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ABBREVIATIONS

AA - amino acid
ADP - adenosine-S'—diphosphaté
ATP - adenosine-5'-triphosphate
BAT =~ "~ brown adipose tissue

CA - cold-acclimated

CE - cold-exposed

EDTA - ethylene diamine tetraacetic acid
IBAT - interscapular brown adipose tissue
NA - noradrenaline

NST - nonshivering thermogenesis
I~-DNA - mitochondrial DNA

SNS - sympathetic nervous systen
tRNA -~ “transfer RNA
TRIS =~ tris-hydroxymethyl-aminomethane

WA - warm-acclimated
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ABSTRACT

Major changes in the mitochondrial protein synthesizing system
of brown adipose tissue and skeletal muscle mitochondria, but
not liver mitochondria, have been shown to be associated with
the development of nonshivering thermogenesis during acclima-

tion to cold of the rat. Three different experimental approaches

were used:

- ‘the determination of the half-life of mitochondrial
proteins and of various mitochondrial protein frac-

tions in the intact animal;

- the measure of the "in vivo" 1)‘"C-leuc:ine incorpo-~
ration in mitochondrial proteins and various mito-
chondrial protein fractions together with the deter-
mination of "free" leucine concentration in plasma

and various tissues;

- the determination of the "in vitro" amino acid in-

corporation in mitochondrial proteins.

It is postulated that alterations in metabolism of certain pro-
teins synthesized by brown adipose tissue and skeletal muscle

mitochondria are directly or indirectly responsible for the de-
velopment and for the maintenance of the increased capacity for
making heat by nonshivering thermogenesis that characterize the

cold-acclinmated state. e




I. PURPOSE OF THE THESTIS

The main purpose of this thesis is to evaluate the possible role
of the mitochondrial protein synthesizing system in the regula-
tion of the mechanisms of heat production in various tissues of
the rat under a physiological conditioﬁ which is known to pro-
duce important qualitative and quantitative changes in the basic

mechanisms of energy regulation, nhamely cold-acclimation.

The consequent objective is to study the relations between mito-
chondrial protein synthesis and
a) the mechanisms of nonshivering thermogenesis (NST)

b) the mechanisms responsible for the development of
the increased capacity for NST

during cold-exposure and cold-acelimation of the rat.,

The princiral question asked is: "Is the mitochondrial protein
synthesizing system directly involved in and responsible for the

development of NST during acclimation to cold of the rat"?

As this thesis involves the study of a correlation between the
biogenesis of mitochondria and acclimation to cold, the litera-

ture review which follows is divided accordingly in three parts:

A. Acclimation to cold and nonshivering thermogenesis
B. The biogenesis of mitochondria
C. The relation between acclimation to cold and the bio-

genesis of mitochondria



II. LITERATURE REVIEVW

A. ACCLIMATION TO COLD AND NONSHIVERING THERMOGENESIS

l. INTRODUCTION

It is essential for homeotherms exposed to a cold environment
to maintain the:r body temperature constantAand to adapt in a
very rapid and efficient way to this stress, It is therefore
‘not surprising that they have developed several different me-
chanisms to increase their heat production or to decrease their
heat loss. Carlson and Hsieh (1970) have derived a simple equa-
tion describing heat exchange between an organism and its envi-
ronment:

Tb = I(M - E) + Ta
where Tb = body temperature (central temperature)

Ta = a composite temperature of the environment

I = insulation factor
M = heat generated by metabolic reactions
E = evaporative heat loss

This equation means that in order to maintain its body tempera-
ture (TH) constant, the animal has at its disposal means of alte-
rating its insulation (I), its metabolic rate (M) or its eva-
porative heat loss (E)., Heat loss is in general prevented by
"physical" means (i.e. changes in I or E) such as.the laying-
down of subcutaneous fat, piloerection, peripheral vasoconstric-

tion and heat production is elevated by an increase in the meta-



’

bolic rate of the animal (M), The rat responds to cold-exposure
by altering I,E and M, but the marked and sudden increase in its
metabolic rate is quantitatively the essential mechénism which

contributes to a constant body temperature,

2. THE PHYSIOLOGICAL CLASSIFICATION 0 THERMOGENIC PROCESSES;:

SHIVERING AND NONSHIVERING THERMOGENESIS

For many years physiologists have classified mechanisms of heat
production in two categories: shivering thermogenesis and non-

shivering thermogenesis (NST).

- _Shivering thermozenesis

The mechanism of the muscle-localized shivering thermogenesis

is relatively well-understood. The ATPase associated with shive-
ring produces an increased supply of ADP to the mitochondrion.

ADP rather than Pi stimulates the oxygen consumption of the tight-
ly coupled muscle mitochondria and its own rephosphorylation into
ATP (Chance and Williams 1955, a,b,c). Increased guantities of
heat are produced during the breakdown of ATP and during the sti-

mulated respiration of the mitochondrion.,

The 1link between increased shivering and increased heat produc-
tion is demonstrated by "in vivo" experiments in which the sup-
pression of shivering by curare results in an inhibition of the
increased metabolic rate which normally parallels shivering., The
curarized warm-acclimated rat (WA) exposed to cold becomes very

quickly hypothermic and dies (Cottle and Carlson 1956). Thus,



the first and essential stimulus of shivering thermogenesis is

the release of acetyléholine by motor nerves.

= _Nonshivering thermogenesis

The mechanism of NST is not understood, By definition and, as
its name implies, NST represents any thermogenesis which is not
mediated by shivering. This is not a very precise definition
because "a priori" it could be iocalized not only in muscle, but

also in other different tissues and therefore be mediated through

different mechanisms,

The rat and many other species are able to use the shivering and
the NST mechanisms in response to a cold stress in order to in-
crease their heat production, but the extent to which they wili
use only one of them or certain proportions of both mechanisms
will depend on such factors as their age, the magnitude of the

cold stress, the time of cold-exposure, if they are hibernating

animals or not.

The new-born rat, for example, does not shiver when exposed to
cold and maintains its body temperature constant. It is thus pro-
ducing heat by NST,but during its growth at normal temperatu-

re ' it progressively loses the capacity for NST,. so that. -

the adult, WA rat will respond mainly fo a cold stress by shive-
ring and not by NST, However, if that rat is maintained in the
cold (59°C) for a veriod of 4-6 weeks, shivering as measured by

electromyogram progressively disappears without any major change



in the elevated metabolic rate (Hart et al, 1956), (Fig. 1).
Thus, the adult rat is able to regain the capacity for making

NST it had just after birth only by a prolonged stay in the cold.

Any interpretation or measurement at the molecular level of a
bPhenomenon related to NST should account for these fundamental
characteristies: (1) NST ig a facultative process. To quote

Devpocas (1960):

“Nonshivering thermogenesis should not be a permanent
manifestation of a tissue but be subjected to being
turned on and off, just like shivering in the warm-
acclimated rat, in response to changes in environmen-

tal temperature",
NST is thus turned off in isolated tissues or cells, in homoge-
nates, in isolated mitochondria etc.,, Just as shivering thermo-
genesis is not present in an isolated piece of muscle, NST is
present only "in vivo" in certain tissues of the rat when it is
exposed to a cold stress. (2) NST is an adaptative process, To
quote Himms-Hagen( 1970):
“NST has been demonstrated to occur only in certain
new-born species (rabbit, rat, guinea pig, human)
in hibernating mammal (bat, hamster, ground squirrel)
and in certain species that have been acclimated to
cold (rat, rabbit). It does not occur vhen they are
adult, when they are not hibernating or when they are
not acclimated to cold".
Thus, the capacity for making NST could be, at least during a
certain period of time, a definite characteristic of certain
tissues directly or indirectly involved in making or control-

From these considerations it is clear that the study of adapta-

tion of the rat to cold is a very useful experimental problem
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Pisure 1: Ranid increase in shiverins followed by a slow
decrease during acclimation to cold.

The lower vart of the diagram shows muscle electrical activity
and the upper vart, the heart rate in function of the time of
exnosure at 6°C, After 30 days the cold-acclimated rats were
moved from +6°C to -5°¢ (right-hand part of the diacram). The
broken lines show the range of variation and the cross-hatched
vertical bars show the muscle electrical activity or the heart

. s o
rate in warm-acclimated rats living at 30 C,

(From ¥art et al. 1955),



for the understanding of the two basic phenomena characterizing
NST: the relatively slow mechanism controlling the development

of the capacity for making it and the very rapid mechanism which

switches it on and off.

3. INVOLVEMENT OF THE SYMPATHETIC NERVOUS SYSTEM IN ACCLIMATION

TC COID AND NONSHIVERING THERMOGENESIS

The sympathetic nervous system (SNS) is activated during the cold-
exposure of warm-acclimated (WA) and cold-acclimated(CA) rats

and there is good evidence that noradrénaline(NA) liberated from
the sympathetic nerve endings rather than adrenaline mediates the
switching on and off of NST., NA is also the principal hormone
involved in ‘the development of the capacity for making NST., Evi-
dence for this has been reviewed by Himms-Hagen (1967; 1972, a)
and will only be briefly summarized here according to three dif-
ferent types of experimental approaches: (1) the measure, (2) the
inhibition and (3) the mimicking of the activity of the SNS during
cold-exposure and cold-acclimation. It should be added that the
SNS is not only deeply involved in the development of NST and

in the mechanism of switching on and off heat production, but is
also the main regulator of +the necessary substrate mobilization

without which no extra heat could be produced.

(1) Methods which measure the activity of the sympathetic nervous

svstem: the measure of the svnthesis and excretion of cate-

cholamines or related metabholites,

Increased synthesis, excretion and turnover of catecholamines :!.



is generally considered g good indication that the SNS is acti-

vated (Himms-Hagen 1967)., There is an increased urinary excre-

tion of adrenaline and NA and various other related metabolites

in WA and CA rats exposed to cold (Leblanc and Nadeau 1961; Leduc

1961; Sellers et al. 1972). These studies have shown that:

a)

b)

a)

The excretion of catecholamines is proportional to the tem-

rerature of exposure and is greater in younger animals (Leduc
1961).

The excretion of NA rises five to six times in the first
days of cold exposure, reaching its peak at about one wveek.
Thereafter its excretion declines but remains at elevated

levels during several weeks (Leduc 1961; Sellers et al, 1972).

The pattern of adrenaline excretion is different; after an

initial increase with a maximum at 7 days, the excretion

returns to normal levels when the rat is acclimated to cold

(Leduc 1961),

If the CA rat which excretes and synthesizes much more NA
than the WA rat is returned to the warm, the excretion va-

lues drop to normal within one or two days (Leduc 1961),

In addition to an increased excretion of catecholamines
there is also during acclimation to cold increased excre-

tion of various metabolites of the catecholamines (rig. 2).
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The 3-methoxy-4-hydroxy-phenylglycol (MHPG) ié the major
metabolite of adrenaline and NA in the rat., Its excre-
tion rises sharply during the first hours of cold expo-
sure and after a period of fluctuations remains constant

at elevated levels during acclimation to cold (Sellers et
al. 1972).

The main conclusions of the studies of catecholamine excretion

is that they are very useful as an index of activation of the
SNS, but they cannot measure quantitatively that activation,
because of such problems as the fact that much of the NA secre-
ted from the nerve endings is taken up again in the same nerve
endings and will therefore never appear in the urine in any form
(Himms-Hagen 1972,a).The many problems of quantitative evaluation.
of the increased synthesis, excretion and turnover of catechola-
mines during acclimation and exposure to cold have been discussed
by Himms-Hagen (1972,a). The main conclusions are that NA and
adrenaline synthesis and excretion may proceed at rates inde-
pendent'one of another, that they are both activated on cold ex-
posure, that their excretion declines after one week, and that
NA, but not adrenaline,synthesis and excretion remains elevated

during all the time the rat stays in the cold.

(2) Kethods which reduce the activity of the sympathetic nervous

system,

The rationale of this experimental approach is: if the SNS-is-
directly involved in adaptation to cold, methods which artifi-

cially inhibit or reduce its activity should also inhibit the ‘
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the ability of the rat to survive and +to adapt to cold,

It is possible to inhibit the activity of the SNS by immunolo-

gical, surgical (adrenalectomy, adrenodemedullation, sympathec-
tomy) or by pharmacological means (the use of ganglion blocking
agents, adrenergic blocking agents, drugs which prevent the re-

lease of NA from nerve endings, drugs which inhibit the synthe-

sis of catecholamines, etc.).

In general, the single use of one of those methods, like adreno-
demedullation, impairs, but does not inhibit totally the abili-
ty of the rat to maintain its body temperature constant and to
survive in the cold. More drastic procedures have to be used,
like a combination of immunosympathectomy and adrenodemedulla-
tion, or adrenodemedullation and inhibition of catecholamine syn-
thesis (inhibition of dopa decarbo#ylase), to show that the ac-
tivity of the SNS is essential for the survival in the cold.
However, older rats seem tc be less dependent on the activity

of the SNS than younger ones as shown by the fact that the older
rats survive in the cold even when immunosympathectomized and
adrenodemedullated (Sch8nbaum 1966)., Young rats equally treated
become very quickly hypothermic and die (Berti et al. 19635)., It
is surprising that in the older rats the excretion of NA is simi-
lar to that of the controls and is probably due to a remnant ac-

tivity of the SKS,

Moreover, those methods do not distinguish between the contribu-
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tion-of the shivering or nonshivering mechanism that the rat is
using for increasing its heat production when a part of its SNS

is inhibited. The differentiation between the two mechanisms of
thermogenesis was achieved in a series of elegant experiments per-
formed by Cottle and Carlson (1956), in which shivering was inhi-
bited by curare. rigure 3 shows that curarized WA rats exposed to
cold become very quickly hypothermic after a small initial increase
in their metabolic rate, whereas curarized CA rats have a normal
increase in their metabolic rate, which permits them to maintain
their body temperature during at least 2 hours. This proves that
the WA animals have a small or no capacity for making N3T, whereas
the CA animals can rely on that sole mechanism for maintaining
their body temperature. Cottle and Carlson (1956) also investi-
gated the role of adrenal medulla in NST by the surgical removal
of that organ 10 days before the éxperiment in CA and WA animals.
They proved that the presence of the adrenal medulla was not essen-

tial for the maintenance of a normal metabolic rate of both groups

of animals at room-temperature, but that the lack of that organ impairs§

but does not suppress completely the marked..increase -in metabolic rate

observed in the CA group, suggesting that the adrenal medulla takes

part in N3T, but is not essential for the process.

A similar experiment was performed by Hsieh and Carlson (1957)
with the use of a much more drastic technigue than adrenodeme-

dullation: the use of the ganglion blocking agent hexamethoniun,
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Figure 3: Increased capacity for NST in CA rats.
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¥etabolic response of curarized WA and CA rats to lowered ambient

temverature, and the effect of adrenal demedullation on NST are
sfiown. lean oxygen consumption, rectal temperature and ambient

temperature are plotted on ordinate; minutes before and after

cooling on abscissa.

(rom Cottle and Carlson 1956),



14

which, by inhibiting transmission in sympathetic ganglia, prevents
the release of NA from nerve endings and of adrenaline and NA

from adrenal medulla. They showed that if hexamethonium is ad-
ministered to curarized CA rats before cold-exposure, the increase
in their metabolic rate is totally inhibited (adrenodemedullation
in the experiment of Cottle and Carlson inhibited it only partial-
ly), and if administered after cold~-exposure, when oxXygen uptake

is high, it decreases markedly the elevated metabolic rate (Fig. 4).
NA, but not adrenaline, prevents this decrease in oxygen consump-
tion, suggesting at first sight that NA is more effective than

adrenaline in curarized CA rats.,

However, the catecholamines were administered by intramuscular
injection and it is not possible to draw any definitive conclu-
sion regarding the efficiency of those hormones to reverse hexa-
methonium effects, because it is possible that adrenaline is more
slowly absorbed than NA by this kind of injection (Himms~-Hagen
1972, a). 1In fact, adrenaline and NA administered by intravenous
injection are equally efficient in the mimicking of NST (Himms-

Hagen 1972, a).

In summary, these methods have demonstrated that the SNS is direct-
ly involved in NST, but that it is very difficult to inhibit it
entirely, probably because the SNS is a highly integrated and
adaptable mechanism as both parts of its two major divisions (the
adrenal medulla and the sympathetic nerve endings) can take over

the functions of the other part when necessary (Himms-Hagen 1967).
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and %A rats (o). The room-temperature was cooled to 5°C at zero

time, . Hexamethonium was injected intravenously at the points

indicated by arrows.

(From Hsieh and Carlson 1957).
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(3) Methods which mimick the activity of the sympathetic nervous

system: the calorigenic action of adrenaline and noradrenaline.,

The CA rat which,excretes and synthesizes much more NA thén the
WA rat, has also an increased capacity to respond to the catecho-
lamines. The marked difference between the response of a WA and
a2 CA animal to the intravenous infusion of NA is shown in Fig.5.
Intravenous infusion of adrenaline induces similar responses.
This enhancement in the calorigenic response is not due to an
increase in sensitivity to NA, but to an increase of the maximum
attainable response (Himms-Hagen 1972, b). In fact, the increase
in the metabolic rate of the CA rat due to intravenous infusion
of NA approaches the maximum capacity of the rat for oxygen con-
sumption and is of the same magnitude as its metabolic rate in

the cold (Jansky 1966),

Actually the NA calorigenic effect is directly related to the-
development of NST during acclimation to cold as shown by the

following experiments:

a) A comparison of Fig, 1 and 6A shows that when a rat is ex-
posed to cold, shivering, as measured by electromyogram,
increases in about 20 minutes to a maximum, and, if the
rat is maintained in the cold, decreases very slowly during
4 weeks. This means that NST (which is total thermogenesis
minus shivering thermogenesis) changes. in an inversely pro-

portional way. During that same period there is a very
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Figure 5: Enhancement of the calorigenic response +to noradrenaline
by cold-acclimation. Oxygen uptake of a warm- and s cold-accli-
mated rat during infusion of noradrenaline is shown. Noradrena-
line was infused intravenously, 0.5 microg/lOOcmz. minute, from

0 to 30 minutes. The WA rat had lived at room temperature (25°-
289C) and the CA rat in the cold (49C) for 13 weeks. The values
of 80,5 and 22.0 on the graph are obtained from the area under

the curve during the 30 minutes of infusion of noradrenaline ang

they represent the total increase in oxygen uptake in ml 0,/100 cm?

in 30 minutes.

(From Himms-Hagen 1970).
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slow progressive increase in the capacity to respond to
intramuscular injection.of NA, which parallels the develop-
ment of NST. The maximum calorigenic effect of NA is

attained after 4 weeks, when shivering has totally disappeared

(Fig., 64A). Intravenous infusion of NA gives similar results

‘(Himms—Hagen 1969; Depocas 1960),

The magnitude of the calorigenic action of NA progressive-
ly disappears during cold-deacclimation (or deadaptation

of CA rats from cold) (Fig. 6B).

The magnitude of the calorigeénic action of NA is inverse-
ly proportional to the acclimation temperature (Fig. 7)

(Jansky et al. 1967),

Another characteristic is that the speed of the development
of the increased capacity to respond to NA is independent

of different acclimation temperatures ranging from +15°C

to ~1°C (Bartunkova et al. 1971) (Fig. 6A). It is surprising
that it takes as much time for a rat to adapt to a relative-
ly mild cold-exposure of +15°C as to adapt to -1°¢, The
intensity of the cold stress seems to determine only the
magnitude of the response to NA (or the magnitude of NST)
during and after acclimation, but not the speed of that

acclimation (or the speed of the development of NST)., This

suggests that the rate limiting steps of the development
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fisure 6A: Develovment of the enhanced calorigenic response to
NA during acclimation to cold. Metabolic response to intramuscu-
lar injections of NA (0.4 mg of NA/¥g) are expressed as vercen-
tage of the value obtained after 40 days of acclimation to dif-

ferent temneratures,

Zionre 63: Decrease of the calorigenic resnonse to NA in CA rats
at 500 exposed to 25°C . Ilietabolic response to intramuscular
injections of MA (0,2 me NA/Xs) are exnressed as percentaze of
the initial metabolic resnonse of CA rats.

(f'rom Bartunkova et al. 1971).
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bolic response due to intramuscular injections of noradrenaline
or adrenaline in anesthetized rats, kept at different temvera-
tures for 3 weeks oprior to experiments.

Remarl: Himms-Hagen has proved that there is no significant
difference in the calorigenic response of the rat acclimated %o

0 - - . . . .
5 C either after intravenous infusion of adrenaline or nora-

drenaline (Himms-Hagzen 1972).

(From Bartunkova et al. 1971).
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of acclimation to cold reside in the sequence of hormonal
and metabolic events which take place in the tissues as a |
consequence of the activation of the SNS, and not in the
magnitude of that activation, Actually it is possible to
change the time course of the development of the capacity

to respond to NA by the surgical removal of.intenscapular
brown adipose tissue (IBAT), or by inhibition of the brown
adipose tissue (BAT) mitochondrial protein synthesis (Himms-
Hagen 1969; 1971; 1972,b).The central role of that tissue

in the development of NST will be discussed in more detail

later.

A more direct approach was used in the experiments of le-~
blanc and Pouliot (1964), which showed that prolonged treat-
ment of rats with NA increased their capacity to respond
to NA as well as their cold resistance. Even if shivering
in those experiments was not measured, they suggest that

NA plays an important role in the development of adaptation

to cold.

