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SUMMARY 

I. The steady-state kinetics of the reaction in the system: ascorbate --~ cyto- 
chrome c-+ cytochrome aaa-~ 0 2 were studied, measuring both the degree of reduct ion 
of cytochrome c and the rates of 0 2 consumption.  

2. In disagreement with some earlier reports it could be shown that  the sole 
reaction of ascorbate is the reduction of ferricytochrome c. From the kinetics of the 
overall reaction, the rate constant  for the reaction between ferricvtochrome e and 
ascorbate could be calculated to be 23 M 1. sec-1, in fair agreement with the value of 
5o M ' . s ec  1 obtained from direct stopped-flow measurements.  

3. Comparison of the rates of 0,, uptake at infinite cytochrome c and asowbate  
concentrat ions for heart-niuscle preparat ion and isolated cytochrome aa:~ revealed 
the presence of an inhibi tor  in the lat ter  preparation.  A mechanism of inhibi t ion based 
on MINNAERT'S Mechanism IV 

ki (o,~) k 1 
(E + S,~- ES" --~ E P  ~ - E  + P), 

h--1 1~'2 t~l 

in which the inhibi tor  reacts with E,  E S  and E P  forming inact ive complexes with 
about  the same K,, is in agreement with the experimental  data. 

4. The KD for E S  and E P ,  calculated from the kinetics of the overall reaction, 
was found to be 3o and 3o 4o yM for the isolated and par t icula te  cytochrome aa3, 

respectively. By making use of the data  of GIBSON et al. (J. Biol.  Chem., 24 ° (Iq65) 888) 
on the reaction between ferrocytochrome c and ferricytochrome a, values for k_ 1 and 
k 2 of 12oo and 3oo sec 1, respectively, were calculated. 

5. MINNAERT'S Mechanism IV (Biochim. Biop]~,s. Acta,  5o (1961) 23) gives the 
simplest explanat ion of the observed steady-state  kinetics. 

INTRODUCTION 

The steady-state  kinetics in the system reducing agent ->  cytochrome c-~ cyto- 
chrome aa3-> 0 2 have been studied extensivelyi-L It  was clearly shown tha t  the rate 
of 0 2 uptake depends on the concentrat ions of cytochrome c and cytochrome aa a, 

" Postal address: Plantage Muidergracht 12, Amsterdam, The Netherlands. 
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and on the nature and concentration of the reducing agent. SLATER 3 emphasized the 
importance of the use of maximal rates, i.e. rates of 02 uptake at infinite cytochrome c 
concentration and of the use of ascorbate as reducing agent. 

The use of ascorbate as reducing agent is based on the premise that the ascorbate 
does not interfere in the mechanism of oxidation of cytochrome c by cytochrome aa 3. 

H o w e v e r ,  .-V[INNAERT 4, who studied the kinetics of the reactions manometrically, found 
an effect of ascorbate on the maximal rate of Oz consumption of a KEILIN--HARTREE 
heart-muscle preparation, and concluded that ascorbate could act as a second sub- 
strate for cytochrome aa a. SMITH AND CAMERINO 6, on the other hand, did not find 
a significant effect. 

In this paper it will be shown that the sole effect of ascorbate is the reduction 
of ferricytochrome c. 

MATERIALS AND METHODS 

H e a r t - m u s c l e  p r e p a r a t i o n  

Heart-muscle preparations were isolated following the principles of the proce- 
dure of KEILIN AND HARTREE s. Fat-free beef-heart mince was washed 4 times with 
ice-cold water and ground with sand and 50 mM K2HPO 4 in a mechanical mortar 
at 4 ° for 30 rain. After removal of all heavy materials by centrifugation at 2000 × g 
for 15 min the pH of the turbid supernatant was brought from 7.2-7.4 to 5.6 with 
IO °o acetic acid. Crude heart-muscle preparation was collected after centrifuging at 
15oo ~ g for 30 rain. The final preparation was obtained after two washings with 
o.66 M sucrose, I mM histidine and 50 mM Tris sulphate (pH 8.0). The material was 
collected by centrifugation at 78000 × g for IO rain. The Qo2 (~tl 0 2 per h per mg 
protein) at infinite cytochrome c concentration was found to be about 2200 at 25 ° 
The preparations can be kept in liquid N 2 for months without loss of activity. 

