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Abstract. 4-Hydroxyisoleucine (4-HIL) is a promising drug that promotes insulin secretion,
improves peripheral tissue resistance to insulin, and regulates dyslipidemia. L-isoleucine hydroxylase
(IDO) is commonly used in the production of 4-HIL. First, the L-isoleucine hydroxylase derived from
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Bacillus thuringiensis was cloned, and successfully expressed in E. coli BL21 (DE3). Secondly, the
site-directed mutation of 1156 locus was achieved through homology modeling and protein structure
analysis based on the principle of changing the amino acid residue bound to the substrate side chain
from the hydrophilic or long-chain hydrophobic structure to Ala. The mutation aimed at increasing
the substrate binding pocket and widening the substrate channel to increase the yield of 4-HIL.
Finally, the biochemical properties of wild-type and mutated enzymes were studied. The
hydroxylation reaction system of mutated enzyme was studied. Under the optimal catalytic
conditions, the substrate was fed in batches to produce 4-HIL. The results of enzymatic properties
showed that the optimum temperature and pH of wild-type enzyme and mutated enzyme [156A were
25 C and pH 7.0, and the 1156A mutated enzyme activity was 1.9 times higher than that of the
wild-type enzyme with 28% increased L-ILe conversion rate. The optimal conversion conditions for
the hydroxylation reaction system were: 20 mmol/L L-ILe, 20 mmol/L a-ketoglutarate, 8 mmol/L
Fe*, 30 mmol/L ascorbic acid, and HEPES (50 mmol/L, pH 7.0) buffer. Under the optimal

A was fed in batches for a

transformation conditions, the recombinant E. coli BL21/pET28a-ido
time interval of 4 h. After 32 h, 77.3 mmol/L 4-HIL was obtained, and the highest conversion rate of
substrate was 98.35%.

Keywords: L-isoleucine, L-isoleucine hydroxylase, 4-hydroxyisoleucine, site-directed mutation ,

enzymatic properties, catalytic system
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Table 1 Primers used for site —directed mutagenesis and

gene

IDO-F

5149 DNA 751 (5'-3")

ATGGGTCGCGGATCCGAATTCATGAAAATGAGTG
GCTTTAGCA(EcoR T)

CTCGAGTGCGGCGCAAGCTTTTATTTTGTCTCCTT
ATAAGAA (Hind 111)

IDO-R

1156A-F TCTTTTAGTTCACCTGCTTGGTTACATAAAGAT
1156A-R  ATCTTTATGTAACCAAGCAGGTGAACTAAAAGA

2519 IDO-F K IDO-R 4514 IDO FEHE B #1575 4 il
TG, 519 1156A-F 1 1156A-R k5| A IDO il X} 5
9 A5 7 5, R K 2R3 3 B R R R 8 R 5 L i B A
1 P4 47) U037 57,
1.1.4 32HREARM ARG EH LB HFHREE (L) .
JEEEE R 10, BEBEKS 5, AR EA 105pH 7.0, B 44 55
FREEIN 1.5~2.0 g/dL 3R R, 121 “CKIE 20 53486,
1.2 HEAEKERTERNEE
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M2 72 Ak g R D 3R GA 5 & R RR ¥ 91, A Swiss—
Model #1 I-TASSER M uli #47 L—555¢ 2 IR 72 Ak il —
LA R, A BB SR A SRR B4 G iR
FETR BRI N 2 K M A B B /K M S5 R 28 78 1 Ala 1Y
JEU) X622 L R 1156 A S E AT 08 p 58 A8
122 ido AR AL R EE LR L% R
NCBI I Bacillus thuringiensis strain TUST1 B9 ido
(GenBank : KC884243.1) &4 it519 (W% 1), 4
IDO-F #1 IDO-R KA 51 %), LLor = & 2 filAF &
Bacillus thuringiensis 1) 3 K 2 g #4z #47 PCR 4
W ido RN
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R) FIGIARASW BiE51H (1156A-F), 2 5ldkT
PCR ¥4, 5% 2 Bt 3% 1156A 2878 5 A 2L K P41
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FEI1Y, AR ELHE T PCR &3 ) A5 3] 42 75 98 728 A5 1Y)
FLHIFS] ., PCR %4444 :95 CHIAEM: 10 min; 95 C
At 45 5,58 CHE M 45 5,72 CHEH 1 min, 30 15
572 CHEAH 10 min,
123 £ H E. coli BL21/pET28a—-ido ## E. coli
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RIT Bk
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HEATIGAL SR J5 4% 1% 3R AR B S0 B35 AP T 10 mL
LB W fARRE 3L BE R 3 P A A T 1R 0 50 pg/mlL
B R AR R bt 37 °C 180 r/min IE ¥ £ 3% 10~
12 h, ZJ5 P4 19% 0 HeFp R B0 50, i 2 51 50 mlL
[ LB 57756 S5 5 I AL it W 0 50 pg/ml
RABEE R P, f) 4% 2 7% SCER[10]0 H 3175
§ 321K ,SDS-PAGE Il & i i) R IXE 00, Hrxt
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F14) L A it 1T 2 A8 il P W A B AR it Sy 2 I Y R T
1.4 BEFENES>Y 4-HIL B4

