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Summary 

1. In cytochrome c depleted mitochondria cytochrome b T is reduced rapidly 
upon addition of ATP or slowly during state 4 respiration, but cytochrome 
b g is effectively reduced in such mitochondria respiring upon glutamate plus 
malate in all energy states. In mitochondria or in submitochondrial particles 
oxidized NADH or succinate, cytochromes b g and b w w e r e  always reduced and 
oxidized independently.  

2. Difference spectra for the two b cytochromes were obtained in the 
presence of  respiratory chain inhibitors. Reduced cytochrome b K in the 
presence of cyanide can be reoxidized by CoQ2. Cytochrome b w reduced in the 
presence of antimycin can be reoxidized by 02 if rotenone is added to an 
NADH-reduced system or malonate to a succinate-reduced system. There is no 
evidence for electron transfer between the two b cytochromes. 

3. It is suggested that  there is no electron transfer from cytochrome b w to 
c y t o c h r o m e  bg ,  but that  a cytochrome bKb w dimer accepts electrons from the 
CoQ pool jointly with cytochrome cl and another acceptor, perhaps the FeS 
centre. The major steady state species is t/K/'2+/'3+L~T , and a Q-loop occurs with 

/~2+/~2+ reduction of  CoQ by the fully reduced species ~g ~T • All proposed interactions 
between CoQ and Complex III are 2-electron processes and the change from 
2-electrons to 1-electron transfer occurs within Complex III itself. 

* To whom correspondence should be addressed. 
Abbreviations: FCCP, cazbonyl cyanide p-tr i f luoromethoxyphenylhydrazone;  MOPS, 4-morpholino- 
propanesulphonic acid; BAL, 2,3-dimercaptopropanol; MCCP, carbonylcyanide m-chlorophenylhydrazone. 
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Introduction 

It is proven that two b-type cytochromes,  b K and b T *, occur in the eukaryo- 
tic respiratory chain [1,2],  and their individual chemistry and catalytic 
behavior has been studied extensively [3--5],  but  understanding of  the inter- 
action of  the two cytochromes b in the inner mitochondrial membrane is 
incomplete. The proposal of  Slater et al. [6] that the b cytochromes occur as a 
dimer rather than as a pair of  independent  electron carriers has recently again 
been revived [7].  However,  the evidence that  only one of these cytochromes 
(bw) is involved in energy transduction [1],  and the idea of  a proton-motive 
Q cycle [8],  still favours the concept  of  a linear sequence involving the two 
cytochromes b. 

Ubiquinone (CoQ), which can act as a redox pool between the dehydro- 
genases and the cytochromes [9],  is probably available to both  flavin-FeS 
dehydrogenases and to the hydrophobic  cytochromes b [10].  Mitchell's 
'proton-motive Q cycle '  [8] assigns CoQ as redox carrier to cy tochrome b w 

and cy tochrome cl, but  this postulate, involving vectorial movement  of  CoQ 
and CoQH2 across the membrane,  remains unproven. 

Although the proton-motive Q-cycle predicts a role for CoQ in the catalytic 
operation of the quinol-cytochrome c reductase system, other studies suggest 
that electrons introduced at the cytochrome b level reach cytochrome c with- 
out  CoQ involvement [11--13] .  Purified complex III contains very little CoQ, 
but  when incorporated into liposomes catalyses energized electron transloca- 
tion to 02 from CoQ: [14];  the latter quinol must therefore be capable of  func- 
tioning like CoQ10 in vivo. 

In submitochondrial  systems, CoQH2 addition results in the reduction of  
c y t o c h r o m e  bK, while cy tochrome b w remains oxidized *. The energization 
response of  the cytochrome bw, initially thought  of  as an intrinsic molecular 
change [1,3],  is now regarded as involving reversed electron transfer [15,16] .  
Although the responses of cytochromes b w and b K [17,18] have been analyzed 
in terms of  electron transfer between b w and bK, just as electron transfer from 
ferrous cytochrome a to ferric cytochrome a3 has never been shown [19],  elec- 
tron transfer in which cy tochrome b w is oxidized and cytochrome bK reduced 
has also not  been reported [2].  

