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Abstract: Nonribosomal peptide synthetases (NRPSs) catalyze the formation of complex pep-
tide natural products, of which many display therapeutically useful activity. Conventional
NRPSs have been characterized as modular and co-linear assembling. Recent studies of many
NRPS systems revealed some examples where the catalytic logic does not directly correspond
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to the linear arrangement of modules and domains. This mini review summarizes the recently

discovered NRPS biosynthetic pathways focused on four types of unconventional assembling

ways including iterative NRPSs, nonlinear NRPSs, module skipping NRPSs and the nonribo-

somal propeptide biosynthetic mode.
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Fig. 2 Biosynthetic pathway of enterobactin

DI EE DI RE R . EH ALY E BT,
LI X E G YIRET | A28 A NRPS )2
A RIME R, PR ok B SR AL RN A Ak 2 72 T B AUAX
Jry BT 55 R R AR S A 3 1) — S iR
1.2 RREE B NRPSs

1653 Ab—BL {5 NRPS & 807 1) 10 Ik 4%
RAELM IR ILB L T NRPS Bibs, (H AR
NRPS =4 i i BB 2R Ak, #HEI i NRPS Hf i 5L
BB B A . ANAEBE KPR R s
‘T (Ramoplanin) 1 A= ¥ & Wi, 38 R % v s gt
45 16 MY, HEN 755 UESPLT 17 A4
FIEFRIEFE T 161, TR 271 L-OH-Asn
B HE VA R AR (K] 3) . PRI T AL iR i
B Y NRPS 75 11 Ramo-Orf12 H & AH —A
R, MRS A Z5F B0 KPR T 51 50
SO Asn, PHCHEDZ B E S A, RIS
AT EHEER T 1465 247 Asn [ L%,
2 iy Asn fEFRALEG ML TR AR

http://journals.im.ac.cn/wswxtbcn

L-OH-Asn Z5#47%, St 3 ff 1 &2 FH 9 NRPS
EmpE g, MY 5 RBHER
(Enduracidin)f#¥) NRPS Bt 47185 # , % A A IR
HAW T FATRBPIEZ P 1 2 8
He, g LA 15 30 WU B SR T 2 P
BARARF=HL G T IR Z R T80, L5 ss
J SRR T XA &2 Af F NRPS AR H
M 22 ) S AN T R e 1, X AR R IR 1Y
C-A-PCP Z5 ¥ REHE I 24 T AL & £ & i,
ﬁﬁzﬂw%%mﬂﬁ IR

AT A SR A fU A B 56 PR 2 300 356 R 2 4%
H, R T LA FTREAAAE NRPS i & ffi
FROF- o AR SR i 3 25 0 30F NI DR 52 36 1) B
¥ 2% B (Didemnin B), HAY& Mgt
NRPSs L7 2 AFEHLR) A S5 K6 38l 10 2R 2 15 5]
Gln, TG By v a4 o o i A7 B8 A 3-4 A4~
Gln BRI, DK T REA7 76 R bh A5 B o 42 fif ]
g B Rl — R 2= R AR T 5 — T



WA AR ARG R AL Al AL e AR X 1787

Ramo-Orf12 Ramo-Orf12 Ramo Orf13 Ramo-Orf14
S
3
Module 1 Module 2 Module 3 # Module 8a Module 9 Module 10 :
Ramo- Orf17
L Asn N (L HAsn ) D- HPG e — L- Phe D- Om
Nl T L-HAsn Module 8b L- Thr L-Fl'he

R L-A '
ll{sn L-Alsn 0@ D—HIPG L-Thr
R L-HPG D-HPG
D-Thr L-HPG

D-Orn D-Thr
|
U, CThe> D-HPG D-Qrn
0 N
AL DHPG L.Asn D-HPG
Ozo /’R L-HPG L-Asn L-HAsn
] 8\,§ D-'ll'hr R L-Alsn
H EJ\/Q\I(H \ D-(I)I']fl R
>0 0 J/ oy N D-HPG
O SO
07 L-HAsn
0 =<NH @L L-A
O OH -ASn
J_)_< A O R
_}‘—

