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Streptomyces avermitilis NBRC 14893 7> 58721 - L 72
complestatin & oxazolomycin ZHiF KD LG WERT 7 T A5 —

ANBAGE D INEF?, BBDGHE?, JLiEEF 2, BEHEEZ Y, AR/ Y

MAZAT B N I EAN SR N A 77 /Y —+ >~ & — (NBRC)
D F292-0818 T-HERLARHEH T A9 S AL 2-5-8, 2 T151-0066 HHTHR# AT X P 5 2-49-10

YL 3R avermectin DR & LTS LT WS Streptomyces avermitilis ATCC 31267" @7 7 LFEEH)AHS 2001 44 Fi
XHEFEE N (Omura et al, 2001), [FFEHERR S, avermitilis MA-4680T D4z ) LHEEH & LT 9 Mb O¥eftifk& 94 kb D75
A 3 K SAP1 @ DNA Kc#)%% GenBank/EMBL/DDB] TAB &1 T\ % (Ikeda et al, 2003). 475l MA-4680" (ZHk35 % S.
avermitilis NBRC 14893T @7/ 2 DNA %###l & L7- PCR C, A ENTWAYT / ABEHNIIAALE L 2 Wk D NRPS
RS T 5 & W) RN RLHEAMER SNz, ZORKEE TS 72012 NBRC 14893 & 7/ ARMT L7zAHR, 2Ah &
NTWB 7 ARFNIGHFEL R WAEHZ B L. Zodi2idf 40 kb @ NRPS #faT-27 9 A % —%# 65 kb & NRPS/
PKSNA 7Y v REIEF7 5 AF —HFIEL, FNFN demethylcomplestatin & F# oxazolomyecin FHiFA D A4 & 112 B 5-
T EIRBENTZ. S, avermitilis DIEHERE (MA-4680T) 13 Agricultural Research Service Culture Collection (NRRL)
Z#%7-1%12, KCC Culture Collection of Actinomycetes, Kaken Pharmaceutical Co., Ltd. (KCC) & American Type
Culture Collection (ATCC) 2 » Twb. NBRC 148937 i& KCC BRICHIZE L, 2001 FED 7/ Af#HiRIE ATCC #RIZHIR
LTwW5. Streptomyces TWEX 7T AI RORERT ) LOMBPZ R ENEH TR VIELDT, KR THIBLZ 2004

EWBIET 7 7 A5 —I3IEEHRA NRRL 525 ATCC 12> 72D E DR TRELIZDOTH A ).

¥ — 77— F : complestatin, NRPS, oxazolomycin analog, Streptomyces avermitilis

F X

Streptomyces avermitilis \3PuartE HIE avermectin
DEERE LCHEFENH SN AR LZBGRETH 5
(Burg et al., 1979; Tkeda et al, 2001). % DIEHEMT
»% S. avermitilis ATCC 31267 @7/ LK AL
BRF R P E L7RIZE 7V — 712 X - T 2001 4E 1
LIRS N, K9 Mb OESIRG AT G TS 2 L,
ZFLTEDT 7 A%1213 10 FiH O polyketide syn-
thase (PKS) #fxT-27 7 A% —=% 8 #iJH® non-ribo-
somal peptide synthetase (NRPS) Efn¥27 A% —
XU LT 5525 B O R EY A4 A i
(BT TAY —DPHEET LI ENHALNICE -7
(Omura et al., 2001). Z® 2 EZIIZFBFIE T )V —
THBS. avermitilis DA 573 9,025608 kb D Gefn
K& 94287 bp D SAP1 77 A3 b b s L
(Ikeda et al, 2003), FEEHNZ S. avermitilis MA-4680"
DEFJ AEFNELTT 7y ¥ a ¥F 5 BA000030
& AP005645 T GenBank/EMBL/DDB] (Z%&:4% S 11,
JLE K% (http://avermitilis.ls.kitasato-u.ac.jp/) =
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NBRC ®F&— 24— (www.bio.nite.go.jp/dogan/
top) MHAHALTWA.

g8 513 Streptomyces & WFERG & LT PKS #Eizx
F% NRPS i#ifs+% PCR THIE L, Z oLy %
b LI OB BER L2 T2 2 &
T, EEBEE T DB EROMZ AT w5
(Enkh-Amgalan et al., 2012; Khan et al., 2011;
Komaki et al., 2009, 2011). Z®D7=H121%, HHTS
7 4 < —% PCR §fF 7% EHH @R T O BRI 8
LTCWANE)PENGET 2 LENH Y, ZOWGHEFE
BoMBELTY ) AENEBAMINRTWS
Streptomyces #FIH LTz, 7 MGk 213
) AHICAEFES A PKS & NRPS #fn A& THS
Mo TWEHDT, PCRICK > TETOBIETAS
7 IR N0 E) D2 HERTELZNHTH
b, G HZEOFEEEOMEFE TS, avermitilis NBRC
14893T 7 7 & DNA # $#l & L T NRPS {51 % 18
gL 7-& 212, GenBank/EMBL/DDBJ 1284k ST
W5 S, avermitilis DA 7 AEHNZIE A S AFAE L 2w
NRPS # xRS SNz i Eiro/ze 25,
NBRC 14893T 7 & #r7212 NRPS #in T % &G
BIETF I TAY =% RADTF -0 THRET 5.



