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INTRODUCTION 

In the course of experiments on the succinoxidase complex of pigeon breast muscle it 
was noted I that addition of the supernate from certain enzyme preparations caused a 
marked increase in the rate of oxidation of substrate. Subsequent work, to be reported 
here, has shown that the activating factor present in these supernates can be identified 
as cytochrome c. Previous investigators e, s have shown that, in general, homogenates 
give maximum activity only with added cytochrome c, whilst Tsou ~ has recently 
described in detail conditions under "which it is possible to remove the greater part of the 
bound cytochrome c from the succinoxidase complex of heart muscle. Although the 
extracted, or exogenous cytochrome c had a much lower catalytic activity than the 
endogenous form (KEILIN AND HARTREE 5, SLATER 6,7) it restored the activity of the 
cytochrome a deficient complex to near that of the enzyme complex which was not 
cytochrome c deficient if added in sufficient amount. Other workers have similarly 
reported the effects of electrolyte concentration on the cytochrome c requirement of rat 
liver preparationsZ, s and on the redistribution of cytochrome c in rat liver fractio- 
nation a, 9. 

EXPERIMENTAL 

Preparations 
The s tandard  enzyme prepara t ion  designated as R~ was prepared by  the method of ALBERTY 

AND GREEN 1. One-half of the breas t  muscle of a pigeon (3 ° to 4 ° g wet  weight) was blendorized 
for one minu te  in a War ing  blendor wi th  45 ° ml of 0.9 % potass ium chloride or suspending media 
as indicated in Table I ;  all operat ions  were carried out  in the cold. The process was repeated with 
the other half of the pigeon breas t  muscle tissue. The p H  was main ta ined  near 7.0 during the 
blendorization by  the addit ion of several drops of 6 N sodium hydroxide.  The combined suspensions 
were centrifuged at 200 × g for 12 minutes  while keeping the t empera ture  between - - 4  ° and - - 6  ° C. 
The floating layer of solid fat  and the sediment  were rejected. The deep red superna tan t  was filtered 
through cheese cloth and then  centrifuged at 2,ooo × g for 15 minutes  at  i °-2 ° C. All subsequent  
operat ions were carried out  at i °-2 ° C. The deep red cloudy superna tan t  designated as S 1 contains 
the act ivat ing "factor" .  The residue was washed with 200 ml of 0.9 % potass ium chloride at  p H  7.0 
and centrifuged at 2,ooo × g for five minutes.  The superna tan t  was rejected. The residue R2, was 
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suspended  in neu t r a l  0 .9% po ta s s ium chh~i-ide t~, a l]nal x'(~lume ,)l zo 1hi, then Ir[~zcn ;tll~l stored 
a t  - 2o' C. The enzynle  colnpJex, t)cfore use ill a tes t  systeln,  was thawed  and centri l 'ugod f(w tell 
m inu t e s  a t  18,ooo . g. The s u p e r n a t a n t  was rejected and replaced,  wi th  an equal  vo lume ()I o . q " ,  
po t a s s ium chlor ide  . f  p t t  7.o. /¢~ was then  homogenized  to ;t very fine suspension in it f ' ,~ t tcr- lqvchjem 
glass homogenizer .  After th i s  t r e a t m e n t  equal  vo lumes  of h' s suspeusion gave  reproducible  oxygen 
u p t a k e s  in succ ina te  ox ida t ion .  The S i was cleared ()f endogenous  enzymic  a c t i v i t y  by  centr i  fugati(m 
a t  r8,ooo < g for 3 ° m i n u t e s  tt) p roduce  a clear  red solut ion.  The ,S'l is s tab le  f,,r several  days  it 
s tored n e a r  f reezing a n d  t i l e  1¢ s for a s i l n i l a r  p e r i , d  w h e u  f r o z e n  a l i a  s t o r e d  ;i t  21) ( ' .  