W @
L IR
OO OOH 0
Ramoplanin A1l

,{\L/—/_< Ramoplanin A2
M Ramoplanin A3

A

A

3 BRHTEMEMTH NRPS &2
Fig. 3 NRPS pathway within the ramoplanin biosynthesis

g, AT I e e A A O =
TEIMIE IR A e # il 57) Thalassospiramide H94=47
G, %G NRPS/PKS fA7EZHBIH(C-Avy-T—
C-Ase-T-KS-KR-T-T)W E S {FH], B 2-3 4>
FE MR E 4), HEH PR IR T
SERBRAE 3 By E S A A T O,
BRI SEREFE AL B EE — A T S5lal b ffi F—42 4t
{815 DAL T o £ Thalassospiramide FA4E 916 s
e, RIS AEE HARAR % W NRPSs, Antsideik
BRAAEZEPE NRPSs, K7E 5 Chifik,

A PR ZH 7 DY S v kAR B K R S )
PR E IR A, FH/LLE R A (Saframycin

A NRPS ‘LY agierh, e — ] fg
W EE A, 71757 Saframycin A HF AN ES R R
AR TT I A Y, A R A O S S s bk R
AL AP 3 R AR FE RV RE B L2 I
ok HAPRLESE Oikawa 45385 NRPS B[ {441
FEIR A A ERE T TS A R A AL
L1 3 NRPSs Bt — M StmC il i 7 28
AR 7 AT A I 35 1) BRI e A o 5 2 1Y
FUAHER B, K ss 7 a THE MDD
R, e RN AR PIR Lk, C 45itlifEik
#J Pictet-Spengler (P-S)J i, DLI A J 453k
(Reduction domain, RE)f# AL AR R A (& 5),

http://journals.im.ac.cn/wswxtbcn



1788 WA B4R Microbiol. China 2013, Vol.40, No.10

Thalassospira sp. TrichSKD10 and Thalassospira sp. CNJ-283 OH OH O
ttitA/ttcA tttB/ttcB tttC/ttcC
Dt D > O AH) O
Module laModule lb Module 2 Module 3 Module 4 Module 5 Module 6 > \;\‘ H
QPEBDC DO DEHIDQDORADG ; MD

Tistrella bauzanensis and Tistrella mobilis
tth/tlmB OH OH O H Q
N\_/\)J\NH

tthA/ttmA
Module 6 _) O NH

Thalassospiramide B

Module 1 Module 2 Module 3 Module 4 Module 5
© @@@@@@ @ k( K)\(@L

Thalassospiramide A

4 Thalassospiramide &£ 41& i F B NRPS i&1%
Fig. 4 NRPS pathway within the thalassospiramide biosynthesis

A
sfinA sme sfmC
S —>
0 H;CO
C 3H2 HzN"' \-’HZN zN "
HO
H,CO x2

NH
Ci3Hyy

B5 FABEEZAMNEMERERE
Fig. 5 Biosynthetic pathway of saframycin A

http://journals.im.ac.cn/wswxtbcn



WA AR ARG R AL Al AL e AR X

1789

2 JEZ Ik NRPSs

fRT B, H ML NRPSs H A 4546 4a 671 5565
JEYITE AT b 23 el — 7R /Y PCP 4544
B E, WFRMIFRR (I cis) F %k, iXF NRPSs
PR Mkt (Linear) NRPSs, 22, Hh—Hk X}
I FERIEY HAMER A S5 5 32151k Y,
B FR R [ =0(In trans) %8, XA NRPSs A]
PLFR A AR R 1 NRPSs. X B8 A9k &
NRPSs AN f1fE NRPS fifk 12 45 41 26 1 14 HoAth
T 008, R A5 Al ST A A FITPCP B Y L 28
o K

1E R W A i (PKS) B A7 76 S 201 Ak 5
R M (AT) ST MR 3, —MeAE & S Ak
FH AT 19 PKS 1, ML R 2wt 1Y) AT 171 525 A
[Fi] Fr) 4iE A BT MRS 0 (AN TR — TR PR R AT A) %%
B 2R AT 1 PKSALE T, Ul Leinamycin
Ml FROO1464 MY A 0N, WA SCETS

_syrE

AELME NRPSs AJ LLAr e il 25—
RAMEH A 5384 & 7E—A4> th <“A-PCP 4 i
(g ST R 2B A B NRPS FEHe 4Rt 4
BTG SRR RER A S5t & 7
A2 NRPS i, fbfr T 45 A BB
PCP & FEMR, IR At i s =01 F 4 1
bl e A PR LB (1L AE i BT

