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Abs t rac t -The  b i o s y n t h e s i s  o f  a v e r u f i n  and s t e r i g m a t o c y s t i n  was s t u d l e d  by u s i n g  
13 2 -- 12- C,2- H31- and [ 1 - 1 3 ~ , 1 8 0 2 ~ - a c e t a t e  a, p r e c u r s o r s .  The p a t t e r n s  of 

'H and ''0 i n c o r p o r a t i o n  suggested new machamsms f o r  the  f o r m a t i o n  o f  

d i h y d r o b i s f u r a n  r i n g  and xanthone s k e l e t o n .  

B i o s y n t h e s i s  o f  a f l a t o x i n ( 7 )  has been a  s u b j e c t  o f  i n t e n s e  s t u d i e s  owing t o  i t s  h i g h l y  

t o x i c  proper ty . ' )  P a r t i c u l a r l y ,  success ive  rearrangement  r e a c t i o n s  s t a r t i n g  f rom an 

an th raqu inone  w i t h  a l i n e a r  C6 s i d e  c h a ~ n  and l e a d i n g  t o  a f l a t o x i n  b1(7 )  drew a t t e n t i o n  o f  many 

workers .  The scheme of a f l a t o x i n  b i o s y n t h e s i s  based on exper imenta l  da ta  h i t h e r t o  ob ta ined  i s  

summarized i n  Char t  1 .  Most o f  t h e  i n t e r m e d i a t e s  i n  t h e  pathway have been evidenced by d i r e c t  

i n c o r p o r a t i o n  exper iments w i t h  t h e  l a b e l l e d  i n t e r m e d i a t e s .  A v e r u f i n ( 3 )  was f i r s t  i s o l a t e d  f rom 

A s p e r g l l l u s  v e r s i c o l o r  a long  w i t h  a v e r a n t i n ( Z ) ,  v e r s i c o l o r i n  A ( 5 ) ,  s t e r i g m a t o c y s t i n ( 6 )  and o t h e r  

r n e t a b ~ l i t e s . ~ )  L a t e r ,  a  mutant  s t r a i n  o f  - A. p a r a s i t i c u s ,  whose mother s t r a ~ n  produced 

a f l a t o x i n ,  was found t o  accumulate a v e r u f l n ( 3 )  and f o l l o w i n g  i n c o r p o r a t i o n  s tudy  w i t h  14c 

Chart 1 Biosynthetic scheme of averufln(3). sterigmatocysr1n(6) and aflatoxin B (7 )  
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l a b e l l e d  a v e r u f l n ( 3 )  has demonstrated t h a t  i t  i s  a p o t e n t  p r e c u r s o r  o f  a f l a t o x i n  8 1 ( 7 ) . 4 )  T h i s  

was f u r t h e r  conf i rmed by t h e  i n c o r p o r a t i o n  of I 3 c  l a b e l l e d  a v e r u f i n ( 3 ) ,  prepared 

b i o s y n t h e t i c a l l y  f r o m  13c l a b e l l e d  ace ta te ,  i n t o  a f l a t o x i n  On t h e  o t h e r  hand, 

s t e r i g m a t o c y s t 1 n ( 6 )  which was i s o l a t e d  as t h e  main m e t a b o l i t e  o f  A. v e r s i c o l o r  i s  t h e  f i r s t  

n a t u r a l  p r o d u c t  c h a r a c t e r i z e d  t o  have d i h y d r o b i s f u r a n  i n  i t s  s t r u c t u r e . 6 )  Hol k e r  and Underwood 

p o s t u l a t e d  s t e r i g m a t o c y s t 1 n ( 6 )  as an i n t e r m e d i a t e  i n  a f l a t o x i n  b i o s y n t h e s ~ s , ' )  and, l a t e r ,  t h i s  

was ev idenced by a d i r e c t  i n c o r p o r a t i o n  exper iment  w i t h  I 4 c  l a b e l l e d  s t e r i g r n a t o c y ~ t i n ( 6 ) . ~ )  Our 

