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SUMMARY 

I, As in non-phosphory la t ing  part icles,  an t imyc in  causes a shift  of the  wavelength 
of m a x i n m m  absorpt ion  of fer rocytochrome b in phosphory la t ing  part icles  to the  red 
1) 3, 2 nm. The ant imycin-effect  curve is s igmoidal .  

2, ATP  also causes a red shift ,  less than  t ha t  brought  about  by  an t imycin  and 
add i t ive  to the  effect of the  la t ter .  

3. In addi t ion  to a red shift  ATP  brings about  an oxidat ion  of cy tochrome b. 
4. The ATP- induced  red shift  also occurs in the  presence of rotenone when 

N A D H  is electron donor  and in the  presence of ma lona te  or 4,4,4-trifluoro-I-(2-thionyl)- 

1,3-butadione when succinate is the  donor.  
5. The  ATP- induced  oxida t ion  of cy tochrome b occurs in the  presence of both  

ro tenone and ant imycin .  The ox idant  is p robab ly  ubiquinone.  
6. I t  is proposed tha t  mi tochondr ia  conta in  two species of cy tochrome b in 

equal  amounts ,  one (bi) affected b y  an t imyc in  and the other  (b) not  affected. A n t imy-  
cin reacts  preferent ia l ly  with a form of bi present  in high concentra t ions  in energized 
part icles.  

7. I t  is proposed t ha t  the  ATP- induced  red shif t  is due to the  format ion  of 
b 2+ ~ X ,  a low-potent ia l  cy tochrome b (b 2+ ~ X ~ b 3+ + X + e). 

8. I t  is proposed t ha t  bi 3+ ~ X  is a h igh-poten t ia l  cy tochrome b (bi 2+ + X 
bp+ ~ X +  e). 

9. A mechanism of S i te - I I  phosphory la t ion  is proposed  in which ATP synthesis  
is l inked with in t ramolecular  electron t ransfer  wi th in  the  d imer  b 2+ ~ X.  bi a~ ~ X. 

I N T R O D U C T I O N  

One of the  effects of an t imyc in  on the  Keilin and Har t r ee  hear t -muscle  prepa-  
ra t ion (non-phosphoryla t ing  sub-mi tochondr ia l  particles) is to shift  the  ~-band of 
ferrocytochrome b 1-2 nm towards  the  red 1 a. The effect of an t imyc in  concentra t ion  on 

Abbreviation : FCCP, carbonyl cyanide p-trifiuoromethoxyphenylhydrazone. 
* Postal address for reprint requests : Plantage Muidergracht 12, Ainsterdain, The Netherhmds. 
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this red shift, like other effects of antimycin 3-5, is described by a sigmoidal curve 4. 
BRYLA et al. 4 have explained the sigmoidal antimyein-effect curves on the basis of the 
allosteric model of MONOD et al. G. They proposed that  the antimycin-sensitive region of 
the respiratory chain exists in two conformation states in equilibrium with one another, 
and that antimycin combines preferentially with the conformation present in low 
concentration in this type of preparation. BONNER AND SEATER 7, SEATER s and 
\VEGDAM et a l2  have found a hyperbolic antimycin-effect curve with intact mito- 
chondria in the presence of substrate and ATP, under anaerobic conditions, and a 
sigmoidal curve under otherwise identical conditions in the presence of uncoupler. This 
is to be expected according to the explanation of BRYLA et al.4 if the conformation bind- 
ing antimycin more firmly is present in high concentration in intact mitochondria 
energized by substrate and ATP, and in low concentrations in uncoupled mitochondria. 

In the present communication phosphorylating sub-mitochondrial particles 
prepared from beef heart have been used further to study the effect of ATP and anti- 
mycin on cytochrome b. Preliminary accounts of some of these results have appear- 
ed 8,1o-12. 

