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Abstract: Thermophilic endoglucanases have become of significant interest for effectively catalyz-
ing the hydrolysis of cellulose. Myceliophthora thermophila is an ideal source of thermophilic en-
zymes. Interestingly, different hosts differently express the same enzymes. In this study, we suc-
cessfully overexpressed endoglucanase (MtEG5-1) from M. thermophila in the methylotrophic yeast,
Pichia pastoris GS115, via electroporation. We found that purified MtEG5-1 exhibited optimum activity
levels at pH 5 and 70 ◦C, with 88% thermal stability after being incubated at 70 ◦C for 2 h. However,
we observed that purified MtEG5-1 had a molecular weight of 55 kDa. The Km and Vmax values
of purified MtEG5-1 were approximately 6.11 mg/mL and 91.74 µmol/min/mg at 70 ◦C (pH 5.0),
respectively. Additionally, the optimum NaCl concentration of purified MtEG5-1 was found to be
6 g/L. Furthermore, we observed that the activity of purified MtEG5-1 was significantly enhanced by
Mn2+ and was inhibited by K+. These results indicated that MtEG5-1 expressed by P. pastoris GS115
is more heat-tolerant than that expressed by A. niger and P. pastoris X33. These properties of MtEG5-1
make it highly suitable for future academic research and industrial applications.

Keywords: endoglucanase; enzymatic activity; Pichia pastoris GS115; Myceliophthora thermophila

1. Introduction

Currently, 88% of global primary energy use is still derived from fossil fuels [1]. How-
ever, due to their depleting reserves and serious environmental impact, it is imperative to
find sustainable and renewable alternatives to fossil energy sources [2]. Cellulose is consid-
ered to be one of the best alternatives to fossil energy, as it is a renewable energy source that
is abundantly available in many forms, such as corn straw and bagasse [3]. Nevertheless,
the widespread use of cellulose has been limited by the high energy consumption and
pollution associated with chemical and physical pretreatment methods [4]. Fortunately, the
emergence of synthetic biology provides novel methods to address this problem. Cellulose
can be efficiently and gently degraded by cellulase, providing more opportunities to apply
it in a wide range of industrial processes.

Cellulose is a macromolecular polysaccharide composed of repeating glucose units
with β-1,4-glycosidic bonds [5]. The complete conversion of cellulose to glucose requires the
combined action of three enzymes: cellobiohydrolases (CBHs, EC3.2.1.9), endoglucanases
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(EGs, EC 3.2.1.4), and β-glucosidases (BGLs, EC 3.2.1.21) [6,7]. The principle of the cellulase
synergistic decomposition of cellulose is shown in Figure 1. EGs, as the most important
rate-limiting enzyme in cellulose degradation, focus on the hydrolysis of β-1, 4-glucosidic
glucan linkages [8]. This result in the conversion of long cellulase chains into short chains,
thereby increasing the amount of reducing ends exposed in the cellulose chain [9]. Conse-
quently, EGs are not only a prerequisite for the quick initial liquefaction of biomass, but
they are also a key biocatalyst for cellulose biodegradation [10]. Increasing the system tem-
perature for cellulose degradation may reduce the risk of contamination with mesophilic
microorganisms and increase the reaction rate [11]. In addition, thermostable enzymes can
be transferred and stored more easily than mesophilic enzymes can [12]. Therefore, it is
necessary to screen for thermostable EGs and apply them to cellulose degradation.
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Figure 1. The synergistic effect of cellulase for cellulose decomposition [6,7]. CBH: cellobiohydrolase,
EG: endoglucanase, BGL: beta-glucosidase. The red arrows indicate the sequence of cellulase synergy
required for the complete degradation of cellulose into monosaccharides.

Myceliophthora thermophila is a thermophilic fungus with a good cellulose-degrading
ability. Its cellulase products are generally recognized as safe [13]. Additionally, EGs possess
a high catalytic efficiency and thermal stability, making them ideal candidates for industrial
cellulose degradation. However, when cellulase is overexpressed in M. thermophila, several
endogenous enzymes, such as xylanase [14], are overexpressed, which complicates the
isolation of cellulose and makes it difficult to study the enzymatic properties and structure
of the enzyme.

