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Summary. Cytochrome c can be bound to mixed cardiolipin-lecithin liquid crystals 
so that it cannot be removed by repeated washings with solutions of high ionic strength. 
The oxidized and reduced spectra of this cytochrome c show no detectable differences 
from those for soluble cytochrome c. Unlike soluble cytochrome e, however, some 90 % 
of the bound cytochrome c is not reduced by ascorbate, and it is only slowly reduced 
by dithionite. The addition of redox dyes causes complete and immediate reduction in 
the presence of ascorbate or dithionite. It is suggested that this is because the dyespos- 
sess some degree of lipid solubility and are able to penetrate the phospholipid membrane 
barriers separating cytochrome c from the bulk solution. The addition of detergents, 
such as Triton X-100, also promotes reduction of the bound cytochrome c by ascorbate. 
A small change in the standard potential from 273 mV for soluble cytochrome e to 
225 mV for the bound cytochrome c was found. The bound cytochrome c reacts readily 
with potassium cyanide to form the normal cyanide-ferricytochrome e complex, differing 
in the rate of formation from soluble cytochrome c only at alkaline pH values. The rela- 
tionship of these findings to work on the membrane-bound cytochrome c in mitochondria 
and submitochondrial particles is discussed. 

In  pape r  I of this s tudy (Kimelberg ,  Lee, Claude & Mrena ,  1970), we 

described a m e t h o d  of binding cy tochrome  c to phosphol ip id  liquid crystals 

(Bangham,  Standish & Watkins ,  1965) at  low ionic strength,  such tha t  a 

significant po r t ion  of the cy tochrome  c enclosed inside the liquid crystalline 

m e m b r a n e s  could not  be r emoved  by  repeated  washings at  high ionic strength.  

In this respect,  cy tochrome  c in these mode l  m e m b r a n e  systems resembles  

the endogenous  cy tochrome  c of Kei l in -Har t ree  submi tochondr ia l  particles 

(Tsou, 1952), the endogenous  cy toch rome  c of submi tochondr i a l  part icles 

p r e p a r e d b y s o n i c a t i o n  (Lenaz & MacLennan ,  1966) and  soluble cy toch rome  c 

t r apped  inside sonicated submi tochondr ia l  particles (Lee & Carlson,  1968; 
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Lee, /n press) .  The endogenous cytochrome c of mitochondria, on the other 

hand, after a brief exposure to hypotonic conditions, is readily extracted by 

washing at high ionic strength (Schneider, Claude &Hogeboom,  1948; 

Jacobs & Sanadi, 1960). 

The endogenous cytochrome c of Keilin-Hartree particles has classically 
been distinguished from soluble "exogenous"  cytochrome c with regard to 

its reactivity and catalytic activity. Slater (1949) found that the half-time for 
the reduction of the endogenous cytochrome c of Keilin-Hartree particles 
by ascorbate under anaerobic conditions was much longer than for soluble 
cytochrome c, and Tsou (1952) reported that this endogenous cytochrome e 
did not form a ferricytochrome c-cyanide complex. 

This paper reports experiments investigating the reactivity of cytochrome c 
bound in phospholipid liquid crystals toward ascorbate and cyanide, as 

well as conditions modifying the response. Redox titrations of the bound 

cytochrome c are also included. 

Materials and Methods 

The method of preparation of phospholipid liquid crystals containing cytochrome c 
is described in paper I (Kimelberg et al., 1970). Redox titrations were performed under 
nitrogen in an anaerobic cuvette designed by Dr. P.L. Dutton of this department. 
Potentials were directly measured with a platinum-calomel electrode couple with a 
suitable pH meter, and the reduction of cytochrome c was simultaneously monitored 
with a double-beam recording spectrophotometer, as described by Caswell and Press- 
man (1968). A magnetic stirrer arrangement provided continuous mixing. Wurster's blue 
was kindly supplied by Dr. Tsoo E. King of the State University of New York at Albany. 
All other chemicals were of the purest quality available commercially. 

