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SUMMARY 

The oxidation-reduction states of mltochondrtal cytochromes were stu&ed 
under low 02 concentrations 

1 Relative oxidation states of cytochromes caused by increasing concentrations 
of 02 apparently followed the sequence of their half reduction potentials only under 
the uncoupled condtttons 

2 In the presence of antlmycm A, the O2-mduced reduction of cytochrome bT 
was seen In the difference spectrum 

3 The 02 dependency of the relative reduction state of cytochrome a ÷ a  3 with 
respect to that of cytochrome c altered stgntficantly depending upon the presence or 
absence of ATP The most significant change in the 02 dependency was that due to 
cytochrome a3 

4 When compared at a given low 02 concentration below 0 5/~M, the reduction 
states of cytochrome a @ a  3, as well as that of cytochrome c, were higher in the pres- 
ence of ADP or uncoupler than in the presence of ATP 

5 Whereas the 02 concentration required for 50 o oxidation of cytochrome c 
(P50~) depended upon the respiratory rate, the 02 concentration reqmred for 50 ",, 

oxidatton of cytochrome a 3 (P50.3) required reformation on the energy state of 
mitochondrla Under conditions where the redox states of cytochrome c and a + a 3  

are measured contmuously and as a function of the O2 concentration it may be 
posstble to evaluate the energetic state of the mltochondrla 

INTRODUCTION 

Apphcattons of spectrophotometrlc and fluorometrlc techniques to perfused 
organs [1-4] and even to the organs of anaesthetized ammals [5, 6] are approprta te  
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procedures for the pursuit of  complex bmchemlcal reactions m intact organs under 
physiological condmons One successful example IS the spectrophotometnc analysis 
of  the steady state of  catalase-H202 compound m perfused rat hver [7, 8], by which 
the profile of  cellular H202 metabolism was quantitatively studied [8-10] Quantl- 
tatlon of pyridlne nucleotlde fluorescence as an indicator of  the cytoplasmic redox 
state m perfused heart and liver was accomplished respectively by Wdllamson and 
Jamleson [2] and by Bucher and co-workers [11 ], this method reinforced the useful- 
ness of  this technique m the study of intact organ systems 

Prewously [12], we attempted to quantltate the use of  the redox states of  
mltochondrial cytochrome c and pyrldme nucleotides as indicators of  tissue hypoxia 
Regardless of  mltochondrlal metabolic conditions, the O z concentration required 
for 50 ~'o oxidation of cytochrome c (P50c) was found to decrease approximately 
linearly with the decrease of  electron flow rate through the respiratory cham [12] 
Whereas cytochrome c is only an electron carrier, cytochromes of b type and a+a3 
in the respiratory chain appear to be involved in the energy coupling mechanism 
[13, 14] and may be used as indicators of  cellular energy state in tissues 

This paper investigates specifically the redox response of cytochrome a~-a 3 to 
various O 2 concentrations and provides data on their characteristic profile as a 
function of the energy-couphng activity of  the mltochondrla 

MATERIALS A N D  ME T H O D S 

Spectrophotometr~ 
The difference spectra of  varying degrees of hypoxlc minus anaerobic or hypoxlc 

mltochondrial suspensions were measured m a single cuvette, using a dual-wavelength 
scanning spectrophotometer which was connected to a computer as reported previously 
[15, 16] The simultaneous measurements of  the redox states of  cytochrome a-i-a3 
(445-450 nm, or 605-620 nm), of  cytochrome c (550-540 nm) and of the O2 con- 
centrat~on were carried out in a single cuvette, using a combination of a ume-sharlng 
dual ~avelength spectrophotometer [17] and a fluorometer [12, 18] 

