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SUMMARY 

Cytochrolne c oxidase prepared by fractionation of D P N H  oxidase loses up to 9 ° % 
of its activity when suspended in 5 % sucrose. This loss of activity can be restored by 
surface active agents, deoxycholate and unsaturated lysolecithin. When frozen cyto- 
chrome c oxidase is thawed it separates into three layers which have different original 
activities, but which can be reactivated to the same level by these compounds. Simi- 
larly particles can be separated by centrifugation which have different initial activities, 
but which can be stimulated by lysolecithin to the same final activity. 

Extraction of cytochrome c oxidase with acetone or mixtures of acetone and etha- 
nol results in removal of some phosphorus and marked diminution of activity. This 
inactivation can be reversed to some degree by a number of phospholipides in the 
presence of deoxycholate. Much better  reactivation is obtained with yeast lysolecithin. 
In no case is the degree of reactivation greater than the percentage of original phos- 
pholipide remaining in the preparations of enzyme. 
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INTRODUCTION 

In recent studies HATEFI 1 has shown tha t  cytochrome c oxidase, prepared by treating 
mitochondria  with tert.-amyl alcohol, is s t imulated by  a lipoprotein isolated from 
mitochondria.  Small increases in act ivi ty  were observed when the system was supple- 
mented with crude preparations of individual phospholipides. (;REENLEES AND 
WAINIO 2, using eytochrome oxidase isolated from a KEILIN AND HARTREE preparation, 
showed tha t  a number  of crude phospholipides were capable of act ivat ing the enzyme. 
Earlier WITTER a had demonst ra ted  tha t  t rea tment  of mitochondria  with lysolecithin 
increased the cytochrome c oxidase act ivi ty and at the same time "uncoupled"  
oxidative phosphorylat ion.  

The present report  describes the effects of a var ie ty  of lipides and surface active 
agents on the enzymic act ivi ty  of cytochrome c oxidase. The effects of these agents 
on acetone extracted cytochrome c oxidase is also presented. 

EXPERIMENTAL 

Cytochrome c oxidase was prepared as described previously a from reduced diphos- 
phopyridine nucleotide oxidase (DPNH oxidase). In  30 o~, sucrose the most  active 
preparations catalyze the oxidation of approx. 15 to 20/xmoles of reduced cyto- 
chrome c/mg protein/rain. Phosphorus determinations were performed by the method 
of FI.SKE AND SUBBAROW a. Protein was determined by  the biuret technique as 
described previously". Ferrocytochrome c was prepared from Sigma Chemical Com- 
pany  cytochrome c (Type I I I )  by  reduction with sodium dithionite. Excess dithionite 
was removed by  aeration. Ferrocytochrome c oxidase activities were determined 
spectrophotometrical ly as described previouslyL Yeast lecithin, yeast lysolecithin, 
and derivatives of yeast  lecithin were prepared by HANAHAN AND JAYKO s. The 
phospholipides from D P N H  oxidase were prepared by  HANAHAN using an unpublished 
chromatographic  technique. Tweens No. 20, 4 o, 60, and 81 were obtained from the 
Atlas Powder Company and t r is (hydroxymethyl)aminoethane from Sigma Chemical 
Company.  

Cytochrome c oxidase was lyophilized and then extracted with acetone as follows : 
IOO mg of the powdered enzyme were placed in a 5o-ml centrifuge tube and 4 ° ml of 
cold acetone was added. The mixture was shaken repeatedly for I to 4 h and then 
centrifuged. This was repeated 4 to 6 times so tha t  extraction time varied from 4 to 
24 h. The entire procedure was performed at 4 °. After the last extract ion the suspen- 
sion was filtered quickly in a Buchner  funnel and the residue was taken up immediately 
in o.02 M Tris buffer pH  7.5. In  order to remove additional phospholipide, concentra- 
tions of 5, IO, 20, and 4 ° o{, ethanol were added to the acetone in other experiments. 