S. avermitilis NBRC 14893" ® ¥ NRPS #fnT-27 5 A % —

TR EFE
1) RERAHRK O/ 2 DNA O3

S. avermitilis MA-46380T \CH K5 % S. avermitilis
NBRC 14893" (Fig. 1) #ffiffL7z. PCR @Al & L
THwWw724" 7 & DNA iE DNeasy Blood & Tissue Kit
(X atF 74 >) T, genome sequencing D&
J 5 DNA E#i# (RIS, 2001) % —#8Z L7z )k
BTHEL 7.

2) NRPS &R OB4E & OBk E

NRPS #fzT D7 7F=L—=Ya v (A) KA VD
PRAFGEIS X L TR 79 4 v — (A3F-18/128: cac-
SteSggNWceSacSgg, ATR-18/128: aSgtcNceSStScgg-
taS) #ikalL72. 1xPCRx Amplification Buffer, 0.4
mM dNTPs, 1.5 mM MgSO,, 1 XPCRx Enhancer
Solution, 1 uM A3F-18/128, 1 uM A7R-18/128, 10-20
ng 7 / A DNA, 005 U/ul Platinum 7Taeq DNA
Polymerase (Invitrogen) % & #r 20 ul D& % 95C/
5 min, 95C/30 sec-58C/2 min-68C/4 min (35
cycles), 68C /10 min T Xt &8 T, # 700 bp ®
DNA # PCR CHlE L 7-. WiIEEHO I/ 0 —="2 7
B O IEELA o P 12 BEFR (Enkh-Amgalan ef al.,
2012; Khan et al, 2011; Komaki et al, 2009, 2011) {2
#Ewv>, BLAST #1213 NCBI @ Web 4 T+ (http://

MA-4680, Merck Sharp & Dohme Res. Lab.
!

NRRL 8165 — ATCC 31267 — Kitasato Inst.
!

KCC S-1070 — NCIMB 12804
!

JCM 5070
!

IFO 14893
!

NBRC 14893

Fig. 1 History of the type strains of S.
avermitilis. Histories are
referred from www.nbrc.nite.go.jp/
NBRC2/NBRCCatalogueDetailServ
let?ID=NBRC&CAT=00014893,
www.atcc.org/ATCCAdvanced
CatalogSearch/ProductDetails/
tabid/452/Default.aspx? ATCCNum
=31267& Template=bacteria, and
www.ncimb.com/results.php?
parent=culture

NN B

blast.ncbi.nlm.nih.gov/Blast.cgi?’PROGRAM
=blastn&PAGE_TYPE=BlastSearch&LINK_
LOC=blasthome) % FJH L 7.

3) 7 Mg

BE#t (Komaki et al., 2012) 2t v, GS FLX
Titanium System (Roche Applied Science) &
Illumina HiSeq1000 (Illumina K.K.) % fiv»T whole
genome shotgun sequencing 17> 72. W47 /) A —
7y =B ILRER 67 5O read BEHIHEF S I,
Newbler Assembler (454 Life Science) 2 & - T 200
A®D contig BLANIZ T £ ¥ TN EN7. L 512 contig
BEF O£ BFR % 8 L T scaffold Z RS L 724554,
12 A ® contig FeH & 80 A ?D scaffold BLFI 2572 % K
F7 N7 AR SN T AT A X310
Mb &R Sz,

4) FHo hybrid PKS/NRPS #5127 5 A% —D[H
TE

Table 1 ® A-07 ~ A-10 ®HCH % & contig/scaf-
fold FH %38k L72. ORF X MiGAP (Sugawara et
al., 2009) Tl % L, PKS & NRPS &= 7 13 BE #t

(Komaki et al, 2012) 26t - THHT L 7.