So lub le  cytochrorne aa 3 p r e p a r a t i o n s  

Cytochrome aaa was isolated from heart-muscle preparations essentially ac- 
cording to the method of FOWLER et al. 9. The soluble preparation was further purified 
by two cholate-(NH4)2SO 4 fractionations as described by MACLENNAN AND TZAGO- 
LOFF lo. 

The preparations have a A re~l / A  °x ratio of 1.3o-1.37 and contain 9-11 
444 n m t  424 nm 

/zmoles heine per g protein. 
The cytochrome aa 3 concentration was calculated 11 from dA6o 5nm (red--ox) 

using a A A  of 24.0 mM -1" em -1. Small quantities of the enzyme were stored at liquid 
N 2 temperature and thawed just before use. The enzyme handled in this way does 
not show any decrease in activity after storing for 3 years. 

Cytochrome  c 

Cytochrome c was isolated from the neutralized acid supernatant of the heart- 
muscle preparation by adsorbing it batchwise on Amberlite CG-50 (100-200 mesh), 
and further purified according to the method of 1V[ARGOLIASH AND WALASEK 12. The 
preparations were free of polymeric contaminants as could be shown by the mono- 
phasic reduction by ascorbate 13. 
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The preparations had A;sa o nm/A~o nm ratios of 1.25-I.3O. The concentration was 
calculated 14 from AA55 . . . .  (red--ox) using a AA of 21.o mM -1. cm -1. 

Assay system 

02 uptake was measured with a Clark electrode mounted on a Gilson oxygraph. 
The reaction mixture contained: 65 mM phosphate, i mM EDTA, 67 #g/ml Asolectine, 
o.5 °o Tween 8o, 8.3 mM sucrose, 2-3 ° mM ascorbate, and IO-IOO #M cytochrome c. 
The pH of the mixture was 7-4 and the temperature 25 °. The reaction was started 
by adding 6o-35o nM cytochrome aa3. The heart-muscle preparation or isolated cyto- 
chrome aa 3 was diluted in an ice-cold mixture containing 2 mg/ml Asolectine, o.5 °o 
Tween 8o, o.25 M sucrose and IO mM phosphate (pH 7.4). 

Rates are expressed as #M cytochrome c oxidized per sec, activities as mmoles 
cytochrome c per sec per g protein for heart-muscle preparations and for isolated 
cytochrome aa3 as moles cytochrome c per sec per mole of cytochrome aa a. 

For the calculations the O~ concentration at 25 ° was assumed to be 25o tiM. 
Initial rates are taken and corrected for autooxidation. 

Protein was determined according to the method of GORNALL et al. 15 as modified 
by YONETANI TM. 

The degree of reduction of cytochrome c in the steady state was measured at 
55 ° n m  with a Zeiss PMQ spectrophotometer. 

Materials 

Asolectin (Associated Concentrates) sols were made according to WHARTON 
AND GRIFFITHS 7. Stock sols of 50 mg/ml were stored at 0-5 ° and discarded after 
2 days. 

Ascorbate (British Drug Houses, biochemical grade) was dissolved in 30 mM 
EDTA and neutralized with KOH. Stock solutions of 0. 9 M were stored at --20 °. 

Tween 80 was purchased from Sigma. 
All other chemicals were of Analar Grade, mainly obtained from British Drug 

Houses. 

RESULTS 

Redox state of cytochrome c during the steady state 

In the system ascorbate-cytochrome c-cytochrome aa3-O 2 the 02 consump- 
tion, as measured polarographically, is not proportional to the cytochrome aa 3 concen- 
tration. This is due to the fact that during the steady state cytochrome c is not com- 
pletely reduced, as has been shown by MINNAERT 4 and YONETAN117. The degree of 
reduction of cytochrome c can be used to investigate the overall reaction mechanism. 

In our opinion the mechanism proposed by MINNAERT TM for the oxidation of 
ferrocytochrome c and designated as Mechanism IV is based on the simplest as- 
sumption, namely that the association and dissociation rate constants for the cyto- 
chrome c-cytochrome aaa complex do not change upon changing the valence state 
of the iron atom in cytochrome c. Therefore we use this mechanism to show the 
relation of the degree of reduction of cytochrome c in the steady state to the para- 
meters of the system. 