In the reactivation studies the compound to be tested (dissolved in chloroform) 
was placed in a tapered centrifuge tube. The chloroform was evaporated and the resi- 
due suspended in o.1 ml of 0.02 M phosphate buffer pH 7-5. To this mixture was added 
o.I  ml of enzyme (5 mg protein/ml). Necessary dilutions were made with 0.02 M 
phosphate buffer pH 7.5 and reaction rates were carried out. 

RESULTS 

Table I shows the maximal  st imulating effects of yeast lecithin, deoxycholate,  
yeast  lecithin plus deoxycholate,  and yeast  lysolecithin on preparations of cytochrome 
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T A B L E  I 

THE EFFECTS OF VARIOUS AGENTS ON THE ACTIVITY OF 
PREPARATIONS OF CYTOCHROME C OXIDASE 

All  act iv i t ies  expressed as # m o l e  c y t o c h r o m e  c ox id ized /mg  prote in /min .  

57 

Substance used in stimulating activity 

Preparation Initial activity Yeast lecithin Yeast 
Yeast lecithin Deoxycholate plus deoxy- lysolecithin 

cholate 

I 1.2 2. 3 7 .0  7 .0  
2 I .O 2.1 6. 3 10 .8  

3 0 . 6  I .O  3 .9  3 .6 
4 1.2 3 .8  10 .8  
5 I .O 1. 3 11.2  
6 I .O 4"3 1 0 ' 7  

c oxidase. The enzyme preparations were stored in 5 o,~/o sucrose and had low initial 
activities. Yeast lecithin increased the activity to nearly twice the initial level. 
Deoxycholate and deoxycholate plus lecithin stimulated the enzymic activity 5 to IO 
times. Combinations of yeast lecithin and deoxycholate were not consistently superior 
to deoxycholate alone. The amounts of deoxycholate and/or yeast lecithin required for 
maximal stimulation varied from preparation to preparation. The most remarkable 
an,] consistent stimulation of the enzyme was obtained by adding yeast lysolecithin. 
Again the amount necessary varied with the preparation. When the turbid enzyme 
suspension was added to the lysolecithin or deoxycholate the suspension clarified. 
Maximum stimulation of enzymic activity was present when the suspension cleared. 
Because deoxycholate and lysolecithin had similar effects on solubility of suspensions 
of cytochrome c oxidase and on the catalytic activity of the enzyme, the influence of 
lysolecithin on DPNH oxidase was tested. Lysolecithin "opened" DPNH oxidase in 

T A B L E  I I  

ACTIVITIES OF LAYERS OF CYTOCHROME C OXIDASE RESULTING FROM 
FREEZING AND T H A W I N G  OR CENTRIFUGING 

All act iv i t ies  expressed a s / z m o l e s  c y t o c h r o m e  c ox id ized /mg protein/rain.  

Freezing and thawing 

Activity after addition 
Layer Initial activity of yeast lysolecitkin 

Top 
t t a z y  ol ive-green 4 . o  14 .2  
Middle 
H a z y  g r e e n - b r o w n  2 . 6  14.  5 
13otlom 
Clear green-brown 6 .7  1 4 . 0  

Centrifugation 

I .  S u p e r n a t a n t  6 .o  12.  4 
Residue  1.5 I I .o 

2. S u p e r n a t a n t  4 . 0  i o . o  
Residue i .o  i 1 .4  
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the presence of his t idine buffer in the same manner  as has previously  been repor ted  
for deoxychola te  7. 

