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Identification and design of new cellulolytic enzymes with higher catalytic efficiency are a key factor in reducing the production
cost of lignocellulosic bioalcohol. We report here identification of a novel �-glucosidase (Gluc1C) from Paenibacillus sp. strain
MTCC 5639 and construction of bifunctional chimeric proteins based on Gluc1C and Endo5A, a �-1,4-endoglucanase isolated
from MTCC 5639 earlier. The 448-amino-acid-long Gluc1C contained a GH superfamily 1 domain and hydrolyzed cellodextrin
up to a five-sugar chain length, with highest efficiency toward cellobiose. Addition of Gluc1C improved the ability of Endo5A to
release the reducing sugars from carboxymethyl cellulose. We therefore constructed six bifunctional chimeric proteins based on
Endo5A and Gluc1C varying in the positions and sizes of linkers. One of the constructs, EG5, consisting of Endo5A-(G4S)3-
Gluc1C, demonstrated 3.2- and 2-fold higher molar specific activities for �-glucosidase and endoglucanase, respectively, than
Gluc1C and Endo5A alone. EG5 also showed 2-fold higher catalytic efficiency than individual recombinant enzymes. The ther-
mal denaturation monitored by circular dichroism (CD) spectroscopy demonstrated that the fusion of Gluc1C with Endo5A re-
sulted in increased thermostability of both domains by 5°C and 9°C, respectively. Comparative hydrolysis experiments done on
alkali-treated rice straw and CMC indicated 2-fold higher release of product by EG5 than that by the physical mixture of Endo5A
and Gluc1C, providing a rationale for channeling of intermediates. Addition of EG5 to a commercial enzyme preparation signifi-
cantly enhanced release of reducing sugars from pretreated biomass, indicating its commercial applicability.

The energy captured by plants in the form of cellulosic biomass,
which is the most abundant carbon source on earth, may pro-

vide a renewable and alternative option for transportation fuel (6,
13). The cellulosic biomass could be hydrolyzed enzymatically
into the constituent D-glucose and then fermented into bio-
ethanol (5, 10). However, hydrolysis of cellulosic biomass is a
complex process and requires synergistic action of three classes of
enzymes, namely, endoglucanases (EC 3.2.1.4), exoglucanases
(EC 3.2.1.91), and �-glucosidases (EC 3.2.1.21) (4, 7). Endoglu-
canases and exoglucanases produce cellodextrins or cellobiose,
and the resulting products serve as the substrate for �-glucosi-
dases to produce glucose (3, 32–34), which serves as a direct sub-
strate for ethanolic fermentation. One major hurdle in commer-
cial production of cellulosic ethanol in recent years has been the
high cost of these cellulase enzymes (31).

The majority of the enzymes used for the hydrolysis of ligno-
cellulosic biomass are derived from fungi due to their capability to
produce copious amounts of cellulases and hemicellulases (8, 30).
However, isolation and characterization of novel glycoside hydro-
lases from bacteria are now widely exploited because of their effi-
cient heterologous production, high specific activity, and less
stringent pH requirement (9, 26, 27). The metagenomic work has
greatly facilitated identification of unique bacterial cellulases, es-
pecially from the guts of herbivores (17, 36). The possibility of
cellulolytic bacterial species being engineered for consolidated
bioprocessing has further raised interest in identification of robust
bacterial cellulase producers (22, 25).

Considering that hydrolysis of cellulosic biomass will require a
consortium of cellulases (35), minimizing the number of polypep-
tides in the consortium is likely to reduce the enzyme cost. Single
polypeptides carrying more than one cellulolytic activity that have

either been isolated from nature (12, 29) or constructed in the
laboratory (2, 11, 18, 19, 23, 24) would certainly have advantages
as candidate enzymes in the cellulase consortium.

We earlier cloned and expressed endoglucanase (Endo5A) and
endoxylanase (Xyl11D) from a Paenibacillus strain isolated from
the gut of cotton bollworm and made its chimeras (1). We now
report characterization of �-glucosidase (Gluc1C) from the same
species and construction of chimeras between Endo5A and
Gluc1C. We further evaluated the thermostability and bifunc-
tional nature of these chimeras and show that the close proximity
of Endo5A and Gluc1C in the chimera helps in channeling of the
intermediates and enhancing cellulolytic activity.

