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A systematic study has been made of the reaction of different kinds of particulate preparations 
from heart muscle with soluble ferrocytochrome c, p-phenylenediamine, and D P N H ,  and with 
combinations of these. The effect of treatment of the preparations with deoxycholate on these 
reactions was also studied. 

The data show that the turnover rates of the cytochrome c oxidase of the different prepara- 
tions in the reaction with soluble ferrocytochrome c are highly variable and always less than 
the maximal turnover rate possible, even when the rates are extrapolated to an infinitely large 
concentration of cytochrome c. The turnover rate of cytochrome a3 in this reaction can always 
be increased by initiating electron transport from DPNH or by treatment with deoxycholate 
under specific conditions. Large consistent maximal turnover rates are observed in the deoxy- 
cholate-treated preparations a t  cytochrome c concentrations greater than 150 /*M. This maxi- 
mal rate is similar to the turnover of cytochrome a8 in its reaction with oxygen. Conditions 
are described for a reproducible assay for heart muscle cytochrome c oxidase which appears t,o 
measure the maximal turnover rate possible. 

The exogenous (soluble) cytochrome c has been found to react directly with the cytochrome a 
(or a3) of the respiratory chain system of the heart muscle particles rather than with the endog- 
enous cytochrome c. 

The DPNH oxidase activity of Keilin-Hartree preparations is increased somewhat (as much 
as doubled) by addition of a low concentration of cytochrome c (2 P M ) ;  then further increases 
in the concentration of cytochrome c do not give further increases in the rate of oxygen uptake 
in the presence of DPNH. 

Cytochrome c oxidase is the terminal part of the 
membrane-bound respiratory chain system where 
oxygen is reduced. The sequence of hydrogen and 
electron transport through this multienzyme system is 
usually represented as follows (Keilin and Hartree, 
1938; Keilin and Slater, 1953; Chance, 1961): 

DPNH - flavoprotein 

(ubiquinone) cytochrome b - cyto. ci - cyto. c - cyto. a - c y t o .  a1 - 0. 

succinate - flavoprotein 

\ cytochrome c oxidase 

/” 

The particle-bound oxidase can also oxidize purified 
soluble ferrocytochrome c. It is this reaction that is 
most often used as an assay for cytochrome c oxidase 
(Slater, 1949; Smith and Conrad, 1956). The kinetics 
of the oxidation of soluble ferrocytochrome c are unusual 
in that the rate constant decreases with increasing con- 
centration of cytochrome c (oxidized plus reduced ) in the 
reaction mixture (Smith and Conrad, 1956). This effect 
is observed with the oxidase on swollen mitochondria or 
heart muscle particles, as well as with purified prepara- 
tions. Because of this decrease in rate constant with 
increasing concentration of cytochrome c a hyperbolic 
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curve is observed on plotting the rate of the reaction 
against the total concentration of soluble cytochrome c 
added. This has led to the procedure of calculating the 
activity extrapolated to an infinitely large concentration 
of cytochrome c islater, 1949; Yonetani, 1962; Whar- 
ton and Griffiths, 1962), even though the rate constant 
for the reaction falls to quite low values a t  high con- 
centrations of cytochrome c. The relationship of the 
cytochrome c oxidase activity of different preparations 
with a finite or a t  infinitely large concentration of added 
cytochrome c to the maximum activity attainable has 
not been investigated. It is also uncertain how the 
rate of oxidation of soluble cytochrome c reflects the 
reaction of the particle-bound oxidase with the endoge- 
nous cytochrome c. Turnover rates reported for the 
reaction of the oxidase with high concentrations of 
soluble Cytochrome c (Yonetani, 1962) are low com- 
pared with some values reported for the enzyme in in- 
tact cells (Chance, 1952a, 1955). 

A perusal of the literature on the subject reveals a 
great variability in the reactivity (usually expressed as 
Qo?) of different kinds of oxidase preparations with 
constant and with increasing concentrations of cyto- 
chrome c (Wharton and Griffiths, 1962; Smith and 
Conrad, 1961; Griffiths and Wharton, 1961; Yonetani, 
1962). Although swollen mitochondria have a very 
active cytochrome c oxidase (Smith and Conrad, 1961 1 ,  

some particulate preparations derived from beef heart 
mitochondria were observed to react only slowly witb 
soluble cytochrome c unless they were first treated 
with deoxycholate (Mackler and Green, 1956 I .  
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We have systematically examined many different 
kinds of particulate preparations from heart muscle 
and found great variability in the rates of oxidation of 
soluble cytochrome c, both with increasing finite 
concentrations of the cytochrome c or extrapolated to 
an infinitely large cytochrome c concentration. The 
variability is seen whether the rates are expressed in 
terms of protein content or the content of cytochrome 
a3. The maximum possible turnover rate of the oxidase 
was not obtained with any kind of preparation, even a t  
infinite cytochrome c concentration, since the rates 
could always be increased by initiating additional 
electron transport through the respiratory chain or by 
pretreatment of the preparations with deoxycholate. 
Our data show that the usualmethods of assaying for 
cytochrome c oxidase activity do not give results which 
can be related in a meaningful way to the maximal 
possible enzymatic activity. 

