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Two different enzymic pathways exist for the activation of acetate. One pathway 
is initiated by phosphorylation of acetate1: 

acetate + ATP ~ acetyl phosphate + ADP*** (I) 

followed by acetyl transfer through transacetylase 2, 3 to coenzyme A (CoA) : 

acetyl phosphate + CoA ~ acetyl CoA + phosphate (2) 

This relatively well understood mechanism is present in most micro-organisms 4,s, but 
not in animal tissues". In tissues, yeast and probably also in some micro-organisms, 
another enzymic pathway leads through a complex reaction between ATP, CoA and 
acetate to acetyl CoA7, s. Inorganic pyrophosphate was recently found to be a product 
of this reaction 9,1°. It appears that a pyrophosphate split of ATP is involved in this 
energy transfer, which is formulated as follows : 

ATP + CoA + acetate ~- acetyl CoA + AMP + pyrophosphate (3) 

Earlier experiments seemed to support a primary reaction between ATP and CoA, 
yielding presumably CoA-pyrophosphate. A more exhaustive study, however, has left 
us undecided with regard to the finer mechanism of reaction 3, which we assume to 
represent a double transfer system of some kind§. Some details of our experiments on 
this problem are presented here. 

ENZYME PREPARATIONS AND ASSAY SYSTEM 

Pigeon liver enzyme was  prepared as described by  KAPLAN AND LIPMANN 11 and by  CHot~ AND 
LIPMANN TM. 

In  mos t  exper iments  yeast  enzyme w a s  used. Most brands  of commercial  Bakers '  yeast  were 
found to be suitable;  the best  prepara t ions  were obtained wi th  " N a t i o n a l "  b rand  yeast.  

The sys tem ext rac ts  well f rom quick-frozen yeas t ;  i pa r t  of yeas t  is mixed wi th  I pa r t  of e ther  
and 1. 5 pa r t s  of d ry  ice, and stirred well. After  30 minutes  the  liquid is poured off, the  yeast  spread 
out  in a th in  layer  on a cloth, and air is b lown over it by  a fan under  a well-venti lated hood. An ad- 
ditional 1. 5 pa r t s  of dry  ice are mixed w i t h  the  yeas t  and venti lat ion cont inued unti l  practical ly all 
the e ther  is removed.  The prepara t ion  is t h e n  generally stored in a deep freeze. On thawing,  the  yeast  

* Fellow of the  Atomic Energy  Commission. 
** Present  address:  Nat ional  Ins t i tu te  for Arthr i t ic  and Metabolic Diseases, Nat ional  Ins t i tu tes  

of Heal th ,  Bethesda 14, Maryland.  
*** The  following abbrevia t ions  have been used: ATP, adenosine t r iphosphate ;  ADP, adenosine 

d iphosphate ;  AMP, adenosine monophospha te ;  CoA, coenzyme A; PP, inorganic p y r o p h o s p h a t e ;  
and Pi, o r t h o p h o s p h a t e .  

§ Cf. addendum at end of paper  (p. 147 ). 
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au to lyzes  r a t h e r  quic ldy.  To p romote  th is  fur ther ,  33 ml of i lI  d i po t a s s i um phost~hate arc mix~d with 
1,ooo g of ?-east and  the  m ix tu r e  s t i r red  ove rn igh t  in the  cold room at: o-5':.  The yeas t  :m to ly sa t e  i:~ 
cen t r i fuged  in a cold centr i fuge.  The> sup{ r n a t a n t  s(dution does not  s tore  well and  it  is d,:'sirabie I,, 
c a r r y  i t  i m m e d i a t e l y t h r o u v  the t i l - s t  a m m ( m i u m  sul fa te  fractiomtti~m step. 

.qo~zic pro,hater/ions. One t)art  of fresh I ' a k c r s '  .yeast is mixed  to a pas te  wit[~ r park o1: o.J )1/ 
cold d ipo t a s s ium p h o s p h a t e  and  exposed to v i i ) ra t ion  i~ a lO kih)cvclc nag  ~ ,toserict v ,  osci l la tor  
(Ray theon  Manufac tu r ing  Company)  for 4 ° minutes .  The  m i x t u r e  is cen t r i fuged  in t he  c~)Id in at 
Serval l  cen t r i fuge  a t  top speed (12,ooo r.p.:u.) for 3o mimates.  The su t ) e rna t an t  solutio~l, a n n m n t i n g  
to s l iqh t ly  more t ]mn half  the  or ig inal  volume,  m a y  lie frozen an(l k e p t  for a COilsiderabh? hmgth ~)~ 
t ime  in the  deep freeze. 

