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SUMMAI~Y 

An enzyme complex capable of converting isopentenyl pyrophosphate to 
phytoene has been isolated from an acetone powder of tomato fruit plastids 
and partially purified. This complex, approximately ZOO, 000 Daltons in mol- 
ecular weight, is devoid of squalene synthetase activity. Mn ++ is required for 
enzyme activity, but no other cofactors have been identified as being essen- 
tial. However, a 6 to 7-fold stimulation in activity is effected by ATP (i. 3 
n-hA4). Since there is no evidence that ATP participates directly in the synthe- 
sis of phytoene from isopentenyl pyrophosphate, it is suggested that this nu- 
cleotide may be an allosteric effector of the reaction. 

A method for the preparation of an acetone powder from tomato fruit 

plastids was developed by Jungalwala and Porter (i). An extract of this pow- 

der was then found to be capable of converting isopentenyl pyrophosphate to 

phytoene. Subsequent papers from this laboratory have reported the incorpor- 

ation of [ x4C]terpenyl pyrophosphates into phytoene and more unsaturated 

carotenes by this preparation (2, 3). Some cofactor requirements for the crude 

enzyme system synthesizing phytoene have also been reported (I). 

The present report describes the partial purification of the enzyme com- 

plex that converts isopentenyl pyrophosphate to phytoene. This purification is 

achieved by ammonium sulfate precipitation and gel filtration. Attempts to 
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further purify the enzyme system by a charge separation step are under inves- 

tigation. The enzyme activity for phytoene synthesis is eluted as a symmetri- 

cal peak from a gel filtration colun~n. This activity is stimulated up to 7-fold 

by 1. B mM adenosine 5 t-triphosphate. Other nucleotides either have no 

effect or are only partially stimulating. 

EXPERIMENTAL PROCEDURE 

Commercial semi-ripened tomato fruits were purchased locally and ace- 

tone powders of the plastids were prepared by the method of Jungalwala and 

Porter (i). All operations were carried out at 0 to 4 ° unless otherwise indi- 

cated. Six gran~s of an acetone powder were then homogenized three times 

with  25 rnl of 0 .1  M p o t a s s i u m  p h o s p h a t e  bu f f e r ,  pH 7 .0 ,  con ta in ing  2 mM di -  

t h i o t h r e i t o l  and 1% Tween  80. F o l l o w i n g  c e n t r i f u g a t i o n  at  10,000 g f o r  20 

m i n u t e s ,  the s u p e r n a t a n t  so lu t ion  was  f r a c t i o n a t e d  wi th  a m m o n i u m  su l f a t e  b e -  

tween  20 and 60% of s a t u r a t i o n .  The p e l l e t  was  r e s u s p e n d e d  in 20 n~l of 0 .1  

Af p o t a s s i u m  p h o s p h a t e  buf fe r ,  pH 7 .0 ,  con ta in ing  30% g l y c e r o l  and 2 ~ d i -  

t h / o t h r e i t o l  and then d i a l y z e d  t h r e e  hour s  a g a i n s t  the s a m e  buf fe r .  This  m a -  

t e r i a l  was applied to a Biogel A-I. 5 m column (2.5 x 45 cm) which was prev- 

iously equilibrated with the above buffer. The active fractions eluted from 

the column were pooled and concentrated to a volume of 20 rnl with an Amicon 

ultrafiltration cell (Amicon Corp., Lexington, Mass. 02173) and a PM-10 

membrane. This concentrated protein fraction was used for all of the exper- 

iments described hereafter. 

1 -I 4C] Isopentenyl pyrophesphate, 60 ~Ci/~mole, was obtained from 

Amersham Searle. This compound was diluted with nonradioactive isopenten- 

yl pyrophosphate to a specific radioactivity of 2.15 ~Ci/~mole. 

The incubation mixture for the phytoene synthetase assays contained I0 

~mole s  b o r i c  a c i d ,  pH 8 .2 ,  1 mg Tween 80, 1 ~mole  MnC12, 7.5 ~tmoles 

iVigCle, 2 ~ m o l e s  NADP +, 5 ~mole s  d i t h i o t h r e i t o l ,  20 n m o l e s  and 95,000 d p m  

i s o p e n t e n y l  p y r o p h o s p h a t e ,  400 n m o l e s  A T P ,  and 0 .2  m l  of the p r o t e i n  f r a c -  

t ion ( a p p r o x i m a t e l y  1 mg p r o t e i n )  in a t o t a l  v o l u m e  of 0 .6  rnl. P r o t e i n  was  d e -  

t e r m i n e d  by the me thod  of L o w r y  et a l  (5). The incuba t ion  was  c a r r i e d  out 