MATERIALS AND METHODS
Bacterial strains, plasmids and reagents. Escherichia coli DH5� (Invitro-
gen) was used as the host strain for gene cloning and protein expression.
Genes encoding �-glucosidase and endoglucanase were derived from
Paenibacillus sp. strain MTCC 5639 (the same as ICGEB2008) (1). pQE30
(Qiagen) was used as the expression vector for cloning and expressing
recombinant enzymes. Enzymes for molecular biology work were pro-
cured from New England BioLabs (NEB), and PCRs were performed us-
ing high-fidelity Phusion DNA polymerase (Finnzymes).
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Cloning of �-glucosidase. Phylogenetic analysis of the endoglucanase
(Endo5A) (GenBank accession no. HQ657203) and xylanase (Xyl11D)
(GenBank accession no. HQ657204) sequence of Paenibacillus sp. strain
MTCC 5639 showed a high level of similarity to those of Paenibacillus
polymyxa. We therefore designed primers Gluc1C-BamHI-F and Gluc1C-
SalI-R (Table 1) based on the �-glucosidase gene sequence of Paenibacillus
polymyxa (GenBank accession no. M60211) and amplified the �-glucosi-
dase (Gluc1C) gene from the Paenibacillus sp. strain MTCC 5639 genome.
The gene for Gluc1C was further cloned in pQE30 and sequenced com-
mercially (Macrogen), and the nucleotide sequence was deposited in the
GenBank database.

Design and construction of fusion proteins. Six fusion constructs
consisting of Endo5A and Gluc1C, EG1 to EG6, were designed based on
change in position and introduction of a linker in between. Two kinds of
glycine-serine linkers were used in the construct: GGGGSGGGGS
[named (G4S)2] and GGGGSGGGGSGGGGS [named (G4S)3]. The fu-
sion constructs were amplified using the primers listed in Table 1 as fol-
lows. EG1 or Endo5A-Gluc1C, where Endo5A was at the N terminus and
Gluc1C was at the C terminus, was constructed by amplifying Endo5A
and Gluc1C using primer sets Endo-BamHI-EG1-F/Endo-SacI-EG1-R
and Gluco-SacI-EG1-F/Gluc1C-SalI-R, respectively. EG2 or Gluc1C-
Endo5A, where Gluc1C was at the N terminus and Endo5A was at the C
terminus, was constructed by amplifying Gluc1C and Endo5A using
primer sets Gluco1C-BamHI-F/Gluco-SacI-EG2-R and Endo-SacI-EG2-
F/Endo-SalI-EG2-R, respectively. EG3 or Endo5A-(G4S)2-Gluc1C, where
Endo5A was at the N terminus and Gluc1C was at the C terminus with
(G4S)2 in between, was constructed by amplifying Endo5A and Gluc1C
using primer sets Endo-BamHI-EG1-F/Endo-SacI-EG3-R and Gluco-
SacI-EG1-F/Gluc1C-SalI-R, respectively. EG4 or Gluc1C-(G4S)2-
Endo5A, where Gluc1C was at the N terminus and Endo5A was at the C
terminus with (G4S)2 in between, was constructed by amplifying Gluc1C
and Endo5A using primer sets Gluco1C-BamHI-F/Gluco-SacI-EG4-R
and Endo-SacI-EG2-F/Endo-SalI-EG2-R, respectively. EG5 or Endo5A-
(G4S)3-Gluc1C, where Endo5A was at the N terminus and Gluc1C was at
the C terminus with (G4S)3 in between, was constructed by amplifying
Endo5A and Gluc1C using primer sets Endo-BamHI-EG1-F/Endo-SacI-
EG5-R and Gluco-SacI-EG1-F/Gluc1C-SalI-R, respectively. EG6 or
Gluc1C-(G4S)3-Endo5A, where Gluc1C was at the N terminus and
Endo5A was at the C terminus with (G4S)3 in between, was constructed by
amplifying Gluc1C and Endo5A using primer sets Gluco1C-BamHI-F/
Gluco-SacI-EG6-R and Endo-SacI-EG2-F/Endo-SalI-EG2-R, respec-
tively. All of the amplified products were digested with restriction en-
zymes, as noted in the names of the primers, and cloned at the
corresponding restriction sites of pQE30 to obtain plasmids pQE-EG1 to
pQE-EG6.

Enzyme expression and purification. The plasmid constructs pQE-
Endo5A (1), pQE-Gluc1C, and pQE-EG1 to pQE-EG6 mentioned above
were used to transform E. coli DH5�, and recombinant proteins were

expressed at the 1-liter shake-flask level in Luria-Bertani (LB) medium
containing ampicillin upon induction with 1 mM IPTG (isopropyl-�-D-
thiogalactopyranoside). The cells were lysed via sonication, and recombi-
nant proteins were purified on Ni-nitrilotriacetic acid (NTA) resin
(Qiagen) as per the manufacturer’s guidelines. The purified fractions were
pooled, dialyzed against the assay buffer, and used for further character-
ization.

