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drugs and prodrugs in recent years. Genomic analysis shows that Srreptomyces antibioticus NRRL 8167
contains a variety of biosynthetic gene clusters of natural products, with the potential to generate multiple
new compounds. [Objective] Study on the secondary metabolites in S. antibioticus NRRL 8167 to discover
compounds with novel structures or unique biological activities, and further explore the corresponding
biosynthetic gene clusters. [Methods] Using HPLC-MS and UV spectrum, we excluded the known
compounds produced by S antibioticus NRRL 8167 and identified an unknown compound with special
UV-vis absorption as isolation targets. The secondary metabolites were isolated and purified using normal or
reverse phase column chromatography and high-performance liquid chromatography (HPLC). The structures
of the compounds were elucidated by using mass spectroscopy (MS) and nuclear magnetic resonance
(NMR). The genomic DNA of S. antibioticus NRRL 8167 was extracted for genome sequencing by the
PacBio sequencing platform. Bioinformatics technique was used to annotate the genome, to define the gene
clustersthat is responsible for the compound biosynthesis, and to propose its biosynthetic pathway. [Results]
The compound was purified and identified as naphthgeranine A, belonging to polyketides. The whole
genome sequence contains 28 secondary metabolites biosynthetic gene clusters. The gene cluster 20 is
proposed to be responsible for the biosynthesis of naphthgeranine A. We also speculated the biosynthetic
pathway of naphthgeranine A. [Conclusion] Naphthgeranine A was purified from S, antibioticus NRRL 8167
and structurally elucidated based on the UV-vis spectra, MS data and NMR. Complete genome sequence of
this strain provided the opportunity for defining the gene clusters of naphthgeranine A. The proposed
biosynthetic gene cluster and biosynthetic pathways laid the foundation for further research on the
biosynthetic mechanisms of naphthgeranine A.

Keywords: Sreptomyces antibioticus NRRL 8167, Naphthgeranine A, Biosynthetic gene cluster, Type 1I
polyketide synthase, Biosynthetic pathway
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1 Naphthgeranine A Bk 454
Figurel Thechemical structure of naphthgeranine A
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Figure2 Thechromatographic data of candidate compound
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Note: A: The HPLC profile of the metabolites (*) of S antibioticus NRRL 8167 (detection at 290 nm); B: The UV-vis spectrum of the

candidate compound.
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Figure3 TheHR-MS spectrum of the compound
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Figure4 The 1D NMR spectra of naphthgeranine A
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Note: A: *H NMR (600 MHz); B: *C NMR (150 MHz).
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wRRZEEYAE 3 MTHEES on 164 (s,
H-16). oy 1.47 (s, H-17)Fl 64 1.28 (s, H-18). °C
NMR (& 4B)#il HSQC /R iZAb &AL s
5 9c 182.4 (C-1)Fll ¢ 183.4 (C-4); 7 NI FIZHi
=5 6c 153.1 (C-2) . dc 123.2 (C-3). 5 134.8 (C-4a) .
5c 165.7 (C-6) . 5 163.9 (C-8). ¢ 108.5 (C-8a)Fl ¢
135.7 (C-11); 3 MAVAIKH HiR{ES oc 107.7
(C-5). dc 106.7 (C-7)Hl 6c 135.7 (C-11); —IER
Zh(E'S oc 80.7 (C-15); MMIEHIL(ES oc 20.3
(C-12)F1 5c 29.6 (C-13); FIMNRKH IS oc 315
(C-9)F1 c 1.81 (C-14); 3 HIE(H S o 23.8(C-16).
5¢c 25.7 (C-17)H1 o¢ 25.0 (C-18)., %54 *H-"H COSY .
HMBC % 2D NMR &, #icizfb &9 N
Naphthgeranine A, fb2225 UMK 1 Fs, BEEK
P (3= 1)5 3CHR[18] 5L,

