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SUMMARY 

The electron paramagnetic resonance signals of succinate dehydrogenase (succi- 
nate: (acceptor) oxidoreductase, EC 1.3.99.1) were studied during reductive titrations, 
and the kinetics of their appearance and disappearance were followed on rapid reduction 
of the enzyme with succinate and after treatment of the reduced enzyme with ferri- 
cyanide, fumarate or 02. At most I equiv of unpaired electrons per mole of enzyme- 
bound flavin is accounted for in the EPR signal at g = 1.94. Thus, according to present 
information on the structure showing this signal H 2 iron atoms out of the total 6-8 
present per enzyme molecule are involved in the oxidoreductive process observed by 
EPR. Only a fraction (about 16 o / )  of this iron, however, responds rapidly to reduction 
by succinate, whereas after complete reduction with snccinate, reoxidation of a larger 
portion of the iron with ferricyanide and fumarate is rapid. After reduction with 
NADH and phenazine nlethosulfate, reoxidation by fumarate is slow as is reoxidation 
by O 2 under any conditions. During reduction the amount of iron which rapidly reacts 
does not depend on substrate concentration, whereas the extent of free radical for- 
mation does, rising with increasing substrate concentration. The maxinml radical 
concentration observed accounted for 2o 3o% of the bound flavin present. 

INTROI)UCTION 

SINGER AND KEARNEY 1,2 and independently WANG et al. a reported in 1955 that 
preparations of succinate dehydrogenase (succinate: (aeceptor) oxidoreductase, EC 
1.3.99.1 ) contain iron which is not bound to porphyrin. Sut.)sequently, different types 
of succinate dehydrogenase preparations were shown by chemical analysis to contain 
anaounts of iron varying from 2 to 8 iron atoms per mole of flavin a 7. In 196o BEINERT 
AND SAXDS s found a new type of electron paramagnetic resonance (EPR) signal in 
reduced succinate dehydrogenase preparations, which they tentatively attributed to 
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iron. Since then this signal has been seen by other workers 'a-u , and it has been inferred 
from data oll simpler iron-sulfur proteins that  it is due to an iron complex of unknown 
structure, presumably containing sulfur 12-17. 

Kinetic studies by ZEYLEMAKER et al. l"q indicated that all enzyme molecules in 
a preparation as obtained 2° have the same turnover number (5o-65 sec -1 at 25°). 
Incubation of such a preparation with succinate will then convert all enzyme molecules 
into a more active form (i io 13o sec q at 25°) 19. Thus far, except for a preliminary 
statement 18, no kinetic studies on succinate dehydrogenase preparations have been 
published which cover reaction rates of the EPR-detectable components in the time 
range of the turnover of either the activated or not activated form of the enzyme. 

The main reason for the fact that thus tar no such attempts have been made to 
obtain quantitative information on the reaction rates of the components of this other- 
wise thoroughly studied enzyme must be found in the difficulties introduced by this 
"activation" phenomenon. These difficulties have been discussed and summarized by 
SINGER 21. Briefy stated, efficient activators are either substrates or inhibitors of the 
enzyme, and their effect is said to be at least partly reversed after their removal2Z 
Because of the requirements of the EPR technique, it is not feasible to dilute these 
substances out, as is usually done in routine activity assays. Also for the studies 
intended here, the enzyme should obviously not be fully or even partly reduced, which 
again is irrelevant for routine assays. It also appears at this time that certain aspects 
of the activation phenomenon are not completely understood and remain controversial. 

We were not able to overcome these difficulties in a satisfactory manner in the 
present work. Fortunately, however, only the results oll the rates of reduction of the 
various enzyme componeuts can be affected. The enzyme used for reoxidation experi- 
ments must certainly have been activated by exposure to succinate, and the results on 
the titrations should also be free of interference by the activation phenomenon. We, 
nevertheless, present our results on rates of reduction, although their interpretation 
may be ambiguous because of the unknown activation state of the enzyme. However, 
nmch work has been done in the past few years with this and related enzyme prepa- 
rations at similarly poorly defined states of activation, and we feel therefore that the 
data obtained contain useful information on the behavior of succinate dehydrogenase 
under such conditions. 

With these reservations in mind, in this paper we report quantitative data on 
rates and extent of participation of the EPR-detectable components, viz .  the iron 
complex and a free radical, presumably flavin semiquinone, in the turnover of succinate 
dehydrogenase. 

MATERIALS AND METHODS 

The enzyme used in this work was the preparation described by WANG et al. 3 

as modified by DERVARTANIAN AND VEEGER 20. This type of enzyme preparation at the 
purity used contains 4-5/zmoles of flavin and 35-4 o #gatoms of iron per g of protein 7. 
The protein was stored in small lots under liquid N 2 and only thawed once, immediately 
before use. All solutions were o. I M with respect to potassium phosphate buffer (pH 7.4) 
and were equilibrated with "high purity" N 2 unless otherwise specified. Enzyme 
solutions contained I mM EDTA. All manipulations involving the purified enzyme 
were carried out with the exclusion of 0 2 as far as was practical without resorting to 
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elaborate techniques. In tile kinetic experiments, however, previously described 
anaerobic techniques 23 were used. The N 2 gas used in these experiments, as well as in 
the t i trat ions with N A D H  and phenazine methosulfate (PMS) 24, was passed through 
alkaline pyrogallol before use. In  the t i t rat ion the level of  PMS used was quite critical. 
In a total  reaction mixture ofo.275 ml, 5 #1 of a o.ooo2 o{) solution of  PMS were optimal. 

The t i t rat ion procedure using dithionite has been briefly described elsewherel4, ~a 
and will be published in the near future 62. Helium ( < I ppm of 02) was used in this case. 
I ron was determined by  the method of VAN DE BOGART AN1) BEINERT 26. 

The appara tus  and techniques used in E P R  spectroscopy and rapid freezing 
have been described in various recent papers2a,25, 27-al. The cavi ty  used for the measure- 
ments was a s tandard  rectangular V-4531 cavi ty  of Varian Associates with a loaded 
Q of 45oo-5ooo under  the conditions of our experiments. The concentrat ions of reac- 
tants  given are final concentrations,  i.e., after mixing with various additions, by  hand  
or in the rapid mixing apparatus.  As in previous work using the rapid freezing technique 
the reaction times given refer to the times calculated from the dimensions of the 
apparatus  and the speed of the syringe drive but  neglect the unknown freezing time 3~, 
which appears to be less than IO msec. 

