Fo ) gy

 deg gl (apiiaall sanio) stislasl gy Silsbisol g gmsall < Ll

psoaill =lad lilosjuil Sase

POLYKETIDE ANTIBIOTIC BIOSYNTHESIS:
ASSEMBLY-LLINE ENZYMOLOGY

G ol O jlie as D)Ly O il eSS 3 dalall ) gl
gty @l G Joud T 2y (e a3 anll A2S g Slatie i85 A Sld e
bie codn Lanainll (g pdt slidl s (3 gkt (o dptald Gllall o5y, g pade LB
Gl B Sl pady e U ol 3 0,55 1 150U ¢ Aledt 5,0 Lo 0y o
S et Tas et a3 S5 LS A1 Lagliall il el gy bl oliviae ROUY
Rawlings, 32y, «Rawlings, 1999 s y)) ausl gy Aeladl aarl Al o0 09 4 301 (3 301 — Sl
ol s Ol A28 g pe T gl Tppd) e SO JalSU Jolowill (Rawlings, 2001 b 5nz s <2001 a
Gl (gt sl DSl whludl ctil G dasiiall Sl ] Jpalll eand LIS aa )
@mémuyﬂﬁhi@ g Joall 2 e aid ) Joadl) J] pte S e gl (3 Lealall ool
ool 015 e Sl M1 53020 mead b glaie (3 Lall LleaSON ol gkl s 380 Jim IS ik sy
olze ond | VLS
g el O jlae S 45l ge (polyketide synthases (PKSs)) <l jliw 128 5 Qo g Lo jLall oL S
i 5 gha et S5 wulys cF Ul ¢ (FASs) (fatty acid synthases) <ol calll jasle oy 3]
i ppadll ddl J o€ FASy PKSs wlej] o S PKS hie egdd Gifgw i ud)y @dasy oW
VS DY 55 oo Uden Ll yr ekl — Ty b — ol ozt J] CoA- 8- foal &t ] 52
eldl CJ1 53 .(Shen, 2000 (pd 1) Db 3,55 JSU (PKS) O 53,8 il g B 4T (FASPKS) pe ol el

WG DLW ot LI g5 of e J «(acetyl-CoA) CoA— Jtul  » 3ole FAS (3 ool ed) Joszs I

YAY



5 gt} el (5 et il VAA

Ol gott e leys AT 0355 0 S5 PKS 3 sdll ol Sl 5 (malonyl-CoA) CoA— 5 Jle 0 555
cbutyryl) JuySse «(propionyl) gy «(malonamyl) JuUgle ¢ gl ¢ fil Jadiy ¢ ol
ST AR R I CEN) TPyt ﬁi—a—“,«s,_,.x_.,u—r, «(benzoyl) Jusye ¢ (cyclohexyl) |omSion IS
i) ST 5T oty i pnuas e isle PRS 3 Of (g (3 CoA= o Sl FAS olins Janid Al
556 1365 (VY S (methylmalonyl-CoA) CoA—Jylle Jibve of — s ylla « D] 5,90 JS 3 ol
ool i o) LSy s Sl 55 (methoxymalonyl) CoAs= s slla g stay s slla Jot) poiniomy Of L]
by sk LS 5o sl =S5 31 ol de Sl s e (decarboxylation) (JowS g2 S ¢ 59
CoAs igle hie iy Loy Sl S Y dauly Ll Le J] CoAs— Lo gle g3 1Sy ALl
.(Cs-methyl branched unit) Ladzs Jekos -Cs sdm 5

cladedl el Be g Sl gk 3 5L Le ol 33daza J i dam o3 PKS 3 FAS ;.-1;,@-;;
Bkl o il Badatey 63,8 Lo h Sy o 052 i 3y pand Ladie s oLl ALY
lirans) J3l 5 3 «loaiia Ge b Sl 58 L5 U 5, Dt (a8) s Lekiey T g5l PKS
i b g 3 .(type 1T synthases) <! i nf_,dh s janlh (3jaf 5,40 ‘_}S'H';c.ls:is_, T.'.ij.o Jel 5= “;_51
i il Jgadl 55 54 5yl LL.;.‘_,M&J,_}%,:I:L.;S' ¢ S il 3 ;c.-1_',1-_+__..rrt,;u§_,i
Tl e Sl Lo 5 arad bghs 3 a0

A
j o IrJ [ O
- A J !
=500k B v E0aA HaM™ " “BCnA "‘x\.,-"h“SM
O
o Y = e
#’“Hf’l‘scm L BCoA L‘\x_\v_-kl‘,.ﬁcﬂﬁ. II:.N’L*I‘L‘“H'SG”""
jal o 0
B

o o o o
E’G‘J\v"u“ SCoA 7 T SCoA

PKS ponf b gl Al y DY (B) g sl 153 (A) = sl g (VYY) S5

i_ulf_g f:,S,,aLu Uaill CoA- ol il g 9o O & PKS 5 FAS ol Ui~ o S 458 L ek
(acyl-S-enzyme) S —L}:..ﬁ— 5‘”...?‘1 Ll y J) Jef AL Dl y Add) ey o0 Js i-.Jl.ax- s (thermodynamically)



VA4 el Bl 5t ol

(A VY)Y JSadl) ddldt ) e 3,90 JS (3 (C-C bond forming chemistry) C-C-bol JI |S85 elaSy
S ghll ] e DBl (oo bt 3ds dag Laalus iy 8- ool Slepl Jo ud
S s Al gy jamasce a2 Ji dauly S @3l 2 ealad] Wbl Sl ¢ Joul Al
@Al e LAl (thiol) J 581 .(B VYT JK&) (TE) (thivesterase) 5 ] 53 paned (I g 51) dhudiio 5 5
phosphopantetheine prosthetic ) &4l (x5l phon b Lo gt Hal s 0,8 5 @2 S Joud @3] Jaflins poear 3
o 1/ KD+ = A 1 3 Lol et g e s e B 2 kg il 20120 A- a5 (group

AB 5 AVY,Y K21 1) (ACP) (acyl carrier protein) Juw Y1 Jolo (55 5 oamadl Ze 301

A
o s
q: o A s -
Module n Mosdube n1 -::52 Moduba n Module n+1
B
0
};p' o
R S8 BH u
4 i
H+g HO-— ~0 A o
=t H e oH
5 ¥

¥ 5H

Termination Modula i HO-.

