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Purification and Characterization of Maleate Cis—Trans Isomerase
from Serratia marcescens

WANG Ya'?, CUI Wenjing'?, ZHOU Li'?, LIU Zhongmei'?, ZHOU Zhemin'
(1. School of Biotechnology Jiangnan University, Wuxi 214122,China; 2. Key Laboratory of Industrial
Biotechnology , Ministray of Education, Jiangnan University , Wuxi 214122, China)

Abstract: The gene of maleate cis—trans isomerase (MaiA) from Serratia marcescens was cloned
and successfully expressed in Escherichia coli BL21 (DE3) and was purified. The specific activity
of the purified enzyme was 48.01 U/mg. The optimum temperature was 37 °C and the optimum pH
was 8.4. Under the optimum condition,the K,, value was 4.2 mmol/L,the V,,, value was 1.27 mmol/
(L +min) ,the k. value was 4.38 s and the catalytic efficiency (k./K,) was 1.04 L/(mmol +s).
Furthermore ,the research showed that the MaiA had high thermostability (¢,,=1.5 h). Meanwhile,
maleate could almost be converted to fumarate completely by the recombinant MaiA with high
efficiency up to 99%. The results in this study will be useful for further research and industrial
applications of maleate cis—irans isomerase.
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® &2 (Fumaric acid), X FR T4 /R 4L
KR, & —Fh RIAFTER A HLERY, 1E R —FhEH 2R
VU B P 65 405 W) FIORS A AR T s SR )iz
TR B2 LT R 8 R SR U, andE
a5 T, T HIAE E R 26 E B R IR ) XU B 5 7], 7R
BE25 5T, AT LA T AR 7 il BE 2 —Hi AR T RN
S SRRz N TR A IR AR /NAL
MERTT MGG . Tk 90w IR 2 T A2 7= AR R 2R
R R AR A , DL SR A P LK B . 340 &
Ih g ] LAH o 2F W A A 7 — 2 5 H Al T H
I E AL G YRR G L- R A& AR\ L- N2 R A1
LSRR A, HET, & B A A 7 KR i A A 7
12 P R R I A A B SR AL A G LR A AE A
1 B ) 22 e AT BE ) FR S G Y A ) B 5 il
1 NATTE H G2 7 e ] 055 A B 1 A W vk oF Tl
W SIRY, A YAk 22 e T E A TR A 2 AR AR
W 25 (7 0 T R (FE 1Y — R IR A B v ] £ 35
T ) R AR A By A Al A R 7 ) T
AR BEAR T Tt 2 2 A DU T DA A4t e e 3 A 1)
B, AR AT B, B R B R 5 44 g JL-F- 7T LA
B R SRR 58 2 A & DR X Ry R WG ik T
b A 2 4R e B IR AR A 1A A B R A R

Lok R i 2 S+ ¥ i (EC 5.2.1.1,Maleate cis—
trans Isomerase , MaiA )& — 1 BEUS K Th ok 12 (I T I
TR )AL AL U DR (ST M R ) 1 S A
FE % E Bk i AU I 24 0 00 T, S B T 49 —
iR e T R S A B T RAE IR AR
T2 11 e it et 2 J1, oh 1 B AR R pHL 8 L 980
BARHY K, {8 LA R A0 V- o B e i, ED R R I
S A8 il BN Ry S W T Tk AR 7 SR 1A T
T AP HEAC T 2 — 1 E ke RISz S 4y il ) 32 A
TE T L AT W) FH D R 2 %) 48 T v G ER e R
J& (Pseudomonas ) . ;= B FT 7 J& (A lcaligenes ) Vb5 IS
W& (Serratia) 72 W AT 16 J& (Proteus ) #1745 ¥ 14 J&
(Arthrobacter) %% . {8 2250 R B AC I v v G B 14 115
FIRAR AT E TR 2% W 2 1 R TR I S S A4 Tl
TE Tl 2B 7 i i R TS

