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AO: Aspergillus oryzae 

AU: arbitrary unit 

Ac: acetyl 

BBE: berberine bridge enzyme 

BLAST: Basic Local Alignment Search Tool 

calcd: calculated 

Cont: control 

COSY: correlation spectrometry 

CPS: Czapek-Dox/peptone/starch 

eq: equivalent 

ESIMS: electro spray ionization mass spectrometry 

Et: ethyl 

FW: forward 

GGPP (S): geranylgeranyl diphosphate (synthase) 

GPI-EPT: glycosylphosphatidylinositol-ethanolamine phosphate transferase 

HIV: human immunodeficiency virus 

HMBC: heteronuclear multiple bond coherence 

HPLC: high performance liquid chromatography 

HR: high resolution 

HSQC: heteronuclear single quantum coherence 

IPTG: Isopropyl-β-D-thiogalactopyranoside 

LC-MS: liquid chromatography-mass spectrometry 

lit: literature 

Me: methyl 

MT: methyltransferase 



MTPA: a-Methoxy-a-(trifluoromethyl)phenylacetyl 

MYG: malt/yeast/glucose 

NC: negative control 

NCBI: National Center for Biotechnology Information 

NMR: nuclear magnetic resonance 

NOE (SY): nuclear overhauser effect (spectroscopy) 

NR-PKS: non-reducing polyketide synthase 

NRPS: non-ribosomal peptide synthase 

P450: cytochrome P450 

PAGE: polyacrylamide gel electrophoresis 

PC: phosphatidylcholine 

PCR: polymerase chain reaction 

PDB: Potato Dextrose Broth 

PE: phosphatidylethanolamine 

PKS: polyketide synthase 

rt: room temperature 

RA: recombination assembly 

RCR: replication cycle reaction 

RV: reverse 

SDR: short-chain dehydrogenase/reductase 

SDS: sodium dodecyl sulfate 

SNAC: N-Acetylcysteamine 

TBDPS: tert-Butyldiphenylchlorosilane 

TH: thiohydrolase 

THF: tetrahydrofuran 

TLC: thin layer chromatography 



TMS: tetramethylsilyl 

TOCSY: total correlation spectroscopy 

Tris: tris(hydroxymethyl)aminomethane 

UV: ultraviolet 

YM: yeast/malt/peptone/glucose 
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1-1.   

1,2 penicillin 

(Penicillium nordicum 1928 )3 streptomycin (Actinomyces griseus 1944 )4

avermectin (Streptomyces avermitilis, 1978 )5, artemisinin (Artemisia annua, 

1972 )6 )

 (Figure 1)

quinine (Papaver somniferum 1805 )7 

vinblastine (Vinca rosea 1959 )8 taxol (Taxus brevifolia, 1971 )9

amphotericin B (Streptomyces nodosus 1955 )10  tacrolimus (Streptomyces 

tuskubaensis, 1984 )11 

25% 44% ( )

12 ) (

)  
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1-2.   

( )

( 13  1928 A. Fleming penicillin

1940 1970

griseofulvin (Penicillium griseofulvum 1939 )14 

cephalosporin (Cephalosporium acremonium 1948 )15 cyclosporine  

 (Tolypocladium inflatum, 1976 )16 lovastatin (Aspergillus terreus, 1978

)17  (Figure 1) 1980

)

18

)  

 

1-3.  

)

) 19

)

 (PKS) 

 (NRPS)20 PKS-NRPS 21

22 (

)  

) (

) 23 Penicillium 
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pcbC (a- ) pcbDE ( ) 
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1-5.  
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29

( antiSMASH SMURF )

) ) 30,31

32

( )

(

33-37 PKS (HR-PKS) 

) HR-PKS Type III PKS

soppiline A )  (Figure 3)37
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1-6.  

( Aspergillus oryzae

) ( 38,39

)  (Figure 4)36, 40-43

) PKS-NRPS

tenellin

)   
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1-8.  
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) HR-PKS

(

( Arthrinium sacchari 

Kumo-3 23 HR-PKS )

) A. sacchari HR-PKS

) ) (Figure 9) HR-PKS

) (  

 

 

 

 

 

 

 

 

 

Figure 6. HR-PKS ; HR-PKS  
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Figure 7. HR-PKS HR-PKS
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Figure 9. Arthrinium sacchari Kumo-3 A. sacchari Kumo-3

 

 

1-9.  

cephalospolide B (Cephalosporium aphidicola, 

10 )61 rickiol A (Hypoxylon rickii, 20 )62

brefeldin A (Penicillium ducumbens, 16 )63 eushearilide (Eupenicillium 

shearii 24 )64

(  (Figure 10) 10-24

)

) )   
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&�#��,�%��~100�
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NR-PKS 13 Tripeptide 1 A-T-R(RR) 9 C20 1
PR-PKS 2 Tetrapeptide 2 A-T-TE 1 C30 4
PKS-NRPS 5 Pentapeptide 2 " 2 Ripps core 8
Type III 2 Hexapeptide 3 FAS 3
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) ) ) (

HR-PKS

HR-PKS

) HR-PKS a/b-hydrolase superfamily

(

(   

 

1-11.   

2 HR-PKS a/b-hydrolase superfamily
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3 2 ) )

 

4

) 22 24
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16 12
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6 ) brefeldin A )
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2  

 

Arthrinium phaeospermum  

 

 

2-1.  

)  ( ) ) 37

)

) (

HR-PKS

) 55 HR-PKS )

) ) ) (

HR-PKS

) )

HR-PKS

mhpC a/b-hydrolase superfamily 

4  (Figure 11) )
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Figure 11. HR-PKS a/b-hydrolase 

superfamily  

 

2-2. apml  

2-2-1.  

apml

Arthrinium phaeospermum Kemushi-1 65 apml

ApmlA  (HR-PKS) ApmlB  (mhpC 66 a/b-hydrolase 

superfamily ) )  (Figure 12)

ApmlA ApmlB

BLAST brefeldin A

) Bref-PKS Bref-TH (  (Table 1) ApmlA KS AT

DH ER KR ACP iterative Type I PKS ApmlB

mhpC a/b-hydrolase superfamily  (Figure 

13)  

 

 

 

 

Figure 12. apml . 
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Figure 13. ApmlA, B  

 

Table 1. apml cluster (Arthrinium phaeospermum Kemushi-1)  

 

2-2-2. apml  

apml

Aspergillus oryzae NSAR1

apmlA apmlB A. oryzae (AO)-apmlAB

CPS MeOH HPLC

) 1 ( ) 2 ( ) 

(Figure 14A)

UV

(Figure 14B)67 LC-MS 1 609 [M+Na]+ 2 565 [M+Na]+ (1 – 44 mass 

unit)  

Gene Size (bp) Protein homologue (accession number) Identity (%)/ 
similarity (%) 

Predicted 
function 

apmlA 7,834 Highly reducing polyketide synthase Bref-PKS 
[Eupenicillium brefeldianum] (A0A068ABB7) 44/61 HR-PKS 

apmlB 977 Thiohydrolase Bref-TH  
[Eupenicillium brefeldianum] (A0A068ACU9) 38/58 Thioesterase 
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1 2 AO-apmlAB  

(3.6 L) MeOH

)  (CHCl3-

MeOH (19/1-9/1)) 1 CHCl3 1
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Figure 14. AO-apmlAB HPLC  (  

380 nm) (B) 1 2 UV (C) 1-4 (D) 

1 2 NMR  
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ESIMS (m/z 609.3366 [M+Na]+ , calcd 609.3398) 13C NMR

1 C34H50O8 1 UV 325, 339, 

357 377 nm 67

1H NMR ) 0.1 ppm  (dH 6.21−6.31) 

)  E (

68 1H-1H COSY HSQC-TOCSY 1H-1H TOCSY

H-34 (dH 1.18) H-13 (dH 6.28) 

C-13-C-34 H-2 (dH 2.35, 

2.45) H-6 (dH 6.25) H-

2 H-3 (dH 2.36, 2.49) C-1 (dC 172.3) HMBC

C-1-C-6 H-33 (dH 4.95) C-1

HMBC C-1 C-33 )

6 sp2 C-7 C-12

Δ22,23 Δ26,27 J22,23 J26,27

15.3 Hz NOESY H-21/H-23, H-22/H-24, H-25/H-27

H-26/H-28 E 2

NMR 1H 13C  (Figure 14D Table 2)

phaeospelide A (1) E 34

 (Figure 14C)

( 55 1 3 NMR

1  (Figure S1, Table 2)   
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Table 2. 13C (225/200 MHz) and 1H (900/800 MHz) NMR data for 1a,c and 3b,d. 
1 

 3 
Position 13C 1H (multi, J in Hz)  Position 13C 1H (multi, J in Hz) 

1 172.3   1 172.2  
2 34.5 2.35 (1H, m)  2 34.0 2.36 (1H, m) 
  2.45 (1H, m)    2.39 (1H, m) 
3 28.2 2.36 (1H, m)  3 28.1 2.35 (2H, m) 
  2.49 (1H, m)     
4 133.4 5.79 (1H, m)  4 133.1 5.71 (1H, m) 
5 132.0 6.17 (1H, m)  5 131.7 6.11 (1H, m) 
6 132.2 6.25 (1H, m)  6 131.9 6.22 (1H, m) 

7-12e 

131.4 

 
6.21-6.36 (6H) 
 

 

7-12i 

132.8 

6.28-6.31 (6H) 

132.5  132.9 
132.6  133.0 
133.6  133.1 
133.7  133.2 
133.8  133.2 

13 132.4 6.28 (1H, m)  13 131.4 6.24 (1H, m) 
14 134.7 6.24 (1H, m)  14 133.2 6.11 (1H, m) 
15 128.1 5.68 (1H, m)  15 131.3 5.73 (1H, m) 
16 36.8 2.37 (1H, m)  16 40.0 2.20 (1H, m) 
  2.47 (1H, m)    2.34 (1H, m) 
17 70.2 4.89 (1H, m)  17 67.5 5.73 (1H, m) 
18 38.2 1.78 (1H, m)  18 44.2 1.32 (1H, m) 
  1.84 (1H, m)    1.50 (1H, m) 
19 71.7 4.90 (1H, m)  19 66.0 3.51 (1H, m) 
20 130.5 1.66 (1H, m)  20 47.1 1.26 (1H, m) 
  1.93 (1H, m)    1.56 (1H, m) 
21 71.7 5.10 (1H, m)  21 69.5 3.89 (1H, m) 
22 130.5 5.36 (1H, dd, 15.4, 7.6)  22 135.9 5.34 (1H, dd, 15.3, 6.6) 
23 130.1 5.54 (1H, m)  23 127.1 5.41 (1H, dt, 15.3, 6.8) 
24 38.0 2.20 (2H, m)  24 41.0 1.96 (1H, m) 
      2.03 (1H, m) 
25 72.9 5.15 (1H, m)  25 71.0 3.83 (1H, m) 
26 131.5 5.32 (1H, dd, 15.5, 7.2)  26 135.8 5.36 (1H, dd, 15.3, 6.0) 
27 128.7 5.51 (1H, m)  27 126.6 5.50 (1H, dd, 15.3, 7.6) 
28 37.8 2.08 (1H, m)  28 40.9 1.89 (1H, m) 
  2.27 (1H, m)    2.03 (1H, m) 
29 69.8 4.89 (1H, m)  29 69.7 3.61 (1H, m) 
30 38.7 1.61 (1H, m)  30 44.2 1.32 (2H, m) 
  1.78 (1H, m)     
31 68.1 4.90 (1H, m)  31 66.9 3.60 (1H, m) 
32 40.7 1.68 (2H, m)  32 44.4 1.42 (1H, m) 
      1.57 (1H, m) 
33 67.1 4.95 (1H, m)  33 68.0 5.03 (1H, m) 
34 20.6 1.18 (3H, d, 6.2)  34 21.1 1.16 (3H, d, 6.2) 
Ac-1´ 170.5f   17-OH  4.53 (1H, brd, 3.6) 
 21.3g 2.04h (3H, s)  19-OH  4.40 (1H, brd, 4.1) 
Ac-2´ 170.3f   21-OH  4.50 (1H, brd, 3.9) 
 21.2g 2.04h (3H, s)  25-OH  4.38 (1H, brd, 4.0) 
Ac-3´ 169.7   29-OH  4.60 (1H, brd, 3.9) 
 21.0 2.00 (3H, s)  31-OH  4.60 (1H, brd, 4.3) 
Ac-4´ 170.1f      
 21.1g 2.03h (3H, s)     
Ac-5´ 169.8      
 21.0 1.98 (3H, s)     
Ac-6´ 170.1f      
 21.1g 1.97h (3H, s)     

[a] Assignments were based on 1H-1H COSY, HSQC, HMBC, 1H-1H TOCSY, HSQC-TOCSY and NOESY experiments. 
[b] Assignments were based on 1H-1H COSY, HSQC, HMBC, HSQC-TOCSY and NOESY experiments. 
[c] Recorded in DMSO-d6.  
[d] Recorded in CDCl3.  
[e-i] Interchangeable. 
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Figure 15. (A) 1 1

(B) 1 (C) 5 7

(D) 10, 11, 14, 15 NOE  ( ) (E) S/R-

MTPA DdH(S–R) values (parts per million) (F) 16 S R VCD

IR  (c = 0.06 M 16 c = 0.15 M CDCl3

) )  

 

2-2-3. Phaeospelide A (1)  
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C NOE

Mosher 69  

1 NaBH4

5-7 6 16 16  (S)-, (R)-

1,2,3-butanetiol VCD 1

25 S  (Figure 15F) 5 7

UV )

TBDPS 9 13  (Figure 15C)

9 13 1,3- 10 11 ( )

14, 15 10 H-2´/H-19, H-21 Ha-20/H-19, H-21 NOE

) ) 11

H-2´/H-17, H-19 Ha-18/H-17, H-19 NOE ) )

17 , 19 21 17R*, 19R*, 21R*

(  (Figure 15D) 14 H-31/H-2´, Hb-32

H-33/H-3´, Ha-32 NOE )

15 H-2´/H-29, H-31 Ha-30/H-29, H-31 NOE )

) 29 31 33 29R*, 

31R*, 33R* (  (Figure 15D) 10 14 Mosher

17 29 S  (Figure 15E)69

1 17S, 19S, 21S, 25S, 29S, 31S, 33S  

 

2-2-4.  Phaeospelide B (2)  

2 4 ESIMS (m/z 775.3639 [M+Na]+ , 

calcd 775.3664) 13C NMR C42H56O11

4 1H NMR ) dH 6.24-6.41

2 UV 1 320-380 nm 4
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 E 67,68

1H-1H COSY 1H-1H TOCSY HSQC-TOCSY H-32 

(dH 1.20) H-14 (dH 6.23) 

C-14-C-32  (Figure 16) H-2 (dH 2.36, 

2.46) H-5 (dH 6.18) H-

2, H-3 (dH 2.36, 2.51) C-1 (dC 172.4) HMBC

C-1-C-5 H-31 (dH 4.94) C-1

HMBC C-1 C-31 )

 

8 sp2 C-6 C-13 Δ20,21

Δ24,25 J20,21 J24,25 15.5 15.4 Hz

E 2 NMR 1H

13C  (Table 3) 4 32

(  (Figure 14C) 2 (phaeospelide B) 

4  (Figure 14C) 1 2

) CH2-CHOH  (44 mass units) PKS

1 1 C-16/C-17, C-18/C-19 ( ) C-20/C-21

( 2 1 S

 

 

 

 

 

 

 

Figure 16. 4 2D NMR . 1H-1H COSY, 1H-1H TOCSY HSQC-

TOCSY HMBC
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Table 3. 13C (225 MHz) and 1H (900 MHz) NMR data for 4a,b. 
Position 13C 1H (multi, J in Hz) 
1 172.4  
2 34.3 2.36 (1H, m) 
  2.46 (1H, m) 
3 28.3 2.51 (1H, m) 
  2.36 (1H, m) 
4 133.4 5.82 (1H, m) 
5 132.2 6.18 (1H, m) 
6 133.8 6.39 (1H, m) 

7-12c 

131.2 

 
6.24-6.41 (6H) 
 

132.1 
132.1 
132.8 
133.8 
134.0 

13 131.6 6.26 (1H, m) 
14 135.4 6.23 (1H, m) 
15 127.5 5.66 (1H, m) 
16 36.8 2.38 (1H, m) 
  2.52 (1H, m) 
17 70.3 4.87 (1H, m) 
18 38.3 1.78 (1H, m) 
  1.88 (1H, m) 
19 71.4 5.22 (1H, m) 
20 131.3 5.40 (1H, dd, 15.5, 7.4) 
21 128.9 5.48 (1H, dt, 15.5, 7.0) 
22 37.8 2.27 (1H, m) 
  2.23 (1H, m) 
23 73.3 5.12 (1H, m) 
24 131.1 5.34 (1H, dd, 15.4, 7.4) 
25 129.4 5.53 (1H, ddd, 15.4, 8.4, 5.7) 
26 38.3 2.20 (1H, m) 
  2.23 (1H, m) 
27 69.7 4.94 (1H, m) 
28 39.0 1.61 (1H, m) 
  1.78 (1H, m) 
29 68.2 4.91 (1H, m) 
30 40.8 1.68 (2H, m) 
31 67.2 4.94 (1H, m) 
32 20.6 1.20 (3H, d, 6.3) 
Ac-1´ 170.3d  
 21.2e 2.05f (3H, s) 
Ac-2´ 170.2d  
 21.3e 2.06f (3H, s) 
Ac-3´ 169.9  
 21.1 2.02 (3H, s) 
Ac-4´ 170.1d  
 21.1e 1.98f (3H, s) 
Ac-5´ 170.2  

 21.3 2.06 (3H, s) 

[a] Assignments were based on 1H-1H COSY, HSQC, HMBC, 1H-1H TOCSY, HSQC-TOCSY experiments. 

[b] Recorded in CDCl3. [c-f] Interchangeable. 
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2-3. Phaeospelide A B  

apmlA (HR-PKS) apmlB (mhpC a/b-hydrolase 

superfamily ) apml 34 32

phaeospelides A (1) B (2) 1 2

ApmlA ApmlB

apmlA apmlB  (Figure 17) apmlA

AO-apmlA A. oryzae

) ) 1 2  (Figure 18)

apmlA apmlB AO-apmlA+apmlB

1 2 1 2

ApmlA ApmlB

mhpC a/b-hydrolase superfamily HR-PKS

ACP  

(TE) 

( mhpC

a/b-hydrolase superfamily MhpC-TE  

 

 

 

 

 

 

 

 

Figure 17. AO-apmlA apmlA+apmlB apmlAB HPLC

 ( 380 nm)  

100 20 (min)

AU 380 1

2
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Figure 18. Genome PCR  

 

2-4. apml A. phaeospermum Kemushi-1  

apml ( A. phaeospermum Kemushi-1

1, 2 ) )

) )

 (Figure 19) apml

) (

)

( (  

 

 

 

  

AO-ap
mlA
B

AO-apm
lA+
apm

lB

AO-apm
lA

1 2 3 1 2 3 1 2 3

1: apmlA_�� (3,907 bp)

2: apmlB_�� (4,084 bp)

3. apmlB_�� (1,024 bp)

4 kb

1 kb
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Figure 19. apml A. phaeospermum Kemushi-1

HPLC  (  380 nm)  

 

2-5.  

A. phaeospermum Kemushi-1 ApmlA (HR-PKS) 

ApmlB (MhpC-TE) apml 34

32 ApmlA

ApmlB

(  

1 2  (Figure 

20) ApmlA CoA 16

34
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KR b- L D
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16

ACP MhpC-TE (

ApmlB ) 1

2 7-9

 

 

 

 

 

 

 

 

 

 

Figure 20. Phaeospelide A (1)  
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72

( ) 73 Phaeospelides )
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3-1.   

2 ApmlA (HR-PKS) ApmlB (MhpC-TE) apml

(

ApmlA ApmlB (

HR-PKS

MhpC-TE ) 3

 ApmlA

)

HR-PKS MhpC-TE

  

 

, ) web

) Δ National 

Center for Biotechnology Information (NCBI: https://www.ncbi.nlm.nih.gov) 

Basic Local Alignment Search Tool (BLAST) )

GenomeMatcher 

(http://www.ige.tohoku.ac.jp/joho/gmProject/gmhomeJP.html) BLASTinterface

) BLAST

, 2ndFind 

(biosyn.nih.go.jp/2ndfind) ) 2ndFind HR-PKS

 (10 kbp ) a/b-hydrolase superfamily )
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(identity/similarity) BLAST . 

