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Abstract

The term polyketide defines a class of natural products synthesized through the successive condensation of small

carboxylic acids, which results in products containing multiple carbonyl or hydroxyl groups, each separated by one
carbon atom, as in the structural element CH,C(=O)CH.CH(OH)CH,C(=O)-. Plant flavonoids, fungal aflatoxins, as well as
hundreds of compounds of different structures that can inhibit the growth of bacteria, viruses, fungi, parasites or human

tumor cells are included in this diverse group. Some of antifungal polyketides also have immunosuppresive activity.

Polyketides can vary widely in structure, and the diversity of polyketide structures reflects the wide variety of their

biological properties. This review focuses on the biosynthesis of polyketides and recent progress in combinatorial

biosynthesis of new hybrid polyketide compounds.
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Polyketide#] 8}3&o]g+ multiple ketone 215, (CHz-CO)s,
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EUEAR 3o FF B35S

AR g 3 A& Alolo] F1 ketone (B-ketone) & ke-
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Eo|5, polyketoneoll 1E hEES] keto 1F
HAE AX 48 7 g2 715712 "3 Fc} (Scheme 1).
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Polyketide o1z}ojAlEd 9] AEA

Iding blocko] & whHg-ate] A HAY, Aledeles B
theFalA) £tk Polyketideo] gk A 97t o] Huh
& AWF g 729 polyketider] 5gE0] AAA o
EAEH 3 FEIIAE WS 21 AAZ ooy FHE
TF9e] g1 k. FAA erythromycin, tetracycline,
methymycin, 3<HA doxorubicin, neocazinostatins, H%
oA Al rapamycin, FK506, antiparasitic A|A4| avermectin,
nemadectin, X7 A amphotericin, griseofulvin, A%
3}7]%FA] lovastatin, compactin Z18]1 §E2FF monensin,
tylosino] 1 4+¢] 7 of o]} rapamycin®} FK5062 A ¥
signal transduction 4ol A7 ot (Fig. 1) [19].

549 polyketidew WAF Fol Bibske F43
HAEZA Coenzyme A-activated carboxyl acid®] o2
g9k gy gkt F2E 74 polyketided 349
Bolgx o] E5 poly-p-ketone FHAE AA AHA
g F5HE /AL Q7] dEd, oo Bode BLE
o] EAE u)-$ fAlSIt) Polyketides) fatty acide] A4
2 CoAZREl #Ho] #H acyl F& (starter unit)o] S-
ketoacyl synthase (KS)ol| 93] whgo] AjgEth A& §A
o] z+z}e] ©AlE carboxylated® acyl 1§ (extender unit)
o] CoAZHH acyl carrier protein (ACP)Z £ AR5, &4
o AFE] Y& F A9 acyl 2FE decarbosylation HH
A £99r}, Fatty acid A/49 A4 F7kste Al 8-
carbonyl2 methylene®. 2 &48j3lA go]= X7, poly-
ketide AJrAl9l 739 F7lsle AM&9 B-carbonyle 1)
Z keto 1§02 FAY, B4Y o 93|, hydroxyl, °IF
A & methylene 7]57]2 HolHth Polyketided] A}
&9 Zol, 39 AL, stereochemistry 2 cyclization Z}
z} PKSell we} th2, cyclized polyketided| A H52 0
2 319, methylation, acylation, glycosylation ¥ 4tslghg-
of g} 727} dhekshAl AR Hok Polyketided} fatty
acid®] 334 rxe I3A gd2A% BAE f34 JdE
2e 34 5744 272 UE & A Fg 2. A HA 1F
o] 43}= actinorhodin, granaticin % tetracenomycin®} %
o Dbacterial aromatic polyketideE At PKS9f
bacterial ¥ plant FASE ¥ln 3 22 active site2 T4 5
o glth. Ztzbeo] active sites SHE AAZ FA4HA U
o F HA 228 FE 4 fungal?] FAS ¥ 6-methyls-
alicyclic acid synthase (MSAS)$} 22 fungal PKSZ A 3t

O

%2 F /)9 polypeptide2 #4450} 3, FHE active
site= domain FENZ 7A=Yt B4 EL (mutienzyme)
dE F71A G2 gert Jded AA dhEel AA £h
He- & Btk H& 9] active site7} & Ao] itk oA

