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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. 1tzU� �	9VGQ25W 

ƃư:ļƺưʊƠƚƺư*)-čƮȿƨ�<ĺ<?>čƮųƊÙêư.ʊ�?5'+

Ťċ�-Ûșôɨǅ�;0ÕșǕē-ǅġ+ȽƵ�&� 1,2ʋőƺưɁ- penicillin 

(Penicillium nordicumʊ1928 Ī)3 : streptomycin (Actinomyces griseus 1944 Ī)4ʊʅțș

avermectin (Streptomyces avermitilis, 1978 Ī)5, ő{��Eș artemisinin (Artemisia annua, 

1972 Ī)6 -ǅȦB�#��(�&l�v�ɀ���<?&)>;
+ʊčƮÙêư�

�ʀ-ƺĒ(Ǿſ+ċČ*ȽƵB9 <�&� �(�§�> (Figure 1)ʋ�-4�+

9ʊƃư�<.ʊő{��Eș quinine (Papaver somniferumʊ1805 Ī)7 :ő�CÑ

vinblastine (Vinca roseaʊ1959 Ī)8ʊtaxol (Taxus brevifolia, 1971 Ī)9ʊţǻȕ�<.ʊőǍ

ȕș amphotericin B (Streptomyces nodosusʊ1955 Ī)10ʊÀǁŐÎÑ tacrolimus (Streptomyces 

tuskubaensis, 1984 Ī)11 *)Ťċ�-Ûșô�ɨǅ�?&� ʋɍĪʊŨ +Ŏȴ�?

 ªÈđÛșô-ǫ 25%ʊņžǃƖǄș+ɭ?/ǫ 44%�čƮư(>).�-ȵğ«

�<ɨǅ�?&�= 12ʊƷ¡-ÕșǑǛ+�)&9ʊčƮư.ųŴ*ÛșX�['(=

Ƿ�&)>ʋ 
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Figure 1. ǩƲȕƽź-Ûșô(�&ÍƼ�?&)>čƮųƊÙêưʋ 
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1-2. iXs
Oa� �9VWCl 

ǩƲȕ.ʊz�S`Gh:wtbhʊe�wlGh(>).�?<-mGs�chþ

Ùêư*)ȤɲċƇ*ÙēƆɓ:ċƇ*ƺưƜłBǔ�čƮÙêưBƺƻ�>ɡȥ*

ŝǮȿƨ'(> 13ʋ 1928 Ī- A. Fleming +;> penicillin -ǅȦB�#��+ʊǩƲȕ

ƽź-ÛșX�[-æĺBǊŚ� čƮưŝǮ�ď5=ʊ1940 ĪÐĸ�< 1970 Ī¡-

ɩ+ʊőǍȕș- griseofulvin (Penicillium griseofulvumʊ1939 Ī)14 :őƺưɁ

cephalosporin (Cephalosporium acremoniumʊ1948 Ī)15ʊÀǁŐÎÑ cyclosporine  

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

Ī)17 *)ċƇ*Ƽɑ-Ûșô2($*�>čƮư�Þɳ�?  (Figure 1)ʋ1980 Ī¡

+Á>(ʊĹź-čƮưŝǮƗ'.ūǐÙêư+ȝ�ǎ)&�5
�(�ċ�*=ʊŨ

ȧƺưƜłưɁ-æĺ�úɴ(*# 9-- 18ʊĸɏ�>;
+ʊ�Ŭ'.ǩƲȕ�Ũ

ȧčƮÙêư-ŝǮƨ(�&Æ0ƙǊBɱ8&)>ʋ 

 

1-3. &R(yW	[5A 

čƮÙêư-
"ʊƺȆ+.Ŀɼ'.*)�ʊȎƮƹĆ+əŀ�ƺ�Œ� 8+Ŀȥ

!(Ȅ�<?&)>Ùêư.�Ƌ¡ȸư(ò/?> 19ʋ�Ƌ¡ȸư.ʊǨ:E|lɠʊ

ȉɁ()# �Ƌ¡ȸưBáŧ+ʊƇ�*ɟǭ�ɔǷǈ+ƊȈ�>�('ƺêŉ�?>ʋ

�Ƌ¡ȸư-ƺêŉ.ʊċ�-Ąêʊ�čƮư-ʇƂƆǤBȝ
ɖǘ(ʊ�ʇƂ+Ğ�

>´ʂBȝ
ɖǘ+È�<?>ʋ�Bŕ
ɟǭ+.ʊz�S`Ghêŉɟǭ (PKS) :

ɷ�y^�}wtbhêŉɟǭ (NRPS)20ʊPKS-NRPS mGs�chɟǭ 21ʊe�w�ƹ

Ùɟǭ 22 *)�(>ʋ�+.ʊǱɅƱǀǈ+. <�Ƈ�*´ʂɟǭ�ɪA#&�=ʊ

ɠÙɜ¼äŀ:~b�Ùʊt�j�ÙʊƹÙäŀ*)+;=�'ƆǤ�? ʇƂB�<

+ȤɲċƇ*čƮư2(ĉŠ�&)�ʋ 

�?<ɟǭ�U�h�?>ɛ¤đ.ʊ�Ƌ¡ȸưƺêŉɛ¤đ(ò/?>ʋļƺư+

�)&.ʊ�Ȓǈ+ʊ(>�$-�Ƌ¡ȸư+ɪA>ƺêŉɛ¤đ.Tl}�-ƱĔ-

©ȁ+ɰŞ�&ɞȁ�?ʊQ�Z`�BĴŉ�&)> 23ʋ®�/ʊǩƲȕ Penicillium 
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chrysogenum +;=ƺƻ�?> peinicillin G . 3 Ǚ-E|lɠBáŧ+ pcabAB (NRPS)ʊ

pcbC (a-SgR�`�ɠ°ĒłYLOXTi�])ʊpcbDE (EX�g��ZrI��]) 

�ɻ+ƊȈ�>�('ƺêŉ�?>�ʊ�?< 3 $-ƺêŉɛ¤đ.ǫ 14kb ¢Å-T

l}ɽÿ+5(5#&U�h�?&)> 24ʋ�
� ƱĽ.ʊTl}Ȫż+;>�Ƌ¡

ȸưƺêŉɛ¤đQ�Z`�-ŝǮBęů+�&)>ʋ 

 

 

 

 

 

 

 

 

Figure 2. Penicillin G -ƺêŉɛ¤đQ�Z`�(ƺêŉǱɅʋ 

 

1-4. H0][5A|):� ��% 

ǩƲȕ-Tl}�+.ʊċ�-�Ƌ¡ȸưƺêŉɛ¤đQ�Z`��Ēû�> 25ʋŲ

ɍăï�? 32 ƀ- Aspergillus Ģȕ-ǸȂǈ*Tl}ȪżǑǛ+;=ʊ�Ǚ( =ĩ

ý 85 -Q�Z`� (2717/32 ƀ) BU�h�&�=ʊ�?<Q�Z`�Â«�< 455 Ǚ

9-Ùêưȃ�ĺ<?>�(�şǣ�?&)> 26ʋ�ũ'ʊǩƲȕ-Tl}�+ȦÇ�

?>ƺêŉɛ¤đQ�Z`�-4(C).ʊÙêưńă(��Q�&)*)	ŶÍƼƺ

êŉɛ¤đQ�Z`�
'(>�(�Ů<�(*# 27ʋĀǡűƫ'Tl}Ȫȶ�? 

ǩƲȕƀ (đøȕɧ) . 850 BɃ�&�= (2019/12/02, JGI 1000 Fungal Genomes Project

âƯ)ʊ5 ʊüƸ�+. 220 �-380 �Ǚ9-ǩƲȕǙ�ƺŃ�>�(�Ȧǚ9<?&

)>�(�< 28ʊȔČ*ŶÍƼɛ¤đȿƨ�Ēû�&)>(Ȭ�;
ʋƇ�*Èđƺư

ēǈd���ÍƼèȈ(*=ʊƈǈ(�>ɛ¤đBǋŞō
�(�èȈ(*# zZg
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Tl}ű¡+�)&ʊŶÍƼƺêŉɛ¤đQ�Z`�.ʊƳ#&Ō+�>�(�'�>

Ũȧ�Ƌ¡ȸư-ĕİ'(>ʋ 

 

1-5. H0][5A|):� ��%	������$� 

� Ʒû-Tl}Ȫż+;>ƺêŉɛ¤đQ�Z`�-ŝǮ (Tl}{Gj�R) .ʊ�

+čƮư-ʇƂĴŉ+ɪA>ɛ¤đ+ǎǊ�&ȝA?> 29ʋ�Ƌ¡ȸưƺêŉɛ¤đQ

�Z`�-ƄÇ^rgHIE'(> antiSMASH : SMURF +�)&9ʊʇƂĴŉBŕ


ɛ¤đBȦ$� -"+ðɋɽÿBȪż�>E�V�[}�Ƽ)<?&)> 30,31ʋū

ǐÙêư-ƺêŉɛ¤đQ�Z`�-Tl}{Gj�R'.ʊ�-ÙēƆɓ�<�Ņ�

?>ʇƂĴŉɛ¤đBŚƈ+µȢɛ¤đQ�Z`�BȦÇ��(�'�> 32ʋ�ũ'ʊ

ŨȧÙêư-ƺêŉɛ¤đQ�Z`�.ʊʇƂƆǤBŕ
ɟǭ-Ũȧłʊ(>).ʊQ

�Z`�BƆŉ�>ɛ¤đ-ǰ6êA�+ǎǊ�>�('ŝǮ�>�(�èȈ'(>

33-37ʋ®�/ʊĳǑǛė'.ʊʈɜ¼þ PKS (HR-PKS) BŚƈ+� ǌëłƄǮ+;=ʊ

�?5'+ăï®-*) HR-PKS ( Type III PKS Bí7ɛ¤đQ�Z`��<�Ėɯ+

Ũȧz�S`Gh soppiline A -æĺ+ŉÖ�&)> (Figure 3)37ʋȍČ+Șǚ�? T

l}ńăBƜƼ� Tl}{Gj�RBȝ
�('ʊŨȧčƮưŝǮ+��>ʊɛ¤đ

ȿƨBÁŌ�>�(�èȈ'(>ʋ  

 

 

 

 

 

 

Figure 3. ƺêŉɛ¤đ-Ũȧ*ǰ6êA�+ǎǊ� čƮưŝǮʋ 
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1-6. iXs&R(yW	_e[\ 

ǩƲȕ-�Ǚ'(>ʉȕ Aspergillus oryzae .ʊĴɁɆŠB.�8(�&Ƈ�*Èđƺ

ưēǈd���ť¹�?&)>ǍƁƺư-�f�ƺư'(> 38,39ʋɍĪʊʉȕ+ƺêŉ

+Ŀȥ*ɛ¤đBÂ&ğÁ�>�('ʊǊǈÙêưBǀǙƺƻ��>	ƺưÂêŉ
�

ăï�?&)> (Figure 4)36, 40-43ʋɖÓǅƷt���`��Ɲ+éƺêŉɛ¤đBǰ6Ɍ

C!vQ`�B­ȣ�ʊʉȕ2ɻƋĴɁɆŠ�>�('ʊūǐčƮư-Čɢ¯Ǵ:ƺê

ŉƊƆ-ȪŮ�èȈ(*#&)>ʋ�?5'+ PKS-NRPS mGs�chɟǭƽź-

tenellin B.�8ʊYe�w�:G�h��Ye�w�ʊ~�e�wlGh*)Ƈ�*

čƮưȃ-ƺưÂêŉ�ɗŉ�?&)>ʋ  

 

 

 

 

 

Figure 4. ʉȕBǀǙxZg(� tenellin -ƺưÂêŉʋ 

 

1-7. H0][5A|):� ��%
T]��9VWCl 

� �ɏ� ;
+ʊǩƲȕTl}�-ŶÍƼƺêŉɛ¤đQ�Z`��<ʊ�<*>Ũ

ȧčƮư-æĺ�ŵķ�?&)>ʋ���ʊ�?<ɛ¤đQ�Z`�.ǑǛė'Ƽ)<

?>ɒħāʃŹ£�'.� �4(C) � ǅƷ�&)*) 8+ʊĹź-čƮưŝǮƗ'

.Ùêư-æĺ+ȏ#&�*�# ʋ�-÷ɾBȪƕ�> 8+ʊƇ�*ŌƗBƼ) 

čƮŝǮǑǛ�ȝA?&� ʋ®�/ʊJqYIkeFQZÎĻ+ɪA>ɟǭ-ɫĘÑ

BƼ)>S|M�JqYIkeFQZ:ʊ�Ƌ¡ȸ+ɪA>R��n��P���`�

-ɖÓǅƷ*)-�Ƌ¡ȸƜłÙƗ+;=ʊŤċ�-ŨȧưɁ-æĺ+ŉÖ�&)> 

(Figure 5)44-50ʋ5 ʊŲɍ'.ʊƈǈ-ŶÍƼɛ¤đQ�Z`�BƔƼĚ�+ǀǙǅƷ

��ʊŨȧ�Ƌ¡ȸưBŝǮ�>®9ăï�?ď8&)> (Figure 5)36,37,51,52ʋƷűƫ'
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.ʊǀǙǅƷBĂǉ(� ŝǮǑǛ-ăï®.ɭ<?&)>9--ʊ�ĸ-ƺêŉǑǛ

-ǐȦ-Șǚ:Tl}f�`v�Z-�<*>ŗ½((9+ʊ5�5�ć�&)�(�

Ņ�?>ʋŸǑǛ+�)&9ʊTl}{Gj�R+;=ȦÇ� ŶÍƼɛ¤đƽź-Ũ

ȧčƮưBæĺ�>�(BǊǈ(�&ʊʉȕǀǙǅƷǪBƼ) čƮưŝǮ+æ=ǰC

!ʋ�-ŌƗ'.ʊɛ¤đńă�ǋŞĺ<?>Ùêư-Ɔɓ+äŰ�?> 8ʊƈǈ(

�>ɛ¤đQ�Z`�-ȰĔ�ʊƱǀ*ƆɓBų�>Ũȧ�Ƌ¡ȸưBæĺ�> 8-

ɤ(*>ʋ 

 

 

 

 

 

 

 

 

Figure 5. ŶÍƼƺêŉɛ¤đQ�Z`�BƜƼ�>čƮưŝǮʋ 

 

1-8. iXs	�}-7�!����[5A�k 

ǩƲȕ-ʈɜ¼þz�S`Ghêŉɟǭ (HR-PKS) .ʈȉȜǃș- lovastatin :

HSP90 ɫĘƜłBų�> radicicol53ʊƃưƐłưɁ solanapyrone A54*)Ƈ�*ƺưƜł

Bǔ�z�S`GhÙêư-ƪǭʇƂBĴŉ�>ƺêŉɟǭ'(> (Figure 6)ʋ�Ȓ+ʊ

ƪǭɥ-¦ɦ(ɜ¼�´ʂBȝ
ȤŤ-h~G��ɔ*# Äɒ� ƆɓBų�>�ʊ

�-¦ɦùŤ:ɜ¼o`��.ɟǭƏ+ǀ*> 8ʊ�5�5*ɜ¼ƲŇB9# ƪǭ

ɥ�Ĵŉ�?> (Figure 7ʊȳǯ.�YI�hâƯ)55ʋ5 ʊƆǤ�? ƪǭɥ-É=Ç

�ƊƆ9Ƈ�'(=ʊ×�&ʊÉ=Ç�ĸ-z�S`GhʇƂ-ĉŠBȝ
´ʂɟǭ:

�-ǰ6êA�9Ùêư�(+n�J�X���Ȧ<?> (Figure 8)56-60ʋ�?<+;=ʊ

/P1�* 
�����02
$�)&.

����
����

����������

�	

���

���#-���P1��)&.(����������

,!'"��%� (��
�	�
������+)
�	
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ȤɲċƇ*z�S`GhÙêưȃ-ƺêŉBèȈ+�&)>ʋHR-PKS ɛ¤đ.ʊǩƲ

ȕ-Tl}�'Ų9ȻĜ+Ēû�>ƺêŉɛ¤đ-�$'(>�ʊ4(C).ŶÍƼ*

ɛ¤đȿƨ'(>ʋ®�/ʊĳǑǛė'Þɳ� Q�ÅƺǩƲȕ Arthrinium sacchari 

Kumo-3 -Tl}�+. 23 9- HR-PKS ɛ¤đ�í5?&)>9--ʊÙêưńă(

��Q�&)>9-.�$9*�ʊ5 ʊA. sacchari BĞȼ(� ŝǮǑǛ' HR-PKS

ƽź-Ùêư.æĺ�?&)*) (Figure 9)ʋHR-PKS ɛ¤đ.ʊċƇ*ŨȧčƮư-

æĺ�ŵķ�?>ʊɛ¤đńăBƼ) čƮưŝǮ+ə� ŝǮƨ'(>(Ȭ�>ʋ 

 

 

 

 

 

 

 

 

 

Figure 6. ǩƲȕ HR-PKS ƽź-�Ƌ¡ȸưʋɶǻ; HR-PKS ƽź-ƪǭɥʋ 
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Figure 7. �Ȓǈ* HR-PKS +;>ƪǭɥ¦ɦ~Mj[}ʋHR-PKS +;>ƪǭɥĴŉ.

Č�� 2 $-t�\Z+È�<?>ʋ1 $Ǌ� AT h~G�( KS h~G�-ƊȈ+;

>ƪǭɥ¦ɦ-t�\Zʊ2 $Ǌ� (MT h~G�)ʊ KR h~G�ʊDH h~G��;

0 ER h~G� (´ʂh~G�) +;>b-Sg�-ɜ¼t�\Z'(>ʋACP h~G�

.ƪǭɥ¦ɦt�\Z+�)&.ʊŨ *¦ɦĂɁB��h�>ĶÔ�(=ʊb-Sgʌ

�-ɜ¼t�\Z'.é´ʂh~G�-Ɯłɝ©+ƪǭɥBɔǳ��>ĶÔ�(>ʋ5

�ʊƪǭɥ¦ɦt�\Z'.ʊAT �¦ɦĂɁ'(>{�j� CoA B ACP h~G�+

��h�>ʋƋ+ʊKS � ACP �-{�j��jcg( KS �-E\b��jcgBǽ

ê��>�('ʊƪǭɥ� 2 ƪǭÈ¦ɦ�?>ʋǷ)&b-Sg�-ɜ¼t�\Z'.ʊ

KR +;>Sg�Ă-ƒɠĂ2-ɜ¼ʊDH -ȋƒ+;>�ɡǲê-ğÁ�;0 ER +

;>�ɡǲê-ɜ¼+;>~b��ɥ-Ĵŉ�?>ʋ¦ɦWGQ��(+ƊȈ�>´ʂ

h~G�-ǰ6êA��ǀ*> 8ʊǲŽ(�&ċƇ*ƪǭʇƂ�ƆǤ�?>ʋ   
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Figure 8. HR-PKS -Ƈ�*ƪǭɥÉ=Ç�~Mj[}ʋ(A) PLP °Ēłɟǭ+;>É=

Ç�, (B) Ȏǅǈ*ÈđÅq��ƹĴŉʊ(C) EX�ĂɆǗɟǭ+;>�-čƮưʇƂ

2-ɆǗʊ(D) ɷɜ¼þ PKS (NR-PKS) 2-ɆǗʊɆǗĸ. NR-PKS +;>ƪǭɥ¦ɦ

(ȓʄƹĴŉBǱ&ʊC ŷǟ-ɜ¼ (R) h~G�'ɜ¼ǈ+É=Ç�?>ʊ(E) NR-PKS

2-ɆǗʊɆǗĸ. NR-PKS +;>ƪǭɥ¦ɦ(ȓʄƹĴŉBǱ&ʊC ŷǟ-bLJZ

e��] (TE) h~G�'�Qg�Ù�?&É=Ç�?>ʋ 
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Figure 9. Arthrinium sacchari Kumo-3 -ų�>�Ƌ¡ȸɪɔɛ¤đ( A. sacchari Kumo-3

�<Þɳ�? Ùêưʋ 

 

1-9. iXs��# ��9VW 

ǩƲȕ{Q��Gh.ʊőȕƜłBų�> cephalospolide B (Cephalosporium aphidicola, 

10 õƹ)61 : rickiol A (Hypoxylon rickii, 20 õƹ)62ʊ`�oQɁĠȇɉɐɫĘƜłBǔ�

brefeldin A (Penicillium ducumbens, 16 õƹ)63ʊőǍȕƜłB9$ eushearilide (Eupenicillium 

sheariiʊ24 õƹ)64*)ʊƇ�*ƺưƜłưɁ�ǐ<?>�Qg�ƹʇƂBų�>z�S

`GhÙêư'(> (Figure 10)ʋ�?5'+Ƈ�*Ģ-ǩƲȕ�< 10-24 õƹƆɓ�<

*>ċƇ*{Q��Gh�Ťċ�Þɳ�?&)>ʋ���ʊ�?5'+ƺêŉǑǛ-ă

ï®.4(C)*�ʊ�-ƺêŉƊƆ.Ů<�+�?&)*)ʋ  

 

 

 

 

 

 

Arthrinium sacchari Kumo-3 �*�
&�#��,�%��~100�
PKS 49 NRPS 17 NRPS-like 13 Terpene cyclase 13
HR-PKS 23 Dipeptide 3 A-T-C 1 C15 8
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
Unknown* 4 Unknown* 6 DMATS 2

A. sacchari Kumo-3 �	$+�����(
PKS-NRPS FAS?+alkylcitrate pathway PR-PKS

'�����
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Figure 10. ƺưƜł�ăï�?&)>ǩƲȕ{Q��Gh-®ʋ 

 

 

1-10. Idf	ba 

��ǩƲȕ.ʊċƇ*ÙēƆɓ:Ʊǀ*ƺưƜłBų�>�Ƌ¡ȸưBƺƻ�>ʊčƮư

Õș+��>ɡȥ*ļƺưȿƨ'(>ʋɍĪ-Tl}ȪżŏȞ-ɕġ+;=ʊǩƲȕT

l}+.ȍČ*�Ƌ¡ȸưƺêŉɛ¤đQ�Z`��Ēû�>�(�Ů<�(*=ʊ5

 ʊ�-4(C).Ùêưńă(ǲ0$)&)*)ŶÍƼɛ¤đQ�Z`�'(>�(

�A�#&� ʋčƮÙêư�Õșȿƨ(�&Æ0Ȋ¿BƟ0&)>Ʒ¡+�)&ʊ�

?<ɛ¤đȿƨƽź-ŨȧčƮư-æĺ�Ɠ8<?&)>ʋɍĪʊTl}ńă�ęů+

ÁŌèȈ(*=ʊ5 ʊ»? ƔƼĚ�Bí8Ƈ�*Èđƺưēǈd���ť¹�?&

� �('ʊƱĔ-ŶÍƼɛ¤đQ�Z`�Bƈǈ(� čƮưŝǮ�èȈ(*#&�

 ʋŸǑǛ'.ʊŶÍƼɛ¤đȿƨƽź-ŨȧưɁ-æĺBǊŚ�ʊTl}{Gj�R

(ʉȕǀǙǅƷǪBƜƼ�>čƮưŝǮ+æ=ǰC!ʋ�

ǩƲȕ HR-PKS ɛ¤đ.ʊċƇ*ƺưƜłBǔ�z�S`GhÙêưȃ-ʇƂĴŉ+

ɪA>ƺêŉɛ¤đ'(>ʋ�-ƱĽǈ*ƪǭɥ¦ɦ~Mj[}(ðɋ+U�h�?>

Ƈ�*´ʂɟǭ-ƊȈ+;=ʊċƇ*z�S`GhÙêưȃ-ƺŉBèȈ+�&)>ʋ

5 ʊHR-PKS ɛ¤đ.ǩƲȕ-Tl}�+Ų9ȻĜ+Ēû�>ƺêŉɛ¤đ'(>�
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ũ'ʊ4(C)�ƺŉ�?>Ùêư(ǲ0$)&)*)ƊȈŶǐ-ɛ¤đȿƨ'(>ʋ

�?<ŶÍƼ* HR-PKS BƜƼ�>�('ŨȧƜłưɁ-æĺ�ŵķ�? ʋ��'

ŸǑǛ'.ʊHR-PKS (ƱĽǈ*ɛ¤đ-ǰ6êA�+ǎǊ� Tl}{Gj�RBȝ

# (�@ʊ�?5'ăï-*) HR-PKS (a/b-hydrolase superfamily `�oQɁBí7

ƺêŉɛ¤đQ�Z`�BċŤȦÇ� ʋ�?<Q�Z`�Bƈǈ+ʉȕǀǙǅƷǪB

ƆǤ� ǲŽʊŤ�-Ũȧ{Q��GhčƮư-æĺ+ŉÖ�>(ëű+ʊƺêŉƊƆ

-ȪŮ+ȏ# ʋŸǑǛ'ĺ<? ŉŽ.ʊʉȕǀǙǅƷǪBƜƼ�>čƮưŝǮ�ʊ

ƺêŉ~Mj[}�ŶȪŮ-čƮưÙêưȃ-ÕÇ+9ųƼ'(>�(BĖȱ�>9

-'(>ʋ  

 

1-11. IxE	MA  

ŸßĈȷŦǠ 2 Ǟ'.ʊHR-PKS (ƊȈŶǐ-a/b-hydrolase superfamily `�oQɁB

U�h�>ƺêŉɛ¤đQ�Z`�Bƈǈ(� ʊʉȕǀǙǅƷǪBĂǉ(� čƮư

ŝǮ+$)&ɏ3 ʋŨȧČƹƲz�S`GhÙêư-ÞɳƆɓƕĔ(�-ƺêŉƊƆ

-ȪżǲŽ-ȳǯBȯ� ʋ 

Ǡ 3 Ǟ'.ʊǠ 2 Ǟ'ĺ<? ǐȦ+Ă%) Tl}{Gj�R-ǲŽ+$)&ɏ3

 ʋTl}ńă+Ă%�čƮưŝǮ-ɛ¤đȿƨ(*>Ťċ�-ɛ¤đQ�Z`�-ǅ

Ȧ(ȳǯ*Q�Z`�Ȫż-ȳǯBȯ� ʋ 

� Ǡ 4 Ǟ'.ʊTl}{Gj�R+;=ȦÇ� ƊȈŶǐ-´ʂɟǭBí7ɛ¤đQ�

Z`�Bƈǈ(� čƮưŝǮ-ǲŽ+$)&ɏ3 ʋŨȧ 22 õƹ�;0 24 õƹ{Q

��Gh-ÞɳƆɓƕĔ(xZxJ`l��E|�ɆǗɟǭʊxZxU��ɆǗɟǭ-

ƊȈȪŮ+ȏ# ȳǯBȯ� ʋ 

� Ǡ 5 Ǟ'.ʊ�5�5*Ģ-ǩƲȕƽź-Ũȧ{Q��Gh-ŝǮǲŽ+$)&ɏ3

 ʋūǐ 16 õƹ{Q��GhʊŨȧM�y�ɠ«�;0Ũȧ 12 õƹ{Q��Gh-Þ

ɳƆɓƕĔ-ȳǯBȯ� ʋ 



 14 

Ǡ 6 Ǟ'.ʊʉȕǀǙǅƷǪBƼ) brefeldin A -ƺêŉǑǛ+$)&ɏ3 ʋƱĽ

ǈ*ÈđÅ C-C ǲêĴŉƊƆ(�Qg�ƹƆǤ~Mj[}+ɪ�>ȪżǲŽ-ȳǯB

ȯ� ʋ  

 

 

 

 



�

�

�

�
15 

� 2� 

 

S}XÅƺǩƲȕ Arthrinium phaeospermum Tl}�+U�h�?>ɛ¤đQ�Z`�- 

ʉȕǀǙǅƷ(ŨȧČƹƲz�J�{Q��Gh-æĺ 

 

2-1. ow 

ĳǑǛė'.ʊʉȕǀǙǅƷǪBĂǉ(�>ŨȧčƮưŝǮ-ƈǈ(*>ɛ¤đȿƨ

Bĺ> 8+ʊÃɨf�`v�Z:ƴȎ+Ŝɱ� ŭț�ƃưÅƺǩƲȕ-h�rgT

l}BƼ) ƈǈɛ¤đQ�Z`�-ŝǮ (Tl}{Gj�R) Bȝ#&)> 37ʋŨȧ

čƮưBU�h�>ɛ¤đQ�Z`�BŝǮ�>+.ʊʇƂĴŉBŕ
ɛ¤đ�Ũ�)ʊ

9��.ʊQ�Z`�BƆŉ�>ɛ¤đ-ǰ6êA��Ũ�)9-Bŝ�Ŀȥ�(>ʋ

ǩƲȕ HR-PKS .Äɒ-h~G�Ɔɓ*�<ċƇ*z�S`GhɥBƺêŉ�>�(ʊ

5 ʊƇ�*´ʂɟǭɛ¤đ(Q�Z`�BĴŉ�>�('ċƇ*čƮư-ƺêŉ+ɪ

��&)> 55ʋ�ũʊ�ƀ-ǩƲȕ-Tl}�+ŤÜ9- HR-PKS �U�h�?&)>

+9ɪA<�ʊ4(C)�ÙēƆɓ(ǲ0$)&)*)ŶɨŖ-ɛ¤đȿƨ'(>ʋ�

�'ŸǑǛ'.ʊHR-PKS ɛ¤đBŚƈ(�&ʊ5 ʊ�?5'+ƺêŉǈ+Ů<�+

�?&)*)ɛ¤đƆŉ-Q�Z`�BŝǮ� ʋ5�ʊĳǑǛė'�?5'+Ȫȶ�

 ƃư:ŭțÅƺǩƲȕ-Tl}{Gj�RBȝ*# ʋ�-ǲŽʊHR-PKS -ɍ¸+

mhpC h~G�Bų�>ƊȈŶǐ-a/b-hydrolase superfamily `�oQɁ�U�h�?

>Q�Z`�B 4 $ȦÇ�  (Figure 11)ʋ�?5'-ƺêŉǑǛ+�)&ʊ�-;
*

ɛ¤đƆŉ�<*>Q�Z`�ƽź-�Ƌ¡ȸư.Ů<�+�?&�<�ʊŨȧčƮư

-ƶĺ9��.ŨȧƺêŉXZe}-ȪŮ�ŵķ�?>ʋ��'ŸǑǛ'.ʊ�?<Ɗ

ȈŶǐ-ɛ¤đQ�Z`�Bɛ¤đńă+Ă%�čƮưŝǮ+��>ŝǮƨ(�&ś

�ʊʉȕǀǙǅƷǪ-ƆǤ+æ=ǰC!ʋ 
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Figure 11. ŭțÅƺǩƲȕTl}�+U�h�?> HR-PKS �;0a/b-hydrolase 

superfamily `�oQɁBí7ƺêŉɛ¤đQ�Z`�ʋ 

 

2-2. apml� ��%	_e`Yj	Mh 

2-2-1. � ��%vK 

apml Q�Z`�.ʊĳǑǛė+&ŻÚČēɶȖģO��oZ'Ŝɱ� S}X;=

Þɳ� Arthrinium phaeospermum Kemushi-1 -Tl}�+ȦÇ� 65ʋapml Q�Z`

�+.ApmlAɛ¤đ (HR-PKS) (ApmlBɛ¤đ (mhpCh~G� 66Bí7a/b-hydrolase 

superfamily `�oQɁ) �ɰ=ê#&U�h�?&)  (Figure 12)ʋ�ũʊ�?<-ð

ɋ+.ƺêŉ+ɪA>(�Ņ�?>ɛ¤đ.ȦÇ�?*�# ʋApmlA ( ApmlB B

BLAST ƄǮ'Ȫż� (�@ʊ�?�?ʊbrefeldin A -ƺêŉ2-ɪ��şƧ�?&

)> Bref-PKS ( Bref-TH (-ǌëł�(#  (Table 1)ʋ5 ʊApmlA .ʊKSʊATʊ

DHʊERʊKRʊACP h~G��<Ɔŉ�?> iterative Type I PKSʊApmlB .ʊ�ɏ-;


+ mhpC h~G�Bų�>a/b-hydrolase superfamily `�oQɁ(şĔ�?  (Figure 

13)ʋ 

 

 

 

 

Figure 12. apml Q�Z`�-Ɔŉɛ¤đ. 