When any of the heart muscle preparations was 
treated with deoxycholate under specific conditions, 
large consistent turnover rates of the oxidase were 
observed. These maximal rates are the same as the 
value obtained for the reaction of mammalian cyto- 
chrome a3 with oxygen (Chance, 19551. This paper 
documents the variables involved in obtaining this 
maximal activity and suggests a method for consist- 
ently measuring the maximal turnover rate of cyto- 
chrome c oxidase of heart muscle. 

Particulate preparations treated with deoxycholate 
to yield the maximal turnover rate of the reaction of 
the oxidase with soluble cytochrome c have lost the 
ability to oxidize DPNH or p-phenylenediamine. The 
oxidation of p-phenylenediamine is a measure of the 
content (or reactivity) of the endogenous cytochrome c. 
Thus these observations suggest that the soluble 
cytochrome c can react with the endogenous cyto- 
chromes (a + a ? ) ,  rather than with the endogenous 
cytochrome c. Further evidence that the soluble 
cytochrome c reacts with the particulate cytochromes 
ia + a3) is furnished by observations on the oxidation 
of a combination of p-phenylenediamine and soluble 
cytochrome c. 

METHODS 

Preparations:--.The insoluble heart muscle particles 
bearing the respiratory chain system were prepared 
from beef heart by the Keilin-Hartree (1947) procedure' 
or by a modification of it employing the Waring Blendor 
for grinding the heart mince (Chance, 1952b). The 
minced heart was washed with (a) cold tap water, ib) 
a mixture of equal parts of tap water and distilled 
water, (c) a mixture of 1 part of tap water and 9 parts 
of boiled distilled water, or id) boiled distilled water 
containing 1 mM CaCL The insoluble particles were 
collected either by precipitation with acid (Keilin and 
Hartree, 1947) or by centrifugation a t  30,000 rpm in 
the No. 30 rotor of the Spinco Model L centrifuge for 
1 hour. These two types of preparations will be refer- 
red to as KHA and KHC, respectively.? Some prepa- 
rations were made deficient in cytochrome c by washing 
the heart mince with strong phosphate buffer made from 
a mixture of Na2HP04 and KHIP04, following the direc- 
tionsof Tsou (1952). 

Beef heart mitochondria were prepared by the 
method of Crane et ul. (1956). Rat heart mitochondria 

1 The washed heart muscle was ground in a mortar with 
sand for 1 hour. 

* Abbreviations used in this paper: KHA, acid-precipi- 
tated heart mince; KHC, centrifuged heart mince; TN, 
turnover number. 

were prepared in 0.32 M sucrose and 1 mM EDTA by 
the method of Cleland and Slater (1953). 

Deoxycholate-treated preparations were made by 
adding 5y0 deoxycholate (neutralized to p H  7-8) to 
strong suspensions (13-20 mg protein ml) in the ratio 
of 1 mg deoxycholate to 1 mg protein, then adding 
distilled water to make the volume a t  least twice that 
of the original suspension. 

Cytochrome c was prepared from beef heart by the 
Keilin-Hartree (1945) and Margoliash (1954) proce- 
dures. The total concentration of cytochrome c was 
assessed from the optical density a t  550 mp of the com- 
pound reduced with Na.SI04 using the millimolar 
absorption coefficient reported by Margoliash (1954). 

Polarographx Measurement of Cytochrome c Oxidase 
Activrty. -The rate of oxygen uptake in the presence of 
ascorbate was measured with the Clark oxygen elec- 
trode according to the method given in the preceding 
paper (Smith and Camerino, 1963). Oxygen uptake 
rates in the presence of 33 mM p-phenylenediamine 
were also measured with the oxygen electrode in 0.05 
M phosphate buffer a t  a final p H  of 7.0. This reaction 
mixture was prepared by adding 0.5 M p-phenylene- 
diamine dihydrochloride (Fisher Scientific Co. I ,  neu- 
tralized to pH 6.7 in 0.01 M phosphate buffer to phos- 
phate buffer of p H  7.4. The neutralized p-phenylene- 
diamine solution was kept a t  60 O to prevent precipita- 
tion from solution. Higher concentrations of p- 
phenylenediamine in the reaction mixture gave no 
further increase in the rate of oxygen uptake. 

