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S U M M A R Y . -  The  i n c o r p o r a t i o n  of meva lon ic  ac id into phosphory la ted  
d e r i v a t i v e s  was studied fo r  the f i r s t  t ime in Ch lo rophyceae  algae. 
C e l l - f r e e  ex t r ac t s  and ce l l  suspens ions  of C h l o r e l l a  fusca were  able 
to phosphory la te  meva lon ic  acid.  The total  mevalonate phospho ry l a t i on  
showed a c l ea r  maximum at pH 8 .2 .  The time cou rse  of phosphory la ted  
d e r i v a t i v e s  fo rmat ion  was studied.  A decrease in the amount of py ro  
phosphomevalonate formed was observed du r ing  p ro longed  incubat ion  
t imes. Meva lona te -ac t i va t i ng . . enzyme&were  inh ib i ted  by supp lementat ion 
of h igh concen t ra t i ons  of MgZ+or Mn Z÷. At  any cond i t i on  assayed more 
pyrophosphomeva lonate  than phosphomevalonate was observed.  

Meva lon i c  acid (MVA) 0 have been shown to be the p r e c u r s o r  

of the i soprene  uni t  f rom wh ich  d i f f e ren t  te rpeno id  compounds are  

formed in animals,  p lan ts  and yeasts  (1). In h ighe r  p lants ,  mevalonate 

k inase (EC 9..7. 1.36) and phosphomevalonate k inase (EC 2 . 7 . 4 . 2 )  have 

been p a r t i a l l y  p u r i f i e d  f rom severa l  sources  (2-8) and demonst ra ted in 

o ther  p lant  p repa ra t i ons  (9, 10). 

The enzymes of MVA  metabol ism in algae have rece i ved  

l i t t l e  a t tent ion .  On ly  Cooper  and Bened ic t  (11) have examined some 

c h a r a c t e r i s t i c s  of mevalonate k inase in Eug lena g r a c i l i s .  However ,  

i t  is we l l  known that algae conta in  a v a r i e t y  of s t e r o l s  and ca ro teno ids  

(12, 13). In Ch lo rophyceae ,  C h l o r e l l a  fusca syn thes izes  ma in ly  ~ 5  

s t e r o l s  (14). On the o ther  hand, the quan t i t a t i ve  pa t te rn  of ca ro teno ids  

is  s i m i l a r  to that found in h ighe r  p lan ts  (15, 16). 

° A b b r e v i a t i o n s :  MVA,  meva lon ic  acid;  MVAP,  phosphomevalon ic  acid;  
M V A P P ,  py rophosphomeva lon ic  acid; HMG-C:oA7 3 - h y d r o x y - 3 - m e t h y l - -  
g l u t a r y I - C o A .  
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It was o f  i n te res t  t h e r e f o r e  to examine the metabol ism 

of  MVA in the alga C h l o r e l l a  fusca.  T h i s  paper" desc r i bes  the 

i n c o r p o r a t i o n  of  MVA into phospho ry l a ted  d e r i v a t i v e s ,  as the f i r s t  

steps in the b iosyn thes i s  of s t e r o l s  and c a r o t e n o i d s  in C. fusca. 

The cond i t i ons ,  ra te  and r e q u i r e m e n t s  of these reac t i ons  have been 

i nves t i ga ted  fop the f i r s t  t ime in C h l o r o p h y c e a e  algae.  

M A T E R I A L S  AND M E T H O D S  

A l l  the expe r imen ts  were  c a r r i e d  out w i th  C h l o r e l l a  fusca 
S i h i r a  et K raus ,  s t r a i n  211-15 f rom P r i ngshe im  c u l t u r e  c o l l e c t i o n  
at G6t t ingen.  The a lgae w e r e  cu l t u red  a u t o t r o p h i c a l l y  as desc r i bed  
by Vega et al .  (17) w i th  13 mM n i t r a t e  as n i t rogen  source .  Growth  was 
de te rmined  by measur ing  absorbance  changes at .660 nm. The ce l l s  
were  ha rves ted  at the l oga r i t hm ic  phase by IOWrSP~z~d.~ cen tp i fuga t ion  
and washed tw ice  w i th  i so ton ic  sa l ine  so lu t ion .  L2- 1 C JMVA was supp l ied  
as the lactone by the Rad iochemica l  Cen t re ,  Amersham.  The potassium 
s a l t . w a s  p r e p a r e d  as p r e v i o u s l y  desc r i bed  (18). 