RESULTS 

Three preparations of phosphorylating sub-mitochondrial particles were used: 
EDTA particles prepared by the method of LEE AND ERNSTER a3, A particles prepared 
by the method of FESSENDEN AND RACKER 14, and Mg-ATP particles prepared by the 
method of L6w AND VALLIN 15. For maximal catalytic activity in energy-coupled 
reactions, the EDTA and A particles require low concentrations of oligomycin in 
addition to oxidizable substrate or ATP ~6. Oligomycin is not necessary with ATP-Mg 
particles. 

Fig. I shows tile effect of antimycin on the spectra in the cytochrome region of 
EDTA particles reduced by NADH in the absence of oxygen. Antimycin shifts the peak 
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Fig. i. Effect of ant imycin on cytochrome b spect rum in EDTA particles. Particles (I mg/ml) 
suspended in o.z M sucrose-o.o5 M Tris-aceta te  (pH 7.4) containing 1.7 #g oligomycin per mg 
protein. N A D H  (t raM) was added to the suspension and, after anaerobiosis was reached, 1.83 ttg 
ant imycin per mg protein were added. The reference wavelength was 575 nm, the test  wavelength 
is shown on the abscissa. Separate runs were made at  each wavelength. Curve i, anaerobic minus 
aerobic; Curve 2, anaerobic-?  ant imycin minus aerobic; Curve 3, anaerobic- -  ant imycin minus 
anaerobic ; (difference between Curves i and 2). Johnson  Foundat ion  dual-wavelength spectrophoto- 
meter  used. 
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in the difference spectrum from 561 to 563 nm, with 575 nm as reference wavelength. 
The antimycin-effect spectrum has a maximum at 565 nm. These spectra are not affect- 
ed by the addition of oligomycin or FCCP (not shown). 

The spectra in Fig. I contain contributions from other cytochromes besides 
cytochrome b, particularly cytochrome q. In order to eliminate these contributions, 
the procedure of CHANCE ~, in which other cytochromes are first reduced by addition of 
ascorbate and cyanide (in some experiments, phenazine methosulphate was also 
present), was followed. The addition of succinate, NADH or Na2S204 then specifically 
reduces cytochrome b. The wavelength pair, 566-560 nm, is isosbestic for ferri- and 
ferrocytochrome b, so that  the addition of succinate, NADH or Na2S204, after ascorb- 
ate and cyanide, has no effect on zlAa66-56o nm. The subsequent addition of antimycin 
causes an increase in AA566-560nm (@ Fig. I) that  is a measure of the red shift uncom- 
plicated by changes in the redox state of that  fraction of the cytochrome b that  is 
reducible in the absence of antimycin. Owing to some uncertainties in the wavelength 
setting of the Aminco-Chance dual-wavelength spectrophotometer, preliminary ex- 
periments were carried out with this instrument in order to determine the wavelength 
settings at which no change occurred when Na2S20 a was added subsequently to succi- 
nate, NADH or ascorbate + cyanide. Na2S20 4 reduces as much cvtochrome b in the 
absence of antimycin as NADH does in its presenceL2. 

