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among the most prominent classes of approved clinical agents. Usually, active lead compounds require structural
modifications to improve their assimilation, distribution, metabolism, and excretion as well as to facilitate the drug
development process. However, due to the large number of stereocenters and inert carbon atoms, it is challenging for
chemical synthesis to accurately and efficiently derive polyketide scaffolds, making their biological synthesis for
structural optimization of the polyketides a hot topic. In nature, the majority of polyketides are assembled from simple
the building blocks acetate and propionate catalyzed by polyketide synthases, but a few polyketides with special
building blocks provide inspiration for researchers to introduce unnatural building blocks selectively into the scaffolds
of polyketides for their structure modifications. Polyketides can be built with predictable biosynthetic logic, each
module of a modular polyketide synthase elongates the product backbone with two carbons by synergetic actions of its
three essential domains: ketosynthase, acyltransferase and acyl carrier protein. The acyltransferase domain selects for
and loads a carboxyacyl-Coenzyme A extender unit for the phosphopantetheinyl modification of the acyl carrier protein
domain, whereas the ketosynthase domain then uses the extender unit to elongate the growing polyketide intermediate,
before passing it to the following module. Given the hierarchical domain and module organization of the type I
modular PKSs that make these molecules, gene sequences and product structures are directly connected such that
changes can be introduced site-selectively into the molecule by targeting building blocks and promiscuous
acyltransferase domain with the corresponding domain. Besides, the biosynthesis of polyketide scaffolds depends on
the assembly of a starter unit and variable extender units, therefore, introducing anticipated structures into the
polyketides through incorporating the artificial extender units is considered as a powerful breakthrough for precise and
effective modifications of the polyketides. This review summarizes three important enzymatic synthesis methods for
unnatural polyketides extender units reported within the past decade. As results, a large number of unnatural extender
units have been obtained through mining novel extender unit synthetase and exploring their substrates, or using enzyme
engineering methods to modify the substrate spectrum. Also, this review comments on the cases of modifying
polyketide structures using unnatural extender units to achieve the desired derivatives either through the natural
synthetic pathway of polyketides or by utilizing modified synthetic pathways. Finally, we discuss some challenges
existing in this research field and potential solutions for better applications of polyketides, including the compatibility
issue of polyketides synthase with unnatural extender units, precursor supply for unnatural extender units, and ezc. In
recent years, interest and enthusiasm for the modifications of polyketides using unnatural extender moieties have
increased dramatically, and our review draws a concise and clear map for the research of polyketide structure
modifications by artificial extender units, with an expectation of laying a solid foundation for accelerating the

development of polyketides drugs.
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Fig. 1 Selected polyketide drugs (a) and the classical polyketide synthase assembly line for the biosynthesis of erythromycin A (b)

AT—acyltransferase; ACP—acyl carrier protein; DEBS—6-deoxyerythronolide B synthase; DH—dehydratase;

ER—enoylreductase; KR—ketoreductase; KS—ketosynthase; TE—thioesterase
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Fig. 2 Two classes of natural extender units (a) and the biosynthesis of malonyl-CoA extender units (b)

MCS—malonyl-CoA synthetase; CCRC—crotonyl-CoA reductase/carboxylase; ACC—acyl-CoA carboxylase;

MCE—methyl malonyl-CoA epimerase; CoA—coenzyme A; ACP—acyl carrier protein
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MCS—malonyl-CoA synthetase; CCRC—crotonyl-CoA reductase/carboxylase; ACC—acyl-CoA carboxylase;

CoA—Coenzyme A; SNAC—N-acetylcysteamine; Pant—pantetheine



566 GRAENE $55

JECR RIS R 20124, A KRBT
BT B LA 57 & 5, Moore £ Wilson M
VYRR RIS . fEIXRZ G, DhREE 9K
CCRC ik — 42 i ok, AR A A4 ik & il il -
K41 (nonribosomal peptide synthetase-polyketide
synthase, NRPS-PKS) #4474 Antimycin E4) & Bl
B K 7% 0 1) antE 9w 5 77 W) 02 1€ 4 O 1k g BRI 2%
Z VER) CCRC AT BT & il B, R T REMEIL S
B2 T AR Joe e AN B S i B 70 4k, A SN A0
AR B IRAT T+ R A 2L C-2 AL U EE )
ERIREMPERTT W), R Mk, &S, H
P C-2 A BUAREE R BERE R A i ), A C~Ci
KEH A E R (B3), J& e i Io & g T AR 1)
A 1M 78 . H CCRC AT AR I ZER . = A2 ik
JERBSE 1y v] BE 20 PR ARSI G BB Ty RAME . £
XX, Erb UREZH BT 7 —Fh Ty Wb B e & Al
@12, fE CCRCHEALAR R IR & i I LR CoA AL
Ml Cacyl-CoA oxidase), FF&EVHHFEIL I AL &I =V
68 CCRC YD, (EFER AT DL ek J5 Y gl
YIRS iR AR 2 B2