Since cytochrome c, p-phenylenediamine, and deoxy- 
cholate showed a tendency to adhere to the membrane 
of the oxygen electrode, the electrode and cup were 
cleaned by washing with HC1 (about 0.5 N )  between 
each determination. 

Assay of  DPNH Oxidase.- DPNH oxidase was 
measured with the oxygen electrode in the same buffer 
(0.05 M phosphate, pH 7.0) used in the cytochrome c 
oxidase assay in the presence of 1 mM DPNH (Sigma 
or Pabst products gave identical rates of oxygen up- 
take). These rates were observed to be in agreement 
with rates determined from optical density changes a t  
340 mp. 

Assay of the Content of Cytochrome a3. -The difference 
in absorption spectrum between an anaerobic suspen- 
sion of heart muscle particles (in the presence of DPNH 
or succinate) and an aerobic suspension (no substrate 
added) was recorded with the Cary Model 14 spectro- 
photometer in the region of the @-absorption peak of 
cytochromes (a + ad .  The concentration of cyto- 
chrome a3 was calculated from the AOD 605 minus 
630 mp, using the value A c  = 23 mM-' cm-l reported 
by Chance (1953). The same values for the AOD 
605-630 mp were obtained with the particles treated 
with deoxycholate and reduced with Na3S204 and the 
mitochondria were assayed by this latter procedure. 
Turnover rates for cytochrome a? were calculated as 
follows: 
turnover number (TN) sec-' = 

O 2  ~ _ _ _  uptake (pM 0, sec-l) X 4 
PM cytochrome aJ 

The protein content of the 
suspensions of heart muscle particles or mitochondria 
was measured with the biuret reaction (Gornall et al., 
1949) in the presence of O.lc,c deoxycholate. An 
equivalent concentration of sucrose wab added to the 
blank when measuring the protein content of mito- 
chondria suspended in sucrose. 

RESULTS 

Protein Determination. 

Table I lists cytochrome c oxidase activities, meae- 
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TABLE I 
CYTOCHROME c OXIDASE ACTIVITIES OF DIFFERENT HEART MUSCLE PREPARATIONS 

Cvtochrome c Oxidase Activitv 

Preparation 

p~ Oz Uptake 8ec-1 
=Protein in 3 m l  Turnover Numbers 

25 p~ Infinite 25 MM Infinite 
Wash Solution Cyto. c Cyto. c (2)/(1) Cyto. c Cyto. c 

(1) (2) (sec-l) 

KHA-Blendor Tap Hz@ 

KHA-Blendor 

KHC-Blendor 

1 part tap + lpart 
distilled HZO 

0.7  
0.68 
0.49 
0.51 
0.56 
0.39 
0.80 
1.24 
0.93 

1.53 
1.06 
1.22 

KHC-Blendor 1 part tap + 9 parts 0.93 

KHC-sand ground 2.31 

distilled HZ0 

KHC-Blendor 1 mM CaClz 

Tsou-Blendor tap HzO 

1.18 
1.20 

0.96 
0.47 
0.63 

Beef heart mito- - 1.44 
chondria 1.83 

1.27 

2.17 3.2 

2.50 4.9 

0.91 2.3 
4.17 5.2 

2.76 2.3 

2.53 2.7 

4 . 0  1 . 7  

2.86 2.4 
3.77 3.2 

2.66 4.2 

3 .3  2.3 

4.08 3 . 2  

26 

43 

39 
36 

40 
33 
40 

32 

70 

29 
29 

8 1  

53 

84 
39 

8 1  

90 

86 

122 

71  
90 

224 

124 

wed polarographically with 33 mM ascorbate, for an 
assortment of heart muscle preparations in the presence 
of 25 p~ cytochrome c and calculated a t  inhitely high 
cytochrome c concentration (Smith and Camerino, 
1963). These rates of oxygen uptake vary consider- 
ably, whether expressed on the basis of protein content 
or on the basis of cytochrome 8 8 .  The activities of the 
Keilin-Hartree type preparations vary with the 
methods of washing and grinding the mince. The 
turnover rate of the cytochrome aa of a Tsou-type 
preparation was about twice as great as the most active 
Keilin-Hartree preparation. The ratios of the rates 
of oxygen uptake a t  intinite cytochrome c concentration 
to those a t  25 prd cytochrome c are also variable (from 
2.3 to 5.9). 

The rates of oxygen uptake a t  infinite cytochrome c 
in the cytochrome c oxidase assay do not represent the 
maximal possible turnover rates of the oxidase of 
Keilin-Hartree particles, since Figures 1 and 2 show 
that still greater rateg can be obtained either by adding 
DPNH or by treating the preparations with deoxy- 
cholate. The data of Table I1 show the extent to 
which the turnover rate of the oxidase of several 
Keilin-Hartree preparations was increased by electron 
transport down the respiratory chain from DPNH or 
by pretreatment of the particles with deoxycholate. 