5 TrtyyarFs

S. avermitilis NBRC 14893T @ ¥ 5 7 + 7/ LY
% BAVY01000001-BAVY01000092 D7 7t v ¥ a ~
5 T GenBank/EMBL/DDB]J (2 %4$% L 7-.

w R
1) S. avermitilis ATCC 31267 ® %/ AFHINZIEAT
15 L7 VAR KO NRPS #f5F

A3F-18/128 & ATR-18/128 7' 9 4 ~ — % H \w 7=
PCR T%# / A1 NRPS itz F % {iii i 7 < HIET &
HIE) MERIAET B7-012, S. avermitilis NBRC
14893" @7/ 5 DNA % $HIZ L T PCR & 17> 72.
HiyOKE ETHAH# 700 bp ® DNA 233EIE L 720
T, WREWE 70 —=v 7 L=tk 2870—20
MeFl & e L7z, BB ZBRC & 10 Mo (A-01
~ A-10) #5851, BLASTn CTHIFEMERER L 7ok
(Table 1), A-01 ~ A-04 & S. avermitilis ATCC
312677 (MA-4680T DELFI & L TEFHENTNE) O
77 AHIZAAAES A NRPS a1 O RS & 24—
HFL7. A0S & A-06 Tlx7/ AEH E—F L WiE
Fids 1l ~ 2R ZTED SN OD, S, avermitilis
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Table 1 BLAST search of amplified NRPS gene sequences from S. avermitilis NBRC 14893

Top hit of BLAST search

contig seq. No. of clones

Identity Closest NRPS gene / origin
A-01 2 100% SAV_3643 (nrps2-2) / Streptomyces avermitilis
A-02 6 100% SAV_3159 (nrps3-3) / Streptomyces avermitilis
A-03 1 100%  SAV_603 (nrps6) / Streptomyces avermitilis
A-04 2 100% SAV_860 (nrps7-11) / Streptomyces avermitilis
A-05 1 99% SAV_3198 (nrpsl-2) / Streptomyces avermitilis
A-06 1 99% SAV_3642 (nrps2-1) / Streptomyces avermitilis
A-07 4 67% tIm VI (tallysomycin) / Streptoalloteichus hindustanus
A-08 3 73% comC (complestatin) / Streptomyces lavendulae
A-09 6 72% comA (complestatin) / Streptomyces lavendulae
A-10 2 72% SBI_09660 (0zmO) / Streptomyces bingchenggensis

ATCC 31267" ® NRPS # 1= T 12k LT 99% LI LA
FPRL72DT, 77 APIAAAET 5 NRPS #IET
BHNZ—F L7z Lz, —0, BIR&Z LI,
A-07 ~ A-10 11X S. avermitilis ATCC 31267" & NRPS
BIRFLIZaERRY, BEAIO NRPS #IZFI2H L
TH 70% FEOMENEL R E 2 WHB 2R T
Hotz. B, KRFEBIHWZS. avermitilis NBRC
14893T 1M DO WEASTRA L Tz R b E 2 b
720°T, NBRC 14893" #kr HH—anm=—%5pHEL,
MibL7zau=—ICHkRT 5 8 /k%2 Bz, Thoo
16S rDNA i EHNZ S. avermitilis ® 16S rDNA Bt
Fleseall—8; L7z, 2L TIND 8HRIC Table 1 @
A-07 ~ A-10 ® NRPS B2 T 2MFHET 20 L9 &
PCR CHEFE L 72 & 2 A, 8BkE H 215D NRPS i
BFZALTH2DT, GHE IS 72 NRPS
BInT X S, avermitilis \(CHELTBY, MOFEKIZ
HET 2 0TI ARV EHW L.

2) S. avermitilis NBRC 14893 7" /) A i

NBRC 14893T %> 5 HH1® NRPS #{x - AE0E L 72
DT, S. avermitilis NBRC 14893 &7 ) 2% 7 )
LAy —=h v —=TCE L7z, 13517292 @ scaffold
BeF o Hi A 5 Table 1 ® A-07 ~ A-10 % & L HLH %
WL2EZ A, A07 & A-08 & A-09 1F 462,360 bp @
scaffold 00010 (BAVY01000022) 2, A-10 i 159,905
bp @ scaffold 00019 (BAVY01000031) IZAFAEL 7.
scaffold 00010 1¥ GC & #:2%69.5% T 392 il ® ORF %,
scaffold 00019 (& GC & =A% 70.6% T, 97 il ® ORF
#I—FLTWwW7/ ZN50 scaffold BEFNE AR E 1L
TW5 S, avermitilis ® 7 7 LS (BA000030 &
AP005645) &F—N—=F v T Lah o,

3) ARHMD NRPS #InF 2 & AEGWEES 27 T A5 —
(1) A5e4x7% NRPS #5127 5 A% —

Table 1 ® A-07 & scaffold 00010 (BAVY01000022)
O YT — F &N 5617 aa D NRPS & 1= T
(ORF10-194) @O ELHI7E > 72, & O NRPS I BEH O
NRPS (Actinoplanes sp. SE50/110 ¥ @ nrpslC/
ACPL_1021, AEV81918) Zxf L T 44% o identity
(55% @ similarity) L2vR&9, FiBEEEWL OO,
ARALVEFF L= ary (T) FAAL VLR
9, FBICMONRPS b a3 — F3NTwhhozd
T NRPS ICUHBB/NROE Y 2 — VIS (307
Yk—3vav (C) FALY-AFXALY-T FA4 V)
EREELTWhholz (F=FHK). itoT, XTF
FRALEM DN LR R BR T 2R R T2 TAY —
T WITREMEASE .

