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Abstract

Background: (3-Glucanase is one of the most extensively used biocatalysts in biofuel, food and animal feed indus-
tries. However, the poor thermostability and low catalytic efficiency of most reported 3-glucanases limit their applica-
tions. Currently, two strategies are used to overcome these bottlenecks, i.e,, mining for novel enzymes from extremo-
philes and engineering existing enzymes.

Results: A novel endo-3-1,3-1,4-glucanase of GH16 (Tlglu16A) from the thermophilic fungus Talaromyces leycetta-
nus JCM12802 was produced in Pichia pastoris and characterized. For potential industrial applications, recombinant
TIGIu16A exhibits favorable enzymatic properties over most reported glucanases, i.e., remarkable stability over a
wide pH range from 1.0 to 10.0 and superior activity on glucan substrates (up to 15,197 U/mg). The only weakness
of TIGIuT6A is the thermolability at 65 °C and higher. To improve the thermostability, the enzyme thermal stability
system was then used to engineer TIGIu16A through optimization of residual charge—charge interactions. Eleven
mutants were constructed and compared to the wild-type TIGIu16A. Four mutants, H58D, E134R, D235G and D296K,
showed longer half-life time at 80 °C (31, 7, 25, 22 vs. 0.5 min), and two mutants, D235G and D296K, had greater spe-
cific activities (158.2 and 122.2 %, respectively) and catalytic efficiencies (k.,./K., 170 and 114 %, respectively).

Conclusions: The engineered TIGlu16A has great application potentials from the perspectives of enzyme yield and
properties. Its thermostability and activity were apparently improved in the engineered enzymes through charge
optimization. This study spans the genetic, functional and structural fields, and provides a combination of gene min-
ing and protein engineering approaches for the systematic improvement of enzyme performance.

Keywords: Talaromyces leycettanus JCM12802, Endo-f3-1,3-1,4-glucanase, Thermostability improvement, High
specific activity, Charge—charge interaction

Background of endosperm cell walls in cereals (barley, wheat and
B-Glucans are linear polymers of B-D-glycosyl resi- rye) [1, 2]. Endoglucanases are the enzymes that spe-
dues and represent the most important constituent cifically cleave the mixed (1 — 3) or (1 — 4) linkages

of B-D-glucan [3] and are classified into endo-1,3-1,4-p-
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various industries. For example, the accretion of exog-
enous B-glucanases can reduce the undesirable effects of
barley B-glucan in the process of mashing in the brew-
ing industry and can enhance the B-glucan digestibility
in poultry feedstuffs [6—8]; endoglucanase is also used in
biomass conversion to bioethanol in combination with
xylanase and has application potential in bioenergy pro-
duction [9].

A large proportion of B-glucanases are unstable dur-
ing the high-temperature processes. To improve the
thermostability of glucanases, either mining new genetic
resources of thermophiles, engineering the protein, or
optimizing application procedures is the most common
practice [10, 11]. Thermophilic bacteria like Fibrobacter
[12], Streptomyces [13], Bacillus [14, 15] and Alicyclo-
bacillus [16] have been reported to produce high-tem-
perature active glucanases, and thermophilic fungi are
another source of glucanase genes, such as Paecilomyces
spp. [17], Thermoascus aurantiacus CBMAI-756 [18] and
Talaromyces leycettanus [19]. The thermophilic Talaro-
myces spp. are known to be potential industrial enzyme
producers, as they have been reported to secrete various
kinds of hydrolytic enzymes such as mannanase [19] and
a-galactosidase [20]. However, no B-glucanase of GH16
has been reported from this genus yet.

Protein engineering is an important tactic to acquire
thermostable enzymes, including but not limited to
augmenting the number of disulfide bridges, hydrogen
bonds, or salt bridges, introducing ionic bonds [21] or
cation—t interactions [22] and replacing the N terminus
[23]. For example, Wang et al. [24] employed directed
evolution to construct a hyperthermostable xylanase
mutant with an increased half-life of >9 times (about
228 min); Wintrode et al. [25] utilized DNA shuffling to
create a protease mutant with increased melting tem-
perature (T,) of 25 °C and half-life improvement of 1200-
fold at 60 °C. However, along with the improvement of
enzyme thermostability, enzyme activity often decreases
at various degrees. How to improve the enzyme proper-
ties without activity loss is always the biggest challenge.

Optimization of residual charge—charge interactions is
a structure-based rational design approach that has been
proven to be an effective method for thermostability
improvement [26, 27]. However, its extensive application
has been limited by underdeveloped bioinformatic tools.
Tanford and Kirkwood [28] initially set up the TK model
to calculate the contribution of each single charged resi-
due to overall stability. This model was then improved
by introducing solvent accessibility (SA) [29], Gibbs free
energy [30] and electrostatic interactions [31]. Using a
suite of enzyme redesign algorithms, enzyme thermal sta-
bility system (ETSS) [32] was developed to refine the cal-
culation of the TK-SA model and surface charge—charge
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interaction analysis. By replacing positively charged
residues with negatively charged or neutral ones, the E;
value is decreased and the enzyme thermostability would
be improved. A previous study has shown that ETSS is
efficient in the improvement of thermostability and cata-
lytic efficiency of a GH28 endopolygalacturonase [33]. In
this study, we identified a novel endoglucanase of GH16
and employed the ETSS to engineer the protein for better
industrial performance.

