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SUMMARY 

Mevalon'~c kir~ase -c t iv i ty  h:~ h,-en demons t ra ted  in extracts  from -everal plant  
sl>eci~. Pumpkin (Ctwnrbi ta  p~po) seedlings had the hihhest ac t iv i ty  of  the various 
plant materials tested, anti they  were therefore u.',~ed as a s,,urce of the enzyme for 
fur ther  investigations. Mevalonic kinase frum pumpkin seedlings was par t ia l ly  
purified, and its properties were investigated. Maximum ac t iv i ty  is obtained with 
ATI '  as the phosphate dot,tw, though several other nucleotides can ~lso be utilized. 
A divalent metal ion is required: Mn *+ is the most effective, but  several others, in- 
clnding Mg ~÷, can replace it. The op t imum pH for the enzvrae is about  5.7. The 
e.,:=y;;.,- remains in the superna tan t  solution after  fract ionat ion of  the cell components  
by  centrifugation,  suggesting tha t  it is associated with the soluble cytoplasm. "Ihe 
l>r,Jduct of the enzymic reaction contains by analysis one mole of  phosphate  per mole 
of mevahmate ,  and gives R1, values in paper chromatt~graphy which agree with 
published values for 5-phosphomevalonic acid. With  crude enzyme extracts  this 
product is partly' converted into a second  derivative,  which is t en ta t ive ly  identiti~d. 
fr ,m Rt, x-alu,~, as 5-p.wrophosphomevalonic acid+ 

I N T R O D U C T I O N  

Extensive investigations of cholesterol biosynthesis and less-extensive work on 
other i~oI>renoid compountks indicate tha t  the biological "isoprene un i t "  ari~.~ from 
acetyl coenzyme A t4a mevalonic acid (3-methyl-3,5-dihydrnxyvaleric acid). Recent  
investigations have implicated ~cveral phosphorvlated derivatives of mevalonic acid 
as intermediates in the biosynthesis of  cholesterol and squalene in animals and  yeast .  
These include (listed in the sequence of  formation from mevalonate) :  5-phospho- 
mevaronic acidt. 2, 5-pyrophosphomevalonic acid 2, As-isopentenyl pyrophosphate  z, 
),,),-dimethylMlyl pyrophosphate3. 4, geranyl  pyrophc~phate ~, and faxnesyl pyro- 
phosphate  a. Other isoprenoid compounds,  including several plant  products,  appear  
to be synthesized from the ~arne precur.~ws. For  example, one or more of the choles- 
terol precursors have been reported to be incorporated into n lbber  s-~, p lant  sterols e. 

" P r e s e n t  a c h l r e ~ :  S c i e n e e - M a t t h c m a t i c s  D i v i s i o n .  S o u t h e r n  O r e g o n  Co l l ege .  A s b l e m d .  
O r e g o n  t U . ~ . A  ). 
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c:ttx~tenoids *-ta, monoterpenes t~ ,  t*, p h y t o e n e  t~, and lycope t sene  ts. ~[evalonk: kinase,  
t he  e n z y m e  res lxmsible  fi~r the init ial  phosp h o ry t a t i tm  of  meva ton i c  acid to  fo rm 
5 - p h o s p h o m e v a l o n i c  acid,  has  been pa r t i a l ly  [>ulifiext f r o m  yeas t  t and  l iver  ~ . ~  imd 
its p rope r t i e s  inves t iga ted .  

Th,- ab i l i ty  , ,f h igher  [:!?-::.'.:, t o  xitthze m e v a l o n a t e ,  and  of  c rude  cell-free pre-  
p a r a t i o n s  to  uti l ize ce r t a in  phosphor ; - l a t ed  dcrix'~t.;ve~ :;f m¢',-a]onate ~,t~, st~ggested 
t h a t  t he  same  enzymic  p a t h w a y  for metabc, lism of  meva lon i c  acid m ig h t  be fo u n d  
in p lan ts .  W e  wish to r epo r t  t he  f inding ~:f m e v a k m i c  kina..~e in h igher  p lan t s  and  to  
d ~ ' r i b e  some o f  t he  p roper t i e s  o f  the  enzyill¢-. 

MATERIAl..'; AND .METHOD~, 

dt-[2-t*CJMevalonic acid w,~,; ob t a ined  iT1 the ft~rllJ o f  the  .~,:,-X"-dil~nzylethylene- 
d i a m i n e  .~ l t  f rom Trace r l ab ,  Inc. .  W a l t h a m ,  Ma-~.~. (U.S.A.). L"nlaheled mevaloqi t :  
ac id ,  also as the  d i b p n z y l e t h y l e n e d i a m i n e  ~alt. wa~ o b t a i n e d  t h r o u g h  the  c o u r t e s y  
o f  Dr. K. FOLKERn of the  .Merck S b a r p e  a n d  De)hrr, e Resea rch  Labora to r ies .  R a h w a y ,  
N.J .  (U.S.A.) .  T h L ~  were  , :onver ted  in to  the ln~ta.~sium salt  by  ad jus t i ng  an  at lue~us 
so lu t ion  to  a pl-I o f  a b o u t  Ix wi th  K O H .  e x t r a c t i n g  the  free am in e  wi th  e the r ,  
r e m o v i n g  t r aces  o f  e t h e r  u n d e r  v a c u u m  at  r , - m  t e m p e r a t u r e ,  a n d  t h en  neu t ra l i z ing  
t he  so lu t ion  wi th  HCI. 

A T P  a n d  A D P ,  b o t h  a.~ stx-lium salts, were o b t a i n e d  f rom Sigma Chemical  
C o m p a n y .  St. Louis,  Me. (U.S.A.).  CTP.  ( ;T I ' .  i 'FP,  a n d  U T P ,  as sod ium salts,  were 
o b t a i n e d  f rom P a b s t  Labora to r i e s ,  Milwaukee.  XVis. (U.S.A.).  

T h e  buffer  used in mus t  e x p e r i m e n t s  wa~ a m i x t u r e  of  maie ie  acid an d  Trio. 
o.4 M wi th  respec t  to  each  c o m p o n e n t ,  adju.~ted to  the  des i red  p H  w i t h  K O H .  