Thus, the measure of the calorigenic action of NA can be a very

useful instrument for the measure of NST because it mimicks re-

latively well its two fundamental characteristics: the faculta-

tive process of its rapid switching on and off, and the slow adap-

tive process of the increase for the capacity for makKing :NST during

acclimation to cold.
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4, RELATIVE PARTICIPATION OF VARIOUS ORGANS IN NONSHIVERING
THERMOGENESIS '

In order to evaluate the relative participation of individual
organs in NST it is necessary to compare the increase in the
total rate of oxygen consumption specifically produced by NST
in a cold-exposed rat to the actual increase in the rate of
oxygen consumption of individual tissues. In a recent paper

Jansky states that:

_ "The best and ideal technique would be one based

on organ blood flows and on extraction of oxygen

from the blood. However, this represents a great

obstacle in small animals where cannulation of

small vessels under physiological conditions is

practically impossible" (Jansky 1971).
An indirect way to obtain some information is based on the logi-
cal fact that a tissue cannot consume more oxygen than is supplied
to it., The problem is thus to calculate how much oxygen is de-
livered to individual tissues of CA rats exposed to cold. The
maximum capacity of oxygen uptake by a tissue can be estimated
by the rate of bdblood flow through that tissue multiplied by the
arterial oxygen concentration, assuming that all the oxygen sup-
plied to this tissue will be consumed by it. It is clear that
this method does not provide any information about the real oxy-
gen consumption of an individual tissue or its participation to
total NST, because each tissue consumes an unknown proportion

of the oxygen supplied to it, but it is very useful to eliminate

certain tissues which do not receive enough oxygen, as important

sites of NST,



In 1968 Jansky and Hart measured the cardiac output and the or-

gan blood flow in WA and CA rats exposed to cold. They observed
that cold-acclimation as well as cold-exposure of CA rats increasead
the cardiac output and that cold- ~eéxposure increased the blood

flow through several tissues of WA and caA rats., Table 1 shows
values of maximum oxygen consumption of rats making actively NST,
i.e. the CA rats in the cold, that were calculated from the tig-
Sue. blood flow data given by Jansky (Jansky and Hart 1968), knowing
that the arterial 0, concentration was 16, 7m1/100ml of blood and
assuming that all the OXygen supplied was consumed by the tissue.
The comparison of the maximum capacity of tissue oxygen consump-
tion with the real oxygen consumption of the CA rats in the cold

which is 16ml 0,/min/rat gives the maximum capacity of a tissue

to participate in NST,



TABLE I

MAXIMUM CAPACITY OF INDIVIDUAL TISSUES FOR §ST-
IN COLD ACCLIMATED RATS EXPOSED TO COLD (970)

Maximum
‘ BLOOD FLOW capacity . % of total-
ORGAN WEIGHT (g) (ml/organ/min) for 07 (2) metabolism (3)
consumption (Maximum capacity
(ml 02/organ/min) for NST)
' [Whole rat 317.00 (8) (D
Carcass 169.10 (8) 55.85 +15.40 9.32 58.2
Kidneys 3.84 (8) 32.40* 5,63 5.41 33.8
Intestine 39.30 (8) 54.03 211.60 , 9.02 56.3
Liver 16.60 (7) 12.78 + 2.47 2,13 13.0 (4)
Skin 49.95 (8) 13.77 + 3.66 2.29 14.1
Total 175%
Heart 1.20 (8) 5.0+ 1.24 0.901 5.6
Diaphragm 1.07 (8) 1.65* 0,62 - 0.275 1.7
Lung 2.32 (8) 4.90* 1,25 0.818 5.1
Spleen 0.87 (8) 1.72+ 0.56 0.287 1.79
Thymus 0.58 (7) 0.66 + 0,29 . 0.110 0.68
Pancreas 1.46 (4) 2,91+ 0.49 0.485 3.03
White fat 3.02 (8) 0.76 * 0,31 0.127 0.79
Frown fat 1.54 (8) 3.59+ 0.60 . 0.599 3.74
Testes 5.60 (8) 1.68+ 0,36 0.280 1,75
Adrenals 0.07 (5) 0.50 + 0.30 0.088 0.55
Total 24.,73%
Grand Total . . 191.00 31.89 199.73%

(1) Number of animals

(2) Arterial blood O, concentration: 0.167 ml 0,/ml blood

(3) Total metabolism“: 16 ml Op/rat/min.

(4) If the portal blood is assumed to contain .082 ml O0,/ml blood, then liver will
receive a supplement of 4.43 ml of O_/min from inteStine which will raise its
maximum capacity for NST to 41% and %ill.decrease consequently the maximum ca-
pacity for intestine.

From Jansky and Hart, 1968.
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from these calculations it is evident that small tissues lake
heart, dlaphragm. lung, spleen. thymus, pancreas, white fat.'
brown fat, testes, adrenals cannot be important sites of NST be-"
cause at - Dbest the sum of their maximanm capacity for consuming
oxygen represents only 24,.7% of NST, and that 5 tissues‘: muscle,
(carcass)kidneys, intestine, liver and skin could be "a priori"
important sites of NST, Another important deduction is that un-
like the specifically localized muscle shivering thermogenesis,
NST cannot. be localized in only one of those tissues because none
of them has a capacity equal or superior to 100% for making it.
The problem is thus to estimate the proportions of the participa-

tion of those 5 remaining tissues to NST:

A. MUSCLE

Depocas (1958; 1960,b) was the first who clarified that problem

in 1958 by demonstrating in a very elegant experiment that evisce-
rated, curarized CA rats showed a large increase in oxygen uptake
which was only slightly lower than that of the.non-eviscerated

CA contfol group (Fig, 8). However, considering that evisceration
per se reduced oxygen consumption because it puts out of circula-

tion several tissues, the increases in oxygen consumption were

similar in both groups.

Depocas thus proved that the viscera, including the liver and the
intestine, are not required for the switching on of NST and that

extravisceral tissues are qﬁantitatively more important sites for
NST than the visceral ones. By deduction, he focussed the atten-

”tion on extravisceral tissues like skeletal muscle,
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Jigure 8: Persistence of nonshivering thermogenesis in functionally
eviscerated rats. Average O2 consumptlon and muscle electrical ac-
tivity of barbltal-anesthetlzed 30° and Gog acclimated rats at 300¢
(average 0o consumption of all similarly acclimated rats given for
interval 0 -~ 33 minutes), at 300 after evisceration (groups 1 and Ly,
at 60 after evisceration (groups 2 and 35), and at 6°C after sham-
operation (groups 3 and 6) are shown. Arrow iﬁdicates time of evi-
sceration‘or transfer to 6°C or both, All groups consisted of five
animals except group 3 in which there were six, Evisceration con-
isted of tying off the rectal colon, coeliac and superior mesente-
ric arteries and the portal vein; this procedure effectively pre-

vents blood flow through intestine and liver,

(From Depocas, 1953),



- More direct evidence for the participation of muscle in NST was

|
i
obtained in 1963 by Jansky and Hart (Jansky and Hapt 1963). They |
measured ."in sity" ,;
content and blood flow of different leg muscles of CA rats before

and during exposures to cold, or during NA perfusion at room-tem-

perature. They observed that the oxygen uptakevof leg muscles

increased 104% after NA infusion ang 132% after exposure of the

rat to cold, while the oxygen uptake of the whole ra
126% respectively.

L8z

t increased 112% and%
As the total skeletal muscle weight is about 1

)

of the total rat weight (Heroux and Gridgeman 1958), Jansky i

estimated that the contribution of muscle to NST is 50-70% (Jansky

and Hart 1963; 1968). It should be noted that the authors point

out that the increaseg oxygen éonsumption in leg muscles produced

by NA or cold éXposure was due almost entirely to the increases

s WS E A EN e e

in arterio-venous oxygen differences and not to an increase in

blood flow because in all their experiments arterial oxygena

and blood flow did not change,

tion
but venous oxygen fell. This sug- ;

gests that muscle can increase its capacity for taking up oxygen

out of thé blood without a necessary increase in oXygen supply.

B._ KIDNEYS

In contrast to muscle Jansky observed that the kidneys did not
increase their oXygen uptake either after cold-exposure or NA in-

fusion, Jansky estimated therefore that thg kidneys do not pa

ticipate in NST (Jansky 1971). _

Y-
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C. LIVER

Similar "in situ" measures of livér oxygen consumption under "in
vivo" conditions seem technically difficult to realize due to the
complicated vascularisation of the organ (Jansky 1971). Working
with isolated rat livers from CA rats perfused with undiluted
blood, Jansky showed that the liver does not increase its oxygeh
consumption after injection of NA to the perfusate (Jansky, 1964)
but that the perfused liver can increase its oxygen consumption
by increased blood flow and blood oxygenation. However. it should
be noted that the perfused livers consume relativelylsmall quan-
tities of oxygen compared to what liver could consume “"in vivo"
(Jansky and Hart 1968). Moreover, Kawahata and. Carlson showed |
in 1959, that the blood flow through the liver increased'only 10%'
in curarized CA rats exposed to cold, and that there was no diffe-

rence in the oxygen tension between the livers of WA and CA animals.

D. INTESTINE

Intestine like liver was eliminated as imﬁortant site for NST by
Depocas' experiment (Depocas 1958). Recently Jansky measured di-
rectly the participation of intestine to NST by blood flow measures
and A-V differences betiween the aorta and the portal vein in CA
animals, before and after exposure to cold. He did not observe

any change in the A-V differences in oxygen content, but as the
blood flow increased, he estimated the increase in oxygen consump-
tion of intestine as being 64%, and the particivation of intestine

to NST as being less than 10% (Jansky 1971).

E. THE SKIN

Very few experiments were made with the skin., Cold exposure of
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CA rats does not change the blood flow to the skin (Jansky and
Hart 1968), and the separation of the skin from the leg had no

significant effect on leg oxygen consumption during NA 1nfu31on

of CA rats (Jansky and Hart 1963)

In conclusion, it is clear that if the muscle is the most impor-
tant site of NST in the CA rat, it is not a unique si%e, Its par-
ticipation in NST can be reasonably evaluated as 50-70% of the

total NST, the rest being distributed between various tissues in

which the liver, the intestine and BAT are the most important sites.

Moreover, it should be noted that we are not aware of any direct
demonstration that there is a development of an .increased capaci-
ty for NST in the muscle or any other tissue of the rat during
acclimation to cold. From the experiments of Depocas (1958) this
Seems a very likely possibility and a definitive answer could pfo-
bably be given by comparing A-V oxygen differences in curarized
or denervated muscles of WA and CA rats after cold-exposure or

nerfu51on with NA,

5. ROLE OF BROWN ADIPOSE TISSUE IN NONSHIVERING THERIMOGENESIS

Considerable evidence demonstrates that BAT is 4 site of heat pro=-
duction which is under the control of the SNS (Chaffee and Roberté
1971; Himms-Hagen 1970; Sch8nbaum et al. 1970; Smith and Horwitz
1969; Girardier and Seydoux 1971).
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As mentioned above, the contrlbutlon of BAT to NST in the CA rats

is about 5%, as calculated from blood flow data. Calculatlons

from various similar experiments suggest that its maximal contri-

bution cannot exceed 8 to 12% (Hlmms-Haaen 1972, a). 1In thls re-

spect it is interesting %o compare the CA rat to the new-born rabbit
because it seems that they represent two extremes for the quanti-
tative contribution of BAT for NST: the surgical removal of the
IBAT in the new-born rabbit results in an immediate and important
loss in the calorigenic response to cold-exposure and to NA (Hull
1965), but the same operation has no immediate effect on the CA
rat, as measured by the calorigenic response to adrenaline and NA
(Himms—Hagen 1969), Considering that the blood flow rates. per unit
weight of tissue are similar in both cases (Jansky and Hart 1968;
Kuroshima et al., 1967; Jarai 1969), the explanation lies probably
in the fact that the new-born rabbit has much larger quantities

of BAT relative to the body weight than the CA rat (in which it
represents less than one per cent of the body weight even if during

the process of acclimation to cold, BAT has tripled its initial

mass),
Two important gqualitative functions of BAT have been proposed:

(1) Smith and Horwitz (1969) have suggested that BAT is a
thermoregulator organ. This function results from its
special vasculature and anatomical location, For instance,
heat chanelled through . Sulzer's vein of IBAT could

warm up certain spinal cord thermal receptors responsible

* IBAT = interscanular brown adivose tissue ( represents about 30 %
of the total brown adipose tissue ). :



(2)
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for the suppression of shivering and for the regulation

of the calorigenic reSponse to NA during cold acciima-_

tion (Horwitz and Detrick 1971). Thus, one important
function of that diffuse tissue could be the local supply

of heat to certain organs. However, the regulatory func-

tion of that heat suppiy for the development of NST and

the suppression of shivering thermogenesis was not direct-~

ly established.

Himms~Hagen (1970) proposed that BAT has an endocrine
function which controls the development of the capaci-

ty of other organs for NST,

Fig. 9 shows that CA rats which had their

IBAT tissue removed lose their adaptive state to cold
more rapidly than the sham-operated group if they are
maintained at room-temperature. A similar reduction of
about 40% of the response to NA was observed by Leduc
and Rivest (1969). This suggests that BAT could se-
crete a factor which influences the eapacity of other
tissues to respond to NA and that this factor could con-
trol the rate of deacclimation to cold (the normal rate
of deacclimation to cold is shown‘in ®ig. 6B). More
direct evidence for this hypothesis was obtained when

it was demonstrated that the implantation of IBATVfrom
each rat into its periteneal cavity considerably reduces

the loss of that adaptive state (Fig. 9). The influence

"of the presence of the special interscapular location

of brown adipose tissue on the rate of acclimation to

[}
¥
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Increase in O, uptake during noradrenaline infusion

ml O, / 100em? in 30 min

Sham [~IBAT
1 1

; Day 4
-

re O: Effect of removal and revlacement of the IBAT of WA
and CA rats on the calorlgenic response to NA, Values shown re-
present the total increase in oxygen uptake during a 30 min. 1n—
fusion of NA., EBach bar is the mean of 4 experiments ¥ standard
error of the mean. CA rats are represenied by the bars with the
black upper portions and WA controls are represented by the open
bar to the left, The blackened portion of the bar is the diffe-
rence between the response of the CA rats and the response of
the correspondiné control WA rats{ it is a measure of the accli-
mation.to‘cold. CA rats had lived in the cold for 10-13 weeks;
WA rats had lived at foom temperature dufing this same peribd.
Rats were removed from cold or warm rooms on day 0, anesthetized
with ether and operated upon as follows: (1) sham-operated, (ii)
IBAT removed, (iii) IBAT removed, cleaned and weighed, cut into
L4 or s portions and replaced in the peritoneal cavity; a similar
laparotomy was performed also on rats in groups (i) and (ii).

Rats remained at room temperature until the infusion of A,

( *rom Himms-Hagen 1970),
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cold is shown in Fig. 10, It can be noted that the re-
moval of IBAT prior to éold-exposure of WA rats delays
during about one week the normal development of accli-
mation to cold, but does not prevent it. Thus, the in-
terscapular location of BAT and consequently the héating
through the Sulzer's vein of the spinal cord thermal

receptors are not essential for acclimation to cold to

occur,

It is interesting to compare these results to a recent experiment
made by Flattery and Sellers (1971). These authors removed IBAT
from CA rats and replaced the animals in'the cold after the ope~
ration, whereas Himms-Hagen (1969) placed similar treated rats

at warm temperature in order to study cold-deacclimation. They
observed that during the four weeks there was no significant
change in urinary excretion of the catecholamines nor in the ca-

lorigenic response to NA injection between the operated and non-

operated groups of rats.

This set of experiments demonstrates that the presence of IBAT
is not of critical importance in CA rats in the ccld as in WA
rats in the warm, but its presence is important when the WA rat
is placed in the cold or when the CA rat is placed in the warm,
It seems therefore that IBAT controls the mechanisms of acclima-
tion and deacclimation to cold, but its presence is not required

for the maintenance of the acclimated state.




increase in ()2 Uptako m! 02/ 100 crnz.mlrt
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Figure 10: Effect of prior removal of IBAT on the development
of .the enhanced calorigenic response to NA during acclimation

to cold. One week before zero time (the day on which rats were

placed in the cold at 4°C) rats either had their I2AT removed

e e e wsm AR B

under ether anaesthesia (-I3AT) or were sham-overated (SHAM).
Weights of all rats at this time were: sham, 226,3 ¥ 20,7 9{

-IBAT, 243.8 T 26.8 £ Rats remained at 4°¢ for.up to 8 weeks

at which time they weighed: sham,‘306.5.t 24.9g; ~IBAT, 334 t 19.1 &,
At 1,2,3,4,6 and 8 weeks some rats were removed from the cold:;

after 24 hours at room temperature they were lightly anaesthe-

tized with sodium pentobarbital and their oxygen consumoption

before and during infusion with NA was measured.

(®rom Himms-Hacen et al. 1972, b).
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6. BIOCHEMICAL CLASSIFICATION OF THERMOGENIC PROCESSES

Prusiner and Poe (1968) have proposed a biochemical cléssificatioﬁ
of 'heat producing méchanisms based on thermodynamic, biochemical
and physiological consideratidns. 'They have developed the fol-
lowing points:
l. The main site of oxidative metabolism in most tissues is the
mitochondrial respiratory chain,
2., In most oxidations of bioldgical foodstuffs, the change in
- free energy is very nearly equal to the change in enthalpy
and consequently, according to the second law of thermodyna—'
nmics, the change in entropy is relatively small. |
3. If it is assumed that oxidation is fully coupled to phospho-
rylation of ADP into ATP and if the "in vivo" change in en-
thalpy during ATP hydrolysis is -4.7 Kcal/mole, then about
25%‘of the enthalpy produced when food is oxidized is conserved

in ATP, the rest being released as heat,

Thus, because respiration is the bioenergetic basis of heat pro-
duction and because any increase in respiration will be accompa-
nied by a parallel increase in heat production, it is essential
for the understanding of the mechanisms responsible for the in-
crease of the metabolic rate of a rat exposed to cold; to study
the nature and the origin of the factors which control the respi-

ration of the mitochondrial respiratory chain "in vivo".

The biochemical classification of Prusiner and Poe is based on

four respiratory control points:

(a) ATP desradation: The respiration is controlled at the level




(b)

(c)

(a)
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of ATP degradation, The mltochondrlal resplratlon is coupled

with the phosphorylation of the phosphate acceptor and is con-

trolled by its rate of regeneration.,

Oligomycin-insensitive respiration (but sensitive to un-

couplers): Oligomycin inhibits partially, but not totally,re-
spiration in coupled mitochondria and blocks ATP synthe51s

and degradation. The residual respiration is called oligomy-
cin-insensitive., An uncoupler like dinitrophenol can release
the oligomycin effecis on respiration but not on ATP synthesis,
Thus, in coupled mitochondria there exist respiratory pathways

which are not coupled with phosphorylation of ADP and whose

control is not understood. In this context, Lehninger showed
that the active transport of divalent cations like calcium

is insensitive to oligomycin but blocked by uncoupllng agents

(Lehninger 1970),
Loose-coupling: Loose coupled mitochondria have normal P:0
ratios but a decreased respiratory control. Moreover, their

respiration is relatively unaffected by oligomyecin or dinitro-

phenol which decrease their P:0 ratios. Their respiration

can be controlled by substrate supply.

Uncoupling: Uncoupled mitochondria are not affected by oligo-
mycin or dinitrophenol but have very low P:0 ratios, Their

respiration seems to be mainly controlled by substrate supply.
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In this cla581flcat10n shivering thermogenesis rertains to the
’category: "ATP degradatlon" where the shivering of muscles is

the control point of respiration. Because the mechanism of NST

is not understood it could in principle be classified in any of
the four categories, except perhaps in a totally uncoupled me-
chanism, hecause BAT, skeletal muscle and all the other tissues
actively involved in NST require also a normal supply of ATP for
their development and for the maintenance of their functions. 1In
BAT this need for ATP is even increased during acclimation to cold
because the tissue increases markedly its mass and protein content

during that period (Smith and Horwitz 1969),

Of the other four pr0posed mechanisms, fhe "loosening" of oxida-
tive phosphorylation has received much support in BAT. TFor a re-
view see: (Himms-Hagen 1970). Very recently it was demonstrated
that in isolated BAT mitochondria a very small and specific
endogenous fatty acid fraction is involved in .the regulation of

the coupiing-uncoupling mechanism of BAT, prodably through effects
of allosteric nature and it was suggested that this mechanism could
be involved in the NA induced respiration of the BAT (Bulychev et
al, 1972; Cannon 1972).

Moreover, changes in the relative concentrations of adenosine phos-~
phate nucleotides within the mitochondria of BAT could also regu-
late the coupling of respiration fo phosphorylation (Pedersen and
Grav 1971). In reality, both hypotheses suggest that fatty acids
or nucleotides could act on the energy conserving mechanism of the
mitochondrion via some conformational change in the mitochondrial

membrane (Bulychev et al. 1972; Christiansen 1971).
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In summary, the development of the CA state is accompanied by an
increaséd capacity for NST ! and ‘by. increéased: calorigenicuiiciriporic
effect of NA, The skeletal muscles by their quantitative nart1~
cipation to NST and BAT by its regulatory function seem to be the
principal tissues involved in the development of cold-acclimation.
As increased capacity for NST means: increased’ capacity:for. . -
making heat, and as mitochondria are the pPrincipal sites of heat
production in the cell, the initial working hypothesis of this
thesis was that changes in the capacity for producing increased
quantities of heat by NST could be accompanied by changes in the
structure and the function of mitochondria. It was therefore de~
cided to study the problem of mitochondriogenesis in various tissues
of the rat during acclimation to cold. The mechanisms of biogene-

sis of mitochondria will be reviewed in the next section,
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B. THE BIOGENESiS OF 'MITOCHONDRIA

1. INTRODUCTION

During the last decade‘the mechanism of the biogenesis of mito-
chondria has been subjected to extensive studies which have been
reviewed recently by several authors (Roodyn 1968; Nass 1969;
Swift 1969; Kroon 1969; Borst 1969; Borst and Krdon 1969; Getz
1970; Rabinowitz 1970; Ashwell and Work.l970).