Results 

Fig. 1 shows an oxidized and reduced absolute spectrum of the cyto- 
chrome c bound to phospholipid liquid crystals or vesicles. The reference 
cuvette contains phospholipid without cytochrome c to offset light scattering 
from the turbid suspension. As can be seen, a slow drift is still obtained to- 

ward shorter wavelengths, although the two solutions were matched in 
absorbance at 600 nm. This may imply that the light-scattering properties 
of the two solutions were not identical, which is suggested by the structural 
changes caused by binding cytochrome c to the phospholipid vesicles, 
described in paper I (Kimelberg et  al., 1970). Nonetheless, it is apparent 
that no change can be detected in the positions or relative magnitude of the 
spectra when compared to soluble cytochrome c (Margoliash & Frohwirt, 
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Fig. 1. Oxidized and reduced absolute spectra of cytochrome c bound in phospholipid 
vesicles. Cytochrome c in phospholipid vesicles at a concentration of 12.6 nmoles cyto- 
chrome c/1.16 mg lecithin plus 0.34mg cardiolipin was added to 0.05 M potassium 
phosphate (pH 7.3) in the sample cuvette. An equal quantity of phospholipids without 
cytechrome c was added to the reference cuvette. The sample was reduced with final 
concentrations of 4.7 mM ascorbate, 7.8 pM DCPIP, and 2 - 3  mg dithionite. Final 

volume: 3.2 ml. Temperature: 25 ~ 

1959; Butt & Keilin, 1962). A similar lack of any change has also been 

noted by others (Gulik-Krzywicki, Shechter, Luzzati & Faure, 1969). The 

absorbance maxima are at 550, 520 and 416 nm in the reduced form, and 

at 527 and 410 nm in the oxidized form. Isosbetic points from Fig. 1 are at 
558, 541, 529, 508, 438 and 410 nm. The ratio of reduced/oxidized absorb- 

AA red. 416 -438 
ance for was 1.23. The absorbance difference was used 

AA oxid. 410-438 
for this ratio because of the light-scattering increment at smaller wavelengths. 

The reduction of cytochrome c by ascorbate, when bound in phospholipid 

vesicles, is shown in Fig. 2. The reduction is recorded using a double-beam 
recording spectrophotometer set at 550 minus 540 nm. It can be seen that 
less than 10% of the total cytochrome c is reduced by ascorbate alone. The 

addition of phenazine methosulfate (PMS), however, as shown in Fig. 2A, 

causes immediate and complete reduction. This may be because PMS acts 
as a lipid-soluble "shut t le"  for electrons from ascorbate in the bulk solution 
to cytochrome c enclosed inside the phospholipid membrane barriers, 
assuming, as might be expected, that the membranes are impermeable to 
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Fig. 2A and B. Reduction of cytochrome c bound to phospholipid vesicles by ascorbate 
and dithionite and the effect of PMS. A. 10.7 nmoles cytochrome c/mg total lipids, 
suspended at a final concentration of 2.67 nmoles cytochrome c/0.25 mg phospho- 
lipids, was added to 3 ml 0.15 N KC1, 0.01 M sodium succinate, pH 7.5, 25 ~ Ratio of 
lecithin/cardiolipin was 4: 1 by weight. Final concentrations of reagents were as shown; 
dithionite was added as solid ( 2 - 3  mg) to give a final concentration of 3.9-5.1 mM. 
B. 14.2 nmoles cytochrome c/mg total lipids, suspended at a final concentration of 
0.26 mg lipids in 3 ml 0.15 M KC1--0.01 M sodium succinate, pH 7.5, 25 ~ Ratio of 
lecithin/cardiolipin was 4:1 by weight. Dithionite was added as solid (1.5 mg) to give a 

final concentration of 2.9 mM 

ascorbate.  In this experiment,  1 gM PMS was used, but  addit ions of PMS 

as low as 0.05 gM at these lipid concentra t ions  can be used before  a decrease 

in the rate and extent  of cy tochrome c reduct ion is observed. Fig. 2B shows 

that  di thionite  (sodium hydrosulfite),  in the absence of a lipid-soluble 

electron media to r  such as PMS,  will reduce cy tochrome c only very slowly. 

The final concent ra t ion  of dithionite used in this experiment  was 2.9 mM. 

Increasing the concent ra t ion  of di thionite  fourfold  increases the rate of 

reduct ion by  a factor  of six, whereas increasing the ascorbate concent ra t ion  

up to 20 mM had no effect on  the reduct ion of cy tochrome c. Other  redox 

dyes also p romo ted  cy tochrome c reduct ion but  at somewhat  higher con- 

centrations.  Both d ichlorophenol  indophenol  (DCPIP)  and te t ramethyl  

p-phenylenediamine  ( T M P D )  were found  to be effective. 

