


ROLE OF THE MITOCHONDRIAL ADENYLATE KINASE AND BIVALENT
CATIONS IN THE REGULATION OF ADENINE 

NUCLEOTIDE METABOLISM

By

\P.M. MUCHIRIr B.V.M. (University of Nairobi)

*
A Thesis submitted in fulfilment for the degree of 
Doctor of Philosophy in th© University of Nairobi.

1986



D E C L A R A T I O N

This Thesis is my original work and has not been 
presented for a degree in any other University.

P.M. MUCHIRI

iv/xj

This Thesis has been submitted for examination with 
the approval of:

Professor G. Maina 
Supervisor.

Biochemistry Department



ACKNOWLEDGEMENT

I am extremely grateful to my Supervisor, Professor 
G. Maina, who inspired me into Scientific Research. His 
keen interest in my work and our lively discussions has 
been a great encouragement. It has been a great privilege 
to have him both as a teacher and a friend.

My thanks also go to Dr. R.M. Njogu, the current 
Chairman of the Department of Biochemistry. His constant 
encouragement, and his great interest in solving scientific 
problems, has been of tremendous help. Our discussions 
with him in a friendly and relaxed manner have been very 
inspiring.

My appreciation also goes to all the other members of 
the department who have been very friendly, understanding 
and encouraging.

I am greatly indebted to Prof. L. Ernster, Head of 
the Biochemistry Department, University of Stockholm 

where I did most of my work. It was a great privilege to 
work in the extra-ordinary stimulating and creative 
atmosphere that always surrounded him. My appreciation 
also goes to his colleagues, Nordenbrand, Christine,
Torill and Buck Nelson, who in addition to helping me 
scientifically made my two year stay in Sweden a very
comfortable one.



My special thanks also go to the staff of The 
International Seminars in Physics and Chemistry, 
University of Uppsala, who awarded me the fellowship 
that enabled me to work at the University of 
Stockholm. In this connection I would like to 
specially thank Prof. R. Liminga, Head of the Chemistry 
Seminars for his encouragement and keen interest in my 
progress.

My thanks also go to Gladwell Gikonyo for her 
excellent typing of this Thesis.

Finally I want to thank my parents and my wife 
Wanjiru, without whose understanding, patience and 
support, this Thesis would never have been completed.



(i)

LIST OF CONTENTS

PAGE

SUMMARY • •• ••• ••• • • • 1

CHAPTER 1
INTRODUCTION • • • 7

(i) BACKGROUND • • • 7

(ii) METABOLISM OF ADENINE NUCLEOTIDES ... 13
a. Synthesis of ATP • • • 13

(iii) REGULATION OF ADENINE NUCLEOTIDE
METABOLISM • • • 24
a. The enzyme adenylate kinase ... 25

Occurrence • • • ... 26
Nucleotide specificity • • • ... 27
Metal requirements • • • ... 29
Physical properties • • • ... 30
Metabolic properties • • • s • • 31

b. The ATP - ADP Translocator ... 32
Properties of the ATP/ADP Carrier ..33 
Inhibitors of ATP-ADP transport .. 36

c. The H-ATPase Inhibitor peptide ... 37
Purification of the ATPase Inhibitor ..38 »
Localization of the H+-ATPase 
Inhibitor ....................... 39



(ii)

Requirements for optimal inhibitory 

response ... ... ••• ••• 39
Effect of the H+-ATPase inhibitor 
on the kinetics of ATP hydrolysis, 
and its possible localization in 
relation to active site .......  41

Effect of the H+-ATPase inhibitor
on ATP dependent activities.......  42

Role of the H+-ATPase inhibitor in
ATP synthesis ... ... ••• ... 43

d. Mitochondrial bivalent cations
transport ... ... ... ... 45
Characteristics of the mitochondrial 
bivalent cation transport ... ... 49
Historical background ...   49
Specificity and affinity for 
mitochondrial cation uptake ... ... 52
Tissue specificity .... ... . 53

Mechanism of Bivalent cation uptake .. 53 
Uptake of Adenine Nucleotides
during Ca2+ accumulation ........  57

Effect of mitochondrial Ca2 + 
accumulation on oxidative phosphory­
lation .........................  59

2 +Efflux of Ca from mitochondria ... 61

(iv) AIM OF THE STUDY • • • o o o o o O 64



(iii)

CHAPTER II
MATERIALS AND METHODS ... ... ... 66
Preparation of rat liver mitochondria ... 67
Fractionation of the liver mitochond­
rial intermembrane space components ... 67
Preparation of rat brain mitochondria ... 68 
Preparation of heavy beef heart
mitochondria .......  ... ... ... 69
Preparation of beef heart MgATP
submitochondrial particles ...   70
Preparation of beef heart state III
submitochondrial particles ...   71
Preparation of beef heart mitochondria.1
purified F^-ATPase ... ...  72
Measurement of mitochondrial respiration ..75 
Determination of the kinetic constants of
the adenylate kinase reaction ... ... 77

on-Effect of Mg concentration on the 
equilibrium position of the adenyla,te 
kinase reaction ... ... , . , 73

Determination of the effect of H+ on the
adenylate kinase ... ...................78

Measurement of the ATPase activity it *«»
Measurement of monoamine oxidase activity..80 
Measurement of malate dehydrogenase 
activity ... ... ... ... —  81
Measurement of cytochrome oxidase 
activity ... ... ........  ...• • • • • • 81



CHAPTER

CHAPTER

(iv)

Measurement of cytochrome c content ......  81
Measurement of oxidative phosphorylation ... 82 
Comparison of the rates of ATP formation by 
the adenylate kinase and by oxidative 
phosphorylation ... ... ... ... 83
Preincubation of MgATP submitochondrial
particles ... ... ... ... ... 84

2 +Determination of mitochondrial Mg'" ...... 85
Determination of the adenine nucleotides ... 85 
Determination of nicotinamide adenine 
nucleotide content ... ... ... ... 87
Measurement of mitochondrial bivalent cation

transport ........ * m  *** ss
Protein determin&tiqn ,,, ,,,

III

CHARACTERIZATION OF THE RAT LIVER MITOCHONDRIAL 
INTERMEMBRANE SPACE WITH SPECIAL REFERENCE TO 
THE ENZYME ADENYLATE KINASE ... ... ..90

IV

PROPERTIES OF RAT LIVER MITOCHONDRIAL ADENYLATE 
KINASE ... ... ... ... ... 97
a) Kinetic parameters ... ........  97
b) Nucleotide specificity • o © 103



(V)

c) ^Effect of H+ concentration on the
adenylate kinase activity ... .... 103

2 +d) Effect of Mg concentration on the
adenylate kinase reaction ... ... 103

9 +e) Effect of Mg" concentration on the
equilibrium constant of the adenylate 
kinase reaction ... ... ... 107

Di s cu ssion ... ... ... ... ... 107

CHAPTER V
UTILIZATION OF INTERMEMBRANE SPACE ADENINE 
NUCLEOTIDES AND Mg2+ BY ADENYLATE KINASE ...114 
Discussion ... ... ... ... ... 120

CHAPTER VI
FUNCTIONAL INTERACTION BETWEEN THE MITOCHO­
NDRIAL ADENYLATE KINASE AND OXIDATIVE
PHOSPHORYLATION .......................  123
Kinetics of mitochondrial oxidative
phosphorylation ..........................  123

ATP formation by oxidative phosphorylation 
and by adenylate kinase ... ... ... 126
Discussion ... ... ... ... 130

CHAPTER VII
CATION TRANSPORT BY RAT BRAIN MITOCHONDRIA..132 
Transport of calcium ... .... ... ..132



(Vi)

Uptake of other bivalent cations by rat
brain mitochondria ... ... ... ...

+ 2 +Na induced efflux of accumulated Ca ...
Discussion ... ... ... ...* ...

CHAPTER VIII
INTERACTION OF BIVALENT CATIONS WITH THE 
MITOCHONDRIAL ATP SYNTHETASE (ATPase) 
Effect of bivalent cation accumulation on 
oxidative phosphorylation ... ...
Effect of bivalent cations on beef heart 
MgATP submitochondrial ATPase activity 
Discussion ... ... ... ... ..

CHAPTER IX
GENERAL DISCUSSIONS AND CONCLUSIONS 
The mitochondrial adenylate kinase 
Bivalent cation uptake ... ...
Conclusions ... ... ...

REFERENCES .........

148
155

145

. 161

185
206

215
217
222
228

232

if •



(vii)

LIST OF FIGURES

PAGE

Fig. l A model for the organisation of
the subunits in the mitochondrial 
H — AXPs.s© • • • ••• »• • . « » 14

Fig. 2 
(A) and (B)

Fig. 2 (C) 

Fig. 3 

Fig. 4 

Fig. 5

Fig. 6

Fig. 7 

Fig. 8

Kinetic parameters of the mitochondrial
adenylate kinase ... ... ... 97,98
Kinetic parameters of the mitochondrial
adenylate kinase ... ... * • • 100
Effect of H+ concentration on the
adenylate kinase activity ... .•••, . 104

on-Effect of Mg concentration on the
forward reaction of adenylate kinase ..107 

2 +Effect of Mg concentration on the 
equilibrium constant of adenylate
kinase ... ... ... ... 109
Utilization of intramitochondrial 
adenine nucleotides by adenylate 
kinase with pyruvate kinase and 
phosphoenol pyruvate as an ATP
regenerating system ..............  114
Utilization of intramitochondrial 
adenine nucleotides by adenylate 
kinase with oxidative phosphorylation
as an ATP regenerating system ...... 117
Comparison of oxidative phosphorylation 
with ADP and AMP as the substrate ... 123



(viii)

Fig. 9

Fig. 10

Fig. 11 
Fig. 12

Fig. 13

Fig. 14

Fig. 15

Fig. 16 

Fig. 17 

Fig. 18 

Fig. 19 

Fig. 20

Relative contributions of adenylate 
kinase and oxidative phosphorylation 
to ATP formation by rat liver mitochon­
dria at varying concentrations of ADP .. 127
Respiratory stimulation by ADP and 

2 +Ca in rat brain mitochondria ......  132
2 +Ca uptake by rat brain mitochondria ...135

2+Effect of inorganic phosphate on Ca
uptake by rat brain mitochondria....... 135

2+Effect of ATP on Ca uptake by rat
brain mitochondria ... ... ...... 141

2+ 2+Respiratory stimulation by Ba and Mn
in rat brain mitochondria ... ... 145
Respiratory stimulation by the combined
uptake of cations in rat brain
mitochondria ... ... ... ... 14 8

+ 2 +Effect of Na on Ca accumulation by
rat brain mitochondria ... ........ 150

+Effect of Na on rat brain mitochondrial
respiration........  ... ....... 152
Effect of Na+ on mitochondrial
respiration............................ ..

2 +Effect of Ca accumulation on brain
mitochondrial oxidative phosphorylation..161 

2 +Effect of Ca uptake on active brain 
mitochondrial oxidative phosphorylation..164



Fig. 21 

Fig. 22

Fig. 23

Fig. 24 

Fig. 25

Fig. 26

Fig. 27

Fig. 28

Fig. 29

Effect of Ca uptake on brain
mitochondrial oxidative phosphorylation ..167
Saturation and Linear-Weaver Burk plots
showing the extent of inhibition of
oxidative phosphorylation upon uptake of

2 +varying amounts of Ca ... ... ... 169
+ 2+Effect of Na on the Ca induced inhibition

of oxidative phosphorylation in brain
mitochondria ... ... ... ... 172

2+Effect of Ba accumulation on brain
mitochondrial oxidative phosphorylation ..174.

2+Effect of combined uptake of Ca and 
2 +Ba on mitochondrial oxidative

phosphorylation ... ... ... ... 173
2 +Effect of Mn uptake and a combined

uptake of Ca^+ and Mn^+, Ba^+ and Mn^+ 
on brain mitochondrial oxidative
phosphorylation ............... ... iqq

Effect of inorganic phosphate on beef
heart MgATP submitochondrial particle
ATPase activity.....................  189
Effect of bivalent cations on beef
heart MgATP submitochondrial particle
ATPase activity ........................  193
Effect of inorganic phosphate and bivalent
cations on the ATPase activity of the
purified enzyme ...

2 +

•  •  • •  •  • • • • 195



(X)

Fig. 30

Fig. 31

Fig. 32 

Fig. 33

Fig. 34

Fig. 35

Effect of preincubating MgATP 
submitochondrial particles at varying 
lengths of time on the ATPase activity .. 197 
Effect of bivalent cations on the ATP 
synthesis of MgATP submitochondrial 
particles ... ... ..._ ... .. 200
Effect of bivalent cations on ATP
hydrolysis by MgATP particles ........  202
Effect of preincubating MgATP particles 
in the presence of bivalent cations
and ATP on the ATPase activity .......  206
Schematic view of the functional 
relationship of adenylate kinase to 
extra- and intramitochondrial adenine 
nucleotides and oxidative phosphorylation 
in rat liver mitochondria ... ... 218

at
Transation^states of the mitochondrial 
H+-ATPase as regulated by respiration, 
inorganic phosphate, ADP, ATP and 
bivalent cations ......................  225



LIST OF TABLES

Table

Table

Table

I

Table

Table

Table

Table

(xi)

PAGE

I Marker enzyme activities 
recovered from isolated interme­
mbrane space fraction of rat
liver mitochondria ... ... $9

II Recovery of certain mitochondrial 
components from isolated interme­
mbrane space of rat liver
mitochondria ... ... ... ... 91

2 +III Release of mitochondrial Mg
upon incubation under different 
conditions ... ... ... ... 93

IV Effect of various substrates on
adenylate kinase activity of rat 
liver mitochondria ... ... .. 102

V Kinetic parameters of adenylate 
kinase and oxidative phosphorylation
in rat liver mitochondria .........125

VI Effect of preincubating MgATP
submitochondrial particles under 
various conditions on the ATPase 
activity  184

VII Activation of inhibitor supplemented 
state III submitochondrial particles
by preincubation with succinate ... 186



(xii)

Table VIII Activation of MgATP submitochondrial 
particle ATPase activity by 
inorganic phosphate and ADP-bivalent 
cation complexes ... ... ... 190

Table IX Inactivation of the succinate and
phosphate induced activation- of 
MgATP submitochondrial particle ATPase 
by ATP -bivalent cation complexes ... 203

Table X Deactivation of submitochondrial
ATPase activity by addition of purified 
ATPase inhibitor protein the the 
presence of ATP and bivalent cations .. 207



(xiii)

ABBREVIATIONS

ADP Adenosine 5' - diphosphate
AMP Adenosine 5' - monophosphate

ATP Adenosine 5' - Triphosphate

ATPase Adenosine triphosphatase

AMP-PNP Adenylyl imidophosphate

ANS l-anilino-8-napthalenesulfonic acid

AP5A l sP P - di (adenosine - 5') pentaphosphate

CAT Carboxyatractylate

CCCP Carbonyl cyanide m-chlorophenyl hydrazone

CMP Cytosine 5' - monophosphate

CTP Cytosine 5* - triphosphate

DCCD N N f - dicyclohexyl carbodiimidei
DNA Deoxyribose nucleic acid

EDTA Ethylene diamine tetra acetate

GMP Guanosine 5' - monophosphate

GTP Guanosine 5' - triphosphate
I TP Inosine 5‘ - triphosphate
NAD+ Oxidized nicotinamide - adenine dinucleotide
NADH Reduced nicotinamide - adenine dinucleotide
NADP + Oxidized nicotinamide - adenine 

dinucleotide phosphate
NEM N-ethylene malemaide
Pi Inorganic phosphate
PPi Inorganic pyrophosphate



(xiv)

RNA
TEA
Tris
UTP

Ribose nucleic acid 
Triethanolamine
Tri (hydroxymethyl) amino ethane 
Uridine 5' - triphosphate.



1

SUMMARY OF THE THESIS

Introduction

The purpose of this study is to characterize 
further, the manner in which the mitochondrial enzyme, 
adenylate kinase and the mitochondrial bivalent cation 
transport interact functionally with the oxidative 
phosphorylation machinery of the cell in the regulation 
of adenine nucleotide metabolism.

The work has been carried out in two parts.

PART ONE

Various parameters of the mitochondrial adenylate 
kinase have been investigated, with an aim of under­
standing further how its interaction with intra - and 
extramitochondrial adenine nucleotides together with 
the process of oxidative phosphorylation may partici­
pate in regulating the metabolic interplay between the 
cytosol and the mitochondria, with special emphasis on 
adenine nucleotide metabolism. Most of the work has 
been carried out with intact rat liver mitochondria, 
which allowed a study of the functional relationship 
between the adenylate kinase (located in the 
mitochondrial outer compartment) and the oxidative 
phosphorylation machinery of the mitochondria on one 
hand, and that between adenylate kinase and the
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extramitochondrial environment.

The results show that both the direction and 
velocity of the adenylate kinase reaction are 
influenced by the relative concentrations of the adenine 
nucleotides in its environment. This in turn has a 
strong influence on the rate of oxidative phosphory­

lation.

With a high concentration of ATP and AMP in the 
extramitochondrial environment the forward reaction of 
the adenylate kinase is strongly stimulated. On the 
other hand, with a high concentration of ADP, the 
reverse reaction is strongly stimulated.

In the presence of a respiratory substrate and 
inorganic phosphate, AMP and ADP stimulate both the 
adenylate kinase reaction and oxidative phosphorylation 
while ATP has no effect on either of the reactions.

With AMP,oxidative phosphorylation is stimulated, 
with a respiratory control ratio similar to that for 
ADP. This effect is due to the presence of small 
amounts of ATP in the mitochondrial outer compartment 
which react with AMP forming ADP under the catalysis 
of the adenylate kinase, with the ADP so formed 
initiating oxidative phosphorylation. A comparison 
of the amount of ATP formed, with AMP as the substrate
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for oxidative phosphorylation to that formed with ADP 
as the substrate showed that much more ATP is formed 
with ADP as the substrate. This is due to- the fact 
that most of the ATP formed with AMP as the substrate 
is used to phosphorylate more AMP to ADP via the 
adenylate kinase, as shown in scheme 1 (a)

Scheme 1 (a)

Adenylate
kinase

Oxidative
phosphorylation

AMP- 2 ADP 2ATP

ATP

With ADP, ATP is formed by both the adenylate 
kinase reaction and oxidative phosphorylation, the 
relative amounts formed by either of the reactions 
depending on the concentration of ADP. At low concen­
trations of ADP much more ATP is formed by oxidative 
phosphorylation than by the adenylate kinase reaction, 
while the reverse happens with high concentrations of 
ADP. This was shown to be due to the fact that
oxidative phosphorylation has a lower K value for ADP,m

.# •

than the adenylate, while the adenylate kinase reaction
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has a much higher V Scheme 1 (b)

Adenylate kinase

PART TWO

The effect of various bivalent cations on ATP 
synthesis by intact rat brain mitochondria, and ATP 
hydrolysis by submitochondrial particles was tested.

The results showed that rat brain mitochondria
were capable of supporting a respiratory dependent 

2+ 2+ 24-uptake of Ca , Mn and Ba . Uptake of the cations 
took precedence over oxidative phosphorylation with 
no ATP being synthetized during the uptake process. 
Accumulation of large amounts of either Ca^+ or B a ^  
led to a complete inhibition of ATP synthesis, while

24-accumulation of Mn had no effect on oxidative
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phosphorylation and could even reverse the inhibitory 
2+ 24-effects of Ca and 3a

Experiments carried out with beef heart Mg ATP 
submitochondrial particles showed that bivalent 
cations had a strong influence on the ATPase activity 
of the particles.

24- 24-In the Dresence of ADP and either Mn or Mg 
the ATPase activity of the particles was strongly 
stimulated. This effect was more pronounced in the 
presence than in the absence of a respiratory substra­
te. A similar effect was also observed with the purified 
H+- ATPase, but this was independent of the presence

O Ior absence of a respiratory substrate. ADP and Ca 
had no effect on the ATPase activity of either the sub­
mitochondrial particles or the purified ATPase. The stimula­
tion observed with ADP and either Mn^+ or Mg^+ is 
most probably due to the ADP bivalent cations binding 
to a regulatory site on the inhibitor free ATPase
molecules, altering its conformation to a more

4-reactive state. That the H - ATPase inhibitor may 
be involved in this stimulation is shown by the fact 
that, the stimulation is more pronounced in the 
presence of a respiratory substrate, which is known 
to cause a release of the ATPase - inhibitor from 
its inhibitory sito (Gomez - Puyou, et al. , 1979) .•»
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Conclusions

The results described above show that both the 
mitochondrial enzyme, adenylate kinase and bivalent 
cations play a significant role in the regulation of 
adenine nucleotide metabolism.

Adenylate kinase acts by monitoring the adenylate 
charge of the cell (Atkinson, 1968) and responds by 
altering both the direction and velocity of its 
reaction, an effect that in turn has a strong influence 
on oxidative phosphorylation.

Bivalent cations regulate the metabolism of
adenine nucleotide metabolism by (i) Competing with
oxidative phosphorylation for the electrochemical
gradient during the uptake process ; (ii) By competing

2+with intramitochondrial Mg for binding to intramito- 
chondrial adenine nucleotides to form bivalent cation- 
nucleotide complexes, whose effects will depend on 
the suitability of the complex to act as a substrate 
for the H -ATPase and to act as a modulator for the
enzyme.
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C H A P T E R  I

INTRODUCTION

(i) BACKGROUND

The most outstanding feature of the mitochondrion 
is its intrinsic ability to perform integrated 
enzymatic activities. The most important of these is 
the oxidation of respiratory substrates, and transport 
electrons, to molecular oxygen, coupled to oxidative 
phosphorylation with concomitant synthesis of ATP for 
use by the rest of the cell. Other activities include, 
3-oxidation of fatty acids, part of the urea cycle, 
protein biosynthesis, nucleic acid synthesis, and the 
transport of cations and anions. The mitochondrion 
contains all the necessary enzymes, coenzymes and 
cofactors for these activities.

Morphologically, the mitochondrion consists of 
two compartments, delineated by two membrane systems 
(Palade 1956). The outer membrane and the intermembrane 
space forms the outer compartment, while the inner 
membrane and the matrix form' the inner compartment.
The activities that take place in the two compartments 
also vary, a situation that is reflected in the 
intramitochondrial localization of the various enzymes.
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The enzymes located in the outer membrane 
represent a rather heterogeneous group, from a 
functional point of view. These include monoamine

(CC^tZ '̂3 ami Dole 1951) , Kynu^snine hyrifoity la se

(Okamoto, et a l . , 1967), NAD — specific Mylifeol
dehydrogenase (Arsenis et al., 1968), a rotenone
insensetive NADH - cytochrome c reductase (de Duve et
al., 1955, Ernster, 1956), an ATP-dependent fatty
acyl-CoA synthetase which is specific for long chain
fatty acids (Norum et al., 1966) and a hexokinase
binding protein (Rose and Warms, 1967, Linden, et al.,
1982). The outer membrane is freely permeable to
several kinds of low molecular weight substances upto
an approximate molecular weight of 10,000 (Werkheiser
and Brierley, 1957, O'Brien and Brierley 1965). This
non-specific permeability is due to the presence of

oaqueous pores with a diameter of 20 - 30 A in the 
outer membrane (Parsons et al., 1966). Zalman, et al., 
(1980) have reported the isolation of a partially 
purified 30,000 molecular weight component from the 
outer membrane of mung bean mitochondria which produced 
non-specific diffusion channels across a phospholipid 
bilayer with an exclusion limit of 10,000. A similar 
protein has also been isolated from the outer 
membrane of rat liver mitochondria by Linden et. al., 
(1982) who showed it to be the same protein as the 
hexokinase binding protein.
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The intermembrane space contains the phospho­
transferases, adenylate kinase, nucleoside monophospho- 
kinase, nucleoside diphosphokinase (Brdiczka et al., 
1968, Shnaitman and Greenawalt 1968) and xylitol 
dehydrogenase (Arsenis et al., 1968).

The inner membrane is the site of the respira­
tory chain enzymes (Levy et al., 1967, Parson et al., 
1966) and the enzyme syston responsible for oxidative 
phosphorylation (Racker, et al., 1965). The nicoti­
namide nucleotide transhydrogenase (Danielson and 
Ernster, 1963) and 6-hydroxybutyrate dehydrogenase 
(Norum, et al., 1966) are firmly associated to the 
inner membrane. The inner membrane has a strict 
orientation of its constituent enzymes as illustrated 
by the fact that succinate (Harris et al., 1967) and 
NADH (Lehninger, 1951) interacts with the respiratory 
chain from the inside (matrix) surface of the inner 
membrane, whereas cytochrome c appears to be accessible 
preferentially from the outside surface (Lenaz and 
McLennan, 1966). The inner membrane is only freely 
permeable to uncharged low molecular weight substances 
of upto 150, such as ammonia, glycerol and carbon 
dioxide (Klingengberg 1963; Chappell and Hearhoff 
1967, Chappell 1968). However the membrane contains 
specific translocators for various charged molecules 
of physiological importance. These include the
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translocators for phosphate (arsenate), malate, succi­
nate, ^-ketoglutarate, citrate, isocitrate, cis- 
aconitase, glutamate, aspartate and the atracylate 
sensitive ATP-ADP carrier (Chappell, 1968) as well as 
that for carnitine esters of fatty acids (Norum et al.,
1966) . The inner membrane also contains the binding 
sites for various divalent cations, involved in their 
energy linked translocation across the inner mitocho­
ndrial membrane (Brierley et al., 1964), as well as 
those for different ionophoric antibiotics such as 
valinomycin and gramicidin that facilitate the 
transport of univalent cations (Lehninger et al.,
1967) .

