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The electron transport particle (ETP) is a submitochondrial unit which catalyzes the 
oxidation of succinate and DPNH by molecular oxygen without supplementation 1. 
From evidence presented in this communication and to be presented in other communi- 
cations it now appears likely that  ETP contains approximately equal amounts of the 
cytochrome chains which respectively implement oxidation of succinate and DPNH 
and which though separable under certain conditions are functionally and structurally 
interlocked in the intact particle. In the present communication the fragmentation of 
ETP by deoxycholate into two particles is described. Under the conditions used the 
fragmentation leads to a red particle with all of the original succinic dehydrogenase 
activity and a green particle with DPNH dehydrogenase activity exclusively. The 
bulk of the cytochrome a component of ETP is localized in the green particle while 
cytochromes b and c 1 are distributed between the two particles. 

METHODS 

Total  heme, flavin and protein were determined by  procedures which have been described else- 
where 2, 3. The concentrat ion of cytochromes a, b and c plus c 1 has  been est imated either directly from 
the absorpt ion spectra of the particle by  the method of CHANCE 4, or f rom the absorpt ion spectra 
of the individual hemes af ter  these had been separated into two groups (el. BASFORD et al.3). Spectra 
were recorded with a Beckman DK-2 spectrophotorneter .  

RESULTS 

Conditions ]or ]ragmentation o/ A TP by deoxycholate 
As the ratio of deoxycholate to protein is increased progressively an increased pro- 
portion of ETP remains soluble after ultracentrlfugation under the conditions de- 
scribed below. At relatively low concentrations of deoxycholate, cytochrome c associ- 
ated with some DPNH-ferricyanide activity** is extracted. Then at higher concentra- 

* Postdoctoral  Trainee of the National  Hear t  Inst i tute ,  National  Ins t i tu tes  of Health.  
* * The various oxidative activities of particles are expressed in te rms of electron donor-electron 

acceptor pairs such as succinate--ferricyanide, succinate-cytochrome c, D P N H - o x y g e n ,  etc. The 
act ivat ion of the subs t ra te  is invariably the prerogative of the p r imary  flavoprotein dehydrogenase 
bu t  the electron acceptor m a y  interact  with the particle at  a site other  t han  on the p r imary  de- 
hydrogenase.  The subst ra te-ferr icyanide reaction is largely a measure  of the  p r imary  dehydro- 
genase whereas the subs t r a t e -oxygen  or subs t ra te -cy tochrome  c reaction is a lmost  exclusively a 
measure of the heine chain or at  least of components  which follow the dehydrogenase in the electron 
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t ions of deoxycholate,  succinic-cytochrome c activity**, D P N H - c y t oc h r ome  c activ- 
ity** and  finally cytochrome-oxidase activity** are extracted in  tha t  order***. The 
relat ionship between deoxycholate concentra t ion and  the relative amounts  of D P N H  
and  succinic-ferr icyanide ac t iv i ty  in  the solubilized extract  is shown in Fig. 1. 
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Fig. I. Extraction from ETP of DPNH and 
succinic-ferricyanide activity at varying deoxy- 
cholate: protein ratios. In each individual ex- 
periment 2o ml of an ETP suspension (o.oi M 
Tris buffer of pH 8.o) containing lO. 4 mg per ml 
was exposed to deoxycholate at the concentra- 
tion indicated in the Fig. and then was centri- 
fuged at 75,000 × g for 45 rain. There were 925 
units of DPNH-ferricyanide and 290 units of 
succinic-ferricyanide activity in the starting 208 

mg of ETP protein. 
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Fig. 2. Extraction of cytochromes and flavo- 
protein from ETP as a function of the concen- 
tration of KC1. The values on the ordinate refer 
to the percentages of the total of each compo- 
nent found in the supernate. A suspension of 
ETP (6z mg) was treated with deoxycholate (31 
mg) in a total volume of 5.3 ml in presence of 

varying amounts of KC1. 

