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The interaction between cytochrome c oxidase and phospholipids was studied by differential scanning 
calorimetry. The active, lipid-sufficient cytochrome c oxidase undergoes thermodenaturation at 336 K with a 
relatively broad and concentration dependent endothermic transition. The delipidated enzyme shows an 
endothermic denaturation temperature at 331.3 K. When the delipidated cytochrome c oxidase was treated 
with chymotrypsin, a lowered thermodenaturation temperature was observed. When the delipidated cyto- 
chrome c oxidase was reconstituted with asolectin to form a functionally active enzyme complex, the 
thermodenaturation shifted to a higher temperature, with a sharper transition thermogram. The increase in 
thermotransition temperature and enthalpy change of thermodenaturation of the asolectin-reconstituted 
enzyme is directly proportionate to the amount of asolectin used, up to 0.5 mg asolectin per mg protein. The 
thermotransition temperature and enthalpy changes of thermodenaturation for the phospholipid-reconstituted 
cytochrome c oxidase are affected by the phospholipid headgroup and the fatty acyl groups. Among 
phospholipids with the same acyi moiety but different head groups, phosphatidylethanolamine was found to 
be more effective than phosphatidylcholine in protecting cytochrome c oxidase from thermodenaturation. An 
exothermic transition thermogram was observed for delipidated cytochrome c oxidase embedded in phos- 
pholipid vesicles formed with phospholipids containing unsaturated fatty acyl groups. The increase in 
exothermic transition temperature and exothermic enthalpy change of thermodenaturation of the oxidase- 
asolectin vesicles is proportional to the amount of asolectin used, up to 1.0 mg per mg protein. Formation of a 
cytochrome c-cytochrome c oxidase complex destabilized cytochrome c but not cytochrome c oxidase toward 
thermodenaturation. 

Introduction 

Cytochrome c oxidase [1], a well characterized 
integral protein complex in the inner mitochondrial 
membrane, functions as a terminal oxidase in the 
mitochondrial electron transfer system. The elec- 

Abbreviations: dCO, delipidated cytochrome c oxidase; DSC, 
differential scanning calorimetry; DLPC, dilinoleoyl- 
phosphatidylcholine; DOPC, dioleoylphosphatidylcholine; 
DPG, diphosphatidylglycerol; DPPC, dipalmitoylphosphatidyl- 
ethanolamine; DSPC, distearoylphosphatidylcholine. 

tron transfer from cytochrome c to molecular 
oxygen catalyzed by cytochrome c oxidase is be- 
lieved to be coupled with proton translocation [2], 
a key step in the energy conservation of biological 
oxidation. The protein subunit structure and topo- 
logical arrangement of cytochrome c oxidase in the 
membrane has been characterized, and is more or 
less accepted by most investigators [3,4]. The ac- 
tive, purified cytochrome c oxidase contains about 
20% phospholipids. Although the delipidated form 
of cytochrome c oxidase has enzymatic stability 
and spectral properties similar to those of the 
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intact enzyme, it is not functionally active in the 
absence of phospholipids. The requirement of 
phospholipids for enzymatic activity [5], and the 
mode of interaction between protein and phos: 
pholipid have been subjects of intensive study. 
Recently, many physical and chemical methods 
have been employed for the study of the protein- 
lipid interaction in this particular enzyme com- 
plex. However, the question regarding the ex- 
istence of a specific boundary phospholipid [6-9] 
surrounding the protein remains unanswered. Re- 
cent results [10,11] from a differential scanning 
calorimetry (DSC) study of the phospholipid per- 
turbation seem to favor the existence of a specific 
boundary phospholipid in this enzyme complex. In 
this investigation, we extended the DSC study to 
examine the thermodenaturation properties of cy- 
tochrome c oxidase in the presence and absence of 
phospholipids, to gain more insight into the pro- 
tein-phospholipid interaction in this enzyme com- 
plex. To avoid possible complications resulting 
from protein-lipid interactions of other segments 
of the mitochondrial electron transfer chain, a 
highly purified cytochrome c oxidase preparation 
was used throughout this study. 

