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研究报告 

理性设计二硫键提高华根霉脂肪酶热稳定性 
王睿 1,2,3  喻晓蔚 1,3*  徐岩 1,3* 

(1.      214122) 
(2.      214122) 

(3.      223814) 

 
 

摘  要：【背景】华根霉脂肪酶的工业应用前景广泛，但是受到酶热稳定性较差的限制。【目的】对

华根霉 Rhizopus chinensis CCTCC M201021 脂肪酶 r27RCL 分子结构进行理性设计，以提高该

酶热稳定性。【方法】以 Disulfide by design 软件筛选 r27RCL 分子表面能够形成二硫键的突变

位点，共得到 7 对二硫键突变。利用全质粒 PCR 进行定点突变，并在毕赤酵母中表达获得突

变酶。【结果】最佳突变酶 m9/10 (S85C-Q145C)与野生型酶 r27RCL 相比，60 °C 下的半衰期分

别提高了 4.5 倍，Tm值提高了 4.2 °C ，而催化活性保持不变。蛋白质晶体结构模拟显示，位于

β2 折叠上的 85C 和位于 α4 螺旋上的 145C 可形成二硫键，从而提高酶的热稳定性。【结论】酶

分子中引入新增二硫键可以显著提升酶的热稳定性。 

关键词：华根霉脂肪酶，热稳定性，二硫键，理性设计 

Rationale design of disulfide bond in Rhizopus chinensis lipase to 
improve thermostability 

WANG Rui1,2,3  YU Xiao-Wei1,3*  XU Yan1,3* 
(1. Key Laboratory of Industrial Biotechnology, Ministry of Education, Jiangnan University, Wuxi, Jiangsu 214122, China) 

(2. School of Pharmaceutical Science, Jiangnan University, Wuxi, Jiangsu 214122, China) 

(3. Suqian Industrial Technology Research Institute of Jiangnan University, Suqian, Jiangsu 223814, China) 

Abstract: [Background] Poor thermostability of Rhizopus chinensis lipase limits its potential in 
industrial applications. [Objective] Rationale molecular design was used to improve the 
thermostability of r27RCL (from Rhizopus chinensis lipase CCTCC M201021). [Methods] Seven 
eligible cysteine pair mutations were selected according to the prediction of the Disulfide by design 
algorithm. Mutant gene was produced by whole-plasmid PCR and then expressed in Pichia pastoris 
to obtain mutant lipases. [Results] The optimal mutant enzyme m9/10 (S85C-Q145C) showed 
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improved thermostability with a 4.5-fold increase in t1/2 at 60 °C  and a 4.2 °C  increase of Tm 
compared with the parent enzyme, without compromising the catalytic efficiency. A disulfide bond 
between 85 cysteine residue (located in 2nd β-sheet) and 145 cysteine residue (located in 4th α-helix) 
was introduced into the lipase according to the cystal structure, leading to the improved 
thermostability of lipase. [Conclusion] The thermostability of fungal lipase could be greatly 
improved by newly introduced disulfide bond. 

Keywords: Rhizopus chinensis lipase, Thermostability, Disulfide bond, Rational prediction 
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1  材料与方法 

1.1  主要试剂和仪器 
QuikChange® Lightning Site-directed Mutagenesis 

Kit Stratagene Sal I Dpn I PrimeSTAR GXL 
DNA Polymerase Premix Taq PCR
DL2000 DL10000 DNA marker ( )

DNA
YNB DTT ( )

PCR Eppendorf  

1.2  菌株和质粒 
JM109 Pichia 

pastoris GS115 Rhizopus chinensis CCTCC 
M201021 E. coli 

pPIC9K-proRCL CHis P. pastoris GS115 
pPIC9K-proRCL CHis Mut+  

1.3  培养基 
YPD MD BMGY BMMY

Invitrogen  

1.4  突变位点的选择 
r27RCL
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Disulfide by design r27RCL
(Protein data bank 4L3W)

(χ3 Angle) +97 (±20)
Pymol

(S172-H284-D231) S172 9 Å

B-factor
 

1.5  定点突变 

pPIC9K-proRCL Chis Mut+

( 1) PCR 25 μL
10×QuikChange reaction buffer 2.5 μL 25 ng

(10 μmol/L) 1 μL QuikSolution reagent 0.75 μL
dNTP mix 0.5 μL Quikchange lightning enzyme  

