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WE: FAEERATTYNEEXRR ., FHHEERS0157-2 2FEAYRESENT4E, FEECHNERES
ANEZEY . EMEEFDTAMZE—HEBT IS5 NVAERE=DENERERE, BT EANREEEE
EEAEMBI NGRS EN S ERES SANERERBLUE H 100% 25, EMERKZSEMNCENER
FERLUESRE, EPEiE17 M EEISEE (polyketide synthase, PKS). JERMEIRBKEALES (nonribosomal peptide
synthetase, NRPS) MEZEMNERZE. BT AHHERER S01572EKEE. BARREEBEUENREFHTIR
Zis. AL, BEAMERERRERIEREETF, MBFRRARKBEIZEZERMMRATIN—E
MR . AN BEERETAMNTHEHEER S00157-2 £ FHH DNA F5E T 1 M2 E NRPS 1 PKS £ I E
FEBGCI8, KHEBZ(ARKE DSM 7029 R T RIRFRA . BIIREBKBOTT, 5FEaoBaK, Hms
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Leu)(2). Cyclo (N-Me-L-Leu-L-lle) (3) . (EMEERRISEMRIRT S | MR EHEEEIT ERIRBIANEZ T
(Val/Leu/lle) . £ ERNFEDITIENAF IR/ DRE SIS PKSIERIEHIT, NMRFKS T NRPSIES SR
IR 11~3, XAJgERfEP—MLUMHUEMSHEENSH . FMEeXUEREEE=ESRIFERAEBES
ROZERE, BRINSCEL T — N RIR T AF LR S00157-2 FAINRPS-PKS & B HFFENRIRFL, oBHEE 73D
ZREABRNNORAT . ARRAEEMNZERPIZRE S B RASNETE 7IRAREL, WAEMEERE
AR RS RZ e T B ..
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anticancer epothilone, and its genome of 14.78 Mb is the largest prokaryotic genome sequenced to date. Bioinformatic
analysis indicated that the genome harbors 35 biosynthetic gene clusters (BGCs). In addition to the known epothilone
BGC and another two terpene BGCs with 100% similarity to their predicted BGCs, there are 17 BGCs for polyketide
synthases (PKSs), nonribosomal peptide synthetases (NRPSs), and PKS-NRPS hybrids, which mean this strain has
great potential to produce novel natural products. However, limits on slow growth, difficult culture, and the absence of
efficient genetic manipulation tools for So0157-2 impede the deep mining of its metabolic potential. Therefore,
transferring its BGCs to a simple heterologous host and using heterologous expression strategy to achieve genome
mining would be an effective way for discovering novel natural products produced by this strain. In this work, a PKS-
NRPS hybrid BGC (BGC18) was directly cloned into an Escherichia coli expression vector and transferred into the
heterologous host Schlegelella brevitalea DSM 7029. Fractionation was conducted by using repeated column
chromatography (HPLC-MS) over a RP-C g column packing with silica gel, and three pure products were obtained,
which were identified by extensive NMR analysis and the Marfey’ s method as new compounds: (1) cyclo(N-Me-L-
Leu-L-Val), (2) cyclo(N-Me-L-Leu-L-Leu), and (3) cyclo(N-Me-L-Leu-L-Ile). Analysis of BGC18 reveals that the lack
of thiolation domain in the PKS module might lead to the skipping of this PKS module, and only three cyclodipeptides
were synthesized by the two NRPS modules, which might be a strategy for structural diversity in the bacterial NRPS-
PKS BGCs. A NRPS-PKS hybrid BGC in S. cellulosum So0157-2 was successfully cloned, and expressed by using
direct cloning and heterologous expression strategy with three corresponding products isolated and identified. This
study lays a solid foundation for subsequent discovery of more active natural products in S. cellulosum So0157-2, and

also provides theoretical guidance for mining secondary metabolites from other microbes which are difficult for culture.
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It o ik DR 2L N0 e B AR R e, BRBR 2 1)
PR 245 S, 73 A 2 1) 280 400 T i X1 20 B 2 3 ) AR
A% AL K 7% (biosynthetic gene cluster, BGC) # i
BB BACH P R i T H A2
RGNS HE . B, HuiEAYiREsE
% (epothilone) ) /™ A4 B 4T 4 HE %E 4 So0157-2
(Sorangium cellulosum So0157-2) [ 3 K 41 I ¥ 45
BRI, ZEERIA 14.78 Mb AR QL (o fhk, 2
H AT O 02 R H e R A AR 7 B T )
BB R R " MR W AR S )
MAZ TR P 2> B ARE , X TR % B R R A
R AR e o X et ik R 8 33 AT A6 2801 T AT
ik, BEW NP S A R IR B 2 11
TWBIR . T AT 4EHEFE R So0157-2 £ KA X 4
18, BE IR, ASUR B Bk = ol 0 8 A 1 A AR
o R RRPWIRIIT RAFAEE 2 Pk

AT AR R R AR 7= W AW A R DR 7% Y 3 U R A
HMG 2 B 7Rz B RV . R YRR IR R e
Y R 2 o B B AR B A R R B RS B i Y
SR AE B AT RIS, R ME RS IR BUR B IR I
VIR BACE I A BT B AT IR 4R TE 3
FURTE EAEBE M A K BRI .
— 71, SRR AT U TR A O A P
. T, RERETUHTEECRHR
I A A IS . IeAh, YRR IR IE ] PA
T % ERIERE R, KIF KRR, Rl
A H T e 5 7 BOR 55 57 AR 0 O AR Y
FEI e

