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B E: [# %1 e E & (pentamycin) £ — A7 % M KA A B KAk &, *F 4 &4 2k H (Candida
albicans). A& £ & (Trichomonas vaginalis)fe 4t JUFT 9% R B A B & e937 4 &M, it oz
MR T MERKRE R, ARAFRSGRE. [B 6] LEF O TEEZADORARKALAL &
Ak, SFRITARIEMEFTERGLTE, AR —FTRGARELTE. L T Mt FEA
RAEHT EoE A 32 e, [7%] @id BLASTp oA Ak A B8 F 38 & ok T & i A o B
HRREG, #—F ik TR EE AL LMY filipin 93 LR L, 128 B85 7 947
(multi-locus sequence analysis, MLSA)7 i b4 2L PT £ 78 A M a9 AR caAaiatd. AR 8 A & 3T
kasOp*if & X LuxR F&4t FAEAE ptinF AR G FEF e =2, [£R] Amd AR A+ LR
FRAFT 27 ANFT AR A E & /filipin A xR B R A, AR ARG L . LBEARMFH
ISR S T AP 64 R A545 E 1 (Sreptomyces misionensis) At 4% & R E & . filipin 111 §— £ 7114
ot H—FRIAR IEZFTEZWRTEZN S ERTEARIRS T 43442, &%) 101.7 mg/L, FFH
i EF A filipin KA E LT 146.1 mg/L, REAFHRRGT 3284, (48] AR 2%
T A RRAFFFEEERRTDAEN S RABARBALITERARG 4504, BT ERBEZHLF
HREHE R B SR EF A filipin RRA 4. wob, B3 AR T REGERIT FeE L=
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Abstract: [Background] Pentamycin is a polyene macrolide with significant inhibitory
activities against Candida albicans, Trichomonas vaginalis, and several other vaginal pathogens
and has been registered in Switzerland for treating vaginal candidiasis, trichomoniasis, and
mixed infections. [Objective] To explore new biosynthetic gene clusters and production strains
and improve the yield of pentamycin by genetic engineering, providing new ideas and a
theoretical basis for further increasing the yield and promoting the industrial production and
application of pentamycin. [Methods] BLASTp was used to search for the homologous proteins
of known enzymes involved in the biosynthesis of pentamycin from bacterial genomes, and new
gene clusters for synthesizing pentamycin and its analogues were identified. Then, multi-locus
sequence analysis (MLSA) was performed to compare the genomic similarity among the strains
possessing the biosynthetic gene clusters. The constitutive promoter kasOp* was used to
overexpress the positive transcriptional regulatory gene ptnF for increasing pentamycin
production. [Results] A total of 27 new strains containing the biosynthetic gene clusters of
pentamycin/filipin were discovered from the bacterial genome. The results from medium
screening, fermentation, and metabolite analysis indicated that Streptomyces misionensis can
synthesize multiple compounds such as pentamycin and filipin III. The genetic engineering
increased the yield of pentamycin by 4.34 folds (reaching 101.7 mg/L) compared with that of
the original strain. The total production of pentamycin and filipin analogues by the engineered
strain reached 146.1 mg/L, which was 3.28 times higher than that of the original strain.
[Conclusion] This study systematically analyzed the biosynthetic gene clusters of pentamycin
in bacterial genomes and the diversity of the strains carrying these gene clusters. The
experimental data confirmed that S misionensis can produce natural products including
pentamycin and filipin. In addition, the production of pentamycin was improved by genetic
engineering. This study provides new elements, pathways, strains, and theoretical foundations
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for constructing elite strains for the industrial production of pentamycin.
Keywords: secondary metabolites; pentamycin; biosynthetic gene cluster; genetic engineering

I Ath 2 2= (pentamycin) & — 28 22 i KA N s
FKYUER, HE ) LR 4 A R Y 22 A AR
AT E, RAFEUEET, WimEAaT
TEPTE RIS (B 1) BT m a0 ek
i (Candida albicans), i ¥ M (Trichomonas
vaginalis) K HAth JLFh 97 18 2o 4 5B 2 A 2
ARG PR, I HOG e R N 9 18 A ) S B A
SR TR 1HF—— 7L BR #T i (Lactobacillus sp.) G it T
SER DR R R A T IR M B AR Y R
BT . 2009 4R, WEflIFER 3 mg A RI7ESG L
B HEE T30 9T 9 18 A 2k R T U AR
EIRYL A WL BAIEYSRE Y, Filipin 111 ARt
G iR oy ik (e 2 (7 B < DR E ot ooy iR
& 28 U TR RIR TR, DXONTE T8 fth 75 %
i) C14 R SAL IR (8] 1), Smifha =AM,
filipin 11 0GR HE ) L TR 40 MR Hh (0 22 £ [ B
AL XF 22 1 [#] R 2L 29 40 200 e S v L[] e
FRITHM, SFEEANRIENGYHEHE. &
b, filipin IIT F 0 [ B8 A7 0 B 5 JE
BB R SR8 & oot HAEIR IR b4
N T2 W B A IR B EEAR TR 4 C ALJe
S VLT FCAED!, A T PR 41 B e R A )
58 R,

