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To enhance the specific endo-b-1,4-glucanase activity (EGI) of three mixed substances: Trichoderma sp.

(Trichoderma reesei, Trichoderma longibrachiatum, and Trichoderma pseudokoningii), we optimized the

efficiency of the encoding gene, eg1, using DNA shuffling and Saccharomyces cerevisiae INVSc1 as

a host. One variant, SEGI8 (the high activity protein encoded by eg1 gene using DNA shuffling) was found

through screening approximately 1000 variants. The extracellular enzyme work of SEGI8 reached its

highest level when cultured for 96 h, at 50 �C and a pH of 5.6, akin to the wild types. Clone harboring of

the best mutant SEGI8 (selected via first-round mutagenesis) produced 169–257% more activity than

transformants with three wild-type EGIs. Mutant SEGI8 produced by the clone showed broad pH stability

(5.6–6.6) while performing comparable thermotolerance (60–70 �C) compared to wild EGIs; it also

showed a high homology of 95%, 96%, and 97%, identical to the EGI of T. reesei, T. longibrachiatum, and

T. pseudokoningii, respectively. Analysis of the sequences indicated that four point mutations causing

amino acid substitution (V10A/G100S/F192L/S318G) were replaced. The major structure of the active site

in SEGI8 was comprised of loop regions, with the same location as b-helix in NTEGI (the protein

encoded by eg1 genes in T. reesei). It has been suggested that the mutation S318G might affect

substrate binding and improved actions based on an analysis of the predicted 3D structural-modeling of

SEGI8. Overall, this novel system could facilitate cellulose activity and create a foundation for

constructing an efficient cellulose degradation system.

1. Introduction

Cellulose, the most abundant polysaccharide, has the largest

number of renewable resources in nature. There are about 10

billion tons of dry vegetal products produced in the world every

year, of which more than half are cellulose or hemicellulose.1

However, the majority of agricultural products are discarded,

and only a small portion is utilized. Thus, it is important to

develop efficient ways to utilize these renewable resources. A

process of cellulose degradation would provide a signicant

contribution toward solving these environmental and ecological

problems.2

The degradation of cellulose by microorganisms has been

considered a major step in Earth's carbon cycle. According to

the most widely accepted view, the hydrolysis of cellulose

provides an ideal way to achieve this degradation with minimal

contamination. It is known that the enzymatic hydrolysis of

cellulose is a complex heterogeneous reaction and that cellulose

can be degraded by three major types of enzyme components

acting synergistically at the substrate level: endoglucanases

(endo-b-1,4-glucanases; EG), cellobiohydrolases (exo-b-1,4-glu-

canase; CBH), and b-1,4-glucosidase (BG).3–6 Endoglucanases

catalyze the hydrolysis of internal bonds inside the cellulose

chains and randomly yield new small-molecular cellulose. Cel-

lobiohydrolases especially attack the nonreducing chain ends,

releasing cellobiose, and b-glucosidase active on the cellobiose

releasing glucose monomer units from it.2,7 Contributing to the

rst step of bioconversion, endoglucanases play an important

role in degrading cellulose. Four endoglucanases, EGI (Cel7B),

EGII (Cel5A), EGIII (Cel12A), and EGV (Cel45A), represent,

respectively, approximately 15%, 10%, 1%, and <1% of the total

cellulase content.8,9 Importantly, EGI consists of two distinct

domains connected by an O-glycosylated exible-linker region,

namely a cellulose-binding domain (CBD) and a larger catalytic

domain (CD). EGI also has the most efficient hydrolysis capacity

for crystalline cellulose in the fungal cellulase systems known as

glycosyl hydrolase family 7 according to the classication by

Henrissat et al.10,11 For example, EGI is the major endoglucanase

in Trichoderma reesei, which accounts for 510% of the total

amount of cellulolytic enzymes produced by this important

fungus.12 Therefore, research on EGI by protein engineers can

greatly help in creating a way to degrade cellulose efficiently.

Many organisms can digest cellulose, including insects,

microbes, actinomycetes, fungi, and animals.13–15 One novel

aCollege of Food Science and Technology, Shanghai Ocean University, Shanghai,

China. E-mail: yzhao@shou.edu.cn
bSchool of Life Sciences, Anhui Agricultural University, Anhui, China. E-mail:

taofang007@126.com
cUSC School of Pharmacy, University of Southern California, Los Angeles, 1985 Zonal

Ave, USA

Cite this: RSC Adv., 2017, 7, 46246

Received 8th November 2016

Accepted 15th August 2017

DOI: 10.1039/c6ra26508a

rsc.li/rsc-advances

46246 | RSC Adv., 2017, 7, 46246–46256 This journal is © The Royal Society of Chemistry 2017