1 Naphthgeranine A HIZHE;E#E(600 MHz, DM SO-ds)
Tablel NMR data (600 MHz, DM SO-dg) of naphthgeranine A

No. du (mult, J/HZ) 5c 'H-'Hcosy  gHMBC
1 182.4
2 153.1

123.2
4 183.4
da 134.8
5  6.94(d, 2.37) 107.7 83, 4,7
6 165.7
7 6.49(d, 2.28) 106.7 5, 8a
8 163.9
8a 108.5
9  341(m) 315 10 2,11
10 6.00(d, 485 1207 9 8,12
1 135.7
12 1.18(m) 20.3 13 14, 16
13 1.96 (m) 29.6 12, 14 11,15
14  1.81(m) 39.1 13 10, 13
15 80.7
16 1.64(9) 238 10, 12
17 147(s) 25.7 14,18
18 1.28(s) 25.0 14,17

2.3 S antibioticus NRRL 8167 Btk ERFHASE
MEEZ0H
231 =ERAFIEESH

S antibioticus NRRL 8167 %:[X4{ DNA #lifk4
W5, ZHaRPERD IR B A BRA Rl T 5L R 4]
MFF, 455R87%: S antibioticus NRRL 8167 JEAIZH &
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(G+C)mol% 5 14 71.5%. K F AntiSMASH (V4.0.2)
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2 (Terpene) & B FEKI% .2 4~ Siderophore & & FIF% |
2}~ Lanthipeptide 5 B{EEH 7% . 11> Butyrolactone 75
BEERTE . 14~ Indole LA . 14~ Mdanin &AL
B, 14> Ectoine A EF%E . 1 4> Lassopeptide
SR . 14 Linadin 4 ERBE. 1 4
Bacteriocin A L% . 6 N 4+A SR . 2 A~ HiAth
KAV & R . TEAE B L3R 2,
232 S antibioticusNRRL 8167 E+kH Naphthgeranine
A EMERBERFENEMS 2T

Naphthgeranine A J& TZSBRIS KK, M4
B2y Mzl A4 2 h TR SR 5 il S5 2 A A
BB TR ). SR, FIFH AntiSMASH s
26 %o JE DR A 5 X A M S R R R R A B A X
FERZERE ., R, Bk asE—A 18R
M & W R . DRIOL, DN A S R K AT B £ 57
4 i Naphthgeranine A, %3k [ F& € 7 T4m5 20 )
R, XA EYERIERFEA Ty DNA 1
78836307 956 142 fii &, K/INKy 725 kb, ThAEHE
KL HEAT N 5 Fis . RIS, Sz FER %
AT o e RS, HAEER DhRE WK 3,
2.3.3 NaphthgeranineA £#1& Ri&ERIES

3% Naphthgeranine A A= ¥4 R IR 5 4% 5L
KD REIE RS, S5 G AWME B, i HA
BCRAE 53 BRI BRI e A i R B
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% 2 S antibioticusNRRL 8167 E X 4H AntiSMASH (V4.0.2) 45 R
Table2 Biosynthetic gene clusters of secondary metabolitein S. antibioticus NRRL 8167 analyzed by AntiSMASH (V4.0.2)

G e PN FAUFEHI FHBLEE

No. Type Size (kb) Similar known cluster Similarity (%)
1 Butyrolactone 94 Lactonamycin 10
2 Others 411 Akaeolide 8
3 Tlpks 93.9 Indanomycin 100
4 Nrps 62.5 Herboxidiene 8
5 L anthipeptide-Bacteriocin 255 Informatipeptin 100
6 Otherks-T1pks 48.7 Laspartomycin 13
7 Terpene 24.5 Hopene 92
8 Indole 21.3 Meridamycin 5
9 Nrps-Siderophore 60.6 Scabichelin 100
10 Terpene 21.7 Geosmin 100
11 Bacteriocin 10.0

12 Siderophore 11.9

13 Lanthipeptide 21.3

14 Terpene 17.7 Albaflavenone 100
15 Siderophore 11.7 Desferrioxamine B 83
16 Melanin 9.3 Lactonamycin 8
17 Nrps 57.2 SCO-2138 71
18 Ectoine 104 Ectoine 100
19 Others 42.6

