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S T U D I E S  ON T H E  MECHANISM OF FATTY  ACID S Y N T H E S I S *  

I. PREPARATION AND PURIFICATION OF AN ENZYME SYSTEM 

FOR RECONSTRUCTION OF FATTY ACID SYNTHESIS 

S A L I H  J. WAKIL, JOHN W. PORTER** AI~D DAVID M. GIBSON 

Institute [or Enzyme Research, University o] Wisconsin, Madison, Wis. (U.S.A.) 

During the past few years the mechanism of fa t ty  acid oxidation has been elucidated 
in several laboratories 1, 2, 3, 4. This was shown to follow the general scheme of fl-oxida- 
tion as proposed by  KNOOP in 19o4 ~. The various enzymes involved in the fat ty  acid 
oxidation sequence have been prepared in a highly purified state and each step has 
been shown to be reversible. This fact led many workers to conclude that the synthesis 
of fa t ty  acids occurs by the reversal of the fl-oxidation in the presence of the appro- 
priate enzymes and coenzymes 3. 

Although it has been shown experimentally ~ that fat ty acids are oxidized all the 
way to acetyl CoA in the presence of a combination of the purified enzymes, there has 
been no similar demonstration of the synthesis of long-chain fat ty acids starting from 
acetate. STANSLY AND BEINERT 7 attempted to convert acetyl CoA to higher fa t ty  acyl 
derivatives of CoA*** in the presence of DPNH, a reduced dye and the purified 
enzymes of the fat ty  acid oxidation cycle. They were not able to demonstrate any 
significant formation of a fa t ty  acyl CoA of longer carbon chain than that of butyryl  
CoA. This result, therefore, suggested that the problem of fat ty acid synthesis was not 
merely one of simple reversal of fa t ty  acid oxidation. 

STADMAN AND BARKERS,9, TM were the first to demonstrate the conversion of 
of labeled acetate into short-chain fat ty  acids by a water-soluble enzyme preparation 
which they obtained from Clostridium kluyveri. Later on, BRADY AND GURIN n, lz, 13 
reported the synthesis of long-chain fat ty  acids from acetate, first in homogenates and 
later in a particle-free extract prepared from pigeon liver. This system incorporated 
labeled acetate predominantly into fat ty  acids rather than into glycerides. On 
treatment of the extract with charcoal it was possible to demonstrate a requirement 
for ATP, DPN and CoA. They also observed that citrate markedly stimulated the 

* This work has been supported by a grant-in-aid from the American Cancer Society upon 
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***The following abbreviations are used: coenzyme A (CoA), adenosine tr iphosphate (ATP), 
triphosphopyridinenucleotide (TPN), reduced TPN (TPNH), diphosphopyridinenucleotide (DPN), 
reduced DPN (DPNH), reduced glutathione (GSH), pigeon liver supernatant (PLS), laC-carboxyl 
labeled acetate (Ac*). 
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synthesis. Similar results were obtained by PoPJAK AND TIETZ 1¢, 15, 16 who used soluble 
preparations from the mammary gland of lactating rats and rabbits. 

Since attempts to reverse the /~-oxidation cycle have failed, the problem of 
synthesis has been re-examined. Our point of departure was a soluble enzyme system 
prepared from pigeon liver, which is similar to that described by BRADY ANU GURIN~k 
In this and succeeding communications various aspects of the fat ty acid synthesizing 
system will be considered-- the preparation of the enzymes, the requirement for 
cofactors and the nature of the product. The first crude extract has been fractionated 
into three different fractions and each of these were further purified so that about a 
50-fold purification was achieved with respect to the original extract aT. The present 
communication will deal with the purification of the enzymic components and with 
the properties of the synthesizing system. 

