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SECTION

1

I NT ROD UC T ION
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1•1

·GENERAL

INTR,ODUCTION

The observations of Hooke (1665), Sch1eiden & Schwann (1839)
and Virchow (1855) led to the identification of the cell as the basic
structural unit of living material.

In the intervening years, it has

been firmly established that the. chemical processes which underlie' .
the proper functioning, development 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 Pa1ade, 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 thirty years ago,C1aude, Palade, Schneider, Hogeboom, 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 8ubcellular 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 Duve,
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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 •

.

!
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l.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

~he

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 1n 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 i,mportant 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 intermediatetype muscle which contains both red and white cells.

- 4-

White muscle cells have a low content of mitochondria and,
consequent1y,a predominantly anaerobic metabolism (Needham, 1973).
They are capable of short, 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 pm
in diameter and from 20 pm to several cm in length.
of three main types of structural components:

Each is composed

the internal and

external 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 p1asmamembrane proper;
o
.
it is coated with a 100A 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.
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Fig. 1.1.

Diagrammatic representation of the s eletal muscle cell
(courtesy of Oxford University Press).
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The contractile elements occupy most of the cell volume (FranziniArmstrong, 1973). They are arranged in columns, known as myofibri1s,
which are in alignment with the long axis of the cell. The myofibri1s
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 microscope (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
~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 filaments.

In the cell, the myofibri1s 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,consequent1y t may be expected to have
important surface-associated functions.
The sarcoplasmic reticulum can be divided into three distinct
regions on the basis of obvious morphological differences which repeat
in harmony with the striations in the myofibri1s (Porter & Pa1ade,
1957; Peachey, 1965; Franzini-Armstron, 1973).1.At the level of
the A - I junction in frog muscle (Fig. 1.1), the reticulum forms
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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 aT-system
tubule is termed a triad and is the site where excitation is coupled
to contraction.

On either

~ide

9f the triad,the morphology of the

reticulum undergoes a dramatic change.a.At about the level of the
A - I junction, parallel longitudinal tubules form a palisade around
the

myofibri1.~.At

the centre of the A band the

longit~dinal

tubules

reform into a cisternum which is characterised 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 (AnderssonCedergren, 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

ce~l

along a

winding course between the myofibri1s, 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). These depend on the cell size, however in
a 100 pm 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.
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The final group of structural components in muscle include
nuclei, mitochondria, 1ysosomes, 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 the direction of the long
axis of the cell (Gould, 1973. Franzini-Armstrong, 1973).
Mitochondria are found beneath the sarcolemma and interspersed
between the myofibri1s (Andersson-Cedergren, 1959;

Ei~enbeg

et a1.,

1974; Bullock et a1., 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).
Ribosomes are found free in muscle cells and are not attached to
membranes as in liver.

(c) The excitation-contraction-re1axation cycle of muscle
An indication that Ca 2+ ions were involved in contraction came from
the work of Ringer in 1883 on frog cardiac muscle. Howeve~ it was not
until 1947 (Heilbrunn &Wiercinski) that Ca 2+ ions were shown to be
important in the contractile activity of skeletal muscle. Subsequent
research has established that Ca 2+ ions activate the contractile
mechanism in all types of muscle.
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In resting muscle,Ca 2+ ions are stored in the sarcoplasmic
reticulum (Winegrad, 1968). Oepolarisation of the sarcolemma results
in the release of stored Ca 2+ from the sarcoplasmic reticulum into
the neighbourhood of the myofibrils. Contraction occurs when the
released Ca 2+ 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 Ca 2+ ions in
the sarcoplasm is reduced to less than 10- 7 H, through .the uptake of
Ca 2+ ions by regions of the sarcoplasmic reticulum.
The principal events in the excitation-contraction-re1axation
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
to contraction by the release of Ca 2+ ions from the terminal cisternae.
The mechanism by which excitation-contraction coupling occurs and Ca 2+
1s released is not yet understood, although it is under intensive

investigation in several laboratories. Relaxation occurs when the .
released Ca 2+ is bound by the longitudinal tubules of the sarcoplasmic
reticulum. The bound Ca 2+ is transported into the reticulum and
subsequently stored in the tenminal cistenae. The sarcoplasmic reticulum
may be divide~therefore,into Ca 2+-transporting and Ca 2+-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 gel
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 presence was quickly confirmed by Bendall

(1952,1953) and Hasselbach &Weber (1953).

Later Kumagai et a1.

(1955) found that the relaxing factor could be precipitated by
ammonium acetate and had a lipoprotein composition and'Mg 2+-activated
ATPase* activity.

..

After Portzeh1's demonstration (1957) that the relaxing factor
was contained in the particulate fraction of a muscle extract, Ebashi
(1958), Bendall (1958), Nagai et a1. (1960), Muscate110 et a1. (1961)
and Ebashi & Lipmann (1962) showed that it sedimented between 8000g
and 30 OOOg and consisted of membrane-bound vesicles. At about this
time Porter &Pa1ade (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 Pa1ade &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

*Adenosinetriphosphatase
- 11 •

centrifugation at gravitational forces greater than 10 OOOg.

This

fraction is known as the microsomal fraction (de Duve. 1964, 1967,
1971; Reid. 1967; Da11ner & Ernster, 1968).

It is important to

bear in mind that microsomes are artifacts of homogenisation. They
are derived from subcellular entities during the rupturing of the
tissue and do not constitute subcellular structures in their own
right.
The relaxing factor, as originally isolated by

va~ious

workers,

corresponds to the microsomal fraction (Muscate110 et a1., 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 Ca 2+. Shortly afterwards.Ebashi (1960, 1961) showed that
not only was this the case, but that the binding occurred in the
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presence of ATP. Hasselbach &Mltinose (1961) attributed the binding
of Ca 2+ to its removal from the medium by an ATP-dependent transport
system.