Biochim. Biophys. dcta, 234 (I97I) 468-48o 
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The general formulation of Mechanism IV is 

kl k2(72) #-1 
S + E ~ E S - -  E P  ~ E + P (I) 

k-1 kl 

and the rate equation is 

klk-lk2e[S~ 
~, - (2) 

(k-1 -~- k2) (klES --  P]  -[- k- l )  

where e = [cytochrome aaD~, S = ferrocytochrome c, and P = ferricytochrome c. 
Since the rate of reduction of ferricytochrome c by ascorbate is first order with 

respect to both cytochrome c and ascorbate 4, the rate equation may  also be written 

t' = kD[AH2] [P! (3) 

where AH2 = ascorbate. 
By  introducing the degree of reduction of cytochrome c 

ferrocytochrome c IS] 

P = tota l  c y t o c h r o m c  c = IS + P~ 

a n d  e q u a t i n g  the  t w o  e x p r e s s i o n s  for v in the  s t e a d y  s ta te ,  i t  c a n  be  d e r i v e d  t h a t  

I k2 klk-te 
- =  : + - - - - - -  (4) p k - i  ~ h2 k~[AH2] (klES + P] + k-:) 

This equation predicts a straight-line relationship between I /p  and I/[AH21 for 
a given cytochrome c and enzyme concentration, with an intersection on the ordinate 
at I /p  : I. Fig. I shows that this is the case. 

In accordance with Eqn. 4, the inverse of the slope of the lines for different 
cytochrome c concentration is linearly proportional to the cytochrome c concentration 

1.5 

1.o i i 
0 2 0 0  4 0 0  

r_, F:~-: (" - ' )  ,3 
Fig. i. Effect of ascorbate and cytochrome c concentrations on the degree of reduction of cyto- 
chrome c during the steady state. 61 nM isolated cytochrome aaD; other conditions as described 
in MATERIALS AND METHODS. C)- -C) ,  68//~l~{ cvtochrome c; A - - A ,  46/zM cytochrome c; [] - -12,  
25 ttM cvtochrome c. The inset shows the effect of varying cytochrome c concentrations on the 
inverse slope of the lines. 
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(inset Fig. I ) .  The intercept on the abscissa of the inset represents k _ l / # l ,  which is 
equal to the dissociation constant of the ES complex. According to the data of Fig. I ,  
this is 30 #M. 

Effect of varying the ascorbate concentration 
On eliminating [S 1 and [P] from Eqns. 2 and 3, the following expression for 

the molecular activity (MA v/e) is obtained 

I e 6 £ h i  _L k2,( I I i  ) 
M A  v k3[AH2]  IS + P ]  ' k2 ,k l [S ~ I  P ]  + -- , ('~) 

Eqn. 5 predicts straight lines in LINEWEAVER--BuRK 19 type plots with (S + P) and 
AH 2 as parameters. 
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Fig.  2. E f fec t  of a s c o r b a t e  a n d  c y t o c h r o m e  c c o n c e n t r a t i o n  on t h e  e n z y m e  a c t i v i t y .  A. ~ 0 o / , g  
h e a r t - m u s c l e  p r e p a r a t i o n  p e r  ml .  (D O ,  3 ° m M  a s c o r b a t e ;  A - - G ,  i o  mM a s c o r b a t e ;  O- -  0 ,  
4 m M  a s c o r b a t e ;  A - - ~ I ,  2 lnM a s c o r b a t e .  B. 6 3 nM c y t o c h r o m e  aa a, 0 - 0 ,  3 ° m M  a s c o r b a t e :  
A - - A ,  12 m M  a s c o r b a t e ;  0 - - - 0 ,  5 m M  a s c o r b a t e ;  A - - j I ,  2 m M  a s c o r b a t e .  E x p e r i m e n t a l  con-  
d i t i o n s  as  d e s c r i b e d  in  MATERIALS AND METHODS. 

Fig. 2A shows the effect of varying amounts of ascorbate on the activity mea- 
sured at different cytochrome c concentrations when a KEILIN--HARTIREE heart-nmscle 
preparation was used. In this plot the lines intersect at the ordinate showing no effect 
of ascorbate on the specific activity at infinite cytochrome c concentration. Similar 
results are obtained using isolated eytochrome aa3 (Fig. 2B). From the fact that  no 
effect of ascorbate on the molecular activity at infinite cytoehrome c concentration 
is found, it is concluded that  ascorbate does not act as a second substrate for cyto- 
chrome aa3 and that  the only role of aseorbate in this system is the reduction of 
ferricytoehrome c. 