Results and discussion

Gene cloning and sequence analysis

A gene fragment, 553 bp in length, was amplified from
the genomic DNA of T. leycettanus JCM12802 using
the degenerate primers [34]. BLASTx analysis indicated
that the 553 bp fragment had the uppermost deduced
amino acid sequence identity (80 %) to an uncharacter-
ized endo-B-glucanase of GH16 (XMO013476233). The
DNA and cDNA of the complete gene (Tlglul6A) were
obtained by thermal asymmetric interlaced (TAIL)-PCR
and RT-PCR, respectively. Sequence analysis manifested
that the open reading frame (ORF) of endoglucanase
gene (Tlglul6A) consists of 1198 bp that is interrupted
by two introns (61 and 69 bp, respectively, in length).
The deduced TIGlul6A consists of 355 amino acid resi-
dues and shares the maximum identity of 76 % with
a putative endo-1,3(4)-p-glucanase from Rasamsonia
emersonii CBS 393.64 (KKA25075), 72 % identity with
the functionally characterized endo-1,3(4)-B-glucanase
from Penicillium sp. C1 (AFC38442) and 64 % identity
with the structurally resolved glucanase from Paecilo-
myces thermophila (3WDT). SignalP analysis indicated
that the deduced TIGlul6A had a predicted 20-residue
signal peptide. The pI value and the calculated molecular
mass of the mature protein were estimated to be 4.69 and
35.5 kDa, respectively. Two predicted N-glycosylation
sites, Asn277 and Asn309, were identified. The deduced
TIGlul6A harbors a single module, the catalytic domain
of GH16. The conserved motif EIDIIE of GH16 fungal
glucanases was identified, and Glul12 and Glull7 were
the conjectural nucleophile and acid/base catalytic resi-
dues, respectively (Additional file 1).

Expression, purification and identification of TIGIu16A

Escherichia coli, Bacillus subtilis, Pichia pastoris, Saccha-
romyces cerevisiae, Aspergillus oryzae and Trichoderma
reesei represent the most widely used heterologous
expression systems [35]. Of them, the P pastoris sys-
tem is strong as a powerful promoter, in the secretion
of eukaryotic proteins, correct folding of heterologous
proteins and high-level expression at low cost [36, 37].
Using this system, a large number of glucanases have
been successfully expressed in P pastoris [38]. In this
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study, we produced recombinant T/Glul6A in P pas-
toris GS115 competent cells. After 48 h induction with
methanol at 30 °C, a transformant showing the highest
B-glucanase activity on barley B-glucan (tested at pH 5.0,
50 °C and 10 min) in 1.5 mL tube culture was selected for
high cell density fermentation in a 15-L fermentor. The
B-glucanase activity reached 22,450 U/mL after 144 h of
methanol induction. The total secreted proteins reached
a relatively high titer of 1.64 g/L, 90 %, which was veri-
fied to be recombinant TIGlul6A (data not shown). This
expression level was greater than that of B-glucanases
produced in P, pastoris, including Bgl7A (370 mg/L) from
Bispora sp. MEY-1 [39], Bgl (0.8 g/L) from Paenibacillus
sp. F-40 [40] and even the codon optimized f-1,3-1,4-
glucanase (250 mg/L) from B. licheniformis [15].

Recombinant TI/Glul6A in the culture superna-
tants was purified to electrophoretic homogeneity by
anion exchange chromatography. The purified enzyme
showed a single band with an apparent molecular mass
of 43 kDa on SDS-PAGE (Additional file 2), which is
higher than the calculated molecular weight of the pro-
tein (35. 5 kDa). Three peptides of the purified recombi-
nant T/Glul6A, DHTNVASGSGR, GSIPADISSGS and
VYQDTAEST, were identified by the MALDI-TOF/MS
analysis, which completely corresponded to the deduced
amino acid sequence of T/Glul6A. The result indicates
that the single band on SDS-PAGE is purified recombi-
nant TIGlul6A indeed, and N-glycosylation might occur
in TIGlul6A during heterologous expression in P pas-
toris. After deglycosylation with Endo H, recombinant
TIGlul6A showed a molecular mass of 35 kDa, which is
consistent with the predicted size.

Enzymatic properties of purified recombinant TIGlu16A

All B-glucanase activities were assayed with barley
B-glucan as the substrate. The purified T/Glul6A dis-
played the optimal activity at pH 4.5 when assayed at
60 °C for 10 min (Fig. 1a), which falls within the pH range
of fungal B-glucanases (pH 4.0-7.0) from Cochliobolus
carbonum [41], T. emersonii [42], Rhizopus microsporus
var. microsporus [6] and P. thermophile [43]. Neverthe-
less, the pH stability of TIGlul6A is broader than most
bacterial p-1,3-1,4-glucanases (pH 6.0-7.5). It retained
more than 65 % of its original activity after being incu-
bated in different buffers with a pH range of 1.0-10
(Fig. 1b) at 37 °C for 1 h. Therefore, TIGlul6A would
remain highly active and stable in the digestive tract of
animals.

The optimal temperature of most reported [-1,3-1,4-
glucanases ranges from 40 to 65 °C [4, 6, 8]. The optimal
temperature of T/Glul6A was determined to be 65 °C
on barley pB-glucan in 50 mM citrate buffer (pH 4.5)
(Fig. 1c), only a little lower than that of f-glucanases from
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Laetiporus sulphureus var. miniatus [44] and P. thermo-
phile [43]. The enzyme exhibited good thermostability
at 60 °C for 1 h (Fig. 2), but lost activity rapidly with the
half-lives of 25, 3, 1 and 0.5 min at 65, 70, 75 and 80 °C
(Table 1), respectively. Most fungal -1,3-1,4-glucanases
are denatured at 65 °C and higher, such as the enzymes
from R. microsporus var. microsporus (<1 min at 80 °C)
[6], P thermophila (13 min at 80 °C) [17] and T. emerso-
nii CBS 814.70 (25 min at 80 °C) [45]. The only known
exception is the B-1,3-1,4-glucanase from L. sulphureus
var. miniatus that has a half-life of 60 min at 80 °C [7].
Thermostability is an essential parameter of enzymes for
utilization in high-temperature industries (50-70 °C for
the malting and 65-90 °C for feed pelleting) [7]. From the
industrial point of view, the thermostability of T/Glul6A
should be improved.