RSC Advances

PAPER

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 2

9
 S

ep
te

m
b
er

 2
0
1
7
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
6
/2

0
2
2
 6

:4
2
:5

2
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online
View Journal  | View Issue

http://orcid.org/0000-0002-1126-0735
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/C6RA26508A
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007073


endoglucanase that has been reported is encoded by the Ba-ega

gene in Bacillus spp., and although it has a high temperature

stability, its activity is low. In other words, the majority of

endoglucanases in Bacillus spp. have no activity on cellulose.16

Many cellulase genes have also been cloned from animal origins

such as termites, nematodes, longicorn beetles, and others.17,18

However, because of the complex post-translational modica-

tion state, the cellulases from animal origins have lower

expression levels. Therefore, the utilization of cellulases from

fungi is considered an international hot spot, especially those

from Trichoderma spp.19,20

Many studies in the past have reported on cellulase genes

from Trichoderma spp. being successfully expressed in

Saccharomyces cerevisiae and Escherichia coli.21,22 The tech-

nique was recently used to screen cellulases in directed-

mutagenesis mutants for increased enzymatic activity.

Directed evolution is regarded as a powerful alternative to

other methods that optimize for enzyme properties by gener-

ating random genetic libraries and screening for specic

characteristics.23,24 Oligonucleotide-directed mutagenesis,

error-prone PCR, and DNA shuffling are the primary screening

systems for directed evolution to generate highly recombined

genes and evolved enzymes.25,26 DNA shuffling has a novel

ability to rapidly recombine homologous genes in vitro,

making it a convenient and effective method for site-directed

mutagenesis.27 Thus far, only error-prone PCR and

oligonucleotide-directed mutagenesis have been applied to

improve the activity of endoglucanases. Nakazawa et al.

showed that the specic activity of EGIII in T. reesei was

enhanced by the directed evolution of its encoding gene (egI3)

using error-prone PCR and screening for activity in E. coli.28

Lin et al. obtained two endoglucanase Cel8M mutations by

screening approximately 1000 directed-evolution variants in

E. coli.29 The endoglucanase I and II genes (eg1 or Cel7B and

eg11 or Cel5A) of T. reesei QM6a were cloned and successfully

expressed in S. cerevisiae under the transcriptional control of

yeast ENO1 through random mutagenesis of the plasmid.30

However, no studies have reported engineering EGI by using

DNA shuffling for directed evolution.

In this study, we rst tried to perform the directed evolution

trial on endoglucanase I (EGI) from three Trichoderma sp.

(T. reesei, T. pseudokoningii and T. longibrachiatum) to improve

cellulose hydrolysis, by employing DNA shuffling and

screening. One EGI variant was found to higher enzymatic

compared to the wild type versions when both the transformant

variants and wild types were expressed in the yeast strain

S. cerevisiae INVSc1 and extracellular activity displayed by this

host. We reported here that this research by focused mutagen-

esis could gain new insights in the relationship between whole

EGI protein and enzymatic activity.

2. Material and methods
2.1 Strains, media, and cultivation

The three Trichoderma spp. strains (Trichoderma reesei, Tricho-

derma pseudokoningii, and Trichoderma longibrachiatum) were

purchased from the China General Microbiological Culture

Collection Center (Beijing, China) (Table 1). Escherichia coli

DH5a was used as the cloning host for the recombinant DNA

manipulations and plasmid propagation. The strain was culti-

vated in Luria–Bertani broth supplemented with 100 mg mL�1

ampicillin at 37 �C.31 Saccharomyces cerevisiae INVSc1 (Thermo

Fisher Scientic, Lafayette, Co.) was used as the expression host

for the cellulases and was cultured in YPD medium (10 g L�1

yeast extract, 20 g L�1 peptone, and 20 g L�1 glucose) on a rotary

shaker (150 rpm) at 30 �C in 200 mL Erlenmeyer asks. The

yeast strains were maintained on YPD agar (15 g L�1) plates. The

yeast transformants were selected on synthetic complete

medium that lacked uracil (SC-U) with 2% glucose and were

grown at 30 �C for 24–48 h.32 Two percent galactose was added

to SC-U to screen for positive transformants following the

introduction of the recombinant DNA. Enzymatic activity was

detected on SC-U agar (20 g L�1) plates containing 2% galactose.

2.2 Plasmid construction

Genomic DNA from the Trichoderma spp. was extracted by the

standard protocols provided with the MiniBEST Plant Genomic

Extraction Kit (Takara, Japan). The enzymes used for the

Table 1 Microbial strains and plasmids used in this study

Strain or plasmid Genotype Source/reference

Strains
Trichoderma reesei (AS3.3711) Wild type C.G.M.C.C.Ca

Trichoderma pseudokoningii (AS3.3002) Wild type C.G.M.C.C.C.

