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THE COUPLED OXIDATION OF SUCCINATE AND L-CYSTEINESULFINATE 

B Y  SOLUBLE ENZYMES* 

by 

E D N A  B. K E A R N E Y  AND THOMAS P. S I N G E R  

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

The authors  have previously reported1, 2 t ha t  mitochondrial  acetone powders prepared from 
a var ie ty  of mammal i an  and avian tissues and high-speed centrifuged extracts  of Proteus vulgaris 
OX-I9,  grown under  somewhat  different conditions than  used in the authors '  earlier work 3 catalyze 
the rapid oxidation of L-cysteinesulfinate (L-CSA), wi thout  the formation of cysteate, in the presence 
of a previously described pyridine nucleotide prepara t ion 4 from yeast  and a suitable dye. When 
this coenzyme prepara t ion was passed th rough  a column of Dowex-I-C1, neither the effluent (which 
contains all the pyridine nucleotide initially present) nor  any of the  eluates could induce the oxidation 
of L-CSA, bu t  the effluent and a narrow fraction of o.oi N HC1 eluate together  reestablished maximal  
rate of L-CSA oxidation. The pyridine nucleotide component  in the effluent was quant i ta t ively  
replaced by  D P N  bu t  not  by  TPN.  Under  
anaerobic conditions no reduction at  340 m/* 
was observed in the system. 

The factor in the eluate ("eluate factor",  
E.F.) was assayed by  the initial rate of O 3 
uptake  in the presence of excess L-CSA, DPN, 
phenazine methosulfate,  and enzyme (Fig. i). 
In  routine work beef hear t  or ra t  liver mito- 
cbondrial acetone powders  or Proteus extract  
served as a source of the enzyme. 

Considerable purification of the factor was 
achieved by  ch romatography  of the pyridine 
nucleotide preparat ion ~ on Dowex-i-C1, using 
increasing s t rength  of HC1 (gradient elution tech- 
niqueS) **. ThG prepara t ion thus  obtained con- 
tained 5-adenylic acid (5-AMP) as the only re- 
cognizable impur i ty ;  no P, S, N, carbohydrate,  
or ultraviolet  absorbing material  was present  
beyond tha t  a t t r ibutable  to 5-AMP. The lat ter  
compound  is not  concerned with the reaction 
under  s tudy.  

W'ithout L-CSA, the purified factor was 
very slowly oxidized by  the enzyme preparat ions  
in the presence of D P N  and faster in the absence 
of DPN.  With  excess L-CSA and DPN, the factor 
was rapidly and stoichiometrically oxidized in a 
coupled reaction: one mole each of CSA and of 
the factor reacted to give one mole of py ruva te  
and one of aspar ta te  and sulfate. Pyruva te  was 
identified by paper  chromatography,  crystalline 
lactic dehydrogenase,  and by  means of its 2, 4- 
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Fig. i. Manometric assay of "eluate factor".  
Each W a r bu r g  vessel contained 6 mg of a 
homogenate  of ra t  liver mitochondrial  acetone 
powder, 0.052/I phosphate ,  p H  7.6, 2. 4 / , M  DPN, 
90 # M  L-CSA, 2 nag phenazine methosulfate,  
and varying quant i t ies  of the factor. Temp.,  
38°. A soluble ext rac t  of ra t  liver, beef heart ,  
or P. vulgaris serves equally well in the assay. 

dini trophenylhydrazone.  Aspar ta te  was identified by  chromatography  on Dowex-5o (H+), paper  
chromatography  (4 solvents), and by  isolation, followed by decarboxylat ion with chloramine T, and 
by  conversion to oxaloacetate with purified a-ketoglutaric-aspartic t ransaminase.  The products  
shown could have arisen from CSA + malate (or fumarate) in view of the  coupled reaction demon- 
strated in the preceding note 6, bu t  the factor, a l though a dicarboxylic acid, contained no fumara te  
or malate. 

Isolation of the "eluate factor"  was achieved by  t r ea tment  of the purified prepara t ion wi th  
5-nucleotidase (to remove 5-AMP) and repeti t ion of the ion-exchange chromatography  on Dowex-i-C1. 
The fractions active in the enzyme assay (Fig. i) were combined, taken to dryness, and twice re- 

* Supported by  grants  from the National  Ins t i tu tes  of Health,  U.S. Public Heal th  Service and 
the Wisconsin Alumni Research Foundat ion.  

** We are greatly indebted to Drs. V. R. POTTER and H. A. LARDY for the use of fraction collectors. 



v o r .  14 (1954) SHORT COMMUNICATIONS, PRELIMINARY NOTES 573 

crysta l l ized f rom water .  The  mate r ia l  was identified as succinic acid by  its mel t ing  poin t  (compound,  
19o°; succinic acid, 19o.5°; mixed  m.p. ,  19o.5°), by  paper  c h r o m a t o g r a p h y  (2 so lven t  sys tems) ,  by  
its p K '  values,  and  by  its neu t ra l  aqu iva len t  (compound,  58.6; t heo ry  59). Succinic acid quan t i -  
t a t ive ly  replaced the  factor  in the  coupled oxida t ion  in all of the  e n z y m e  p repa ra t ions  s tud ied  
(Table I). 

