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On the prosthetic group of succinic dehydrogenase* 

' [ 'he p r o b l e m  of t h e  p r o s t h e t i c  g r o u p  of s u c c i n i c  d e h y d r o g e n a s e  ha s  been  t h e  s u b j e c t  ()1 mLa'h 
c (mjec tu r e ,  b u t  a d e f i n i t i v e  e x p e r i m e n t a l  a p p r o a c h  to  i t s  s t u d y  h a d  to  a w a i t  t h e  i s o l a t i o n  of t h e  
t /u re  e n z y m e .  S ince  t he  s u g g e s t i o n  of .~kXELROD el al. l, b a s e d  on u u t r i t i o n a I  e x p e r i m e n t s  t h a t  I luvi~ 
m a y  be  t he  p r o s t h e t i c  g r o u p  of t h e  e n z y m e ,  t h e  p r e s e n c e  of a f lavin  m o i e t y  in t he  d e h y d r o g e n a s e  
ha s  been  w i d e l y  s p e c u l a t e d  upon .  O t h e r  i n v e s t i g a t o r s  f a v o r e d  t i le  v i e w  t h a t  t i le  p r i m a r y  dehydr( ) -  
g e n a s e  is a h e m o p r o t e i n ,  p o s s i b l y  i d e n t i c a l  w i t h  c y t o c h r o m e  B. The  a v a i l a l / i l i t y  of e s s e n t i a l l y  
l l ( m l o g e n e o u s  p r e p a r a t i o n s  of t h e  e n z y n l e  e h a s  o p e n e d  t i le  w a y  to  a c r i t i c a l  re e x a n l i n a t i o n  of t he  
p ro l J lem.  

T h e  a u t h o r s  h a v e  r e p o r t e d  t h a t  t he  p r o s t h e t i c  g r o u p  of t h e  d e h y d r o g e n a s e  c o n t a i n s  i ron  l in t  
m~t in t he  form of heroin'2, :j. The  t o t a l  i ron c o n t e n t  e q u a l s  t h e  i n o r g a n i c  i ron  wh ich  is l i b e r a t e d  as  
Ire t 4 by  b o i l i n g  or ac id i f i ca t i on .  U l t r a c e n t r i f u g a l I y  h o m o g e n e o u s  p r e p a r a t i o n s  of t h e  d e h y d r o g e n a s e ,  
p r e p a r e d  from /~,esh 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 s  c o n t a i n  l g a t o m  of Fe-  - p e r  0o,ooo to  05,ono g 
p r o t e i n ;  s i m i l a r  p r e p a r a t i o n s  i s o l a t e d  f rom s t o r e d  a c e t o n e  p o w d e r s  ( seve ra l  m o u t h s  a t  l o ) c o n t a i n  
l g a t o m  F e - -  p e r  ~ to ,ooo  to  I3o ,ooo  g. F r o m  t h e  p r e l i m i n a r y  v a l u e  of t h e  m o l e c u l a r  w e i g h t  ( a b o u t  
~4o,ooo, b a s e d  on s e d i m e n t a t i o n  r a t e  a n d  diffusion3),  i t  m a y  be c o n c l u d e d  t h a t  t h e  t w o  t y p e s  of 
p r e p a r a t i o n s  c o n t a i n  2 a n d  i g a t o m  of Fe  ~; p e r  mole ,  r e s p e c t i v e l y .  S ince  by  p h y s i c o - c h e m i c a l  
c r i t e r i a  t he  two  p r e p a r a t i o n s  a p p e a r  i d e n t i c a l  a n d  s ince  t h e  speci f ic  a c t i v i t y  v a r i e s  wi th  t he  iron 
c o n t e n t  2, i t  s e e m s  t h a t  b o t h  i ron  a t o m s  are  n e e d e d  for full  a c t i v i t y  a n d  t h a t  one  of t h e  t w o  b e c o m e s  
r e a d i l y  hd / i l i zed  a n d  los t  on s t o r a g e  or p u r i f i c a t i o n .  In  c o n t r a s t ,  t h e  i ron  in t i le  one - i ron  t y p e  of 
p r e p a r a t i o n  is so s t r o n g l y  he ld  t h a t  n e i t h e r  d i a l y s i s  a g a i n s t  buf fer  or F e + ~ - c h e l a t o r s  nor  p a s s a g e  
t h r o u g h  c a t i o n  e x c h a n g e r s  l i b e r a t e s  it ,  a l t h o u g h  i t  is se t  free on d e n a t u r a t i o n .  I ron  c o m p l e x o r s  
( o - p h e n a n t h r o l i n e ,  8 - o x y q u i n o l i n e ,  t h i o c y a n a t e ,  a,~F-bipyridyl, versene ,  i ron-spec i f ic  ve r sene)  do  no t  
i n h i b i t  t he  e n z y m e  b u t  t h e  a p o - p r o t e i n  of c r y s t a l l i n e  i l l - g l o b u l i n  f rom p l a s m a  s t r o n g l y  inh i l ) i t s  t he  
d e h y d r o g e n a s e ;  t h i s  c a n  be p r e v e n t e d  a n d  p a r t l y  r e v e r s e d  lay fe r rous  iron.  W h i l e  o p h e n a n t h r o l i n e  
does  n o t  i n h i b i t  t h e  e n z y m e ,  i t  fo rms  a red  c o m p l e x  w i t h  i t  a n d  t i le  r e s u l t i n g  s p e c t r u m  is s i m i l a r  
to  b u t  n o t  i d e n t i c a l  w i t h  t h a t  of f e r rous  o - p h e n a n t h r o l i n a t e .  The  o - p h e n a n t h r o l i n e  c o m p o u n d  of 
succ in i c  d e h y d r o g e n a s e  h a s  full  a c t i v i t y :  i t  is l ) l eached  by  s u c c i n a t e  in t he  s a m e  w a y  as t he  free 
e n z y m e ,  a n d  i t  does  n o t  d i s s o c i a t e  on d i a ly s i s .  

