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A lipid-soluble form of cytochrome c from the electron transport 
particle of beef-heart mitochondria* 

The electron t r anspo r t  chain of E T P  1 isolated from beef-heart  mi tochondr ia  shows no requirement  
for cytochrome c in the oxidat ion of D P N H * *  or succinate, and concentrated salt solutions do not  
ex t rac t  cy tochrome c f rom the particle. On the other  hand, a cytochrome component  wi th  an 
a -band  m a x i m u m  at  55 ° m #  has been observed in this particle by  low-temperature  spectroscopy ~. 

We have recently isolated f rom beef-heart  mitochondria  and from E T P  a cytochrome which is 
insoluble in water,  bu t  which is soluble in certain lipid solvents. This cytochrome shows an absorp-  
t ion spec t rum in the visible region identical wi th  t ha t  of cytochrome c. This compound will be 
referred to as lipid cy tochrome c. 

This lipid-soluble form of cytochrome c can be extracted into heptane  after  addition of 
dithionite and an equal volume of ethanol  to the mitochondria.  I t  can also be formed by  mixing an 
ext rac t  containing mitochondrial  phospholipids wi th  a solution of reduced cytochrome c and then 
by  ext rac t ing  the mixture  wi th  heptane.  Prel iminary studies indicate tha t  the cytochrome-com- 
plexing or combining factor is mos t  concentrated in the cephalin fraction from a silica-gel column, 
bu t  full recovery of complexing act ivi ty  has  not  been achieved. Lipid cytochrome c is soluble in 
heptane,  iso-octane, pe t ro leum ether  (3 °o to 6o°), and ethyl ether, bu t  is insoluble in water  and 
is destroyed by  t r e a t m e n t  wi th  e thanol  or acetone. This cytochrome c complex m a y  be similar 
to t h a t  described by  MICHELAZZI a. 

When  E T P  is extracted wi th  iso-octane for I h at  o ° the D P N H  oxidase activity 1 is lost, 
whereas the D P N H  ferricyanide I act ivi ty is unchanged and DPNH-cy toch rome  c reductase x 
act ivi ty  emerges. After one extract ion of E T P  the D P N H  oxidase act ivi ty is fully restored by the  
addit ion of either aqueous  or lipid-soluble forms of cytochrome c. On fur ther  isooctane extract ion 
the ability of aqueous  cytochrome c to restore act ivi ty is gradually lost, whereas the lipid cyto- 
chrome c is still capable of restoring full activity.  The phospholipid fraction referred to above 
does not  restore act ivi ty  in the absence of cytochrome c, while cholesterol, a-tocopherol 4 and 
mitochondrial  carotene do not  restore act ivi ty either in the  absence or presence of cytochrome c 
The quinone (Q275) which we have recently isolated from beef hear t  mitochondria  5, and which 
s t imulates  succinate oxidat ion in iso-octane-extracted E T P  does not  have any  effect on the abili ty 
of cytochrome c to restore D P N H  oxidase act ivi ty in the extracted ETP. The effect of iso-octane 
ext rac t ion  on the enzymic act ivi ty of E T P  as well as the restorat ion of act ivi ty by  lipid cyto- 
chrome c are shown in Table I.  

TABLE I 

THE RESTORATION OF D P N H  OXlDASE ACTIVITY IN ISO°OCTANE--EXTRACTED E T P  

Number o] D P N H  oxidase D P N H  cyt. c D P N H  

extractions no addition +cyt. c + lipid alone + lipid cyt. c reductase ]erricyanide 

none 1.2 1. 3 1. 3 1.2 o . Io  2. 5 
one 0.2 1.8 o.i 2.0 0.35 3.9 
three o.o 0.35 o.o 1.9 o.5o 2.5 

0. 3 mg phospholipid fraction in ethanol  or 0.02 ml 1% cytochrome c added as indicated. 
D P N H  oxidase assay wi thout  versene. All activities expressed as/*moles D P N H  oxidized/min/mg 
protein.  

