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Abstract: [Background] Tetramycin and tetrin are tetraene macrolides with broad-spectrum antifungal
activity. Streptomyces sp. CB02959 was initially screened as a potential producer of leinamycin-like
compounds. We noticed the existence of a putative natamycin biosynthetic gene cluster in CB02959 using
antiSMASH analysis. [Objective] In this study, we aim to characterize the secondary metabolites from
Streptomyces sp. CB02959, determine whether CB02959 is a tetraene macrolide-producing strain. We also
aim to characterize the major products from CB02959 and improve their titers by media optimization.
[Methods] Guided by bioinformatic analysis and high-resolution mass spectrum data, we predicted the
structures of the compounds to be isolated. Streptomyces sp. CB02959 was then cultivated in different
media to determine the right medium for large-scale fermentation. The fetr4 gene, which encodes the first
polyketide synthase of the polyketide assembly line, was disrupted to correlate the target gene cluster with
the production of tetraene macrolides. The structures of major metabolites from CB02959 were elucidated
based on extensive spectra analysis. The concentration of glucose, malt extract and tryptone were adjusted
to improve the titers of the produced tetraecnes. [Results] Based on the analysis of the predicted natamycin
biosynthetic gene cluster in CB02959 and phylogenetic analysis of the 16S rRNA gene, CB02959 was
proposed as a new tetramycin and tetrin-producing strain. After the large-scale fermentation in YEME
medium, we isolated four metabolites from CB02959, which were determined as tetramycin A (1),
tetramycin B (2), tetrin A (3), and tetrin B (4). We increased the titers of compounds 1-4 to 208.1, 100.0,
1 315.6, 109.9 mg/L via preliminary optimization of the fermentation medium. [Conclusion] In this study,
we identified Streptomyces sp. CB02959 as a new producer for tetramycins and tetrins using the genome
mining strategy, the titers of the produced tetraenes were improved by medium optimization. Our findings
lay a foundation for the further development of these potent antifungal agents.

Keywords: Streptomyces sp. CB02959, genome mining, tetramycin, tetrin, medium optimization
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Wi e XA R T P 2 B T TR TR R B ()1 Co
H i 2 B AT LA™ 0 25 22 A0 9 TR 3R 2R A A i)
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diastatochromogenes ~ 1628!"!
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Figure 1 Chemical structures of Natamycin, Tetramycins and Tetrins
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W%, FER R P AR Leinamycin 5L &9,
BRI T BA DO KR N BRI G 1) BRRAE I U
I§(291+2, 302+2, 320+2 nm), 275 HATRE= 4
IR NERRAG Y . TEAME T, BRATHELAY)
FREAHT . KIBUERE . (bGPPI | 454
YRS TTAE, BRIA THEETET CB02959 —HRHT Y
VU EE 2R AP0 TR 2R 7 AR T, IFRIAE AT T R L
e Tt .

1 AR5
1.1 EHRFARR

CB02959 FkESr 2 B WriLAA fr il Epe 1L 4
e, 1R AR S22 —80 °C pkAf . H: 16S rRNA Jit
IR 270 5 0 e I R A7 72 NCBI %04 ¢ H (GenBank
B35 MF455322.1), M4 16S rRNA K H 7
G X B MR TE 25 MR & CB02959 My BE 25 1
(Streptomyces sp. CB02959), F& [H 41 %4 PR A7 7E
NCBI K 41 %38 1 H (NZ__NNBP00000000.1), J5
ki pET-28a 1 p0J260 I ARSI S LRAF
1.2 EFE. EERXFIMNE

MS i dk(g/L): KEH 20.0, HEERE 20.0,
MgCl, 4.0, BifigHr 20.0, SteadyPure 4B FE K 4H
DNA $ I &, W SR AR ) CARA FRAA | 5
FAlEE TR DNA /N U £ . DNA BEZ [
Wik £ . DL2000 DNA Marker. 250 bp DNA
Ladder., 4:J# Mix (green), Trelief™ 50 Chemically
Competent Cell, Trelief™ SoSoo Cloning Kit Ver.2,
A ERVEY R ARG R A A ERIRG G4, b
T A AT PR B S RO A | R £ 6
TR SRR A, IRRHERH () AR
OS] RGBT AT e I B I = A IR F
PCR ¥ #84%, HRE AL as ety vl s BER LA
i, Bio-Rad A7,
1.3 16S rRNA EEHF5I b3

HERE R CB02959 WIPKIYFER /> 16S rRNA HE[A
JPAI 1 397 bp, ERTE NCBI M) GenBank
AT BR B vb o ] NCBI () BLAST R 727,

P27 9 5 OB i At 2 2R RN DU R A TR bR
) 16S rRNA FE KP4 iE4 T T A . 2 F 16S rRNA
HEFA, 8] MEGA-X FEFHE R G R BEW .
1.4 REEZHE
141 ABHERE

Gl KEFRELA ISP4 1557 3L (W Be il W25 3C
BRk[20], ISP2 REFRFELMIECH] W22 SCHk[21], R2A
R FRIL ML ] WL 225 SCHik[22] . YEME B5373E(g/L):
T BEPE O 3.0, 22 ZREEHU) 3.0, BRER K 5.0,
% 10.0, pH 7.2,
142 BHtAE

