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Enhanced thermostability of Rhizopus chinensis lipase by
error-prone PCR

Rui Wang'?, Xiaowei Yu!, and Yan Xu®

1 The Key Laboratory of Industrial Biotechnology, Ministry of Education, School of Biotechnology, Jiangnan University, Wuxi 214122,
Jiangsu, China
2 School of Pharmaceutical Science, Jiangnan University, Wuxi 214122, Jiangsu, China

Abstract: Directed evolution was conducted to improve the thermostability of lipase from Rhizopus chinensis CCTCC
M201021. Mutations were introduced by two rounds of error-prone PCR and mutant lipase was selected by fast-blue RR top
agar screening. Two positive variants were selected in the first-round and four in the second-round screening process.
Ep2-4 was proved as the most thermostable lipase and its DNA sequencing revealed three amino acid substitutions: A129S,
P168L and V329A. Compared with the parent, its half-life at 60 °C was 5.4- times longer and Ts, was 7.8 degrees higher.
Purified lipase of Ep2-4 was characterized and the result shows that its thermostability improved without compromising
enzyme activity. According to the mimicked protein structure, mutation A129S formed a hydrogen bond with GIn133 and
improved the thermostability by increasing the hydrophilicity and polarity of protein; mutation P168L by forming a

hydrophobic bond with the nearby Leul64.

Keywords: directed evolution, error-prone PCR, Rhizopus chinensis lipase, thermostability, Pichia pastoris

Wit (EC 3.1.1.3) ALREMEILIMIR K% ,
WHETEAR A TP AL R & . FETRAL . BRI 55 L
N, BT N TR W2 AR YR
A R Tl B AR G U L N A
R EEMAL, REE EEOE MR E
Rhizopus microsporus . i &% 2 & Rhizopus
stolonifer FIKHI 2 Rhizopus oryzae 3 2%, KHIF
th VA dE A S Rhizopus delemar. JHEARZS:
Rhizopus javanicus. 5 [1#i{%5 Rhizopus niveus Fil
/LML Rhizopus arrhizus, A[RISEIE NG
i A BT 25 5, (B EA TR A LATE 2 [m 45
MR : B o/f KIGEET &S5 E; WA
Gly-X-Ser-X-Gly #& & ; i fb = B &
Ser-His-Asp/Glu #— > HAT W 6 09 JIRER 55
7 P e o YRR AE IR — K FLRET, KR 5
T B R AU, AR R R, IR S
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bl B T RO s RRUE R AR S
&, BHATC &ALt 30 P b A AR B g I L
FTF IS8 | LEsent | PSP e s ep ol

A9 2 TR Fi I 5 o DR 32 v A5 R R i
T AT PO e B — AR AR D), P TR R
A W7 3 B prorRCL™, I ik 2 52 B T R 1
r27RCL 7E B AR RE v (1) e il e 38 DL R A K et
g gk B, TR R
RN, PaErE2EY, Bk EARE
Jea O SORA BRI T G R, g T T
ME AT, R SRR A SR RIE . PRI, $
r27RCL T e e E 2

R[] E Ak B v T 1) PR e M e TR PE T A
BNk, 10 45k, M b ER CAERR
il PR 1 s RIS B K. 4n: Kohno
R L5 PCR, Kok HE MRS R. niveus [



& %5 PCRIZEREIRBIEHBHNIZEN 1755

HR Ui RNL (9 T {H42 55 7 10 C1L X amigix
54250 5y% PCR. DNA shuffling Ik, fifi
K A /CHARE R. arrhizus BUIS DT RAL B9 E
TS 10 'C, 50 C TR & R
12 A5 A5 A S 4 PCR A 251 1%
BEHLS I AZEAE, FIFH PCR ARM L Jy v b AR AR
NGBS R 2 A8 SO 44 fast-blue RR
TR BRI IE Ik, AT T #E e PEEE = i Ag i
it S A5k

