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Abstract β-glucosidase (EC 3.2.1.21; BG) cleaves β-
glucosidic linkages in disaccharide or glucose-substituted
molecules. In an effort towards designing better BGs, we fo-
cused on the role of non-conserved residues across an other-
wise homologous BG active site tunnel and designed mutants
across the aglycone-binding site (V169C) and the gatekeeper
residues (I246A) of the active site tunnel. We expressed in
Escherichia coli, the Hore_15280 gene encoding a β-
glucosidase (BG) in Halothermothrix orenii . The
overexpressed and purified wild-type (B8CYA8) has a high
specific activity of 345 μmol/min/mg on pNPGlc and a half-
life of 1.13 h when assayed with pNPGlc at pH 7.1 and 70 °C.
The specific activities of V169C and I246Awere 1.7 and 1.2
times higher than that of wild-type (WT) enzyme with the
model substrate pNPGlc, while the activity on the natural
substrate cellobiose was slightly higher to the WT. The two
mutants were kinetically stable with 4.4- to 11-fold longer
half-life compared to the WT enzyme. When the two muta-
tions were combined to generate the V169C/I246A mutant,
the specific activity increased to nearly twofold higher than
WTon both substrates and the half-life increased fivefold. The

two single mutants also show enhanced saccharification of
insoluble natural biomass on supplementation of
Trichoderma viride cellulase cocktail. These enhanced prop-
erties suggest the need for a closer look at the active site tunnel
of these enzymes, especially across residues that are not con-
served towards improving catalytic efficiencies.
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Introduction

Cellulose is the major component of plant cell walls, one of
the most abundant polysaccharides found in nature and an
inexhaustible source of bioenergy. The hydrolysis of pre-
treated lignocellulosic biomass to produce sugars depends
on a minimum of three enzymes, namely endoglucanases
(EG), cellobiohydrolases (CBH), and β-glucosidase (BG),
that work synergistically to degrade the cellulose
(Chundawat et al. 2011; Woodward and Wiseman 1982).
BGs (EC 3.2.1.21) degrade cello-oligosaccharides like cello-
biose (Clb) to glucose (Datta 2016; Kuhad et al. 2011). β-
glucosidase activity in the cellulase is very important because
BG relieve product inhibition of CBH and EG by cellobiose
(Sørensen et al. 2013).

Thermophilic cellulases have been suggested to have
higher specific activities and higher stability (Sinha and
Datta 2016; Yeoman et al. 2010). One such thermophile,
Halothermothrix orenii is a moderate halophilic isolated from
a Tunisian hypersaline lake and the first true halophilic ther-
mophilic bacteria discovered (Cayol et al. 1994).H. orenii can
use a large variety of sugar components as energy source and
contains genes involved in the metabolism of cellobiose, glu-
cose, xylose, and other sugars (Mavromatis et al. 2009) and
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therefore was a part of our program towards studying and
improving extremophilic enzymes for biomass degradation.
During the course of our study, the biochemical and structural
characterization towards galacto-oligosaccharide synthesis by
using the β-galactosidase (BGAL) activity of B8CYA8 was
reported (Hassan et al. 2015, 2016). Subsequently, the same
group engineered this enzyme to improve the lactose conver-
sion and galacto-oligosaccharide production (Hassan et al.
2016). Our work is, however, focused on characterizing and
improving the β-glucosidase activity of the enzyme.

The multiple sequence alignments across a large set of 72
thermophilic BGs selected across different clades of a phylo-
genetic analysis indicated that there were residues which were
not conserved around the active site tunnel, in an otherwise
homologous protein (Heins et al. 2014). This piqued our in-
terest and we decided to initiate a study to understand the
effect of these differences in the hope of improving the cata-
lytic properties of this enzyme. The influence on enzyme ac-
tivity by residues located far from the active site has been
previously reported (Cao et al. 2015). We chose two such
residues, Val 169 and Ile 246. Val 169 is located at the
aglycone-binding site of the enzyme and Ile 246 is a residue
at the entrance to the active site tunnel, henceforth to be re-
ferred to as a gatekeeper residue (Fig. 1). By mutating Val to a
Cys, two hydrophobic residues are interchanged, without
disturbing the overall hydrophobic nature of the active site
tunnel. With the goal of decreasing steric clashes to allow
more substrates into the active site, Ile 246 was substituted
by Ala.