The matrix contains the enzymes responsible for 
the citric acid cycle (except succinate dehydrogenase) 
and related processes such as substrate level phospho­
rylation (Brdiczka, et al., 1968, Parsons et al., 1967) 
pyruvate and phosphoenol pyruvate carboxylase reactions 
(. Pfaff,et al., 1968), glutamate transamination and 
citrulline synthesis (Shnaitman and Greenawalt, 1968), 
the GTP and ATP dependent fatty acyl CoA synthetase 
reactions, which are specific for medium and short 
chain fatty acids ( Aas and Bremer, 1968) and fatty 
acid oxidation (Beatie, 1968, Brdiczka et al., 1968) . * 
The mitochondrial DNA (Naas and Naas 1963) the 
mitochondrial RNA, and the protein synthetising
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systems are located in the matrix (Beatie, et al., 
1967).

Despite the apparently wide variety of events 
that take place in the mitochondrion, most of its 
activities are ultimately aimed at the provision of 
energy in the form of ATP to the cell.

(ii) METABOLISM OF ADENINE NUCLEOTIDES

The adenine nucleotides play a major role in 
cellular energy conservation,with ATP being the major 
energy source for most biological processes. A 
relatively large amount of energy is stored in each 
of the high energy phosphate bonds of ATP, and can be 
released on hydrolysis of the bonds (see section 
ii, b).

(ii) a. Synthesis of ATP

The major bulk of ATP is synthesised by the 
mitochondrial H+ - ATPase (E.C.3.6.1.3.), also referred 
to as the ATP synthetase, which is located in the 

inner mitochondrial membrane (Racker, et al., 1965)
The enzyme catalyzes the reaction
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ATP + H20 t ADP + Pi
AG° = -7.3 Kcal/mol.

The forward reaction occurs with loss of energy 
and is spontaneous. It is this energy that is 
available for driving the various energy dependent 
reactions in the cell. However, the reverse reaction
1*6* /\fj? Synthesis^ wh i c h  a c t u a l l y  p r e d o m i n a t e s

under intramitochondrial conditions tequltss an input

of energy as described below.

The H+-ATPases are found throughout the
phylogenetic scale:- in mitochondria of eukoryotic
cells and in both aerobic and anaerobic bacteria. The
structure of the mitochondrial H - ATPase (Figure 1)
is very similar to that of the chloroplast- and
bacterial H+- ATPases (Futai and Kanazawa, 1980) but
distinct from other ATP hydrolysing ion pumps such as
the Na - K -ATPase of the eukaryotic plasma membrane 

2+and the Ca - ATPase of the sarcoplasmic reticulum as 
well as the actomyosin ATPase.

The H - ATPase consist of 3 morphologically 
distinguishable parts. An extrinsic hydrophilic part 
called the F^, which forms projections on the inner

• f  •

mitochondrial membrane and which contains the centre 
for catalytic activity (Pullman, et al., 1960) and an



FIGURE 1

A model for the organisation of the subunits in 
the mitochondrial H+- ATPase, depicting the <x3 t>3 Y 6

and e structure. The dotted lines through F
oindicate the proton channel.
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FIG. 1

• I  •
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extrinsic hydrophobic part called Fq embedded in
4

the membrane and containing the proton translocating 
sector of the enzyme (Mitchell, 1976; Kagawa, 1978).
The two parts, F and Fq are connected by a third part 
referred to as the stalk.

The F part of the mitochondrial H+ - ATPase 
contains 5 major types of polypeptides in sodium 
dodecyl sulfate polyacrylamide gel electrophoresis 
systems. The are most commonly designated as ,
y, 6 and e in order of decreasing molecular weight.
The stoichiometry of the F^ subunits is still a 
controversy, with two schools of thought, one favouring 

a completely dimeric structure, cc2r $2 '̂2'̂ 2 £3
and another that favour the <*3 / 83 >Y, 5 and e. Most of 
the evidence (Semer and Brooks, 1971, Caterall et al., 
1973; Pedersen, 1975) centres on the latter structure. 
For ATP hydrolysis, the 8-subunit has been found to 
contain the catalytic centre (Penefsky, 1979; Nelson, 
1981; Fillingame, 1981). The 8-subunit alone is not 
an active ATPase as evidenced by reconstitution 
experiments with bacterial F (Yoshinda et al., 1977) 
and immunochemical studies on chloroplast F^ (Nelson 
et al., 1973) which show that the interaction between 
the « and the 8- subunits and perhaps the Y -subunits 
is necessary for catalytic activity. Nucleotide

• 1 •binding has been shown to be restricted to the « and
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the B-subunits of the enzyme (Lunardi et al., 1977, 
Vagenvood et al., 1977). The Y-subunit (Nelson and 
Karny 1976; Younis et al., 1976) and the 6 -subunit 
(Dunn and Heppel, 1980) are required for binding the 
enzymatically active parts i.e. <x and 3 subunits to
the F .o

The F consists of a DCCD binding protein, a o
peptide called the oligomycin sensitivity conferring, 
protein, an uncoupler binding protein, an -SH 
containing peptide called factor B and a small 
protein called Fg . There also may be a 28,000 dalton 
protein (Alfonzo and Racker, 1979). The Fq has 
the characteristic property of inducing an increase 
in the proton conductivity when incorporated into 
liposomes and this can be prevented by binding of 
oligomycin, DCCD or F^ (Glaser et al., 1977; 1980; 
Okamoto et al., 1977; Schipakin et al., 1976). The 
mechanism by which Fq directs protons to the F^ part 
of the enzyme is still unclear and may involve ' 
diffusion through an aqueous channel, MH+- hopping", 
proton tunneling or simple H+-binding followed by 
a conformational change (Pedersen et al. , 1981).

The F^ part of the molecule has rather specific 
binding sites for ADP and inorganic phosphate and is 
capable of utilizing an electrochemical gradient, 
formed by the unidirectional flow of electrons along
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the inner membrane as the driving force for 
ATP synthesis using ADP and inorganic phosphate. The 
mechanism by which this process occurs is still 
unclear but several theories have been put forward. 
According to the Mitchell’s chemiosmotic theory 
(MitGllGllf p 79) proton conducted through Fo interact

d i r e c t l y  wi t l i  i-Ue: a c t  dxr e s  i-k e o f  F UllOFQ P i  I I

activated to "Pi+" and simultaneously attached by 
ADP to form ATP. Alternatively,Boyer (1974) and 
Slater (1974) have proposed that proton conduction 
through Fq indirectly alters the conformation of

so as to release bound ATP, the synthesis of the latter 
from bound ADP and Pi taking place at the expense of 
the energy stored in the "energised" conformation 
state of the enzyme. Later Boyer and his associates 
(Kayalar et al., 1977) extended this hypothesis to 
involve catalytic cooperativity between identical 
subunits of F^ whereby binding of ADP and Pi to one 
subunit is accompanied by release of ATP from another 
subunit.

(ii) b. Utilization of ATP

Most of the cellular energy requirement is 
derived from the hydrolysis of ATP. About7300 calories 
per mole is stored in each of the two pyrophosphate 
bonds of ATP (Scheme 2), and can be released by



SCHEME II

Structure of adenosine triphosphate (ATP)

A - refers to the point of cleavage leading to 
formation of adenosine diphosphate (ADP)

B - refers to the point of cleavage leading 
to the formation of adenosine monophosphate (AMP)



19

Scheme II
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splitting of these bonds. After ATP is formed by 
mitochondrial H+- ATPase (ATP-synthetase) it may either 
be used in the mitochondria or translocated to the 
cytosol through the ATP-ADP exchange carrier. In the 
mitochondria ATP may be hydrolysed by the H+- ATPase 
with subsequent generation of an electrochemical 
gradient which can be used to drive processes like 
metabolite transport, NADH - NADP transhydrogenase, 
reverse electron flow or cation transport (Pedersen 
et al., 1981). It may also be used to drive other 
mitochondrial processes like fatty acyl CoA synthesis. 
However, most of the ATP is translocated to the 
cytosol where most of the energy requiring processes 
occur.

Some of the energy requiring processes break 
down ATP to ADP and Pi (see Scheme II)
Eg. 1

ATP + H20 > ADP + Pi
AG° =-7.3 Kcal/mol

Other energy requiring processes break down ATP 
to AMP and inorganic pyrophosphate (PPi)

AG° = -7.7 Kcal/mol.
ATP ____________.>AMP + PPi

i f  •
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The PPi is subsequently hydrolyzed by pyrophos­
phatase to yield two molecules of inorganic phosphate

Eq- 3
PPi + H O ----------- > 2Pi

AG° = -6.9 Kcal/mol.

The overal reaction
Eg. 4

ATP + 2 H20 AMP '+ 2Pi

Ag° = -14.6 Kcal/mol

Most of the ADP arising from the hydrolysis of 
ATP goes back to the mitochondria where it is 
phosphorylated to ATP, while some of it is phosphory- 
lated in the cytosol by the substrate level reactions 
of glycolysis or by the adenylate kinase, which 
catalyzes the reaction between 2 molecules of ADP to 
form one molecule of ATP and one of AMP. AMP formed 
either by the hydrolysis of ATP or by the adenylate 
kinase reaction cannot permeate the. inner mitochond­
rial membrane, and has to be converted to ADp by the 
adenylate kinase reaction, at the expense of 
mitochondrial ATP. This flux through the adenine 
nucleotide system is rapid and very variable (Atkinson 
and Champman, 1979). Thus the relative concentrations 
of ATP, ADP and AMP may be expected to fluctuate widely 
Actually the concentration ratios of the adenine



nucleotides are remarkably constant. Several 
regulatory factors are responsible for the maintenance 
of this near constancy of the adenine nucleotide 
concentration ratios as described below.

(iii) REGULATION OF ADENINE NUCLEOTIDE METABOLISM

Most of the cellular ATP is synthesised in the 
mitochondria, while the major part of it is utilized in 
the cytosol. Like other physiological metabolites, 
the metabolism of adenine nucleotides has to be finely 
regulated to ensure efficient conservation of cellular 
energy. Unlike most other metabolites, the products 
of ATP hydrolysis, ADP, AMP and Pi, are the precursors 
of ATP. This then*requires that the metabolism of 
adenine nucleotides be regulated at various levels 
including the level of ATP synthesis, transport of 
ATP and ADP between the mitochondria and the cytosol 
and the recycling of ADP4 AMP, the precursors of ATP. 
This multiplicity of levels of regulation calls for 
a multiplicity of factors involved in the regulation 
of adenine nucleotide metabolism* The fact°rs 
believed to be involved in the regulation of adenine 
nucleotide metabolism include

a) The enzyme adenylate kinase
b) The ATP-&dp translocator

t$ -
c) The ATPase inhibitor peptide
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d) Mitochondrial bivalent cation transport

(iii)a The Enzyme Adenylate Kinase E.C. 2.7.
4.3.

As mentioned in the preceding section, ADP and 
AMP are the precursors of ATP. ADP is directly 
phosphorylated either by substrate level phosphory­
lation , or by the ATPase to ATP. AMP can neither be 
directly phosphorylated to ATP, nor can it permeate 
the mitochondrial membrane and has to be converted 
to ADP first. A small amount of AMP is formed in 
the mitochondrial matrix by such processes as short 
chain fatty acyl CoA synthesis, and this AMP is 
phosphorylated to ADP by the mitochondrial GTP - AMP 
phosphotransferase (Chiga et al., 1961). Most AMP 
is however formed in the cytosol. This AMP has to be 
converted to ADP before it can permeate the inner 
mitochondrial membrane, for phosphorylation to ATP. 
This is done by the enzyme adenylate kinase at the 
expense of mitochondrial ATP.

Adenylate kinase commonly referred to as 
myokinase and designated by the enzyme commission as 
ATP - AMP phosphotransferase catalyzes the reaction

Eq- 5 ATP + AMP --- * 2 ADP
.1 •
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There are two major types of isoenzymes of 
adenylate kinase:- a "muscle type” of the enzyme, 
which is mainly found in skeletal muscle, erythrocytes 
and brain, and a "liver type" which is mainly found 
in liver, kidney, spleen and heart (Khoo and Russel, 
1972). The two isoenzymes have different subcellular 
localization. The muscle type is located in the 
cytosol, while the liver type is located in the 
mitochondrial outer compartment. The isoenzymes are 
believed to serve different physiological functions, 
with the muscle type, serving mainly to regenerate 
ATP from ADP, thus making ADP available as an energy 
source for, e.g. muscle contraction, while the liver 
type which has a relatively high affinity for AMP, 
serves mainly to regenerate ADP from AMP making the 
latter available for oxidative phosphorylation 
(Noda, 1973). The two isoenzymes can be identified 
on the basis of sulfhydryl reactivity and antibody 
inhibition studies (Khoo and Russel, 1972, Tamura et al., 
1980).

Occurrence

Adenylate kinase is an ubiquitous enzyme (Noda 
1973) found in many tissues of the mammalian body, 
plants and other lower forms of life. The enzyme has 
been purified from a variety of mammalian tissues



including rabbit muscle (Noda and Kuby, 1975), porcine 
liver mitochondria (Chiga and Platt, 1960), carp 
muscle (Itakura et al., 1978) bovine liver mitochondri 
(Noda et al., 1975; Markland and Wadkins, 1966), rat 
liver mitochondria (Criss et al., 1975, Sapico et al., 
1972), rat hepatomas (Criss et al., 1974), rat brain 
(Pandhan and Criss, 1976) , human erythrocytes (Thurme 
et al., 1972) and from bakers yeast (Chiu et al.,
1967; Su and Russel, 1967).

The enzyme has also been shown to be present in 
lemon leaves (Noort and Wallace, 1967) in wheat 
(Bomsel and Pladet, 1967) and in E.coli (Peterson 
et al., 1964).

Nucleotide Specificity

* The nucleotide specificity varies depending on
the source Of the enzyme. However the adenine
nucleotides have the lowest values and are the
natural substrates. Base substitutions as well as
substitition of hydrogen for hydroxyl in the
2'- ribose lead in general to decreased activity.
Several adenylate kinases are able to utilize ATP,
2' - dATP, CTP, GTP, UTP and ITP as the phosphate
donor, while others only utilize ATP or dATP (with a
higher K ) (Noda 1973)3 m
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Tilt; enzyme seems to be more specific for AMP.
Rat liver enzymes are only CapablG Of Utilizing 
5' - AMP as the phosphate acceptor (Criss et al., 1970; 
Sapico et al., 1972). Infact, only with the yeast 
enzyme has d-AMP been reported to be active (Chiu et al., 
1967; Su and Russel, 1968).

Since the early investigations on the enzyme,
adenylate kinase has been believed to contain two
substrate binding sites (Noda 1962) one for the
magnesium-nucleotide complex, and one for the
uncomplexed nucleotide. This suggestion has been

£ •verified further by Rhoads and Lowenstain, (1968), 
using isotope exchange rates at equilibrium and more 
recently by Hamada et al., (1979) using fluorescent- 
quenching technique and UV-spectral methods for the 
study of substrate binding. It is nowadays believed 
that the two substrate sites are distinct and specific, 
one for the uncomplexed AMP or ADP and the other for 
MgATP or MgADP. Thus,- the forward reaction may be 
presented as one between the magnesium complex of 
ATP and uncomplexed AMP, and the reverse reaction 
as that between the magnesium complex of ADP and 
uncomplexed ADP (Hamada et al., 1979)

____ v\----MgATP + AMP MgADP + ADP.



The K ATP and K ADP values for both rat liver m m
and rat muscle enzymes has been reported to be the
same (Tamura et al., 1980)f while the AMP value for
the liver enzyme is about one-fifth that of the muscle
enzyme. Several authors have reported inhibition of
the enzyme by high concentration of AMP (Tamura et al.
1980? Font and Gautheron, 1980; Rhoads and Lowenstain
1968). This inhibition has been thought to be due to
the fact that, at high concentration of AMP, a

2+substantial amount of it will complex with Mg , which 
then competes with MgATP for the ATP binding site 
(Font and Gautheron 1980) .

Metal Requirements

' v-Adenylate kinase catalyzes the transfer of a 
phosphate group between a bivalent cation - ATP 
complex and AMP in the forward reaction and between 
a bivalent cation - ADP complex and ADP in the 
reverse reaction.

bivalent cation - ATP + AMP j bivalent cation-ADP+ADP

The enzyme can utilize various bivalent cations,
but the order of reactivity varies from one enzyme
source to another. For the rat muscle enzyme Mg>,

2+ 2+Mn > Ba (O'Sulliv n and Noda, 1968) , yeast enzyme 
2+ 2+ 2+ 2+Mg > Ca > Mn > Ba (Su and Russel, 1967) and



24- 2+ 2+ 2+bovine liver enzyme Mg > Mn > Ca > Co 
(Markland and Wadkins, 1966).

Despite the individual differences it is seen that
2+ 2+ 2+ Mg has the highest activity followed by Ca , Mn ,
2+ 24 2+ 21Ba and Co . Sometimes Ba and Co only shows a

fraction of the activity given by the most reactive
metal. The metal ion is bound to the di- or
triphosphate to give a metal nucleotide complex.

Kinetic and NMR studies have established that 
there are two substrate sites per enzyme active site, 
a site for binding the nucleotide monophosphate and 
another for binding a metal nucleotide di- or 
triphosphate (Noda, 1973).

Physical Properties

Most adenylate kinases have molecular weights 
of between 21,000 and 23,000. This is true for human, 
pig and rabbit muscle enzymes, as well as rat liver 
mitochondrial enzymes (Noda 1973). At high protein 
concentrations, the rat liver enzyme is known to exist 
as a dimer or trimer with molecular weights of
46,000 and 68,000 respectively (Criss et al., 1970).
At low protein concentrations it occurs as a monomer, 
with a molecular weight of 23,000, with no alteration 
of activity. The yeast enzyme has the highest
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molecular weights of adenylate kinases prepared so far 
(Su and Russel, 1967). Beef heart mitochondrial enzyme 
has a molecular weight of 31,000 while the correspond­
ing cytosolic enzyme has a molecular weight of
21,000 (Tomasseli and Noda, 1980).

The isoelectric point (pi) value of the rabbit
en? vjmuscle^is at pH 6.1, rat muscle enzyme, 7.0 and rat 

liver enzyme at 8.1.

The rat muscle enzyme (Noda, 1958) and the rat 
liver enzymes have a broad pH optimum of 6.0 - 9.0. 
Beef heart mitochondrial enzyme has optimum activity 
at pH 5.8 in the forward and pH 8.0 in the reverse 
reaction.

Metabolic Properties

The "liver type” of the enzyme is very sensitive 
to alterations in the metabolic conditions while 
the "muscle type" of the enzyme is less sensitive 
(Criss, 1970). Adelman et al., (1968) found that the 
activity of the rat liver enzyme is influenced 
by diets as well as by hormones. On fasting for 48 
hours, the level of adenylate kinase activity increased
from 135 - 375 units per gram of liver tissue, and on

.» •refeeding a high glucose diet the enzymatic activity



in 16 hours was 40 units per gram of liver tissue.
With fed alloxan diabetic rats/ the adenylate kinase 
activity was as high as in the starving level and 
this was reduced to normal levels by the administration 
of insulin. Criss (1970) showed that it is mainly the 
mitochondrial enzyme that was responsive to diets and 
hormones. In adrenalectomized rats (Adelman et al., 
1968) , liver adenylate kinase activity increased but not 
as much as in fasting rats. Criss et al., (1970) and 
Criss (1970) showed that the mitochondrial adenylate 
kinase activity decreased with increased differentia­
tion of tumours, and was found to be high in tissues 
which had high respiratory rates, and low in tissues 
which had low respiratory rates (Criss 1971). The 
activity of the isoenzyme was also found to be low 
in hypothyroid rats (Muchiri and Nelson, 1982).

(iii)b. The ATP-ADP Translocator

In the aerobic eukaryotic cell, most of the 
ATP consumed in the cytosol is synthesised in the 
mitochondrial inner compartment, which is separated 
from the cytosol by both the outer and inner 
mitochondrial membranes. The outer membrane is 
freely permeable to adenine nucleotides via the pore
protein (Parsons et al. , 1966; Zalman, et al., 1980),

.1 •

whereas the inner membrane is impermeable to adenine



31

nucleotides. During oxidative phosphorylation ATP 
and ADP( have to shuttle between the two compartments. 
This requires that there be a transport system 
capable of transporting adenine nucleotides across 
the inner mitochondrial membrane.

Upto 1965, transphosphorylation reactions i.e. 
a direct coupling between intramitochondrial ATP and 
extramitochondrial ADP, whereby a phosphate group is 
transferred from intramitochondrial ATP to the 
extramitochondrial ADP, or a direct access of ADP 
to the ATPase were predicted (Brierly and Green, 1965). 
Later on, with improved methods of measuring adenine 
nucleotide transport in mitochondria (Klingengberg, 
1970, 1976) a specific adenine nucleotide carrier was 
discovered. This discovery was later reinforced by 
the finding, that cellular adenine nucleotides exist 
in two distinct pools; an intramitochondrial pool, 
that is in direct contact with the system that 
phosphorylates ADP, and a cytosolic pool (Klingengberg 
1979).

Properties of the ATP/ADP Carrier

The ATP-ADP transport is the most active 
transport system in many eukaryotic cells, and forms 
the most vital link in the compartmentation of
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metabolism (Klingengberg 1979). It is also the most 
abundant protein in mitochondria, and the most 
abundant membrane protein in many eukaryotic cells.

The ATP—ADP carrier operates a 1:1 exchange
between cytosolic and mitochondrial nucleotides. The
transport system has a very high specificity for
ATP and ADP and does not tolerate any structural
aberrations in the base , ribose and phosphate sections
of the molecule (Pfaff and Klingengberg 1968). Neither

* •

AMP, nor other nucleotides can be transported by the 
carrier. AMP formed in the cytosol has to be converted 
to ADP by the enzyme adenylate kinase (Noda, 1973) 
while AMP formed in the mitochondrial matrix has to 
be converted to ADP by the enzyme GTP-AMP phospho­
transferase (Chiga et al., 1961) Unlike the ATP-ADP 
carrier, the H - .ATPase is less specific, accepting 
other nucleotides as well. The apparent high 
specificity of the mitochondrial oxidative phosphoryl - 
lation is an expression of the ATP-ADP carrier, rather 
than that of the phosphorylation mechanism per se.

2+The carrier operates without Mg or any other 
bivalent cations, which is in contrast to most 
adenine nucleotide utilizing proteins. Infact, it has

2 jbeen demonstrated that the presence of Mg retards 
the transport activity of the carrier (Pfaff et al., 
1969). This is due to the formation of the complexes,
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2+ 2+ADP-Mg or ATP-Mg , which effectively lowers the 
concentrations of free ADP and ATP, which are the 
actual substrates of the carrier.

The transport system is highly dependent on 
temperature, a low temperature inhibiting the exchange 
(Heldt et al., 1965).

The ATP-ADP carrier is influenced by the 
mitochondrial membrane potential with respect to the 
preference of ADP or ATP (Klingengberg and Lubbers, 
1966). The carrier is however fully active in the 
absence of membrane energisation, and in accordance 
with the second law of the thermodynamics, symetrical 
in both directions with respect to the specificity 
for ADP or ATP. However such a transport may not 
serve oxidative phosphorylation efficiently since 
ADP and ATP will be exchanged at equal rates in both 
directions. This means that the four possible modes 
of exchange, ATP-ATP, ADP-ADP, ATP-ADP and ADP-ATP 
will occur at equal rates. In the energized membrane, 
which exists in phosphorylating mitochondria, the 
exchange is regulated in such a manner that it prefers 
largely the ADP uptake against ATP release. Under 
these conditions the ADP uptake versus ATP release is 
more than 20-fold preferred. Thus the exchange is

•f -

directed towards the requirements for oxidative
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phosphorylation. Such an "asymmetric" mode of
transport can only be accomplished by investiment of
energy. The driving force for this regulation is
membrane potential (Pfaff and Klingengberg, 1968;
Klingengberg, 1970). The transport can be considered
to be electrical in such a manner that in the exchange 

3- 4—of ADP against ATP , one negative charge difference 
is transported through the membrane. With the membrane 
potential outside being positive, the ADP against ATP 
exchange would be driven electrophoretically to the 
outside. This mode of exchange generates a higher 
ATP/ADP ratio outside the mitochondria than inside it. 
With a membrane potential of about 180 mV. a 100-fold 
difference in the ATP/ADP ratio may result 
(Klingengberg, 1975). This accounts for 2 - 4  Kilo­
calorie difference in the free energy of ATP between 
the cytosol and the mitochondria, which is in 
accordance with the cellular requirements, i.e. a 
low ATP/ADP ratio in the mitochondria which favours 
ATP synthesis, and a high ATP/ADP ratio in the 
cytosol which favours the utilization of ATP.

