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summary 

A series of mitochondrial enzymes exhibit breaks in Arrhenius 
plots from low to high activation energies upon temperature de- 
crease. All membrane-bound enzymes tested except cytochrome c 
oxidase have shown these transitions, while soluble matrix en- 
zymes (malic dehydrogenase and fumarase) did not have breaks or 
they had different characteristics. Triton-X-100 which solubil- 
izes the mitochondrial membrane, induces a straightening of the 
plot for ATPase. The observation that the breaks in the Arrhen- 
ius plots for membranous enzymes fall at different temperatures 
suggests caution in their correlation with phase transitions of 
membrane phospholipids. 

Several membrane activities have been found to depend upon 
the physical state of the membrane phospholipids. Studies of 
membrane activities of omeothermic and poikilothermic animals 

(1-3) and of a H. - coli auxotroph requiring unsaturated fatty 
acids for growth and grown on media containing different fatty 
acids (4-6), have shown that the activation energies are not 
constant with temperature, but distinct breaks in the slopes of 
Arrhenius plots have been found at well defined temperatures. 
It has been suggested that these temperatures coincide with the 
transition temperatures of the phospholipids from a liquid-crys- 

talline to a crystalline phase (7). Although a correlation was 
found in the case of mitochondrial respiration in omeothermic 
animals and in chilling-sensitive plants, with breaks in the mot- 
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ion of added spin labels (3), the data on the E. 
appear to point out that breaks of the Arrhenius plots for pro- 
line uptake and succinic dehydrogenase occur at different temper- 
atures (5) and do not coincide with transition temperatures of 
the phospholipids measured by X-ray diffraction. 

In this investigation we have studied a range of mitochondrial 
activities; both soluble enzymes and membrane-bound lipid-depend- 
ent activities have been tested in order to ascertain if a corre- 
lation may be found between the existence of the breaks and the 
lipid requirement, and if the breaks for different enzymes fall 
at the same or different temperatures.. 

Methods 

Beef heart mitochondria (BHM) have been prepared with the 
method of Smith (8). The following enzymic activities have been 
assayed spectrophotometrically in a Zeiss PMQ II equipped with a 

thermostatic cell: succinate-cytochrome c reductase (9), cyto- 
chrome c oxidase (10); malate dehydrogenase (ll), p-hydroxy but- 
yric dehydrogenase (12), and fumarase (13). Temperatures in the 
assay media were directly controlled by immersing a thermometer 
in the cwettes. ATPase activity and respiration were assayed as 
described elsewhere (14, 15). Protein was determined with a biuret 
method (16). 

Results 

Figure I shows the Arrhenius plots for different mitochondrial 
activities in intact frozen mitochondria. The total Mg++-depend- 
ent ATPase, succinic-cytochrome 2 reductase, $-hydroxybutyric de- 
hydrogenase, and succinoxidase , show evident breaks in the slopes; 

in contrast with these membrane-bound enzymes which are known to 
depend upon lipids for activity (17-2O), soluble matrix enzymes 
like malic dehydrogenase do not show changes in activation ener- 
gies with changing temperatures. Fumarase however appears to 
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Fig. 1 - Arrhenius plots of various mitochondrial activities. 
1. ATPase (nmoles Pi hydrolysed/min.mg protein); 
2. S-hydroxybutyric dehydrogenase (nmole NAD reduced/min. 

mg protein); 
3. Succinoxidase (natoms 02 consumed/min.mg protein); 
4. Succinate-cytochrome c reductase (nmoles cytochrome c 

reduced/min.mg protein); 
5. Cytochrome c oxidase (nmoles reduced cytochrome c 

oxidised/min.mg protein); 
6. Upper plot, right side: fumarase (nmoles fwnarate 

formed/min.mg protein) - Lower plot, left side: 
malate dehydrogenase (moles NAD reduced/min.mg 
protein). 

have an inverted break, as is known in the literature (21). Sur- 
prisingly, cytochrome c oxidase has no break in the temperature 
range studied. Raison et al - -0 (2) found however a transition also 
in cytochrome oxidase in rat liver mitochondria using a manometric 
assay with ascorbate as substrate. 
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Table I - Activation Energies of Different Mitochondrial Enzymes. 

