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Cloning and Expression of Indole Oxygenase Gene Derived from Rhodococcus sp. RHA1. Kang, Mi-
Suk and Jin-Ho Lee*. Department of Food Science & Biotechnology, Kyungsung University, Busan 608-736,
Korea — An indole oxygenase originated from Rhodococcus sp. RHA1 was cloned into the expression vector,
pTrc99A, in Escherichia coli, and designated pTCANI1. The pTCAN2 was constructed from pTCAN1 by the
deletion of lacl? for the constitutive expression of indole oxygenase without adding IPTG in the medium. The
complete open reading frame of indole oxygenase was 1,224 bp long, which encodes a protein of 407amino
acids. Crude extracts of E. coli DH50/pTCANI and pTCAN?2, respectively, were prepared and subjected to
SDS-PAGE analysis. A band corresponding to molecular mass of about 43 kDa was appeared and this result
correlated with the predicted molecular mass of cloned indole oxygenase. The E. coli harboring pTCAN1 and
pTCAN2, respectively, showed blue color colony in LB plate. The pigment showing blue color was prepared
from E. coli DH5a/pTCAN2, and identified as indigo by experiments using spectrophotometer, HPLC, and
TLC. The indigo-forming activity of indole oxygenases from the whole cell of E. coli DH50/pTCAN1 cul-
tured at LB medium added 1mM of IPTG and that of E. coli/pTCAN2 showed about 1.75nmol/min/mg DCW
(dry cell weight) and 3.85 nmol/min/mgDCW, respectively. Also, the E. coli DH5a/pTCAN2 produced about

236 pM of indigo after 48 hours incubation in TB medium supplemented with 2.5 mM of tryptophan.
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A] indoxylZ oxidation® ¥ AP#=¢] ¥Wk$-© 2 indoxyl 2
F2F2] dimerizationoll 2] A indigo7} A A H 1, 19].
olzjgt kol Teddh= tEA Q] EAERE Pseudomonas
putida ¥ 2] naphthalene dioxygenase$} toluene dioxy-
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Bacillus megaterium -+2}2] ¥ o|¥ cytochrome P450
monooxygenase, Burkholderia cepacia 2] toluene
monooxygenase 5-°] Bl Fo{3jc}2, 3, 5,6, 11, 14, 16, 19].
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indigoE Fdsh= 71%e] deiA g, ol el oI
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oxygenase system3} FAD-dependent monooxygenase 2}
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A R jostie} HH)E 7 29EAQ polychlorinated
biphenylsZ #31& 4= 3l 555 vAER 3 2 74
Ao AAG7IM D] HHEFH (1T, 21]. L Foll&= 4
Rhodococcus genusollA ARALZ 1 7)5o] ol 7]|&
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FAAZ 3L 9= Escherichia coli RFO011 FOZE
7b}2] British Columbia ™H3}9] Lindsay D. Eltis W42
FE Fekitol ARl A 9 WHEFI - E
coli DH505 AME3ISich. f3ial 2 2 i es &
2}2m = pTre99A(Pharmacia Biotech., Uppsala, Sweden)
£ A3k

