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SUMMARY 

The cytochromes a and a~ of intact pigeon heart mitochondria are shown to 
contribute equally to the a band of cytochrome oxidase in the absence of added ligands. 
The oxidation-reduction midpoint potentials of the cytochromes a and a.~ at pH 7.2 
are --22o mV and +38o mV, respectively. The oxidation of cytochrome a a but not 
cytochrome a is coupled to a proton dissociation from a group with a pK of 7- 

Strong heme--heme interaction between these two cytochromes is expressed in 
the interdependence of their absorption spectra and half-reduction potentials. An in- 
crease of more than 5 ° % in the extinction coefficient of reduced cytochrome a occurs 
when reduced cytochrome a 3 binds CO and a similar increase in the extinction coeffi- 
cient of reduced cytochrome a a occurs when oxidized cytochrome a binds azide. The 
total absorbance change on reduction of both cytoehromes is unchanged by the addi- 
tion of azide. Heme-heme interaction is also observed in a 3o-mV increase in the half- 
reduction potential  of cytochrome a when the measurements are carried out in the 
presence of CO and a 3o-mV decrease in the half-reduction potential of cytochrome a.~ 
when the measurements are carried out in the presence of high concentrations of azide. 

I N'I'Rt ~I)UCTION 

Cvtochrome c oxidase is a very important  part  of the mitochondrial respiratory 
chain. I t  is responsible both for electron transport  leading to the reduction of 02 to 
water l-a and for the conservation of the energy required for ATP synthesis~-L In 
order to study these two functions it is extremely important  to know the spectral 
properties of the two a cytochromes which are part  of this hemoprotein. The spectral 
properties have previously been measured by techniques which utilize the abil i ty of 
inhibitors to trap one of the two heme a (usually that  of cytochrome aa) in the oxidized 
or reduced form s-12. Several lines of evidence have suggested that  the spectral proper- 
ties measured in this way are correct only for these special conditions. For example, 
the EPR spectrum of the ferric cytochrome a is reported to be dependent on the degree 
of reduction of the cytochrome a3 la,~4, and it has been suggested that  the visible light 
absorption spectrum of cytochrome a 3 is dependent on the degree of reduction of one 
of the copper atoms ~2. 

In this paper we will present evidence that  a strong interaction exists between 
cvt,)chromes a and a a. This interaction makes it necessary to regard them as mutually 
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d e p e n d e n t  species  for w h i c h  t h e  m e a s u r e d  p r o p e r t i e s  of e ach  c o m p o n e n t  d e p e n d  on  t h e  

c h e m i s t r y  of t h e  c o m p a n i o n  c o m p o n e n t .  

METHODS 

Pigeon heart initochondria were prepared bv the method  of H.aCntARa aXD 
CHaXC~ aS, The oxidat ion-reduct ion titrations were carried out at room temperature 
by the method  of D~TTOX el alY, ~6,17. A dual wavelength spectrophotometer  designed 
and built in the Johnson Research Foundation was uti l ized to measure the optical 
changes. The band width at half height of the measuring light beams were alwa\s less 
t i t a n  1.6 n m .  

T h e  r e a g e n t s  were  t h e  s a m e  as p r e v i o u s l y  u sed  7, t.. 

RE~;UI:rB 

7"he oxidation-reductio~z potential dependence of the absorbance change at 6o5-@o nm 
Two  c o m p o n e n t s  c an  be  s h o w n  to c o n t r i b u t e  a p p r o x i m a t e l y  e q u a l l y  to  t he  ab -  

s o r b a n c e  c h a n g e  a t  6 o 5 - 6 3 o  n m  in i n t a c t  p i g e o n  h e a r t  m i t o c h o n d r i a .  W h e n  t h e  o x i d a -  

t i o n - r e d u c t i o n  p o t e n t i a l  d e p e n d e n c e  of t h i s  a b s o r b a n c e  c h a n g e  was  m e a s u r e d  a t  

p H  7.2. a n d  t h e  l o g a r i t h m  of t h e  r a t i o  of t h e  o x i d i z e d  f o r m  to  r e d u c e d  f o r m  ( a s s u m i n g  

t h a t  t h e  i nc rease  in a b s o r b a n c e  on  r e d u c t i o n  is p r o p o r t i o n a l  to  t h e  r e d u c e d  form)  is 