Activity 
Break Activation 

temperature above below 
transition transition 

("C> (kcal/mole) 

ATPase 17.7 9.8 27.1 

$-Hydroxybutyric 
dehydrogenase 18.5 10.9 18.2 

Succinate oxidase 27.0 9.1 17.0 
Succinate-cytochrome 2 
reductase 20.0 15.7 32.8 

Cytochrome s oxidase 9.3 

Malate dehydrogenase 13.0 

Fumarase 18.5* 16.7 7.8 

Below 18.5OC the slope in the plot indicates a lower activation 
energy. 

The breaks in the Arrhenius plots for the membranous enzymes 

fall at different temperatures , averaging 17.7O for ATPase, 20° 
for succinic-cytochrome c reductase, 27O for succinate oxidase, 
18.5' for S-hydroxy-butyric dehydrogenase. 

The activation energies in kcal per mole are reported in 
Table I; the largest increase occurring below the break temper- 
ature is that of the ATPase reaction. 

The ATPase has been further investigated in relation to the 
state of the mitochondria (fresh, frozen, disrupted by detergent). 
Some results are reported in Fig. 2. The residual oligomycin in- 
sensitive ATPase of intact mitochondria also shows a biphasic 
Arrhenius plot. On the other hand the detergent Triton-X-100, 
at the concentration of 2.5 mg/ml, which results in well evident 
solubilization of the mitochondrial membrane and makes the ATPase 
oligomycin insensitive, induces a straightening of the plot, with 
concomitant increase of the temperature at which there is a chan- 
ge of the slope. 
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Fig. 2 - Arrhenius plot of mitochondrial ATPase in frozen BHM. 
e, under standard conditions; - + oligomycin 
(1 mg/ml); v, + Triton-X-100 (2.5 mg/Al). 

DiSCuSSiOn 

Several membrane-bound activities showatypical activation 
energy curves with evident breaks in the Arrhenius plots. Data 
for mitochondrial or equivalent activities are already available 
in the literature (l-3, 22-24). 

We have investigated some activities of beef heart mitochon- 

dria either membrane-bound like ATPase and respiration or soluble 
like malic dehydrogenase. All the membrane-bound enzymes have 
shown clear breaks in the Arrhenius plots, except cytochrome c 
oxidase, but the breaks fall at different temperatures; the value 
for ATPase is in accord with that of Sweetman and Griffiths (22, 
23) for ATPase, ATP-dependent reversed electron transfer and 
energy-linked transhydrogenation in E. coli. It is of interest 
that succinate-cytochrome E reductase and succinate oxidase have 
breaks at 20° and 27O respectively, since the former is a part of 
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the latter activity. Furthermore cytochrome c oxidase, which is 
also a part of succinate oxidase, shows no break. 

What is the possible interpretation of these findings? 
Although the involvement of the lipid milieu in the transit- 

ions may be favored by the fact that lipid independent enzymes 
like malic dehydrogenase and the non-energy linked transhydrogen- 
ation (23) do not have breaks , and that Triton-solubilized ATPase 
undergoes a more linear Arrhenius plot, the fact that the breaks 
fall at different temperature suggests caution in this straight- 
forward interpretation. 

Calorimetric evidence (25) shows that in rat liver mitochon- 
dria the transition temperature of the lipids is centered at ab- 
out OOC, far away from the temperatures where the breaks occur. 

Breaks could be the result of different rate limiting points 
in the temperature dependence of complex activities. 

On the other hand it is suggestive to postulate that a spec- 
ific distribution of different types of lipids in the mitochon- 
drial membrane would create different hydrophobic microenviron- 

ments around specific enzymic activities. The breaks would be 
indicative of the temperature where "freezing" just begins. 

Completely different types of analysis are compatible with a 
non-random distribution of lipids in biological membranes (26). 
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