X COl

Title Fractionation and compositional studies of rabbit skeletal muscle
membranes
Authors Barrett, Edward John

Publication date

1975

Original Citation

Barrett, E. J. 1975. Fractionation and compositional studies
of rabbit skeletal muscle membranes. PhD Thesis, University
College Cork.

Type of publication

Doctoral thesis

Link to publisher’s
version

http://library.ucc.ie/record=b1224595~5S0

Rights

© 1975, Edward J. Barrett - http://creativecommons.org/licenses/
by-nc-nd/3.0/

Download date

2024-04-18 16:11:25

[tem downloaded
from

https://hdl.handle.net/10468/1661

University College Cork, Ireland
Colaiste na hOllscoile Corcaigh



https://hdl.handle.net/10468/1661

pP1a75 RARR
bbhurb

FRACTIONATION AND  (COMPOSITIONAL  STUDIES

OF RABBIT SKELETAL MUSCLE  MEMBRANES

A Thesis
Presented to the National University of Ireland

for the Degree of

DOCTOR OF  PHILOSOPHY

by

EDWARD JOHN BARRETT

Biochemistry Department
University College
Cork

December 1975

Professor of Biochemistry: T. G. Brady, M.Sc., Ph.D., D.Sc.
Research Supervisor: D. R. Headon, Ph.D.



TO MY  PARENTS



CONTENTS

Acknowledgements SV
SECTION 1. INTRODUCTION 1
1.1 General Introduction | 2
1.2 Introduction 4
Muscle tissue 4
Structure of the skeletal muscle cell 5
The excitation-contraction-relaxation cycle
of muscle 9
The biochemistry of relaxation - historical outlines 11
Subcellular fractionation 13
Analysis of subcellular fractions 18
Marker enzymes for use in the subcellular
fractionation of muscle , 21
Biological membranes . 23
SECTION 2. MATERIALS & METHODS 30
2.1 Tissue Preparation and Homogenisation 31
2.2 Density Gradient Centrifugation 3
2.3. Analyses ‘ ‘ 55
SECTION 3. RESULTS | - 96

3.1 The effect of varying homogenisation time on the
distribution of a number of constituents in the
four classical subcellular fractions 98

3.2 The choice of media for density gradient centrifugation 113

3.3 The characterisation of microsomal fractions prepared
in the form of concentrated suspensions 123

3.4 The preparation and characterisation of calcium
oxalate loaded vesicles o . 161

3.5 Cholesterol in rabbit skeletal muscle membrane
preparations 192

3.6 The fractionation of membrane material present in
the Tow-speed sediment from a muscle homogenate 220

.

il



{97
1p.13

‘p.66
;p.66
i p.73

P.162

 pol65

i p.172

i p.297

SECTION 4.  DISCUSSION 213
SUMMARY 306
REFERENCES - 3N

APPENDIX
APPENDIX
APPENDIX
APPENDIX
APPENDIX

m O O W >

CORRIGENDA

e,
T TR
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line 8-9 should read '..... an ATP-dependent Ca2

is located ....'.

+-transport system
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SECTION 1

" INTRODUCTION



1.1 GENERAL INTRODUCTION

The observations of Hooke (1665), Schleiden & Schwann (1839)
and Virchow (1855) led to the identification of the cell as the basic
structural unit of living material. In the infervening years, it has
been firmly established that the}chemica] processes which underlie
the proper functioning, devé]opment and reproduction of the organism

are cellular activities.

The development of the electron microscope has enabled cell
structure to be studied in detail. A picture of the cell as an entity
with a complex and highly organised internal structure has emerged
from the work of Palade, Porter, Fernandez-Moran and many others.
Although cells from different tissues and organisms differ in aspects
of their structure and consequently in function, they have several
features in common. A retentive membrane encloses a number of cell
constituents, which include membrane-enclosed subcellular structures
known as organelles. The cells of most tissues also contain a
reticulum or system of branching tubules. The interplay of the

biochemical activities of these structures enables the cell to function.

Almost tﬁirty years ago,Claude, Palade, Schneider, Hogéboom, de
Duve and others set out to analytically fractionate the subcellular
components obtained after the fragmentation of liver cells. This
approach has become known as subcellular fractionation,and signalled a
major conceptual breakthrough in biochemistry (reviewed by de Duve,
1964, 1967, 1971), The significance of this breakthrough has been
underlined by the award of the 1974 Nobel Prize in Medicine to de Duves



Palade and Claude.

This thesis is concerned with the application of subcellular
fractionation techniques to the separation and characterisation of

the membrane systems of the rabbit skeletal muscle cell.



1.2 INTRODUCTION

(a) Muscle tissue

Muscle is found in the meaty parts of the animal body and, in
the case of man,constitutes approximately 40% of body weight
(Wilkie, 1968). There are three types of muscle: smooth, cardiac

and skeletal (Gould, 1973).

Smooth muscle, which is the least specialised of the three types,
has a widespread distribution in the body, being found in the intestine,
respiratory tract, blood vessels and reproductive organs. It is
under the control of the autonomic nervous system and undergoes slow

contraction-relaxation cycles.

Cardiac muscle is found only in the heart and is unique in its
unceasing rhythmic activity as it pumps blood around the body. It -

has a high content of mitochondria, fat droplets and glycogen granules.

Skeletal muscle is quantitatively the most important of the three
types. There are approximately 150 different skeletal muscles in the
human body and almost all are attached by tendons to the skeleton.
Skeletal muscle gives the animal the ability to move and interact with
its environment, whereas, smooth muscle generally helps to maintain

the internal environment of the body. -
Skeletal muscle may be subdivided into red, white, and intermediate-

type muscle which contains both red and white cells.



White muscle cells have a Tow content of mitochondria and,
consequentlys>a predominantly anaerobic metabolism (Needham, 1973).

They are capable of shorts intense bursts of activity.

,

Red muscle cells, on the other hand, are rich in mitochondria
and the oxygen-binding protein, myoglobin, and are capable of slower,
more prolonged periods of contraction. Red muscle is particularly

suited to the maintenance of posture.

In the research described in this thesis, only white skeletal

muscle from rabbit hind leg has been used.

(b) Structure of the skeletal muscle cell

Skeletal muscle tissue is composed of many muscle cells which
are also known as muscle fibres. These cells range from 10 - 100 um
in diameter and from 20 um to several cm in length. Each is composed
of three main types of structural components: the internal and
éxternal membrane systems, the contractile elements and the subcellular
organelles. A diagrammatic representation of a muscle cell is shown

in Fig. 1.1.

The cell is enclosed by a triple-layered outer membrane known
as the sarcolemma. The innermost layer is the plasmamembrane proper;
it is coated with a IOOX thick basement membrane and a network of
collagen fibrils (Mauro & Adams, 1961). The overall structure is

responsible for some of the mechanical properties of muscle cells.

N



Skeletal Muscle

Transverse tubule

Transverse tubule

Terminal
cisternae

Sarcotubules

Fig. 1.1. Diagrammatic representation of the skeletal muscle cell
(courtesy of Oxford University Press).



The contractile elements occupy most of the cell volume (Franzinié
Armstrong, 1973). They are arranged in columns, known as myofibrils,
which are in alignment with the long axis of the cell. The myofibrils
are composed of thick and thin filaments. The arrangement of the
filaments in the myofibril gives rise to the characteristic striations
which are obvious when skeletal muscle is examined in the light micro-
'scope (Bendall, 1969). The thick filaments are composed of the
protein myosin, while the thin filaments contain a number of proteins,
principally, actin, tropomyosin and troponin,with a-actinin and
p-actinin as minor components (Weber & Murray, 1973; Perry, 1974).

In rabbit skeletal muscle, myosin accounts for 34% of the total protein
of the tissue, actin 14-20%, tropomyosin and troponin 6-18%. The
force of contraction is developed through the sliding motion interaction

of the thick and thin fi]aments.’

In the cell; the myofibrils are separated by thin layers of
sarcoplasm which are pervaded by a membrane system known as the
sarcoplasmic reticulum. The reticulum clothes each'myofibril'
and encloses a space separate from the sarcoplasm. It has a large
surface to volume ratio and,consequent]y’may be expected to have

important surface-associated functions.

The sarcoplaémic reticulum can be divided into three distinctl
regions on the basis of obvious morphological differences which repeat
in harmony with the striations in the myofibrils (Porter & Palade,
1957; Peachey, 1965; Franzini-Armstron, 1973).1.At the level of |

the A - I junction in frog muscle (Fig. 1.1), the reticulum forms



dilated sacs,known as terminal cisternae. At the Z line two
neighbouring terminal cisternae are separated from one another by

a tubular membrane system,known as the transverse tubular or T-system.
The structure formed by the two terminal cisternae and a T-system
tubule is termed a triad and is the site where excitation is coupled
to contraction. On either side of the triad,the morphology of the
reticulum undergoes a dramatic change.2.At about the level of the

A - I junction, parallel longitudinal tubules form a palisade around
the myofibril.3.At the centre of the A band the longitudinal tubules
reform into a cisternum which is chdracterised by having distinctive

pores and is termed the fenestrated collar (Peachey, 1965).

The tubules which abut onto the terminal cisternae at the triad
are part of a membrane system known as the T-system (Andersson-
Cedergren, 1959). The T-system tubules arise as invaginations of
the sarcolemma and run in a transverse direction to the long axis
of the cell. The T-system tubules are in communication with the
extracellular fluid and penetrate very deeply into the cell along a
winding course between the myofibrils, at the level of the triad

(Huxley, 1964; Page, 1964; Endo, 1964; Peachey & Schild, 1968).

The relative surface areas of the three membrane systems have been
estimated by Peachey (1965).A These depend on the cell size, however in
a 100 ym diameter cell from frog sartorius muscle the T-system surface
area is seven times that of the sarcolemma. The sarcoplasmic reticulum
is quantitatively the most important - its surface area being 40-50

times that of the sarcolemma.



The final group of structural components in muscle include
nuclei, mitochondria, lysosomes, and ribosomes. Muscle cells are
multinucleate since-they are derived from the fusion of many cells
during development (Fischmann, 1973). The nuclei are generally located
beneath the sarcolemma and are elongated in tﬁe direction of the long

axis of the cell (Gould, 1973; Franzini-Armstrong, 1973).

Mitochondria are found beneath the sarcolemma and interspersed
between the myofibrils (Andersson-Cedergren, 1959; Eisenbeg et al.,
1974; Bullock et al., 1973). Differences in the respiratory activity
of various muscles are due to differences in the mitochondrial content
of the cells (de Haan et al., 1973). Lipid droplets are usually

found in association with mitochondria in red and heart muscle.

Lysosomes have been detected in skeletal muscle subcellular fractions
(Stagni & De Bernard, 1968); Canonico & Bird, 1970; Stauber & Bird,
1974). , _ _ . S

Ribosomes are found free in muscle cells and are not attached to

membranes as in liver.

(c) The excitation-contraction-relaxation cycle of muscle

2+

An indication that Ca® ions were involved in contraction came from

the work of Ringer in 1883 on frog cardiac muscle. However, it was not

2+

until 1947 (Heilbrunn & Wiercinski) that Ca“" ions were shown to be

important in the contractile activity of skeletal muscle. Subsequent
research has established that Ca2+ jons activate the contractile

mechanism in all types of muscle.

-9 -



In resting muscle.Ca2+

jons are stored in the sarcoplasmic
reticulum (Winegrad, 1968). Depolarisation of the sarcolemma results
in the release of stored Ca2+ from the sarcoplasmic reticulum into
the neighbourhood of the myofibrils. Contraction occurs when the

2+

released Ca~ binds to troponin on the thin filaments and initiates

the interaction of actin and myosin (Weber & Murray, 1973; Perry, 1974).

Relaxation occurs when the concentration of free Ca2+ jons in
the sarcoplasm is reduced to less than 10 -7 M, through .the uptake of

Ca 2+ ions by regions of the sarcoplasmic reticulum.

The principal events in the excitation-contraction-relaxation
cycle have been identified by Winegrad (1968, 1970). The complete
cycle is very rapid, being complete in 0-1 sec in the case of one

stimulation of frog skeletal muscle.

The arrival of the nerve impulse at the neuromuscular junction on
the sarcolemma results in the rapid spread of depolarisation across
the sarcolemma and inwards along the T-system, to the neighbourhood
of the sarcoplasmic reticulum. At the triad, excitation is coupled

2+ ions from the terminal cisternae.

2+

to contraction by the release of Ca
The mechanism by which excitation-contraction coupling occurs and Ca
is released is not yet understood,although it is under intensive
investigation in several laboratories. Relaxation occurs when the
released Ca2+ is bound by the longitudinal tubules of the sarcoplasmic
reticulum. The bound Ca2+ is transported into the reticulum and
subsequently stored in the terminal cistenae. The sarcoplasmic reticulum

may be divided, therefore, into Ca2+-transporting and Ca2+-storing regions.

«
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(d) The biochemistry of relaxation - historical outlines

" In the early 1950s Marsh (1951, 1952) found that a muscle/extract
contained a component which caused the relaxation of an actomyosin ge]
in the presence of ATP - in other words,the in vivo process of
relaxation could be carried out in vitro. Marsh called this component
the relaxing factor. It's bresence was quickly confirmed by Bendall
(1952, 1953) and Hasselbach & Weber (1953). Later Kumagai et al.
(1955) found that the relaxing factor could be precipitated by

2+

ammonium acetate and had a lipoprotein composition and Mg~ "-activated

ATPase* activity.

| After Portzehl's demonstration (1957) that the relaxing factor
was contained in the particulate fraction of a muscle extract, Ebashi
(1958), Bendall (1958), Nagai et al. (1960), Muscatello et al. (1961)
and Ebashi & Lipmann (1962) showed that it sedimented.between 8000g
and 30 000g and consisted of membrane-bound vesicles. At about this
time Porter & Palade (1957), Andersson-Cedergren (1959) and others
rediscovered the sarcoplasmic reticulum and T-system, described many
years earlier by Retzius (1881) and in greater detail by Veratti (1902).
A relationship between the relaxing factor found in the high-speed
particulate fraction of a muscle extract and the membrane systems
observed in the electron microscope seemed possible after the findings
of Palade & Siekevitz (1956). These workers found that rounded-off
structures, which they termed vesicles, were formed from the membrane
systems of liver during homogenisation or tissue disrupture. Vesicles

formed in this way, are found in the subcellular fraction prepared by

*Adenosine triphosphatase



centrifugation at gravitational forces greater than 10 OOOg; This -
fraction is known as the microsomal fraction (de Duve, 1964, 1967,
1971; Reid, 1967; Dallner & Ernster, 1968). It is important to
bear in mind that microsomes are artifacts of homogenisation. They
are derived from subcellular entities during fhe rupturing of the
tissue and do not constitute subcellular structures in their own

right.

The relaxing factor, as originally isolated by various workers,
corresponds to the microsomal fraction (Muscatello et al., 1961).
This fraction would be expected to contain fragments of the
sarcoplasmic reticulum, T-system and sarcolemma. Depending on the
severity of the homogenisation it would also contain some mitochondrial

membranes.

Assuming that the sarcolemma, T-system and sarcoplasmic reticulum
were equally susceptible to homogenisation and using the data of
Peachey (1965), one would expect to find fragments of the sarcolemma,
T-system and sarcoplasmic reticulum in the ratio of 1 : 7 : 40-50 in

the microsomal fraction.

In this thesis,the fractionation and characterisation of the :

membrane fragments in a muscle homogenate are described.

In 1959 ,Weber suggested that the relaxing factor might function
by binding Ca2+. Shortly afterwards,Ebashi (1960, 1961) showed that

not only was this the case, but that the binding occurred in the

-12 -



presence of ATP. Hasselbach & Makinose (1961) attributed the binding

of Ca2+ to its removal from the medium by an ATP-dependent transport

system. When vesicles accumulating Ca2+

in the presence of oxalate
were examined in the electron microscope, calcium oxalate deposits
were seen in up to 20% of the vesicles (Hasseibach & Makinose, 1961).
These and other results (reviewed by: Martonosi, 1972(a), 1972(b);
Inesi, 1972) established that the so-called relaxing factor activity
involved of the removal of Ca2+ ions from the medium by an ATP-

2+

dependent Ca“ -transport system located in at least some of the

membranes of the microsomal fraction.

(e) Subcellular Fractionation

The biochemical approach to the study of subcellular components
is that of fractionation. De Duve (1967) has divided the fractionation
procedure into three obligatory and successive steps: homogenisation,

fractionation and analysis.

Homogenisation results in the rupture of the cell and the
introduction of a considerable amount of disorder. A degree of order
is reintroduced during fractionation when subcellular componentsvare
éeparated into groups on the basis of their physical and/or chemical
and/or enzymic properties. Finally, the separated fractions are
analysed by physical, morphological, chemical and enzymic methods. The
interpretation of the analytical data involves a retracing through the
three successive staées. In this way, information on the intracellular

Tocalisation of chemical and enzymic constituents may be obtained.

- 13 -



The homogenisation process is an important one (de Duve, 1967,
1971; Reid, 1967, 1971) since it has a critical influence on the
separations subsequently obtainable. It will be considered in some

detail in this thesis.

The separation of subcellular components in the homogenate can
be carried out by a number of techniques,the most important being:
centrifugation (Reid, 1971, 1973; Reid & Williamson, 1974; Tolbert,
1974; Cline & Ryel, 1971), free flow electrophoresis (Hannig &
Heidrich, 1974); countercurrent distribution (Albertsson, 1971)

and immunological techniques (Luzio et al., 1974).

Separation by centrifugation was chosen for the research described
in this thesis. This decision was largely influenced by the succeﬁsfu]
separations obtained by others (for example in:Reid, 1971, 1973, 1974;
Amar-Costesec et 51., 1974a; Beaufay et al., 1974b; Headon & Duggan,
1973) using centrifugation. It also provides a rapid means of

preparing subcellular particles in relatively large amounts.

Centrifugation

Subcellular components are separated by centrifugation on the

basis of differences in their sedimentation behaviour.

The rate of movement (g{) of an ideal particle in a centrifugal

field is described by the equation

, dr al (Dp - Dm) W2r
dt 18n
where a = particle diameter (cm),

- 14 -



r = distance from centre of rotation (cm),
t = time (sec),

w = angular velocity (radians/sec),

viscosity (poises),

particle density (g/cm3),

Dp
Dm

density -of medium (g/cm3). |

| The rate at which a particle moves in a centrifugal_field depends,
not only,on its distance from the centre of the rotor and the angular
velocity, but also, on its density, the square of its diameter and the
density and viscosity of the medium. In density gradient centrifugation,
the changing density and viscosity considerably influence the rate of
sedimentation. When a sedimenting particle reaches the point in a
gradient where the density of the medium is equivalent to its own
buoyant density, its rate of movement will become zero. The density
at this point is termed the isopycnic or equilibrium density of the

particle.

| Particles may be separated either on the basis of differences
in their sedimentation rates or isopycnic densities. Separations in
the centrifuge can be divided into three classes:
(i) rate separations eithér in a homogeneous medium by differential
pelleting or in a density gradient by differential banding;
(1i) dsopycnic banding in a density gradient;

(ii1) combined rate-isopycnic separations.