, BLAST ,  (Conserved 

Domain Search, NCBI) ) MEGA7 

(https://www.megasoftware.net/) )  

 

3-2. ApmlA   

ApmlA

) ) 10 kb ApmlB

NCBI )

) Metarhizium Cordyceps

Colletotrichum Macrophomina )

( ) Umbilicaria ) 61 159

 ( ) HR-PKS TE

200  (2019/10/29 Table 4) (

1 ( fungal sp. No.14919 4 Xylaria 

grammica ( 5 )

) Beauveria bassiana 

(cephalosporolides, 10 )74 Colletotrichum gloeosporioides (gloeosporone, 14 )75

Cordyceps militaris (cephalosporolides)76 Diplodia pinea (diplodialides, 10 )77, 

Eupenicillium ludwigii (brefeldin A, 16 )78 Eupenicillium brefeldianum (brefeldins, 16

)79 Penicillium verrucosum (Sch 642305, 16 )80 Pyrenophora teres (pyrenolides, 10

)81  
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3-3. ApmlA ApmlB  

HR-PKS )  (Figure 21) )

) HR-PKS MhpC-TE

) type

ApmlB MhpC-TE )  (Figure 22)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21. MhpC-TE ApmlA (

) / HR-PKS ; 

HR-PKS, ; ( ) ) HR-PKS  
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Figure 22. HR-PKS ApmlB ; 

MhpC-TE, ; ( ) ) MhpC-TE   
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Figure 23. P450 SDR BBE  
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Figure 24. GPI-EPT P450 (SDR)  
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Figure 25. P450 SDR b-lactamase  
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Figure 26. 4 P450 brefeldin A  
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Figure 27. Fumagillin atranone  
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Table 4. Fungal strains harboring biosynthetic gene cluster coding HR-PKS and MhpC-TE. (2019/10/29)  

 Accession number  Accession number 
Fungal Strain HR-PKS MhpC-TE Fungal Strain HR-PKS MhpC-TE 

Amorphotheca_resinae_ATCC_22711 XP_024716560.1 XP_024716561.1 Metarhizium_anisopliae_BRIP_53293 KJK77000.1 KJK76998.1 
Arthrinium_phaeospermum_1 P0CU84.1 P0CU85.1 Metarhizium_brunneum_ARSEF_3297 XP_014539917.1 KJK76998.1 
Arthrinium_phaeospermum_2 �������
����	�� Metarhizium_guizhouense_ARSEF_977 KID81569.1 KID81567.1 
Aspergillus_brasiliensis_CBS_101740 OJJ76619.1 OJJ76620.1 Metarhizium_robertsii_ARSEF_23 XP_007819463.1 XP_007819465.1 
Aspergillus_calidoustus CEN60541.1 CEN60545.1 Monilinia_fructicola KAA8565524.1 KAA8565523.1 
Aspergillus_costaricaensis_CBS_115574_1 XP_025534145.1 XP_025534146.1 Monosporascus_cannonballus RYO78215.1 RYO78214.1 
Aspergillus_costaricaensis_CBS_115574_2 XP_025535152.1 XP_025535153.1 Monosporascus_sp._5C6A_1 RYP64884.1 RYP64883.1 
Aspergillus_ellipticus_CBS_707.79 PYH99747.1 PYH99746.1 Monosporascus_sp._5C6A_2 RYP50633.1 RYP50634.1 
Aspergillus_eucalypticola_CBS_122712_1 XP_025390958.1 XP_025390957.1 Monosporascus_sp._5C6A_3 RYP61239.1 RYP61240.1 
Aspergillus_eucalypticola_CBS_122712_2 XP_025381941.1 XP_025381942.1 Monosporascus_sp._CRB-8-3 RYP85007.1 RYP85006.1 
Aspergillus_fischeri_NRRL_181 XP_001265535.1 XP_001265536.1 Monosporascus_sp._CRB-9-2 RYP79835.1 RYP79836.1 
Aspergillus_fumigatus OXN08103.1 XP_747166.1 Monosporascus_sp._MC13-8B RYP15685.1 RYP15686.1 
Aspergillus_ibericus_CBS_121593 XP_025578886.1 XP_025578887.1 Monosporascus_sp._mg162_1 RYP44476.1 RYP44475.1 
Aspergillus kawachii NBRC4308_akmlA GAA85575.1 GAA85576.1 Monosporascus_sp._mg162_2 RYP43908.1 RYP43909.1 
Aspergillus_luchuensis_CBS_106.47 OJZ83511.1 OJZ83512.1 Neofusicoccum_parvum_UCRNP2_1 EOD51041.1 EOD51040.1 
Aspergillus_mulundensis XP_026602216.1 XP_026602217.1 Neofusicoccum_parvum_UCRNP2_2 EOD48494.1 EOD48465.1 
Aspergillus_nidulans XP_664688.1 XP_664687.1 Neonectria_ditissima KPM39712.1 KPM33937.1 
Aspergillus_niger GAQ36799.1 GAQ36797.1 NrmlA_Neonectria_ramularie �������
����	�� 
Aspergillus_nomius_NRRL_13137 XP_015406506.1 XP_015406512.1 Ophiocordyceps_polyrhachisfurcata_BCC_54312 RCI09139.1 RCI09260.1 
Aspergillus_novofumigatus_IBT_16806 XP_024678568.1 XP_024678569.1 Ophiocordyceps_sp._camponotileonardi RDA88311.1 RDA88314.1 
Aspergillus_petrakii �������
����	�� Paraphaeosphaeria_sporulosa_1 XP_018035910.1 XP_018035909.1 
Aspergillus_piperis_CBS_112811_1 XP_025518467.1 XP_025511362.1 Paraphaeosphaeria_sporulosa_2 XP_018036931.1 XP_018036929.1 
Aspergillus_piperis_CBS_112811_2 XP_025511363.1 XP_025518466.1 Parastagonospora_nodorum_SN15 XP_001806097.1 XP_001806095.1 
Aspergillus_sclerotiicarbonarius_CBS_121057 PYI04018.1 PYI04017.1 Penicillium_brefeldianum (Bref-PKS) A0A068ABB7 A0A068ACU9 
Aspergillus_steynii_IBT_23096 XP_024703079.1 XP_024703080.1 Penicillium_brasilianum OOQ81522.1 OOQ81521.1 
Aspergillus_tanneri KAA8642747.1 KAA8642748.1 Penicillium_camemberti CRL31088.1 CRL31090.1 
Aspergillus_terreus_NIH2624 XP_001213896.1 XP_001213897.1 Penicillium_coprophilum OQE34891.1 OQE34851.1 
Aspergillus_thermomutatus XP_026609795.1 XP_026609793.1 Penicillium_crustosum QBK15047.1 QBK15046.1 
Aspergillus_tubingensis_CBS_134.48 OJI85468.1 OJI85467.1 Penicillium_expansum_1 KGO73653.1 KGO73654.1 
Aspergillus_udagawae GAO86285.1 GAO86284.1 Penicillium_expansum_2 KGO47163.1 KGO47162.1 
Aspergillus_ustus KIA75675.1 KIA75679.1 Penicillium_flavigenum OQE30269.1 OQE30524.1 
Aspergillus_uvarum_CBS_121591 XP_025493408.1 XP_025493409.1 Penicillium_freii KUM61888.1 KUM61887.1 
Aspergillus_vadensis_CBS_113365 XP_025560073.1 XP_025560072.1 Penicillium_griseofulvum KXG50414.1 KXG50415.1 
Beauveria_bassiana PMB63557.1 PMB63550.1 Penicillium_italicum KGO71202.1 KGO71203.1 
Beauveria_bassiana_ARSEF_2860 XP_008597129.1 XP_008597128.1 Penicillium_nordicum KOS38742.1 KOS38736.1 
Beauveria_bassiana_D1-5 KGQ03328.1 KGQ03329.1 Penicillium_polonicum OQD61348.1 OQD61353.1 
Beauveria_brongniartii_RCEF_3172 OAA48828.1 OAA48827.1 Penicillium_soppi �������
����	�� 
Bipolaris_sorokiniana_ND90Pr XP_007697417.1 XP_007697418.1 Penicillium_verrucosum Whole genome (LAKW00000000.2) �� 
Botryotinia_calthae TEY71578.1 TEY71579.1 Penicillium_vulpinum_1 OQE02764.1 OQE02848.1 
Botryotinia_narcissicola TGO56821.1 TGO56822.1 Penicillium_vulpinum_2 OQE02870.1 OQE02883.1 
Botrytis_cinerea_B05.10 XP_001557060.1 XP_001557062.2 Penicillium_vulpinum_3 OQE07202.1 OQE07332.1 
Botrytis_cinerea_BcDW1 EMR81198.1 EMR81197.1 Periconia_macrospinosa PVH96643.1 PVH96642.1 
Botrytis_cinerea_T4 CCD54538.1 CCD54540.1 Pestalotiopsis_fici_W1061_1 XP_007841828.1 XP_007841827.1 
Botrytis_galanthina THV55249.1 THV55248.1 Pestalotiopsis_fici_W1061_2 XP_007839201.1 XP_007839202.1 
Botrytis_paeoniae TGO19734.1 TGO19735.1 Pestalotiopsis_fici_W1061_3 XP_007834726.1 XP_007834725.1 
Botrytis_tulipae TGO15814.1 TGO15815.1 Phialocephala_scopiformis_1 XP_018067153.1 XP_018067154.1 
Cadophora_sp._DSE1049 PVH77166.1 PVH77167.1 Phialocephala_scopiformis_2 XP_018073923.1 XP_018073924.1 
Chaetothyriales_sp._CBS_134920 RMD44025.1 RMD44024.1 Phialocephala_subalpina CZR67900.1 CZR67899.1 
Cladonia_uncialis_subsp._uncialis ANM86471.1 ANM86472.1 Phialophora_cf._hyalina_BP_5553_1 RDL31023.1 RDL31022.1 
Coleophoma_crateriformis_1 RDW92310.1 RDW92309.1 Phialophora_cf._hyalina_BP_5553_2 RDL42230.1 RDL42231.1 
Coleophoma_crateriformis_2 RDW69982.1 RDW69983.1 Pseudogymnoascus_sp._24MN13 OBT56738.1 OBT56737.1 
Coleophoma_cylindrospora RDW89666.1 RDW89665.1 Pseudogymnoascus_sp._VKM_F4246 KFY12772.1 KFY12771.1 
Colletotrichum_incanum KZL86691.1 KZL86692.1 Pseudogymnoascus_sp._VKM_F4513_(FW928) KFY41450.1 KFY41449.1 
Colletotrichum_chlorophyti OLN87132.1 Unregistered Pseudogymnoascus_sp._VKM_F4518_(FW2643) KFY98392.1 KFY41449.1 
Colletotrichum_fioriniae_PJ7 EXF85213.1 EXF85212.1 Pseudogymnoascus_verrucosus XP_018129088.1 XP_018129084.1 
Colletotrichum_fructicola_Nara_gc5 ELA25812.1 ELA25811.1 Pyrenophora_teres EFQ95051.1 EFQ95052.1 
Colletotrichum_gloeosporioides_Cg14 EQB57536.1 EQB57535.1 Pyrenophora_teres_f._teres_0-1 EFQ95051.1 EFQ95052.1 
Colletotrichum_graminicola_M1.001 XP_008099413.1 XP_008099424.1 Pyricularia_grisea_1 XP_030975981.1 XP_030975982.1 
Colletotrichum_nymphaeae_SA01 KXH43238.1 KXH43239.1 Pyricularia_grisea_2 XP_030980447.1 XP_030980263.1 
Colletotrichum_simmondsii KXH25872.1 KXH25871.1 Pyricularia_oryzae QBZ66480.1 QBZ66481.1 
Colletotrichum_sublineola KDN68224.1 KDN68225.1 Pyricularia_pennisetigena XP_029745102.1 XP_029745100.1 
Colletotrichum_tofieldiae KZL74334.1 KZL74366.1 Pyricularia_sp._CBS_133598 TLD18539.1 TLD18540.1 
Coniella_lustricola PSR80443.1 PSR80442.1 Ramularia_collo-cygni XP_023628544.1 XP_023628542.1 
Cordyceps_brongniartii_RCEF_3172 OAA38781.1 OAA38784.1 Rosellinia_necatrix_1 GAP90164.1 GAP90163.1 
Cordyceps_confragosa_RCEF_1005 OAA82128.1 OAA82127.1 Rosellinia_necatrix_2 GAP86891.1 GAP86890.1 
Cordyceps_fumosorosea_ARSEF_2679 XP_018702120.1 XP_018702119.1 Rutstroemia_sp._NJR2017a_BBW PQE03615.1 PQE03634.1 
Cordyceps_javanica TQV91949.1 TQV91950.1 Rutstroemia_sp._NJR2017a_BVV2 PQE04373.1 PQE04380.1 
Cordyceps_militaris ATY62880.1 ATY62879.1 Rutstroemia_sp._NJR2017a_WRK4_1 PQE19486.1 PQE19475.1 
Cordyceps_militaris_CM01 XP_006673218.1 XP_006673217.1 Rutstroemia_sp._NJR2017a_WRK4_2 PQE16274.1 PQE16268.1 
Corynespora_cassiicola_Philippines_1 PSN68407.1 PSN68406.1 Sclerotinia_sclerotiorum_1980_UF70 APA08511.1 APA08510.1 
Corynespora_cassiicola_Philippines_2 PSN59528.1 PSN59527.1 Scytalidium_lignicola_1 RFU28992.1 RFU28989.1 
Cytospora_leucostoma ROW15068.1 ROW15062.1 Scytalidium_lignicola_2 RFU25348.1 RFU25357.1 



�

�

�

�
39 

 

 

 

 

 

 

 

 

 

 

 

Cytospora_sp. �������
����	�� Sodiomyces_alkalinus_F11 XP_028465963.1 XP_028465962.1 
Diaporthe_helianthi POS71845.1 POS71844.1 Stachybotrys_chartarum_IBT_40288 KFA70666.1 KFA70665.1 
Diplodia_sapinea Whole genome (JHUM00000000.1) �� Stachybotrys_chlorohalonata_IBT_40285 A0A084R1H6.1 A0A084R1K6.1 
Eupenicillium_ludwigii �������
����	�� Talaromyces_atroroseus XP_020122036.1 XP_020122037.1 
Endocarpon_pusillum_Z07020 XP_007786831.1 XP_007786832.1 Talaromyces_islandicus CRG85198.1 CRG85199.1 
fungal_sp._No.14919_1 GAW20131.1 GAW20130.1 Talaromyces_verruculosus KUL89300.1 KUL89297.1 
fungal_sp._No.14919_2 GAW16869.1 GAW16868.1 Thermothielavioides_terrestris SPQ21605.1 SPQ21604.1 
fungal_sp._No.14919_3 GAW17842.1 GAW17841.1 Thermothielavioides_terrestris_NRRL_8126 XP_003649242.1 XP_003649243.1 
fungal_sp._No.14919_4 GAW20242.1 GAW20240.1 Tolypocladium_capitatum PNY20705.1 PNY20707.1 
Helicocarpus_griseus_UAMH5409 PGH10572.1 PGH10573.1 Trichoderma_arundinaceum_1 RFU78094.1 RFU78093.1 
Hirsutella_minnesotensis_3608 KJZ72361.1 KJZ72360.1 Trichoderma_arundinaceum_2 RFU76423.1 RFU76424.1 
Hypoxylon_fragiforme �������
����	�� Trichoderma_citrinoviride XP_024750077.1 XP_024750078.1 
Hypoxylon_sp._CI-4A_1 OTB04503.1 OTB04504.1 Trichoderma_virens_Gv29-8 XP_013956065.1 XP_013956064.1 
Hypoxylon_sp._CI-4A_2 OTB08290.1 OTB08289.1 Umbilicaria_pustulata SLM39834.1 SLM39833.1 
Hypoxylon_sp._CO27-5 OTA81918.1 OTA81919.1 Valsa_mali_1 KUI66526.1 KUI66527.1 
Hypoxylon_sp._EC38 OTA66644.1 OTA66643.1 Valsa_mali_2 KUI67059.1 KUI67058.1 
Lachnellula_arida_1 TVY20328.1 TVY20327.1 Valsa_mali_3 KUI64629.1 KUI64496.1 
Lachnellula_arida_2 TVY19100.1 TVY19101.1 Valsa_mali_var._pyri KUI60989.1 KUI60978.1 
Lachnellula_cervina_1 TVY57352.1 TVY57355.1 Valsa_malicola_1 ROV92586.1 ROV92589.1 
Lachnellula_cervina_2 TVY51056.1 TVY51055.1 Valsa_malicola_2 ROW10618.1 ROW10619.1 
Lachnellula_hyalina XP_031005729.1 XP_031005728.1 Valsa_sordida ROV87039.1 ROV87041.1 
Lachnellula_occidentalis_1 TVY39994.1 TVY39995.1 Xylaria_flabelliformis TRX89754.1 TRX89755.1 
Lachnellula_occidentalis_2 TVY49132.1 TVY49131.1 Xylaria_grammica_1 RWA11448.1 RWA11436.1 
Lachnellula_suecica TVY83046.1 TVY83047.1 Xylaria_grammica_2 RWA06745.1 RWA06758.1 
Lasiodiplodia_theobromae KAB2572374.1 KAB2572402.1 Xylaria_grammica_3 RWA05039.1 RWA05040.1 
Lepidopterella_palustris_CBS_459.81 OCK76486.1 OCK76487.1 Xylaria_grammica_4 RWA09891.1 RWA09890.1 
Macrophomina_phaseolina_MS6_1 EKG12982.1 EKG12980.1 Xylaria_grammica_5 RWA14052.1 RWA14053.1 
Macrophomina_phaseolina_MS6_2 EKG16355.1 EKG16353.1 Xylaria_hypoxylon TGJ83512.1 TGJ83509.1 
Madurella_mycetomatis_1 KXX83260.1 KXX83261.1 Xylaria_longipes_1 RYC54291.1 RYC54292.1 
Madurella_mycetomatis_2 KXX76491.1 KXX76490.1 Xylaria_longipes_1 RYC59888.1 RYC59885.1 
Meliniomyces_bicolor_E XP_024731472.1 XP_024731474.1 Zymoseptoria_tritici_IPO323 XP_003850944.1 XP_003850940.1 
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4-1.  

  type B P450
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type B GPI-EPT

)  (Figure 29)

JBIR-19, 2087 Metarhizium sp. fE61

Metarhizium )

GPI-EPT  (Figure 

29)

)  

type B akml ciml

 GPI-EPT

 

 

 

 

 

 

 

 

 

 

 

 

Figure 29. GPI-EPT  

 

) )

CPS

( )

 Colletotrichum incanum_CimlC
 Penicillium flavigenum

 Penicillium vulpinum_1
 Aspergillus terreus

 Aspergillus fischeri NRRL 181
 Aspergillus vadensis CBS 113365
 Aspergillus eucalypticola CBS 122712
 Aspergillus luchuensis CBS 106.47
 Aspergillus luchuensis
 Aspergillus kawachii IFO 4308_AkmlC

 Metarhizium robertsii
 Metarhizium anisopliae BRIP 53293
 Metarhizium anisopliae ARSEF 549

 Metarhizium guizhouense ARSEF 977
 Metarhizium brunneum ARSEF 3297

 Rosellinia necatrix
 Lepidopterella palustris CBS 459.81
 Umbilicaria pustulata

 Colletotrichum tofieldiae

0.10

O

OOOH

JBIR-19

OH

P OO

OH

NH2

O

JBIR-19

O

OOOH O
P OO

OH

NH2

JBIR-20

Metarhizium sp. fE61
JBIR-20



�

�

�

�
42 

) )

ESIMS  1H, 13C NMR 2 NMR

 

 

4-2. akml ciml  

akml Aspergillus kawachii ciml Colletotrichum incanum

HR-PKS (AkmlA/CimlA) MhpC-TE (AkmlB/CimlB)

AkmlC/CimlC P450 (AkmlD/CimlD) )  (Figure 30, Table 5, 

6) AkmlA/CimlA KS AT DH ER KR ACP iterative Type I PKS

AkmlB/CimlB mhpC a/b-hydrolase superfamily (

2

 (Figure 31, 32) AkmlD/CimlD P450

 GPI-EPT

AkmlC/CimlC Δ

  

 

 

 

 

 

Figure 30. akml ciml  
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Figure 31. AkmlA-D   

 

Table 5. akml cluster (Aspergillus kawachii NBRC4308). 

Gene Size (bp) Protein homologue (accession number) Identity (%)/ 
similarity (%) Predicted function 

akmlA 7,384 Highly reducing polyketide synthase Bref-PKS 
[Eupenicillium brefeldianum] (A0A068ABB7) 44/62 HR-PKS 

akmlB 1,000 Thiohydrolase Bref-TH  
[Eupenicillium brefeldianum] (A0A068ACU9) 42/61 Thioesterase 

akmlC 3,120 GPI ethanolamine phosphate transferase 2 
[Aspergillus oryzae RIB40] (Q2U9J2.2) 33/49 EPT 

akmlD 1,624 Benzoate 4-monooxygenase cytochrome P450 
[Neosartorya fischeri] (A1D5E8) 93/96 P450 
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Figure 32. CimlA-D   

 

Table 6. ciml cluster (Colletotrichum incanum). 