The present paper describes the behaviour of  the two cytochromes b in 
coupled and uncoupled systems. We focus upon the responses of  these carriers 
to each other, to NADH and succinate as donors,  and to CoQ2, oxygen and 
cy tochrome c as acceptors. The simplest explanation of our and other  observa- 
tions is that the cytochrome b system behaves as a bKb T dimer capable of  
existence in four  states: ful ly  oxidized, fully reduced, and two half-reduced 

/~3+/~2+',. Each state probably has its own characteristic forms (b~+b~ + and ~K UT )- 
chemistry and under most  conditions rapid electron transfer between the two 

* We have  r e t a i n e d  the  t e r m s  c y t o c h r o m e  b K to r e f e r  to  the  h i g h  p o t e n t i a l  c o m p o n e n t  w i t h  ~ - m a x i m u m  
at 5 6 1  n m  and  c y t o c h r o m e  b T to  r e f e r  to  the  low p o t e n t i a l  c o m p o n e n t  wi th  a - m a x i m u m  at  565  n m  
and  s h o u l d e r  a t  558  n m  b e c a u s e  w e  fee l  th is  to  be  less c o n f u s i n g  t h a n  t e r m i n o l o g y  based  u p o n  a - p e a k s ;  
use  o f  the  t e r m i n o l o g y  is s imp ly  fo r  c o n v e n i e n c e  and  the  subsc r i p t s  do  n o t  have  the  s ign i f i cance  
a t t r i b u t e d  to  t h e m  b y  the  or ig inal  au thor s .  
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b cytochromes does not occur. We propose a modified version of the proton- 
motive Q cycle in which the two cytochromes b accept electrons separately 
from the CoQH2 pool, perhaps jointly with cytochrome cl (cytochrome bw) 
and another acceptor in Complex III (cytochrome bK). The fully reduced 
dimer is a stronger reductant than CoQH: and is also kinetically capable of 
returning its reducing equivalents to the CoQ pool. Thus, n3+n3+ ~ K  V T  accepts 
electrons, ~2÷~3÷ ~g ~T is the major steady state species, and the species that returns 
electrons to the CoQ pool is ~2÷n2+ ~ K  V T  • 

Methods and Materials 

Mitochondria were prepared from beef heart as previously described [20]. 
Nonphosphorylating Keilin-Hartree (K-H) particles were prepared by the 
Waring blendor method [21,22 ]. Sonic submitochondrial particles were 
prepared as described [20] with 2.5 pmol cytochrome c per ml mitochondrial 
suspension present during sonication to replace cytochrome c lost during 
preparation. The resulting pellet was washed with 0.25 M sucrose/0.01 M 
Tris (pH 7.4) medium and recentrifuged to remove untrapped cytochrome c. 
Cytochrome c-deficient mitochondria were prepared according to Jacobs and 
Sanadi [23]. Submitochondrial particles were treated with 1% deoxycholate 
as described by Smith and Camerino [24]. 

Oxidation-reduction studies of respiratory components utilized Aminco 
DW-2 and Cary-14 spectrophotometers. Changes involving both cytochromes b 
were monitored at 563--575 nm, cytochrome b w was  monitored at 566--575 
nm, and cytochrome b K was  monitored at 561--568 nm. Oxygen uptakes were 
measured by the method of Strickland et al. [25]. 

NADH (Type III), rotenone, cytochromec (horse heart type VI) and 
morpholinopropanesulfonic acid (MOPS) were from Sigma Chemical Co. 
Phenazine methosulphate and MCCP were from California Biochemicals. Anti- 
mycin A (Wisconsin Alumni Research Foundation) was dissolved in 95% 
ethanol. Coenzyme Q2 was the generous gift of Dr. H. Morimoto, Takeda 
Chemical Industries, Osaka, Japan. Carbonyl cyanide p-trifluoromethoxy- 
phenylhydrazone (FCCP) was the gift of Dr. P. Heytler of Dupont Chemical 
Co., Wilmington, DE. Other reagents were either products of J.T. Baker Co. or 
BDH Chemicals. 

Results 

Cytochrome c-depleted beef heart mitochondria show the spectra of reduced 
c y t o c h r o m e s  b K and c~ in the initial steady state with glutamate plus malate as 
electron donor system (Fig. i) .  A fraction of cytochrome b with an a-band in 
the 561--563 region goes reduced more slowly as the mitochondria slowly 
become energized (cf. Eisenbach and Gutman [26]). Cytochrome bK, identi- 
fied by its a-peak at 561 nm, is fully reduced upon anaerobiosis (trace d). The 
presence of uncoupler during the steady state diminishes the steady state 
reduction of cytochrome b, while ATP addition induces reduction of a cyto- 
chrome b with absorption peak at 565 nm, identified as cytochrome b w. Com- 
parison between the steady states in presence of ATP and MCCP (trace e) 