P l a n t  t issues were  dr ied  wi th  cold ace to n e  by  s t an d , t l d  p rocedures  descr ibed  
prex ' iously  at, a n d  t he  resu l t ing  " a c e t o n e  p o w d e r s "  were  s to red  in t i g h t l y - c a p p e d  
ja r s  in a f reezer  unt i l  needed .  The  p r e p a r a t i o n  used fi)r m o s t  o f  the  inves t iga t ions  
was  m a d e  as fol lows:  P u m p k i n  (C,tcurfn'ta pepo. var .  Suga r  P u m p k i n )  seedlingg 
g r o w n  in t he  d a r k  were  h a r v e s t e d  at  an age  o f  IO days ,  and  the  cotylexhm.~ were  
a c e t o n e  dr ied .  5 g o f  the  dry- p o w d e r  ( co r respond ing  to  28.z g fresh wt.)  were  sus- 
p e n d e d  in 5o ml of  ice-cold I~,~ KHCOa ~ d u t i o n  for  x5 rain and  t h e n  .~lueezed 
t h r o u g h  fine c o t t o n  ck~th. ! he res idue  was r t ~ x t r a c t e d  severa l  t im es  x~-ith x°/o KHCO~ 
to  y ie ld  a final v o l u m e  o f  a b o u t  t o o  ml. Th is  m, lkv suspens ion  was  d ia lyzed  for x6 h 
aga ins t  ice-cold de ion ized  w a t e r  and  t hen  cent.,-ifuged for  2o n,in at  25 ooo  × g. Th e  
s u p e r n a t a n t  .¢,olution was f r a c t i o n a t e d  by  adjusti :xg i~ to  p H  5.6 wi th  a small  amoL'-lt 
o f  X N ace t ic  acid.  Cent r i f t :ga t ion  for I~ rain a t  25 ooo x g y ie lded  a ~:opiou.s whi te  
p r e c i p i t a t e  and  a c lear ,  a lmos t  colorless,  s u p e r n a t a n t  so lu t ion ,  Th i s  super ,~atant  
.~ lu t ion  was  ad ju~ ted  to  p H  7 With K O I I ,  which  cau~sed it  t o  t u r n  s o m e w h a t  -,-eilow. 
Most of  t h e  ye l low color  cou ld  he  r e m o v e d  b y  t r e a t m e n t  wi th  charcoal .  52 ml o f  the  
e x t r a c t  p lus  ~t.6 ml o f  • M p o t a s s i u m  p h o s p h a t e  buf fe r  (pH 6.5) were  s t i r red  wi th  
50.0 m g  o f  Nor i t  A charcoa l  and  f i l tered i m m e d i a t e l y .  T h e  e x t r a c t  wa.~ again  d ia lyzed  
o v e r n i g h t  again.~t ice-cold de ion ized  w a t e r  and  fi l tered again  t h r o u g h  a fine s in te red-  
g lass  fi l ter.  All o p e r a t i o n s  desc r ibed  a b o v e  were  car r ied  o u t  in t h e  cold.  Cent r i fuga-  
t ion  was  w i t h  a Serval l  h igh-speed  re f r igera ted  cent r i fuge .  T h e  final so lut ion con-  
r a ined  •.5 m g  o f  p ro te in  per  m} a n d  a c c o u n t e d  for 5~/0 o f  t h e  p ro te in  presen t  in the  
a c e t o n e  p o w d e r  or  xz°..o o f  t h a t  in the  crude extrac t_  
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T h e  m e t h o d  of  a s saysng  m e v a l o n i c  k inase  a c t i v i t y  w a s  s imi l a r  t o  t h a t  used  b y  
TcHF.y t. I . a l~ l ed  m e v a l o n a t e ,  e n z y m e ,  a n d  t h e  o t h e r  c o m p o n e n t s  of  t h e  r eac t i on  
mLxture  were  p i p e t e d  i n to  ]2 -ml  con ica l  c e n t r i f u g e  t u b e s  chi l led  in d r y  ice. T h e  
t o t a l  v o l u m e  was  in m o s t  cases  o.z ml  in e a c h  tube .  T h e  r eac t i on  was  s t a r t e d  b y  
plac ing the  t u b e s  in a w a t e r  b a t h  a n d  m i x i n g  the  c o m p o n e n t s  t h o r o u g h l y  as  soon  a_~ 
t h e y  mel ted .  T h e  r e a c t i o n  was  a l lowed  to  p r o c e e d  in the  w a t e r  b a t h  a n d  was  s t o p p e d  
b y  p lac ing  tile t u b e s  in boi l ing  w a t e r  for  x rain. I f  the  p ro t e in  p r e c i p i t a t e  was  la rge  
it was  r e n t r i f u g e d  down.  T h e  s u p e r n a t a n t  l iquid  w~s r e m o v e d  wi th  a c a p i l l a r y  d r o p p e r ,  
the  p r e c i p i t a t e  was  w a s h e d  once  or  tw ice  b y  t h e  s a m e  process  w i t h  one  o r  t w o  d r o p s  
~Jf wa te r ,  a n d  the  s eve ra l  s u p e r n a t a n t  so lu t ions  w e r e  c o m b i n e d .  T h e  so lu t ions  were  
c o n c e n t r a t e d  u n d e r  a s t r e a m  of  a i r  a t  r o o m  t e m p e r a t u r e ,  a n d  c h r o m a t o g r a p h c d  on 
W h a t m a n  No. x f i l ter  paper .  T h e  ~olvent  used  was  e i t he r  ~t-butanol-9o;?o fo rmic  
~lcid w a t e r  (77 : xo : x3. v]v)  a o r  left .  b u t a n o l - 9 o ° / o  fo rmic  acid  w a t e r  (4 o : zo  : x6, 
x'/v) ~. a n d  as¢:ending d e v e l o p m e n t  w~-~ used.  