H A T e 18 A 8t 25 22 7 AR R bR 2 R
WA, hnd L ROE 1Y 4 4 2 B R T (Streptomyces
cellulosae), =z J& Ffi 22 & B ) 96 [C 4% B
(Sreptomyces fradiae) . Jk 455 %5 4 (Sreptomyces
griseus) . H-tR4% 5 i (Sreptomyces padanus)
% 45 25 T8 (Streptomyces rochei) . PRG54
(Streptomyces cinnamomeum)Z5 5 25 i LA S 4% v
W 22 1 (Saccharothrix yanglingensis) 7131 22
AR 4 T 1 (Sreptomyces filipinensis) | B 4 55 75 7

(Sreptomyces  avermitilis) F1 K 15 7 45 &
(Streptomyces miharaensis)#B RE % 7 4= filipin 111
S H AP S A At B AR B T
R B BoR MU E RS e kB, B
A7) H 8 P I At 2 2K AR A R T S DR A A A
Mrdli e B0, BN, A BT o 7 % A A AL N 4
H R R A Y G O R A L (R P450
H Pm) MRS, $EH T T Re T A mi AR
FABRERE T (H N JCAIF T 0 T8 X 20 B o e At
& . filipin 11 X HAEW A6 B0 1647
RGP AR, HAT, Wifthas 2= M filipin 284k
EYN YA BOR R O G IEARBF SR8,
FH I 5 32 B W8 th 25 K AN filipin 11T 2B P05 A%
ARARL, HAY A RS R A, —
HRRIFNER B4 m 1 AR5 B (type 1
polyketide synthase, PKS D/Efb& !, Hik
M5, BHALR PKS 1AM &R 5 A
i R T4 A7 A G Tt 4 A0 38 ) V6 LR BR AR A
LA RN EE S5 M (filipin 1), ZJ5 16 2 4165,
% P450 [ PmD Hl PC W/EFF, C1 fifil
C26 Pior il kAEFRIAEM, B filipin 1T A1
filipin 111 (] 1) A W55 £ PIFE S filipinensis H,
PtnD F1 PtnC [ [R] ¥R 2 [ FilD 1 FilC #EALTE W%
Fe e ST AT A58 78 Sreptomyces sp. S816
B R AW A& SRR S avermitilis
Hr filipin AP0 L R R 2 et — AL AN (. R
P450 #[1 Ptn) LA ER IR EGLEE T Pl
AL C14 (I N, ¥ filipin 111 S fk
T e At 25 = U7 (& 1) 372 PN G i 9 At 2 9
BEA S filipin #0858 751 — SRR T
75%7, A, 2 ANMRENEREA S SARP-LAL
F kG N PtnR 1 PAS-LuxR 5 it &% s K 1
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1 M EREMABIREMEN  KS: WEGH; AT MAEHEN; ACP: BIEE{AZEH; DH: i
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Figure 1 Proposed biosynthetic pathway of pentamycin in Streptomyces misionensis. Domain abbreviations
are as follows. KS: Ketosynthase; AT: Acyltransferase; ACP: Acyl carrier protein; DH: Dehydratase; KR:

Ketoreductase; TE: Thioesterase.
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PtnF (3L U7 BB oE WX 2 ANk HF
IE R A R R SRR A A R, A5
BRI 2 IR S F B MR R AN AR,
A ermEp*id K5 ptnR F ptnF, Wi R
PR R 52%F1 50%!1,

ASBIF 5T 8L 28 G050 BT 400 BT % DS 20 v I At B R
R IR T W) ) A R DR R L T AE B R 1Y
ZRE, IR BB R 2 A B, B
b 5 28 0 e T L P i, Rk — 2 R R A B
E Ny L B T (O DTWY LI ¢ ol <k | P
it

1 MHET%

1.1 #R
1.1.1 MR FRRL

KA 555 55 1 (Sreptomyces misionensis) DSM
40306 (CGMCC 4.1982) 1 B S 7% b1 iR 4H 14
1£, KA E. coli ET12567/pUZ8002. E. coli
IM109 . Jii ki pSET152-kasO* (pBS21003) .
pKC1139 M A5 55 % R fF . pCRISPR-cBEST
P T S 3 K B R A A O
1.1.2 FERFIFLEE