PKS poef b s il clgd LLa Sl il ghadl (B) 3 Adenl Dib) (4) (VYY) S

Rl Al Lt i b 42 o pr (FAS Ll dranll ACP i JalS (A) o0 U1 sl 03y J i oS 5 (1 Y, S
A U)o Sk w33y 45 Y apo ACP S5 (B) ceanlly 3 SUU bt



oyl sliaald (5 ) ol -

33U U gl e 26 g TAly ¢ Aald) Jouel Tk S0k 8 ooyl J3U ga ACP Jimd i
¢ (phosphopantetheinylation) ;2. k2l gius g has |5 (11§ y31) trans 3 o1 (g y30) cis 3 Lo} 2 SUI
& gJlsY) (phosphopantetheinyltransferase) (PPTase) | il 5 |l g gty 3 g pall JUall @501 Aol
day (A VY8 IS2ID (apo form) Jadl & SN 3 L (5,05 o (Lambalot ef al., 1996 03,515
oS pdid a3e WS 4» JelSII CAP s (HS-pantrtheinyl (HS-pant)) sl -HS L3 ¢ okt
i gl e Aoy (acyl-CoA thioesters) il pyl g CoA- fulS ol 20l ful dopad Lol
ey +L31 (B VY, K2 (acyltransferase (AT)) 3l poiudl 5 Jowl Jid 3asdl Jaill 35 o oo (transthiolation)
A ol g T Lol Adel) s ALl

SH
A Q. N

EH H H :
o N R Phosphopantethaine

W N
H cT X T\,
0. _N_. HD “0— F I::H
Fer ¥
HO™ " CO-P-0-3.5-ADP  +
) T e
CoASH ADOACF‘

1.5 .ﬂ-DP Heolo ACP Holo ACP
B &
Hclo ACP
CD ASH Acyl-S-ACP

47§ (B) il gt B pb LY iy gl Hasl g mpo I JaSI1 gt (A) S W1 g 1 S (VY 6 S
AT Ji= 3if 3 b & (transthiolation) 2 pted J ol g ol S8 gof s holo HS-ACP

ks Ja2y ¢ el Jai- 3 52000y ALalS ACP Uy 0355 G gou PKS 5 FAS ldial g5l 3

pdZ JalS ACP JS ae < (modules) ladall J5 olE1 J] )15 el ppe 2aldl Joul A i g i AN

Sy cdaly e 3 ACP > (PKS 3 FAS olddal T gl @ s LAY 0 JS2)) Joad damaS

JSE0) ACP (55 Wiew o oo branls Do gy o 55 Lty DN 0 S5 i3 Laael g Joed U
AB Y0

sympn N =Ji s Joke (Yol o PKS 5 FAS Gipios Lol yy 5 A1 LlesSH o el

AT Ji= la> =f (transthiolation) -5 o231 7 dausl 4y HS-pant-holo ACP Ji> e CoA— fsglle Lt



1414 kSl il g ) sl

(31l il 090 S8 pu% U acyl-S-ACP Lag (A VY1 JS2) S-ACP J3 e e of — Ji e eid
CAS aldl 843l )\S -Gy dand (decarboxylation) (fplodenS 50,8 (63) S 3 S £ 5 ] pat Lakis
Lol o sSSisks 3 (B VYT SN a0 dayy el yy Sl (C2-stabilized carbanion equivalent)
Lo S [:iy Sy A ool e ot Bad yy C-C Jaf ) 0528091 a1 oW1 Sl b 57 o .C-C bonding
Lo il B g T (KS) e 28 Jaml) Lol w5ll e (acyl-Senzyme intermediate) = Joul @233]
Jelis dlacty Loty KS ok oy L2l W3l e a cenledll foul darsuy oy g (C VY, JSC2N)
£F o2 GUKS Jio Baudyy C-C Lal) 093 5plas a5 . B2 (transthiolation reaction) ¢y, gtudl 5
s Lo W35 e Jou! Al a5 (methylmalonyl-S-ACP) Jsille Jee =51 = S e ope Joud!
(el 5,50) oS 3,80 5 Sk el gy (D VY, A1) (C; carbanion/ enolate) <o g2}/ 055458 €2 )
Prketo-S-ACP gzt & aezlly . JolSUL uS3 @) C-C Jasl) 52555 & JUsVI Al ki 3 0551 4 vyl

Al D] o3 acyl-S-ACP 52 ) a1 45 sl Thkes ate o (it 528 L) ool L)

KR Domain

DH Domain

¢ ER Donmain

0
A— Iais =
A : -y
S b" a D
/———u\..\ -IHHH_':"‘ _/ _’_,.r_\
o o
At (o Y ) | ER

[ acp
Aaidt A il e gl ot (FAS 3 PKS ¢ 8 (B) chesld By JS J515 (FAS ) I PKS ¢ 5 J (A) ACP <l (1 ¥, 0) JSCal



et sliaall o5 et Sl yaY

A 5 /F_Ha.n 6y ,I_\_f)_ys
R O Dl
0~ Y USCoA e é
A, -
A, = H, Me oA
B o o
o0

ﬂf# \-E R, ‘- ';' HS —
- . ; Y 4
(S-ACP = o gl oot 3l Joidu 4555 (A) FAS 3 PKS Slagend Aot Ul i gt €-C iy 00053 Jor o sl (1Y) SIS0
F-keto-acyl-S-ACP gl (D) cacylS-Cys-KS gl (€) o' gl il 090 831 af o JouS 9 SUV £ 3 (B)