TR RIS ME L —AE T RE 2 RR R
W6 R R AR AR A 24K (>10 kb), PCR Y 1R At
3 E 40 ) DNA FP A1 o i i g 8 R i ik & PR ST
FE AR RERE RS B R K AR, H2 TAERAEE K,
HA—EREIR1T e BE M HE DR 7% o i A6 2k R 2 4 12
R R e B, T LLA B B R (direct
cloning) M kPR 2H rb o i R B BL PR #%,  Lb i LLHR
(linear-linear homologous recombination) . TAR
(transformation-associated recombination) . CATCH
(Cas9 assisted targeting of chromosome segments)
£ B0, H LLHR J2 AR BIBA T 2012 4FTF R ) 3T
Red/ET #20 TF2Hi R (recombineering) [ H % 7x,
BERAR Y, IS REREML S, T2 T RA

PR R 238 . 2018 4F44 Red/ET H2H TRERIAR
S mRAIMIBEAR ML B B RS &, FFR T ExoCET
(exonuclease combined with RecET recombination) ¢,
BERR, #E—P3mE T BGCs H 3w 1 3R
B4k, Red/ET 4 TR £ AR AT L] T 2 R AR Y
TR TE RURAL, BSR4, ORERE TR
TR e DR 7% [ B8 A 45 A 2

SRR IR ) 3 — A ME PR T A LR
KIGAT e AR I BE A e RAE R AT 5 T A% 434
MR RR, TR A LR T R IR P i) ek f ik
T R REE 3 P FAE ORI, 4E W
58 H bRk A% 1) B AR AE BEAL AR I, iR
R G . T, AR 2B W AT KON R T
FH, FT S R AR R IR R IL P AT
TR SRR YRS AN SR, HATR
HRIA R ERERE (Myxococcus xanthus) « % RAR
g (Pseudomonas putida) VL J Schlegelella
brevitalea DSM 7029 (& F 4 : Burkholderiales Strain
DSM 7029, [ Polyangium ]Jbrachysporum DSM 7029)
SR NN BR T B RIRE A S. brevitalea DSM 7029
b, oAt R TE 3 A, B R RS
wE TRMEE, A5 ERKEIE. T ETH
AR S LA WIS T HNH . S. brevitalea DSM
7029 & — MR BEWS 7 AL 2 M AR AR IR . SR IR- A
AR S &R R 2 IR YA B, AT |
GRIREEAAERKRR. HEE. REE G E
WA R R R A R IA A 2 HE T R R R IR [ 5
RN TR R R AL AN ) B B, 1%
BRI AR P AR 9 AT 90 1) e A A R T

FE T 21 4 HEFE TR So0157-2 2[R 20 15 2 7L 43
Fr A 2o BRI RE, A1 SCR ] ExoCET H.4%
i B AR M AZ B R 40 DNA R g [ 7 1 AN R R0 3
AE ) NRPS-PKS 2% & [ 4 [} % BGC18. il id /5 3)
FHEN, FHLLS. brevitalea DSM 7029 A 5515 3= 3t
TRIRRIL, @ WEBMH (HPLC-MS) 7 #fr ,
IEAH 5 SO TS B 1) 2> B 24, 31T T 3N %EE
PN WNAI S K /I - § = IS G PO R R A
(NMR) 45 #6) % 5 Fl Marfey S N 5E T 3 MEE W
3 BN ET R AR Cyclo (N-Me-L-Leu-L-Val) (1)
A Cyclo (N-Me-L-Leu-L-Lew) (2) , #r b & 4
Cyclo (N-Me-L-Leu-L-lle)(3). ¥ G5 4E
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WG BCHE DR A5 X6 BE 43 i R BRAL & W) 45 R 1 2 RE
HIFET 5 LA R E S IR (A domain) X R4 R
AT ME o b, HEDN T B A 45 A 3
(T domain) ‘FFPKSBEH Bk, M H5kAG T
PN NRPS #EHLHE & U Z K=o 28 TRk
Uik 7 2T Red/ET B 4H T A2 H R 1 4F 4 HE 2 14
So0157-2 ik K f% ) B 422 v [« it AR A A A0 e U R
R R, DMUFEE T AT So0157-2 AR
FEVIRE S 2 T R F AT B R AR
T 25k vPAN 55 1 &=l

1 MRHDGIA
11 ##

111 Wk JakF3 4

AT FCRT I B AR A TR LR 1. SERX T IR 5
Y mAE T A TRE () BROGHRAR AR,
AW T BT I SR A% R P 51 L3R 2
1.12 #54

LB E: 783 . BEBEN) 0.5%, & A 1%, NaCl

R AHE T KRR AN TR
Tab. 1 Strains and plasmids used in this study

Strains/Plasmids Description Sources
Strains
Escherichia coli GB05-dir GB2005, araC-Py, -ETgA; recE, recT, redy, and recA regulated by arabinose-induced promoter [21]
are inserted at ybcC locus
E. coli GBO5-red GB2005, araC-P,, ;-0ByA; reda, redp, redy, and recA regulated by arabinose-induced promoter are (38]
integrated at ybcC locus
S. cellulosum S00157-2 wild type harboring BGC18 [7-8]