u n d e r  whi te  l igh t  f r o m  f l u o r e s c e n t  bulbs  and a n i t r o g e n  a t m o s p h e r e  fo r  t h r e e  

hour s  at 24 ° .  The r e a c t i o n  was  s topped  by the add i t ion  of 2 m l  of a b s o l u t e  

e thanol ,  and the i ncuba t ion  m i x t u r e  was  then e x t r a c t e d  wi th  3 × 3 ml  a l iquo ts  of 

p e t r o l e u m  e t h e r  (Bp 40-60 °) .  Authen t i c  c a r r i e r  phy toene ,  i s o l a t e d  f r o m  c a r -  
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ro t  oi l  by the me thod  of J u n g a l w a l a  and P o r t e r  (4), was  added  to the  p e t r o l e u m  

e t h e r  e x t r a c t  and the l a t t e r  was  d r i e d  ove r  anhydrous  s o d i u m  su l f a t e .  

The e x t r a c t e d  h y d r o c a r b o n s  w e r e  c h r o m a t o g r a p h e d  on a G r a d e  I a l u m i n a  

co lumn  (Bake r  a l u m i n u m  oxide ,  s u i t a b l e  fo r  c h r o m a t o g r a p h i c  u se ) .  I n c r e a s -  

ing amount s  of p e r o x i d e - f r e e  d i e t h y l  e t h e r  in p e t r o l e u m  e t h e r  w e r e  u s e d  to 

deve lop  the co lumn,  as p r e v i o u s l y  r e p o r t e d  (4). 

Thin l a y e r  c h r o m a t o g r a p h y  was  a l so  p e r f o r m e d  on s i l i c a  ge l  G (Sigma) .  

D e v e l o p m e n t  of the c h r o m a t o g r a m  was  e f fec ted  wi th  p e t r o l e u m  e t h e r : d i e t h y l  

e t h e r  (98:2). A f t e r  d e v e l o p m e n t  of the c h r o m a t o g r a p h i c  p l a t e ,  phy toene  was  

v i s u a l i z e d  by e x p o s u r e  to iod ine  v a p o r .  An l~f of 0 .6  was  ob ta ined ,  l~adio-  

a c t i v i t y  a s s o c i a t e d  wi th  the C~o h y d r o c a r b o n  ob ta ined  by each  of the  above  

me thods  was d e t e r m i n e d  by a n a l y s i s  wi th  a l iqu id  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 .  

y_3~ P - L a b e l e d  a d e n o s i n e  t r i p h o s p h a t e  of high s p e c i f i c  a c t i v i t y  (1.1 × l0 s 

c p m / n m o l e ) ,  a g e n e r o u s  gif t  f r o m  D r .  Iku N i s h i g a k i  (Dept.  of P h a r m a c o l o g y ,  

U n i v e r s i t y  of W i s c o n s i n ,  Madison)  was  u s e d  to a s c e r t a i n  w h e t h e r  p h o s p h o r y -  

l a t ion  of phy toene  s y n t h e t a s e  o c c u r s .  The p u r i t y  of th is  compound  was  con-  

f i r m e d  by high v o l t a g e  e l e c t r o p h o r e s i s .  

RESULTS 

The p a t t e r n  of p r o t e i n  and e n z y m e  a c t i v i t y  on e lu t ion  of the 20 to 60% a m -  

m o n i u m  su l f a t e  f r a c t i o n  f r o m  a Bioge l  A - 1 . 5  (200-400 mesh )  co lumn is shown 

in F i g .  1. E n z y m e  a c t i v i t y  fo r  phy toene  s y n t h e s i s  was  l o c a t e d  by the a s s a y  

r e p o r t e d  in the E x p e r i m e n t a l  s e c t i o n .  The p r e s e n c e  of phy toene  was  c o n f i r m e d  

by a l u m i n a  co lumu  and thin  l a y e r  c h r o m a t o g r a p h y  of the p e t r o l e u m  e t h e r  ex-  

t r a c t  of the  incuba t ion  m i x t u r e .  A c o i n c i d e n c e  of r a d i o a c t i v i t y  and m a s s  of 

au thent ic  phy toene  was  o b s e r v e d  on e lu t ion  f r o m  the a l u m i n a  co lumn .  A c o -  

i nc idence  of m a s s  and r a d i o a c t i v i t y  was  a l s o  o b s e r v e d  on thin l a y e r  c h r o m a -  

t o g r a p h y .  The b e h a v i o r  of the e n z y m e  s y s t e m  fo r  the s y n t h e s i s  of phy toene  

f r o m  i s o p e n t e n y l  p y r o p h o s p h a t e  on Bioge l  f i l t r a t i o n  s t r o n g l y  s u g g e s t s  the  ex-  

i s t e n c e  of an e n z y m e  c o m p l e x  fo r  th is  r e a c t i o n .  This  e n z y m e  c o m p l e x  is d e -  

void  of s q u a l e n e  s y n t h e t a s e  a c t i v i t y  when a s s a y e d  wi th  f a r n e s y l  p y r o p h o s p h a t e  

by the me thod  of Q u r e s h i  e t  a l .  (6). This  c o m p l e x  has  a m o l e c u l a r  we igh t  of 

a p p r o x i m a t e l y  200,000 Dal tons  when c o m p a r e d  to the e lu t ion  of s t a n d a r d  g lob -  

u l a r  p r o t e i n s  f r o m  Bioge l .  