 

 

�����
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������

Cytospora sp. 
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(mhpC domain) 
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Figure 13. ApmlA, B -h~G�Ɔɓʋ 

 

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

 

2-2-2. apml� ��%	�s_e`Y��
�!�$��# ��	3�M{S< 

� apml Q�Z`�+;=ƺŉ�?>čƮÙêư-ƆɓBŮ<�+�> 8+ʊ

Aspergillus oryzae NSAR1 BǀǙxZg(� ǀǙǅƷǪ-ƆǤ+æ=ǰC!ʋ5�ʊ

apmlA ( apmlB BğÁ� ʉȕƀ A. oryzae (AO)-apmlAB B­ȣ� ʋĺ<? ĴɁɆ

ŠƀB CPS Ƣ«āü'āʃ�ʊāʃȕ«- MeOH ŔÇưB HPLC Èż� (�@ʊU

�g���'.ƺƻ�?*)Ũ *Ùêưq�Q 1 (�ƺŉư)ʊ2 (Òƺŉư) -ƺƻB

ǒȴ� (Figure 14A)ʋ�?<Ùêư.ʊɦƘɦɽÿ+ȤŤ-îåƅČBų�>ƱĽǈ*

UV îåo`��Bǔ� �(�<ʊÄĶuOWJ�ƆɓB9$�(�ǔö�? 

(Figure 14B)67ʋ5 LC-MS Èż+;=ʊ1 . 609 [M+Na]+ʊ2 . 565 [M+Na]+ (1 – 44 mass 

unit) +�?�?ÈđGL�q�QBǔ� ʋ 

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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Ƌ+ʊ1 �;0 2 -ÙēƆɓBŮ<�+�> 8+ʊ5�ʊAO-apmlAB -Čɢāʃ 

(3.6 L) Bȝ# ʋǧȣŹ£BŲəÙ� ǲŽʊāʃȕ« MeOH ŔÇưBq�Y�+Ʃ

Ȫĸʊr�cX�X�MT�M�}Q�{gR�rF�BƼ)&ʊƩĐŹ£ (CHCl3-

MeOH (19/1-9/1)) 'ƩÇ� ĸ+ʊ1 Bí7ƾÈB CHCl3 'ƛƞ�>�('ʊÙêư 1

Bǧȣ�>�(�'� ʋÙêư 2 +ɪ�&.ʊ�Į-Èɳš­'.ǧȣ'��ʊ5 ʊ

Ǧǧȣ-ƍɮ'éǙųƊƩĐ2(ƩȪł�ª��ʊ�?¢�-ǧȣ�úɴ'(# ʋ�

�'ʊ2 B�+í7ǦǧȣưBE\b�Ù� ĸ+ʊ2 ƍɮ-ǧȣBǱ&ʊ2 -E\b

�Ù« 4 BÞɳ� ʋ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. AO-apmlAB Bāʃ� (�-ȕ«ŉÈ- HPLC Q�{gR�} (ƄÇƘɦ 

380 nm)ʋ(B) Ùêư 1 ã0 2 - UV îåZwQg�ʋ(C) Ùêư 1-4 -ÙēƆɓʋ(D) 

Ùêư 1 - 2 Ƌ¼ NMR ǌɪʋ 
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ʈÈȪȈ ESIMS (m/z 609.3366 [M+Na]+ , calcd 609.3398) �;0 13C NMR ZwQg�

;=ʊ1 -ÙēıB C34H50O8 (ƕĔ� ʋÙêư 1 - UV îåZwQg�. 325, 339, 

357 �;0 377 nm+ƅČîåBǔ� �(;=ÄĶuOWJ�-Ēû�ǔö�? 67ʋ

5 ʊ1H NMR ZwQg�+�)& 0.1 ppm ɩ (dH 6.21−6.31) +L�rF�t�g�-

q�Q�ɱ��&) �(�<ʊ Â& E «-ÄĶuOWJ�Ɔɓ'(>(ǔö�? 

68ʋ5 ʊ1H-1H COSY ( HSQC-TOCSYʊ1H-1H TOCSY ZwQg�+��>ŷǟ~b�

H-34 (dH 1.18) �<Jb��ƒǭ H-13 (dH 6.28) 5'-ɔǷ�>ǌɪ�ȩƧ�? �(

+;=ʊC-13-C-34 -ɝÈƆɓ�Ů<�(*# ʋëƇ+ʊ~b��ƒǭ H-2 (dH 2.35, 

2.45) �<Jb��ƒǭ H-6 (dH 6.25) 5'ɔǷ�>ǌɪ�ȩƧ�? �(ʊ�;0ʊH-

2 ( H-3 (dH 2.36, 2.49) �<JZe�M�yj� C-1 (dC 172.3) 2- HMBC ǌɪ�ǒȴ

�? �(�< C-1-C-6 -ɝÈƆɓBŮ<�(� ʋ5 ʊH-33 (dH 4.95) �< C-1 2

- HMBC ǌɪ�ȩƧ�? �(�<ʊC-1 ( C-33 �JZe�ǲê+;=ǿ�#&)>

�(Bǒȴ� ʋƌ> 6 $- sp2 ƪǭ. C-7 �< C-12 ɩ-ÄĶuOWJ�-ƪǭ(Ħ

Ģ� ʋΔ22,23( Δ26,27-ī¬ǀł+ɪ�&.ʊJ22,23( J26,27-Mct��RĔŤ��?�

? 15.3 Hz Bǔ� �(ʊ�;0 NOESY ZwQg�- H-21/H-23, H-22/H-24, H-25/H-27

�;0 H-26/H-28 -ǌɪ�Ȧ<? �(;=ʊE «(ƕĔ� ʋ�-�ȳǯ* 2 Ƌ¼

NMR Ȫż+;= 1H �;0 13C XRi�BĦĢ�  (Figure 14DʊTable 2)ʋ¢�;=ʊ

phaeospelide A (1) -ĩɸƆɓBÂ& E «-ÄĶuOWJ�Bų�> 34 õƹ{Q��G

h(ƕĔ�  (Figure 14C)ʋ�3&-L�rF��;0ƒɠĂ-©ȁ.ʊz�S`Gh

-ƺêŉɖǘ'ƺŉèȈ'(# 55ʋ*�ʊ1 -E\b�Ù« 3 - NMR ȪżǲŽ9ʊ

1 -ĩɸƆɓBŢř�  (Figure S1, Table 2)ʋ  
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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) Ùêư 1 -ǶĞɞȁƕĔ-ŊƿʋÙêư 1 -mG�Gg.ǝ«�ľBǔ

�ʋ(B) Ùêư 1 -r�R~�gÙ-ZO�}ʋ(C) r�R~�g 5 ã0 7 -ȵğ«Ù

-ZO�}ʋ(D) E\giGh³Ⱥ« 10, 11, 14, 15 - NOE ǌɪ (q�QǏà)ʋ(E) S/R-

MTPA ³Ⱥ«-DdH(S–R) values (parts per million)ʋ(F) Ùêư 16 ( S « R «ƈô- VCD

�;0 IR ZwQg�-Ƒɇ (c = 0.06 M - 16 5 . c = 0.15 M -ƈô- CDCl3ƩƢB

Ƽ)&ėƦ'ƧĔ)ʋ 

 

2-2-3. Phaeospelide A (1) 	g+2;	S< 

� Ùêư 1 +. 7 �ŋ-ǝ«Ùē�Ēû�>ʋǝ«Ùē-ƕĔBǥ±+�> 8+ʊ�

ɡǲêBɄ��=(�&ʊL_�ÈȪ+;= 1 Br�R~�gÙ�&ǶĞǝ«ɞȁBƕ

8>�(+�  (Figure 15A )ʋ�*A"ʊ1 -r�R~�g A-C -
"ʊr�R~�g

B . VCD ZwQg�Bƈô(Ƒɇ�>�'ǶĞɞȁBƕĔ�ʊr�R~�g A �;0
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C.E\giGh³Ⱥ«2(ĉŠ�NOEǌɪBȶ6æ>�('ǌĞɞȁBƕ8 ĸ+ʊ

�ǬE�U��-ǶĞǝ«ɞȁƕĔ'�Ȓǈ*Ũ Mosher ƗBəƼ�>�(+� 69ʋ 

Ėɯ+.ʊ1 -E\b�Ù«+Ğ�&L_�ÈȪ( NaBH4ɜ¼BŪ�ʊr�R~�g

5-7 Bĺ ʋÙêư 6 .g�E\b�Ù« 16 2ĉŠ� ĸ+ʊ16 (ĤȾ- (S)-, (R)-

1,2,3-butanetiol �<ȵğ� g�E\b�Ù«- VCD ZwQg�(Ƒɇ�>�('ʊ1

- 25 ©-ǶĞɞȁB S (ƕĔ�  (Figure 15F)ʋ5 �;0 7 .ŷǟYL��Bɚœǈ+

³Ⱥ�>�(ʊ�;0ʊUV +;>ƄÇņĮBì��Þɳš­*)Bȝ):���>�

(BǊǈ+ʊTBDPS Ă+;>³ȺBȝ
�('�?�? 9 ( 13 Bĺ  (Figure 15C)ʋ

Ùêư 9 ( 13 .ʊ1,3-YL��BE\giGh³Ⱥ�>�('�?�? 10ʊ11 (>)

. 14, 15 2(ĉŠ� ʋÙêư 10 . H-2´/H-19, H-21 �;0 Ha-20/H-19, H-21 - NOE

ǌɪ�ȩƧ�? �(;=ʊ)�þɞįB(#&)>�(�Ů<�(*# ʋëƇ+ 11

. H-2´/H-17, H-19 �;0 Ha-18/H-17, H-19 - NOE ǌɪ�<ʊ)�þɞįB(#&)>

�(�A�# ʋ�?+;=ʊ17 ©, 19 ©�;0 21 ©-ǌĞɞȁ. 17R*, 19R*, 21R*'

(>�(�Ů<�(*#  (Figure 15D)ʋ5 ʊÙêư 14 . H-31/H-2´, Hb-32 �;0

H-33/H-3´, Ha-32 - NOE ǌɪ;=ʊ,�?y�gþɞįB(#&)>�(�Ů<�(*

# ʋÙêư 15 . H-2´/H-29, H-31 �;0 Ha-30/H-29, H-31 - NOE ǌɪ�<ʊ)�þ

ɞįB(#&)>�(�A�# ʋ�?+;=ʊ29ʊ31 �;0 33 ©-ǌĞɞȁ.ʊ29R*, 

31R*, 33R*'(>�(�ǔ�?  (Figure 15D)ʋŲĸ+ʊ10 �;0 14 +Ğ�&Ũ Mosher

ƗBəƼ�>�('ʊ17 ©�;0 29 ©-ǝ«ÙēB S (ƕĔ�  (Figure 15E)69ʋ¢�

;=ʊ1 -Â&-ǶĞǝ«ɞȁB 17S, 19S, 21S, 25S, 29S, 31S, 33S (ƕĔ� ʋ 

 

2-2-4.  Phaeospelide B (2) 	M{	S<�  

Ùêư 2 -E\b�Ù« 4 -ĩɸƆɓ.ʊʈÈȪȈ ESIMS (m/z 775.3639 [M+Na]+ , 

calcd 775.3664) �;0 13C NMR ZwQg�;=ʊÙēƆɓB C42H56O11(ƕĔ� ʋÙ

êư 4 - 1H NMR ZwQg�+�)&dH 6.24-6.41 +L�rF�t�g�-ɱ�� q

�Q�6<? �(ʊ2 - UV îåZwQg�� 1 (ëƇ+ 320-380 nm + 4 $-ƅČ



�

�

�

�
23 

îåBǔ� �(�<ʊ Â& E «-ÄĶuOWJ�Ɔɓ�Ēû�>�(�A�# 67,68ʋ

1H-1H COSYʊ1H-1H TOCSY �;0 HSQC-TOCSY ZwQg�+��>ŷǟ~b� H-32 

(dH 1.20) �<Jb��ƒǭH-14 (dH 6.23) 5'-ɔǷ�>ǌɪ�ȩƧ�? �(+;=ʊ

C-14-C-32 -ɝÈƆɓ�Ů<�(*#  (Figure 16)ʋëƇ+ʊ~b��ƒǭ H-2 (dH 2.36, 

2.46) �<Jb��ƒǭ H-5 (dH 6.18) 5'ɔǷ�>ǌɪ�ȩƧ�? �(ʊ�;0ʊH-

2, H-3 (dH 2.36, 2.51) �<JZe�M�yj� C-1 (dC 172.4) 2- HMBC ǌɪ�ǒȴ�

? �(�< C-1-C-5 -ɝÈƆɓBŮ<�(� ʋ5 ʊH-31 (dH 4.94) �< C-1 2-

HMBC ǌɪ�ȩƧ�? �(�<ʊC-1 ( C-31 �JZe�ǲê+;=ǿ�#&)>�

(Bǒȴ� ʋ 

ƌ> 8 $- sp2 ƪǭ. C-6 �< C-13 ɩ-ÄĶuOWJ�-ƪǭ(ĦĢ� ʋΔ20,21(

Δ24,25-ī¬ǀł+ɪ�&.ʊJ20,21( J24,25-Mct��RĔŤ��?�? 15.5ʊ15.4 Hz

Bǔ� �(;=ʊE «(ƕĔ� ʋ�-�ȳǯ* 2 Ƌ¼ NMR Ȫż+;= 1H �;0

13C XRi�BĦĢ�  (Table 3)ʋ¢�;= 4 -ƆɓBʊÄĶuOWJ�Bų�> 32 õ

ƹ{Q��Gh'(>(ƕĔ�  (Figure 14C)ʋ�?+;=Ùêư 2 (phaeospelide B) .ʊ

4 -ȋE\b�Ù«(�&ÙēƆɓBƕĔ�  (Figure 14C)ʋÙêư 1 ( 2 -Ɔɓ-ɘ

). CH2-CHOH -ɝÈƆɓ (44 mass units)ʊ�*A"ʊPKS +;>z�S`Ghɥ¦

ɦ 1 WGQ�È+Ğŀ�> 1 - C-16/C-17, C-18/C-19 (>). C-20/C-21 -ųƬ-6'

(# ʋÙêư 2 -ǶĞǝ«ɞȁ.ƺêŉǈ*ȩƫ+Ă%�ʊ1 (ëƇ+Â& S (ƕĔ

� ʋ 

 

 

 

 

 

 

Figure 16. Ùêư4-2D NMRǌɪ. ɶǻ.1H-1H COSY, 1H-1H TOCSY�;0HSQC-

TOCSYʊɂǻ.ƆɓƕĔ+ɡȥ*HMBCǌɪBǔ� ʋ
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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. 

 
  



�

�

�

�
25 

2-3. Phaeospelide A�B	[5AQM	vK 

�ȯ-ǲŽ;=ʊapmlA (HR-PKS) ( apmlB (mhpCh~G��³Ē�?>a/b-hydrolase 

superfamily `�oQɁ) �<*> apml Q�Z`�. 34ʊ32 õƹƆɓBų�>z�J�

{Q��Gh phaeospelides A (1)ʊB (2) B��>�(�Ů<�(*# ʋƋ+ʊ1 ( 2

-ƺêŉ+ ApmlA ( ApmlB -�ũ-ƊȈ�Ŀȥ�)
�Bǒ�8>�(BǊǈ+ʊ

apmlA ( apmlB BɻƋğÁ�ʊ¡ȸư-ȪżBȝ#  (Figure 17)ʋ5�ʊapmlA -6B

ğÁ� ƀ AO-apmlA B­ȣ� (�@ʊA. oryzae Tl}2-ɛ¤đ-ğÁ.ǒȴ'�

>9--ʊ)�?-ĴɁɆŠƀ+�)&9 1( 2-q�Q.6<?*�#  (Figure 18)ʋ

Ƌ+ʊapmlA -ğÁBǒȴ� ɷƺƻƀ+Ğ�& apmlB BğÁ� ƀ AO-apmlA+apmlB

B­ȣ�ʊëƇ+Èż� (�@ʊ1 ( 2 -ƺƻ�ǒȴ�? ʋ�?+;=ʊ1 ( 2 .

ApmlA ( ApmlB -�ũ�ƊȈ�>�('ƺêŉ�?>�(BŮ<�(� ʋ�-ǲŽ

�<ʊmhpC h~G��³Ē�?>a/b-hydrolase superfamily `�oQɁ� HR-PKS -

ACP �+��h�? ƪǭɥB�Qg�ƹƆǤ((9+É=ɳ�ʊbLJZe��] 

(TE) ƜłBų�>�(�ǔö�? ʋ¢�.ʊǩƲȕ{Q��Gh-�Qg�ƹƆǤ

+ɪA>ƺêŉɛ¤đ�ǔ�? Ë8&-®'(>ʋ¢ɬʊmhpC h~G��³Ē�?

>a/b-hydrolase superfamily `�oQɁB MhpC-TE (òǖ�>ʋ 

 

 

 

 

 

 

 

 

Figure 17. AO-apmlAʊapmlA+apmlBʊapmlAB Bāʃ� (�-ȕ«ŉÈ- HPLC Q�

{gR�} (ƄÇƘɦ 380 nm)ʋ 

100 20 (min)

AU 380 1

2
apmlAB

apmlA+apmlB
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Figure 18. Genome PCR +;>éĴɁɆŠ«2-ɛ¤đğÁ-ǒȴʋ 

 

2-4. apml� ��%,GL A. phaeospermum Kemushi-1	8��(yW	/K 

apml Q�Z`�-³ųƀ'(> A. phaeospermum Kemushi-1 �ǑǛė'-āʃŹ£�

' 1, 2 Bƺƻ�>�)
�Bǒ�8> 8+ʊ)�$�-ƔƼāüBƼ)&āʃ�ʊĺ

<? ȕ«-ŔÇŉÈBÈż� (�@ʊ)�?-āʃŹ£+�)&9ƺƻ�ǒȴ�?

*�#  (Figure 19)ʋ�-ǲŽ�<ʊapml Q�Z`�.ǑǛė'ɒħÍƼ�?>āʃ

Ź£�'.Ùêư-ƺƻ+ȏ<*)ƺêŉɛ¤đQ�Z`�'(>�(�Ů<�(*

# ʋ�?.ʉȕǀǙǅƷǪBƼ) čƮưŝǮ�ʊŸź-Ě�'-ɛ¤đǅƷ-ųƬ

+ɪA<�ÍƼèȈ'(>�(BŢř�>ǲŽ'(# ʋ 

 

 

 

  

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 Q�Z`�³ųƀ A. phaeospermum Kemushi-1 Bāʃ� (�-ȕ«ŉ

È- HPLC Q�{gR�} (ƄÇƘɦ 380 nm)ʋ 

 

2-5. r= 

� ŸǞ'.ʊA. phaeospermum Kemushi-1 -Tl}�+U�h�?> ApmlA (HR-PKS) 

( ApmlB (MhpC-TE) �<*> apml Q�Z`�Bʉȕ'ǀǙǅƷ�>�(+;=ʊ34

õƹ�;0 32 õƹƆɓBų�>Ũȧz�J�{Q��Gh-æĺ+ŉÖ� ʋApmlA

( ApmlB BÄǅƷ��>�('Ë8&Ùêư-ƺƻ�ǒȴ�? �(�<ʊ�-{Q

��GhʇƂ-Ĵŉ+.ʊ�ũ-ƊȈ�Ŀɼ'(>�(�ǔ�? ʋ 

� ¢�-ǲŽ( 1 �;0 2 -ÙēƆɓ+Ă%�ʊƺêŉ~Mj[}BşĔ�  (Figure 

20)ʋ5�ʊApmlA �{�j� CoA B¦ɦĂɁ(�& 16 ù-ƪǭɥ¦ɦWGQ�BȀ

=Ɏ��('ʊ34 -ƪǭ�<*>ʇƂ�Ĵŉ�?>ʋ¦ɦWGQ�Ə+ƊȈ�>´ʂ

h~G��ǀ*=ʊz�L���<*>ȨƒłɝÈ.ƪǭɥ¦ɦ-ÐÝ' KR h~G�

�ƊȈ�>�('ğÁ�?>ʋÙêư 1 -ǶĞɞȁ+Ă%�(ʊ¦ɦ 1 ùǊ+ƊȈ�>

KR h~G�.b-Sg�B L«-ƒɠĂ+ɜ¼�>�ʊƌ=.Â& D«-ƒɠĂ2(ĉ

Š�>�(�A�=ʊ�-;
+Þ�- KR h~G��ǀ*>ǝ«Ùē2(ɜ¼�>�

(.ȑñƣ)ʋƱĽǈ*Â& E «-ÄĶuOWJ�.¦ɦ 10-15 ùǊ+ KR ( DH h~

0.0 10.0 20.0

CPS ��

PDB ��

MYG ��

AU 380
����

A. phaeospermum

AO-apmlA+apmlB

1

2

(min)
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G��ɔǷ�&º��('Ĵŉ�?>ʋ¦ɦ 16 ùǊ.Â&-´ʂh~G��ƊȈ�>

�('~b���ğÁ�?>ʋŲĸ+ʊACP h~G��-ƪǭɥ� MhpC-TE '(>

ApmlB -\��ƌĂ+ɆǗ�?ʊ�Qg�ƹĴŉB¥)É=Ç�?>�(' 1 �ƺŉ

�?>ʋ5 ʊÙêư 2 .ʊ¦ɦ 7-9 ùǊ+Ğŀ�>¦ɦWGQ���$ZOct�?

 ǲŽʊƺŉ�?>(şƧ�? ʋ 

 

 

 

 

 

 

 

 

 

Figure 20. Phaeospelide A (1) -şĔƺêŉ~Mj[}ʋ 

 

ApmlA . C34 - phaeospelide A BĴŉ�> 8+ 16 ù-ƪǭɥ¦ɦBȝ
�ʊ�?

.�?5'ăï-(# iterative Type I PKS -�'ŲČ-¦ɦùŤ'(> (�?5'.

13 ù-¦ɦäŀ+;= C28 -ƪǭɥBĴŉ�> BuaA)70ʋ5 ʊÄĶ� uOWJ�B

ƆǤ�>ǩƲȕ HR-PKS .Ë8&-ăï'(>ʋǩƲȕ HR-PKS +;>ƪǭɥ-¦ɦ

ùŤ:´ʂƇı*)-ÎĻ~Mj[}.4(C)A�#&)*)�ʊ�ȯ-;
*�j

�Q*ƱĽBų�> ApmlA .�?<BȪŮ�> 8-ɡȥ*Ō��=(*=
>ʋ 

ƺưƜłȲʆ-ǲŽʊ1 .őȕƜłʊőǍȕƜłʊőHG�ZƜłʊǯȇƐł-)�

?-Ɯł9ǔ�*�# ʋz�J�{Q��GhÙêư.őǍȕƜłBų�>Ùêư�

ċŤǐ<?>�ʊamphotericin B10 : nystatin71 .ÈđÅ-ƒɠĂ+E|lǨ()# Ȩ

ƒłƌĂBų�&)>. Amphotericin B -E|lǨ-Ɔɓ��-Ɯł+ĵɹB��>�
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(�ăï�?&�= 72ʊ5 ʊE|lǨ-ƒɠĂ�ǯȇȌ-J�VZe���(-ǌ�

­Ƽ�;0�-Ɯł+ɡȥ'(>�(�ǔö�?&)> 73ʋPhaeospelides +�)&9�

-;
*ȨƒłƌĂ� ×�?>�('ʊƜł�ǅƷ�>èȈł�Ȅ�<?>�ʊapml

Q�Z`�ðɋ+.�-;
*´ʂɛ¤đ.ȦÇ�?*�# ʋ 

ŸǑǛ+;=ʊǩƲȕ{Q��GhčƮư+ɪA>ƺêŉɛ¤đBË8&Ėʆǈ+Ů

<�(� ʋ�-ǐȦ+Ă%�ʊApmlA BŚƈ(� f�`v�ZƄǮ+;=ȦÇ�

 şĔ{Q��Ghƺêŉɛ¤đQ�Z`�Bɛ¤đȿƨ(�&Ƽ)>�('ʊ{Q�

�GhčƮư+ƭƫBĳ& čƮưŝǮǑǛ�èȈ(*# ʋ  
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� 3��

 

2/5����
�)&0#'7!%���� �����
��� 

 

3-1.  ow 

Ǡ 2 Ǟ;=ʊApmlA (HR-PKS) ( ApmlB (MhpC-TE) �<Ɔŉ�?> apml Q�Z`

��{Q��GhčƮư-ƺêŉɛ¤đQ�Z`�'(>�(�Ů<�(*# ʋ5 ʊ

�-{Q��GhʇƂ-ƆǤ+.ʊApmlA ( ApmlB -�ũ-ƊȈ�Ŀȥ'(>�(�

ǔ�? ʋ�-ǲŽ�<ʊǩƲȕ{Q��Ghƺêŉɛ¤đQ�Z`�+. HR-PKS (

MhpC-TE �í5?&)>�(�ǔö�? ʋ��'Ǡ 3 Ǟ'.ʊʉȕǀǙǅƷǪBƜ

Ƽ�>čƮưŝǮ-ƈǈ(*>ɛ¤đȿƨBĺ> 8+ʊ ApmlA -E|lɠɞÊBƼ

) ǌëłƄǮ+;>Tl}{Gj�R+æ=ǰC!ʋȦÇ� şĔǩƲȕ{Q��G

hƺêŉɛ¤đQ�Z`�+ɪ�&.ʊHR-PKS ( MhpC-TE -E|lɠɞÊ+Ă%�

nGLG�rK{eFQZȪżBȝ# ʋ  

 

¢ɬ, ɛ¤đQ�Z`�-Ȫżã0éɛ¤đ-ƊȈȪż+$)&.ʊéǙ web d��

BƼ)&�ȯ-;
+ȝ# ʋǌëɛ¤đã0ʀΔɛ¤đQ�Z`�-ŝǮ.ʊNational 

Center for Biotechnology Information (NCBI: https://www.ncbi.nlm.nih.gov) -Ãɨf�`v

�ZBÍƼ� Ąê. Basic Local Alignment Search Tool (BLAST) ƄǮ+;=ȝ)ʊĳ

ǑǛė-³ų�>h�rgTl}f�`BÍƼ� Ąê. GenomeMatcher 

(http://www.ige.tohoku.ac.jp/joho/gmProject/gmhomeJP.html) -d��BLASTinterfaceBƼ

)&ʊ��M�ƹĆ�'- BLAST ƄǮ+;=ȝ# ʋTl}ɞÊ�-ɛ¤đU�hɽ

ÿ - ş Ĕ � ; 0 ą Ă ɞ Ê � < - E | l ɠ ɞ Ê - ş Ĕ + . , 2ndFind 

(biosyn.nih.go.jp/2ndfind) BƼ) ʋ*�ʊ2ndFind -ȪżǲŽ+Ă%�ʊHR-PKS -ɍ

¸ (10 kbp ¢Å)+a/b-hydrolase superfamily `�oQɁ�U�h�?&)>ɛ¤đɽÿ

BşĔ{Q��Ghƺêŉɛ¤đQ�Z`�(� ʋE|lɠɞÊ-ǌëł 
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(identity/similarity) .BLAST'-ɞÊƑɇ+Ă%�Ť¶BȯɈ� . ɛ¤đƊȈ-şĔ

., BLASTƄǮ-ǲŽ+×�, ³Ē�? `�oQɁ-ƊȈh~G�-ńă (Conserved 

Domain Search, NCBI) + Ă % ) & ȝ #  ʋ Ǫ ǵ Ɖ Ȫ ż + . ʊ MEGA7 

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

 

3-2. ApmlA��#�
BO� �������$� 

5�ʊ{Q��Ghƺƻ+ɪA>�(�Ů<�(*# ApmlA BŚƈ+ǩƲȕ-T

l}f�`v�ZBƼ)&Tl}{Gj�RBȝ)ʊðɋ 10 kb ¢Å+ ApmlB x��

R�U�h�?>ɛ¤đɽÿBŝǮ� ʋTl}f�`v�Z+.ʊĳǑǛė'ƴȎ+

Ŝɱ� ƃư�ŭțÅƺǩƲȕ-h�rgTl}f�`+×�ʊNCBI +ǆɣ�?&)

>Ãɨf�`v�ZBƼ) ʋ�-ǲŽʊMetarhizium Ģ: Cordyceps Ģȕ*)-ŭțě

ƺȕ: Colletotrichum Ģ: Macrophomina Ģȕ()# ƃưǂáȕʊĳǑǛė'Èɳā

ʃ� éǙÅƺǩƲȕʊ(>). Umbilicaria Ģȕ()# üȟʀBí8ȭ 61 Ģ 159 Ǚ

-ǩƲȕ (đøȕɧ) -Tl}�+ʊHR-PKS ( TE �ɍ¸+U�h�?>ƺêŉɛ¤

đQ�Z`�B 200 ¢�ȦÇ�  (2019/10/29 űƫʊTable 4)ʋǩƲȕ�ƀ( =-Q�

Z`�³ųŤ.4(C)-Ąê 1 $'(# �ũ'ʊfungal sp. No.14919 . 4 $ʊXylaria 

grammica .�ƀ( ='ŲČ(*> 5 $-Q�Z`�Bų�&) ʋ5 ʊ�?5'

{ Q � � G h č Ʈ ư - ƺ ƻ � ă ï � ? & ) > ǩ Ʋ ȕ Beauveria bassiana 

(cephalosporolides, 10 õƹ)74ʊColletotrichum gloeosporioides (gloeosporone, 14 õƹ)75ʊ

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

Eupenicillium ludwigii (brefeldin A, 16 õƹ)78ʊEupenicillium brefeldianum (brefeldins, 16 õ

ƹ)79ʊPenicillium verrucosum (Sch 642305, 16 õƹ)80ʊPyrenophora teres (pyrenolides, 10 õ

ƹ)81-Tl}�+9ëƇ-Q�Z`�BȦÇ� ʋ 
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3-3. ApmlA��#���
 ApmlB��#�	jmPvK� �  

Ƌ+ʊTl}{Gj�R+;=ȦÇ�? Â&-şĔ{Q��Ghƺêŉɛ¤đQ�

Z`�Å- HR-PKS BƼ)&ǪǵƉȪżBȝ#  (Figure 21)ʋǷ)&ʊ�?<ƺêŉɛ

¤đQ�Z`�-ȳǯ*nGLG�rK{eFQZȪżBȝ)ʊHR-PKS ( MhpC-TE

-ðɋ+U�h�?>´ʂɛ¤đ-ƱĽǈ*ǰ6êA�+Ă%�ʊ)�$�- type +

Èʀ� ʋ5 ʊApmlB x��R- MhpC-TE +$)&9ǪǵƉB­ŉ�  (Figure 22)ʋ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21. MhpC-TE -ɍ¸+U�h�?> ApmlA x��R-ǪǵƉȪżʋŸǑǛ(>

).¾ȝǑǛ+;=ƊȈ�ëĔ/şĔ�? HR-PKS ƽź-ÙêưBǔ� ʋɂ�; Ÿ

ǑǛ'ō# HR-PKS, ɶ�; ƊȈ�ëĔ(>).şĔ�?&)> HR-PKSʋ 
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Figure 22. HR-PKS -ɍ¸+U�h�?> ApmlB x��R-ǪǵƉȪżʋɂ�; ŸǑǛ
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short-chain dehydrogenase (SDR) �;0 berberine bridge enzyme (BBE)-like enzyme (El
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cephalosporolides -ƺêŉ+ɪA>(�Ņ�? ʋType A-2 . Penicillium Ģ: Xylaria

Ģȕʊtype A-3 . Penicillium Ģ: Lachnellula Ģȕ*)Ƈ�*Ģ-ǩƲȕ+ƥ#&Èĥ
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Figure 23. P450ʊSDR �;0 BBE ƇɟǭBÄɒ�&U�h�>ƺêŉɛ¤đQ�Z`�ʋ 
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) ʋA. kawachii - akml Q�Z`�ʊC. incanum - ciml Q�Z`�Bƈǈ(� ʉȕ
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Figure 24. GPI-EPT Ƈɟǭ( P450 (SDR) BÄɒ�&U�h�>ɛ¤đQ�Z`�ʋ 
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Figure 25. P450ʊSDR �;0b-lactamase ƇɟǭBU�h�>ƺêŉɛ¤đQ�Z`�ʋ 
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Type D +.ʊşĔ brefeldin A ƺêŉɛ¤đQ�Z`� (bref Q�Z`�) �;0ĳǑ

Ǜė+& brefeldin A -ƺƻBǒȴ� Eupenicillium ludwigii MT-3 -ų�> elb Q�Z
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Figure 26. 4 $- P450 BU�h�>şĔ brefeldin A ƺêŉɛ¤đQ�Z`�ʋ 
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Figure 27. Fumagillin �;0 atranone -ÙēƆɓʋ 
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Table 4. Fungal strains harboring biosynthetic gene cluster coding HR-PKS and MhpC-TE. (2019/10/29)ʋ 

 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 
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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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Figure 28. (A) GPI E�M�`�oQɁ-ĂŸƆɓ, (B) GPI-EPT -ɟǭäŀ. 
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Figure 29. GPI-EPT h~G�Bí7`�oQɁ-ǪǵƉȪżʋ 
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 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
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gR�rF�BƼ)&ŔÇŉÈ-ÈƾBȝ)ʊǊǈ-ÙêưBÞɳǧȣ� ʋ�-Ùē

Ɔɓ.ʊʈÈȪȈ ESIMS : 1H, 13C NMR ZwQg��;0éǙ 2 Ƌ¼ NMR ZwQg

�BȪż�>�('ƕĔ� ʋƆɓƕĔ-ȳǯ.Ǟŷ+5(8&ȯɈ� ʋ 

 

4-2. akml��
 ciml� ��%	vK 

akml Q�Z`�. Aspergillus kawachiiʊciml Q�Z`�. Colletotrichum incanum -

Tl}�+ȦÇ�?ʊHR-PKS (AkmlA/CimlA) ( MhpC-TE (AkmlB/CimlB)ʊƊȈŶǐ-

ɟǭ AkmlC/CimlC �;0 P450 (AkmlD/CimlD) �U�h�?&)  (Figure 30, Table 5, 

6)ʋAkmlA/CimlA . KSʊATʊDHʊERʊKRʊACP h~G�B9$ iterative Type I PKSʊ

AkmlB/CimlB . mhpC h~G��³Ē�?>a/b-hydrolase superfamily `�oQɁ'(

=ʊÐǞ-ǲŽ�<�?< 2 $-ɟǭ+;={Q��GhʇƂ�ƆǤ�?>(şƧ�?