When vesicles accumulating Ca 2+ in the presence of oxalate

were examined in the electron microscope, calcium oxalate deposits
were seen in up to 20% of the vesicles (Hasselbach &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 Ca 2+ ions from the medium by an ATPdependent Ca 2+-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
1s reintroduced during fractionation when subcellular components are
separated into groups on the basis of their physical and/or chemical
and/or enzymic properties. Fina11y,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 stages.

In this way. information on the intracellular

localisation of chemical and enzymic constituents may be obtained.
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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 subGe11u1ar 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 & Rye1.

1971~.

free flow electrophoresis .(Hannig &

Heidrich, 1974); countercurrent distribution (A1bertsson, 1971)
and immunological techniques (Luzio et a1 .• 1974).
Separation by centrifugation was chosen for the research described
in this thesis.

This decision was largely influenced by the successful

separations obtained by others (for example in:Reid. 1971, 1973. 1974;
Amar-Costesec et a1 •• 1974a; Beaufay et a1., 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 (~~) of an ideal particle in a centrifugal
field is described by the equation
dr
.. dt •
where

a

=

~

a2 (Dp - Om) w2r
18'1

particle diameter (em),
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r
t
w
~

Op
Om

=
=
=
=
=
=

distance from centre of rotation (em).
time (sec).
angular velocity (radians/sec).
viscosity (poises).
particle density (g/cm 3).
density of medium (g/cm 3).

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 tenmed 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 either in a homogereousmedium by differential
pe11eting or in a density gradient by differential banding;

(ii)

isopycnic banding in a density gradient;

(iii) combined rate-isopycnic separations.
Subcellular components are not ideal particles since they do not
fully satisfy the necessary requirements of being spherical. rigid,
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uncharged,unhydrated and osmotitJlly inactive.

However,their

sedimentation is broadly similar to that expected for an ideal
particle.
i

{

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

homogen~

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 anomalous
sedimentation.

Density Gradient Centrifugation
Many of the problems associated with differential pe1leting are
considerably reduced by centrifugation in density gradients.
Density gradient separations can be carried out in either swingout or zonal rotors.
rotors.

The latter have several advantages over swing-out

The sector-shaped compartments ina zonal rotor overcome the
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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
21 (1966).

Cance~ Institute~

<.

Monograph

The methodology involved in zonal-rotor separations has

been reviewed by Cline &Rye1 (1971) and many theoretical and practical
aspects are dealt with in MethodoLogicaL DeveLopments in BiochemistpY
(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

stud~

since it permitted the desired type of separation without seriously
affecting the properties of the components being separated.

Density Perturbation Techniques
The sedimentation behaviour 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 1n 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.
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This type of

approach has been tenmed density peptupbation by Wallach &Winz1er
(1974).
Several examples of density perturbation may be cited:
(i)

the use of triton WR-1339 in the separa'tion of rat liver 1ysosomes
(Leighton et a1 .• 1968);

(ii)

the deposition of insoluble formazan derivatives in mitochondria
during succinate oxidation (Davis & Bloom, 1973);
(iii) the calcium oxalate loading of vesicles accumulating Ca 2+ ions
(Graeser et a1 •• 1969a);
(iv)

the deposition of lead phosphate at sites of phosphatase
activity (Leskes et a1 •• 1971b);

(v)

the binding of concanavalin A coupled to a high density phage
(p=1.495) to receptor sites on lymphocyte membranes (Wallach
et a1 •• 1972);

(vi)

the binding of digitonin to cholesterol-containing membranes
(Thines-Sempoux et a1., 1969; Amar-Costesec et a1., 1974b).
Density perturbation is a promising approach and has considerable

scope for development.
not seem entirely

The tenm density perturbation, however. does

~ppropriate.

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 a1 .• 1974a).
'.

r.
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Physical Analyses
Fractionation by density gradient centrifugation enables particle
densities and S20.W values to be determined where appropriate.
Morphological characterisation is of limited value, unless the
preparations retain characteristic structural features during the
homogenisation process (examples:

intact mitochondria, myofibrils).

Generally, different types of microsomes cannot be readily
distinguished from one another by morphological examination, although
there are exceptions: vesicles accumulating Ca 2+ can.be identified
by

~he

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

li~er

microsomes (Baudhain et a1 .• 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 dodecy1 sulphate and separated
by electrophoresis in polyacrylamide gels.
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While all membranes contain phospholipids, differences in the
fatty acid moieties may be informative.
also differ in their cholesterol content.