M—80 °C BUHIRAFIIBRAR HIME , E 2=
I, RS B2 20% H i (AR R 80 F Rl R 1Y
AJATE G1. R2A. ISP2. ISP4 liA¥s 4t I,
T 30 °C Ri M E5 97 7 d IRASLA T . 250 mL 4EE
A 50 mL A9 TSB AR IR, 1x10° Pa K
25 min, FERNEEEINFIETE, 30 °C. 220 r/min
PRFHHFE 2 d PAFF . 250 mL HEFEIH 26 A
50 mL i G1. R2A. ISP2. ISP4. YEME W&i&%%
FE, 0.68x10° Pa i JEFEIKIA 25 min 5, ARl
$% 5 mL FF, 30 °C, 220 r/min #R¥ZE S 7 d,
MR YRGS ] 3= & D ™ i I R Al 1 B R
FEA T R . FIBEAL R I 2 000 mL 4
T2 A 500 mL AR F53E, 0.68%10° Pa /K
ZEVRCKTA 25 min Ji7, BR4E 50 mL R, KEE
27 L, 220 r/min JRFHEFE 7 do
1.5 CB02959 H tetrA E R F R
1.5.1 CB02959 E[F4H DNA AYIZEX

BrEERE T CB02959 7420 T4 TSB ;7%
Hedb, fE 30°C., 220 t/min R 555 24 h, FRA
WEHREKHEZ)E, 4°C. 4000 r/min 2.0 15 min
Ja 2 RIE AR T 224k, 4 R S SR U VA R IO
20 DNA.
1.5.2  BURA terrd EE B RFIHTIE

4 CB02959 FEHAITS1, BeitmiBREEH
tetrd b TSI, 5I9FA0LER 1. DL CB02959
PRI IE R 4] DNA AR WAL T tetrd 11
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x1 BIBR tetrA R FERABSIHFT
Table 1 Primer sequences for inactivation and verification of fefr4 gene replacement
514 1751 e P
Primers Sequences (5'—3") Function Length (bp)
tetrA-CKF GGGCTTCTTCGGTCTGTCCG Verification of tetrA 1550
tetrA-CKR AGGGCACGTCCACGTGC replacement
tetr4-upF CATTCCACAGCGGACAGACCGAAGAAGCCC Amplification of zetr4 upstream 1 930
tetr4-upR GCGGCCGCGGATCCTCTAGAAACAGCTGGGAGTTGCAGACC  homologous arm
tetr4-dnF CGACGGCCAGTGCCAAGCTTCGCCCAACTCCTTGAACGTG Amplification of tetrA4 1 822
tetr4-dnR GTTCTTCTGACACGGCGTGCTGCCCAG downstream homologous arm
tetrA-KN-F ~ GCACGCCGTGTCAGAAGAACTCGTCAAGAAGGCGA tetrA-KN 1510
tetrA-KN-R  GGTCTGTCCGCTGTGGAATGTGTGTCAGTTAGGGTGT

N U [R5 A R AN A R 5 LB IR R R p AL
K pET-28a SAEMCEY 3G -RIR &G Rrik AL Al
PCR JWAKZR(50 pL): b FiF51#1(10 umol/L)
4 2uL, DNA 1 uL, 4 Mix (green) 45 uL, PCR
JN 454 : 98 °C 2 min; 98°C 10s, 62°C30s,
72°C40s, 35 MEH; 72 °C 5 min, ¥ PCR 44
(9 B 8 F Boze 23 pOJ260 Lebh ks -, 155 E
JFkL pOJ260-AtetrA.,
153 bR REREIE

WA AT B A B ki ik 2 K7 FF R DHSa,
B E2% (B FAEREAR) B %
REWAGATH S 50 pg/mL PIEHi5E KA LB F
WA Tk AL 7, 37 °C 1§35 12-16 h, HF%
PREU AL 3R B 5 A B h 8 R A LB ARG 77
Ferf, 37°C., 220 r/min 555 12-16 h, RGP 71E
W PCR 351, PCR WA FR (25 pL): retrd Fiif[A]
PUE R B R RS 19(10 pmol/L)#% 1 uL, I 1 uL,
4:J# Mix (green) 22 pL. PCR i &cf4: 98 °C
2min; 98°C 10s, 62°C30s, 72°C40s, 354
PE¥R; 72 °C 5 min., BiEHM A BAHAZ G, Bk
HATIY o
154 HEE®R

P E TR pOJ260-AtetrA R L5 & 54 )5 1
5 A Streptomyces sp. CB02959, ¥RAi % MS ¥4t
|, 28 °C B53% 14-20 h, &S AYTCHEIK I UEE
M 2-3 W, AR5 43 L 20 uL RAREE 25 (30 mg/mL)
15 puL ZEBEH AR (40 mg/mL)F1 1 mL JCE /K T 2 mL