Fig. 2 shows that, as with non-phosphorylating particles ~, the curve describing 
the effect of different concentrations of antimycin on the red shift is sigmoidal. ATP 
also causes a red shift, largely additive to that  of antimycin. The effect of ATP is 
sensitive to oligomycin or uncoupler (FCCP). 
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Fig. 2. Effect  of concen t ra t ion  of an t imyc in  on red shif t  of cy tochrome b (measured a t  566-56o nnl} 
wi th  M g - A T P  part icles.  To a suspension (3 mg/ml)  of par t ic les  in 3.o ml 0.2 M sucrose-o.o 5 M 
Tr i s - ace t a t e  (pH 7.4) were added  success ively  6. 7 mM MgSO 4, 6. 7 mM KCN and 8.3 nlM ascorbate .  
A. Curve ~ (~x z~)- The react ion was s t a r t ed  by  the  add i t ion  of i HIM N A D H  and, when a 
s t eady  s t a t e  was reached, the ind ica ted  a m oun t s  of a n t i m y c i n  were added.  The values  p lo t t ed  are 
the  increase in A566 560 nm due to the  add i t ion  of an t imyc in .  Curve 2 ( @ - - @ ) .  The reac t ion  was 
s t a r t ed  by  the  add i t ion  of i mM N A D H  and, when a s t eady  s t a t e  was reached, 3 mM ATP was  
added,  folIowed by  the  ind ica ted  a m oun t s  of an t imyc in .  The values  p lo t t ed  are the  increase in 
A 5 6 6  560 nm above the value  reached af ter  add i t ion  of NADH.  The poin ts  ~ refer to an expe r imen t  
carr ied out  in the same w a y  as wi th  Curve 2, excep t  t h a t  o l igomycin  (I .I  /~g/mg protein)  was  
added  before the  ATP. /3. Vary ing  a m oun t s  of a n t i m y c i n  were added  before the  NADH.  The 
react ion was s t a r t ed  by  the add i t ion  of t mM NADt-I and when a s t eady  s t a t e  was reached,  3 mM 
ATP was added, followed by  1.67 /~M FCCP. Curve I ( z ~ - - ~ ) ,  A566-560 nin af ter  N A D H  minus 
before N A D H ;  Curve 2 (@ @), A5~6-560 nm af ter  ATP minus before NADH.  Po in t s  (:3, a f te r  
FCCP minus before NADH.  Johnson  Founda t ion  dua l -wave leng th  spec t ropho tome te r  used. 
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The effect of ATP, both alone and in the presence of antimycin, on the spectrum 
of A particles in the presence of oligomycin, with 560 nm as reference wavelength, is 
shown further in Fig. 3. In this experiment, succinate was used as hydrogen donor. 
At 566-56o nm, the effect of antimycin was the same whether added alone (Fig. 3B) or 
after the ATP (Fig. 3A). ATP also caused an increase at 566-56o nm, but a second effect 
of ATP, particularly noticeable in the presence of antimycin, is revealed at the higher 
wavelengths. Both effects of ATP are absent when Na2S20 4 is the electron donor (Fig. 
3C). As previously reported*, the antimycin red shift is much less with Na2S204 than 
with succinate as electron donor. 

0.015 

E 
~001 

.< 
< 
<~ 

I 
000~ 

i i i i | ! ! I 

B t C 

t I I m~_ 

A 

01 

| ~ I | i i | 
562 56/. 5 568 570 562 564 566 568 570 562 564 566 568 5?0 

Test wavelength (nm) 

Fig. 3. Effect  of ATP  and  a n t i m y c i n  on absorp t ion  s p e c t r u m  of cy toch rome  b in A particles.  The  
A m i n c o - C h a n c e  dua l -wave leng th  spec t ropho tome te r  was used wi th  t he  reference wave leng th  set  a t  
56o.7 n m  (see text) .  The  part icles  (2.5 mg/ml)  were suspended  in o.17 M sucrose-o.o42 M Tr i s -  
ace ta te  (pFI 7.4), con ta in ing  i mM  EDTA,  6. 7 mM  MgSO 4 and  0.2 /*g ol igomycin  per  m g  protein.  
This  was  t he  a m o u n t  of o l igomycin  found  in p re l iminary  expe r imen t s  op t imal ly  to s t imu la t e  t he  
ATP-d r iven  reduc t ion  of N A D  + by  succ ina te  ea ta lysed  by  these  part icles.  Cy tochromes  c, c 1 and  
aa a were reduced by  add i t ion  of I /*M phenaz ine  m e t h o s u l p h a t e ,  io m M  KCN and  6 m M  ascorbate .  
W h e n  a s t e ady  s ta te  was reached,  i6. 7 m M  succ ina te  was added.  W h e n  a s t e ady  s t a t e  was reached,  
4,2 m M  A T P  was  added  in A, followed, when  a s t e ady  s ta te  was aga in  reached,  by  o. 7 nmole  an t i -  
m y c i n  per  m g  protein.  The  curve  m a r k e d  AT P  gives the  difference s p e c t r u m  : af ter  add i t ion  of A T P  
m i n u s  before addi t ion  of ATP.  The  curve  m a r k e d  a n t i m y c i n  is the  difference s p e c t r u m  : af ter  addi-  
t ion  of a n t i m y c i n  m i n u s  before addi t ion  of an t imyc in .  I n  B, t he  order of addi t ion  of a n t i m y c i n  and  
ATP  was reversed.  In  C, Na2S~O 4 was added  before tile an t imyc in ,  and  ATP was t he  las t  addi t ion.  