5 —FhIRLk tE NRPSs R ER B T R— T HE
% (Syringomycin) i A= ¥ & B PP, Hop fg &
i~ NRPSs #[1 SyrBl1 #il SyrE, SyrBl
A -PCPoy XUZEFAIH A B, SyrE 35 8 N5E#k
C-A-PCP (Bl 1-8)F1>K ¥ TE &5H93, LI
FAL T 8 Fll TE Z [A] 1) — A58 #& Co-PCPy,
B (B 9), BT TEA MR T &5 R MUK
i AR (& 6). HEM SyrB1 3% %k L-Thr |
PCPy, J7ELR AT B, SR 5 18 i i AR 3%
F 5| SyrE ) PCPy, I, T Co 130K 8 KK

syrB1 syrB2 syrC
[ » ™

35

Module 9b
Q QLD
&y

H,N HN HO NH
0
o NH,
SyrB2 (Fe") < 0 oS o
5, Cr, aKG NHZ}ﬁNH NN 0 NH
H = E Hy
o “Trooc N
H OHO OH, NH,
@ o ¢ e
S o) N
o= on NH NH, HJ\E
R Ng:gj o o
: 2 Cl
H,N 2
cl 0 . .
e Syringomycin E
HO NH
()=$ OH
..... /
HN
0
OH
[=3)

6 TEHESERENEMERERE
Fig. 6 Biosynthetic pathway of syringomycin E

http://journals.im.ac.cn/wswxtbcn



1790 A Y £ Microbiol. China

2013, Vol.40, No.10

TEfHN 9 Ik, B2 TE AL IKEER . (A5 —
PRI, f5BhT SyrB1 X /N 37 Y WLZE A4 3 2
1, L-Thr 7€ SyrB2 (AE M4 &K Fe'. o-Fi/k %
M A b AR VR T 52 BT 4 A AR TR C
TR ARDS e B A R T A
& &R, TEE K NRPS %[ Ramo-Orfl3 H,
B 8 AR X R 7=y v e S R AR SR AR, 1
T MGG 4 L-allo-Thr, 1i52br B R
& C-PCP 54938, S/DAHN A 2558, LK
HFIEAE— % An-PCP Y037 NRPS &
Ramo-Orfl17, FiA N[ Zi%E N 7 INEA —
MNINBEARFIHY N %t X 38, Ramo-Orf17 [F]4#£ LR
LR )T RSB L-Thr B9 1 38051 9 A TE 8 8947
BN 3), 1 LA 2 L-Thr #5758
L-allo-Thr >R F fal B AL 56 s (A A5 32F— 2 5%
AR O [R) R A7 FE T R TR B T 45 A 2 1R
$%5 & (Enduracidin) 9 2E ¥ & i BT,

55 PP AEZ M NRPSs (108 1 T2 BB R 7%
FF B % (Yersiniabactin) ) 4= 9 & i, X A& —F
BB A ) fr SR F 3k . 7 F NPRS &
HMWP2 L/ A Z5tsl i 58 R0 b iR, Jf
[ 5% 3 4 PCP L&k L3 — 2%
A5 A ZEF YRR PCP, — MR —E A b
HERHE) PCP, 8 — &% — NRPS &
HMWP1 () PCPP¥ ) 75 iy SCHE 31 ) S 22 41
] ] Thalassospiramide 144G A58 P &
T X FhAEZEE NRPSs, 76X AR R gkt
(O IG DLSE INRRBR TN 24 . TEZRIY A S5 RBURAY
ABfE 25 C-PCP XA ST BRI Y, T
HALAEHE 5 C-A-PCP X FiisiHe v (1) A 25443855
Gr, PR SR IR EE AR,

3 HEHPKER NRPSs

FE B 4 fd Fl NRPSs 342 h, Fodad ot
MGk H A2 T NRPSs BAHUEY, X bl 1 L%

http://journals.im.ac.cn/wswxtbcn

W0 MAEDE b, =W IR TR AR o
LT NRPSs A DRERC B, Horp—Fh 5 2
E FE A 5o 2 v 7 AR T 8 Bk BR (Module  skip-
ping) L o Fh 2 20 TR 7 A B AR AN A0 2R R 0
HE IR IRIE & ¥ Myxochromide S J2&H i —fi
I FER R A PKS/NRPS 224 5 A Ak &4,
NRPS #7065 6 M, M4 HEH
S ANEIEIRIE L T e A Z5 R I PR )
RS, EDIBIER 4 75 S (et 5 b g kst O (&
7)o FRER TUAR G5 P SRR e AS 58 2 1) 1 D0 7E
NRPSs HAZ H A, {Hi22k 1 NRPSs H1IE A
Pl kit g SIF AR 2 0L, A e Bl D 4 4
W7 FI S B AZ R T2 e, ATRe A £
B ¥ o ANFEXTRTIA Thalassospiramide f4:%)
G ERBEY R, A T AR E R A
F AR Bk BRI )

