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Abstract : Cytochrome oxidase was purified from bovine-heart mitochondria and its enzymatic properties
were examined. The purified cytochrome oxidase was identified by its absorption spectrum and chromatogram
through gel filtration. The specific activity, purification degree and vield of purified cytochrome oxidase were
18 nmol/mg/ml/min, 24.83 fold and 0.93%, respectively. The activity of the enzyme assayed by a ferrocyto-
chrome ¢-O; system was optimized at 25%C and pH 6.5. Examining the effect of nonionic detergents establi-
shed that cytochrome oxidase was deactivated by Triton X-100. The oxidase was activated by Tween 80
and deactivated by Tween 20. The Michaelis constant and maximum velocity of the oxidase for ferrocyto-
chrome ¢ were 0.032~0.044 mM and 0.019~0.021 mM/min, respectively. After adaption to basal diet for
a week, experimental diets containing 6 mg Cu/kg, or zero mg Cu/kg, or 12 mg Cu/kg were fed to a
control group, a copper-free group and a copper-rich group of Sprague-Dawley rats, respectively, for 4
weeks. The specific activities assayed for the ferrocytochrome c-O; system of isolated cytochrome oxidase
from the rat liver of control, copper-free, and copper-rich group were 1.00, 1.19, and 0.878 nmol/mg/ml/min,
respectively. Their degrees of purification were 11.38, 10.82 and 8.78 fold, respectively. The specific activities
for liver and heart mitochondrial cytochrome oxidase of copper-free/copper-rich groups assayed using the
ferrocytochrome c-O, system were 814% and 964%/64.1% and 61.1%, respectively, compared with those
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of the control.
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The electrons in NADH and FADH; are furnished
to oxygen through the actions of some electron-trans-
port complexes in mitochondrial- inner membrane for
use in ATP production. The electron transport via the
inner membrane complexes alone has been designated
the internal electron transport of mitochondria (Mitchell,
1979; Malmstrom, 1989). Bernardi and Azzone (1981)
proposed the existence of external electron transport
through mitochondrial outer membrane containing an
enzyme complex of NADH-cytochrome bs reductase
which would transfer an electron of external NADH
to cytochrome bs. They also described how cytochrome
bs donated its electron via an cytochrome c electron
shuttle present in intermembrane space between mito-
chondrial inner and outer membranes. In studies of
bioenergy transduction through a mitochondrial elec-
tron transport system like this, individual research on
the components making up the electron transport sys-
tem is required. Of the many components in the elec-
tron transport system, cytochrome oxidase especially
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acts as the finishing transport site catalyzing the elec-
tron transport from cytochrome ¢ to oxygen coupling
with proton translocation. The properties of bovine-
heart cytochrome oxidase isolated using detergent were
examined in terms of its reactivity under various condi-
tions. This enzyme complex contains copper, which has
been considered to regulate the electron transport rate
of the enzyme but to be not essential for oxygen reduc-
tion (Nilson et al., 1988). Lawrence et al. (1985) also
supposed that the reactivity of the enzyme may be
controlled by the metal. Also, experimental diets of dif-
ferent copper contents were fed to rats to compare
the activity of cytochrome oxidase from liver and heart
tissues.

Materials and Methods

Materials

Fresh bovine heart was obtained from a local slaugh-
terhouse for the separation of mitochondria. Male adult
Sprague-Dawley rats (200~250 g) were provided from
the breeding room in the Medical School of Yeungnam
University. Hearts and livers for the separation of mito-
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chondrial cytochrome oxidase were taken from these
animals after the administration of the experimental
diets for four weeks.

Sodium phosphate monobasic and dibasic, sucrose,
potassium chloride, ammonium sulfate, sodium dithion-
ite, Tween 20, Tween 80 were obtained from Junsei.
Tris (hydroxymethyl) aminomethane, sodium deoxycho-
late, cytochrome c (horse heart, typelll, sodium salt)

were purchased from Sigma Chemical Co. L-histidine -

was purchased from Hayashi, and albumin (bovine) was
a product of Fluka.

