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Abstract

Mass production of indigoid compounds by
recombinant Escherichia coli

Han, Gui Hwan

Advisor : Prof. Kim, Si Wouk, Ph.D.

Department of Environmental
Engineering,

Graduate School of Chosun University

Flavin—containing monooxygense has been identified in organisms from
bacteria to humans. A fragment of FMO from Methylophage
aminisulfidivorans MP" has been cloned and experssed in Escherichia coli
DHb5a. Growth of the recombinant Escherichia coli DH5a pBlue 1.7 in
tryptophan medium(2 g tryptophan, 10 g NaCl, 5 g yeast extract, and 50
mg ampicillin per liter) resulted in the formation of indigo.

In the batch reaction, the recombinant £. co/i DH5a pBlue 1.7 produced
920 mg/L of bio indigo for 20 h cultivation in 5 L reactor. Cultured in the
3000 L reactor containing tryptophan medium in the same -culture
conditions, the same concentration of indigo could be obtained.

To enhance indigo production, a novel medium system was constructed.
The cultivated medium containing indigo was transferred to the bottle
and mixed with diphenylmethane. Next, the mixture was applied to the
cylindrical column (3 X 30 cm) filled with diphenylmethane, and indigo
was moved into the diphenylmethane layer. The isolated medium was
circulated into the bioreactor. In the water—organic system, 1.4 g/L of
indigo was produced from the medium containing 3 g /L. of tryptophan.

In addition, continues system was constructed. It investigated the

optimum continues culture conditions such as medium pH, temperature,

- Vil -



tryptophan concentration, and feeding rate. The optimum conditions
were as follows: pH 7.0, temperature 357C, and tryptophan
concentration 3 g/l. After indigo concentration reached to 0.8 g/l in
the 2 g/l tryptophan medium, a fresh medium containing 3 g/l
tryptophan was continuously fed at a rate of 2.8 ml/min during 140
h. Under this condition, the recombinant E. coli cells produced 5.6
g/L/day of indigo.

Bio indigo was applied to dye several fabrics such as cotton, silk, hemp,
and ramie. Colour fastness value to light, washing, and perspiration were
3, 4-5, and 4-5, respectively. We concluded that bio indigo appeared to
have a lot of benefits that enable the dyed materials to exhibit their

natural colors.
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Fig. 1. Mono—- and di- indole derivatives with biological activity.
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A 23 A9 A5 2 BY

Ald &4 D Aok
AFE3E A9k restriction enzymes, DNA ligase, alkaline phosphatase

(Takara Shuzo Co., Kyoto, Japan), tryptophan(Ajinimoto Co., Japan) 2
indigo(Fluka)©] 21 t}.

A 23 AE IF H EFHETE

fmo  FAA]  cloningg  H3IA B AP HA
aminisulfidivora
-ns MP'& Abgat3lor, 3%(w/v) NaCld gt29 2 ouxgezn 1 %
(v/v) methanol X3%3}l= standard mineral base medium(Table 1)l A
S718Q 20 R v REE 30 TR ZAsto] vt

T2]3 DNA z223 JA Az = £ coli strain DHbaE o]&31%111, A

B

o

M.

M

-

ol

22| =+ pBluescript SK(+) vector(Fermentas co, canada)E A}
P 42 Az E col= ampicillin(50 pg/ml)o] F71E LB
mediumoll A 37CE 24 759 v %Fal ot

&
&

ofs

Al 3 4 FMO #&# €24

1. Chromosomal DNA extraction

Goldberg ¢ Ohman(1984)c] AAIgH WS o] &3kl FH|EH3T 50 mle]
712 AFuA ol 1 % methanole] H7FE BAVMA| X N, aminisulfidivorans
MP' #F& AFAZ77HA wjdstel #AE 22 F(10,000 < g, 15%, 4
T), #AE 49 =52 F A1 Y2 10m2] Solution I (50 mM glucose,
10 mM, EDTA, 25 mM Tris-HCI, pH 8.0)ol AH&E sttt 7)ol 1 mee]
lysozyme £ (50 mg/m)3} 0.5 m¢ RNase(2 mg/mt) 2 0.1m¢ proteinase
K0 mg/mh)< H7kete] 37TolAM 1A WAE o 0.6 me] 10 % SDS
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solution

a

Table 1. Composition of standard mineral base medium

Components Amounts
NazHPO4 2.34¢g
KH2PO4 6.1g
mgSO47H20 0.2¢g
CaCly 0.01g
Ferric EDTA solution® 0.1me
ZnSO47H20 0.5mg
MnSO4-H20 0.5mg
CuSO45H20 0.1mg
Cobalt nitrate 0.1mg
Sodium Borate 0.1mg
Sodium molybdate 2.0mg
D.W. 10

The ferric EDTA solution was made by combining a solution
containing 17.9 g of solution EDTA and 3.23 g of KOH dissolved in
186 m¢ distilled water and a solution containing 13.7 g of FeSOy
7H:O in 364 ml of disstilled water. The mixture was bubbled

overnight with air, and stored in a brown glass bottle.

_12_



= A7kt 37TCeAM 1A ESE WA skl whgdel] 1 med]

- + 3M sodium
acetate solution(pH 5.2)2 7}3} defe] chloroforms A 23}
ATE. o] F 15,000 X gollA 30&7F dAE st FedE AL, olF
A de BT dod 0.6810] 31F3E isopropanols 7} & chromosomal
DNA pellet& 3439 70 % ethanol® AlFg thd AR 3 meo
TE buffer(10 mM Tris—HCI, pH 8.0, 1 mM EDTA)d| =of Ao Al&3}
AT}

mercaptoethanold 7}gF & b

2
=
olo
12
2 o
offl

2. fmo #3AA FF

M. aminisulfidivorans MP'¢] FMO A2 FZ&l7] 9ol A14d9
primer< pBlue 2.29] |7 ES Fasto] ATt fmo A2 =+
& M. aminisulfidivorans MP'2] choromosomal DNAE template DNAZ
stod, F WAL 50uBE FYsAct. wbEEFA] 24L& Tag
reaction buffer[50 mM Tris-HCIl (pH 9.0), 50 mM NaCl, 5 mM mgClz],
0.2 mM dNTPs(dATP, dCTP, dGTP, dTTP), 10~50 ng9 template
DNA, 100 ng¢] 3'# 5' primer, 2.5 unit®] Taq'" DNA polymerase©]™,
PCR< geneAMP PCR system 2400 71715 o]&3lo] A&sct. g1
PCRY H= ®HF8AFEL2 AccuPrepTM PCR Purification kit(Bioneer Co.,
Korea)e o]-&3te] A A|at3r.

