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Abstract

To meet the demand for the application of high activity and thermostable cellulases in the
production of new-generation bioethanol from nongrain-cellulose sources, a hyperthermo-
stable B-1,4-endoglucase Cel12B from Thermotoga maritima was selected for further modi-
fication by gene site-directed mutagenesis method in the present study, based on
homology modeling and rational design. As a result, two recombinant enzymes showed sig-
nificant improvement in enzyme activity by 77% and 87%, respectively, higher than the
parental enzyme TmCel12B. Furthermore, the two mutants could retain 80% and 90.5% of
their initial activity after incubation at 80°C for 8 h, while only 45% for 5 h to TmCel12B. The
K and Vi« of the two recombinant enzymes were 1.97+0.05 mM, 4.23+0.15 pmol-mg’
'.min" of TmCel12B-E225H-K207G-D37V, and 2.97+0.12 mM, 3.1520.21 pmol-mg™"-min™*
of TmCel12B-E225H-K207G, respectively, when using CMC-Na as the substrate. The roles
of the mutation sites were also analyzed and evaluated in terms of electron density, hydro-
phobicity of the modeled protein structures. The recombinant enzymes may be used in the
hydrolysis of cellulose at higher temperature in the future. It was concluded that the gene
mutagenesis approach of a certain active residues may effectively improve the performance
of cellulases for the industrial applications and contribute to the study the thermostable
mechanism of thermophilic enzymes.

Introduction

As the ever-increasing demand for sustainable development and pressure of fossil fuel on envi-
ronmental protection, there is a strong need to search for renewable energy sources, especially
biomass energy [1]. The new-generation bioethanol industry utilizing renewable non-grain
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cellulose resources, mostly less-cost lignocellulose, is important for the sustainable develop-
ment of human beings [2, 3]. Although the composition varies between different plants, 40-
50% of the dry weight of biomass is comprised of cellulose, 25-30% of hemicelluloses, and the
remaining made up of lignin [4]. The current bioethanol production is physically and econom-
ically constrained by high preprocessing cost and lack of suitable high effective and active cellu-
lases, acting at high temperature and extreme pH conditions [5].

Cellulases have been widely used in the detergent, textile, and food industries, and recently
for the production of bioethanol [6]. Enzymatic hydrolysis of cellulose is complicated, requir-
ing three distinct classes of cellulases, that is endoglucanase (E.C. 3.2.1.4, also endocellulase),
cellobiohydrolase (E.C. 3.2.1.91, also exocellulase), and B-glucosidase (E.C. 3.2.1.21) to function
synergistically to break down the biopolymer, among which endoglucanase act by cleaving
internal B-glycosidic bonds in the cellulose chain, thereby making chain ends accessible to
other enzymes, therefore received relatively more attention [4, 7-9].

Due to the extreme temperature involved in the biofuel production, hyperthermophilic cel-
lulases are considered promising for their typically valuable characteristics in the industrial uti-
lization, and appeared to be the principal target enzymes investigated. Hyperthermophilic
endoglucanases may effectively reduce the final production cost and significantly simplify the
processing procedures [10-12]. Endoglucanases from extremophiles may function at higher
temperatures and extreme pH changes due to their unique characteristics [8, 13, 14]. The
genome of Thermotoga maritima, a fermentative, anaerobic, extreme thermophilic bacteria
growing at high temperature up to 85°C, encodes eight endoglucanases, designated as TM0305
(Cel74), TM1048, TM1049, TM1050, TM1524 (Cel12A), TM1525 (Cel12B), TM1751 (Cel5A),
and TM1752 (Cel5B), respectively, among these Cel12B is an extracellular enzymes with a sig-
nal peptide sequence at the amino terminus [15, 16]. Due to its hyperthermophilic nature, -
1,4-endoglucanase Cel12B from T. maritima (TmCel12B) may be a suitable candidate for
industrial applications [17].

Directed evolution, independent of knowledge of the protein structure and the enzyme-sub-
strate interactions, has been widely used to engineer improved mutants with enhanced activi-
ties, prolonged thermostability, and changed pH or temperature optimum, etc [10]. Rational
design, a logical approach to investigate function of amino acid sites in a 3-dimensional struc-
ture of protein, requires detailed knowledge of the protein structure, and the ideally structure-
function relationship. Analysis of the high-resolution three-dimensional structures of protein
crystals could contribute to the deeply understanding of its biochemical function [18, 19]. If
the crystal structure of one protein has not yet known, the reasonable three-dimensional struc-
tural model can be obtained by homology modelling approach using a protein structure, usu-
ally in the same family, as template whose high-resolution crystal structure has been
determined at that time and possesses high sequence similarity with the target protein. The fact
that an increasing number of high-resolution three-dimensional structures of endoglucases
from both bacterial and fungal sources have been determined allows us to investigate the struc-
ture-function relationship [18, 20, 21].

Research on the thermostable mechanism of endoglucanase derived from extremely ther-
mophilic source is still a hot spot [22, 23]. Rational design was carried out for improving
enzyme properties of TmCel12B, such as the enhanced catalytic activity, the better thermosta-
bility and the wider substrate specificity [24-26]. An investigation of directed evolution for
TmCel12B to improve enzyme activity indicated several residues playing significant roles in
the catalytic hydrolysis of cellulose [27].

In the present study a systematic study was performed through constructing site-directed
mutagenesis mutants of TmCel12B by the aid of rational design to obtain desirable better
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thermostable candidates for further study. The pH and temperature profiles of these variants
were also determined to evaluate the catalytic efficiency of these mutants.

Materials and Methods
Strains, media and chemicals

E. coli DH50. and E. coli BL21 (DE3) (Promega Company), used as hosts for the propagation of
plasmids and recombinant proteins expression, respectively, were grown in Luria-Bertani (LB)
media containing yeast extract 5 g-L'!, tryptone 10 g-L!, NaCl 5 g-L ™" at 37°C and pH7.0 with
appropriate antibiotic supplemented. T. maritima was purchased from American Type Culture
Collection (ATCC 43589). The pET-20b plasmid was obtained from Novagen Co. Ltd. Restric-
tion enzyme, Pyrobest DNA polymerase, T4 polynucleotide kinase, T4 ligase, DNA marker,
and Dpnl were purchased from Takara (Dalian, China) and used according to the manufac-
ture’s instructions. Gene purification kit and plasmid extraction kit were purchased from QIA-
GEN Company. Ampicillin and isopropyl B-D-1-thiogalactopyranoside (IPTG) were obtained
from Sigma-Aldrich Co. Ltd. All other chemicals used in the study were of analytical-grade
purity from commercial sources unless mentioned otherwise.

