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Aromatic compounds are widely used in the chemical, food, polymer, cosmetic, and pharmaceutical
industries and are produced by mainly chemical synthesis using benzene, toluene, and xylene or by
plant extraction methods. Due to many rising threats, including the depletion of fossil fuels, global
warming, the strengthening of international environmental regulations, and the excessive harvesting
of plant resources, the microbial production of aromatic compounds using renewable biomass is re-
garded as a promising alternative. By integrating metabolic engineering with synthetic and systems
biology, artificial biosynthetic pathways have been reconstituted from L-tryptophan biosynthetic path-
way in relevant microorganisms, such as Escherichia coli and Corynebacterium glutamicum, enabling the
production of a variety of value-added aromatic compounds, such as 5-hydroxytryptophan, serotonin,
melatonin, 7-chloro-L-tryptophan, 7-bromo-L-tryptophan, indigo, indirubin, indole-3-acetic acid, viola-
cein, and dexoyviolacein. In this review, we summarize the characteristics, usage, and biosynthetic
pathways of these aromatic compounds and highlight the latest metabolic engineering strategies for
the microbial production of aromatic compounds and suitable solution strategies to overcome prob-
lems in increasing production titers. It is expected that strain development based on systems metabolic
engineering and the optimization of media and bioprocesses using renewable biomass will enable the
development of commercially viable technologies for the microbial production of many aromatic

compounds.
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+ shikimate 4 2 9] HAFE A 4 L-E ¥ E3(L-tryptophan),
L-#'d &2+ (L-phenylalanine), L-E] 241 (L-tyrosine) % Z-2
WFZE o} -4k (aromatic amino acids, AAA)] A gHA €Tt
[22]. AV 2ol Bojste FA T 2 S B

Escherichia coli®] 73§ TrpR repressor’} L-EH E 3} A }
ol aroH, aroL, mtr, trpR, trpEDCBA frA o] L& & 243}
H, A A/ AA E A2 TyrRS L-E 2413 ZAgste
aroFtyrA, aroG, aroL, aroP, mtr, tyrB, tyrP, tyrR 7229 %
< 2A3th24]. Corynebacterium glutamicum® 735, shiki-
mate 74 29| 274 EQl quinate/shikimate ©]& 7 Z o &
3t qusABCD operon®] @ o] chorismate$t 293 QsuR
of oo =HATH21]. ©a hAEFS] 24 SHA BH,
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29l A 3l (feedback inhibition), H A+ 9 Al /&4 (transcriptio-

T £ attenuation 5o 9|3 A
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A Eo] 2HHTH24].
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ARAA AdAEE 24t A2 FA A= (synthetic
biology)# Al2=®l A &3} (systems biology)©] ™ AH3 8 (me-
tabolic engineering)# & ¥ Al 2%l T A}&- 8 (systems met-
abolic engineering)©] T2t HA[24] 7] & Pl =& EA
3tA e HAEESY At RS E. coli® C. glutamicum
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7 2e AHu A EC =345te] 4-hydroxybenzoate, 4-hy-
droxybenzyl alcohol, gastrodin, phenol, protocatechuate, cat-
echol, vanillin, cis,cissmuconic acid &< Bt} o thokst ¥a
= 3%E Ee 1 fFEEES AN F A HAT23).
HHEEE 3ot E oA mAE B g % B8 AAEE g g4
dEd 9 U LEHERLS TEAR W7o R §ol
AHEE 7] &, AE S o] 83t nFE, AFed L-E
HES A g77F Bol AH L YT, 7, 15]. =3, Al
g FAAE EYstY 5-3 =5 A EY E 3 (5-hydroxytryp-
tophan), A1 2 E Y (serotonin), & 2t Ed (melatonin), 7-% 3}-
L-E § E¥(7-chloro-L-tryptophan), 7-HER-L-EY EZ(7-
bromo-L-tryptophan), 1T 2 (indigo), It F ¥l (indirubin),
3l &-3-%4H(indole-3-acetic acid), B}o] & 2}A| ¢l (violacein) &
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Fig. 1. Schematic representation of artificial biosynthetic routes in microorganisms for production of aromatic compounds derived
from L-tryptophan. PEP and E4P mean phosphoenolpyruvate and erythrose-4-phosphate, respectively. Linear and dashed

lines mean a single-step and multi-steps, respectively.
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Table 1. Microbial production of aromatic compounds derived from L-tryptophan