3. Alg¢a4 A=< DNA ©H £
PCRE %3 39 DNAS® vectoro] 5710 unitse] AgFaA Sacld
Xbalo.2 Zt7z} 37 TCollA 1A vbg Al Zth Vector$} insert DNAE A
arz 27 A Fol 1 %(w/v) agarose geldlA H7]19% 319t} Gel
ZHE vector® insert DNA 2<% Zetlo] 2314171, AccuPrep™ Gel
Purification kit (Bioneer Co., Korea)E AF&3to] gelZ2FE HU3t= DNA
g S 22 ZASA
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4. Ligation
Vector®} insert DNAE 1 : 39 E<HE Yo|Fla, 10X ligation
buffer (300 mM Tris—HCI(pH 7.8), 100 mM mgCls, 100 mM DTT,
10mM ATP)$ 3 unit®] T4 DNA ligase® #H7lslo] & 9rSAS 15 W=
ato] 4 TolM 2447+ wH-g A AT}

5. FMO w3 A9 g34d

LB medium 5 mloll E. coli DHSa @Y FZ2YE HE3o] 37 C, 200
rpml 2 12A17F wjekstsich 200m SOB mediumel] 8iR 195 H=3FS
i, ODgoo7t 0.470.72 =2 wj7}A] wieket ohx d5EolA 10E3F HAg
T ogdE 5000rpmeZ 1587 UA %36}04 g a2 wEa TB
buffer 67mE 7}stol A A& & Fe oz A4 B F i TB
buffer 16m¢ ¢+ DMSO 1.2 mtol A&ESFY] competent cells A|Z8F3A
ot} ol&E A A|F=3F competent cell suspension 100 wWE B3 eppendorf
tubeoll W11, ligationdt DNA 155 #H7Me 5 dFEA 3023 WA
Atk o] Foll 42TCelA 90&3F RE5-AIZ1 & LB medium 0.9 mE 3713k
37 C incubatordlA 1A]ZF  FQF  wiYEFth MWl 100 wlE
ampicillin(50xg/me)e] H7F4E LB agar plated] =E3Fo] 37 TCollA wjst
T A" 2EUE FEAE | E coli dFE LSSl h

6. 327 @ #AZH¥ plasmid DNA &2 2 &<l
Alkaline lysis W o2 dAASH HWATOZHE plasmidE £ 5
o} AlFuf? 1mlE Eppendorf tubeo] Yil YA EZ 3] ASAS
sttt AHd=S 2 mg/ml lysozymeo©] FobSle 100ue] &< 1o &3}
Aok, &4 1L 50mM EEDI 10mM EDTAZF €9 e 25mM
Tris-HCl ¢Z89(pH 8.0)= AH&stolth dgds 37TColA 2023 B4
3 F AR 9E §9 0(0.2N NaOH$®} 1% SDS EFME 200 3 713he]

AU 2H29A 259 TR ds deol 5EF WA wheol
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2 g0 1502 £ IMI(5M potassium acetate 60 ml, glacial acetic

acid 11.5 ml, TFF 28.5 m)S 7St & =3, 42 SollA 5837 WA3)

Att. o]F 50ule] chloroformE 7}8F & vortex 3Fth Z3dH HAS
15,000 X g oA 5&3F 4TolA ARz FFHE AT 45 A9
2ujl s ethanols 7FsH & 15,000 X g oA 523 4TolA YT
gsle] A5 AE AAZ T 70% ethanolE 7183t YA R A5
= AA F 65TCAA 5&EF FH=E HAEAZH. DNase’l AAE
pancreatic RNase(20ug/ml) 1u02} TE buffer 50 E 7}t A =& 52
% A9 Abg3stt. 2283 plasmid DNAE 5-10 units®] AFF& A Sacl
3 Xbale 2 A, whsdg g F oF 30237 dAEY 3 £ 3

7CAAM 1A ¥EEAIZ v A719 % 3lch. @2 A3d plasmid DNA
E H¥E3slo] pBlue 1.78+1

HAMAE Aaste fdAE E£oksla Q= E coli DH5aE 100 m LB
iz A 37 CTZ 16A17F &< vistaict. wigade 10,000 X ¢&2 183t
PR E] ZH M pellets F 53T 2z 5

. TR pellets T/HT

Ho] 234 A& & 10 mY dimethyl sulfoxide(DMSO, Sigma)Z & EF 3f
%t ©] & microprobeE ©]&3}4 sonicationdtith. 10,000 X ¢ & 18
A AARET F AFTAS fo A 4o ARREITE Ultrospec
2000 Spectrophotometer(Amersham Bioscience)E ©]83}9 indigo?] &
TGS SAST. olw I A= 400914 700nm=E o] ZA 3T
Thin layer chromatography+ Hl%< 100 & 10,000 X gZ 183+ ¢4
w2t A pelletg 5% & 1 e DMSO AAESIA silica
gel TLC plate (Merck)oll spotd}%ltt. Mobile solution® methanol®}
acetone® E¥H|Eo] 50 @ 50(v/v) &HE A&l eIt 1E thx

TOE AHgatel B
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H sample< microprobeE ©]83}t% sonicationdt$ith. 10,000 X g =
AAEg skl cell debrisE AAT F <Qlvjis FFo] Aoyl He
620 nmol 4] (Fig. 6), At]FWE 540nm(Fig. 7)olA S+ =5 &
dda g AYFN APFS SAHEAT. v 2 A FHY] standard

curvew 38 AdHE Qtl(Fluka) 2 QI FHI(BiomoD)< DMSO°] =<l

A7 A A 24 Ase] hE Adm aFe wst

oltjal AJAbo| AF2H tryptophan BiA|(tryptophan 2 g/L, yeast extract
5 g/L, NaCl 10 g/L)ell o}r|=4k, glucose, lactose, fructose® # 7}l
Ao ikl wstE SAHSIG T XA 7] SR Yo g o]&E7]
Zkzk 57 100 mM ®@7hste] 37 CTeollA 21413F w9t Iv]al

Ak H3lE =439 01| lactose 2 fructose £ 272 100mM H 7}é}hod
Ha Ak WstE @ SSith tryptophan HIA F yeast extract®] of
Heqt 2448 2AEE A3 718 ofnl At HlEte] AJ2H|]D, ofxThEtE AL
ol27]d 9] FE7F A o7 wstth o] opmjwikE 747 2 g/L 4 HUtst
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Absorbance (Ag,)

12

y=0.177x - 0.1223
1.0

R?=0.993

Indigo concentration (UM)

Fig. 6. Standard curve for the determination of the indigo

concentration.
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Absorbance (Ag,)

10
y =0.0084x + 0.0004

0.8 - R2 =1
0.6
0.4
0.2
OO T T T T T

0 20 40 60 80 100 120

Indirubin concentration (UM)

Fig. 7. standard curve for the determination of the indirubin

concentration.
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Al 8 A vFEREHUENYEL o] &3 Az A4t wjx L At
Z7 343

1. A4k iAo A3t

dTiar Aakell AREEE HjdEiAe] 2AEE HASSE] skl wig Akl
tryptophan, yeast extract, NaCl Ztz}2] FLZH3l7}F Qltja AJAte] wx& g

WS EHEAY F ST AIE M (central composite design)2 o]g3to] 24
o} EAAEEE F4 A (center point)9 S (axial point)E 2° 2914F ] F
7 A ARAG R SAREAGY dFdAE 6709 SAET 8 51 H 6
(Table 2). AT 4AZ ] sl 20709 AdAE 2300
A ARE FEsilth A4z AgdAtel] ®Wste] wE Qi ALkl wRg-EHol

2o tehd o dgso] ojsh e 23 thkel 44 Azt

=
1o
fo
e
o
o
fru
-
oX,
ol
8
O d

_ 2
f=vy0 + aX; + axXo + azXs + apXiXo + agXiXs + agXoXs + anX;” +

2 2
anXo” + az;Xs” + a1sXiXoXs

A7 [ = AdHal AALEFng/0< L}E]r"ﬂ‘:ﬂ Xy, Xo, X3 & Z}7Zt tryptophan,
veast extract, NaClo|™ yO0+ ¥, ay 3|AAToIt. SAREAG 9
3l Fask 20708 = Aikd OJE]EQ ZA3E design expert 7.1
programg ©|&3t] FAXCE EAMste IALAAE Tk, 47 A
] A EFE A EA Qi As A HH Y wiAE 246kl
of. L3 o] wl AR modelo] W3t 22 design expert program® %
AA B A Pgroll 93 Z2A T P<0.05Y wf §o4o] 1AL HA
A2 T AR 22 oFA Y (ko] HuE He ARS A v
A=} contour plotg ©]-&3to] #AE3AT

