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Summary 

The redox properties of  flavin in active and non-active (oxaloacetate reacted) 
soluble succinate dehydrogenase were studied. 

Quantitative analysis of  reductive activation titrations of  redox titrations of 
active and nonac t ive  enzyme reveal that  the redox potential  of  the histidyl- 
flavin in the active enzyme (--3 + 15 mV) is high enough to allow reduction by  
succinate, whereas in the non active enzyme it is --196 + 19 mV, far to low to 
be reduced by  substrate. 

The flavin radical in the active enzyme attains 60% of total flavin at a poised 
redox potential  of  abou t  +60 mV, upon addition of  oxaloacetate the magni- 
tude  of  the  signal is diminished and the potential where it reaches maximal con- 
centration is shifted by  abou t  - -200 mV. 

A mechanism is proposed which ascribes the fundamental  difference 
between active and non-active enzyme to the inability of  the latter to be 
reduced by  substrate. 

Int roduct ion 

Mitochondrial succinate dehydrogenase is subjected to rigorous regulation, 
adjusting its activity with respect  to the metabolic state of  the mitochondria 
[1~2]. This regulation is achieved by  a single negative modulator ,  oxaloacetate 
[3--5] ,  and a variety of  positive modulators:  substrates [5,6],  anions [3,4],  
reduced quinone [7],  ATP [1] ,  and reduction [8,9] (for review, see Ref. 10). 

Abbreviation:  OAA, oxaloacetic ac id .  
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In all cases, the  non-active enzyme is identified with the enzyme-oxaloacetate  
complex.  The role of  the  activators is to form stable complexes with the active 
form of  the enzyme,  a complex which prevents the enzyme from reacting with 
oxaloacetate.  

In the past years kinetic and equilibrium constants for the reactions with 
some activators have been measured [4.5.8],  still at molecular level the mecha- 
nism rendering the non active enzyme to be as such is not  clear. The problem 
why non-active enzyme does no t  catalyze the redox reaction, though reductant  
and oxidant  are present, is the subject  of  the present paper. 

In an effort  to unify the various specific mechanisms in a single mode the 
fundamental  difference between active and non-active enzyme is ascribed to 
the inability of  the latter to be  reduced by  substrate. 

The reduct ion of  the histidyl-flavin of  succinate dehydrogenase by  succinate 
is known for many years [6].  Considering the fact that  the redox potential of  
the substrate (E~ = +30 mV, 25°C [11]) ,  we must conclude that  the flavin in 
the  enzyme assumes a redox potential  much higher than that  of  free flavins 
(--200 mV [ 11 ]) or that  o f  histidyl-flavin (--170 mV [9 ] ). Consequently there 
should be a mechanism which raises the redox potential  of  the covalently 
bound  histidyl-flavin to the redox potential  of  the substrate. 

Non,active enzyme is not  reduced by  succinate, neither by  malate (E0 = 
- -160 mV [11]) .  Years ago Van Voorst  et al. [12] reported that  malate caused 
a transient reduction of  the enzyme. This observation is now explained by the 
fact that  malate is ozidized by  the enzyme to oxaloacetate with concomitant  
deactivation [13,14] .  Once the enzyme is in the non-active form, malate can 
not  reduce it anymore.  Combinat ion of  these observations suggests that  activa- 
t ion corresponds to a shift of  the redox potential  of  the flavin from a potential 
lower than that of  malate to a value approximating the potential  of  the sub- 
strate, a difference of  abou t  200 mV. 

Nonactive enzyme is readily reduced by  strong reductants  like dithionite. 
This reaction is accompanied by  activation [8,9,15,16],  but  the extent  of  
activation is a function of  two variables: the applied redox potential and oxalo- 
acetate concentrat ion [8,17].  At high redox potential very low concentrations 
of  oxaloacetate suffice for deactivation, bu t  upon lowering of  the applied 
potential higher concentrations of  oxaloacetate are needed for deactivating the 
enzyme. The coupling between the activation and reduct ion of  the enzyme is 
given by  Scheme I [10,17] .  