"l'be pos i t ion  o f  r a d i o a c t i v e  c o m p o n e n t s  w a s  d e t e r m i n e d  b y  r a d i o a u t o g r a p h y  
~ i t h  K o d a k  no-sc reen  m ed i ca l  X - r a y  film. R a d i o a c t i v i t y  w a s  c o u n t e d  d i r ec t l y  on 
the  pape r ,  us ing  for  t h e  ear l ier  e x l ~ r i m e n t s  a T r a c e r l a b  T G C - r  4 u l t r a - t h i n  w i n d o w  
c o u n t e r  a n d  l a t e r  a T r a e e r l a b  ! .SC-2o l iquid  se i l i t i l la t ion c o u n t e r  m. In  u s ing  t h e  
sc in t i l l a t ion  coun te r ,  smal l  shell  v ia ls ,  i8  × 52 r am,  were  f i t t ed  ins ide  t h e  r e g u l a r  
s c r e w - c a p  vials.  Radio)act ive  a r ea s  o f  the  c h r o m a t o g r a m s  w e r e  c u t  i n to  s ec t i ons  
zS. 5 × 4 ° r a m .  wh ich  fit s n u g l y  in to  ther~  i n n e r  vials ,  a n d  t h e  i n n e r  v ia l s  t h e n  filled 
wi th  a sc,lution c o n t a i n i n g  3 g o f  t e r p h e n y l  a n d  30 m g  2 , 2 " - p a r a p h e n y l e n e - b i s - 5 -  
p h e n y l n x a z o l e  ( P O P O P )  in a l i ter  o f  to luene .  T h i s  m e t h o d  h a s  been  ~hown to  g ive  
a b o u t  5 o ~ ,  c o u n t i n g  eff ic iency i f  t h e  r a d i o a c t i v i t y  r e m a i n s  on  the  pape r .  T h e  phos -  
p h a t e  d e r i v a t i v e s  o f  m e v a l o n i c  ac id  a re  no t  e l u t e d  b y  to luene ,  Meva lon i c  ac id  i t se l f  
is p a r t i a l l y  e lu ted ,  r e su l t i ng  in v a r i a b l e  c o u n t i n g  ef f ic iency;  i t  w a s  k e p t  on  t h e  p a p e r  
b y  .~pr~ying the  spo t s  v e r y  l igh t ly  w i th  a lcohol ic  N a O H .  Q u e n c h i n g  w a s  c h e c k e d  b y  
c o u n t i n g  t h e  s a m p l e s  ~ ' i th  a n d  ~ i t h o u t  " ' ove rpu l s e  r e j e c t "  a n d  d e t e r m i n i n g  th~.t t h e  
ra t io  b e t w e e n  the  two  c o u n t s  was  cons tane .  I t  cou ld  t h e n  be a ~ u m e d  t h a t  q u e n c h i n g  
w a s  cons tan* .  F r o m  t h e  coun ts ,  t he  p e r c e n t a g e  c o n v e r s i o n  o f  t h e  s t a r t i n g  m a t e r i a l  
a n d  t hence  the  m o l a r  a m o u n t  o f  pr ,gduct  v-ere ca l cu l a t ed .  

T o  c h a r a c t e r i z e  the  reac t ion  p r o d u c t ,  2 /~moles  of  l abe led  m e v a l o n a t e  (2. 5/~C) 
plus rS /~moles  of  u n l a b e l e d  m e v a l o n a t e  w e r e  a d d e d  to  e n z y m e  e x t r a c t ,  buf fe r ,  
mangan¢~us su l fa te ,  a n d  A T P ,  in a v o l u m e  o f  2.o ml,  a n d  a l lowed  to  r e a c t  for  z h. 
T h e  pro~lu~:t ",;'as i~.~latecl b y  succe.c~ive p a p e r  c h r o m a t o g r a p h y  first  w i t h  the-~i-  
b u t a n o l - f o r m i c  a c i d - H z O  s y s t e m  desc r ibed  a b o v e  a n d  t h e n  w i t h  m e t h a n o l - z 8 %  
N H ~ O H - H 2 0  (60 : r e  : 3f~, v /v )  a. R e m a i n i n g  t r a ce s  o f  a d e n i n e  n u c l e o t i d e s  were  
r e m o v e d  b y  t r e a t m e n t  w i t h  Nor i t  A cha rcoa l  ~checked b y  lack  of  a b s o r p t i o n  a t  
260 m/z, u s ing  a B e c k m a n  M o d e l - D U  s p e c t r o p h o t o m e t e r ) .  M e v a l o n a t e  w a s  de t e r -  
m i n e d  b y  r a d i o a c t i v i t y  m e a s u r e m e n t s ;  a p o r t i o n  o f  t h e  p n i d u c t  wa.,~ d ige s t ed  w i t h  
c o n c e n t r a t e d  sul fur ic  ~tcid ~nd u . ~ l  for  p h o s p h a t e  d e t e r m i n a t i o n  b y  t h e  m e t h o d  of  
MARTIN AND DOTY as  mtrdif ied b y  ERNSTER e~ al. ~ .  

Cell f r~e t ions  o f  p u m p k i n  seedl ings  w e r e  o b t a i n e d  b y  d i f fe ren t i a l  c e n t r i f u g a t i o n  
o f  bu f fe red  ~uc~ose h o m o g e n a t e s .  I3  g o f  c o t y l e d o n s  were  t a k e n  f r o m  seed l ings  a b o u t  
one  w e e k  old wh ich  I-,ad been  g r o w n  in t h e  da rk .  T h e s e  were  g r o u n d  c a r e f u l l y  in a 
co ld  m o r t a r  w i t h  s a n d  a n d  2o ml  o f  0.4 M s u c r o s e - o . z  M p o l o n i u m  p I ~ , s p h a t e  
( p H  7-4)- L a r g e  d eb r i s  w a s  r e m o v e d  b y  squeez ing  t h r o u g h  c o t t o n  c lo th ,  a n d  the  
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re s idue  was  w~shed  once  wi th  the  .,,ucrt~se butffer solut ion.  T h e  suspen.~ion w;m cen-  
t r i f u g e d  for  5 rain at a l~mt  f×~ × g a n d  the  resu l t ing  p r e c i p i t a t e  ,~ascarded. T h e  
s u p e r u a t a n t  l iquid was  c e n t r i f u g e d  fi~r x5 rain at  a m a x i m u m  relaZive cent r i f i tga l  
fa rce  o f  z5 6oo  × g in a Serva l l  r e f r i ge r a t ed  cent ta fuge .  The  p rec ip i t a t e  wa:¢ r e m o v e d ,  
a n d  t h e  r e m a i n i n g  SUl~ernatant soht t ton  was  c e n t r i f u g e d  again ,  th is  t ime  for  90 mit~ 
a t  a m a x i m u m  of  xo 5 0f~) × g in a Sp inco  p r e p a r a t i v e  ul t ra-cent , - i fuge.  E a c h  pre-  
c i p i t a t e  was  resu%pende.d in sue-o,~e-buffer  stAutitm to tl~e v o l u m e  o f  the  origit iat  
e x t r a c t .  A fatt2,- l ayer  w h i c h  rose to  ttne Sul'f~lct~ ;it 2 5 fiOO X g was  d i sca rded .  T h e  
f r ac t i ons  were  d ia ly ; :ed  ¢~vernight a g a i n s t  co ld  dci t ,n ized w a t e r  a n d  s to red  f rozen  for 
seve ra l  d a y s  before- t h e y  were  as~-aved. Before  a.-,.',ay, w a t e r  wa.~ a d d e d  as t~eedcd 
so t h a t  all f rac t io t : s  were  o f  e q u i v a l e n t  concc~tr,tt~¢,n wi th  r t s p e c t  tt~ the  fresh tissue. 
T h e  final c o n c e n t r a t i 6 n  c~wrespanded t~, a b o u t  z2~  m g  fresh t issue per  ml or a b o u t  
xx m g  fresh t i ssue  per  r eac t i on  tube .  