Trichoderma longibrachiatum (AS3.1029) Wild type C.G.M.C.C.C.
Escherichia coli DH5a supE44 DlacU169 (F80lacZDM15) hsdR17

recA1 endA1gyrA96 thi-1 relA1

31

Saccharomyces cerevisiae INVSc1 (C810-00) MATa his3D1 leu2 trp1-289 ura3-52

MAT his3D1 leu2 trp1-289 ura3-52

Thermo Fisher corporation

Plasmids

pMD-18T Clone vector Takara corporation

pYES-a-factor Expression vector (pYES2.0 with a-factor signal peptide) This laboratory

a China General Microbiological Culture Collection Center (Beijing, China).
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restriction digests and ligations were purchased from Takara

Biotechnology (Takara, Japan). Polymerase chain reactions

(PCR) were performed with a Biometra TGradient PCR System

using Takara Premix Taq™ version 2.0 polymerase (Takara,

Japan) according to the supplier's specications. The primers

used in this study are listed in Table 2. A sketch of the splice

overlap extension (SOE)-PCR process is shown in Fig. 1. First,

the complete eg1 gene (named Feg1) was PCR amplied from T.

reesei AS3.3711 genomic DNA using P1 and P2. Second, exon 1

in Feg1 was obtained using gene splicing by overlap extension

PCR (SOE-PCR) with P1 and P3 as the primers. Exon 2 + 3 was

amplied by SOE-PCR using P4 and P5, and exon 1 + 2 + 3 was

amplied by SOE-PCR using P1 and P5. Exon 1 + 2 + 3, which

lacks two introns, additionally contained the signal peptide

sequence from the FTeg1 gene. Exon 1 + 2 + 3 was subsequently

cloned into the pMD-18T vector (Takara, Japan) and conrmed

by sequencing. This plasmid was named pMD-exon 1 + 2 + 3.

Finally, the no-signal peptide sequence named Neg1 was

amplied from the plasmid pMD-exon 1 + 2 + 3 by PCR using P1

and P8 (EcoRI and BamHI sites are underlined). The Neg1 gene

was cloned into the expression vector pYEa, which contained

the a-factor promoter. The coding region for the a-factor signal

was amplied by PCR using the pPIC9K vector (Invitrogen

Corporation, Carlsbad, CA) as a template, which carries the a-

factor secretion signal to target recombinant proteins to the

growth medium.33 The construction methods for the expression

plasmids derived from T. pseudokoningii and T. longibrachiatum

were the same as those used for T. reesei. In summary, we ob-

tained the expression plasmids pYEa-NTeg1 (from T. reesei),

pYEa-NPeg1 (from T. pseudokoningii), and pYEa-NLeg1 (from T.

longibrachiatum).

2.3 DNA shuffling

DNA shuffling is a method for the in vitro homologous recom-

bination of selected mutant genes by random fragmentation

and PCR reassembly. To screen for a highly active EGI, we used

Table 2 PCR primers used in this study for the cloning and sequencing

Primer name Sequence (50–30) Restriction digestion site

eg1 (T. ressei)

P1 TGGAATTCATGGCGCCCTCAGTTACACTGC EcoRI

P2 GCGGATCCCTAAAGGCATTGCGAGTAGTC BamHI

P3 TCCGGGGCCGTAGTAGCTTTTGTAGCCGCTGC
P4 GCAGCGGCTACAAAAGCTACTACGGCCCCGGA

P5 GGCAAGCTTCTAAAGGCATTGCGAGTAGTAGTCGTTGCTATACTG HindIII

P7 TTGAATTCCAGCAACCGGGTACCAGCAC EcoRI
P8 GCGGATCCCAGCAACCGGGTACCAGCAC BamHI

eg1 (T. pseudokoningii and T. longibrachiatum)

LP1 TAGAATTCATGGCGCCCTCAGCTACACTGC EcoRI
LP2 GCGGATCCCTAGAGGCATTGCGAGTAGT BamHI

LP3 TCCGGGGCCGAAGTAGTTCGGGTAGCCGCTGC

LP4 GCAGCGGCTACCCGAACTACTTCGGCCCCGGA

PP5 CTAGAGGCATTGCGAGTAGTAATCATTGCCATACTG
PP6 TAGAATTCCAGCAACCGGGCACCAGCAC EcoRI

Fig. 1 Construction of endoglucanase I (EGI) mature peptide of three wild type Trichoderma sp. Two introns and one signal peptide of eg1 gene

were removed by SOE-PCR.