Assay syslems 
i. Succ inox idase :  o. 3 nil N2; o.1 ml  i l l  succ ina te ;  i .o ml o.l :ll p h o s p h a t e  buffer p t f  7.3: 0.-' ml 

6 N sodium h y d r o x i d e  (centre well}; S 1 and /or  0 .9% p o t a s s i u m  chlor ide  to a iinal volume of 3 ml. 
The o p t i m u m  succ inox idase  subs t r a t e  r e l a t i onsh ip  of loo  micromoles  of succ ina te  for o. 3 ml of 1% 
gave  the  bes t  i n i t i a l  and  sus t a ined  l inear  a c t i v i t y  for a t  lenst one hour. , \ l though  lower concen- 
t r a t i o n s  of succ ina te  gave  the  same in i t i a l  a c t i v i t y  the  02 u p t a k e  fell off r ap id ly  wi th  t ime.  Three 
hundred  micromoles  of succ ina te  i nh ib i t ed  the  a c t i v i t y  by 50 %. 

2. Succinic  dehydrogenase6:  R s aud  succ ina te  as above;  0. 3 ml  o.oi 31 me thy l ene  blue; 0. 3 ml 
o.I 31 p o t a s s i u m  cyan ide  (freshly p repa red  and neu t ra l i sed) ;  H E an(l/or o.l  .1l phospha t e  lmffer 
pH  7.3 to a final vo lume  of 3 ml. 

3- Cy tochrome  ox idase :  R s as alE)re, 0. 3 lnl 5 % ascorl)ic acid in the  s ide arm (freshly p repared  
and neut ra l i sed)  ; l .o  ml 0. i ,11 p h o s p h a t e  buffer p H  7-3, o.9 % p o t a s s i u m  chh~ride pH 7.o t() a linal 
v o l u m e  ()f 3 ml;  cy toch rome  c ()r 5; 1 . Oxygen  u p t a k e  was measured  a t  3 o ' C  af ter  tel) minu te s  pre- 
incuba t ion .  IAnear u p t a k e  ~f O 2 could be o b t a i n e d  wi th  cy toch rome  c c (mcent ra t ions  as h)w its 
1.73. to ~ ,11. \ t  leas t  three  different  concen t ra t i (ms  of cy tochro lne  c were used and in all  cases 
a s t r a i g h t  l ine was o b t a i n e d  when concen t ra t i (m of cy toch rome  c was plo t t ed  aga i n s t  O, a uptake.  

Cy toch rome  c was es t imate(I  acco rd ing  to I'o'rTER TM. 
Elec t rophore t i c  ana lyses  were car r ied  out  in a Tise l ius  a p p a r a t u s  equ ipped  wi th  a cy l indr ica l  

lens schl ieren op t ica l  sy s t em us ing the  ALBERTY It modi i i ca t ion  of the  1 . O N G S W O R T H  12 e lec t rophores is  
cell. The phases  formed be tween  the  mov ing  bounda r i e s  were removed  with a mechan ica l ly  man i pu -  
l a t ed  sy r inge  equ ipped  wi th  a long s ta in less  steel needle. 

RESULTS 

The activation o/the succinoxidase complex by the supernate S 1. 

T h e  e f f e c t  of  s u s p e n d i n g  media  on t h e  a c t i v i t i e s  of  t h e  v a r i o u s  /{2 c o m p l e x e s  is  

s u m m a r i s e d  in  T a b l e  I .  

T , \ B L E  1 

E F F E C T  OF S U S P E N D I N G  M E D I A  ON T H E  ACTIVITY OF ~/~2 AND "~'1 

A cl it, fly 
Soht t ion  used to bloulorizr musch' o / R , ,  alom ~ 

pl (),, ~ . '  
S1 A 

A. 0.9 % KC1, p H  7.0 59 203 
B. 0.02 k l  p h o s p h a t e  p H  7.3 ~71 25I 
C. o.oot  M p h o s p h a t e  p H  7.3 94 159 
D. Deion ized  wa te r  74 t44 

Activi ly  o / R  2 in presence 
o / var ious  S t preparatitm~ 

I tl )'a '2o" 

~ t  I1 ,ql  ~ '~t  1) 

2o5 9z io4 
232 214 z32 
I41 9 ° 85 
~26 86 85 

* All the  R2's were m a d e  up  in 0.02 M p h o s p h a t e  buffer p H  7.3 and frozen for 24 hours  before  use. 