Inhibitors of ATP-ADP Transport

There exists two groups of inhibitors for the 
ATP-ADP carrier. These are (a) the atractyloside 
group including atractylate, epiatractylate and
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carboxyatractylate and (b) the bongkrekate group, 
which includes bongkrekate and isobongkrekate (Heldt, 
1969; Klingengberg et al., 1972). The two groups of 
inhibitors interact with the carrier in a different 
manner (Klingengberg, 1971). Atractyloside is 
impermeable to cell membranes, and binds to the 
cytosolic surface of the carrier, whereby it prevents 
binding of adenine nucleotides to the carrier. 
Bongkrekate is lipophilic and thus permeable to cell 
membranes. It binds to the mitochondrial matrix 
surface of the carrier, whereby it prevents dissocia­
tion of adenine nucleotides from the carrier.

(iii)c. The H+-ATPase Inhibitor Peptide

The H+- ATPase is capable of utilizing the 
electrochemical gradient generated by the respiratory 
chain as the driving force for ATP synthesis. The 
same enzyme is capable of hydrolysing ATP to ADP and 
inorganic phosphate. Nothing would be accomplished 
if both ATP synthesis and ATP hydrolysis occurred at 
equal rates, or if the newly synthesized ATP is then 
hydrolysed by the ATPase. It is well documented that, 
in addition to acting as the driving force for ATP 
synthesis, energization of- the inner mitochondrial 
membrane also stimulates the ATPase (Gomez-Puyuo et al.,
1979, 1980; Harns et al., 1979). This kind of a

.# •
situation seems paradoxical, in that the conditions
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that favour ATP synthesis also favour ATP hydrolysis. 
The solution to this paradox lies in the fact that, 
all biological systems have evolved what appear to be 
natural peptide regulators of H+-ATPases, commonly 
referred to as H+-ATPase inhibitors. The ATPase 
inhibitor was first purified from bovine heart mito­
chondria by Pullman and Monroy (1963). Similar prot­
eins have subsequently been found in rat liver mito­
chondria (Chain and Barbour, 1976? Citron and Pedersen, 
1979), yeast mitochondria (Satre, et al., 1975), from 
chloroplasts (Nelson, et al., 1972) and from several 
bacteria species including E. coli (Smith et al., 1975) 
The reported molecular weights are in the range of
7,000 - 12,000.

Purification of the ATPase inhibitor

This involves rather harsh "denaturating" 
conditions, which raise the question about the extent 
to which the secondary and tertiary structural organi­
sation is required for their mode of action. To purify 
the bovine heart inhibitor, Pullman and Monroy (1963) 
subjected mitochondria to alkaline treatment. After 
centrifugation and neutralization, further purification 
of the supernatant was achieved in a sequence of steps 
involving trichloroacetic acid precipitation, ammonium 
sulfate precipitation and DEAE cellulose chromatography 
Most other workers have patented purification schemes
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of the inhibitor peptide after the original Pullman- 
Monroy procedure.

+Localization of the H - ATPase Inhibitor 
\

In animal systems the precise location of the 
ATPase inhibitor is not very clear although there is 
a tendency of describing it as attached to the F^. 
However, a dual interaction between the F« and F is

possible as evidenced by the fact that solubilization 
of the F^-ATPase by diphosphoglycerol in MgATP 
particles is preceded by a stimulation of ATPase 
activity (Bruni and Bigon, 1974). Secondly acidic 
phospholipids (in contrast to phosphatidyl choline) 
prevent inhibition of both soluble and membrane 
bound F^-ATPase by the purified ATPase inhibitor 
(Dabbeni-Sala, et al., 1974). Since phospholipids are 
components of the Fq, it is possible that specified 
phospholipids compete with phospholipids of Fq 
important for binding F^-APase inhibitor to the

Requirments for optimal inhibitory response

A peculiar feature of the F^-ATPase inhibitors 
isolated to date is their inability to inhibit 
rapidly the ATPase activity of H+-ATPases, and

I
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require preincubation with prior to assay to 
elicit maximal inhibitory response. For the rat 
livor inhibitor about 10 minutes incubation is
required for maximal inhibitory response (Pedersen, 

et al., 1981) .

iAnother f o a t u r e  or  t h e  II — ATPa.se i n h i b i t o r  is
tthat/ their interaction with the H -ATPase require 

the presence of a hydrolysable nucleoside triphos­
phate and a divalent cation in the incubation medium 
to affect maximal inhibition of the ATPase activity.
A number of nucleoside triphosphates and divalent 
cations support inhibitor-F^^, interactions. ITP,
UTP, GTP, CTP and several hydrolysable ATP analogs 
(Gomez - Ferandez and Harris, 1978) support the 
interactions in the presence of divalent cations 
Mn2+, Ca2+, Mg2+, Fe2+, Cu2+, Co2+ and Zn2+. The
ATP analog AMP-PNP which is not hydrolysable does 

2 +not promote H -ATPase-inhibitor interaction. In 
the study by Gomez-Ferandez and Harris (1978) they 
suggest that hydrolysis or a nugiieside triphosphate 
may be required to promote interaction between the 

F1- ATPase and the inhibitor. Infact they calculated 
that 200 moles of ATP are hydrolysed per mole of F^

inhibited. These workers suggest that NTP-hydrolysis 
may result in a transient conformation state of the 
F1~ATPase that interacts with the inhibitor. Van de
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Stadt et al., (1973) have compiled some data indicating
4.that interaction of the H - ATPase with its inhibitor 

is dependent on the ATP/ADP ratio with a low ratio 
favouring interaction.

Another feature of the F^- ATPase inhibitor (with 
the exception of E.coli) is that maximum interaction 
is promoted at a pH of 6.9 or lower,although,signifi­
cant inhibition does occur at physiological pH 
(Pullman and Monroy 1963, Citron, 1978).

Effect of the H*-ATPase inhibitor on the kinetics 
of ATP hydrolysis, and its possible localization 
in relation to F.̂ active site

The ATPase inhibitor of bovine heart is non­
competitive with respect to ATP (Van de Stadt et al., 
1973; Ernster et al., 1977. Ernster et al., (1977) 
and Junti et al., (1971) stated that neither the Km
(ATP) nor the (ADP) is changed upon binding of the 
inhibitor to submitochondrial particles of bovine 
heart or to bovine heart F^• Gomez Puyou et al.,
Cl977) also stated that the peptide inhibitor of 
bovine heart is uncompetive with ATP. It seems clear 
from these kinetic studies and from other studies 
that the ATPase does not interact directly with the
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hydrolytic site of . It is not clear whether it 
binds to the free enzyme, to a transient intermediate 
involved directly in the hydrolytic pathway or to a 
transient intermediate involved as an offshoot of 
hydrolytic pathway. Galante, et al., (1980) have 
found that when bovine heart ATPase is inhibited by 
the bovine heart inhibitor, it can still react with 
covalent labelling agents that presumably react with 
ATP hydrolytic site(s) thus reinforcing the conclusion 
that the inhibitor interacts at a site(s) different 
from the ATP hydrolytic site(s). These studies 
together with those of Kozlov and Skulachev (1977)/ 
showed that the inhibitor interacts with a tyrosine 
residue of the 8-subunit which is not part of the 
hydrolytic site.

Effect of the H+-ATPase inhibitor on ATP 
dependent activities

The Fj^-ATPase inhibitor, inhibits all ATP 
dependent activities catalysed by the inner membrane 
vesicles of rat liver (Citron, 1978; Citron and 
Pedersen, 1979). The ATP dependent activities 
inhibited include the ATPase, ATP dependent trans- 
hydrogenase,

(NADH + H+ + NADP+ v ^  NAD+ + NADPH + H+)



41

ATP dependent reverse electron flow (Succinate
--->NAD+) and ATP-Pi exchange. Respiration driven
transhydrogenase and reverse electron flow were not 
affected by the rat liver inhibitor. In the bovine 
heart Pullman and Monroy (1863) showed that the 
inhibitor inhibited the ATPase, ATP-dependent ANS 
fluoresence, and ATP dependent reverse electron flow 
in EDTA-submitochondrial particles. However, Ernster 
and coworkers (1973) indicated that MgATP submitochon- 
drial particles, which are supposed to contain a 
high content of the inhibitor due to their low ATPase 
activity catalyse maximal ATP-dependent transhydro­
genase and reverse electron flow.

Role of the H*-ATPase inhibitor in ATP synthesis

Until recently the ATPase inhibitor was thought 
to be a unidirectional inhibitor of ATP dependent 
functions catalysed by the H+-ATPases, but not an 
inhibitor of ATP synthesis. This is based on the 
findings of Pullman and Monroy (1963), Ernster and 
coworkers (Asami, et al., 1970, Ernster et al., 1973), 
both of who found that the ATP dependent inhibitor 
failed to inhibit ATP synthesis. More recent work 
from both Ernster*s laboratory (Gomez-Puyuo et al., 
1979) and the laboratory of Harris. (Harris and Crofts 
1978; Harris et al., 1979) indicated that the



unidirectional view may need some slight 
modification. These workers believe that the inhibitor 
has no effect on the steady phase of ATP synthesis, 
but it inhibits the initial phase of the synthesis, 
when the assay is initiated with a respiratory 
substrate in mitochondria (or light in chloroplasts). 
Their view is that the inhibitor is tightly bound to 
the ATPase, and energisation with a respiratory substrate 
in mitochondria or light in chloroplasts'is envisioned 
to displace the inhibitor from its site of action.
The evidence for this, is that,after energisation by 
substrate, ATP synthesis occurs with a lag phase 
before a steady state is achieved. Another evidence 
is that EDTA-Sephadex particles of bovine heart 
mitochondria which presumably have little or no 
inhibitor present no lag phase in ATP synthesis, but 
present such a lag when supplemented with the purified 
inhibitor.

It is thus clear from the preceding that,the 
binding ATPase inhibitor peptide to the ATPase inhibits 
all ATPase dependent reactions including both ATP 
synthesis and ATP hydrolysis. Release of the inhibitor 
from the ATPase brought about by energisation of the 
inner mitochondrial membrane activates the ATPase, and 
the direction of its reaction is then dependent on

. t •

other, factors in its immediate environment. The presence 
of low ATP/ADP ratio and inorganic phosphate drives the



reaction towards ATP synthesis. Conversely the 
presence of a high ATP/ADP ratio may be expected to 
drive the reaction in the direction of ATP hydrolysis. 
However, as indicated by Gomez-Ferandez and Harris (1978) 
the presence of a hydrolysable nucleoside triphosphate 
and a bivalent cation causes binding of the ATPase 
inhibitor to the ATPase, thus inhibiting it. This means 
that although the inhibitor inhibits both ATP synthesis 
and ATP hydrolysis, it is released from the ATPase under 
conditions favouring ATP synthesis, and gets bound under 
conditions favouring ATP hydrolysis, it is thus 
apparent that the main physiological role of the 
ATPase inhibitor is to prevent hydrolysis of the newly 
synthetized ATP after a burst of phosphorylating 
respiration.

(d ) Mitochondrial Bivalent Cation Transport

Most of the enzymes involved in the metabolism of 
adenine nucleotides require bivalent cations for their 
activity. This includes the H+-ATPase, and the many 
other enzymes both in the mitochondria and in the 
cytosol that are involved in the utilization of adenine 
nucleotides. One exception to this rule is the ATP-ADP 
translocator whose activity is, infact, lowered by the 
presence of bivalent cations (Pfaff et al., 1969)
Most of these enzymes can utilize several bivalent 
cations, but generally Mg2+ is the most preferred cation.
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This means that concentrations of various bivalent cations
have a strong influence on the rates of various
adenine nucleotide metabolizing enzymes. In
addition bivalent cations serve to regulate many
other enzymatic reactions in the cell. For this
reason the cell has evolved transport system for
bivalent cations which regulate the concentration of
bivalent cations in the cells. These include, the
Ca2+- Mg2+ ATPase (the Ca pump) of the cell
membrane (Schatzmann and Burgen, 1978) and the
Na+- Ca2+ exchange mechanism also of the cell

2+ 24-membrane (Baker, 1976;). The Ca -Mg -ATPase is
dependent on ATP as its source of energy, while the
Na+-Ca2+exchange mechanism is dependent on the
assymetric distribution of Na+ across the plasma

4-membrane with a high Na concentration outside and 
a low Na+ concentration inside. This Na+ gradient 
is also maintained at the expense of ATP, by the

4* 4* 4-action of a specific Na - pump or the Na - K 
ATPase. This Na+ gradient represents an electro­
chemical gradient which can serve to drive a 
variety of other transport reactions. For example, 
the Na gradient is the immediate energy source for 
the concentrative uptake of amino acids, glucose, 
phosphate and other substances by cells (Rasmussen,
1981). It is also the driving force, via Na+- Ca2+

•# •

exchange, for the energy-dependent efflux of calcium
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2+ 2+from the cell. Both the Ca -Mg ATPase and the
+ 2+ 2 +Na -Ca exchange mechanism, serve to pump out Ca

from the cytosol to the extracellular fluid and are 
responsible for the maintenance of the approximately

2 4 -10,000-fold difference in the concentration of Ca 
between the cytosol and the extracellular fluid.

Another well characterized bivalent cation
transport system is the calcium pump of the
endoplasmic reticulum or sarcoplasmic reticulum. The
endoplasmic or sarcoplasmic reticulum is well
developed in fast skeletal muscle, somewhat less
developed in cardiac muscle, and even less developed
but obviously present in smooth muscle and in a
variety of other cells including those of the liver,
kidney, brain, salivary glands and platelets,
(Rasmussen, 1981). The pump operates to catalyze

2-tthe influx of Ca into the endoplasmic or the
sarcoplasmic reticulum. The calcium pump of
sarcoplasmic reticulum of skeletal muscle and cardiac
muscle is involved in the stimulus - response
coupling responsible for muscle contraction. It is

2+not clear what purpose the Ca pumped into the 
endoplasmic reticulum of other cells serve.

Both the plasma membrane and the membrane of
>» •

the endoplasmic reticulum are partially permeable to



2+ 2+Ca ions. This means that Ca is continuously
leaking into the cytosol from the extracellular fluid
and the interior of the endoplasmic and reticulum.

2+The various Ca pumps are therefore involved in the
2+maintenance of required level of Ca in the cytosol.

Of more significance in relation to the
regulation of adenine nucleotide metabolism is the
respiration dependent uptake of bivalent cations by
mitochondria. In 'addition to regulating the levels
of various bivalent cations in the cytosol, the proce
ss has of late received attention as a possible
mechanism for the regulation of ATP synthesis and
ATP hydrolysis by the ATPase. This has come about
as a result of observations made in several
laboratories relating to the effect of bivalent
cation transport by mitochondria on oxidative
phosphorylation and ATP hydrolysis. Horstman and
Racker (1970) showed that the binding of the ATPase
inhibitor of bovine heart to bovine heart F^ATPase
is supported equally well when the preincubation
is carried out with ATP-Ca2+ as with ATP-Mg2+.
Similar findings were reported by Gomez-Puyuo et al.
(1980) who also showed that the ATPase activity of rat
heart mitochondria fell after the mitochondria had

2+accumulated Ca . These authors also observed a 60%
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decrease in the rate of ATP synthesis after uptake
2 +of Ca . It is therefore reasonable to suggest from

2+these findings that, Ca accumulated in the 
mitochondrial matrix may bind to ATP and then to the 
ATPase inhibitor, which in turn binds to the ATPase 
inhibiting it.

2+Yamada et al., (1980) showed that free Ca 
concentrations of upto 50 pM stimulates the ATPase 
activity of rat skeletal muscle submitochondrial 
particles. These authors were able to effect the 
•release of a highly purified F-^-ATPase inhibitor by 
incubating the submitochondrial particles at 0° with 
Ca2+ concentrations ranging from 0.085 - 0.45 nMol. of 
Ca2+ per microgram of particle protein.

(iv)a. Characteristics of the mitochondrial 
bivalent cation transport

Historical background

Mitochondrial uptake of cations has been a 
subject of investigations since the early 1950's.
The history of the problem began in 1952 - 54, 
with the first observation that isolated mitochondria 
can retain certain cations such as K+ or Mg2+ as 
long as respiration is occurring (MacFarlane et al. »
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1953; Spector, 1953). However, only slight
+ 2+accumulation of K Qr Mg from the medium was

+ 24-observed. When respiration was blocked, K and Mg 
leaked into the medium suggesting that retention of 
these cations involved a respiration dependent 
accumulation process.

Sieskevitz and Potter (1953) reported an
approximately 3-fold stimulation of respiration on

24-addition of 500 yM Ca to rat liver mitochondria.
This observation was later confirmed by Lindberg and
Ernster (1954). Lardy et al., (1958) reported that
mitochondria could utilize energy from the three
energy conservation sites of the respiratory chain

24-for the accumulation of Ca and that the reaction was
insensitive to oligomycin. Vasington and Murphy (1962),
observed that isolated mitochondria can bring about

24-net accumulation of large amounts of Ca in a
respiration linked process. Drahota et al., (1965)
reported that mitochondria could utilize energy

24-derived from ATP hydrolysis, to drive Ca uptake, a 
reaction that was sensitive to oligomycin. Further 
investigations (Lehninger et al., 1967; Carafoli and 
Crompton, 1976) showed that in addition to Ca , 
mitochondria could catalyse an energy dependent uptake
of other bivalent cations including Mn2+, Sr2+ and

24- 24- ■* 1Ba but not Mg , utilizing energy from the three
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coupling sites of the respiratory chain and/or from 
ATP hydrolysis.

Lehninger et al., (1963) observed that phosphate
accompanied the respiratory linked accumulation of

o j. 2 “I*Ca . This uptake of Ca and phosphate occurred in
2+a stoichiometric manner with 1.7 - 2.0 Ca ions

being accumulated with 1.0 phosphate ion, per pair
of electrons transversing each of the three energy
conserving sites of the respiratory chain. Rossi and

2+Lehninger (1964) and Chance, (1965) observed that Ca 
stimulated respiration in a cyclic fashion, in such a 
manner that 2 calcium ions caused an ektra uptake of 
oxygen equal to that caused by one molecule of ADP.

Saris (1963) and Lehninger et al., (1967) observed
2+that accumulation of Ca during electron transport

is accompanied by H -ejection. In the absence of
phosphate or other "permeant" anions at least one
proton is ejected per pair of calcium ions

2+accumulated. Accumulation of Ca in the ^presence- Of
phosphate led to the formation of electron dense
granules in the mitochondrial matrix (Chappell and 

oCr fts, 1965) , a phenomenon that was not observed in 
its absence. The formation of these electron dense 
granules was also found to be promoted by the presence 
of ATP or ADP (Rossi and Lehninger”, 1964; Carafoli 
et al., 1965).
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Specificity and Affinity for Mitochondrial 
cation uptake

Mitochondria isolated from rat liver are able
2+ 2 +to support an energy dependent uptake of Ca , Sr ,

Mn2+and Ba2 + but not Mg2 + (Lehninger et al., 1967;
2+ 2 +Mela and Chance, 1968) . Ca and Sr are taken up

2 +very rapidly and at almost equal rates, while Mn 
and Ba2+ are only slowly taken up.

Monovalent cations including K+ and Na+ are not 
normally accumulated by isolated mitochondria except 
in the presence of the ionophorous antibiotics such 
as valinomycin (Moore and Pressman, 1964) and 
gramicidin (Chappell and Crofts, 1965). •

The high affinity for the respiratory linked
24-accumulation of Ca and its presence in large amounts 

in various tissue fluids (compared with other cations
2 +  24-  24-such as Sr , Ba or Mn suggest a regulatory action

for the cation in mitochondrial function. This
suggestion is strongly supported by the fact that
mitochondria have an exceedingly high affinity for
Ca2+ which greatly exceeds that for ADP (Rossi and
Lehninger 1964; Vercesi et al., 1978). Infact,-when

2 +an equimolar mixture of Ca and ADP is presented to 
intact liver mitochondria, at very low physiological



concentrations, Ca is accumulated in prevalence to
2+ADP. No ATP is formed until all the added Ca has 

been accumulated.

Tissue Specificity

Mitochondria isolated from rat liver, kidney,
brain and heart were early shown to support a

2+respiration dependent accumulation of Ca (Rossi
and Lehninger, 19 63) . In a more recent survey
(Lehninger, 1970) mitochondria from all mammalian
tissues examined including the adrenal cortex, testis,
spleen and skeletal muscles of such animals as mouse,
guinea pig and rabbit showed the capacity for an

2+ 2+energy dependent accumulation of Ca . Ca
accumulation also occurs in mitochondria of at least
some higher plants (Bonner and Pressman, 1965), but
not mitochondria isolated from the yeasts
Saccharomyces cerevisae and Turula utilis (Kenefic
and Hanson, 1966). However mitochondria from
Neurospora crassa (Carafoli et al., 1970) show some 

2 +Ca uptake activity.

Mechanism of Mitochondrial Bivalent Cation 
uptake.

A lot of work has been carried out with the aim
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of determining the mechanism by which bivalent cations
are transported by isolated mitochondria (Mitchell,
1969; Carafoli and Crompton 1978; Mitchell 1976;
Nicholls 1978) . Most of these investigators have
more or less restricted themselves to a study of the

2 +transport of Ca . Very little work has been done 
regarding the transport of other cations, except for 
Mn2+, the transport of which has received some 
attention (Ernster and Nordenbrand, 1967, Vinogradov 
and Scarpa 1973, Hughes and Exton 1983).

The establishment of the chemiosmotic theory by
Mitchell (1961) provided a simple explanation, for the
high capacity of mitochondria to accumulate large

24-quantities of Ca # The mitochondrial electron 
transport generates a proton electrochemical gradient 
(Aŷ 4-) on the inner mitochondrial membrane which is 
positive on the outside and negative on the inside.
The Ayu+ has two components i.e the membrane potential 
(Aip) which is contributed by the unequal distribution 
of ions across the mitochondrial inner membrane, and 
the pH gradient (ApH) which is acidic on the outside 
and alkaline on the inside. The two components can 
be combined to form the equation.

Ay„4- = Am -60 ApH
ri

.# •

Av^+ is usually expressed in millivolts, and is about
180.
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In normal respiring mitochondria AH' contributes 
about 75% of the energy of Ay__+. In addition to 
respiration, the hydrolysis of ATP by the ATPase can 
also create a proton electrochemical gradient across 
the inner mitochondrial membrane (Pedersen et al., 
1978).

Uptake of Ca is known to be an energy
dependent process which can be driven by energy
derived either from substrate oxidation by the
respiratory chain, or by ATP hydrolysis (Bygrave,
1978; Carafoli and Crompton 1978; Scarpa, 1979;
Mitchell 1969). It is nowadays believed that the

24-primary driving force for Ca entry is the AH'
component of the total electrochemical gradient,
generated by either substrate oxidation or by ATP

2 +hydrolysis. In this view Ca uptake is driven 
electrophoretically (in response to an electrical

O Igradient) into the matrix space via a Ca uniport 
(Nicholls, 1978, Nicholls, 1978.a). Uptake of Ca2+ 
will tend to dissipate the AH' and hence lower the 
AyH+. The respiratory chain responds to the

lowered AyR+ by a further net extrusion of proton, 
thus increasing the ApH. For every calcium ion 
taken up, two protons are extruded (Nicholls, 1982) 
Since respiration can only achieve the same Ay +
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as before, this means that increasing uptake of 
9 +Ca will lower the AY component and increase the

ApH component of the total AyH+. The lowered
2 +AY means that Ca uptake under these conditions 

becomes self limiting, as the driving force steadily 
decreases until electrochemical equilibrium is attained 
i.e. AG is zero, and hence Ayc&2+ =0. At this point 
the ApH is very high, and acts as a backward force on 
the respiratory proton pump, which leads to an 
inhibition of respiration i.e. state VI of Chance and 
Schoener (1966). If at this point a "permeant" anion 
which can donate protons within the matrix is added, 
the anion is taken up, and dissipates the ApH, allowing 
respiration to resume, and restoring the AY, which 
leads to further Ca uptake. Under physiological 
conditions, the major anion is phosphate, which upon

24-entering the matrix space interacts with Ca to form 
a non-ionic calcium phosphate complex which is 
osmotically inactive. Formation and/or stabilization 
of this complex requires the presence of ATP and/or 
ADP (Rossi and Lehninger, 1964? Carafoli, et al., 1965), 
and the complex appears to have the following 
stoichiometry Ca15P1QATP (Rasmussen, 1981). The 
formation of this non-ionic complex means that, the 

- presence of phosphate and adenine nucleotides in the 
mitochondrial matrix enables the mitochondria to have a 
very high capacity for buffering Ca2+ accounting for



the extremely large quantities of Ca that can 
be taken up by isolated mitochondria.

2 +Uptake of Adenine Nucleotides during Ca 
accumulation

2 +

Accumulation of amorphous granules of calcium 
phosphate in mitochondria has been found to be 
accompanied by a significant accumulation of an 
organic phosphate derivative or derivatives 
(Carafoli et al., 1965). This is largely 
contributed by adenosine di- and triphosphate, which 
accumulate at levels far much in excess of those 
found in normal mitochondria. The accumulation of 
the adenine nucleotides occurs proportionally and 
is parallel to calcium accumulation. This accumulati­
on of adenine nucleotides is thought to be related 
to the requirement of ATP for supporting Ca2 + 
accumulation and the formation of amorphous granules 
of calcium phosphate in the presence of inorganic 
phosphate (Vasington and Murphy, 1962; Rossi and 
Lehninger, 1964; Rasmussen, 1981).