Mitochondria separation

A method for the purification of the mitochondrial
inner-membrane enzyme complex was used (Ragan et
al, 1987) to separate the mitochondria from bovine
heart.

Rat mitochondria were prepared by the method of
Kwak and Kwak (1986) as follows. The animals fed
on the experimental diet were slightly anesthetized with
ether and stunned by physical shock in order to cut
tissues out. The heart and liver were finely minced to
make separate homogenates adding severally 0.25 M
sucrose to a volume 9-fold that of each sliced tissue.
These several homogenates were centrifuged at 571 Xg
for 10 min to obtain the supematant and the pellets,
which were clots containing nuclei, were discarded. The
supernatants from the above were recentrifuged at
7,796 Xg for 20 min to obtain mitochondria-containing
pellets for the fractionation described below. The pellets
were suspended in small volumes of 0.25 M sucrose
to load them upon two-layer solutions formed by su-
crose density of 20 and 45 W/V %.and were then spun
at 45,200 Xg for 20 min. The sediments from the spin-
ning were dispersed in 0.25 M sucrose and recentrifu-
ged at 7,796 Xg for 20 min for the purpose of obtain-
ing mitochondrial fractions.

Three groups of rats were raised as described below.
We drew two tissues, liver and heart, from each group.

Animal raising

Thirty rats described above were adapted to basal
diet (composition not shown) for one week and then
grouped in three groups of ten. The animals of the
several groups were fed on experimental diets of diffe-
rent copper contents. The copper compound fed was
CuS04-5H;0. The Control group took a 6 mg Cu/kg
diet following the standard of the American Institute
of Nutrition, ie, AIN-76™ (1977) for 4 weeks. The
copper-rich group took a 12 mg Cu/kg diet for an
- identical period under the condition described below.
The copper-free group was also raised under this con-
dition.

All the equipments for the raising, including especial-
ly food containers, were washed with 04% EDTA re-
peatedly. Animals were raised under the temperature

of (20£2) °C with alternate. 12 h lighting and 12

h darkness per day. Water distilled twice was used
for drinking water and much was supplied. Rats were
starved for 16 h before being killed.

Purification of cytochrome oxidase from the mito-
chondria of bovine heart and rat liver

The enzyme purification was performed combining
the methods of Fowler et al. (1962), Wharton and Tza-
goloff (1967), and Errede et al. (1978) as follows. The
mitochondrial pellet obtained by centrifugation was well
dispersed in a small quantity of 0.25 M sucrose and
centrifuged at 78,500Xg for 20 min. The pellet ob-
tained was dispersed in a buffer solution of TSH (50
mM Tris, 0.67 M sucrose, 1 mM histidine, pH 8.0)
to make a suspension of 23 mg protein/ml. To this
TSH suspension was added 0.3 mg sodium deoxycho-
late/mg protein and 72 g potassium chloride/l. The
suspension supplemented with the salts was spun at
78,500xg for 30 mins to obtain a green pellet. The
pellet was dispersed in the same volume of TSH buffer
solution to be respun at 78,500Xg for 30 min. After
eliminating the supematant, the middle portion of sedi-
ment was taken out carefully and dispersed it in TSH
buffer solution to make a protein suspension of 19
mg/ml. To this suspension 0.5 mg sodium deoxycho-
late/mg protein and 74.5 g potassium chloride/l were
added to make a suspension to be spun at 78,500 Xg
for 10 min. The supernatant from this spinning was
dialyzed against 0.01 M Tris-HC], pH 8.0 for 90 min.
A volume of 0.19 ml of saturated ammonium sulfate
solution per ml of dialyzate was added to the dialyzate
and the mixture was stirred while kept cool by ice-cooled
water for 10 mins and then centrifuged at 78,500 Xg.
To the supernatant solution we added 0.04 ml of
saturated ammonium sulfate solution per ml of the
supernatant to cause precipitation. Another centrifuga-
tion at 78,500 Xg for 10 min and another precipitation
were carried out to obtain a pellet of enzyme protein
source, which was stored below —60°C. The mitochon-
dria separation and the cytochrome oxidase purifica-
tion were conducted at 4°C or below throughout the
total procedure.