The influences of chemical reagents and metal ions on
the TIGIul6A activity were tested at concentrations of 5
and 10 mM. Except for Ag", Mn?*, Cu*" and SDS that
partially inhibited the glucanase activity of TIGlul6A
(Table 2), most chemicals had no effect on the T/Glul6A
activity. Of them, P-mercaptoethanol enhanced the
enzymatic activity up to 1.30- and 1.46-fold at both
tested concentrations. Co’™ and EDTA reinforced the
B-glucanase activity at the concentration of 10 mM by
1.21- and 1.20-fold, respectively, which was different
from most B-glucanases. The great resistance to most
metal ions and chemicals widens the potential applica-
tion spectrum of T/Glul6A in more fields such as deter-
gent and paper industries.

TIGlul6A had high specific activities toward barley
B-glucan (15,197 £+ 153 U/mg), lichenan (12,770 £ 98
U/mg) and laminarin (763 + 87 U/mg), higher than the
counterparts from P thermophila (11,938 U/mg) [17],
P, pinophilum C1 (12,622 U/mg) [34], Paecilomyces sp.
FLH30 (8649 U/mg) [46], E succinogenes (5180 U/mg)
[37], Bispora sp. MEY-1 (4040 U/mg) [39], Paenibacillus
sp. F-40 (3076 U/mg) [40], B. subtilis MA139 (728.79 U/
mg) [21], and Aspergillus niger (63.83 U/mg) [22] with
barley B-glucan as the substrate. Considering its great
specific activity and high expression level as well as sim-
ple processing procedure, T/Glul6A could be a desirable
candidate for use in industrial applications with broad
applicability.

Substrate specificity, hydrolysis properties and kinetics

of TIGIlu16A

The specific activities of the purified recombinant
TIGlul6A toward different substrates were determined.
Similar to most fungal -1,3-1,4-glucanases from ther-
mophilic R. miehei [47], A. japonicas [48], Melanocar-
pus sp. [49] and R. microsporus var. microsporus [6],
TIGlul6A exhibited rigid substrate specificity (lichenan,
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Fig. 2 Thermostability of TIGIu16A at 60, 65 and 70 °C

Table 1 Half-lives of wild-type TIGIu16A and its mutants
for thermal inactivation

Enzyme t,2 (min) at

65 °C 70°C 75°C 80°C
TIGIu16A 25 3 1 0.5
H58D 77 56 37 31
E134R 41 45 7
D235G 39 35 25
D296K 60 15 30 22

The enzyme activity was assayed at each optimal condition for 10 min

barley B-glucan and laminarin), and had no activity on
carboxymethyl cellulose-sodium (CMC-Na), carob bean
gum, Avicel, 4-nitrophenyl p-D-cellobioside (pNPC),
4-nitrophenyl-a-D-galactopyranoside (pNPG) and birch-
wood xylan. Thus, the enzyme was classified as a -1,3-
1,4-glucanase on the strength of its substrate specificity.
However, TIGlul6A differs from the 3-1,3-1,4-glucanases
from Laetiporus sulphureus var. miniatus and R. miehei
DSM 1330 that exhibited a higher relative activity toward
laminarin (15-33 vs. 5 % against that of barley B-glucan)
[50].

The kinetic values of TIGlul6A for barley B-glucan
and lichenan are shown in Table 3. The substrate affin-
ity of TIGlul6A (5.74 mg/mL) is similar to that of the
B-glucanases produced by thermoacidophilic Alicycloba-
cillus sp. A4 [16] and B. licheniformis UEB CF [50], much
lower than that of the 3-1,3-1,4-glucanase from R. micro-
sporus var. microsporus (19.8 mg/mL) [6], but higher than
those of the -1,3-1,4-glucanases from thermophilic Mal-
branchea cinnamomea [43)] and R. miehei [42].

The hydrolytic degradation products of barley -glucan
and lichenan by TIGlul6A were exhibited on thin layer
chromatography (TLC) (Fig. 3). Tetrasaccharide and tri-
saccharide were the main products at the initial stage
(10 min). Along with the extended reaction time, trisac-
charide and tetrasaccharide were further hydrolyzed into
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Table 2 Effects of metal ions and chemical reagents on the TIGlu16A activity
Chemical Relative activity (%)? Chemical Relative activity (%)

5mM 10 mM 5mM 10 mM
None 10004+ 09 1000408 Fe3* 1062 & 2.1 996419
Na™ 1108+ 18 1204415 Pb**+ 956427 918428
Co** 1166+ 18 1212417 Mn%* 872412 66.1 4+ 2.1
K+ 1093 4 2.1 1196427 Cu** 86.1 4+ 24 4854+18
Ca?t 1088413 1149413 Agt 784419 12407
Ni2+ 1083+ 16 1177 £2.1 B-Mercaptoethanol 1308 +3.0 1463+ 24
Mg*+ 106.5+ 1.7 11204+ 2.1 EDTA 1103 £25 12004 2.1
crt 1031416 1160412 SDS 64.7 & 3.1 646410
Zn’t 1014 £ 2.1 1113£18