Reduc t ion  of cy tochrome c by ascorbate  could also be p romoted  by the 

addi t ion of detergents.  Fig. 3 shows a t i t ra t ion of this response by Tr i ton  

X-100. Complete  reduct ion of cy tochrome c is obta ined with an a m o u n t  of 

18" 
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Fig. 3. Effect of Triton X-100 on reduction of cytochrome c in phospholipid vesicles by 
ascorbate. 5.85 nmoles cytochrome c/1 mg lecithin plus 0.13 mg cardiolipin was added 
to 3 ml 0.15 M KC1-0.01 M succinate, pH 7.5, 28 ~ Triton X-100 was added in succes- 
sive amounts of 0.48 rag; the amounts shown in the figure refer to the final concentrations 

after these additions 
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Fig. 4. Absolute spectrum of cyanide complex with ferricytochrome c bound in phospho- 
lipid vesicles. 14.6 nmoles cytochrome c plus 1.9 mg total phospholipid in sample cuvette 
and 2.1 mg phospholipid in reference cuvette in 3 ml 0.1 M potassium phosphate, pH 9.0, 
25 ~ 33.3 mM potassium cyanide, final concentration, left for 10 min before scan was 

commenced. Ratio of cardiolipin/lecithin was t :4.5 by weight 

Tr i ton  X-100 (1.45 mg) approximate ly  equivalent  to the a m o u n t  of phospho-  

lipids (1.13 mg), on a weight basis. 

As ment ioned  in the in t roduct ion  to this paper ,  Tsou  (1952) had quali- 

tatively distinguished between isolated soluble cy tochrome c and the 

endogenous  cy tochrome c of a part iculate prepara t ion  derived f rom mito-  

chondr ia  on  the basis that  the endogenous  fer r icytochrome c did not  form a 

complex with cyanide. Fig. 4 shows the absolute spectrum, obta ined as 

described for  Fig. 1, of fer r icytochrome c bound  in phosphol ipid  vesicles in 

the presence and absence of 33.3 m ~  K C N  at p H  9.0. Al though the shift in 

the e-peak region (Potter,  1941) at 540 to 530 nm cannot  be readily discerned 

because of interference f rom light scattering, a shift of the Soret  peak  f rom 

410 to 413.5 nm, characteristic of the cyanide complex (Tsou,  1952), can 

be observed. 
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Fig. 5. First-order plots for the rates of reaction of cyanide with soluble ferricytochrome c 
bound in phospbolipid vesicles. 14.2 nmoles cytochrome c/mg total lipids, suspended 
at a final concentration of 0.410 mg lecithin plus 0.115 mg cardiolipin in 3 ml 0.15 M 
KC1--0.02 M Tris-chloride, pH 9.8, 25 ~ to give a final concentration of 2.5 Isg cyto- 
chrome c. The pH of potassium cyanide was adjusted to the pH of the experiment. 
Soluble cytochrome c was at a final concentration of 2.6 ~g. Cytochrome c in both cases 
was reduced with 5 mN ascorbate plus 1 ~M PMS at various time intervals after addition 
of cyanide, a represents the percent of cytochrome c reduced in the absence of cyanide, 
and x the percent that cannot be reduced after the addition of cyanide, which corresponds 

to the amount of cytochrome c in the cyanide complex 

Since cy tochrome c inside the phosphol ip id  vesicles apparent ly  does react  

with cyanide, it was of interest to  compare  the kinetics of this react ion with 

that  of soluble cy tochrome c. It  was found  that  PMS was unable  to reduce 

soluble cy tochrome e in the cyanide-cytochrome c complex.  This provided 

a means of compar ing  the kinetics of the cyanide-cytochrome c react ion in 

bo th  cases. As can be seen in Fig. 5, the react ion shows first-order kinetics 

for  bo th  soluble and l ipid-bound ey tochrome c, and, at this p H  (9.8), a 

clear difference in rates is obtained.  T h e  f irst-order constant  for  soluble 

cy tochrome c was 6.8 • 10-~ ra in-1 ,  and for  cy tochrome c b o u n d  to phos-  

pholipid it was 5.8 • 10-2 ra in-1 .  The  second-order  constants  derived f rom 

these figures and other  similar plots, and the effect of varying the p H  is 

shown in the Table. 

The absorp t ion  spectrum of cy tochrome c is relatively insensitive to 

subtle changes in the state of the molecule.  Since changes in redox behavior  

might be a more  sensitive indicator  of any alterations, the s tandard  redox 

potentials  of cy tochrome c bound  in phosphol ip id  vesicles were measured  

to determine if any difference existed between the free and bound  protein.  