DNA manipulation and site-directed mutagenesis

The gene encoding T. maritima endoglucanase Cel12B (Gene ID: 897395, TM1525) was cloned
previously by our laboratory [28]. To avoid recombinant E. coli secreting enzyme to the fer-
mentation broth, the encoding gene of signal peptide sequence of TmCel12B was removed
using two primers:

P1: 5'-GGAATTCCATATGAGGTGGGCAGTTCTTCTGA-3/,

P2: 5'-CCCAAGCTTTTATTACTCGAGTTTTACACCTTCGACAGAGAAGTC-3/,

the underlined representing Ndel and Xhol sites, respectively, then the gene without signal
peptide was cloned into plasmid pET-20b digested by the regarding endonucleases to construct
the recombinant plasmid for the further study of the subsequent site-directed mutagenesis.
The TmCel12B-encoding gene was ligated to the pET-20b plasmid (Novagen) after digesting
with Nde I and Xhol, respectively, to afford the expression vector pET-20b-cel12B, carrying an
N-terminal and a C-terminal 6xHis-Tag sequence. Site-directed mutagenesis manipulation in
DNA was performed according to the inverse polymerase chain reaction (IPCR) approach by
Pyrobest DNA polymerase with recombinant pET-20b-cel12B as the template. The sequences
of the primers for different site-directed mutations, which were chosen based on the knowledge
of the 3D structure of TmCel12B by the aid of homology modelling method with SWISS-MO-
DEL tools [29-31], are listed in S1 Table. PCR reaction was designed as follows: 94°C, 5 min;
30 cycles of 94°C for 30 s, 55°C for 30 s and 72°C for 90 s; and 72°C, 10 min for extend. The
PCR products were cleaned with Dpnl and purified with PCR purification kit (Shanghai,
China), followed by phosphorylation using T4 polynucleotide kinase and ligated with T4 ligase.
And finally, the recombinants were transformed into E. coli BL21 (DE3) and the positive clones
were selected. Agarose gel electrophoresis was conducted according to the standard protocol
[32] unless stated otherwise.

Protein expression and purification

E. coli BL21 (DE3) cells harboring site-directed mutant of TrnCel12B-encoding genes were
grown in LB media containing ampicillin of 50 mg-mL™" at 37°C. Production of mutated
enzyme was induced by the addition of 0.5 mM IPTG when the optical density at 600 nm of
the culture reached between 0.6 and 0.8, and then incubated for 5 h. The cells were harvested
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by centrifugation at 4°C and 10000 rpm for 10 min and washed twice with physiological saline
solution (0.9% NaCl), and then resuspended in 20 mM Tris-HCI buffer (pH 7.9) containing 5
mM imidazole and 0.5 M NaCl. The cells were lysed by sonication and heat treated at 75°C for
15 min, then cooled in an ice bath. The soluble fractions of suspension were obtained by centri-
fugation at 10000 rpm at 4°C for 10 min. The crude enzyme extracts were retained for purifica-
tion with a 1-mL of Ni**-NTA affinity column (Novagen, USA) previously equilibrated with a
binding buffer (20 mM potassium phosphate buffer, pH 8.0; 300 mM NaCl). Unbound pro-
teins were washed out from the column with a washing buffer (20 mM potassium phosphate
buffer, pH 8.0; 300 mM NaCl; 50 mM imidazole). The bounded proteins were eluted by a con-
tinuous gradient buffer (20 mM potassium phosphate buffer, pH 8.0; 300 mM NaCl; 50-500
mM imidazole). The proteins were analyzed with 12% sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE).

Homology modelling of TmCel12B and molecular docking

The 3-dimentional structure homology modelling of TmCel12B was generated using on-line
automated Build Homology Models at SWISS-MODEL Workspace (http://swissmodel.expasy.
org/) with the crystal structure of endoglucanase CelA from T. maritima (PDB accession code
3070, resolution 2.41 A) as the template. The generated structure of protein was analyzed and
verified by the Structural Analysis and Verification Server (version 4, UCLA MBI-SAVES). Struc-
ture-based sequence alignment was performed using the program ClustalX and ESPRIPT (END-
script 2.0 and ESPript 3.0). Autodock 4.0 was used to study the interaction between TmCel12B as
well as its mutants and substrate, so as to predict the spatial structure and changes herein.

Enzyme activity and protein assays

Enzyme activities of wild-type and mutant enzymes were determined using 3,5-dinitrosalicylic
acid (DNS) method with sodium carboxymethyl cellulose (CMC-Na) as soluble substrate, and
regenerated amorphous cellulose (RAC) or Avicel as insoluble cellulosic substrates [33]. The
assay was performed at 85°C for 10 min in a rotary shaker of 150 rpm with a 0.2 mL mixture of
containing 50 mM imidazole-potassium buffer (pH 6.0), 0.5% substrate, and 50 pL of enzyme
liquid. At the end of the reaction, 0.3 mL of DNS was added into the mixture and placed in a
boiling water bath to stop the reaction. The amount of reducing sugars was determined by
measuring the absorbance of the mixture at 540 nm. To Avicel 0.02% of 10 M NaOH was
added, and alkalinized solid cellulose pellets were re-suspended into 1% SDS solution and incu-
bated at 80°C for 15 min. One unit of enzyme activity was defined as the amount of enzyme to
produce 1 umol of reducing sugars per minute under the assay conditions described above.
The concentration of protein was quantitative analysis conducted using the Bradford method
with bovine serum albumin as a standard [34]. All data in the present article were replicated
three times and the mean standard deviations are reported.