2 Values represent mean =+ SD (n = 3) relative to the untreated control samples

Table 3 Specific activities and kinetics of wild-type TIGIu16A and its mutants with barley B-glucan and lichenan as the

substrate
Enzymes  Barley B-glucan Lichenan
Specificactivity V., (umol/ V.. (umol/ Keat/Km Specificactivity K, (mg/mL) K, (mg/mL) Keat/Kin
(U/mg) min-mg min-mg (mL/s-mg) (U/mg) (mL/s-mg)
TIGIu16A 15,197 £ 153 574 £ 0.63 38314 +£187 3944 £+ 156 12,770 + 98 3.69 £ 0.54 13,447 £ 112 3643 £ 115
H58D 15,066 £ 113 252+£0.75 22936 £113  5384+127 13408+87 345+ 046 27100+ 198 4637 £99
E134R 11,996 + 79 5.04 +£0.76 26,810 £ 154 3144 £ 143 7715 £+ 88 264 +£093 13,351 £ 167 2988 + 198
D235G 24,040 £ 102 541 £1.01 61,350 & 187 6701 £ 154 13,886 £ 102 9.32+£0.98 50,761 £ 201 3221 £ 154
D296K 18,574 £ 103 335+£043 25,381 £ 201 4479 £ 163 14,488 £+ 101 739+ 141 22,669 £+ 175 3067 £ 103

Values are means + standard deviations

monosaccharides and disaccharides. In combination with
the hydrolysis products, it suggested that TIGlul6A had
an endotype mode of action, and the enzyme is expected
to be an endo-B-1,3-1,4-glucanase that specifically
cleaves the [-1,4 linkages adjacent to -1,3 glycosidic
bonds and generates primarily tetrasaccharide, trisaccha-
ride and disaccharide [42, 43].

In view of its optimal activity at acidic and high expres-
sion level, mesothermal conditions and high specific
activity as well as simple processing method, T/Glul6A
would represent an excellent candidate for utilization in
the animal feed industry.

Selection of the mutagenesis sites in TIGIu16A

ETSS calculation of total interaction energy (E;)
between charged amino acids of point i and j of wild-
type TIGlul6A was conducted (Additional file 3). Muta-
tion sites were selected following the three criteria [27]
as shown below: (1) residues with high positive E; val-
ues were taken as priorities; (2) prior residues far from
the catalytic center were preferred to retain the activ-
ity; and (3) multiple-sequence alignment was combined

to determine the mutation sites. As results, 23 residues
with high positive E; values were identified, and 11 far
from the catalytic center were selected for site-directed
mutagenesis based on the multiple-sequence align-
ment. Among them, three residues were mutated to
neutral A (D16A, D139A and D216A), five residues to
positively charged R or K (E40R, E134R, E190R, D272K
and D296K), and three to D, H or G (H58D, D233H, and
D235@G). All of them were far away from the catalytic
center (partial data shown in Fig. 4). On account of the
ETSS analysis, when H58, E134 and D296 were mutated
to D, R and K, respectively, the E; values decreased from
2.3 to 1.0, 8.0 to —7.7 and 2.3 to —3.1 kJ/mol, respec-
tively. These modifications converted the enzyme into
a more stable state and improved the thermostability
accordingly.

Generation, expression and purification of wild-type
TIGIu16A and its mutants

The 11 site-directed mutants of TIGlul6A were con-
structed and expressed in P, pastoris, as described herein.
Among them, mutants H58D, E134R, D235G and D296K
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Fig. 4 The modeled structure of TIGIu16A viewed from the N-termi-
nal side. The mutated sites are indicated with balls

showed greatly increased thermostability and maintained
substantial activity (data not shown). These four mutants
were then purified. SDS-PAGE analysis revealed that the
four mutants had molecular masses of 43-55 kDa. After
treatment with Endo H, all enzymes appeared as a single

band in agreement with the theoretical mass of 35.5 kDa
(Additional file 2).

Comparison of the properties of TIGIu16A and its mutants
Wild-type TIGlul6A and its mutants showed little dif-
ference in the pH activity profiles at the pH range of
5.5-7.0 (Fig. 1la). Compared with that of TI/Glul6A, the
pH adaptability ranges of the mutants shifted to acidic,
and the activities of mutants H58D, E134R, D235G and
D296K at pH 3.0 showed an increase of 21, 47, 7 and
46 %, respectively. The mutant enzymes were highly sta-
ble at pH 2.0-9.0 as TIGlul6A (Fig. 1b). This may benefit
the utilization of this protein in the animal feed indus-
try. The four mutants displayed increased activity at
higher temperatures (Fig. 1c). The temperature optima
of mutants H58D and D296K were both at 70 °C, which
was 5 °C higher than that of the original TIGlul6A
(65 °C). Although the temperature optima of E134R
and D235G were the same as wild-type TIGlul6A, their
activity beyond 60 °C decreased slightly more than that
of TIGlul6A. At 70 °C, all mutants displayed above 76 %
maximal activity, which was higher than that of wild-
type TIGlul6A (71 % of maximal activity). When the
temperature was increased to 80 °C, all mutants showed
above 20 % maximal activity, especially D296K and
H58D maintained 62 and 44 % of the activity, respec-
tively, which was much higher than that of wild-type
TIGlul6A (6.0 % of maximal activity). This indicates
that H58D and D296K are more thermotolerant than the
wild-type and other mutants.
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Ty, determination is a useful method to estimate and
directly compare the thermostabilities of enzymes. As dem-
onstrated in Fig. 1d, the T}, values of wild-type TIGlul6A
and its mutants were determined at the temperature range
of 55-90 °C. The T}, value of wild-type TI/Glul6A was con-
firmed to be 64.5 °C, while that of mutant enzymes H58D
and D296K was increased by 16.8 and 0.8 °C. The T, value
of the other two mutants E134R and D235G were 64.2 and
64.0 °C. But the three mutants (E134R, D235G and D296K)
had remarkable thermostability improvement at 80 °C (the
temperature of feed pelleting) and T/Glul6A almost com-
pletely lost the glucanase activity, while E134R, D235G and
D296K retained 14, 44 and 52 % of the initial activity. It is
strange that these three mutants retained more activity
after incubation at 80 °C than at 75 and 70 °C. This phe-
nomenon has been observed in lysozyme [53] and might
be ascribed to the protein renaturation at higher tempera-
ture. The underlying mechanism might be that the changes
of protein surface charge influence the three-dimen-
sional structure of protein folding. GH16 endo-1,3-1,4-B-
glucanase has a f-sandwich structure formed by two large
anti-parallel -sheets assembled face to face, which prob-
ably more easily renatures after incubation at high temper-
ature, but the detailed mechanism is not clear.