P r~ te in  d e t e r m i n a t i o n s  were  m a d e  b): a mic r~k je ldah l  m e t h o d  ~t ~,r b',' the- u l t ra-  
x,ic~let-absorption met. |sod of  ~,Varburg a n d  ( 'hri~rinn z~. 

EXPERI~|I.:N I'AI. I(I,'.--il':.T.-~ 

The  e n z y m i c  n a t u r e  o f  the  m e v a l o n i c  kina~e a , ' t i v i t v  o b t a i n e d  f r o m  p u m p k i n  seedl ings  
is e v i d e n c e d  b y  it '; h ea t - l ab i l i t y .  H e a t i n g  tlne e x t r a c t s  fiw 5 rain a t  s ea  ° c o m p l e t e l y  
d e s t r o y s  t h e  kina~e a c t i v i t y .  

T h e  i d e n t i f i c a t i o n  o f  tile r eac t ion  pra~duct a~ 5 - p h o ~ p h o m e v a l o n i c  acid is ba~ed 
o n  severa l  o b s e r v a t i o n s .  B o t h  m e w t h m i c  ac;.d a n d  ~tTP are r equ i red  for i ts  fl~rrnation. 
R p  va lue s  in the  th ree  d i f fe ren t  c h r o m a t o g r a p h y  so lven t s  wh ich  were  u~ed agree  wi th  
t h o s e  r e p o r t e d  in ttne l i t e r a t u r e  ~." fiw 5 - p b . o s p h o m e v a l o n i c  acitl. Analv.~is o f  the  i.~olated 
prc~luct  s h o w e d  a p h o s p h o r u s  to m e v a l o n a t e  r a t io  o f  x : x. ] ' h e  pha-~phate is n,,t 
e n e r g y  r ich,  i.e., it w ~  no t  h y d r o l y z p d  in 7 min at  IOO ¢ in x ,\" HC1. 

In e x p e r i m e n t s  w i t h  cnl<le e x t r a c t ~  o f  p u m p k i n  ~ e d l i n g ~ ,  a second  d e r i v a t i v e  
a p p e a r e d ,  w h i c h  j u d g i n g  f r o m  its ICy valut-.~ tn two  s o i v e n t  svs te rns  a n d  f rom the  
k ine t i c s  o f  i ts  f o r m a t i o n ,  mat,, be 5-p_vrophospbom£-valonic  ac.id, l ' incJsphome~'atonate,  
i.~tflated c h r o m a t o g r a p h i c a l l y  f rom e n z y n , e  vuactit~tt m i x t u r e s  a n d  used as a :~ub.qtrate 
for  t h e  c r u d e  e x t r a c t s ,  w;Ls c o n v e r t e d  in the  l)rv~t,nce o f  Mta -~" a n d  A T P  to  the  ~econd 
d e r i v a t i v e .  

T h e  resu l t s  c~f the  e n z y m e  p u r i f i c a t i o n  p r o c e d u r e  are  s h o w n  in T~tble I. I t  will tJe 
n o t e d  t h a t  t he  t o t a l  me~L,~urahie m e v a l o n i c  k ina .~  a c t i v i t y  a c t u a l l y  i nc reased  d u r i n g  
the  pu r i t i ca t ion .  "l'hi~ was  p r e s t : m a b l y  d y e  tn  r t .moval  o f  s o m e  i n h i b i t o r y  agen t ,  
pt)~sibly A T P a s e .  ] ' h e  p resence  o f  s l ight  A T P a s e  a c t i v i t y  ill th r t inal ] ) repara t ion  wa~ 
s h o w n  b y  o m i t t i n g  m e v a l o n i c  ac id  f r - m  the  r eac t i on  m i x t u r e  a n d  meas~-~iJg t}lc 
re lease  o f  i n o r g a n i c  p h o s p h a t e .  S t a r t i n g  wi th  2 !,m,~le~ o f  A T e ,  I/xm~)lt: t~f pho.~ptnate 
was  relea~_~l in the  first h o u r ;  a f t e r  3 h it i o t a i  o f  2 /~moIcs  o f  i n o r g a n i c  p h o s p h a t e  
h a d  been fiJrrned. Since  the  e n z y m e  p r e p a r a t i o n  aIso c o n t a i n e d  a d e n v l i c  kinase ,  
t h e r e  vca_~ prt.~.'umably ~till . ~ m e  ATI"  pre~ent  ex,en a f t e r  3 h. The  p resence  o f a d e n y l i c  
kina.,se w a s  s h o w n  S l ~ c t r o p h o t u m e t r i c a l l y  b y  coup l ing  it w i t h  a d d e d  h e x o k i n a s e  and  
glucose-f>-pht~.sphate d e h y d r o g e n a s e  z*. T h e  ab i l i t y  o f  A D P  to  ac t  as it ph. '~sphate 
d o n o r  in th is  a s s a y  s y s t e m  ind i ca t e s  t h a t  the  p u m p k i n  e x t r a c t  c o n t a i n e d  a d e n y l i c  
k inase  a n d  w a s  t h u s  ab le  t o  fo rm A ' I 'P  f r o m  A1)P.  

~eve ra l  nuc leos ide  t r i p h o s p h a t e s ,  a:; well ~s A I )P ,  c an  ac t  as  p h o s p h a t e  d o n o r s  

IRl,*t'lllm_ ~ioptlyS..4eta. ¢'7 (W963) 54-'h3 
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"FABLE I 

| * U R I P [ C A T I O ~ " , I  O F  M I ~ . % ' A L O N I C "  K J N A S P .  