1 AR

11 #
111 ES5EH

BRAITEPVIEG . T4 DNA %458 . Taq DNA
BAENE . PCRIRA (TaKaRa A AH])), 514
(A TAY TREARIR S ARA ) &5,
DL2 000 DNA Ladder marker, E10 000 DNA
Ladder marker, BIE#HEELE DNA [ & |
PCR *Wyalifbisliil & (RARAEARHE dba))
FR 2% ®] ), Plasmid Mini Kit] (OMEGA
BIO-TEK) , Stirred Ultrafiltration Cell 8050
Ultrafiltration Membrane (Millipore Corporation,
Bedford , U.S.A) , SP-Sepharose FF
Phenyl-Sepharose 6 FF (Pharmacia /A #]), H4vi{
FRVEEg Sy el it 11 o3 B
1.1.2 R SBUAL

KIFF I Escherichia coli IM109, EL ke
FrEEH} Pichia pastoris GS115 FI*EHIE; Rhizopus
chinensis CCTCCM201021 FHASLIG = (A7, 4
e ML R IR U7 I 5L K] proRCL 1Y 2 20 Ji7 e
pPICOK-proRCL (ARSI M3E), #iik pPICOK
) H Invitrogen 23 Fl .

113 ¥FHE

YPD: 1%BERFE, 2% &AW, 2% %0,

MD: 1.34% YNB, 4x10°% W%, 2% 4
5

BMMY: 1%BRFE, 2% MM, 19%HEE,
0.1 mmol/L pH 6.0 BfRZZ M, 1.34% YNB,
4x10° P

BMMYA AR : 1%EERRE, 2%E AR, 2%
FEE, 0.1 mmol/L pH 6.0 BEMRZE M, 1.34%
YNB, 4x10°4¥1%K, 2%5ifs;

Fast-blue RR Ti)Z%{l§: A: 80 mg Fast-blue
RR T 1 mL —HEAR, B: 20 mg Z5AEIA T 1 mL
TR 80 L A VK, 180 pL BN 0.2 g
RET 15 mL ZEIBK Y, I &
1.2 Ak
1.2.1 proRCL K54 PCR ¥

DL E4H 5okl pPIC9k-proRCL kR, it
b RIS F MR (3R 1) 50 uL 5% PCR {4k
ZUWTF: 5 pL 10x5 4% PCR 2w (500 mmol/L
KCl1, 70 mmol/L MgCl,, 100 mmol/L Tris-HCI pH
8.3, 0.1%(W/V, BI}Z)); 0.5 mmol/L dATP/dGTP,
2.5 mmol/L dCTP #1 dTTP; 5|4 F/R % 40 pmol;
MgCl, 7 mmol/L; MnCl, 0.3 mmol/L; Taq 2.5 U,
M4l ZK#ME 50 Lo PCR P 3825544 94°C AR 1
3min; 94 °C 1 min, 59 C 1 min, 72 C 2 min,
30 MR ; 72 ‘CHEfH 10 min,

5%t PCR Y ¥4 7 Wi 45 4 promRCL, 25 DNA
alifbiaR el fe s .
1.22 FRBBK pPIKIK P 1

DI pPIC9K MAEAR, L)L 9K-short F il 9K-short
R(F 1) K519, ¥ 1153 9K-short (2 000 bp) (1
R B RIAELLSY 9K-long F Ml 9K-long R
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*1 AMRPAESIHRERFT
Table 1 The primers used in this study

Primer name

Primer sequences (5'—3")

GCTGCTAAAGAAGAAGGGGTATCTCTCGAGAAAAGAGAGGCTGAAGCTTACGTAGAATTCCC

F

TAGG
R GTAAGTGCCCAACTTGAACTGAGGAACAGTCATGTCTAAGGCGAATTAATTCGCGGCCGC
9K-short F GGCCGCGAATTAATTCGCCTTAGACATG
9K-short R AGATCTTGATATAAATTTCACGTTTAAAATC
9K-long F TCGACAATTGGTTTGACTAATTCCATAATCTG
9K-long R ACCTTTCGTCTTTGGATGTTAGTCT