A BV EE G (Serratia marcescens ) e 5 1Y 3k
% GE J52. S ) Tl 2 IR AR AR () B E T Tl )
A HA MR IR A EE &0, {HE T S, marcescens
K VR 1 D A T T I v ) TG, i3 TG v 288 3 38 R % LA
RTE A Tl 2 VR 5T 5 T R Al . A BESR S TS,

marcescens 5 14 > 1 i fsz S 46) Tl K AT 1 v
(R AR IE IR 8 A B AT T 4 5 Ak K il = v
FAEWEY . TERLIERE b WFSY T DR IR Mk FE X R
5 M DA RS R v BE ) SR R 8 e AL R
L T 1% 52 I B[R], Sy B Sf R L 52 Ss 40 g 1 Tl A iz
JHARHE T 52 50 4040 Fn B 18 S HF

1 Bhi5H=E

1.1 LM
1.1.1 A5 Ak WMBREWEEKE S macescens
NITE  Biological (NBRC);
Escherichia coli BL21(DE3), ki k& pET24a(+) .
Novagen 23 ] 77 it
1.1.2 &K A 5% Plu DNA BAERE, & F R
il e N YD T4 DNA #2055 . AARSAEY TR-
(K ) A R | 7= b5 3L 41 DNA SR BUR I &
i DNA $2 B0 & e a7 & Fn PCR 7™ 9 4k
feikl &, Y TR A AKTA A4k R
4 .3 H i BRI A MAE AT s His Trap FF crude
AT 38 AR T R A A
1.1.3 3l#i&id 54k RS Kazuhisa 55 AT
S. marcescens B AW N 2 57 44 B4 8 A9 FE R 7 1) 1%
T4 e B ST EcoR T BEUIAV 5 AR 515
B, NS Hind G YI AL, 7E C 3 4R35 His Ax
& R ErHBIW S Wl gAY TRA RS
1o BT 3 R (R L5353 50 EcoR 1 F1 Hind 1l
REL il 14 PN D0 i it U047 258)
P1:5"~CCGGAATTCATGAGCAACCACTACCGC
A-37;
P2:5-CCCAAGCTTATAAGCGCCGGACAG-3",
1.2 EWHX
121 MaA AR 5% LLS. marcescens H)HE R
41 DNA R#idz, DL PL P2 A5149 PCR ¥73 . PCR
PSR T 94 CHUZZEPE 10 min; 94 “C7AE 1 90
5,68 CiR K 25 5,72 CLEAF 1 min,25 PMEH ;10 C
122 L RBIRRFMEEAXE K HE WK
PCR "3 211 MaiA 2K 7= EcoR 1 #1 Hind 1l
XY, 3% 2 31 FH [ BRL 1 4 A 70 i it 170 1) Jo e 28
& pET24a(+) I, 3R FE 4L BR. pET24a-MaiA .
123 ET4& G MaAd o F &K ¥ EH TR
pET24a-MaiA AL SZ S 4 ML E. coli BL21(DE3),
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ARAT T ofe iR It 2 S5 44 g 3¢ 35 78 # 21 K A B BL21
(pET24a-MaiA ), PEHL BL21 (pET24a-MaiA ) V-4 5
H%, AT 5 mL & 50 wg/ml KARE Z A LB 5
F2 3,37 °C 200 r/min RS IEFR . #4500 wL -
WL W W AT 50 mL % 50 pg/mL RARE &
f) LB 1% 3% 3E 137 °C 200 v/min ¥R ¥ 55 3% & # K
ODgp i5F) 0.8, A IPTG EZL MK 0.2 mmol/L,20
CiFE R 20 h, WOE AR 75 B, 38 SDS-
PAGE M e HAHEH .
124 MaA £487% st HEAEKE T4
A 2% i W (10 mmol/L Nay,HPO, - 12H,0 .10 mmol/L
NaH,PO, -2H,0.500 mmol/L. NaCl.20 mmol/L
Imidazole ) , 8 75 B A4, 250, ISR 0.22 wm JE
k. 10 AR RN 25 A 92 th i WO #7 1 mL 1Y
His Trap FF crude ¥, M 60 mL BFE 5L EFE
20 5 A AR R 25 6 9% P Vs Wk 2 AR AR S M IR 1Y
R, 431 100,300,500 mmol/L B ME () 22 wh i
SRR A BT, AR B 10 A% A AR R
M, WA PRI % ), SDS-PAGE % % #ili fk 4%
125 Famkpanz HARERXH®M
A4 Bradford j:19
1.2.6 MaiA FHE G EREMNE B 450 pL A
pH 8.4 U 9% iy Wi >4 i B B I, DA 50 L,
1 mol/L. 2% R (KOH ¥ = pH 8.4) % K ,37 CJ2 hf
20 min, % 0.45 pm A HLERE MRS 7Y & SR H
HPLC #4700