2 7} 9] active siter= FAHAYNA yHEH o2 L3
A o7t He F WA 2Fo] 974 SEdh A WA
& F UAY 2 2& BEFALAT modular PKS

EAo] gl g2AES 493t HYse FHAA
Z}7+9) active siter Ztzhe] FAnFZd] AR3EH, active
site moduleg T3 FH o] 9o, Z moduled BiA}
29 283 84 YL active siteE 7FA T Y} W
A 128 chalcone} stilbene T4 &A% PKS= & 719
gldz FAH g3, Yo AHE PKS E FASS} A}
Aol A gich olF FHe 2RFoE & PHELE
woldth vpAYt 1F2 polyketide synthase®} nonrib-
osomal polypeptide synthase?] hydrid® He|2 A A
el = modular typel & FAEHo Qi)

rm
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Fungal polyketide synthase
(methylsalicylic acid synthase, MSAS)

Yuka o 2 fungal polyketide synthase= 4] 6-methylsa-
licylic acid synthase (MSAS)& 7}% 7+déla @ AFH
o] e BET FiolH, acetyl-CoA¢ malonyl-CoA
7180 W WE 2 ol Aed Aol 24, 283
BgEo)ido] YE keto 1FS FANE T 5
Ad v $ & multi-domain proteine|ty. 1E HEEF
o2 GAo] 7 A8 JIAEEEZA FAA, FEA, B Y
AAA, 282 FRHOE FLG o oA EHE
2 o]l g5 3 Ut} [35]. 19609 R H 4 AF7IEL acetyl-
CoA$} malonyl-CoAZH-E] methylsalicylic acid (MSA)7}
g A AR HeA w7 Ak FFold Penicillium
patulum®} crude extract 2F-& AA3IH2H [9], ol
ol 1 549 AAE E3 MSAS/} 180-kDa G &
2 o]Fol7l 750-kDad] #Gdle FFAFAZ FH
Stk A8 FRIA el 4], MSASE A4 3
ole] 2Fel W WAVZH S-S WFSo)Y, 18
1 PKSo 23} building block Eo]4 5o g3 A4+& &

e olF #4¢ 29 FHEZAH I FIAAEE FESA
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Fig. 1. Structures of polyketides.

634 / A3 A



Polyketide ol4thAlER 9] AFA

1kb

1kb
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O-methyltransferase E=)
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chain-length factor
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Fig. 2. Clusters of fatty acid and polyketide synthases.

d71ME BA3F A3 ketosynthase (KS), acyltransferase
(AT), ketoreductase (KR), Z2#]3 acyl carrier protein
(ACP)TY EA4E FUstAH [2]. 6-MSASe] A 74
2 acetyl-CoAZRH FXH acetyl 7|2 A@A o] A 2H
3 malonyl-CoAd| X §=¥ A 7[E0] decarboxylated
HA  Z9H polyketide Aol AAHM, EHT 29
carbonyl 7]& hydroxyl 7)2 &¢+Z 4 3= NADPHE
o] &-8-chHFig. 3).

t}A] 28lH, NADPHS} acetyl-CoA 12|31 malonyl-CoA
o] 27 8loj A tetraketideq! methylsalicylic acid7} A3 %t
A ¥l3, NADPH7} 2434 ¢ de 3ol HA &
triketide?! triacetic acid lactone (TAL)o] 434 o} &
3+ 8|3k MSAS FAAES Streptomyces coelicolor Lol A
heterologouslyt Al W& A7) [3], ol Bacillus subtilis
oA do]A phosphopantetheinyl transferase$} 7] yeast
91 Saccharomyces cerevisiae9t Escherichin colio| 4] & A| 7]
oZH [21] MSASH] ti3t A d 2FE F ¢ &3
SHS vk ojdet 1859 7234 Hgo R
PKSe] Fx¢} 759 43 BEA sty H2E ¢+ A
itk 28]3 fungal polyketider ek AF A& Zol7}
6~18 Bt2EE o]FolA glom By =F 1 FX£9 o
okAl W&ol combinatorial approachd]%: $-&% o}