Gene Size (bp) Protein homologue (accession number) Identity (%)/ 
similarity (%) Putative function 

cimlA 7,433 Highly reducing polyketide synthase Bref-PKS  
[Eupenicillium brefeldianum] (A0A068ABB7) 46/63 HR-PKS 

cimlB 1,028 Thiohydrolase Bref-TH 
[Eupenicillium brefeldianum] (A0A068ACU9) 40/60 Thioesterase 

cimlC 3,349 GPI ethanolamine phosphate transferase 2 
[Aspergillus oryzae RIB40] (Q2U9J2.2) 37/53 EPT 

cimlD 1,668 Cytochrome P450 family protein 
[Metarhizium anisopliae ARSEF 549] (A0A0B4FG42) 64/81 P450 
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akml ciml

 (Figure 33)  

 

 

 

 

 

 

 

Figure 33. akml (ciml)  

 

4-3. akml 24  
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) GPI-EPT AkmlC

AO-akmlAB akmlC AO-akmlABC

17 19  (Figure 

34A) Akml-3 (19) 17 5

 (Figure 34A , 4-7-1 ) AkmlC

  

AkmlC AkmlD AO-

akmlAB akmlC akmlD AO-akmlABCD

19 20  

(Figure 34A) Akml-4 (20) 17 5 6, 

7 8  (Figure 34A, 4-7-1

)   
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Figure 34. (A) AO-akmAB akmABD akmlABC akmlABCD  (B) AO-cimlAB cimlABD

cimlABC cimlABCD HPLC  ( 210 

nm) 17-20 21-24

)  

 

4-4.  ciml 22  
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4-5. GPI-EPT  

Δ akml ciml

GPI-EPT  (Figure 35)
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Figure 35. GPI-EPT Δ  
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24 18 AO-akmlABD cimlC

AO-akmlABD+cimlC 10 )

 (Figure 37)   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 36. AO-cimlABD+akmlC HPLC  (

210 nm) 21, 22 25

AO-cimlABD )  
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Figure 37. AO-akmlABD+cimlC HPLC  (

210 nm) 18

AO-akmlABD )
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PE )

GPI-EPT

) ) CimlC ) PE

 (PC) ) CimlC PC

)

 (Figure 38A) PE PC )
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24 18 CimlC
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 (Figure 39) CimlC

JBIR-19 Metarhizium sp. fE61 ) Metarhizium

(  

Eupenicillium shearii 24 eushearilide
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Figure 39. GPI-EPT  
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4-7. akml  

4-7-1. Akml-1-4 (17-20)  

 

 

 

 

 

 

 

 

 

 

 

Figure 40. 17-20 26 2D NMR 1H-1H COSY

HMBC   

 

Akml-1 (17) � ESIMS (m/z 415.2819 [M+Na]+ , calcd 415.2824) 13C NMR

C24H40O4
1H NMR, 13C NMR, COSY, HSQC
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HMBC C-1-C11 a,b-

5, 9 HMBC H-23

C-1 C-1 C-23 )

5 sp3 C-12 C-16 Δ2,3

Δ7,8 J2,3 J7,8 15.8 Hz 15.4 

Hz E Akml-4 NOESY

Δ2, 3 E ( ) 17 24

(  (Figure 40)   

Akml-2 (18) ESIMS (m/z 447.2726 [M+Na]+ , calcd 447.2717) 13C NMR

18 C24H40O6 5 (

17 2 ) 17

1H 13C NMR 1H-1H COSY HSQC HMBC

HSQC-TOCSY C-1–C-11 C-17–C-24

a,b- 2 8

C-6 C-7  (C-6: dC 

57.8; C-7: dC 58.0) HMBC H-23 C-1

C-1-C-23 ) 5

sp3 C-12 C-16 Δ2, 3 J2,3

15.6 Hz E

18 17 6, 7 8

24 (  (Figure 40)  

Akml-3 (19) ESIMS (m/z 514.2948 [M-H]- , calcd 514.2928) 13C NMR

C26H46NO7P 17 1H 13C NMR

1H-1H COSY HSQC HMBC HSQC-TOCSY 24

17 ) Δ2, 3 Δ7,8 J2,3 J7,8 

15.7 Hz 15.5 Hz E  
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HMBC H-23 C-1 C-1 C-23

) H-1´ (dH 4.00) 

 H-2´ (dH 3.12)  H-2´ C-1´

HMBC 17

5 ( 9

) C-5 

(dC 76.6) C-1´ (dC 62.8)  (2JC-5,P=6.5 Hz, 2JC-

1´,P=4.8 Hz)  

(C-4: dC 40.2, 3JC-4,P=4.7 Hz; C-6: dC 133.0, 3JC-6,P=4.8 Hz; C-2´: dC 41.8, 3JC-2´,P=6.3 Hz) 

C-5 C-1´ )

20

5 )

19 17 5 (  (Figure 40)  

Akml-4 (20) � ESIMS (m/z 546.2844 [M-H]- , calcd 546.2832) 13C NMR

C26H46NO9P 18 19 1H

13C NMR 1H-1H COSY HSQC HMBC HSQC-TOCSY

18 2,3 J2,3

15.7 Hz E HMBC H-23

C-1 C-1 C-23 )

H-1´ (dH 4.11)  

H-2´ (dH 3.19) COSY H-2´ C-1´ HMBC

C-5 (dC 75.8)

C-1´ (dC 61.4)  (2JC-5,P=5.6 Hz, 2JC-1´,P=5.3 Hz) 

 (C-4: dC 35.8, br d; C-6: dC 57.8, 3JC-

6,P=5.6 Hz; C-2´: dC 57.8, 3JC-2´,P=6.2 Hz) C-5 C-1´

)  
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Scheme 1 ) 20

26 H-

8 H-9 8 9

5 )

 (Figure 40 Table S2) 20 19 5

(  (Figure 39)  
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4-7-3. Akml-2 (18) 5  

5 18

 (Figure 41A) 18 27 CH2Cl2

iPr2NEt triphosgene 1,2-

29 5 S-( ) R-MTPA 30a ( ) 30b

5 S 69

17, 19, 20 5 S   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 41. (A) 18 . (B) 27

MTPA . (C) 28

NOESY  ( ). (D) MTPA 30 DdH(S−R) values (parts per million).  
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Table 7. 13C (125 MHz) and 1H (500 MHz) NMR data for 17-20a. 
          Akml-1 (17)b  Akml-2 (18)c  Akml-3 (19)c  Akml-4 (20)c 

Position 13C 1H (multi, J in Hz)  13C 1H (multi, J in Hz)  13C 1H (multi, J in Hz)  13C 1H (multi, J in Hz) 

1 165.9   167.6   167.5   166.1  
2 124.5 5.85 (1H, dt, 15.8, 1.3)  125.2 5.93 (1H, d, 15.6)  125.4 5.87 (1H, d, 15.7)  124.5 5.99 (1H, d, 15.7) 
3 143.6 6.88 (1H, dt, 15.8, 7.5)  145.6 7.02 (1H, dt, 15.6, 7.4)  145.3 6.90 (1H, d, 15.7, 7.4)  143.1 7.05 (1H, dd, 15.7, 7.5) 
4 39.7 2.49 (2H, m)  38.1 2.52 (1H, m)  40.2 2.63 (1H, m)  35.8 2.75 (1H, m) 
           2.71 (1H, m) 

5 71.6 4.28 (1H, m)  71.8 3.51 (1H, m)  76.6 4.70 (1H, m)  75.7 3.97 (1H, m) 
6 134.5 5.55 (1H, dd, 15.4, 7.0)  60.7 2.93 (1H, m)  133.0 5.51 (1H, dd, 15.5, 7.3)  57.8 3.09 (1H, dd, 7.4, 2.3) 
7 128.7 5.67 (1H, dt, 15.4, 7.1)  58.7 2.92 (1H, m)  130.8 5.71 (1H, dt, 15.5, 7.4)  58.0 3.03 (1H, dd, 6.5, 2.3) 
8 39.8 2.24 (1H, m)  76.9 3.09 (1H, t, 6.8)  41.0 2.21 (2H, m)  74.4 3.16 (1H, m) 
9 70.9 3.66 (1H, dt, 11.7, 6.0)  74.0 3.51 (1H, m)  71.7 3.59 (1H, m)  72.4 3.53 (1H, m) 

10 35.8 1.40 (1H, m)  33.6 1.38 (1H, m)  67.7 1.38 (1H, m)  32.4 1.55 (1H, m) 
  1.47 (1H, m)   1.55 (1H, m)   1.47 (1H, m)   1.45 (1H, m) 

11 24.7 1.31 (2H, m)  26.5 1.54 (2H, m)  25.8 1.31 (2H, m)  25.2 1.40 (2H, m) 
12 27.7d 

1.27-1.34 (10H) 

 29.2e 

1.27-1.34 (10H) 

 28.8h 

1.30-1.42 (10H) 

 27.4j 

1.27-1.37 (10H) 
13 28.5d  30.0e  29.6h  28.2j 
14 28.5d  30.2e  29.7h  28.4j 
15 28.8d  30.4e  30.1h  28.7j 
16 28.8d  30.4e  30.2h  28.8j 
17 31.8 2.00 (2H, m)  33.1f 2.00 (2H, m)  32.8i 2.00 (2H, m)  31.7k 2.00 (2H, m) 
18 130.8 5.35 (1H, m)  131.8g 5.36 (1H, m)  132.0 5.35 (1H, m)  130.6l 5.35 (1H, m) 
19 130.1 5.35 (1H, m)  131.4g 5.36 (1H, m)  131.4 5.35 (1H, m)  130.1l 5.35 (1H, m) 
20 32.3 1.96 (1H, m)  33.0f 2.00 (2H, m)  33.2i 2.00 (2H, m)  31.4k 2.00 (2H, m) 

  2.04 (1H, m)          
21 25.3 1.38 (2H, m)  26.4 1.40 (2H, m)  26.4 1.39 (2H, m)  25.0 1.39 (2H, m) 
22 35.2 1.47 (1H, m)  36.2 1.53 (1H, m)  36.2 1.47 (1H, m)  34.8 1.64 (1H, m) 

  1.62 (1H, m)   1.65 (1H, m)   1.63 (1H, m)   1.50 (1H, m) 
23 71.1 4.96 (1H, m)  72.4 4.94 (1H, m)  72.3 4.92 (1H, m)  71.1 4.92 (1H, m) 
24 20.1 1.23 (3H, d, 6.3)  20.3 1.23 (3H, d, 6.3)  20.3 1.21 (3H, d, 6.3)  18.9 1.22 (3H, d, 6.3) 
1´       62.8 4.00 (2H, m)  61.4 4.08 (2H, m) 
2´       41.8 3.12 (2H, m)  40.3 3.16 (2H, m) 

[a] Assignments were based on 1H-1H COSY, HSQC, HMBC (and HSQC-TOCSY) experiments. 
[b] Recorded in CDCl3. [c] Recorded in CD3OD. [d-k] Interchangeable. 
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4-8. ciml����
����	������� 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 42. 21-24 2D NMR 1H-1H COSY

HMBC   
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9 sp3 C-10 C-18

Δ2,3 Δ7,8 J2,3 J7,8

15.7 Hz 15.4 Hz E

21 24   (Figure 42)   

Ciml-2 (22) � ESIMS 13C NMR C22H38O5

4  21 2

21 1H 13C NMR

1H-1H COSY HSQC HMBC HSQC-TOCSY C-1–C-10 C-19–

C-22  (Figure 42) a,b- 2

8

C-6 C-7  (C-6: dC 59.2; C-7: dC 59.7) 

HMBC H-21 C-1 C-1-C-21

8 sp3 C-11 C-

18 Δ2, 3 J2,3  (15.6 Hz) 

H2/H4 NOE E 22

21 6, 7 8 22

  (Figure 42)  

Ciml-3 (23)� ESIMS (m/z 516.3455 [M-H]- , calcd 516.3449) 13C NMR

C27H51NO6P 21 1H 13C NMR

1H-1H COSY HSQC HMBC HSQC-TOCSY 22

Ciml-1  (Figure 42) Δ2, 3 Δ7,8

J2,3 J7,8 15.7 Hz 15.2 Hz E

 HMBC H-21 C-1 C-1 C-21

H-1´ (dH 

4.22)  H-2´ (dH 3.60) COSY H-2´ C-

1´ 9H H-3´ C-2´ HMBC
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 ( ) 21

5

C-5 (dC 76.4) C-1´ (dC 60.3) 

 (2JC-5,P=5.5 Hz, 2JC-1´,P=4.9 Hz,) 

 (C-4: dC 40.0, 3JC-4,P=3.7 Hz; C-6: dC 130.6, 3JC-6,P=5.3 Hz) 

C-5 C-1´

23 21 5  

 (Figure 42)  

Ciml-4 (24)� � ESIMS 13C NMR C27H51NO8P

22 23 1H 13C NMR 1H-1H 

COSY HSQC HMBC 22

 (Figure 42) 2,3 J2,3 15.7 Hz

E HMBC H-21 C-1 C-1

C-21 23

H-1´ (dH 4.30)  H-2´ (dH 3.64) COSY

H-2´ C-1´ 9H H-3´ (dH 3.22) C-

2´ (dC 66.5) HMBC C-5 (dC 

75.6) C-1´ (dC 58.8)  (2JC-5,P=5.5 Hz, 2JC-1´,P=5.0 Hz,) 

 (C-4: dC 36.1, 

br d; C-6: dC 58.1, 3JC-6,P=6.0 Hz; C-2´: dC 66.5, brd) C-5

C-1´  

24 21 5

 (Figure 42)  
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Table 8. 13C (125 MHz) and 1H (500 MHz) NMR data for 21-24a. 
        Ciml-1 (21)b      Ciml-2 (22)c      Ciml-3 (23)c  Ciml-4 (24)d 

Position 13C 1H (multi, J in Hz)  13C 1H (multi, J in Hz)  13C 1H (multi, J in Hz)  13C 1H (multi, J in Hz) 

1 165.8   167.5   167.5   166.1  
2 124.5 5.85 (1H, d, 15.7)  125.4 5.94 (1H, dt, 15.6, 1.4)  125.3 5.88 (1H, d, 15.7)  124.7 5.95 (1H, d, 15.7) 
3 143.8 6.90 (1H, dt, 15.7, 7.4)  145.3 7.02 (1H, dt, 15.6, 7.5)  145.4 6.94 (1H, dt, 15.7, 7.4)  142.4 7.00 (1H, dt, 15.7, 7.5) 
4 39.7 2.50 (2H, m)  38.3 2.53 (2H, m)  40.0 2.59 (1H, m)  36.1 2.65 (1H, m) 
        2.69 (1H, m)   2.77 (1H, m) 

5 71.6 4.28 (1H, m)  72.1 3.48 (1H, m)  76.4 4.74 (1H, m)  75.6 3.93 (1H, m) 
6 131.2 5.47 (1H, dd, 15.4, 7.2)  60.6 2.88 (1H, dd, 6.5, 2.2)  130.6 5.46 (1H, dd, 15.2, 6.9)  58.1 3.02 (1H, dd, 7.6, 2.1) 
7 133.6 5.68 (1H, dt, 15.4, 7.0)  61.1 2.83 (1H, dt, 7.1, 2.2)  134.6 5.75 (1H, dt, 15.2, 7.2)  60.4 2.83 (1H, dd, 6.5, 2.1) 
8 31.7 2.04 (2H, m)  73.5 3.26 (1H, dt, 7.1, 6.8)  32.8 2.05 (2H, m)  71.1 3.29 (1H, m) 
9 28.4 1.37 (2H, m)  35.3 1.56 (2H, m)  29.6 1.39 (2H, m)  33.7 1.47 (1H, m) 
           1.57 (1H, m) 

10 27.5e 

1.27-1.36 (18H) 

 25.7 1.40 (2H, m)  27.2g 

1.32-1.36 (18H) 

 24.7 1.40 (2H, m) 
11 27.7e  29.1f 

1.28-1.36 (16H) 

 27.2g  27.2h 

1.21-1.29 (16H) 

12 27.8e  29.2f  27.3g  27.4h 
13 27.8e  29.3f  27.5g  27.4h 
14 28.0e  29.4f  27.5g  27.7h 
15 28.0e  29.5f  27.8g  27.7h 
16 28.0e  29.7f  27.8g  27.8h 
17 28.1e  29.9f  27.8g  28.3h 
18 28.3e  30.1f  27.9g  28.7h 
19 24.8 1.33 (2H, m)  25.9 1.40 (2H, m)  25.8 1.34 (2H, m)  24.3 1.34 (2H, m) 
20 35.6 1.50 (1H, m)  36.2 1.60 (1H, m)  36.5 1.51 (1H, m)  35.1 1.51 (1H, m) 

  1.61 (1H, m)   1.66 (1H, m)   1.61 (1H, m)   1.61 (1H, m) 
21 70.7 4.99 (1H, m)  72.4 4.99 (1H, m)  71.8 4.96 (1H, m)  71.1 4.98 (1H, m) 
22 20.1 1.23 (3H, d, 6.3)  20.4 1.23 (3H, d, 6.3)  20.4 1.21 (3H, d, 6.3)  19.8 1.23 (3H, d, 6.3) 
1´       60.3 4.22 (2H, m)  58.8 4.30 (2H, m) 
2´       67.4 3.60 (2H, m)  66.5 3.64 (2H, m) 
3´       54.7 3.20 (9H, brs)  54.1 3.22 (9H, brs) 

[a] Assignments were based on 1H-1H COSY, HSQC and HMBC experiments. 
[b] Recorded in CDCl3. [c] Recorded in CD3OD. [d] Recorded in CDCl3 (20% CD3OD). [e-h] Interchangeable. 
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4-9. Ciakml-1 (25)   

25� ESIMS 13C NMR C24H44NO6P

24 20 1H 13C NMR 2

NMR 24 5

 (Figure 43, Table 9)   

 

 

 

 

 

 

 

Figure 43. 25 2D NMR 1H-1H COSY

HMBC   

 

Table 9. 13C (125 MHz) and 1H (500 MHz) NMR data for 25a. 
Ciakml-1 (25)b 

Position 13C 1H (multi, J in Hz) 
1 165.9  
2 124.9 5.95 (1H, d, 15.7) 
3 142.2 6.99 (1H, dt, 15.7, 7.4) 
4 36.0 2.63 (1H, m) 
  2.71 (1H, m) 

5 75.9 3.96 (1H, dd, 12.0, 7.6) 
6 58.5 3.04 (1H, dd, 7.6, 1.9) 
7 60.5 2.90 (1H, dt, 6.8, 1.9) 
8 71.5 3.27 (1H, dt, 6.8, 6.8) 
9 33.7 1.47 (1H, m) 
  1.55 (1H, m) 

10 24.7 

1.24-1.32 (18H) 

11 27.4c 
12 27.5c 
13 27.6c 
14 27.7c 
15 27.9c 
16 28.0c 
17 28.5c 
18 28.8c 
19 24.3 1.35 (2H, m) 
20 35.0 1.53 (1H, m) 

  1.62 (1H, m) 
21 71.3 4.98 (1H, m) 
22 19.8 1.23 (3H, d, 6.2) 
1´ 61.8 4.13 (2H, m) 
2´ 40.3 3.19 (2H, m) 

[a] Assignments were based on 1H-1H COSY, HSQC and HMBC experiments. 

[b] Recorded in CDCl3 (20% CD3OD). [c] Interchangeable. 
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5-1.  

3

 (Figure 10) Figure 23 type A

HR-PKS MhpC-TE

P450 SDR BBE

3

5-2 type A

peml 5-3

Macrophomina mpml

HR-PKS MhpC-TE
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5-2.  peml  

5-2-1.  

 

 

 

 

Figure 44. peml �	
��"����| 

 

peml Penicillium expansum HR-PKS (PemlA) 

MhpC-TE (PemlB) SDR PemlC BBE PemlD P450 PemlE

O-acetyltransfese PemlF 3

type A  (Figure 44, Table 10) PemlA KS AT DH ER KR ACP

iterative Type I PKS PemlB mhpC a/b-hydrolase 

superfamily  (Figure 45) PemlA PemlB

  

 

Table 10. peml cluster (Penicillium expansum). 

Gene Size (bp) Protein homologue (accession number) Identity (%)/ 
similarity (%) Predicted function 

pemlA 7,342 Highly reducing polyketide synthase Bref-PKS  
[Eupenicillium brefeldianum] (A0A068ABB7) 48/64 HR-PKS 

pemlB 974 Thiohydrolase Bref-TH 
[Eupenicillium brefeldianum] (A0A068ACU9) 46/62 Thioesterase 

pemlC 1,003 Short-chain dehydrogenase RED3 
[Magnaporthe oryzae] (G4N292) 42/63 SDR 

pemlD 1,892 VAO-type flavoprotein oxidase VAO615  
[Myceliophthora thermophila] (G2QDQ9) 43/60 BBE-like oxidase 

pemlE 1,681 Cytochrome P450 monooxygenase orf4  
[Eupenicillium brefeldianum] (A0A068AA98) 41/58 P450 

pemlF 1,556 Trichothecene 3-O-acetyltransferase  
[Madurella mycetomatis] (A0A175VYW6) 52/68 Acetyltransferase 

 

  

1 kb

pemlBpemlF pemlApemlE pemlD pemlC

HR-PKSTESDRBBEP450O-AT
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Figure 45. PemlA-E   

 

 

  

PemlA

PemlC

PemlE

PemlB

PemlD
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5-2-2. peml  31-34  

PemlA PemlB

pemlA pemlB AO-pemlAB CPS

MeOH HPLC

31  (Figure 46) AO-pemlAB

Peml-1 (31) 

a/b- 16

 (5-4 ) peml

 

3 PemlC-E

pemlC pemlD AO-pemlAB AO-pemlABCD

31

pemlE AO-pemlABE 2

32, 33  (Figure 46) Peml-2 

(32) 31 3 Peml-3 (33)

3,4- PemlE 16 3 4

P450  

AO-pemlABE

pemlC pemlD AO-pemlABEC AO-pemlABED

pemlABECD AO-

pemlABEC AO-pemlABED

AO-pemlABECD 34  

(Figure 46) Peml-4 (34) 

 (Figure 46, Table 12, 5-4 ) 3

a,b pemlD
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pemlCD 33 PemlD 34

PemlC  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 46. AO-pemlAB ABE ABED HPLC

 ( 210 nm  (NQAD)) 

31-34  

 

P450 BBE SDR type A ( 3 ) 

PemlC

O-acetyltransferase PemlF PemlC

AO-pemlABEDCF 9

pemlC

in vitro   

 

Peml-1 (31)

pemlAB

Peml-2 (32) Peml-4 (34)

O

O

O

O
HO O

O

HO

HO
OH

O
O

HO

OH

pemlABE pemlABED

Peml-3 (33)

0.0 10.0 20.0

3133

0.0 10.0 20.0

32

34
33NQAD* 

Cont.

pemlAB

pemlABE

pemlABED

���� ����

32

AU 210

(min) (min)
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5-2-3.   

  peml 16

31-33 34 peml

PemlA PemlB 31 PemlE 2, 3

32 33 33 BBE

34  (Scheme 2)  

PemlC type A

in 

vitro  

 

 

 

 

 

 

 

 

 

 

Scheme 2. Peml-1-4 .  

  

O

O

O

O
HO

O

O

HO

HO
OH

O
O

HO

OH

PemlB
PemlA

PemlE PemlE

PemlD

P450 P450

BBE-like

31 32

33 34

1 x Acetyl-CoA
7 x Malonyl-CoA HR-PKS

Mhp-TE



�

�

�

�
71 

5-3. mpml  

5-3-1.  

 

 

 

Figure 47. mpml

mpml Macrophomina phaseolina HR-PKS 

(MpmlA) MhpC-TE (MpmlB)  (Figure 47, Table 11) MpmlA KS

AT DH ER KR ACP iterative Type I PKS  (Figure 48)

MpmlA MpmlB

 Macrophomina  

 

 

 

 

 

 

 

 

 

Figure 48. MpmlA-B   

 

Table 11. mpml cluster (Macrophomina phaseolina MS6). 

Gene Size (bp) Protein homologue (accession number) Identity (%)/ 
similarity (%) Predicted function 

mpmlA 7,935 Highly reducing polyketide synthase Bref-PKS  
[Eupenicillium brefeldianum] (A0A068ABB7) 49/65 HR-PKS 

mpmlB 992 Thiohydrolase Bref-TH  
[Eupenicillium brefeldianum] (A0A068ACU9) 54/70 Thioesterase 

1 kb

mpmlB mpmlA

HR-PKSTE
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5-3-2. mpml  12   

Mpml mpmlA mpmlB

AO-mpmlAB CPS EtOAc

HPLC DAD  (NQAD, 

OSAKA SODA) 35  (Figure 49)

Mpml-1 (35) 12  (Table 13, 

5-5 ). mpml

 

 

 

 

 

 

 

 

 

Figure 49. AO-mpmlAB HPLC  (*

 (NQAD OSAKASODA)) 29

  

 

5-3-3.  

