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['he isolation and properties of each of the five enz 
dation of fa t ty  acids have been described in prevJ 
1-v. The methods of study which led to the discovery, 

conversion of the fa t ty  acyl-CoA to the correspond 
ent in character from those employed once the individ 
)resent communication deals with an assay system w 
e enzymes of the fa t ty  acid oxidizing system and wh 
y one enzyme. I t  was indeed this assay system whi 
nition and identification of the three hitherto unkno, 
['he assay system is based on the overall balanced rer 

kTP** + Butyrate  + 4 TTZ + 2 Malate ---+ AMP + P 

['he balanced reaction is the sum of the following col 
's over the arrows refer to the specific enzymic catal~ 

the individual enzymes were recognize~ 
which requires the presence ( 

which can be used for the assa 
which led step by step to t[ 

own enzymes. 
,.action : 

4- P - -  P1 + 4 Fz + 2 Citrate 

component reactions where t[ 
rsts : 

AMP + P - -  P1 + Butyryl  CoA 

-, Butenoyl CoA + MBH 2 

-+ f l -Hydroxybutyryl  CoA 

-}-DPN~ --, Acetoacetyl CoA + D P N H  + H  + 

National Heart  Ins t i tu te  of the National Ins t i tu tes  of Health. 
s will be used in the text :  ATP, adenosinetriphosphate;  AM] 
3,5-triphenyltetrazolium; P -P j ,  inorganic pyrophosphate;  Cot 
re; MBH~, leuco methylene blue; Fz, formazan; DPN and D PN t  
)yridine nucleotide. 
tte the  various enzymes of the fa t ty  acid oxidizing sys tem:  A, fatt 
cryl CoA dehydrogenase; C, hydrase;  D, fl-hydroxy acyl CoA d 
cleavage enzyme; F, malic dehydrogenase; G, condensing enzym 
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A*** 
ATP + CoA + Butyrate  

B 
Butyryl  CoA + MB 

c 
Butenoyl CoA + H20 

f l -Hydroxybutyryl  CoA 

Post  doctoral trainee of the 
** The following abbreviations 

adenosine-5-phosphate; TTZ, 2,3,: 
coenzyme A; MB, methylene blue; 
oxidized and reduced diphospho[ 

* * * The following letters designate 
acid act ivat ing enzyme; B, butyry l  
hydrogenase;  E, fl-ketoacyl CoA 
and H, diaphoras e. 
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ate physiological conditions. In  react ions (2) and  (6) 
.~duced or SH form is manda to ry .  However  five of th, 
ture .  T h e  p r o b l e m  t h u s  a r i ses  of m a i n t a i n i n g  CoA in 

d i z i n g  a g e n t s  s u c h  as m e t h y l e n e  b lue .  U n d e r  t h e  spec  

w i t h  m e t h y l e n e  b lue  a c t i n g  in  a s h u t t l i n g ,  ca ta ly t J  

~s a n d  TTZ,  C o A S H  can  coex i s t  w i t h  o x i d i z i n g  ag en t s ,  

l d y  f a t t y  ac id  o x i d a t i o n  in an  ove ra l l  s ense  w i t h  c( 

nes  ( A - E )  a n d  t h e  t h r e e  s u p p l e m e n t a r y  e n z y m e s  v: 

!nsing e n z y m e  (G) a n d  d i a p h o r a s e  (H). 

zssay system 
"he complete system has a final volume of o.2 ml and cont 
Les 0. 5/~M of L-malate, o .27/ ,M of ATP, 2.4/zM of TTZ, 
, 0 .06/ ,M of DPN, 3.3/zM of butyrate,  o•o3/ ,M of reduce 
ments are carried out anaerobically in narrow test tubes. 
tained by evacuating with an oil pump the desiccator in whic 
rature control the tubes are placed in a beaker partly filled 
aker rests in paraffin oil (38°) covering the bottom of the w 
idly evacuated (3 to 5 min) and then kept for one hour in a 
Ld of the experiment the content of each test  tube is imme 
21, and then mixed with 1. 5 ml of acetone and 4.5 ml of carl 
; the emulsion is centrifuged and the blue top layer is disc~ 
les a measure of formazan production. An optical density of I 
a of 25/,g of formazan per ml or 0.0833/~M per ml. Each expel 