Experimental procedures 

Materials 
Horse cytochrome c, type III, dilinoleoylphos- 

phatidylcholine (DLPC), dioleoylphosphatidylcho- 
line (DOPC), dipalmitoylphosphatidylcholine 
(DPPC), dipalmitoylphosphatidylethanolamine 
(DPPE), diphosphatidylglycerol (DPG), sodium 
cholate and chymotrypsin are products of Sigma. 
Asolectin was obtained from Associated Con- 
centrates Inc. Other chemicals were obtained com- 
mercially at the highest purity available. 

Methods 
Phospholipid-sufficient and phospholipid-de- 

pleted cytochrome c oxidases were prepared by the 
method reported previously [5], except that sub- 
mitochondrial particles were used as starting 
material instead of the Keilin-Hartree heart muscle 
preparation. To ensure complete delipidation, the 
delipidated cytochrome c oxidase (dCO), as pre- 
pared, was subjected to two more cycles of am- 
monium sulfate precipitation in the presence of 
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1.5% sodium cholate. The purity of cytochrome c 
oxidase was about 10-12 nmoles heme a per mg 
protein. 

Replenishment of phospholipids to the delipidated 
cytochrome c oxidase. Two methods were used: 
Method I involved direct addition of the phos- 
pholipid micellar solution to the delipidated en- 
zyme, which was in 50 mM phosphate buffer, pH 
7.4. No detergents other than the residual sodium 
cholate which was precipitated with the enzyme 
during ammonium sulfate fractionation were pre- 
sent in the preparation. The resulting preparation 
is called the phospholipid-reconstituted cyto- 
chrome c oxidase in this paper. The phospholipid 
micellar solution was prepared by sonification of 
phospholipid in H20. Method II involved addition 
of the phospholipid solution in 1.5% sodium 
cholate to the delipidated oxidase, which was in 50 
mM phosphate buffer (pH 7.4), containing 1.5% 
sodium cholate. The protein concentration was 
about 10 mg/ml. The mixture was incubated for 
20 min at 0°C, and subjected to extensive dialysis. 
After dialysis, the enzyme-phospholipid complex 
was collected by centrifugation, and the precipi- 
tated complex was suspended in 50 mM phosphate 
buffer (pH 7.4). The resulting preparation is 
referred to as the cytochrome c oxidase/ 
phospholipid vesicle. 

Formation of the cytochrome c-cytoehrome c 
oxidase complex. Formation of the cytochrome 
c-cytochrome c oxidase complex in the presence 
and absence of phospholipids was carried out 
according to the method reported previously [5]. 

Proteolytic enzyme digestion. Delipidated cyto- 
chrome c oxidase, 22 to 88 mg/ml, was treated 
with chymotrypsin for 1 h at room temperature 
before the DSC experiments were carried out. The 
final ratio of chymotrypsin to protein was 3% 
(w/w). 

DSC measurements were carried out in the 
Perkin-Elmer DSC-2C equipped with a Haake 
constant temperature bath. The bath temperature 
was set at 0°C unless otherwise stated. The tem- 
perature at the peak of the exo- or endo-thermo- 
gram was the measured T m, and the change of 
enthalpy for thermodenaturation was calculated 
from the area covered by the endo- or exo-thermo- 
gram. The sample and reference capsules were 
weighed before and after scanning to ensure the 
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balance and to detect the possible leakage during 
scanning. Each sample was repeatly scanned twice 
in order to detect any reversible transition. The 
second scan was used as the base line for the 
calculation of the change of enthalpy for thermo- 
denaturation. The DSC-2C was calibrated with 
Indium and checked with a DPPC-H20 suspen- 
sion, assuming the enthalpy change of the DPPC 
phase transition to be 8.5 kcal /mol [12]. 