EP &, IRASEXT MS At i 3%, 28 °C
Fi 45 do TR IS TV MR . 135
PRGIRBCEN 4] DNA, i) PCR FRUFRASFRH
tetrd =15 B
1.6 k&M

HEFE T CB02959 A% 7 d ZJ5E N 1% KFLIK
MRS XAD-16 30 °C. 220 r/min #&3% 5555 12 h,
THUBCER AR, TR IS v P 4R, el R Mk 4 75
FLERY) 38 go XHREHATRERALZENT, KA
it/ PR LR . LR TR/ IR B PR e, L4531
8 143 (Fr.A-H), Horh Z R g/ H R 7:3.5:5 (1R
BN 1) FrF .G &A BEsfb &9, BGER53 Fr.G
28 v R A O % (RN 15.0 mL/min, K
254, 305 nm), HEEIKRGEMBEVENL, VEBAR:
0-30 min 10%-50%H %, 30-60 min 50%H %,
60-90 min 50%-70%H E, 90-110 min 70% [z,
110-130 min 70%-90%H %, 130-140 min 90%H
fi, 140-150 min 90%—10%H i, 150-160 min 10%
L, 53 4 450 (Fr.Gl-4), 1EHEKHR
5:5-7:3 (IRFHLL) ALt BRI T Ry 3 N5
HBEWEEY . Hd Fr.G2 SHEY 4, Fr.G3
GHEY 2 M3, Fr.G4 SHLEW 1, %34
20 43 FAAH TR 4 0 45 512 40 ) 28 2 i 28 A 354X
4lifb(Fi#E M 3.0 mL/min, %1 254, 305 nm), Jish
R CIEKBEE, L AR s AEA8E : 0-15 min
30%-40%Z i, 1520 min 40%ZJiE, 20-22 min
40%-30% Z. i, 22-25 min 30% Z i ; 43 BI7E
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%5197, 12.5. 14.8. 10.2 min 15559 14,
1.7 EY 1-4 BIRE N EFREM L LT

#£ YEME Bt s S InAS ) & it i A 4
B PRI R, AP S e a
1-4 PRI ; Ry B sl 04k & W il
1 mg/mL BE , SR 145 A BRUA L AN R Mk FE R E
TR AP (x, mg/L)-15 W T A (v) B9 A 14 i
2h . DUEEER A (1):1=1 902 600x+10 248; TUE: X B (2):
=3 632 400x+59 456 ; TUWIAHH & A (3):y=1 352 300x+
36340; VUMK B (4): y=6 359 300x—46 210,

2 GREW
2.1 CB02959 HIERERE KN

FIFH antiSMASH X CB02959 3 [H41i1 74>
Br, REILEA 42 DA P A Y16 ik
% ; B TAHLTF Scaffold 8 | EHIEM Leinamycin
RGN YA RSN, 1E Scaffold 2 FI
Scaffold 9 I &2 5I1F7E—4 5 Oxazolomycin B**
F1 Natamycin A= 6 BF PR 7 = 8 AR AL 0 6 R 7
Z2 W Streptomyces sp. CB02959 f&iX 2 b5 WIHY
VAR P TR . WG X Scaffold 9 b T 44 fi 25
RN DNA JFF 4T T ORF Bl il BLASTp
b, RBLX A P g E A S
Streptomyces ahygroscopcus subsp. wuzhouensis
Streptomyces hygrospinosus var. beijingensis H [
B AR W) B U DR B B T A R R R
(FHLEE>T70%), 5 Streptomyces gilvosporeus M
Streptomyces natalensis 1R R AP G AL
PRIt HL A 5 e AR AL L (B AR T 5 DU g R AR
W& AR N AR (] 2, 3% 2), DHaT DU
Wi CB02959 ' Scaffold 9 I B4 i 2otk A
Yy ok DU B BRI N

JETF 16S rRNA BRIP4, % CB02959 il H:
fib B 8 . TR 16S rRNA FE& K ¥ 41 i1 U 25
RO EE R A AT T AR T (8 3),
TP T LR B, 4 BRDUEE R A R 4 B
WAL EE R E WA T AR 7232 1, i CB02959

HEHMPymE R 7 LW W Streptomyces  sp.
BS-112 . S. albulus ZC-G-5. S. albogriseus
S. ahygroscopcus subsp. wuzhouensis HA5 ¥ T ¥ 55
ZRFR, FEX SR, Streptomyces sp. BS-112
5 S. albulus ZC-G-5 i T—"1433Z, S. albogriseus
K S. ahygroscopcus subsp. wuzhouensis 1T 5 4h
—ANF3Z, T CB02959 HUMIE A —330, R
Streptomyces sp. CB02959 AJ & — M iy U EE 2=
KGR ER
2.2 CB02959 /NRIE K EE S HF