Pichia pastoris is a methylotrophic strain that is widely used as a potent heterologous
protein expression system, owing to its high cell density and low levels of endogenous
protein expression [11]. Furthermore, the expressed protein always exhibits higher stability
for glycosylation and other posttranslational modifications [15]. Consequently, P. pastoris is
becoming increasingly popular for academic or industrial applications. Although MtEG5-1
has been successfully overexpressed in Aspergillus niger and P. pastoris X33, the results
indicate that MtEG5-1 has poor thermal stability and a higher molecular weight [16,17]. In
contrast, an expression system constructed using P. pastoris GS115 as the host strain can
produce a thermally stable MtEG5-1.

In this study, we used the enzyme obtained from M. thermophila and analyzed some
enzymatic properties of MtEG5-1 overexpressed in P. pastoris GS115. Therefore, this work
provides a thermo-acid-stable enzyme for the utilization of cellulose resources.

2. Materials and Methods
2.1. Strains and Culture Conditions

M. thermophila ATCC 42464 and the P. pastoris GS115 strain were obtained at the
Tianjin Institute of Industrial Biotechnology. M. thermophila was routinely grown in/on
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GY broth/agar (30 g/L glucose and 8 g/L yeast extract) at 45 ◦C. P. pastoris GS115 was
grown in/on YPD broth/agar (10 g/L yeast extract, 20 g/L peptone, 20 g/L glucose, and
15 g/L agarose) at 30 ◦C. Escherichia coli DH5α (Biomed, Beijing, China) was used for gene
cloning and vector construction, and it was grown in/on LB broth/agar (10 g/L NaCl,
10 g/L peptone, and 5 g/L yeast extract) at 37 ◦C.

2.2. Chemicals

The SE Seamless Cloning and Assembly Kit was purchased from Beijing Zoman
Biotechnology Co., Ltd. (Beijing, China). All restriction endonucleases were purchased
from Guangzhou Chuangrong Biotechnology Co., Ltd. (Guangzhou, China). The pre-
stained protein marker and the DNA maker were purchased from Beijing Yishan Huitong
Technology Co., Ltd. (Beijing, China). PCR primers were prepared by QingKe Biotechnol-
ogy Company (Beijing, China). The DNA agarose recycling kit and the plasmid extraction
kits were purchased from Omega (Norcross, GA, USA). The total RNA Extraction Kit was
purchased from Shenzhen Yibaishun Technology Co., Ltd. (Shenzhen, China). SuperScript
II reverse transcriptase was purchased from Thermo Fisher Scientific (Wilmington, MA,
USA). All chemicals used were of analytical grade.

2.3. Bioinformatics Analysis of MtEG5-1

The evolutionary location of MtEG5-1 was analyzed using MEGA 7.0 software [18].
The signal peptide of MtEG5-1 was predicted using the Signal P online website [19]. The
tertiary structure of MtEG5-1 was predicted using the SWISS-MODEL online website and
PyMOL software [20].

2.4. Expression Vector Construction

M. thermophila was inoculated into GY liquid medium at 45 ◦C and 180 rpm for 24 h
with shock culture. After filtration, mycelium was collected and stored in liquid nitrogen.
The total RNA of M. thermophila was extracted using the total RNA Extraction Kit, and
cDNA was obtained using reverse transcriptase. The entire coding region of mtEG5 in
M. thermophila was amplified via PCR from cDNA as a template using the primer EcoRI-
mtEG5-F/R. The PCR program was set up with an initial denaturation step of 95 ◦C for
5 min, followed by 38 cycles of 95 ◦C for 10 s, 55 ◦C for 15 s, and 72 for 60 s, and a final
extension at 72 ◦C for 10 min. The PCR product was purified using the glue recovery kit
according to the manufacturer’s protocol. The mtEG5 PCR product with the EcoRI fragment
was ligated to the EcoRI-digested and dephosphorylated vector, pPIC9K, at a 5:1 M ratio of
insert: vector. The recombinant plasmid was transformed into E. coli DH5α. The correct
vector was verified by sequencing after verification by performing colony PCR with the
primers YmtEG5-F/R. All the primers are listed in Table 1.