R T RE S HEAR I A R R S S 4 Tl ) 9 T
VE& 456 SCER[114 =, 20k T HPLC Wi sh A b A
MM 5 JEHLAR O BE b &% pH ., HPLC %M La
Chrom C18(5 pum 4.6x250 mm) ; Vi 85 AH A 1A 243 %
8% 1) I B /K 9, i 7 0.6 mL/min; UV A6 ) 45 46 )
WK 210 nm, HEHR R 30 °C, FEILAM T, Dok ER
5E DAL e e B I W 1,

2000

12.627
. 1500 [ “‘ﬁ%ﬁ&?
<1000 %£Q-f67 “\
- bk
£ s l% J‘\
X, AN A

500 § 10 12 14 16 18 20
LR B I 7] /min

E1 SRkB®EMES®RESHRE HPLC 8ifE
Fig. 1 Separation of maleate and fumarate by HPLC

0 2 4 6

IR T I 2 S5 W it Al 0 7 L. 7€ 37 °C .pH 8.4
AT, BB ALY SR B2 R B 1 wmol 7
Yre 5 IR i s 0 SO — NS I 1 U,
1.2.7 Ty sk BRI RS A Bl 0 Bl 52 1 R BT A

1) AEXT IS 70 S, DAAE 37 SCHT A i) il
15 7128 53 B A5 30 46 AN THLRE TR W0 5 1 AR G g

2) FdE R BRI E . 43T 15,25 .35 .45.55,
65 C Tl 5 T ok i ot fsz 5 k) il 1) 36 1, 9 LA MaiA
F14) R X i 3 o 30 B E L

3) fil pH E ARSI E . 43 T pH 3.6 .4.0.5.0,
5.9.7.0.8.0.9.2.9.5.10.0.10.6 % F I & & 3k ik
T S5 S5 ¥ it A 355 L 5 LA Mai A B4 RF ) IS % pHL {E
YEE, pH 3.6.4.0.5.0 RHMZE B 50.0 mmol/L
NaAc-HAc,pH 5.0.6.0.7.0.8.0 1 9.2 % FH ) & vh
% WA 50.0 mmol/L. NaHPO,-KH,PO,,pH 9.2.9.5,
10.0,10.6 & HI1 1) 22 vh % W 4 50.0 mmol/L Na,COs—
NaHCO;,

4) G PE R R L B SR RIS S R T 55
CHI 60 CARIEPR-IR , 7R 30 min BUREZ 11 [ Ry, 46
DU G5, JEAG N 3 b, I LAAH X i 6 B 4 xR R
AR 5

5) JI W % ke 1 Gt Fz 5 A T A Ak A% 3R 1 5 e
T A st T 0 2« D R R I sz S5 A4 T 1 A (DI
Pyl B R N 0 ey B I T O 8 4 B Ak
B BT 5 AR B IR]