T A B L E  I 

Substrate O~ uptake* CSA A spartate Pyruvate SO] 
removed ]ormed ]ormed t. ormed 

tt atom I~M ItM ItM l~M 

IO/~M succ ina te  + 15/~M CSA 27.8 9.8 io . i  

i o / , M  f u m a r a t e  + 15/~M CSA 16.o lO.2 9.1 

9.7 0.7-0.8 

9.4 0.6 

* A t  cessa t ion  of O~ up take .  Note  t h a t  in t he  presence  of i m g  m e t h y l e n e  blue the  oxida t ion  
of sulfite to sul fa te  is incomple te  (o.6-o.8 a t o m s  O~ per  mole). L-CSA and  a spa r t a t e  were de te rmined ,  
following c h r o m a t o g r a p h y  on Dowex-5o (H+ cycle), by  m e a n s  of n i n h y d r i n  and  ch lo ramine  T, 
respect ively ,  and  p y r u v a t e  by  t he  ox ida t ion  of D P N H  wi th  crys ta l l ine  lactic dehydrogenase .  Con- 
dit ions,  12 m g  ra t  liver mi t echondr i a l  acetone powder  suspens ion ,  o.o 5 M p h o s p h a t e  buffer,  p H  7.6, 
1 .2 /~M DPN,  and  i m g  m e t h y l e n e  blue per  vessel ;  t emp. ,  38°. All va lues  are corrected for the  
s l ight  b lank  g iven  by  CSA in the  absence  of diearboxyl ic  acids. 

The  s to i ch iome t ry  of the  react ion m a y  t h e n  be wr i t t en  as:  
DPN 

L-CSA + Succinate  + 1. 5 02 ÷ Aspa r t a t e  + P y r u v a t e  + SOy + H+ (i) 

The  following obse rva t ions  indicate  t h a t  the  reac t ion  sequence  is succ ina te  - - - +  f u m a r a t e  - - - +  

mala te  DPN > oxa loace ta te  ; oxa loace ta te  + C S A - I +  a spa r t a t e  + f l - su l f inylpyruvate  I _ +  p y r u v a t e  + 
SO~ ~ SO~r. Firs t ,  t he  coupled ox ida t ion  is compe t i t ive ly  inhib i ted  by  malona te .  Second, succ ina te  
is oxidized by  the  s y s t e m  in t he  absence  of CSA only if D P N  is omi t t ed ;  th is  is in accord wi th  the  
known  grea t  sens i t iv i ty  of succinic dehydrogenase  to oxa loace ta teL Third ,  CSA m a y  be replaced 
by  g lu t amic  acid (plus in te rna l ly  conta ined  t r ansaminase )  or by  T P N  plus  "mal ic  e n z y m e " ,  e i ther  
of wh ich  serve  to remove  oxa loace ta te  and  t h e r e b y  pe rmi t  succ ina te  ox ida t ion  to proceed. Nei ther  
sys t em,  however ,  is as efficient as the  CSA t r ansaminase ,  in accord wi th  the  fact  t t la t  the  fas tes t  
and  mos t  comple te  r emova l  of oxa loace ta te  is p rov ided  by  its t r a n s a m i n a t i o n  wi th  CSA s. Four th ,  
the  dependence  of t he  ent ire  reac t ion  sequence  on the  init ial  dehydrogena t ion  of succ ina te  is shown  
b y  tlIe following expe r imen t .  H o m o g e n a t e s  of ra t  l iver mi tochondr ia l  acetone powder  ca ta lyze  bo th  
react ion (I) and  the  one-s tep  ox ida t ion  of succ ina te  to f u m a r a t e  wi th  e i ther  m e t h y l e n e  blue or 
phenaz ine  m e t h o s u l f a t e  as carrier.  Soluble ex t r ac t s  p repared  f rom th i s  source ca ta lyze  react ion (I) 
and  the  succ ina te  to f u m a r a t e  s tep when  phenaz ine  me t hosu l f a t e  is the  carrier,  b u t  ne i ther  react ion 
proceeds  in the  presence of m e t h y l e n e  blue s . Fif th,  the  fact  t h a t  all t he  enzymes  in the  pos tu l a t ed  
reac t ion  sequence  are p resen t  is shown  by  the  observa t ion  t h a t  in soluble ex t rac t s ,  wi th  m e t h y l e n e  
b lue  as carrier,  f u m a r a t e  p lus  CSA are  s m o o t h l y  oxidized to t he  p roduc t s  shown  in react ion (I) 
b u t  i a t o m  less 02 is consumed  t h a n  in the  presence of succinate .  

i n  t he  coupled ox ida t ion  of CSA + succinate ,  in t he  presence of low succ ina te  concen t ra t ions  
(as in Fig. i), t he  r a t e  of 02 u p t a k e  is 5 to 6 t imes  h igher  t h a n  wi th  succ ina te  alone, even when  D P N  
is omi t t ed  and  no oxa loace ta te  accumula tes ,  and  a t  h igh  succ ina te  concen t ra t ions  the  initial ra te  
is m a i n t a i n e d  m u c h  longer  in t he  coupled sys t em.  These  f indings m a y  be expla ined  by  the  compet i t ive  
inhibi t ion  of succinic dehydrogenase  by  f u m a r a t e  (which is pa r t i cu la r ly  p ronounced  wi th  the  bacter ia l  
enzyme)  and  the  efficient r emova l  of t he  la t t e r  by  convers ion to a spa r t a t e  in the  coupled react ion s. 
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