That  the second effect of ATP is due to oxidation of cytochrome b is made prob- 
able by the experiment shown in Fig. 4, that  was carried out with Mg-ATP particles 
reduced with NADH in the presence of ascorbate and cyanide. The ATP effect, which 
is sensitive to FCCP, is maximal at 563 nm with reference wavelength at 575 nm. The 
wavelength pair 563-575 nm is suitable for studying the redox state of cytochrome b, 
and A563-575 nm is relatively insensitive to the red shift. 

In some experiments with A particles, tile oxidation of cytochrome b by ATP 
was so much slower than the red shift that  it was possible by extrapolation to plot 
the spectrum of the ATP-induced red shift separate from the oxidation. This is shown 
in Fig. 5- Both the antimycin- and the ATP-induced red shifts peak at 565 nm, at the 
wavelength settings used, and the two effects are additive. 

The red shift brought about by ATP, with NADH as donor, both in the absence 

Bioch im .  B i o p h y s .  Ac ta ,  223 (197 o) 354-364 



(105 

358 E.C. SLATER et al. 

(Figs. 6A and 6B) and presence (Figs. 6C and 6D) of antimycin, was also found in the 
presence of rotenone. The amount of rotenone used in the experiment shown in Fig. 6 
was insufficient completely to inhibit reduction of cytochrome b by NADH, but slowed 
it considerably. Thus, oxidation of cytochrome b by NAD+ cannot be involved in the 
red shift. The trace after the addition of antimycin shown in Fig. 6B indicates that  
cytochrome b is somewhat oxidizable in the presence of antimycin. 

When succinate was substrate, the addition of malonate after the succinate also 
had no effect on the FCCP-sensitive red shift brought about by ATP (Fig. 7). In 
another experiment not shown 4,4,4-trifluoro-I-(2-thionyl)-I,3-butadione also had no 
effect. 

Fig. 8 shows two parallel experiments, the upper trace illustrating the FCCP- 
sensitive red shift brought about by ATP, and tile lower the FCCP-sensitive oxidation 

O.O4 

0.0151 

I 

®'i 

i 
i 

093 

0.02 

0.01 

/ ' "  ..... 

X 

Test w a v e l e n g t h  (nm) 

o[ 

t 

560 565 570 575 580 

Test wavelength(nm ) 

E 
c 

i 
~< 

< 
<3 

Fig. 4. Oxidation of cytochrome b in Mg-ATP particles by ATP in the presence of antimycin. The 
particles (3.o mg/ml) were suspended in 0.20 M sucrose-o.o 5 M Tris-acetate  (pH 7.4) containing 
6. 7 mM MgSOa. Cytochromes c, c I and aa a were reduced by  addition of 6. 7 mM KCN and 8. 3 mM 
ascorbate. Ant imycin (0. 4 nmole/mg protein) was added and the reaction to be studied star ted by 
the addition of 0. 3 mM NADH.  The NADH-effect  spectrum, wi th  575 nm as reference wavelength, 
is given in Curve i. When  a s teady state was reached, 3.0 mM ATP was added. The effect of N A D H  
@ ATP is given in Cnrve 2. When a s teady state was again reached I .o/~M FCCP was added. Curve 
3 gives the effect of N A D H +  A T P +  FCCP. Curve 4, the difference between Curves 2 and 3, rep- 
resents the reverse of the FCCP-sensitive ATP effect. Johnson Foundat ion  dual-wavelength 
spect rophotometer  was used. 