6) I 8l J1 2 S50 a2 . FE 37 °C pH 8.4 4%
PET, Sl 5 AN TR e B2 IS T ok iR (249 10,
20.30.,40 mmol/L) S 7 , i e FE i J2 I F4) 47) s 38 3
DL SR BOVE BE 2 K, A K

|2 xSt

21 SkEIR FHEEERNEE
FHE1Y PR P2, WK BT 70 7 TG R 5 P 4
PCR #4715 8 H i 3L B iZ 3L R 5B T pET24a
AR, F 4 TR pET24a—MaiA 48 EcoR 1 F1 Hind
I XA, 45 %) 7 K/ R 753 bp 19 B 407, WL &
2, R WA IESE IR 28 i Dy 7 4 3 ek 2k |
22 DRBIARFHBEXBTERNESRIE
¥ 4L OB pET24a—-MaiA %5 AL SZ 25 40 E.
coli BL21(DE3), k153 H 4 K FF 1 BL21 (pET24a—
Maid ), 235533185 ,SDS-PAGE Hijk K15 28 000
FEAT B LK AT LR 3 Yk 2 FTR 5 Maid i)
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{9 BRI AU 3 S5 R /N AT (B C 3 & His i
% R/ 28 400) , R W] Maid T4 EE HAE K
FFB A SE B T IR Rk

bp 1 M

5000

3 000

2000
1500

1000
750

500

250

M:DNA maker S plus;1,EcoR 1 and Hind Il digestion of
recombinant pET24a-MaiA
2 pET24a-MaiA s X EGH1 56 i B ik
Fig. 2 Identification of MaiA by enzyme digestion

M 1 2 3
e——
66 200 P e ——
e
w - B
35000 e ey
WS G . <— MI
25000 — =
18400

M:Protein Maker;1:the control/cell —free extract of BL21
(pET24a) ;2 :cell —free extract of BL21 (pET24a-MaA );3:
purified protein

B3 EA MaiA HIRIES 411328 SDS-PAGE

Fig. 3 [Expression and purifcation of MaiA in E. coli.

23 LOkBINRFHEEBR S BEHEL

L O R N Fz 5 A% ¥ 2H il 28 His Trap FF crude
BAE AL 5 SDS-PAGE HLUk /45 R UL 3, &9
— B ali bR A TRAER HRYE A (18 3 FrikiE
2), AT LA T — 20 B g 2 1 BT 5T, AR AR L
*1,
24 E4A MaiA WEEFMR
241 wiEBE HORBRIU 50 B AR
ANT) BT B AR X B 0 DL 4 i B9 o il
BESh 37 CL R EE T 45 CFIMIRT 35 “CH, AH X i
I 1 2 mR RE

x1 DRBIRRRHERSEWL

Table 1 Purification scheme for the recombinant MaiA

W :
%fﬁl b/ e 5/
S (U/mg) %
mg
Crude 501828 26040 775 1 100
enzyme
Histrap

FF crude  821.03 17.10 48.01 6.19 40.68
kit

120 [

100 [

80 [

60 [

AH X S/ %

40 [
20 [

00 10 20 30 40 50 60 70
/G
B4 SRBINRREEBORERE

Fig. 4 Optimum temperature of MaiA
242 & & pH HABGAEARE pH 208 T 1 AH
X E ) UL 5 i EELE pH 7~9 Y Y B 4R
Fr 80%VA I s pH fE = T 9.0 sl ik T 7 B il 1% 77 1k
REA%, R W ik pH HH 8.4,

— NaAc-HAcZE ik

120 1+ NaHPO-KH,PO 2 1l1ifi
100 | Na,CO,-NaHCO ZZ itk
= 80
i
% 60 /
=
= 40
20
0

5 OkBIAESMWENSE pH &
Fig. 5 Optimum pH of MaiA

243 L RBIRRFMEEG R T HHAES
SIFE 55 CH 60 CHE AR i8] f5 H5% B B G WL A
6. FE 55 CHY, Hy ke i it fsz S k) il 1) 21 2 B 29k 1.5
h; M7 60 °C, P& 12924 30 min,

