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COUPLED PH”SPH”RYL.4T,“N IN FRACTI”NATED MIT”CH”N,lRIAL RESIIl”E 

Sane 

TXst. water 

0.005 A/ KC1 

0.00~ 212 l’hosphate, pH 7.0 

0.005 .M Phosphate, pH 7.0 

The mitochondria in 0.25 dl sucrose were centrifuged at ~0,000 x g, and the residue was sns- 
pentled in the above media for 5 minutes at oO. One-tenth the volume of 2.5 121 sucrose was then 
addetl and centrifuged. The residue was washed twice with 0.12 dl KC1 and resuspended in the 
ovigznal volume of sncrose. The phosphorylation coupled to succinate oxidation was measured as 
in Table I in the presence of 1.7’ IO-~ :lI iUw2, with 0.5 ml of enzyme preparation. The protein 
concentration is indicated in the second column. 
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Flavoproteins involved in the first oxidative Step of the fatty acid cycle 

It was recognized two years ago that the first oxidative step of the fatty acid cycle, the de- 
hydrogenation of the saturated to the unsaturated fatty acyl Co.4, is catalyzed by an enzyme system 
of the flavoprotein classI-4. Evidence was also available at that time that two distinct flavoproteins, 
one specific for substrates of short carbon chain and the other for substrates of intermediate or long 
carbon chain, are involved in this catalysis 1,2,5, The former enzyme, a green copper-containing 
flalwprotein, had been obtained in high purity and was described in detaiP3’. 

In attempts to isolate the Havoprotein specific for CoA derivatives of longer carbon chain it 
became apparent that altogether four flavoproteins are participating in the dehydrogenation of 
fatty acyl Co.2’~ in pig liver. These four enzymes have now been separated from each other and 
obtained in a state of high purity. There is no evidence that additional enzymes are implicated in 
the primary dehydrogenation step. The functional relationships of the four flavoproteins are outlined 
in the following scheme, the arrows indicating direction of hydrogen transfer or electron flow: 

SC,&, ----f G 
L 

fatty acyl Co:\NC,&,, + Y1-t ETF -+ acceptors 

NC,-Cl, --3 Y2f 

G’is a green copper protein similar to that described earlier 637. Y1 and Y, are yellow flavoproteins. 
U, has a broad specificity rang@, whereas Y, does not react significantly with butyryl CO-~. G, Y, 
and XT2 accept hydrogen from saturated fatty acyl CoX’s. The coincident reduction of their prosthetic 



V()I,, 17 (IQ55) SHORT COMI~IUNIC.kTIONS, PREL1MIN,\RY NOTES 293 

flavms can be followed spectrophotometrical ly.  These three enzymes are therefore p r imary  dehydro-  
genases operat ing in parallel at  the subs t ra te  level. However,  none of these dehydrogenases,  when 
reduced, is reoxidized by the usual electron acceptors like e,6-dichlorophenolindophenol, ferricyanide, 
cytochrome c or oxygen. All three enzymes require an additional enzyme in order to tu rn  over 
with acceptors in cont inuous  oxidoreductions.  This enzyme is likewise a flavoprotein 9. Because of 
its specific function, in t ransferr ing electrons from reduced G, YI and Y2 to acceptors, it has been 
called the electron t ransferr ing flavoprotein, E T F . . k s  indicated in the scheme ETF  operates in series 
with the three p r imary  dehydrogenases.  To our knowledge this is the first example of such coupling 
of flavoproteins. So far E T F  has been found to be specific for reduced G, Y1 and "~'2 as substrates*.  

The natura l  electron acceptor which follows E T F  in the electron t ranspor t  chain is still unknown.  
Reduced E T F  reacts with a variety of artificial acceptors like indophenol, ferricyanide and quinones 
bu t  it does not  readily reduce cytochrome c, when isolated under  mild preparat ive  condit ions *. 
The ability to react with cytochrome c as rapidly as with indophenol can however be induced when 
prepara t ions  of E T F  are treated with acid ammonium sulfate. The precipitate which is obtained 
under these condit ions is eluted with solutions of decreasing salt concentrat ion and can tiros be 
separated into two fractions. One fraction contains ahnost  all the E T F  activity. Such au E T F  prepa- 
rat ion can now be effectively linked to cytochrome c. A second fraction is obtained on elution of 
the precipitate which strongly inhibits the interaction of E T F  with cytochrome c. This inhibi tory 
fraction has high diaphorase activity, equally s t rong with I ) I ' N H  and with TPNH as substrate .  
When separated from E T F  the dihydropyr idine  nucleotide dehydrogenase acquires likewise the 
abili ty to interact  with cytochrome c as acceptor, i.e., it exhibits  now a D P N H  and TPN H cytochrome 
reductase activity equal to its diaphorase activity. On recombinat ion of the dihydropyridine nucleotide 
dehydrogenase fraction with E T F  the eytochrome c reductase activity is again abolished. These 
,~bservatiolls are summarized in the following scheme, the arrows indicating direction of hydrogen 
t ransfer  or electron flow: 

Before acid ammonium sulfate and separat ion After acid ammon ium sulfate and separat ion 