The spectra obtained represent the first derivative of the E P R  absorption curve 
(as for instance shown in Fig. 8). In  the evaluat ion of  the data  obtained in the various 
experiments, we have normalized all signal heights tha t  were observed on different 
days, on the basis of a s tandard  of solid copper sulfate and to an enzyme concentrat ion,  
after mixing, of  I2.5 mg/ml, which was representative of the major i ty  of experiments. 
The presence of  isopentane in the frozen nfixtures was also taken into account in this 
normalization. In  agreement with previous work 3° o/ 43 Jo of the volume was found to 
be occupied by  the frozen aqueous phase. The conditions of E P R  spectroscopy chosen 
for normalizat ion were: 23 m W  microwave power; I2 gauss modulat ion ampli tude;  
scanning rate of  IOO gauss/rain; time constant  o. 5 sec; and temperature  98°K. The 
data  from the t i t rat ion experiment of Fig. 3 were t reated separately as the observation 
temperature  was 82°K in this case. 

Since we did not observe any  significant changes in signal shape, the observed 
"heights" of  the derivative signals can be taken to be proportional to signal intensities 
and therewith to concentrat ions of the components  represented. The proport ional i ty  
factors are given by  double integrations of derivative signals of the dehydrogenase 
and comparison with suitable standards.  Thus in the experiment of Fig. 4 the iron 
signal obtained with dithionite corresponds to 3o #M in the sample after mixing, and 
the radical signal obtained at 6 rain with the higher succinate concentrat ion corre- 
sponds to 5.6/~M flavin, H O/:o of the enzwne-bound, flavin present iJz this experiment.  
For the iron signals at g = 1.94 and g --  4.3, a copper E D T A  s tandard  was used ; for 
the radical signals, the flavoprotein from Azotobacter32, a3, which is quant i ta t ively  
converted to the semiquinone by dithionite, was used. The semiquinone concentrat ion 
for this protein can thus be based on a flavin deternfination. For integration, the 
radical signals were measured at Io ~\¥ ,  where saturat ion appears to be < 2o°/,o for 
the enzyme samples as well as for the standard.  Because of the relatively low intensities 
of the signals and the signal-to-noise ratio of the spectrometer,  operation at lower 
power did not result in an advantage  in overall accuracy. With  the iron signals, cor- 
rections were applied for transit ion probabilities ~4 and populat ion of states as far as 
presently known 35. With several substances we have examined ( iron-conalbumin,  
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iron-EDTA), the signal at g = 4.3 only accounted for 3o-5o% of the iron present even 
after the mentioned corrections were applied (cf. refs. 35-37)- We have therefore 
assumed that this same situation holds for the signal of succinate dehydrogenase and 
have made the additional correction of doubling the values in order to approximately 
account for this. The values given in this paper for the signal at g = 4.3 are therefore 
subject to an appreciable uncertainty. The temperature at which reactions were 
allowed to proceed was 22 °. A relative measure of tile spin relaxation rates was ob- 
tained by comparing signal heights over several orders of magnitude of incident micro- 
wave power. The logarithm of the signal height in arbitrary units divided by the 
square root of the power, log (S/~/P) (abscissa), was plotted versus the logarithm of the 
power. Details are found in recent publications 25,as. Light absorption of the liquid 
samples contained in the round quartz tubes, as used for EPR spectroscopy, was 
measured with tile aid of a specially constructed attachment, which will be described 
in the near future 63. 

RESULTS 

EPR signals of succinate dehydrogenase 
The EPR signals of succinate dehydrogenase have been previously de- 

scribedS-l°,13m -41. Tile only EPR signal in the enzyme, as isolated, was that at 
g = 4.3, which is typical of Fe a+ in the high spin state .2. This signal represents an 
amount of iron of the order of the flavin content of the enzyme. This iron is partially 
and slowly reduced by succinate and, when previously reduced, is rapidly reoxidized 
by ferricyanide or fumarate. The significance of this signal is not clear (see DISCUSSION). 

On reduction by substrate or by a chemical reducing agent, a signal at g == 2.00, 
typical of a free radical, can be observed at room 39 and at low temperature s-n, and 
concomitantly a signal appears at g = 1.94 (cf. Fig. 8), which is only seen at low temper- 
ature. It is reasonable to attribute the radical signal to a semiquinoid form of the bound 
flavin of the enzyme. According to the results obtained on simpler iron proteins, 
exhibiting a signal at g = 1.94 on reduction, the corresponding signal of succinate 
dehydrogenase is due to an iron complex12, ~4. For the sake of simplicity, it will be 
called the iron signal, and appearance of this signal will be referred to as indicating 
"iron reduction", although details of the electron distribution in the iron complex are 
not known. The radical signal is rather readily saturated with microwave power at 
the temperature necessary for observation of the iron signal. Saturation is observed 
at powers of 3 io/~W (IIo°K), the lowest at which the signals obtained in this work 
could still be measured with acceptable precision. Saturation varies to some extent 
with the conditions under which the radical is generated, as will be discussed below. 
The iron signal is not saturated at 77°K up to powers of 250 mW but is saturated at 
4°K at powers as low as 3 #W (Fig. I). The power of half saturation (cf. ref. 38) is 
approx. IO #W at 4°K. 

On quantitative determination, maximally 30% of the bound flavin and, after 
reduction with dithionite, maximally 16% of the total iron were accounted for in the 
r e s p e c t i v e  s igna l s .  Low recoveries in the signal at g =~ 1.94 with respect to the total iron 
present have rather generally been observed, particularly with the more complex 
nonheme iron proteins12,25m -46. Possible interpretations of this finding will be offered 
below. In the case of succinate dehydrogenase the low recovery is not due to the 
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EQUIVALENTS PER MOLE OF FLAVIN 

Fig. I. S a t u r a t i o n  of g -- 1.94 signal (g±) of succ ina te  dehydrogenase  a t  4°K. The enzyme  was  
p repa red  accord ing  to  ref. 43. E n z y m e  p repa red  accord ing  to ref. 6 showed the  same behav io r  
wi th in  the  l imi t s  of error  of the  method .  The l o g a r i t h m  of the  power  inc iden t  on the  c a v i t y  
(abscissa) is p lo t t ed  a ga in s t  the  l oga r i t hm of the  ra t io  of s ignal  height ,  in a r b i t r a r y  uni ts ,  to  the  
square  root  of the  power  (ordinate)  (if. refs. 25 and  38). The condi t ions  of E P R  spec t roscopy  
were mic rowave  power  as i nd ica t ed ;  modu la t i on  ampl i tude ,  3.5 gauss ;  scann ing  ra te  approx .  
200 gauss / ra in ;  t ime  c o n s t a n t  0. 3 sec; and  t e m p e r a t u r e  4 ° K. 

