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Abstract

Thermostable a-amylases are widely used in industry. The a-amylase from Bacillus licheniformis (BLA) with six potential
glycosylation sites possessed excellent thermal and pH stability and high activity. Here, it was expressed in Pichia pasto-
ris. The Pic-BLA-producing yeast without any antibiotics-resistant gene was cultivated in flasks and the amylase activity
in fermentation supernatant reached 900 U/mL. The recombinant a-amylase Pic-BLA produced in P. pastoris was deeply
glycosylated with 30% increase in molecular mass (MM). The deglycosylation treatment by Endoglycosidase H (Endo H)
reduced the MM of Pic-BLA. Thermostability analysis showed that Pic-BLA and deglycosylated Pic-BLA were similar
in heat tolerance. In order to eliminate the extra impact of Endo H, the BLA was also expressed in Escherichia coli to get
non-glycosylated Eco-BLA. A comparative study between non-glycosylated Eco-BLA and glycosylated Pic-BLA showed
no obvious difference in thermostability. It is speculated that the glycosylation has little effect on the thermostability of
a-amylase BLA.
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Abbreviations Introduction

BLA Amylase from B. licheniformis

Pic-BLA  BLA expressed in P. pastoris a-Amylase (EC.3.2.1.1) is widely distributed in animals,
Eco-BLA BLA expressed in E. coli plants and microorganisms (Pandey et al. 2000), which can
Endo H Endoglycosidase H randomly hydrolyze the a-1, 4-glycosidic bond of starch
MM Molecular mass to produce dextrin and oligosaccharides. Thus, a-amylase
GH Glycoside hydrolase is widely used in industry (Souza and Magalhaes 2010).

Most a-amylases belong to the glycoside hydrolase family
13 (GH13), and probably present in the GH57 and GH119
families (Janecek et al. 2014). A typical feature of the GH13
family is (B/a)g-barrel containing two aspartic acid and one
glutamic acid residues that play an essential role in catalysis
(Sarian et al. 2017). Moreover, structurally, a-amylases pos-
sess three different domains. The highly conserved Domain
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have been discovered or engineered (Hiteshi and Gupta
2014; Rana et al. 2013; Souza and Magalhdes 2010). For
example, thermostable a-amylase from B. licheniformis
(BLA) exhibits high specific activity at 70-90 °C and pH
6-9 (Priyadharshini and Gunasekaran 2007; Wu et al. 2018),
which makes it widely used in detergent, baking, beer, alco-
hol manufacturing and starch sugar industries.
Thermostability of an enzyme refers to its ability to keep
active for a long time in the enzyme reaction. The thermo-
stability of a-amylase is also the prime importance for their
successful applications in industry. Previous studies showed
that some high-temperature a-amylases exhibited excellent
thermostability and half-life (T,,,) can reach 4-12 h at their
optimum temperature. For example, optimum temperature
of a-amylase from Pyrococcus furiosus was 100 °C (Lader-
man et al. 1993), and optimum temperature of a-amylase
from B. amyloliquifaciens TSWKI1-1 was 70 °C (Kikani and
Singh 2011). Despite different optimum temperatures, T,
of both a-amylases reached 12 h at their optimum tempera-
ture, respectively. Taking another contrary example, T, of
a-amylase from B. subtilis variants is only 5 min at 60 °C
while that of mesophilic a-amylase from B. amyloliquifa-
ciens F at 80 °C is also 5 min (Vihinen and Mintsild 2008).
From an evolutionary perspective, the a-amylases from ther-
mophilic microorganisms exhibited excellent thermostability
to adapt the extreme environment while the a-amylases from
animals, plants and mesophilic bacteria exhibited the limited
thermostability. However, the excellent thermostability of
a-amylases from thermophilic microorganisms was at the
expense of structural inflexibility (Fields 2001), generally
resulting in poor enzymatic activity. And some amylases

from mesophilic microorganism showed excellent enzymatic
activity. So, it’s highly necessary to improve the thermosta-
bility of a-amylases from the mesophilic microorganism to
reduce the cost of application.