  (Figure 31, 32)ʋAkmlD/CimlD . P450 -�Ȓǈ*ƊȈ�<ʊ{Q��GhʇƂ+Ğ

�>ƒɠÙǢ-ɠÙäŀBȝ
�(�şƧ�? ʋ  GPI-EPT h~G�Bų�>

AkmlC/CimlC .¾ɏ-Ȫż+;=ʊxZxJ`l��E|�9��.�-ʀΔ«- 

×BȫĐ�>(�Ņ�? ʋ  

 

 

 

 

 

Figure 30. akml �;0 ciml Q�Z`�-ɛ¤đƆŉʋ 

 

 

  

GPI-EPT TE HR-PKS (KS-AT-DH-ER-KR-ACP)P450

Colletotrichum incanum (ciml cluster)

Aspergillus kawachii (akml cluster)

1 kb

Amino acid identity      62% 38% 57% 63%

akmlC akmlB akmlAakmlD

cimlC cimlB cimlAcimlD
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Figure 31. AkmlA-D -h~G�Ɔɓ  

 

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 -h~G�Ɔɓʋ  

 

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 �;0 ciml Q�Z`�ƽź-Ũȧ{Q��GhčƮưBæĺ�> 8+ʊɻƋ

ĴɁɆŠƀB­ȣ�ʊ�Ƌ¡ȸt�rDG�-ÈżBȝ#  (Figure 33)ʋ 

 

 

 

 

 

 

 

Figure 33. akml (ciml) Q�Z`�-ɛ¤đğÁ+;>ĴɁɆŠ«-­ȣʋ 

 

4-3. akml� ��%	.Mh�Fu 246Z��# ��	4@ 

5�ʊHR-PKS (ɰŞ�> MhpC-TE +;=ĺ<?>{Q��GhčƮưBæĺ�>

 8+ʊakmlA ( akmlB BğÁ� ʉȕƀ AO-akmlAB B­ȣ� ʋƢ«āʃĸʊȕ«

MeOH ŔÇưB HPLC Èż� (�@ʊkNeFsU�g���+.Ȧ<?*)Ùê

ưq�Q 17 �ǒȴ�?  (Figure 34A)ʋƆɓȪż-ǲŽʊAkml-1 (17) . 24 õƹƆɓ

Bų�>{Q��Gh'(>�(�A�#  (4-7-1 âƯ)ʋ�-ǲŽ;=ʊakml Q�Z

`�- HR-PKS ( MhpC-TE Bí7ɛ¤đQ�Z`��{Q��Ghƺêŉɛ¤đQ�

Z`�'(>�(�Ů<�(*# ʋ 

Ƌ+ʊðɋ+³Ē�?>´ʂɟǭ+;=ĉŠ�? {Q��Gh-ÕÇ+æ=ǰC!ʋ

5�ʊAO-akmlAB +Ğ�& P450 ɛ¤đ- akmlD BğÁ� AO-akmlABD B­ȣ�ʊë

Ƈ+Èż� (�@ʊ17 -q�Q�ơĎ�ʊŨ *Ùêưq�Q 18 �ƄÇ�?  

(Figure 34A)ʋƆɓƕĔ+;=ʊAkml-2 (18) . 17 - 6, 7 ©�JzOXÙ�?ʊ8 ©�ƒ

ɠÙ�? {Q��Gh'(>�(BŮ<�(�  (4-7-1, 4-7-2 âƯ)ʋ�?+;=ʊ

AkmlD �ƒɠÙ(L�rF�-JzOXÙBȝ
ɠÙɟǭ'(>(ëĔ�  (Figure 

34A)ʋ 

AO-akmlAB (cimlAB)

AO-akmlABD (cimlABD)

AO-akmlABCD (cimlABCD)

AO-akmlABC (cimlABC)
akmlA (cimlA)

akmlB (cimlB)

akmlC (cimlC)

akmlD (cimlD)
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Ƿ)&ʊGPI-EPT h~G�Bų�> AkmlC +;=´ʂ�? {Q��Gh-æĺ+

æ=ǰC!ʋAO-akmlAB +Ğ�& akmlC BğÁ� AO-akmlABC B­ȣ�ʊë�;


+Èż� (�@ 17 -q�Q�ƤĲ�ʊŨ *Ùêưq�Q 19 �ƄÇ�?  (Figure 

34A)ʋƆɓƕĔ-ǲŽʊAkml-3 (19) . 17 - 5 ©+xZxJ`l��E|�� ×� 

ƆɓBų�>�(�A�#  (Figure 34A , 4-7-1 âƯ)ʋ�-ǲŽ;=ʊAkmlC B{Q�

�GhʇƂ-ƒɠĂ+Ğ�>xZxJ`l��E|�ɆǗɟǭ(ëĔ� ʋ  

Ųĸ+ʊAkmlC �;0 AkmlD �ũ-´ʂBç� ÙêưBæĺ�> 8+ʊAO-

akmlAB +Ğ�& akmlC ( akmlD Bǰ6ɌC!vQ`�BğÁ� AO-akmlABCD B­ȣ

� ʋëƇ+ȕ«ŉÈBÈż� ǲŽʊ19 (Ũ *Ùêưq�Q 20 -ƺƻBǒȴ�  

(Figure 34A)ʋƆɓȪż+;= Akml-4 (20) . 17 - 5 ©+xZxJ`l��E|�ʊ6, 

7 ©+JzOXhʊ8 ©+ƒɠĂ�ğÁ�? Ùêư(ƕĔ�  (Figure 34A, 4-7-1 â

Ư)ʋ  
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Figure 34. (A) AO-akmABʊakmABDʊakmlABCʊakmlABCD �;0 (B) AO-cimlABʊcimlABDʊ

cimlABCʊcimlABCD Bāʃ� (�-ȕ«ŉÈ- HPLC Q�{gR�} (ƄÇƘɦ 210 

nm) (Ùêư 17-20ʊ21-24�-ÙēƆɓʋU�g���(�&ǜvQ`�BğÁ� ʉ

ȕƀBƼ) ʋ 

 

4-4.  ciml� ��%	.Mh���Fu 226Z��# ��	4@ 

ciml Q�Z`�ƽź-Ũȧ{Q��GhčƮưBæĺ�> 8+ʊëƇ+ʊɻƋĴɁ

ɆŠB­ȣ�  (Figure 33)ʋ�-ǲŽʊŨȧ 22 õƹ{Q��Gh Ciml-1-4 (21-24) -

æĺ+ŉÖ�  (Figure 34B, 4-8 âƯ)ʋ�?+;=ʊCimlA ( CimlB '�Qg�ƹʇƂ

�Ĵŉ�?>�(ʊCimlC �xZxU��ɆǗƜłBų�>�(ʊ�;0ʊCimlD �

AkmlD (ëƇ+ƒɠÙ(JzOXÙBȫĐ�>�(�ÌŮ� ʋ  

 

2019 18 17

akmlABC akmlABCD

O

OOOH
P O

O

OH

NH2

O

OOOH
P O

O

OH

NH2

OH
O

Akml-3 (19) Akml-4 (20)

AU 210
����

(A)

10.0 20.016.012.0 14.08.0 18.0 22.0 (min)

cimlABC
cimlABCD

Cont.

cimlABD
cimlAB

6.0

AU 210
����

(B)

24 23 22 21

Akml-1 (17)

akmlAB

O

OOHOH

akmlABD

O

OOHOH

OHO

Akml-2 (18)

O

OOH

O

OOH

O
HO

O

OO
P O

O

OH

N

HO O

OO
P O

O

OH

N

O

Ciml-1 (21) 

cimlAB

Ciml-2 (22)

CIml-3 (23) Ciml-4 (24)

cimlABD

cimlABC cimlABCD

10.0 12.08.0 14.0 16.06.0 18.0 20.0 22.0

akmlABC
akmlABCD

Cont.

akmlABD
akmlAB

(min)



�

�

�

�
48 

4-5. GPI-EPTN�k|):	'D����p��# ��25W	1[ 

Ƌ+ʊŨȧ{Q��GhʀΔ«-ÕƺBǊŚ�ʊakml Q�Z`�( ciml Q�Z`�

ɩ' GPI-EPT ƇɟǭB�Š� ʉȕǀǙǅƷǪBƆǤ�  (Figure 35)ʋ�*A"ʊx

ZxJ`l��E|�Bų�> 22 õƹ{Q��Ghʊ�;0ʊxZxU��B·ɥ+

9$ 24 õƹ{Q��Gh-æĺ+æ=ǰC!ʋ  

 

 

�  

 

 

 

 

 

 

 

 

 

 

 

Figure 35. GPI-EPT Ƈɟǭ-�Š+;>Ũȧ{Q��GhʀΔ«-ÕÇʋ 

 

5�ʊ22 õƹ{Q��Gh 22 Bƺƻ�> AO-cimlAB + akmlC ( cimlD Bëű+ğ

Á�ʊAO- cimlABD+akmlC B­ȣ�ʊëƇ+Ȫż� ǲŽʊxZxJ`l��E|�B

·ɥ+ų�> 22 õƹ{Q��GhCiakml-1 (25)-ƺƻBǒȴ�  (Figure 36, 4-9 âƯ)ʋ

�-ǲŽ;=ʊŸź akml Q�Z`�+U�h�?>xZxJ`l��E|�ɆǗɟǭ

.ʊciml Q�Z`�ƽź-{Q��GhʇƂBȴȹ�ʊƊȈ�>�(�Ů<�(*# ʋ 
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�ũ'ʊ24 õƹ{Q��Gh 18 Bƺƻ�> AO-akmlABD +Ğ�& cimlC BğÁ� 

AO-akmlABD+cimlC '.ʊĺ<? ĴɁɆŠƀ 10 ƀ�3&+�)&�Ƌ¡ȸt�rD

G�+ĉÙ.ȴ8<?*�#  (Figure 37)ʋ  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 36. AO-cimlABD+akmlC Bāʃ� (�-ȕ«ŉÈ- HPLC Q�{gR�} (Ƅ

ÇƘɦ 210 nm) ( 21, 22 �;0 25�-ÙēƆɓʋU�g���(�&ǜvQ`�BğÁ

� ʉȕƀ( AO-cimlABD BƼ) ʋ 
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Figure 37. AO-akmlABD+cimlC Bāʃ� (�-ȕ«ŉÈ- HPLC Q�{gR�} (Ƅ

ÇƘɦ 210 nm) ( 18 (�Ņƻư-ÙēƆɓʋU�g���(�&ǜvQ`�BğÁ�

 ʉȕƀ( AO-akmlABD BƼ) ʋ�

 

4-6. r= 

4-3 ( 4-4 -ǲŽ�<ʊGPI-EPT ( P450 B´ʂɛ¤đ(�&ř$ akml �;0 ciml Q

�Z`��- HR-PKS ( MhpC-TE .ʊapml Q�Z`�(ëƇ+{Q��GhʇƂBƺ

ŉ�>�(�Ů<�(*# ʋ�?+;=ʊapml Q�Z`�¢Ċ-{Q��Ghƺê

ŉɛ¤đQ�Z`��Ë8&ëĔ�? ʋ 5 ʊGPI-EPT h~G�Bų�> akmlC �

;0 cimlC -ʉȕǀǙǅƷ+;=ʊ{Q��GhʇƂ�-ƒɠĂ+Ğ�>xZxJ`l

��E|�/xZxU��ɆǗɟǭ'(>�(�Ů<�(*# ʋǩƲȕ{Q��Gh

Ùêư+�?<·ɥBɆǗ�>ɟǭ.Ë8&-ăï®(*>ʋ  

GPI-EPT . GPI-E�M�ƺêŉɖǘ+�)&{�l�ZƌĂ-ƒɠĂ+Ğ�&xZ

xJ`l��E|�BɆǗ�>�ʊ�-ĂɁ(�&xZrDbY�J`l��E|� 

(PE) BÍƼ�>�(�ǐ<?&)> 86ʋAkmlC .ëƇ-h~G�B9"ʊxZxJ`

Predicted structure (���)

AU 210
����

akmlABD akmlABD + cimlC

10.0 20.00 16.02.0 4.0 6.0 12.0 14.08.0 (min)18.0 22.0 24.0
Cont.

akmlABD

akmlABD+cimlC
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l��E|�B ×�>�(�<ʊëƇ+ PE BĂɁ(�&Ƽ)>�(�şƧ�?>ʋ

�ũʊGPI-EPT h~G�Bų�>ƊȈëĔ�? `�oQɁ'xZxU��BɆǗ�>

ɟǭ.ăï�?&)*)ʋCimlC .xZxU��B ×�>()
ĖʆǲŽ(ʊPE (

xZrDbY�U�� (PC) -Ɔɓ�ɷħ+ʀ¨�&)>�(�<ʊCimlC . PC BĂ

Ɂ(�&æ=Ɍ6ʊ{Q��GhʇƂ+�-xZxU��BɆǗ�&)>�(�ʀş�

?  (Figure 38A)ʋPE : PC .Øƃư:Ǎȕʊǯȕ*)ĨĬ)ƺư-ƺ«ȌBƆŉ�>

�ȥ*��ȉɁ'(>ʋ�ùĺ<? 19ʊ20 . PE (ʊ23ʊ24 . PC (Äɒ-ɝÈƆɓ

Bų�&�=ʊ5 ʊȉƩł-ʈ)ƪǭʇƂB9$()# ʀ¨� ƆɓBǔ��(�

<ʊƺ«Ȍ2-­Ƽ+;=ʊ*C<�-ƺưƜłBǔ��(�ŵķ�?> (Figure 38)ʋ

xZrDbY�U��B·ɥ+ų�> eushearilide .ʊÈđƈǈ.Ů<�+*#&)*

)9--ʊ�cgȅǯȇ-|gU�h�EÅȌ+��>ɵđ¤ɗǪBɫĘ�>�(�Ů

<�(�?&�=ʊpgǂáȕ A. fumigatus : Candida sp. *)+Ğ�&ǔ�őǍȕƜ

ł9ëƇ-­ƼƊĭ+ƽź�>�(�ǔö�?&)> (Figure 38B)88ʋ  

 

 

 

 

 

 

 

 

 

 

 

Figure 38. (A) xZxJ`l��E|�(xZxU���;0ʊ(B) xZxJ`l��E

|�5 .xZxU��B·ɥ+ų�>ǩƲȕ{Q��Ghʋ 
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�ũ'ʊ24 õƹʇƂBų�> 18 -ƺƻƀ+Ğ�& CimlC BğÁ� ĴɁɆŠƀ'

.ʊƷűƫ'.xZxU��-ğÁ�? Ùêư-ƄÇ+ȏ#&)*)ʋ cimlC �Tl

}�+ǰ6Ɍ5?&)>�ʊʉȕÅ'ǅƷ�&)>�Ǣʊňɡ*ƄȮ�Ŀȥ(�?>ʋ   

GPI-EPT Bų�> type B (Figure 24) +Ģ�>Q�Z`�Å- GPI-EPT Ƈɟǭ-E|

lɠɞÊBƼ) ǪǵƉȪż+;=ʊAkmlC (Ǫǵǈ+ɷħ+ɍ)`�oQɁ�ŤǙ

- Aspergillus ĢȕTl}�+ȦÇ�?ʊ�?<.xZxJ`l��E|�ɆǗƜłB

ų�>(Ȅ�<?  (Figure 39)ʋ�ũ'ʊxZxU��ɆǗɟǭ CimlC .ƴǝ�&©

ȁ�&�=ʊǪǵƉȪżǲŽ�<.ë�ƊȈBř$ɟǭBşƧ�>�(�'�*�# ʋ

Ðɏ-ɒ=ʊJBIR-19 . Metarhizium sp. fE61 ;=Þɳ�?&) �(�< Metarhizium

Ģȕƽź-x��R.ʊxZxJ`l��E|�ɆǗɟǭ'(>(�Ņ�?>ʋ5 ʊ 

Eupenicillium shearii ;=xZxU��B·ɥ+ų�> 24 õƹ{Q��Gh eushearilide

-Þɳ�ăï�?&)  8ʊʀ¨� Q�Z`�BTl}�+U�h�&)>�(�

�Ņ�?  8ʊƀ-ǀ*> E. shearii BÁŌ�h�rgTl}X�S�ZBȝ*# 

�ʊǊǈ-Q�Z`�.U�h�?&)*�# ʋ 

�ùTl}{Gj�R'ȦÇ� type C -Q�Z`�-�+.ʊƺƻ�?>Ùêư

��Ņ'�*)Q�Z`��ċŤĒû�>ʋ�?<Bƈǈ+ʉȕǀǙǅƷǪBƜƼ� 

čƮưŝǮBȝ
�('ʊƹʇƂ�ǀ*=ʊxZxJ`l��E|�:xZxU��ʊ

(>).�-ʀΔ«B·ɥ+ų�>ċƇ*{Q��GhʀΔ«-æĺ�ŵķ�?>ʋ 
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Figure 39. GPI-EPT h~G�Bų�>`�oQɁ-ǪǵƉȪżʋ 
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 Aspergillus fischeri NRRL 181
 Aspergillus vadensis CBS 113365
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4-7. akml� ��%^J��# ��	M{S< 

4-7-1. Akml-1-4 (17-20) 	?�M{	S< 

 

 

 

 

 

 

 

 

 

 

 

Figure 40. Ùêư 17-20ʊ26 - 2D NMR ǌɪʋɶǻ. 1H-1H COSYʊɂǻ.ƆɓƕĔ+

ɡȥ* HMBC ǌɪBǔ� ʋ  

 

Akml-1 (17) �ʈÈȪȈ ESIMS (m/z 415.2819 [M+Na]+ , calcd 415.2824) �;0 13C NMR

ZwQg�;=ÙēıB C24H40O4(ƕĔ� ʋ1H NMR, 13C NMR, COSY, HSQC ZwQ

g�Ȫż+;=ʊŷǟ~b� H-24 (dH 1.23) �<ʊLOX~b��ƒǭ H-23 (dH 4.96)ʊ

~b��ƒǭ H-22 (dH 1.47, 1.62)ʊH-21 (dH 1.38)ʊH-20 (dH 1.96, 2,04)ʊJb��ƒǭ H-

19 (dH 5.35) (ɔǷ�>Zq�Mct��R(ʊJb��ƒǭ H-20 (dH 5.35) (~b�

�ƒǭ H-19 (dH 2.00) ɩ-Zq�Mct��R*<0+Ğŀ�> HMBC ǌɪ�ȩƧ�

? �(+;=ʊC-17-C24 -ɝÈƆɓBŮ<�(� ʋ5 ëƇ+ʊJb��ƒǭ H-

2 (dH 5.85) �<Jb��ƒǭ H-3 (dH 6.88)ʊ~b��ƒǭ H-4 (dH 2.49)ʊLOX~b��

ƒǭ H-5 (dH 4.28)ʊJb��ƒǭ H-6 (dH 5.55)ʊH-7 (dH 5.67)ʊ~b��ƒǭ H-8 (dH 2.24) ʊ

LOX~b��ƒǭ H-9 (dH 3.66)ʊ~b��ƒǭ H-10 (dH 1.40, 1.47)ʊH-11 (dH 1.31) (

ɔǷ�>Zq�Mct��R�;0 H-2, 3 �<JZe�M�yj� C-1 (dH 165.9) 2-
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HMBC ǌɪ�ȩƧ�? �(�<ʊC-1-C11 -ɝÈƆɓ�Ů<�(*=ʊa,b-�ʁóM

�yj�Ă(ʊ5, 9 ©-ƒɠĂB9$�(�È�# ʋ5 ʊHMBC - H-23 �<M�

yj�ƪǭ C-1 2-ǌɪ�<ʊC-1 ( C-23 �JZe�B��&ǲê�&)>�(Bǒ

ȴ� ʋƌ> 5 $- sp3 ƪǭ. C-12 �< C-16 ɩ-~b��-ƪǭ(ĦĢ� ʋΔ2,3 (

Δ7,8-ī¬ǀł+ɪ�&.ʊJ2,3( J7,8-Mct��RĔŤ��?�? 15.8 Hz �;0 15.4 

Hz Bǔ� �(;= E «(ƕĔ� ʋ*�ʊĸɏ- Akml-4 -ƆɓƕĔ+��> NOESY

ǌɪ-ǲŽ9 Δ2, 3� E «'(>�(Bȡ �&)>ʋ¢�-ǲŽ�<ʊ17 .Ũȧ 24 õ

ƹ{Q��Gh'(>(ƕĔ�  (Figure 40)ʋ  

Akml-2 (18) .ʈÈȪȈESIMS (m/z 447.2726 [M+Na]+ , calcd 447.2717) �;0 13C NMR

ZwQg�;=ʊ18 -ÙēıB C24H40O6(ƕĔ�ʊ�ʁóĮ 5 '(>�(�A�# ʋ

5 ʊ17 +Ğ�&ʊ2 $-ɠǭáđ�ğÁ�?&)>�(�Ů<�(*# ʋÙêư 17

(- 1H �;0 13C NMR ZwQg�-Ƒɇ(ʊ1H-1H COSYʊHSQCʊHMBCʊ�;0

HSQC-TOCSY -ǌɪ;= C-1–C-11ʊC-17–C-24 -ɝÈƆɓBŮ<�(� ʋ¾(ëƇ

-a,b-�ʁóM�yj�Ă( 2 $-ƒɠĂ+×�ʊJzOXh( 8 ©-ƒɠĂBų�>

�(�ǔ�? ʋJzOXh-©ȁ.ʊC-6 �;0 C-7 -ƱĽǈ*ÙēXrg (C-6: dC 

57.8; C-7: dC 58.0) +;=ƕĔ� ʋ5 ʊHMBC - H-23 �<M�yj�ƪǭ C-1 2-

ǌɪ�<ʊC-1-C-23 ɩ-JZe�ǲê+;=ƹBĴŉ�&)>�(Bǒȴ� ʋƌ> 5

$- sp3 ƪǭ. C-12 �< C-16 ɩ-~b��-ƪǭ(ĦĢ� ʋΔ2, 3-Ɔɓ.ʊJ2,3(-

Mct��RĔŤ��?�? 15.6 Hz Bǔ� �(;= E «(ƕĔ� ʋ¢�-ǲŽ�

<ʊ18 . 17 - 6, 7 ©-L�rF�+JzOXh+ĉŠ�?ʊ8 ©+ƒɠĂ�ğÁ�?

 24 õƹ{Q��Gh'(>(ƕĔ�  (Figure 40)ʋ 

Akml-3 (19) .ʈÈȪȈ ESIMS (m/z 514.2948 [M-H]- , calcd 514.2928) �;0 13C NMR

ZwQg�;=ÙēıB C26H46NO7P (ƕĔ� ʋÙêư 17 (- 1H �;0 13C NMR Z

wQg�-Ƒɇ(ʊ1H-1H COSYʊHSQCʊHMBCʊ�;0 HSQC-TOCSY -ǌɪ;= 24

õƹƆɓ� 17 (�Ȑ�&)>�(BŮ<�(� ʋΔ2, 3 ( Δ7,8 -Ɔɓ.ʊJ2,3 ( J7,8 -

Mct��RĔŤ��?�?15.7 Hz�;015.5 HzBǔ� �(;=E«(ƕĔ� ʋ 
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HMBC - H-23 �<M�yj�ƪǭ C-1 2-ǌɪ�<ʊC-1 ( C-23 �JZe�B��&

ǲê�&)>�(Bǒȴ� ʋ5 ʊLOX~b��ƒǭ- H-1´ (dH 4.00) (E|l~

b��ƒǭ- H-2´ (dH 3.12) (-Zq�Mct��R�ȩƧ�?ʊ H-2´�< C-1´2-

HMBC ǌɪ�Ȧ<? �(;=ʊJ`l��E|�Ă-Ēû�ǔ�? ʋÙêư 17 (

-Èđɢ-Ƒɇ(ĉŠ+ɪA>´ʂɟǭ-ƊȈ-�Ƨ�<ʊ5 ©(>. 9 ©-ƒɠĂ+

xZxJ`l��E|�� ×�?&)>�(�ǔö�? ʋLOX~b�ƪǭ- C-5 

(dC 76.6)(LOX~b��ƪǭ- C-1´ (dC 62.8) �as�cg  (2JC-5,P=6.5 Hz, 2JC-

1´,P=4.8 Hz) (�&ȩƧ�?ʊ�?<+ɰŞ�>ƪǭ-M�y�XRi��as�cg 

(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) (�&

Ȧ<? �(;=ʊC-5 �;0 C-1´���ɠJZe�+;=ǲê�&)>�(�ǔ�?

 ʋ*�ʊĸɏ- 20 -E\b�ÙÐĸ-LOX~b��ƒǭ-ÙēXrg-Ƒɇ+;

=ʊxZxJ`l��E|�� 5 ©+ ×�>�(Bȡ �&)>ʋ¢�-ǲŽ�<ʊ

19.17-5©+xZxJ`l��E|�� ×� Ɔɓ'(>(ƕĔ�  (Figure 40)ʋ 

Akml-4 (20) �ʈÈȪȈ ESIMS (m/z 546.2844 [M-H]- , calcd 546.2832) �;0 13C NMR

ZwQg�;=ÙēıB C26H46NO9P (ƕĔ� ʋÙêư 18 �;0 19 (- 1H �;0

13C NMR ZwQg�-Ƒɇ(ʊ1H-1H COSYʊHSQCʊHMBCʊ�;0 HSQC-TOCSY -

ǌɪ;= 18 (Äɒ-ʇƂƆɓB9$�(�Ů<�(*# ʋ�2,3-Ɔɓ.ʊJ2,3-Mc

t��RĔŤ��?�? 15.7 Hz Bǔ� �(;= E «(ƕĔ� ʋHMBC - H-23 �

<M�yj�ƪǭ C-1 2-ǌɪ�<ʊC-1 ( C-23 �JZe�ǲê+;=ǿ�#&)>

�(Bǒȴ� ʋ5 ʊLOX~b��ƒǭ- H-1´ (dH 4.11) (E|l~b��ƒǭ- 

H-2´ (dH 3.19) (- COSY ǌɪ�;0 H-2´�< C-1´2- HMBC ǌɪ;=ʊJ`l��

E|�Ă-Ēû�ǔ�? ʋLOX~b�ƪǭ- C-5 (dC 75.8)(LOX~b��ƪǭ-

C-1´ (dC 61.4) �as�cg (2JC-5,P=5.6 Hz, 2JC-1´,P=5.3 Hz) (�&ȩƧ�?ʊ�?<+ɰ

Ş�>ƪǭ-M�y�XRi��as�cg  (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) (�&Ȧ<? �(;=ʊC-5 �;0 C-1´���

ɠJZe�+;=ǲê�&)>�(�ǔ�? ʋ 
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5 ʊ��ɠJZe�-©ȁ+ɪ�>ǒȱBĺ> 8+ʊScheme 1 +Ĺ) 20 BE\

b�Ù« 26 2(ĉŠ�ʊLOX~b��ƒǭ-ÙēXrgBƑɇ� ʋ�-ǲŽʊH-

8ʊH-9 -q�Q+ɿȗ*ªǓĄXrg�Ȧ<? �(�<ʊ8 ©( 9 ©-ƒɠĂ�E\

b�Ù�? �(�Ů<�(*=ʊxZxJ`l��E|�� 5 ©+ ×�&)>�(

�ȡ �<?  (Figure 40ʊTable S2)ʋ¢�-ǲŽ�<ʊ20 . 19 - 5 ©+xZxJ`

l��E|�� ×� Ɔɓ'(>(ƕĔ�  (Figure 39)ʋ 

 

 

 

 

 

Scheme 1. Ùêư 20�����". 