Lo

=<
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2. B4 279 A5
ol AxAE FHAsE] Hste] Mg 2790 pH 2w 229 Wt <l
O Ao vAE 92 Weiuedd T SATEAIE Y (central composite
design)& o]&3te] A8t FAFEAGE S T4 A (center point) 9t &3 (axial
point)& 2° @Age] F71 A7 APAZYer FAGAAL APl 5709
%—*Wﬂr 4749 %@ 2 4] EFHo® FAEATHTable 3). TAFAAZ ) 3
Z704 Adde FAsAT

= 13719] AA
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Table 2. Experimental range and levels of the independent variables

of culture medium

Symbol Range and levels
Variable
code -9 -1 0 1 2
Tryptophan (g/100ml) X4 0.1 0.2 0.3 0.4 0.5

Yeast extract (g/100ml) Xy 0.1 0.3 0.5 0.7 0.9

NaCl (g/100ml) X3 0.5 1.0 1.5 2.0 2.5

Run Tryptophan Yeast extract NacCl
order Xl Xz X3

1 -1.00 -1.00 -1.00
2 +1.00 -1.00 -1.00
Fractional 3 -1.00 +1.00 -1.00
27 4 +1.00 +1.00 -1.00
factorial 5 -1.00 -1.00 +1.00
design 6 +1.00 -1.00 +1.00
7 -1.00 +1.00 +1.00
8 +1.00 +1.00 +1.00
9 -2.00 0.00 0.00
10 +2.00 0.00 0.00
Star 11 0.00 -2.00 0.00
points 12 0.00 +2.00 0.00
13 0.00 0.00 -2.00
14 0.00 0.00 +2.00
15 0.00 0.00 0.00
16 0.00 0.00 0.00
Central 17 0.00 0.00 0.00
points 18 0.00 0.00 0.00
19 0.00 0.00 0.00
20 0.00 0.00 0.00
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Table 3. Experimental range and levels of the independent variables

of culture condition

Symbol Range and levels
Variable
code -1.5 -1 0 1 1.5
pH X4 6.4 6.6 7.0 7.4 7.6
Temperature (C) Xo 22.5 25 30 35 37.5
Run order pH temperature (C)
X3 Xs
1 -1.00 ~1.00
Fractional 2° 2 +1.00 -1.00
factorial

design 3 -1.00 +1.00

4 +1.00 +1.00

9 -1.50 0.00

10 +1.50 0.00

Star points

11 0.00 -1.50

12 0.00 +1.50

15 0.00 0.00

16 0.00 0.00

Central points 17 0.00 0.00

18 0.00 0.00

19 0.00 0.00
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A9 4 JAyu A =A
1. Water - organic solventE ©]&3% nvlo]je Yz A}

Hj A o 2 HE QItjaE 3]sl 7] 938t diphenylmethane ¥ DMSO
Aldstodch vkl 3 meoll Z+zt diphenylmethane 3 ml == DMSO 3 =
of wa} wgAerRE v IFsdEs AP
(Fig. 8). 9lt]ja A4+ tryptophan 2 g/¢7} Xstd 202] wiAE AE3FS]
o™ 30 C, 180 rpm, pH 7.09] Z#H 22 Bioflo 3000(New Brunswick
scientifi, USA) = AH&-3tod 324 wWigo= 333t 36417 5 At
HFa dEiTh wGA R RE vole Qe ASHoE EHA F
QA 37l 84 diphenylmethaneE AF&3F31 T Diphenylmethane©] &3l
H Y945 dY Z-E@ X 50cm)E FaEx o|Fdd A tE 2 ml / min9
S22 AME Yt T3E A E FEEY A2 FE AAE Hlole
Jones Zassith wiACl EEE vole dvis Ade TSt 33
|4 diphenylmethane ZFoll &5%o] wjzx|e} £&184 ARt =€ A
WhezE HEEE dEHow Qi AAEH. HFTHoE
tryptophan 3 g/¢7F E gt wjx|oA AWAFE <QltjE diphenylmethane =
oANA wjA et F2] BAetE e ALK eE Fste] v P ¥
£ dEs3lh

it

e
)
o
i
(ot
o
4
-z

O

2

rr

2. %4 WgI)E o]8% AT: AN

A& wjeFo] ok Arja Ak 5 ¢ fermenter(KoBioTech model :
KF-5L)8 AFg3tolch 42 whg7ledAs &%, pH, tryptophan &=
& vpole Qltjio] A ®stE SAsGTh AxY TS 3 g/t

tryptophan, 1% NaCl, 0.5% yeast extract’} E&HE 209 v o)A v %3}t
WA t]azt ¢F 800 mg/l 7F AAMEES Wl 2.8 ml/ming] HEE AlAsk
o= & :‘S—T}@}O“Qfﬂ o] Wl &%, pH, ¥ tryptophan %% tﬂfﬂroﬂ g A

=+ Aok 2E Qi A4k AEe] wet £x+= 180 rpm&

rﬂ
i
ol
ol
¥
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THZE ot §71E FAFLEN TUHR] 2Ae

5L wkg7]elA gt i A4k 23S 7|wke® ko] 3000L ¥H§7

£ ol&ste] QYiEs A sSith Qi AAF wiRlE 317be] AJoRE-

tryptophans WAst7] st AtEE  tryptophang AFESEAAL, yeast

extracte T AXARE ARESIGITE W5 AXEREE 90 T Ff/TolA 244

b ot self-lysis A7l & A5 A3 TE 18] NaCls ddd oz sfof

ﬂlW 77338130tk 3000L RH&71elA fa82& 2000 L2 o] 2447F 5<% 30
ColA pH 7.0 o2 1A43}te] vk sl

_l° olo

= Amatel st 60
)3 10 g W31, WAl v 280l

2
1 k3 21
N ELAMNHS <fiE 3YA|(sodium hydrosulfite) 5 gi} %}%}a}xﬂ
3 X}

=
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diphenylmethan

sample . DMSO vortex
T1 X @) X
T2 O O O
T3 O O X
T4 000 X O
T5 00O X X

Fig. 8. Extraction of indigo from culture medium using organic solvent
such as diphenylmethane and DMSO. T1:culture medium 3m¢{ and DMSO 3
ml; T2:culture medium 3md, DMSO 3ml and diphenylmethane 3ml,
vortexing; T3:culture medium 3ml, DMSO 3ml and diphenylmethane 3ml;
T4:culture medium 3ml, and diphenylmethane 3ml, vortexing; Tb:culture
medium 3wl and diphenylmethane 3ml.
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A3F A4 4 uF
A 1 @ FMOFAAY cloning ¥ 2d

1. pBlue 1.7 genomic library A& 2 & AG

M. aminisulfidivorans MP'¢] chromosomal DNAZ¥E fmo A=<
open reading frame(ORF)E X &3}+= 1.7kb DNA fragmentE 27| 93l
Yzt Sacl®}k Xpal®]  A|$+EA binding  siteE  XE¥S=  primer
(FMO-F:5'-ATAGAGCTCTCGTTTAACCAGGGCACATG,
FMO-R:TATTCTAGATTAAGCTTCTTTAGCCACAG)E ©]43te] PCR &
Tttt o1z PCR productE Algtas Sacldt XpaloZ 37TolA 1
AZE wot AHEld F  pBluescript SK(+) vector?] Sacl¥  Xbalol
subcloning 3% pBlue 1.7 & A3 tHFig. 9). pBlue 1.72 E. coli
DH5a9] & A3t 3] ampicillin 50 w/ml o] ¥3+E LB agar A 16

T
.
AZE &2k vieFer Ay Fe FEN] colonyeE FASHSItHFig. 10).