Many methods were developed to improve the thermo-
stability of a-amylases (Dey et al. 2016). The recombinant
engineering is a promising technology to improve the stabil-
ity of enzymes. Glycosylation is widespread in eukaryotic
expression systems and N-glycosylation is mainly related to
the thermostability of protein (Table 1). In eukaryotes, most
of secreted proteins undergo post-translational modification,
and N-glycosylation is one of them, which is essential for
protein to perform specific physiological functions (Blom
et al. 2004). Benoit et al. isolated a glycosylated esterase
FAEA from Aspergillus niger (Benoit et al. 2006), which is
more thermostable than non-glycosylated one expressed in
E. coli. P. pastoris is widely used as a eukaryotic expression
system for the secretion of various recombinant proteins. Li
et al. expressed a pf-glucuronidase from Penicillium purpuro-
genum Li-3 in P. pastoris whose structural and functional
stability was improved after glycosylation comparing to its
natural sources (Li et al. 2013). The stability of most pro-
teins can be improved by N-glycosylation (Sola and Grie-
benow 2009), however, sometimes, it is not the case. As
two counter-examples, a recombinant alkalophilic Bacillus
a-amylase produced in P. pastoris has lower thermostability
than its natural source (Tull et al. 2001). Clark et al. added
glycosylation sites into a-glucosidase from Beta vulgaris by
site-directed mutagenesis, then expressed these variants in
P. pastoris, getting several significantly improved thermo-
stability mutants; However, the different mutants presented

Table 1 Comparison of stability of various proteins which were glycosylated and unglycosylated

Name Organism Organism type Optimal Half-time (ungly- Half-time (glyco- References
temperature  cosylated form) sylated form)
°O)

B-Glucanase (MAC)  Bacillus macerans Prokaryote 60-70 10 min (70 °C) 26 min (70 °C) Borriss et al. (1990),

B-Glucanase (AMY)  Bacillus amylolique-  Prokaryote 55

faciens
o-Amylase (ABA) Alkalophilic Bacillus Prokaryote 60-70
Xylanase Bacillus pumilus Prokaryote 50
HBPS

Pectate lyase Bacillus subtilis Prokaryote 50

Xylanase (Af-XynA)

Prolyl aminopepti-
dase (PAP)

Bovine enterokinase

Aspergillus fumigatus Eukaryote 75
Aspergillus oryzae Eukaryote 60

Bovine Eukaryote 3540

p-Glucuronidase P. purpurogenum Eukaryote 40

(GUS) Li-3

Netterstrgm et al.
(1991)

Hofemeister et al.
(1986), Meldgaard
and Svendsen
(1994)

Tull et al. (2001)

8 min (70 °C) 60 min (70 °C)

> 80 min (68 °C) 60 min (68 °C)

7 min (60 °C) 13 min (60 °C) Zhang et al. (2006)
6 min (60 °C) 10 min (60 °C) Zhang et al. (2013)
10 min (70 °C) 20 min (70 °C) Chang et al. (2017)
<1h(50°C) 50 h (50 °C) Yang et al. (2016)

< 151 min (50 °C) 359 min (50 °C) Wang et al. (2018)

80 min (65 °C) > 120 min (65 °C) Li et al. (2013)
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increased or decreased thermostability during the subse-
quent reduction of glycosylation sites (Clark et al. 2004).

At present, multiple antibiotic resistance genes are intro-
duced in the genetically modified strains to facilitate the
screening of high-yield strain. However, antibiotic resistance
genes increase a potential threat that may spread in the envi-
ronment, affecting agriculture and animal husbandry (Pop-
owska et al. 2017), even the bacteria in human colon carry
numerous acquired antibiotic resistance genes (Salyers et al.
2004). Prokaryotes are more likely to exchange genes with
other microorganisms in the environment (Martinez 2009).
Antibiotic resistance genes in artificially modified strains
may be transferred into some harmful pathogens, which is
an important reason for forming the “Superbug”.

In order to investigate the effects of glycosylation on
a-amylase, a-amylase gene bla was obtained from B. licheni-
formis WX-02, and heterologously expressed in P. pastoris
without antibiotics-resistant gene and expressed in E. coli at
the same time. This study also highlights the comparison of
optimum temperature and pH, thermostability and pH stabil-
ity between glycosylated and non-glycosylated a-amylase
BLA.