(2) Demethylcomplestatin DAEGHEE T 7 5 A ¥ —

Table 1 ® A-08 & A-09 & scaffold 00010 @ 5 ¥ &
NDIIZa— K&ENTwbNRPS #1x T (ORF10-72,
ORF10-70) 72-7-. 2 OHEIZIZIEE N (ORFI0-
63), ABC + 9 ¥ AR —% — (ORF10-69), 41 »
NRPS (ORF10-70, ORF10-71, ORF10-72, ORF10-73),
a4 ) — ¥ (ORF10-76), P450 (ORF10-77,
ORF10-78) Z i a—FENTWwWT, #40 kb D
¥ 279 A% —%HKLTwi £%ORFIid
Streptomyces rimosus subsp. rimosus ATCC 10970
(locus_tag %% SRIM) D@m= 1123 Ui b AR R
IR L7205, TNOHEIETFREPEHRT 2LEWIER~R
S5NTBELT. FNPHEE complestatin DAEERK
BT (com) ¥ (Chiu et al., 2001) Zxf L T 67 ~
86% DOHIFEE (similarity) Z/R L7z (Table 2). =
DI ITAY—Illdcom 7T AF =Lty b
fZT-HE CNEF CIHA TV S, S 5I2I6T 5 NRPS

-



S. avermitilis NBRC 14893" ® ¥ NRPS #fnT-27 5 A % —

D KRXA4 % ComA & ORF10-70, ComB & ORF10-
71, ComD & ORF10-73 Tidse4sic—3% L, ComC &
ORFI0-72 TH AF IV TGV A7 x25—F¥ (MT) K
AL v OFEE L EDZ W (Fig. 2). #t-T, X FN
JLZ R W28 L complestatin (demethylcomples-
tatin) ¥ 7213 E T X KWK O A AR E T
7 Ay =L SN

NN B

(3) #H#H oxazolomycin FHFAEDEGKELT 7 T A
9 —_—

Table 1 ® A-10 iZ scaffold 00019 (BAVY01000031)
® 22 7% H ®» ORF (ORF19-22) ®» — i TH - 7-.
ORF19-22 1Z NRPS TH VY, ZDJHH121% 4 o PKS
(ORF19-25, ORF19-23, ORF19-20, ORF19-18), 11 ®
NRPS (ORF19-24), 11 NRPS/PKS /N4 71V v ¥

Table 2 ORFs in the com-like gene cluster newly found in S. avermitilis NBRC 14893"

ORF* Size (aa) Protein homolog™ Proposed function (domain)
10-68 329 SRIM_39728 (ELQ77631, 67/75) transcriptional regulator
... transcriptional regulator (AAKS1822,58/69)
10-69 651 SRIM_39733 (ELQ77632, 73/81) ABC transporter
e ORF2(AAKSI823,69/84)
1070 2,185 ORF3; comA (AAK81824, 57/67, A/T-C/A/T/E) NRPS (A/T-C/A/T/E)
1071 1527 SRIM_10391 (ELQ83418, 65/73) NRPS (C/A/T/E)
. ORF4 comB (AAK81825, 62/72, C/A/T/E)
1072 4587 SRIM_10391 (ELQ83418, 66/74) NRPS (C/A/T/E-C/A/T/E-C/A/T/E)
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ORFS; comC (AAK31826, 62/73 C/A/T/EC/A/T/EC/A/MT/T/E)
10-73 1,838 SRIM_10386 (ELQ83417, 62/71) NRPS (C/A/T/E-Te)
. ORFG; comD (AAK81827, 60/71, C/A/T/E-Te)
10-74 75 SRIM_10381 (ELQ83416, 82/89) MbtH
e ORF7(AAKSI828, 74/84)
10-75 428 SRIM_10376 (ELQ83415, 73/83) integral membrane ion antiporter
e ORFS(AAKSI829, 68/77)
10-76 498 SRIM_10371 (ELQ83414, 80/89) halogenase
o ORF9: comH (AAK31830,76/86)
(1077 390 ORF10; comOI (AAK81831,59/73) P450-related oxidase
(1078 400 ORF1L comO2 (AAK81832,62/73) P450-related oxidase
10-79 74 SRIM_10356 (ELQ83411, 58/70) ferredoxin

ORF12; comFR (AAK81833, 59/73)

*Each ORF was indicated by the combination of scaffold number and ORF number. **Given in parentheses are accession

numbers, percentage identity/percentage similarity, and domain organization.