This  e x t r a c t  has  the  same spe.cific a( t i v i t y  as f rac t ion ~ in Table  f bu t  is only ha l f  as concen t ra t ed .  
It beha \  cs on f r ac t iona t ion  l ike the  e the r  e x t r a c t  and,  a f te r  f r ac t iona t ion  s tep  3, the  two  p repa ra t i ons  
become v e r y  s imi la r  in al l  respects .  

Drotamine precipitation. The s l i gh t ly  t u rb id  s u p e r n a t a n t  so lu t ion  is t r e a t e d  wi th  p ro t amine .  The  
p rec ip i t a te ,  con ta in ing  v e r y  l i t t le  ac t ive  mate r i a l ,  is d iscarded.  For  eve ry  mg  of nucleic  acid, o.5 mg 
of p r o t a m i n c  is added,  us ng a 2°o p ro t an l ine  su l fa te  solut ion.  The p r o t a m i n e  p r ec i p i t a t e  is centr ifugec 
a t  o': in a cooh'd cent r i fuge .  

The  nncleic acid con t e n t  is de t e rmined  t u r b i d i m e t r i c a l l y  in the fol lowing m a n n e r :  to o.05 ml 
of the  solut ion to  be ana lyzed  are  added  4.5 lnl of o.05 31 p h o s p h a t e  buffer, pH  6.~, and  o. 5 ml  of 
_, o,,o p r o t a m i n e  sul fa te  solut ion.  The  tubes  are mixed  and t h e  t u r b i d i t y  is measu red  on a K le t t  colori 
me te r  using fil ter No. 5 b  The  r ead ing  is c o m p a r e d  wi th  a s t a n d a r d  curve  p r e p a r e d  wi th  o. i to  0.6 mg 
of y e a s t  nuc l ea t e  a d j u s t e d  to  p l I  6. 

[;iYM remmo*eiztm sM/ate precipitation. To I ,ooo ml of c lear  s u p e r n a t a n t  solut ion (pH abou t  6). 
35o g of solid a m m o n i u m  sul fa te  are added  (550~ sa tu ra t ion) ,  The  ac t ive  m a t e r i a l  is p r ec i p i t a t ed  and 
cen t r i fuged  off: t he  s u p e r n a t a n t  so lu t ion  is d i scarded .  The  p r e c i p i t a t e  is d issolved with 66 ml o{ 

, o, s a t u r a t e d  wi th  a m m o n i u m  o.o 5 31 po tas s ium b i c a r b o n a t e  so lu t iom The r e su l t ing  so lu t ion  is ~o o 
sul fa te .  

Secomt amnz(mietnz sul/ale precipilation. E n o u g h  s a t u r a t e d  a m m o n i u n l  su l fa te  solut ion is added 
to  b r ing  the  above  enzyme  p r e p a r a t i o n  from ~o • *'o to 3~'°"/o s a t u r a t i o n  wi th  respec t  to  a m m o n i u m  
sulfate.  The  p r ec ip i t a t e  is d i sca rded  and  the  s u p e r n a t a n t  solut ion is b r o u g h t  to 45 °'o s a t u r a t i o n  w i t h  
s a t u r a t e d  a m m o n i u m  sul fa te  solut ion.  The  p r e c i p i t a t e  is d issolved in o.o5 M b i ca rbona t e  solut ion and 
is genera l ly  used in  th i s  form w i t h o u t  f u r t he r  t r e a t m e n t .  The e n z y m e  is s t ab le  in a m m o n i u m  sul fa te  
for a cons iderable  l eng th  of t in le  when  s tored in t he  deep freeze, whi le  d ia lyzed  e n z y m e  p repa ra t i ons  
are  much  less s tab le  even when  frozen. Therefore,  in mos t  cases,  d ia lys i s  is omi t t ed .  However ,  for 
ce r t a in  expe r imen t s ,  i t  is des i rab le  to r emove  t he  a m m o n i u m  sulfate.  For  th i s  purpose ,  t he  solut ion 
m a y  be d ia lyzed  w i t h  a g i t a t i o n  a t  o" against,  a solut ion of 0.05 31 p o t a s s i u m  b i ca rbona te  in o.5°'/o 
p o t a s s i u m  chlor ide  for 2 to 3 hours.  Typ ica l  resu l t s  of the  above  f r ac t iona t ion  procedure  arc  i l l u s t r a t ed  
in Tab le  I. 

"I'ABI,I¢ I 

A C T I V I T Y  O F  V A R I O U S  Y E A S T  F R A C T I O N S  

Protein Specific activity Total Recovery 
Fraction Description Volume Units per ml* units per mg 

ml per ml m~' protein units o/~ 

i Original  ex trac t  lO2O 66 66 ~.o 67,400 1oo 
2 P r o t a m i n e  snpernate  i o o o  66 33 2.0 66,000 98 
3 A m m o n i u m  sulfate  132 495 97 5. ~ 65,200 97 

prec ipi tate  0 -55% 
4 A m m o n i u m  sulfate  32 lO63 95 l ~ .2 34,000 51 

precipi tate  35-45% 

* Turbidimetric,O. 