Cytochrome c 

: ," 'x  ~ .,1 Cytochromes \ c 

, . .  , T P N H  ~.  , ' [ 'PNH 
(;, Y1, Y2 -+ ETV ~lapnorase  <-- D P N H  G, Y1, Y2- -~  ETF  1[ a~mpnorase-~i)PN H 

"a ; /  'a / 

indophenol indophenol 

The fact tha t  the ability to interact  wi th  cytochrome c is not present  originally in ETF  but  
can be artificially induced, casts considerable doubt  on the significance of cytochrome c as the natural  
electron acceptor in the oxidat ion of fa t ty  acyl derivatives of CoA. The conversion of a diaphorase 
into a cytochrome reductase by  the same means is remarkable  and raises the question of the signifi- 
cance of this class of enzymes. 

The specificity of the p r imary  dehydrogenases was tested wi th  four subs t ra tes  (C4, Cs, Ct=, C1~ ) 
at their  opt imal  levels with the results shown in Fig. i. \Vhen supplemented with E T F  the three 
dehydrogenases  tu rn  over at similar rates in presence 
of the appropr ia te  subs t ra tes  for maximal  activity.  

The following criteria serve to differentiate the 
enzymes in crude mix tures  when other  specific proper-  ¥~ 
ties of the pure  enzymes are not yet  discernible. G is Z Z.0 . / ' ~ - 7 ~ .  ~ 
indifferent towards  palmityl  CoA as subs t ra te  or as 
inhibitor.  ¥1 acts  on any one subs t ra te  regardless of ~ 
chain length, bu t  it will not  oxidize bu tyry l  CoA when O 1¢) / l /  
traces of palmityl  CoA or its product  of enzymic dehy- ~ 
drogenat ion are present.  Y2 will not oxidize bu tyry l  N 1.0 ~ ' . J /  ' ~'~ 
CoA at a significant rate under  any conditions. 2;:~. / \  G ' \ .  G \\ 

When octanoyl  Co. '  was oxidized by indophenol  / " , . . / 4  
in presence of ei ther or Y1 Y2 with E T F  and the 
product  of oxidat ion was incubated with the remaining ""[ .............. I I 

enzymes of the fa t ty  acid cycle an amoun t  of acetyl C 4 C 8 G[2 Gi6 
CoA was formed approximate ly  equivalent  to the 
amoun t  of indophenol reduced**. Acetyl Co.k was Fig. i. Specificity of fa t ty  acyl CoA de- 
demonst ra ted  by enzymic formation of citrate from hydrogenases for subs t ra tes  of different 
oxalacetate,  chain length. 

* I~2ven at the highest  pur i ty  level (c/. ref. 9) E T F  exhibits diaphorase activity, specifically when 
isolated under  relatively mild conditions. Evidence indicates tha t  this activity is due to an associated 
fl avoprotein.  
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W i t h  t h e  l ) - a m i n o  ac id  o x i d a s e  t e s t  i t  w a s  s h o w n  t h a t  f l a v i n - a d e n i n e  d i n u c l e o t i d e  is t he  
p r o s t h e t i c  t t av iu  of Y1, Y2 a n d  IgTF **. S m a l l  a m o u n t s  of i ron  were  c o n s i s t e n t l y  found  in Y t  a n d  
E T I :  a t  a r a t i o  of one  i r o n  to  s ix  <>r m o r e  t l av ins .  T h e  s i g n i f i c a n c e  of t h i s  s m a l l  a m o u n t  of i ron is 
no t  c lear .  N<) o t h e r  m e t a l s  were  f o u n d  in t he  f l a v o p r o t e i n s  a t  a s i g n i f i c a n t  level ,  e x c e p t  for c o p p e r  in G. 
In  v i e w  <>f t h e  f i n d i n g s  rep( ) r t ed  a b o v e  t he  a c t u a l  role  of c o p p e r  in G wi l l  h a v e  to  l ie r e i n v e s t i g a t e d .  

(;, Yz a n d  Y2 can  be  s e p a r a t e d  a n d  prepare<l  in  h i g h  p u r i t y  f ronl  a l l  e x t r a c t  of m i t o c h o n d r i a l  
a c e t o n e  p o w d e r  in {me p r o c e d u r e  i n v o l v i n g  o n l y  s even  s teps .  E T F  of h i g h  p u r i t y  is o b t a i n e d  in a 
s e p a r a t e  four  s t e p  p r o c e d u r e  f ro I l l  t h e  s a lne  source .  I ) e t a i l s  <if t h e s e  p r o c e d u r e s ,  s p e c t r a l  t h i / r i te  
t e r i s t i c s  a n d  c r i t e r i a  of pur i ty ,  of t h e  new l t a v o p r o t e i n s  wi l l  be  r e p o r t e d  e l sewhere .  