(F 1) P H153)] 9K-long (7 226 bp) MK H B,
H4 4714 F B 9K -short F1 9K -long Fi 4l fki 77 &
afifb )25 o
1.2.3 FEERASCEMMER

FIFH PCR Y 5 v 44 v Jo kP B i K]
AN 9K -short Hl 9K-long H- B4 BE /K
RE, BS54 PCR ¥ 115 2195 48 3L
pronRCL F Beie IREE/R L 1 ¢ 10 1R G, T T84
k4R AR < 1 pL. R G Y i AL e dR e bk
B2, Ak WA T MD A B, 30 CTHE
Fr 2 d, BBIRASE, DSR2 B
F1%) BRI ke ) i D] 4 25 B O TR G A S 5 — 48 ) s
PCR I} AR
1.24 AFRE MR ERRE DL

FHCTR 245 MD - A= K %) His 5% 4k
FE %] YPD F1 BMMYA -4z (A8 [R5 B, 7]
IR BR B GS115 pPIC9k-pro’$£fH 2= BMMYA’
o 30 THiFE 5 d.

A K SERE R YPD Sl K BMMYA™F
MIEE T 60 CHALFE 60 min, JK¥S 15 min, =
TV 30 mino ¥ 15 mL BT BE L ) Fast-blue RR

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

T2 BIR Y A0 F A HLS 45 A o 2 min N
AR T B X BR A R A w0 0 E B TR
1.2.5 ¥ HWEKRNER 5% E

M 1.8 mL/AL (CFIK) B9 96 fLAkHmA
300 uL BMGY #5375, 121 ‘C K 20 min, [ H:
i AT YPD Pl b i d B M wEk (R
mF#E A GS115 pPIC9k-pro’#E H %f ), 30 C
250 r/min PR35 159 2 ODgop M 2~6 (£ 16~18 h),
B0, 3BT, 900 uL BMMY 1 95 KL B A
", IFIMA 1% (VIV) HESE SRR E. It
J54F 24 h #0100 uL BMMY B53REH1 1%
(VIV) HEE, 55354,

¥k S £k 84 h 0 96 fL AR K BE W
3000 r/min B5.0> 10 min, WE LiE, F 60 CH#
ALER 20 min, VK FACE 15 min, FRGCE 30 min
P, M1 pL RIEWRRERE 500 55, B S pL T
Fi— 96 fLAh, FHFINAIRY, GRS
2 min A HRGH R B IR B R TR A0 B B TR
Fko FFSMT, SHIRE GS115 pPIC9k-pro’fy
R I RANGE s B R B

A0 04 BRI AR 283 3 R A D) AL PCR IIE
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J&, EAE A T AR TR AR IR S5 A PR H
M
1.26 HNiEgRiE SR EM S B LML

B oA RARREAEN K, BEAE 25 mL
BMGY }iFidkd, 30 CHRGHFF 16~20 h &
ODgoo M 2~6, E.LWAERR, I BMMY K53E5E
Wi BE % ODgoo N 1, FEFH 24 h USIN 0.5% 1) H BE
BRI, B 3-4d i, WEREE FIER.