S. brevitalea DSM 7029

Burkholderiales strain DSM 7029, [Polyangium] brachysporum DSM 7029 (K481-B101; ATCC 53080) [35-36,39]

DSM7029:P, -BGC18 P, -BGC18 was inserted into genome of Schlegelella brevitalea DSM 7029, km"* This work
Plasmids

pl15A-cm-tetR-tetO-hyg-ccdB  direct cloning vector, pl5A replicon, containing a tetracycline inducible promoter P, cm®/hyg® [24]

pROK-oriT-TnpA-IR-km R6K replicon, containing MycoMar transposase gene (t1pA) and conjugation element ori7, km"® [24]

pl5A-cm-BGC18 BGC18 was cloned into cloning vector, cm® This work

pl5A-oriT-IR-P, -BGC18 Expression vector of BGC18 with P, was inserted into upstream of the first core gene of BGC18, This work

containing transposon elements oriT-tnpA-IR, km"

R2 ARG
Tab. 2 Primers used in this study

Primers Sequences (5'-3")
BGCI18-HAF cagtatggccgatcggggtgtcageggtcaacacgegagetegetegetetgtggeggegetetcatggtgc AACGCTCTCTACTAGAGTCA
BGCI8-HAR gacgtgaccgggtatcgetaggtccacceaccaggagtecggecagggatecggagagtgagagttcaacgc GGGTCTTAAGACGTCGATATCT

IR-Pkm-C18-HAF1

IR-Pkm-C18-HARI

detect-C18 in 7029-F1
detect-C18 in 7029-R1
detect-C18 in 7029-F2
detect-C18 in 7029-R2
detect-C18 in 7029-F3
detect-C18 in 7029-R3

GATGGGTTATCAGGACTACGC
CGAGGAGCCTGTAGAACGCGT
TCGACGATCAGGTGAAGATCCA
AGCTCTCCATAGGTGAGCGAA
TGAAGATCCGCGGCTATCGCA
CGGGAACTGGAACAGGTCCAT

detect-C18 in 7029-F4 TTCTTCGTCAACGCCGCGCC
detect-C18 in 7029-R4 GCGATAGGCGTGCACCGTGC
detect-C18 in 7029-F5 TCACGCTGCCGCAAGCACTC
detect-C18 in 7029-R5 GCTCTGCGAAGGACGTCCTC

gectgegategtaccattacgtatttttgegegageggaacggtatgcagGCTGATCTTCAGATCCTCTAC
tcgagecgeaaggegceattettgetccagagagageggcatagtacccaacctcct TCAGAAGAACTCGTCAAGAAG
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0.1%, pH7.0.

CYMG ¥ 7% 4 . i &5 A ik 0.8%,
0.4%, MgCL-2H,0 0.4%, H7ii5 mL/L.

M26 5577 dE: L EER 0.8%, % 0.2%,
A R 0.2%, B BRI ELY 0.2%, CaCl,-2H,0
0.1%, fUEILHRM 1 mL/L; pH7.0.

VY/2 5 9% B 8 8 BE 0.5%, MgSO, 7H,0
0.4%, 44 % B,,0.005%, CaCl,-2H,0 0.1%.

DA [ 4 55 2 S5 U 0 1.5% I BEAR o
1.1.3 EZRXAFE

B 1 £ DNA A U] . T4 DNA K & B W A
New England BioLabs /A 7] ; PrimeSTAR Max DNA
R E . DNA Marker 4 H Takara A #); KHER
(kanamycin, km). 5% % (chloramphenicol, cm)
W H B TAY THEARAR,: KR4 nl
HAL R R E AR AR 4 2l R
Tk CEE . R B E 2558 FL SR A A R A
H s ARG HEE. LB H Thermo Fisher £ 5 A
PBRAF

W& 5 B FAX 2 5 4 Thermo Fisher UltiMate3000
5 Bruker Amazon SLECH] s S0 AH Bk A 5
Agilent 1260; L {X 2 5 74 Eppendorf AG 4309;
12 Wk L 4R A 5 9 Agilent 500 MHz DD2;
HPLC #1l % At A €03 4 5 5 4 Agilent ZORBAX
SB-C,,» 9.4 mmx250 mm, 5 pm; 85247 BT €4
Wk 4% 4 Thermo Scientific Acclaim RSLC 120 C,q,
2.1 mmx100 mm, 2.2 pmo

e BF by

1.2 BGC18 EREZEMHERIESRIEERE

1.2.1 S. cellulosum So0157-2 & FH 20 32 IR

=80 °CARIE K] S. cellulosum So0157-2 2 Fh 5|
VY2 PR b, 30 °CHEERT IR, AR HEE, i
B THIVE I I M26 TAR Lo HIEL M26 AR 15 77 5~
7TAMHEEET 50 mL B OB, KEERIR, RIEHR
PRI E R K, RERA . 1.8 mL
B 433 3 2 mL EP & #1512 000 t/min 20> 1 min,
# 3. NN 450 pL Tris-HCI (10 mmol/L, pH 8.0),
WCATIR2) . M 30 uL 20 mg/mL & A B K, A58
%]. IIAN40 pL 10% SDS  (sodium laurylsulfonate) )5 ,
BIERIRA] . 50 °C/K W 1~2 h, v E] [a] B A& (R H