The relat ive s t imulat ion of the succinoxidase complex  R~ is greater with  the S 1 
prepared at the highest  salt concentration,  i.e.o.9% KCI, especially when this  S 1 is 
used in conjunct ion wi th  the R~ prepared at the same salt concentration.  For this 
reason the R~ and S 1 prepared with  o.9% KCl have been used throughout .  Act ivat ion 
of R~ is linear with  respect  to S 1 concentration up to an added vo lume of about 0.8 ml  
(Fig. I).  
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The levelling off above this volume may  

be due either to sa tura t ion  of R ,  by  S t or to 
the presence of competi t ive inhibi t ion in S 1 
- -  in either case it  appears to be an addi t ional  
and impor tan t  proper ty  of these systems. 
The m a x i m u m  act ivat ion of R 2 by  S t ranges 
from two to ten-fold depending on the oxygen 
uptake  of R 2 alone. Despite its effect on the 
oxidat ion of succinate by  R~ the supernate  
S t appeared to nei ther  inhib i t  nor act ivate 
the suceinic dehydrogenase system or the 
cytochrome oxidase system. 

Concentration o / t he  act ive/actor  in  S t. 

Since the supernate  S t was obtained from 
unwashed muscle it  was too complex to 
analyse directly in the spectrophotometer.  
Precipi ta t ion of S 1 with ammon ium sulphate 
or with ethanol  a t - - 5  ° t o - - I o ° C  proved 
unsatisfactory.  However it was noted tha t  
the active factor withstood moderate heating. 
Considerable coagulat ion of protein in S 1 
occurs between 60 ° and  65 ° C at pH 7.05, the 

ioo 

0 

g 
>. 

0 f O -  

" 

o\ 

-O-S, 
- e -  concentrated S, 

o . . . .  O!S . . . .  tlo 

V o l u m e  o f  S, o r  c o n c e n t r a t e d  S, ml 

Fig. I. Activation of R~ with S 1 and the 
heated and concentrated S v Assay system for 
succinoxidase as indicated in the text. The 
endogenous activity of R~ has been set at 
zero; its normal value varies from 3o-5 o ~1 

0~12o'. 

dist inct ive red colour changes to orange after t h i r ty  minutes  at  65 ° C and is almost 
lost on boiling. In  m a n y  preparat ions no loss of the active factor was found when S t 
was heated to 65°C for five minutes  (Table II). With  longer intervals  at 65°C or at  
higher tempera tures  loss of act ivat ion at the I.o ml level was noted. 

TABLE II 

EFFECT OF HEATING THE SUPERNATE S 1 

0. 3 ml R 2, o.I ml M succinate, 0.2 ml 6 N NaOH (centre well), i.o ml o.i 34 phosphate buffer pH 7.3, 
o.9 % KC1, S 1 or heated S 1 to a total volume of 3.0 ml. 02 uptake in #1/2o'. 

Volume o / S  t or heated $1 in assay 
Sample 

0.3 ml z.o ml 

Original S 1 93 19o 
Heated 65 ° C for 5' lO9 186 
Heated 65 ° C for 3 °, - -  166 
Heated 75 ° C for 5' lO5 I55 

After removal  of heat  coagulation protein by  centr ifugation the remaining solution 
of S t was freeze dried, the powder dissolved in 5 to IO ml of water and  dialysed ex- 
haust ively  against  the o.9% KC1 used in the original mincing in the War ing  blendor. 
Aliquots  of this concentrated S t di luted back to the concentrat ion of the original S 1 
were found to have identical  oxygen uptake curves to the original S v Although m a x i m u m  
act ivat ion of R ,  was a t t a ined  with smaller volumes of the concentra ted S 1 t han  of the  
$1 from which it  was derived, the m a x i m u m  act iv i ty  appeared to be of the same order in  
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both cases (Fig. I). "I'tw ratio of the volumes of St and concentrated >1 required to achic\t, 
an oxygen uptake of It)() ~L1 in twenty minutes (i.,~. an oxygen uptake on the lin('ar 
portion of both activity plots) was the same as tim concentration fact()r for tlw `5~. It is 
evident therefore that the supernate 5' l can be concentrated by heating under spceified 
conditions and freeze drying without loss of active factor. A striking feature of the 
activity curve of the concentrated `51 is the rapid fall in activity at the higher levels of 
concentration. The method employed for concentrating the active factor would seem to 
apply equally to the inhibitors in S ~. 