W SRATTRIAR B K T L W R 41t 10 kDa #E3E
e s, SP-Sepharose FF i PH B 732 )2 Hr Al
Phenyl-Sepharose 6 FF B /K oA 2 17 J5 145 51 58
7 g i S P 4H 43 proRCL,

1.2.7  RAF[RN RGBT 5

FIF pNPP %5 a4k Ji5 19 28 2% A 15 ik 41 7 il
WEMET, FE 40 'C, pH 8.5 &M T, e
A= 1 pmol XY IR 1 A it ok — R i
K S EIPR AL (U)o

FIFH pNPP 32300 % 2lifb J5 1) 58728 g 7 T ) e
5 pH M pH Fevdth, i i B AR Raue M
60 ‘C A ZEW . 60 CF A T2 8 )50
10 U 2lifb il T 60 ‘CT, ZeA[m] () Bsf [i] [ B B s
VK 20 min, ZFESEHT S min, EBEE . BUH
J WS S AR AL BRI B 509 Rt I), B h BETE
60 C T AYFEEMA ty 00 Tso (RTERINE P CE —
SERFRLG, i S R R IR 509% RiR
WIE T2 10 U 4lifbiigT 40 'C~80 C iy il
H TR T AL FE 30 min, 7KIA 20 min, 2P
5 5 min J5F 40 CF &G, B R oK
[ 50% i, %A BRI FE R A A Tso {H -

L pNPP AE R e Sl )5 i 28 A5 e it
(1) K TELFT K o L, Ko TEL PRI 2 SR DO BSE R
Mg R, IRYIHRETE R 25~1 000 mmol/L.

1.2.8 AR gDy e =k Z5 t A1 AN IR 8 ML
HR

FIF R IR A5 (SWISS-MODEL) X Hi &
JIG i Tt 11 A A AR, )R8 R X & B =
g% 45 F 5 5k @ Rhizopus niveus fY i [y i}
(Protein Data Bank PDB &3¢S 1LGY) 54 [A]
VEVERR, N 80.76% , LA ILGY NAFEH ST
[ AT . 1) R 1 SO S TR B R AL B
15531 o

2 BREM

2.1 54t PCR &#4iik

TES 5 PCR W, R Mg T AR E
FEHTAMGTRIERT, A F 52748, Mn® 7] LUK
B TSR B RS o S T AR B A 2R AR A
BRI RA R R, K Mg WA Mn” Wk FE
FTHATAL (B 1) K880 B 2 1 5848 SCPE F
iy, 2553k, M 1 (Mg2+ 7 mmol/L , Mn**
0.1 mmol/L) W F-HZRAZHE Ry 0.4% , BIEEA L
FEOI A 4 BRI B 2 (Mg
9 mmol/L. Mn?" 0.2 mmol/L) (12578 %%
0.6% , RIREASEHF SIS 45 6 AR5 .
JE 3 FIBERE 4 AR, S R,
B FEAT 2 B 287 3Rl 2 BMMYA AR L, H
BEiAS 4 d, A fast-blue RR Jefaihde s, HiE s
Hofs B SF- Al T 2 BB R P RE Y 2R 1 5L . Fast-blue
RR a5 IR, B 1P, BampEE e
THTERR 80% 5 BREE 2 v, ATV (5 B0
65%; BAEE 3 Al 4 v, MAEMETE S BB <
30%, FH.

i b, BEEE 1, B Mg® 7 mmol/L. Mn?®'
0.1 mmol/L I 2482 (0.25%) B HWI4T,
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2.2 FIEHK pPIKIK By PCR # 18

DLk pPICIK R HR , 9K-longF/R F
9K-shortF/R N5 1491, J3 54 845 3 P B /Ny
oA 7 226 bp 12 000 bp (A EE (1),

23 RENERRTFHRSEEMEFEIXR
ARG XoF 5 AR SC P v 58 A48 - AR M R
16 1 06 R HEATRIEFE o A 53 A8 SO v Bl AL il
2000 A~2AE o I L G AR e M, 25 IR AN
Bl 2. #HEIR, 2.5% 2828 F 1S = 1 R T
PR, 97% W58 F IR Bt AR 70% LA T (1)1
W, HADT 0.25% MRS FAERD 5 g%k
PR, LA BELIME 2 000 BRI ASARYES T3
raE A TR . A 96 FLARLL I, 153 2 000
PRI . ] pNPP 32 X FL G 1 7 PR 2
PEGRVE . S5 2B 2 0.3 % (K578 BEEE Pk
PG AT LAREE 95% DL BT, 29 1% 15828 il
AL PSR FF 90% LA BTS2 2.5% M58
Tt A T RE AR 809% LA _F T . % ZX b BR S
TG PR FFAE 80% LA 11 46 FRZEAEK, 0.05% 1)
SRR 1 TG OIS E PERR AR B T R

