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

to  s q u a l e n e  b y  i s o l a t e d  e n z y m e  s y s t e m s  o b t a i n e d  f r o m  y e a s t  ( L y n e n ,  e t  a l .  , 

1958}, r a t  l i v e r  ( G o o d m a n  a n d  P o p j a k ,  1960; P o r t e r ,  1960; P o p j a k ,  e t  a l .  , 

1962) a n d  t o m a t o  f r u i t  a n d  c a r r o t  r o o t s  ( B e e l e r ,  A n d e r s o n  a n d  P o r t e r ,  1963).  

O t h e r  s t u d i e s  b y  P o p j a k ,  e t  a l .  , (1961} e s t a b l i s h e d  the  i n c o r p o r a t i o n  of one  

a t o m  of  t r i t i u m  f r o m  N A D P H  3 p e r  m o l e c u l e  of  s q u a l e n e  f o r m e d  b y  r a t  l i v e r  

3 
m i c r o s o m e s .  N e g l i g i b l e  t r i t i u m  was  i n c o r p o r a t e d  in to  s q u a l e n e  f r o m  HzO 

when  f a r n e s y l  p y r o p h o s p h a t e  w a s  t he  s u b s t r a t e .  T h e s e  r e s u l t s  w e r e  c o n -  

f i r m e d  b y  C h i l d s  a n d  B l o c h ,  (1962)  in  a r e i n v e s t i g a t i o n  of  e a r l i e r  w o r k  f r o m  

the  s a m e  l a b o r a t o r y .  

P o p j a k ,  e t  a l .  , (1961) p r o p o s e d  s e v e r a l  m e c h a n i s m s  f o r  the  f o r m a t i o n  of  

s q u a l e n e .  E a c h  of  t h e s e  p r o p o s a l s  i n v o l v e d  the  f o r m a t i o n  of  one  o r  m o r e  

s t a b l e  i n t e r m e d i a t e s  b e t w e e n  f a r n e s y l  p y r o p h o s p h a t e  a n d  s q u a l e n e .  A l a t e r  

r e p o r t  b y  G o s s e l i n ,  (1962) p r e s e n t e d  s o m e  e v i d e n c e  f o r  the  f o r m a t i o n  of  a 

* T h i s  i n v e s t i g a t i o n  w a s  s u p p o r t e d  b y  r e s e a r c h  g r a n t s ,  G - 2 3 0 2 8 ,  f r o m  the  
N a t i o n a l  S c i e n c e  F o u n d a t i o n  and ,  A - 1 3 8 3 ,  f r o m  the  N a t i o n a l  I n s t i t u t e s  of  
A r t h r i t i s  a n d  M e t a b o l i c  D i s e a s e s  of  t he  N a t i o n a l  I n s t i t u t e s  of  H e a l t h ,  U . S .  
P u b l i c  H e a l t h  S e r v i c e .  
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hydrocarbon in termedia te  bound to a m ic rosoma l  prote in.  However,  the 

e v i d e n c e  w a s  n o t  v e r y  c o n v i n c i n g ,  f o r  d i r e c t  p r o o f  w a s  no t  g i v e n  t h a t  the  

c o m p o u n d  w a s  a h y d r o c a r b o n  a n d  t h a t  i t  w a s  c o n v e r t e d  to s q u a l e n e .  In a d -  

d i t i o n  t h e  s u b s t r a t e  u s e d  f o r  t h e s e  s t u d i e s  w a s  m e v a l o n i c  a c i d  a n d  n o t  f a r n -  

e s y l  p y r  o p h o s p h a t e .  