2.4.4 R AT T ok BRI R ST A B R AL 2 E 0 R
2 il Y 5 A0 R AR AL LI 7, SRR IR R T
50 mmol/L B}, [z I 9477 3 B g 26 1 38 K 5 = F 500
mmol/L B, J2 W 3 B # F i K5 & T 2 000 mmol/L
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Fig. 6 Thermostability of MaiA
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Fig. 7 Effect of substrate concentration on MaiA

TE I 7 JIS ) e B2 X MIT A Ak &% 3 52 i 1 [7)
YEF R, VAR 2 b B9 IS W B R R JL-F- AT LS8 4
Fetb 7=y s SR, AL R T ik 99% L I, JRAF R
Py BE K 5 2 000 mmol/L A 1= B S5z 7 3 B 2% R AIK
Ihok R 58 A T Ak Ry ' Ty R A I [ 23 A G (H 2 AR AR

AN S W i R AR, LI 8, HIRPIHEE 500

mmol/L Fl 1 000 mmol/L i, 5¢ 42 AL 0] 294 3 h
F16 h, SR B TH R 2 2 000 mmol/L B, 75745 3T
21 hoR Y e et

251

201

IR )/

w B

1000 2 000
JEA R /(mmol/L)

8 JRWIR xR AL B 18] B B4 00

Fig. 8 Effect of substrate concentration on conversion

time

245 L RERRR A ERE BE S E B fEGE K
7T W ke R Ot S A T ) e R R N TV
oK W B K, R OB L AR K] 25 (Lineweaver
Burk ) VERE], WL 9, AR K G R R HY SR R it
SRR K, M 4.20 mmol/L, iz K SN B V.
4 1.27 mmol/(L-min), #—$1+8E B L.
1 4.38 571, A HEAL AR ko /K, A 1.04 1/ (mmol -s) .

o

4T y=3.315 5x+0.787 1
R=0.994 2

(1/v)/((L-min)/mmol)
S O O O = =

0 0.02 0.04 0.06 0.08 0.1 0.12
(1/s)/(L/mmol)
9 IOkEINKR RH#EER Lineweaver Burk
Fig. 9 Lineweaver Burk’s plot of MaiA

|3 2 iz

124 0k, B R BT RORR BRI ok IR B Ak O
LR A B R, B RV O3 TR R A 7 Tl A 1 T I
oo M 22 A 1), Jo i ] T Tl AR A 7 R R
7921 S, marcescens KA F A TR M 3 44 il A 2
TR AT B T AR T Tl LG 1% gt R X H Al R ke ok 5
L=, 2000 4, H A =284k T A A R 71 51
FIKT S. marcescens 5 0 5 3K 12 I Iz S5 Ky il Fik
P, I DN A 1 2 B B9 AT 205 ot B O 28 0000, 4%
T, JHAH 5C Il 25 P T3 1) oA DL i 7T 3K 26 250408 % T
W Tl A 2 OCH E I X

TE E. coli h3Rik k135 S. marcescens F i
F14) T A R I S ¥ 1) i 2EL g, L LR 14 48.01 U/mg,
H W. Scher™%¢ A\ HiRi8 P. puorescens > Ui 1Y H oK iR
SERG T () LIS 7 (24.1 Ulmg) & 17— £, Bon T HAE
Tl R DB, VR B IR RS HARGE 1 X
AT R o, 2 B B A R pH ol 84,5 W. Scher!™
& W P. puorescens MaiA (fzifi pH /& 8.4) Fll
K. Hatakeyama 55 NGB W A. faecalis MaiA (i