0 2 l l l r a l l o n  

As an indicator of the 02 concentration, Photobacterum phosphoreum, which 
was obtained through the courtesy of Dr F H Johnson, Princeton University, was 
used [I 8 ] The procedure of  a steady-state titration with 02 of the oxidation-reduction 
states of  cytochrome a-+ a 3 and cytochrome c was reported in detail prewously 
[12, 18] The reaction mixture consisted of 05  M mannltol, 0 1 M KCI, 001 M 
potassium phosphate (pH 7 2) and 0 01 M glucose ('high chloride" medium [12]) 
When desired, respiratory substrates, magnesium chloride (2 mM),  ATP-generatlng 
system, ADP-generatlng system or other chemicals were supplemented In some 
experiments, 's tandard'  medium (0 225 M manmtol,  0 075 M sucrose. 0 02 M mor- 
phohnopropane sulphonate (pH 7 2), 2 mM KCI, and 0 2 mM EDTA) was also used 
The results obtained in both medm were almost ~dentlcal 

Other procedures 
Pigeon heart mltochondrla were prepared according to the method of Chance 

and Haglhara [19] Pyruvate klnase (14 I U / m l )  was used with 3 mM phosphoenol 
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pyruvate and 0 5 mM ATP as an ATP-generatlng system For an ADP-generatlng 
system, hexoklnase (10 1 U/ml )  was used with 10 mM glucose, 5 or 10 mM potassium 
phosphate, and 0 5 mM ADP Protein was determined by the Bluret method using 
bovine serum albumin as a standard 

Materials 
Hexoklnase and pyruvate klnase were purchased from Sigma Chemical Co ,  

St Louis, M o ,  U S A Ultra-pure argon (99 999 %) was obtained from Matheson 
Gas Products, Gloucester, Mass, U S A 

RESULTS 

Difference spectra o/ tmtochondrtal ~ ytochromes produced by hvpo~tc condmons 
Prior to a detailed examination of the O2 dependency of pigeon heart mlto- 

chondria by dual wavelength spectrophotometry, it is appropriate to describe the 
absorption spectra of mitochondrIal cytochromes produced by various degrees of 
hypoxla The anaerobic spectrum of pigeon heart mltochondrla in the presence of 
uncoupler (pentachlorophenol) and antlmycm A was memorized by the computer 
associated with the spectrophotometer and was fed back as time-shared dynode 
voltage correcttons to g~ve the flat base hne in Fig 1 The anaerobic suspension was 
then stirred with a magnetic stirrer under a continual argon gas stream Thts treatment 
results m a continual introduction of very low concentration of O 2 into the suspension 
and allows a steady free O2 concentration below 0 005/tM A reduction of b type 
cytochrome was observed, which was identified to be cytochrome bT [13, 20] bv ItS 
double c~-peak around 567 and 558 nm, shoulder /3-band at 538 nm and the Soret 
band at 432 nm [16] Such a reduction of cytochrome b by iotroductlon of 02 was 
recorded by kinetic measurement under similar conditions [21 ] Cytochrome oxldase 
is shghtly oxidized as shown by the ~- and Soret bands As the oxygen concentration 
is increased m a stepwise fashion by increasing the proportion of Oz in the gas stream, 
cytochrome ox~dase and cytochrome c become progressively oxidized 
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Fig 1 Difference spectra of  var ious degrees of  hypoxlc rmnus anaerobic  ml tochondna  m the presem.e 
of  ant lmycm A and uncoupler  The reaction mixture consisted of  0 225 M manmtol ,  0 075 M 
sucrose 0 02 M morphohnopropane  sulfonate (pH 7 2), 2 mM KC1 0 2 mM E D T A  6 mM succmate 
6 mM glutamate,  0 8 mg/ml  pigeon heart  ml tochondrla ,  0 5 pg /ml  ant lmycm A, and 10 It M pentachlo-  
rophenol  A spect rum of  anaerobic  m~tochondrlal suspension w as recorded as a flat base nne and the 
difference spectra produced by in t roduct ion  of  different concentra t ions  of  Oz was subsequent ly  
recorded as described previously [12] Reference wavelength used was 540 nm 
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Ftg 2 D~fference spectra of  various degrees of" hypox~c minus anaerobic mltochondrm m the pres- 
ence of" antimycm A and A T P  The reaction mixture was as described m F1g 1, except that the mito- 
c h o n d r l a l  concentra t ion  was  0 5 m g / m l  and,  instead o f  uncoupler ,  an A T P - g e n e r a t m g  sys tem (0 5 r a M )  