4 AEBRE AT K

53— P32 NRPS ¥ 45 # Soc e 1
DIRERE B 1B B2, i NRPS i st
SCEE IR EE (BT K, Propeptide) ¥ JIk i ok, ik /i 55 Fy
PIE, B A AW iG Y n e 2 ), TR s gl HE
HE IR A0 B DA T e FE A W2 DI RE . TEARRE
RRR A g R XA TR BREE, SR 5 TE
B PE 5 18 M ok R ep U BR 2 T IR (Leader
peptide) AR 3 ), IR A BUE 22 K
KRR =YIH NRPS ferh, RAX AR
HAEVEBILABIF . HATC A HE R 4
T RAR A 45 I 2 A T 7 A 0 UK T R
(Zwittermicin)*Y . KT E #: £ Colibactin™®! |
Mg 2 MU B M W ™ 4 B9 Xenocoumacin
(XCN)“OT 9 7 A ) R VR I B B R B
(Didemnin B)*™ | #RIKE T EMNHREER A
(Nocardicin A)4% 5 1) 4 iR 12 .

ML % . Colibactin Al XCN 7EFI K N-3f



WA AR ARG R AL Al AL e AR X

1791

mchA mchB

mchC

Module 1 Module 2

Module 3

Module 4  Module 5 Module 6

@@@%

NN
I1
w3
W\r(
O/\

HN. AN Y S S S S

(6]
Myxochromide S,

E

HN Module o H HN O\—/<
4<>2:O skipping :g ..... ._2: NH,
NH - HN NH
o:g OH ~<—2:0 023 IIIII
M < NH HN
) ozg OH ‘Q?‘O
\ Mel] < NH

o o:-g OH
\ MeN <
0
= \

7 Myxochromide S BY4E ¥ & iR E
Fig. 7 Biosynthetic pathway of myxochromide S

it DL LB s BRIl Z AL, R AR
RN — AR HT IR & B L XCN
], H NRPS EIHHH(XcnA-Modulel) ) 45 1)
BN C-Ape-T-E (E: SALEEH IR, Epim-
erization domain)(|& 8), 157 Asn W) LZ LI
Asn SRWIREER A5, IR L-Asn A1 N
D-Asn, #RJ5 7€ T i NRPSs/PKSs HffE AL T 4k 4k
TEA BB KR WA G XCN-B 7E B T4
Lk, # ABC %432 F-(ABC transporter)iz fi
A0, SRS TE R XenGYRIERT T, 1)
FRATRAY N-acyl-D-Asn #4), TERUEA EYTE
P (F M) F XCON-1, FHER R4, BT
XCN-1 X T re Lk O A A B A7 #1E,
IHCTE 40 R AP 238 XenM/N e 4E iU H
A EEPER XCN-21, 3% 3 NIRRT K hL
B ] R A — e IL [ AR, Al LA —
Je. HAFEDN: AHIR A E IR BT A A, A 2548 Ik

PO PR R T T4 Wk, T ELAR & A S 4b 4k
SIS B D-Asn FREE; KITABERZ MY N-ii
DA JHe 5 5 AN TR B O IR DT PR BE 46 5 IRl —
Ui e 200 M JBE 45 5 DX I, g — i 2 IR TG 45 4 S
PEAL IR B K M AT REA D-Asn FRELRR S, 1A
(R =1 T35 P b ) A7 240 e J5 v K AT B 43
5, (A HE AR AL, 2 — b 32 gz b B A 4
PEBLH]