Some of those reviews discuss only certain limited aspects of

the many problems related to mitochondrial biogenesis like mi-
tochondrial genetics, the mitochondrial biosynthesis of lipids,
nucleic acids or proteins, probably because it becomes constant~
ly mofe difficult to review the multitude of papers related to
this ever-growing subject. However, regardless of their speciali-
zation, many of the authors have a common preoccupation which is
to try to answer the old question already raised in 1890 by Alt-
mann: "Are mitochondria self-reproducing 6rganelles?“ This was
and remains a very intéresting suggestion which can be justified

today by two different types of evidence:

- Altmann's hypothesis was based on morphological studies which
led him to suggest that mitochondria could be considered as
modified bacteria living as symbiotes within the cell. The
striking morphological, biochemical and functional similarities

between mitochondria and bacteria have continued to accumulate
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during fhe following years and have consolidated the theory
of the bacterial evolutionafy origin of mitochondria. As
‘bacteria are self-reproducing organisms, mitochohdria could
share the same property. This theory is critically feviewed

by Nass (1969) and Roodyn (1968).

- The phenomenon of the cytoplasmic inheritance, the discovery
of mitochondrial mutants, the recognition of cytoplasmic Feulf
gen - positive material led to the final discovery and charac-
terization of mitochondrial DNA. As a matter of fact, mito-
chondria ére completely equipped to synthesize specific pro-
teins: they have their own DNA, a DNA polymerase, ribosomes,
different types of RNA (ribosomal RNA's, tRNA's, messenger RNA),
a DNA~dependent RNA polymerase, amino-écyl-transfer RNA synthe-
tases. The final demonstration of mitochondrial autonomy re-
sults from experiments which showed that mitochondria are ca-
pable of synthesizing proteins in the absence of the microéo-

mal proteins synthesizing apparatus.

Thus, Altmann's question has to be reformulated into another se-
ries of questions: what is the degree of mitochondrial autonomy,
what controls the mechanism of mitochondrial biosynthesis and
replication, what are the functions of the proteins made by mi-
tochondria, what is the relation between those proteins and the
mitochondrial energy regulating‘mechanism, and finally what is
the Yeal advantage, 1f there is one, for the eukaryote cell of
having compartmentalized its genetic information and protein syn-
thesizing apparatus? Those problems will be discussed in the’

following sections.



Al

2, - MITOCHONDRTAL DNA AND ITS CODING CAPACITY

litochondria contain DNA (M-DNA) (Rabinowitz 1970; Xroon 1969; .
Borst and Kroon 1969) which like bacterial DNA exists in gene-
ral as a circular double stranded molecule. Ité molecular weight
is @round 1. x 107 daltons in the vertebrates, but is in general. |

higher for other organisms like -yeast, Neurospora crassa,: or

plants. = There 'is more than one molecule of DNA rer mitochondrion,

4 to 5 molecules have.been proposed for liver (Borst et al, 1967),

but it is not known if they are similar or not (Roodyn 1968), be-

cause'physica; methods like the determination of their buoyant
densities and size measurement by electron microscoPy are rela-.
tively insensitive ipdicators of genetic homdéeneity. Those me -
thodS»show that mitochondrial DNA is épparently homogeneous (Ra-
binowitz and Swift 1970), but then it is possible to wonder wﬁy
the same genetic information exists in the mitochondrion in se-

veral duplicates. The problem is important for the estimation

of the coding capacity of the mitochondrial DNA., If it is assumed

that all molecules of DNA are similar and knowing that the size
of the circular mitochondrion in mammalian mitochondria, as mea-~
sured by electron microscopy,is in general 5 microns and that
the base pairs are spaced 3.3 angstroms, a simple division shows
that there are only 15,000 base bairs or 5,000 codons in the mam-
malian ﬁ-DNA, which corresponds to a molecular weight of about
107 daltens. Even if underestimated several times, these cal-~

culations show that mitochondrial DNA has a very poor coding ca-
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pacity in comparison with E. Coli (whlch has 200 times more base
pairs) or human haploid genome (which contains 200,000 as many).
Sinclair et al, (1967) who made these calculations concluded the-
refore that mammalian mitochondrial DNA could code for only.S,OOO
AA (amino acids), or for about 30 peptides of molecular Weight

of 20,000, Xnowing the complexity of the enzymatic and structu-
ral composition of mitochondria, it is possibleito conclude, only
on the basis of their limited coding capacity, that mitochondria
are not totally autonomous organelles. On the contrary, the ma-
jority of their proteins should be coded by the nuclear DNA. The
mitochondrial coding capacity would be fotally expended if it
would only code for the 30-50 different mitochondrial ribosomal
proteins. It is important to note that this does not mean that
mitochondria synthesize only a few protéins, because it is pos-
sible that nuclear messenger RNA could be translated on mitochon-
drial ribosomes just as the mitochondrial messenger RNA could.

be translated on the cytoplasmic ribosomes,

M-DNA can undergo a semi-conservative mechanism for its replica-
tion (Luck et al. 1964; Gross and Rabinowitz 1969,a) and it possesses
an independent mechanism for DNA synthesis, since it was demon-~
strated that isolated.mitochondria can synthesize DNA in the pre-
sence of the four nucleogside triphosphates (Brewer et al., 1967)

and that 4ATP is actively incorporated in inner mitochondrial
preparations (Kalf and Faust 196%) in a reaction which is Mg de-
vendent, inhibited by actinomycin D or sonication and mediated

by a specific mitochondrial DNA polymerase.




3. MITOCHONDRIAL DNA POLYMERASE

The mltochondrlal DNA Dolymerase is different from the nuclear
enzyme (Neubert et al. 1967) and has been partially isolated
and purified from liver (Meyer and Simpson 1968; Kalf and Ch'ih
| 1968) and from yeast (Iwashima et al. 1969). The mitochohdrial
~enzyme, like the nuclear one, has an absolute requlrement for a
DNA prlmer but the enzyme template complex is much more sensi-
tive to inhibition by ethidium bromide or acriflavine than the
nuclear complex, which is a very 1nterest1nﬂ property for the
study of the information which is coded specifically by NPDNA
(Meyer and Simpson 1969). However, it seems that the M-DNA po-
lymerase is synthesized outside the mitochondrion, on the cyto-~

ridosomes (Ch'ih and Kalf 1969).

4, MITORIBOSONES

-~

Mitochondria have only a few.ribosomes and this makes the isola-
tion and the study of the constituents of these ribosomes rela-
tively difficult to realize., Only in Neurospora crassa has it
béen demonstrated that the the 73 S ribosomes are unequivocally
of mitochondrial origin (mitoribosomes) and that they are rela-
tively smaller than the 78 S cytoribosomes (Kuntzel and Noll 1967;
Rifkin et al., 1967).

lloreover, it is possible to observe by electron microscopy ribo-
somal like particles (André 1965; Swift 1965). The size and the
sedimentation characteristics of mitoribosomes vary widely not

only between different organisms, but even in the rat liver, where
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values from 50-55 S to 83 S have been reported (Ashwell and Work
1970)., Kroon (1969) has recently.listed several criteria which
have to be taken into consideration in order to evaluate this
marked variation between the sedimentation coefficients of mito-
ribosomes of a same tissue; mitochondria have to be free of any
microsomal'contaminatioh. the RNAsprotein ratio of the mitoribo-
somes and the base composition of ribosomal RNA have to be deter-~
mined, but probably the most important criterion is that the mi-
toribosomes should be able to carry out protein synthesis "in
vitro" which should be sensitive to inhibitors of mitochondrial
protein synthesis like chloramphenicol and.insensitive to cyclo-
heximide, (which is a strong inhibitor of the cytoribosomal pro-
tein synthesis). Thus, it is quite possible that the size of
mitoribosomes differs between different species or between dif-
ferent tissues, but further studies are needed before any defi-

nitive conclusion can be formulated.

5. MITOCHONDRIAL RNA'S AND MITOCHONDRIAL RNA POLYMERASE

The best evidence for amintramitochondrial RNA synthesis comes
from experiments which showed that mitochondria incubated in a
suitable medium containing the four ribonucleoside triphosphates
. can incorporate them into their RNA (Saccone et al., 1969; Sumaya
and Eyer 1968). Ashwell and Work (1969) and Rabinowitz and Swift
(1970) have discussed the many problems of the origin of the va-

rious mitochondrial RNA's. There are several types of specific
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mitochondrial RNA in different species and tissues: the 23-27 S
RNA, the 16-18 S RNA, the 4 S mitochondrial transfer RNA, lole-
cular hybridization experiments have demonstrated that the mito-
chondrial ribosomal RNA is probably derived from mitochondrial
DNA and iz the RNA of the cytoribosomes does not competé with
the RNA of the mitoribosomes for sites on the mitochondrial DNA.
However, it is not clear if all-the different types of mitochon-
drial RNA are coded by mitochondrial DNA, because it was observed

that mitochondrial RNA could hybridize with nuclear DNA.

By analogy with the cytosol RNA's, it can probably be assumed
that the 23-27 S RNA is derived from the larger particle of mi=~
toribosomes and that the smaller 16-18 S RNA is derived from the
smaller sub-unit. The fractionation of the 4 S RNA has demonstra-
ted that it contains several types of transfer RNA (tRNA), which
are specific for AA, For instance, it was shown that Neurospora
mitochondria contained at least 15 different amino acyl-t RNA
synthetases and that those enzymes as well as the tRNA's have
different chromatographic and physgico-chemical properties from
thelr corresponding cytosol molecules (Epler 1969), It is in-
teresting to note that with rat liver mitochondria Buck and Nass
(1969) have shown that several mitochondrial synthetases can acy-
late specifically the mitochondrial tRNA as well as the cyto-
plasmic tRNA, but the cytoplasmic synthetases were unable to acy-
late the corresponding mitochondrial tRNA. .In Neurospora crassa,

the specificity seems even greater, because it was shown that certain
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mitochondrial synfhetases were able to.acylatelonly mitochondrial
tRNA's and not the cytoplasmic ones (Barnett et al. 1967) It

is 1nterest1ng to note that in the same organism the coding pro-
perties for mitochondrial and cytoplasmlc leucine tRNA are dlf-
ferent (Epler and Barnett 1967). It is not yet known if some

or all mitochondrial tRNA's are transcribed from mitochondrial
DNA.,

Mitochondria have an RNA polymerase but it is not fully established
whether this enzyme differs or not from the corresponding nuclear
enzymé, because it has not yet been solubilized and purified ‘
(Kroon et al. 1967; Iuck 1964; South and Mahler 1968). The enzyme
is inhibited by actinomyecin D and is present in inner membrane.
preparaﬁions. It requifes the presence of the four nucleoside

triphosphates,

6. PROTEIN SYNTHESIS BY ISOLATED MITOCHONDRIA AS RELATED TO

THE PHYSIOLOGICAL STATE OF VARIOUS TISSUES

In 1958,McClean et al. showed that isolated mitochondria are able
to incorporaie labelled AA into their proteins and from that time
mﬁch evidence has shown that the capacity of incorporating AA

is a genéral feature of mitochondria from various species and

tissues (Ashwell and Work 1970; Roodyn 1968; Schatz 1970).

That +this incorporating activity is specifically mitochondrial
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and not due to microsomal or to bacterial contamination was de-

monstrated by several different approaches:

a) Microsomal contamination

-~ the activity is not inhibited by oycloheximide or by ri-
bonuclease which completely inhibit the activity.of thé
miorosomal system, whereas it is sensitive to inhibition
by chloramphenicol and several other antibiotics that do
not affect microsomal incorporation. |

- it is demonstrated by the use of enzyme markers that mi-
tochondria washed four times by resusPension in the iso-
lation medium contain :about 2% of microsomal contami-
nation (Beattie 1969).

- iéolated mitochondria do not require the presence of the
"PH 5 enzymes" which are essential for ribosomal inoor-

poration (Kroon 1963),

b) Baotériai contamination

- éandell et al, 1967 claimed that completely sterile mito-
chondrial preparations wefe'unable to incorporate AA into
proteins. However, several othef laboratories have shown
the contrary, by demonstrating that the addition of bac-
teria to sterile but active preparations of mitochondria
does not affect appreciably the rate of incorporation,
and that there was no corfelation between the amount of

AA incorporation and the number of bacteria present, In



fact, up to 105 bacteria per mg of mltochondrlal protelﬁ
were shown not to affect the rate of mltochondrlal AA in-
corporation (Kroon et al, 1967). _
Beattie et al. (1967,b) questioned the composition of the.
medium used by Sandell et al. (1967), claiming that it
lacked some factor necessary for mitochondrial protein
synthesis, Mbreover, they found that bacterial incor-
poration started to be significant after addition of 10“
bacteria per mg of mitochondriszl protein, but if isola-
tion of mitochondria was carried out in sterile condi-
tions, as little as 100 bacteria per ml of incubation or
30-50 bacteria per mg of mitochondrial protein could be
achieved. It seems thus, that the problems of micfoso-
mal and bacterial cdntamination are real, but that they
can be.avoided if necessary precautions are taken, for
example by working in conditions as sterile as possible
and by washing mitochondria several times in order to avoid
microsomal contamination and/or by inhibiting any possible
mitoribosomal inéorporation by cycloheximide or ribonucle-
ase treatment.

the most convincing argument that the "in vitro" incorpo-
rating activity of isolated mitochondria is not due to
bacterial contamination comes from studies in which it
was shown that it is related to the physiological‘state

of the tissue from which the mitochondria were isolated

as shovn in 7Table 2.
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2

"IN VITRO" MITOCHONDRIAL AA INCORPORATION RELATED
TO THE PHYSIOLOGICAL STATE OF THE TISSUE

Animal-Tissue~Reference

Physiological State
& observed effect_

Locusta Migratoria flight muscle

Kleinow et al. 1971

Rat Liver
Roodyn 1965

Rat Brain
Xlee and Sokoloff 1965

Rat Liver :
Braun et al, 1963; Malkin, 1970

Rat Liver
Bronck 1963

Roodyn et al. 1965
Volfin et al., 1969
Thoracic Tuscles of the To-

bacco orn ‘lorm
Chan and Richardson 1969

Rat Heart

Shahao L. and Wollenberger A.
1370

Rabbit Tiver, Brain % Heart
Hamoerger et al, 1969

Neurosnora crassa

Greenawalt (personal communi-
cation)

Rat Tntrascavnular 3rown Adinose -
Tissue
Present study

Progressive decrease upon

.molting of the insects

Mitochondria from newborn
rats incorporate more AA
than mitochondria from ol-
der rats

idem
Increase after partial hepa-
tectomy (regenerating liver)
Increase after administration
of thyroid hormones to thyroi-
dectomized rats

‘idem

idem
Increase during development

of Pupae into adult Noths

Increase in hyvertrophying
hearts with aortic constric-~
tion

Increase in brain and heart
after acute swimming exer-
cise but no change in liver

Increase during Morphogenetic
development

Increase during acclimation
to cold




It'seems*thusuthat fhese‘"in vitro" experlments reflect at least
partially the "in vivo" 31tuat10n, principally in studles where
there is increased development of a tissue like in thorac1o muscle,
Neurospora crassa cells, BAT during accllmatlon to cold, regene-'
rating rat llver and hypertrophying hearts. This was dlrectly
confirmed in this study as well as in Greenawalt's experlments
with Neurospora crassa (1972), where "in vivo" end "in. v1tro"
measurements of mitochondrial protein synthesis showed similar.
but not identical increases after development of the cells, How-
ever, the "in vitro" AA incorporation activity is merely a reflec-
tion of the "in vivo" situation as demonstrated by Hawley and
Greenawalt (1970), who observed in parallel experimenfs that the
"in vivo" rate of AA incorporation of Neurospora crassa cells

is much higher than the %in vitro" rate,

It is interesting to note that isolated mitochondria are able

to incorporate not only AA, but also precursors of nucleic acids
(reviewed by Rabinowitz 1970), of phospholipide (reviewed by

Getz 1950) and of glycoproteins or glycolipids (Bosmann and

Martin 1969; Bosmann and Case 1969; Bosmann 1971), This suggests
that mitochondria vossess an individual specific system responsible
for the synthesis of different types of macromolecules which are

involved in their structure and function.

7. ITHE TLOCALIZATION OF MITOCHONDRIAL ENZYIES

Ashwell and Work (1970, Borst (1969, b) and Ernster and Kuylen-

stierna (1970,a) have reviewed the localization of more than 40
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different enzymes between the four main compartments of mltochon-
dria: the outer membrane. the inmer membrane (and crlstae), the
matrix and the space between the inner and outer membranes. The
1oca11zat10n of several of those enzymes like monoamine. ox1dase
or the enzymes of the citric cycle is actually in dlspute between
Green's group and several other laboratories (for a comprehen51ve
review of the problem, see Ernster and Kuylenstierna 1970 b)

The problem seems to arise from the fact that at least three dif-
ferent methods (or combinations of those methods) were used by
different laboratories to fractlonate the mltochondrla- “mecha-
nical" methods based on the dlsrupt1on of mitochondria by swel-
ling-shrinking procedures followed in general by sonication, va-
rious "chemical" methods based on the use of digitonin or .other
compounds, or the phospholipase "enzymatic" method. It is clear
that all those methods use rather drastic and quite different
fractionation procedures, whereas the forces that hold many of
those enzymes together are relatively weak. However, there is
generaltagreement that the inner membrane and cristae fractions
contain all the enzymes of the electron transport chain (succi-
nate dehydrogenase, cytochrome oxidase, the ATPase complex, va-
.rious coupling factors and several cytochromes) and that the ma-

jority of the more soluble enzymes of +the trlcarboxyllc acid cycle

are in the matrlx.

The general picture that'emerges from these looalization'studies

is that the four main oompartments of mitochondria have totally
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' dlfferent enzymatlc compositions and that the inner membrane and
the matrix constitute the mltochondrlon in the functlonal sense,
because they contain all the enzymes involved in substrate oxi-
dation, resnlratlon and energy conservatlon. Several~authors
have discussed the many biochemical, structural énd functional
similarities between the outer mitochondrial membrane and the
endoplasmic reticulum on one hand (Schnaitman 1969; Sottocasa

et al, 1967), and the inner mitochondrial membrane ahd the bac-
terial membrane on the other hand (Nass 1969), which suggest ﬁa
priori" that the outer mitochondrial membrane could at least par-
tially originate from +the endoplasnmic reticulunm, whereas the syn-
thesis of the inner mitochondrial membrane could be under a re-
latively autonomous mitochondrial control. Several other expe-

rimental facts which will be discussed later support that idea.

Very recently, Greenawalt and Decker (personal communication)

have shown that mitoplasts,which are mitochondria lacking the
outer compartment, but containing within the inner membrane all
the matrix proteins, carry out oxidative phosphorylation, exhi-
bit acceptor control and energy-dependent conformational changes,
. and have thus demonstrated that the présence of the outer membrane
is not directly required for the functioning of oxidative phos-
phorylation. The outer membrane, which is readily permeable to
substances of low molecular weight, has a rather diversified en-
zymatic composition: "Rotenone-insensitive" NADH - cytochrome ¢

reductase, NADH -~ cytochrome b reductase, lonoamine oxidase,
5
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ATP-dependent fatty acyl=CoA synthetase. Glyceronhosphate-acyl
transferase, nhosnhollpase An, various transferases, etec, This
suggests ‘several different functions for the mitochondrial outer
compartiment which remain +to be determineg (Ernster and Kuylen-
stierna 1970,a).As the localization of many enzymes in various
mitochondrial compartments is known, and as it was demonstrated
that mitochondria have an individual and specific apparatus for
making proteins, the next question which arises is to know which

of these enzymes are nade by mitochondria.

8. THE SEARCH FOR_THE PROTEINS MADE. BY THE MITOCHONDRION

It was already discussed before <that mitochondria have a very
limited genetié information capacity due to the small size of
their DNA, so that only a few proteins or peptides could be ex~
pected to be coded by the mitochondrion. In higher organisms,

at least three different experimental approaches have been used:

a) Amino Acid incorvoration in isolated mitochondria

Proteins or polypeptides synthesized by isolated mitochondria
are likely to be made on the mitochondrial rivosomes if the mi-
tochondria are relatively free of miecrosomes which have in gene-
ral a high capacity of incorporating AA "in vitro". This can
be achieved by washing mitochondria several times with the iso-
lation medium and/or incubating them with spvecific inhibitors

of microsomal protein synthesis, However, this technique is not
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telling us anythlnv about the mltochondrlal origin of the neces-.
sary messenger RNA which codes for those proteins,

No conclusion can be made about the proteins which are not s&n-
thesized by the mitochondrion "in vitro" because it is p0331ble -
and even likely that during the isolation procedures several fun-

damental steps of the mitochondrial AA incorporation system have.
been affected.

b) The "in vivo" rate of amino acid incorporation

The rationale underlying this_technique is that proteins synthe-
sized by mitochondria should become labelled before the proteins
synthesized by the extramitochondrial system which have to be |
transferred from the cytoplasm to the mitochondrion before being -
incorporated in its structure. If this technique has all the
advantages of the "in vivo!. procedures, it has also its defects:

-~ The mitochondrial, the microsomal and several other AA pools
of precursors are unknown and by consequence their eventual
influence on the rate of AA incorporation cannot be estimated.

- permeability problems could also affect the results as the injec~
ted AA has to pass through several membranes before being in-
corporated into the mitoribosomes. This is one of the rea-
sons why intravenous injections have to be preferred to intra-
peritoneal or any other kind of injection.