PiER, LIBREMAYREARAR; o

SR 37| I = 8 8 NS B 3 N SRS /AE
Ay fe E YA AT A RA R . PCR AL,
Bio-Rad A w5 /NRUERFE IR, B EDR AR YR
FHABRAF; 5.0, Thermo Scientific 2
w5 WRAH LS A HE R SE TR AN, IRARHEA
Al ARG, BEA

ARG LR 1,
1.1.3 EHE

LB R TR KT, 1SP3 Bifig
BT A B EER A TFESE, 2xYT 53
5. MS BEREM TG, HSHIGH21]
Bl

M2, M4, M6, M8, FM2, YMS, SSM ¥
FRHE T BRI A T

M2 }i3R 5k (g/L): FEME 100.00, #4505
10.00, MR/KfEBEEH 0.10, BERHRE 5.00,
MOPS 21.00, fHHEICEHE W 1.00 mL, K,SOy
0.25, MgCl,-6H,0 10.00, pH 7.0, LR
W (mg/L): ZnCl, 40.00, FeCly-6H,0 200.00,
MnCl,-4H,0 10.00, (NH4)¢Mo7044+4H,0 10.00,
NaB;0,-10H,0 10.00, CuCl,-2H,0 10.00, pH 7.0

M4 FiRE(g/L): Hl 50.0, wIEEHETE R
25.0, WELER ¥ 5.0, pH 7.0,

x1 KARFASY

Table 1 The primers used in this study

512 52l ik
Primer name Sequence (5'—3") Usage

pSETMIXLuxR-f
GACAGGGAGCCCAC
pSETMIXLuxR-r
AAGTCGTCCACGAC
Veri-lacZa TAACGCCAGGGTTTTCCCAGTC
MIXdel6934spacer2-f

MIXdel6934spacer2-r
CGCCGCCGTCGATCCTACCAACC
CGGCTCGCCTACGAACG

CGGACCGGTGCGGCC

MIX6934spacer2seq-f
MIX6934spacer2seq-r

CGTGCAGGACTGGGGGAGTTCTTAAGAAGTTTTCC

GGTTGGTAGGATCGACGGCGGCGGTCCACGCGGTG
TGCTGTTTTAGAGCTAGAAATAGA
TCTATTTCTAGCTCTAAAACAGCACACCGCGTGGAC

Amplification of the ptnF gene
fragment from S misionensis

TGCATGCAGCATCGATACGTCTTAAGTCACTTCACG

Validation of S. misionensis/
pSETMIXptnF with pSET MIX LuxR-r
Construction of gene editing plasmid
pBEMIXptnAl for S misionensis

Validation of ptnAl gene editing in
S misionensis
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M6 15353 (g/L): BEEHIF 10.0, & ZFHEHL
1 10.0, #5454 50.0, 1 KJE K} 20.0,NaNOs 5.5,
NH,C13.5, CaC0;6.0, pH 7.2,

M8 HiFiHE(g/L): BEME 120.00, BRI
11.00, HFPER 11.00, ¥ TPk 11.00,
K,HPO,-3H,0 1.00, FeSO,7H,0 0.10, CaCOs
3.00, HIEICRIEW 5.00 mL, pH 7.2, Hdik
w0 R I W (mg/L) : ZnSO47H,0 0.01 ,
NaMo0O,-2H,0 0.05, CuSO,-5H,0 0.05, pH 7.2,

FM2 #5555k (g/L): BEREREUY) 2.0, £k
TEM 5.0, B 2.0, HABE 20.0, FE R 5.0,
K,HPO,-3H,0 0.5, CaCO; 3.0, NaCl 4.0,
MgS04-7H,0 0.5, pH 7.2,

SSM KigRdt(g/L): W EDHK 20.0, HEHE
80.0, WiflEWIH# 1.0, K,HPO4-3H,0 1.0, CaCOs
3.0, FeSO,7H,00.1, pH 7.2,

YMS 35573 (g/L): BERHEEUY 4.0, AT
TERY 4.0, FZHHE 1.0, CoCly-6H,0 JE 2, pH 7.2,
1.2 $YEEESHEE

AN R B EHE T 2 B NCBI Genome %4k
FEG#R R 2024 4 2 ). T AB SRS
filipin A=¥)-& BUBE R 1 G ¥ 2 17 91 o A T B
1, i F BLASTp 7EC T #2403 4 rh il R
FLIRE AR P2, et RS 11 [R) R 2R 1 G
, -5 MIBIG B o B0 R AR F= W A= 0 5 1k
FENFEDAT A, i N TR ik TR A
B AR R BX filipin ZERIR WA YA LA
o FEAFH S parasail aligner 52,

