WX DOHNBEDES

R4y raxryx ) v RNEWEESRICBIT 5

NG R RTCEE R D RRRERT 5T

HE BE

JEHRE Streptomyces coelicolor A3(2) DHEFES % T 25/ UV (actinorhodin, ACT). . violaceoruber Tii22
DEFEST 2V FUY 5+ F 4 2> (dihydrogranaticin, DHGRA) 1 & b ICAY A Y raw %) v Rk
WHBIQWIE Y 25 EFHRE) 75 4 FLAWTH 505, BAGHEDO . VI VBE 3 e 15 I+
% & ACT1d (38, 15R) TH%DIZ3 L DHGRA & (3R, 158) L E\VCHD VHALETH b0 PLEME DT
AL I RRBUCR S CBET 2 2 L 22 2, TLAW D& A RICB 5 T8 O M it
EAERICEIICHE R TS 513201 T4 <. combinatorial biosynthesis % [ L 7-FF2212 & - Tk & HHIRE
N

TALEM DEABITB T, Type IPKS I X o TEBENF 2 & 7 5 4 FEEASETE. B, FHEL R
T AF R bicyclic intermediate ASEK T 5 F Tl e FMBEICHETT 2 EZ 10N 5, Kic bicyclic
intermediate 3 .05 b > AV ARIFREG 1@ TT & b 4K DNPA 29503 5 45, ACT TH(S)-DNPA (Fig.1 3).
DHGRA TI3(R)-DNPA(@) & 72 ), I ZC 3 MDA ZIHESE L 5,

o o o OH

0% 3 “SE © oH
. , HO Ho o
/ linear octaketide
0 o o Z0 Zo

ARO, CYC ™ g o HO™ "Xg HO™ "0
PR IR,/ %% mutation SEK4 (5)  SEK4b (6)
HO'g SE SE  jn RED1/2
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COOH

OH

i
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OH

0 o
DMAC (7)  aloesaponarin Il (8)

H,0 H0
OH O 15 OH O OH O OH O 515
OO = 3=l
FOUC, = OO0, o0y, == )
OH O COOH COOH COOH OH O COCH
actinorhodin (S)-DNPA (3) (R)-DNPA (4) dihydrogranaticin
(ACT, 1) (DHGRA, 2)

Fig.1 Proposed Biosynthetic Pathway of Act and DHGRA
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ACT G BT 3 MO AIFRIGETT I D % BIETF 13 act VIORF 1 Td 1) (Fig.2). VARG REET
BEERED] 20— K952 L 2B L722[1]e —#IC, A—bAWsHE L T2REORIZIZT I B— KR
FNCH B 2RO T & %45, DHGRA A BIBIZT 7 T A ¥ — (the gra cluster) 11213 act VI-ORF 1 D4R
FRIEFIEFFELZho722]e Z2THDT, M7 TAY —HDE ACT & DT AR ET O,
PREERTFE 2 ATV, TR L2 O FIBIHRE D M % 3 72 o

the act cluster (ca 22 kb))

I 1l il 1 |I\/|V%
DaEbED e B D

the gra cluster ( ca 39 kb )

Fig.2 Biosynthetic Gene Cluster of Act and DHGRA

(1. STMLEHIEBETOF — T NR=AMEH] X7V F T FREGEA O BN O R I & 5 BEHE
HEED S gra-ORF 5 HSR ) 7 5 4 FOMDY METEEE (KR) % . gra-ORF 6 7% 3 {0 1 {R45 5 1058 5082
& (RED2) 2 Zha— F§2%Z & %2HEL[3]e ACT KU DHGRA A4AHI2 BT 5 BIQ ‘B 1< B
G357 MRTBREETRICOW RO BLAST vV — V& BWMRNLREBE ¥ 250 F AL Vg
70728 2%, gra-ORF 6 BN act VI-ORF 1 W & 3 A B MFAM 2 E2 2 Wo b, WBIZER 2 7L F
B7F—=E773I) =852 LD THSE B4 o 72 (Table 1o

