):647–52.

20. Kumar A, Zhang S, Wu G, Wu CC, Chen J, Baskaran R, et al. Cellulose

binding domain assisted immobilization of lipase (GSlip-CBD) onto cellulosic

Chang et al. BMC Biotechnology  (2017) 17:74 Page 10 of 11

dx.doi.org/10.1186/s12896-017-0402-1


nanogel: characterization and application in organic medium. Colloids Surf

B Biointerfaces. 2015;136:1042–50.

21. Zhao L, Pang Q, Xie J, Pei J, Wang F, Fan S. Enzymatic properties of

Thermoanaerobacterium thermosaccharolyticum β-glucosidase fused to

Clostridium cellulovorans cellulose binding domain and its application in

hydrolysis of microcrystalline cellulose. BMC Biotechnol. 2013;13:101.

22. Fang W, Yang Y, Zhang X, Wang X, Fang Z, Xiao Y. Improve ethanol

tolerance of β-glucosidase Bgl1A by semi-rational engineering for the

hydrolysis of soybean isoflavone glycosides. J Biotechnol. 2016;227:64–71.

23. Moglich A, Ayers RA, Moffat K. Design and signaling mechanism of light-

regulated histidine kinases. J Mol Biol. 2009;385(5):1433–44.

24. Ohlendorf R, Vidavski RR, Eldar A, Moffat K, Moglich A. From dusk till dawn:

one-plasmid systems for light-regulated gene expression. J Mol Biol. 2012;

416(4):534–42.

25. Zhu F, Xu M, Wang S, Jia S, Zhang P, Lin H, et al. Prokaryotic expression of

pathogenesis related protein 1 gene from Nicotiana benthamiana:

antifungal activity and preparation of its polyclonal antibody. Biotechnol

Lett. 2012;34(5):919–24.

26. Bordeaux M, de Girval D, Rullaud R, Subileau M, Dubreucq E, Drone J. High-

cell-density cultivation of recombinant Escherichia coli, purification and

characterization of a self-sufficient biosynthetic octane ω-hydroxylase. Appl

Microbiol Biotechnol. 2014;98(14):6275–83.

27. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time

quantitative PCR and the 2-ΔΔCT method. Methods. 2001;25(4):402–8.

28. Hassan N, Thu-Ha N, Intanon M, Kori LD, Patel BKC, Haltrich D, et al.

Biochemical and structural characterization of a thermostable β-glucosidase

from Halothermothrix orenii for galacto-oligosaccharide synthesis. Appl

Microbiol Biotechnol. 2015;99(4):1731–44.

29. Wingen M, Potzkei J, Endres S, Casini G, Rupprecht C, Fahlke C, et al. The

photophysics of LOV-based fluorescent proteins - new tools for cell biology.

Photoch Photobio Sci. 2014;13(6):875–83.

30. Magaraci MS, Veerakumar A, Qiao P, Annurthur A, Lee JY, Miller JS, et al.

Engineering Escherichia coli for light-activated cytolysis of mammalian cells.

ACS Synth Biol. 2014;3(12):944–8.

31. Lee MS, Hseu YC, Lai GH, Chang WT, Chen HJ, Huang CH, et al. High yield

expression in a recombinant E. coli of a codon optimized chicken anemia

virus capsid protein VP1 useful for vaccine development. Microb Cell

Factories. 2011;10:11.

32. Tripathi NK, Sathyaseelan K, Jana AM, Rao PVL. High yield production of

heterologous proteins with Escherichia coli. Def Sci J. 2009;59(2):137–46.

33. Peti W, Page R. Strategies to maximize heterologous protein expression in

Escherichia coli with minimal cost. Protein Expr Purif. 2007;51(1):1–10.

34. Jambrak AR, Mason TJ, Lelas V, Herceg Z, Herceg IL. Effect of ultrasound

treatment on solubility and foaming properties of whey protein

suspensions. J Food Eng. 2008;86(2):281–7.

35. Naz S, Ikram N, Rajoka MI, Sadaf S, Akhtar MW. Enhanced production and

characterization of a β-glucosidase from Bacillus halodurans expressed in

Escherichia coli. Biochemistry (Mosc). 2010;75(4):513–8.

