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Discovery of products of collismycin A modified with gluconic acid
in Streptomyces sp. HKIB0006
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Abstract: [Background] 2,2-bipyridines, a class of antimicrobial compounds produced by
actinomycetes, have significant antifungal activities and are featured by the 2,2'-bipyridine
moiety. No deactivated compound after post-translational modification of the known
2,2'-bipyridines has been discovered, and the self-resistance mechanisms of microorganisms to
these compounds remain to be reported. [Objective] To isolate, identify, and determine the
antifungal activities of 2,2'-bipyridines from Streptomyces sp. HKIB0006, evaluate the effect of
post-translational modification on the antifungal activity, and decipher the self-resistance
mechanism of the strain to 2,2'-bipyridines. [Methods] We screened out a Streptomyces strain
with anti-fungal activity by the disk diffusion method and then identified the strain by genome
sequencing. The target compounds were separated by silica gel column chromatography and
HPLC, and their structures were elucidated by MS and nuclear magnetic resonance
spectroscopy. The antifungal activities of the isolated compounds were evaluated, and a
glycosyltransferase responsible for the self-resistance was revealed by sequence alignment.
[Results] Two 2,2'-bipyridines were isolated from the fermentation broth of Streptomyces sp.
HKIB0006. One was a new compound named as 11-O-gluconicacid-collismycin A (1), and the
other was the known antibiotic collismycin A (2). The antifungal assay of 1 and 2 showed that 1
was inactive and 2 was active. [Conclusion] The antibacterial activity of compounds 1 and 2
was tested. The compound 1 is a gluconic acid modification product of collismycin A, and it is
inactive due to the gluconic acid modification. According to genetic analysis, we propose that
the gluconic acid modification may represents one of the self-resistance mechanisms of strain
HKIB0006 against collismycin A.

Keywords: Streptomyces sp.; 2,2'-bipyridine; antimicrobial activity; glycosyltransferase

TR G R AR = W O E ORI, 0
WK BEFEES R G . M AP R AR AL S ik
U T B A SRR A A i, AT A
A S5 H ZRER TS PR AR 1, LE I & B
T 2R R — R AN GUE  RH PTERE R
PEAMHI 259012, FRT, ok AR R U A A
PINERR . iR 45K, FIMERMEK

BRY, URDUECE YIRS MoRER
F BRI I T m R, s, LA
B W) BT AL A ¥ (GE2270A, deoxyactagardine,
actinonin) 1 #T J% 1k & ¥ (salinosporamide A,
sungsanpin, diketopi-perazines, marthiapeptide A)1E
PRI RIS, B2, i 80 AR M2k
R T A R ORI A s, X
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SRR T 2 A, SR, AR
BT 24 ™ U NS, T A A M T 24
BLHIA B T 25 R/ A B ia o 5 A BT 25250,
VERPUA R F B AT, L A B o 2 Fh
FRRALHI R4 A O fo 52 WIRPE ST A R 09 /1
YERPL,

I VO E UL A UL T T A
45, WIRSMEE . G BT . e
B . DNA B FE KBTI RN,
HHERE FDRE A 07 A R A P HE
Hb, DT EE S wE PR A5 4 5 M P A SR A
PEFIUOT, 5 A 7 DU PR 3R 1) 1 2 2R i A TR DY
IR A W) R 7% (biosynthesis gene cluster,
BGC)H g bt —Fh 5 28 (i, PR
Hel 5 S ARG, oA =8 g st
B B BT P R R B R R R R S
muetE, Y SRAS AR SR E
FEAR, M B B AR ROR, Bl 16S
rRNA §8 2 AT DU 3 A% WA B L 5% B g HH Ak
AT BEL L TR P T (LA R ST JRR e i 25K TR 28) Y
S5GT AbA B i D2 fAE P ) R I Y
ftr Bk - i B, Al . BERR AL .
WAL . AL AR, A R R ) .
IR Ak 5 Tk b A2 A Ry DL R P i 1y =K
o Qi R 5 RS i Gtm] X PR K5 &K 3'-OH AU
RRALMY, PAK N-Z W55 M BlmB Al TImB %f
MR G R KB Y RSN WA W
0 TR W A 20 Ak 5 R Ak i 3] D
A, FEEADERITEE KijX % kijanimicin Fl
lobophorins [ 25 B FL AL 1O, DL K A B 4% 7% il
Olel }% OleD"" | GimA'"VHI SunS!"™ 43 51 X
oleandomycin, spiramycins Fl sublancin [/ F
o WAL, FEEEHUA: YA N IR AEAE 2 7 A Btk
BLEI B RIVE R, DT S0 A &4 B 3R AR
P, Flhn, 78 Z50E % & (naphthyridinomycin)!2%-2!!