20 T2pks 725 Spore pigment 83
21 L assopeptide 22.6 SRO15-2005 40
22 T1pks 40.6 Maduropeptin 3
23 Terpene-Melanin 21.2 Melanin 71
24 L anthipeptide 22.6 L abyrinthopeptin A1,A3 60
25 Butyrolactone-Nrpsfragment-Otherks 66.4 Pyridomycin 26
26 Linaridin 20.6 Legonaridin 33
27 Nrps 48.6 Mitomycin 10
28 Nrps-T1pks 57.1 Antimycin 100

70 kb

muywmmmmw«ws c«meaa»a«mun
[N\ /7 H NNV

orﬂ—a orfS orj9 12 orf14-29 O’fJ —3 f4 orf36-49 orf51-61 ()wj63—64
or,

. PKS I]]]] Additional biosynthesis genes Regulatory genes % Transport-related genes . Other genes

5 S antibioticusNRRL 8167 #1 Naphthgeranine A & #)& B & E #%
Figure5 Thebiosynthetic gene cluster of naphthgeranine A from S. antibioticus NRRL 8167

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



2652 A - i Microbiol. China

% 3 S antibioticusNRRL 8167 E#% Naphthgeranine A £ & B ERFHN S EE HITIRE TR
Table 3 Deduced function of open reading frames in the naphthgeranine A biosynthetic gene cluster from S. antibioticus
NRRL 8167

FERBEHE K [ AR 1 S HR N — B AR Tt (4 KL R g
Orf Size (aa) Protein homologue, size (aa) | dentity/Similarity (%/%) Proposed function
orfl 343  Sp2771(3VZ1_A), 457 52/69 Succinate-semial dehyde dehydrogenase
orf2 144 PRK10546 (2RRK_A), 140 38/53 CTP pyrophosphohydrolase
orf3 512  LigTsib (4EQ5_A), 571 34/52 ATP-dependent DNA ligase
NapA 325 Himi (4NTD_A), 340 51/64 Thioredoxin reductase
orf5 190 PIcR (2QFC_A), 293 35/59 Virulence regulator
NapB 323 Qor (1YB5_A), 351 31/52 Quinone oxidoreductase
NapC 394  ChsE4-ChsE5 (4X28_A), 400 32/45 Acyl-CoA dehydrogenase
NapD 360 Chsed-chse5(4X28 D), 373 35/46 Acyl-CoA dehydrogenase
orf9 286 TauD (10IH_A), 301 30/48 Alpha-ketoglutarate-dependent dioxygenase
orfl10 66 ASD48 36420 (KQX78285.1), 64 98/100 Hypothetical protein
orfll 409 NAGPA (CQR65357.1), 413 67/78 Metall ophosphoesterase
orfl2 182  Pat (4JXQ_A), 186 38/57 Acetyltransferase
NapE 400 Methyltransf_25; Nudix_Hydrolase 72/81 Methyltransferase
(AXEB84246.1), 390
orfl4 149 CMD; YciW (204D_A), 165 39/54 Carboxymuconol actone decarboxylase
orfl5 222 LiaR (5HEV_A), 210 40/58 Response regulator protein
orfl6 455  HisKA_3 (AXE90400.1), 439 69/77 Histidine kinase
orfl7 292 RbmA (4BE5_A), 262 39/50 Biofilm scaffolding protein
orfl8 309 tm0544 (IVPL_A), 256 32/53 ABC transporter ATP-binding protein
orfl9 289 chiO1 (3GFO_A), 275 41/62 Cobalt import ATP-binding protein
orf20 252  ChiQ (5X3X_Q), 244 43/57 Cobalt energy-coupling factor transporter
orf21 173  PRK02898 (CBG75386.1), 144 7175 Cobalt transport protein
orf22 257  ChiM (5X3X_M), 222 63/75 Cobalt energy-coupling factor transporter
orf23 69 F750 6382 (AGJ58807.1), 73 90/92 Hypothetical protein
orf24 710 RsbU (GAQ60155.1), 707 74/81 Phosphoserine phosphatase
orf25 564  PucR; HTH_30 (CBG69411.1), 386 84/90 Regulator
orf26 575  VanW (SPF06308.1), 579 77/86 Vancomycin B-type resistance protein
orf27 259  ASD48 36500 (KQX78308.1), 219 99/99 Hypothetical protein
orf28 118 STAS(KPI28265.1), 118 95/97 Sulfate transporter/antisigma-factor antagonist
orf29 313  PrsR (EFD71359.1), 309 73/81 Sensor histidine kinase
NapF 572  Mature chain (Q05355.1), 555 78/84 Polyketide hydroxylase
orf31 187 ASD48 23595 (KQX64296.1), 215 83/83 Hypothetical protein
orf32 248 BU52 31165 (KES03345.1), 211 64/72 Class F sortase
orf33 384 ABM; SchA_CurD; GInE 92/94 Teml family type |l polyketide cyclase
(AVV43942.1), 385
NapG 147  Cupin_2 (SHI148933.1), 147 84/93 Monooxygenase
NapH 418 KAS I_II (ATQY_A), 424 61/73 Beta-ketoacyl-acyl carrier protein (ACP)
synthase (KAS)
Napl 415 FabB (1TQY_B), 415 46/60 Polyketide beta-ketoacyl synthase
NapJ 84  PP-binding (2K0OX_A), 86 39/55 Polyketide synthase acyl carrier protein
NapK 159 TcmN_ARO-CYC like (3TL1_A), 159 68/77 Polyketide cyclase
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NapL 110 Cyclase polyket (ITUW_A), 109
NapM 342  Calo6 (422Y_A), 359