MpmlA MpmlB 12 35

12

cladospolides89

patulolides90,91 HIV balticolid92

0.0 10.0 20.0

35

2.0 4.0 6.0 8.0 12.0 14.0 18.0

mpmlAB

Mpml-1 (35)
O

O

OH

16.0

Cont.

mpmlAB

����
NQAD*

(min)
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5-4. peml 34  

31-33 ESIMS 13C NMR

2 NMR  (Table 

S3) 33 93

32 4, 5 15 X

 

31: C16H28O2, (m/z 275.1985 [M+Na]+ , calcd 275.1982), 32: C16H28O3, (m/z 291.1931 [M+Na]+ , 

calcd 291.1926), 33: C16H28O4, (m/z 307.1879 [M+Na]+ , calcd 307.1887). 

Peml-4 (34) � ESIMS (m/z 301.2023 [M-H]- , calcd 301.2010) 13C NMR

C16H30O5
1H NMR, 13C NMR, COSY HSQC

 H-16 (dH 1.13)  H-15 (dH 

3.69) H-14 (dH 1.38, 1.44) H-

16/C-14, H-15/C-13, C-14 HMBC C-13-C16

 (Figure 50) H-2 (dH 2.54) H-3 (dH 2.82) 

H- 5 (dH 4.08) H-6 (dH 1.55, 1.73) 

H-2/C-1, C-4, H-3/C-1, C-4, H-5/C-4, C-7, H-6/C-1, C-7

HMBC C-1-C-7 13C NMR

C-4 (dC 213.8) 

 5 sp3 C-8 C-12

34 Figure 46   
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Figure 50. 34 2D NMR 1H-1H COSY

HMBC   

 

Table 12. 13C (125 MHz) and 1H (500 MHz) NMR data for Peml-4 (34)a,b. 
Position 13C 1H (multi, J in Hz) 

1 176.4  
2 28.4 2.54 (2H, t, 6.4) 
3 33.8 2.82 (2H, dt, 6.5, 6.4) 
4 213.8  
5 78.0 4.08 (1H, dd, 8.2, 4.2) 
6 34.7 1.73 (1H, m) 
  1.55 (1H, m) 
7 26.1 1.40 (2H, m) 
8 30.5 

1.32-1.36 (16H) 
9 30.6 
10 30.6 
11 30.7 
12 30.8 
13 26.9 
14 40.2 1.41 (1H, m) 
  1.47 (1H, m) 

15 68.6 3.69 (1H, m) 
16 23.5 1.13 (3H, d, 6.2) 

[a] Assignments were based on 1H-1H COSY, HSQC and HMBC experiments. 
[b] Recorded in CD3OD. 
 
 
5-5. mpml   

Mpml-1 (35) �  (m/z 235.1304 [M+Na]+ , calcd 235.1310) 13C 

NMR C12H20O3 1D NMR, COSY HSQC

 H-12 (dH 1.26)  H-11 (dH 5.18)

H-10 (dH 2.18, 2.37) H-9 (dH 5.51) H-8 (dH 5.42)

H-7 (dH 4.10) H-10 (dH 1.51, 1.78) 

C-6-C12  (Figure 51)

OH
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O

HO

OH
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H H
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H-2 (dH 2.25, 2.35) H-3 (dH 1.50, 1.80) H-

4 (dH 1.25) C1-C-4

H-3/C-5, H-4/C-6, H-8/C-6 HMBC

C-4 C-6 C-5 HMBC H-11/C-

1 C-1 C-11

35 12  (Figure 49)  

 

 

 

 

 

 

Figure 51. 35 2D NMR 1H-1H COSY HMBC

  

 

Table 13. 13C (125 MHz) and 1H (500 MHz) NMR data for 35a,b. 

 

 

 

 

 

 

 

 
[a] Assignments were based on 1H-1H COSY, HSQC and HMBC experiments. [b] Recorded in CDCl3. 

 

 

Position 13C 1H (multi, J in Hz) 
1 173.3  
2 32.8 2.35 (1H, m) 
  2.25 (1H, m) 
3 24.2 1.80 (1H, m) 
  1.50 (1H, m) 
4 23.8 1.25 (2H, m) 
5 23.2 1.48 (2H, m) 
6 34.2 1.78 (1H, m) 
  1.51 (1H, m) 
7 73.1 4.10 (1H, m) 
8 135.5 5.42 (1H, ddd, 15.1, 9.2, 1.6) 
9 130.0 5.51 (1H, ddd, 15.1, 10.7, 3.4) 
10 40.6 2.37 (1H, m) 
  2.18 (1H, dd, 13.9, 10.7) 

11 68.3 5.18 (1H, m) 
12 20.6 1.26 (3H, d, 6.3) 

1
2

3

4
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6
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8

9
10
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H H
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� 6� 
 

Brefeldin A������ 

 

6-1.  

Brefeldin A63 1958 Penicillium decumbens 16

10  (Figure 52) 94,95 Brefeldin 

A

96-99

 ( ) 

100,101

brefeldin A

102. brefeldin A

brefeldin A
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Figure 52. Brefeldins  

 

Brefeldin A 2014  (bref

)  (Figure 53)82 C-C

brefeldin A  

 

 

 

 

 

Figure 53. bref  

 

 Eupenicillium ludwigii B  (MT-3 ) 

brefeldin A

HR-PKS MhpC-TE brefeldin 

A  (elb )  (Figure 54)

brefeldin A C-C

O

O
HO
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in vitro����
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brefeldin A

 

 

 

 

 

Figure 54. elb bref identity (%)  

 

6-2. elb   

elb E. ludwigii MT-3 bref

HR-PKS (ElbA) TE (ElbB) 4 P450 (ElbC-F)  (Figure 

54, Table 14) ElbA KS AT DH ER KR ACP iterative Type I PKS

 (Figure 55) ElbB CDD mhpC

 ApmlB (Identity: 38%, similarity: 58%) MhpC-TE

4 P450

ElbC ElbF  (Identity: 71%, similarity: 82%) (Table 15).  

  

1 kb

elbB elbFelbEelbDelbC elbA

Bref-TE Bref-PKSP450

96% 97% 94%88% 93% 96%

elb cluster (Eupenicillium ludwigii MT-3)

bref cluster (Eupenicillium brefeldianum)
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Figure 55.  ElbA-F  

 

Table 14. elb cluster (Eupenicillium ludwigii MT-3). 

Gene Size (bp) Protein homologue (accession number) Identity (%)/ 
similarity (%) Predicted function 

elbA 7,317    Highly reducing polyketide synthase Bref-PKS 
[Eupenicillium brefeldianum] (A0A068ABB7) 94/97 HR-PKS 

elbB 965    Thiohydrolase Bref-TH  
[Eupenicillium brefeldianum] (A0A068ACU9) 96/98 Thioesterase 

elbC 1,721    Cytochrome P450 monooxygenase orf3 
[Eupenicillium brefeldianum] (A0A068A9T2) 97/99 P450 

elbD 1,640    Cytochrome P450 monooxygenase orf4 
[Eupenicillium brefeldianum] (A0A068AA98) 88/92 P450 

elbE 1,826    Cytochrome P450 monooxygenase orf5 
[Eupenicillium brefeldianum] (A0A068AA78) 93/97 P450 

elbF 1,509    Cytochrome P450 monooxygenase orf6  
[Eupenicillium brefeldianum] (A0A068ACU3) 96/98 P450 
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Table 15. Identity and similarity of Elb-C-F (Identity (%)/similarity (%)). 

 ElbC ElbD ElbE 
ElbF 71/82 37/52 23/41 
ElbE 23/41 22/42  
ElbD 37/52   

 

 

6-3.  Brefeldin A   

  HR-PKS TE elbA

elbB AO-elbAB CPS

MeOH HPLC 14.1 min

37  (Figure 56) Elb-1 (37) 

 (Figure 56)

37 Bref-PKS Bref-TH 36

36

37 brefeldin C 5 -9 C-C

4 -5  (Figure 57)

C-C 5
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Figure 56. AO-elbAB elbABF elbABFD HPLC

 ( 210 nm) 36-38

  

 

 

 

 

 

 

Figure 57. 36, 37 brefeldin C  

 

bref elb 4 P450

4 P450

ElbC-E
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Scheme 3. ElbA-F *elbC elbE cDNA  

 

ElbC ElbF

AO-elbAB elbC elbF AO-elbABCF

elbD elbE AO- elbABDE

AO-elbABDE AO-elbABCF

12.7 min 38  (Scheme 3- )  elbC

elbF AO-elbAB AO-

elbABC AO-elbABF AO-elbABF 38

 (Scheme 3- Figure 56) 38 brefeldin C

C-C brefeldin C

ElbA ElbB ElbF   

7 P450 elbD elbE AO-

elbABF AO-elbABFD elbABFE EtOAc

MeOH AO-elbABFD

 8.8 min 39  (Scheme 3- Figure 56)

39 brefeldin A E. ludwigii 

MT-3 brefeldin A HPLC

ElbD brefeldin C 7

ElbAB

ElbABCF

ElbABDE

ElbABC

ElbABF
37

� �  � �

38

37

37

38

ElbABFDE

ElbABFD

ElbABFE

����
�
	���

38

39

39
ElbABFDC

39

ElbABFDCE*

39
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brefeldin A elbA, elbB, elbE elbD

  

brefeldin A 2 P450

elbC elbE

 (Scheme 3- Figure S3). 

E. ludwigii MT-3 brefeldin A

78 elbC elbE   

E. ludwigii MfT-3 elb brefeldin 

A elbA, elbB, elbC elbF

brefeldin A ElbA ElbB

ElbF ElbF brefeldins

ElbD brefeldin 

A 7  

 

6-4. ElbB  

6-3 brefeldin C ElbA ElbB P450

ElbF

ElbA ElbF 5 ElbB

ElbB

in vitro  

 

6-4-1. ElbB  

E. ludwigii MT-3 cDNA elbBc

pET28a N His6

 pET28_elbB pET28_elbB Escherichia coli BL21 (DE3) 

 (30/40 mL) ElbB IPTG
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IPTG 0.1 mM 0.4 mM ElbB

 (Figure 58). IPTG 0.1 mM   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 58. SDS-PAGE His ElbB ElbB

E. coli BL21 (DE3)_elbB 16ºC 20 h

IPTG  (A) 0.05 mM, (B) 1 mM, (C) 0.1 mM or (D) 0.4 mM  NC: 

 (E. coli BL21 (DE3), PC:  (CphE)

; His-CphE: 48 kDa, His-ElbB: 35 kDa. 

 

 

 

 

 

(A) IPTG 0.05 mM (B) IPTG 1 mM

(C) IPTG 0.1 mM (D) IPTG 0.4 mM

His-ElbB His-ElbB
35

48
35
48

35
48

35
48

IF
MW

(kDa)
MW

(kDa)

MW
(kDa)

MW
(kDa)

NC PC His-ElbB NC PC His-ElbB

NC His-ElbBNC His-ElbB

SF IF SF IF SF IF SF IF SF IF SF

IF SFIF SFIF SFIF SF

M M

MM
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ElbB  (150 mL) 

Ni-

ElbB  (Figure 59, Lane 7) 250 mM

®

1 µM  (Figure 59, Lane 8)  

 

 

 

 

 

 

 

 

 

Figure 59. ElbB . 12 % SDS-

PAGE and stained with CBB. Lane 1: , Lane 2: Lane 

3: ; Lane 4: ; Lane 5: 10 mM

; Lane 6: 60 mM ; Lane 7: 250 mM

; Lane 8:  

 

6-4-2. SNAC   

ElbB SNAC 40 AO-elbABF

brefeldin C (38) 41 41

EDC SNAC 40

SNAC 42  (Scheme 4)  

 

 

1 2 3 4 5 6 7 8
MW
(kDa)

35

His-ElbB
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O

O
HO

H

H

SNAc

O

HO

H

H OH

LiOH

DME/H2O

SNAC

EDC, CHCl3

38 41

40

O

O
HO

H

H

SNAC

OH

O
HO

H

H OH

SNAC

EDC, CHCl3

42

 

 

 

 

 

Scheme 4. SNAC  (40)  

Q  

15 . 41 TBDPS

43 SNAC SNAC

44  (Scheme 5) TBAF TBDPS

TLC

HF•Pyridine 2 TBDPS

43 TBDPS 2

2.5

12 40 ESIMS

1 2 NMR

 

 

 

 

 

Scheme 5. SNAC . 
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EDC
CH2C2

41

TBDPSCl
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DMF

SNAC

O

RO

H

H OR

OH

O

RO

H

H OR
HF•Pyridine

THF

43 44 (R = TBDPS)

OH

O
HO

H

H OH
SNAC

O

HO

H

H OH

40
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6-4-3. ElbB in vitro  

ElbB HR-PKS C-C

ElbB SNAC in vitro

SNAC 40 N His

ElbB 1.5 ElbB

2 38

 (12.5 min) UV

brefeldin C HPLC

ESIMS  (287.1615 [M+Na]+, calcd 287.1618) 

9 min 41

ElbB brefeldin C ACP C-C

41 in vitro ElbB N His
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Figure 60. (A) SNAC 40 ElbB in vitro (B) 

SNAC 40 ElbB in vitro HPLC  (

210 nm)  

 

  ElbA 36 ElbF

41 ElbB 38  

(Figure 61A) ElbB 41

 (Figure 61A) 41 ElbB

 

ElbA ElbB 37 ElbF

45 ElbB

 (Figure 61B) 45 46 ElbB

 46  (Figure 61B)

45 ElbB  

10.0 12.0 14.08.0

40 + Boiled enzyme

40 + ElbB

41

41 40 38

38 (Brefeldin C)

6.0 16.0 (min)

AU 210

SNAC

O

HO

H

H OH
O

O
HO

H

H
OH

O

HO

H

H OH

ElbB

40 38 41

(A)

(B)

100 mM phosphate buffer
r.t.
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ElbA 36 ElbB

 (Figure 61C) 36 ElbB

 (Figure 61C)

ElbF HR-PKS ElbB

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 61. brefeldin C ElbB in vitro

HPLC  (  210 nm).

10.00 16.02.0 4.0 6.0 12.0 14.08.0 (min)18.010.00 16.02.0 4.0 6.0 12.0 14.08.0 (min)18.0

10.00 16.02.0 4.0 6.0 12.0 14.08.0 (min)18.0

41 + ElbB

41 + Boiled ElbB

46 + ElbB

46 + Boiled ElbB

36 + ElbB

36 + Boiled ElbB

41 46

36
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H OH
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41
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HO
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ElbBElbF O

O
HO
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38

OH

O

OH

36

ElbBElbF

37
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O

HO

H

H OH

R = Et  : 45
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ElbB 100 mM

 (pH 7.4)  50 mM  (pH 7.4) 10 mM Tris-HCl

* SNAC 40 brefeldin C

 

(Figure 62)   

 

 

 

 

 

 

 

 

Figure 62. ElbB in vitro HPLC

 (  210 nm). *10 mM Tris-HCl buffer 100 mM

mQ 10  

 

6-5.  

elb brefeldin A

C-C 5 HR-PKS TE P450

ElbB ElbB

5 SNAC 40

brefeldin C brefeldin A 4

 

brefeldin A  (Figure 63)

ElbA (HR-PKS) CoA C16

ElbF (P450) ACP 5 -9 C-C

ElbB

15 1

10.0 12.0 14.08.0
40 + ElbB in 100 mM phosphate buffer 

40 + ElbB in 50 mM phosphate buffer 

40 + ElbB in 10 mM Tris-HCl buffer 

41 40 38

41

38 (Brefeldin C)

16.0 (min)6.0
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HR-PKS brefeldin C ElbD (P450) 

brefeldin C 7 brefeldin A  

(Scheme 1) P450  HR-PKS

TE

 (Scheme 2) 37

 

 in vitro Bref-PKS Bref-TH

36

 

 

 

 

 

 

 

 
Figure 63. Brefeldin A . 

 

ElbB P450

36 SNAC ElbB in vitro  (Figure 64A)

 36 SNAC  36 SNAC

ElbB
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HO
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ElbB

ElbB X   

ElbF brefeldin C 5 9 C-C

ElbF SNAC

in vitro  (Figure 64B)  

 

 

 

 

 

 

 

 

Figure 64. (A) ElbB  (B) ElbF in vitro

 

 

  P450 ElbF C-C  (Figure 65)

ElbF 9 4 -5

5 -9 C-C 4 ElbB

 

 

 

 

 

Figure 65. ElbF 5 -9 C-C  
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brefeldin A

HR-

PKS TE

Brefeldin A C-C

Penicillium verrucosum primase Sch642305

 (Figure 66)80

brefeldins Sch642305

C-C

  

 

 

 

 

Figure 66. Structure of Sch642305.Q
Sch642305 

O

O

O
H

HO H
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HR-PKS MhpC-TE

2

apml

34 phaeospelide A

HR-PKS MhpC-TE 3

HR-PKS MhpC-TE

159 200

4 GPI-EPT P450 akml, ciml

5

  

6 brefeldin A

HR-PKS TE P450

brefeldin A brefeldin A

TE HR-PKS P450
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36,41-43

2 HR-PKS

MhpC-TE

4 5 6

HR-PKS TE

Neonectria ramulariae

Beauveria bassiana cephalosporolides

 (Figure 67). N. 

ramulariae HR-PKS MhpC-TE fumagillin atranone

 

 

 

 

 

 

 

Figure 67. Neonectria ramulariae Beauveria bassiana
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HO
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HR-PKS TE HR-PKS TE

SDR
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Cephalosporolide B
(Predicted structuere)
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cephalosporolides

5

cephalosporolide B

3 type C P450 SDR b-lactamase

3

 

DNA

DNA

200

DNA

Recombination Assembly-Replication Cycle Reaction (RA-RCR) 

RA-RCR

DNA  (RA) DNA  (RCR) 

DNA 103
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RA-RCR

GPI-

EPT

 ( / 1.4 kbp)

 

36 akml ciml

erythromycin

4

104
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 103 

Table S1. Reagents added to the media for selection and cultivation of A. oryzae transformants 104 

  

 105 

 106 

HPLC apmlA apmlB  111 

elbBc, elbCc elbEc cDNA  112 

ElbB IPTG  113 

ElbB  114 

ElbB in vitro  

elbA, elbB, elbC elbE cDNA  115 

Phaeospelide A (1)  116 

3  

Figure S1. 3 2 NMR  117 

4 , 3  118 

16 ,  (S)-16  (R)-16  119 

VCD IR  

5 7 TBDPS , 8 12  120 

9 10 11  121 

13 14 15  122 
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10  (S)-  (R)-MTPA  123 

14  (S)-  (R)-MTPA  124 

A. phaeospermum Kemushi-1  125 

Akml-1-4 (17-20)  126 

Table S2. 13C (125 MHz) and 1H (500 MHz) NMR data for 20 and 26 127 

29  128 

30a 30b  129 

28 , Ciml-1-4 (21-24)  130 

Ciakml-1 (25)  131 

Peml-1-4 (31-34)  132 

Table S3. 13C (125 MHz) and 1H (500 MHz) NMR data for 31-33 133 

Mpml-1 (35) , Elb-1 (37)  134 

Elb-1 (37) Figure S2. Elb-1 (37) 2 NMR  135 

Table S4. 13C (125 MHz) and 1H (500 MHz) NMR data for 37 

Brefeldin C (38) , Brefeldin A (39)  136 

Table S5. 13C (125 MHz) and 1H (500 MHz) NMR data for 38 and 39 137 

ElbB  138 

43 44  139 

SNAC 40 45  140 

36  141 

Figure S3. AO-elbABFDC elbABFDCcEc  

HPLC   142 

Table S6. Summary of A. oryzae transformants in this study 

Table S7. List of primers used for cloning of genes in this study 143 

Table S8. List of primers used for cDNA sequencing in this study 144 

PCR 145 
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 (TLC) 

TLC  60 F254 RP-18 F254 (Merck) 

60 

(70–230 40-50 mesh), 140 C18-OPN (nacalai tesque) . NMR

Bruker AVANCE III 500 spectrometer (1H NMR, 500 MHz; 13C NMR, 125 MHz)

Bruker AVANCE III HD 800 spectrometer (1H NMR, 800 MHz; 13C NMR, 200 MHz) Bruker 

AVANCE III HD 900 spectrometer (1H NMR, 900 MHz; 13C NMR, 225 MHz) . 1H 

13C NMR CDCl3

tetramethylsilane (dH 0.00)  (dC 77.0) MeOD

 (dH 3.30, dC 49.0), DMSO-d6

 (dH 2.49, dC 39.7)  Exactive Orbitrap 

Mass Spectrometer (Thermo Fischer Scientific) . IR  VCD 

JASCO FVS-6000 spectrometer . UV JASCO-

V-730 spectrophotometer . HPLC JASCO AS-

1555-10 Intelligent Sampler, JASCO PU-4180 RHPLC Pump JASCO MD-4017 Photo Diode 

Array Detector (JASCO)  NQAD® (OSAKA SODA) , 

COSMOSIL Packed Column 5C18-MS-II (f 4.6 mm×150 mm) (nacalai tesque) . 

LC-MS Chrommaster 5610 MS Detector (HITACHI, Ltd), a Chromaster 5110 Pump 

(HITACHI, Ltd)  Chromaster 5430 Diode Array Detector (HITACHI, Ltd)  

 COSMOSIL Packed Column 5C18-MS-II (f 4.6 mm×150 mm) (nacalai 

tesque)  

 

"35W�0UV8-> 

Arthrinium phaeospermum Kemushi-1 

65. 
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Cytospora sp. 

65. 

Hypoxylon fragiforme 

65. 

Eupenicillium ludwigii MT-3 

78. 

Aspergillus kawachii NBRC 4308, Macrophomina phaseolina NBRC 7317, Penicillium 

expansum NBRC 5838 Biological Resource Center, NITE (NBRC)  

Colletotrichum incanum MAFF237190 Ministry of Agriculture, Forestry Fisheries 

(MAFF)  

 

142.Y0RVrgk$ 

Aspergillus oryzae NSAR1 (niaD−, sC−, DargB, adeA−)105 Escherichia coli BL21 

(DE3)    

A. oryzae NSAR1 

 

E. coli BL21 (DE3) (F�, ompT, hsdSB (rB�mB�) , gal, dcm) ElbB

 

 

pUARA2  

pUAdeA2, pUPTRA2 pUSA2

36. 

pUARA2, pUAdeA2, pUPTRA2 pUSA2 A.oryzae a-amylase

(amyB) argB, adeA, ptrA sC
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8->Z�NY0RV���� 

yPDB ���� 

Potato-Dextrose Broth (DIFCO) 7.2 g agarose (Nacalai tesque) 4.5 g 300 mL 

121˚C 20 . 20 mL

A. oryzae NSAR1

 

PDB  (adenine 0.05%, arginine 0.1%) 

Potato-Dextrose Broth (DIFCO) 7.2 g agarose (Nacalai tesque) 4.5 g, adenine (TCI) 0.15 g, 

L-arginine (Wako) 300 mL 121˚C 20

. 20 mL A. 

oryzae NSAR1  

yCD ���� (NaCl 0.8 M) 

Czapek-Dox Broth (Difco) 10.5 g, NaCl (Nacalai tesque) 14 g, agarose (Nacalai tesque) 4.5 g 

300 mL 121˚C 20 . 20 mL

A. oryzae NSAR1

Table S1 . 
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Table S1. Reagents added to the media for selection and cultivation of A. oryzae transformants. 