T h e  r e a c t i o n  n , i x t u r e  c o n t a i n e d :  e n z y m e  e x t r a c t .  5 o l d :  buffer ,  T r i s  plu~ m a l e a t e ,  3 l~molt~ o f  
e a c h  (pH 7.8}: .MnSO~. o . s p m o l e ;  A T P ,  z / ~ m o l e s ;  m e v a l o n i e  acid ,  2o5 m/~moles  (zsom/~C}.  
" lotM v o l u m e ,  o.~ ml. T e m p e r a t u r e ,  35*. R e a c t i o n  t ime ,  t o 5  or  zzo rain.  T h e  a c t i v i t i e s  a r e  f r o m  
two  d i f f e r en t  e x p e r i m e n t s  a n d  h a v e  b e e n  c o n v e r t e d  t o  c o m p a r a b l e  p e r c e n t a g e  f igures .  T h e  
a c t i v i t y  o f  the  d i a l y z e d  c r u d e  e x t r a c t  (which  f o r m e d  t 5 ml ,  m o i o  o f  5 -p )u~spho-meva lon ic  ac id  
in  to5  rain} is de f ined  as  *rx~% ac'civity.  P r o t e i n  f igures  a lso  a re  b a s e d  on  t h e  d i a l y z e d  c r u d e  
e x t r a c t  as too°.,~, A c t u a l l y  t h i s  e x t r a c t  c o n t a i n e d  o n l y  4z°.~ o f  t i le  p r o t e i n  o r i g i n a l l y  p r e s e n t  in  

t h e  a c e t o n e  p o w d e r .  
. . . . . . . . . . . . . . . . . . . . .  

Pta#l~ K i~a~ atJ~.i~'~ 
F~,auc.~n l %  o[ erigi.nat) ¢% af o~,,g|nal~ 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

I ) i a lvzed  c r u d e  extr~tct  1oo zoo 

p H 5 . 6  s u p e r n a t a n t  z 3 326 

p |1 -3 .6  p r e c i p i t a t e  .--  Ioo 

p H - 5 . 6  s u l ~ r n a t a n t ,  t r e a t e d  w i t h  c h a r c o a l  t z zt)o 

for tile pumpkin mevalonic kinase, though the  Ifighest ac t iv i ty  was ob ta ined  with 
ATI ' .  Fig+ ~ compares  the effectiveness of several levels of  ADP and ATP.  i t  can be 
_~en clearly tha t  there is no ac t iv i ty  in the absence of  a nucleotide,  and tha t  the 
ac t iv i ty  with A T P  is several t imes yrea ter  than t ha t  with ADP.  The  ADP ac t iv i ty  
is presumably due to adenvlic kina.~. Simul taneous  addi t ion of A1)P and ATP  at 
sub-opt imal  concent ra t ion  (each o.oz M) resul ted in phosphory la t ion  app rox ima te ly  
Cnlual to the sum of tha t  . h t a i ned  with ti~e two when added individually.  However ,  
o.o2 M ADI '  when added to o.oz M ATP (optimal for e~ach alone) caused abou t  
7o"i,, inhibition of  tt,e A'I'I > act ivi ty .  This may. be compared  to 5.n'"~-,, inhibi t ion by  

~ 25 

2 

0 

E 

01 

A'rp,  i 2 0  m~n 
Q 

/ 
0 

ATP, 20 ra in  

l l t x 

0 0.01 0 .0~  a O  3 0 . 0 4  
Iv lc~r  c o r ~ e n l r o t i o n  ot ATP o r  A D P  

b-ig. z. A T P  a n d  A D P  ~ p h o s p h a t e  donor~.  T h e  r ~ f i o n  m i x t u r e  c o n t a i n e d ;  e n z y m e  e x t r a c t ,  
30 p l  {45 l~g p ro t e in} ;  buf tc r ,  Tri~ p lus  rru~|e~te. 16 g m o l e ~  o f  e a c h  (pH 0 .z) ;  M n S O f  o. 5 / J l n o | e ;  
A ' r | '  or ,~l)[  >. a.~ i n d i c a t e d ;  n , c v a l o n l c  ac id .  1o2 m/~rn(~ie~ ( lZ 3 m/aC}. T o t a l  v o l u m e  o. !  ml.  
R e a c t i o n  t ime~.  2o ra in  a n d  120 nsin aa indicatc~t .  T e m p e r a t u r e  37 ~. P - M V A .  5 - p h o s p h o - m e v a l o n i e  

ac id .  

Biochim+ Bio l~hys ,  AcZa. 67 / . t965) 54.-6 3 



MRVAL¢)NIC KINASE FROM HIt;HER PLANTS ~9 

o .o2  M s o d i u m  p y r o p h o s p h a t e  w h e n  a d d e d  to  o.o2 M ATP+ E i t h e r  A T P  or  M n  ~- 
a d d e d  in  e x c e s s  of  t h e  o p t i m u m  a m o u n t  is a l ~  i n h i b i t o r y .  I t  s e e ms  l ike ly  t h a t  aLl 
o f  th~-~e i n h i b i t o r y  effects  a re  d u e  to  f o r m a t i o n  of  i n a c t i v e  m a n g a n o t t ~  p y r o p h o s -  
pha*~" c~mple :ce~  

I n  T a b l e  I I ,  A T I '  is c o m p a r e d  w i t h  ¢nhe r  n u c l e o s i d e  t r i phc ,~p lmtes  a~ t h e  

F,XI3I,E I I 

~ I J C I , E ¢ ~ ' f I I ~ E  ~ , P E C I ~ ' I C t T Y  ¢)b" 51F.%' ~.LO.~|C K|N.*~SE 

The -eaction mixture  cemtained " enz:,'me extrat t. f,>/al (~,~ #g protein);  [~Ufit:r, I r i s  pl~s malcatt~, 
t7F~molea o f  each (pl l  6.2); MnSO,. o .4pmole;  nuclt¢oaide triphosphatc, as indicated; rnevalonic 
acid, ~7 z m/umoles (21o rot,C]. Total volume, o. , t  IVd. Rcac~on time. to 5 rain. Temperature.  3(¢'. 

r IT [ "  I r t "  r. l l  i ' '"  - f . 'TI '  (ZT'l" 

*%" rl rlro/v./t 

z.o/*mok.'-~ (o.o2 M} .~5.~" 2o.o 12 ¢~ 13. 5 5.3 

o+i #lmoh: {t) .OO2 ~l.~') I Q , O  I Q . O  [ 2 . ~  l O . O  (2L(~ 

. . . . . . . . . . . . . . . . . . . . .  

p h o s p h a t e  d o n o r  for  m e v a l o n i c  k ina se .  A t  0.02 31. t h e  c o n c e n t r a t i o ; ~  previ , ,u .~ly 
s h o w n  t o  he  o p t i m a l  for A ' F P ,  A T P  is s e e n  to  be  s u p e r i o r  t n  t h e  o t h e r  d o n o r s .  F a i l u r e  
to  o b s e r v e  a s i m i l a r  s u p e r i o r i t y  o f  A T P  a t  l ow e r  c o n c e n t r a t i o n  m a y  be  d u e  to  des-  
t r u c t i o n  b y  A T P a ~ .  A d d e d  A D P  in  c a t a l y t i c  a m t n m t s  I0.02 ~ m o l e  o f  A D I '  a d d e d  

to  2 . 0 t ~ m o l e s  o f  C T P  or  I T P )  d i d  n , t  s t i m u l a t e  p h o s p h o r y l a t i , m  b y  C T P  or  I T P .  
T h i s  s u g g e s t s  t h a t  C T P  a n d  [ T P  a re  a b l e  a c t u a l l y  to  r e p l a c e  A T P  as  t t ,e  p h o s p h a t e  
d o n o r ,  a n d  do  n o t  .~erve mere [  3" as  s o u r c e s  of  e n e r g y - r i c h  p h o s p h a t e  for A ' I ' I  ~ s y n t h e s i s .  