Qa2 AAEe GARE Tasa A= E coli DH5eE 100mt LB
A 37 TE 16A17b&t wieke & wjgeds 10,000 X g2 1#3F A4 &2
st AL FEA pellets 5353t A2 FEAY pellets THTE
T AA AL & 10mY N, N-dimethylsulfoxide (DMSO, Sigma)@Z =}
HE 3T I F microprobeE ©]83}9] sonicationdt$lth. 10,000 Xg
218N AT F AFTHS Fol Qv B4 Ak&silth. WA

=

Ultrospec 2000 Spectrophotometer(Amersham Bioscience)E ©]&3}4
54 2MEUS 4000m FH 700mAAE ol F4HRE
il A Qddaet 3¢ 620nmolA HA 5 IFFS I (Fig.
11). Thin layer chromatography:® DMSOe°] =<1 A}

1E silica gel TLC plate (Merck)ell spotd}e] methanol : acetone®] &3

_l

ol

o
1o
kel
N
1%
ro,
0

_26_



spote] H}o]

A 2

AR
AN

g

b

2 3}

el spot(indirubin)

S

uE =

tH(Fig. 12).
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Hindlll
EcoAl
Psil
Bamt

pBlue 1.7

Fig. 9. Scheme for the construction of plasmid pBlue 1.7.
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Fig. 10. Production of indigo from tryptophan by recombinant . coli

cells harboring flavin containing monooxygenase gene.

_29_



2.0

Absorbance

Bio indigo /\
Chemical standard / \

500 540 goon G50 oo

Wavelength (nm)

Fig. 11. Comparison of absorption spectra between chemical-

Bio- indigo dissolved in DMSO.
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< indigo

- —

indirubin

*.) ﬁ"

Fig. 12. Thin layer chromatography of chemical and Bio indigo deriva

—-tives.
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0,
v}
R

A2 A 43%E 2 oluxy Fste] we
e Ws

ki

1. Glucose, Lactose ¥ Fructose #H7}d w}& Qg

|l

%
2

g PAES o]]3tY tryptophanC Z2HE AUinE A= 9
Eol7] Yste] M EhAF 27]d] EBALO R glucoseS H7IEGS
5

&
th by
2 92

o o
o M e
o
i

Vet E gt A4 s 2 AFEE vAAE A

2497191 Bioscreen C (Transgalactic Co.)E ©]€3}4 tryptophan Hl

Aol Z+Z 5 T 100 mM2] glucoseE #H7F8F] 30 ToAl 21417 52 1
A7F HA 02 600nmolA TFEE =AH3IAA glucose A7 T AF &%
2 oty AAHS SHEAT. I ZAF glucose B A AR = 2 <l
o)1 Akl AT o]+ glucose’t AZT ool <ltja ABARS
A st= Aoz dFHETH(fig. 13). Lactose®}t fructosed 247 100 mM&
A7tsl 23} Z+ZE lactose F7F Al 37.4 mg/Le] eltjart ABAF Holom,
fructose 7} A 144.6 mg/Le AtE A 3}t Qi Ak vjA]

= il
o] glucose, lactose, fructose® FH7ISH EE oA <tz Ao F

7 8 et
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1.2
—— O0mM

........ O SmM
109 ———=w—— 10mMm
—-—v-—--  20mM
— - — 50mM
0.8 - — —0—— 100mM
S
A 0.6
0.4
0.2 A
00 T T T T
0 5 10 15 20
Time (hour)

Fig. 13. Effect of glucose concentration on the indigo production when

recombinant £. col/f was cultured on the tryptophan medium.
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2. otu]x=At A7t mE JAYaol= FHFEY ANF ¥

Hlo]l 9 olt)a Aatel]l A}RE o] tryptophantl®| W yeast extract®] o}

nldbe] 2Ae ARG A, Al&HQL, ofATEEL 8l of27do] thE

olrlwateTe Atidos AL e Taetn ANk WA Az, of
AT EA o}27)Ue 77t 2 g/l Artele] old] WE Al ATl

E #&Esth. 2 23 tryptophan iAo A 9] ]l :
90 : 10, Alz=HAo] H7td A$ 76 ¢ 24, o}=27|dT}
Alz=Hjlo] H7bE A% 75 ¢ 25, AZHQIH ofxTmEEe] HItdE A

54 1 46, o}27|4, o}~TEEAL B A|Z~ERle] UM A 28 1 729 A
A ¥sb A EATHFig. 14). Al 7HA obm|ate]l HubE Zbzhe] A4
oA tryptophan #jA]eA] Hr} Ar]FERIel AitH]Eo] Z7ME S s
H, 53 AlzHRlE st Al 7HA ofr|wAte] BE HUkE A9 AT F

W9 wlgo] b gol F7hsiTh

4,

o

_34_



0.5

— Ty /N
................... Try+Arg / \
044 ~TTT Try+Cys ;
—_——— - Try+Asp
— ——  TipAgHOys
g | - Try+Arg+Asp
€ 93 ———— Try+CystAsp
o —  Try+Arg+Cys+Asp
S
0
Q
< 0.2 -
0.1
0.0
400 450 500 550 600 650 700
Wavelength (nm)
Fig. 14. UV-visible spectra of indigo derivatives formed by

recombinant £ coli cells under different

Pigments are dissolved in DMSO.
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Al 3 A AXT dBTE ol & U™ A4

THRAAGY A BE wiR o HH3

Az o] wlole QY AJAES #13 wix| o HAIE Qs FAUT
AAE R met 2t s€HHTE tryptophan yeast extract, NaCl & 9.2
o £ Qg AAkEF

o] o
g2 Table 601]"1 ‘/}F/}”] upel o}, 75—"‘:] J éﬂ]ﬁ—]ﬂﬂﬂ SAA A= F
ol W] Fo FEel wet FAF ool 2FE. debxo=w W
9] 2] & (Probability value, P value) #to] 0.058 T} ztow 7} wis
kel &