H 3o
’\E—%a

cyclase/aromatase

ery
1kb

S p-ketoacyl synthase

B

enoylreductase

dehydrase

Bacterial polyketide synthase

Polyketide synthase polyketide Aol o 743
238 d4E59 B#A(enzyme complex)Z A, polyketide
Al 3¥ES] ¥4 backboned] Ao #Hojgit) PKSQ
FQ FAHLAZE, @284 2L HAZ #A3)
= P-ketoacyl-synthase (KS), 359l AME-s& 54 712
(acyl-7)-& AR Bt PKSY KS active site -g-4tete HE
S 3 acyltransferase(AT), -84 SHg-o] KSo 9
3 4g3 dole F U=E gL 71EE FolFe agl
carrier protein (ACP), 21822 Aol AAJH ketone
£ hydroxyl-7]2 B-gAAFTE ketoreductase (KR), hydro-
xyl-718 B4 o]F %R w50jFE dehydratase (DH),
a3 o]d EX3 g4 o]FAYE ¢Hs 2otd @3
FA52 FYAAFE enoylreductase (ER) Fo] 3t

8hte] multifunctional polyketided] 23] €& 9 Ag
Aol AYHE A¢e typel 2 EFHT typel 02
EREe PKSY ARAY F3dAE “module’ FEE Zte
multifunctional E4E A4+, Zt module2] &g 9
& 3 29 acyl s34 o]o] ME ketone ZE7]9]
B o] o]fojZt). el thrle Fad o) WEog
% 9h3o] Yoyt Ao] ol T T w3 of
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Fig. 3. Biosynthesis of tetraketide methylsalicylic acid and triacetic acid lactone by 6-methylsalicylic acid synthaase

(MSAS).

3 sl module multifunctional enzymeo| #ojsl] 23}
Hh3-9] 314~ we} module multifunctional enzymeo]
7} AR E} Typel PKSel| 9]3] macrolide & complex
polyketide 313+E 5ol A =R XA ¢ 2 erythro-
rifamycin  $o] Stk [8111]
Typell PKS7} #dsl= aromatic polyketidS-¢] A
HA42 EH Q) monofunctional M AE] AL X—}J%ﬂ
os) o]FojAH, ol5 Ztzte]l A AR HEFHH
2ol 93] KA multifunctional complexe] ?i‘EHE o]
ot ol9} o] & 7% AAEY ZRA B BAF
AE WHE ARgSte 9 HP~—% Zwjsta] poly-B-ketone
25 PAsty HFH o2 aromatic polyketide T2 2
FHth TypelIPKS o ofaix F4=H= A 33
= o stk

-mycin, avermectin,

—LJ

=

il
=]
= o

&+ actinorhodin, tetracyclin, daunorubicin

1) Aromatic polyketide synthase

Aromatic polyketide A €<} Ao Fojste
@715& 7k PKSE2 745 der F7HE &4
&3 PKS Z4zholl #gete
ensing #4), acyl carrier protein (ACP), ketoreductase
(KR), cyclase/dehydratase (CYC/DH) &2} Fdhe] &4
7} ¥3 At} Type 1I polyketide synthase= acetyl-CoA7}
o2} 7§l malonyl-CoAst ¥tEd %3 #4& AA g4

ot

FQ{I

te fr

acyl transferase (AT, cond-
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7} 16~20 /2 F48 poly-B-carbonylthioester7} 43 =l
5ol 93} tricyclicz}
tetracyclic fused-ringg 7} aromatic 352N FA4H
t}. Typell PKS ##2le 71249 9] PKS (minimal PKS)
FARE Tgstn Jor oj5o] 93] poly-f-ketone T2
7t 494 "tk Minimal PKSE acyltransferase domaing
Y338} ketosynthase (KS)9 Zgwhg-9] 3¢5 A4
AoZ ¢#HA chain length factor (CLF), 181 acyl
carrier protein (ACP)Z 74 ®t}l CLF= ketosynthase$} o}
ulxak Mgo] 433 FABIAE ketosynthaseo] 4%
A9l cysteine2 X311 YA %o} Poly-p-ketoned] =.7]
7k CLFol| olajrgt ol KSo} o] EA1e o) A wH+=
Aoz d#2 o]FF CLF= KSPE, KS+= KSagE HH 5
3 9l Minimal PKS o]€]d poly-B-ketone—-
ringg ¥l FRE AFAINE £
aromatase, poly-p-ketone®] EA 3+ 9| X]9] ketones
A7) ketoreductase (KR) 5o] PKSe] F8 F4
A F2 ddgn. PKSY Fa FAREAC o] 44
aromatic 3}3HE-& oxidase, methyltransferase, hydroxylase,
glycosyltransferase 5ol ¢J3] FHLx7F HFPH o], HET
A Ao & A2 AFA Ao (Table 1) [40,5,42,13].
odej7fe] & &3 typell PKS #2410 A7) Fof
actinorhodin®} tetracenomycin®] A ]2t thajA 7}