BET T A AR Y AE AT A R, S 5 AR
] 35 F2 L (R2A | [K—*5 . ISP4 . ISP2 1 YEME)
Xt CB02959 dEAT/IMEM A IE, LA HoZ A ml L
A EER . HPLC 45 R 28 CB02959 & 5 ik
FrEE AR AT LU A — 28 BAT DU REF N R AL 51
FRAIE 58 SR 1) 65 92925 .304.2.319.7 nm),
Hh YEME Hix 26466 W)y it 25 T HAth
4 FhEEFREL(K 4). FIF] ESI-HR-MS Xf 305 nm i
KT AR 4 B SAREZ G4 ik
G - BEAT o HT, KD Y 53 i R AHEI A4 53
FRXaH N kEW 1 (696359 4, [M+H])
C3sHssNOy; , fb& % 2 (712355 3, [M+H])
C3sHssNOw , b A 3 (682344 4, [M+H])
CyHsNOj3, fb& Y 4 (697.827 2, [M+H])
C34HsiNO 403X 4 MU 3T S. hygroscopicus
BS-112MHRIEIUER A, B RIWFHER A, B
A3, R CB02959 W REE—Hk AT [ A4:
VU5 2% 11 DO BT 2R AT RO B T
2.3 EERK

N THAE B 4 USRSt HE A Y
B 21 LR & U, A RIR 8 R TR A D 4
T CB02959 H 1 3¢ REHHEER I A UK rerrd FEIN
RIS T RASRR CB02959 AtetrA (Kl 5A), FIF PCR
X CB02959 AR R [ ALK BEATIRAIE, 45 R
B G kb rerrd BEDH WL B4 (K 5B). Bl
JEAE YEME J& I 15 5 B thow B A4 B R RS AR A 5
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*2 #EHE CB02959 PUER/NEEREN S MEFEEHRE
Table 2 Annotation of the putative tetramycin and tetrin biosynthetic gene cluster from Streptomyces sp. CB02959
Gene Size  Putative Function Natamycin (identity (%)/coverage (%)) Tetramycin (identity (%)/coverage (%))
(aa) S. gilvosporeus  S. natalensis S. ahygroscopcus ~ S. hygrospinosus
subsp. wuzhouensis var. beijingensis
tetrO 553 Cholesterol oxidase SgnE (88/98) PimE (88/98) TtmE (90/100) TetrO (90/100)
tetrMIIl 462 Glucosyltransferase SgnK (77/99) PimK (77/99) TtmK (99/100) TetrMIII (99/100)
tetrMIl 352 Aminotransferase SgnC (85/99) PimC (85/99) TtmC (99/100) -
tetrG 391 Cytochrome P450 monooxygenase SgnG (81/99) PimG (81/99) TtmG (99/100) TetrG (99/100)
tetrFF 63 Ferredoxin SgnF (70/100)  PimF (70/100) TtmF (98/100) TetrF (98/100)
tetr4 1736 Modular polyketide synthase SgnS0 (79/99)  PimSO0 (78/99) TtmSO0 (98/100) TetrA (98/99)
tetrL 365 Tyrosine phosphatase SgnL (62/70) - TtmL (97/100) TetrL (97/100)
tetrB 6 784 Type I polyketide synthase SgnS1 (78/100) PimS1 (78/100)  TtmS1 (99/100)  TetrB (99/100)
tetrk 396 Cytochrome P450 monooxygenase SgnD (68/100)  PimD (68/100) TtmD (99/100) TetrK (99/100)
tetrE 2342 Type I polyketide synthase SgnS4 (76/86)  PimS4 (76/86) TtmS4 (99/100) TetrE (99/100)
tetrD 1793 Type I polyketide synthase SgnS3 (70/100) PimS3 (70/100) TtmS3 (99/100) TetrD (99/100)
tetrC 9504 Type I polyketide synthase SgnS2 (85/99)  PimS2 (85/99) TtmS2 (97/100) TetrC (97/99)
tetrRIV 244  LuxR family transcriptional regulator ~ SgnM (60/84)  — TtmRVI (90/84)  TetrRIV (90/84)
tetrRIII 922 LAL transcriptional regulator - - TtmRIII (80/98)  TetrRIII (80/98)
tetrRIl 964 LuxR family transcriptional regulator — - TtmRII (71/99) TetrRII (71/99)
tetrRI 923 LuxR family transcriptional regulator — - TtmRI (81/100) TetrRI (81/100)
tetrMl 343 GDP-mannose 4,6-dehydratase Sgnl (96/100)  PimJ (96/100) TtmJ (94/100) TetrMI (94/100)
tetrTIl 602 ABC transporter ATP-binding protein SgnA (84/100) PimA (84/100) TtmA (85/98) TetrTII (85/98)
tetrTI 608 ABC transporter ATP-binding protein  SgnB (86/99) PimB (86/99) TtmB (89/98) TetrTI (89/98)
tetrJ 449 Crotonyl-CoA reductase - - TtmP (94/100) Tetr] (94/100)

Note: —: No corresponding protein

—

—
0.01

* Streptomyces sp. BS-112 (EU529841.1)

* Streptomyces albulus ZC-G-5 (MN519495.1)

* Streptomyces sp. CB02959 (MF455322.1)

* Streptomyces albogriseus (AF513222.1)

* Streptomyces ahygroscopicus subsp. wuzhouensis (DQ531606.1)

& Streptomyces natalensis NBRC 13367 (AB184356.2)

& Streptomyces gilvosporeus F607 (CP020569.1)

& Streptomyces lydicus A02 (FJ481127.1)