A s s a y  s y s t e m ;  e n z y m e  u n i t s .  In general,  e n z y m e  ac t iv i ty  was  determined  by  the  hydroxan l i c  acid 
m ethod  as described by  C u o u  12. CHOU observed that ,  for the  a s s a y  of the  isolated ATP-CoA-ace ta te  
donor system,  conta ined in the  4 o°//o acetone  precipi tate  from pigeon l iver ex trac t  (A-4o fraction),  
high concentrat ions  of h y d r o x y l a m i n e  were necessary.  Fie also found that ,  in the  pigeon l iver fraction 
precipi tat ing between 4o% and 6o°.~ acetone  (A-6o fraction) w h i c h  conta ined the  accepter  e n z y m e  
for aromat ic  amines,  there was  present  another  e n z y m e  which  c a t a l y z e d  the  react ion of acety l  CoA 
wi th  hydroxy lamine .  The  presence of the  lat ter  e n z y m e  was  d e m o n s t r a t e d  by  the  fact  that ,  if the  
A-4o and A-6o fract ions  were  combined,  h y d r o x a m i c  acid format ion  was  m a x i m a l  at  low concentra-  
t ions of hydroxy lamine .  The  cruder yeast  preparat ions  seem also to conta in  an e n z y m e  which  cata ly-  
zes the  h y d r o x y l a m i n e  reaction.  As shown in CHou's exper iments ,  the  effect of the  h y d r o x y l a m i n e  
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accepter enzyme is minimized by the use of higher concentrations of hydroxylamine 12. The hydroxamic 
acid assay has occasionally been checked using a procedure which measures arylamine acetylation. 
namely: t)y combining the A-6o fraction of CHOU with the yeast enzyme. The combined assay has the 
advantage of greater sensitivity. As shown in Fig. Ib. it is linear over a wider concentration range than 
is the hydroxamic acid assay (Fig. Ia) which, at higher enzyme concentration, becomes less reliabIe 

!o.5! / 
a.F / *  

i°.i / 

g t I [ 
0 05 to 1.5 20 

ml  enzyme x I00 

0.20~ 

I Oa OSN 

0~0 

LI -v 6s ,'o ,~s 2o 2~ 
ml enzyme x 1000 

Fig. is. ib. Comparison of hydroxamic acid and mixed enzyme assay. 

The combined assay system was worked out by BESSMAN la, who will report on this procedure 
separately. This assay is similar to the CoA assay described by HANDSCHUSIACttl,;R e! al 1~, using 
however, instead of their anfinoazobenzene, aminoazobenzene sulfonate as acetyl accepter. This 
compound has the advantage of greater solubility. 

Hydroxamic acid assay 15. One ml assay mixture contains: 25 units CoA, IO ,uM ATP*, ~o /,3I 
potassium acetate, ~oo / tM potassium phosphate buffer, 2oo / tM hydroxylamine, (neutralized with 
KOH to pH 7.4), 5o /LII KF, io / t J I  MgCI,a, and io FtM glutathione. The tubes are incubated at 
37 ° for 2o minutes, at which time are added 1.5 ml of a ferric chloride reagent which contains m°~ ', 
FeC1 a and 3.3% trichloroacetic acid in o.66 N HC1. The acethydroxamate termed is measured in the 
Klett-Summerson colorimeter with a No. 54 filter using I ml of H~O and L5 ml of the FeC1 a reagent 
to set the zero point. In all cases a blank tube which contains no CoA is incubated along with the. 
tube containing CoA. The blank reading is subtracted from the reading obtained when CoA is present 
With increasing purification the blank reading becomes negligible. One unit enzyme activity is 
defined as that  amount of enzyme which gives a reading of ioo (0. 4 t*M of hydroxamic acid) under 
these conditions. 

Mixed assay. One ml of assay mixture contains: ioo l tM potassium phosphate, 5 ° /,~If NIL 
io #3I  potassium acetate, 25 units CoA, io t tM ATP, IO units A-6o enzyme is, io btM glutathione, 
IO /~M MgC12, and o.6 #z}I aminoazobenzene sulfonate. The pH of the phosphate-acetate-fluoride 
mixture is set at 7.4. The tubes are incubated 4 ° minutes at 37 °. At this time o.2 ml of the incubation 
mixture is added to 3.0 ml of lO% TCA in 50% ethanol and centrifuged. Tile amount of dye acetylated 
is measured by the reduction in colour observed in the Klett-Summerson colorimeter with a No. 5 ° 
filter. The zero time reading is about 29o. The colour difference should be less tllan 15o Klett  units. 