Fig. 2. Anaerobic  t i t r a t i o n  of succ ina te  dehydrogenase  wi th  N A D H  as r e d u c t a n t  and  phenaz inc  
me thosu l f a t e  as m e d i a t o r  (if. ref. 24). After  m a n u a l  m ix ing  of the  r e a c t a n t s  in the  dark,  the  
samples  were i n c u b a t e d  in the  d a r k  for I h a t  room t empera tu r e ,  t hen  frozen and  the i r  E P R  
spec t rum was recorded.  The sample  tubes  were s ubsequen t l y  evacua ted ,  filled wi th  N 2 and an 
excess of solid sodium succ ina te  was added  under  N 2 to  each tube,  the  samples  were ref rozen and 
the i r  E P R  spec t rum was recorded.  Signal  (first d e r i v a t i v e  of absorpt ion)  he igh t s  measured  in 
mln  were normal ized  to  rou t ine  se t t ings  of the  E P R  appa ra tus .  Unless o therwise  specified, these 
va lues  refer to  an enzyme  concen t r a t ion  of t2.5 mg p ro te in  per  nil a f ter  mixing ,  a t  a mic rowave  
power  of 23 niW, m o d u l a t i o n  a m p l i t u d e  of I2 gauss, scann ing  ra te  of 200 gauss / in in  and  t ime  
c o n s t a n t  of 0. 5 sec, a t  98°K. In th is  e x p e r i m e n t  as well  as all others,  o. i  M po t a s s ium p h o s p h a t e  
buffer (pH 7.4), con ta in ing  i mM EDTA,  was used for the  enzyme  p repa ra t i ons  and for the  reac- 
t a n t s  the  sanle buffer w i t h o u t  EDTA.  All r e a c t a n t  concen t ra t ions  repor ted  are final, and  the  
t e m p e r a t u r e  a t  m ix ing  was approx.  22 ~'. (7) G, radical  s ignal  ; Q O, iron signal  ; /~ / ~  
radical  s ignal  af ter  add i t ion  r)f solid sncc ina te  (SUC). 

"FABLE I 

C O N C E N T R A T I O N  O F  U N P A I R E D  E L E C T R O N S  I N  S U C C I N A T E  D E H Y D R O G t g N A S E  A F T E R  R E D U C T I O N  V~r lTn 

I ) I T H I O N I T E  

Concen t ra t ions  of iron and  f lavin are de r ived  from pro te in  d e t e r m i n a t i o n  by  the  b iu re t  me thod  
on the  a s s u m p t i o n  of a molecular  we igh t  of 24 ° ooo and i naole of f lavin per  mole of enz3Ine 
(If. ref. 7). 

Iron Flavin Temp.  
(mMJ (raM) ('h') 

Not  de t e rmined  o.123 32 
Not  ( le termined o. 123 8 t 
Not  de t e rmined  o. 123 i o 3 
o.394 o.o6I 8z 

" On ex tens ive  reduct ion  with d i th ion i t e  

Unpaired 
electrons 
in EPI~ 
signal at 
g ~ 1.94 
a ~ d g  ~ 2.oz* 
(raM) 

o.o99 
O. I O  

0.09 
0.065 

radica l  s ignals  a t  g 2 are negligible.  
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temperature dependence of the signal, as shown in Table I. At least at temperatures 
higher than 3o°K the signal merely broadens, probably through increased spin re- 
laxation, but the integrated intensity remains unchanged up to temperatures (about 
Ioo°K) at which broadening sets a practical limit (cf. ref. 40). 

A naerobic reduction 
Titration with N A D H  andphenazine methosulfate. I t  was shown by VAN GELDER 24 

and VAN G E L D E R  AND SLATER 47 that  cytochrome c or cytochrome c oxidase can be 
t i t rated with NADH, when PMS is used as a mediator. At tempts  to apply TM this 
technique to succinate dehydrogenase showed that  the EPR-detectable iron and 
flavin components can indeed be reduced and t i t rated with these reagents, when 
sufficient t ime is allowed for equilibration. Since in approx. 30 rain maximal E P R  
signals were obtained, we rovtinely let the samples stand in the dark for I h at 22 °. 
A ti tration curve is shown in Fig. 2. I t  can be seen that  with i electron equiv of t i t ran t  
the maximal iron signal was produced and that  radical signals were only seen when 
more reduetant was added. The amount of radical at its maximal development 
corresponded to 2 ~o of the bound flavin. This must mean that  out of the approximately 
eight iron atoms that  are present per molecule, the equivalent of at most one is reduced, 
although according to findings with simpler iron proteins14, 4s at least two iron atoms 
may be involved in the one electron process giving rise to the g ~ 1.94 signal. Flavin is 
apparently only reduced after the iron complex has taken up an electron*. Since 
appearance of radical signals does not per se mean reduction, but could equally well 
indicate oxidation, we applied all independent test to the state of the flavin in the 
enzyme at the various stages of the titration. After addition of NADH plus PMS, 
incubation, freezing and measurement,  the sample tubes were kept frozen with solid 
CO 2 and were again evacuated, filled with N 2 and thawed. The tops were removed and, 
while N 2 was blown down into the tubes, a small amount of solid sodium succinate was 
added, and the contents were frozen immediately after mixing (approx. I rain). The 
radical signals observed after this t reatment  are shown by the open triangles in Fig. 2. 
Radical signals, amounting to 8 °/o of the bound flavin, appeared in the samples with 
up to 2 reducing equiv of NADH, whereas with 3 and more reducing equiv of NADH 
present, succinate had less influence on radical concentration. Obviously succinate 
elicits strong radical signals as long as no radical has been formed by  NADH plus PMS, 
whereas succinate in fact diminished the radical concentration, after NADH plus 
PMS has produced maximal radical signals. We take this to indicate that  fla~in was 
indeed left in its oxidized form with I electron equiv of NADH per mole of flavin but 
was reduced with larger quantities of NADH. Under these conditions, succinate served 
only to reduce flavin even further, thus diminishing the signal. 