orf4l 371 ASD48 23685 (KQX64313.1), 382
orf42 219 ASD48 23680 (KQX64312.1), 219
NapN 654 Radica_SAM (AVV47162.1), 651
orf44 40 PRK14985 (2ECP_A), 796

NapO 607 DAP2(1VE6_A), 582

orf46 344  ASD48 23665 (KQX64310.1), 485
orf47 756  ASD48 23660 (KQX64309.1), 758
orf48 427 Eis(5EBV_A), 422

orf49 263 ASD48 23650 (KQX64307.1), 263
NapP 377 UbiH (AQA12410.1), 377

orf51 403  XylH (AWW36118.1), 420

orf52 363 XylF (3M9W_A), 313

orf53 782  RsbU (TCR54763.1), 838

orfs4 354 Chve(3URM_A), 330

orf55 96 Tdk (2B8T_A), 223

orf56 326 ASD48 23615 (KQX64300.1), 326
orf57 232 Des (4LDZ_A), 203

orf58 448  Peptidase S13 (2WKE_A), 466
orf59 527  ASD48 23600 (KQX64297.1), 527
orf60 187 ASD48 23595 (KQX64296.1), 215
orf6l 97 ASD48 23590 (KQX64295.1), 97
NapQ 286 MhpC (3WZL_A), 278

orf63 997  (KQX64293.1), 995

orfé4 239 Embr (2FEZ_A), 388

(#:3 3)

43/62 Teml family type |l polyketide cyclase
35/51 Methyltransferase
99/99 Hypothetical protein

100/100 Hypothetical protein
91/93 RiPP maturation radical SAM protein 1
67/91 Maltodextrin phosphorylase
34/50 Acylamino-acid-releasing enzyme
99/99 Hypothetical protein
99/99 Hypothetical protein
34/46 Acetyltransferase

100/100 Hypothetical protein
76/84 FAD-dependent oxidoreductase
83/89 ABC transporter permease
36/53 D-xylose binding protein
79/84 Serine phosphatase
99/99 Periplasmic sugar binding protein
44/60 Thymidine kinase

100/100 Hypothetical protein
32/47 Transcriptional regulatory protein
37/56 D-alanyl-d-alanine carboxypeptidase
99/99 Hypothetical protein
84/84 Hypothetical protein
98/98 Hypothetical protein
34/55 Zearalenone hydrolase
99/99 AfsR family transcriptional regulator
35/47 Regulatory protein