HAth w6+ 5 iR s Cng A A6 o 7T
FE B B R B Y5 kA2, NRPS AL iR 15
P Ci-Ai6n-PCP—Ca-Asgin-PCP, 18 i 5 52 ffi 1,
P33 N-wiik 4% - BRI MRS M) Glny (x=3 B
4), {EJ5%: PKSs/NRPSs 1L T 5 21| I i #
A, B T RABRY TR A S5 H 56 5T
- AR PN TR R O LK R AR R R L, R AR
T L rh B Glny 5 5S40 10 22 18] 2 LA g #
AR, RH N YYD Ak 2D TR T B 1T AR kB Y

http://journals.im.ac.cn/wswxtbcn



1792 A Y £ Microbiol. China

2013, Vol.40, No.10

XcnA XcenH XenK

Module 1 Module 2

HN< ?:0 o=g o} oil

XcenL  XenF
HN__NH
HY 2
_ PKSs_ J 0 OH
0 OHy O
p—— HN NN
0 H 6ho Y
NH XCN-B
l XenG

E 8 Xenocoumacin B E BIETE
Fig. 8 Biosynthetic pathway of xenocoumacin

KR, FER — B PR E R A YA
o, BRI IR Z5 5 ARG 2E R R B
A~ NRPSs #wt) 5 DEESAELIE K 5 Bk:
L-pHPG-L-Arg—D-pHPG-L-Ser-L-pHPG, H N-
Uity ANAEAE NG 05 TR 1) 7% 2, 4R J o Ik PR A 41
St i) 2R BB ECE A S UIVEFHTE L-Arg BRI
C-un VI EIE A 2 AR 3 Bk, Hodr 3 Bk iyt —
BB RRANERE R A 5T,

WA — Rk AR AR 2 TR R, B
TR N-viw 2 FE IR & FE AR T IR 5%, 705 224 it
Er HUE AR W MR R gk bR 25, 40 Saframycin
A WA YE o A SEMxP(E 5, SFMx)., 7E
XFEOLT, = i & LRIE IS NRPS
B[] S —— X N 1, (R T A A B Y K
Ff RN TR AR BLL, DA Al i f R U, T
DAIA Ry J—FhRE ik i AR AR A i AR =K

5 HiNiE

Li LR, B KSR IR A= 0
FERZ IV, Ok (0T IE, B R

http://journals.im.ac.cn/wswxtbcn

S EORL R 9 £E P NRPSs H B F B ZRE
B —Fh AT . XA R AL NRPS X
SEHANNTEIIF T, —JrH2H T ENER
A P e o T A Y R L, Sy — 7
2 B E AT A AL B A A, AT 5
TR o X — LRk B B NRPS
WA RS FIAGN, A BT AERR )
A=Wy A RE 5 T R B £ R E AR T A
Yo Bl LR T ) & TR, R AR R T
RIGFEH:, LI % NRPS HLHI i, F 4
AR £ 1 BT R NRPSs i@ 29 kB, I
N T RIRF= 8 AL A A o o

2 % X

[1] Felnagle EA, Jackson EE, Chan YA, et al. Nonri-
bosomal peptide synthetases involved in the pro-
duction of medically relevant natural products[J].
Molecular Pharmaceutics, 2008, 5(2): 191-211.

[2] Chatterjee C, Paul M, Xie L, et al. Biosynthesis and
mode of action of lantibiotics[J]. Chemical Reviews,
2005, 105(2): 633—684.

[3] Zhang Q, Liu W. Biosynthesis of thiopeptide anti-



WA AR ARG R AL Al AL e AR X

1793

[10]

[11]

[12]

[13]

[14]

biotics and their pathway engineering[J]. Natural
Product Reports, 2013, 30(2): 218—226.

Mclntosh JA, Donia MS, Schmidt EW. Ribosomal
peptide natural products: bridging the ribosomal
and nonribosomal worlds[J]. Natural Product Re-
ports, 2009, 26(4): 537-559.

Anderson ME. Glutathione: an overview of bio-
synthesis and modulation[J]. Chemico-Biological
Interactions, 1998(111/112): 1-14.

Gondry M, Sauguet L, Belin P, et al. Cyclodipep-
tide synthases are a family of tRNA-dependent
peptide bond-forming enzymes[J]. Nature Chemical
Biology, 2009, 5(6): 414—420.

X3C, REIIA. DLAE WG O A A TR
HEEY S RD] HEAEY TREAE, 2005,
25(1): 1-5.

Mootz HD, Schwarzer D, Marahiel MA. Ways of
assembling complex natural products on modular
nonribosomal peptide synthetases[J].
ChemBioChem, 2002, 3(6): 490—504.

Fischbach MA, Walsh CT. Assembly-line enzy-
mology for polyketide and nonribosomal peptide
antibiotics: logic, machinery, and mechanisms[J].
Chemical Reviews, 2006, 106(8): 3468—3496.