5MCS KM, FHIHRIE ) ACC AL FE & B fi
L M-CoA 5 MM-CoA 74, {H 3 [ A Hh R
HARAE 1 PIH S B B ORI ACC & 3 PR
RYGEAR BT B, A AP A S B0 4R 7S HE i R S i
FAIC A UG B A B KRR R, AT DUE S
JE R PKAEMF AT . SAATTT 5, B ACC &
FEMP R IGAYE S CCRC KRB Y (E3), HH
ARG B JE D) A7 A 81 7= 0 A0 35 O e Bz
AT Rati ok TAERM . HAr, FREZAEYSRIER ACC
AL 2 WEERAE, RS AR S B 7 2 2 A
WHESL R PME; A ERK 2, Tong PR ) fid T
1B LA R DRV ) LB 22 S I ACC, 1R AME E
R I v R i 0 AL A BE I CoA JIEH,  C-2 fHX
REEFERIEC,o T HBURE B Koz ) AT fiEAL
PSRN 0 e AT E R I e LA A 3 S 44 119 2 {f
FATEHI N & & AT .

2.2 BEEIEMISIRGIERAEFETT

il AL SR v B2 B 4 A AR R BR ), JE
SRR AT 2 PEAE LUK B TR T BUEAE W] LABE XY

PEOE 256 148, 1 96 5 B A AL R L, O
£ — & 12 BE b 52 T B A A0 g PR BT . 2011 4,
Williams PR A2 B 3§ CLRIE Y S. coelicolor MatB
R EER B 2 5 AR R R R I, R L
5 R. trifolii MatB 28 ZE 18 J7 51| 4T EL X Ja, #R 3R,
trifolii MatB " 5F B A7 B [ 0% i Bk B Thr207 5
Met306, I8 it g 37 AN OB A T AT 58 AR AR S
L k3RS T SRA AR MatB™ ™, HAEAL &k 2-2
BT Tk CoA 1 2-475 TR ZE T T CoA ZE fi 1 I0 1)
Re A W R TE. 2013 4F, ZiEEH it
FIH 2 4k C-2 A7 BUAR I T — R J 4 DN Ak i i 5874
UL R & RARR S, 193] TR PERE R I 4H
B RAZAKR MatB" M, e 280G i 2 Fl R BUAR T TR
TR CoA ZRAEMIEIL (62%~92%) (K3,
TR, TEN RSB IAE, A3
g T MatB 9 ZE {1 516 & B [

2015 4%, Abe 5 X TR AH ! A EIRIE T
AntE 254 NADP (N E & W) AR S5 t, 5L E I
Fk CoA ] CinF-JEE#)-NADP & & W) & 44 &5 4 “1 3k
AT HE X K B, CinF H 458 il JBE 40 K /)N 1) 0% B ok
Gly362 7£ AntE 4 7R B K 1) Val350 BUAR . 1%
AL 54T V0 A0 5RAR J  P]  TR 0 T5E Co A NS 2
BRI TR CoA R, S5 REIR, TABMR AntE™
AT DL Ak 5] W TR 475 2 CoA 3R 1K,  RAS (K AntEY»™
AE R 6 #2 R IS BE CoA TR, BEY KT H
A8 AntE BRI (BI3) . BhAh, fRpsk
56 25 JLR 7R AntE YO 7R 58 A7 e I AR 2 114 ZE e
BT, {H AT g BT A B AN AN A M AR EL, A
M A AE ARSI R AEZ LA 5T 1A K

3 MR SR S 1 L 50 SR ) e

SEAR LT A R I OT RO PR A & R 1 T
LR A BB, R B N T BT A B R
FIN PK G544 ] DL A i R 2 48 PR, {ELE i 5o
M HUZ B “SpIT N7 AT S5 ae e ™, [T
AR AR GE 1 57T 1) PR 544 51N — JBURG ZHR & R 4R
FAAE (1 B TR S Ja 1R A2 1 AT 454435

PKADE R, 2R R4 PK 45 K il & 7w
R 2% iz M AT S5 K 3800 AE it 5058 45 1 i 1) A7
fEo B, BEFTN G LA Z R R AR A &