Subcellular fractions may
Emme10t & Bos (1962) have

found that liver p1asmamembrane is particularly rich in cholesterol.
Subcellular fractions may also be assayed for ribonucleic acid
(e.g. Beaufay et a1., 1974a)and sialic acid (e.g. Morre et a1., 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 a1., 1974b).
De Duve (1967) has laid down two criteria for the selection
of marker enzymes:
(1)

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

(ii)

relative to their mass, the activity 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 throughout 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 invo1ving.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 1 -nucleotidase (S'-ribonuc1eotide phosphoydro1ase)

Henderson & Patterson (1973) report that there appear to be two
general types of SI-nuc1eotidases: one with an alkaline pH optimum
which hydrolyses AMP most rapidly and one with an acid pH optimum
which dephosphory1ates 1MP, XMP and GMP preferentially;
contains both types.

rat liver

Headon (1975) has found that the acid form

. predominates in muscle and postulates that this is due to the large
•

amount of 1MP produced from AMP after exercise by the action of AMP
deaminase (AMP aminohydrolase) and to the lowering of the pH by
lactate production. This would account for the virtual absence
of 5 1 -nucleotidase activity in muscle fractions assayed at pH 7·4,
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.

ca2+-transporting.reg~~ns of the sarcoplasmic reticulum
Membrane fragments originating from the Ca 2+-transporting
regions of the sarcoplasmic reticulum can be identified by their
ability to transport Ca 2+ in the presence of ATP. When these membranes
are in the fonm of sealed vesicles with the proper orientation. the
transported Ca 2+ is stored in the vesicle. Ca 2+-transport is accompanied
by the Ca 2+-dependent hydrolysis of ATP and the formation of a
phosphoprotein intermediate (recently reviewed by Martonosi. 1972a.
1972b).
K+ ions are required for maximum activity of Ca 2+-transport and
Ca 2+ -dependent ATPase (Duggan. 1967. 1968a. 1971. 1974) •. The
stimulation of the Ca 2+-dependent ATPase activity by K+ ions has been
termed the K+-stimulated ATPase activity.
The Ca 2+-dependent ATPase has been referred to as the extra ATPase
by some workers (e.g. Hasselbach &Makinose, 1963).
Lysosomes
Acid phosphatase and P-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 Ca 2+-independent ATPase
which is also known as basal ATPase (Weber et a1 .• 1966; Duggan. 1968b.
1971). This enzyme is active in the absence of Ca 2+. and is therefore
assayed for in the presence of the Ca 2+ 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 hormones 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 lumen.

In the case of liver microsomes, the proteins enclosed

in the vesicle are largely the secretory products of the rough endoplasmic 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
solubi1ised 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 che1ators 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
membrane.

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 phospho1ipases (e.g. Martonosi,
1972a, 1972b). When membrane structure is destroyed by treatment with
sodium dodecy1 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 &
Winz1er (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 solubi1ised proteins.

*EDTA = ethylenediamine tetraacetic acid.
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The principal agents which have been used to solubilise
membrane proteins are:
urea);

(1) chaotrophic agents (guanidine hydrochloride,

(2) organic solvents (butanol, phenol);

(3) non-ionic

detergents (triton X-100, lubrol PX), and anionic detergents (sodium
cholate, sodium deoxycholate, sodium dodecyl 'su1phate*, and sodium
N-1auryl sarcosinate).

Of all these agents, sodium dodecyl sulphate

is the most effective.

It dissolves membrane proteins and lipids

into soluble dodecy1 sulphate complexes.
Proteins differ in their affinity for 50S, depending on their
charge and the ionic strength of the solubilising medium, however,
the average binding ratio is thought to be 1·4 g 50S per gram of
protein at an ionic strength of 0·1.

Glycoproteins bind considerably

less detergent than protein alone.
The charges contributed by the bound 50S considerably outweigh
those on the protein, hence charge differences between membrane
proteins are abolished on solubilisation with 50S.
50S-protein complexes can be readily separated on the basis
size by electrophoresis in polyacrylamide gels equilibrated with 50S.
The molecular weights of proteins, separated in this way, can also
be estimated (Weber &Osborn, 1969).
50S-polyacrylamide gel

e1ectrophone~shas

become such a powerful

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

*sodium dodecyl sulphate is generally abbreviated to 50S.
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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 acidwater-urea system of Takayama et a1., (1966). 8M urea has also been
used to solubi1ise membrane proteins for isoe1ectric 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 SOS-e1ectrophoresis 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 proteinlipid 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; Oldfield &Chapman, ,1972).

Papahadjopou10s

et a1.,(1973) have postulated that the high cholesterol content
found in p1asmamembrane 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
Go1gi membranes, intracellular membrane systems generally have a
considerably lower content of cholesterol than p1asmamembrane.

Indeed

1n the case of liver, the endoplasmic reticulum has been shown to
contain little or no cholesterol (Amar-Costesec et al •• 1974b).
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The studies described in this thesis are concerned with many
aspects of subcellular methodology and may be divided into a number
of sections:
(i)

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

(ii) 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 Ca 2+-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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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 disloca·tion.

White skeletal muscle

was quickly excised from the hind legs, trimmed of fat and connective
tissue, and washed in ice-cold 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 homogenate was formed by homogenising 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 placed 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 Sorval1 RC2 - B
(Ivan Sorva11 Inc., USA) and the M.S.E. High Speed 18 (M.S.E. Ltd., Sussex,
England) centrifuges.

2.2
(a)

DENSITY GRADIENT CENTRIFUGATION

Preparation of solutions used in fractionation
1

10 litre stock solutions of 2·0 Msucrose were prepared from AnalaR
grade sucrose (BDH Ltd., Poole, England) and stored at ~. Other sucrose
solutions required for fractionation were freshly prepared by dilution of
- 31 -

the stock solution.

Sucrose concentrations were determined by refractive

index measurements using an Abbe '60' Refractometer (Bellingham &Stanley
Ltd. t 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 index 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 m1 swinging bucket rotor

(all manufactured by MSE Ltd. t ) were used for density gradient centrifugation.
The HS zonal rotor is constructed from high tensile aluminium and transparent
~pex

and has a nominal capacity of 695 ml.