Hur GH, Vickery CR, Burkart MD. Explorations of
catalytic domains in non-ribosomal peptide syn-
thetase enzymology[J]. Natural Product Reports,
2012, 29(10): 1074—1098.

Haese A, Schubert M, Herrmann M, et al. Molecular
characterization of the enniatin synthetase gene en-
multifunctional catalysing

coding a enzyme

N-methyldepsipeptide formation in Fusarium scirpi[J].

Molecular Microbiology, 1993, 7(6): 905-914.

Cheng YQ. Deciphering the biosynthetic codes for
anti-SARS-CoV  cyclodepsipeptide
valinomycin in Streptomyces tsusimaensis ATCC
15141[J]. ChemBioChem, 2006, 7(3): 471-477.
Gehring AM, Mori I, Walsh CT. Reconstitution and
characterization of the Escherichia coli enterobac-
tin synthetase from EntB, EntE, and EntF[J].
Biochemistry, 1998, 37(8): 2648—2659.

May JJ, Wendrich TM, Marahiel MA. The dhb operon
of Bacillus subtilis encodes the biosynthetic template
for the catecholic siderophore 2,3-dihydroxybenzoate-

the potent

glycine-threonine trimeric ester bacillibactin[J]. The
Journal of Biological Chemistry, 2001, 276(10):
7209-7217.

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

Watanabe K, Hotta K, Praseuth AP, et al. Total
biosynthesis of antitumor nonribosomal peptides in
Escherichia coli[J]. Nature Chemical Biology, 2006,
2(8): 423—428.

Kohli RM, Trauger JW, Schwarzer D, et al. Gener-
ality of peptide cyclization catalyzed by isolated
thioesterase domains of nonribosomal peptide syn-
thetases[J]. Biochemistry, 2001, 40(24): 7099—7108.
Hoyer KM, Mahlert C, Marahiel MA. The iterative
gramicidin S thioesterase catalyzes peptide ligation
and cyclization[J]. Chemistry & Biology, 2007,
14(1): 13-22.

Shaw-Reid CA, Kelleher NL, Losey HC, et al. As-
sembly line enzymology by multimodular nonribo-
somal peptide synthetases: the thioesterase domain
of E. coli EntF catalyzes both elongation and
cyclolactonization[J]. Chemistry & Biology, 1999,
6(6): 385—400.

Keating TA, Ehmann DE, Kohli RM, et al. Chain
termination steps in nonribosomal peptide syn-
thetase assembly lines: directed acyl-S-enzyme
breakdown in antibiotic and siderophore biosynthe-
sis[J]. ChemBioChem, 2001, 2(2): 99—-107.
McCafferty DG, Cudic P, Frankel BA, et al. Chem-
istry and biology of the ramoplanin family of pep-
tide antibiotics[J]. 2002, 66(4),
261-284.

Wi, HE TR LT A S R AR O BT
VIR K ID]. B BB T RS B+
AL, 2012.

Xu Y, Kersten RD, Nam SJ, et al. Bacterial biosyn-
thesis and maturation of the didemnin anti-cancer

Biopolymers,

agents[J]. Journal of the American Chemical Soci-
ety, 2012, 134(20): 8625—-8632.

Ross AC, Xu Y, Lu L, et al. Biosynthetic multi-
tasking facilitates thalassospiramide structural di-
versity in marine bacteria[J]. Journal of the Ameri-
can Chemical Society, 2013, 135(3): 1155—1162.

Li L, Deng W, Song J, et al. Characterization of the
saframycin A gene cluster from Streptomyces lav-
endulae NRRL 11002 revealing a nonribosomal
peptide synthetase system for assembling the un-
usual tetrapeptidyl skeleton in an iterative man-
ner[J]. Journal of Bacteriology, 2008, 190(1):
251-263.

Velasco A, Acebo P, Gomez A, et al. Molecular
characterization of the safracin biosynthetic path-

http://journals.im.ac.cn/wswxtbcn



1794

A Y £ Microbiol. China

2013, Vol.40, No.10

[26]

[27]

(28]

[29]

[30]

[31]

(32]

[33]

[34]

way from Pseudomonas fluorescens A2-2: design-
ing new cytotoxic compounds[J]. Molecular Mi-
crobiology, 2005, 56(1): 144—154.