 

3-7-2. Akml-2 (18) 	 1,2-��%"	c>~q	S< 

ĺ<? {Q��GhÙêư 18 - 1,2-YL��-ǌĞɞȁBŮ<�+�> 8+ʊ 

18 BE\giGh³Ⱥ«2(ĉŠ�  (Scheme 1)ʋ5�ʊ18 B MeOH ƩĐ�ʊ10% 

Pd/C +;=Şȫɜ¼Bȝ
�(' 27 Bĺ ʋƋ+ʊ27 B p-toluenesulfonic acid 

monohydrate (TsOH•H2O) ĒûÙ' 2,2-dimethoxypropane (äŀ��>�('ʊ1,2-YL

��-E\giGh³Ⱥ« 28 Bĺ ʋÙêư 28 - NOESY ZwQg�+�)&ʊE\

giGh-~b�Ă-ƒǭ H-2´ʊH-3´(LOX~b��ƒǭ- H-8ʊH-9 (-ɩ+�?

�?ǌɪ�Ȧ<? �(�<ʊ�?<YL��-ǌĞɞȁB 8R*, 9S*(ƕĔ� ʋƺê

ŉǈ*ȩƫ�<ʊ20 -YL��-ǌĞɞȁ9 8R*, 9S*(şĔ� ʋ 
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4-7-3. Akml-2 (18) 	 5*	n>~q	S< 

� ĺ<? {Q��GhÙêư- 5 ©-ǶĞɞȁBŮ<�+�> 8+ 18 BM�nk

�g³Ⱥ«2(ĉŠ�  (Figure 41A)ʋ�ɏ-ɒ= 18 B 27 2(ĉŠ� ĸ+ʊCH2Cl2

ƩĐ� iPr2NEt Ēû�' triphosgene (äŀ��>�('ʊ1,2-YL��-M�nk�g

³Ⱥ« 29 Bĺ ʋƋ+ʊ5 ©-ƒɠĂB S-(>). R-MTPA ³Ⱥ� 30a (>). 30b

(ĉŠ� ĸ+Ũ�cX��ƗBəƼ�>�(' 5 ©-ǶĞɞȁB S (ƕĔ� 69ʋƺ

êŉǈ*ȩƫ�<ʊ17, 19, 20 - 5 ©-ƒɠĂ-ǶĞɞȁ9 S (şĔ� ʋ  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 41. (A) Ùêư 18 -Şȫɜ¼�;0E\giGh³Ⱥ-ZO�}. (B) Ùêư 27

-M�n~�g³Ⱥ�;0 MTPA ³Ⱥ-ZO�}. (C) Ùêư 28 -E\giGh-

NOESY ǌɪ (q�QǏà). (D) MTPA ³Ⱥ« 30 -DdH(S−R) values (parts per million).  

 

O

OOHOH

OHO
O

OOHOH

OHO
O

OOHO O

O

O

OOHO O

O

O

1.381.391.401.411.421.431.441.451.461.47 ppm

3.0

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

4.0

4.1

4.2

ppm

AkML2_red_acetonide_NOESY_C6D6 H-3’ H-2’

H-9

H-8 8

9

2’

3’

O

OORO O

O

O

MeOH

10% Pd/C

TsOH•H2O

OMeMeO

Acetone

18 27 28

27
iPr2NEt, CH2Cl2

Triphosgene

Pyridine

MTPACl

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

(A)

(B)

(C)

O
O

H

H
O

OORO O

O

O

+0.08
+0.13

+0.16

+0.06
-0.02

-0.05 -0.05

30a (R=S-MTPA)
30b (R=R-MTPA)

(D)

24

23

1

22

3

4

579
10

268

-0.01
5



�

�

�

�
59 

 

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 �ª²¬�� 1H-1H COSY±����¢�i�§�

� HMBC�ª#���²  

 

Ciml-1 (21)� �°Z�� ESIMS��� 13C NMR/>+5G��\hp# C22H38O3�

�i��²1H NMR, 13C NMR, COSY��� HSQC/>+5G�|���±{�D2G 

H-22 (dH 1.23) ��±(*.D2HJ�� H-21 (dH 4.99)±D2HJ�� H-20 (dH 1.50, 

1.61)±H-19 (dH 1.33) �£�� /:J)3=FJ,±���±H-22/C-20, 21, H-21/C-19, 

H-20/C-21 � HMBC �ª���
!�	����±C-19-C22 �¤Z�¢#y����

� (Figure 42)²��_��±'2HJ�� H-2 (dH 5.85) ��'2HJ�� H-3 (dH 6.90)±

D2HJ�� H-4 (dH 2.50)±(*.D2HJ�� H-5 (dH 4.28)±'2HJ�� H-6 (dH 

5.47)±H-7 (dH 5.68)±D2HJ�� H-8 (dH 2.04) ±H-9 (dH 1.37) �£�� /:J)3

=FJ,��� H-2, 3��'/4G)G@8G C-1 (dH 165.8) �� HMBC�ª���


!�	���±C-1-C9�¤Z�¢�y�����±a,b-N­`)G@8Gd�±5S

��¦d#��	��Z���²��±HMBC� H-21/C-1��ª��±C-1� C-21©
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�'/4G�^#qt��� 	�#����²� 9�� sp3��� C-10�� C-18

©�D2HJ����ml��²Δ2,3� Δ7,8�nU�s�ª���±J2,3� J7,8�)3=

FJ,iw�
!�! 15.7 Hz��� 15.4 Hz#���	��� ET��i��²RM

��}��±21�x� 24a�B+IE&6�  ��i�� (Figure 42)²  

Ciml-2 (22) �°Z�� ESIMS��� 13C NMR/>+5G��±\hp# C22H38O5�

�i�±N­`o 4�  	��"���²��±21�j��±2��¦�]f�kX


!�� 	��y������²\^� 21�� 1H��� 13C NMR/>+5G��

 �±1H-1H COSY±HSQC±HMBC±��� HSQC-TOCSY��ª�� C-1–C-10±C-19–

C-22�¤Z�¢#y����� (Figure 42)²W�_��a,b-N­`)G@8Gd� 2�

��¦d�[�±'A*.6� 8S��¦d#z� 	���
!�²'A*.6�S

��±C-6 ��� C-7 ��r��\h.;5 (C-6: dC 59.2; C-7: dC 59.7) ����i�

�²��±HMBC� H-21��)G@8G�� C-1���ª���±C-1-C-21©�'/

4G�^����#qt��� 	�#����²� 8�� sp3��� C-11�� C-

18©�D2HJ����ml��²Δ2, 3��¢�±J2,3�)3=FJ,iw (15.6 Hz) �

H2/H4� NOE�ª���
!�	��� ET��i��²RM��}��±\^� 22

� 21� 6, 7S�(H;%J�'A*.6�ev
!±8S��¦d�kX
!� 22a

�B+IE&6�  ��i�� (Figure 42)² 

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

>+5G��\hp# C27H51NO6P��i��²\^� 21�� 1H��� 13C NMR/>

+5G�� �±1H-1H COSY±HSQC±HMBC±��� HSQC-TOCSY��ª�� 22a

��¢� Ciml-1�L���� 	�#y����� (Figure 42)²Δ2, 3� Δ7,8��¢�±

J2,3� J7,8 �)3=FJ,iw�
!�! 15.7 Hz��� 15.2 Hz#���	��� ET

��i��² HMBC� H-21��)G@8G�� C-1���ª��±C-1� C-21�'

/4G#P���^��� 	�#����²��±(*.D2HJ��� H-1´ (dH 

4.22) �$C9D2HJ��� H-2´ (dH 3.60) �� COSY�ª±����±H-2´�� C-

1´±9H�.J,H35�$C9D2G�� H-3´�� C-2´� HMBC�ª��±5FD2
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G'09KG$CJ (-FJ) �gc��
!�²\^� 21 ��Zf¨�� �ev

�ª" V®¥�����O���±5S�?/?-FJ�Q[
!�� 	���b


!�²(*.D2J��� C-5 (dC 76.4)�(*.D2HJ��� C-1´ (dC 60.3) �1<

H35 (2JC-5,P=5.5 Hz, 2JC-1´,P=4.9 Hz,) �����
!±
!��«u� ���)K@

J.,7G�1<H35 (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´�FJ¦'/4G����^��� 	���
!

�²RM��}��±23� 21� 5S�?/?'09KG$CJ�Q[���¢�  

��i�� (Figure 42)² 

Ciml-4 (24)� �°Z�� ESIMS��� 13C NMR/>+5G��\hp# C27H51NO8P

��i��²\^� 22��� 23�� 1H��� 13C NMR/>+5G�� �±1H-1H 

COSY±HSQC��� HMBC��ª�� 22�Y¡�¯~�¢#��	��y����

�� (Figure 42)²�2,3��¢�±J2,3�)3=FJ,iw�
!�! 15.7 Hz#���	

��� ET��i��²HMBC� H-21��)G@8G�� C-1���ª��±C-1�

C-21 �'/4G�^�������� 	�#����²��±23 �_��±(*.

D2HJ��� H-1´ (dH 4.30) �$C9D2HJ��� H-2´ (dH 3.64) �� COSY�ª±

����±H-2´�� C-1´±9H�.J,H35�$C9D2G�� H-3´ (dH 3.22) �� C-

2´ (dC 66.5)� HMBC�ª��±-FJ�gc��
!�²(*.D2J��� C-5 (dC 

75.6) �(*.D2HJ���C-1´ (dC 58.8) �1<H35 (2JC-5,P=5.5 Hz, 2JC-1´,P=5.0 Hz,) 

�����
!±
!��«u� ���)K@J.,7G�1<H35 (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´�FJ¦'/4G����^��� 	���
!�² 

RM��}��±24� 21� 5S�?/?-FJ�Q[��\h�¢#z� ��i

�� (Figure 42)² 



�

�

�

�
63 

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)  ':)� 

ÞðǊ 25�ʠÎȻȝ ESIMS�8- 13C NMRVsMb�8:ÞĜĹ? C24H44NO6P&

ƣĝ��ʤÞðǊ 24�8- 20&* 1H�8- 13C NMRVsMb�*ƞə&ʣïǯ 2Ɩ

½ NMR *Ǣʀ8: 24 &Äɥ*ʟƌ?5 5 ¦)tVtG[g��Bx�?5"Ɛɧ

?ǫ��&�Ÿ9
&�� (Figure 43, Table 9)ʤ  

 

 

 

 

 

 

 

Figure 43. ÞðǊ 25* 2D NMR ǢʀʤʌȎ+ 1H-1H COSYʣɓȎ+Ɛɧƣĝ)ɸȷ(

HMBCǢʀ?ǫ��ʤ  

 

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. 17 

Ƿ 3ǵ*PgywDe�N*ȊƉ*ɥ:ʣƑ�(ȀǌȦǯ*Pgy�)ŦĝwM�

�DcǒðŒɰ¢ęM�V[��ĚĄ�$	�ʤ�<1%ĉõ�<$	;wM��D

cÞðǊ*ÞĜƐɧ+ʣǒǓȦǯ�&)ǂȄɼ6�Mb�Ǒ*Ĕ��ʣ±ʜƑĹ�ǚ

(!$	;�&
9ʣ�<9ɰ¢ęɐƻ+ēƑ(wM��DcÞðǊ*Ťȅƻ&(;

�&�ƀŀ�<; (Figure 10)ʤFigure 23* type A)ó1<;ǒðŒɰ¢ęM�V[�

)+ʣwM��Dcʟƌ?ĽŒ�;&Ŧƺ�<; HR-PKS&MhpC-TE)Ú�ʣ

P450ʣSDR�8- BBEƑɵȄ�Äɥ�$Q�c�<$	;�&
9ʣ�;ǋŅǝ(

ɲÎƐɧ?ſ�;wM��DcÞðǊ*ǒŒ��ŏ�<;ʤ�<9 3"*±ʜɵȄ�

<�<*�ȥǝ(éňƕƐ+Ÿ9
)�<$	;5**ʣ�<9�âº�$wM��

Dcʟƌ)±ʜ?Ȯ
«+ĉõ�<$�9�ʣ�ƺ�Ăʋ%�;ʤ5-2%+ʣtype A)

ó1<; pemlM�V[�*ʢȦǚǯǜǏȁ*ƐǼ)ë:Ȉ@�ʤ5-3%+ʣ�<1%

wM��DcĕǅǊ*ãʊ*ĉõ�(	MacrophominaĪȦǖƆ* mpmlM�V[�*

ÇƐǼ)8:ųȹwM��Dc*ëŃ?ǠŞ��ʤ1�ʣHR-PKS&MhpC-TE)8:

wM��Dc�ǒðŒ�<;&	
ǥȸ?ʉǰ�;�&?Ǡǝ&��ʤ  
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5-2.  peml����� 

5-2-1. �����6& 

 

 

 

 

Figure 44. peml �
	
��"����| 

 

pemlM�V[�+ʣPenicillium expansum*Pgy�)ȸÍ�<�ʤHR-PKS (PemlA) 

&MhpC-TE (PemlB) )Ú�ʣŦĝ SDR* PemlCʣBBEƑɵȄ PemlDʣP450* PemlE

�8-Ŧĝ O-acetyltransfese * PemlF �Q�c¯Ě�<$�:ʣǷ 3 ǵ%*Ȼƈ%+

type A)Ī�$	� (Figure 44, Table 10)ʤPemlA+ KSʣATʣDHʣERʣKRʣACPcz

D�?5" iterative Type I PKSʣPemlB + mhpC czD��¯Ě�<;a/b-hydrolase 

superfamily[�jMɑ%�!� (Figure 45)ʤ�<1%*ȊƉ
9ʣPemlA�8- PemlB

)8:wM��Dcʟƌ�ĽŒ�<�Ł)ʣöɝ*±ʜɵȄȗ)8:đŨ�<;�&�

Ŧƺ�<�ʤ  

 

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*czD�Ɛɧʤ  
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5-2-2. peml����� �'.���* 31-34 �" 

� 1�ʣPemlA �8- PemlB )8:ƐǼ�<;wM��Dcʟƌ?Ÿ9
&�;�4

) pemlA�8- pemlB?ĦÁ�� AO-pemlAB?©ȵ��ʤCPSćą?ǔ	$Ʊ¨ćʝ

Łʣ�ǈȦ¨ MeOH ŚÍǊ? HPLC Îƈ��&�=ʣQ�b���)+ȸ9<(	Þ

ðǊm�M 31�ƎÍ�<� (Figure 46)ʤ��% AO-pemlAB?ĔɺćʝŁʣïǯM�w

bN�nC�?ǔ	$Ȧ¨ŚÍǊ8: Peml-1 (31) *ãʊǾȵ?Ȯ!�ʤƐɧȻƈ*Ȋ

Ɖʣa/b-�ʛøJ�ue�Ĉ?ſ�; 16 úǑwM��Dc%�;�&�Ÿ9
&(!

� (5-4èǆ)ʤ�*ȊƉ
9ʣpemlM�V[�)ʀ�$5ñƑ)wM��DcǒðŒɰ

¢ęM�V[�%�;�&�ǫ�<�ʤ 

Ɩ)ʣȶŮ*ȀǌȦǯ)ĵ�¯Ě�<; 3 "*±ʜɵȄ PemlC-E *ƕȝȻŸ)ë:

Ȉ@�ʤ1�ʣpemlC�8- pemlD? AO-pemlAB)ĦÁ�ʣAO-pemlABCD?©ȵ�ʣ

ñƑ)Îƈ��&�=ʣ	�<*ĽɑɘŨƋ)�	$5 31 *đŨ+ȸ9<(
!�ʤ

�Ŵ%ʣpemlE?ĦÁ�� AO-pemlABE*ćą&Ȧ¨ŒÎ)�	$ʣ2"*ų�(Þð

Ǌm�M 32, 33 �ȸÍ�<� (Figure 46)ʤãʊǾȵŁʣƐɧȻƈ��&�=ʣPeml-2 

(32) + 31* 3¦)ƟɶĈ�ĦÁ�<�ÞðǊ%�;�&�>
!�ʤ1�ʣPeml-3 (33)

+ 3,4-UI��¨%�!�ʤ�*ȊƉ8:ʣPemlE + 16 úǑwM��Dc* 3 ¦& 4

¦)ʓƖƟɶÞ?Ȯ
 P450%�;�&�Ÿ9
&(!�ʤ 

Ȍ	$ʣƙ;±ʜɵȄ8:đŨ�<�wM��Dc?×Í�;�4)ʣAO-pemlABE

)Ĥ�$ pemlCʣpemlDʣ�;	+ʣ�*�Ŵ?Ȉ2ɞ@� AO-pemlABECʣAO-pemlABED

�8- pemlABECD ?©ȵ�ʣ�<9*ćą&Ȧ¨ŒÎ?Îƈ��ʤ�*ȊƉʣAO-

pemlABEC %+ćą�Ȧ¨ŒÎ&5)đÞ+ȸ9<(
!��Ŵ%ʣAO-pemlABED �

8- AO-pemlABECD )�	$ćąŒÎ*2%ƎÍ�<;ÞðǊm�M 34 ?ǪɄ�� 

(Figure 46)ʤƐɧȻƈ?Ȯ!�&�=ʣPeml-4 (34) +�Mb�Ǒ�ɾǑ��ųȹJ�u

�ɶ¨%�;�&�Ÿ9
&(!� (Figure 46, Table 12, 5-4èǆ)ʤ1� 3¦*ƟɶĈ

�Ob�)ɶÞ�<ʣa,b ¦*�ɸȊð+z]��.&ɱ½�<$	�ʤpemlD�8-
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pemlCDĦÁƋ)�	$ñƑ*đÞ?ǫ���&
9ʣ33+ PemlD)8: 34.*đŨ

�<$�: PemlC+ƕȝ�$	(	�&�>
!�ʤ 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 46. AO-pemlABʣABEʣABED?ćʝ��&�*Ȧ¨ŒÎ1�+ćąŒÎ* HPLC

M�wbN�y (ƎÍ+�<�< 210 nm �;	+GB�Z�r�VƎÍþ (NQAD)) 

& 31-34*ÞĜƐɧʤQ�b���&�$ǲrM[�?ĦÁ��ʢȦƋ?ǔ	�ʤ 

 

P450ʣBBEʣSDR+ type A (Ƿ 3ǵèǆ) *ɰ¢ęM�V[�)Äɥ�$¯Ě�<$

	;�4ʣ±ʜɵȄ&�$ƕȝ�;�&��ŏ�<��ʣ�ɡ*ɥ:+�9	$	(


!�ʤPemlC*ƕȝ)+ʣ�*�ɵȄ)8;Ĉɑ*ƐɧđŨ�Ňȷ(îȝŊ��;&ș

�ʣɟ¹)Q�c�<;Ŧĝ O-acetyltransferase* PemlFɰ¢ę? PemlCɰ¢ę&&5

)ĦÁ�� AO-pemlABEDCF?©ȵ��ʤ�
�ʣŃ9<�ĽɑɘŨ¨ 9Ƌ*	�<)

�	$5�Ɩ�ɋj[��)đÜ�ȸ9<(
!�ʤpemlC*ƕȝ)ʀ�$+ʣǚ(;

tVb*ƎȽʣǜǏ[�jM)8; in vitroéňǸ?ǔ	�ɃȆ(Ǝɀ�Ňȷ&�<;ʤ  

 

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.  2! 

  ʢȦǚǯǜǏȁ?Ĉǟ&�� pemlM�V[�*ÇƐǼ)8:ʣ16úǑwM��Dc

31-33�8-ųȹJ�u�ɶ¨ 34*ëŃ)ŒÙ�ʣ�*ȊƉ)8: pemlM�V[�*

ǒðŒƕƐ?Ŧƺ��ʤ1� PemlA& PemlB)8: 31�ƐǼ�<ʣPemlE)8; 2, 3

¦�ʓƖƟɶÞ�<;�&% 32ʣ33.&đŨ�<;ʤƖ) 33� BBEƑɵȄ)8:đ

Ũ�<;�&% 34)đŨ�<;&�ŏ�� (Scheme 2)ʤ 

PemlC + type A *ɰ¢ęM�V[��)5Äɥ�$¯Ě�<$	��ʣʢȦÆ%*

ƕȝ+ȸ9<(
!�ʤĦÁ�<$	;ɰ¢ę*ǜǏȻƈʣǾȵ[�jMɑ?ǔ	� in 

vitroéň)8:ʣ�*ɵȄƕȝ*ſǄ?Ǝɀ�;Ňȷ��;ʤ 

 

 

 

 

 

 

 

 

 

 

Scheme 2. Peml-1-4*ŦĝǒðŒȉɗ.  

  

O

O

O

O
HO
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PemlE PemlE

PemlD

P450 P450

BBE-like

31 32
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1 x Acetyl-CoA
7 x Malonyl-CoA HR-PKS
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5-3. mpml����� 

5-3-1. �����6& 

 

 

 

Figure 47. mpmlM�V[�*ɰ¢ęƐŒ���

�

mpml M�V[�+ʣMacrophomina phaseolina *Pgy�)ȸÍ�<ʣHR-PKS 

(MpmlA) &MhpC-TE (MpmlB) �Q�c�<$	� (Figure 47, Table 11)ʤMpmlA+KSʣ

ATʣDHʣERʣKRʣACPczD�?5" iterative Type I PKS%�!� (Figure 48)ʤ�

<1%*ǥȸ
9 MpmlA �8- MpmlB )8:wM��Dc�ǒðŒ�<;&Ŧƺ�

�ʤ (�ʣ�<1%)MacrophominaĪȦ
9wM��Dc*ãʊ*ĉõ+(
!�ʤ 

 

 

 

 

 

 

 

 

 

Figure 48. MpmlA-B *czD�Ɛɧʤ  

 

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����� �'.�$5 12�+
����	 �" 

� Mpml M�V[�ǖƆ*wM��Dc?ëŃ�;�4)ʣmpmlA �8- mpmlB ?Ħ

Á�� AO-mpmlAB?©ȵ�ʣCPSćą?ǔ	$Ʊ¨ćʝŁʣćʝćą* EtOAcŚÍŒ

Î? HPLC Îƈ��&�=ʣDAD %+ƎÍ�<�ʣGB�Z�r�VƎÍþ (NQAD, 

OSAKA SODA) *2%ȸ9<;ų�(m�M 35?ȸÍ�� (Figure 49)ʤãʊǾȵŁʣ

ƐɧȻƈ)8: Mpml-1 (35) �ųȹ 12 úǑwM��Dc%�;&ƣĝ�� (Table 13, 

5-5 èǆ). �<)8:ʣmpml M�V[��wM��DcǒðŒɰ¢ęM�V[�%�

;�&�ǫ�<�ʤ 

 

 

 

 

 

 

 

 

Figure 49. AO-mpmlAB?ćʝ��&�*ćąŒÎ* HPLCM�wbN�y (*GB�Z

�r�VƎÍþ (NQADʣOSAKASODA)) & 29*ÞĜƐɧʤQ�b���&�$ǲr

M[�?ĦÁ��ʢȦƋ?ǔ	�ʤ  

 

5-3-3. 2! 

MpmlA �8- MpmlB *ǚǯǜǏ)8:ʣ12 úǑwM��Dc 35 *ãʊ)Ȣ!�ʤ

T�p�(Ɛɧ%�;5**�<1%ĉõ�(	ųȹÞðǊ%�!�ʤ12 úǑ*Ȁǌ

ȦwM��Dc%+ʣƍǊƝŊ6ŗǣȦƫŊ?ǫ� cladospolides896ʣŗǣȦƫŊ?ſ

�; patulolides90,91ʣŗ HIV ƫŊ?5" balticolid92�ǥ9<$�:ʣƟɶĈ*ſǄ6I

�nC�*Ǵ¨ÞĜ&	!�>�
(Ɛɧ*ɬ	)8!$ƫŊ*ſǄ�Ĕ��ǚ(!

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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$	;ʤǏĄʣŗED�VƫŊʣŗǣȦƫŊʣŗȦƫŊ�8-ȆȜƝŊ)ʀ�$Ɂ®?

Ȯ(!$	;ʤ  

 

5-4. peml�����-%
����	�����;� 34 ':)� 

ŵǥÞðǊ 31-33*ÞĜƐɧ+ʣʠÎȻȝ ESIMS�8- 13C NMR)8:��*ɥ:

ÞĜĹ?ƣĝ�ʣïǯ 2 Ɩ½ NMR VsMb�Ȼƈ)8:ÞĜƐɧ?ƣĝ�� (Table 

S3)ʤ33)ʀ�$+ʣŵĉ*VsMb�&5ƞə?Ȯ	ʣÞĜƐɧ?ǪɄ�� 93ʤÞð

Ǌ 32* 4, 5�8- 15¦*ƟɶĈ*Ǵ¨ÞĜ)ʀ�$+ʣXȎȊŻƐɧȻƈ)8:ƣĝ

��ʤ 

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) �ʠÎȻȝ ESIMS (m/z 301.2023 [M-H]- , calcd 301.2010) �8- 13C NMR

VsMb�8:ÞĜĹ? C16H30O5&ƣĝ��ʤ
1H NMR, 13C NMR, COSY�8- HSQC

VsMb�Ȼƈ)8:ʣƃǶz]� H-16 (dH 1.13) 
9ʣILTz]��ƟȄ H-15 (dH 

3.69)ʣz]��ƟȄ H-14 (dH 1.38, 1.44) &ɨȌ�;Vm�J^p��Nʣ�8-ʣH-

16/C-14, H-15/C-13, C-14* HMBCǢʀ�Ⱥƺ�<��&)8:ʣC-13-C16*ɲÎƐɧ

?Ÿ9
&�� (Figure 50)ʤ1�ñƑ)ʣz]��ƟȄ H-2 (dH 2.54)ʣH-3 (dH 2.82) ɿʣ

�8-ʣILTz]��ƟȄ H- 5 (dH 4.08)ʣz]��ƟȄ H-6 (dH 1.55, 1.73) ɿ*Vm

�J^p��N�Ⱥƺ�<ʣH-2/C-1, C-4, H-3/C-1, C-4, H-5/C-4, C-7, H-6/C-1, C-7 *

HMBCǢʀ�ǪɄ�<��&)8:ʣC-1-C-7*ɲÎƐɧ�Ÿ9
&(!�ʤ13C NMR

VsMb�*ǋŅǝ(ÞĜTnb8:ʣC-4 (dC 213.8) �Ob�Ĉ%�;&ƣĝ��ʤ

ƙ; 5"* sp3ǂȄ+C-8
9C-12ɿ*z]��*ǂȄ&ıĪ��ʤ��*ȊƉ
9ʣ

34+ Figure 46)ǫ�ųȹJ�u�ɶ¨%�;&ƣĝ��ʤ  
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Figure 50. ÞðǊ 34* 2D NMR ǢʀʤʌȎ+ 1H-1H COSYʣɓȎ+Ɛɧƣĝ)ɸȷ(

HMBCǢʀ?ǫ��ʤ  

 

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�����-%$5
����	 ':)� 

Mpml-1 (35) �ʠȻȝɑɺÎƈ (m/z 235.1304 [M+Na]+ , calcd 235.1310) �8- 13C 

NMRVsMb�8:ÞĜĹ? C12H20O3&ƣĝ��ʤ1D NMR, COSY�8- HSQCVs

Mb�Ȼƈ)8:ʣƃǶz]� H-12 (dH 1.26) 
9ʣILTz]��ƟȄ H-11 (dH 5.18)ʣ

z]��ƟȄ H-10 (dH 2.18, 2.37)ʣG]��ƟȄ H-9 (dH 5.51)ʣG]��ƟȄ H-8 (dH 5.42)ʣ

ILTz]��ƟȄ H-7 (dH 4.10)ʣz]��ƟȄ H-10 (dH 1.51, 1.78) &ɨȌ�;Vm�

J^p��N�Ⱥƺ�<��&)8:ʣC-6-C12*ɲÎƐɧ?Ÿ9
&�� (Figure 51)ʤ
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1�ñƑ)ʣz]��ƟȄ H-2 (dH 2.25, 2.35) 
9ʣH-3 (dH 1.50, 1.80)ʣz]��ƟȄ H-

4 (dH 1.25) )Ȍ�Vm�J^p��N�Ⱥƺ�<��&8:ʣC1-C-4*ɲÎƐɧ?Ÿ9


&��ʤÚ�$ʣH-3/C-5, H-4/C-6, H-8/C-6 * HMBC Ǣʀ�ǪɄ�<��&)8:ʣ

C-4& C-6� C-5?��$Ȓ�!$	;�&�Ÿ9
&(!�ʤ1�ʣHMBC* H-11/C-

1*Ǣʀ
9ʣC-1& C-11ɿ%GV`�Ȋð?ĽŒ�$	;�&?ǪɄ��ʤ��*Ȋ

Ɖ
9ʣ35+ųȹ 12úǑwM��Dc%�;&ƣĝ�� (Figure 49)ʤ 

 

 

 

 

 

 

Figure 51. 35* 2D NMR ǢʀʤʌȎ+ 1H-1H COSYʣɓȎ+Ɛɧƣĝ)ɸȷ( HMBCǢ

ʀ?ǫ��ʤ  

 

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) 
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� 6� 
 

Brefeldin A������ 

 

6-1. 17 

Brefeldin A63+ʣ1958Ĵ)ȀǌȦ Penicillium decumbens8:ãʊ�<� 16úǑwM

��Dc%�:ʣ�<1%) 10��*ʙȐ¨�ãʊ�<$	; (Figure 52) 94,95ʤBrefeldin 

A +Ƒ�(ęÿȦ6śęȦ)Ĥ�;ŗǣȦƫŊ6ƍǊ*ǒțʂĠƫŊʣŗȟǛȆȜƫ

ŊʣŗED�VƫŊ('Ĳĵ	ǒǊƫŊ�ĉõ�<$	; 96-99ʤ�*©ǔƕĶ)ʀ�;

ǦǱ+í�
9Ȯ><$�:ʣ�Ⱦ*ƫŊ+ȆȜÆ (ED�V%+Ģ�ȆȜÆ) *ħȜ

¨
9R�U¨.*[�jMɑɛɢ?ʂĠ�;�&)ɔā�;�&�Ÿ9
&�<$

	; 100,101ʤĻØ(K�ȆȜ*Bvb�TVɅĦƫŊ?ǫ��&
9ʣųȹŗ�@Õ*

T�cÞðǊ&�$5ƩǠ�<$�:ʣbrefeldin AɅĦ¨*ðŒǦǱ5Ǟ@)Ȯ><$

	; 102. 1�ʣbrefeldin A?ƴÚ�;�&%R�U¨
9ȆȜĒ.*[�jMɑ*ÎƦ

?ʂĠ�ʣȆȜÆ)šŠ%�;�4ʣÎƦ[�jM?ȆȜÆ%ƎÍ�;ʈ*ǦǱɂȫ&

�$5Ƣǔ�<$	;ʤ�*8
) brefeldin A+ēŴʏ*Îɹ)Ƹ:ʣǦǱʣÒǔ�<

$	;wM��DcĕǅǊ%�;ʤ 
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Figure 52. BrefeldinsʙȐ¨*ÞĜƐɧʤ 

 

Brefeldin A*ǒðŒǦǱ)ʀ�$+ʣ2014Ĵ)ŦĝǒðŒɰ¢ęM�V[� (brefM

�V[�) �ĉõ�<� (Figure 53)82ʤ�
�ʣ�*ǋŅǝ( C-CȊð*ĽŒzJeW

y�8-�Mb�ǑƐǼƕƐ+Ÿ9
)�<$�9�ʣ1�ʣ�*M�V[��ǡť

brefeldin A*ǒǓ)ʀ��;&	
ĞʞȊƉ+Ń9<$	(
!�ʤ 

 

 

 

 

 

Figure 53. ¿ȮǦǱ)8; brefM�V[�*ǒðŒǦǱ*ƏǙʤ 

 

¿ȮǦǱ)�	$ʣ Eupenicillium ludwigii *hDN�wDT� B ȚŊƋ (MT-3 Ƌ) 

� brefeldin A ?ǒǓ�;�&?ȸÍ�$	�*%ʣ�*Ƌ)"	$Ɩ��T�O�V

ȻƈŁʣPgywDe�N?Ȯ(!�ʤ�*ȊƉʣHR-PKS&MhpC-TE?ó3 brefeldin 

A ǒðŒɰ¢ęM�V[�´ȴ (elb M�V[�) ?ȸÍ�� (Figure 54)ʤ��%ƄǦ

Ǳ%+ʣbrefeldin A*ÎęÆ C-CȊð�8-�Mb�ǑĽŒ)Ňȷ(ÂǒðŒɰ¢ę?
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ñĝ�ʣǒðŒƕƐ?ȻŸ�;�4)ʣʢȦǚǯǜǏȁ?ǔ	� brefeldin AǒðŒȉɗ

*ÇƐǼ)ë:Ȉ@�ʤ 

 

 

 

 

Figure 54. elbM�V[�& brefM�V[�*ƞəʤǢñŊ identity (%) ?Ⱦ��ʤ 

 

6-2. elb����� 6& 

elbM�V[�+ E. ludwigii MT-3*c�nbPgy�)ȸÍ�<ʣbrefM�V[�&

ñƑ) HR-PKS (ElbA) & TE (ElbB)ʣ4"* P450 (ElbC-F) 
9ƐŒ�<$	� (Figure 

54, Table 14)ʤElbA+ KSʣATʣDHʣERʣKRʣACPczD�?5" iterative Type I PKS

%�!� (Figure 55)ʤElbB+ CDD?ǔ	�Ȼƈ%+ mhpCczD��ȸ9<(
!�

�ʣ ApmlB (Identity: 38%, similarity: 58%) 6�*�ƕȝñĝ��MhpC-TE&ʙ¥Ŋ�

�;�&�>
!�ʤ4"* P450)"	$�<�<B�Dz�bȻƈ?Ȯ!�&�=ʣ

ElbC& ElbF�ʠ	ʙ¥Ŋ?ǫ�� (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 *czD�Ɛɧʤ 

 

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,�#09 �'. 