& Streptomyces chattanoogensis 1.10 (FJ171335.1)
Streptomyces lividans TK24 (AY039029.1)

Streptomyces coelicolor ICN1055 (KX775314.1)

Streptomyces albus subsp. albus NRRL B-1811 (JX486031.1)

Saccharopolyspora erythraea NRRL 2338 (NR 074095.1)

B3 ET 16S rRNA E[E 558940t T 2= 010 T 2= 7~ B KR R Gt (Lt
Figure 3 Phylogenetic analysis of natamycin and tetramycin-producing strains based on 16S rRNA gene sequence

T HEAREE S T 7 S AR EMRTE NCBI _ERIEIRIF SV RS s AR RACGRIELEE RS T BN 20" A, 2598 gt
(% N |

Note: The numbers in the bracket denote the GenBank accession number. The scale denotes evolutionary distance. Stars denote
tetramycin producers, diamond denotes natamycin producers
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YEME
000 A_L,IA’A,.«_J \ \;_JL ——— _J\_IT_,‘_J_I 000 | - ) i i
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4 CB02959 EAR[E & EIZHE A HPLC Bl (AU R L&Y 1-4 B SMNRITILE B (B)
Figure 4 HPLC profiles of CB02959 in different fermentation media (A) and the UV-vis spectrum (B) for compound 14

tetrA ﬁ 10 bp
Faayy

._I Streptomyces sp.
CB02959 wild type
l 510 bpr\

2
+ -
Kanamycin restance gene (KN)

l p0OJ260-AtetrA

["1 550 bp,.
C
C CB02959 AtetrA

1.00

CB02959 Atetr4

AU at 305 nm
(=)
o
S
Py
L et ) 4
R

‘ Streptomyces sp. CB02959 wild type
0.00 ; : : : i
0 6 12 18 24 30
Retention time (min)

Bl 5 CB02959 AtetrA TREHREIHIE R A B E

Figure 5 Generation and fermentation verification of CB02959 Atefr4 mutant

T A RIRE R PUMIEN (KN) B rerrd JEN T T BRI ER I B: LM PCR BilE; C: CB02959 Atetrd 7%
BRI K B HPLC €3

Note: A: Scheme for the generation of AfetrA-disruption mutant of CB02959 by replacement with kanamycin resistance gene; B: PCR
verification of the CB02959 Atetr4 mutant strain; C: HPLC profile of the fermentation broth for CB02959 Atetr4 mutant strain

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



2350 A

Microbiol. China

TREE, Bk tetrd FER Y CB02959 AR LA
Y1 1-4 RYIETHIRT, ULEH FTHEN A DO R R S
S 55X 4 MEB Y AEY6 (Bl 50),
24 UEVRIEBLUMERINEHWET

FEFRIE PR 4R, JATAE YEME i3kt
AT T CB02959 BRI AE(27 L), F A HE
WEHE 2T | P 25 WBOR A SRR A 2 T 4 vk
M—/NE g aifh 7iX 4 Mes, R
ESI-HR-MS. 'HNMR. “CNMR ¥4, #fiE 71k
B 1-4 MEERI(E 1),

fEEH 1 (10.0 mg): IREEKIA, ESI-MS Y
Iy T B T & O [M+H]T 696.359 4 Al [M+Na]
718.340 6, /BT EY 2 16 Da, AL
WEAEY 1 10 FEX N CsHssNOj3. R 8
ESI-MS. 'HNMR #l “CNMR 4347, DLK 53k
BT IR, A 1 Wi g R AP
'HNMR (600 MHz, DMSO-dg) &y: 6.64 (m, 1H),
6.36 (m, 1H), 6.35(m, 1H), 6.27 (m, 1H), 6.25
(m, 1H), 6.02 (m, 1H), 6.00 (m, 1H), 5.76 (d,
1H), 5.49 (dd, 1H), 5.01 (m, 1H), 4.89 (br, 1H),
436 (m, 1H), 4.28 (br, 1H), 4.20 (m, 1H), 4.00
(dt, 1H), 3.76 (br, 1H), 3.70 (tt, 1H, ), 3.51 (m,
1H), 3.26 (m, 1H), 3.18 (dd, 1H), 2.85 (m, 1H),
237 (m, 1H), 2.25(m, 2H), 2.16 (m, 1H), 1.84
(m, 1H), 1.79 (dd, 1H), 1.61 (m, 1H), 1.47 (m,
1H), 1.41 (m, 2H), 1.30 (m, 2H), 1.24 (d, 3H),
1.17(m, 1H), 1.05 (d, 3H), 0.85 (t, 3H); “CNMR
(150 MHz, DMSO-dg) &: 177.3 (qC, C-29), 164.9
(qC, C-1), 146.6 (CH, C-3), 136.6 (CH, C-17),
136.4 (CH, C-22), 133.7 (CH, C-18), 133.4 (CH,
C-19), 132.0 (CH, C-21), 131.7 (CH, C-20), 131.6
(CH, C-23), 129.0 (CH, C-16), 124.3 (CH, C-2),
97.5 (qC, C-9), 96.0 (CH, C-1"), 74.8 (CH, C-15),
73.1 (CH, C-5'), 72.0 (CH, C-25), 71.1 (CH, C-5),
70.5 (CH, C-4'), 69.1 (CH, C-13), 68.5 (CH, C-7),
66.0 (CH, C-11), 65.7 (CH, C-2'), 59.4 (CH, C-12),

56.7 (CH, C-3'), 48.1 (CH, C-24), 47.1 (CH,,
C-14),45.0 (CH,, C-8), 44.3 (CH,, C-6), 41.8 (CH,,
C-4), 36.5 (CH,, C-10), 23.9 (CH,, C-27), 18.4
(CH;, C-6'), 14.3 (CHs, C-26), 12.8 (CH;, C-28).