Fig. 5- Effect of ATP and ant imycin on absorpt ion spectrum of cytochrome b in A particles. The 
Aminco-Chance dual-wavelength spect rophotometer  was used with the reference wavelength set at  
560. 5 ran. The particles (2.3 mg/ml) were suspended in o.17 M sucrose o.o42 M Tris-acetate  (pFI 
7.4), containing i mM EDTA, 6. 7 mM MgSO 4 and o.28 /~g oligomycin per mg protein (optimal for 
ATP-driven reduction of NAD + by succinate). The reaction was s tar ted by  the addition of I6. 7 nl.~I 
succinate. When anaerobiosis was reached, o.85 mnole ant imycin per mg protein (©) or 5 nlM ATP 
([]) was added. The points represent the difference between after the addition and before. Points • 
were obtained by  adding ant imyein after the ATP and represent  the difference between after anti- 
mycin and before. The point  II was obtained by  adding ATP after the ant imycin and represents 
the difference between after ATP addition and before. At the higher wavelengths a s teady value 
was not  reached when ant imycin was added in the presence of ATP. The values plotted were ob- 
tained by  extrapolation. 
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of cytochrome b, both followed in the presence of rotenone and antimycin. A control 
experiment showed that the extent of the oxidation of b, in the presence of antimycin, 
was the same in tire presence and absence of rotenone. The rapid oxidation of eyto- 
chrome b by ATP in the presence of rotenone shows that NAD + is not the oxidant. 
Since the oxidant must lie between the rotenone-sensitive and antimycin-sensitive 
sites, it is most  probably ubiquinone. 
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Fig. 6. Effect  of ro tenone and  a n t i m y c i n  on FCCP-sens i t ive  ATP- induced  red shif t  in  M g - A T P  
part ic les ,  w i th  N A D H  as donor. Condi t ions  were the  same as in Fig, 4. Other  add i t ions  are as 
indica ted .  
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Fig. 7. Effect  of m a l o n a t e  and  a n t i m y c i n  on FCCP-sens i t ive  ATP- induced  red shif t  in M g - A T P  
part icles ,  w i th  succ ina te  as donor. Condi t ions  were the  same as in Fig. 4 except  t h a t  the  reac t ion  
m i x t u r e  was supp lemen ted  wi th  5 mM succ ina te  first before the  t race  was  recorded. Other  addi-  
t ions  are as ind ica ted .  
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D I S C U S S I O N  

I t  is necessary to separa te  two effects of an t imyc in  and ATP on cy tochrome b in 
phosphory la t ing  sub-mi tochondr ia l  part icles,  namely  oxidoreduct ion and a shift  of the  
absorpt ion  peak  to the  red. W i t h  the  reference wavelength  at  56o nnl, measurements  
at  566 nm are insensi t ive to oxidoreduct ion  so t ha t  this wavelength  pa i r  is sui table  for 
s tudy ing  the  red shift .  The wavelength  pair  563-575 nm is sui table  for s tudy ing  redox 
changes with min imal  interference from the  red shift .  

3raM ATP 
2/~(:.1 Antimycin 

566-560nm 

l,u.M FCCP ± 
__~ ~o F , - -  aA=o.oo2~ 

IH, M FCCP T 

t- ~ " l . ' ~ 2 # g ~  ~t imycin 
3rnM ATP 

Fig. 8. The ATP-induced red shift (measured at 566-560 nm) and the ATP-induced oxidation of 
cytochrome b (measured at 563-575 rim) measured in the presence of rotenone and antimycin. Con- 
ditions were as in Fig. 4 except that the reaction mixture was supplemented with 3.3/~M rotenone, 

• 3 /~M antimycin and o. 3 mM NADH before the trace was recorded. Other additions are as indi- 
cated. 