Effect of varying the eytochrome aa~ concentration 
In a LINEWEAVER-BURK type plot (Fig. 3A) the straight lines for different 

concentrations of heart-muscle preparation intersect on the ordinate. Thus the activity 
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at infinite cytochrome c concentration is proportional to the cytochrome a %  concen- 
tration. 

However, when isolated cytochrome a a  a is used the LINEWEAVER-BuRK type 
plot (Fig. 3B) shows lines which intersect in the second quadrant.  Thus MA~,~ 
depends on the enzyme concentration used, being smaller at higher enzyme concen- 
trations. 

As can be seen in Fig. 4 which is in fact a DIXON type plot (ref. 2o), MAma × 

is inversely proportional to the enzyme concentration. This phenomenon can only 
be explained by assuming the presence of an inhibitor in purified cytochrome a a  3 
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Fig. 3. Effect of enzyme and cytochrome c concentrat ion on the enzyme activity. A. Hear t -musc l  
preparat ion.  (2) (2), 5 ° /~g protein per ml; A - - A ,  15o pg protein per  nil; [] - - [ ] ,  25o/~g protein  
per ml; @ - - @ ,  4oo/~g protein  per ml. B. Isolated enzyme. <2) ©, 63 nM cytochrome aa3; 
A ---A,  123 nM cytochronle aaa; [] - - r n ,  192 nM cytochrome aa3; @ - - @ ,  3o2 nM cytochrome aa3; 
3 ° mM ascorbate;  o ther  condit ions as in MATERIALS AND METHODS. Inse t  ot A. The effect of 
concentrat ion of heart-nluscle prepara t ion  on the inverse of the activity. The points  are calculated 
from A. 6o gM cytochrome c, 3 ° mM ascorbate.  Inset  of ]3. Dependence of the distance to the 
ordinate of the point  of intersection in B on the ascorbate concentrat ion.  The points  are obtained 
from two additional plots similar to the one shown in B but  with different ascorbate concentra t ions  
(see text).  
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Fig. 4. Effect of cytochrome aa 3 concentrat ion on the molecular activity at infinite cytochrome c 
concentrat ion.  The points  are obtained from Fig. 3 B. 
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This equation predicts straight lines when the inverse of MAmax (aseorbate) is plotted 
against enzyme concentration, and that  the lines for different cytochrome c concen- 
trations should intersect on the ordinate. However, in Fig. 5 the point of intersection 
lies somewhat above the enzyme axis, indicating a slight difference in the inhibition 
constants. 

According to Eqn. 7, the straight lines in the plot of I/MA vs. I / IS  + PI inter- 
sect at 

I (k-1 + k2) klkaa [AH2] 
(lO) 

IS + P]  - -  k-1 (k-1 + k2)k3a[AH2] + klkett'~ 

Thus, the value of IS + PI calculated from the point of intersection should be a linear 
function of the inverse ascorbate concentration, the line intercepting the ordinate of 
a plot of IS + Plinterseet v s .  I/iAH21 at k_l/k 1, the dissociation constant of the cyto- 
chrome c-cytochrome aa a complex. The inset of Fig. 3B shows that  this is the case, 
and the value of k _ J k  I calculated from the straight line is 4 ° #M, in good agreement 
with the value calculated from Fig. I. 

The reduction of ferricytochrorne c by ascorbate 
As already mentioned ascorbate reduces only ferricytochrome c. The kinetics of 

this reaction can be studied at infinite cytochrome aa3 concentration, when the rate- 
limiting step of the overall reaction is the reaction between ascorbate and ferricyto- 
chrome c. 

Fig. 6A shows a plot of the inverse velocity against the inverse enzyme concen- 
tration using KEILIN--HARTREE heart-muscle preparation. Straight lines appear for 
each cytochrome c concentration used, intersecting at the third quadrant. A similar 
plot (I/V vs. I/e) (Fig. 6B) with different ascorbate concentrations shows parallel lines. 