Reagents Final cont. Amount of reagents 

L-arginine 0.1% 100 mg/100 mL medium  

before autoclave 

adenine 0.01% 10 mg/100 mL medium 

before autoclave 

L-methionine 0.15% 150 mg/100 mL medium  

before autoclave 

pyrithiamine 0.1 µg/mL 100 µg (0.1 mg/mL)/100 mL medium  

after autoclave 

ammonium sulfate 0.05% 50 mg/100 mL medium  

before autoclave 

 

8->Z�NY0RV(��� 

yCC (��� 

Czapek-Dox Broth (Difco) 2.1 g, Casamino Acids (Difco) 0.3 g 60 mL 

121˚C 20 A. 

oryzae NSAR1   

yCPS (��� 

Czapek-Dox Broth (Difco) 1.05 (2.63) g, peptone* 0.3 (0.75) g, Soluble Starch (Nacalai tesque) 

0.6 (1.5) g, Maltose Monohydrate (Nacalai tesque) 0.3 (0.75) g  150 (60) mL 

121˚C 20

A. oryzae NSAR1 A. phaeospermum Kemushi-1 *peptone: 0.2 

(0.5) g soy peptone, 0.2 (0.5) g casein peptone  0.2 (0.5) g meat peptone (Nacalai tesque)

.  
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yMYG (��� (NaCl 3%) 

Bacto Peptone (Difco) 0.06 g, Bacto Malt Extract (Difco) 1.2 g, D-(+)-glucose (Nacalai tesque) 

1.2 g, agarose (Nacalai tesque) 0.9 g, NaCl (Nacalai tesque) 1.8 g 60 mL 

121˚C 20 A. 

phaeospermum Kemushi-1  

yPDB (��� 

Potato-Dextrose Broth (Difco) 1.44 g, maltose 0.6 g 60 mL 

121˚C 20 A. 

phaeospermum Kemushi-1  

  

�=>Z�NY0RV�� 

yLB ���� 

LB Miller (Nacalai tesque) 5 g, agarose (Nacalai tesque) 200 mL 

121˚C 20 . 50ºC ampicillin ( 200 

µg/mL) 20 mL  

yLB (��� 

LB Miller (Nacalai tesque) 5 g, agarose (Nacalai tesque) 60 mL 

121˚C 20 ampicillin (

100 µg/mL) . 

yTB (��� 

 Tryptone (Bacto) 10 g, Yeast Extract (OXOID) 12 g, Glycerol (Sigma) 2 mL 450mL 

121˚C 20 50 

mL  (0.17 M KH2PO4, 0.72 M K2HPO4) . 
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P>142.9Z&6 

G��cwznxdZ�" M 

PrimeSTAR® MAX DNA Polymerase (TAKARA) Table S7

PCR DNA

QIAquick® Gel Extraction Kit (QIAGEN) In-Fusion® HD 

Cloning Kit (TAKARA) 1 µL In-Fusion

1.5 mL 10 µL E. coli DH5a

10 min 40ºC 45 s 200 µL LB

LB

 (100 µg/mL ampicillin) 37ºC 16 h

PCR  2 mL LB  (50 

µg/mL ampicillin) 15 mL 37ºC 160 rpm 16 h

GenElute™ Plasmid Miniprep Kit (Sigma-Aldrich) 

PCR

pUARA2, pUAdeA2, pUPTRA2  pUSA2 . 

Escherichia coli DH5a   

 (Table S7) PCR  (98ºC; 1 min, (98ºC; 1 

min, 55-65ºC; 5-15 s, 72ºC; 10-30 s/kb) x 40 cycles, 72ºC; 7 min then cooled at 10ºC) 

.  

 

yapml cluster 

apmlA 2

apmlA_IFpUKpnI-FW apmlA_R1, apmlA_F1 apmlA_IFpUKpnI-RV

Arthrinium phaeospermum Kemushi-1

DNA apmlB apmlB_IFpUNotI-FW apmlB_IFpUNotI-RV
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PCR

apmlA Asp718 pUARA2

pUARA2-apmlA apmlB NotI

pUAdeA2 pUAdeA2-apmlB apmlA apmlB

Asp718 NotI pUARA2 pUARA2-apmlAB  

A. oryzae NSAR1 pUARA2-apmlAB pUARA2-apmlA

AO-apmlAB AO-apmlA

CD AO-apmlA pUAdeA2-apmlB 

AO-apmlA+apmlB CD

 

yakml cluster 

akmlA 2

akmlA_IFpUKpnI-FW akmlA_R1, akmlA_F1 akmlA_IFpUKpnI-RV

akmlB akmlB_IFpUNotI-FW akmlB_IFpUNotI-RV

akmlC akmlC_IFpUKpnI-FW akmlC_IFpUKpnI-RV

akmlD akmlD_IFpUNotI-FW akmlD_IFpUNotI-RV

Aspergillus kawachii NBRC 4308 DNA

PCR akmlA akmlB

Asp718 NotI pUARA2 pUARA2-akmlAB

akmlA / akmlB Asp718 / NotI pUAdeA2

pUAdeA2- akmlC, akmlD akmlCD  

A. oryzae NSAR1 pUARA2-akmlAB AO-akmlAB

CD AO-

akmlAB pUAdeA2-akmlC, akmlD, akmlCD AO-

akmlABC, D CD CD
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yciml cluster 

cimlA 2

cimlA_IFpUKpnI-FW cimlA_R1,  cimlA_F1 cimlA_IFpUKpnI-RV

cimlB cimlB_IFpUNotI-FW cimlB_IFpUNotI-RV

cimlC cimlC_IFpUKpnI-FW cimlC_IFpUKpnI-RV

cimlD cimlD_IFpUNotI-FW cimlD_IFpUNotI-RV

Colletotrichum incanum MAFF237190 DNA

PCR cimlA

cimlB Asp718 NotI pUARA2

pUARA2-cimlAB cimlC / cimlD Asp718 / NotI

pUAdeA2 pUAdeA2- cimlC, cimlD cimlCD  

A. oryzae NSAR1 pUARA2-cimlAB AO-cimlAB

CD AO-cimlAB

pUAdeA2-cimlC, cimlD, cimlCD AO-cimlABC, D

CD CD   

ypeml cluster 

pemlA 2

pemlA_IFpUKpnI-FW pemlA_R1 pemlA_F1 pemlA_IFpUKpnI-RV

pemlB pemlB_IFpUNotI-FW pemlB_IFpUNotI-RV

pemlC pemlC_IFpUNotI-FW pemlC_IFpUNotI-RV

pemlD pemlD_IFpUKpnI-FW pemlD_IFpUKpnI-RV

pemlE pemlE_IFpUKpnI-FW pemlE_IFpUKpnI-RV

Penicillium expansum IFM 47478 DNA

PCR pemlA pemlB

Asp718 NotI pUARA2 pUARA2-pemlAB

pemlC / pemlD Asp718 / NotI pUAdeA2
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pUAdeA2-pemlCD, C, D pemlE Asp718 pUPTRA2

pUPTRA2-pemlE pemlC / pemlF Asp718 /

NotI pUSA2 pUSA2-pemlC, CF  

A. oryzae NSAR1 pUARA2-pemlAB AO-pemlAB

CD AO-

pemlAB pUAdeA2-pemlCD pUPTRA2-pemlE AO-

pemlABCD, pemlABE

CD AO-pemlABE 

pUAdeA2-pemlCD, C, D AO-pemlABECD, ABEC, ABED . 

CD AO-

pemlABED pUSA2-pemlCF, C AO-pemlABEDCF, ABEDC

CD

 

ympml cluster 

mpmlA 2

mpmlA_IFpUKpnI-FW mpmlA_R1 mpmlA_F1 mpmlA_IFpUKpnI-RV

mpmlB mpmlB_IFpUNotI-FW mpmlB_IFpUNotI-RV

Macrophomina phaseolina NBRC 7317

DNA PCR

mpmlA mpmlB Asp718 NotI pUARA2

pUARA2-mpmlAB   

A. oryzae NSAR1 pUARA2-mpmlAB AO-mpmlAB

CD  

yelb cluster 

elbA 2

pemlA_IFpUKpnI-FW elbA_R1 elbA_F1 elbA_IFpUKpnI-RV
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elbB elbB_IFpUNotI-FW elbB_IFpUNotI-RV

elbC/Cc elbC_IFpUKpnI-FW elbC_IFpUKpnI-RV

elbD elbD_IFpUKpnI-FW elbD_IFpUKpnI-RV elbE

elbE/Ec_IFpUNotI-FW elbE_IFpUNotI-RV elbF

elbF_IFpUNotI-FW elbF_IFpUNotI-RV

Eupenicillium ludwigii MT-3 DNA elbCc, elbEc

cDNA PCR

elbA elbB Asp718 NotI pUARA2

pUARA2-elbAB elbC / elbF Asp718 /

NotI pUAdeA2 pUAdeA2-elbCF, C, F elbD

/ elbE Asp718 / NotI pUAdeA2

pUAdeA2-elbDE, D, E elbC KpnI pUPTRA2

pUPTRA2-elbC elbCc elbEc KpnI NotI pUSA2

pUSA2-elbCcEc   

A. oryzae NSAR1 pUARA2-elbAB AO-elbAB

CD AO-elbAB

pUAdeA2-elbCF, C, F pUPTRA2-elbDE AO-

elbABCF,ABDE, ABC, ABF

CD AO-

elbABF pUPTRA2-elbDE, D, E  AO-elbABFDE, ABFD, ABFE

CD AO-

elbABFD pUSA2-elbC, CcEc AO-elbABFDC, ABFDCcEc

CD
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�EF!$Z�NX�C,ZHPLC	# 

CPS  (0.01% ) 

30°C 150 rpm 5-7 3 5-7  

3 mL 5 mL 2 mL EtOAc EtOAc  800 µL 1.5 

mL  (x2) EtOAc

100 µL MeOH 13,500 rpm 15 min 100 µL 

1.5 mL 10 µL HPLC

5-7 1.5 mL

40 mg 1 mL MeOH 30 min

13,500 rpm 15 min 500 µL 1.5 mL

MeOH 400 µL

H2O 400 µL EtOAc 300 µL EtOAc 1.5 mL

100 µL MeOH

13,500 rpm 15 min 100 µL 1.5 mL

10 µL HPLC HPLC : 

; 1 mL/min, : acetonitrile: H2O (0.01% TFA) = (0-2 min: 20:80, 2-12 min: 20:80 to 

100: 0, 12-24 min: 100:0). 200-400 nm. 

 

apmlAXapmlBZfzexgA# 

AO-apmlAB 60 mL CPS 4

RNeasy Plant Mini Kit (QIAGEN) RNA . 

RNA DNase 37ºC 1 h  

phenol/chloroform/isoamyl alcohol (25:24:1) RNA

Superscript® IV (Thermo Fischer Scientific)  (dT) 

cDNA Table S7
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QIAquick® Gel Extraction Kit (QIAGEN) 

Table S8   
 
 

 

ApmlA (accession number: P0CU84) 
MSDHNHTNGTTNGNGIGSNGVQSHVPNGAHINGTSSGLKPNGISNGTTNGINGHAPSTAATQTPVAVVGLACRLPGKS
NSPEALWKFLLDGGVADPTPPDHRYNFSTHYDGSQRPGTMPSPGGMLLRDVDLTAFDASFFNIGHAEAAVMDPQQRQL
LEVTYECLENSGVPLGKLRGTRAGCVVANNAVEYEGFATHDREDNVSGGSTGFSRSILSNRISHYLDIQGPSISIDTA
CSGTLVGVDLACRYLQTNQADGMLVGGALLYLDPSALQDTGPMKGAFSPTGQCHTFDADADGYIRGEAISCVYLKRLD
DAIRDGDPIRAVIRGSATNSDGNTTSLTQPSSAAQAAAIRMAYSNAGISDFNETGYLECHGTGTPTGDPLEVAGLASV
FAPTRPAEKPLIIGSIKSNVGHSESAAGLSGLIKTVLTVERGVIPGTPTFIKPTPRIDFDKSRVRPSRRTIRWPQSAS
GLRRASVNSFGFGGTNAHVVLEARDSMIKDPSVRKGFVFSNHGSSLFGLDADLEAGSERPYILALSANDKDALETNIQ
TLSTHLGDPAVGVKLSDVAYTLSERRTHHFHRGFVIADSLEISSDSMILGKKKAQPPRVAFIFTGQGAQWSQMGRDLI
ESFPLAKATIQKLDAALQTLPNPPQWSLVDELCEAREGAVLRLPEFSQPLVTALQIAQLTVLSHWGISATRVLGHSSG
EIAAAVAAGLVRPEEAIKIAYLRGLAAKFHQPDQPLGMLAVGVSAEAVAPYLETEPTVQIACFNSPTSLTLSGQQPDL
VRVCDRLKADGHFARMLQVNLAYHSEHIRSIAEEYHSLLKEQVPGAAGSSGNKKVTMFSSVTGKPISEAYDALGPDYW
RQNMVSPVRFAQAASNMLSGPESSEFLIEIGPAGALAGPVAQVIKAAPSARNTQYVAAAKRGADTLLALYETAGKLWA
NSGVVDLAKVNGYDGQANLVVDLPNYQWNHSRRYWRESLSASEFLQRPFLSHDLLGSKILSVPWHNPTFYQVIELSDV
PWLRDHKIGDQVIFPAAGYLSMAVEAIHQTTVMTQWREKGVPKSFAYCLKDVRFLRSLVLEEDVRAKISLALIPLHAS
PRRWYNFRVRSLMEGVWVDHCDGLVRIDEEAFDTTAPSRALEPLAHPEPGAVGYKSANAGEFSFGPAFQRIEYFDWIW
GSPETRAQVTTEYPVSAYSKQSEYPVHPVAMDCLLQLTGYSIAQMQMNALDDINCVPVGIEGIVIPSRSNPPAKSCMV
RSVAHLLDSSTSQTYGSRFASAGLYDPEDRSLVMEIKRIRFDPISSRGDQSEHVYMHFGWNADVSLTDAEGLNSYLAA
AAGSPEEKDLVAVATPEEQKNDESRSSPFALVQRLLDALAHRRPEMAVLEANLDSDDSTCLWLDLPSKSNNSGPRSGY
SKFHCVSKDPKALSHLQETHNEAPRTTWDLVDMAHPSGRIDSTDKFDLILVKSSDPETTFTTPALLSNIVASVSEGGM
VILLNTQGKPTVFHDASQALEASGLCRTKDLSASVGGLAIVATARRVGPAATTASGDKVITCFRLTDDDGPSNVLAGL
KDAGWAVNTCSDADALAHRSNILVVDELFTTVASRVTAEQWKMLQTIIRKECNVLWVTKGGQMEVTEPDRAAAPGLLR
TIRSEELGIRLISLDVENPTGPRTLYAIEECLRLLQESHAGIQKDSEFVERGGVIFTPRLLADPALNAAKHEPVNGRK
PQMESLQDKKTPVCLGVERVGTIDSLHYAERSPTPLPIKDGYIEIEIHAAGVNFKDLALTLGIVNSNDPFTLGGEAAG
VVSRIGKGVPGDRFVAGQRVVAMFPGSFGNRIQVPWQVAHAIPDRLSFEEAATLPVAFLTAMHGLFDLGNLQAGQRVL
IHSATGGTGSAAVQLCQHMGAEIFATAGTEEKRRFLQDIYNIPADHIFSSRTTDFEHQIMRLTGGLGVDVILNSLTGD
LLEASWNIIAHGGTMVEIGKKDIMEHSRLSMEPFSRSASFRALDLSLDTADLYGKGAGLGQTVGRLFERLFSLLERGH
VRPITPMQTFAFGQVTDALALMRSTKHMGKLVLSRGPDSNDQVAIRPAQRLVRFRPDATYLLVGGLKGICGSLAVDFA
KKGAKHLAALSRSNYDDPQSQIVLRQLKDLDCQIDLLRGDITKVEDVRRVFAETTVPVAGIIQGAMVLRDRPFANMTV
EEYHAAAACKIQGTWNLHNCAQEAQAPLDFFTILSSISSVLGNPAQGNYASGCSFQDAFSSYRQELGLPASTVNLGII
EQIGYMARNEDLLEKNVSSEVAKGINERLLCKIIGYSILQQSGSPVSEDPYSRARMVTGLTMPQPPDSMLRLDARFAA
LFVRDGSSSNTQAGGSGAASQDVSQEIKELNLLLRSKSARAANLPQVVDATLAVVSGYLVRAMRLSEAIEPERSLSAY
GIDSLAAVEFRNWLRLELGAAMSVIDITTAPSLLFLAEKIITKVDGVE  

 

ApmlB (accession number: P0CU85) 
MGLSEKVEFKTLDGLVLRGFLYSARAKGPAIVMTPGFNFPVSLLYHEVALGFQAAGITALVYDPRSVGRS
DGLPRSDINPAKQSEDFSDAITFLKTKPVVDPKRIALWGYSLSAAAALMAAGLDPRVKLVVAVCPAPVPY
NFEAPGKRRKYLDLAIRDRESQARGKEPFYVQYIGDSEETALFDYRKQRGMEELEYDEVVENLTKIAPGF
RNEVTIQTLRRLGSWSFADVPQRVGPTPVLQVFAVHEELEHIRKTQEAIWAGLTGPKERHTEDRGHMDVL
TPDGHRFAHLVKVQVDFVLKNFAQRMR 

 

elbBc, elbCcT][elbEcZcDNAcwznxd 

E. ludwigii MT-3 60 mL PDB 4

RNeasy Plant Mini Kit (QIAGEN) RNA . 
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RNA DNase 37ºC 1 h  

phenol/chloroform/isoamyl alcohol (25:24:1) RNA

Superscript® IV (Thermo Fischer Scientific)  (dT) 

cDNA Table S7

QIAquick® Gel Extraction Kit (QIAGEN) 

elbBc NdeI EcoRI pET28a (+)  

elbCc elbEc KpnI NotI pUSA2

cDNA (elbBc, elbCc, elbEc) Table S8

  

 

;\!SElbB2.9Z&6XIPTG+�Z%B 

  N His ElbB elbB cDNA

pET28a (+) NdeI-EcoRI pET28-elbB pET28_elbB

E. coli BL21 (DE3) E. coli BL21 (DE3)_elbB

E. coli BL21 (DE3)_elbB 3 mL TB  (30 µg/mL ) 16 h 

300 µL 30 mL TB  (50 µg/mL )  (100 )

37ºC, 120 rpm OD600 0.6

0.05, 0.1, 0.4 1 mM isopropyl-b-D-thiogalactopyranoside (IPTG) 

16ºC 120 rpm 20 h 50 mL 6,000 

g -30ºC

 (50 mM Tris-HCl (pH 8.0), 300 mM NaCl, 5% glycerol, 5 mM imidazole) 0.4% (v/v) 

phenylmethyl sulfonyl fluoride (PMSF){protease inhibitor cocktail (Merck) 

 (30 s x 5) 1.5 mL

4ºC, 15,000 g 30 min 

SDS-PAGE   
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;\!SElbBZ2.X7@ 

E. coli BL21 (DE3)_elbB 3 mL TB  (30 µg/mL ) 16 h

1.5 mL 150 mL TB  (50 µg/mL )  (100 )

37ºC, 120 rpm OD600 0.6

0.1 mM IPTG 16ºC 120 rpm 18 h

50 mL 6,000 g -30ºC

0.4% (v/v) PMSF protease inhibitor cocktail (Merck) 

 (1 min x8) Ni

binding buffer (20 mM Tris-HCl (pH 8.0), 500 mM NaCl, 5 mM 

imidazole, pH 8.0), wash buffer (20 mM Tris-HCl (pH 8.0), 500 mM NaCl, 60 mM imidazole, 

pH 8.0) ElbB elution buffer (20 mM Tris-HCl (pH 8.0), 500 mM 

NaCl, 250 mM imidazole, pH 8.0) . Amicon 10,000 NMWL

PBS ElbB

-78ºC Bradford 1L

52.7 mg   

 

;\!SElbB^0RVin vitroJ:�� 

ElbB 50/100 mM  (pH7.4), 10 

mM Tris-HCl 10 μM ElbB  (70ºC, 10 min) 

ElbB . 0.2-0.4 mM (1% v/v DMSO) . 

