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1.1 M K

L1.1 ##%k ALBrAHEKENSEES PH
FLN 5ok B & I TR B Escherichia coli BL21
(DE3) . fit4 4 PH 1.

L1.2 %A AREEmAT RSN LB R
JE L H A i (g/1) 8 NaCl 10. 0, 8 (1 10. 0, [
R M 5.03pH 7. 0.

1.1.3 XA HAE S5l 6 % sl AR
Wg| W 5 IR B 2R L IPTG (5 79 JE-B-D-H AR itk i 2f

EE&TH: HFAREFILS W HE (51078054,21176040,20923006).
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Mrafi, 25 = 2R A Beckman Avanti™ J-
30 AU s AR TR A R O ML (SE ED L JASCO V-560
UL Hh-1] I 43 56 56 B 4 CH A . Shimadzu LC-
20A BU A 3% (H A% | Agilent/HP 1100 MSD
LN INEIE DR
1.2 285k
1.2.1 Wike93zAR M LB AP BRECR B 75
T8 30 pg/mL RIRE R MFF LB Br g2 He b 1
150 r/min,30 °C T b % 35 55 #F Fh i 4% 200 (19 4%
FhE R T &4 30 pg/mL RIAREE N LB £ 3%
Frfr,37 C 150 r/min #& % 55 52 2 ODsoo A 0. 4
~0. 6. [MIEFHERPEHIM 1 mmol/L IPTG i 52
M2 AL 0 235, F 37 “C.150 r/min F}HE
ODsoe A 1. 0. RJG ¥4 35 F2 W AE 8 000 r/min.4 C
TEL 10 min WA Y B AR 85 R R 22 v T
(0.1 mol/L.pH 7. )W 2 WJm % .
1.2.2 WA WAL EE KIELT
{14 BT A 155 1R 6 2% WS R TT ODsoo K7 2. 0, B R
20 mL B H W T 50 mL =AM P, BHinA
1 mmol /L% % ## . IF 2 B A 0. 2 g/ BYR5[0E LA
Je A4 FRORT] 3L m5] %, 2% )5 & F 30 °C 150 r/min
TR 20 h. 5]k K H S 05| e T N N-
FH B i v T BB VRS . R 45 R 1) R TR R
AIA 20 mL £ CTRHEAT 7 W) 09 22 1, OF gk — 20
I3
1.2.3 945 K2R ETHN

(D ZE AR (TLO 281

FEPAF R =) R R R PR O R TR
TG W 7= ) B 7 F 500 pL A H R IR H
200 pL #E4T TLC 2387, e IF 50 g — 54 WY o/ P e
(B R 50 2 1.

(2) WAH-F 3% (LC-MS) 43 #t

T IRCG| W T 4- B mg| g oAy A5 SRS X L
= A B B R i — 2D S f TLC M il
=y B ok JFEBTRRE T AP R )E
FIH Agilent/HP 1100 MSD #4743 #7. Hh LC
SRS RX-C18 354 (5 pm, 150 mm X
2.1 mm, FEED, FEHEE R 10 pL3i#H 0.3 mL/
min, K0 P K 4 280 nm. i shAH N B EE/ K, R
B EEBEM :0~5 min, 60% H E;5~15 min,60%
~65% HI B ;15~30 min,65% ~100 % F i ; 30 ~
45 min, 100 % H E. MS 0 M £ 4440 F . R FH APCI

B LA N, SRS TR, TR R
8 L/min; FAb = M R 350 C s dF A7 IEBL N4 4.

(3)WAA 35 (HPLO) & A6 U

B TR TR B B B =) 48 0. 45 pm 1)
A LU U8 5 . R Shimadzu LC-20A ) & 7
Pyt e i DA S W 9 8 #E . HPLC a0 F .
Hypersil ODS2 {2 i #£ (5 pm, 250 mm X 4. 6
mm) ; FEAEEN 10 pL; s A 1 mL/min; &5 I
KA HEWE 280 nm, B5| P K FHE 05| 265 nm. i 31
Sy FE /K B BEE VR < 0~ 20 min, 60 % ~ 70 %
FH e,
12,4 vk AV hRv kLo AL RH
S5 T W) J7 325 % | e K PR R mg| Wi 2 1 7 Ak ik R R AT
SRAFOR AL, 2R 1 A B 9 AT DL 87 22 A AR 15 1Y
() AT A 4 T, 2 4% 22 AR i B B Y e
L L R 7 e 2 [ (4 RH AR TE A BRI S 50 TR B
TR L H AR BEAT SRR AR ST DL
W PR 7 e R g W 0 B A R R e R H A, R
SRR B R EE SO AR R pHL R R vk
FEXT A ) B Ak i FR B9 52 . SR - Design Expert
70103 B BTE S K gy B B i ok A 2
PH_ i % 14 15| W Ko HY JE mg| g iok 2 194 o 385 52 o R 2%
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B, 2 U 4 it 0 2 B3 32 A0 il P Hicos 2 BE 52 10
5[ IEfe | 4- FFY kg e A1 7- FY R s e 25 il i (3 (L 3R L (5
S XF 2- P R NG| W f) 2 1 9 AT B I AR L T PR 2R L
o0 A2 R T ¥R A P Ho s BB 575 AR 15 W5 1 5
[EREE SR (EPEY0 R [0 £ TS ra VA
A EE s PH o X FY 3 051 105 1) 25 ) e A0 B A B 4 1
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Fig. 1 Production of indigo dyes from indole and methylindoles by PH
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Fig. 2 Identification of transformation products

