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Oxidation of ferrocytochrome c by aaj-type two-subunit cytochrome c oxidase from Nitrobacter agilis was 
measured polarographically and the results obtained were analyzed by means of Eadie-Hofstee plots. Two 
apparent K,,, values of -3.0 x lo-’ and 2.0 x 10e6 M were obtained for horse cytochrome c in 25 mM 
phosphate buffer, pH 6.5. Also when N. agilis ferrocytochrome c was oxidized by the enzyme in 25 mM 
phosphate buffer (pH 6.5), two apparent K, values of -2.0 x lo-’ and 4.0 x 10m6 M were obtained 
although the break point in the Eadie-Hofstee plot was as clear as in the case of horse cytochrome c. The 
results show that two reactive sites for cytochrome c also occur in the bacterial cytochrome c oxidase 
composed of two subunits and will give further support to the idea that only the larger two subunits of 

eukaryotic cytochrome c oxidase are responsible for oxidation of ferrocytochrome c. 

Bacterial cytochrome c oxidase Cytochrome aa Nitrobacter agilis 

1. INTRODUCTION 

Cytochrome c oxidase of eukaryotes shows two 
K,,, values for cytochrome c when oxygen reduction 
catalyzed by the oxidase is determined 
polarographically in a wide range of cytochrome c 
concentrations; the oxidase reacts with cytochrome 
c at two apparent K,,, values of -lo-* and 10m6 M 
[l]. Although the eukaryotic oxidase is composed 
of 7 or more kinds of subunits (e.g., [2]), only the 
larger two subunits are thought to participate in 
oxidation of ferrocytochrome c [3]. Most bacterial 
cytochrome c oxidases so far purified are compos- 
ed of 2 or 3 subunits, have heme a and Cu, and 
catalyze oxidation of some eukaryotic fer- 
rocytochromes c [4- 13 1. These molecular and en- 
zymatic features of the bacterial oxidases support 
strongly the idea mentioned above that only the 
larger two subunits of the eukaryotic enzyme are 
responsible for oxidation of ferrocytochrome c. 

kinds of subunits. In this study, we found that 
two-subunit cytochrome c oxidase from Nitro- 
batter agilis also showed two apparent K, values 
for cytochrome c. 

2. MATERIALS AND METHODS 

N. agilis cytochrome c oxidase and N. agilis 
cytochrome c-550 were purified as in [8,14]. Horse 
heart cytochrome c and cardiolipin were purchased 
from Sigma. 

It was our interest to determine whether two K,,, 
values for cytochrome c are also observed with the 
bacterial cytochrome c oxidase composed of two 

Cytochrome c oxidase activity was measured 
polarographically using an oxygen electrode 
(Beckman model 0260 oxygen analyzer) at 25°C. 
The standard reaction mixture contained 25 mM 
sodium phosphate buffer (pH 6.9, 4.5 mM 
sodium ascorbate, 0.16 mM tetramethylphenyl- 
enediamine (TMPD), cytochrome c at different 
concentrations and 0.14 PM N. agilis cytochrome c 
oxidase in a total volume of 1.1 ml. The reaction 
was started by addition of 15 ~1 enzyme (10 PM) 
dissolved in 10 mM Tris-HCl buffer (pH 8.0) con- 
taining 1% Tween 20. The concentration of Tween 
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20 in the reaction mixture was -0.014%. The 
nonenzymatic 02 consumption by ascorbate was 
subtracted from the rate of enzymatic 02 con- 
sumption. When the effect of cardiolipin was de- 
termined, 25 ~1 ethanol solution of the 
phospholipid (1.4 mg/ml) was added to 1.1 ml 
reaction mixture. The concentration of cardiolipin 
in the reaction mixture was -0.0032%. 

3. RESULTS 

Fig.1 shows an Eadie-Hofstee plot for the reac- 
tion of N. agilis cytochrome c oxidase with horse 
cytochrome c. A biphasic feature is clearly observ- 
ed in the plot and apparent K,, values were deter- 
mined to be 3.0 x 10v8 and 2.0 x 10m6 M. Vmax 
values (nmol 02 consumed/min) were 0.5 and 2.8 
for the high- and low-affinity sites, respectively. 

We have shown in [ 151 that oxidation of horse 
and yeast ferrocytochromes c catalyzed by the 
bacterial oxidase is greatly stimulated by car- 
diolipin at the experimental concentrations of 
cytochrome c (-lOpM), when the reactions are 
determined spectrophotometrically; the apparent 
K,,, value for cytochrome c decreases from 1 x 10e3 
to 1.85 x lo-’ M, while the L’,,,ax value is hardly 
changed on addition of the phospholipid. In the 
polarographic determinations, addition of car- 
diolipin decreased the apparent Km value at the 

V(nmol of O-jrnd) 