4 0  l l m i t - - . . ~ "  / 

~ 0 o ~ ~  . ~ -- , ~  2 ~ ~ b  --~ 
rn~mo4e~ o~ M':'A. o0@e~l 

Fig,. z. Effect of n~vatonic  ~clt| concentrat ion on meva|oni¢ kinasc. Thu reaction mixture contained : 
enzyme extract.  50/A (75 t~g protein);  buffer. "F~s plus maleato. 3 I~ mozea of each {p~.i 7.8); 
MnSO,. o. 5 Dingle; ATP, 2 ttmoles; mevaloni¢ acid, as indicated (.~pecific activity,  z.22/~C]/~rnole}. 
Total  volume, o.t ml. Reaction time. as indicated. Temperature.  36 ~). The line marked "'theo-  
r e t i c a l  Limit" rcpte~enLq phoaphorylation of 5o °fo of the racemic mevatonic acid..M'VA..,~levalonic 

ac-id ; I'-MVA. 5-phccpho-mex'odoni¢ acid. 

Bmchirn, Biophys. ,4cta, 67 ( t ~ 3 )  .~4"63 
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Fig. 2, .showing the  e f fec t iveness  of  p h o s p h o r y l a t i o n  as a func t ion  o f  m e v a l o n a t e  
c o n c e n t r a t i o n  a n d  t ime ,  demons t ra t e .~  t h a t  cond i t i ons  c a n  be  h m n d  u n d e r  which  
5oq.0 o f  the a d d e d  m e v a l o n i c  ac id  is ph~ysphoryla ted .  Since s y n t h e t i c  r n e v a h m i c  ac id  
is a r a c e m i c  m i x t u r e ,  th i s  c o r r e s p o n d s  to  c o m p l e t e  p h o s p h o r y l a t i o n  o f  one t)f t he  
i.-~nners. Severa l  i n v e s t i g a t o r s  h a v e  r e l ~ r t e d  t h a t  o n l y  the  ( t ) isx~mer of  m e v a h m i c  
acid is b io logica l ly  activeZL 

As i~ e e n e r a l l y  the  case in e n z y m i c  r e a c t i o n s  iP.volving A T P .  the  p l a n t  m e v a t o n i c  
ki,~aee requ i res  a d i v a l e n t  m e t a l  ion. This  r e q u i r e m e n t ,  a n d  t h e  ab i l i t y  of  sew:ra l  
me ta l~  t -  fill the  r e q u i r e m e n t ,  are  illugtratt-x't in Fig. 3. M a n g a n e s e  is c lea r ly  t h e  
mos t  ef fec t ive ,  the  a c t i v i t y  w i t h  m a n g a n o u s  ion be ing  n e a r l y  t h r e e  t i m e s  t h a t  o b t a i n e d  
wi th  a n y  (,f the  c~ther m e t a l  ion.g wh ich  were  tc~ted.  

,./¢~o 

:°I i 
~ F'e" o 3~ 0--~ M g  

I ~ " - - ~  6 = - - -  _ _  - ~  - - -  - - -  - ~ a  

0 !  " L = t = 
o 0 0 1  o 0 2  G C 3  0 . 0 4  0 , 0 5  0 . 0 6  

M o I o r i t y  o f  metQt  k ~  

Fig÷ 3 Mctd |  rcquir~:m~nt of  ,n,:,.~]on]c kina~.~:÷ The  r~ac t ion  m i x t u r e  c o n t a i n e d :  cn zy n J c  e x t r a c t ,  
5" . i  1~:4 ug p ro te in ,  pttri l icd b u t  not  h-ea tcd  ~ i t h  chavcozl)  ; .~.uL~er. Tr is  p lus  ma!--':xt,:, 3 p mo l c¢ ;  
o f e a ( h  IpH 7.8) ; A rP. 2 pm.l~.-s ; m e v a h m i ¢  acid  ]:34, m t : m - l e s  (19o rnpC) ; g t u t a t h i o n e ,  0. 5/ ,molt : .  
CaCI,. CoCi 2. I :eSOt.  MgS() , .  MnSO, .  or  ZnSO, ,  as i nd i ca t ed .  T o t a l  vo lume ,  o . ]  ml. R e a c t i o n  

t ime.  Oo rain. T e m p e r a t u r e .  3(, ~. I:'-MV.X. 5 - p h o s p h o - m e v a l o n i c  aci<L 

"I'hc effect  of  p l I  an  rneva ton ic  k inase  is shown  in Fig. 4. In  th i s  e x p e r i m e n t  the  
v o l u m e  o f  r eac t i on  m: ,x ture  wa.~ increased  to  o.2 mt a n d  r o u n d - b o t t o m  tes t  t u b e s  
were  used  to  a l low i m m e r s i o n  of  m i n i a t u r e  gla~s a n d  ca lome l  electronics, p H  mea.~ure- 
m e n t s  were  m a d e  n e a r  the  b e g i n n i n g  a n d  aga in  n e a r  the  e n d  o f  the  r e a c t i o n  per iod ,  
In ,~ne t u b e  t he r e  wa~ a di f lere t ,ce  of  o. 3 p H  un i t  b e t w e e n  t h e  two  m e a s u r e m e n t s ;  
all other.~ s h o w e d  o.2 un i t  , r  less. T h e  f igure sh-,~'~ t h e  z~x,erage nf  t he  two  p H  read ings .  
A c t u a l  m e a s u r e m e n t  of  t h e  p l l  was  found  to  be  ¢~sential .  E v e n  t h o u g h  a h igh  con-  
c e n t r a t i o n  of  T r i s  m a l e a t e  buf fe r  was  used,  t he  m e a s f i r e d  p i t  of  t he  m i x t u r e  was  
k~wer t h a n  the  p H  of  the  a d d e d  buffer ,  p a r t i c u l a r l y  a t  the  l , igher  p H ' s .  b u f f e r  uf 
p H  6.6, for  e x a m p l e ,  g a v e  a m e a s u r e d  p l [  o f  6.x in the  m i x t u r e ,  while  p H  9.o buf fer  
g a v e  p H  7-9 ip t h e  m i x t u r e .  