It is a low speed rotor t

having a maximum operating speed of 10000 rev/min (8400g at r av • 7.58 cm)t
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 m1 and a maximum operating speed of 30000 rev/min
(58000g at r av = 4·51 cm) in the MSE Superspeed 40 Centrifuge. This
type of rotor has been described by Anderson et a1. (1967). Technical
data is given in the manufacturer's bulletin (MSE Technical Publication
No. 49).' The 3 x 25 m1 swing-out rotor (MSE Rotor No. 59590) was operated
at its maximum speed of 30000 rev/min (95000g at r av
MSE Superspeed 40 Centrifuge.
.

"
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= 9·38

cm) in the

(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 (Si1ktube;

J. G. Franklin &Sons Ltd., High Wycombe, England.) 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 icewater bath.

Immediately before entering the rotor the temperature of

the gradient was monitored using a themocoup1e (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 ml/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 Msucrose 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 m1/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 40 .
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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 Msucrose 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 (G1aumann &Da11ner,
1970).
For much of the work described in this thesis microsomal suspensions
were prepared 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). 450 m1 of the 5·76 x 105 g-min
supernatant in 0·67 Msucrose, were pumped to the edge wall of a BXIV
rotor rotating at 3000 rev/min. ' This was followed by 100 m1 of 1·0 M
sucrose - 5 mM imidazo1e-HC1, pH 7-4 and 2·0 Msucrose-5 mM imidazoleHC1, 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 Msucrose
to the edge and displacing the contents through the centre line.
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Fig. 2.2.

The sample preparation procedure for obtaining
a concentrated microsomal suspension

HOMOGENATE
25% W/V in 1·0 Msucrose, pH 7·4
7000 rev/min for 10 min
inSorva11 GSA rotor
(6·54 x 104 g-min at r av • 11·94 em)
PELLET

SUPERNATANT
filtered through two layers of cheese cloth
and diluted with 0·5 of its volume of
5 mM imidazo1e-He1, pH 7·4
12 000 rev/min for 30 min
in Sorval1 GSA rotor
(5·76 x 105 g-min at r av = 11·94 cm)

PELLET

SUPERNATANT

,-

filtered through two layers of cheese cloth

I

450 ml 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 m1 in
25 m1 fractions.

The microsomal suspension was collected in four

fractions over a short gradient corresponding to the original

band

of 1·0 Msucrose.

(e) Density gradient centrifugation 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 po1ycarbonate tubes (M.S.E. No.
59209) as described later in this Section.

1

or 2 m1 of sample, as

required, were layered on each gradient.

The tubes were centrifuged

in the M.S.E. 3 x 25 m1 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.
tight seal on the tube.
the needle.

The unloading cap formed a 1iquid-

Displacing solution was slowly pumped through

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 E1ectronic's, Vil1iers...1e-Bel. France).

Fractions were

stored at 40 •

(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 reproduce a range of gradient shapes
which can be predicted mathematically.
The exponential gradient maker of Birnie & Harvey "(1968) produces
exponential gradients whose shape is determined 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(V)

= M(M)

+

~(R) - M(~~ 1 -

e(-VIV(Ml2]

where
M(V)

=

molarity at volume V;

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.
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Complex gradient formation requires that V(M)' M(M) and M(R) can
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 is 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.
for clamping flow lines.

Artery clamps have been found particularly suitable
T-junctions and three-way stopcocks (Pharmasea1

Laboratories, California, USA) are useful accessories.

The Hi10flow

peristaltic pump gives a satisfactory performance, enabling the pumping
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2.3.

Diagrammatic representation of modified exponential gradient maker.

rate to be varied during gradient loading.

Line

0

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

bUbb~e

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.
solution.

Lines

b~ o~

The mixing vessel is loaded with its

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 line b.

To reduce the mixing vessel volume, the lines to the

reservoirs are clamped, lines

0

and g unclamped and line

f

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
clamped and line b unclamped.

g

is

When the required volume of liquid has

been run in from reservoir B, gradient formation is recommended by clamp;i1g
lines band

0

,

unclamping lines f and

a~

and operating the pump.

procedures can be repeated as often as needed.

These

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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Fig. 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 ml and was collected
in 20 ml 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 m1
and was collected in 20 m1 fractions.

TABLE

2.1

Procedures for the formation of the gradient profiles shown in
Fig. 2.4. Volumes are expressed in m1.
Gradient Profile 1

Volume (ml) Sucrose Molarity

Initial content of mixing vessel
Additions from reservoirs

(i)
(i i)

Volume of gradient

150

0·25
1.00
2·00

150

0·25
2·00
1·50
2·00

170
230
400

Gradient Profile 2
Initial content of mixing vessel
Additions from reservoirs

(iii)

50
90
90

(i v)

170

(i)

(ii)
Mixing vessel solution reduced by
Addition from reservoir

50 .

Volume of gradient

400

,

2·00

Gradient Profile 3
Initial content of mixing vessel
Addition from reservoir
Addition to mixing vessel
Addition "from reservoir
Mixing vessel solution reduced by
Addition from reservoir
,

i'

100
(i)

50
200

(ii)

200

(iii)

150

0-25
2·00
1-00
2-00

200

Volume of gradient

2·00

400

Gradient Profile 4
Initial content of mixing vessel·
Addition from res~rvoir
Mixing vessel solution replaced by
Addition from reservoir
Volume of gradient

250
(i)

200
400

(i i)

200
400
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0-25
2·00
1·50
2·00

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 one to the other is
regulated by a stop-cock.
vessel.

These chambers act as reservoir and mixing

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 t 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

where
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)

=

initial 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.
by sealing the"mixing vessel with a rubber stopper.

This can be done
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 m1 gradients of either type were formed at the rate of 1-2 m1/min
using the Gilson Minipu1s II pump.

