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Abstract: Fungal a-amylases are widely used in the production of maltose syrup, while additional production costs may be
required in the syrup production process due to the loss of enzyme activity, because of the poor thermostability exhibited in
this type of enzyme. After deeply studying the importance of thermostability of fungal o-amylases applied in industrial
production, with attempt to improve the thermostability of Rhizopus oryzae a-amylase (ROAmy), single-point mutations and
combined mutations that based on analysis of B-factor values and molecular dynamics simulations were carried out for amino
acid residues G128, K269 and G393 of ROAmy by overlapping PCR. The results showed that all the 7 mutants obtained
presented better thermostability than the wild-type enzyme, and the best mutant was G128L/K269L/G393P which showed a
5.63-fold increase in half-life at 55 ‘C compared with the wild-type enzyme. Meanwhile, its optimum temperature increased
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from 50 C to 65 °C, the maximum reaction rate (V) and catalytic efficiency (kea/Kr,) increased by 65.38% and 99.86%. By
comparing and analyzing the protein structure and function between the mutants and the wild-type enzyme, it was found that
the increase of the number of hydrogen bonds or the introduction of proline in special position may be the main reasons for the
improved thermostability that found in the mutants.
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Tablel Primersused in thisstudy

Primer name Primer sequence (5'-3') Size (bp)
ROAmy-F ATGTCGACGTGCCTGTCATCAAGCGAGCC 29
ROAmMy-R ATGCGGCCGCTCAGTGGTGGTGGTGGTGGTGGTTCTTTTGGAAT 44
G128L-F GCTGGCACTCCTTCATCAGGCTTGGACTATTCTGGCTACA 40
G128L-R TGTAGCCAGAATAGTCCAAGCCTGATGAAGGAGTGCCAGC 40
K269L-F TTAAGTTCTGGCTTTTCTGATATTTTGAATGGAAACTTTA 40
K269L-R TAAAGTTTCCATTCAAAATATCAGAAAAGCCAGAACTTAA 40
G393P-F AACAACTATGGTCAACCTTCAACAAACACAATTACTGTA 39
G393P-R TACAGTAATTGTGTTTGTTGAAGGTTGACCATAGTTGTT 39

Underlined letters are restriction enzyme cut sites and italic letters are His-tag coding sequence.
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Table 2 Amino acids in ROAmy with top ten

B-factor values
Rr:a:r::e Re3|dnuuems§2ruence B-factor Ranking
Gly 393 33.31 1
Gly 128 32.77 2
Lys 269 32.67 3
Glu 90 31.04 4
Tyr 149 30.95 5
Asp 96 30.31 6
Thr 397 30.02 7
Ser 394 29.84 8
Asp 151 29.26 S
Asn 425 28.95 10
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Fig. 1 Three-dimensional model structure of ROAmy.
The core catalytic residues Asp196, Glu220 and Asp287
from fungal o-amylase ® are rendered as CPK
(Corey-Pauling-Koltun) mode. The selected mutant sites
of Gly128, Lys269 and Gly393 are shown as ball and
sticks.

&3 ROAmy RERTHEL-EAHBEEIEREE
Table 3 The interaction energy of ROAmy and its
mutants

Potential Van der Electrostatic
Enzyme energy Waals energy energy
(kcal/mol) (kcal/mol) (kcal/mol)
ROAmy  -131.23 —46.63 —84.59
G128L —207.79 —38.50 -169.29
G128W —197.66 —40.84 —156.82
G128K —195.58 —38.88 —156.70
K269L —216.53 —-40.83 —175.70
K269W —196.70 -39.51 —157.26
K269H —165.96 —44.05 -121.91
G393P —236.05 —45.74 —190.32
G393T —210.35 —38.65 —170.70
G393C -176.03 —41.35 —134.69