Compound Host Engineered strategy Titer C?;;uere References
5-Hydroxytryptophan E. coli Expression of truncated tryptophan hydroxylase 1.3 g/1 Flask 38
Serotonin I gene, PTPS, mtrA, SPR, PCD, DHPR, 51 g/l Bioreactor
trpE"DCBA and aroH in AtnaA strain
E. coli Expression of phhA (W179F), phhB, folM, and 153 mg/1 Flask 25
trpE"DCBA in AtnaA ApheA AtyrA strain
E. coli Expression of salABCD and trpE"G in AtnaA 224 mg/1 Flask 34
AtrpD strain 5-HAA'
Expression of trpDCBA in AtnaA AtrpE strain 98 mg/1 Flask
E. coli Expression of aromatic amino acid hydroxylase 962 mg/1 Bioreactor 27
(W192F), PCS, and DHPR genes in AaroF
AaroG Amtr AtnaA AtnaB
AaroH: P10 rpst tac-(ar0G T -ser ATPHANIA)
Poc-trpE*"DCBA AtrpR strain
Expression of TDC gene in AtfnaA strain 154 mg/1 Bioreactor
serotonin
Melatonin E. coli Expression of sheep SNAT and rice COMT genes  1.46 mg/1 Flask 3
7-Cl-L-tryptophan  C. glutamicum  Expression of rebH , rebF, and trpD in 108 mg/1 Flask 37
trp-producing TP679
(desm AtrpL:Piwct - trpE" dvdh:PiwcaroG™)
7-Br-L-tryptophan  C. glutamicum  Expression of rebH , rebF, and trpD in trp- 049 g/1 Flask 36
producing TP679 12 g/l Bioreactor
Indigo E. coli Expression of flavin-containing monooxygenase 920 mg/I Flask 6
gene from Methylophaga aminisulfidivorans
(mEMO)
E. coli Expression of mutated FMO gene from C. 1,040 mg/1 Flask 16
Qlutamicum
E. coli Expression of mFMO in medium with 0.36 g/1 ~ 223.6 mg/l Flask 12
o cysteine
Indirubin )
E. coli Expression of mFMO and tnaA in AtrpR ApykF 56 mg/1 Bioreactor 8
ApykA PaaPr strain
. E. coli Expression of PtUGT1 and mFMO genes in 29 g/l Bioreactor 13
Indican .
AbgIA strain
Indole-3-acetic acid  E. coli Expression of aspC, ipdC, and iadl in AtnaA strain 3 g/1 Flask 31
C. glutamicum  Expression of aspC, ipdC, and iadl 73 g/l Bioreactor 19
E. coli Expression of aro8, kdc, aldH, trpABCD, aroG", 744 mg/1 Flask 10
trpE”, and serA™ in AtrpR RARE strain (4dkgB
AyeaE AyghC AyghD AdkgA  AyahK AyjgB)
Violacein E. coli Expression of vioABCE in AtrpR AtnaA AdsdaA 324 mg/1 Bioreactor 30
aroFBL AtrpL trpE™ thtA serA™ strain DVL"
Expression of vioABCE in AtrpR AtnaA AsdaA 710 mg/1 Bioreactor
aroFBL AtrpL trpE" tktA serA™ vioD strain
E. coli Expression of vioABCDE in 445 g/l Bioreactor 40
tryptophan-producing AtrpR AtnaA ApheA
trpE"D aroG" serA™ vioE strain
C. glutamicum  Expression of vioBAECD in 5436 g/l Bioreactor 34

tryptophan-producing strain

'5-Hydroxyanthranilate; ~deoxyviolacein.
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2o Sz, BZ, 4% VATE, T 58 A2ay
371 o] 23y A 2EYS d9. 9 (blood-brain
barrier)& &3#st] FFAAA N 22atA Kstr] W,
THE 7Hed AT A 5-8) EF A EY ER(5-hydroxytryp-
tophan, 5-HTP)o] o]& ¢ A 552 02 AHE&¥ 1 gt 5-HIP

T 1R o= AAst] of f7] wEell, A OPEﬂi’MW
ARt A& Griffonia simplicifolia®] Bujoll A FZ&3to] A
ARE 2 .

Ad o) 4, LEHESL tryptophan 5-hydrox-
ylase (TPH)oll ¢J3} 5-HTPZ 2% € &
boxylase (TDC) .+ aromatic amino acid decarboxylase %
mol ofs) MREUCZ AFATH4|Fig 2). AE 4+,
tryptophan decarboxylase®ll o] 3] Bg4F Hh-go] doji} L-E
HEZO] tryptamine. = 25 ¥, tryptamine 5-hydoxylase
of 93 HFHOR ARE0] ThEofZIth(Fig 2). AHE T F

tryptophan decar—
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Anthranilate @~ -----------------
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NAD(P)H NI