Subcellular components are not ideal particles since they do not

fully satisfy the necessary requirements of being spherical, rigid,

- 15 -
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uncharged,unhydrated and osmotically inactive. However,their
sedimentation is broadly similar to that expected for an ideal

particle. . L i = N

Differential Pelleting

Prior to the use of density gradient centrifugation, differential
pelleting was probably the best available separatory technique in
subcellular fractionation. In this method of separation, differences
in the sedimentation rates of particles which are initially evenly
dispersed throughout a homogeneos medium are exploited. Ideally,
these particles should pellet on the basis of their sedimertation
rates. However, the initial distribution of particles in the centrifuge
tube ensures that the pellet of more rapidly sedimenting particles
will always be contaminated by the more slowly sedimenting species
present. Since differential pelleting is generally carried out in
angle-head*rotors, most particles will collide with the wall of the
tube during sedimentation. This leads to the adhesion of particles
to the tube wall, and in certain situations, to clumping and anomolous

sedimentation.

Density Gradient Centrifugation

Many of the problems associated with differential pelleting are

considerably reduced by centrifugation in density gradients.

" Density gradient separations can be carried out in either swing-
out or zonal rotors. The latter have several advantages over swing-out

rotors. The sector-shaped compartments in a zonal rotor overcome the

-16 -



problem of side-wall impactation. Since zonal rotors are loaded

while rotating, disturbances to the gradient during loading, unloading,
and acceleration and deceleration of the rotor are kept to a minimum.
Finally, the larger volume of zonal rotors allows more material to

be separated.

The development of zonal rotors by Anderson and co-workers is
comprehensively recorded in the National Cancer Institute, Monograph
21 (1966). The methodology involved in zonal-rotor separations has
been reviewed by Cline & Ryel (1971) and many theoret{cal and practical
aspects are dealt with in Methodological Developments in Biochemistry

(Reid, 1971, 1973a, 1973b, 1974).

Choice of Gradient Material

Factors to be considered in the selection of gradient material
have been considered by Cline & Ryel (1971), Hartman et al., (1974)

and others.

Sucrose was chosen as the gradient material for this study
since it permitted the desired type of separation without seriously

affecting the properties of the components being separated.

Density Perturbation Techniques

The sedimentation behaviouf of some subcellular particles can
be altered by exploiting the composition or functional activity of
the particle in such a way as to cause a change in its density. The
density change in some cases may be sufficiently large to allow for
the complete isolation of the particle. In other cases, it is small

and usually detected by analytical fractionation. This type of

-17 -



approach has been termed density perturbation by Wallach & Winzler

(1974).

Several examples of density perturbation may be cited:

(i) the use of triton WR-1339 in the separation of rat liver lysosomes
(Leighton et al., 1968);

(ii) the deposition of insoluble formazan derivatives in mitochondria
during succinate oxidation (Davis & Bloom, 1973);

(iii) the calcium oxalate loading of vesicles accumulating Ca2+ jons
(Graeser et al., 1969); _ )

(iv) the deposition of lead phosphate at sites of phosphatase
_activity (Leskes et al., 1971b);

(v) the binding of concanavalin A coupled to a high density phage
(p=1-495) to receptor sites on lymphocyte membranes (Wallach
et al., 1972);

(vi) the binding of digitonin to cholesterol-containing membranes
(Thines-Sempoux et al., 1969; Amar-Costesec et al., 1974b).

Density perturbation is a promising approach and has considerable
scope for development. The term density perturbation, however; does
not seem entirely appropriate. It may be wrongly interpreted as

implying disorder in the separation.

(f) Analysis of Subcellular Fractions

Subcellular fractions can be characterised by a wide range of
physical, chemical and enzymic analyses (de Duve, 1967; Reid, 1967;
Beaufay et al., 1974a).

- 18 =
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Physical Analyses

Fractionation by density gradient centrifugation enables particle
densities and SZO.N values to be determined where appropriate.
Morphological characterisation is of limited value, unless the
preparations retain characteristic structural features during the
homogenisation process (examp]es:' intact mitochondria, myofibrils).
Generally, different types of microsomes cannot be readily
distinguished from one another by morphological examination, although
there are exceptions: vesicles accumulating Ca2+ can be identified
by the calcium oxalate deposits they contain; also membranes |
containing phosphatase activity can be identified by the lead phosphate
deposits at the reaction site (E1 Aaser, 1971, 1973; Leskes et al.,
1971a).

Data on particle size can be obtained by centrifugation, electron
microscopy and, to an extent, by filtration studies. Quantitative
morphological analysis is difficult but has been attempted by Baudhain

in the case of liver microsomes (Baudhain et al o 1967)

Chemical Analyses

Since most subcellular components are either membranous or
associated with membranes, a knowledge of the protein and lipid

composition of subcellular fractions is of particular value.

The protein constituents are generally released from membranes
by treatment with the detergent sodium dodecyl sulphate and separated

by electrophoresis in polyacrylamide gels.

- 19 -
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While all membranes contaim phospholipids, differences in the
fatty acid moieties may be informative. Subcellular fractions may
also differ in their cholesterol content. Emmelot & Bos (1962) have

found that liver plasmamembrane is particularly rich in cholesterol.

Subcellular fractions may also be assayed for ribonucleic acid

(e.g. Beaufay et al., 1974a)and sialic acid (e.g. Morre et al., 1974).

Enzymic Analyses

Many enzyme activities are now known to be associated with
particular subcellular components and are termed marker enzymes

(de Duve, 1967, 1971; Reid, 1967; Beaufay et al., 1974b).

De Duve (1967) has laid down two criteria for the selection

of marker enzymes:

(i) the enzyme should be located in a single population of
subcellular particles;

(ii) relative to their mass, the attivity of the enzyme should be
the same in all particles forming the population. '
| According to Jacques (1974), the marker constituent must also

be measurable by a specific and quantitative method, be stable through-
out the fractionation and be unaffected by the reagents used in the

separation.

-20 -



(g) Marker enzymes for use in the subcellular fractionation of muscle

Sarcolemma
(i) Ouabain-sensitive (Na+ and K+)-adenosine triphosphatase*

This enzyme regulates the distribution of Na’ and k' across the
plasmamembrane by transporting K* ions into the cell and simultaneously
extruding Na* ions. The transport reaction is ATP dependent and is
inhibited by the cardiac glycoside ouabain. It is believed that the
enzyme hydrolyses ATP in a stepwise fashion involving.the Na*-
dependent phosphorylation of the enzyme and the K+-dependent hydrolysis
of the phosphoprotein. The literature on the enzyme has been reviewed

by Baker (1972); Dahl & Hokin (1974) and Hokin & Dahl (1972).

(ii) 5'-nucleotidase (5'-ribonucleotide phosphoydrolase)

Henderson & Patterson (1973) report that there appear to be two
general types of 5'-nucl eotidases: one with an alkaline pH optimum
which hydrolyses AMP most rapidly and one with an acid pH optimum
which dephosphorylates 1MP, XMP and GMP preferentially; rat liver
contains both types. Headon (1975) has found that the acid form
. predominates in muscle and postulates that this is due to the 1arge”
amount of IMP produced from AMP ;fter exercise by the action of AMP
deaminase (AMP aminohydrolase) and to the Towering of the pH by
lactate production. This would account for the virtual absence
of 5'-nucleotidase activity in muscle fractions assayed at pH 7-{,

with AMP as the substrate.

*abbreviated to ATPase.
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Mitochondria

(i) Succinate-INT reductase (Pennington, 1961) is a widely used

marker for the inner membrane of the mitochondrion.

(ii) Azide-sensitive ATPase (Fanburg & Gergely, 1965) is also a

marker for the inner membrane.

2

Ca +-transporting regions of the sarcoplasmic reticulum

Membrane fragments originating from the Ca2+-transport1ng
regions of the sarcoplasmic reticulum can be identified by their
ability to transport Ca2+ in the presence of ATP. When these membranes
are in the form of sealed vesicles with the proper orientation, the
transported Ca2+ is stored in the vesicle. Ca2+-transport is accompanied
by the Ca2+-dependent hydrolysis of ATP and the formation of a
phosphoprotein intermediate (recently reviewed by Martonosi, 1972a,

1972b).

2

k* ions are required for maximum activity of Ca +-transport and

Ca2+-dependent ATPase (Duggan, 1967, 1968a, 1971, 1974). The

2

stimulation of the Ca +-dependent ATPase activity by k" ions has been

termed the K'-stimulated ATPase activity.

~ The Ca2+-dependent ATPase has been referred to as the extra ATPase

by some workers (e.g. Hasselbach & Makinose, 1963).

Lysosomes
Acid phosphatase and B-glucuronidase (Stagni & De Bernard, 1968;

Canonico & Bird, 1970; Stauber & Bird, 1974).
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Nuclei

DNA.

Ribosomes

RNA.

Sarcoplasm

Lactate dehydrogenase.

Miscellaneous

Muscle microsomal preparations contain a Ca2+-independent ATPase

which is also known as basal ATPase (Weber et al., 1966; Duggan, 1968b,

1971). This enzyme is active in the absence of Ca2+

2+

, and is therefore

assayed for in the presence of the Ca® chelator EGTA.*

The hydrolysis of ATP by'basal ATPase does not involve a
detectable phosphoprotein intermediate (Makinose, 1969; Martonosi,

1969b; Pang & Briggs, 1973).

(h) Biological Membranes

Protein and lipid are the major constituents of biological -
membranes. Protein accounts for 50-60% of the weight of the membrane,
lipid approximately 40% and carbohydrate 0-10%. Phospholipid is the
predominant lipid,although in plasmamembrane cholesterol may account

for up to 40% of the total lipid.

*EGTA = ethyleneglycolbis-(aminoethylether) tetra-acetic acid.
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Membrane Proteins

The true protein composition of a membrane is difficult to
determine since many proteins may form loose or trivial associations
with membranes, particularly during homogenisation and fractionation.
Conversely, proteins loosely associated with membranes in vivo may

be lost during the preparation.

In general, membrane proteins may be defined operationally as
those proteins which remain associated with membranes unless extraction
procedures are employed to remove them. Protein horménes and
immunoglobulins which bind to receptor sites on membranes would not
be classified as membrane proteins. A distinction must be drawn
between the proteins of membranes and those of organelles. In the
case of mitochondria,a large proportion of the protein is contained
in the mitochondrial matrix and is not located in the membrane. A
similar, but less dramatic, distinction can be drawn between the
protein constituents in the membrane of a vesicle and those enclosed
in the Tumen. In the case of liver microsomes, the proteins enclosed
in the vesicle are largely the secretory products of the rough endo-

plasmic reticulum (Kreibich & Sabatini, 1974).

Membrane proteins may be divided into two classes: intrinsic or

integral proteins and extrinsic or peripheral proteins.

Intrinsic proteins can only be released from the membrane by
hydrophobic bond-breaking agents such as detergents, organic solvents
and chaotrophic compounds. They are usually associated with lipids when

solubilised and are insoluble in aqueous buffers.
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Extrinsic proteins can be freed from the membrane by high ionic
strength and metal ion chelators such as EDTA* and EGTA. On release

from the membrane, they are soluble in aqueous buffers.

Intrinsic proteins constitute 70-80% of the protein of the
membrahe. In addition to acting as transport enzymes, hormone
receptors etc, they interact with the lipids of the membrane and

are involved, to varying degrees, in the maintenance of membrane

structure.

) The functional activity of many intrinsic proteins is lost when
the membrane is exposed to the action of phospholipases (e.g. Martonosi,
1972a, 1972b). When membraﬁe structure is destroyed by treatment with
sodium dodecyl sulphate, all enzyme activities associated with the
membrane are lost. Treatment with deoxycholate is not so damaging to

membrane - bound enzymes and many have been isolated with satisfactory

activity as deoxycholate-complexes. -

Characterisation of Membrane Proteins

The characterisation of membrane proteins, which has been
reviewed by Juliano (1973), Steck (1974) Maddy (1974) and Wallach &
Winzler (1974), may be divided into two stages: | |

(i) the disruption of membrane structure and the release of the
protein constituents in soluble monomeric form;

(ii)‘ the subsequent separation of the solubilised proteins.

*EDTA = ethylenediamine tetraacetic acid.
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The principal agents which have been used to solubilise
membrane proteins are: (1) chaotrophic agents (guanidine hydrochloride,
urea); (2) organic solvents (butanol, phenol); (3) non-ionic
detergents (triton X-100, lubrol PX), and anionic detergents (sodium
cholate, sodium deoxycholate, sodium dodecyl 'sulphate*, and sodium
N-lauryl sarcosinate). Of all these agents, sodium dodecyl sulphate
is the most effective. It dissolves membrane proteins and lipids

into soluble dodecyl sulphate complexes.

Proteins differ in their affinity for SDS, depending on their
charge and the ionic strength of the solubilising medium, however,
the average binding ratio is thought to be 1-4 g SDS per gram of
protein at an 1onic strength of 0-1. Glycoproteins bind considerably N

less detergent than protein alone.

The charges contributed by the bound SDS considerably outweigh
those on the protein, hence charge differences between membrane

proteins are abolished on solubilisation with SDS.

SDS-protein complexes can be readily separated on the basis
size by electrophoresis in polyacrylamide gels equilibrated with SDS.
The molecular weights of proteins, separated in this way, can also

be estimated (Weber & Osborn, 1969).

SDS-polyacrylamide gel electrophoresishas become such a powerful

tool in the study of membrane proteins, that most of the recent major

*sodium dodecyl sulphate is generally abbreviated to SDS.
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advances in the understanding of membrane proteins can be attributed
to its use. The technique has been further developed in the studies

described in this thesis.

In order to separate membrane proteins on the basis of charge,
solubilising agents which do not impose their charge on the proteins
must be used. Furthermore; the solubilising agents must have a
sufficiently low conductivity not to affect the electrophoretic
separation. The most satisfactory system is the phenol-acetic acid-
water-urea system of Takayama et al., (1966). 8M ureé has also been
used to solubilise membrane proteins for isoelectric focusing

(Merz et al., 1972).

Information on the location of membrane proteins can be obtained
by using specific labelling procedures prior to solubilisation and
separation. This will be discussed in more detail later (Section
3.5). Selective proteolysis followed by SDS-electrophoresis has
also been used to investigate the disposition of proteins in

membranes.

Membrane Lipids

The phospholipids commonly found in the membranes of mammalian
cells are phosphatidylcholine, phosphatidyl ethanolamine,sphingomyelin,
phosphatidylserine and phosphatidylinositol. In general phosphatidyl-
choline and phosphatidylethanolamine are the most abundant, although
in the erythrocyte membranes of herbivores phosphatidylcholine is

almost totally absent.
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The physical state of the fatty alkyl side-chains of the
'phospholipid has a considerable influence on the functional activity
of the membrane. At a certain temperature, known as the critical
temperature or transition temperature, the lipids may undergo a
phase transition from a gel state to a liquid crystalline state.

The temperature at which this transition occurs, depends on the
chain length and degree of unsaturation of the fatty alkyl side
chains, the cholesterol content and the nature of the protein- |

lipid interactions in the membrane.

The fluidity of a membrane is influenced by the effect of
cholesterol on the packing of the fatty alkyl chains of the membrane
lipids (Phillips, 1972; O0ldfield & Chapman, 1972). Papahadjopoulos
et al.,(1973) have postulated that the high cholesterol content
found in plasmamembrane is needed to protect or stabilise the membrane
against mechanical stresses. However, since the fluidity of a membrane
has an important influence on the functioning of transport enzymes
located in it, cholesterol is believed to be excluded from highly
functional areas of the membrane, e.g. the neighbourhood of the
(Na+ and K+)-ATPase (Papahadjopoulos et al., 1973). With the exception of
Golgi membranes, intracellular membrane systems generally have a
considerably lower content of cholesterol than plasmamembrane. Indeed
in the case of liver, the endoplasmic reticulum has been shown to

contain little or no cholesterol (Amar-Costesec et al., 1974b).




The studies described in this thesis are concerned with many

aspects of subcellular methodology and may be divided into a number

]
of sections:

(1) The initial investigations into the effect of varying
homogenisation time on the fragmentation of the membrane
systems of the muscle cell.

(i1) The identification of factors to be considered in the choice
of media for the density gradient separation of muscle microsomes.

(iii) The comprehensive analysis of microsomal fractions prepared in
the form of concentrated suspensions.

(iv) The development of a highly resolving two-dimensional

electrophoretic technique for the separation of membrane proteins.
(v) The isolation and characterisation of the Ca2+-transporting
membrane of the sarcoplasmic reticulum and a study of the
distribution of proteins in the membrane.

(vi) Measurements of the distribution of cholesterol in muscle
subcellular fractions. The differentiation of microsomes on
the basis of their cholesterol content and the identification
of enzyme activities associated with cholesterol-containing
membranes.

(vii) The fractionation of the rapidly sedimenting particulate material
in a muscle homogenate.
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SECTION 2

MATERIALS & METHODS
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2.1 TISSUE PREPARATION AND HOMOGENISATION

(a) Tissue Preparation

Young adult New Zealand White rabbits of both sexes; fed on a
balanced diet, were killed by cervical dislocation. White skeletal muscle
was quickly excised from the hind legs, trimmed of fat and connective
tissue, and washed in ice-cd]d homogenisation medium. The tissue was
then minced at full speed in a Kenwood Mincer (A700 Mincer; Kenwood

Manufacturing Co., Hants., England.) precooled to 4.

(b) Homogenisation

A 25% w/v homdgenate.was formed by homogenisih§ the minced tissue
in ice-cold homogenisation medium using a Kenmix Blender (Kenwood
Manufacturing Co.,). The homogenisation media and the duration of'
homogenisation are given in the Results Section. There were no
variations in the load p]acéd in the homogeniser from experiment to
.experiment since the same weight of mince was homogenised on each occasion.
Low speed centrifugations were carried out at 4°in the Sorvall RC2 - B
(Ivan Sorvall Inc., USA) and the M.S.E. High Speed 18 (M.S.E. Ltd., Sussex,

England) centrifuges.