M A2677T1BPI A i # b, 7 AR Y [R]
iR T BTG ML AL S e L, ORI B
S AP W 0 B AR BT 2
2,2"-BRMERESAL S R B TR A i — 2
HAMFFRER IR BT A 1959 4E N
BRI R R —MME G ) caerulomycin A
DI 2 AR TR 43 5 R A AN [
ERRFIE 2RI, U0 collismycins (COLs)P®!
pyrisulfoxins?”/ 1 cyanogrisides®*'4 . CAEs .
COLs MAHKAT AW HIEYIIE L 12 : 41 CAEs
HAYUA . Pus 2 0 e e i dilig ok,
COLs AP . PLICH . HUsiE . PrR b2
PRyE R XF 2,2 - BNk RE R S Y &
BOREWARZMIE, HRIZEAEYRRE
BL B R W IE o ASHE Y DL — bR BE T
HKIB0006 X4 , 4325 Al Ak H i i bk 1 20K
AR, X G5 R AT 50 1 W] B 3 3 B
T ELR P ETE S, DU TR A YR

i R

1.1 EH#xK
A HE 2 #AF14 (Bacillus subtilis) ATCC 23857,

Kk (Escherichia coli) ATCC 25722, 4:#ia,
%R 1 (Staphyl ococcus aureus) ATCC 25923 il
Fi-7 Ji% £} (Saccharomyces cerevisiae) AS2.399,
o [ B2 B B AR M i 5 T o

1.2 EFHFE

i R SRS SO [301 R, 1SP2 $%
FREESZECHR[31TRCH], LB B R ES2% CHk[32]
Beifil, YPD 3557322 SCHR[33]ACH -

M1 K773k (g/L): AT PETERY 20.0, JCK A
W 10.0, REHEMAM 5.0, BEEHZEY 5.0,
NaCl 4.0, K;HPO4:3H,0 0.5, MgS04-7H,0 0.5,
CaC0s3 2.0,

M2 HigiBk(g/L): MWK 40.0, FAiK 7.5,
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MK IR 2.5, BRI 5.0,

M3 HiFk(g/L): Hl 50.0 mL, £ KM
25.0, MERHEE 5.00

M4 FiFedk(g/L): HEME 100.0, JC/K %4
10.0, casamino acids 0.1, FEEEHEH) 5.0, MOPS
21.0, #EE 1.0, K»2804 0.25.0, MgCl,-6H,0 10.0,
R ICR 1.0 mL,

pH {8 7.2-7.4, 121 °CK 4 20 min,
1.3 FEAFIANEE

PitERE R B, LifEl 2AEMARHCA RS
Al EEZERMA RN T ER, HBL
AP A BRA A RALM R s, =254k
iRt TAREZEAKES, BiFEH
LEEST RO s B OB AR 35 - 5 o3 B B
Y (ultra-performance liquid chromatography-high
resolution mass spectrometry, UPLC-HRMS), AB
Sciex /A H); SepaBean® machine U L3 & A il
FOTERG, “HEPHLCHINARA A SRR
MEIEAL, SHA ;5 500 MHz 4%k L4 P
%, 600 MHz B ILIR PG, AP0,
1.4 EHNDE