A, adenylation domain; T, thiolation

domain; C, condensation domain; E, epimerization domain, MT, metyltransferase domain; Te, thioesterase domain

ORF10-68 10-69 ORF10-70 (NRPS)  ORF10-71 (NRPS) ORF10-72 (NRPS) ORF10-73(NRPS) 74 75 76 77 78 79
A DL D aroate Y cmte ) CINTIE-CINTIE-CIATTE > CIATETe
ORF10RF2 comA comB comC comD 7 ORF8 comH 01 02 comFR
B DI D arcate [ cate ) CINTIE-CIATTIE-CIAMT/T [ ciaTETe
SRIM_39728 33 39738 . SRIM_10406 10401 10396 SRIM_10391 SRIM_10386 8176 71 66 61 56
c B IR Y D) CINT/E-CINT/E-CIAMT/TE > CIATETe

Fig. 2 Arrangement of com-like gene clusters. A, com-like gene cluster in S. avermitilis NBRC 14893 (Table 2); B,
com gene cluster in Streptomyces lavendulae (Chiu et al., 2001); C, putative com gene cluster in Streptomyces
rimosus subsp. rimosus ATCC 10970, which is divided into contig00026 (ANSJ01000022) and contig00355
(ANSJ01000274) in the draft genome sequence. The gap is shown in gray. A, adenylation domain; T, thiola-
tion domain; C, condensation domain; E, epimerization domain; Te, thioesterase domain; MT, methyltransferase
domain. MTs are highlighted in bold, because MT is not present in S. avermitilis com-like gene cluster (A),
and they are specific in S. lavendulae com gene cluster (B) and S. »imosus subsp. rimosus putative one (C).

_4_
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(ORF19-19) 253 — F & #h, # 65 kb ®» NRPS &
PKS »4E9 % (T2 5 A% — (NRPS/PKS /A
TY vy FEEFZIAY—) KL T
BLAST MZO#EH, ORF19-23 ~ ORF19-18 %% oxa-
zolomycin D/ESHICHS-$ 2% (Ozm) (Zhao et
al., 2010) 12xF LT 62 ~ 95% DA (similarity)
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Z/RL7z(Table3). L2L, GMEAM L2 A5 —
Fozm 75 AF —LIFEY 2= VER F AL VR
DS 5N 5> TW/2dDT (Table 4, Fig. 3), ¥
# oxazolomycin g A% G 5 T RETEAE .

Table 3 NRPS, PKS, and the related ORF in the hybrid PKS/NRPS gene cluster
newly found in S. avermitilis NBRC 14893"

ORF Size (aa)

Protein homolog™ Proposed function

19-25 2,951 SSOG_07310 (EFL27596, 64/72)  PKS-I

19-24 3,542 SMCF_5513 (EHN75030, 68/77)  NRPS

19-23 4,885 OzmN (ADI12777, 73/80) PKS-I

19-22 1,154 SMCF_2986 (EHN77489, 74/80)  NRPS
0zmO (ABS90476, 53/62)

19-21 377 OzmP (EHN75024, 91/95) (unknown)

19-20 877 0zmQ (ADI12780, 55/66) PKS-I

19-19 5,939 SSOG_07315 (EFL27601, 71/80)  hybrid NRPS/PKS-I
OzmH (ADI12770, 53/63)

19-18 1,065 SMCF_1747 (EHN78700, 76/82)  PKS-I (acyltransferase)
OzmM (ABS90474, 58/69)

19-17 169 Nsh-OrfB (AAB17876 ,70/79) polyketide cyclase

*Given in parentheses are accession numbers and percentage identity/percentage
similarity.

Table 4 Comparison of domain organization between ozm cluster in S.
albus JA3453 and ORFs on scaffold 00019 from S. avermitilis
NBRC 14893T

Streptomyces albus JA3453

Streptomyces avermitilis NBRC 14893

OmO  F/Mghy)/T  ORFI922 F/A@y/T
0zmQ KS/ACP " ORFI920 KS/ACP
OzmN KS/DH/KR/ACP- ORF19-23 KS/DH/KR/ACP-
KS/DH/KR/ACP- KS/DH/KR/ACP-
 KS/DH/KR/MT/ACP  KS/DH/KR/MT/ACP
OzmH KS/KR/MT/ACP- ORF19-19 KS/KR/MT/ACP-
C/A(gly)/T- C/A(?)/T-
KS/DH/KR/ACP- KS/DH/KR/ACP-
KS/DH/ACP/MT/KR/ACP-
ks/KS/KR/ACP KS/KR/ACP-
o EKS
ORF19-25 ACP-
KS/KR/ACP-
OzmK acp/KSMT/ACP " KS/ACP
ORF19-24 C/A(?)/T-
C/A(ser)/MT/T- C/A(ser)/T-
C C

F, formyl transferase domain; A, adenylation domain; T, thiolation domain; KS,
ketosynthase domain; ACP, acyl carrier protein; DH, dehydratase domain; KR,
ketoreductase domain; MT, metyltransferase domain; C, condensation domain; ER,
enoyl reductase domain. Substrate amino acids of A domains are shown in paren-
theses. Domains suggested as inactive by DoBISCUIT (Ichikawa et al., 2013) are
lowercased. Distinct domains between the two gene clusters are boldfaced.

