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BIOLOGICAL RESPONSE TO HIBERNATION?

John S. Charnock

Department of Pharmacology
University of Alberta
Edmonton, Alberta T6G 2H7
Canada



SUBJECT INDEX Page No,
I. INTRODUCTION

A, Membrane Structure 1

B. Arrhenius Analysis - Activation Energy S

II. CYTOPLASMIC ENZYMES

1. Lactic Dehydrogenase 8
2% Malic Dehydrogenase 10
3. Pyruvate Kinase 10

III. MITOCHONDRIAL MEMBRANE ENZYMES OF OXIDATIVE PHOSPHORYLATION
1. Succinate Oxidation and Cytochrome Oxidase Activity 11

v, MEMBRANE ENZYMES OF ACTIVE TRANSPORT

1. cCa't-ATPase 14
2, (Na+ + K+)—ATPase 16
V. DISCUSSION AND CONCLUSIONS 22

VI, SUMMARY 24



ABSTRACT

The effect of temperature upon the physical properties of meubrane
lipids and proteins is briefly reviewed as is the case for interpreting
non-linear Arrhenius plots of enzyme activity in terms of 1lipid phase-
transitions in biological membranes.

The thermal profiles of cytoplasmic, mitochondrial, plasma and endo-
plasunic reticular enzymes from polkilotherms, homeothermns and hibernators
2re compared,

It is concluded that whereas 1ipid phase-transitions play no part
in the temperature dependence of the cytoplasmic enzymes lactic dehydro-
genase and malic dehydrogenase, the evidence for pyruvate kinase is not
yet clear., There can be little doubt of the important role of the lipid
phase-transitions in modulating the temperature dependence of mitochon-
drial succinate oxidation in homeotherms, poikilotherms and during hiber-
nation, Although there is strong evidence that 1lipid phase-transitions
occur in the plasma aﬁd endoplasmic reticular membranes from a wide
variety of species, and that in some instances these thermionic transi-
tions occur at temperatures which correspond to marked changes in the
apparent activafion energy of Ca++—ATPase and (Na* + K+)~ATPase, there
does not appear to be convincing evidence that these parameters undergo
significant seasonal variation in hibernating species.

Thus mo unifying concept of the role of lipid phase-transitions in
the biological response to hibernation can be developed at the present
time as it appears to vary with the particular enzyme system and its

subcellular membrane localization.



I. INTRODUCTION

A, Membrane Structure

There has been much interest in the control of metabolism at low
temperature, particularly the low body and organ temperatures encountered
in some poikilotherms and during the hibernation state in mammals. Quite
recently the idea has been growing that enzyme velocity is powerfully modu-
lated by the physical properties of membrane lipids, and that so-called
phase—changes in which the fluidity of membrames is greatly altered may pro-
vide the means for continuing enzyme function when the organ temperature
falls far below the range at which many biochemical processes are expected
to cease,

It is therefore my purpose in this review to examine the experimental
evidence available in an attempt to decide what role phase-changes in
membrane lipids may play in the process of hibernation. However, before
looking at some recent experimental evidence from animal studies we should
remember that as early as 1962, Luzzati and Husson had noted that the transi-
tion temperature (T]) of many solid-gel to liquid-crystalline phase-changes
in iipoprotein systems seemed to occur very close to the body temperature
of the animals from which the lipoproteins were obtained. They speculated
that this observation was not coincidence, but that they were observing a
very fine biological control mechanism for electrical potential or ion
permeability changes in biological membranes (51).

This observation has much greater significance today than it did in
1962 as there has been great progress in recent years in our understanding

of membrane structure,



That biological membranes are basically composed of an oriented
bilayer of lipids interspersed with proteins has been known for many
years (30,31,68), yet it has only been since the work of Singer and
Nicolson in 1972 that a really satisfactory description of membrane
architecture has been available (71). From the information obtained from
a very wide variety of techniques which include chemical and immunological
analyses as well as such biophysical procedures of freeze-fracture elec-
tron microscopy, X-ray diffraction, circuiar—dichroism and electron parea-—
magnetic resonance and fluorescent membrane probes, we can be reasonably
confident that the now common picture (Fig. 1) of globular protein marco-
molecules embedded into a bimolecular lipid matrix properly represents the
general membrane structure (17,70).

It is also quite reasonable to suppose that specificity of function
takes place not only because of the diversity of chemical composition
that can be shown in the lipid and protein components of the systen, but
alsoc because of the non-homogeneous and asymmetric distribution of these
components on either side of the membrane itself (69). 1In addition,
some larger proteins appear to traversz the entire distance of the men-
brane and possess inherent orientation characteristics of theivr oun (43)
which permit vectorial processes to occur.

Furthermore, the work of Edidin and his colleagues (34,36) at Jonas
Hopkins has dramatically confirmed the dynamic state of the werbrans

conglomerate in that lateral diffusicn of the protein glebules in th

€]

plane of the membrane is commonplace, while even more recently the work

of Chapman has suggested that rotational wovemcnt of the »rotein



macromolecules occurs in the microsecond time range (18). In fact, the
only molecular movements which appear unlikely are those of the so-called
"flip-flop" variety in which either lipids or proteins are translocated
from one side of the membrane to the other. These "flip;flop" transloca-
tions either do not occur, or the time course of their translocatioa is
so great as to exclude them from consideration in most, but not all,
biological processes,

We therefore have a very dynamic viéw of membrane proteins and hence
membrane enzymes functioning in a fairly mobile 1lipid matrix whose visco-—
sity is subject to many changes in its immediate environment - pressure,
temperature, ionic strength and pH, as well as variations which arise as
a consequence of changes in the nature (class) and fatty acid composition
of the lipid components themselves. Changes in any of these factors are
all capable of influencing the physical and chemical properties of the
membrane. "

In addition, because of the non-homogeneous and asymmetric distribu-
tion of membrane components we can now see how one area of a biological

membrane may be functioning in a certain mode, whilst another area =nol too

far distant may be exhibiting quite different propaertics in terms of

[
n

either permeability, electrical potential and/or enzyme function. It

therefore hardly surprising that vast differences in behaviouxr are

D

h

encountered in various membranes from a wide variely of tissues an

{

1.

species as these mewbranes are required to meet the exiraordinary range
of situations encountered during the Llifetime of the oyganisn, whather it

be a relatively simple bacterium or a highly complex nulticellular assembly



like man himself.