B AL BT I 500 uL 2K By - & A7 - 7 R
(251240 1, WHEIEE, ZHEWE AWK,
13 800 r/min &5 0> 15 min. 125 2R (K 8% W Sk W B
300 uL i E TH A2 mL EP & H . Bl 35 ul
3 mol/L NaAc (pH 7.5), ¥#21J5, A 12 mLE
KOHE, R . WERZFF2mL EPEFFIIMA1mL
70% LW, i W Sk 87 1Y DNA $k 2% EP &
. 10 000 r/min B0 1 min. FF EiE, 818 TWK
gC b JF P WROK 4008 B BE Rk bt . 5 R T A
15~20 min. fIA 200 pL XL 7 7K (double-distilled
H,0, ddH,0), Ji& 4 °CIUKFH#H .

1.2.2  S. cellulosum So0157-2 J& I 20 B+ = My ) &

¥ 2k K] 244 DNA I H BR 1] ¥ N V) 8§ Dra 1 1
Hind M EEY), BERCH bR FE R 7 A B, B iR ) &
[ 2 [A] 24 DNA 200 pL, S A 40 puL 10xCutsmart
buffer. 12 uL FR & ¥ A V) 8 Dra 1 #1 Hind 1Il
1.5 uL RNase A, ] ddH,0 #h 5% % 400 pL, 37 °CJx
3 ho HU 10 pL g U 7= 47 0 B N 0% ¢ e i vk b AT
Lo o Il =Sl R N AR BN L T
(25124 D HiRBVI R EED, REHET
LTETVE -

123 HBLEHMRGH &

L BGC18-HAF F1 BGC18-HAR A PCR 5| ¥,
PL 5 KL p15A-cm-tetR-tetO-hyg-ccdB iy PCR 2 it ,
BEAT PCR 471 . HX 2 pL PCR =433 47 L vk kG 00
BN IR J5 4 04 PCR = D =l H 1 7 Bt
1.2.4 B#AREBGCIS#y HuE L%

T2 T B 2 A R i 1) 6 IR A P ) AE AR A T4
DNA Polymerase i& ‘K : X 200 ng o F## A& . 2 puL
10xNEB Buffer 2.1. 0.13 uL T4 DNA Polymerase i
g, BRMAN 12 uL AR ~%, HH
ddH,O #4 il V) 14 24 £ 3 20 uL. PCR X FEFF AN :
25°C, 60 min; 75°C, 20 min; 50 °C, 30 min;
4 °CORIG « 58 B S B 7 ) % Tt B £6 40 min.
¥ BB ER RS Y AL B 4 L-Ara i 53 1 B2
4L E. coli GBO5-dir/pSC101-BAD-ETgA F1. M
LB #A0PAR E PR B 7R, DR HORORL, AT
BRI 34T 6
1.2.5 B # A KH % BGCIS &9 A& 154F

43 3% R p15A-cm-BGC18 3k 47 % Ji 7t 4 Fl
JE BTN . F A RS 1 5] 204 IR-Pkm-
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C18-IR-HAF1/HAR1 X Jii ¥ pR6K-ori T-TnpA-IR-km
HEATY 4, 493 oriT-IR-P, PCR 7*%¥J, PCR*¥il
VI Bl s B S H B =9 5 R p1SA-
ecm-BGC18 3L A # N\ E. coli GBO5-red &% 5% 25 21 iy
L, HAERTIAER (km/em) JREEMT; =H
S FORLIE I PR i M P V)R Apal AT B U] 4% 2 Sl
1.2.6 B &K R EBGCI8 F ik Ak

S. brevitalea DSM 7029 EAE ARG FRIA T
2 B0 A0 B OR R R B DR A%, P DUAS A 9 bk 4% B
RIS, brevitalea DSM 7029 1F 1 % F IR 15 1.
T 56 ¥ B ORL pl5SA-oriT-TnpA-IR-P, -BGC18 ( Z]
1 pg) HEHNEFARS. brevitalea DSM 7029 1 2,
Wi RIS RN CYMG FR R EH T 75
FIF detect-C18 in 7029-F1/R1, detect-C18 in 7029-
F2/R2, detect-C18 in 7029-F3/R3, detect-C18 in 7029-
F4/R4, detect-C18 in 7029-F5/R5 T 5| #)%+ B 411
HHATH 75 PCR 4 5E o
1.2.7 AR AR S B 5 LC-MSAn

HIEW R E A FM T8 F 50 mL CYMG #5
FE3E (km 3pg/mL) ¥ 300 mL #E 2 3 4, 30 °C,
180 r/min £5 71 B Hl 2 7 . 82 50 uL Fh ¥
T A R R R AR R B R 5k 1 T o595 2 d, R
TN 1 mL &R LB XAD16 KFLM i, 4kskfa
ERARR 2 d.