{8 FH Z2 45 257 8 43 AT (multi-locus sequence
analysis, MLSA)Jy % LB WA 85 5 A= W) & il 3
DRI 7 0T 78 1 =5 B R 1 22 DR A MR R . 22 Sk
[25-26]H s, PPk ATP A1 B 55 5EH (atpD) |
DNA B B W HEFE [F (gyrB) . FALEEF A 2L
(recA). RNA G B W LI K (rpoB). A%
MR AT B W IEHE [H (trpB) %5 5 AL E T, AR

W OEEF (S coelicolor) A3(2)HRAH N FE K 4 fid
IR P S A EE 1, ] BLASTp 1
R D LR 2 R R R
WX DNA [Pl AT o081, ZHFH AT
Kimura X2 ¥ 85 DA K 10 i+ 2 fef
MEGA 11 28”7, {fi ] iTOL #E47 nf ML=,
1.3 EHEFRD FrEEKREE

KIGFraREFE . ik, PoRifRE . JEHA
DNA #2} PCR %75 52 BEOSCHR[29], KiEHE
5 1 T A B AR R H 1SP3 B l5 55 95 5 28 °CRE 3% .
1.4 EfRiOERE ptnAl Bt B9HaE

FRHJE W35 https://crispy.secondarymetabolites.
org/ it AR BRFE R ) sgRNA ., H Rl fr $2
LAY Off target hits with mismatches (4%, E#
JBR AL A D L A SR (I A S
HIER A sgRNARO 78 ks (4 W) 5 81 )5 A
BEIY, Kol k. &4, AR R0 3k
sgRNA 5 Nco I BYIEIUS ) pCRISPR-cBEST
JRLLL Gibson 41 %E J X T2 e, 38 W%
fk E. coli IM109 832 540, )5 & Wi#% PCR
5 I KM Y 56 TE A A B A5 PR B S S 4R 5T R
pBEMIXAptnAl,
1.5 T3RiX ptnF AR E

DK HER LA iR, (R 1 sl
H) pSETMIXLuxR-f/r § 4% ptnF KK FB(692 bp),
L Gibson %% 7 ik H 3] 2 Afl 11 iEUITHAL IS
HLRPEAL FORE pSET152-kasO* |, =M1k
E. coli IM109 /252 2540l , I3/ 248 1#i7% PCR Bk
AN PP B9 UE J5 3R 45320 238 Bkl pSETMIXptnF
1.6 KA E-BEEZEEER

B B ARG M AT 1 R B A A
Bm, HAREAEWT B e RIG AT e
ET12567/pUZ8002 &7 541, WM SH
100 pg/mL ZEEHER . 50 pg/mL RAPE R .
25 pg/mL A R W LB BRI [, 37 °CH;
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I 5 PR T VR HE R B E A A DR BE BT A R 1Y
4 mL LB WK #3EH, 37 °C. 220 r/min K537
7 B mL B3R A R 2 50 mL LB
W5, 37 °CHEFRE ODgy N 0.4-0.6
J5 4 000 r/min #5.0> 5 min WA, 50 mL W
1K LB 3 R R phis i ik 2 3k, feJm 1 500 pL
LB 355 58 8 B At o FH TR K SO K 8 i 2 T
BT, 1 mL 2xYT 8555 50E% 2 G
50 °CHUE 10 min, 28 °CH55E 1 h; #4500 pL (K
WAFFRANIELS 500 pL SERAAETFIRA, WAAES
44 10 mmol/L MgCl, il 30 mmol/L CaCl, i) MS
BIARREFEIE F, KCTJET 28 °CRi5% 16 h, AT
BOMZAE R 30 ug/mL (1 ZERERHER 1 60 pug/mL
Mg, EET 28 °CHigi 3-5dJm, Bk
S T E &AM hUA R A E m R R AL
b, PR #FATRE T PCR %
1.7 EHHAER

KA e 2 TR T A TR % FE 2 PR R 38 R 7 1SP3
BRI BAEKC, KR 7 d W R
17k, 73750 1SP2, 28 °C . 180 r/min
KiF% 48 h J5, B2 mL A Fi %42 50 mL A BER:
FHM2, M4, M6, M8, FM2, YMS. SSM
FEHE), 28 °C., 180 r/min }5 3% 24 h J5 i A K ALK
BRI RE , FRAkZ IAH R S5 9R 6 do FHTXT L
PR R B RS IMAM G, i E KRR
LI HA DA R 50557 7 d.
1.8 AE&AIE RSBEE BN

REELE RS 6 000 r/min 2.0 5 min WA
B, BTJE A S mL BHESRE, REGEAH 0.22 um
TALE g HPLC 43425 % & filipin
KALA Y&, B 250 pL B T5F e S i T Ak
R, A 750 L HEEIRA), 12 000 r/min
20 15 min, BRI 0.22 pm fFLUE R E
J& , i HPLC 43 Hriifth e 2 X filipin 216 &4
i