Carafoli et al., (1965) observed that the 
adenine nucleotide uptake which accompanied Ca2+ 
accumulation was inhibited by respiratory inhibitors 
and uncouplers, factors that also inhibited Ca2+
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accumulation. The Ca effect of stimulating massive
accumulation of adenine nucleotides was also observed

2+ 2+ 2+ 2+ with Sr , but not Ba , Mn or Mg The nucleotide
uptake is very specific for ATP and ADP, in that
neither AMP nor other nucleotide di- or triphosphates

2+were taken up during Ca accumulation. This effect 
is also dependent on the presence of inorganic phosp­
hate in that very small amounts of adenine nucleotides

2+are taken up, during the limited uptake of Ca
which occurs in the absence of inorganic phosphate.

2+The effect of atractyloside on the Ca stimulated
uptake of adenine nucleotides is dependent on the
Ca2+ concentration in the reaction medium.
Atractyloside inhibited adenine nucleotide uptake
when Ca2+ concentration was below 300 yM, but had no

2+inhibitory effect when Ca concentration was above 
3mM.

2+

2+Accumulated Ca has a rather different effect
on adenine nucleotide translocation as compared to

2+the effect seen during active Ca accumulation.
2 j.Once Ca has been accumulated, the adenine nucleotide 

translocase activity is inhibited (Gomez-Puyuo et al., 
1979.a) with a half maximal inhibition being observed 
on the accumulation of approximately 40 nMoles Ca2+ 
per mg. of mitochondrial protein. That this 
inhibitory effect is due to accumulated Ca2* was



shown by the fact that* inhibition of respiration,
uncoupling or the presence of ruthenium red all of which 

2+inhibit Ca uptake, prevented the inhibition of the 
adenine nucleotide translocase activity.

It has also been shown that the presence of
adenine nucleotides in the mitochondria is of prime

2+importance in the mitochondrial Ca uptake activity. 
Asmakis and Sordhal (1981) found that rat liver 
mitochondrial which had their adenine nucleotide 
content partially depleted by incubating them with
inorganic pyrophosphate, had an impaired ability to

2+ 2+ retain Ca . This was observed as a premature Ca
efflux associated with swelling and altered energy
coupling. Exogenous ATP or ADP added prior to Ca2+

2+efflux restored Ca retention m  these mitochondria 
an effect that was inhibited by atractyloside. This 
effect of Ca retention was also observed on 
addition of large amounts of AMP, but not GTP. The 
effect of AMP is most probably due to formation of 
ADP and/or ATP by adenylate kinase.

2+Effect of Mitochondrial Ca accumulation on 
oxidative phosphorylation

In most of the tissues tested including rat liver 
(Rossi and Lehninger, 1964) and heart (Vercesi et al.,
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1978), uptake of Ca takes precedence over oxidative
2+phosphorylation, when both Ca and ADP are added

together in the presence of a respiratory substrate
and inorganic phosphate. ATP synthesis occurs only

2+after all the added Ca has been accumulated.

2+The effect of accumulated Ca on the subsequent 
stimulation of oxidative phosphorylation depends on 
the tissue source of the mitochondria.

2+Uptake of small amounts of Ca by rat liver
mitochondria has no effect on the subsequent stimulation
of oxidative phosphorylation (Rossi and Lehninger, 1964) .

2+However, uptake of larger amounts of Ca is sometimes
observed to destroy the mitochondrial respiratory
control, causing swelling and structural damage to the

24-mitochondria leading to a loss of accumulated Ca 
(Lehninger, et al.,I967). The reasons behind this 
effect are so far not clear.

24-Accumulation of Ca in mitochondria isolated 
from rat brain (Roman et al., 1981, Nowicki, et al.,
1982, Hillered et al., 1983), Ehrlich ascites tumour 
(Thorne and Bygrave, 1974; Villalobo, 1978) and 
heart (Gomez-puyuo et al., 1980) has been shown to 
cause an inhibition of the subsequent stimulation

•f ■

of oxidative phosphorylation. It is not clear how

2+
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accumulated Ca in these mitochondria inhibit
oxidative phosphorylation. However, several
explanations have been proposed including the
inhibition of release of the ATPase inhibitor protein,
which becomes associated with the ATPase during 

2+active Ca uptake (Gomez-Puyuo, et al., 1980), a
2+competition with intramitochondrial Mg for binding 

to ADP (Roman et al., 1981) or an inhibition of the 
ATP-ADP translocator (Thorne and Bygrave, 1974? 
Gomez-Puyuo, et al., 1979). However, so far there 
has been no compromise, and more investigations are 
still required.

2+Efflux of Ca from mitochondria

.j.Addition of Na to a medium containing mitochon-
2+dria that have accumulated Ca , has been shown to

2+cause release of the accumulated Ca (Carafoli et al.,
1974? Crompton et al., 1976? Crompton et al., 1977?
Crompton et al., 1978). This effect has been observed
in mitochondria isolated from heart, brain, adrenal
cortex and skeletal muscle i.e. excitable tissues
but not in mitochondria isolated from non-excitable
tissues such as liver, kidney, lung, uterus and ileum

+ 2+muscle. The rate of the Na dependent Ca efflux 
is a function of Na concentration, and is stimulated 
by energy dependent respiration. This apparently

2+
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indicates the existence of a system capable of
+ 2+catalysing an exchange between Na and Ca across

the inner mitochondrial membrane. The system is
thought to be an electroneutral exchange between 2Na 

2 +and one Ca (Crompton, et al., 1977)

2+The rate of Ca uptake by mitochondria is also
dependent on the external concentration of Na . The
rate of uptake decreases with an increase in the
external Na+ concentration upto a concentration of 20 mM,
after which no net uptake occurs (Crompton et al., 1976). 

2 + 2 +Unlike the Ca uptake system, the Ca efflux system 
is not inhibited by ruthenium red, but is inhibited

O j.by La (Crompton, et al., 1977). This indicates that
the two processes may be catalysed by two different
membrane carrier systems. This is further emphasized

2+by the fact that Ca efflux is complete in the 
presence of ruthenium red, but not in its absence.
This is due to the fact that, in the presence of 
ruthenium red, re-uptake of the released Ca is 
inhibited, while in its absence efflux is accompanied 
by a re-uptake.

+ 9 +This means that in the presence of Na , Ca
moves in a cyclic fashion, the rates of which are

+dependent on the Na concentration. This is most

»« ’
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Inner mitochondrial 
membrane

Ruthenium red 
insensitive

2+evident when Ca movements are assayed using the
oxygen electrode. Addition of limited amounts of
Ca to respiring mitochondria causes an increase in
the rate of oxygen uptake, which ceases when all the
Caz is taken up. Addition of Na at this point
causes uncoupling of the mitochondrial respiration

2+due to cyclic Ca movements. However this
uncoupling is inhibited by ruthenium red which

2+inhibits re-uptake of the released Ca . The sodium
2 +induced efflux of accumulated Ca has been shown to

be an energy dependent process (Crompton et al., 1976)
by the fact that addition of antimycin to mitochondria

2 +that have accumulated Ca show a slow efflux
2 +accumulated Ca , which is only slightly increased

-4* .» •by the addition of Na .
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(iv) AIM OF THE STUDY

The aim of the current investigation is to 
characterize further the manner in which the mitochon­
drial enzyme adenylate kinase and mitochondrial cation 
uptake may interact functionally with the oxidative 
phosphorylation machinery of the cell in the regulation 
of adenine nucleotide metabolism.

The work has been carried out in the form of two 
distinct but closely related subjects.

(a) Various parameters of the rat liver 
mitochondrial adenylate kinase has been investigated 
with an aim of elucidating the manner in which its 
interaction with extra- and intramitochondrial adenine 
nucleotides may regulate and harmonize the activity of 
the ATPase (ATP synthetase). For this subject, rat 
liver mitochondria were chosen because they are easy 
to prepare and they contain a very high activity of 
the mitochondrial (liver type) enzyme as compared to 
most other tissues.

(b) The effect of rat brain mitochondrial cation 
transport and cation accumulation has been investigated 
with an aim of elucidating further the manner in which 
various bivalent cations and their adenine nucleotide



complexes may regulate oxidative phosphorylation.
For these experiments rat brain mitochondria and 
coupled beef heart MgATP submitochondrial particles 
were used.

It is hoped that this study will provide a 
further insight into the role of the mitochondrial 
adenylate kinase and bivalent cation transport in the 
regulation of adenine nucleotide metabolism.
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C H A P T E R  I I

MATERIALS AND METHODS
Preparation of rat liver mitochondria

Rat liver mitochondria were prepared from male 
Sprague-Dawley rats by a modification of the method 
described by Hogeboom (1962).

The rats were decapitated using a guillotine, 
and were allowed to bleed completely. The livers were 
then removed and washed several times in ice cooled 
0.25 M. sucrose. They were minced using a tissue 
mincer which also separated the soft tissues of the 
liver from connective tissue. The minced soft tissues 
were washed several times in ice cooled 0.25 M. 
sucrose to remove the blood. The mirtce from one whole 
liver was suspended in 80 ml. of ice cooled 0.25 M. 
sucrose. This was then divided into two lots of 40 ml. 
each and homogenized using a chilled Potter Elvehjem 
homogeniser with a polytetra-gluoroethylene (Teflon) 
pestle. The liver homogenate was then centrifuged 
for 5 minutes at 600 x g using an internally 
refrigerated MSE High Speed 18 centrifuge, to remove 
nuclei, cell debris and red blood cells. The
supernatant was decanted and re-centrifuged for 25

•» -minutes at 4000x g. The mitochondrial pellet was
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resuspended in 0,25 M. sucrose, and washed twice 
by centrifugation at 4000 x g. for 15 minutes. The 
residual mitochondrial pellet was resuspended in cold 
0.25 M. sucrose to give the required protein 
concentration. All the procedures described above 
were carried out at 0 - 4°C.

The quality of the mitochondria was always 
tested by measuring the respiratory control ratio 
using a dark type oxygen electrode. The respiratory 
control ratio was always between 5 and 6.

Fractionation of the liver mitochondrial
intermembrane space components

This was carried out as described by Bogucka and 
Wojtczak (1976). About 100 mg. of mitochondrial 
protein was suspended in 10 ml. of 10 mM. potassium 
phosphate buffer, pH 7.4 for 10 minutes at 0°C. This 
treatment results in swelling, followed by rupture 
of the outer membrane and leakage of the intermembrane 
space components. This suspension was then centri­
fuged for' 15 minutes at 20,000 x g. to sediment the 
mitoplasts. The supernatant was decanted and 
re-centrifuged for 60 minutes at 105,000 x g. to 
sediment the outer mitochondrial membranes. The 
resulting supernatant which contained mainly the
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soluble proteins and other low molecular weight 
components of the intermembrane space was decanted.

Preparation of rat brain mitochondria

Rat brain mitochondria were prepared from male 
Sprague-Dawley rats as described, by Roman et al.,
(1981).

The brains were removed following decapitation 
and cooled in ice cold isolation medium which contained 
0.3 M. Mannitol, lOmM. Tris - HC1 pH, 7.4 and 0.3 mM. 
Tris - EDTA. The brains were washed twice in cold 
isolation medium,, and then cut into tiny pieces using 
a pair of scissors. The tiny pieces were then 
homogenized in a chilled Potter Elvehjem homogeniser 
with a teflon pestle. The homogenate was centrifuge 
for 10 minutes at 600 x g. and the supernatant was 
decanted. The supernatant was re-centrifuged for 
20 minutes at 5000 x g. The resulting mitochondria- 
pellet was resuspended in the homogenising medium 
and applied to a continuous ficoll gradient (3% and 
10%). This was centrifuged for 20 minutes at
43,000 x g. The resulting pellet consisting of 
purified mitochondria was collected after sedimenta­
tion through the .10% layer.
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Preparation of heavy beef heart mitochondria

Heavy beef heart mitochondria were prepared as 
described by Low and Vallin (1963).

Ice cooled beef hearts straight from slaughter 
were minced and mixed with 0.25 M. sucrose, 5 mM. 
Tris-HCl, 2 mM. Tris-EDTA pH 7.5. The mince was 
shaken for about 10 minutes in a plastic anchor 
stirrer. The pH of the mince was controlled with a 
glass electrode and readjusted to pH 7.5 with 5 M. 
ethanolamine buffer. The mince was then squeezed 
through a cheese cloth and completely freed of the 
washing solution. The mince was then mixed with 0.25M. 
sucrose, lOmM. Tris-HCl, buffer, pH 7.5, ImM. Tris- 
succinate and 2mM. EDTA, - Tris, pH 7.5 (solution A). 
The mince was then treated with a brown blender set 
at medium speed for 45 seconds. The temperature was 
controlled at 0 - 4°C and pH at 7.5 by adding 
Triethanolamine buffer. The blended mince was then 
centrifuged in 1 litre bottles for 20 minutes at 350 
x g. The supernatant is decanted without disturbing 
the upper layer of the precipitate. The supernatant 
was filtered through a triple layer of cheese cloth.
The filterate was centrifuged for 15 minutes at 
36,400 x g. The resulting pellet was composed of 
three layers (a) a loosely packed,'light brown layer

0
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(light mitochondria) (b) a tightly packed, dark 
brown layer theavy mitochondria) and (c) a 
brown-red button at the bottom of the tube (red cells 
and cell debris). The upper layer was removed by 
adding some solution A and shaking gently. The tightly 
packed dark brown layer was dislodged by first 
adding solution A, and vigorously shaking the centrifu­
ge tubes, and then removing it with the aid of a 
stirring rod, avoiding the brown-black-red button.

rThe heavy mitochondrial were then mixed with a 
5 times volume of solution A, and resuspended with 
the use of a glass-teflon homogeniser by two full 
passes. The pH was readjusted to 7.5 using 5 M. 
triethanolamine buffer. The suspension was centrifu­
ged twice at 15,000 x g for 15 minutes. The pellet 
was then resuspended in 0.25 M. sucrose, lOmM. Tris- 
HCl buffer, pH 7.5 to a final concentration of 
60 - 70 mg. protein per ml. The mitochondria were 
stored at -20°C until use.

Preparation of beef heart MgATP submitochondrial
particles

MgATP submitochondrial particles were prepared 
as described by Lee and Ernster (1967). Heavy beef 
heart mitochondria were diluted to a protein

*9 *

concentration of 20 - 30 mg. per ml. 8ml. of these
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mitochondria were diluted to 25 ml with. 0.25 M. sucrose 
and the pH was adjusted to 7.5 using 5 M. Triethano­
lamine buffer. MgCl and ATP to a final concentration 
of 15 mM. and 1 mM. respectively were then added to 
the suspension. The suspension was then sonicated 
using a Branson sonifier set at 4 for 35 seconds.
This suspension was then diluted to 40 ml. with 
0.25 M. sucrose and centrifuged at 9000 x g. for 10i
minutes. The supernatant was decanted and recentri­
fuged for 45 minutes at 105,000 x g. The resulting 
pellet consisting of MgATP submitochondrial particles 
was resuspended in 0.25 M. sucrose and centrifuged 
twice for 45 minutes.

The pellet was resuspended in 0.25 M. sucrose 
to give the required protein concentration.

Preparation of beef heart state III submito­
chondrial particles

State III submitochondrial particles were 
prepared as described by Van de Stadt et al., (1973). 
Heavy beef heart mitochondria were diluted to a 
protein concentration of 20 - 30 rag/ml. 8ml. of 
these mitochondria were diluted to 25 ml. with 0.25M. 
sucrose and the pH was adjusted to 7.5 with 5M. 
Triethanolamine buffer. The following additions were
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then made to the suspension:- 15mM MgCl, 5mM 
succinate, 3mM, inorganic phosphate and 3mM. adp 
(final concentrations). This was then followed by a 
35 seconds sonication of the suspension, using a 
Branson sonifier set at 4, after which the suspension 
was incubated for 10 minutes. The suspension was then 
diluted to 40 ml. with 0.25 M. Sucrose, and centri­
fuged at 9000 x g for 10 minutes. The supernatant was 
decanted and recentrifuged for 45 minutes at
105,000 x g. The resulting pellet consisting of 
state III submitochondrial particles was resuspended 
in 0.25 M. sucrose and centrifuged twice per 45 minutes.

The pellet was resuspended in 0.25 M. sucrose to 
give the required protein concentration.

Preparation of beef heart mitochondrial purified 
F^-ATPase

Purified F1 ATPase was prepared according to

Penefsky (1979). 75ml of heavy beef heart mitochond­
ria at a protein concentration of 30mg/ml, in a plas­
tic tube, were placed in an ice water bath, and 
sonicated for 4 minutes, using a Branson sonfier set 
at 4. The suspension was then centrifuged for 15 
minutes at 17,000 rpm, using a spinco preparative
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centrifuge at 5°C. with a number 30 rotor. The 
supernatant which contained submitochondrial particles 
was recentrifuged at 30,000 rpm. for 90 minutes. The 
pellet was suspended in 0.25 M. sucrose containing 
10 mM. Tris-HCl buffer, pH 7.5. This suspension could 
be stored for upto 8 weeks at -70°C.

The above suspension of submitochondrial particles 
was diluted with 0.25 M. sucrose, containing 10 mM. 
Tris-HCl buffer, pH 7.5 to a protein concentration of 
20 mg/ml. 75 ml of the suspension was put in a 100 ml 
beaker and sonicated for 4 minutes with the sonifer 
set at 4. This was followed by centrifugation of the 
suspension at 30,000 rpm. for 90 minutes. The pellet 
was suspended to a protein concentration of 30 mg/ml. 
with 0.1 M sucrose, 4 mM. ATP, 2 mM EDTA, and the 
pH was adjusted to 9.2 with ammonium hydroxide. The 
suspension was then placed in a 1 litre graduated 
cylinder which was covered with paraffin wax and 
stored overnight at room temperature. On the 
following morning, the pH of the suspension was 
adjusted to 9.2. The suspension was then transfer­
red to a stainless steel beaker, and immersed in a 
water bath at 35°C., followed by sonication of 
7 minutes with the sonifer set at 7• The suspension 
was then centrifuged at 25°C., for 90 minutes at
30,000 rpm.
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The pH of the supernatant was adjusted to 5.4 
with 3N acetic acid. It was then centrifuged for 
5 minutes at 15,000 rpm., using a sorvall centrifuge 
with a 5 5 - 3 4  rotor. The pH of the supernatant was 
adjusted to 8.0 with undilited Tris.

The supernatant was passed through a DEAE- 
Sephadex-A50 column which had been washed previously 
with 100 ml. TEA buffer containing 20 mM. Tris-HCl, 
pH 8.0, 4 mM. ATP and 2 mM. EDTA . The supernatant was 
allowed to pass for 80 minutes. The enzyme was retained 
in the column. The column was then washed with 100 ml. 
TEA buffer, followed by another washing with 400 ml. 
of the TEA buffer containing 0.10 M. Na2S04. F1«
ATPase is then eluted with a buffer containing TEA 
and 0.15 Na2S04. The effluent is collected at a 
flow rate of 3 - 4 ml/min and the samples containing 
most of the F1 were mixed. Solid (NH4) SC>4 was added

to the F^ containing effluent to a final concentration
of 2.8 M. This was left overnight at 5°C. The
precipitate was collected the following morning and
dissolved at room temperature in a minimal volume
0.25 M. sucrose containing 50 mM. Tris-HCl buffer, pH
8.0, 2 mM EDTA and 4 mM. ATP. To this is added an
equal volume of saturated (NH4> SC>4 solution pH 8.0. The2
(NH.) SO. suspension of the enzyme was stored at 5°C 

4 2



Measurement of Mitochondrial respiration

Mitochondrial respiration was measured by- 
following the rate of oxygen uptake polarographicallv 
using a Clark type oxygen electrode (Yellow-Springs, 
OHIO) and recorded on a Sargent - Welch recorder.
The reaction mixture at 30°C contained (unless other­
wise stated) 50 mM. Tris-HCl buffer, pH 7.5, 0.25 M.' 
sucrose, 100 mM. KC1, 3 mM. Tris-phosphate, pH 7.5 
and 2 - 3 mg. of mitochondrial protein, in a 2 ml. 
total volume. Other additions are as indicated in 
individual experiments. Stimulation of oxygen uptake 
was initiated by the addition of ADP (or AMP in some 
cases). The solubility of oxygen in the media was 
determined polarographically by measuring NADH 
oxidation using beef heart submitochondrial particles 
The solubility of the oxygen was equal to 400± ug. 
atoms oxygen per ml. of the media at 30°C.

Determination of the kinetic constants of 
the adenylate kinase reaction

The kinetic constants of the adenylate kinase 
reaction, Km and maximum velocities were determined

i

by measuring the initial reaction, velocities versus 
changing initial substrate concentrations ’ in the
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absence of reaction products. Initial reaction 
velocities were determined by assaying the rate of 
formation of either ADP (forward reaction) or ATP 
(reverse reaction).

In the forward reaction the rate of ADP 
formation was determined in a reaction mixture 
containing 50 mM. Tris-HCl buffer, pH 7.5, 0.25 M. 
sucrose, 133 mM. KC1, 3 mM.MgCl2, 1.1 mM. phosphoenol 
pyruvate, 5 units lactate dehydrogenase, 0.1 mM.
NADH, 5ug. oligomycin to inhibit the ATPase activity, 
5ug. rotenone to inhibit NADH oxidase activity and 
0.4 mg. of rat liver mitochondrial protein at 30°C. 
in a 3 ml. final volume. The concentration of ATP 
and AMP were varied to observe the effect of initial 
substrate concentration on the initial reaction 
velocity. The reaction was started by the addition 
of AMP, after absorption at 340 nM. had stabilized. 
Decrease in absorbance was recorded continuously 
spectrophotometrically. A unit of enzyme activity 
was taken as the number of ymoles NADH oxidized per 
minute per mg. of mitochondrial protein.

The reverse reaction was assayed by measuring 
the rate of ATP formation. The reaction mixture 
at 30° contained 50 mM. Tris-HCl buffer, pH 7.5, q.25 M 
sucrose, 133 mM. KCl, 3.0 mM.'MgCl^, 0.4 mM. NADP+,



1.0 mM. glucose, 5 units glucose-6-phosphate 
dehydrogenase, 5 units hexokinase, 5 ug. oligomycin 
and 0.4. mg. of mitochondrial protein, at 30°c in a 
3 ml. final volume. The reaction was started by the 
addition of varying concentrations of ADP to observe 
the effect of initial ADP concentration on the initial 
reaction velocity. Increase in absorbance was 
recorded continuously spectrophotometrically at 
340 nM. A unit of enzyme activity was taken as twice

-f.the number of yMoles of NADP reduced per minute 
per mg. of mitochondrial protein.

In both the forward and the reverse reactions 
the absorption coefficient of NADH and NADP+ was 
taken as 6.22 mM  ̂ cm

Determination of the equilibrium constant of 
the adenylate kinase reaction

This was determined in a reaction mixture 
containing 50 mM. Tris-HCl buffer, pH 7.5, 0.25 M 
sucrose, 3.0 mM. MgCl2, 133 mM. KC1, 0.3 mM ATP, 
0.3 mM. AMP, 0.3 mM» ADJ^ 5 ug, Oligomycin and 
0.4 mg. of mitochondrial protom m  a finai volurnc
of 3 ml. Ihe reaction mixture was incubated for

one hour, and the reaction was stopped by addition 
of perchloric acid to a final concentration of 5%.
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This was then followed by neutralization using 5 M. 
KOH, after which the adenine nucleotide composition of 
the mixture was determined as described below.

2+Effect of Mg concentration on the equilibrium 
position of the adenylate kinase reaction

The reaction mixture was similar to that 
described for the determination of the equilibrium 
constant for the adenylate kinase reaction(see above). 
However the Mg concentration was varied from one 
experiment to another to observe the effect of Mg2+ 
concentration on the equilibrium constant of the 
reaction.

Determination of the effect of H+ concentration 
on the adenylate kinase reaction

The reaction mixture was similar to that 
described for the determination of the kinetic constants 
for the adenylate kinase reaction. However, the concen­
trations of ATP and AMP were kept constant at 0.7 and 
0.3 mM respectively for the forward reaction, and the 
concentration of ADP was kept constant at 1.0 mM for 
the reverse reaction. The pH of the buffer was varied 
between 5.5 and 9.0.

i f  •
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Measurement of ATPase activity

ATPase activity was measured as described by 
Pullman et al., (I960). The reaction mixture at 
30°C. contained 25 mM. Tris-acetate buffer, pH 7.5,
30 mM. potassium acetate, 3.0 mM. magnessium acetate,
1 mM. phosphoenol pyruvate, 0.2 mM. NADH, 5 ug. 
rotenone, 5 yM. CCCP, 5 units pyruvate kinase, 5 
units lactate dehydrogenase and either 50 - 100 ug. 
of MgATP particles or the purified ATPase in a 3 ml. 
final volume. The reaction was started by the 
addition of 3.0 mM. ATP and NADH oxidation was recorded 
spectrophotometrically at 340 nM. A unit of ATPase 
activity was taken as the number of yMoles of NADH 
oxidized per minute per mg. of particle protein.