The potentials  were measured  in a closed cuvette under  a cont inuous  pres- 

sure of ni t rogen gas. Ascorbate  was t i t rated in as a source of reducing 
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Table. Rates q,f the reaction of soluble cytochrome c and phospholipid-bound cytochrome c 

pH 

with 10 mM cyanide ~ 

Rate constant (M -1 rain-  ~) 

Soluble c Phospholipid-bound c 

6.35 2.6 1.8 

7.45 5.8 3.2 

8.60 57.5 17.7 

9.80 67.7 5.8 

0.15 M KC1 plus 0.01 M sodium succinate buffer used at pH 6.35 and 7.45; 0.02 M 
Tris-chloride, instead of 0.01 M succinate, used at pH 8.6 and 9.8. Final concentrations 
of cytochrome c used were in the range 1 .6 -2 .5  laM. 25 ~ 

Redox Potentiols Of Soluble Eh 
Cytochrome c_ And s In m::o ~ 
Phosphol]pid Vesicles 

Soluble _c ~ 
S ~  y "  Lipid c 

Slope =0/36 
f �9 

-I.5 40 -0.5 0 0.5 1.0 1.5 
Log Oxidized 

Reduced 

Fig. 6. Redox potentials of soluble cytochrome c and cytochrome c Ln phospholipid 
vesicles. 14.6 nmoles cytochrome c/1.9 mg phospholipid was added to 6 ml 0.15 M 
KC1--0.01 M sodium succinate, pH 7.5, 22 ~ to give a final concentration of 2.0 I~M 
cytochrome c. Soluble cytochrome c was added to a final concentration of 1.3 ~tM. 
Samples of 0.83 ~aM sodium ascorbate were added for the experimental points given by 

and o. Samples of 1.67/aM sodium ascorbate were added for the points shown as o. 
Wurster's blue was present at a concentration of 8.3 ~tM. Reduction was measured at 
416 --434 nm. The potential was measured directly, utilizing a platinum-calomel electrode 
couple with a Radiometer pH meter type 22. The readings were made in a closed cuvette 
under a constant pressure of nitrogen. Mixing was done by a magnetic stirring bar 

positioned to one side of the cuvette 

equ iva l en t s .  W u r s t e r ' s  b lue  was p r e s e n t  as  a m e d i a t o r  b e t w e e n  c y t o c h r o m e  c 

a n d  the  p l a t i n u m  e l e c t r o d e  (Caswe l l  & P r e s s m a n ,  1968), as  well  as  b e t w e e n  

a s c o r b a t e  a n d  p h o s p h o l i p i d - b o u n d  c y t o c h r o m e  c ( K i m e l b e r g  & Lee ,  1969). 

B o t h  the  p o t e n t i a l  a n d  the  r e d u c t i o n  s ta te  of  c y t o c h r o m e  c were  s i m u l t a n e -  

o u s l y  m e a s u r e d ,  as  d e s c r i b e d  in  M e t h o d s .  F ig .  6 s h o w s  a p l o t  of  t he  l o g a r i t h m  
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of the oxidized-to-reduced ratio vs. the potential in millivolts. Using the 
normal equation for the relationship between the measured electrode po- 
tential (Eh) and the standard potential (Eo): 

Rr [Ox] 
Eh = Eo + 2. 303 ~ log [Red] ' 

The intercept on the ordinate is equal to the standard potential which was 
found from Fig. 6 to be 273 mV for soluble cytochrome c and 225 mV for 
phospholipid-bound cytochrome. Experimental points from two different 
experiments are shown for phospholipid-bound cytochrome c. In both 
curves, the slope of the line, equal to 2. 303 RT/nF, was 0.06 giving a one- 
electron transfer reaction where n -- 1. 

Discussion 

Cytochrome c incorporated into phospholipid liquid crystals, in its 
inability to be reduced by ascorbate, resembles the endogenous cytochrome c 
of Keilin-Hartree submitochondrial particles (Slater, 1949) and the soluble 
cytochrome c trapped inside sonicated submitochondrial particles (Lee & 
Carlson, 1968; Lee, Kimelberg &Johansson, 1969; Lee, in press). This 
indicates similarities between the effects of binding to mitochondrial 
membranes and the artificial phospholipid membranes described here. 
A surprising finding, however, is that dithionite reduces cytochrome c 
bound in the phospholipid membranes very slowly, distinguishing it from 
cytochrome c bound to mitochondrial membranes. This suggests that the 
main barrier to ascorbate and dithionite reduction is the permeability of 
the phospholipid membranes, since cytochrome c normally is immediately 
reduced by dithionite. These membranes have a low permeability to relatively 
large anions such as phosphate (Bangham et al., 1965; McGivan & Chappdl, 
1968), and by analogy to the $202-  and ascorbate anions. The inclusion of 
acidic phospholipids further lowers anion permeability, sometimes to the 
very slow rates found for cations (Papahadjopoulos & Watkins, 1967). 