T, KR, cyclase, dehydratase &4

aromatic-

Ql cyclase =
[o)

Ko}

g
aaR

)



Polyketide o] AttjAHE& 29 74

Table 1. Type II PKS and biosynthetic genes.

Compounds Starter Extender 'Gene. PKS Genes Organisms  Reference
Designation

Actinorhodin AcetylCoA  7MalonylCoA act KSa,KSB,ACP,Aromatase, Cyclase KR S.coelicolor 13
Tetracenomycin ~ AcetylCoA  IMalonylCoA tcm KSa,KSp,ACP, 3Cyclase S.gaucescens 42
Granaticin AcetylCoA  7MalonyCoA gra KSa,KSp,ACP,Cyclase KR Sviolaceoruber 40
Aklavinone  Propionyl-CoA 9MalonylCoA  akn KSa,KSB,ACP, Cyclase, KR S.galilaeus 8
Daunorubicin ~ Propionyl-CoA 9MalonylCoA  dps KSa,KSB,ACP,Cyclase, KR, AT S.peitcetius 37
Oxytetracycline Malonamyl-CoA 8MalonylCoA  ofc KSa,KSB,ACP Cyclase, KR, AT,CoA ligase, Asparaginase  S.rimosus 2
Frenolicin AcetylCoA  8MalonyCoA fren KSa,KSB,ACP,Cyclase, KR S.roseofulvus 4
Griseusin AcetylCoA  9MalonylCoA  gris KSa,KSB,ACP,Cyclase, KR S.griseus 45
Jadomycin AcetylCoA  9MalonylCoA jad KSa,KSp,ACP Cyclase KR S.venezuelae 14
Mithramycin AcetylCoA  9MalonylCoA  mim KSa,KSp,ACP,Cyclase KR S.argillaceus 24

B A7t ol FAR A ol A7t Hoj Qe ar- @ 71¥ F4< poly-p-ketone®] Zo]= minimal PKSY|

omatic polyketideZ & Streptomyces coelicolor Aol A A4+
5]& benzoisochromanequinones] )¢ actinorhodin
o] gt} Labeling A& ol 2]3] actinorhodino} 87F<] acet-
ateZ HE FAE ol W3 H 2 block mutante]] 2j&) F2H

749} shunt productd] 72 48 E&) ATA #A
o] ZHHAU} (Fig. 4). Block mutantE o] 83 AF A7}
of W2, actl, actVIL, acflVE-E polyketide A& 27184
of #dsta, actllle polyketide®] reduction, actlVe
dehydration, 12|31 actVI, actVA, actVB+= cyclization#}
reduction ¥3& 2 go] ZHHUG [27, 7]

2) Aromatic PKS®| heterogeneous Z&

Aromatic polyketide 33189 AEA F44 23L& §
& AT SHFBY TH NS ATY FEAY 5L
gAstuzt e APAA Fo oA AFoltk. Aromatic
polyketide 4 FHA2A Ao w-¢ %2 poly-B
-ketoneo] AAE7] Wi SR WP HiA 9 7]H
g &4 QA3 S JE ?5‘_% {olgte AFAHY

in vitro 2go] E7158 ) o
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ot
i}
O
o
BN
Mz
it
©
lo
et
o
r_u
24
ek
ofr
ok

2
bl
o
4
2
(o
f
=
fu
Fo
—LI
BN
1o
ae}
o,
<
3
E
4]
]

o3 A3 Ec}. Minimal PKS8 74 995 syl
ACPE 7|18 79 Zold 9FE FA %1 ug
2 4 jon (Table 2, entry 1~6), KSas} KSp= =
g 7ted A59 sle Bt &Y (Table 2,
entry 7~19).

@ KRE Zo|7} th& poly-p-ketoned 24ska] AUt
o2 99 ©4 9 carbony’|E J=EA 712 B4
71t} (Table 2, entry 20~24).