7 #ol7b fFojde JHHva sk, 0.01XTh #oH g folstth
3 3t} Table 59 B4HEA #go] w2d mdido) FolgtEo] 0.0072%
A g FoldE JhAta 2 ok olaksl AAe] wE RPghe 0.8653.2
2 YElst. Ed2o  wEl  tryptophan®}t  yeast extract(Fig. 15),
tryptophan ¥ NaCl(Fig. 16) 18] 1 yeast extract ¢} NaCl(Fig. 17)9] =
HETo A5 #AE S48l o] W 7 SYPRTES] HA s s
A3} tryptophan 2.48 g/l, yeast extract 5.20 g/f, NaCl 14.1 g/ﬁi e}
stk 2l Ais A7 Hste] 719 tryptophan A $F AEH
grol 2Ag WAl A Zhzt 339 dHal A dde A A 7S
tryptophan HJX|o| A= 4 835 mg/to] wlol JAu]mE AAF A, TA
GAAG A st Ab=E A EE iAoMA= B 800 mg/te] Hiole <l
tas AAE skl th(Fig. 18). 71E9 wjA] oA vpo] e Qlt|ale] A
o] © ®Wo™, tryptophan®| 7}A3 At S aEg A, vpole <l
oz Akl 7Fd @42 tryptophan BlA| 2] ZA(tryptophan 2 g/t
yeast extract 5 g/f, NaCl 10 g/0)& &<l & 4 A}
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Table 4. Experimental design used in RSM studies by using three

independent variables with six center points

Run Yeast Indigo
Tryptophan NaCl )
orde extract production
X4 X3

r Xy (ng/2)
1 -1.00 -1.00 -1.00 464.396
2 +1.00 -1.00 -1.00 631.885
3 -1.00 +1.00 -1.00 344.761

Fractional
o3 4 +1.00 +1.00 -1.00 203.194
factorial 5 -1.00 -1.00 +1.00 270.987
design

6 +1.00 -1.00 +1.00 15.765
7 -1.00 +1.00 +1.00 314.853
8 +1.00 +1.00 +1.00 7.790
9 -2.00 0.00 0.00 819.312
10 +2.00 0.00 0.00 13.771
Star 11 0.00 -2.00 0.00 38.698
points 12 0.00 +2.00 0.00 470.378
13 0.00 0.00 -2.00 37.664
14 0.00 0.00 +2.00 69.601
15 0.00 0.00 0.00 936.953
16 0.00 0.00 0.00 917.623
Central 17 0.00 0.00 0.00 943.544
points 18 0.00 0.00 0.00 1092.48
19 0.00 0.00 0.00 953.720
20 0.00 0.00 0.00 911.032
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Table 5. Analysis of variance for quadratic model

Source SS DF MS F-value Prob > F
Model 2.365E+006 10 2.365E+005 5.78 0.0072
Residual
3.683E+005 9 40919.39
(error)
Lack of Fit 3.475E+005 4 86423.14 19.14
Pure Error 22581.92 5 4516.38 0.0031
Total 2.734E+006 19

R? = 0.8653; CV = 40.30%, SS, sum of squares; DF, degrees of
freedom; MS, mean squares; Adj. R? = 0.7156
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Table 6. The least-squares fit and parameter estimates (significance

of regression coefficient)

Model Parameter Standard )
term estimates error Fratio p-value
Intercept 926.22 80.68 5.78 0.0072
X4 -134.22 50.57 7.04 0.0263
X2 22.06 50.57 .019 0.6730
X3 -103.06 50.57 4.15 0.0720
X, -45.11 71.52 0.04 0.5439
Xy’ ~73.53 71.52 1.06 0.3308
X5 -73.03 71.52 1.04 0.3339
X1 X2 -152.17 40.34 14.23 0.0044
X1 X3 -192.80 40.34 22.84 0.0010
XoX3 -200.53 40.34 24.71 0.0008
X1 XoX3 32.15 71.52 0.20 0.6637

Y = 926.22 - 134.22 X; + 22.06 X2 —-103.06 X3 — 45.11 X;X2 — 73.53

XiXs + 73.03 XoX3 - 152.17 X2 - 192.80 X2 - 200.53 X352
+32.15 X1X2Xs5
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1100

850

275

Indigo production

B: Yeast extract A: Tryptophan

B: Yeast extract

A: Tryptophan

Fig. 15. Response surface plot showing the effect of tryptophan and
yeast extract and also their mutual effect on the production of indigo
(mg/0).
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1100

550

275 |

Indigo production

A: Tryptophan

-1.00 -1.00

__Indigo production

C: NaCl

A: Tryptophan

Fig. 16. Response surface plot showing the effect of tryptophan and
NaCl and also their mutual effect on the production of indigo (mg/¢).



1100

450

Incdigo production

B: Yeast extract

Indigo production

689,851 |—

C: NaCl

B: Yeast extract

Fig. 17. Response surface plot showing the effect of yeast extract and

NaCl and also their mutual effect on the production of indigo (mg/¢).
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1000

—@— tryptophan medium (control)
—O— new tryptophan medium
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E
c
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o
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Fig. 18. Comparison of indigo production in orignal tryptophan medium
and new tryptophan medium.
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21t

FATEAD R wet 24 59
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S A3 Table 73 Zow, vhgHE
)Cl‘
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a

g)(% At&e 23 pH 7.0, 30 T2 YEFSTHFig. 19).
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Table 7. Experimental design used in RSM studies by using two

independent variables with five center points

Run Yeast Indigo
Tryptophan )
orde < extract production

r 1 Xs (mg/0)

1 -1.00 -1.00 2.04

Fr“;o“al 2 +1.00 -1.00 114.2

factorial

design 3 -1.00 +1.00 81.9
4 +1.00 +1.00 136.0

9 -2.00 0.00 53.6

10 +2.00 0.00 20.6

Star

pomts g 0.00 ~2.00 101.9
12 0.00 +2.00 70.6

15 0.00 0.00 846.3

16 0.00 0.00 873.9
Cenral 7 0.00 0.00 880.0

points

18 0.00 0.00 829.3

19 0.00 0.00 850.1
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Table 8. Analysis of variance for quadratic model

Source SS DF MS F-value Prob > F

Model 1.883E+006 5 3.766E+005 131.32 < 0.0001

Residual
20074.78 7 2867.83
(error)
Lack of Fit 18361.47 3 6120.49 14.29 0.0133
Pure Error 1713.31 4 428.33
Total 1.903E+006 12

R® = 0.9895; CV = 14.33%, SS, sum of squares; DF, degrees of
freedom; MS, mean squares; Adj. R* = 0.9819
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Table 9. The least-squares fit and parameter estimates (significance

of regression coefficient)

Model Parameter Standard )
term estimates error ratio p-value
Intercept 852.38 23.88

Xy 13.73 18.37 0.56 0.4790
Xo 6.44 18.37 0.12 0.7363
XXz -14.51 26.78 0.29 0.6046
X, -376.91 18.61 410.36 < 0.0001
Xy” -355.07 18.61 364.18 < 0.0001

Y = 852.38 + 13.73 X; + 6.44 X, - 14.51 XiXz -367.91 Xi* - 355.07

X2
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indigo production (mg/l)

Prediction 852.535

B: Temperature

A: pH
Fig. 19. Response surface plot showing the effect of pH and

Temperature and also their mutual effect on the production of indigo
(mg/0).
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3. Water-organic solventE& ©|&3 uvlo]Q Itz A4t