The protein concentration was determined by 
the biuret method, using serum albumin as stan- 
dard. Absorption spectra were measured in a Cary 
spectrophotometer, model 219. The enzymatic ac- 
tivity of cytochrome c oxidase was determined 
according to the method reported in Ref. 5. 

Results and Discussion 

Thermotropic properties of phospholipid sufficient- 
and phospholipid depleted-cytochrome c oxidases 

Fig. 1 shows the differential scanning calorime- 
try thermograms for phospholipid-sufficient, 
delipidated, and chymotrypsin-treated delipidated 
cytochrome c oxidases. A relatively broad transi- 
tion or thermodenaturation peak at 336.0 and 
331.3 K were observed for phospholipid sufficient 
(42 mg/ml)  and delipidated (44 mg/ml)  cyto- 
chrome c oxidases in 50 mM phosphate buffer (pH 
7.4), respectively. When a higher concentration of 
delipidated cytochrome c oxidase was used, a 
broader transition peak at 332.3 with a shoulder at 
326 K was observed, indicating that the enzyme 
complex may exist in more than one physical state 
[13,14]. The enzyme complex may exist in different 
degrees of aggregation because the delipidated en- 
zyme, as prepared, contains trace amounts of 
sodium cholate. The shoulder at 326 K became 
more apparent when the protein concentration was 
further increased to 88 mg/ml.  This suggests that 
the endothermic transition temperature at 326 K 
may due mainly to the aggregation of proteins. At 
a lower concentration, the endothermic denatura- 
tion occurred at a higher temperature, 336.9 and 
333 K for phospholipid sufficient (28 mg/ml)  and 
delipidated (22 mg/ml)  cytochrome c oxidases, 
respectively. The enthalpy changes of endothermic 
denaturation of phospholipid sufficient and 
delipidated cytochrome c oxidases increased as the 
protein concentrations increased (see Table I). 
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Fig. 1. DSC thermograms of phospholipid-sufficient, delipi- 
dated and chymotrypsin-treated cytochrome c oxidase at vari- 
ous protein concentrations. Aliquots of phospholipid sufficient 
(A), delipidated (B), and chymotrypsin treated-delipidated (C) 
cytochrome c oxidase in 50 mM N a / K  phosphate buffer (pH 
7.4), at various protein concentrations were used. The protein 
concentrations were 28 and 42 mg/ml  for curves 1 and 2 in 
(A), and 22, 44, and 88 mg/ml  for curves 1, 2, and 3 in (B) and 
(C), respectively. A heating rate of 2.5 K / m i n  and a sensitivity 
of 0.1 mcal /s  were used. A 62-/11 sample in a large volume 
capsule was placed in the sample holder and a 62-~1 50 mM 
N a / K  phosphate buffer (pH 7.4), was placed in the reference 
holder. The recorder scanning speed was 100 s per inch. 

When the delipidated cytochrome c oxidase was 
treated with chymotrypsin at room temperature 
for one hour, the enzyme became more labile 
toward thermodenaturation. The DSC thermo- 
grams of the chymotrypsin-treated enzyme at vari- 
ous protein concentrations are given in Fig. 1C. At 
a protein concentration of 44 mg/ml,  the DSC 
thermogram shows an endothermic denaturation 
peak at 327.1 K. When a higher concentration of 
cytochrome c oxidase (88 mg/ml)  was used, the 
endothermic denaturation of the treated enzyme 
shows a peak at 322.5 K with a shoulder at 332 K. 
This indicates that some polypeptides in this en- 
zyme complex are more susceptible to proteolytic 
enzyme digestion than others, and the cleavage of 
the peptide bonds does not cause the decrease in 
the degree of aggregation especially when the en- 
zyme is in a highly aggregated state. Due to the 



TABLE I 

THERMOTROPIC PROPERTIES OF VARIOUS PRE- 
PARATIONS OF CYTOCHROME c OXIDASE 

CO, phospholipid-sufficient cytochrome c oxidase, dCO, de- 
lipidated cytochrome c oxidase prepared by the method devel- 
oped in this laboratory [5]. 