Here, we report the cloning, heterologous expression, and
detailed enzymatic characterization of B8CYA8 (wild-type,
WT) and its two mutants, V169C and I246A along with the
double mutant, V169C/I246A. Detailed kinetic and thermo-
stability studies across the wild-type and the three mutants,
and the effect on real biomass help us in comparing the mu-
tants with the wild-type. The results indicate the unique pos-
sibilities of further improvement and the use of variants of
B8CYA8 as part of a thermophilic cellulase cocktail for sac-
charification of biomass.

Materials and methods

Chemicals

All chemicals used were reagent grade and bought from
Sigma-Aldrich (St. Louis, USA). Restriction endonucleases,
DNA ligase, and DNA polymerase were purchased fromNEB
(Ipswich, USA). Primers were synthesized by Eurofins
(Bangalore, India). The active fractions post purification were
pooled and concentrated using 30 kDa cutoff size Amicon-
Ultra-15 membranes (EMD Millipore, Billerica, USA).
Trichoderma viride cellulase (Cat # C9422) and Trametes
versicolor laccase (Cat # 51639) was bought from Sigma-
Aldrich (St. Louis, USA) and almond β-glucosidase (Cat #
82870) from SRL (Chennai, India).

Cloning and expression

The synthetic gene corresponding to the BG from H. orenii
was constructed (Genbank ID KX808501) and assembled by
Gene Art (Thermo Fisher Scientific, Waltham, USA). The
gene was cloned into pBAD bacterial expression plasmid
(Thermo Fisher Scientific, Waltham, USA) and the resulting
plasmid named pSS1. The plasmid was transformed into the
Escherichia coli Top 10F′ cells (Life Technologies, La Jolla,
CA). An overnight culture of E. coli Top 10F′ (pSS1) in LB
media containing ampicillin (100 μg/mL), was used to inoc-
ulate LB ampicillin media (typically 100 mL) and the bacterial
culture was grown with constant shaking (225 rpm) at 37 °C.
When the OD600 reached 0.5–0.6, L-arabinose was added to
0.002 % (w/v) and protein induction proceeded for 4.5 h. The
cells were pelleted by centrifugation at 4000×g for 10 min at
4 °C and then stored at −20 °C until purification of the protein.

Mutants The V169C and I246A mutations were introduced
into pSS1 via a modified overlap extension PCR method. In
brief, the two mutants V169C and I246Awere generated via
mega primer-based polymerase chain reaction (PCR) muta-
genesis strategy (Brøns-Poulsen et al. 1998). Primers
(V169C 5 ′ -GACCTTCAAAAGCCACACACCAC
GGTTCGTTATG-3 ′ , I246A 5 ′-CAGAAACCATGC

Fig. 1 The important residues of the active site tunnel that play a role in
catalysis. These residues are fall under three categories, from bottom of
the tunnel to entry of the tunnel, glycone binding (W122, cyan); aglycone
binding (V169, magenta); and gatekeeper regions (W168, E173, and
I246, green). Catalytic acid/base residue and catalytic nucleophilic
residue marked as yellow, glucose was shown in stick. Mutations have
been created in one of the gate keeper residues, I246A and V169C at the
aglycone region. This figure has been generated using Chimera 1.10.1
(Pettersen et al. 2004)
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ATTAGCGTAGTCATCCAGCAATG-3 and V169C/I246A
were designed by using OligoAnalyzer (IDT Technology)
and ApE (ApE Plasmid Editor, version 2.0.49 by M. Wayne
Davis). The mutant genes were also cloned into pSS1 and
transformed in E. coli expression strain TOP10F′. Each muta-
tion was verified at the IISER Kolkata sequencing facility.