2.2 - DENSITY GRADIENT CENTRIFUGATION

(a) Preparation of solutions used in fractionation

{ .
10 Tlitre stock solutions of 2-0 M sucrose were prepared from AnalaR

grade sucrose (BDH Ltd., Poole, England) and stored at 4’ . Other sucrose

solutions required for fractionation were freshly prepared by dilution of
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the stock solution. Sucrose concentrations wére determined by refractive
index measurements using an Abbe '60' Refractometer (Bellingham & Stanley
Ltd., London) thermostatted at 20°. Interpolation of the data given by
Dobrota & Reid (1971) on the refractive index and molarity of sucrose
solutions was used to prepare a refractive index to sucrose molarity
conversion table to cover the refractive inde* range 1-3330 to 1-4330 in
0-0002 increments. Sucrose densities at the temperature of centrifugation

were calculated by computer using the data of Barber (1966). . -

(b) Rotors used for density gradient centrifugation

The HS and BXIV zonal rotors and the 3 x 25 ml swinging bucket rotor
(a1l manufactured by MSE Ltd.,) were used for density gradient centrifugation.
The HS zonal rotor is constructed from high tensile aluminium and transparent
perspex and has a nominal capacity of 695 ml. It is a low speed rotor,
having a maximum operating speed of 10000 rev/min (8400g at Fav = 7.58 cm),
and is described in detail in the manufacturer's technical bulletin
(MSE Technical Publication No. 57). ~ The BXIV rotor used has a nominal
capacity of 650 ml and a maximum operating speed of 30000 rev/min
(580009 at Fav © 4-51 cm) in the MSE Superspeed 40 Centrifuge. This
type of rotor has been described by Anderson et al. (1967). Technical
data is given in the manufacturer's bulletin (MSE Technical Publication
No. 49). The 3 x 25 ml swing-out rotor (MSE Rotor No. 59590) was operated
at its maximum speed of 30000 rev/min (950009 at Fav = 9-38 cm) in the
MSE Superspeed 40 Centrifuge.
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(c) Zonal rotor separations

For separations in zonal rotors, gradients and samples were
dynamically loaded according to the procedure of Anderson(1967). The
gradient was pumped through 3 mm bore peristaltic tubing (Silktube;

J. G. Franklin & Sons Ltd., High Wycombe, Engiand.) using the Hiloflow
peristaltic pump (Metering Pumps Ltd., London.), and cooled by passing
through a 3 mm bore stainless steel cooling coil immersed in an ice-
water bath. Immediately before entering the rotor the temperature of
the gradient was monitored using a themocouple (Zeal Ltd., London.)

inserted into the flow line.

The BXIV and HS rotors were loaded while rotating at 3000 and 1500
rev/min respectively. The gradient was pumped to the edge of the rotor,
light end first, at a rate of 30 mi/min. The volume of the gradient
depended on the requirements of the experiment and is reported in the
relevant results section. With the completion of gradient loading,
sufficient 2-0 M sucrose was pumped to the rotor edge to move the light
end of the gradient to the rotor core and to displace a few ml of it
through the centre line. The flow was then reversed and a measured
volume of sample loaded through the centre feed line from a 50 ml
disposable syringe at the rate of 5 ml/min. When loaded, the sample
was displaced radially from the rotor core by loading 100 m1 of 0-05 M

sucrose through the centre line at the rate of 5 ml/min initially. '

The rotor was then accelerated to its maximum operating speed for
the required length of time. During centrifugation the temperature

was maintained as close as possible to 4°.
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The rotor contents were recovered by deceleration of the rotor to
the loading speed and displacement of the contents through the centre
line by pumping 2.0 M sucrose to the edge. Fractions were collected

manually on a volume basis and stored in an ice-water bath.

The progress of separations in the HS zonal rotor was observed
using a stroboscopic lamp (Edwards Scientific International Ltd.,

Yorkshire, England.)

A zonal rotor separation protocol sheet is shown in Fig. 2.1

(d) Preparation of concentrated microsomal suspensions

Headon & Duggan (1973) have described a procedure whereby concentrated
microsomal suspensions can be prepared from large volumes using the BXIV
rotor. This method avoids the use of sedimentation-resuspension steps
which result in extensive aggregration of microsomes (Glaumann & Daliner,

1970).

For much of the work described in this thesis microsomal suspensions

were prepéred by this method.

The sample preparation is summarised in Fig. 2.2. The use of 1-0 M
sucrose in the homogenisation medium reduces the amount of mitochondrial
fragmentation (Headon & Duggan, 1973). 7450 ml of the 5:76 x ]05 g-min
supernatant in 0:67 M sucrose, were pumped to the edge wall of a BXIV
rotor rotating at 3000 rev/min. ' This was followed by 100 ml1 of 1-0 M
sucrose - 5 mM imidazole-HCl, pH 7-4 and 2-0 M sucrose-5 mM imidazole-

HC1, pH 7°4 to fill the rotor. After centrifugation at 30 000 rev/min
for 60 min, the rotor was unloaded at 3000 rev/min by pumping 2.0 M sucrose

to the edge and displacing the contents through the centre line. The
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SONAL CENTRIEUGAT ION

Fotor Sample

Sample Weight Q

Homogenisation Medium

Volume of Homogenate ml

Censity of Homogenate 8/ml

Freparation

ZUCCRo

Date
Loading and

Unloading speed
Rotor Speed
Time at Speed

Jralient Material

Mradient Vclume ml Density Range to

radient Shape in Rotor Operating Temperature

“ralient Preparation

Sraiient Lcading Rate ml/min

Gradient Material

Fraction Number Molarity Density

Jradient Loading Rate ml/min

Sample Volume ml.
fa=ple Loading Rate ml/min
Iverlay Material

Jverlay Volume ml

Jverlay Loading Rate ml/min
Sralient Unloading Rate ml/min
Number of Fractions Collected

Volume of Tach Fraction ml
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Fig. 2.1. Example of zonal rotor separation protocol sheet.
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Fig. 2.2.

The sample preparation procedure for obtaining
a concentrated microsomal suspension

HOMOGENATE
25% W/V in 1-0 M sucrose, pH 7-4

7000 rev/min for 10 min
in Sorvall GSA rotor
- (6+54 x 10% g-min at r_ = 11-94 cm)

l

PELLET

 /

SUPERNATANT

filtered through two layers of cheese cloth

and diluted with 0.5 of its volume of

5 mM imidazole-HC1, pH 7-4

12 000 rev/min for 30 min

in Sorvall GSA rotor

(576 x 10° g-min at r, = 11-94 cm)

l

PELLET

J
SUPERNATANT

filtered through two layers of cheese cloth

450 m1 to BXIV rotor for the preparation
of a concentrated microsomal suspension
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first 450 m1 were collected as one fraction and the next 150 ml in
25 ml fractions. The microsomal suspension was collected in four
fractions over a short gradient corresponding to the original band

of 1.0 M sucrose.

4

(e) Density gradient centfifugation in swing-out tubes

Density gradient centrifugation was carried out in swing-out tubes
when insufficient material was available to proceed with a separation in
a zonal rotor or when it was required to centrifuge a number of samples

simultaneously.

Gradients were formed in 23 ml polycarbonate tubes (M.S.E. No.
59209) as described later in thisSection. 1 or 2 ml of sample, as
required, were layered on each gradient. The tubes were centrifuged
in the M.S.E. 3 x 25 ml swing-out rotor at 30 000 rev/min for the

desired length of time.

The tube contents were recovered after centrifugation by upward
displacement using the M.S.E. Gradient Extraction Unit (M.S.E. No.
42116-101 & 42117-104). A fine needle filled with displacing solution
was inserted through the unloading cap and gently lowered through the
gradient to the base of the tube. The unloading cap formed a liquid-
tight seal on the tube. Displacing solution was slowly pumped through
the needle. The gradient was raised upwards ahead of the displacing
solution and collected in fractions as it emerged through the side
exit of the cap assembly. By pumping the displacing solution from a
burette fractions of known volume were collected. In some experiments

fractions were collected dropwise using the Gilson Microfractionator
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(Gilson Medical Electronics, Villiers-le-Bel, France). Fractions were

stored at 4°.

(f) Formation of density gradients for zonal rotors

The basic function of a density gradient in a zonal or swing-out
rotor is to separate zones of sedimenting particles. The composition,
shape and capacity of the gradient influence the separations that can |

be obtained.

A gradient maker for use with zonal rotors should, according to
Hinton & Dobrota (1969) be able to keproduce a range of gradient shapes

which can be predicted mathematically.

The exponential gradient maker of Birnie & Harvey (1968) produces
exponential gradients whose shape is determiﬁed by the volume and
concentration of the solution in the reservoir and the volume and initial
concentration of the solution in the mixing vessel. The shape of

these gradients can be predicted by the following equation
M
[(R) (M][ “”" >Z|

(v) = molarity at volume V;

where

M(M) = initial molarity of solution in the mixing vessel;
M(R) = molarity of solution in the reservoir;
v = volume of gradient formed;

V(M)' = volume of solution in mixing vessel.



Complex gradient formation requires that V M and M can
prex 9 A (M)* "(M) (R)
be varied during gradient formation. This gradient maker was modified
to enable these changes to be carried out. The modified gradient maker,
while retaining the simplicity of the Birnie & Harvey (1968) model, can

produce a wider range of gradient shapes.

Description of gradient maker

A diagram of the gradient maker is shown in Fig. 2.3. The apparatus
is so designed that the molarity and/or the volume of the solution in the
mixing vessel can be readily changed during a pause in the loading

operation.

The reservoir solution {s‘introduced into the centre of the mixing
vessel, and the gradient drawn from the outer edge of the vessel floor.
Exit lines from the reservoirs to the mixing vessel (lines a and b) must
be sufficiently wide to prevent the viscosity of the gradient material
becoming a limiting factor in the flow of heavy solution from the
reservoirs. If this flow is limited, pressure will fall in the mixing
vessel, and result in a net loss of solution from the vessel. To overcome
this problem, exit lines from the reservoirs of 4mm internal diameter
have been found suitable for use with sucrose solutions. To achieve
efficient mixing in the mixing vessel, the solution should occupy
20-40% of the vessel volume. 3 mm bore peristaltic tubing is suitable
for flow lines to the rotor.% It is desirable to keep all flow lines
as short as possible. Artery clamps have been found particularly suitable
for clamping flow lines. T-junctions and three-way stopcocks (Pharmaseal
Laboratories, California, USA) are useful accessories. The Hiloflow

peristaltic pump gives a satisfactory performance, enabling the pumping
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Fig. 2.3. Diagrammatic representation of modified exponential gradient maker.



rate to be varied during gradient loading. Line ¢ acts as an air inlet
during the partial or complete emptying of the mixing vessel, or as an
air outlet during the addition of further solution to the mixing vessel.
Line e is used to deliver underlay solution after gradient loading. ,
During gradient loading line g acts as a bubble trap, and while adjusting

the volume of the mixing vessel it is used as an exit line.

Operation of gradient maker. To form a sucrose density gradient, line a

is clamped, and reservoir A is loaded with the required volume of gradient
material of desired concentration. The mixing vessel js loaded with its
solution. Lines b, ¢, e and g are clamped, and the system is checked to
ensure that it is air-tight. The magnetic stirrer is started. To commence
gradient formation, the peristaltic pump is operated and line a unclamped
simultaneously. During'gradient formation, changeover to a second heavy
solution, stored in reservoir B, can be achieved by clamping line a and
unclamping tine b. To reduce the mixing vessel volume, the lines to the
reservoirs are clamped, lines ¢ and g unclamped and line £ clamped.

The required volume of mixing vessel solution is pumped through line g.

If it is required to replace the mixing vessel solution with another
solution, the vessel is emptied and the pumping stopped. Line g is

clamped and line b unclamped. When the required volume of liquid has
been run in from reservoir B, gradient formation is recommended by clamping
lines b and ¢ , unclamping lines f and q, and operating the pump. These
procedures can be repeated as often as needed. When the gradient has been
loaded, the underlay is pumped from vessel E by clamping line d and |

unclamping line e.

Examples of gradient profiles produced by this apparatus are shown

in Fig. 2.4. Details of their preparation are given in Table 2.1.
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Fng 2.4. Gradient’profiles produced by the gradient maker shown in Fig. 2.3. Details of their
preparation are given in Table 2.1. Each gradient had a volume of 400 m1 and was collected

in 20 m1 fractions.
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Fig. 2.4. contd. Gradient profiles produced by the gradient maker shown in Fig. 2.3. Details of

their preparation are given in Table 2.1. Each gradient had a volume of 400 ml
and was collected in 20 ml fractions.



TABLE 2.1

Procedures for the formation of the gradient prof1]es shown in
Fig. 2.4. Volumes are expressed in ml.

Gradient Profile 1 ~ Volume (ml) Sucrose Molarity
Initial content of mixing vessel ' 150 0-25
Additions from reservoirs (1) 170 1.00

(i) 230 2.00
Volume of gradient ; - ; - 400

Gradient Profile 2

Initial content of mixing vessel o 150 0-25
Additions from reservoirs . | (i) 50 2-00
(i) 90 - 1:50
- (iii) 90 2-00
Mixing vessel solution reduced by . 50
Addition from reservoir o (iv) 170 2-00
Volume of gradient ' ‘ ' 400 L '
Gradient Profile 3
Initial content of mixing vessel 100 0-25
Addition from reservoir (1) 50 2-00
Addition to mixing vessel ‘ o 200 1-00
Addition from reservoir Co e (11) 200 2-00
Mixing vessel solution reduced by _ 1200
Addition from reservoir (i11) 150 2-00
Volume of gradient S T 800
Gradient Profile 4
Initial content of mixing vessel- - =~~~ " 250 0-25
Addition from reservoir (i) 200 2-00
Mixing vessel solution replaced by 400 1-50
Addition from reservoir o (i1) 200 2-00
Volume of gradient | | 400
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The gradients formed are closely related to the mathematically
calculated gradients. The largest deviation from the calculated shape
(never exceeding 5%) occurs at the points of changeover from one
reservoir to another and is due to the hydrostatic pressure exerted by

the solutions in the reservoirs.

(g) Formation of density gradients for swing-out tubes

Gradients for swing-out tubes were formed using the M.S.E. linear
gradient maker (M.S.E. No. 36657). This gradient maker consists of two
identical 40 ml cylindrical chambers cut in a perspex block. Both
chambers are linked at base level and flow from ohe to the other is
regulated by a stop-cock. These chambers act as reservoir and mixing
vessel. Three identical gradients were formed simultaneously by with-
drawal of liquid at an equal rate from the mixing vessel through three
exit lines at the base of the vessel. The flow rate from the mixing
vessel was controlled by using 0-073 inch internal diameter standard
Technicon pump tubing (Technicon Instruments Corporation, New York.)
in the Gilson Minipuls II pump. Lengths of fine glass tubing were
attached to the pump tubes for insertion into upright centrifuge tubes
as shown in Fig. 2.5. Adequate mixing in the mixing vessel can be

achieved through the use of a magnetic stirrer.

Formation of linear gradients. Linear gradients are formed according

to the following equation

M

LN

v) °© M(M)'+:(M(R) - M) (V7 +’V(R)))
where C e e

M(V) = molarity at volume V;
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M(M) = initial molarity of solution in the mixing vessel;
M(R) = molarity of solution in the reservoir;
v = volume of gradient formed;

V(M) = ijnitial volume of solution in the mixing vessel;

V(R) initial volume of solution in the reservoir.

Formation of exponential gradients. ~ To form an exponential gradient

the mixing vessel must be made into a closed system. This can be done

by sealing the mixing vessel with a rubber stopper. In inserting the
stopper it is important that pressure in the mixing vessel is not increased.
Any increase in pressure can be prevented by inserting a hypodermic needle
with the stopper and withdrawing it some seconds later. Exponential
gradients can now be formed according to the Birnie & Harvey (1968)

procedure.

15 ml gradients of either type were formed at the rate of 1-2 ml/min
using the Gilson Minipuls II pump. The gradient was displaced upwards
by sufficient 2-0 M sucrose to fill the hemispherical region of the tube.

Gradients were formed at room temperature and subsequently cooled to 4°,

(h) Gradient design

Gradient shapes were calculated using the computer programs in
Appendix A. These programs are written in conversational mode and were
used to compute linear and exponential gradients. Samples of the output

are given in the appendix also.
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(i) Calculation of sedimentation coefficients

A computer program based on that of Bishop (1966) was used to compute
sedimentation coefficients. It includes equations, derived by Barber
(1966), expressing the density and viscosity of sucrose solutions as

functions of concentration and temperature.

The input data consists of the speed of the rotor in revolutions
per minute, the centrifugation time in minutes, the volumes in ml of
overlay, sample and fractions, the number of fractions collected after
the sample, the temperature of centrifugation in % and'the range of

particle densities for which sedimentation coefficients are required.

The program, written in Fortran IV was run on an IBM 370/135
computer. This program, which is entitled 'Sedimentation Job' is listed

in Appendix B and a sample of the output is also given.

Equations describing the relationship between radius and volume for
the HS and BXIV zonal rotors were required in the calculation of
sedimentation coefficients for centrifugation in these rotors. These
equations were obtained using the computer program listed in Appendix C.
This program enables a first or second degree polynomial equation to be
obtained to fit, in a least squares sense, the data given for the particular
rotor by the manufacturer. Table 2.2 lists the equations obtained for
a number of commonly used zonal rotors. The data points for these rotors

and the equations to fit them are plotted in Figure 2.6.

(j) Optimisation of conditions for density gradient separations.

Conditions to suit a particular separation can be 'optimised' by

simulating the separation using the computer program in Appendix D.
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TABLE 2.2.

Equations describing the relationship between radius and volume
for a number of zonal rotors '

ROTOR EQUATION
HS R = 3-466 + (0-0175)(V) + (-0-0000087) (V)2
BXIV R = 2:262 + (0-0100)(V) + (-0-0000049)(V)?
AXII R = 5-121 + (0-0142)(V) + (-0-0000035)(V)?
BXV R = 2190 + (0-0076)(V) + (-0-0000028) (V)

R = vradius (cm)
V = volume (ml)
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Radius to volume

Fig. 2.6. (A - D on the following four pages).
Equations,

relationships for a number of zonal rotors.
computed to best fit volume and radius data for the HS
(A), BXIV (B), AXII (C), and BXV (D) rotors are plotted.
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A looping mechanism in the program allows the operator to hold the
gradient, rotor speed, and temperature constant and quickly determine
sedimentation coefficients for any number of centrifugation times and

particle densities.

2.3 ANALYSES

Density gradient .separations in zonal rotors yield a large number
of fractions which must be assayed for a number of enzymes and constituents.
Without automation considerable time and labour would be involved in
these analyses. In this study protein concentration énd adenosine
triphosphatase(ATPase) activities were measured by automated and semi-
automated procedures respectively, using the Technican Auto Analyzer
(Technicon Instruments Corporation, New York, USA.). The system used
consisted of the following modules: sampler, proportioning pump, manifolds,
heating bath (all manufactured by Technicon) and a spectrophotometer

(Model 124 Double-Beam Grating Spectrophotometer; Perkin-Elmer Ltd.)

(a) Determination of protein concentration

Protein concentration was determined by the automated method of
vLeighton et al. (1968). This method is adapted from the manual procedure
of Lowry et al. (1951). . The manifold used is illustrated in Fig. 2.7.
Samples for analysis were suitably diluted with distilled water. Bovine
serum albumin fraction V at a concentration of 100 ug/ml was routinely
used as a standard. Fig. 2.8 shows a plot of extinction (E) af 750 nm

versus protein concentration over the range 0 to 200 ug/ml.