Alternatively ATPase activity was measured 
directly by measuring .the amount of inorganic 
phosphate formed, as described by Lindberg and 
Ernster (1956). After the ATPase reaction was 
complete, the sample was first treated with trichlo­
roacetic acid to precipitate protein as follows 
1 ml. of the test sample was mixed with 0.6 ml. of 
ice cold 15% trichloroacetic acid, and left to stand' 
for 10 minutes, in an ice bath, followed by 
neutralization, by dropwise addition of 5m.KOH. The 
mixture was then centrifuged in the cold room (4-5°c)



78

for 10 minutes using a bench centrifuge at maximum 
speed to sediment the denatured proteins. The 
supernatant was carefully decanted and used for A  

inorganic phosphate assay. Phosphate assay was carried 
out in a reaction mixture containing 1.1 mM. sodium 
acetate buffer, pH 7.2, 1.4% formaldehyde, 0.6% 
ammonium molybdate and 0.4 mM. stannous chloride.

The reaction was started by the addition of the 
inorganic phosphate containing sample to a 3 ml. final 
volume. The mixture was incubated for 15 minutes at 
room temperature and the optical density was read 
spectrophotometrically at 735 nM. The amount of 
inorganic phosphate was calculated using standard 
inorganic phosphate solutions.

Measurement of monoamine oxidase activity

Monoamine oxidase activity was measured by the 
method of White-Tabor and Rosenthal (1955). The 
reaction mixture contained 0.2 mM. phosphate buffer, 
pH. 7.2, 10 yMoles benzylamine, 100 yl. of 1% 
deoxycholate, 1.8 ml. and 100 yl. of the test
sample in a 3.1 ml. final volume. The reaction was 
followed at 250 nM. using a Ziess PM QII spectro­
photometer for 10 minutes. A, reagent blank minus
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benzylamine was also run. The activity was expressed 
as AE-gQ per minute per mg. protein.

Measurement of malate dehydrogenase activity

Malate dehydrogenase activity was assayed as 
described by Bergmeyer and Bemt (1965). The reaction 
mixture contained 91 mM. phosphate buffer and 38 mM. 
aspartate, 1.2 mM. 2-oxoglutarate, 10 mM. malate, 0.2 
mM. NADH and 3.3 units GOT suspension. After incubation 
for 5 minutes, the sample was added. Change in 
optical density is read at 340 nM.

Moagnrament of cytochrome oxidase activity

Cytochrome oxidase activity was assayed 
polar©graphically as described by Cameino and King 
(1960). The reaction mixture contained 30 mM. 
ascorbate, 1 mM. EDTA, 30 yM cytochrome c, and 50 mM. 
phosphate buffer, using an oxygen electrode. Activity 
0 ^ Qy^ochroB€ oxidase was calculated as micromoles of 
oxygen consumed per minute per mg. protein at 25°c.

Measurement of cytochrome c content

Cytcchirome c content was measured in accordance 
with, the method of Paul (1955)• The reaction mixture
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contained 100 mM. phosphate buffer, pH 7 and the 
sample is reduced with sodium dithionite. Spectra 
of reduced cytochromes were made between 400 and 
600 nM. The cytochrome c content was calculated as 
the absorption difference at 540 and 550 nM, using the 
formula.

A
E x L

where A = Absorption difference at 540 and 550 nM.
E = Absorption coefficient of cytochrome 

c which is 19.1 mM ^cm 1.
L = Volume in the cuvette.

Measurement of mitochondrial oxidative phosphory— 
lation

Mitochondrial oxidative phosphorylation was 
measured by measuring the rate of ATP formation using 
a coupled enzyme assay. The reaction mixture at 30°C 
contained 50 mM. Tris-HCl buffer, pH 7.5, 0.25 M. 
sucrose, 3.0 mM. Tris-succinate, pH 7.5, 3.0 mM.

g—phosphate, pH 7.5, 3 ug. rotenone, 3.0 mM. MgC 1 
0.4 mM. NADP+, 5 units of hexokinase, 1.0 mM. glucose,
5 units glucose-6-phosphate dehydrogenase, 0.5 mg.

•' t 1 5mitochondrial protein and 500 yM P P — Di— (Adenosine—



5)- pentaphosphate (A^^A) which has been reported 
to be a potent inhibitor of adenylate kinase 
competitive with both ATP and AMP (Lienhard and 
Secemski, 1973), ADP (Feldhanc et al., 1975, Melnic 
et al., 1979) and does not affect oxidative phosphory­
lation (Feldhanc et al., 1975 Melnic et al., 1979), 
in a 3 ml. final volume. The reaction was started by 
the addition of ADP (or AMP in some cases) after 
absorption at 340 nM. had stabilized. Increase in 
absorbance was continuously recorded spectrophoto- 
metrically.

Comparison of the rates of ATP formation by 
the adenylate kinase reaction and by oxidative 
phosphorylation

The reaction mixture was similar to that
described for measurement of oxidative phosphorylation
except that A A was omitted. The reaction was 

5̂
started by the addition of varying concentrations of 
ADP, and the rate of ATP formation was followed 
spectophotometrically by- following the rate of NADP+ 
reduction at 340 nM. Under these conditions the rate 
of ATP formation was taken as the combined effects 
adenylate kinase and oxidative phosphorylation. 
Inclusion of carboxyatractylate, an inhibitor of 
adenine nucleotide transport, allowed.separate

i f  •

measurements of ATP production by adenylate kinase.

of



The difference in ATP production in the presence and 
in the absence of carboxyatractylate was taken as the 
contribution by oxidative phosphorylation.

Preincubation of MgATP submitochondrial particles

MgATP particles were preincubated at 30°C in a 3 ml. 
total volume, in a reaction mixture containing (unless 
otherwise indicated) 25 mM. Tris-acetate buffer, 
pH 7.5, 125 mM. Sucrose, 5 mM. Tris-succinate, 5 ug. 
rotenone and 50 - 100 yg. of the MgATP particle protein. 
Other additions are as indicated in individual 
experiments. 5yM. CCCP was then added followed by 
measurement of ATPase activity.

2+Determination of mitochondrial Mg

The Mg content of mitochondria was determined 
after precipitation of mitochondrial protein with 
perchloric acid as follows:- 5 0 - 1 0 0  yg of 
mitochondrial protein was suspended in 5 ml. of 
de-ionized water at room temperature. The suspension 
was then mixed with 2.5 ml. of 20% perchloric acid 
dissolved in de-ionized water. The mixture was 
incubated at room temperature for 5 minutes, and this 
was followed by a 10 minute centrifugation using a 
bench centrifuge at maximum speed, to sediment the



83

denatured protein. The supernatant was carefully
decanted without disturbing the mitochondrial protein

24-pellet, and this was used for Mg assay.

2 +Assay of the Mg content was carried out using 
a Beckman atomic absorption spectrophotometer. 
Absorption measurements were carried out in accordance 
with the instrument manual instructions, using stand­
ard MgCl2 solutions dissolved in de-ionized water.

Determination of the adenine nucleotides

The adenine nucleotides were assayed after 
precipitation of mitochondrial protein with perchloric 
acid, followed by neutralization with 5 M. potassium 
hydroxide as follows

500 yl. of the adenine nucleotide containing 
reaction mixtures was diluted to 1 ml. in ice cold 
distilled water. The samples were then mixed with 
0.5 ml. of ice cold 15% perchloric acid, and the 
mixture was incubated for 3 minutes in an ice bath. 
After the incubation the samples were then neutralized 
by dropwise addition of 5 M. potassium hydroxide to 
a pH of between 6 and 7 (indicator paper). After this 
0.5 ml. of 1M. Tris-HCL buffer, pH 7.5 was added.
The samples were then centrifuged for 10 minutes 
using a bench centrifuge in the cold room to
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sediment the potassium perchlorate and the 
denatured proteins. The supernatant was carefully 
decanted and used for adenine nucleotide assay.

Assay of the individual adenine nucleotides, 
i.e. ATP, ADP and AMP was carried out using a coupled 
enzyme as described by Williamson and Corkey (1969) . 
For ADP and AMP determination the reaction mixture at 
room temperature contained 100 mM. Tris-HCl buffer, 
pH 7.5, 133 mM KC1, 3 mM. MgCl2, 0.2 mM. NADH, 1 mM. 
phosphoenol pyruvate and 5 units of lactate dehydro­
genase and between 200 and 500 yl. of the adenine 
nucleotide containing sample in a 3 ml. total volume. 
The reaction was started by the addition of 5 units 
pyruvate kinase. Decrease in absorption was 
followed spectrophotometrically at 340 nM. using a 
Unicam SP 1800 Ultraviolet spectrophotometer attached 
to a Unicam AR 25 linear recorder. This decrease in 
absorption is due to ADP. After the absorption decre­
ase had stopped 5 units of myokinase was added. This 
gave a further decrease in absorption which was due 
to AMP.

ATP was determined in a reaction mixture 
containing 100 mM. Tris-HCl buffer, pH 7.5, 133 mM 
KCl, 3.0 mM. MgCl2, 1.0 mM. glucose, 0.5 mM. NADP+
5 units glucose-6-phPsphate dehydrogenase and

t
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200—500 yl. of the sample in a 3 ml. final volume at 
room temperature. The reaction was started by the 
addition of 5 units hexokinase, and increase in 
absorption was followed spectrophotometrically at
340 nM.

The amounts of ADP, AMP and ATP in the samples were
calculated using 6.22 as the absorption coefficient

+of both NADH and NADP .

nai-pmilnatinn of nicotinamide adenine nucleotide 
content

Nicotinamide adenine nucleotide content was 
determined after precipitation of the mitochondrial 
protein with perchloric acid followed by neutralization 
w ^ h  5M. KOH as described for the determination of 
adenine nucleotides.

NAD+ and NADP+ were determined using an 
Aminco-Bowman spectro-flourimeter at an excitation 
wavelength of 360 nM. and an emission wavelength 
of 450 nM. The incubation medium contained 25 mM. Tris- 
Hci buffer, pH 8.4, semicarbazide 0.025% (w/v) ethanol 
5% (v/v), 5 mM. glucose-6-phosphate and 500 ug. of 
the neutral extract in a final volume of 1 ml. NAD+ 
reduction was initiated by the addition of 5 units
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alcohol dehydrogenase. After reduction of all the
NAD+, 5 units glucose-6-phosphate dehydrogenase was

+added, to reduce the NADP .

For all the determinations, fluorescent units 
were calibrated with standard solutions of NADH 
assayed spectrophotometrically.

Measurement of mitochondrial bivalent cation 
transport

Mitochondrial bivalent cation uptake was 
measured by following the rate of stimulation of 
oxygen uptake using Clark - type oxygen electrode 
attached to a recorder. The reaction mixture at 
30°C. contained (unless otherwise indicated) 50 mM. 
Tris-HCl buffer, pH 7.5, 0.25 M. sucrose, 100 mM.
KC1, 5 mM. malate, 5 mM. glutamate and 2 - 3 mg. of 
mitochondrial protein in 3 ml. final volume. 
Stimulation of oxygen uptake was initiated by addition 
of the cations.

Alternatively bivalent cation uptake was 
measured spectrophotometrically using an Aminco 
DW-2 dual wavelength spectrophotometer, attached to 
a recorder in a reaction mixture containing 50 mM. 
Tris-HCl buffer, pH 7.5, 0.25 M. sucrose, 100 mM.
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KC1, 30 mM. Tris—phosphate, pH 7.5, 5 mM malate,
5 mM glutamate 100 uM Arrenazo III as an indicator 
qj @xtramitochondrial cations, (Harris, 1979) and the 
indicated amounts of the cations in a 3 ml. final 
volume. The reaction was started by the addition of 
1 mg. of mitochondrial protein, and change in optical 
density was recorded continuously at 665 and 685 nM.

Protein determination

For intact mitochondria and membrane proteins, 
protein determination was carried out by the Biuret 
method (Jacobs et al., 1956) in the presence of 3% 
deoxycholate. For soluble proteins like those of 
the mitochondrial intermembrane space, protein 
determination was carried out using the method of 
Lowry, et al., (1951). In both cases bovine serum 
albumin was used as the standard.



88

C H A P T E R III

CHARACTERIZATION OF THE RAT LIVER MITOCHONDRIAL 
TNTER MEMBRANE SPACE WITH SPECIAL REFERENCE TO 
THE ENZYME ADENYLATE KINASE

Table I shows the activities of various 
marker enzymes recovered from isolated intermembrane 
space contents as a percentage of the total mitochon­
drial activity. It is evident from the data that 
the mitochondrial intermembrane space contains the 
bulk of the mitochondrial adenylate kinase, and is 
virtually free from marker enzymes of the outer 
membrane (monoamine oxidase) inner membrane 
(cytochrome c oxidase) and matrix (malate dehydro- 
genase) In addition it was found that the activity 
of adenylate kinase in intact mitochondria was 
unaffected by the presence of 0.1 mM. carboxy-atracty- 
late, which completely inhibited respiration 
stimulation induced by ADP, providing further evidence 
for its localization in the intermembrane space. The 
activity of the enzyme in intact mitochondria was 
unaffected by trypsin, while the enzyme solubilized 
after disruption of the outer membrane was highly 
trypsin sensitive, thus ruling out localization of 
the enzyme on the outer surface of the outer 
mitochondrial membrane. It thus seems apparent from
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TABLE I

Marker enzyme activities recovered from isolated 
intermembrane space fraction of rat liver 
mitochondria

The intermembrane space of rat liver mitochondria 
was isolated according to Bogucka and Wojtczak (1976) 
and the enzyme activities were determined as described 
in materials and methods.

The maximum velocity of the forward reaction of 
the adenylate kinase was 1100 nMoles ADP formed per 
minute per mg. of mitochondrial protein.

Percent activity
Marker enzyme recovered in the

intermembrane space

Adenylate kinase 94
Mono amine oxidase 0
Cytochrome oxidase 0
Malate dehydrogenase 6



these results that adenylate kinase is a soluble 
enzyme in the mitochondrial intermembrane space.
The possibilities that it may be loosely attached 
to the inner surface of the outer membrane, or the 
outer surface of the inner membrane are unlikely 
in that very little activity was recovered in the 
outer membrane or the mitoplast fractions. The 
little activity present in these fractions could 
have been due to non-specific binding-.

Table II shows that the intermembrane space
contained 8% of the total mitochondrial protein.
In addition it contained 35% of the mitochondrial
cytochrome c which is in agreement with an earlier
report by Pfaff and Schwalbach (1967) who found
that 35 - 40% °f the mitochondrial cytochrome c was
solubilized upon disruption of the outer membrane.
This probably represents cytochrome c that is loosely

bound to the outer surface of the inner rnitochondrial
membrane. The intermembrane space was virtually

free of nicotinamide nucleotides, but contained about
10% of the total mitochondrial adenine nucleotides
(NB. total mitochondrial adenine nucleotide content
was 12 nMoles per mg. of mitochondrial protein).
In addition it contained 47% of the mitochondrial
Mg2+, which is in agreement with data reported by
Bogucka and Wojtczak (1981) who reported that about

2+half of the mitochondrial Mg is present in the 
intermembrane space fraction. Both the adenine
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TABLE II

Recovery of certain mitochondrial components 
from Isolated intermembrane space of rat liver 
mitochondria

The intermembrane space fraction of rat liver 
mitochondria was isolated according to Bogucka and 
Wojtczak (1976) and the various components were 
assayed as described in materials and methods.

Mitochondrial component Percent recovered in the intermemb— 
rane space fraction

Adenine nucleotides 10
Nicotinamide nucleotides 0
,, 2+ Mg 47
Cytochrome c 35
Total protein 8
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nucleotides and the Mg found in the intermembrane
space are present in some bound form as they could
not be washed even after prolonged incubation of
the mitochondria with 0.25 M. sucrose. However, as
table III indicates, the presence of substances

2 +that can chelate Mg , including EDTA, ATP and ADP 
caused release of about half the mitochondrial Mg^+.

DISCUSSION

These results show that in agreement with 
earlier reports (Criss, 1970, Brdieczka, 1968) the 
mitochondrial adenylate kinase is located in the 
mitochondrial outer^ compartment, and specifically 
exists as a soluble enzyme in the intermembrane 
space. The enzyme is believed to play a major role 
in adenine nucleotide interconversions between 
energy generating and energy utilizing reactions, 
and thereby regulating the adenylate energy charge 
(Atkinson and Champman 19 79) . Its location in the 
mitochondrial intermembrane space is very precise 

this function since the enzyme is always in 
contact with adenine nucleotides shuttling between 
the mitochondrial matrix and the cytosol, and

vice-versa.
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TABLE III

Release of mitochondrial Mg upon incubation 
under different conditions

2+

Rat liver mitochondria were incubated in a
medium containing 0.25 M. sucrose, 50 mM. Tris-
HC1 buffer, pH 7.5, and 0.5 mg. mitochondrial
protein in a 1 ml. volume for 10 minutes, at 30°C.
Other additions are as indicated in the table. After
the incubation the samples were centrifuged at 1200 x

2 +g for 20 minutes and the Mg content of the superna­
tant was determined by atomic absorption. The Mg2 + 
content of the mitochondria prior to the incubation 
was approximately 30 nMoles per mg. protein.

Additions % of total Mg2+ released

None 0
2 mM EDTA 51.3
2 mM ADP ± CAT 49.3

2 mM ATP ± CAT 48.0



The intermembrane space also contains bound 
adenine nucleotides, which as will be discussed in 
chapter V are capable of initiating the activity of 
adenylate kinase under varying energy conditions.

The space also contains large quantities of 
24-bound Mg , which is a necessary cofactor in the 

activity of adenylate kinase and other adenine 
nucleotide metabolising enzymes present in this 
space such as nucleoside monophosphokinase and 
nucleoside diphosphokinase.
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C H A P T E R IV

PPfjPET̂ TIES OF RAT LIVER MITOCHONDRIAL ADENYLATE 

KINASE

a) Kinetic parameters

The kinetic parameters of the mitochondrial 
adenylate kinase were assayed under conditions when 
initial concentrations of the substrates were 
systematically varied, and some or all the products 
were kept at near zero concentration by a trapping 
system The results of the measurements are presented 
in figures 2, A-C. It is evident from the plots 
that at non-saturating initial concentrations of 
adenine nucleotides, the initial reaction velocity 
increases with increase in adenine nucleotide 
concentrations. However, at high concentrations the 
reaction velocity levelled off for both ADP and ATP, 
while high concentrations of AMP had an inhibitory 
effect This inhibition was seen at an AMP concent- 
rations higher than 0.5 mM. Double reciprocal 
plots drawn from the kinetic data showed that the

values for AMP and ATP were 50 and 70 UM 
m
respectively, and the maximum velocity for the 
forward reaction was 1100 nMoles ADP formed per 
minute per mg. of mitochondrial protein. in 
the reverse reaction the Km value for ADP was 180 uM



FIGURE 2 (A) and (B)

Kinetic parameters of the mitochondrial 
adenylate kinase

The effect varying initial concentrations of 
AMP, and ATP on the initial reaction velocity of 
the mitochondrial adenylate kinase was determined 
by following the rate of ADP formation in a reaction 
mixture consisting of 50 mM. Tris-HCl buffer pH. ?*5’
0.2 5 M. sucrose, 133 mM. KC1, 3 mM. MgCl^, 1 mM. 
phosphoenolpyruvate, 5 units lactate dehydrogenase,
5 units pyruvate kinase, 5 ug. oligomycin, 0.1 mM.
NADH and 0.4 mg. of rat liver mitochondrial protein 
in a 3 ml. final volume. The reactions were started 
by the addition of AMP and assayed by following the 
rate of NADH oxidation spectrophotometrically at 
340 nM. A unit of enzyme activity was taken as the 
number of uMoles of NADH oxidized per minute per mg* 
of mitochondrial protein. In-Figure 2A the concentra

In Figure 2A the concentration of ATP was fixed
at 0.7 mM while in Figure 2B the concentration of AKp 
was fixed at 0.3 mM.

• I •
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FIGURE 2 (C)

Kinetic parameters of the mitochondrial 
adenylate

The effect of varying initial concentrations of 
ADP on the initial reaction velocity of the mitocho­
ndrial adenylate kinase was determined by following 
the rate of ATP formation in a reaction mxiture 
containing 50 mM. Tris-HCl buffer pH 7.5, 3.0 mM. 
MgCl2, 0.4 mM. NADP+, 1.0 mM. glucose, 5 units 
glucose-6-phosphate dehydrogenase, 5 units hexokinase 
5 ug. oligomycin, and 0.4 mg. of rat liver mitochond­
rial protein at 30°C in a 3 ml. final volume. The 
reaction was assayed by following the rate of NADP+ 
reduction at 340 nM. A unit of enzyme activity was 
taken as the number of uMoles of NADP+ reduced per 
minute per mg. of mitochondrial protein.
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With a maximum velocity of 900 nMoles ADP utilized per 
minute per mg. of mitochondrial protein.

b) Nucleotide specificity

4-Vieffect of various substrates Table IV shows the erre<-
. . activity. As the data indicates,on adenylate kinase acti

- a high specificity for the adenylate kinase has a nig p
i .-.tides In the Presence of ATP theadenine nucleotides.

monoohospMte .!« >»* » °£
Oth« nucleoside „onopno»ph.t.. tested including

e^fivitv. The triphosphate site GMP and CMP had no activity
•fic although other nucleoside 

was less specific
,6qted including GTP, CTP and UTP hadtriphosphates tested
lS _ 20% of the ATP activity, 

only between i->

„+ — mean-hr at ion on the adenylate 
c) F.ffect -----

vinase a^tivihX
g-hin effect of pH on adenylate _ o shows tne Fiqure =11 It can be seen that, for the 

kinase optimum pH is at pH 6.5,
forward r ^  between 7.0 and 8.0.

_ for the reverse
while t the forward reaction is

dso evident
It is a iterations of pH than the reverse
more sensitive to a

reaction. 2+ cnnrpntration on the
d) EffectslJ^-- - 1

70 kinas^^£hi2H 
adenvi§£^— '
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TABLE IV

Effset q f various su.bstr3.t0s on adenylate ki.ri3.s6 
activity of rat liver mitochondria

The reaction mixture at 30°C consisted of 50 mM. 
Tris-HCl buffer, pH 7.5, 0.25 M. sucrose, 133 mM. KC1

3.0 mM. MgCl2, 1.1 » “»*«
pyruvate kin.se, 5 units !*<=«« dehydrogenase, 0.1
mM. BADH, 5 Ug oligomyein, 5„g rotenone and 0.4 mg.

. „ -:n o final volume of 3.0 ml.mitochondrial protein m  a
cC„VPd by following the oxidation The reaction was ass y

Vimtnmetrically at 340 nM. Theof NADH spectrophotometr
. thp nucleoside triphosphates was

concentration o
-p thP nucleoside monophosphates 0.7 mM while that of the

was 0.3 mM.

Substrates
Adenylate kinase 
activity nMoles/min/mg.
protein

ATP + AMP

AMP + CTP

amp + uTP



FIGURE 3

Effect of H+ concentration on the adenylate 
kinase activity

The effect of pH on the forward — o— o---
and the reverse — •— •—  reactions of the adenylate 
kinase were tested by following the rates ADP forma­
tion (forward reaction) and ATP formation (reverse 
reaction) in an assay medium similar to that descri­
bed for figure 1, except that the concentrations of 
AMP and ATP were kept constant at 0.3 mM and 0.7 mM, 
respectively for the forward reaction, and the 
concentration of ADP was kept constant at 1.0 mM for 
the reverse reaction. The pH of the buffer was 
varied between 5.5 and 9.0.
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Figure 4 shows the effect of Mg2 + on the 
forward reaction of the adenylate kinase reaction. 
The reaction velocity increases with increase in the

2 +

Mg concentration upto a Mg2 + concentration of 3.0 
after which the reaction velocity levels off

mM,

2 +e ) Effect of Mg concentration on th^
equilibrium constant of the adenylate kinnon 
reaction

24-Figure 5 shows the effect of Mg concentration 
°n the equilibrium constant of the adenylate kinase 
reaction. It is evident from the plot that the 
equilibrium constant increases with increase in Mg2+ 
concentration upto 2.0 mM and then drops at higher 
concentrations.

DISCUSSION

The results of figures 2 A-C show that the 
mitochondrial adenylate kinase obeys the Michaelis_ 
Menten Kinetics. The reaction rates increase 
exponentially with increase in substrate concentration,
until the enzyme becomes saturated. For both ATP and 
ADP, the reaction rate levels off at high nucleotide 
concentrations. However, with AMP the reaction rate
falls at high concentrations. A similar inhibition
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FIGURE 4

Effect of Mg concentration on the forward 
reaction of adenylate kinase

The reaction mixture at 30°C contained 50 mM 
Tris-HCl buffer, pH 7.5, 133 mM. KC1, 1 mM phospho- 
enol pyruvate, 5 units lactate dehydrogenase, 5 
units pyruvate kinase, 5 ug. oligomycin, 3 ug 
rotenone, 0.1 mM NADH, 0.3 mM AMP, 0.7 mM ATP, 
varying concentrations of MgCl2 and 0.4 mg. rat 
liver mitochondrial protein in a 3 ml final volume. 
The reaction was started by the addition of AMP, and 
enzyme activity was assayed by following the rate of 
NADH oxidation spectrophotometrically at 340 nM.