2022 4 3 H T = M U RURAHE K F G M
ST LM SR AR IR AR S, BRI 10 g K i
B ARG, B 60 °CHEFE ' 60 min % T4,
W A TCE bR, A D 5 JC TR K 17 b
W, I TR A I A TR0 BE AR R, k45 1071
1072, 107, 1071 107° 3% 5 Fiyfe i A B0 T7 TR o
FEAB FEVE T B 0.1 mL AT F& 7 50 png/mL
HRIR A IR — 5Pk, 28 °CHiFR 7 d, Bk
YBCRA TR v T i S 52 5
1.5 BEHRAYHIE S M E

K T e Y ) TR R T8 Ao P R R £ vk e b 3
ISP2 }iFRdk, T 28 cCIHIR AR 7d, WA
T, M1, M2, M3, M4 fil ISP2 iX 5 Fii 5%
FEXT TR R A TR & T, 28 °C . 220 r/min k5

B 7 dJa, BRBERAE R IR T 7 000 r/min 25
O 5 min FRAF BRI, BRI GACH™
Y 1R CTRZ I TERARTTIE o A H i, i@
of AR A, R AT . BRSO R
TR A% TBUIR A FR e 4l BUIR 0 o) P e e 2 R ANk
AT, BIFPAHMEE LY . R P
PSR TSI, A UPLC-HRMS
X R B I R A T A A
1.6 HEVHNNE. GEEWERE

FEF NG 1545 2L S UPLC-HRMS K il 4%
TE B AR SR T bR HKIB0006 i#E474 K
K, MBREE7 Y. BT Bisftb &K
9, ANREiE I O R CPRZEHUS R, I AE 0
O3 IR SE L IE I A L R A
BTRIKIET IRy, a6 Lk, HE
FEXI NR EA TR, HAEIEAT 2-3 Ik, Fsrie
BRI G s AR B T R
M, RIEEIFITARBUR, Wef2 kIR 5
BT 4 °CEI 17

¥ Rk HKIB0006 11 % e $ B ) 1 Scii
T IE AR A, ol S ot R R (IR L
439124 100:0., 95:5.90:10. 85:15., 80:20., 70:30 .
60:40, 50:50, 20:80. 0:100)FF7#AE¥EM . ¥k
IR VR IS A S5 PR B 78 R SO R VR A, X A e
FEsb AT HPLC 43 #7, 4k HPLC = #igny
L AN I RAE 5 UPLC-HRMS #6045 5 rh 75 31]
PSR AEAS X, 8 7 B AR & 0 T 2E 1 43«

FENL B B E YT ER ), it AR
FHT 28 0 T X% B A8 o A T B alidk, eI
R HES5K, BEK & ik 10 mL/min,
0-20 min, Z MG 5%—100%E1 148 A6
PERR, KK 254 nm A1 340 nm, BRI BENS
T o WA B e 2 2 ke VAR 4 I A 30 R A
1 BRI

il HPLC #E 74lifk, X @isa: . W
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VEMARZR . VRS . AR RIVEE A B . K
D R S5 8 AR A TR R, PR & 05 o) B A
JEBF (VR A A AT R B2 e . MU AR 1
— AN LA, FiE 3F UPLC-HRMS #f & Hial
JE J e e 28 R ASCGHEA 7 s T8

% HPLC. UPLC-HRMS &l & #6305 1) 2
HALEY, A 600 uL DMSO-ds 5573 i, 18
T A% 0 LR B A S &S ("H-NMR) | B G
(*C-NMR), DEPT. HSQC. HMBC. ROESY
Ml COSY, WEG YN —Eahitt . it
f# | MestReNova 14.0 A EATACFR, 254
Analyst® TF 1.6 software 437 T 155 a 1 & B4
WED T ERN, AR G254 F ChemDraw
19.0 #4721 .
1.7 WEYRHIEFMENE

FH T 2 0 TR T A B e BE 25 ol
PERE R B, I THUAHGE P FvEXT B 25
2N R MA T ERER.