Materials and methods
Plasmids, strains, reagents and media

Pichia pastoris expression vector pHBM905M was modified
based on the pPICI9K (Zhang et al. 2006). E. coli XL10-
Gold, E. coli BL21 (DE3) and plasmid pET-26b were pur-
chased from Stratagene (Santa Clara, USA). B. licheniformis
WX-02 was a gift from Prof. Chen Shouwen; P. pastoris
GS115 was purchased from Invitrogen. Restriction enzymes:
Cpol (No.1035A), Notl (No.1166A), Sall (No.1080A),
BamHI (No.1010A); and Ex-Tag DNA polymerase (No.
RROO1A), PrimeSTAR® Max DNA polymerase (No.
R045Q), PCR buffer, ANTP, DNA marker (No.3427A, 3401)
and protein marker were purchased from TaKaRa (Dalian,
China). T, DNA ligase (No.M0202), T, DNA polymerase
(No.M0203S) and dTTP were purchased from NEB (Bev-
erly, USA). Soluble starch (No.V900508) was purchased
from Sigma (USA); the common reagents were of AR level.

LB medium (1.0% Tryptone, 0.5% Yeast Extract, 0.5%
NaCl, solid medium, pH 7.0) was used for the cultivation of
E. coli. LK medium (LB medium containing 50 pg/mL kan-
amycin) and LA medium (LB medium containing 100 pg/
mL ampicillin) were used to screen recombinant E. coli
containing different plasmids. Yeast Peptone Glucose Agar
medium (YPD: 1.0% Yeast Extract, 2.0% Tryptone, 2.0%
Glucose, pH 7.0) was used for the cultivation of P. pastoris.
Histidine auxotrophic medium (MD: 2.0% Glucose, 0.34%
Amino-free Nitrogen source, 1.0% (NH,),SO,, pH 7.0) and

starch substrate medium (1.0% Yeast Extract, 2.0% Tryp-
tone, 0.34% Amino-free Nitrogen source, 1.0% (NH,),SO,,
0.03% K,HPO,+3H,0, 1.18% KH,PO,, 1.0% Glycerol,
0.05% Trypan blue, 1.0% Soluble Starch, pH 7.0) were used
to screen P. pastoris expressing a-amylase. BMGY medium
(1.0% Yeast Extract, 2.0% Tryptone, 0.34% Amino-free
Nitrogen source, 1.0% (NH,),SO,, 0.03% K,HPO,-3H,0,
1.18% KH,PO,, 1.0% Glycerol) and BMMY medium (1.0%
yeast Extract, 2.0% Tryptone, 0.34% Amino-free Nitrogen
source, 1.0% (NH,),SO,, 0.03% K,HPO,-3H,0, 1.18%
KH,PO,) were used to express a-amylase in P. pastoris. All
medium can be supplemented with 1.5% agar for solid cul-
tivation and were sterilized before use.

Cloning of a-amylase gene Eco-bla

The genomic DNA of B. licheniformis WX-02 (Genbank
CP012110.1; Eco-bla: 695578—697116) was extracted and
purified as described (Tai and Tanksley 1990). A pair of
primers (Eco-BLA_F: 5" "TTCGGATCCGATGAAACA
ACAAAAACGGCTTTACG-3' and Eco-BLA_R: 5-AGT
GCGGCCGCTCTTTGAACATAAATTGAAACCGACC-3')
were designed for Eco-bla amplification (SnapGene: https
://[www.snapgene.com/) based on the annotated a-amylase
gene of B. licheniformis WX-02. a-Amylase gene Eco-bla
was amplified by PCR using genomic DNA as a template.
The PCR conditions were 28 cycles composed of 98 °C/15 s;
55 °C/15 s; 72 °C/20 s followed by a final extension of
72 °C/5 min using PrimeSTAR® Max DNA polymerase
(Takara, China).