w a s  added Reference  wave length  used was  575 n m  

When the uncoupler ts omitted and an ATP-generatmg system is mcluded 
together with anumycm A (Fig 2), the spectral changes in response to increasing 02 
concentrations differ from those observed in the uncoupled conditions In addmon 
to the reduction of cytochrome bT, s~gntficant oxldatton of  cytochrome oxtdase is 
seen at an O2 concentration below 0 005/tM The difference spectrum observed m 
the a-band of  cytochrome oxldase at thts stage shows a change m the posmon and 
shape of  the trough The relaUve oxidation of c5 tochrome oxldase and cytochrome 
in a following tttratton with oxygen is also different under the ATP-supplemented and 
the uncoupled condmons (see below) 

In the absence of  anttmycm A, the redox state of b-type cytochromes are more 
comphcated and, thus, Individual &fference spectra corresponding to each step of  the 
titraUon wtth oxygen were recorded as shown m Fig 3 The difference spectrum 
observed with the O 2 concentration below 0 005/~M (row A) in the presence of  
uncoupler is that of an oxt&zed-mlnus-reduced cytochrome bT [16], as lndtcated by 
the trough of the double c,- and the Soret bands No detectable oxtdatlon in the other 
cytochromes as noUced m this condition This spectrum, in turn, was recorded as a 

590 550 5~0 470 4BO 
,k (nml 

Fig 3 Dif ference  spectra o f m l t o c h o n d r l a l  c y t o c h r o m e s  under var ious  degrees o f  hypox ic  cond i t ions  
T h e  cond i t ions  were as described in F i g  l ,  except that ant lmycln  A was  omi t ted  and the ml tochondr la l  
concentrat ion  ,has 1 I m g / m l  0 2  c o n c e n t r a t i o n s  in the m e d i u m  were subsequent ly  increased in a 

sequence  f rom A to E (100  ° o 0 2 )  At each step the difference spec trum was  re -memor ized  Into a 
c o m p u t e r  so  that the contr ibut ion  o f  this spec trum was  nullified m the spec trum o f  the next step, as 
indicated by flat base  l ines In each roy, 
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Fig 4 Dlfferencespectra~fmlt~ch~ndrm~cyt~chr~mesundervarl~usdegrees~fhyp~xlcc~ndltt~ns 
The condmons were as described for Fig 3, except that substrate was glutamate (6 mM) only, 
and the mltochondrml concentration was 1 0 mg/ml The spectrum presented m row G was that 
produced by adding pentachlorophenol under 100 ~ 02 

flat base-line in row B, and the O z concentration was turther increased to approx- 
imately 0 02 pM The cytochromes which are oxidized at this stage are cytochrome 
bK (a-trough at 562 nm and the Soret trough at 428 nm [16]) and cytochrome a+a3 
The oxidation of cytochrome c becomes obvious at the third step (row C) It appears 
that the relative degrees of oxidation of mltochondnal cytochromes (except for cyto- 
chrome a 3) in response to the change in the 02 concentration, apparently follow the 
relative values of their midpoint potentials (cytochrome bT, --30 mV, cytochrome bK, 
+ 3 0  mV, cytochrome c, +235 mV, cytochrome a, 210 mV, and cvtochrome a3, 
385 mV) [14, 22] under the uncoupled conditions 

In comparison, the difference spectra obtained m the absence of uncoupler and 
in the presence of glutamate only, are shown in Fag 4 A portion of b-type cyto- 
chromes is oxidized together wtth cytochrome a+a  3 at the lowest 02 concentration 
(row A), but another portion remains in the reduced state initially and is gradually 
oxidized as the 0 2 concentration increases (rows B-F) In this experiment, only an 
80 ° o reduction of b-type cytochromes, when measured at 560 nm, was achieved under 
anaerobic conditions with glutamate alone 