Table 1. BLAST analysis of ketoreductases in this study

Gene Proteins Similarity(%) * Putative conserved

designation (aa)  act VI-ORF1 gra-ORF5  gra-ORF 6 domain detected ®
act 111 261 no 79 47 short-chain alcohol dehydrogenase
act VI-ORF 1 307 no no 3-hydroxyacyl-CoA dehydrogenase
gra-ORF 5 272 49 short-chain alcohol dehydrogenase
gra-ORF 6 249 short-chain alcohol dehydrogenase

a: BLAST2 SEQUENCE, b: PSI-BLAST

[2. HHISEERIC X % BAEFEY] gra-ORF 6 0 RED1/2 ~DBE M & 3T 2 720 (MM EER % 4T - 72, REDI
% d— F9% act VI-ORF 1 DZEEKTIZ RED1 255H L 217250, bicyclic intermediate 7> & IEBEFAY ICBR1{L
L T4 L % DMAC (Fig. 1 7). aloesaponarin I (8) 2N IZZRE SN 5, HEHE Y gra-ORF 6 7S RED2 % 02— K
9% 7% b3, act VI-ORF 1 ZZEHRIZ gra-ORF 6 ¥ BAT 5 & RED2 2555 L bicyclic intermediate % &G L, A
ROVAEFLGRL D ACT BPEESNDEE X, TOEXCHTE, WHERE 7S 2 3 Fa g
act VI-ORF 1 ZRHR 8. coelicolor B22 % R L 158 5 N7 BB DI % 50 L7 5 B gra-ORF
6 1L LiitiCH % gra-ORF 5 LHFIBZ L T B 720, MREFOREER-LTTOTTAI FRflsEL/,
IHRERD O IR ACT BRBEZEETLI L, 7. 8 R ER LAV &40 50 L7z2[4]e Shix
R ) RED2 %553 L bicyclic intermediate % 3875 L72 2 & 2553 % DTH5b,

[3. in vivo BIET-HBRIC X 2HAEEH] ACT A BB B C LB 2 BIET-TH % ketosynthase (KS).
chain length factor (CLF), acyl carier protein (ACP), KR, aromatase (ARO), cyclase (CYC)% B3 5 AR %S
BT I7AIK pRMS % the act cluster RIE#k S. coelicolor CH999 I3 AF 2% & ACT HEA DS bicyclic
intermediate C 1k % ) | 13758 ) DMAC, aloesaponarin I %} C & % , ¥ 72 pRMS5 |2 RED1 $#/Z T act VI-ORF
1ZMR 727 T A X FplI5660 % CH999 |Zi#8 A 2 & A AR AT ¥ THEA(S)-DNPA D3 FE E N5 (Fig.1) [1]o
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gra-ORF 6 2 RED2 % 21— F ¥4 Z L W T 57012 DR%FIH L7z, T74b 5, pRMS 2 gra-ORF 6 %
IR IS(R)-DNPA ASEERE S ND L& X 72, gra-ORF 5, 6 7FIFEEB LT\ 5 2 &, gra-ORF 5 & act I %4
FEETEEXONBLILEERL, THOTIAI FESE L S coelicolor CH999 |23 A L 7-(Table 2), 5
b NI HEERA & WARRE 2 L€ ORBMEY & HPLC THHT L7225, TS 2 & %2 572, 1) gra-ORF 5
BHEBIETTHZ act M FRE, 4275754 PO 9D EBILT 57 MBETEE KR £ 3— FT 5, 2)
gra-ORF 5 & act M DWTNP B SV F L gra-ORF 6 2 HT 57T A3 FRiB AT 2 & DNPA B3 X
N%o 72721 gra-ORF 5, 6 HYEMFIAX L T2 24R8 (BLF gra-ORF 5+6 & #35) D J2% gra-ORF 6 Hli L
DNPA AEEWDE Y (Fig. 3A)e & 2T LN/ DNPA % BillE - 55 L. BEXREE. CD 2047 L2 R, i
NOTEEHREATD { %2 DNPA b (R)E 4 TH Y (Fig. 3B). X 52 chiral column HPLC 12 & ) W1 b 224t
BE100% T 5 Z & A L7z (Fig. 3C) [5lo LED S, gra-ORF6 2SRED2 % 2 — F LTV 5 & I L7z,

Table 2. Effect of adding ketoreductases to type II PKS, ARO, CYC

Constructs Additional genes Products Comments
PRMS  act 11 7,8  C-9 reduction to produce the bicyclic system
pIK186 act Ill,gra-ORF5 7,8  gra-ORF 5 and act I1I function as a reductase for C-9 (KR)
pIK187 act 1ll, gra-ORF 6 4,7,8 gra-ORF 6 provides reduction at C-3 (RED2)
4
5

