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Summary More than 75 percent of the cytochrome b of resolved 
succ inate-cytochrome c reductase complex is rapidTy reduced upon 
add i t i on  of succ inate~ In the presence of ascorbate and an t imyc in ,  
the reduct ion  of b by succinate is markedly i n h i b i t e d  such tha t  
e lec t ron  t r a n s f e r - i n t o  b proceeds as a p s e u d o - f i r s t  order reac t ion  
wi th a ra te  constant  of-3 x lO-2/min at 25°C. This i n h i b i t i o n  is  
cons i s ten t  wi th  a model in which the t o t a l  succ i na te - r educ i b l e  b 
is regulated by the redox s ta tus of cytochrome ~I or another ,  
c u r r e n t l y  u n i d e n t i f i e d  component of the cytochrome b-c l  complex 
whose redox s ta tus  c l ose l y  p a r a l l e l s  tha t  of cytochrome ! l .  

I n t r o d u c t i o n  

Cytochrome b of the mi tochondr ia l  e lec t ron  t r a n s p o r t  chain 

has been i n t e n s i v e l y  s tudied dur ing the 50 year i n t e r v a l  since 

i t s  d iscovery  in heart  muscle fragments ( I ) .  However, two of 

the most fundamental quest ions regard ing the b i o l o g i c a l  func t ion  

of cytochrome b have yet  to be answered in unequivocal fash ion.  

These are ( I )  what is the sequence of events,  i nc lud ing  e lec t ron  

t r a n s f e r ,  proton t r a n s p o r t ,  and changes in p ro te in  s t r u c t u r e ,  

associated wi th e lec t ron  t r a n s f e r  to and from cytochrome b, and 

(2) does cytochrome b p a r t i c i p a t e  in the pr imary step of energy 

conservat ion by which ox ida t i on  is coupled to phosphory la t ion? 

Of p a r t i c u l a r  i n t e r e s t  is the phenomenon in which add i t i on  of 

02 to anaerobic mi tochondr ia  in the presence of ant imycin and 

subs t ra te  causes an increased reduct ion of cytochrome b (2 -5 ) .  
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This "oxidant-induced reduction of b" is current ly  not understood, 

but i t  appears that antimycin induces a regulatory e f fec t  similar 

to one which exists i n t r i n s i c a l l y  in the succinate-cytochrome c 

reductase complex (6). To date the only proposed mechanisms for 

the oxidant-induced reduction of b have re l ied on postulated 

changes in the midpoint potent ial  of cytochrome b (cf 7). 

We report here experiments with resolved succinate-cytochrome c 

reductase complex which demonstrate the inverse of the oxidant- 

induced reduction of b and which suggest that regulation of 

electron t ransfer into b is a k inet ic  event spanning the second 

coupling s i te .  

Materials and Methods 

Succinate-cytochrome c reductase complex was prepared from 

bovine heart mitochondria (8). Cytochrome c reductase a c t i v i t y  

was measured at 30°C, using 30 ~M cytochrome c (8). 

For measurement of cytochrome spectra and rates of b reduction, 

reductase complex was suspended at 1.42 mg per ml in O.l M sodium 

phosphate-O.5 mM EDTA, pH 7.4 and di f ference spectra recorded on 

a Cary ll8C Spectrophotometer. Cytochrome b was measured against 

a reference in which cytochrome Cl was reduced with ascorbate (9). 

Additions to the sample and reference cuvettes are recorded in 

the f igure legends. Reduction of b was followed by repetet ive 

scanning of the wavelength region 585 ÷ 555 nm at a scan rate of 

0.5 nm per sec and amounts of reduced b were calculated from the 

absorbance di f ference at 563 nm minus 577 nm (9). 

Results and Discussions 

Resolved succinate-cytochrome ~ reductase complex catalyzes 

reduction of cytochrome c by succinate with a zero order rate of 

6-8 ~mole cytochrome C reduced per min per mg and, as shown 

below, th is a c t i v i t y  is f u l l y  sensi t ive to antimycin. The reduc- 
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tase complex con ta ins  2.3 nmole of  cytochrome b and 1.3 nmole of  

cytochrome ~I per mg p r o t e i n .  Less than I0 percen t  of  the 

d i t h i o n i t e - r e d u c i b l e  b is  r e a c t i v e  to carbon monoxide (data not 

shown). Thus t h i s  p r e p a r a t i o n  is  c h a r a c t e r i z e d  by high a c t i v i t y  

and very  l i t t l e  denatured b (c f  9) .  