Thermostabilities of recombinant T/Glul6A and its
mutants were estimated by their half-lives (;,,) (Table 1).
Compared with wild-type TIGlul6A, all mutants have
significant improvements in thermostability as shown in
T5- The mutant E134R had a marginally increased ¢,
value (0.6- to 3.5-fold) at 6575 °C. The D235G was much
more thermostable, with an increased t;,, value up to
49-fold at 80 °C. The mutants H58D manifested the max-
imal improvement in thermostability, with £,,, increased
up to 2-fold at 65 °C, 17-fold at 70 °C, 36-fold at 75 °C and
61-fold at 80 °C. This result also suggests that renatura-
tion may occur in the mutants.

Differential scanning calorimetry (DSC) was executed
to measure the T, values of wild-type T/Glul6A and its
mutants over the temperature range of 40—100 °C (Fig. 5).
Compared to the T, of TIGlul6A (50.55 °C), the T, val-
ues of mutants E134R, D235G, H58D and D296K showed
an increase of ~0.6 °C (51.14 °C), 1.5 °C (52.02 °C), 3.6 °C
(54.19 °C) and 6.0 °C (56.49 °C), respectively. These data
support that residue substitutions at sites 58 and 296
make the most outstanding contributions to thermosta-
bility improvement.

Under optimum conditions, the specific activities of
the four mutants were comparable or higher than that
of wild-type TIGlul6A (15,197 U/mg) (Table 3). The
catalytic activities and efficiency of the mutants D235G
and D296K generated in this work were higher than the
wild-type TIGlul6A, and compared to the wild-type
TIGlul6A, the specific activities of mutant enzymes
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Fig. 5 Thermograms of TIGIu16A and its mutants detected using
the DSC. The calorimetric recordings were scanned at 1 °C/min in
10 mM PBS (pH 6.8) with the protein concentration of 350 pg/mL,
respectively

D235G and D296K were increased by 58.2 and 22.2 %,
respectively, with barley p-glucan as the substrate.
The K, and k., /K, of TIGlul6A are 5.74 mg/mL and
3944 mL/s mg, respectively. Mutant D235G increased
the k_, value almost twofold. In contrast, mutant D296K
increased the affinity toward B-glucan. As a result, the
kK, value of mutants D235G and D296K were one-
fold to twofold more compared to wild-type TIGlul6A.
Enzyme activity had been sacrificed for improved ther-
mostability. In contrast, our main objective in this work
is to improve the enzyme catalytic efficiency while
improving thermal stability. Compared with the wild-
type TIGlul6A, the specific activities of mutant enzymes
D235G and D296K were increased by 58.2 and 22.2 %,
respectively, when using B-glucan as the substrate. This
study reveals that the residue charge—charge interaction
plays important roles in stabilizing enzymes; in addi-
tion, we managed to improve the enzyme thermostabil-
ity accompanied by enhanced catalytic efficiency. It was a
very rare find in the field of thermostable study. The great
care in selection of mutation sites far away from the cata-
lytic core was successful (Fig. 4).

Interest in feed enzymes is high, so thermophilic/
thermostable glucanases have been mined from diverse
species, cloned and characterized. However, few glu-
canases are economically viable for feed applications due
to limitation in activity and stability under the compul-
sory processing conditions (70-80 °C for 5 min). There-
fore, glucanases with higher stability and activity under
the feed processing conditions are of great value. In this
study, two mutants H58D and D296K have a remarkable
thermostability at 80 °C, and two mutants D235G and
D296K exhibit higher specific activity and better thermo-
stability than TIGlul6A.
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When the catalytic efficiency of an enzyme increases,
the protein structure becomes more flexible. Conse-
quently, the rate of the substrate into the passage and
product from the catalytic center will increase, and the
thermostability of the protein may be reduced [51].
However, in this study, we not only increased the ther-
mostability of TIGlul6A, but also enhanced its catalytic
efficiency and specific activity (Fig. 6) through modifying
the charge—charge interaction of the protein surface. It is
of importance to reveal that the surface charge of a pro-
tein plays key roles in protein thermostability and cata-
lytic performance.