Characterization of the recombinant enzymes

For analyzing the optimal reaction temperature, the activities of the recombinant enzymes
were determined at different temperature ranging from 50 to 100°C. The relative activity was
calculated by comparing to the highest enzyme activity (defined as 100%). The thermostability
of the enzymes was investigated by incubating the enzymes at different temperatures water
bath ranging from 70 to 100°C for a series of certain times in 50 mM imidazole-potassium
buffer (pH 6.0) and subsequently cooled on ice for 5 min. The residual activity of the enzyme
was determined under standard conditions and the activity without incubation was used as a
blank and regarded as 100%.
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To investigate the pH optimum and the effect of pH on the activity of enzymes, different
buffers with concentrations of 50 mM at different pH range of imidazole-potassium buffer were
used, to determine the activity of enzymes at 85°C. The pH stability of enzymes were investi-
gated by incubating samples in different buffers with vary pH ranging from 6.0 to 12.0 at 30°C,
and then the residual activities were determined for a certain interval at standard assay condi-
tions. The initial activity at different pH conditions without treatment were used as a blank and
regarded as 100%. All results were obtained by performing the experiments in triplicate.

Results
Sequence alignment and homology modelling of TmCel12B

Different from other intracellular endoglucanase, such as Cel12A and Cel74, TmCel12B carries
a typical signal peptide sequence within a hydrophobic amino-terminal extension, therefore
belongs to extracellular enzymes. The sequence alignment result showed that T Cel12B has
the highest similarity with the protein CelA from T. maritima (PDB accession code: 3070),
Cel12A from Pyrococcus furiosus (PDB accession code: 3VGI), and Cel12A from Rhodother-
mus marinus (PDB accession code: 1HOB), which also belong to the GH12 family (Fig 1). The
3-dimensional homology models of TmCel12B and its mutants were generated by on-line
SWISS-MODEL tool using a well characterized protein crystal of endoglucanase CelA from T.
maritima as a model template [35]. The most probable structure of TmCel12B protein could be
generated by comparative modelling with the template sequence, simultaneously satisfying
spatial restraints and local molecular geometry. The modeled structure was refined by subse-
quent optimization of the loop conformations to assess the compatibility of the primary
sequence to the template structure. The geometry of loop regions was corrected using on-line
Refine Loop Program. As shown in Fig 2A, the overall fold of TmCel12B is a -barrel jelly-roll
fold structure consisting of 14 B-sheets, similar to those other enzymes from GH12 family. The
two curved B-sheets folds are packed against each other, and consist of five strands and nine
strands, respectively. The catalytic center is located at the bottom of the inner hole formed by
the inner sheet structure, whereas the outer sheet structures will play key roles in stabilizing the
whole space frame. The two catalytic residues Glul31 and Glu229, which are seated in the
inner loop between sheets of 4 and B12, are embedded themselves in the catalytic cleft (Fig
2B). The first three loops of the inner sheet form a cleft covering the catalytic center hole, and
allow the substrate to access to the binding module of the enzyme. Consistent with the other
GH12 family endoglucanases, the interior of the protein is filled most by hydrophobic residues
that constitute the protein structure core, mostly including some aromatic amino acid residues,
such as phenylalanine. The central hole is also formed by several side chains of tryptophan and
tyrosine serving as different roles to interact with the substrate. From Fig 3, the conserved
amino acid residues within the thermostable endoglucanases with high homology were mostly
located in the inner of the catalytic center cleft, which can be inferred that these conserved resi-
dues are not only responsible for the stabilization of the protein structure, but also the con-
struction of the catalytic center.

Site-directed mutagenesis of the functional residues

A set of experiments of directed evolution using error-prone PCR approach for improving
properties of TmCel12B were previously performed by our research group [27]. As the result of
the directed evolution studies, five well-evolved mutants of TmCel12B with highly improved
properties in terms of enzyme activity, thermostability, and pH stability, respectively, were
obtained, among which the best-evolved mutant (L20R, D37V, I1108T) showed about 3 times
higher in the enzyme activity than its parental clone, furthermore, the substitution of amino
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Fig 1. Structure-based sequence of TmCel12B and other amino acid sequences with known protein
crystal structures. The secondary structure elements of the TmCel12B proteins homology modelled are
drawn at the top of the alignment. The aligned protein sequences with their PDB access codes indicated in

parentheses.

doi:10.1371/journal.pone.0133824.g001

acid residues in the primary structure, compared to the wild-type TmCel12B, were affirmed by
gene-encoding sequencing. The enzymatic characteristics studies and structural analysis dem-
onstrated that the polarity of catalytic active center was increased, as well as the enzyme struc-
ture was increased compact to a certain extent [27]. By sequencing primary structure of 5
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Fig 2. Homology model of TmCel12B. A: The secondary structural elements and loops are spectrum-
colored according to their positions in the amino acid sequence. The 14 B-strands are pack against each
other into two anti-parallel sheets. B: Active site Glu131 and Glu229 was colored green.

doi:10.1371/journal.pone.0133824.g002

mutants, all having 3-6 amino acid sites substitution, respectively, they share 2 common sites
substitution, E225 and K207. 3 out of 5 mutants share another common substitution, D37. The
results indicate that the three residues play a modest role on thermostable properties of
TmCel12B. Homology modeling indicated that residue site of E225 is near the catalytic center
and within the cavity of substrates accessory to the enzyme protein, while amino acid sites of
K207 and D37 are distributed on both sides of the outer surface of protein molecule. Combined
with the results of previous directed evolution study, a series of systematic studies were
designed by the rational design strategies for the deeply analysis of the structure-function rela-
tionship. Target amino acid residues of E225, K207, and D37 were selected to perform single
and combinatorial mutagenesis using site-directed reverse PCR approaches. Taking account
into the polarity and hydrophobicity, the three residues were mutated into different amino
acids in order to investigate the structure-function relationship. The comparison study on the
residues exchange was also performed. The results can be seen in Fig 4. The interaction of the
three residues with vicinal amino acids was decreased, and probably attributed to the recon-
struction of the catalytic domain and substrate binding sites. The resultant recombinant
mutants of TmCel12B all have apparent molecular mass of about 30 kDa determined by
SDS-PAGE analysis (Fig 5), corresponding well with the desired value deduced from the nucle-
otide sequence of the gene.