p l o t t e d  a g a i n s t  t h e  o x i d a t i o n - r e d u c t i o n  p o t e n t i a l  in  Fig.  IA ,  t h e  t i t r a t i o n  c u r v e  is 

s igmoid .  T h i s  is t h e  e x p e c t e d  b e h a v i o r  for  a m i x t u r e  of t w o  c o m p o n e n t s  w i t h  q u i t e  

d i f f e r en t  h a l f - r e d u c t i o n  p o t e n t i a l s t L  T h e  s i g m o i d  c u r v e  can  be  m a t h e m a t i c a l l y  res()Ived 

i n t o  two  i n d i v i d u a l  c o m p o n e n t s  as s h o w n  in Fig.  lB .  T h e  r e s u l t a n t  c o m p o n e n t s  h a v e  

n v a l u e s  of I .o  a n d  h a l f - r e d u c t i o n  p o t e n t i a l s  of 4 -375  m V  a n d  -}-230 m \ :  for  t h e  h igh-  
a n d  l o w - p o t e n t i a l  c o m p o n e n t s ,  r e spec t i ve ly .  T h e  c u r v e  a n a l y s i s  shows  t h a t  a p p r o x i -  

m a t e l y  4 ° % of t h e  a b s o r b a n c e  c h a n g e  is c o n t r i b u t e d  b y  t h e  h i g h  p o t e n t i a l  c o m p o n e n t  

a n d  60 % b v  t h e  l o w - p o t e n t i a l  c o m p o n e n t .  I n  i 3 t i t r a t i o n s  of s e p a r a t e  m i t o c h o n d r i a l  
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]:ig. I. The oxidation--reduction potential  dependence of the 0o 5 nm n~imts (~3 o nm ahsorbance 
change of cytochrome oxidase. Pigeon hear t  mitochondria were suspended at 4 mg protein per ml 
in a medium containing o.22 M mannitol, o.o 5 M sucrose and 5 ° mM morpholinopropane sulfonate, 
pH 7.2. Phenazine methosulfate (3 ° /tM) and diaminodurene (4 ° /iM) were added and anacro- 
biosis was at ta ined by adding aliquots of NADH. After anaerobiosis the absorbance chan~e x~as 
t i t ra ted oxidatively by ferricyanide addition ( 0 )  and then reductively by NADH addition i ). 
The resulting data are plotted with the logarithm of the ratio of the oxidized to reduced form on the 
abscissa and the measured oxidation- reduction potential relative to a hydrogen electrode on the 
ordinate. In A t h e  absorbance change is treated as a single component while in B the si~moid 
curve of A is resolved into its two-component parts. 

l~i~chim. /3iophy:. Acta, 250 (r972) 277 2S6 



H E M E - t I E S I E  I N T E R A C T I O N  IN CYTOCHROME O X I D A S E  2 7 9  

suspensions tile fraction of the absorbance change contributed by the high potential 
component had an average value of o.48 and extreme values of o.4o and o.57. 

The variability is much less (less than ± o.o2) for duplicate experiments using a 
single mitochondrial suspension. The value of ±o.o8 includes not only the use ot 
different mitochondrial preparations but also different pH values (0.5-8.5), different 
spectrophotometers and different experiments, As such it includes biological and ex- 
perimental errors as well as possible small pH effects. 

Thc ]SH delSeUdcnce of the half-reduction potentials of the high- and low-pote~zEal com/5o- 
nculs 

The pH dependence of the half-reduction potential of an oxidation-reduction 
component provides evidence for or against a direct coupling of a proton dissociation 
to the oxidation of the component ~s. in Fig. 2 the values of the measured half- 
reduction potentials of the high- and low-potential components are plotted as a 
function of pH. To permit direct comparison the half-reduction potentials of the c o l  
responding components of rat liver mitoehondria 14 (as measured at 445-455 nm) are 
plotted on the same scale. I t  is apparent that  the two sets of values are experimentally 
indistinguishable with respect to both their nmnerical values and the pH dependence 
of these values. The low-potential component has a pH dependence of less than 
3o mV/'pH from pH 6.5 to 8.5 while the high-potential component is pH independent 
from pH ()-5 to 7.0 but t)ecomes approx. 6o mV more negative with each unit that  the 
t)H increases from pH 7.0 to 8.5. A reasonable interpretation of this behavior is that  
the oxidation of tlm high-potential component is coupled to the dissociation of one 
proton per electron from a chemical group with a pK of 7.o. This coupling is not pre- 
sent it] the low-potential component. 

