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Summary 

1. Succinate:Q oxidoreductase (EC 1.3.99.1) as present in beef-heart sub- 
mitochondrial  particles contains equal amounts  of  FAD, a [2Fe-2S] cluster and 
a [4Fe-4S] cluster. Both Fe-S clusters are reducible by succinate. 

2. A second type  of  [2Fe-2S] cluster, called center S-2, that  has been 
proposed to be present in purified preparations of  succinate dehydrogenase and 
isolated Complex II (Ohnishi, T., Winter, D.B., Lim, J. and King, T.E. (1973) 
Biochem. Biophys. Res. Commun. 53, 231--237) is an artifact introduced by 
the purification procedure.  

3. It is suggested that  the 70 000 dalton subunit  which is known to bind the 
flavin, accomodates  also the [4Fe-4S] cluster whereas the 28 000 dalton sub- 
unit contains the [2Fe-2S] cluster. 

Int roduct ion 

In 1954--1956 the first successful a t tempts  to solubilize and purify the 
enzyme succinate dehydrogenase (succinate:(acceptor) oxidoreductase,  EC 
1.3.99.1) were published [1--3].  At the same time evidence was brought 
forward that  tightly bound FAD and non-heme Fe are essential components  of  
the enzyme. In these early preparations 4 Fe atoms were found per FAD mole- 
cule. In 1963 King [4] demonstrated that  these preparations did not  reconsti- 
tute with alkali-treated heart-muscle preparation in contrast  to the enzyme 
extracted from membranes in the presence of  succinate, and introduced the 
distinction between reconstitutively active and inactive preparations. The 
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reconsti tution activity was found to be very labile towards oxygen and was 
improved by solubilizing the enzyme under anaerobic conditions [4]. 

It is now generally agreed that the reconstitutively active enzyme contains 8 
atoms of  Fe and acid-labile sulphur per mol flavin compared with 4--8 in 
reconstitutively inactive preparations [5--11].  In both types of preparations, 
the FAD is covalently linked to a histidyl residue of  the protein via the 8~-CH2 
group of  the isoalloxazine ring system [ 12]. 

In 1960 Beinert and Sands [13] discovered that in addition to a radical 
signal due to the semiquinone form of  the FAD, the succinate-reduced enzyme 
exhibits a characteristic EPR signal that  later was found to be typical for Fe-S 
clusters. Studies with STFe (I =0.5)-containing succinate dehydrogenase 
revealed that it is a [2Fe-2S] 1+(2+'1÷) cluster * [15].  Reports  on the intensity 
of  this signal initially stated that  it correlates to a spin concentration equal to 
the flavin concentration [16] and that dithionite gives the same amount  of  
signal [16--18].  More recent reports, however, show that although the signal 
intensity obtained with succinate agrees with the earlier observations, 
dithionite gives rise to a more intense signal in soluble preparations of the 
enzyme and Complex II [19--23].  The intensity of  the dithionite induced 
signal is preparation-dependent.  Whereas Ohnishi and coworkers [19,20] report  
values up to 2 for the intensity ratio of  the signal induced with dithionite 
versus that induced by  succinate, Beinert et al. [23] only find values of  
1.4--1.5. The extra signal intensity, only obtained with dithionite, was ascribed 
to a second [2Fe-2S] cluster, cluster 2, by  Ohnishi et  al. [19,20] in addition to 
the cluster 1 that  is reducible both by succinate and dithionite. The fluctuating 
quantities of  cluster 2 and its low redox potential, which makes it useless as a 
redox carrier in the respiratory chain [5], led Beinert to question the status of  
this cluster [22,24].  

A third EPR signal can be observed in the oxidized but  not  in the reduced 
form of Complex II and the reconstitutively active enzyme [21,25,26].  Its 
properties identify it as due to a [4Fe-4S] 3+(3+'2+) cluster [15,26].  The con- 
centration of  this cluster 3 is at best equal to the flavin concentration [11,23, 
26]. It is absent in reconstitutively inactive preparations [22,26].  

The experiments reported in this paper deal with succinate dehydrogenase as 
present in isolated succinate:cytochrome c oxidoreductase [27] and beef-heart 
submitochondrial  particles. It will be shown that in these preparations cluster 2 
is absent and that the enzyme contains only one [2Fe-2S] cluster and one 
[4Fe-4S] cluster per FAD molecule. Part of  this study has been presented in 
poster form at a symposium held in 1977 (Albracht, S.P.J. (1977) Abstr. No. 
37, Int. Symp. Membrane Bioenerg., Spetsai, Greece). 

Materials and Methods 

Complex II-III (Succinate:cytochrome c oxidoreductase) was isolated from 
heart muscle preparation [28] essentially as described by Hatefi et al. [27]. 
Mg-ATP submitochondrial  particles were prepared according to LSw and Vallin 
[29] and A-particles as described by Fessenden and Racker [30].  For the 

* N o m e n c l a t u r e  according  to  t h e  N C - I U B  r e c o m m e n d a t i o n s  [ 1 4 ] .  
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samples used in Table II ten individual batches of  submitochondrial particles 
were prepared from one batch of  beef heart mitochondria suspended in 0.25 M 
sucrose and 50 mM Tris-HC1 buffer (pH 8.0) by sonication for 2--4 min and 
differential centrifugation. When indicated the particles were incubated with 
2 mM malonate for 30 min at 30°C to remove bound oxaloacetate from 
succinate dehydrogenase [6] and then washed twice. Hydrogenase from 
Chromatium vinosum was partly purified according to [31] .  

Covalently linked FAD was determined fluorimetrically exactly as described 
by Singer et al. [32]  in a Perkin Elmer MPF-2A spectrofluorimeter using 452 
nm light for excitation and monitoring the emission at 530 nm (band width 
9 nm for both). The riboflavin concentration in the standard was determined 
using the extinction coefficients given by Koziol [33] .  

EPR spectra were recorded on a Varian E-9 EPR spectrometer connected to 
a HP 2100  computer via a data acquisition frontend septum based on a PDP 
11-03 microprocessor. Spectra were stored on magnetic disc for later retrieval. 
Other experimental details were as described previously [34] .  