Titration with sodium dithionite. Fig. 3 shows the results of an anaerobic t i tration 
of succinate dehydrogenase with solid sodium dithionite, diluted to weighable quan- 
tities by KC1. The left-hand side of Fig. 3 refers to the E P R  measurements on the frozen 
samples, while the right-hand side refers to the light absorption measurements on the 

* C h a n g e s  in  t h e  s i g n a l  a t  g - 4.3 w e r e  n o t  m e a s u r e d  d u r i n g  t h i s  t i t r a t i o n .  S i n c e  i t  w a s  
o b s e r v e d  i n  t h e  t i t r a t i o n  w i t h  d i t h i o n i t e  (see b e l o w )  t h a t  f l a v i n  r a d i c a l  is n o t  f o r m e d  u n l e s s  t h e  
i r o n  r e p r e s e n t e d  i n  t h e  s i g n a l  a t  g : 4.3 is r e d u c e d ,  i t  is p o s s i b l e  t h a t  t h e  d e l a y  o f  f l a v i n  r a d i c a l  
f o r m a t i o n ,  p r e s u m a b l y  i n d i c a t i n g  f l a v i n  r e d u c t i o n ,  is r e l a t e d  t o  t h e  b e h a v i o r  o f  t h e  s i g n a l  a t  
g - -  4.3 r a t h e r  t h a n  t o  t h a t  a t  g ~ 1.94.  
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Fig. 3. EPR signal heights observed (luring t i t rat ion of succinate dehydrogenase with dithionite. 
Enzyme, o. 4 mM with respect to iron, was t i t ra ted with solid dithionite, which was diluted to 
weighable quanti t ies by solid KC1 (refs. 14 and 25). Before freezing and observation of the E P R  
spectra, light absorption was measured in the E P R  sample tubes. This was done by an accessory 
to the Cary spectrophotometer,  Model 14, to be described elsewhere (ref. 49)- The effective l ight 
pa th  under these conditions was 2.8 mm. The left side of the figure refers to the E P R  measurements  
and the right side to light absorption. The ordinate referring to the optical measurements gives 
the actual absorbauce values measured under the conditions just  described. The ordinate referring 
to the E P R  nleasurenlents gives the concentrations of the three EPR-detectable  components, as 
calculated from double integrations of the observed signals divided by the total  iron concentra- 
t ion of the preparation, as determined chemically. Note t ha t  the values on the ordinate should 
be divided by io, when applied to the concentration of flavin semiquinone. The conditions of 
E P R  spectroscopy were: microwave power, "27 nlW; nlodulation amplitude, 6 gauss; scanning 
rate, 2oo gauss/min; t ime constant,  o. 5 sec; and temperature  82°K for the signal at  g = 1.94; 
the same conditions, except i2-gauss modulation for the signal a t  g 4.3; and o.2 mW, 6-gauss 
modulation, the sanle scanning rate, and a temperature  of IOI°K for the radical. The symbols 
used in the right half of the figure refer to absorbance at  the wavelengths indicated and those in 
the left half to EPR signals as follows: • . . . . .  • ,  g - 4.3; I I - - - - - - I I ,  g ~.94; A- -A,  radical 
a t g  , 2.o. 

lqg. 4. Signal heights during anaerobic reduction of succinate dehydrogenase at  two levels of 
succinate. Samples were frozen at the times indicated. The conditions of F.PR spectroscopy were 
those of Fig. 2. C) - - ( . , ,  o. 5 mM succinate, radical signal; • - - • ,  o. 5 nlM succinate, iron signal; 

--  - - ~ ,  5 ° mM succinate, radical signal; A- -A ,  5 ° mM succinate, iron signal. 

s a m e  s a m p l e s ,  i m m e d i a t e l y  be fo re  f reez ing .  T h e  E P R  r e s u l t s  s h o w  t h a t  a p o r t i o n  of  

t h e  f i rs t  e q u i v a l e n t s  to  e n t e r  t h e  e n z y m e  is u s e d  for  r e d u c t i o n  of  t h e  h i g h  s p i n  F e  a+ 

r e p r e s e n t e d  in  t h e  s i g n a l  a t  g - -  4.3 a n d  a n o t h e r  p o r t i o n  is a c c o m o d a t e d  in  t h e  i r o n  

c o m p l e x ,  w h i c h  a f t e r  e l e c t r o n  u p t a k e ,  e x h i b i t s  t i le  s i g n a l  a t  g ==- 1.94. 

A c c o r d i n g  to  d o u b l e  i n t e g r a t i o n s  o f  t h e  s igna l s  o b t a i n e d ,  t h e  i n a x i m a l  s i g n a l  

a t  g - -  1 .94 (at  o .92 e q u i v  of  r e d u c t a n t )  a c c o u n t e d  for  I . I  e q u i v  o f  u n p a i r e d  e l e c t r o n s  
p e r  mo le  o f  f l av in  or  1 6 . 5 %  of  t h e  t o t a l  i r on  f o u n d  b y  c h e m i c a l  a n a l y s i s ,  i.e., 1/6 o f  

t h e  i ron .  T h e  s igna l  a t  g 4-3 a c c o u n t e d  for  o . 3 - I  g a t o m  of  i r on  pe r  mo le  o f  f l a v i n  a n d  

t h e  n l a x i m a l  r a d i c a l  s igna l  (a t  o .375 e q u i v  of  r e d u c t a n t )  for  7 %  of  t h e  f l av in  in  t h i s  

p a r t i c u l a r  e x p e r i m e n t ,  w h e r e a s  in  o t h e r  e x p e r i m e n t s  as n m c h  as  2 0 - 3 0  % of  t h e  f l a v i n  

was  a c c o u n t e d  for  in  t h e  r a d i c a l  s igna l  a f t e r  d i t h i o n i t e  r e d u c t i o n .  S ince  t i le  t w o  i ron  

spec ies  a re  p r e s e n t  in  r o u g h l y  e q u a l  a m o u n t s  ( w i t h i n  t h e  l i m i t s  of  e r r o r  of  t h e  de-  

t e r m i n a t i o n  of  t h e  h i g h  s p i n  fe r r ic  species)  t h e  q u e s t i o n  m a y  b e  r a i s e d  w h e t h e r ,  w h e n  

ferr ic ,  t h e  i r on  r e p r e s e n t e d  in  t h e  g = 4.3 spec ies  m a y  b e  t h e  s a m e  t h a t  o n  r e d u c t i o n  

