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1.1.1 FERFIFLEG: Tag DNA 4 H . ANTPs
A1 DL2000 DNA #r#EN 5 TaKaRa 2w ; 5194 i
DNA 3 464 T AW T8 (i) Bt A1 R A A
56 Bi; BamH 1. Hind 1 A1 T, DNA & $ i K
Fermentas 2\ & 7 iy ; SanPrep #F 20 i fi DNA 2 BUiR
A& A SanPrep £ 30 DNA g [0 ik 71 & 0% B 28 T
A TAE C L) W43 47 B &) Ni Sepharose 6 Fast
Flow 25 GE Healthcare Life Sciences /A &) 7= i ; % il
Bt % #g (pNPC,. pNPC,. pNPC,. pNPC,,+ pNPC,,
pNPC,, il pNPC ) 24 Sigma 2y w] ;7 it ; H 41K 710 %
o B ek g b Al Ve R B O L B A
Eppendorf 24 #] ; PCR 41X 24 3£ [E BioRad 2 &) 7= i ;
8% 7K T Uk s IR AR D AL I R R R A SR AT PR
)RR B IR IR A 0 L IR A3 B A R A
PR 2 W] .

1.1.2 BE¥MEKR: KW & (Escherichia coli)
DHSo A1 BL21 (DE3) B #k th A% 52 36 = R A7 B A% &
1A% 44k pET28a & Novagen 77 i o

1.2 548 PCR ¥ 1%

L& Geobacillus sp. ZH1 ¥ 1 g B 1 25 20 i kL
(pET28a-est) ™ Bk, I 1] 5 45 PCR. 171 ¥ W 15 16
FER est HBEMLTI N GEAE o« LR LRSI )T
51k 5°-CGCGGATCCAAGATTGTTCCGCCGAAG-3-
(RIZe #0555 BamH 1 F )07 20) » FUFS19 )7 51 K
5'-GCGAAGCTTCCAATCTAACGATTCAAG3” (K] £k
H4> h Hind 111 {9047 55) « 50 wL 5 45 PCR & &
13475 pL 10 x Taqg DNA 54 F 2 oh il (6 Mg™*)
7 mmol/L MgCl,. 0.2 mmol/L dATP FI dGTP.
1 mmol /L dCTP 1 dTTP 5 K5 53k _F 3 A1 R 5
Y% 0.2 pmol/L.Taqg DNA &1 2.5 U.2 ng pET-

28a-est A TR BEAR o [ WV 25 4E 8 :95 °C 5 min;
94 °C 5 5,55 °C 45 5,72 °C 1 min,30 MFH ;72 C
10 min. PCR P #28 1. 2% B JIg B e v vk K6 5 I
KT DNA g [l e ik 771 £ 2k AT 2k
1.3 RENENEE

FH BRI N V) BamH T F1 Hind T 43 51 %5 4l
1) 53 5 PCR 7= W) ML SORL pET28a AT g 1), g 1)
JG ) PCR =4 FI R L AR E B JG, L & E. coli
DHSo J& 52 25 41 i, 75 10 mL LB 3 1k 5% 75 & (&
50 pg/mLRAFEE 2) th 37 C 537 12 h J5, £ IR
Fio TR LN E. coli BL21 (DE3) J8 5% 45 41 Jfd ,
WA T LB [ ARy 77 (5 50 pg/mL RAEE %) L,
37 CHr 7% 18 h, M LI A S
1.4 FRBEHRBRIERRENDIFIE