Preparations T m (K) ,~ H 
(kcal/mol) 

In 50 mM phosphate buffer (pH 7.4) 
CO (28 mg/ml)  336.9 251 
CO (42 mg/ml)  336.0 266 

In 50 mM phosphate buffer (pH 7.4) 
dCO (22 mg/ml)  333.0 268 
dCO (44 mg/ml)  331.3 270 
dCO (88 mg/ml)  332.3, 326 (sh) 401 

Treated with 3% chymotrypsin 
dCO (22 mg/ml)  328.1 278 
dCO (44 mg/ml)  327.1 278 
dCO (88 mg/ml)  322.5, 332 (sh) 342 

At 44 mg/ml  in different buffer concentrations 
dCO in 25 mM buffer 331.3 265 
dCO in 50 mM buffer 331.3 270 
dCO in 275 mM buffer 332.3 280 

Sodium dithionite reduced form 
dCO in 50 mM buffer 

at 40 mg/ml  328.0 327 

sensitivity of the DSC instrument used, we are 
unable to resolve patterns of the digestion prod- 
ucts of the specific subunits of cytochrome c 
oxidase. 
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Fig. 2. DSC thermograms for oxidized and reduced forms of 
the delipidated cytochrome c oxidase. The delipidated cyto- 
chrome c oxidase, 40 mg/ml ,  in 50 mM phosphate buffer (pH 
7.4), was reduced by a few grains of sodium dithionite. 62-/~1 
aliquots of delipidated cytochrome c oxidase were used. Curves 
1 and 2 represent the oxidized and reduced forms of delipi- 
dated cytochrome c oxidase. The DSC settings are as given in 
Fig. 1. 
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As indicated in Fig. 2, the thermotropic proper- 
ties of cytochrome c oxidase are also affected by 
the redox state of the preparation. Reduction of 
the delipidated cytochrome c oxidase by dithionite 
caused a shift of the endothermic transition tem- 
perature of about 3.3 K downwards and increased 
the enthalpy change about 21%. In contrast to the 
effect of ionic strength on thermotropic properties 
of cytochromes e and el, changes in ionic strength 
had only a slight effect on the T m and A H of 
cytochrome c oxidase. Table I summarizes the 
thermotropic data of various preparations of cyto- 
chrome c oxidase. 

Thermotropic properties of the phospholipid-recon- 
stituted cytochrome c oxidase preparations 

It has been demonstrated [5] that addition of 
phospholipids, individually or in combination, res- 
tores enzymatic activity to the phospholipid-de- 
pleted cytochrome c oxidase. Among the phos- 
pholipids tested, asolectin was the most effective 
in restoration of enzymatic activity to the delipi- 
dated cytochrome c oxidase. Fig. 3 shows the DSC 
thermograms for the asolectin-reconstituted cyto- 
chrome c oxidase preparations at various ratios of 
asolectin to protein. Addition of asolectin to the 
delipidated cytochrome c oxidase protected the 
enzyme complex from heat denaturation, and the 
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Fig. 3. Effect of asolectin concentrations on the thermode- 
naturation of cytochrome c oxidase. Asolectin micellar solution 
was added directly to the delipidated cytochrome c oxidase, 
which was in 50 mM N a / K  phosphate buffer (pH 7.4). Curves 
1 to 9 represent 0, 0.81, 1.62, 3.25, 7.5, 10, 15, 22, and 25 mg 
asolectin per ml of protein solution, and the final protein 
concentration was 44 mg/ml  in 50 mM N a / K  phosphate 
buffer (pH 7.4). 62-#1 aliquots were used. The DSC instrument 
settings were as given in Fig. 1. 
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reconstituted complex showed a relatively sharp 
endothermic transition peak. As the amount of 
asolectin added to the delipidated cytochrome c 
oxidase increased, the thermodenaturation temper- 
ature for the enzyme complex increased, up to a 
ratio of 0.5 mg asolectin per mg protein. When the 
ratio of asolectin to protein in the reconstituted 
enzyme was higher than 0.5, no further change in 
the transition temperature was observed, but the 
thermodenaturation was broadened. A maximum 
increase of 5.5 K in thermodenaturation tempera- 
ture was observed upon addition of asolectin to 
the delipidated cytochrome c oxidase. This result 
correlates well with the results obtained from ac- 
tivity restoration by asolectin to the delipidated 
cytochrome c oxidase, since the maximal restora- 
tion of activity to delipidated cytochrome c oxidase 
by asolectin was reached when the ratio of asolec- 
tin to protein was 0.5. About 43% increase in 
enthalpy change of thermodenaturation of asolec- 
tin-reconstituted cytochrome c oxidase was 
observed (385 kcal /mol)  relative to the delipidated 
enzyme (270 kcal/mol) .  