p r o d u c e s  t h e  s igna l  a t  g 1.94. H o w e v e r ,  n e i t h e r  t h e  t i t r a t i o n  c u r v e s  s h o w n  in  
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Fig. 3 nor the kinetic course of the reduction and reoxidation of these two species are 
compatible with the idea that the g = 4.3 species gives rise to the g = 1.94 species 
on reduction. They must be separate entities. It  does, however, appear that the high 
spin ferric species (g = 4.3) may be able to accept electrons via flavin, by intra- or 
intermolecular oxidoreduction since flavin reduction only begins when the high spin 
species is reduced. Similar observations were previously made on NADH-cytochrome 
c reductase 5°. Flavin semiquinone formation is maximal while the g = 1.94 species is 
partly developed. Further reduction of flavin sets in as soon as the iron complex 
(g = 1.94 ) has been saturated with reducing equivalents. With o.55 equiv added per 
iron all EPR-detectable components are reduced. I f  we assume that the enzyme 
contained eight atoms of iron per flavin, o.55 equiv per iron would mean 4-4 equiv 
consumed per flavin. It appears then that of these 4-5 equiv per flavin, 2 are consumed 
in complete reduction of the flavin and approx, i each for production of the g = 1.94 
species and the reduction of the high spin Fe 3÷ (g = 4-3)- The light absorption data 
show, however, that additional electron acceptors are present which are most likely 
additional nonheme iron components. Similar observations have been reported for 
the titration of aldehyde oxidase from rabbit liver 25. 

These observations indicate that those additional nonheme iron components, 
which are not detected by E P R  in our experiments, have an absorptivity of the same 
order of magnitude as the EPR-detectable ones and can therefore not readily be 
distinguished from the latter. I t  appears from the plots of the light absorption data 
at the different wavelengths that the curve describing primarily flavin absorption 
(456 m#) shows a break at the position where flavin reduction is complete, according 
to EPR, in contrast 1 o the curves more related to iron reduction. 

Kinetics of reduction with succinate. Fig. 4 shows the time-course of anaerobic 
reduction of iron and flavin in succinate dehydrogenase at final succinate concen- 
trations of 5o and 0. 5 mM. It  can be seen that both signals appear at similar rates but 
that only a fraction of the maximal iron signal, which can be obtained with dithionite, 
is readily produced initially with succinate. A slow reduction of iron then follows. 
The half-time for the rapid phase of the reduction is of the order of IO msec, in agree- 
ment with the results of measurements by the stopped-flow technique 19. The number 
of observations points is insufficient to make a closer distinction. It is apparent that 
the intensity of the iron signal at early reaction times does not significantly depend 
on the succinate concentration, whereas the radical concentration is 3 times higher 
at the higher succinate level. In the time range of minutes, the higher succinate concen- 
tration also leads to stronger iron signals. The points indicated by the arrows in the 
figure correspond to 3 °/~M iron and 5.6/~M flavin. 

The concentration of enzyme-bound flavin was 52/~M. Enzyme preparations of 
the type used here have a turnover number of approx. 65 moles of succinate per mole 
of flavin and per sec at 25 ° with ferricyanide or PMS as acceptor '~1. Depending on the 
electron accepting and transfer arrangemen~ in the enzyme (cf. footnote 2 of refs. 52 
and 46), one might then expect a cycling of oxidation-reduction catalysts in the enzyme 
every 8-16 msec. The rate of reduction of the components observed in the experiment 
of Fig. 4 at 22 ° is compatible with these numbers derived from overall activity assays. 

An experiment similar to that illustrated in Fig. 4 was carried out with succinate- 
coenzyme Q reductase*. With 20 mM succinate and 5 o/~M enzyme the rapid phase 

" T h e s e  e x p e r i m e n t s  w e r e  d o n e  in  c o l l a b o r a t i o n  w i t h  Dr .  D. M. ZIEGLER. 
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of i ron reduct ion  was 60 % comple ted  in 6 msec and complete  in 60 msec. Semiquinone  
fo rmat ion  followed a s imilar  course and  was max ima l  at  60 msec. The in t ens i ty  of the  
r ap id ly  p roduced  g = 1.94 signal was only I o %  of t ha t  e l ic i ted  b y  di thioni te .  

Dur ing the  anaerobic  reduct ion  of  succinate  dehydrogenase  with D-malate,  
which has been shown to be a subs t r a t e  of the  enzyme 51, only  small  signals were oh- 
served. The iron and  flavin signals deve loped  s imul taneous ly  as wi th  succinate .  At  
x6 msec less than  I %  of  the  m a x i m a l l y  observed  (with succinate) radical  or g = 1.94 
signal  is seen and at  2 sec I 4 ~  o of the radical  and  7% of the  iron signal. The tu rnover  
number  of  D-malate  wi th  succinate  dehydrogenase  is approx.  1.5 mmoles  of  D-malate 
per  mole of flavin and per  sec at  25 ° (cf. ref. 2o). I t  is only  possible to deduce approx-  
imate  ra tes  from the avai lab le  E P R  data ,  bu t  the  E P R  observa t ions  are in general  
agreement  wi th  the  conclusions drawn from overal l  r a te  s tudies  and suppor t  the re- 
la t ionship  to enzyme ac t iv i ty  of the  componen t s  observed  b y  E P R  spect roscopy.  

Reoxidation of reduced enzyme 
Kinetics with ferric/article. The enzyme was reduced anaerobical ly ,  e i ther  wi th  

a small  q u a n t i t y  o f succ ina te  or wi th  N A D H  and PMS and reox ida t ion  of the  enzyme 
was a t t e m p t e d  b y  ferr icyanide,  fumara t e  or 02. 

Fig. 5 shows an exper imen t  wi th  fer r icyanide  or fumara t e  as oxidant .  Since the  
enzyme is reoxidized ve ry  r ap id ly  and is i nac t i va t ed  wi th  large amount s  of ferr icyanide,  
we chose a fe r r icyanide  concent ra t ion  of 0.5 raM, one t en th  of  the  original  succinate  
concentra t ion .  At  the  concen t ra t ion  used (52 #M), t i le enzyme will t u rn  over  approx.  5 
t imes.  F r o m  the tu rnover  number  at  an infinite fe r r icyanide  concent ra t ion ,  it  can be 
concluded t h a t  the  ac t i va t ed  enzyme turns  over  every  8 io  insec. F r o m  the depend-  
ency of the  reac t ion  ra te  on bo th  donor  and  acceptor  concent ra t ions  for this  enzyme ~:~, 
it  can be ca lcu la ted  t ha t  under  the  condi t ions  of the  exper iment  it  t akes  approx .  250 
300 msec for one turnover .  Fig. 5 shows t ha t  ox ida t ion  of the  reduced  enzyme b y  
fe r r icyanide  to a s t e ady - s t a t e  level is approx.  85% complete  in 8 msec, the first point  

o, of measurement .  In  the  s t eady  s ta te  observed af ter  16 msec, the  iron is about  35 /o 
reduced  as compared  to the ini t ia l  reduced enzynle.  As expected,  af ter  500 msec ve ry  
l i t t le  change in s t eady - s t a t e  level is observed;  however  af ter  i .  5 sec the  reduct ion  level 
s t a r t s  to increase. In  the  reduced enzyme 90% of  the  g = 1.94 signal t ha t  can be 
p roduced  b y  d i th ioni te  was observable.  This exper iment  indicates  t ha t  the  reduct ion  
of  the  enzyme is a slower reac t ion  than  reoxida t ion  b y  ferr icyanide.  Similar  obser- 
va t ions  were made  with  N A D H  dehydrogenase  45. 