T h e  d is t , z 'bu t ion  of  m e v a l o n i c  k i n a s e  a c t i v i t y  in cell f r a c t i o n s  is s h o w n  in 
"Fable I I I .  "1 ne b u l k  o f  t h e  a c t i v i t y  is seen to  r e m a i n  in t h e  s u p e m a t a n t  so lu t ion  e v e n  
a f t e r  c e n t r i f u g a t k m  fl)r 90 rain a t  IO 5 ooo  × g. T h i s  f r ac t ion  c o r r e s l x m d s  a p p r o x i -  

Biocktm. [ftophy~..4eta, ¢~7 (]¢.i'b3) .~4-63 
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° / 

/ 
c , g * ;~ , ¢ , 

o o  

t 
8 

Fit$- 4- T h e  e f f e c t  o f  p l l  o n  i lr leval.~nic kLrl~s~: a c t i v i t y ,  T h e  r e a c t i o n  m i x t u r ~  • c ( ) n t a i n e d "  e n z y m e  
e x t r a , ; t ,  b o p l  (¢)Ol~g p n , t e i n ) :  b u f f e r .  "FrL~ plu~ m . M u a t e .  4o l~mole ,~  ~)f ~ c h :  ? , lnSt)=.  I t z m o I e ;  
A T P ,  4 / e m o l t ~ :  m e v a l o n i c  a c i d .  - '~5 m l ~ m o l e s  (::~o m/~C) .  T o t a l  v o l u m e ,  o .2  m l  R e a c t i o n  t i m e .  

75 rain+ " l ' c m l n . r : = t u r e .  37 ~. P - M V  X. 5 - p h o s p h o - m e v a l o n i c  a c i d .  

m a t e l v  t o  t he  :~,olul)h: c y t o p l a s m  or hyahq~ la sm.  T h u s  it c a~  be, c o n c l u d e d  t h a t  t h e  
p l a n t  m e v a l o n i c  k i n a s e  is no t  p a r t i c u l a t e  b u t  i~ a s s o c i a t e d  wfith t h e  so lub le  c y t o p l a s m .  

M e v a l o n i c  kina~se f r o m  p u m p k i n  seextling~ is a v e r y  s t a b l e  e n z y m e .  E x t r a r t s  
s t o r e d  for  a w, a r  o r  l o n g e r  in t he  froL.zer a re  stil l  h i g h l y  ac t i ve .  "["he a d d i t i o n  o f  c o m -  
p~)t |nds s u c h  a_s t b i o e t h a n o l a m i u e  or  g t u t a t h i t m e  to  p r o t e c t  .~ulfl~vdrvl g r o u p s  seem.~ 
t o  be  n e i t h e r  he lp fu l  n o r  h a r m f u l .  G l u t a t h i o n e  w a s  o b s e r v e d  in s o m e  e x p e r i m e n t s  
t o  be  ~ m e w h a t  i n h i b i t o r y  a n d  in t, ther~ t ( )  b e  s o m e w h a t  ,~timulatory+ T h e  effect,~ 
u n d o u b t e d l y  w e r e  due ,  a t  leas t  in p a r t ,  to  change.~ in p H .  as  c h a n g i n g  t h e  b u f f e r  

" l . ' h l ] l .  E I I I  

I ) ] S T ~ L H t ~ T I O N  O F  I I ~ % ' A . L O . ' ~ [ C  I ,~I~' ,~.~t:  I N  'C'm"LL FR/bCTIC] ,N% 

"]['he r e a c t i o n  l l l i X t U r ¢  colita.ilvle(| : e l 3 z y m e ,  30  laI o f  t h r  i n < | , c a t e d  f r a c t i o n ,  ~:orr~'~, l~)ntl i l~g t o  a b o u t  
J z r a g  o f  f r e s h  t L s s u c ;  b u f f e r .  T n s  p l u s  m a l e a t u ,  l z  t lm ,~ l e s  o f  e a c h  ( p H  6 . z ) ;  M n S O  4. ~-3 p m o l e :  
A T P .  2 / t m o l L ~ ;  m e v , ~ l t m i c  a c i d .  zoz  m/~rnolc,~ ( t a  5 mt¢C) .  T o t a l  v o l u m e ,  o l m L  R e a c t i o n  t i r a e .  

8o  r a i n .  " l ' u m p e r a t u r e ,  3 0  ~, V & l u c s  ~ h o w n  a r e  t h e  ~l, v e r a g e  ( :f  c l u p l i c a t e ~ .  

3. P ~ = ~ -  

l - l o m o g ~ n a t * . ,  c l e a r e d  a t  f~o ~: A" 3~'-4 

i ~ r e c i p i t a t e ,  z5  0 o o  v ¢ c,,)  

S u p e r n a t a n t .  : 0 5  .~oo x ( 32 .4  

[~rtx:ipitat~, .  I~  5 3 0 0  x g 
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concen t r a t i on  mod i f i , d  the  g lu t a th ione  effects. W h e n  the  g lu t a th ione  was careful ly  
neut ra l ized  be lo r ehand  and  the  r_"action m i x t u r e  heav i ly  buffered,  o .o i5  M gh i ta -  
th ione  causc~ only  a slight s t imula t ion ,  of  d o u b t f u l  significance. Re la t ive ly  high 
concen t ra t ions  of  iodoace tamide ,  o . o I - o . o z  M, caused  inhib i t ion  of  20-405/0. p- 
Ch lo romercur ibenzoa te  a t  xo -4 M inh ib i t ed  b y  89°/o, while the  same c o n c e n t r a t i o n  
of  mercur ic  chlor ide inh ib i ted  b y  9 8 % .  A p p a r e n t l y  the inh ib i t ion  by  Hg a-" is not  
due  to compe t i t i on  wi th  Mn t ~, as increas ing  t he  c o n c e n t r a t i o n  of  Mn t÷ b y  f - fo ld ,  
from 0.5" to  -a M up  to  2. 5 - t o  -s M, had  ~o effect on the  inhib i t ion  by  xo -~ M HgClt.  

