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1. Introduction 

The observation that the half-reduction potentials 
of cytochromes b T and a 3 are dependent on the mito- 
chondrial energy state [ 1-5 ] has provided direct 
evidence for a role of these cytochromes in the energy 
conservation reactions. One of the predictions arising 
from theoretical considerations related to the energy 
dependence of the half-reduction potentials is that 
these cytochromes have more than one oxidized or 
reduced species (or both), the interconversion of which 
is energy-dependent [1, 3]. It is expected that such con- 
versions would give rise to measurable changes in the 
absorption spectra of the cytochrome but the size and 
nature of these spectral changes cannot be predicted. 

We have undertaken a systematic search for these 
predicted spectral changes. In this paper evidence is 
presented for an energy (ATP)-dependent spectral 
change in an oxidized cytochrome of pigeon heart 
mitochondria. 

2. Materials and methods 

Pigeon heart mitochondria were isolated in 0.225 
M mannitol - 0.075 M sucrose - 0.0002 M EDTA 
according to the method of Chance and Hagihara [6]. 
Spectral data were obtained using an Aminco-Chance 
dual wavelength spectrophotometer. 

Oxidation-reduction potential measurements were 
performed in the apparatus designed by Dutton [7] 
using the oxidation reduction mediators indicated in 
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the figure legend. Anaerobiosis was achieved by the 
addition of NADH which nonenzymatically reduces 
phenazine methosulfate. Potassium ferricyanide was 
used as oxidant and NADH as reductant. 

3. Results and discussion 

3.1. Spectral changes induced by the addition o f  A TP 
to pigeon heart mitochondria 

The addition of ATP to a suspension of pigeon 
heart mitochondria in which the cytochromes are 
highly oxidized induces a spectral change characterized 
by maxima near 580 nm and 436 nm and minima at 
416 nm, 480 nm and 655 nm (fig. 1 upper trace). This 
spectral change is prevented by the presence of either 
oligomycin or uncoupler. The sensitivity to these com- 
pounds indicates that the phenomenon is energy- 
dependent. 

The oligomycin sensitivity of the ATP-dependent 
spectral shift as measured at 577 nm minus 540 nm is 
typical of that for oligomycin sensitive reactions in 
pigeon heart mitochondria. When limiting amounts of 
oligomycin are added the inhibition increases with 
time over a 2 - 3  minute time interval. In fig. 2 the 
oligomycin titer is given for the experimental condi- 
tions in which oligomycin is added before ATP and 
the absorbance change measured 1 min after the ATP 
addition. No inhibition is observed until the amount 
of oligomycin added reaches 0.3/ag/mg protein and 
then the absorbance change declines precipitously to 
near zero at 0.5/ag oligomycin/mg protein. These 
numerical values become somewhat smaller if longer 
equilibration times are used. 
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Fig. 1. The spectral changes induced on addition of ATP or cyanide to pigeon heart mitochondria in which the cytochromes are 
highly oxidized. The pigeon heart mitochondria were suspended in a medium containing 0.22 M mannitol, 0.075 M sucrose and 
0.05 M morpholinopropane sulfonate, pH 7.2. A mitochondrial suspension of 1 mg protein/ml was treated with 670 pM potassium 
ferricyanide and used for the spectra of the wavelength range from 350 nm to 500 nm, while a suspension containing 2.5 mg pro- 
tein/ml and 1.3 mM potassium ferricyanide was used for the wavelength range from 500 nm to 700 nm. The baselines were ob- 
tained using identical samples in each cuvette. The upper trace (+ATP) shows the spectral change induced by adding 2 mM ATP 
to the measure cuvette, and the lower trace (+CN) shows the spectral change induced by the addition of 250 pM KCN to the 
measure cuvette and allowing in the latter case 5 min for complete reaction. The spectra were obtained using an Aminco-Chance 
dual wavelength-split beam spectrophotometer and a measuring spectral bandwidth at half height of 4 rim. 