P el ddae st S7HEEE il SA0E s RAdE
ArbEo] ol wel vk W ¢l < FAAI717]
& organic solventZ o]&3to] it <tyuE EstaAl T o]
Aol Z+ze] organic solvent®] HYH O 2HE Ivjal #2lss Fels}
7] HsiA] ! 3 mlel] diphenylmethane 3 m¢ ¢+ DMSO 3 mlE = &]3}
of  AAkE dYaet wYde Fese FE 23 wdaH
diphenylmethane& A2ld 4% 714 Aozt & £ = ATt

olt]ar A4S 93l Bioflo 3000 WS-z} 958 HAHS 9]
E AlFstr A% FZE o]l dAT S ik
A2k th(Fig. 20). &4 WA= 50 pg/mbe] ampicillin® 2
ol A pBlue 1.7% EFstil U= Az HFdS 16A17HE<H s &
TorAth e ol Aakel AFEE wiA = tryptophan 3 g/e7F EeE #fA
AHESEGTE Bl F & 10AIZFe] A 3 B FZE o835t 2 ml/min?
=2 uj%dS diphenylmethane©] & H mix tank® o]$ % o] vl %kl u}
diphenylmethaneg Z3AI7l & Y453 ZHOE o]|FH3dto] A} Qi
7} E£3H" diphenylmethanes o2 £33t E8ld vlSAL ThA
2 W39l o1 diphenylmethane5 o2 FZH 2dujiys AAHE
&} olt] e} diphenylmethane & & 27 3} T}
diphenylmethane& ®WFE3SFY] AR 31T Water—organic solvent 9]
& AlzElE o] &gk viole It A Ad AF HITHOE 3 g/t 9
tryptophan B Aol A 1394.39 mg/e ©] QAt]iE ikl oh(Fig. 21.).
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_—IIZ- L —
Bio indigo -

diphenylmethane mixture -

C:LCD
[ e
+——— Return
Reactor Mix tank

Y

Fig. 20. Scheme for the construction of water—organic system.,
reactor—bio indigo fermentation reactor., Mix tank-it was mixed bio

indigo and diphenylmethane.
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1400
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G- control
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200

Time (hour)

Fig. 21. Comparison of indigo production of recombinant £. col/i in
control(tryptophan Medium) with 2 phase system(diphenylmethane and
tryptophan medium).
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4. AEAH WE7)E o] &F Hlole QAHa A4t
il Aid 9L 5¢ fermenter (KoBioTech Model @ KF-5L)& AR5}
o] 2¢ 9] tryptophan mediumo|A] B3I Th AH BIZE o] g3l 2.8
ml/min®] FHOSE fresh mediume 3F5F1, &L FFOZ  culture

mediume i=3te] ¥F27] W9 volumes 20 & FA == A Z3E90ct

(Fig. 22). Fed batch Wr&7]o|A &% ®WH3}o] w}pE ujo] o QAdrju AL+
HelE AEsl7] Y5t 27] mlY 225 30CE FAsk, Aua AAEF
< 543

°] 800 mg/t = <FFstHE o]F 35CTE F7Fete] Qv A=
o g 10AIE F Qrare

tryptophan 2 g/l 7} X3td #iXE FF3t, =58 35TCTE S7Fske] A<
3 A3} oltjae] gAaksko] AE Z7balgdnt. vk 18417 & 1,146 mg/l 9
[ ARy Ha A

z
AT LE A s om 20413t o] F
AbEFol Zasklvh Yal Ak AfolA vl 2= 30TelA 927 mg/t 9
]yt Ak Fglow, eEE 35T Z7F A7 A7 1146 me/t 9] <l
37} AakEo] ok 19%9] AJAteFo] Z7bsFelth(Fig. 23). Fed batch 239
30CeA 35C2 S7HZS o Qe A
AbeFo] oF 199 7}0}/3\% A, &0l & Rt ofvet pHel Wslel] w
T 722 2435t v 10
: : 7.2, 7.4 T 768 ™o, &
A e o skt wek 14A17F o] olt)me] Alxt
7} 6.6 ~ 6.8, pH 7.4 ~ 7.6°2% %43}
ket AF 18417 o] F7E tizwl pH 7.0 T 7.2 Bt} ARk F4
). A S B3kl fed batch ¥HS7] A ¢] =
, 271 2 g/l 9 tryptophan®] ¥gH Hj=x
A wjeke AlZETh wloE 10417 T(elvlm AAEE 800 mg/t) 3 g/t
tryptophan®] Xgtd B E 2.8 ml/min o] £EZ FY3s] 140413 &<
(7 days) dt]a S #Eeqlth 3 g/t 9 tryptophan ¥iA| 7} F4H
o]F 20A1Z7HA] QIYjal Aol HAk Frlekelom, 20417 o]F lv|iL
/1\_]_.

Fe W 1,386 mg/t = A AL 120AA7HA] A E AT 2

|

__IZi
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F43H FAasd= ﬂ, ol= FMO9 &A]o]
S om|3th(fig. 25.). 7]€£9] batch Bl %
At E /‘g’*%‘ 4 AA o} feb batch

= A

zS

ZF A 1,437 mg/t & AL H 5,642 wg/t/day & vF
3
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¥

Flow rate Flow rate

2.8 mlfmin 2.8 mlfmin
=1 v

—ix == 5O
|
Fresh Medium Peristaltic Reactor Peristaltic
pump ( 5 Liter ) pump

Fig. 22. Continuos fermentation system for the production indigo In

the 5 L fermentor.
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Fig. 23. Effect of temperature change maximum production of indigo in
the continuos fermentation.
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Fig. 24. Effect of pH on the
fermentation.

indigo production
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Indigo formentation (mg/)
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Time (hour)
Fig. 25. continuos fermentations was performed under the optimum

culture condition (initial volume 2L).
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5. 3000L REZE o] 4 Arja A4t
F IR 08T Ari;e o] AYele] SEoIRE Hlsuz
AEF UE71E AST B AUE FAAYEE 26 5L LA
= O
|

::
EO{

dLd, 28 ampicillin 2 yeast extract® thAsl7] 93l
A A Z 476017\1 LAt AxaEE ol &ste] vl A4 viAE vt
ST AEZEEE 90 T =0l €] 2443t &<k Helste] self-lysis Al
21 & ATHE o83t HFHOE 70% tryptophan 2 g/{, yeast
extract 0.5 %, Z18]3 NaCl 1 %7} E£&5 o] A= 8j#] 2000 LE pH 7.0 %
43 5 T A 195 JFote] wieF shlek wieF 23 HFHOE 914 me/to
Y s AsbelSithtig. 27.). 5 L Wh&7lolA o] )il Aikeka) vlalgh A3
tryptophan . 2 X Qdtjumzo A3&o] 92 %= A5},

% tryptophan,

_58_



It 8>

Fig. 26. Mass production of indigo in the 3000 L fermentor. Fresh medium
containing tryptophan 1.4 g/l; 24 h-Culture of recombinant % coli

expressing FMO; Isolated Indigo by continues centrifuge.
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Fig. 27. Mass production of indigo by recombinant £. co// in the 3000 L
fermenter.
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= 2 3l 3 3 4 3l 5 3] 6 2

Fig 28. Dyeing of various fabrics using bio indigo.
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Table 10. Color fastness of bio indigo produced from mass production

system.

AE A2 =(KS K 0430-2001, A-1, 40 £2TC) : =
E T

o o]
[

>
1 01 O1

2
d
a

[\l
(@)
=5
M
im,
=
>
A
w
w

HAF = (KS K 0715-2002) : =

Gl n}

HEA 9 4-5 4-5

2HA 5] 4-5 4-5
h=] 4-5 4-5

HEA Q¢ 4-5 4-5

o712 A 5| 4-5 4-5
h=] 4-5 4-5
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A4FdEE

1.