The mutation of restriction enzyme cleavage site
on the a-amylase gene bla

The nucleotide sequence of Eco-bla gene was modified
according to the codon preference (Sharp and Li 1987). The
1095th guanine in Eco-bla gene was replaced with adenine
(glutamic acid GAG — GAA), and the new glutamate codon
was more suitable for expression in P. pastoris. The new
gene was renamed Pic-bla. Site-directed mutagenesis was
performed by overlapping PCR technology (Steffan et al.
1989) to remove Sall cleavage site of Eco-bla. Overlap-
ping PCR technology: genomic DNA of B. licheniformis
WX-02 as a template, primers Pic-BLA_F (5'-GTCAAA
TGAAACAACAAAAACGGCTTTACG-3") and Pic-
BLA1095_R (5-TGGACAGTCGATTCAAGCGATTGC
CCCGGCTGTGTATCATGG-3') were used for 1-1105 of
the gene Eco-bla; primers Pic-BLA1095_F (5'-AATCGC
TTGAATCGACTGTCCAAACATGGTTTAAGCCGCTTG
CTT-3') and Pic-BLA_R (5'-GGCCACTATCTTTGAACA
TAAATTGAAACCGACC-3') were used for 1085-1509 of
the gene Eco-bla. The next PCR was performed by primers
PicBLA_F, PicBLA_R and mixed PCR products (1-1105
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and 1085-1509 purified PCR products of the gene Eco-bla)
as template. In PCR, the reactions were performed with
25 cycles which composed of 98 °C/15 s, 55 °C/15 s and
72 °C/20 s followed by a final extension of 72 °C/5 min
using PrimeSTAR® Max DNA polymerase (Takara, China).
The guanine of 1095th site in Eco-bla gene was mutated to
adenine and meanwhile the Sall restriction site was removed.

Construction of a-amylase gene expression plasmid
for P. pastoris and E. coli

Construction of P. pastoris expression plasmid: a-amylase
gene Pic-bla was digested by T, DNA polymerase
with buffer containing dTTP in 22 °C for 20 min, and
pHBMO905M was digested by Cpol and Notl at 37 °C for
2 h. After recovered by Gel Extraction Mini Kit (Omega,
USA), the digested Pic-bla and pHBMO905 M were ligated by
T, DNA ligase and then transformed into E. coli XL.10-Gold
competent cells with 45 s heat-shock at 42 °C and another
90 min-incubation at 37 °C. After positive screening on
ampicillin-resistant plates (LA) and negative screening on
kanamycin-resistant plates (LK), the colonies which could
not grow on LK plates but grow on LA plates were selected
and cultivated in LA medium. The recombinant plasmid was
extracted and sent for sequencing (Sangon, China). The cor-
rect recombinant plasmid was named pHBM905M-Pic-bla.

Construction of E. coli expression plasmid: a-amylase
gene Eco-bla and vector pET-26b were digested with BamHI
and Notl, respectively. The two digested products were
ligated with T, DNA ligase, then transformed into E. coli
XL10-Gold competent cells, screened with LK plates, and
the recombinant plasmid were testified by PCR and sequenc-
ing (Sangon, China). The correct recombinant plasmid was
named pET26b-Eco-bla.

Expression and purification of a-amylase Pic-BLA
and Eco-BLA

The recombinant plasmid pHBM905-Pic-bla linearized by
Sall was transformed into P. pastoris GS115 competent cells
through electroporation with the condition of 2.0 kv, 6.0 ms.
The transformants were initially screened on MD plates,
followed to be transferred on the starch substrate plates to
obtain the strains with higher production of amylase. The
plates were incubated invertedly at 28 °C, 400 pL methanol
was uniformly added every 12 h on the cover of Petri dish
until the significant haloes appeared around the colonies.
The selected P. pastoris GS115 colonies with haloes were
inoculated into BMGY medium and incubated in shaking
incubator at 28 °C until ODg,,=15-30. The cells were har-
vested, centrifuged at 6000 rpm for 5 min. Then the cells
were washed with sterile distilled water for 2-3 times and
inoculated to BMMY medium. The culture was induced by
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adding of methanol (1% v/v) every 12 h at 28 °C for 9 days
and fermentation supernatant was collected every 24 h and
subjected to activity assay and SDS-PAGE analysis. In order
to obtain purified Pic-BLA, fermentation supernatant con-
taining a-amylase Pic-BLA was exchanged with 50 mM
Tris—HCI buffer (pH 8.5) using Amicon (Millipore Corp.)
30-kDa filters.