1.5 h EtOAc  (x2)

100 µL MeOH 13,500 rpm 10 min

10 µL HPLC HPLC : ; 1 

mL/min, : acetonitrile: H2O (0.01% TFA) = (0-2 min: 20:80, 2-12 min: 20:80 to 100: 0, 

12-24 min: 100:0). 200-400 nm. 
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elbA, elbB, elbC T][elbEZcDNAfzexgA# 

elbA, elbB, elbC elbE cDNA E. ludwigii MT-3 cDNA

Table S7 PCR

RT-PCR Table S8

  

 

ElbA, B, CT][EZ_soKI
 

ElbA 
MAPYNSRDGISQSSRAFIQEPIAVVGIACRLPGHSSTPKKLWDFLERGGIAANDTPSTRFNLAAHYDGSKKPKTMRTP
GGMFIEDADPRDFDAGFFGISGADAAAMDPQQRQLMEVVYECLENSGVPFEKLYGAQVACHVGSYAVDYDAIQARDPE
DRAPGAVVGIGRAMLSNRISHFFNFKGPSMTIDTACSGSLVGLDVACRYLHTGEVDGAIIGGANMYFSPEHNLNTGAM
SVANSLSGRCHTFDVKADGYCKAEAINCVYLKRLSDAVRDGDPIRAVIRGSATNSDGNTPGIASPNSAAQAAAIRSAY
ANAGITNLNDTSYLEFHGTGTQAGDPLEAGGVASVFSESRKPEAPLYIGSVKSNIGHSEPAAGISGLIKAILSIEKDL
IPGNPTFITPTPKIDFEGLKLQPSRANRRWPAAPFKRASVNSFGYGGSNAHVIVEDPKVLLPDMESTYVSSYQSETDL
FADDDEVSAGRLQLLVLSANDEASLRANATTLKNHLTNPNVKISLEDLSHTLSERRSHHFHRGYLITDKASIDESTLV
TGKKSTNEPRVGFIFTGQGAQWPQMGKAIIDTFHEARAVVVELDEFLQSSSLPPSWSLLGELTEPREAEHLRKPEFSQ
PLVTALQIALFDILKRWGISPRAVVGHSSGEIAAAYAAGLLSKKAAIRAAYYRGQAAALVEQGSEDQHQQAFGMMATG
IGAEGITPYLQGVGQSVQIACYNSPSSLTLSGTVDALAKVQKQLSEDSVFARMLQVNLAYHSTFMQEISHGYTDLLNK
DFEHLPFKQGAVRMFSSVTGEQLAGPTDSDYWKSNMVCPVRFDAALSNMLTSSDAPDFLIELGPAGALKGPTSQVLKS
LQGVKAQYTSVMTRGAADMQSIFGVAGSLYVAGGKLDLGQVNKIDGIKPKVVIDLPNYSWNHSTKYWYESESSKDWRN
RLFPPHDLLGSKVLGSPWRSPAFMRSLNVQDLPWIADHKMGPDTVFPATGYISMAIEAIYQRSEALHILEGEKKVKTP
RYRLRDVQFKKALVLPDNQSTRMSLTLSAYTGVGDWFEFKVSSLAGTTWTEHVRGLIRIDEDVPQVASAEETKPLSHP
VDASLWHKSMLDAGYSFGPKFLKQLQIEARPGSRTSRSILGLEVPESKYPQSEYPMHPAAMDGCFQTCAPSLWKGNRH
AVNAVLVPAMIDSLTITSSKADRGLSLTSAAYVGLGRPTDNRNFMSDASVYDPETGNLLLRLSGLRYTRIDTGPSVYD
AHTFSALVSKPDLSLLSSQGLERLAEREQGLNDTSFGVATELIKLAAHKKPAQRVLELNFVPGLSQSIWASAVTGQHN
IGKTYRQFAYRLTDPKALVEAGQQYTSEKMEISLLNPEDMALAEDEFDFVVVRLSPAADNVEPVAAQLKEVVKEGGQV
LFLRQRSVQNSEVIVNGEAEQFDNGSYADLLKSAGLTFAGHVSFEEGNEFASLSLCSVQPEADCTGKDVSVYHFVEPS
TSALKVIAALKARGWNVTTYRADEASKAPPRVLVLNELDTALLPNLSPDHWDSLKDLLSLDKRVLWVTSGSQTVVSDP
NKAMIHGLGRTVRAEDPLVQLTTLDVSANSTEATVDSVEVILDRLALPEVFHHVESEFIERNGLIHINRIQPDDQVNA
VASASYEGSEPVEQSLHDSPNMIRLRCERVGTTDSLIYSEVSPCELPLDDNKVEVEVYAAGLNYKDVVITMGIVPENE
HILGLEGAGIVRRLGKNVHKVRKLDIGQRVLVFKKGAFANRVHAEAERVYPIPDSMTFEETCTLASSYLTGIHSVFNL
ADTKAGSKVLIHSASGGLGLACIQLCQYIGAEVFATCGNQEKRDFLVKQAGIPADHIFNSRDTSFGAAIMAATNGYGV
DTILNSLTGDLLDESWRCIAAEGTMVELGKRDMLDRKGLSMEPFGRNASYRCFDMGHDIVSDAMINDLLKRLFALLEA
GHVKPVHVATTFGWDNVSGAMRYMRSANHIGKIVISSGDKPVIVPVRPSRLPLQLRGEVGYLLIGGLKGLCGSVAVHL
ASLGANHIVVMARSGYNDEVSQRVITDLAALGCTITLGQGDVSKADDVRRVIKQSPVPIGGVIQGAMVLRDRVFTDMS
IEEYHAAVDCKVAGTWNVHNALIEENMKVDFFTMLSSVSGVVGQKGQANYAAANAFLDAFAIYRRNLGLAGNSVNLGA
IQDVGYMSHHVDLLENLSSDAWTPINEALMLKIVEFSLKQQLTPISEASAGQLVTSIAVPQRESSSLLRDARFSTLSF
SDGEDAGAKGDGKDAGIQALQLLIKNKAAVSAIHDAVIDVTVRQFTTMLSLSEPMEPAKAPSSYGLDSLAAVEFRNWV
RLELKAEVTTLDIISATSLEQLAQKIAGRLTAA 
 
ElbB 
MPGRELAPRQDVEFPTLDGLTIRGWLFPAQSRGPAVIITPGFNCVKEMFVSEVAESFQHSDVTALVYDPRTLGESDGL
PRNNIDPLAQVSDYSDALTFLKTHPIVDPTNISFWGMSFSALVALNAAALDKRARCCIAVCPLTGMQPEPDMLPKVLA
RCMQDRESQVVGNPPVTISVLTEQGRNPAGMGIGADKMEYDYMVNAKFRGAPNYENRTTLQSYYKMMAWQPFEIMKYL
SQTRVLMIIPENDTISPADKQQVLFDGLPEPKTAHVAKGKGHLDVLSGADYEILAEMQANFIKGPRAK 
 

ElbC 
MFDLYDYSPRLVALGLIAATIVTYSLTLTVYRLFFHPLARIPGPKLCAITGWYEIFWDVLVGGQFTFKVEEWHKKYGP
IMRIGPNEVHFNDPDFYNELYPSIGATYEKPAQWRWRFGCGTAIFDTIGHEHHAQRKAPVAAFFSRQKILQFSGFIQD
QTDILVKRIRDNHRGQVICANEAFDALTMDIIGYYAFGLSYNSLQYPGFKAPYRNVTADIARMVHVGAHFPWVFTILN
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ALPEKKEISSQIRRIKDNKEYLDKNVNEHRTVFHEILNSNQPACELNEGRIYHEALSLVGAALETSKRTTALAVYYIL
ATPGVEANLRAELMAAMPDKTKILSVPELEALPYLNAVIKEALRLAIGVSQRMRRYSPTETITYKDYTIPPNTVFGMC
HWEQLRDARIWDRPTEFLPERWLAEQPLALNGQPLNKYFVPFHRGPRMCLGKEFGMAQLNIGLATLFRQEDIKLELYE
TDRKDVDVVADFFVPLTIKESQGVRVLVK 
 
 

ElbE 
MLPLLFLASGILVHLSVFRHGEWETKSPQVVLGYLFAALGGTSCLRASNSTAANDVSGIGPTEFVRLLAFHMIGLFAS
ITVYRLFFHRLSGFRGPFIARLSSFYLAWLSAKRLHLHDEIDFLHSRYGDYVRTGPRELSIIDPQCVQAIYGSQTRCI
KGPIYTLLDPRTNLSSTRDKTEHAKRRRAWDRGFSTTALHTYEPMVQDLTQELMTIIDELSENPINITEWVDKYAFEV
MGQLTFGKPFNMLKERKEAYFLEVIRHDMNAIGYLLNLPWLSYLFLRTPGLNRNHLNFWKWIENEFAQRIARGQRRPD
VFNWLHQAYLQGPQTKSDTLKLHGDGYLVIVAGSDTTASTITHLLFYLACNKPLTQKLQAQLDKLDELKDESLRNVEL
LDACISETLRLRPAVPAGVQRETPKEGMYIGDRYIPDPRSFEQPNEFIPERFTSRPELVKDKSVFIPFLTGSYACVGR
RLALMEVRRAVAAIVCQYDIALGPGQTREGFLNGKIDAFTLVAAPLSLKFTRQNQ 

 

Phaeospelide A (1) ZL 

AO-apmlAB CPS  (3.6 L; 150 mL x 24) 30ºC 5 . 

MeOH 2

MeOH 3.2 g 3 cc

CHCl3-MeOH (19/1-9/1) 

1 (4.1 mg) 2 (2.3 mg) . 2

ESIMS C32H46O7 (m/z 565.3124 [M+Na]+, calcd 565.3136) 

 

 

��,3Z��XL 

1 3 AO-apmlAB CPS  (9.8 L; 150 

mL x 65) 30ºC 5 . MeOH

 (CHCl3-MeOH 

= 9/1) 1 (87.2 mg)  1 mM pyridine

 (500 µL, 5.3 mmol) 12 h

CHCl3-EtOAc (4/1) 3 (44.0 mg) 
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1.0 mg PTLC (n-hexane-EtOAc = 3/1) 3

 (0.6 mg). 

 

 

 

 

 

 

3: Pale yellow powder; HRESIMS: m/z 861.3990 [M+Na]+ (861.4032 calcd. for 

C46H62O14Na). 1H (800 MHz) 13C (200 MHz) NMR

2D NMR Table 2  (Figure S1). 

 

 

 

 

 

 

 

 

 

Figure S1. 3 2 NMR 1H-1H COSY HSQC-TOCSY

HMBC  

 
  

O OOAcOAcOAc

AcO

OAc
AcO

3
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O OOAcOAcOAc

AcO

OAc
AcO
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2
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HHO HHO
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22 24 26 28
1

2
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33312927252321
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1H-1H COSY, 1H-1H TOCSY
& HSQC-TOCSY

HMBC NOESY1H-1H COSY & HSQC-TOCSY
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��,4Z��XL 

4 CHCl3  (0.87 mg) 50 µL pyridine  (100 µL, 1.06 

mmol) 15 h

 (0.87 mg)  (1.8 mg) 

PTLC (n-hexane: EtOAc = 1/1) 4  (0. 4 mg). 

 

 

 

 

 

4: Pale yellow powder; HRESIMS: m/z 775.3639 [M+Na]+ (775.3664 calcd. for 

C42H56O12Na). 1H (900 MHz) 13C (225 MHz) NMR

2D NMR Table 3  (Figure S1). 

  

 

��, 3Zbix	AXH��/ 

 

 

 

 

3  (44 mg) 4.2 mL CH2Cl2/MeOH (1:1) -78ºC 35 min 

NaBH4 (39.7 mg, 1.06 mmol) 30 min

EtOAc

5, 6 7 (33.0 mg)  

 

 

 

O OOAcOAcOAcAcO

AcO

17
18

19

20 22 24 26 28 30 32

23 25 27 29 3121

13 11 9 7 5 3

110 8 6 4
2

1214

15
16

4

1’

2’

3’ 4’ 5’
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pudtxk 16Z��XL 

5, 6 7 (7.6 mg) 200 µL pyridine  (100 µL, 1.06 mmol) 

11 h

n-hexane-EtOAc (1/1) 16 (1.8 mg)  

 

 

 

 

16: HRESIMS: m/z 427.1574 [M+Na]+ 427.1580 calcd. for C18H28O10Na), 1H NMR (500 

MHz, CDCl3); d = 5.19 (m, H-25), 4.28 (dd, 12.0, 3.5, Ha-26), 4.13 (t, 6.3, H-23), 4.07 (dd, 12.0, 

6.0, Hb-26), 2.07 (s, 3H x 2), 2.05 (s, 3H), 1.95 (m, H-24). 

 

'� (S)-16 X (R)-16Z�� 

(R)-1,2,4-butanetriol (TCI B3137) (2.3 mg)  (S)-1,2,4-butanetriol (TCI B2404) (1.3 

mg) 100 µL pyridine  (50 µL, 0.53 mmol) 12 h

(R)-16 

(2.3 mg)  (S)-16 (1.9 mg) 1H NMR

 

 

VCD X IRgqckv)� 

VCD IR  JASCO FVS-6000 spectrometer 2200-850 cm-1

MCT-V detector VCD IR 

8 cm-1 2000 16 50-μm 

BaF2 cell (JASCO) . 

   

OAc
OAc

AcOOH
OAc

HO

pyridine

Ac2O

6 16

26

25

24

23

26

25

24

23
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pudtxk 5 X 7Z TBDPS�D 

 

 

 

 

 

 

5, 6 7  (23.9 mg) 

CHCl3-MeOH (40/1-19/1) 5 7  (17.1 mg)  (17.3 

mg)  (56.9 mg, 831.4 µmol) 800 µL DMF TBDPS 

chloride (71.2 µL, 277.3 µmol) 24 h

 (n-hexane/EtOAc=1/1) 

LC-MS

8 (m/z 819 [M+Na]+) 12 (m/z 847 [M+Na]+) 

n-hexane-EtOAc (19/1-12/1-6/1) 

8 12  (12.1 mg) . 

 

��, 8 X 12Z�*�	A 

 

 

 

 

 

8 12  (12.1 mg) 600 µL MeOH 1 M NaOMe (c.a. 360 µL) 

1.5 h MeOH LC-MS

LC-MS 9 (m/z 733 [M+Na]+) 13 (m/z 

OH
OAc

AcO

AcO

OH

OTBDPS
OAcOAc OAc

TBDPSO

5 8

HO

OAc OAc O O

HO

TBDPSO

OAc OAc O O

TBDPSO
7 12

TBDPSCl

Imidazole, DMF

OTBDPS
OAcOAc OAc

TBDPSO
OTBDPS

OHOH OH

TBDPSO

8 9

TBDPSO

OAc OAc O O

TBDPSO

TBDPSO

OH OH OH

12 13

NaOMe

MeOH
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439 [M+Na]+) 2

 (EtOAc-MeOH = 9/1 CHCl3-MeOH = 80/1-40/1) 

9 (5.5 mg) 13 (1.6 mg)  

 

��, 9Z_hkm`l�DX��, 10 X 11ZL 

 

 

 

9 (5.5 mg) 3 pyridinium p-toluenesulfonate (PPTS)  

(250 µL) 2,2-dimethoxypropane (DMP) (20.8 µL, 170 µmol) 

1.5 h EtOAc

 (5.1 mg) 

n-hexane-EtOAc (6/1) 10 (0.8 mg) 11 (0.5 mg) 

1H NMR

1H-1H COSY  

NOESY 10 H-21/H3-2´, Ha-20 H-19/H3-2´, Ha-20

11 H-19/H3-2´ Ha-18 H-17/H3-2´, Ha-18

C-17 C-19, C-21 S*  (Figure 

15)  

 

10: HRESIMS: m/z 733.3699 [M+Na]+ (733.3715 calcd. for C43H58O5NaSi2), 1H NMR 

(800 MHz, CDCl3); d = 4.10 (m, H-19), 4.03 (m, H-17), 3.99 (m, H-21), 3.85 (m, Ha-15), 3.81 

(m, Hb-15), 3.71 (dd, 10.4, 4.8, Ha-22), 3.59 (brs, 17-OH), 3.54 (dd, 9.6, 5.6, Hb-22), 1.75 (m, 

Ha-16), 1.66 (m, Hb-16), 1.66 (m, Ha-18), 1.62 (m, Ha-20), 1.58 (m, Hb-18), 1.44 (s, 3H-2´), 

1.35 (s, 3H-3´), 1.21(m, Hb-20). 

 

OTBDPS
OOH O

TBDPSO
OTBDPS

OHO O

TBDPSO
OTBDPS

OHOH OH

TBDPSO

PPTS, acetone
+

OMeMeO

9 10 11

19

20

21

18

17 19

20

21

18

17

16

15

22 2216

15

1’
2’ 3’

1’
2’ 3’
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11: HRESIMS: m/z 733.3702 [M+Na]+ (733.3715 calcd. for C43H58O5NaSi2), 1H NMR 

(800 MHz, CDCl3); d = 4.11 (m, H-17), 4.03 (m, H-19), 3.91 (m, H-21), 3.83 (m, Ha-15), 3.68 

(m, Hb-15), 3.62 (dd, 10.2, 6.1, Ha-22), 3.57 (dd, 10.0, 5.1, Hb-22), 3.16 (brd, 17-OH), 1.69 (m, 

Ha-16), 1.66 (m, Hb-16), 1.65 (m, Ha-20), 1.60 (m, Hb-20), 1.46 (m, Ha-18), 1.39 (s, 3H-2´), 

1.33 (s, 3H-3´), 1.17 (m, Hb-18). 
 
 

��, 13Z_hkm`l�DX��, 14 X 15ZL 

 
 
 
 
 
 
 

13 (1.6 mg) 2 PPTS  (80 µL) 2,2- DMP (9.4 

µL, 77 µmol) 1.5 h 

EtOAc  (1.5 mg) 

n-hexane-EtOAc (12/1) 

14 (0.5 mg) 15 (0.7 mg) 

1H NMR 1H-1H COSY

NOESY 14 H-31/H3-2´, Hb-32, 

H-33/H3-3´, Ha-32. 15 H-29/H3-2´, Ha-30 H-31/H3-2´, 

Ha-30 C-29 C-31, C-33 S*

 (Figure 15)  

 

14: HRESIMS: m/z 479.2594 [M+Na]+ (479.2588 calcd. for C27H40O4NaSi), 1H NMR 

(800 MHz, CDCl3+20% C6D6); d = 4.00 (m, H-31), 3.98 (m, H-29), 3.91 (m, H-33), 3.83 (m, Ha-

27), 3.80 (m, Hb-27), 3.55 (brs, 29-OH), 1.73 (m, Ha-28), 1.64 (m, Hb-28), 1.57 (m, Ha-32), 1.54 

(m, Hb-30), 1.51 (m, Hb-32), 1.36 (s, 3H-2´), 1.32 (s, 3H-3´), 1.16 (d, 5.6, 3H-34). 

 

TBDPSO

OH OH OH

TBDPSO

OH O O

TBDPSO

O O OH
PPTS, acetone

+

OMeMeO

13 14 15

30 32

29 31 33

30 32

29 31 33

3434 28

27

28

27

1’ 1’
2’ 3’ 2’ 3’
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15: HRESIMS: m/z 479.2590 [M+Na]+ (479.2588 calcd. for C27H40O4NaSi), 1H NMR 

(800 MHz, CDCl3); d = 4.18 (m, H-31), 4.15 (m, H-29), 4.08 (m, H-33), 3.84 (m, Ha-27), 3.69 

(m, Hb-27), 2.77 (brd, 33-OH), 1.71 (m, Ha-28), 1.68 (m, Hb-28), 1.60 (m, H2-32), 1.45 (s, 3H-

2´), 1.37 (s, 3H-3´), 1.36 (m, Ha-30), 1.34 (m, Hb-30), 1.20 (d, 5.6, 3H-34). 

 

��, 10Z (S)-T][ (R)-MTPAagjv�Z�� 

 
 
 
 
 
 

10  (S)-MTPA 10a 0.2 mg 10 30 µL pyridine

2 µL (R)-MTPA chloride 2 h

EtOAc  (x2) EtOAc

PTLC (n-hexane-EtOAc = 6/1) (S)-MTPA

10a . (R)-MTPA 10b 0.2 mg 10 2 µL (S)-MTPA 

chloride  1H-1H COSY 

 

 

10a: HRESIMS: m/z 949.4116 [M+Na]+ 949.4113 calcd. for C53H65O7F3NaSi2), 1H NMR 

(800 MHz, CDCl3); d = 5.52 (m, H-17), 3.91 (m, H-19), 3.90 (m, H-21), 3.69 (dd, 10.4, 5.1, Ha-

22), 3.59 (m, Ha-15), 3.56 (m, Hb-15), 3.52 (dd, 10.4, 5.8, Hb-22), 1.92 (m Ha-18), 1.84 (m, Ha-

16), 1.82 (m, Hb-16), 1.72 (m, Hb-18), 1.60 (m, Ha-20), 1.14 (m, Hb-20),1.33 (s, 3H-2´), 1.31 (s, 

3H-3´). 

 

10b: HRESIMS: m/z 949.4111 [M+Na]+ 949.4113 calcd. for C53H65O7F3NaSi2), 1H NMR 

(800 MHz, CDCl3); d = 5.47 (m, H-17), 3.81 (m, H-21), 3.70 (m, Ha-15), 3.68 (m, Hb-15), 3.68 

(m, H-19), 3.67 (m, Ha-22), 3.50 (dd, 10.2, 5.8, Hb-22), 1.93 (m, Ha-16), 1.90 (m, Hb-16), 1.84 

(m, Ha-18), 1.68 (m, Hb-18), 1.51 (m, Ha-20), 1.06 (m, Hb-20),1.27 (s, 3H-2´), 1.20 (s, 3H-3´). 
 
 

OTBDPS
OOH O

TBDPSO
OTBDPS

OOR O

TBDPSO

pyridine

10 10a: R=S-MTPA
10b: R=R-MTPA

19

20

21

18

17

16

15

22

1’
2’ 3’
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��, 14Z (S)-T][ (R)-MTPAagjv�Z�� 

 

 

 

 

(S)-MTPA 14a  (R)-MTPA 14b 10a

10b  

 

14a: HRESIMS: m/z 695.2966 [M+Na]+ (695.2986 calcd. for C37H47O6F3NaSi), 1H NMR 

(800 MHz, CDCl3); d = 5.51 (m, H-29), 3.93 (m, H-33), 3.88 (m, H-31), 3.59 (m, Ha-27), 3.57 

(m, Hb-27), 1.95 (ddd, 14.2, 8.0, 6.2, Ha-30), 1.87 (m, Ha-28), 1.83 (m, Hb-28), 1.76 (ddd, 14.2, 

5.6, 5.6, Hb-30), 1.60 (m, Ha-32), 1.57 (m, Hb-32), 1.32 (s, 3H-2´), 1.28 (s, 3H-3´), 1.18 (d, 6.2, 

3H-34). 

 

14b: HRESIMS: m/z 695.2972 [M+Na]+ (695.2986 calcd. for C37H47O6F3NaSi), 1H NMR 

(800 MHz, CDCl3); d = 5.48 (m, H-29), 3.89 (m, H-33), 3.72 (m, H-31), 3.70 (m, Ha-27), 3.69 

(m, Hb-27), 1.92 (ddd, 6.3, 6.3 ,6.3, H2-28), 1.88 (ddd, 14.1, 7.4, 7.4, Ha-30), 1.71 (ddd, 14.1, 

5.7, 5.7, Hb-30), 1.55 (m, Ha-32), 1.48 (m, Hb-32), 1.29 (s, 3H-2´), 1.20 (s, 3H-3´), 1.16 (d, 6.2, 

3H-34).  