- the origin of some mitochondrial proteins which are synthesized
very slowly (more slowly.than the microsomal proteins) cannot
be detected by this kind of technique either. That certain

~ important mitochondrial proteins are synthesized very slowly

is suggested by the fact that the half-lives of the majority
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of mltochondrlal components (DNA, various proteins and phosnho-'
llnlds) is expressed in days ( or weeks for tissues like. muscle
or brain) and also that in liver ( but not in muscle) mlcrosomal

incorporation seems more active than the mitochondrial one.

c) HMethods which use specific inhibitors of protein synthesis

The use of different inhibitors for the Study of profein'biosyn-
thesis in bacteria, chloroplasts‘and mitochondria has been.reviewed
by Roodyn and Wilkie (1968),Borst et al.(1969,a) and by Kroon(1969),
The most useful inhibitors have been choramphenicol and oxytetra-
cycline as opposed to cycloheximide, because they are Specific

in inhibiting mitochondrial protein synthesis. Chloramphenicol,
erythromycin and oxytetracycline have'been reported to inhibit
mitochondrial protein synthesis in a wide range of mitochondrial
fractions prepared from animal cells, yeast and Neurospora crassa.
There is a very interesting connection between bacterial ribosomes
which are of the 70 S type and the mitoribosomes which are both
sensitive to this type of drug and insensitive to cycloheximide.

In 1966; Clark-Walker and Linnane suggested that these antibio-
tics may block protein synthesis at the level of the mitoribo-
scmes in a similar way as they do it at the level of the bacte-
rial ribosome. These authors have demonstrated that chloramphe-
nicoi inhibits the synthesis of cytochromes a and b in yeast cells
and alters the structure of mitochondria: it was vossible to see

by electron microscopy only "mitochondrial profiles" i,e, mito-



chondria with an outer but not an inner membrane. Moreover, the
effects on mitochondrial synthesis were reversible when thé cells
were removed from the presence of chloramphénicol (‘CIarkaalker
and Linnane 1967), These studies were extended to the antibio-
tic cycloheximide which is a potent inhibitor of protein synthesis
in eucaryotic cells, but has no inhibitory effects on the bacte~
rial ribosomes. Using concentration of cycloheximide which in-
hibited yeast microsomal protein synthesis, the authors showed,
that the formation of cytochromes a and az was not preferential-
ly affected and demonstrated that yeast mitochondria are made‘

by two different protein synthesizing systems.

Chloramphenicol and cycloheximide are now widely used to study
the origin of various mitochondrial proteins, but there aré two
problems in anélyzing the effects of these drugs: 1) it is pos-
sible that the two protein synthesizing systems which cooperate
in the formation of the mitochondrion do not operate independent-~
ly of eéch other ( logically they should not) and by inhibiting
one, the other is consequently affected; 2) there exists always
the possibility that these drugs esvecially when used at high

concentrations may have several side effects,

As none of these methods is free of criticism, the combined use
of several of them represents the most fruitful approach for the
search of the proteins made bv the mitochondrion as shown in the
following discussion: Some twenty years ago Hultin (1950) and

Kéller (1954) observed that‘mif§¢hondria were able to incorpora-

te AA into their proteins "in vivo". In 1963, Truman reported
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that particles'associated with_mitochondrial membranes obtained
by three different fraction pfocedures were the site of the most
rapid incorporation of AA "in vivo". In 1966, Beattie et al,
fractionated liver and kidneylmitochondria on the basis of the
differential solubilities of their proteins into groups of pro-
tein designated water-soluble proteins, cytochrome ¢ (proteins’
soluble in KCl1l 0,12 M), contractile proteins (proteins soluble
in 0.6 M KCl); the remaining proteins were dissolved in deter-
geﬁts and fractionated with ammonium sulfate into groups of pro-
teins designated as"structural"proteins and"other cytochromes".
It was demonstrated that 2-5 min. after the injection of radio-
active leucine, the specific activities of.the readily soluble
group of proteins were lower than the specific activities of the
unfractionated mitochondria, while at longer times, the specific
activities of different fractions were approximately identical.
These results suggested that those protein components which are
most easily removed from the mitochondrial structure and which
have initial lower specific activities than those components which
require extensive treatment with detergent for their extraction
are synthesized outside the mitochondria and subsequently incor-
porated into the mifochondrial structure. Thus, the membrane
bound mitochondrial insoluble vproteins appeared to be synthesized
on the mitoribosomes, This interpretation was strengthened when
‘it was shown that isolated mitochondria incorporate labelled AA
into an insoluble membrane fraction whereas negligible incorpo-

ration occured into the readily soluble mitochondrial vroteins.,

(Beattie 1967,a).
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The next step in the search for the proteln made by mltochondrla.
_was the demonstratlon that the magorlty of the label was- 1ncor-,f.
porated "in.- v1tro" in a insoluble inner membrane fraction. corre-'-
sponding to Criddle's "structural".nroteln (Criddle 1962; Kaden-.v
bach 1966, -Beattie- 1967,a) However, it was demonstrated that the
“structural" nroteln fraction can be resolved by gel electropho-
resis 1nto ‘several . -components and recent evidence has* shown that
this fraction-contains. prlnclpally Racker's @1 coupllng'factor
(the- mitochondrial ATPase) in a denatured“‘ insoluble state (Ra-
cker. lQ?O; MacLennan 1970; Schatz 1970) . (The mltochondrlal ATPase‘
can readily be.:solubilized by a d;fferent'technlque than“thatv_»
used by Criddle). In addition, Kalf and Grece (1964) have sﬁgge-
sted that mitochondrial "cohtractile protein". was also a product
of mitochondrial prbtein synthesis-(OhniShi and Ohnishi 1962;
Neifakh and Kazakova 1963). Thevnotion of a'mitochondrial "con~
tractile" protein with thé same properties as deséribed by,thi-
shi and Ohnishi -(1962), 1ike the notion of a mitoéhondrial "struc-
tural" brotein,has been disputed by several groups (Vignais et
2l, ' 1963; Conover and Barany 1966; Maclennan 1970), but the fact
remains that isolated mitochondria.incorporate AA.mainly~into
these "structural" and “"contractile" fractions which have.been»
shown, "by gel electrophoresis, to contain dozens of different
proteins, 1In an attempt to identify those proteins~made by the
mitochondrion, Beattie (1971) showed that.isolated liver mitochon-
dria dé not incorporate AA into a protein associated with any

of several purified fractions containing the oligomycin-sensi-
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tive ATPase, the cytochréme;bécl. the cytochrome ox1dase complex
and the ‘majority of the proteins assoc1ated with the "structural"
protein fraction, Most of the radioactivity was incorporated
in a "membranous, heterogeneous, insoluble" fraction which con-
tained lesé“than'10%~of'the*tota1~mitochondrial proteiﬁiénd'whiph
~did not migrate on gel electrophoresis. Those results suggested
that the proteins made by the mitochondrion were among the lar-
gest and the least sbluble ones, However, it is very possible,.'
as Beattie admits it, that thei"Structural"lprdtein fraction con-
tained mainly denatured ' proteins which could not be well dis-
solved by the solubilization procedures used for gel electropho-

resis, -

Other ekperiments, based on the use of different antibiotics;_
showed that*chloramphehicol inhibits "in vivo" the formation of
membrane-bound cytbchromeS'a-a3 and cy in yeast (Clark-ifalker
and Linnane 1967) and in mammalian cells (Pious 1970; Firkin

and Linnéne-1969). These observations led to the suggestion that
cytochrome oxidaséAwas made by the mitochondrion which is in apna-
rent contradiction with Beattie's results. The solution came
when it was realized that cytochrome oxidase is an enzymatic com-
plex and not a single protein. Chen and Charamlampous(1969) fol~
lowed both haem protein synthesis and enzymatic activity during
yeast derepression. As it was shown by immunological methods
that anaerobic yeast cells("petite"mutation) contain cytochrome

oxidase apoenzymes (Tuppy and Birkmayer 1969), Chen and Charam-
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lampous(l°69) suggested that anoenzymes of cytochrome oxidase
could be converted into an actlve enzyme durlnv yeast glucose
dereore831on. They found that the CJclohexlmlde~sen31t1ve system
(the CJtorlbosomes) and the chloramohenlcol sensitive system (the.
mitoribosomes) had to cooperate to produce a functlonal enzyme,

As the aopearance of a functlonal enzyme was also inhibited by .
acriflavine, the authors concluded that the apoproteins synthe-
sized on the cytorlbosomes had to form a complex with some mem-
brane protein synthe31zed on the mitoribosomes and coded by M—DNA
to become fully actlve. In this context Beattle (1971) showed
that although no radloact1v1ty was associated with the two major
bands of purified cytochrome oxidase after gel electrophoresis,
81nn1flcant counts were observed in a minor slow moving band.
Beattie suggested that this small protein could act as a regula-
tory cOnfrol in the formation of a functional cytochrome oxidase
synthesized on the cytoribosomes. Recently, Tzagaloff (1971,a and
1971, b) and Schatz (1972) have studied respectively the biosyn-
thesis of the ATPase complex during yeast derepression from glu-
cose anovthe biosynthesis of cytochrome oxidase during yeast adap-
tation to oxygen. These authors have shown that the majority of
the proteins participating in the structure of the ATPase complex
and the cytochrome oxidase complex were synthesized on the cyto-
ribosomes, buf the activity of these enzymes was strictly depen-
dent on some proteins made by the mitochondrion. These exveri-
ments will be discussed in more defail later, but the general
picture that emerges presently, is that the mitochondrion synthe-
Size several unidentified, relatively insoluble proteins which

are localized mainly in its inner membrane and which participa-
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te in the structure and functions of at least two enzymes direct-

ly involved in the mitochondrial fespiratory chain and oxidative

phosphorylation,

9. QUANTITATIVE ESTIMATIONS OF MITOGHONDRIAL PROTEIN SYNTHESIS
"IN VIVO"

Direct measurements of the quantity of proteins participafing

in the mitochondrial structure and made on the mitoribdsbmés have
been fecently realized with Neurospora crassa cells (Hawley and
Greenawalt 1970) and yeast (Kellerman et al, 1971). Both measu-
rements are based on the "in vivo" estimation of the cycloheximide~ °
resistant protein synthesis and they both agree that the mitochon-
drial protein synthetic capacity is very poor (14.5% for Neuro-
spora crassa celis and 4-13% in yeast depending on the degreé of
catabolite repression of the cells). Thus, direct measurements
confirmed what was predicted from theoretical calculations based
on the estimation of the mitochondrial DNA genetic capacity,'that

mitochondria make only a few of their own prbteins.

10, THE RELATION BETWEEN MITOCHONDRIAL PROTEIN SYNTHESIS AND

MITOCHONDRTIAL FUNCTION

The existence of a direct link between mitochondrial protein syn-
thesis and the activity of respiratory enzymes was recently sug-
gested by at least three different laboratories working with three
different systems: the study of yeast respiratory adaptation (or

the transformation of promitochondria into mitochondria), the
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formation of mitochondrial ATPase during yeast dérepression from

glucose and the biogenesis of Neufospora crassa mitochondria dgu-

ring germination of the spores,

a) Neurospora crassa develooment

Greenawalt et al. (1972) have‘studied changes in mitochondrial
function occurring prior to and -during germination of Neﬁrospo-
ra crassa. The conidia are known to have low or absent mitochon-
drial enzyme act1v1t1es,and energy metabolism, which is the main
mitochondrial function, could therefore be fundamental to the
initiation of the germination and growth of this obligatory aerobdbe.,
Greernawalt et al. (1972) showed that the dramatic increase of the
ability of Neurospora mitochondria to respire and to catalyze
coupled phosphorylation after germination could be correlated
with an increased mitochondrial protein and phospholipid synthe-
sis, They suggested that the "in vivo" mitochondrial protein
synthesis which is cycloheximide insensitive but inhibited by
chloramphenicol could contribute to the increase in respiration
and phosphorylation capacity of the mitochondrial membranes,
.However, their attemuts to examine the proteins made on the mi-
tochondrial ribosomes, by gel electrophoresis, were complicated
by the active proteolysis of their mitochondrial preparations

as demonstrated by the breakdown of a standard enzyme into smal-

ler polypeptide units when mixed with their cell preparations,

b) Yeast derepression

Tzagaloff studied the biogenesis of the ATFPase complex during

yeast derepression (Tzagaloff 1971, a; 1971, b). The mitochon-
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drial ATPase was specifically identified by Racker as a compo-
nent of the headpiece of the'fartiéles seen by electron micro-
Scopy attached to the inner face of the mitochondrial inner mem-
brane (Racker 1970). The ATPase complex is made at least bf an
oligomycin insensitive ATPase (1), an oligomycin sensivity con-
ferring protein (0SCP), a juncture protein (which is the least
soluble protein of the complex, but which is essential to its
activity) and an ATPase inhibitor. As in the case of cytochrome
oxidase, there is also a necessity for‘the Presence of various
phospholipids for optimal enzymatic activity. Tzagaloff showed
first that there is an increase in ATPase and electron transfer
activities during yeast derepression and that this increase in
mitochondrial ATPase is attributable to the synthesis of 2 new
enzyme rather than activation of a preexisting one. In further
experiments he demonstrated that chloramphenicol added during
derepression induced the accumulation of a soluble ATPase (Fl)
in the cell sap and that cycloheximide inhibited the synthesis
and the consequent accumulation of that enzyme. Tzagaloff con-
cluded fhat the mitochondrial F; and the 0SCP are synthesized

on the cytoribosomes. However, since ¥, and OSCP .synthesized

in the presence of chloramphenicol are not assembled into a
functional ATPase complex, he suggested that the insoluble june-
ture protein could be a product of mitochondrial synthesis, Thus,
mitochondrial ATPase bound to the mitochondrial inner membrahe

is sensitive to oligomycin whereas purified ATPase (Fy) and the
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cytoplasmic ATPase (which is presumably identical to ¥q) obtained
after chlorampheniéol treatment are both insensitive to oligomy-
cin, and if thelcytOplasmic ATPase (F;) is combined with F1 de-
plated mitochondrial membranes it acquires oligomycin sensitivi-
ty. Tzagaloff designed a somewhat complicated system for the
assay of the juncture protein which consisted essentially’in the
measure of the reconstitution of an oligomycin sensitive ATPase
in the presence of an excess of Fy, OSCP, and submitochondrial
varticles containing the juncture protein. Tzagaloff also showed
~that although chloramphenicdl and cycloheximide both inhibited
Juncture protein activity, the levels of Juncture protein were
increased dramatically if the cells were incubated’first in the
presence of chloramphenicol (which produced a cytoplasmic accu-
mulation of F; and OSCP) and then in the presence of cyclohexi-
mide, If the addition of the inhibitor was reversed, such effects
were not observed. The fact‘that in the presence of cyclohexi-
mide there was increased levels of juncture protein was interpre-~
ted by Tzagaloff as indicating that juncture protein is synthe-
sized on the mitoribosomes but that products of the cytoplasmic
system such as F; and OSCP exert a control on mitochondrial pro-
tein synthesis. It is clear that this hypothesis deserves fur-
ther evaluation: ., but it has the advantage of pointing out some
of the most fundamental problems of mitochondrial biogenesiss

if vroducts of the cytoplasmic protein synthesizing systemlcon-
trol mitochondrial nrotein synthesis, logically and by analogy,
the mitochondrial protein synthesizing system should alsc con-
trol the cytoplasmic system. This second type of control was
recently demonstrated by Schatz (1272) and will be discussed in

the followiny section,
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c) Yeast respiratory adavtation

Yeast cells grown anaerobicaily lack cytochromes a~a3, b, ¢y and
¢, are respiratory deficient but bossess typical mDNA, "Structyu-
ral" protein, and even an oligomycin-sensitive ATPase. They have
mitochondrial-like structures which are called promitochondria.
Schatz (1970) proved by the use of double labeling techniques
that the promitochondria are brecursors of the functional mito-
chondria during yeast respiratory adaptation and that the adap-
tation requires a close coopveration of the two genetic systems

of the cell. Moreover, he showed that the promitochondrial pro-
tein synthesizing system responds to oxygen and is repressedqd by
glucose even if cytoplasmic protein synthesis is inhibited by
cycloheximide. Since the synthesis of the oxygen~controlled oro-
teins is inhibited by chloramphenicol or erythromycin in the pre-
sence of cycloheximide, these proteins are translated on mitochon-
drial ribosomes and they are probably coded by mitochondrial DNA
as Schétz observed that acriflavin inhibits all mitochondrial

or promitochondrial translation products (acriflavin inhibits
specifiﬁally the "in vivo" transcription of veast M-DNA). He de-
monstrated also that these proteins are not aberrant proteins

and that they are obligatory intermediates of respiratory adép-'
tation in "delayed adaptation exveriments"; either chlorampheni-
col alone or cycloheximide alone prevent respiratory adaptation
but if the cells containing promitochondria are first aerated

in the presence of cycloheximide and then transferred after wa-
shing in the presence of chloramphenicol, a significant adapta-
tion occurs whereas the reversal of the antibiotic addition does

not allow adaptation.
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It was alsovprqved that this_delayed adaptation requires-the pre-
sence O£_oxygen‘during both-incubationSvand is prevented if the - - °
first incubation is carried out in the presence of both inhibi-
tors and not cycloheximide alone. Thus, it seems that during
the first .incubation, some oxygen- induced intermediates of respi-
ratory‘adaptation_synthesized by the mitoribosomes can accunula-
te,buf‘cannot by:themselves»cause the emergence of respiration
unlesszcomplemented\by oxygen induced products made on the cyto-
ribosomes. Those results indicate that there should be a close
cooperation between the :two protein synthesizing systems invol-
ved in mitochondrial formation, that the two systems can be par-
tially separated in time but that either the sequence of events
requires first a stimulation by oxygen of a specific class of
proteins made on the mitoribosomes, or that a product of promi-
tochondrial protein synthesis controls the formation or the accey-
mulation of at least one product of the cytoplasmic system essen-
tial for adaptation. However, one of the most interesting points
of Schatz's discussion (1972) is:
"At first sight it may be surprising that an oxygen
control of protein synthesis could also be detected
in fully developed yeast mitochondria; these orga-
nelles possess . oxygen inducible components and should
no longer respond to oxygen. It should be recalled,
however, that we measured cycloheximide resistant la-
beling always with nongrowing cells whose turnover of
endogenous proteins was probably increased by the
"stepdown" conditions during labeling, We may, the-
refore. assume that most of the incorporation of la-
beled leucine into protein occurred via turnover of
pre-existing proteins. Under such conditions, an

effect of oxygen on protein synthesis should be de-
tected even in the absence of net synthesis,."




As oxygen can.apparently induce similar proteins in promitochon—
dria as well as in fully developed mitochondria, and as this effect
was measured in exactly 1dentica1 ‘conditions, 1t can be postulated
that at least some of these proteins are not related to the de-
velopment of promitochondria into mitochondria but are a conse-
quence of the presence of oxynen and are directly or 1nd1rect1J
related to a higher activity of the electron transnort chain.

As it is possible that oxygen induces the development of pro;
mitochondria into mitochondria by controlling mitochondrial pro-
~tein synthesis, it is also possible that, once the mitochondria
are fully developed, oxyven continues exertlng its regulatory
function at the level of mitochondrial protein synthesizing sy-
stem. In the absence’of oxygen, yeaSt mitochondria "degenerate"
into promitochondria and in the nresence of oxygen they do not.,

In reallty, oxygen controls the ‘capacity of yeast mitochondria

to consume it. Its presence-develops and maintains that capa-

city and its absence inhibits it.

11. THE VECHANISMS OF MITOCHONDRIAL BIOC:VESIS

Various mechanisms have been proposed for mitochondrial bioge-
nesis. Schatz classifies them in three main categories (Schatz
1970):

a) Mitochondrial formation from other organelles or intracellular
structures;

b) "De novo" mitochondrial formation;

¢c) Mitochondrial formation by growth and division.
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a) Mitochondrial formation from other organelles, which has re-
ceived some supnort in the past, mainly on the ground of morpho-
logical studies, seems presently unlikely in regard of the great
differences in structure, chemical and enzymatic composition,
which exist between the mitochondria and other intracellular struc-
tures or organelles. Moreover, the existence of a specific mi-
tochondrial genetic and protein synthesizing systems indicatesg
that mitochqndria possess a certain autonomy. However, as was
discussed before, the cytoribosomes of the endoplasmic reticulum
participate in the synthesis of the majority of the mitochondrial
proteins and probably alse in the majority of mitochondrial phos-
pholipids (Getz 1970). It is also possible that desPite.many
differences the outer mitochondrial membrane could originate,

at least partially, from the endoplasmic reticulum (Nass 1969).

b) The strongesf argument against a "de novo" mitochondrial for-
mation derives from Schatz' experiments which were discussed be-
fore and in which it was demonstrated that yeast promitochondria
are the direct precursors of fully developed mitochondria. upon
exposure of anaerodbically grown cells to oxygen., Similarly, the
anaerobic growth of yeast is associated with a de-differentiation

rather than a complete loss of the mitochondria (Schatz 1970).

c) The unique cinematographic studies made by Frederic with fi-
broblasts (Ffederic 1958) suggest that mitochondria are extre-

mely motile structures which continously change -~ shape and some-
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times coalesce with one another or wifh other organelles like

the nucleus, Therefdre. the humerous electron-micrographs showing
"dividing" mitochondria can be equally interpreted as showing
mitochondria in the process of fusing with another mitochondria.
However, the relative independence of mitochondria and nuclear
DNA (as shown by their turnover differences (Gross et al, 1969)
strongly indicates that mitochondria can be formed by division

or replication of a mitochondrial precursor. The experiments

of Tuck (1963; 1965,a2;1965,b) made with Neurospora mutants re-
quiring choline for growth can be considered as a conclusive proof
that Neurospora crassa mitochondria are formed by growth and di-
vision. The mitochondrial lipids of the mutants were labelled
with JH-choline and then transferred to a medium containing cold
choline. Electron-microscope radioautography showed that the
mitochondria were randomly labelled suggesting that they were
produced by division of preexisting mitochondria (Iuck 1963).