A AR RN FLR it 100 H it 47 05, IF
FAXUZEACK B AR P 3 Ik ORX | L FR AR o Kb
JE BN BT )T R HE T R, InN 50 mL Y H B
30 °C, 180 r/miniZifl 1 ho I 840 A5 W HE AN
FBE o0 85, JF% W B 2H 25 90 VR 46 75 113 B R
Y. BN 1 mL (38 B el G R, R
12 000 t/min, &0 10 min, HX_Ei& i 0.22 pm ffL
JENE IFF ¥ 22 HPLC @£ h, £F HPLC-MS 1T
JoE VA I o

TR AU R s OB i A TRBIAH,
A AIKH0.1% FEE, BAHALNEH0.1% HER; ik
0.3 mL/min; 3 FF 3 pl;  F il % K 190~400 nm;
e i FE 7 0~3 min, 5% B; 3~18 min, 5%~95%
B; 18~22 min, 95% B; 22~25 min, 5% B. Jii
AT A W TR, EETER, %
% AutoMS?, Al VG m/z 70~2200.

1.2.8  HILER 26 3 R o # 2.

K H Marfey 75 ¥ 16 & W) 1~3 43 5 347 R /K
fig » JK M7= 4y 5 L-FDAA  (1-fluoro-2-4-
dinitrophenyl-5-L-alanine amide) B¢ D-FDAA X
J B SR [RIRE 1R 5 v 1) 4 AR 1 it N-Me-L-Leu 5
L/D-FDAA HJAT 474, L/D-Val. L/D-Leu. L/D-
lle. L/D-allo-lle 5 L-FDAA HIf1EW0, Bt )5 34T
LC-MS 43 #T. N-Me-L-Leu. L/D-Val 5 L/D-FDAA
AT EE P2 A3 AT 26 0 5 1.2.7 BRI 2% 1 — 2,
K03 K 330 nm. L/D-Leu. L/D-Ile. L/D-allo-Ile
(AT 2 7= W0 e B F2 7 2 0~45 min,  5%~50% B
XTRATAEM S8 &8 [M+H]™ m/z 398
(N-Me-L-Leu) . 370 (L/D-Val) . 384 (L/D-Leu,
L/D-Ile, L/D-allo-Ile).

2 BERHI

21 S. cellulosum So0157-2 £¥EBE R

il antiSMASH 230871, S, cellulosum So0157-2
B (NCBI#UHE E & %5 : CP003969.1) 3L
354 BGCs (£3), M (PKS). JERZHE
& K (NRPS) . PKS-NRPS Z% & LA % s 3%
(terpene) EZ PRGN . BT R
epothilone ™' K& 3 4b P /> il 28 A2 W) & Al Hk ] 7
geosmin """ fil eremophilene " Z #b, 42 K [ %
5 H AT ORI A A il R AR AR A7 TR 3 BRI A
A, ALK, X TR & % MR AT H A BRI
R RE . PKS-NRPS 2 & (WAL A W18 & B A B 8
() G5 46 DA B T V2 (R AR 0 1 1, TR AR o 32 B %
Y B A 7% AT B0 . BGC18 Uil y PKS-NRPS
FERNE, KELN26Tkb (B, ZOHR
(SCE1572 24725) A8 3 AMHEL LA 10 /> 25 K 45
(C-A-T,, CrAMT-T,, KS-AT-TE) (1. H
WA, (adenylation) % iUl vT g 15 ) 261 24 B/ TN 2
%/ H &R a5 AR (Val/Ala/Gly/Leu/lle)
A BT AT BE IR LR, AR JE A N- AL TR B
N-HF R R (N-Me-Leuw), AT (acyltransferase)
AT RE R AN —BE A B A (Malonyl-CoA), {H 2
/b PKS BT 4 75 (B BE 4L (thiolation, T) 454
B, XELRYIRE @ T NRPS Al PKS [ 7E {1 B 7T %
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#3  antiSMASH Fill] So0157-2 J K 21 4 % )
AW AR R 7R
Tab.3 Biosynthetic gene clusters in the genome of
$00157-2 predicted by antiSMASH

Gene

Type Similar known cluster ~ Similarity
Clusters
BGCl RiPP-like — —
BGC2 NRPS — —
BGC3 Thioamitides — —
BGC4 NRPS-PKS pyxipyrrolone A/B 11%
BGC5 NRPS-PKS kirromycin 5%
BGC6 hglE-KS — —
BGC7 RiPP-like — —
BGCS8 RiPP-like — —
BGC9 Indole — —
BGC10 T3PKS alkylpyrone-407/393 6%
BGCl11 NRPS-T1PKS disorazol A 23%
BGCI12 Terpene geosmin 100%
BGC13 T1PKS pallasoren 50%
BGC14 NRPS — —
BGCl15 RiPP-like — —
BGCl16 thioamitides — —
BGC17 NRPS myxochelin A/B 50%
BGC18 NRPS-T1PKS — -
BGC19 NRPS-T1PKS Epothilone 100%
BGC20 hglE-KS — —
BGC21 NRPS-T1PKS — —
BGC22 NRPS-T1PKS Hapalosin 40%
BGC23 arylpolyene N-tetradecanoyl tyrosine 6%
BGC24 LAP, RRE-containing — —
BGC25 RiPP-like — —
BGC26 RiPP-like — —
BGC27 TIPKS — —
BGC28 TI1PKS — —
BGC29 microbiridin microviridin J 66%
BGC30 phosphonate — —
BGC31 NRPS coelibactin 45%
BGC32 RiPP-like — —
BGC33 NRPS-T1PKS crochelin A 26%
BGC34 terpene eremophikene 100%
BGC35 NRPS — —
VE: “—” indicates unknown.