EXPERIMENTAL 
Assay 
T h e  s y n t h e s i s  of f a t t y  acids  was  m e a s u r e d  by  t he  e x t e n t  to which  rad ioac t ive  ace ta te  (caxboxyl- 
labeled) was  incorpora ted  in to  f a t t y  acids. For  rou t ine  a s says  t h e  following c o m p o n e n t s  were 
p ipe t t ed  into a g lass-s toppered  t e s t  t ube  (i6 × i5o  m m ) :  CoA o.o2/*moles,  A T P  2. 5 /zmoles ,  
Mn ++ o.o2/*moles ,  isocitrate 6.0 #moles ,  T P N  0.2/*moles,  g lucose - i -phospha te  15/*moles,  D P N  
0.2/~moles,  lipoic acid o.I 5 /*moles ,  reduced  g lu t a th ione  8 .o / ,moles ,  p h o s p h a t e  buffer  (pH 6.5) 
30 #moles ,  a n d  aceta te- IA~C 4/*moles  (I5o,ooo to 3oo,ooo c.p.m.) .  The  final vo lume  was  o. 5 ml.  
The  reac t ion  was  s t a r t e d  by  the  addi t ion  of the  e n z y m e  (o.6 to  3.o rag). The  t ube  was  f lushed wi th  
a gen t le  s t r e a m  of N 2 gas  for I5 to 3o seconds,  s toppered  and  i ncuba t ed  in a wa te r  b a t h  a t  38 ° 
for 2 hours .  At  t he  end  of the  i ncuba t ion  t i me  the  r eac t ion  was  s topped  b y  the  add i t ion  of 0. 5 ml  
of io  % alcoholic K O H  a n d  t he  tube  was p u t  into a boil ing wa te r  b a t h  for ha l f  an  hour .  At  the  
end  of th i s  t ime  saponif ica t ion was  complete ,  and  0. 5 rnl of 2 N HC1 solut ion was  added  to  b r ing  
the  p H  to 2 or 3. Fou r  ml  of n - p e n t a n e  were added,  t he  t ube  was  s toppered  t i gh t ly  a n d  t he  m i x t u r e  
was  s h a k e n  for a b o u t  I. 5 m i n u t e s * .  The  two phases  were al lowed to  sepa ra te  and  t he  p e n t a n e  
layer  was  t rans fe r red  b y  m e a n s  of a medic ine  d ropper  into a I5 m l  g r a d u a t e d  cent r i fuge  tube .  
The  ex t r ac t i on  procedure  was  repea ted  twice in exac t l y  t he  s ame  m a n n e r .  The  pooled p e n t a n e  
ex t r ac t s  were concen t ra ted  in  a s t r e a m  of ho t  air f rom a ha i r  drier which  was  passed  over  t he  t e s t  
t ubes  un t i l  a vo lume  of less t h a n  i .o ml  was  reached.  The  air  s t r e a m  was  s topped ,  the  final vo lume  
was  a d j u s t e d  to I.o ml, and  5 ° p l  of t he  p e n t a n e  solut ion were p la ted  on an  a l u m i n u m  plate .  The  
rad ioac t iv i ty  of the  a l i quo t  was  t h e n  measu red .  The  rad ioac t iv i ty  m e a s u r e d  in th i s  w a y  represen ts  
t h e  a m o u n t  of ace ta te  incorpora ted  into t he  long-chain  f a t t y  acids, since unde r  the  above  con- 
d i t ions  on ly  t he  long-chain  f a t t y  ac ids  are ex t r ac t ed  into t he  pen tane .  As s h o w n  in Table  I, t he  
recovery  of l*C-palmitic acid f rom t he  reac t ion  m i x t u r e  was  sa t i s fac tory ,  w h e n  t he  m i x t u r e  was  
sub jec ted  to t he  descr ibed procedures .  Only  the  C10 to C18 acids  were ex t r ac t ed  in th is  way  as  
ind ica ted  by  pape r  c h r o m a t o g r a p h y  in t he  b u t a n o l - a m m o n i a  is and  ke rosene-ace t l c  acid 1D s y s t e m s .  
Ful l  detai ls  of t he  n a t u r e  of the  react ion p roduc t s  will be d iscussed in a la ter  c o m m u n i c a t i o n  D°, 