contains in addition to the requisi 
3 .3 / ,M of histidine (adjusted 

reduced CoA and o.66/~M of MB. TI 
Satisfactory anaerobic conditio 

which the tubes are kept. To mainta 
with paraffin otl at 38°. In tu~ 

vacuum desiccator. The desiccat 
an air thermostat  kept at  38°. 2 

immediately acidified with 0.05 ml 
carbon tetrachloride. After thorou~ 

discarded. The absorption at 485 11 

I .oo at  485 m/~ indicates a conce 
)erimental tube has its own separa 

t is omitted. All experimental values given in the text  are correct, 
ich is usually small or negligible. 

ginally for following the enzyme which catalyzed reaction 5, tl 
dete system has a final volume of 0.2 ml and contains in additff 
f L-malate, i /~M of magnesium chloride, I /~M of ATP, 28/~M 
2), I / z M  of DPN and o.o24/~M of reduced CoA. The experime 
which are immersed in a water bath at 380 for 15 min. The conten 

les of o. 5 M phosphate buffer. The absorption at 34 ° m/~ is us~ 
• The molar extinction coefficient of DPNH was taken to be 6.22. I 

ions were used in conjunction to supply the eight enzymes requir, 
~n. I was prepared from beef liver mitochondria according to GRE~ 
source according to MAHLER, WAKIL A N D  B O C K 1 ;  and fraction I 

entially according to the procedure described by GOLDMAN 2 for tl 
f the cleavage enzyme from beef kidney mitochondria. Fraction 

. . . .  d . . . . .  

pH 7), 
experiments 
are obtained 
temperature 
the be~ 
is rapidly 
the end 
6 NHC1 
mixing 
provides 
tration of 2 
control from which the fat ty acid 
for their corresponding blank which 

D P N  assay system 
This assay was devised oril 

second oxidative step. The complete 
to the requisite enzymes i /~M of 
glycylglycine (adjusted to pH 8.2), 
is carried out in narrow test tubes whi, 
are then mixed with four volume 
as a measure of DPNH formation• 
sq. cm × mole -1 s. 

Preparation o] enzymes 
Initially three enzyme fractions 

for the TTZ assay system. Fraction 
et al.3; fraction II  from the same 
from beef heart mitochondria essentiall' 
first stages in the purification of 
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Fable I contains a component study in which the co~ 
DPN, MB and malate is demonstrated. Fig. I shows 
ntration respectively of ATP, CoA, DPN, MB and T]  
except for an initial io to 15 minute lag period w] 
red to attain a saturating level of butyryl  CoA gener 

C O M P O N E N T  S T U D Y  O F  T H E  C O F A C T O R S  N E E D E D  F O R  T: 

C o m p l e t e  s y s t e m  o.22 
No  m a l a t e  0.02 
No  A T P  o .o i  
No  D P N  0.00 
N o  M B  o.oo 
N o  CoA o.oo 

; t a n d a r d  c o n d i t i o n s  as  d e s c r i b e d  in  t e x t  u n d e r  h e a d i n g  of "i 
n ts  of t h e  3 e n z y m e  f r a c t i o n s  w e r e  u s e d :  I ,  i o  y ;  I I ,  85 y ;  I I ]  

of T T Z  a s s a y  s y s t e m .  T h e  f o l l o w i r  
I I I ,  22 y.  

0.2 

i 

0.1 

I , 
2 3 4 

on  of t h e  c o n c e n t r a t i o n  of A T P ,  CoA,  D P N ,  MB,  a n d  t r i p h e n y  
for  T a b l e  I .  T h e  t h r e e  e n z y m e  f r a c t i o n s  w e r e  u s e d  in  t h e  followir~ 
m o u n t s :  I ,  i o y ;  I I ,  8 5 y ;  I I I ,  2 2 y .  

