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Abstract 

S t r u c t u r a l  a n d  f u n c t i o n a l  f ea tu res  o f  ene rgy  c o n s e r v a t i o n  a n d  
t r ans fe r  in  m i t o c h o n d r i a  h a v e  b e e n  e x a m i n e d  in  t h e  l i gh t  o f  r e c e n t  
d e v e l o p m e n t s ,  a n d  h y p o t h e t i c a l  s c h e m e s  for e n e r g y  c o u p l i n g  a n d  
t r ans fe r  h a v e  b e e n  p r e s e n t e d .  

The following is in response to the invitation of this journal for a 
conceptual paper in the field of bioenergetics. The ideas presented 
were elicited by the significant findings of several laboratories (see 
references). Since this article is intended mainly for workers in the 
field, we have considered it proper to refrain from detailed explana- 
tions and enumeration of conclusions, which we feel will be rather 
obvious to our colleagues. 

In mitochondria, electron transfer complexes I, I I I  and IV include 
the three sites of energy conservation. 1-5 Each complex appears to 
contain an electron carrier, which undergoes a redox potential 
change upon energization of mitochondria by ATP, 5-9 plus other 
carriers whose redox potentials remain unaltered. Furthermore, 
each complex is located between two redox pools as shown in Table 
I. These pools make it possible for each complex to function indepen- 
dently of the others. In addition, the cytochrome c pool solves the 
problem of the unstoichiometric relationship of a and a 3 with the 
components of the other complexes.+ + The Q and c pools, along with 
most of the electron carriers, comprise two redox plateaus of short 
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T A B L E  I. 

Co r r e l a t i ons  A m o n g  C o u p l i n g  R e g i o n s  I,  I I  a n d  I I I  

E l e c t r o n  ca r r i e r s  

AEm ( m V )  R e d o x  pool  

N o n -  E l e c t r o n  E l ec t ron  
e n e r g i z e d  E n e r g i z e d  d o n o r  a c c e p t o r  

F e S 2 - N A D H  deh .  + ,  l a rge  •  sma l l  N A D H  Q 
cl - bT +260  --15 Q c 
a3 - a + 1 3 0  +35  c 0 2  

potential spans. The former encompasses a span of not more than 150 
mv, and includes, in the nonenergized state of  mitochondria, the b 
cytochromes, iron-sulfur center 2 of complex I and Q .*  The latter 
covers a span of only about  100 mv, and includes % c, a, Cu, and 
the iron-sulfur protein of complex II I  (Fig. 1). 
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Figure 1. Approximate  redox levels of  the  mitochondria l  electron carriers. The  redox- 
stable carriers in the shaded areas are those which do not  appear  to undergo  potential  
change upon  energization of mi tochondr ia  by ATP.  T he  redox-shutt l ing carriers are those 
which appear  to undergo  potential  change upon  such t reatment .  These  carriers in the 
energized state of  mitochondria  are identified with asterisks. For the redox potentials o f  
Cu  and  I I I -FeS (complex I I I  i ron-sulfur  protein) see refs. 14 and  15. O n  the basis of  the  
data  ofrefs. 16-18, the redox potential  of  FeS2 in the nonenergized state is assumed to be 
in the region shown. Bovine hear t  mi tochondr ia  contain  3 b-type cytochromes with 77~ 
peaks at  557.5,559.5 (bK?) and  562.5 (bT) nm.  Cytochrome bssT-s is located in complex II ,  
and  the other two are located in complex III .  s~ 

* Succinate dehydrogenase and  other electron tributaries of  the respiratory chain  will 
not  be discussed in this article, because their function is not  ge rmane  to the  mechan i sm  
of  energy conservation. 
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In the energized state, the composition of these plateaus is altered 
(Fig. 1). The carriers which change potential in complexes I, I I I  and 
IV are considered to be respectively iron-sulfur center 2, bT and a 3 
(see, however, ref. 7). Upon energization, the potential of iron-sulfur 
center 2 approaches that o fNADH dehydrogenase, which is an iron- 
sulfur flavoprotein,~~ and the potentials of bT and a3 approach those 
of cl and a respectively.* Thus, nearly all of the electron carriers on 
the oxygen side of Q congregate in the redox plateau at the level of 
cytochrome c, and iron-sulfur center 2 forms another region of low 
potential gradient with NADH and NADH dehydrogenase.~" Figure 
2 depicts the potential transitions of iron-sulfur center 2, br and a 3 
in complexes I, I I I  and IV respectively. It is seen that each complex 

NADH 

f 
I 
I 

I 
I 
I 

Redox plateau Redox plateau 
(-50 to +100 mv) (+200 to +500my) 

I , tj 
I 

br ~ c/ c Cu a3 02 Q 

i 
I I 

I1~11 

poo I 

Figure 2. Energy conservation associated with the potential  change of the shutt l ing 
carriers i ron-sulfur  center  2, cytochrome br and  cytochrome aa in complexes I, I I I  and  
IV respectively. Curved  arrows show the redox potential  changes of the  above carriers; 
asterisks indicate energization;  and  the dashed squares show the redox plateaus at the 
pool levels of  Q a n d  c. 

contains at least one component with a fixed potential at the level 
of the redox pool on its substrate side, and one component which is 
capable of potential change and redox-shuttling between the two pools 
which surround that complex. 

The redox changes of iron-sulfur center 2, bT and a 3 suggest that 
they participate in energy conservation when their potential is altered, 
and that they return to their original potential when the conserved 
energy is either transferred away from the respiratory chain or dissi- 
pated under uncoupling conditions. Thus, the redox potential 
shuttling property of these carriers and the closing of potential gaps as 

* See, however,  ref. 11 for critical comments  regarding the  redox potential  measurements  
of  refs. 6 and  8. 

