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B OE. [869] AT RHATEH KL A F AT HA (Bacillus subtilis) L-5F 7 2B n A B
(L-isoleucine dioxygenase, IDO)A AT %, H K AMEI L-F 55 RER(L-Tle) 72 AL KL 69 %7k
F&, #Z IDO S RARZARG IR Z, [F%] @i Ni-NTA FfEAEMELAR
WA (Escherichia coli) BL21/pET28a-ido F 443K 4F £ 48 IDO, A L-lle 4 &4, % K% 48 IDO
A AR 6% B &, FFit— T AT 48 IR R AL o-BR R =R (a-KG) £ £ 41 IDO BT
AR A ok, (4R ] A FE4 IDO AL L-Tle £ A ke 7E MM Z, %8 K, 4
0.247 mmol/L, ke 1.260s™", keo/Km 4 5.101 L/(mmols), 55 AR REES ) 3 KSR 0T
&8, T4 IDO 8 &M F Fo P BB R 5. E 40 IDO AL R 89 R IER A 20 °C. R&iE
pH % 7.0; f£35°C A FRAFE; R A Y Fe® RIERE A 1 mmol/L, F28 IDO THALT
B L-BL B A M, *F L-F 2 A8, L-EZRAE. L-FAARYERE S, @itk o-KG RE,
R AR % % #5 A 30 mmol/L a-KG B, THEMIKER G E 70 mmol/L, F4h 4-FI 77 A
(4-HIL)#) B2 R = R 35 66.20%, £ o-KG 1A B L AT E F, HIRE AT E 40 IDO 44K L-Tle
HAEMNMEF R EHm, [448] T4 IDO 8 R F M. EILE ., REMILEF. Bans
AAM A AT L-lle BHEACR . EHABERREIREZ T, a-KGAEAH B L ABTRIE E F, Af
BT R B . AFR 4R A 4-HIL A H A5 N RO 6 BRI 4 LR AL T AR R 2.

KEER: WmABE, FRRAR, 4-2AFTRE, B, BRAMURE

Foundation item: National High-Tech Research and Development Program of China (No. 2015AA021004,
2011AA02A209, 2011AA02A210); National Natural Science Foundation of China (No. 21376107,
21336009); Natural Science Foundation of Jiangsu Province (No. BK20151124); 111 Project (No.
111-2-06); Program for Advanced Talents within Six Industries of Jiangsu Province (No.
2015-NY-007); Priority Academic Program Development of Jiangsu Higher Education Institutions

*Corresponding author: Tel: 86-510-85197760; Fax: 86-510-85918201; E-mail: ynie@jiangnan.edu.cn

Received: December 26, 2015; Accepted: April 26, 2016; Published online (www.cnki.net): May 24, 2016

HEmE: (No. 2015AA021004 2011AA02A209 2011AA02A210)
(No. 21376107 21336009) (No. BK20151124)
(111 ) (No. 111-2-06) (No. 2015-NY-007)

*BIIEE: Tel 86-510-85197760 Fax 86-510-85918201 E-mail ynie@jiangnan.edu.cn
i BHEA: 2015-12-26 3EZ HHA: 2016-04-26 L= H AR B #(www.cnki.net): 2016-05-24



506 A2 84 Microbiol. China 2017, Vol.44, No.3

Characterization of a-ketoglutaric acid-dependent
dioxygenase and the effect of reaction-coupled cofactor on
dioxygenase-catalyzed hydroxylation
WEN Fang' NIE Yao!" MU Xiao-Qing' XU Yan'?

(1. School of Biotechnology, Key Laboratory of Industrial Biotechnology of Ministry of Education, Jiangnan
University, Wuxi, Jiangsu 214122, China)
(2. State Key Laboratory of Food Science and Technology, Jiangnan University, Wuxi, Jiangsu 214122, China)