Let us therefore consider only what happens in this complex membrane
System when the temperature is varied through the relatively narrow
"Physiological" range of 0°-40°C. One of the most striking features of
the behaviour of the 1lipids in this range is the frequent observation
that wmany of the individual components undergo a change in phase from a
highly ordered state in which the hydrocarbon chains of the fatty acids
are considered to be relatively rigid with a reduced protein mobility (the
so-called solid-gel phase) to a much more fluid liquid-crystalline phase
with enhanced protein mobility when the temperature is raised above a ceritain
critical transition temperaturxe (TZ) (18,58).

This endothermic transition occurs over a somewhat broader range in
biological membranes than in single phospholipid model systems (because
of the variety in acyl-chain components as well as polar head-groups of
the phospholipids) and is accompanied by a lateral expansion and a
decrease in the thickness of the bilayer (3,61).

In this more fluid state the hydrocarbon chains maintain an average
orientation perpendicular to the plane of the bilayer but are relatively
disordered and undergo rapid rotational isomerization along the chains,
This liquid-crystalline state is characterised by the onset of rapid
lateral diffusion of both lipid and protein molecules in the plane of the
bilayer. One should not forget, however, that both ordered and fluid
domains can co-exist at a given temperature and that membrane proteins
will tend to preferentially partition into the more fluid parts of the

membrane.



B. Arrhenius Analysis - Activation Energy

What of the behaviour of the enzyme proteins embedded in this lipid
matrix? How does it alter from the activity of the so-called soluble or
cytoplasmic enzymes when the temperature changes from 0°-40°C? Before
attempting to answer these questions let me briefly review the effect of
temperature upon the velocity of any chemical reaction., That thes veloecity
of any chemical reaction is reduced when the temperature falls is taken
today as a self-evident axiom, although %t was only during the latter half
of the nineteenth century when this observation was formally established
by van't Hoff who documented that the velocity of a variety of organic
reactions increased by a factor of about 2 for every 10°C rise in tempera-
ture (74).

However, by 1889 Arrhenius had observed that a number of biolegical

reactions - referred to by him as '"life-processes' like the conversion of

" "

cane-sugar into glucose and fructose by the enzyme mixture "invertezse" -
did not properly obey the earlier van't Hoff relatiomship (5). He
therefore studied the invertase reaction in great detail - that 1s, at a
large number of different temperatures - and devised an empiricel rela-
tionship for the nearly exponential increase in reaction velocity (X)
which occurred with the change in absolute temperature (T°) (6).

When the rate constants for the reaction (usually V. ..) are converted

to a log form and the reciprocal of the absolute temperagure is emdloyed,

a straight line plot (Fig. 2) can be obtained from the Arrhenius equation:
Ea = 2.303 T1.T72 (log K1 - log K2) R
Ty - Ty
vhere Ea = apparent energy of activation, R is the gas coastont (1..987
cals mole -1 deg—l) and Kj and K, are the maximal velocities of the



reaction at absolute temperatures Tl and T2. Thus the slopes of these
plots are equal to —-FEa/2.303R and give a measure of the Arrhenius
activation energy of the reaction under study. This valﬁe is not quite
the same as that obtained from direct measurement of the heat content
of the reaction, but usually only differs from this value by a few
hundred calories/mole (64).

For many years this type of Arrhenius analysis of the effect of
temperature upon a biological process was thought to consistently
yield a straight line Arrhenius plot and hence a single unique value
for the activation energy (Ea), even if it became necessar& to dis-
regard some aberrant values or to use what Drost-—Hansen (33) has so
aptly called '"brute force" methods to drive a straight line through
fairly obviously non-linear data points. Generally departures from
linearity were regarded as deficiencies in experimental data and were
not assigned any biological significance (10,46).

However, by the early 1960's sufficient experimental data (Table 1)
had been produced for some workers to seriously question the absolute
truth of the linear "Arrhenius law' and to suggest alternative explana-
tions for the non-linearity of many Arrhenius plots (56). A typical
example of a non-linear Arrhenius plot is shown in Fig. 3, Naturally,
the early heretics who produced such plots were vigorously attached by
the scientific establishment of the day (10,32,46).

Without pursuing this story in detail, it is clear today that



in at least some instances, these discontinuities in Arrhenius plots
of enzyme activity which lead to more than one value for the activa-
tion energy of an enzyme process, are not experimental artifacts but
are due to the existence of two different stable conformational forms
of the enzyme which can be identified by different sedimentation
characteristics, or electrophoretic patterns (56) as well as changes
in their thermodynamic properties. In addition, the elegant studies
of Raison and Lyons and their colleagues (66) using electron spin
probes and those of many others using fluorescent probes of membrane
lipid mobilities have shown that quite frequently there is a good
correlation between the thermal relationships of enzyme activity and
the physical state of associated membrane lipids (8,20,63).

Although there are still many who do not unequivocally accept
this view (32,41,78), there is a great deal of experimental and
theoretical evidence to suggest that discontinuities in Arrhenius
plots represent thermal transitions between two distinct isothermal
phases, which correspond to order~disroder transitions in the mobility
of membrane lipids surrounding membrane proteins. In fact, in review-
ing the effect of temperature upon Cellular Metabolism at a symposium

' one of the

on Low Temperature Physiology in 1972 Lyons stated that
most useful and consistent lines of evidence for phasc~changes in
biological systems has been the presentation of data relating the

influence of temperature and reaction velocity (--of enzymes-—-=) as an

Arrhenius plot"' (52)!