"~ The  redox potential  of  N A D H  dehydrogenase appears to be close to those of NAD/  
N A D H  and  their acetylpyridine analogues,  because this enzyme catalyzes a t ranshydro-  
genat ion from N A D H  to acetylpyridine adenine dinucleotide. 1~ The  difference between 
the Es of the two nucleotides is 72 my. 13 
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Scheme A. Hypothetical mechanism for energy coupling at site I I I .  A variation of 
reactions 3A and 4A might be as follows : 
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Scheme B. Hypothetical mechanism for energy coupling at Site II .  A possible mechanism 
of electron transfer in reaction 2B, which would conform with a single site of antimycin 
inhibitiin, would be electron transfer from bssg.s to c 1 through low-potential bT as an 
electron siphon. 
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shown in Table I appear to be phenomena which are intimately 
related to energy conservation. 8'9, 19-21 These characteristics are 
summarized for better visualization in schemes A and B, which 
depict a unified hypothetical mechanism for energy conservation at 
sites I I I  and II.* The main features of these mechanisms are: 

1. Stepwise energy conservation, as a result of two cycles of single 
electron transfer, in carrier pairs, each of which is composed of 
a redox-stable and a redox-shuttling carrier. 

2. Redox potential change of the shuttling carrier upon an energy 
yielding reduction or oxidation reaction, or upon energization 
by ATP. 

3. Controlled respiration in state 4 because electron transfer 
through the coupled carriers could be slow. 

4. Rapid electron transfer (characteristic of state 3) through the 
wide potential gap of each complex after transfer (or dissipation 
by uncouplers) of the "high energy" state and concomitant 
return of the shuttling carrier to its noncoupled state. 

It might be added that in these hypothetical mechanisms a number 
of experimental observations have also been taken into consideration. 
Among these are: 

a. The fact that b T is not reduced without energy input and unless 
cl is in the oxidized state. 9, 22, 23 

b. The observations that the inhibitory effects of loosely bound 
compounds such as amytal, 2-heptyl-4-hydroxyquinoline-N- 
oxide,~ and azide, are reversed by uncouplers. 25-28 This is 
because uncouplers might be expected to act near the site of 
action of these respiratory inhibitors. 

c. The fact that antimycin A treatment leads to a potential change 
of br. 22, 23 Several pieces of evidence indicate that antimycin A 
results in a stronger structural association ofb and cl, TM 30 which 
might be analogous to the coupling of by and cl in the energized 
state. 

Although not included in the above hypothetical schemes, iron-sulfur 
centers 3 and 4 of complex I ~ 8 and the iron-sulfur protein of complex 
I I I  ~4 might be involved respectively in electronic communication 
between the carrier pairs of each complex, whereas copper in complex 
IV might be required, in addition, for the 4 electron reduction of 
oxygen through the rapid sequential oxidation of a;, 2 Cu', a". 3~, 32 

The work of Lee and Ernster 33 indicates that the three coupling 

* The mechanism for site I could be analogous to scheme A with the replacement of 
a and a3 respectively by NADH dehydrogenase and iron-sulfur center 2 of complex I. 

"~ Relative to the binding of antimycin A. 24 
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sites communicate through a "high energy" pool. Other studies have 
shown that this pool is, in turn, in communication with the adenine 
nucleotide (ATP/ADP) pool through a set of factors (see reviews 34 
and 35) capable of isoenergetic energy transfer. Thus, the mito- 
chondrial energy conservation-transfer apparatus may be conceived 
of as 3 energy "transducing" systems (complexes I, I I I  and IV) and 
one energy transfer system, each of which communicates with its 
neighbor by way of an energy (potential or "high-energy") pool 
(Figure 3). 

oligomycin I 
ourovertin I ~ P ~--~-- Pi 

Figure 3. Schematic representation of the "transducing" complexes I, I I I  and IV, 
the "high-energy" transfer complex (unshaded circles), and the energy pools (shaded 
circles). 

The "high-energy" pool of Lee and Ernster suggests the possible 
existence of a "high-energy" carrier operating at this level. This 
carrier might be identical with component X in schemes A and B. 
Sanadi's factor B appears to be a possible candidate for this "high- 
energy" carrier. It is water soluble, has a small molecular weight 
(29,200), and is believed to operate near the respiratory chain. 36' 37 
The "high-energy" transfer system appears to involve the sites of 
inhibition by oligomycin and aurovertin. 38, 39 The differential effect 
of these inhibitors on stimulation of state 4 respiration by arsenate has 
suggested that they act at separate sites, and that phosphate enters the 
phosphorylation sequence prior to ADP. 4~ Wang and his colleagues 
have used the differential effect of these two inhibitors to trap mem- 
brane bound phosphate. 49 These results suggest that the energy 
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transfer system is composed of at least 2 components, OSCP and F~ 
or factor A (see review 34). 

During isolation of the electron transfer complexes I, II ,  I I I  and 
IV from submitochondrial  particles, OSCP and F1 accumulate in a 
fifth fraction, which is also particulate 4z (see also refs. 43 and 44) (Fig. 
4). As in the case of the components of electron transfer complexes, 
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Figure 4. Resolution of mitochondria into the four electron transfer complexes and a 
fifth particulate fraction containing FI and OSCP. 

F~ and OSCP can be separated from one another by chao- 
tropes.Z9, 44-47 Therefore, it is possible that, similar to the "trans- 
ducing" complexes, the "high-energy" transfer components of mito- 
chondria also form a hydrophobic complex capable of p ro tec t ing"~"  
from hydrolysis. In  addition to OSCP and factor A, such a complex 
might  contain the Pul lman-Monroy inhibitor 4~ and embody the 
properties of Sanadi's factor A.D (ATPase synthetase).49 
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