S t a n d a r d  
a m o u n t s  

4 T P  

0.I 

t l l I I l 
1,0 0.04 

Fig .  I .  R e a c t i o n  r a t e  as  a f u n c t i o n  
t e t r a z o l i u m .  D e t a i l s  as  in  l e g e n d  

a m o u n t s  : 
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rogenase (B), fraction II of the activa 
ntaining enzymes C-H. 
eplaced by fractions IV, V and VI whi 
ydrogenase and hydrase, of acetoacety 
and methods of preparation of these fr 
al.6; V, beef liver mitochondria, GOLDI~ 

wing assay procedures were used : citric 
~t ioned  in  t h e  t e x t .  
t h e  m e t h o d  of BEINERT el al. 13 a n d  us  
a n d  A T P  w e r e  o b t a i n e d  f r o m  t h e  S c h w  
s e a r c h  C o r p o r a t i o n .  

RESULTS 
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I O N S  N E E D E D  F O R  T H E  T T Z  ASSAXd | 

S Y S T E M  0 . 3 0 0  

fe3I Formazan}60 rain 

ut fraction I o.o3 
ut fraction II o.o2 
ut fraction III o.oo [ / o /  o.lo 
;ractions I, II and III were used in 
llowing amounts per o.2 ml; io, 16 

g respectively. 

kccording to equat ion  (I) the 
moles TTZ reduced per mole Fig. 2. Reaction rate a: 

rate formed,  should be 2. The of Fraction I. Details 
lowing amounts of Ir 

the equi l ibr ium estab 

acid on the one hand  and isocitric acid and cis-acon 

prepara t ions  of f ract ion I I I  were used in the assab 

rate was far below theory.  This discrepancy was ever 

e prepara t ion  of a D P N  isocitric dehydrogenase x 
,tion of c i t ra te  by way of isocitrate. However  addi tk  

lteactlon rate as a Iunctlon oI the concentratlO 
as for legend of Table I. The fo 

fractions II and III respectivel 
were used: 7oy and 24oy. 

established by aconitase betwee 
cis-aconitic acid on the other. Whe 

,y it was found tha t  the yiel 

eventua l ly  t raced to the presenc 
which ca ta lyzed  the furthe 

addi t ion of f luorocitrate 14 prepare 

)xidative loss of ci trate.  

F O R M A Z A N  - C I T R A T E  R A T I O  

Fz  Citrate Fz/Citrate 

f~M t im  Observed Theor3, 

2 . 0 0  

2 . 0 0  

e assay sys tem has been found to be about  6.5. This is nc 
dma l  pH  for any of the par t ic ipat ing  enzymes.  F o r m a z a  
rithout f a t ty  acid increases in the more alkaline p H  rang, 
a t ion  of reduced CoA by TTZ media ted  by MB. 

observed s to ich iomet ry  (c/. Table  

I I I )  is in agreement  wi th  theory.  

No correct ion has been applied for 

citric 

crude 
of citrat,  

in the 

oxidat ion  

enzymica l ly  p reven ted  this ox ida t iv  

(i) 0.29 
(2) o2t  

The  op t imum p H  for the 

to be confused with  the max ima l  
p roduc t ion  in the controls wi thout  
- - a  fact  which suggests oxidat ion  
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@t// moles  CO2 formed per  mole 
~ /  In  two exper imen t s  ra t ios  of 

ff'~'~l / When  fract ions  I and  Ii 
~ . /  . / ~ "  p u r i t y  i t  was observed  tha t  t] 

V plete  absence of a d d e d  mah 
/ . v o O ~  reduced  to one half  (c/. Fig. 3) 

ace ty l  CoA is d isposed of acc 

Ace toace ty l  CoA + H , O  - 

• Crude p r epa ra t i ons  of fn 
acylase  which l ibera tes  CoA 
deacy la t ion  can replace ci tral  
shi f t ing the  equ i l ib r ium of r 

I I 20 ~o i oio r ight .  The fo rmat ion  of aceto~ 
a f te r  deca rboxy la t i on  n could  
ma la t e  was omi t ted .  The obs( 