46248 | RSC Adv., 2017, 7, 46246–46256 This journal is © The Royal Society of Chemistry 2017
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DNA shuffling generated by a modied method found in the

literature.34 The recombinant plasmids pYEa-NTeg1, pYEa-

NPeg1, and pYEa-NLeg1 were used as templates to amplify the

Neg1 fragments separately with the primers P7/P8, PP6/LP2, and

PP6/LP2, respectively. Following purication, 8 mg of the three

PCR products were mixed and randomly fragmented by DNaseI

for 5 min at 16 �C. The puried fragments of 50–100 bp were

used in primerless PCR reactions to reassemble into full-length

genes using the following the program: 90 s at 96 �C; 35 cycles of

94 �C for 30 s, 65–0.7 �C per cycle for 90 s, 90 s + 3 s per cycle at

72 �C; and 10min at 72 �C. The reassembled genes of the correct

size were obtained by using the primerless PCR reaction prod-

ucts (1/10 dilution) as template with P7/P8 and PP6/LP2 as

specic primers.35 The program for the PCR reactions with

primers was as follows: 94 �C for 2 min; 25 cycles of 30 s at 94 �C,

55 s at 45 �C, 90 s at 72 �C; and 72 �C for 5 min. The resulting

recombinants were transformed into S. cerevisiae INVSc1 (Mata,

his3-D1, leu2, trp1-289, ura3-52; Invitrogen) competent cells to

screen for the evolved mutants.

2.4 Yeast transformation

Saccharomyces cerevisiae INVSc1 cells were grown in YPD-

galactose prior to transformation, then plated directly onto SC

medium containing galactose and lacking uracil (SC-U-GL) to

select for transformants.36 The three puried wild-type Neg1

genes and the primer PCR reaction product Seg1 from the DNA

shuffling were digested with BamHI and EcoRI and ligated into

the pYEa expression vector that had been digested with the

same enzymes. The pYEa plasmid contains the ampicillin

resistance gene (for selection in E. coli) and URA3 (for uracil

prototrophy selection in INVSc1 cells), with expression of the

target gene controlled by the GAL1 promoter and induced by

galactose. The recombinant plasmids were transformed into the

S. cerevisiae INVSc1 cells using the lithium acetate/DMSO

method described by Hill et al.37 The transformants were

selected for growth on SC-U-GL plates.

2.5 Screening EGI mutants with improved activities by

Congo red staining method

The transformed clones containing the wild EGI genes and

mutated EG I genes were picked up and spotted on the SC-U-

CMC-G plates [SC-U-GA with 1% carboxymethyl cellulose

(CMC), D-galactose and 2% agar]. Aer incubation at 30 �C for

72 h, the plates were stained with 0.1% Congo red (Amresco,

USA) solution for 30 min. The Congo red solution was poured

off and the plates were rinsed with 1 M of NaCl for 30 min for

the sake of displaying the halos generated from the hydro-

lysis of the CMC substrate in the plates by the all EGI wild

types and variants.29 The EGI variants showing the larger

halos than that of the wild types was chosen for the further

research.

2.6 Characterization of EGI and its variant SEGI8

The carboxymethyl cellulase (CMCase) activities of the three

EGIs and SEGI8 were determined by measuring the amount of

glucose released from carboxymethyl cellulose sodium

(CMC-Na) using the 3,5-dinitrosalicylic acid (DNS) method

with glucose as a standard.38 The reaction mixtures con-

tained 2 mL of 10 g L�1 CMC-Na in 0.05 M citrate buffer

(pH 4.8) and 1 mL of each enzyme solution appropriately

diluted with the same buffer. As a control, an aliquot of each

diluted enzyme solution was rst heat-inactivated in

a boiling-water bath for 5 min. Aer a short incubation at

50 �C for 10 min, the control reactions were terminated by

adding 1.5 mL of DNS, while the sample reactions were

incubated at 50 �C for 1 h before being terminated. All of the

sample mixtures were also heat-inactivated by mixing well

and incubating in a boiling-water bath for 5 min before

cooling to room temperature. A microplate reader (BioTeck,

HTX, USA) was used to measure the absorbance of the reac-

tion solutions at 540 nm.

The International Unit (IU) of activity is dened as the

amount of enzyme that liberates 1 mmol of glucose per minute

in a standard assay.39 The optimum culture times for NTEGI

(protein encoded by Neg1 genes), NLEGI (protein encoded by

Leg1 genes), NPEGI (protein encoded by Peg1 genes), and SEGI8
were determined by measuring the IU of CMCase activity at

different culture times (48–168 h) with CMC-Na. The optimal

working temperatures for NTEGI, NLEGI, NPEGI, and SEGI8
were determined by evaluating their activities at temperatures

ranging from 30 �C to 70 �C. The optimal working pHs for

NTEGI, NLEGI, NPEGI, and SEGI8 were determined by evalu-

ating their maximal activities in buffer conditions (Na2HPO4–

NaH2PO4) ranging from pH 3.2 to 6.6.