Signal quantitation was carried out  by comparison of  the experimental 
spectra with computer simulations. An example for the signals of  the [2Fe-2S] 
and [4Fe-4S] clusters of  succinate dehydrogenase in particles is given in Fig. 1. 
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Fig.  1. Q u a n t i t a t i o n  o f  t h e  E P R  s p e c t r a  o f  t h e  [ 2 F e - 2 S ]  a n d  [ 4 F e - 4 S ]  c lu s t e r s  f r o m  s u c c i n a t e  d e h y d r o -  
genase  as p r e s e n t  in  e x p e r i m e n t a l  s p e c t r a  o f  s u b m i t o c h o n d r i a l  pa r t i c l e s .  (A)  ( l e f t  p a n e l )  u p p e r  t r ace :  
pa r t i c l e s  in  0 . 2 5  M suc rose  a n d  50  rnM Tris-HC1 b u f f e r  ( p H  8 .0 )  w e r e  i n c u b a t e d  w i t h  4 0  m M  s u c c i n a t e  
for  1 5  rain a t  3 0 ° C  a n d  t h e  E P R  s p e c t r u m  was  r e c o r d e d  u n d e r  t h e  f o l l o w i n g  c o n d i t i o n s :  m i c r o w a v e  
f r e q u e n c y  (F) ,  9 3 1 6  M H z ;  t e m p e r a t u r e  (T),  4 9  K ;  i n c i d e n t  m i c r o w a v e  p o w e r  (P) ,  2 .2  mW; m o d u l a t i o n  
a m p l i t u d e  (MA) ,  0 . 6 3  roT;  s c a n n i n g  r a t e  (SR) ,  1 0  r o T / r a i n .  The  m o d u l a t i o n  f r e q u e n c y  f o r  th i s  a n d  a n d  
o t h e r  spec tra  w a s  1 0 0  k H z .  The  X-ax i s  scale  r e f e r s  t o  g va lues .  Midd le  t r a c e :  s i m u l a t e d  s p e c t r u m  f o r  t h e  
[ 2 F e - 2 S ]  c l u s t e r  o f  s u c c i n a t e  d e h y d r o g e n a s e  as r e d u c e d  b y  s u c c i n a t e .  The  p a r a m e t e r s  u s e d  are in  t h e  
l e g e n d  o f  Fig.  2. L o w e r  trace:  d i f f e r e n c e  s p e c t r u m .  T h e  criteria  for  a g o o d  s u b t r a c t i o n  ate  t h e  a b s e n c e  o f  
a b s o r p t i o n  p e a k s  a t  t h e  gz p o s i t i o n  a t  2 . 0 2 6  and  at  t h e  gx p o s i t i o n  at  1 . 9 1 .  (B) ( r i gh t  p a n e l )  u p p e r  trace:  
pa r t i c l e s  m i x e d  w i t h  0 . 4  m M  K 3 F E e ( C N ) 6  f o r  1 r a in  a t  ()°C. E P R  c o n d i t i o n s :  F ,  9 3 1 7  MHz;  T, 4 . 2  K;  P,  
1 .6  ~M;  M A ,  0 . 6 3  roT;  SR ,  5 r o T / r a i n .  Midd le  t r ace :  c o m p u t e d  s p e c t r u m  f o r  t h e  [ 4 F e - 4 S ]  c lu s t e r  o f  
s u c c i n a t e  d e h y d r o g e n a s e .  F o r  p a r a m e t e r s  see the  l e g e n d  o f  Fig.  6. L o w e r  trace:  d i f f e r e n c e  s p e c t r u m .  T h e  
cr i t er ium for  a g o o d  s u b t r a c t i o n  is a f ia t  base  l ine  o n  t h e  l e f t  ( low f ie ld)  s ide  o f  t h e  r a d i c a l  s i g n a l  
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The intensity of the simulation was varied until the difference spectrum no 
longer contained the characteristics of  the signal considered. The double 
integral value of  the simulations was used to compute the concentration of the 
clusters. A standard of  10 mM Cu(C104)2 was taken as a reference at both 49 K 
and 4.2 K. At the latter temperature an incident microwave power of  only 250 
nW had to be used to avoid saturation. It was experienced then that  a 1 mM CU 
Cu(C104)2 solution, which is normally used as a standard, gave less reliable, 
scattering values for the double integral of  its spectrum under these conditions, 
due to a poorer signal/noise ratio and base line. The intensity of the EPR signal 
of a copper perchlorate solution is proportional to the concentration in the 
region 1--20 mM. 

All further manipulations with the spectra, including the quantitations, were 
carried out on a Tektronix 4010 computer display terminal connected to a HP 
2100 computer.  Simulation of  EPR spectra was performed as before [34] on 
the HP computer.  

Results 

Succinate dehydrogenase in Complex II-III 
The experiments reported in this paper were initiated by the observation 

shown in Fig. 2A: isolated Complex II-III reduced with succinate shows no 
enhancement of the EPR signal of cluster 1 of succinate dehydrogenase when 
dithionite is subsequently added. This is most clearly indicated by the area of 
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Fig. 2. E f f e c t  o f  d i t h i o n i t e  o n  t h e  E P R  s p e c t r u m  o f  C o m p l e x  IIoIII  r e d u c e d  w i t h  succ ina te .  A ( lef t  panel ) :  
C o m p l e x  I I - I I I  (31 m g  p r o t e i n / m l )  in  0 .66  M sucrose  and  50 m M  Tris-HCl b u f f e r  (pH 8.0)  was i n c u b a t e d  
w i t h  60  m M  suce ina te  for  15 r a in  a t  3 0 ° C  ( t r ace  A,  sol id  l ine) .  A f e w  gra ins  of  solid d i t h i o n i t e  were  t h e n  
a d d e d  a n d  t h e  i n c u b a t i o n  was  c o n t i n u e d  for  5 m i n  ( t race  A,  d o t t e d  l ine a n d  t r ace  B). E P R  c o n d i t i o n s :  F ,  
9 1 3 0  MHz;  T,  82  K;  P, 20 mW~ MA, 0 . 2 5  roT;  SR,  10 m T / m i n .  The  ga in  is the  s a m e  for  b o t h  t races .  B 
( r igh t  pane l ) :  c o m p u t e r  s i m u l a t i o n s  o f  t he  Fe-S s ignals  o f  succ ina te  d e h y d r o g e n a s e  in  the  le f t  panel .  
P a r a m e t e r s  f o r  t race  A, sol id  l ine ( c o r r e s p o n d i n g  to  the  a n a l o g o u s  t r ace  in  the  le f t  pane l ) :  gz,y,x = 2 .0264 ,  
1 .9351 ,  1 . 9 0 7 4  a n d  w i d t h s  ( z ,y ,x )  = 1 ,16 m T ,  1.4 roT,  2 .43 roT. P a r a m e t e r s  fo r  t race  A,  d o t t e d  l ine and  
t race  B ( c o r r e s p o n d i n g  to  the  a n a l o g o u s  t race  in  the  le f t  pane l ) :  gz ,y ,x  = 2 .0267 ,  1 ,935 ,  1 . 9 1 0 5  and  
w i d t h s  ( z ,y ,x )  = 1 .16 m T ,  1.51 roT,  2 .27  m T .  B o t h  t races  are a d j u s t e d  to  the  s a m e  i n t e n s i t y  (doub le  
in t regra l  va lue) .  
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the gz line, that  is independent of  the reducing agent. The amplitude of  the gy 
line at 1.933 is increased slightly by addition of Na2S204, probably because of 
reduction of the two Fe-S clusters [35,36] of contaminating outer-membrane 
fragments as indicated by the shape of  the line at g = 2.01 in trace B of Fig. 2A. 
The slight increase in amplitude of the gx line at 1.91 is due to several reasons. 
It is in part caused by the contribution of the signals of  the outer-membrane 
Fe-S clusters and by a base line drift. In addition the position of the gx line has 
shifted downfield and the line width is somewhat decreased, both of which 
effects cause the amplitude to increase at a constant signal intensity as can be 
seen in the simulated spectra in Fig. 2B. 