The ionic s t rength of the suspending medium has a pronounced effect on the de- 
oxyckolate solubilization. For a given level of deoxycholate the amoun t  of protein 
and  heme extracted is increased as the ionic s t rength is raised bu t  the amoun t  of 
flavin extracted is v i r tua l ly  independent  of the ionic strength.  When  the deoxycholate 
level is I mg per mg protein and  the concentrat ion of KC1 is I.O M almost all of E T P  
is "solubilized". The small  residue appears as a dull yellow precipitate.  Fig. 2 shows 
the effect of KC1 concentra t ion on the extract ion from E T P  of cytochrome a, flavin 
and  total  cytochrome at a deoxycholate concentra t ion  of 0.5 mg per mg protein. 

The following procedure for quan t i t a t ive  separat ion of succinic ac t iv i ty  in to  
one of two fractions has been found to be satisfactory in  m a n y  repeat runs.  All 
manipu la t ions  were carried out in the range of o to 3 °. 

A suspension of E T P  in  0.25 M sucrose, prepared as described previously I is 
adjus ted  to a protein concentra t ion of 2o mg per ml a nd  mixed with an  equal  volume 
of 0.2 M Tris chloride of pH 8.0. Deoxycholate (IO % solution adjus ted  to pH 7.5) is 
then  added in  sufficient amoun t  to achieve a concentrat ion of 0.5 mg deoxycholate 
(expressed as deoxycholic acid) per mg of protein.  The suspension which is part ial ly 
clarified by  the addi t ion of deoxycholate is then  centrifuged for 45 min  at  lO5,OOO × g 

transfer sequence. It  should be stressed that in referring to the succinic or DPNH dehydrogenase 
activity of the particle there is no implication that the dehydrogenase in question is not an intrin- 
sic part of the particle. The dehydrogenase can be considered as a separate entity only in the re- 
stricted sense of what a particular assay system measures and not in a structural sense. 

*** The pattern of cytochrome extractions found in our studies is similar in some respects to those 
found by STorz and coworkersS, e and EICHRL et al. ~ in extracts prepared by deoxycholate treat- 
ment of beef and pig heart muscle. 
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(40,000 r.p.m.) in the Spinco preparat ive ultracentrifuge. The supernate is red while the 
residue is green. The green precipitate is taken up in o.25 M sucrose. 

The red supernate,  after dialysis for 18 hours against  o.o2 M phosphate buffer of 
pH  7.5, is centrifuged at lO5,OOO × g for 3o min. A red precipitate and yellow-red 
supernate are obtained. The red precipitate is taken up in o.25 ill sucrose. 

Enzymic properties o/the [ractions 

The succinic-cytochrome c 2 ac t iv i ty  as well as the succinic-ferricyanide ~ act ivi ty  of the 
red particle is 4 to 5 times higher than  the  succinic-oxygen 1 or succinic-ferricyanide 
ac t iv i ty  1 of the s tar t ing ETP.  This in conjunction with the twin facts (I) tha t  the bulk 
of the original succinic ac t iv i ty  (ca. 90%) is retained in the red particle fraction, and 
(2) tha t  the green particle is essentially inactive with respect to succinic dehydrogen-  
ase ac t iv i ty  provides clear evidence tha t  in the f ragmentat ion of E T P  under  the spe- 
cial conditions described above succinic act ivi ty  is localized in only one of the two 
f ragment  particles. 

Under  the same preparat ive conditions tha t  lead to an all or none type  of distribu- 
t ion of succinic ac t iv i ty  there is approximate ly  equipart i t ion of DPNH-fe r r i cyan ide  
act ivi ty  1 between the red and  green particles as shown in Table I. 