C e l l u l a r  suspens ions we re  ob ta ined  by suspending the 
c e l l u l a r  pe l le t  in 0.1 M T r i s - H C I  bu f fe r  at the adequate pH, con ta in ing  
0.01 Mt~-mercap toe thano l .  G e l l - f r e e  e x t r a c t s  w e r e  obta ined by u l t r a s o n i c  
t rea tment  fop f i ve  p e r i o d s  of  1 min. A l l  p r o c e d u r e s  we re  pe r f o rmed  
at 49. The b roken ce l l  suspens ion was cen t r i f uged  at 38000 9_ fop 
60 min. P r o t e i n  content o f  the enzyme p r e p a r a t i o n s  was de te rmined  
by the method of  L o w r y  et a l .  (19). 

Enzymat ic  r eac t i ons  w e r e  c a r r i e d  out incubat ing  the e x t r a c t s  
at 9.09. Un les  o t h e r w i s e  stated, the r e a c t i o n  systle ~ conta ined 12,umoles 
of A T P ,  6 jumoles of Mg^CI ,  42 .5  nmoles of [[2- C~ MVA,  150 pmo les  
of  T r i s - H C I  bu f fe r ,  pH ~.2,  and enzyme p r e p a r a t i o n  in a f ina l  vo lume 
of  1.5 ml. Reac t ions  were  stopped by heat ing the reac t i on  tubes at 909 
fo r  5 min. P r e c i p i t a t e d  p r o t e i n  was cen t r i f uged  of f  at 2000 g fo r  5 min. 
I den t i f i ca t i on  of M V A P  and M V A P P  was p r e v i o u s l y  desc r ibed  (20). 

R E S U L T S  

C e l l - f r e e  e x t r a c t s  from C. fusca phospho ry la ted  MVA to 

MVAP and M V A P P  by meva lona te  k inase and phosphomeva lonate  k inase.  

Fo rma t i on  of both phospho ry la ted  d e r i v a t i v e s  was s tud ied o v e r  the range 

of pH "7. 3 - 9 . 3  by using 0.1 M TP is -HCI  buf fe r .  As shown in F ig .  1 

a c l e a r  d i f f e r e n c e  has been obta ined in the p H - a c t i v i t y  p r o f i l e s  fo r  

M V A P  and M V A P P  fo rma t ion .  The M V A P P  fo rma t ion  was high and 

qui te s i m i l a r  at pH "7.3-8. 9 whereas  the MVAP fo rma t ion  was l owe r  

and s h a r p l y  i nc reased  f rom ?. 9 to 8 .2  pH va lues .  The total  MVA 
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1 . -  Ef fect  of  pH on the MVA phospho ry l a t i on  by c e l l - f r e e  
e x t r a c t s  f rom C. fusee. O ,  MVAP;  O ,  M V A P P ; . ,  
MVAI:X~ M V A P P .  

2 . -  MVA phospho ry l a t i on  by c e l l - f r e e  ex t rac t s  f rom C. fusee 
at d i f f e ren t  incubat ion  t imes. O ,  MVAP;  C) , M V A P P .  

p h o s p h o r y l a t i o n  showed a c l e a r  maximum at pH 8 .2 .  At  any pH va lue  

the amount of M V A P P  observed  was h ighe r  than of MVAP.  

AI pH 8.2, a l i t t l e  amount of an un iden t i f i ed  compound w i th  

a Rf va lue  of 0 . 4 8 - 0 . 5 2  in the solvent  system employed was observed .  

Th i s  compound was detected when 0. 1 M T r i s - H C I  bu f fe r  was used. 

With 0 .05  M and 0.01 M buf fe r ,  no fo rma t ion  of th is  compound was 

observed .  The p resence  of th is product  in r eac t i ons  c a r r i e d  out w i th  

14CJMVA ind ica ted  that it is not isopenteny l  py rophospha te  nor  

o the r  r e l a ted  metabo l i te ,  because of 140  o f [ 1 - 1 4 C I M V A  was lost as 

14CO in the deca rbo×y la t i on  of M V A P P  by py rophosphomeva lona te  
2 

d e c a r b o x y l a s e  (EC 4. 1. 1.33).  M o r e o v e r ,  the fo rma t ion  of 3 - h y d r o x y -  

3 - m e t h y l g l u t a r y I - C o A  seems to be imposs ib le  because of  the we l l  

known i r r e v e r s i b i l i t y  of r eac t i on  ca ta l yzed  by HMG-CoA reduc tase  

(EC 1. 1. 1.34).  On the o the r  hand, in r eac t i ons  c a r r i e d  Out w i th  

bo i led  c e l l - f r e e  ex t rac ts ,  the p resence  of  th is  un iden t i f i ed  compound 

was a lso detected.  These resu l t s  suggest the fo rma t ion  in these 

cond i t i ons  of a non-enzymat i c  d e r i v a t i v e  of  MVA 'that can i n t e r f e r e  

as an a r t i f a c t  in the study of metabo l ism of  th is  acid.  