The signals of  the clusters 1 and 2 of QH::cytochrome c oxidoreductase 
[37] are very broad at the temperature used, but their contributions can be 
observed in the gz region if one compares the simulations of the signals of 
succinate dehydrogenase with the experimental spectra (Fig. 2B versus Fig. 
2A). The radical signal obtained with succinate is solely due to the semiquinone 
form of  FAD as shown by the absence of  any effect of  extracting Q-10. Addi- 
tion of dithionite without  succinate gives the same spectrum as Fig. 2A, 
trace B. Less intense signals were obtained if succinate was mixed with the 
complex for only 30 s at 0--4°C, since no efforts had been made to previously 
activate the preparation. 
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Fig.  3.  P o w e r  sa tura t ion  b e h a v i o u r  o f  t h e  gz,  gy  and  gx l ines  o f  t h e  E P R  s ignal  o f  t h e  [ 2 F e - 2 S ]  c lus ter  o f  
s u c c i n a t e  d e h y d z o g e n a s e  a n d  t h e  e f f e c t  o f  d i t h i o n i t e .  T h e  t h r e e  pane l s  r e p r e s e n t  p o w e r  p l o t s  a t  3 dif fer-  
e n t  t e m p e r a t u r e s :  50 K,  26 K and  14 .5  K. E a c h  pane l  c o n t a i n s  t w o  b locks  d i sp l ay ing  the  b e h a v i o u r  of  t h e  
s ignal  o f  Fig .  2A,  t r ace  A, so l id  l ine  ( u p p e r  b l o c k )  or  Fig .  2A,  t r ace  B ( lower  b lock ) .  A b b r e v i a t i o n s  and  
s y m b o l s :  s n c c . ,  s u c c i n a t e ;  d i th . ,  d i t h i o n i t e ;  A,  a m p l i t u d e ;  T, t e m p e r a t u r e  in  K;  P, m i c r o w a v e  p o w e r  in  
m W ;  a.u. ,  a r b i t r a r y  un i t s ;  o o, gz = 2 .02 ;  • -', gy = 1 .93 ;  • . . . . .  -o, gx = 1 .91 .  A h o r i z o n t a l  
l ine m e a n s  no  s a t u r a t i o n .  
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As Ohnishi et al. [ 5] reported that in reconstitutively active preparations the 
extra signal induced by dithionite could only be observed at T < 20 K, the 
temperature dependence of  the line amplitudes of  the signals in Fig. 2A was 
measured. This requires a knowledge of  the power saturation behaviour of  all 
lines at the various temperatures (Fig. 3), so that the temperature dependence 
can be measured at non-saturating microwave powers (Fig. 4). Especially from 
Fig. 3B and C it is obvious that with dihionite as reductant a greater microwave 
power is needed for saturation than with succinate as reductant, i.e. dithionite 
enhances the relaxation rate of  the Fe-S cluster 1. This is in accordance with 
observations by other [5,23].  The enhancement of  the spin-lattice relaxation 
time is not an artefact introduced by dithionite-reduction with hydrogen plus 
hydrogenase and benzylviologen has the same effect (Fig. 5). From Figs. 2A 
and 4 it is concluded that dithionite has no effect on the line amplitudes of  the 
gz and gy lines of  the signal of cluster 1, nor on the dependencies of  these 
amplitudes on the temperature in the region 10-82 K. Even at 4.2 K no effect 
was seen when saturation was taken into account. Dithionite shifts the gx 
slightly downfield and decreases its line width, but does not influence its 
temperature dependence. In fact this line behaves like a normal S = 0.5 system. 
There is thus no indication that cluster 2 is present in this type of  preparation. 

It becomes of  interest then to know the absolute concentrations of  the 
various prosthetic groups. For a determination of the concentration of  the Fe-S 
clusters of  succinate dehydrogenase in Complex II-III by the procedure 
described in Materials and Methods, a good fitting simulation of  the signals of 
the Fe-S clusters is required. For spectra of  the reduced enzyme the simulations 
displayed in Fig. 2B were used. The gx,y,z lines of the signal of  cluster 1 of  
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Fig.  4 .  E f f e c t  o f  t e m p e r a t u r e  o n  the  l ine  a m p l i t u d e s  o f  t h e  E P R  signal  o f  t h e  [ 2 F e - 2 S ]  c lus ter  o f  s u c c i n a t e  
d e h y d r o g e n a s e  a n d  t h e  e f f e c t  o f  d i t h i o n i t e .  L i n e  a m p l i t u d e s  w e r e  m e a s u r e d  at  8 d i f f e r e n t  t e m p e r a t u r e s  at 
n o n  saturat ing  p o w e r ,  i . e .  in t h e  h o r i z o n t a l  reg ion  o f  the  p lo t s  o f  Fig.  3 .  O p e n  circles  refer  t o  the  
b e h a v i o u r  o f  Fig.  2 A ,  trace  A,  so l id  l ine,  c l o s e d  c irc les  to  t h a t  o f  Fig.  2 A ,  trace  B. Extra  care was  t a k e n  to  
m e a s u r e  t h e  s a m p l e  t e m p e r a t u r e  in th i s  case .  A water- f i l l ed  E P R  t u b e  was  u s e d  in w h i c h  t w o  ca l ibrated  
c a r b o n  resistors  w e r e  p l a c e d  o n e  just  b e l o w  a n d  o n e  just  a b o v e  t h e  m e a s u r i n g  area o f  t h e  E P R  cav i ty .  A t  

e a c h  t e m p e r a t u r e  th is  t u b e  w a s  inser ted  in  t h e  f l o w  D e w a r  i m m e d i a t e l y  a f ter  t h e  s a m p l e  t u b e  h a d  b e e n  
r e m o v e  a n d  t h e  m e a n  value o f  t h e  res i s tances  o f  b o t h  res istors  w a s  u s e d  to  c o m p u t e  the  t e m p e r a t u r e  
d i f f e r e n c e  b e t w e e n  t h e  s a m p l e  a n d  t h e  t e m p e r a t u r e  r o u t i n e l y  read via a c a r b o n  res i s tor  b e l o w  t h e  s a m p l e .  
T h e  e x p e r i m e n t a l  c o n d i t i o n s  ( h e l i u m  f l o w  s p e e d )  w i t h i n  t h e  cav i ty  w e r e  n o t  c h a n g e d  dur ing  th is  r e a d o u t ,  
e x c e p t  t h a t  n o  m i c r o w a v e  p o w e r  w a s  present .  A S = 0 . 5  s y s t e m  wil l  give a h o r i z o n t a l  l ine  in  th is  t y p e  o f  
p l o t  i f  n o  l ine  w i d t h  c h a n g e s  t a k e  p lace  d u e  t o  r e l a x a t i o n  b r o a d e n i n g  a n d  n o  passage  e f f e c t s  occur .  T h e  
decrease  in a m p l i t u d e  o f  t h e  gz = 2 . 0 2  and  g y  = 1 . 9 3  l ines  t o w a r d s  h i g h e r  t e m p e r a t u r e s  is in part d u e  to  
u n d e r l y i n g  l ines  o f  the  c lus ters  1 and  2 o f  Q H 2 : c y t o c h r o m e  c o x i d o r e d u c t a s e  [ 3 7 ]  t h a t  are k n o w n  to  
b r o a d e n  at t h e s e  t e m p e r a t u r e s .  S y m b o l s  used:  A,  a m p l i t u d e : ;  T a n d  t e m p . ,  t e m p e r a t u r e  in  K ;  P ,  m i c r o -  

wave  p o w e r  i n  r o W ;  a . u . ,  arbitrary uni t s .  
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succinate dehydrogenase in Fig. 2A are so prominent  that  the parameters 
needed for the simulation (g values and widths of  the lines) are easily obtained 
from and corrected to these experimental spectra. This is not  possible for the 
spectrum of  the [4Fe-4S] cluster. To ensure that  maximal oxidation was 
obtained, K3Fe(CN)6 was added to the preparations, resulting in a relatively 
intense radical signal (see e.g. Fig. 1B). The radical is due to a semiquinone 
form of  Q-10, as shown by the fact that  it was absent in Q-10-free preparations. 
This signal made it impossible to obtain the simulation parameters from such a 
spectrum. The apparent width of  the peak at g = 2.02 of  the signal of  the 
[4Fe-4S] cluster decreases noticeably on going from 13 to 4.2 K. The latter 
temperature was therefore always used to record spectra for quantitation of 
this Fe-S cluster. An experimental line shape, kindly provided by Dr. H. 
Beinert, of  the [4Fe-4S] cluster as present in Complex II was used to obtain a 