TABLE I 

SEPARATION OF ENZYMIC ACTIVITY BY DEOXYCHOLATE 

Ferricyanide as electron acceptor 

Fraction Total protein D P N H  Succinate 

mg #moles~rain~rag *" Units #moles~rain/rag Units 

ETP I ioo 2.4 2640 0.87 955 
Green particle 390 2.8 i ioo o.2o 78 
Deoxycholate extract (A) 715 1.2 86o 1.17 840 
Red particle 143 5.8 83 ° 4.86 696 
Dialyzed supernate (A) 282 0.6 I69 o.17 48 

Oxygen as dectron acceptor 

ETP 3-3,. 3600 1.2 132o 
Green particle 5.3 21oo 0.28** IiO 

Cytockrome c as electron acceptor 

Deoxyeholate extract (A) x.o 715 1. 5 lO8O 
Red particle 1.55 220 5.53 765 

* All activities expressed as/*moles of substrate oxidized per min per mg protein. 
** Cytochrome c is required for oxidation of DPNH or succinate by oxygen in presence of the 

green particle. 

The red particle corresponds closely in properties to the succinic dehydrogenase 
complex (SDC) which GREEN et al. 2 obtained by  t reat ing mitochondria  with tert.-amyl 
alcohol and then retreat ing the light particle thus derived with isobutyl alcohol. The 
impor tan t  differences are t ha t  the SDC preparat ion of GREEN et al3 show a lower 
amount  of D P N H  dehydrogenase ac t iv i ty  and furthermore tha t  this act ivi ty  is de- 
monstrable only in the ferricyanide assay and not in the cytochrome c reductase assay. 
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By exposing ETP to a level of deoxycholate equivalent to 0.2 mg per mg of protein a 
red fraction can be prepared which corresponds more closely to the SDC previously 
describedin that  it shows good DPNH-ferricyanide activity but  relatively low D P N H -  
cytochrome c activity (<  0.5 pmole/min/mg). At this low level of deoxycholate how- 
ever a considerable amount of succinic activity remains unextracted in the green 
particle in the form of succinic-oxygen activity. 

The green particle catalyzes the oxidation of DPNH by cytochrome c or ferri- 
cyanide and the oxidation of DPNH by molecular oxygen I in presence of added 
cytochrome c. I t  resembles in some respects the DPNH oxidase of MACKLER AND 
GREEN s after this unit has been "opened" with deoxycholate. Such a treated unit now 
shows a requirement for added cytochrome c in the DPNH-oxygen reaction. There are 
two important differences between the green particle prepared by the method de- 
scribed above and the DPNH oxidase of MACKLER AND GREEN. In the former both 
the succinic dehydrogenase and the corresponding b and c1 heroes of the succinic chain 
have been extracted while in the latter only the dehydrogenase has been extracted 
without the corresponding hemes. Thus the ratio of a heme: c 1 hemes is roughly twice 
as high in the green particle as in the DPNH oxidase of MACKLER AND GREEN. It  is 
this fact which accounts for the deeper green color of the green particle as compared 
to the DPNH oxidase. 

Spectra o/ the #actions 

Fig. 3 shows a comparison of the reduced spectrum of ETP, with that  of the red and 
green particles. The almost complete disappearance of the component absorbing at 
607 mF (cytochrome a) in the red particle and the twofold increase in this peak rela- 
tive to the 554 and 564 m/~ peaks in the green particle provide an impressive demonstra- 
tion of the effectiveness of the fragmentation procedure. 
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Fig. 3a. Abso rp t ion  s p e c t r u m  of E T P  af te r  r educ t ion  wi th  di thioni te .  Condi t ions :  3.2 m g  protein,  
5 ° m g  deoxychola te ,  final v o l u m e  0.75 ml.  The  o rd ina te  ha s  two sepa ra te  scales for a b s o r b a n c e - - o  

to  0.5 a n d  i .o  to 1. 5 . 
Fig. 3b, Abso rp t i on  s p e c t r u m  of t he  green  par t ic le  in the  oxidized fo rm a n d  a f te r  r educ t ion  wi th  

d i th ioni te .  Condi t ions :  3 m g  prote in ,  ioo  m g  deoxychola te ,  final vo lume  o.75 ml.  
Fig.  3 c. Abso rp t i on  s p e c t r u m  of t he  red par t ic le  in t he  oxidized form and  af te r  r educ t ion  wi th  di- 