• f  •
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FIGURE 5

Effect of Mg concentration on the equilibrium 
constant of the adenylate kinase reaction

2 +

The reaction mixtures at 30 C contained 50 mM 
Tris-HCl buffer, pH 7.5, 0.25M. sucrose, 133 mM KC1 
0.3 mM AMP, 0.3 mM ATP , 0.3 mM ADP , 5 Mg o 1 igomycin 
0.4 rrig. of rat liver mitochondrial protein and 
varying concentrations of MgCl2. The reaction 
mixtures were incubated for one hour, and the 
reaction was stopped by the addition of perchloric 
acid to a 5% final concentration, followed by 
neutralization with 5 M. KOH, The concentration of 
AMP, ATP and ADP in the various samples was then 
assayed, as described in material and methods.
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of the adenylate kinase activity by high levels of
AMP was reported earlier with the purified enzyme
(Taraura et al, 1980; Font and Gautheron, 1980). The
reason for this inhibition is most probably related to

the fact that, the ensyme active site haa two
subsites (»od«. 19621 one £or M,»TP of and

1nvpd adP or AMP. In this view itone for the uncomplexed Aur
. u Vinrrh AMP concentrations, and may be argued that at 9

M 2+ nart Of the AMP will bind to Mg to excess Mg , part: oj-
, o then compete with MgATP for 

form MgAMP which could
. hus lowering the availability of 

the MgATP subsite, tnu
The enzyme has much lower

ATP to the enzyme.
A aMp, than for ADP showing

values for both ATP an_  experimental conditions the 
that at least under th

•i <= favoured.forward reaction 1

was also found to have 
Adenylate kinase ^  less

fnr aMPi while
specifici Y hates. This mean:. nhosphates

very 
specific

* +- for AJ-ir 'pecifici y This means that
e nucleoside b. us«a to
aucleoside supply of ATP le

aDP from «*■. “M ”

nd the equilibrium position 
i the activity to be highly depen'

C.Q.
Lenylate . At low Mg2+

2+ concentrati
;he Mg c constant increased with■ \ ibt i1111
Ltion, the equi ion, and then declined2+ concentrati
in the Mg
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at high Mg2+ concentration. This effect is most
probably related to the fact that the stability
constant of Mg ATP- is higher than that for MgADP
(Watts, 1973). At low Mg2+ concentrations, most of
the Mg2+ will be bound to ATP, thus favouring the

2+TTh-Me at higher Mg concentra-the forward reaction, while ac y
4- ma2+ will be bound to tions a substantial amount of Mg

_ rate of the reverse reaction.ADP, increasing the rate
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C H A P T E R V

UTILIZATION OF INTERMEMBRANE SPACE ADENINE
Mrr2+ BY ADENYLATE kinase NUCLE0TIDES__AND___M2------------ --------

III, the mitochondrial As mentioned in Chapter in,
ins bound adenine intermembrane space contain

2+ rphe bound ATP can be used for
nucleotides and Mg

tv of adenylate kinase upon 
initiating the activity

, ,MP. However, due to the small 
addition of external

•t is necessary to have an 
amounts of ATP present i

order to observe the
ATP regenerating system . _ cvstems that can be usedratingreaction. The regenex

include:-

. Dhosohoeno^rHvate

j.rol experiment showing
■ <= a connx.gure 6(A) Is intact mitochondriaA ATP to 1j- 7 and a. tIdition of - adenylate kinase.

.,ate a c t i v e  ; an immediate

0 was added to intact 
\ Ajvfpigure 6(B) added ATP, but in

hsence oz
ria in the an phosPhoenol pyr

-» _ 1 S ̂

theire f addedhsence °r
d in the an ^  phosPhoenol pyruvate.
■ nvruvate KinaS period before
P' re was a i y

hnws that th te activity of
h steady stat
of a max

adenylate kinase-



FIGURE 6

Titi 1 ization of intramitochondrial adenine 
nucleotides by adenylate kinase with pyruvate 
kinase and phosphoenol pyruvate as an ATP 
regenerating system

In (A) the reaction mixture at 30°C contained 
50 mM Tris-HCl buffer, pH 7.5, 133 mM. KC1, 3 mM 
MgCl0, 1 mM phosphoenol pyruvate, 5 units pyruvate 
kinase, 5 ug. oligomycin, 5 ug rotenone, 0.1 mM 
NADH, 0.7 mM ATP and 0.4 mg rat liver mitochondrial 
protein in a 3 ml final volume. The reaction was 
started by the addition of 0.3 mM AMP, and was 
assayed by following the rate of NADH oxidation 
spectrophotometrically at 340 nM.

In (B) the reaction mixture was similar to 
that described for (A) except that ATP was omitted. 
The reaction was started by the addition of 0.3 mM 
AMP.

In (C) the reaction was similar to that
described for (A) except that ATP was omitted, and
the mixture was preincubated for 10 minutes before 
addition of AMP



AMP
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In Figure 6(C) intact mitochondria were 
prexncubated for 10 minutes in the presence of 
pyruvate before addition of a m p . The trace s W s

that addition of AMP after the preincubation induced 
a maximum steady state activation of the adenylate 
krnase after a very short lag period (cf. fig 6b,

The reactions illustrated in figures 6(A - ~ )
were insensitive to carboxyatractylate.

Oxidative phosphorylation

Figures 7 (A - E) are oxygen electrode recordings 
of rat liver mitochondria respiring under various 
conditions. Trace A is a control experiment showin 
the stimulation of respiration upon addition of 
ADP.

Trace B shows that, like ADP, AMP is also able 
to stimulate mitochondrial respiration. The respi^a 
tory control ratio obtained with AMP is similar to 
that obtained with ADP whereas the AMP/o ratio is 
half the ADP/O ratio.

Trace C shows that the resDiratory stimulation 
induced by AMP is inhibited by EDTA or 
(adenosine-5*) pentaphosphate, a specific inhibitor 
of adenylate kinase (Lienhard and Secemski, 1973)



FIGURE 7

Utilization of intramitochondrial adenine 
nucleotides by adenylate kinase with oxidative 
phosphorylation as an ATP regenerating system

The incubation mixture at 30°C consisted of 
50 mM Tris-HCL buffer, pH 7.5, 100 mM KC1, 0.25 M 
sucrose, 3 mM Tris—phosphate and 2.5 mg. rat liver 
mitochondrial protein in a 2 ml final volume The 
reaction was assayed by following the rate of 
oxygen uptake polarographically using a dark type 
oxygen electrode. Additions when indicated were 
3 mM Tris-succinate (succ) 170mM ADP, 170 mM AMP,
2 mM EDTA and 2 mM MgCl2. In traces D and E> the

mitochondria were washed with 2 mM EDTA before
incubat ion.
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while that of ADP was not inhibited.

Trace D shows 

induced by AMP was 
mitochondria in the 

ADP was not.

that the respiratory stimulation 
abolished by prior washing of the 
presence of EDTA, while that of

+-hat addition of external Mg toTrace E shows
, •_ raused a restoration of theEDTA washed mitochondria caused

.ra4-orv stimulation.AMP induced respiratory

,ISCUSSI0N

in agreement with elllts show that, in y These results
the intermembrane space

iata tabulated in table H r
leotides which can be used to

contains adenine nu option Due tou-e kinase reaction. Due to
initiate the adenyla , presentQf adenine nucleotides present,
the small amoun before a maximum steady

fakes some time

:he a“'in5 "hloh tl"‘state rate enough ATP to react with the
. system makes

regenerating j reaction medium
preincubation °

added AMP. allows conversion of
• m Of AMP j j a tion UJ~prior to add the pyruvate kinase
adp ^Lntermembrane the attainment of a
.^ccel^ra 1

reaction, thus upon addition of AMP.
a\t state rnaximum stea y < this reaction comes from the
, 4- -i i i z ed in

rhat the ATP u ghown by the fact that the
, rane sPace iSLntermembran
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presence of carboxyatr2.ctyl3.ts, 3.n inhibitor of the 
adenine nucleotide carrier has no effect on the 

reactions.

The results also show that like ADP, AMP is 
also able to stimulate mitochondrial respiration
with a respiratory control ratio similar to that for

-- AMP is due to its conversion to ADPADP. This effect of aiylt
, • ^  uoine mitochondrial ATP as shown byby adenylate kinase, using y
.. was inhibited by the presencethe fact that its effe

nln5 ni cadenosine-5') pentaphosphate, of EDTA or P P -Di-^aaenu
- inhibited. The AMP/O while that for ADP was not inhibit

, lf the ADP/O ratio which is consistent ratio was half the a
&rule of AMP reacts with with the fact that one molecule

4- form two molecules of ADP. one molecule of ATP to form
„ the AMP induced respiratory The inhibition of the

■ . in agreement with data tabulated in
stimulation is in S . . .

that the mitochondrial inter-
Table n  „ nts of Mg-  ,ilch

• » “  “ nt,lni kln„.. -.-I.,
can be used W  . «  — f  s e l 9Ct l v e l y

the mitochondria ^  Mg2+ as shown by the
removes intermembrane sp AMP induced
fact that, the treatment i n h i -  the

_ tion but had no e n
respiratory stimu a ’ transloca-

• tory stimulation. ™ e
ADP induced respira -inner membrane„ the mitochondrial mne
tion of ADP across ,077) but ATPM 2+ (Kiingengberg, 19'
does not require
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synthesis does, indicating that the EDTA treatment
2 +did not affect the mitochondrial matrix Mg .

These findings thus show that, the mitochondrial 
adenylate kinase can utilize both bound adenine 
nucleotides and Mg in the intermembrane space for

its activity.

j g p S i S * 1” "
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C H A P T E R V I

f u n c t i o n a l  i n t e r a c t i o n  BETWEEN THE MITOCHONDRIAL 
KINASE AND OXIDATIVE PHOSPHORYLATION

As described in the preceding chapter, like ADP,
,, stimulate mitochondrial respiration.AMP is also able to srnu
... 4- of AMP is dependent on the activityHowever, the effec

o which furnishes ADP for theof adenylate kinas
•fiative phosphorylation. The present 

mitochondrial oxi
4-rates how adenylate kinase interacts with chapter lllustrat

i af ion for the efficiency of ATP
oxidative phosphory 

supply to the cell-

itochondriajL_oxidatiye phosphor. 
Kinetics of_Jll------'

,he effect of varying initial 
Pi cure 8 shows the

f ADP and AMP on the initial rates of 
nitrations o measured as the amount
itive phosphory1ati presence of

formed m  -tn p
jse-6-phosp hosphate dehydrogenase.

_nd qlucose-6 pno P
that the amount of glucose-6- 

iigure shows increased with increase
ihate forme P ^  ^  ^ p  and aMP, and then

”  co“o“ tratlo"’L „ tr,tl«>=- "ith •ucci“ t*
.led off at hig a value that agreesadP was 28 UM, a va
C value f° 1959) and them , 4-o (Chance,arlier data

:ion

well with e



FIGURE 8

Comparison of oxidative phosphorylation with 
ADP and AMP as the substrates

The reaction mixture, at 30°C contained 50 mM 
Tris-HCl buffer, pH 7.5, 0.25 M. sucrose, 133 mM 
KC1, 3 mM MgCl2, 3 mM succinate, 3 mM phosphate,
3 Mg rotenone, 0.4 mM NADP+, 1 mM glucose, 5 units 
hexokinase, 5 units glucose-6-phosphate dehydroge­
nase and 0.5 mg. rat liver mitochondrial protein, 
in a 3 ml final volume. The reaction was started 
by the addition of varying concentrations of 
ADP o o or varying concentrations of AMP

and the rate °f glucose-6-phosphate
formation was assayed by following the rate of 
NADP+ reduction spectrophotometrically at 340 nM.
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maximum velocity was 91 nMoles ATP formed per minute
per mg. of mitochondrial protein. For AMP, the K

m
value was apparently 19 UM with a maximum velocity 
of 25 nMoles AT? formed per minute per mg. of 
mitochondrial protein.

ATP formation by oxidative phosohorylat -i on 
and by adenylate kinase

Table V summarises the kinetic parameters of 
the adenylate kinase together with those of 
oxidative phosphorylation. It is evident from the 
table that oxidative phosphorylation has a 
considerably higher affinity for ADP than adenylate 
kinase. On the other hand the maximum velocity for 
the adenylate kinase in either direction is about 
10 times higher than that for oxidative phosphoryla­
tion. It would thus appear that, in the intact cell,, 
more ATP will be formed by oxidative phosphorylation 
when ADP concentrations are low, i.e. a high adeny­
late charge, while more ATP will be formed by 
adenylate kinase at high ADP concentrations, i.e. a 
low adenylate charge. That this is so, is shown in 
the results of Figure 9 in which the rates of ATP 
formation by oxidative phosphorylation and by 
adenylate kinase are compared at varying concentrations 
of ADP. The data shows that, at low ADP concentra 
tions most of the ATP formed comes from oxidative
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TABLE V

Kinetic parameters of adenylate kinase and 
ny i riative nhosphorylation in rat liver

mi t.nchondria

Km Vmax
Reaction Substrate (uM) (mMoles/min/ 

mg. protein)

Adenylate AMP 50 )r 1100kinase
ATP
ADP

75
180

/
900

Oxidative # AnPphosphorylation
AiMP 19 25



FIGURE 9

Relative contributions of adenylate kinase and 
oxidative phosphorylation to ATP formation by 
rat liver mitochondria at varying concentrations 
of ADP.

The reaction mixture at 30°C contained 50 mM 
Tris-HCl buffer, pH 7.5, 0.25 M sucrose, 133 mM KC1,
3.0 mM MgCl, 3 mM succinate, 3 mM phosphate, 3 MM 
rotenone, 0.4 mM NAD , 1.0 mM glucose, 5 units
hexokinase, 5 units glucose-6—phosphate dehydrogenase 
and 0.5 mg of mitochondrial protein. The relative
contributions of adenylate kinase — e and
oxidative phosphorylation — •— •—  were determined 
by including 5 Mg carboxyatracylate and 0.5 mM 
diadenosine pentaphosphate respectively. The rate 
of ATP formation was assayed by following the rate 
of NADP+ reduction spectrophotometrically at 340 nM.
Total ATP formed — o— o—  
min/mg. protein.

is expressed in nMoles/
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phosphorylation, while at high ADP concentrations 
most of the ATP formed comes from the adenylate

kinase.

nT.qCUSSION

4= rinure 8 show that both ADP and The results of F 9
, ,ate oxidative phosphorylationAMP are able to stimulat

„ A<rp synthesis. However, the ratewith concomittant
• from AMP is apparently much lower 

of ATP formation fro
c ^ 3Hon from ADP. This is in ̂ ^  atP formationthan the rate or ., 0f Figure 7 where it was

contrast with the resultand ^  give similar respira-
observed that bot this discre­t e  reason for this aiscre
tory control ratios. ^  ^  formed with AMP as 
pancy is that part o adenylate kinase to

the substrate ADP/ which is then
3 t ̂

phosphorylate ^ phosphoryiation. As such
utilized by oxidativ , these conditions

f the ATP Unonly part of ^okinase reaction,
is available f°r thS

q show that the rates of£ Figure 9 su
The results o phosphorylation and by

ATP formation by concentration of ADP.
, pend on

adenylate kinase d v ^  ATP is formed by

At low ADP C°nCentrat^ on while at high ADP concent-
oxidative PhOSph°ryla^ e d  by adenylate kinase.

arr.p is rrations more
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This is consistent with data on Table V which show 

that oxidative phosphorylation has a considerably

lower K value for ADP, and a much lower maximum
m

, 1 k"inclSe» However, it shouldvelocity than adenylate
, of-p kinase does not result be mentioned that adenylate Kin

u ,1 at ion of the adenylate system,in any net phosphorylation
iorule of ATP formed, a molecule 

since for every mol
lat.pd to AMP. This AMP must beof ADP is dephosphorylated t

. I ated back to ADP before it canrephosphosohorylarea
. nine nucleotide cycle. Thus

continue in the ade
.= onlY used for a transient

adenylate kinase i , ,
" . of ATP under condition5 whereby

’ynth* * 1S ° ‘  . t M  cytosol 1. hi,Mr th.„ th,
of ATP 1 oJlia,tiv. phosphorylation,
rate of its formation

.#
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C H A P T E R  VII

CATION TRANSPORT BY RAT BRAIN MITOCHONDRIA

Transport of calcium

2 0 (A) is a control sxpsriinsnt showing- 

the stimulation of rat brain mitochondrial respiration 

induced by the addition of ADP. ADP induced a 4-5 

fold increase in the rate of oxygen uptake and this 

was reversed on depletion of ADP. A further stimula­

tion of respiration could be induced by the addition of 

more ADP or addition of the uncoupler

in figure 10(B) stimulation of mitochondrial
. jlired by the addition of Ca respiration was induced oy

A - 4-fold increase in the rate This addition caused
, TT-a c reversed after all the added

of oxygen uptake an
2 , a further stimulation of

C a 2+ was taken up. A tur
1 j be induced by addition of more Ca 

respiration could
t rrCP. With malate and

or addition of the uncoupler 2+
the respiratory substrates the Ca /o 

glutamate as the P
- r 2+ taken up per nMole of oxygen

ratio (nMoles of
, whll, with or ..oorb.te

consumed) was 5. r 2 + /n ..
, ,rates the observed Ca /O ratios 

+ TMPD as the substrat t
3 8 an d  1 . 8 5  r . . p . « l v W -  I *'“ *  "
3 '8 "  „ . hav. h « n  d.scribod for

are similar to those that
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FIGURE 10

Respiratory stimulation by ADP and Ca2+ in 
rat brain mitochondria

The incubation mixture at 30°C consisted of 
50 mM Tris-HCl buffer, pH 7.5, 0.3 M mannitol, 100 
mM KC1, 3 mM Tris-phosphate and 2 mg. mitochondrial 
protein in a 1.7 ml. final volume. The reaction
was assayed by following the& me rate of oxygen uptake
polaro graphic ally using; a darkB a Clark-type oxygen electrode.
Additions when indicated are 5 mM moi ^are 5 mM malate (MAL), 5 mM
glutamate (GLU) 180 nMoles ADP, 5 gM CCCP
Ca2+. and 500 nMoles



MAL.+ GLU.



133

mitochondria isolated from rat liver (Rossi and 
Lehninger, 1964) and from rat heart (Vercesi et al.,

1978) .

in Figure 11(A) uptake of Ca2+ by rat brain
j c followed spectrophotometricallymitochondria was r o n

nw-2 dual wavelength spectrophotometerusing an Aminco
,rc. «m The reaction mixture containedset at 685 - 665 nM.

ttt an indicator of extramitocho-
100 uM arsenazo III

. „.c r * 2+ to the medium causedndrial Ca2+. Additxon of Ca
•n absorbance which was reversed upon an increase m  ac

, That this decrease in
addition of mitochon
absorption on addition of mitochondria was due to 
uptake of Ca2+ was shown by the fact that rt was

, Drior addition of ruthenium red an 
prevented by Prl

. ^  ca2+ carrier (Moore, 1971) or by 
inhibitor of the Ca

. o£ the respiratory rnhrbrtor
prior addition of tne

rotenone.

i rCCP or the0 iKB) the uncouple
In Figur added after

v. -v, itnr rotenone werrespiratory inhibi The figure
„ 2+ hv the mitochondria.

uptake of Ca oy rapid effluxadditions caused a ra_
shows that these observed

2+ A similar effect
of accumulate inCUbated for 7

mixture was
when the reaction 2+ effect was

of the Ca •
minutes after uptake dissolved oxygen.

. „ba6lY „». to deplotton of most probably





FIGURE 11

O 4.Ca uptake by rat brain mitochondria

The incubation mixture at 30°C consisted of 
50 mM Tris-HCl buffer, pH 7.5, 100 mM KC1, 0.3 M. 
mannitol, 3 mM Tris-phosphate and 100 pM arsenazo III 
in a 3 ml. final volume. The reaction was assayed 
by following the changes in absorption using an Aminco 
DW—2 dual wavelength spectrophotometer set at 685 and 
665 nM. Additions when indicated are 30 nMoles 
CaC^j 1 mS mitochondria, 1 p M ruthenium red (RR),
3 Mg rotenone and 5 MM CCCP.
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Figure 12(A) shows the respiratory stimulation 
induced by the addition of 4 cycles of 250 nMoles of 

per mg. of mitochondrial protein each. The 
figure shows that the first 3 cycles resulted in a 
full stimulation of respiration, indicating that all 
the added Ca2+ was taken up. However, the 4th cycle 
resulted in only a slight stimulation followed by 
a reversal to state IV respiration. a further 
stimulation of respiration could be induced by 
addition of the uncoupler CCCP. This shows that 
these mitochondria are only capable of accumulating 
about 800 nMoles of Ca per mg. of mitochondrial 
protein.

In figure 12(B) respiratory stimulation was
2 +induced by the addition of 250 nMoles Ca per mg. 

of mitochondrial protein in the absence of added 
phosphate. The figure shows that this addition of 
Ca resulted in only a small stimulation of 
respiration which was followed by a reversal to state 
IV respiration. This was followed by addition of 
inorganic phosphate which resulted in a further

2 +stimulation of respiration apparently due to Ca 
uptake since it shortly reverted to state IV respira­
tion. Addition of more Ca2+ at this point resulted 
in a further stimulation of respiration. A similar 
effect, but to a lesser extent was seen when ATP



FIGURE 12

Effect of inorganic phosphate on Ca uptake by rat 
brain mitochondria

2 +

The incubation mixture at 30°C consisted of 
50 mM Tris-HCl buffer pH 7.5, 100 mM KC1, 0.3 M. 
mannitol and 2 mg. mitochondrial protein in a
1.7 ml final volume. The reaction was assayed by 
following the rate of oxygen uptake polarographi- 
cally using a clark-type oxygen electrode. Additions 
when indicated are 3 mM Tris-phosphate-(Pi) 5 mM
malate (MAL) 5 mM glutamate (GLU) 500 nMoles CaCl 2
5 MM CCCP, and 80 nMoles N-ethylene malemaide (NEM).
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402 = 5 0 nMolo atoms
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was added instead of inorganic phosphate, most 

probably due to hydrolysis of the ATP to ADP and 

inorganic phosphate by the ATPase.

in Figure 1 2 ( 0  N-ethylene-malemaide an
, , ̂  ' r-r-i pr (Cotv and Pederseninhibitor of the phosphate carrier y

J. , nrior to addition of Ca . Addition 1974) was added prior
0 i a very slight stimulation ofof C a 2+ resulted in only a very

, h,, a complete inhibition of respiration followed by a c P

respiration.

+-he respiratory stimulationFigure 13(A) shows the resp

induced by the addition of 4 cycles of 2S0 nMo es 
2+ Qf mitochondrial protein each. The

PSr m 9 ’ h t the first 3 cycles caused a full 
figure shows tha le the 4th cycle
stimulation of respiration, Addition of

d a Very slight stimulat
only caused further s i m u l a t i o n  of
ATP at this point cause IV. That

. . 4-hen reversed to
respiration whic respiration was due to
this further stimulation o addition of
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FIGURE 13

2 +Effect of ATP on Ca uptake by rat brain 
mitochondria

The incubation mixture at 30°C consisted of 50 mM 
Tris-HCl buffer, pH 7.5, 0.3 M mannitol, 100 mM KC1,
3 mM Tris-phosphate and 2 mg mitochondrial protein in 
a 1.7 ml final volume. The reaction was assayed by 
following the rate of oxygen uptake polarographically
using a clark-type oxygen electrode. Additions when 
indicated are 500 nMoles Ca2 + , 1 mM ATp> 5 mM
(MAL) 5 mM glutamate (GLU) 1 uM - » .u; i pM ruthenium red (RR)
and 3 pM carboxyatractylate (CAT)
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addition of Ca2+. The trace shows that under these 
conditions all the 4 cycles of Ca2+ addition resulted 
in a full stimulation of respiration.

Uptake of other_ 
mitochondria

M  — ipnt cations by rat brain

ion was„  „ 14(A) stimulation of respirat
In Figure 1 4 2+
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»lth malate and ^  (nMol.. «£ B,2* taken
substrates, the Ba 7.65.

f oxygen consumed was 
up per nMole of oX^g
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stimulation of r - P «  ^  uncoupler CCCP. »itb
addition of » « «  *  r.,plt.toW  snb.tf.ta,

malate and "
th. M n 2+/° 2 '



FIGURE 14

• 2 + 9 4-Respiratory stimulation by Ba and Mn in
rat brain mitochondria

The incubation mixture consisted of 50 mM Tris- 
HCl buffer, pH 7.5, 100 mM KC1, 0.3 M. mannitol, 3 mM 
Tris-phosphate and 2 mg. mitochondrial Protein in a 
1.7 ml. final volume. The reaction was assayed by 
following the rate of oxygen uptake polarographically 
using a clark-type oxygen electrode. Additions when 
indicated are 5 mM malate (MAL) 5 mM glutamate (GLU) 
300 nMoles BaCl2, and 300 nMoles MnCl
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In Figure 15(A) stimulation of respiration was 
induced by the addition of 150 nMoles Ca^+ and

2 -f150 nMoles of Ba per mg. of mitochondrial protein 
Both cations were taken up as evidenced by the fact 
that the extent of respiratory stimulation was much 
more than that induced when the cations were added 
individually.