In further experiments (Iuck 1965,b) it was shown that mutants grown
in a medium relatively deficient in choline cqntain less 1lipid

and ha?e therefore a highér density than normal mitochondria,

but their lipid contents could increase after transfer to a cho-
line-rich medium. The analysis of the mitochondrial populations
by sucrose density-gradient centrifugation before, during and
after they had regained their normal phospholipid content demon-
strated the presence of only one mitochondrial povulation and

. not of two populations of lipid;poor and lipid=-rich mitochondria

as compatible with a "de novo" synthesis (Luck 1965,b).
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Initally it was believed that mitochondria turned over as a unit. (%)
This hypothe31s was essentlally based on the observations of Flet-
cher and Sanadi (1961) who observed that three different rat 1i-

ver mitochondrial fractions and the mixed lipids turned over at

the same rate. The results of several studies which followed

the work of Pletcher and Sanadi are summarized in Table 3. This
table gives quoted values for the half-lives of mitochondrial DNA,
phospholipids, mitochondrial protein fractions and enzymes in

various tissues of the rat. VWe have also included in this table

some results made with warm-acclimated (WA) and cold-acclimated

(CA) rats taken from the literature and from this present study.

(*) See Appendix
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TABLE 3

ORGAN AND CONSTITUENT HALF-LIFE REFERENCE
(in days) : '
Liver
Lipnids 10.6 Fletcher and Sanadi, 1961
Insoluble protein 10,8
Cytochrome c 9.7

Total mitochondrial

" proteins
Water-soluble proteins
Cytochrome ¢
Contractile proteins
Structural proteins
Other cytochromes

Beattie et al., 1967, ¢

DOOWn- BEHEH OO0 O0OOWWOH NOFOONE

Ho0-soluble protein

0,9% KCl-soluble protein
0.6 M KCl-soluble protein
13% (NHy, )5S0y fraction
35% (NH4)2804 fraction
Residue '
Alanine Amino transferase

Swick et al., 1968
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\1‘\7\0\;0 ovn

-

Insoluble protein

Bal ley et al., 1967
Phospholipids :

= 1
<4~ OV FoHFfuniunnunnn 0000

Mitochondrial DNA .
Mitochondrial DNA No turno

Neubert et al., 1967
Nass, 1967 '

Mitochondrial DNA
Cardiolipin

Lecithin

Phosphatidyl ethanolamine
Sphingomyelin

Gross et al,, 1969, b

I
& O~ OO RW

AN N EO

Outer membrane
Inner membrane
Insoluble protein

Beattie et al., 1969

o)

Outer membrane
Inner membrane .
Soluble protein 11,

Brunner et al., 1968

-
N

Outer membrane Outer half-life de Bernard et al., 1949
Inner membrane shorter than »
inner

conteee
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ORGAN AND CONSTITUENT

HALP-LI®E -

REFERENCE

Total proteins
Cytochrome ¢

Total mitochondrial
proteins

P

Whole mitochondrial
proteins
Water~soluble proteins
Cytochrome ¢
Contractile proteins
Structural proteins
Other cytochromes

Whole mitochondrial
proteins

¥idney

Tetal mitochondrial
proteins
Water-soluble proteins
KCl-soluble proteins
Structural proteins
Other cytochromes

Mitochondrial DNA
Cardiolipin
Lecithin
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Phosphatidyl ethanolamine

Cytochrome ¢

Total mitochondrial
rroteins

Total mitochondrial
protein ,
Water-coluble protein
Cytochrome c
Contractile proteins
Structural proteins
Other cytochromes
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7.6

10.9
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Arias et al,, 1969
Kadenbach, 1969

llenzies and Gold, 1971

Present study

Iusena and Depocas, 1947

Beattie et al.; 1947, ¢

Grose et al., 1959

Kadenbach, 1969

Menzies and Gold, 1971

Present study
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HAL®-LIFE
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REFERENCE

Skeletal muscle

Cytochrome c¢

Cytochrome c

Total mitochondrial

- protein
Water-soluble proteins
Contractile proteins
Structural proteins
Other cytochromes

Brovn Adinose Tissue

Total mitochondrial
proteins
Water-soluble nroteins
Structural proteins
Other cytochromes

Brain

Phosphatidyl ethanolamine

Lecithin

Cardiolipin + Phos-
phatidic acid

Phosphatidyl serine

Phosphatidyl inositol

Whole mitochondria
Wwater-soluble proteins

Water-insoluble proteins

Ilitochondrial DNA&
Cardiolivrin
Lecithin

Total mltochondrlal
proteins

12.5
12,8
12.2

8.0

43,0
CA
14,8

11.7
11.06
8.1
13.4
16,9

NN O~
O £\

22,3k4,35

11,19,23

73.7
27
29, 34
26.3

17.9
31.4

31.0
2.4
48,7

2L .4

Kadenbach, 1969

Depocas, 1966

Present study

Present study

Cuzner, 1966

Beattie, 1967, ¢

Cross et al., 1969, a

Menzies and Gold, 1971

Conto..
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REFERENCE

Heart

Mitochondrial DNA
Lecithin

Phosphatidyl ethanolamine

Total mitochondrial
proteins

Cytochrome c¢

Intestinal Mucosa

Total mitochondrial
proteins

Tung

Total mitochondrial
proteins

Testes

Total mitochondrial
proteins

175

17.8
43,0

17.6

16.6

12.6.

Gross et al.,, 1969, a

Menzies and Gold, 1971

Kadenbach, 1969

Menzies and Gold,. 1971

Menzies and Gold, 1971

Menzies and Gold, 1971
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The first deduction which can be}ﬁade from the analysis of Table 3
is that the valﬁes for the haif-lives of mitochondrial DNA, to-
tal proteins, different protein fractions.‘photholibids, en-
.zymes are not only different whén compared between various tis-
sues of the rat, but there is also much variation between the
half-lives of several components of mitochondria in specifictis-
sues, It seems, therefore, that the hypothesis of Fletcher and
Sanadi (1960) is not valid for the mitochondrion cohsidered as
an entity, dbut it may still have some validity if it is restric-
ted to a unit of the inner mitochondrial membrane like the mito-~
chondrial "structural" protein or some essential lipoprotein com-
plex with structural and possibly also with catalytic properties
(as the hotions of "structure" and "catalysis" do not necessari-

1y have to be opposed),

The second deduction is that there should be very important quan-
titative and possibly qualitative differences in the mechanisms

of the biogenesis and turnover of muscle or brain mitochondria
that turn over much more slowly than liver, kidney or 3AT mito-
chondria., It is possible that there exist important differences
between mitochondria of different tissues of the rat, which are
related to.their function in those tissues. The main function

of muscle mitochondria is to supply enoursh ATP for muscle contrac-
tion, whereas the main function of BAT mitochondria seems to be

heat production and the main function of liver mitochondria is
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to provide enough ATP for the various liver metabolic functions.
The structural differences, as shown by electron micrOSCOPy; be-
tween mitochondria® of various tissues of the rat are obvioﬁs,

but the qualiiative composition of the enzymes related to‘eher-

gy metabolism seems to be relatively similar between various tis-
sues {even BAT mitochondria have all the classical electron trans-
port chain enzymes) and therefore one of the main vroblems of

the study of mitochondrial function is to relate structural, bio-
synthetic and other possible qualitative or quantitative diffe-

rences to mitochondrial fpnction.

The third =-deducition.:» which can be obtained from the turnover
studies is that there exists some remarkable discrepancies be-
tween the results obtained from various laboratories. The deter-
mination of absolute turnover values is complicated by possible
influences of undetermined variables such as the nature of the
isotope used, its rate of reutilization, -the various injection
procedures, the age of the animal, the nature of the diet, etc.(*)
However, the determination of relative turnover values of vari-
ous mitochondrial fractions of different tissues made in a same
laboratory under controlled conditions is a safer procedure.

As this kind of comparative studies was carried out by several
laboratories, the general conclusions that the mitochondrion does
not turn over as a unit and that mitochondria from different tis-

sues turn over at different rates seem well substantiated,

(#*) See Appendix
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The diversity of turnover values 6f various mitochondrial compo-
nents and the fact that two différent genetic systems and two
different protein synthesizing systems participate in the bio-
synthesis of the mitochondrion have led Ashwell and Work (1970)
to formulate a dynamic picture‘of mitochondrial replication:

Although the mitochondrion itself is an entity with

a defined structure we favour the idea that apart from
mitochondrial DNA which does indeed replicate by bi-
nary fission, there is no such thing as mitochondrial
reolication. ‘e envisage any one mitochondrial vro-
tein as in temporary occupation of a particular binding
site and in kinetic equilibrium with other similar but
less stable molecules not so bound. The equilibrium
between these components would depend upon thermodyna-
mic considerations and the free, less stable, mole-
cules would in turn be in thermodynamic equilibrium
with alternative conformations which expose the mole-
cules to hydrolytic cleavage. Each component would
then have its own characteristic half-life and would
in fact require no mechanism for transvort to a spe-
cific site but would simply undergo kinetic exchange
with a preexisting similar molecule; on this basis,
moreover, mitochondrial fusions which avpear to be
random intracellular events would have no particu-

lar relevance to replication. The size of the orga-
nelles and the number of DNA molecules ver mitochon-
drion would also vary in a random fashion,"

It is very interesting to note that very few studies have been
done of the system(s) involved in the turnover of mitochondrial
proteins in comparison with the studies made of the mechanisms
responsible for vprotein syntbgsis. Swift and Hruban (1964) have
shown by electron microscopyutechniques. several stages of mito-
chondrial digestion by lysosomes which contain various acid hy-
drolases and which can theoretically be responsible for the hy-
drolysis of mitochondrial »roteins, DNA, RNA and phospholipids.

However, degradation of mitochondria by lysosomes is a mechanisn



by which mitocﬁondria would turn over as a unit (Fletchér and
Sanadi 1961). This seems not to be the case as discussed
previously.’ It is possible that the phospholipases found in
the outer'mitocﬁondrial membrane (ilaite et al. 1969; Nachbauer
and Vignais 1968) or the endopeptidases found in mitochondria
(Umana and Dounce 1964) could also participate in the degrada-
tion of mitochondrial phospholipids and proteins, In conclu-
sion, the mechanisms and the regulation of mitochondrial pro-

tein turnover are not understood.
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C. THE RELATION BETWEEN ACCLIMATION TO

COLD AND THE BIOGENESIS oF MITOCHONDRIA}

Several changes have been observed in mitochondria of various
tissues during adaptation to cold, but that there is g relation
between these changes and adaptation to cold was only well sub-
stantiated for BAT mitochondria, In Tfact, this tissue under-
goes not only a marked hypertrophy and hyperplasia during the
first weeks of the adaptation period (Smith ang Horwitz 1969),
but several biochemical and morphological changes at the mitochon-
drial level accompany this development. There is a2 marked in-
crease in the number of mitochondria per cell and in the number
of cristae per mitochondrion (Suter 1569; Thomson et al, 1969;
Skala et al. 1970), in the total and in the specific activities
of several respiratory enzymes such as suceinic dehydrogenase

and cytochrome oxidase (Barnard et al., 1970; Skala et al. 1970;
Jansky et al., 1969) and in the total cytochromes rer unit of mi-
tochondrial protein (Skala et al. 1970; Thomson et al, 1969).
These cﬁanges suggest an increase in BAT mitochondrial protein
Synthesis during acclimation to cold. Some unspecific changes
are also noted in a variety of tissues. These imply an increase
in cytochrome ¢ in heart, liver, kidney, lungs, skeletal muscles,
and spleen (Klain 1963) in CA rats. Four weeks cold~exposed rats
(SOC) showed also an increase in the specific activities of gastroc~

nemius muscle and liver cytochrone oxidase and succinic dehydro-
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genase. [luscle tissue exhibited a greater response in these com-

ponents than liver tissue (Hannon 1960),

However, similar increases in liver and skeletal muscle cytochrome
oxidase were not found in 4 weeks cold-exposed ratsv(joc)(Himms-Hagen
et al.l9?2,b).Cold-exposure raised also the coenzyme Q content

of rat liver, heart, skeletal muscle and kidney, but not brain

(Beyer et al, 19562). Therefore, the main problem with these va-
rious mitochondrial changes was to determine if they were corre-~
lated or not with the development of NST and if they were media-

ted or not by the mitochondrial protein synthesizing system.

A specific relation between the capacity for ¥NST (. ox the.. = -
capacity to respond to NA) and the biosynthesis of certain mito~
chondrial proteins:might be demonstrated if an inhibition of mi~
tochondrial protein synthesis by specific antibiotics such asg
oxytetracycline or chloramphenicol were accompanied by a parallel

inhibition of the development of NST.

The possibility of a seleétive inhibitory action of these anti-
biotics on BAT of the cold-exposed rat was made more likely by
studies showing that chloramphenicol appears to affect principally
rapidly dividing cells (Ffirkin and Linnane 1969; Gonzalez-Cadavid

et al, 1970). The same antibiotic, which does not inhibit protein
synthesis on the cytoribosomes, was shovn to inhibit the synthesis
of cytochrome oxidase and of the inner mitochondrial membrane of
regenerating rat liver cells without affecting that regeneration
(Pirkin and Linnane, 1969; Kroon and De Vries 1970; Gonzalez-Cadavid

et al, 1970). However, it was shown that for "in vivo" studies,
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the use of oxytetracycline should be preferred to chlorampheni-
col because, having also a specific inhibitory action on the
mitoribosomes, it is metabolized more slowly than chloramphe~

nicol and produces its effects during a longer period of time

(De Vries and Kroon 1970).

In fact,}it was shown (Himms-Hagen 1971; Himms-Hagen et al, 1972, b).
that repeated intramuscular injection of oxytetracycline to rats
exposed at MOC_during 2nweeks prevented the marked increase in

the development of +the calorigenic response to NA. During this
period the growth of the rats and the growth of BAT (as measured
by increase in wet weight and total protein content) were nof
altered by the oxytetracycline treatment, but the normal increase
in the specific activity of cytdchrome oxidase was strongly in-
hibited, whereas there was no effect of oxytetracycline on muscle
or liver cytochrome oxidase activity (which does not normally
increase during acclimation to cold). It was also shown that

the effects of oxytetracycline were reversible. Thus, increased
syntheéis of a small fraction of BAT mitochondrial proteins appears
to parallel the development of acclimation to cold, IMNoreover,

if oxytetracycline treatment was continued during the Tour weeks
necessary to acclimate normally a rat to cold, the_cytochrome
oxidase and the calorigenic response to NA remained both at the

initial levels,




These results suggested that:

a) increased BAT mitochondrial protein synthesis appeafs'to-
accompany the development of the enhanced calorigenic re-
sponse to MNAs; »

b) as 2AT is not the main site of NST, other tissues as ske-
letal muscle might have been affected by oxytetracycline
treatment;

c) the effects of oxytetracycline on other tissues might have
been direct or indirect: the inhibition of 3AT function‘by
oxytétracycline,might have removed an influence of BAT on

these tissues.

Thus, the use of oxytetracycline and related antibiotics repré-
sents a very useful tool in the elucidation of the mechanisms

of NST and of the role of various tissues in adaptation to cold,
However, this experimental approach is indirect and should be
complemented by a more direct measure of the relations existing
between the development of the capacity for NST and the biogene-
sis of mitochondria. In this thesis, such a direct aporoach was
undertaken. As the mechanism of the switching on of NST and the
mechanism of the development of the increased capacity for NST
are not understood,and as there still remains some controversy
about the sites of NST, it was decided to measure the effects of
cold-exposure on mitcchondrial protein synthesis and turnover,

in various tissues of WA and CA rats. This goal presented two -

82
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problems: the choice of the tissues and the choice of the tech-

nigue. It is obvious from what was said before that BAT, because

of its special role in NST,and the skeletal muscles,as the main

center of heat production,should be studied, In addition, it
was also decided to include a reference organ , the kidney, be-
cause it was shovn conclusively that this organ is not an impor-

tant site of NST and finally the liver was chosen for the study
as there still remains some controversy about its participation

to NST and because it is one of the main sites of metabolic re-

gulation.

The biosynthesis of mitochondrial proteins was studied in these

four organs by three different techniques:

- the determination of the half-1life of mitochondria
and of different mitochondrial nrotein fractions;

-~ the "in vivo" rates of AA incornoration in various
mitochondrial protein fractions;

= the "in vitro" rates of AA incorporation into mito-
chondriz; '

in a study at three different levels:

- a comparison of different mitochondrial protein frac-
tions in the same tissue;

- a comparison of mitochondria of different tissues;

- a comparison of mitochondria of identical tisgsues
in different grouns of WA and CA rats.
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III. MATERTIAL AND METHODS

A. MATERIALS

1. Rats.,

Male white rats purchased from Holzman Company were kept at room-
tempepature for several days after arrival in the laboratory.
When their weight was about 150 g;they'were divided into warm-
exposed and cold-exposed groups and placed into individual cages
with free access to water and food. The temperature of the cold
room was maintained at hoc.and the temperature of the warm room
was 25-28°C, Artificial light was kept on for approximately 12
hours daily (6 a.m. to 6 p.m.). The rest of the time the animals
| were in the dark. The body weight was determined weekly and only

rats with normal growth were used in the experiments.,

2, Chemicals

C-leucine, specific activity 338 or 316.mCi/h mole was purchased
from Schwartz Radiochemicals, Pyruvate kinase (E.C. N© 2.7.1.40),
cycloheximide, phosphoenolpyruvate (potassium salt), adenosine-5'-
triphosphate (disodium salt), Bicine (N,N-bis(2-hydroxyethyl)gly-
cine), Tris (tris-hydroxymethyl-aminomethane), EDTA (Ethylene
diamine tetraacetic acid), sodium cholate, sodium deoxycholate,

sodium, lauryl sulfate were purchased from Sigma Co,.
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B, METHODS

1) Removal of the organs and determination of their wet weight

The rats were killed at room- temperature (25—2800) by decapita-
tion after détermination of their weight. The length of time
that the different rats spent in the cold is .specified for each
experiment under the section Results. No more than L5 seconds
elapsed from the removal of the rat from the cold room (UOC) to
the decapitation. The liver, the kidneys, the IBAT and the leg
skeletal muscles were quickly removed and transferred into their
respective ice cold mitochondrial isolation medium. The tissues

were allowed to chill before being cleaned, blotted on a filter

paper and weighed.

2) Injection of 1l"C--leucine

The amino acid was injected intravenously at a concentration of
12{5 migrocuries/loo g of body weight through a polyethylene can-
nula which was placed in the tail approximately 2 hours prévious-
ly while the rats were under ether anesthesia. At the time of

the injection, the rats were at the temperature of exposure or
acclimation and were conscious. This technique was used in order
to avoid any loss of the radiocactive amino acid (AA) during the
injection procedure and also because a precise timing was required
in the experiments where animals were killed only 5 min. after

the injection,

3) Isolation of the mitochondria

As one of the principal purposes of this study was to compare

mitochondria from different tissues in YA and CA rats, it wdas




decided to proceed systematically with eight separated mitochon-
drial isolations in a same exﬁerimental day (4 different tissues
2 experimental groups). Two different methods were used for mi-
tochondrial isolation. Liver, kidneys and BAT mitochondris were
isolated essentially as described by Weinbach (1961) and skele-
tal muscle mitochondria as described by Ernster and Nordenbrand
(1967). Skeletal muscle mitochondria were isolated in a medium
consisting of 100 mM KC1, 50 mM tris buffer oH 7.4, 1 mM ATP,

5 mM MgS0y, and 1 mM EDTA, and the mitochondria from the three

other tissues were isolated in a medium consisting of 0.25 M su-
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crose, 0,01 M Tris buffer pH 7.4, 1 mM EDTA, The chilled tissues,

suspended in their respective isolation media, were cut with
scissors until a small mince was obtained. During all the iso-

lation procedures, the temperature of the samples was maintained

between 0-4°C, The minced skeletal muscles were homogenized first

with a loosely fitting all-glass Potter-Elvéhjem homogenizer (that

was kept immersed in a vessel containing cracked ice and water)

in several short periods of time, for a total time of about 2 min.,

and then with a tightly fitting homogenizer for the same period
of time. The other tissues were homogenized directly with tight-
ly fitting homogenizers for a total period of 1 min. The homo-
genates were diluted with their respective isolation media to

a volume of 10 times the initial weight of the tissues with the
exception of BAT which was diluted 40 times its initial weight.

The homogenates were centrifuged at 650 g for 10 min. in the SS

34 rotor of the refrigerated Sorvall RC2-B centrifuge. The super-
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natants were carefully decanted and centrifuged at 8,500 g for
10 min. (liver and kidney mitochohdria). Any layer of fat which
rose to the top after the centrifugatioﬁs was systematically re- .
moved. In order tr avoid microsomal contamination, the mitochon-
dria were washed four times by resuspension in their respective
isolation media and centrifugation at their respective speeds

of sedimentation (8,500 g or 14;000 g during 10 min.) (Beattie

et al. 1967, a). The different mitochondrial isolations were
processed alternately i.e. when muscle and BAT mitochondria

‘were centrifuged, kidney and liver mitochondria were resuspen-
ded in the isolation medium and vige versa. In general, eight

mitochondrial pellets from two rats were obtained simultaneous-

ly in about three to four hours.