HO

5-Hydroxyanthranilate
TtpDCBA

HO

E fd9 TPHE 2E 42 tetrahydrobiopterin (BH4)& &7
3, 4+3kE pterin-4a-carbinolamine A A (regeneration)’d
ZE 53 BH47F A T EofoF drh4]. 5-HIP 2 AZE
o) AEEsta AakE o A48 #E v Ed =96
of 4T 4 AR, TPH E49f 29H4 A9 284 4
91 R0 R QF) a&4<l 5-HTPS Aite] @ Ao acl
%U}[%] Wang 5& At 21 tryptophan hydroxylase
FAAE E colidl A TR wf N-Zd 7= A A P
£ Sqae 9Re SR A0S EETRE BINT
o, 2849 BHAZ &d6t] s AR fref e BHe AT
A(GTP cyclohydrolase, 6-pyruvoyl-tetrahydropterin syn-
thase @ sepiapterin reductase EAZu]) 9 2 A 7 = (pterin-
4a-carbinolamine dehydratase % dihydropteridine reductase
aasEw) #d RS A ERSFATHBE]. £3 EF
Ed ¥ ES ST BN ddst EAA W trytopha-

—

VLN
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- —————
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Fig. 2. Artificial biosynthetic pathways for the synthesis of 5-hydroxytryptophan, serotonin, and melatonin. Linear and dashed lines
mean a single-step and multi-steps, respectively. TPH, TDC, AAAD, T5H, SNAT, ASMT, COMT, BH4, and MH4 are trypto-
phan 5-hydroxylase, tryptophan decarboxylase, aromatic amino acid decarboxylase, tryptamine 5-hydroxylase, serotonin N-ace-
tyltransferase, N-acetylserotonin O-methyltransferase, caffeic acid O-methyltransferase, tetrahydrobiopterin, and tetrahy-

dromonapterin, respectively.
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Zet239A 13 g/1 5-HTP7F 3= 9l om, 10-L A& &
71l A SR ES BAYOE AHEEtY §714(fed-bacth)
W& T3l 5.1 g/1 5-HTP7F v F Aol 52 5 31 TH(Table 1).
3t E. colit tetrahydromonapterin (MH4) 474 271 912
o, BH4 tAlo] MH4E 2EAE AET & & 95 AF
209 aromatic amino acid hydroxylases7} ¥# A 3t Lin
& Xanthomonas campestris 2] phenylalanine 4-hydrox-
ylase (P4H) 549 7]d 5o]4 < WA L ddeid B
O LEYER o & 84S 2 Ho] P4H (WIRHE
G A TS o] ko] EEta MH4 ANMABEE FFE E.
colio] Al FAAT25]. HFH LR, LEHERS Aists
QH4dtnaA 5o =Yste] TEFOZRE 153 mg/l 5-
HTPE A 4+3k 31 th(Table 1). Ralstonia eutropha®ll = salicylate
£ gentisate® H$s}=t] Hfst= G449 ferredoxin reduc-
tase, ferredoxin, salicyclate 5-hydroxylase® @& 3}sl+
salABCD frA27F 484 Qlth39]. o] &4 salicylate$t
%280 & fAE anthranilateE hydroxylation & < 91 2™
BH4 thAlo] 2E4Z NADP)HE AHEE & 9le 4ol 3l
THFig. 2). oI5 rAAE E. colidl =93t 224 mg/1 5-hydro-
xyanthranilate’} 434 0.2 A4kl o, 45 HE trpDCBA
7} A A EZA st 29 A FAHE 53 98 mg/l
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HTPS AIZEY S A4ete E. colidh Wl 34 S Mt
t}27]. 714 Eol o] WstH Cupriavidus taiwanensis 2 <]
Wo] aromatic amino acid hydroxylase (W192F/F197L/
E219C) 329t Atghfref o] BHA A A 28 A7t ALE
E. colidll =}}3ted f7b4] v e 53 962 mg/1 5-HTPE A
AstRt. 19 5-HIPERH AZEd e f4shs TDC &
27} LEYERS 7142 AHEeH tryptamineo] A TS
ofd & 7l W&, ol ¥A ] e 5-HIPE T
Hj okl & B2 T Catharanthus roseus 2§ & TDCE ¢&
state FAAE W] 52417 Wi okshE 29| Wik F%
S 53 154 mg/l 2B S Adete e AT
[27](Table 1).
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A € th(Fig. 2). ¥4, serotonin N-acetyltransferase (SNAT)
Fho] o3 M ZEHO] N-acetylserotonin® = 7 3=, N-
acetylserotonin O-methyltransferase (ASMT) B+ caffeic acid
O-methyltransferase (COMT)®l 2|3} N-acetylserotonin®l| A
dgEdo] TEY AG2]. 49 75 2 AL4SHAA
SNAT= #A7F §IAR, 52 5 4% frefo ASMT e
E. colil A 2@o] & HAY Ao] g w2 TAH
ATH3]. ol & s dsty] sl B A9 FAAE LH}
of Y7k A3, & Fo o SNAT FAAH¢h v Fef ¢ COMT
FTAAE E. colif A Ao 2@ 27 146 mg/l WetEY
o] A/ = 3l th(Table 1).