Xn Figure 15(B) respiratory stimulation was 
induced by the addition of 150 nMoles of Ca and 
150 nMoles of Mn^ per mg. of mitochondrial protein.
In agreement with earlier reports (Ernster and 
Nordenbrand, 1967; Mela and Chance, 1968) both cations 
were taken up together with Ca2+ accelerating the 
uptake of Mn2 + , and Mn2+ retarding the uptake of Ca2 + .

., • Ca2+ uptake by rat brainIn Figure 16 ca v
followed spectrophotometrically mitochondria was toi

using an Aminco DW-2 dual wavelength spectrophoto­
meter. After uptake of all the Ca luM

, M,rt to a final concentration of ruthenium red and N
,, , This resulted in an efflux of

20 mM were added.
all the accumulated Ca

2 +

Figure -.7 -
final concentration of 30 rrM to respiting



FIGURE 15

Respiratory stimulation by the combined uptake of 
cations in rat brain mitochondria

The reaction mixture at 30°C consisted of 50 mM 
Tris-HCl buffer, pH 7.5, 0.3 M mannitol, 100 mM KC1,
3 mM Tris-phosphate and 2 mg mitochondrial protein in 
a 1.7 ml. final volume. The reaction was assayed by 
following the rate of oxygen uptake polarographically 
using a clark-type oxygen electrode. Additions when 
indicated are^5 mM malate (MAL) 5 mM glutamate(GLU) 
300 nMoles Ca2+, 300 nMoles Ba2+ and 300 nMoles Mn2+.
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FIGURE 16

+ 2 +Effect of Na on Ca accumulation by rat 
brain mitochondria

The incubation medium at 30°C consisted of 
50 mM Tris-HCl buffer, pH 7.5, 0.3 M mannitol 100 mM 
KC1, 3 mM Tris-phosphate, 5 mM malate, 5 mM glutamate 
and 100 mM arsenazo III. The reaction was assayed 
by following the changes in absorption using an Aminco 
DW-2 dual wavelength spectrophotometer set at 685 and 
665 nM. Additions when indicated are 30 nMoles CaCl„,
1 mg. mitochondrial protein 1 mmf uuein, i m m  ruthenium red (RR) and
NaCl to a final concentration of 20 mM
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FIGURE 17

Effect of Na+ on rat brain mitochondrial 
respiration

The incubation mixture at 30° consisted of 
50 mM Tris-HCl buffer, pH 7.5, 100 mM KC1, 0.3 M 
mannitol, 3 mM Tris-phosphate and 2 mg mitochondrial 
protein in a 1.7 ml final volume. Additions when 
indicated are 5 mM malate (MAL) 5 mM glutamate (GLU)

180 nMoles ADP, and NaCl to a final concentration 
Of 20 mM.
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Mitochondria led to a 2-fold stimulation of 
respiration. Table VI shows that the extent of 
respiratory stimulation induced by Na+ was dependent 
on the concentration of Na + in the reaction medium.

Figure IQ shows that addition of Na+ to a final
concentration of 20 mM to respiring mitochondria 
caused an increase in the acidity of the medium due to 
an efflux of protons. This indicates that these 
mitochondria are capable of supporting an uptake of 
d which is coupled to an efflux of proton.

DISCUSSION

The results of Figures 10 — 15 show that rat 
brain mitochondria are capable of supporting an 
energy dependent uptake of the bivalent cations Ca2+ 
Mn2+ and Ba2 + . The transport of bivalent cations is 
an electrophoretic process which takes place in 
resoonse to the proton electrochemical gradient 
(An +) that exists across the inner mitochondrial 
Membrane generated by electron transport. The 
electrical component (Af) of the total proton 
electrochemical gradient is believed to be the 
Primary driving force for bivalent cation transport. 
Uptake of bivalent cations tends to dissipate the



FIGURE 18

Effect_of_Na on mitochondrial respiration

The incubation mixture at 30°C consisted of
5 mM Tris-HCl buffer, pH 7.5, 0.3 M mannitol, 100
mM KC1 and 2 mg. mitochondrial protein. The

reaction was assayed by following the rate of

acidification of the medium using a sensitive pH

electrode. The reaction was initiated by the
addition of NaCl to a final ~to a final concentration of 30 mM
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The(A'F) hence lowering the AyH+. T h e  respiratory 
chain responds to the lowered by a net

extrusion of protons. This effect is what was 

observed as an increase in the rate of mitochondrial 

oxygen consumption during the cation uptake process. 
That the uptake of bivalent cations is dependent on 

an active electron transport chain was shown by the 

fact that the presence of a respiratory inhibitor 
inhibited the uptake process (Figure 11 a ). 

Maintenance of the accumulated cations inside the 

mitochondria is also an energy dependent process as 
shown by the fact that addition of the uncouoler 
CCCP, the respiratory inhibitor rotenone or 

depletion of oxygen led to an efflux of accumulated 

Ca^+ (figure 11 B).

The results also show that there is very limited 

uptake of Ca2+ by brain mitochondria in the absence 

of added phosphate. Inorganic phosphate is believed 
to complex with Ca2+ in the mitochondrial matrix, 
forming a non-ionic calcium phosphate complex 

(Rasmussen, 1981) which offsets the decrease m  AT 

caused by ionic Ca2+ in the matrix, thus accounting 

for the very large capacity for Ca uptake in the 

presence of inorganic phosphate. In the presence 
of N-ethylene malemaide which inhibits the phosphate/

K+ symporter (Vercesi et al., 1978) there is a rapid 
^uild up of the ApH component of the total
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as C a 2+ is taken up, which leads to a complete
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of Ma+-Ca2+ exchange carrier present in such presence or Na ca
- ,7 showed that Na are able to

tissues. Figure
nf mitochondrial respiration, 

induce a stimulation o
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A similar Na induce
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C H A P T E R VIII
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FIGURE 19

2 +Effect of Ca accumulation on brain mitochon­
drial oxidative phosphorylation

The incubation mixture at 30°C consisted of 50 
mM Tris-HCl buffer, pH 7.5, 0.3 M mannitol, 100 mM 
KC1, 3 mM Tris-phosphate and 2 mg. mitochondrial 
protein in a 1.7 final volume. The reaction was 
assayed by following the stimulation of oxygen 
uptake polarographically using a clark-type oxygen 
electrode. Additions when indicated are 5 mM
malate (MAL), 5 mM glutamate (GLU), 500 nMoles Ca2+ 
180 nMoles ADP, 1 uM ruthenium red (RR) and 5< UM
CCCP.
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FIGURE 20

Effect of Ca uptake on active brain 
mitochondrial oxidative phosphorylation

The reaction mixture at 30°C consisted of 50 
mM Tris-HCl buffer, pH 7.5, 0.3 M mannitol, 3 mM 
Tris-phosphate and 2 mg mitochondrial protein in a 1.7 ml. 
final volume. The reaction was assayed by following 
the stimulation of oxygen uptake polarographically 
using a clark-type oxygen electrode. Additions when 
indicated are 5 mM malate (MAL), 5 mM glutamate 
(GLU), 1.5 nMoles ADP, 500 nMoles Ca2+ and 1 mm 
ruthenium red (RR).

2 +



164

M AL-+ GLU.

f



165

,, ,,, is a control experiment showing Figure 21(A)
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FIGURE 21

2 +Effect of Ca___uptake on brain mitochondrial
oxidative phosphorylation

The reaction mixture at 30°C contained 50 mM 
Tris-HCl buffer, pH 7.5, 0.3 M mannitol, 100 mM KC1,
3 mMTris-phosphate, 5 mM malate, 5 mM glutamate,
3.0 mM MgCl2, 0.4 mM NADP+, 1.0 mM glucose, 5 units 
hexokinase, 5 units glucose-6-phosphate dehydrogenase 
500 uM diadenosine pentaphosphate and and 0.5 mg 
mitochondrial protein. The reaction was assayed 
by following the reduction of NADP+ spectrophoto- 
metrically at 340 nM. Additions when indicated 
are 150 nMoles ADP, 65 nMoles Ca2+ and 
ruthenium red (RR).

UM



168

i
FIGURE 22

Saturation and Linear-weaver Burk plots, showing 
the extent of inhibition of oxidative phosphory-

O .1.lation upon uptake of varying amounts of Ca

The extent of inhibition of oxidative 
phosphorylation was determined by assaying the extent 
of inhibition of the ADP induced respiratory stimula­
tion upon uptake of varying amounts of Ca2+ as 
described for figure 20(A).
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a half maximal inhibition was seen upon uptake of

75 nMoles Ca24-

InJmil piguire 23 respiratory stimulation was 
induced by the addition of 2 50 nMoles Ca per mg. of 
mitochondrial protein. After uptake of the Ca2+ and 
a resumption of state IV respiration 180 nMoles ADP
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ddi H o n  of 180 nMoles ADP-



FIGURE 23

+ 2 +Effect of Na on the Ca induced inhibition 
of oxidative phosphorylation in brain 
mitochondria

The reaction mixture at 30°C consisted of 30 mM 
Tris-HCl buffer, pH 7.5, 0.3 M mannitol, 3 mM Tris- 
phosphate, 100 mM KC1 and 2 mg. mitochondrial protein 
in a 1.7 ml final volume. The reaction was assayed 
by following the stimulation of oxygen uptake 
polarographically using a clark-type oxygen electrode. 
Additions when indicated are 5 mM malate (MAL),
5 mM glutamate (GLU) 500 nMoles Ca2+, 180 nMoles A’p>
1 pM ruthenium red (RR) and NaC1

° a concentration o:20 mM.
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FIGURE 24

Effect of Ba accumulation on brain mitochon­
drial oxidative phosphorylation

For figures A and B the incubation mixture 
consisted of 50 mM Tris-HCl buffer, pH 7.5, 0.3 M 
mannitol, 100 mM KC1, 3 mM Tris-phosphate and 2 mg. 
mitochondrial protein in a 1.7 ml. final volume.
The reaction was assayed by following the stimulation 
of oxygen uptake polarographically using a clark-type 
oxygen electrode. Additions when indicated are:- 
5 mM malate (MAL) 5 mM glutamate (GLU), 300 nMoles 
Ba2+, 5 MM CCCP, 180 nMoles ADP in figure A and 1.5 
nMoles ADP in figure B.

Figures C and D are saturation and Linear- 
weaver Burk plots showing the extent of inhibitionN
of oxidative phosphorylation upon uptake of varying 
amounts of Ba . This was assayed by determining the 
extent of inhibition of the ADP induced respiratory 

stimulation upon uptake of varying amounts of Ba2 
as described for figure A.

2 +
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FIGURE 25

Effect of combined uptake of Ca2+ and Ba2+ on 
mitochondrial oxidative phosphorylation

The incubation mixture consisted of 50 mM Tri
HC1, pH 7.5., 0.3 M mannitol 100 mM KC1, 3 mM Tris
phosphate and 2 mg. of mitochondrial protein in a
1.7 ml final volume. Additions when indicated are
5 mM malate (MAL) 5mM glutamate (GLU), 300 n Moles 

2+ 2 +Ca , 300 nMoles Ba and 180 nMoles ADP
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FIGURE 26

Effect of Mn
p 2 + , 2+Ca and Mn ,

rial oxidative

9 + Uptake, and a combined 
2 + o +

Da and Mn" on brain 

phosphorylation

uptake of
mi tochond—

The incubation mixture at 30°C consisted of 50 mM
Tris-HCL buffer, pH 7.5, 0.3 M. mannitol, 100 mM KC1,
3 mM Tris-phosphate and 2 mg. of brain mitochondrial
protein in a 1.7 ml final volume. Additions where
indicated are 5 mM malate (MAL), 5 mM glutamate (GLU)
500 nMoles Mn + for Figure A, 300 nMoles Mn2+ and
300 nMoles Ca2+ for Figure B, 300 nMoles Mn2+ and 

2 +300 nMoles Ba for Figure C, and 180 nMoles ADP.
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TABLE VII
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•* hnmlrial reticles, by preincubation, submit o r.honariaiji-----

with succinate

. ni eted submitochondrial particles were 
Inhibitor deplet ,1q7on

Van de Stadt et al., (1973)
'spared accords

Lerials and nwtbod.. SO utr 01 
s c r i b e d  xn materia at 3U°C lor 3

, 1 - t e d  were preinlhibitor depleted Tris_acetate
Hi am containing 25

inutes in a medium rotenone, in a
„ fi 5 125 mM sucrose, 3 Mg

iffer, pH 6.5, indicated the following
_ ^ Where m a i ^ml final volum • mM MgC1 5 mM

He:- 3 mM A ’Iditions were ma , ATPase inhibitor.
f the purifiea

lccinate and 5 Mg ° cccp waS added and the
Cter the preincubatio described for Table VI.

= assayed as
rPase activity wa the number of MMoles= expressed a
rPase activity was of submitochodnrial

. ner minute p
f jtp hvdrolysed P

protein.



FIGURE 27

Effect of inorganic phosphate on beef heart
M p~ATP submitochondrial particle ATPQ.S6 ACt iV itV

This effect was tested after preincubating 50 
ug MgATP submitochondrial particles in a medium 
consisting of 25 mM Tris-acetate buffer, pH 7.5,
125 mM sucrose, 30 mM K -acetate, 3 ug rotenone and 
varying concentrations of Tris-phosphate for 3 min­
utes at 30°C in a 3 ml volume in the absence of 
succinate — •— •—  and in the presence of 5 mM 
succinate — o— o— . After the preincubation 5pM 
CCCP was added and the ATPase activity was assayed 
enzymatically by following the rate of ATP hydrolysis 
with a pyruvate kinase, lactate dehydrogenase system 
and measuring the rate of NADH oxidation spectrophoto— 
metrically at 340 nM. ATPase activity was expressed 
as nMoles of ATP hydrolysed per minute per mg. of 
submitochondrial protein.
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TABLE VIII

5„ „„ of MgSTP submitochondrial p.r.icl., „.r,
. - _ 3 minutes in a medium consisting of

preincubated for
. ffer pH 7.5, 125 mM sucrose,

25 mM Tris-acetate buffer p25 mM iris a 3C)oC in a 3 ml
+ . 3 ng rotenone,

30 mM K -acetate, J ^  ted are
other additions where indicated

final volume. ^  ^  3 mM Tris-phosphate
5 mM Tris-succinate, 2+ Afto mM iris 2+ mM Mn . Alter

, n 2+ i mM Mg ana(Pi), 1 mM Ca » jjed and the ATPasec uM CCCP was adae
the preincubation Table VI,

d as described tor
activity was assay number of nMoles

oc expressed
ATPase activity was mg_ of submitochond-

d i«ed Per minUte P of ATP hydrolyse
rial protein.
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like the effect of 
more pronounced in 
of succinate.

inorganic phosphate alone was 
the presence than in the absence

fhe effect of varying concentra-
Figure 28 shows

2+ 2+ and Ca2+ on the phosphate and
"  of th« M P... activity.

induced activation of
u stimulatory effect a

!howed t h e  hxghes by Mg2+. Ca2+ had
:oncentrations tested,

jnly a very small eff

u-hat preincubation of the
?9(A) shows that P

Figure ^  presence of inorganrc
purified F ^ A T P a s e  m  ease in ATPase activity.
Phosphate also cauS boVe argument that

r̂-t-hens tnePhis effect streng  ̂ ^  ^  the inhibitor free
inorganic phosphate may conformation to a

altering
VTPase molecules,

l j trg state.nore react
, lh,t inc»»ticn of th.

Figure 29!=. « » «  „  pBO,Pb.t. and

purified *,-»«**« "  ^  or « ~ £  * ,0" h"
. pree.no* of ** M» > * »

A D P  m  t n e  F ^ activi^'
the AfpaS these c

being
-ctlV j- '

i tb. B«*»* rodet th«s, condition* 
cati°n're potent effect *re P 2+ d no eu

of ca eSence °
the activation of

30 s ^ S that tor ^  the

^  ial ^  "ochondrrsl



FIGURE 28

Effect of bivalent cations on beef heart MgATP 
submitochondrial particle ATPase activity

This effect was tested after preincubating 50 
ug MgATP particles in a medium consisting of 25 mM 
Tris-acetate buffer, pH 7.5, 125 mM sucrose, 30 mM 
K+-acetate, 3 ug rotenone 1 mM inorganic phosphate, 
5 mM succinate, 33 mM ADP, for 3 minutes at 30°C in 
a 3 ml final volume. Other additions were:- 
none — •— •—  varying concentrations of CaCl 2

varying concentrations of MgCl __o'__o__2
and varying concentrations of MnCl __o__2 • •
After the preincubation 5 pM CCCP was added and the 
ATPase activity was assayed as described for figure
27.
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FIGURE 29

-£q q ^ Qf inorganic phosphate s.nd. bivalent 

r>q t i nns on the ATPase activity of the purified 

enzyme

This effect was tested after preincubating 50 Mg 

of the purified F ^ A T P a s e  for 3 minutes in a medium 

containing 25 mM Tris-acetate buffer, 125 mM sucrose,

30 mM K+-acetate, varying concentrations of Tris- 

phosphate for figure (A), and 1 mM Tris-phosphate 

in the presence of 33 pM ADP and varying concentrations 

of C a 2+ — ©— ©— , varying concentrations of M g 2 + ,

#__ •— , and varying concentrations of M n 2+ — o— o—

for figure B. The temperature was 30°C and the 

'volume was 3 ml. After the preincubation, the 

ATPase activity was tested as described for figure 

27. ATPase activity is expressed as the pMoles ATP 

hydrolysed per minute per mg. protein.
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FIGURE 30

Effect of preincubating MgATP submitochondrial 
particles at varying lengths of time on the 
ATPase activity

300 Mg of MgATP particles were preincubated at 
30°C* in a medium consisting of 25 mM acetate buffer, 
pH 7.5, 125 mM sucrose in the presence of 1 nil Tris- 
phosphate + 0.4 mM MnC^ + 33 mM ADP - ■ A- /y. ■ t i mjyj 
Tris-phosphate — •— •—  , 1 mM Tris-phosphate + 33 pM 
ADp — ©,— ©— , and no addition — o— o— . At the 
indicated times samples containing 50 Mg particles were 
taken and 5 pM CCCP added after which the ATPase activity 
was assayed as described for figure 27.
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conditions described above, a certain preincubation 
period is required, with maximum activation 
occurring only after a. preincubation period of 5 

minutes.

Figures 31 and 32 shows that unlike the effect 
seen when submitochondrial particles were first 

preincubated with a bivalent cation and ADP, ia
a more potent cation for both ATP and

,  ̂rrprP tested without preincuba-hydrolysis, when these were tesr
r.2+ was not a good cofactortion of the particles.

nf-hesis or ATP hydrolysis, for either ATP synthesis

j_hat preincubation of MgATP
Table IX shows that p

rticles with ATP in the presence
submitochondrial pa ^  ^  ^  ^
of the bivalent cations n ,

f the succinate and phosphate
to an inactivation o ^  with Mn2+ being the

induced activation o ofaservation is in
. _ rati on- 11more superior ^  Goniez_Ferandez and Harris,

agreement with thatJ ^  ^  ^  presence of Mg and
(1978) who also showe submit0chondrial

ctivation or
ATP led to an m  ,nhibition of the ATPase
ATPase activity- to g bj.nding of the
activity is most P  ̂ ifcs inhibitory site.
ATPase inhibitor Prot* ted in table X. The

This is shown by £ inhibitor deplete
bb.f p r « » « M t “ ntable shows



FIGURE 31

Effect of bivalent cations on the ATP 
Synthesis of MgATP submitochondrial particles

This was tested during a 3 minute incubation 
in a medium containing 100 ug particle protein,
50 mM Tris-HCl buffer pH 7.5, 125 mM sucrose, 30 mM 
K+-acetate, 5 mM succinate, 3 ug rotenone, 5 mM 
Tris-phpsphate, 1 mM ADP, 500 mM diadenosine 
pentaphosphate and varying concentrations of Ca2+
— e— e— , Mn2+ — •— •—  and Mg2+ — o— o—  . After 
the incubation, the reaction was stopped with 
5/ perchloric acid followed by neutralization with 
KOH, and the amount of ATP formed was assayed 
using a hexokinase, glucose-6-phosphate dehydroge­
nase system by following the reduction of NADP+ 
spectrophotometrically at 340 nM.
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FIGURE 32

Effect of bivalent cations on ATP hydrolysis 
by MgATP particles

36 Mg of MgATP submitochondrial particles were
incubated for 3 minutes in a medium consisting of 25
miM Tris-acetate buffer pH 7.5, 125 mM sucrose, 30 miM
K+-acetate, 3 mM ATP, 5 pM CCCP in the presence of
varying concentrations of Ca2+ — i— ±— , Mn2+ + Ca2+
— 6— A— , Mg2+ + Ca2+ — o o— , Mn2+  «— e—  and

2 +Mg — •— •— . After the incubation the reaction
was stopped with 9.4% trichloacetic acid followed by 
neutralization with KOH. The extent of ATP hydrol­
ysis was measured by assaying the amount of inorganic 
phosphate formed using a formaldehyde, ammonium 

molybdate system as described in materials and methods.
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t a bl e Ty

---SMi2S~22m]̂ xes

Ug of MgATP particles were ora ■ 
medî  consist • Preincubated in a

. I25 Stlng °f 25 mU Tris-acetate buffer „
25 sucrose ,n r+ * ’ PH 7.5,

4dditio„s ' "aCe atS ^  3°°C f°r 3 m̂ utes
^ h e a t e d  are 5 mW succdnate f+ , ̂

1 mM Us2+ ’ mM TriS-f+hOSPhate’ 3 ““ I *  Ca2+,
CCCP was a d d ^  1 ^  Ma ‘After ths Preincnbation 5 u

added and the ATPase activity was a .
descrih  ̂ yed asSd for table VI. ATPase activity was exn. as th_ ^Pressed

e number of nMoles of ATP hydrolysed ■
Per m minute&• of the submitochondria.1 protein.

PM

Additions
No

ATPa.se 
activity

addition
S uccinate

Suecinate + Pi
Succinate + Pi + ATP 
Succinate + Pi + ATP + Sa 
Succinate + Pi + ATP + Mg

Succinate + Pi + ATP + Mn 2 +
200
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, , . n __r4--iclss (state III particles),submitochondrial parti
. --. j inhibitor in the presence of ATP with the purified mhiDi

, • _ c led to an inactivation of theand bivalent cations lea
ii-h Mn2+ showing the highest ATPase activity with ^  2+

ffpct followed by Mg and Ca . inhibitory effect roi

. effect of varying concentra- 
Fiaure 33 shows th
Fig 2+ M 2+ and Ca2+ on the ATP

tions of the cations Mn , activity Mn2+
of the ATPase activity, m

induced inactivation effect at all the
showed the highest i  2+ and Ca2+.

. tested followed by Mg
concentrations

1a _ 26 show that
£ figureS o. 2+ , ̂ 1 , ra2+ and Ba byThe r amounts of Ca

notation of „  » oo«pl««

brain .itoo-on^* * *  '*‘***
■ a,,ced respira oVer oxidative3P induce cedence
ration* tooK P of respiratorynese cati utinzati
Tation in ^  , that they caused a

?h°ry by £aC lation when they?y as shown W  hosPhorylat
of o ^ datl 0f large quantities of

3itl°n r addition ■ in any inhibition
AAp a , a£ter 2+^d not result

,atio» *“ j rooP1” " "Accumula induced
Subseguentof the



FIGURE 33

Effect of preincubating MgATP particles in the 
presence of bivalent cations and ATP on the 
ATPase activity.

50 ug of MgATP particles were preincubated for
3 minutes in a medium containing 25 mM Tris-acetate
buffer, pH 7.5, 125 mM sucrose, 30 mM K+-acetate,
1 mM Tris-phosphate, 5 mM succinate, 3 mM ATP and
— • — o—  no further addition, — a— e—  varying

2+concentrations of Ca , o o varying concentrations 
of Mg2+ — o— •—  varying concentration of Mn2+. After 
-the preincubation 5 pM CCCP was added and the ATPase 
activity of the particles was tested as described for 
figure 27.
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table X

^ ^ivalernJZZ  ---- L̂SŜ SŜ t

Inhibitor depleted submitochondrial partly
P spared according to Van de Stadt et »!., (lg

described in materials and methods. 50 pgi Qf tfa

inhibits depleted particles were preincubated at 3̂
or 3 minutes in a medium containing 25 mM Tris a„ * 

b„ff s~acetate
Sr’ pH 6,5> 125 mM sucrose, 3 pg rotenone, in a

ml fmal volume. Where indicated the following
additions were made:- 3 mM ATP, 5 ng of the purified
^TpaSe inhibitor, 1 mM CaCl2, 1 mM MgCl2 and I mM

™nCl2. After the preincubation 5 pM CCCP was added
an<3 the ATPase activity assayed as described for
Table VI. ATPase activity was expressed as the number
°T pMoles of ATP hydrolysed per minute per mg. of
sPbmitochondrial protein.