Today there is considerable biochemical evidence that the lipids
of biological membranes exert a powerful modulating effect upon
membrane enzyme function, and this is particularly noticeable when the
temperature of the reaction is changed. By invoking the property of
mutual exclusion (49) - that is, that two separate phases exist in the
membrane as two separate domains each of constant activity and inde-
pendent of the amount in each state, we can see how the same enzyme
process can function with two markedly different energy Trequirements in
two respective temperature ranges (49,78). The "break' in an Arrhenius
plot (Tg) therefore represent an isokinetic point, that is the tempera-
ture where the value for AF* is the same for the two different transi-
tion states (49,64).

With this background let us now look briefly at a number of impor-
tant enzymes generally involved in energy transduction, and whose
temperature profiles have been examined in preparations isolated from
homeotherms, poikilotherms and hibernators. Although not an exhaustive
list, I will review the information relating to several cytoplasmic
enzymes involved in glucose utilization and gluconeogenesis; some
membrane-bound enzymes of mitochondrial oxidative phosphorylation and

some plasma membrane enzymes involved in active cation transport.

(A) Cytoplasmic Enzymes of Glucose Utilization

1. Lactic Dehydrogenase (LDH)

In 1968 Hochachka and Somero reported that fish muscle LDH gave



2inear Arrhenius plots between 5°-35°C even when the variety of fish
ranged from long-term cold adapted Antarctic fish (-2°C) through lake

and brook trout and bluefin tuna (presumably between 10°~20°C), to
long-term warm adapted South American lungfish whose ambient temperature
is normally between 27°-30°C (42). In addition, the apparent energies

of activation that were obtained for these various muscle LDH prepara-—
tions were all about 12 kcals/mole and did not correlate with the environ-
mental temperatures of the fish (Table 2),

Similarly, Baldwin and Aleksiuk (7) obtained linear Arrhenius plots
for liver and skeletal muscle LDH in the Australian platypus and echidna,
both of which are reported to have unusual thermoregulatory properties,
The Ea value for tﬁe platypus was 19 kcals/mole; Ea value for the echidna
was 17 kcals/mole.

However, in an earlier study Aleksiuk (1) had noted an unusual
‘inverted break' in muscle LDH from a warm-adapted garter—snake collected
in Florida, which was not apparent in preparations from similar reptiles
collected in Manitoba (see Table 2), Interestingly ihe Ea value from these
latter cold-adapted snakes was again close to 12 kcals/mole.

More recently Borgmann and Moon have examined the kinetics of LDH
function from homeotherms (beef‘heart and muscle) and poikilotherms
(flounder muscle) in great detail. Although their purpose was not to
obtain data for the usual Arrhenius equation of log V... Vs %b, it is
apparent that no major changes were observed jn this parameter between
5°-30°C, although there were important differences in cther thermodynamic
properties of these systems between homeotherms and poikilotherms (12,

13).
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Finally, in another recent study Olsson (60) compared the Arrhenius
function of LDH from several organs of a homeotherm (guinea pig), poikilo-
therms (frog and cod-fish), and the hibernating hedgehog and bat., Irre~
spective of the organ (heart, brain, muscle), the species or the season,
the LDH Arrhenius plots were all linear between 0°-30°C and continued in
this fashion for another 20°C in the case of the homeotherm preparations.

The values for Ea obtained by Olsson ranged from 12 kcals/mole for
the frog muscle up to 19 kcals/mole for the hibernating bat heart. Again
there was no obvious correlation between this thermodynamic parameter and
environmental temperature,

2, Malic Dehydrogenase (MDH)

Although less information is available regarding this enzyme than
LDH, what is known is very similar to that for LDH (Table 2),

Baldwin and Aleksiuk (7) had found linear Arrhenius plots for liver
MDH between 10°-40°C for both platypus and echidna, with identical Ea
values of 16.5 kcals/mole. This data is very similar to that obtained by
Aleksiuk (2) for cytoplasmic MDH from the livers.of two species of birds
(the common crow and the pintail), where the Arrhenius plots were again
linear between 5°-35°C, and the values for Ea were 12 kcals/mole and
15 kcals/mole respectively. .

In Olsson's major comparative study discussed above for LDH (60) he
also found linear Arrhenius plots for MDH between 0°-30°C for all the
various organs and species examined, Because of heat denaturation of
homeothermic enzymes many of his studies were not continued much above 30°C

3. Pyruvate Kinase (PK)

The data for this enzyme is different for that of LDH and MDH Just
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discussed.

In 1968 Somero and Hochachka (72) showed that while muscle PK from
fish (adult rainbow trout) gave linear Arrhenius plots between 5°-30°C,
with Ea values of 30 kcals/mole, i.e. much higher than the Ea values
reported for LDH or MDH, the data for PK from rat skeletal muscle PK
between 10°-40°C was not linear, There was a sharp "break" in the plot
at 25°C with a value for Ea; of 10 kcals/mole above this temperature, and
a value for Eajyy of 20 kcals/mole below this temperature! Interestingly

these workers also reported an 'inverse break' in the data they obtained

for the cold adapted (-2°) Antarctic fish wherxe TZ was about 10°C, and
the values for Ea; and Eayy were the exact converse of those obtained for
the rat (Table 3).

More recently, Borgmann and Moon (11) studied the temperature depen-

dence of liver and flight muscle PK from a species of hibernating bat,

These workers also found non-linear Arrhenius plots with PK from both
organs whether the bat was hibernating or not. However, there was a
marked shift in the T, from 17°C down to 5°C when the animal was in hiber-
nation! It should also be noted that while the values for Ea; above and
Eajj below the TZ of 17°C in the non-hibernating bat were 8.6 kcals/mole
and 19.5 kcals/mole respectively, the value for Ea above the T at 5°C for
the hibernating bat was 13.7 kcals/mole. That is, a value intermediate

between the two values for the non-hibernating animal.