Unit o/ enzyme activity 
The  un i t  of e n z y m e  ac t iv i ty  has  been defined as the  a m o u n t  of e n z y m e  necessa ry  to  incorpora te  
I /*mole  of rad ioac t ive  ace t a t e  into long-cha in  f a t t y  ac ids  pe r  two hours  unde r  t he  above  condi t ions ,  
The  specific e n z y m e  ac t iv i ty ,  therefore,  ha s  t he  d imens ions  of un i t s  of e n z y m e  per  i m g  of protein.  

.Plating and counting 
The  f a t t y  ac ids  were dissolved in p e n t a n e  and  known  a l iquots  (50 to ioo/*1) were p l a t ed  on a lumi -  
n u m  discs. The  spots  of  infini te t h i nnes s  h a d  a d i ame t e r  of  5 to io  ram.  The  rad ioac t iv i ty  was  
m e a s u r e d  wi th  a t h i n  (I.5 m g  per  cm  s) end  window G.M. tube .  Apa r t  f rom t h e  u sua l  s ta t i s t ica l  
er ror  of t he  coun t i ng  e q u i p m e n t  which  is less t h a n  3 % t h e  va r ia t ion  in coun t ing  be tween  dup l ica te  
samples  which  h a d  been s u b m i t t e d  to t he  ex t r ac t i on  procedure  was  less t h a n  5 %. This,  therefore,  
gives an  overal l  error  of less t h a n  15 %. W h e n  t he  rad ioac t iv i ty  on t he  paper  c h r o m a t o g r a m  was  
measu red ,  t h e  pape r  s t r ip  was  cu t  into smal l  s t r ips  I cm  in l eng th  a n d  t h e  r ad ioac t iv i ty  on each  
s t r ip  was  m e a s u r e d  directly,  in t he  end  window counter .  

* The  t ubes  were p u r c h a s e d  f rom t he  Ace Glass C o m p a n y  and  were f i t ted wi th  hol low glas~ 
s toppers .  There  was  no leakage of the  p e n t a n e  on shak ing .  
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Chemicals  

The chemicals used in this  invest igat ion were commercial  products.  ATP, DPBI and T P N  were 
obtained f rom the Sigma Chemical Company  and isocitrate f rom the California Founda t ion  for 
Biochemical Research in the form of dl-lactone. The lactone was  converted to the free acid by  
t r ea tmen t  wi th  excess alkali. Lipoic acid was obtained from the California Foundat ion  for 
Biochemical Research and CoA from the Pabs t  Laboratories.  

T A B L E  I 

PER CENT RECOVI~RY OF 14C°PALMITIC ACID * FROM THE ASSAY MIXTURE 

Expt. No. Total counts Total counts Per cent 
added recovered re.covered 

i 2,500 2,000 81 
2 5,ooo 4,6oo 92 
3 io,ooo lO,6OO lO6 
4 15,°o° I 7 , I ° °  114 
5 2o,ooo 20,300 IOi 
6 3o,ooo 31,4oo lO 4 
7 4o, ooo 39, I oo 98 
8 5o,ooo 51,9oo lO 4 

Each tube contained all the cofactors rout inely used in the assay of fa t ty  acids synthesis  (see 
section on assay) plus 3 mg of enzyme sys tem and variable amounts  of 14C-palmitic acid in a total 
volume of o. 5 ml. The tubes  were saponified immediate ly  wi th  alcoholic K O H  and the  fa t ty  acids 
were isolated as discussed in assay. 

* The palmitic acid added had a specific act ivi ty of 50,00o c.p.m, per/*mole.  