Abstract: [Objective] In order to construct a biocatalytic system to synthesize 4-hydroxyl isoleucine
(4-HIL), L-isoleucine (L-Ile) dioxygenase (IDO) from Bacillus subtilis expressed in recombinant
Escherichia coli was purified and characterized. [Methods] The recombinant IDO was purified by
Ni-NTA affinity chromatography from recombinant Escherichia coli BL21/pET28a-ido. The enzyme
was the characterized by using L-Ile as the substrate. As the necessary cofactor of IDO, the
concentration of a-ketoglutaric acid (a-KG) in the enzymatic system was further optimized to
improve the catalytic efficiency. [Results] Kinetic parameters of the enzyme were obtained as K,
0.247 mmol/L, ke 1.260 s_l, and ke,/Kpn 5.101 L/(mmol-s). Compared with other homologous enzymes,
the recombinant IDO had higher substrate affinity and catalytic efficiency. The recombinant IDO was
more active at 20 °C and pH 7.0, and more stable at the temperatures below 35 °C. The optimal
concentration of Fe’* was 1 mmol/L in the catalytic system. The recombinant IDO was active to a
variety of L-amino acids, of which L-isoleucine, L-norleucine, and L-methionine were more suitable
for the IDO catalyzing hydroxylation. By optimization of a-KG concentration in enzymatic catalysis,
4-HIL with the yield of 66.20% was achieved from 70 mmol/L L-Ile by adding 30 mmol/L a-KG in
the reaction system. Thus, the addition of a-KG as the reaction-coupled cofactor had a significant
impact on the reaction efficiency of recombinant IDO-mediated L-Ile hydroxylation. [Conclusion]
This study provides the basis for enzymatic conversion of 4-HIL and other hydroxylated amino acids.
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BL21/pET28a-ido (3] IDO 1
L-Ile (60 mmol/L 20 mmol/L Tris 0.3 mol/L NaCl
a-KG pH7.5) 2 (220 mmol/L
IDO 20 mmol/L Tris 0.3 mol/L NaCl pH 7.5)
4-HIL
(5 mmol/L DTT 10 mmol/L Tris 0.1 mol/L NaCl
1 MRS HE pH 7.5)[14] SDS-PAGE
L1 Efk

BL21/pET28a-ido 1.5 4 IDO KBTS R 4R

IDO 10 mmol/L L-Ile

12 ESitFRy 0.5 mmol/L FeSO47H,O 10 mmol/L

. F =21 i =]

ek 10 mmol/L a-KG 0.2 g/L IDO 50 mmol/L
L- (L-1le) 4- -L- L
Bis-Tris (pH 6.0)
(4-HIL) Sigma
1 25 °C
( ) L-Ile 1 pumol 4-HIL
LCMS-2010A

25°C 10 min
2695 Waters

1.3 ExFE

. " g L-Ile 0.2—10 mmol/L
IDO
20 g/L 1X10° Pa (Lineweaver Burk)
30 min Ko Vi
1.4 FHIDO MIFESRIERTBHL (10-80 °C) pH
BL21/pET28a-ido (2.0-9.0) IDO
5mL 50 mg/L LB pH
37°C 200 r/min 1% DO 15 25 35 45°C
100 mL. 50 mg/L LB

500 mL 37°C 200 r/min Fe** (0 02 05 1.0
ODgo 0.6-0.8 IPTG 0.1 mmol/L 1.5 mmol/L) IDO Fe**
30°C 200 r/min 12h IDO

6 000 r/min 5 min 2 mmol/L L-

20 mmol/L pH 7.5  Tris-HCI L- L- L- L-
12 000 r/min 30 min L- IDO
Ni-NTA IDO
4°C 20 mL 40 mL / (LC/ESI-MS)
20 mL TSK

(40 mmol/L 20 mmol/L Tris 0.3 mol/L. NaCl -80HR (4.6 mmx*250 mm)
pH 7.5) 0.22 um LCMS-2010A 40 °C
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1.5 mmol/L (pH 5.0) 85%
1.0 mL/min MS 200 °C
250 °C 1.5kV 1.5 L/min
IDO 10 mmol/L L-Ile
4-HIL
IDO L-Tle

1.6  o-KG REFRYIREXELH IDO LR
=op-A0)