Sucrose interferes in the assay of protein by the Lowry procedure

(Hinton et al., 1969; Hinton & Norris, 1972; Hartman et al., 1974).
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Fig. 2.7. (Overleaf) AutoAnalyser manifold for the automated
estimation of protein based on that of Leighton et al.
(1968).

D1, D2: glass.fittings as in Technicon catalogue.
105-83, 105-88, 105-89: refer to Technicon mixing coils.
HB: heating bath at 37°, 80 ft coil, 1-6 mm internal diameter.

~ S:  spectrophotometer, wavelength = 750 nm.

The reagents used had the following composition{
* NaOH, 1-ON;

Copper-tartrate, 0-73 mM CuSO4 and 26 mM sodium-potassium
tartrate;

Folin, freshly prepared 12.5 fold aqueous dilution of Folin
& Ciocalteu's Phenol reagent (BDH Ltd.);

Standard Technicon pump tubing with the indicated flow
rates was used. ‘

Sampling rate: 30 samples/hour.

Sampler wash: 1% W/V NaCl.
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Fig. 2.8. Plot of extinction at 750 nm against protein concentration
’ obtained using the automated procedure of Leighton et al.
(1968). ' S



The effect of sucrose on the assay procedure used in this study has
been investigated by Headon (1972). The effect is two-fold:

(i) Sucrose reacts with the reagents used in the assay, giving an
extinction linear with sucrose concentration. This may vary between
sucrose batches. (ii) Sucrose inhibits the reaction between protein
and the reagents in a nonlinear fashion. Headon (1972), in correcting
for these effects, has derived equations which have been incorporated
into a computer program for the calculation of protein concentration
(Appendix E). Sucrose also interferes with the flow pattern in the
AutoAnalyzer. This has been described in detail by Hiﬁton & Norris

(1972).

Beaufay et al. (1974) have described an automated procedure which
gives better flow characteristics than that reported by Leighton et al.
(1968). This procedure has been used for part of the work described in
this thesis. The manifold is illustrated in Fig. 2.9. Sucrose exerts
effects on this manifold similar to those described already, however the
correction factors are different. These effects are shown in Fig. 2.10

and the equations describing them in Table 2.3.

Without pretreatment, the protein concentration of grossly particulate
suspensions, e.g. homogenates cannot be reliably estimated. :
These suspensions were 'solubilised' by treatment at 100° in IN NaOH

containing 2% W/V Na2C03 prior to analysis.

(b) Analyses for phospholipid and cholesterol

Extraction. Samples for 1ipid analysis were extracted with chloroform-

methanol 2 : 1 (V/V) according to the procedure of Foichet al. (1957) with
the following modifications. Phase mixing and extraction were carried

out by homogenisation for 30 sec using the Ultra-Turrax homogeniser
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Fig. 2.9.

(Overleaf) Manifold for the automated estimation of
protein based on that of Beaufay et al. (1974a).-

Al, CI, DI, GI: .glass fittings as in Technicon catalogue.
105-86, 105-88: refer to Technicon mixing coils.

J M. 010: jet mixer, alternate segments of 0-010 and
0-0625 inch internal diameter Tygon tubing. .

HB: heating bath at 37°; 40 ft coil, 1:6 mm internal
diameter, on each passage through the bath.

660 nm.

S:  spectrophotometer, wavelength

The reagents used had the following composition:

Copper-tartrate, 1-6 mM CuSO4 and 2.83 mM sodium-potassium

tartrate; Na2C03 - NaOH, 755 mM Na,CO, and 340 mM NaOH;

2773

e

NaDOC, 2% W/V in water;

Folin, freshly prepared eight fold aqueous dilution of
Folin & Ciocalteu's Phenol reagent (BDH Ltd.);

Sampler wash, water.

Standard Technicon pump tubing with the indicated flow
rates was used. : o ,

Sampling rate: 20 samples/hour.
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Fig. 2.10. The effects of sucrose on the estimation of protein
‘ by the automated procedure of Beaufay et al (1974).

Extinction at 660 nm due to sucrose alone plotted
against sucrose concentration —o— .

—o—Colour produced by bovine serum albumin

in the presence of increasing sucrose concentration
expressed as a percentage of that in the absence
of sucrose.
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TABLE 2.3.
Effects of sucrose on the determination of protein by the
method of Beaufay et al. (1974).° ' ‘

Equations derived from the data in Fig. 2.10 to describe
these effects,

(i) Inhibition of colour due to protein in the presence of
sucrose
Extinction of protein as %

Molarity range of that in the absence of sucrose

0 to 0-149 - [100 - 102-25 (molarity)]
0-150 to 0-500 . . . [87-5 - 42:37 (molarity)]

(i1) Extinction due to sucrose only.

Extinction = (0-406) (molarity) .
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(Janke & Kunkel; with TPION or TP18N shaft as appropriate to the volume
extracted.). The phases were thén separated by centrifugation at a

speed setting of 5 in the MSE Mindr Centrifuge. The lower,lipid containing,
phase was removed and taken to dryness under a stream of nitrogen at 40°.
The dried extract was carefully redisso]yed in 1-0 ml of chloroform and
stored at -20° in glass vials (G.L.C. vials; Pye-Unicam Ltd., Cambridge,
England).. Since fatty acid analysis was not being carried out on these
extracts precautions were not taken to ensure that they were always under

nitrogen.

Estimation of total phospholipid phosphorus. Phospholipid phosphorus was

measured according to the procedure of Bartlett (1959). A suitable
aliquot of lipid extract was taken to dryness. 0.5 ml of 10N H2504 were
added to the dried extract and the mixture heated at 160° for 3 to 4 hours.
Two drops of 30% W/V HZOZ (AnalaR Grade) were added and the mixture
heated for a further 2 hours to clear the charring and decompose the excess
HZOZ' 4-6 ml of 0-22% W/V ammonium molybdate and 0.2 ml of Fiske &
SubbaRow reagent.(Bartlett, 1959) were added. ‘ After a thorough mixing

the solution was heated at 100° for 7 minutes. On cooling the extinction
at 810nm was measured. Blanks and standards were analysed simultaneously.
To convert ug of phospholipid phosphorus to ,g9 of phospholipid a factor

of 25 was used. Fig. 2.11 shows a plot of extinction at 810nm versus

umoles of phospholipid.

Separation of phospholipid classes. Phospholipid classes were separated

by one-dimensional thin layer chromatography on 20 x 20 cm precoated plates
(Anachem Ltd., Luton, England.). These plates were coated by the
manufacturer with silica gel G to a thickness of 250 um. The volume of

sample applied depended on the phospholipid concentration and ranged from
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method of Bartlett (1959).
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25 - 100 wl. Either of the following two solvents were used:

(i) chloroform-methanol-glacial aéetic acid - water (100 : 60 : 16 : 8),
(i) chloroform-methanol-glacial acetic acid-water (100 : 20 : 12.5 : 5).
Examples of separations obtained using both of these solvent systems are
shown in Fig. 2.12. Phospholipid standards were co-run on the same
plate as the tissue extracts. The separated phospholipid classes were

visualised by exposing the plates to iodine vapour.

Quantitation of phospholipid classes. The quantitation of phospholipid

classes wés carried out in a number of experiments. In these experiments
the phospholipid classes were separated on plates coated with silica gel
HR (Merck, Darmstadt, Germany.). Silica gel HR, unlike silica gel G,

is a specially pure grade containing no gypsum or organic binder and is
particularly suited to quantitative work. It is less suited to general

qualitative work because it forms fragile adsorbent layers.

The phospholipid classes, separated on silica gel HR, were located
with iodine vapour. The stained areas were carefully removed from the
plate to test tubes and the iodine was allowed to diffuse from the silica.
The phospholipid phosphorus content of each area was determinedby the
procedure of Bartlett (1959). Appropriate blanks and standards were

analysed simultaneously.

Analysis of neutral lipids by thin layer chromatography. Neutral lipid

classes were separated on 20 x 20 cm silica gel G precoated plates

(Anachem Ltd.). Either N-hexane-diethylether-acetic acid (80 : 20 : 1)

or chloroform - N-hexane-ethyl acetate - acetic acid(150 : 50 : 25 : 4)
were used as solvents. Chromatograms obtained using these solvent systems
are shown in Fig. 2.13. The neutral 1ipid classes were stained with

iodine vapour. In addition; cholesterol and cholesterol esters were
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Fig. 2.12. Diagrammatic representation of one-dimensional thin

layer chromatograms of phospholipid standards on silica

gel G.

The following solvents were used to develop the chromatograms:

Chromatogram A: chloroform-methanol-acetic acid-water(100 :

60 : 16 : 8); Chromatogram B: chloroform-methanol-acetic

acid-water (100 : 20 : 12.5 : 5).
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Fig. 2.13. Diagrammatic representation of one-dimensional thin
layer chromatograms of neutral 1lipid standards on silica
gel G.

The following solvents were used to develop the chromatograms:

Chromatogram A: N-hexane-diethyl ether-acetic acid(80 : 20 : 1).

Chromatogram B: chloroform-N-hexane-ethyl acetate-acetic

acid (150 : 50 : 25 :

4).
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detected using the ferric chloride spray of Lowry (1968).

Quantitative analysis for cholesterol. The cholesterol content of lipid

extracts was determined by gas liquid chromatography in a Pye-Unicam Series
104 (Model 24) chromatograph with dual flame ionization detector. The
chromatograph was coupled to a Servoscribe Is recorder with disc integrating

facilities (R.E. 542.20; Smiths Industries Ltd., London.).

Separations were carried out in 5 ft x 6 mm outer diameter glass
column packed with 3% methyl silicone gum (0V-1) on 100f120 mesh diatomite
CQ. Both the column and support were silanised with dimethyl
dichlorosilane. The carrier gas was nitrogen at a flow rate of 50 ml/min
and the operating temperature 250°. Gas purifying bottles (Pye-Unicam
Ltd.,) were inserted into all the gas feed lines. Samples of Tul were
injectéd from S.G.E. 1B syringes with either 7 cm or 11-5 cm needles
(Scientific Glass Engineering Pty. Ltd., Melbourne, Australia). For the
automatic injection of samples the autojector S4 (Pye-Unicam Ltd.,) was

linked to the chromatograph.

Cholestane, a steroid not found in animal tissues, was used as an
internal standard. Dried lipid extracts for cholesterol analysis were
dissolved in chloroform containing a known quantity of cholestane. Both

steroids were well separated on analysis (Fig. 2.14).

Peak areas were calculated either from the integrator trace on the
recorder, according to the manufacturer's instructions or alternatively,
.using the method of Carroll (1961). The latter method assumes that the
peak area is directly proportional to the product of the peak height and

retention time.
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Fig. 2.14. Cholesterol analysis by gas liquid chromatography carried
out as described in the text. The separation of
cholesterol from the internal standard, cholestane, is shown.

1 ul of sample containing 100 ng of cholesterol and
100 ng cholestane in chloroform was injected. The cholesterol
peak has an area of 1472 integration units and a retention
time of 16-5 min. The cholestane peak has an area of 2194
integration units and a retention time of 9-5 min.

Conditions: 3% OV-1 column, operating temperature of 2500,
carrier gas N2 at 50 m1/min, attenuator 2 x 10']0A, chart
1 cm/min.
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The sensitivity of the detectors was such that 1 ng of cholesterol

could be reliably measured.

(c) Enzymic analyses

A1l enzyme assays were performed at 25%. . Where necessary,
subcellular fractions were diluted prior to analysis. In accordance
with the findings of Headon (1972) on the lability 6f muscle microsomal
enzymes, analyses were carried out in the sequence calcium uptake, the

vari‘ous ATPases and succinate-INT* reductase.

(i) Adenosine triphosphatase activities

ATPase activities were determined by measuring the amount of
inorganic phospﬁate released from ATP during enzyme assay. A semiautomated
procedure was adopted. Tissue fractions were incubated with the assay
media and the reactions stopped manually. The phosphate released was
measured using the Marzban & Hinton (1970) automated adaptation of the

method of Lowry & Lopez (1946).

The ATPase activities assayed for in this work differ in their
response to certain monovalent and divalent cations. It is therefore
necessary that the commercially available disodium salt of ATP be first
converted to the imidazole form, in order that the concentration of cations
in the various assay media can be regulated independently of the ATP

concentration.

Preparation of ATP imidazole. Disodium ATP (product No. A-3127; Sigma

Chemical Co., London.) was converted to the imidazole form by treatment

with a cation exchange resin in the H' form. The resin was prepared by

*INT = 2 -(p-iodophenyl)-3-(p-nitrophenyl)-5-phenyltetrazolium chloride.
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successively washing Amberite IR-120 resin (BDH Ltd., Poole, England.)
three times with each of the following: 1N HC1, distilled deionized

water, IN NH40H, distilled deionized water, and 1IN HC1. Finally the
resin was washed with distilled deionized water until all the acid was

removed.

1g of disodium ATP was‘dissolved in 5 ml of water. 5g of washed
resin were added and the mixture stirred at 4° for 20 min. The resin
was removed by filtration and the treatment repeated with a further 5g
of resin. The pH of the final filtrate was adjusted to 7-0 with 1M
imidazole. The ATP concentration was determined spectrophotometrically
using the molar extinction coefficient of 154 x 103 at 260 nm (Burton,
1969). The filtrate was diluted with 50 mM imidazole-HC1,
pH 7-0 to give a stock solution of 15 mM. = The stock solution was
divided into suitable aliquots and stored at -20%.  Under these
conditions the ATP solution was stable for several months.
Assay media. The composition of assay media for the Qarious ATPase
activities was as follows:

2+ ATPase

Mg ¥ .
3 mM ATP-imidazole,
3 mM Mg C1,, '
50 mM imidazole-HC1, pH 7-0
K -stimulated Mgz+-ATPase | |
| 3 mM ATP-imidazole,

3 mM Mg Cl

100 MM K C1, . L
50 mM imidazole-HC1, pH 7-0.

2’
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Basal ATPase/Ca2+-insensitive ATPase

3 mM ATP-imidazole, | o ’
- 3 mM Mg C12,
1 mM *EGTA-imidazole, pH 7-0,
50 mM imidazole-HCl, pH 7-0.

Azide-sensitive ATPase I o -
The inhibition of Mg“*-ATPase by 50 mM NaN..
When necessary 50 mM NaN3 was incorporated into

2

the other media also.
Quabain-sensitive Na+- and K+-ATPase

3 mM ATP-imidazole,
3 mM Mg C]Z,

100 mM Na C1,

10 MM K C1,

50 mM imidazole -HC1, pH 7:0 with and without- 1 mM
ouabain.

Note: the concentration of ouabain required for
maximum inhibition will depend on the protein
concentration in the reaction mixture.

Assay procedure.0.iml of fraction containing 10 to 100 ug of protein

was added to 1-0 ml of incubation medium, which had been preincubated at
252 for 10 min. Depending on the activity of the fraction, the incubation
time varied from 5 to 20 min. - The reaction was terminated by the

addition of 1 ml of 6% W/W perchloric acid. The precipitated protein was
pelleted by centrifugation at top speed for 5 min in the M.S.E. Minor
Centrifuge. The inorganic phosphate concentration in the protein-free
supernatant was then measured. Blank determinations were carried out

on the incubation media and, where necessary, on the tissue fractions.

The rate of hydrolysis of ATP after deproteinisation was found to be

*EGTA = ethyleneglycolbis-(aminoethylether) tetra-acetic acid.
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0-015 uymoles per ml per hour. By having initial and final blanks this
breakdown was readily corrected for on the recording trace from the
AutoAnalyzer.

Estimation of inorganic phosphate. A diagram of the manifold used to

estimate inorganic phosphate is shown on Fig. 2:15. A plot of extinction
at 700 nm versus phosphate concentration can be seen in Fig. 2°16 and
a recorder trace of ATPase activity with increasing reaction time in

Fig. 2:17.

Sucrose was found to react with the reagents used and gives an
extinction at 700 nm which is linear with increasing sucrose concentration

(see Fig. 2-18.). Samples containing high sucrose concentrations trailed

a little.

(ii) Calcium uptake activity

ATP-mediated Ca2+-uptake in the presence of oxalate was measured
in a medium containing

3 mM ATP-imidazole,

3 mM Mg C]z,

100 mM KC1,

3 mM oxalate-imidazole, pH 7-0,
50 mM imidazole-HCl1, pH 7-0,
100 M CaCl2 - consisting of
compound 45Ca C1

40CaC12 and the radioactive

2
Non-specific binding was measured by omitting ATP from the medium and
ATP-mediated binding by omitting oxalate. 0-15 ml of fraction containing
15 to 150 g of protein were added to 1-5 ml of assay medium, which had
been preincubated for 10 min at 25%,  The reaction was terminated by

filtering 1 ml of the reaction medium through 0:-45 um average pore diameter
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Fig. 2.15.

(Diagram on following page).

Estimation of inorganic phosphate based on the
Marzban & Hinton (1970) automated adaptation of the
method of Lowry & Lopez (1946).

D1: glass fitting as in Technicon catalogue.

f105-86. 105-87: refer to Technicon mixing coils.

HB: heating bath at 25°, 40 ft coil, 1:6 mm internal
diameter. ) , -

‘S: Spectrophotometer, wavelength = 700 nm.

The reagents used had the following composition:

Ammonium molybdate, 0:6% W/V ammonium molybdate in 5%

W/V perchloric acid, water being used as the initial
solvent to aid the dissolution of the molybdate;
Ascorbate, aqueous solution, 2mg/ml; Sampler wash,
3% W/W perchloric acid. ' K

Standard Technicon pump tubing with the indicated flow
rates was used. ’

Sampling rate: 50 samples / hour.
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EXTINCTION AT 700 nm

Fig. 2.16.

1
0.4 0.8

umole phosphate/ml

Estimation of inorganic phosphate according to the
automated method of Marzban & Hinton (1970).

A plot of extinction at 700 nm against inorganic
phosphate concentration.
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Fig. 2.17. Determination of inorganic phosphate released during
ATPase assay.

An ATPase reaction was carried out manually for reaction
times of from 1 to 10 minutes. After terminating the
assay, the samples were arranged in order of increasing
reaction time and analysed for inorganic phosphate,
using the manifold shown in Fig. 2.15.

The recorder trace obtained is shown. Reaction time
(in min) increased from right to left and extinction
at 700 nm is represented on the vertical axis.

- 78 - /

e



o.lor

0.03]

EXTINCTION AT 700 nm

1 J
] 0.05 0.10

FINAL SUCROSE CONCENTRATION (M)

Fig. 2.18. The effect of sucrose on the estimation of inorganic
phosphate by the method of Marzban & Hinton (1970).

A 0-1 ml aliquot of a sucrose solution of known
concentration was added to 1 ml of water. This was
followed by 1 m1 of 6% W/W perchloric acid and the
inorganic phosphate concentration of the mixture
determined. This procedure was repeated for a range
of sucrose solutions up to a concentration of 2:0 M.

A plot of extinction at 700 nm against final sucrose
concentration is shown. The extinction due to sucrose
was unchanged whether ATPase medium or water was

used in the assay.