M. aminisulfidivorans MP'¢] chromosomal DNAZXE FMO #AA=
Z33sl= 1.7kb DNA fragmentE 9o AxF ZAv|E pBlue 1.7&
HEQITE °lE E coli DH5a o ¥& % 3to] LB agar HiX|o] HjFst
A FE249] colonyE FASATE 9] colony?] FE24 E4S &

= -1
8% A3} Aringe s

AEZAL 2710 BA2YO=Z glucoseE H7FEIES Wl &0l S7hste=
A& glstazxt 28-S st 23}, tryptophan #iA| o] B} glucose
- ool AJAbEFo] ZASESITE 3 lactose$} fructose
mME #H7FeE Ago = lactoseE H7F Al 37.4 mg/l,

fructose 7} Al 144.6 mg/te]l <QtiEs A4k 3t} lactose <F

fructose A QI AAitel] & JFFE mIA A Fokoh

Hlo] o 2lt]ar AJAkol| AR EH A tryptophantiA] o] ofr|x=ate] FA
= ZAMeE Ad, AZHQI(Cys), oF=TEEANAsp) B oFE7]d(Arg)©]
OE oAt dte Aty o s 4 de £t qlo] AJ=H<S, ofx
T2 EAL ot27)de] H7bste] dvjael QIvFRle] Aie|E WEE o
e Ay, AlzH[/lo] HIbE A5 76 1 24, o271 I} A]&EHQlo] FH
Ve A 75 1 25, Al&=HQIY oflastEEste] HutE AHE 54 ¢ 46,

ol27|d, ofAm2EAl Bl Al&E|Qlo] HIbE A 28 1 729 Aakw]

’

7 #EHAT. o] Aol me} opm|wito]l HIbE - AviFRIe] A
ARlgol SrkE S #sslan, Al&Hle T8k ofv|wAto]l HIbE
Aol 53] dHFRI9] Hlgo] F7FE AT
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tryptophan 2.48 g/, yeast extract 5.20 g/¢, NaCl 14.1 g/{
a2yt 7]1=9] tryptophan A ¢t 2b=® ghol 2AF wiA A Sltja A
A vmg A2y, 7|9 iRl H 835 mg/te] Hlole QITnE
AL B, RS A A= S 800 mg/ee] Hhole IYjiiE A4t

ATt tryptophan®] 7} ¥} A F& n#d A3, Qv Akl 74
a&49l w9 ZA(tryptophan 2 g/f, yeast extract 5 g/¢, NaCl 10

5. ¥kFeZ W9 ddu FEE A3 Y39 water—-organic solvent?]
2 N&="g AZSE A, 274 Al2"8E o] &3 vio|e At A4 A
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E o, %7| pH
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5,642 mg/t/day 2] ®}o] <l

A

=
o
rr
oy
=
O
lo
&‘l
oX,
)
—
Do
o
>
(=)
= r
o
Al
b
o
O

7. 3000L ®H71E ol 8e IHi AMEEE Adgelle] o8-8 &A<ls
17 AMEE tryptophan, Y, A4S ampicillin 2 yeast extract®
Ast7] AsiA AFAz FAAA Este AxaEE ol&35te] <t
A AL A E wEEAT W A HFHOE 914 mg/ee] o]qii A4k
sttt o] A¥%E 100 % tryptophan & AHESH 779k ®lugh At

_65_



tryptophan .2 5-E <lt] 12 9]

FoAE AF=

4-59 AZE ATE Yehjglen, 4%

—

T}

el

il

Skt

_66_



AsS5HF I EA

1.

@

Maugard T, Enaud E, de La Sayette A, Choisy P, Legoy MD,
"Beta—-glucosidase-catalyzed hydrolysis of indican from leaves of

Polygonum tinctorium." 2002. Biotechnol Prog. 18, 1104-1108.

. Doukyu, R. W., Arai, T., Aono, R. "Effects of organic solvents on

indigo formation by Pseudomonas sp. strain ST-200 grown with
high levels of indole." 1998, Biosci. Biotechnol. Biochem. 62,
1075-1080.

. Doukyu, R. W., Nakano, T., Okuyama, Y., Aono, R. "Isolation of an

Acinetobacter sp. ST-550 which produces a high level of indigo in
a water—organic solvent two—phase system containing high levels of

indole." 2002, Appl. Microbiol. Biotechnol. 58, 543-546.

. Murdock, D., Ensley, B. D., Serdar, C., Thalen, M. "Construction of

metabolic operons catalyzing the De Novo biosynthesis of indigo in
Escherichia coll." 1993, Bio Technol. 11, 381-386.

. Yen, K. M., Karl, M. R., Blatt, L. M., Simon, M. J., Winter, R. B.,

Fausset, P. R., Lu, H. S., Harcourt, A. A., Chen, K. K. "Cloning and
characterization of a Pseudomonas mendocina KR1 gene cluster
encoding toluene-4-monooxygenase." 1991, J. Bacteriol. 173,
5315-5327.

Bhushan, B., Samanta, K., Jain, R. K. "Indigo production by
naphthalene -degrading bacteria." 2000, Lett. Appl. Microbiol. 31,
5-9.

. Choi, H. 5., Kim, J. K., Cho, E. H., Kim, Y. C., Kim, J. [, Kim, S.

W. "A novel flavin—-containing monooxygenase from Methylophaga
sp. strain SK1 and its indigo synthesis in Escherichia coli" 2003,
Biochem. Biophys. Res. commun. 306, 93093-93096

Karoly, E. D., Rose, R. L. "Sequencing, Expression, and

_67_



Characterization of cDNA Expressed Flavin—Containing
Monooxygenase 2 from Mouse" 2001, J. Biochem Mol Toxicol 15;
300-308

9. Fraaije, M. W., Kamerbeek, N. M., Van Berkel, W. J. H., Janssen, D.

B., " Identification of a Beayer—Villiger monooxygenase sequence
motif" 2002, Lett. FEBS 518; 43-47
10. Furnes, B., Schlenk, D., " Evaluation of Xenobiotic N- and

S-Oxidation by Varianr Flavin-Containing monooxygenase 1 (FMO1)
Enzymes" 2004, Toxicological sciences 78; 196-203

11. Nakaniwa, T., Tada, T., Takao, M., Sakia, T., Nishimura, K., "An
m vitro evaluation of a thermostable pectate lyase by using
error—-prone PCR" 2004, J. Molecular catalysis 27;127-131

12. Nakamura, K., Martin, M. V., Guengerich F. P., "Random
mutagenesis of Human Cytochrome P450 2A6 and screening with
indole Oxidation Products" 2001, Archives of Biochemistry and
Biophysics 395; 25-31

13. Puchalska, M., Polec-Pawlak, K., Zadrozna, 1., Hryszko, H., Jarosz,
M., "Identification of indigoid dyes in natural prganic pigments used
in historical art objects by high-performance liquid chromatography
coupled to electrospray ionization mass spectrometry" 2004, J. Mass
Spectrom 39; 1441-1449

14. Wu, Z. L., Podust, L. M., Guengerich, F. P., "Expansion of
substrate specificity of cytochrome P450 2A6 by random and
site—direct metagenesis" 2005, J. DBiological Chemistry 280;
41090-41100

15. Podgornik, H., Poljansek, 1., Perdih, A., "Transformation of indigo
carmine by Phanerochaete chrysosporium ligninolytic enzymes"
2001, Enzyme and Microbial Technology 29; 166-172