Table 1. Primers were used in this study.

Primers Sequence (5′-3′) Restriction
Italic/Underlined Restriction Sites

EcoRI-mtEG5-F CTGAAGCTTACGTAGAATTC a

GGTCCGTGGCAGCAATGTGG EcoRI a

EcoRI-mtEG5-R
CGGCCGCCCTAGGGAATTC a

TTAATGGTGATGGTGATGATG b

CGGCAAGTACTTCTTCAAGA
EcoRI a

YmtEG5-F CGATGTTGCTGTTTTGCCAT
YmtEG5-R GGTTACAAATAAAAAAGTAT

a The EcoRI restriction site is underlined. b The HIS label is marked in italics.

2.5. Transformation and Selection of Positive Transformants

The PmeI-linearized pPIC9K-mtEG5 plasmid and pPIC9K plasmid were transformed
into the P. pastoris GS115 strain via electroporation (BTX, ECM630 at 1.5 kV, 200 Ω, 25 µF,
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and 5–10 ms with a 0.2 cm cuvette) [21]. After the transformation, 100 µL cuvette contents
was spread on minimal dextrose agar plates (0.2 mg/mL biotin, 20 g/L glucose, 15 g/L
agarose, and 13.4 g/L yeast nitrogen base, with ammonium sulfate and without amino
acids) and incubated at 30 ◦C for 36 h. As a negative control, the plasmid of linearized
pPIC9K was transferred onto the plates. Positive transformants were screened with YPD
medium containing 1.75 mg/mL G418 and confirmed via PCR. One transformer, P. pastoris
GS115, expressing the highest recombinant MtEG5-1 activity level was selected for the
analysis of recombinant enzymatic properties.

2.6. Fermentation of MtEG5-1 in P. pastoris GS115

A positive colony of P. pastoris GS115 expressing MtEG5-1 was cultured in 100 mL of
buffered glycerol-complex medium (10 g/L yeast extract, 20 g/L peptone, 13.4 g/L yeast
nitrogen base with ammonium sulfate and without amino acids, 0.2 mg/mL biotin, 100
mM (pH 6.0) potassium phosphate, and 1.0% glycerol) grown at 30 ◦C and 180 pm for 48 h.
The yeast cells were resuspended in 100 mL of buffered methanol-complex medium via
the natural sinking method (10 g/L yeast extract, 20 g/L peptone, 13.4 g/L yeast nitrogen
base with ammonium sulfate and without amino acids, 0.2 mg/mL biotin, 100 mM (pH 6.0)
potassium phosphate, and 1.0% methanol). The suspension was grown in a 1 L baffled flask
at 30 ◦C and 200 rpm for 48 h and supplemented with 1% methanol every 24 h for induction.
To determine the time course of MtEG5-1 expression in P. pastoris GS115, the fermented
supernatant was collected daily (0–7 d), and the total MtEG5-1 concentration (BCA Protein
Assay Reagent) and the activity of MtEG5-1 were analyzed [22]. Three replicates of each
experiment were performed to obtain accurate data.

2.7. Enzymatic Assay of MtEG5-1

The activity of MtEG5-1 was determined via the DNS method [23], which is based on
the generation of reducing sugar ends from carboxymethyl cellulose (CMC) as a substrate
and its reaction with dinitro salicylic acid. The activity of MtEG5-1 was determined in an
assay using 1% CMC in 50 mM citrate buffer (pH 4.8) at 50 ◦C for 30 min, and then the
reaction was stopped with the addition of 3 mL of DNS reagent. The resulting mixture was
placed in boiling water for 5 min for color development, and the amount of reducing ends
was determined by measuring absorbance at 540 nm. As a negative control, the enzyme
was replaced by the pPIC9K vector in P. pastoris. An endoglucanase unit (IU) is defined as
the amount of enzyme that generates the equivalent to 1 µmol of glucose per minute in the
abovementioned reaction conditions. Cell-free supernatant (CFS) was extracted from a 1%
methanol-induced P. pastoris GS115 converter for 1–7 days, enzyme activity was measured
daily, and 2 mL of CFS was collected and stored at −20 ◦C. Finally, CFS was run through
SDS-PAGE from 1 to 7 days.