The at)so@tio~z @cctra of the high- amt low-poE~#ia/ compo~zcuts pore 575 to @o nm 
The sigmoid titration curve obtained for the absorbance change at 605-630 nm 

and its resolution into its two con]ponent parts are shown in Fig. I. The spectra of the 
components can be accurately measured by repeated oxidation-ieduction cycles for 
which different measuring wavelengths are used with the reference wavelength un- 
changed. The spectra for tlm high-potential ( @ 425 to @ 285 mV) and the low-potential 

4oo i ~ ~.;~=.--...~_ 
>'E j OmV/pH j / , , > -  - ~  . 

60mV/pH ~ "  

s°° i 

200 / ~ - o U  

, 20mV/pH 

L 
0 615 7~0 7 ~5 8'0 8~5 

pH 
Fig .  " .  T h e  p H  d e p e n d e n c e  of  t h e  h a l f - r e d u c t i o n  p o t e n t i a l s  of  t h e  c o m p o n e n t s  of c y t o c h r o m c  ox i -  
d a s c  as  m e a s u r e d  a t  Oo 3 n m  mintts 630  n n l  a n d  a t  445  n m  minus 455  n m .  T h e  h a l f - r e d u c t i o n  ix ) t en  - 
t i ;ds  (t~m) w e r e  m e a s u r e d  fo r  p i g e o n  h e a r t  m i t o c h o n d r i a  ( O )  a t  0o 5 63o  1]i]1 &s g i v e n  in t h e  lcgcn(1 
of  F ig .  I, w h i l e  t h e  v a l u e s  fo r  r a t  l i v e r  m i t o c h o n d r i a  ( A ) w e r e  m e a s u r e d  a t  445 455 n m  (see rcf .  s41. 
T h e  p l I  w a s  o l ) t a i n e d  b y  u s i n g  5 ° m M  m o r p h o l i n o p r o p a n e  s u l f o n a t e  ( p H  0. 3 7.8) o r  5 ° m M  Tr i s  
( p l [  7-5 S-5) as  bu f f e r s .  
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(--285 to --z25 mV) components are shown in Fig. 3.The high-potential component 
has a symmetric absorption band with a maximum at 6o4 nm while the low-potential 
component has a somewhat narrower absorption band with a maximum at 6o5 nm. 
The sum of the two is a typical ~ band for cytochrome oxidase. 

The effect of CO on the oxidation-reduction potential of the components contributi~tg to 
the Go5-63o-nm absorba~tcc change 

When the absorbance change at 6o5-63o nm is measured as a function of the 
oxidation-reduction potential and the gas phase is 5o % CO, 50 % argon, the absor- 
bance change titrates as a single component (Fig. 4). The titration is presented from 
99 % oxidized to 99 % reduced but there is no evidence for a deviation from an n value 
of z.o. The experimental data shows two anomalies. First, the midpoint potential ~f 
the component is 3o mV more positive than that of the low-potential component in 
the absence of CO (see also ref. I9) and second, although the addition of CO decreases the 
absorbance (oxidized-reduced)only 6 %, the remaining absorbance is 9 ° %due to the 
low-potential component and is Io 0o due to a component which cannot be oxidized by 
ferrieyanide. 

The half-reduction potential of the low potential component in the presence 
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Fig. 3- The spec t ra  of the  ~ bands  of the  high- and low-poten t ia l  conlponents  of cy tochromc  oxi- 
dase. The condi t ions  employed  were the  same as in Fig. i excep t  t h a t  the  mi t ochond r i a  were sus- 
pended  a t  2. 7 mg p ro te in  per ml  and  the  p h e n a z i n e m e t h o s u l f a t e  and  d i aminodurene  were each 
2o ffM. The reference w a v e l e n g t h  was 63 ° n m  and the  measure  w a v e l e n g t h  was the  va lue  g iven on 
the  abscissa.  The absorbance  changes  were measured  using successive cycles of ox ida t i on  (ferri- 
cyan ide  addi t ion)  and  reduc t ion  (NAI)H addi t ion) .  O - - O ,  the  absorbance  change  from 1 4 2 5  
to  ~ 285 mV; ' . -  2., t he  absorbance  change from @ 285 to -}-J 25 mV. a t - - A ,  the  comple te  ab- 
sorbance change from ~ 4 z 5  to  ~ Ie  5 inV. 