Enzymatic hydrolysis of corn stover

Corn stover is composed of cellulose, hemicellulose,
and lignin. When incubated at pH 4.8 and 50 °C with
agitation, reducing sugars are released from the corn
stover under study (Fig. 7). Without enzymatic addi-
tion, less than 12 pumol/mL of reducing sugars were
released from the corn stover over 60 h. In contrast, the
addition of wild-type TI/Glul6A and mutant enzyme
H58D improved the hydrolysis efficiency, increasing the
amounts of reducing sugar to 13.3 and 14.6 pmol/mL,
respectively, at 24 h. When lengthening the incubation
period to 36 h and longer, no difference was detected
between TIGlul6A and H58D. By hydrolyzing the -1,4
bonds of hemicellulose, T/Glul6A and its mutant H58D
may assist in the efficient degradation of corn stover.

Conclusions

In this study, we mined a thermophilic and highly active
endo-1,3-1,4-B-glucanase TI/Glul6A from the thermo-
philic fungus T. leycettanus JCM12802. TIGlul6A has a
broad pH stability range, wonderful resistance to most
metal ions and chemical reagents, and great enzymatic
activity against synthesized and natural substrates. By
optimizing the residual charge—charge interactions, the
thermostability and catalytic efficiency of TIGlul6A

30000 WTIGlul6A
®H58D
25000 BEI134R

E mD235G

20000 D296K

15000

10000

Specific Activity (U/mg)

5000

0

Barley p-glucan Lichenan

Fig. 6 Activity profiles of TIGIu16A and its mutants with barley
B-glucan and lichenan as the substrates
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Fig. 7 The hydrolysis of pretreated corn stover by wild-type TIGIu16A
and mutant D235G (each 0.06 pmol) at 50 °C and pH 4.8

were remarkably and simultaneously improved. This
study provides an excellent glucanase candidate in wide
industrial applications and indicates the significance of
charge—charge interactions in protein stabilization.

Methods

Strains, materials and culture medium

Talaromyces leycettanus JCM12802 was purchased from
the Japan Collection of Microorganisms RIKEN BioRe-
source Center (Tsukuba, Japan). E. coli Trans1-T1, vector
pEASY-T3, the DNA purification kit, LA Taq DNA poly-
merase and Genome Walking kit were purchased from
TaKaRa (Tsu, Japan). The RNA isolation system kit was
purchased from Promega (Madison, W1, USA). Restriction
endonucleases, T, DNA ligase and Endo H (endo-p-N-
acetylglucosaminidase H) were purchased from New Eng-
land Biolabs (Ipswich, MA). The DNA isolation kit and pfis
DNA polymerase were purchased from Tiangen (Beijing,
China). The substrates barley B-glucan, lichenan, lamina-
rin, CMC-Na, birchwood xylan, Avicel, pNPG, pNPC and
carob bean gum were purchased from Sigma-Aldrich (St.
Louis, MO). The plasmid pPIC9 and P pastoris GS115
(Invitrogen, Carlsbad, CA) were used as the gene expres-
sion vector and expression host strain, respectively. The
low-molecular-weight calibration kit was purchased
from GE Healthcare (Pittsburgh, PA). Minimal dex-
trose medium (MD), buffered glycerol-complex medium
(BMGY) and buffered methanol-complex medium
(BMMY) were prepared as described in the instructions of
the Pichia Expression Kit (Invitrogen). All chemicals were
of analytical grade and commercially available.

Gene cloning

The total genomic DNA of T. leycettanus JCM12802 was
extracted using the Omega Fungal DNA Mini kit (Nor-
cross, GA) after 72 h of shake cultivation in potato dex-
trose broth at 40 °C and used as template for PCR. A
primer set specific for fungal GH16 B-glucanases (GH16F
and GH16R) [34] was used to amplify the core region.
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The final PCR products (~550 bp) were purified, linked
with pEASY-T; vector and then transformed into E. coli
Transl-T1 for sequencing. TAIL-PCR [52] was con-
ducted with the TaKaRa Genome Walking kit and six
nested insertion-specific primers (Additional file 4) to
obtain the 5" and 3’ flanking regions of the core region.
The flanking regions were sequenced and assembled with
the core region sequence to give the full-length gene
(Tlglul6A).

To induce p-glucanase production, T. leycettanus
JCM12802 was cultured in a medium containing 5 g/L
(NH,),SO,, 1 g/L KH,PO,, 500 mg/L MgSO,-7H,0,
200 mg/L CaCl,, 10 mg/L FeSO,-7H,0O and 30 g/L corn
straw, pH 4.0 at 40 °C for 3 days. Total RNA was extracted
using the Promega SV Total RNA Isolation System, and
the cDNA was synthesized with a reverse transcription
kit (TOYOBO, Osaka, Japan). The full-length ¢cDNA
of Tlglul6A was amplified using the specific primers
Tlglul6A-F and Tlglul6A-R (Additional file 4). The PCR
products were purified, linked with pEASY-T3 vector and
then transformed into E. coli Trans-T1 for sequencing.

Sequence analysis and structure modeling of TIGIu16A
Nucleotide and amino acid sequences were analyzed
using the BLASTx and BLASTp programs [53] (http://
www.ncbi.nlm.nih.gov/BLAST/) in combination with the
homology search. The ORF was identified using the pro-
gram ORF Finder from the National Center for Biotech-
nology Information (NCBI). Vector NTI 10.0 software
(Invitrogen) was used to forecast the molecular mass of
the mature protein. Multiple-sequence alignment was
analyzed with ClustalX and rendered by the ESPript3.0
program (http://espript.ibcp.fr/ESPript/cgi-bin/ESPript.
cgi). The SignalP 4.0 server (http://www.cbs.dtu.dk/
services/SignalP/) was used to predict signal peptide.
The N- and O-glycosylation sites were predicted using
online programs NetNGlyc 1.0 Server (http://www.cbs.
dtu.dk/services/NetNGlyc/) and NetOGlyc 4.0 Server
(http://www.cbs.dtu.dk/services/NetOGlyc/), respec-
tively. Based on the known crystal structure of a GH16
B-glucanase from P. thermophila (3WDT), the 3-D struc-
tures of TIGIlul6A and its mutants were homologically
modeled using the Swiss-model program (http://www.
swissmodel.expasy.org/).