The data of Figure 1 show that the DPNH oxidase 
activity of Keilin-Hartree preparations is increased 
somewhat on addition of a low concentration of cyto- 
chrome c (around 2 p ~ )  and that further increases in 
the concentration of cytochrome c do not yield addi- 
tional increases in the rate of oxygen uptake. This is in 
contrast to the effect of increasing the cytochrome c 
concentration in the cytochrome c oxidase assay. It 
should be pointed out that the conditions used for 
measurement of DPNH oxidase do not give maximal 

rates; the conditions are optimal for the reaction of 
cytochrome c oxidase. The DPNH oxidase activity 
is increased considerably in stronger phosphate buffer 
(0.15-0.2 M), particularly after a brief incubation in 
this stronger buffer, and is increased in the 0.05 M 
buffer by the addition of ascorbate. These effects will 
be described in detail in a subsequent p~bl ica t ion .~  
The oxygen uptake rates in the presence of DPNH 
and with cytochrome c and ascorbate are additive a t  
all concentrations of cytochrome tested, when the 
stimulatory effect of ascorbate on the DPNH oxidase 
is taken into consideration. 

Keilin and Hartree (1938) and Slater (1949) showed 
that p-phenylenediamine can rapidly reduce the 
endogenous cytochrome c of the respiratory chain 
system, while ascorbate does this only very slowly. 
Table I11 lists the maximum rates of oxygen uptake 
obtained with our preparations in the presence of 33 
mM p-phenylenediamine, with and without added 
soluble cytochrome c. Increasing the concentration of 
p-phenylenediamine, above 33 m~ in the absence of 
cytochrome c did not increase the rate. These rates 
with p-phenylenediamine were usually about the same 
as those obtained in the presence of DPNH. Addition 
of cytochrome c always increased the rate of oxygen 
uptake with p-phenylenediamine to about the extent 
expected from addition of the exogenous cytochrome c 
oxidase activity, measured with ascorbate. 

The data of Table IV  show that there is no constant 
increase in the turnover rates of the oxidase of the 
different preparations after pretreatment with deoxy- 
cholate. However, the deoxycholate treatment under 

aThe DPNH oxidase was comglet& inhibited by 1 
m y  CN-  or 1 pg/ml  antimycin A under all conditions. 
The rate of O2 uptake X 2 was always equal to the rate of 
disappearance of DPNH.  
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FIG. 1.-Oxygen uptake of a Keilin-Hartree preparation 
in the presence of DPNH (1 m ~ )  or ascorbate (33 m ~ )  or 
both with increasing concentrations of cytochrome c. 

TABLE I1 

PARTICLES AND BEEF HEART MITOCHONDRIA WITH AND 
WITHOUT DPNH OXIDABE, AND BEFORE AND AFTER 

TREATMENT WITH DEOXYCHOLATE (DOC) 

CYTOCHROME C OXIDASE ACTIVITIES OF KEILIN-HARTREE 

Turnover Number of Cyto- 
chrome a3 sec-1 at Infinite 

Cytochrome c Concentration 
Cyto- 

Cyto- chrome c 
chrome c Oxidase 
Oxidase after 

chrome c DPNH Treat- 
Preparation Oxidase Oxidasea ment 

Cyto- plus DOC 

KHC-Blendor washed with 90 200 
1 part tap H20 + 1 part 
distilled H20 

1 part tap H,O + 9 parts 
distilled HaO 

KHC-Blendor washed with 71 103 330 
1 mM CaClz 90 133 343 

Beef heart mitochondria 123 357 

a The maximal turnover number for DPNH oxidase plus 
cytochrome c oxidase was calculated in the following way. 
The turnover rate in the presence of DPNH and ascorbate 
was subtracted from the rates in the presence of DPNH, 

KHC-Blendor washed with 86 359 

ascoroare, ana cyzocnrome c. inese rates were men usea 
to obtain a turnover number at infinite cytochrome c con- 
centration. The maximal turnover number was then calcu- 
lated by adding the rate at an infinite cytochrome c con- 
centration to the turnover rate in the presence of DPNH 
and ascorbate. 

+ d * O X Y C h O l 9 t *  

9.0 

8.0 

3.01; 

- daoxycnolat* 2.0LcIz I .o 

2 0  40 60 80 100 120 140 160 180 2 0 0 2 2 0  

[cytochrome c] JIM 

FIG. 2 .4xygen uptake of a Keilin-Hartree preparation 
in the presence of 33 m~ ascorbate and the cytochrome c con- 
centration indicated. The preparation was aesayed before 
and after pretreatment with deoxycholate (see Methods). 

the conditions described in the table resulted in an 
increase in the turnover number of the oxidase of all 
preparations to a fairly constant value a t  infinite cyto- 
chrome c concentration (around 350 sec-1). Also, 
after treatment with deoxycholate, the concentration 
of cytochrome c giving one-half the maximal rate 
changes to a lower value (Figs. 2 and 3). This may 
be 15 p~ cytochrome c or lower; a t  concentrations 
above 150 PM cytochrome c, nearly maximal rates are 
obtained. 