22 BREXNMEHNRBERREMHNZI
ROAmMy (50 C)

G393P 65 C 6

60 C ( 2A)
( 2B) G128L K269L
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Fig. 2 Effect of temperature on the activity and stability
of ROAmy and its mutants. (A) The optimum
temperature of ROAmy and mutants. (B) The
thermostability of ROAmy and mutants.
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Fig. 3 Effect of pH on the activity and stability of
ROAmy and its mutants. (A) The optimum pH of
ROAmy and mutants. (B) The pH stability of ROAmy
and mutants.
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G128L K269L  G128L/G393P Y133 ( 4B)
( ) 350 352
K 32.64% 29.17%
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Table4 Specific activities and kinetic parameters of ROAmy and its mutants

Enzyme Km (Mg/mL)  Viax (Mg/min) Keat () keat/Km (ML/(Mmg-s))  Specific activity (U/mg)
ROAmy 1.44+0.05 0.10+0.02 93.59+16.20 64.99+11.25 198.02+13.99
G128L 0.97+0.03 0.10+0.02 108.40+2.80 111.75+2.89 215.53+40.08
K269L 1.02+0.03 0.09+0.01 74.23+1.10 72.77+1.08 180.74+25.45
G393P 1.66+0.25 0.15+0.02 197.23+16.53 118.81+9.96 261.79+45.50
G128L/K269L 1.37£0.16 0.09+0.04 71.45+3.43 52.15+2.50 174.17+21.77
K269L/G393P 1.53+0.14 0.12+0.05 77.68+£3.17 50.77+2.07 152.77+8.46
G128L/G393P 1.04£0.01 0.14+0.04 162.50+5.06 156.25+4.86 233.37+£30.57
G128L/K269L/G393P 1.46£0.15 0.17+0.07 189.63+8.06 129.89+5.51 241.31+34.33

Tyr130_ 67

p

y W «r

4 ROAmy (A) REZRT Kk G128L (B) HIEER 3D LEtyEHl
Fig. 4 Partia three-dimensional model structures of ROAmy (A) and G128L (B). Amino acids residues are shown as
sticks and hydrogen bonds are presented as dotted lines.

& 010 - 64807509 < cjb@im.ac.cn



1124 ISSN 1000-3061 CN 11-1998/Q

Chin J Biotech
K269 F265 5B L269 a- Leu
N270 ( 5A) K269 Leu
L269 L269  N270
1276  L279 ( 5B) (23] (Leu)
Y133
G136 Y130 ( 50) K 269L
K269L Y133
G136 Y130 G122 ( 5D) ROAmy G393 Domain
350 C B- (
K 269L 351 1 6A ) Gly
B_
Alkalimonas
amylolytica a- B-factor G393 ROAmy
[22] G128L  K269L ROAmy 393
Y133 G122 Gly Pro Q392 N374

5 ROAmy (A, C) REZRI{Kk K269L (B, D)RIFHER 3D L&Al
Fig. 5 Partial three-dimensional model structures of ROAmy (A, C) and K269L (B, D). Amino acids residues are
shown as sticks and hydrogen bonds are presented as dotted lines.
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Fig. 6 Partial three-dimensional model structures of
ROAmy (A) and G393P (B). Amino acids residues are
shown as sticks and hydrogen bonds are presented as
dotted lines.

( 6A) G393P
Q392 Y390
G393P
5.20
3
Pro
Pro
(Pro) (Gly)
G393P

& 010 - 64807509

3 W
a- pH
o- [24-26]
a-
a- (Takaramylase) Asp206
Glu230  Asp297 [21]
3 a-
(27 -
ROAmMy
B-factor
ROAmy  B-factor
3
3 4
G393P
G128L/K269L/G393P ti» ROAmMy
5.20 5.63 K269L/

G393P G128L/G393P ty

G393P  typ
[22,28]

[29]

[30]

CedA  B-

B .
pH

(32 ROAMy

»<  cjb@im.ac.cn



1126 ISSN 1000-3061 CN 11-1998/Q

Chin J Biotech

REFERENCES

(1

(2]

(3]

(4]

(6]

[7]

(8]

Hua HF, Luo HY, Bai YG et a. A thermostable
glucoamylase from Bispora sp. MEY-1 with stability
over a broad pH range and significant starch hydrolysis
capacity. PLoS ONE, 2014, 9(11): e0113581.