Indole oxygenase RHXAI] S22, W A 4354 BN

Rhodococcus sp. RHAL 1212 7184 indole oxygenase
SRS 2993517 918 GenBankel] $-E5]e] gl ¢17)
A (YP_709118, NCO08271)S H}EFS 2 primerS: 225}
4}, Forward primer®] 5° @oll:= Ncol, reverse primer
o] 5 =dell = Hindlll M 3EA JAAM DL Aslsisiet
(forward primer: ATCTTCCATGGCTCAGACGCTCGA-
ACCCA, reverse primer: ATCATAAGCTTATACATCCAT-
CGTGAGTG). Pfu-X polymerase(Solgent)S- o] £-3}o] E.
coli RFO011-FOZIA Z3A|8 plasmidd 53 DNAZ A}4-
Bhol 95°C 20%, 57°C 40X, 72°C 40&¢) 722 30
cycle®] polymerase chain reaction(PCR)S F33}gic}. &
53} indole oxygenase -F7A} W2 F2Y WE] pTrc99A
E 247} Neol 9 Hindlll A|ZHEAT o] 5 4wksl3l ligation
ate] ANZ2F plasmidE A 2315 ch 2§ plasmidE E.
coli DH500l 32 A 3+8}ed ampicillin®] A 7}¥ LB agar
plate2 58 FAAA S AHslolct. AFEAEG D DNA
H71MdE Fldte] FAAIA N vector Wl 1]l
indole oxygenase 312 T o] AR EHY S i)yt
g, A2k AR FAAE 32 27 9
8] A forward primer(CGGGGIACCTTTTTGCGCCGACAT-
CATAA) % reverse primer(CGGGGTACCTAAGGAGAA-
AATACCGCATCAGG)E AMEste] PCRE $=3)3t ¥ Kpnl
AFELE A, AA D self ligationdted a7t A A S
o] IPTGY A7} ¢lo]= indole oxygenase’} 3hA] a1
AZF plasmidE A 2Fepsict. ZF Aol PCRF f-34}
2] ME2 Al 2Fsle] F7IMEAEAE B3 FHal
shlet. A UE g Sl A AlEaok 30 mL
< K-Pi BufferpH7.4)E 23] A A3 ¥ 4] 459 5
mLE 37138 5% 22354 7] (pulse on 1 sec, pulse off
8 sec, 10 minZHg A183led M EE shfsigic). 4°C, 14000
rpmelA] 30377 AlEelsle] 1 AFEel-E #5}¢] Bradford
Aleke g oAl S Aest vy 10~30 pgd] hyAS 717
31 SDS-PAGE(polyacrylamide gel electrophoresis)E =3
dhe whal hE-g #elslvh20]. A ] e
NCBI2] BLAST program$- o]-8-5fo] F-A3)5ic}.

olc|m &ol A Y
A Er FH oA AR A A7) indigo Y-S Bl
3}7) $18 spectrophotometerS- ©]-£31= ¥, HPLC(high

performance chromatography)®], TLC(thin layer chroma-
tography)H-S ©]-831%i}. E. colifpTCAN2S AHS3le] LB
u =)ol A wRAY whoFst 8- 13,000 rpmell A 287 UA B
2)3t & AL NN-dimethylformamide(DMF)E 3 7}s}
o] AR AT Q) o WA 223l S A
8led  spectrophotometer(HITACHI, U-3010)8 ©]§-3}¢]
400~700 nme} FAIA FREZ 2As1l0n, SigmasiA
T4% indigio A|2F(50 uMyS- DMFe] 3¢l EFAE o]
sho] FAEE SAsle] vlw FAEkE HPLCA 23 &
A% (Agilent 1200 HPLC system)®] -, A4 AAE
ek wjoFelS dalde] 9 23] FRE AXE F DMF
Suo] we AFTAE 257 Foz EH3 v+
PTCKERING column(S um, 4.6x250 mm)g A8k 70%
methanol 4] 2 0.8 mL/min®] F422 42314 A 600
nmol A EAsle] FF indigodt BlEste 2 FE SAE
o} TLCHS) A%, 0.05% tryptophan® T3+ LBEiR|)A
whA) wloFs wisel 1 mLE A EEIg F AAES 23]
25,32 A 9 gadse] F AR L] dimethylsulfoxide
(DMSO) 200 uLE H7}sled det 271 S-43} %5 indigo
AL Zh7t 0.2mm FAE silica gel TLC plate(Merck,
Germany)E o]-838}ed Toluene: Acetone:Choloroform = 2:1:1
S0z HrNsle] vlwElH.
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f=d A2E plasmidd] pTCANIS $hrat e Aol
A indole oxygenaseZ &3 7-$-, colony 175 37°Ce]]
A] ampicilline] 37} LB wiA|(LBAp, 3 mL) oA A}
wjeksl ¥, 295 A2 30mLe] LBAp wixlel A% g o}
S OD 07-08 A =HY IPTGE 1 mM H7}ste] A
indigo #3MEo] WA ARl A7) wlgsiolet. &
Alubsl A 23 plasmid pTCAN2E EHi-8F v Aol Al
indole oxygenaseZ ‘&3 A%, colony 17]E 37°Col| A
LBAp(3 mL)el| A ¥4 wjofgt ¥, 2%E A2 30 mLe
LBAp "ixlell A% 3 o5 AA indigo =] AHH7]
Alzbsle Al 7EA] loFst et Al Zej ekl 30 mL 255
24zt 13,000 rpprell A 1EZE falRe] F 33) SR A
A A9 indigo MAE HUsE el A7l ol
g M2 4S8 33] dHESEA indigo At 72) A E)
AAE NE AAE 50 A" LBAE 8 mL A7)}
9Jt}. A 1.5mL tubes] 0.1 M indole 2 uLg} LBEIA] 80
uLE 53 0.1 M K-Pi buffer(pH 7.4)2 400 pLZ A7}t