WRINB S di e, T R 2 7= W) e e 1 it T
(TE) S5 F30RE TR — MEAF T TT I 1)

2.2 BGC1SHEERIE. MiE. RIFEFRE

R F Dra 1 1 Hind 10 B ) 35 K 4, B i
27 kb 152 B BGC18, 4 gV J5 1 5k D5 41 B e #%

F. #RJ5 PCRY ™1 1.79 kb [ EL#% 7o 2K p15A-cm,
BRI B WS A 72p WAEE. 218
ExoCET 1) /735 ™, Xf B R AT bE (B 2) .
I BB AR IRAT & A R I LB IR IE iR, TR
BFRfE Bk 24 N1, H Msc 1 B U %
(E3), o 4B B U0 4% 17 35 1E 7 16 Jo kL
X EATT R [R)EE I A AT 0, D I ) A 4
9 pl5A-cm-BGC18. Jy | ik Jii K p15A-cm-BGC18
RefE Ui 18 £ R R T Rk, T B N B R Tt
oriT-tnpA-IR 4 J& K| f% 3 ok i i (1) 7 s 5 2 e U
fEEMEERA E. teah, SRIETFME N E 3T
7E DSM 7029 WAl e Joik IEH TAE, FrbUK BGCI18
(1% &5 A6) 5 R 1) 3 27 5 4 1 e U i 3 R T B TAR
I Y R 8 F TnS-kan (P,). H4 4 50 bp [F]E
B 10 51 W0 % pROK-oriT-TnpA-IR-km #1714, 15
# oriT-TnpA-IR-km Fr B, #iX A7 B pl5A-cm-
BGCI8 KA FE 4 (LCHR), #kik 7 A41L1
HEAT WG 43 B A RDEE S o W, T 3RAS A
JF KL pl5A-oriT-IR-P, -BGC18 ([&3).,

# 5 KL p15A-oriT-IR-P, -BGC18 Hi 4 N\ B A= 7Y
[) S. brevitalea DSM 7029 #, M & K8 &E K1
CYMG “FH b HhHE 4 73347 B V% PCR %78,
H3IANIEMMEMH T (DSM7029: P, -BGC18) it
TR TR, I LLEF A= A DSM 7029 1F 4 BH 4 %t
f& . I HPLC-MS X} & B 45 B i 4T 53 #t . HPLC-
MS R EIR, B BGC18 I 5AR A 24 T
N B EEYIE miz 227 [M+H]'. 241 [M+H]",
Hoax i 78 9110 R R B, HED S BGC18 £E
DSM 7029 h & 1= (El4).

2.3 FUNSBEEL

B RAH R DSM7029: P, -BGC18 % CYMG
B AR R E K 10 L, RALW AR XAD-16 b H b
&Y, SR)G R BUR A IRY) . R Y)
Yhg i EMEERE GRS, Tk LR, DL
CH,CL-MeOH Mahf, BHEEBENL (100 1. 50 1 1.
3001, 200 15 100 1), 3545445 Fri~
Fr5. WA MK & B b5 & Y 1 24 53 Fr3 4k 48
IS SR R R B &, KR R B IR BN A
BhEEVEIE . 4383 HPLC #1144, 30% Z /K
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. Core biosynthetic gene . Additional biosynthetic genes

. Transport-related genes . Regulatory genes . other genes

C—condensation; A—adenylation; T—thiolation; MT—methyltransferase;
KS—ketosynthase; AT—acyltransferase; TE—thioesterase

B1 BGCI18 K4
Fig. 1 Organization of the biosynthetic gene cluster BGC18

+ HO—/— >

Linear cloning vector

KX

(pl5A-cm)
Digested genomic DNA ExoCET
p15A-cm-BGCI18

pEm—se

Insert transpose and P, promoter
(LCHR)
OriT-IR-P,,,

pl5A-OriT-IR-P, -BGC18
B2 B[ BGC18 i B v i 5 1A% 1B A
Fig. 2 Direct cloning and modification of BGC18

pl5A-cm-BGC18 plSA-OriT-IR-P,,-BGC18
24 19 8 4 M M 1234567

B3 E4F K pl5A-cm-BGC18(a) 1 pl5A-OriT-IR-P, -BGC18(b) 43l UL Msc il ApaL1 1) % 5
(LI AR B V) 2% 1EHD
Fig. 3 a: Restriction analysis of the recombinant plasmids p15A-cm-BGC18 by Msc I (a) and p15A-OriT-IR-P, -BGC18 by ApaL [ (b)

(Red box indicates right recombinant plasmids)
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x10*

=il ; i |h| DSM7029

, £l
sp o Awee WL
- DSM7029: P, -BGC18

3% P (intens.)

0.5+t |

0.0 E=——r—" P PR BN B B, RTIET 1) OPIDNY ) RN

x107 227.00
25
220
15
1.0
05

0.0 |-

175 200 225 250 275 300 325 350 375 400 425
miz

56 ¥ (intes

ore

| 25586 1+

21095 | 31012 32621 33202
| . AL I

l+
:99‘.m . WIS 104

%107

o

241.04
*

+a

5% & (intens.)