%5% www.synbioj.com

567

FSCGERAE,  TR) PR AR T 1] MR R R SR AE A B8 T ) /N o
TRIRATA, 8T A T A 7= R ] 3R A5 A0 B2 1) 5%
a5 BT AR SN AR & it 72 —FF
N0 L) AN 53 FR R L PR A TR SURT R (&
A K 5 RETBOR FE D B ACL i A i 158 10 S 7 7%
th, 3t — 2B R A1 B N Bt CoA LEA BT =) .
HA—RME, RE CCRCAEMIN R e a, B-A
WA, (B TEARER AT Atk i p-SAig it
TSI CCRC A, [T m] 4 i A6 T AR
FEAREATT . T AESR, R AERSRAEAH 5 I0HR
B AT AR MR T, 2 IR BUE T antimycin,
stambomycin. armeniaspirol &5 — & %1l % i K R 7=
Pt Bl 0 (4D, % PK 415 8 A &
AT T AT AR, HEed il KA 5
afi 0B 2 e & 1 P AT IS M RE . A,
TR R AR KA A2 P 1R AT 25 A3 AN e A B2 G & g
# i 3 kitaniitetronin A1 JBIR-06 [ &4 & ik 1%,
WA RWIRAE T 2 M EM AR = (H 4.
SRR R SR 7 ) A S R B S 2 I R N A B
P, A AH XS B A 245 /8 93 7 B B RE A 2 4 1 AT
TCRZMNE, M _BEEGTURET KRRAD T
A 27 73 (8], s 5 24 ) 0T R A R
PERER I R FImwon R, RN B,
A oL Koy bR m e 145G, Rk ae ik
TR 1R e, R TR
T E R Y . B 7E 2013 4F, Chang B
FZH Y FH MatB &4 B T & RS T, I
BT H 5N PK B, GEB TR A i B T ] i

TR PKATAEM I TRt . (HH T R IR AT 254 35
XF 2- 5 P Tk CoA &A1 B 70 AN AT i 55 PR TR ) v 12k
IR BE SRS TR B B PK KRR 1M, 1%
VR ZH ) F e )ik T B, 0 0% tH S 2 DszAT X
2-9 A Bk CoA 151 I 12 1) 5% A2 4K DszAT™, A
X REFEAR AN A B H Ak 6-dEB fiT B4, &) it
DEBS # 4t f£ KWt v 1e 3 i A= = s Ak 6-dEB 7= 41,
FEaifb B 7 &2 % B 7 W) & AT % W45 B IR
(B3 ™, T, [F820224F, Grininger
21 1T N AT ik B PR SRS BRI T 3 5 N PK 45
M, @IS PKS FIRAR AT 5543 1 BLUE I
2 W (fatty acid synthase, FAS) MY 47z P
AT, 1) PKS/FAS i & /K AT DAURI T 2- 9 — Bt
CoA FlI 2-98-2- H Y 1 CoA SEfH B TCHEAT ZR i e
BEARE, MM T+ 0 KA+ DY o K3 N B
FAATAEY) (B 5, AT TR HRRIE.

4 WSk

RART W) R 245 10 BRIk T 4 60%
KNy 5250 e B S WIAE N KRR W)
R P — AN EERA, SHEE T 10 000 24
WA, R i F A R R 2 D
SR, BV H 6 B RZGTE 7), 4R KRR
P (2990%) i St AL e U7 Re ki Zs TR,
CERICOE R A 2 R 2, T RS =
2ok, HAEZRPEEKERIERIE T, HeTriks

LD R= Re 20" R =
e T > ‘“‘:;3‘ wo Sk o o R= - .L‘ ﬂ
R= Reor Kl O o }C\/I\ .7‘1:\._/"\,/\3% 4 . A Vyﬁ\:
j g malo ey . so~J
rmeniaspiro
,\lw/\\% e SR e o S - P e
oM I :| R= ?{\/\[/
R= ¢ 07N v 3 PR
i Gt O i ,
s~~~ Deacyl antimycin R~ N
r OH H
)'e\/\)\ 05 0, ‘\0’3'5%‘0 R e~ pm 2 =
L \?_é__ T e
;'&’\/j/\ 4} /}NH i No7So I i
d o Ve Kitaniitetronin &
N i
= R dimethyl e Re O~ S 3
Stambomycin IBIR-06

B4 I HIRARE IR 2% MR AT oot 500 01 4 52 491

CHE 8 9 AR R AR AE A 3 7T 5N AR R S )

Fig. 4 Modifications of polyketide sidechains through the biosynthesis of unnatural extender units with a natural promiscuous AT

(Blue represents unnatural sidechains introduced by unnatural extender units)
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