. . . .  , . . . .  I . . . .  , . . . .  . . . .  I 
• I 2 . 0  I ,  I .8 
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Fig. 5. E f fec t  of  low r e d o x  po ten t i a l s  on  t he  spin-lat t ice r e l axa t ion  of  the  [2Fe-2S]  c lus ter  of  succ ina te  
d e h y d r o g e n a s e .  T race  A: EPR s p e c t r u m  of  the  s ame  sample  as used for  Fig. 2A,  Trace  A, solid line. 
T race  B: s a m e  sample  as used  for  Fig. 2A, t race  B. Trace  C: C o m p l e x  I I - I I I  r e d u c e d  wi th  H2 ,  c a t a l y z e d  b y  
h y d r o g e n a s e  and  0.8 m M  benzy lv io logen .  C o m p l e x  I I - I I I  was p laced  in a side a r m  of a H2-fi l led T h u n b e r g  
cell a t t a c h e d  to  an  EPR tube .  This a rm  was  k e p t  in ice-water .  A n o t h e r  a r m  c o n t a i n e d  h y d r o g e n a s e  f r o m  
C h r o m a t i u m  v inosum pur i f i ed  to  a s tage whe re  no  o t h e r  EPR signals b u t  t ha t  f r o m  its o w n  Fe-S c lus ter  
cou ld  be de t ec t ed .  T he  a m o u n t  o f  h y d r o g e n a s e  used  gave an  u p t a k e  of  27 /~I H 2 g a s /min  at  30°C  w h e n  
assayed  in a Warburg  vessel wi th  5 m M  m e t h y l e n e  b lue  as accep to r .  Benzy lv io logen  was a d d e d  to the  
h y d r o g e n a s e  and  t he  m i x t u r e  was  k e p t  at  r o o m  t e m p e r a t u r e .  Af t e r  10 m i n  the  h y d r o g e n a s e  was  ac t i va t ed  
as seen  f r o m  t he  purp le  c o l o u r  of  the  r e d u c e d  benzy lv io logen .  Af t e r  1 h the  c o n t e n t s  of  the  t w o  side a r m s  
were  mixed ,  k e p t  for  5 m i n  a t  r o o m  t e m p e r a t u r e  and  t h e n  f rozen  in l iquid n i t rogen .  The  f rozen  m i x t u r e  
was  still purp le ,  ind ica t ing  t h a t  its r e d o x  po t e n t i a l  was  equal  to  or  less t h a n  t h a t  of  benzy lv io logen  (E~ = 
- -350  m V ) .  EPR cond i t ions :  F, 9331  MHz; T, 11 K;  P, 151 mW;  MA, 0 .63  m T ;  SR,  50 m T / m i n .  Th e  gain 
fo r  t he  t races  A and  B is t he  same.  T h a t  fo r  t race  C is ad jus ted  to  co r r ec t  for  d i lu t ion .  The  radica l  signal 
in t r ace  C rep resen t s  r e d u c e d  benzy lv io logen .  The  EPR cond i t i ons  were  chosen  such as de l ibe ra te ly  to  
sa tu ra t e  pa r t l y  aH the  signals, so t h a t  r e l axa t i on  d i f fe rences  are  d i rec t ly  expressed  in size an d  shape  of  the  
signals. H y d r o g e n a s e  f r o m  C. v inosum exhib i t s  n o  EPR signals in the  r e d u c e d  s ta te  [ 3 1 ] .  

Fig. 6. C o m p u t e r  s imu la t i on  o f  the  EPR s p e c t r u m  of the  [4Fe-4S]  c lus te r  of  succ ina te  d e h y d r o g e n a s e  as 
p r e sen t  in i so la ted  C o m p l e x  II. (A)  Trace  A, solid line: e x p e r i m e n t a l  s p e c t r u m  of  C o m p l e x  II. EPR condi-  
t ions:  F, 9 2 0 6  MHz; T,  5.5 K; P, 0 .3/~W; MA, 0 .8  m T / S R ,  10 m T / m i n .  This t race  was  k ind ly  p rov ided  b y  
Dr. H. Beiner t .  (B) Trace  A, d o t t e d  line and  t race  B: s imula t ion .  The  p a r a m e t e r s  used  were :  g x , y , z  = 
2 . 0 1 7 7 5 ,  2 . 0 1 1 5 5 ,  1 . 9 9 0 1 3  a nd  wid ths  (x ,y ,z )  = 1.4 roT, 2 .5  roT,  5.0 m T .  No good  fit cou ld  be  o b t a i n e d  
wi th  gz > gx.  T he  g va lues  used  are n o t  necessar i ly  the  t rue  g values  for  reasons  exp la ined  in [ 5 2 ] .  Each  
divis ion on  t he  g va lue  scale is 0 .01.  



18 

T A B L E  I 

S T O I C H I O M E T R Y  OF T H E  P R O S T H E T I C  G R O U P S  OF S U C C I N A T E  D E H Y ' D R O G E N A S E  IN ISO- 
L A T E D  S U C C I N A T E - C Y T O C H R O M E  c O X I D O R E D U C T A S E  

[2Fe-2S]  r ep resen t s  the  c o n c e n t r a t i o n  of  the  clusters  obse rved  wi th  suce ina te ,  [2Fe-2S]  * the  concen t r a -  
t ion  obse rved  wi th  d i th ion i te .  P repa ra t i on  No. 2 was  used  for  the  s tudies  in Figs. 2--5 .  

P repa ra t ion  No.  [2Fe-2S]  * [4Fe-4S]  [2Fe-2S]  * 

[2Fe-2S]  [ 2 F e - 2 S ] *  F A D  

1 1.1 1.0 1.3 
2 1.1 1.0 1.1 

good fitting simulation (see Fig. 6). Since Complex II contains no Q-10 [38,7] 
this shape is free from the disturbing radical signal. 

The simulations of Figs. 2B and 6 were then used to quantitate the various 
signals of the clusters in the experimental spectra of Complex II-III and sub- 
mitochondrial particles (see Materials and Methods). For two preparations of 
Complex II-III the relative concentrations of the prosthetic groups are given in 
Table I. All prosthetic groups appear to be present in the same concentration. 

Succinate dehydrogenase in submitochondrial particles 
Fig. 7 shows that  also with particles no effect of dithionite was seen on the 

intensity of the signal of cluster 1 of succinate dehydrogenase as produced by 
succinate. The shift of the gx to lower field is the same as noticed with 
Complex II-III as is the effect on the spin-lattice relaxation time. In Fig. 7 the 
amplitudes of the gz at 2.025 and the gy at 1.93 are most indicative for the 
absence of  any effect of dithionite on the signal intensity. The Fe-S clusters of 
the mitochondrial outer membrane [39,36] are completely reduced by 

I . . . .  I . . . .  I . . . .  I . . . .  I 

I 2 , 0  ! ,9  
I . . . .  I i l l l l l i , , I , , , i i  

I 2 . 0  1 . 9  

Fig. 7. Ef fec t  of  d i th ioni te  on  the  EPR s p e c t r u m  of succ ina te  d e h y d r o g e n a s e  in s u b m i t o c h o n d r i a l  
part icles.  A ( lef t  panel ) ,  t r ace  A: Mg-ATP par t ic les  (45  m g  p r o t e i n / m l )  in 0 .25  M sucrose ,  10 m M  MgC12 
were  i ncuba t ed  wi th  60  m M  succ ina te  for  15 rain a t  30°C.  Trace  B: Mg-ATP par t ic les  r e d u c e d  wi th  
d i th ion i te  fo r  I ra in  at  0°C. B (r ight  panel )  as A, b u t  n o w  for  A-par t ic les  (37 m g  p r o t e i n / m l )  in 0 .25  M 
sucrose.  EPR cond i t ions :  F, 9 1 5 8  MHz;  T,  81 K;  P, 63 roW; MA, 1 .25  roT;  SR, 50 roT/ra in .  Th e  gain is 
the  s a m e  for  each  pair  of  spect ra .  