The  a b s o r p t i o n  s p e c t r u m  of succ in i c  d e h y d r o g e n a s e  (Fig.  l) is a t y p i c a l  for a t l awTpro te in :  t h e r e  
is no d e t i n i t e  m a x i n m m  in t h e  r eg ion  of 46o or 375 In/*; t h e r e  is a g r a d u a l l y  i n c r e a s i n g  a b s o r p t i o n  
be low 4oo m/* as wel l  as  a m e a s u r a b l e  a b s o r p t i o n  in t he  e n t i r e  v i s ib l e  r ange .  The  e n z y m e  is p a r t l y  
b l e a c h e d  b y  h y d r o s u l f i t e  a u d  t h e  r e s u l t i n g  d i f fe rence  s p e c t r u m  ( F i g . ) ,  inser t )  e x h i b i t s  a m a x i n m m  
a t  46o m/, .  S u c c i n a t e  b l e a c h e s  t he  e n z y m e  less c o m p l e t e l y  t h a n  h y d r o s u l f i t e  a n d  t h i s  r e d u c t i o n  is in-  
h i lJ i ted  b y  m a l o n a t e .  T h e  p r e p a r a t i o n  s h o w n  in Fig.  i is t he  one - i ron  t y p e  ; t i le  t w o - i r o n  e n z y m e  s h o w s  
a l m o s t  5 ° ° '  o m o r e  co lor  a t  a n d  t /e low 45o m/, ,  w h e r e a s  a b o v e  52o In/i, w h e r e  t he  i ron m o i e t i e s  ()l 
o t h e r  f e r r o f l a v o p r o t e i n s  a a re  t h o u g h t  to  a b s o r b  l i gh t ,  t h e  t w o - i r o n  e n z y m e s  s h o w s  t w i c e  as m u c h  color .  