1.8 Bk HKIB0006 f49EE & 48 0 5

P Bk HKIB0006 Jf] ISP2 [E1A 8 35 B kA 7
afifbii %, PREBUR R 2 5 A 1SP2 -4,
F 28 CCHEFA IR 7 d, TFRIRIERR AR
e 4w &, B E R HKIB0006 1Y ISP2 [# {4
B SR IR SR F i I DL AR AT BR A F b AT
FER A7

2 BERGHM
2.1 FE#k HKIB0006 BUNE LS R KX R
K =45 4

MEREERE A 4 245 20 ) AR HKIB0006
(F 1A)RERE I AR R A, F ML M2,
M3, M4 Fl ISP2 5 R 52 5 X0 BRI MR IEA T4 &
W, RRERAREU G ENE R, BHA M3
B R on A E (8 1B), IERATEX 5 A
REFRFER, RBE HKIB0006 Fo 3 P vk e A5
Y R AE M3 B3R b AR

E 1 & HKIB0006 FEE S M BEFEIEIER A
JEA; B H AP RESRIE A T S B X e B IS E R o 1

AL 4. M4 BEFRHLE; 50 ISP2 H55R0E,
Figure 1

ISP2 55t [ H SR 7 d IV
M1 B3R, 2. M2 55383, 3. M3 8%

The colony morphology of strain HKIB0006 and the inhibitory effect of crude extract on yeast. A:

Colony morphology on ISP2 medium at day 7; B: The antimicrobial effect of five kinds of culture broth
extracts against yeast. 1: M1 medium; 2: M2 medium; 3: M3 medium; 4: M4 medium; 5: ISP2 medium.
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W M3 SRR AR T UPLC-HRMS
K, FEZe . 7E 3.643 min % 4.921 min A4
TR IE(EL 2A), WIS PERIE T 2 i,

HE— 2B TIX 2 AN, BETTRYRRIE SRS
AHIE], H97E 250 nm F 340 nm 545 (& 2B). W41
B4 1B [M+H]=452.112 9 (& 2C), 1% 2 (¥
RN [M+H]=276.081 1 (&l 2D), i3 s
BT TR R I B T o128, WS
X 2 AMEG YR 2,2 - BRIk E R AL A PPl
22 EVMHNSE. G SEMEEER

BTk HKIB0006 HE1 19 K E (10 L), A&
PR YA 42 U 3 2o LR R LT AT | Cos SORH VR AR
il £ €0 1% N e O (s S g H R,
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Bk HKIB0006 % %% A UPLC-HRMS #8745 R

EAFEIBAREA Y 1 10 mg, LAY 28 mg, E
T A TR AN RS

L&) 2 i Analyst® TF 1.6 software 43
B Hor 308 CisHisN302S (mvz 276.081 1
[M+H]", caled. 276.072 8), % —4EA%REHHE A
SCHR FEXT, B2 A A collismycin APY (K] 3),
HSwTHEm, 9, E4F k. 2E, <
Mg, NETK. (EW 1, SETK,
PR P, &P, O, NET LR LR,
il HRESIMS i 5+ °8 CioH21N30sS
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L&Y 2 K 176.03, 1 /9 "H %1 BC $idli 5 2
FERIER 1), B 3 B A R A 2500 B 2R Rt i
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Figure 2 UPLC-HRMS results of strain HKIB0006 broth extract. A: UV absorption of 1 and 2 at 254 nm; B:
UV absorption characteristics of 1 and 2; C: Molecular weight of 1; D: Molecular weight of 2.
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11-O-gluconicacid-collismycin A