& 1087} 37°Col A I 9AIZ F, A E 2
100 uLE 3 7}8ked 37°C shaking incubatorll A Z7]3 <l
Z7o)A] ¥re-S #1eP3ledr}. Indole oxygenase LS Ff-
& A|E9] indigo M4 FAASHE A7) A8 Az
2 2p7bo) wbeS AVA Yalie & oS AAEe] DMF
= 1LSmL 3718 39 F oA AR v 1S



A5 FHste] 610 nmell M F4EF ZA8}e] indigo BAAH
< Ao} Indole2HH indigo MAS BhEX A L9}
B = 37°CHM HhE- AlAE F 3080lA 1A]7) Ae)e] T
Z¥A, 127k 1 nmol?] indigo AS Ensl= A xS
#F(dry cell weight)®Z A2slgic}. B AF-S 7} sampled
33] WM, TU3 AYS F 53] whEsle] o A E #A

33ic.

QIC| &k HiX] L HH

ANz Al A indigort AAEE kS A 9
314 37°C, 2718 ¢l 27 e|A LB(Luria-Bertani) =],
TB(Terrific Broth) W], MOZ| 4wl R [20)2 ZH2t A}-2-5}o]
Aol e e Al 7]E3 et o] AEE u)
FshHA 48X AR M EE wioFslHA sampled F7to]
F3le AAdEe o 23] AlY F 443 3)43te] DMF
= vhr 1 AN o83t HPLCY 22 indigo 5%
£ AT 18]. ERERS H7I3E A%, wiokA|zE 154]
Zb Fell 2.5 mME A7sleict.
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Indole oxygenase {EXIe] E2d Y 2
Rhodococcus sp. RHAL +#12] ]2l indole oxygenase
T 2E 3-3F plasmid REO011FOZE F3 0.2 3o
PCRE F33te] 2 12kb DNA T3} 3w g
pTrc99AE A EA Neols}t HindllIZ o) 5 Axhsl &
ligation 3}3 E. coli DH5ael| 324 3kale]d AL ey
£ colony® A §F AgFEA Aok @ DNA 97 |M9S
Eelsle] m]E<] indole oxygenaseZ a1l Ql= A2
plasmid pTCAN1-E Al 2}3tdel. §22k2] open reading
frame 1,224 bpZ. 7= o] glom, xhlA-e 4077)¢) o}
mieAko 2 o] foiA glglct. gHH, pTCANIONA lack7} Al
7= IPTGS] A7} ¢l°]= indole oxygense?} 3FA] L&
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Fig. 2. Expression of indole oxygenase in E. coli DH5c. Pro-
teins were separated by 10% SDS-PAGE. The bold arrow indi-
cates the protein bands corresponding to the cloned indole
oxygenase. Lanes: 1, DH5o/pTrc99A; 2, DHSa/pTCANI; 3,
DH5a/pTCAN2; M, molecular size marker.