Escherichia coli BL21 (DE3) containing pET-26b-Eco-
bla was grown in LK medium at 37 °C until ODg,=0.6-0.8,
then protein expression was induced with 0.5 mM IPTG at
18 °C for 18 h. After incubation, cells were collected by
centrifugation and disrupted by ultrasonication. Cells debris
was removed by centrifugation at 12,000 rpm for 30 min at
4 °C. The supernatant was loaded on NTA column (Bio-Rad,
USA) according to the manufacturer’s instruction. The puri-
fied protein was concentrated with Amicon 30-kDa filters
and loaded on Hitrap™ Desalting column (GE Healthcare)
in 50 mM Tris—HCI (pH 8.5). All purification steps were
performed at 4 °C and MM of the purified protein was evalu-
ated by SDS-PAGE.

a-Amylase BLA activity assay

a-Amylase activity was evaluated by DNS method (Miller
et al. 1960) to measure the amount of reducing sugar which
was released during the action of enzyme on soluble starch.
In brief, assay mixtures contained 500 pL of 1% (w/v) solu-
ble starch in 50 mM Tris—HCI buffer (pH 8.5) and appropri-
ately diluted enzyme. After incubation at 70 °C for 10 min,
700 pL 3,5-dinitrosalicylic acid reagent (DNS) was added
to stop the reaction by inactivating the enzyme. Then sam-
ples were heated at 100 °C for 10 min and cooled on ice
for 5 min. The absorbance of samples were measured at
540 nm. One unit of a-amylase BLA activity was defined
as the amount of enzyme releasing 1 umol of reducing
sugar per minute under the assay conditions, glucose as a
standard. Protein concentration was quantified by Bradford
assay using bovine serum albumin as the standard. Each
value of the assay was the arithmetic means of triplicate
measurements.

Deglycosylation and determination
of thermostability of the a-amylase Pic-BLA

Assay mixtures containing 85 pL purified Pic-BLA, 5pL
Endo H (NEB, USA) and 10 pL Endo H buffer were incu-
bated at 37 °C for 20 min to obtain the deglycosylated Pic-
BLA. Pic-BLA was incubated at 37 °C for 20 min simulta-
neously as a control. The thermostability of Pic-BLA and
deglycosylated Pic-BLA were determined by pre-incubating
the enzymes in 50 mM Tris—HCI buffer (pH 8.5) at 60 °C,
65 °C, 70 °C, respectively. Samples were taken every 10 min
(total 50 min) and cooled rapidly on ice. The residual
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activity was measured by DNS assay at 70 °C and pH 8.5.
Each value of the assay was the arithmetic means of tripli-
cate measurements.

Effects of temperature on the enzyme activity
and stability of Pic-BLA and Eco-BLA

The influence of temperature on the activity of a-amylase
was investigated by conducting the enzyme reaction at dif-
ferent temperatures range from 60 to 90 °C for 10 min in
Tris—HCI buffer (50 mM, pH 8.5). The thermostability was
determined by pre-incubating the enzyme for different time
(0-50 min) under different temperature (60, 65 and 70 °C),
followed by residual activity determination using DNS assay
at 70 °C and pH 8.5. The activity of 0-min samples were set
as 100%. Each value of the assay was the arithmetic means
of triplicate measurements.

Effects of pH on the enzyme activity and stability
of Pic-BLA and Eco-BLA

Effects of pH on the activity of a-amylase was investigated
in the range of pH 4.0-9.5 using citrate buffer (pH 4.0-6.0),
phosphate buffer (pH 6.0-8.0), Tris—HCl bufter (pH 8.0-9.0)
and Glycine—-NaOH buffer (pH 9.0-9.5). The pH stability
of a-amylase BLA was assayed by holding the enzyme at
different buffers (pH 4.0-9.5) at 4 °C for 12 h. The residual
activity was measured by DNS assay at 70 °C and pH 8.5.
Each value of the assay was the arithmetic means of tripli-
cate measurements.