Enzyme assays. �-Glucosidase activity was determined by incubating
the enzyme with 5 mM para-nitrophenyl-D-glucopyranoside (pNPG) in
50 mM citrate buffer (pH 6.0) in 0.55 ml at 50°C for 15 min (14). The
reaction was stopped by adding 1 ml of 1% sodium carbonate, and the
absorbance was measured at 400 nm. One unit of �-glucosidase activity
was defined as the amount of enzyme that produced 1 �mol of para-
nitrophenol per minute. Endoglucanase activity of the recombinant pro-
teins was measured by the 3,5-dinitrosalicylic acid (DNSA)-based Nelson
and Somogyi method as described earlier (1). One unit of endoglucanase
was defined as 1 �mol of reducing sugar released from carboxymethyl
cellulose (CMC) per minute. To evaluate the impact of �-glucosidase on
enhancement of Endo5A activity, increasing amounts of Gluc1C were
added to 8 mU of Endo5A, and the amount of reducing sugar released was
estimated by the DNSA method. To evaluate the endoglucanase activities
of recombinant chimeras, 25 mM glucono-�-lactose, an inhibitor for
�-glucosidase activity, was added to the reaction mixture. The protein
concentration was measured according to the bicinchoninic acid assay
(BCA) method with bovine serum albumin (BSA) as the standard.

Measurement of pH and temperature optima and thermostability of
the enzymes. The activities of purified recombinant enzymes were mea-
sured under different pH conditions to determine the optimal pH. Four
buffers of various pH ranges—50 mM citrate phosphate buffer (pH 3.0 to
6.0), 50 mM sodium phosphate buffer (pH 6.0 to 7.0), 50 mM Tris-HCl
buffer (pH 7.0 to 9.0), and 50 mM carbonate buffer (pH 10.0)—were used
in the assay, and enzyme activity was determined as described above. The
optimal temperature for enzyme activity was determined by incubating
reaction mixtures over a temperature range of 20 to 70°C and determining
their activity. The thermal stability of the �-glucosidase domain was de-
termined by incubating the enzymes at various temperatures for 30 min,
cooling them down to ambient temperature, and then initiating the reac-
tions by the addition of the substrate. The formation of p-nitrophenol was
determined as described before. To analyze the in silico thermostability of
�-glucosidase, the sequences of Gluc1C and EG5 were submitted to the
I-TASSER web server, and the structural parameters obtained were ana-
lyzed using Discovery Studio 3.1 Visualizer software as detailed earlier
(21).

Determination of kinetic parameters. For determination of Km and
Vmax, seven different substrate concentrations were used in the range of
0.15 to 10 mM pNPG for �-glucosidase and nine different substrate con-
centrations were used in the range of 0.1 to 0.9 mg/ml CMC for endoglu-
canase. The Km and Vmax were determined directly from the hyperbolic

TABLE 1 List of primers used for amplification of various constructs

Primer name Primer sequence

Gluc1C-BamHI-F ACTGGATCCATGAGCGAGAATACCTTTA
Gluc1C-SalI-R CACTGTCGACTTAAAACCCGTTCTTCGC
Endo-BamHI-EG1-F AGGATCCGCCAGCGTGAAAGGATA
Endo-SacI-EG1-R AGAGCTCTTCGGCGCTTGCTTTCG
Gluco-SacI-EG1-F AGAGCTCATGAGCGAGAATACCTTTA
Gluco-SacI-EG2-R AGAGCTCAAACCCGTTCTTCGCCAT
Endo-SacI-EG2-F AGAGCTCGCCAGCGTGAAAGGATA
Endo-SalI-EG2-R TACAGTCGACCTATTCGGCGCTTGCTTTCG
Endo-SacI-EG3-R AGAGCTCCGACCCACCACCGCCCGAGCCACCGCCACCTTCGGCGCTTGCTTTCG
Gluco-SacI-EG4-R AGAGCTCGACCCACCACCGCCCGAGCCACCGCCACCAAACCCGTTCTTCGCCAT
Endo-SacI-EG5-R AGAGCTCCGAGCCACCGCCACCCGACCCACCACCGCCCGAGCCACCGCCACCTTCGGCGCTTGCTTTCG
Gluco-SacI-EG6-R AGAGCTCCGAGCCACCGCCACCCGACCCACCACCGCCCGAGCCACCGCCACCAAACCCGTTCTTCGCCAT
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curve fitting of the Michaelis-Menten equation generated using Sigma
Plot (Jandel Scientific). kcat was determined by the formula Vmax/Et, where
Et is the total enzyme concentration in �mol ml�1.