976 



Vol. 77, No. 3, 1977 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

T h e  m e v a l o n a t e  p h o s p h o r y l a t i o n  is  q u i t e  s i m i l a r  at 209 

and 37£. No  d i f f e r e n c e  in the  amount  o f  M V A P  a n d M V A P P  f o r m e d  

w a s  o b s e r v e d  in i n c u b a t i o n s  c a r r i e d  out  at t hese  t e m p e r a t u r e s .  

D i s r u p t i o n  of  c e l l u l a r  m e m b r a n e s ,  tha t  c e r t a i n l y  o c c u r s  

in  f r o z e n - t h a w e d  C h l o r e l l a  as shown  by the  l e a k a g e  o f  s o l u b l e  s u b s t a n c e s  

f r o m  the  ce l l s~  p r o d u c e d  an i n a c t i v a t i o n  o f  m e v a l o n a t e - a c t i v a t i n g  

e n z y m e s .  No  M V A  p h o s p h o r y l a t i o n  w a s  o b s e r v e d  in e x p e r i m e n t s  c a r r i e d  

out  w i t h  t h e s e  e x t r a c t s .  

P h o s p h o r y l a t i o n  o f  [ 2 - | 4 C J M V A  by ce l  I - f r e e  e x t r a c t s  f r o m  

C.  f u s c a  w a s  i n v e s t i g a t e d  in r e a c t i o n s  c a r r i e d  out  fop  10 rain to 2 h r .  

A s  can  be seen  in F i g .  2 the  M V A P  f o r m a t i o n  r e a c h e d  i t s  m a x i m a l  

v a l u e  w i t h i n  30 rain b e c o m i n g  p r a c t i c a l l y  l eve l  a f t e r w a r d s .  F i g .  2 a l s o  

s h o w s  tha t  M V A P P  f o r m a t i o n  w a s  m a x i m a l  at 3 0 - 4 5  rain and d e c r e a s e d  

at i n c r e a s i n g  i n c u b a t i o n  t i m e .  In any  case~ m o r e  M V A P P  than  M V A P  

w a s  f o r m e d .  

The  c e l l - f r e e  e x t r a c t s  f r o m  C,  f usca  w e r e  a b l e  to p h o s p h o -  

r y l a t e  M V A  w i t h o u t  a d d i t i o n s  o f  me ta l  i ons .  T h e  r e s u l t s  g i v e n  in T a b l e  

1 s h o w  tha t  o m i t t i n  9 d i v a l e n t  c a t i o n s  s h a r p l y  r e d u c e d  the  f o r m a t i o n  o f  

M V A P P ,  w h i l e  the  amount  o f  M V A P  f o r m e d  is  o n l y  s l i g h t l y  l o w e r .  
2+ 2+ 

S u p p l e m e n t a t i o n  o f  Mg o r  Mn s t r o n g l y  i n c r e a s e d  the  M V A  p h o s p h o -  
2+ 

r y l a t i o n .  T h e  d a t a  p r e s e n t e d  in T a b l e  1 a l s o  s h o w  tha t  w h e n  Mg o r  
2+ 

Mn c o n c e n t r a t i o n  i n c r e a s e d  a c l e a r  i n h i b i t i o n  in the  M V A P P  f o r m a t i o n  

w a s  o b s e r v e d ,  i n h i b i t i o n  tha t  i s  o b v i o u s  but  l o w e r  in the  M V A P  

f o r m a t i o n  at the  same ion  c o n c e n t r a t i o n s .  

T h e  c e l l s  of  C.  f u s c a  s u s p e n d e d  in 0.1 M T r i s - H C I  b u f f e r ,  

p a  8 . 2  7 i n c o r p o r a t e d  M V A  to p h o s p h o r y l a t e d  d e r i v a t i v e s  w h e n  they  

w e r e  i n c u b a t e d  w i t h  [2-14C'~MVA-- f o r  1 h r  ( T a b l e  2). T h e  r a t i o  o f  

M V A P P  to M V A P  f o r m a t i o n  in the c e l l  s u s p e n s i o n s  w a s  q u i t e  s i m i l a r  to 

tha t  o b t a i n e d  w o r k i n g  w i t h  c e l l - f r e e  e x t r a c t s .  

D I S C U S S I O N  

In t h i s  p a p e r  the  c h a r a c t e r i s t i c s  o f  m e v a l o n a t e - a c t i v a t i n g  

e n z y m e s  in C h l o r o p h y c e a e  a l g a e  have  been  e x a m i n e d  f o r  the f i r s t  t i m e .  
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Table I 

2+ 2+ 
Effect  of d i f f e ren t  concen t ra t i ons  of Mg and Mn on the MVA 
phosphory la t i on  by c e l l - f r e e  ex t rac t s  from C. fusca. 