Ty 1 1) Bl ey « (I g g200) trams (3 58 (1 g 30D cis (3 Lokl ¢ LI BN Lg 51 o plad
33 -l Jassd) (g gdl Ll (3 (methylene f-) (plbaliy e gagt JI o kall IS frketo e 09 2S0) —
¢ (ketoreductase (KR)) 552 ) 528 & il ol J1/J gid el Jadll Ao yy k) oin 5 FAS i
ey ((VYY 82N LS ¢ (enoyl- reductase (ER)) 3545 bisuls «(dehydratase (DH)) 501 jhagad
G el ol i DSy - S s a5t J] 05280 525 NADPH (KR Uik Jad)
of-enoyl-S- pzy OH ds yagt e alsedl 3 ¢80 DH Jatidl a3 Ml (3 & pgony f-OH-acyl-S-ACP ys  piald|
)L Al e da st =0 555 Blio) Hanl gy S35 OF B il G o301 Tt 1 odd dmy Lo 855 LACP
Cp J] 4ep Blis] as «enoyl-S-ACP reductase J Jall a3 51 (3 FADH' «(flavin coenzyme) (x3%6 J 5l
ey ey 05,8 — ol s Sl C_:.U CpHy CHy- e



Ve RRIEY. < PO N AP e S PR

x o
gl g \QH 0
9 H H"-“"“* AR A
:L Ly
H
{NADPH] NADP‘
Fl[) ™ =, o

H?.f"\., _,-J-

NADPH MADE+

ER 3 KR,DH J i+ @hﬂl ‘,Lu!! LSl A ga e 0 BSU) —pul JI Y =0 (VYY) g8

b gl 2y L Lo (82 PKS il g0 Jobf OISl (il S FAS Y1 3,50 Jos S s
JolS b el Tl gy Sl gl (815 3 Gudeh ) e sat £ 05 e ST sl g Didaadl Gl
S oY SO Al W foad . iy b ER 41 KR DH Lim 0S5 Lakie DY ol o)
By A (VY,A) S0 (3 el WSy I ddaadl 3o gl nae J) Lghpf s oo Blan )l
ST Ul 31y 055 S G n Lhaodl 3 U KR Jim 3 s Hla (PRS T g g5 Dol @Y1 S
A Co 35l 0308 oy DH Jade Lol w35l e Jb1 8z 0+ 1 Jaadl (35 . (keto ozidation state) 425
JUH Jaddl il ap-ene J peamas 0+ 2 oV ER oo (3 Y ;%TJ.OH—R:,:,S;_,J.UMLEQ.;J;J
b N W xS g Ak 7y Gg ACP 1 o0 O30S — BUE Joul Juds 5 ) TE Jad oL
Jpim e ST g usty 3 28l 5)lus oo PRS T g3l pad laiy FAS e I 3,801 OB 108
755 Dges PKS poad Lai assl gy DY 1 00 S oy .Uh..ﬁ PKS Lol 3 (dl31) oSl
st e dawgze Jolye die il 45 PKS Laglall lzll ¢ JalSUL sl (octancate) g Sl
witaa) 3R el ol g 5 B elarS ranny Wy ¢ 2SS .M;Jsdu;qsb_s Ly ole ot
e

Bacsl ) 5t 3 58V Vo on IS (3 5 e ol i SIS (gl OTPRS T ¢yt ol OISl 5
Szl e G A @l (3 LS a8y L Sl 4nSl gy pemie Gl Lekie LA ST e sue
abf.égfﬁ-JU:.:-NJJ.:.L,.SZJ_,H..:UMJJUA5#14,.\,5:.;_,.31“_,:,;“«41:-_,9 Sag ol
.acyl-S-ACP amﬁga;uﬂl Sl



5 gt} sl (5 gt} el Vas

e ————
Maoduba n Modula n=1 Module n+2

PKS poad a5 oo Sy g3 S § S gk i8I B T B (1 Y, A) SN

(tetracenomycin) (et ! 59 (Sl 3 1O Yt LS g @S 8 11 ¢ 91
(eyelases) < Sow Job 3 sty g 00 8 1 s IS

Sl 15,5418 5 (oxytetracycline) (lSoul oS 5l Jro ¢ 2 pedhl Al 35 3Lan Aslad gy V1 il
(doXOTUDICIN) (pmes 5 5 g 33 o) s Sl (g gl Slally oo gl 5 2S5 (VY4 A0 (chlortetracycline)
Sl Lkt SN Jan J) BLo] ol 1280y 1 gl dauly mos (VYA JS20)
el Yoo ps Ja) (VN S (ke gastl) S0 3 ehts SIS &I jMSK s (aromatases)
canonical ) JISS plS daged 2 (oxytetracycline) (Sl i 5l de gat CiliZ (4 kaall PKS e Yl
KSy «KS,KSs oas PKS o M &epdll cobho gl 5oV cclidl 1o (e gyt eSOl Laal 5y (assembly
KP o oy 83l (3 ACP 5 « (dhadedl J o juaze) (chain length factor) CLF e pall Slda- gy SUIS O3 08
PKS I ¢ 4 .(Petkovic et al., 1999 Ol old Sey L) aie 10 kb o day 39S /32b 41 gﬂ.-:_;_,LJIJ
Alodocll daulyy (actinorhodin) 5,525y (6 padl oLl cdle T cls LY G5 e G oY)
Sl | e KS, / KSy 35 Janry 6y Lizas < (Khosla, 1997 Sy <Hopwood, 1997 33 158) 35S S
Jsb paie) CLF S Wi pd Al Lgad dadl by Lol S ) e L) ¢ by g 42aS i,

(eyclization) Goloul & g 18 Ll e Sl 35 ke Vs ¢ (Al

Y My
\{DII M rDHiH N
OH - oH
CLXTX LK X
P L MH e = MHy
hlﬂ TIEIJHT H ’ 1 T OH T
OH O OH O oH o O

Tetracycline ’__A - ,\_(JL\,_ Oxyletracychne
g
O

o "“v
I T
- S ST Y

et i i i

Dh'ﬂ f:l DH
] 707
.-' ~.,.-'L\ nlv-'-\br.fwo hH? __f"'\-\. _.-L\ 2H
AJW HO H = /I I MH
f—"HT/H\K Doxonubicin Tf I/\
[v] oH
Telracanomycin Chilortetracycline

S 79y 5 (Sl S g (Sl 5 P T gl g Bl gl ) By el (Sl 6 S g BLae (1 Y, ) S8
et 33 45 33 3 e ) 3