* S u p p o r t e d  b y  a r e s e a r c h  g r a n t  f rom t i le  N a t i o n a l  H e a r t  I n s t i t u t e ,  I . S .  Publ ic  H e a l t h  Service .  
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Although tile difference spectrum (Fig. I) 
suggested a long while ago tha t  the dehydrogenase 
might  be a flavoprotein, doubt  was cast on this 
possibility by the observat ions 5 tha t  neither heat- 
denatura t ion nor cold acid liberated more than a 
minute  fraction of the color of the enzyme (assayed 
as total flavin or as FAD). Green and his colleagues 6 
confirmed these findings and further  found tha t  
digestion of the particulate enzyme 7 or of cholate~ 
solubilized derivatives thereof with trypsin set 
free considerably more flavin (personal cominuni- 
cation fronl Dr. GREEN). In this Laboratory,  ex- 
per iments  with highly purified prepara t ions  of the 
soluble enzyme have confirmed tha t  prolonged di~ 
gestion with proteolytic enzymes greatly increases 
the yield of flavin-like material in deproteinized 
filtrates. After incubation with trypsin plus chy- 
motrypsin,  followed by boiling, the filtrate showed 
an absorpt ion spectrum and fluorescence which 
were quali tat ively similar to ffavins, but, as judged 
by the color at 45o ml*, using the extinction coef- 
ttcient of FAD, somewhat  less than  5 ° % of the 
amoun t  of flavin required for i mole per 14o,ooo g 
protein couM be recovered in the filtrate, a l though 
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Fig. 1. Absorption spect rum of succinic dehv- 
drogenase. One-iron type preparat ion at highest 
pur i ty ;  4.55 mg protein per ml in tr is(hydro- 
xyn~ethyl)aminomethane buffer at pH 7.8. 
Open circles, unt rea ted  enzyme; crosses, after 
hvdrosulfite the inset is the difference spec- 

t rum after hydrosulfite. 

the coagulated protein was colorless after this extraction. On the basis of ltuorescence sifter acid 
hydrolysis the flavin content  of the extract  was even lower (i mole per 6oo,ooo to i million g protein), 
and in terms of coenzyme activity in the D-amino acid oxidase test, the yield of VAD was about  
i mole per  i million g protein. 

A detailed s tudy of the optimal  conditions for liberation of the colored material  gave the 
following results. (1) Maximal color liberation occurs in about  4 hours at 38 , p H  7, with o. 5 mg 
each of crystalline t rypsin  and chymot ryps in  per mg dehydrogenase. (2) In  the course of digestion 
the color of the enzyme diminishes t h roughou t  the visible spectrum. (3) During the same period 
the slight initial fluorescence of the enzyme increases over lo-fold and reaches a nlaximum. (4) On 
boiling the proteolytic digest there is no fur ther  increase in fluorescence but  the visible color further 
decreases and it disappears entirely in the red region of the spectrum, where iron-protein linkages 
are t hough t  to absorb. (5) Digestion for 4 hours  at i o o '  in 1 N H2SO 4 liberates about  the same 
a m o u n t  of 45 ° m/~ color as proteolytic enzymes. 

The exper iments  cited lend a clue to the nature  of the prosthet ic  group of succinic dehwlrogenase.  
I t  appears  likely t ha t  bo th  iron and some type of flavin are present  in the dehydrogenase.  The flavin 
and at least one of the iron a toms are very t ight ly bound to the apoenzyme. Heat  denatura t ion  
or cold acids release the iron but  not  the flavin; proteolysis liberates the flavin but  subsequent  
boiling or acidification are required to liberate all of the iron as inorganic Fe ++. The color of the native 
enzyme appears  to be due in par t  to its flavin content,  in par t  to intact  protein-flavin and protein-1;e 
linkages. Thus neither the color of the native enzyme at 45 ° m/g nor the color bleached by hvdro-  
sulfite sire a reliable measure of the flavin content.  The mechanism of electron t r anspor t  1)~" the 
enzyme may then involve the events:  succinate-~flavin-~Fe->acceptor. 

As to the nature  of the flavin group, the au thors  have been unable to obtain  sat isfactory evidence 
of its identi ty with either of the known flavin nucleotides. After chromatographic  purification its 
color, fluorescence, and activity in the D-amino acid oxidase test  differ appreciably from authentic 
FAD. The chemical na ture  of this compound is under  active investigation. 
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