The gradient was displaced upwards

by sufficient 2·0 Msucrose to fill the hemispherical region of the tube.
Gradients were formed at room temperature and subsequently cooled to 40 .

(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.
are given in the appendix also.
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Samples of the output

(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 m1 of
overlay. sample and fractions, the number of fractions collected after
the sample, the temperature of centrifugation in

°c

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 + (O-0175)(V) + (-0-0000087)(V)2

BXIV

R = 2-262 + (O-OlOO)(V) + (-0-0000049)(V)2

AXIl

R = 5-121 + (0-0142)(V) + (-O-0000035)(V)2

BXV

R = 2-190 + (O-0076)(V) + (-O-0000028)(V)2

R = radius (cm)
V • volume (m1)

- 49 -

Fig. 2.6. (A - D on the following four pages). Radius to volume
relationships for a number of zonal rotors. Equations t
computed to best fit volume and radius data for the HS
(A)t BXIV (B)t AXil {C)t 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 and adenosine

triphosphatase{ATPase) activities were measured by a4tomated and semiautomated procedures respectively, using the Technicon Auto Analyzer
(Technicon Instruments Corporation, New York, USA.).
consisted of the following modules:

The system used

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
Leighton et al. (1968).

This method is adapted from the manual procedure

of Lowryet al. (1951).

The manifold used is illustrated in Fig. 2.7.

Samples for analysis were suitably diluted with distilled water.
serum albumin fraction V at a concentration of 100
used as a standard.

~g/ml

Bovine

was routinely

Fig. 2.8 shows a plot of extinction (E) at 750 nm

versus protein concentration over the range 0 to 200

~g/m1.

Sucrose interferes in the assay of protein by the Lowry procedure
(Hinton et al., 1969; Hinton &Norris, 1972; Hartman et a1., 1974).
- 55 -

Fig. 2.7.

(Overleaf) AutoAna1yser manifold ~or the automated
estimation of protein based on that of leighton et a1.
(1968). "\
01,02:

glass. fittings as in Technicon catalogue.

105-83, 105-88, 105-89:

heating bath at 37 0 ,80 ft coil, 1·6 mm internal diameter.

HB:
S:

refer to Technicon mixing coils.

spectrophotometer, wavelength

=

750 nm.

The reagents used had the following composition:
NaOH,

l·ON;

Copper-tartrate, 0·73 mM CUS04 and 26 roM sodium-potassium
tartrate;

Fo1in, freshly prepared 12·5 fold aqueous dilution of Fo1in
&Cioca1teu's Phenol reagent (BOH ltd.);
Standard Technicon pump tubing with the indicated flow
rates was used.
Sampling rate:
Sampler wash:

30 samples/hour.

1% W/V NaC1.
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ml/min
.32

105-89

-//////

SAMPLE

02

0.32

NaOH

01

0.42

AIR
COPPER TARTRATE

105-83

01

r--//////

U'1

.......

105-83

W///-

105-88

.yoL
'/

r

01

,

I

WASTE

Fig. 2.7. legend on previous

r;".,."

02

~

pa~e.

I

•

I

I

0.42

Na2 C03

2.00

FOllN

ft.

42

2.00I

SAMPLE WASH

WASTE

PROTEIN· CONCENTRATION

Fig. 2.8.

~g/ml

Plot of extinction at 750 nm against protein concentration
obtained using the automated procedure of Leighton et a1.
(1968).

..'.

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.
sucrose batches.

This may vary between

(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
This has been described in detail by Hinton &Norris

AutoAnalyzer.
(1972).

Beaufay et a1. (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 1000 in IN NaOH
containing 2% W/V Na 2e0 3 prior to analysis.
(b) Analyses for phospholipid and cholesterol
Extraction.

Samples for lipid analysis were extracted with ch10roform-

methanol 2 : 1 (V/V) according to the procedure of Folchet al. (1957) with
the following modifications.

Phase mixing and extraction were carried

out by homogenisation for 30 sec using the U1tra-Turrax homogeniser
- 59 -

Fig. 2.9.

(Overleaf) Manifold for the automated estimation of
protein based on that of Beaufay et a1. (1974a)~AI, CI, 01, GI: .glass fittings as in Technicon catalogue.
105-86, 105-88:

refer to Technicon mixing coils.

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

J

HB:

heating bath at 37 0 ; 40 ft coil, 1·6 mm internal
diameter,on each passage through the bath.

S:

spectrophotometer, wavelength

=

660 nm.

The reagents used had the following composition:
Copper-tartrate, 1·6 mM CUS04 and 2·83 mM sodium-potassium
tartrate; Na 2C0 3 - NaOH, 755 mM Na 2C0 3 and 340 mM NaOH;
NaOOC, 2% W/V in water;
Fo1in, freshly prepared eight fold aqueous dilution of
Fo1in &Cioca1teu's Phenol reagent (BOH Ltd.);
Sampler wash, water.
Standard Technicon pump tubing with the indicated flow
rates was used.

,

Sampling rate:

20 samples/hour.
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ml/min
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Fig. 2.10. The effects of sucrose on the estimation of protein
by the automated procedure of Beaufay et a1 (1974).

Extinction at 660 nm due to sucrose alone plotted
against sucrose concentration ~ •

produced by bovine serum albumin
in the presence of increasing sucrose concentration
expressed as a percentage of that in the absence
of sucrose.
~Co10ur
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TABLE

2.3.