V4o ceokieSl p Blal g5 ) sl

Gene:  dsplG dspH dspF o dspE dspA dspl

@E}@@@@E}C}

Enzyme: ACP CYC AROQICYC KR

o o
0. 5-DspG
o 8x b ~scon 5 0 0 0O
o . o o o
H i
“"-\.JU;W + e _.-J‘L-\m H/]L\/’J'LB_M e T
¥/ DspC/DNG DspA/BIG YT T
{MEnimal PHS) (Mirirmal PKS) a o o 0
I DspE
{KR)
5-Dspis 0., - $-Dspls
a4 oH o o o
| e Glhr'fx"‘w
f -
o 0O OH O OH O OH O
- | arocvs, O © © O

=0
Doxorubscin

gt 333 45 33 8l S 1 Slime gy gl PKS ) S ) gelaall (4 X, 4 0 Y

JsY S-ACP— 155l ety oo (thiol) J g8l HS-pant-ACP cya (holo form) JalS3l JSC2H 3y

KS it el day KS, & ) s gl g g Ot Lol pia )l Ggb BoW ol B s Jod Lty

B-keto-acyl-S-ACP ) bl (enolate anion) d ya] Oyl g2 Jol Yty o2l 5 oo i glle Jusll

B gogpall ey OOYNY SN I DU 5,50 (KS cystein thiolate) oo 55 (pimes KS 24£ 5

5 W13, 505 1Aa 328 C-C Ll (S T 1S e (g Sl a4l Ks,ii;u Al
(SN lay 3 S-ACP— | gl BLio] Ll o

o Malanyl-S-ACF .’"'_ %L)un
‘a‘. JL Lk e v _sH

FAS 3 PKST1 ¢ 3 3y Sl At Q) it yp3 (1Y, 1 1) S0



5 gt} el (5 ettt el yan

¢eor 3 (propionyl-CoA) CoA Josm)sr (o Dol iudom gl ¢ (peay s ) goaS 5 S Oy ) 8 gl o1 3
(decaketidyl-S-ACP) S-ACP — hdzS1S5s i CalSs Olys aud dayy Coa— fille oo dauld) Sl )
el s 3 Ut ks O3y (A5 5,801 O3Sl Olegeg pnear Ol ity Comm ((AVYNY SN
B> 55 1 CoA- Jalglla «CoA- fi gl mldl el Cinal jlains RN O N N B PUCR PR PR P
(nonaketidyl-S-ACP) S-ACP st 28U 5 Uadv—0 53,814 elid dlanly @i 58 CoA- i gdle Ly Dl
dazg «C0A- Jral & (s yionsl 75 B0 3o (B VYN Y SN Gl |5 J glall 2elST fol AlS
(20-carbon nonaketidyl-S enzyme) §- @3] pdaSUy 09 S=Y 5,8 «CoA- Liglle Sy and Bls)
«TemN « J sV 505w (cyclase-mediated) ;S — Lawl 2o Zaldt BME] oo 05,0 (C VYN Y K2
JSord Al a2l Y1 — il a5 Jaad 3,5 Y1 B3 Toml 3liyy « TemF2 ainad cilile 3 3l
Jaxid @ 1ra g COOH Ze yagy OH Gl s e gag ol 2055 IS/ PRS- dad Aol ol 5yl oSl 5
Loy Lo Ul 4C Cpmnyil 5 3 JomS 5 ken SN Sl ot J5mk) < TemG < (oxygenase) sromesS! w5
deS gy S Jloll i s epoxidation @5 (a3 A Zilsd) (mono-oxygenation) LYl — doenSY e
ACAYANY S (Laxl o) < Hutchinson, 1997 O guintoa i) A /B dils (fuaie) ds y Lis (epoxide)
b el (aJa PRSI 43l S (3 (aromatase and cyclase genes) dSw s 3la syl ol 5k Lakie
(polyketonic acyl enzymes) Jouwl A3 328 g1 Sl 3] OF 3 s BLAIN Glowdl BUET T o3 cL3L2 0S5 O
L1 gt Gl cpo ol a3 LACP JSom cyo 3Maf ) B ozl il L ) b iS5 Wl
L2l JSCL gz IS (3 e UMK OF e Jy e« Lnedall (tetracyclic systems) (S 25 Lkl
Juast LUT JI clilinally o gl ato sl ol 5ad o ey Za Ul 032 AL
pomra g 25 ST 3 Teml 5 TemN ¢ Jle e3daze SMSGa o T g gl IS any (g 528 . pandall )
SN il 5F Wl o by (VYN0 S0 Gp g 959 S (3 DpsH g DpsF 5 (VYY)
Ly pall b glad| . (Zas- o) < Hutchinson, 1997 & guctan i) &35 Glowll Wllee jad g Lasedl L3051
Ty b Cod ilghadl Loy o) S0y cdonioly p puddl By C-C Lyl 0055 Sl
S 3] ke Ol 2 € plSl St il Y1 255 3 D e e 5 091 )
e OYAY JS&I) Cis 5 Cay ¢ Cisy Cov Crag CuoiCa Cpu cesil O3)8—05)\8 Loy, o I 3
Lis 35250 daxlgl (enolate resonance forms) (v sl oy JIKAD O 53S0 SIS Lass €y 5 Co.CaCe
(6-methylpretetramid) (sl 2 Jee =) (g anll protel aLil:-.—d_ﬁ‘! Pl L 5L (Cias CioC



vy ekl Bl g5 gl ol

¢ (hydroxylations) juuS 3 jkee) Blis] llas ¢ (5 el Al o Talond) jdaally Lim W lilinad) il OF

S AW e Alds 3o,k oy (dimethylation) L5181 1 « (amination) E2Y1 ¢ JY1y 341 danio
(Huchinson and Fujii, 1995 g 98 5 O geuiizn) (ndSomal il L Sl e Jlgdl (pdSGl 228 fl =

A O SEnz
. oo oY

o o o N PN NP
\-A‘SG:A + Ox BG_J«\/L\ SCoA > | GCTA
hih

HO =, o4 HO: OH
Temi
|SSSRUNESTR, 5 ¢ 6. YN
| 1 ] 1k
0

OH O OH O O OH O OH

TemF2
L] | =, | o OH
e - o
OH O OH ' o

Yttt {fmat | 3 (C) ¢ Sttt (lSntl 5 (B) ¢ Jliskioms Lot 9293 833 (A) 8-S g 9] Sl g (VY1 ) JSC8I