  1�ʣHR-PKS& TE)8!$ǒðŒ�<;ÞðǊ?ëŃ�;�&?Ǡǝ&�$ʣelbA

�8- elbB?ĦÁ�� AO-elbAB?©ȵ��ʤCPSćą?ǔ	$Ʊ¨ćʝŁʣ�ǈȦ¨

MeOHŚÍǊ? HPLCÎƈ��&�=ʣQ�b���)+ȸ9<(	¯ŝźɿ 14.1 min

*ÞðǊm�M 37�ƎÍ�<� (Figure 56)ʤ�*ƐɧȻƈ*ȊƉʣElb-1 (37) +�Mb

�ǑƐɧ?5�(	G]�GV`�¨%�;�&�Ÿ9
&(!� (Figure 56)ʤÞðǊ

37 +ʣ¿ȮǦǱ%ĉõ�<$	� Bref-PKS & Bref-TH ǖƆ*J�u�ɶ¨ 36 �G]

�GV`�Þ�<�Ɛɧ%�:ʣǂȄɼɽ6�ɸȊð*¦ȕ+�ȣ�$	�ʤÞðǊ 36ʣ

37&�Mb�Ǒ?ſ�; brefeldin C*Ɛɧ?ƞə��&�=ʣ5¦-9¦ɿ* C-CȊð

& 4¦-5¦*�ɸȊð*ſǄ*ɬ	�ȸ9<� (Figure 57)ʤ�Mb�Ǒ�ƐǼ�<;�

4)+ʣ�4 C-C Ȋð)8; 5 úǑ*ĽŒ�;	+�ɸȊð*đŨ�Ňȷ&�<;�

&��ŏ�<�ʤ  
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Figure 56. AO-elbABʣelbABFʣelbABFD?ćʝ��&�*Ȧ¨ŒÎ* HPLCM�wbN

�y (ƎÍƨɽ 210 nm) & 36-38*ÞĜƐɧʤQ�b���&�$ǲrM[�?ĦÁ�

�ʢȦƋ?ǔ	�ʤ  

 

 

 

 

 

 

Figure 57. ÞðǊ 36, 37�8- brefeldin C*ÞĜƐɧ*ƞəʤ 

 

brefM�V[�& elbM�V[�)+Äɥ�$ʣ4"* P450�Q�c�<$	;ʤ�

�%ʣ�Mb�Ǒ�ĽŒ�<;�4)+M�V[�Æ)Q�c�<; 4"* P450*	

�<
*ƕȝ�Ňȷ%�;&ș� ElbC-E ?ʓƖĦÁ�ʣ�Ɩ�ɋp�nAD�*đÞ

?ɉ/;�&)��ʤ 

6.0 8.0 10.0 12.0 14.0 16.0
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Scheme 3. ElbA-F*ƕȝȻƈVL�yʤ*elbC& elbE+ cDNA8:M��e�N��ʤ 

 

ElbC& ElbF�ʠ	ʙ¥Ŋ?ǫ���&
9ʙ¥�;ƕȝ?5"�&��ŏ�<��

4ʣ1� AO-elbAB) elbC�8- elbF?ñź)ĦÁ�;�&% AO-elbABCF?ʣƙ:

* elbD�8- elbE?ñź)Ȉ2ɞ3�&% AO- elbABDE?©ȵ��ʤñƑ)Îƈ��

&�=ʣAO-elbABDE %+đÞ+ȸ9<(
!��Ŵ%ʣAO-elbABCF *Ȧ¨ŒÎ)�

	$¯ŝźɿ 12.7 min)ų�(ÞðǊm�M 38�ǪɄ�<� (Scheme 3- )ʤ elbC&

elbF*' 9�ƕȝ��
?Ǫ
4;�4)ʣ�<�<? AO-elbAB)Ȉ2ɞ@� AO-

elbABC & AO-elbABF *Ȧ¨ŒÎ?Îƈ��ȊƉʣAO-elbABF )�	$ 38 *ǒǓ�ȸ

9<� (Scheme 3-�ʣFigure 56)ʤƐɧȻƈ)8:ʣ38� brefeldin C%�;�&?Ÿ9


&��ʤ�*ȊƉ
9ʣÎęÆ C-CȊð&�Mb�ǑƐɧ?ſ�; brefeldin C*ǒǓ

)+ ElbAʣElbB)Ú�ʣElbF*ƕȝ�Ňȷ%�;�&�ǫ�<�ʤ  

Ɩ)ʣ7 ¦*ƟɶÞ?Ȯ
 P450 *ñĝ)ë:Ȉ@�ʤelbD & elbE ?�<�< AO-

elbABF )ĦÁ�� AO-elbABFDʣelbABFE ?©ȵ�ʣ�*ćʝćą* EtOAc ŚÍŒÎ

&Ȧ¨MeOHŚÍŒÎ?ñƑ)Îƈ��&�=ʣAO-elbABFD*ćąŚÍŒÎ�)¯ŝ

źɿ 8.8 min *ų�	ÞðǊm�M 39�ƎÍ�<� (Scheme 3-�ʣFigure 56)ʤƐɧȻ

ƈ��ȊƉʣ39 + brefeldin A %�;�&�Ÿ9
&(!�ʤ(�ʣ�Ô) E. ludwigii 

MT-38:ãʊ�� brefeldin A*ƒù& HPLCÎƈ)��;¯ŝźɿ+�ȣ�$	�ʤ

�<)8:ʣElbD� brefeldin C* 7¦?ƟɶÞ�;�&�ǫ�<�ʤ��*ȊƉ
9ʣ

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*ǒðŒ)ʀ>;Âɰ¢ę elbA, elbB, elbE�8- elbD?ñĝ�;�&�%

��ʤ  

Ȍ	$ʣbrefeldin A)Ĥ�$ƙ; 2"* P450�ƕȝ�$ǒðŒ�<;ÞðǊ?ëŃ

�;�&?Ǡǝ)ʣelbC�8- elbE?ʓƖĦÁ��ʤ�
�ʣɃȆ(ƎȽ?��5*

*	�<*ƅ¡)�	$5đŨ�ǪɄ�<(
!� (Scheme 3-�ʣFigure S3). ��*Ȋ

Ɖ&ʣE. ludwigii MT-3
9+ brefeldin A�Ē*ʙȐ¨+ãʊ�<$	(
!��&


9 78ʣelbC�8- elbE+ƕȝ�(	�&�ǫû�<�ʤ  

��*ȊƉ
9ʣE. ludwigii MfT-3Pgy�)Q�c�<; elbM�V[�� brefeldin 

A ǒðŒɰ¢ęM�V[�%�;�&�Ğɀ�<ʣelbA, elbB, elbC �8- elbF �

brefeldin AǒðŒ)ʀ>;Â$*ɰ¢ę%�;�&�>
!�ʤElbA& ElbB*2%+

�Mb�Ǒ?ĽŒ��ʣElbF*ƕȝ�Ňʔ%�;�&ʣElbF+ brefeldinsʙȐ¨)ǋŅ

ǝ(TM�s�[�Ǒ*ƐǼ)ʀ>;�&�Ÿ9
&(!�ʤÚ�$ʣElbD+ brefeldin 

A* 7¦*ƟɶĈ*ĦÁ)ʀ>;�&�ǫ�<�ʤ 

 

6-4. ElbB (36& 

� 6-3*ȊƉ8:ʣbrefeldin C*�Mb�ǑĽŒ+ ElbA& ElbB%+�àÎ%�:ʣP450

* ElbF *ƕȝ�Ňʔ%�;�&�Ÿ9
&(!�ʤÞĜƐɧ&ɵȄƕȝ*�ƺ
9ʣ

ElbA �%¤ɽ�<�ǂȄɼ)Ĥ�$ ElbF �ÎęÆ 5 úǑ?ĽŒ�;�&%ʣElbB )

8;�Mb�ǑÞ�ɩȮ�;&�ŏ��ʤƄǻ%+ʣ�* ɇ?Ǫ
4;�4)ʣElbB

*ǜǏ[�jM?ǔ	� in vitroéň)8;ƕȝȻƈ?Ȯ!�ʤ 

 

6-4-1. ElbB /4 

� 1�ʣE. ludwigii MT-38:ɉȵ�� cDNA�Do���?`�p��b) elbBc?M

��e�N�ʣpET28arM[�* NƃǶ His6[N�ƭ)Ȉ2ɞ3�&%ʣǜǏrM[

� pET28_elbB?©ȵ��ʤpET28_elbB?ĦÁ�� Escherichia coli BL21 (DE3) *ħV

O��ćʝ (30/40 mL) ?Ȯ	ʣElbBǜǏ)ɮ�� IPTGǀķƅ¡*ƎȽ?Ȯ!�&�
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=ʣIPTG 0.1 mM1�+ 0.4 mMƴÚź) ElbB�îƽŊ[�jMɑ&�$ǜǏ�;�

&�>
!� (Figure 58). Ĕɺćʝź+8:§ǀķ* IPTG 0.1 mM?ǔ	�ʤ  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 58. SDS-PAGEÎƈ)8; His[Nȭð ElbB *ǜǏƅ¡*ƎȽʤȈ2Ũ� ElbB

*ǜǏƋ E. coli BL21 (DE3)_elbB + 16ºC% 20 hćʝ?Ȯ(!�ʤ[�jMɑǜǏɅĦ

)ǔ	� IPTG*ǀķ+ (A) 0.05 mM, (B) 1 mM, (C) 0.1 mM or (D) 0.4 mM &��ʤ NC: 

fK`CoQ�b��� (E. coli BL21 (DE3), PC: vU`CoQ�b��� (CphE)ʤ[

�jMɑÎęɺ*ȼǹµ; 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
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35
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MW

(kDa)
MW
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MW
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MW
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NC PC His-ElbB NC PC His-ElbB

NC His-ElbBNC His-ElbB

SF IF SF IF SF IF SF IF SF IF SF
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� Ǿȵ�<� ElbB ?Ń;�4)ʣ1�ʣ�ȾĽɑɘŨ¨?ĔVO�� (150 mL) %ć

ʝ?Ȯ(!�ʤȦ¨8:ŚÍ�<�[�jMɑîƽŊǗÎ? Ni-J�yM�wbN�n

C�?ǔ	$ÎǗ�;�&%ʣElbB?Ǿȵ�� (Figure 59, Lane 7)ʤ(�ʣ250 mMD

x\Z��i^nA�)8;ƽÍǗÎ+ʣBxQ�®?ǔ	$i^nA��Ũ?ŮĀȮ


�&%óſDx\Z��ǀķ? 1 µM��)�� (Figure 59, Lane 8)ʤ 

 

 

 

 

 

 

 

 

 

Figure 59. Ȉ2Ũ�ElbB*ǜǏ&Ǿȵ. [�jMɑóſǗÎ+12 % P�?ǔ	$SDS-

PAGE and stained with CBB. Lane 1: �ƽ[�jMɑǗÎ, Lane 2: Îęɺw�J�ʣLane 

3: ȆȜƽȻƱ*[�jMɑîƽǗÎ; Lane 4: Ȅɥ:ǗÎ; Lane 5: 10 mMDx\Z��

)8;ƪƮǗÎ; Lane 6: 60 mMDx\Z��)8;ƪƮǗÎ; Lane 7: 250 mMDx\Z

��)8;ƽÍǗÎ; Lane 8: BxQ�)8;i^nA��ŨŁ*S�p�ʤ 

 

6-4-2. �8 SNAC� �# 

Ŧĝ ElbB Ĉɑ* SNAC ¨ 40 *ðŒ?Ȯ(!�ʤ1�ʣAO-elbABF 8:ãʊ��

brefeldin C (38) ?ÚƟÎȻ�;�&%ʣJ�u�ɶ¨ 41?Ń�ʤÞðǊ 41)Ĥ�$ȑ

ðÕ EDC ĚĄ�% SNAC &éň���&�=ʣǠǝ* 40 +Ń9<�ʣÎęÆ�Mb

�ǑÞéň& SNAC*wDO��Úéň�ɩȮ�� 42�ǒŒ�� (Scheme 4)ʤ 

 

 

1 2 3 4 5 6 7 8
MW
(kDa)
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H
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O
HO
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H
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OH

O
HO
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H OH
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EDC, CHCl3
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Scheme 4. Ĉɑ SNAC¨ (40) *ðŒœǙVL�yʤ 

Q  

��%ʣ15 ¦*ƟɶĈ)8;ÎęÆ�Mb�Þ?ʁ.�4) 41 *ƟɶĈ* TBDPS

¯ɍ¨ 43&��Ł) SNACÞ?ƎȽ��&�=ʣ�ŏɥ: SNAC�J�u�ɶ&ȑð

�� 44�Ń9<� (Scheme 5)ʤƖ) TBAF?ǔ	� TBDPSĈ*Ȟ¯ɍ?ƎȽ��&

�=ʣTLC)8:S�p�*ÎȻ�ǪɄ�<�ʤ��%ʣƹø(ƅ¡�%Ȟ¯ɍ�îȝ

( HF•Pyridine ?ǔ	$ƎȽ?Ȯ!�&�=ʣéňɾė 2 źɿ% TBDPS Ĉ��"Ē<

�ÞðǊ*Vv^b�ǪɄ�<ʣ43źɿŁ)+ TBDPSĈ� 2"&5Ȟ¯ɍ�<�Þð

Ǌ��)ǒŒ�$	�ʤ(�ʣéňɾė
9 2.5Ŷźǃ%+ʣæű*Vv^b+ưĖ�

$	�ʤ��$éňɾė
9 12ŶŁ)éňǓǊ8:ʣǠǝ* 40?Ń�ʤʠÎȻȝ ESIMS

�8-ïǯ 1Ɩ½�8- 2Ɩ½ NMRVsMb�?ǔ	�Ȼƈ)8:ʣÞðǊ*Ɛɧ?

ƣĝ��ʤ 

 

 

 

 

Scheme 5. Ĉɑ SNAC¨*ðŒVL�y. 
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6-4-3. ElbB in vitro(36& 

� ElbB� HR-PKS�% C-CȊð�ĦÁ�<�Ĉɑ?ɄɌ�$�Mb�ǑƐǼ�;�&

?Ǝɀ�;�4)ʣElbBȈ2Ũ�[�jMɑ&*Ĉɑ SNAC¨?ǔ	$ in vitroƕȝȻ

ƈ?Ȯ!�ʤɉȵ��Ĉɑ SNAC¨ 40?ʣNƃǶ His[Nȭð[�jMɑ&�$ǜǏ

���Ȉ2Ž� ElbB&Ƴð�ʣğƹ)$ 1.5źɿD�L}r�b��&�=ʣElbB­

Ěǝ(Ĉɑ*ưɏʣ�8-ų�( 2"*ǓǊ�ǪɄ�<�ʤÞðǊ 38+ƒù&*¯ŝ

źɿ (12.5 min) & UV ôêVsMb���ȣ���&
9�Mb�Ǒ�ĽŒ�<�

brefeldin C%�;�&�Ÿ9
&(!�ʤ1�ʣHPLC?ǔ	$Îë��S�p�*ʠ

ÎȻȝ ESIMS*ȊƉ (287.1615 [M+Na]+, calcd 287.1618) 5�*Ɛɧ?ȳ��$	;ʤ

(�ʣ¯ŝźɿ 9 min*ÞðǊm�M+ƒù&*ƞə)8:ʣÚƟÎȻǓǊ 41&ƣĝ

��ʤ�*�&
9ʣElbB+ brefeldin C*ǒðŒ)�	$ʣACPczD��% C-CȊ

ð�ĽŒ�<�ǂȄʟƌ?ɄɌ�$ʣ�Mb�Ǒ?ĽŒ�;�&�ǫû�<�ʤJ�u

�ɶ¨ 41+ʣǒ¨Æ&+ǚ(; in vitro�%�;�&ʣ�;	+ʣElbB� NƃǶ) His

[NɳÐ?5"�&%[�jMɑ*Q�nHz�T~�)đÞ�Ʌɔ�<ʣƄƆ*éň

&+ǚ(;ÚƟÎȻéň�ɔ���4)ǒŒ�<�&ș�9<;ʤ 
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Figure 60. (A) Ĉɑ SNAC¨ 40&Ȉ2Ũ� ElbB&* in vitroɵȄéňƅ¡&ʣ(B) Ĉɑ

SNAC¨ 40&Ȉ2Ũ� ElbB&* in vitroɵȄéň* HPLCM�wbN�y (ƎÍƨɽ

210 nm)ʤ 

 

  ǒ¨Æ)�	$ʣElbA 
9ÚƟÎȻǝ)Ï:Í�<� 36 � ElbF )8!$ǑÞ�<

;�&%ǒ�; 41 ?ʣElbB ��Mb�Ǒ?ĽŒ� 38 .&đŨ�$	;îȝŊ��; 

(Figure 61A)ʤ��%ʣȈ2Ũ� ElbB& 41?ñƑ)D�L}r�b��&�=ʣ	�

<*đÞ5Ʉ49<(
!� (Figure 61A)ʤ�<)8: 41+ ElbB*Ĉɑ%+(	�&

�ǫû�<�ʤ 

1�ʣʢȦÆ)�	$ ElbA& ElbB)8:ǒǓ�<�G]�GV`�¨ 37� ElbF)

8: 45.&đŨ�<�Ł)ʣÇ- ElbB)8:ɄɌ�<ʣ�Mb�Ǒ?ƐǼ�;îȝŊ

��; (Figure 61B)ʤ��%ʣ45*xx^M%�;z]�GV`�¨ 46&Ȉ2Ũ� ElbB

?ñƑ)éň���&�=ʣ 46 *m�M)đÞ+ȸ9<(
!� (Figure 61B)ʤ�*

ȊƉ
9ʣ455 ElbB*Ĉɑ%+(	�&�ǫû�<�ʤ 

10.0 12.0 14.08.0

40 + Boiled enzyme

40 + ElbB

41

41 40 38

38 (Brefeldin C)

6.0 16.0 (min)
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H

H OH
O

O
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H
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O
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H

H OH

ElbB

40 38 41
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(B)
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Ú�$ʣElbA
9ÚƟÎȻ)8:Ï:Í�<$ǒ�� 36� ElbB)8:�Mb�Ǒ

?ĽŒ�;ȉɗ5ș�9<; (Figure 61C)ʤ��%ʣ36&Ȉ2Ũ� ElbB?ñƑ)D�

L}r�b��&�=ʣ	�<*đÞ5ǪɄ�<(
!� (Figure 61C)ʤ��*ȊƉ


9ʣElbF*ƕȝ*ſǄ)ʀ>9�ʣ�ķ HR-PKS
9Ï:Í�<�ǂȄɼ� ElbB)Ĉ

ɑ&�$ɄɌ�<;�&+(	�&�ǫû�<�ʤ 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 61. Ǝɀ�� brefeldin C*ǒðŒȉɗ&ïĈɑ&Ȉ2Ũ� ElbB?ǔ	� in vitro

ɵȄéň* HPLCM�wbN�y (ƎÍƨɽ 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
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Ɩ)ʣȈ2Ũ� ElbB *i^nA��&*éňÛǎ?Ǫ
4;�4)ʣ100 mM ��

ɶi^nA� (pH 7.4)ʣ 50 mM��ɶi^nA� (pH 7.4)ʣ�8- 10 mM Tris-HCli

^nA�*?ǔ	$ʣ¿&ñƑ)Ĉɑ SNAC¨ 40&éň���ʤ�*ȊƉʣbrefeldin C

*m�M)ʗȨ(ɬ	+ȸ9<�ʣi^nA�)8;ľʑ+0&@'ǪɄ�<(
!� 

(Figure 62)ʤ  

 

 

 

 

 

 

 

 

Figure 62. ǚ(;i^nA��%*Ȉ2Ũ� ElbB?ǔ	� in vitroɵȄéň* HPLCM

�wbN�y (ƎÍƨɽ 210 nm). *10 mM Tris-HCl buffer+ʣ100 mM��ɶi^nA�

? mQ)8: 10³İɷ�;�&%ɉȵ��ʤ 

 

6-5. 2! 

ƄǦǱ%+ʣʢȦǚǯǜǏȁ?ǔ	� elb M�V[�*ƕȝȻƈ)8:ʣbrefeldin A

* C-CȊð)8; 5úǑ*ƐǼ)+ʣHR-PKS& TE)Ú�ʣP450*ƕȝ?Ňȷ&�;

�&�Ÿ9
&��ʤ1�ʣǜǏ[�jMɑ ElbB?ǔ	�ƕȝȻƈ)8:ʣElbB+Î

ęÆ) 5úǑƐɧ?ſ�;Ĉɑ SNAC¨ 40&�$ɄɌ�ʣ�Mb�Ǒ?ĽŒ�;�&

% brefeldin C?ǒŒ�;�&�>
!�ʤ1�ʣbrefeldin A*ǒðŒ)Ňȷ( 4"*ɰ

¢ę5ñĝ��ʤ 

��*ȊƉ8:ʣbrefeldin A*ǒðŒzJeWy?��*8
)Ŧĝ�� (Figure 63)ʤ

1�ʣElbA (HR-PKS) )8:w�e� CoA?¤ɽĈɑ&�$ C16*ǂȄɼ�ĽŒ�<

;ʤƖ) ElbF (P450) � ACP�)��c�<$	;ǂȄɼ* 5¦-9¦*ɿ) C-CȊð

?ĦÁ�;�&%TM�s�[�Ǒ�ƐǼ�<;ʤžŁ)ʣElbB *X��ƙĈ)�*

ǂȄʟƌ�ɘǭ�<�Ł)ʣ15 ¦*ƟɶĈ& 1 ¦*J�ue�ǂȄɿ*�Mb�ǑƐ

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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Ǽ?£	 HR-PKS
9Ï:Í�<;�&%ʣbrefeldin C�ǒŒ�;ʤ��$ʣElbD (P450) 

� brefeldin C * 7 ¦?ƟɶÞ�;�&%ʣbrefeldin A .&đŨ�<;&ș�9<� 

(Scheme 1)ʤ���ʣP450 �ƕȝ�(	Ċð+ʣ HR-PKS �)��c�<�ǂȄɼ�

TE *ĈɑƫŊɲ¦)ɮÏ)ɄɌ�<(	�4)ÚƟÎȻ�<$�1	ʣJ�u�ɶ¨

&�$Ï:Í�<;&Ŧƺ�<� (Scheme 2)ʤʢȦÆ%ǚǯǜǏ)8:Ń9<� 37+ʣ

ʢȦÆāŊ*ɵȄ)8:đŨ�<�&�ŏ��ʤ 

¿ȮǦǱ)�	$ʣ in vitro�8-ɵƜ%*ǚǯǜǏ?ǔ	� Bref-PKS& Bref-TH*

ƕȝȻƈ)8:J�u�ɶ¨ 36 �ǒŒ�<�&	
ȊƉ+ʣ�ɡ*ŦĝǒðŒƕƐ?

Ŭŝ�;5*%�;ʤ 

 

 

 

 

 

 

 
Figure 63. Brefeldin A*ŦĝǒðŒzJeWy. 

 

ElbB� P450)8;ǑÞÔ*ǂȄɼ?ɄɌ�;&ÚƟÎȻǝ)Ï:Í��&?Ǫ
4

;�4)+ʣ36* SNAC¨& ElbB&* in vitroéň?ǪɄ�;Ňȷ��; (Figure 64A)ʤ

ƄǦǱ%+ 36* SNAC¨*ðŒ?ɂ2��ʣ 36.* SNAC*ȑð�ɩȮ��ʣĈɑ

?ɉȵ�;�&�%�(
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Ǆ)8; ElbBƫŊɲ¦%*Q�nHz�T~�*ɬ	('?Îę�r�%ȻŸ�;�

4)ʣǏĄʣElbB* XȎȊŻƐɧȻƈ)ë:Ȉ@%	;ʤ  

�ĀʣElbF)8: brefeldin C)��; 5¦& 9¦* C-CȊð�ĽŒ�<;�&�ɿ

ťǝ)ǫ�<��ʣ�*Ĉɑ�8-ǓǊ+Ÿ9
&(!$	(	ʤ�<9?ǡťŸ9


&�;�4)ʣElbF ?ǜǏ�;ĔȠȦ*xM�Y�yȡǗÎ&Ĥň�; SNAC ¨Ĉɑ

?ǔ	� in vitroB^XD�Ňȷ&�<; (Figure 64B)ʤ 

 

 

 

 

 

 

 

 

Figure 64. (A) ElbB�8- (B) ElbF*ŦĝéňƕƐ&�ŁȮ
�ĝ* in vitroƕȝȻƈ

*VL�yʤ 

 

  P450 * ElbF )8; C-C ȊðĽŒƕƐ+ʣ��*ȉɗ�ș�9<; (Figure 65)ʤ1

�ʣElbF)8!$ 9¦)ǜǒ����UJ��ʣ4¦-5¦ɿ*�ɸȊð)�Ú�;�&

% 5¦-9¦ɿ* C-CȊð�ĽŒ�<;ʤ4¦*�UJ�+ ElbB*kc�LT�UJ�

&ÇȊð�;�&%ʣƟɶÞ�ɫŒ�<;&Ŧƺ��ʤ 

 

 

 

 

Figure 65. ElbF)8; 5¦-9¦ɿ C-CȊð*ŦĝĽŒzJeWyʤ 
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Ƅǵ%+ʣbrefeldin A*ǒðŒɰ¢ęM�V[�*ñĝʣǒðŒ)Ňʔ*Âɰ¢ę*

ȻŸ�8-�Mb�ǑĽŒ)ʀ�;ŦĝzJeWy*ŧü)Ȣ!�ʤ�<)8:ʣHR-

PKS & TE �Ē*ɵȄ?Ňȷ&�;wM��DcǒðŒƕƐ�ĚĄ�;�&�ǫ�<

�ʤBrefeldin A &ñƑ)wM��DcʟƌÆ) C-C Ȋð?ſ�;ÞðǊ&�$ʣ

Penicillium verrucosum8:iM`�B* primaseʂĠƫŊ?ſ�; Sch642305�ãʊ�

<$	; (Figure 66)80ʤ�*Ɛɧ
9ʙ¥*wM��DcĽŒƕƐ?ſ�;�&��ŏ

�<;ʤƄǦǱ*ǥȸ?ɖ�
:&��ǒðŒǦǱ)8:ʣbrefeldins 6 Sch642305 (

'*ÞðǊȗ)Äɥ�;ǒðŒwTd���ȻŸ�<;�&ʣ��$ʣ�*ǥȸ�Ç-

PgyŎĉ?Ĉǟ&��ĕǅǊŤȅǦǱ.&ɱ½�<;�&%ʣ0&@'ĉõ«*(	

ÎęÆ C-C Ȋð?ſ�;ȀǌȦwM��DcĕǅǊ�Ťȅîȝ&(;�&)ƀŀ��

	ʤ  

 

 

 

 

Figure 66. Structure of Sch642305.Q
Sch642305 
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��Q
 

ƄǦǱ%+ʣȀǌȦǖƆ*ųȹwM��DcĕǅǊ?ëŃ�;�&?Ǡǝ)ʣPgy

wDe�N)8:ȸÍ�� HR-PKS&MhpC-TE?Q�c�;ɰ¢ęM�V[�?ƒǝ

&�$ʣʢȦǚǯǜǏȁ?Ĉǟ&�;ĕǅǊŤȅ)ë:Ȉ@�ʤǷ 2ǵ%+ʣOyTÆ

ǒȀǌȦ*Pgy�)ĚĄ�; apml M�V[�*ÇƐǼ)8:ʣÄĿ��qLSG�

Ɛɧ?ſ�;ųȹ 34 úǑwM��Dc phaeospelide A ?ãʊ��ʤ1�ʣ�*ǒðŒ

)+ HR-PKS&MhpC-TE*�Ŵ*ƕȝ�Ňȷ%�;�&?Ğɀ��ʤǷ 3ǵ%+ʣ�

*ǥȸ)Ĉ#�ʣÃɾa�[r�V&ƍǊ�ŷȬÆǒȀǌȦ*c�nbPgya�[r

�V?ǔ	$ HR-PKS&MhpC-TE?Şƒ&��ȍȖǝ(PgywDe�N?Ȯ	ʣȼ

159ǯ*ȀǌȦ*Pgy�) 200��*ŦĝwM��DcǒðŒɰ¢ęM�V[�?ȸ

Í��ʤǷ 4ǵ%+ʣƕȝƂǥ* GPI-EPTƑɵȄ& P450?ó3 akml, cimlM�V[�

?ƒǝ&��ǚǯǜǏȁ*ƐǼ)8:ʣĕǅǊ%+ĉõ«*Ĩ(	tVtG[g��B

x��8-tVtQ��?¸ɼ)ſ�;ųȹwM��DcĕǅǊ*ëŃ)ŒÙ��ʤñ

ź)ʣ�Ɩ�ɋǊǒǓ)ʀ>;tVtG[g��Bx�ɘǭɵȄ&tVtQ��ɘǭɵ

Ȅ?Ñ4$ñĝ��ʤǷ 5ǵ%+ʣ�*�ǚ(;Ī*Ȧ�ſ�;ŦĝwM��Dcǒð

Œɰ¢ęM�V[�)�	$5ʣųȹÞðǊ?ó3wM��Dc*ëŃ)ŒÙ��ʤ�

�*ȊƉ8:ʣPgywDe�N&iDID�nHw`CMVȻƈ)Ĉ#�ǒðŒƕȝ

*�ƺ&ʣǚǯǜǏ?ǔ	�ǒðŒȉɗ*ÇƐǼ)8:ʣǒðŒzJeWy?ȻŸ�(

�9ųȹĕǅÞðǊ?Ťȅ%�;�&�ǫ�<�ʤ  

Ƿ 6 ǵ%+ʣŦĝ brefeldin A ǒðŒɰ¢ęM�V[�?ǔ	�ǒðŒǦǱ)8:ʣ

HR-PKS & TE )Ú� P450 *ƕȝ?Ňȷ&�;ų�(wM��DcĽŒƕƐ?Ÿ9


&�ʣbrefeldin A*ÂǒðŒɰ¢ę?ñĝ�;�&)ŒÙ��ʤÚ�$ʣbrefeldin A*

ǒðŒ)ʀ>; TE� HR-PKS�% P450)8:đŨ�<�Ĉɑ?ɄɌ�$�Mb�Ǒ

?ĽŒ�;�&?ǫû�;ȊƉ?Ń�ʤ��*ŒƉ8:ʣǚǯǜǏ)8;ĕǅǊŤȅ*
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�%Ń9<�ǒðŒƕƐ*ǥȸ?Ĉǟ&�;�&%ʣ��
9Ƭǒ��ǒðŒTV`y

?ǜȸʣȻŸ%�;�&�ǫ�<�ʤ 

 

ƄǦǱ%+ʣŦĝwM��DcǒðŒɰ¢ęM�V[�*ƕȝ�ƺ)Ĉ#	�ʢȦǚ

ǯǜǏȁ)8;ÇƐǼ)8:ʣųȹwM��Dc*ëŃ)ŒÙ��ʤƄŒƉ?Ń;)�

�:¼<�ǚǯtVb*ʢȦ
9ì��ŋō+ʣ�<1%)Ů�*ǒðŒǦǱ6ļǦǱ

ğ%*ǦǱ%ǫ�<$	;ɥ:%�; 36,41-43ʤ�Ŵ%ʣƄŕƧ)8;ĕǅǊŤȅ?ɩ4

;ɪǮ%	�"
*Ɉʖ)ǡʏ��ʤ�"Ǡ+ʣŦĝǒðŒwTd��)ä�(	ɰ¢

ęM�V[��ĚĄ�;ǃ%�;ʤƄǦǱ%+Ƿ 2ǵ%Ń9<�ǥȸ?½)ʣHR-PKS

&MhpC-TE)8:wM��Dcʟƌ�ĽŒ�<;&	
 ɇ)Ĉ#	�ĕǅǊŤȅ?

