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Abstract: Indigo, as a water-soluble non-azo colorant, is widely used in textile, food,
pharmaceutical and other industrial fields. Currently, indigo is primarily synthesized by chemical
methods, which causes environmental pollution, potential safety hazards, and other issues.
Therefore, there is an urgent need to find a safer and greener synthetic method. In this study, a
dual-enzyme cascade pathway was constructed with the tryptophan synthase (tryptophanase,
EcTnaA) from Escherichia coli and flavin-dependent monooxygenase (flavin-dependent
monooxygenase, MaFMO) from Methylophaga aminisulfidivorans to synthesize indigo with
L-tryptophan as substrate. A recombinant strain EM-INDO1 was obtained. The beneficial mutant
MaFMOP""* was obtained by protein engineering of the rate-limiting enzyme MaFMO.
MaFMOP"’ showed the specific activity and Ke,/K,, value 2.36 times and 1.34 times higher than
that of the wild type, respectively. Furthermore, MaFMOP"*"® was introduced into the strain
EM-INDO1 to construct the strain EM-INDO02. After the fermentation conditions were optimized,
the strain achieved the indigo titer of (1 288.59+7.50) mg/L, the yield of 0.86 mg/mg L-tryptophan,
and the productivity of 26.85 mg/(L-h) in a 5 L fermenter. Protein engineering was used to obtain
mutants with increased MaFMO activity in this study, which laid a foundation for industrial
production of indigo.

Keywords: Escherichia coli; indigo; protein engineering; dual-enzyme cascade; L-tryptophan
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P450 30 fnske IE T B K ZF AT (Bacillus
megaterium)i’) P450BM3 575 24 i Ul il 3
Il 5 mmol/L Ml A: T 2.9 mmol/L fHE i 5
T =AM T Hy0p 1N SRR 32K
AR 5 1 40 A T (unspecific peroxygenases,
UPO), BEHRF— F 5105 Wk K2 AT A W e Ak A A
1 e W B e B AT 2R B L B R B R LA
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N s FIE 2R BN C skt TRl G 3R35, Ref
12 /L 1 L- AR E 2R LR 1.7 o/L BEHEY,
XA H AR E A A E B A e 1
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W, A B8R S S PR T 1 A R e ] A g | e
B 0] R R ) o 5 R Y Tl R A 7

e, A WESEIE ROk IR T ORI A
(Escherichia coli) ) 4,24 iR ifi(tryptophanase, ECTnaA)
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1.1.3 ExFE

LB }i32 3 (g/L): BEbE# 5, EER 10, &
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Table 1  Strains and plasmids used in this study

Strains and plasmids Relevant characteristics Sources

Strains
Escherichia coli MG1655 (K12) Used to extract ECTnaA Lab store
E. coli BL21(DE3) Expression host Lab store
E. coli BL21(DE3)-EcTnaA E. coli BL21(DE3) containing pET28a-EcTnaA This study
E. coli BL21(DE3)-MaFMO E. coli BL21(DE3) containing pET28a-MaFMO This study
E. coli EM-INDO1 (BL21-EcTnaA-MaFMO) E. coli BL21(DE3) containing pET28a-EcTnaA-MaFMO This study

E. coli EM-INDO2

(BL21-EcTnaA-MaFMOP'F)
Plasmids

pET28a-EcTnaA

pET28a-EcTnaA

pET28a-EcTnaA-MaFMO

Kan®, His tag, T; promoter
KanR, His tag, T, promoter

KanR, His tag, T, promoter

E. coli BL21(DE3) containing pET28a-EcTnaA-MaFMOP'*’® This study

This study
This study
This study

http://journals.im.ac.cn/cjben
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x2 AKARFERARSY
Table 2 Primers used in this study

Primers Primer sequence (5'—3") Size (bp)
EcTnaA-F TAACTTTAAGAAGGAGATATACCATGGGCAGCAGCCATCATCATCATCAT 50
EcTnaA-R CCAAGGGGTTATGCTAGTTATTGCTCAGCGGTGGCAGCAGCCAACTCAGC 50
MaFMO-F GGATCCGCGACCCATTTGCTGTCCA 25
MaFMO-R AAGCTTGCGGCCGCACTCGAGCACC 25
MaFMO-D197X-F GCGCTGGAATTTAAANNKAAAACAGTATTATTAGTCGGCAGCTCG 45
MaFMO-D197X-R AATAATACTGTTTTMNNTTTAAATTCCAGCGCATCGCGG 39