pIK188 act 11, gra-ORF 5 same as above, more efficiently

pIK177 - Loss of KR causes loss of control for the subsequent cyclizatio
pIK189 gra-ORF 5 7,8  gra-ORF 5 substitutes for act 111
pIK190 gra-ORF 6 5 gra- ORF 6 product is not a KR
pIK191 gra-ORF 5+6 4 gra- ORF 5+6 provide KR and RED2 most efficiently
plJ5660 act 111, act VI-ORT 3 act VI-ORF 1 encodes a dedicated reductase for C-3 (RED1)
A B
41(&)](3)3.-at 410 nm (mAU) 10.0 (S)DNPA
E CH999/pRMS5
200 —: DMAC aloesaponarin I1 CD
3 A/ (m deg) -
ET 0 B
F} SIS AN
3 (R)-DNPA CH999/pIK187
r‘/ﬂ
200 -2 DMAC + aloesaponarin 11 - ,/
3 ~h "™ (R)-DNPA
o3 N -100
W0WT———— " T T 250 wavelength (nm) 500

(R)-DNPA CHO999/pIK 188

C  Abs. at 434 nm (mAU)
200 100~
3 1 (5)-DNPA
0 ———— 4 10.7 min.
E (R)-DNPA CH999/pIK 191 :

E i

200 3 e ——

E 100 7
0 E f' J 1 (R)-DNPA

T 3 11.8 min.
10.0 20.0 (min)
14

017

——r——r
10.0 20.0 (min)
Fig. 3A: HPLC analysis of transformants, B: CD spectra of (S)- and (R)-DNPA, C: Chiral HPLC analysis

ZDE I, act VI-ORF 1 D2 — F§ % REDI, gra-ORF 6 ® 21— K92 RED2 i, 7 3/ Be—kFF) -4
BMRAEEZREZVICOEDL LT, M—0baWEEEE L, A—80sr kv % ML 5810 % 2 &
INEILT D &) | TRACHR T T CHRREWEE R R = EBRTE, L L&D, gra-ORF
5+6 DJ7 7% gra-ORF 6 HH X 1) (R)-DNPA FEFEWEATE VW &\ ) BHEX EET 5L, ga-ORF 6 DI — F§2 %
VISZHIRED2 & LTH %M A FFDICIE gra-ORF 5 D2 — R4 5% KR 2B &\ 9 TTEEEEATR 3 45,
CAUTDWTIIE 4 DEEFE IOV TR AL ERMRET 2479 L EN D 2,
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[4. #¥ 2 BOBE IC & % Biotransformation] 251k (8)-DNPA 227 7°F 2 3 F plI5660 %5 KS % K8 &7
7" A X FplI5675 % CH999 |ZE A L 7z#k CH999/pII5675 X, act PKS 12 & A HEKREFHIEHAIT L N7\
728 ACT EABH AR, shunt product DWW NS AERE LV, —7F, ARI1ZKS DA OBEERIZHBT 5 &
DT AL Y ENTWBHDT, REDI O, WEOWBEBHBEORIR L L THERRBEE OBEHELIRR
CHATE %5, HEEAREZ bicyclic intermediate (2 b Y, 75 0 7 E 4 F (Table 3, 9-12) %
N-acetylcysteamine i8R & L CTA L CHI99/pII5675 DWARIERICME L 728 2 A, [MNOEE D VASBRIN
VRIC ENT2[6]0 FFICILAW 121399 % ee L\ BT F ¥ F 4 BIRMEZ R L. bicyclic intermediate % 455
BICERE L LTEER L TV A 2 EAVRB E N7z,

Table 3. Enantioselective reduction of NAC thioesters by the recombinant S. coelicolor CH999/plJ5675

NAC substrate Product® Yield (%) ee (%) [olp
(o] (o] ?H (e} _
Q\Ms/\,nm Mo 18 85 +1.2 (c=0.90)
9 13
OMe OMe
o 0 OH O
o NHAG “ e 27 74 +1.1 (¢=0.80)
10 14
[o] o] OH O
OO S~ NHAS OO . 55 55 +1.0 (c=1.77)
11 15
OMe OMeCo Me OMe OMe O
2!
g 9 OH 42 99 -39.2 (¢=1.00
SOQ S By IR, (c=1.00)
12 16

ZOFR%IGH L RED2 DEER IR L MET L72o L TR)-DNPA 2 5.2 72 3D S5 X I F (Table 2)F NZ
NP B KSKIET T AI FEREEL CHI99 ICEARK, 70 73E 9,11 % v THEEED biotransformation %
T272%, RED2 O B3I TE 2 BIGAERYERBTE L o7z, ZOERDIS . TEEIR—LEWr
FEEETLOODORBIERMNTKREL LR D Z LATRBENT,