THE COMPONENTS OF THE ENZYMIC SYSTEM 

CHOU h a d  a l r e a d y  f o u n d  t h a t  m a g n e s i u m  w a s  a c o m p o n e n t  of t h e  A T P - a c e t a t e  

r e a c t i o n  12. M a g n e s i u m  d e p e n d e n c e  is s h o w n  in  Fig .  2. I t  m a y  be  m e n t i o n e d  h e r e  t h a t  

we  r o u t i n e l y  u s e d  all sa l t s  in  t h e  f o r m  of p o t a s s i u m  sa l t s  in  v i e w  of t h e  g e n e r a l  e x p e r i e n c e  

t h a t  t h i s  t y p e  of r e a c t i o n  s e e m s  to  go b e t t e r  in a p o t a s s i u m - c o n t a i n i n g  m e d i u m .  W e  h a v e ,  

h o w e v e r ,  n o t  s t u d i e d  t h e  effect  of m o n o v a l e n t  ions  in de ta i l .  

I n  Fig .  3, a p H - a c t i v i t y  c u r v e  is s h o w n ,  i n d i c a t i n g  an  o p t i m u m  b e t w e e n  7.2 a n d  7.8. 

CoA reduct ion .  W h e n  h y d r o x y l a m i n e  w a s  u s e d  to  t r a p  t h e  a c e t y l  CoA f o r m e d ,  

g l u t a t h i o n e  was  u s e d  to  r e d u c e  t h e  c o e n z y m e .  I n  s t o i c h i o m e t r i c  b a l a n c e  e x p e r i m e n t s  

h y d r o g e n  sul f ide  w a s  g e n e r a l l y  u s e d  e x c e p t  w h e n  a s u l f h y d r y l  b a l a n c e  w a s  des i r ab le .  

I n  t h i s  i n s t a n c e  t h e  CoA w a s  r e d u c e d  w i t h  p o t a s s i u m  b o r o h y d r i d e  (Meta l  H y d r i d e s ,  Inc . )  

* The ATP used was purchased as the disodium salt from the Pabst  Brewing Company. For a 
majority of the experiments, the CoA preparations were prepared from Streptomyces/radiae cultures 
by Dr. J. D. GREGORY. These products were 65 to 80% pure. For some of the experiments, the CoA 
was purchased from the Pabst  Brewing Company. This product is about 75% pure. 
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in the following manner:  for each/zM of CoA (31o units =- I FM), 75 /x3[ of KBH~ in 
o.oo2 M K O H  and IO FM of t r i s (hydroxymethyl)aminomethane buffer, pH 9, were 
added. The vessel was incubated for I5 minutes at 37 ° , at which time the contents were 

,oo~.~ 
05 156 

2O 

0 i 1 ~ I - ~ I - - -  0 I t _ .  I 
2 4 tO 6.0 70 80 oH 90 

/,M mg/rnl 

Fig. 2. Effect of magnes ium con- Fig. 3. Effect of p H  on the ra te  of 
centrat ion of the ra te  of acetate-  aceta te-ATP-CoA react ion.  Each  
ATP-CoA reaction. Each  tube con- vessel contained,  in i ml react ion 
tained, i n l m l ,  of reaction mixture:  mix ture :  25 uni t s  CoA; IO # M  
25 units  COA; lO /~M ATP;  io ATP;  io /,~l// po t a s s ium acetate;  
# M  potass ium acetate;  2oo#~,l~rtris 5o #M K F ;  io # M  5~[gC12; io # M  
(hyd roxyme thy l )  - aminomethane  g lu ta th ione;  2oo # M  NH2OH (pH 
buffer, p H T . 5 ; 5 o # 2 ~ f  KF;  i o / , 5 I  ad jus ted  wi th  K O H  to t h a t  of 
glutathione;  and 2oo/*M NH2OH, buffer) ; 5 ° # M  each tris  (hydroxy-  
neutralized to p H  7.4 wi th  K O H ;  me thy l ) aminome thane  and potas-  
o .oi  ml (IO units) of yeast  fraction s ium phospha te  buffer adjus ted to 
4 and MgC12 as indicated. F i n a l p H  the desired p H ;  and o.oi  ml (IO 
was  7.4-7.2. The tubes  were incu- units) of yeas t  fract ion 4. The 
bated at 37 °, and o.2 ml. samples tubes  were incubated at  37 °, and 
were taken at 13, 3 ° , and 6o mi- o.2 ml samples  were t aken  at 2o, 
nutes  to determine the  ra te  of 4 o, and 6o minutes  to determine 

the  reaction, the rate  of the reaction. 

neutralized with HC1 to pH 7.2 and the volume adjusted with water to give a CoA solu- 
tion of the desired concentration. Although solutions store fairly well on freezing, we 
have routinely prepared fresh solutions each day. 

