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Abstract  - By e x p l o i t i n g  t h e  s t e r e o s p e c i f i c i t y  of f a r n e s y l  diphosphate 
synthase r e a c t i o n ,  both t h e  5 and g isomers of ~ ~ , ~ - 4 - m e t h y l f a r n e s o l  and 
t h e i r  d e r i v a t i v e s ,  including f a r a n a l ,  4-MeJH I, and t h e i r  congeners were 
synthesized from 5- (1) and 3-3-methyl-3-pentenyl diphosphate (2 ) ,  respec- 
t i v e l y .  Compound 1 a c t e d a s s u b s t r a t e  i n  t h e  r e a c t i o n  wi th  va r ious  a l l y l i c  
diphosphate s u b s t r a t e s  ca t a lyzed  by undecaprenyl diphosphate synthase of 
Bac i l lu s  s u b t i l i s  g iv ing  enant iomerical ly  pure products.  The r e a c t i o n ,  
however, stopped a t  t h e  s t a g e  of a s i n g l e  condensation, thereby forming 
- S-enantiomers of2-2-methylprenylderivatives. Both 1 and 2 were accepted 
by nonaprenyl diphosphate synthase obtained from Mcrococcus l u t e u s  con- 
densing wi th  a l l y l i c  s u b s t r a t e s  t o  g ive  s- and g-enantiomers of va r ious  
polyprenyl  d e r i v a t i v e s ,  r e spec t ive ly .  

INTRODUCTION 

The a b i l i t i e s  of enzymes t o  d i sc r imina te  between enantiomers of c h i r a l  molecules o r  enantio- 
t o p i c  l o c i  of p r o c h i r a l  molecules are w e l l  documented, and such a b i l i t i e s  a r e  u t i l i z e d  t o  
prepare c h i r a l  compounds. 
ex tens ive ly  from such p o i n t s  of view. 
I f  t h e  metabol ic  func t ion  of an  enzyme is t o  ca t a lyze  t h e f o l l o w i n g t y p e o f r e a c t i o n l ,  i t  may 
be p o s s i b l e  t o  produce e i t h e r  enantiomer of a c h i r a l  compound a t  w i l l  by applying t h e  same 
enzyme t o  a r t i f i c i a l  s u b s t r a t e s  modified w i t h i n  t h e  range of s u b s t r a t e  t o l e rance  a s  shown i n  
r e a c t i o n s  2 and 3. 

I n  p a r t i c u l a r ,  oxidoreductases  and hydrolases  have been s tud ied  
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Preny l t r ans fe ra ses ,  which ca t a lyze  t h e  fundamental chain elongat ion i n  isoprenoid biosynthe- 
sis, meet t h i s  condi t ion.  These enzymes are a l s o  i n t e r e s t i n g  frommechanis t ic  and s y n t h e t i c  
viewpoints,  because t h e  enzyme-catalyzed r e a c t i o n s  a r e  repeated and s t o p  a t  c e r t a i n  chain 
l eng ths  depending on t h e  s p e c i f i c i t i e s  of i nd iv idua l  enzymes. This  paper i s  concerned with 
c a p a b i l i t i e s  of s e v e r a l  p reny l t r ans fe ra ses  which can b e  e l i c i t e d  by using a r t i f i c i a l l y  modi- 
f i e d  s u b s t r a t e s .  Applicat ion of such c a p a b i l i t i e s  i n  n a t u r a l  product chemistry is  a l s o  de- 
s c r ibed .  

CHlRAL SYNTHESIS BY FARNESYL DIPHOSPHATE SYNTHASE 

Using p i g  l i v e r  f a r n e s y l  diphosphate synthase (FPP syn thase ) ,  we have shown t h a t  both 5- and 
- R enantiomers (5-3 and 5-3) of 4-methylfamesol can be synthesized from E- (1) and L-3-methyl- 
-3-pentenyl diphosphate (2 ) ,  r e s p e c t i v e l y  ( r e f ,  1). This  f a c t  i n d i c a t e s  t h a t  t h e s e  a r t i f i -  
c i a l  s u b s t r a t e s  r e a c t  with geranyl  diphosphate (GPP) i n  t h e  same stereochemical  manner a s  
demonstrated f o r  t h e  n a t u r a l  s u b s t r a t e ,  i sopen teny l  diphosphate (IPP) ( r e f .  2 ) .  