Preparation o/the ]atty acid synthesizing enzyme system 

Pigeon liver extract. After the pigeons were decapitated, the livers were removed and 
chilled in crushed ice. All subsequent operations were carried out at o to 4 ° except 
when otherwise stated. 20o g of chilled liver were blended with 3oo ml of phosphate- 
bicarbonate buffer 11 (final concentration of o.I M potassium phosphate and o.07 M 
KHCO3 pH 9.0) in a Waring blendor at full speed for 30 seconds. The homogenate was 
centrifuged for 15 minutes at I,OOO × g. The supernatant was decanted through a 
cheese cloth and was further centrifuged at IOO,OOO × g for half an hour in the Spinco 
preparative centrifuge. The clear supernatant was collected. This fraction is referred 
to as "pigeon liver supernatant" (PLS). I t  contains all the necessary enzymes for the 
synthesis of fat ty acids and has a specific activity of 0.02 to 0.05. 

Fractionation o] the pigeon liver supernatant (PLS). The PLS was fractionated with 
solid ammonium sulfate into four different fractions as follows. For each IOO ml of 
PLS, 13.4 g of solid ammonium sulfate were added slowly with constant stirring. This 
gave a solution which was 25 To saturated with respect to ammonium sulfate. The 
mixture was stirred for an additional I5 minutes in order to complete the precipitation 
of the protein. The precipitate was separated by centrifugation at 20,000 × g for 
15 min, taken up in IO to 15 ml of 0.04 M KHC03, and the solution was dialyzed 
against 4 1 of the same buffer for 3 to 4 hours. This fraction (designated as R1) was 
orange-yellow in color and milky in appearance. 

The supernatant was further fractionated with solid ammonium sulfate and the 
fraction precipitating between the limits of 25 to 40% saturation with respect to 
ammonium sulfate was isolated in the same manner as described above. The residue 
was taken up in io to 15 ml of 0.04 M KHCO, and the solution was dialyzed against 
the same buffer for 3 to 4 hours. This fraction (called R~) was orange in color and 
opaque in appearance. 

R e # f e n c e s  p.  46o]46z .  
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To the remaining supernatant solution solid ammonium sulfate was added in 
sufficient amount to obtain 5o% saturation and the mixture was allowed to stand with 
constant stirring for at least 15 minutes. The mixture was centrifuged as above, the 
supernatant was saved, and the residue (R3) was taken up in o.o4M KHCO3 solution. 
This fraction was clear and red in color. 

The supernatant was treated further with solid ammonium sulfate. The saturation 
level was brought to 65 %. The precipitate obtained by centrifugation was taken up in 
IO to 15 ml of 0.o 4 M KHCO 3 and the solution was dialyzed against the same buffer 
for 3 to 4 hours. This fraction (called R4) was transparent and deep red; The remaining 
supernatant fluid was discarded. 

Reconstitution o~ the/arty acid synthesizing system 
The four fractions obtained were used to reconstruct the fa t ty  acid synthesizing 
system. I t  was found that  none of these fractions alone nor any combination of any 
two of these fractions would catalyze the synthesis of fa t ty  acids from acetate (see 
Table II). The only combination that  catalyzed an active synthesis of tong-chain fa t ty  
acids from acetate was R,  + R 2 + R 4, as shown in Table II .  Fraction R a has no 
effect at all on the synthesis. If  anything it is slightly inhibitory. The specific activity 
calculated on the basis of total protein of the combined ractions shows about a 
Io-fold purification as compared to PLS (c/. Table II). The reconstituted system shows 
a more clearly defined requirement for the various components than the original 
extract. The cofactor requirements will be discussed in more detail in the second paper 
of this series 2~. 