Identification of cytochrome oxidase

Purified cytochrome oxidase was dissolved in 0.1 M
Tris-HCI, pH 8.0, containing 1% sodium deoxycholate
to observe the electronic absorption spectrum for the
oxidized form (Wrigglesworth et al., 1988). To the en-
zyme cytochrome a minute amount of sodium dithionite
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was added at 0°C to observe its spectrum for the re-
duced form at the same time.

A geliltration chromatography using a Protein-Pak
column (Waters) was performed for an enzyme-purity
inspection. The mobile phase used for this filtration
was a buffer solution of 0.05 M potassium phosphate,
pH 6.0. Ten microliters of enzyme solution was loaded
upon the column using a U6k Universal Injector (Wa-
ters) and eluates were monitored at 280 nm with a
UV/VIS Absorbance Detector-M440 (Waters).

Activity assay for cytochrome oxidase

Cytochrome oxidase activity was assayed using the
method described by Wharton and Tzagoloff (1967)
as follows. The mixture composed of 100 pl of 0.1
M sodium phosphate buffer solution, pH 7.0, and 70
ul of 1.204X107% M ferrocytochrome ¢ was diluted
to 1 ml with water. The reaction was initiated with
the addition of 10 ul of 0.33 mg/ml cytochrome oxi-
dase solution. The rate was measured at 25°C imme-
diately in terms of the absorption decrease at 550 nm
where the a-band of ferrocytochrome c exists. The mea-
suring was carried out by the method of time driv-
ing or overlaying performed automatically by UV/VIS
spectrophotometer. A blanc test for the redox reaction
in the ferrocytochrome-oxygen system without the en-
zyme was also conducted. All the reaction rates meas-
ured were steady-state initial velocities.

Ferricytochrome ¢ was dissolved in a solution of 0.01
M sodium phosphate, pH 7.0, and reduced by the ad-
dition of a small amount of sodium dithionite, a reduc-
tant. This protein solution was dialyzed against a buffer
solution of 0.01 M sodium phosphate, pH 7.0 for 18
h before enzyme catalysis.

Dependence of the activity on pH, temperature, sur-
factants and substrate concentrations

The pH of the activity-assay system for the oxidase
was made to be 55, 6.0, 65, 7.0, 7.5, and 8.0 with
a buffer solution of 0.1 M sodium phosphate to mea-
sure enzyme-activity dependence on pH. The tempera-
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ture dependency of the activity was also examined by
checking the 550 nm-absorbance change at 20°, 25°,
30°, 40°, 45°, and 50°C. Nonionic surfactants Triton
X-100, Tween 80, and Tween 20 were added severally
to the activity-assay system in 1% concentration to ex-
amine the activity-changing effects exhibited by the sur-
factants. Substrate cytochrome ¢ in concentrations of
0.02, 0.03, 0.04, and 0.05 mM was added to the en-
zyme-catalysis system to measure the several rates. This
measurement gave the Michaelis constant and maxi-
mum velocity.

Protein quantification and significance test

The biuret method introduced by Rendina (1971)
and Layne (1957) was used for quantifying protein
employing a calibration curve drawn with bovine serum
albumin as a standard. The significance test emploved
was Duncan’s multiple range test.

Results and Discussion

The reports on cytochrome oxidase separation from
mammalian eukaryotic cells frequently described am-
monium-sulfate precipitation after membrane breakup
with detergents (Griffiths, 1961; Takemori et al., 1962;
Yonetani, 1961; Fowler et al., 1962; Horie et al., 1963;
Wainio, 1964). Other workers introduced adsorption
chromatography utilizing a specific interaction between
cytochrome oxidase and electron-donor cytochrome c,
and ion-exchange chromatography (Rascati and Par-
sons, 1979; Broger et al., 1986). We used the method
combining sodium deoxycholate treatment, protein pre-
cipitation with ammonium sulfate and centrifugation for
the purpose of cytochrome oxidase isolation (Table 1).
The second ammonium sulfate precipitation as the last
purification step gave us cytochrome oxidase whose
specific activity was 18 nmol/mg/ml/min. This corre-
sponded to a 24.83-fold purification and 0.93% vield.