15 2 K & .20 mmol/L L-ILe,20 mmol/L
a-KG,1 mmol/L FeSO,-7H,0,5 mmol/L ¥ I I A% |
pH 7.0 ) 50 mmol/L. HEPES,2 mg/mL 4lifif§ ,

1 NG 7 B0 R AR TE 25 CAF T, B i ]
AL L-ILe JZ R A4 BE 1 wmol 72%) 4—HIL JIF 75 () i
i PRI 8 R R v AR B B T B
£ 4 Ulmg,,

7Y 4-HIL () HPLC K 77 3% 20 6 Ak Wi 22
AR ALEL S, C18 A S = RER AR €2 33 0 5
VR IR 20 B 109% W B 5 5 4T A h A | 2
R Ve i 7 M . T=33 °C,A=360 nm, PEFE 20 L, I [A]
4 30 min, Jii @~ 1 mL/min,
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4 50 mmol/L. HEPES 22 t{vi , 28 5 43 A 100 L.
1) B A il 55 58 A0 il A S ) 3 EE ) KV B v
HEAT RN, 30 2055, B /KT 5 min 280k N, B0
B3 W, HPLC I A2 il 7

152 ®ERE pHAEL [FFER A 1 mL 1 50 4
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ANTE] pH B A7 15 R B -y A R Eh 22 vl (pH. 4.0~
5.0) .PBS £ i i (pH 6.0~8.0) Al Tris—HC1 2% #h ¥
(pH 9.0~10.0) ,pH {EHY S Wi EE R 1, SR )5 43 5
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SR, 5 OB I W, HPLC 05 9
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Z B2 .20 mmol/L. a—KG .1 mmol/L FeSO, - 7H,0 .
5 mmol/L HLIF LR F1 pH 7.0 #Y 50 mmol/L. HEPES
S, AR5 A A 100 pl 2 mg/mL (%) 87 A il 5
SR, 25 CR N 30 434 JE , WK 5 min 2 1k 2
N, B0 B35 W, HPLC 0 22 9%
17 BEBMERTHMOEWIH