T A B L E  I I  

RECONSTITUTION OF THE FATTY ACID SYNTHESIZING SYSTEM 

Acetate converted into Specific activity 
Fraction ratty acids in itmoles vmoles At*ling prof./2 h 

PLS o.21 o.o32 
R 1 o.oo6 
R 2 0 . 0 0 2  
R 3 0.0o0 

R 4 o.000 

R 1 + R~ O.OIO 
R 1 + R~ + R 3 0.080 
R 1 + R 2 + R 4 0.920 o.31o 
R 1 -{- R 2 -~- R 3 -]- R 4 o . 6 o o  
R 2 + R 4 0.002 

E a c h  t u b e  con ta ined  all  the  cofactors  required (see assay) and  the  reac t ion  was  s t a r t e d  by  t he  
add i t i on  of the  var ious  f rac t ions  shown above.  6.5 mg  of PLS were used and  i mg  of p ro t e in  of 
each of the  subf rac t ions  (R 1, R l ,  R s and  R4) was added  whenever  ment ioned .  To ta l  v o l u m e  was  
0.5 m g  and  the  tubes  were i n c u b a t e d  a t  3 8° under  N 2 for 2 hours.  

The opt imum amount that  had to be added of each component used was deter- 
mined in experiments in which two of the enzyme components were kept constant 
at a given level while the concentration of the third was varied (c/. Fig. I). The results 
show that  the conversion of acetate into long-chain fa t ty  acids is proportional to the 
amount of each fraction added over a limited range beyond which saturation is 
reached. The specific activity of each fraction can, therefore, be calculated from the 

References p. 46o/46r. 
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straight portion of the curve. This specific activity has been defined as the number 
of vmoles of radioactive acetate converted to fa t ty  acids per mg of the limiting 
fraction per two hours of incubation. This type of assay was used in further purifica- 
tion and separate s tudy of each fraction as will be shown later, 

uJ~ 0.6 

~. 0.,5 

~,oo.a 
taO.2 

o~o.; 

Ra R 4 

(GEL TREATED) 

~.,+ ~ l I i i f I i i ] I i i ] 
0.1 0.3 0.,5 1.0 2.0 1.0 2.0 

U MG OF PROTEIN 
Fig.  i .  E a c h  t u b e  con ta ined  all  the  cofactors  rou t i ne ly  used in  the  assay  of f a t t y  acid syn thes i s  
(see sec t ion  on assay).  To R 1 curve  was  added  i .3 mg  pro te in  of R 2 p lus  i . io  m g  of Ra. The reac t ion  
was  s t a r t ed  b y  the  a d d i t i o n  of va r ied  a m o u n t s  of purif ied R 1 as ind ica ted ,  To ta l  vo lume  was  o.5 ml  
and  t he  t ubes  were i n c u b a t e d  a t  380 unde r  N 2 for 2 hours.  To R~ curve  was  added  i .7 mg  of purif ied 
R1, 1 . io  mg  of R 4 and  va r i ed  a m o u n t s  of R 2 as ind ica ted .  The  t o t a l  vo lume  was  o. 5 ml  and  the  
t ubes  were i ncuba t ed  a t  38o under  Nz for 2 hours.  To R 4 curve  was added  1. 7 mg  of purif ied R1, 
1.3 m g  R 2 and  va r i ed  a m o u n t s  of R 4 as ind ica ted .  The to t a l  vo lume  was  o. 5 ml  and  the  tubes  were 

i n c u b a t e d  a t  38 ° under  N 2 for 2 hours.  