KRR R (g/L): WKy 5, SEEK 10,
Sk 10, L-(ER 1.5,

TB RKifedk(g/L): Hil 4, BEEAK 12,
mebkky 24, KH,PO4 2.31, K,HPO, 12.54,
T4 kAR5
1.2 FHiE
1.2.1 EHERHEE

B TR A R4 R AR M 43 SE B4R AE AN
A AR, Horp— 2P Rl A R AR H
1 R B 5 R AR Z 18] HL A A [F] 7 9] 34 422 10
. KIET Methylophaga aminisulfidivorans
FMO Bt PR 75 K kAR WU RHE TE 8 A R A Wl i 47
TR A . LIIERNY] E. coli MG1655
RENR, FHS#%F EcTnaA-F il EcTnaA-R §7 3
EcTnaA, F:LL51¥1%F MaFMO-F #1 MaFMO-R
55 Y] pET-28a-MaFMO Jiihy, ffabsd 1155
) ECTnaA 5 Bt fI7Y) 1 1) pET-28a-MaFMO Jit
ki 2 [6) 5 B A0 0% B 3K e B4 i okr pET28a-
EcTnaA-MaFMO, FHEHE5E A BTk T A E. coli
BL21(DE3) /5 3k1% B 41 i bk EM-INDO1 .

1.22 EFFHZE

EARE AL RO T M T R, TR
LB [ EiE 7T =X 2k, 37 °CEEEE R 12 he

FhFRE IR . PREC = X R 2k A9 PR B VR S A2
AT 2 mmol/L BiiFR RARHE 1Y 50 mL LB K 5%
FEB =S, 7E pH N 7.0 BISAMEF 37 °C.
220 r/min 5537 8 h J5 FAEC—IK,
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PR 1E KBRS AE P IA 2 mmol/L
BRIR RARE 2, LA 1% el Fh 7 R SR i e
TAA 100 mL AEERGFRHER 250 mL — Ml
e, 7E pH R 7.0 BYSRMER 37 °C. 220 r/min £
F2ZE ODgoo M 2.5, JE¥k R 30 °CHE5% 45 h,

KRR E: SRS L 4 H sl bl & IRt
TrkmE, REEWIRZRE ] 2 L, A 2 mmol/L
IR RARE R, IR 1% (K550
MM B R W R, RREIRE R IR N
37 °C, }i3% % ODgoo M 2.5 JGlh ol 30 °CR B
A5 WA EE T 220 t/min, A 100%JCTH T4
2SS T R T, A A v T A O R R
SR YRRV R E R FE N 30%—40% , 3828 it fin
33 3% B O ER BN pH 4E3FAE 7.0-7.5 2],
KIS 48 h G55,

MR A TB KiFEI‘EP A
2 mmol/L filR FIRE R, UL 2% & Ffh+
BB T 150 mL R RS 5 5L1Y 500 mL
=S, fE 37 °C. 220 r/min X FREHRE
ODgoo M 0.6—0.8, #Hll 2 mmol/L IPTG i 55
JEE R 16 °CH3 3% 18 he
1.2.3 EgENE

EcTnaA FULEEVE I E ik 1 mL R WiiK R
57 1 mmol/L L-B & 8 . 50 mmol/L #iig 8 57
M (pH 7.4)% 10 pmol/L EcTnaA #ifiE, 7F
30 °C'F J ) 30 min &7 I HPLC A6 0 5]k 14 A= il
L, VRS . Ak B i HEE I AE 30 °C,
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A3 A: B 1 pmol/L M| i d5 (R i 1 A4S
JIHAL,

MaFMO LUEFE I E ik 1 mL VAR R
£ 75 1 mmol/L W[t . 50 mmol/L R BH 2% i
(pH 9.0). 1 mmol/L NADPH J 10 pmol/L
MaFMO 4ifif§ . 7£ 30 °C"F J2 iz 30 min J§ | HPLC
For 0 & A A AR L, TR RIS o fE AR S TR EE
FEHILE 30 °C, BPhA i 1 pmol/L HY#E i5 fir
TR 1A EENE ) A
124 #HAOZESENE

EcTnaA sh 1S 50 & Jrik: 1 mL
R Z A7 50 mmol/L B R 4 2% wh i (pH 7.4) .
10 umol/L EcTnaA 4l FI¥E B2 4350 0.5.1.2.
5.7.10, 15, 20 mmol/L () L-f6 % . 1E 30 °C
T RN 30 min Ji5 ] HPLC A6 00 15| Mk i A Bl i
fdi ] Origin 2021 B AT R et 2 15 .