 

A. phaeospermum Kemushi-1 Z�NX�C,	# 

PDB 25ºC A. phaeospermum Kemushi-1 MYG, PDB 

CPS 30ºC, 150 rpm 5 . 

 (40 mg) 1 mL MeOH 30 min . 13,500 rpm

15 min , 500 µL 1.5 mL

MeOH 100 µL MeOH

10 µL HPLC HPLC

TBDPSO

OH O O

TBDPSO

OR O O

30 32

29 31 33

3428

27

1’
2’ 3’

pyridine

14 14a: R=S-MTPA
14b: R=R-MTPA

MTPACl
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: ; 1 mL/min, : acetonitrile: H2O (0.01% TFA) = (0-2 min: 20:80, 2-12 

min: 20:80 to 100: 0, 12-24 min: 100:0). 200-400 nm. 

 

Akml-1-4 (17-20) ZL 

Akml-1 (17) ZL 

AO-akmlAB CPS  (1.8 L; 150 mL x 12) 30ºC, 150 rpm 5

.  (10.4 g) MeOH

2 MeOH n-hexane MeOH

 (250 mg) MeOH  (250 mg) 

CHCl3-EtOAc (1/1), EtOAc 17

n-hexane-EtOAc (1/1-1/2) 

akml-1 (17) (81 mg)  

 

Akml- 2 (18) ZL 

AO-akmlABD CPS  (3L; 150 mL x 24) 30ºC, 150 rpm 5

.  (20 g) MeOH 2

MeOH n-hexane MeOH

 (450 mg) MeOH  (450 mg) 

CHCl3-MeOH (20/1) 18  (92 mg)  

(92 mg) CHCl3-EtOAc (1/1-

1/3) akml-2 (18) (60 mg)  

 

Akml-3 (19) ZL 

AO-akmlABC CPS  (3.2 L; 150 mL x 21) 30ºC, 150 rpm 5

.  (32.4 g) MeOH

2 MeOH  (4.0 g) MeOH  (4.0 g) MeOH
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EtOAc-MeOH (1/1-1/3) 

19  (100 mg)  (100 mg) 

MeOH-H2O (1/4-1/9) akml- 3 (19) (8.3 mg)  

 

Akml-4 (20) ZL 

AO-akmlABCD CPS  (3.6 L; 150 mL x 24) 30ºC, 150 rpm 5

. MeOH 2

MeOH n-hexane MeOH  

(500 mg) EtOAc-MeOH (2/1) (1% H2O) 

20 PTLC (acetonitrile- H2O = 

2/1) akml-4 (20) (11.2 mg)  
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Table S2. 13C (125 MHz) and 1H (500 MHz) NMR data for 20 and 26a| 

 

 

 

 

 

 

 
Akml-4 (20)b  Akml-4-Ac (26)c   

Position 13C 1H (multi, J in Hz)  Position 13C 1H (multi, J in Hz)  DdH(26–20) 

1 166.1   1 165.7    
2 124.5 5.99 (1H, d,)  2 125.6 6.00 (1H, d, 15.7)  0.01 
3 143.1 7.05 (1H, dd, )  3 141.4 7.02 (1H, dt, 15.7, 7.5)  -0.03 
4 35.8 2.75 (1H, m)  4 35.5 2.72 (1H, m)  -0.03 
  2.71 (1H, m)    2.67 (1H, m)  -0.04 

5 75.7 3.97 (1H, m)  5 76.2 4.08 (1H, m)  0.11 
6 57.8 3.09 (1H, dd, 7.4, 2.3)  6 55.4 3.08 (1H, t, 7.7)  -0.01 
7 58.0 3.03 (1H, dd, 6.5, 2.3)  7 55.4 3.08 (1H, t, 7.7)  0.05 
8 74.4 3.16 (1H, m)  8 73.3 4.77 (1H, m)  1.61 
9 72.4 3.53 (1H, m)  9 72.3 5.08 (1H, m)  1.92 

10 32.4 1.55 (1H, m)  10 30.1 1.57 (2H, m)  0.02 
  1.45 (1H, m)       

11 25.2 1.40 (2H, m)  11 24.8e 

1.26-1.38 (12H) 

  
12 27.4d 

1.27-1.37 (10H) 

 12 27.7e   
13 28.2d  13 28.5e   
14 28.4d  14 28.5e   
15 28.7d  15 28.5e   
16 28.8d  16 28.6e   
17c 31.7 2.00 (1H, m)  17 32.1 1.99 (2H, m)   
18d 130.6 5.35 (1H, m)  18 130.8 5.37 (1H, m)   
19d 130.1 5.35 (1H, m)  19 130.0 5.37 (1H, m)   
20c 31.4 2.00 (2H, m)  20 31.8 1.99 (2H, m)   
21 25.0 1.39 (2H, m)  21 25.2 1.40 (2H, m)   
22 34.8 1.50 (1H, m)  22 35.1 1.49 (1H, m)   

  1.64 (1H, m)    1.65 (1H, m)   
23 71.1 4.92 (1H, m)  23 71.4 4.95 (1H, m)   
24 18.9 1.22 (3H, d, 6.3)  24 20.0 1.23 (3H, d, 6.2)   
1´ 61.4 4.08 (2H, m)  1´ 65.8 4.08 (2H, m)   
2´ 40.3 3.16 (2H, m)  2´ 40.1 3.51 (2H, m)   
    Ac-1 171.3    
     22.8 2.00 (3H, brs)   
    Ac-2 170.5    
     20.7 2.10 (3H, brs)   
    Ac-3 169.8    
     20.9 2.09 (3H, brs)   

[a] Assignments were based on 1H-1H COSY, HSQC and HMBC experiments. 
[b] Recorded in CD3OD. [c] Recorded in CDCl3. 
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��,29Z�� 

Q

Q

Q

Q

18 (7.5 mg, 0.0177 mmol) 3 mL MeOH 10% Pd/C (10.0 mg) 

H2 2.5 h Celite® pad 

27 500 µL CH2Cl2 iPr2NEt (62 µL, 0.353mmol) 

Triphosgene (12.6 mg, 0.0424 mmol) 0ºC 14 h

EtOAc (x4) EtOAc

29

  

 

29: 1H NMR (500 MHz, CDCl3 (20% MeOD)); d = 4.96 (m, H-23), 4.54 (dt, 6.8, 6.8, H-

9), 4.23 (dd, 6.8, 5.1, H-8), 3.62 (m, H-5), 3.21 (dd, 5.1, 2.1, H-7), 3.11 (dd, 4.5, 2.1, H-6), 2.38 

(t, 6.8, 2H-2), 1.92 (m Hb-10), 1.85 (m, Hb-3), 1.74 (m, Ha-3), 1.74 (m, Ha-10), 1.69 (m, 2H-4), 

1.60 (m, Hb-22), 1.49 (m, Ha-22), 1.23 (d, 6.3, 3H-24), 1.26-1.46 (22H). 13C NMR (125 MHz, 

CDCl3 (20% MeOD)); d = 173.0 (C-1), 153.7 (C-1´), 80.2 (C-8), 78.4 (C-9), 71.0 (C-23), 69.6 

(C-5), 58.3 (C-6), 54.5 (C-7), 35.6 (C-22), 33.4 (C-4), 33.1 (C-10), 20.5 (C-3), 20.1 (C-24), 23.7, 

25.0, 28.0, 28.3, 28.3, 28.5, 28.5, 28.5, 28.5, 28.5, 28.7 (C11-C21). 

 

  

O

OOHO O

O

O

27

iPr2NEt, CH2Cl2

Triphosgene

29

O

OOHOH

OHO
O

OOHOH

OHO
MeOH

10% Pd/C

18
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��, 30a X 30bZ�� 

 

 

 

 

 

 

29  (S)-MTPA 29 pyridine (R)-MTPA 

chloride EtOAc

 (x2) EtOAc EtOAc PTLC 

(n-hexane-EtOAc) (S)-MTPA 30a . (R)-MTPA

30b 29 2 µL (S)-MTPA chloride

1H-1H COSY  

 

30a: HRESIMS: m/z 693.3192 [M+Na]+ 693.3221calcd. for C34H47F3O9Na), 1H NMR 

(500 MHz, CDCl3); d = 4.91 (m, H-5), 4.91 (m, H-23), 4.53 (dt, 6.4, 6.4, H-9), 4.33 (dd, 6.4, 3.6, 

H-8), 3.30 (dd, 7.1, 2.0, H-6), 3.06 (m, H-7), 2.29 (m, 2H-2), 1.76 (m, 2H-4), 1.66 (m, Hb-3), 

1.54 (m, Ha-3), 1.20 (d, 6.3, H-24), 1.22-1.65 (26H). 

 

30b: HRESIMS: m/z 693.3190 [M+Na]+ 693.3221calcd. for C34H47F3O9Na), 1H NMR 

(500 MHz, CDCl3); d = 5.01 (m, H-5), 4.93 (m, H-23), 4.45 (dt, 6.6, 6.6, H-9), 4.20 (dd, 6.6, 4.0, 

H-8), 3.24 (dd, 6.0, 2.1), 2.90 (dd, 4.0, 2.1), 2.34 (m, 2H-2), 1.81 (m, 2H-4), 1.67 (m, 2H-3), 1.21 

(d, 6.3, 3H-24), 1.24-1.64 (26H).  

 

 

 

 

 

 

 

O

OOHO O

O
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O

OORO O

O

O

Pyridine
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29 30a (R=S-MTPA)
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��, 28Z�� 

 

Q

Q

Q

27 (5.7 mg, 0.013 mmol) 1 mL acetone DMP (10.0 µL, 0.0798 mmol)

TsOH•H2O (0.8 mg, 0.00399 mmol) 0 °C 0ºC 2 h

0ºC EtOAc (x5)

EtOAc

28  

 

28: HRESIMS: m/z 491.3335 [M+Na]+ 491.3343 calcd. for C27H48O6Na), 1H NMR (500 

MHz, C6D6); d = 5.04 (m, H-23), 3.89 (m, H-9), 3.37 (dd, 8.4, 6.2, H-8), 3.20 (m, H-5), 2.88 (dd, 

6.2, 2.2, H-7), 2.77 (dd, 5.3, 2.2, H-6), 2.14 (m, 2H-2), 1.79 (m, Ha-3), 1.60 (m, Hb-3), 1.50 (m, 

Ha-22), 1.44 (s, 3H-3´), 1.42 (s, 3H-2´), 1.37 (m, 2H-4), 1.30 (m, Hb-22), 1.10 (d, 6.3, 3H), 1.23-

1.44 (24H). 13C NMR (125 MHz, C6D6); d = 172.8 (C-1), 109.6 (C-1´), 82.5 (C-8), 78.3 (C-9), 

71.2 (C-5), 70.8 (C-23), 59.0 (C-6), 56.4 (C-7), 36.1 (C-22), 34.8 (C-2), 34.2 (C-4), 33.2 (C-10), 

27.9 (C-3´), 27.4 (C-2´), 21.6 (C-3), 20.7 (C-24), 25.1, 26.3, 28.8, 28.9, 29.1, 29.4, 29.4, 29.5, 

29.6, 29.6, 29.7 (C11-C21). 

 

Ciml-1-4 (21-24) ZL 

Ciml-1 (21) X Ciml-3 (23) ZL 

AO-cimlABC CPS  (300 mL; 150 mL x 2) 30ºC, 150 rpm 5

. MeOH 2

MeOH n-hexane MeOH  

(30 mg) MeOH  (30 mg) 

MeOH-H2O (9/1-20/1) 21 23  (14.0 mg) 

O

OOHOH

OHO
O

OOHO O

O
TsOH•H2O

OMeMeO

Acetone

27 28

24

23

1

22

3

4
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10
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(14.0 mg) PTLC (MeOH-H2O = 20/1) ciml-1 (21) (6.4 mg) ciml-

3 (23) (3.4 mg)  

 

Ciml-2 (22) ZL 

AO-cimlABD CPS  (300 mL; 150 mL x 2) 30ºC, 150 rpm 5

. EtOAc 2

EtOAc  (68 mg) 

n-hexane-EtOAc (3/1-1/2) ciml-

2 (22) (21 mg)   

 

Ciml-4 (24) ZL 

AO-cimlABCD CPS  (6 L; 150 mL x 40) 30ºC, 150 rpm 5

. MeOH 2

MeOH n-hexane MeOH  

(980 mg) MeOH  (980 mg) 

MeOH-H2O (6/1-9/1) 24 PTLC 

(MeOH-H2O = 6/1-9/1) ciml-4 (24) (16 mg)   

 

Ciakml-1 (25) ZL 

AO-cimlABD+akmlC CPS  (3.6 L; 150 mL x 24) 30ºC, 150 rpm

5 . MeOH

2 MeOH n-hexane MeOH

MeOH  (980 mg) MeOH-

H2O (3/1) 25  (18.3 mg)  (18.3 mg) 

PTLC (acetonitrile-H2O=5/1 x2) ciakml-4 (25) (8.6 mg) 
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Peml-1-4 (31-34) ZL 

Peml-1 (31) ZL 

AO-pemlAB CPS  (240 mL; 60 mL x 4) 30ºC, 150 rpm 6

.  (1.0 g) EtOAc

2 EtOAc  (26.0 mg) 

n-hexane-EtOAc (15/1) Fr.1 (8.9 

mg) Fr.1 (8.9 mg) 

n-hexane-EtOAc (3/1) peml-1 (31) (2.0 mg)  

 

Peml-2 (32) XPeml-3 (33) ZL 

AO-pemlABE CPS  (1.8 L; 150 mL x 12) 30ºC, 150 rpm 5

. MeOH 2

MeOH  (1.25 g) CHCl3

n-hexane-EtOAc (1/1) Fr.2 (46.0 mg) peml-3 (33) (101.2 

mg) Fr.2 (46.0 mg) 

n-hexane-EtOAc (4/1) peml-2 (32) (35.2 mg)  

 

Peml-4 (34) ZL 

AO-pemlABED CPS  (3 L; 150 mL x 20) 30ºC, 150 rpm 5

EtOAc 2 EtOAc

 (341.1 mg) CHCl3-MeOH (19/1)

Fr.4 (49.0 mg) Fr.4 (49.0 mg) EtOAc peml-4 (34) 

(30.0 mg)  
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Table S3. 13C (125 MHz) and 1H (500 MHz) NMR data for 31-33a. 
           Peml-1 (31)b  Peml-2 (32)b  Peml-3 (33)b 

Position 13C 1H (multi, J in Hz)  13C 1H (multi, J in Hz)  13C 1H (multi, J in Hz) 
1 166.2   166.6   166.0  
2 122.9 5.83 (1H, d, 15.6)  122.0 5.98 (1H, d, 15.6)  122.8 6.08 (1H, dt, 15.8, 1.6) 
3 149.2 6.94 (1H, dt, 15.6, 7. 6)  149.3 6.89 (1H, dt, 15.6, 7.4)  145.3 6.91 (1H, dt, 15.8, 5.3) 
4 31.2 2.26 (2H, m)  71.1 4.40 (1H, m)  74.0 4.49 (1H, m) 
5 26.8 1.49 (1H, m)  35.3 1.69 (1H, m)  74.0 4.72 (1H, m) 
  1.56 (1H, m)       
6 25.6c 

1.20-1.36 (14H) 

 21.5 1.24 (1H, m)  29.7 1.38 (1H, m) 
    1.34 (1H, m)   1.60 (1H, m) 
7 26.4  27.1 

1.18-1.38 (12H) 

 23.2 1.48 (2H, m) 
8 26.5c  26.1d  26.0e 

1.30-1.40 (10H) 
9 26.8c  26.7d  26.1e 
10 27.4c  27.2d  27.6e 
11 27.4c  27.3d  27.8e 
12 28.1c  28.1d  27.2 
13 23.9 1.35 (2H, m)  24.0 1.33 (2H, m)  23.8 1.31 (2H, m) 
14 35.3 1.56 (1H, m)  35.5 1.57 (2H, m)  35.6 1.54 (1H, m) 
  1.63 (1H, m)      1.60 (1H, m) 

15 70.7 5.05 (1H, m)  71.3 5.05 (1H, m)  71.3 5.03 (1H, m) 
16 20.3 1.28 (3H, d, 6.3)  20.4 1.27 (3H, d, 6.4)  20.4 1.27 (3H, d, 6.3) 
    4-OH 1.79 (d, 4.0)  4-OH 2.54 (1H, brs) 
       5-OH 2.16 (1H, brs) 

[a] Assignments were based on 1H-1H COSY, HSQC and HMBC experiments. 
[b] Recorded in CDCl3. [c-e] Interchangeable. 
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Mpml-1 (35) ��� 

AO-mpmlAB CPS  (3.6 L; 150 mL x 24) 30ºC, 150 rpm 6.5

EtOAc 2 EtOAc

 (514.2 mg) n-hexane-EtOAc 

(2/1-3/2) mpml-1 (35) (11.8 mg)  

 

Elb-1 (37) ��� 

AO-elbAB CPS  (1.5 L; 150 mL x 10) 30ºC, 150 rpm 5

.  (13.5 g) EtOAc (5% 

MeOH) 2 H2O  

EtOAc  (399.6 mg) CHCl3

n-hexane-EtOAc (4/1) Fr.7 (11.0 mg) Fr.7 

(11.0 mg) CHCl3-EtOAc (19/1-9/1)

37 (1.9 mg) Fr.7-5 (2.7 mg) Fr.7-5 PTLC (n-hexane: EtOAc = 

9/1) elb-1 (37) (1.5 mg, 3.4 mg) Elb-1 1H, 13C 

NMR 2 NMR  (Figure S2, Table S4). 
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Elb-1 (37) ���	��� 

  

 

 

 

 

  

 

Figure S2. Elb-1 (37) 2 NMR 1H-1H COSY

HMBC NOESY   

 

Table S4. 13C (125 MHz) and 1H (500 MHz) NMR data for 37a. 
           Elb-1 (37)b 

Position 13C 1H (multi, J in Hz) 
1 167.3  
2 119.2 5.78 (1H, d, 15.4) 
3 145.0 7.25 (1H, dd, 15.4, 10.1) 
4 128.4 6.15 (1H, m) 
5 144.5 6.13 (1H, m) 
6 32.8 2.16 (2H, dt, 7.2, 6.8) 
7 28.2 1.42 (2H, m) 
8 29.1 1.36 (2H, m) 
9 32.3c 1.99 (2H, m) 
10 130.3 5.37 (1H, m) 
11 130.3 5.37 (1H, m) 
12 32.5c 1.99 (2H, m) 
13 25.7 1.45 (1H, m) 

  1.38 (1H, m) 
14 38.8 1.45 (2H, m) 
15 68.1 3.80 (1H, m) 
16 23.5 1.19 (3H, d, 6.3) 

[a] Assignments were based on 1H-1H COSY, HSQC and HMBC experiments. 
[b] Recorded in CDCl3. [c] Interchangeable.  

O

O

OH H

H H

HH H

HHO HHO

O OOHOHOH

HO

OH
HO

1

27252321

22 24 26 28
1

2

3579111315

14 12 10 8 6 4

33312927252321

22 24 26 28 30 32 3420
19

18

16

17

1H-1H COSY, 1H-1H TOCSY
& HSQC-TOCSY

HMBC NOESY1H-1H COSY

H

H H

HH H

HHO HHO

O OOHOHOH

HO

OH
HO

1

27252321

22 24 26 28
1

2

3579111315

14 12 10 8 6 4

33312927252321

22 24 26 28 30 32 3420
19

18

16

17

1H-1H COSY, 1H-1H TOCSY
& HSQC-TOCSY

HMBC NOESYHMBC

1

3

4

5

7
2

6

8

9
10

11

12
13

14
15

16

1’

2’

37

O

O

OH

3
4

5
26

37

NOESY



�

�

�

�
136 

Brefeldin C (38) ��� 

AO-elbABF CPS  (3.6 L; 150 mL x 24) 30ºC, 150 rpm 6

. MeOH 2

MeOH  (2.2 g) MeOH EtOAc H2O

EtOAc (556.8 mg) 

n-hexane-EtOAc (9/1) 

Fr.3 (230.0 mg) Fr.3 (230.0 mg) 

CHCl3-EtOAc (19/1-9/1) brefeldin C (38) (84.4 mg) 38

1H, 13C NMR 2 NMR  (Table S5). 

 

Brefeldin A (39) ��� 

AO-elbABFD CPS  (3.0 L; 150 mL x 20) 30ºC, 150 rpm 5

.  (17.1 g) EtOAc (20% 

MeOH) 2 EtOAc EtOAc H2O

EtOAc  

(474.9 mg) CHCl3

n-hexane-EtOAc (4/1) Fr.3 (67.2 mg) Fr.3 (67.2 mg) 

CHCl3-EtOAc (16/1)

brefeldin A (38) (17.7 mg) Brefeldin A 1H, 13C NMR

2 NMR  (Table S5). 
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Table S5. 13C (125 MHz) and 1H (500 MHz) NMR data for 38 and 39a. 