The data of Fig. 6 are used for plotting the rate at infinite cytochrome aa 3 
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Fig. 6. Effect of concentrat ion of heart-muscle preparat ion on the reaction rate. A. 3 ° mM as- 
corbate. ~k--~k, infinite cytochrome c; O - - O ,  60 #5[ cytochrome c; A - - A ,  3 ° / , M  cytochrome c; 
F l - - rT ,  2I t tMcy toch romec ;  O (), I5 ¢tMcytochrome c; I t - - I t ,  i o / , M c y t o c h r o m e  c. B. 6o/~M 
cytochrome c. ~k--~l,, infinite ascorbate;  0 - - 0 ,  3 ° mM ascorbate;  A - - & ,  12 mM ascorbate;  
[3--E] ,  5 mM ascorbate;  O - - ( ) ,  2 nlM ascorbate.  Exper imenta l  condit ions as in MATERIALS 

A N D  M E T H O D S .  
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concentration (v~,_+ ~_) against the cytochrome c concentration (circles in Fig. 7 A) or 
ascorbate concentration (circles in Fig. 7B). In agreement with the observations of 
MIXNAERT TM straight lines are found, indicating first-order kinetics with respect to 
the cytochrome c and ascorbate concentration. From the slope of the lines k a can be 
calculated to be 23 M 1.sec-~. This value of k a can be compared with the value of 
5 ° M 1.sec-1 obtained from direct stopped-flow measurements under the conditions 
of the polarographic assay. 
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l:ig. 7. R a t e s  of c y t o c h r o m e  c r e d u c t i o n  a t  i n f in i t e  e n z y m e  c o n c e n t r a t i o n .  F o r  h e a r t  m u s c l e  p r epa -  
r a t i o n  (@ O)  t he  p o i n t s  were  o b t a i n e d  f r o m  Fig.  6. F o r  i s o l a t e d  c y t o c h r o m e  aa a (A  A)  the  
p o i n t s  were  o b t a i n e d  f r o m  s i m i l a r  p l o t s  (no t  shown) .  A. I2ffect of c y t o c h r o m e  c c o n c e n t r a t i o n  a t  
3 ° mM a s c o r b a t e .  B. Ef fec t  of a s c o r b a t e  c o n c e n t r a t i o n  a t  6o ffM c y t o c h r o m e  c. C. The  d a t a  of 
A a n d  B for  t h e  i s o l a t e d  c y t o c h r o m e  aa a r e p l o t t e d  as the  i n v e r s e  of t he  r a t e  a g a i n s t  t he  i n v e r s e  
of e i t h e r  t h e  c y t o c h r o m e  c ( A - - A )  or  t he  a s c o r b a t e  ( O - - O )  c o n c e n t r a t i o n .  

[:sing isolated cytochrome aaa, I/V vs. I /e  plots have the same appearance as 
with the heart-nmscle preparat ion (not shown). However, the plots of %_~ ~ vs. cyto- 
chrome c (Fig. 7 A) or ascorbate (Fig. 7 B) concentrations show a deviation of the 
straight-line relationship. This is due to the presence of the inhibitor in the cyto- 
chrome aaa preparations as can be seen in the rate equation 

klk  lk2kaKi[AH2- [P~ 
i ' * e -  > ac 

(k-1 ~ k2)kaa[:\H2j {kl~P! [- k - l l  ~ k l k - l k 2 K i  

for isolated cytochrome aaa. 
However, when I /v*~_+, is plotted against the inverse either of ascorbate or 

cytochrome c concentration straight lines appear (Fig. 7C), as is to be expected from 
Eqn. x2. 

+ q (i2) 
c*, . . . . .  ka[aH2 [Pl k2Ki 

From the slope of the line with different ascorbate concentrations a value for 
k:} can be calculated equal to 2 4 M 1"see I. 

K m  vahtes 
From the LINEWEAVER-BURK type plots (Fig. 3) the apparent  Km values for 

cytochrome c can be calculated. The relationship of the Km derived from the rate 

" At  in f in i t e  e n z y m e  c o n c e n t r a t i o n ,  l-q[ = o. 
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equation for the particulate and isolated preparations, respectively, are as follows: 

k - t  k - l k 2 e  
K,,,(~yt. ~) --  - -  + (I3) 

kl ka[AH2] (k-1 ~- k2) 

k -1  k - l k2e  
l£m(eyt, c) (14) 

]¢1 kaFAH2] (k-1 _a k2) ,I + A ' i  

These equations predict for both preparations straight-line relationships for the Km 
and the inverse of the ascorbate concentration as shown in Fig. 8A. The point of 
intersection at the ordinate, representing k_]/k 1, the dissociation constant for the 
ES complex, is 3o and 43 #M for the isolated and particulate preparation, respectively. 
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Fig. 8. Effect of enzyme  and  ascorba te  concen t r a t i on  on the  appa ren t  /£m(cyt .  c) A. Effect  of 
a sco rba te  concen t ra t ion .  The  po in t s  are ca lcula ted  f rom Fig. 2. B. Effect of e n z y m e  concen t ra t ion .  
The  po in t s  are ca lcula ted  f rom Fig. 3. © - - C ) ,  hea r t -musc le  p repara t ion ;  G &, isolated cyto-  
chrolne aa a. 