MaFMO 3} Jj 2= 280 % 7% : 1 mL )
KR AL 50 mmol/L WEFERENZZ ik (pH 9.0) .
10 pmol/L MaFMO 4fifif . 1 mmol/L NADPH #l
W35 0.1, 0.5, 1.0, 1.5, 2.0, 3.0, 4.0,
5.0 mmol/L fYH5|WE, 7E 30 °C S 30 min Ji5
HPLC #6525 Bt o i Origin 2021 5k fFuE
AR &G .
1.2.5 SN AE

Y BRI . A ML RE SR, MR E
ODgoo 7E 0.2-0.8 Z[H], id ik ZEAM O RE T4
AR P K 600 nm Ab A Y6 5

H,O NADPH+O,

N Mo —>
N

anLZT

\
< TnaA —>
Y

Pyruvate+NH; NADP

Indole

L-tryptophan

B 1 WESREIEL L-BRERAMERERE
Figure 1
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WSIR BEAG I . ] Agilent C18 ik
(250 mmx4.6 mm, 5 um, Agilent). Jii ZIAHEC LA
AKG L 3:7 (RFR )R A 5 ZE4IMar Il 2 Ao
FA R 260 nm; FEAE R 10 pL; 7 #E 0.5 mL/min;
FElL 35 °C.

BEW A BERI . fE ] Agilent C18 (A ALE
(250 mmx4.6 mm, 5 um, Agilent), Jit s AHAD LR
K T 3.7 (KR LIRS S AMG IS D
£ A 620 nm; #EFEE 10 uL; i 0.5 mL/min;
FElL 35 °C.

2 EREGHN
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WK 1 s B 5, B2 BRI (TnaA, EC 4.1.99.1)
W LR R Al . TR N2 ; BT
G 5| W B 2 4R fL B (FMO, EC1.14.13.8)% 1k
A 3-FRFEM|WE, B 3-ALmINE & AR A &)
K T X LA SR N 3-MEI R, IR e 2 AT
3- W\l 2 A S T i B A R W TR 1 31K

T E. coli SKIEAY TnaA HALFAMEILIE
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Dual-enzyme cascade pathway for synthesis of indigo from L-tryptophan.



FiF F |
F 3 A[EISRIRBGIR 2 LR RY MR bL AR
Table 3 Comparison of properties of different indole hydroxylases
Enzymes Organism Oxygen Cofactor Keat/ Kin Yield Conversion  References
source (L/(mmol-min)) (mg/L) (%)
HspUPOs Hypoxylon sp. EC38 H,0, - 900.00 51.00 98.00 [35]
FMO Methylophaga 0, NADPH/FAD - 1 700.00 85.00 [32]
aminisulfidivorans
NgbASCHE4DFOY  Hyiman H,0, - 42.84 215.05 82.00 [25]
P450 BM3™7*  Bacillus megaterium H,0, NADPH - 760.60 68.50 [24]
NDO Comamonas sp. MQ O, - - 205.00 68.30 [23]
NpF43Y/H64D Sperm whale H,0, - 6.60 4721 54.00 [36]
Indole oxygenase Cupriavidussp. SHE O, NADH/FAD - 307.00 30.70 [37]
FMOM!$SL/VA02A - corynebacterium 0, NADPH/FAD  36.36 800.00 40.00 [38]
glutamicum
Xial Sreptomyces sp. H0, - - 26.00 — [39]
SCSIO 02999
P450.,, " "VYF  pseudomonas putida O, NADH - 20.00 — [40]

sp.) BC38 myEFR: 5 M4 % i (Hypoxylon sp.
EC38 unspecific peroxygenases, HspUPO)#% 1k,
i, N 98%, 1HZLL Hy00 1N A IR N TN 52
P B AL ) IR A 51 mg/LP;
1M 2k 5 F Methylophaga aminisulfidivorans i) #
ARG BT 4 (MaF MO S 15| I ) 58 Ak 7
WAL R Hy 85%, i fe ik # 1 700 mg/LP?,
DN e F5 MaFMO Ak mg] W A i 3-8 K6 15[ e
J T B bR B AR R Al AT, FF EcTnaA
F1 MaFMO F E. coli BL21(DE3)H #1711 %35,
T 240 i O i A A 2 2l . o 4 2 1 LAAS [
B EE R LIS INE A 1 mmol/L L- {2 % iR Fl
1 mmol/L NADPH Ay 1 mL i 1K & 1, 7E 30 °C
FEAR SN 30 min. 5 242 Y HE G TTTE Y T
% DMSO # HUR SR JH HPLC FIGAH (335 15T 1 1k
A (liquid chromotography-mass spectrometry,
LC-MS) % ¢ w19 2E (Bl 2A), i 5 §E #5 45
WESL ) mvz X Ee, AT DLUE B G UL TE Y RN
H bR ™ ¥ 6e 0 (1 2B) o >4 9 R i 14 8 7K L
1:1 (B8 10 pmol/L)BF, Fe #4 f4 AE 7= 3 K R
3.01 mg/(L-min), [# % ECTnaA i /RIS INE A
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5, ¥ MaFMO [ EE/R &3 1-3 £, A7k
KA FEEIR LR 11 B 53R & 17 1.07.1.25,
1.34 fi5; [% MaFMO /R A E, F EcTnaA
JEEIR AN 1-3 A%, A ECRM T 101 By
BIEE T 1.01, 1.03. 1.09 f%(& 2C), @ttt
BN AR TS E, FTLUE 1 MaFMO &
I IV 114 K O ok it