i n t e r e s t  i n  t h e  b i o s y n t h e s i s  o f  a v e r u f i n ( 3 )  and s t e r i g r n a t o c y s t i n ( 6 )  was i n  t h e  a p p l i c a t i o n  o f  

m u l t i p l e  l a b e l l e d  a c e t a t e  i n  t h e  s t u d i e s  o f  p o l y k e t i d e  b i o s y n t h e s i s  t o  o b t a i n  f u r t h e r  

i n fo rmat ions  concern ing  rearrangement  mechanisms. 1  ) 

13 13 2  [ 2 -  C] and [2 -  C,2- H  ] -Ace ta te  were s e p a r a t e l y  a d m i n i s t e r e d  t o  s t a t i o n a r y  c u l t u r e s  o f  a  
3  

mutant  s t r a i n  o f  A. p a r a s i t i c u s  (ATCC 24551) grown on s y n t h e t i c  l o w  s a l t  m e d i ~ m . ~ )  The 
2 .  i n c o r p o r a t i o n  o f  H  l n t o  C-4, -5, -7,  - 2 ' ,  and - 6 '  was r e a d i l y  shown by t h e  compar ison of t h e  

i n t e n s i t i e s  o f  co r respond ing  s i g n a l s  i n  t h e  1 3 ~ - ~ ~ ~  s p e c t r a  o f  two k i n d s  of l a b e l l e d  
2  a v e r u f ? n ( 3 ) .  The r e t e n t i o n  r a t i o s  o f  H  ve rsus  were c a l c u l a t e d  f rom t h e  decrease o f  s i g n a l  

2  h e i g h t s  i n  t h e  1 3 ~ - ~ ~ ~  spectrum o f  H  l a b e l l e d  a v e r u f i n ( 3 a ) .  though t h e y  a r e  n o t  a c c u r a t e  

f i g u r e s ( T a b 1 e  I ) .  The use o f  [ 2 - 1 3 ~ , 2 - 2 ~ 3 1 - a c e t a t e  i s  t h e  o n l y  method t o  p r o v i d e  i n f o r m a t i o n  
2 concern ing  t h e  numbers o f  H atom bonded t o  p a r t ~ c u l a r  carbons.  I f  a v e r u f i n i 3 )  i s  an immediate 

i n t e r m e d i a t e  re leased  f r o m  t h e  enzyme t e m p l a t e  o f  p o l y k e t i d e  b i o s y n t h e s i s ,  C-4' methy lene s h o u l d  
2  

be l a b e l l e d  w i t h  two 'H. The 'H decoupled 1 3 ~ - ~ ~ ~  spectrum o f  a v e r u f i n ( 3 a )  l a b e l l e d  w i t h  H 

showed complex s i g n a l s  a n s i n g  f r o m  C-Z ' ,  - 4 '  and - 6 ' .  w h ~ c h  were i m p o s s i b l e  t o  be i n t e r p r e t e d .  

To o b t a i n  a  b e t t e r  s e p a r a t i o n  f o r  t h e  s i g n a l s ,  t h e  l a b e l l e d  a v e r u f i n ( 3 a )  was conver ted  i n t o  a  

t r i b e n r o a t e .  S i g n a l s  observed a t  1 0  - 40 ppm were ass igned  as  shown i n  Tab le  2.  The r e s u l t s  
2  

c l e a r l y  demonstrate t h e  presence o f  one H  a t  C-2 '  and - 4 '  and are w e l l  i n  accord  w i t h  t h e  

observa t ions  t h a t  I 3 c  l a b e l l e d  n o r s o l o r i n i c  a c i d ( 1 )  and a v e r a n t i n ( 2 )  were e f f i c i e n t l y  conver ted  

i n t o  a f l a t o x i n  E l ( / )  i n  A. p a r a s i t i c u s .  
13 2  10'11) I n c o r p o r a t i o n  s t u d y  w i t h  [ 2 -  C,2- H3 ] -ace ta te  

gave f u r t h e r  s u p p o r t  t o  t h e  b i o s y n t h e t i c  scheme t h a t  a v e r u f i n ( 3 )  i s  formed from n o r s o l o r l n i c  