Protein purification The protein was purified using a
protocol similar to as detailed here (Goswami et al.
2016). The purity of B8CYA8 was confirmed by
SDS–PAGE on a 10 % gel (Supplementary Fig. S1).
The concentration of B8CYA8 was determined by mea-
suring the absorbance at 280 nm and by calculating the
extinction coefficient (ε280 = 106,230 M−1 s−1 with all
free cysteines) using the modified Edelhoch and
Gill/Von Hippel methods on Expasy (http://web.expasy.
org/protparam/).

Enzyme activity assaysThe specific activity of B8CYA8was
assayed at 70 °C in 100mMHEPES buffer (pH 7.1) following
a previously published protocol using substrate p-
nitrophenyl-β-D-glucopyranoside (pNPGlc) and cellobiose
(Clb), at saturating concentrations of each (Goswami et al.
2016). Clb hydrolysis produce two molecules of glucose and
the calibration curve used was based on the glucose produced.
The pH dependence of B8CYA8 was determined by measur-
ing specific activities of the enzyme on p-nitrophenyl-D-
glucopyranoside (pNPGlc) in the pH range of 4.0 to 10.0 at
70 °C after incubating the enzyme overnight at 4 °C in each
buffer. The effect of temperature on enzyme activity for
pNPGlc was measured from 25 to 80 °C while incubating in
100 mM HEPES buffer at pH 7.1. For the mutants, a similar
protocol was followed except that the temperature dependence
was measured using McIlvaine buffer, pH 6.5. The amount of
enzyme to be used and the time of the assay were optimized
for each enzyme based on the initial rate. Finally, specific
activity was measured under the optimum conditions applica-
ble to each enzyme.

Kinetic analysis

The kinetic parameters of B8CYA8 and the mutants were
determined using pNPGlc and cellobiose as the substrates.
The reaction conditions and the methods used to detect
enzymatic activity were as described above. The reaction
velocity was determined at different substrate concentra-
tions from 0.1 up to 4 times Km for each substrate. The
kinetic constants Km and kcat was calculated by a non-
linear regression of the Michaelis-Menten equation using
GraphPad PRISM version 5.0 (GraphPad Software, La
Jolla, CA).

Thermostability assay

Enzymes were incubated in the appropriate buffer (100 mM
HEPES buffer, pH 7.1 for wild-type enzyme and McIlvaine
buffer at pHopt for each mutant) at 70 °C. At regular time
intervals, aliquots were taken out, centrifuged, and assayed
for residual activity. Half-life times were determined using
the equation for a one-phase exponential decay in GraphPad
PRISM. For assays in the presence of additives, the enzymes
were first incubated with the additive for 30 min before the
addition of substrate to start the assay. For each additive,
blanks without enzyme were subtracted for any background
absorbance.

Differential scanning fluorimetry: The experimental proto-
col and data transformation and analysis were performed
using the DSFAnalysis protocol essentially as previously de-
scribed (Goswami et al. 2016; Niesen et al. 2007).

Insoluble substrate assay

Rice waste (husk) bought from rice processing mill, local
market. The husk was steam pre-treated at 121 °C and 15 lb.
pressure for 20 min followed by washing with filtered water
and air dried. A slurry was made up of 5 % (w/v) dried rice
huskmeasured in 100-mM sodium acetate buffer, pH 5 and all
the reactions were carried out at 37 °C with different combi-
nations of the following enzymes—T. viride cellulase (15 μg),
T. versicolor laccase (15 μg), and β-glucosidase (1 μg). The
hydrolysis reactions were carried out at pH 5, which is the
pHopt of the commercial T. viride cellulase. A commercially
available almond β-glucosidase (Sisco Research
Laboratories, Madras, India) was used as a control for the
recombinant wild-type and mutant enzymes. The reaction
mixture was heat inactivated at 95 °C for 10 min, followed
by measurement of the glucose generated with GOD-POD
assay kit (Sigma-Aldrich, St. Louis, USA).