Statistical analysis

The data were mean + SD (three biological replicates). The
error bars were gained according to STDEV. Student’s t-test
(de Winter 2013) was used to calculate P value and the sig-
nificant difference (*P < 0.05 or **P <0.01) were labeled.

Results
Sequence analysis of a-amylase gene Eco-bla

A 1539-bp a-amylase encoding gene Eco-bla (NCBI Refer-
ence Sequence: CP012110.1) was cloned from B. licheni-
formis WX-02 by PCR with primers Eco-bla_F and Eco-
bla_R, which encodes a protein of 512 amino acids. The
ExPAsy website (https://web.expasy.org/) predicted that the
theoretical MM and pI of Eco-BLA were 58.52 kDa and
6.33, respectively. The NetNGlyc 1.0 Sever (http://www.cbs.
dtu.dk/services/NetNGlyc/) predicted that Eco-BLA had six
potential N-glycosylation sites, which were located at the
4th, 27th, 275th, 280th, 309th, and 455th sites, respectively.

By YaSaRa software, the structure of Eco-BLA whose
sequence is 99% homologous to the a-amylase BLA (PDB
ID: 1vjs) (Hwang et al. 1994) was modeled and all potential
glycosylation sites were located on the surface of Eco-BLA
(Fig. 1). In some studies, thermostability was also improved
by the glycosylation of protein surface (Benoit et al. 2006;
Sola and Griebenow 2009). Thus, effects of Eco-BLA gly-
cosylation on thermostability were investigated.

Expression of Pic-BLA

SDS-PAGE analysis showed that recombinant Pic-BLA
migrated as two bands with MM of 84 kDa approximately,
which was about 25 kDa larger than theoretical value of
58.5 kDa (Fig. 2a). The extent of glycosylation was calcu-
lated as 30%. Protein concentration and activity were both
increased gradually with the time, the maximum activity was
up to 900 U/mL at 168 h (Fig. 2b).

Deglycosylation and thermostability of a-amylase
Pic-BLA

a-Amylase Pic-BLA was deglycosylated by Endo H. SDS-
PAGE analysis showed that a-amylase Pic-BLA displayed
single band after deglycosylation and its MM was consist-
ent with the theoretical value (Fig. 3a), indicating that two

Fig. 1 Glycosylation sites in the structure of a-Amylase BLA. The
SWISS-MODEL program was used to construct the 3D structure of
a-Amylase BLA based on a-Amylase BLA (PDB ID: 1vjs) from B.
licheniformis. The visualization of the tertiary structure was done by
YaSaRa. The 4th, 27th, 275th, 280th, 309th, 455th glycosylation sites
were marked on the surface of BLA using Asparagine globular model
(blue)
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Fig.2 Fermentation analysis of Pic-BLA in Pichia pastoris. a SDS-
PAGE analysis of Pic-BLA protein each 24 h. Lane M was the pro-
tein MM marker (250, 150, 100, 75, 50, 37, 25 kDa); lane 1-8 was
the fermentation supernatant of Pic-BLA at different time (24th,
48th, 72th, 96th, 120th, 144th, 168th and 216th h). b The amylase
activity of the fermentation supernatant at different time (24th, 48th,
72th, 96th, 120th, 144th, 168th and 216th h). Each value of the assay
was the arithmetic means of triplicate measurements. Bars indicated
mean+SD (n=three biological replicates); Student’s t-tests were
performed between different times (144th, 168th and 216th h) as
#4P <0.01 or *P>0.05

distinct bands in fermentation supernatant were in differ-
ent glycosylated degrees. In most cases, the thermostabil-
ity of protein was increased by glycosylation (Table 1).
However, both a-amylase Pic-BLA and deglycosylated
Pic-BLA remain stable after pre-incubating at 60 °C for
50 min. When pre-incubating at 70 °C for 50 min, they can
remain nearly 20% residual activity, and variation tendency
were also similar (Fig. 3b). These results implied that the
thermostability of a-amylase Pic-BLA was not improved
by glycosylation. The degree of glycosylation of a-amylase
Pic-BLA was about 30%, but its thermostability has not been
changed. It was speculated that the addition of Endo H may
affect the thermostability of a-amylase Pic-BLA and it was
not clear whether deglycosylation affected the protein struc-
ture. Therefore, a non-glycosylated control possessing same
amino acid sequence need to be obtained to study the effects
of glycosylation on thermostability.