Effects of sucrose on the determination of protein by the
method of Beaufay et a1. (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
Mo 1ari ty range

Extinction of protein as %
of that in the absence of sucrose

o

to 0·149

[100 - 102·25 (molarity)]

0·150 to 0·500

[87.5 - 42·37 (molarity)]

(ii) Extinction due to sucrose only.
Extinction

=

(0.406) (molarity)

- 63 -

(Janke & Kunkel; with TPION or TP18N shaft as appropriate to the volume
extracted.).

The phases were tn.n separated by centrifugation at a

speed setting of 5 in the MSE

Min~r

Centrifuge. The lower, lipid containing,

phase was removed and taken to dryness under a stream of nitrogen at 400 •
The dried extract was carefully redissolved in ,1·0 m1 of chloroform and
stored at -20 0 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 m1 of 10N H2S04 were
added to the dried extract and the mixture heated at 1600 for 3 to 4 hours.

W/V H202 (Ana1aR Grade) were added and the mixture
heated for a further 2 hours to clear the charring and decompose the excess

Two drops of

30~

H202 • 4·6 m1 of 0·22% W/V ammonium molybdate and 0.2 m1 of Fiske &
SubbaRow reagent (Bartlett, 1959) were added .. After a thorough mixing
the solution was heated at 1000 for 7 minutes.
at 810nm was measured.
To convert

~g

~mo1es

Blanks and standards were analysed simultaneously.

of phospholipid phosphorus to

of 25 was used.

On cooling the extinction

~g

of phospholipid a factor

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

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~.

The volume of

sample applied depended on the phospholipid concentration and ranged from

- 64 -

nmo1es PHOSPHATIDYLCHOLINE

Fig. 2,.11. A plot of extinction at 810 nm against nmo1es of
. phosphatidy1cho1ine estimated according to the
method of Bartlett (1959).

- 65 -

•

25 - 100

~1.

Either of the following two solvents were used:

(i) ch10roform-methanol-glacial acetic acid - water (100 : 60 : 16 : 8),
(ii) ch10roform-methano1-g1acia1 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 was 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 determinmby 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-diethy1ether-acetic acid (SO : 20 : 1)

or chloroform - N-hexane-ethy1 acetate - acetic acid(150 : 50 : 25 : 4)
were used as solvents.
are shown in Fig. 2.13.
iodine vapour.

Chromatograms obtained using these solvent systems
The neutral lipid classes were stained with

In addition, cholesterol and cholesterol
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est~were

A

1vent
front
1. Neutral Lipids

.,.-~1-_ISO

1--

.2. Phosphatidylethanolamine
3. Phosphatidylinosito1

~5 O·
10---_----- --- - - - -origin

4. Phosphatidylcho1ine
5. Phosphatidy1serine

• I-----------(->"--Yront
_1

~olvent 1. Neutral Lipids

2. Phosphatidy1ethanolamine
3. Phosphatidylserine
4. Phosphatidylcholine
5. Phosphatidylinosito1

Os
... - - - - - - - -.-- - - - - origin

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: ch10roform-methano1-acetic acid-water(lOO :
60 : 16 : 8); Chromatogram B:
acid-water (100

ch1oroform-methano1-acetic

20: 12·5 : 5).
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A

. - - - - - - - - - - - - - - t solvent
01
front
1. Cholesterol ester
2. Triglyceride
3. Free fatty acid

04
----01. - - - - - - - - - - -

ori gi n
,

4. Cholesterol &Diglyceride
~. Phospholipid

..

8

~

~
01

~---t~~~~~nt 1, 2. Cholesterol ester &
02
Triglyceride

3. Free fatty acid &
Diglyceride
4. Cholesterol

~--ot._----

------origin

5. Phospholipid

Fig. 2.13. Diagrammatic representation of one-dimensional thin
layer chromatograms of neutral lipid standards on silica
gel G.
The following solvents were used to develop the chromatograms:
Chromatogram A: N-hexane-diethyl ether-acetic acid(80 : 20
Chromatogram B: chloroform-N-hexane-ethyl acetate-acetic
acid (150 : 50 : 25 : 4).
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1).

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 (OV-1) on 100-120 mesh diatomite
CQ.

Both the column 'and support were si1anised with dimethyl

dich10rosi1ane.

The carrier gas was nitrogen at a flow rate of 50 m1/min
and the operating temperature 250 0 . Gas purifying bottles (Pye-Unicam
Ltd.,) were inserted into all the gas feed lines.

Samples of

1~1

were

injected 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.
Cho1estane, 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 cho1estane.

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 carr·ed
out as described in the text. The separation of
cholesterol from the internal standard, cholestane is shown.
1 ~l of sample containing 100 ng of cholesterol and
00 ng cholestane in chloroform was °njected. The cholesterol
peak has an area of 1472 integration units and a retention
time of 16·5 mOno The cholestane peak has an area of 2194
. tegration nits and a retention time of 9·5 min.
Conditions:
carrie gas
1 em/min.

3% OV-l column, operating temperature of 250 0
2 at 50 ml/min, attenuator 2 x a-lOA, chart

- 7

The sensitivity of the detectors was such that 1 ng of cholesterol
could be reliably measured.
(c)

Enzymic analyses
All enzyme assays were performed at 2S o•. Where necessary,

subcellular fractions were diluted prior to analysis.

In accordance

with. the findings of Headon (1972) on the lability of muscle microsomal
enzymes, analyses were carried out in the sequence calcium uptake, the
various

ATPas~and

succinate-INT* reductase.

(i) Adenosine triphosphatase activities
ATPase activities were determined by measuring the amount of
inorganic phosphate 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.