Results

Cloning, expression, and purification of β-glucosidase
from H. orenii

The 1353-bp gene encoding the β-glucosidase from H. orenii
was cloned into a pBAD vector, (plasmid named as pSS1) and
expressed in E. coli. The enzyme was purified from crude
extract obtained from harvested cells as a soluble protein via
His-Trap affinity chromatography. The purification yielded
about 75 mg of pure protein from a 1000-mL shake flask
culture. Protein obtained at each step was analyzed by SDS-
PAGE, and the final purified enzyme showed a single band
with an apparent molecular mass of 53 kDa (Supplementary
Fig. S1). This molecular mass agrees well with the predicted
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size of B8CYA8. When overloaded, no other bands were seen
(data not shown) indicating the absence of any major impurity.
The expression levels of the mutants were similar as the wild-
type.

Characterization of B8CYA8 and mutants

B8CYA8 is active within the pH range of 5.0–7.5, retaining
more than 85 % of its specific activity, when activity was
determined after 24-h incubation at 4 °C. The WT enzyme
and the mutants is most active (pHopt) at pH 7.1 and 6.5,
respectively (Table 1). To find the temperature optimum
(Topt) at this pH, the enzyme activity assays were performed
between 30 to 80 °C with 20 mM pNPGlc. The Topt was
found to be 70 °C for the wild-type and 72 °C for the single
mutants (Table 1). The purified wild-type had a specific
activity of 345 ± 25 μmol min−1 mg−1 on pNPGlc. The
V169C shows a 1.7-fold increase in specific activity to
588 ± 44 μmol min−1 mg−1. I246A with a specific activity
of 424.3 ± 15 μmol min−1 mg−1 is 1.23-fold more active
than the WT. The two mutations combined into a double
mutant show an even higher specif ic act ivi ty at
653 ± 22 μmol min−1 mg−1. Similar increases were ob-
served with the natural substrate cellobiose with the specif-
ic activity higher than on pNPGlc in case of all mutants
other than in V169C. The double mutant shows the highest
activity at 712 ± 40 μmol min−1 mg−1 on Clb, which is
highest among either the WT or the single mutants, against
either of the two substrates.

The steady-state kinetic parameters of B8CYA8 were mea-
sured for pNPGlc and the natural substrate cellobiose and fit to
the Michaelis-Menten equation by a simultaneous non-linear
regression analysis fit, after an initial verification by
Lineweaver-Burk analysis (Fig. 2). On pNPGlc, both I246A
and V169C has an improved turnover number compared to
the WT, and the combined double mutant shows even higher
kcat (692 s−1) compared to the WT (339 s−1). Most BGs re-
ported in literature exhibit a higher activity over pNPGlc even
if higher activity on the real substrate cellobiose is what is
most desired (Bhatia et al. 2002). However, in the case of
B8CYA8, bothWTand I246A shows higher turnover number

on cellobiose compared to pNPGlc, while in V169C the turn-
over number for Clb is slightly lower than on pNPGlc. When
the two mutations are combined, the turnover number on cel-
lobiose is the highest (887 s−1) and increases 1.8-fold com-
pared to WT (494 s−1). Very high kcat/Km has been reported to
be one of the primary kinetic parameter for selecting the best
BGs (Teugjas and Väljamäe 2013). The V169C/I246A double
mutant is slightly more specific to cellobiose compared to the
WT as seen by the higher kcat/Km (Table 2).

Thermostability

To test the robustness of the enzyme, we measured the effect
of different solvents on the enzyme specific activity

Table 1 Specific activity, Topt, pHopt, and Tm of wild-type, I246A, V169C, and V169C/I246A mutants. The specific activities were determined at
saturating concentrations of each substrate. All assays for pHopt and Topt measurements were on pNPGlc

Parameters WT I246A V169C V169C/I246A

pHopt 7.1 6.5 6.5 6.5

Topt (°C) 70 72.0 72.0 70.0

Specific activity (μmol min−1 mg−1 on pNPGlc) 345 ± 25 424.3 ± 15 588 ± 44 653 ± 63