V a r i o u s  p o s s i b l e  c o f a c t o r s  have been  e x a m i n e d  fo r  t h e i r  ab i l i t y  to a f fec t  
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F i g .  1. P a r t i a l  p u r i f i c a t i o n  of p h y t o e n e  s y n t h e t a s e  by f i l t r a t i o n  on a 
c o l u m n  (2 .5  × 45 cm)  of B i o g e l  A - 1 . 5  m (200-400  m e s h ) .  E l u a t e  f r a c t i o n s  of 
4 rn l  w e r e  c o l l e c t e d .  , L igh t  a b s o r p t i o n  at  280 n m ;  . . . . .  , t o t a l  r a d i o -  
a c t i v i t y  e x t r a c t e d  by p e t r o l e u m  e t h e r  f r o m  an  i n c u b a t i o n  m i x t u r e ,  e x p r e s s e d  
in  d p m  x 10 - s .  l ~ a d i o a c t i v i t y  was  d e t e r m i n e d  in  a P a c k a r d  T r i c a r b  l i qu id  
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  p r o d u c t  was  c h a r a c t e r i z e d  as r e p o r t e d  in  the 
E x p e r i m e n t a l  s e c t i o n  and  80% of the p e t r o l e u m  e t h e r  s o l u b l e  r a d i o a c t i v i t y  was  
p h y t o e n e .  

the r a t e  of c o n v e r s i o n  of i s o p e n t e n y l  p y r o p h o s p h a t e  to p h y t o e n e  by the  c r u d e  

e n z y m e  s y s t e m  (1). The  p r e s e n c e  of d i v a l e n t  c a t i o n s  s u c h  as hfm ++ has  b e e n  

shown  to  be a r e q u i r e m e n t  f o r  the  s y n t h e s i s  of p h y t o e n e .  The a f fec t  of A T P  

on the  r a t e  of p h y t o e n e  f o r m a t i o n  has  no t  p r e v i o u s l y  b e e n  t e s t e d ,  h o w e v e r ,  

m a i n l y  b e c a u s e  t h e r e  d id  no t  a p p e a r  to be any  r e a c t i o n  s t e p s  w h e r e  th i s  c o r n -  

pound  cou ld  be  i n v o l v e d  as a c o f a c t o r .  W h e n  th i s  c o m p o u n d  was  t e s t e d  in  the 

p r e s e n t  s t udy  f o r  i ts  a f f ec t  on the  r a t e  of s y n t h e s i s  of p h y t o e n e ,  a 6 to 7 - fo ld  

i n c r e a s e  was  o b t a i n e d ,  F i g .  2. At  c o n c e n t r a t i o n s  above  1 rnM A T P  is  s a t u r -  

a t i ng  f o r  th i s  r e a c t i o n .  At  a c o n c e n t r a t i o n  of 1 .3  rnM A T P  t h e r e  is  a 7 - fo ld  

s t i m u l a t i o n  o v e r  the  a c t i v i t y  of the  c o n t r o l  i n  the  i n c o r p o r a t i o n  of i s o p e n t e n y l  

p y r o p h o s p h a t e  in to  p h y t o e n e .  

A n  e x p e r i m e n t  to e x a m i n e  the  s p e c i f i c i t y  of the  A T P  e f fec t  i s  r e p o r t e d  in  

T a b l e  I. The  m o n o p h o s p h a t e  and d i p h o s p h a t e  f o r m s  of a d e n o s i n e  had no  e f fec t  

on p h y t o e n e  s y n t h e t a s e  a c t i v i t y  w h e n  c o m p a r e d  to the  c o n t r o l  w i t hou t  n u c l e o -  

t i d e s .  The  t r i p h o s p h a t e  n u c l e o t i d e s ,  C T P ,  G T P  and  U T P ,  p r o d u c e d  only  a 

2 . 5 - f o l d  s t i m u l a t i o n  of p h y t o e n e  s y n t h e t a s e  a c t i v i t y .  The  a d d i t i o n  of 1 .6  rnlvl 

E D T A  to the  p h y t o e n e  s y n t h e t a s e  i n c u b a t i o n  m i x t u r e  i n h i b i t e d ,  r a t h e r  t h a n  
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F i g .  2. I n f l u e n c e  of a d e n o s i n e  5 ' - t r i p h o s p h a t e  c o n c e n t r a t i o n  on p h y t o e n e  
s y n t h e s i s  f r o m  i s o p e n t e n y l  p y r o p h o s p h a t e .  

stimulated, phytoene formation. Hence, the A T P  stimulation did not involve 

the removal of heavy metal ions by chelation. 