6t FH v 80 € A S £ 0 B s At 2 R
filipin 24L& W07 1, G HEIS Zorbax
SB-C18 Rapid Resolution HT (4.6 mmx100 mm,
iz 1.8 um)o VEBEAIFA7K+0.1%H FR(A FH)/ 2
JE+0.1%H ER(B AH), i M 0.4 mL/min, FfEHE
Ji SE] 25 min: T 3 min {54 5% B #H, 4R
JEF#E 17 min FESRIEIFE PN B AH 5% FH21] 95%,
BT 95% B AH4ERF 3 min, 5% B AHEAT 2 min,
R AR 339 nm, 2P FHTER 190-800 nm.
1.9 REBE-SSHRIESH

WA € % - v A B H IS 25 o 9 A U il
ACQUITY 2D I-Class UPLC-XEVO G2-XS QTOF
i Y, % ACQUITY UPLC Ben C18 a4t
(2.1 mmx50 mm, B2 1.7 um)53 8. Ve &1
FK+0.1%HER(A )/ ZNE+0.1%F 8RB ),
A 0.4 mL/min, #fEEGENLEESE] 25 min:
I 0.5 min PR%F 5% B A, 857 10 min YRS
BN B A 5%+ 2 95%, Ffif5 95% B
HEFF 4.5 min, 2K HRVEF 200-600 nm.
1.10 EVYIMS B4k

DL 50 mL 2 A I it B e 18 R T SR AR XoF
MRIEAT KA AR e, HIkF 1.5, RES )G
WCEERS IR, RS R, ORI Y HE R U
fET R HMBEER, | C18 iR #1T
Gy, AT R A B AR R S e T
P B E %, 0 Sephadex LH20 B R AT iF
7008, FA BERm W rE s &9, S5 1
L & HPLC #EA74lifk, {8 ] Waters 2487 &
OB AL, @) YMC-Pack ODS-A
(10 mmx250 mm, K742 5 pm), LA7K+0.1%H iR
(A F)/ ZJE+0.1%F BR(B MVE it shAl, i
45% B AHEFEEVENG, WHCH 3 mL/min, Hil1346A
gl . A PR AL B TS ARG 3T o
1.11 ZRKBRENEEE

B 0.5 mL R & R, 5 000 r/min 5.0 15 min
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WCAE TR A, i A IR R ZE IR K VR TR A, Pl
FH 300 uL A9 ZEIR /K E B R . RS ) R om A
600 pL ) 2R, seoahibk 25, iR
HWRE T 60 CHIKIHIEE 1 h AT,
WA B, FE A 96 LA E Iy TE
595 nm KT YA . AR e R0 a4 T 4n
o1 g TIRBEEMRT 100 mL (k28R H, A
A 1.5 mL BIRERER A 1 mL i 1.6% B, 85

B
2 BRS04

21 BMERLXRARENENEREREK
REMAERKN RS LIRS 7

FRATM NCBI Genome #ff ) pIt T 245
] 55 597 IR (B E 2024 4 2 ), H
oA T B R A DL A R R
Sreptomyces sp. S816 LUK 1] LA i, filipin fY B
HEEFE (S avermitilis) MA-4680 25 B bk it 3k
PRIAL P 50U AR SCRRARGE 177 SRRAE , AT
SENL T HHFA e it A £ 5 filipin ZE9)
HRFERKEE 2). )G, FRATUILEEHE S
BENETE, 64058 FE P A 8 R g I
KSR HES R 1, IFiE—2 5 MIBIG $X
P e R ©HUR SR W A 1 I DR R ) 1) 2R
FEE T8 e gt N TR IR R, HERR
B AL KSR PR B A B R R R, AR
137 33 > AT RE MY fth 25 3% /filipin £ W) & BLFE K]
o AR HE AR 2 5 o A WA R A AL
AR B A M (L R P450 A AL PtnJ
(GenBank: TGZ15169.1)[8) 54 11 8 gm g LA,
FO L 24 AN SEHFR G U i R, 94
FEHFES RN filipin 28, 33406 5L B 5 v ik
PR ) A 5 HE B 5 8 SR8 i 85 2 /filipin A
YA LR R R A — B, S A% 2 (A 7 51 AR L
B (79 —8E R 70%-100%) .