Carbon ppm Retention% carbon ppm Species Multiplicity J (Hz) 
l i r ~  
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a c i d ( ) )  v i a  averant ln (2) .  I t  i s  of i n t e r e s t  t h a t  the 0x0-group forming ke ta l  1 s  formed by 

ox ida t i on  of a  methylene group o r i g i n a l l y  der ived from the carboxyl o f  acetate.  The 

stereochemical course o f  f a t t y  ac id  biosynthesis has been r i go rous l y  establ ished12) and there  

are no reason t o  doubt the s tereospec i f i c  incorpora t ion  of 'H l n t o  C-2' and -4 '  o f  

ave ru f i n (3a ) .  
13 13 2  Next, [2-  C ]  and [ 2 -  C.2- H3]-acetate were separately administered t o  cu l t u res  o f  

A .  ve rs i co lo r  grown on syn the t i c  low s a l t  medium t o  ob ta in  enriched s ter igmatocys t in (6) .  The - 
'H-decoupied 13c-~MR spectra of two k inds o f  l abe l  l e d  s ter igmatocys t in (6)  r e a d i l y  showed t h a t  

2  C-4. -6, -11, -15 and -17 were l abe l l ed  w i t h  'H. The r e t e n t ~ o n  r a t i o s  of H versus I 3 c  are shown 

i n  Table 3. Signals a r i s l n g  from 13c l abe l l ed  w i t h  'H were d i r e c t l y  observedin the 2~ -decoup led  
2  '%-NMR spectrum as shown i n  F ig .  1: The r e t e n t i o n  r a t i o  of H  a t  C-11 o f  ster igmatocyst1n(6a) 

2  1s markedly lower compared t o  the o ther  carbons beanng 'H. Since r e t e n t ~ o n  of H  a t  the 
2 corresponding carbon of averuf in(3a1, C-4, was more than 40%. the  l oss  of H  should occur dur ing  

2  i t s  conversion i n t o  s ter igmatocys t in (6a) .  The H l a b e l l e d  carbons i n  t h e  d ihydrob is furan r i n g  

of s ter igmatocys t in (6a)  are denved  from C-2' and -4 '  of averu f in (3a) ,  w h ~ c h  have been shown t o  

be l abe l l ed  w i t h  one 'H atom. Therefore the re ten t i on  o f  'H a t  C-15 and -17 of 

ster igmatocyst in(6a) was the r e s u l t s  of s tereospec i f i c  rearrangement react ions .  

The transformat ion mechanism o f  the C6 l i n e a r  s ide  chain of averu f in (3)  i n t o  the  C4 d ihydro-  

b is furan r i n g  has been ex tens ive iy  discussed by many workers.') The key ~nter rned ia te  o f  the 

conversion react ions  i s  versiconal  aceta te(4) ,  which accumulated i n  c u l t u r e  o f  A. paras i t i cus  

under the presence o f  an insectc ide,  d i c h l o r o ~ o s . ' ~ )  A feeding experiment fo l lowed has revealed 

t h a t  i t  i s  a  potent precursor of a f l a t o x i n  8 ] (7) .14)  The s t ruc tu re  of versiconal  aceta te(4)  

Carbon ppm RetentlonX * 2~-~rcoupled 1 3 ~ - ~ : 1 ~  spectra were measured . . i t h  

C-15 4 7 . 9  4  9 
a 25.7 mz spectrometer wlth 1 9 ~  lock. 