FUKBF 254 LB AR B A K 1 R = 4t
PERAL 20 0l iR R PRI JE AT S S — R R
LB [ #5575 5 (% 50 pg/mL RIBE ) 37 CH IR
12 b fE R R A7 ARG 55 — Bl LB [ R Ry R 0k [
50 wg/mLEIBEEZ AN 0. 25 mmol /L 57 7 B B-DHRAL
FoFL M
IPTG) 1, /Ky F i VAl o [ 14 2 4 B Ak ZH1 JR TR
i fifg T 20 IR E. coli BL21 (DE3) {E Jy o HE B4 A
Tl 70 0 e S A B, 37 C o535 12 h J5 ¥R fE 70 C
TCE S o AR E AT E W ORR TR B L 4T
o PR LB % &S A 15 mg/mL [ ¥ RR
F145 mg/mL LR -8 G111 0. 6% K BLNG , 77 g M v
e AR 7 o 5 R A bR, U R A
PR CRR £ ) TR R AE S W0 B B AR
L5 HHEHRMERRERE

Y- 21 5 PR PR T PR B VR 4 i B AP AR 2 mL LB 55
B (&R 2 50 pg /mL) ,37 °C.200 r/min ¥ 3
16 ho B3EW) ¥ 1:100 #4521 2 mL LB #5334 (4
KA 2 50 pg/mL) ,37 °C 200 r/min 15 FE & 4 H
AKX H T ) (0D, 3K 0.5) 5 N IPTG % 283k
JE 0.25 mmol/L,37 C %S %Kik 6 ho H 500 pL
W, 10000 x g &0 1 min, 2% 3, H 50 mmol /L Tris—
HCI (pHS8. 0) $E % B 14, 10000 x g £5.0 1 mine B4
AN 500 wL 50 mmol/L Tris-HC1 (pHS8. 0) , [ 14 &
Vi AR UK S A R kAT B 75 R B . 12000 x g 25
10 min, B E35, BUA LB . CASTHAN L 2K 9y T R
fig ( pnitrophenyl butyrate, pNPC,) & J& ¥, ¥ 3 R
(51 1y 77 32 D00 e HEL Ity 0 1 1S G R 0 o ol R I R A

( isopropyl3-D-thiogalactopyranoside
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70 CHALFE 3 b J5, W) R G A AR e . ok Rl
PRI 0 AN BRAIG (H AR AR 5 P 3 v B0 B bR . SX T H
F T BR R B 9% PCROSGAIE 5 HEAT 02 43 #T -
1.6 EEEG7E E. coli FHIIESRIEE D BHHK

WRE 5 Fh T 200 mL LB K 7% 5 (5% KRB 3 &%
50 wg/mL) , if A IPTG (&3 & 4 0.25 mmol/L) ,
37 CHSEIE6 h 5,4 C.5000 x g L5 min, 5
BN AR 15 mL TS 22w (50 mmol /L
NaH,PO,, 300 mmol/L NaCl, 15 mmol/L BK M,
pH8. 0) &, 75 UK # 4 fF T~ A B J5, 4 C
10000 x g #.0» 20 min, 3K 73 BiE K. G W5 & &
Ni Sepharose 6 Fast Flow & 4 “C %454 v 30 min 5,
F vk % 22 W W (50 mmol/L NaH,PO,, 300 mmol/L
NaCl,30 mmol /L Bk M, pHS. 0) 4T VeSS - ) A ]
e W 22 v i (50 mmol/L NaH,PO,, 300 mmol/L
NaCl,250 mmol/L B M, pH8. 0) ¥ H A & A ¥k Bt .
2l 6 R R 2% Ky 1 B 42 SDSPAGE J) #r, T
i BandScan ¥t i H vk 70 BT 28 48 20 B H I R )R
ZxE. HIEAZL 50 mmol/L Tris-HC1 (pHS. 0) i
Mt )5 > R Bradford 3258547 8 11 0k 252 00 2, T )5
2 1 Wl 2 P T o
1.7 REFBEEBHEBFERAR

il 1 % W e T 2 WGk (5 ] 44k S 1 e
it FH T I 1 TS 0 R S S B ol AR R IR B S Bl A
pH LAR ) 1 2B K (K, VB AT R 1K) B 5E T
W50, J5vE 2 WSk 51 2E47 Bl 16 T B 2 F 5%
I, 45 9 43 1 BT 60.70.80 A1 90 °C R 2.5+
3.5 4.5 hJi, W 5E B SR AR IS 0, LR 4 Ak B
Wi 3 4 100% o
1.8 BEEGRIEMISHR