Fig 3. Conserved amino acid residues of thermostable endoglucanase. The conserved amino acid
residues with green color are mostly located in the active cleft. A: front view. B: side view.

doi:10.1371/journal.pone.0133824.9003
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Fig 4. Structures of site-directed amino acid residues with other vicinal residues by H-bond. A, B:
Glutamic acid 225 was mutated into Histidine. C, D: Aspartic acid 37 was mutated into Valine. E, F: Lysine
207 was mutated into Glutamic acid.

doi:10.1371/journal.pone.0133824.9004

Enzyme activities of TmCel12B and its mutants

Compare to other thermophilic cellulases, TmCel12B possess unique hyperthermostable prop-
erty but relatively low activity. Another main aim of the study is, except for enhanced thermo-
stable, to improve the enzyme activity under high temperature conditions. Thus, the enzyme
activity of endoglucanase TmCel12B and its site-directed mutants were determined under the
standard conditions using CMC, RAC, and Avicel as the substrates. The results show that the
two single-site mutants both show improved enzyme activities of 44% and 43% higher than
their parental enzyme, respectively (52 Table). Furthermore, the double-sites and triple-sites
mutants were also significantly enhanced on catalytic performance about 77% and 87%, respec-
tively. As to the RAC and Avicel substrates, TmCel12B and its mutants hardly show any
detected hydrolysis activities.

Temperature and pH profiles of TmCel12B and its mutants

Enzymes derived from extremely thermophilic microorganisms have also been studied for
their special properties, which could be readily utilized in various industrial processes involving
high temperature and strong basic or acid conditions. To evaluate the optimal temperature and
pH profiles, TmCel12B and its mutants were analyzed in terms of catalytic activities at various
temperatures ranging from 50°C to 100°C, or pH ranging from 4 to 10 (S2 Table). TmCel12B
showed pH optimum of 6.0 and temperature optimum of 85°C against the substrate CMC-Na,
which demonstrated its unique hyperthermostability. When glutamate225 was substitute for
histidine, the pH optimum was slightly shifted toward 6.5, while the optimal temperature was
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Fig 5. SDS-PAGE analysis of Recombinant TmCel12B. Lane M, Protein marker; Lane 1, Supernatant after
ultrosonication; Lane 2, suspensions after ammonium sulfate precipitation; Lane 3, treated by heat at 75°C
for 15 min; Lane 4, purified enzyme after purification kit.

doi:10.1371/journal.pone.0133824.9005

80°C, a little decline about 5°C compare to that of TmCel12B, though TmCel12B-E225H
showed higher catalytic activity. On the other hand, the thermostability of TmCel12B-E225H
showed an improvement of remaining 95% of its initial activity after incubation for 8 h at
75°C, while only 45% for TmCel12B when incubation for 2 h at 75°C. In contrast,
TmCel12B-K207G showed less thermostable of 65% residual activity at 75°C for 3 h compare
to that of TmCel12B-E225H. However, the pH and temperature optimum of
TmCel12B-K207G appeared to be 7.5 and 95°C, respectively, higher than those of TmCel12-
B-E225H and TmCel12B. To obtain desired high activity recombinant enzyme, a combination
of two residues mutagenesis was subsequently performed. The results indicated that the dou-
ble-sites mutant TmCel12B-E225H-K207G showed pH optimum of 7.5, temperature optimum
of 95°C, respectively, and better thermostability of 90.5% residual activity after incubation at
80°C for 8 h, demonstrating that the two amino acid sites were indeed account for the pH and
thermostability characteristics’. Furthermore, no interaction was observed when two residues
were mutated simultaneously. The triple-sites mutant TmCel12B-E225H-K207G-D37V was
also constructed to investigate the role of aspartic acid site on pH and temperature profiles, as
well as activity of TmCel12B. As the result, no obvious change was observed, but a little reduc-
tion on pH optimum from 7.5 to 7.0.

Kinetic parameters

Kinetic parameters for wild-type TmCel12B and its site-directed mutants were determined,
based on the initial reaction rates (v,) evaluated during the first 3 min. The results can be seen
in S2 Table. Though the activities of the mutated enzymes improved to varying degrees, the
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Michaelis constants varied in different site-directed mutants. The apparent K, of the two sin-
gle-site mutants and double-sites mutants showed an increase to a certain extent, while the tri-
ple-sites mutant appeared to be about 12% reduction. Since higher apparent K,,, represents
lower affinity to the substrates, higher substrate concentration is needed to afford an equal
enzyme activity to those possessing lower apparent K. Structural and conformational changes
in the mutated protein structure may cause effects to a certain extent on substrates entering the
catalytic active center of the enzyme and binding to the side chain of amino acid residues. The
Vinax and Ky, of TmCel12B-E225H-K207G were 3.15+0.21 umol-mg™"-min ™" and 2.97+0.12
mM, respectively. The V.., and K, of the triple-sites mutant TCel12B-E225H-K207G-D37V
were 4.2340.15 pmol-mg ' -min "' and 1.97+0.05 mM, about two times higher than that of the
initial enzyme.

Discussions

Endoglucanases catalyzing the hydrolysis of internal B-1,4-glucasidic bonds of cellulose via a
double displacement reaction and a glycosyl-enzyme intermediate, mostly belong to the mem-
bers of glycoside hydrolyses (GH) family 5, 10, 12, 16, 18, 19, 26, 44, 45, 48, 51, 74, and 124 [7,
36]. GH12 family, as well as GH11 family of xylanase, constitutes Clan C of glycoside hydroly-
ses according to the classification by CAZy database (the Carbohydrate-Active enzymes data-
base, http://www.cazy.org). It has been reported that two Glutamate residues of GH12 family
members were approved to be essential for the catalytic activity of these enzymes [37].
TmCel12B also has these two Glutamate residue sites at the corresponding positions (E131 and
E229, Fig 2B) to indicate that these two acidic residues are indeed the essential active sites of
GH12 family members [17]. As to the amino acid compositions of hyperthermostable cellu-
lases, there have been revealed some differences, compared with the less thermostable cellulases
of the same family, for example generally more Glutamate residue while less Proline residue
[17]. However, there are not yet enough evidences to elucidate if the compositions of primary
structure are account for the extreme thermostable properties of these enzymes so far.