Construction of Eco-bla expression plasmid
and purification of Eco-BLA

Endo H might make additional effects on a-amylase Pic-
BLA during deglycosylation. Therefore, expressing the
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Fig.3 Deglycosylation of PicBLA with Endo H and SDS-PAGE
analysis of Eco-BLA. a SDS-PAGE analysis of Pic-BLA. Line M was
the protein MM marker (250, 150, 100, 75, 50, 37, 25, 20 kDa); line
1 was a-amylase Pic-BLA; line 2 was EndoH-treated Pic-BLA; line
3 was Endo H. b Effects of temperature on the stability of Pic-BLA
and EndoH-treated Pic-BLA. Each value of the assay was the arith-
metic means of triplicate measurements. Bars indicated mean+SD
(n=three biological replicates); Student’s t-tests were performed
between Eco-BLA and Pic-BLA as *P <0.05 or ¥*¥*P <0.01. ¢ Line M
was the protein MM marker (250, 150, 100, 75, 50, 37, 25, 20 kDa);
line 1 was a-amylase Eco-BLA purified by NTA

non-glycosylated a-amylase Eco-BLA in E. coli is a good
strategy. The a-amylase gene Eco-bla was cloned into
expression vector pET26b, and then transformed into E.
coli BL21 (DE3) for inducible expression, then purified
by Ni-NTA resin and GE HiTrap Desalting column. SDS-
PAGE analysis (Fig. 3c) showed that the purified a-amylase
Eco-BLA presented a single 58.5 kDa band, which was con-
sistent with the theoretical MM of a-amylase BLA.

Effects of temperature on the activity and stability
of Pic-BLA and Eco-BLA

The optimum temperature of a-amylase Pic-BLA and Eco-
BLA both were 80 °C, but the activity of Eco-BLA above
80 °C was little higher (Fig. 4a). Both Pic-BLA and Eco-
BLA can remain nearly 80% residual activity after pre-
incubating for 50 min at 60 °C, but lost most activity after
pre-incubating for 50 min at 70 °C (Fig. 4b). Although there
was a little difference in relative activity under certain condi-
tions, the overall trend keep similar. In short, glycosylation
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Fig.4 Effects of temperature and pH on the activity and stability of
Eco-BLA and Pic-BLA. a Effects of temperature on the activity of
Eco-BLA and Pic-BLA. The maximum activity was set as 100%. b
Effects of temperature on the stability of Eco-BLA and Pic-BLA. ¢
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slightly affected the optimum temperature and thermostabil-
ity of a-amylase BLA.

Effects of pH on the activity and stability
of a-amylase Pic-BLA and Eco-BLA

Both Pic-BLA and Eco-BLA presented high activity over
wide range pH, and the optimum pH were 6.0-7.5. They
both present more than 80% relative activity between pH
5.5-7.5 (Fig. 4c). Student’s t-test showed that their rela-
tive activity had significant difference (P value <0.05) at
pH 5.0-5.5 and 8.0-9.5. pH stability assay indicated that
Pic-BLA and Eco-BLA exhibited excellent pH stabil-
ity in broad range, with more than 60% residual activity
from pH 5.5 to 9.5 (Fig. 4d). Student’s t-test was used to
analyze the difference between Pic-BLA and Eco-BLA in
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of the pH on the stability of Eco-BLA and Pic-BLA. Each value of
the assay was the arithmetic means of triplicate measurements. Bars
indicated mean + SD (n =three biological replicates); Student’s t-tests
were performed between Eco-BLA and Pic-BLA as *P<0.05 or
**P<0.01

different pH. Results showed the stability of Pic-BLA was
significantly higher than EcoBLA between pH 5.0 and 8.0
(P value <0.05).