Table IV shows that the turnover rate of the oxidase 
of untreated rat heart mitochondria a t  infinite cyto- 
chrome c is higher than that of the oxidase in the other 
kinds of preparation (untreated with deoxycholate). 
Figure 3 is a plot of the reciprocals of the 02 uptake 
against the reciprocals of the concentration of cyto- 
chrome c, which shows that the cytochrome c oxidase 
activity of the swollen rat heart mitochondria may 

TABLE I11 
OXIDATION OF p-PHENYLENEDIAMINE BY HEART MUSCLE 
PREPARATIONS WITH AND WITHOUT CYTOCHROME c ADDED 

Turnover Numbers of Cytochrome a8 
(sec-1) 

33mM 
p-Phen- 33 mM 
ylene- p-Phen- 

With diamine ylene- 
3 3 m ~  + diamine 

p-Phen- 25 PM + With 
ylene- Cyto- Infinite 1 mM 

Preparation diamine chrome c cyto. c DPNH 
KHC-Blendor 30 57 90 22 

29 57 
28 66 
16 45 

KHA-Blendor 31 63 
28 59 
34 48 

Tsou-Blendor 10 75 

29 
28 
12 

23 
18 
25 

13 
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TABLE IV 

WITHOUT PRETREATMENT OF STRONG PREPARATIONS WITH 
DEOXYCHOLATE" 
Turnover Number of Cytochrome c 

Without With 

TURNOVER RATES OF CYTOCHROME C OXIDASE WITH AND 

Oxidase (sec-1) _- ___-. 

Deoxycholate Deoxycholate 

p~ Infinite p~ Infinite 
Preparation Cyto. c Cyto. c Cyto. c Cyto. c 

_______ - 

22- 27 22-27 

K-H, washed with 32 86 231 359 
1 part tap H20 + 9 parts dis- 
tilled H20 

K-H, washed with 29 71 153 330 
1 mM CaC12 29 90 180 343 

Beef heart mito- 39 124 191 357 
chondria 

Rat heart sar- 38 230 238 391 
cosomes 
* K-H preparations are Keilin-Hartree-type particles 

prepared by disintegration of the heart mince with a Waring 
Blendor and the collection of the insoluble particles by 
high-speed centrifugation. The solutions used for washing 
the mince are indicated in the table. Strong suspensions 
of heart muscle particles or mitochondria (11-41 mg protein ' 
ml) were treated with 5% deoxycholate (neutralized to p H  
7-8) to give a final ratio of 1 mg deoxycholate, mg protein, 
then an aliquot was added to the assay mixture. 

approach that of mitochondria pretreated with deoxy- 
cholate when both rates are calculated a t  infinite 
cytochrome c concentration, although a t  finite concen- 
trations of cytochrome c the oxidase activities of the 
untreated mitochondria are considerably lower. 

The stimulatory effects of deoxycholate on the cyto- 
chrome c oxidase shown in Table IV were obtained 
by treating strong suspensions (1141 mg protein/ml) 
with 5% deoxycholate to give a ratio of 1 mg deoxy- 
cholate/mg protein. The data of Figure 4 show that 
with these strong suspensions higher ratios of deoxy- 
cholate to protein did not give further increase in the 
oxidase activity measured with 24 pM cytochrome C. 
However, the observed activity was also found to 
depend upon the protein concentration of the particle 
suspension treated with deoxycholate (Table V). 
Very little increase in activity was obtained when a 
suspension containing 0.38 mg protein ml was treated 
with increasing concentrations of deoxycholate, while 
treatment of a more concentrated suspension to give 
the same ratios of deoxycholate to protein gave a pro- 
nounced increase in activity. It was established that 
the effect of the dilution of the suspension was not 
related to the co' centration of inorganic phosphate 
present. When dec lrycholate is added to dilute prepa- 
rations to give the .=me final concentration of all com- 
ponents, variable effects are observed, often inhibition 
rather that stimulation. Similar observations of 
inhibition have been reported with cholate (Smith, 
1955). 

Under conditions where the cytochrome c oxidase 
activity, measured with ascorbate and cytochrome c, 
is most strongly stimulated by pretreatment with 
deoxycholate, the DPNH oxidase activity of all of the 
preparations was zero. The data of Figure 4 show 
that the ability to oxidize p-phenylenediamine in the 
absence of exogenous cytochrome c is also lost (see Ball 
and Cooper, 1957). 