Relatwe oxtdatton-reduetlon states oJ eytoehrome a+a3 and eytochrome e under 
hypome eondtttons 

With the aid of the difference spectra presented above, it is now possible to 
Identify the components being measured by dual wavelength spectrophotometry 
and to plot the redox states of the cytochromes as a function of the oxygen con- 
centratlon In Fig 5, the oxidation-reduction states of cytochrome a + a  3 measured at 
445-450 nm are compared with those of cytochrome c at various O 2 concentrations 
in the presence of antlmycln A With the ATP-generatlng system, approximately 
50 % of cytochrome a+a3 is more sensitive to Oz than lS cytochrome c, the remamder 
behaving in a way similar to cytochrome c In contrast to this, when an uncoupler 
is present, 50 ° o of cytochrome a +a  3 becomes less sensitive and, thus, higher 02 
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Fig 5 RelaUve ox~datmn-reducuon state ofcytochrome a-}-a3 with respect to that ofcytochrome c 
m the presence of anUmyun A The con&Uons were slmdar to those described m Figs 1 and 2 
Wavelength pairs used for cytochrome a-r-a3 and cytochrome c were 445~,50 nm and 550-540 nm, 
respectively A, m the presence of ATP and ]ts generating system, O, m the presence of pentachloro- 
phenol, O, with succmate plus glutamate alone Sohd hnes represent relatwe redox states of cyto- 
chrome a i -a3,  calculated based on the half-reductmn potentials of cytochromes a+a3 and c For 
details see Discussion 

concentraUons are required to produce ox]datlon Without  adding A TP  or uncoupler ,  
an intermediate profile is obtained in this plot The 02 concentra t ion  required for 
50 o oxidat ion of cytochrome c in the presence of ant]mycln A was approximately 
0 04/~M [12], and the respiratory rate at this oxygen concentra t ion  was below 4 
nmoles 02 per mm per mg mltochondrlal  protein One of the components  in cytochrome 
oxldase exhibits a remarkable  change in its O 2 dependency between the ATP-sup-  
plemented and uncoupled condit ions This is probably  cytochrome a a, as seen also 
in the spectral change of the a-region shown m Fig 2 This spectral shift was interpreted 
to be a t t r ibutable  to that  associated with the change in the half - reducuon potential  of 
cytochrome a 3 by Lmdsay and Wilson [23] 

In  the absence of  ant lmycin A, a different relationship between the relative 
ox lda t lon- reduc tmn states of cytochrome a + a 3  and of cytochrome c is obta ined 
(Fig 6) As previously reported [24, 25], cytochrome a3 is not  significantly reduced 
by succlnate-plus-glutamate under  anaerobic  con&tlons  if the system contains  A TP  
This observat ion was made by compar ison of the redox state of cytochrome a + a  3 
and H + release due to A T P  hydrolysis associated with the aerobic-anaerobic  transl- 
u o n  [25] Here we observed that only approximately 15 ° o of cytochrome a + a a  
remained in the oxl&zed state under  anaerobic c o n d m o n s  Obviously,  an A T P / A D P  
ratio main ta ined  by an ATP-genera t lng system in the present study is lower than the 
value obta ined  by an ext rapolauon in the prewous study [25] Nevertheless, the 
ATP-mduced  change Js observable in the redox prohle of  cytochrome a-Fa3 in re- 
sponse to the 02 concen t rauon ,  the difference between those observed w~th and  
w~thout anUmycm A is that, m the absence of an t lmycm A, ATP causes a more 
p ronounced  devlauon  of the relative reducuon  state of cytochrome a + a 3  from that 
of cytochrome c than ~t does in the presence of anUmycln A W~th uncoupler ,  the 
experimental  points &strlbute m a similar way to that seen in the presence of ant imycm 
A Two components  of cytochrome oxidase are dist inguishable,  the reducUon state 
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F~g 6 Relative ox~datlon-reduct~on states of cytochrome a@a3 with respect to that of cytochrome c 
m the absence of antlmycm A The conditions were slmdar to those described for Figs 3 and 4 &, 
with succmate-plus-glutamate, C), with pentachlorophenol, A with ADP (0 5 mM) and xts generating 
system, • with ATP (0 5 mM) and its generating system 