2) Phosphatase 

( R - 3 )  
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The enantiomeric p u r i t i e s  of t h e  products  were determined by chromatographic sepa ra t ion  of 
thecorrespondingdiastereomeric amides 4 and 5 derived from 5-3 and R-3, r e spec t ive ly .  
The amides were each e l u t e d  as a s i n g l e  peak on HPLC without  c r o s s  contamination, i n d i c a t i n g  
t h a t  both of them a r e  enant iomerical ly  pure.  
a methyl group on e i t h e r  g- o r  2 s i d e  of C-4 of IPP does n o t  d i s t u r b  t h e  s tereochemical  di-  
r e c t i o n  of t h e  C-C bond formation. 

These r e s u l t s  show t h a t  t h e  in t roduc t ion  of 

SYNTHESIS OF FARANAL A N D  ITS CONGENERS 

Taking advantage of broad s u b s t r a t e  s p e c i f i c i t y  of FPP synthase with regard t o  a l l y l i c  sub- 
s t r a t e s  ( r e f .  3 1 ,  w e  app l i ed  t h e  FPP synthase method t o  t h e  c h i r a l  syn thes i s  of f a r a n a l ,  t h e  
t r a i l  pheromone of t h e  Pharaoh’s a n t ,  t o  determine i t s  abso lu te  configurat ion.  The syn thes i s  
and bioassay of t h e  fou r  p o s s i b l e  o p t i c a l  isomers l e d  t o  t h e  conclusion t h a t  t h e  pheromone 
has  t h e  35,4& conf igu ra t ion  ( r e f .  4 ) .  The s y n t h e t i c  scheme is given below. The enantiomers 
corresponding t o  8 and 9 were a l s o  synthesized by using 1 i n  p l ace  of 2,  bu t  n e i t h e r  of them 
showed pheromone a c t i v i t y  a t  a l l  even when assayed a t  high concentrat ions.  
shows t h a t  t h e  s t e r e o s p e c i f i c i t y  of t h i s  s y n t h e t i c  method i s  extremely high. 

This f a c t  a l s o  

‘ “1 1) FPP Synthase (Homo-GPP) 
I 2) Phosphatase ‘-OH 

* 
I (2-Homo-IPP) 

2 

1 

Knowing t h a t  t h e  3-5,4& s t r u c t u r e  i s  e s s e n t i a l  f o r  t h e  pheromone a c t i v i t y ,  we synthesized 
s e v e r a l  s t r u c t u r a l  congeners of f a r a n a l  and examined t h e i r  a c t i v i t i e s  ( r e f .  5 ) .  
It seems no t  very c r u c i a l  whether t h e  s u b s t i t u e n t  a t  C - 1 1  is an e t h y l  o r  a methyl,  in con- 
t r a s t  t o  t h e  7-methyl, which cannot b e  replaced by an e t h y l  group without  l o s i n g  t h e  a c t i v i t y .  

Compound Concentration* Activity 
(ne/cm) 

+ 0.05 
0 .5  -+H 

- CHO 0.05 
0 . 5  - t i -+  

- CHO 0.05 
c i  0 . 5  +t 

0.05 - 
0.5 - U C H O  

d E  

- CHO 0.05 
- e =  0.5 

* Each compound con ta ins  t h e  
t h e  corresponding 3& epimer 
i n  an amount as ind ica t ed  
below. 
The con ten t s  (35,4&/ 3&, 4&) 
of a, b, c ,  d,  and e are 
45155,  40160,  40160,  40160,  
and 4 5 / 5 5 ,  r e spec t ive ly .  

~~ 

(-) No ant follows the t ra i l .  
(+) Many ants follow the t ra i l .  

(+) A few ants follow the t ra i l .  
(+-I+) A l l  ants follow the t ra i l .  
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Synthase 
( B a c i l l u s  subt i l is)  

SYNTHESIS AND ABSOLUTE CONFIGURATION OF 4-MeJH I 

4-MeJHI i s  a j u v e n i l e  hormone i s o l a t e d  from embryos of tobaccohornworm ( r e f .  6 ) .  The abso- 
l u t e  conf igu ra t ion  a t  C-4 i s  of p a r t i c u l a r  i n t e r e s t  in r e l a t i o n  t o  t h a t  of f a r a n a l .  I n  o rde r  
t o  determine t h e  conf igu ra t ion  of 4-MeJHI, we took a b iogene t i c  approach by combining t h e  
FPP synthase method and biotransformation by cu l tu red  organs.  The s t r a t e g y  was a s  fol lows.  
I f  2- (s-10)and ~-4-methyldihomofarnesol(R40) were f e d t o c o r p o r a a l l a t a ,  oneof  them should b e  
metabolized t o  a substance i d e n t i c a l  with n a t u r a l  4-MeJHI. To f a c i l i t a t e  t h e  i n v e s t i g a t i o n ,  
t h e  c h i r a l  4-methyldihomofarnesols were l abe led  with tritium. The l abe led  a l coho l s  were fed 
t o  corpora a l l a t a  of tobaccohornworm, and t h e  me tabo l i t e s  were analyzed by gaschrornatography. 
The m a t e r i a l  biotransformed from t h e  2 enantiomer (S-10) comigrated wi th  t h e  n a t u r a l  product ,  
whereas t h e  me tabo l i t e  der ived from t h e  3 enantiomer (R-10) had a l i t t l e  longer  r e t e n t i o n  
time. Thus, 4-MeJHI was demonstrated t o  have t h e  4-2 conf igu ra t ion  ( r e f .  7 ) .  