DISCUSSION 
Our studies of the oxidation of soluble ferrocyto- 

chrome c by the oxidase of different kinds of prepara- 

r 
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FIG. 3.-Plot of reciprocal of cytochrome c oxidase activity of rat heart sarcosomes against reciprocal 
of cytochrome c concentration. Pretreatment with deoxycholate is described under Methods. 
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FIG. 4.-Effect of pretreatment of “strong” suspensions of Keilin-Hartree preparation with deoxycho- 
Aliquots of a “strong” 

tion which have not been subjected to special pretreat- 
ment show: (1) that the maximal turnover rate of the 
oxidase is never achieved, even a t  an infinitely large 
concentration of cytochrome c; and (2)  that there is no 
obvious relationship between the rate of the reaction 
and the content of cytochrome c oxidase (cytochromes 
a + ar)  in the preparation. 

The explanations for these observations appear to be 
twofold. First the cytochrome c oxidase may not be 
completely “exposed” for reaction with soluble cyto- 
chrome c. The evidence for this conclusion wil l  be 
described in detail in a subsequent publication. Second, 
the rate constant for the oxidase reaction decreases as 
the concentration of soluble cytochrome c in the 
reaction is increased (Smith and Conrad, 1956); the 
rate constant is very low a t  high concentrations of 
cytochrome c. This effect of cytochrome c concentra- 
tion on the rate constant can be explained either by 
the formation of som.e inactive compound between 
cytochrome c and the oxidase (Smith and Conrad, 
1956; Slater, 1958) or by the existence of a rate- 
limiting step in the reaction of the soluble cytochrome 
c with the oxidase system (Minnaert, 1961). The 
extent to which increasing concentrations of cytochrome 
c decrease the rate constant is markedly variable among 
different types of preparations and, to a lesser extent, 
with preparations made in a consistent manner. This 
must mean that the structure of the oxidase system 
varies so that either the amount of formation of the 
inactive compound or the rate of reaction of soluble 
cytochrome c with the particulate system changes. In  
our hands, even the composition of the solution used 
to wash the heart mince and the method of disintegrat- 
ing it affected these structural properties of the heart 
muscle particles. 

The activity of the oxidase of swollen rat heart 
mitochondria in the reaction with soluble cytochrome c 

is greater (in terms of cytochrome a3) than that of the 
small membrane fragments. The structure of the frag- 
ments differs from that of the intact mitochondrial 
membrane in the region of cytochrome c, since cyto- 
chrome c can be extracted from and reincorporated into 
swollen mitochondria or minced heart muscle by chang- 
ing the salt concentration (Jacobs and Sanadi, 1960; 
Tsou, 1952), but cytochrome c cannot be extracted 
from heart muscle particles in this way. Our prepara- 
tions of beef heart mitochondria (made in a Waring 
Blendor) resembled the heart muscle particles with re- 

TABLE V 
ADDITION OF DEOXYCHOLATE TO DIFFERENT 

CONCENTRATIONS OF HEART MUSCLE 
PARTICLE SUSPENSION” 

mg. Protein/ 
ml sus- 
pension 
’nor to 0 0 25 0 49 0 98 1 92 8 33 16 7 

of Deoxy- 
cholate 

mg Deoxycholate ml Final Suspension 

Cytochrome c Oxidase Activity 
(PM O2 sec -1 ’mg protein) 

Addition - . ~~ 

0 92 
0 38 1 29 1 23 1 10 1 5 2  1 5 2  
0 84 1 43 1 42 2 07 2 10 
1 79 1 39 1 60 2 54 1 91 
7 82 1 28 1 4 0  1 6 0  2 89 

16 4 3 02 

a Dilutions of the Keilin-Hartree preparation were made 
with cold distilled water. Then 5% deoxycholate (neu- 
tralized to pH 8.0) was added to each diluted suspension 
to give the final concentrations indicated, and the mixtures 
incubated for at least 5 minutes in an ice bath before assay- 
ing. All assays were run with 20 PM cytochrome c and 33 
m M  ascorbate. 



1438 Lucm SMITH AND PAT w. CAMERINO Biochemistry 

spect to the extractability of cytochrome c and also the 
reactivity of the oxidase with soluble cytochrome c. 
The oxidase of the Tsou-type preparations was always 
more reactive (in terms of cytochrome as  content) than 
the enzyme on Keilin-Hartree particles, both a t  25 p~ 
and at infinite cytochrome c concentration. Again 
the change in structure resulting from the removal of 
the endogenous cytochrome c yields greater reactivity 
of the oxidase with soluble cytochrome c. The purified 
preparations of cytochrome c oxidase which have been 
described to date also show less than the maximal 
possible turnover rate in the reaction with soluble 
cytochrome c (see below). 