@ Poly-p-ketoned] H3-& KRo] gl 4+, ditzor
EAte cyclased] FF M ZAA S (Table
2, entry 25~28) AA|7}=] 119 ©49 99 g4 28
3 T3 dgFHoR 7H w49 FYuo] BFHAY
tt. KRo] Sl= A% A& FdHE g49 94X
A gt

@ AZE PKSQ A 23 e 33 nEdes g4
of opd FxF %?P@"é"ﬂ sjx 2P A

23902 Typell PKSol 9]sjA AJAE aromatic poly-

ketlde«l T2 A Foste FRALATY A5 F

o siM AR HT. o]9hz2-& Typell PKS fH#te] 2

£71% EAL o] F3F (combinatorial biosynthetis)

oF o] R3] NEE F29 IFES FAsIl AT Al

To @AZA AL Aotk MEL FZ9 aromatic

polyketideE FA3t7] AT AT ol 22 34 &

o o2& PKS 74 E4T Y% 53] cycased o] &3
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Minimal polyketide synthase

Min PKS 2 2 9 Min PKS o o 02
¥ facth)
1 Acetate + 7 Malonates M. [s] ) [} [o] < [} o ] [o]
0 S—E HO S—E

on OH o o o o o
o Vi VI
o S—E HO S E
OH

OH o CH oH o CH OH ,  CHy
=z 0 0
¢ H — H — H
" ™
COOH o COOH o O COOH |,

Actinorhodin

Fig. 4. Biolsynthesis of actinorhodin.

Table 2. Polyketides produced by recombinant PKSs.

Entry KSa KSp ACP KR CYC Metabolites Reference

ACP change,1 act act act SEK4 31
2 act act tem SEK4 39

3 act act act act actVILIV DMAC 28

4 act act gra act actVILIV DMAC 28

5 act act fren act actVILIV DMAC 29

6 act act tem act actVILIV DMAC 28
KSa+p change,7 tem tcm act act actVILIV RM20 28
8 fren fren act act actVILIV DMAC,RM18 RM18b 29

9 act act tcm tem],N UwWM1 39

10 dps dps fom tem/,N TemEF2 33

1 jad jad tem tem],N TemF2 34

KSa change,12 gra act act act actVILIV DMAC 28
13 tcm act act act actVILIV DMAC 28

14 Sfren act act act actVILIV DMAC 29

15 act tem tem tem], N - 39

KSB change,16 act gra act act actVILIV DMAC 28
17 fcm act tom tem],N TemB2,UWMl (trace) 39

18 act tem act act actVILIV - 28

19 act fren act act actVILIV - 29

KR change,20 fem tcm tem act RM20b 3l
21 tem tem tem act tem],N RM20b 30

2 tem tcm tem dps tem],N RM20b, TcmE2 34

23 fem tem fem jad tem] RM20b X

24 ofc otc otc act otc RM20b 12
Folding change,25 tem tem tem tem] N TemF2 39
26 act act act tem],N RM77 30

27 fren fren fren tem),N PK8 23

28 tem tcm tem actVILIV SEK15,SEK15b 31
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Polyketide o] FtALEH 9] A3HA

HC  oH
o HO_ CH,
o
0
o o)
0
o 0
A
o on CH,
SEK4 RM20
Ho OH OH O CH3
CO2H
OH CH, OR OH
0 o
UWM) DMAC
CH,
OH OH OH '
[o] CH; 07" X (0]
SO
OH o
o o) OH
RM77 PKS

HO
7 0 CO.H

OH OH OHHC

AN
HO o H
TemPF2 RM20b.c
OH
HO OH O OH
o CH,
° (L
HO HO 1 CH;
) 07N
N0
o OH HO
SEKI5 SEK15b

Fig. 5. Hybrid aromatic polyketides produced recombinant PKS.