Protein expression, purification and identification

The gene fragment encoding mature T/Glul6A was
amplified by PCR with the primers (Additional file 4) and
then cloned into the vector pPIC9 at the EcoRI and Notl
restriction sites. Transformed plasmids were electropo-
rated into competent P pastoris GS115 cells following
the manufacturer’s instructions (Invitrogen). Ninety-
six individual Pichia clones were selected and screened
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for p-glucanase activity on 0.5 % barley B-glucan as
described by Chen et al. [34]. Those exhibiting the high-
est B-glucanase activity were subjected to high cell den-
sity fermentation in a 15-L fermenter (pH 5.0 and 30 °C)
on the basis of the manufacturer’s instructions (Invitro-
gen). B-Glucanase production in culture supernatant was
monitored every 24 h by glucanase activity assay until
144 h. The crude enzyme was loaded onto the HiTrap
TM Desalting column and HiTrap TM Q Sepharose XL
5-mL FPLC column (GE Healthcare, Uppsala, Sweden)
that were both equilibrated with 20 mM Mcllvaine buffer
(pH 6.8). Proteins were eluted using a linear gradient of
NaCl (0-1.0 M) at a flow rate of 2.5 mL/min. Fractions
were collected, assayed for enzyme activity and those
having glucanase activities were subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) as described by Laemmli [54]. Liquid chromatog-
raphy/electrospray ionization tandem time-of-flight mass
spectrometry (LC/ESI-TOF-MS) analysis of the trypsin-
digested protein was conducted at the Institute of Zool-
ogy, Chinese Academy of Sciences.

The purified recombinant TI/Glul6A was deglyco-
sylated by Endo H at 37 °C for 2 h according to the manu-
facturer’s specifications. The deglycosylated enzyme was
also analyzed by SDS-PAGE.

Glucanase activity assay

The glucanase activity was analyzed by measuring the
release of reducing sugar from barley B-glucan and
lichenan with 3,5-dinitrosalicylic acid (DNS) [55]. The
standard reaction mixture system consisting of 100 pL
of appropriately diluted enzyme and 900 pL of substrate
solution (0.5 % [wt/vol] barley B-glucan or lichenan in
Mcllvaine buffer [200 mM Na,HPO,, 100 mM citric acid,
pH4.0]) was incubated at 60 °C for 10 min. The reaction
was terminated with 1.5 mL of DNS reagent. One unit of
glucanase activity was defined as the amount of enzyme
that produced 1 pmol of reducing sugar per minute. Each
reaction and its controls were run in triplicate.

Biochemical characterization of recombinant TIGIu16A

The pH profile of TIGlul6A was determined by meas-
uring the glucanase activity after incubation at 60 °C
in Mcllvaine buffer (pH 2.2-8.0) containing 0.5 % bar-
ley B-glucan for 10 min. To determine the temperature
for maximal activity, enzyme activity was measured at
optimal pH and temperatures between 30 and 90 °C in
Mcllvaine buffer (pH 4.0) for 10 min. To verify pH sta-
bility, the enzyme was preincubated in buffers of various
pH values (pH 1.0-12.0) at 37 °C for 1 h, and the resid-
ual enzyme activity was detected under standard condi-
tions (pH 4.5, 65 °C and 10 min). The buffers used were
100 mM glycine—HCI (pH 1.0-3.0), Mcllvaine buffer (pH


http://www.ncbi.nlm.nih.gov/BLAST/
http://www.ncbi.nlm.nih.gov/BLAST/
http://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi
http://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi
http://www.cbs.dtu.dk/services/SignalP/
http://www.cbs.dtu.dk/services/SignalP/
http://www.cbs.dtu.dk/services/NetNGlyc/
http://www.cbs.dtu.dk/services/NetNGlyc/
http://www.cbs.dtu.dk/services/NetOGlyc/
http://www.swissmodel.expasy.org/
http://www.swissmodel.expasy.org/

You et al. Biotechnol Biofuels (2016) 9:124

2.5-8.0), 100 mM Tris—HCI (pH 8.0-9.0) and 100 mM
glycine—NaOH (pH 9.0-12.0).

Thermal stability was determined by measuring the
residual enzyme activity after incubation at 55-90 °C for
30 min and the half-life of enzyme inactivation (¢;,,) at
65—80 °C and optimal pH. The residual enzyme activities
were measured under standard conditions.

To evaluate the effect of metal ions and chemical
reagents on the glucanase activity of purified recom-
binant TIGlul6A, different salts (KCI, NaCl, CaCl,,
CoCl,, MgSO,, NiSO,, CrCl;, CuSO,, FeCl;, MnSO,,
AgNO,, Pb(CH;COO),, ZnSO, and HgCl,) (5 and
10 mM) and chemical reagents (EDTA, SDS and
B-mercaptoethanol) (5 and 10 mM) were added to the
assay system individually. The relative activities were
determined against the activity of the control sample
without any addition [39].