Since thermostability is an important and complex property, many efforts to enhance the
thermostability of existing endoglucanases in question have been made, including increase
hydrophobicity within catalytic center, change polarity and charge of amino acid residues in
primary structure, enhance the compactness of the holoenzymate protein, etc [38, 39]. Numer-
ous studies regarding directed evolution of cellulase have been reported to search for desirable
mutants with higher thermostability and enzyme activity. As the result, many improved
mutants were obtained, and different mechanisms were presented to explain the thermostable
profiles of enzymes [40, 41]. There have been abundant structural reports of proteins about
endoglucanases, which demonstrated three different folds present, namely (a/B)s, B-jelly roll,
and (o/a)s fold [36]. Analysis of the structure-function relationship between hyperthermo-
stable endoglucanases showed that the type of fold is critical for distinct thermostable features.
The 3-dimentional structure model of TmCel12B revealed a B-sandwich fold, comprise of two
B-sheets fold packed against each other. Homology modelling study indicated that the diameter
of the holes to the catalytic cavity became bigger and the structure of the protein was more
compact. From Fig 4, Histidine residue appeared an active basic amino acid, usually acting as
the proton donor and acceptor, thus Glu225 was mutated into Histidine to attempt to enhance
the electron density of the catalytic active center, which contributed to the improvement of the
enzyme activity of the mutant. The Lys207 and Asp37 residues are located in different loops of
the protein structure, and now they were substituted by Glysine and Valine to increase the
hydrophobicity of the outer surface of protein to some extent, so as to form a more compact
enzyme complex with the substrate under the aqueous conditions. These results are supposed
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to be responsible not only for the enhancement on enzyme activity and thermostability, but
also contribute to investigate the difference between mesophilic and thermophilic cellulases.

Rational design is now widely used to investigate for improved enzyme properties, based on
the scientific knowledge of the structure-function relationship of enzymes [3]. Numerous stud-
ies using site-directed mutagenesis or directed evolution approaches have been made to investi-
gate catalytic mechanism and improved properties [6, 42]. However, few reports obtained
significantly improved mutants with higher activity on insoluble substrates [43], and so did the
current study. Another important point to note is that to break down the cellulose polymer to
produce bioethanol needs many cellulolytic enzymes, such as cellobiohydrolase, ligninase, f-
glucasidase and xylanase, etc, to function synergistically, which is a more complex process,
especially on insoluble heterogeneous cellulose, that is to say, a series of cellulases all need to
modify by various approaches to form a ternary complex with the substrate. Some efforts have
been made through cellulase diffusion, adsorption, and catalysis on the surface of cellulose, and
construction of recombinant enzymes by combining the cellulose-binding modules (CBM) to
the catalytic domain from varied source [44]. Therefore, a significant reduction in cost is cru-
cial for industrial use in biorefinery and biofuel to meet the demand of environmental sustain-
able development and energy economics change.

Conclusions

The unique hyperthermostability profiles of endoglucanase TmCel12B make it of great value in
the study of biofuel production from nonfood lignocellulosic biomass. The mutants engineered
in the current study are promising candidates in the recent future for cellulose hydrolysis. The
study also demonstrated the feasibility of engineering cellulases in the industrial utilization, as
well as provided the experimental proof of thermostable mechanism of endoglucanases based
on the analysis of three-dimension protein structure.

Supporting Information

S1 Table. Primers used in site-directed mutagenesis with IPCR for the generation of
mutants.
(DOC)

S2 Table. Characterization of TmCel12B and its mutants.
(DOC)

Acknowledgments

The authors gratefully acknowledge the financial support of the National Natural Science
Foundation of China (No. 20971050), Opening Fund of Jiangsu Provincial Engineering Labo-
ratory for Biomass Conversion and Process Integration (Huaiyin Institute of Technology) (No.
JPELBCPL2012001, 20130010) and Jiangsu Key Laboratory for Biomass-based Energy and
Enzyme Technology (Huaiyin Normal University) (No. JSBEET1304). The funders had no role
in study design, data collection and analysis, decision to publish, or preparation of the
manuscript.

Author Contributions

Conceived and designed the experiments: JZ XL. Performed the experiments: JZ LX XL. Ana-
lyzed the data: JZ HS LX XZ XL. Contributed reagents/materials/analysis tools: JZ XZ XL.
Wrote the paper: JZ XL.

PLOS ONE | DOI:10.1371/journal.pone.0133824  July 28,2015 11/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0133824.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0133824.s002

@’PLOS ‘ ONE

Rational Design for Improved TmCel12B

References

1.

10.

1.

12

13.

14.

15.

16.

17.

Geng J, Song HS, Yuan J, Ramkrishna D. On enhancing productivity of bioethanol with multiple spe-
cies. Biotechnology and bioengineering. 2012; 109(6):1508—17. Epub 2012/01/12. doi: 10.1002/bit.
24419 PMID: 22234672.

Butterbach-Bahl K, Kiese R. Bioenergy: Biofuel production on the margins. Nature. 2013; 493
(7433):483-5. Epub 2013/01/22. doi: 10.1038/nature 11853 PMID: 23334412.

Percival Zhang YH, Himmel ME, Mielenz JR. Outlook for cellulase improvement: screening and selec-
tion strategies. Biotechnology advances. 2006; 24(5):452—81. Epub 2006/05/13. doi: 10.1016/j.
biotechadv.2006.03.003 PMID: 16690241.

Yennamalli RM, Rader AJ, Kenny AJ, Wolt JD, Sen TZ. Endoglucanases: insights into thermostability
for biofuel applications. Biotechnology for biofuels. 2013; 6(1):136. Epub 2013/09/28. doi: 10.1186/
1754-6834-6-136 PMID: 24070146; PubMed Central PMCID: PMC3856469.

Kumar R, Wyman CE. Strong cellulase inhibition by Mannan polysaccharides in cellulose conversion to
sugars. Biotechnology and bioengineering. 2014; 111(7):1341-53. Epub 2014/02/14. doi: 10.1002/bit.
25218 PMID: 24522973.

Gao S, You C, Renneckar S, Bao J, Zhang YH. New insights into enzymatic hydrolysis of heteroge-
neous cellulose by using carbohydrate-binding module 3 containing GFP and carbohydrate-binding
module 17 containing CFP. Biotechnology for biofuels. 2014; 7(1):24. Epub 2014/02/21. doi: 10.1186/
1754-6834-7-24 PMID: 24552554; PubMed Central PMCID: PMC3943381.