 

表 1  定点突变引物 
Table 1  Primers for site-directed mutagenesis protocol 

PCR  
PCR product name 

 
Primers name 

 
Primers sequence (5′→3′) 

 
Annealing temperature (°C ) 

m1 G49C-Fm GCTCACTAACTACGCTTGTGTTGCTGCTACTGCTTAC 57.5 

 G49C-Rm GTAAGCAGTAGCAGCAACACAAGCGTAGTTAGTGAGC  

m2 Y73C-Fm GCAATGTCTCAAGTATGTTCCTGATGGTAAGC 52.1 

 Y73C-Rm GCTTACCATCAGGAACATACTTGAGACATTGC  

m3 I80C-Fm GTTCCTGATGGTAAGCTTTGTAAGACCTTCACTTCTCTTC 57.3 

  I80C-Rm GAAGAGAAGTGAAGGTCTTACAAAGCTTACCATCAGGAAC  

m4 I94C-Fm GATACCAATGGCTTTTGCTTGAGAAGTGATGCTC  55.3 

 I94C-Rm GAGCATCACTTCTCAAGCAAAAGCCATTGGTATC   

m5 F83C-Fm GCTTATCAAGACCTGCACTTCTCTTCTCACTG  55.5 

 F83C-Rm CAGTGAGAAGAGAAGTGCAGGTCTTGATAAGC  

m6 D149C-Fm CCAAGTTGTCAAATGCTACTTCCCCGTCG  55.4 

 D149C-Rm CGACGGGGAAGTAGCATTTGACAACTTGG   

m7 V130C-Fm GATTATTCTCCTTGCAAGGGCGCCAAAGTTCAC 56.3 

 V130C-Rm GTGAACTTTGGCGCCCTTGCAAGGAGAATAATC  

m8 A133C-Fm CTCCTTGCAAGGGCTGTAAAGTTCACGCTGGTTTCC 58.9 

 A133C-Rm GGAAACCAGCGTGAACTTTACAGCCCTTGCAAGGAG  

m9 S85C-Fm GACCTTCACTTGCCTTCTCACTGATACCAATG 54.8 

 S85C-Rm CATTGGTATCAGTGAGAAGGCAAGTGAAGGTC  

m10 Q145C-Fm CCTTTCCTCATACAACTGCGTTGTCAAAGACTACTTCCCCG 57.8 

 Q145C-Rm CGGGGAAGTAGTCTTTGACAACGCAGTTGTATGAGGAAAGG  

m11 P194C-Fm CCAACGTGAAAAGAGATTATCTTGCAAGAACTTGAGCATC 55.3 

 P194C-Rm GATGCTCAAGTTCTTGCAAGATAATCTCTTTTCACGTTGG  

m12 G220C-Fm CGTCGACAGCACCTGTATTCCCTTCCACCGTAC 58.9 

 G220C-Rm GTACGGTGGAAGGGAATACAGGTGCTGTCGACG  

m13 A213C-Fm CGGTAACAATGCATTCTGCTACTACGTCGACAGCACC 58.7 

 A213C-Rm GGTGCTGTCGACGTAGTAGCAGAATGCATTGTTACCG  

m14 L244C-Fm GCCTTCGGTTATTGTCACCCCGGTGTC 56.8 

 L244C-Rm GACACCGGGGTGACAATAACCGAAGGC  

. 
Note: Underlined ‘mutant’ bases for Cysteine.  
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0.5 μL PCR 95 °C  2 min 95 °C  20 s
55−63 °C  ( Tm ) 1 min
68 °C  11 min 18 68 °C  5 min PCR

Dpn I JM109
(100 mg/L) LB

( )

pPIC9K-proRCLm CHis  

1.6  重组脂肪酶工程菌的构建 
pPIC9K-proRCLm CHis

Sal I GS115
8 μL 1 g/L 80 μL

0.2 cm
5 min, 1 500 V

1 mL 1 mol/L 30 °C  1 h
MD 30 °C 2 d  

MD His+ 5 mL 
YPD 30 °C 250 r/min 16 h 8 000 r/min

5 min DNA
DNA α-Factor 3′-AOX

PCR 25 μL Premix 

Taq 12.5 μL 25 ng (10 μmol/L)
0.5 μL ddH2O 11 μL PCR 95 °C      

3 min 95 °C  30 s 53 °C  30 s 72 °C  11 min 30    
72 °C  10 min  

1.7  重组脂肪酶的表达、纯化和初步筛选 
25 mL BMGY

250 mL 30 °C 250 r/min OD600

4.0 8 000 r/min 5 min 100 mL
BMMY OD600 1.0 30 °C      

250 r/min 24 h 0.5% ( )
96 h 8 000 r/min     

5 min  
25 mL

250 mmol/L
SDS-PAGE

Bradford
pNPP [16]