Fig. 4. The o x i d a t i o n - r e d u c t i o u  po t en t i a l  of the  low po t en t i a l  componen t  of cy toch rome  oxidase  
in the  presence of CO. Pigeon h e a r t  m i toc hond r i a  were suspended  a t  4.5 mg p ro te in  per ml in a 
m e d i u m  con ta in ing  o.e2 M manni to l ,  o.o 5 M sucrose and 5 ° mM morpho l inopropane  sulfonate ,  
pH  7.-'. Phenaz ine  m e t h o s u l p h a t e  (30 ffM) and d i aminodurene  (3 ° ffM) were added  and  anaerobio-  
sis a t t a i n e d  by  add ing  a l iquots  of NADH.  After  anaerobiosis  the  gas phase  was changed  to 5 o'!o 
CO, 5O()o argon, a 5-rain period al lowed for the CO to enter  the  l igand  phase,  and  then  the  ab- 
sorbance change at  6o 5 nm r~in~s 63o nm t i t r a t e d  bo th  o x i d a t i v e l y  wi th  fe r r icyanide  and then 
r educ t ive ly  wi th  NADH.  The d a t a  are p lo t t ed  wi th  the  l oga r i t hm of the  ra t io  of the  oxid ized  to 
reduced form on the abscissa  and the  o x i d a t i o n - r e d u c t i o n  po ten t i a l  re la t ive  to a hydrogen  electrode 
on the  ordinate .  

t3iochi~n. Biophys. ,4cta, 256 (1972) ; 77 -286  
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of CO is 250 mV, a value nearly identical to that reported for cytochrome a in isolated 
cytochrome oxidase in the presence of CO ag, ~0 

The effect of azide on the oxidation-reduction potential of the components contributing 
to the 605-630 nm absorbanee change 

The oxidation-reduction potential dependence of the absorbance change at 
0o5-63o nm was measured for samples in the presence of various concentrations of 
azide. A typical titration curve at pH 7.2 (for Io mM NaNa) is shown in Fig. 5- Approx. 
g7 ?'o of the absorbance change is titrated as a single component with an n value of 
I.O and a half-reduction potential of 35o inV. This half-reduction potential is 3o mV 
more negative than the value obtained for the high-potential component in the ab- 
sence of azide. The absorbance change due to the component with a half-reduction 
potential of 35o mV is approx. 87 % of the absorbance change observed for the sum of 
the high- and low-potential components in the absence of azide. 

The effect of increasing the azide concentration in the suspending medium from 
o to 2o mM is presented in Table I. As the azide concentration is increased there is a 
systematic change in several of the measured parameters. The most striking change is 
in the absorbance which is attributable to the high-potential and low-potential 
components respectively. Although the total reduced minus oxidized absorbance 
change is not dependent on the azide concentration, the fraction of the absorbance due 
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l;ig. 5- The o x i d a t i o n - r e d u c t i o n  po t en t i a l  of the  componen t s  of cy tochrome  oxidase  in the  presence 
of azide. Pigeon h e a r t  m i tochondr i a  were suspended  a t  2. 5 mg  pro te in  per  ml in a m e d i u m  con- 
t a i n i n g  o.22 M mann i to l ,  o.o 5 M sucrose and  5 ° mM morpho l inopropane  sulfonate ,  pH  7.2. Phen-  
azine me thosu l f a t e  (3o ffM) and d i aminodurene  (3 °/~M) were added  and  anaerobios is  a t t a i n e d  by  
add ing  a l iquo t s  of NADH.  After  anaerobios is  to  mM NaN a was added  and  the  absorbance  change  
measured  a t  6o 5 minus  63o nm t i t r a t e d  bo th  o x i d a t i v c l y  by  fer r icyanide  add i t ions  and reduc- 
t i v e l y  by  N A D H  addi t ions .  The d a t a  are p lo t t ed  wi th  the  loga r i thm of the  ra t io  of the  oxidized to 
reduced  form on the  abscissa  and  measured  ox ida t ion  reduct ion  po ten t i a l  re la t ive  to  a hydrogen  
e lect rode on the  ordinate .  O,  o x i d a t i v e  t i t r a t i o n ;  I ,  r educ t ive  t i t r a t ions .  