t h e  r e a c t i o n  stopped a t  t h e  s t a g e  of a s i n g l e  
condensation t o  give a C p 1  compound. 
The a l coho l  product was i d e n t i f i e d  with chemical- 
l y  synthesized 4-methyl-Z,E,E-geranylgeraniol, 
and t h e  abso lu te  conf igu ra t ion  was determined 

1) FPP Synthase 

2 )  Phosphatase 

* corpora allata 

Since S-10 and R-10 were metabolized e f f i c i e n t l y  without  d e t e c t a b l e  amounts of a d i a s t e reo -  
meric epoxide,  we presume t h a t  t h e  s tereochemical  e f f e c t  of t h e  4-methyl group has  no i n f l u -  
ence on t h e  approach of epoxidat ion enzyme t o  t h e  l0 , l l -doub le  bond. 
isomer had been metabolized poorly,  o r  given t h e  two diastereomers ,  it coud be argued t h a t  
t h e  s tereochemistry a t  C-4 could a f f e c t  t h a t  a t  C-10,11. 
epoxy grouphas t h e  same congigurat ion a s  t h a t  of J H I U .  
r a t i o n  of t h e  4-methyl group of 4-MeJHI is  oppos i t e  t o  t h a t  of f a r a n a l .  

I f  t h e  unna tu ra l  43 

It t h e r e f o r e  seems l i k e l y  t h a t  t h e  
It is worth no t ing  t h a t  t h e  configu- 
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Compound 1 ac ted  with not  only FPP but  a l s o  va r ious  a l l y l i c  s u b s t r a t e s ,  r e g a r d l e s s  of t h e  
conf igu ra t ion  of t h e  double bond a t  C-2, forming t h e  corresponding 4-methylprenyl der iva-  
t i v e s  r e s u l t i n g  from a s i n g l e  condensation of 1. As a r e s u l t ,  (4R) compounds 1 5 - 1 9  were 
synthesized.  

15: n = l  
16: n=2 

OH 17: n=3 
19: n=3 <OH 

CHlRAL SYNTHESIS BY NONAPRENYL DIPHOSPHATE SYNTHASE 

The n a t u r a l  func t ion  of nonaprenyl diphosphate synthase (NoPP synthase)  of M :rococcus l u t e u s  
( r e f .  10) is t h e  syn thes i s  of C40 and C45 polyprenyl diphosphates with a l l  E-double bonds. 
This enzyme catalyzed t h e  r e a c t i o n  of 1 and 2 with GPP i n  a similar way t o  t h a t  of FPP syn- 
t h a s e  i n  terms of s tereochemistry bu t  in a d i f f e r e n t  way i n  substrate-product  s p e c i f i c i t y .  
Both 1 and 2 were good s u b s t r a t e s  r e a c t i n g  with va r ious  lenghs of all-E-prenyl diphosphates ,  
but  t h e  r e a c t i o n  stopped a f t e r  one o r  two condensations were completed. I n  c o n t r a s t  t o  
UPP synthase,  which w a s  i n a c t i v e  f o r  t h e  combination of 4-methyl d e r i v a t i v e s  of a l l y l i c  sub- 
s t r a t e s  and IPP, NoPP synthase accepted t h e  4-methyl d e r i v a t i v e s  when t h e  p a r t n e r  is IPP. 
This  imp l i e s  t h a t  c h i r a l  methyls can b e  introduced a t  w i l l  not  only a t  C-4 bu t  a l s o  a t  C-4n 
p o s i t i o n s  of polyprenyl  compounds. These r e s u l t s  a r e  a l s o  i n t e r e s t i n g  from a s tandpoint  of 
t h e  r e a c t i o n  mechanism of enzyme which r e g u l a t e s  t h e  b e u t i f u l  C-C bond forming r eac t ions .  
The fol lowing c h i r a l  compounds were obtained by NoPP synthase r eac t ions .  

H 
S-20: n = l  s-22 
5-21: n=2 

OH 
R-22 

R-20: n-1 
R-21: n=2 
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