=D NapH . Napl. NapJ. NapK FI NapL i 3%
TEXNMEAE YA K. NapH & KS,
(Ketosynthase-a), fifk Clasien 454 ). Napl J&
T KS; (Ketosynthase-B), HE T IREEMICE . 456
W 2R BRI R (B )45 SR %1, Napl
133, 137 fiih G. L, Z5&4r 17450, #E Napl
R — A 20 R BREEN . NapK J&— 3Rk
fifg, H¥MEEE TemN —EhEmik 51.7%, TemN fi
44 Decaketidyl-S-ACP HALTEAL TemF2!?, [A i,
HED NapK 1713 Naphthgeranine A /1 A, B il C ¥y
e, NapL 2Z— 15 Teml £ 42.7%— 21k H# L
fiti, Teml {4k TemF2 1) D R EMETERL T TemF12Y,

IR LA NapL 17135 T Naphthgeranine A /' D 1/
B, WZIEM T HIER C, ZEit Naphthgeranine
A BIEIE R T -

1E5E %, T Naphthgeranine A 43+ E B 20kt
AT, SLMLALEE CabE —& ik 55.7%i1)
NapF fEfLIE R T 2845 M D; ZJa &l b P aL
T E, ETE FAD RS AY 4G NapP f91E T,
K4 Baeyer-Villiger e W JE W Fs b5 F 78 7K fiFk it
NapQ MM TIERL Tk G, 4T kAL ¥
AR A G Hy H 7E R B 564 NapM 4
R |, el R R Y R A AT
Naphthgeranine A, 41 FE LA 7.
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210 220

100

HFEMARAD F
R LEYL 7By A DW
RLALVEAEE
QHEIL vEYA EW
-MTARVV IQMENRT A 4 s| d 3 AR Vo LEYL VB TD s
MSASVVVIRGLEV A e AEE 3 Q R LEL V(A DW

¥ ; 3 L LAfTD L
HFRLARAEA
HFRFAGANM
QYE\r ARTNE

ETDAAPFSVG AG N ; {] S g S AS N S H ¥ N S L 2 G AINA VR RET
ESLTDYDMG T AR N SE <8 4 ; 5 B S & v Q SGLDAMERSIA R REMBISNG IS
RTMPDFAAG AS 3 s K86 5 /N s[8 3 GG 98002 GG LD AESS A R RSN G
EKQDEYGLG 4 3G 3¢ 3 s 4 S 1 RIEIG SVFVTESECRAMB A A 1AL LR K8

LGYEEMYT v DR AT GAARWEE SR EGJAQRV
F@B(Clé RINTATD) s -EAEESERP A e rRE 1
OxyB (C1 ABTTRTD A - IRXE s (A5 P GIR REVL
TemL (C20 A ¥ EATD| s -ARPXETISRP TGP AREIT
Lmd&ZO) WVARLANERVET s ENT E[D s -EREXEs B E » kR RN
JadI (C20 WV AHV A SDRT s EEFARIGH s -lgr )X s &k P AR KBV 1
PdmB (C24) LTCEILG s[ERIT G A DY A -@r s[&r p T EREYV
GrhB (C26 V(€L TAQIL S T{A| A S D D) A RN -lgP S SS[ERP P VI#A S VV
BenB%CZS ASMVABILAT(ELIES NP DY AEN . AHT(}P[ GREVI
dmG (C3 Y@LV LA ~ERD £ s REFE A - WX s G P clrR R A
320 330 380 390 400
|
apF QA \L'lADAL 31 4 G CA: 4 L HG NgFD - - 1cHp LOYAYT G R
FabB (C16 EL| NREYI GRY 3 / i LGE
OxyB (C1 AL TQVLAAE RYTGA
TemL (C20 AL NERLAEY SIRDCYVIZ A1 1Q
Lmdézw EL| AL IR RY AMREGL 1 |84 {TAQ
Jadl 2% EL| NERLNAY AMD EG{J1 33 viEgE
PdmB (C24) DL DI GA Y AMHD s \Y1 iy NGAE
GrhB (C26 EL| NARINEV 4 3 ALS\b\lelPL\hKP\PbLQlHI\VGG
BﬂBECZS A NERVL T EVIREP RG /| AAIlk“\SVGGAI AMRD GAJA NP H\YTELASDCP LORAYR T E
FdmG (C3 E P| BNERL TG LIMER G G /| 1T GR L YNGR 4 ALRDQVISYS VNIRPDP VHG - LDJRYT DR
430
apF LHHGATDA - 414
gabB(%lé LR FAPTP - 415
xyB (C1 [VSGRD - 422
Tcr%LézCZO VRRHG - 409
Lmdézm Vvl TDR - 406
Jadl 202 VIdS AN - 404
PdmB (C24) LG PN - 391
GrhB (C26 VEGGDRTDHTA 420
BenBE(‘ZS LRGDLTTPEII 409
FdmG (C3 LRsV------- 403