A
DHOH M

H OH
Enz .
i NHz —_—

MNHg | H
OH OH OH OH O OH © 01? (S

0O 0 0O 0 O
Nonaketidyl-Enzyme 6-Methylpretetramid Oxytetracycline

el 7 et Sl = oSy il ) o S5 S (VYA T S



5 gt} el (5 et il VA

~ A1 05,8 Y Aacdl (3 RSN 5 SUE e D31 o g e g0 58 54 (6503 L)
el Jasl gra V1 i) GME U (554 Laimy ¢ Al I (21-carbon decaketidyl-S-ACP) S-ACP
o2 eda A=Y ol Al 2aliz G gke dts o 2h e (A VYV E KA 5 e U oo 1 0,5
¢Cis 3 Co0,Cro.Crr L6 ap) V1 U280l e 3 domis 3 e @l Cio 5 C3,CaCs e 05l IS IS
¢z (DpsF cyclase) DpsF iiowe O sohys Lt )| b Al Slidoud) Jolis moer pa Lty (il
DpsH cade s ACP [Sa e ool Al LS,V Joad 3 Lo, (B VYV E S2ID ST ool colald
ACP sy ool A Gillan y C5-Crg i 1 S0 Wilis 3,331 Y 3hos e, (C VY,V £ JSCE)

A
H'!' H+
EF’ {D S-DsplG Gb‘?__.OH
8]
HO O D d o
15'& 1?*{. 2% 3 — m‘ QH
? I
o o o 0 oH O OH O
Decaketidyl-Enzyme
B o
H™ R HO,. . S5-DspG
0o floloY
HDM
. DzpF
YIrYY
o o O 0O
Decaketidyl-Enzyme '
;"' .:-
c v
o E}WDH

OH O OH O
il S 3AE (B) o A @3N A p C-C Saily pa g g (A) tiety eSS a sl (VYN £ S
.(postsynthase tailoring reactions) jkstie 45 b day STy DpsH i (C) (DpsF —t il gl

—0 5258 Pl Sdond Cip g Crp it daneaS VI Juay o) g0 5Ll (s g15) 38 53 (6 sl JaS

JoisSill BLils Cagdaw )l gild) (3 s ) (quinone-hydroxyquinone system) O g% pSmS 5 jhot

oWl & (aminodeoxy sugar daunosaming) (sl 5is3 S 520 sal ;Ss aa Cs dis OH J (glycosylation)
gy ) A 3 gl it Taah gy 50,00 S @391 T, (Hlutchinson, 1997 &y 20)



149 bl g il (5 b sl

et 35S 3> USL CACP 5 KS,KSy 0555 O 53 PKS 1 g2} Gl Lo i) ol gt Ly
S 30 and Ll iz 21y (VY. )+ JSC21) DpsA/ DpsB s DpsC/ DpsD <KSy 3 KS, oy Ol gudt
S 3 LS (S 3 KR e @l ol g 505 Ledie 5 L(A/B) BN Liladl ol 501 @3 yas (C/D) Y
Ol ditay ¢ (pran 329 S 33 Jns (3 i 3 Londo yo Goo 2y KRS Joomy b g ¢ (plSimal 255 Lppan g2 38 5
My sl Gl Ol I Lo 055 Wpy ¢ el 3 & CiOHL J) Cis 0528 JIps)
e g o e iy bl e Gpadly Laldl 4 I Al ped S, W1 el Cilindt
S bl s 3 ol ) e 5oLy Lage 0ySis S0 e wpls o) ACP sl ion )
G il PKS iy 8 Joly dawlyy 428y T ol ped aie OISl PKS 1T g2l 48015301
(Khosla, 1997 Sy _Jii1) (ol 35S 2k il 3315

Ot 3T g vty 0 3Y deiod) poezedl b ghot Ol wsSI p 1 g )
Lea FAS 3 PKS 1 ¢ 5l (FAS 3 PKS II ¢ gl ldial Joaill e il s gl 3laie o0 okl o
Lol Sl gl s 3 yany Lgiam pe Aliaze U 0l 35080 Jgadl e dpdal) e Olad gk
3 055V, Sl il V- Dpeaall o (6528 s )] e (e SAd g S L 2505 -
O 5o Al U] )55 s o a3 g (VY10 JSL8I) il piae =V W G ol OF
507 A Sl e ddod ledie (S 15 ol 45 S (prototypic organization) il 3l @i
« Cortes et al., 1990 3 ~T3 3.3, 4) (DEB) (aglycone deoxyerythronolide B) & AP S O JeaN
200-kDa 53 0550 gl 3 ezl gy B e LIS Ci2S5 (Donadio ef al., 1991 O3 515 3l
&% 3 5 (propionyl-CoA) CoA = i g g (3lJI Y 42 (DEBs) jlztiw DEB J il Lzl e JSi5 Al
Sl gl i bl (A VY, Vo S DEB | dawlJl (6-methylemalonyl-CoA) CoA = i Jle fie =1
o) WL 31 (modules) (W) iy Mo (5 42€ dly S O «DEBS3y DEBSI,DEBS2 &g il
4 DEBS3 Oy « Lhadl 5o gl had o e ¢ DEBSI e O e (o gle i L] e il 90
DEBS1 J (N-terminal) N-8 Jall &1y e framdl 3o 3 5 .(C terminus) C Lglgl Lo ddldl <Ly TE i
ACP-S— | 3025,S L3 L3 gor 3 2 5udm y Zpkt) HS-ACP i 5 AT \J
Jposibisle (ACP JKSAT oa ALl D) 3 Jazss PRSI laadl ¢4 (3 &35 1 J
3 -holo HS-ACP Lo acyl-CoA 53le 1o b3 lle Jie G yag 1 |5l famd (M AT pas e ) 03



(6w shimall g5y o1} ‘.