th ioni te .  Condi t ions :  1.9 m g  pro te in  5o m g  deoxychola te ,  final v o l u m e  0.75 ml. 
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The supernate obtained after treatment of ETP with deoxycholate but before 
dialysis shows a spectrum similar to that of the precipitated red particle with the 
exception that there is more absorption in the region at 554 mtz. After precipitation 
of the red particle the supernate shows a component absorbing at 550 m/~ which is 
probably cytochrome c. 

Composition o/ the /raction 

Table I I  shows the total amount of cytochromes a, b, e 1 + c, flavin and non-heine 
iron in the original ETP, in the derivative red and green particles and in the final 
supernate after removal of the red particle. Cytochrome a is localized almost ex- 
clusively in the green particle; b and c 1 are approximately divided between the red 
and green particles whereas all of the c remains in the final supernate. 

TABLE II 

COMPOSITION OF DEOXYCHOLATE FRACTIONS 

Fraction 
Concentration o] components in ~moles X io-* per mg protein 

Flavin Cyt. a Cyt. b Cyt. c + c I Total heine 

ETP o.43 o.76 o.69 o.65 2.1o 
Green particle o.35 i .4 ° o.63 o.68 2.8o 
Deoxycholate extract (A) o.51 o.Io 0.79 0.68 1.45 
Red particle 0.85 0.35 2.3 ° 1.65 4.20 
Dialyzed supernate (A) 0.60 o.oo o.14 0.40 i.oo 

The individual hemes were estimated by the method of CHANCE 4. 

Flavin is distributed between the red and green particles and the final supernate 
to the extent of about 3 ° % in each. Since the final supernate contains neither succinic 
nor DPNH dehydrogenase activity and since the recovery of succinic and DPNH 
dehydrogenase activity in the two particles compared to that of the original ETP is 
fairly high, it is not easy to account for the relatively large fraction of total flavin 
in the supernate on the assumption that the bound flavin of ETP is implicated either 
in the succinic or DPNH dehydrogenase. 

Reduction o/the cytochrome components by substrates 

When DPNH or succinate is added to ETP under anaerobic conditions the cyto- 
chromes are fully reduced, with the exception of cytochrome b which is usually re- 
duced, to the extent of only 80%. The same result with either succinate or DPN has 
been found to apply to the hemes of the green particle even though 95 % of the original 
succinic dehydrogenase activity (in ETP) has been separated from the particle. These 
results show very clearly the close electronic communication which must prevail not 
only between adjacent succinic and DPNH chains but also between one DPNH chain 
and another. If only one in twenty succinic chains is intact and if reduction by succin- 
ate of all the hemes whether of the succinic or DPNH chains can be observed then an 
elaborate arrangement of intercommunication between adjacent heme chains has to be 
invoked. 

The reduction of cytochromes b and c 1 in the red fraction is never as complete 
with either succinate Or DPNH as in ETP or the green particle. Usually succinate re- 
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duces 50 to 80 % of b and  cl whereas  D P N H  reduces 2o to 8o% of c a and  ve ry  l i t t le  of 
b. The  difference spec t ra  of Fig.  5 show the  reduct ion  of the  hemes of the  red  and  green 
par t ic les  b y  D P N H  a n d  succinate  respect ively .  
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Fig. 4. Difference spectra (reduced minus oxi- 
dized) of the red particle after addition of (I) 
DPNH, (2) succinate and (3) dithionite respec- 
tively to each of three separate samples. The 
base line for the density scale is displaced from 
one spectrum to the next. Conditions: 1.2 mg 
protein, 2o /~moles phosphate buffer (pH 7.5), 
final volume i .o ml. The experiments were car- 
ried out under anerobic conditions. The samples 
were reduced respectively with 5/*moles DPNH, 
2o #,moles succinate or a few grains of dithionite 

Fig. 5. Difference spectra (reduced minus oxidi- 
zed) of the green particle after addition of (~) 
DPNH (2) succinate and (3) dithionite respec- 
tively to each of three separate samples. Con- 
ditions: 3 mg protein, 2o/,moles Tris chloride 
(pH 7.5), 0.2/,mole KCN, final volume i .I mL 

Other details as in legend for Fig. 4. 