of one component ,  probably  of cytochrome a3, IS less sensmve to 02 than those of  
cytochromes a and c Of  Interest is the observat ion that  the redox behavior  of cyto- 
chrome a~-a 3 with an ADP-genera tmg system differs from that  with uncoupler ,  in a 
range of low 02  concentrat ions,  the curve shifts toward the right side m th~s plot, but, 
as the 02 concentraUon increases, the curve tends to merge with the curve observed 
in the presence of ATP This d~fference suggests a direct influence of the state of the 
phosphoryla t lon system on the redox state of cytochrome a ~-a 3 An  intermediate  
curve is obta ined with succlnate plus glutamate A progressive t r ansmon  of the state 
due to the increasing endogenous A T P / A D P  ratio may be expected under  this 
condi t ion 

Similar experiments were performed in 'high chloride'  medium and the results 
are presented as a funcUon of Oz concentra t ion In Fig 7 With  A TP  (A), the oMdase 
curve exhibits a clear blphaslclty which is similar to that  observed m respiring yeast 
cells [15] The componen t  exhibiting a higher O2 affinity is a t t r ibutable  to cytochrome 
a 3 Thus,  cytochromes a and e may show apparently slmdar oxygen affimtles (P50 = 
0 1 /~M) W h e n  A D P  is present (B), the P50 c is 0 27 #M The cytochrome oxldase 
curve is m o n o t o m c  and the P50a~.a 3 1s 0 15/~M Under  State-4 condit ions,  the curve 
is a mixture of the others as the Utration progresses due to ATP format ion and,  thus, 
a slope of the curve is rather steep compared to the others Al though the cont r ibu t ion  
of cytochrome a 3 absorbance was slightly smaller, similar results were also obta ined 
at 605-620 nm 

Effect oJ substrates on the redox behavtor o(  cytochrome a+a3 
As shown in Fig 8, the t i t rat ion curve obtained in the absence of substrate IS 

similar to those observed under  uncoupled condit ions In Figs 5 and 6 As the respi- 
ratory rates are increased with either glutamate, 3-hydroxybutyrate,  or succinate, 
the reduct ion state of cytochrome a÷a3  becomes more sensmve to 02 as compared 
with that  o fcy tochrome c These results are gwen as a funcUon of the 02 concentraUon 
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Fig 7 The relatnonshlp between the redox states o f  cytochrome a÷aa and of  cytochrome c and 
oxygen concentration The reactlon medium was hngh chloride' medlum as described m Materm]s 
and Methods O: concentratlons were determined by the b]olummescence o f  Pkotobactertum phos- 
pkoreum A, wlth ATP-generatmg system, B, wffh ADP-generatmg system, C succmate plus gluta- 
mate alone, O, cytochrome c, 0 ,  cytochrome a-~ 0 3 

m Ftg 9 In confirmation of previous results [12], the P50 c is 0 27/~M with succmate- 
plus-glutamate, 0 07/~M with fl-hydroxybutyrate, 0 06/~M with glutamate, and 0 035 
tIM with endogenous substrates, respectively These values were apparently propor- 
tional to the respiratory rates in corresponding conditions [12] Therefore, it is seen 
that, the faster the respiratory rate, the greater the difference between the values of  

~ ~ol ~'~',~ : ~,~  
g ~nJ r ~ o  o B- Hydroxbutyrate 

-~F J~'~l(~ o ° Substrate free o Substro 
c3 Oo y 
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Fng 8 The effects o f  substrates on the re]atlve redox states o f  cytochromes a-La3 and c The condl- 
tlons were as described in Fig 4 III, wlth glutamate (6 raM),  A,  wlth fl-hydroxybutyrate (2 raM),  
O,  wlthout exogenous substrates, 0 ,  succlnate (6 raM) plus glutamate (6 raM) 
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Fig 9 The relationship between the redox states of cytochrome a+aa and c and 02 concentration 
m the presence of&fferent substrates The con&tlons were as descnbed m Fig 7 A, w,th fl-hydroxy- 
butyrate (2 mM), B, glutamate (6 mM), C, with endogenous substrates The result ~lth succanate 
plus glutamate was given in Fig 7 @, cytochrome c, O, cytochrome a-~a3 (A44s-4so nm) 