Specific activity (μmol min−1 mg−1 on Clb) 430 ± 26 443 ± 27 480 ± 35 712 ± 40

Tm (°C) 74.7 ± 0.2 74.5 ± 0.1 75.6 ± 0.1 75.0 ± 0.1

Fig. 2 Dependence of the rate of B8CYA8 WT (filled circles), V169C
(filled squares), I246A (filled triangles), and V169C/I246A (filled
inverted triangles) β-glucosidase-catalyzed hydrolysis of pNPGlc and
cellobiose, determined by visible spectrophotometry. The solid line
indicates the best fit of the Michaelis-Menten equation. The kinetic
parameters are listed in Table 2
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(Supplementary Table S1). B9CYA8 was particularly tolerant
to solvents. Thus in the presence of 5 % ethanol and 5 %
methanol, the relative enzyme activity compared to activity
measured in the absence of any alcohol is 97.8 and 88.3 %,
respectively. The three mutants show higher relative activity
compared to the activity in the absence of solvents. A similar
stability is observed in the presence of 5 % DMSO wherein
DMSO has no effect on enzyme stability. Ionic liquids (IL) are
another common class of compounds that have been known to
inactivate cellulase (Datta et al. 2010; Turner et al. 2003).
Recently, it has been shown that highly thermostable cellu-
lases are also tolerant to IL (Datta et al. 2010; Ferdjani et al.
2011). When we tested IL tolerance on two common ILs,
[C2C1im][MeSO3] and [C2C1im][C1C1PO4] at a high concen-
tration of 20 % (v/v), the WT enzyme showed a relative spe-
cific activity of 81.2 and 55.4 %, respectively, compared to
specific activity without IL. The two mutants also showed
similar tolerance to [C2C1im][MeSO3]. However, in the case
of [C2C1im][C1C1PO4], the V169C/I246A double mutant
shows 81 % activity compared to 60 % of the single mutants.

To measure the stability of these BGs at room temperature,
an aliquot of the WT and mutants were kept at room temper-
ature on the laboratory bench and the specific activity was
measured at the Topt of the enzymes, by taking out aliquots
at regular intervals. There was no change in specific activity
up to 32 days, which was the time till which the measurements
were made. The t1/2 of these enzymes was measured at 70 °C.
Half-life values for the wild-type and three mutants are listed
in Table 3. V169C shows an enhanced half-life of 11.6 h at
70 °C while the I246A has a half-life of 5 h, with the V169C
being more stable than the I246A, compared to the WT. The

double mutant has a half-life of 5.8 h, with a more than five-
fold increase compared to the WT. For the WT enzyme, the
half-life hugely increases from 1.13 to 30.8 h with a 5 °C drop
in the incubation temperature of the enzyme (data not shown).
Thus there seems to be advantage in using this enzyme at a
temperature slightly lower than the kinetic Topt without any
penalty in terms of reduction of specific activity.

Themid-point of the melting curve from a differential scan-
ning fluorescence (DSF) experiment is the temperature at
which 50 % of the protein has denatured upon heating (Tm)
and is a measure of the protein’s inherent thermal stability.
ΔTm of V169C, I246A, and V169C/I246A was measured
and indicates a gain in stability by around 0.9 and 0.3 °C in
V169C and V169C/I246A, respectively (Table 1). The in-
crease in the melting temperature of the mutants compared
to theWT indicates a gain in thermodynamic stability by these
two mutants.

Biomass saccharification

To verify enzyme activity on real biomass saccharification, we
chose the abundantly available rice husk. Rice husk was hy-
drothermally pre-treated for reducing the cellulose crystallin-
ity. After drying the rice husk, hydrolysis reactions were car-
ried out in the presence of commercial laccase and cellulase
and also supplemented, and compared with, commercially
available sweet almond BG. Laccase was also added for fur-
ther de-lignifications of the rice husk. At pH 5 (pHopt for the
commercial cellulase), both the WT enzyme and the mutants
retain between 60 and 65 % of specific activity of respective
enzymes (data not shown). The choice of temperature, 37 °C,
was also dictated by the optimum temperature of the T. viride
cellulase cocktail and clearly not at the optimum temperature
of the BGs which display lower activity at 37 °C. As observed
from Table 4, the mutant I246A has generated the highest
amount glucose (2.57 ± 0.04 mM) as compared to wild-type
(2.30 ± 0.12 mM), and mutant V169C (2.42 ± 0.09 mM) of
glucose, respectively. When laccase was present in the reac-
tionmixture, a slight increase of around 0.3 to 0.5mMglucose
generated was measured across the WT or I246A and V169C
mutants. The pre-treated biomass contains lignin and therefore
the increase was probably due to the laccase degradation of