_5_
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ORF19-25 ORF19-24 ORF19-23

NN B

1922 19-21 19-20 ORF19-19 19-18  19-17

KS/KR/MT/ACP-C/AIT-KS/DH/KR/ACP-KS/KR/ACP-KS

S Amarox )D

0zm0O - ozmP_0zmQ

A [ cexskracesace CIAT-CIAT-C )/ KSIDHIKR/ACP-KS/DHIKRIACP-KSIDHIKRINITIACP N rar ] Hksice
ozmH ozmJ ozmK ozml ozmM __ozmN
B [ KSKRIMTIACP-GIAT-KSIDHIKRIACP-KSIDHACPIMTIKRACP-ksKSIKRACP Y KSIACPKsIDHERKRIACP ksMTACP M CimTT-c ) ATIATIOC Y] KSDHIKRIACP-KSIDHKRIACP-KSDHKRIMTIACP ) FIAT

DD

SBI_09648 SBI_09649
(OzmM)  (OzmL)

SBI_09650
(0zmK)

SBI_09651
(0zmJ)

SBI_09652
(OzmH)

SBI_09659
(OzmN)

SBI_09660 - SBI_09662
(0zmO) (0zmQ)

C <AT/AT/OX K CIAMTIT-C

KACPVKS/MT/ACPKKS/ACPVKS/DH/ER/KR/ACP/MT K KS/DH/KR/MT/ACP-C/AT-KS/DH/KR/ACP-KS/ACP/MT/KR/ACP-KS/KS/DH/KR/ACP ” mm KS/DH/KR/ACPVKS/DH/KR/ACPVKS/DH/KR/MT/ACP} FIAT . KSIACP

Fig.3 Arrangement of ORFs in the hybrid PKS/NRPS gene cluster in S. avermitilis and those of related gene
clusters. A, the hybrid PKS/NRPS gene cluster in S. avermitilis NBRC 14893" (Table3); B, oxyazolomycin bio-
synthetic (0zm) gene cluster in Streptomyces albus JA3453 (Zhao et al., 2010); C, gene cluster annotated as ozm in

genome-elucidated Streptomyces bingchenggensis BCW-1 (Wang et al., 2010).
ACP, acyl carrier protein; KS, ketosynthase domain; KR, ketoreductase domain; DH, dehydratase

gray lines.

Each homolog trio is connected by

domain; F, formylation domain; AT, acyltransferase domain; Ox, oxidation domain; ks, inactive KS

zZ =

AWFZE Tld NBRC14893" A& ATCC 31267 4/
25 (BA000030 & AP005645) ZAF7E L 72\ com-
plestatin & ## oxazolomycin FHIFIR D A=A W dE 5T
2 A7—m /L7 & MA-4680T ICH KT 5
NBRC 14893" 7 & PRI L CTHi 7z e AW E T
TR —=BRON ST DONEELET DDV
Fx—aL 7 ¥a BITODS. avermitilis FHERRD K
B (Fig. 1) %2 L7z LR KZEOWET V— Tk
ATCC 31267 T % ) NS %N L (Omura et al.,
2001), MA-4680T »4x%7 7 AEi%H) & LT GenBank/
EMBL/DDBJ IZAB L CTwA. — KT, NBRC &
NRRL, KCC, Japan Collection of Microorganisms
(JCM) @ 3 ¥ B = #& T MA-4680" % A F L ¢,
NBRC 14893T & L TR L Tw 5. HlH, NBRC
14893 & ATCC 31267 " @ ¥ JiEIx NRRL % B2I2HHAT
LTHBY, NBRCHIZT ATCCHRIZHEL Tz,
it 5T, ATCC 31267" & NBRC 14893 @ ] T4
THEARBIET 7 9 A5 —I1TEWD AT B REM: X
THIZEZONS.

Substrain @ whole genome resequencing % 175 7=
Bl LT 7 22325 T Synechocystis sp. PCC
6803 DIFFENH SN TW5DH, ZFZ Tl SNPs R+
bp OIFREFNOIEA / REFZTFHED SN, Ft kb
CRSEABEIET 7 9 A5 — R E kb ORI OFF
AN/ RFNTHE SN Twivy (Kanesaki et al., 2012).
¥ 72, whole genome resequencing DFFE Tl 7R\ 73,
FLERH Lactobacillus reuteri DIELIERD 7 ) LFNT T
X L. reuteri DSM 20016T BRIZIZAFFE L o7/ AR