Three major phospholipids, phosphatidylcho- 
line (PC), phosphatidylethanolamine (PE) and 
diphosphatidylglycerol (DPG), are present in in- 
tact cytochrome c oxidase. We investigated the 
effect of each individual phospholipid on the ther- 
motropic properties of cytochrome c oxidase. Ta- 
ble II summarizes the thermotropic properties of 
the DPPC-, DPPE- and DPG- reconstituted cyto- 
chrome c oxidase preparations. Data of the 
asolectin-reconstituted cytochrome c oxidase are 
also included for comparison. The thermotropic 
properties of these phospholipid-reconstituted cy- 
tochrome c oxidase complexes differ significantly. 
The asolectin-reconstituted enzyme shows an en- 

TABLE II 

THERMOTROPIC PROPERTIES OF VARIOUS PHOS- 
PHOLIPIDS RECONSTITUTED CYTOCHROME c 
OX1DASE 

Preparations Phospholipid/ T m (K) AH 
protein (kcal/mol) 

dCO + asolectin 0.5 336.8 385 
dCO + DPPC 1.0 336.8 368 
dCO + DPPE 0.2 338.0 1140 
dCO + DPG 0.36 331.0 558 

dothermic transition peak at 336.8 K, with an 
enthalpy change for thermodenaturation of 385 
kcal /mol .  Although the DPPC-reconstituted cyto- 
chrome c oxidase underwent thermodenaturation 
at the same temperature as the asolectin-recon- 
stituted cytochrome c oxidase complex, a slight 
decrease in enthalpy change for thermodenatura- 
tion was observed relative to the asolectin recon- 
stituted enzyme. 

The DPPE-reconstituted cytochrome c oxidase 
shows an endothermic denaturation peak at 338 K 
with an enthalpy change for thermodenaturation 
of 1140 kcal /mol .  Although a significantly greater 
enthalpy change of thermodenaturation was ob- 
served for the DPPE-reconstituted cytochrome c 
oxidase than for other phospholipid-reconstituted 
enzyme preparations this does not correlate with a 
difference in enzymatic activity, because the activ- 
ity of the DPPE-reconstituted cytochrome c 
oxidase is similar to that of the other single phos- 
pholipid-reconstituted enzyme preparations. Since 
DPPC and DPPE contain the same fatty acyl 
groups, the different effects on the thermotropic 
properties of cytochrome c oxidase must be attri- 
buted to the phospholipid headgroups. Perhaps 
the polarity of the head group in the phospholipid 
molecule plays an important role in protein-phos- 
pholipid interaction. 

It has been shown that DPG binds tightly to 
cytochrome c oxidase [15], and is the phospholipid 
most difficult to remove from the enzyme com- 
plex. The DSC thermogram for the DPG-recon- 
stituted cytochrome c oxidase shows and endother- 
mic denaturation peak at 331 K, with an enthalpy 
change for thermodenaturation of 558 kcal /mol .  