P50 c and P50a+a3 The magni tude  o f  these differences may  be p ropo r t i ona l  to the 
free energy avai lable  f rom this redox couple  to the phosphory la t l on  system, and may  
cont ro l  the respi ra tory  rate Direct  de te rmina t ion  o f  the value o f  free energy avai lable  
f rom the redox couple  of  ml tochrondr la l  N A D H  and cy tochrome c was a t t empted  
by Wi lson  et al [26] However ,  such de te rmina t ion  is not  feasible in the present  
system 

DISCUSSION 

The exper imenta l  da t a  i l lustrates a l tera t ions  in the response to oxygen o f  the 
redox states o f  cy tochromes  which in turn  depend  upon  the bloenerget ic  state o f  the 
ml tochondr l a  The response of  the redox state o f  cy tochrome c as a funct ion o f  02  
concen t ra t ion  (Figs  7 and 9) is roughly  hyperbol ic  (s igmoldal  on a l inear- log plot  as 
employed  here)  The P50 c is p ropor t iona l  to the electron flow rate  th rough  the respira-  
tory  chain [12] 

Cy tochrome  a + a  3 and p robab ly  cy tochrome b's exhibi t  more  complex  types o f  
behavior  which are the main topic  o f  this con t r ibu t ion  When  these profiles are 
referred to that  of  cy tochrome c, a deviat ion o f  p ropor t iona l i ty  between cy tochrome c 
and cy tochrome a+a3  is exhibi ted at  low O2 concent ra t ions  These devia t ions  are to the 
right in the presence o f  uncoupler  and  to the left in the presence o f  A T P  (Figs 5 and 6) 
A variety o f  states between these extremes depend  upon the degree to which the ml to-  
chondr la l  suspension,  ini t ial ly near  State 3 due to the presence o f  phospha te  and 
endogenous  A D P ,  may  shift to near  State 4 dur ing  the t i t ra t ion,  with increasing 
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concent ra t ions  of  02  which increase the A T P / A D P  rat ios  The in te rpre ta t ion  of  the 
results depends  upon  an ident i f icat ion of  the absorbance  change at  445-450 nm tha t  
is due to cy tochrome a3 or  to cy tochrome a Cy tochrome  a3 is defined and identified 
by its abi l i ty  to react  with 02  p r io r  to cy tochrome  a [27] but  such kinetic exper iments  
are not  feasible under  the s teady state condi t ions  employed  in the 0 2 t i t ra t ion Wilson 
and co-workers  [23] identified cy tochrome a3 as the c o m p o n e n t  which exhibits an 
A T P - d e p e n d e n t  midpo in t  potent ia l  change based on the effect o f  external ly added  
l lgands Consequent ly ,  ey tochrome a 3 would  be expected to exhibit  a greater  a l te ra t ion  
o f  the profile o f  cy tochrome oxldase absorbance  against  cy tochrome c absorbance  
This identif icat ion can be conf i rmed as follows The resp i ra tory  rate (dO2/dt)  can be 
expressed by an equat ion 

dO2 
kl [a32+1 [02] (1) 