7-Chloro-L-tryptophan2} 7-bromo-L-tryptophan 4§t

obp| At o Al FgES o, 59}, wof A
HdE A=Y 2T T e HAROE[)], HAE
T FAAQ chloramphenicol, pyrroindomycin, 3%/ 34
77} & rebeccamycin, 21& A ZAA R thienodolin,
} Z3o]AQl pyrrolnitrin 5o ATH11, 28, 35]. LERER
T 27 3¢ EZE 7-chloro-L-tryptophan (7-Cl-Trp)
g 7-bromo-L-tryptophan (7-Br-Trp) 5°| 9itt. 7-Cl-Trp=
rebeccamycin® pyrrolnitrin®] A 7-A (precursor)©| ™, 7-Br-

ot fol |l

Trp< proteasome inhibitor #4& Zt= Apiospora montagnei
el e TMC-3A%H A& 4E AAEA S 2= diazonamide
A ATFAZ o] &HTH20, 36]. YHtH o7 F=2A 3}FHE 9
st o= w4 SA o] A¥ 2SS AHESAY $H 0l 9
g Fdo] 7] ol AEFets Wz Aitets AT
7w o m 7t QT

2o FWE o83 LEJERY TRAS = FADH-
dependent halogenase (PrA ¥+ RebH)$} flavin reductase
(Fre =& RebF)7} ¥ 238} t}H29](Fig. 3). Halogenase= FADH,,
Oy (IE AHgste] LEYHERS 79 Ao ddzoz da
3}5 Zul3d}l= flavin-dependent monooxygenase type©] Tk
[29]. 4t3t® FADE NADH-dependent flavin reductasedl <]
d T s ojof ARl wEgo] WP HZ Veld-
mann 5 Lechevalieria aerocolonigenes 2| rebH} rebF &
C. glutamicum®] =43t A& a2 Yoz 7.-Cl-Trp?
7-Br-Trpe AAbete 71€E& st anh3e6, 37]. 9A A4
d L-EHERS FF< 48tetr] da FAA HH -4
(feedback-resistant) anthranilate synthaseE ¢+ 3.3}3}= Ho|
trpEQ] £, chorismate mutaseE &3 3}3H= csm 24, E. coli
frefe 59 Y-WA 3-deoxy-D-arabinoheptulosonate-7-pho-
sphate synthase® ¥ 33}8t= Wo] anoG =9< F3 TP679
Z AEstdh3r]. o) #Fo Ze2nE FYE E coli
o pDE LA LLEHER A4FFE /L83 th(Table
1). 4 FFUOE IETE, G4 FFULE CaClLE A7t

& =AolA Eeh2a FET A3, 108 mg/l 7-ClTrpe] %7
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Fig. 3. Artificial biosynthetic pathway for the synthesis of 7-
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Fre are NADH-dependent flavin reductases.
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£ 1,040 mg/1 A2t 112 mg/1 AT FHo] A= T
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4 T A AUTH13]. ol & A8 Y3l Hsu &
Polygonum tinctorium 2§ 9] glucosyltransferase PtUGT1<
d3stete TG mPMO A4S bglA7F AEE E. coli
oA Ao gt IY i thalel indoxyldl ExTe| A
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Fig. 4. Artificial biosynthetic pathways for the synthesis of indigo and indirubin. TnaA, FMO, UGT1, Bgl are tryptophanase, flavin-con-
taining monooxygenase, glucosyltransferase, and [-glucosidase, respectively.

g2y, 2488, 3 9 FY kg 22 g2 Ay 344
< Alofste A= A4S EE(plant growth hormone) 59
Shitolt}[32, 33]. W2 & " A E(rhizosphere bacteria)ol
ol A4EE IAAE A& e 47 YT 7o, =5
of that g, AE Wl T A= MAEY F5FE Fa
g 9&-& gr[32, 33

2 L-EYEHOZRE
(IAM), indole-3-pyruvate (IPA), tryptamine, indole-3-ace-
taldoxime, indole-3-acetaldehyde?] 57149 F7HA & A A
IAAS FAete F27F BuFo] JTH33]Fig. 5). o= B &
% IAM3} IPAS A f3te 27 2 434 ok IAMA 2
= 7 AR o]FA A=H tryptophan-2-monooxygenase
o ot L-EJERCERE [AMOE #%d o IAM
hydrolase°ll ©}3t] IAAZ HZHH T IPA 7 £+ aminotrans-
feraseo] 93le] L-EYEROZHE IPAZ A%d F IPA
decarboxylase®l ¢]3s} indole-3-acetaldehyde (IAAld)7} ¥
oA vpA 2t 2 JAAId dehydrogenased 2|3}l TAAld
7h 2kstE o] IAA7F A H = A4 oIt Romasi 52 IPA7
of &t 37HA A4, & E. coli 2] aminotransferase
€ 4d5838t= aspC AL, Enterobacter cloacae 212 in-
dole-3-pyruvate decarboxylaseE %5 3}ste ipdC, Ustilago
maydis 22| TAAld dehydrogenase® 353}t indl 7
AE FA O E colidl A EAANA 4 g/l LEFERS Hol &