Fig.1. Eadie-Hofstee plot of oxidation of horse 
ferrocytochrome c by N. agilis cytochrome c oxidase in 
25 mM phosphate buffer. The reaction mixture 
contained 25 mM phosphate buffer (pH 6.5), 0.14 PM 
N. agilis cytochrome c oxidase, 4.5 mM sodium 
ascorbate, 0.16 mM TMPD and various amounts of 
horse cytochrome c (0.02-1.6 PM). Figures in 
parentheses show apparent K,,, and V,,,,, values, 

Fig.3. Eadie-Hofstee plot of oxidation of N. agilis 
ferrocytochrome c by N. agilis cytochrome c oxidase. 
The reaction conditions were the same as described in 
the legend for fig.1 except that various amounts of N. 
agilis cytochrome c (0.02-l .4 PM) were used in place of 

respectively. horse cytochrome c. 
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Fig.2. Eadie-Hofstee plot of oxidation of horse 
ferrocytochrome c in the presence of cardiolipin. The 
reaction conditions were the same as described in the 
legend for fig. 1 except that 35 pug cardiolipin was added. 

high-affinity site from 3.0 x 10m8 to 0.8 x lo-* M 
and increased the V,,, value at the site from 0.5 to 
2.0 nmol 02 consumed/min. The apparent Km 
value at the low-affinity site did not change on ad- 
dition of the phospholipid, while the I/max value at 
the site increased from 2.8 to 25 nmolO2 consum- 
ed/min (fig.2). 

Fig.3 shows an Eadie-Hofstee plot for the reac- 
tion of N. agilis cytochrome c oxidase with N. 
agilis cytochrome c-550 in 25 mM phosphate buf- 
fer (pH 6.5). Although the biphasic feature was 
also clearly observed with the bacterial cytochrome 
c the kinetic pattern differed a little from that 
observed with horse cytochrome c; the break point 
in the Eadie-Hofstee plot was not sharp. Two ap- 
parent Km values obtained were 2.0 x 10e8 and 4.0 
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x 10e6 M at the high- and low-affinity sites, 
respectively. 

4. DISCUSSION 

N. agilis cytochrome c oxidase has two K,,, 
values for horse ferrocytochrome c just as 
eukaryotic cytochrome c oxidase when the reac- 
tions are analyzed by means of an Eadie-Hofstee 
plot. This seems to be additional evidence which 
supports the idea that only the larger two subunits 
of the eukaryotic enzyme are responsible for ox- 
idation of ferrocytochrome c [3]. Although when 
N. agilis cytochrome c is the electron donor for the 
bacterial oxidase two K,,, values are observed, the 
break point in the Eadie-Hofstee plot is not so 
distinct; the data obtained appear to show that 3 
K,,, values might exist. This may show that the 
reaction mechanisms for the enzyme differ bet- 
ween N. agih and horse cytochromes c. The dif- 
ference should be elucidated in future study. 

It has been reported [16] that although dimeric 
cow cytochrome c oxidase shows two Km values, 
the monomeric oxidase shows only K,,, value at the 
high-affinity site. This conflicts with the results in 
[17] that the monomeric camel oxidase shows two 
K,,, values for cytochrome c. N. agilis cytochrome 
c oxidase exists as a monomer [ 181 and yet it shows 
two Km values as shown by this study. The present 
study supports the idea that two Km values are 
observable even with the monomer oxidase. Fur- 
ther, as the N. agilis oxidase does not contain ap- 
preciable amounts of phospholipid [15], the two 
K,,, values are independent of phospholipid bound 
to the cytochrome c oxidase molecule. This is in 
good agreement with results obtained with the 
eukaryotic enzyme [ 191. 

When the oxidation rate of horse ferro- 
cytochrome c catalyzed by the N. agilis oxidase is 
determined spectrophotometrically, the K,,, value 
for cytochrome c of the enzyme decreases from 
1 mM to 18.5 ,uM on addition of cardiolipin [15], 
while the value at the low-affinity site remains un- 
changed on addition of the phospholipid when the 
reaction is determined polarographically. Even in 
the latter determination, V,,, is increased 9-fold. 
It has been reported that the K,,, value for 
cytochrome c of bovine cytochrome c oxidase 
determined spectrophotometrically differs from 
that determined polarographically as dissociation 

of ferricytochrome c from the oxidase is included 
in the spectrophotometric determinations [20]. The 
results that the K,,, value determined spec- 
trophotometrically decreases greatly in the 
presence of cardiolipin may be attributable to 
prevention by cardiolipin of an inhibitory interac- 
tion of ferricytochrome c with the oxidase. Thus, 
the K,,, value at the low-affinity site remains un- 
changed in the polarographic determinations 
where most of the cytochrome c molecules may ex- 
ist in the reduced state. However, there seems to be 
no simple reason why the V,,, value at the low- 
affinity site in the polarographic determinations 
does increase on addition of cardiolipin. The 
phospholipid does not seem to act as an effector 
for the enzyme [15], since the activity of the N. 
agilis enzyme is not affected by cardiolipin when 
N. agiiis cytochrome c is used as the electron 
donor. 
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