Ȯ
�&%ʣǷ 4 ǵ�8-Ƿ 5 ǵ%Ⱦ��ŒƉ?Ń�ʤ�Ŵ%ʣǷ 6 ǵ%ɀŸ��ɥ

:ʣñ�wM��DcĕǅǊ%�!$5 HR-PKS& TE�Ē*ɵȄƕȝ?Ňȷ&�;Ċ

ð��!�ʤƄɊŰ)ɃȆ+Ⱦɚ�(
!��ʣNeonectria ramulariae *ſ�;M�V

[�& Beauveria bassiana Pgy�)Q�c�<;Ŧĝ cephalosporolides ǒðŒɰ¢ę

M�V[�*ǚǯǜǏ%+wM��DcÞðǊ+ǒǓ�<(
!� (Figure 67). N. 

ramulariae*M�V[�Ȼƈ*ȊƉʣ�* HR-PKS&MhpC-TE+ʣfumagillin6 atranone

*¸ɼĽŒ)ʀ>;ɵȄ&ȁȋǝ)ƞəǝɟ
!��&
9ʣñƑ)`�s�ʟƌ) 

 

 

 

 

 

 

Figure 67. Neonectria ramulariae �8- Beauveria bassiana*ſ�;ǒðŒɰ¢ęM�V

[�&ʢȦǚǯǜǏ)8:Ń9<�ÞðǊ*Ɛɧʤ 
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Ĥ�$ǂȄɼ?�Ú�;ƕȝ?5"&Ŧƺ�<�ʤ�
�ʣ�*M�V[�*öɝ)+

ĕǅǊ*Ɯ¨ʟƌ*ƐǼ)ʀ>;ɰ¢ę+Q�c�<$	(
!�ʤ�*�&
9ʣ�

*M�V[�+ʊ<�ɰ¢ęĸ*M�V[�&âº�;('ʣ�1�1(ǐǖ�ŏ»�

<;�ʣ�*ȊƉ?PgyŎĉ*2?ǔ	�ǏĄ*iDID�nHw`CMVȻƈŖȯ

%�ƺ�;�&+Ăʋ%�;ʤ1�ʣcephalosporolides ǒðŒɰ¢ęM�V[�)�	

$+ʣ5"�/$*ɰ¢ę?ĦÁ��Ƌ%�!$5�Mb�Ǒ?ſ�(	G]�GV`

�¨�ǒǓ�<�ʤ�ŏǓǊ%�; cephalosporolide B *Ɛɧ
9I�nC�*ǚŊÞ

�Ňȷ%�;&Ŧƺ�<;�ʣ�*ƕȝ?ś
ɵȄ*ñĝ)+ɃȆ(ƎȽ�Ňȷ%�;ʤ

�Ŵ%ʣǷ 3ǵ*ȁȋƔȻƈ)�	$ type C)ó1<;ʣP450ʣSDR�8-b-lactamase

ƑɵȄ?Äɥ�$Q�c�; 3"*M�V[�*ǚǯǜǏ)5ë:Ȉ@��ʣ	�<*

M�V[�)�	$5ÞðǊ*ǒǓ�Ʉ49<(
!�ʤɰ¢ę��ɖ�$	;*
ʣ

ĦÁ��ɰ¢ę�ʢȦÆ%ƕȝ�$	(	*
Ǹ*Ǝɀ?ȷ�;ʤ��*8
)ʣñ�

wM��DcÞðǊ%�!$5Äɥ�;ǒðŒzJeWy?5"&+ʄ9�ʣ1�ʣ�

<9*M�V[���/$ʢȦÆ%ɮÏ)ƕȝ�;¯ɀ+(	ʤ�*�4Ǐźǃ%+ʣ

ųȹȀǌȦwM��Dc*ëŃ?ǠŞ��Ȉȓǝ(ĔȹƓŤȅ+Ăʋ%�;ʤPgyw

De�N)8:ȸÍ��ɰ¢ęɐƻ?žĔʄƫǔ�;�4)+ʣ²�*M�V[�?Ĥ

Ɏ)��ɂȮɻɆ*Ȕ:ɠ�)8;ǒðŒwTd��*ȻŸ�ĺ�Ȍ�Ňȷ&�<;ʤ 

�"Ǡ+ʣPgy DNA`�p��b)ʀ�;ýʖ%�;ʤƄŕƧ%+ƒǝ&��ɰ

¢ęM�V[�*ǚǯǜǏȁ?ƐǼ�;ʈ)ʣɰ¢ę?M��e�N�;�4* DNA

`�p��b�Ňȷ&(;ʤ�*�4ʣPgywDe�N)8:ȸÍ�� 200?ɕ�;

ɰ¢ęM�V[�*Ĕá+ʣÁŕĂʋ(Ȧǯ)ó1<$	;�&
9Pgy DNA�Á

ŕ%��ʣŤȅ?Ȯ
�&�%�(
!�ʤ��%ǏĄʣ�*Ɉʖ?Ȼƣ�/�

Recombination Assembly-Replication Cycle Reaction (RA-RCR) Ƨ?ƫǔ�;Pgy`�p

��b)­Ě�(	ǚǯǜǏȁ*ƐǼ?ƎȽ�$	;ʤRA-RCR &+ʣǄȆȜȁ%*

DNAēŲǉɨȊéň (RA) &ɽɼǑǌDNA*ƘǪ
"ʠɦ(ďĲéň (RCR) ?Ȉ2

ð>��ɽɼ DNAďĲŖȯ%�; 103ʤÓʄɵȄÌǐ��ɼǌrM[�&�Įɰ¢ęð
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Œ)8:ɉɫ��ƒǝɰ¢ęŲǉ?ǔŐ� RA-RCR Ƨ?ɮǔ�;�&%ʣæǐ�ʣP

gy`�p��b�ŕ)Á9(	Ȧ*M�V[�%�!$5ǚǯǜǏǔrM[�?Ɛ

Ǽîȝ%�;ʤƎȽƚʇ%+�;�ʣǏĄʣąȱʙǸ*Pgy�)Q�c�<; GPI-

EPTƑɵȄ?ſ�;M�V[�?ƒǝ&��rM[�*ɉȵ)ë:Ȉ@%�:ʣ�Įɰ

¢ęðŒź)G���ȶŮȸ9<;5** (ʥ�Ŕ/Ȃ 1.4 kbp)ʣĔȠȦ)$ďĲîȝ(

ǑǌrM[�?Ń;�&)ŒÙ�$	;ʤ�Łʣ�Įɰ¢ęðŒǾķ*ò�6QVb*

§�)8:ʣ°ʕŊ*�;rM[��ǏĞǝ(®ƌ%ɉɫîȝ&(<,ʣPgywDe

�N)8:ȸÍ��Â$*M�V[�?ĤɎ)ȍȖǝ(ĕǅǊ*Ťȅ�îȝ&(;ʤ�

*8
(ĕǅǊŤȅ5ɭ�(	ĥƆʣĞǏîȝ&(;Ŷ�Ɔ;*%+(	�=

ʤ 

ʢȦǚǯǜǏȁ?Ĉǟ&�;ǊɑǒǓ+ʣQ�ldb�B�ǒðŒ)8;ʙȐ¨*×

Í)5ſǔ%�;�&�Ğɀ�<$	; 36ʤƄǦǱ%+ akml�8- cimlM�V[�*

ɰ¢ę?ƫǔ�ʣtVtG[g��Bx�ɘǭɵȄ�ǚ(;Ǒʟƌ)ƕȝ��ųȹwM

��DcÞðǊ*×Í)ŒÙ��ʤȀǌȦwM��DcÞðǊ+Ǒ*SDW6±ʜƑĹ

*>�
(ɬ	)8:�*ƫŊ)ʗȨ(ɬ	�ȸì�9<;ʤǑƐɧ&±ʜj[��*

ţ�ð>�)8;ēƑ(ʎĕǅĆwM��Dc×ǒ)8:ʣų�(ƫŊÞðǊ*ǜȸ)

"(�;��ƀŀ�<;ʤiM`�B)�	$5ʣĔȠȦ?tVb) erythromycin*ǿ

ɼĽŒʀ>;ɰ¢ę? 4 ǯ*ʙȐ¨*5*&Ȉ2ð>��Q�ldb�B�ǒðŒ?

Ȯ
�&%ēƑ(Bd�N?×Í�ʣƄƆ*ĕǅǊ8:ĻØ(ŗȦƫŊ?ǫ�ÞðǊ*

ëŃ)5ŒÙ�$	; 104ʤÒǔîȝ(ȀǌȦwM��Dcʟƌ6±ʜɵȄ*¾Ğʣ�8

-ʣ±ʜɵȄ*ĈɑɄɌ)ʀ>;ǥȸ*ʉǰ+�Ł*Ĕ�(Ɉʖ%�;ʤ 

vVbPgyź��ʃʣȀǌȦ?ó4�ńǒǊ*Ůē�*ĕǅÞðǊ*ǒðŒǦǱ*

ŒƉ)8:ʣǒðŒwTd��)ʀ�;ǐȻ�ĔĲ)ɩĩ��ʤ1�ʣńǒǊɐƻ*P

gya�[r�V�¾Ğ�ʣɰ¢ęƕȝ*�ƺ_���ǜɫ���&%ʣ�%+�Ɩ�

ɋǊǒðŒ)ʀ>;ɰ¢ęŎĉ?ġŹ)Áŕîȝ&(!�ʤ×ȫǦǱ)��;ĕǅÞð

Ǌ*ɸȷŊ�Ç-ƩǠ�<$	;ǏĄ)�	$ʣɰ¢ęɐƻ
9Ǎ!�Ɛɧ?ſ�;ĕ

ǅÞðǊȗ?ǡť
"�ş)ëŃ%�;ƄŕƧ+ʡØǝ(_��*8
)ŉ><;ʤ�
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ŁʣƄŕƧ?ó4�ɰ¢ęɐƻ?ƫǔ�;ĕǅǊŤȅƧ*ĞǔŊ�Ʉǥ�<ʣĕǅǊ×

ȫ*ÇȤ)8:ųȫ.&"(�;ÞðǊ�ǜȸ�<;�&?Ï)ʘ
ʤ 
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ǠƖ 99 

ĞʞþÅ�Ȳȕ, ƄǦǱ%ªǔ��ȀǌȦ 101 

ǚǯǜǏ)ǔ	�tVbƋ, p�VxcrM[� 102 

ȀǌȦ*ćʝ)ǔ	�ģĕćą 103 

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

ȀǌȦ*ćʝ)ǔ	�Ʊ¨ćą  

ĔȠȦ*ćʝ)ǔ	�ćą 105 

ʢȦǚǯǜǏȁ*ƐǼ 106 

ĽɑɘŨƋ*ćʝ&�ɋǊ*HPLCÎƈʣapmlA&apmlB*T�O�VȻƈ 111 

elbBc, elbCc�8-elbEc*cDNAM��e�N 112 

Ȉ2Ũ�ElbBǜǏȁ*ƐǼ&IPTGǀķ*ƎȽ 113 

Ȉ2Ũ�ElbB*ǜǏ&Ǿȵ 114 

Ȉ2Ũ�ElbB?ǔ	�in vitroɵȄéň 

elbA, elbB, elbC�8-elbE*cDNAT�O�VȻƈ 115 

Phaeospelide A (1) *ãʊ 116 

ÞðǊ 3*ðŒ&ãʊ 

Figure S1. ÞðǊ 3* 2Ɩ½ NMRǢʀ 117 

ÞðǊ 4*ðŒ&ãʊ, ÞðǊ 3*IZ�ÎȻ&ɱ½Ìǐ 118 

n�Nz�b 16*ðŒ&ãʊ, ƒù (S)-16& (R)-16*ðŒ 119 

VCD& IRVsMb�ƺĝ 

n�Nz�b 5& 7* TBDPS¯ɍ, ÞðǊ 8& 12*ÚƽĘÎȻ 120 

ÞðǊ 9*BXbdDc¯ɍ&ÞðǊ 10& 11*ãʊ 121 

ÞðǊ 13*BXbdDc¯ɍ&ÞðǊ 14& 15*ãʊ 122 
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ÞðǊ 10* (S)-�8- (R)-MTPAGV`�¨*ðŒ 123 

ÞðǊ 14* (S)-�8- (R)-MTPAGV`�¨*ðŒ 124 

A. phaeospermum Kemushi-1*ćʝ&�ɋǊÎƈ 125 

Akml-1-4 (17-20) *ãʊ 126 

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

ÞðǊ 29*ðŒ 128 

ÞðǊ 30a& 30b*ðŒ 129 

ÞðǊ 28*ðŒ, Ciml-1-4 (21-24) *ãʊ 130 

Ciakml-1 (25) *ãʊ 131 

Peml-1-4 (31-34) *ãʊ 132 

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

Mpml-1 (35) *ãʊ, Elb-1 (37) *ãʊ 134 

Elb-1 (37) *ĳʏƐɧ*ȻƈʣFigure S2. Elb-1 (37) * 2Ɩ½ NMRǢʀ 135 

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

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

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

ElbBɵȄéň*Ĉɑ*ðŒVL�y*ƎȽ 138 

ÞðǊ 43& 44*ðŒ&ãʊ 139 

Ĉɑ SNAC¨ 40&ÞðǊ 45*ðŒ&ãʊ 140 

ÞðǊ 36*ðŒ&ãʊ 141 

Figure S3. AO-elbABFDCʣelbABFDCcEc?ćʝ��&�*ćʝćą&Ȧ¨ŒÎ* 

HPLCM�wbN�y  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 

Pgy PCR 145 
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�O��y?< 

� ćʝćą&Ȧ¨ŒÎ*Îƈ�8-ãʊǾȵ)ǔ	�ȪīM�wbN�nC� (TLC) 

)+ʣTLCB�xp��b T�JP�60 F254�8-RP-18 F254 (Merck) ?ªǔ��ʤ�

Ɩ�ɋǊ*ãʊǾȵ)ǔ	�I�p�J�yM�wbN�nC�)+ʣT�JP�60 

(70–230�8-40-50 mesh), QV{T��140 C18-OPN (nacalai tesque) ?ªǔ��. NMR

Ȳȕ)+ʣBruker AVANCE III 500 spectrometer (1H NMR, 500 MHz; 13C NMR, 125 MHz)ʣ

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

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

&13C NMR VsMb�ƺĝ)��;ÞĜTnb*ÆɲƒƼ)+ʣCDCl3ƽĘ?ªǔ��

ʈ+ʣtetramethylsilane (dH 0.00) &ƽĘ*ƙǘTNd� (dC 77.0)ʣMeOD?ªǔ��ʈ+

ƽĘ*ƙǘTNd� (dH 3.30, dC 49.0), DMSO-d6?ªǔ��ʈ+ʣƽĘ*ƙǘTNd�ƽ

Ę*ƙǘTNd� (dH 2.49, dC 39.7) ?ǔ	�ʤ ʠÎȻȝɑɺÎƈ)+Exactive Orbitrap 

Mass Spectrometer (Thermo Fischer Scientific) ?ªǔ��. IR �8- VCD VsMb�*

ƺĝ)+ʣJASCO FVS-6000 spectrometer?ǔ	�. UV VsMb�*ƺĝ)+ʣJASCO-

V-730 spectrophotometer?ªǔ��. ćʝćą&Ȧ¨ŒÎ*HPLCÎƈ)+ʣJASCO AS-

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

Array Detector (JASCO) �8- NQAD® (OSAKA SODA)?ǔ	�ʤÎƈJ�y)+, 

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

LC-MS Îƈ)+ʣChrommaster 5610 MS Detector (HITACHI, Ltd), a Chromaster 5110 Pump 

(HITACHI, Ltd) �8- Chromaster 5430 Diode Array Detector (HITACHI, Ltd) ?ǔ	�ʤ 

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

tesque) ?ªǔ��ʤ 

 

"35W�0UV8-> 

Arthrinium phaeospermum Kemushi-1 +ƇßĔĜʌȧĬL|�jV*ůąÆ%ǒŌ�

$	�OyTÆɲ8:ʣįƁ±Đ)8:ãʊ�<�65. 
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Cytospora sp. +ƇßĔĜʌȧĬL|�jV*ůąÆ%ǒŌ�$	�KK�uÆɲ8

:ʣįƁ±Đ)8:ãʊ�<�65. 

Hypoxylon fragiforme +ƇßĔĜʌȧĬL|�jV*ůąÆ%ǒŌ�$	�M{Æɲ

8:ʣįƁ±Đ)8:ãʊ�<�65. 

Eupenicillium ludwigii MT-3 +�ÔļǦǱğ)�	$ɹǒƋ)Ĥ�$ʣÞĜđǚæÌ

ǐ&�uY�yƒǝȫÕ.*ȚŊÞ?Şƒ&��ɯŘ?Ȯ
�&%©ȵ��78. 

Aspergillus kawachii NBRC 4308, Macrophomina phaseolina NBRC 7317, Penicillium 

expansum NBRC 5838+ʣBiological Resource Center, NITE (NBRC) 8:ɒÁ��ʤ 

Colletotrichum incanum MAFF237190 +ʣMinistry of Agriculture, Forestry Fisheries 

(MAFF) 8:ɒÁ��ʤ 

 

142.Y0RVrgk$ 

Aspergillus oryzae NSAR1 (niaD−, sC−, DargB, adeA−)105 �8-Escherichia coli BL21 

(DE3) +ʣƇ�ĔĜĔĜʅȫĜǦǱǬ ÊŭŢ ƲĭěȘ¿ǒ8:�ŧ¬ʒ	�ʤ 

A. oryzae NSAR1 +ʣȀǌȦwM��Dc*ǒðŒɰ¢ęM�V[�*ǚǯǜǏ*tV

bƋ&�$ǔ	�ʤ 

E. coli BL21 (DE3) (F�, ompT, hsdSB (rB�mB�) , gal, dcm) +ʣȈ2Ũ�[�jMɑElbB*

ǜǏ)ǔ	�ʤ 

 


���	�����

pUARA2 +ƇßĔĜĔĜʅɜĜǦǱǬŭŢ� �÷Ý�¿ǒ8:�ŧ¬ʒ	�ʤ 

pUAdeA2, pUPTRA2 �8-pUSA2+�ÔʣļǦǱğ)�	$ČǕ·�¿ǒ)8:©ȵ

�<�36. 

pUARA2, pUAdeA2, pUPTRA2 �8-pUSA2 +A.oryzaeǖƆ*a-amylasep�{�[�

(amyB) &ƊʝȷơŊ*w�J�%�;argB, adeA, ptrA�;	+sC?�<�<Q�c�

$	;ʤ  
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8->Z�NY0RV���� 

yPDB ���� 

Potato-Dextrose Broth (DIFCO) 7.2 g &agarose (Nacalai tesque) 4.5 g ?300 mL *ȩǘƟ

)őƿ�ʣ121˚C%20ÎɿI�bM��oƾȦ?Ȯ(!�. 20 mL�&)ƾȦƶ2*T|

��)ÎƩ�ʣğƹ%Éå��ʤ�*ćą+A. oryzae NSAR1�Ē*�/$*ȀǌȦ*ć

ʝ)ǔ	�ʤ 

�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 *ȩǘƟ)őƿ�ʣ121˚C%20ÎɿI�bM��oƾȦ?Ȯ

(!�. 20 mL�&)ƾȦƶ2*T|��)ÎƩ�ʣğƹ%Éå��ʤ�*ćą+A. 

oryzae NSAR1*ćʝ)ǔ	�ʤ 

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 *ȩǘƟ)őƿ�ʣ121˚C%20ÎɿI�bM��oƾȦ?Ȯ(!�. 20 mL�

&)ƾȦƶ2*T|��)ÎƩ�ʣğƹ%Éå��ʤ�*ćą+A. oryzae NSAR1?tV

b&�$©ȵ��ĽɑɘŨƋ*ćʝ)ǔ	�ʤp�VxcrM[�?¯ſ�$	;Ľɑ

ɘŨƋ*ɯŘ&ćʝ�;ʈ)+ʣTable S1)ǫ�8
)ɂȫ?ƴÚ��. 
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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 *ȩǘƟ)őƿ

��Ł)ʣ121˚C%20ÎɿI�bM��oƾȦ?Ȯ	ʣğƹ%Éå��ʤ�*ćą+A. 

oryzae NSAR1&�*ĽɑɘŨƋ*Ôćʝ)ǔ	�ʤ  

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 *ȩǘƟ)ő

ƿ��Ł)ʣ121˚C%20ÎɿI�bM��oƾȦ?Ȯ	ʣğƹ%Éå��ʤ�*ćą+

A. oryzae NSAR1 ĽɑɘŨƋ&A. phaeospermum Kemushi-1*ćʝ)ǔ	�ʤ*peptone: 0.2 

(0.5) g soy peptone, 0.2 (0.5) g casein peptone �8- 0.2 (0.5) g meat peptone (Nacalai tesque)

*ƳðǊ.  
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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 *ȩǘƟ)őƿ�

�Ł)ʣ121˚C%20ÎɿI�bM��oƾȦ?Ȯ	ʣğƹ%Éå��ʤ�*ćą+A. 

phaeospermum Kemushi-1*ćʝ)ǔ	�ʤ 

yPDB (��� 

Potato-Dextrose Broth (Difco) 1.44 g, maltose 0.6 g ?60 mL *ȩǘƟ)őƿ��Ł)ʣ

121˚C% 20ÎɿI�bM��oƾȦ?Ȯ	ʣğƹ%Éå��ʤ�*ćą+A. 

phaeospermum Kemushi-1*ćʝ)ǔ	�ʤ 

  

�=>Z�NY0RV�� 

yLB ���� 

LB Miller (Nacalai tesque) 5 g, agarose (Nacalai tesque) ?200 mL *ȩǘƟ)őƿ�ʣ

121˚C%20ÎɿI�bM��oƾȦ?Ȯ(!�. 50ºC%¯ƹ�ʣampicillin (žȇǀķ200 

µg/mL) ?ƴÚ��Ł)20 mL�&)ƾȦƶ2*T|��)ÎƩ�ʣğƹ%Éå��ʤ 

yLB (��� 

LB Miller (Nacalai tesque) 5 g, agarose (Nacalai tesque) ?60 mL *ȩǘƟ)őƿ�ʣ

121˚C%20ÎɿI�bM��oƾȦ?Ȯ!�ʤğƹ%Éå��Ł)ʣampicillin (žȇǀķ

100 µg/mL) ?ƴÚ��. 

yTB (��� 

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

ǘƟ)őƿ�ʣ121˚C%20ÎɿI�bM��oƾȦ?Ȯ!�ʤğƹ%Éå��Ł)ʣ50 

mL*��ɶi^nA� (0.17 M KH2PO4, 0.72 M K2HPO4) ?ƴÚ��. 
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P>142.9Z&6 

G��cwznxdZ�" M 

�/$*ɰ¢ę+PrimeSTAR® MAX DNA Polymerase (TAKARA) &Table S7)ǫ��

ɰ¢ęǋǚǝp�Dw�?ǔ	$PCRéň)8:ďĲ?Ȯ(!�ʤďĲ��DNAn�N

�z�b+QIAquick® Gel Extraction Kit (QIAGEN) ?ǔ	$Ǿȵ�ʣIn-Fusion® HD 

Cloning Kit (TAKARA) *Ū©ŕʓ)ł	ïǯrM[�)Ȉ2ɞ@�ʤ1 µL*In-Fusion

éňƱ?1.5 mL*G^s�]}�oÆ*10 µL*E. coli DH5a*őƿƱ)ƴÚ�ʣƠ�%

10 minʍȕ��Ł)ʣ40ºC%45 sD�L}r�b��ʤǡ )200 µL*LBƱ¨ćą?ƴ

Ú�ʣwDM�ms^b?ǔ	$ms^`C�N)8:ūŜ��ʤ�*őƿƱ?LBģ

ĕćą (100 µg/mL ampicillin) )ċį�ʣ37ºC%16 hD�L}r�b��ʤǒț��Q�

e�)Ĥ�$PCR?Ȯ	ʣrM[�*ĦÁ?ǪɄ��Ł)ʣ 2 mL LBƱ¨ćą (50 

µg/mL ampicillin) ?ǔ	$ʣ15 mLɭƤǺÆ%37ºCʣ160 rpm%16 hćʝ?Ȯ!�ʤŃ9

<�ćʝȦ¨8:GenElute™ Plasmid Miniprep Kit (Sigma-Aldrich) *Ū©ŕʓ)ł	p

�Vxc?ŚÍʣǾȵ��ʤŃ9<�p�VxcrM[�+ʣɰ¢ęǋǚǝp�Dw�

?ǔ	$PCRéň?Ȯ	ʣǠǝɰ¢ę*ĦÁ?ǪɄ��ʤɪÖǜǏrM[�)+ʣ

pUARA2, pUAdeA2, pUPTRA2 �;	+ pUSA2?ǔ	�. ©ȵ��rM[�*M��

e�N)+ĔȠȦEscherichia coli DH5a ?tVb&�$ǔ	�ʤ  

ïɰ¢ę+ɰ¢ęǋǚǝp�Dw� (Table S7) ?ǔ	$PCRƧ (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) )8:ď

Ĳ?Ȯ(!�.  

 

yapml cluster 

ɽɼ*apmlA+ñǮķSDW*2n�Nz�b&�$ďĲ��ʤp�Dw�)+

apmlA_IFpUKpnI-FW&apmlA_R1, �;	+ʣapmlA_F1&apmlA_IFpUKpnI-RV*p�D

w�?ǔ	�ʤPgy`�p��b)+Arthrinium phaeospermum Kemushi-18:ŚÍ�

�PgyDNA?ªǔ��ʤapmlB*ďĲ)+apmlB_IFpUNotI-FW&apmlB_IFpUNotI-RV
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*p�Dw�?ǔ	�ʤ�<�<*PCRǓǊ+�ɡ*ɥ:M��e�N?Ȯ(!�ʤŃ

9<�apmlAn�Nz�b+ÓʄɵȄAsp718*Ìǐ?Ȯ!�pUARA2)M��e�N?

Ȯ	ʣpUARA2-apmlA?Ń�ʤapmlBn�Nz�b+ÓʄɵȄNotI*Ìǐ?Ȯ!�

pUAdeA2)M��e�N?Ȯ	ʣpUAdeA2-apmlB?©ȵ��ʤapmlA&apmlB*�ɰ¢

ę?Asp718&NotI)$Ìǐ��pUARA2)M��e�N?Ȯ	pUARA2-apmlAB?Ń�ʤ 

A. oryzae NSAR1)Ĥ�$pUARA2-apmlAB�;	+pUARA2-apmlA?ĽɑɘŨ�;�

&%�<�<AO-apmlABʣAO-apmlA?©ȵ��ʤɯřćą)+ʣBae�&z]Ie�

?ƴÚ��CDģĕćą?ªǔ��ʤAO-apmlA)Ĥ�$pUAdeA2-apmlB ?ĽɑɘŨ�

;�&%AO-apmlA+apmlB?©ȵ��ʤɯřćą)+ʣz]Ie�?ƴÚ��CDģĕć

ą?ªǔ��ʤ 

yakml cluster 

ɽɼ*akmlA+ñǮķSDW*2n�Nz�b&�$ďĲ��ʤp�Dw�)+

akmlA_IFpUKpnI-FW&akmlA_R1, �;	+ʣakmlA_F1&akmlA_IFpUKpnI-RV*p�Dw

�?ǔ	�ʤakmlB*ďĲ)+akmlB_IFpUNotI-FW�8-akmlB_IFpUNotI-RV*p�Dw

�?ªǔ��ʤakmlC*ďĲ)+akmlC_IFpUKpnI-FW&akmlC_IFpUKpnI-RV*p�Dw

�?ǔ	�ʤakmlD*ďĲ)+akmlD_IFpUNotI-FW�8-akmlD_IFpUNotI-RVPgy`

�p��b)+Aspergillus kawachii NBRC 43088:ŚÍ��PgyDNA?ªǔ��ʤ�

<�<*PCRǓǊ+�ɡ*ɥ:M��e�N?Ȯ(!�ʤǾȵ��akmlA&akmlB*�ɰ

¢ę?Asp718&NotI)$Ìǐ��pUARA2)M��e�N?Ȯ	pUARA2-akmlAB?Ń

�ʤakmlA�8-/�;	+akmlB?Asp718�8-/�;	+NotIÌǐ��pUAdeA2)M�

�e�N�ʣpUAdeA2- akmlC, akmlD�8-akmlCD?Ń�ʤ 

A. oryzae NSAR1)Ĥ�$pUARA2-akmlAB?ĽɑɘŨ�;�&%AO-akmlAB?©ȵ�

�ʤɯřćą)+ʣBae�&z]Ie�?ƴÚ��CDģĕćą?ªǔ��ʤAO-

akmlAB)Ĥ�$pUAdeA2-akmlC, akmlD, �;	+akmlCD?ĽɑɘŨ�;�&%AO-

akmlABC, D�8-CD?©ȵ��ʤɯřćą)+ʣz]Ie�?ƴÚ��CDģĕćą?