XU A WA R S filipin A5 K
RS EFR R Z MR E, Dl
W, X5 RIE S YR A T E
SERE AR AT — 2 MLSA 355
XEEREFRE IR LA S 21 AU RE 2 i 2 [A) Y S A
AUARALRE , DLMRK R 4 22 147 (Saccharothrix
australiensisy DSM 43800 F1 /4 HE oF 4l 22 14
(Saccharothrix espanaensis) DSM 44229 4
B BTSSR 2A BN, 24 AT W
R AR A R R Y i TR 40 AT RS [ 1Y 43
X, Hf—A 0 T ORI R A
(Sreptomyces sp. S816); 75— Wi fth 55 2 77 A [H
& Saccharothrix yanglingensis, 5 1 &) W ki 22
N PGP BE L TR — 1 X . %A filipin
WA REERTER 9 MEREIER 3 /N
X, Hf— a3 aE TeHA filipin 7 AER
(S avermitilis) MA-4680, X F 4> B3 Aii o 75 5
PRAF I R AR /R FRATT, 3 S 5 T e 40T
REIE KPR RS A4S T Wil = 5 filipin
A6 AR R
22 KREBRBSETHREERLEVERER
R

TE 3% L T RE % 5 B th 2% R A filipin 28
KRk, AT KRB BB R A — &
5. HEHRAERKIER ., P REE, JFHKRA]
O C ST T 5T R AT - o | a4 5
MR R, HIEESHBAER, I
REFIFH CRISPR FRGLHRH AT HE K 2H Sl . K
BEHEE T BMERAEY SR EREYS
Streptomyces sp. S816 H I il B 2 A= 915 i [
#% ) S avermitilis MA-4680 1 filipin 111 4= 445 il
FERFEECARL, H4ming PKS 155548 2 RN
RV A8 — B E R T 80% (Il 2B). K
e 4% g TR HP At 55 22 AR W S R G b A s
filipin ITTER AL RRWE 25 3% A0 20 (23X P450 28
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Streptomyces rectiverticillatus (GCA_013394065.1 ASM1339406v1)
-Streptomyces sp. VNUAT116 (GCA_030520245.1 ASM3052024v1)
Streptomyces sp. NRRL B-1677 (GCA _015475835.1 ASM1547583v1)
Tree scale: 0.01 - Streptomyces klenkii KCTC 29202 (GCA _003626645.1 ASM362664vl)

— Streptomyces gardneri ATCC 15439 (GCA_015710995.1_ASM1571099v1)

| Streptomyces avermitilis MA-4680 = NBRC 14893 (GCA_000009765.2. ASM976v2) %
,— Streptomyces collinus CGMCC 4.1623 (GCA_031348265.1 ASM3134826v1)

AMMAA ATNAIA 7N A AANFOAFAFE 1 A O AAANFMOA R 1N

L Streptomyces misionensis DSM 40306 (GCA_900104815.1)
Streptomyces sp. WP-1 (GCA_030450125.1_ASM3045012v1) %
Streptomyces lavendulae (GCA_008016805.1 ASM801680vI)
Streptomyces sp. SID8366 (GCA_009862035.1 _ASM986203v1)
Streptomyces sp. PsTaAH-130 (GCA 003259585.1 ASM325958v1)

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



IMET F | Bt EEHETENLAATERS 2897

B... . ; : : o . 0% 100%
Filipin III biosynthetic gene cluster in Streptomyces avermitilis MA-4680 Identity |

O K 13— e ) )

L1/ N Y

Pentamycin biosynthetic gene cluster in Streptomyces misionensis DSM 40306

B Y 3« S (S — (]

11011 T O

Pentamycin biosynthetic gene cluster in Streptomyces sp. S816

e/« “se¢@ ! ' ' B0

HGF R EDCB A5 A4 A3 A2 Al J1

B Type [ polyketide synthase Oxidoreductase Others I Transporter Il Regulator Unknown function

2 BMMERS filipin £E REERNEREUR TIHA)RIEBTERERLLB®B) 200 A0
FEIEPER S A WL R R AW S R R ORI R R T M0 & A WA B R AR W5 R D A TR R
W AT filipin WA BRI AR s BE: HABRECE R % SR7RX0 I AY B C Bl Al ) L
PR AR AR R B filipin ZERRH, FES ORI Y A5

Figure 2 Evolutionary tree analysis (A) and partial gene cluster comparison (B) of strains containing
biosynthetic gene clusters of pentamycin and filipin. Red: Sreptomyces misionensis selected in this study,
which contains pentamycin biosynthetic genes cluster; Orange: Strains containing pentamycin biosynthetic

gene clusters; Blue: Strains containing filipin biosynthetic gene clusters; Black: Other mode strains;
% : Indicating the strains reported to produce pentamycin or filipin; The genome sequence numbers are given

in parentheses.