Purification o / R  1 

The protein concentration of R 1 was adjusted to 30 to 4 ° mg per ml by  the addition of 
0.04 M KHCO 3 solution. To this enzyme solution was then added slowly 3 parts (v/v) 
of precooled calcium phosphate gel 22 (27 mg per ml) with gentle stirring. The mixture 
was allowed to stand for three minutes with occasional stirring and was then cen- 
trifuged for 2 minutes at 20,000 × g. The supernatant was saved and the precipitate 
was discarded. The supernatant  solution was treated again with a fresh charge of 
calcium phosphate gel as before and the mixture was centrifuged for 3 minutes. The 
supernatant was saved and the precipitate was discarded. The volume was then 
measured and enough solid ammonium sulfate was added to bring the degree of 
saturation to 30 %. Sufficient time (about 20 min) was allowed for the precipitate to 
form maximally and this was separated by  centrifugation at 2o,ooo × g for 15 
minutes. The supernatant  solution was discarded and the residue was dissolved in 
0.04 M phosphate buffer of pH 7.0. The final solution was clear yellow and had a 
protein concentration of 30 to 4 ° mg per ml. When this preparation was assayed in the 
usual system with R ,  and R 4 as supplementary enzymes, it showed a specific activity 
of 4.0 /+moles of radioactive acetate converted to fa t ty  acids per mg protein per 
2 hours or a purification of about 5-fold over R 1 with a 90% recovery of the active 
proteins. At this stage the activity of this fraction declined rapidly when it was frozen 
and thawed repeatedly. But the material is stable for 2 to 3 days if kept frozen at - - 2 o  °. 
In  the presence of GSH at a concentration of 0.005 M the fraction was more stable 
and could be stored at - - 2 o  ° for 4 to 6 days without appreciable loss in activity. With 
some calcium phosphate gel preparations the active enzyme was adsorbed on the gel 
when R 1 was treated as described above. Under these conditions, however, the active 
protein is eluted from the gel by  repeated washing of the gel (5 to 7 times) with IO to 
20 ml of o.I M phosphate buffer pH 7.0. The eluates were pooled and the enzyme was 
Re/erences p. 46o]46r. 
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precipitated with solid ammonium sulfate in exactly the same manner as described 
previously. This modification resulted in approximately the same degree of purity of 
the enzyme. 

The clear yellow solution of the enzyme can be further purified by centrifugation 
in the Spinco preparative centrifuge at 141,ooo x g for 2 to 3 hours. The supernatant 
had no activity and was discarded. The yellowish-brown residue was dissolved in 
o.o4 M KHCO3 buffer and enough GSH was added to a final concentration of 
5" Io-SM. The resulting solution had a concentration of 25 to 35 mg of protein per ml, 
and the full activity of R,. This t reatment yielded 1. 5 to 2 fold purification with 
no loss in total units. 

Alcohol [ractionation o~ R~ 

R,  was adjusted to a protein concentration of 30 to 4 ° mg per ml and was fractionated 
with ethanol. During the addition of ethanol, the temperature of the solution was kept 
as low as possible without freezing the solution. At the end of each addition of alcohol, 
the solution was allowed to stand for 5 minutes and was then centrifuged at low 
temperature for IO minutes at 20,000 × g. The precipitate was taken up ifilb.o 4 M 
KHCO s and the solution was immediately dialyzed against the same buffer. Care 
should be exercised to avoid long exposure of the enzyme to ethanol. The supernatant 
solution was then used in the next fractionation Step. Fractions were obtained at 
o to 17, 17 to 22, 22 to 30, 30 to 40 and 40 to 50% ethanol concentration. Only the 
fraction precipitating between 22 and 30% alcohol was found to be active. This 
fraction (R~8) was clear and brown-yellowish in color. 

Alcohol/ractionation o~ R 4 
Fraction R 4 was fractionated with alcohol in the same manner as R ,  and fractions 
were prepared at o to 20, 20 to 30, 30 to 35, 35 to 4 o, 4o to 50 and 5o to 60% ethanol 
concentration. Only the fractions precipitating between alcohol concentrations of 
20 to 30 and 50 to 60% were found to be required for the synthesis of long-chain fa t ty  
acids. These fractions were designated R4a and R4s respectively. 

Dependence on the concentration o/ the enzymic components 
As stated above, only R1, R 2 and R 4 or the mentioned subfractions were required for 
the complete synthesis of fa t ty  acids from acetate. The opt imum concentration for 
each component fraction was determined as described above and the results are shown 
in Fig. I. Any one fraction in large excess inhibited the activity of the system. 
However, if the amounts of all three fractions were increased proportionately, the 
amount of acetate converted into fa t ty  acids showed a proportional increase. The 
reason for the observed inhibition is not clear. However, in a complex system of many  
components such an observation is not surprising. 