Li S, Zuo ZR, Niu DD, et a. Gene cloning, heterologous
high
maltose-producing a-amylase of Rhizopus oryzae. Appl
Biochem Biotechnol, 2011, 164(5): 581-592.

Zeng J, Guo JJ, Yuan L, et a. Optimization of the
thermal activity and stability of hyperthermophilic
a-amylase ApkA. Biotechnol Bull, 2017, 33(8): 192-198
(in Chinese).

expression, and characterization of a

, ) . a- ApkA
2017, 33(8): 192-198.
El-Okki AAKEH, Gagaoua M, Bennamoun L, et a.
Statistical optimization of thermostable o-amylase
production by a newly isolated Rhizopus oryzae strain
FSIS; using decommissioned dates. Waste Biomass
Valori, 2017, 8(6): 2017-2027.
Qian Y, Duan G. New acid-stable fungal a-amylase for
maltose syrup production. Food Ferment Indust, 2008,
34(2): 8789 (in Chinese).

. , 2008, 34(2): 87-89.
Shen W, Lin LZ, Huang WW, et al. Heterologous
expression of an acid-resistant fungal o-amylase and
characterization of its recombinant enzyme. Food
Ferment Indust, 2013, 39(8): 1-6 (in Chinese).

a-
, 2013,

39(8): 1-6.
Li S, Wang ZX. Progress in research of fungal
a-amylase. Biotechnol Bull, 2011, 224(3): 66-71 (in
Chinese).

, . o-

, 2011, 224(3): 66—71.
Reetz MT, Carballeira JD, Vogel A. Iterative saturation

http://journals.im.ac.cn/cjbcn

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

mutagenesis on the basis of B factors as a strategy for
increasing protein thermostability. Angew Chem Int Ed,
2006, 45(46): 7745-7751.

Pang YP. Use of multiple picosecond high-mass
dynamics predict
crystallographic B-factors of folded globular proteins.
Heliyon, 2016, 2(9): e00161.

Jochens  H, Aerts D, UT.
Thermostabilization of an esterase by alignment-guided
focussed directed evolution. Protein Eng Des Select,
2010, 23(12): 903-909.

Duan XG, Chen S, Ai YX, et a. Enhancing the
thermostability  of
isomerase using B-factor-directed mutagenesis. PL0S
ONE, 2016, 11(2): €0149208.

Zhang JH, Lin Y, Sun YF, et a. High-throughput
screening of B factor saturation mutated Rhizomucor
miehei Lipase thermostability based on synthetic
reaction. Enzyme Microb Technol, 2012, 50(6/7):
325-330.

Liu XM, Zhang PP, Hu S, et al. Semi-rational molecular
engineering to improve thermostability of cytochrome
P450 BM-3. J Chem Eng Chin Univ, 2015, 29(5):
1138-1144 (in Chinese).

molecular simulations  to

Bornscheuer

Serratia  plymuthica  sucrose

P450 BM-3
, 2015,

29(5): 1138-1144.
Chen ZG, Fu Y, Xu WB. Insight into thermal stability of
CGTase active site region by molecular dynamics
simulation. Comput Appl Chem, 2013, 30(9): 967-972
(in Chinese).

) ) . CGTase

, 2013,

30(9): 967-972.
Huang J, Xie DF, Feng Y. Engineering thermostable
(R)-selective amine transaminase from Aspergillus
terreus through in silico design employing B-factor and
folding free energy calculations. Biochem Biophys Res
Commun, 2017, 483(1): 397-402.
Li Z, Duan XG Chen S, et a. Improving the
reversibility of therma denaturation and catalytic
efficiency of Bacillus licheniformis a-amylase through
stabilizing a long loop in domain B. PLoS ONE, 2017,
12(3): e0173187.