L) Practionation of the mitochondria

Mitochondria were fractionated as described by Beattie et al,
(1967, a and 1967, b). The mitochondrial pellets were resus-
vended and extracted with 5 ml of water at 30°C in a metabolic
shaker set at 80 cycles/min and then centrifuged for 10 min} at
27,000 g« the supernatant centaining the water-soluble proteins
was carefully removed., The remaining pellet was similarly ex-
tracted with 5 ml of 0.12 M potassium chloride solution at 3000
during 5 min. After centrifugation at 17,300 g for 10 min. the
supernatant yielded the "cytochrome c" fraction. The resulting
pellet was then extracted with 5 ml of a 0.6 M potassium chlo-
ride solution for 10 min. at 30°C and centrifuged at 27,000 g

for 10 min., to remove the "contractile" proteins fraction. The
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remaining insoluble proteins were susbended in 5 ml 6f a‘0.25 M
sucrose solution and solubilized.by the slow addition of SOdium
cholate (200 mz/mg protein), -sodium deoiycholate (100 mg/mg prd-
tein) and sodium lauryl sulfate (0.75 mg/mg protein). During
the sequential additioﬁ'of the three detergents, the solutions
were frequently mixed by aspiration with a Pasteur pipet eqﬁip-
ped with a rubber bulb until an-essentially clear solution was
obtained. This solution was then treated with a few milligrams
of solid sodium dithionate (*) and potassium carbonate, completed
to 10 ml with 0.25 M sucrose and brought to 13% saturation with
neutralized ammonium sulfate. The solution was left at 4°C over-
night to ensure a complete precipitation of the proteins and cen-
trifuged at 34,800 g for 10 min to yield a fraction designated
"structural"” protein. The resulting supernatant was increased
to 50% saturation with ammonium sulfate and the floating yellow-
green material waé collected with a spatula after centrifugation

of the solution at 34,800 g for 15 min. to yield a fraction called

"other cytochromes”,.

In summary, this procedure divides the total mitochondrial popu-
lation of proteins, on the basis of their soiubility, into 5 frac-
tions. It is clear that none of these protein fractions is homo-
geneous and the names given by several authors (Beattie et al.
1966; 1967, a; 1967, b) do not imply their function. For instance,

N3

* The sodium dithionate is added to keep the cytochromes in a re-
duced state which ensures a more complete sevaration of struc-
tural vrotein from the cytochromes (Allman et al. 1967).
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it is quite possible that a protein whose only and uniqﬁe func-
tion is "structural® does not'exist, the various mitochondfial'
enzymatic lipoprotein complexes are big'enough to have "struc-
tural" properties. Recently, this Problem has been critically
reviewed by Macleénnan (1970) who demonstrated conclusively that
the notion of a "struectural® protein with the properties de-
scribed by Criddle (1962) has to be abandoned (this fraction con-
tains mainly denaturated proteins derived from the mitochondrial
ATPase complex). The same remark holds for the "contractile"
protein which may or may not exist ( Ohnishi and Ohnishi, 1962;

Conover and Barany 1966).

5) Prevaration of the proteins for the counting of radioactivity

The different mitochondrial fractions were precipitated with tri-

chloroacetic acid in a final concentration of 5% immediately af-v
ter they were obtained., The precipitated proteins were washed
twice with 5%_trichloroacetic acid and once with 5% trichloro-
acetic acid at 9000 for 5 min. (In the experiments where the ratg
- of AA incorporation into isolated mitochondria was measured, un-
labeled leucine was added to all the trichloroacetic acid so-
lutions at a 10 mi concentration). The protein were then dis-
solved in 2 ml of 0,1 N NaOQOH containing ~ 10 mM unlabeled leu-
cine and precipitated with trichloroacetic acid at a final con-
centration of 5%. If this last step was omitted, high background
counts were observed. The proteins were extracted twice with
ether-ethanol (4:1 v/v) and dissolved in 0.1 N NaOY for the coun-

ting of radioactivity and for protein estimation.
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6) Protein estimation

Proteins were estimated by the method of Lowry et al. (1951) or
by an automated Lowry method as described by Gaunce and D'Iorio

(1970). In both methods, bovine serum albumin was used as stan-
dard.

7) Countings procedures

Small® aliquots (0.2 ml) of the protein dissolved in 0.1 N NaOH
were counted in 10 ml of Bray's solution (Bray 1960), or alter-
‘nately 1 ml of the dissolved proteins were mixed with 10 ml
of Beckman's BBS-3 Ready Solv solution containing 5 g/1 of 2,5~
diphenyloxazole (FPO). The samples were counted at room-tempe-
rature in a Beckman IS-250 liquid scintillation counter. All
the éounts/hin (CPM). were corrected for quenching and converted
to disintegrations/min (DPM). Counting efficiency was in gene-

ral 86%,

8) Amino acid incorvoration by isolated mitochondria

All glassware, centrifuge tubes and solutions necessary for the
isolation and incubation of the mitochondria were sterilized by
autoclaving them for 20 min.vat 12100 at a pressure of 20 1lbs/
square inch. Only heat degradable products such as ATP, phosphoenol-
pyruvate or enzymes were added.to ice cold sterile solutions.

BAT and liver mitochondria were isolated as described earlier

in a sterile medium COntaining‘Zso mbl] sucrose, 1 mM EDTA and

30 m! bicine buffer pH 7.4‘and skeletal muscle mitochondria were
isolated in a medium containing 100 mi KC1l, 5mM MgSOp, 1lmil EDTA and

30 mM bicine buffer pH 7.4. The final pellet of the isolated

N\
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and washed mitochondria was suspended by gentle hand homogeniza-

tion at a concentration of about 5-10 mg/ml in a medium contai-~-

ning:

10 mM KH,POj,

154 mM XC1

10 mM MgCl,

1 mM EDTA (41 Na salt)

a mixture of 19 natural AA (except leucine)
5 microM each

30 mM bicine. The final pH was adjusted to 7.k

0.1 ml of the resulting suspension was added to 0.9 ml of the

incubation medium at OOC. The incubation medium contained:

10 mM KHZPOM

154 mM KC1

10 mM MgCl,

1 mM EDTA (di Na salt)

a mixture of 19 natural AA (except leucine)
5 microM each

5 mM phosphoenolpyruvate (potassium salt)

1L"C-- leucine,l microcurie/ml; specific activity
316 mCi/m Mole

pyruvate kinase (E.C. N° 2,7.1.40): 0.1 mg/ml;
specific activity 380 units/mg orotein; unit
definition: one unit will convert 1.0 mM of
phosphoenolpgruvate to pyruvate per min. at
pH 7.6 at 37°C.

cycloheximide 0.5 mg/ml

adenosine 5~triphosphate was added at several
different concentrations: 0 mhk, 0.2 mil, 0,5 mM
1 nmM, 2 mM, 5 m}{ and 10 m¥

30 mM bicine. The final pH of each solution was
adjusted to 7.4 after addition of all the com-
ponents
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After a‘preincubation period of 6 min. at 0°C, the reaction was

started by transferring the mitochondria in sterile flat-bottomed
flasks (2.2 cm diametér - loosely sealed with a plastic cap);
shaking at 80 cycles/min at 37°C in a metabolic shaker. The
reaction was stopped 15 min. later by the addition of 1 ml of

ice cold 10% trichloroacetic acid containing 10 mM leucine and

- by the simultaneous transfer of the flasks on cracked ice,

9) Estimation of leucine concentration in various tissues of the rat

After the wet weights of the tissues were determined as described
above, they were cut in small pieces and homogenized directly
in7 % sulfosalicylic acid. Blood was collected immediately af-
ter decapitation in heparinized beakers on ice and subsequently
centrifuged., One sample of plasma (2 ml) was deproteinized with
2 ml of 14% sulfosalicylic acid. All samples were extracted three
times with 7% sulfosalicylic acid and the different extracts were
mixed and diluted to a known volume. The concentration of leu-
cine wasvdetermined on the Beckman AA autoanalyzer model 1203
accordihg to the method of Spackman et al, (1958)., One ml of

the sample was applied on the top of a column of 0.,9x50 cm con-
taining AA - 15 résin (Beckman) equilibrated at PH 3.28 with a
0.2 N citrate buffer. The AA were eluted with a 0.2 N citrate
buffer pH 4,25. The quantity of leucine was determined after
elution ffom the column and subsequent reaction with ninhydrin
from the area of the peak traced'by the recorder and a color con-

stant which was obtained by passing a known quantity of leucine

through the analyzer.
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The general formula used was:

IMicromoles of leucine

It

H = height of peak
W = width in dots
C

color constant (C=22.1 for leucine)

10) Methods of calculation and statistical evaluation of the data

The half-lives (t}) of the different mitochondrial protein frac-
tions were calculated from the regre331on coefficient (b) which
was obtained by regression analysis by the least-square method.
The analysis and the determination of the equation of the lova-
rithnic regression line was calculated on a Wang calculator Hodel
380, essentlally as described in the program No, Cal 360 - STAT -
5 of the Wang Progranm lerary.r The equation of the regression
line y = a+bx, where a is the intercept on y-axis at x = 0, and

b is the slope (b is also known as the regression coefficient)

was calculated according to the equations:

gxy - ZX)(zy)

i
b =
2
2 _ €x)=
X N
and '
g = LY — bIX
N
where N = total number of 1nd1v1dual determinations
X = days
Yy = log of the specific activity

The standard error of the mean, the 95% confidence intervals and +the

"t" test of significance between the regression coefficients were

calculated according to Snedecor (1955) and Goldstein (1964),
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IV. RESULT®TS

The following‘scheme has been adopted for the presentation of
the results of each experiment: a) Purvose of the experiment;
b) Principle of the technique; c¢) Descrintibn of the experiment;
d) Results; e) Dlscuss1on (snec1xlc to the exoerlment). The pre-
sentation of the results will be followed by a general dlscu351on

and conclusion.

l. Determination of the half-lives of .different nitochondrial

protein fractions of liver, kidney, interscanmular browvn adi-

"pose tissue and skeletal muscles of WA and CA rats,

a) Purpose of the exneriment: +to see if in CA rats, there are

specific changes in the half-lives of various mitochondrial pro-

tein fractions in tissues known to be important sites of NST (BAT
and skeietal-muscle) and in other tissues where NST does not take
place, or where there is no increased capacity for making NST

during acclimation to cold (kidney and liver).

b) Princivle of the technigue: the half-lives of the mitochondrial

protein fractions were determined by labelling the proteins with
1LLC-leucine and measuring the rate of disappearance of the label.
It should he noted that this technique does not distinguish be-
tween the mitoribosomal or the cytoribosomal origin of the mito-

chondrial proteins which.turn over.



c) Descrintion of the exveriment: 34 rats were divided in two

equal groups of WA and CA rats. The rats had lived for appro-
ximately 2 months at their acclimation temperature when this
experiment was started., Body weightsof the rate at thié time
were, WA rats: 364 I 7.5 & (17 rats); CA rats: 301 ¥ 8.5 g (17
rats). Two rats (one from each experimental group) were injec-
ted intravenously with 14C-leucine (12.5 microcuries/100 g body
weight) as described under "Material and Methods" and remained
at the temperature of acclimation until they were killed. 5§ rats
.from each experimental group were killed after 2 days, 3 after

7 days, 4 after 10 days and 5 aftér 14 days. The mitochondria
of liver, kidney, IBAT and skeletal muscle were isolated, frac-
tionated and processed for counting as described under "Materi-
al and Methods". Protein =nd 1L’C-leucine content were measured
in each fraction and the specific activities of the various Ffrac—
tions obtained from the four tissues of WA and CA rats were plot-
ted against time on a semi-logarithmic scale. The equation of
the regression line was.pbtained.by regression analysis (cf, Ma-

terial and Methods).

d) Results: the half-lives calculated from the regression co-

efficients and a statistical evaluation of the data are repor-
ted in Table 4 a and 4 b (cf." Material and Methods"), For better
comparison, the values of the half-lives of different mitochon-

drial fractions are also plotted in figure 12,

- There is a significant decrease in the half-lives of SAT and

skeletal muscle mitochondria in CA rats living in the cold
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Table 4 a and 4 b: Half-lives of various mitochondrial protein

fractions of liver, kidney, BAT and skeletal muscle of CA rats,
These tables give the regression coefficients (-b), the number
of individual determinations (indicated between brackets), the
standard errors of the mean (¥ SE), the 95% confidence inter-
vals (95%) and the half—lives>(t%) calculated from the regres-
sion coefficients of the different mitochondrial fractions.
Probability values (P) that two corresponding slopes of WA and
CA rats were significantly different were calculated by the t
test. The calculation methods and the étafistical evaluation
of the data were described under "Material and Methods", The
differences betweén the WA rats and the CA rats are significant
for skeletal muscle total mitochondria (P <O}02), contractile
vroteins (P <0,01), and structural proteins (P <0.01)., Dif-
ferences are also significant for BAT total mitochondria (< 0,01)
and structural proteins (P <0,01). No other differences are

significant at the 5% level (NS).
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(Pig. 11 ¢ and 4; Table'h.b; Fig} 12). This decrease occurs
in_the-relati&ély.insoluble "contractile" and "structural"®
protein fractions (fig., 11 m, q, p; Table 4 b; Pig., 12). 1In
contrast, no change in the half-lives of various kidney or
liver protein fractions wasAobserved (Fig. 11 a, b, e, f,

i, v Xk, 1, n, o, v, s; Table 4 aj Fig., 12),

- Pigures 11 a to 11 u show that the various regression lines
of mitocﬁondrial proteins of CA rats are drawn systematical-
- ly at lower levelé of specific activity than the regression
lines of corresponding fractions of WA rats, even for the va-
rious liver or kidney mitochondrial protein fractions where
no change in turnover was detected. .This suggests that the-
re is an apparent inhibition of leucine incorporation in va-
'ridus mitochondrial protein fractions in the CA rats living

in the cold.

% v
e) Discussion:(t%e specific decrease in the half-life of certain

mitochondrial proteins in tissues where NST is known to take vlace
(skeletal muscle and BAT) and not in other tissues which are not
important sites of NST (liver and kidney) suggests that it might

be associated with the development of the increased capacity for
NST or with the operation of the heat producing metabolic processes
during N3ST. This decrease in the half-liQes of BAT and skeletal
muscle mitochondria is associated mainly with the insoluble mi-
tochondrial protein fractions which are believed to be synthesi-
zed at least partially by the mitochondrial protein synthesizing
system (cf. introduction). Devocas (1946) has oreviously shown

(*#) See Appendix
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fisures 11 a to 11 u: Regression lines of various mitochondrial

protein fractions of liver, kidney, BAT and skeletal muscle of

- WA and CA rats. The .equation of each renress1on llne was cal-
culated by regression analysis by the method of least squares
(cf. Material and Methods) using the number of individual deter-
minations reported in Tables 4 a and 4 b. The points represent
the mean of the specific activities and the vertical lines the
standard errors of the mean of various groups of rats (5 rats
were killed after 2 days, 3 after 7 days, 4 after 10 days and

5 after 14 days), The open points represent WA rats and the‘

black points CA rats.
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Figure 12: Half-lives of various mitochondrial protein frac-
tions of liver, kidney, BAT and skeletal muscle of WA and CA
rats, The half-life (in days) is given for total mitochondrial

proteins in tissues of WA (open bars) and CA (black bars) rats,
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that pufified cytochrome c isolated diiectly.from skeletal muécle
tissue does not turn over m&re rapidly in CA rats, Cytochfome
¢, like the majority of the watef-soluble proteins ié'synthesi-
zed on the éytoribosomes (Beattie 1967, a; 1969; Clark-Walker .
and Linnane 1968; Gonzales-Cadavid and Campbell 1967; Kadeﬂbach 1970).,
Not enough cytochrome c fraction material isolated from Skeletal
muscle mitochondria could be obtained in all the experimenté for
estimation of radioactivity., This fractibn accounts for only 5%
of the total mitochondrial vproteins (*). However, we did not
~Observe a significant difference in the water-soluble protein
fraction between CA and WA rats where cytochrome ¢ is certainly

also dissolved (Beattie 1966), .

The half-lives observed for the various mitochondrial proteins
of liver and kidney agree well with previous estimates and the
lack of effect of cold-acclimation on the turnover of total 1i-
ver mitochondrial proteins agrees also with the . findings of Iu-

sena and Depocas (See Table 3).

A similar change in the half-lives of certain mitochondrial frac-
tions and not in others was recently reported for liver mitochon-

dria of thyroidectomized rats by Katyare et al.(1972) who observed

(*) Because of small quantities of starting material, Beattie
et al., (1967, c) mixed the "cytochrome c" fraction with the
"contractile” protein fraction of kidney obtained from mi-
tochondria in a 0,6 ¥ XCl soluble fraction and divided brain
mitochondria simply into water-soluble and water-insoluble
proteins. In this experiment it was decided to avoid the
nmixine of several fractions even for the 3AT mitochondria,
in order to have more pure and comparable fractions. The
Traction which was in all tissues more abundant was the "struc-
tural" orotein fraction which represented in general 30-407
of the total mitochondrial proteins.

N
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an increase of 20-40% in turnover of "contractlle" protelns, "struc-

tural® protelns and "other cytochromes" fractlons with no change

in the turnover of water-soluble protelns and cytochrome o] frac-
tions; the authors suggested a role of thyr01d hormones in the

synchrony of turnover of mitochondrial proteins in the euthyr01d
state.

The results of Katyare et al, (1972) and the changes in the half-
lives of certain specific mitochondrial protein fractions of ske-
1eta1‘muscle and BAT of CA rats reported here, suggest, as it
was already discussed in the introduction, that it is unlikely

that mitochondria turn over as a unit.

It has to be noted that changes in turnover values of mitochon-
drial protein fractions do not distinguish between a change in

the rate of synthesis and degradation of one or more proteins

in the group and a change in the amount of one or more‘proteins

in thedgroup. Another possibility is that these changes in the
half-lives are due to changes in the population of different mi-
tochondria. In this context it could be mentioned that recent-

ly Gross (1970) showed, in studies of the effect of thyroxine

on the turnover of liver mitochondrial DNA in thyroidectomized
rats, by.the use of double labeling techniques, that there was

an increase in turnover of liver mitochondrial DNA after the ad-
ministration of thyroid hormone fo thyroidectomized rats. Gross
sugzgested that there are in liver two vopulations of mitochondria, -
one synthesized at high levels of thyroid hormone, the other at
low levels. Noreover, different types of mitochondria which could

apparently be related to the physical state of heart muscle ‘or

R
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skeletal muscle ‘were recently 1solated by HiUlsmann (19?0) ‘and by
Bullock et al (1971)The hypothes1s that there are varlous types
of n1tochondrla ln a glven tlssue and that the proportions of

these. mltochondrla could change under the 1nfluence of pbys1olo—

- gical changes needs further confirmation,

The,apparent,ihhibition.of leucine incorporation in. mitochondrial
fractions of dlfferent tlssues (Flgures 11 a to 11 u) could in
nr1nc1ple be 1nterpreted as a general 1nh1b1t10n of mltochondrlal
protein synthe51s in the CA rat. Similar - ‘inhibitions were obser~
ved by Iusena and Depocas (1967) in turnover studies of liver.
mitochondria and by Kim (1967) in direct studies of "in vivo"

AA incorporation in heart, spleen, liver, kidney and brain mito-
chondria, However, it seems that it is unlikely that there is
such a geheral.and unspecific inhibition of mitochondrial prote;
'in synthesis in the CA rat. The reason is logical: The results
presented.here and the studies of Iusena and Depocas (1967) have
both demonstrated that there is no change in the half-life of
liver_mitochondfié of CA rats which is about one week. If an
inhibition of'only 20-30% of mitochondrial protein synthesis. occurs
in these tissues, then after 3 to 4 _weeks there should be near-
ly no mitochondria in the livers of CA rats. which is certainly
not observed. This problem was further analyzed by a comparison
of "in vivo" and "in vitro" studies of AA incorporation in vari-
ous mitochondrial protein fractlons as well as by the determina-
tion of the concentrétion of free leucine in plasma and various
other tissues. (See pages 112 and 125), (%)

(#) See Appendix
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Determination of the "in vivo" rate of amino acid incorpo-~ °

ration into various mitochondrial protein fractions of 1li-

ver, brovmn adipose tissue and skeletal muscles of WA, CA and

- cold-exnosed rats,

a) Purpose of the exneriment:‘this study is in reality the com-
plement of the preceding experimént, where it was found that
there was =8 decrease in the half-life of certain insoluble mi-
tochondrial proteins in skeletal muscle and BAT of CA rats, As
mitochondrial protein_metabolism can be regulated at the level

of the degradation or synthesis of proteins, it was decided to

measure the synthesis of mitochondrial proteins in the game frac-

tions (except kidney) as those in which their degradation was

measured,

1 «
b) Erincinle of the technigue: 1L’C-leuc:me incorporation in va-

rious mitochondrial protein fractions was measured "in vivo".