The s to ichiometry  of an t imyc in  inhibi t ion 17,4,'8 shows tha t  mi tochondr ia  and 
sub-mi tochondr ia l  par t ic les  contain  two species of cy tochrome b in equal  amounts ,  
one (hi) affected by  an t imyc in  and the o ther  (b) not  affected. In  the  presence of electron 
donor,  an t imyc in  causes a red shift.  As indica ted  in I~TRODUCTION, a s tudy  of the  
ant imycin-effect  curves under  different condit ions has led to the  conclusion t ha t  ant i -  
mycin  reacts  preferent ia l ly  with a form of cy tochrome b present  in high concentra t ions  
in energized part icles,  and  in low concentra t ions  in non-energized part icles.  Titus, the  
species in energized par t ic les  responsible for the  red shift  induced by  an t imyc in  m a y  be 
wr i t ten  (bi 2~ ~ X).  an t imycin .  

Botl l  in t i le presence and absence of an t imycin ,  ATP  also brings about  a red shift  
in phosphory la t ing  sub-mi tochondr ia l  part icles,  wi th  a max imun l  absorpt ion  at  the  
same wavelength.  The effects of ATP and an t imyc in  are addi t ive .  We m a y  wri te  
b 2+ ~ X  for t i le  spectroscopical ly  observed species in the  presence of ATP.  In addi t ion  
to the  red shift  ATP induces a slower oxida t ion  of cy tochrome b. Tt~e two effects m a y  
be described by  the  equat ions  

ATP+ b2++ X ~ ADP+ Pi~- b2+~X 

b 2+~Xq- Q +  H + ~ b a + +  X +  QH" 

The redox couple 

b~+~X ~ ba++ X +  e 

Biochim. Biophys. Acla, zz3 (t97 o) 354-364 
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represents a species of cytochrome b with a redox potential lower than that  of the 
couple 

b 2+ ~ b a+ + e 

by 43 AG° mV, where - A G  ° kcal is the free-energy change in the reaction 

b 2 + ~ X  ~ b 2 + +  X 

If - A G  ° is 8 kcal, then b e+ ~ X might be expected to have a potential 345 mV less than 
that  of cytochrome b, which is 77 mV (ref. i9). 

Cytochrome b with a potential as low as - 2 7 o  mV has not been found in mito- 
chondria. However, isolated cytochrome b, which reacts with CO, has been reported to 
have a potential of - 3 4  ° rnV (ref. 2o). 

WILSON AND DUTTON 21 have recently reported that,  in the presence of ATP, 
mitochondria contain two species of cytochrome b, with redox potentials of 245 and 35 
mV, respectively. In the presence of uncoupler, species with potentials of - 5 5  and 35 
mV, respectively, were identified. The species with potential of 35 mV is probably the 
same as that  previously measured by HOLTON AND COLPA-BooNSTRA TM (E O' = 77 mV) 
in non-phosphorylating particles, i.e. that  of conventional cytochrome b. We should 
like to suggest that  the potentials of - 5 5  and 245 mV, respectively, belong to bi, and 
represent the equilibria 

bj 2+ ~ b j a + +  e (E'o: - - 5 5  mV)  

bi2+@ X ~ b i a + ~ x  -t- e ( E ' o ~  245  mY) 

In agreement with this suggestion is the observation that  ATP increases the degree of 
reduction of cytochrome b in intact mitochondria 9. bi a+ ~ X  is the species already 
proposed to explain the preferential binding of antimycin in energized particles. 