I t  fol lowed from the  corn 
sys tem for D P N  tha t  react ion 
The decision be tween  these 
the  following way.  F rac t i on  
ca ta lyzes  the  first ox ida t ion  sl 

reac tmns  3 and  5 t rom left  
ace toace ta t e  de t e rmined  as acet, 

indeed  be d e m o n s t r a t e d  wl 
observed  rat io,  moles TTZ redu 

per  mole of acetone fo rmed  was 1.74 while t heo ry  is 2.o. 
plete  r equ i remen t  of the  as 

~t reac tmns  3 or 5 or bo th  requ i red  Dt  
a l t e rna t ives  was a r r ived  at 
I conta ins  the  enzyme wh 

shown in equa t ion  3 and  fract  
I I  the  ac t iva t ing  enzyme.  I f  f rac t ions  I and  I I  t oge the r  
a ty ra t e  b y  TTZ in absence of D P N  then  D P N  is not  nee< 

was indeed  found to be the  case. Thus the  pa r t i c ipa t io r  
Ltive s tep  was establ ished.  F u r t h e r m o r e  F rac t ion  I I I  
which among o ther  enzymes  con ta ined  the dehydrogen  

l i t ies as to which was the  subs t r a t e  for the  second d e h y d r  
;oxyacyl  CoA de r iva t ive  or the  a - /~-unsa tura ted  der iva t i  
:e ac ted  upon by  the enzyme fract ions which were used 
two de r iva t ives  were in equi l ibr ium wi th  one another .  Am( 
t as subs t r a t e  for the  second dehydrogenase  sorbic ac id  wh 
-id p roved  to be the  most  sa t i s fac tory  under  the  conditi ,  
possible to  devise  a s imple assay  for the  second d e h y d r  
e e l iminated ,  and  TTZ + MB could be rep laced  by  D 

Time (minutes) 

Fig. 3. Time curve for the 
manometric TTZ assay sys- 
tem. The details of the 
manometric assay are de- 
scribed in the text. The fol- 
lowing anaounts of crude 
enzylue fractions were used : 
I, 2.45 mg; II, I. 5 mg and 

III, 1. 5 nag. 

ca ta lyze  the  ox ida t ion  of buO 
for the  first ox ida t ion .  Thi~ 
D P N  in the  second ox ida t ive  
localized as the  f ract ion w 
for ca t a lyz ing  reac t ion  5. 

There  were two possibi l i t  
e n a t i o n - - e i t h e r  the  f l -hydroxyac~ 
Since bo th  de r iva t ives  were 
the  TTZ assay  c lear ly  these 
the  var ious  subs tances  t r i ed  
is _42, a A 4, 5 hexene-dioic  acid  
of the  assay.  I t  was now 
enase.  F r a c t i o n  I could be 
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~z involves  the  l ibera t ion  of one e 
p e t t y  has been made  the basis of 
assay  sys tem is made  up to 15 t 

final volume of 3.0 ml. Bicarb< 
ad  of his t idine.  Whi t e  phosphon  
e center  well of the  m a n o m e t e r  cl 
led wi th  a mix tu re  of 95% N2 
zs a t ime  curve in presence and  a 
pa r t i cu l a r  exper imen t  crude en 

. L a t e r  some comme n t  will be ina 
)sence of a d d e d  mala te .  Accordin~ 

of TTZ r( 

of 0.74 and  
I I  were us 
the  reacti< 

ma la t e  exce t 
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COMPONENT STUDY FOR DPN ASSAY SYSTEM WITH SO: 

C o m p l e t e  s y s t e m  0 .27  
W i t h o u t  f r a c t i o n  I I  o o i  
W i t h o u t  f r a c t i o n  I I I  o .02  
N o  C o A  o . o i  
N o  A T P  o .oo  
N o  m a g n e s i u m  ions  o .19  

Fhe  c o m p l e t e  s y s t e m  w a s  se t  u p  a s  d e s c r i b e d  in  t h e  t e x t  u 
n .  F r a c t i o n s  I I  a n d  I I I  w e r e  u s e d  in  t h e  f o l l o w i n g  a m o u n t s :  

Fhe next simplification introduced was the eliminat 
.ehydrogenation step and citrate formation. To accom 
0ichiometric rather  than catalytic amount  (c/. Tabl( 
werall reaction sequence conforms to the equation: 