He= A2E plasmidE AZER] pTCAN2EL Hrsle].ond,
=3 plasmid pTCAN13} pTCAN2®] F-%+= Fig. 10 &
Al&}de}. E. coli DHSo/pTCANI# pTCAN29| whial 3
Zd S o|-83led SDS-PAGEE #A3F A3}, Fig. 204 1B
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Fig. 1. Schematic representation of recombinant plasmids. pTrc99A was used for cloning and expression of indole oxygenase of Rhodo-

coccus sp. RHAL.
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3 4 AAFE & 5 AN

LB sbfiz|ollA] F-ee] Nag- v|we| B, £ coli
DHSo/pTCAN2(Fig. 3BY= S 273 E. coli DHS0/pTrc99A
(Fig. 3A)2h= =2 A9 &2 I o] A=t &
FZ LB AA AN vk F 24410 A9
SigmaAtell A 743 A indigol BFFOE o] 247}
DMF ol =<l o5 F453 =418 ©]43}e] 400~700 nm
- 7HA] scandt A3, F sample LF 610~611 nmol|A] )

FHEF Ve scanning profileo] 593t YL
alslsdvt(Fig. 3C). Y3t 271X] sampleS HPLCo F315}
of A% A3, F sample ZF A FA1ZE 128 main
peakS B oJFIvHFig. 3D). =3 HANALE TEEF =

e v i

i: - (c) : o 4(’/ prgpa_red indigo from
o -t A DHBa/pTCAN2
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Fig. 3. Analysis of blue pigment. (A) Agar plate of E. coli DH5o/
pTrc99A. (B) Agar plate of E. coli DH50/pTCAN2. (C) Absor-
bance profile of blue pigment and synthetic indigo between 400
nm and 700 nm. (D) HPLC elution profile of blue pigment and
synthetic indigo. (E) Thin layer chromatography of bacterial blue
pigment and synthetic indigo dissolved in DMSO solvent.

&3} F2ES o|&sle] TLCE #A3 A3}, Fig. 39} 2
o] FAH EFF indigos} ZE HX|IA AAE vEpE
spotS EIsldvt. oleist A=, AEF AN WA
H AN AE indigod g BAFH, Rhodococcus sp.
RHAL #32] m]&<l indole oxygenase: 7|53 o2 A
4 ZH= indoled AFERsled indigo® AASHE E4YE
e Aol &, TLCAIAM AA] indigo ¥%E opet
pink?] indirubin® 2 FAEHE= NAE A AR &
¢lo] Fgler, o]= B A7ilA cloningdt indole oxygenase
7} indoleS 714 Z 3}o] product® indigo %3t olje}
indirubing A 5 Q155 HAFH.