EIectrophoretic examinati(m, o~ ~onccJ~lraled solutions el St. 

The complexity of the heat treated, concentrated solutions of ,51 is revealed by the 
electrophoretic analysis given in Fig. 2. 

Buffer pH Ascending Descending 

: 2&3 2&3i  

Phosphote I = 0 1 0  680 ~ 

2&3' 

Phosphate, I = 010 7-42 

3 , 2 1 

B a r b i t u r a t e ,  I : O I O  8 55 " ~ 

l"ig. 2. Electrophoret ic analysis of heat t reated and concentratedS 1. 

At least seven groups of proteins are detected in analyses from pH 6.80 to 8.55. The term 
group is used, rather than component, because considerable overlapping of the schlieren 
boundaries occurs and insufficient evidence has been collected to show whether all seven 
groups contain single protein components. However, groups I and 6 which migrate as 
single boundaries at the three pH's could probably be considered as single components. 
Group 7 is detected in barbiturate buffer at the higher pH and produces an inverted 
schlielen peak. The main light absorption takes place across the boundary due to group 
3 which contains, therefore, the residual haem compounds (e.g. haemoglobin, chro- 
mogens) of tile S 1. It  was possible at the end of each electrophoretic experiment to 
remove separate samples of groups I and 6 or mixtures of these two groups with the 
remaining groups and to test these samples for activation of R=. 

The results of a series of experiments are given in Table III .  I t  is evident that  groups 
2, 3, 4, 5, 6 and 7 cause no increase in the oxygen uptake of R 2 alone. (;roup I stimulates 
the succinoxidase complex R 2 and therefore contains the essential active factor. 

In the experiment recorded in line (b) of Table I I I  it is seen that the sample con- 
taining groups I, 2 and 3 has an oxygen uptake equal to that of the ,S~ before electro- 
phoresis. Although the sample containing only group I caused considerable stimulation 
of R 2 its absolute oxygen uptake was lower than that of the 5̀1 or of the sample of 
groups I, 2 and 3- This result is to be expected from the nature of electrophoretic 
sampling. The separation of the schlieren peaks due to group I and to groups 2 and 3 
in phosphate troffer at pH 7.42 is not great (i.e. < I cm). In the sampling of group I 
the tip of the syringe needle is set in a position corresponding to the top of the schlieren 
peak of group I at the beginning of sampling. With both electrode vessels open the 
solution containing group I moves gradually up to the needle tip as the syringe is 
expanded. It  is impossible with this procedure, when care is being taken not to centa- 
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T A B L E  I I I  

ACTIVITY OF SAMPLE5 FROM THE ELECTROPHORESIS OF HEATED AND CONCENTRATED S I 

67 

I 2 3 4 5 6 

Oxygen uptake in pl[2o" 
Vol. o] S~ or 

Buyer and pH Protein groups in R2 + $1 R 2 + Sample Sample under 
Electrophoraic sample* R2 Prior to Test ml 

electrophoresis as in Col. 2 

a. P h o s p h a t e  p H  6.80 i ,  2, 3, (4) 27 16o 203 0.3 
(2), (3), 4, 5, 6 27 i6o  31 0,3 

b. P h o s p h a t e  p H  7-4 2, 3, 4, 5, 6 71 135 76 0.o5 
71 204 78 o . io  

I, 2, 3,(4)  71 I35 I 4 °  0.05 
71 204 203 o . Io  

71 135 12o 0.05 
71 204 136 o . Io  

c. P h o s p h a t e  p H 7 . 3 3  2 , 3 , 4 , 5 , 6  35 75 38 0.05 
35 123 32 o . Io  
35 21o 39 0.30 

35 75 72 0.05 
35 I23 92 o . Io  
35 21o 172 0.30 

d. B a r b i t u r a t e  p H  8.55 i ,  2, (3) 12 83 131 0.3 ° 
(3), 4, 5, 6, 7 12 83 12 0.30 

The number s  w i t h o u t  b r acke t s  are the  m a i n  groups  in  the  sample.  However ,  because  of b o u n d a r y  
overlap,  smal l  a m o u n t s  of ne ighbour ing  groups  are s ampled  a t  the  same t i m e ;  the  l a t t e r  groups  
are i n d i c a t e d  by  brackets .  