Pretreated biomass hydrolysis. Cellulosic biomass used for the en-
zyme amenability assay was prepared by a process of alkaline fractionation
(A. M. Lali et al., 2010, patent application PCT/IN2010/000355) from rice
straw. Solid biomass (7% [wt/vol]) was reacted with 10% (wt/vol) aque-
ous NaOH at 130°C for 20 min. The recovered residue was repeatedly
washed with water to remove the residual alkali and further neutralized to
pH 7.0 for the reaction. For enzymatic hydrolysis, the pretreated rice straw
(11.8 g/liter) was incubated with different amounts of Endo5A, Endo5A-
Gluc1C mixture, and EG5 in 50 mM sodium phosphate buffer (pH 7.0)
for 4 h at 40°C, since �-glucosidase activity is stable at this temperature for
a longer duration. Sugar released upon addition of EG5 to commercial
cellulase NS50013 (Novozyme) was determined by incubating pretreated
rice straw with either NS50013 (1 filter paper unit and 6 CMC units per g
biomass) alone or NS50013 along with EG5 (6 CMC units per g biomass).
The glucose, cellobiose, and cellotriose released were analyzed by high-
pressure liquid chromatography (HPLC) (Agilent) using an Aminex 85H
column (Bio-Rad) with 5 mM H2SO4 as the eluent.

CD spectroscopy. A spectropolarimeter (Jasco, Easton, MD) with a
rectangular quartz cell with a 0.1-cm path length was used to perform
circular dichroism (CD) spectroscopy. Spectra were acquired using an 8-s
time response and a 100-nm/s scan speed. The spectra obtained were
averaged for five acquisitions. Proteins were analyzed at 1.5 �M in 50 mM
sodium phosphate buffer (pH 7.5). All spectra, with correction for the
buffer background, were acquired from 200 to 250 nm. The temperature
of the sample was varied during the experiments and measured by a sensor
built into the cuvette holder. The experimental data obtained for the CD
signal at 220 nm with respect to temperature were normalized (Origin
software), and a sigmoidal curve (SigmaPlot) was plotted to calculate the
melting temperature (Tm).

Nucleotide sequence accession number. The nucleotide sequence of
the gene coding for Gluc1C has been deposited in the GenBank database
under accession no. JQ713769.

RESULTS
Characterization of a �-glucosidase from Paenibacillus sp.
strain MTCC 5639. Paenibacillus ICGEB2008 (MTCC 5639) (1),
isolated from the gut of Helicoverpa armigera, showed significant
pNPG activity (2.4 mU/108 cells) in the intracellular fraction. We,
therefore, designed primers to amplify the �-glucosidase gene
from the genome of Paenibacillus sp. strain MTCC 5639 based on
the sequence available from the neighboring strain, cloned the
amplified product in an E. coli vector, and sequenced it. An open
reading frame (ORF) of 1,347 bp was detected in the amplified
product that encoded a 448-amino-acid-long 51.7-kDa polypep-

tide with a theoretical pI of 5.06. The ORF sequence (GenBank
accession no. JQ713769) exhibited 99% identity at the nucleotide
and protein level with Bacillus polymyxa �-glucosidase (GenBank
accession no. M60211.1) and contained the glycosyl hydrolase
superfamily 1 domain without any signal sequence. We expressed
full-length �-glucosidase (Gluc1C) of Paenibacillus sp. strain
MTCC 5639 in E. coli along with the 6-histidine tag, purified it
through metal affinity chromatography, and characterized its ac-
tivity (Fig. 1 and Table 2). Gluc1C hydrolyzed oligosaccharides of
up to five chain lengths, although the efficiencies of hydrolysis
of cellobiose and cellotriose were significantly higher than those of
cellotetraose and cellopentaose (see Fig. S1 and Table S1 in the
supplemental material).

We had shown previously that endoglucanase (Endo5A) of
Paenibacillus sp. strain MTCC 5639 yields cellobiose upon incu-
bation with CMC as the substrate (1). It was likely that addition of
Gluc1C in the same reaction mixture would increase the reducing
sugar concentration since Gluc1C would convert this cellobiose
into glucose. Indeed, there was a gradual increase in reducing
sugar concentration upon increasing addition of Gluc1C (Fig. 2).
We therefore envisaged that the construction of a bifunctional
fusion protein with the catalytic domains from Endo5A and
Gluc1C would be likely to have enhanced cellulolytic activity and
reduced production cost.

Design, synthesis, and characterization of bifunctional fu-
sion proteins. It has often been observed previously that the fu-
sion of two or more catalytic domains leads to reduction in cata-
lytic activity of one or both of the domains (2, 18, 19). We,
therefore, decided to construct six fusion proteins, each contain-
ing a catalytic domain of Endo5A and Gluc1C, as mentioned in
Materials and Methods. We selected a commonly used glycine-
serine linker of two chain lengths to join the two enzymes, and we
changed the positions of the enzymes as well. The resultant con-
structs EG1 to EG6 were expressed in E. coli with a 6-histidine tag
at the N terminus and purified through metal affinity chromatog-
raphy (Fig. 1). Differences in specific activities were observed
among all of the constructs (Table 2). There was no direct rela-
tionship of chain length of linkers with either endoglucanase or
�-glucosidase activity. However, the longest-chain-length linker,

FIG 1 SDS-PAGE gel profile of recombinant enzymes after affinity purifica-
tion. Lane 1, EG1; lane 2, EG2; lane 3, EG3; lane 4, EG4; lane 5, EG5; lane 6,
EG6; lane 7, Endo5A; lane 8, Gluc1C; lane M, molecular mass marker.