Complex I I I  of the respiratory chain contains I molecule of b, I molecule of bi, I 
molecule of cytochrome c 1 and 1-2 molecules iron-protein per molecule of complex iv, 18, 
g=, 23. The evidence for the existence of two high-energy species, one a low-potential b 
and the other a high-potential bi, suggests the following description of phosphory- 
lation in Site II .  

ba+.bia+-} - e +  X ~ b 2 + , ~ X . b i  3+ (I) 

b 2+ N X .  bi a+ ~-~ b 2+. bi a+ ~ N (2) 

b 2+. bi a+ ~ X + e ~ b2+~  X .  bi ~+ (3) 

b 2 + ~ X . b i 2 + @  )~ ~--~ b 2 + ~ X - b i 3 + N X @  e (4) 

b 2 + ~ X . b i a + ~ x +  A D P +  P i  ~ b a + ' b i 2 + +  A T P +  2 X (5) 

b 3+. bi 2+ -~ b ~+. bi 3+ (6) 

b 2+. bi a+ ~ b a+. b ?  + + e (7) 

2g 
S u m :  A D P +  P i  ~ A T P  

According to the mechanism proposed, the catalyst for electron transfer and 
energy conservation is the dimer bbi. An electron is fed into the low-potential b with 
formation of b 2+ ~ X. The X is transferred to bi~+, with formation of the high-potential 
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bi '~+ ~ X which can then take  up a second electron, wi th  s imul taneous  t ransfer  of X 
back to b. The bi delivers an electron to its acceptor  with fornlat ion of bi 3~ ~ X. Elec- 
t ron t ransfer  in the  dimer  from high-energy low-potent ia l  b to the  high-energy high- 
potent ia l  b with e l iminat ion of X m a y  be coupled with the  synthesis  of one nlolecule 
of ATP. Af ter  in t ranlolecular  t ransfer  from bi to b, the  second electron is del ivered into 
Site I I I .  The source of the electrons for React ions  1 and 3, and thei r  des t ina t ion  in 
React ions  4 and 7 will be the  subject  of ano ther  publ icat ion,  b 2~ ~ X corresponds to 
b 2+ - I  proposed by  CHANCE AND WILLIAMS 24 and bi a+ ~ X  to the  A ~C (or b a+ ~1, ref. 
2) of SI.ATER 25. The ATP-dependen t  species of fer rocytochrome b identif ied in this  
paper  absorbs  at 565 nm at room tempera ture ,  about  2 n m  higher  than  classical ferro- 
cytochronle  b. I t s  re la t ionship  to the  ATP-dependen t  species, absorbing at  555 nm at 
77°K, repor ted  b y  CHANCE AND SCHOENER 26, 27 in pigeon-hear t  mi tochondr ia  and sub- 
mi tochondr ia l  part icles ,  is at  present  not  clear. Since the  l a t t e r  species is reduced 
while o ther  cytochromes are oxidized,  i t  is p resumably  a low-potent ia l  species. How- 
ever, a difference of IO nm in the  absorpt ion  m a x i m u m  between room t empera tu r e  and 
77°K is unprecedented,  and it seems unl ikely  tha t  the  species repor ted  here and tha t  
by  CHANCE AND SCHOENER 26, 27 are identical .  

According to the  mechanism proposed,  four different redox potent ia ls  of cyto-  
chrome b could be measured  in mi tochondr ia :  

(i) b 2+ ~ bZ++ e (Eqn. 7) 

(ii) bZ+~X -~ ba++ X-c- e (Eqn. i) 

(iii) bi 2+ -~ bi a+ @ e (Eqn. 6) 

(iv) bi 2+-t- X ~ bia+~X-i 1 e (Eqn. 4) 

As a l r eady  explained,  we suggest  77 mV (ref. 19) (or 35 mV (ref. 21)), - 5 5  mV (ref. 2I) 
and  245 mV (ref. 21) for the  redox potent ia l s  i, iii and  iv, respect ively.  