2.8. Activity Was Determined via Congo-Red Staining

P. pastoris GS115 transformant cultures were centrifuged at 12,000 rpm for 10 min,
and the clarified CFS obtained after passing it through a 0.2 µm filter was used as the
source of extracellular enzymes for the agar well diffusion assay. A total of 1% agarose
gel supplemented with 1 g/L CMC and Congo-red was cast on a plate, and wells were
made [24]. After adding 100 µL of CFS to each well, the CMC plate was incubated at 50 ◦C
for 1 h. Gels were stained for 1 h, followed by de-staining with 1 mol/L NaCl for another
10 min (they were washed until there was no color).

2.9. Scanning Electron Microscopy (SEM) Analysis

As a natural lignocellulose material, corn straw has a dense and stable structure, which
inhibits the decomposition and utilization of polysaccharide, thereby reducing the treat-
ment efficiency and greatly increasing the production cost of industrial ethanol and other
products [25]. To remove lignin and solubilize hemicellulose to break down the natural
barrier of lignocellulose and increase the contact area with enzymes and microorganisms,
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corn straw pretreatment is necessary, which can greatly improve the availability of corn
straw [26]. Dilute acid pretreatment can break the structure of lignocellulose and expose
cellulose, thus providing hydrolysis sites for cellulase [27]. Zhang et al. pretreated rice
straw with HCl, and the cellulose content of the pretreated straw increased from 38.10
to 52.54~56.09% [28]. In the study, corn straw was cut into long strips of 0.5 × 1.0 cm,
pretreated with 2 mol/L HCl at 28 ◦C for 24 h, washed with distilled water until neutral,
and dried at 60 ◦C. Pretreated corn straw was reacted with 1.5 mL of crude enzyme so-
lution and sterile water in a water bath at 70 ◦C for 7 days. At the same time, untreated
corn straw was also reacted with 1.5 mL sterile water in a water bath at 70 ◦C for 7 days
as a blank control. The samples were sputter coated with platinum nanoparticles in an
ion-sputter coater before viewing via SEM at 10 mm and 3 kV acceleration voltage and
1000×magnification [29].

2.10. Purification of Recombinant MtEG5-1 from P. pastoris GS115

In the process of protein purification, liquids used were filtered through a 0.22 µm
filter membrane and ultrasonicated for more than 15 min. MtEG5-1 was purified via Ni2+

affinity chromatography [30]. The system was balanced with 3–5 times more of the volume
of Tris-HCl (pH 7.0). The supernatant after centrifugation was taken and slowly allowed
to flow through the Ni column at a flow rate of 1 mL/min. The protein was eluted with
the same buffer at a flow rate of 5 mL/min, the system pressure was no more than 1 MPa,
and 2 mL of eluent was collected in each tube using AKTA Purifier 10. The weakly bound
hetero proteins were washed with 10 mM imidazole, and the proteins were eluted with
60 mM imidazole. The target protein was eluted with 400 mM imidazole. The purified
recombinant protein MtEG5-1 was run using an SDS-PAGE gel.

2.11. Enzyme Characterization

The optimum pH for MtEG5-1 was determined via the standard assay at different
pH values (3–11) using either 50 mM sodium citrate buffer at pH 2–5, 50 mM phosphate
buffer at pH 6–8, 100 mM Tris-HCl buffer at pH 9, or 50 mM NaHCO3-NaOH buffer at pH
9–11. On the other hand, the stability at different pH conditions was determined after the
incubation of MtEG5-1 in the abovementioned buffers at 4 ◦C for 24 h and the measurement
of the remaining activity after the standard assay. The optimal temperature of MtEG5-1 was
estimated by using the standard assay procedure at varying temperatures (30–90 ◦C) for 2 h.
The highest activity level obtained under standard conditions was defined as 100% activity.
To determine temperature stability, 0.38 mg of purified MtEG5-1 was incubated at various
temperatures (50, 60, and 70 ◦C) for different time intervals, and the residual activity level
was measured via the standard assay procedure. The thermostability of MtEG5-1 was
tested at an optimal pH value. The optimal NaCl concentration of MtEG5-1 was estimated
via the standard assay procedure at NaCl final concentrations of 1–10 g/L at 50 ◦C for 2 h.
The influence of metal ions on purified MtEG5-1 activity was determined by incorporating
metal ions such as 0.33 mol/L Na2SO4, MgSO4, MnSO4, CuSO4, K2SO4, FeSO4, and NiSO4
solutions during the standard assay procedure; however, the reaction duration was 2 h.