TABLE 2 Specific activities of recombinant enzymes

Activity and recombinant protein
Sp act
(U mg�1)

Molar sp act
(U �mol�1)

Fold change
in activity

�-Glucosidase
Gluc1C 5.8 307 1.0
EG1 (Endo5A-Gluc1C) 6.4 608 1.9
EG2 (Gluc1C-Endo5A) 4.4 418 1.3
EG3 [Endo5A-(G4S)2-Gluc1C] 3.2 304 0.98
EG4 [Gluc1C-(G4S)2-Endo5A] 4.1 389 1.2
EG5 [Endo5A-(G4S)3-Gluc1C] 10.5 997 3.2
EG6 [Gluc1C-(G4S)3-Endo5A] 4.8 456 1.5

Endoglucanase
Endo5A 24.2 1,016 1.0
EG1 (Endo5A-Gluc1C) 19.7 1,871 1.8
EG2 (Gluc1C-Endo5A) 21.8 2,071 2.0
EG3 [Endo5A-(G4S)2-Gluc1C] 20.5 1,947 1.9
EG4 [Gluc1C-(G4S)2-Endo5A] 21.6 2,054 2.0
EG5 [Endo5A-(G4S)3-Gluc1C] 22.6 2,147 2.1
EG6 [Gluc1C-(G4S)3-Endo5A] 21.7 2,061 2.0
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(G4S)3, yielded the highest activity. The EG5 construct with the
Endo5A-(G4S)3-Gluc1C fusion protein resulted in a 3.2-fold
higher molar specific activity for �-glucosidase and a 2-fold higher
molar specific activity for endoglucanase than its individual coun-
terpart.

Evaluation of kinetic parameters of bifunctional fusion pro-
teins. We further studied the reaction processes and catalytic
events for the fusion proteins by determining Km, a measure of
substrate affinity, and kcat/Km, a measure of catalytic efficiency.
With respect to �-glucosidase activity, the Km and kcat/Km of the
fusion constructs ranged from 2.7 to 8.4 mM and 0.62 to 6.40
mM�1 s�1, respectively (Table 3). These results indicated that
fusion of two catalytic domains had either a favorable or adverse
impact on the substrate affinity and catalytic efficiency of en-
zymes, depending upon the domain positioning and the kind of
linkers used. Similar results were obtained for endoglucanase ac-
tivity, where the Km and kcat/Km of the fusion constructs ranged
from 0.76 to 3.00 mg ml�1 and 1.0 �105 to 2.0 �105 ml mg�1 s�1,
respectively (Table 3). The �-glucosidase activity was sensitive to
its position as it showed decline in affinity and catalytic efficiency
when Gluc1C was placed at the N terminus. Neither the position-
ing nor the linker size showed any trend for endoglucanase activity
in the fusion. EG5 stood out among all of the fusion constructs for
having 1.5-fold higher substrate affinity and 2-fold higher cata-
lytic efficiency for the �-glucosidase domain than Gluc1C alone.
In addition, EG5 constructs showed similar Km values and 2-fold
higher catalytic efficiency for the endoglucanase domain than the
Endo5A alone. The favorable results of EG5 prompted us to char-
acterize it further.

Biochemical and biophysical characterization of EG5. The
bifunctional EG5 construct that contained the Endo5A domain at
the N terminus and the Gluc1C domain at the C terminus with a
triplicate glycine-serine repeat in between [Endo5A-(G4S)3-
Gluc1C] demonstrated higher specific activity and catalytic effi-
ciency for both of its substrates than either Endo5A or Gluc1C
alone. Interestingly, the expression level of EG5 in E. coli was also
found to be higher than that of Endo5A or Gluc1C alone (see
Table S2 in the supplemental material). The inhibition kinetics for
�-glucosidase activity using glucono-�-lactose as an inhibitor in-
dicated a similar Ki (�1.2 mM) for both Gluc1C and EG5 (see Fig.