Fig. O. The spec t rum of the  high po t en t i a l  componen t  of cy toch rome  oxidase  in the  presence of 
azide. Pigeon hea r t  m i toc hond r i a  were suspended a t  2. 5 mg pro te in  per ml in a med ium con ta in ing  
o.22 M manni to l ,  o.o 5 M sucrose and o.o 5 M morpho l inopropane  sulfonate ,  pH  7.2. Dhenazine 
me thosu l f a t e  (3o ffM) and d i aminodurene  (3 ° ffM) were added  and anaerol)iosis a t t a i n e d  by  add ing  
a l iquo t s  of NADH.  The s p e c t r u m  was ob ta ined  by measur ing  the  absorbance  change  which occurred 
on chang ing  the  po t en t i a l  f r o m - ? 3 7  ° to + 2 o  5 mV wi th  N A D H  or f rom + 2o 5 to + 3 7  ° mV 
w i t h  ferr icyanide.  The w a v e l e n g t h  of the  reference l igh t  was left  a t  03 u n m  and the wave leng th  of 
the  measure  l igh t  was set  a t  the  va lues  ind ica ted  on the  abscissa. The fer r icyanide  ( -F ferrocyanide)  
concen t r a t ion  var ied  from 5o ffM to more t h a n  2 mM at  the  end of the  exper iment .  

/3iochim t3iophy,~..4cta, 256 (i972) 277 2S6 
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to tile h igh-poten t ia l  component  increases from approx.  0.5 to 0.88. This increase in 
the absorbance  is accompanied  by  a hal f - reduct ion po ten t ia l  shift  from + 3 8 o  to 
+ 35 ° mV in the h igh-poten t ia l  component  and  from 2-22o to approx.  + Io5 mV in 
the low-potent ia l  component .  These changes are consis tent  wi th  the  azide binding to 
tile ferric fl)rnl of the tow-potent ia l  component  wi th  a dissociat ion cons tan t  of approx .  

o.25 mM at p H  7.2. 

T A B L E  [ 

T I l E  A Z I D E  C O N C E N T R A T I O N  D E P E N D E N C E  O F  T H E  P R O P E R T I E S  OF  T H E  n I G H -  A N D  L O X V - P O T E N T I A L  

C O M P O N E N T S  

T h e  h a l f - r e d u c t i o n  p o t e n t i a l s  (Era) a n d  t h e  f r a c t i o n  of  t h e  a b s o r b a n c e  c h a n g e  of t h e  h i g h -  a n d  
l o w - p o t e n t i a l  c o m p o n e n t s  w e r e  d e t e r m i n e d  as  s h o w n  in  F igs .  I a n d  4. T h e  Em v a l u e s  a r e  g i v e n  in 
m V  a n d  a r e  r e p r o d u c i b l e  t o  w i t h i n  ~_ Io  inV. T h e  t o t a l  a b s o r b a n c e  c h a n g e  o n  r e d u c t i o n  of  b o t h  
c o m p o n e n t s  is n o t  c h a n g e d  b y  t h e  a d d i t i o n  of a z ide .  

Azidc Em* Frac:ion o/ 
( r a M )  ]£1n LOK' Absorbance Change 

High Low High Low 

0 . 0  38(1  2 2 o  2 2 0  o .  5 0 .  5 

o . ,  37 ° 21 o 21 () 0 . 5 4  0 . 4 6  

o . 5  3 0 o  1 9 0  1 9  ° o .  7 4  o .  2 0  

z,o 35 ° IS 5 ISO o .74  o .26  
2.7 35 <) 155 ~ 55 o.S 3 o. r 7 
5 .0  35 ° 145 14 ° o.S 4 o. I {} 
J o 3 5  ° 1 3  ° 1 2 5  0 . 8 7  (). 13  

2 o  3 4 5  i o  5 1 0 5  o . 8 S  (}. 12 

* T h i s  c o l u m n  p r e s e n t s  t h e  t h e o r e t i c a l  h a l f - r e d u c t i o n  p o t e n t i a l s  of a h e i n e  w h i c h  in t h e  o x i -  
d i z e d  f o r m  b i n d s  a z i d e  w i t h  a d i s s o c i a t i o n  c o n s t a n t  of  o .2  5 m M  b u t  w h i c h  in  t h e  r e d u c e d  f o r m  h a s  a 
v e r y  l o w  a f f i n i t y  for  a z i d c .  T h e  h a l f - r e d u c t i o n  p o t e n t i a l  of  t h e  h e i n e  in  t h e  a b s e n c e  of  a z i d e  is 
a s s u m e d  t o  be  220  m V  a n d  t h e  c a l c u l a t e d  \ a l u e s  a r e  g i v e n  t o  t h e  n e a r e s t  5 nl\r" 