19 

T A B L E  II  

S T O I C H I O M E T R Y  OF T H E  P R O S T H E T I C  G R O U P S  OF S U C C I N A T E  D E H Y D R O G E N A S E  AS 
P R E S E N T  IN BEEF H E A R T  S U B M I T O C H O N D R I A L  P A R T I C L E S  

[2Fe-2S]  represents  the concentra t ion  obta ined  wi th  succinate ,  [2FE-2S]  * represents  the  concentra t ion  
obta ined  with  di thioni te  

Prepa ra t i on  No. [2Fe-2S]  * [4Fe-4S]  [2Fe-2S]  * 

[2Fe-2S]  [2Fe-2S]  * F A D  

1 0 .95  1 .02  0 .99  
2 1 .06  0 .95  0 .93  
3 1 .20  1 .00  1 .04  
4 1.21 0.97 1 .02  
5 1 .24  1 .04  0 .88  
6 1 .15  0 .92  1.33 
7 1.21 0 .99  1 .10  
8 0 .92  1.11 0 .95  
9 1 .00  1 .22  0.91 

10  1 .34  1 .00  1.07 
Mean value * 1 .13  (0 .14)  1 .02  (0 .09)  1 .02  (0 .13)  

* The  n u m b e r  in parenthesis  is the  standard deviat ion  o f  the data using N-1 weighting.  

succinate under the conditions used as seen from the lines at 2.01 and 1.89. 
The clusters l a  and lb  of  NADH dehydrogenase [34] are not  reducible by 
succinate and their reduction by dithionite proceeds only very slowly at 
0--4°C. It is notewor thy  that  dithionite had no detectable effect on the shape 
of  the signal of  succinate dehydrogenase in particles from the yeast Candida 
utilis (see Fig. 5 of  Ref. 15). In the course of the present study the effect of 
dithionite on the relaxation behaviour of cluster 1 in these yeast particles was 
found to be similar to that  of particles from beef heart and Complex II-III. 

The concentrations of the prosthetic groups of succinate dehydrogenase has 
been determined in ten different preparations of submitochondrial particles. 
The results are given in Table II. It is clear that  the total amounts of FAD, 
[2Fe-2S] cluster and [4Fe-4S] cluster are precisely the same and that  cluster 
2 is absent. 

At tempts  to induce cluster 2 and to understand the stoichiometry established 
for soluble preparations 

Since it is clear that  the ratio of the prosthetic group concentrations FAD/ 
[2Fe-2S]/[4Fe-4S] is 1 : 1 : 1  in both particles and Complex II-III, the 
problem arises of  correlating this with the many experimental data on soluble 
enzyme preparations of  reconstitutively active succinate dehydrogenase 
[20--23] where a ratio FAD/[2Fe-2S]/[4Fe-4S] of 1 : 1.2--1.8 : E1 is found. 
Several possibilities are open: 

(1) During the various purification procedures for the soluble enzyme, part 
of  the FAD might be selectively destroyed along with the oxygen-labile 
[4Fe-4S] cluster. 

(2) Part of  the FAD might be solubilized in a form not  precipitable by tri- 
chloroacetic acid, and would no longer be recognized as covalently linked FAD. 
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As with the first possibility, part of  the [4Fe-4S] cluster might also be 
destroyed. 

(3) The isolation procedure has no effect on the FAD, cluster 1 and the 
[4Fe-4S] cluster, but cluster 2 is EPR-invisible in preparations like the ones 
used in this paper and only shows up in EPR spectra once the enzyme is in a 
soluble form. 

Undoubtedly the most drastic step in the various purification procedures for 
succinate dehydrogenase is the extraction of  the enzyme from the mito- 
chondrial inner membrane at pH values higher than 9 with or without the use 
of organic solvents or by treatment with KCN [4].  It was decided, therefore, 
to fol low the behaviour of  the prosthetic groups of  the enzyme after treatment 
of malonate-activated particles in three different ways: 

(a) Incubation of particles with 50 mM KCN at pH 8.0 and 30°C for 45 min. 
Under these conditions succinate dehydrogenase irreversibly dissociates from 
the membrane in a reconstitutively inactive form [40,41,18] .  

(b) Partial dissociation of  the enzyme from particles at high pH in the pres- 
ence of  succinate and under exclusion of  oxygen. This type of  dissociation is 
reversed when the pH is lowered subsequently [4]. The soluble enzyme 
produced in this way is active in reconstitution. 

(c) Dissociation of the enzyme from particles at high pH in air and in the 
absence of succinate. These conditions are known to severely inactivate the 
enzyme [4]. 

The results of  these treatments on the FAD, the [2Fe-2S] clusters reducible 

T A B L E  III 

E F F E C T  O F  K C N  A N D  A L K A L I  O N  T H E  P R O S T H E T I C  G R O U P S  O F  S U C C I N A T E  D E H Y D R O G E N -  

A S E  IN S U B M I T O C H O N D R I A L  P A R T I C L E S  

(B) K C N  t r e a t m e n t :  m a l o n a t e - t r e a t e d  part ic les  in 0 . 2 5  M s u c r o s e ,  50  m M  Tr is -HCl  b u f f e r  (pH 8 .0 )  w e r e  
incubated  in an EPR tube  w i t h  50  m M  K C N  (pH 8)  fo r  4 5  rain at  3 0 ° C .  (C) Alkal i  t r e a t m e n t :  part ic les  
w e r e  m i x e d  w i t h  4 0  m M  suec inate  under  a N 2 a t m o s p h e r e .  The  suspens ion  wa s  then  brought  to  p H  9 . 8  
w i t h  1 M N a O H  and k e p t  for  4 5  rain at  0 ° C .  Past o f  th e  suspens ion  w a s  t h e n  neutra l ized  to  p H  8 .0  w i t h  
1 M HCI w i t h o u t  precaut ions  to  e x c l u d e  air .  (D)  Particles  w e r e  t rea ted  as under  (C) but  in air and w i t h o u t  
added  suce inate .  To  d e t e r m i n e  the  suec inate -reduc ib le  [ 2 F e - 2 S ]  c luster  c o n c e n t r a t i o n ,  samples  w e r e  
reduced  w i t h  4 0  m M  suec inate  for  1 5  rain at 3 0 ° C  (B a n d  D) .  The samples  o f  (C)  w e r e  d irect ly  used.  The  
to ta l  a m o u n t  o f  reduc ib le  [ 2 F e - 2 S ]  c luster ,  ind icated  in the  table  as [ 2 F e - 2 S ]  *, wa s  d e t e r m i n e d  after  
r e d u c t i o n  o f  samples  w i t h  a f e w  grains o f  d i th ionate  for  1 rain at  0 ° C .  To  obta in  the  [ 4 F e - 4 S ]  c luster  
c o n c e n t r a t i o n ,  samples  w e r e  m i x e d  w i t h  0 . 8  m M  K 3 F e ( C N )  6 f o r  1 m i n  at 0 ° C .  All c o n c e n t r a t i o n s  given in 

the  table  are correc t ed  for  d i lut ions .  

Mixture  C o n c e n t r a t i o n  (~tM) R a t i o :  
[ 2 F e - 2 S ]  * 

[ 2 F e - 2 S ]  [ 2 F e - 2 S ]  * [ 4 F e - 4 S ]  F A D  [ 2 F e - 2 S ]  

A Particles ,  con tro l  9 .2  

B(1)  K C N ,  0 m i n ,  0 ° C  8.9  
B(2)  K C N ,  4 5  m i n ,  3 0 ° C  8 .3  

C(1 )  p H  9 .8 ,  4 5  r a in  0 ° C ,  N 2 9 .5  
C(2)  as C(1) ,  then  neutra l i zed  6 .5  

D(1 )  p H  9 .8 ,  4 5  m i n ,  0 ° C ,  a i r  7 .5  
D(2 )  as D(1 ) ,  t h e n  neutra l i zed  4 .0  

8 . 5  1 0 . 3  8 .9  0 .9  

9.1  - -  8 .9  1 .0  
9 .2  0 9 .0  1.1 

9 .1  - -  7 .9  1 .0  
6 .9  - -  8 .2  1.1 

8 .8  0 8 .1  1 .2  
6.3 0 8.0 1.6 
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by succinate or dithionite and the [4Fe-4S] clusters are summarized in Table 
III. All analyses were carried out on the total mixtures, so that any destruction 
of  components or induction of  new EPR signals can be observed directly. 