S2 in the supplemental material). The EG5 construct also showed
similar pH and temperature optima for its activities, as shown by
Endo5A or Gluc1C alone: i.e., 50°C and pH 6 to 7 for endogluca-
nase activity (Fig. 3A and B) and 50°C and pH 6 for �-glucosidase
activity (Fig. 3C and D). We noticed that while the endoglucanase
activity of recombinant enzymes showed �60% of optimal activ-
ity between 30°C and 70°C (Fig. 3A), the �-glucosidase activity of
recombinant enzymes declined sharply at higher temperatures
(Fig. 3C). We therefore evaluated the thermal stability of the
�-glucosidase activity of Gluc1C and EG5 at various tempera-
tures. The �-glucosidase activity of the EG5 construct showed
higher thermostability at all temperatures tested compared to
Gluc1C (Fig. 4A and B). The EG5 construct demonstrated a 4-fold
higher half-life (7.5 min) at 55°C than the Gluc1C half-life (1.9
min), indicating that the Gluc1C domain of EG5 attained some
sort of structural stability upon fusion. We further studied the
stability of secondary structures of EG5 at various temperatures
using CD spectroscopy. A melting curve was generated by gradu-
ally increasing the temperature and monitoring the signal at 222
nm (Fig. 4C). The melting temperature (Tm) of Gluc1C was found
to be 45.2°C, while Endo5A exhibited a Tm of 64.3°C. The EG5
chimeric protein exhibited an expected biphasic melting curve
corresponding to its �-glucosidase and endoglucanase domains
(Fig. 4C). The Tms for �-glucosidase and the endoglucanase do-
main of EG5 corresponded to 50.5°C and 73.5°C, respectively. The
5°C and 9°C upward shifts in Tm for Gluc1C and the Endo5A
domain of EG5, respectively, clearly indicated higher thermosta-
bility of the EG5 chimeric protein and partly explained the ratio-
nale for the 4-fold higher half-life of �-glucosidase activity at
55°C. We further performed in silico analysis of EG5 structure by
predicting its three-dimensional structure using the I-TASSER
web server and comparing the structural parameters that affect
thermostability of proteins (21) using Discovery Studio 3.1 Visu-
alizer software. The �-glucosidase domain of EG5 showed a
significant increase in values of parameters that had been
shown earlier (21) to contribute to the thermostability of pro-
teins (Table 4).

TABLE 3 Kinetic parameters of recombinant enzymes

Activity and recombinant protein
Km (mM or
mg ml�1)a

kcat/Km (mM�1 s�1 or
ml mg�1 s�1 � 105)b

�-Glucosidase
Gluc1C 4.2 3.23
EG1 (Endo5A-Gluc1C) 3.8 1.90
EG2 (Gluc1C-Endo5A) 8.1 0.93
EG3 [Endo5A-(G4S)2-Gluc1C] 6.7 0.70
EG4 [Gluc1C-(G4S)2-Endo5A] 8.4 0.62
EG5 [Endo5A-(G4S)3-Gluc1C] 2.7 6.40
EG6 [Gluc1C-(G4S)3-Endo5A] 4.3 0.89

Endoglucanase
Endo5A 0.97 1.0
EG1 (Endo5A-Gluc1C) 1.14 1.9
EG2 (Gluc1C-Endo5A) 2.01 1.5
EG3 [Endo5A-(G4S)2-Gluc1C] 3.00 1.7
EG4 [Gluc1C-(G4S)2-Endo5A] 2.25 1.7
EG5 [Endo5A-(G4S)3-Gluc1C] 0.96 2.0
EG6 [Gluc1C-(G4S)3-Endo5A] 0.76 1.8

a Km was calculated in mM for �-glucosidase and mg ml�1 for endoglucanase activity.
b kcat/Km was calculated in mM�1 s�1 for �-glucosidase and ml mg�1 s�1 for
endoglucanase activity.

FIG 2 Impact of Gluc1C addition to Endo5A on reducing sugar concentra-
tion. Recombinant Endo5A and Gluc1C purified through metal affinity chro-
matography were used for the assay. Endo5A (0.008 U) was incubated with
CMC as the substrate in the presence of various amounts of Gluc1C. The graph
has been plotted as the percentage of increase in reducing sugar concentration
upon addition of Gluc1C compared to that with Endo5A alone.
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Channeling effect of EG5. When the EG5 chimeric protein
containing 8 mU of endoglucanase and 4 mU of �-glucosidase
activity was incubated with CMC in the absence of glucono-�-
lactose (inhibitor for �-glucosidase), it released 19% higher re-
ducing sugar compared to the EG5 chimera in the presence of
glucono-�-lactose (Fig. 5A), indicating a favorable role of Gluc1C
in the EG5 chimera in releasing reducing sugars. More impor-
tantly, EG5 released 10% higher reducing sugar than the physical
mixture of Endo5A and Gluc1C containing similar amounts of
endoglucanase and �-glucosidase. This observation suggested
that the close proximity of Gluc1C with Endo5A in the EG5 chi-
mera helped channeling of hydrolyzed products between the two
catalytic domains and resulted in improved hydrolysis.