A phospha te  po ten t ia l  of 17 kcal  2s, 29 requires a po ten t ia l  span of about  73o mV 
for a one-electron t ransfer  reaction,  and  365 mV for a two-electron transfer .  If two 
electrons are fed into Site l I  at  about  zero potent ia l ,  and are removed at  a po ten t ia l  of 
about  395 mV (the po ten t ia l  of cy tochrome aa according to WILSON AND DUTTON a°) 
sufficient energy is avai lable  overall .  However ,  the  first react ion is t he rmodyna mic a l l y  
unfavourable  if b 2+ ~ X has a po ten t ia l  of about  - 2 7 o  mV, and the  proposed mecha-  
nism implies  a concerted mechanism in which the s t e a d y - s t a t e  concentra t ions  of 
b 2+ ~ X . b i  a+ ~ X, b 2+.b 3+ ~ X and b 2+ ~ X . b i  2+ would be low. 

The ATP- induced  red shift  in sub-mi tochondr ia l  part icles  in the  absence of 
an t imyc in  m a y  now be expla ined by  React ions  7-5 from r ight  to left, followed by  
sp l i t t ing  of bi 3+ ~ X which is appa ren t ly  uns table  in sub-mi tochondr ia l  part icles.  The  
ATP- induced  oxida t ion  of b m a y  be expla ined by  these react ions followed by  React ion  
i from right  to left. This explana t ion  is consistent  with the  finding (Fig. 3) tha t  ATP 
cannot  induce the  red shift  in the  presence of Na2S~O 4 since, under  these condit ions,  all 
the  b will be in the  form of b 2+" bi 2+, which cannot  ea ta lyse  any  of the  react ions pro- 
posed. 

AzzI etal .  31 have shown tha t  i -an i l inonaphtha lene-8-su lphonic  acid is a sensit ive 
extr insic  fluorochronlic probe for the  s ta te  of energizat ion of the  membrane  in E D T A  
particles.  The fluorescence increases when the membrane  is energized by  oxida t ion  of 
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substrate, especially in the presence of oligomycin, or by the addition of ATP. Al- 
though both cytochrome b and the fluorochrome respond to ATP, they apparently do 
not detect the same conformation change, since it was found in the present studies that  
antimycin had no effect on the fluorescence of the probe under conditions in which it 
caused a shift in the absorption maximum of cytochrome b to the red. Moreover, the 
ATP-induced fluorescence change is much slower than the ATP-induced red shifO ~. 

According to the formulation used in this paper, the two high-energy forms of 
cytochrome b are dis±inguished by two species of b joined to the same ligand X. How- 
ever, many  other formulations differing in detail but not in principle, are possible. 
For example, different ligands may be involved (@ ref. 21). I t  is also possible that  
b ~+ ~ X and bi 3÷ ~ X differ from b ~+ and bi a+, respectively, in protein conformation 
rather than in ligand binding. However, the change in conformation must alter the 
environment of the iron atom sufficiently to cause the spectral shift. 

METHODS 

EDTA particles were prepared by the method of LEE AND ERNSTER la, A par- 
ticles by  the method of FESSENDEN AND RACKER 14, and Mg-ATP particles by the 
method of L6w AND VALLIN 15, Antimycin was added in ethanolic solution, the con- 
centration of which was determined spectrophotometrically using an absorption 
coefficient of 4.8 mM - l "cm -1 (ref. 32). 

The experimental procedures are described in the text  and in the legends to the 
figures. In the experiments when cyanide and ascorbate were not present (Figs. I and 
5), air was introduced with each addition of antimycin or ATP. This causes a momen- 
tary oxidation of cytochromes c, c 1 and aaa, but control experiments, carried out at 
550-540 nm (appropriate for eytochrome c), showed that  these cytochromes are re- 
duced after a few minutes, even when the respiration is maximally inhibited by anti- 
mycin. In this case, the oxygen is presumably consumed by the antimycin-resistant 
pathway aa. With successive additions, of antimycin for example, the absorbance was 
allowed to reach a constant value after each addition before the subsequent addition. 
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