*INT

=

The resin was prepared by

2 -(p-iodopheny1)-3-(p-nitrophenyl)-S-phenyltetrazolium chloride.
- 71 -

successively washing Amberite IR-120 resin (BOH Ltd., Poole, England.)
three times with each of the following:

1N HC1, distilled deionized

water, 1N NH 40H, distilled deionized water, and 1N HC1. Finally the
resin was washed with distilled deionized water until all the acid was
removed.
19 of disodium ATP was dissolved in 5 m1 of water.

5g of washed

resin were added and the mixture stirred at 40 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

t~

7·0 with 1M

imidazole.

The ATP concentration was determined spectrophotometrica11y
using the molar extinction coefficient of 15·4 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 0 •

Under these

conditions the ATP solution was stable for several months.
Assay media.

The composition of assay media for the various ATPase

activities was as follows:
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Basal ATPase/Ca 2+-insensitive ATPase
3
3
1
50
.

mM
mM
mM
mM

ATP-imidazo1e,
Mg C1 2,
*EGTA-imidazo1e, pH 7·0,
imidazo1e-HC1, pH 7·0 .

I:'

3 mM ATP-imidazole,
3 mM Mg C1 2,
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.lm1 of fraction containing 10 to 100 Pg of protein
was added to 1·0 m1 of incubation medium, which had been preincubated at
25 0 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 perch10ric acid.

The precipitated protein was

pe11eted 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

= ethy1eneglyco1bis-(aminoethy1ether)
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tetra-acetic acid.

0-015

~les

per m1 per hour_

By having initial and final blanks this

breakdown was readily corrected for on the recording trace from the
AutoAna1yzer.
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 Ca 2+-uptake in the presence of oxalate was measured
in a medium containing
3 mM ATP-imidazole,
3 mM Mg C1 , .
2
100 nIt1 KC1,
3 roM oxalate-imidazole, pH 7-0,
50 roM imidazole-HC1, pH 7·0,
100 uM CaC1 2 - consisting of 40caC12 and the radioactive
compound 45 Ca C1 •
2
Non-specific binding was measured by omitting ATP from the medium and

ATP-mediated binding by omitting oxalate.

0·15 m1 of fraction containing

15 to 150 pg of protein were added to 1·5 ml of assay medium, which had
been preincubated for 10 min at 25 0 •

The reaction was terminated by

filtering 1 m1 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 ~daptation of the
method of Lowry & Lopez (1946).
01:

glass fitting as in Technicon catalogue.

105-86. 105-87:
HB:
$:

refer to Technicon mixing coils.

heating bath at 25°,40 ft coil, 1·6.mm internal
diameter.
Spectrophotometer, wavelength

=

700 nm.

The reagents used had the following composition:
Ammonium molybdate, 0·6% W/V ammonium
W/V perch10ric acid, water being used
solvent to aid the dissolution of the
Ascorbate, aqueous solution, 2mg/m1;
3% W/W perch10ric acid.

molybdate in 5%
as the initial
molybdate;
Sampler wash,

Standard Technicon pump tubing with the indicated flow
rates was used.
Sampling rate:

50 samples / hour.
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WASTE

5

Fig. 2.15. Legend on previous page.

.60

WASTE

pmole phosphate/ml

Fig. 2.16.

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. Detenmination 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.
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fig. 2.18. The effect of sucrose on the estimation of inorganic
phosphate by the method of Marzban & Hinton (1970).
A 0·1 m1 aliquot of a sucrose solution of known
concentration was added to 1 m1 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; Mi11ipore (U.K.) Ltd., London).

The filter was

subsequently washed by filtering 1 m1 of 0·25 Msucrose 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 ~M Ca 2+.
Filters for gas flow counting were counted in a Model l61A Nuclear Chicago
counter with a Model 480 detector (voltage: l200v; Qgas (B.O.C., London.)
at a pressure of 8 1b/sq. in).

The liquid scintillation method used

was a modification of the method of Loftfie1d & Eigner (1960).

Dried

filters were placed in vials containing 10 m1 of scintillation fluid
composed of 5·0 PPO* and 0·59 dimethyl -POPOp** per litre of toluene
(all scintillation grade; Koch-Light Laboratories Ltd.,).

The vials

were counted in the Beckman LS-100-C Liquid Scintillation System
(Beckman-R11C Ltd., G1enrothes, Scotland.)

~.

*PPO

= 2,

,

5-dipheny10xazo1e

**Dimethy1-POPOP

= 1,

4-di-[2-(4-methyl-5-Pheny10xaz01y1)] benzene.·
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(iii) Phosphoprotein intermediate of the Ca 2+-dependent ATPase
The hydrolysis of ATP by the Ca 2+-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

determined by measuring the 32P-1abe11ed protein formed~ using adenosine
5 -[V _32 p) triphosphate as substrate.
1

0·45 m1 of fraction

(containing 0·75 - 1·0 mg protein) was added to 0·5 ml of a medium
containing 200
HC1. pH 7·0.

KC1. 10 mM Mg C1 2• 0·2 mM CaC1 2 and 10 mM imidazoleThe mixture was incubated at 00 for 10 min. Phosphoprotein

m~

formation was initiated by the addition of 0·05 m1 of 2 mM ATP containing
y_32 p_ATP .

The reaction was stopped 10 sec later by the addition of

2·0 ml of ice-cold 1·2M perch10ric acid.

Control determinations were

were carried out by adding 2·0 m1 of 1·2 Mperch10ric acid prior to the
substrate.

Some workers (e.g. Meissner & Fleischer. 1971) have

incorporated 0·1 roM ATP and 1 mM phosphate into the perch10ric acid
solution.