(B) 1Mitochondrial Membrane Enzymes of Oxidative Phosphorylation:

1. Succinate Oxidation

Let us turn now from the enzymes of glucose utilization to those of
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oxidative phosphorylation located in the mitochondrial membrane.

As early as 1969 Kemp, Groot and Reitsma (47) had demonstrated non-
linear Arrhenius plots for succinate oxidation by rat liver mitochondria.
The T; they reported was 17°C with values for Eaj above this of 8.9 kcals/
mole and 18.8 kcals/mole for Eayy below the temperature (Table 4). The

following year Lyons and Raison (53) confirmed this non-linearity for

succinate oxidation in rat liver mitochondria although their value for Tg
was 23°C, while that for Eay above the transition was 2.5 kcals/mole and
that for Eap below the transition was 23.4 kcals/mole, That is, values
very different from those of Kemp, et al. (47). Lyons and Raison also
studied the temperature dependence of succinate oxidation from mitochon--
dria obtained from the livers of poikilotherms (rainbow trout and channel
catfish). Both these preparations gave linear Arrhenius plots without

any thermal transitions in the 5°-35°C temperature range, and with a single
Ea value of 8.3 kecals/mole for the trout and 12.2 kcals/mole for the
catfish.

All these values were later confirmed in a subsequent paper (67) where
it was shown that tﬂe treatment with detergent converted the discontinuous
homeotherm plot of the rat into a linear plot similar to that obtained
from poikilotherms.

Very soon after this Raison and Lyons (65) also reported that the
nonhibernating ground squirrel gave a non-linear plot for liver succinate
oxidation with a TZ at about 20°C and values of 9.1 kcals/mole and
16.7 kcals/mole for Eaj above and Eayy below the transition respectively.

However, preparations obtained from a hibernating animal gave a linear plot
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with no thermal transition between 5°-35°C and again an intermediate value of
13.8 kcals/mole for a single Ea. Later, this work was extended by McMurchie

and Raison (57) to show similar non-linear data for rabbit heart mitochondria
(T: about 21°C; Eay 3.4 kcals/mole and Eayy 12.6 kcals/mole) while that from

the heart of the poikilotherm cane toad gave a linear response to temperature
and hence a single value of 15 kcals/mole for the Ea.

Lenaz, et al. (50) have also reported non-linear Arrhenius data for
beef heart mitochondrial succinate oxidation with a somewhat higher TE at
27°c andlvalues for Eaj of 9.1 kcals/mole and Eayy of 17.0 kecals/mole above
and below this transition temperature.

More recently, Wodtke (76) has reported mon-linear Arrhenius plots
for both mitochondrial succinate oxidation and cytochrome oxidase activity
from the livers and muscle of a species of hatchery-bred carp (Cyprinus
carpino) which had been maintained at an environmental temperature between
18°-20°C. When these fish were exposed to colder water at 10°C for 28 days
the value for T] was 15°C, while it rose to 23°C when the fish were warm-
adapted to water at 26°C for 21 days. Interestingly the values for Eaj and

Ea.. under both cold and warm adapted situations did not change significantly

1T
but remained near 5 kcals/mole above and 10 kcals/mole below the T;.

There is some experimental evidence which does not fit this general
scheme for mitochondrial enzymes. It is the data of Woodard and Zimny
(77) who measured succinic dehydrogenase activity in the hearts and brains

of non-hibernating and hibernating ground squirrels. These workers

reported only linear Arrhenius plots in both organs and under both
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physiological states. Unfortunately these investigatoxs studied only four
temperatures in their experiments (5°, 13°, 21° and 35°C), and there were
huge variations in the standard errors of the mean data points they cbtained.
Therefore, I do not feel that the data can be regarded as definitive.
However, although not the interpretation favoured by the authors, my own
assessment of their data from brain preparations is that the non-hibernator
probably gave a nonélineaE'Arrhenius plot which became linear during
hibernation!

(C) Membrane Enzymes of Active Transport

Let us now look at enzymes of another form of energy tranduction,
those involved in the active tramsport of ions across biological mexbranes.

1. Ca't-ATPase

In an early study Inesi and Watanabe (45) observed a linear tempera-
ture dependence, i.e. a single straight line Arrhenius plot of catt-
activated ATPase of sarcoplasmic reticulum (SR) preparations from rabbit
leg muscle examined between 5°.20°C., This plot showed good correlation
with 45CcatT—uptake by the same system, About the same time Yamamoto and
Tonomura (79) also reported a linear Arrhenius plot obtained from SR of
rabbit dorsal muscle over the wider temperature range of 0°-37°C, however
these latter workers used a substrate concentration well below the
optimum necessary for maximal catt uptake (Table 5).

At the 1971 Perth Conference on Muscle Disease I reported that under

45

- : ++ :
experimental conditions of maximal Ca ' -uptake by rabbit leg muscle

SR preparations (23), we could observe a pon-linear Arrhenius plot
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for Ca++—ATPase activity between 0°-37°C with the Tg at about 10°C. The
values for Eaj and Eaj; were 16.3 kcals/mole and 33.4 kcals/mole respec—
tively. It should be noted that this data was obtained under experimental
conditions which yielded a linear Arrhenius plot for Ca++—uptake. That is,
the temperature dependence of the enzyme process was different from that
of the transport process. Presumably these different thermal profiles
reflect two different but very closely associated protein functions in the
overall Ca.++ pump.