The only effect that KCN brings about is a total destruction of  the [4Fe-4S] 
clusters. Prolonged treatment of  the enzyme at pH 9.8 seems slightly to affect 
the amount of  detectable covalently linked FAD. In all cases a loss of about 
10% was noticed. When succinate was present and oxygen was excluded, no 
effect was observed on the total concentration of  the [2Fe-2S] clusters, nor on 
their reducibility by succinate. Neutralization of the mixture in air causes the 
loss of  about 30% of  these clusters, the remaining clusters still being fully 
reduced by succinate. The behaviour of  the [4Fe-4S] clusters was not followed 
in this case since 40 mM succinate was present in the mixture. As expected 
exposure of particles to pH 9.8 in air completely destroyed the [4Fe-4S] 
clusters, but surprisingly the total amount of  [2Fe-2S] clusters did not change 
and was nearly totally reducible by succinate. After neutralizing the mixture, 
considerable damage took place and only 70% was recovered. Since less than 
2/3 of  the [2Fe-2S] clusters could be reduced with succinate, the mixture D(2) 
from Table III indeed contained [2Fe-2S] clusters with the characteristics of  
cluster 2. From the absolute concentrations, however, it is easily seen that 
these are in fact clusters 1 that for some reason can no longer be reduced by 
succinate. 

The effect of  the critical first step of the Complex II preparation procedure 
[38] on the prosthetic groups was also studied (Table IV). Although the 

T A B L E  I V  

E F F E C T  O F  T H E  F I R S T  S T E P  O F  T H E  I S O L A T I O N  P R O C E D U R E  O F  C O M P L E X  I I  [ 3 8 ]  O N  T H E  

P R O S T H E T I C  G R O U P S  O F  S U C C I N A T E  D E H Y D R O G E N A S E  I N  S U B M I T O C H O N D R I A L  P A R T I C L E S  

Particles  w e r e  s us pended  in a supernatant ,  ana logous  to  th e  'Sharpies  e f f luen t '  o f  [ 3 8 ] ,  originat ing f r o m  
the  first 1 5  0 0 0  × g centr i fuga t ion  s tep  in a r ou t in e  i so la t ion  p r o c e d u r e  o f  bee f -hear t  m i t o c h o n d r i a .  Af t er  
a d d i t i o n  o f  1 0  ~tM CaCI 2 the  t h i c k  suspens ion  was  f rozen  at - - 2 0 ° C  for  4 8  h .  The suspens ion  wa s  t h e n  
s tored  at 4 ° C  overnight ,  a zero t i m e  c o n t r o l  s a m p l e  was  w i t h d r a w n ,  0 . 4  v o l u m e  o f  1 M p o t a s s i u m  phos -  
phate  buf fer  ( pH  7 . 4 )  was  added  and th e  m i x t u r e  was  i n c u b a t e d  for  1 5  rain at 3 8 ° C .  Cho la te  was  t h e n  
added  to  a f inal  c o n c e n t r a t i o n  o f  2 .6% and at th e  ind ica ted  t i m e s  samples  w e r e  ta ken  to  mea sure  the  suc- 
c i n a t e - p h e n a z i n e m e t h o s u l p h a t e  reductase  reac t ion  [6 ]  at  a f ixed  a c c e p t o r  c o n c e n t r a t i o n  (1 r a M )  and 
f r o m  a dupl ica te  e x p e r i m e n t  sam p le s  w e r e  w i t h d r a w n  for  d e t e r m i n a t i o n  o f  the  three  pros the t i c  groups .  
The [ 2 F e - 2 S ]  c lusters  w e r e  d e t e r m i n e d  af ter  i n c u b a t i o n  w i t h  4 0  m M  succ ina te  for  1 0  rain at  3 0 ° C ,  the  
[ 2 F e - 2 S ]  * clusters  a f ter  m i x i n g  w i t h  sol id d i th ion i t e  for  1 rain at  0 ° C  and the  [ 4 F e - 4 S ]  c lusters  a f ter  
m i x i n g  w i t h  4 0 / ~ M  K 3 F e ( C N ) 6  f o r  1 rain at  0 ° C .  

T i m e  T r e a t m e n t  Ac t iv i ty  C o n c e n t r a t i o n  (/zM) 
( m i n )  (%) 

[ 2 F e - 2 S ]  [ 2 F e - 2 S ]  * [ 4 F e - 4 S ]  F A D  

0 c o n t r o l  1 0 0  - -  - -  - -  9 . 0  

0 + p h o s p h a t e  99  8 .2  1 0 . 3  1 1 . 0  9 . 6  
1 5  - -  1 1 5  . . . .  

1 5  + c h o l a t e  . . . . .  

2 5  - -  77  1 0 . 3  10 .1  1 1 . 7  8 .7  
3 5  - -  6 0  8 .9  1 0 . 5  1 1 . 9  9 . 4  

4 5  - -  6 0  8 .9  1 0 . 4  1 0 . 8  9 . 2  
5 5  - -  4 8  . . . .  

6 5  - -  4 5  7 .2  9 . 0  9 .3  8 .4  
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succinate-phenazinemethosulphate oxidoreductase activity dropped gradually 
to half the initial value, no change in the concentration of  the three prosthetic 
groups, nor induction of cluster 2 was observed during the first 30 min in the 
presence of cholate. Since incubation for 15 min in the presence of  cholate is 
sufficient for a successful isolation of Complex II [38], cluster 2 present in 
purified Complex II [20--23] must be induced later on in the procedure. It was 
not  possible to check the effect on succinate dehydrogenase of the other 
drastic step in the Complex II isolation procedure namely extraction with 
organic solvents. Treatment of  inner membrane preparations with 30% (v/v) 
ethanol and 50% (v/v) cyclohexane resulted in such a drastic effect on other 
metal-containing components of the preparation with the appearance of new 
intense signals, that  quantitation of  the EPR signals of succinate dehydrogenase 
was impossible. 

The conclusion from the experiments in Tables III and IV is that  FAD is 
neither destroyed nor solubilized. The [4Fe-4S] cluster is most labile and is 
easily destroyed by the KCN treatment  or by oxygen at pH 9.8, The [2Fe-2S] 
cluster is much more stable and can survive at pH 9.8 in air for 45 min at 0°C. 
The possibility of  an EPR-invisible [2Fe-2S] cluster can clearly be ruled out. 

Solubilization of  the enzymes thus gives no clue as to why the total amount  
of [2Fe-2S] clusters in the various purified preparations of succinate dehydro- 
genase is 1.2--1.8 times that of  FAD. The procedures used in fact leave the 
ratio FAD/[2Fe-2S] = 1 : 1 intact. Separation of the soluble enzyme from the 
mixtures described in Table III was, therefore, undertaken. The results of an 
(NH4)2SO4 fractionation of the material solubilized by KCN is shown in 
Table V. As expected i40,41,18] the 30--60% satd. (NH4)2SO4 fraction 
contained the succinate dehydrogenase. The amounts of EPR signal induced by 
succinate and dithionite were the same, at both 50 and 11 K, with no sign of 
cluster 2. The flavin content  of  this fraction is about 50% higher than that of 
the [2Fe-2S] cluster, whereas the extracted particles contained 40% more 
[2Fe-2S] cluster than flavin. These ratios are more drastically changed in the 
fractions obtained after alkali t reatment  in air (Table V). In this case, the 
0--30% satd. (NH4)2SO4 fraction is particularly rich in FAD whereas the non- 
soluble fraction is rich in [2Fe-2S] clusters. In all fractions succinate could 
only partly reduce the [2Fe-2S] clusters and much of cluster 2 is induced. 
However, comparison with the results of  the mixtures D(1) and D(2) of  Table 
III shows that  these clusters are in fact clusters 1 that  can no longer be reduced 
by succinate, as the total amount  of  [2Fe-2S] clusters did not  increase. The 
fraction precipitating between 30--50% satd. (NH4)2SO4 has a solubility most 
closely resembling that  of succinate dehydrogenase. Its composition is similar 
to that  of the KCN enzyme, although less than 60% of the [2Fe-2S] clusters 
are reduced by succinate. 