In  a l l  of  t he  a b o v e  s t u d i e s  t he  s y s t e m  u s e d  was  p a r t i c u l a t e  and ,  t h e r e f o r e ,  

n o t  c o m p l e t e l y  a m e n a b l e  to  a s t u d y  of  e n z y m e - b o u n d  i n t e r m e d i a t e s  in  t he  

c o n v e r s i o n  of  f a r n e s y l  p y r o p h o s p h a t e  to  s q u a l e n e .  In  a n  e a r l i e r  s t u d y  f r o m  

o u r  l a b o r a t o r y  ( A n d e r s o n ,  R i c e  a n d  P o r t e r ,  1960) we  r e p o r t e d  the  i s o l a t i o n ,  

in  l o w  y i e l d ,  of  a s o l u b l e  s q u a l e n e  s y n t h e t a s e  f r o m  r a t  a n d  b e e f  l i v e r  m i c r o -  

s o m e s .  S t u d i e s  w i th  t h i s  p r e p a r a t i o n  e s t a b l i s h e d  r e q u i r e m e n t s  f o r  l~g  ++ a n d  

T P N H  f o r  t he  f o r m a t i o n  of  s q u a l e n e .  T h e y  a l s o  d e m o n s t r a t e d  the  i n h i b i t i o n  

of  s q u a d e n e  s y n t h e s i s  b y  S - H  i n h i b i t o r s .  

In  t h e p r e s e n t  c o m m u n i c a t i o n  we r e p o r t  t he  f o r m a t i o n  of  a " C30"  e n z y m e -  

b o u n d  ** c o m p o u n d  f r o m  f a r n e s y l  p y r o p h o s p h a t e  a n d  the  c o n v e r s i o n  of  t h i s  

c o m p o u n d  to s q u a l e n e  on  i n c u b a t i o n  wi th  N A D P H .  A s o l u b l e  e n z y m e ,  p r e p a r e d  

t h r o u g h  m o d i f i c a t i o n  a n d  e x t e n s i o n  of  the  m e t h o d  r e p o r t e d  b y  A n d e r s o n ,  e t  a l .  , 

(1960) ,  w a s  u s e d .  P i g  l i v e r  s q u a l e n e  s y n t h e t a s e  w a s  e x t r a c t e d  f r o m  m i c r o -  

s o m e s  w i th  p h o s p h a t e  b u f f e r ,  p r e c i p i t a t e d  wi th  a m m o n i u m  s u l f a t e  a n d  t h e n  

s u b j e c t e d  to  c h r o m a t o g r a p h y  on  D E A E  c e l l u l o s e  a n d  c a r b o x y  m e t h y l  c e l l u l o s e .  

T h e  d e t a i l s  of t h i s  p r o c e d u r e  w i l l  b e  p u b l i s h e d  e l s e w h e r e .  

The  i n c u b a t i o n  m e d i u m  f o r  t he  f o r m a t i o n  of  e n z y m e - b o u n d  i n t e r m e d i a t e s  

c o n t a i n e d  MgC12,  80 ~ m o l e s ;  K F ,  i z 0  ~ m o l e s ;  C 1 4 - f a r n e s y l  p y r o p h o s p h a t e ,  

0. 1 ~ m o l e  (5. Z x 106 c . p . m .  / ~ m o l e ) ;  e n z y m e ,  280 m g s .  of  p r o t e i n ;  K p h o s -  

** ABsolute proof that the compound contains 30 carbon atoms is not available. 
However, it seems highly probable, based upon the fact that this compound is 
converted to squalene, and upon its behavior on gas chromatography, that it 

does contain this number of carbon atoms. 
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pha te  buf fe r ,  pH 7 .4 ,  500 ~mole s ;  2 m e r c a p t o e t h a n o l ,  50 ~ m ol e s ;  in a to ta l  

vo lume  of 10 ml .  The m i x t u r e  was i ncuba t ed  fo r  15 m i n u t e s  a t  38°C unde r  an 

a t m o s p h e r e  of n i t rogen .  At  the end of the incuba t ion  p e r i o d  2 ~tmoles of a l l -  

t r a n s  n o n r a d i o a c t i v e  f a r n e s y I  p y r o p h o s p h a t e  w e r e  added  and incuba t ion  was 

con t inued  for  5 m o r e  m i n u t e s .  The p r o t e i n  was then p r e c i p i t a t e d  by s a t u r a -  

t ion of the so lu t ion  to 40% with a m m o n i u m  su l fa te .  The p r e c i p i t a t e d  p r o t e i n  

was d i s s o l v e d  in 0. 05 M phospha t e  buf fe r ,  pH 7 .4 ,  and p a s s e d  th rough  Sepha-  