Subsequently, in a very detailed study of 4SCa++--uptake and Ca++—
ATPase activity of white skeletal muscle of rabbit hind leg, Inesi,
Millman and Eletr (44) confirmed that these preparations have non-linear
Arrhenius characteristics. They determined a TZ at 20° with values for
Eay and Eayy of 16 and 29 kcals/mole respectively, in their preparations,
Similar findings were reported by Madeira and Antunes-Madeira (54) who
also observed non-linear Arrhenius characteristics in rabbit skeletal
muscle preparations with a Té at about 17°. However, the activation ener-—
gies reported by these latter workers were somewhat lower in that the
values for Eaj and Eajy were 9 and 22 kcals/mole respectively. A transition
temperature at 11.5° has also been reported for sarcoplasmic reticulum pre-
parations of the lobster (55) suggesting that non-linear Arrhenius character-
istics for Ca++—ATPase can also be observed in poikilotherms.

However, Becker and Willis (9) have reported linear Arrhenius plots

for sarcoplasmic reticulum Ca++-ATPase obtained from the leg muscles of the
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homoethermic rat (Rattus norvegicus) and an awake hibernator — the thirteen—

lined ground squirrel (Citellus tridecemlineatus). Although these observa-—

tions were made between 5°-37°C there were only six temperature points
through this range and inspection of the data shows that a non-linear fit
could be made to the rat preparation (Fig. 4) with a TZ at about 27°C, while
that from the ground squirrel was probably linear near this temperature.

In a related study Cossins and.Bowler (28) have reported that they did not
find any differences in the Arrhenius activation energy for thermal

inactivation of Ca++—ATPase activity of sarccplasmic reticulum from the

abdominal muscles of freshwater crayfish which had been temperature
adapted to either 4°C or 25°C for several weeks.
Obviously the situation with this particular enzyme is not completely
clear and more detailed comparative studies are required before we can
. . .. . . ++
finally decide what are the characteristic thermal profiles for Ca -
ATPase in a variety of species, and at variable environmental temperatures.,

2. (Na+ + K+)—ATPase

There is considerably more information available about the other
major cation-transporting enzyme system of the plasma and endoplasmic
reticular membranes - the (Na+ + K+)—ATPase of the "Sodium Pump".

Firstly, it is well known that the specific activity of this enzyme is
subjected to very marked seasonal variations. In poikilotherms (frogs) both
Kennedy and Nayler (48) and Céaky and Gallucci (29) have shown dramatic
falls in enzyme activity of both the heart and intestine during the winter
months. This fall correlates with either the loss cf sensitivity to some

cardiovascular active agents or to a decrease in sugar and amino-acid
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transport., Conversely, Fang and Willis (35) reported a significant increase
in the specific activity of (Na+ + K+)—ATPase in the renal cortex of Syrian
hamsters during hibernation, and we have recently observed an equally

marked increase in brain (Na+ + K+)—ATPase from ground squirrels during the
hibernation state (25).

In addition to these seasonal variations in enzyme activity, there
have been many studies of this enzyme's temperature profile from a large
variety of animals and tissues, For example, as early as 1966 Gruener
and Avi-Dor (40) reported a non-linear Arrhenius plot for (Na+ + K+)—
ATPase obtained from rat brain (Table 6) . This non-linearity in (Na+ + K%)~
ATPase activity of enzymes prepared from the brains of homeotherms has been
confirmgd repeatedly (15,59,73). 1In my laboratory we have observed the
same phenomena in enzymes prepared from guinea pig, rabbit, sheep and pig
kidney (19,20,21,22). By recalculating the data of Willis and Li (75)
obtained from an awake hamster, we could also obtain a non-linear Arrhenius
plot for the renal cortical (Na+ + K+)—ATPase of this hibernating species,

McMurchie, Raison and Cairncross (57) have also‘reported non-linear
temperature dependence for (Na+ + K+)—ATPase preparations from rabbit
heart at the same time as they detected only linear temperature dependence
with an enzyme preparation from the poikilotherm toad. Unfortunately, the
enzyme assay system employed by these investigators contained only 40 mM
Nat and 40 mM K+, and did not include ouabain or other specific enzyme

inhibitors, thus making the assertion that they were measuring
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(Na+ + K+)—ATPase equivocal. However, a similar but not identical change
had been reported some years before by Bowler and Duncan (14) who showed
that in a brain preparation from a frog kept at 9°C for 1 week prior to
their experiment, the microsomal (Na+ + Kf)—AIPase had a vefy much lower
value for the energy of activation below T; than that of a rat, This
change in temperature profile they described as representing a charac-
teristic‘"poikilotherm pattern" which was different from that found in
enzyme preparations from homeotherms.

Some studies have also been carried out with several hibernating
species both awake and during torpor. Bowler and Duncan (16) demonstrated
markedly non—lineaE_Arrhenius plots for brain (Na+ + K+)-ATPase from the
hedgehog, which by our calculations from their data did not change greatly
between non~hibernation and hibernation states. Similarly, when we
recalculated the effect of temperature from the brain (Na+v+ K%)—AIPase
data of Goldman and Willis (38) and Goldman and Albers (39) for hamster
preparations, we also obtained markedly non-linear Arrhenius plots
whether the animals were awake and active, or whether they had been in
hibernation for various periods of time.

We have recently extended these observations in a series of experi-
ments in our own laboratory. Firstly, we compared the temperature depen—
dence of ATP hydrolysis by brain and kidney (Na+ + K%)—ATPase preparations
obtained from several common species of homeotherms (rabbit, sheep and
beef), an awake hibernating species (the Richardson's ground squirrel,

Spermophilus richardsonii) common to this area of Alberta, and from the

leg nerves of two species of poikilotherms the Pacific crab (Cancer magister)

and the Atlantic lobster (Homarus vulgaris) (24).
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When the Arrhenius plots and the Ea values of all these preparations
are examined (Table 7), it is apparent that all the temperature plots are
non-linear and there are no striking differences in the temperatures of
the thermionic transitions, nor are the values for Ear and Eajp from a
particular tissue very different. The awake hibernator could not be dis-
tinguished from a homeotherm on these grounds, although the enzyme prepara-
tions from the axons of the poikilotherms gave values for Eaj and Eayy which
are lower than any obtained from either homeotherms or an awake hibernator
(24).