— Joue b e KS L2l wi gl Joglle Jtd 2ol 2 1 )Y BUYI 3 AT J4adl «DEBSI2,3
A kS 5 S0 o ACP-S — J3 b fte Lty (ALUI ol de gt me (selfacylayes) (faest) Lt
C-C Sl I Oy ySI T g yell odhel Ly LS el o o frketo-acyl-S-ACP 1 yS 315t il 040100
Tl - sl O3S (cyclizations) Slidowdl e Uy F (A ¢ loazdall & anll AzSS yy Sl Gy
J5E Wy e Johll WSl ol ks 3 (polyketonic groups) ¢l s2S) s ile gagt b o i
ACP 5 KSAT &35 1 Jpadls 1Sy 23l) Jyi Lalyy (PKS T gyl 350 JS 3 0925~y & yut
A% Laad) ER Jadly (£ Jaad) DH Jadt (Y5 ) BUYD KR Ji> sl yy (Joe 95 dons U PKS Jaazld
(triketide acyl cahin) 439428 ol Add (ER 51 DH J g yud /SJ5 (KR J g U2 ¥ Y BV Of ey

(VYT KA C-0H 5 €3 @Y dn Sk DEBSI e ACP; e @S155 A

A Loading
Module Module 1 Module 2
e ——

pepst ENERNLE

o
Module 3 Module 4 \/”H_ -
P e I e e e | |
T i
DEBS2 [ OH
I...--'-,__ﬂ ", ".-\"EIH
Module 5 Module & .y
DEBS3 ’w —
6-Deoxyarythronalide B
B Loading
Madule Module 1 Module 2
P T e I
Module 3
T e e ——
Ty o
Modula 4 Module 5 ij] e {I:Ho
Be e s e T

F HeR1

A
(o 41
it o il il

Module 6 Module 7

e e . T
AT |

Tylactone
) ks (B) (DEB -6-0 5! Gmet s )Y ponandl S (A) 2ot gty Gt g )Y S5l el @il (1Y, 0 0) ISR
O SN O Sl 16 - gnal)



Y e ool g Bl (g gl

DEBS poné b Jo o813 I Jglall = B gn ol il (1Y, 41 S

& 5 Y LU Jyb e ,F (DEBS2 is il s>yl J] DEBS1 s Leldl Joul ddes 8 oy
sy KS-AT-ACP (5 1) Jal Lads ¥ Lol &lley .DEBS2 4l Lie HS-ACP sl ¥l da2 J| sl
J_,..ﬁib.m..__b.afg_ﬂ 098 b Sldyy «DH-ER-KR & B i £ Jaacdl s Loy =I:51.;L:,::§J|Lj.h;



5 gt} el (5 et il Y.or

Sy ¢ g bl JanS baid KR Ji> o Logas JS' 71 Jaaddly 0 Laoddi DEBS3 (35 .f-CH, 34 3kl S e
Ll Jyimll Jlaza¥ly Al e oda G3Y1 ALY @lyge 3 BOH Ole g &5 (5,51 5
S cd-Ee Sl gl anad bt (3 (DEBS3 (3 4 «DEBS2 3 4 «DEBSI 3 1*) opyially
(15-carbon-long acyclic acyl chain) Lake-1 Jol Ueds—0 50,510 3 02,5 S il 535 Jshally 3200
S Vil el el indl gl Jte Sl gad (s € auguion Ao HIA TR
05 Y 5 ) BUYI KR S Ll o la S Blasal g3 U313 2ag Y1

g e ol Ay Dol dolall = S ool Ze gat foadd a5zt DEB J Lacll Legll
Osypially opelddl Jadl do gy ACP I U3 me die Loy 1 Jaadll 3 ¢ 23 b S ACP 5 ALl 5y k!
Jo30)S pealstd i i el 3y «(eyelase) Glows @318 Jany g2y TE Jid! ¢ poandl Jad ;5315
HS- 445 5 ,2e8 DEB =1 045Y Sle sae— V1§ lazie ¢Cp3-OH ic gag iy (C; thioester carbonyl) C,
Ol gk oUol LW 8 g VYNV SN (6,5 5302 5,50 LJL DEBS pond Las pnay Ofy 41 ACP
¢Sy olall bl e AW (6-deoxyerythronolide) A5 i) (S 1 A1 LYl LA
(oxygenate and glycosylated antibiotic) 5 juon 2 Sy e 31 (g godt sliall J] J g

“OH

SH ‘_’:I “OH EH |
O

.Eﬂﬂﬁﬁqjﬁhyw[}wqﬂ1 DEBS3 TE & Aoy p¥) Sl o ool Joudl Ao 5B (1 ¥, V) S0

Cnnns St 3 A2 sl e 055V 5 Sle Sl ptad PKS aoad b g dukin (3 plazal Slia

0555 Ske piae— NVt e IS 3] Ja- o)« (Xue and Sherman, 2001 Oleyndiy 33S1) (pikromyci PKS) PKS
(10-deoxymethynolide) (A yites oS 925=V *) uad¥1 048y gize— Y 5 (narbonolide) (Al 3 52 )0) amball
Ll Al S sty (VE G JD T Ll cpe Gl g LBl S e (VYA SN
St Jaadt OF a8y Y E-Taldy VY-Ta Gy G ety VY Zil) 0 Laudl e



\EAl ekl 2Bl g gl o

K 3 S Cr s S 3 0559 1S € B iy KR s ¥ 1Y 5 ) Dy S0
2.‘.‘-__’..:-‘.!1 sda stll:q_’ ‘LWJJS'."-' ¢ (10-hydroxy-5-desosaminyl) L}HLHHJ—Q—&;..SJJJ.:&_\ pCE ] L,}J‘
4 N - - e
JSEI) (gl sl (3 sllidandy Sl Soall B BLaS ¢ b A 1S Gy S Jaf 28 T
Gaglil g alall laadl (o ,m0 Y U4y Erm rRNA methyltransferases ¢ (pwmes St 22 Y (10,8
.(Xue and Sherman, 2001 Ole 5 355] Jif) (aldl Jadll) B (nel o o2 ol 4S0 - 5 Se
A th.asl.qﬂ .J.;-; (Saccharapolyspora erythrae) :._5_;‘....’1 lJ_,T..:JfJJ\S;..u _).ln.i." E_,.ﬁ.hj- :d.""l.r.' JS...‘:.”
VLN 5)95 490 Sims 5 pakall 3B A gip )l S oo VE-TaL o~ u.__.:-JlL_-. V= poaall e dil
£ Lol e 13Lo) DY By 16 0 Jaadl J) £ Jaadl e i) Al o Jadl S J) 23U
e Ll e lidl sl Jhe Ao OIS OIS 15)y (Wilkinson er al., 2000 O PR TY)
oJ| (rapamycin synthase) i Gweslil) oo PKS Ll o1 )0 cedodd nan JUle oileaal) 15, olaus
zl Jl sl Serythrae 3 LY Lazy ¢ Lol Lo il 3ol LUT — &yl gl DEBSI J>1>
Tonpelall 28 g1 Sy gtent Bl 7 0=Y 36l L OIS O]y ¢ V1= &y poanll L] as (octaketide) A28\