~

ZW7Zd B2 G577} o]Fojd AeZ oFdn Fig 6

& W9} 2o] A2 OE 24 GNERS DA T
23t Fdle S4av A F FRE oA olE
F AR (A ZE0] tetracenomycin®] teml9} actinorhoding]

actVlorfl) 7+l A5 @] 93] hybrid antibioticsZ $
o]

fol

L—0
A8 F de 7HeAol =0 stk ol 22 WA
o8 AT FFEY Fxre 2y 7294 A b=
2 &7] & o FFd o]EE HFAF|= oxidase, sugar
transferase, methyltransferase $& FHAFo 7 £
Ade M =& Aot

3) Modular polyketide synthase

Macrolide polyketidew t}7]%5 EA<l type [ PKSol ¢
& =3 A4 Fo 89, gY-dehydration - $¢l-deh-
ydration-#9 #4& @A AA macrolide Fel9] 3}
3H& (highly reduced macrolide)24 38t} Type I PKS
o 93] 349 polyketidex aromatic polyketide® t} poly-

B-keto A7 B} B0 TFHUA Bhd oY 7}
2 7% 3% (keto, hydroxyl, enoly £& alkane)g 7}
31EE 2 £A431H macrolide, macrolactam, polyether, pol-
yene 5 o2 7kx] HAEo] o9t 2 JAS AXH 4
"r}t. macrolide polyketide§l erythromycin aglycone
{eryA)Z} avermectin aglycone (avr) A4l = 7
AR A wEA e,

AR FAA B4 2EdE A7 2] wEd, &
7} moduleZ ¥ 3 unit®] polyketider} T fatty
acid A AR wHEHo, 42 moduled| ]33}
= AgAL AA 993 polyketidert T4 €T Module
< AR cydeF F9 cycled] sFTTh ¥
complex polyketides] AHA BYe, FqHYz sug
acyl group (acetate, propionate, butylate, m-C;N unit)$]
Ad, p-gae Wy T g 84 Fol Y, T
cycled] ¥ #Ao} Bud AR A= polyketider}
ACPE AR ¥, tF JAd Fdste module?] KS9}
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Figure 6. Structures of aromatic polyketides involved in cyclization step.

acyl group unit (extender)$} ¥H&-3te 1 oS FA HA
o] M} o] H}AHL wtE o7 WP H, 7} elongation
gAY M2& moduleo] Fajsta] Y H @iAEY
A7)0 228 f7x AP} Saccharopolyspora erythraea
oA A4tEE erythromycine] W4 d 24 aglycone

640 / Y3 3}3t3)A)

AR FHAY eryA FH2A7F A ATHUS

o]F HAA BAogRE 6-dEB (6-deoxyerythronolide
B)o] A #A Fskes 3709 eryA ORF (eryAl, erylls}
erylll) FrAAE moduleo)gtn B2 & HHEHE synthase
unit7} 6702 FAE AT F Av|= oF 32kbE FAH



Polyketide o]AtjAH2 29 A

do

o §x)3tx 913, 6-deoxyerythronolide B (6-dEB) #E]
erythromycin A7HA] A& WA #dl= non-PKS
FAZAE FZd A3 9oH, A erythromycin A
4 BE fAAE 60 kb2 YA [20] (Fig. 7).

Zt Moduleg AF wjnic} Tl warl Hojuiv, 3
ZH07 14719 &@AE o|Fo]z B3 macrolide?] 6-
dEB7} A3t €t (Fig. 8). eryAd] & ZE moduled]
= 59349 Fosl= ketosynthase (KS), ATS} ACP9
3 Fsle domaine] F3H o] 93, B-carbond WA
£ 71%% 7}zl domain [KR, dehydratase (DH), enoylre-
ductase (ER)]& 7} modules)] wi} &z ¥ = o] 9k z+
moduled H#E ¥ DEBS1 & 2| starter unitl prop-
ionateol 8% 3= ATS} ACP domain®Z 4% loading
moduleo] %13, DEBS3 ¥ B-Rd|| & chain extension?] £
& Yehf = TE domain® & A% end moduleo] ¢
t}. 273 module3o)& KR domaino] ¢lo] nonfunc-
tional2 AjztE]n DEBS39) & module thioesterase &
Aol 93} polyketide chain®] lactonizationS Z71A]|7]3
2 A3 842 2E macrolideE release Al71E 7]15< 7
A3 3tk moduled o} A= methylene group 3 Aste
o A 3 set &Y domaing YH&A 7t n Yt
welA module 49} erythromycin PKSS] th& module A}
o}9] 4o} o] AT9 KR domain A}o)¢} THE DH, ER 1
23 KRS EAjoRd wa} 7)50] gy vke A
¢ F 3k 99 BFAE AL 442 £F domain
283} (gene disruption)dte] 7zt domain®] 7]% & &
sk, Bu ozl FAA V)Fe FHEE o3}