Ion Concen t ra t i on  Spec i f i c  a c t i v i t y  (dpm mg -1 x 10 -3  ) -  

(mM) 
MVAP M V A P P  

- - 1.0 2 .0  
2+ 

Mg 0 .8  2 .0  15.0 
4 .0  2.0 14.0 
8 .0  1.5 10.0 

2,+ 
Mn 0.8  2.0 16.5 

4 .0  2.0 13.5 
8 .0  1.2 11.5 

Tab le  2 

MVA i n c o r p o r a t i o n  to phosphory la ted  d e r i v a t i v e s  by d i f f e ren t  enzyme 
p r e p a r a t i o n s  from C. fusca. 

Enzyme p r e p a r a t i o n  
-1 

Spec i f i c  a c t i v i t y  (dpm mg x 10 -3  ) 

MVAP M V A P P  

Cel l  suspens ions 

C e l l - f r e e  ex t rac t s  

1.2 9 .6  

1.6 14./4 

In al l  the cond i t i ons  assayed~ more M V A P P  than MVAP was observed~ 

in sp i te  of the reac t i on  ca ta l yzed  by phosphomevalonate  k inase is 

f r e e l y  r e v e r s i b l e  (21). The amount of M V A P P  formed or" accumulated is 

regu la ted  by the equ i l i b r i um constant  of th is  react ion~ p a r t i c u l a r l y  when 

the ra te  of  f o r w a r d  reac t i on  is low (22). In C h l o r e l l a  the r a t i o  of 

M V A P P  to MVAP seems to be higher` than desc r ibed  (1), suggest ing 
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that the py rophosphomeva lona te  d e c a r b o x y l a s e  is one r a t e - l i m i t i n g  step 

in syn thes is  of  i sop reno ids  in these a lgae.  

The maximal  MVA p h o s p h o r y l a t i o n  occu rs  in C h l o r e l l a  at 

pH h ighe r  than r e p o r t e d  in o the r  sources .  In pumpkin f r u i t  (2), P inus  

r a d i a t a  seed l ings  (23) and o range  (9) meva lona te  p h o s p h o r y l a t i o n  was 

maximal  at pH 5 . 5 - 6 . 5 ,  whe reas  in P inus  p i n a s t e r  and Agave amer icana  

(6) we have found an optimum pH about 7 . 5 - 8 . 0 ,  s i m i l a r  to that 

r epo r t ed  in Hevea la tex  (3) and an imals .  We have a lso r e p o r t e d  the 

sepa ra t i on  by Sephadex  G-100 of two f r a c t i o n s  w i th  meva lona te  k inase 

a c t i v i t y  f rom P. p i n a s t e r  and A. amer icana ,  both f r a c t i o n s  being ac t i ve  

at pH 7 .9  (24). On the o the r  hand, the optimum pH of the phospho-  

rnevalonate k inase  f rom pig l i v e r  (21) and Hevea la tex  (7) is 7 . 0 - 7 . 5 .  

The t ime cou rse  of  meva lona te  p h o s p h o r y l a t i o n  in c e l l - f r e e  

ex t rac t s  f rom C. fusca shows a c l e a r  dec rease  in the amount of M V A P P  

observed  when the incubat ion  t ime is p ro longed  fo r  1-2 hr.  Th i s  

decrease  can be p roduced  by a phosphatase s i m i l a r  to that r e p o r t e d  

in o the r  p lant  sources  (6,9,  10). The p resence  of th is  phosphatase 

a c t i v i t y  would  af fect  the m e v a l o n a t e - a c t i v a t i n 9  enzymes assay, through 

removal  A T P  necessa ry  f o r  MVA p h o s p h o r y l a t i o n  and th rough deg rada t i on  

of the phospho ry l a ted  p roduc ts  of MVA metabo l ism (25). 

The m e v a l o n a t e - a c t i v a t i n 9  enzymes f rom C h l o r e l l a  a re  
2+ 

ac t i va ted  by d i va len t  ions such as Mg and Mn 2+ . However~ l ike  

w i th  the enzymes f rom o the r  sources ,  a c l e a r  i n h i b i t i o n  in the MVA 
2+ 2+ 

p h o s p h o r y l a t i o n  is found at high M9 o r  Mn concen t ra t i on .  The 

extent  of a c t i v a t i o n  and i n h i b i t i o n  by d i f f e ren t  metal  ion concen t ra t i ons  

v a r i e s  acco rd ing  to the source  of  the enzyme p r e p a r a t i o n s .  
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