The spectrum of the major component of the 6o5-@o-nm absorbance change in the 
presence of azidc 

The technique of measur ing the spec t rum of a component  reduced in a specific 
ox ida t ion - reduc t ion  po ten t i a l  range allows us to measure  the spec t ra  of the  high- and 
low-potent ia l  components  in the  absence of added  l igands.  As shown in Fig. 6 the  
reduced minus oxidized spec t rum of the  h igh-poten t ia l  component  in the  presence of 
azide has an c~ m a x i m u m  at  6o 4 nm, the  posi t ion observed for ei ther  ful ly reduced  
cv tochrome oxidase  or reduced cy tochrome a in the  presence of CO, cyanide  or 
sulfide. By  cont ras t  the  7 m a x i m u m  of the  reduced a cy tochrome in the  aerobic 
az ide- inhibi ted  s ta te  is at  6oi  nm. 

DISCUSSION 

On the idenl(/icaEon of cvtochromes a and a a 
KEILIN AND HARTREE 1,82 first concluded tha t  two cvtochromes  of the a t ype  

were present  in the resp i ra to ry  chain of yeas t  and  hear t  muscle. They  defined the cvto-  
chrome which did not  combine with  cyanide,  CO or oxygen as cy tochrome a and the 
cvtochrome which did combine wit]l these ]igands as cy tochrome a a. The cv tochrome 
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El a WaS then ident ical  to the  " A t m u n g s f e r m e n t "  of \V,\Rm:R(; AND NEGELEIN 2L'~2. 

This definit ion of cy tochrome aa clear ly identif ies the  h igh-poten t ia l  component  as 
measured  ei ther  in the  Soret region 7,14 or the ~ region as cy tochrome a a. ( ' 0  is known 
to react  wi th  a high affinity "~l, ~,2 wi th  the reduced form of cy tochrome a a and  to have a 
very  low affinity for the oxidized form. Thus,  CO would be expected to shift the half- 
r educ t ion  poten t ia l  to much more posi t ive values is. This is consis tent  with the obser- 
va t ion  tha t  in the presence of excess CO the cv tochrome a a is not  oxidized by  ferri- 
cyanide  "a. Moreover,  the  react ion ra te  for the oxidat ion  of the reduced h igh-poten t ia l  
componen t  b y  molecular  oxygen is independen t  of the  degree of reduct ion of the  low- 
po ten t ia l  component  24. The h ig l>poten t ia l  component  is then cy tochrome a 3 and the 
low-poten t ia l  component  is cy tochrome a. Fo r  the  rest  of the  discussion this identifi-  
cat ion will be used. 

The ident i f icat ion of cy tochromes  a and a a on the basis of their  spectra l  proper-  
t ies has a lways been made wi th  the assumpt ion  tha t  there  is essent ial ly  no in terac t ion  
between the two cytochromes.  The techniques ut i l iz ing externa l  l igands such as 
cyanide,  azide and CO to ob ta in  the  spec t ra  of the cytochromes  a and aa 8-12, 26 suffer 
from the obvious l imi ta t ion  tha t  a modifier  (ligand) is a lways  present  and its effect 
cannot  be evaluated .  The po ten t iomet r ic  measurements ,  however,  allow the proper-  
t ies of two chemical ly  d is t inct  species to be measured  in the absence of added  l igands.  
The concent ra t ion  dependence  of the  l igand effect m a y  then be accura te ly  measured  
both on the component  to which the l igand binds and on the  component  to which it 
does not  bind. Moreover the  ident i f icat ion of the  component  b inding  the l igand is 
precise because an accura te  theore t ica l  descr ipt ion is a v a i l a b l d  s. 

(hl the in teract ion o f  cvtochromes a a~zd a a 

The concept  of cy tochromes  a and a a as independen t  cytochromes,  each with 
i ts own pa r t i cu la r  propert ies ,  is unable  to fit the  d a t a  presented  in this  paper .  The 
hal f - reduct ion poten t ia l  of cy tochrome a becomes nmre posi t ive when the cytnchroum 
aa is l iganded with  CO. Because CO is h ighly  specific for b inding to reduced heine, this 
shift  in the  hMf-reduction poten t ia l  nmst  resul t  from a heine-heine  in terac t ion  and 
n . t  from a copper -he ine  in terac t ion .  