Thermotropic properties of cytochrome c oxidase 
embedded in various phospholipid vesicles 

Delipidated cytochrome c oxidase was mixed 
with phospholipids in the presence of 1.5% sodium 
cholate at a protein concentration of approx. 10 
m g / m l  in 50 mM phosphate buffer (pH 7.4) fol- 
lowed by extensive dialysis against the same buffer. 
Cytochrome c oxidase/phospholipid vesicles were 
formed, and collected by centrifugation and resus- 
pended in 50 mM phosphate buffer (pH 7.4). The 
thermodenaturation behavior of this cytochrome c 
oxidase/asolectin vesicle was found to be com- 
pletely different from that of the asolectin-recon- 
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Fig. 4. Phospholipid concentration-dependent exothermic de- 
naturation of cytochrome c oxidase embedded in phospholipid 
vesicles. Aliquots of delipidated cytochrome c oxidase were 
mixed with various amounts of asolectin in the presence of 
1.5% sodium cholate. The mixture was then dialyzed exten- 
sively against 50 mM N a / K  phosphate buffer (pH 7.4) over- 
night, with two changes of buffer. The cytochrome c oxidase/ 
asolectin vesicles formed were collected by centrifugation and 
resuspended in the same buffer before DSC measurement. The 
instrument settings were: heating rate, 2.5 K/rain and sensitiv- 
ity, 0.2 meal/s. Curves 1 to 5 represent cytochrome c oxidase/ 
asolectin vesicles with asolectin to protein ratios of 0, 0.125, 
0.25, 1.0 and 2.0, respectively. The final protein concentration 
in all samples was 18 mg/ml. 65-/d aliquots were used. 

stituted cytochrome oxidase. An exothermic tran- 
sition was observed for the cytochrome oxidase/ 
asolectin vesicle, in contrast to the endothermic 
transition observed for the asolectin-reconstituted 
cytochrome oxidase. Fig. 4 shows the DSC ther- 
mograms for cytochrome ¢ oxidase/asolectin 
vesicles prepared with various concentrations of 
asolectin. The dialyzed delipidated cytochrome c 
oxidase showed an endothermic transition at 340 
K. When the ratio of asolectin to protein in the 
cytochrome c oxidase/asolectin vesicles was in- 
creased, the exothermodenaturation temperature 
and the enthalpy change of thermodenaturation 
increase, up to a ratio of 1.0 mg asolectin per mg 
protein. Beyond that, the exothermic transition for 
the cytochrome c oxidase/asolectin vesicles in- 
creased slightly but the enthalpy change for ther- 
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Fig. 5. Phospholipid concentration dependent T m and enthalpy 
changes of cytochrome c oxidase/asolectin vesicles. Experi- 
mental conditions and DSC settings were the same as those 
given in Fig. 4. 

modenaturation decreased. The maximal ex- 
othermodenaturation temperature for the cyto- 
chrome c oxidase/asolectin vesicles was 337.3 K 
(Fig. 4, curve 5) which is about 0.5 K higher than 
the maximal endothermodenaturation temperature 
for the asolectin-reconstituted cytochrome c 
oxidase in the dispersed form, and about 2.7 K 
lower than that of the dialyzed delipidated cyto- 
chrome c oxidase. Fig. 5 shows the asolectin con- 
centrations dependent denaturation temperature 
and enthalpy changes of thermodenaturation of 
the cytochrome c oxidase vesicles. 