B R A R TR ] SOPMA #2773
M s L3k B Geobacillus stearothermophilus ] 2 18
s (PDB Y 5% 5 ltqh. 1) Sy B4R, A A SWISS-
MODEL ™ 347 5 4% 1§ I 11 [7 U5 £ B 4 (1 R 11 =
Y S5 K S B 23 A AT Pymol B REAT

2 HIRAIT

2.1 SHEPCRELTEMEILIERABEMIESEES
52 B BY 7 ik

AW 5 &5 PCR o, 6% dCTP Al ATTP 19K B
P2 A 1 mmol /L 3K A€ 2k ik 55 £ 75 10 100 1 2 DA ik

7 mmol /L [y Mg®* SR et s Al F b 1 il 35 %, T i) X
P 75 T P 4 2 ke 43 30 45 38 SR 1 RAR SCIE o A 11
AW AL Hy 3.0 x 10°. Bl BEIE 10 458
W, 220 I 4 B S AR %y 0. 34% 5 BB A Bt
P B 2 -3 AP AR, 38 B 1 4 ST PR Y 9 48
IR TESR o DL B S € AR 7 vk i B v 0 G
AR Ay R A € 1 e W L IR 1) H T BR 80 Mo K
7 0 VA PR HEAT K T 1% 9% 5 » R AT R I 1) I 95 g B A
R & Pk o3 BT > LA G Bl 3 ) AR R HL ARS8 TR R v o R
V) 5 95 34 43 3 1 PR AR M A v e K IR R A 44k
FARTE I 65, 1 4 5 B FUR & o
2.2 REBEHORTASSH

SEARTR BR 65 11 H 1 2L R 7 ¥ 58 AL il 65
b5 30 AN g 1R 35 TR 1 1R AT B 43 A S O B S8 A% il 65
A2 AR AT RA, B AR T Z ) (¥ e,
LG A337T F1 T479A . 5 (15U 41 R A2 A8 4, RAE
R 2545 3 A T113S FI M160K .
2.3 REBEHBHIFSRIERSBLL

ARG 65 e DA g A 2 1 91 BRI 4y 1 iR D
Sy 28. 156 kDa. 8745 [ ¥k 65 £ IPTG i 5 ik, 1
40 kDa A& 4745 B W (il B A Rk 4l . T 1A R
il J5 5 K 3R 13 1 24 R 1 3E Wi Ni Sepharose 6 Fast
Flow S 2 M AF HEAT 7 B 4l 19 8 AL B 1, 4
FH N 40.3 kDa, 5 #4158 ARG 4> 1 & (40,4
kDa) ' JE A — 3. FI /] BandScan i {5 #7, 58 4%
iy 65 i A il 1) 0k & 7 B AR B T I AR DN B
535k 38.4% F1 37. 5% » B ATHE K W AT B 41 i i)
RiEBIIFBRAEEER.
2.4 RELBEEAOBFMER
2.4.1 BEGRYIRM4S B MR IE B0 58 AR I RS ANl
X AN [r) I A 110 S0 i 5 2 I 1) K Aot e g 4 R
1 Jros, W93 #04E FT 0 6 I 107 R 16 » T LA 35 O R TR
Bl o€ 22 Mg 65 UL pNPC, 24 JiE ¥ W& 71 1w %
(10.2 U/mg) » LL pNPC, >y J& 4 b 1) AH XS g 5 ) 2k
70.5% ; L\ pNPC,,pNPC,, Fl pNPC , 4y JE& W) I, 58 4%
MBS J)o SR A Hg LA pNPC, 4y Ji 4 (¥ 3% 0 Jac i
(9.8 U/mg), LL pNPC, N J& # N B 3% J ik
8.9 U/mg™ . JTLL, LU pNPC, Jy & 4 I, 15 35 A% il
A EE > SEAZ Wl 135 ) R BEAIG
2.4.2 FEEBMIREIERIRE /A HEE TN
PG It (00 0 A R B 2 R . HORAREEAR LL, RAE
Mg 65 1) dpeidi A FH UL B R e 15 60 °C o SRAL
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1. FABMRERE 65 WKRMEF =T