The spectral change is a funct ion  of  the phosphate  

potent ia l .  Prel iminary measurements  show that  the 

change is hal f -maximal  when  the ratio o f  the  concen- 

t ra t ion o f  ATP to the product  o f  the concent ra t ions  
of  ADP and inorganic phosphate  is approx.  103 M-  1 

3.2. The identification of  the change as belonging to a 
ferricytochrome 

Although  pigeon heart  mi tochondr i a  have a very 

low con ten t  o f  endogenous  substrate,  i t  remains 

possible that  the observed spectral changes are caused 

by an energy-dependent  reduct ion  o f  an as yet  un- 
known c o m p o n e n t  of  the respiratory chain. Two lines 

of  evidence argue against this possibility: (1) The 

ATP-induced spectral change is found to be  un- 

diminished in size when the mi tochondr ia  are sus- 

pended in a med ium saturated with  100% oxygen  gas 

and supplemented wi th  1.5 mM K-ferr icyanide in 

order to maintain  highly oxidizing condi t ions.  As may  

be seen f rom the spectra,  ATP causes only a negligible 
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Fig. 2. The oligomycin sensitivity of the ATP induced 
absorbance change as measured at 577 nm minus 540 nm. 
Pigeon heart mitochondria were suspended at 2.7 mg protein/ 
ml in a medium containing 0.22 M mannitol, 0.075 M 
sucrose and 0.05 M morphoiinopropane sulfonate, pH 7.0. 
The final volume of the reaction mixture was 2.2 ml, and the 
light path was 1 cm. Ferricyanide (final concentration = 900 
taM) and the amount of oligomycin indicated on the abscissa 
were added and the absorbance change initiated by the addi- 
tion of 2 mM ATP. The absorbance change indicated on the 
ordinate was measured 1 min after the ATP addition. 

reduction of  any of  the known components of  the 
mitochondrial respiratory chain. (2) Separate experi- 
ments performed under anaerobic conditions (in the 
oxidation-reduction potential measuring apparatus 
of Dutton and co-workers [2, 7] ) in which the absorb- 
ancy changes were measured at 577 n m - 5 4 0  nm, de- 
monstrate that the addition of  ATP at an oxidat ion-  
reduction potential o f  +320 mV or greater causes an 
absorbancy change consistent with that of  fig. 1 while 
the addition of  ATP at oxidat ion-reduction potentials 
more negative than +210 mV causes less than 10% of 
the change observed at the more positive potential 
values. Furthermore, in the presence of  ATP, the 
absorbance appears on addition of  oxidant and dis- 
appears on the addition of  reductant. 

Attempts to determine the half-reduction potential 
of  the component responsible for this absorbance 
change (using the wavelength pair 577 nm minus 540 
nm) have given less than satisfactory results. The 
maximum ATP-induced absorbance change is approxi- 
mately equivalent to that for a component having a con- 
centration of  0.5 nmoles]mg protein and a millimolar 
extinction coefficient of  6 cm -x at this wavelength 

pair. This is a small absorbance change. The measure- 
ments are further complicated because both the mag- 
nitude and the half-reduction potential are dependent 
on the phosphate potential. 

3.3. On the possible identification of  the component 
undergoing the A TP-dependent spectral change 

The component was found to be associated with 
energy conservation site III by using the antibiotic 
antimycin A and cyanide. When an aerobic suspension 
of  mitochondria is treated with 0.5 /ag antimycin 
A/mg protein and an oxidizable substrate such as suc- 
cinate plus glutamate, the b cytochromes are reduced 
while the cytochromes c, c l ,  a and a 3 are oxidized. 
The addition of  ATP to such a mitochondrial suspension 
elicits a small (10-20%) fraction of  the absorbance 
change previously described. This apparent inhibition 
by antimycin A is the result of  a small antimycin- 
insensitive electron flux, however, and if 1 mM 
potassium ferricyanide (which specifically accepts 
electrons on the oxygen side of  the site of antimycin 
inhibition) is added, the absorbance change is increased 
to the control values. 