Kinetics withfumarate. Reox ida t ion  b y  5 mM fumara t e  of  the  iron represen ted  
in the  signal  at  g =  1.94 is a s imi lar ly  r ap id  react ion.  The radical  signal is s l ight ly  
increased with  fumara te .  In  view of  the  ra t io  of the  affinities of succinate  and fumara t e  
(Ko succ ina te /Ki  fmnara t e  - -  27) 5~ for the  dehydrogenase  it is not  surpr is ing  t ha t  at  
an equimolar  ra t io  of these subs t ra tes  reox ida t ion  of the  iron does not  exceed 25 o,/,o. 

In order  to e l iminate  the  compet i t ion  be tween succinate  and fumara te  and  to 
measure  wha t  might  be the  t rue  reox ida t ion  ra te  b y  fumara te ,  in another  exper iment ,  
the  enzyme was anaerobica l ly  reduced with  1. 5 electron of ec[uiv N A D H  (in the  
presence of  PMS) per  bound  flavin and was reoxid ized  wi th  5 mM fumarate .  This is 
shown in Fig. 6. I t  can be seen tha t  r eox ida t ion  b y  fumara t e  is not  a r ap id  react ion 
under  these condit ions.  The ha l f - t ime lies at  approx,  i sec. Unless the low ve loc i ty  of 
reox ida t ion  is due to the  presence of PMS or N A D H ,  this  is an in teres t ing  observa t ion  
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Fig .  5. T i m e - c o u r s e  of  r e o x i d a t i o n  b y  p o t a s s i u m  f e r r i c y a n i d e  or  f u m a r a t e  (FUM),  of  e n z y m e  re- 
d u c e d  b y  i o  m M  s u c c i n a t e .  T h e  c o n d i t i o n s  of  E P R  s p e c t r o s c o p y  w e r e  t h o s e  of  F ig .  2. S y m b o l s  of  
t h e  c u r v e s  r e f e r r i n g  to  r e o x i d a t i o n  b y  f u m a r a t e  (5 mM) a r e :  A - - - - - A ,  f l a v i n  r a d i c a l ;  A - - A ,  
i ron  s igna l .  S y m b o l s  of  t h e  c u r v e s  d e s c r i b i n g  r e o x i d a t i o n  b y  p o t a s s i u m  f e r r i c y a n i d e  (0. 5 raM) 
a re  : ~) - -  0 ,  f l a v i n  r a d i c a l  ; 0 - ~ O ,  i r o n  s igna l .  

F ig .  6. R e o x i d a t i o n  b y  5 m M  f u m a r a t e  of  e n z y m e  r e d u c e d  b y  o. 5 e q u i v  of  N A D H  p e r  m o l e  of  
f l a v i n  as  in  t h e  e x p e r i m e n t  of  F ig .  2. (2) . . . .  (2), r a d i c a l  s i g n a l ;  O - - - O  i ron  s igna l .  T h e  cond i -  
t i o n s  of  E I ) R  s p e c t r o s c o p y  w e r e  t h o s e  of  F ig .  2. 

insofar as it would imply that succinate conditions the enzyme for reoxidation. 
Kinetics with 0~. In a third type of experiment, the enzyme was first reduced 

anaerobically with an excess of succinate and was then mixed with Q-saturated 
buffer. As shown in Fig. 7, 02 causes first a rise and then a fall of the radical concen- 
tration and a decline of the iron signal. This behavior is most easily interpretated as 
a reoxidation, during which the radical passes through a maximum at the state of 
partial reduction and then vanishes as oxidation progresses. The decline of these EPR 
signals in the presence of 02 has also been observed by KING et al. 9. 

In the same series of experiments reoxidation by ferricyanide was repeated 
(Fig. 7) with results analogous to those obtained in Fig. 5. 

Changes in signal shape and spin relaxation rate 
It  was observed that at the earliest times during reoxidation of succinate de- 

hydrogenase, previously reduced with succinate, a change in the shape of the signal 
occurs in the g = 2 region. The effect is more pronounced with ferricyanide than with 
fumarate as oxidant. An example is shown in Fig. 8. The g = 2.Ol peak of the iron 
signal is shifted 5-6 gauss downfield while the flavin signal is shifted by approximately 
half this value. Samples collected at ioo msec after initiation of reoxidation or later 
do not show this effect. No unique explanation can be given for this effect. I t  obviously 
belongs to the class of subtle changes, previously reported on2S,as,4~, 5s which include 
minor, but reproducible, changes in signal shape and electron spin relaxation rates, 
depending on the type of reactants present and on the time allowed for interaction. 

Along these lines differences in electron spin relaxation of the radical signal were 
also observed with succinate dehydrogenase as they were with other flavo- 
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Fig. 7. Effect  of ()~ on the  EPIC signal  he igh t s  of enzyme  reduced by  2.5 mM succinate.  An equal  
vo lume  of buffer s a t u r a t e d  wi th  02 was mixed  wi th  the  anae rob ica l ly  reduced enzyme.  The con- 
d i t ions  of E P R  spec t roscopy  were those  of Fig. 2. A . . . . .  A ,  f lavin rad ica l ;  & - - & ,  iron signal.  
In the  same e x p e r i m e n t  r eox ida t ion  of the  same enzyme  by  o. 5 mM fer r icyanide  was repeated .  
The cor responding  curves  are:  if) (),  rad ica l  s ignal ;  0 - - - 0 ,  iron signal.  