Z}Z}  indole-3-acetamide

0
NH,
OH :
VL Ve
N N
H H
TaaM

L-Tryptophan

\ AspC
[

ol TaaH
Q7

N
H

e Indole-3-acetamide

Indole-3-pyruvate

l IpdC
=° Tad1 on
. \ - _ \ 0

N N
H H

Indole-3-acetaldehyde Indole-3-acetic acid

Fig. 5. Artificial biosynthetic pathways for the synthesis of in-
dole-3-acetic acid. AspC, IpdC, Iadl, laaM, and IaaH are
aminotransferase, indole-3-pyruvate decarboxylase, in-
dole-3-acetaldehyde dehydrogenase, tryptophan-2-mono-
oxygenase, and indole-3-acetamide hydrolase, respectively.
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LB #j Al A 3 g/l IAAS AU TH31](Table 1). IAAS] A Abe}
< d &7 ddl FLE FAAE C glutamicumel] =8t
L-EHEWS g iAo A vl okgh A3, flaskol A= 2.3
g/, 5L BEZAAE 73 g/l IAAZF AAHATH19). HE
Guo 52 LEHERS HUIekA 4l 2EgolM HEE F
3l JAAS A4¥3ke E colis A SHA 0.2 Af et G TH10].
7719 aldehyde reductase +Z#7} A<H RARE o9
trpRE F7HH R A&d 3, FAav o Saccharomyces
cerevisiae -2 | aminotransferaseE %3 3}3E aro8 AR
¢} decarboxylase® &3}t kde +2 4, E. coli fref 9l al-
dehyde dehydrogenase® %33}t aldH, tpABCD 34,
A AW aroG, trpE, serA FAAE 2H7E HdA 3G th(Table
1). AFHoz /Mdd 75 At HFE M9 w9 A
Zehaa Had A, 20 g/18 =TS 4H 3] 744 mg/]
TAA7} 23245 T

| on L-Tryptophan

VioA

< VioB
VioE

VioD

VioC

Violaceinate

Violacein

Indole-3-pyruvic acid imine

Protodeoxyviolaceinate

Protoviolaceinate

Spontaneous

HIO|22tM|212} HISAIHIO|2HMIQ! A

H}o] @ 24A Q1 (violacein) 3 H| & Al u}o] @ 2k ¢l (deoxyvio-
lacein) & & A, & wholg| 24, its), Y AL Ze
bis-indole Al 2 42 [4], Alteromonas luteoviolacea, Chromobac-
terium violaceum, Janthinobacterium lividum, Pseudoalteromonas
luteoviolacea$t 22 Aol A A4 E & 22 ti A} ol T30,
34]. LEYERC ZHE 0joABCDE LH &9 93 =% &
459 FvjikgS T3 A4 Erh(Fig. 6). WA tryptophan
oxidase (VioA)& L-EY E#*-& indole-3-pyruvic acid imine
S 2 H&3tm, iminophenyl-pyruvate dimer synthase (VioB)
¢} violacein biosynthesis enzyme (VioE)ell €] 3} protodeoxy-
violaceinate® €5 ™, protodeoxyviolaceinate monooxy-
genase (VioD)$} violacein synthase (VioC)<] 8- 9]3] vi-
olacein®] ¥HE9] X}, Protodeoxyviolaceinate® VioCe| 2w
o 93 violacein Al A4 deoxyviolacein®. 2 7 2H T},

Rodrigues &+ deoxyviolacein 4 4H4 2] F2 A<l Chro-

HO

Deoxyviolaceinate
VioC

l Spontaneous

Deoxyviolacein

Fig. 6. Artificial biosynthetic pathways for the synthesis of violacein and deoxyviolacein. VioA, VioB, VioE, VioD, and VioC are
tryptophan oxidase, iminophenyl-pyruvate dimer synthase, violacein biosynthesis enzyme, protodeoxyviolaceinate mono-