Fig. 8B shows that  a straight-line relationship is also found between the Km 
and the concentration of the particulate preparation, but not with the isolated prepa- 
ration, as can be expected from Eqns. 13 and 14. The value of Km for the particulate 
preparation at e = o represents k_l/k 1 and is 31/,M. 

The values of the dissociation constant of the ES complex for our isolated and 
particulate preparations are almost the same, showing that  the binding of cyto- 
chrome c to cytochrome aaa does not change upon purification of cytochrome aaa. 

DISCUSSION 

Mechanism of action of cytochrome aa 3 
The degree of reduction of cytochrome c in the steady state and the overall 

enzyme activity can be plotted against the ascorbate, cytochrome c or enzyme concen- 

Biochim.  Biophys .  Acta,  234 ( I 9 7 I )  468-480 
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t ra t ion.  The plots  shown in the results  and  those of I/(I--p) vS. IS @ P], [AH2~ or e 
and  of I /p  vs. e all show s t ra igh t  lines with slopes and points  of intersect ion which 
fit the  ra te  equat ion (Eqn. 4). Also when e/v is p lo t ted  agains t  I / [AH., i  or I/V agains t  
I / [AH2]  or I / [S  + P i  s t ra igh t  lines appear  in agreement  with Eqn. 7. For  sake of 
b rev i ty  some plots  are not  shown. 

All our da t a  fit a general  ra te  equat ion for the po la rograph ic /manomet r i c  
sys tem : 

Clek[AH2] IS + Pj  
~,' - ( I 5 )  Cle -- kIAH.~] {IS -- P] + Co} 

in which A H  2 = ascorbate ;  S + P = to ta l  cy tochrome c ; e ~ enzyme concentra t ion  ; 
k = ra te  cons tan t  for the reduct ion of fer r icytoehrome c; C 1 and C 2 are funct ions of 
ra te  cons tants  depending on the mechanism of the  oxida t ion  of fer rocytochrome c. 

This equat ion  is der ived  from the general  ra te  equat ion for the oxida t ion  of 
fer roeytochrome c for the  spee t rophotomet r ic  sys tem given by  MINNAERT TM. 

The mechanisms proposed in the l i t e ra ture  all fit this general  ra te  equat ion if 
cer ta in  assumpt ions  are made.  MINNAERT TM has a l ready  discussed six mechanisms in- 
cluding the one proposed by  SMITH AND CONRAD 26 as ex tended  by  SLATER 27 and pre- 
ferred his Mechanism IV:  

kl k3 ks 
E + S ~ E S - - - ~  E P , - ~ - E  + P 

k2 kB 

with the  assumpt ion  kl = k 6 and k 2 = k~ i.e. the  ra te  cons tan ts  of the  format ion  and  
dissociat ion of E S  and E P  do not  differ much. This m a y  be due to the fact t ha t  the  
only difference between the subs t ra te  and  the produc t  is the  valence s ta te  of the  iron 
a tom in cy tochrome c which is bur ied  deep in the  pro te in  2s, 29. Conformat ional  changes 
of cy tochrome c upon oxida t ion  s° have appa ren t ly  no influence on the ra te  constants .  

NICHOLLS 31 suppor ted  the views of MINNAERT TM and emphas ized  the impor tance  
of an act ive cytochrome c - h e m o p r o t e i n  complex in the  ca ta ly t i c  process of hemo- 
prote ins  such as cy tochrome aaa and yeas t  peroxidase.  The mechanism he presented  
is in fact Mechanism IV of MINNAERT in which in t ramolecula r  react ions  of the cyto-  
chrome c - c y t o e h r o m e  aa 3 complex have been descr ibed in more detai l .  

The mechanism proposed b y  YONETANI AND RAY a2 is: 

kl ks k4 
E + S ~ - E S - - - ~  E + P , ~ - E P  

k2 ks 

with the  assumpt ion  Ki  = K m  or 

ks h2 + k3 

k4 kl 

Fur the rmore ,  t hey  concluded t ha t  k s >~ k2, so tha t  the assumpt ion  be- 
comes ks/k 4 = k J k p  However ,  it  seems unl ikely  t ha t  the dissociat ion cons tant  for 
the  fer r icytoehrome c - c y t o c h r o m e  aa a complex would be equal  to the  quot ient  of 
the  ra te  cons tan t  for the  oxida t ion  of the  E S  complex and the associat ion ra te  con- 
s tan t  of fer rocytochrome c and  cytochrome aa a. 