Iso-octane extract ion also reduces succinate oxidase act ivi ty 1, and this act ivi ty is restored by 
the addition of aqueous  cytochrome c. In  cont ras t  to the effect of repeated iso-octane extract ion 
on D P N H  oxidase activity, even after  several iso-octane extract ions aqueous  cytochrome c is 
capable of restoring succinoxidase activity,  and it is w or t hy  of note t ha t  the act ivi ty of extracted 
E T P  in presence of cytochrome c is more  t han  tha t  of the original ETP.  Q2Ts and lipid cytochrome 
c are capable of part ial  res torat ion of act ivi ty  when added separately, bu t  together  restore the 
original act ivi ty  of ETP.  The effects of lipid cytochrome c, Q2~5 and aqueous cytochrome c on the 
succinnate oxidase act ivi ty of in tac t  and iso-octane-extracted particles are shown in Table I I .  

* This work  was  suppor ted  in pa r t  by  Research Gran t  H-458(C7) and Graduate  Training Gran t  
HTS-5oo6(C7) bo th  f rom the  Nat ional  Hear t  Ins t i tu te ,  U.S. Public Heal th  Service. The tissues 
were very  generously supplied by  Oscar Mayer and Co. 

**Abbrev ia t ions  used include D P N H ,  reduced diphosphopyridine nucleotide; iso-octane 
2, 2, 4- t r imethylpentane;  ETP,  electron t r anspo r t  particle. 
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T A B L E  n 

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

Succinoxidase (#moles  succ. /min /mg)  * 
N u m b e r  o/ 

extractions no addit ion ~ Q*Ts ~ l ip id  cyt. c + l ip id  c f l .  c ± Q~Ts ~ aqueous cyt. c 

none 0.46 o.43 0.46 0.42 0.48 
one 0.05 0.08 0.26 0.30 0.52 
two o.oo o.o 4 0.20 0.36 0.68 

* Assay as described previously 1. o.2 mg Q~75 in 0.0 5 ml ethanol, o. i ml o. 1% lipid cytochrome e 
in ethyl  e ther  (followed by evaporat ion of the ether  at o °) and o.I ml i % cytochrome c added as 
indicated. Gas phase is air. 

T A B L E  I I I  

D I S T R I B U T I O N  O F  L I P I D  C Y T O C H R O M E  C D U R I N G  I S O - O C T A N E  E X T R A C T I O N  O F  E T P  

L i p i d  cytrockrome c 
( Izmole • l o-L~mg original protein) * 

N u m b e r  ol 
extractions sucrose iso-octa~e 

E T P  supernatant  extract 

n o n e  0 . 2 8  - -  - -  

o n e  0 . 0 7  o . 1 8  o . o o  

t w o  0 . 0 2  o . o  5 o . o o  

t h r e e  o . o o  o . o i  o . o o  

* Values based on the assumpt ion  tha t  the ext inct ion of lipid cytochrome c is the same as tha t  
of the aqueous  form. 

After extract ion wi th  iso-octane, E T P  no longer shows the presence of lipid cytochrome c, 
and insoluble particles associated wi th  cytochrome c are found in the 0.25 M sucrose supe rna tan t  
obtained after  E T P  is separated f rom iso-octane by  centrifugation. The amoun t  of lipid-soluble 
cytochrome c in each of the fractions obtained af ter  iso-octane extract ion is shown in Table I I I .  

I n  previous studies at  this labora tory  it was found tha t  t r ea tmen t  of E T P  wi th  deoxycholate 
induces a requi rement  for cytochrome c in the oxidat ion of D P N H  and succinate by  molecular 
oxygen e, 7. A small amoun t  of cytochrome c was  found in the deoxycholate extract ,  bu t  all a t t emp t s  
to show tha t  this extracted cytochrome c could replace lipid cytochrome c were unsuccessful. We 
now find tha t  after extensive dialysis of the deoxycholate ex t rac t  against  distilled water  the cyto- 
chrome c reverts  to a water-insoluble form which is capable of restoring D P N H  oxidase act ivi ty 
in the deoxycholate-extracted ETP.  

These resul ts  imply tha t  the endogenous form of cytochrome c in E T P  and in the KEILIN- 
HARTREE prepara t ion  8,9 is the l ipid-bound cytochrome c described above. Fu r the r  studies to 
establish this relat ionship wi th  endogenous (bound) cytochrome c and to determine the  na ture  
of the lipid component  are under  way. 

We wish to t hank  Dr. D. E. GREEN for his encouragement  of this investigation, and Mrs. 
WANDA FECHNER for valuable technical assistance. 
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