Table 3. 'H-Retention in sterigmato- 
cystin(6.3) labelled with 12-I3c,2- 
2 ~ g l - a c e ~ a t e  

13 2 Fig.] 2~-~ecoupled 1 3 ~ - ~ ~ ~  spectrum of sterigmarocystin(6a) labelled with [2- C,2- H ] -acetate 
3 



Chart 2 Scheme for the conversion of averuf in(3b)  into versicalorin A(5b) in Aspergilli 



HETEROCYCLES, Vol 19. No 6, 1982 

i n d i c a t e s  t h a t  t h e  C6 l i n e a r  s i d e  c h a i n  o f  a v e r u f l n ( 3 )  undergoes m i g r a t i o n  o f  t h e  a romat i c  r i n g  

and a l s o  t h e  B a e y e r - V i l l i g e r  o x i d a t ~ o n  o f  t h e  t e r m i n a l  a c e t y l  group. The t e r m i n a l  a l c o h o l i c  

ca rbon  o f  v e r s i c o n a l ( l 2 )  shou ld  be f u r t h e r  t ransformed i n t o  an a l d e h y d e ( l 3 )  t o  form 

d ~ h y d r o b i s f u r a n  r i n g .  T h i s  o x i d a t i o n  i s  though t  t o  be c a t a l y z e d  by a l c o h o l  dehydrogenase (Char t  

2 ) .  S ince a l c o h o l  dehydrogenases a r e  known t o  remove p r - R  c a r b i n o l  hydrogen of p r i m a r y  a l c o h o l  

i n  s t e r e o s p e c i f i c  manner, t h e  c h i r a l i t l e s  o f  C-2' and - 4 '  o f  a v e r u f i n ( 3 a )  a r e  presumed t o  be R 

and S  c o n f i g u r a t i o n s ,  r e s p e c t i v e l y .  15 )  
2 13 2  As l3c-NMR can be used f o r  t h e  d e t e c t i o n  of H i n c o r p o r a t i o n  f rom [2 -  C.2- H3]-acetate,  

t h e  i n c o r p o r a t i o n  o f  180 f rom [ ~ - l ~ C , ~ ~ ~ ~ ] - a c e t a t e  can be de tec ted  by 180 induced i s o t o p i c  

s h i f t  i n  1 3 ~ - ~ ~ ~ . 1 6 )  T h i s  method was s u c c e s s f u l l y  a p p l i e d  i n  b i o s y n t h e t i c  s t u d i e s  by Vederas 

a l . I 7 )  and a l s o  by us.18)  Vederas g c. r e p o r t e d  t h e  ~ n t a c t  i n c o r p o r a t i o n  o f  13c- ' *0 from - 
[1-13~,1802 ] -ace ta te  i n t o  a v e r u f i n ( 3 b ) . 1 7 )  In o r d e r  t o  c l a r i f y  t h e  o r i g i n  o f  oxygen atoms o f  

s t e r i g m a t o c y s t i n ( 6 ) .  we admin is te red  [ 1 - ~ ~ ~ , ~ ~ 0 ~ ] - a c e t a t e  t o  A. v e r s i c o l o r  and t h e  I3c-NMR 

spectrum o f  enr i ched  s t e r i g m a t o c y s t i n ( 6 b )  was measured w i t h  a  100.7 MHz spec t romete r .  The 

s p e c t r a  shown i n  F i g .  2  were recorded  w i t h  1500 Hz s p e c t r a l  w i d t h  and 32 K d a t a  p o i n t s .  

Expanded s i g n a l s  o f  C-1, -3, -8 and -10 were accompanied by 13c-180 s i g n a l s  which were observed 

a t  1 .0  - 3.2 Hz u p f i e l d ,  w h i l e  those  of C-7 and -14 showed no s h i f t e d  s ~ g a n l s .  The absence o f  

1 3 ~ - 1 8 ~  s i g n a l  a t  C-14 c l e a r l y  demonstrates t h a t  C-14 and a d j a c e n t  oxygen atoms of 

s t e r i g m a t o c y s t i n ( 6 b )  a r e  n o t  d e r i v e d  f rom t h e  same a c e t a t e  molecule,  and t h e  1 3 ~ - 1 8 ~  bond 

between C-1 ' and an a c e t a l  oxygen i n  a v e r u f i n ( 3 a )  was c leaved d u r i n g  t h e  t r a n s f o r m a t i o n  o f  t h e  

s i d e  c h a i n  i n t o  b i s f u r a n  r i n q .  Several  mechanisms have been proposed t o  account  f o r  t h e  