CoA concentration. I t  is a characteristic of the hydroxamic acid system that  relatively 
high concentrations of CoA and hydroxylamine 12 are required for saturation. Under 
our conditions, as shown in Fig. 4, the maximum activity is approached at about IOO 
units of CoA. Since the reaction between acetyl mercapto CoA and hydroxylamine is non- 
enzymatic,  this relatively high saturation concentration is not surprising. 

The e~ect o/ inorganic phosphate. The addition of 50 to ioo FM of phosphate per 
ml generally increases the rate of the hydroxamic acid reaction considerably. For this 
reason phosphate was included in our assay system. Phosphate, however, is not indis- 
pensable. The mechanism of the phosphate effect is not clear. 
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Identification o/the reaction products. CHOU had  f requent ly  observed tha t  the a m o u n t  
of phosphate  l ibera ted  was far below the a m o u n t  of hydroxamic  acid formed. Recent ly  

these studies were resumed, par t i cu la r ly  in  a6 I 
view of LYNEN'S ident if icat ion of acetyl  CoA ~, 
as the mercaptoester  of CoA 16. Various ob- ~ as~ 
servat ions then  ind ica ted  t ha t  inorganic ~, ': 
pyrophosphate  ra ther  t h a n  or thophosphate  ~ 0.4~- 
was being l iberated.  I t  was found  tha t  the :c 
l ibera t ion  of inorganic  phosphate  could be o.3 
almost  completely  suppressed by  the addi t ion  

Q2 of fluoride. Under  these condi t ions  the easily 
hydro lyzable  phosphate  did no t  change, bu t  
a subs tance  appeared which gave, with the 0.~ 
F i ske-Subbarow molybda te  reagent ,  a slowly 
developing colour similar to tha t  observed 0 
earlier by  SACKS AND DAVENPORT with inor- 
ganic pyrophosphatOL I n  Table  n an experi- 
men t  is presented with CoA as acetyl  acceptor. 
If fluoride is added, approx imate ly  equiva-  
lent  amoun t s  of pyrophosphate  appear,  as 
de te rmined  by  the manganese  precipi ta t ion 
method  of KORNBERG 18 and  also by  a colori- 
metr ic  method  ut i l iz ing the above-ment ioned  
colour increase with the molybda te  reagent.  

/ 
/ 

2 t ~ ; 1 t ! 
,o 3o so . o  5o 60 70 oo 

untl3 CoA added 

Fig. 4. CoA-concentration curve. Each 
tube contained, in i ml: 25 units CoA; 
lO #M ATP; IO #Mpotassiumacetate; 
5o #M KF; ioo /,M potassium phos- 
phate buffer (pH 7.4); 20o #M 
hydroxylamine neutralized with I4OH 
to pH 7.4; IO/~M glutathione; o.o2 ml 
(I unit) of yeast fraction I. Tubes were 
incubated at 37 ° for 2o minutes at 
which time 1.5 ml of the lO% FeC13 

reagent were added. 

This colour react ion has been developed in to  the convenien t  colorimetric me thod  for 
de te rmina t ion  of inorganic  pyrophosphate ,  which will be described elsewhere. 

TABLE II 
E F F E C T  O F  F L U O R I D E  O N  P Y R O P H O S P H A T E  F O R M A T I O N  

Fluoride added CoA * added A cetyl CoA P P  Pi 
I~M per raI ~*M per ml tJ3l per ml l~3I per rnl I*M per mt 

o o o o 7.4 
o 2.9 2.72 o 13.2 

5 ° o o o 1.75 
5 ° 2.9 2.88 3.1o** 2.1o 

3.16"** 

" I /~M CoA = 31o units. 
** Determined by colour increase. 
*** Determined by Mn precipitation method. 
Each vessel contained in i ml: 12 /~2}I ATP; io #2~I potassium 

acetate; IO /~M MgC12; 2o tiM HiS; 2oo /iM tris(hydroxymethyl) 
aminomethane buffer, pH 7.5 and o.o2 ml (2o units) of yeast enzyme 
fraction 4. Vessels were incubated at 37 ° for 3 ° minutes. 