Pospiech A, Bietenhader J, Schupp T. Two multi-
functional peptide synthetases and an
O-methyltransferase are involved in the biosynthe-

sis of the DNA-binding antibiotic and antitumour

agent saframycin Mx1 from Myxococcus xanthus[J].

Microbiology, 1996, 142(Pt 4): 741-746.

Koketsu K, Watanabe K, Suda H, et al. Reconstruc-
tion of the saframycin core scaffold defines dual
Pictet-Spengler mechanisms[J]. Nature Chemical
Biology, 2010, 6(6): 408—410.

Marshall CG, Hillson NJ, Walsh CT. Catalytic
mapping of the vibriobactin biosynthetic enzyme
VibF[J]. Biochemistry, 2002, 41(1): 244—250.

Tang GL, Cheng YQ, Shen B. Chain initiation in
the leinamycin-producing hybrid nonribosomal
peptide/polyketide synthetase from Streptomyces
atroolivaceus S-140.
adenylation enzyme and peptidyl carrier protein
that directly load D-alanine[J]. The Journal of Bio-
logical Chemistry, 2007, 282(28): 20273—20282.
Cheng YQ, Tang GL, Shen B. Type I polyketide
synthase requiring a discrete acyltransferase for

Discrete, monofunctional

polyketide biosynthesis[J]. Proceedings of the Na-
tional Academy of Sciences of the United States of
America, 2003, 100(6): 3149-3154.

Zhang F, He HY, Tang MC, et al. Cloning and eluci-
dation of the FR901464 gene cluster revealing a com-
plex acyltransferase-less polyketide synthase using
glycerate as starter units[J]. Journal of the American
Chemical Society, 2011, 133(8): 2452—2462.

Guenzi E, Galli G, Grgurina I, et al. Characterization
of the syringomycin synthetase gene cluster. A link
between prokaryotic and eukaryotic peptide syn-
thetases[J]. The Journal of Biological Chemistry,
1998, 273(49): 32857-32863.

Zhang JH, Quigley NB, Gross DC. Analysis of the
syrB and syrC genes of Pseudomonas syringae pv.
syringae indicates that syringomycin is synthesized
by a thiotemplate mechanism[J]. Journal of Bacte-
riology, 1995, 177(14): 4009—4020.

Vaillancourt FH, Yin J, Walsh CT. SyrB2 in syringo-
mycin E biosynthesis is a nonheme Fe' al-
pha-ketoglutarate- and O2-dependent halogenase[J].
Proceedings of the National Academy of Sciences of

http://journals.im.ac.cn/wswxtbcn

[35]

[36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

the United States
10111-10116.

Blasiak LC, Vaillancourt FH, Walsh CT, et al.
Crystal structure of the non-haem iron halogenase

of America, 2005, 102(29):

SyrB2 in syringomycin biosynthesis[J]. Nature,
2006, 440(7082): 368—371.

Pan HX, Li JA, Shao L, et al. Genetic manipulation
revealing an unusual N-terminal region in a
stand-alone non-ribosomal peptide synthetase in-
volved in the biosynthesis of ramoplanins[J]. Bio-
technology Letters, 2013, 35(1): 107—114.

Yin X, Zabriskie TM. The enduracidin biosynthetic
gene cluster from Streptomyces fungicidicus[J].
Microbiology, 2006, 152(Pt10): 2969—2983.
Keating TA, Suo Z, Ehmann DE, et al. Selectivity
of the yersiniabactin synthetase adenylation domain
in the two-step process of amino acid activation and
transfer to a holo-carrier protein domain[J].
Biochemistry, 2000, 39(9): 2297-2306.

Suo Z, Tseng CC, Walsh CT. Purification, priming,
and catalytic acylation of carrier protein domains in
the polyketide synthase and nonribosomal peptidyl
synthetase modules of the HMWPI1 subunit of
yersiniabactin synthetase[J]. Proceedings of the
National Academy of Sciences of the United States
of America, 2001, 98(1): 99—104.

Wenzel SC, Kunze B, Hofle G, et al. Structure and
biosynthesis of myxochromides S,; in Stigmatella
aurantiaca: evidence for an iterative bacterial type I
polyketide synthase and for module skipping in non-
ribosomal peptide biosynthesis[J]. ChemBioChem,
2005, 6(2): 375—-385.