 

 

 

 

 

 
Brefeldin C (38)b  Brefeldin A (39)c 

Position 13C 1H (multi, J in Hz)  13C 1H (multi, J in Hz) 
1 166.3   168.4  
2 117.3 5.90 (1H, dd, 15.7, 2.0)  117.8 5.82 (1H, dd, 15.6, 2.0) 
3 151.9 7.37 (1H, dd, 15.7, 3.1)  155.1 7.45 (1H, dd, 15.6, 3.0) 
4 76.0 4.08 (1H, brd)  76.6 4.03 (1H, m) 
5 54.0 1.58 (1H, m)  53.1 1.85 (1H, m) 
6 31.8 1.63 (2H, m)  41.8 1.81 (1H, m) 
     2.00 (1H, m) 

7 25.2 1.58 (1H, m)  73.0 4.21 (1H, m) 
  1.65 (1H, m)    

8 35.1 1.38 (1H, m)  44.1 1.44 (1H, m) 
  1.85 (1H, m)   2.12 (1H, ddd, 13.6, 8.7, 5.4) 

9 46.9 2.24 (1H, m)  45.5 2.38 (1H, m) 
10 136.3 5.19 (1H, dd, 15.2, 9.5)  138.1 5.27 (1H, dd, 15.1, 9.6) 
11 130.2 5.72 (1H, ddd, 15.2, 10.2, 4.6)  131.4 5.75 (1H, ddd, 15.1, 10.2, 4.6) 
12 31.9 1.85 (1H, m)  33.0 1.85 (1H, m) 

  2.01 (1H, m)   1.99 (1H, m) 
13 26.7 1.84 (2H, m)  28.0 1.85 (2H, m) 
14 34.1 1.54 (1H, m)  35.0 1.58 (1H, m) 

  1.72 (1H, m)   1.76 (1H, m) 
15 71.6 4.86 (1H, m)  73.2 4.79 (1H, m) 
16 20.9 1.26 (3H, d, 6.3)  21.1 1.24 (3H, d, 6.3) 

[a] Assignments were based on 1H-1H COSY, HSQC and HMBC experiments. 
[b] Recorded in CDCl3. [c] Recorded in CD3OD. 
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ElbB�����
��	������� 

 

 

 

 

 

 

38 (9.6 mg, 36.3 µmol) 180 µL DME 180 µL 2 N LiOH

24 h 360 µL 1 M

0.1 M  pH 2 EtOAc  (x5)

TLC

ESIMS 41 (m/z 281.1755 [M-H]-, calcd. 281.1747) (10.1 mg)

 

41 30 µL CHCl3 , SNAC (0.5 µL, 5 µmol) EDC•HCl (1.0 mg, 

5.0 µmol) 1 h 70 µL 0.1 M

EtOAc  (x5) LC-MS 40 

42 (LC-MS m/z 757 [M-H]-) NMR

40 42   

  

O

O
HO

H

H

SNAc

O

HO

H

H OH

LiOH

DME/H2O

SNAC

EDC, CHCl3

38 41

40

O

O
HO

H

H

SNAC

OH

O
HO

H

H OH

SNAC

EDC, CHCl3

42



�

�

�

�
139 

��
 43������ 

 

 

 

 

 

41 (20.5 mg, 72.5 µmol)  (63.6 mg, 933.8 µmol) 500 µL

DMF TBDPS chloride (123 µL, 481.1 µmol) 

18 h H2O EtOAc  (x5)

 LC-MS 43 (LC-

MS m/z 757 [M-H]-) 

n-hexane-EtOAc (6/1) (0.5% ) 43 

(14.2 mg)  

 

��
 44������ 

 

 

 

 

43 (14.2 mg, 18.7 µmol) 500 µL CHCl3 EDC (4.0 µL, 

22.9 µmol) 10 min SNAC (2.1 µL, 18.7 µmol) 

3 h H2O EtOAc

 (x4)  LC-MS

44 (LC-MS m/z 882 [M+Na]+) 

CHCl3-EtOAc (9/1) 44 

(11.2 mg)  

41

TBDPSCl

Imidazole, DMF

OH

O

RO

H

H OR

43

OH

O
HO

H

H OH

SNAC

EDC, CH2C2

SNAC

O

RO

H

H OR

OH

O

RO

H

H OR

43 44 (R = TBDPS)
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�� SNAC� 40������ 

 

 

 

 

44 (9.0 mg, 10.5 µmol) 400 µL THF 200 µL HF Pyridine

12 HF Pyridine ( 150 µL)  

200 µL THF ( 200 µL) EtOAc

 (x5) LC-MS

40 (LC-MS m/z 406 [M+Na]+) 

CHCl3-MeOH (19/1) 

40 (0.9 mg)  

 

40: ESIMS: m/z 384 [M+H]+, 406 [M+Na]+, 1H NMR (500 MHz, CDCl3); d = 6.98 (dd, 

15.4, 4.2, H-3), 6.38 (dd, 15.4, 1.8, H-2), 5.46 (dt, 15.2, 5.4, H-11), 5.30 (dd, 15.2, 8.6, H-10), 

4.30 (m, H-4), 3.81 (m, H-15), 3.46 (m, 2H-2´), 3.09 (d, 6.6, 2H-1´), 2.29 (m, H-9), 2.02 (m, 2H-

12), 1.97 (s, 3H-4´), 1.78 (m, H-5), 1.65 (m, 2H-7), 1.54 (m, H-6), 1.47 (m, H-13), 1.40 (m, H-

14), 1.39 (m, 2H-8), 1.20 (d, 6.2, 3H-16); 13C NMR (125 MHz, CDCl3); d = 190.4 (C-1), 170.3 

(C-3´), 147.0 (C-3), 134.0 (C-10), 130.9 (C-11), 126.5 (C-2), 72.2 (C-4), 68.0 (C-15), 51.2 (C-5), 

45.8 (C-9), 32.4 (C-12), 28.4 (C-1´), 23.5 (C-16), 23.2 (C-4´), (C-6), (C-7), (C-8) (C-13), (C-14). 
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 45������ 
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41 (3.1 mg, 11.0 µmol) 150 µL MeOH TMS-diazomethane (30 

µL, ca. 18 µmol) 15 min

CHCl3-MeOH 

(19/1) 45 (1.9 mg) LC-MS 45 (LC-MS m/z 

297 [M+H]+)   

 

45: ESIMS: m/z 297 [M+H]+, 1H NMR (500 MHz, CDCl3); d = 7.01 (dd, 15.7, 4.4, H-3), 

6.06 (dd, 15.7, 1.8, H-2), 5.46 (dt, 15.3, 6.7, H-11), 5.31 (dd, 15.3, 8.6, H-10), 4.32 (m, H-4), 3.80 

(m, H-15), 3.74 (s, H-1´), 2.31 (m, H-9), 2.01 (m, 2H-12), 1.84 (m, Ha-8), 1.77 (m, H-5), 1.67 (m, 

2H-6), 1.63 (m, Ha-7), 1.57 (m, Hb-7), 1.49 (m, Ha-13), 1.45 (m, 2H-14), 1.37 (m, Hb-8), 1.19 

(d, 6.2, 3H-16). 

 

��
 36������ 

 

 

 

 

37 (26.3 mg) 200 µL DME 2 N LiOH  (200 µL)

25 h 700 µL 1 M pH 2

EtOAc  (x5)

CHCl3-

EtOAc (9/1) 36 (10.3 mg) LC-MS 36 (LC-

MS m/z 265 [M-H]-)  

 

36: ESIMS: m/z 265 [M-H]-, 1H NMR (500 MHz, CD3OD); d = 7.23 (dd, 15.3, 10.6, H-

3), 6.26 (dd, 15.2, 10.6, H-4), 6.17 (dt, 15.2, 6.8, H-5), 5.82 (d, 15.3, H-2), 5.45 (m, 4H-10/11),  

3.74 (m, H-15), 2.22 (m, 2H-6), 2.04 (m, 4H-9/12), 1.17 (d, 6.2, 3H-16), 1.40-1.52 (m, 8H-

7/8/13/14). 

OH

O

OH
O

O

OH LiOH

DME/H2O

37 36
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Figure S3. AO-elbABFDC elbABFDCcEc HPLC

 ( 210 nm) A. 

oryzae NSAR1 AO-elbABFD  

 

Table S6. Summary of A. oryzae transformants in this study. 

Transformant name Plasmid 1 Pladmid 2 Pladmid 3 Pladmid 4 
AO-apmlAB pUARA2-apmlAB    
AO-apmlA+apmlB pUARA2-apmlA pUAdeA2-apmlB   
AO-apmlA pUARA2-apmlA    
AO-akmlAB pUARA2-akmlAB    
AO-akmlABCD pUARA2-akmlAB pUAdeA2-akmlCD   
AO-akmlABC pUARA2-akmlAB pUAdeA2-akmlC   
AO-akmlABD pUARA2-akmlAB pUAdeA2-akmlD   
AO-cimlAB pUARA2-cimlAB    
AO-cimlABCD pUARA2-cimlAB pUAdeA2-cimlCD   
AO-cimlABC pUARA2-cimlAB pUAdeA2-cimlC   
AO-cimlABD pUARA2-cimlAB pUAdeA2-cimlD   
AO-pemlAB pUARA2-pemlAB    
AO-pemlABE pUARA2-pemlAB pUAPTRA2-pemlE   
AO-pemlABCD pUARA2-pemlAB pUAdeA2-pemlCD   
AO-pemlABEC pUARA2-pemlAB pUAPTRA2-pemlE pUAdeA2-pemlC  
AO-pemlABED pUARA2-pemlAB pUAPTRA2-pemlE pUAdeA2-pemlD  
AO-pemlABECD pUARA2-pemlAB pUAPTRA2-pemlE pUAdeA2-pemlCD  
AO-pemlABEDC pUARA2-pemlAB pUAPTRA2-pemlE pUAdeA2-pemlD pUSA2-pemlCF 
AO-pemlABEDCF pUARA2-pemlAB pUAPTRA2-pemlE pUAdeA2-pemlD pUSA2-pemlC 
AO-mpmlAB pUARA2-mpmlAB    
AO-mpmlABC pUARA2-mpmlAB pUAdeA2-mpmlC   
AO-elbAB pUARA2-elbAB    
AO-elbABCF pUARA2-elbAB pUAdeA2-elbCF   
AO-elbABDE pUARA2-elbAB pUPTRA2-elbDE   
AO-elbABC pUARA2-elbAB pUAdeA2-elbC   
AO-elbABF pUARA2-elbAB pUAdeA2-elbF   
AO-elbABFDE pUARA2-elbAB pUAdeA2-elbF pUPTRA2-elbDE  
AO-elbABFD pUARA2-elbAB pUAdeA2-elbF pUPTRA2-elbD  
AO-elbABFE pUARA2-elbAB pUAdeA2-elbF pUPTRA2-elbE  
AO-elbABFCD pUARA2-elbAB pUAdeA2-elbF pUPTRA2-elbD pUSA2-elbC 
AO-elbABFDCcEc pUARA2-elbAB pUAdeA2-elbF pUPTRA2-elbD pUSA2-elbCcEc 

10.00 16.02.0 4.0 6.0 12.0 14.08.0 (min)18.0 20.0 10.00 16.02.0 4.0 6.0 12.0 14.08.0 (min)18.0 20.0

Cont.

elbABFD

����

AU 210
����

AU 210
39 38 39 38 37

elbABFDCcEc

elbABFDC
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Table S7. List of primers used for cloning of genes in this study. 
Primer name DNA sequence 5´ to 3´ Template strain 

apmlA_IFpUKpnI-FW CCGGAATTCGAGCTCGGCAGACATGTCGGACCATAACC 

Arthrinium 
phaeospermum 

Kemushi-1 

apmlA_IFpUKpnI-RV ACTACAGATCCCCGGGATTCAGCCGTACAGTGTAGG 
apmlA-F1 CGAGTACTTCGACTGGATCTG 
apmlA-R1 CAGATCCAGTCGAAGTACTCG 

apmlB_IFpUNotI-FW TTTGAGCTAGCGGCCATGATGGGTTTGAGTGAGAAGG 
apmlB_IFpUNotI-RV GTCACTAGTGCGGCCGACTACATACCGACTCAACG 
akmlA_IFpUKpnI-FW CCGGAATTCGAGCTCGAACATGAACGGTAACATGAATG 

Aspergillus kawachii 
NBRC4308 

akmlA_IFpUKpnI-RV ACTACAGATCCCCGGCTACCGCACCAATTTGCCCAG 
akmlA-F1 GGTTGCATCTGGCGATGAAGC 
akmlA-R1 GCTTCATCGCCAGATGCAACC 

akmlB_IFpUNotI-FW TTTGAGCTAGCGGCCAAGATGCCTTCCCACCAAAAC 
akmlB_IFpUNotI-RV GTCACTAGTGCGGCCAAGATCACTTCTTCCCTTCC 
akmlC_IFpUKpnI-FW CCGAATTCGAGCTCGAAGATGATACTACTTTTTTCG 
akmlC_IFpUKpnI-RV ACTACAGATCCCCGGTAATGCAGTCACCCTACACC 
akmlD_IFpUNotI-FW TTTGAGCTAGCGGCCGATCATGCCGGCCCCTCATG 
akmlD_IFpUNotI-RV GTCACTAGTGCGGCCGCTGTGTTTACAATGAAAGC 
cimlA_IFpUKpnI-FW CCGAATTCGAGCTCGAATATGGTTTCAGTCACAAAGG 

Colletotrichum 
incanum 

MAFF237190 

cimlA_IFpUKpnI-RV ACTACAGATCCCCGGAGCTTGACCATTTATGCACC 
cimlA-F1 GCTTTGTGAGTGACATCCTG 
cimlA-R1 CAGGATGTCACTCACAAAGC 

cimlB_IFpUNotI-FW TTTGAGCTAGCGGCCAAGATGGCGATTTTCGAAGATG 
cimlB_IFpUNotI-RV GTCACTAGTGCGGCCCAGACTTGGTCTACTCTAGG 
cimlC_IFpUKpnI-FW CCGAATTCGAGCTCGAGGATGGTTCAGTTACGCC 
cimlC_IFpUKpnI-RV ACTACAGATCCCCGGTAAGTTGCAGGACTTAGTCC 
cimlD_IFpUNotI-FW TTTGAGCTAGCGGCCACTCATCATGATTGTATCAAG 
cimlD_IFpUNotI-RV GTCACTAGTGCGGCCACCGTATCATCCATCACTGG 

pemlA_IFpUKpnI-FW CCGAATTCGAGCTCGAGAATGATAGACTCAGGATCC 

Penicillium expansum 
IFM 47463 

pemlA_IFpUKpnI-RV ACTACAGATCCCCGGACAACCTATGAGCGATGACG 
pemlA-F1 GTGTACCATCCGGTGCATGG 
pemlA-R1 CCATGCACCGGATGGTACAC 

pemlB_IFpUNotI-FW TTTGAGCTAGCGGCCACCATGTCGCAGCGCGAACAAG 
pemlB_IFpUNotI-RV GTCACTAGTGCGGCCCCTAATGTAAACACCTTTGG 
pemlC_IFpUNotI-FW TTTGAGCTAGCGGCCGCCATGACTATCTCCGATAAC 
pemlC_IFpUNotI-RV GTCACTAGTGCGGCCCTACCACGGGATCTCTGTGC 
pemlD_IFpUKpnI-FW CCGAATTCGAGCTCGACGATGCTTGGTTCCGCGCTTC 
pemlD_IFpUKpnI-RV ACTACAGATCCCCGGCCCTGTTACCTCTCAGAACC 
pemlE_IFpUNotI-FW TTTGAGCTAGCGGCCGAACATGAGCAACGCAATCC 
pemlE_IFpUNotI-RV GTCACTAGTGCGGCCCTCACGCCTTCACAATGACC 
pemlF_IFpUKpnI-FW CCGAATTCGAGCTCGACAATGTTGTCTCCGCTCCG 
pemlF_IFpUKpnI-RV ACTACAGATCCCCGGATCAAGGCCGGAGGCTATCC 
mpmlA_IFpUKpnI-FW CCGAATTCGAGCTCGAACATGCTTGTCAGGGAAGTTG 

Macrophomina 
phaseolina 
NBRC 7317 

mpmlA_IFpUKpnI-RV ACTACAGATCCCCGGAATCACCCAACACCTCCACG 
mpmlA-F1 GCTCCTCTCAAGCATACCTC 
mpmlA-R1 GAGGTATGCTTGAGAGGAGC 

mpmlB_IFpUNotI-FW TTTGAGCTAGCGGCCAGCATGGCTGGCAGGCAAGAG 
mpmlB_IFpUNotI-RV GTCACTAGTGCGGCCCGTGGAAGCGAAATGGAAGC 
mpmlC_IFpUNotI-FW TTTGAGCTAGCGGCCCGGATGCTCGACAGCATGGAC 
mpmlC_IFpUNotI-RV GTCACTAGTGCGGCCCCTCCCCCAATCATCCAACG 
elbA_IFpUKpnI-FW CCGGAATTCGAGCTCGATCATGGCCCCTTACAACTCG 

Eupenicillium ludwigii 
MT-3 

elbA_IFpUKpnI-RV ACTACAGATCCCCGGCTATGCAGCCGTCAAACGACC 
elbA-F1 CCATGCGGTCAATGCTGTCC 
elbA-R1 GGACAGCATTGACCGCATGG 

elbB_IFpUNotI-FW TTTGAGCTAGCGGCCACAATGCCTGGTCGGGAACTTGC 
elbB_IFpUNotI-RV GTCACTAGTGCGGCCTGCGTTTTATTTCGCTCGTGG 
elbC_IFpUKpnI-FW CCGGAATTCGAGCTCGAATATGTTCGACCTTTACG 
elbC_IFpUKpnI-RV ACTACAGATCCCCGGTCACTTCACCAGCACTCTGAC 
elbD_IFpUKpnI-FW CCGGAATTCGAGCTCGAAACATGACGATGTATCACC 
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elbD_IFpUKpnI-RV ACTACAGATCCCCGGCTAGAGCTTCCTAGTAGTGAGC 
elbE_IFpUNotI-FW TTTGAGCTAGCGGCCAAAATGTTACCTTTGCTGTTCC 
elbE_IFpUNotI-RV GTCACTAGTGCGGCCCTTCTATTGGTTTTGCCTGG 
elbF_IFpUNotI-FW TTTGAGCTAGCGGCCTTGAATATGTTGGCACTGTGG 
elbF_IFpUNotI-RV GTCACTAGTGCGGCCCTACTTAACGAGAACACGCAC 

elbB_IFpET28a_NdeI_Fw CGCGCGGCAGCCATATGCCTGGTCGGGAACTTGC Eupenicillium ludwigii 
MT-3 (cDNA) elbB_IFpET28a_EcoRI_Rv GACGGAGCTCGAATTGTTTTATTTCGCTCGTGGGC 

 

 

 

Table S8. List of primers used for cDNA sequencing in this study. 

Primer name DNA sequence 5´ to 3´ 
Sequenced gene 
(template strain) 

apmlA_IFpUKpnI-FW See above 

apmlAc 
(AO-apmlAB) 

apmlA_IFpUKpnI-RV See above 
apmlA-F1 See above 
apmlA-R1 See above 

apmlA_Seq_FW_R1 CCCAAACGAGTTCACACTGG 
apmlA_Seq_FW_R2 CTACCGCAGCAGCAATCTCG 
apmlA_Seq_FW_R3 GTCTACGACACCCGAGTTGG 
apmlA_Seq_RV_R1 CCGTCGTGAACAGCTCATCC 
apmlA_Seq_RV_R2 CAGGGAACATGGCTACCACG 
apmlA_Seq_RV_R3 GCTTGGTAGACCGCATAAGC 
apmlA_Seq_RV_R4 TCTTCTCCAGCAGGTCCTCG 
apmlB_IFpUNotI-FW See above apmlBc 

(AO-apmlAB) apmlB_IFpUNotI-RV See above 
elbA_IFpUKpnI-FW See above 

elbAc 

(E. ludwigii MT-3/AO-elbAB) 

elbA_IFpUKpnI-RV See above 
elbA-F1 See above 
elbA-R1 See above 

elbA_Seq_F1 CATGTACTTCAGCCCAGAGC 
elbA_Seq_F2 GCACGTCATTGTTGAGGACC 
elbA_Seq_F3 AAGAAAGCAGCCATCAGAGC 
elbA_Seq_F4 ATTGAAGGAGGTCGTCAAGG 
elbA_Seq_F5 TCACATCAACCGTATTCAGC 
elbA_Seq_F6 CTCGCGTGATACCTCATTCG 
elbA_Seq_F7 TACGGATCTTGCTGCTTTGG 

elbB_IFpUNotI-FW See above elbBc 

(E.ludwigii MT-3/AO-elbAB) elbB_IFpUNotI-RV See above 
elbC_IFpUKpnI-FW See above elbCc 

(E. ludwigii MT-3) elbC_IFpUKpnI-RV See above 
elbE_IFpUNotI-FW See above elbEc 

(E. ludwigii MT-3) elbE_IFpUNotI-RV See above 
T7 promoter TAATACGACTCACTATAGG elbB 

(E. coli BL21 (DE3)_elbB) T7 terminator GCTAGTTATTGCTCAGCGG 
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��� PCR 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

M 1 3 4 1 6 D 3 E MM 1 1 1 1 M

1 kb

�_C �_F�_A

� AO-elbAB
� AO-elbABC
� AO-elbABF

� elbABCF
� elbABFDE
� elbABFD

� elbABFE

�_C�_B

2 kb

1 kb

2 kb

0.6 kb

M 1 1 2 3 4 5 6 1 1 2 3 4 5 6 1 2 3 4 1 2 3 4 M
�_D

�_E
�_D

�_E

1.6 kb
2 kb

M 1 2 3 4 2 3 4 9 5 6 1 2 3 4 2 3 4 9 5 6 M
�_C

c

�_Ec

�_F

� elbABFDCcEc

	 elbABFDC

M 1 2 2 4 3 M 4 5 6 7 8 9 0 M10
�_C

Transformants DNA length
elbA: 0.6 kb
elbB: 1.0 kb

elbC: 1.7 kb
elbD: 1.6 bp

elbE: 1.8 kb
elbF: 1.5 kb

���

���

���
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��� PCR  

AO-pemlAB
AO-pemlABCD
AO-pemlABECD

pemlABED
pemlABEC
pemlABEDC

1.0 kb

Transformants DNA length
pemlA_Fw: 3.9 kb
pemlA_Rv: 3.7 kb

pemlB: 1.0 kb
pemlC: 1.0 bp

pemlD: 1.9 kb
pemlE: 1.7 kb

	 � � � � � � � � � � � � � � � 	 � � � � � � � �

  

_A_Fw
_A_Rv

_B

� � � � � � � � � � 	
_C

_D

1.8 kb


��

	 � � � � � � � � � � � � � � � � � � � � � 	 	 � � � � � � � � � � � � � � 	 � �

_E _D _E _C


��

_E _C _D

2.0 kb

1.0 kb

2.0 kb

1.0 kb

� � � � � � � � � 	

_C

1.0 kb
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��� PCR 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

� � � �

4.0 kb

1.0 kb

� � � � � �
�_A_Fw

�_A_Rv
�_B

� AO-mpmlAB
Transformants DNA length

mpmlA_Fw: 3.9 kb
mpmlA_Rv: 4.1 kb

mpmlB: 1.3 kb

1.0 kb

0.6 kb

�_A

� AO-akmlAB
Transformants DNA length

akmlA: 0.6 kb
akmlB: 1.0 kb� AO-akmlABC

� AO-akmlABD
� AO-akmlABCD

�_B
�_A

�_B
�_C

�_A
�_B

�_D
�_D

�_C
�_B

�_A

akmlC: 0.5 kb
akmlD: 0.5 kb

M M
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