When single phospholipids such as DPPC and 
DPPE, which possess saturated fatty acyl groups, 
were used for preparation of cytochrome c 
oxidase/phospholipid vesicles, the resulting cyto- 
chrome oxidase/phospholipid vesicles showed en- 
dothermic transition DSC thermograms. When 
DPG was used, the resulting cytochrome c 
oxidase/DPG vesicle showed an exothermic de- 
naturation. Although the thermotropic properties 
of the cytochrome c oxidase/DPG vesicle are 
similar to those of the cytochrome c oxidase/ 
asolectin vesicle (see Table III), a lower amount of 
DPG was needed to reach the maximal exothermic 
enthalpy change of thermodenaturation. 
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TABLE Ill 

THERMOTROPIC PROPERTIES OF VARIOUS PHOS- 
PHOLIPIDS VESICLES OF CYTOCHROME c OXIDASE 

Preparations Phospholipid/ T m (K) A H 
protein (kcal/mol) 

dCO + Asolectin 1.0 337.3 - 5 500 
dCO+ DSPC 1.0 308.4 116 
dCO + DOPC 1.0 327.9, 341.5 171 
dCO+ DLPC 1.0 336.5 -808 
dCO+ DPG 1.0 341.3 - 296 

A well defined exothermic transition was ob- 
served in the cytochrome c o x i d a s e / D L P C  vesicle, 
but not in the cytochrome c o x i d a s e / D O P C  ves- 
icle (see Fig. 6). The cytochrome c o x i d a s e / D L P C  
vesicle showed an exothermodenaturat ion at 336.5 
K, with an enthalpy change of thermodenaturat ion 
of  - 8 0 8  kca l /mol .  The DSC thermogram of the 
cytochrome c o x i d a s e / D O P C  vesicle shows two 
endothermic transition peaks: one at 327.9 K, 
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Fig. 6. DSC thermograms for various cytochrome c oxidase/ 
phospholipid vesicle preparations. Delipidated cytochrome c 
oxidase (10 mg/ml) in 50 mM Na/K phosphate buffer (pH 
7.4) was mixed with the indicated phospholipids in the presence 
of 1.5% sodium cholate at 1 mg phospholipid per mg protein. 
The mixtures were dialyzed extensively against 50 mM phos- 
phate buffer (pH 7.4). The cytochrome c oxidase/phospholipid 
vesicles were collected by centrifugation and suspended in 50 
mM phosphate buffer (pH 7.4) to a protein concentration of 50 
mg/ml. 62-# 1 aliquots were used for DSC measurement. Curves 
1, 2 and 3 represent the DLPC/, DPG/ and DOPC/ cyto- 
chrome c oxidase vesicles, respectively. 

about  3.4 K lower than the endothermic denatura- 
tion temperature of  the delipidated cytochrome c 
oxidase, and another peak at 341.5 K, about 4.7 K 
higher than the maximal endothermic denatura- 
tion temperature of  the asolectin-reconstituted cy- 
tochrome c oxidase. It is possible that the two 
endothermic transition peaks observed in the cyto- 
chrome c o x i d a s e / D O P C  vesicle result from the 
overlap of a broad endothermic transition with a 
rather weak exothermic transition occurring at 
around 335 K. The thermotropic properties of 
various phospholipid vesicles of cytochrome c 
oxidase are summarized in Table III. 

Since phospholipids such as asolectin, DPG,  
D L P C  and D O P C  all contain unsaturated fatty 
acyl groups, it is possible that the unsaturated 
fatty acyl groups in these phospholipids are 
responsible for the exothermic transition in the 
cytochrome c ox idase /phosphol ip id  vesicles. This 
exothermic transition could not result f rom the 
chemical decomposi t ion of the cytochrome c 
oxidase protein or the phospholipid components ,  
as it was observed only when cytochrome c oxidase 
was embedded in the phospholipid vesicles, not 
when cytochrome c ox idase /phosphol ip id  com- 
plex was in the dispersed form. Both preparations 
contain the same amount  of phospholipids. One 
possible source of the energy for this exothermic 
transition is the collapse of a 'meta-s table '  state 
upon  the thermodenaturat ion of protein. This 
'meta-s table '  state could be created by a thermo- 
dynamically unfavorable interaction between a 
port ion of the protein surface and the surrounding 
phospholipids during the formation of the cyto- 
chrome c ox idase /phosphol ip id  vesicles. The pro- 
duction of  such a meta-stable state during vesicle 
formation would depend upon both protein and 
the fatty acyl components  of phospholipids. For  
instance, the cytochrome c o x i d a s e / D L P C  vesicle 
shows an endothermic transition, whereas the cy- 
tochrome o x i d a s e / D P P C  vesicle exhibits only an 
endothermic transition of  protein thermodenatura-  
tion. 