Extinction due to sucrose = (0-82) (molarity of fraction/dilution in assay),
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filter (type HA; Millipore (U.K.) Ltd., London). . The filter was
subsequently washed by filtering 1 ml of 0.25 M sucrose through it.

As a control, the medium was also filtered. Incubations were carried
out for 15, 30 and 60 seconds to ensure that the reaction had not reached

completion.

The amount of calcium retained on the filters was measured in
either a gas flow or liquid scintillation counter and expressed in terms
of that present in the total medium, which contained 100 uM Ca2+.
Filters for gas flow counting were counted in a Model 161A Nuclear Chicago
counter with a Model 480 detector (voltage: 1200v; Qgas (B.0.C., London.)
at a pressure of 8 1b/sq. in). The liquid scintillation method used
was a modification of the method of Loftfield & Eigner (1960). Dried
filters were placed in vials containing 10 ml of scintillation fluid
composed of 5-0 PPO* and 0-5g dimethyl =-POPOP** pér litre of toluene
(a1l scintillation grade; Koch-Light Laboratories Ltd.,). The vials

were counted in the Beckman LS-100-C Liquid Scintillation System

(Beckman-R11C Ltd., Glenrothes, Scotland.)

*PPO = 2, 5-diphenyloxazole

**Dimethy1-POPOP = 1, 4-di-[?-(4-methy1-5-pheny1oxazo]y1)] benzene.
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iii) Phosphoprotein intermediate of the Caz+-dependent ATPase
(iii)

The hydrolysi§ of ATP by the Ca2+-dependent ATPase occurs through
the formation and breakdown of a phosphoprotein intermediate (Martonosi,
1969). The formation of this intermediate is one of the first steps
leading to calcium transport (Makinose, 1969). | The intermediate is
formed very rapidly and reaches a steady state concentration within
2 sec (Meissner & Fleischer, 1971).

Assay procedure. The concentration of intermediate is most readily
32

determined by measuring the ““P-labelled protein formed; using adenosine
5'-[Y -32P] triphosphate as substrate. 0-45 ml of fraction

(containing 0:75 - 1-0 mg protein) was added to 0-5 ml of a medium
containing 200 mM KC1, 10 mM Mg C12, 0:-2 mM CaCl2 and 10 mM imidazole-
HC1, pH 7-0. The mixture was incubated at 0° for 10 min. Phosphoprotein
formation was initiated by the addition of 0:05 ml of 2 mM ATP containing
Y-32P-ATP. The reaction was stopped 10 sec later by the addition of

2:0 ml of ice-cold 1:2M perchloric acid. Control determinations were

were carried out by adding 2:0 ml of 1:2 M perchloric acid prior to the
substrate. Some workers (e.g. Meissner & Fleischer, 1971) have
incorporated 0-1 mM ATP and 1 mM phosphate into the perchloric acid
solution.  However, since Pang & Briggs (1973) have found that these
additions do not affect the apparent level of phosphoprotein intermediate
they were not made. | The denatured protein was pelleted by centrifugation
at top speed for 5 min in an MSE Minor Centrifuge. The pellet was washed
by resuspension and sedimentation, first in 4 ml of 5% W/V trichloroacetic
acid and then three times in 8:0 ml of 2% W/V trichloroacetic acid. The

last wash contained negligible radioactivity. A1l centrifugations and

washings were carried out at 4°.
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The washed sediment was finally resuspended in 2% W/V Na2 CO3
in 0-1N Na OH and heated at 100° for & min. Aliquots were taken for
the determination of protein by the automated method of Leighton et al.
(1968), already described and radioactivity by liquid scintillation

counting.

Radioactivity wés measured by adding a 0°5 ml aliquot fo 10 ml of
triton-scintillant (prepared by dissolving 5g PPO and 0-5 g dimethyl-
POPOP in 1 litre of toluene and diluting with 500 m1 of triton X-lOO).'

The amount of radioactivity used was such that Inmole of ATP
corresponded to 2-92 x 104 counts/min.  Phosphoprotein concentration was

expressed either as nmoles per mg protein or nmoles per ml of fraction.

(iv) Succinate dehydrogenase.

Succinate dehydrogenase activity was measured as succinate-INT*
reductase activity by a modification (Porteous & Clark, 1965) of the -
method of Pennington (1961). The assay medium, which had a final
volume of 1 ml contained:

: ‘ 50 mM sodium succinate,
0-1% W/V INT,
25 mM sucrose,
2 mM EDTA*% :
50 mM potassium phosphate buffer, pH 7-4.

The reaction was allowed to proceed until sufficient reduced formazan
was formed as evidenced by its red colour. The reaction was terminated

by the addition of 1 ml of 10% W/V trichloroacetic acid. The reduced

*INT = 2-(p-iodophenyl)-3-(p-nitrophenyl)-5-phenyltetrazolium chloride.

**EDTA = ethylenediamihetetroacetic acid.
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formazan was extracted into 4 ml of ethyl acetate using a vortex mixer.
The phases were separated by centrifugation in the M.S.E. Minor Centrifuge
at a speed setting of 5. The amount of product formed was determined

by spectrophotometric measurement at 490 nm using the molar extinction
coefficient of 20-1 x 108 (Pennington, 1961).  Blank determinations

were also carried out. Sucrose inhibits succinate-INT reductase

(Hinton et al., 1969; Headon, 1972). The inhibition is linear with
sucrose concentration. The correction factor reported by Headon (1972)

has been used in this study.

ot

(d) Electrophoretic analyses

Electrophoresis of proteins in the presence of dodecyl sulphate

was carried out in polyacylamide gels.

(i) Electrophoresis in cylindrical 5:2% polyacylamide gels

Gel preparation. Gels were prepared using the Bio-Rad Model 200 gel

preparation system (Bio-Rad Laboratories Ltd., Kent, England). In this
system gels are formed in an inverted manner in tubes using the polished
surface of glass inserts to form a very flat surface for sample

application.

Pyrex glass tubes,VSmm 10 X 7mm OD and 75 mm long, were cleaned with
hot nitric acid. = After extensive rinsing with distiiled water, the tubes
were immersed in 0-5% V/V Photo-flo 200 (Kodak Ltd., London.) and dried
in a clean atmosphere. 24 tubes were secured by liquid-tight seals to
a circular perspex base. A glass insert, with its polished surface facing
upwards, was dropped into each tube. When the insert reached the bottom
of the tube it became seated there. A 2 cm length of tygon tubing was

attached to the top of each tube. A1l tubes were flushed thoroughly with
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nitrogen and carefully filled with a freshly prepared, degassed solution
containing:

5% W/V acrylamide

0-2% W/V N, N'-methylene-bisacrylamide, k
0-2% V/V N,N,N',N' - tetramethylethylenadiamine,
0-075% W/V ammonium persulphate,

0-1% W/V sodium dodecyl sulphate, '

in 0+1M sodium phosphate buffer, pH 6-0. When polymerisation was
complete, after approximately one hour, the tubes were carefully removed
from the perspex base and the inserts withdrawn using a twisting-rocking
motion, leaving a well defined surface for sample application. The
lengths of tygon tubing were removed from the opposite ends and the
excess gel cut off leaving a fairly sharp surface to the bottom end of
the gel. The gels were stored in 0-1M sodium phosphate buffer, pH 60,
containing 0-1% W/V sodium dodecyl sulphate (SDS) for 12 - 24 hours
before use.

Sample preparation. Samples for electrophoresis using this system were

prepared by overnight incubation at 30, at a protein concentration of
2 mg/ml, in a medium containing:

0-4% W/V SDS,

7% W/V sucrose,

40 mM dithioerythritol, ca
~in 0-1M sodium phosphate buffer, pH 6°0.

After incubation 10 ul of a 0-5% W/V solution of bromophenol blue was
added per ml of incubation medium.

Sample application.A maximum of 12gel tubes were placed in the Bio-Rad

Model 150 Electrophoresis Cell. 50 ul of sample were applied to each
gel using a micropipette. ~ The samples were overlaid with electrode

buffer consistfng of 0-1% W/V SDS in 0-1M sodium phosphate buffer, pH 6-0.



AR

The overlaying process was made easy by using a 10 ml syringe with its
plunger removed and the leur attached to a 0:-5 mm bore teflon catheter.
The flow rate was regd]ated by varying the height of the syringe. The
electrode chambers were filled with buffer. Water at 25° was circulated
from a water bath through the reservoir jacket. |

Electrophoresis. Electrophoresis was carried out with migration towards

the anode, initially at 0°5 m A/gel until the sample entered the gel
and then at 5 m A/gel until the dye reached the end of the gel (after

'2-5 hours approximately). ' Gel tubes were removed from ;he apparatus

one by one as the tracking dye reached the end of the gel.

Staining and destaining. The gels were removed from the tubes by

carefully injecting electrode buffer between the gel and the glass tube.
The gels were fixed by soaking in 25% V/V propan-2-01, 10% V/V acetic
acid for 12 hours, followed by 10% V/V propan-2-01, 10% V/V acetic acid
for 8 hours. After fixing the gels were stained by soaking in 0:1% W/V
amido black in 10% V/V acetic acid for 6 hours. Gels were destained in
the Bio-Rad Model 170 Diffusion Destainer. Destaining was complete in

12 hours.

» Gels were stained for carbohydrate according to the periodic acid-
Schiff procedure of Fairbanks et al. (1971). After fixing as described,
the gels were soaked for a further 12 hours in 10% V/V acetic acid to
remove any residual SDS. .The gels were then treated with the following
reagents: 0-5% W/V periodic acid for 2 hours; 0-5% W/V sodium arsenite,
5% V/V acetic acid for 1 hour; 0.1% W/V sodium arsenite, 5% V/V acetic
acid for 30 min and repeated twice; 5% V/V acetic acid for 30 min;
Schiff reagent for 8 hours and finally 0-1% W/V sodium metabisulphite
in 0-0IN HC1 for 6 hours. Gels were stored in 10% V/V acetic acid.
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(ii) Electrophoresis in polyacrylamide gel slabs

Electrophoresis in polyacrylamide slabs has a number of advantages
over electrophoresis in cylindrical gels. A large number of samples can
be co-run, side by side, on the same slab under the same conditions.

This allows for the accurate comparison of indivfdua1 bands in different
samples. The protein patterns obtained are more easily quantified using
conventional densitometers. Slab gels have a greater surface area for
efficient cooling during electrophoresis. Finally slab gel
electrophoresis permits the use of two dimensional techniques, one of

which is described in this thesis;

Assembly of glass cells for polyacrylamide slab gels. Gels were formed

in 3 x 72 x 82 mm 1D glass cells. . Each cell was assembled from two

82 x 82 mm glass plates, held 3 mm apart by two 3 x 5 x 82 mm glass
spacers. To facilitate the removal of the gel, the spacers were attached
to one plate only by silicone rubber sealant adhesive (RTV 108, General
Electric, USA; supplied by Pierce Chemical Co., Rockford, I1linois, USA).
The entire cell was held together by electric tape (No. 1607; Sellotape
Ltd., Dublin.). Before the final assembly with electric tape, the glass
cell components were soaked in chromic -sulphuric acid and extensively

rinsed with distilled water before drying at 80° in a dust-free oven.

“ Apparatus for the preparation of polyacrylamide slab gels. Slabs were

prepared using the Uniscil Gel Preparation Set (Universal Scientific Ltd.,
London). The apparatus is illustrated in Fig. 2.19. It consists of
the following units: |

A, The gel forming tower. Fourteen glass cells are held in a vertical
position in this tower. - Solutions enter the tower from the three-way

stop-cock (C) through the opening (B). A length of anodised aluminium
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Fig. 2.19. Diagrammatic representation of apparatus used to prepare
polyacrylamide slab gels.

A gel forming tower,
B feed line to tower,
C three-way stop-cock,
D &E reservoirs, -
F gradient former with two.compartments, X&y,

exit line from gradient former,

mixing tube;_

< I o

line to waste.
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chain and a stainles$ steel mesh over B act as baffle and bubble trap.
Funnel D acts as a reservoir for the overlay and underlay solutions.
Funnel E acts as reservoir for the 5:2% W/V acrylamide solution, when
homogenous gel slabs are being prepared. Acrylamide gradients are
produced by the gradient former, F. It operates on the principle of
variable geometry for generating gradients. It has been described in
detail by Margolis (1969). The device consists of a tall rectangular
compartment with a capacity of 500 ml, which is divided into two
compartments X and Y by a flexible neoprene gasket anchored at the lower
right-hand corner. The two chambers are connected thr&ugh a tap system
(Rotaflo TF 16; Quickfit Ltd., Staffordshire, England) G, at the base of
the instrument. The exit line from the tap leads to a mixing tube (H),
containing a 30 cm long helical acrylic inset and onto the three-way

stop-cock (C).

When the two chambers X and Y are filled to the same level with
solutions of equal density x and y respectively, the relative amount of
x and y in the fluid emerging from the tap at any time will be directly
proportional to the cross-sectional area of the meniscus in each chamber
at that time. When the densities of the two solutions x and y are
different, the height of the less dense solution must be increased to give

hydrostatic equilibrium before commencing gradient formation.

Formation of polyacrylamide gel slabs. The composition of solutions used

in the preparation of polyacrylamide gel slabs is given in Table 2.4.
The solutions were incubated at the temperatures stated and degassed before

use.

Fourteen fully assembled glass cells were stood vertically in the
gel forming tower (A). The tower was slowly filled with overlay solution

consisting of 5% V/V methanol in buffer from reservoir D, ensuring that

- 88 -



TABLE 2.4

Compositon of solutions used in the preparat1on of polyacry]am1de
gel slabs R ‘ ‘

BUFFER*

887 mM Tris, 2:5 mM disodium EDTA and 81:5 mM boric acid,
pH 8-3, with 0-02% W/V sodium azide.

OVERLAY L o
5% V/V methanol in buffer.
UNDERLAY .

1.0 M sucrose.

SOLUTION 1

5% W/V acrylamide and 0-2% W/V N,N'-methylene-bisacrylamide
in buffer. Degassed and cooled to 4%, TEMED and ammonium persulphate
added before use to give final concentrations of 0.-2% V/V and
0.075% W/V respectively.

SOLUTION 2

57g acrylamide and 3g N,N'-methylene-bisacrylamide dissolved
in buffer to a final volume of 195 m]. Degassed and cooled to 4°.
5 ml of 10% W/V ammonium persulphate and 0°12 ml of 10% N/V DMAPN
added before use.

SOLUTION 3

5 ml of 10% W/V ammonium persu]phate and 1°2 ml of 10% W/V
DMAPN added to 195 ml of degassed buffer

Abbreviations:
TEMED  N,N,N',N',-tetramethylethylenediamine
DMAPN - B-dimethylaminopropionitrile
*Kitchin (1965); Sheridan et al. (1969); Patterson et al. (1971).
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no air bubbles were trapped in the system. The reservoir was drained
of overlay and filled as far as the closed three-way stop-cock with 1M
sucrose. For the preparation of homogenous gels, 275 ml of solution
No. 1 were placed in reservoir E. The line from the reservoir was
flushed clear of air bubbles by allowing the first 10 - 15 ml of solution
out to waste via line J. The flow was then switched to the gel-forming
tower. The flow-rate slow af first, was gradually increased to 30 ml/
min. The overlay was displaced upwards by the acrylamide solution.
When 250 ml of solution had drained from the reservoir, the stop-cock
was switched to admit sucrose underlay from reservoir E', Approximateiy
175 m1 of underlay were required to displace the acrylamide solution
upwards into the glass cells. The refractive index differences between
the overlay, acrylamide and underlay zones enabled their positions to

be located.

When polymerisation was complete the feed line to the tower was
connected to a water tap. The cells were extruded en bloc by the water
pressure. The cells were carefully separated from one another and stored
under buffer containing 0:02% W/V azide at 4%,  Under these conditions,

they remained in excellent condition for several months.

Gradient pore polyacrylamide gels were formed by a similar procedure.
However, an acrylamide concentration gradient was fed to the gel forming
tower from the gradient maker (F) rather than a homogenous solution from
reservoir E. A 250 ml acrylamide gradient was formed from two solutions
of extreme concentration, namely a 30% W/V solution (Solution 2) and a
diluent (Solution 3). The gradient shape was determined by the profile
of the neoprene gasket as discussed earlier. A reverse catalyst

concentration gradient was formed, simultaneously with the acrylamide
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gradient, ensuring that polymerisation occurred from the top of the
cell downwards. The gradient used throughout this work ranged in

concentration from 5 - 27% W/V and is illustrated in Fig. 2.20.

Electrophoresis. Electrophoresis was carried out in a four cell electrophoresis

unit (Universal Scientific Ltd.,). A centrifugél pump circulated the
lower electrode buffer through a cooling coil. Part of the buffer
stream was lead to the upper electrode chamber, where it overflowed
through a drain tube and returned to the lower chamber. Recirculation
in this manner prevented pH and concentration changes between the buffer

in both chambers.

Slabs were equilibrated with 0-1% W/V SDS by pre-running in buffer
containing 0-1% W/V SDS for one hour at 80 volts. |

For one-dimensional electrophoresis samples were applied using a
14 place applicator at the rate of 10 ul per slot. For the first dimension
of a two-dimensional run 300 ul of a single sample were applied across
the entire top surface of the gel. In both cases the samples were applied
under buffer from a micropipette with a 0:5 mm bore catheter attached.
Electrophoresis was carried out at 75 volts for the required length of
time. A Shandon voKam power pack was used (Shandon Scientific Co. Ltd.,

London). Migration was towards the anode.

For two-dimensiénal eleétrophoreéis the sample was run;first in a
5.2% W/V slab until the tracker dye reached the end of the gel. A 5 mm
wide section was cut froﬁ this gel and immediately inserted across the top
of a gradient pore slab. Electrophoresis was then carried out in a
second dimension. The duration of electrophoresis is given in the

appropriate part of the results section.
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Staining and destaining. Slab gels were fixed and stained according to

the procedure described for cylindrical gels. Gels were destained either
by diffusion or electrophoretically using a laborarory made apparatus.

After destaining gels were stored in 10% V/V acetic acid. -

Densitometry. Destained gels were scanned in the Joyce-Loebl Chromoscan

MK II (Joyce, Loebl & Co. Ltd., Gateshead, England). - A red filter was
inserted into the light path and 1 cm wide gel strips were scanned in
the reflectance mode. When necessary, scale expansion was used to

optimise the peak heights.

Photography. Gels were photographed using Micro-Neg Pan film type B
(INford Ltd., Essex, England) in a Praktica LB camera (Pentacon, Dresden,
DDR.) with a SMC Macro Takumar lens (5871694; Asahi Optical Co., Japan).
The gels were illuminated by transmitted light. Photographs were

printed on P84 Photographic Paper (Kodak Ltd., London).