&) 2 (5.0 mg): IR AR, ESI-MS A943
F I HM+H] 712.355 3 FI[M+Na]* 734.336 8.,
M4 ESI-MS. "HNMR F1 "CNMR 4347, A L%
EAEY 2 1958 CisHssNO o P8 ik
M55 SCRREAE R 7 oA, T0 B 2 B hy DU 25
2 B"J_'"HNMR (600 MHz, DMSO-dg) &y:6.69 (m,
1H), 6.38 (m, 1H), 6.36 (m, 1H), 6.27 (m, 1H),
6.25 (m, 1H), 6.00 (m, 1H), 5.99 (m, 1H), 5.76
(d, 1H), 5.49 (dd, 1H), 5.28 (m, 1H), 4.90 (br,
1H), 4.51 (s, 1H), 4.37 (m, 1H), 4.26 (br, 1H),
420 (m, 1H), 4.01 (dt, 1H), 3.78 (br, 1H), 3.66
(tt, 1H), 3.51 (m, 1H), 3.27 (m, 1H), 3.19 (dd,
1H), 2.87 (m, 1H), 2.53 (m, 1H), 2.27 (m, 1H),
2.14 (m, 1H), 1.80 (m, 1H), 1.79 (dd, 1H), 1.54
(m, 1H), 1.41 (m, 1H), 1.40 (m, 2H), 1.33 (m,
2H), 1.24(d, 3H), 1.17 (m, 1H), 1.07 (d, 3H),
0.85 (t, 3H); CNMR (150 MHz, DMSO-ds) &¢:
177.5 (qC, C-29), 165.2 (qC, C-1), 149.6 (CH,
C-3),136.8 (CH, C-17),136.2 (CH, C-22), 134 (CH,
C-18), 133.5 (CH, C-19), 131.7 (CH, C-21), 131.5
(CH, C-20), 131.5 (CH, C-23), 128.8 (CH, C-16),
121.7 (CH, C-2), 97.6 (qC, C-9), 96.1 (CH, C-1"),
74.6 (CH, C-15), 73.4 (CH, C-4), 73.3 (CH, C-5),
73.2 (CH, C-5'), 72.1 (CH, C-25), 68.7 (CH, C-13),
68.7 (CH, C-4'), 68.4 (CH, C-7), 66.0 (CH, C-11),
65.6 (CH, C-2'), 59.1 (CH, C-12), 56.8 (CH, C-3"),
48.0 (CH, C-24), 47.0 (CH,, C-14), 45.1 (CH,,
C-8),40.9 (CH,, C-6),36.5 (CH,, C-10), 23.9 (CH,,
C-27), 18.5(CHs, C-6'), 14.3 (CH;, C-26), 12.8
(CH;, C-28),

EY 3 (7.7 mg): IREEMAK, ESI-MS (153
FE TN M+H] 682.344 4 FI[M+Na]* 704.342 5,
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PCNMR H C UG 4 AR TR, AR 4 1
LAY 3 FTREH 4 /0 1 ANMEUJEF MR EST-MS |
'HNMR F1 "CNMR 234, A LABEEEY 3 195
FH N C3Hs NOys. HPE FiRH1IH-5 SCk Kb
PEATHE, LAY 3 e MIETE R AP

'HNMR (600 MHz, DMSO-dg) &: 6.65 (m, 1H),
6.35(m, 1H), 6.34 (m, 1H), 6.28 (m, 1H), 6.26
(m, 1H), 6.00 (m, 1H), 5.98 (m, 1H), 5.77 (d,
1H), 5.53 (dd, 1H), 4.85 (m, 1H) , 4.51 (br, 1H),
437 (m, 1H), 4.28 (br, 1H), 4.19 (m, 1H), 4.00
(dt, 1H), 3.79 (br, 1H), 3.71 (tt, 1H), 3.29 (m,
1H), 3.23 (m, 1H), 3.17 (dd, 1H), 2.92 (m, 1H),
2.55(m, 1H), 2.25(m, 2H), 2.19 (m, 1H), 1.84
(m, 1H), 1.79 (dd, 1H), 1.61 (m, 1H), 1.47 (m,
1H), 1.42 (m, 2H), 1.37 (m, 3H), 1.18 (m, 1H),
1.07 (d, 3H), 0.99 (t, 3H); CNMR (150 MHz,