When  frozen p repara t ions  of cy tochrome oxidase were thawed,  3 d is t inct  layers  
were observed.  Table  I I  shows the act iv i t ies  of these layers  before and af ter  s t imu-  
la t ion with  lysoleci thin.  The enzyme prepara t ions  used in tile s tudy  were s tored frozen 
in o.o2 M Tris buffer and  did not  show the marked  d iminut ion  of ac t iv i ty  tha t  occurs 
wi th  p repara t ions  s tored in 5 '}o sucrose. The top layer  was olive green in color and  
c loudy in appea rance ;  the  middle  layer  a c loudy greenish brown and the bo t t om 
layer  greenish brown and  clear. Al though the var ious  layers  had  different ini t ial  
act ivi t ies ,  the final s t imula ted  act iv i t ies  were the same. Also shown in Table  I I ,  when 
cy tochrome c oxidase suspended in Tris  buffer is centr i fuged at  124,ooo < g for ~o rain, 
par t ic les  are sepa ra t ed  which have a lower specific ac t iv i ty  than  the supe rna t an t  
enzyme.  On s t imula t ion  with  lysoleci thin bo th  fract ions have the same ca ta ly t i c  
ac t iv i ty .  

TABLE [II 

THE EFFECTS OF A VARIETY OF COMPOUNDS ON THE ACTIVITY OF 
ACETONE-TREATED CYTOCHROME e OXIDASE 

All activities expressed as/mmles cytochrome c oxidized/mg protein/rain. 

A ceto ne 4 mated 

A c t iv i ty  p r i o r  to acetone t r ea tmen t  12.o 
Activating compound 
None 0.2 
Yeast lysolecithin 4.0 
Yeast lecithin o. 4 
Deoxycholate 0. 4 
Deoxycholate plus yeast lecithin o. 7 
Ubiquinone o.2 
a-tocopherol o.3 
Digitonin 0.2 
Saponin 0.2 
Phospholipid from DPNH oxidase 0. 4 

Table  I I I  shows the effects of a number  of substances  on the reac t iva t ion  of acetone 
t r ea t ed  cy tochrome c oxidase.  Acetone ex t rac t ion  reduced the ac t iv i ty  of cy tochrome 
oxidase to app rox ima te ly  2 % of the  original  value.  Subsequent  t r e a t m e n t  wi th  deoxy-  
cholate,  yeas t  lecithin,  a va r i e ty  of l ipides from D P N H  oxidase and combina t ions  of 
leci thin and deoxychola te  produced  a 2- to 3-fold increase in the  ac t iv i ty  of the 
ace tone- t rea ted  prepara t ions .  Upon exposure  of the  cy tochrome c oxidase to yeas t  
lysoleci thin the ac t iv i ty  increased to one- th i rd  of the original  value.  Ubiquinone,  
a- tocopherol ,  digitonin,  and  saponin had  no apprec iable  effect. A s a tu r a t ed  lyso- 
leci thin p repared  from egg leci thin and  lysoleci thinic acid were app rox ima te ly  one- 
half  as effective as the  unsa tu r a t ed  yeas t  lysolecithin.  Choline and g lycery lphosphory l -  
choline were ineffective. 

Table  IV shows the concent ra t ions  of to ta l  phosphorus  in four acetone ex t r ac t ed  
p repara t ions  of cy tochrome oxidase and the max ima l ly  s t inmla ted  act ivi t ies  of the 
prepara t ions .  Nei ther  the dura t ion  of ex t rac t ion  nor the number  of changes of acetone 
were d i rec t ly  re la ted  to the  amoun t  of phosphorus  remaining  in the  prepara t ions .  
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TABLE IV 

T H E  A C T I V I T Y  O F  A C E T O N E - T R E A T E D  C y T O C H R O M E  C O X I D A S E  A N D  T O T A L  E N Z Y M E  P H O S P H O R U S  

All activities expressed as #moles cytochrome c oxidized/mg protein/min. 

Total P before Total P after Stimulated* °"o of original P % o[ original 
Stimulated* extraction A ctivity after extraction stimulated 

Preparation activity before (rag/zoo mg extraction (mg/roo mg activity after remaining after activity 
extraction protein) protein) extraction extraction remaining 

I 12. 5 0.67 O.31 0.40 4"3 60 34 
2 12.5 O.67 O.22 O.24 3.1 36 25 
3 14'1 0.65 3.0 0-54 5-0 83 36 
4 11"5 0"75 O'53 O.2I 1.6 28 14 

* Maximum activity obtained with lysolecithin added to enzyme. 