Apparently the enzyme preparations from poikilotherms are the most
thermocdynamically efficient when judged on this basis, although they did
not produce the straight-line pattern of Arrhenius activity previously
reported by McMurchie, et al. (57) for their toad heart preparations,
Perhaps we should recall that Bowler and Duncan {(14) did not observe a
linear Arrhenius plot with their frog brain preparations either!

In this particular study we also labelled the membrane enzyme pre-
parations with the fluorescent probe 12-(9-anthroyl) stearic acid (12-AS)
which we had used previously to determine the effect of temperature on
the molecular mobility of the membrane lipids of sheep and pig kidney
(Na+ -+ K+)~ATPase preparations (20).

Like our previous findings with the sheep and pig enzyme there was a
strong correlation between the non-linear plots of molecular mobility of
the lipids of homeotherm brains and non-linear Arrhenius plots of their
(Na+ + K+)~ATPase activity. The TZ values were about 25°C for all prepara-

tions (fig. 5).
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The results with poikilotherm membranes were quite diffgrent in
that the change in fluorescence polarization was only linear between
8°-32°C as a thermal transition could be observed above this temperature!
That is, the previously observed close correlation between thermal effects
on lipid mobility and (Na+ + K+)-ATPase activity in membranes from kidney
and brain of homeotherms could not be so readily observed in membranes
from poikilotherms. Whereas there is a marked change in the fluidity of
the lipids of homeotherm membranes at about 25°C, no such change could
be detected by 12-AS labelling in the fluidity of the membranes from
poikilotherms at this temperature, although a change did occur above 32°C.

However, when we compared the slopes of the fluorescence polariza-
tion vs temperature plots from the two species (Fig. 5), it is apparent
that the crab membranes are more fluid than those of beef brain over their
normal physiological temperature ranges. This of course is in complete
agreement with the- lower energies of activation that were found for
poikilotherm (Na+ + K+)-ATPase preparations than for beef brain enzyme
preparations at all temperatures studied (24).

In some subsequent experiments we also found that the markedly non-
linear Arrhenius pattern of ground squirrel brain (Na+ + K+)~ATPase did
not change even after more than 100 days into their hibernation season
(25). Furthermore, the values for Té, and Eay above and Eajy below this
critical temperature were not significantly different from those previously
reported for enzyme preparations from homeotherms (21) (Table 8).

What we did find which was of great interest to us was that there was

a very marked fall in both the rate and amount of inhibitor (SH—ouabain)
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binding to these membrane enzyme preparations after prolonged periods
(30-100 days) into the hibernation season. Clearly there were very marked
changes in both the rate of [3H]—ouabain binding (affinity) and the total
amount of binding, i.e. the number of inhibitor binding sites in this
brain tissue during hibernation (27) (Table 9).

Very recently we have completed a similar study of the (Na+ + Kf)—
ATPase of the ground squirrel renal cortex (26). Firstly, and unlike a
previous study by Fang and Willis (35) uéing cold adapted and hibernating
Syrian hamsters, we found a highly significant fall in (Na+ + K+)—ATPase
in the ground squirrel preparations after both short term (< 30 days)
and long term (> 75 days) hibernation at 5°C (Table 10). This fall
in enzyme activity was matched by a fall in both the rate and amount of
ouabain-binding to the membrane enzyme preparations. Thus the fall in
kidney enzyme activity during hibern;tion is unlikely to be due to a.
change in the functional ability of the enzyme, but is propably due to a
loss in enzyme protein under these conditiomns.

As we have repeatedly seen already in this discussion, another
measure of an enzyme's thermodynamic efficiency is to determine the Ea
of the system via an Arrhenius analysis, For comparative purposes alone
this was most suitable in this case. From the data we obtained in
thirteen separate experiments with awake and hibernating ground squirrels,
it is also apparent that their renal cortical (Na+ + K%)-ATPase gave
non-linear Arrhenius plots under all experimental conditions (Table 11).
In addition, the values for Tz and Ea; and Eagpy during hibernation were not
significantly different from those obtained in the awake summer control

group.
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Thus it is clear that no changes occurred in any of these thermo-
dynawic parameters during the hibernation season, and that no changes in
thermodynamic efficiency of the enzyme could be inferred from this data.

Rather, these findings strongly support our earlier proposal that
in ground squirrel kidney (Na+ + K+)—ATPase preparations there is a
marked loss of activity due to a significant fall in the amount of "pump-

ing enzyme" available during hibernation. These results are in marked

contrast to the concept of "cold resistance'" in this tissue, which has

been proposed by Willis and his colleagues (35,75). -

V. DISCUSSION

In discussing these experimental results I think it is clear from
Table 2 that for the cytoplasmic enzymes LDH and MDH there is overwhelming
evidence that their Arrhenius plots are linear, irrespective of the tissue
or species of origin, and apparently the environmental temperature. For
pyruvate kinase (PK) the situation may be different in that while it is
possible that enzyme preparations from poikilotherms give linear Arrhenius
plots, it seems that enzyme preparations from both hibernators and homeo-
therms could yield non-linear Arrhenius plots (Table 3). In addition, it
also seems that biological adaption to reduced environmental temperature
results in a marked reduction in the transition temperature of this
enzyme. As PK is part of the complete enzyme mechanism for the breakdown
of glycogen which is found in'the "soluble' fraction of cells, the non-
linearity of PK Arrhenius plots is presumably independent of any membrane
effects,

For the succinate oxidation system of the mitochondrial membranes

of either liver or heart, there is some ‘evidence that the enzyme systems
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from poikilotherms display linear Arrhenius plots, while those mito-
chondrial enzymes from homeotherms yield non-linear plots. With mito-
chondrial enzymes from the hibernating ground squirrel there is evidence

that the temperature profile seems to change from the non-linearity of a

homeotherm in the summer to the linear form of a poikilotherm enzyme during
hibernation (Table 4). In vitro modification of the lipid content of
jsolated mitochondrial membranes by detergents strongly suggests that this
is a lipid mediated phenomena (64,67). There is also good evidence that

the fatty acid content of mitochondria undergoes major changes during hiber-
nation although the effects seem to be confined to young animals (62).