ARowe et al., 2001 O3 13 53,) 5, -DEBS1-3 £ o

Marbonolide
VY —diley A gyl VUil s S aoed das 3 Al 08 Sl dile Olalie e LU (VY 0A) S
st 3 St Corkeeto 36 gat 3r 3 oY (N Jaadl o 51 0 Jaadl on Gelondl Bl gt o gteeS g =4 0



5 gt} el (5 et il Y.t

decaketidyl-S-) ACP-S — },4.25\85,5 3 (nonaketidyl-S-ACP) ACP-S— 428U 6 e yaidl e ol Ly
Wy (Ol aS landy DU S5 Com Ol w9 908 925 (Sl 5 3 el e ) (ACP
(heptaketidyl-acyl-S-ACP7) JodzSlaws  eludl Jyhll — JolS DEBS clls calududl U] ol jp JMs
G W Gl sy (Claisen) edS 013) Slls S JS2 Laiz (b asly 08
PKS t.a.# bglas eospéy e 3 ERy KRDH 4Lyl Jgad| (transannular cyclization pathways)
S G el 52 ol et jaae s doad (LeSE OV AR ey cis (3 Jend () cdad padl
(carboeyclic ring) Lald! Oy S Ll c.-'}L_S..t:;,..::.T.:.! (VYA 3 VY VWY Sal) macrolactonization

G Aald) AL O\Se Jods BTy ACP Jyi sde ga PKSs opa T g 5015 T3 gl i S kil
JS 3 o A Lal oo 28 — g ALy ACP e sty Lo b 3oy Jestd (PKSs 5 T FASs ¢ 430
AU 350000 3 b8 Jannad) g Lol — il KS Lt J) B0 LS Juy <AL/ iS50
QA AR CEA]))

VY1 590 gulaS Jars Lokie b (s a2l =351 KS e Ll b ol Jol 2ok
(3 PRS T 33l 35 JomS 52,80 55 3 31300 il 050 01 Lty ACP-5— J o (i) 5 I
ore IS JMa C- Ll JIN- Ll e h,nh_ﬂ_,_,é- Ll Al a5y Jad SO HS—ACP ol y dor o
—KS =g 3yl Ll 0 0,58 238 ACP-S =l (Jte) Jonss VYT JSEN) acyl-S-ACP e 420
eSS 5 Jad A

(monooxygenases) 431=Y1 Ol jlmenS T :aveondl — Jas — say SHuukad)
(glycosyl transferases) <\ 3| piud! J Lo $SGh 3
3 (Al 5 S08) T okn 08 (o By s Se filian o tptall ) il 3 Ui LS
(desosamine sugar) (nsb gud s Sl Lassl gy <238 IRNA p s g2 1 51l as s o] Ay SNl
e Y1 panll = Jai — oy BT el (R (35 (8.0 JSEI Asssy J] Cromps o] o
3l o, Asly Sl S o PRSs e T g5 T 5l e IS ot AN 2S5
(gt el 75 Jlams o) (trioxygenation) &Il ISy (dimethylation) aslail dell Lhasy adl,

CR[EFAUALD || t..L:.y & 3 (tetracenomycin)



Yo .Iéf,l,: il g gt L)l

(S-adenosylmethionine) (5 séwedees g2231 — o] oty el = Ja — day— (methylations) <M 3
030,8 3,5 o1 3100 Gl pamen SV ¢ (o g il 2318 CHS' 3 g3 1 ¢ o) 3£ S L2 5LeS (SAM)
Laty Sdd SAM Gy pke e (C methylations) C oMie Sldas Jans AW AaS g e 3 (0550,19)
PKS poad Jai o Jip Lo Lol AL

Col BryF) Lo (15 o JomS 3 ooel) 8] 1 2 5) o gla a5 A s 20} J) 6-DEB 7 525 3
Cr-OH &ie (L-mycarose (ERyBIV)) ,lSoe L S5 1 3l el ilys Slt) ol < Cop ( EryK)y
D-) {galus yougd -D (o (a3 (3-a-mycarosylerythronolide B) B . i 5 % ) Yo 3 \Sea—LI=Y puid 0595 SU
,Sd 3-0H i (EryG) (O methylation) O &lte 1,515 D tnmamns ) =) C5-OH e (EryCII) (desosamine
EryF sy .(Katz, 1997 3) (VYA JS2I) A (penes 253 (g5 el |5 (mycarosyl sugar)  fo g )\ Se
Ciz s (monooxygenase EryK) EryK 5iomS g0 Jars (o= (3 6-DEB Lo (EryF) hydroxylase juS s )b
S5 STy ge PASO pg S s Wile paae ay Skt JS'5 -0 Sl US Bilin| ik L
duhall L3 4 ¢ (heme-containing cytochrome P450 monooxygenase) ((suddh| 1 5b ) S o) ampli- e
ol o et 3 dar g oda LA SlepY el Lkl Oy gl sliall ST olji2
Cipen s S 3 el il e Sy L L SH LV b J) 5l Gpng 25Y (g5
pie el 3 o gatl) O3l ol gy OIS e 5 SR BLSST A o Y 052801 g Yo gl o
Oleyedis 5351) desosaminyltransferase 3l il 5 fotuslon gomsd g 5HneS 5 det =1+ 985 P450 PIKK o 5 St
Lgais S U1 el — iy loaS o Bl s B gag ¢ 5 2V I 2801 3 .(Xue and Sherman, 2001
(halogenations) sl 4 g5 Slles y S gl y & Jaall LA 0125 futsy