We further evaluated hydrolysis of lignocellulosic biomass us-
ing Endo5A, Gluc1C, and EG5 chimeric enzyme. We used alkali-
treated rice straw for this purpose and monitored cellulose hydro-
lysates using HPLC. We could only detect cellobiose and glucose
in the hydrolysate through HPLC. There was a successive increase
in sugar release upon increasing the concentration of Endo5A,
which showed a sign of saturation toward higher amounts of
Endo5A (Fig. 5B). Endo5A mixed with Gluc1C showed a similar
pattern of sugar release. EG5, on the other hand, showed a linear
increase in sugar release with increasing enzyme amounts, and the
amount of sugar released at 128 U of endoglucanase was 24%

higher than that with Endo5A alone or the Endo5A-Gluc1C mix-
ture (Fig. 5B). Upon analysis of the amount of glucose present in
the sugar mixture, EG5 yielded the highest level of glucose, 5-fold
higher than Endo5A and 2-fold higher than the Endo5A-Gluc1C
mixture (Fig. 5C). Here also, the larger amount of glucose pro-
duced by the same amount of EG5 is an indication of intermediate
channeling for cellulose hydrolysate.

Evaluation of EG5 for commercial application. We compared
the specific CMCase activity of EG5 with that of the commercial
enzyme NS50013 at pH 4.8 and 7.0. The commercial preparation
exhibited a specific activity of 3.1 U/mg at pH 4.8 and a negligible
activity at pH 7.0 (Fig. 6A). EG5 yielded 6- and 70-fold higher
specific activities at pH 4.8 and 7.0, respectively, than the NS50013
preparation. We further evaluated the impact of addition of EG5
in commercial preparation on the hydrolysis of pretreated bio-
mass. Addition of EG5 (6 CMC units/g biomass) to NS50013 (1
FPU plus 6 CMC units/g biomass) resulted in a nearly 50% in-
crease in total reducing sugar release and a 20% increase in glucose
(C1) to cellotriose (C3) chain-length sugar release (Fig. 6B).

DISCUSSION

Production of cellulolytic enzymes in a cost-effective manner is
crucial for the economic viability of lignocellulosic ethanol. Since
a consortium of enzymes is required to perform the hydrolysis,

FIG 3 Temperature and pH optima of recombinant enzymes. The metal affinity-purified recombinant enzymes were tested for endoglucanase activity (A and
B) and �-glucosidase activity (C and D) at various temperatures (A and C) and pHs (B and D), and the optimal temperature and pH for their maximum activities
were determined.
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construction of bifunctional enzymes is likely to reduce the pro-
duction cost significantly. We constructed a series of chimeras
consisting of an endoglucanase (Endo5A) domain and a �-gluco-
sidase (Gluc1C) domain and analyzed their enzymatic potential.

Gluc1C for the chimeric proteins was cloned from Paenibacil-
lus sp. strain MTCC 5639 (1) and expressed in E. coli. Gluc1C
showed 99% homology with BglB (GenBank accession no.

AAA22264) of Paenibacillus polymyxa (15), and its biochemical
properties, such as optimal pH and temperature for enzyme activ-
ity, Km, and kcat, were found to be similar to those of type I �-glu-
cosidase, as described previously (14–16). It had been mentioned
earlier that bacterial �-glucosidase could hydrolyze cellodextrin
(16, 20). Gluc1C was found to hydrolyze cello-oligosaccharides
with a chain length of up to five sugars, with highest efficiency
toward cellobiose (see Fig. S1 and Table S1 in the supplemental
material).

During hydrolysis of cellulosic biomass, the substrates for
Gluc1C are generated in the form of cellobiose or cellodextrin via
the action of endo- or exoglucanase, which are then hydrolyzed
into monomers. This synergism is important for reaching the end
product (28). Along a similar line, we found that addition of
Gluc1C in the Endo5A-catalyzed reaction resulted in a higher re-
ducing sugar concentration (Fig. 2). This prompted us to con-
struct a bifunctional chimera based on Endo5A and Gluc1C. Two
such kinds of chimeras have been reported in the literature (18,
23). In one case, a fusion of endoglucanase and �-glucosidase
from Thermotoga maritima was made and reported to have both
activities, albeit they were 70% less than those of the individual
enzymes (18). In the second case, two types of endoglucanase and
an exoglucanase of Clostridium thermocellum were fused with a
�-glucosidase of Clostridium cellulovorans (23). Here, one of the
combinations, in which cellulosomal endoglucanase was fused
with �-glucosidase (CtCD-CcBG), resulted in improved thermal
stability of the �-glucosidase domain. In our study, we made six
constructs containing Endo5A and Gluc1C with different linkers
and positions and assessed their bifunctional characteristics.
Among the six constructs we made, the constructs that have the
Gluc1C domain at the C terminus resulted in higher ligand affinity
for pNPG compared to its N terminus positioning (Table 3). This
positioning was also found to be favorable in the previous report
for �-glucosidase activity (18). The remarkable enhancement in
specific activity, substrate affinity, and catalytic efficiency was
demonstrated by one of the constructs, EG5 [Endo5A-(G4S)3-
Gluc1C]. The extent of improvement in kinetic parameters for
both endoglucanase and �-glucosidase activities (Table 2 and Ta-
ble 3) was significantly higher than those of the other fusion con-
structs reported before (18, 23). EG5 also demonstrated a greater
half-life for �-glucosidase activity at higher temperatures (Fig. 4A
and B), possibly due to higher thermostability of the protein, as
observed by analyzing the melting curve through CD spectros-
copy. The in silico analysis of the structural parameters of EG5
further confirmed the higher thermostability for the �-glucosi-
dase domain (Table 4).