dex  G 25, p r e v i o u s l y  e q u i l i b r a t e d  with the s a m e  buf fe r  p lus  0. 005 M m e r c a p t o -  

e thanol .  E l u t e d  p r o t e i n  f r a c t i o n s  of n e a r l y  equ iva len t  s p e c i f i c  r a d i o a c t i v i t i e s  

w e r e  c o m b i n e d  and an a l iquo t  was i ncuba ted  with NADPH and Mg ++ . A no t he r  

a l iquo t  was a s s a y e d  for  the p r e s e n c e  of C14-1abe led  f r e e  t e r p e n o l s ,  f a r n e s y l  

p y r o p h o s p h a t e ,  and C15- and  " C30" -bound  to e nz ym e ,  Table  I. A s s a y s  w e r e  

a l s o  m a d e  for  t h e s e  componen t s  and squa lene  a f t e r  s u i t a b l e  t ime  i n t e r v a l s  of 

incuba t ion ,  Tab le  II .  

TABLE I 

DISTRIBUTION O F  RADIOACTIVITY ASSOCIATED WITH 

SQUALENE SYNTHETASE 

Radioactivity in Per cent of Total 

c. p. m. 

F r e e  t e r p e n o l s  1625 8 .3  

F a r n e s y l  p y r o p h o s p h a t e  1500 7 .6  

C l 5 - e n z y m e  2500 12 .7  

"C30" -  e n z y m e  14000 71 .4  

The conditions of incubation and assay for individual components are reported 

in the text. 
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T A B L E  II 

E x p e r i m e n t  
No. 1 R e d u c t i o n  in  e n z y m e - b o u n d  

Incubation time, Squalene formed "C30" compound C15 compound 
in minute s c.p.m, c.p.m, c.p.m. 

I0 4910 4700 1520 
20 6287 7315 1900 
30 7540 8350 1940 

Experiment 
No. 2 

15 5260 7800 4330 
30 8660 10755 3800 
60 8960 12330 3670 
90 10512 11130 4154 

The  i n c u b a t i o n  m i x t u r e  of e x p e r i m e n t  1 c o n t a i n e d :  MgC1z, 10 prnoles ;  K F ,  15 ~ m o l e s ;  
NADPH,  1 . 0  ~ m o l e ;  K p h o s p h a t e  b u f f e r ,  pH 7. Z, 50 ~ m o l e s ;  2 m e r c a p t o e t h a n o l ,  5 
~ m o l e s ;  a n d  e n z y m e - b o u n d  i n t e r m e d i a t e ,  13 m g  of p r o t e i n  and  9930 c. p. m.  ; i n  a 
t o t a l  v o l u m e  of 1 . 2 5  m l .  In e x p e r i m e n t  Z the s a m e  c o m p o n e n t s  w e r e  p r e s e n t  a t  the 
s a m e  m o l a r  c o n c e n t r a t i o n ,  b u t  i n  a v o l u m e  of Z. 5 m l .  E n z y m e - b o u n d  i n t e r m e d i a t e  
was  p r e s e n t  a s  2 7 . 8  m g  of p r o t e i n  a n d  2Z000 c. p . m .  E a c h  i n c u b a t i o n  was  m a d e  a t  
38 ° u n d e r  a n  a t m o s p h e r e  of N Z. 

R a d i o a c t i v e  C15-  a n d  " C 3 0 " - c o m p o n e n t s  b o u n d  to o r  a s s o c i a t e d  wi th  the 

e n z y m e  w e r e  q u a n t i t a t e d  by  the fo l l owing  m e t h o d s :  C 1 4 - f a r n e s y l  p y r o p h o s -  

pha t e  a s s o c i a t e d  wi th  s q u a l e n e  s y n t h e t a s e  was  c l e a v e d  wi th  a l k a l i n e  phos -  