EA 
EnZAOX + n e -  ~ "  EnzAred 

+OAA +OAA 

KOAA ~OAA 
ENA 

EnZNAOX • OAA = " EnzNAred • OAA 

S c h e m e  I. 

where E A and ENA are  redox potentials of  the  active and non-active forms of  
o x  e d  K~(~AA are  the  enzyme while KOA A and the respective dissociation constants of  

the  reduced and oxidized complexes.  
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AckreU et al. [9] estimated LXOAA/~XI~red IWoxOAA ---- I0 and using the equation 

, 60 log 1 + ( O A A / K ~ A )  
Eapp = E 0 A -  ~-- 1 + (OAA//~ndA) (1) 

concluded that  EoA = --90 mV. This potential is far too  low to account  for the 
reduct ion of  the flavin by  succinate. As shown in the present paper quantita- 
tive analysis o f  reductive activation titrations or redox titrations of  active and 
non-active enzyme reveals that  the redox potential of  the histidyl-flavin in the 
active enzyme (6 -+ 20 mV) is high enough to permit reduction by  succinate. 
On the other  hand the redox potential  of  the flavin of  non-active enzyme is 
--195 + 20 mV, far too  low to be reduced by substrate. 

Materials and Methods 

Succinate dehydrogenase was purified from beef  heart as previously reported 
[18] either up to  the DEAE-Sephadex eluate step for spectrophotometr ic  
measurements,  or to the gel eluate step for EPR studies. The flavin content  and 
reconstitutive activity of  the t w o  preparations were: one mol histidyl-FAD per 
97 700 g protein and 40% reconst i tut ive activity and one tool per 260 000 g 
and 100% respectively. 

The ammonium sulphate precipitate at the ment ioned steps of  purification 
was gel filtered and aliquots of  the protein, in 50 mM Tris acetate buffer  (pH 
7.5) containing 5 mM succinate, were stored in liquid nitrogen. Each experi- 
ment  was run on a newly thawed sample. As succinate was present at all puri- 
fucat ion steps the enzyme was fully activated. Activity of  the enzyme was 
measured spectrophotometr ical ly with 2 mM phenazine methosulphate and 
0.08 mM 2,4<iichlorophenol indophenol.  

Redox  ti tration for EPR were performed in an argon atmosphere.  The 
enzyme dissolved in 5 mM succinate was t i trated by addition of  known 
amounts  of  fumarate or freshly prepared, oxygen-free, solutions of  dithionite. 
Redox  potentials were either calculated from the ratio of succinate to fumarate 
or were measured with a combined platinum silver chloride electrode. The 
transfer of  the samples from the titration vessel to the EPR tubes was carried 
out  also under argon. 

Absorbance spectra were recorded at 13°C in a Cary 118C spectrophotom- 
eter, the cell compar tment  being thoroughly flushed with nitrogen. 

Proteins were determined with a biuret method [19] and histidyl-FAD as 
previously described [20].  

Oxaloacetate was purchased from Fluka; fresh solutions were prepared daily 
in 50 mM Tris acetate buffer,  pH 7.5. 

Results 

Determination o f  redox potential o f  flavin by reductive activation 
o x  Based on many titrations [8,10,17] w e c a n  approximate KOAA = 0.2 /~M and  

K~d A = 400 /~M. Assuming these values, we used Eqn. 1 given by  Ackrell et al. 
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[9] and the corresponding expression for the non-active enzyme [10] 

, 60 log 1 + ( K ~  A/OAA) 
E a P p  = E O N A -  ~ -  1 + ( K T ( ~ d A / O A A )  ( 2 )  

to analyze the experiments of  Gutman and Silman [8,17].  The results are given 
in Table I. It is evident that  the estimated potentials of  active and non-active 
enzyme are constant ,  though they  were calculated from experiments carried 
over a very wide range of  ligand concentrat ion (2000 folds) and of  redox 
potentials (+55 to --200 mV). 

As seen from Table I, reductive activation seems to be a one electron reac- 
tion. Recalculation of  figures assuming n = 2 (as done by  Ackrell et al. [9])  
yields inconsistent results (values in parenthesis). 