bp Ml 1 2 M2 bp

2 000
1000

Bl 1 FRiEHIK pPICIK K58 K LRI 1%

Fig. 1 Amplification of pPIC9K-long and pPIC9K-
short. M1: E10 000 DNA Ladder marker; M2: 2 000 bp
DNA Ladder marker; 1, 2 : pPIC9K-Short (2 000 bp)
and pPIC9K-long (7 226 bp).
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2 EmFHEMHERREELDE

Fig. 2 The landscape of mutant library. Dash dot line:
enzymatic activity of clones in mutant library, plotted in
descending order. The solid line: thermostability of
clones in mutant library, plotted in descending order.
Details in dotted line box in (A) were magnified in (B).
For Figure (A), 2 000 clones were randomly selected
from the mutant library of first generation, and their
enzymatic activities were determined by 96 MTPs
screening using pPNPP. The enzymatic activity value of
each mutant was compared to that of r27RCL, and the
ratio was remarked as Y axis of dash dot line. Then, these
mutant enzymes were heat-treated at 60 ‘C for 20 min,
cooled in ice-bath for 20 min and in room temperature
for 5 min. Their residual enzymatic activities were also
measured by 96 MTPs screening using pNPP. Then,
residual activity value of each mutant was compared to
that of its initial activity, and the ratio was remarked as Y
axis of solid line.
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6.25% B 57T PAGE MR g, WS TR B Hh TR
BRI 809% LA I o AR MBRHRER R TR AL . L &5
RRW, PR E PE RS i 0 B S AN R

24 PREMRTHRIVIFE ERER

S et 2 B O S PCR, 58748 RS HE 1Y
297k 5 000 MR AR . RS TRIEAR B 548
PR S AT B ) 2 SRR A AL I K

P Fast-blue RR TiJZBi g W AT 0I 0, 26
— 5B H I RARR 2 4, A 3 ANRAR N A
(S234F, P168L, V329A); 4 " #15%| H R4
A, s 8 RN, HoH 6 MR
R 54 PCR B8] A(D182Y, A230F, A129S,
K219D, N366D, L180H).

25 KRLIEFHEGRIEEFERAR
251 SRR ESAifLEE R
Xif 4% RAFEEE AT AL, AlifbsE R 3 (L
ep2-4 M alifb 8 (1 T HL UK B ) o Sl % 2
Sy R/NK 37 kDa,
252 ZRABHFE pH.pH faE R & iR
FIH pNPP 2: %) 5822 [ 1) feidi pH. pH F2 &

*2 ZEPCREGFIMNREMAREFEBRREMS
Table 2 Lineage of variants and amino acid
substitutions by error-prone PCR

Variant Amino acid substitution

The 1 round  EpJ-] S234F
error-prone
PCR Epl-26 P168L/V329A

Ep2-3 S234F/D182Y/A230T
The 2" round  Ep2-4 P168L/V329A/A129S
error-prone
PCR Ep2-9 V329A/N366D/L180H

Ep2-22 S234F/V329A/K219D

The underlined amino acid substitutions were newly
introduced by each generation.

<974
<«—66.2

op 24— @ <430

<«31.0

<—20.1

<«—14.1

3 RIHEGep2-4 WANRER

Fig. 3 SDS-PAGE analysis of purified mutant ep2-4. 1:
culture supernatants; 2: treated with 10 kDa membrane;
3: treated with SP-Sepharose chromatography; 4: treated
with Phenyl-Sepharose FF chromatography; M: protein
ladder.