Biochim. Biophys. Acta, 234 (1971) 468-48o 
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Effect of ascorbate and enzyme 
In contrast to observations by MINNAERT TM our data show that the sole effect 

of ascorbate in the system is the reduction of ferricytochrome c. The discrepancy can 
be explained by the fact, that the 02 concentration of the reaction mixture in the 
manometric system differs considerably in the presence or absence of enzyme. Since 
the rate of autooxidation is much less at lower 02 concentration, the activity may be 
underestimated. In the polarographic system this is not the case as initial rates 
are taken. 

The increase of the molecular activity at lower enzyme concentration was also 
observed by MASON AND GANAPATHY 33, who suggested that it is due to the formation 
of an unstable dissociated form of cytochrome aa 3 at low enzyme concentration. 
Since, however, the dependence of the molecular activity on the enzyme concentration 
is to be expected if either cytochrome c or ascorbate concentrations are not infinite 
(Eqn. 5), there is no need to assume this dissociation. In accord with our interpretation, 
when the data presented in Fig. I of ref. 33 are replotted as I/MA vs. the enzyme 
concentration a straight line is obtained, as in the inset of Fig. 3A. 

Rate constants 

It is clear from our data that tile apparent Km (cytochrome c) value is linearly 
dependent on the inverse of the ascorbate concentration for both preparations. This 
observation fits the general rate equation (Eqn. 15). Our results are in contrast to 
those of Y O N E T A N I  5, who found an empirical relationship: 

]~Zm(eyt. c) oc 
~ c y t o c h r o m e  aa3~ 

~/ascorbate 

which does not fit either the general rate equation or the rate equation derived from 
his mechanism. 

In Table I are summarized the measured and calculated rate constants based 
on MINNAERT'S Mechanism IV. Closely agreeing values for k_ l / k  1 were obtained from 
three different plots. Since from the steady-state experimental data only two relation- 
ships, k_ l / k  ~ and k _ l k 2 / ( k _ ~ + k 2 )  , which in the general equation equal C 2 and C D 
respectively, can be extracted the individual rate constants cannot be calculated. 

T A B L E  I 

RATE CONSTANTS FOR ISOLATED CYTOCHROME aa a BASED ON M I N N A E R T ' S  MECHANISM I V  

Rate  co~stant  3 Ieasured  Calculated 

k _ l * / k  1 3 ° / I M  - -  

k - l k 2 * / ( k _  1 + k2) 240  s e c  -1 

k l  ** 4 '  107 ~I -1"  s e c - 1  - -  

k_  1 - -  1 2 o o  s e c  -1 

k 2 - -  3 0 0  s e c  -1 

ka  2 3 - 5  ° M - 1 .  s e c - 1  _ _  

* I n  t h e  g e n e r a l  e q u a t i o n  ( E q n .  15) k _ l / k  I --  C~ a n d  k _ l k 2 / ( k  1 + k2) = C i. 
** T h i s  v a l u e  is  t a k e n  f r o m  GIBSON et al. 3~ (ef. DISCUSSION).  

B i o c h i m .  B i o p h y s .  Hcta,  2 3 4  (1971)  4 6 8 - 4 8 o  
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H o w e v e r ,  if o n e  a s s u m e s  t h a t  t h e  r e d u c t i o n  of  f e r r i c y t o c h r o m e  a b y  f e r r o c y t o c h r o m e  c 

m e a s u r e d  b y  GIBSON et al. 34 r e p r e s e n t s  t h e  f o r m a t i o n  of  t h e  E S  c o m p l e x  (k~), t h e  

]? 1 a n d  k2 m a y  b e  c a l c u l a t e d  t o  b e  12oo  a n d  3oo  s e c - L  r e s p e c t i v e l y .  T h i s  v a l u e  fo r  

k~ a g r e e s  wel l  w i t h  t h e  v a l u e  r e p o r t e d  34 (7oo s ec  -~) f o r  t h e  r a t e  of  o x i d a t i o n  o f  r e d u c e d  

c y t o c h r o m e  aa 3 b y  0 2 .  
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