Redox titration of the flavin of active succinate dehydrogenase 
As implied by  our calculation the redox state of  the flavin in active enzyme 

should be t i trated b y  the fumarate succinate couple. The enzyme was activated 
by  succinate and absorbance at 450 nm was measured under N2 atmosphere 
after addition of  graded amounts  of  fumarate.  As soluble reconsti tutively active 
enzyme is unstable in the absence of  succinate, we could not  reverse the direc- 
tion of  the titration. The procedure of  replacing the succinate (in which the 
enzyme is stored) by  fumarate is t ime consuming leading to substantial loss of  

T A B L E  I 

E S T I M A T I O N  OF R E D O X  P O T E N T I A L S  OF THE F L A V I N  IN A C T I V E  A N D  N O N - A C T I V E  SUC- 
C I N A T E  D E H Y D R O G E N A S E  

The va lues  were  ca l cu l a t ed  f r o m  the  da ta  g iven in  Fig. 7 of  Ref .  10  us ing  Eqns .  1 and  2. The  va lues  tabu- 
la ted  w e r e  ca lcu la ted  for  n = 1. E x a m p l e s  of  p o t e n t i a l s  c a l cu l a t ed  w i t h  n = 2 are g iven in  pa ren thes i s .  The 
r o w s  m a r k e d  w i t h  + are  the  resu l t s  of  Aelvrell  e t  al.  [9 ] .  

t I 
Eap  p O x a l o a c e t a t e  EOA EON A 

(mY) QuM) (mV) (mY) 

- - 1 9 5  4 0 0  - -15  ( - -105)  
- - 1 8 0  250  --7 
- - 1 7 2  100  - -16  
- - 1 6 8  100  - -12  
- -160+  67  - -13  
- -160+  202  +9 
- - 1 5 0  20  - - 3 2  
- - 1 0 0  10 1 (--49) 

- - 6 0  2 2 
- -50  1.9 11 
- -40  1.7 16 
- -40  2.2 24 
- - 2 8  0 .8  14 
- -20  1 .0  27 ( - -23)  

0 1 .0  47  
0 0.7 39 

20 0.35 --6 (+7) 
28 0 . 2 5  7 
33 0 .37  --3 
55  0 .2  37  

- - 2 1 3  ( - -204)  
- - 2 0 3  
- - 2 1 4  
- - 2 1 0  
- - 2 1 0  
- - 1 8 8  
- - 2 2 9  
- - 1 9 6  ( - -148)  
- - 1 9 5  
- - 1 8 7  
- - 1 7 9  
- -173  
- - 1 8 4  
- -171  ( - -99)  
- -151  
- - 1 5 9  
- - 1 9 1  ( - - 1 0 5 )  
- - 2 0 5  
- - 2 0 0  
- - 2 3 5  

6 ± 2 0  m V  - - 1 9 6  ± 1 9  m V  
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activity. For  this reason we had to  limit our measurements only to the oxida- 
tive direction of  the  redox titration. Still, in order to ensure that  after each 
addition of  fumarate equilibrium was established, we moni tored the absorbance 
changes (450 nm) following each addition of  fumarate. Only after the reading 
became stable, the  absorbance spectra were recorded (700--300 nm). Enzymic 
assay at the  end of  the  t i tration indicated that  the enzyme retained more than 
90% of  its activity. 

At 450 nm the FeS centers are also absorbing and their contr ibution varies 
with the absorbance of  the FeS centers by  calculating the difference spectrum 
of  oxidized vs. p-chloromercuribenzoate-treated enzyme (i.e. absorbance of  
oxidized FeS centers) minus the spectrum of  dithionite treated enzyme (i.e. 
absorbauce of  reduced FeS centers). The amount  reduced at the different po- 
tentials was calculated using the redox potential  given by Ohnishi [21].  The 
results were subtracted from the measured values. The corrected and uncor- 
rected data are both  presented in Fig. 1. If we consider the absorbance of  450 
nm as pure contr ibut ion of  the  flavin, then the results are compatible  with a 
redox ti tration of  a two electron acceptor  with mid potential  o f - - 1 5  mV. The 
correction for the  contr ibut ion of  the FeS centers to the absorbance changes 
at 450 nm, shifts the mid potential  to --3 mV but  the uncertainty of  the redox 