In principle,‘this technique cannot distinguish absolutely be-
tween the cytoplasmic or the mitochOndrial origin of the prote-
in varticipating in mitochondrial structure. However, as shown
by Beattie et al., (1966), if the rats are killed at short inter-
vals of time after the intravenous injection of the label, the
snecific activity of the water-soluble vproteins and cytochrome

¢ fraction (made probably on the cytoribosomes) is lower than
the specific activity of the moré insoluble proteins. These

Iinetic studies suggested that the water-soluble proteins are
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synthesized at an extramitochondrial site and transferred into
the mitochondria in a subsequent step. After_further.stgdies'

on the biogenesis of mitochondrial protein components in rat
liver slices, Beattie (1968) suggested that the biogenesis of
mitochondria involves the initial synthesis of certain insolub-
le proteins by the mitochondria and the %ubsequent integration

of soluble protelns synthe81zed outside the mltochondrlon. It
was therefore decided to kill the rats at short intervals of time
after the injection of the label in order to measure mitochondri-

al protein synthesis more specifically.

c) Description of the experiment: thirty rats were divided in

several WA, CA and cold-exposed (CE) groups. The number of rats

in each group, the time of cold-exposure and their average weights

were:

CGROUP - TIME IN COLD NUMBER OF | WEIGHT

, ~ RATS (in grams)
1. Young WA rats v 0 hours 5 178 ¥ 11,5
2. Young CE rats 12 b 171 ¥ 3.6
3. Young CE rats 3 days 5 170 I 6.6
4. Younz CE rats B YR 3 251 © 24,9
5. WA rats (control) +

of group 4) - 3 291 - 9.8

6. CA rats 6-8 weeks 5 oon ¥ an,3

7. WA rats (control - +
of group 6) - 5° 357 - 13.2
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The rats were injected with 12,5 microcuries/100 g of body weight,
as described under "lMaterial and Methods“.  Exactly %4 min. after
the injection, the rats received another intravenous injection

of 18.75 micromoles/100 g of body weight of unlabelled leucine
and were killed by decapitatioh one minute after (exactly 5 min.
after the initial injection of the label). The animals were bled
during 40 seconds, and liver, IBAT and skéletal.muscles were re-
moved, transferred to their ice cold isolation media at 6 min,

15 sec. (liver), 7 min. (BAT) and 8 min. (skeletal muscle), and

- allowed to chill., The mitoéhondria wefé isolated, fractionated
and treated for protein and radloact1v1ty estlmatlon as descrlbed
under "Material and Methods". The activity specific of the va-
rious mitochondrial protein fractions in liver, BAT and skeletal
muscle at different times of cold-exposure or after cold-éccii-
mation are shown in figures 13, 14 and 15. The same results cal-
culated as percenfages of the corresponding control WA group are

reported for the three tissues in figures 16, 17, 18.

d) Results: The water-soluble proteins and cytochrome ¢ fraction
of liver mitochondria and the cytochrome ¢ and "contractile" pro-
tein fractions of BAT mitochondria in WA or CA rats have lower
specific activities than the relatively insoluble “"structural"®
mitochondrial protein fraction (Figures 13, 14). Thus accor-
ding to Beattie (1966) the majority of the proteins in the re-
latively soluble fractions could be synthesized on the cyto-

ribosomes, and subsequently transferred and incorporated in the
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Fisures 13, 14 and 15: Specific activities of various mitochon-

drial protein fractions of liver (Fig. 13), BAT (Fig. 14) and
skeletal muscle (Fig. 15) in WA, CA and cold-exposed(CE)rats killed
5 min, after the intravenous injection of 1LpC--leucine. The num-
bers under the bars refer to different times of cold~exposure,

1 ¢+ 0 hoursy 2 : 12 hours; 3 : 3 days; 4 : 14 days; 5 : 6-8 Qeeks.
Open bars represent VA rats and black bars CA or CE rats. The

-

vertical lines represent the standard errors of the mean.
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Pigures 16, 17 and 18: Specific activities of various mitochon-

drial protein fractions of liver (¥ig. 16), BAT (Fig. 17) and
skeletal muscle (Fig., 18) in cold-exposed or CA rats killed
5 min, after the intravenous injection of ;ac-leucine. The
specific activities were calculated as percentages of the cor-

responding control /A groups.
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mitochondrial structure. On the contrary, the specific activity

of the water-soluble and cytochrome ¢ fraction of skeletal muscle

mitochondria is even higher than the specific activity of the

more insoluble fractions (Fig. 15). As it is unlikely that the

cytoplasmic or mitochondrial origin of the proteins participa-

ting in the structure of muscle mitochondria is different from

the mitochondria of other tissues, it is possible that the basic

assumption underlying the principle of the technique (i.e. that
mitochondrial AA incorporation after 5 min. represents mitochon-

“drial protein synthesis) is not justified for muscle mitochondria.

The comparison of AA incorporation in liver, BAT and skeletal
muscle mitochondria shows that:

1) Liver: After 12 hours of exposure to cold there is an initi-
| a2l inhibition of leucine incorporation in various mitochondrial
fractions which is followed by a general increase of incorpora-
tion to slightly lower levels than the control WA group. No fur-

ther change was noted during 21l the time necessary to acclimate

a rat to cold.

2) Brown adipose tissue: (Figz. 17) A similar inhibition to that

observed with liver mitochondria occurs after 12 hours of cold-
exposure but thereafter there is a marked increase of leucine
incorporation which peaks at 14 days of cold-exposure and re-.
. gresses during the last weeks of acclimation to cold. This in-
crease occurs principally in the "contractile" and "structural™

proteins but occurs also to a smaller extent in all the other
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fractions of CA rats, Leucine incorporation in 3AT mitochondria

is similar in WA and CA rats with the exception of the "other

cytochromes" fraction where it is higher in the CA group.

3) Muscle: (Fig. 18) As in the two other tissues a marked ini-
tial inhibition of leucine incorporation was observed after 12
hours of cold-exposure. However, that inhibition persisted du-
ring the first 2 weeks of exposure to cold and only during the
last weeks of acclimation %o coid, leucine incorporation increa-

sed in various fractions of muscle mitochondria.

e) Discussioh®)As wag already suggested during the mitochondri-
al protein turnover experiments (See Fig. 12), there is in fact
an apparent inhibition of leucine incorporation in various liver
and skeletal muscle mitochondrial fractions in the CA rat (See
figures 16 and 18). This inhibition occurs also during accli-
mation to cold with the only exception of BAT mitochondria where
there ié a remarkable increase of leucine incorporation during
the first 2 weeks of cold-exposure (See Pig., 17). It is inte=-
resting to note that there is a relatively unspecific inhibi-
tion of leucine incorporation after 12 hours of cold-exposure

in all the three tissues investigated, but during the following
2 weeks the patterns diverge: leucine incorporation in liver mi-
tochondria returns to nearly normal levels, in muscle mitochon-
dria it continues to decrease.slightly, whereas in 3AT mitochon-
dria it increases. loreover, during the last weeks of acclima-
tion to cold, leucine incorporation does not change in liver

mitochondria, whereas it decreases in 3AT mitochondria and in-

(*) See Appendix
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creases in muscle mitochondria, The sigﬁificance.of these chan-
ges in relation to the problém of acclimation fo-cold will be-
discussed later after the results of the "in vitro" méasufements
' of AA incorporation and the determination of free 1eucine concen-
tration in plasma and various tissues of the CA rat have been
presented., The reason is that it is difficult to give a concre-
te interpretation of any measured difference of "in vivo" rates
of labelled AA into mitochondrial proteins in terms of mitochon-
drial protein synthésis without having estimated or controlled
the pool of the direct precursors, in this case free plasma leu-

cine and free tissue leucine,

3. Mitochondrial protein synthesis in isolated mitochondria

from liver, BAT and skeletal muscle of WA, CA and CE rats.

a) Purpose of the exveriment: The main purpose was to measure
specifically mitochondrial protein synthesis (which the "turn-
over exveriment" did not measure at all, and the "in vivo" ex-'
periments measufed only partially) with less interference from
fhe extramitochondrial protein synthesizing system in order to
determine if the observed changes during the development of cold-
acclimation and the differences between the WA and CA rats coﬁld
(or could-not) be attributed to the mitochondrial protein synte-
sizing system of.BAT, liver and skeletal muscle . It is known
that the rate of AA incorporation in isolated mitochondria can
be related to various physiological states of several tissues,

as was discussed in the introduction and shovm in Table 2.
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b) Princivle of the technigue: The rate of 1h

C~-leucine incorpo-

ration in isolated mitochondria was measured in an appropriate
medium in the presence of an ATF~regenerating system, cyclohe-
ximide, a bicine buffer pH 7.4 and under conditions which mini-

mize tacterial contamination (Wheeldon and Lehninger 1966; 3eattie

1967, a and 1970).

- The use of an ATP-regenerating system: Two fundamentally dif-
ferent media with reépect to the source of energy necessary for
~the formation of the peptide ‘bonds: are in general used for the
ﬁeasure of AA incorporation activity in isolated mitochondria

(Wheeldon and lLehninger 1966): the respiration supported incor-
poration medium and the "ATP-regenerating system" supported me-

dium., The above-mentioned authors showed, in a comparative stu

dy of the two systems, that the hypothetical high-energy inter-
mediates of oxidative phosphorylation generated by respiration

of electron transport are not obligatory energy sources for mi-

.tochondrial protein synthesis as it can be supported at maximal
rates by an ATP-regenerating system in the presence of the uncoup-
ler oligomycin. These authors demonstrated also that this system
is far more effective in supporting AA incorporation than the
respiration supported system. Thus, it seems that the whole com-
plex enzymatic apparatus of respiration can be excluded as a re-
quired component of mitochondrial nrotein synthesis. This is a
useful ‘oroperty for the studies of AA incorporation capacity in

mitochondria isolated from CA rats, which are often obtained in



127

an uncoupled state if necessary precautions are not taken. As

uncoupled mitochondria have little or no capacity for éynthesi~
zing ATP, the supply of ATP could be rate limiting in AA incor-
poration studies, with isolated mitochondria from CA rats. In

order to avoid this, and to work under optimal conditions, we

decided to use an ATP-regenerating system.

- The use of cycloheximide: Although the mitochondrial prepafa—
tions were washed systematically four times in order to minimize
microsomal ¢contamination, cycloheximide was added in order.to

inhibit any possible microsomal inOOrporafion (Beattie 1967, a).

- The use of a bicine buffer: It was shown by Hamberger et al.

(1969) that the use of bicine buffer should be preferred to va-
rious other buffers which are inhibitory especially at high con-
centrations.

.

- Bacterial contamination: All reasonable precautions were taken

(ef., "Material and Methods") to minimize bacterial contamination
during the isolation and incubation of mitochondria. It was dis-
cussed before that it is not possible to avoid completely bacte-
rial contamination but that relatively high concentrations of
bacteria have to be added to mitochondria prepared under sterile
conditions in order to observe a significant bacterial contribu-
tion to the total incorporation.‘ Moreover, a nondependence on
AT? could be exnected if bacteria were solely responsible for

the observed incorporation.



c) Description of the experiment: 32 rats were divided in 8 ex-—

perimental groups with four rats in each group. The groups and

the average weight of the rats were:

GROUP SPECIFICATION (.WEIGHT )
in grams

l. Young WA rats 0 déys in the colad 237

o

2. Young CE rats L days in the cold 196 ¥ 9.8
3. Young CE rats 14 days in the cold 245 : 32.1
L, Young WA rats WA control of gfoup 3 277 ¥ 14,5
5. CA rats 6-8 weeks in the cold 307 ¥ 12.3
6. WA rats ' WA control of group 5 371 ¥ 14,9
7. CA rats ' 6-8 weeks in the cold 308 * 7.9

and then 1 day in the

warm immediately before

the experiment
8. WA rats 6-8 weeks in the warm 352 ¥ 6.9

and then 1 day in the
cold immediately before
the experiment

Two or four rats of corresponding confrol and experimental groups
were used simultaneously in each experimental day. Liver, BAT
and skeletal muscle mitochbndria were isolated and incubated in
different media containing various ATP concentrations and proces-
ses as described under "lMaterial and NMethods". The various spe-
cific activities for the different experimental groups plotted
against ATP concentrations are shown in figure 19 (liver), figure

20 (3AT), and figure 21 (muscle).
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d) Results:

Liver: Figure 19 shows that no significant difference was obser-
ved at any ATP concentration bgtween mitochondria isolated from
the four different experimental groups: WW (warm-acclimated rats
in the warm), CC (cdld-acclimated rats in the cold), WC (warm-
acclimated rats - 1 day in the cold), CW (cold-acclimated rats

- 1 days in the warnm). The}activity was markedly dependent on
ATP concentration, high concentrations of ATP have an inhibitory

effect. Maximum incorporation occurred at 1 mM ATP,

Brown adinose tissue: Figure 20 shows that after 4 days of cold-

exposure, an inhibition of incorporation occurred at all ATP con-
centrations; the capacity for AA incorporation increased marked-
ly after 2 weeks of exposure and decreased thereafter to levels
slightly higher than those of the unacclimated rat. There was
also an increase of leucine incorporation, mainly at high ATP
concentrations when the adult WA rat was left the day before the
experimént in the cold and a slight decrease of incorporation

at all ATP concentrations when the CA rats was left the day be-
fore the experiment in the warm. The incorporation was strong-
ly dependent on ATP concentration, the maximum activity being

observed at a concentration of 2 ml AT?,

ékeletal muscle: Fignre 21 shows that there is a decrease of AA

incornoration 4 days after the exposure of the young WA rat to
cold which remain at those levels during the following 10 days.
Thereafter, there is an increase in AA incorporation in muscle
mitochondria from the CA rats which results in activities equal

or slightly higher (mainly at high ATP concentrations) than the
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Rioure 19: Specific activities of isolated liver mitochondria,

incubated at various concentrations of ATP, under the conditions
deécribed under “"lMaterial and Methods" of WA rats in the warm (W),
CA rats in the cold (cC), WA rats exposed to cold one day (WC),

CA rats exposed to warm oné day (C¥). The vertical lines repre-

sent the standard errors of the mean..
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Fisures 20 and 21: Specific activities of isolated BAT mitochon-
dria (Fig. 20) and skeletal muscle mitochondria (Fig. 21) incu-
bated at various concentrations of ATP under the conditions
described under "Material and Methods" at various times of cold-
exposure or cold-acclimation.

Blue bars represent specific activities of WA rats

Yhite " " " " .of CA "
Striped " " " " of VA "exposed 1 day to cold
Dotted " " " " . of CA " " 1 day to warm

The vertical lines represent the standard errors of the mean,

-
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activities of the corrésponding WA group., The maximum of incor-
poration in the various experimental groups occurs at 5 mM ATP.
Slight differences in the capacity of AA incorporation were also
observed when the WA rat was exposed to cold for 1 day or when

the CA rat was exposed to warm for 1 .day.

A comparison of the maximal specific activities between figures
19, 20 and 21 shows that BAT mitochondria have a much higher ca-

pacity for incorporating AA than liver or skeletal muscle mito-

. chondria.

e) Discussion: The comparison between figures 20 and 21 shows

that the marked increase in AA incorporation of BAT mitochondria
during the first 2 weeks of acclimation to cold is accompanied

by a decrease in the rate of AA incorporation in muscle mito-
chondria. By contrast, during the last period of the adaptation
to cold (from the second week to the 6-8th week) the contrary’

is observed: AA incorporation in BAT mitochondria decreases, whe- .
reas AA incorporation in muscle mitochondria increases. This
suggests that major changes in mitochondrial protein synthesis
take place relatively quickly in BAT mitochondria during the first
two weeks of aceclimation to cold, but that changes in muscle mi-
tochondrial protein synfhesis are slower,which is in accordance
with the slow turnover of the muscle organelle. That the ob-
served chanzes in 3AT and muscle mitochondria are related to adap-
tation to cold is suggested by the fact that they take place spe-
cifically in tissues which are impoftant sites of NST (BAT and
skeletal muscle) and not in liver mitochondria isolated from CA

rats, JA rats, CA rats exposed one day to warm immediately be-
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fore - the experiment, WA rats exposed one day to cold immediately
before the experiment (See Fig, 19). Moreover, it seems unlike-
ly that these changeS'are'directly related to heatnproductioh
by NST because NST is switched off in isolated mitochondria, but
they are‘probably'related to the capacity for making NST which
can be cﬁnsidered*as'a permanent manifestation of a tissue, at

least during a certain time»(cf. Introduction).

It should be noted that it is not known in which specific mito~
chondrial proteins the AA incorporafion takes place, but it is
generally believed that isolated mitochondria do incorporate AA
in  relatively inéoluble mitocﬁondrial‘fractionS-which are nor-
maily«associated‘with the "contractile" protein, the "structural"®
protein or the "other cytochromes" fractions and not in water-

soluble proteins (cf. Introduction).

A comparison of the.maximal specific activities obtained for BAT,
liver and skeletal muscle mitochondria (See figures 19, 20 and
21) shows +that under identical conditions of incubation, BAT mi-
+ochondria have a much higher capacity for AA incorporation than
liver or skeletal muscle mitochondria, especially in rats which
have lived two weeks in the cold. MlMoreover, in the three stu-
died tissues, the ihcérporation was strongly dependent on ATP
concentration. i/heeldon and Lehninger (1966) have observed a
similar ATP effect. This suggests that ATP concentrations "in
vivo" could be an important factor in the regulation of mito=-

chondrial protein synthesis.
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As was discussed in the introduction and shown in Table 2, the
capacity for AA incorporation waé related to the physiological
state of several different tissues. However, few of these stu-
dies have compared the "in vitro" with the "in vi?o" rates of
AA incorporation. Only recentiy, Greenawalt et al. (1972) have
measured both rates during the morphogenetic development of Neu-
r05p6ra crassa., The authors have shown that during the germi-
nation period, the ability of Neurospora mitochondria to respire
and catalyze coupled phosphorylation increases dramatically and
vwas correlated with "in vitro" as well as with "in vivo" increa-
ses of AA incorporation. As the mitochondrial energy coupling
is dependent on the molecular architecture of the mitochondfial
membranes, the studies made with Neurospora crassa suggest that
there exisfs a direct correlation between mitochondrial protein
synthesis and the functional state of the organelle. Pigure 22
shows a comparison of the "in vivo" and the "in vitro" rates of
AA incorporatién in BAT mitochondria during acclimation to cold
with thé experiments made by Gréenawalt with Neurospora crassa
(1972). The pattern of the variation of the respiratory coeffi-
‘cient of BAT mitochondria as measured by Smith and Roberts (1967)
is also included. It should be noted that the BAT mitochondria
as isolated by these authors are probably uncoupled to an un-

known degree as no ADP/o ratios were measured,

Considered that durin-~ acclimation to cold there is a marked
hypertrophy and hyperplasia of BAT (Smith and Horwitz 1969) which

is accompmanied by a marked increase in the number of mitochondria
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Figure 22: A comparison of BAT changes in mitochondrial Qoz, mi-
tochondrial "in vivo" and "in vitro" AA incorporation during '
acclimation to cold with corresponding variations observed during
the development of Neurospora crassa cells., BAT mitochondrial
Q0, values were taken from Smith and Roberts (1967) and the Neu-

rospora crassa values from Greenawalt et al, (1972),
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per cell, by an increase in the number of cristae per mitochon-

drion (Suter 1969; Thomson.et al. 1969; Skala et al. 1970), by
an increase in the total cytochromes per unit of mitochondrial .
protein (Skala et al. 1970; Barnard et al. 1970; Jansk y et al.,
1969) and by an increase in the specific activity of cytochrome
oxidase (Skala et al., 1970), it is postulated that as in the case
of Meurospora crassa there is in BAT a direct correlation between

mitochondrial protein synthesis and the functional state of that

organelle,

It is also possible that this correlation is not only 1imited.

to BAT, but extends to certain other tissues of the rat and

that the increased mitochondrial protein synthesis in BAT mito-
chondria which occurs during the first two weeks of exvosure to
cold is directly or ihdirectly responsible. not only for the de-
velopment of BAT, but also for the development of the CA state.
This hypothesis is based on the oxytefracycline experiments which
were discussed in the introduction and where it was shown that
inhibition of protein synthesis in DAT mltochondrla by oxytetra-

CJcllne was pavalleled by an 1nh1b1tlon of the development of

the enhanced response to NA,

L, Determination of leucine concentration in various tissues

of the WA, CA and cold-exvposed rat

a) P rnose of the experiment: Previous experiments have shown
that on several occasions there was an apparent inhibition of

leucine incornoration in various tissues of the CE and CA rats.
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However, at least two different types of evidence have suggestéd
that this inhibition of AA incorporation could not systematically
be interpreted in terms of inhibition of mitochondrial protein

synthesis. As a matter of fact:s (%)

in turnover experiments, the regression lines of the
various mitochondrial fractions of the different tissues
were systematically drawn at lower levels of specific ac- |
tivity than in the WA rats (See figures 11 a to 11 u),.
This was noticed even with the liver or kidney mitochon-
dria where no change in the turnover values between WA

and CA rats were measured. If there was a real inhibi-
tion of 20-30% of mitochondrial protein synthesis and no
change in the mitochondrial turnover, there should be al-
most no mitochondria in these tissues after a period of

2~3 weeks in CA rats.

- a comparison of the rates of AA incorpora%ion in liver
mitochondria of CA rats measured by the "in vitro" and
"in vivo" techniques (See figures 19 and 16) shows that
there was no inhibition of AA incorporation in isolated
mitochondria from CA rats, whereas an inhibition of AA
incorporation of about 20-30% was noticed in the livers

of CA rats as measured by "in vivo" techniques.

This suggested that other factors than an inhibition of mitochon-
drial vrotein synthesis could be responsible for the measured

(*) See Appendix
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inhibition of AA incorporation. An inhibition of AA incorpo-

ration could theoretically be caused by:

- a real inhibition of mitochondrial protein synthesis

- an increase in the concentration of free leucine in
plasma and/or in various tissues, which would result
in a dilution of the labelled injected leucine '

- an inhibition of some step of leucine transport to
the various sites of mitochondrial protein synthesis®

- Dby a preferential utilization of the injected leucine
for other purposes than for mitochondrial protein syn-
thesis

- by a combination of several of these possible effects,

In order to have at least some information about the pools of
leucine, it was decided to estimate total free leucine concen-

tration in plasma, liver, BAT and skeletal muscle of CA rats.