ªǔ��ʤ  
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yciml cluster 

ɽɼ*cimlA+ñǮķSDW*2n�Nz�b&�$ďĲ��ʤp�Dw�)+

cimlA_IFpUKpnI-FW&cimlA_R1, �;	+ʣ cimlA_F1&cimlA_IFpUKpnI-RV*p�Dw

�?ǔ	�ʤcimlB*ďĲ)+cimlB_IFpUNotI-FW�8-cimlB_IFpUNotI-RV*p�Dw

�?ªǔ��ʤcimlC*ďĲ)+cimlC_IFpUKpnI-FW&cimlC_IFpUKpnI-RV*p�Dw�

?ǔ	�ʤcimlD*ďĲ)+cimlD_IFpUNotI-FW�8-cimlD_IFpUNotI-RV?ªǔ��ʤ

Pgy`�p��b)+Colletotrichum incanum MAFF2371908:ŚÍ��PgyDNA

?ªǔ��ʤ�<�<*PCRǓǊ+�ɡ*ɥ:M��e�N?Ȯ(!�ʤǾȵ��cimlA

&cimlB*�ɰ¢ę?Asp718&NotI)$Ìǐ��pUARA2)M��e�N?Ȯ	

pUARA2-cimlAB?Ń�ʤcimlC�8-/�;	+cimlD?Asp718�8-/�;	+NotIÌǐ

��pUAdeA2)M��e�N�ʣpUAdeA2- cimlC, cimlD�8-cimlCD?Ń�ʤ 

A. oryzae NSAR1)Ĥ�$pUARA2-cimlAB?ĽɑɘŨ�;�&%AO-cimlAB?©ȵ�

�ʤɯřćą)+ʣBae�&z]Ie�?ƴÚ��CDģĕćą?ªǔ��ʤAO-cimlAB

)Ĥ�$pUAdeA2-cimlC, cimlD, �;	+cimlCD?ĽɑɘŨ�;�&%AO-cimlABC, D

�8-CD?©ȵ��ʤɯřćą)+ʣz]Ie�?ƴÚ��CDģĕćą?ªǔ��ʤ  

ypeml cluster 

ɽɼ*pemlA+ñǮķSDW*2n�Nz�b&�$ďĲ��ʤp�Dw�)+

pemlA_IFpUKpnI-FW&pemlA_R1ʣ�;	+ʣpemlA_F1&pemlA_IFpUKpnI-RV*p�Dw

�?ǔ	�ʤpemlB*ďĲ)+pemlB_IFpUNotI-FW�8-pemlB_IFpUNotI-RV*p�Dw

�?ªǔ��ʤpemlC*ďĲ)+pemlC_IFpUNotI-FW&pemlC_IFpUNotI-RV*p�Dw

�?ǔ	�ʤpemlD*ďĲ)+pemlD_IFpUKpnI-FW�8-pemlD_IFpUKpnI-RV?ªǔ�

�ʤpemlE*ďĲ)+pemlE_IFpUKpnI-FW�8-pemlE_IFpUKpnI-RV?ªǔ��ʤPg

y`�p��b)+Penicillium expansum IFM 474788:ŚÍ��PgyDNA?ªǔ��ʤ

�<�<*PCRǓǊ+�ɡ*ɥ:M��e�N?Ȯ(!�ʤǾȵ��pemlA&pemlB*�

ɰ¢ę?Asp718&NotI)$Ìǐ��pUARA2)M��e�N?Ȯ	pUARA2-pemlAB?

Ń�ʤpemlC�8-/�;	+pemlD?Asp718�8-/�;	+NotIÌǐ��pUAdeA2)M
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��e�N�ʣpUAdeA2-pemlCD, C, D?Ń�ʤpemlE?Asp718Ìǐ��pUPTRA2)M�

�e�N�ʣpUPTRA2-pemlE?Ń�ʤpemlC�8-/�;	+pemlF?Asp718�8-/�;

	+NotIÌǐ��pUSA2)M��e�N�;�&%ʣpUSA2-pemlC, CF?©ȵ��ʤ 

A. oryzae NSAR1)Ĥ�$pUARA2-pemlAB?ĽɑɘŨ�;�&%AO-pemlAB?©ȵ�

�ʤɯřćą)+ʣBae�&z]Ie�?ƴÚ��CDģĕćą?ªǔ��ʤAO-

pemlAB)Ĥ�$pUAdeA2-pemlCD�;	+pUPTRA2-pemlE?ĽɑɘŨ�;�&%AO-

pemlABCD, pemlABE?©ȵ��ʤɯřćą)+ʣ�<�<z]Ie�ʣ�;	+ʣBa

e�&z]Ie�ʣm�]Bx�?ƴÚ��CDģĕćą?ªǔ��ʤ1�ʣAO-pemlABE 

)Ĥ�$pUAdeA2-pemlCD, C, D ?ĦÁ�AO-pemlABECD, ABEC, ABED?ëŃ��. ɯ

řćą)+ʣz]Ie�&m�]Bx�?ƴÚ��CDģĕćą?ªǔ��ʤAO-

pemlABED)Ĥ�$pUSA2-pemlCF, C?ĦÁ�;�&%ʣAO-pemlABEDCF, ABEDC?©

ȵ��ʤɯřćą)+ʣm�]Bx�&ǩɶB�{eEy?ƴÚ��CDģĕćą?ª

ǔ��ʤ 

ympml cluster 

ɽɼ*mpmlA+ñǮķSDW*2n�Nz�b&�$ďĲ��ʤp�Dw�)+

mpmlA_IFpUKpnI-FW&mpmlA_R1ʣ�;	+ʣmpmlA_F1&mpmlA_IFpUKpnI-RV*p�D

w�?ǔ	�ʤmpmlB*ďĲ)+mpmlB_IFpUNotI-FW�8-mpmlB_IFpUNotI-RV*p�

Dw�?ªǔ��ʤPgy`�p��b)+Macrophomina phaseolina NBRC 73178:Ś

Í��PgyDNA?ªǔ��ʤ�<�<*PCRǓǊ+�ɡ*ɥ:M��e�N?Ȯ(!

�ʤǾȵ��mpmlA&mpmlB*�ɰ¢ę?Asp718&NotI)$Ìǐ��pUARA2)M��

e�N?Ȯ	pUARA2-mpmlAB?©ȵ��ʤ  

A. oryzae NSAR1)Ĥ�$pUARA2-mpmlAB?ĽɑɘŨ�;�&%AO-mpmlAB?©ȵ

��ʤɯřćą)+ʣBae�&z]Ie�?ƴÚ��CDģĕćą?ªǔ��ʤ 

yelb cluster 

ɽɼ*elbA+ñǮķSDW*2n�Nz�b&�$ďĲ��ʤp�Dw�)+

pemlA_IFpUKpnI-FW&elbA_R1ʣ�;	+ʣelbA_F1&elbA_IFpUKpnI-RV*p�Dw�?
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ǔ	�ʤelbB*ďĲ)+elbB_IFpUNotI-FW�8-elbB_IFpUNotI-RV*p�Dw�?ªǔ

��ʤelbC/Cc*ďĲ)+elbC_IFpUKpnI-FW&elbC_IFpUKpnI-RV*p�Dw�?ǔ	�ʤ

elbD*ďĲ)+elbD_IFpUKpnI-FW�8-elbD_IFpUKpnI-RV?ªǔ��ʤelbE*ďĲ)

+ elbE/Ec_IFpUNotI-FW�8- elbE_IFpUNotI-RV?ªǔ��ʤ elbF*ďĲ)+

elbF_IFpUNotI-FW�8-elbF_IFpUNotI-RV?ªǔ��ʤPgy`�p��b)+

Eupenicillium ludwigii MT-38:ŚÍ��PgyDNA?ªǔ��ʤelbCc, elbEc*ďĲ)+

cDNA�Do���?ǔ	�ʤ�<�<*PCRǓǊ+�ɡ*ɥ:M��e�N?Ȯ(!

�ʤǾȵ��elbA&elbB*�ɰ¢ę?Asp718&NotI)$Ìǐ��pUARA2)M��e�

N?Ȯ	pUARA2-elbAB?Ń�ʤ1�ʣelbC�8-/�;	+elbF?Asp718�8-/�;	

+NotIÌǐ��pUAdeA2)M��e�N�ʣpUAdeA2-elbCF, C, F?Ń�ʤÚ�$ʣelbD

�8-/�;	+elbE?Asp718�8-/�;	+NotIÌǐ��pUAdeA2)M��e�N�ʣ

pUAdeA2-elbDE, D, E?Ń�ʤȌ	$ʣelbC?KpnIÌǐ��pUPTRA2)M��e�N�ʣ

pUPTRA2-elbC?Ń�ʤ1�ʣelbCc�8-elbEc?KpnI�8-NotIÌǐ��pUSA2)M�

�e�N�;�&%pUSA2-elbCcEc?©ȵ��ʤ  

A. oryzae NSAR1)Ĥ�$pUARA2-elbAB?ĽɑɘŨ�;�&%AO-elbAB?©ȵ��ʤ

ɯřćą)+ʣBae�&z]Ie�?ƴÚ��CDģĕćą?ªǔ��ʤAO-elbAB)

Ĥ�$ pUAdeA2-elbCF, C, F�;	+ pUPTRA2-elbDE?ĽɑɘŨ�;�&%AO-

elbABCF,ABDE, ABC, ABF?©ȵ��ʤɯřćą)+ʣ�<�<z]Ie�ʣ�;	+ʣ

Bae�&z]Ie�ʣm�]Bx�?ƴÚ��CDģĕćą?ªǔ��ʤ1�ʣAO-

elbABF)Ĥ�$pUPTRA2-elbDE, D, E?ĦÁ� AO-elbABFDE, ABFD, ABFE?ëŃ��ʤ

ɯřćą)+ʣz]Ie�&m�]Bx�?ƴÚ��CDģĕćą?ªǔ��ʤAO-

elbABFD)Ĥ�$pUSA2-elbC, CcEc?ĦÁ�;�&%ʣAO-elbABFDC, ABFDCcEc?©ȵ

��ʤɯřćą)+ʣm�]Bx�&ǩɶB�{eEy?ƴÚ��CDģĕćą?ªǔ

��ʤ 
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�EF!$Z�NX�C,ZHPLC	# 

X�MT~�ćą�%ćʝ��ĽɑɘŨƋ?CPSƱ¨ćą (0.01% Bae�) .ũǯ

�ʣ30°Cʣ150 rpm%5-7Ŷɿćʝ?Ȯ(!�ʤćʝɾė
93Ŷ&5-7Ŷźǃ*ćʝćą 

3 mL?5 mL]}�o.Āê�ʣ2 mL*EtOAc%ŚÍ?Ȯ(!�ʤEtOAcī 800 µL?1.5 

mL.ĀêŁʣɭņGiv��[�?ǔ	$ƽĘ?ǘç�� (x2)ʤ�*EtOAcŚÍǊ?

100 µL MeOH)ÇƽȻ�ʣğƹʣ13,500 rpm%15 minɭņÎʊ?Ȯ(!�Ł)100 µL *

�Ƶ?1.5 mLG^s�]}�o)Āê�ʣ10 µL?HPLC.D�UFMT~���ʤćʝ

ɾė
95-7Ŷźǃ%Āê��ćʝȦ¨+ʣËȊ�ǈ?Ȯ(!�Ł)ʣ1.5 mLG^s�]

}�o)Āê��40 mg*ǽǧ���ǈȦ¨?1 mL MeOH)$30 minŚÍ��ʤğƹʣ

13,500 rpm%15 minɭņÎʊŁʣ500 µL*�Ƶ?ų�	1.5 mLG^s�]}�o)Āê

�ʣɭņGiv��[�?ǔ	$ƽĘ?ǘç��ʤ�*MeOHŚÍǊ)Ĥ�$400 µL*

H2O&400 µL*EtOAc?Ú�$ÎƱ?Ȯ	ʣ300 µL*EtOAcī?ų�	1.5 mLG^s�]

}�o)ǭ�ʣɭņGiv��[�?ǔ	$ƽĘ?ǘç��ʤȌ	$ʣ100 µL MeOH)

ÇƽȻ�ʣğƹʣ13,500 rpm%15 minɭņÎʊ?Ȯ(!�Ł)100 µL *�Ƶ?1.5 mLG

^s�]}�o)Āê�ʣ10 µL?HPLC.D�UFMT~���ʤHPLC*Îƈƅ¡: ƭ

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

100: 0, 12-24 min: 100:0). ƎÍƨɽ200-400 nm. 

 

apmlAXapmlBZfzexgA# 

AO-apmlAB?60 mL*CPSƱ¨ćą?ǔ	$ćʝ�ʣćʝɾė
94ŶǠ*źǃ%Āê

��ćʝȦ¨8:ʣRNeasy Plant Mini Kit (QIAGEN) ?ǔ	$RNA?ŚÍ��. Ń9<

� RNAƽƱ)Ĥ�$ DNase?ƴÚ� 37ºC% 1 hD�L}r�b��Ł)ʣ 

phenol/chloroform/isoamyl alcohol (25:24:1) ?ǔ	$RNA?ŚÍŁʣG[g��Ƥƛ?Ȯ

(!�ʤɣɘÈéň)+Superscript® IV (Thermo Fischer Scientific) &I�R (dT) p�D

w�?ǔ	�ʤŃ9<�cDNA�Do���?`�p��b)ʣTable S7%ǫ��ɰ¢ę
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ǋǚǝp�Dw�?ǔ	$ďĲ�ʣQIAquick® Gel Extraction Kit (QIAGEN) ?ǔ	$Ǿ

ȵ��Ł)ʣTable S8)ǫ��p�Dw�?ǔ	$T�O�VȻƈ?Ȯ(!�ʤ  
 
 
BxgɶɳÐ 

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*PDBƱ¨ćą?ǔ	$ćʝ�ʣćʝɾė
94ŶǠ*źǃ%

Āê��ćʝȦ¨8:ʣRNeasy Plant Mini Kit (QIAGEN) ?ǔ	$RNA?ŚÍ��. Ń
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9<�RNAƽƱ)Ĥ�$DNase?ƴÚ�37ºC%1 hD�L}r�b��Ł)ʣ 

phenol/chloroform/isoamyl alcohol (25:24:1) ?ǔ	$RNA?ŚÍŁʣG[g��Ƥƛ?Ȯ

(!�ʤɣɘÈéň)+Superscript® IV (Thermo Fischer Scientific) &I�R (dT) p�D

w�?ǔ	�ʤŃ9<�cDNA�Do���?`�p��b)ʣTable S7%ǫ��ɰ¢ę

ǋǚǝp�Dw�?ǔ	$ďĲ�ʣQIAquick® Gel Extraction Kit (QIAGEN) ?ǔ	$Ǿ

ȵ��ʤelbBc+ÓʄɵȄ*NdeI&EcoRI%Ìǐ��pET28a (+) )M��e�N��ʤ 

elbCc&elbEc+ÓʄɵȄ*KpnI&NotI%Ìǐ��pUSA2)M��e�N��ʤ�<9

cDNA (elbBc, elbCc, elbEc) +Table S8)Ⱦɚ��T�O�Vǔp�Dw�?ǔ	$T�

O�VȻƈ?Ȯ(!�ʤ  

 

;\!SElbB2.9Z&6XIPTG+�Z%B 

  NƃǶ)His[N?5"Ȉ2Ũ�ElbB*ǜǏrM[�?©ȵ�;�4)ʣelbB*cDNA

?pET28a (+) *NdeI-EcoRIɿ)M��e�N�ʣpET28-elbB?Ń�ʤpET28_elbB?k�

bT~^MƧ)8:E. coli BL21 (DE3) )ĽɑɘŨ�ʣE. coli BL21 (DE3)_elbB?©ȵ�

�ʤE. coli BL21 (DE3)_elbB?3 mL*TBćą (30 µg/mL JdwDT�) %16 h ćʝ��

Łʣ300 µL*ćʝƱ?30 mL*TBćą (50 µg/mL JdwDT�) )ũǯ� (100³İɷ)ʣ

37ºC, 120 rpm%OD600�0.6)(;1%ćʝ��ʤƖ)ʣ[�jMɑ*ǜǏɅĦ*�4)

žȇǀķ0.05, 0.1, 0.4 1�+1 mM*isopropyl-b-D-thiogalactopyranoside (IPTG) ?ƴÚ�ʣ

16ºCʣ120 rpm%20 hD�L}r�b��ʤćʝćą?50 mLɭƤǺ)Āê��Ł)6,000 

g%ɭņÎʊ�ʣćʝ�Ƶ?ʆ	�Ł)-30ºC%ÉË¯Ě��ʤ�*Ȧ¨)Ơ�%ƽȦƽ

Ʊ (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) ?Ú�őƿ��

Ł)ʣȦ¨*ɕʐƨǨǧ (30 s x 5) ?Ȯ(!�ʤ�ɲ?1.5 mLG^s�]}�o.ǭ�

�Ł)ʣ4ºC, 15,000 g%30 min ɭņÎʊ?Ȯ	ʣ�*�Ƶ&Ȧ¨s�^b?Îʊ��Ł

)ʣ�<�<)��aC�Ni^nA�?ƴÚ�SDS-PAGE?Ȯ(!�ʤ  
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;\!SElbBZ2.X7@ 

E. coli BL21 (DE3)_elbB?3 mL*TBćą (30 µg/mL JdwDT�) %16 hćʝ��Łʣ

1.5 mL*ćʝƱ?150 mL*TBćą (50 µg/mL JdwDT�) )ũǯ� (100³İɷ)ʣ

37ºC, 120 rpm%OD600�0.6)(;1%ćʝ��ʤƖ)ʣ[�jMɑ*ǜǏɅĦ*�4)

žȇǀķ0.1 mM*IPTG?ƴÚ�ʣ16ºCʣ120 rpm%18 hD�L}r�b��ʤćʝćą

?50 mLɭƤǺ)Āê��Ł)6,000 g%ɭņÎʊ�ʣćʝ�Ƶ?ʆ	�Ł)-30ºC%ÉË

¯Ě��ʤ�*Ȧ¨)Ơ�%ƽȦƽƱ&0.4% (v/v) PMSFʣprotease inhibitor cocktail (Merck) 

?Ú�őƿ��Ł)ʣȦ¨*ɕʐƨǨǧ (1 min x8) ?Ȯ(!�ʤ�Ƶ?NiJ�yM�w

bN�nC�)��ʣbinding 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) ?ǔ	$ƪƮ�ʣȈ2Ũ�ElbB +elution buffer (20 mM Tris-HCl (pH 8.0), 500 mM 

NaCl, 250 mM imidazole, pH 8.0) ?ǔ	$ƽÍ��. Amicon 10,000 NMWL?ǔ	$ƽÍ

ƽƱ*PBSȏȰƱ.*ȕŨ&ǀȑ?Ȯ(!�ʤElbBƽƱ+Ʊ¨ǳȄ?ǔ	$ǤɿÉË�

�Łʣ-78ºC%ÉË¯Ě��ʤ[�jMɑǀķ+BradfordƧ)8:ƣĝ��ʤćą1Lļ�

:Ȃ52.7 mg*Ǿȵ[�jMɑ�Ń9<�ʤ  

 

;\!SElbB^0RVin vitroJ:�� 

Ȉ2Ũ�ElbB?ǔ	�ɵȄB^XD+ʣ50/100 mM��ɶȏȰƱ (pH7.4), 1�+10 

mM Tris-HCl ȏȰƱ�%10 μM ElbB�;	+ÚǇÌǐ (70ºC, 10 min) )8:�ƫÞ�

�ElbB?ǔ	�. éňĈɑǀķ+	�<50.2-0.4 mM (1% v/v DMSO) &��. éňƽƱ

+ğƹ%1.5 hD�L}r�b��Ł)ʣEtOAc%ŚÍ� (x2)ʣɭņGiv��[�)8

:ƽĘ?ǘç��ʤǀȑS�p�?100 µL MeOH%ÇƽȻ�ʣ13,500 rpm%10 minɭņ

Îʊ��10 µL*�Ƶ?HPLC)D�UFMT~���ʤHPLC*Îƈƅ¡: ƭɦ; 1 

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

12-24 min: 100:0). ƎÍƨɽ200-400 nm. 
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elbA, elbB, elbC T][elbEZcDNAfzexgA# 

elbA, elbB, elbC �8-elbE*cDNA?Ń;�4)ʣ¿ɡ*E. ludwigii MT-3*cDNA�D

o���?`�p��b)ʣTable S7)Ⱦɚ��ɰ¢ęǋǚǝp�Dw�?ǔ	$PCR

éň?Ȯ(!�ʤǾȵ��RT-PCRǓǊ+Table S8)Ⱦ��p�Dw�?ǔ	$T�O�

VȻƈ?Ȯ(!�ʤ  

 

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) Z
L 

AO-apmlAB ?CPSƱ¨ćą (3.6 L; 150 mL x 24) ?ǔ	$30ºC%5Ŷɿćʝ��. Ā

ê��ćʝȦ¨?ËȊ�ǈŁʣVj�`�?ǔ	$ǽǧ�ʣMeOH%2ĀŚÍ�;�&

%ʣMeOHŚÍǊ3.2 g?Ń�ʤ�*m�U�îƽǗÎ?3 cc*n�^T}T�JP�)

��ʣGiv��[�&ƥăĹǣǲv�p?ǔ	$ƽĘ?Ʒăǘç��ʤ�*T�JP

�?n�^T}T�JP�J�yM�wbN�nC�)��ʣCHCl3-MeOH (19/1-9/1) 

*ƽĘȁ%ƽÍ�ʣ1 (4.1 mg) &M��c*2 (2.3 mg) ?Ń�. M��c*2+ʠÎȻȝ

ESIMS?ǔ	$Îƈ�ʣ�*Îęɺ?C32H46O7 (m/z 565.3124 [M+Na]+, calcd 565.3136) &

ƣĝ��ʤ 

 

��,3Z��X
L 

ÞðǊ1*BX]�Þ¨3?Ń;�4)ʣ1�ʣAO-apmlAB?CPSƱ¨ćą (9.8 L; 150 

mL x 65) ?ǔ	$30ºC%5Ŷɿćʝ��. �*Ȧ¨ŒÎ*MeOHŚÍŒÎ?¿ɡ&ñ

Ƒ)n�^T}T�JP�J�yM�wbN�nC�?ǔ	$ÎǗ� (CHCl3-MeOH 

= 9/1)ʣM��c*1 (87.2 mg) ?Ń�ʤ �*M��cS�p�?1 mM pyridine�ʣǄ

Ɵɴɶ (500 µL, 5.3 mmol) &ğƹ%12 héň���ʤéňƽƱ+Giv��[�&ƥ

ăĹǣǲv�p?ǔ	$ƽĘ?Ʒăǘç��Ł)ʣn�^T}T�JP�J�yM�

wbN�nC�)��ʣCHCl3-EtOAc (4/1) *ƽĘȁ%ƽÍ�ʣM��c*3 (44.0 mg) 



�

�

�

�
117 

?Ń�ʤ1.0 mg *M��c?�9)PTLC (n-hexane-EtOAc = 3/1) )8:ÎǗ�ʣ3?

Ǿȵ�� (0.6 mg). 

 

 

 

 

 

 

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

C46H62O14Na). 1H (800 MHz) �8- 13C (200 MHz) NMRVsMb�*�/$*TNd�

+ʣïǯ 2D NMRȻƈ)8:ʣTable 2)Ⱦɚ��8
)ıĪ�� (Figure S1). 

 

 

 

 

 

 

 

 

 

Figure S1. ÞðǊ3*2Ɩ½NMRǢʀʤʌȎ+1H-1H COSY&HSQC-TOCSYʣɓȎ+Ɛɧ

ƣĝ)ɸȷ(HMBCǢʀ?ǫ��ʤ 
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��,4Z��X
L 

M��c4*CHCl3�ƽǗÎ (0.87 mg) ?50 µL pyridine�ʣǄƟɴɶ (100 µL, 1.06 

mmol) &ğƹ%15 héň���ʤéňƽƱ+Giv��[�&ƥăĹǣǲv�p?ǔ	

$ƽĘ?Ʒăǘç��ʤñƑ*éň (0.87 mg) ?Ȯ!�ʤ�*éňǓǊ (1.8 mg) ?

PTLC (n-hexane: EtOAc = 1/1) ?ǔ	$ÎǗ�ʣÞðǊ4?Ǿȵ�� (0. 4 mg). 

 

 

 

 

 

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

C42H56O12Na). 1H (900 MHz) �8- 13C (225 MHz) NMRVsMb�*�/$*TNd�

+ʣïǯ 2D NMRȻƈ)8:ʣTable 3)Ⱦɚ��8
)ıĪ�� (Figure S1). 

  

 

��, 3Zbix	AXH��/ 

 

 

 

 

3*ƳðǊ (44 mg) ?4.2 mL*CH2Cl2/MeOH (1:1) )ƽȻ�ʣ-78ºC%35 min IZ�Î

Ȼ?Ȯ(!�ʤɪÖ*IZ�+éňƽƱ�)ǳȄj�U�;�&%ë:ʆ	�ʤéňƽ

Ʊ)ɪÖɺ*NaBH4 (39.7 mg, 1.06 mmol) ?Ú�ʣƠ�%30 minūŜ��Ł)ʣƟ?Ú

�éň?¶Ɨ��ʤEtOAc?ǔ	$ŚÍ��Ł)ʣʛøʚčƟ%ƪƮŁʣǩɶwNfT

Ey?Ú�ȞƟ��Ł)ƽĘ?Ʒăǘç�ʣ5, 6�8-7 (33.0 mg) *ƳðǊ?Ń�ʤ 
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pudtxk 16Z��X
L 

5, 6�8- 7 (7.6 mg) *ƳðǊ? 200 µL pyridine�ʣǄƟɴɶ (100 µL, 1.06 mmol) &

ğƹ% 11 h éň���ʤéňƽƱ+Giv��[�&ƥăĹǣǲv�p?ǔ	$ƽĘ

?Ʒăǘç��ʤ�*éňǓǊ?n�^T}T�JP�J�yM�wbN�nC�)�

�ʣn-hexane-EtOAc (1/1) ?ǔ	$ƽÍ�ÞðǊ 16 (1.8 mg) ?ãʊ��ʤ 

 

 

 

 

ÞðǊ 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) 1�+ (S)-1,2,4-butanetriol (TCI B2404) (1.3 

mg)? 100 µL pyridine�ʣǄƟɴɶ (50 µL, 0.53 mmol) &ğƹ% 12 héň���ʤéň

ƽƱ+Giv��[�&ƥăĹǣǲv�p?ǔ	$ƽĘ?Ʒăǘç�ʣ�<�<(R)-16 

(2.3 mg) 1�+ (S)-16 (1.9 mg) ?Ń�ʤïǒŒǊ*ȃķ+ 1H NMRVsMb�?ǔ	

$ǪɄ��ʤ 

 

VCD X IRgqckv)� 

VCD& IRVsMb�+ʣ JASCO FVS-6000 spectrometer & 2200-850 cm-1*À?ɤɪ

�;ÀĜnC�[��8-MCT-V detector?ǔ	$Îƈ��ʤVCD & IR a�[+ğ

ƹ)$Ȼ»ķ? 8 cm-1)ȿĝ�ʣ�<�< 2000Āʣ16ĀVL|�?Ȯ(!�ʤ50-μm 

BaF2 cell (JASCO) ?ªǔ��. �/$*VsMb�+ñƅ¡%ƺĝ��ƽĘ*VsM

b�?ǔ	$ȴƘ��ʤ   

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�8-7*ƳðǊ (23.9 mg) ?T�JP�J�yM�wbN�nC�)��ʣ

CHCl3-MeOH (40/1-19/1) %ƽÍ�ʣ5&7 *ƳðǊ (17.1 mg) ?Ń�ʤ�*ƳðǊ (17.3 

mg) &Dx\Z�� (56.9 mg, 831.4 µmol) ?Ơ�%800 µL DMF)ƽȻ��ʤTBDPS 

chloride (71.2 µL, 277.3 µmol) ?7!�:ƴÚ��Ł)ʣƠƯ?ë:Ē�ʣğƹ%24 hū

Ŝ��ʤ�*éňƱ)Ĥ�$Ɵ?Ú�ʣƳðƽĘ (n-hexane/EtOAc=1/1) ?ǔ	$ŚÍ?

Ȯ	ʣʛøʚčƟ?ǔ	$ƪƮŁʣƽĘ?Ʒăǘç��ʤéňǓǊ*LC-MSÎƈ)8:ʣ

ÞðǊ8 (m/z 819 [M+Na]+) &12 (m/z 847 [M+Na]+) *ĚĄ?ǪɄ��ʤ�*ƳðǊ?n

�^T}T�JP�J�yM�wbN�nC�)��ʣn-hexane-EtOAc (19/1-12/1-6/1) 

?ǔ	$ƽÍ�ʣ8&12*ƳðǊ (12.1 mg) ?Ń�. 