I i I I I t t I 

© 

- 3 0  - 2 0  -10 0 .'10 +20 *30 * 4 0  *5{J 
E(rnV) 

Fig. 1. R e d o x  t i t r a t i on  of  the  f lavin in soluble  succ ina te  d e h y d r o g e n a s e .  Th e  e n z y m e ,  1 .65  m g  • m l  - l ,  
10 .27  n m o l  H i s -FA D  • m g  - l  p ro t e in ,  40% recons t i t u t i ve  ac t iv i ty ,  in 50 m M  Tris ace t a t e  b u f f e r  (pH 7.5)  
and  5 m M  succ ina te ,  was  t i t r a t e d  u n d e r  n i t r ogen  b y  add ing  k n o w n  a m o u n t s  of  f u m a r a t e  a t  13°C.  The  
a b s o r b a n c e  a t  450  n m  was  m e a s u r e d ,  unt i l  r ead ing  r e a c h e d  a c o n s t a n t  va lue  a n d  t h e  a b s o r b a n c e  s p e c t r u m  
was  m e a s u r e d  ( 7 0 0 - - 3 0 0  n m ) .  In  o rde r  to  c o r r e c t  for  loss of  a b s o r b a n c e  on  aging the  r e f e r e n c e  cell con-  
t a incd  the  s a m e  p r e p a r a t i o n  a nd  b u f f e r  was  a d d e d  in s t ead  of  f u m a r a t e .  Da ta  were  c o r r e c t e d  for  d i lu t ion.  
The  resul ts  are presen te d  as Nerns t  p lo t  for  a b s o r b a n c e  changes  a t  4 5 0  n m  e i the r  u n c o r r e c t e d  (o) or  cor-  
r e c t e d  fo r  the  c o n t r i b u t i o n  of  t he  Fe  2 S 2 cen t e r  S I t o  t he  a b s o r b a n c e  changes  a t  this  w a v e l e n g t h  (o).  
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potential of the FeS centers introduces inaccuracy to the measured value so 
that our estimate is --3 + 15 mV. It should be emphasized that either value is 
some 200 mV more positive than the redox potential of free flavins [11 ]. These 
high redox potentials are within the range predicted by the proposed model for 
reductive activation [10], and in accord with Table I. 

EPR redox titration o f  the flavin in active and non active enzyme. 
The implication of the redox-control model for regulation of the enzymic 

activity by oxaloacetate is that the two states of the enzyme will differ by 200 
mV in their redox potential. Furthermore, as activation coincides with the 
reduction of the flavin [9] it implies that the component shifting its redox po- 
tential by that magnitude should also be the flavin [10]. As seen in Fig. 2 the 
presence or absence of oxaloacetate had a major effect on the redox behaviour 
of the flavin radical. In active enzyme the free radical is observed at fairly high 
redox potentials reaching a maximum at applied potential of approx. 60 mV. 
The bell shape response of the free radical to the redox potential is compatible 
with its role as an intermediate between oxidized and fully reduced flavin. This 
behaviour most probably is further perturbated by interenzymic interaction 
with other redox carriers such as the high potential iron protein (HiPIP) [22] 
and the S~ Center [21,22]. Once oxaloacetate is present the dependence of the 
flavin radical on redox potential is markedly changed. The magnitude of the 
signal diminishes and the potential where it attains maximal concentration is 
shifted by about --200 mV. 