+CoA +Sorba te  + 2  DPN + - - ~  AMP + P - P 1  + 2  DPN 

DPNH FORMATION AS A FUNCTION OF CoA CONCENTRATIOI 

p l l s n  t i l l s  Lo2-~ Ila.ct 1:o De u s (  

Table V). Under those conditiol 

D P N H  + I . 5  Acetoacetyl CoA. (I 

C O N C E N T R A T I O N  I N  A B S E N C E  OF M A L A T E  

dls a s  f o r  T a b l e  I V .  T i m e  i h o u r  a t  3 8° .  

assay for the dehydrogenase (reaction 5) became availab 
CoA derivate could be supplied directly rather  than ] 

)rogress in the purification of the dehydrogenase and final 
mEN et al. 3 and WAKIL et al. 6 that  the proper substrate 
'droxyacyl CoA derivative and not the unsaturated ac 

ssible to reconstruct the fa t ty  acid oxidation system usil 

the ovc 

ATP - 

(i) 
(2) 
(3) 
(4) 

D e t a i l s  

Thus in effect a one step 
since the appropriate acyl 
generated in  s i tu by reaction 2. 

This assay led to rapid prog 
to the demonstration by  GREEN 
the enzyme was the d-fl-hydmx~ 
derivative. 

At this point it was possible 
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d electron acceptor. The overall r~ 

date ~ AMP + P - -  PI + 5 DPN 

s shown in Table IV. The oxidatiol 
ions and fractions I I  and I I I .  2 

d for each 1.6 7 moles of D P N H  fc 
~o. Again t he  observed value for c 
brium with isocitric and cis-aconi 

T A B L E  I V  

O R B A T E  AS 

pM DPNH/x5 rain 

u n d e r  t h e  ] 
i o  ~ a n d  2 

limination of tk 
plish this 

T A B L E  V 

I~M CoA I~M DPN #M DPNH 
added added formed 

0 . 0 2 4  I .o  0 . 0 2 5  

o . 0 7 2  I .o o . o 5 2  
o . 2 1 6  I .O  o . I o o  

o . 2 1 6  5 .0  o . 1 2 2  

o ~ l L  x o .  

te. (12) 

by DPN 
o theory 
~bserved 
Ltion has 
:ablished 

P N  a s s a y  
.qy. 

between 
be used 

nditions 

C13) 

ble 
be 

finally 
of 

acyl 
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C o m p l e t e  s y s t e m  0.3 J 
W i t h o u t  I o .oo 

I I  o .oo 
I V  o.oo 
V o .o l  
VI o.ol  

) e t a i l s  as  for  T a b l e  I. T h e  f o l l o w i n g  a m o u n t s  of e n z y m e  were  u 
r a c t i o n  IV,  i o  y ;  F r a c t i o n  V, 2 y ;  F r a c t i o n  VI ,  5 ~. 

['here was one final point which the TTZ assay system 
1 the assay was carried out with crude preparatio~ 
:ion I) the enzymic system was found to be equally 
Lte. With purification of the green flavoprotein act: 
tred. This suggested a second acyl CoA dehydrogena 
~. E l s e w h e r e  B E I N E R T ,  CRANE,  G R E E N  AND MI115 h a  

second enzyme from beef liver mitochondria which : 

?he discovery of the oxidative enzymes involved in ~-, 
~endently in the laboratory of F. LYNEN in Munich ~6, 

activity towards octanoate dl 
'enase active on the higher ac2 
have reported on the isolatic 

is active on acyl CoNs fro1 

~-oxidation has also been ma~ 
Munich~6JL A very different approac 

'nthetic substrate S-acetoacetyl N-acetyl thioethanolamir 
purification of the fl-hydroxyacyl CoA dehydrogenase b 
~. Similarly S-crotonyl N-acetyl thioethanolamine was use 
:lehydrogenase with leuco safranine as electron donor. Tw 

to make possible our studies of the oxidative process( 
n: (I) Coenzyme A of high purity had to be available i 

activation enzyme had to be available for preparing an 
erivatives. 

upported by a grant from the National Heart Institute ( 
[ealth. We are grateful to Oscar Mayer and Company f( 
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