The in te rac t ion  between cytochromes  a and a~ is also expressed in the ext inc t ion  
coefficients for the  reduced m i n u s  oxidized t rans i t ion  of the cytochromes.  The addi t ion  
of CO increased the absorbance  change (reduced mi~zus oxidized as measured  at  005- 
03o nm) due to the cy tochrome a from 50 0o to 88 % of the aerobic to fully reduced 
t rans i t ion  (a 7o % increase in ext inc t ion  coefficient'2s). 

The failure of o ther  techniquesS-XS, 26 to demons t ra te  the hen~e-heme inter-  
act ion arises in par t  from the fact t ha t  the  pros thet ic  group of both  cytochromes a 
and a a is heine a. Tim differences between tim two cytochromes are imposed on the 
heine a by  the heine envi ronment .  A symmet r i c  in terac t ion  between the two heroes 
would not be measurable  using techniques which require one cytochrome to be bound  to 
an ex te rna l  l igand such as cyanide,  azide or CO in order  to measure  the spect ra l  prop-  
er t ies  of the other. 

The interact ion o f  azide wi lh  cvtochrome oxidase  

The change in the hal f - reduct ion poten t ia l  which occurs on add i t ion  of a l igand 
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to henle has been comprehens ive ly  discussed by  CLARK 18. The equat ion  which is appli-  
cable to the  azide b inding  (see CLARK TM for the der iva t ion  used) is: 

Ko + [N;] 
E m = E 1 + o.06 log ~ + o.o6 log K~ 

Ko + [N;]  O) 

where K 0 and Kr  are the dissociat ion cons tants  for azide b inding  to the  oxidized and 
reduced  forms of the  henle, respect ively,  and  E 1 is the hal f - reduct ion poten t ia l  in the 
absence of azide. The appl ica t ion  of th i s  equat ion to the  d a t a  in Table  I shows t ha t  
azide binds much more s t rongly  to oxidized cy tochrome a than  to reduced cytochronle  
a. The dissociat ion cons tant  for azide from fer r icytochrome a can be ca lcu la ted  to be 
o.25 mM. If azide does b ind  to fer r icytochrome a wi th  this  dissociat ion cons tant ,  the  
changes in hal f - reduct ion po ten t ia l  and ex t inc t ion  coefficient of reduced cy tochrome 
a s a t  6o5-63o n m  are p ropor t iona l  to the fract ion of fer r icytochrome a bound  to 
azide. The poss ib i l i ty  tha t  azide also binds to cytochrome a s does not  seem viable.  If 
the azide binds to fe r r icy tochrome a s wi th  a dissociat ion cons tan t  comparable  to i ts  
dissociat ion cons tan t  from the inh ib i to ry  site (less than  2o/~M) then  from Eq.  i ,  the  
dissociat ion cons tant  from the reduced form is less than  6o/~M, a value  wi thout  pre- 
cedent  in heme chemis t ry .  In  any  case, the azide does not  b ind to fe r r icy tochrome 
a s wi th  an affinity more than  3-fold greater  than  the affinity for the  ferrous form be- 
cause the  hal f - reduct ion po ten t i a l  changes by  only 3o mV. 

E P R  measurements  on samples  which were frozen at  defined ox ida t ion - r educ -  
t ion potent ia l s  show tha t  in the presence of azide the  reduct ion of a component  with 
a hal f - reduct ion poten t ia l  of + 35o mV is accompanied  b y  the appearance  of the  low 
spin ferric heme a azide signal TM'L I t  is, therefore,  l ikely tha t  the reduct ion  of the high- 
po ten t ia l  component  (cytochrome as) results  in a s t ruc tu ra l  modif icat ion which per- 
mits  azide to  b ind  to fer r icytochrome a. Al though azide binding to fe r r icy tochrome a 
in the fer r icy tochrome a - fe r rocy tochrome  a s can be demons t ra ted ,  this  is p robab ly  not  
the  cause of azide inhibi t ion.  In  in tac t  mi tochondr ia  at  p H  7.2 the azide inhib i tor  
cons tan t  has been repor ted  to be less than  2o/~M for the  inhibi t ion of N,N,N',;\"-tetra- 
methy l -p -pheny lened iamine  oxidase ac t iv i tv  2s and less than  8o/~M for the  inhibi t ion 
of succinate  oxidation2L In  both  cases the  inhibi t ion is uncompet i t ive  wi th  respect  to 
subs t ra te .  The inhibi tor  cons tan t  must ,  therefore,  be grea ter  t han  the ac tua l  dissocia- 
t ion cons tan t  of azide from the inh ib i tory  site and  a reasonable  es t imate  for the  maxi-  
mum possible value of the azide dissociat ion cons tan t  for the  inh ib i to ry  site is 2o E~M. 
The dissociat ion cons tan t  for the  b inding  of azide to fe r r icv tochrome a (o.25 raM) 
much larger  than  the 2o #M es t ima ted  for the  inh ib i to ry  site. In  addi t ion ,  the  spec tum 
of the h igh-poten t ia l  component  in the  presence of azide has an ~ m a x i m u m  at  604 
ran, not  6Ol nm as is observed for azide inhibi t ion.  The equi l ibr ium d a t a  on azide 
binding thus  cannot  be readi ly  re la ted  to the  inhibi t ion of cy tochrome oxidase by  
azide. 