E HIANZL F USE BAFT ot olAL Wy

gAY Ao sl QA H oo S WA

29 PKSE 712 gigh SolAo] ©

A7) Q& o] WYS o] 43 polyketideo] T2HH
(Fig. 9)

-
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o & & it &

[}

]

4) Module polyketide XX Reprograming
Erythromycin® PKS #7#A+ chain extensiono] #
moduled]] 93] FAHT S B 5 1, Eosis &

Z}9] proteing "cassette"® B P 4 ok md o)

FHoR vF

o] B o cassetted] £AE Ao ZH 3
cassetteZ 2L g ©}&

o

=

cassetteZ 9| growing chaing] ©]§ 0]
B a=g
® Module £2}12] 28-¢ £3 polyketide T2H &
Module 28] 24 & F3hA A H polyketided] T
28 42 ZH complex polyketide7} module type]
29 93 Aol ALH ¥R 9
A5 4 9t} DEBSE Ayatsted #oshe

[o]
=+
24%, modulel®} module2E ¥3s8lE DEBS1Z

ko, dgd w713 os) Aol olFo} ke A
o] FR At [16]. Module3o] TEEZ hybrid A7) &4
DEBS1-& AjAbslE SRS S coelicolor CH9999 & A A
A2 3% tetraketider} AAE W [27] (Fig. 10), module
5} module 6% hybrid A7 &4} DEBSI Zgx
DEBS2 #77te] HAHASHZHE 6-dEBY ring F7]7}
ZAE HYZol AVAGE AS HAZOZA [17, 18]
TEZ} 948 & e 7140l t¥dsitte 2% module %
A} 24L& %3 macrolide polyketided] #7182 24T 4
Jde A& FHsA (Fig. 10). 27k ol DEBSI+TE
hybrid /3748 o4& 3% in vitrod]s ZEEH<
propionyl CoAt|4l acetyl CoA, butylyl CoA T+
2-methyl-3-hydroxybutyl N-acetylcysteamine thioester7}
ATA2A A4HY, 28490 NADPHE 27154 go
9 6-ethyl-2-hydroxy-3,5-dimethyl-2H-pyran-2-oneo] § 4+
At RS FHFeZA dFd FR/ erythromycin f
EAE Q& & U= 7H5AE By 3
@ Domain ¥oj 2|8k polyketide 733 3

Erythromeyin PKS #322] modulel, 2, 62] AT dom-
aing rapamycin PKS % malonylCoAZ EY3lE AT
domain® 2 2#3E w) malonylCoA7} extender unitZ
EYUH erythromycin HI7Z7 FAEHJT (Fig. 11).
Table 3 oX He uiet 2o dA7tA 47tx F{F9
extender unitZ ©]&& 4 Y& AT domaino] ]I 7]
o] polyketide lactone ring?] H+W A Sio) 233
22 4 728 29T F A& 2otk Avermecting]
749 starter unitZ isobutyryl-CoAs} 2-methyl butyryl-
CoA % ohyet ggd 729 JFES Qe |
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Table 3. Polyketides biosynthesized by Type I PKS.

Compound Starter Extender Moules ORF Organism Reference
Erythromycin PropionylCoA MethylmalonylCoA 6 3 Sacch.erythraea 10
Tylosin PropionylCoA 4MethylmalonylCoA 7 5 S.fradiae 32
2MalonylCoA
1EthylmalonylCoA
Niddamycin MalonylCoA 1MethylmalonylCoA 7 5 S.caclestis 15
4MalonylCoA
1EthylmalonylCoA
1HydroxymalonylCoA
Avermectin  IsobutyrylCoA or 5MethylmalonylCoA 12 2 S.avermitilis 25
2-Methyl 7MalonylCoA
butyrylCoA
Rifamycin AHBA 8MethylmalonylCoA 10 5 A mediterranei 1
2MalonylCoA
Rapamycin Shikimate 7MethylmalonylCoA 15 3 S.hygroscopicus 38
7MalonylCoA