40 °C pH 8.5
1 min 1 μmol

1 (U)  
55 °C 10 min

r27RCL 100%
r27RCL

 

1.8  突变脂肪酶酶学性质研究 
pNPP 

pH pH
60 °C 60 °C
10 U 60 °C 15 s

20 min 5 min
50% 60 °C

t1/2 Tm

50% [17] Tm

10 U 40−65 °C 30 min
20 min 40 °C

50% Tm  
pNPP Km

kcat Km

25−1 000 mmol/L  

1.9  突变脂肪酶三维结构模拟 
r27RCL (Protein data bank

4L3W) PyMOL

 

2  结果与分析 

2.1  突变位点的选择 
Disulfide by design r27RCL

(χ3 Angle) +97 (±20)

33

S172 9 Å
13

7 ( 2)  
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表 2  7 对二硫键突变 
Table 2  Seven pairs of disulfide-bond mutation 

 
Mutant enzyme 

 
Cysteine pairs 

m1/2 G49C-Y73C 

m3/4 I80C-I94C 

m5/6 F83C-D149C 

m7/8 V130C-A133C 

m9/10 S85C-Q145C 

m11/12 P194C-G220C 

m13/14 A213C-L244C 

 
2.2  定点突变 

2.1 7
( 1) pPIC9K-proRCL CHis

PCR
pPIC9K-proRCLm Chis ( 1) Dpn I

E. coli E. coli pPIC9K-proRCLm 

Chis

 

2.3  重组脂肪酶工程菌的构建与表达 
pPIC9K-proRCLm Sal I

GS115 MD  
 

 
 

图 1  全质粒PCR扩增突变质粒pPIC9K-proRCLm Chis

的电泳图 
Figure 1  Amplification of pPIC9K-proRCLm Chis by 
whole-plasmid PCR  

M DL10000 DNA 1
pPIC9K-proRCLm Chis (10 345 bp). 
Note: M: DL10000 DNA marker; 1: Amplified pPIC9K-proRCLm 
Chis (10 345 bp). 

100
PCR P. pastoris GS115 
pPIC9K-proRCLm CHis Mut+ BMGY BMMY

84 h
8 000 r/min 10 min 25 mL

250 mmol/L

SDS-PAGE 2
37 kD Bradford

pNPP
3  

 

 
 
图 2  m9/10 蛋白纯化 SDS-PAGE 电泳图 
Figure 2  SDS-PAGE of m9/10 before/after purification  

1 m9/10 96 h 2 3
m9/10 (37 kD) M . 

Note: 1: Fermentation supernatant of m9/10 after 96 h induction; 2: 
Flowthrough; 3: Purified m9/10 (37 kD); M: Protein marker. 
 
表 3  脂肪酶 r27RCL 和 m9/10 的纯化结果 
Table 3  Purification results of lipase r27RCL and m9/10 

 
Purification results r27RCL m9/10 

 
Total enzyme activity of supernatant (U) 

2 120.0 2 094.6 

 
Specific activity of supernatant (U/mg) 

419.8 412.2 

 
Total enzyme activity of purified lipase (U) 

1 569.8 1 506.1 

 
Specific activity of purified lipase (U/mg) 

1 265.3 1 158.6 

Purification folds 3.0 2.8 

Purification yield (%) 74.0 71.9 

mailto:tongbao@im.ac.cn


2316 微生物学通报 Microbiol. China 

  