Reetz MT, Carbaleira JD. Iterative saturation



WiE SRS o- BN BAREENERT 1127

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

mutagenesis(ISM) for rapid directed evolution of
function enzymes. Nat Protoc, 2007, 2(4): 891-903.
Bradford MM. A rapid and sensitive method for the
guantitation of microgram quantitites of protein utilizing
the principle of protein-dye binding. Anal Biochem,
1976, 72(1/2): 248-254.

Xiao ZZ, Reginald S, Adrian T. A quantitative
starch-iodine method for measuring alpha-amylase and
glucoamylase activities. Anal Biochem, 2006, 351(1):
146-148.

O'Féagéin C. Enzyme stabilization-recent experimental
progress. Enzyme Microb Technol, 2003, 33(2/3):
137-149.

Matsuura Y, Kusunoki M, Harada W, et al. Structure and
possible catalytic residues of Taka-amylase A. J
Biotechnol, 1984, 95(3): 697—702.

Deng ZM, Yang HQ, Li JH, et al. Structure-based
engineering of alkaline a-amylase from akaliphilic
Alkalimonas amylolytica for improved thermostability.
Appl Microbiol Biotechnol, 2014, 98(9): 3997—-4007.
Yang J, Li LZ, Xiao YZ, et a. ldentification and
thermostability
conferring residue of deep sea bacterial a-amylase
AMY121. JMol Catal B-Enzym, 2016, 126: 56-63.
Singh S, Guruprasad L. Structure and seguence based
analysis of alpha-amylase evolution. Protein Peptide
Lett, 2014, 21(9): 948-956.

Deng ZM, Yang HQ, Shin HD, et a. Structure-based
rational design and introduction of arginines on the
surface of an alkaline a-amylase from Alkalimonas
amylolytica for improved thermostability. Appl

thermoadaptation  engineering  of

& 010 - 64807509

[26]

[27]

[28]

[29]

[30]

[31]

[32]

Microbiol Biotechnol, 2014, 98(21): 8937-8945.

Saxena RK, Dutt K, Agarwal L, et a. A highly
thermostable and akaline amylase from a Bacillus sp.
PN5. Bioresource Technol, 2007, 98(2): 260—265.
Sharma A, Satyanarayana T. Structural and biochemical
features of acidic a-amylase of Bacillus acidicola. Int J
Biol Macromol, 2013, 61: 416-423.

Li Z, Duan XG, Wu J. Improving the thermostability and
enhancing the CaZ* binding of the maltohexaose-forming
a-amylase from Bacillus stearothermophilus. J Biotechnol,
2016, 222: 65-72.

Wen S, Tan TW, Zhao HM. the
thermostability of lipase Lip2 from Yarrowia lipolytica.
JBiotechnol, 2012, 164(2): 248-253.

Yi Y, Wei YD, Deng C, et a. Research progress of
amino acid residues in the protein thermal stability
mechanism. J Guangxi Univ Sci Technol, 2015, 26(4):
1-5 (in Chinese).

Improving

, 2015,
26(4): 1-5.
Yi ZL, Pei XQ, Wu ZL. Introduction of glycine and
proline residues onto protein surface increases the
thermostability of endoglucanase CelA from Clostridium
thermocellum. Bioresource Technol, 2011, 102(3):
3636—-3638.
Yang HQ, Liu L, Shin HD, et a. Structure-based
engineering of histidine residues in the catalytic domain
of a-amylase from Bacillus subtilis for improved protein
stability and catalytic efficiency under acidic conditions.
J Biotechnol, 2013, 164(1): 59-66.

(K354 RN TY)

< cjb@im.ac.cn