Additions ATPase activity
Noni 3.53
ATP 3.49

Inhibitor 3.42
Inhibitor + ATP 
Inhibitor + ATP + Câ

3.34
2.56

2 +
Inhibitor + ATP + Mg 0.70

Inhibitor + ATP + Mn2 + 0.21



in.f3.ct the presence of 3ccumul3ted Mn reversed
7+ _ _ 2+

2+

That the 
to intramitochondrial

2 + ■* *2 2 +the inhibitory effects of Ca and a 
inhibitory effect of Ca is due to int. 
and not extramitochondrial Ca2+ is shown by the fact 
that the presence of ruthenium red, prevented the

-- 4. r = 2+ Furthermore accumulatedinhibitory effect of Ca .
Ca2+ did not cause any permanent damage to the mitocho-

, •+. was released by addition of Na+,ndria, since when it wasr
. ,aHve phosphorylation was restored, mitochondrial 0x1 ^

.ffpct of accumulated Ca on A similar inhibitory effect
i ion has been reported earlier in

oxidative phosphory
• r>1 ated from brain (Roman et al, 1981, mitochondria iso , 3cCites tumours (Thorne, 1 082) Ehlrich asci^Ncwicki et al.t iq78) but not those from lP74 Villalobo, 1978)

and Bygrave 19 , Vercesi, et al., 1978)
liver (Jacobus et al. , ed after Ca2+ uptake
which had their AOP ^  by which

4- The precisewas complete. . Qf oxidative
, . Ca2+ causes an inhibition

accumulated c. However, several
. „ n-= not clear.phosphorylation 1 including an inhibition

n proposed, i
nechanisms have bee ,Thorne and Bygrave, 1974;^locator (inox-i
af the ATP-ADP tran  ̂competition with
lomez-Puyou, et al ' ^  binding to ADP, (Roman
Intramitochondrial Mg q£ the release of the

*  al., 1981)or an ̂  beCOineS associated
ITPase inhibitor Ca2+ uptake. However,

,1th th. . » ■ “  D,v, b,«»
gated.
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ia

To test U »  possible mechanism by mhich C.W
,, ,.M bit oaid.tWe phosphorylation, 

accumulation cou 2+ mqATP
that could be reversed by Mn MgATP

in a manner articles from beef heart mitochondri
submitochondrral par becauSe they allowed a

were used. ^  ^  cations to the ATPase.
direct acces.ibi a ^  ̂ tooho„d,i, ,» the .onto, of 
The choice of bee found difficulty to

. ,.,s because it
the particles ^  particles from brain,
make coupled submi could be made in
and that beef heart mi mitochondriaFurthermore
large quantities- similar manner to

 ̂ uphave in a 2+
have been shown ° to the effects of Ca
brain mitochondri phosphorylation (Gomez-
accumulation on oxida 1981) -

, 1979, R°manPuyou et al./ 2+
oiments th. « « * « *  o£ “

Jn some of • *  «  “ ™ “ *d
2+ the submit°c iological cation in

and Mn on the physl°
2+ which i4- 4-hat of Mg wn

t0 £ the ATPase
the activity of

• pnts show that the0 experiments
lts of theS ,rial particlesmhe results mitochondrial p

Th rr the submit particles
o activity o£ th , nreincubating the P

“  ised ' „ subsbra« » = *  “
could be ra respirat°r ently due to

in rh. * - - ~ j  ; hls 6y
s»ccin.« or »* of • «  «**' „  . respir.t«V

motional uncoupieia conformst fl£ a»
that addit
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inhibitor after the preincubation did not reverse the 
activation of the ATPase. These observations are 
in agreement with those of Van de Stadt et al., (1973; 
and those of Gomez-Puyuo, (1979) who also reported 
an activation of submitochondrial ATPase upon 
establishment of an electrochemical gradient. These 
authors claimed that the observed activation of the
ATPase was most probably due to a release of the
. ^  + from its- inhibitory siteATPase inhibitor protein irom x

-results of the current work also on the ATPase. The r e s u l t
^nrlusion, since the ATPase point to the same conciusiu ,

„ . , ■ in'tnT depleted submitochondrial part-activity of inhibitor
+1>lpc) was not affected by the icles (state III particles) w

f a respiratory substrate, while, thepresence of a re^p-1-
n inhibitor supplemented state III 

ATPase activity of m
j preincubation with a

particles was raised by pr
The activity of both the

respiratory substra e#
„ . , ATPase and that of the purified

submitochondrial
further raised by the presence of 

^-ATPase was f u r m
This effect is apparently due 

norganic ph°S^ ‘ganic phosphate on the inhibitor 
o a binding o & conformational change,
ree ATPase, an ^ ^  bind ATP at a much faster
hich allows the this observation, Penefsky
ite. In connectio soluble Fj-

DT. (1984) showed that the i
!d Grubmeyer „,lhfltine it in the presence of_ activated by mcubati g
’Pase was act that was due to the ATPase

phosphate, an ef
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binding ATP at a much faster rate on th.
on the catalytic

SltS* ^  addition to inorganic phosphate, the 
Presence of ADP and the bivalent cations ,and

Mg resulted in a further activation of the ATPase 
With the presence Of Mn2+ resulting in a Stronger 
activation. However, when the effect of th

nese cations
on ATP synthesis and ATP hydrolysis by the 
submitochondrial particles were tested without 
Preincubation of the particles, Mg2 + was found to be
a more potent cofactor than Mn2+. Ca2+ did not 
support either ATP synthesis or ATP hydrolysis

These observations thus suggest that under 
intramitochondrial conditions, the establishment of 
3n electrochemical gradient causes a release of the 
ATPase inhibitor from its inhibitory site of the 
ATPase. Inorganic phosphate and an ADP-bivalent 
cation complex binds on a regulatory site of the 
inhibitor free ATPase molecules altering its 
conformation in such a way that it gets activated.

On the other hand when submitochondrial particles 
were preincubated in the presence of ATP and the 

bivalent cations Mn2+, Mg2+ and Ca2+ the ATPase 
inactivated. This is shown in table X to be due to 

the fact that the presence of ATP and a bivalent 
cation causes the binding of the ATPase inhibitor
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onto the ATPase thus inactivating it. As such it
may be argued that, the presence of ATP and a

1 ts m  a conformational change 
bivalent cation resu

Hich allows the inhibitor protein on the ATPase which
+-Vi fa ATPase.bind easily on
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C H A P T E R IX

HUMERAL discussions AND CONCLUSIONS

, aripnine nucleotide metabolismThe regulation of adenine nu
 ̂ 4- aqDect of the overall cellularis a very important aspect:

of the energy dependent reactions
metabolism, since m

.-> •  ̂aTP as their energy source,in the cell utili2

to either ADP or AMP with the
ATP is converted

• i energy (see Equations 1 4 on
release of chemical eneryithis energy that is used to
pages 11 and 12) •
drive energy requiring processes.

t be used as energy sources as such. 
ADP and AMP canno matrix where it is

The ADP may enter the ^  synthetase (ATPase) .
phosphorylated to ATP by t ^  ̂  ̂  react under the

Alternatively/ tw° m°lBC form one molecule of
iate kinase. . e nf adenylat:e -rate the innercatalysis of cannot penetrat

ATP .„d on. Of »»»• ^  oonV„ M d  to APP «
mitochondrial and »»* “  »DP may -

Eor these available from
expense of ATP- ount of energy

v,-lf the am to ATP-as containing halt reiative to
„ zero energy 

ATP and AMP has ze
ATP' „ M 968) derived. Atkinson

e consi^ratl°n ' content of a system,
With thes the energy

. _ illustrate <3
an equation
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i 4. • fn +-he concentrations of the various in relation to tne
l ontides This he referred to as theadenine nucleotides.

„h,roe and is expressed as:- adenylate energy charg

h,rae = (ATP + ^ADP)/
Adenylate

Thl5 means t»,t amount
• determined not simply by the 

system is 0 relative concentrations
f A T P , but by

oncentration o , the adenine nucleotides in
d a m p *f ATP, A DP an of a Tp , the system would
. ted in the t°

he system exis ^  w0uld be analogous to a
i _ o p

ave an energy cn ' The system would have
■rag® battery*uilv charged sto , the adenine nucleotides
f 0.5 and u n

n energy charge o ^  ^ p  respectively.
• the form °£ AUxisted m  th

.„ cellular function, a 
pficiency inTo ensure e t t x level of energy charge

iven cell requires a P ^ latively constant. This
. Kg mnint cvnthesis ofrhich has to be the continuous synt
. _ ensured or lesser extentinstancy is e „horylation and to

,mative phosPh° hydrolysis of ATP
lTP by oxidatx .osphorylati°d' hyd

„ leVel PhoSP ,.ses, and the,y substrate 1® uiring processes,
„ energy  ̂  ̂nucleotides.the various Qug adenine

ersion of th „ ^hat the metabolismnterconvers important tha
„ very i"11̂ i ated both

-t is  therefore, carefully regul -
.ne nucieoti^3 13 ATP hydrolysis and the

>£ -denine , aTP synthesis, AT?
level of ATat the
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• „ of the various adenine nucleotidesinterconversion of tn
of rell function is to be maintained, if efficiency of cei

f +-his thesis, two factors that For the purpose of tni

« . * . « . « -  **• ” ’“i*tion r  t nine
~ be-° co“ ia

\ / ___ —
reversible reaction catalyzes the re

This enzyiftin __^ 2 ADP
.̂TP ^ ~

„ an important function in the 
 ̂ qerves ar

and aS SU he adenine nucleotides.
interconversion

.s iocated in the mitochondrial
The enzyme i strategic position in

a very SCia
intermembrane sPace' with the extramitochon-

, 4-o communio
that «  i» »61* .
arlal ndrl.l environment via th.

. the intramit ,# Due to
1982) and (Klingengberg'

,nP transl°cat° to monitor the levelaTP-ADP tr onZYme is abl®
t-ion the en y in the cell, andthis location nUcleotides

various adenih velocity and directiono£ the var the vei
, bv altering adenylate charge

responds by relation to the
activity 1

°f lta•cements °
t ract with both the 

ble to inter
enzym® 13 3 i tochondrial adenineThe enzy intramitocn

•t-ochondri31extramit°cn



nucleotides as illustrated in Figure 34.

ADP arising from ATP hydrolysis in the cytosol 

may either penetrate the mitochondrial matrix where it 
is phosphorylated to ADP by the ATP synthetase. 

Alternatively, 2 molecules of ADP may react under the
catalysis of adenylate kinase to form one molecule of 
ATP and one molecule of AMP. As shown in Figure 9, 

either of these two reactions may predominate depending 

on the concentration of ADP. At low ADP concentrations, 
most of the ADP penetrates the inner mitochondrial 
membrane, to the matrix where it is phosphorylated to

4. >n-!rrh ADP concentrations, the ATP-ADP ATP. However, at hign
cafnrated, and most of the ADP translocator becomes sat

,a1vqis of adenylate kinase forming reacts under the cataly

ATP and AMP.

• • from ATP hydrolysis in the cytosolAMP arising from w
„ rhe inner mitochondrial membrane, 

cannot penetrate tn

It with ! » « » - » “ • “ “
u ,riax matrix where it is phosphory- 

enters the mitochondr
is illustrated in Figure 6 which 

lated by ATP. Thi .
ally added AMP is able to initiate the 

show that externa Y
, i vity in the presence of an ATP

adenylate kinase ac whichand in Figures 7 and 8 which
regenerating syStSm' ,g ^  to stimulate mitochon-

Sh°W' th3t A D P ' aTP synthesis induced by AMP is '
irial ATP adenylate kinase as shown by the
lependent on an ac



FIGURE 34

Schematic view of the functional relationship 
of adenylate kinase to extra- and intramitochondrial 
adenine nucleotides and oxidative phosphorylation 
in rat liver mitochondria.

OM Outer membrane
IM Inner membrane
IMS Intermembrane space
AK - Adenylate kinase
A - ATP synthetase
B - ADP - ATP translocat
C - Phosphate carrier.



Cytosol
Pi

E' n|?r3y
utll|Sing 
r e a c 1'i ons

r—■» AM P----------

^ -------- ATP



1 M



219

fact that, respiratory stimulation by the latter was 

inhibited by the presence of E D T A ,  and di adenosine 

Pentaphosphate, a specific inhibitor of the adenylate
k i n a s e . ADP formed from the AMP and ATP goes back to 

the mitochondrial matrix where it is phosphorylated 
to ATP by the ATP synthetase. The ATP then comes out
°f the matrix to the intermembrane space where part

. reacts with more ATP to form ADP and part of it
moves to the extramitochondrial space. These factors 
account for the observations in Figure 7 that the 
respiratory c o n t r o l  ratio induced by AMP, is similar 
to t h a t  f o r  A D P ,  a n d  t h a t  t h e  A M P /  ̂  ratio is half the 
ADP/q r a t i o  since two m o l e c u l e s  o f  A D P  a r e  formed for 
every molecule of AMP that reacts with ATP. They also 
account for the o b s e r v a t i o n  i n  F i g u r e  8 t h a t  more ATP
is f o r m e d  when synthesis o f  the l a t t e r  is induced by

• ̂
ADP than when induced by A M P since when i t  i s  i n d u c e d  

by AMP, part of t h e  A T P  formed reacts with more AMP, 
and only p a r t  o f  i t  i s  available t o  the hexokinase 

r e a c t i o n  i n  t h e  extramitochondrial space. These 
activities of a d e n y l a t e  kinase are aided by the 
Presence of catalytic a m o u n t s  o f  bound adenine nucle­
otides in the intermembrane s p a c e ,  e.g. the initiation 
of the AMP + ATP reaction is aided by the presence of 
catalytic amounts of ATP in space, and by the presence 
of large a m o u n t s  o f  bound Mg2+ i n  t h e  s p a c e  which are 
an essential f a c t o r  i n  t h e  a c t i v i t y  o f  e n z y m e .

*• *
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2.. Bivalent catlonuDtake

Mitochondria from a wide variety of tissues are 
known to support an energy dependent uptake of 

various bivalent cations including Ca2+, sr2+ M n 2+ 
and B a 2+ but not M g 2+ (Rossi and Lehninger, i 963. 

Lehninger, et al., 1967, Carafoli and Crompton,
1967). Uptake of the bivalent cations is an 
elctrophoretic process, which utilizes the electro 
chemical gradient generated by electron transport 
The results of this work show that rat brain mitocho 
ndria are capable of supporting, an uptake of Ca2+
Mn and Ba . Uptake of these cations - was dependent 
on the presence of an electrochemical gradient 

generated by electron transport as shown by the fact 
that, the process was inhibited by the presence of 
a respiratory inhibitor, or by the presence of an 

uncoupler. Retention of the accumulated cations was 
also dependent on the presence of an energized

additon of a respiratory inhibitor,membrane since
depletion of oxygen caused a rapid

c a t i o n s .  In addition the
2+

uncoupler or
efflux of accumulated
accumulation of large quantities of Ca2+ was dependent

of inorganic phosphate. The presence

raised the capacity of these mitochon- 
2+accumulate ca

on the presence 

of ATP further 

dria to



andAccumulation of large amounts of both Ca2+ 
caused a complete inhibition of oxidative 

Phosphorylation. This inhibition occurred even when
these cations were added during active ATP synthesis 
It has been reported earlier that respiratory linked
uptake of bivalent cations is able to compete with 
other respiratory linked mitochondrial processes such 
as the energy l i n k e d  transhydrogenase (Lee and 

Ernster, 1 9 6 8 )  a n d  with a t p  synthesis (Jacobus et al 
1975; V e r c e s i ,  et al., 1978). Accumulated Ca2+ has 
also been shown to cause a complete inhibition of 
oxidative phosphorylation in mitochondria isolated 
from brain (Roman et al., 1 9 8 1 )  a n d  f r o m  Ehlrich 
ascites tumours (Thorne and Bygrave, 1 9 7 4 ) ,  a n d  the 

inhibition is relieved upon release of the accumulated 
C a 2 + .

Unlike the effects of Ca and Ba , accumulation 
of M n 2+ did not result in any inhibition of oxidative 
phosphorylation, and could even r e v e r s e  t h e  inhibitory 
effects of C a 2+ and B a 2+. Accumulation of these 
cations did not cause any permanent damage to 
mitochondria since release of accumulated Ca induced 
by N a + restored oxidative phosphorylation.

2+
2 ^ t h e  mechanism by which accumulated Ca

or B a 2+ causes and i n h i b i t i o n  o f  oxidative phosphory­

lation is not c l e a r .
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To test the possible mechanism by which Ca 
could inhibit oxidative phosphorylation in a manner 

that could be reversed by Mn , experiments were 

carried out with beef heart MgATP submitochondrial 
particles. Use of submitochondrial particles enabled 

direct accessibility of the cations to the ATPase.

ez experiments showed thatThe results of these exp
• r. the submitochondrial particlesthe ATPase activity of the s

~  ̂ bv incubating them with a
could be raised two-f '

nn pffect that was shown to be
respiratory substrate,

ATPase inhibitor protein from 
due to a release of the Air

•the ATPase. Similar observa-
its inhibitory site on

rPDorted before (Van de Stadt et 
tions have also been .

al., • xt 1S thus
al., 1973; Gomez-PnyoU'

bivalent cation transport utilizes
po„ibl, that fioB „ , pl„ llo„, „„„a i,

■“ “ = aT „ lc„ ,  of th. ATPase
available to caus ^  inhibition of ATP synthesis
thus accounting f°r . t

. „ bivalent catxon uptake, 
observed during

^ ■fcYid.'t. inclusion of inorgenic
Iso obser

!t was oreincubation medium led to a
d adp in tn Fphosphate ana ^ ^  ATPase activity. However,

further activation apparent in the presence of
f ADPthe effect or « 2+ the more potent cation
.„nS With Mn bel 9

bivalent cati 2 + without effect.
2+ while ca

followed by Mg ' „+-hosis and ATP hydrolysis of
. . _  both ATP synthesis

2+

However, when
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the particles was tested without preincubation,
M g 2+ was found to be the more potent cation, followed

2+ , . r 2 + did not act as a cofactor forby Mil , while Ca aia
These observations thus

either of the two processess.
+hat duri„. the preincubation inorganic mean that durin&

. the ADp-bivalent cation complex bin
phosphate and activated.

. ouch a way tnai x u
onto the ATPase, binding of the complexes

i, » » t  ^  “  ,M  ATPase, deeding ,o a
onto a regulatory the ATPase to

■ 0i change which alio
conformationa fagter rate (Figure 35). It is
accept ATP at a much cations are taken up

^  that when bivalent
thus possible m  intramitochondrial

they compete
by mitochondria, n„cleotides, the resultingto adenine nucieo
M g 2 + for binding accumulated cation.

jpnt on tn« 2+
effect being a w e"d llir .ff.ct « > »  on

Since Mn2 has an ^cumulation a>aP not be
the » T P - s , n . b . i « a 1”  p M ,phor,l.«io». On .be

expected to . « « *  ‘ 2e „ „  pe « P ~ “ d “  “ ““
a c cunvul at ® tri ntion sinco thsother hand accu phosphorylati°

an inhibition of oxt^a stimulates nor does

Ca2+-ADP complex the ATP-synthetase. The
a substrate for Qf Ca2+ required

Xt aCt ^  e shown that the amou gynthesis is

r6SUltS " complete 1 ^ ^ ° “ ° content of Mg2+. 
to cause a 0 tbe mitochondria  ̂amounts
more than 8 1 when such

. thus possih^ tha p in the
!t is thu fflUiated,mostol
. 2+ are accumniof Ca ai



FIGURE 35

Transation states of the mitochondrial H+-ATPase 
as regulated by respiration, inorganic phosphate, ADP 
ATP and bivalent cations.

E° Inactive ATPase
E Semiactivated ATPase
E+ Activated ATPase
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mitochondria 1. hound to C,2\  and only -all »ou„t,

« .  hound to « » ,  with *>• '«*»“  *“  * " * "  °f
5 2+ .. jBished by that of Ca -Mr.. m m  bothMcr -ADP is dimimsn y
Ca2+ and Mn2+ are taKen up together, more of the ADP

2+ due to the higher stability constant 
gets bound to Mn * -  ^  ^  ^
■f Mn^+—ADP as compare

ch complete inhibition of oxidative
18731 ^  "  „1 U  not occur, it ia po.aihl. that
phosphorylation^U^ ^  ^  „  „  « * .
accumulated Ba

b itochondri.1 particla. —  pr.inouh.t.d 
When submi bivalent cations, the

+.>,0 presence owith ATP in the P Mn2+ being the more
was lowered,

ATPase activi y 2+ nd then Ca • This
, 1  towed by Mg

potent cation  ̂^  tQ the presence of ATP
effect was shown to ^  & binding of the ATPase
and bivalent cations This might thus
inhibitor protein onto ^  ATp_bivalent cation alters 
mean that the presence ^  ^  a way that it
the conformation of t • thus lowering its

binds the inhi**** 
activity (Fig^e 35)'

ent worh show clearly that 
lts of ^  presen and the

rSS „ ial ensy-e, adenylate
mitochondn



niav a significant role • i Hi valent cations play a y 
mitochondria nucl«„tid. m.t.bolis..
in the regulation

v .nase plays its role by monitoring 
Adenylate i ^  altering both the

ĵ rLvlst-6 charg t
the cellular adeny reaCtion in accordance

1 _ -i tV of 1‘''S
direction and ve auirements of the cell. In a

charge requires
with the energy result during excessive

of excess ^  aS ^  . acids, the enzymecase or ^  or ^ m o  aciu^
activation of ^  ̂ t i o n  of the AMP to ADP at
c t a l y c  <*• l *"*1”"  £„ „  onidativ. phosphory-

th. « P » » *  d“ y a 13 then phosphoryl.ted to
The ADP so r

latl°n ' nthetase., aTP syu^h ATP by the A

f » '  *■ *w  ” ’uit 
in th. darl„  i— -

.,rP work ox molecules ofduring excessrv between 2.
Kinase cataiy-s th- ^  ^  a molecule of AMP.

a molecul® ° of ADP available asADP to form a m . g_phosphate
it makes ti

This way it
_rcrV source.

311 6 s regulate the
4- cabi°nS r y

dtial hivale in two ways:_mltoohondri nUcieotid« in
„ „  of npt.lt.

"  . .  h i v . w » e ' t M  . i « o t t o o n . » i . . i
(i) ActiV horylati°n f°r the latter as an

„hospb°ry _ utilize the
oxidative th Pr°C transport

-ince v 1pnt cation

9radj ensolrce. »* £aCt'o^ ative p h o s p ^ a t ^  in 
energy ,s ver 0X1

. . ^ecedence
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the utilizing of the electrochemical gradient, with no
ATP being formed during active cation uptake.

(ii) Accumulated bivalent cations compete with
2+intramitochondrial Mg for binding to adenine nucleo- 

t i d e s , the resulting effect being dependent on the 

accumulated cation.

Accumulated M n 2+ has the same effect as intramito- 

chondrial M g 2+. This was shown by the fact that both 
the M n 2+ and M g 2+- A T P  complexes could support ATP 
hydrolysis by MgATP submitochondrial ATPase, while 

both M n 2+ and M g 2+ - ADP complexes could support ATP
synthesis. In addition preincubation of MgATP

3t-m  cles in the presence of ansubmitochondrial p
a  pnt inorganic phosphate and Mg^+ electrochemical gradient,

2+ lpxes resulted in the activation ofor Mn^ -ADP complexes
_  ,tv This effect is conversant with 

the ATPase activity.
- oxidative phosphorylation, since 

uhe requirements for
„ these conditions that the ATPase (ATP

Lt 13 Un 6 h uld be activated to synthesise ATP. 
;ynthetase) a ou of MgATP submitochon-
)n the other han ' 2+ or Mg2+-ATP complexes.i_h either Mn or uy
rial particles ^  of the submitochondrial
esulted in the m a  versant with thet is also conversant
r p a s e .. This ef inactivation of the

. -merits, since inact
sllular requi prevents hydrolysis
rPase in the presence of <

of the latter.



These effects thus explain the observation 
2+that accumulated Mn had no effect on the mitochon 

drial respiratory stimulation induced by ADP.

2+The effect of Ca on the MgATP submitochondrial
ATPase activity was different from that of Mn2+ or 

2+ 2 +Mg . Ca -ADP did not act as a substrate for ATP 
synthesis, while Ca2 -ATP did not also act as a 
substrate for ATP hydrolysis. Preincubation of 
submitochondrial particles in the presence of Ca 

and ADP did not stimulate the submitochondrial 
ATPase activity. As such the Ca -ADP complex is 
neither a substrate for the ATPase, nor does it 

modulate the activity of the ATPase. Thus accumulated
Ca2+ competes with intramitochondrial Mg2+ for 

binding to ADP, its effect being the reverse of that 
of Mg2+. This explains the observation that accumu­

lated Ca2+ led to an inhibition of the ADP induced

respiratory stimulation.
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