by ) ohodg 350 dnmS (g5 slall BLE 0,55y Sle ol e (S0 gy Cllay
o 3299 38 33/ (pn 3235 8735 Jawn 3 ¢ P IS8 5 508 0 g g M) De 1 G gl e 23S rRNA jooed)
Gy Bpdl Dl b8 amall (VY4 JS) (L-daunosamine sugar) pals s> L S Ay
deadll 3 ey A az)l - e sadl g pdt OBLElL GUiSy sds 4285l wlilag ol S
chilaal)l @b eSS hai dr g Al ol b gl S/ S g S 0,50 L LI 1 U
AUeSze SIS i 35 (g 3 Ly o5 AN slid) (a5 . (Liu and Thorson, 1994 O gee) 85 5d) (8 50
Opmep g il caml pall) Cnne ol el 2l oSS s B glall by (550 Slaal) (g 003 ol 28 e
(Thorson et al., 2001 0 3 513



5 gt} el (5 et il

Y5
o 0 o
\\)L\‘: ot \\/l\ L ‘“\,—-""“\-\.‘i L
" . 5 ” OH o | L oH
fﬁDH\“‘ C-6 Erythronol Idl:.:.B s T TOP-Mycarose OH ™"
o ) Hydrowylase N ; "G ycosyitransferaze . !
) \0 /'J O |" \"HG n “OH et o . I"I:]H

Cr';\r' "OH

. A OH
§-Decxyerythronolide B Erythronclide B 3-C-Mycarosyl- O
oxyeryth i Erythronolide B
TDP-Desosamine
Glycosyltransferase
O 8]
‘L_‘_F_ .-LL._H_ o t."__-J'L.\_\ el
HO OH L oM
.--Y‘O‘H T Nifle; ' (\Cﬂ"vw Niies
..... m,, o HO L
o i_.-‘ D-_EEJL/ C-12 Hydrowylase | ™~g e fgti_?_t"‘[m
O "o  OH o "0 OH
%%’:oﬁ N oH
Erythromycin © Erythromycin O
| |
O-Methyltransferase } O-Methyltransferase l
O
\\/J'I\,
__.-.'h"'
| OH
O

Erythirgmycin &

C-12 Hydroxylase

Erythromycin B

A Gt 3 45 U 6-DEB gl ! 8 341 Sl gl (1Y, 0 4 S8

5 S S Sl 7 gl Y 35S i A ol Sl Lol Sl S

S dad (VY JSa) NDP k) dauly € Ais dkiie ¢ (NDP) (nucleoside diphospho) sawall i
e b g5 eI 0 0353 ¢ 6 5k sLimad NDP— oy S 3y 3131 21 2S00 11
TDP-L- g5 oo oS 3> Sl S (65 i) Ol jlunad 1iSay . 3ullall UDP i pyrimidine TDP (TDP)
1-P- 5 TTP &y collizudl e o34 C_:..f I TDP 55 5le (pe #14z! ¢ TDP-D-desosamine 3] mycarose

.(Thorson et al., 2001 O3 15 O guu 5 55) glucose



Yoy ekl olal g bl S

J (TDP-glucose) TDP- 5S35 Jugmd b 0dd S OlySe Ll Lyl b gl
Ll )l olils d-keto-glucose-6-ene & slll jalsll o cay «(TDP-d-ketoglucose) TDP— £~ ;48 ylé g2 S
—aSTE M ey (VY (SEID Sy WS Japn S 505 gl S =N g8 8 1 yST Ol g3
C: e ~OH (o yaliny Of (S @adal (Cs 5 Cs S ol A1 5342 Slg 5] Jn NDP S g20=
.Cy 3 €5 dze (aminate) (1’,-.:‘1 S e c,..q) R [;h_;;.i.u Jlall (deoxygenation) 3SY el Sty
a1 oo O OISy TDP-L- — S &e gama J) J g5l Cs J (epimerization) 3 gl pal 53 ey
chiral ) £3LLai Y SlolG Yl iy . 2= &6 gast 3,54 (carbanionic sites) i yily)\S adlga ke C 5N J
35080k Ly ¢ {palan gomd ¢ palangips J2e Lol TDP = oS 523 Sl Sw 09285 § Sile yast (reductions
Cpales gy “TDP (3 U oo Sy - Cpua sSOL) (3 (L-vancosamine) cpales S50 <L 5l bty SN
reductive ) (325 (513~ C5,Cy Ja s oV j2isndl) Aasalyp el JI C-OH o ¢ 5 (VY Y+ JS2)
N IS e € Sl £ A3y « SAM dlausl 3y N.N-dimethylated s (amination of a Cs,C.-diketo intermediate
¢Cs 5 Cp ke (VY. ¥+ |SCAIN) TDP-L-mycarose ope 5SSV o) & A3} .CH; U1 J) Cg i1 CH,
Ls3) WM da 5 LSy EryBIV dlaul g 055 5 Sle Dl J] Lls |5 Cs dis 0l 355 Cs i € — ikl
bl adasd 5V G2 e Gl kel G uSn o gl 5 oS 00 S 28N A S0 Dl

el sy - SIS 5 S

o aToe OTDP aToP
:
HD\/\ OR '
OH L o A0
L -— e - N N
g 0 HOZ e, et A AT
b A O OTOP OTDP
o ey "
T o oM Desosamine
ke
o) oM
Cladinose
i
OH Y5 o
o TAQ 7 OToR W OTE HO
R o HO
oOToR
TOP-L-Mycarosa |
Sl — O — O — R
HO.
HO HO HO™ 1o
OTDR 07 HO Groe HO Sroe oTOR

et § g 4 @4-!5 J TDP-4-keto-6-deoxyglucose ;¢ TDP-L-mycarose y TDP-D —desosamine g &Y el (1YY ,}(-ﬂ'l



Condensation
Domain

in g g3 ) o 3l ) Al y 35 J gl 3 S ) OBl )