formed from indole and methylindoles by TL.C
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M|, SRS, 3-F% i | W By 30 S4B mg| ik T
e S0 A R B HE, IF i — 25 EAk ZROY il i
B 4.4 -
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Fig. 3 Mass spectra of major products (blue pigments)

formed from indole and 4-methylindole
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Fig.4 Proposed transformation pathway of indole

and 4-methylindole by PH np
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(ODyoo s R A JEYIHE (mg/L.HE B)
R Z& pH(HE O 17 4 5 ¥ & (mmol/L, &
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Y = —383.2+485.01A+0.222 0B+
90.43C+ 84.29D+0.017 26 AB —
3.462AC —5.594AD — 0. 019 04BC +
0.124 1BD — 2. 682CD — 10. 10A* —
7.495 X 10" B* — 5. 656C* —45. 44 7

2- F L s e

Y = —33.734+17.02A+ 0. 295 3B+
6.724C+32.97D+0.113 2AB —
1.297AC + 7. 928 AD + 5. 356 X
10 °BC —0.079 62BD — 3. 169 X
10°CD —7.037A* — 1. 258 X
10° B> —0.530 7C* — 13. 54 D7

A4~ SL ] e .

Y = — 32.57 4 40.69A— 0. 270 3B+
23.99C+40. 62D+ 0. 086 23AB —
0.064 12AC — 0. 050 86 AD +
9.397 X 10° BC — 0. 025 66 BD —
0.503 0CD — 10. 54A* — 4. 731 X
10 ° B> —1.932C" — 16. 32D°

Hoy by e i i ol 2-F L G| Wk K 4-H L 05| e
() e A2, MR 4l b s A T 11380, A5 21 4 e 1y H A 95
MHE S T3 1.

FIFH ANOVA XF 4% ] U= 452 780 9F 47 b 35 1 A

B 25 L F% 2. Fovh, F(E A [A] I AR B e [a] ) S
T3 My 2 55255 T 2 el . p (P> F)
/NT0.05 BT 2 By R I I R BA Gt
MY R 2 AL 3 ML p BN T
0.000 1,FIAMR ELA W 25 Pk, XF 05 e 2- 1 3%
| R A 4~ FF L] e, % BB 1 R (B AH OC R B0
SE 43R 0,915 7,0, 901 4 A1 0. 935 4, FHAXT
7 AR TR AT A5 B 91, 57 % ,90. 14 % 1 93. 54 %,
Ui WA AR X6 S B 1 0 4G A5 R4
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Tab.1 Optimization experimental design for transformation of indole and methylindoles by PH p
e (B[ /(mg » L71) AR/ %

Jf A B C D 2- FH T g 4 F i |
4 A SiRIUN )