TABLE V 

A C O M P A R I S O N  O F  T H E  A C T I V I T I E S  A N D  L I P I D E  P H O S P H O R U S  O F  T W O  P R E P A R A T I O N S  O F  

C Y T O C H R O M E  C O X I D A S E  E X T R A C T E D  W I T H  A C E T O N E  A N D  M I X T U R E S  O F  A C E T O N E  A N D  E T H A N O L  

All activities represent the maximum activity obtained with lysolecithin stimulation and are 
expressed as jumoles cytoehrome c oxidized/rag protein/rain. 

Enzyme Maximum stimulated Lipide-extractable P ol 
activity (rag/zoo mgprotein) o P remaining % activity remaining 

Before extraction 7.3 0.28 ioo IOO 

Extracted with : 
acetone 5.I o.2o 7I 69 
acetone + 5 % ethanol 1.2 0.04 14 16 
acetone + lO% ethanol o. 7 o.o2 7 IO 
acetone + 20 % ethanol o.o 5 o.o12 3.6 0. 7 
acetone + 4 ° % ethanol 0.03 o.oo 4 1. 4 0. 4 

Before extraction I 1.2 0.28 I00 I00 

Extracted with : 
acetone 4.0 o.16 56 37 
acetone + 5% ethanol 1.2 oA2 42 i i  
acetone + IO O//o ethanol o. 4 o.oi 5 3.7 
acetone + 20 % ethanol 0.04 0.006 2 o. 4 
acetone + 4 ° % ethanol 0.005 o.ooi 0. 3 0.o 5 

The  p e r c e n t a g e  dec rease  in a c t i v i t y  a f t e r  a c e t o n e  e x t r a c t i o n  was  g r e a t e r  in all in-  

s t a n c e s  t h a n  t h e  p e r c e n t a g e  of t o t a l  p h o s p h o r u s  r e m o v e d .  In  no case  was  t h e  p e r c e n t -  

age of or ig ina l  a c t i v i t y  r e s t o r e d  equa l  to  t he  p e r c e n t a g e  of or ig ina l  t o t a l  p h o s p h o r u s  

r e m a i n i n g .  

T a b l e  V s h o w s  a c o m p a r i s o n  of t h e  l ip ide  p h o s p h o r u s  to  m a x i m a l  r e c o v e r e d  

ac t i v i t y .  H e r e  t h e  p e r c e n t a g e s  of l ip ide  p h o s p h o r u s  a n d  p e r c e n t a g e s  of e n z y m i c  

a c t i v i t y  r e m a i n i n g  a f t e r  e x t r a c t i o n  are  para l le l  a n d  sugges t  t h e  poss ib i l i t y  of a re la-  

t i o n s h i p  b e t w e e n  e n z y m i c  a c t i v i t y  a n d  t h e  p r e s e n c e  of p h o s p h o l i p i d e s  in t h e  e n z y m e  

p r e p a r a t i o n s .  
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DISCUSSION 

I t  has been shown that  two surface active agents, deoxycholate and unsaturated 
(yeast) lysolecithin, will stimulate cytochrome c oxidase. Associated with the stim- 
ulation is a physical change, namely, solubilization, marked by clearing of the enzyme 
solution. This would suggest that  possibly the stimulation is related to the size or 
configuration of the enzyme particles. Support for such an explanation is given by 
the results of experiments which show first, that  different layers of frozen and thawed 
enzyme have different original activities but can be stimulated to the same level by 
lysolecithin, and second, that  enzyme fractions which differ in centrifugal properties 
and activities are reactivated to the same level. 

Cytochrome c oxidase treated with acetone and alcohol loses most of its activity 
and some of its phospholipide. Reactivation with the most effective agent, yeast 
lysolecithin, does not bring the activity of the enzyme up to the level of the phospho- 
lipide remaining in the preparations. I t  would appear that  such stimulation does not 
reactivate the enzyme fraction from which phospholipide has been removed but makes 
the remaining intact enzyme more available for catalysis. 
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