2.7 Sequence analysis

Phyre 2.0 server (http://www.sbg.bio.ic.ac.uk/phyre) was

employed to create the homology model of SEGI8 using NTEGI

structure (PDB code: 1EG1) as a template.40 Multiple protein

sequence alignment was performed using Clustal X41 and

ESPript 3.0 web tool (http://espript.ibcp.fr/ESPript/cgi-bin/

ESPript.cgi). Structure visualization and analysis were ach-

ieved by using the PyMOL (http://www.pymol.org/).42

3. Results
3.1 Cloning and sequence analysis of the wild type eg1

The complete eg1 genes (FTeg1, FLeg1, and FPeg1) were ampli-

ed by using genomic DNA as the template. The FTeg1, FLeg1,

and FPeg1 fragments contained 1507 bp, 1566 bp, and 1566 bp,

respectively. Based on a sequence homology analysis conducted

with the ClustalW program, FTeg1 showed very high identities

with FLeg1 (90%) and FPeg1 (90%).43,46 Specically, FLeg1 had

a very high similarity to FPeg1 (99%). Following SOE-PCR, exon

1 + 2 + 3 fragments (mature peptide) from FTeg1, FLeg1, and

FPeg1 (1380 bp in FTeg1, 1386 bp in FLeg1, and 1386 bp in FPeg1)

were obtained (Table 3, Fig. 1). None of the single peptide

sequences (NTeg1, NLeg1 and NPeg1) amplied from the three

exon 1 + 2 + 3 fragments contained 1314 bp, 1320 bp, or 1320 bp,

respectively.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 46246–46256 | 46249
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3.2 DNA shuffling and screening variants with the most

improved activities by Congo red staining

We used the Congo red staining method to screen EGI variants

expressed from the mutated eg1 gene library that was generated

to improve activity. Aer screening approximately 1000 trans-

formants, 8 were found to have considerably larger halos than the

EGI wild types (data not shown). The protein variants expressed

by these transformants were considered to have improved activ-

ities compared to the three wild types, NTEGI, NLEGI andNPEGI.

One protein variant, SEGI8, repeatedly produced larger halos

than the other transformants and wild-type EGIs in multiple

tests, and it was chosen for further analysis (Fig. 2).

3.3 Sequence analysis of SEGI8

Based on the sequence homology analysis, SEGI8 was assigned

to glycosyl hydrolase family 7, showing very high identities with

the EGIs from T. reesei (95%, NTEGI), T. longibrachiatum (96%,

NLEGI), and T. pseudokoningii (97%, NPEGI).44 The multiple

sequence alignment was performed using the ClustalX program

and ESPript 3.0 (Fig. 3). The results showed that SEGI8 had four

residues with point mutations that caused amino acid substi-

tutions, with Ala10, Ser100, Lys192, and Gly318 substituting for

the Val10, Gly100, Phe192, and Ser318, respectively, present in

the three wild type EGIs (marked with yellow background). V10A

and F192L did not change the hydrophobicity, while G100S and

S318G changed the hydrophilicity. In addition, SEGI8 had 19

residues (including the four residues with point mutations) that

differed from those in NTEGI (PDB Code: 1EGI), which are

shadowed with white.45 Sixteen active-site residues are labeled

with pink asterisks.8

3.4 Analysis of EGI enzymatic activity

The enzyme activities of NTEGI, NPEGI, NLEGI, and SEGI8 are

shown in Fig. 4. All four EGIs had maximal activity at pH 5.6.

The activity levels of these four EGIs increased from pH 3.3 to

pH 5.6 and then rapidly decreased from pH 5.6 to pH 6.0.

However, the activity levels of NLEGI and SEGI8 increased again

from pH 6.0 to pH 6.6, although they were less than that at pH

5.6. NTEGI, NPEGI, NLEGI, and SEGI8 exhibited activity at

temperatures ranging from 30 �C to 50 �C as shown in Fig. 4B,

with optimal activities at 50 �C. Additionally, the activity levels

of the four EGIs increased from 30 �C to 50 �C, decreased from

50 �C to 60 �C, and weakly increased again from 60 �C to 70 �C.

Importantly, SEGI8 showed a higher activity level than the wild-

type NEGIs at all times. As shown in Fig. 4C, NLEGI, NTEGI, and

SEGI8 reached their maximal activity levels at 96 h, while the

activity of NPEGI was at a maximum at 72 h. The extracellular

enzyme activity of SEGI8 approached its highest level of 1.97 U

mL�1 when cultured for 96 h, which is about 1.9 times higher

than the average of the three wild-type NEGIs. Specically,

SEGI8 showed 1.99-fold, 2.22-fold, and 1.69-fold increases in

activity over NTEGI, NPEGI, and NLEGI, respectively.