36. Lu J, Du L, Wei Y, Hu Y, Huang R. Expression and characterization of a novel

highly glucose-tolerant β-glucosidase from a soil metagenome. Acta

Biochim Biophys Sin Shanghai. 2013;45(8):664–73.

37. Dvorak P, Chrast L, Nikel PI, Fedr R, Soucek K, Sedlackova M, et al.

Exacerbation of substrate toxicity by IPTG in Escherichia coli BL21(DE3)

carrying a synthetic metabolic pathway. Microb Cell Factories. 2015;14:15.

38. Collins T, Barroca M, Branca F, Padrao J, Machado R, Casal M. High level

biosynthesis of a silk-elastin-like protein in E. coli. Biomacromolecules.

2014;15(7):2701–8.

39. Singh AB, Mukherjee KJ. Supplementation of substrate uptake gene

enhances the expression of rhIFN-β in high cell density fed-batch cultures

of Escherichia coli. Mol Biotechnol. 2013;54(2):692–702.

40. Bruschi M, Kromer JO, Steen JA, Nielsen LK. Production of the short peptide

surfactant DAMP4 from glucose or sucrose in high cell density cultures of

Escherichia coli BL21(DE3). Microb Cell Factories. 2014;13:9.

41. Velmurugan N, Kim HS, Jeong KJ. Enhanced production of human Fc

gamma RIIa receptor by high cell density cultivation of Escherichia coli.

Protein Expr Purif. 2011;79(1):60–5.

42. Shoseyov O, Shani Z, Levy I. Carbohydrate binding modules: biochemical

properties and novel applications. Microbiol Mol Biol Rev. 2006;70(2):283–95.

43. Lu L, Xu S, Zhao R, Zhang D, Li Z, Li Y, et al. Synthesis of

galactooligosaccharides by CBD fusion β-galactosidase immobilized on

cellulose. Bioresour Technol. 2012;116:327–33.

44. Oliveira C, Carvalho V, Domingues L, Gama FM. Recombinant CBM-fusion

technology - applications overview. Biotechnol Adv. 2015;33(3–4):358–69.

45. Wan W, Wang DM, Gao XL, Hong J. Expression of family 3 cellulose-binding

module (CBM3) as an affinity tag for recombinant proteins in yeast. Appl

Microbiol Biotechnol. 2011;91(3):789–98.

46. Hwang S, Ahn J, Lee S, Lee TG, Haam S, Lee K, et al. Evaluation of cellulose-

binding domain fused to a lipase for the lipase immobilization. Biotechnol

Lett. 2004;26(7):603–5.

47. Wang J, Zhu J, Min C, Wu S. CBD binding domain fused γ-lactamase from

Sulfolobus solfataricus is an efficient catalyst for (−) γ-lactam production.

BMC Biotechnol. 2014;14:40.

48. Thongekkaew J, Ikeda H, Masaki K, Iefuji H. Fusion of cellulose binding

domain from Trichoderma reesei CBHI to Cryptococcus sp. S-2 cellulase

enhances its binding affinity and its cellulolytic activity to insoluble

cellulosic substrates. Enzym Microb Technol. 2013;52(4–5):241–6.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Chang et al. BMC Biotechnology  (2017) 17:74 Page 11 of 11


	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	Bacterial strains, chemicals and culture media
	Construction of engineered strains
	Protein expression in 250-mL Erlenmeyer flasks
	Protein expression in 3-L bioreactors
	Immobilization of Bgl1A(A24S/F297Y)-CBM onto cellulose
	Determination of cell density
	Protein activity assay and gel electrophoresis
	Quantitative reverse transcription PCR (qRT-PCR) assay

	Results
	Light induced expression of Bgl1A(A24S/F297Y) in E. coli
	Autolysis of E. coli cells in Erlenmeyer flasks
	Production of Bgl1A(A24S/F297Y) in 3-L bioreactors
	Immobilization of fusion protein onto cellulose
	Gene expression analysis using qRT-PCR

	Discussion
	Conclusions
	Additional file
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