The addition of  250/aM cyanide to a suspension 
of pigeon heart mitochondria in which the cyto- 
chromes are highly oxidized, induces the spectral 
change shown in fig. 1 (lower trace). Subsequent 
addition of  ATP does not elicit a spectral change 
comparable to that obtained in the absence of  cyanide. 
The cyanide sensitivity of  the ATP-induced spectral 
change is good evidence that it is associated with 
energy conservation site III. 

3.4. On the origin of the energy dependent spectral 
change 

Cyanide is known to form low-spin derivatives of  
ferric hemoproteins [8, 9] .  The cyanide-induced 
spectral change shown in fig. 1 (lower trace) is typical 
for the reaction of cyanide with a high-spin hemo- 
protein to form the low-spin cyanide compound. The 
similarities between the cyanide and the ATP-induced 
spectral changes provide additional evidence that the 
latter also represents a transition of  a hemoprotein from 
a high-spin state to a low-spin state [ 10, 11 ].  
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3.5. On the nature o f  the energy conservation reactions 
and the measurements of  the half-reduction 
potentials in the presence o f  A TP 

The minimum equations necessary for describing 
the thermodynamics of energy conservation are: 

1) AH2-1  + B,  . A * + I + B H  2 

2) A * + I + A D P + P i ,  . A - I + A T P  

3) A - I  + CH 2 , • A H 2 - I  + C 

These equations are essentially the same as we presented 
earlier [1 ,3]  but they are in a general form in which 
the component A is designated as the energy-trans- 
ducing element and the ligand effects are expressed as 
a binding or release of  I. The oxidat ion-reduction 
reactions are written to indicate that the stoichiometry 
calls for 2 electrons to be transferred per ATP syn- 
thesized but this may occur as 2 sequential 1 electron 
steps. The essence of  this mechanism is a directional 
electron flow with electrons being donated to A by a 
low potential donor (C) and accepted from A by a 
high potential acceptor (B). This directional electron 
flow serves to maintain the ratio of  the activities of 
A* and I to A - I  such that the free energy of inter- 
conversion of  the former to the latter is equal to or 
greater than the energy required for ATP synthesis. 
This mechanism readily accounts for the net synthesis 
of ATP by a net electron flow from the low potential 
pool to the high potential pool, the energy-dependent 
reversed electron flow and the energy-dependent half- 
reduction potential of  the energy transducing compo- 
nent. 

It should be noted that theoretical considerations 
call for an additional reactant A*H 2 and the appropri- 
ate reactions for its formation by reduction of  A* and 
conversion of  AH 2 - I .  Since thermodynamic evaluation 
of data taken at equilibrium deals with the state of  
the system and not the reaction pathways, for our 
purposes it is only necessary to consider the chemical 
species present in significant amounts at equilibrium. 
For example, the glyceraldehyde-3-phosphate dehy- 
drogenase reaction may be analyzed as a 3 compo- 
nent system (1 reduced form, glyceraldehyde-3-phos- 
phate; and 2 oxidized forms, 3-phosphoglycerate and 
1,3-diphosphoglycerate) although a fourth component 
(a complex of glyceraldehyde-3-phosphate and inorganic 

phosphate [12]) is required to complete the formal 
equations for 2 oxidation-reduction couples. 

No spectral evidence has been found for the addi- 
tional species of  cytochrome b T as yet ( [13 -15]  ; see 
however [16-18]  ) but energy-dependent spectral 
changes in cytochrome oxidase have been observed 
by Wikstrom and Saris [19] and interpreted as either 
an oxidation of cytochrome a 3 or an energy-linked 
alteration of the spectrum of reduced cytochrome a 3 . 
These observations have been confirmed (Lindsay and 
Wilson, unpublished results) and the latter interpreta- 
tion proven to be correct. The energy-dependent 
spectral changes described in this communication may 
well be due to oxidized cytochrome a 3 . If  this can be 
unequivocally demonstrated, it will represent the 
evidence necessitating the expansion of  the minimum 
required equations to include the additional species. 
The additional equations will make it much easier to 
explain some aspects of respiratory control and the 
energy-dependence of  the oxidation-reduction state 
of cytochrome b T during respiration [13, 20].  
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