Wi thou t  fluoride the excess of inorganic phosphate  over the CoA-free b l ank  corre- 
sponds to about  twice the a m o u n t  of acetyl  CoAformed. As shown by  KUNITZ 19, fluoride 
inh ib i t s  s t rongly  the pyrophosphatase  which is present  in our yeast  fractions. For  this  
reason the presence of fluoride is necessary to preserve the pyrophosphate  formed. 
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i n  t h e  e x p e r i n l e n t  s h o w n  in  T a b l e  I I I  a d e t c r m i n a t i o l ~  of  a d e n o s i n c - 5 - 1 ~ h o s l , J i a t , '  

( A M P  w i t h  t h e  K, t rx : lC<ts~-S( ' issm)r  '-° t)r,,~ccdur(~ is  i n c l u d e d  an( t ,  in  a d d i t i o n ,  the' ac(~l:,' l~ 
t i o n  of  ( ' o A  i s  f o l l o w e d  b y  d c t c r m i i f i u  V t h 0  d i s a p t ) o a r a n c ( ~  of  S H - ( ' o A  21 a s  w e l l  a s  t l i ,  

format ion  of acetvl-S-CoA. A similur l);tlallCC with l>igeon li\'(,r (,xtract is pr<.s(.ntcd ill 

Table IV. 

TAITIA~ l I I  

BAL.\NCI~; F'OR A C E T Y L A T I O N  OF COA 

Free SH A cef ;'l CoA I~P** A MP 

- - 2 . 2 9  } 1.0(~ - 1.53 l- 2.28*** 

* H y d r o x a m i c  acid method .  
** No sulfur  bound  P P  conhl  be d e m o n s t r a t e d  on t r e a t m e n t  of the  depro te in ized  samples  wi th  

mercnr ic  ace ta te .  
"** Corrected for AMP formed in absence of CoA due to ATl>-ase. 

Concen t r a t ion  of fac tors  per  ml of r eac t ion  n l i x t u r e :  o . i  ml ( l eo  units)  of yeas t  f ract ion 4; 5 yN[ 
Pabs t  CoA, reduced  w i t h  p o t a s s i u m  bo rohydr ide ;  5 H 3 I  ATP;  20 t~.l[ p o t a s s i u m  ace t a t e ;  ~o !xN[ 
MgCI~; 5 ° HNI K F ;  zoo ix:l[ Ir is  ( h y d r o x y m e t h y l ) a m i n o m e t l m n e  buffer, p H  7.5. The  tubes  were 
i n c u b a t e d  a t  37 ~ for 15 minu tes .  

TAI3LE IV 

C A T A L Y T I C  B A L A N C E  %VITH C R U D E  P I G E O N  L I V E R  E X T R A C T  

CoA added T ime  of incubation Hydroxamic acid _4 DIP P - P  
units minutes /t J l  it3I .. ] I  

o o o 0. 3 

3 ° l.S7 
~2o 4.25 f).9 t ,<'45 

325 
o o o o 

3 ° 5.07 
I 2o 10.0 10. 3 1 0 . 2  

1 2 . 2  

* Assay  by  p y r o p h o s p h a t a s e .  
E a c h  vessel  con ta ined ,  in a t o t a l  vo lume  of 3.2 ml :  47 1,3{ ATP, of which  z 7 were added  a t  o 

m i n u t e s  and  30 l iM a t  3 ° m i n u t e s ;  17 ° it,ll K F :  460/,~lI  I r i s  ( h y d r o x y m e t h y l ) a m i n o m e t h a n e  buffer, 
p H  8 . 2 ;  75 #3I  MgC12; 870 izNI NH2OH,  p H  6.  5 ;  8 o 1 , 3 I  g l u t a t h i o n e ;  250 !,3I K a c e t a t e ;  a n d  o . 9 6  m !  
crude  pigeon l iver  enzyme .  Vessels were i n c u b a t e d  a t  3 °o for 12o minu tes .  

TABL, E V 

C O N V E R S I O N  OF A C E T Y L  COA, P Y R O P H O S P H A T E ,  

A N D  A D E N O S I N E - N - P H O S P H A T E  TO A D E N O S I N E  T R I P H O S P H A T E  

Comple te  s y s t e m  
Rep lace  p y r o p h o s p h a t e  

w i t h  o r t h o p h o s p h a t e  
O m i t  CoA 

A T P  A J l P  A cetyl pkosphatt: 
t~!~[  t J f  it3[ 

2_ 6. 5 - -  7.7 - -  .5.0* 
o. 3 -- 0. 5 o 

+ o - 0.2 o. 7 

E a c h  vessel  c o n t a i n e d :  25 /t3I l i t h i u m  ace ty l  p h o s p h a t e ;  0.25 ,uNl CoA; ioo  ibm p o t a s s i u m  
p y r o p h o s p h a t e ;  IO/zNf p o t a s s i u m  a d e n y l a t e ;  i o  H3I MgC12; i o / t N l  cys te ine ;  and  5 ° yNi r K F ;  o.I ml  
t r an sace ty l a se ,  Clostridium kluyveri; o. 3 nll ) 'east  enzyme  p repa ra t ion .  The  p H  was  7.i .  The  vessels  
were i n c u b a t e d  for 3 ° m i n u t e s  a t  37 ' .  