[ PtnJ K Hi B 8 114 LA 25 11 Pinl (&1 2B).
XS5 IR R WPRAE 5 25 T/ B A 6 U 55 R 1Y)
w1,
23 KEEEEEMNBMERETE
R T IR K A 5 B D A5 RE A% A U th 27
RAET=W, BATRIT 7 FpAS )55 35 560 Hoisk
1T, FEHH R OB (3% % & e = A 7
SHT . MR SCHER[17]14E , Wifh s R KX filipin
KA WIAE 328, 339 Fl1 356 nm b B A HHAE
KON, JEF ik, AT ZFIOR R B 37 3
A K A6 e 5 TR & I TR FP RS I 1) — R G LA Bk
MR OERHAE LAY, Forb A FM2 155
B R R PR DAL S i e e, IR ET
W B Z (K 3). 8 T X sefb A P00tk
1658 B P HH IR At 8 2K AR A L DR RR BT A

FATH ] CRISPR-cBEST 2 4t I %t (A #%
PtNAL S [X] 4 fith X 5 3 e 4 25 B F I 7 B 5 LA
LR, TS ptnAL JE R 5% 5% 5 AN BE
B RCC RN IhReE . BT ptnAL LN 4w
WFRIGEERAENT 5 ARG A A s
B, SRR A R GG 1) SR, LR TR X
B K 2 BOE N FEASBE S BRI 774 . DNA
P 25 AR SR AR TKe ptnAL I R 2 B )
2 ANIEERE C kRl 1 AR mENE T, fifiE Sk
T gmhS B2 R Y TGG B A8 R T 2 k%1
TAA (Bl 4A), B3R T R R TG TR #R AptnAl,
PR AptnAL & B 1) S A0 AR (5 43 BT 45 2R i
N, AR EFESE T 13-17 min (19 7 724 06HR
W, RUX 7 7P i a R AED G K
SERAR PTG (B 3A).
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I\ A mlz
[ 2|3
A Al N A A YT T A 1nn

~Z—- = W1-M4 l l 671.394 0
1 1 1 1l 1 J.l. 1 1 1 1

662 664 666 668 670 672 674 676 678 680

A WT_NA oy -

y (%)

I ! ‘f’\ } - I\NT—I\/IS Ol I I 10 II“ | T | )

10 12 14 16 18 20 620 625 630 635 640 645 650 655 660 665 670
¢ (min) miz

3 KBHEETHEGESEHELARETYRNSON A RREIFESFIFRE E Ak w8 205Gl
Y1 HPLC 40 #7. B: Hifth 3 RALEYIHY LC-MS 4387

Figure 3 Analysis of pentamycin-related metabolites in Streptomyces misionensis. A: HPLC analysis of
pentamycin-related metabolites in different culture media and different strains. B: LC-MS of the other three
unknown compounds.

FATHE— X KT B R B PEA TR filipin IT A0 filipin I /9> THEMD TR —5., =
A -7 20 BE G A0 MT L B8 TR HL M [M-H]™ 5 A FM2 B0 R IB5E B EA T 10 L F8
669.383 9. 653.383 7. 637.397 3 F1621.400 1 K, & H A= EE = M BE Z M filipin 11,
) 4 A EZ =Y S | filipin T, R FHHhE R oMb, RAEMS 22 E 4l .
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A Spacer for pPBEmixptnAl

5 TCCTCGGCGGTTTACGCGGTGTGCTCGGTC 3
3 AGGAGCCGCCAAATGCGCCACACGAGCCAG  5'

/\ I
\
bp M P WT 1 2 3  bp

4 KEHBERZEEW AptnAl & ptnF 3 3%
LBEREVIEIE  A: JET CRISPR-cBEST i3t 2
BT AR ptnAL EARIIIFEGUE. 2095 k%R
#10) H bR EEH B spacer, 58 H5 Sk 2R B HE )T 1)
T HErh 2 Bl G 4R 1B TR S T B ik
ik ptnF T4 ##k PCR B4 M: DNA marker; P:
pSETMIXptnF ikl DNA VE A9 AT, FHPEXT
HE s WT s R AR5 25 T B A 8 Dk B DR 2 A Sl e
BAPEXT AR 1-3: RABHERE R /pSETMIXptnF HLZH
PR & DNA 1B R Al

Figure 4 Verification of Sreptomyces misionensis
mutant strain AptNnAl and ptnF-overexpression
strain. A: Sequencing verification of pntAl-
inactivation strain obtained based on CRISPR-
cBEST base editing method. Thin arrows indicate
the spacer targeting the genes, wide arrows indicate
the direction of the open reading frame, and the box
indicates the codon could be edited to a stop codon.
B: Verification of recombinant strains overexpressing
pntF. M: DNA ladder; P: Positive control,
pSETMIXpntF plasmid; WT: Negative control,

genome of S misionensis wild type strain; 1-3:
S misionensis/pSETMIXpntF.