[o¥]

213,00 274.00 417.00
| L.l L

0
175 200 225 250 275 300 325 350 375 400 425

miz
B4 BGCISTES. brevitalea DSM 7029 W 1) - IR & 15 7= 1)
LC-MS 41 (BPC+: m/z 200~300)
Fig. 4 LC-MS analysis for the heterologous products of
BGC18 expressed in S. brevitalea DSM 7029

TERR AR 2L 51 (33 mg), 40% LMK
WEH MR E2 (Tmg A& 3
(4mg),

2.4 wEW1-3EEEE

EW A A G E A, FHE -7 B ESIMS £
m/z 227.0 g5 i [M+H] 7 78 T, 4ias
VIR —4E'Hitk. Ci (F4) "W LUERLEY D
F®_ A~ C,H,,ON,. 43#1"°C NMR, DEPT i &,
tHEW1 B 2B B (O 167.6, 165.1);
4RI (6,601, 592, 32.6, 25.1); 1 NWH
G2 SAHE 6321, 231, 218,
192, 18.00 Ho 1 NME%EMiE; #F— D@
HMBC 4B e a1 &S C s

ML & B 18] /& Cyclo (N-Me-L-Leu-L-Val) #H
[f] e (S, H 2 A A e ok WkTE, Rtk
X HAZ G ECHE HAD C ik EAT T S54RI (R 4.

&2 0033500 A R, B ES
ESIMS 7E m/z 241.0 &b 45 Y [M+H] 7 7 & 7%,
"otk &1 AN C,H,ON, 1% —/ CH,.
A& AR LRI (R4, tLEW2
FRRAE R N RER (Lew . H—PHER
SCHR R I G 2 28 A HLA B TR 4K Cyclo
(N-Me-L-Leu-L-Lew) (E 5", (k&3 545
Y2 EIS B IERE R, BT AN ZEE (D
(R IEAR R T = EIE (O MHFIE (5,0.84) LLK
— N5 A MIEMNCHAE T H dt E 48 4 dd 1§
(5,3.61), XKML EYIFHEEER Nle, N
Gy (B 5. KA Marfey v 4 2 5 /R 1 48 X6t
AT T WhE, 4P FE (N-Me-Leu. Val,
Leu. lle) ¥ ALMIE (£5).

2.5 HEW1-3HEMESRHERD

A Ak G 90 1) 45 ¥ B 3 A2 W e kA% ) 2
ZOHT, RALE Y 1~3 YA g R T T
W CE6). A &R AT R 5 L A1) Val/Leu/lle
A, BRI AT R B #) L-Leu, SRJ5 40t N-H H
fiig FR EL Ak A2 1 J5 T i N-Me-Leu. W HE 73 2 45 &
H5TEN SN, SATEBAEGY1~3 1555
it . REZIEDN RS A PKSBIEL, HEW W] fg A
Nk /> PKS BT 6 75 (1 T 45 44 380 5 35 PKS B 5 4t ik
if, MR IR T NRPS #8 5 & 3 k=)
1~3.,

2.6 ®EYW1-3HREFEX

AW TR 96 FLIR — A5 FRREE B e T A
) 1~3 % NHIFER B R (E. coli ATCC 35218, P,
aeruginosa ATCC 27853. Staphylococcus aureus
ATCC 29213, subtilis ATCC 6633,
Helicobacter pylori G277 H. pylori 159, Enterococcus
faecalis ATCC 19434,
ATCC 607. Candida albicans SC5314) [¥] 5l B i
P, g5 R BRI AW 1~ 3 5% B B Ak 2 JE H AR
il (MIC>32 pg/mL).

Bacillus

Mycobacterium smegmatis
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F4 ALAEY1~3 1 NMRAZ 1L H
Tab.4 'H (500 MHz) and “C (125 MHz) data of 1~3 in DMSO-d,
1 2 3
No
0 0, (Jin Hz) 0, (Jin Hz) 0, (Jin Hz)
N-Me-Leu 1 167.6,C
2 59.2, CH 3.78,dd (4.5, 8.2) 3.79,t(6.7) 3.78,dd (4.5, 8.1)
3 42.7, CH, 1.58, m 1.59,t(7.0) 1.58, m
4 25.1, CH 1.87, m 1.79, m 1.87, m
5 23.1, CH, 0.89, d (6.7) 0.90, d (6.5) 0.89, d (6.5)
6 21.8, CH, 0.93,d (6.7) 0.93,d (6.5) 0.93, d (6.5)
N-Me 32.1, CH, 2.82,s 2.82,s 2.82,s
Val/Leu/Ile 1 165.1,C
2 60.1, CH 3.55,dd (3.6, 5.2) 3.73,dt (3.9, 8.7) 3.61,dd (3.8, 4.8)
3 32.6,CH 2.0l, m 1.52, m 1.73, m
1.45, m
4 19.2, CH, 0.92,d (6.8) 1.79, m 1.43, m
1.11,m
5 18.1, CH, 0.84, d (6.8) 0.86, d (6.5) 0.84, t (6.5)
0.90, d (6.5) 0.89, d (6.5)
NH 8.24,d (2.4) 8.39,d (2.6) 8.23,d (1.6)
X 0 0 S R 261 o 0 4 R S DD AR IR R R, AR
\(?r¥w R -ﬂ)ﬁ?kg AR BAT R AEIE PR PKS. NRPS 8
o AN hs s K“CQ%M%> Wi et WAL TR A, TR 35 2 0 b ATy LA A
o R ~5 TR AP 1038 71 BGC18 B Ay % 1 3£ K 41 o 7t