6 000 r/min

2 50 mmol/L

5 min

pH 7.0

12 000 r/min 30 min

IDO
10% L-Ile 20 mmol/L  a-KG 20 mmol/L
30 mmol/L 5 mmol/L FeSO,4-7H,0 0.01%
(NH4)2S04 0.05%  KH,PO4 0.015% MgSO47H,0
0.01% CaCl, 0.5 mmol/L pH 7.0 28 °C
200 r/min 12 h
o-KG (10—40 mmol/L) 4-HIL
o-KG IDO
30 mmol/L a-KG
(20—100 mmol/L) IDO
F-kit (
) [15]
1.7 R¥FAFIE S
171 TR
SmL 250 uL
(2 mol/L pH 9.2) 500 pL
(Fmoc-Cl) (0.01 mol/L )
25°C 15 min
2- (ADAM) (0.04 mol/L
1:1 ) 0.22 ym
HPLC
1.7.2 HPLC #M5f4: Diomansil Cig

L-Ile

250 uL

500 L

(250 mmx

4.6 mm) 263 nm A
0.05 mol/L NaAc-HAc (pH 4.2) B
A B 50:50
1.0 mL/min
2 ZRELH
2.1 EH IDO WyFRik R Lk
BL21/pET28a-ido IDO
(ido) IPTG Ni-NTA
IDO
SDS-PAGE (D
29 kD IDO
28.92 kD IDO

L-Ile

2.2 EH IDO BIELRSFIES T

2.2.1 EHIDO WFINFLSE S L-Ile
IDO

2 IDO

L-Ile K, 0247 mmol/L  Viax

2.703 umol/(min'mg) ke  1.260 87" keo/Kim
5.101 L/(mmol-s)

2-e-2  IDO (BtIDO) [ Ko

2 1 M kD

97.2
66.4

443

29.0

20.1

El 1 = IDO AL EHH SDS-PAGE Eli%

Figure 1 SDS-PAGE analysis of purified recombinant IDO
M Marker 1-2 IDO

Note: M: Marker; 1-2: Purified recombinant IDO.
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Figure 2 Double reciprocal curve for measuring kinetic
parameters of recombinant IDO
0.27 mmol/L Vi
0.527 8" kea/Knm
IDO K,
BtIDO

1.13 pmol/(min-mg) kcy
1.952 L/(mmol-s)] %

IDO  keat  kca'Km

IDO  BtIDO
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99% 4 36 130

IDO
BtIDO

2.2.2 EiA IDO WIS I b im E Fi RIS pH 1E:
pH IDO
3 4 10-30 °C
IDO 80%
30 °C
IDO pH
pH 7.0 IDO
pH 7.0 IDO

20 °C

2.2.3 ELH IDO ByRFaE 4.
IDO 5
IDO 15 25 35°C

15h

80% 45 °C
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3 REXELH IDO FEMERF M
Figure 3  Effect of temperature on the activity of
recombinant IDO
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Figure 4 Effect of pH on the activity of recombinant IDO
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Figure 5 Thermal stability of recombinant IDO
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TCCC11826 IDO IDO
25°C  35°C
8h 60% [
97%  98%
IDO 35°C

224 EEET F’ WELH IDO FEMHRIFNG:

Fe** IDO
[17 6 Fe2*
IDO Fe? 1 mmol/L
IDO Fe
IDO
Fe?* a-KG
a-KG Fe**
[Fe(IV)=0]
Fez+
[18]
2.2.5 E4H IDO BIEYE R IDO
[13] IDO
L-
1 IDO L-

120

100
e
g 80
=
3 60
2
E 40
2 |

20 1

0 1 1 1 1 1 1 1 1
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Figure 6 Effect of Fe** concentration on the activity of
recombinant IDO

F1 = IDO HIEMES

Table 1 Substrate specificity of recombinant IDO

Substrate Relative activity (%)
L- L-isoleucine 100.00
L- L-methionine 74.80
L- L-cysteine 42.59
L- L-leucine 10.65
L- L-norleucine 89.99
L- L-proline 11.50
L-
100%
L- L-
22.6 E4H DO ENRMNIIESH: IDO
L-Ile 4-HIL
7 0.5-6 h
4-HIL
4-HIL
12h 0.2 g/L
IDO 10 mmol/L 10 h
4-HIL 60%