Discussion

Pichia pastoris has been widely used to produce many
enzymes in industry, but most engineered strains contain
antibiotics resistance genes, which are threat to our envi-
ronment and health. The P. pastoris strain obtained in this
study has been designed to remove kanamycin or ampicillin
resistance gene, which can eliminate this threat and make
the strain more suitable for industrial application, and envi-
ronmental-friendly (Zhang et al. 2006).
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a-Amylase Pic-BLA contains six potential N-glycosyla-
tion sites which are located at the 4th, 27th, 275th, 280th,
3009th, and 455th residues, respectively. In previous reports,
the proteins containing N-glycosylation sites exhibited dif-
ferent degrees of glycosylation in P. pastoris, and its MM
increased to different extent (Lee et al. 2003; Powers et al.
2001; Zhang et al. 2006, 2013). Therefore, the two bands
shown for Pic-BLA in SDS-PAGE analysis (Fig. 2a) could
be glycosylated to different degrees. Subsequent deglyco-
sylation experiments confirmed this predication and the MM
of Pic-BLA was reduced by 25 kDa after treatment with the
Endo H (Fig. 3a). The a-amylase ABA from alkaliphilic
Bacillus was expressed in P. pastoris. After treatment with
Endo H, its MM reduced by about 12 kDa and seven N-gly-
cosylation sites were identified by MS and HPLC (Tull et al.
2001). The N-glycosylated sugar chains of P. pastoris are
similar in size, generally between 8 and 14 monosaccharides
(Bretthauer and Castellino 1999). Pic-BLA contained six
N-glycosylation sites with 25 kDa increase in MM, which
implied that it was deeply glycosylated in P. pastoris.

In our study, there was small difference in thermosta-
bility between the a-amylase Pic-BLA and Endo H-treated
Pic-BLA (Fig. 3b). Endo H deglycosylation cannot remove
completely the sugar chain of glycosylated protein, an
N-acetylglucosamine residue was retained (Maley et al.
1989). Residual sugar residues might affect the structure
of enzyme. To eliminate the factor, bla was expressed in
E. coli to get non-glycosylated a-amylase Eco-BLA. The
properties of Pic-BLA and Eco-BLA were determined under
the same conditions, and results were similar. The optimum
temperatures of Pic-BLA and Eco-BLA were 80 °C. Both
remain stable at alkaline conditions and unstable at acidic
conditions. The difference of thermostability was not signifi-
cant at 6070 °C. It was reported that the thermostability of
most proteins are improved after glycosylation in P. pastoris,
whereas, in this study, glycosylation did not affect the ther-
mostability of amylase BLA significantly. The main reason
may be that good thermostability of amylase BLA masked
the effect of glycosylation on thermostability.

Based on our experience and previous reports, the glyco-
sylation would mostly improve the thermostability of a pro-
tein that was expressed in P. Pastoris, no matter whether the
genes were derived from prokaryote or eukaryote (Table 1).
Most reports showed that glycosylation could increase the
thermostability of proteins and few reports revealed glyco-
sylation had no or little effects on proteins’ thermostabil-
ity. Interestingly, few reports studied the thermostability of
a-amylase after glycosylation, and only one report found that
glycosylation reduced the thermostability of amylase, which
was surprisingly consistent with our results.

In addition, glycosylation decreases the flexibility of
protein structure and by which improves the structural and
thermal stability of the enzyme. The 27th, 275th, and 309th
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glycosylation sites of the a-amylase Pic-BLA are located on
a-helix. These structures are relatively stable, so glycosyla-
tion cannot affect the stability of these helices. Both the 4th
and 280th glycosylation sites are located on the short loop
of the stable (p/a)g-barrel region and the short loop is less
flexible (Gurung et al. 2015), sugar chain could not enhance
or weaken the structural stability of this area. Therefore, the
structure associated with Pic-BLA stability was not affected
significantly by glycosylation. B. licheniformis-derived
thermostable a-amylase bla was expressed in P. pastoris,
and there was no significant difference in thermostability
compared to non-glycosylated Eco-BLA. This phenomenon
may also be caused by the glycosylation sites located in the
inflexible region of a-amylase BLA.

In this study, P. pastoris expressing a-amylase BLA with-
out antibiotic resistance gene was obtained, and expression
activity reached 900 U/mL, which has potential application
prospect in starch industry. More importantly, we explored
the effect of P. pastoris glycosylation on the properties of
a-amylase BLA.
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