The reconstituted system of R x (gel-treated), R2a, R4s and R4e under optimal 
conditions incorporates I to 2 ~moles of acetate into fa t ty  acids per mg of total 
protein in 2 hours at 38°. This corresponds to an average of 5c-fold purification of the 
system above the initial liver extract (PLS). 

Co/actor requirements 

A detailed account of the cofactor requirements and the dependence of the system on 
the concentration of these factors will be presented in the second paper of this series ~1. 

Re/erences p. 46o]46I. 
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Sufficient to say here that  the following cofactors are needed for optimal synthesis of 
fa t ty  acids from acetate: ATP, CoA, DPNH,  TPN, isocitrate, Mn ++, lipoic acid 
and GSH. 

Effect o / p H  on tl, e synthesis 
The pH of the incubation mixture has a profound effect on the synthesis of fa t ty  acids 
from acetate. Fig. 2 demonstrates the results of such studies. The system has a very 
sharp opt imum at pH 6.5 in presence of phosphate or histidine ions. Tris(hydroxy- 
methyl)aminomethane inhibits the system very strongly and therefore cannot be used 
as a buffer. I t  is of interest to note here that  the system is very inefficient at pH 8 in 
contrast to the behavior of the HELE AND P O P J ~ K  system of mammary  gland 23. 
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Fig. 2. The  concen t r a t ion  of t he  va r ious  cofac- 
to r s  added  was  e x a c t l y  as descr ibed in  sect ion on 
a s say  excep t  for the  p h o s p h a t e  buffer. To each 
t u b e  was  added  3 ° / , m o l e s  of p o t a s s i u m  phos- 
p h a t e  buffer  a t  the  p H  indica ted .  The reac t ion  
was  s t a r t ed  by  the  add i t i on  of 1.5 m g  of R2, o. 5 
m g  R 2 and  o. 7 m g  of R 4. The  t o t a l  vo lume  was  
o. 5 ml  and  the  t ubes  were  i n c u b a t e d  for 2 hours  

a t  380 . 

3O 6O 90 120 
TIME (MINUTES) 

Fig. 3- The effect of t i m e  on the  inco rpora t ion  
of a c e t a t e  in to  f a t t y  acids.  The var ious  compo-  
nen t s  added  were e x a c t l y  as descr ibed in the  
sect ion on assay.  The reac t ion  was  s t a r t ed  by  
the  add i t i on  of o.5 mg  of R x, o.6 mg of R 2 and  
o.5 m g  of R 4. The  t o t a l  vo lume  was  o. 5 ml  and  
the  t ubes  were  i n c u b a t e d  a t  380 for the  t ime  

ind ica t ed  on the  graph.  

Dependence o/synthesis on time 

The rate of incorporation of acetate into fa t ty  acids as a function of time is shown 
graphically in Fig. 3. There is a lag period during the first 30 minutes. This lag period 
cannot be at tr ibuted to the accumulation of intermediates which are needed for 
synthesis, since no such intermediates could be isolated or demonstrated. The evidence 
for non-accumulation of intermediates will be considered in a later communication of 
this series ~°. 

Effect o/SH-compounds 
There is an absolute requirement for some suitable SH-compounds in fa t ty  acid 
synthesis (c[. Table III). Various SH-compounds could be used in this capacity. These 
SH-compounds may  either maintain CoA in its reduced form or reduce SH groups of 
the enzymes or both. Since CoA is required in the system it is reasonable to assume 
that  the reduced form of the coenzyme is used for the synthesis of the acyl CoA 
derivatives24, as,~s. However, it was found that  the SH-compounds have an effect on 
the state of the enzyme. This conclusion emerged from the studies on the lag period. 