Figure 1. Substrate specificity of parent enzyme and mutant

enzyme 65.
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2. FABMRLETE 6 MEEERARE
Figure 2. Optimum temperature of parent enzyme and mutant

enzyme 65.

60 C FALEE 2.5 h, XF ARG 65 JL-F %A 5 W, 1fi
A EE I 5R 423% 714 90. 0% ;18 60 C F 4L 34,5 h,
KA 65 % A Wi 1K) 5% 42 3% 1 73 il ok 90. 4% Fi
71.2% o #£ 70 C N A4bFE 4.5 h, XA B 65 H A
73. 4% 1Y) Wl 35 7 10 5% A A B AT 45. 1% 1) g S

—&— Mutant enzyme 65
B) 120

100

80

Relative activity/%

40F

t/h

Relative activity/%

t/h

B3 BEMEAMMRTIEOS AREMHNEMN

Figure 3. Effect of temperature on the thermal stability of parent enzyme and mutant enzyme 65. A: Thermostability after

incubation at 60 °C; B: Thermostability after incubation at 70 °C; C: Thermostability after incubation at 80 °C; D:

Thermostability after incubation at 90 °C.
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1o #E80 C FAbEE 4.5 h, 534Xl 65 Fl 25 A Wiy 1 7%
S5 915k 53.8% F130.9% . {E 90 °C R, i1
FAGF A — WY, SEALG 65 Fl 5% A Wi (1) 4 3% F
T (e ) 43 3.1 h fT1.9 he fHBEAT I, 5848
filf 65 1) #he e Pk Lok AW = o

2.4.4 BEEEERYRIER K pH: 75 A A pH 451 Tl
5E BRG0G0 25 A 4 Bios . SR AREEAH H, 58
A WGl 65 1) B [ N pH ANAZ, 4 8.0; 7F pH6. 0 -
7.5 WIS A, RASEE 65 1R AT X N AR TR AR
fitg ; pH8. 0 = 9.5 I, SEAZ il 65 FH 5% A I (1) AH KT ¥l 3
A 8. 7E pHT.5 - 9.0 (155 FH P, 5245 65
TRFET 60% LL L% 77 76 pH T 9. 0 i, 28 48 I
Bl 65 [X)3% 3 SRR B AE pHO. 5 I, SEAR TR Al 65 1L
A 15. 8% IIAHXTIE 77 76 pHS. 5 I, RAZ WG 65 JL
TERAT M .

120

100 | —— Parent enzyme

—a— Mutant enzyme 65
80

60

40t

Relative activity/%

20 +

0

5 6 7 8 9 10
pH

B 4. FABIREE 65 MRIERLKE pH

Figure 4. Optimum pH of parent enzyme and mutant enzyme 65.

2.4.5 FEEERY BN N F S8 0 LA R
pNPC, H1 pNPC, & J&& ¥, i 52 8 W 1) 3h ) %% 2 4.
WA 1 PR, 528 A AR B, R AL R 65 X% pNPC,
A1 pNPC, Ky K, H 24 AR, A2 N 65 X pNPC, H] K,
RAG, A4 0.793 mmol /Lo SEABEH V,, & T RAL M
65, P # 4 pNPC, 1V, # T LA pNPC, N &Y
I o LA pNPC, S I I » 2% A g (1 k., i T 5% 22 il
65, {H J& LL pNPC, b & # Inf» W5 & 22 ) AN Ko LA
pNPC, 1 pNPC, Jy J& W) I 5 A2 Ml 65 1) i AL R %
(ko /K ABD 3055 T SR A
2.5 RLHREREERRLESH