The  a u t h o r s  a re  g r a t e f u l  t o  Dr.  1). l,'. GREEN for h i s  c o n s t a n t  i n t e r e s t  a n d  adv ice ,  to  Mrs. 
~'I ILl)RED VAN l>E BOGART a n d  M r .  |)rOBERT ],. NEARLS for sk i l l ed  t e c h n i c a l  a s s i s t a n c e ,  a n d  for l i n a n c i a l  
s u p p o r t  f rom t h e  N u t r i t i o n  l~ 'oundat ion a n d  a r e s e a r c h  g r a n t ,  ( ; -4J28,  f rom the  N a t i o n a l  t t e a r t  
I n s t i t u t e  of t h e  N a t i o n a l  I n s t i t u t e s  of l l e a l t h ,  Pub l i c  H e a l t h  Service .  
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The occurrence of a direct oxidative pathway of carbohydrate metabolism 

in the fly Musca domestica L. 

The  c a r b ( ) h y d r a t e  mcta l>ol i sn l  of 1 ) i p t e r a  h a s  b e e n  s h o w n  to be s i m i l a r  to  t h a t  found  ill  o t h e r  
a n i m a l s .  In  t h i s  g r o u p  of insec t s ,  t i l e  o x i d a t i o n  of g lucose  to  CO 2 a n d  w a t e r  is m e d i a t e d  b y  t h e  
u n i v e r s a l l y  a c c e p t e d  g l y c o l y t i c  s c h m n e  I a n d  c i t r i c  ac id  cycle'- ' .  An i n v e s t i g a t i o n  of t i l e  m e t a b o l i s m  
of t h e  f l i gh t  m u s c l e s  of t h e  h o u s e f l y  ha s  reveale<l  t i l e  p r e s e n c e  of a n o t h e r  r o u t e  b y  w h i c h  g lucose  
m a y  be m e t a b o l i z e d .  T h i s  a l t e r n a t i v e  d i r e c t  o x i d a t i v e  p a t h w a y  a p p e a r s  to  be e s s e n t i a l l y  s i u l i l a r  
to  t h a t  o p e r a t i n g  in  h i g h e r  a n i m a l s  a 6 a n d  p l a n t s  7. 

The  e n z y m i c  a c t i v i t i e s  of g l u c o s e ~ ) - t ) h o s p h a t e  d e h y d r o g e n a s e  a n d  6 - p h o s p h o g l u c o n a t e  de-  
h y d r o g e n a s e  were  a s s a y e d  s p e c t r o p l l o t o n l e t r i c a l l y  a c c o r d i n g  to  ( ;LOCK AND M c  LEAN 6. T i l e  r e g l c t i o n s  
pnmee<l as  folh>ws: 

( ;hw<)se-fl-ph<>sph a t e  
(1) (;hlc<)se-I,-ph<)sl>hate : "I'I 'N . . . .  ~ 6 - p h < ) s p h o g l u c o n a t e  t T I ' N H  2 

d e h y d r o g e n a s e  

(2) f l - p h o s p h o g l u c o n a t e  I T | ' N  f l - p h o s p h o g l u c o n a t e _ + r i b u l o s e _ 5 _ t ) h o s p  h a t e  + CO'a t TI>NtLa 
• deh  y d r o g e n a s e  " 

F ig .  I i n d i c a t e s  t h a t  b o t h  d e h y d r o g e n a s e s  were  a c t i v e  in  t h e  p r e s e n c e  of t h e i r  r e s p e c t i v e  s u b s t r a t e s .  
W h e n  to  t he  s y s t e m  was  a d d e d  l ac t i c  d e h y d r o g e n a s e  w h i c h  is c a p a b l e  of r e a c t i n g  w i t h  Tl 'NH,aS 
p y r u v a t e  was  r a p i d l y  r e d u c e d  d u e  to  t he  o x i d a t i o n  of TI>NH=o. I t  can  be  s e e n  t h a t  g l u c o s e - 0 - p h o s p h a t e  
d e h y d r o g e n a s e  is a p p r o x i m a t e l y  t w i c e  as  a c t i v e  as 0 - p h o s p h o g l u c o n a t e  d e h y d r o g e n a s e .  Bo th  e n z y m e s  
w e r e  speci f ic  for TI>N. 

The  r e a c t i t m  I u i x t u r e  w i t h  0 -ph<) sphog lucona t e  as s n b s t r a t e  a c c u l u u l a t e d  a pr<>duct which  
r e a c t e d  p o s i t i v e l y  on t he  o rc ino l  t e s t  a n d  was  p r o b a b l y  a p e n t o s e .  

The  break<l<)wn of r i b o s e - 5 - p h o s p h a t e  to  s e d o h e p t u l o s e - 7 - p h o s p h a t e  is  c a t a l y z e d  b y  p e n t o s e  
p h o s p h a t e  i s o m e r a s e  a n d  t r a n s k e t o l a s e a ,  4. S e d o h e p t u l o s e - 7 - p h o s p h a t e  is t h e n  c o n v e r t e d  t<> h e x o s e  
m o n o p h o s p h a t e  b y  t r a n s a l d o l a s e  5. The  a c t i v i t y  of t r anske t<f l a se  w a s  m e a s u r e d  a c c o r d i n g  to  HORECKI+;R 
('1 {ll, 4. T h e  r e a c t i o l l  p r l ) cee<]s  a s  f i d h ~ w s :  