Also, we ascertained a considerable enzyme activity
without adding any phospholipid to the enzyme-assay
system. This suggests the possibility that our so-called

Table 1. Purification profile for cytochrome oxidase from bovine heart mitochondria.

Step Protein Specific activity® Total activity Purification Yield
(mg) {nmol/mg/ml/min) (fold) (%)
Mitochondria 1288 0.725 9338 1 100
1st treatment of deoxycholate and KCl 618 1.70 1050.6 234 48
2nd treatment of deoxycholate and KCl 24212 0.841 203.62 116 188
Dialysis 2745 197 540.77 272 2131
1st treatment of ammonium sulfate 11375 1.889 21487 261 8383
2nd treatment of ammonium sulfate 12 18 216 2483 093

aThe specific activity is defined as amounts of the oxidized cytochrome ¢ per mg of protein reacted for 1 min at 25C.
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Fig. 1. Elution profile of gel-filtration HPLC for the purified cyto-
chrome oxidase from bovine heart mitochondria. The column
used is a protein pak columm [-125 and developed with 0.05
M potassium phosphate, pH 6.

purified enzyme could be a phospholipid-containing
oxidase. The eluted purified oxidase showed a single
band with no other protein contamination through the
gelfiltration column of Protein-Pak with a retention
time of 13 min (Fig. 1).

The absorption spectra of this enzyme were exam-
ined at length for the sake of enzyme identification,
the differentiation between cytochrome a and as, reac-
tion-specificity comparison for the subunits, concentra-
tion determination based on heme, a component (Gri-
ffiths and Wharton, 1961; Yonetani, 1961; Bill et al,
1980; Vrij et al, 1982; Sone, 1986). Oxidized cyto-
chrome oxidase from our purification gave absorption
bands at 598 nm and 421 nm. The reduced oxidase
in this study gave bands at 604 nm and 443 nm which
are the o and Y bands respectively characteristic for heme
a (Fig. 2). These spectral profiles are identical with
those in the other studies mentioned above. The spec-
tral outlines of the enzyme preparation from our purifi-
cation were also identical with those from other sources
mentioned below in accordance with the information.
The reference spectra we compared were those of the
oxidases from the sources of shark (Wilson et al,
1980), Baker's yeast (Mason,1973), and human heart
(Sinjorgo et al, 1987). The assay of the oxidase was
conducted by measuring oxygen consumption or cyto-
chrome oxidation (Yonetani, 1962). Our assay was car-
ried out by checking the 550 nm-absorption decrease
for ferrocytochrome c in the presence of oxygen. The

I 1 13
400 500 600 nm

Fig. 2. Absolute absorption spectra of reduced (dot line) and oxi-
dized (solid line) cytochrome oxidase preparation. Purified cyto-
chrome oxidase was suspended in 0.1 M Tris-HCl (pH 8.0) con-
taining 1% sodium deoxycholate and reduction was done by so-
dium dithionite under the same medium at 0C.

blanc test for the ferrocytochrome c-O; system gave
confidence that the cytochrome could not be oxidized
without the enzyme, whereas the substrate in the sys-
tem could be oxidized by the addition of the enzyme
(Fig. 3). The activity of cytochrome oxidase in various
buffer solutions of 0.01 M sodium phosphate of varying
pH was examined in the ferrocytochrome c-O, system.
It was observed that the enzyme was most active at
pH 6 to pH 65 (Table 2). Temperature dependence
of the activity was monitored equilibrating the reaction
system at several temperatures followed by adding the
enzyme. The specific activity at 25°C was larger than
that at any other temperature examined (Table 3). Wai-
nio et al. (1960) examined the cytochrome oxidase
activity in KHzPO4-NazHPO4 buffer solution whose con-
centrations were 0.010, 0.025, 0.050, 0.075, 0.100,
0.150 and 0.200 M. They also checked the depen-
dence of the activity on pH at these concentrations of
the buffer solution. They observed an optimum pH of
6.0 which was irrespective of the concentrations of buff-
er solution, whereas enzyme activity somewhat changed
depending on buffer-solution concentrations.