phatase (Beeler, Anderson and Porter, 1963) after heat denaturation of the 

synthetase and extraction of the associated free terpenols with petroleurn 

ether. [ Farnesyl pyrophosphate is quantitatively cleaved with alkaline 

phosphatase under these conditions while radioactive compounds bound to 

enzyme are unaffected. ] cl4-farnesol, liberated from farnesyl pyrophos- 

phate, was extracted with petroleum ether and an aliquot was subjected to 

gas-liquid chromatography. The quantity of C 14 in association with farnesol 

was  d e t e r m i n e d  on e l u t i o n  f r o m  the  c o l u m n .  S q u a l e n e  a nd  f r e e  t e r p e n o l s  w e r e  

e x t r a c t e d  f r o m  a n o t h e r  a l i q u o t  of e n z y m e  a t  z e r o  t i m e  a n d  a f t e r  i n c u b a t i o n  
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with  N A D P H  fo r  v a r i o u s  t i m e  i n t e r v a l s .  E x t r a c t i o n  was  m a d e  wi th  p e t r o l e u m  

e t h e r  a f t e r  the i n c u b a t i o n  m i x t u r e  was  s a p o n i f i e d  with a l c o h o l i c  KOH. S q u a l e n e  

was  s e p a r a t e d  f r o m  o the r  c o m p o u n d s  by c h r o m a t o g r a p h y  on a c o l u m n  of a l u m -  

i n a  and  t h e n  by  g a s - l i q u i d  c h r o m a t o g r a p h y  a t  224 ° on a c o l u m n  of 5% S E - 3 0  on 

C h r o m o s o r b  W with  a n  a r g o n  f low r a t e  of I00 m l / m i n u t e .  The a m o u n t  of r a d i o -  

a c t i v i t y  in  a s s o c i a t i o n  wi th  the s q u a l e n e  e l u t e d  on g a s - l i q u i d  c h r o m a t o g r a p h y  

was  d e t e r m i n e d .  The a q u e o u s  l a y e r  r e m a i n i n g  a f t e r  s a p o n i f i c a t i o n  and  ex-  

t r a c t i o n  of the  i n c u b a t i o n  m i x t u r e  was  a c i d i f i e d  to pH I.  0 a nd  t h e n  i n c u b a t e d  

a t  38°C fo r  one h o u r  to l i b e r a t e  the r a d i o a c t i v e  c o m p o n e n t s  b o u n d  to p r o t e i n .  

T h e s e  r a d i o a c t i v e  c o m p o u n d s  w e r e  e x t r a c t e d  wi th  p e t r o l e u m  e t h e r .  The C15-  

and  " C 3 0 " - c o m p o u n d s  l i b e r a t e d  f r o m  p r o t e i n  w e r e  s u b j e c t e d  to g a s - l i q u i d  

c h r o m a t o g r a p h y  u n d e r  the c o n d i t i o n s  u s e d  fo r  s q u a l e n e .  C 1 5 - c o m p o u n d s  

( m o s t l y  n e r o l i d o l )  e m e r g e d  f r o m  the  c o l u m n  s h o r t l y  a f t e r  the  s o l v e n t  f r o n t  

w h e r e a s  " C 3 0 " - c o m p o u n d s  e m e r g e d  s l i g h t l y  b e f o r e  s q u a l e n e ,  F ig .  1. A l l  

r a d i o a c t i v e  c o m p o u n d s  w e r e  a s s a y e d  for  r a d i o a c t i v i t y  with a P a c k a r d  T r i -  

C a r b  l i q u i d  s c i n t i l l a t i o n  s p e c t r o m e t e r .  

A c o m p l e t e  a n a l y s i s  of r a d i o a c t i v i t y  b o u n d  to e n z y m e  i s  g i v e n  in  T a b l e  I. 

It  can  be  s e e n  tha t  l e s s  t h a n  8% of the to t a l  r a d i o a c t i v i t y  was  p r e s e n t  as  f a r n -  

e s y l  p y r o p h o s p h a t e  w h e r e a s  o v e r  70% of the r a d i o a c t i v i t y  was  p r e s e n t  a s  a 

" C 3 0 " - c o m p o u n d .  T a b l e  II p r e s e n t s  da ta  which  show a d e c l i n e  in  th i s  " C 3 0 " -  

c o m p o u n d  wi th  a c o n c o m i t t a n t  i n c r e a s e  in  s q u a l e n e  d u r i n g  i n c u b a t i o n .  S ince  

the  i n c r e a s e  in  s q u a l e n e  can  be  a c c o u n t e d  fo r  0n ly  by  the  d e c l i n e  in  " C 3 0 " -  

c o m p o u n d ,  i t  i s  e v i d e n t  tha t  th i s  c o m p o u n d  i s  an  i n t e r m e d i a t e  in  the b i o -  

s y n t h e s i s  of s q u a l e n e .  