As shown in F igure I ,  when succ ina te  is  added to the r e d u c t a s e ,  

cytochrome b is  r a p i d l y  reduced in a r e a c t i o n  which comes to 

comple t ion  before a spectrum can be ob ta ined .  Th is  agrees w i th  

the repo r ted  h a l f - t i m e  of  less  than I00 msec f o r  r e d u c t i o n  of  

by succ ina te  in reso l ved  reduc tase  complex I 0 ) .  The e x t e n t  of  
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Figure  1 Abso rp t i on  d i f f e r e n c e  spec t ra  of  cytochrome _b in reso l ved  
succ i na te - cy toch rome  c reduc tase  complex. Spectrum (a) is  o f  the 
cytochrome b reduced by s u c c i n a t e .  Spectrum (b) is  of  the cytochrome 
b reduced by succ ina te  in the presence of  1 mM ascorba te  and 2 ~g 
a n t i m y c i n .  Spectrum (c)  is  of  the cytochrome b reduced by d i t h i o n i t e ,  
which was i d e n t i c a l  in the presence or absence of  ascorba te  and 
a n t i m y c i n .  
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b r e d u c t i o n  by s u c c i n a t e  va r i ed  from 72 to 80 percen t  of  the 

d i t h i o n i t e - r e d u c i b l e  b, assuming a homogenous e x t i n c t i o n  c o e f f i -  

c i e n t  f o r  the t o t a l  b poo l .  

When the reduc tase  is  t r e a t e d  w i t h  an t imyc i n  and a s c o r b a t e ,  

subsequent a d d i t i o n  of  succ i na te  r e s u l t e d  in v i r t u a l l y  no 

r e d u c t i o n  of  b w i t h i n  2 min. Thus, ascorba te  comp le te l y  i n h i b i t s  

the r e d u c t i o n  of  b by s u c c i n a t e  in the presence of an t imyc i n  and 

the re  is  no d i s t i n c t i o n  between ~562 and ~566. When added p r i o r  

to s u c c i n a t e ,  ascorba te  and an t imyc in  could be added in e i t h e r  

sequence and the same i n h i b i t i o n  was man i f es ted .  I f  added a f t e r  

s u c c i n a t e ,  asco rba te  and an t imyc in  caused no d e t e c t a b l e  r e o x i d a -  

t i o n  of  the r a p i d l y  reduced b. Ascorbate  minus an t imyc i n  caused 

no i n h i b i t i o n  of  b r e d u c t i o n ;  an t imyc i n  minus ascorba te  caused a 

s l i g h t  i n h i b i t i o n  of  b r e d u c t i o n  by s u c c i n a t e  as shown below. 

The amounts of  a n t i m y c i n  r e q u i r e d  f o r  the asco rba te -dependen t  

i n h i b i t i o n  of  b r e d u c t i o n  and f o r  i n h i b i t i o n  of  e l e c t r o n  t r a n s f e r  

th rough the b-c I complex were found to be i d e n t i c a l  as shown in 

F igure  2. In agreement w i t h  the r e s u l t s  of  S l a t e r  and coworkers 

( I I ) ,  i n h i b i t i o n  of  cytochrome c reduc tase  by an t imyc in  r e f l e c t s  

a s t o i c h i o m e t r y  of one an t imyc in  b ind ing  s i t e  per molecule of  ~ I .  

I t  seems l i k e l y  t h a t  the same b ind ing  s i t e  is  i n v o l v e d  in the 

asco rba te -dependen t  i n h i b i t i o n  of  b r e d u c t i o n  by s u c c i n a t e .  

F igure  2 a lso  shows the s l i g h t  i n h i b i t i o n  of  b r e d u c t i o n  which 

is  caused by a n t i m y c i n  in the absence of  asco rba te .  This  e f f e c t  

o f  an t imyc i n  was not  e l i m i n a t e d  by adding excess f e r r i c y a n i d e .  

I t  was of  p a r t i c u l a r  i n t e r e s t  to e s t a b l i s h  i f  the asco rba te -  

dependent i n h i b i t i o n  r e p r e s e n t s  a change in the m idpo in t  p o t e n t i a l  

of  a b spec ies  or  a change in the k i n e t i c s  of  b r e d u c t i o n .  As 