3.5 3D structural modeling analysis

The relative locations of the substituted amino acid residues

could be located in the modeled 3D structure (Fig. 5). The

predicted structure of SEGI8 (colored brown) was similar to that

of NTEGI (colored green; PDB code: 1EGI). Aer alignment, the

position of three residues, the substitutions V10A, G100S, and

F192L, were located in three different loop regions on the

surface of SEGI8. Substitution S318G was positioned in a center

b-sheet, which was located in the b-sandwich core. Importantly,

a comparison of the b-sandwich cores of NTEGI and SEGI8

Table 3 Cleavage of signal peptide sequences and introns in eg1

Kinds of Trichoderma sp. Primers DNA fragment for PCR Description

T. reesei P1/P2 1507 bp full sequence FTeg1

P1/P3 770 bp exon 1

P4/P5 610 bp exon 2 + 3

P1/P5 1380 bp exon 1 + 2 + 3
P7/P8 No signal peptide sequence NTeg1

T. longibrachiatum LP1/LP2 1566 bp full sequence FLeg1

LP1/LP3 770 bp exon 1

LP4/LP5 616 bp exon 2 + 3
LP1/LP5 1386 bp exon 1 + 2 + 3

PP6/LP2 No signal peptide sequence NLeg1

T. pseudokoningii LP1/LP2 1566 bp full sequence FPeg1
LP1/LP3 770 bp exon 1

LP4/LP5 616 bp exon 2 + 3

LP1/LP5 1386 bp exon 1 + 2 + 3

PP6/LP2 No signal peptide sequence NPeg1

Fig. 2 Halos formed by variants with improved activities detected by

Congo red staining assay. (A) INVSc1 harboring the plasmid pYEa-

NLeg1 transformants; (B) INVSc1 harboring the plasmid pYEa-NlegI

transformants; (C) INVSc1 harboring the plasmid pYEa-SegI8 trans-

formants; (D) INVSc1 harboring the plasmid pYEa-NPegI

transformants.
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Fig. 3 Multiple sequence alignment of EGI with similar endoglucanases between SEGI8 and three wild types. The red letters in yellow back-

ground indicate four point mutant residues (V10A/G100S/F192L/S318G). Partial different residues were shaded in white background. The white

letters in white boxes indicate similarity. The active-site referring to T. reesei are indicated by pink pentagrams (+). The multiple sequence

alignment was performed using ClustalX program and ESPript 3.0 (http://www.espript.ibcp.fr).

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 46246–46256 | 46251
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revealed that they have different substrate-binding grooves,

with both proteins having their active site located in an open

cle (red color in NTEGI and from 194C to 207N in SEGI8).

However, the major structure of the active site in SEGI8 was

a loop region, while the same location was a b-sandwich in

NTEGI. Moreover, a similar change occurred at the bottom of

the substrate-binding grooves (purple color in NTEGI and from

207N to 211P in SEGI8). Another obvious difference between the

models for SEGI8 and NTEGI was the predicted structure of

a exible linker region and a CBD (blue color in SEGI8).

4. Discussion

In this study, we succeeded in constructing a secretory expres-

sion system for whole EGI protein in S. cerevisiae INVSc1 and

directed the evolution of eg1 genes from three wild type Tri-

choderma spp. by DNA shuffling. One protein variant (SEGI8)

was screened out that had approximately 169% to 257%

increased enzymatic activity in comparison to the wild types.

The locations of four point mutations (V10A, G100S, F192L, and

S318G) in SEGI8 were identied through a 3D structural

modeling analysis, which found that the b-helix in NTEGI was

transformed into a loop region in SEGI8. This novel assay

overcame the limitations of other cellulase expression systems

and common molecular methods,29,30,46 and it could be widely

applied to different cellulases. Therefore, it could serve as

a reliable system to degrade cellulose and be utilized in bio-

energy production.