The exac t  s t r u c t u r e  of the " C 3 0 " - c o m p o u n d  is  unknown .  The  c o m p o u n d s  

tha t  a r e  o b t a i n e d  f r o m  the e n z y m e  a f t e r  t r e a t m e n t  wi th  a c i d  h a v e  a s l i g h t l y  

s h o r t e r  r e t e n t i o n  t i m e  t h a n  s q u a l e n e  on g a s - l i q u i d  c h r o m a t o g r a p h y  on S E - 3 0 ,  
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F i g .  I .  Gas  l i q u i d  c h r o m a t o g r a p h i c  s e p a r a t i o n  of a c i d - c l e a v e d ,  e n z y m e -  
b o u n d  i n t e r m e d i a t e s .  S e p a r a t i o n  was  a c h i e v e d  on a 6 f t x  6 m m  i. d. 
c o l u m n  of 5% S E - 3 0  on C h r o m o s o r b  W a t  Z24 ° wi th  a n  a r g o n  f low r a t e  of 
100 m l / m i n u t e .  R a d i o a c t i v i t y  was  t r a p p e d  on g l a s s  wool ,  e l u t e d  a n d  
c o u n t e d  in  a P a c k a r d  T r i  C a r b  l i q u i d  s c i n t i l l a t i o n  s p e c t r o m e t e r .  The 
m a j o r  r a d i o a c t i v e  c o m p o n e n t  o v e r l a p s  s q u a l e n e  i n  e m e r g e n c e  f r o m  the 
c o l u m n .  H o w e v e r ,  no  r a d i o a c t i v i t y  was  p r e s e n t  i n  s q u a l e n e  on c h r o -  
m a t o g r a p h y  on  a n  a l u m i n a  c o l u m n .  

F ig .  1. T h e s e  c o m p o u n d s  a l s o  a p p e a r  to be  m o r e  p o l a r  t h a n  s q u a l e n e ,  a n d  

l e s s  p o l a r  t h a n  f a r n e s o l ,  on r e v e r s e d  p h a s e  c h r o m a t o g r a p h y  on v a s e l i n e  

i m p r e g n a t e d  p a p e r  w h e n  the  c h r o m a t o g r a m  is  d e v e l o p e d  wi th  n - p r o p a n o l -  

w a t e r  (4:1). T h e y  a r e  a l s o  m o r e  p o l a r  t h a n  s q u a l e n e  on c h r o m a t o g r a p h y  

on a n  a l u m i n a  c o l u m n .  

The r e s u l t s  r e p o r t e d  i n  th i s  no te ,  p l u s  the  r e s u l t s  o b t a i n e d  e a r l i e r  by  

P o p j a k  and  a s s o c i a t e s  a n d  c o n f i r m e d  by  Bloch ,  e_t_t a l .  , p e r m i t  a m o r e  d e f i n -  

i t i v e  p r o p o s a l  of the  p a t h w a y  of s q u a l e n e  f o r m a t i o n  f r o m  f a r n e s y l  p y r o p h o s -  

pha t e .  I t  m a y  be  p o s ~ l l a t e d  f r o m  c u r r e n t  e v i d e n c e  t ha t  f a r n e s y l  p y r o p h o s -  

p h a t e  i s  c o n v e r t e d  to C 1 5 - e n z y m e  a n d  tha t  t h i s  c o m p o u n d  i s  t h e n  c o n d e n s e d  
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with a molecule of farnesyl pyrophosphate to form "C30"-enzyme. "C30"- 

enzyme is then reduced to squalene in the presence of NADPH. The nature 

of the binding of the "C30" compound to enzyme is not known, but attempts 

are being made to establish the identity of this compound and its binding to 

enzyme. 
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