E 6 Napl fnEfth KS; BREBLF 51 L Xt
Figure6 Alignment of the amino acids sequences of Napl with other KS;

ACP

NapH/
Acetyl-CoA _T\fi_p[
9 Malonyl CoA

OH O O
D
0
HO
————— >
OH O
H

E 7 #SH Naphthgeranine A B9 & Bli&1E
Figure7 The proposed biosynthetic pathway of naphthgeranine A
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XITE4E: 4555 14 Sreptomyces antibioticus NRRL 8167 H Naphthgeranine A A= 114 18 5L [R5 1 23 A 4 18 2655

3 WikE4w

AHFFEI S antibioticus NRRL 8167 H/3# %]
ZEMEZE KSR Naphthgeranine A, i3 5 43 95
TR AL RIS S A A T L ES R, IR T
DRI 20 15 5L A0 HC A= 6 s o DXL A R BB 1 AR )
B aER . TR R7E Naphthgeranine A 11
2% Merochlorin 1 Napyradiomycin 4416 il
Hh o3 Bl A A PU S Y 2 AL g Mcl24 i
NapH3, fifk 1 o- 25 R FHER N, A HENEAY
£ Naphthgeranine A (4116 g 1% HH A A~ S EE
SRR S AL EE . 25T Naphthgeranine
A B EE R, HEDTITRY SRR G i 61 ST 8 1 2R
WA A B, SR TfIFE S antibioticus NRRL
8167 F:[H AL rhHIBA & BRI R A i, Wi
DR B Rt BLALC S 1 S SR AL P g R A . R TR
iT#EN S antibioticus NRRL 8167 H i id Hifth iy &
7 23k 4 i Naphthgeranine A .

TACEE W SR R 1) 7 7 T SR Ak & W 3 v S e T
TSR )5 T AR 12 T 8 A A T 2%
R AT BN A, SRISTEREA T KS
AL T IR A SRR C-C 412, 11 RIS 4 i
XA F—EEm B, fiEfb 24 Claisen 45
A RONTE B B- SR E A, PRt IR TE R R
P WAL IO M L R 2 R JE 1B i
B, plansa e . I KM EHER BT RS
&, I T A E A WETEZ R R RS AL
e,

S antibioticus NRRL 8167 f{JE[K 4 2 4150 Hr
WRIZHE A b DA T RVRE A B, 35Tk
WwOBRE R MEN R I BRI A A R T
Naphthgeranine A, [FIETEIX LA WA A BLETE
HA AT REVD S B — L LR R AL S 0, AR
R HE RO . MR N A, D s R
NaphthgeranineA (A=A BUATR S AR R,
LA FERA ARG E, FRATXT Naphthgeranine A
LR & R AR AT THEN . ASCHIFEZAE S

PRI IR LR BERE T LA, LA )T hxs SR i
FKRIPIRIAI, (HIEA 0 A& LA SR
B LERIBEERIE
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