ShiR, LiZ, Ye Q, Xu J, Liu Y. Heterologous expression and characterization of a novel thermo-haloto-
lerant endoglucanase Cel5H from Dictyoglomus thermophilum. Bioresource technology. 2013;
142:338-44. Epub 2013/06/12. doi: 10.1016/j.biortech.2013.05.037 PMID: 23747445.

Karnaouri AC, Topakas E, Christakopoulos P. Cloning, expression, and characterization of a thermo-
stable GH7 endoglucanase from Myceliophthora thermophila capable of high-consistency enzymatic
liquefaction. Applied microbiology and biotechnology. 2013. Epub 2013/04/26. doi: 10.1007/s00253-

013-4895-9 PMID: 23615741.

Kojima M, Okamoto K, Yanase H. Direct ethanol production from cellulosic materials by Zymobacter
palmae carrying Cellulomonas endoglucanase and Ruminococcus beta-glucosidase genes. Applied
microbiology and biotechnology. 2013; 97(11):5137—47. Epub 2013/04/23. doi: 10.1007/s00253-013-
4874-1 PMID: 23604558.

Liu W, Zhang XZ, Zhang Z, Zhang YH. Engineering of Clostridium phytofermentans Endoglucanase
Cel5A for improved thermostability. Applied and environmental microbiology. 2010; 76(14):4914-7.
Epub 2010/06/01. doi: 10.1128/AEM.00958-10 PMID: 20511418; PubMed Central PMCID:
PMC2901741.

Liu W, Hong J, Bevan DR, Zhang YH. Fast identification of thermostable beta-glucosidase mutants on
cellobiose by a novel combinatorial selection/screening approach. Biotechnology and bioengineering.
2009; 103(6):1087—94. Epub 2009/04/24. doi: 10.1002/bit.22340 PMID: 19388085.

Ye X, Zhang C, Zhang YH. Engineering a large protein by combined rational and random approaches:
stabilizing the Clostridium thermocellum cellobiose phosphorylase. Molecular bioSystems. 2012; 8
(6):1815-23. Epub 2012/04/19. doi: 10.1039/c2mb05492b PMID: 22511238.

Zhang F, Chen JJ, Ren WZ, Nie GX, Ming H, Tang SK, et al. Cloning, expression and characterization
of an alkaline thermostable GH9 endoglucanase from Thermobifida halotolerans YIM 90462 T. Biore-
source technology. 2011; 102(21):10143-6. Epub 2011/09/13. doi: 10.1016/j.biortech.2011.08.019
PMID: 21907577.

Couturier M, Feliu J, Haon M, Navarro D, Lesage-Meessen L, Coutinho PM, et al. A thermostable
GH45 endoglucanase from yeast: impact of its atypical multimodularity on activity. Microbial cell facto-
ries. 2011; 10:103. Epub 2011/12/08. doi: 10.1186/1475-2859-10-103 PMID: 22145993; PubMed Cen-
tral PMCID: PMC3247070.

Liebl W, Ruile P, Bronnenmeier K, Riedel K, Lottspeich F, Greif I. Analysis of a Thermotoga maritima
DNA fragment encoding two similar thermostable cellulases, CelA and CelB, and characterization of
the recombinant enzymes. Microbiology. 1996; 142 (Pt 9):2533-42. Epub 1996/09/01. PMID: 8828221.

Worning P, Jensen LJ, Nelson KE, Brunak S, Ussery DW. Structural analysis of DNA sequence: evi-
dence for lateral gene transfer in Thermotoga maritima. Nucleic acids research. 2000; 28(3):706-9.
Epub 2000/01/19. PMID: 10637321; PubMed Central PMCID: PMC102551.

ShiH, Zhang Y, Wang L, Li X, Li W, Wang F. Molecular analysis of hyperthermophilic endoglucanase
Cel12B from Thermotoga maritima and the properties of its functional residues. BMC structural biology.
2014; 14(1):8. Epub 2014/02/18. doi: 10.1186/1472-6807-14-8 PMID: 24529187.

PLOS ONE | DOI:10.1371/journal.pone.0133824  July 28,2015 12/14


http://dx.doi.org/10.1002/bit.24419
http://dx.doi.org/10.1002/bit.24419
http://www.ncbi.nlm.nih.gov/pubmed/22234672
http://dx.doi.org/10.1038/nature11853
http://www.ncbi.nlm.nih.gov/pubmed/23334412
http://dx.doi.org/10.1016/j.biotechadv.2006.03.003
http://dx.doi.org/10.1016/j.biotechadv.2006.03.003
http://www.ncbi.nlm.nih.gov/pubmed/16690241
http://dx.doi.org/10.1186/1754-6834-6-136
http://dx.doi.org/10.1186/1754-6834-6-136
http://www.ncbi.nlm.nih.gov/pubmed/24070146
http://dx.doi.org/10.1002/bit.25218
http://dx.doi.org/10.1002/bit.25218
http://www.ncbi.nlm.nih.gov/pubmed/24522973
http://dx.doi.org/10.1186/1754-6834-7-24
http://dx.doi.org/10.1186/1754-6834-7-24
http://www.ncbi.nlm.nih.gov/pubmed/24552554
http://dx.doi.org/10.1016/j.biortech.2013.05.037
http://www.ncbi.nlm.nih.gov/pubmed/23747445
http://dx.doi.org/10.1007/s00253-013-4895-9
http://dx.doi.org/10.1007/s00253-013-4895-9
http://www.ncbi.nlm.nih.gov/pubmed/23615741
http://dx.doi.org/10.1007/s00253-013-4874-1
http://dx.doi.org/10.1007/s00253-013-4874-1
http://www.ncbi.nlm.nih.gov/pubmed/23604558
http://dx.doi.org/10.1128/AEM.00958-10
http://www.ncbi.nlm.nih.gov/pubmed/20511418
http://dx.doi.org/10.1002/bit.22340
http://www.ncbi.nlm.nih.gov/pubmed/19388085
http://dx.doi.org/10.1039/c2mb05492b
http://www.ncbi.nlm.nih.gov/pubmed/22511238
http://dx.doi.org/10.1016/j.biortech.2011.08.019
http://www.ncbi.nlm.nih.gov/pubmed/21907577
http://dx.doi.org/10.1186/1475-2859-10-103
http://www.ncbi.nlm.nih.gov/pubmed/22145993
http://www.ncbi.nlm.nih.gov/pubmed/8828221
http://www.ncbi.nlm.nih.gov/pubmed/10637321
http://dx.doi.org/10.1186/1472-6807-14-8
http://www.ncbi.nlm.nih.gov/pubmed/24529187

@’PLOS ‘ ONE

Rational Design for Improved TmCel12B

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Sandgren M, Shaw A, Ropp TH, Wu S, Bott R, Cameron AD, et al. The X-ray crystal structure of the Tri-
choderma reesei family 12 endoglucanase 3, Cel12A, at 1.9 A resolution. Journal of molecular biology.
2001; 308(2):295-310. Epub 2001/05/01. doi: 10.1006/jmbi.2001.4583 PMID: 11327768.