Thermotropic properties of the cytochrome c and 
cytochrome c oxidase complex 

It has been observed [16] that formation of  a 
complex between cytochrome c and c~ at low ionic 
strength causes a significant destabilization of the 



former and a slight stabilization of the latter to- 
ward thermodenaturat ion.  It is, therefore, of  inter- 
est to investigate the effect of complex formation 
between cytochrome c and cytochrome c oxidase 
on the thermotropic properties of these two en- 
zymes. Since cytochrome c oxidase requires phos- 
pholipids for activity, the effect of phospholipids 
on the thermotropic properties of cytochrome c in 
the cytochrome c /phospho l ip id  mixture was first 
examined by DSC. As indicated in Fig. 7, curve 2, 
the presence of phospholipids caused cytochrome c 
to become more labile toward thermodenatura-  
tion. The DSC thermogram of the cytochrome 
c-phospholipid complex shows both exo- and en- 
dothermic transitions. The endothermic transition 
temperature for cytochrome c in the presence of 
phospholipids was 341 K, compared to 357 K, 
measured in the absence of phospholipid. The 
exothermic transition was found at 321 K. When 
cytochrome c was complexed with cytochrome 
oxidase in the presence of phospholipids little 
effect was observed on the exothermic transition 
temperature,  but  the enthalpy change was signifi- 
cantly increased. The endothermic denaturat ion 
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T . . . . . .  - " i  
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310 315 320 325 33O 335 34O 345 350 355 36O 
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Fig. 7. DSC thermograms of cytochrome c, cytochrome c-phos- 
pholipid complex, cytochrome c oxidase-phospholipid complex, 
the cytochrome c-cytochrome c oxidase-phospholipid complex 
and the cytochrome c-cytochrome c oxidase complex. Curve 1 
is cytochrome c [12]; curve 2, cytochrome c-asolectin complex 
(4.8:12); curve 3, cytochrome c oxidase-asolectin complex 
(35.2:12); curve 4, the cytochrome c-cytochrome c oxidase- 
asolectin complex (4.8:35.2:12) and curve 5, the cytochrome 
c-cytochrome c oxidase complex (2.4 : 35.2). The numbers given 
in the parentheses are the concentrations of proteins or phos- 
pholipid used. 62-t~1 aliquots were used. the DSC settings are 
the same as those given in the Fig. 1. 

663 

temperature was further decreased to 335 K. This 
is about  the same as the endothermic denaturat ion 
temperature of the cytochrome c oxidase-phos- 
pholipid complex, suggesting that the complex for- 
mat ion between cytochrome c and cytochrome c 
oxidase resulted in no significant conformational  
change of the cytochrome c oxidase entity. Forma-  
tion of the cytochrome c oxidase-cytochrome c 
complex in the absence of phosholipids also show 
little effect on the thermodenaturat ion of the 
former. Whether  or not the formation of  a cyto- 
chrome c-cytochrome c oxidase complex is a prere- 
quisite for electron transfer remains an open ques- 
tion, al though the formation of, at least, a tran- 
sient complex is probably physiologically im- 
por tant  for the electron transfer f rom cytochrome 
c to cytochrome c oxidase. Favorable evidence for 
the formation of a complex between cytochrome c 
and cytochrome c oxidase has been obtained from 
binding kinetic data [13] and structural studies 
with cross-linking reagents [17]. At present we 
offer no explanation for the destabilization of 
cytochrome c but not cytochrome c oxidase during 
their complex formation. 
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