* These  va lues  are  cor rec ted  for s pon t a ne ous  b r e a k d o w n  of ace ty i  phosphat~ .  
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Reversibility. The conversion of the energy-rich bond of acetyl CoA into the energy- 
rich pyrophosphoryl  bond of ATP was demonstrated by using acetyl phosphate and 
phosphotransacetylase as acetyl feeder system with catalytic amounts of CoA. The ex- 
periment of Table V shows that  the addition of pyrophosphate and AMP is necessary 
for this reaction. 

Furthermore,  the reversibility of the reaction can be shown spectrophotometricalty 
using the mercaptoester absorption at 232 fx.lI as described by STADTMAN 22 for determina- 
tion of acetyl CoA. As shown in Fig. 5, on mixing the enzyme, ATP, CoA and acetate, 
the absorption reaches steady values in 
about  IO minutes. If at this t ime pyre- 
phosphate is added, a rather  rapid de- 
crease of the acetyl CoA absorption is 
observed, the degree of which depends 
on the pyrophosphate concentration. 
The reason for the slow secondary de- 
cline in the absorption of acetyl CoA 
with higher pyrophosphate concentra- 
tion is not understood at the present 
time. 

Attempts fo clari/y the finer mecha- 
~zism o~ th,. reaction. In a previous report 
experiments were presented which 
seemed to indicate a pr imary reaction 
between pyrophosphate and acetyl CoA 
and were interpreted as an indication 
of the formation of a CoA-pyrophos- 
phate. However, it has been difficult 
to reproduce these experiments with 
more highly purified acetyl CoA prepa- 
rations. I t  is now suspected that  the 
disappearance of acetyl CoA under these 
conditions may  be explained through 
contamination with small amounts of 
AMP. If large amounts of pyrophos- 
phate are added, very little AMP is 
needed for the reverse reaction. At- 

0125! (2125, 

3t  ,,M PP o,o  
0.075 ,;" 0.075 

/ If~ttial concentrat ion 
} Ac - 1.93 t,M/ml 

"~ I ATP-OI6 fM/ rn lQo5~ 
005(, i CoA-Ot5 / ,M /m l  

] 
0025 0.025 

.93 , ; M P P . _  - -  _ - -  f L  
7 / 

rninu~s minutes 
Fig. 5. Reversibi l i ty of ATP-CoA-acetate  reac- 
t ion by  addi t ion of py rophospha te .  Each  cell 
contained,  per  ml: o.15 /zig/ CoA-SH (reduced 
wi th  po ta s s ium borohydr ide) ;  o.16 /~,'1// ATP;  
1.93 /~'1¢ po ta s s ium acetate;  35 / ,M K F ;  2 # M  
MgC12; 4 ° l~M tr is  (hydroxymethyl )  amino- 
me thane  buffer, p H  7.5; and o.ooi  ml (I unit) 
of yeas t  enzyme fraction 4. 
Left  Figure : Solid circles = control  cell to which 
no p y r o p h o s p h a t e  is added. Open circles -- cell 
which contains  the same reac tan ts  as the control  
tube  except  t h a t  3.1 ,uM po tass ium pyrophos-  
pha te  buffer, p H  7.5, are added at  the  t ime in- 
dicated by  the  arrow. Crosses = cells which 
contain the  same reac tan ts  as the control  cell 
except  t h a t  3.1 1~3.I potass ium py r ophospha t e  

buffer, p H  7.5, are added at  the s tar t .  
Right  Figure:  Curves as above except  t h a t  9.3 
t ,~I of the  p y r o p h o s p h a t e  buffer, p H  7-5, were 
added to the open circle and cross curves ra the r  

t h a n  3. I /Z]~l, 

tempts  also were made to obtain a reaction between ATP and CoA. Frequently in such 
experiments a small disappearance of ATP may be observed without addition of acetate. 
However, it was found very difficult to exclude a contamination with small amounts 
of acetate, to which this system is quite sensitive. 

We conclude, therefore, that  a separate reaction either between ATP and CoA or 
between acetyl CoA and pyrophosphate has not been proven convincingly. Furthermore,  
a t tempts  to divide the system into two enzyme fractions have not given encouraging 
results (see also Addendum). 

Addendum (added in proo/) 

Further  information on the finer mechanism was recently obtained by JONES, 

Re[erences p. i49. 