 

��, 8 X 12Z�*�	A 

 

 

 

 

 

8&12*ƳðǊ (12.1 mg) ?600 µL MeOH)ƽȻŁʣ1 M NaOMe (c.a. 360 µL) ?ƴÚ

�ʣğƹ%1.5 hūŜ��ʤ�*éňƽƱ*ƽĘ?ƷăǘçŁʣMeOH)ÇƽȻ�LC-MS

Îƈ?Ȯ!�ʤ�*ȊƉʣéňǓǊ*LC-MSÎƈ)8:ʣ9 (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
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OAcOAc OAc

TBDPSO
OTBDPS

OHOH OH
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8 9
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439 [M+Na]+)*ĚĄ?ǪɄ��ʤ�*ƳðǊ?2ķ*n�^T}T�JP�J�yM�

wbN�nC� (EtOAc-MeOH = 9/1 &CHCl3-MeOH = 80/1-40/1) )8:ÎǗ?Ȯ	ʣM

��c9 (5.5 mg) &13 (1.6 mg) ?Ń�ʤ 

 

��, 9Z_hkm`l�DX��, 10 X 11Z
L 

 

 

 

M��c9 (5.5 mg) &3ļɺ*pyridinium p-toluenesulfonate (PPTS) *BXb�ƽƱ 

(250 µL) )Ĥ�$ʣ2,2-dimethoxypropane (DMP) (20.8 µL, 170 µmol) ?Ơ�%ƴÚ�ʣ

ğƹ%1.5 hūŜ��ʤʛøɸżƟ?Ú�$éň?Ɨ4�Ł)ʣEtOAc?ǔ	$ŚÍ�ʣ

ƽĘ?Ʒăǘç��ʤ�*éňǓǊ (5.1 mg) ?n�^T}T�JP�J�yM�wb

N�nC�)��ʣn-hexane-EtOAc (6/1) %ƽÍ�;�&%ʣ10 (0.8 mg) &11 (0.5 mg) 

?Ń�ʤ�<9*ĳʏƐɧ?ƣĝ�;�4)ʣÂ$*p�b�TNd�?1H NMRVs

Mb�&1H-1H COSYVsMb�Ȼƈ)8:ıĪ��ʤǢĤɳȕ?ƣĝ�;�4)ʣ 

NOESYǢʀ?Ȼƈ��ʤ1�ʣÞðǊ10*H-21/H3-2´, Ha-20 �8-H-19/H3-2´, Ha-20*

Ǣʀ�ȸ9<ʣÞðǊ11*H-19/H3-2´ Ha-18 �8-H-17/H3-2´, Ha-18*Ǣʀ�ǪɄ�<

��&%ʣC-17&C-19, C-21*ǢĤɳȕ�Â$S*%�;�&�Ÿ9
&(!� (Figure 

15)ʤ 

 

ÞðǊ 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). 
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ÞðǊ 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 15Z
L 

 
 
 
 
 
 
 

M��c13 (1.6 mg) &2ļɺ*PPTS*BXb�ƽƱ (80 µL) )Ĥ�$ʣ2,2- DMP (9.4 

µL, 77 µmol) ?Ơ�%ƴÚ�ʣğƹ%1.5 h ūŜ��ʤʛøɸżƟ?Ú�$éň?Ɨ4

�Ł)ʣEtOAc?ǔ	$ŚÍ�ʣƽĘ?Ʒăǘç��ʤ�*éňǓǊ (1.5 mg) ?n�^

T}T�JP�J�yM�wbN�nC�)��ʣn-hexane-EtOAc (12/1) %ƽÍ�;�

&%ʣ14 (0.5 mg) &15 (0.7 mg) ?Ń�ʤ�<9*ĳʏƐɧ?ƣĝ�;�4)ʣÂ$*

p�b�TNd�?1H NMRVsMb�&1H-1H COSYVsMb�Ȼƈ)8:ıĪ��ʤ

ǢĤɳȕ?ƣĝ�;�4)ʣNOESYǢʀ?Ȼƈ��ʤÞðǊ14*H-31/H3-2´, Hb-32, �

8-H-33/H3-3´, Ha-32.*Ǣʀ�ȸ9<ʣÞðǊ15*H-29/H3-2´, Ha-30 �8-H-31/H3-2´, 

Ha-30*Ǣʀ�ǪɄ�<��&%ʣC-29&C-31, C-33*ǢĤɳȕ�Â$S*%�;�&�Ÿ

9
&(!� (Figure 15)ʤ 

 

ÞðǊ 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). 
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ÞðǊ 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�� 

 
 
 
 
 
 

ÞðǊ 10* (S)-MTPAGV`�¨ 10a?Ń;�4)ʣ0.2 mg* 10? 30 µL pyridine

%ƽȻ�ʣ2 µL (R)-MTPA chloride?ƴÚ��ʤéňƱ?ğƹ% 2 hD�L}r�b��

Ł)ʣEtOAc&Ɵ?Ú�$ÎƱ?Ȯ	 (x2)ʣ�* EtOAcī*ƽĘ?Ʒăǘç��ʤŃ

9<�éňǓǊ? PTLC (n-hexane-EtOAc = 6/1) ?ǔ	$ÎǗ�ʣ(S)-MTPAGV`�¨

10a?Ń�. (R)-MTPAGV`�¨ 10b 5ñƑ)ʣ0.2 mg* 10)Ĥ�$ 2 µL (S)-MTPA 

chloride?éň��;�&%ðŒ��ʤ 1H-1H COSY VsMb�Ȼƈ)8:ʣÂ$*p

�b�?ıĪ��ʤ 

 

ÞðǊ 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´). 

 

ÞðǊ 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
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��, 14Z (S)-T][ (R)-MTPAagjv�Z�� 

 

 

 

 

(S)-MTPAGV`�¨ 14a& (R)-MTPAGV`�¨ 14b)ʀ�$5ʣ�ɡ�� 10a&

10b*ðŒ&ñƑ*VL�y%ɉȵ��ʤ 

 

ÞðǊ 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). 

 

ÞðǊ 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,	# 

PDBģĕćą�ʣ25ºC%ćʝ�� A. phaeospermum Kemushi-1 ?MYG, PDB 1�+

CPSƱ¨ćą)ũǯ�ʣ30ºC, 150 rpm% 5Ŷɿćʝ��. ćʝȦ¨?ËȊ�ǈ�ʣŃ9

<��ǈȦ¨ (40 mg) ?ǽǧŁʣ1 mL MeOH% 30 minŚÍ��. ğƹʣ13,500 rpm%

15 minɭņÎʊ?Ȯ	, 500 µL*�Ƶ?ų�	 1.5 mLG^s�]}�o)ǭ�ʣɭņ

Giv��[�?ǔ	$ƽĘ?Ʒăǘç��ʤŃ9<�MeOHŚÍǊ? 100 µL MeOH

)ÇƽȻ�ʣɭņÎʊŁʣ10 µL*�Ƶ? HPLC)D�UFMT~��Îƈ��ʤHPLC

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



�

�

�

�
125 

*Îƈƅ¡: ƭɦ; 1 mL/min, ƽĘȁ: acetonitrile: H2O (0.01% TFA) = (0-2 min: 20:80, 2-12 

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

 

Akml-1-4 (17-20) Z
L 

Akml-1 (17) Z
L 

AO-akmlAB? CPSƱ¨ćą (1.8 L; 150 mL x 12) )ũǯ�ʣ30ºC, 150 rpm% 5Ŷɿć

ʝ��. ćʝȦ¨?ËȊ�ǈ�ʣŃ9<��ǈȦ¨ (10.4 g) ?ǽǧŁʣMeOH?ǔ	$

2ĀŚÍ��ʤ�* MeOHŚÍƽƱ? n-hexane&ÎƱŁʣƽĘ?Ʒăǘç� MeOHŚ

ÍǊ (250 mg) ?Ń�ʤMeOHŚÍǊ (250 mg) ?T�JP�J�yM�wbN�nC

�)��ʣCHCl3-EtOAc (1/1), EtOAc%ƽÍ�ʣ17?ó3ƳðǊ?Ń�ʤ�*ƳðǊ?

n�^T}T�JP�J�yM�wbN�nC�)��ʣn-hexane-EtOAc (1/1-1/2) %ƽ

Í�;�&% akml-1 (17) (81 mg) ?ãʊ��ʤ 

 

Akml- 2 (18) Z
L 

AO-akmlABD? CPSƱ¨ćą (3L; 150 mL x 24) )ũǯ�ʣ30ºC, 150 rpm% 5Ŷɿć

ʝ��. ćʝȦ¨?ËȊ�ǈ�ʣŃ9<��ǈȦ¨ (20 g) ?ǽǧŁʣMeOH?ǔ	$ 2

ĀŚÍ��ʤ�*MeOHŚÍƽƱ? n-hexane&ÎƱŁʣƽĘ?Ʒăǘç�MeOHŚÍ

Ǌ (450 mg) ?Ń�ʤMeOHŚÍǊ (450 mg) ?T�JP�J�yM�wbN�nC�

)��ʣCHCl3-MeOH (20/1) %ƽÍ�ʣ18?ó3ƳðǊ (92 mg) ?Ń�ʤ�*ƳðǊ 

(92 mg) ?n�^T}T�JP�J�yM�wbN�nC�)��ʣCHCl3-EtOAc (1/1-

1/3) %ƽÍ�;�&% akml-2 (18) (60 mg) ?ãʊ��ʤ 

 

Akml-3 (19) Z
L 

AO-akmlABC? CPSƱ¨ćą (3.2 L; 150 mL x 21) )ũǯ�ʣ30ºC, 150 rpm% 5Ŷɿ

ćʝ��. ćʝȦ¨?ËȊ�ǈ�ʣŃ9<��ǈȦ¨ (32.4 g) ?ǽǧŁʣMeOH?ǔ	

$ 2ĀŚÍ�MeOHŚÍǊ (4.0 g) ?Ń�ʤMeOHŚÍǊ (4.0 g) *MeOHîƽǗÎ?
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T�JP�J�yM�wbN�nC�)���Ł)ʣEtOAc-MeOH (1/1-1/3) %ƽÍ�ʣ

19?ó3ƳðǊ (100 mg) ?Ń�ʤ�*ƳðǊ (100 mg) ?ɣǢJ�yM�wbN�n

C�)��ʣMeOH-H2O (1/4-1/9) %ƽÍ�;�&% akml- 3 (19) (8.3 mg) ?ãʊ��ʤ 

 

Akml-4 (20) Z
L 

AO-akmlABCD? CPSƱ¨ćą (3.6 L; 150 mL x 24) )ũǯ�ʣ30ºC, 150 rpm% 5Ŷ

ɿćʝ��. ćʝȦ¨?ËȊ�ǈ�ʣŃ9<��ǈȦ¨?ǽǧŁʣMeOH?ǔ	$ 2Ā

ŚÍ��ʤ�*MeOHŚÍƽƱ? n-hexane&ÎƱŁʣƽĘ?Ʒăǘç�MeOHŚÍǊ 

(500 mg) ?Ń�ʤɣǢJ�yM�wbN�nC�)��ʣEtOAc-MeOH (2/1) (1% H2O) 

%ƽÍ�;�&% 20?ó3ƳðǊ?Ń�ʤ�*ƳðǊ?ɣǢ PTLC (acetonitrile- H2O = 

2/1) %ÎǗ�ʣakml-4 (20) (11.2 mg) ?ãʊ��ʤ 
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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

ÞðǊ 18 (7.5 mg, 0.0177 mmol) ? 3 mL*MeOH)ƽȻ�ʣ10% Pd/C (10.0 mg) ?ğ

ƹ%ƴÚ��ʤğƹʣH2ǑĎ�% 2.5 hūŜ��Ł)ʣéňƳðǊ? Celite® pad ?ǔ	

$ǁɪ�ʣƽĘ?Ʒăǘç��ʤ�*M��cS�p�+Ǿȵ��)ʣƖ*éň)ǔ	

�ʤÞðǊ 27*M��c? 500 µL* CH2Cl2)ƽȻ�ʣiPr2NEt (62 µL, 0.353mmol) &

Triphosgene (12.6 mg, 0.0424 mmol) ? 0ºC%ƴÚ��ʤğƹ% 14 hūŜ��Ł)ʣʛø

ɸżƟ?Ú�ʣéň?¶Ɨ��ʤ�*M��cǓǊ? EtOAc (x4) )$ŚÍ�ʣEtOAcī

?ʛøʚčƟ%ƪƮŁʣǩɶwNfTEy?ǔ	$�ǈ��ʣƽĘ?Ʒăǘç��ʤŃ

9<�éňǓǊ?ʣT�JP�J�yM�wbN�nC�?ǔ	$ÎǗ?Ȯ	ʣ29 ?

Ǿȵ��ʤ  

 

ÞðǊ 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
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��, 30a X 30bZ�� 

 

 

 

 

 

 

ÞðǊ 29* (S)-MTPAGV`�¨?Ń;�4)ʣ29? pyridine%ƽȻ�ʣ(R)-MTPA 

chloride?ƴÚ��ʤéňƱ?ğƹ%D�L}r�b��Ł)ʣEtOAc&Ɵ?Ú�$Î

Ʊ?Ȯ	 (x2)ʣ�* EtOAcī*ƽĘ?Ʒăǘç��ʤŃ9<� EtOAcŚÍǊ? PTLC 

(n-hexane-EtOAc) ?ǔ	$ÎǗ�ʣ(S)-MTPAGV`�¨ 30a?Ń�. (R)-MTPAGV`

�¨ 30b 5ñƑ)ʣ29)Ĥ�$ 2 µL (S)-MTPA chloride?éň��;�&%ðŒ��ʤ

1H-1H COSYVsMb�Ȼƈ)8:ʣÂ$*p�b�?ıĪ��ʤ 

 

ÞðǊ 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). 

 

ÞðǊ 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).  
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��, 28Z�� 

 

Q

Q

Q

ÞðǊ 27 (5.7 mg, 0.013 mmol) ? 1 mL acetone%ƽȻ�ʣDMP (10.0 µL, 0.0798 mmol)

& TsOH•H2O (0.8 mg, 0.00399 mmol) ? 0 °C%ƴÚ��ʤ0ºC% 2 hD�L}r�b�

�Ł)ʣ0ºC%ʛøɸżƟ?Ú�$éň?¶Ɨ��ʤ�*M��cS�p�? EtOAc (x5)

?ǔ	$ŚÍ�ʣEtOAcī?ʛøʚčƟ%ƪƮŁʣǩɶwNfTEy?ǔ	$�ǈ��ʣ

ƽĘ?Ʒăǘç��ʤŃ9<�éňǓǊ?ʣT�JP�J�yM�wbN�nC�?ǔ

	$ÎǗ� 28?Ǿȵ��ʤ 

 

ÞðǊ 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) Z
L 

Ciml-1 (21) X Ciml-3 (23) Z
L 

AO-cimlABC? CPSƱ¨ćą (300 mL; 150 mL x 2) )ũǯ�ʣ30ºC, 150 rpm% 5Ŷɿ

ćʝ��. ćʝȦ¨?ËȊ�ǈ�ʣŃ9<��ǈȦ¨?ǽǧŁʣMeOH?ǔ	$ 2ĀŚ

Í��ʤ�* MeOH ŚÍƽƱ? n-hexane &ÎƱŁʣƽĘ?Ʒăǘç� MeOH ŚÍǊ 

(30 mg) ?Ń�ʤMeOHŚÍǊ (30 mg) ?T�JP�J�yM�wbN�nC�)��ʣ

MeOH-H2O (9/1-20/1) %ƽÍ�ʣ21& 23?ó3ƳðǊ (14.0 mg) ?Ń�ʤ�*ƳðǊ

O

OOHOH

OHO
O

OOHO O

O
TsOH•H2O

OMeMeO

Acetone

27 28

24
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(14.0 mg) ?ɣǢ PTLC (MeOH-H2O = 20/1) ?ǔ	$ÎǗ�ʣciml-1 (21) (6.4 mg) & ciml-

3 (23) (3.4 mg) ?Ń�ʤ 

 

Ciml-2 (22) Z
L 

AO-cimlABD? CPSƱ¨ćą (300 mL; 150 mL x 2) )ũǯ�ʣ30ºC, 150 rpm% 5Ŷ

ɿćʝ��. ćʝȦ¨?ËȊ�ǈ�ʣŃ9<��ǈȦ¨?ǽǧŁʣEtOAc?ǔ	$ 2Ā

ŚÍ��ʤƽĘ?ƷăǘçŁʣŃ9<� EtOAcŚÍǊ (68 mg) ?n�^T}T�JP

�J�yM�wbN�nC�)��ʣn-hexane-EtOAc (3/1-1/2) %ƽÍ�;�&% ciml-

2 (22) (21 mg) ?ãʊ��ʤ  

 

Ciml-4 (24) Z
L 

AO-cimlABCD? CPSƱ¨ćą (6 L; 150 mL x 40) )ũǯ�ʣ30ºC, 150 rpm% 5Ŷɿ

ćʝ��. ćʝȦ¨?ËȊ�ǈ�ʣŃ9<��ǈȦ¨?ǽǧŁʣMeOH?ǔ	$ 2ĀŚ

Í��ʤ�* MeOH ŚÍƽƱ? n-hexane &ÎƱŁʣƽĘ?Ʒăǘç� MeOH ŚÍǊ 

(980 mg) ?Ń�ʤMeOH ŚÍǊ (980 mg) ?ɣǢJ�yM�wbN�nC�)��ʣ

MeOH-H2O (6/1-9/1)%ƽÍ�;�&% 24?ó3ƳðǊ?Ń�ʤ�*ƳðǊ?ɣǢ PTLC 

(MeOH-H2O = 6/1-9/1) ?ǔ	$ÎǗ?Ȯ	ʣciml-4 (24) (16 mg) ?ãʊ��ʤ  

 

Ciakml-1 (25) Z
L 

AO-cimlABD+akmlC? CPSƱ¨ćą (3.6 L; 150 mL x 24) )ũǯ�ʣ30ºC, 150 rpm%

5Ŷɿćʝ��. ćʝȦ¨?ËȊ�ǈ�ʣŃ9<��ǈȦ¨?ǽǧŁʣMeOH?ǔ	$

2ĀŚÍ��ʤ�* MeOHŚÍƽƱ? n-hexane&ÎƱŁʣƽĘ?Ʒăǘç� MeOHŚ

ÍǊ?Ń�ʤMeOHŚÍǊ (980 mg) ?ɣǢJ�yM�wbN�nC�)��ʣMeOH-

H2O (3/1)%ƽÍ�;�&% 25 ?ó3ƳðǊ (18.3 mg) ?Ń�ʤ�*ƳðǊ (18.3 mg) 

?ɣǢ PTLC (acetonitrile-H2O=5/1 x2) ?ǔ	$ÎǗ?Ȯ	ʣciakml-4 (25) (8.6 mg) ?ã

ʊ��ʤ  
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Peml-1-4 (31-34) Z
L 

Peml-1 (31) Z
L 

AO-pemlAB? CPSƱ¨ćą (240 mL; 60 mL x 4) )ũǯ�ʣ30ºC, 150 rpm% 6Ŷɿ

ćʝ��. ćʝȦ¨?ËȊ�ǈ�ʣŃ9<��ǈȦ¨ (1.0 g) ?ǽǧŁʣEtOAc ?ǔ	

$ 2 ĀŚÍ��ʤƽĘ?ƷăǘçŁʣŃ9<� EtOAc ŚÍǊ (26.0 mg) ?T�JP�

J�yM�wbN�nC�)��ʣn-hexane-EtOAc (15/1) %ƽÍ�;�&% Fr.1 (8.9 

mg) ?Ń�ʤFr.1 (8.9 mg) ?n�^T}T�JP�J�yM�wbN�nC�)��ʣ

n-hexane-EtOAc (3/1) %ƽÍ�ʣpeml-1 (31) (2.0 mg) ?ãʊ��ʤ 

 

Peml-2 (32) XPeml-3 (33) Z
L 

AO-pemlABE? CPSƱ¨ćą (1.8 L; 150 mL x 12) )ũǯ�ʣ30ºC, 150 rpm% 5Ŷɿ

ćʝ��. ćʝȦ¨?ËȊ�ǈ�ʣŃ9<��ǈȦ¨?ǽǧŁʣMeOH?ǔ	$ 2ĀŚ

Í�ʣMeOH ŚÍǊ (1.25 g) ?Ń�ʤ�* CHCl3îƽǗÎ?T�JP�J�yM�w

bN�nC�)��ʣn-hexane-EtOAc (1/1)%ƽÍ�ʣFr.2 (46.0 mg) & peml-3 (33) (101.2 

mg) ?Ń�ʤFr.2 (46.0 mg) ?n�^T}T�JP�J�yM�wbN�nC�)��ʣ

n-hexane-EtOAc (4/1) %ƽÍ�ʣpeml-2 (32) (35.2 mg) ?ãʊ��ʤ 

 

Peml-4 (34) Z
L 

AO-pemlABED? CPSƱ¨ćą (3 L; 150 mL x 20) )ũǯ�ʣ30ºC, 150 rpm% 5Ŷɿ

ćʝ��ʤćʝćą? EtOAc% 2ĀŚÍ��ŁʣƽĘ?Ʒăǘç��ʤŃ9<� EtOAc

ŚÍǊ (341.1 mg) ?T�JP�J�yM�wbN�nC�)��ʣCHCl3-MeOH (19/1)

%ƽÍ�;�&% Fr.4 (49.0 mg) ?Ń�ʤFr.4 (49.0 mg) ? EtOAc%ƪƮ�ʣpeml-4 (34) 

(30.0 mg) ?ãʊ��ʤ 
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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( CPSĪj¥£ (3.6 L; 150 mL x 24) �ïř�ƶ30ºC, 150 rpm� 6.5ú

ƥ¥Ʊ��Ʒ¥Ʊ¥£( EtOAc� 2 æx��Õƶĳ¶(į¢Ņ���ƷÖ$'� EtOAc

æxĸ (514.2 mg) (6R04S0QO1TM@2QH+V�f�ƶn-hexane-EtOAc 

(2/1-3/2) �ĳx�&��� mpml-1 (35) (11.8 mg) (�ƪ��Ʒ 

 

Elb-1 (37) ��� 

AO-elbAB( CPSĪj¥£ (1.5 L; 150 mL x 10) �ïř�ƶ30ºC, 150 rpm� 5úƥ¥

Ʊ��. ¥Ʊŵj(wŨ_Ķ�ƶÖ$'�_Ķŵj (13.5 g) (ŠőÕƶEtOAc (5% 

MeOH) (ŀ�� 2 æx��ƷH2O(���yĪ(ź�ƶĂĖÄ�ĳ¶(į¢Ņ��ƶ 

EtOAcæxĸ (399.6 mg) (Ö�Ʒ�� CHCl3�ĳńy(6R04S0QO1TM@2

QH+V�f�ƶn-hexane-EtOAc (4/1) �ĳx�&��� Fr.7 (11.0 mg) (Ö�ƷFr.7 

(11.0 mg) (6R04S0QO1TM@2QH+V�f�ƶCHCl3-EtOAc (19/1-9/1)�ĳ

x�&��� 37 (1.9 mg) � Fr.7-5 (2.7 mg) (Ö�ƷFr.7-5( PTLC (n-hexane: EtOAc = 

9/1) �yń�ƶelb-1 (37) (1.5 mg, ƃ 3.4 mg) (�ƪ��ƷElb-1 ��¸ĒƗ� 1H, 13C 

NMR�#��ř 2Ęo NMR8J1@SƁĊ�#%ğ»�� (Figure S2, Table S4). 
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Elb-1 (37) ���	
��� 

  

 

 

 

 

  

 

Figure S2. Elb-1 (37) � 2Ęo NMRōƦƷƫū� 1H-1H COSYƶƑū�ĒƗğ»�Ơž

� HMBCōƦƶGU1ū�ĒƗğ»�Ơž� NOESYōƦ(œ��Ʒ  

 

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.  
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Brefeldin C (38) ��� 

AO-elbABF( CPSĪj¥£ (3.6 L; 150 mL x 24) �ïř�ƶ30ºC, 150 rpm� 6úƥ¥

Ʊ��. ¥Ʊŵj(wŨ_Ķ�ƶÖ$'�_Ķŵj(ŠőÕƶMeOH(ŀ�� 2 æx

�ƶMeOHæxĸ (2.2 g) (Ö�Ʒ��MeOHæxĸ( EtOAc� H2O(ŀ��yĪñ

k(ź�ƶ ���ĂĖÄ�ĳ¶(į¢Ņ���Ʒ��æxĸ( EtOAc (556.8 mg) (

6R04S0QO1TM@2QH+V�f�ƶn-hexane-EtOAc (9/1) �ĳx�&���

Fr.3 (230.0 mg) (Ö�ƷFr.3 (230.0 mg) (6R04S0QO1TM@2QH+V�f�ƶ

CHCl3-EtOAc (19/1-9/1)�ĳx�&��� brefeldin C (38) (84.4 mg) (Ö�Ʒ38��¸Ē

Ɨ� 1H, 13C NMR�#��ř 2Ęo NMR8J1@SƁĊ�#%ğ»�� (Table S5). 

 

Brefeldin A (39) ��� 

AO-elbABFD( CPSĪj¥£ (3.0 L; 150 mL x 20) �ïř�ƶ30ºC, 150 rpm� 5úƥ

¥Ʊ��. ¥Ʊŵj(wŨ_Ķ�ƶÖ$'�_Ķŵj (17.1 g) (ŠőÕƶEtOAc (20% 

MeOH) (ŀ�� 2  æx�ƶEtOAc æxĸ(Ö�Ʒ��æxĸ( EtOAc � H2O (ŀ

��yĪñk(ź���Õ�ƶ ���ĂĖÄ�ĳ¶(į¢Ņ��ƶEtOAc æxĸ 

(474.9 mg) (Ö�Ʒ�� CHCl3 �ĳńy(6R04S0QO1TM@2QH+V�f

�ƶn-hexane-EtOAc (4/1) �ĳx�&��� Fr.3 (67.2 mg) (Ö�ƷFr.3 (67.2 mg) (H

Q>6P6R04S0QO1TM@2QH+V�f�ƶCHCl3-EtOAc (16/1)�ĳx�&

��� brefeldin A (38) (17.7 mg) (Ö�ƷBrefeldin A��¸ĒƗ� 1H, 13C NMR�#�

�ř 2Ęo NMR8J1@SƁĊ�#%ğ»�� (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�����
��	������
� 

 

 

 

 

 

 

��ĸ 38 (9.6 mg, 36.3 µmol) ( 180 µL� DME�ĳƁ�ƶ180 µL� 2 N LiOHĝĳĪ

(Į��ƶ¾İ� 24 h óç��Ʒ�ÜĳĪ� 360 µL � 1 M Ì©Ɵ(��[���Õ

�ƶ0.1 MÌ©Ɵ(ŀ�� pH( 2hY���Ʒ���Üĭ�ĸ( EtOAc�æx� (x5)ƶ

ư�Ư©ĝ�ĤĦ��Õ�ƶĳ¶(į¢Ņ���ƷÖ$'�æxây� TLC yĊ�Ƴ

yƁŰ ESIMSyĊ�#%ƶ��ĸ 41 (m/z 281.1755 [M-H]-, calcd. 281.1747) (10.1 mg)�

Ŀâ(ŒƆ��Ʒ 

ũ��ƶ41( 30 µL CHCl3�ĳƁ�, SNAC (0.5 µL, 5 µmol) �#� EDC•HCl (1.0 mg, 

5.0 µmol) (Į��ƶ¾İ� 1 hóç��Ʒ�ÜĳĪ� 70 µL� 0.1 MÌ©Ɵ(Į���

Õ�ƶEtOAc�æx� (x5)ƶĳ¶(į¢Ņ���ƷLC-MSyĊ�#%ƶ��ĸ 40 ��

���ĸ 42 (LC-MS m/z 757 [M-H]-) �Ŀâ(ŒƆ��ƷƅŦ� NMRyĊ�#%ƶĿâ

ĸ�Ōň� 40���
 42� &���zü��Ʒ 

  

O

O
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H
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H OH
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SNAC

EDC, CHCl3

38 41

40

O

O
HO

H

H

SNAC

OH

O
HO

H

H OH

SNAC

EDC, CHCl3

42



�

�

�

�
139 

��
 43������ 

 

 

 

 

 

��ĸ 41 (20.5 mg, 72.5 µmol) �,N=;VS (63.6 mg, 933.8 µmol) (ĞX� 500 µL

� DMF�ĳƁ��Õ�ƶTBDPS chloride (123 µL, 481.1 µmol) (Į���ƷĞĨ(�%

­�ƶ¾İ� 18 hóç��Ʒ�ÜĳĪ� H2O(��ƶEtOAc(ŀ��æx� (x5)ƶư

�Ư©ĝ�ĤĦ��Õ�ƶĳ¶(į¢Ņ���Ʒ LC-MS yĊ�#%ƶ��ĸ 43 (LC-

MS m/z 757 [M-H]-) �Ŀâ(ŒƆ��Ʒ���Üĭ�ĸ(HQ>6P6R04S0QO

1TM@2QH+V�f�ƶn-hexane-EtOAc (6/1) (0.5% ƞƟ) �ĳx�&��� 43 

(14.2 mg) (Ö�Ʒ 

 

��
 44������ 

 

 

 

 

��ĸ 43 (14.2 mg, 18.7 µmol) (ĞX� 500 µL CHCl3�ĳƁ��Õ�ƶEDC (4.0 µL, 

22.9 µmol) (��ƶĞX� 10 minóç��Ʒ��ĳĪ� SNAC (2.1 µL, 18.7 µmol) (Į

��ƶĞĨ(�%­�ƶ¾İ� 3 h�Ü���Ʒ�ÜĳĪ� H2O(��ƶEtOAc(ŀ�

�æx� (x4)ƶư�Ư©ĝ�ĤĦ��Õ�ƶĳ¶(į¢Ņ���Ʒ LC-MSyĊ�#%ƶ

��ĸ 44 (LC-MS m/z 882 [M+Na]+) �Ŀâ(ŒƆ��Ʒ���Üĭ�ĸ(HQ>6P6

R04S0QO1TM@2QH+V�f�ƶCHCl3-EtOAc (9/1)�ĳx�&��� 44 

(11.2 mg) (Ö�Ʒ 

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������ 

 

 

 

 

��ĸ 44 (9.0 mg, 10.5 µmol) ( 400 µL THF�ĳƁ��Õ�ƶ200 µL HF�Pyridine(

��ƶ¾İ� 12úƥóç��Ʒ��ĳĪ�À�ƶƛ¼ HF�Pyridine (ƃ 150 µL) �#� 

200 µL THF (ƃ 200 µL) (Į���ƷóçÕƶ�ÜĳĪ�ư�ƠĀĝ(��ƶEtOAc(

ŀ��æx� (x5)ƶư�Ư©ĝ�ĤĦ��Õ�ƶĳ¶(į¢Ņ���ƷLC-MS yĊ�

#%ƶ��ĸ 40 (LC-MS m/z 406 [M+Na]+) �Ŀâ(ŒƆ��Ʒ���Üĭ�ĸ(HQ>

6P6R04S0QO1TM@2QH+V�f�ƶCHCl3-MeOH (19/1) �ĳx�&��

� 40 (0.9 mg) (Ö�Ʒ 

 

��ĸ 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). 

 

��
 45������ 
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��ĸ 41 (3.1 mg, 11.0 µmol) ( 150 µL MeOH�ĳƁ��Õ�ƶTMS-diazomethane (30 

µL, ca. 18 µmol) (��ƶ¾İ� 15 minóç��Ʒ��ĳĪ�ĳ¶(į¢Ņ���Ʒ�

��Üĭ�ĸ(HQ>6P6R04S0QO1TM@2QH+V�f�ƶCHCl3-MeOH 

(19/1) �ĳx�&�����ĸ 45 (1.9 mg) (Ö�ƷLC-MSyĊ�#%ƶ45 (LC-MS m/z 

297 [M+H]+) �Ŀâ(ŒƆ��Ʒ  

 

��ĸ 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������ 

 

 

 

 

1SVA�37 (26.3 mg) (200 µL DME�ĳƁ��Õ�ƶ2 N LiOHĝĳĪ (200 µL)(

��ƶ¾İ�25 hóç��Ʒ�ÜĳĪ�700 µL�1 MÌ©Ɵ(��ƶpH(2hY���Ʒ

���Üĭ�ĸ(EtOAc�æx� (x5)ƶư�Ư©ĝ�ĤĦ��Õ�ƶĳ¶(į¢Ņ��

�Ʒ���Üĭ�ĸ(HQ>6P6R04S0QO1TM@2QH+V�f�ƶCHCl3-

EtOAc (9/1) �ĳx�&�����ĸ36 (10.3 mg) (Ö�ƷLC-MSyĊ�#%ƶ36 (LC-

MS m/z 265 [M-H]-) �Ŀâ(ŒƆ��Ʒ 

 

��ĸ 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). 
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Figure S3. AO-elbABFDCƶelbABFDCcEc(¥Ʊ���	�¥Ʊ¥£�ŵjây� HPLC

1TM@2QO (đxģƢ 210 nm)Ʒ5U@TVS���ƶśI1<V(Âs�� A. 

oryzae NSAR1� AO-elbABFD(ŀ��Ʒ 

 

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



�

�

�

�
143 

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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~ċ���ąƇø�¿ċ� �%ƶĂŊ�&×�Ƃ(Ə%ƶ<UE1Ɛ�Ňļ�šŽ�Ʀ��ƶ
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×ŔŃ�X���Ʒ 

NMR 8J1@S�ı»�Ʀ��ƶ×�Į�(ƭ	���Ľ�¸ŐŚãõÁqŘ¸ŐŚ9U<V
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