The third type of  crude enzyme was obtained from heart muscle preparation 
in a way similar to the procedure described by King [4]. Again the total 
amount  of [2Fe-2S] clusters (Table V, fraction C) was less than the FAD. 
Probably due to the presence of  succinate and the absence of oxygen during 
the extraction of the enzyme and during subsequent neutralization of the 
extract, nearly all the [2Fe-2S] clusters remained reducible by succinate. 

Table V shows that  the firm at tachment  of  the protein moieties to which the 
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T A B L E  V 

T H E  S T O I C H I O M E T R Y  OF T H E  P R O S T H E T I C  G R O U P S  OF S U C C I N A T E  D E H Y D R O G E N A S E  IN 
V A R I O U S  ( N H 4 ) 2 S O  4 F R A C T I O N S  OF KCN OR A L K A L I  T R E A T E D  S U B M I T O C H O N D R I A L  PAR-  

T I C L E S  

A and  B: The  KCN t r e a t m e n t  was as in Table  I I I (B) ,  the  alkali  t r e a t m e n t  as in Table  I I I ( D )  b u t  a t  p H  9.9,  
b o t h  n o w  at  a p r epa ra t i ve  scale. The  e x t r a c t e d  par t ic les  were  p rec ip i t a t ed  b y  cen t r i fuga t i on  (30 rain,  
100  000  X g) and  w a s h e d  once  wi th  0 .25  M sucrose ,  50 raM Tris-HC1 b u f f e r  (pH 8.0) .  The  s u p e r n a t a n t ,  
t ha t  in t he  case of  t he  alkali  t r e a t m e n t  was  first neu t ra l i zed  to  pH 7.5,  was  f r a c t i o n a t e d  w i t h  solid 
( N H 4 ) 2 S O  4. All f rac t ions  were  t a k e n  up in the  sucrose-Tris  m e d i u m .  C: hea r t  musc le  p r e p a r a t i o n  [28 ]  
was w a s h e d  3 t imes  w i th  50 raM po t a s s ium p h o s p h a t e  b u f f e r  (pH 7.5) .  Succ ina te  (60  raM) was a d d e d  and  
the  suspens ion  ( abou t  10 m g  pro te in / ra l )  was p laced  in a t w o - n e c k  glass b o t t l e  u n d e r  a he l ium a t m o s p h e r e .  
I t  was  h e a t e d  to  30°C  for  15  rain u n d e r  c o n t i n u o u s  st i rr ing to  ac t iva te  succ ina te  d e h y d r o g c n a s e  an d  t h e n  
coo led  to  4°C.  N a O H  (1 M) was  a d d e d  unt i l  the  p H  was  9 .95  a n d  the  suspens ion  was cen t r i fuged  (30 ra in ,  
60  000  X g). The  s u p c r n a t a n t  was  neu t r a l i zed  to  pH 7.7 u n d e r  h e l i u m  an d  t h e n  f r a c t i o n a t e d  wi th  solid 
( N H 4 ) 2 S O  4 in air. The  ye l low f rac t ion ,  p rec ip i t a t ing  b e t w e e n  30 an d  50% satd.  ( N H 4 ) 2 S O  4 was t a k e n  up 
in p h o s p h a t e  bu f fe r .  Th~ incuba t ions  to d e t e r m i n e  the  Fe-S c lus ter  c o n c e n t r a t i o n s  were  as in Table  I I I ,  
excep t ,  for  the  K 3 F e ( C N )  6 c o n c e n t r a t i o n  wh ic h  was 8 raM. The  [4Fe-4S]  c lus ter  c o n c e n t r a t i o n  in t h e  
30 - -50% satd.  ( N H 4 ) 2 S O  4 f r ac t ion  was  3.3 /~M. 

F r a c t i o n  C o n c e n t r a t i o n  (~ttM) Rat io  

[2Fe-2S]  [2Fe-2S]  * F A D  [2Fe-2S]  * [2Fe-2S]  * 

[2Fe-2S]  F A D  

A KCN solubi l iza t ion  
A(1 )  E x t r a c t e d  par t ic les  1.2 
A(2) 0 - - 3 0 %  ( N H 4 ) 2 S O  4 0 
A(3 )  30 - -60% (NH 4 ) 2 s O 4  14.1 

B Alkali  so lubi l iza t ion ,  air  
B(1) E x t r a c t e d  par t ic les  1.3 
B(2) 0 - - 3 0 %  ( N H 4 ) 2 S O  4 0.7 
B(3) 30 - -50% ( N H 4 ) 2 S O  4 2.4 

C Alkali  so lubi l iza t ion ,  He 
C(1)  30 - -50% satd.  ( N H 4 ) 2 S O 4  4.3 

1.5 1.1 1.3 1.4 
0 0 .2  - -  - -  

12.3 20.7 0.9 0.6 

4 .5  1.5 3.5 3 .0  
2.5 10 .4  3 . 6  0 .2  
4.3 6.2 1.8 0.7 

4.7 5.9 1.1 0 .8  

FAD molecules and [2Fe-2S] clusters are bound can be weakened under 
certain, rather drastic conditions, causing the appearance of  fractions with a 
s toichiometry considerably deviating from FAD/[2Fe-2S]  = 1 : 1 .  This prob- 
ably explains the variable stoichiometries of  these prosthetic groups reported in 
the literature for the purified soluble preparation of  the enzyme. 

Discussion 

S o m e  c o m m e n t s  on the ev idence  for  cluster 2 as descr ibed in the l i terature 
The first detailed report on cluster 2 of  succinate dehydrogenase [ 5] showed 

that reconstitutively inactive enzyme preparations exhibit 1.6--1.7 times more 
EPR signal with dithionite than with succinate, the total observable [2Fe-2S] 
cluster concentration being only 1.2--1.4 per flavin. The signal enhancement 
can be clearly observed at 30 K. 

The data on the reconstitutively active enzyme are, however, less consistent. 
Whereas Fig. 1 o f  Ref. 5 shows a normal Curie behaviour for the line ampli- 
tudes o f  the dithionite induced signal, implicating that the normalized signal 
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intensity is independent of  temperature, Table II of the same paper reports 
intensity values at T~< 12 K that  are 1.3--1.6 times those observed at 22 K. 
Since the change of line amplitudes can be more accurately determined than the 
change of the direct double integration value of an experimental EPR 
spectrum, the spin concentration data of  Ref. 5 for the reconstitutively active 
enzyme at T ~< 12 K must be considered as incorrect. Since the line amplitudes 
at 33 K of  the dithionite induced signal are only slightly greater than those of 
the succinate induced signal (Fig. 1 of  Ref. 5), whereas the shape of both 
signals is comparable, the signal intensity obtained with both reductants is not  
much different. These data do not  permit the introduction of a second [2Fe- 
2S] cluster in this type of  enzyme. Likewise the presence of cluster 2 in pigeon 
heart mitochondria and submitochondrial particles of  Saccharomyces cerevisiae 
claimed by Ohnishi et al. [5] using the same experimental conditions and 
criteria can be challenged. 

Other investigators [21--23] have carried out more extensive EPR quantita- 
tion on the various types of soluble succinate dehydrogenase and Complex II. 
All enzyme preparations studied showed 1.4--1.5 times more signal with 
dithionite than with succinate. As the values of cluster 1 scatter around i per 
flavin Beinert et al. [23] clearly state that  ' the signal intensity observed in any 
preparation of succinate dehydrogenase we have examined does not  account 
for the presence of two reduced Fe-S centers'. These authors remark, however, 
that  a definite conclusion about the absolute quanti ty is not possible since 
interactions of the kind demonstrated by Ohnishi et al. [5] might diminish the 
signal intensity. 