Oman TJ, van der Donk WA. Follow the leader: the
use of leader peptides to guide natural product bio-
synthesis[J]. Nature Chemical Biology, 2010, 6(1):
9-18.

Walsh CT, Acker MG, Bowers AA. Thiazolyl pep-
tide
post-translational modifications on ribosomal nas-

antibiotic  biosynthesis: a cascade of
cent proteins[J]. The Journal of Biological Chemis-
try, 2010, 285(36): 27525-27531.

Li C, Kelly WL. Recent advances in thiopeptide
antibiotic biosynthesis[J]. Natural Product Reports,
2010, 27(2): 153—-164.

Kevany BM, Rasko DA, Thomas MG. Characteri-
zation of the complete zwittermicin A biosynthesis

gene cluster from Bacillus cereus[J]. Applied and



WA AR ARG R AL Al AL e AR X 1795

Environmental = Microbiology, 2009,  75(4): peptide synthesis[J]. Nature Chemical Biology,
1144-1155. 2011, 7(12): 888—890.

[45] Brotherton CA, Balskus EP. A prodrug resistance [47] Davidsen JM, Bartley DM, Townsend CA.
mechanism is involved in colibactin biosynthesis Non-ribosomal propeptide precursor in nocardicin
and cytotoxicity[J]. Journal of the American A biosynthesis predicted from adenylation domain
Chemical Society, 2013, DOI: 10.1021/ja312154m. specificity dependent on the MbtH family protein

[46] Reimer D, Pos KM, Thines M, et al. A natural Nocl[J]. Journal of the American Chemical Society,
prodrug activation mechanism in nonribosomal 2013, 135(5): 1749-1759.

R R R R RY R YA R R R R R R R Y R ) o R R SR SR R RY RY R Y R R R R ) o) R R R YR R Ry o R R R YR

(4 p.1764)
iE #F= & oW

3.3 HHEGEEEFE
3301 WESCHHE: 1) #UETHE— ARR, DASLRT X A gT 45 R B SCERIS SRR AR 0, 2) EBUHEINER, #ish
WHARBHHE, REAH, XEE0 DA, DORT AW 3) Al A Lald, ZHREELIER, AF@I0; 4)
BESCHHE R AN 5 P SO — 3, T L SO E R R, T 585 5501 S SR B R b HTRBR Y & G R E Fe e
PR [ B . 5) WP AREM A S, BRAEREANE AN, 1. DNA, ATP 4%; 6) 7EdesCif s, REf o0
bR S 455
3.3.2 CHEEE. NEHEG. BAK, —SEBOM . BEMIEIERGAH, WEE, Rk
4 FeHuiH
4.1 TP IL X

JL¥S K E DNA ., RNA sl 006 3¢, 18 5638 i B bR EMBL (Bk¥)E GenBank (3E)zi DDBJ (H
), HETS 3 [ PR EE R R S5 (Accession No.)JF F-K .
42 KT
42.1 ARREZARANFERNCE, I —Famik.
422 JUTEARTE AR R A SCEE, FrAIE R (RIS FP S5 2R B RS o A ) w4 B0 T A7 . /R
WA R, WOESE R,
4.2.3 s FRORS O g B A AU AT SN T, (BN BN AR R Eh, KeE et H R
424 SCEEAML EFROHURIES O ESEM:, Rb22E% . SFRERSEIT NI RN —UER, HIEE AR
4.3 HERRIT AR LR
43.1 ERMTNBEEHRESEETE. NAFHOTE, —MAERR 2 A Z W8 E-mail $HERE, fEE S
TRARBFEF . WL AFE G, 7EE R RR B AR B TS5, SR)5 DU R P 4
S kIR IR G AL BN, FrgniRTE W e AR B R R S B A, R R e E HEA R 2= .
4.3.2  XEAEAA NN, — R R SR TR R E— AR, RRR AR BRI 0 R, iR BR AR AT & 3R,
TETE B A R B 4y, DR BUR R T B | BB L S PRI RT R R A B, Zad T TR A A
A, T TR

5 REHEWH
e —Z 5k, B 2 AR AR I AR T O — R 1 & R BRI R . R
6 ERFZEITR

Hodik: AE U IXALR PG 15 BE 3 5 b ER B Mo ir CRUEY 2 ii 4k ) i (100101)
Tel: 010-64807511

E-mail: tongbao@im.ac.cn

P4k http://journals.im.ac.cn/wswxtben

http://journals.im.ac.cn/wswxtbcn