Preparation of samples for one- or two-dimensional electrophoresis in

slab gels. Samples, having a final protein concentration of 3 mg/ml,
were incubated at 100° for 5 min in the presence of -

0-6% W/V SDS,

10% W/V sucrose,

40 mM dithioerythritol,

in Tris- disodium EDTA- boric acid buffer pH 8-3.

On cooling, pyronin-Y was added to give a final concentration of 10 ug/ml.
Molecular weight markers were treated in the same manner. Identical
protein patterns were obtained whether samples were incubated at 100°

for 5 min or overnight at 30°.
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(d) Miscellaneous

Equipment. SP 800 spectrophotometer (Pye-Unicam Ltd., Cambridge, England).

Acta V spectrophotometer (Beckman - R11C Ltd., Glenrothes, Scotland)

with scattered transmission accessory for the measurement of light scattering.

Radiometer pH meter 28 calibrated at 20° with standard buffer, pH

6:50 (Radiometer Ltd., Copenhagen, Denmark).

Chemicals. (i) General chemicals: AnalaR grade from BOH Ltd., (Poole,
England), and Hopkin & Williams Ltd., (Essex, England). Pronalys grade

from May & Baker Ltd. (Dagenham, England).

(ii) Organic solvents for lipid analyses: AnalaR and Aristar grades from BDH.
(iii) Bovine serum albumin fraction V, sodium dodecyl sulphate (specially
pure grade), manoxol OT (dioctyl sodium sulphosuccinate), mercaptoethanol,

ammonium persulphate, and pg-dimethylaminopropionitrile from BDH Ltd.

Disodium ATP (Sigma grade), iodonitro-tetrazolium formazan, ouabain
octahydrate, dextran sulphate, heparin (sodium salt, grade 1), concanavalin

A (grade IV, salt free) and a-methyl-D-glucoside from Sigma Ltd., London.

Lipid standards from Supelco Inc., Bellefonte, Pa. USA.

Acrylamide, N,N'-methylene-bisarcylamide, N,N,N',N'-tetramethylethy-

lenediamine and pyronin-Y from Eastman-Kodak Co., Rochester, N.Y., USA.
Naphthalene Black 10B (=amido black) from Gurr Ltd., London.

Dithioerythritol and molecular weight markers from Schwartz-Mann,

N.Y., U.S.A.

Toluene, tritonX-100, PPO, and POPOP (all scintillation grade)
and INT from Koch-Light Laboratories Ltd., Bucks., England.
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Lactoperoxidase from Boehringer Mannheim GmbH.

" 45 131 ) [ 32 ]
Ca (as CaCl,), I (as NaI) and adenosine 5'-LY- P
triphosphate (as the ammonium salt) were obtained from The Radiochemical

Centre, Amersham, Bucks., England.
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SECTION 3

RESULTS
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3.1. The effect of varying homogenisation time on the distribution

of a number of constituents in the four classical subcellular
fractions

Homogenisation, which is a necessary step to fractionation, is
dependent on a number of factors, principally, -the type of homogeniser
used, the duration of homogenisation, the type of t1ssue, jts connective

framework and any pretreatment of the tissue.

The experiments described in this subsection are concerned with an
investigation into the effect of varying homogenisatioh times on the
distribution of a number of constituents and enzymes in the four classical

subcellular fractions.

Skeletal muscle is a particularly fough tissue due to the presence
of a large amount of contractile protein and connective tissue. Contractile
proteins alone constitute 60% of the total protein of the tissue (Perry,

1974). A preliminary mincing of the tissue is a useful aid to homogenisation.

Equal weights of minced muscle were homogenised in three volumes of
0-25 M sucrose, 5 mM imidazole-HC1, pH 7-4 at 4° for 30, 60, 90 and 120 sec.
Four fractions were prepared from each homogenate according to the procedure

summarised in Fig. 3.1. These fractions were:
3

5

P1 fraction (5-34 x 10 g-min pellet);

- P2 fraction (2:00 x 10 g-min pellet);
P3 fraction (6-30 x 106 g-min pellet) and the

S fraction (6-30 x 106 g-min supernatant).

These fractions were assayed for protein, phospholipid, cholesterol

and succinate-INT reductase activity. The quantities present in each
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Fig. 3.1. Procedure used in the preparation of subcellular fractions
by differential pelleting.

Pellets were resuspended in the homogenisation medium
using a hand-operated Potter-Elvejhem homogeniser.

25% W/V homogenate in 0:25 M sucrose, 5 mM imidazole-
HC1, pH 7-4.

2000 rev/min in Sorvall GSA rotor for 10 min

(5-38 x 10% g-min at r,, = 1194 cm)

v R .
SUPERNATANT ) ' PELLET

Resuspended to give Fraction P1.

10 000 rev/min in Sorvall GSA rotor for 15 min

(200 x 10° g-min at roy = 11-94 cm)

A

SUPERNATANT  PELLET
: " " Resuspended to give Fraction P2.

40 000 rev/min in MSE 8 x 25 ml rotor for 60 min
(630 x 10° g-min at r, = 5-84 cm)

'

SUPERNATANT PELLET
= Fraction S =~ Resuspended to give Fraction P3.
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fraction are expressed as percentages of those in the homogenate.

A plot of the protein, phospholipid and cholesterol content of
fraction P1 against homogenisation time is shown in Fig. 3.2. The
amount of each of the three constituents in this fraction falls with
increasing homogenisation time. For cholesterol.and phospholipid the
greatest decrease occurs between 60 and 90 sec. However, even after
homogenisation for 120 sec over 80% of each of these constituents

sediments in P1.

The distribution of these constituents and succinate-INT reductase
activity in fraction P2 for the four homogenisation times is shown in
Fig. 3.3. The protein content increases gradually with the duration of
homogenisation up to a homogenisation time of 90 sec. On increasing the
homogenisation time from 90 to 120 sec there is a three-fold increase in
the protein content of this fraction. Succinate-INT reductase activity,
a marker for the inner membrane of the mitochondrion,also increases with
homogenisation time, the greatest increase being a two-fold one between
90 and 120 sec. The greater yield of mitochondria in P2 with longer
homogenisation is accompanied by an increase in the fragmentation of
mitochondria, leading to increases in the succinate-INT reductase activity

of fraction P3 (Fig. 3.4).

The phospholipid and cholesterol contents of P2 follow a different
pattern from protein and succinate-INT reducta§e activity. Both phospholipid
and cholesterol peak sharply after 90 sec. Longer homogenisation results
in a decrease in the percentage of both these constituents in fraction P2.
Skeletal muscle mitochondria have a phospholipid/protein ratio of only 0-14
(Bullock et al., 1973) as compared to 0-60 - 0-70 for microsomal material

(results in this thesis). The increased protein content of fraction P2 can
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Fig. 3.2. The protein (-o-), phospholipid {—»—), and cholesterol
(o) content of the P1 fraction prepared from 30, 60,
90 and 120 sec homogenates.
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Fig. 3.3. The amount of protein (~o-), phospholipid (=—), cholesterol
(o), and succinate-INT reductase activity (——) in fraction
P2 prepared from 30, 60, 90 and 120 sec homogenates.
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be attributed to the large increase in the mitochondrial content of the
fraction, while the decreased phospholipid and cholesterol content is
interpreted as being due to the extensive rehomogenisation of large
membrane fragments, having a phospholipid/protein ratio five times that
of mitochondria, to smaller fragments, which do not then sediment in

fraction P2.

In Figs. 3.4 and 3.5 the distribution of constituents and enzymes
in fraction P3 is plotted against homogenisation time. The cholesterol
content of the pellet increased more slowly than phospholipid over the
range 30 to 90 sec. Between 90 and 120 sec both constituents increase
sharply. There is a good correlation between the phospholipid content
of P3 and the light scattering of the 2-00 x ]05 g-min supernatant (i.e.
P2 supernatant). The sharp rise in the cholesterol and phospholipid
content of this fraction between 90 and 120 sec, expressed in absolute
terms or as a percentage of that in the homogenate, can be related in
part, at least, to the fall in the content of both constituents in
fraction P2, for the same homogenisation times. These findings indicate
that parts of the muscle cell membrane systems are ruptured initially
into large fragments which sediment in P2. Longer homogenisation
leads to a further disruption of these fragments to vesicles or smaller

fragments which sediment in P3.

The activities of basal ATPase and K'-stimulated ATPase in fraction
P3 plotted against homogenisation time are shown in Fig. 3.5. Both
enzymes were assayed in the presence of 50 mM azide to prevent interference
by mitochondrial ATPase (Fanburg & Gergely, 1965). ~ The rate of appearance
of K'-stimulated ATPase decreases with homogenisation times greater than

60 sec. Consequently, homogenisation for longer than 60 sec does not give
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Fig. 3.4. (A) Light scattering (~o-) of the P2 supernatant prepared
from 30, 60, 90 and 120 sec homogenates.

(B) The amount of phospholipid (-a—), cholesterol (—o-),
and succinate-INT reductase activity (—a—) in fraction
P3 prepared from 30, 60, 90 and 120 sec homogenates.
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a proportionately higher yield of membranes containing this enzyme.

In contrast, the rate of appearance of basal ATPase does not decrease with
longer homogenisation. Both enzyme activities show further differences
when the acti?ities are expressed in terms of phospholipid. When
expressed in this manner and plotted against homogenisation time, the
specific activity of basal ATPase decreases after 30 sec. The fall

in specific activity is greafest between 30 and 60 sec. The specific
activity of K*-stimulated ATPase follows a different trend by peaking at

a homogenisation time of 60 sec. These findings will be further considered

in the light of otherresults.

The results described so far indicate that basal ATPase - containing
membranes and K'-stimulated ATPase - containing membranes are differentially
fragmented during homogenisation. Furthermore, homogenisation for longer
than 90 sec results in the appearance of membrane material in fraction P3
not associated with these two enzyme activities. The possibility that .
this material might be associated with the ouabain sensitive (Na+ and K+)-
ATPase was investigated. The ouabain sensitivity of this enzyme activity,
assayed in the presence of 100 mM Na* and 10 mM K+, was measured in fraction
P3 from 30 and 120 sec homogenates. Before assay both fractions were
diluted to the same protein concentration. The ouabain concentration
and the ouabain to protein ratio in the assay mixture weresimilar to that
reported by Sulakhe et al. (1973). At these concentrations the activity
was maximally sensitive to ouabain. The results obtained are shown in
Table 3.1. The activity of this enzyme in fraction P3 increases with
increa§ing homogenisation time, however its contribution to the overall

ATPase activity decreases from 15:6% in fraction P3 from a 30 sec homogenate

‘ to 11-6% in P3 from a 120 sec homogenate. These results suggest that this
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TABLE 3.1

The activity of (Na* - k%) - ATPase in fraction P3 from 30 and
120 sec homegenates. Activities were measured as described in
Section 2. The ouabain to protein ratio in the assay mixture

was 1-8 umoles ouabain per mg protein, which is equivalent to

1-05 mg ouabain per mg protein. .

Activity(umoles per fraction

Homog$?;2ation per min) | Inhibition®
(sec) Control* Ouabain Treated*
30 1-3898 | 1-1735 o 0-2163
+ 0-0533(8)  t0-0615(8) - .. (156%)
120 2-3748 2-1000 0-2748
% 0M98(7)  +0.1635(7) - (11-6%)

*Values are given as means ! standard deviation. The number of
determinations is given in parentheses.

*Ouabain inhibition is expressed as umoles per fraction per minute

and as a percentage of the activity in the control.

T
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enzyme is not associated with the sharp increase in the cholesterol

and phospholipid content of fraction P3 after homogenisation for 120 sec.

In an interpretation of the results of these experiments consideration
must be given to the possible denaturation of enzymes with increasing
homogenisation time. The activity of succinate-INT reductase was
unaffected over the range of homogenisation times used. The activities
of K -stimulated ATPase, Ca2+-dependent ATPase, basal ATPase and (Na+
and K+)-ATPase cannot be accurately determined in the homogenate due
to the interference of a variety of phosphatase activities. As an
alternative, the homogenisation conditions were simulated by treating
a microsomal suspension with a Waring blender. The results indicate
that the ATPase activities should be stable under the homogenisation

conditions used.

The protein composition of membranes in fraction P3 for each of the
four homogenisation times were separated by SDS-polyacrylamide gel
electrophoresis in gradient pore polyacrylamide gels. A photograph of
the protein patterns obtained is shown in Fig. 3.6. iDensitometer
traces of the stained gels are shown in Fig. 3.7. The protein peak
marked with an asterisk on the densitometer traces is the principal
protein component in many muscle microsomal preparations as will be seen
in later parts of this section. Co-electrophoresis of these fractions
with other microsomal preparations and molecular weight markers has
shown that this protein has a molecular weight of approximately 100 000

and is associated with Ca2+-transporting membranes.
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Fig.

34

The electrophoretic separation of protein components
in the P3 fraction from (a) 30 sec, (b) 60 sec,
(c) 90 sec and (d) 120 sec homogenates.

Electrophoresis was carried out in 6-27% polyacrylamide
gel gradients containing 0-1% W/V SDS.

Migration was towards the anode, i.e. from top to bottom
in the illustration.
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EXTINCTION

Fig. 3.7.

Densitometer traces of the electrophoretic separations
shown in Fig. 3.6. The protein component marked with

an asterisk is found in association with Ca2+—transporting
membranes and has a molecular weight of 100 000.
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In fraction P3 from a 30 sec homogenate,proteins of lower molecular
weight make a greater contribution to the overall pattern, relative to
the 100 000 molecular weight band, than they do in the corresponding
fractions from 60 and 90 sec homogenates. Conversely, the 100 000
molecular weight band increases in concentration with homogenisation up
to a time of 90 sec. Homogenisation for 90 and 120 sec leads to
heterogeneity in the region of this band. The densitometer trace of
fraction 3 from a 120 sec homogenate shows a protein band corresponding
to a molecular weight greater than 100 000 present in slightly greater

concentration than the 100 000 band.

The electrophoretic patterns support the conclusion already made
that homogenisation for 90 and 120 sec results in the appearance of

additional membranes in fraction P3.

The protein, phospholipid and cholesterol contents of the S fraction
are plotted against homogenisation time in Fig. 3.8. The protein
content of the fraction reaches a constant level early in homogenisation.
For each of the four homogenisation times studied the amount of cholesterol
not sedimenting after centrifugation for 6-30 x 106 g-min is greater than
that of phospholipid. The cholesterol and phospholipid in the S fraction
are thought to be largely associated with triglyceride or fat particles.
In the fractionation of liver, Amar-Costesec et al. (1974) have found
that 7-8% of the phospholipid and 8-3% of the cholesterol of the
homogenate was recovered in the S fraction. These workers also found
that centrifugation for longer times did not significantly reduce the

amount of both of these constituents in the supernatant fraction.
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Fig. 3.8. The protein (-o-), phospholipid (=) and cholesterol
(-o-) content of the S fraction prepared from 30, 60,
90 and 120 sec homogenates.
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3.2. The choice of media for density gradient centrifugation

The choice of media for homogenisation and density gradient
centrifugation not only have a critical influence on the separations
obtainable but may also affect the properties of the separated components.
The media used can exert their effects in any of three ways: in the
extraction of myosin and actomyosin; in the aggregration of subcellular

components; and in the loss of extrinsic membrane proteins.

Uchida et al. (1965) have reported that the contraéti]e protein
myosin and, to a lesser extent, actomyosin were extracted by ionic media.
The extracted proteins became adsorbed to the microsomal material resulting
in a contaminated microsomal fraction. When a sucrose medium was used
for homogenisation, these effects were not evident.:  The incorporation
of ionic constituents, such as 10 mM MgCl2 and 15 mM CaClz; results in
the extensive aggregration of subcellular components with an increase
in the rate of sedimentation. (Dallner & Nilsson, 1966; Kamath &
Narayan, 1972). ‘Similarly, the use of unbuffered sucrose causes clumping
of microsomal material (Headon & Duggan, 1972). Aggregration can be
reversed by the incorporation of polyanions, such as heparin (Birbeck &
Reid, 1956; Wheeldon & Gan, 1971; Headon & Duggan, 1973). ‘Low W
concentrations of the detergent dioctyl sodium sulphosuccinate (abbreviated
DOSSS) are also reported as being useful in overcoming aggregration

(Cline & Ryel, 1971).

The effect of a range of media compositions on the aggregration of

muscle microsomes was investigated using the technique of ultrafiltration.
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Fraction 2 of a concentrated microsomal suspension, prepared as
described in Section 2, was supplemented with constituents that have
been variously used in homogenisation and density gradient media.
1 ml aliquots, containing 100 ug protein, were filtered through a range
of Millipore filters (Millipore (U.K.) Ltd., London) of known average
pore size. The protein contents of the samples and the various filtrates
were measured. The amount of protein filtered (100 ug) was found to be

sufficiently low to ensure that clogging of the filter did not occur.

An examination of muscle microsdmes in the electron microgcope has
shown that the average diameter of vesicles is in the range 0-1 - 0.3 um
(Headon & Duggan, 1973; Meissner & Fleischer, 1971). While the
relationship between filtration size and the dimensions evident from
electron micrographs was not investigated, the electron microscope data
was used as a rough guide and filters having average pore diameters

of 0-22, 0-30, 0-45, 0-80 and 1-20 ym were used.
Results are expressed'as percentage protein passing the filter.

In Fig. 3.9 the effects of buffering sucrose with low concentrations
of imidézo]e are shown. - The incorporation of 1 mM imidazole produces
a large increase in the percentage of protein passing the filter over the
range of pore sizes. When this medium was adjusted to pH 5-5 with HCI1,
the amount of protein passing the filter for each pore size decreases and
the results resemble those for the sucrose - only medium. These results
show that, when the pH of a sucrose - only medium is increased to
approximately 7:0 by the addition of 1 mM imidazole, microsomal aggregration
is reduced. This effect can be largely reversed by adjusting the pH to
5.5 with HC1. |
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Fig. 3.9. The effect of low concentrations of imidazole on the

filtration of a microsomal suspension in unbuffered
sucrose. ' ”

The media A-C contained 100 ug protein/ml in 0-15 M
sucrose. In addition, medium A contained 1 mM imidazole
while medium B contained 1 mM imidazole-HC1 pH 5-5.
Medium C, which was used as a control, contained sucrose
and protein only.