dt  

where k I is a second-order  rate  cons tan t  for the cy tochrome a32+-Oa  react ion.  
Schlndler  [28] measured  the resp i ra tory  rates o f  pigeon hear t  ml tochondr la  in the 
range o f  O2 concent ra t tons  between 0 1 and 0 005 ttM, using the bacter ia l  lumines-  
cence me thod  [18, 29] The values of  k~ [a32+ ] with and wi thout  A T P  or  A D P  were 
ca lcula ted  f rom his da ta  [28] and given In Fig  10A as a funct ion o f  O_, concent ra t ion .  
F o r  compar i son  the absorbance  changes at  445-450 nm, including the o x i d a t i o n -  
reduc t ion  of  bo th  cy tochromes  a and a 3, were also replot ted  in F ig  10B A clear 
difference in the terms k l  [a32+ ] which were calcula ted f rom the values of  dO2/dt  
and  [O2] is seen between the presence o f  A T P  and  A D P  Such a dependency  o f  the 
abso rbance  change on A T P  and  A D P  is seen after approx  50 O/,o reduct ion of  cyto-  
c h r o m e  a + a  3 Therefore,  it  is obvious  f rom this compar i son  that  the c o m p o n e n t  
chang ing  its 02  dependency  by A T P  IS cy tochrome a3, or  at  least this is the molecular  
species direct ly par t ic ipa t ing  in the reac t ion  wtth 02  

Accord ing  to Wi lson  et al [30], the hal f - reduct ion potent ia ls  (Era) o f  cyto-  
ch rome  a÷a3  are 220 and  175 mV respectively in the presence of  ATP,  and  220 and 
380 mV in the presence of  uncoupler  In a later  work  [23], they repor ted  the A T P -  
dependen t  change of  Em values o f  cy tochrome a from 220 to 275 mV The Em value of  
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Fig 10 The redox states of cytochrome a3 under low O2 concentrations The values of h i [ a 3 2 +  ] 
under various O2 concentrations m A were calculated from Dr Schmdler's data [28], using an 
equanon, dO2/dt -- h ~ [a32 + ] [02 ] For a comparison, the data presented m Fig 7 was re-plotted m B 
as ahsorbance change at 445-450 nm vs 02 concentrations (S). with ADP, 0 ,  w~th ATP, A. with 
endogenous substrate only 
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cytochrome c is 235 mV and is not dependent upon the energy state of the mlto- 
chondrla [31 ] The thermodynamic properties of the redox couple can be described 
as an equation 

AEh ~A-B) = AEm (A-m + (gr/nF) (ln [A°"][Br~d]" 
[Areal [Box]) (2) 

Assuming that the respiratory system functions in near equlhbrlum [14, 32], even 
when 02 is at limiting conditions, AEh between the redox couple of cytochrome a and 
c is zero When the electron transfer reaction is coupled with the phosphorylatlon 
reaction, the definition of an approach to equlhbrlum is that the summation of the 
free energy changes of the coupled reactions approaches zero (see refs 14 and 22) 
Therefore, when considering the redox couple of cytochrome a 3 and c, AEh is zero 
in the uncoupled condi t ion ,  but not zero under other conditions, and is equivalent to 
the AE available for phosphorylatlon reaction 

[ADP][P1] 
AE = -- AG'°ATPnF (RT/nF) (In [ATP] ) (3) 

Since the [ATP]/[ADP][P1] ratio was known in the initial condi t ion ,  but was not 
determined throughout the course of the titration experiments, precise applications 
of these equations was not possible However, the relative redox states of cytochrome 
c and cytochrome a @ a  3 were calculated based on the Eqn 2 and were given In Fig 5 
(solid lines) Assuming that the proportion of cytochrome a 3 absorbing at 445-450 
nm IS 50 ~/o [23], and that the Em values for cytochromes c, a and a3 are 235, 220 and 
380 mV respectively [30] under uncoupled conditions, the curve obtained fits the 
experimental data For the system including ATP, the E m value of cytochrome a 
was assumed to be 220 mV [30], and a potential change of cytochrome a 3 either in 
terms of Em or Eh was assumed to be --205 mV This difference corresponds to the 
AEm value observed in the 'potential clamped" system with ATP (change from 380 to 
175 mV) [23, 30] The curve thus obtained fits the experimental data only in the low 
02 concentration range However, the calculated value fits the data over a wider 
range if the change in the Em value of cytochrome a in the presence of ATP is also 
assumed to be from 220 to 275 mV [23] These results, therefore, indicate that the 
redox changes induced by ATP under low 02 concentrations are explainable in terms 
of AEh by the changes m the midpoint potentials of both cytochromes a and a 3 The 
fit was good only for the conditions where the respiration was heavily inhibited by the 
presence of antlmycm A and by low 02 concentrations When the respiratory rate 
was faster, the deviation of the oxidase curve from that of cytochrome c became 
greater (Figs 6, 7, 8 and 9) However, the assumption of equilibrium may be even 
more severely violated at these electron flow rates 