2.12. Enzymatic Kinetics of MtEG5-1

CMC (0.2–2.0%) was used as a substrate to measure enzyme kinetics under standard
conditions (50 mM sodium citrate buffer, pH 5.0, 70 ◦C). Michaelis–Menten constants (Km)
and the maximum velocity (Vm) of purified MtEG5-1 were determined by measuring the
rate of CMC hydrolysis using a Lineweaver—Burk plot, as shown in Equation (1), where V
is the reaction rate and [S] is the substrate concentration [31].

1
V

=
Km
Vm
× 1

[S]
+

1
Vm

, (1)
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3. Results and Discussion
3.1. Bioinformatics Analysis of MtEG5-1 and Construction of pPIC9K-mtEG5

The mtEG5 gene (NCBI: XP_003659014.1) was obtained from M. thermophila ATCC
42464, which is also known as Sporotrichum thermophile ATCC 42464, Thielavia heterothallica
ATCC 42464, and Thermothelomyces thermophilus ATCC 42464 (https://www.uniprot.org/
taxonomy/573729 (accessed on 8 May 2023)). This species can grow at 45–55 ◦C [32]. The
enzyme expressed by the mtEG5 gene in P. pastoris GS115 was named MtEG5-1 in this study.
MtEG5-1 (UniProtKB: G2Q5D8) has 389 amino acids and an 18-aa N-terminal signal peptide,
as depicted in Figure 2a. Carbohydrate-active enzymes are classified based on their protein
sequence and structure [33]. MtEG5-1 belongs to glycoside hydrolase family 5 (GH5), one
of the largest families among all GHs. The two catalytic residues in GH5 enzymes are both
glutamic acids: one is a nucleophile and the other is a catalytic proton donor [34]. The
carbohydrate-active enzyme database (http://cazy.org (accessed on 8 May 2023)) lists 53
sub-families, with approximately 80% of all known GH5 sequences falling into one of these
subfamilies [35]. MtEG5-1 belongs to the GH5-1 subfamily. The 3D structure of MtEG5-1
was predicted to be a classical (α/β)8 TIM-barrel, which was connected to eight parallel
β-strands and eight parallel α-helices through αβ or βα loops [33] (Figure 2b). These loops
are typically found on the protein surface and play a key role in the interactions between
the catalytic core and substrate [36,37]. During protein folding, the (α/β)8 barrel protein
provides stability for hydrogen bonds and non-covalent interactions between amino acid
residues to resist the local tendency for unfolding [38]. A mutation in these loops can alter
their flexibility and improve the biochemical properties of cellulase [39]. The neighbor-
joining method was used to further analyze the evolutionary position of MtEG5-1, and we
found that it shares 99% identity with homologous proteins from Precursor Humicola insolens
(Figure 2c). Finally, the expression vector pPIC9K-mtEG5 was constructed following the
described procedure (Figure 2d).
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3.2. Selection of P. pastoris GS115 Positive Transformants and Heterologous Expression