minate the solution with groups 2 and 3, to avoid diluting the sample of group I with 
supernatant bu f f e r - - t he  extent of dilution may be to reduce the concentration of group 
I to one half or one third of its concentration in the S 1. I t  is to be expected therefore that  
its activation of R e would be less than the activation due to the S v On the other hand 
when sampling groups I,  2 and 3 the syringe needle is far below the boundary of group 
I and its concentration in the sample is the same as in the $1, correspondingly its activa- 
tion of R e is also the same as with S v In two instances (lines a and d in Table I I I )  
certain electrophoretic samples give a greater stimulation of the activity of R 2 than did 
the S 1 before electrophoresis. I t  is possible that  such groups do not  contain the inhibitor 
present in the original Sv  

Identification o/the electrophoretic group z with cytochrome c. 

The migration of group I is towards the cathode up to and above pH 8.55; its 
isoelectric point is, therefore, at a pH higher than  8.55. Samples of group I show sharp 
maxima in their reduced spectra at 415, 52o and 55 ° m/z when tested according to 
POTTER 10. These maxima are given by cytochrome c 13. In addition the ratio of intensities 
at the 55o and 520 m/~ maxima to the 535 m/~ minimum correspond with the ratios 
found for purified samples of cytochrome c (Table IV). 

R e / e r e n c e s  p .  7 o.  
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p H  tff t e s t  s ( f lu t ion  7.3. 

I¢¢~lll, II/ (JriJl+# I h n c  h Gyms/> I /tin" l I~uhh:~hed value 
cdls~)rplion m a t t m u  l~dJh, 111 l'aldc 1 l l  

e55c/V,~a.~, 3- 8 3.3 3.44 a t  p H  4. l l.t 
3.9 ° a t  p H  13It 
3.7 ° 3.82 a t p H  (i.o 1~ 

e'5e0/~sa~ 2.1 - .o  2 .o ,  a t  p H  4.1 a n d  p t I  I314 

Again the addition of Sigma cytochrome c to a sohltion of heated and concentrated 
S~ at pH 7.42 to a final concentration of o.2% causes a considerable increase in the area 
of the schlieren peak due to group I. Thus the electrochemical characteristics of Sigma 
cytochrome o and group I are identical 

150 • 
under these conditions. Small increases 
in the area of the schlieren peaks due to 
groups 2, 3, 4 and 5 also occur on the 
addition of the Sigma product. This was 

o 
shown to be due to other components ~ / 
present in Sigma cytochrome c which ~,oo / had mobilities equal to those of the above 
groups and not group I. These additional 
components, which account for some 3o o(, 
of the Sigma product, show the maxima 
and minima of eytochrome c but do not (~ ,o 
give the same ratios of the absorption at o 

o the 550 mff and 520 mff maxima to the ,ol 
535 mff minimum quoted in Table IV. 
They also showed no activity in the R 2 
succinoxidase test system. 

The activation of R 2 by commercial 
cytochrome c is shown in Fig. 3. 

; a ; I I ,~ 
Cytochrorne c concentration X 10 6 M 

Fig .  3. A c t i v a t i o n  of R 2 b y  c o m m e r c i a l  c y t o -  
c h r o m e  c (S igma) .  A s s a y  s y s t e m  for  s u c c i n o x i d a s e  

as  i n d i c a t e d  in  t h e  t e x t .  

The same maximum activity of the succinoxidase is achieved with cytochrome c as 
with either S 1, heated $1 or heated and concentrated S 1. Excess cytochrome c does 
not however produce the same inhibitory effect noticed with the heated and concen- 
trated S 1. 

DISCUSSION 

The supernatc $1 obtained from the unwashed muscle contained a relatively high 
concentration of red pigments (haem compounds etc.) and it was not therefore possible 
to estimate the eytochrome c concentration of 51 directly. However, in the case of a 
number of electrophoretically separated samples of cytochrome c (group I), the actual 
cytochrome c content was known. A comparison of the amounts of S 1 and commercial 
cytochrome c required to produce an equal oxygen uptake in the R 2 sys t em-- the  par- 
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ticular level being well below the saturation value and therefore on the linear part of 
each activity p lo t - -showed that the S 1 cytochrome c was 1.6 to 1. 9 times as active as 
the commercial preparation. This result may may not be particularly significant for the 
commercial sample contained a considerable amount of inactive material which ab- 
sorbed at 550 m/x. 