140 

f i 

i 
/'~.( d ) 

¢,-~(c) .... o.olA 

( a ) ~ ~  a) ~'oxidized baseline 
iIbl~ ~.-. , , ~m'~, ' , , 

4 9 0  510 530 550 570 590 610 650  n m  

Fig. 1. Spectra of  c y t o c h r o m e  c depleted  bee f  heart  mi tochondr ia  reduced with  glutaraate and malate .  
(a) Initial steady-state  indticed by  7 rnM glutaraate plus  14 raM raalate (dif ference spectrum).  (b) same as 
(a) ,  final steady-state .  (c)  same as (a), plus 1.8 ~M MCCP. (d) anaerobic  plus 1.8/~M MCCP (difference 
spectrura).  (e) 7 raM glutaraate + 14 raM raalate + 0 .5  ram A T P  steady-state vs. glutamate + raalate + 1.8 
NM MCCP steady-state .  Mediura: 225  mM rnannitol ,  75 rnM sucrose ,  10 raM sodiura morpho l inopropane -  
su lphonate  buf fer  (pH 7.4),  1 mM E D T A .  Mitochondria l  concentrat ion  equivalent  to  1.5 #M c y t o c h r o m e  
aa 3 (approx .  4 rag/ral prote in) .  

shows that only cytochrome b T is more reduced in the former case; these 
reagents had no effect on the reduction state of  cytochrome bK. As in these 
mitochondria respiration rates are cytochrome c limited and no reduction of 
cytochrome a is observed in any steady state (cf. traces a--c with trace d) the 
energization effects must be thermodynamic rather than kinetic in nature 
(cf. Boveris et al. [27]) .  Electron transfer between cytochromes b w and b E 
does not take place at a significant rate. 
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Fig. 2. (A)  Dif ference  spectra of  K-H submi tochondr ia l  particles.  67 mM phosphate  buffer  (pH 7.4);  
showing  s low o x i d o r e d u c t i o n  of  b K induced by  N A D H  (1 .35  raM) in presence of azide (5 .3  mM).  (a) 
initial  anaerobic ,  (b) final anaerobic ,  (c) s teady  state aerobic ,  (d) re-aerated ( [ N A D H ]  --~ 0) .  (B) Spectra of  
sonic  subrai tochondrla l  particles.  22 mM phosphate  buffer  (pH 7.4)  and 5,3 raM azide ,  (a) N A D H  plus 
azide s teady  state vs. o x i d i z e d  + az ide ,  (b) same as (a) plus  MCCP in sample  cuvet te ,  (c) 'b' after anaero-  
biosis ,  (d) N A D H  (anaerobic)  vs. N A D H  + az ide  (aerobic) ,  (e) d i tbionite  vs. N A D H  (anaerobic) .  
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Nonphosphorylat ing submitochondrial (K-H) particles with largely inverted 
membrane configuration do not  react readily with NAD-linked substrates but  
oxidize NADH directly [28]. In the presence of  azide, cytochrome b is reduced 
in three stages (Fig. 2A). Reduct ion of cy tochrome b increases only slowly 
upon anaerobiosis (cf. traces a and c); ATP and MCCP have no effects on these 
spectra (not  shown), in sonic particles (Fig. 2B) anaerobiosis in the presence of 
NADH and azide results in two changes (Fig. 2B, traces b and c): a shift in the 
a-peak of  cytochrome a, and an increased reduction of  a b-type cytochrome,  
which is reoxidized upon aeration (trace d). This O2-sensitive species is not  
identical with cytochrome bw; full development of  the 565 nm band requires 
the addition of dithionite to these particles (trace e). Cytochrome bv is also 
present in deoxycholate-treated particles as addition of  antimycin in the steady 
state induces reduction of  a species with a-peak at 565 nm (Fig. 3). The 
absence of  an appreciable 558-nm shoulder in this spectrum is due to the anti- 
mycin-induced shift of  the a'-peak of  cytochrome bK, as seen in Fig. 3 trace d 
[17,29]. Uncoupler addition had no effects on these systems, contrary to previ- 
ous reports [30,31],  as shown in Fig. 2B (trace b) and in Fig. 3 (trace b). 