It is possible, of course, that the binding of cytochrome c to a lipid 
membrane induces a conformational change in the protein, altering its 
reactivity towards these reducing agents. A small change in the redox mid- 
potential of 48 mV more negative for phospholipid-bound cytochrome c 
than for soluble cytochrome c was detected, which may indicate such an 
alteration. A change of this magnitude, however, would have little or no 
effect on reduction by ascorbate and dithionite since their standard redox 
potentials are 0.058 and -1.13 mV, respectively. Thus, a membrane per- 
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meability barrier as discussed above would appear to be the most suitable 
explanation of the modifications in cytochrome c reactivity when bound to 
phospholipid model membranes, and by analogy when bound to natural 
membranes of mitochondrial origin. The inability of cytochrome c to 
diffuse through or penetrate the phospholipid membranes is indicated by 

cytochrome c having no effect on K +, Na + or C1- diffusion in phospholipid 
liquid crystals (Papahadjopoulos & Watkins, 1967). It would appear, how- 
ever, that the natural membranes are far more "leaky" than the model 
membranes, perhaps owing to the high proportion of protein in the former. 
This may explain the difference in rates of reduction by dithionite. The 
alternative is that dithionite, in making a solution anaerobic, allows an 
endogenous source of reducing equivalents to reduce cytochrome c in sub- 
mitochondrial particles. 

The titration of the ascorbate response of cytochrome c bound to 
ph0spholipid vesicles by Triton X-100 (see Fig. 3) is consistent both with 
a lysing of the membrane structure or a dissociation of the lipid-cytochrome c 
complex (Reich & Wainio, 1961), and consequent reversal of the changes 
induced by binding. It does emphasize, however, that the failure of cyto- 
chrome c to be reduced by ascorbate depends on the integrity of the mem- 
brane structure. 

These observations support the conclusions put forward in paper 1 that 
cytochrome c was adsorbed onto the surface of the individual lamellae, and 
probably not on the outside of the outermost layer. These conclusions were 
based on the failure to extract from the phospholipid vesicles at high ionic 
strength about 50 % of the cytochrome c initially bound, and the effect of 
cytochrome c in increasing the width of each membrane. 

Because cytochrome c bound to phospholipid membranes and the endo- 
genous cytochrome c of Keilin-Hartree submitochondrial particles resemble 

each other in failing to react with ascorbate, it was of interest to examine 
the reaction of phospholipid-bound cytochrome c with cyanide, since 
Tsou (1952) had stated that endogenous cytochrome c failed to react with 
cyanide. In this regard, a clear distinction between the two types of mem- 
brane-bound cytochrome c is seen; cytochrome c bound in phospholipid 
membranes does react. No reconciliation of this discrepancy is yet possible, 
but it does appear that soluble cytochrome c bound inside sonicated sub- 
mitochondrial particles, as well as the endogenous cytochrome c in these 
particles, also react with cyanide (Hsia & Lee, unpublished observations). 
At neutral and acid pH values, very little distinction in the rates of the reac- 
tion is seen between soluble cytochrome c and cytochrome c in phospholipid 
membranes. At more alkaline pH values, however, the two rates begin to 
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differ (see Table). Since C N -  is the dominan t  reactive species by several 

orders of magni tude  (George  & Tsou,  1950), it may  be that  the m em b ran e  

permeabil i ty  barr ier  becomes rate limiting only when C N -  is present  in 

kinetically significant quantities. Alternatively,  cy tochrome c in the phos-  

phol ipid vesicles may  be in a milieu of p H  6 to 7. 

In conclusion,  it has been demons t ra ted  that  the propert ies  of soluble 

cy tochrome c are al tered when it is bound  in artificial phosphol ip id  mem- 

brane  systems. These alterations are consistent with the effects resulting 

f rom cy tochrome c being sequestered behind closed membrane  permeabil i ty  

barriers, a l though small changes in the molecule resulting f rom binding to 

the membranes  are also indicated. 