Table 2 Kinetic parameters of wild type, I246A and V169C and V169C/I246A mutants. All measurements were at least repeated thrice and in
triplicates. S.D are within ± 8 % or less for each measurement

WT I246A V169C V169C/I246A

Kinetic parameters Cellobiose pNPGlc Cellobiose pNPGlc Cellobiose pNPGlc Cellobiose pNPGlc

kcat (s
−1) 494 339 515 415 576 605 887 692

Km (mM) 14 1.8 18.9 1.9 25.2 3.5 22.8 4.19

kcat/Km (mM−1s−1) 33.7 185.5 27.3 218 22.8 174 38.9 166

Table 3 Half-life of WT and V169C, I246A, and V169C/I246A
mutants at 343 K. All experiments were results of measurements in
triplicates and repeated at least twice

Enzyme t1/2 (h)

WT 1.13

V169C 11.6

I246A 5.0

V169C/I246A 5.8
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the lignin and aiding in the cellulase hydrolysis of the
cellulose.

Discussions

Many examples of semi-rational based protein engineering,
particularly in improving protein stability, based on the use
of evolutionary information from homologous protein se-
quences through multiple sequence alignments (MSAs) and
phylogenetic analyses have been previously reported in the
literature (Lutz 2010). Based upon information gathered from
protein structure, function, and sequence homology, we decid-
ed to preselect two sites for focused mutagenesis with limited
amino acid diversity. These two mutants were selected based
on the multiple sequence alignment with thermophilic BG
sequences (shown in the alignment in Supplementary
Fig. S2). These sequences were a subset of a previously re-
ported phylogenetic analysis with care taken to select se-
quences across each clade to avoid bias from over-
representation of similar sequences (Heins et al. 2014). We
decided to pay attention to non-conserved residues near to
the active site tunnel in order to understand their role in the
hydrolysis as well as thermal stability of BGs and possible
improvement (Fig. 1). Note that in spite of large sequence
similarities across BGs, these enzymes exhibit wide variations
in enzyme activity and stability, even across the smaller subset
of thermophilic BGs. In general, the glycone binding site of
active site tunnel is far more conserved across BGs than the
aglycone binding site or the gate keeper regions at the entrance
of the active site tunnel of BGs (de Giuseppe et al. 2014). The
MSA showed that among others, aglycone binding residue
V169 and gate keeper residue I246 is not conserved

(Supplementary Fig. S2A, B). Hence, these two residues were
chosen for the initial study—Val169 in aglycone binding site
inside the active site tunnel, and gatekeeper residue I246,
found at the entrance to the tunnel. Therefore the V169C
and I246A mutants were constructed. We chose the thermo-
philic BG from H. orenii as our enzyme of study and report
here the molecular cloning of the gene in E. coli, and the
functional characterization of the product of the overexpressed
B8CYA8 BG as well as the three mutants generated.

The WTand the mutants are tolerant to a wide range of pH
and temperature and show high activity and thermal stability.
The two to threefold gain in turnover numbers by the three
mutants are significant improvements over the WT enzyme.
The numbers are particularly high in the context of BG’s from
thermophilic organisms. Thermoanaerobacterium
thermosaccharolyticum BG with a Topt at 70 °C has the kcat
of 104 s−1 on pNPGlc (Teugjas and Väljamäe 2013). The
higher activity BGs reported in the literature are mostly from
fungal origin. For example, Aspergillus niger BG has a turn-
over number of 2780 s−1 on cellobiose and 917 s−1 on pNPGlc
at 40 °C which means that there is a lot of scope in improving
the specific activity of these thermophilic BGs to be consid-
ered as a replacement of fungal BGs in larger-scale sacchari-
fications (Yan et al. 1998).