This last reservation can now be withdrawn, since such spin-spin interactions 
could be only demonstrated in reconstitutively inactive preparations whereas 
the saturation characteristics of the succinate- or dithionite-reduced enzyme are 
independent of  the status of  the enzyme [23] and independent of  the presence 
of succinate-nonreducible [2Fe-2S] clusters (Fig. 3 of the present paper). It is, 
therefore, assumed in the rest of  this discussion that  the quantitations carried 
out by Beinert et al. [21--23] and those reported by Ohnishi et al. [5] at 
temperatures above 20 K represent true concentrations of the [2Fe-2S] 
clusters. It then appears that  the total amount  of [2Fe-2S] clusters found by 
both groups agree quite well on the reconstitutively inactive enzymes and 
Complex II, but that  Ohnishi et al. [5], as pointed out above, in fact find 
practically no cluster 2 in the enzyme active in reconstitution whereas Beinert 
et al. [23] do find some. 

The stoichiometry o f  the prothetic groups as described in the present paper 
It is obvious from Fig. 4 that  the normalized intensity of  the signal of 

succinate dehydrogenase as reduced by dithionite is independent of  the 
observation temperature up to 70 K, provided that  nonsaturating conditions 
are used. This confirms the observations of  Beinert et al. [23]. From Fig. 2 and 
Table I but especially from Table II it is clear that  the total  amount  of  [2Fe- 
2S] cluster detectable in succinate dehydrogenase precisely equals the amount  
of covalently linked flavin, as does the amount  of [4Fe-4S] cluster. That the 
signal obtained with succinate is 88% of the value obtained with dithionite is 
considered to be insignificant. This may be due to several causes such as some 



25 

damage of  the succinate dehydrogenase, insufficiently prolonged incubation of  
the particles with succinate for complete activation of  the enzyme or a small 
systematic error in the procedure used for quantitation, or a combination of  
these factors. 

Under none of  the circumstances used to solubilize the enzyme ,  did the 
overall concentrations of  the FAD, the [2Fe-2S]  clusters and the [4Fe-4S] 
clusters increase (Table III). This excludes the possibility of  an EPR-invisible 
[2Fe-2S] cluster that  would only be observable in the soluble enzyme. A high 
pH in air and in the absence of  succinate causes the complete  disappearance of  
the [4Fe-4S] clusters and partial damage of  the [2Fe-2S] clusters, sometimes 
accompanied by a loss of  reducibility by  succinate/KCN only destroys the 
[4Fe-4S] clusters. 

A rough fractionation of  these mixtures (Table V) indicates that  under some 
conditions protein fractions can be obtained where the [2Fe-2S] cluster 
content  is 3 times that  o f  FAD and other fractions where the FAD concentra- 
tion is 4 times that  of  the [2Fe-2S] cluster. In these cases less than 30% of  the 
[2Fe-2S] clusters were reducible by succinate. These findings make it likely 
that  the [2Fe-2S] cluster is not  attached to the same subunit  as the FAD. This 
is strengthened by the finding that the EPR line shape of  the [2Fe-2S] cluster, 
that  very sensitively reflects small changes in the protein environment of  the 
paramagnet, is no t  noticeably changed in these cases. Such a change would have 
been expected if the separation of  the [2Fe-2S] cluster and the FAD into 
different fractions was the result of  a cleavage, for some reason on another,  o f  
one subunit  containing both  groups. In this context  it is no tewor thy  that the 
concentrat ion of  the  [4Fe-4S] cluster in any fraction or preparation of  
succinate dehydrogenase in this s tudy or in others [11,21--23,25,26] never 
exceeds that  of  FAD. 

Since all preparations of  the soluble enzyme contain only 2 subunits, the 
following location of  the Fe-S clusters is proposed.  The 28 000 dalton subunit  
(further called subunit  B) contains the [2Fe-2S] cluster, whereas the [4Fe-4S] 
cluster is located on the 70 000 dalton subunit  (called subunit  A) that  also 
binds the FAD [8]. The isolated subunit  A is known to contain 4Fe and 4 acid- 
labile S atoms per FAD molecule [8]. The native enzyme molecule is of  the 
form AB, bu t  the soluble preparations described contain 1.2--1.5 times more 
subunit  B than A. The extra B subunits are probably associated with the AB 
molecules to form ABB* molecules, since it is unlikely that  a molecule with a 
molecular weight of  30 000 will copurify with one of  100 000 in an extensive 
purification procedure. The B* subunit  is not  enzymically active and its [2Fe- 
2S] cluster is only reducible by  dithionite. The amount  of  succinate reducible 
[2Fe-2S] cluster will then be equal to the amount  of  FAD as has been experi- 
mentally found for all purified soluble preparations [20--23] .  The ABB* type  
of  molecule will originate from an isolation step, such as an alkaline extraction, 
in which the AB molecule had the chance to dissociate. This proposal is sup- 
por ted by the experimental findings of  Coles et  al. [42,43] that  the stoichio- 
metry  of  the subunits A and B in soluble forms of  succinate dehydrogenase is 
preparation dependent ,  the ratio B/A being between 1 and 2. 

Summarizing the present paper shows that native succinate dehydrogenase 
has the same number  of  each the groups FAD, the [2Fe-2S] cluster and the 
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[4Fe-4S] cluster. Care should be taken to interpret any experiments carried out  
with preparations of  the enzyme having a different prosthetic group composi- 
tion. 

Effect  o f  a low redox potential  on the spin-lattice relaxation o f  Fe-S cluster 1 
As argued above, spin-spin interaction of  the succinate-reducible- and non- 

reducible Fe-S clusters, as demonstrated by Ohnishi et al. [5], cannot be the 
reason for the relaxation enhancement of  cluster 1 at low temperatures, in 
preparations where the succinate-non-reducible cluster is absent. The only 
redox group known to be reduced further by dithionite is the flavin. Succinate 
brings about only a 15--30% decrease of  absorption at 460 nm in the optical 
spectrum of soluble enzymes, whereas with dithionite this decline is more than 
double this amount  [3,44--46]. The intensity of  the radical signal induced by 
succinate suggests that  the flavin is reduced to the semiquinone form [22], It is 
also known that  activation of  the enzyme by reduction as first reported by 
Klaasse and Slater [47], takes place at a redox potential in the range where the 
protein bound histidyl-flavin is expected to become fully reduced [48]. This 
reductive activation has also been demonstrated in particles [49]. 

These facts strongly suggest that  the only effect of  a low redox potential is 
the complete reduction of  the flavin. This causes appreciable changes as is 
apparent from the drastically lowered affinity of  oxaloacetate for the enzyme 
[48,49]. It is proposed here that  these changes in the protein structure are also 
responsible for the altered temperature dependence of  the spin-lattice relaxa- 
tion time of  Fe-S cluster 1 and the small change in EPR line shape of  this 
cluster. The changes in protein structure are quite likely triggered by the 
geometry of  the isoaUoxazine ring system of  the flavin, which is flat in the 
oxidized but bent in the reduced form [50]. It must be noted that  these 
changes are probably not  physiological since no effect on the spin-lattice 
relaxation can be observed in particles or beef heart mitochondria reduced with 
NADH or NAD-linked substrates. This indicates that  the semiquinone form of  
the FAD in the enzyme is flat. The proposal is in line with the conclusions of  
Gutman and Silman [49] that  activation of  succinate dehydrogenase by 
reduced ubiquinone does not  proceed via reduction, but does not  fit the 
detailed mechanistic view of  Gutman (Scheme IV of  Ref. 51) that  is based on 
the assumption that  succinate can reduce the histidyl-flavin to a bent confor- 
mation. 
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