In o r d e r  to e s t a b l i s h  w h e t h e r  A T P  is  a c t i n g  as an  a l l o s t e r i c  e f f e c t o r  o r  a 

p h o s p h o r y l a t i n g  a g e n t  of the  e n z y m e  c o m p l e x ,  1 .5  nag of e n z y m e  p r o t e i n  w e r e  

i n c u b a t e d  in  the p r e s e n c e  of 400 n m o l e s  of A T P  (10 s c p m  [ y - 3 2 P ] A T l ° )  f o r  one 

h o u r  a t  25°C ,  i n  a t o t a l  v o l u m e  of 0 . 7  m l .  T h e n  the  i n c u b a t i o n  m i x t u r e  was  

l oaded  onto  a B i o g e l  A - 0 . 5  m (200-400  m e s h )  c o l u m n  (1 x 24 c m ) ,  p r e v i o u s l y  

e q u i l i b r a t e d  u n d e r  the  c o n d i t i o n s  d e s c r i b e d  in  the  E x p e r i m e n t a l  s e c t i o n .  E1- 

ua t e  f r a c t i o n s  of 1 m l  w e r e  c o l l e c t e d  and  r a d i o a c t i v i t y  was  d e t e r m i n e d .  The  

only  r a d i o a c t i v e  f r a c t i o n  e l u t e d  f r o m  the B i o g e l  A - 0 . 5  c o l u m n  c o r r e s p o n d e d  

to the  e l u t i o n  of the  A T P  m o l e c u l e .  No r a d i o a c t i v i t y  was  a s s o c i a t e d  w i t h  the  

f r a c t i o n s  tha t  s y n t h e s i z e  p h y t o e n e  f r o m  i s o p e n t e n y l  p y r o p h o s p h a t e .  Th i s  r e -  

s u l t  r u l e s  out the  r o l e  of A T P  as a p h o s p h o r y l a t i n g  a ge n t  of the  p h y t o e n e  s y n -  

t h e t a s e  c o m p l e x .  T h e r e f o r e  i t  is  m o s t  p r o b a b l e  t ha t  ATP is  a c t i n g  as  an  a l l o -  

steric effector of this enzyme complex. 

DISC USSION 

This report demonstrates for the first time that the enzyme system, 

isolated from tomato fruit plastids, that synthesizes phytoene from isopenten- 

yl pyrophosphate, behaves as a complex on Biogel filtration. Whether phy- 

toene synthesizing enzymes of chloroplasts and of other species are also 

complexes remains to be ascertained. 
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TABLE I 

INFLUENCE OF DIFFERENT NUCLEOTIDES 

ON PITYTOENE SYNTHESIS 

Nuc le otide Phyto ene 

apm 

None i, 102 

cAMP 985 

AMP 892 

ADP i, 272 

ATP 6, 177 

UTP 2,537 

CTP 2,845 

GTP 2,900 

E a c h  n u c l e o t i d e  w a s  p r e s e n t  a t  t h e  s a m e  c o n c e n t r a t i o n  ( 0 . 6 7  mlVi) in  the  i n c u -  
b a t i o n  m i x t u r e  d e s c r i b e d  in  t h e  E x p e r i m e n t a l  s e c t i o n .  

M a x i m u m  p h y t o e n e  s y n t h e t a s e  a c t i v i t y  by  the  t o m a t o  e n z y m e  s y s t e m  i s  

o b t a i n e d  w h e n  t h e  i n c u b a t i o n  m i x t u r e  c o n t a i n s  a d e n o s i n e  5 ' - t r i p h o s p h a t e .  

The  a d d i t i o n  of A T P  a t  a 1 .3  mlVl c o n c e n t r a t i o n  p r o d u c e d  a 7 - f o l d  s t i m u l a t i o n  

of phytoene synthesis. It was also demonstrated that AMP, ADP and cyclic 

AMP are not activators of this reaction. CTP, GTP and UTP produced only 

a 2.5-fold stimulation, as compared to the 7-fold stimulation by ATP. The 

exact role played by ATP in phytoene formation is not certain. However, our 

data indicate that it is acting as an allosteric effector and not as a phosphory- 

lating agent of the phytoene synthetase complex. 
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