The sequencing of the mtEG5 gene fragment revealed that it consists of 1174 base
pairs. In order to identify positive transformants, eight random samples were selected,
all of which showed the same band expansion as the target band in PCR amplification.
Based on this result, transformants 1, 3, 6, and 8, which produced wide and bright bands,
were selected for further experiments, as depicted in Figure 3a. Four transformants were
then tested every 24 h, and with MtEG5-1 activity induced by 1% methanol, and positive
transformants with high copy numbers were selected for subsequent experiments. No
corresponding bands were amplified in the CK control group. The hydrolysis of cellulose
was observed in cellulose plates inoculated with the CFS of MtEG5-1 culture, indicating
the production of MtEG5-1 by P. pastoris GS115 transformants. Cellulose hydrolysis was
detected on the first day, indicating that MtEG5-1 is capable of decomposing cellulose,
as shown in Figure 3b. Daily detection of the CFS of cultured P. pastoris GS115 via 12%
SDS-PAGE revealed a protein with a molecular weight of approximately 55 kDa, compared
to that of wild-type yeast. The protein bands were clear from day 1 to day 7, indicating that
MtEG5-1 had good stability (Figure 3c). The concentration of MtEG5-1 was 0.95 g/L on day
1, and the highest concentration was observed on day 5 at 1.15 g/L. The activity level of
MtEG5-1 was 133.76 IU/mL on day 1, with the highest activity level being observed on day
5 at 162.39 IU/mL. Furthermore, the enzyme activity level was maintained at above 100
IU/mL from days 1–7, providing further evidence of the stability of MtEG5-1, as shown in
Figure 3d.
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Figure 3. Positive transformants were screened for molecular identification and activity detection. 
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different mtEG5 colonies; Lane 9, pPIC9K plasmid. (b) The CFS of P. pastoris transformed with 

Figure 3. Positive transformants were screened for molecular identification and activity detection.
(a) P. pastoris GS115 transformants of mtEG5 verified by PCR. Lane M, marker 10,000 kb; Lanes 1–8,
different mtEG5 colonies; Lane 9, pPIC9K plasmid. (b) The CFS of P. pastoris transformed with pPIC9K-
mtEG5 was stained with Congo-red on the CMC plate for the first day. The CK well was supplemented
with 100 µL of CFS from pPIC9K yeast transformation, while well 1 was supplemented with 100 µL of
CFS from pPIC9K-mtEG5 yeast transformation. (c) The expression of MtEG5-1 induced for different
times was detected via 12% SDS-PAGE. Lane M, molecular weight marker; Lane CK, fermentation
broth of P. pastoris transformed with pPIC9K induced by methanol; Lanes 1–7, fermentation broth of
P. pastoris transformed with pPIC9K-mtEG5 induced by methanol for the first day to the seventh day.
Twenty microliters of pretreated sample were loaded in every lane. (d) The expression of MtEG5-1 on
different induction days was measured via the BCA method, and the activity of MtEG5-1 on different
induction days was measured via the DNS method.
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3.3. Scanning Electron Microscopy of Hydrolyzed Corn Straw

We further studied whether the crude enzyme solution of MtEG5-1 has an obvious
ability to degrade corn straw. SEM can help to identify morphological changes in pretreated
lignocellulosic materials [40]. SEM was used to compare the morphological changes in
pretreated corn straw samples before and after catalysis by MtEG5-1. Prior to pretreatment,
the fiber surface of corn straw was smooth, with a dense and rigid structure and only a few
cracks (Figure 4a). However, after the HCl pretreatment, the fiber of corn straw broke and
disconnected at many points, which exposed the cellulose fibrils partially to the surface,
thereby increasing the size of the contact site of cellulose with cellulase (Figure 4b). In
contrast to the previous two images, the surface of the corn straw decomposed as a result
of the use of MtEG5-1 and displayed more fibrous nematocytic filaments, as demonstrated
in Figure 4c. The findings indicate that MtEG5-1 decomposed the pretreated corn straw.
Nevertheless, future research is required to determine the specific decomposition capacity.
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Figure 4. Analysis of the results of scanning electron microscopy. (a) Corn straw without any
treatment. (b) Corn straw pretreated with 2 mol/L HCl for 24 h. (c) The CFS of 1.5 mL crude enzyme
solution was mixed with the pretreated corn straw at 70 ◦C for seven days.

3.4. Characterization of Purified MtEG5-1

In this study, the purified recombinant, MtEG5-1, demonstrates a clear band in the
SDS-PAGE results, with an approximate size of 55 kDa (Figure 5a), which differs from the
theoretical value of 43 kDa. Typically, cellulases are glycosylated enzymes [41]. Enzymatic
modifications can increase the actual molecular weight beyond the theoretical value, as
demonstrated by Karnaouri et al., who obtained a purified recombinant enzyme with a
molecular weight of 83 kDa by using a purified protein expressed by yeast; deglycosylation
reduced the molecular weight to 66 kDa [42].