Sandgren M, Stahlberg J, Mitchinson C. Structural and biochemical studies of GH family 12 cellulases:
improved thermal stability, and ligand complexes. Progress in biophysics and molecular biology. 2005;
89(3):246—-91. Epub 2005/06/14. doi: 10.1016/j.pbiomolbio.2004.11.002 PMID: 15950056.

Cheng YS, Ko TP, Wu TH, Ma Y, Huang CH, Lai HL, et al. Crystal structure and substrate-binding
mode of cellulase 12A from Thermotoga maritima. Proteins. 2011; 79(4):1193-204. Epub 2011/01/27.
doi: 10.1002/prot.22953 PMID: 21268113.

Crennell SJ, Hreggvidsson GO, Nordberg Karlsson E. The structure of Rhodothermus marinus
Cel12A, a highly thermostable family 12 endoglucanase, at 1.8 A resolution. Journal of molecular biol-
ogy. 2002; 320(4):883-97. Epub 2002/07/04. PMID: 12095262.

Merceron R, Foucault M, Haser R, Mattes R, Watzlawick H, Gouet P. The molecular mechanism of
thermostable alpha-galactosidases AgaA and AgaB explained by x-ray crystallography and mutational
studies. The Journal of biological chemistry. 2012; 287(47):39642-52. Epub 2012/09/27. doi: 10.1074/
jbc.M112.394114 PMID: 23012371; PubMed Central PMCID: PMC3501081.

Carstensen L, Zoldak G, Schmid FX, Sterner R. Folding mechanism of an extremely thermostable
(betaalpha)(8)-barrel enzyme: a high kinetic barrier protects the protein from denaturation. Biochemis-
try. 2012; 51(16):3420-32. Epub 2012/03/30. doi: 10.1021/bi300189f PMID: 22455619.

Levine SE, Fox JM, Clark DS, Blanch HW. A mechanistic model for rational design of optimal cellulase
mixtures. Biotechnology and bioengineering. 2011; 108(11):2561-70. Epub 2011/06/28. doi: 10.1002/
bit.23249 PMID: 21702033.

Srikrishnan S, Randall A, Baldi P, Da Silva NA. Rationally selected single-site mutants of the Thermo-
ascus aurantiacus endoglucanase increase hydrolytic activity on cellulosic substrates. Biotechnology
and bioengineering. 2012; 109(6):1595-9. Epub 2011/12/20. doi: 10.1002/bit.24414 PMID: 22180009.

YiZL, Pei XQ, Wu ZL. Introduction of glycine and proline residues onto protein surface increases the
thermostability of endoglucanase CelA from Clostridium thermocellum. Bioresource technology. 2011;
102(3):3636-8. Epub 2010/12/03. doi: 10.1016/j.biortech.2010.11.043 PMID: 21123051.

ShiH, Wang L, Li X, Wang L, Zhang Y, L X, et al. Directed Evolution of a Hyperthermophilic Endogluca-
nase Cel12B from Thermotoga maritima. Bioresources. 2014; 9(2):3526—35.

Li XQ, Shao WL. The construction of Thermotoga maritima endoglucanase Cel12B fused with CBD
and the characterization of chimeric enzyme. Wei sheng wu xue bao = Acta microbiologica Sinica.
2006; 46(5):726—-9. Epub 2006/12/19. PMID: 17172017.

Arnold K, Bordoli L, Kopp J, Schwede T. The SWISS-MODEL workspace: a web-based environment
for protein structure homology modelling. Bioinformatics. 2006; 22(2):195-201. Epub 2005/11/23. doi:
10.1093/bioinformatics/bti770 PMID: 16301204.

Schwede T, Kopp J, Guex N, Peitsch MC. SWISS-MODEL: An automated protein homology-modeling
server. Nucleic acids research. 2003; 31(13):3381-5. Epub 2003/06/26. PMID: 12824332; PubMed
Central PMCID: PMC168927.

Guex N, Peitsch MC. SWISS-MODEL and the Swiss-PdbViewer: an environment for comparative pro-
tein modeling. Electrophoresis. 1997; 18(15):2714—-23. Epub 1998/03/21. doi: 10.1002/elps.
1150181505 PMID: 9504803.

Sambrook J, Russell DW. Molecular cloning: A laboratory manual. Cold Spring Harbor Laboratory
Press: Woodbury, NY. 2001.

GL M. Use of dinitrosalicylic acid reagent for determination of ruducing sugar. Anal Chem. 1959; 31
(3):426-8.

Bradford MM. A rapid and sensitive method for the quantitation of microgram quantities of protein utiliz-
ing the principle of protein-dye binding. Analytical biochemistry. 1976; 72:248-54. Epub 1976/05/07.
PMID: 942051.

Forse GJ, Ram N, Banatao DR, Cascio D, Sawaya MR, Klock HE, et al. Synthetic symmetrization in
the crystallization and structure determination of CelA from Thermotoga maritima. Protein science: a
publication of the Protein Society. 2011; 20(1):168-78. Epub 2010/11/18. doi: 10.1002/pro.550 PMID:
21082721; PubMed Central PMCID: PMC3047073.

Kufner K, Lipps G. Construction of a chimeric thermoacidophilic beta-endoglucanase. BMC biochemis-
try. 2013; 14:11. Epub 2013/05/01. doi: 10.1186/1471-2091-14-11 PMID: 23627611; PubMed Central
PMCID: PMC3655044.