I 4 8  M.E.  JONES, S. BLACK, R. M. FLYNN, F. LIPMANN V(}I.. 12 (I()5.~) 

LIPMANN, HILZ AND LYNEN 2a t h r o u g h  t h e  use  of i so topes .  T h e  i s o t o p e  e x p e r i m e n t s  art '  

i n t e r p r e t e d  to  i n d i c a t e  e n z y m e - b o u n d  i n t e r m e d i a r i e s .  A T P  ( A d . P  ~ P P )  o q u i l i b r a t c s  

r a p i d l y  t h r o u g h  y e a s t  e n z y m e  w i t h  i n o r g a n i c  a 2 p - p y r o p h o s p h a t e  in  t h e  a b s e n c e  of o t h e r  

c o m p o n e n t s  of t h e  s y s t e m .  T h i s  s e e m s  to  i m p l i c a t e  a n  e n z y m e - a d e n o s i n e  m o n o p h o s p h a t c  

(Ad .  P) c o m p o u n d :  

E n z y m e  + A d .  P ~-~ P P  ~ E n z y m e  ~-~ P . A d  + P P  (4) 

A s u b s e q u e n t  r e p l a c e m e n t  of A d .  P in  e n z y m e  ,-~ P . A d  b y  CoA is i n d i c a t e d  b y  a 

r e d u c t i o n  of t h e  r a t e  of A d . P  ~ P P  ~ P P - e x c h a n g e  t h r o u g h  t h e  a d d i t i o n  of CoA:  

E n z y m e  ~-~ P . A d  + C o A . S H  ~- E n z y m e  ~-~ S . C o A  + A d . P  (5) 

F i n a l l y ,  t h e  s a m e  e n z y m e  w as  f o u n d  to  e q u i l i b r a t e  a c e t y l  CoA w i t h  f ree  a c e t a t e  

r a t h e r  eas i ly ,  a l t h o u g h  less r a p i d l y  t h a n  A d . P  ~ P P  a n d  p y r o p h o s p h a t e .  S u c h  a n  

e x c h a n g e  i n d i c a t e s  e n z y m e  ~ S. CoA to  r e a c t  e v e n t u a l l y  w i t h  a c e t a t e  to  y i e l d  t h e  f ina l  

p r o d u c t ,  a c e t y l  ~-~ S.  CoA : 

E n z y m e  ~ S . C o A  + a c e t a t e  ,~  E n z y m e  + a c e t y l  ~ S . C o A  (t~) 

I t  is fe l t  t h a t  t h i s  i n t e r p r e t a t i o n  f u r n i s h e s  a r e a s o n a b l y  g o o d  a p p r o x i m a t i o n  to  t h e  

f ina l  u n d e r s t a n d i n g  of t h e  m e c h a n i s m .  

SUMMARY 

The formation of acetyl CoA by interaction of ATP, CoA and acetate has been studied with yeast 
and pigeon liver preparations.  

Pyrophosphate  and AMP have been found to be the products of the reaction, with the formula- 
t ion as follows: 

ATP + CoA + acetate ~-  acetyl CoA m AMP + pyrophosphate  

Magnesium is a component  of the enzyme system. 
The reaction is reversible as shown by the conversion of acetyl CoA, pyrophosphate  and AMP, 

to ATP and free CoA. The reversion specifically requires pyrophosphate.  
Enr ichment  of the yeast enzyme is described. 

RI~SUM~ 

Les auteurs ont  6tudi6 la formation d 'ac6tyl  CoA par  interaction entre I'ATP, le CoA et l 'ac6tate 
chez des levures et dans des pr6parations de foie de pigeon. 

La r6action conduit  au pyrophosphate  et 5~ I'AMP. Elle peut  se formuler ainsi: 

ATP + CoA + ac6tate ~ ac6tyl CoA + AMP + pyrophosphate 

Le magnesium est un const i tuant  du syst~me enzymatique. 
La r~action est r6versible ainsi que le montre la t ransformation de l 'ac6tyl CoA, du pyrophos- 

phate  et de I 'AMP en ATP et CoA libre. Le renversement  de la r6action exige sp6cifiquement du pyro- 
phosphate.  

Une purification partielle de l 'enzyme de la levure est ddcrite. 

ZUSAMMENFASSUNG 

Die Bildung des Acetyl-CoA bei der Reaktion mit  ATP, CoA und Acetat  wurde mit  Hefe und 
Taubenle berprAparaten untersucht .  

Es wurde gefunden, dass Pyrophosphat  und AMP die Produkte der ]Reaktion sind, die sich wie 
folgt formulieren IAsst: 

ATP + CoA + Acetat  ~ Acetyl CoA + AMP + Pyrophosphat  

Magnesium ist ein Bestandteil  des Enzymsystems. 
Die Reaktion is reversibel, wie dutch die Umwandlung von Acetyl-CoA, Pyrophosphat  und AMP 

in ATP und freies CoA gezeigt wurde. Die Umkehr  erfordert die Gegenwart von Pyrophosphat .  
Die Anreicherung yon Hefeenzym wird beschrieben. 
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