J. Biochem. Mol. Biol. (1995), Vol. 28(3)
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Fig. 3. The activity of cytochrome oxidase was measured as ab-
sorbance decrease in the range of 560~540 nm by overlaying
or time driving of UV-VIS spectrophotometer. The overlaying was
conducted six times with an interval of 2 min. E and B represent
ferrocytochrome ¢-O, reaction system in the presence or absence
of cytochrome oxidase, respectively.

The detergents added frequently to the reaction sys-
tem of cytochrome oxidase were nonionic. Tween 80
was used more frequently than other nonionic deter-
gents such as Triton X-100 and Tween 20. The effects
of 1% Tween 80, 1% Triton X-100 and 1% Tween
20 on the activity of the oxidase were compared in
this experiment. Triton X-100, when added to the reac-
tion system lowered specific activity compared with the
system lacking detergent, whereas the specific activity
of the system of Tween 20 or Tween 80 was similar
with or greater than that without a detergent (Table
4). Rascati et al. (1979) reported that the addition of
0.5% Tween 80 or the addition of 0.5% Tween 80
plus phospholipid to the reaction system of cytochrome
oxidase from rat-liver mitochondria activated the en-
zyme, whereas the addition of 1% Triton X-100 deactiv-
ated the enzyme by 46%, compared with the control
system. They also found that the effect of detergents
or phospholipid on cytochrome oxidase activity depen-
ded on the substrates used and the species source of
the enzyme. Yamazaki et al. (1988) examined the ef-
fect of anionic detergents and nonionic detergents on
the reaction in a system composed of the cytochrome
oxidase from Nitrosomonas europaea and ferrocyto-
chrome ¢ from horse, Condida krusel, N. europaea. The
cytochrome oxidase reactivity using the electron donor
of eukaryotic cytochrome ¢ was elevated by the anionic
detergents of sodium dodecyl sulfate and sodium cho-

J. Biochem. Mol. Biol. {1995), Vol. 28(3)

Table 2. The effect of pH on the cytochrome ¢ oxidase activity
in the ferrocytochrome c¢-O; reaction system,

pH 55 60 65 70 75 80

Specific activity”

(nmol/min/ml) 568 10 12 7 68 584

?The specific activity is defined as amounts of the oxldized cyto-
chrome ¢ per ml of reaction mixture reacted for 1 min at 25°C
in the presence of 0.6 mg/ml cytochrome ¢ oxidase.

Tahle 3. The effect of temperature on the cytochrome ¢ oxidase
activity in the ferrocytochrome c-O; reaction system.

Temperature (°C) 50 45 40 30 25 20

—
pecilic actvity” 408 0249 0974 136 311 221
{nmol/min/ml)

“The specific activity is defined as amounts of the oxldized cyto-
chrome ¢ per ml of reaction mixture reacted for 1 min at each
temperature in the presence of 0.6 mg/ml cytochrome ¢ oxi-
dase.

Table 4. The effect of nonionic detergents on the cytochrome
¢ oxidase activity in the ferrocytochrome ¢-O; reaction system.

Specific activity®

Det t

elergen (nmol/min/ml)
Control 335
1% Triton X-100 0.584
1% Tween 20 292
1% Tween 80° 3.89

*The specific activity is defined as amounts of the oxidized cyto-
chrome ¢ per ml of reaction mixture reacted for 1 min at 25°C
in the presence of 0.6 mg/ml cytochrome ¢ oxidase.

late, while the reactivity was somewhat decreased by
the nonionic detergents of Tween 20 and Triton X-
100. They reported that the oxidation rate for N. euro-
paea ferrocytochrome ¢-552 by the enzyme showed
no considerable effect from the addition of any of the
detergents described above. Though the mechanism for
the evident reactivity change evoked by detergents was
not clarified, researchers are supposing that these a-
gents could change the aggregation state of the enzyme
itself.