It is of interest to note that at physiological potential (potential attained by 
the succinate fumarate ratio in mitochondira, close to 0 mV) the addition of 

"5 
'6 
"5 

- 3 0 0  - 2 0 0  -100 0 - .100 
E (rnV) 

Fig. 2. T he  d e p e n d e n c e  of  the  f lavin free radica l  c o n t e n t  o f  soluble  succ ina te  d e h y d r o g e n a s e  on  the  
app l i ed  r e d o x  po ten t i a l .  The  e n z y m e  (3 .22  m g •  m1-1 , 3 .85  n m o l  f iavin • m g  -1 p ro te in ,  100% recons t i tu -  
t ively  act ive ,  in 50 m M  Tris a ce t a t e ,  p H  7.5,  5 m M  succ ina te )  was k e p t  u n d e r  a rgon .  Deac t iva t ion  was  
ach i eved  b y  add i t i on  of  1 .66  m M  oxa loa e e t a t e ,  e n o u g h  to  cause m o r e  t h a n  99 .9% deac t iva t ion .  Oxida-  
t ion  was  c a r ~ e d  o u t  b y  a d d i t i o n  of  0 .5  M f u r m a r a t e  a n d  the  r eac t i on  mix tUre  was  a l lowed  to  equi l ib ra te  
for  5 rain a t  17°C  b e f o r e  s a m p l e  was  r e m o v e d  to  t he  EPR tu b e .  Poten t ia l s  b e l o w  - -20  m V  w e r e  ach ieved  
by  add i t i on  of  d i lu ted  o x y g e n  free so lu t ion  of  N a 2 S 2 0 4 .  The  r e d o x  po ten t i a l  was  m o n i t o r e d  b y  a c o m -  
b ined  Pt-stlver ch lo r ide  e l e c t rode  a t t a c h e d  to  a M e t r o h m  prec is ion  p o t e n t i o m e t e r .  EPR spec t r a  were  m e a -  
u r c d  us ing  a Brucke r  s p e c t r o m e t e r ,  f ield m o d u l a t i o n  f r e q u e n c y  1 0 0  kHz ,  m o d u l a t i o n  a m p l i t u d e  0 .5  roT, 
m i c r o w a v e  p o w e r  a p p r o x .  1.6 roW, 100  K. The  s e m i q u i n o n e  c o n c e n t r a t i o n  was  ca lcu la ted  b y  d o u b l e  
i n t eg ra t i on  and  c o m p a r i s o n  wi th  s t a nda rds  of  m e t h a n o l  oxidase  an d  f i a v o d o x i n  free radicals .  Circles: 
(o • e )  t i t r a t ions  of  t he  non-ac t ive  e n z y m e .  Squares :  (Q ~ . )  ac t ive  e n z y m e .  Th e  d i f f e r en t  signs are  for  
r epea t i ng  e x p e r i m e n t s .  
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P 

193 1.91 2.03 2.00 

Fig.  3 .  E P R  s p e c t r a  o f  so lub l e  s u c c i n a t e  d e h y d r o g e n a s e .  A,  Act ive  e n z y m e  (as in  Fig.  2)  e q u i l i b r a t e d  w i t h  
5 m M  s u c c i n a t e ,  0 . 5  r a m  f u m a r a t e ,  5 0  m M  Tris  a c e t a t e  p H  7 .5  (E' = + 3 0  m V ) .  B. Non-ac t i ve  e n z y m e  k e p t  
u n d e r  i d e n t i c a l  c o n d i t i o n s  in p r e s e n c e  o f  1 . 6 6  raM o x a l o a c e t a t e  (E '  = + 3 0  m Y ) .  C. Act ive  e n z y m e  reduced  
by  5 m M  s u c c i n a t e  (E '  ~ - - 3 0  m V ) .  E P R  s p e c t r a  w e r e  m e a s t t r e d  as in  Fig.  2 b u t  a t  1 5  K, m i c r o w a v e  
p o w e r  a p p r o x .  2 r aM.  

oxaloacetate total ly quenches the flavin radical signal with little effect  on the 
g = 1.94 signal of  FeS center (Fig. 3). Upon addition of  oxaloacetate,  con- 
comitant ly with the total  loss of  the flavin radical, the observed signal of  $1 
decreased by  about  16%. At +30 mV addition of oxaloacetate abolished the 
flavin signal with no effect  at all on Fe2S2 amplitude (compare lines A and B). 
At either potential  the FeS center $2 (--400 mV [21])  was fully oxidized. Thus 
we tend to ascribe the big shift in the redox dependence of  the flavin radical 
to the properties of  the flavin moie ty  and not  to the FeS centers of  the 
enzyme. 