Separation of  the cy tochrome b w and cytochrome bE (antimycin) spectra is 
possible in the presence of oxygen plus malonate (Fig. 4). Succinate reduction 
of submitochondrial  particles in the presence of antimycin and air gives rise to 
a reduced cy tochrome b peak with a maximum at 563.5 nm (trace B). Aerobic 
addition of malonate removes the longer wavelength cytochrome b w c o m -  
p o n e n t  and reveals the cytochrome bK spectrum with antimycin-shifted a-peak 
at 562.5 nm (trace C). When both cuvettes contain succinate, antimycin, and 
02, and malonate is added to the reference cuvette, the resulting cytochrome 
b w spectrum (trace D) shows no contributions from cytochrome bK nor  the 
latter's antimycin-induced shift. 

Similar effects can be seen in the presence of  antimycin and NADH on addi- 
tion of rotenone (Fig. 5). After  reduction in the presence of cyanide, cyto- 
chromes c and Cl appear at 551 nm, cytochrome b K at 561 nm, and cyto- 
chrome a at 605--606 nm; CoQ2 in the presence of rotenone oxidizes cyto- 

(a) (b)~ 

/ "  . z . . .  " ..... " ~ " - o x ' ~ l i z e d  

4 9 0  510 530  5 5 0  570 5 9 0  610 6 3 0  nm 

Fig. 3. E f f e c t  o f  a n t i m y c i n  o n  the t w o  c y t o e h r o m e s  b in deoxycholate- t reated K-H particles, 67 mM 
p h o s p h a t e  b u f f e r  (pH 7.4), 30°C. (a) 18 mM succ inate  plus  5.3 mM azide vs. oxidized. (b) same as (a) 
plus  1.8 ~M MCCP in sample cuvette ,  (c) succinate + az ide  + a n t i m y c l n  (18 #g/ml)  vs. succ inate  Plus 
azide, (d) d i t h i o n i t e  p lus  a n t i m y c i n  vs. d i th ion i te .  
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Fig.  4. E f f e c t  o f  m a l o n a t e  o n  the  a n t i m y c i n - i n d u c e d  s p e c t r a  o f  s u b m i t o c h o n d r i a l  pa r t i c l e s .  1 . 2 5  m g  
p r o t e i n / m l  K-H s u b m i t o c h o n d r i a l  p a r t i c l e s  in 0 .1  M p h o s p h a t e  b u f f e r  ( p H  7 .4 ) .  N o t e  c y t o c h r o m e s  b T 
( 5 6 5  n m  w i t h  5 5 8  n m  s h o u l d e r ,  T r a c e  D)  a n d  b K ( 5 6 2 . 5  n m ,  T r a c e  C). - . . . . .  , (A)  o x i d i z e d  vs. o x i d i z e d  
base l ine .  - . . . . .  , (B)  +2  m M  s u e c i n a t e  + 1 .2  #M a n t i m y c i n  vs. o x i d i z e d .  - - - ,  (C) 2 m M  s u c c i n a t e  + 
1 .2  #M a n t i m y c i n  + 1 5  m M  m a l o n a t e  vs. o x i d i z e d .  - - ,  (D)  s u c c i n a t e  + a n t i m y c i n  vs. s u c c i n a t e  + 
a n t i m y c i n  + 1 5  m M  m a l o n a t e  ( a e r o b i c  s y s t e m ;  o t h e r  c o n d i t i o n s  as in  F ig .  3).  

chrome b K while leaving the c and a cytochromes unaffected (trace A). With 
antimycin as respiratory inhibitor instead of  cyanide, the presence of  CoQ2 and 
rotenone results in the appearance of  the (antimycin-shifted) cytochrome bK 
peak at 562.5 nm (trace B). In the difference spectrum with NADH and anti- 
mycin in both cuvettes, but rotenone and CoQ2 in the reference cuvette, cyto- 
chrome b w is seen, with peak at 565 nm and shoulder at 558 nm, the only com- 
ponent  reduced in the presence of  NADH and antimycin that is reoxidized in 
the presence of  rotenone (Fig. 5). These results again indicate completely 