The succinoxidase preparation from pigeon breast muscle described here is clearly 
similar to the cytochrome c deficient preparations of POTTER 2 from rat liver and of Tsou 
from heart muscle. As with the heart muscle succinoxidase the higher electrolyte con- 
centrations were most effective in extracting cytochrome c from the pigeon muscle 
complex (Table I). I t  is known that o.ooI M phosphate and water extract little or no 
cytochrome c from such preparations and therefore the increased activity of the 0.9% 
KC1 R 2 and the o.o2 M phosphate R e in the presence of supernates made with these 
solvents must be attributed to other effects. 

If it is assumed that the cytochrome c content of the electrophoretic samples is 
from one half to one third of that  in the original solution used for the electrophoretic 
examination then it follows that the concentration of cytochrome c in S 1 is of the order 
of 2. Io-~M. The maximum amount of cytochrome c in the form of $1 added to the cyto- 
chrome oxidase system was 2. Io -3 /~moles per flask; this addition caused no marked 
increase in activity. However, the addition of 2. IO -a ~moles per flask of Sigma cyto- 
chrome c also gave no increase in cytochrome oxidase activity. On the other hand 2" ro -~ 
~moles of Sigma cytochrome c per flask increased the oxygen uptake eight-fold whilst 
the same amount added in the form of the heated and concentrated S~ gave only two-fold 
stimulation. The addition of this amount of heated and concentrated S~ (I.O ml in the 
units of Fig. I) to the succinoxidase system gave an activity well below the saturation 
value. I t  is probable therefore that the site of the inhibitory effect of S~ is on the cyto- 
chrome oxidase. 
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SUMMARY 

Particulate preparations from pigeon breast muscle have been found to require the addition 
of a factor for maximum activity in the oxidation of succinate. This factor is found in the supernate 
from the enzyme preparation and has been identified after electrophoretic separation as cytochrome c. 
This method of identification is particularly useful when other coloured compounds are present in 
the supernate. Unlike cytochrome c addition of excess of the supernate S 1 inhibits the succinoxidase 
system. 
Re/erences p. 7 o. 
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RI]SI "M I:: 

Des prdpara t ions  tic part icules de Inuscle pectoral de pigeon ndeessitent l 'mhlition d 'uu cer t , in  
facteur pour  que l 'oxydat ion du succinate y air lieu avec I 'activitd maxinltlllL (Te factcur se trouv~ 
dans le surnageant  des prdpara t ions  enzymat iques  et a dtd identifid, aprbs sdparation par 61ectr~,- 
phor{?se, avec le cytochrome c. Cette mdthode d'identification est part icul ibrement utile lors<lUe 
d 'au t res  produi ts  color('s sent  prdsents dans le surnageant .  ,\ la ditfdrence du cvt, ,chrome c, I 'addition 
d 'un  exc6s du surnageant  N l inhibe le syst6me suceinoxydasiquc.  

ZI 'SA MMI,LN I,'A SS 1JN(; 

Es wurde beobachtet ,  dass l 'artikeln aus Taubenbrus tmuske ln  (lie Hinzufiigung eines Faktors  
fiir eine H6ehstakt ivi t t t t  in der Oxyda t ion  yon Succinat ben6tigen. Dieser Fak to r  wird in der iiber- 
s tehenden Fliissigkeit des Enzynipr t ipara tes  gefunden und konnte,  nach elektrophoretischer Sepa- 
ration, als Cytochrom c identifiziert werden. Diese Ident i f ikat ionsmethode ist besonders niitzlich, 
wenn andere farbige K6rper  in der i iberstehenden Fliissigkeit zugegen sind. Im Gegensatz zu Cyto- 
chrom c hemnl t  die Hinzuf i igung eines {'lberschusses an i iberstehender Fliissigkeit S 1 das Succin- 
oxydasesys tenI .  
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