While there is not yet a great deal of evidence concerning thermal
profiles for Ca++~ATPase of either poikilotherms or hibermator prepara-
tions, it seems probable that membrane preparations from homeotherms dis-—
play non-lipear Arrhenius plots with a variety of transition temperatures,
possibly depending upon the experimental conditions under which the
enzyme was assayed (Table 5).

Fortunately, there is a wealth of data concerning the (Na* + K+)—
ATPase of coupled sodium and potassium transport acroés biological
membranes. Only the toad heart enzyme has been reported to yield a
linear Arrhenius plot (57), and for technical reasons this must be
regarded as a somewhat doubtful result. To my knowledge no fish heart
(Na+ -+ K+)~ATPase enzymes have been studied in this way. All homeotherm
preparations which have been examined yield non-linear Arrhenius plots
irrespective of the tissue source of the enzyme (kidney, brain and heart).

Even the frog brain preparation of Bowler and Duncan (14) did not yield a
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linear Arrhenius plot although we should remember that the animal was
collected during the spring and had been maintained at 9°C for a week
prior to preparation of the enzyme (Table 6).

By recalculating the experimental data of Bowler and Duncan (16),
Goldman and Willis (38) and Goldman and Albers (39) obtained from both
awake and hibernating hedgehogs and hamsters, we also found non-linear
Arrhenius plots for (Na+ + K%)-ATPase preparations under all these condi-
tions, a result which agrees with our own recent findings for the ground
squirrel (25,26). It seems very probable then that these non-linear
temperature profiles for (Na+ + K+)—ATPase are not altered by seasonal
changes in the temperature of the environment,

This was certainly true in our own experiments with ground squirrel
whether the (Na+ + K+)—ATPase enzyme was derived from brain or renal
cortex (Table 8), as we could not detect any significant change in T;
during hibernation., However, we did find major decreases in inhibitor
binding to the enzyme preparations (Tables 9 and 10) similar to the changes
in ligand and substrate binding to cytoplasmic enzymes during hibernation
reported by Borgmann, et al. (11,12,13).

There is as yet little evidence that the enzymes of different organs
in a particular animal display markedly different forms of temperature
profiles, although until further work is done it may be that the heart

will prove to be different from brain or kidney in this regard.

VI. SUMMARY
Generally linear profiles are obtained with the soluble enzymes
LDH aud MDH, yet PK is clearly different in that there seems to exist

a characteristic pattern for poikilotherms which differs from that of
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homeotherms. This type of characteristic pattern change is even more
apparent with mitochondrial enzymes of oxidative phosphorylation where
there is also good eviden;e for correlation between patterns of activa-
tion energy and the molecular mobility of lipids in the membranes.

With the (Na+ + Kf)—ATPase of the plasma and endoplasmic reticular
membranes the situation is different again. Experimental evidence is
strongly in favour of non-linear Arrhenius plots for enzyme preparations
from all tissues and species so far examined. We do not believe that
this characteristic temperature profile changes during hibernation.

Thus there is no unifying concept for the role of phase-changes in
biological membranes being responsible for the changes in enzyme function
during hibernation, for while the organ may mnot be important in this
regard, it seems very likely that the subcellular localization of the
enzyme in either the mitochondrial or the plasma membrane makes a most
important difference. While there can be little doubt about the profound
changes that occur in the lipid composition of both whole brains and
hearts of animals during hibernation (4,62), it is Fherefore not yet
clear what effect this has upon the enzymatic function of the organs.

Presumably very detailed reconstitution studies of purified enzymes
into liposomes of variable phospholipid composition obtained from both
hibernators and euthermic controls will be necessary before this question
can be answered, as this would allow us to rigorously control and test
the effects of changing membrane lipid composition upon the temperature
dependence of selected enzyme systems thought to be important in hiber-

nation.
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FICURE LEGENDS

Fig, 1:

Fig. 4&4:

The Singer-Nicholson fluid mosaic model of mewbrane structure,
Globular membrane proteins are shown embedded in the lipid
bilayer (white) which has occasional cholesterol molecules
(black) interspersed between the fatty—acid "tails" of the
phospholipids. Some proteins are embedded on only one side
of the lipid bilayer with their hydrophobic ends deep within
the hydrocarbon core of the membrane, while their hydrophilic
enés protrude into the aqueous phase. Other larger trans-

meubrane proteins pass entirely through the 1lipid bilayer.

Illustration adapted from Singer (70).

Typical linear Arrhenius plot of log initial rate of reaction
velocity (K) versus reciprocal of absolute temperature (T°)

in degrees Kelvin.

+
Typical non-linear Arrhenius plot of (Na + K )-ATPase activity

from 5°-37°C, Adapted from Charnock, et al. (21,22).
3 =— —=2

Arrhenius plot of rat skeletal muscle sarcoplasmic reticulum
Ca++FATPase.

( ® ); experimental data taken directly from Becker and
Willis (reference 9) with a single value for the apparent
activation energy of about 25 kcals/mole derived from a
straight line fit of the datum points.

; identical experimental data offset by 0.5 log units

i¢

B

and analysed by the computer assisted method described by



Fig. 5:

Charnock, Cook and Casey (reference 22). The calculated
transition temperature (T2) is near 18°C. The values for
Eay above and Eaj; below the transition are 19.4 and 32.1

kcals/mole respectively.