~k/606 nm 
55, 

T 1'5625nm_ "/ \ 
o.oosA I I / \ 

B ~ . _  ~ 

I I i i I I l '  1 i 

500 520 540 560 580 600 620 640 nrn 

Fig.  5. E f f e c t  o f  r o t e n o n e  a n d  c o e n z y m e  Q2 o n  the  s p e c t r a  o f  b e e f  h e a r t  son ic  $ u b m i t o c h o n d r i a l  pa r t i c l e s .  
0 .9  m g  p r o t e i n / m l  son ic  s u b m i t o c h o n d r i a l  pa r t i c l e s  in  p r e s e n c e  a n d  a b s e n c e  o f  a n t i m y c i n ,  s h o w i n g  
c y t o c h r o m e  b T (No te :  a - p e a k  a t  5 6 5  n m  a n d  s h o u l d e r  a t  5 5 8  n m ,  T r a c e  C) a n d  b K ( a - p e a k  a t  5 6 2 . 5  n m  
in  p r e s e n c e  o f  a n t i m y c i n ,  T r a c e  B). T r a c e  A:  N A D H  + c y a n i d e  + r o t e n o n e  + C o Q 2  vs. o x i d i z e d .  T r a c e  B: 
N A D H  + a n t i m y c i n  + r o t e n o n e  + C o Q 2  vs. o x i d i z e d .  T r a c e  C: N A D H  + a n t i r n y c i n  vs. N A D N  + an t i -  
m y c i n  + r o t e n o n e  + C o Q  2.  75  m M  s u c r o s e ,  2 2 5  m M  m a n n i t o l ,  1 0  m M  MgC12, 1 0  m M  p o t a n i u m  p h o s -  
p h a t e  ( p H  7 .4 ) ,  1 0  m M  M O P S ,  1 m M  E D T A ,  3 0 ° C .  
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independent redox changes of  the two b cytochromes, and are in essential 
agreement with the concepts advanced by WikstrSm [2] and by Boveris et al. 
[27]. 

The kinetics of  these spectral changes are shown in Fig. 6. In sonic particles 
(Fig. 6A), more cytochrome b is reduced by NADH in presence of antimycin 
(trace b) than in presence of cyanide (trace a). Part of  the antimycin-reducible 
b is reoxidized upon addition of  rotenone; the remaining cytochrome b 2+ can- 
not be reoxidized by CoQ2 addition. However, the portion of cytochrome b 
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, r  3pmol J, i / ' - - "~k_ 
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,. ~2.5p mol 
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I I I I I 
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Qz " ' O.OO2A 
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' Qz w 

.~"3pmol ' " k ~ f , ,  , ~  ,,~"~;thionite 
b) .l~¢kw~ KCN " ~ ~ ' ~ 3 6 n r n o l  
o) r', 2.~Ar~ H arrtirnycin 

C ....4 0 I2~m(W Q, • • 
dlthl ' r r -- 

, , j I KCN, ,~..~[.r -il ~ml ~ O002A 
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0 I - :3 4 5 min 
Fig. 6. Ef fec t s  of  a n t i m y c i n  a nd  c ya n ide  on e y t o c h r o m e  b o x i d o r e d u c t i o n  in sonic  bee f  h ea r t  s u b m i t o -  
chondr ia l  par t ic les .  (A)  Kine t ics  m e a s u r e d  in the  5 6 3 - - 5 7 5  n m  region,  (a) cyan ide - t r ea t ed ,  (b)  a n t i m y c i n -  
t r ea t ed .  Note  t h a t  r e d u c t i o n  of  c y t o c h r o m e  b by  N A D H  in p resence  of  a n t i m y c i n  ( t race  b)  is g rea te r  
t han  in p resence  of  cyan ide .  The  e f fec t s  of  r o t e n o n e  and  CoQ 2 add i t ions  are ind ica ted .  0 .9 m g  p r o t e i n / m ]  
sonic par t ic les  in 2.7 ml  m e d i u m  as in Fig. 5. (B) Kinet ics  m e a s u r e d  in the  5 6 6 - - 5 7 5  n m  region.  (a) 
c y a n i d e - t r e a t e d  s y s t e m ,  (b)  a n t i m y c i n - t r e a t e d  s y s t e m.  O t h e r  e x p e r i m e n t a l  conclJtions are sLrnilar to  those  
in Fig. 6A.  Note :  T he re  is a g rea t e r  e f f ec t  of  r o t e n o n e  a t  this  w a v e l e n g t h  u p o n  the  r e o x i d a t i o n  of  cy to -  
c h r o m e  b r e d u c e d  in p resence  of  a n t i m y c i n  b y  N A D H ;  the  smal ler  a m o u n t  of  b r e d u c e d  in p resence  of  
cyan ide  ( t race  (a))  is r eox id i zed  in p resence  of  r o t e n o n e .  (C) Kine t ics  m o n i t o r e d  in the  5 6 1 - - 5 6 8  n m  
region.  (a) c y a n i d e - t r e a t e d  sYstem, (b)  a n t i m y c i n - t r e a t e d  sys tem.  E x p e r i m e n t a l  cond i t i ons  are s imilar  
to  those  in Fig. 6A.  Note :  The  re la t ive  e f f ec t  o f  a n t i m y c i n  and  cyan ide  on  r e d u c t i o n  are n o w  reversed  
( c o m p a r e  Figs. 6A and  B), because  the  a n t i m y c i n  i nduc e d  spec t ra l  shif t  of  c y t o c h r o m e  b K f r o m  561 to 
562 .5  n m  ensures  t h a t  the e x t i n c t i o n  m e a s u r e d  a t  5 6 1 - - 5 6 8  n m  is l o wer  in the  sys tem.  Th e  e f fec t s  of  
r o t e n o n e  and  CoQ add i t i ons  are ind ica ted ,  as well as the  100% r e d u c t i o n  b y  d i th ioni te .  
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Fig. 7. Effects of  rotenone and fumaxate add i t ion  on ey tochrome b Rduced by  NADI-I  in presence of  
respiratory imhibitors. (a) cyanide- inh ib i ted;  (b) ant i rnyc in- inh ib i ted.  Effects seen in 563- -5?5 nm region 
(cf. Fig. 6A) .  0.9 mg Prote in/ ra l  beef heart  (K-H type)  particles (as in Fig. 6) plus 1 /~M ey tochrome c. 
Rot~none add i t ion  in presence of  an t imyc in  or  cyanide causes part ial  reox idat ion ;  fumarate induces 
reoxidation of the remaining cytochrome b in the cyanide-inhibited but  not the antimycin-inhibited 
system, 