The newmethod proposed in this system includes a new and

extremely efficient technique for screening cellulases. Although

previous studies have demonstrated that fungal endogluca-

nases are important for the biomass degradation of lignocel-

lulose, display synergistic effects with cellobiohydrolases and b-

1,4-glucosidase during enzymatic hydrolysis,47 and that many

endoglucanase genes can be expressed in E. coli, the new

approach in this study was performed by eukaryotic expression

in S. cerevisiae.22,30,48,49 It is known that the EGI CD is joined to

the CBD by an extended O-glycosylated interdomain-linker

peptide with an abundant serine/threonine-rich hinge.3 But

no structure has been determined for an intact multi-domain

Fig. 4 Effect of pH, temperature and time on enzyme activity. (A) Effect of pH value on enzyme activity. Enzyme activity was measured in the

different buffers with pH ranging from 3.2 to 6.6 at 50 �C for 120 min. The maximum activity observed was taken as 100%. (B) Effect of

temperature on enzyme activity. The reaction was carried out at the temperatures ranging from 30 �C to 70 �C. The maximum activity observed

was taken as 100%. (C) Effect of time on enzyme stability. The samples was measured at different times ranging from 48 h to 168 h at 50 �C. The

maximum activity observed was taken as 100%. Error bars represent the means and standard deviations based on three replicates.
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EGI, which consists of the catalytic core, linker, and CBD.50

Although EGI was expressed in E. coli, the expression product of

the inclusion body could not be obtained due to the O-glyco-

sylated interdomain-linker peptide and N-glycosylations in the

asymmetric unit. A previous study showed that the EGI CD

obtained from T. reesei contained a truncated eg1 gene (residues

1 to 371).51 This was provided to us by E. Margolles-Clark et al.

The CBD from T. reesei is necessary to efficiently attach to

crystalline cellulose and facilitates the breakdown of the crys-

talline structure.52 Therefore, segmentation expression and

evolving EGI are not conducive to understanding the whole

protein function. Our eukaryotic expression in S. cerevisiae

provided a feasible method for understanding the function of

the whole mature EGI peptide. In addition, we expressed the eg1

gene from three Trichoderma spp. in yeast under the control of

the prepro a-factor secretion signal sequence.44,53 This a-factor

will be helpful in studying secreted proteins as well as for

elucidating the mechanisms involved in producing extracellular

expression.54 In practice, it is convenient to directly observe the

behavior by means of the EGI enzyme, and in our study, a-factor

allowed S. cerevisiae INVSc1 to secrete it extracellularly.

During the process of DNA shuffling, we constructed a large

library (about 7� 103) because we used the primer PCR reaction

products and the yeast expression vector pYEa to directly

transform S. cerevisiae (data not shown). In our previous work,

we used two other methods to construct the library. One of the

methods we used previously is to ligate the PCR products to the

pMD-19T vector and transform E. coli. Aer digestion of the

recombinant plasmid, the target fragment was ligated to the

pYEa vector in the transformation of yeast. The other method is

to ligate PCR products to the pYEa vector and transform E. coli,

similar to the process of Plessis et al.30 Although we can obtain

many positive transformants by using these two methods, the

results appear to indicate that the number of identical trans-

formants and the screening process needmore work. Therefore,

the new gene was amplied with the colony PCR method from

the efficient transformants that were obtained by screening

clones. Additionally, this method results in a low repetition rate

of the transformants but few libraries, which could improve the

successful probability of screening a highly activity enzyme.

However, we increased the enzyme activity slightly because we

wanted to use one round of DNA shuffling. Subsequently, we

Fig. 5 Three-dimensional modelling of EGI in T. reesei and SEGI8. (A) Modeling structure of NTEGI, (B) modeling structure of SEGI8, (C) alignment

of twomodeling structures. Modeling structure of SEGI8 and NTEGI, highlighted according to different segments of secondary structure. The red

part in four point mutations represented carbonyl and hydroxyl. The blue and pink parts represented amidogen and Ca backbone.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 46246–46256 | 46253
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focused on optimizing the process of DNA shuffling and using

several rounds of DNA shuffling or error-prone PCR to screen

for the better mutant.

We demonstrated the improved activity of SEGI8 with CMC/

Congo-red plate assays. To understand how the changed amino

acid residues in SEGI8 contributed to the improved activity, the

structure of a 3D model of SEGI8 was predicted using Phyre 2.0

using S. cerevisiae as the template, because it has a hydrolase

showing 95% identity with the NTEGI amino acid sequence.55,56

We found that the change of amino acid Ser318 into Gly closed

the active site located on the b-sheet of the sandwich core in the

SEGI8 variant. Obviously, the b-sheet in the sandwich core of

SEGI8 was shorter than that of NTEGI (Fig. 5C). According to

previous research, glycine residues may provide more exibility

than other amino acids, which is necessary for enzyme active

sites (such as position 318) to change conformation.57 For the

catalytic event, the chain remains trapped inside the active-site

tunnel of the endoglucanases. The loops closest to the active

site were essential in the EGI structures. As shown in Fig. 5, the

3D modeling of the active-site tunnel in SEGI8 (colored red) was

different from that in NTEGI (colored blue), which has been

previously analyzed in a study performed by G. J. Kleywegt.55

The change in the loop regions in SEGI8 may enlarge the

substrate-binding space. It is possible that S318G affects the

substrate binding and contributes to the improved activity of

SEGI8. The same change occurred with residues 208A to 212H

(colored purple) in SEGI8. This might explain how the amino

acid change could extend the capacity for substrate binding to

the active center of the sandwich structure, and therefore lead

to the 1.99-fold improved activity.55,58 In addition, as indicated

by the structure of the SEGI8 model, position Leu192 before the

active-site residues from Glu194 to Asn207 in EGI is involved in

substrate binding.55 Therefore, the leucine amino acid, which

lacks a benzene ring, might change the backbone conguration

of the b-sheet in the sandwich core.