TGS R TR 45 B (3R 2) R, AL 65 (1
o B AN B 41T 7 I L A1) W ok AR A » B 5 R I R )
2 i B /> B OK. BLoK B W R 5 2 AT B
(Geobacillus stearothermophilus) ¥ ¥ 1% Fig i (PDB 1

K5 ligh. 1. A) 84, #) ] SWISS-MODEL #47 #
F1 TR [ 58 A, A 5 R AR il 65 1) 2 HE 1R )7 41 AH
WIVETE 96.75% o FEAF R IR TE TG 65 (¥ = 4t 45 1) W,
B 5 (I bt I e ik 198 50 A8 07 A 1R A7 ' PR 4 2%
7 ATG FFUA B VE (1 R A U ) » %08 A BT A%
O HAG WA of B /K AE ] (1) 45 K49 38 Ser93 + Asp192
H His222 H4) B T 58 A FR T2 Tk g 1) A6 = I 44

F1. FABMREIS MEINFSH
Table 1. Kinetic parameters for parent enzyme

and mutant enzyme 65

Mutant enzyme 65 Parent enzyme

pNPC, pNPC, pNPC, pNPC,

Kinetic parameters

K,/ (mmol /L) 1.123 0.793 3.200 1. 187
V! [umol/(minemg ] 19.57  17.54  39.31  21.30
k! (s 540.9  484.8  909.6  493.0

ko /K, ! [(L/(mmol*9 1 481.7 611.3 284.3 415.3

F 2. FARMBMRTEG 65 —RKEHH TN
Table 2. The second structure prediction of parent

enzyme and mutant enzyme 65

E c(a-helix) ¢(B-strand) ¢ (B-turn) ¢ (Random
eymes 1% 1% 1% coli) /%
Mutant enzyme 65 46. 34 15. 04 3.66 34.96

Parent enzyme 46.75 15. 85 3.25 34. 15

-
.‘;} -
Lysl ()(J!/.

o

B 5. RITASE 65 By = 4 LE MR E

Figure 5. Schematic representation of the three-dimentional

structure model of mutant esterase 65.
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WA 9 AR 7 5 b [ TL13S 76 2% i) 45 04 1 fr
Tl THM AEFESABITE L. ZRLKE
gk Bk R AR R TR T R W 45 R I i ok A (&
AR o 5 — D54 5 M160K 7655 5 4 a-

(A)

Thr162

B RS 6 A oo HBIiE 2 0 5K 4 £ AL T
Gy T T L % 5L A Met A8 Lys, 58 %
50 Lys160 55 Thrl62 Ji i — > % 4b 4 6
(H6) .

(B)

W Thr162

y

Met160

6. I Lysl60 3|RASHT K
Figure 6. Hydrogen bond changes caused by mutant site Lys160. A: Hydrogen bonds around Lys160 in mutant

esterase 65; B: Hydrogen bonds around Metl60 in parent esterase.

3 itk

Wt 2 7 5 ) R A6 U R AE S8 RO Sk Bl i
RE IR (¥ 1B 6 4% 2 R RL E AR R HL I (584 L
A EHRIEPE)  AE R Hb SO S R 0 BRI O 158
AR G 1 0% 3% T M R AR R AR AR . AR
FIH 5 5 PCR 1E Geobacillus sp. ZH1 ¥ 1% 18 i % X
g NBE LS AR, I ) A v 280 S RR 002 B Ml
V2 W58 A S P v RS B s R AR S R e 1
RALIK 65