.-t hypothetical model of cytochrome oxidasc 
Two concepts  of cy tochrome oxidase tlave exis ted  for m a n y  years.  The concept  

of two essent ia l ly  independent  cytochromes (a and  a3) is based  on the  original  work of 
KEILIN AND HARTREF 1 and has been suppor ted  b y  many  laborator ies .  The a l t e rna te  
concept  of a single cytochrome a or ig inated  in the  l abo ra to ry  of Okunuki  and  has been 
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s u p p o r t e d  b y  o t h e r  l a b o r a t o r i e s .  D i s c u s s i o n s  of t h e  two  h y p o t h e s e s  a re  e x t e n s i v e  a n d  

are  s u m m a r i z e d  a l o n g  w i t h  t h e  g e n e r a l  p r o p e r t i e s  of c y t o c h r o m e  o x i d a s e  in t h e  excel -  

l e n t  r e v i e w  b y  LE.XmERG a a n d  in refs.  3o a n d  3 I .  N e i t h e r  of t h e s e  h y p o t h e s e s  c an  ex-  

p l a i n  t h e  a v a i l a b l e  d a t a  w i t h o u t  m o d i f i c a t i o n .  T h e  b e h a v i o r  of t h e  c y t o c h r o m e s  a a n d  

a a is be s t  fi t  b y  t h e  o r ig ina l  m o d e l  of KEILIN AND HARTREE 32 w h o  s u g g e s t e d  t h a t  t h e  

c v t o c h r o n a e s  a a n d  a a a re  i n t i m a t e l y  c o n n e c t e d  if no t  i n t e r c o n v e r t i b l e  a n d  t h e  

" S i a m e s e  t w i n s "  h y p o t h e s i s  of KIx ( ;  aa. 

I n  gene ra l ,  ou r  c o n c e p t  of c y t o c h r o m e  o x i d a s e  calls  for  t h e  two  h e m e  a mole -  

cules  to  be  v e r y  close to  e a c h  o t h e r  a n d  in  very, s i m i l a r  e n v i r o n m e n t s .  I n  t h e  fu l ly  

o x i d i z e d  s t a t e  t h e  s i x t h  l i g a n d  p o s i t i o n s  of t h e  i r on  a t o m s  are  s h i e l d e d  a n d  t h e r e  is no  

h i g h  a f f in i ty  b i n d i n g  s i te  for  l i g a n d s  s u c h  as  azide.  R e d u c t i o n  of one  of t h e  h e m e  

g r o u p s  ( t he  h i g h  p o t e n t i a l  c y t o c h r o m e  aa) o p e n s  t h e  s t r u c t u r e  in  s u c h  a w a y  t h a t  

e i t h e r  t h e  f e r r o c y t o c h r o m e  a a or t h e  f e r r i c y t o c h r o m e  a ( b u t  n o t  b o t h )  c an  a c c e p t  a 

l igand .  I f  CO or  0 2  a re  a d d e d ,  t h e y  r e a c t  w i t h  f e r r o c y t o c h r o m e  a a b u t  if az ide  is 

a d d e d ,  i t  r e a c t s  w i t h  f e r r i c y t o c h r o m e  a. I n  e i t h e r  case  t h e  p r e s e n c e  of a l i g a n d  on  one  

of t h e  t w o  c y t o c h r o m e s  c h a n g e s  t h e  c h e m i s t r y  of, a n d  p r e v e n t s  t h e  a d d i t i o n  of a 

l i g a n d  to,  t h e  o t h e r  c y t o c h r o m e .  
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