A T T AE SRR
1 2.50 300. 00 5.00 0.50 58.67 56. 88 44. 80 51.68 74.80 76.58
2 2.00 400. 00 7.00 1. 00 40. 23 45.35 2.92 7.62 65.93 69.18
3 2.00 200. 00 7.00 1. 00 93.72 86.78 59.90 57.10 89.90 86.12
4 1. 00 300. 00 5.00 1. 50 4. 95 17.53 5.82 6. 14 35. 82 32.50
5 1. 00 100. 00 9.00 0. 50 47.50 46. 08 26. 87 28. 33 56. 87 58.56
6 2.00 200. 00 7.00 1. 00 90. 87 86. 78 57.22 57.10 87.22 86.12
7 2.50 300. 00 9.00 0.50 35.22 46. 36 45,41 42.09 75.41 75.76
8 0 200. 00 7.00 1. 00 0 0 0 8.19 0 0
9 3.00 100. 00 5.00 0. 50 73.87 60. 84 18. 46 29. 64 78. 46 82.01
10 3. 00 100. 00 9.00 0.50 70.11 72.87 13.75 13.31 73.75 71.72
11 1. 00 300. 00 5.00 0. 50 4. 33 18.99 9.16 16.03 39.16 34.78
12 2.00 200. 00 7.00 1. 00 78. 60 86. 78 55.83 57.10 85. 83 86.12
13 1. 00 300. 00 9.00 0.50 12.05 13.76 10. 32 14.09 40. 32 32.20
14 3.50 200. 00 7.00 1. 00 87.86 85. 11 67.56 56. 84 97.57 85. 34
15 2.50 300. 00 9.00 1. 50 29.04 43. 86 27.85 44,08 67. 86 71. 38
16 2.00 200. 00 7.00 0 31.95 38. 31 36.13 37. 64 66.13 70.57
17 2.50 100. 00 5.00 1. 50 31.06 34.76 56.11 53.87 86.11 89. 26
18 2.00 0 7.00 1. 00 0 0 100. 00 10. 58 100. 00 99. 85
19 2.00 200. 00 7.00 2.00 40. 00 37.39 50. 67 49. 48 70.67 69.02
20 2.00 200. 00 3.00 1. 00 5.33 0. 05 61.18 57.76 61.18 62.68
21 2.00 200. 00 7.00 1. 00 89.45 86. 78 56.41 57.10 86.42 86.12
22 2.50 100. 00 9.00 1. 50 29. 33 20.12 39.69 40. 13 69.70 77.08
23 2.00 200. 00 9. 00 1. 00 29. 32 56. 88 38.03 50.41 68.03 74.67
24 1. 00 100. 00 5.00 1.50 13.00 13.13 30. 00 40. 18 70.47 71. 20
25 2.00 200. 00 7.00 1. 00 89. 45 86. 87 56.53 57.10 86. 54 86.12
26 2.00 200. 00 7.00 1. 00 72.90 86.78 55.53 57.10 85.53 86.12
27 2.50 300. 00 5.00 1.50 47.50 59.08 45.94 53. 82 75.95 76. 36
28 1. 00 100. 00 5.00 0.50 16. 45 11. 89 46. 58 34,27 76.58 68. 35
29 1. 00 300. 00 9.00 1. 50 5.71 10. 10 10. 62 4.18 30.63 27.90
30 1. 00 100. 00 9. 00 1.50 8. 00 6.08 39.59 34. 22 69.59 59. 40

£ 2 3HHEAN ANOVA 4R
Tab.2 ANOVA results for the three models

o RREY PEEE Z
o s opym W efi R

g e 25 294,88 1806.78 10.86 <C0.000 1 0.9157

2-HIHEm|me 10 441. 54 745.82  9.14 <<C0.000 1 0.901 4

4-F I 11 777,92 841.28 14.49 <C0.000 1 0.935 4

[R) AR, 63X 3 A Ass A v 45 L R 3T ANOVA,
gERUNFE 3 Pion. X FmEE, ALD,A* . B, C Al
D* 8 p HE/NT 0. 05, A] UL 422 T & | 0] W ok BE

JARZR pH LA B A 2 5 B X PH. % 14 95]
A e A B R R . X 2- S ]
AJAB.A* F1 B (%) p {H/INT 0. 05, 150 B 2 71 £ A
2-F B s | Wik i b PH o % 10 2-FF S mg| W B A B
ER L H R SN AR R pH A 2B VR B S e R
B, A B R AB Y p fE/NT 0. 05, 156 BH IX
PR X PH o 5% Ak 2- 1 35 15| W 77 75 B 25 (1)
FHEAE . X F 4-H FEm{be, AL BLABVA™ . C* Fll
D’ ) p {EI/NT 0. 05, Uk W 42 18 & | 4- 3L ) g
W RN AR R opH LA K R A BE VR BE X PH o
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k3 AHEAFLEREEN ANOVA 41 Ak 4-H ety oA B & W, I HiEE &
Tab.3 ANOVA results for different factors from M oA-FH R EEAE R ZWAAEEH. £46
cach model JE& L FE PH o 55 A W] W f2 HH 356 w5 g ) o 2 H L 3
- piH FLRZ M PR R S R AR YR
VTR 2T 4TI FIFH#PF Design Expert 7. 1.3 0] L4553
A 0.000 2 0.001 0 < 0.000 1
) ) ) o ‘ ‘
B 0133 3 0,326 8 0,001 5 3 ANHEAL A 25 IR 2R ] A AR FH R 3D A, H: A LAY
c 0.177 1 0.055 7 0. 065 6 SR N N i N N T R = SN PS B OR E E
D 0.048 6 0.148 3 0.811 3 VEEHXQ‘WEIK_EE%EI’J%W@
AB 0.675 1 0.001 3 0.002 8 . o
AC 0.098 2 0.359 2 0.956 5 ZRE R L 5 3| PHJND%’T‘KH%I%& FH 5 g
AD 0.495 8 0.178 9 0.991 6 MER AL S B R .
BC 0.258 7 0.643 5 0.341 9 WU, 5 B ODw g 2. 96 18] Uk ¥e JE %
BD 0.077 8 0.103 4 0.516 5
cD 0.420 7 0.998 9 0.796 2 159.09 mg/L, RNAKZR pH N 6. 44 , 58 % Hl vk i
A 0.009 2 0.009 5 0.000 1 4 0.75 mmol/L, ZEM 24 T PH o 5 AL 1A
B 0.037 9 < 0.000 1 0.810 1 . o s N
. 0,000 1 0.376 9 0,001 5 JE W B B R A 93, 74 mg/ L, WMk RS L 4B AL
D 0.000 4 0.072 3 0.014 8 N 52.63%.