BT dEd 24

Rhodococcus sp. RHA1 202] indole oxygenases} A%
42 Zie DS B45)7] $13] BLAST Z2I0 & of
43}o] GenBank databaseZ W] FA3 Az} Ao Z
el " uncultured bacterium JEC542] indole oxygenase
(AAY54299)9} 7 =2 A4S VEPISIEH44% identity
2 64% similarity)[15]. Z el Aoz n]FelE
Rhodococcus opacus B4(YP_002782537, 45% identity, 62%
similarity), Renibacterium salmoninarum ATCC 33209(YP_
001623775, 44% identity, 60% similarity) 2 2] putative
oxidoreductase X Streptomyces ghanaensis ATCC 14672
(ZP_04691100, 34% identity, 54% similarity), Saccharo-
polyspora erythraea  NRRL 2338(YP_001105703, 32%
identity, 53% similarity), Streptosporangium roseum DSM
43021(ZP_04475636, 33% identity, 51% similarity) 2]
acyl-CoA dehydrogenase$}t -2 AFsAlS HodFgiv}. 8]
v A o2 Beld Methylophaga sp. 212 flavin-
containing monooxygenase(AF494423), Burkholderia cepacia
G4 ¥ 9] toluene ortho-monooxygenase(AF349675), Stre-
ptomyces venezuelae 28] cytochrome P450 monooxy-
genase(AAC68886), Pseudomonas putida 212} naphtha-
lene dioxygenase(NP_863072) S3= AsAdo] vilg- w2 7]
22 2olo] HTH4, 6, 13, 19]. 3, £ J7ol] ALE=
Rhodococcus$}; Zr-2 genusoll 431 A¥AH R Frigd =
= FA 5+ indole oxygenase=X Rhodococcus sp. strain
T104(AY575969), R. opacus(CAA06672) & Rhodococcus
strain ATCC 21145(M55641) 2] 47} o4=A g,
o]l £3}9] identity/similarity’= ¥ A WFreh(ZHz), 30%/
48%, 29%/49%, 25%/47%)(8, 12]. Fig. 4= £ 2139 indole
oxygenase®} uncultured bacterium JEC54, Rhodococcus
sp. strain T104, R. opacus ¥ Rhodococcus strain ATCC
21145 §=09] indole oxygenases$}e] A4S w|wdled A
=3}93v}. FAD-dependent monooxygenase2] 53¢l Mg
¢l FAD binding domain(GXGXXG), NADPH binding
domain(GXGXX(A/G)), 2] 31 FMO-identifying sequence
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Fig. 4. Alignment of the indole oxygenase from Rhodococcus sp. RHA1 with the indole oxygenases from different microorganisms.
Sources of sequence are as follows: 1, Rhodococcus sp. RHA1; 2, uncultured bacterium JEC54; 3, Rhodococcus sp. strain T104; 4, Rhodo-
coccus opacus; 5, Rhodococcus strain ATCC 21145. The identical and similar residues in all of the proteins are shown as white letters on a
dark background and black letters on a gray background, respectively. The symbol @ indicates the functionally important amino acid resi-

dues in Rhodococcus sp. strain T104.

motif FXGXXXHXXX(Y/F))> 1= A] at2m[4, 7],
P450 monooxygenase®} AE4 ] 9= conserved region®
HeojA gkokeh6, 13]. Eol& el & Rhodococcus sp.
strain T104 7202 ipoAT o843l 715202 83} o}
Ak ERISE Aol o3, 58HA| ofn]ieAke] alanine,
5985 proline, 25115 glycine?] Wole] 2Jsix] Ao} 7]

.

T2 4 WolE dglen, B3] 591 P ¥ 2511 G} 7)
TALE g F8sb, =3 58 A7} VD, F L K,

N, P R, W, Yo.29] Wole] &Js)A] T4 indigo A7
ol 2AHEM, A S, G M, C, H L, E, Q TZ2 o
o 2314 indigo A EA o] W= 7o B E 3}
HATH12). 2 A79] Fho] A, ool ASs= olnlxAk
Mg FelAM 668 91319] P, 2558 G A& BEEFe] 9lX
gk, 580 Aol sl $1x1¢l 65 $lolM AFH A

9 L Algl V7 2A15e, = Y= indole
oxygenase E4d-S ZH= uncultured bacterium JEC54¢[ 4 =
v7t A8t 9l=ok &H R opacus L Rhodococcus
strain ATCC 211452] 73-9- Z+7} indigo A &Ade] <7t A
3EE L ¥ T7F Exighs. ol S48l wel A-»v
o7} A8 7|5l A cske v et a8 o
2 A7 EAERe A E A wEbA, B d7Ab)
&2l 8t Rhodococcus. sp. RHA1 2] 2] indole oxygenase
o] 65HA VE TA] A o oAkl 2] We] |l
T4 FIARS T3l 2 olnxAk JleA e 9T
< AN sjedof & Aoz 7.

A

olc|oMy M= CHET EME
Indole oxygenase RS &-irat AEF HAT 559
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Table 1. Indigo-forming acitivity of the recombinant strains.

