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1. Introduction

A number of membrane bound enzymes from
certain species of plants and animals have been shown
to undergo transitions from one Arrhenius activation
energy to another as the temperature is varied, whereas
these transitions are absent in other species. For
example, the Arrhenius activation energy for succinate
oxidase in mitochondria isolated from homeothermic
animals including rat [1], ox [2], squirrel [3], ground
squirrel [4], rabbit [S], and pig [6], characteristically
undergoes an abrupt change at a temperature between
17 and 23°C. In contrast, similar changes were not
observed in mitochrondria from poikilothermic animals
such as rainbow trout [3], catfish [3], or toad [5].
Interestingly, a change in the Arrhenius activation
energy of succinate oxidase was also not detected
in mitochondria isolated from the liver of a hiber-
nating ground squirrel although mitochondria from
non-hibernating animals showed a change around 23°C
like other mammalian mitochondria.

Similar observations have been made between
different plant species. A marked increase in the Ar-
rhenius activation energy of succinate oxidase activity
in mitochondria from tomato [7,8], bean [7]. sweet
potato [8], and cucumber [8] occured below about
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12°C. These same plants cease to grow below this
temperature and with time show irreversible chilling
injury. On the other hand, no change in the Arrhenius
activation energy of this enzyme was apparent in
mitochondria from ‘chilling resistant’ plants inclu-
ding lettuce [7], pea [7], beet [8], potato [8],

and cauliflower [7].

In this report it is shown that a temperature
induced transition can be demonstrated around 8°C
for succinate—cytochrome ¢ reductase activity in
mitochondria prepared from wild-type Drosophila
melanogaster, a poikilothermic organism. There is an
additional change in the Arrhenius activation energy
of this activity at a considerably higher temperature
in mitochondria from the ‘Out-cold'S’ (Qcd!S) tem-
perature sensitive Drosophila mutant [11]. This ad-
ditional transition takes place at a temperature below
which the mutant begins to exhibit paralytic behavior.

2. Materials and methods

The mitochondria used for these studies were iso-
lated from highly inbred stocks of Drosophila melano-
gaster either homozygous for the Basc balancer chromo-
some [12] or carrying this chromosome and an X-
chromosome with the Ocd?S gene [11]. Experiments
were also carried out using either the Oregon-R wild
type or Ocd®S flies backcrossed to Oregon-R for 30
generations.

To prepare mitochondria, 1.5 g of whole adult
female flies were ground in 30 ml of 0.25 M sucrose
containing 1 mM EDTA and 20 mM HEPES (pH 7.5)
using a Potter-Elvehjem homogenizer. After filtering

North-Holland Publishing Company — Amsterdam



Volume 51, number 1

the homogenate through cheesecloth, it was centri-
fuged at 1000 g for 10 minutes in a SS-34 Sorvall rotor.
The resulting supernatant was centrifuged at 26 000
g for 15 min in a 50.1 Spinco rotor. The pellet was
washed 3 times in 20 ml of the original medium and
finally resuspended in 20 ml of the same medium.
Protein was determined using the method of Lowry
etal [14].

The succinate—cytochrome ¢ reductase activity
was measured as described [13] using a Model 17
Cary spectrophotometer equipped with a cuvette
cooling system. The temperature of the assay mixture
during the reaction was measured with a calibrated
thermocouple inserted directly into the cuvette. At
low temperature precooled nitrogen gas was blown over
the optical surfaces of the cuvettes to prevent conden-
sation. The succinate—cytochrome ¢ reductase activity
was determined in triplicate at each temperature, and
the activity at 25°C was measured periodically to de-
monstrate that significant changes in activity of the
preparation did not take place during the experi-
ment.
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3. Results and discussion

The Ocd’s mutant is a cold sensitive paralytic
mutant in D. melanogaster [11]. When the temperature
is lowered from 25°C to temperatures below 18°C the
mutant flies become paralysed. Before the flies are
paralysed they go through a characteristic sequence
of behavioral events with erratic movements of their
legs lasting about 10 sec followed by fluttering of
their wings. In contrast, wild type flies can withstand
temperatures down to about 8°C before they exhibit a
similar behavior [11]. While the nature of the lesion
resulting in the Ocd®® phenotype remains unknown,
the erratic leg and wing movements that are observed
near 18°C for the mutant and near 8°C for wild type
Drosophila are reminiscent of limbs whose muscles
are fatigued and in tetany.