22 EREEVESHARNKRZEEE

¥ EcTnaA H1 MaFMO £ [H 75 % pET-28a(+)
kL, SRIEHALF E. coli BL21(DE3)FikkEH,
32 E ¥k EM-INDO1 (& 3A). il a4 A
LUk % 58 B A KB AT I R R IATE 0L, B0k
H¥r 8 1= R BB fS 1F # K1k . SDS-PAGE 4
Bl EW M ERHAEA ST, 5
EcTnaA (53 kDa)fl MaFMO (55 kDa)/> Tk
/NEZF(E 3B), U] EcTnaA Fl MaFMO 7 &
Pk EM-INDO1 Hr 3523 T Rl PR Rk .

J T IF R bR EM-INDO1 BE A4 L-t0 2 R
A AR EE W, 7E 100 mL LB B3R IL I A
] L-fo 2R Uk B AL ALk, S5 3¢ fir
No B L-EAERUEM 0.5 ¢/L HINF] 2.0 g/L
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A | ; O H
@ Standard indigo /\ s \
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Standard indigo
264

[ 263
I ( 264 265
) In. J A L 1 1 1
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T

o0

0 1 1
D sttt oo i 259 260 261 262 263 264 265 266 267 268 26

g % = B gy L-tryptophan+NADPH+
= ” I 3 EcTnaA and MaFMO
©.E 3 - = oz B =
o = -
g} E 261 262 J[ M264 265
o M 0 1 1 A 1A ol L. L L

0 259 260 261 262 263 264 265 266 267 268 269

Molar ratio of EcTnaA:MaFMO

2 RPEBEEHEIMIBSKIE  A: (H HPLC BUE~ Y i Ak. B: fH LC-MS BiEr=4)
BEWE A A Co DU S I BE J% LU X5 Wi 2 7 T8 32 14 52 i
Figure 2 Construction and validation of cascade pathway in vitro. A: Analysis of the indigo with HPLC. B:

Analysis of the products indigo with LC-MS. C: The effect of molar ratio of double enzyme addition on the
synthesis rate of indigo.

A B €3 tryptoph
= ) L-tryptophan )
_ kDa £ 500 Indole I 100
g Indigo
- 972 —§_ 400 —— Convension I 180
MaFMO —664 & ool \\ i le %
e, S 7 EcTnaA - — 143 = A B . .§
EeToed: = 200t L \ = {40 2
MaFMO - — 090 é \ S
£ jo0t L 4 120
) \ - -0 <
- ‘ ; JHHEENENEN
\ B 13 % 05 1.0 15 20 25 3.0

L-tryptophan (g/L)

Bl 3 ESEHERE EM-INDO1  A: EM-INDOI FUki i . B: K A HHk EM-INDOI 4il i 25
Py#) SDS-PAGE 73 [&l. C: ASIR] L8 2R e B X i Ak EM-INDO1 ¥ A0 A 7= e ik A s T A 45 2R 2
3 YA TS B 4 R AP 2

Figure 3 Constructing a high-yield indigo producing strain EM-INDO1. A: Construction of the plasmid used for
EM-INDO1. B: The SDS-PAGE analysis of the EM-INDOT1 strain from cell-free extracts. C: Influence of different