(a) M|

0.50

50,00 1.25
B 10000150  p

(b) 2-H1 Kk mg| i

SRS

goletselatyateest

(c) 4-H L m| e
K5 PH %zt 2-F v wifn 4-F Few| kst f2 o 0 I A48 B 1F AL B9 3D %k @ v bz A
Fig.5 3D response surface plot showing the effect of the four factors on transformation of

indole, 2-methylindole and 4-methylindole by PH p
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2- F 05| W L 2 B i ODgoo 4 2. 96, 2-FF1 L)
Wk B2 209. 55 mg/L, W A& % pH R 5. 11,4
BEVEE R 1. 50 mmol/L, FE AT PH o XF
2- R mg e 11 fie KL A%k 67. 66 %%

A-FP LS| W L 2B i ODgoo N 2. 32, 4- 1 L)
Wk B2 100. 00 mg/ L, A& 5 pH 2y 6. 28, 4
ZWEVEE R 1. 07 mmol/L, 7EM AT PH o XF
A4 FP R e Y B KR A3 95. 6176,

3 2 R FH 2 T A L 3 X B R PH e F5 £ 5]
W K FEE s g 5o 8 v %) OC B R R AT T ARAE . R
TARWE PH o 8 17 52 B R 42 4L T — 7 19 3 ie
FNSE PRl A BIF 5 1 45 SRl e T L DR T 5% Ak il
TR TR PH qap X 05| W K AT 2B W) B A 847 1)
eAbne ) R H N ] TEEE R OAORNE AR —
TE MW,

3 4

(1) R FR A B3 T AL PH o BE 5% 1k 1]
W 2 F R ng e A- L 0| 1D R 7-FH BE mg| W 45 A
[ {0 2% (HANRRFL 1k 3-FF JLm| e & il 3%

(2) R TLC #1 LC-MS £ F-Bxf PH o 5%
A M5 PR AT Y 5 Mg PO 114 7 ) 9 AT S8 5 Ik S5 | W A
A~ L g WA £ 1) W €0 7= ) 43 ) A e R 4,4 -
TR L R EAE T R iR

(3) >R FH 2R T8 W) 7 30k 2% 8% 1 4 IR LIS v
BE AR FR pH A % B R RE X PH o 5 A5
Wi | 2-F s[4 R L ng| e s ), I A5 B T #E
By LA TR AR R AR ) & e % 1Y T
R E T A
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Research on biotransformation of indole

and methylindoles by phenol hydroxylase

ZHANG Xu-wang', ZHANG Qiang's QU Yuan-yuan'', SHI Sheng-nan’,
XU Bing-wen', MA Qiao', SHEN E', ZHOU Ji-ti'

( 1.Key Laboratory of Industrial Ecology and Environmental Engineering, Ministry of Education,
Dalian University of Technology, Dalian 116024, China;
2. State Key Laboratory of Urban Water Resource and Environment, Harbin Institute of Technology»

Harbin 150090, China )

Abstract: The gene engineering strain PH p expressing phenol hydroxylase is used to catalyze the
biotransformation of indole and methylindoles. The experimental results indicate that indole, 2-
methylindole, 4-methylindole and 7-methylindole can be transformed into various indigoid pigments
except for 3-methylindole. The predominant color products are identified by thin-layer
chromatography and liquid chromatography-mass spectrometry analyses, and the major products (blue
pigment) derived from indole and 4-methylindole are authenticated as indigo and 4, 4'-dimethylindigo.,
respectively. Meanwhile, the biotransformation pathways of indole and 4-methylindole by PH yp are
proposed. Response surface methodology is applied to optimize the biotransformation conditions of
indole, 2-methylindole and 4-methylindole by PH ;yp. Under the optimal conditions, the indigo yield
and transformation efficiency of indole are 93. 74 mg/L and 52.63% ., respectively, while the
maximum transformation rates of 2-methylindole and 4-methylindole are 67. 66% and 95. 61%,

respectively.
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