The unfortunate result of the variability in the reac- 
tivity of the oxidase with soluble cytochrome c (expres- 
sed aa turnover rate) is that the methods that have 
been used for assaying cytochrome c oxidase do not 
give values that are related in any meaningful way 
to the content of the enzyme in the preparation. 

When all types of preparations from heart muscle are 
pretreated with deoxycholate under very specific condi- 
tions, the highly variable oxidase activities all increase 
to a consistent maximal turnover rate of about 350 
sec-1. This turnover rate is the same as that reported 
by Chance (1955) for the reaction of cytochrome a3 
of ascites tumor cells with 16 pm oxygen a t  25”, which 
should be the maximal rate obtainable. (Chance did 
not measure the rate of reaction of the cytochrome a3 
of heart muscle particles with this concentration 
of oxygen.) 

We have thus found a method by which the cyto- 
chrome c oxidase of preparations from heart muscle can 
be reproducibly assayed under conditions where the 
enzyme is turning over a t  its maximal rate. If further 
work shows that preparations from other tissues react 
similarly, the outlook for a generally applicable assay 
for cytochrome c oxidase is hopeful. After treatment 
with deoxycholate, nearly maximal turnover rates are 
obtained a t  finite concentrations of cytochrome c. It 
should not be necessary to extrapolate to infinite con- 
centration of cytochrome c. 

The effect of deoxycholate on the activity of the 
particulate preparations is puzzling. Mackler and 
Green (1956) described the increased reactivity with 
soluble cytochrome c after deoxycholate treatment as 
the “opening phenomenon,” without speculating upon 
ita nature. Under their experimental conditions, the 
“opening” was paralleled by a corresponding decrease 
in DPNH oxidase activity. Slater’s (1958) method of 
treatment with cholate did not yield such a close 
parallel between the decrease in DPNH oxidase and the 
increased reactivity with soluble cytochrome c. The 
observation that p-phenylenediamine oxidation is lost 
after treatment with deoxycholate suggests a break in 
the chain of reactions between endogenous cytochromes 
c and a. This would be in agreement with the postulate 
(Keilin and Hartree, 1955; Slater, 1958) that bile salt 
treatment makes soluble cytochrome c more accessible 
to the two parts of the respiratory chain system. How- 
ever, the result of the detergent treatment must be more 
complicated than a simple split in the respiratory chain 
system. The change in reactivity resulting from addi- 
tion of deoxycholate depends upon the concentration 
of the suspension treated. As previously observed 
with cholate addition to heart muscle particles (Smith, 
1955), treatment with deoxycholate may give varying 
degrees of stimulation or even inhibition, depending 
upon the concentration of the particle suspension to 
which the detergent is added. The significant observa- 
tions are that the reaction between endogenous cyto- 
chromes c and a is inhibited and that the oxidase be- 
comes more available for reaction with soluble cyto- 

chrome c. In  addition, the depressing effect of cyto- 
chrome c on the rate constant for the oxidation of solu- 
ble cytochrome c becomes relatively smaller, so that 
the maximal turnover rate of the oxidase can be 
reached in the oxidation of concentrations of cyto- 
chrome c in excess of about 150 KM. 

The observation that the effect of deoxycholate treat- 
ment depends upon the concentration of the suspension 
treated offers an explanation for the wide variation in 
activities of detergent-treated preparations reported 
from different laboratories. When the turnover rate of 
Yonetani’s (1962) purified oxidase is recalculated in 
the same units as the data reported in this paper, a 
value of 126 sec-1 is obtained a t  infinite cytochrome c 
concentration. Calculated on the same basis, the 
preparation of Griffiths and Wharton (1961) gives a 
turnover number of about 200 sec-1 (applying the 
temperature correction factor of Minnaert [1961 I). 
Thus these purified oxidase preparations show less than 
the maximal possible turnover rate in the reaction with 
soluble cytochrome c. The concentration of the par- 
ticle suspension treated with detergent may determine 
the final turnover rate achieved with pursed prepara- 
tions. 

The oxidation of DPNH by the Keilin-Hartree prepa- 
ration is somewhat stimulated by the addition of soluble 
cytochrome c under the conditions of our experiments 
(0.05 M buffer), but, in contrast with the cytochrome c 
oxidase reaction, the DPNH oxidase is saturated a t  a 
relatively low concentration of cytochrome c. The 
small stimulatory effect of soluble cytochrome c on the 
DPNH oxidase results from a low rate of reduction of 
the exogenous cytochrome c by the “DPNH cyto- 
chrome c reductase” (Camerino and Smith, 1963). 
There is no evidence that additional endogenous cyto- 
chrome c is formed from the added soluble cytochrome 
c. There is also no evidence that the soluble cyto- 
chrome c affects the reaction of the endogenous cyto- 
chrome c with the oxidase. This is in agreement with 
the observation that polycations like salmine or poly-L- 
lysine inhibit the oxidation of soluble cytochrome, but 
not endogenous cytochrome c, by the oxidase of 
Keilin-Hartree particles (Minnaert and Smith, 1961). 
These observations will be elaborated in detail in an- 
other publication. 