IS L. reuteri JCM 1112T ¥k 7 ) A1 @ 2 HpriZ K
Do TV, 15F7TiE 84 kb TR OEEREED
I—FEINTWT, b9 120113 302 kb ThHYEHE T
oY 72—y beEY T NTT) VEAERICEY
T LEETATI—=FINTW 2501 b IS H3HF
L TW720OT, DSM 20016" kT Z & OFIRA
JAMPLRBLIZDOLHENMSN TS (Morita el
al., 2008). Z® X 5 Z[H—HI¥K D substrain B TH T
kb LU F O ERIGE N7 ARSI DA IS 2L - T
BT X BB L 138D, Streptomyces TIIHET 75
AI FORFERPHIRR R ENTAF I v 213D S
LI ERMBNTWS., ZOHE LT, S. avermitilis
2 # 250 kb » 7 5 A2 X F pSA2 (Evans et al.,
1994) 2AFAEL, FIUTHIYG S 5 SAP2 I$E 2 ICA
PR ETHEREINTWS (Ikeda et al., 2014).
Streptomyces clavuligerus ATCC 270647 121 1.8 Mb
ODE KT A3 N pSCLA BAFEFET A A, S. clavu-
ligerus NRRL 35857 1213 11 kb %5 430 kb ® 3 D
79 A3 K (pSCLIL, pSCL2, pSCL3) 721} L 2l &
NTHEHT, FAMEOEEKRMTLTI7AI VG0l
7 LOREER S B LI ENTWS (Medema et
al, 2010). X512 Streptomyces TET I A I ROAZ
S5TEMIREDNA D ¥4 F 3 v 7 RERHMIEZ 234
TH5DOT, 7/ AOBMHBEENLLEZ D Hw
(Medema et al., 2010; Chen et al, 2010: Fischer et al.,
1997; Uchida et al., 2004). 4341 S. avermitilis
NBRC 14893T #k2> H H—a 0 = — O % %
MOEL, HWOR—aa=—%pEEL7:. ZD
3 HERRIC A-07 ~ A-10 T/R L 72 NRPS # {5 T- 23 7E
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T2 EI)NEPCRTHELZEZA, INHD
NRPS #{a T2 e WiIRAERDS 1 B2 o
7. ZOWIENRPS #IzT%2— F§ 58l %E KL
72 TiE R <, BEH < scaffold 000010 & scaffold
000019 DK ERILTWDH I AT b scaffold
B OWsgIc ENZFNEEGF LTI~ —10L 5
PCR TR SNz (F—F W), SHICHKKENWI &
12, Yeffk FICAEES % PKS #{5 - O T filipin ©
HEEWAZHE G35 PteA B FHRIBLTWEZ LD
PKS Iz 123 % PCR THLN oz (F—%
B’%) PreA \FHSHIRG RO R fHEIME LT 5
T (Omura et al, 2001), BZ 5 { Gtk EKiGHs
ﬁmﬁ&:ﬁ% LA RZEHEML TS, I Gtk
DNA 2354 F X v 7 ITHEEZL L 726ITH A 9.
Complestatin |& vancomycin % teicoplanin 7 & &
W2 G T HERTF MMELEWTHSL. Ihoo
L&Y D NRPS #EInT- 7 9 A% — I3 N X A YRR A
IR EEIN TR 2 e HESNTED (Li et al,
2004; Pootoolal et al., 2002), 4 NBRC 14893 75
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W L7z NRPS #{sf A% — (Table 2, Fig. 2) 3 2
DITN—=TIZEEND. Com 7 T AT —LDEWH
[N SAR Y T A7 —OFEWIE complestatin D i
FIVikEfK (demetylcomplestatin) TH 5 &# 2T
WBA, TS DALEWIZIEARE M DM 7 BRAL SUIS
R x 2T 5 DT, BN REYOILERE L in
silico SRNT 7203 TIHIWIC & 37, HUHE K OVREE fR AT 2
VETH 5.

AfFgeC R L7283 oxazolomycin JEHi A4 G
BET 7 A5 =G T AbEW (FRE) ok
ML 720 BECHE ST b oxazolomycin DA
BHGEIEF (0zm) 7 9 A% — (Zhao et al, 2010) %
Z#\2 LT PKS & NRPS A%l 3 2 56 0N % i
%€ L (Fig. 4), NRPS/PKS @ assembly line (Fischbach
et al., 2006) \ZFEDWTHE MR, T OEDIE oxa-
zolomycin OHFARTIEDH 55, BEHNID oxazolomy-
cins X S NICERORL Z2HBILEMTH L L
AR s (Fig. 5). 724%, NRPS & PKS THH
BN BEROBRLL B L OBIEFIERZTH 5

23

)

i

VR e - VT M-4 M-11 M2 g
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0 O
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0 HN

O
OH
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OH
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Fig. 4 Putative oxazolomycin analog biosynthetic hybrid PKS/NRPS gene cluster in S. avermitilis NBRC 14893".
Each ORF is shown with arrow, in which ‘ORF19- was omitted.
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Fig.5 Comparison of chemical structures between oxazolomycin and the putative analog. Upper; oxazolomycin;
lower, putative product by the gene cluster discovered in the present study. T, thiolation domain; C, condensa-

tion domain.