3 HEM1 A5 2 BHKFEESEN
Figure 3 The chemical structures of 1 (A) and 2 (B).

#x1 *®&4¥152H '"HNMR F 13C NMR #3E

OCH,
8

Collismycin A

Table I 'H NMR and '*C NMR spectral data of 1 and 2
Position 1 2
Jc on (J=Hz) Jc ou (J=Hz)
2 153.8 s 156.0 s
3 104.0d 8.08 (s) 103.0d 8.00 (s)
4 167.0 s 166.9 s
5 122.5 s 121.1s
6 151.3 s 152.7 s
7 149.5 d 8.95 (s) 146.8 8.71 (s)
8 56.6 q 4.09 (s) 56.4 q 4.05 (s)
9 17.7 q 237 (s) 17.8 2.34 (s)
10
11
12 105.1d 5.10 (d, 8.3)
13
14 76.0 s 3.80(d, 11.4)
15 718 3.37 (1, 9.3)
16 75.7 s 3.33(t, 8.9)
17 71.4s 3.25 (t, 8.6)
18 170.2 s 10.50 (s)
19 7.13 (d, 6.1)
20 7.04 (d, 6.2)
21 7.21 (s)
NOH 11.78 (br s)
2! 1559 s 154.5 s
3 12134 8.43 (d, 7.9) 120.8 d 8.37 (d, 8.0)
4! 138.1d 8.05 (td, 7.7, 1.8) 137.4d 7.95 (ddd, 8.0, 7.5, 5.2)
5 125.0d 7.56 (ddd, 7.5, 4.7, 1.2) 124.7d 7.48 (dd, 7.5, 5.0)
6’ 148.9 d 8.74 (dt, 4.7, 1.4) 149.2 d 8.70 (dd, 5.0, 1.2)

1: Recorded at 600 MHz in DMSO-ds; 2: 500 MHz in DMSO-ds.
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o wg v L DL BT 1, 3R A8 B R YRk
Bodl bl , 465 NMDC0000299). Hi 'H %
BN 2 B HGRAE S (0n 11.78, 1H, brs), i1 k
TS, 11 18 S LA REEF S (0u
10.50, 1H, s). 2 Al 1 f4 C 3%43 50 /R 13 A4~F
1941 C15%5, 21 C-7 (6c 146.8)5 1 1) C-7 (6c
149.5), tH2= 2 M2, kB E A PSR
[FEE 1/ PC iR Bon A S N O T
Clas,m 'Hif bt mnZH 3N BRI HGES
(H-19. H-20. H2)HBEA PRI, EMiE
T — M HEPERR . 2745 20 Hr HSQC F1 HMBC
4 P A1, 18-COOH (J¢ 170.2)5 14-H (6u 3.80)
%, 14-H (du 3.80)5 15-H (du 3.37)HHi%E,
'H-'H COSY M8 HMBC WA 4, jiEth
(o] =—23.70.

TE 1 R A BERR s ke bR H 546
i H R T B oNRES, #EHECO/N Y 8.3,
FRAE R A H RS G  80( dn) 5 17 SR B H)
Wr, R T X AL G ) B R RERR R 5y B AR
ZAAPTIR 1 k2= K 3A R, ¥zdk s
Y144 M 11-O-gluconicacid-collismycin A (1),

18

- COSY ~~ N 'H-"C HMBC # = NOESY

E4 HE41 89 'H-'"H COSY.NOESY & HMBC

GEES
Figure 4 The 'H-'H COSY, NOESY and HMBC of 1.