oxygenase, and violacein synthase, respectively.
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Y3}te] arabinose FEZA M HEH = dVio-1 #55 A%
st H71sk A3} 176 mg/1 deoxyviolacein®] BAHE & &
SRABHATH30]. 471 AFEAR)] EHERS T35 A&7
3t7] 13 GAAY trpR A<, thaA B, sdaA A<, aroFBL
I, opl AL, HHY-WA tpE B9, thtA HLE, =
WA serA7F U E dVio-6dTE A FEHE 21, o] & A EH]
F71ol A Hloksted 324 mg/1 deoxyviolacein©] A§ A= Tk
(Table 1). =% violaceing AAtstes & AZFstr] 9s]
Janthinobacterium lividum 2§ ©] vioDE F74H8 0.2 G A A of
=9 Viodd+E NEate] AEET| A F7124 ook
Z 3} 710 mg/1 violacein®] %45+ A#E AU Zhou T
2 E coli AN trpR/tnaA/pheA A, HHA-UWA
trpED/aroG/serAS =43t 045 g/l LEHERHS A 4tkst
= o575 /e T vio operon F vioE7t Ald-&4 DAY S
41383, visABCDE W38 3o F78 02 vioEE 238
5L AEW ST A F7HA B EE 3 A3} 48417t 445
g/1 violaceine Ay 4FatH, AY 4t ‘é% 98.7 mg/l/hs Hol& 2

#}Z ATH40]. 33, Sun 5& GRAS M Eo|H, LEYE
e A4ske C o glutamicume ©] 83+ Ch. violaceum fr 2
] vioBAECD operon §E|Z W& S 223 2 §5 LA}
o, 3-L A= 7oA R7HA] wf st @A 74w
Tl 5436 g/l violaceting A4Hste 71€& NEetAt
[34].
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2 =
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R1D1A1B07047207) 2 5439 A 20204 = BB21" A1 9] A
0']*‘ HLO]’ T?sgﬂ AHE L]E]‘

Journal of Life Science 2020, Vol. 30. No. 10 927

The Conflict of Interest Statement

The authors declare that they have no conflict of interest
with the contents of this article.

References

1. Ameria, S. P. L., Jung, H. S, Kim, H. S, Han, S. S, Kim,
H. S. and Lee, J. H. 2015. Characterization of a flavin-con-
taining monooxygenase from Corynebacterium glutamicum
and its application to production of indigo and indirubin.
Biotechnol. Lett. 37, 1637-1644.

2. Arnao, M. B. and Hernidndez-Ruiz, J. 2018. Melatonin and
its relationship to plant hormones. Ann. Bot. 121, 195-207.

3. Byeon, Y. and Back, K. W. 2016. Melatonin production in
Escherichia coli by dual expression of serotonin N-acetyl-
transferase and caffeic acid O-methyltransferase. Appl. Micro-
biol. Biotechnol. 100, 6683-6691.

4. Cao, M,, Gao, M,, Suésteguia, M., Mei, Y. and Shao, Z. 2020.
Building microbial factories for the production of aromatic
amino acid pathway derivatives: From commodity chem-
icals to plant-sourced natural products. Metab. Eng. 58, 94-
132.

5. Chen, Y, Liu, Y., Ding, D., Cong, L. and Zhang, D. 2018.
Rational design and analysis of an Escherichia coli strain for
high-efficiency tryptophan production. |. Ind. Microbiol. Bio-
technol. 45, 357-367.

6. Choi, H. S., Kim, J. K., Cho, E. H,, Kim, Y. C, Kim, J. L
and Kim, S. W. 2003. A novel flavin-containing mono-
oxygenase from Methylophaga sp. strain SK1 and its indigo
synthesis in Escherichia coli. Biochem. Biophys. Res. Commun.
306, 930-936.

7. Du, L, Zhang, Z., Xu, Q. and Chen, N. 2019. Central meta-
bolic pathway modification to improve L-tryptophan pro-
duction in Escherichia coli. Bioengineered 10, 59-70.

8. Du, ], Yang, D., Luo, Z. W. and Lee, S. Y. 2018. Metabolic
engineering of Escherichia coli for the production of indir-
ubin from glucose. ]. Biotechnol. 267, 19-28.

9. Eisenbrand, G., Hippe, F., Jakobs, S. and Muehlbeyer, S
2004. Molecular mechanisms of indirubin and its de-
rivatives: novel anticancer molecules with their origin in tra-
ditional Chinese phytomedicine. J. Cancer Res. Clin. Oncol.
130, 627-635.

10. Guo, D., Kong, S, Chu, X, Li, Xun. and Pan, H. 2019. De
novo biosynthesis of indole-3-acetic acid in engineered
Escherichia coli. ]. Agric. Food Chem. 67, 8186-8190.

11. Hammer, P. E., Hill, D. S., Lam, S. T., Van Pée, K. H. and
Ligon, J. M. 1997. Four genes from Pseudomonas fluorescens
that encode the biosynthesis of pyrrolnitrin. Appl. Environ.
Microbiol. 63, 2147-2154.