D P N H  oxidation in the green particle 

Both  phospha te  ions and  Versene s t imula te  the  D P N H - o x y g e n  reac t ion  ca t a lyzed  by  
E T P  1. The  same has  been  found  to a p p l y  to  the  equiva len t  reac t ion  ca t a lyzed  b y  the  
green par t ic le .  

The  ra te  of the  D P N H - o x y g e n  react ion ca ta lyzed  b y  the  green par t ic le ,  which 
requires  cy tochrome  c, is 2 to  5 t imes  faster  t h a n  the  ra te  of the  D P N H - c y t o c h r o m e  c 
react ion.  IFhis d i sc repancy  suggests  t h a t  some of the  a d d e d  cy tochrome c is bound  to 
the  green par t ic le  and  t h a t  the  tu rnove r  of th is  bound  cy tochrome c in the  D P N H  
oxygen  reac t ion  is much  higher  t h a n  t h a t  of ex te rna l  i.e. non-bound  c. W h e n  E T P  is 
exposed to a r e la t ive ly  high deoxychola te  concent ra t ion  under  the  condi t ions  of the  
opening  phenomenon  descr ibed b y  MACKLER AND GREEN s the  ra te  of the  D P N H -  
cy tochrome  c reac t ion  is iden t ica l  wi th  t h a t  of the  D P N H - o x y g e n  react ion.  The chain  
of a par t ic le  t r e a t ed  in th is  manner  is referred to as ful ly open. But  in the  l ight  of the  
observa t ions  made  in th is  communica t ion  i t  would appea r  t h a t  a t  this  h igher  level of 
deoxycho la te  the  D P N H  cha in  is f r agmented  be tween  the  b, c 1 and  a heroes. Thus 
opening  of the  chain  is in th is  ins tance  indeed a consequence of f ragmenta t ion .  The 
proper t ies  of the  green par t ic le  which appears  to  conta in  an  unf ragmented  D P N H  
heme  chain  suggest  a s i tua t ion  i n t e rmed ia t e  be tween  the  ful ly closed and  ful ly open 
chain ,  viz. a comple te  requ i rement  for a d d e d  cy tochrome c in the  oxygen reac t ion  bu t  
a g rea te r  ra te  for the  D P N H - o x y g e n  reac t ion  t h a n  for the  D P N H - c y t o c h r o m e  c 
react ion.  
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Antimycin A 9 inhibits the ETP-catalyzed oxidation of D P N H  and succinate by 
molecular oxygen. I t  also inhibits the green-particle catalyzed aerobic oxidation of 
D P N H  and the red-particle catalyzed oxidation of D P N H  or succinate by cytochrome 
c. To demonstrate antimycin inhibition in the cytochrome reductase assay the enzyme 
has to be first incubated with the reagent for 2 minutes without albumin or cytochrome 
c present. 

DISCUSSION 

The observations reported in the present communication are compatible with the fol- 
lowing interpretation. ETP  contains both succinic and D P N H  chains in some sort of 
network arrangement. When the deoxycholate: protein ratio is increased to a critical 
value all succinic chains are cleaved and the corresponding b c 1 heroes are "solubilized" 
by  the reagent. In addition a moiety of t h e D P N H  chains is correspondingly cleaved. 
The green residue in this case contains intact D P N H  chains plus the a hemes corre- 
sponding to the cleaved succinic and D P N H  chains. As the deoxycholate: protein ratio 
is further increased all the chains become solubilized and only some as yet unidentified 
yellow residue resists solubilization. 