2.3 EMNIEFEMENESR

Za I O R R N U B S N S 7]
11-O-gluconicacid-collismycin A (1) collismycin
A (2). D€ B BT 1 0 BH X BR 25 1
PEFR B, DAL T DU il i 1k i B X iR 24
YIisE 22 MR GMABA N T HR), EAHKE RN
1 mg/mL AIREREW, FIHIE0 5 0L L&
PIRIHUIA . PUECAEEPE: 405 B IA 10 pL
B 1. 2. 3 1 4 R R I BT 4 0 (03 4
RS 3 A1 4 2700 3 L), JHICH B TR
AR i R AE TR A 48 8 e IR B AR B BT
28 CCHEFRAA T 24 h J5 MM A RCR o &5 R ]
e BRHAEEY 2 XA A TN, L
B R (A 5).

T RENIX 2 AR A IR S T A0
BAYUE, KB HKIB0006 il T ik T ISP2
PR b, DABLEE 2218 2 (3) N FHYEXT R, DMSO
VRS B IR, 48 7 9 ok s (e &
Y1152 %4010 L, 31 DMSO £l 3 uL).
ZERARRAL Y 1 XA P A T E 2,
CRALE Y 2 X 1E EAETEE 6).

L L EESRIB AL S Y 1 3RS 0
W, 2 X E FATEE, W PR AR
AR — Rl B AP P, BIGAEYh TEAE,
235 WA B R GACHE ) W R A SE L 58 4 2 5
WA, S TN A SR YR, R
M e BE sE A3, 7= A s AL ) B A
HHTHEAL, LASSE R RO 2RO,
2.4 BEERZHE Geol-GT HIFY
S

Ptk HKIBO00G6 FIAEA 4 £t NMDC60153819
FAELE B R IR 28 O (NMDC), B 4%
A https://nmdc.cn/resource/genomics/genome/detail/
NMDC60153819, i) antiSMASH 7.08%f
DNA FAREA 104, W E 7 HAEY) & i
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.S'ru;}h) coccus aurelts
JUATCC 25923

‘o

M SR
Bacillus subtilis ATCC 2385

5 wEW15 2 MAMEBGYNINEFEENE A EW 15 2 KRS R B M BRI
HVEM: B: (bEY 1. 2, 3 R AXSWHOMARENMHER; C: LaW 1. 2. 3 L4 W KT
AAHIER s D ABEY 10 2, 3 K 4 WA PR MEIE A . 10 20 3 (BEEZER). B (iM%
RB)4(ENEER): 10 ng; MPLEE OMERENLSY 3 M 4: 3 g,

Figure 5 Determination of antibacterial activities of 1 and 2 and positive control. A: The inhibitory effects
of 1, 2 and amphotericin B on Saccharomyces cerevisiae AS2.399; B: The inhibitory effects of 1, 2, 3 and 4
on Staphylococcus aureus ATCC 25923; C: The inhibitory effects of 1, 2, 3 and 4 on Escherichia coli ATCC
25722; D: The inhibitory effects of 1, 2, 3 and 4 on Bacillus subtilis ATCC 23857. 1, 2, 3 (thiostrepton), B

(amphotericin B) and 4 (ampicillin): 10 pg; When measuring the activity against Staphylococcus aureus
ATCC 25923, 3 and 4: 3 ng.

PRI, SERL T &SI aRIE R (R 2), TR S H
SEM T I E LA E caerulomycin APOIY
AW A RE IR T T HXT o 8 He X4 36
B, FEAEE W 1 WA G Sk R 7 D 3 B 408 3l
DX 3 rp ok e BB SL G B il L R P 4 (1] 7).

HR A5 SCHR[37]1 2 11 4 B IR 5% F4 i GeaC 1Y
FIEMRIFY, 7EHE HKIB0006 #1155 F i
BLAST 43#r, R3] 4 MR B IL IR TP
ST WL 2, BARAEAE7E R S YRk A

tuly, 45 NMDCX0000299), i i MEGA 6.0
AT Bk 5 ST IMSIEIE e, kB
" Geol-GT 5 GeaC FHA B i =i (coverage 99%,
identity 54.09%), Kb H25 THEibE
Y2 B 1 BB

3 W54 %®

AHIFFE 43 18 i 106 3] — R X LR B R H
BUTE PE A58 5 T HKIBO006 , X [ A [m] 4 35 ok
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6 &M 15 2 x1EEMBEAYINEIEMNE
1. 2: 10ug; 3 (MifE22E )5 DMSO: 3 pg.
Figure 6 The inhibitory activities of 1 and 2 on

host cells was determined. 1 and 2: 10 pg; 3
(thiostrepton) and DMSO: 3 pg.