The Michaelis constant and maximum velocity, rep-
resenting the affinity of the enzyme for substrate, were
calculated through measuring the reaction rates at sev-
eral ferrocytochrome ¢ concentrations as follows (Fig.
4). Three methods modifying the Michaelis-Menten
equation, that is, the Lineweaver-Burk reciprocal plot,
the Hanes-Woolf plot and the Woolf-Augustinsson-Hof-
stee plot were employed to fix K, and V,u. A least-
square method was also introduced for statistical inter-
pretation (Segel, 1976). The K., of cytochrome oxidase
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Fig. 4. Lineweaver-Burk reciprocal plot (A) and Hanes-Woolf plot
(B) and Woolf-Augustinsson-Hofstee plot (C) for the determination
of the parameters K, and V.. of purified cytochrome oxidase.
These reactivities of the oxidase were estimated in the ferrocyto-
chrome ¢-O; reaction system. From the above plots, K, and
Vinax Were confirmed to be 0.032~0.044 mM and 0.019~0.021
nmol/min, respectively. In this calculation, least square determi-
nation method was employed.

from bovine-heart mitochondria for ferrocytochrome ¢
and its Ve were 0.032~0.044 mM and 0.019~
0.021 nmol/min, respectively.

Cohen and Elvehjem (1934) reported the implication
of copper in cytochrome oxidase activity in their nutri-

tional study on copper. They found that the hepatic"

cytochrome oxidase activity of rats fed with copper-free
milk was decreased. Lawrence et al. (1985) raised two
groups of rats which were fed on a 5 mg Cu/kg diet
and 0.5 mg Cu/kg diet for 2, 4, 6 and 8 weeks. They
called the former the copper-adequate control group
and the latter the copper-deficient group. They exam-
ined the copper and iron concentrations in plasma and
liver from each group. They also examined the concen-
trations of copper, iron, cytochrome protein; cyto-
chrome oxidase activity and fatty-acid composition within
hepatic mitochondria from each group. Our experiment

Table 5. The activity of rat liver/heart mitochondrial cytochrome
¢ oxidase in the ferrocytochrome c-O; redox system.

Control CE CL
Specific activity” 3067247 249/2.38 1.96/1.51
{mol/mg/min)
Relative 100/100 814/964 64.1/61.1
activity (%)

2The specific activity is defined as amounts of the oxidized cyto-
chrome ¢ per mg protein concentration per ml of reaction mix-
ture reacted for 1 min at 25°C.

Table 6. The comparison of purified cytochrome ¢ oxidase activi-
ties from rat liver of the control, CE and CL group.

Specific activity Purification
(nmol/mg/ml/min) (fold)
Control 1.00 11.38
CE 119 10.82
CL 0.878 8.78

*The specific activity is defined as amounts of the oxidized cyto-
chrome ¢ per ml of protein reacted for 1 min at 25°C.

raised three groups of rats. The normal control group
took a 6 mg/kg diet of copper after AIN-76™ (1977).
The group called the CE group were fed a copper-free
diet and the group called the CL group took a diet
containing 12 mg Cu/kg diet. Diets were continued
for four weeks under equivalent conditions for the con-
trol, CE and CL groups to measure the reactivity of
cytochrome oxidase from liver and heart intact mito-
chondria (Table 5), and to measure the activity of the
enzyme purified from liver. The specific activities of the
purified hepatic cytochrome oxidase from the control
group, CE group, and CL group were 1.00, 1.19 and
0.878 nmol/mg/ml/min, respectively. These correspond
to 11.38, 10.82, and 8.78-fold purification, respectively
Table 6). The body weights of rats used in this exper-
iment were from 200 to 250 g, which were thought
to be those of fully grown animals. It is supposed that
these grownup rats were little affected by oral copper
deficiency. Younger rats weighing under 100 g with
active metabolism could be seriously affected by the
diet level of copper. On the contrary copper adminis-
tration to the animals resulted in a substantial activity
decrease of the heart oxidase for the rats which were
fed a the diet containing twice as much of the metal as
in the control diet, in contrast with the minor oxidase-
activity decrease for the animals fed a deficient copper
diet.
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