Discussion 

Table I documents  that  the level of  activation of  succinate dehydrogenase 
can be described as a mixture of  two populations: one is the active enzyme, 
with its histidyl flavin at a high redox potential,  the other  one is the oxaloace- 
rate non active complex. The redox potential  of  the flavin in this complex is 
very low, comparable with that  of  free flavins [9,11].  

The two states of  the enzyme are also inferred from the redox titrations 
reported in this study. The redox potential of  the flavin in fully active enzyme 
is compatible with our prediction and so is the 200 mV difference between the 
redox potential  o f  the two states. Finally, Fig. 3 demonstrates that  deactivation 
does not  affect  the redox potential  of  the FeS center $1 of  succinate dehydro- 
genase. 

The precise mechanism which shifts the redox potential of  the flavin is still 
obscure. A possible mechanism is distortion of  the flavin from its oxidized 
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[23] or semiquinone [24] planar forms to the bended configuration of reduced 
flavin [23].  Theoretical calculations of the stability of oxidized and reduced 
flavin (Lindner, D.L., Branchoud, B., Doxin, B. and Lipscom, N.W., unpublished 
results) indicated that the energy associated with distortion of the oxidized 
flavin is compatible with the measured 200 mV shift of the redox potential. 

Another mechanism which accounts for the one-electron activation (Table I) 
and the 200 mV shift of the redox potential is based on the effect of positive 
charges (either H ÷ or positively charged side chain of the peptide structure) 
with region 1-2a or N5 of the flavin (see Scheme II). 

Ribitol  
I 

H3C N ~N,,~.~02 ~ 

Scheme II. 

A positive charge near the 1/2,* position favors a two electron redox reaction 
with a high redox potential (--9 mV as measured with model compound [25]). 
Thus if we attribute such interaction, between the apo protein and flavin, in 
the active enzyme we account both for the high redox potential and the two 
electron oxidation of succinate to fumarate. Furthermore the close proximity 
of the positive charge to the flavin can account for the change in chirallity asso- 
ciated with activation as measured by our CD studies [26]. This state of the 
enzyme is the favoured conformation in the absence of oxaloacetate. 

The non-active enzyme is a configuration where the positive charge interact- 
ing with 1/2~ position is lost. The configuration is stabilized by forming a very 
tight complex (Kd approx. 2" 10 -7 M) [8,10,17] with oxaloacetate. Conse- 
quently any mechanism leading to displacement of oxaloacetate will remove 
the constrains and the enzyme will assume its active configuration, a rather 
slow transition characterized by a high energy of activation (For compilation of 
experimental values see Ref. 10). The displacement of oxaloacetate from the 
regulatory site, which is clearly distinct from the substrate binding site (Table 
II in Refs. 5 and 10), is achieved by variety of activators: succinate, malonate, 
bromide or one~lectron reduction (Table I). A one electron reduction of a free 
flavin, which is the characteristic behaviour of the flavin in the non active 
enzyme, leads to protonation at position 5, or attraction of a positive charge 
to this position. It is proposed that this one electron reduction triggers a con- 
formation change leading to a state characterized by a lower affinity for oxalo- 
acetate Kd approx. 4 . 1 0 - 4 M  [10,17]. This coupling between the binding 
affinity for oxaloacetate and the 1 electron reduction also accounts for the 
effect of oxaloacetate concentration on the redox potential of the 1 electron 
reduction (see Table I) [10,17]. 

Presently we can state that the regulation of succinate dehydrogenase activity 
operates by modulating the redox potential of the flavin between two states, 
one is thermodynamically competent to function as electron carrier between 
substrate and acceptor while the other is not. Better understanding of the mo- 
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lecular mechanism leading to that effect will assist in understanding the redox 
reaction of  this enzyme. 
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