PG R B, U M3 Ri 3R R B e
K E)E AL &Y, i HPLC-HRMS £ £
M3 iR R BRI A 2 AN R
Yy, WL HEPRIEER IR X 2 i, #
WP KA., P00 ik e a5 gt w4
F7RIX 2 ANy 2,2 - BRI RE R S .

2,2"- BRI BE Ak 5 1) 2 — il 26 Tk 5 1Y)
e, BAZRAYEN, BiEbiE . s
T RPEMRIEE . BLR AR RSN, A
WA, PUA: R 24 5L AR AT e I8 1 2k
PUAERMME, XL ELARY A C Rz N
WP RB R . AR, NEEHE
HKIB0006 485 7 —Ff 2,2 -kt ek b 59
A9 ELFIPTAE R collismycin A (2) S HiATT A=W 4
(1), 44~ 11-O-gluconicacid-collismycin A

R 2 EHK HKIB0006 FULEY 1 £MAMEREEIR
Table 2 Biosynthetic gene cluster annotation of 1 in strain HKIB0006

Gene AA Protein homologue Coverage/ Proposed function

(accession no.) Identity (%)
gcol T3 581 caeT3 (Query_4188425) 99/65 Iron import ATP-binding/permease protein IrtB
gcol T2 586 caeT2 (Query_4441221) 98/64 Iron import ATP-binding/permease protein IrtA
gcol X1 351 (ARF75842.1) 100/79 Vitamin B12-binding protein
gcolX2 364 (WP_161321671.1) 100/86 Vitamin B12 import system permease protein BtuC
gcol X3 273 (WP_311606023.1) 98/90 Fe(3+) dicitrate transport ATP-binding protein FecE
gcolR2 168 caeR2 (Query 1351195) 93/60 HTH-type trans criptional regulator MalT
gcolM 352 caeM (Query_1457303) 97/53 Carminomycin 4-O-methyltransferase DnrK
gcolK 504 caeK (Query_1537565) 96/67 Aclacinomycin-N/aclacinomycin-A oxidase
gcolG 531 caeG (Query_4798575) 98/57 Acetylornithine/succinyldiaminopimelate aminotransferase
gcolX4 343 (WP_164618159.1) 99/84 Mitomycin biosynthesis 6-O-methyltransferase
gcolO 462 caeO (Query 1689535) 99/65 Hypothetical protein
gcolN 343 caeN (Query 1793967) 99/61 Hypothetical protein
gcol X5 399 (WP_164618153.1) 99/88 Thiamine thiazole synthase
geolL 425 cael (Query_5049747) 95/57 Hypothetical protein
gcolE 593 caeE (Query 1968047) 94/52 2-hydroxy-7-methoxy-5-methyl-1-naphthoate-CoA
gcol X6 330 - - -
gcolC 424 caeC (Query_6493749) 96/58 GDP-perosamine synthase
gcolD 388 caeD (Query_4150085) 98/59 Monomeric sarcosine oxidase
gcolA 2515 caeA (Query 2845151) 99/56 D-alanine-D-alanyl carrier protein ligase
gcolB 1060 caeB (Query_6215307) 96/53 Linear gramicidin synthase subunit D
gcoll 386 cael (Query 2226549) 95/64 Acyl-CoA dehydrogenase

—: No data found.
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Figure 7 Comparison of biosynthetic gene clusters between 1 (Gceol) and caerulomycin A (Cae).
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