TABLE 4 In silico analysis of parameters affecting the structure of �-
glucosidase in EG5 chimera

Parametera

Result for enzyme:
% increase
in EG5Gluc1C EG5

Frac-nonpol buried area 0.26 0.28 7.8
Frac-exp-pol area 0.28 0.31 10.7
Helical content (%) 38.7 40.5 4.6
Hydrophobicity 0.62 0.67 8.1
a “Frac-nonpol buried area” denotes the contribution of nonpolar residues to the
buried surface area, and “Frac-exp-pol area” denotes the contribution of polar residues
to the exposed surface area. “Helical content” refers to the percentage of residues that
have an �-helical conformation in the protein. Hydrophobicity was calculated as the
fraction of the buried nonpolar area out of the total nonpolar area.

FIG 4 Thermostability of activities and structures of recombinant enzymes.
The �-glucosidase activities of recombinant Gluc1C (A) and EG5 (B) were
tested at various temperatures with respect to time. (C) The stability of sec-
ondary structures of Gluc1C, Endo5A, and the EG5 chimera was determined
by denaturing the recombinant enzymes with increasing temperature and
measuring the CD signals at 220 nm.
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An important aspect of any cellulolytic enzyme preparation is
the enzymes’ ability to hydrolyze the potential substrate for ligno-
cellulosic alcohol. We tested the hydrolysis of alkali-treated rice
straw using the same units of Endo5A, the Endo5A-Gluc1C mix-
ture, and the EG5 chimera. Here, EG5 not only showed 24%
higher sugar release compared to the other enzymes (Fig. 5B), but
it also yielded 5-fold and 2-fold higher levels of glucose than
Endo5A and the Endo5A-Gluc1C mixture, respectively (Fig. 5C).
This result clearly indicated the channeling effect of intermediates
in EG5, which led to a higher glucose concentration. Furthermore,
addition of EG5 to a commercial cellulase preparation signifi-
cantly enhanced its ability to release reducing sugars, indicating
the commercial applicability of EG5.

In conclusion, we have shown here characterization of a �-glu-
cosidase isolated from a Paenibacillus species and construction of
a series of chimeras consisting of endoglucanase and �-glucosi-
dase domains. One of the chimeras, EG5, showed outstanding
activity against its substrates and significantly higher thermosta-
bility. This chimera also released more glucose from the cellulosic
biomass than the enzyme mixture and therefore is a potential

FIG 5 Channeling effect of EG5 on cellulosic hydrolysates. (A) Reducing
sugar release from CMC as the carbon source. The EG5 fusion protein, con-
taining 8 mU of endoglucanase and 4 mU of �-glucosidase, was incubated with
CMC in the presence and absence of gluconolactone, and the relative increase
in reducing sugar release was plotted. Data from the physical mixture of
Endo5A and Gluc1C containing 8 mU of endoglucanase and 4 mU of �-glu-
cosidase are included in the graph for comparison. The EG5 chimera released
10% more reducing sugar than the physical mixture of the two enzymes. (B)
Comparison of sugars (glucose and cellobiose) released from pretreated bio-
mass by Endo5A, the Endo5A-Gluc1C mixture, and EG5. Enzymes corre-
sponding to 8, 32, and 128 U of endoglucanase, which contained 3.5, 14, and 55
U of �-glucosidase, respectively, in the case of the Endo5A-Gluc1C mixture
and EG5, were incubated with alkali-treated rice straw, and the sugars (glu-
cose and cellobiose) released were monitored by HPLC. (C) Amounts of glu-
cose and cellobiose released from pretreated biomass by recombinant enzymes
at 128 U of endoglucanase and 55 U of �-glucosidase.

FIG 6 (A) Comparison of the specific activity of EG5 with that of commercial
cellulase NS50013 at pH 4.8 and 7. (B) Increase in release in sugars from
pretreated biomass upon addition of EG5 to NS50013. The total amounts of
reducing sugars released were determined through the DNSA method, while
release of glucose (C1), cellobiose (C2), and cellotriose (C3) was determined
through HPLC.
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candidate for an enzyme cocktail in the manufacturing of ligno-
cellulosic alcohol.
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