There are several characteristics of the particles isolated which indicate that  their 
electron transfer systems are not basically different from those of ETP. First the 
recovery of enzymic activity in the various fractions is excellent in relation to the 
original act ivi ty of ETP. A greater than theoretical recovery might argue that  disper- 
sion of the original particle into smaller particles had made available catalytic sites 
blocked off in the intact particle. This cannot be a major consideration. Secondly the 
integrity of the cytochrome components in ETP has not been affected at least to the 
extent of changes in spectral characteristics as a consequence of fragmentation. 

TABLE III  

RECOVERY OF COMPONENTS IN DEOXYCHOL&TE FRACTIONS 

Fraction 

Total component in each ]ruction 

Protein Flavin Cyt. a Cyt, b Cyt c + c 1 Total heme 
mg l*M × zo -~ I tM X zo -3 # M  X zo -a I~M X zo -~ I~M × zo -s 

E T P  I ioo 472 835 75o 715 23Io 
Green particle (G) 39 ° 137 546 246 258 lO9O 
Deoxycholate  ext rac t  (A) 715 365 72 565 485 lO4O 
Red particle 143 122 49 329 236 600 
Dialyzed supernate  282 17 ° o 4 ° I 13 282 
Total  recovery (G) + (A) IlO5 502 618 81i 743 213o 

Furthermore this integrity is vouchsafed by the fact that  the hemes of the green 
particle are rapidly reduced by  succinate or DPNH. This last condition does not apply 
with equal force to the red particle. The cytochromes of the red particle are only par- 
tially reduced by  succinate and to a lesser extent by  D P N H  which is either anindica- 
tion of a certain amount of derangement in the electron transfer chain or a consequence 
of the removal of some component attached to the a heme moiety which is lost during 
the cleavage by  deoxycholate. The fact that  antimycin still inhibits the reactions 
catalyzed by  the red as well as the green particle is particularly significant. If  the 
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D P N H  activi ty of the green or red particles were a consequence of the adsorption on 
the particle of soluble D P N H  cytochrome c reductase" then antimycin sensitivity 
would not be expected in either case. 
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S U M M A R Y  

At  an  app rop r i a t e  rat io  of  deoxycho la t e  to p ro te in  t he  electron t r a n s p o r t  part icle  is f r a g m e n t e d  
in to  a red par t ic le  s imilar  to t h e  succinic  dehydrogenase  complex  and  a green par t ic le  which  ac ts  
as a D P N H  oxidase  w h e n  s u p p l e m e n t e d  wi th  cy t och rome  c. The  red part icle  con ta ins  cy toch romes  
b and  c I (but  no t  a) and  ca ta lyzes  t he  Oxidat ion of succ ina te  or D P N H  by  fer r icyanide  and  cyto-  
ch rome  c b u t  n o t  b y  oxygen.  The  green par t ic le  con ta ins  cy toch rome  b, c 1 and  a and  ca ta lyzes  t he  
ox ida t ion  of D P N H  (but  no t  succinate)  by  cy t och rome  c or  by  oxygen  in presence of cy toch rome  c. 
A n t i m y c i n  inh ib i t s  t he  ox ida t ion  of succ ina te  b y  cy toch rome  c (catalyzed by  t he  red particle) or 
ox ida t ion  of D P N H  by  oxygen  or cy t och rome  c (catalyzed by  t he  green particle).  
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STUDIES ON THE TERMINAL ELECTRON TRANSPORT SYSTEM 

VII. F U R T H E R  STUDIES ON T H E  SUCCINIC DEHYDROGENASE COMPLEX 

R. E. B A S F O R D * ,  H.  D. T I S D A L E ,  J .  L. G L E N N * *  ANn D. E. G R E E N  
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The first paper of this series by  GREEN, MII AND KOHOUT 1 dealt with the preparation 
and properties of a particulate succinic dehydrogenase complex (SDC), which cata- 
lyzes the dehydrogenation of succinate by  cytochrome c, ferricyanide, phenazine 
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