shown in F igure  3, a l though  ascorba te  p lus an t imyc i n  comp le te l y  

i n h i b i t s  the rap id  r e d u c t i o n  of  b by s u c c i n a t e ,  the re  is  a slow 
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Figure 2 Effect of antimycin on cytochrome c reductase act iv i ty  
and reduction of cytochrome b by succinate in the presence of 
ascorbate. Curve (a) depicts the extent of inhibit ion of succinate- 
cytochrome c reductase act iv i ty .  In the absence of antimycin the 
reductase complex had act iv i ty  of 6.9 umole cytochrome C reduced/ 
min-mg. Curve (b) depicts the extent to which antimycin inhibits 
reduction of cytochrome b by succinate in the presence of 250 uM 
ascorbate. In the absence of antimycin, 2.8 nmole of b was reduced 
by succinate. Curve (c) shows the effect of antimycin-on reduction 
of cytochrome b by succinate in the absence of ascorbate. Prior to 
addition of succinate, 500 ~M ferricyanide was added to the sample 
cuvette. 

reduction of b such that all of the succinate-reducible b is 

eventually reduced. The inhibited b reduction proceeds as a 

pseudo-first order reaction, as shown in Figure 4, with a rate 

constant of 2.96 x lO-2/min, which corresponds to a half-time of 

23 min. The small portion of succinate-reducible b whose inhibi-  

tion is caused by antimycin minus ascorbate also goes slowly 

reduced with the same rate constant as the fu l ly  inhibited b 

(data not shown). 

Figure 3 also shows the rapid reduction of b which is induced 

when the ascorbate-dependent inhibit ion is reversed by addition 

of ferricyanide. This response is analogous to the oxidant- 

induced bLreduction (2-5). The small amount of b whose rapid 
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Figure 3 Time-course of the reduc t ion  of cytochrome b by succinate 
in the presence of ascorbate and an t imyc in .  Succinate~cytochrome c 
reductase complex, con ta in ing  3 nmole of d i t h i o n i t e  reduc ib le  b, 
was pre incubated 5 min wi th 1.5 nmole of ant imycin and 1 ~mole of 
ascorbate in a volume of 1 ml. The reac t i on  was i n i t i a t e d  by add i t i on  
of 20 ~mole of succ ina te .  Each po in t  i nd i ca tes  the amount of reduced 
cytochrome b at the ind ica ted  time i n t e r v a l s  a f t e r  add i t i on  of 
succ ina te .  -The rap id  reduc t ion  of b r e s u l t i n g  from add i t i on  of 1.5 
~mole of f e r r i c y a n i d e  is i nd i ca ted  by the dashed l i n e .  

reduc t ion  is  not induced by f e r r i c y a n i d e  corresponds to the b 

whose i n h i b i t i o n  occurs wi th ant imycin minus ascorbate,  as can 

be seen by comparing Figures 2 and 3. 

We conclude tha t  the ascorbate-dependent i n h i b i t o r y  e f f e c t  

caused by ant imycin is re la ted  to the ox idan t - induced reduc t ion  

of b (2 -5 ) .  Our f i nd i ngs  support  the hypothesis (4) tha t  the 

a c t i v i t y  of cytochrome b is regu la ted by the redox s ta tus  of 

cytochrome ~I or another asco rba te - reduc ib le  component of the 

cytochrome b-c I complex. Mechanisms p rev i ous l y  proposed to 

exp la in  the ox idan t - induced reduc t ion  of b have invoked a change 
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Figure 4 Semilogarithmic plot of the reduction of cytochrome b by 
succinate in the presence of antimycin and ascorbate. Each point 
represents the amount of succinate-reducible b remaining unreduced 
at the indicated time. A total  of 2.60 ~mole-of b was reduced by 
succinate at " i n f i n i t e  t ime." The f i r s t  order rate constant for 
the reaction shown is 2.96 x lO-L/min. 

in the midpoint potential  of cytochrome b and have res t r i c ted  

this regulation to the postulated energy transducing species, 

cytochrome AT. The inh ib i t i on  which we observe involves al l  of 

the succinate-reducible b, including ~562 and ~566, and our 

results demonstrate that the regulation of b reduction can be 

explained as a change in the kinet ics of electron transfer into 

cytochrome b. This does not exclude the poss ib i l i t y  of a 

t ransient  change in the reduction potential  of cytochrome b, but 

such a change would have to occur in the continuous presence of 

ascorbate. Since this i nh ib i t i on  results in a 14,000 fold 
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i nc rease  in the h a l f - t i m e  f o r  b r e d u c t i o n ,  the re  is  l i t t l e  

p r a c t i c a l  d i f f e r e n c e  between k i n e t i c  r e g u l a t i o n  and a thermo- 

dynamic even t ,  except  t h a t  on l y  the l a t t e r  f u l f i l l s  the c r i t e r i a  

whereby energy might  be conserved in cytochrome b. 
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