23 a-KG REFEMIKEXELS IDO #LE
Asab=Al

IDO o-KG
o-KG
a-KG IDO
(9] IDO
o-KG IDO 4-HIL
2 o-KG  10-30 mmol/L
4-HIL a-KG
0.39 mmol/L 15.36 mmol/L o-KG
30 mmol/L 10.32 mmol/L
o-KG 4-HIL L-Ile
a-KG 35 mmol/L
10.57 mmol/L
o-KG L-Ile
o-KG
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80 %3 E IDO HEEEN KR P ERYIKRER L-Tle 25
s 70 + ¥ B2 Iz B4 2 M)
560 Table 3 Effect of substrate concentration on L-Ile
E. 50L hydroxylation by crude recombinant IDO
3 40| L-Ile L-lle 4-HIL 4-HIL
o Concentration of Consumption Yield of Molar yield of
230r L-Ile rate of L-Ile 4-HIL 4-HIL
520t (mmol/L) (%) (mmol/L) (%)
20 10+ 20 100.00 7.07 47.56
oLb— v v 40 100.00 32.82 82.05
0123456 Z(hi); 9 101112131415 60 92,39 44.37 73.95
70 81.79 46.34 66.20
7 E4H IDO 4L L-Te 2 E LAY 5N A (8] f 2% 80 74.47 45.66 57.08
Figure 7 Reaction process of L-Ile hydroxylation 100 69.97 48.79 48.79

catalyzed by recombinant IDO

2 = IDO MBEBENRART o-KG IRET L-lle £
-2 Aa: A 4-HIL 66% IDO

Table 2 Effect of a-KG concentration on L-Ile
hydroxylation by crude recombinant IDO

a-KG L-lle 4-HIL 4-HIL
Concentration Consumption  Yield of Molar yield 30 mmol/L  a-KG
of a-KG  rate of L-Tle 4-HIL of 4-HIL 70 mmol/L
(mmol/L) (%) (mmol/L) (%)
10 100.00 15.02 75.08
20 100.00 15.36 76.78 \
25 100.00 15.36 76.78 3 &k
30 98.43 14.20 71.01 4-HIL 11
35 23.86 0.54 2.72
40 22.66 0.54 2.72 A-HIL
DO wKG BL21/pET28a-ido
L-Ile IDO
(1 4-HIL
4-HIL DO
20-30 mmol/L  a-KG L-tle
a-KG IDO L-
a-KG (30 mmol/L) 1bO
L-lle ( 3) KG
IDO L-Ile 40 mmol/L 4-HIL
4-HIL 82.05%
70 mmol/L 4-HIL 46.34 mmol/L
66.20% IDO
(a-KG 10 mmol/L S X X #k
10 mmol/L  4-HIL 60% ) M [1] Schmid A, Dordick JS, Hauer B, et al. Industrial biocatalysis

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



512

AEY) 4R Microbiol. China

2017, Vol.44, No.3

(2]

(3]

(4]

(3]

(6]

(7]

(8]

[9]

[10

=

[11

—

[12]

today and tomorrow[J]. Nature, 2001, 409(6817): 258-268
Liu JH, Wu XF, Li FM, et al. Recent progress in
oxygenase-catalyzed biotransformations[J]. Chemical Production
and Technology, 2006, 13(4): 36-39 (in Chinese)