Temperature dependence of fluorescence polarization (P) of
membrane preparations of (Naf + K+)—ATPase labelled with

the lipid probe 12-(9-anthroyl) stearic acid (12-AS).
Results are given as %-versus temperature (°C) and are the
means of four detérminations at each temperature on crab
nerve (3) and beef brain ( o ) enzyme preparations. The
transition temperature (T;) for beef membranes is 25°C

while that for crab nerve membranes is at 32°C. The tempera-
ture dependence of crab nerve preparations is linear below
32°C.,

Full experimental details are given in Charnock and Simonson

(24).



TABLE 1:

PARTIAL LIST OF ENZYMES DEMONSTRATED TO HAVE NON-LINEAR

ARRHENIUS PLOTS PRIOR TO 1965

*
Reference

Critical
Enzyme Temperature °C
Invertase 0
Trypsin 0
Pancreatic lipase 0
D-amino-acid oxidase 8
Phosphorylase b 13
Aldolase 16
Myosin ATPase 16
Fumarase 17
B--amylase 20
Cytochrore C reductase 21
Salivary amylase 24
Phosphorylase a 31
Chymotrypsin 34
Chymotrypsinogen L4
Ribonuclease 63

Sizer, et al. (1942)
Sizer, et al. (1942)
Sizer, et al. (1942)
Massey, et al. (1966)
Graves, et al. (1965)
Massey, et al. (1966)
Levy, et al. (1959)
Massey (1953)

Piguet, et al. (1952)
Vernon, et al. (1952)

Schneyer (1952)

Helmreicht, et al, (1964)

Havsteen, et al, (1963)

Brandts (1964)

Harrington (1956)

% TFor full details of the references cited see Massey, et al, (56).
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LINEAR ARRHENIUS CHARACTERISTICS

Activation Energy

Enzyme Species Tissues keals/mole Refs"
Salmonids Muscle 10 - 13 42
Cod —~w——=, liver, heart 15 - 17 60
Frog Muscle, liver, heart 11 - 17 50
#Snake Muscle 12 1
(cold adapted)
LDH Platypus Muscle, liver 19 g
Echidna Muscle, liver 17 7
Hedgehog = me———— s liver, heart, brain 13 - 18 60
Bat Muscle, ~=---, heart 17 - 19 60
Guinea pig ——====, liver, heart, brain 12-- 16 60
Frog Muscle, liver, heart 12 - 13 60
Cod emeeae y liver, heart 10 - 13 60
Platypus —————— , liver 16,5 7
MDH Echidna ———we=, liver 16,5 7
Avian w—mewme, liver 12 - 15 2
Hedgehog m=wwm~=, liver, heart, brain 12 - 14 60
Bat Muscle, liver, heart 13 60
Guinea pig —————— , liver, heart, brain

%* Tull detalls of these references are given in the Reference Section to this paper,
# The author also describes a non-linear Arrhenius plot having an "inverse break" at 28°C and Eay

15,5 kecals/mole and Eayy 6 kcals/mole for a warm adapted varilety of the same reptile,



TABLE 3:

ARRHENTUS CHARACTERISTICS OF PYRUVATE KINASE

FROM VARIOUS SOURCES

Actlvation Energy

~ kecals/mole

Enzyme Species Tissue Ar;?sgius Te Eay Eary Refs™
Rainbow trout Muscle Linear none 30 none 72
Rat Musc}e Non-linear 25 10 20 72
PK Antarctic fish Muscle Non-linear?’ 10 20 10 72
Bat (euthermic) Muscle, liver Non-linear 17 9 20 13
Bat (hibernating) Musecle, liver Non-linear 5 14 44 13

% TFull details of these references are given in the Reference Section to this paper,

# This non-linearity 1s described by the authors as an "inverse break" in which the value for

EaI b EaII'



TABLE 43

ARRHENIUS CHARACTERISTICS OF MITOCHONDRIAL SUCCINATE

OXIDATION FROM A VARIETY OF SOURCES

Activation Energy

Arrhenius o Eakcals/moleEa Refs*
Class Animals Tissue Plot c I 1I
Poikilotherms Rainbow trout Liver Linear none 8,3 none 53
Catfish Liver Linear none 12,2 none 53
Carp (cold adapted) Liver Non-linear 15 4,8 9.8 76
Carp (warm adapted) Liver Non-linear 23 5.7 8.9 76
Cane toad Heart Linear none 415 none 57
Homeotherms Rat Liver Non-linear 17 8.9 18.8 47
Rat Liver, heart Non-linear 21 - 24 2,5~ 2,9 19,5 - 23.4 53
Beef Heart Non-linear 27 2.1 17.0 50
Hibernators Ground squirrel Liver Non=-linear 22 - 23 2.1 16.7 65
(awake)
Ground squirrel Liver Linear none, none 65

(hibernating)

13.8

% Tull details of these references are given in the Reference Section of thls paper.



TABLE 5:

ARRHENIUS CHARACTERISTICS OF SARCOPLASMIC RETICULUM

Ca++

-ATPase FROM A VARIETY OF SOURCES

Activation Energy

Kcals/mole
Arrhenius o Ea Ea %
Class Animal Tissue Plot ¢ i S II Refs
Poikilotherms Lobster Skeletal muscle Non-linear 11.5 10 19.5 54
Crayfish (cold Abdominal muscle Linear None —— - 28
adapted)
Crayfish (warm Abdominal muscle Linear None - — 28
adapted)
Homeotherms Rabbit Leg muscle Linear None 13.8 - 16.0 none 45
Rabbit Dorsal muscle Linear None 24 none 79
Rabbit Leg muscle Non=linear 10 16,3 33.4 23
Rabbit Skeletal muscle Non-linear 20 16 29 b4
Rabbit Skeletal muscle Non=linear 17 9 22 55
Rat Leg muscle Linear None 25 none 9
Rat Leg muscle ?Non=-linear 18.6 19.6 31.6 i
Hibernator Ground squirrel Leg muscle Linear None 28 none 9
(awake)
Ground squirrel Leg muscle 7Non-linear 22,8 19.8 32,1 it

(a