A change in the Arrhenius activation energy of
succinate—cytochrome ¢ reductase activity in mito-
¢hondria isolated from both the mutant and wild-type
Drosophila were detected at the same temperatures
as where paralysis took place. As can be seen in fig.1 A
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Fig.1. Arrhenius plots of succinate-cytochrome ¢ reductase in mitochondria isolated from Basc/Basc (A) and heterozygous
Ocd®S/Basc (B) Drosophila. The numbers above the plots indicate the Arrhenius activation energies (Kcal/mol) calculated for
each of the different slopes. The assay mixture contained: approximately 150 ug mitochondrial protein, 30 mM phosphate
buffer (pH 7.5), 0.6 mM Tris, 0.03 mM EDTA, 0.05% KCN, and 45 mM Na-succinate in a final volume of 3 ml.
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Table 1

Genotype of flies

Breakpoint Arrhenius activation
temperatures energies + s.d.

Specific activity at
32°C. umoles succinate

*s.d. for different tempe-  oxidized/min/mg protein
rature ranges *s.d.
Basc/Basc 79+08 lower 23.3+2.2 0.11+£0.03
upper 14.9 + 0.6
Ocd"™ |Basc 7.0+ 09 lower 23.10.6 0.14 + 0.01
184+ 09 middle 15.8 + 0.8

upper 12.7 = 0.6

the succinate—cytochrome ¢ reductase activity in
mitochondria isolated from Basc/Basc flies showed a
non-linear Arrhenius plot with a transition point

at about 8°C. Fig.1B shows that this enzyme is
mitochondria from heterozygous Ocd’/Basc flies
gave an Arrhenius plot with 2 transitions, one at about
8°C and another at about 18°C. The Arrhenius acti-
vation energies of the reaction above and below the
transition temperatures for mitochondria from the
two types of flies are given in table 1. The Arrhenius
activation energies below 8°C and between 8°C and
18°C are similar for the two types of mitochondria.
There is, however, a further decrease above 18°C in
mitochondria from Ocd?$ flies which is not found in
wild type mitochondria.

Non-linear Arrhenius plots for membrane bound
enzymes in both plants and animals [1—8] have fre-
quently been attributed to temperature-induced
decreases in the rotational freedom of the membrane
lipids, cf [15]. The accompanying reduction in mem-
brane fluidity could be envisioned to induce second-
ary changes in the catalytic functions by, for example,
altering either the interaction between two proteins
[16] or the conformation of an individual membrane
polypeptide, cf [15]}. Alternatively, the changes in the
activation energies of these enzymes might be due to
temperature-dependent conformational changes in-
trinsic only to the enzyme. Apparent temperature-
dependent conformational changes have been repor-
ted for both fumarase [17] and inosine triphosphatase
activity in myosin {18] and has been suggested for
succinate dehydrogenase [6]. Biphasic Arrhenius
plots have also been observed using acetyl-CoA
carboxylase purified from both chicken liver [19]
and wheat germ (Nielsen, unpublished observations).
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The primary lesion responsible for the appearance of
the additional transition in the Arrhenius plot for
succinate-cytochrome ¢ reductase in the Ocd’S mutant
could therefore reside in either a membrane lipid class
or protein.

Multiphasic Arrhenius plots of the type shown by the
Ocd'S/Basc flies have recently been found for succinate—
cytochrome ¢ reductase in rat liver mitochondria from
rat [9,20] and sheep [20]. On the basis of studies after
partial digestion of the membrane phospholipids with
phospholipase A, Wilschut and Scherphof [9] concluded
that the rate limiting processes giving rise to the two
transitions were dependent on phase of different phos-
pholipids distinguishable by melting points and dis-
tribution within the membrane. Related studies on
microsomal enzymes have been carried out by Eletr
et al. [21] who also concluded that the physical state
of the lipids at the site of tightly-bound membrane
proteins influences their catalytic activity. If inter-
preted within this framework, the appearance of the
additional transition at 18°C in the Ocd®S Drosophila
mutant could be the consequence of a genetic lesion
affecting either the synthesis of a particular class of
phospholipids or the binding site for phospholipids on
a polypeptide in the mutant mitochondrial membrane.

While it is possible to speculate about the actual
mechanism underlying the appearance of bi- or multi-
phasic Arrhenius plots for enzymes in the different
membrane systems which have been examined,
comparing the properties of the wild type and
Ocd®s mitochondrial membranes from Drosophila
promises to be of special utility in studying these pheno-
mena. The membrane change appears to be a specific
effect of the mutation in the Ocd gene. Transferring the
mutant gene to Oregon-R wild type stocks and random-
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izing the genetic background by repeated backcrossing
of heterozygous Ocd’S/+females to Oregon-R males for
30 generations did not change the behavior of Ocd®
flies or the pattern of transitions in the activation
energies observed for different temperature ranges.
Experiments with Oregon-R flies yielded Arrhenius
plots that were similar to those from Basc/Basc flies
(S¢ndergaard, unpublished data). Experiments are
being designed to pinpoint a chemical difference be-
tween the mutant and wild type mitochondrial mem-
branes which could be responsible for the appearance of
the transition at 18°C in the Ocd®™ mutants.
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