PRI R T U B A T o S AREERIH, AERT b
r27RCL, & %72 MY fcid pH . pH Fe VAl i
T EE JLP AR A LR ARk
253 RAMHFIENE

WE LA E &5 58 RETE 60 C T I3 t)
T GRAB I Tso {EL

2.5.4 ZR7APEE ep2-4 7£ 60 CFHIPEaE M KR
BEXT Ep2-4 IS

FE R r27RCL MR R AL T ep2-4 (1)
P E M B BEXT Ep2-4 AIRZIA

m EERTR, Kaife)s i LG I 27RCL F
ARG ep2-4 F 20~80 “C i [l P b 3
30 min J&, W@ HIRAREFE . r27RCL 7E 45 CT
BCE 30 min 5, BEEEEK 50%; 50 CTE
30 min Ji7, BESIAE 20% . RASHE ep2-4 T
55 ‘C i # 30 min Ji5, BHEAILRAE 53%; 60 C
TCE 30 min 5, BFRAE 30 % R

B ol 5 B R LA B r27RCL FlR A 2 738 il
ep2-4 T 60 CRALHUNERIE], 4n KPR,
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*3 RIGMAZRRERE 60 CTRIERYK Ty

Table 3 Half-lives (60 “C) and Ts, of variants of each generation compared with that of r27RCL

Generation Variant t» (min, 60 ‘C) Fold improvement T50(C) ATs50(C)
0 r27RCL 4 1 45.0 0
Epl-1 9.8+0.5 2.4+0.1 48.9+0.3 3.9+0.3
1
Epl-26 8.7+£0.4 2.2+0.1 47.1+0.1 2.1+0.1
Ep2-3 11.3+0.6 2.8+£0.2 51.2+0.4 6.2+0.4
Ep2-4 21.7+0.4 5.4+0.1 52.8+0.2 7.8+0.2
2
Ep2-9 13.5+£0.5 3.4+0.1 51.5+0.3 6.5+0.3
Ep2-22 16.4+0.3 4.1+0.1 52.0+£0.5 7.0£0.5
-=—127RCL 100
100 o Ep2-4 = —— 127RCL
S 80 f < 80t ~= Ep24
2 z
Z 60 | Z 60t
3 3
— 40 f = 40
820 e 07
o v . v v T 0 : = = = ]
20 30 40 50 60 70 80 1020 régnu 405060
Temperature (°C)
4 51%'1}%5@' r27RCL #n Ep2-4 i%i.liﬁq%ﬁurﬁj B 5 r27RCL #0 ep2-4 ‘T:E 60 °C"FE’\J?‘§¥$...\E'|$

Fig. 4 Effect of temperature on the stability of r27RCL
and Ep2-4. Enzymes were incubated for 30 min at the
increasing temperatures, after which residual activities
were determined taking pNPP as substrate. The error
bars show standard deviations calculated for three
replicate experiments.

r27RCL 7£ 4 min N #£K 50% B S , 10 min J5
ek A FRWETE o 2S5 M Ep2-4 7E 60 C A0 H
21 min B PR 50 % RREETE , 43R 50 min J5 A4 %
RAETIREG . EEIR T, Ep2-4 M ENA TR

FiRE.

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

Fig. 5 Thermostability of the r27RCL and Ep2-4 at
60 C. Enzymes were heated at 60 C for increasing
times, after which residual activites were determined
taking pNPP as substrate. The error bars show standard
deviations calculated for three replicate experiments.