This series of studies [12, 25 ] has been carried out with the intention of applying 
the results to the analysis of intact organ systems where direct, spectrophotometrIc 
measurements of mtracellular 0 2 concentration and of bioenergetic states are of  
particular interest By using cytochromes as an indication of tissue bioenergetic states, 
the deviation of the Oz dependency of cytochrome a 3 from that of cytochrome c may 
be utilized Such a deviation (Fig 7A) was indeed seen in highly respiring yeast cells 
[15], which may indicate a relatively high ATP/ADP ratio m the cell In contrast to 
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this observation, no clear deviation was detected in the perfused heart (M Tamura, 
unpublished) In the latter system, the energy demand for the contraction-relaxation 
of heart beat may result m the cyclic alteration of the ATP/ADP ratio This cychc 
alteration in ATP/ADP ratio appeared to cause a cyclic fluctuation of the redox state 
of cytochrome a 3 which, in turn, further relates to the changes in the redox states of 
other cytochromes, and also to the changes in the respiratory rate and lntracellular 
02 concentration Since tissue O2 tension can be monitored by the oxygenation state 
of tissue myoglobm, cyclic alteration occurring in the beating heart may be analyzed 
in terms of its bioenergetlc states, based on the mode of change in the redox states of 
cytochrome a+a3 and of cytochrome c This project is now in progress [33] 

Slater and his colleagues have provided a number of experiments suggesting 
that the cytochrome oxldase-O 2 reaction can be reversed by ATP, contrary to the 
previous results of Schlndler as quoted by Chance [34] The available preliminary 
publications put forward two lines of evidence One, based on the oxy-graph and the 
second, based upon an O2-assay method different from ours In the case of the oxy- 
graph trace, the "breakpoint'" of the oxy-graph trace (Fig l, p 644 in ref 35) shows a 
change dependent upon ATP This change is attributed to a change in the dissociation 
constant of oxygen from cytochrome oxldase This might be due to a change of 
electron flow rate as well However, the oxy-graph has been seriously criticized as 
being unsuitable for determining the K m for 02 of cytochrome oxidase [36, 37] 
Starhnger and Lubbers [36] conclude that the critical Po2 as revealed by the oxy- 
graph is dependent upon the properties of the oxy-graph itself and not upon the 
mitochondria Their further work indicated that the 02 pressures appropriate to 
mltochondrlal function (0 05 Tort O 2 pressure) are below the range which can be 
measured with the polarographic method [37] Thus, we maintain that the O 2 affinity 
in the presence and absence of ATP is best determined with the luminescent system 

The second approach, namely, to determine by an 02 assay system the pro- 
duction of 0 2 from mltochondrla gives negative results when using intact cells as has 
Schindler and as have we in this paper On the other hand, when subcellular particles 
are used as from Acetobacte~ mesoxydans positive results are obtained [38] The 
differences m experimental conditions, namely, whole cells on the one hand and 
subcellular particles on the other hand raises the question of whether or not the 
subcellular particles can respond to direct electron transfer between the mitochondria 
and the particles, a reaction which is not possible between the mltochondrla and the 
whole cells It is therefore appropriate to reserve judgement as to whether there is a 
real discrepancy between the two approaches until data are available with Blenfait's 
method using intact cells Under these conditions, the CO sensitivity should be 
demonstrable 

In summary, it appears that the assay methods which respond only to dissolved 
0 2 and are sensmve to the region of 10 -°  M are essential for the quantitative study 
of the reactions of cytochrome oxidase with 02 
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