Macarron R, van Beeumen J, Henrissat B, de la Mata |, Claeyssens M. Identification of an essential glu-
tamate residue in the active site of endoglucanase Ill from Trichoderma reesei. FEBS letters. 1993; 316
(2):137—-40. Epub 1993/01/25. PMID: 8093602.

PLOS ONE | DOI:10.1371/journal.pone.0133824  July 28,2015 13/14


http://dx.doi.org/10.1006/jmbi.2001.4583
http://www.ncbi.nlm.nih.gov/pubmed/11327768
http://dx.doi.org/10.1016/j.pbiomolbio.2004.11.002
http://www.ncbi.nlm.nih.gov/pubmed/15950056
http://dx.doi.org/10.1002/prot.22953
http://www.ncbi.nlm.nih.gov/pubmed/21268113
http://www.ncbi.nlm.nih.gov/pubmed/12095262
http://dx.doi.org/10.1074/jbc.M112.394114
http://dx.doi.org/10.1074/jbc.M112.394114
http://www.ncbi.nlm.nih.gov/pubmed/23012371
http://dx.doi.org/10.1021/bi300189f
http://www.ncbi.nlm.nih.gov/pubmed/22455619
http://dx.doi.org/10.1002/bit.23249
http://dx.doi.org/10.1002/bit.23249
http://www.ncbi.nlm.nih.gov/pubmed/21702033
http://dx.doi.org/10.1002/bit.24414
http://www.ncbi.nlm.nih.gov/pubmed/22180009
http://dx.doi.org/10.1016/j.biortech.2010.11.043
http://www.ncbi.nlm.nih.gov/pubmed/21123051
http://www.ncbi.nlm.nih.gov/pubmed/17172017
http://dx.doi.org/10.1093/bioinformatics/bti770
http://www.ncbi.nlm.nih.gov/pubmed/16301204
http://www.ncbi.nlm.nih.gov/pubmed/12824332
http://dx.doi.org/10.1002/elps.1150181505
http://dx.doi.org/10.1002/elps.1150181505
http://www.ncbi.nlm.nih.gov/pubmed/9504803
http://www.ncbi.nlm.nih.gov/pubmed/942051
http://dx.doi.org/10.1002/pro.550
http://www.ncbi.nlm.nih.gov/pubmed/21082721
http://dx.doi.org/10.1186/1471-2091-14-11
http://www.ncbi.nlm.nih.gov/pubmed/23627611
http://www.ncbi.nlm.nih.gov/pubmed/8093602

@’PLOS ‘ ONE

Rational Design for Improved TmCel12B

38.

39.

40.

41.

42.

43.

44,

Kawai Y, Noda S, Ogino C, Takeshima Y, Okai N, Tanaka T, et al. p-Hydroxycinnamic acid production
directly from cellulose using endoglucanase- and tyrosine ammonia lyase-expressing Streptomyces
lividans. Microbial cell factories. 2013; 12(1):45. Epub 2013/05/09. doi: 10.1186/1475-2859-12-45
PMID: 23651460; PubMed Central PMCID: PMC3668229.

Charoenrat T, Khumruaengsri N, Promdonkoy P, Rattanaphan N, Eurwilaichitr L, Tanapongpipat S,

et al. Improvement of recombinant endoglucanase produced in Pichia pastoris KM71 through the use
of synthetic medium for inoculum and pH control of proteolysis. Journal of bioscience and bioengineer-
ing. 2013; 116(2):193-8. Epub 2013/04/04. doi: 10.1016/}.jbiosc.2013.02.020 PMID: 23548272.

Liu M, Gu J, Xie W, Yu H. Directed co-evolution of an endoglucanase and a beta-glucosidase in Escher-
ichia coli by a novel high-throughput screening method. Chem Commun (Camb). 2013; 49(65):7219—
21. Epub 2013/07/11. doi: 10.1039/c3cc42485e PMID: 23841109.

Nakazawa H, Okada K, Onodera T, Ogasawara W, Okada H, Morikawa Y. Directed evolution of endo-
glucanase Il (Cel12A) from Trichoderma reesei. Applied microbiology and biotechnology. 2009; 83
(4):649-57. Epub 2009/02/12. doi: 10.1007/s00253-009-1901-3 PMID: 19205687.

Tishkov VI, Gusakov AV, Cherkashina AS, Sinitsyn AP. Engineering the pH-optimum of activity of the
GH12 family endoglucanase by site-directed mutagenesis. Biochimie. 2013; 95(9):1704-10. Epub
2013/06/19. doi: 10.1016/j.biochi.2013.05.018 PMID: 23774299.

Jeon SD, Yu KO, Kim SW, Han SO. The processive endoglucanase EngZ is active in crystalline cellu-
lose degradation as a cellulosomal subunit of Clostridium cellulovorans. New biotechnology. 2012; 29
(3):365-71. Epub 2011/06/22. doi: 10.1016/j.nbt.2011.06.008 PMID: 21689799.

Skopec CE, Himmel ME, Matthews JF, Brady JW. Energetics for displacing a single chain from the sur-
face of microcrystalline cellulose into the active site of Acidothermus cellulolyticus Cel5A. Protein engi-
neering. 2003; 16(12):1005—15. Epub 2004/02/26. doi: 10.1093/protein/gzg115 PMID: 14983081.

PLOS ONE | DOI:10.1371/journal.pone.0133824  July 28,2015 14/14


http://dx.doi.org/10.1186/1475-2859-12-45
http://www.ncbi.nlm.nih.gov/pubmed/23651460
http://dx.doi.org/10.1016/j.jbiosc.2013.02.020
http://www.ncbi.nlm.nih.gov/pubmed/23548272
http://dx.doi.org/10.1039/c3cc42485e
http://www.ncbi.nlm.nih.gov/pubmed/23841109
http://dx.doi.org/10.1007/s00253-009-1901-3
http://www.ncbi.nlm.nih.gov/pubmed/19205687
http://dx.doi.org/10.1016/j.biochi.2013.05.018
http://www.ncbi.nlm.nih.gov/pubmed/23774299
http://dx.doi.org/10.1016/j.nbt.2011.06.008
http://www.ncbi.nlm.nih.gov/pubmed/21689799
http://dx.doi.org/10.1093/protein/gzg115
http://www.ncbi.nlm.nih.gov/pubmed/14983081