[ 5. homology modeling #: (2 & % 3 RIGHE#EDFill] RED1, RED2 Mi#%3 D 3 KILHE % homology modeling
% (FAMS) 12 & ) Fl L7z, RED1 1d & F.LoJiH SR L-3-hydroxyacyl-CoA dehydrogenase [7]% . RED2 i+ EL R
3k trihydroxynaphthalene reductase[8]% Z L ENEHFH L T2 SRTLEF NV %15 LHTE 7 (Fig. 4) 73/
MR —XRECHI A B2 METEE /R & 2y REDI, RED2 Mif#EIR, 2O 3RTHEEDRXCR2 EFHISH
50, WEWMRHERBICEEEEZ 5N 55%HE (L-3-hydroxyacyl-CoA dehydrogenase @ HI158. E170 .
trihydroxynaphthalene reductase @ S164, Y178, K182 #* RED1, & 45\ & RED2 DFNFNIZBWTH L R

Fig. 4 3D structures of RED1 (left) and RED2 (right) based on homology modeling
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FENTWBEZEPHBEL, F f:ﬁ%ﬁﬂ&: Bolz2MOBRIIFINFNIT AT —BELTEHRLTWEZ LN
HESINTWDH T A5, REDL - RED2 DIEREH OO, £t ) I —2BE L TV A WEEELSE
Z bbb, JD(R)-DNPA HFE DS gra-ORF 5+6 THINEE TH o722 Lid, gra-ORF 5 * gra-ORF 6 H3\7 1 ¥ 4
<=L LT RED2BEEZ A L TV AH T EICHET S & bMIRTE, ERENY,

[6. KIERTOXRERBROM ] MEEEOWMEL & ) EEWICHNTT 5 72©, REDI, RED2 £UENL0
KIGHE CREREBL D in vitro assay ROEE E A A7z, KIBEBHRBIHNRZ ¥ — & L T pRSET B (Invitrogen) &
FRH L7z act VI-ORF 1, gra-ORF 6 #1Z % PCR THIEL T2 ¥ — 12 ARA E. coli BL21(DE3)pLysS
IZEBA L7e, WAREEE L7-BAD D BRI % P8 L SDS-PAGE, western blottting 12 & V) #7 L 7245 5.
recombinant ¥ RED1 - RED2 "3H L T\WwAb Z & 2R L7z, COMBRB L FEROIEE 7 17 2 H\v: in
vitro assay @7 o72& 2 A, REDl JUGED H I EITAERY 2 H T & 722 RED2 7 5 3l T & 7§,
biotransformation DGR & [ LIZE F 572, T#id, RED1 - RED2 ORERREIIRE AL L 2RET
B & HIT L7z,

EBCTEE 2RI T &2 REDL ICOWTHRE 2 D72 L 25, ZOHEEIENAC ZAT VTR, TF
0 7 EE 5 NAC DHVILTE free acid R TH S Z EATHIBH L 72, 2 D Z &5 b  RKRDEE bicyclic intermediate
BIEREZ LN TV L) CEEERBARITRIDT 2D T2 <, free acid I27% > THSBIL SN TWAIEE
HIEEY, BEF YAV 7T MR EES I LS TE A, & 5IT site directed mutagensis 12 &
Y . homology modeling %* 5 {HMEICNE & TR E N7z Hisl129, Gluldl 2 FhEFRMBD7 I JERICER L &
A, WO mutant RED1 OETTIHFME D KT H 5 W IE{HSE Lz, #EF L7 Mutant © 9 5 E141D i3, ME—
wild type @ 20%FEEE & ) | D mutant ([ZHRTEHWERER L7z, 2O & Glul4l OEEAS His128 D
AIFV = VEEHALTSH B Z & 2R L T b Ll LTE Y | homology modeling T5 & N7z R % I HF
T55DTH%,

[#3%5] DLl 41X DHGRA 24 &BEIETH gra-ORF6 75 RED2 % I — F L, 37O AALFHIM I LIET
HHILEROTHL LI Lo 7/ BR—KES b, AEZHERAEEZR S 2 W_008E, H—taW
eHE L LR M2 VRMEEPEIC 5 L) BICT A 2 Lk, BEL BT B L 3 2 BolHE k=3
EYOEEGEIZB T, O THIREWT L Th b, $£72REDI - RED2 #NEN % KIGH CREE LT L
W) L. R#I2 REDL IZD W TIEIE DS free acid K TRIB L TV AHREBERBVWI L 2R L, ZEHL
WHIRTH ), SREGHBREHMOEET v 42) Y VB EHBHT 29 A CEELRMA L 25137 Th 5,

[Z&3CHK]
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