B8CYA8 (WT) has typical (β/α)8 TIM-barrel fold adopted
by retaining GH1 enzymes (Hassan et al. 2015). Based on the
crystal structure, the active site appears at the end of a thin
narrow tunnel at the bottom of which, the catalytic acid/base
residue E166 and residue E354 acting as a nucleophile is
located. When catalysis commences, the non-reducing end
of the substrate is positioned at the bottom of the tunnel to
maximize the interaction of hydroxyl groups of the non-
reducing end with respective residues of the enzyme. BGs
removes glyconemoiety, i.e., glucose with hydrolysis of water
from the bottom (Hrmova et al. 1998). We speculate that these
steps are tightly regulated in enzymes like B8CYA8 and the
mutants to achieve the very high turnover numbers. One of the
primary requirements for such high turnover numbers is the
absence of stable polar interaction across the active site tunnel
such that the oxocarbonium ion-like transition step would be
short lived. The absence of the polar interaction facilitates the
spontaneous hydrolysis step, along with the lack of access of
the product glucose to the catalytic residues to prevent inhibi-
tion of catalysis (Hassan et al. 2015). Most of the amino acid
residues of B8CYA8 present across the glycone and aglycone
binding sites and the gate keeper residues are highly hydro-
phobic. Some of these includeW122, W409, andW401 at the
−1 subsite, V169, W327 at +1 subsite, and W168 and I246 at
+2 subsite. Some of these important residues are shown in
Fig. 3a. From our crystal structure analysis, it is conjectured
that there are similarly fewer polar contacts between water and
the mutated residues. Only I246A has polar contact with water
at the +2 subsite though there is a similar interaction in theWT

Table 4 Activity assays on hydrothermally pre-treated rice husk
(5 % w/v), with commercially available enzymes—Trichoderma viride
cellulase cocktail (Cel), and Trametes versicolor laccase (Lac)

Enzymes Glucose produced (mM)

Cel 2.06 ± 0.06

Cel + Lac 2.13 ± 0.05

Cel + almond BG 2.36 ± 0.03

Cel + WT 2.30 ± 0.12

Cel + I246A 2.57 ± 0.04

Cel + V169C 2.42 ± 0.09

Cel + Lac + Almond BG 2.50 ± 0.05

Cel + Lac + WT 2.57 ± 0.10

Cel + Lac + I246A 2.76 ± 0.02

Cel + Lac + V169C 2.97 ± 0.07

The hydrolysis reaction was carried out with 15 μg recombinant wild-
type B8CYA8 (WT) and its mutants I246A and V169C (1 μg each when
used), over 12 h at 37 °C in 100 mM sodium acetate buffer, pH 5, and
glucose generated was measured by GOD-POD assay
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enzyme too (Fig. 3b). In the −1 subsite, V169C does not have
any kind of interaction with water either in WTas valine or as
a cysteine in the mutant. Absence of stable, polar contacts as
revealed from the glucose complexed structure might also
explain the apolar environment across the active site tunnel
which could promote the high rate of catalysis observed here
(de Giuseppe et al. 2014). Also, the side chain of cysteine
occupies lesser volume than that of valine and might allow
greater access to substrates at this site. For the I246A mutant,
the sterics probably play a similar role. The mutation of iso-
leucine to alanine in the case of I246A, reduces the side chain
volume by almost 35 %, allowing more substrate to enter into
the active site (Lee et al. 2012). The absence of substrate
inhibition might also indicate the presence of a secondary
binding site that binds substrate or product molecules,
resulting in enhanced catalysis (Souza et al. 2013; Zanoelo
et al. 2004).