12. Han, G. H,, Gim, G. H,, Kim, W,, Seo, S. I. and Kim, S
W. 2012. Enhanced indirubin production in recombinant
Escherichia coli harboring a flavin-containing monooxyge-
nase gene by cysteine supplementation. ]. Biotechnol. 164,
179-187.



928

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

BB URIX| 2020, Vol. 30. No. 10

Hsu, T. M., Welner, D. H., Russ, Z. N., Cervantes, B.,
Prathuri, R. L, Adams, P. D. and Dueber, ]. E. 2018. Employ-
ing a biochemical protecting group for a sustainable indigo
dyeing strategy. Nat. Chem. Biol. 14, 256-261.
Huccetogullari, D., Luo, Z. W. and Lee, S. Y. 2019. Metabolic
engineering of microorganisms for production of aromatic
compounds. Microb. Cell Fact. 18, 41.

Ikeda, M. and Takeno, S. 2020. Recent advances in amino
acid production. In: Inui M., Toyoda K. (eds) Corynebacte-
rium glutamicum. Microbiology Monographs, vol 23. pp. 175-
226, Springer, Cham, Switzerland.

Jung, H. S, Jung, H. B, Kim, H. S,, Kim, C. G. and Lee,
J. H. 2018. Protein engineering of flavin-containing mono-
oxygenase from Corynebacterium glutamicum for improved
production of indigo and indirubin. J. Life Sci. 28, 656-662.
Kang, M. S. and Lee, ]. H. 2009. Cloning and expression
of indole oxygenase gene derived from Rhodococcus sp.
RHA1. Kor. ]. Microbiol. Biotechnol. 37, 197-203.

Kim, J., Lee, J., Lee, P. G., Kim, E. J., Kroutil, W. and Kim,
B. G. 2019. Eluciding cysteine-assisted synthesis of indirubin
by a flavin-containing monooxygenase. ACS Catal. 9, 9539-
9544.

Kim, Y. M., Kwak, M. H,, Kim, H. S. and Lee, ]J. H. 2019.
Production of indole-3-acetate in Corynebacterium gluta-
micum by heterologous expression of the indole-3-pyruvate
pathway genes. Microbiol. Biotechnol. Lett. 47, 242-249.
Koguchi, Y., Kohno, J., Nishio, M., Takahashi, K., Okuda,
T., Ohnuki, T. and Komatsubara, S. 2000. TMC-%4A, B, C,
and D, novel proteasome inhibitors produced by Apiospora
montagnei Sacc. TC 1093. Taxonomy, production, isolation,
and biological activities. ]. Antibiot. 53, 105-109.

Kubota, T., Tanaka, Y., Takemoto, N., Watanabe, A., Hiraga,
K., Inui, M. and Yukawa, H. 2014. Chorismate-dependent
transcriptional regulation of quinate/shikimate utilization
genes by LysR-type transcriptional regulator QsuR in Cor-
ynebacterium glutamicum: carbon flow control at metabolic
branch point. Mol. Microbiol. 92, 356-368.

Lee, J. H. 2009. Research trend about the development of
white biotech-based aromatic compounds. Kor. ]. Microbiol.
Biotechnol. 37, 306-315.

Lee, J. H. and Wendisch, V. F. 2017a. Biotechnological pro-
duction of aromatic compounds of the extended shikimate
pathway from renewable biomass. J. Biotechnol. 257, 211-221.
Lee, J. H. and Wendisch, V. F. 2017b. Production of amino
acids-Genetic and metabolic engineering approaches. Bio-
resour. Technol. 245, 1575-1587.

Lin, Y., Sun, X, Yuan, Q. and Yan, Y. 2014. Engineering bac-
terial phenylalanine 4-hydroxylase for microbial synthesis
of human neurotransmitter precursor 5-hydroxytryptophan.
ACS Synth. Biol. 3, 497-505.

McKinney, J., Knappskog, P. M., Pereira, ]., Ekern, T., Toska,
K., Kuitert, B. B., Levine, D., Gronenborn, A. M., Martinez,
A. and Haavik, J. 2004. Expression and purification of hu-
man tryptophan hydroxylase from Escherichia coli and Pichia
pastoris. Protein Expr. Purif. 33, 185-194.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Mora-Villalobos, J. A. and Zeng, A. P. 2018. Synthetic path-
way and processes for effective production of 5-hydroxy-
tryptophan and serotonin from glucose in Escherichia coli.
J. Biol. Eng. 12, 3.

Nishizawa, T., Aldrich, C. C. and Sherman, A. D. 2005.
Molecular analysis of the rebeccamycin L-amino acid oxi-
dase from Lechevalieria aerocolonigenes ATCC 39243. |. Bacter-
iol. 187, 2084-2092.