Substrate specificity of TIGlul6A was assayed at 65 °C
for 10 min in Mcllvaine buffer (pH 4.5) containing 1.0 %
(w/v) barley B-glucan, lichenan, laminarin, birch wood,
xylan, Avicel, CMC-Na, pNPG or pNPC. The kinetic
parameters K, and V. were determined in Mcllvaine
buffer (pH 4.5) containing 0.25-5.0 mg/mL of barley
B-glucan and lichenan for 5 min. The kinetic values were
determined by fitting the Lineweaver—Burk plot [56].

The hydrolysis products of barley [B-glucan and
lichenan by T/Glul6A were determined using the TLC.
Each enzyme (50 U) was added into 1 mL of 1 % (w/v) of
each substrate in 50 mM Na,HPO,—citric acid (pH 4.5)
and incubated at 55 °C for 1 h. Aliquots were withdrawn
at different time intervals and boiled for 5 min to termi-
nate the reactions. The hydrolysis products were spotted
on a silica gel plate (model 60F254; Merck, Darmstadt,
Germany). The plate was developed with two runs in a
solvent system of butanol:acetic acid:water (2:1:1, v/v/v).
After spraying with methanol:sulfuric acid (95:5, v/v) sol-
vent, the sugars on the plate were visualized by heating
for a few minutes at 130 °C. A cellooligosaccharide mix-
ture consisting of glucose (G1), cellobiose (G2), cellotri-
ose (G3), cellotetraose (G4) and cellopentaose (G5) was
used as the standard.

ETSS calculation and site-directed mutagenesis

The total interaction energy (E;) between charged amino
acids of TIGlul6A was calculated using the ETSS [57,
58]. Any mutation that changes the E; value from posi-
tive to negative values may improve the structural stabil-
ity of TIGlul6A. According to the combined strategy of
potential mutation site selection [33], multiple-sequence
alignment and structure modeling (PyMOL; Delano Sci-
entific, Portland, OR), charged residues were modified
with oppositely charged ones and otherwise to neutral
Ala.

Page 10 of 12

Site-directed mutagenesis was conducted by overlap
extension PCR [33] with the gene fragment of Tiglul6A
as the DNA template and the primers listed in additional
files 1, 2, 3 and 4. The PCR products were ligated to the
vector pEASY-T3 for sequencing. The mutants harboring
the correct mutations were digested by restriction endo-
nucleases, expressed in P pastoris and characterized as
described above.

Thermal properties of the wild-type TIGIu16A and its
mutants

Thermostability was determined by measuring the half-
life of enzyme inactivation (¢;,,) at 65-80 °C and each
optimum pH. All purified enzymes were diluted to
100 mg/mL in Mcllvaine buffer and incubated for dif-
ferent durations (TIGlul6A (pH 4.5), H58D (pH 4.5),
E134R (pH 4.0), D235G (pH 4.0) and D296K (pH 4.0)).
The residual enzyme activities were measured under
optimal conditions of each enzyme (T1Glul6A (pH 4.5
and 65 °C), H58D (pH 4.5 and 70 °C), E134R (pH 4.0 and
65 °C), D235G (pH 4.0 and 70 °C) and D296K (pH 4.0
and 70 °C)). To determine the thermal tolerance (tem-
perature at which 50 % of activity is lost [Ty,]), wild-
type T!Glul6A and mutants were diluted to 50 pg/mL
in Mcllvaine buffer (TIGlul6A (pH 4.5), H58D (pH 4.5),
E134R (pH 4.0), D235G (pH 4.0) and D296K (pH 4.0))
and then heated for 30 min at temperatures ranging from
55 to 90 °C at intervals of 5 °C. After heating, the enzymes
were immediately placed on ice for 10 min, followed by
the residual glucanase activity assay as described above.
All reactions were performed in triplicate.

DSC analysis

The melting temperature, T,,, was determined by a
Nano-DSC (TA Instruments, New Castle, DE). Each
protein sample, 350 pg, was dissolved in 1 mL of 10 mM
PBS (pH 6.8). The same amount of buffer was used as the
blank control. The degassed protein samples and control
were loaded into the calorimeter cells and treated with a
heating rate of 1 °C/min over the temperature range of
25-100 °C. The transition state was scanned at the rate
of 1 °C/min. Each experiment was repeated at least three
times.

Enzymatic hydrolysis of corn stover

Corn stover was treated with 15 % (w/w) ammonia
solution for 24 h as previously reported [9]. Wild-type
TIGlul6A and mutant H58D (each at 0.06 umol) were
each incubated in 100 mM sodium citrate (pH 4.8) con-
taining 5 % (w/v) corn stover at 50 °C and 165 rpm for
60 h. The reducing sugars released were determined
every 12 h using the DNS method. The experiment was
performed in triplicate.



You et al. Biotechnol Biofuels (2016) 9:124

Nucleotide sequence accession number

The nucleotide sequence of the endof-1,3-1,4-glucanase
gene (Tlglul6A) from T. leycettanus JCM12802 was
deposited in the GenBank database under accession no.
KU194473.

Additional files

Additional file 1. Multiple sequence alignment of deduced TIGlu16A
and five other fungal counterparts of GH16.

Additional file 2. SDS-PAGE analysis of purified recombinant TIGIu16A
and its mutants. Lanes: M, the standard protein molecular weight markers;
G1, the crude enzyme of wild-type TIGIu16A; G2, 2, 4, 6 and 8, the purified
TIGIu16A and mutants H58D, E134R, D235G and D296K, respectively;
G3,1,3,5and 7, the deglycosylated TIGIu16A and mutants H58D, E134R,
D235G and D296K, respectively.

Additional file 3. Total interaction energies of TIGlu16A determined by
ETSS.

Additional file 4. Oligonucleotide primers used in this study.
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