reduced in presence of cyanide, and unaffected by rotenone addition, is almost 
completely reoxidized upon addition of CoQ2. Antimycin, which blocks NADH 
oxidation, also blocks the interaction of one of the cytochromes (bK?) with 
coenzyme Q in these particles. If the 566--575 nm wavelength pair is selected 
(Fig. 6B), a much greater effect of rotenone addition upon the antimycin- 
reduced cytochrome b is seen; the smaller amount of cyanide-induced reduc- 
tion is totally rotenone sensitive and very little CoQ-oxidizable material is 
present (trace a). Dithionite addition secures full reduction of all the cyto- 
chrome b (traces a and b). At 561--568 nm, the relative effects of antimycin 
and cyanide are reversed (Fig. 6C); the antimycin-induced spectral shift of the 
c y t o c h r o m e  b K peak from 561 to 562.5 nm causes a lower measured extinction 
at 561--568nm in the antimycin than in the cyanide inhibited system. 
Rotenone has opposite effects with the two inhibitors (trace a shows a slight 
oxidation in the presence of cyanide, while trace b indicates an increased 
reduction in the presence of antimycin). CoQ2 oxidizes cytochrome b reduced 
in the presence of cyanide, ]~ut not that reduced in presence of antimycin. 
Dithionite is required for full reduction in the HCN-btocked particles, but not 
in the antimycin-inhibited systems (trace b). 

The behaviour of the antimycin-and cyanide-blocked systems towards 
fumarate following reduction by NADH resembles their behaviour towards 
CoQ2 (Fig. 7). If Figs. 6A and 7 are compared it can be seen that fumarate- 
induced reoxidation of cytochrome bK is blocked by antimycin (trace b, 
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Fig. 7), while it proceeds in the presence of cyanide (trace a, Fig. 7), as with 
CoQ2 and sonic particles (Fig. 6A). The major difference between the K-H 
particles (Fig. 7) and the sonic particles (Fig. 6) is that the b component 
reduced in the latter system in presence of cyanide is less autoxidizable than 
the corresponding component reduced in the former system (cf. traces a, 
Figs. 6A and 7). 