Al though  p u m p k i n  .'seedlings were the  bes t  source  of  meva lon ic  k inase  a m o n g  
the  p lant  mate r ia l s  t es ted ,  a c t i v i t y  was found  in e x t r a c t s  p r e p a r e d  front  ace tone  
lx~wders o f  several  o t h e r  spc~:ies. I t  was d e m o n s t r a t e d  w i t h o u t  diff icul ty in ex t r ac t s  
f rom Douglas fir (PsetMotsuga menzie, sii) needles  and  spinach (Spinacia olcracea) 
leaves . .Severa l  assays were m a d e  on m i n t  species, in connec t ion  wi th  invest igat icms 
o f  mono te rpe ne  b iosynthes is  to. Howeve r ,  m i n t  ex t r ac t s  b rowned  vet-y rapid ly ,  and 
it was difficult to  find a n y  e n z y m e  ac t iv i ty .  U n d e r  condi t ions  used wi th  the  p u m p k i n  
enzyme ,  p e p p e r m i n t  (Mottha piperita) leaves were  inac t ive  a n d  p e n n y r o y a l  (Men- 
tha pulegium) leaves were  s l ight ly ac t ive .  Cons ide rab ly  be+.ter a c t i v i t y  was  ob t a ined  
f rom penn)~royal when  e x t r a c t s  were  p r epa red  in the  presence  of  sod ium cyan ide  a n d  
ascorbic acid to p r e v e n t  ox ida t ion .  

DISCUSSION 

The  meva lon ic  kinase f rom p u m p k i n  s e e d l n g s  is seen, on compar i son ,  to  resemble  
yeas t  meva lon ic  kinase I more  closely t h a n  l iver  mevalor~ic kina_~19, W. B o t h  the  yea s t  
e n z y m e  and  the  p l an t  e n z y m e  can use a n y  o f  several  nucleoside t r i p h o s p h a t e s  as t h e  
phospha te  donor ,  while the  l iver enzym es  are  r e p o r t e d  to  be  ac t ive  only  wi th  A T P  
or ITP.  

Cons iderab ly  more  than  the  s to ich iomet r ie  a m o u n t  o f  A T P  m u s t  be added  to  
, ,~ ,a~ . . . .  ~,,uu~-n a c t i v i t y  ~;Sth c, n y  ~f the  r n e v ~ , ~ i c  "k2~ase~. A hi~her  c o n c e n t r a t i o n  
of  ATI  > was requ i red  wi th  the  yeas t  a n d  p u m p k i n  e n z y m ~  thaxt wi th  the  l iver  en- 
zyme.~, bu t  i t  is impossible  to  say,  ~- i thout  f a r t h e r  inves t iga t ion ,  w h e t h e r  the  ob- 
~e.rve~i difterence~ represent  f u n d a m e n t a l  d i f ferences  in the  aff ini ty o f  the  e n z y m e s  
for ATP ,  or on ly  d26erenees in the  e x p e r i m e n t a l  condi t ions .  F o r  example ,  t he re  a re  
clearly in te rac t ions  be tween  A T P  and  d iva l en t  m e t a l  ions,  and a re la t ive  excess  o f  
e i ther  is inh ib i tory .  In general  i t  can  be s t a t ed  for all o f  the  meva lon i c  kinases t h a t  
o p t i m u m  a : t l v i t i e s  are ob t a i ned  when  the  ra t io  (ATP) / (Mn #~) is f rom 2 to 4. or  the  
ra t io  (ATP)/ (Mg t--) is be tween  x a n d  2. These  c o n c e n t r a t i o n  ra t ios  m a y  be more  im- 
p o r t a n t  t h a n  the  abso lu te  concen t ra t ions .  

Mevalonic  kinase as ob ta ined  f rom l iver  is v e r y  sensi t ive to  ox ida t ion .  The  pig- 
l iver  e nz yme  is inh ib i ted  b y  oxygen ,  and  this  inh ib i t ion  can  be o v e r c o m e  b y  cys te ine  
or g lu ta th ione  xg. Overn igh t  dialysis o f  the  rabb i t - l ive r  e n z y m e  t° resu l ted  in consider-  
able loss of  a c t i v i t y  unless bo t h  cys te ine  and  p h o s p h a t e  buffer  were present .  Ne i the r  
the  yeas t  e n z y m e  nor  the  p u m p k i n  e n z y m e  is sensi t ive to  oxygen ,  b u t  b o t h  are 
s t rong ly  inh ib i ted  by  p - ch lo romercu r ibenzoa t e ,  as are the  liver enzymes .  W i t h  the  
ptmaxt enzyme ,  mercur ic  chlor ide  inhibi ts  even  more  s t rong ly  t h a n  p -ch lo romer -  
cur ibenzoa te .  

T h e  o p t i m u m  p H  for the  p lan t  meva lon i c  kinase is bower t h a n  has  been  r e p o r t e d  
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for  e i t h e r  y e a s t  or  l iver  m e v a l o n i c  k inases .  W e  found  t h a t  even  w i t h  h igh  concen -  
t r a t i o n s  of  buf fe r  the  t o t e  p H  of  t he  r e a c t i o n  m i x t u r e  cou ld  o n l y  be u b t a i n e d  b y  
m e a s u r e m e n t  a n d  was  c o n s i d e r a b l y  lower  t h a n  the  buffer  p H .  Th i s  ,s u n d o u b t e d l y  
d u e  to  t h e  h igh  buf fe r ing  c a p a c i t y  <~f t h e  A T P ,  m e v a h m i c  a c i d  a n d  p r o t e i n  p r e s e n t .  
In  t he  r e p o r t s  o f  l i v e r  a n d  y ~ s t  m ~ v a l o n i c  k inascs  i t  is n o t  c l ea r  w h e t h e r  t he  p H  
v a l u e s  were  m e a s u r e d .  I f  t h e  f inal  p H  wa~ ~ s u ' J : e d  t o  be  t he  s ame  a~ t h e  bu f fe r  
p H ,  o u r  r e su l t s  s u g g e s t  t h a t  t he  v a l u e s  t h u s  o b t a i m M  m i g h t  e a s i l y  be in e r r o r  b y  as  
m u c h  as  o. 5 to  ~ p H  uni t .  T h u s  t he  d i f fe rence  b e t w e e n  t h e  p l a n t  e n z y m e  a n d  the  
l ive r  e n z y m e s  w i th  r e s p e c t  tu p H  o p t i m u m  m~ght be tess t h a n  the  r e p o r t e d  d a t a  

i n d i c a t e .  

A~X~'OWXEDGE.~! i~..~ls 

Thi s  i n v e s t i g a t i o n  w a s  supIx~r ted  b y  g r a n t s  f rom t h e  N a t i o n a l  Sc ience  FOuT|dation 
( N S F  G-q878 ) a n d  the  G r a d u a t e  Schoo l  o f  O r e g o n  S t a t e  U n i v e r s i t y .  
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