K RATRK 65 AT 3 RIL, A4 13 2 R AR TR B
65. SEALE 65 L5 AR M A I A S A AL, B
HRAE T i 10T R I > A R R T Il . SR il 65 LA
pNPC,, 4 Ji& ) I 109 3% 7 582 58 A g v » R 5% A g LA
pNPC, 4y &) I (K35 ) i T R AR W 650 15 58 A il
(120 91 2% 250 Mixt b, LU pNPC, AT pNPC, 4 4
I SRR R Wik I 65 1K) K, {H BEAIG 18 1 HO0) i 4 11
AN T . FEARLL pNPC, N KV kb, AH 2
TR AR 65, U WY HIT N % I A AL ROR
> AL 35 LL pNPC, Ky IR I 1) ke, fE 22 00 AN K

5 57 A g () g 27 0 S RN B 5% A8 R I T 1

65 [ fi i i J8 A e i e B pH A 20425 47504 60 °C
H1 pH8. 00 AL 1y # A 5T 43 Bt 45 LW, R AL I
65 Lb SR Al 1 A e PE A LR # s e 76 90 C R Ab
B 4.5 h, STAREG 65 5% A B 1) AH XS T8 423 743 )
0y 35.4% 1 18.6% o #1151 PG E P 5 A L e
BRI 7K B8 TR Bk ik« R B SV L K AH AR S
g™ R, ARG 65 ) Serl13 5¢
AR AR 5 B IR R R M T I S S, T
SR AR A IR = 2R 45 A6 AH L XS 1% R AR AL fUR R
123 1 Ty AR 2 1) ST R T REAS Ko 160 A7 1) % B TR 7
TR TR AES S A o IZTEMEE 6 A adB it
) )R &5 4 bl Met 58748 0 il 1k 28 JE 1R Lys, £ 19
VT2 T iy P e R R B H 3 s g HLSEAR IR I T
ANFRAN VB A1 B TR A AR S R AT A S T
T e M o DL O 0 7 2 H AR 1 S 00 AT 56
iE .

Skt PCR™ LA 1 (] 5 A 20055 00 5 1 H
TN e A T2 A T Bz — o A ORI 2
PCR & [ L T Geobacillus sp. ZH1 35 1 i I [ #4
Fag Mk » 75 4 J5 IR 58 v v] DAAE S R il b gk — 20 &5
£ HoAth 7 v, )l DNA shuffling B2 3% 319 ok 2
BRE B T SR HE 2 4 T T R
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Improving thermal stability of Geobacillus sp. ZHI
carboxylesterase by error-prone PCR

Han Liu', Liyun Wu', He Gao', Hui Ni'"*’, Huinong Cai'’>*, Yanbing Zhu'*?"

' College of Food and Biological Engineering, Jimei University, Xiamen 361021, Fujian Province, China
? Fujian Provincial Key Laboratory of Food Microbiology and Enzyme Engineering, Xiamen 361021, Fujian Province,
China

* Research Center of Food Biotechnology of Xiamen City, Xiamen 361021, Fujian Province, China

Abstract: [Objective] This study was aimed to improve the thermal stability of carboxylesterase from Geobacillus sp. ZH1
by directed evolution. [Methods] A library of carboxylesterase mutants was constructed by introducing random
mutagenesis using error-prone PCR to screen mutant enzymes with improved thermostability. After induction, expression
and purification, the mutant enzyme was characterized. [Results] After screening, one mutant strain 65 was obtained
with improved carboxylesterase thermal stability. Sequence analysis revealed two amino acid substitutions, including
T113S and M160K. According to homologous modeling, T113S was located on the fifth B—sheet. Another mutant site
M160K was located on a loop between the fifth and the sixth a-helix, being on the surface of the mutant enzyme. The
mutated Lys160 formed an extra hydrogen bond with nearby Thr162. The halfdife of mutant enzyme 65 and the parent
enzyme at 90 C was 3.1 h and 1.9 h, respectively. The mutant enzyme 65 had a better thermal stability than the parent
enzyme. [Conclusion] Directed evolution by error-prone PCR of Geobacillus sp. ZHI carboxylesterase gene is effective to
improve the thermal stability.

Keywords: directed evolution, error-prone PCR, carboxylesterase, thermal stability
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