The protein content of each filtrate is expressed as
a percentage of that in the unfiltered medium.
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The effects on the aggregration of microsomes by supplementing
a sucrose-1 mM imidazole medium with monovalent and divalent cations
are shown in Fig. 3.10 and 3.11. The data presented in Fig. 3.10
shows that Na* and K* have similar effects. - The addition of NaHCO3
to the medium has a more complex effect on the filtration of microsomes
through Millipore filters. Over the range of average pore size 0-65 -
1-2 um, the addition of 15 mM NaHCO, makes 1ittle difference to the
percentage protein passing the fi]ter; However for the 0-3 ym and
0-45 um filters, the amount of protein passing the filter is intermediate

between that found for sucrose-imidazole and sucrose-imidazole supplemented

with Na* or K+.j_

The effects of incorporating divalent cations are shown in Fig. 3.11.
15 mM MgC12 causes more extensive aggregration than an equivalent
concentration of CaC]z, although in both cases the aggregration is less
dramatic than in 100 mM NaCl or 100 mM KC1. 50% of the protein passes
the 0:22 uym filter in the presence of 15 mM CaCl2 as opposed to 36% in a
buffered sucrose medium. A possible explanation for this unexpected
finding may be the release‘of some protein from membrane material in
the presence of Ca2+.
The results obtained on supplementing a sucrose medium with the
polyanion heparin are presented in Fig. 3.12.At a concentration of
50 IU heparin/ml (IU = international units),the amount of protein passing
the filter is similar to that found for the buffered sucrose medium.
However, when heparin and imidazole are both pkesent, the amount of
protein passing the filter is increased. 84% of the protein passes
the 0-3 uym filter in the presence of heparin and imidazole, as opposed

to 62% for imidazole only.
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Fig. 3.10. The effects of a number of monovalent cations on the

filtration of a microsomal suspension.

The media, A-D, contained 100 ug protein/ml in 0-15 M
sucrose, with the following additions:

A

B
c
D

"1 mM imidazole;

1 mM imidazole + 15 mM Na HC03;
1 mM imidazole + 100 mM KC1;
1 mM imidazole + 100 mM NaCl.

The protein content of each filtrate is expressed as
a percentage of that in the unfiltered medium.
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Fig. 3.11. The effect of divalent cations on the filtration

~ The amount of protein in each filtrate is expressed
as a percentage of that in the unfiltered medium.

of a microsomal suspension.

The media, A-C, contained 100 ug protein/ml in 0-15 M

sucrose with the following additions:

A 1 mM imidazole;

B 1 mM imidazole + 15 mM CaCly;

C 1 mM imidazole + 15 mM MgClz.
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The usefulness of heparin as a disaggregrating agent is limited by
its adverse effect on enzyme activities associated with muscle membranes.

2+

Exposure to heparin results in the rapid loss of Ca~ -uptake and a

gradual loss of K -stimulated ATPase (Headon & Duggan, 1973).

The aggrégration of microsomes in sucrose-ionic media is reflected
in an increased rate of sed{mentation in density gradient centrifugation
(Dallner & Nilsson, 1966).V This is because the rate of movement in a
centrifugal field is governed by particle size and to a lesser extent
by particle density. Kamath & Narayan (1972) have devé]oped a method
for the rapid isolation of rat liver microsomes by low-speed

2+

centrifugation after Ca™ -induced aggregration of the membrane material.

In the light of the results obtained in this investigation,
homogenisation and density gradient media consisting of sucrose solutions
buffered with 5 mM imidazole-HC1 at pH 7-4 were used for the work

described in this thesis.

In addition to the effects already described, media constituents
may interact with membranes, resulting in the loss of extrinsic or
loosely associated membrane proteins. Duggan & Martonosi (1970) report
that treatment of a muscle microsomal preparation with 1 mM EDTA or EGTA
at pH 8-0 results in the loss of 51000 and 63000 molecular weight proteins.
Meissner & Fleischer (1972) have found that the treatment of a microsomal
preparation with 0:5 M Li Br leads to a 20% increase in the phospholipid-
phosphorus/ protein ratio. Similarly, protein is extgacted from a
microsomal pellet on treatment with 0-6 M KC1 (Louis & Shooter, 1972;
Martonosi, 1968).
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Fig. 3.12.

The effect of heparin on the filtration of a
microsomal suspension. '

In addition to 100 ug protein/ml in 0°15 M sucrose, the
media A-C contained:

A 1 mM imidazole;

B 50 IU heparin/ml (IU=international unit);

C 1 mM imidazole + 50 IU heparin/ml.

. The protein content of each filtrate is expressed

as a percentage of the protein in the unfiltered medium.
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The amount of protein extracted by 100 mM KC1 in each of the four
concentrated microsomal fractions, prepared as described in Section 2,
was determined. The percentage of protein in each fraction not
sedimenting after centrifugation for 6-30 x 106 g-min (ra;= 5-84 cm)
in the presence and absence of 100 mM KC1 was determined. The results
are given in Table 3.2. In the presence of 100 mM KC1, there is an

increase in the amount of non-sedimentable protein in each fraction.

The use of dextran sulphate in sucrose density gradients, described
in a later part of this section, results in the solubilisation of
approximately 30% of the protein sedimentable in a buffered sucrose

gradient.

In the light of these results sucrose buffered at pH 7-4 with 5 mM
imidazole-HC1 was the medium of choice for homogenisation and density

gradient centrifugation.
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TABLE 3.2

The extraction of membrane-associated protein from concentrated
microsomal suspensions (prepared as described in Section 2) on
treatment with 100 mM KC1.

The percentage protein remaining in the supernatant after centrifugation
at 100 OOOgav for 60 min in the presence and absence of 100 mM KC1 is
given.

The amount of protein extracted by KC1 treatment was calculated from
this data.

% PROTEIN SOLUBLE -

- Centrifugation medium . - Protein extracted
FRACTION ' by 100 mM KC1 (as
- Sucrose-imidazole Sucrose-imidazole percentage of total
-HC1, pH 7-4 -HC1, pH 7-4 protein in fraction)
+ 100 mM KC1

1 79-25 " 86-62 - 7:37.
2 . 42-40 55-04 12-64
3 1786 22.94 5.08
4 29.62 40-26  10-64
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3.3. The characterisation of microsomal fractions prepared
in the form of concentrated suspensions.

A complete characterisation of muscle microsomes, prepared in the
form of a concentrated suspension according to the method of Headon &
Duggan (1973) and described in Section 2, was undertaken. This method
of preparation involves the sedimentation of microsomal material from
450 ml of a 576 x 10° g-min (r,,= 11-94 cm) supernatant, containing
0:66 M sucrose-5 mM imidazole-HC1, pH 7-4, into a band of 1-0 M sucrose,
also buffered at pH 7-4. Sedimentation beyond this band is prevented
by a cushion of 2-0 M sucrose, pH 7-4. After centrifugation for 60 min
at 30 000 rev/min (2-61 x 106 g-min at the volumetric centre of the
sample), a concentrated microsomal suspension was collected in six 25 ml
fractions over a short gradient corresponding to the original band of

1 M sucrose.

Tﬁe overall recoveries and the distribution of a number of
constituents and enzymes at various stages of the preparation are given
in Table 3.3. This data is shown graphically in Fig. 3.13. As found
in the investigation on the effect of homogenisation time (Section 3.1),
80-90% of the constituents studied sedimented in the low-speed pellet
(P1). = 3-5% of the total phospholipid and 2-1% of the phosphoprotein
intermediate of the Ca2+-dependent ATPase were recovered in the concentrated

suspension.

Fig. 3.14 shows the distribution of protein and phospholipid between
the concentrated microsomal suspension collected in six 25 ml fractions
and the zonal supernatant. The protein concentration falls sharply
between the zonal supernatant, which contains most of the soluble

protein of the homogenate, and fraction 1. The six fractions cover

- 123 -



TABLE 3.3

Distributions and recoveries for a number of constituents in the
preparation of a concentrated microsomal suspension. ‘

Overall .
Subcellular fraction
Constituent Re%%;ery,
P1 P2 CMS A

Protein 102-9 861 0-4 0-4 ©16-0
Phospholipid - 976 87-1 3-4 3-5 3:6
Cholesterol 98-9 - 907 . 1-6 1-7 - 4.9
Succinate 4518 T g5 1.7 1.5 3.4
dehydrogenase .
Phosphoprotein ‘
intermediate Lo
of Ca2+-dependent 90-5 85-6 1.1 2-1 <17
ATPase

The amount of each constituent in the various fractions is expressed
as a percentage of that in the homogenate. Subcellular fractions are
abbreviated as follows: ' ‘

Pl 6-54 x 104g-min pellet;

P2 = 5-76 x 10°g-min pellet;

CMS = concentrated microsomal suspension;

IS = zonal supernatant obtained in the preparation of the
concentrated suspension.

3
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FRACTION ... . .. . o CONSTITUENT RECOVERY (%)

4] | r . | CMSs ZS

1 [ Protein - 102-9

] O 0O 0 - Phospholipid 97-6

- 8l -

L ] U ﬂ [:] ' Cholesterol 98-9
‘ ‘ }Succinate
J [::::] u [] : o Dehydrogenase 101.8
- Phosphoprotein
J 0 0 10 . Intermediate 90.5
SCALE L 1 ‘% °l° .lo “1”

Fig. 3.13. Diagrammatic presentation of the distribution data given in Table 3.3 for a number of constituents
in the preparation of a concentrated microsomal suspension. Abbreviationsare as given in the legend
to Table 3.3. ’
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suspension collected as 6 25 ml fractions. The density
gradient profile is also shown.
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the density range 1-1 - 1.2 g/ml approximately. The phospholipid
concentration of fractions 2 and 3 of the suspension is several times
greater than that of the zonal supernatant, indicating that microsomal
material in the 450 ml of sample has sedimented into the gradient. The
phospholipid distribution in the concentrated fractions has a median

density of 1-120.

r:

Since fraction 6 contains a low level of protein and other constituents,
it was not extensively characterised. Regarding the other five fractions,
the results will show that fractions 1 to 4 inclusive are of particular

interest.

When each of the fractions were diluted with anvequal volume of
5 mM imidazole-HC1 pH 7-4 and centrifuged at 100 000 9av for 90 min, not
all of the protein was found to sediment (Fig. 3.15 A). The amount of
sedimentable protein increased from 15% in fraction 1 to 70% in fraction
4 and decreased to 31% in fraction 5. The high content of nonsedimentable
protein in fraction 1 is thought to arise from the diffusion of soluble
protein from the zonal supernatant. The presence of 69% nonsedimentable
~ protein in fraction 5 is more difficult to explain. The phospholipid/
total protein ratio of this fraction is low, being 0-05 as against 0-40
to 0-45 for fractions 2, 3 and 4. This indicates that only a small

quantity of the protein in fraction 5 is associated with membranes.

The amount Of sedimentable protein in each fraction parallels the

phospholipid content of the fraction as would be expected (Fig. 3.15 B).

Fractions 2 and 3 of a concentrated microsomal suspension have high

calcium uptake activity. Specific activities of 2:0 - 2:5 umoles per mg
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FRACTION

The percentage protein in each of the diluted
concentrated microsomal fractions, 1-5, sedimenting
after centrifugation at 100 000 9av for 90 min.

The distribution of sedimentable protein and

phospholipid in the five concentrated microsomal
fractions.
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total protein per min were obtained. Fig. 3.16 shows the distribution
of Ca2+-uptake expressed as ymoles/mg total protein per min for fractions
1 to 5. Ca2+-uptake activity peaks in fraction 3, at a density of 1:151.
The specific activity of 2.39 umoles/mg protein per min is greater than
that reported for rabbit muscle preparations by other workers (review

by Martonosi, 1972b).

SZO.N values for a particle density of 1:2 g/cm3 are also plotted in
Fig. 3.16. These values refer to sedimenting particles which have not
reached their isopycnic density. Only such particles ﬁaving SZO.N values
in excess of 600, would be found in the concentrated microsomal suspension.
However, because of the large sample volume these values were only used

as a guide.

Microsomal preparatioﬁs‘are generally contaminated to varying
degrees with mitochondrial membranes, which arise from the fragmentation
of some mitochondria during homogenisation.v A comparison of the
distribution of Ca2+-uptake and succinate-INT reductase activity in the
concentrated fractions is shown in Fig. 3.17. Whether expressed as
absolute or specific activity, both enzymes are clearly separated.
'Ca2+-uptake activity was found predominantly in fractions 2 and 3 and
succinate-INT reductase activity predominantly in fraction 4. 49% of
the total succinate-INT reductase activity in the five fractions was

2+

found in fraction 4 as against 68% of the total Ca" -uptake activity

in fractions 2 and 3.

The results of a determination of the amount of sedimentable protein
in each of the concentrated fractions have been given. A similar

experiment was carried out to measure the percentage of the various

- 129 -



3.0
{l -3 -1000
—
]
=4
-
E .
2.0 ’
— .
]
= t
o
Q
-08 o
< + Dy
=% . -
(=] " "
E L2 oﬁ’ o
. -~ 500 S
.1} >
o = =
£ 1.0pF w .
EY = (o)
("] g mN
hv4 .
<C
}—
a.
>
=
=
o
(& ]
-
(-4
(&)
o 1 1 1 1 | R ] Lo
1 2 i 4 [
.. FRACTION

Fig. 3.16. The distribution of Ca2+-uptake activity in the

concentrated microsomal fractions. The sucrose density
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g/cm3 are also shown. '
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ATPase activities sedimenting under the same conditions. The results
are shown in Fig. 3.18. 100% of the Ca2+-dependent ATPase and K'-
stimulated ATPase activities is sedimentable in all four fractions.
The distribution of basal ATPase between pellet and supernatant is
different. 53% of the activity remains in the supernatant in fraction
1 and 13%, 1% and 14% in fractions 2, 3 and 4 respectively. This
distribution parallels that for nonsedimentable protein and implies
that nonsedimenting basal ATPase activity is probably a phosphatase
activity associated with protein of the soluble phase. In the light
of this finding, it was decided to study the ATPase activities of

sedimentable protein rather than of the whole fraction.

The sedimentable protein of eacﬁ fraction was preﬁéred by diluting
20 ml of fraction with 16 ml of 5 mM imidazole-HCl! pH 7-4 and centrifuging
at 100 0009av for 90 min. The pellet obtained for each fraction was
resuspended in 3 ml of 0-25 M sucrose buffered at pH 7-4. ATPase
activities were measured in the presence of 50 mM sodium azide to

prevent interference by mitochondrial ATPase.

2+-dependent

The distributions of absolute and specific activitisof Ca
ATPase and basal ATPase are shown in Fig 3.19 and 3.20, respectively.
The absolute activity of Ca2+-dependent ATPase peaks in fraction 2
(223>12>4>>5), while that for basal ATPase peaks in fractions 1 and 4

(4>12>22>32>5).

A similar pattern is obtained when both activities are expressed as

2

specific activity, although, in the case of Ca +-dependent ATPase the

specific activity in fraction 3 is slightly greater than that in fraction 2.
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Fig. 3.18.

% REMAINING IN SUPERNATANT

FRACTION

The percentage protein (-o-), basal ATPase activity
(=), K*-stimulated ATPase activity (-o-) and
Ca2+-dependent ATPase activity (also —o- remaining

in the supernatant after centrifugation of the diluted
concentrated microsomal fractions at 100 000 9av for
90 min.
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Fig. 3.19. (A) The ggeady state concentration (nmoles/ml) of
the P-labelled phosphoprotein intermediate
of the Ca2+-dependent ATPase in the concentrated
microsomal fractions.

(B) The absolute activities of Ca2+-dependent ATPase and

basal ATPase in the concentrated microsomal fractions.

- 134 -



A +5.°"'
—
Z 1
-
L) -
= o
o
x O
[~ VS
a o
o grSf”
- E
i
Ll .
0 o
<C r—
- O
1 E
a <
o~
m”
ot
B osr
-11.5
+ —
'_._ oo lc
S ‘ < E
= o
Q
noe 'i=
a —
— o 0.4 (]
= [T
z 2 g
o o a ©o
= -10.5 — £
w o E <
o Eoz- .
wd - @
[== I < —
! @ [72] 8
+ - <C
Nf!} g [ =] =3
(& =4
ol 1 - 1 1 1 JO
1 2 3 L) S
FRACTION

Fig. 3.20. (A) The steggy state concentration (nmoles/mg protein)
of the P-labelled phosphoprotein intermediate of
the Ca2+-dependent ATPase in the concentrated
microsomal fractions.

2+-dependent ATPase

(B) The specific activities of Ca
and basal ATPase in the concentrated microsomal

fractions.
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~distribution of the intermediate is similar to that for the Ca

The steady state concentrations of 32P-]abelled protein formed by
the Ca2+-dependent ATPase are also shown in Fig. 3.19 and 3.20. The
2+-dependent
ATPasé. The peak Va]ue of 4-7 nmoles per mg protein for fraétion 3 is
close to the top of the range of values reported in the review by

Martonosi (1972a).

2+-transport and the 32P-labelled

In summary, Caz+-dependent ATPase, Ca
intermediate have similar distributions, which are different from that
of basal ATPase. The cdncentrated fractions are therefore heterogenous
in their enzyme composition and a degree of subfractionation has been

achieved.

Having described the principal enzyme activities found in these
fractions, attention will now be turned to their phospholipid and

cholesterol content.

Phospholipids are inherent components of biological membranes and
therefore are indicators of membrane content. Since they constitute
35-40% of the weight [=(phospholipid X 100)/(protein + phospholipidi]
of most membranes, the phospholipid/protein ratio may be used to obtain
information on the purity, but of course not the homogeneity of a membrane
preparation. A very low ratio‘results from the presence of a large
amount of non-membrane protein,while a very high ratio may indicate the

loss of native membrane protein during the preparation (see Section 3.2,

page 119).

The phospholipid/protein ratios for sedimentable material in fractions

1 to 5are given in Table 3.4 and Fig. 3.21. Fractions 1 to 4 have ratios
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TABLE 3.4
The protein, phospholipid and cholesterol content of sedimentable
material in the five fractions of a concentrated microsomal suspension.

Sedimentable material from each fraction was obtained by diluting

20 m1 of fraction with 16 ml of 5 mM imidazole-HC1, pH 74 and centrifuging
for 6-3 x losg-min. The pellets obtained for each fraction were

carefully resuspended in 3 ml of 0-25 M sucrose, 5mM imidazole-HC1,

pH 7-4. : '

The data given here on the phospholipid to protein,cholesterol to
protein, and cholesterol to phospholipid ratios are presented in a
diagrammatic form in Fig. 3.21.

FRACTION

1 2 3 4 5
Protein mg/ml " ©1.933. 2-333  1-899 2-899 0-766

Phospholipid mg/ml 1-178 1-777  1-261 1-757 0-124

Phospholipid/protein ©0.609  0-762 0-664 0-606 0-162

ratio mg/mg

Cholesterol ng/ml . - 57.38 42 -62 31-15 106-56 8-20
Cholesterol/protein : . '_ . .
ratio ug/mg . ~ 29-68 18-27 16°40 36-76 10.70

Cholesterol/Phospholipid

ratio Wg/mg 48-71 23.98 24-70 60-65 »66'13

(moles cholesterol x 100)/

(moles cholesterol + 8-887  4.582° 4.714 10-830 11-688
moles phospholipid)
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Fig. 3.21. The phospholipid/protein (part A), cholesterol/protein
(part B), and cholesterol/phospholipid (part C) ratios
in. the concentrated microsomal fractions.
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in excess of 0°6. The highest ratio, which is one of 0.762, is found
in fraction 2, followed by fractions 3, 1 and 4 with ratios of 0:664, ~ °
0-609 and 0-606 respectively. The highest phospholipid/protein ratio

2

coincides with the peak of activities associated with Ca +-transport.