[J]. , 2006, 13(4): 36-39
Wang Q, Ouazzani J, Sasaki NA, et al. A practical synthesis of
(2S,3R,4S)-4-hydroxyisoleucine, a potent insulinotropic a-amino
acid from fenugreek[J]. European Journal of Organic Chemistry,
2002, 2002(5): 834-839
Smirnov SV, Sokolov PM, Kodera T, et al. A novel family of
bacterial dioxygenases that catalyse the hydroxylation of free
L-amino acids[J]. FEMS Microbiology Letters, 2012, 331(2):
97-104
Aouadi K, Jeanneau E, Msaddek M, et al. 1,3-Dipolar
cycloaddition of a chiral nitrone to (E)-1,4-dichloro-2-butene: a
new efficient synthesis of (2S,3S,4R)-4-hydroxyisoleucine[J].
Tetrahedron Letters, 2012, 53(23): 2817-2821
Kodera T, Smirnov SV, Samsonova NN, et al. A novel
L-isoleucine hydroxylating enzyme, L-isoleucine dioxygenase
from  Bacillus  thuringiensis,  produces  (2S,3R,4S)-4-
hydroxyisoleucine[J]. Biochemical and Biophysical Research
Communications, 2009, 390(3): 506-510
Smirnov SV, Kodera T, Samsonova NN, et al. Metabolic
engineering of Escherichia coli to produce (2S,3R45)-4-
hydroxyisoleucine[J]. Applied Microbiology and Biotechnology,
2010, 88(3): 719-726
Haefelé C, Bonfils C, Sauvaire Y. Characterization of a
dioxygenase from Trigonella foenum-graecum involved in
4-hydroxyisoleucine biosynthesis[J]. Phytochemistry, 1997,
44(4): 563-566
Fowden L, Pratt HM, Smith A. 4-Hydroxyisoleucine from seed of
Trigonella foenum-graecum[J]. Phytochemistry, 1973, 12(7):
1707-1711
Hausinger RP. Fe(II)/a-ketoglutarate-dependent hydroxylases and
related enzymes[J]. Critical Reviews in Biochemistry and
Molecular Biology, 2004, 39(1): 21-68
Ogawa J, Kodera T, Smirnov SV, et al. A novel L-isoleucine
metabolism in Bacillus thuringiensis generating
(2S,3R,4S)-4-hydroxyisoleucine, a potential insulinotropic and
anti-obesity amino acid[J]. Applied Microbiology and
Biotechnology, 2011, 89(6): 1929-1938
Smirnov SV, Samsonova NN, Novikova AE, et al. A novel

[13]

[14]

[15]

[16]

[17]

[18]

[19]

strategy for enzymatic synthesis of 4-hydroxyisoleucine:
identification of an enzyme possessing HMKP
(4-hydroxy-3-methyl-2-keto-pentanoate)  aldolase  activity[J].

FEMS Microbiology Letters, 2007, 273(1): 70-77
Fu MJ, Nie Y, Mu XQ, et al. A novel isoleucine dioxygenase and
its expression in recombinant Escherichia coli for synthesis of
4-hydroxyisoleucine[J]. Chemical Industry and Engineering
Progress, 2014, 33(11): 3037-3044 (in Chinese)

[J1. , 2014, 33(11):
3037-3044
Qiao YY, Fan DD, Deng JJ, et al. The purification of recombinant
human-like colleagen by Ni(Il)-based immobilized metal ion
affinity chromatography[J]. Highlights of Sciencepaper Online,
2013, 6(5): 402-406 (in Chinese)

[J]. , 2013, 6(5): 402-406

Hibi M, Kawashima T, Kodera T, et al. Characterization of
Bacillus thuringiensis L-isoleucine dioxygenase for production of
useful amino acids[J]. Applied and Environmental Microbiology,
2011, 77(19): 6926-6930
Zhang CL, Liu Y, Xue N, et al. Characterization of recombinant
L-isoleucine-4-hydroxylase from Bacillus thuringiensis and its

application in 4-hydroxyisoleucine biosynthesis[J]. Acta
Microbiologica Sinica, 2014, 54(8): 889-896 (in Chinese)
s s , . L-
4- 1.

,2014, 54(8): 889-896

Wang A, Zeng YH, Han HJ, et al. Biochemical and structural
characterization of Pseudomonas aeruginosa Bfd and FPR:
ferredoxin NADP" reductase and not ferredoxin is the redox
partner of heme oxygenase under iron-starvation conditions[J].
Biochemistry, 2007, 46(43): 12198-12211

Hoffart LM, Barr EW, Guyer RB, et al. Direct spectroscopic
detection of a C-H-cleaving high-spin Fe(IV) complex in a
prolyl-4-hydroxylase[J]. Proceedings of the National Academy of
Sciences of the United States of America, 2006, 103(40):
14738-14743

Ogawa J, Yamanaka H, Mano J, et al. Synthesis of
4-hydroxyisoleucine by the aldolase-transaminase coupling
reaction and basic characterization of the aldolase from
Arthrobacter simplex AKU 626[J]. Bioscience, Biotechnology,
and Biochemistry, 2007, 71(7): 1607-1615

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