Figure 5b, and c demonstrates that the recombinant enzyme reaches its maximum
activity at an optimum pH of 5 and a temperature of 70 ◦C. After incubation in different
pH buffers for 24 h, MtEG5-1 was most stable at pH 5 and least stable at pH 11, with
approximately 30% at pH 2. Therefore, MtEG5-1 is an acidic and highly stable protein at
pH 4–6 (Figure 5d). Furthermore, MtEG5-1 also exhibited good thermal stability, retaining
a relative activity level of above 88% at all temperatures until it was incubated for 2 h.
Subsequently, the relative activity levels decreased to approximately 97, 85, and 72% at
temperatures of 50, 60 and 70 ◦C, respectively, after 3 h of incubation (Figure 5e). The glyco-
sylation of the protein may contribute to its thermal stability. Moreover, the optimization of
glycosylation sites may serve as an effective and feasible strategy to enhance the enzymatic
activity and thermostability [43]. In addition, the relative activity of MtEG5-1 incubated
with NaCl (1–10 g/L) at 50 ◦C for 2 h was above 80%, and the optimal salt concentration of
MtEG5-1 was 6 g/L (Figure 5f).

Metal ions have been found to cause structural changes in enzymes [44], resulting in
alterations to their activity. This study investigates the effect of Na+, Mg2+, Mn2+, Cu2+,
K+, Fe2+, and Ni2+ on the activity level of MtEG5-1, which was incubated at 50 ◦C for
2 h. The results showed that Mn2+ increased the activity level of MtEG5-1 by 142.6%,
while K+ decreased its activity level by 76.1% (Table 2). These results indicate that MtEG5-
1 has remarkable tolerance to harsh conditions, such as high salt concentrations, high
temperatures, and low pH, making it an ideal candidate for cellulose degradation.
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Table 2. Effect of various metal ions on MtEG5-1 activity. The standard assay was used, except the
reaction duration was 2 h.

Metal Ion Relative Activity (%) Metal Ion Relative Activity (%)

None 100 Cu2+ 100.2 ± 2.9
Na+ 86.1 ± 2.4 K+ 76.1 ± 1.6
Mg2+ 97.4 ± 1.3 Fe2+ 123.3 ± 3.8
Mn2+ 142.6 ± 2.5 Ni2+ 87.6 ± 2.2

Interestingly, the experimental results differ from those reported in another published
paper. While MtEG5-1 was successfully expressed in P. pastoris X33 [17] and A. niger [16],
the properties of MtEG5-1 expressed by P. pastoris GS115, as displayed in Table 3, were
dissimilar. The optimal temperature and pH of MtEG5-1 expressed by the three strains were
70 ◦C and 5, respectively. However, the relative activity levels of the enzyme expressed by
A. niger, P. pastoris X33, and P. pastoris GS115 were determined at different temperatures and
pH 5 levels. The results showed that the relative enzyme activity levels were still above 80%
in the temperature ranges of 60–70 ◦C, 60–75 ◦C, and 60–80 ◦C. The relative activity levels
of the enzyme expressed by P. pastoris X33 and P. pastoris GS115 were measured at 4 ◦C and
different pH values for 24 h, while the relative activity level of the enzyme expressed by A.
niger was measured at 37 ◦C and different pH values for 2 h. The results showed that the
relative enzyme activity levels were still above 80% in the pH ranges of 4–6, 4–6, and 5.5–6.5.
Notably, although there was no significant difference in the optimal temperature and pH
of the expressed MtEG5-1 among the three hosts, MtEG5-1 exhibited a greater tolerance
to high temperatures than the enzymes expressed by P. pastoris X33 and A. niger did. For
instance, the thermal stability of MtEG5-1 expressed by P. pastoris GS115 remained at the
88% residual activity level after 2 h at 70 ◦C, compared to the 25% residual activity level of
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the enzyme expressed in P. pastoris X33 after 2 h at 65 ◦C and the complete inactivation of
the enzyme expressed in A. niger after 2 h at 60 ◦C. Altogether, the enzyme expressed by P.
pastoris GS115 was resistant to a wider range of temperatures than the enzyme expressed by
A. niger and P. pastoris X33 was. Moreover, the molecular weight of MtEG5-1 expressed by
P. pastoris X33 was 75 kDa, while the molecular weight of MtEG5-1 expressed by P. pastoris
GS115 was smaller (55 kDa). Generally, larger molecular weight proteins are less stable as
they are more susceptible to denaturation as a result of chemical and physical factors [45,46].
Although A. niger, P. pastoris X33, and P. pastoris GS115 expressed the enzyme encoded by
the mtEG5 gene, the enzymatic properties and molecular weight of the expressed enzymes
were different. Future analysis of the crystal structure of MtEG5-1 could help to explain
its characteristics. Therefore, the diverse expression of MtEG5-1 in different hosts requires
further investigation. The microbial cell factory constructed in our study can be applied
more widely in the industry. As the properties of MtEG5-1 were further verified and
improved, this study provides an effective strategy for the utilization of cellulose resources.