-

b) Principle of the technique: Leucine concentration was deter-

mined on the AA Autoanélyzer as described under "Material and

Methods",

¢) Descrintion of the experiment: 25 rats were divided in 5 ex-

perimental groups:

#(Portugal et al, 1970)
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GROUP ' IBER OF _ WEIGHT
, RATS (in grams)
1. Young WA rats ' L ' 201 ¥ L.9
2., Young WA rats exposed to
cold 3 days 4 172 T 1.
3. Young YA rats exposed to 5 202 ¥ .1
cold 14 days 2
L, WA rats : 6 n12 T a7
5. CA rats | 6 a2t 21,1

'Phe plasma, BAT, liver and skeletal muscle were processed as de-
scribed under "Material and Methods". The leucine concentration

expressed in micromoles/100 ml of plasma or micromoles/100 g of

wet tissue is reported in figure 23.

d) Results:

Plasma: after 3 days of cold-exposure of the WA animal there was
a 60% increase of leucine concentration in plasma which decreased
thereafter in the CA rat, but remained at slightly higher levels

than in the WA rat.,

BAT: +there was a continuous increase in leucine concentration

during acclimation to cold.

Liver: after a slight initial increase, no change was observed

during acclimation to cold.

imscle: no change was observed during acclimation to cold.
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Fizure 23: Leucine concentrations in plasma, liver, IBAT and
skeletal muscle of VWA, CA and cold-exposed rats, The numbers
undex the bars indicate 1 : 0 days in the cold, 2 : 3 days in
the cpld. 5 3+ 14 days in the cold, 3 : WA (6-8 weeks in the warm),
L : CA (6-8 weeks in the cold). The open bars represent WA

rats and the black bars cold-exposed or CA rats. The vertical

lines represent the standard errors of the mean,
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e) Discussion: Leucine concentration changes were observed during

acclimation to cold mainly in plasma and BAT and not in muscle

or liver tissue. Such an increase in plasma leucine was observed

by Williams et al. (1950) after the cold-exposure of WA animals.
This increase was not specific for only leucine but was observed
with many other AA and is possibly related to changes in protein
metabolism such as the active gluconeogenesis which fakes place in
the rats just after their ¢old¥exposure and which decreasesduring

cold-acclimation (Penner and Himms-Hagen 1968).

An increase of about 60% of the plasma leucine concentration 3
days after the cold-exposure of the young WA rat is expected to
affect proportionally mitochondrial protein synthesis in vari-
ous tissues. In fact, there is a systematic inhibition of the
"in vivo" AA incorporatioh in various tissues of the WA rat
exposed to cold (See figures 13, 14 and 15). However, it seems
that the marked inerease in leucine concentration is only a par-

tial explanation for the unspecific inhibition of "in vivo" AA

incorporation after cold-exposure, mainly for two reasons:
Pirst, the 60% increase in plasma leucine concentration is not
large enough to account for the marked inhibition of leucine in-
corporation in muscle mitochondria of 3 days cold-exposed rats
(Fig. 15), and cannot also explain the different effects obser-

ved in liver (7ig. 13) and BAT (Fig. 14) mitochondria. (*)

lloreover, the marked increase in leucine concentration of 3BAT
during acclimation to cold is probably related_to the growth and
develonment of the tissue during that period. It could result

from an increased leucine uptake from plasma or from a decreased S

(#) See Appendix
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leucine utilization., This increase in BAT leucine concentration

~could affect the results of the "in vivo" measure of AA incorpo-
ratlon in BAT only by multiplying the observed increase of incor-
poratlon that takes place in BAT after the exposure of the rat

to cold by a certain unknown factor, which accounts for the di-
lution of the label, ' Such a multiplication by a factqr could
theoretically be done only when more information could be ob-

tained about compartmentation problems.

- In summary, this study of leucine concentration in various tissues
of the rat has drawn the attention to one important problem which

is often ignored, that is.the influence of the pool of precursors

on the "in vivo" measures of the rates of protein, DNA, RNA phos¥

pholipids and other compounds, under physiological condition where
changes are expected to happen, not only in the rate of macromo-

lecule synthesis, but also in the pools of their precursors.

-~
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V. ZENERAL DISCUSSION A ND CONCLUSION

The principal aim of the ‘experiments deseribed in this thesis

was to answer the question: "Is the mitochondrial protein syn-

thesiZing system directly involved in and re3ponsib1e for the

development of NST during acclimation to cold of the rat2"
The following experimental approaches were used:

- +the determination of the half-life of mitochondrial pro-
teins and of wvarious mitochondrial protein fractions in

the intact animal

- +the measure of the "in vivo" 1L“C-leuc:‘me incorporation in
mitochondrial protein and various mitochondrial protein
fractions together with the determination of free leucine

concentration in plasma and various tissues

~ +the determination of the "in vitro" AA incorporation in

mitochondrial proteins.

Pour tissues were studied: IBAT and skeletal muscle as they are
both important sites of NST; liver and kidney as they are not

considered important sites of NST.

It was sthn that theré js a decrease in the half-life of 3AT
and skeletal muscle mitochondria of CA rats which is associated

mainly with relatively insoluble mitochondrial protein fractions,
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It was discussed in the introduction that some proteins of theée
fractions are believed to be made.sPecifically by the mitochon-

drial protein. synthesizing system. DNo decreasé in half-life Was

observed in the soluble mitochondrial;protein fractions of these

tissnes nor in any of the différent mitochondrial protein frac-

tions of liver and kidney. This provides evidence for:

-~ there is an alteration in metabolism of certain pro-

teins synthesized by mitochondria in CA rats

- +this alteration is associated wifh NST, i,e. it occurs
in those tissues in which NST takes place and not in

those tissues in which NST does not take place.

As all the mitochondrial protein fractions obtained by the pro-
cedure.describéd under "Material and Methods" represent groups

of proteins and not individual proteins with an estimated pool
size, the actual fate of synthesis cannot Dbe calculated from the
data presented. Differences in estimated turnover values of spe-
cific proteins can only be interpreted in. terms of changes of
synthesis when the pool size of these specific proteins is known. ()
Therefdre, the observed decrease in the measured half-life of
insoluble AT and skeletzl muscle mitochondrial protein fractions
may be due to a change in the rate of synthesis and/or degrada-
tion of one or more proteins in the group of proteins or to a
chanse in the amount of one or more proteins in the group, or

it may be-associated with both chanzes. Thus, the measured de-

(*) See Appendix
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crease in the half-life of BAT and skeletal muscle mitochondria
suggested that mitochondria of these tissues may be different

in CA rats as compared to WA rats.

In order to have more information about this problem and also
about the problem of the origin of the proteins synthesized by
mitochondria in CA rats, it was decided to study AA incorporation
in various mitochondrial protein fractions by a combination of
"in vivo" and "in vitro" techniques, not only after aceclimation

~to cold, but also during the development of the CA statea.

Two different experimental approaches were used because, a2lthough
the "in vivo" technique possesses all the qualities of the direct
"in éitu" experimental approaches, it does not measure specifi-
cally AA incorporation into proteins made by the mi.tochondrion

as the "in vitro" technique does., However, as was discussed un-
der "Results", if rats are killed after a short period of time
following the intravenous injection of 11"C-—leucine, the protein
synthesized specifically by the mitochondrial protein synthesi-
zing system are more likely to be labelled first. That this
assumption is basically correct is suggested by the fact that
during acclimation to cold the variations observed in the patterns
of AA incorporation measured by both "in vivo" and "in vitro"
techniques are similar and also by the fact that "in vivo" in-
soluble proteins incorporate more AA than the soluble ones (with

the excention of skeletal muscle mitochondria).
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From the results obtained by these different experimental approaches,

the following interpretation is made: (See Table 5)

- gafter cold-exvosure of the young WA rat, there is an in-

hibition of AA incorpcration in BAT and skeletal muécle
mitochondria and possibly also in liver mitochondria. This
inhibition was observed ih BAT and skeletél'muscle mito-
chondria by both "in vitro" and "in vivo" techniqués;‘ The
observed "in vivo" inhibition of incorporation is probab-
1y accentuated, but cannot.be explained, by the increase

in plasma leucine concentration which is probably dilu-
ting the injected labelled leucine. It was discussed that
other factors than increased plaéma leucine concentration
could affect the AA incorporation in variocus tissues of

¢cold-stressed rats

- durl”T acclimation to cold, the patterns of AA incorpora-

tion in liver, BAT and skeletal muscle mitochondria differ
markédly- in 2AT mitochondria the*e is an increase in AA
incorporation at 14 days which decreases thereafter durlnv
the last period of cold-acclimation, but which remains at
higher levels in the CA rat than in the VA rat; in muscle
mitochondria, the contrary is observed, the initial de-
crease of AA incorporation is maintained during two weeks
and the incorporation inecreases only during the last pe-
riod of the adantation to levels equal to or slightly higher
than of the WA rat; in liver mitochondria no major diffe-~

rence ias observed during all the period necessary to accli-

-

mate a rat to cold. ‘
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TABLE 5

Summayy o? changes in "in vivo" and "in vitro" amino acid incor- '
poration into mitochondrial proteins of Brown adipose tissue, skele-

tal muscle and liver during cold-acclimation. (For explanation of
symbols see footnote to table)*, ‘

BROWN ADIPOSE TISSUE

IN VIVO - - IN VITRO !

Days in Structural Contractile Total Total

.cold ' protein protein - proteins proteins I
fraction fraction :

(at 2mM ATP) |

2 ' v T <  , :='. : » : *<.  . - IR  :.ﬁ

3 days o = :>9? <:?.
4 days | <:
14 days >; N _ :>
6-8 weeks — - - ;>4?
SKELETAL MUSCLE
CIN-VIVO . o - IN VITRO
i Structural Contractile Tota} _ . Tota}
Di%idln nrot;in protein proteins grctelns
fraction fraction (at 5mM ATP)
12 h 4 £ <
| /
3 days < < <
P 9
L days <:
14 days ~< <: A< -
o
6-8 weeks < ? < < e
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Table 5 continued

LIVER
IN VIVO ' IN VITRO |
‘ ‘
Days in Structural Contractile Total :  Total
cold ~__protein protein proteins proteins .
fraction fraction o (at 1 mM ATP) |

12n - <

< <
3 days <7 = - <
14 days ‘ < < ? <
6-8 weeks < : < 2 | < =

. significantly less in cold than in warm

"% slightly less in cold than in warm

= equal in cold and warm
>? slightly greater in cold than in warm

significantly greater in cold than in warm
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The principal conclusion of this thesis and the answer to the
question which was asked in the introduction-is that changes'in_
the mitochondrial protein synthesizing system of BAT and skele-
tal muscle mitochondria, but not of liver mitochondria are asso-
ciated with the development oleST during acclimation to cold

of the rat. That these changes are directly or indirectly respon-
sible for the development of NST during aceclimation to cold and
for the maintainance of the CA state, is suggested by the fact
that the two major types of variation i.e., the decrease in mito-
chondrial half-lives as well as the changes in AA incorporation
were both specifically observed in tissues which are important
sites of NST (skeletal muscle and BAT) or which have a major re-
gulatory function in the development of NST (BAT) and not in tis-

sues which are not important sites of NST (kidney and liver).

Many biochemical and morphological changes have been observed in
BAT mitochondria during acclimation to cold, but}in comparison
little information is available for muscle mitochondria., It is
known that inhibition of mitochondrial protein synthesis with oxy-
tetracycline during the early stages of cold-acclimation prevents
the development of NST (Himms-Hagen 1971 and 1972, b). Two weeks
after the exposure of the rats to cold, the inhibition of the en=-
hanced calorigenic response to NA was assoclated with the inhibi-
tion of the normal increase in cytochrome oxidase specific activi-
ty in BAT which accompanies the marked hypertrophy and hyperplasia
of that tissue and which is associated with increases in the number
of mitochondria per cell, in the number of cristae per mitochondrion
and in the total cytochromes pef unit of mitochondrial protein.

However, no inhibition in skeletal
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muscle mitochondria occurred until 3-4 weeks, This sequence in
mitochondrial changes agrees witﬁ»the sequence of the observed
increases of AA incorporation in BAT and skeletal muscle mito-
chondria. In fact, during the first two weeks of cold-acclima-
tion, there was a marked increase in BAT mitochondrial AA incor-
poration which was followed by an increase in skeletal muscle
mitochondrial AA incorporation during the last period of the
adaptation. It is possible that the changes might be suscep-
tible to inhibition by oxytetracycline and be required for the
development of cold-acclimation: Oxytetracycline might have in-
hibited the synthesis of a few mitechondrial proteins which were

required specifically for the development of acclimation to cold.

This hypothesis implies not only that mitochondria are relatively
dynamic organelles but also that the mitochondrial synthesizing
system has a fundamental role in the regulation of energy meta-
bolism. In fact, as discussed in the introduction, it seems that
the dynémic model of Ashwell and Work (1970) , essentially based
on the diversity of half-lives of the various mitochondrial com-
ponents, represents the best picture of the actual knowledge of
mitochondrial biogenesis,and studies made with the Neurospora
crassa and yeast have demonstrated that there exists a direct
correlation between mitochondrial protein synthesis and the func-

tional state of the organelle in these microorganisms.

It is postulated from the results precented in this thesis and

from several other discussed lines of evidence that:
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changes in the capacity for producing increased quantities
of heat by NST are accompaﬁied by changes in the metabolism
"of certain proteins synthesized by the mitochondria of BAT
and skeletal muscle which result in changes in the struc-

ture and function of BAT and skeletal muscle mitochondria;

-~ as in yeast or Neurospora crassa mitochondria (ecf. Introduc-
tion), there is in BAT and skeletal muscle mitochondria a
direct correlation between mitochondrial protein synthesis
and the functional state of the organelles during and after

acclimation to cold;

- ‘the increased BAT mitochondrial protein synthesis which
occurs during the first two weeks of cold-exposure of the
rat is responsible, not only for the development of that
tissue, but also diréctly or indirectly for the development

<

of the CA state.

Purther work should be done in this direction but it seems that
the basic problem which has to be solved, not only for the under-
standing of acclimation to cold, but for the general understanding
of the regulation of energy metabolism, is the determination of
the nature and‘function of the proteins made by the mitochondrial

protein synthesizing system.
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VII. APPENDIX (*)

DISCUSSION OF THE PROBLEMS OF MEASURING PROTEIN SYNTHESIS AND

TURNOVER IN VIVO

.

The turnover of a substance (Jeffay, 1963) ma& be defined.as the

rate of Synthesis (of entry) or the rate of degradation (or.remeval)

of the substance. In a non-grow1ng healthy anlmal (1n "steady state )
the rates weuld be equal. In general three dlfferent experlmental
approaehes'have been used for the measurements of turnover rates

(Jeffay, 1963; Poole, 1971).

Method A: The single injection of a labeled precursor:

The turnover rate can be calculated from the equation:

dSb _ V (sa - Sb)
dt ~ B

where Sa = specific activity of the precursor A of
the product B

Sb = specific.activity of the product B
Vv = velocity of the reaction

B

amount of product B

V/3 = turnover rate.

Method B: The maintenance of the labeled precursor at constant
specific activity:

Phe equation which applies to this method is:

(#*) References at the end of the appendix. ‘
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and the turnover time is given by the measurement of the exact time
when the specific activity of the product (Sb) will be equal to the

specific activity of the precursor (Sa).

Method C: The measure of the rate of dlsappearance of the label
from prev1ously*labeled proteins:s

This method is based on two assumptlons. Flrst, substantlally all
the 1ncorporatlon of the labeled preoursor 1nto the product should
occur before the flrst speclflc act1V1ty measurement 1s performed.
: Second. that the dlfferentlal equation descrlblng the decay of the
specific activity from:the vroduct has the form

dSb

= - Y -

Each of these three methods presents major practical problems. . Not
only does the amount of product have to be known but also the specific
activity of the immediate precursor and .of the product. For method B

the specific activity of the immediate precursor must be kept constant

throughout the experiment. For method C there must be no reutilization

of labeled material produced by degradation of the product. }In the
case of the mitochondrial protein fractions studied in the experiments
deseribed in this thesis B represents a mixture of several proteins
or enzymes, many of which are not yet identified, and as a consequence
neither B nor Sb can be known; Moreover, Sa cannot be estimated
either because mitochondrial proteins origimate from several different
compartments of unknown precursor pool size (Portugal et al., 1970;
iortimore et al., 1972; Hider et al., 1969 and 1971). ‘hen Sa, Sb

or B are not precisely known, the term "half-life™ should be preferred

to the term turnover. In certain cases it is sometimes possible fo

X
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minimize some of the problems of the determination of the hall -life
of mitoohondrlal proteins, In fact, 1t was shown recently by several
authors (Sw1ck et al., 1968 Druyan et al.; 1969, Aschenbrenner et al.
1970) that the reutilization of the labeled AA precursor which in-
fluences the determination of turnover or half- life rates can be
reduced by the use of nonreutllisable precursors such as guanidine-
labeled arginine or S-aminolevulinio acid. However, the practical
application.of these two precursors 1s limiteda the former is only
;useful for llver-cells (as the Krehs-Henseleit cycle is sPeciflcally
confined 1n them) and the latter for the determlnation of the turnover
of haem-oontaining proteins. Because of their limited applicatlon,
these two precursors were not useful for the achievement of the
pr1nc1pal ‘goal of this thesis, which was to determine 1n}a systematic
study whether there was an alteration in the metabolism of different
groups of mitochondrial proteins in various tissues of WA and CA rats.
It Was therefore decided to study the problem of the biosynthesis and
degradation of mitochondrial groups of proteins by a combination of
'three'different experimental approaches because each of them possessed

different and complementary advantages and disadvantages, which could

possibly help us in the interpretation of our results.

The three different methods used asiwell as their.respective inter-
pretaﬁion problems were: |

Mephou 1: the determination of the half+life of mitochondrial proteins
and of various mitochondrial protein fractions in various tissues of
the intact animal, by the measure of the rate of disappearance of
14C—leucine from previously labeled proteins. An observed difference

of the half-life of a given mitochondrial protein fraction between WA

and CA rats suggests that this mitochondrial fraction may be different,“
o .

-
= |
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but does not provide any informatioh about the nature of this
difference‘becausefit could result from a change in the rate of
synthesis and/or degradation ef one or more proteins in the‘groupfof
protelns or to a change in the amount of one or more proteins in the

group or it may be associgted with both changes.

Methcd 2: the measure of the "in v1vo" 140 leuclne 1ncorporatlon in

varlous mltochondrlal proteln fractlons together w1th the determlnatlon!

L !
of lree leuclne concentratlon in plasma and’ varlous tlssues. "

This mefhod has the advantage of being a direct "in vivo" approach for N
the estimation of mitoehohdrial prefein synthesis. :HOWever,'fhe inter-
pretatidn of the reeults of AA incorporation is complicated by two ‘
main factors: a) Permeability factors: the AA Before reaching tue
different sites of mitochondrial protein synthesis has to cross severalz
membranes such as the plasma membrane, the endoplasmic reticulum mem-~
brane. the inner mitochondrial membrane, etc. For instance, Wheeldon
and Lehninger (1966) observed that there was a rapid uptake of AA into
the liver intramitochondrial pool which was energy ~linked and possibly
due to a gpecific transport mechanism. HMoreover, Hider et al., (1971)
working with isolated skeletal muscle, suggested that AA were incorpo-
rated directly in proteins from the extracellular pool. It must be
remembered that mitochondrial proteins are made at two different intra-
cellular sites from two different pools of AA, The measurement of their
radioactivity was made at a short time (5 minutes) after the injection
of labeled material in order to assees principally the activity of the
mitochondrial system (Beattie, 1966). b) Dilution factors:

the .injected ‘AA will béldiluted.in plasmi, extradellular fluild;:
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cytoplasmic and mitochondrial pools,the size of which is for the most
part unknown (Hider et al., 1969; Mortimore et al., 19?2) ’ In this
context Portugal et al., (1970) have shown that the amount of ly31ne
in liver mitochondria and other cell organelles is considerably smaller
than the amount in the cytoPlasm. Moreover, a change in the’ turnover'

of leucine in any one of the different pools would also alter the

extent of the dllutlon.»

The results of the "1n v1vo“ experlments presented in this thes1s

were 1nterpreted in functlon of the free leuc1ne concéntration in
plasma and of the total leucine concentration in the various tissues
at the moment of the injection of the AA, (For a discussion see

Pp. 140-144),

Method 3: the determination of the "in vitro" AA incorporation 'in mitof'

chondrial proteins. . |
This technique has the advantage over the preceding ones of_measuring .%
incorporation into proteins made specifically by mitochondria. Moreover?
in this method several membrane permeability problems or factors |
related to the possible dilutions of the label in plasma or cytoplasm :é
" do not have to be considered. However, in isolated mitochondria many
regulating factors of mitochondrial protein in the intact‘animal are )
likely to be absent or altered (Hawley and Greenawalt, 1970). However,
it Was,shown previously (p..45 and Table 2, p. 49) that the "in vivo"

AA incornoration can be related to the physiological state of the

tissue in many instances. Analysis of Table 5 which compares the AA
incorporation studies made by the "in vivo" and "in vitro" approaches

as well as the comparison of figures 16,17,18 to 19,20,21 shows that in

general there is a good agreement between the pattern of AA incorporatioc

observed by both techniques during acclimation to cold. :s.
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In summary, it is clear that none of these three methods is exempt
from criticism, but the interpretation of our results (See chapt. V)
is based on the combined information obtained from three different

experimental approaches which have complementary qualities and

defects.
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