1 R'= CH,, R*=H, R’=H ’
2R'=H,R’=CH,, R*=CH,
3R'=CH,, R®=CH,, R’=H ~—“HMBC

BS5 ALaW 138X &AL A1 1 HMBC HIAs 2
Fig.5 Structures of 1~3 and HMBC correlations of 1

F£5 AW 1~3EIERR 5 marfey AT A= 100 {4 B s 1]
Tab.5 Retention time of amino acids derivatized with

Marfey's reagent

Retention time

Amino acid Configuration

Standard 1 2 3
N-Me-L-Leu L 12.9 12.9 12.9 12.9
D 13.2
Val L 11.6 11.6
D 12.5
Leu L 29.7 29.7
D 33.1
Ile L 29.1 29.1
D 3255
allo-1le L 29.2
D 32.6
3 & it

SRS B R W], £ 4EHEF R So0157-2

D7) — A~ NRPS-PKS 7 & [ 3 K %, K/ANZIN
26.7 kbo 1% PR % Hft NRPS 6 [ 4% 00 5 D5 300 2
AWA AL, Hod A S5 RS T B R
(5 —1k, A, S5 PR B B iz 1,
DA 1k 2% 2 TR A 1T R B B &5 #4229 119 I R 188 24k
HW. MeAh, ZFE R PKS U T 45018, iX
LM BE 75 8 3 NRPS H1PKS F JE A8 B4 51 48 4 v
W HiG, TR Z PR G 4 TE 45 8380 IsUE
BIRNBF T R0, BT iZEREERRAA S
R BAEERER R, UK %49 & Bt T 7%
MR B AEMNFUEE T, R R R R 2
WIS % AW A R TR R 42 9 L R AR P
—MNEROERE . FIRRIE BT DG B 3 B K S
DA 75 1 o o 5 a8 A 0 DA R e VR T I S B
AR 4L T LA Red/ET DNA R HE L H AR
NAZ U IR A ) A 1 TR A B 8 o P 5 I AR A T
KFEG, NRBF=WIZ I 4 T HoAR 3 2,
BE R R AE S IR RIS I, A7 AE A 2508 1 i 4 1 1 5%
M, R URE R, R RS RS A R R A
HEACHLAL BoRGOC RAMIE M« A SO BTIE F I
SVRTE S, brevitalea DSM 7029 5 4 4k X %&
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P,

m

1 kb

SCE1572_24725 S

fCOICOTH OO ON

e

NH,

...................

NH
=3 R
0

1 R=CH(CH,),
2 R=CH,CH(CH,),
3 R=CH(CH,)CH,CH,

B6 AW I1~3EYE R HEN
Fig. 6 Proposed biosynthetic pathway of 1~3

So0157-2 ¥ AT W 11, GC & &AL, 70k
68% 1 72% 0 HUHA, AR R ZE K £ 2 HE R K
RIREE KNI E 1Z 3R TG £ S brevitalea
DSM 7029 HidkAT | 3RI&, VLA S A
—E AR Sk, Wl E 3T TR S0E DL
FA AN T A D T B tRNA B3 3EAT 205 1R
A S5 AT DASE 5 IR R A AR BT

PR, AR 50 RO AL 3 T 4T 4 HEZE TR S00157-2
oL DR R I B B S s s iR R, R — A
NRPS-PKS 7% & (1) % [H #% BGC18 # N F i 15 &
S. brevitalea DSM 7029 W 5231 1 Z KRR Th ag
RKiIE, BN T 3K R =4 . il EA
e SR AT €0 I HPLC 4 25461k, BL&Z MS. NMR fi#
T TSI S5 ¥ . SciFinder %4/ 2 46 2 3iF S2 4k
G FI 2R A LG e AR R IE, AFTR
SR, ARG 3 AHLEY) . BGC18 N NRPS-
PKS & & B %, MW &, WEaWw1~3h=
MR R 2R A P, HAT & 2R 5 A E B
M—=, {H2H K W PKS ¥ 0. 17404 1 PKS A
IR HE DR e B 12 e A R D S A 5 A B, HED
HPKS AREA RS . AW 1~3 454 b2 3 %
NEIDBEBARE A Val, 2Leu, 31le), X
BTN E LI (A domain) X EAIH
SRR T S . A S5 I R IR
1) i V2 A 3 BB 5 48 22 A 1 0 A2 FRATT A 0 40 B 3K
B2 AR IR B A D1 B UE L, BT
Red/ET 21 T F2 H A 1 £F 4 HE 2 14 So0157-2 Bt
BN B b BRI R R IA R R T,
A BTt — 2 Tz W I EY A BOE S, M

HLRENS A DB AU R AR W T 29 W R e 1 A

B A TR 2 E R E AH X 11X (2019YFA0905
7000 ; B X B £ B 5 £ 4 (32070060, 31670098) 5 1L
A E SRR F A (ZR2020QH345, ZR2019JQ11)
S
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