Fig. 8. E P R  spec t ra  (first der iva t ive)  of reduced  succ ina te  dehydrogenase  before and  af ter  
pa r t i a l  r eox ida t ion  by  ferr icyanide .  The condi t ions  of E P R  spec t roscopy  were : mic rowave  power, 
27 m W ;  m o d u l a t i o n  ampl i tude ,  12 gauss ;  scann ing  rate,  2oo gauss  per  rain; and  t e m p e r a t u r e  
IOI ° K for the  two upper  curves  and  scann ing  rate,  ioo  gauss  per  min ;  and  t e m p e r a t u r e  82 ° K 
for the  lowermos t  curves.  The final concen t ra t ions  of r e a c t a n t s  were:  enzyme,  8.65 mg/nd  (approx.  
o.o36 raM); succinate ,  6 raM; ferr icyanide ,  i mM. U p p e r m o s t  curve :  reduced b l ank ;  center  curve :  
8 msec af ter  m ix ing  wi th  fe r r icyan ide  ; b o t t o m  curve  : e x p a n d e d  scan (as indicated)  of the  samples  
used for the  two upper  curves  a t  lower t e m pe r a tu r e ,  showing  de ta i l s  of the  shif ts  of the  peaks  (see 
text) .  The  shif ts  as shown in the  figure are sub jec t  to a n u m b e r  of inaccurac ies  of recording,  
whereas  the  gauss  va lues  g iven  in the  t e x t  a nd  on the  figure were der ived  from m e a s u r e m e n t s  
wi th  a p ro ton  probe. The l a t t e r  va lues  should  therefore  be used for q u a n t i t a t i v e  eva lua t ions .  

proteins2'~,as,46, 54, depending  on condit ions.  The differences were, however,  not  as 
p ronounced  as wi th  a ldehyde  oxidase 2~,a2 or d ihyd roo ro t a t e  dehydrogenasO 6,53. Par t i -  
cularly,  the  presence of  fumara t e  or ferr icyanide  in add i t ion  to succinate  had  l i t t le  
effect, while effects of the  t ime al lowed for in te rac t ion  with  succinate  were more 
pronounced.  

DISCUSSION 

The present  work  has shown tha t  two of the  E P R - d e t e c t a b l e  components  of 
suecinate  dehydrogenase ,  a subs tance  t ha t  can occur in the  form of a s table  free radical ,  
and  iron (g 1.94 ) react  at  ra tes  compat ib le  wi th  the i r  pa r t i c ipa t ion  in the  ca ta ly t i c  
tu rnover  of  the  enzyme.  These two componen t s  are thought  to be the  flavin pros the t ic  
group and an i ron-su l fur  complex of the  k ind  found in several  o ther  nonheme iron 
proteins'2,14,~5,a°,45,46, 4s. A th i rd  E P R - d e t e c t a b l e  component ,  namely  the  high spin 
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Fe 3+ represented by the signal at g = 4.3, is not considered a catalytically significant 
component, as will be discussed below. 

I t  is at first sight disturbing that  only a small fraction of the iron found in the 
enzyme by  chemical analysis reacts rapidly. The following quanti tat ive balance, 
derived from Fig. 4, illustrates this. In this experiment the concentration of bound 
flavin was approx, o.o5 mM so that  8 × o.o5 mM --  o. 4 mM iron should have been 
present. On reduction with dithionite, 3o/~M iron was accounted for in the signal at 
g = 1.94 and 15% of this, o r  I ° / o  of the total iron present, had reacted at 17 msec. 
Although this overall balance may  at first glance suggest that  we are observing a 
negligible and possibly insignificant fraction of a component of the enzyme, the follow- 
ing considerations are pertinent: (I) The titration experiments of Figs. 2 and 3 show 
clearly that  the total observable signal at g = 1.94 is produced by  I equiv only per 
mole of enzyme. This information is independent of absolute quanti tat ive evaluation 
of E P R  signals which may  involve some unknown errors but depends solely on the 
amount of reductant added and on the observation of maximal signal size by  EPR,  
which cannot be significantly in error. When the g --  1.94 signal obtained with i 
reducing equiv per mole was quanti tat ively evaluated, between o.4 and I equiv* were 
accounted for in different experiments. On the basis of this information from the 
t i t rat ion experiment, at most the equivalent of one iron atom per flavin is represented 
in the g = 1.94 signal, which brings the fraction of rapidly reacting iron to 8% of 
that  which we can actually follow by  E P R  spectroscopy. (2) Studies on a variety of 
proteins containing nonheme iron indicate that  the minimum unit required for the 
appearance of the g = 1.94 iron signal on reduction consists of two iron atoms, al- 
though only one electron is taken up by this unit. A similar two-iron unit is very likely 
to be operative in succinate dehydrogenase. The fraction of iron involved in the oxi- 
dation-reduction process is therefore in fact twice that  apparent from quanti tat ive 
determination of the signal. (3) An additional point to be raised here concerns the 
behavior of the iron signal in the reduction experiment of Fig. 4 as compared to the 
reoxidation experiments of Figs. 5 and 7- I t  is evident from these experiments (Figs. 5 
and 7) that  on prolonged exposure (io min) of the enzyme to succinate over 9o% of 
the g = 1.94 signal, which can be produced by  dithionite, does appear. On reoxidation 
with ferricyanide this signal disappears within a few msec (Figs. 5 and 7) and with 
fumarate  a smaller fraction (25 %) also disappears rapidly. While it could be argued 
that  ferricyanide is a chemical oxidant, this argument does not apply to fumarate. 
An explanation for this unusual behavior of the iron signal may be found in the well- 
known requirement of succinate dehydrogenase for "act ivat ion" (cf. refs. 22 and 55). 
I t  is very difficult if not impossible to have preactivated enzyme under the conditions 
of concentration needed for E P R  spectroscopy, without having either substrate 
present (in which case the enzyme would be reduced to start  with), or an inhibitor 
(fumarate, malonate, etc.). I t  is easier to circumvent these problems in the usual 
catalytic assays for enzymes, where substrates or inhibitors can be effectively diluted 
out and the oxidation state of the enzyme at the outset of the experiment is not 
relevant, as only turnover is observed, e.g., by product formation or reduction of an 
acceptor. I t  might thus be suggested that  a fully activated enzyme should have a 

* T h e  h i g h e r  r e c o v e r i e s  w e r e  o b t a i n e d  in  m o r e  r e c e n t  e x p e r i m e n t s ,  w h e n  a n  i m p r o v e d  t e m -  
p e r a t u r e  a n d  h u m i d i t y  c o n t r o l  s y s t e m  a l l o w e d  u s  t o  r e c o r d  s p e c t r a  a t  a p p r o x .  8o  ° K d u r i n g  a l l  
s e a s o n s .  
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larger fraction of rapidly reacting iron colnplex of tile type  producing tile g = 1.94 
signal, a l though we were not able to design experiments to verify" this directly. 