F4 JRIAEE r27RCL FIREEE ep2-4 W W FSH

Table 4 Kinetic parameters of the parent and
ep2-4
! kcat/Km
Enzymes  K,(mmol/L) Keat (87) (mol s )
r27RCL 0.304+0.0067 18.9+0.36 6.22x10*
ep2-4 0.315+0.0059 19.4+0.45 6.15x10"
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255 WEEh LT

ZELFIA G r27RCL FRAS [ ep2-4 1380 )

PL pNPP AP 2 r27RCL il ep2-4
SN 12250 Bk, A Ep2-4 X T %
PIISE R LG r27RCL FRET 3.6% , Ak b7t
T 2.6%, EWRBFEAARCEILTIRFEARAAS, IR
A T TS VAT A2 B
26 HRTIEMEBHEMENSRETASSH

AR AL, FRASGRAR 5 % TR e PR R
(R FRIXE LIRS B i %, DKL A AT LA, (] Bl 52 i) AR
SEME SN R L, AR 52 AR
AN, TENRNEZEZmAIRE K. BHT, r27RCL
(1) Sl R ZE AR A A i, DA H ELAT s TR D
(%) R. niveus [5G 25 #a A AREAR , Xt IS4 il
r27RCL (ZER AT IR IR AR, 5% 58 A8 o7 s %t
Tif AR P T BB AR BRI

XiF 5 AR N T Ep2-4 () = 4E 25 ) R T4,
K 6, 3 MAFEIRIE AN (A129S., P168L
V329A) R NELE, Hrr A129S Fl P168L i T
EE AR, T ML D
(S265-D324-H377), MRFTJEAI, & BiHVE PR
IR i IR 1 2 18T TR A3 R A, v329A
TEEEBNER, SiEtErh.OEII.

A8 A129S (L FAEE R — o BERY
et , 1578 AT BE S A 3 A 1 5T A SR K R
W S48 v ) AR A M0 S — N e A
JG B Serl29 FIfiE4 5 GInl36 TFRIEIEE A
Gk, DT 88 2 1 o T A R P2, SR AR T
Alal29 Fl GIn133 7E25 ] 1A B & X, RAS
J&i, Ser129 il GIn133 7EZ5[A] I H BUHHE B X IR,
H. Ser129 #i A FRIE I ES GInl33 77 A B

Fe b Ry S PR 2 3.08 A (&1 7), ATLIE
L5 JRE v A5 ) SR

S8 P168L v T4 [ BT R I 4% o BRBEFN B
A1 loop |, H1 Pro R7AF T B /KM 5R 1
Leu (¥ 8). Z&ACH], Prol68 FIZBITHY o BRJE [
Leul64 7E25[A] FA EE XL (B 8A), MRAS
J5i, Leul68 Fll Leul64 7S 0] [ B E# S X J,
M Leul68 Fl Leul6d JE sk e, Mmidghn T
Iy i T PR K L B T IR AR R Y,

ZAS V329A N TN, HTEMETL
it Val 750 Ala, 28 TS K MR,
A RE ST o (HOE RS 1A S8R, R
X WS I LT BT PR A . HRTHAS T AR
AL SO AR PRS2, AT B — 25 RIS
A et 4hie .

DA (R A7 A 0 RS R T T A 1 1 2 Sk 1
W 53Hr, 5L F5 S AR 8 R0 5 43 A O MER I o

vyd,-Pm&

6 RELLIRTAEAES Ep2-4 B =L LR

Fig. 6 Simulted three-dimensional structure of mutant
Rhizopus chinensis lipase Ep2-4. The three amino acid
substitutions (A129S, P168L, V329A) in Ep2-4 were
shown in red sticks and the catalytic residues were
shown in blue sticks (in the oval).
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Fig. 7 Simulated three-dimensional structure prior (A) and after (B) residue 129 muation. The red part was residue
Alal29 (A) and Ser129 (B), the blue part was the nearby GIn133, formng hydrogen bond with Ser129.
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Fig. 8 Simulated three-dimensional structure prior (A) and after (B) residue 168 muation. The red part was residue
Pro168 (A) and Leul68 (B), the blue part was the nearby Leul 64, formng hydrophobic bond with Leul68.
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