Pipecolic acid

& ©]83}l4 erythromycin module 19] starter unitZ %< E u}¢} o] erythromycin®] starter unit7} o] 43d
3= AT domaing avermectin®] starter units =93k h2 isobutyrylCoA$} 2-methyl butyrylCoAE o] &3 T
AT domain® g #FH2 x&o] Az=Ych. I 794 Z2 Hg=E9Y.
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Polyketide ol TjAFZ 2] 4 @4

ZA3A gt domaing =Y FHol= oFE I

727} 484 AEY oIt domain B A WY
¢ 5 ole 727 4R OUY 5 AL B FE A
oltt. & 9] erythromycin module2?] KR domain©]
rapamycin PKS f##te] &7sh= DH/KR E= DH/
ER/KR domain® & X &= A& 7§ dHe e
4 AT (Fig. 12).

5) Combinatorial biosynthesis

2239 WS AR A2 H53 Aol 2% 4
o7 Add EAshe WAz 2 J]7E WEdd
X}°4°ﬂ J—Zﬂo}xl F HHAER

ketide wg“ﬂ AL FAel AeE AR5 T W
E#Q o7} PKSel| dsjx FAHE FEZA erythro-
mycino] itk ©}7)5E 74A PKSe EwjF8S 3= &

ATA(J‘KSATKRACPKSAT DHK'RACP> KSATACPTE

[
O o
—_— R
KOS009-7a (R=CH;)
KOS009-7b (R=H)

DEBS KSt*

invivo oH

DEBS KSI*

Fig. 12. Biosynthesis of tetraketide produced by replacement
of DEBS KR2 domain with DH/KR domains and

structures of hybrid macrolides produced by
feeding acyl-NAC to DEBS KSI null mutant.

AEJ B Ao F 248 7] B £ module PKSE}

© 29t} module PKSE S8 A4 EL (FAS)S &
& olnicat ME fAME Holy AEFIEL (ketos-
KS), o} AL E A (acyltransferase, AT), B53t&
4 (dehydratase, DH), =89 &4 (enoylreductase, ER),
AESYAL (ketoreductase, KR), o} dg Tl d (acyl
carrier protein, ACP), E]Q oA 28184 (thicesterase,
TE) £ 52 FASH] ZA31s S4B B B#87 9
t}. A% §& FAST} o] 5 E4FHAE W8 AHget ¥
MY 84 g9z A ol d-CoA (acetylCoA)s} TE
Y-CoA (malonylCoA)9| %37 wHe-& Zvf st=d e &
E PKSE 5 A9 &2, Al A9 g4 2 vl 7je] g2 29

2 749 t2BAN 249 £§ 1S T e 28
A Zu) @} weld vlazeols e FERENY
2 7)e) 23 whgo] AYANEAE SASE AFA 43
ZV} 2 79 2E2 F4HY de AE 458 F Utk
$% FASS} BE PKSe) E T2 A0|¥¢ BE PKSTL &
f3te 39 4R Y9 dAelth 58 FASE ¥3td &
2 24L& FAAT ZE PKSe #d 84599 724
w2t AE, 3 =S47], 44, ¢ 5 oFd 72 A
& ¢ T 3o

Z3 A whge o)m 34+ (KOSAN biosciences)oll
o agAo] ojv HAHAL, AP 2FHE LS
2 3 gYY FAEEES 23 Aot [44]. o W
g2 48 A7 g1 E O AR Aol vind 4
A8 g8 YA AGd zAF HLH 1 e, o
E polyketider] 222 2E e B AAAE 1 4
ol Agsta oid AR SAEE 2EEHY A2
o] t% 71438 o ZA$olth polyketidex A FHA
o %7t Zed e 27]9 polyketidert A4+d Aol
Fh9 YFEo) b2 r5ez uAHW Ay 727}
T} & polyketider} AiHd Rojtk. Al ©ej7t AdHw &
AAo] 2718 polyketideZS A4+ < Sich ol B eryt-
hromycin®] 73$ 2% t}4 (combinatorial potential)&
PKSY] o8 &4 F FaF MWD EL ATY A9
442 JAddle 28 $£8 Mo2 FZo] Jheditt &
CP=AT. x (AT: x 4) old] 29 =1 ¢l (loading domain)
9] B0l QY AT £ AT ©BAAtE Zojg I she

J A9 A 4 (malonyltransferase) 48 ATg, p-carbon

ynthase,

_\_,
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