TIZHEM T Z VDT, IR ED O % L BB RS
T35 7 6 %\, Oxazolomycin E#fA L L Tl oxa-
zolomycins A, B & C, 16-methyl-oxazolomycin, KSM-
2690B, KSM-2690C, triedimycins A & B, neooxazolo-
myecin, inthoromycins A, B & C, £ L T lajollamycin
PHREINTWE, IS IFETH—OERGEZH
357, b L <1Foxazolomycins & V) b FEAREEDOH
WK TH 5 (Bagwell et al., 2008; Zhao et al.,
2006). - T, 4 NBRC 14893T 7 5 Ao lF 724
BRGEIET 7 T A5 —DEWIE, ThETHE SN T
& TR L X R B BLO T REE 2 RO IR IEDS
mEv. TR, B RAREEY OBRBIIBWTT /) A
RAZY T EMENDL FEPEASNDL L)% T
& 7z (Challis, 2008a, 2008b). ZDOFFPE7 /7 LAHIZ
B LWAGHGERE T 2 RO%R» S BLEW 2R L T
W dDTHA. KAWL X ZHHEMED W oxazolo-
mycin FHFAREGR BT 7 7 A5 =57/ A
YA =Y T EMEDBWTEE TN LT NBRC 2R A
% S. avermitilis DEMBERT AT L%, Hv
Fr—aLrvariLUMEORHNMEFETH 5.
NBRC Tt S. avermitilis NBRC 14893 LIAti2 b,
) MM EIniz S. griseus NBRC 13350 (Ohnishi
et al., 2008) * S. coelicolor A3(2) (Bentley et al.,
2002) ZHI2kET 5 S. violaceoruber NBRC 15146 7 &
EHLTWA., ZZTS. griseus NBRC 13350 & S.
violaceoruber NBRC 15146 ® % 7 & DNA % #8112 L
T NRPS #fz 1% PCR THIE L 7278, A ST
B EWHRD 7 7 AECHIHETE L 7 v NRPS #1513
—EIWIE L o7z (F—F W), - T, 4hlS.

avermitilis NBRC 148937 1281} 2 YW AT fFIZE 2
7o BT BB, BRI -0nd
LW, BV Fr—aL 73 gy OHLERHE
DAI—HF—FZDEHI B LRI I B EHELT
BLLEDNDB.
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Streptomyces avermitilis NBRC 14893" has complestatin and oxazolomycin analog biosynthetic gene clusters,

which do not exist in the reported genome sequence of S. avermitilis MA-4680"

Hisayuki Komaki, Natsuko Ichikawa, Mitsuo Sekine, Yuko Kitahashi, Nobuyuki Fujita and Ken-ichiro Suzuki

Biological Resource Center, National Institute of Technology and Evaluation (NBRC)

The complete genome sequence of Streptomyces avermitilis ATCC 31267", known as an avermectin producer, was
reported in 2001 (Omura et al., 2001), and is now published as that of S. avermitilis MA-4680" in GenBank/EMBL/DDB]
(Tkeda et al., 2003). In our PCR-based nonribosomal peptide synthetase (NRPS) gene analysis for actinomycetes, NRPS
genes that are not present in the S. avermitilis complete genome sequence were unexpectedly amplified from S. avermit-
ilis NBRC 14893". To investigate the reason of this unexpected result, we sequenced the whole genome of S. avermitilis
NBRC 14893" using Genome Sequencer FLX and Illumina HiSeql000. Consequently, the genome size was estimated at
approximately 10 Mb, and 92 contig/scaffold sequences were obtained. Some of the sequences were not present in the
published S. avermitilis genome sequence. Approximately 40 kb of NRPS gene cluster and 65 kb NRPS/polyketide syn-
thase hybrid gene cluster, previously unreported in S. avermitilis, were discovered in the NBRC 14893"-specific genome
sequences. Bioinformatic analyses suggested that the two gene clusters were likely involved in the synthesis of demeth-
ylcomplestatin and a novel oxazolomycin analog, respectively. According to strain transfer histories among culture col-
lections, the original type strain S. avermitilis MA-4680T had been deposited to Agricultural Research Service Culture
Collection (NRRL), and the NRRL strain had been subsequently deposited to KCC Culture Collection of Actinomycetes,
Kaken Pharmaceutical Co., Ltd. (KCC) and American Type Culture Collection (ATCC). NBRC 14893" is derived from the
KCC strain, while the complete genome-elucidated strain is from ATCC 31267". It is hard to imagine that pure culture
stocks acquire additional DNA coding large biosynthetic gene clusters. Furthermore, plasmid loss and dynamic genome
reconstitution frequently occur in the genus Streptomyces. Therefore, the deletion of the two gene clusters we discov-
ered here had probably occurred after the type strain of S. avermitilis was transferred from NRRL to ATCC.
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