Several lines of evidence show that the soluble cyto- 
chrome c reacts directly with cytochrome a (or as) of the 
Keilin-Hartree heart muscle particles, rather than with 
the endogenous cytochrome c. The endogenous cyto- 
chrome c of the heart muscle particles is reduced by p -  
phenylenediamine. Thus the loss of ability to oxidize 
p-phenylenediamine after treatment with deoxycholate 
means that electron transport between endogenous 
cytochrome c and the oxidase is lost. Since the treated 
particles oxidize soluble ferrocytochrome c rapidly, the 
soluble cytochrome c can react directly with cyto- 
chromes a or a3. In our Keilin-Hartree preparations 
the rate of oxygen uptake with saturating concentra- 
tions of p-phenylenediamine was usually the same as 
the rate with DPNH in the absence of added cyto- 
chrome c. Thus the rate with p-phenylenediamine is a 
measure of the content of endogenous cytochrome c 
(or the structural accessibility of endogenous cyto- 
chromes c and a + a3). The data show that the 
addition of soluble cytochrome c does not form any 
further endogenous cytochrome c (see above), but that 
the addition of soluble cytochrome c to the particles in- 
creases the rate of oxygen uptake with saturating con- 
centrations of p-phenylenediamine to the extent ex- 
pected from the reaction of soluble cytochrome c with 
the oxidase (measured with ascorbate, which does not 
reduce the endogenous cytochrome c). The exogenous 
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cytochrome c must react directly with cytochrome a 
(or ad. 
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Bromelain has been found to hydrolyze esters of L-arginine derivatives much faster than esters 
of other amino acids, Kinetics of the hydrolyses of the ethyl ester and amide of benzoyl- 
L-arginine have been compared over pH 3.2-9.6 and 15-35'. The apparent first-order rate 
constant for the ester is about 140 times higher than that for the amide, a situation conspicu- 
ously different from other SH-proteinases. The apparent Michaelis-Menten constants for the 
two substrates are also different to the same extent, hence the ratios of the two constants for 
the ester and the amide are very close and behave similarly as pH and temperature are changed. 
The two constants are more or less unchanged over a wide neutral p H  range with both sub- 
strates. With the ester both constants decrease parallel toward acidic and alkaline pH values, 
while with the amide the apparent Michaelis-Menten constant increases and the apparent first- 
order rate constant decreases. With the ester the apparent Michaelis-Menten constant is 
practically constant from 15' to 35", while other constants for both substrates increase with 
temperature. By comparing these features with papain and ficin the apparent kinetic param- 
eters have been characterized in terms of individual rate constants and it has been concluded 
that bromelain involves a unique mechanism of catalysis among the SH-proteinases. 

Stem bromelain, a proteolytic enzyme from pine- 
apple stem, has been shown to be a sulfhydryl enzyme 
by Murachi and Neurath (1960). It hydrolyzes pro- 
teins like casein and hemoglobin a t  high rates, while a 
synthetic substrate of smaller molecular size, like 
BAEE,' has also been shown to be hydrolyzed a t  a 
moderate rate (Murachi and Neurath, 1960). A pre- 
liminary experiment in this laboratory indicated that 
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1 The abbreviations used are: BAEE, benzoyl-carginine 
ethyl ester; BAME, benzoyl-carginhe methyl ester; 
TAME, p-toluene-sulfonyl-L-arginine methyl ester; BAA, 
benzoyl-cargininamide. 

arginine derivatives like BAEE and BAA are the best 
substrates for the enzyme among various amino acid 
esters and amides, respectively. These facts seemed to 
indicate a close similarity between bromelain and other 
sulfhydryl enzymes from plants liie papain and ficin. 
However, an important difference has been noted in 
that the rate of the BAEE hydrolysis is conspicuously 
higher than the rate for its amide analog, BAA, by a 
factor of more than 100, while both papain (Stockell 
and Smith, 1957; Smith and Parker, 1958) and ficin 
(Hammond and Gutfreund, 1959) have been shown to 
hydrolyze an ester (BAEE) and a corresponding amide 
(BAA) a t  almost identical rates. Since the similarity 
of the rates of the ester and amide hydrolyeee has been 
considered as one of the important features of the 
enzymes from plant with a sulfhydryl group a t  the 
active center, as contrasted from other proteolytic 