DMSO-dg) &c: 177.9 (qC, C-28), 165.0 (qC, C-1),
146.7 (CH, C-3), 136.7 (CH, C-17), 134.9 (CH,
C-22), 133.8 (CH, C-18), 133.6 (CH, C-19), 132.7
(CH, C-23), 131.9 (CH, C-20), 131.5 (CH, C-21),
128.9 (CH, C-16), 124.2 (CH, C-2), 97.6 (qC,

C-9), 95.8 (CH, C-1'), 74.7 (CH, C-15), 73.0 (CH,
C-5'), 72.8 (CH, C-25), 70.9 (CH, C-5), 70. 2 (CH,
C-4), 69.0 (CH, C-13), 68.3 (CH, C-7), 66.1 (CH,
C-11), 65.7 (CH, C-2), 59.7 (CH, C-12), 56.7 (CH,
C-3'),47.0 (CH,,C-14),44.9 (CH,, C-8),44.3 (CH,,
C-6), 41.8 (CH,, C-4), 40.6 (CH, C-24), 36.3 (CH,,
C-10), 18.4 (CH;, C-6'), 16.2 (CH;, C-27), 14.1
(CH;, C-26),

G 4 (7.6 mg): HETEEMA, AIH
FHEE, B ESI-MS 4 H 4 7 5 118 miz
697.827 2 [M+H]", #fiE H 5+ 3k C34Hs 1 NO 40
S "THNMR F1 PCNMR 23087, 315 Sk B 4 T
Fekr, tbAY 4 st s & B, "THNMR
(600 MHz, DMSO-d¢) &: 6.81 (m, 1H), 6.70 (m,
1H), 6.34 (m, 1H), 6.25 (m, 1H), 6.21 (m, 1H),

6.01 (m, 1H), 5.94 (m, 1H), 5.81 (d, 1H), 5.53 (dd,
1H), 5.24 (m, 1H), 4.86 (br, 1H), 4.62 (s, 1H),
4.52 (m, 1H), 4.38 (br, 1H), 4.23 (m, 1H), 4.02
(dt, 1H), 3.80 (br, 1H), 3.65 (tt, 1H), 3.30 (m,
1H), 3.25 (m, 1H), 3.13 (dd, 1H), 2.93 (m, 1H),
2.55(m, 1H), 2.23 (m, 1H), 2.15(m, 1H), 1.85
(m, 1H), 1.79 (dd, 1H), 1.68 (m, 1H), 1.60 (m,
1H), 1.43 (m, 2H), 1.39 (m, 3H), 1.18(m, 1H),
1.09 (d, 3H), 1.00(t, 3H); “CNMR (150 MHz,
DMSO-dg) &c: 178.1 (qC, C-28), 165.3 (¢C, C-1),
149.6 (CH, C-3), 136.7 (CH, C-17), 134.6 (CH,
C-22), 134.0 (CH, C-18), 133.6 (CH, C-19), 132.6
(CH, C-23), 131.6 (CH, C-20), 131.4 (CH, C-21),
128.7 (CH, C-16), 121.7 (CH, C-2), 97.6 (CH,
C-9), 96.0 (CH, C-1'), 74.6 (CH, C-15), 73.4 (CH,
C-4), 73.1 (CH, C-5), 73.0 (CH, C-5'), 72.9 (CH,
C-25),70.5 (CH, C-4"), 68.5 (CH, C-13), 68.2 (CH,
C-7), 66.1 (CH, C-11), 65.6 (CH, C-2'), 59.2 (CH,
C-12), 56.7 (CH, C-3'), 46.9 (CH,, C-14), 45.0
(CH,, C-8), 40.9 (CH,, C-6), 40.5(CH, C-24),
36.5 (CH,, C-10), 18.4 (CH;, C-6"), 16.2 (CHs,
C-27), 14.2 (CH;, C-26).
2.5 LEW 1-4 VIS KB L

TERIE TR 1-4 HHIANER A, 1UE
% B, WEHE A MIUGEHEK B J5, £l
305 nm KT T AUS VR B bR E N 2, DAB
Hy= &, #£ YEME JEIR 15355 (Original Medium,
OR)F, tk&EY 1-4 W= mAr5 R 134.843.4
56.8+1.5, 807.5+2.4, 58.7+0.9 mg/L. 7&K KLHi
WX, YEME 8538 lep b &G4 e, S5
ftb 4 FhEEFRILE TR MA L, YEME K533
TIAIWE 27 ZEPE Y AR 1 R AT RE X A R
Bl 7E YEME 35555002860 0B 90 T A TR
M 22 PRI | JBREE IR B X 4 MBS
Y- m i se . AR EAE 0-15 g/L B, fbh
Wi it A R VR B S A DG, X A
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F15 g/L B, DGR AP S im, dReiEm
WIE PR E S UG R A MmN e
B EE N 15 /L Bam%] 20 /L BF, DU ZE B,

R A, WER B M- Egksitn, HEHIA
A A2 ZE SR BU A B2 X 4 MBS P17 B
M) AN N 2500 8 AT P e 2 SR AR B vk P
N 3-5 g/L W22 RN . ANTINEEEE AR 4 4~
Ay B R R, R 1 R T S SR
AT, AEEEE MR R e 3—7 /L B 4 AMEE I