We thank Dr. P.D. Papahadjopoulos for many helpful and stimulating discussions 
and Dr. P.L. Dutton for collaboration with the redox measurements. This work was 
supported by U.S. Public Health Service grants GM-12202 and GM-277, as well as the 
Jane Coffin Childs Memorial Fund for Medical Research (Project 217). C.P.L. is an 
N.I.H. career development awardee (1-K4-GM-38822). H.K.K. is a U.S. Public Health 
Service postdoctoral research fellow (IFO2 GM 44014-01). 

R e f e r e n c e s  

Bangham, A.D., Standish, M. M., Watkins, J.C. 1965. Diffusion of univalent ions across 
the lamellae of swollen phospholipids. ,1". MoL Biol. 13:238. 

Butt, W.D., Keilin, D. 1962. Absorption spectra and some other properties of cyto- 
chrome c and of its compounds with ligands. Proc. Roy. Soe. (London) B 156:429. 

Caswell, A.H., Pressman, B.C. 1968. Electromeric analysis of cytochromes in mito- 
chondria. Arch. Biochem. Biophys. 125: 318. 

George, P., Tsou, C.L. 1952. Reaction between hydrocyanic acid, cyanide ion and ferri- 
cytochrome c. Biochem. J. 50:440. 

Gulick-Krzywicki, T., Schechter, E., Luzzati, V., Faure, M. 1969. Interactions of proteins 
and lipids: Structure and polymorphism of protein-lipid-water phases. Nature 
223:1116. 

Jacobs, E.E., Sanadi, D.R. 1960. The reversible removal of cytochrome c from mito- 
chondria. 3". BioL Chem. 235: 531. 

Kimelberg, H.K., Lee, C.P. 1969. Binding and electron transfer to cytochrome c in 
artificial phospholipid membranes. Biochem. Biophys. Res. Comm. 34:784. 

Claude, A., Mrena, E. 1970. Interactions of cytochrome c with phospholipid 
membranes. I. Binding of cytochrome c to phospholipid liquid crystals. 3". Membrane 
BioL 2: 235. 

Lee, C.P. (in press). Localization of cytochrome c and cytochrome oxidase in the mito- 
chondrial cristae. In: 4th Johnson Foundation Colloquium on Structure and Function 
of Macromolecules and Membranes. B. Chance, C.P. Lee and T. Yonetani, editors. 
Academic Press, New York. 

- -  Carlson, K. 1968. Binding of cytochrome c to fragmented mitochondrial membranes. 
Fed. Proc. 27:828. 

- -  Kimelberg, H.K., Johansson, B. 1969. Control of cytochrome c reactivity by energy 
coupling and by localization in membrane phase. Fed. Proc. 28:663. 



262 H . K .  Kimelberg and C. P. Lee: Cytochrome c and Phospholipid Membranes. II 

Lenaz, G., MacLennan, D.H. 1966. Studies on the mechanism of oxidative phosphory- 
lation. X. The effect of cytochrome c on energy-linked processes in submitochondrial 
particles, o r . Biol. Chem. 241:5260. 

Margoliash, E., Frohwirt, N. 1959. Spectrum of horse heart cytochrome c. Biochem. J. 
71 : 570. 

McGivan, J.D., Chappell, J.B. 1967. The effect of cardiolipin on the anion permeability 
of artificial phospholipid micelles. Biochem. J. 105: 15. 

Papahadjopoulos, D., Watkins, J.C. 1967. Phospholipid model membranes. II. Per- 
meability properties of hydrated liquid crystals. Biochim. Biophys. Acta 135:639. 

Potter, V.R. 1941. Studies on the mechanism of hydrogen transport in animal tissues: 
Il l .  Cyanide inhibition of cytochrome c reduction. J. Biol. Chem. 137: 13. 

Reich, M., Wainio, W.W. 1961. A cytochrome c-phospholipid complex. 3. Biol. Chem. 
236: 3058. 

Schneider, W.C., Claude, A., Hogeboom, G.H.  1948. The distribution of cytochrome c 
and succinoxidase activity in rat liver fractions, a r. Biol. Chem. 172:451. 

Slater, E.C. 1949. The measurement of the cytochrome oxidase activity of enzyme pre- 
parations. Biochem. J. 44: 305. 

Tsou, C.L. 1952. Exogenous and endogenous cytochrome c. Biochem. J. 50:493. 