One of the important conditions of efficient lignocellu-
losic biomass saccharification is the pre-treatment of bio-
mass to reduce the crystallinity of cellulose and allow
cellulase to access the cellulose. While we have used hy-
drothermal pre-treatment of rice husk followed by enzyme

hydrolysis to obtain satisfactory sugar yields in compari-
son of commercial cellulases (vide infra), other methods
like ionic liquid pre-treatment are important new and
green methods to consider (Sheldon et al. 2002). ILs are
green solvents typically consisting of an organic cation
and either an organic or inorganic anion, and hold great
promise for biomass pre-treatment (Swatloski et al. 2002).
Most cellulases, and in particular β-glucosidases reported
thus far are inactive in the presence of ionic liquids and
(Heins et al. 2014). Recently, high thermostability of gly-
cosidases have been correlated to biocatalytic reaction ef-
ficiency in water-miscible ILs (Ferdjani et al. 2011). We
tested two ionic liquids of same cation but different an-
ions, [C2C1im][MeSO3] (1-ethyl-3-methylimidazolium
methane sulfonate) and [C2C1im][C1C1PO4] (1-ethyl-3-
methylimidazolium dimethyl phosphate). The high rela-
tive specific enzyme activity indicates high tolerance on
these two ionic liquids. One operational advantage of a
thermostable β-glucosidase is the possibility of reducing
contamination and improving the quality and yield (Liu
et al. 2011). Both the WT and the two mutants have ex-
cellent stability against thermal denaturation. The gain of

Fig. 3 Figure showing
interaction of a few of the residues
mentioned in Fig. 1 along with
catalytic residues, glucose and
water molecules (shown in balls
and sticks) for wild-type (a) and in
the mutant (b) showing both the
mutations, the mutants were
generated in silico using Pymol
(The PyMOLMolecular Graphics
System, Version 1.8 Schrodinger
LLC. https://www.pymol.org/). a
V169, one of the selected residue
side chain is shown in green
backbone. Very few water
molecules are present at the site of
catalysis. Aglycone binding
residue W121 has one polar
contact with water (2.8 Å) and
gatekeeper residue I246 has one
polar contact with water at same
distance. b V169 is mutated to
C169 containing a sulfhydryl
group. The gatekeeper residue
I246 is shown as mutated to I246
A. Both mutants are colored in
gray. Polar contacts remained at
similar distances as in wild-type
(2.8 Å). The coordinates for these
figures were taken from PDB file
4PTX (Hassan et al. 2015)
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half-life at 70 °C for both mutants are more than twofold,
with the V169C being more stable than I246A mutant.
The high catalytic activity and stability at higher temper-
ature are indeed important properties for enzymatic sac-
charification of biomass (Yeoman et al. 2010).

In biorefinery systems, agricultural crops or wood are
utilized for direct bioconversion into chemicals, fuels, or
other useful products. Rice husk is one of the most
widely available agricultural wastes in many rice pro-
ducing countries around the world including India.
Globally, the total annual production of rice husk is
120 million tons (Gidde and Jivani 2007) and an impor-
tant biomass for biofuel production. In the experiments
reported here, the large increase in glucose production
observed on cellobiose substrate was not observed with
the biomass but it is important to note that the reactions
were carried out at the T. viride cellulase optimal at pH
5 and at 37 °C, much lower than the pHopt and Topt of
H. orenii BG. The comparison with the commercially
available sweet almond BG data shows that even in this
initial proof of concept results obtained under non-
optimum conditions, our set of recombinant BGs work
better and are active in a mix of insoluble substrate.
More detailed and longer-term studies are needed to
lineate the possible difference in behavior between the
WT and the mutants on insoluble biomass using a ther-
mophilic cocktail.

In conclusion, H. orenii encodes a thermophilic BG
which is catalytically very active. Based on the se-
quence analysis of thermophilic BG’s three mutants,
V169C and I246A, and a combined double mutant
V169C/I246A were designed. The mutant variants ex-
hibit increased specific activity on the natural substrate
cellobiose. The improved variants have a longer half-life
and are more thermostable. Both WT and the mutants
show good synergism with the T. viride cellulase in
degrading rice husk to glucose demonstrating catalysis
as part of a cellulase cocktail. Our results indicate that
the degree of conservation or diversity across residues
around the active site, are important to understand and
such studies might offer a simpler way towards enhanc-
ing the activities of these enzymes.
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