Table 3. Differences between MtEG5-1 in this experiment and other experiments.

Karnaouri [17] Tambor [16] This Study

The optimum temperature 70 70 70
The optimum pH 5–6 6 5

Source of mtEG5 gene Genomic DNA RNA to cDNA RNA to cDNA
Host strain P. pastoris X33 A. niger P. pastoris GS115

The expression of the vector pPICZαC pDONR201 and
pGBFIN-GTW pPIC9K

The molecular weight of MtEG5-1 75 kDa – 55 kDa
The relative activity of MtEG5-1 was above 80%

at different temperatures (pH 5) for 2 h 60–75 60–70 60–80

Comparison of the stability of MtEG5-1 25% residual activity
after 2 h at 65 ◦C inactivity after 2 h at 60 ◦C 88% residual activity

after 2 h at 70 ◦C
The relative activity of MtEG5-1 was above 80%

at different pH for 24 h at 4 ◦C 4–6 5.5–6.5 (2 h, 37 ◦C) 4–6

Maximum level obtained MtEG5-1 expression 0.98 g/L >0.3 g/L 1.15 g/L

3.5. Enzyme Kinetic Parameters of Purified MtEG5-1

For different carbon source substrates, GH5 family cellulases have different substrate
binding manners [47]. They are known to hydrolyze cellulose and non-cellulose substrates,
usually acting on β-1,4 linkages [48]. In most cases, CMC is one of the best substrates for
fungal cellulase [49]. For example, Ma et al. showed that Cel-5A was highly effective at
hydrolyzing CMC [50]. By studying the cellulose decomposition activity of endoglucanase
caused by bacterial flora, Salehi et al. suggested that endoglucanase could decompose all
three types of substrates, including CMC, cellulose, and Avicel. The results showed that
CMC was the best substrate for the purified enzyme, which was considered to have 100%
activity. There was no significant difference between the specificity of the enzyme in the
presence of CMC and cellulose. However, the activity levels recorded were 90% in the pres-
ence of cellulose and 35% in the presence of Avicel [51]. Based on the Lineweaver—Burk
double inverse method, the values of Km and Vmax for purified MtEG5-1 were approxi-
mately 6.11 mg/mL and 91.74 µmol/min/mg at 70 ◦C (pH 5), respectively (Figure 6). The
kcat value was found to be 84.94/s.
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4. Conclusions

In this study, MtEG5-1 was successfully overexpressed in P. pastoris GS115, and the
enzymatic properties were characterized. Recombinant protein, MtEG5-1, was stable in
extreme environments, such as an acidic pH (4–6), a high temperature (60–80 ◦C), and
the presence of salt (6 g/L), in our study. MtEG5-1 expressed by P. pastoris GS115 is
more tolerant to high temperatures than the enzyme expressed by P. pastoris X33 and
A. niger. These unique characteristics suggest that MtEG5-1 has a lot of potential for
practical applications under extreme environmental conditions, including varying pH
levels, osmolarities, and temperatures.
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