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn 

2.4  7 组二硫键突变的热稳定性初筛 
( 4) m3/4 m11/12

r27RCL (8.90×104 U)
7% 11.8% m1/2 m5/6 m7/8 m9/10

m13/14 70%
55 °C 10 min r27RCL

100%
r27RCL m9/10

m3/4 m11/12 m5/6 m7/8
m1/2 m9/10

m9/10   

2.5  突变脂肪酶 m9/10 的酶学性质 
2.5.1  最适温度和温度稳定性 

r27RCL m9/10
3 r27RCL

m9/10 30−50 °C m9/10

25−65 °C 30 min 20 min
( 4) r27RCL 45 °C

30 min 50% 50 °C 30 min
m9/10

r27RCL 25−45 °C 30 min
90% 50 °C 30 min

50% 55 °C 30 min
r27RCL m9/10 60 °C

Tm 5  
 

表 4  各突变酶酶活和 55 °C 热处理后各脂肪酶突变体

与 r27RCL 残余酶活的比较 
Table 4  The comparison of the enzyme activity and residual 
activity after 55 °C  heat treat between mutants and r27RCL 

 
Mutant 
enzyme 

 
Enzyme activity 

(×104 U) 

 
Increase rate of 

residual activity (%) 
m1/2 7.45±0.25 −56.30±1.43 

m3/4 0.62±0.12 +6.50±1.75 

m5/6 8.56±0.34 −6.60±0.26 

m7/8 6.77±0.29 −13.50±1.53 

m9/10 8.78±0.09 +49.20±2.05 

m11/12 1.05±0.08 +2.80±0.56 

m13/14 7.49±0.14 +1.60±1.41 

 
 

图 3  温度对 r27RCL 和 m9/10 活力的影响 
Figure 3  Effect of temperature on the activity of r27RCL 
and m9/10 
 
2.5.2  最适 pH 和 pH 稳定性 

pNPP r27RCL m9/10 pH
pH
r27RCL m9/10 pH ( 5) pH ( 6)

  
2.5.3  酶动力学分析 

pNPP r27RCL m9/10
6 m9/10 Km

r27RCL 22.4% m9/10
pNPP kcat kcat/Km

 

 
 

 
 

图 4  温度对 r27RCL 和 m9/10 稳定性的影响 
Figure 4  Effect of temperature on the stability of r27RCL 
and m9/10 
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表 5  原始酶 r27RCL 和突变酶 m9/10 在 60 °C 下的半

衰期及 Tm 
Table 5  Half-lives (60 °C ) and Tm of r27RCL and m9/10 

Items r27RCL m9/10 

t1/2 (min, 60 °C ) 0.85 3.85 

Tm (°C ) 45.0 49.2 

ΔTm (°C ) 0.0 4.2 

 

 

 
图 5  pH 对 r27RCL 和 m9/10 活力的影响 
Figure 5  Effect of pH on the activity of r27RCL and 
m9/10 

 

 
 
图 6  pH 对 r27RCL 和 m9/10 稳定性的影响 
Figure 6  Effect of pH on the stability of r27RCL and m9/10 
 
表 6  原始酶和突变酶 m9/10 的动力学参数 
Table 6  Kinetic parameters of r27RCL and m9/10 

 
Enzyme 

 
Km (mmol/L) 

 
kcat (s−1) 

 
kcat /Km (L/(mmol·s)) 

r27RCL 0.304 18.90 6.22×104 

m9/10 0.236 14.52 6.15×104 

3  讨论与结论 

r27RCL
PyMOL
( 7)

(S85C Q145C)

(S172-H284-D231)( )
α Loop “ ”(

)
 

α
α β

 
8 S85C Q145C

85 β2  

 
 

图 7  突变酶 m9/10 突变位点示意图 
Figure 7  Mutant cysteine residues in m9/10  

(S172-H284-D231)
α Loop “ ”

2 m9/10
(S85C Q145C). 

Note: The catalytic triad residues (S172-H284-D231) are shown in 
green; The short α-helix linked to the ʻcoreʼ of the protein structure 
by polypeptide hinge residues, called the ʻlidʼ region, is shown in 
yellow; The two cysteine residue (S85C and Q145C), forming new 
added disulfide bond in mutant m9/10, is shown in red/pink sticks, 
respectively.  
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图 8  突变酶 m9/10 (含突变位点 S85C 和 Q145C)突变前(A)、后(B)三维结构模拟 
Figure 8  Three-dimensional structures prior (A) and after (B) mutation of m9/10  

Ser85 Gln145 (A) B Cys. 
Note: Residue Ser85 and Gln145 (A), showing as red and pink sticks, were replaced with cysteine and created a disulfide bridge (B). 

 
145 α4 [18]

m9/10 r27RCL

85C 145C β2

α4

 

7

10%

 

  
7 3
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