The phospholipid classes present in the 1lipid extracts of each fraction
were separated by one-dimensional thin layer chromatography using
chloroform-methanol-glacial acetic acid-water (100 : 20 : 12:5 : 5) as
the solvent system. The procedure used is described in Section 2.

In Fig. 3.22 photographs of thin layer plates showing fhe separated
phospholipid classes, stained with iodine, are shown. In plate A, the
phospholipid classes in the five fractions are separated, and in plate B,
the separation of standard phospholipids under the same conditions is
shown. The spot corresponding to phosphatidylcholine and phosphatidyl-
serine stains most intensely in each of the five fractions. Each fraction
also contains phosphatidylethanolamine, phosphatidylinositol and possibly
sphingomyelin. Neutral 1ipids moved with the solvent front in each

case and some iodine staining material remained at the origin.

A quantitative analysis of phospholipid in each of the classes was

carried out for fractions 2 and 3. The results are presented in Fig. 3.23.

Phosphatidylcholine constitutes 64-7% and 65-9% of the total phospholipid
in fractions 2 and 3 respectively, whereas phosphatidylethanolamine
accounts for approximately 13% of the total. The remainder of the

phospholipid is distributed amongst the other classes.

The cholesterol distribution shown in Table 3.4 is different from
that of phospholipid. A bimodal distribution was found with peaks in
fractions 1 and 4 and lower concentrations in fractions 2 and 3. The
cholesterol/protein ratio is lowest in fraction 3 with 16-4 ug per mg

protein. This value is 50-75% of the concentration generally found
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Fig. 3.22.

The separation of phospholipid classes in lipid extracts
of the concentrated microsomal fractions by thin layer
chromatography. The separations were carried out on thin
layer plates coated with silica gel G, using chloroform-
methanol-glacial acetic acid-water (100 : 20 : 12.5 : 5)
as the solvent system. The separated classes were

visualised by staining with iodine vapour.

Plate A. The phospholipid classes in the concentrated
microsomal fractions 1 to 5.

Plate B. The separation of phospholipid standards.

P1 = phosphatidylinositol

S = sphingomyelin

PC = phosphatidylcholine

PS = phosphatidylserine

PE = phosphatidylethanolamine

The origin or site of application is indicated by 0
and SF indicates the distance travelled by the solvent.
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FRACTION

Fig. 2.23. The distribution of phospholipid between the
phospholipid classes in fractions 2 and 3 of a
concentrated microsomal suspension.

O O ™ >

phosphatidyicholine
phosphatidylethanolamine
phosphatidylinositol + sphingomyelin

phosphate-containing material remaining at
the origin after thin layer chromatography.
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in skeletal mugcle microsomes prepared by differential pelleting
(Martonosi, 1972a; Drabikowski et al., 1966; Sarzala et al., 1975).
The cholesterol/phospholipid ratio has a similar distribution to the
cholesterol/protein ratio with the exception of fraction 5, which has

a high cholesterol/phospholipid ratio.

The molar cholesterol concentration is often expressed as a
percentage of the total molar concentration of cholesterol and
phospholipid. j The cholesterol concentrations of fractions 1 to 5,
expressed in this way, are given in Table 3.4. The values range from
8:9 moles? for fraction 1 through 4-7 moles % for fraction 3 to 10-8
moles % for fraction 4.; These values are in the lower half of the
range 5 - 16 moles % quoted by De Kruyff et al. (1974) for microsomes
and considerably less than the 50 moles % reported for erythrocytes and

myelin membranes (Van Deenen, 1965; Van Deenen & De Gier, 1974).

Because of the differences in the cholesterol/phospholipid ratios
for the five fractions and in an effort to determine if there was a
possible association between cholesterol and any of the ATPase activities,
cholesterol/enzyme ratios were calculateq for the ATPase activities in
each fraction. The results are plotted in Fig. 3.24. The cholesterol/
Ca2+-dependent ATPase ratio differs widely between the four fractions.
A very similar variation was obtained for the cholestero]/K*-stimulated
ATPase, and the cholesterol/32P-intermediate ratios. In contrast, the
cholesterol/basal ATPase ratio does not change very greatly between the

four fractions. - S e

These results show that cholesterol and basal ATPase-have similar

distribution patterns which differ from those of activities associated
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Fig. 3.24. The distribution of cholesterol/enzyme ratios in the
' 5 concentrated microsomal fractions, 1 - 4. The ratios
are expressed in the following units:

32
cholesterol/ P-labelled intermediate ug/nmole;

cho]estero]/Ca2+-dependent ATPase ug.minute/umole;
cholesterol/K+-stimulated ATPase ug.minute/umole;
cholesterol/basal ATPase ug.minute/umole.
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with Ca2+-transport.

R A

Membrane proteins in éach of the five fractions were solubilised
by treatment with sodium dodecyl sulphate (=SDS) and separated by
polyacrylamide gel electrophoresis in gels equilibrated with SDS.
The molecular weights of the protein components were determined by
coelectrophoresis of samples with proteins; whose molecular weight
in the presence of SDS is known ( Y -globulin, bovine serum albumin,

chymotrypsinogen and cytochromeC) (Weber & Osbormn 1969). . .

Material for e]ectropho}esis was prepared by centrifugation of each
fraction at 100 000 9av for 90 min after dilution with an equal volume
of 5 mM imidazole-HC1, pH 7-4. The pellets obtained were washed twice
by resuspension and sedimentation in 0:25 M sucrose, pH 7-4. After the
final washing, each pellet was solubilised by treatment with SDS as

described in Section 2.

Electrophbretic separations were initially carried out iﬁ 5-2%
polyacrylamide gel rods, containing 0-1% W/V SDS. After electrophoresis
and fixation, the gels were stained for protein and carbohydrate by
treatment with amido black and the periodic acid - Schiff reagent
respectively. The patterns obtained for fractions 1 to 4 are shown
diagrammatically in Fig. 3.25. While several bands appeared after

staining for protein, only one band stained for carbohydrate.

A stkong band, corresponding to a molecular weight of approximately
100 000 and marked with an asterisk in Fig. 3.25, was present in all four
fractions. In addition, a band of slightly lower molecular weight was

present in fraction 1 but not clearly discernable in the other fractions.
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Fig. 3.25.
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Diagrammatic representation of the amido black and periodic
acid-Schiff staining bands observed after‘the one-dimensional
electrophoretic separation of sedimentable material in the
concentrated microsomal fractions following solubilisation
with SDS. N |
Electrophoresis was carried out in 5-2% polyacrylamide gel
rods containing 0-1% W/V SDS.

'The bands represented as N\ stained with the periodic
acid-Schiff stain. The other bands appeared after staining

with amido black.

The protein band corresponding to a molecular weight of

100 000 is indicated by an asterisk.

—p indicates the distance travelled by the tracker dye.
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The lower molecular weight components differ in intensity between the
fractions and their contribution to the overall pattern appears to be
greater in fractions 1 and 4 than in fractions 2 and 3. There are

four lower molecular weight components in the molecular weight range
15000-80000 visible in fraction 1, three in fraction 2, four in fraction

3 and five in fraction 4. .

The periodic acid - Schiff staining band was present in each of
the fractions and had an electrophoretic mobility of 0°90 - 0-94. It
stained weakly for protein indicating that it may be either a glycoprotein

or proteolipid rather than a glycolipid.

The broadness of many of the protein bands indicated the possible
presence of a number of proteins of similar mobility. To investigate
this possibility, a more highly resolving electrophoretit technique
was used. ' o

The procedure chosen was a two-dimensional one, consisting of
electrophoresis in the first dimension in 5-2% polyacrylamide gels
followed by electrophoresis in a second dimension in gels consisting
of a 6 - 27% gel gradient. Electrophoresis in polyacrylamide gel gradients
has been successfully used in the separation of multicomponent mixtures
(Margolis, 1973; Margolis & Kenrick, 1969). The electrophoresis of
proteins, incompletely separated in the first dimension, in a second-

dimension gradient gel should enhance the resolution obtainable.

The first-dimension separation was carried out in 5-2% gel slabs at
75 V until the tracker dye reached the end of the gel. A number of

experiments were carried out to determine the optimum electrophoretic
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conditions for the second-dimension separation. It was found that
electrophoresis for 12 hours at 75 V gave the best separation without
the loss of low molecular weight proteins except the periodic acid -

Schiff staining band.

Molecular weights were determined by coelectrophoresis of molecular
weight markers with samples in 5-2% gels. A plot of relative mobility

versus molecular weight on a logarithmetic scale is shown in Fig. 3.26.

Photographs of the second-dimension protein patterhs for fractions
1 to 6 are shown in Fig. 3-27 A-C. In parts D to F of Fig. 3.27 densitometer
traces of the first-dimension separation are superimposed on drawings of
the second-dimension separation. The 100 000 component, already referred

to, is marked with an asterisk on the densitometer traces.

Densitometer traces of the first-dimension separations show a limited
number of peaks similar to those found for separations in 5-2% gel rods.
However in the second dimension these peaks are resolved intb as many'
as 2-5 protein components. The separations, which were run in triplicate,

were readily reproducible.

The molecular weight ranges corresponding to the protein peaks on
the densitometer traces of the first-dimension separation are given in
Table 3.5. In fraction 1 the protein bands corresponding to the molecular
weight ranges 70 000 - 90 000 and 25 000 - 30 000 are the principal
components. These are closely followed by the 100 000 - 120 000 molecular
weight band. In fractions 2 = 4 the 100 000 - 120 000 band is the
predominant band and is present in greatest concentration in fraction 3.

The pattern is changed in fractions 5 and 6, where the 25 000 - 30 000
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Fig. 3.26. Semilogarithmetic plot of molecular weight versus

mobility relative to the tracker dye for the following
proteins:

A bovine serum albumin;

B chymotrypsinogen;

C cytochrome C.

The proteins were treated as described in Section 2
and electrophoresis was carried out at 75 V in 5-2%

W/V polyacrylamide gel slabs in the presence of 0-1%
W/V SDS.
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Fig. 3.27.

(overleaf) Two-dimensional SDS-polyacrylamide gel
electrophoresis of membrane proteins in the concentrated
microsomal fractions, 1 - 6.

In parts A - C photographs of the second-dimension gradient
gels after staining for protein are shown as follows:

part A fractions 1 and 2;

part B fractions 3 and 4;

part C fractions 5 and 6.

In parts D - F the densitometer tracings of the first-

dimension separations are superimposed on drawings of the
corresponding second-dimension separation.

Electrophoresis was towards the anode in both dimensions.
In the illustrations this corresponds to electrophoresis
from left to right in the first dimension and from top
to bottom in the second dimension.
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Fraction 1

Fraction 2
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Fraction 3

Fraction 4

Fig. 3.27 (B)
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Fraction 5

Fraction 6

Fig. 3.27 (C)
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Fig. 3.27 (D)
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Fig. 3.27 (E)
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Fig. 3.27 (F)
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TABLE 3.5

Molecular weight ranges of protein peaks seen on the densitometer
traces of the first dimension separations of fraction 1 - 6.

Values in brackets refer to shoulders as distinct from peaks. >120
is used as a symbol to indicate the presence of one or more bands
corresponding to molecular weights in excess of 120 000. In each
separation the band/bands having the greatest intensity are labelled
with an asterisk*,

Molecular weights are expressed in thousands.

Vo

" FRACTTION

1 2 3 4 5 6
< >120 - >120 - >120 - >120 - >120 . >120
100 - 120 100 - 120% 100 - 120* 100 - 120* 100 - 120
75 - 100
70 - 90* 70 - 90 70 - 90 70 - 90 70 - 90
| : 65 - 70 |
55 - 70 ' 55 - 70 55 -70 55 - 75
' ‘ 55 - 65
0 - 70 - - o - (50 ~- 55)
45 - 55 45 - 55 45 - 55
40 - 55 40 - 50
. (40 - 45) (40 - 45) (40 - 45)
(30 -40) ' (30 -40) 30 - 40 30 -40 35 - 40
25 - 40 . . .
25 -3~  25-30 25-30  25-30% 25 - 35*%
(20 - 25) (20 - 25) (20 - 25) 20 - 25
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band is the principal one.

In Table 3.6 the number of protein components detected in selected
ho]écu]ar weight ranges after the second-dimension separation are given.
In the 100 000 - 120 000 range only one component was seen in fractions
1 -5, and two in fraction 6. Differences in the number of components
present in the six fractiohs are greatest in the 25 000 - 39 000 and

40 000 - 54 000 molecular weight ranges.

The dense bands in the 70 000 - 90 000 and 25 000 - 30 000 molecular
weight ranges seen in fraction 1, are considerably weaker in fraction 2.
In both fractions 2 and 3, the 100 000 - 120 000 molecular weight band
constitutes the bulk of the protein. The minor bands in both of these
fractions are resolved into a number of components in the second
dimension. In the case of bands in the intermediate molecular weight
range, spots of 45000 - 50 000 and 60 000 - 65 000 molecular weight

contribute most to the intensity of the bands.

These results show that there are differences in the protein
composition of membranes fn fractions 1 - 6 as would be expected from
the findings already given for the enzyme and cholesterol content of these

fractions.

The non-sedimentable protein material in the fractions was briefly
examined. The protein patterns obtained after SDS-polyacrylamide gel

electrophoresis in 5-2% gel rods are shown diagrammatically in Fig. 3.28.

The separation for fraction 1 shows a considerable number of proteins

covering the molecular weight range 10 000 - 200 000. Since approximately

~ 157 -



——

o TABLE 3.6
The number of protein components in selected molecular weight
ranges seen after the two-dimensional electrophoretic separation
of membrane proteins in fractions 1 - 6 .

Molecular FRACTION

weight_gange

(x107) 1 2 3 4 5 6
120 - 7 3 7 12 a6+
100 - 120 1 1 1 1 2
70 - 99 3 2 3 33 3
55 - 69 ¢ 3 2z 3 3
40 - 54 3 3 8 8 6 4
25-3 . .- 8 6 10 9 0 4
20-25 - - 2 2 1 1
TOTAL: .. 26 18 33 37 28+ 23+
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Diagrammatic representation of the protein patterns
obtained after the electrophoretic analysis of non-
sedimentable protein in fractions 1-4.

Protein remaining in the supernatant after centrifugation
of each fraction at 100 000 9av for 90 min was concentrated
by freeze-drying and solubilised as described in Section 2.
Electrophoresis was carried out in 5-2% polyacrylamide

gel rods at 5 mA/gel for 4 hours. Migration was towards
the anode.

—p-indicates the distance travelled by the tracker dye.

The following symbols were used to indicate the intensity of

staining:
Bl strong;
NN medium;
eeee weak;
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80% of the total protein in fraction 1 is non-sedimentable and originates
from the diffusion of the soluble protein‘from the zonal supernatant into
the fraction, such a complex pattern is to be expected. Between fractions
1 and 4 the intensity and diversity of the protein bands decrease. In
fraction 4 only five bands were observed, allef which had a molecular

weight between 100 000 - 200 000.
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3.4. The preparation and characterisation of calcium oxalate
loaded vesicles.

The characterisation of the concentrated microsomal fractions has
shown that, while cholesterol is present in all of the fractions, its
distribution is not uniform. A bimodal distribution was found with
peaks in fractions 1 and 4. A consideration of the results led to
the conclusion that cholesterol might not be a constituent of Ca2+-
accumulating vesicles. In addition, cholesterol and basal ATPase had

similar distribution patterns.

In order to characterise the regions of the sacoplasmic reticulum

2+ 2+_ - -

transporting Ca®" and to measure their cholesterol content, Ca

accumulating vesicles were isolated by a density perturbation procedure.

2+

Ca~ "-transport by muscle microsomes is increased several fold in the

presence of Ca2+

-precipitating anions such as oxalate, pyrophosphate or
fluoride. The mechanism of this stimulation is known. In the case of
the most commonly used anion - oxalate, which freely penetrates the
microsomal membrane, the stimulation is due to the precipitation of
transported Ca2+,as calcium oxalate,within the sealed vesicles. Since
calcium oxalate has a density of 2-2, its deposition within vesicles
will increase their density. By exploiting this increase in density,
calcium oxalate loaded vesicles can be separated by density gradient

centrifugation. This forms the basis of the density perturbation

procedure used.

For the initial experiments in this series, 20 ml of the peak Ca2+-

uptake fraction, i.e. fraction 3, were diluted with 10 ml of 5 mM
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imidazole-HC1, pH 7-4 and centrifuged at 100 000 gav_for 60 min. The
pellets obtained were resuspended in 4 ml of 0-25 M suycrose, 5 mM
imidazole-HC1, pH 7-4 and added to 50 ml of calcium oxalate loading
medium consisting of: '

5 mM ATP-imidazole, pH 7-4;

5 mM Mg C]z;

100 mM KC1;

3 mM Ca*-EGTA-imidazole, pH 7-0;
5 mM oxalate-imidazole, pH 7-0; and
5 mM imidazole-HC1 pH 7-0.

The mixture was incubated at 25° for 30 min. During the incubation there
was a considerable increase in the turbidity of the medium. After
incubation the medium was centrifuged at 100 000 9av for 60 min and

the resulting pellets were very carefully resuspended in 8 ml of 0-25 M
sucrose, pH 7-4 using a tightly fitting, hand-operated Potter-Elvejhem

homogeniser.

| 2 ml of the suspension were layered on a 15 ml exponéntia] sucrose
density gradient in a 23 ml centrifuge tube (MSE 59209). The gradient
consisted of sucrose buffered at pH 7-4 and ranged in density (4°) from
1-089 to 1.226. 3 ml of 2-0 M sucrose (density 4° = 1-255) was used
as a cushion. The tube contents were centrifuged at 30 000 rev/min for

3 ‘hours in an MSE 3 x 25 ml swing-out rotor, (MSE No. 59590).

. The tube contents, as seen after centrifugation, are shown
diagrammatically in Fig. 3.29. The sample which had been incubated with
the calcium oxalate loading medium separated into a single,broad band
in the gradient and a pellet at the bottom of the tube. In the control

separation, using material from fraction 3, which had not been incubated
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Fig. 3.29. The preparation of calcium oxalate loaded vesicles
by density gradient centrifugation.

Diagrammatic representation of the density gradient
after centrifugation at 30 000 rev/min for 3 hours.
A single,diffuse protein band was observed in the

gradient and a pellet containing calcium oxalate
loaded vesicles was found at the bottom of the tube.
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in the calcium oxalate loading medium, all of the applied sample banded

in the gradient.

Determination of the protein content of the gradient and pellet

~ was not possible because of the interference .of calcium oxalate in the

assay for protein by the method of Lowry et al (1951) and the biuret

method of Gornall et al. (i949). Phospholipid was measured instead.

30% of the phospholipid and 15% of the cholesterol applied to the
gradient was recovered in the pellet. The remainder banded in the
gradient. This was interpreted as a further indication that cholesterol

might not be a component of Ca<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>