A further way of preparing a system containing reduced cytochrome bE 
but no reduced cytochrome b w involves the use of BAL (2,3-dimercapto- 
propanol), as shown by Slater [32] and by Deul and Thorn [33]. Approx. 3 ml 
of K-H particles in 0.1 M phosphate buffer (pH 7.4) were shaken aerobically in 
a manometer flask at 37°C for 30 min in the presence of BAL. The resulting 
product was dialyzed at 25°C against 0.01 M phosphate buffer for 1 h to 
remove excess BAL. Fig. 8 shows the spectra of the particles treated in this 
way. Addition of succinate (trace B) reduced only a cytochrome b component 
absorbing at 561 nm. Subsequent addition of antimycin shifted the peak to 
562 nm while inducing only slight reduction. Dithionite reduced three further 
components of the system (trace D), cytochrome cl(+c) at 552.5 nm, cyto- 
chrome a(a3) at 605 nm, and the remaining cytochrome b(bw? ) at 564 nm. The 
difference spectrum obtained when dithionite is present in both cuvettes, and 
antimycin is added to the sample cuvette, is shown in Trace E; the characteris- 
tic 'antimycin shift' occurs with maximum at 564 nm and minimum at 558 nm, 
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Fig. 8. D i f f e rence  spec t ra  o f  B A L - t r e a t e d  s u b m i t o c h o n d r i a l  par t ic les .  A p p r o x .  4 .0  m g  p r o t e i n / m l  non-  
p h o s p h o r y l a t i n g  s u b m i t o c h o n d r i a ]  par t ic les  t r ea t ed  ' w i t h  2 0 m M  BAL aerob ica l ly  and dia lysed as 
desc r ibed  in t ex t ,  we re  r e d u c e d  as fol lows:  T ra c e  A: ox id ized  vs. ox id ized  baseline,  Trace  B: + 17.5 m M  
succ ina te  to s ample  cuve t t e .  T race  C: as B, + 9 .0  ~ g / m l  a n t i m y c i n  to sample  euve t te .  T race  D: as C, + 
d i th ion i t e  to  s ample  and  succ ina te  to  r e fe rence  cuve t t e .  T race  E: as D, + d i th ion i te  to  r e f e r ence  ¢uve t te .  
2-ml samples  d ia lysed  against  0 .01  M p h o s p h a t e  were  d i lu ted  to  6.5 m l  wi th  0 .55  M sucrose ,  0 . 1 2 5  M 
phosphate, 0 . 0 6 2  M bo r a t e ,  0 .01  M E D T A  m e d i u m ,  p H  7.5.  
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as reported by Deul and Thorn [33].  We conclude that BAL-treatment does 
not  affect the spectrum of  either cy tochrome bK o r  bw; nor does it affect  the 
binding of  antimycin and resulting shift in the absorption peak of  cy tochrome 
bK. But after incubation with BAL the cytochrome bT in the preparation loses 
its ability to be reduced by succinate in presence of  antimycin; only dithionite 
is then capable of  producing the fully reduced bKb w species. 

Discussion 

There are two cytochromes b in Complex III, in mitochondria  and submito- 
chondrial particles [2,3,13].  Cytochrome bK (with a-peak at 561 nm) is 
normally abou t  75% reduced in the aerobic steady state with either NADH or 
succinate; when respiration is slowed by malonate in the case of  succinate, or 
by  rotenone in the case of  NADH, the reduction of  cy tochrome b K diminishes 
accordingly. When oxygen runs out,  cy tochrome b K is 100~v reduced. Cyto- 
chrome b w has its e-peak at 565 nm (30°C) and a shoulder at 558 nm; although 
some workers have suggested that  these two peaks belong to separate species, in 
our experiments the two bands were always found to appear and disappear 
synchronously.  The stoichiometry of  cy tochrome composi t ion in Complex III 
suggests that  only two separate cytochromes b can be involved in the activity 
of  this system; a recent MCD study supports the idea that  cy tochrome b w is 
correctly identified as a cy tochrome like cy tochrome bs [34],  with a split 
alpha peak due to an asymmetric environment at the haem iron. 

Cytochrome bT in nonphosphorylat ing submitochondrial  particles is reduced 
only by  dithionite or substrate plus antimycin. In the uninhibited steady state, 
even in presence of  a terminal inhibitor such as cyanide, not  more than 20% b T 

reduction is seen. At  anaerobiosis, it remains largely oxidized. Reduced in the 
presence of  antimycin and NADH, cy tochrome b w c a n  be reoxidized upon addi- 
tion of  oxygen and rotenone (Fig. 6B). In such a case cytochrome b K remains 
fully reduced and with red-shifted a-peak (Fig. 5). However,  cy tochrome bK 
reduced with NADH and cyanide can be reoxidized upon the addition of  rote- 
none by  either fumarate (Fig. 7) or CoQ (Fig. 6C). These results clearly indi- 
cate a lack of  direct electron transfer between cytochromes b K and bw,  c o n -  

trary to the usual formulat ion [8].  
As antimycin binds to  Complex III, cy tochrome cl is oxidized and cyto- 

chromes bT and b K a r e  reduced in the presence of  either NADH or succi- 
nate. Although ant imycin binding is clearly responsible for a shift in the 
c y t o c h r o m e  b K s-peak,  its binding stoichiometry is dependent  on the amount  
of  b w present in the system [35,36] .  From the dependence of  respiration rate 
on (b~ ÷) in the absence of  antimycin and on (b~ ÷) in its presence, we identify 