Pawar, S., Chaudhari, A., Prabha, R., Shukla, R. and Singh,
D. P. 2019. Microbial pyrrolnitrin: Natural metabolite with
immense practical utility. Biomolecules 9, 443.

Rodrigues, A. L., Trachtmann, N., Becker, J., Lohanatha, A.
F., Blotenberg, J., Bolten, C. J., Korneli, C., de Souza Lima,
A. O, Porto, L. M., Sprenger, G. A. and Wittmann, C. 2013.
Systems metabolic engineering of Escherichia coli for pro-
duction of the antitumor drugs violacein and deoxyviola-
cein. Metab. Eng. 20, 29-41.

Romasi, E. F. and Lee, J. H. 2013. Development of indole-3-
acetic acid-producing Escherichia coli by functional expre-
ssion of IpdC, AspC, and ladl. |. Microbiol. Biotechnol. 23,
1726-1736.

Spaepen, S. and Vanderleyden, J. 2011. Auxin and plant-mi-
crobe interactions. Cold Spring Harb. Perspect. Biol. 3, a001438.
Spaepen, S., Vanderleyden, J. and Remans, R. 2007. Indole-
3-acetic acid in microbial and microorganism-plant signal-
ing. FEMS Microbiol. Rev. 31, 425-448.

Sun, H.,, Zhao, D., Xiong, B., Zhang, C. and Bi, C. 2016.
Engineering Corynebacterium glutamicum for violacein hyper
production. Microb. Cell Fact. 15, 148.

van Pée, K. H. and Hoélzer, M. 1999. Specific enzymatic
chlorination of tryptophan and tryptophan derivatives. Adv.
Exp. Med. Biol. 467, 603-609.

Veldmann, K. H., Dachwitz, S., Risse, J. M., Lee, ]. H., Sewald,
N. and Wendisch, V. F. 2019. Bromination of L-tryptophan
in a fermentative process with Corynebacterium glutamicum.
Front. Bioeng. Biotechnol. 7, 219.

Veldmann, K. H., Minges, H., Sewald, N., Lee, ]. H. and
Wendisch, V. F. 2019. Metabolic engineering of Corynebacte-
rium glutamicum for the fermentative production of halo-
genated tryptophan. ]. Biotechnol. 291, 7-16.

Wang, H., Liu, W., Shi, F., Huang, L., Lian, J., Qu, L., Cai,
J. and Xu, Z. 2018. Metabolic pathway engineering for
high-level production of 5-hydroxytryptophan in Escherichia
coli. Metab. Eng. 48, 279-287.

Zhou, N. Y., Al-Dulayymi, J., Baird, M. S. and Williams,
P. A. 2002. Salicylate 5-hydroxylase from Ralstonia sp. strain
U2: a monooxygenase with close relationships to and shared
electron transport proteins with naphthalene dioxygenase.
J. Bacteriol. 184, 1547-1555.

Zhou, Y., Fang, M. Y., Li, G., Zhang, C. and Xing, X. H.
2018. Enhanced production of crude violacein from glucose
in Escherichia coli by overexpression of rate-limiting key en-
zyme(s) involved in violacein biosynthesis. Appl. Biochem.
Biotechnol. 186, 909-916.



Journal of Life Science 2020, Vol. 30. No. 10

=5 0|MES 0|8¢t L-EEER 7ol WaE sfelE MAt &2 A7
o[X|d - o|TZ"
(AANET HESETHY AFAREHAP)

PHE e 33, AF, 184, FRE, F A Tl ol &He T3 AR, @ANA L 83
AW rE AE FEHOE BEAAY, I8y, 34 A8 1, AT LL§} #7474 o A3, /\luxl_ o
dorek HH T B AFadd Z!EEﬁP”W AN bt BEALE o] &3 vAE L o] &3 A=A WY
OS2 BFE =S AddtE AL v FET ddolth AESe] FAYESH HEHUA, LEHER
AEA Z2 ol A3 AJAY B27F A 7550 55| EZANEJER, AZEY, B, 7-43H-L-EHE
#, 7-BERL-EYER, Y1, AT T, QIE-3-24, vto] LAl Eﬂ&/‘l Hho] @ epA Q13 22 thokd i
7h SAEES LT F A HAUT B AL ol d FE SFE «l £4, &% *é‘%“* AEE 2933t
=3 LS Sq=S A ES ol &etd sy A% HAlo dAE S A A w2 E s AVEe
TAES FE}7] AT 2 LS 5L AEste] Rudth Az" g} FEe 7] Jﬁi &3 W A e
AEALE AHEE A 2 AETHY JAEI} o] RN BEE S vAE S AT AdHe=

>
=
N
s
ofr
ot
N
i)Y
=
1)
o
N
s
ofr
ob
N
msl_',
S
[o
frl
2
ox
rin,
4

929




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