A 1s00p .
B Tetramycin A (1)
B Tetramycin B (2)
_ Tetrin A (3)
8 1000 [ O Tetrin B (4)
g
=
i)
> 500
0 5 10 15 20
Glucose (g/L)
C
E Tetramycin A (1) B Tetrin A (3)
1000 - @ Tetramycin B (2) O Tetrin B (4)
800

0

= 600

)

o

© 400

=

200

Tryptone (g/L)

& 6 CB02959 F{L &4 1-4 TENMT KEM L

P B . 1 RS R AR, %
YEME Ji b4 5% 5 v (%) 2 2 WAk BE R4k 15 /L,
22 2P IO RN B 11 R P T B AR DR R R A Y
RN 3 ¢/L 1 S /L, 155] YEME A9 ks 57
3 (Optimize Medium, OP). 7 OP Kigfdkrh &
CB02959 J&, &R A, WEZR B, UMHER A
FIUETEZR B 77 a0 5o 208.1+6.1, 100.0+0.2

1315.6+4.3 F1 109.9+0.9 mg/L, 5 t4E TPy
PR T 1.5, 1.8, 1.6 #l 1.9 f%5(1¥ 6).

1200 1 @ Tetramycin A (1)
B Tetramycin B (2)
Tetrin A (3) . ;
2 800 | O Tetrin B (4) ? %
e . .
g v / /
= % . %
= 400 % . /
/ // %
,’ - -
Malt extract (g/L)
1500
a 1 000 |-
8D
E
=
[
= 500
0
"
§
&’&

Figure 6 Preliminary fermentation optimization of compounds 1-4 from CB02959
TE: A: YEME BigR 3 R RV AT A AL G 1-4 775200 ; B: YEME 853 e AR VR B2 2R SR U /L &1 1-4 77 &
IS ; C: YEME B3R d PR R i B AR 1 R0 AL G 1 1-4 7R B0en ;. D: RAEEE IR AE(OP) 5 R IR I R JE(OR) ML &) 1-4

PR LA

Note: A: Effects of glucose concentration on the titers of compounds 1-4; B: Effects of malt extract concentration on the titers of

compounds 1-4; C: Effects of tryptone concentration on the titers of compounds 1-4; D: Comparison of the titers of compounds 1—4 in

the optimized medium (OP) and the original YEME medium (OR)
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3 WikE4®

Streptomyces sp. CB02959 J&—#k4 25 H WL
AP B L SRR BE R T, PR T AT B Y
R E R . FESE T8 05 R (Leinamycin)
7T R B R S N ALAZ N, CB02959 #k B
EREIGEL S ARy kg Si8) S i ibuReoe - SR EAERI
FEA53) T I0IF i antiSMASH 4347 & B CB02959
WAL E 42 IR G R R, R —
+j Oxazolomycin B H& [H % AH LI BE AR =y A9 32 [ 7
M —A~Y Streptomyces sp. BS-112. S. albulus
ZC-G-5. S. albogriseus }x S. ahygroscopcus subsp.
wuzhouensis ' VUEE 2R AE W) & BUIE DR 7 i BE AR ABL Y
FERFE . X CB02959 PH%E 2 A ) & L N
(tetr) 3 73BT S /NRUBR A2 I, AT TR0 280N T E e
— BT A O 2R RO T 2R A Tl T 16S
rRNA &[] @51 i BEAL R o0 B, Fedi T4 B CB02959
TEFEAA b5 At O R 287 A= AR AL T AN [R] Y 23
S, ABHPURE R/ VU T R A R D R S E
IE A VU %5 2R A= 1 Rk TR 7 A 5 LA HE A A 47 1
HP v FEARRL, DR O 00 3 T ok o 110 U 2R/ O A
T 2R AR W) B B DA 7 AT Rl o I R =2 ) ) B A
IRV R AR

VU 75 2R O 5 B 2R A B 2 R ROE U
RAFR R a5, A A0 w Fh ek R 8k
WL AL s B AT R B E o I T IR B R
AN 8% (RFREOHM AL S. albulus ZC-G-5
02 A PR 225 me/L H275 & 960.0 mg/L!Y;
1E S. diastatochromogenes 1628 W F| FIAZMHA T2
FFEN AR G5-59 I PURE R AL U R P, PUME
HE B RABIERTEE 1.7, 2.8, 1.5 gLV 5@
W RIR R mRIV O] S. ahygrospinosus
CGMCC 4.7082 HP U % A 7= BHE 3.3 45", 78
AWFEH, Streptomyces sp. CB02959 ¥ A= APy
W R ATE YEME SR SE g BHAF) 0.8 g/L,
AL AR AR W LR TR TR R A )
TR 1.3 g/L, HAb 3 Fb-aWIE b SR 5k

B igm T 1.5-1.9 fif. %F CB02959 H
TetrRI, TetrRII, TetrRIII A TetrRIV 4554 s E
HEMHY S. ahygrospinosus R JEEE [ A& FE AL
PE, FHAGAE CB02959 M) ix L ¥ Ju A ik 47
bR Rk AR AR S i — R T R
DU TR 2R 7 6
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