The maximal  free radical in the experiment of Fig. 4 amounted  to I I  o/.,, of the 
total bound flavin and to approx. 2'+~ at 17 msec at o. 5 mM succinate and 6°"o at 5o mM 
succinate. Since it is a feature, to our knowledge only observed with one flavoproteinaa, aa, 
tha t  all the flavin should be present in the semiquinone form, these recoveries appear  
entirely reasonable, 

Two interesting aspects of  the reduction experiment are as follows: (I) the rate 
of formation of the radical and g : -  1.94 signals is independent of  the succinate concen- 
tration, in agreement with tire catalytic lnechanism of ZEYLEMAKER el al.19 and (2) the 
quan t i ty  of radical produced is 3 times higher at the higher succinate concentration.  
The half-time of  appearance of the radical is not  affected by  the succinate concen- 
t rat ion and has within experimental error the same value as tha t  of the appearance 
of the signal at g 1.94. These observations have a number  of  implications and are 
not  readily explained in a unique fashion. In work of the kind described here one nmst 
always be aware of the po:qsibility tha t  different molecular species may  be present 
and that  different signals, which are observed (e.g. the radical and g ~: 1.94 signals), 
do not necessarily originate from the same molecules. Such heterogeneity of species 
could explain the kinetic behavior observed on reduction (Fig. 4)- On the other hand, 
such behavior  can also be explained on the assumption of a homogeneous population 
of  molecules, if a sufficient number  of  intermediates with a part icularly chosen set of  
rate constants  for their interconversion is postulated. 

The observation that  the quan t i ty  of  radical formed increases with succinate 
concentration,  whereas the intensi ty of the g : 1.94 signal is independent of succinate 
concentration,  suggests the presence of at least one more intermediate in addition to 
the ones proposed from kinetic experiments by  ZEYLEMAKH~ et al. 19 in tire reaction 
of  succinate with the oxidized enzyme. I t  also militates against the suggestion that  
the flavin and nonheme iron react in a concerted fashion, s imply each one accomodat ing 
i reducing equiv from an electron pair (hydride ion) transferred from the substrate.  
An argument  against such a suggestion m a y  also be seen in the t i t rat ion experiment 
of  Fig. 2, which indicated that  the iron complex, but  not the flavin, retains the first 
electrons which enter the enzyme. I t  should be kept in mind, however, that  the t i t rat ion 
experiments are concerned with an equilibrium situation and not with initial events 
and tha t  the mechanisln of reduction by  N A D H  and PMS does not have to be identical 
with tha t  by  succinate. 

The significance of the third EPR-detec tab le  component ,  namely the high spin 
Fe 3+, with an E P R  signal at g = 4.3 remains doubtful,  a l though it is present in an 
amount  approximate ly  equivalent to the flavin and the nonheme iron complex tha t  
shows the signal at g = 1.94 in its reduced state. The reasons for questioning the 
significance of the high spin ferric component  are these : (a) Signals of  this kind are 
ra ther  generally found in inorganic and organic mat ter  and have been seen in m a n y  
proteins, even in proteins which are not known as iron proteins. (b) The presence of 
these signals depends on the t rea tment  of proteins during purification and is partic- 
ularly observed when iron chelators such as E D T A  are added or have been added at 
some stage during purification. Succinate dehydrogenase as used here was prepared 
in the presence of  E D T A  and EDTA was also added to  all reaction mixtures. We have 
not  a t t empted  in this series of experiinents to prepare tire enzyme in the absence of  
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EDTA, but it has been found in previous work that in succinate and NADH dehydro- 
genase prepared without EDTA by other methods the signals at g = 4.3 were very 
weak (cf. ref. 56). (c) The signal at g -- 4.3 does not respond to reduction by succinate 
to an extent or at a rate which would clearly indicate that it is a catalytically active 
component. 

It is not certain whether the iron represented in this signal is adventitious iron 
picked up by the enzyme during manipulations or whether it is a constituent of the 
enzyme. In either case it is likely that we are dealing here with a ternary protein 
i ron-EDTA complex, as has been suggested previously 56 and has also been postulated 
by other workersSL 

The experiments of Figs. 5 and 6 show that fumarate does effectively reoxidize 
the carriers in the enzyme and, at least in the presence of succinate, rapidly reoxidizes 
them. Fig. 7 relates to the question of whether the electron carriers in succinate dehy- 
drogenase are oxidized by 02. To our knowledge all flavoproteins are oxidized by 02 
although at low rates in some instances. MASSEY AND SINGER 5s established that soluble 
succinate dehydrogenase reacted with 02 very slowly, viz . ,  at o.o2 ~o of the rate shown 
with PMS. This has been confirmed by H/2'FNER et al. 59. On the other hand, a number 
of apparently contradictory effects have been observed with suceinate dehydrogenase 
in concentrated solutions as they are required in EPR spectroscopy. HOLLOCHER AND 
COMMONER 39 reported that in the presence of 02 the maximal radical concentration 
depended on the ratio of succinate to fumarate, while DERVARTANIAN et al. 1° found 
that under anaerobic conditions, the addition of fumarate of any concentration to a 
succinate-reduced enzyme caused a decline in both the radical and iron signals, which 
they ascribed to the formation of a complex between oxidized enzyme and fumarate. 
VAN VOORST et al. 8° observed that when the succinate-reduced enzyme was exposed 
to 0 2, the radical signal declined and the iron signal increased, an effect which was not 
reversed when the system was again made anaerobic. However, when an enzyme re- 
duced with v-malate was exposed to 0 2, there was a complete loss of radical signal with 
no effect on the iron signal. On the other hand, in the presence of equimolar amounts 
of succinate and fumarate, exposure to 02 caused an increase in both the radical and 
iron signals. GRIITVlN AND HOLLOCHER 61 have confirmed the observations that the EPR 
signals in the absence of O~ are more intense and that 0 2 causes a decline in the radical 
signal when succinate is present. 

The results of the experiment of Fig. 7, namely an initial increase of the radical 
signal followed by a decline of both iron and radical signals, are most readily explained 
by assuming that a slow oxidation takes place, in disagreement with GRIFFIN AND 
HOLLOCHER 6~ who concluded that oxidation was not involved in the signal changes of 
the kind described above. 
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