FIFH Swiss—Model F1 I-TASSER [ i [i] 5 £ 45
PG L-5 50 & W2 52 AL B 00 25 R B AL R Pymol 51
X L5 2 2R ¥ A Il o] BB 19 IS W 45 & v s 14T
ST 7R K 5N W R R ) 1 R A%
F PSE K M 8K B 5 7K PR 25 4 2848 B Ala A SR
Xt 1156 7 S 47 17 R4, fie)m , il 1t Discover
Studio 4.0 FEATIEY) L-1Le Ml -5 55 & B2 2 AL 1
Oy T IR VMD FRAAXREEE SR 0 T hr™)
1.8 RETEKRELERERAR
1.8.1 J&# L-lle %R E 3F 4-HIL = £ 6 Fw &
BEAF Y E 10~60 mmol/L, 43 511 A 20 mmol/L
a—KG .1 mmol/L. FeSO,-7H,0 .5 mmol/L, 1t ¥R IfiL iz Fil
pH 7.0 1 50 mmol/L. HEPES & i ,25 °C .pH 7.0
ZAFF & 30 min, HPLC 4 4-HIL F= & |
1.8.2 «-KG & ET 4-HIL F A 8% 0 X E AN
a—KG ¥ E R 10~50 mmol/L, 4351 A 20 mmol/L
L-ILe .1 mmol/L. FeSO,-7H,0 .5 mmol/L Ft Ik IfiL iR F1
pH 7.0 19 50 mmol/L. HEPES 2% #f'if% ,25 °C .pH 7.0
4 F KW 30 min, HPLC #:il 4—HIL 7= &
1.8.3 Fe* R Zsf 4-HIL * £ 6% wm K H Fe Ik
B4 %N 0.5.1.5.2.5.3.5.5.0.6.5.8.0 mmol/L Al
10.0 mmol/L, 4351 A 20 mmol/L L-ILe .20 mmol/L
a-KG .5 mmol/L, HiL 5 IfiL 2 1 pH 7.0 #9 50 mmol/L
HEPES &t ,25 °C .pH 7.0 %4 F & ¥ 30 min,

HPLC # 4-HIL j= & ,
1.84 IR BRRES 4-HIL = A2 Fm & E
A [A B3R i AR Hk B R 10~50 mmol/L, 43 340 A
20 mmol/L L-ILe .20 mmol/LL. «-KG ., 8 mmol/L
FeSO,-7H,;0 #l pH 7.0 # 50 mmol/L HEPES %% ifi
#,25 C .pH 7.0 A+ T I 30 min, HPLC £l
4-HIL 7=,
1.85 AR #Aik st 4-HIL = A8 %w  1F L-ILe.,
a-KG FeSO,-TH,O It I il 1R ¥ J3 24y 45 10 1) 1
SR, A AESE T H0 pH 7.0 £ 50 mmol/L Bis—
Tris 22 th & .pH 7.0 1 50 mmol/L Tris—HCI ZZ # ik |
pH 7.0 % 50 mmol/L. HEPES ZZ #h ¥ f1 pH 7.0 1Y
50 mmol/L Na,HPO,—#7 45 12 2% vl 3L 5 Fhik AL i X%
4-HIL 17 A T 5 76 25 °C pH 7.0 54 T 2
A7 30 min, HPLC £l 4-HIL 7= & ,
19 FHEEERTEHESAAEIEF 4-HIL

7E 50 mL AR ZR T, 43 51IA 20 mmol/L L-ILe
20 mmol/LL a—=KG .8 mmol/L FeSO,-7H,0 .30 mmol/L
LR IMLER .pH 7.0 #9 50 mmol/L HEPES LA K A [ 4
18 B A= Tl 5 R AE W (ODgog o KN 50 2247 B AN
JIr A MBI ), BERR 4 /NI — K, E SIS
Yran e BB  HPLC K& 4-HIL 7=,

TR

21 EAHFEHRERRIE

2101 FARWKRERTA#RGHETL DR
BB 95 2~ 42 2F fFF B Bacillus thuringiensis 1 3 A
HONRINT, i 1.2 thIJ7ikiEdr PCR 974, HPnfs
PCR /W) #EAT IR LK, BRI A SR WL 1, ido HE A
Ko R WL R RN O 723 bp i A

M :DNA marker; 1:ido JE[F ; 2. %R AFFEH
B 1 ido £EH# PCR ¥ 1%
Fig. 1 PCR amplification of ido gene and mutated gene
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W BT ) PCR 7= 5 483 EcoR 11 Hind 111
XY 26 PE AL Y pET28a JTTRLE AT [R) 5 5 41 i V) %
P SR IE K E T T 55 R E. coli BL21(DE3) /&2 7%
AL, TR R PO, 37 CHE 5% 8~12 h, BRI
b b AT EAT VS PCR B UE (DL 2) , 56
TUE Ay BF A 1) 5 Ak~ 306 A DU PP LA A7 0 o 7Y 4n
A, WEF A R E AR E. coli BL21/pET28a—ido 1%
AR E. coli BL21/pET28a—ido" # i 2,
P W 4 R4 M Lido %N RY B i NCBI -
Bacillus thuringiensis strain TUST1 [ ido & [N J¥ 1]
FHALEE N 97.65% , 4 75 == 42 ZE FAT B Y ido K
5% A ¥ M 1Y) Bacillus thuringiensis 2—e-2 [ ido
e B R A7 6 HE A3 AT, S PR I2% 5 DR %) A2 IR R A 1R
JF B BLEE 43 3R 98.06% Fll 98.75%