16. Gillam, E. M. J., Aguinaldo, A. M. A., Notley, L. M., Kim, D. H.,

_68_



Mundkowski, R. G., Volkov, A. A., Arnold, F. H., Soucek, P.,
DeVoss, J. J., Guengerich, F. P. "Formation of indigo by
recombinant mammalian cytochrome P450" 1999, Biochemecal and
Biophysical research communications 265; 469-472

17. Rui, L., Reardon, K. F., Wood, T. K., " Protein engineering of
toluene orthe-monooxygenase of Burkholderia cepacia G4 for
regiospecific hydroxylation of indole to from various indigoid
compounds" 2004, Appl microbiol Biotechnol 66; 422-429

18. Xu, H., Petersen, E. ., Petersen, S. B., el-Gewely, M.R., "Random
mutagenesis libraries: optimization and simplification by PCR" 1999,
Biotechniques 27(6); 1102-1108

19. Lim, H. K., Chung, E. J., Kim, J. C., Choi, G. J., Jang, K. S.,
Chung, Y. R., Cho, K. Y., Lee, S.W., "Characterization of a forest
soil metagenome clone that confers indirubin and indigo production
on FEscherichia coli' 2005, Appl Environ Microbiol 71(12);
7768-7777

20. McClay, K., Boss, C., Keresztes, 1., Steffan, R.J., "Mutations of
toluene-4-monooxygenase that alter regiospecificity of indole
oxidation and lead to production of novel indigoid pigments" 2005,
Appl Environ Microbiol 71(9); 5476-5483

21. Ensley, B. D., Ratzkin, B. J., Osslund, T. D., Simon, M. J., Wackett,
L. P., Gibson, D. T., "Expression of naphthalene oxidation genes in
Escherichia coli results in the biosynthesis of indigo" 1983, Science
14; 222(4620) :167-9

22. Drewlo, S., Bramer, C. O., Madkour, M., Mayer, F., Steinbuchel,
A., "Cloning and expression of a Kalstonia eutropha HF39 gene
mediating indigo formation in Escherichia coll' 2001, Appl Environ
MicrobiolApr 67(4); 1964-1969.

23. Royo, J. L., Moreno—Ruiz, E., Cebolla, A., Santero, E., "Stable

_69_



long-term indigo production by overexpression of dioxygenase
genes using a chromosomal integrated cascade expression circuit"
2005, J Biotechnol 116(2):113-24

24. Furuya, T., Takahashi, S., Ishii, Y., Kino, K., Kirimura, K., "Cloning
of a gene encoding flavin reductase coupling with dibenzothiophene
monooxygenase through coexpression screening using indigo
production as selective indication" 2004, Biochemical and
Biophysical Research Communications 313(3); 570-575

25. Gandra, N., Frank, A. T., Gendre, O. L., Sawwan, N., Aebisher, D.,
Liebman, J. F., Houk, K. N., Greer, A., Gao, R., "Possible singlet
oxygen generation from the photolysis of indigo dyes in methanol,
DMSO, water, and ionic liquid, 1-butyl-3-methylimidazolium
tetrafluoroborate" 2006, Tetrahedron 62(46); 10771-10776

26. Berry, A., Dodge, T. C., Pepsin, M., Weyler, W., “Application of
metabolic engineering to improve both the production and use of
biotech indigo” 2002, J Ind Microbiol Biotechnol 28(3); 127-33

27. Meyer, A., Wursten, M., Schmid, A., Kohler, H. P., Witholt, B.,
“Hydroxylation of indole by laboratory—evolved 2-hydroxybiphenyl
3-monooxygenase” 2002, J Biol Chem 13; 277(37); 34161-34167

28. Choi, K. Y., Kim, D., Koh, S. C.,, So, J. S., Kim, J. S., Kim, E., ©
Molecular cloning and identification of a novel oxygenase gene
specifically induced during the growth of Rhodococcus sp. strain
T104 on limonene” 2004, J Microbiol 42(2); 160-162

29. Tanyildizi, M. S., Elibol, M., OZER, D., "Optimization of growth
medium for the production of a-amylase from Bacillus
amyloliquefaciens using response surface methodology" 2006, .
chem. technol. biotechnol 81(4); 618-622

30. 234, “Axdt FHAAE o8& WA indigo P4 2003, = Ta

ABAEAGLT A = E

_70_



31. HZE, Am4d, #9871, H3ld, 3, ols®, WA, “Polvgoum
Tinctoria®t ¥73 Atlal fd8e] £g54e4 54 Hlu” 2002, Applied
Chemistry 6(2); 595-598

32. A E, olHT, AdAdF, ‘W oHd JFHES Qi 4”7 2000, =4
& 3A 37(6)

33. HA2< A&t “Effect of indole on the cell growth and synthesis
of indirubin in suspension culture of Polygonum tinctorium LOUR"
1991, Korean J. Medicinal 3(2); 96-99

34. Walter Weyler, Sol M. Resnick, "Microorganism with ability to
degrade indole and enzymes therefrom" 2003, Patnet: US 6,642,031
B2

35. Myers, R. H., Montgomery, D. C. "Response Surface
Methodology:Process and Product Optimization Using Designed

Experiments, 1st edn." 1995, Wiley—Interscience: New York






	제 1 장 서론
	제 1 절 인디고 화합물 (Indigo compound)
	제 2 절 FMO를 이용한 인디고이드 화합물의 합성경로 및 생산
	제 3 절 기술 및 연구 동향
	제 4 절 연구 목표

	제2장 실험 재료 및 방법
	제 1 절 효소 및 시약
	제 2 절 사용 균주 및 플라스미드
	제 3 절 FMO 유전자 클로닝
	1. Chromosomal DNA extraction
	2. fmo 유전자 증폭
	3. 제한효소 처리와 DNA 단편 분리
	4. Ligation
	5. FMO 유전자의 형질전환
	6. 형질전환 된 균체로부터 plasmid DNA 분리 및 확인

	제 5 절 인디고 분리 및 특성 분석
	제 6 절 인디고 및 인디루빈 생성량 측정
	제 7 절 배지 조성 변화에 따른 인디고 생산량의 변화
	제 8 절 반응표면분석법을 이용한 인디고 생산 배지 및 생산 조건 최적화
	1. 생산 배지의 최적화
	2. 생산 조건의 최적화

	제 9 절 인디고 생산 조건
	1. Water - organic solvent를 이용한 바이오 인디고 생산
	2. 연속식 반응기를 이용한 인디고 생산
	3. 3000L 반응기를 이용한 인디고 생산

	제 10 절 생산된 인디고를 이용한 직물 염색

	제3장 결과 및 고찰
	제 1 절 FMO유전자의 cloning 및 발현
	1. pBlue 1.7 genomic library 제작 및 형질 전환
	2. 인디고 분리 및 특성 분석

	제 2 절 유기화합물 및 아미노산 첨가에 따른 인디고 생산량의 변화
	1. Glucose, Lactose 및 Fructose 첨가에 따른 인디고 생산 비교
	2. 아미노산 첨가에 따른 인디고이드 화합물의 생산량 변화

	제 3 절 재조합 대장균을 이용한 인디고 생산
	1. 중심합성계획법에 따른 배지의 최적화
	2. 중심합성계획법을 이용한 생산 조건의 최적화
	3. Water-organic solvent를 이용한 바이오 인디고 생산
	4. 연속식 반응기를 이용한 바이오 인디고 생산
	5. 3000L 발효조를 이용한 인디고 생산

	제 4 절 생산된 인디고를 이용한 직물 염색

	제4장 결론
	제5장 참고 문헌