I SCHR [30] 42 iE 5 I DMSO-d6:methanol-d4
(2:3, ABLLG) TR & %0 BB 08 FR A5 A8 A E 1Y
filipin T A4 "H % . “C 12 iigd, oA 1H)
FHZ IR A Vs f# filipin I, JExF H T T 'H
(500 MHZz) /AT, 25 40 °F : 8 6.41 (dd, J=14.3,
11.3 Hz, 1H).6.33-6.18 (m, 6H, T Z).5.97-5.88
(m, 2H, &), 4.70-4.61 (m, 1H), 4.04 (dd,
J=12.2, 6.0 Hz, 1H). 4.00-3.93 (m, 2H, &),
3.92-3.80 (m, SH, E&).3.70 (t, J=7.9 Hz, 1H).
2.42 (dd, J=8.8, 7.3 Hz, 1H). 1.77-1.68 (m, 1H).
1.66 (d, J=1.2 Hz, 3H). 1.63-1.52 (m, 1H),
1.44-1.30 (m, 4H, #E|&). 1.30-1.15 (m, 17H,
FS), 0.83-0.80 (m, 3H), 45% B RTERKS
XS B A H RS0 9 MEE RS, X filipin
T S5/ H 5 ASELE R, HAb2: i
SCHRIR B A — 3, 7ERC5 7 i 7 X U5 3]
53CEkiiE — B A A G S . AT K&
H 55 XL R IZA L5 Y0 filipin 111,
i FRES R, IRATE 4 4 FZE % e R
75 2 | filipin IT1, filipin II A1 filipin I (& 3A).
A TR AR PR, MiBR ptnAl J5i8 ST KB
Wb o oh 3 PRI EYIE R, Za R
FHIX 3 MEA YT REtL 2 EE R A A K
FEHFBER WK 3A). X 3 MEG W HA St
f#E 2 | filipin I ARBLAY 58 SR SO 1 R 11T
HFRT F 2 B H[M—H]™ 685.379 8., 669.386 0,
639.372 9 (I 3), 4rFHEM N Cs3sHss0i5.
C3sHssO1p CagHseOrr, SMifEEE | filipin 111
By 50 . B, FRATHENX 3 A=)
TR B 5 T 8 Ath 25 2 /filipin 25U
24 HRIEFZAEFEER PnF 2S5
BERTE

55 B e fth 5 25 R filipin 11T 4= 9 5
SERIFEARTR], OKAB B 25 TR Wi fth 25 R L
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HA Y15 PAS-LuxR FGHF S HF PF ()3
R LRl E A B R P IE A E K 1
A ST S T 2D e K e i T
Mg At A R 0y, FR AT A RS R AR
pSET152 Fli &5 0 41 M 3% )3 3 kasOp* it
ptnF 7 F k(K 4B). 45K B, 75 FM2 &
BeRrgRderh, 135K ptnF (FRE OptnF) e 5 {25

R AR T A R R R R T 4.34 f5(] 5A),
KET 101.7 mg/L, FFHWiMhEE R X filipin
KM MR IkF] 146.1 mg/L, HCEFA: BT R
T 3.28 1%,

S T 24 ptnF 32 3235 Bk OptnF 1)
REEREE, AT AT T2 B0, &R
12 h HURE, Rk e rh A 25 R 0 -k, [+

A B 100
- WT
Bl Pentamycin —A— OptnF
g w 80
200 [ Filipin 111 ﬁ/}/}\l‘_i
Filipin I —_
o
Filipin 11 60 =
L 1 "
150 :I: 20
0 Lo
24 36 48 60 72 84 96 108120 132 144 156 168
= Time (h)
2
= W0 C 06 o WT
;‘3 —A— OptnF
04
501 &
Q
0.2
0 ooll—L L 11011
WT OptnF 24 36 48 60 72 84 96 108 120 132 144 156 168
Time (h)

5 SBRZXFEFEEREEA ptinF REBMBESZE A ptnF F XK B OptnF 5 WA= B AR AE fe 1
KEELAE T Wb R 77, **. P<0.01. B: ptnF 3 F£ L@tk OptnF 5 87 4E UK 168 h P & e} A]
Mk, C: i FIEHk OptnF SEFAEBITR PR 168 h A= ¥ AR fb i £k

Figure 5 Overexpression of positive regulatory gene ptnF within clusters increases pentamycin production.
A: Pentamycin production between ptnF overexpression strain OptnF and wild type strain under optimal
fermentation conditions. **: P<0.01. B: Time-course curves of pentamycin production of ptnF
overexpression strain OptnF and wild type strain within 168 h. C: Time-course curves of biomass of ptnF
overexpression strain OptnF and wild type strain within 168 h.
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