substrate concentrations on indigo production by the EM-INDO1 strain. All the results are the average of three
parallel experimental results.
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B, BE W7 (114.10£12.49) me/L N &
(328.59+9.68) mg/L, FALZ I (70.54+£8.00)%
TREZE(50.79£1.55)%; SR, 4 L-{OERIK
FEM 2.0 g/L HEINE 3.0 g/L B, 2SN
(328.59+9.68) mg/L F#{K % (201.99+3.92) mg/L,
[i] B} s Ak A8 i — 2 22.(20.8140.42) %, Hi 5T A
AR AR LR, Y AR
3.0 g/L B}, M5|WEF R M (6.33£0.02) mg/L. It
I, S4B & A (258.23420.90) mg/L 1 L-ff
AR, RUIE P Sl s v ki T, A
W55 R M WEk FE B E 5 mmol/L w23 41 4l
TnaA 15 MM L- 6 & 82 5% iz o Y. Bk
EM-INDO1 1 EcTnaA Fl MaFMO ] HL i 15 43 31
J(1.6140.19) U/g F1(1.41+0.13) U/g, #i# )
FLIE M 1.14:1, ECTnaA Fll MaFMO ¥ Keo/Kin N
(0.91+0.16) L/(mmol-s)#1(0.82+0.22) L/(mmol-s),
A2 1.11:1 (3R 4). BIRZEIREFEUER] T
MaFMO J& L-{f %4 2 %% 1k A= B e 1 10 O 5 PR
o il
2.3 EHKRIIENE MaFMO

R T REE AR I Y 5 AR IS rh PR A
TEVERE ) MaFMO RABR, FETHEETE 620 nm
PR A B W W 08 ELAFAE B S A T — A

.

e 18 O 1 7 1k (] 4): HAT MaFMO {5 1 Y

% 4 EcTnaA. MaFMO #1 MaFMO""7® Lt Eg;E

R hESH
Table 4  Specific enzyme activity and kinetic
parameters by ECTnaA, MaFMO and MaFMO""*"®
Ezymes Specific K, Kat 57 Kea/Kin
enzyme (mmol/L) (L/(mmol-s))
activity
Ulg)
EcTnaA 1.61£0.19 0.83+0.12 0.67+0.02 0.91+0.16
MaFMO 1.41£0.13 0.8440.04 0.69+0.21 0.82+0.22

MaFMOP"F 3.33+0.54 1.03£0.02 1.14+£0.47 1.10+0.44

U: The amount of enzyme required to produce 1 pumol product
per minute. All the tests were performed twice.

&: 010-64807509

PRTE LB A B E g G, T2,
RASCPERALE BL21 BRET, Wi T LB [k
A, MO ERRECE B RS, AT
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FAD

binding domain

V)

B4 MaFMO MEBHRIESE A: SEHMNEERETE R ER. B: BN AR EL B @
78 NADPH £5G 18 IROMERIZRIR FAD 45638 B ORISR 7 91 O e AR Y AR LR s 4%
EERIARIRIT Y207, N73. G74. P75 AAMRMELLAERIAFIRAY C78., D317, Q318, W319, Y320 Z %t
FRAG UG PE 4% s VOl GERIR RN IR IE ;. R GBI R R F FAD

Figure 4 Protein engineering modifications of MaFMO. A: Schematic diagram of high-throughput screening
method for indigo. B: Display of mutation sites. The pink model represents the NADPH binding domain; the
graymodel represents the FAD binding domain; the magenta spheres represent the remaining mutation sites
identified through sequence alignment; the green spheres represent the amino acids Y207, N73, G74, P75,
and the magenta spheres represent the amino acids C78, D317, Q318, W319, Y320, which form the active

pocket; the light blue spheres represent the substrate channel; the dark blue sphere and stick model represent
the cofactor FAD.

F, 22N A & IR ) TR R EM-INDO2 A= 77
BERE R, g5 E SA PN, YRV IR
K 30 °CH 7] L3R5 (572.77+26.67) mg/L §E i .
TEMEEER F X R ODegoo #ATHLAL, 2R AN

wJEXESA IPTG WE AT Tk, 458
K 5D R, R IPTG B, S = mfft s
(939.01£19.50) mg/L, BEHFHEILFN 72.60%.
R T — W EM-INDO02 ) Tk 1k

5B /R, R ODeoo 7 2.5 W E W 5
PE— R E 5(637.24+7.48) mg/L. SRJG X
W pH A THA, BE5ANE 5C iR, YRR pH
R 7.0 B A R PR R 5 31)(710.1542.09) mg/Lo
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BFHIKSF, R 5 L kK BEREp #7900, 4
RN SE Uron, N 48 hg, SEHTEHA
(1288.59+7.50) mg/L, 7F=3% K 0.86 mg/mg (4%
R, A=r=imfE Ay 26.85 mg/(L-h),
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Figure 5 Optimization of indigo production conditions with strain EM-INDO02. A: Effect of temperature on
indigo concentration. B: Effect of ODgo on indigo concentration. C: Effect of buffer pH on indigo

concentration. D: Effect of IPTG concentration on indigo concentration. E: Conversion L-tryptophan
production indigo experiments of EM-INDO2 strain at 5 L fermentation vessel.
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