7= 8.0) MiRiE pH MM, [ A& B S
A. faecalis™(1£ 50 CHF #2320 KA 30 min) A b,
S. marcescens IR I 41 T BRI B A4 il (78 55 °C
TR 15 h) BA GG EE . 15—
PR R, AT A I R TR G s S ey Tt A A 5 Of i
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A B TR B AR AT I8 99% LA b i TP JETAT A [l A ST et T R IR 5 W SRR 1Y) 70 B U5
THAF AL S SR, W T mEE R T AR R s RO (3 5 (HPLC) i iE 9 B ok
AL SR S B LB A T e, A S g i MR 7 W) s IR v 42 0r B Rl AR W L P
FEAE IR By oA R 5 S5 ey Al %) B8 AT T L% Al K ) T B SRR T S S 4 T 1% 7 00 S FRAR A

R IR A Tl B B T BRIE ST H

S 3R

[ 1] Roa Engel C A,Straathof A J J,Zijlmans T W ,et al. Fumaric acid production by fermentation [J]. Applied Microbiology and
Biotechnology ,2008,78:379-389.

[2 ] 2t R, X056, 2004 45 [ NS 735 53 9 [J]. 46 T4 R 288 ,2004,22(8) :31-34.
GUO Shimin, LIU Zhiguag. Market analysis of China maleic anhydrite in 2004[J]. Chemical Techno—Economics,2004,22(8):
31-34.(in Chinese)

[3] 2z sRE Wik, 45, W SR 5 5 I [J]. BAU4E T, 2005,25:81-88.
LI Xuekun,ZHANG Kun,GAO Zhen,et al. Progress in synthesis and application of fumaric acid [J]. Modern Chemical
Industry,2005,25:81-88.(in Chinese)

[ 4] Toshiaki N, Takehiro N, Masaharu M, et al. Bioconversion of maleic acid to fumaric acid by Pseudomonas alcaligenes strain XD—
1[J]. Journal of Fermentation and Bioencineering, 1997,84(2).165-168.

[ 5] Sosaku I,Tomoko I,Seigo S,et al. Improvement of production rate and yield of fumaric acid from maleic acid by heat treatment
of Pseudomonas alcaligenes strain XD-1[J]. Biochemical Engineering Journal,2003,13.:7-13.

[ 6] Yasuo K, Jinsaku Y and Yasuhisa A. Maleate cis—trans isomerase from Arthrobacter sp.TPU 5446 [J]. Journal of Fermentation
and Bioengineering, 1995,80(6):610-612.

[ 7 ] Kazuhisa H,Makotio G, Yasukazi U,et al. Molecular analysis of maleate cis —trans isomerase from thermophilic bacteriaJ].
Bioscience Biotechnology and Biochemistry,2000,64(3):569-576.

[ 8 ] Kazuhisa H,Makotio G,Miki K,et al. Analysis of oxidation sensitivity of maleate cis—trans lsomerase from Serratia marcescens
[J]. Bioscience Biotechnology and Biochemistry,2000,64(7).1477-1485.

[9 ] Kazuhisa H,Makotio G,Yasukazi U,et al. Gene cloning and characterization of maleate cis—irans isomerase from Alcaligenes
Jfaecalis|]]. Biochemical and Biophysical Research Communications, 1997,239.74-79.

[10] Bradford M M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of
protein—dye binding[J]. Analytical Biochemistry, 1976,72.248-254.

[L1] K2, E R P 2R, . SR (03 vk D PR K b i B R TR A S IRR[T]. k2 1ik 5 ,2010,51(7) :404-407.
ZHANG Guoan, WANG Yuping, PENG Panying,et al. Determination of fumaric acid and maleic acid in wastewater by reversed
phase high performance liquid chromatography[J]. Chemical World,2010,51(7) :404-407.(in Chinese)

[12] Scher W, Jakoby W B. Maleate isomerase[J]. The Journal of Biological Chemstry, 1969,244(7):1878-1882.

A5 4otk £ S0 2014 4E5 33 &4 11 1200