SEGI8 displayed the important characteristic of enzymatic

stability, because the conformational changes inuenced both

its thermo- and pH stability. Much work has been done on the

mechanism for alkalinity tolerance with the alkaline cellulase

produced by bacteria.59 The pH stability of NLEGI and SEGI8 in

the 5.6 to 6.6 range was related to the two alterations at 144P

and 100S, respectively. Previous reports suggest that the intro-

duction of proline provided stability at physiological pH, and

then the serine modied the proline residue.28,60 This was the

most effective single substitution to enhance CMCase activity.28

In other research, a mutation-guided approach for improving

thermostability was used to engineer variants of endoglucanase

I (Cel7B) from four EGIs that are able to hydrolyze cellulosic

substrates at temperatures ranging from 50–70 �C, as shown in

Fig. 4B. Chokhawala indicated that the B-factors grouped at

seven sites [site A (aa 284–287), site B (aa 301–302), site C

(aa 113, 115), site D (aa 238), site E (aa 230), site F (aa 323), site G

(aa 291)] were chosen for site-saturation mutagenesis, and that

it could improve the thermostability of EGI.56 In our study, sites

A, C, and D in NLEGI, NPEGI, and SEGI8 were all different from

the NTEGI control. This may be one of the reasons for the

increased activity. Moreover, the glycosylation of NTEGI

enzymes renders them more thermostable, which is consistent

with other reports showing the importance of glycosylation in

protein thermostability. The cyclization of N-terminal gluta-

mine to a pyroglutamate in S. cerevisiae expressing NTEGI

resulted in more thermostability.61,62 The S318G mutation and

nearby N321T have a similar structure–activity relationship in

SEGI8. Hikaru Nakazawa also indicated that changes in the

activity center could increase thermo- and pH stability.28

In summary, we used DNA shuffling to screen for mutants

with higher activity, thermo-stability, and pH stability, and found

one, SEGI8, that we characterized. The 3D modeling of the O-

glycosylated exible linker region and CBD (residues 372 to 439)

were predicted by using PyMOL (Fig. 5). These two regions were

shown with strips of loop, which is important for substrate

binding.55 Further research is needed to conrm whether the

loops in the linker and CBD regions affect the activity of SEGI8.

Furthermore, it should be pointed out that there were two

amino acid residues (M91L and F359Y) of SEGI8 different from

NTEGI, which were highly conserved across the glycoside

hydrolase family 7 as shown by multiple sequence alignment.55

In the future, we will devote to research whether charge of these

conserved amino acids in other endoglucanase could result in

the improved activities.

5. Conclusion

In summary, a library of mutant endoglucanase EGI from three

mixed Trichoderma sp. was constructed using DNA shuffling, and

one mutants SEGI8 promoting the enzyme activity was obtained

using screening by CMC/Congo-red plate assays among approx-

imately 1000 variants. The variant SEGI8were found to show 1.99,

2.22 and 1.69 fold improved activities compared to T. reesei, T.

pseudokoningii and T. longibrachiatum, respectively. Although

improved activities were observed, the SEGI8 variants showed very

similar pH and temperature with three wild type strain, which

could be a better choice to apply in the same industrial condition.

Mutant SEGI8 produced by the clone showed broad pH

stability (5.6–6.6), while performed the similar thermotolerance

(60�70 �C) compared with three wild-type EGIs. Based on the

sequence analysis, it was found that SEGI8 had four point

mutants, with the residues Ala10, Ser100, Leu192 and Gly318

respectively substituting the residues Val10, Gly100, Phe192 and

Ser318 in NTEGI. Through 3D-structural modelling, the major

structure of active site in SEGI8 was loop regions while the same

location was b-helix in NTEGI. It was suggested the substitution

Ser318 in SEGI8 might directly affect the substrate binding and

activity-site, and therefore contribute to their improved activities.

In all, we have demonstrated that DNA shuffling can be applied to

improve the activities of enzymes from glycoside hydrolase family

7, which should provide available information for engineering of

all endoglucanases from this family.
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