15 R =H 
16 R =Me 

D COOH 

Me 
18 6 b 

Chart 3 Scheme i o r  t h e  conversion of versicolorin A(5b)  into sterigmatocystln(6b) in Asper~illl 



m i g r a t i o n  o f  an a romat i c  r i n g  t o  t h e  a d j a c e n t  carbon. K ings ton  fit. suggested a p i n a c o l - t y p e  

rearrangement o f  open cha in  n i d r ~ f i n ( 8 ) ~ ~ ) ,  whereas Steyn & fi. favored  a rearrangement  of an 

epoxide i n t e ~ r n e d i a t e . ' ~ )  

It i s  unreasonable t o  assume t h e  l o s s  o f  180 by an e q u i l l i b r i u m  between an a l d e h y d e ( l 1 )  and 

a  h e m i a c e t a l ( l 2 ) .  because, i f  t h i s  1s  t h e  mechanism, 'H a t  C-15 o f  s t e r i g a m t o c y s t i n ( 5 b )  shou ld  

be l o s t  by r a c e m i r a t i o n  as i n  v e r s i c o n a l  a c e t a t e ( 4 ) .  The ob ta ined  r e s u l t s  suggest t h a t  a  

p i n a c o l - t y p e  rearrangement  o f  n i d r u f i n ( 8 )  i t s e l f  i s  more a p p r o p r i a t e ,  however we have t o  w a i t  

f o r  t h e  r e s u l t  o f  i n c o r p o r a t i o n  s tudy  w i t h  1802, which i s  undertaken i n  our  l a b o r a t o r y .  

I n t e g r i t y  o f  a c e t a t e  C-0  bond i n  xanthone s k e l e t o n  i s  observed i n  fou r  C-0 bonds o f  

s t e r i g m a t o c y s t i n ( 6 b ) .  The t r a n s f o r m a t i o n  o f  anthraquinone i n t o  xanthone has been m a i n l y  

d iscussed i n  ergochrome b i o s y n t h e s i s z O ) ,  b u t  n o t  i n  t h e  b i o s y n t h e s i s  o f  s t e r i g m a t o c y s t i n ( 6 )  and 

a f l a t o x i n ( 7 ) .  It was e s p e c i a l l y  d ~ f f i c u l t  t o  g i v e  a  reasonable e x p l a n a t i o n  f o r  t h e  l o s s  o f  C-6 

p h e n o l i c  hydroxy l  o f  v e r s i o c o l o r i n  A ( 5 ) .  The scheme o f  t r a n s f o r m a t i o n ,  which accounts f o r  a l l  

t h e  exper imanta l  ev idences h i t h e r t o  o b t a i n e d  i s  shown i n  Char t  3. The l o s s  o f  oxygen f u n c t i o n  i s  

accounted f o r  by t h e  e l i m i n a t i o n  o f  an a l c o h o l i c  group a t  t h e  s t e p  o f  xanthone s k e l e t o n  
2  fo rmat ion .  S i g n i f i c a n t  exchange of H a t  C-11 o f  s t e r i g m a t o c y s t i n ( 6 )  (Tab le  3 )  d u r i n g  t h e  

t r a n s f o r m a t i o n  r e a c t i o n s  t o  g i v e  xanthone s k e l e t o n  i s  a l s o  accounted f a r  by t h e  presence o f  a  

p h l o r o g l u c i n o l  r i n g  i n  a benrophenone i n t e r m e i d a t e ( l 5 1 ,  which i s  expected t o  s u f f e r  an e x t e n s i v e  

exchange of a romat i c  hydrogen. 
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