1 2 3 M

bp

1
2000
1000

500
250

M:D10000 DNA marker; 1. ¥F4: 18 %% 1k F i ¥ PCR /=4 ;
2-3 AR AL T T ¥ PCR 770,
B2 HE% PCR®KIE
Fig. 2 Colony PCR verification

212 FHAMARTLEOFFRAEALL KB
LT 1 B A AR TR AR R 2% AR AR TR B S i AT R £k b
12~24 h, SRS HEFI7E & 10 mL LB AR 85 32 2L 1/
W, 5 B e AR ZE 2 50 mL LB AR 55 3K 19 KO,
37 °C 180 r/min 3532 K#) 2~3 h, £ B AR ODeo
RN 0.6 ZEATES BN IPTG #5475 5 (IPTG 44k
4 0.1 mmol/L), f&J& , 7€ 25 °C 180 r/min 51F
W20 h Z2 47,

W 175 T 52 10 BB A 2 TR R R 9% A8 A T R IR AT R
USSR TR AR 2R AT A0 T AR 0 3R A5 A B A L
B, SR E4T SDS-PAGE HLYKE & 1 i 0 Rk 16
O (UL 3), 25 5 o W A I RN 298 A8 il B A Rk
K/ANH 27 900 /244,

29 000

20100‘

M. % [1 5 Marker; 1:E. coli BL21/pET28a %5 X 5 2. E. coli
BL21/pET28a—ido 115 W ; 3:E. coli BL21/pET28a—ido"" |-
H
B3 IDO EARMRIE
Fig. 3 IDO protein expression

K A M A AR TR Y L TR AT A R Al Al s Y
HHEIEAT SDS-PAGE B K70 Hr , AR LI 4,

M 1 2

150 000 e
100 000 =
70 000 W

50000

35000 W

25000

20000 i
15 000 '

M 25 157 Marker; 1954 246 2 1 BORE 5t 5 2. T156A 2872
it 40 A 2 11 SR L
4 SDS-PAGE 7 B £ Eg 0 1156A RETEHI AL
Fig. 4 SDS-PAGE analysis of purified wild-type enzyme
and the mutated enzyme I156A

22 L-RREBRRAEELINERIE

R 2,4- A S HRXT L-1Le A1 (2S,3R ,45)-
4—HIL #5 e it B 5% A i 647 A7 AR Ak ab 21 3 i
HPLC 35X AT 4301, L-TLe #RifE L | (2S,3R ,4S)
—4—HIL 5 M it FI AL W HPLC 3 #r 45 5 43 3 WL
Kl 5(a)—(c),
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= 1500}
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5001 KL—ILC
0 ]
5 10 15 20 25 30
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(a) L-ILebrifE i
9.727
2500¢ 2, 4RI
2000F
)
w1500 16.054
'
= 1000} 4-HIL
500
0 1 1 1 1 1 3
5 10 15 20 25 30
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(b) (28,3R,4S)-4-HILFRHE i
9.849
2, A-TRHHEAEA
2500}
5 000l 16.040
prace)
15000
&
junsg
1000}
500 |
0 A
5 10 15 20 25 30
t/min
(c) At

B 5 L-ILe, (2S,3R,4S) —4-HIL #5 # @ K& % W #& &9
HPLC Ei&
Fig. 5 HPLC chromatogram of L -ILe, (25,3R,4S)-4-