References p. 46o146I. 
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T A B L E  I I I  

Expt. No. SH-Compounds Amount added 
ixmoles 

I none  
2 GS H 12 
3 cys te ine  12 
4 2,3 d imercap top ro -  

pano l  (BAL) 4 
12 

5 1, 3 d i mercap t op ropano l  4 
12 

6 th ioglycol  12 

.4 cetate incorporated 
in latty acid 

tlraoles 

O.OOO 
o.4r 
0.50 

0.30 
O.14 
o.14 
0-35 
o.IO 

E a c h  t u b e  con ta ined  all t he  cofac tors  requi red  (see assay)  excep t  the  GSH as in e x p e r i m e n t  
n u m b e r  i .  To t he  res t  of t he  tubes ,  a g iven  a m o u n t  of an  S H - c o m p o u n d  was added  respect ively .  
T h e  r e a c t i o n  w a s  s t a r t ed  by  the  add i t ion  of t he  e n z y m e  f rac t ions  (total  pro te in  2 rag) and  t he  t u b e s  
were  i ncuba t ed  a t  380 unde r  N 2 for two hours .  

When cysteine was used in the system instead of glutathione, the lag period was 
shortened or completely eliminated. This result was also noted when the gel-treated 
R 1 that was stored in the presence of GSH was used in the synthetic system. This 
pointed to the presence of essential SH-groups in at least one of the enzyme fractions, 
namely R1, as indicated by these effects of cysteine and GSH on the lag period. When 
gel-treated R 1 was prepared under carefully controlled conditions designed to 
minimize exposure to air, it was possible to eliminate the lag period during the 
synthesis of fatty acids. However when such a preparation was treated with hydrogen 
peroxide the lag period was again observed. It could then again be eliminated by 
preincubation of the gel-treated R~ with either GSH, cysteine or BAL. This study 
suggests the role of enzyme-bound SH-groups in the synthesis of the fatty acids from 
acetate. 
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S U M M A R Y  

T h e  s y n t h e s i s  of long-cha in  f a t t y  acids  (C16) f rom ace ta te  ha s  been shown  to be ca ta lyzed  b y  at  
leas t  four  different  subf rac t ions  der ived f rom a soluble f rac t ion (ioo,ooo × g) of p igeon liver. 
Me thods  for t he  p repa ra t i on  o f  each f ract ion have  been described.  A b o u t  a 5o-fold pur i f icat ion of 
t h e  compos i t e  syn the t i c  s y s t e m  over  t he  original  s u p e r n a t a n t  was  ach ieved .  

T h e  compos i t e  s y s t e m  shows an  o p t i m u m  p H  of 6.5 and  t he  ac t i v i t y  is p ropor t iona l  to bo th  
p ro te in  concen t r a t ion  and  t i me  u n d e r  appropr ia t e  condi t ions .  S H - c o m p o u n d s  are  needed  for 
ac t iv i ty .  I t  w a s  s h o w n  t h a t  t h e s e  compounds ,  a t  least  in par t ,  are ac t ive  by  v i r tue  of the i r  c apac i t y  
to m a i n t a i n  the  SH-g roups  of t he  c o m p o n e n t  e n z y m e s  in reduced  form. 
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S T U D I E S  ON T H E  B I O C H E M I S T R Y  OF C O N T R A C T I O N  A N D  

R E L A X A T I O N  I N  G L Y C E R I N A T E D  MUSCLE 

T H E  EFFECTS OF PHOSPHOENOLPYRUVATE 
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and Subcommittee on Biophysics, Columbia University, New York City (U.S.A.) 

and 

L. L O R A N D  
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INTRODUCTION 

In 1949 SZENT-GY6RGYI 1 introduced a new approach to the biochemical s tudy of 
muscle by  extracting whole fibers in cold 5o % aqueous glycerol. With this procedure, 
the basic structure of the contractile apparatus remains essentially unaltered, while 
some constituents are removed. The effects of the removal of these constituents, as 
well as of returning them individually to the muscle, may  be observed. SZENT- 
GY•RGYI showed that  rabbit  psoas fibers extracted in the above manner contract 
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