Indigo-forming Activity

Strain/plasmid (nmol/min/mgDCW)
E. coli DH50/pTrc99a -
E. coli DH50. /pTCAN1 1.75 £ 0.54
E. coli DH50. /[pTCAN2 3.85 + 0.60

£ °]83}e] indoleS 71AE AME8le] indigo B4 A E
AEE A o2 A3 A3, IPTGE: o483l 3A7)
E. coli DH5o/pTCAN1#] 73-%- ¢ 1.75 nmol/min/mgDCW,
IPTGE 71814 &t wjeFA)2) E. coli DH5a/pTCAN29)
7% <F 3.85 nmol/min/mgDCWe] 4L 2= Aoz 3}
=1 TH(Table 1). ]+ styrene monooxygenaseS &3l A]
Z1 Pseudomonas putida A ZZ )Y EA A3 S
4.2~12.1 nmol/min/mgDCW X} )| oF 3uf 2 43S
HAFATH18]. whebA, ¥ BAES B3 E4AE
o] o] a3t ZloF Al

oic|mel it

E. coli DHSa/pTCAN2Z ©|-§-8}e] LB, TB & M9+}=|
M EHED Mol o} indigo WAFFS =43 4
F, LBufR|2] 75~ ER TS} H7HTel 2 20| glo] 484
ZF uiek F oF 50 uM®] indigo7} SHE 2w, TBHIR|2)
735 15A2E ik F ERERS Akl FAvlE o 5

250
—— LB +2.5mM Tp
-0 TB
200 | —*—TB+2.5mMTmp
-0 M9
— B M9 + 2.5mM Trp
s
=
o 150 |
2
o
£
=
g
g oy Add tryptophan
Q
&
w s
0
0 10 20 30 40 50
Culture time {Hr)

Fig. 5. Production of indigo in E. coli DH50/pTCAN2. Recom-
binant strain was cultured in LB, TB, or M9 medium for 48 hrs at
37°C. Indigo concentration was determined by HPLC analysis.

W =2 °F 236 uMe] Qlv|ar} AakE]glem, F Azl
M9u) R 2] ¢, EHERL] HIfFo zpo] glo] oF
17~23 uM9] indigo7} A A =% HFig. 5). ©]= TBHIA| <)
7 LBuiA| & M9 Awlix| B} Bghojopad o] wol
S5t A E7} o] 224 indole oxygenase EAEA] o]
FolA, EYES A7Ist TBelA|olA 53] indigo7} @
o] A EE= A= Y7,

2 <%

indigot= @AAIG A w4 F83 NA7 ) AAe v}
o] AlEllA 323 indigo HAlel A indigo7} T2 AN
e} FZ wAES o83 AETH SR indigos A
ARSI} 3= A7} el AFEIL glow, o r|YE
ez F¥ ooFet 3Fe9 indole oxygenaseE B4, 54
o] 9, B840 BA JNEF, indigo A A7) Z3gH
A b B A= Rhodococcus sp. RHAL -212] indole
oxygenaseZ FAHEL: FAAE E298te] Hatol|A
AR A, AN Aar) 4590w, B354 54, HPLC
2 TLCEAE B8lM 2 A4 A47) indigod S sk
o, =5 AMEZ o]-43le] indole 7} indigo7} A
s A3, & 9o £471 indoles indigo® H3HE
Z)31= indole oxygenased-& #1319, EFRELAS A
7¥8E TBHiA|A| A oF 236 uMe] v 7} YA S it
E ATE B3 A BA o)9lel A 439 iR, A
3 AR 1] AA, AR ol Q) wisk 4, )
2l g wF FA A3 AR TS AE AT, B o] A
442l indigo AAF EFTAS o] 715 ALE 7
e}

#Atel 2

B 2 20093 A shed TR el ¢
sle] AFHAFYT =3}, v YES BoFs 34 st
British Columbia ®8}+¢] Lindsay D. Eltis 257 ZAL=7]
Y
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