HIL standards and conversion solutions

23 FEBSRTEBOBIBEERILRSHT
231 FABEL R TR RE R R A R iE pH
R ORI AR A T156A 28 7% i 43 ) BT A W] 60
HEER I EATEA R S B, WL 6(a),
Y A Tl R 5 8 T ) o S I il R O A R AR W
ARtk R 25 CAidr . IR R T 25 CH, BF AL
X T T R R LU S A R

K HF AR AN T156A 578 il 73 51 B T AR ) pH
M EATEANE pH R RIBETS , AniEl 6(b) Frs
i 2 i A 5% 748 Wi A e i B pH 3804 AR W R AR
&, #8% 7.0,

—E—WT

100 - —e—1156A

90 -

80 }\{

AER T /%

\
70
1 1 i 1 1
20 25 30 35 40
7/°C
(a) TR I
100 - —s— WT
—e—I156A
80 -
=
i
@ 60
'
=
40
%\
20
— N
0 1 1 1 1 1 1 1
4 5 6 7 8 10
pH
(b) fiifipH

Bl 6 EFLEBR I156A REMARKIEREMRIE pH
Fig. 6 Optimum temperature and pH for wild—type

enzyme and the mutated enzyme I1156A

232 HAMLEEEHBBERLZIEMNE KA
ity 5 58 A% i 43 A1 AE 30,3540 CH1 50 CF L & AR
WK, SR 5 5 R T AT 24 Ak B 1 il — A 0 il 45 SR
ULIE 7, M7 (a) vl BF AR B AE 30,35 “CHI40 C
TALEE 8 b, AR+ 80% LA b Y LU I ; i 7E 50 °C
THAEFE 2 h,IDO HEAERTEME, MWK 7(h)
AIAL, SRR 04 U BE A e Pk 5 A i A T X ]
o UL, AR [156A Ay #ER 2 M IF WA 15 3
B,
24 HAMSRTEHLLEELRESN

T il £ A ] I 50 A BT A g A 5% AR i 1)
B IF T B L LR TG , WniEl 8, HPAEEAY LU TS A
0.84 U/mg, 2877 iff ¥y LU i 7% 2 W7 A B9 1.9 5, K
1.58 U/mg,
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+30 ac
: R
' ——50 C
=
& {. £
4 6 3
FRACFRIR ] /h
(a) 2L iy

FRXF B /%

bR ] /h
(D156 AT A il

B 7 EFAEERM I156A REMmAIMBEM
Fig. 7 Thermal stability of wild—type enzyme and the

mutated enzyme I156A

200

150 +

100 -

AEX G/ %

50 |

WT I156A

B 8 EF4EERFN [156A X 3T E Y bk B iE
Fig. 8 The specific activity of wild—type enzyme and the
mutated enzyme 1156A

25 BHEMRRTHEMBTER

L- 558 @R AL 8 Fe Fl a—KG 51 A il
L, K LS5 AR R LS Fe/laKGDs 5% % L 7Y
fity TauD (1GY9)FEATEE KX b, X I 285 5 (o7 i
A3 J0 D0 R Y 456 A0 5 AT e R H139 Y81,
P155 A1 D162, I, #EH P155 {7 s %KY L-1Le
HEAT o T4

MR FE 25 RO E (WL 9), 55 156 17 i 5752 &
iz (1) 578 N 2R (A) J5 , IR L-Le (W45 & 114%

ARG T R

(@WT (D)I156A

9 HAEFME I156A REMEKY L-Ile K5 FXT 5
Fig. 9 Molecular docking of wild—type enzyme and I156A
mutated enzyme with substrate L-ILe

26 RTHEEURMENEROTAR

2.6.1 J&# L-lle R EF 4-HIL =26 %m M
10 [, 7E L-ILe ¥ 5 & 20~50 mmol/L i} ,4-HIL
FERARE AR K, HAE L-TLe % 5 4 20 mmol/L i | %%
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Fig. 10 Effect of L-ILe concentration on 4-HIL production
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Fig. 11 Effect of a—KG concentration on 4-HIL production
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Fig. 12 Effect of Fe** concentration on 4-HIL production
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Fig. 13 Effect of ascorbic acid concentration on 4 -HIL

production
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