I.,2+/.,3+ the species ~K ~T as the major active species, and the one present in highest 
concentrat ion in the deenergized state. Slater et al. [37,38] have shown that 

1-. 2 4. / . .  2 + antimycin binds most  tightly to the fully reduced form, ~K ~T , or to the fully 
/~3+h3+ oxidized form, t~ K v T , and much less tightly to the half-reduced steady state 

species, bu t  interpret their results in a rather different way from that adopted 
here. 

Under none of  the condit ions employed in these experiments is there evi- 
dence for electron exchange between the two b cytochromes as envisaged in 
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both the classical linear chain, and in the proton motive redox loop models of 
Mitchell and others [39,40]. Moreover, antimycin has complex effects on the 
two cytochromes b that are not explained by its binding between cytochrome 
b w and cytochrome c,, or between cytochrome b K and CoQ [39]. Antimycin 
inhibition involves and is affected by both of the b components. BAL treat- 
ment [32,33], which also blocks electron transfer at the level of Complex III, 
prevents the reduction of cytochrome b w without affecting the antimycin- 
binding site (Fig. 8). A similar conclusion was reached by Deul and Thorn [33], 
although they identified cytochrome b w as 'modified cytochrome b', and did 
not demonstrate the presence of cytochrome b w by addition of dithionite. 
Fig. 9 below, therefore, distinguishes between the BAL and the antimycin 
effects by placing the site of inhibition for the former reagent between CoQH2 
and the bwc, system and for the latter between the b ib  K system and CoQ. 

The reciprocal behaviour of cytochrome bT and c, was analysed by WikstrSm 
and Berden [41] in terms of the equilibrium in Eqn. 1: 

QH:+b~ ++c~ +~Q+b~ ++c, :++2H ÷ (I) 

This.behaviour, together with the inhibition by antimycin of CoQ dependent 
oxidation of the b cytochromes (Fig. 6) is most readily explained by a Q-loop 
electron transfer model in this region of the respiratory chain. However, our 
results suggest modification of earlier versions [39,40] of the proton-motive 
Q-loop in favor of the model shown in Fig. 9. 

In this model a cytochrome bKb T dimer accepts electrons from the CoQ pool 
jointly with cytochrome c, and another electron acceptor in the system, per- 
haps the Rieske Fe-S protein group. The major steady state species is the half- 
reduced form, but the form which returns electrons to the Q-pool is the fully 
reduced species of the dimer. It is this reaction which is blocked by antimycin 
and similar inhibitors. 
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Fig. 9. A possible cyc le  for Complex  III containing a c y t o c h r o m e  bKb T dimer (see Discussion).  - . . . .  -~ 
indicates possible site of  inhibit ion.  
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As the redox potentials of  these components  of  Complex III a r e :  b T --30 
mY; b K +30 mY; cl +220 mV; Rieske Fe-S +260 mV; CoQ (2~electrons) +45 
mV [3,4,17,42],  the following combined E~ values would prevail for 
2-electron reduction systems: b T + cl, q- 95 mV; b K + Fe-S, + 145 mV; b T + bK, 
0 inV. Evidently the reduction of  the first two couples and the oxidation of  the 
cy tochrome b dimer by the CoQH2/CoQ system would be thermodynamical ly 
favoured in the absence of  any special kinetic pathways or haern/haem inter- 
action. Indeed, at the present time there is no evidence for haem-haem inter- 
action in the bTb K system analogous to the affects on spectrum and redox 
potentials seen in the aa3 system [19,43].  It may be noted that the scheme 
given in Fig. 9 does no t  require involvement of  the CoQ semiquinone form. 
All the systems within the Complex III interacting with CoQ are postulated 
to function as 2-electron donors or acceptors. In this model  it is Complex III 
rather than the CoQ system that acts as the ' transducer '  between 2-electron 
transfer and 1-electron transfer. 

Our conclusion is not  dissimilar from that of  yon Jagow and Bohrer (with 
Neurospora  crassa [44]) ;  however, these authors like previous workers had 
assumed that  bKb T system was arranged as a linear electron transfer chain. 
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