Howeve~.

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 pel1eted 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
I

acid and then three times in 8·0 m1 of 2% W/V trichloroacetic acid.

The

last wash contained negligible radioactivity. All centrifugations and
washings were carried 'out at 40 • _
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The washed sediment was finally resuspended in 2% W/V Na 2 C0 3
in O·lN Na OH and heated at 1000 for 5 min. A1iquots 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 was measured by adding a 0·5 m1 aliquot to 10 ml of
triton-scintillant (prepared by dissolving 5g PPO and 0·5 g dimethylPOPOP in 1 litre of toluene and diluting with 500 m1 of triton X-100).
The amount of radioactivity used was such that 1nmo1e of ATP
corresponded to 2·92 x 104 counts/min. Phosphoprotein concentration was
expressed either as nmo1es per mg'protein or nmo1es per ml of fraction.
(iv)

Succinate dehydrogenase.
Succinate dehydrogenase activity was measured as succinate-1NT*

reductase activity by a modification (Porteous &Clark, 1965) of the
method of Pennington (196l).

The assay medium, which had a final

volume of 1 ml contained:
50 mM sodium succinate,
0·1 % W/V I NT ,
25 nft1 sucrose,
2 nft1 EDTA*t
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 m1 of 10% W/V trichloroacetic acid.

*INT

The reduced

= 2-(p-iodophenyl)-3-(p-nitropheny1)-S-phenyltetrazo1ium

**EDTA = ethy1enediaminetetroacetic acid.
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chloride.

formazan was extracted into 4 m1 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 103 (Pennington, 1961). . Blank determinations
were also carried out •. Sucrose inhibits succinate-INT reductase
(Hinton et a1., 1969; Headon, 1972).
sucrose concentration.

The inhibition is linear with

The correction factor reported by Headon (1972)

has been used in this study.
(d)

Electrophoretic analyses
Electrophoresis of proteins in the presence of dodecy1 sulphate

was carried out in po1yacy1amide gels.
(i)

Electrophoresis in cylindrical 5·2% po1yacylamide 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, 5mm 10 X 7mm 00 and 75 mm long, were cleaned with
hot nitric acid.

After extensive rinsing with distilled water, the tubes

were immersed in 0·5% V/V Photo-flo 200 (Kodak Ltd., London.) and dried
in a clean atmosphere.
a circular perspex base.

24 tubes were secured by liquid-tight seals to
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. All 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 Nt N'-methylene-bisacrylamide,
0-2% V/V N,N,N',N' - tetramethylethy1enadiamine,
0-075% W/V ammonium persu1phate,
0-1% W/V sodium dodecyl sulphate,
in O·lM sodium phosphate buffer, pH 6·0.

When po1ymerisation was

complete, after approximately one hour, the tubes were carefully
from the perspex base and the

ins~withdrawn

remove~

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 O·lM sodium phosphate buffer, pH 6·0,

containing 0·1% W/V sodium dodecy1 sulphate (50S) 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/m1, in a medium containing:
0·4% W/V 50S,
7% W/V sucrose~
40 roM dithioerythrito1,
in O·lM sodium phosphate buffer, pH 6·0 •.

After incubation 10 p1 of a 0·5% W/V solution of bromophenol blue was
added per m1 of incubation medium. (
Sample applicationA maximum of l2gel tubes were placed in the Bio-Rad
Model 150 Electrophoresis Cell.
gel using a micropipette.

50 pl of sample were applied to each

The samples were overlaid with electrode

buffer consisting of 0·1% W/V SOS in O·lM sodium phosphate buffer, pH 6·0.
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~

The overlaying process was made easy by using a 10 m1 syringe with its

.~

plunger removed and the leur attached to a 0·5

bore teflon catheter.

fI111

The flow rate was regulated by varying the height of the syringe. The
electrode chambers were filled with buffer. Water at 25 0 was circulated
OJ

from a water bath through the reservoi r jacket. .
Electrophoresis.

Electrophoresis was carried out with migration towards

the anode. initially at 0·5 mA/gel until the sample entered the gel
~
.~

and then at 5 mA/gel until the dye reached the end of the gel (after
'2·5 hours approximately).

Gel tubes were removed from the 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-o1, 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.
the Bio-Rad Model 170 Diffusion Destainer.

Gels were destained in

Destaining was complete in

12 hours.
Gels were stained for carbohydrate according to the periodic acidSchiff procedure of Fairbanks et a1. (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.
reagents:

The gels were then treated with the following

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 metabisu1phite
in O·OiN He1 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 individual 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.
in 3 x 72 x 82
82 x 82

IlI1l

IlI1l

Gels were formed

1D glass cells., Each cell was assembled from two

glass plates, held 3

IlI1l

apart by two 3 x 5 x 82

IlI1l

glass

spacers. To facilitate the removal of the gel, the spacers were attached
to one plate only by silicone rubber s'ea1ant adhesive (RTV 108, General
Electric, USA; supplied by Pierce Chemical Co., Rockford, Illinois, USA).
The entire cell was held together by electric tape (No. 1607; Se110tape
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 800 in a dust-free oven.
· Apparatus for the preparation of polyacrylamide slab gels. Slabs were
prepared using the Unisci1 Gel Preparation Set (Universal Scientific Ltd.,
London).

The apparatus is illustrated in Fig. 2.19.

It consists of

the following units:

A, The gel fonming tower.
position in this tower.

Fourteen glass cells are held in a vertical
Solutions enter the tower from the three-way

stop-cock (C) through the opening (B).
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A length of anodised aluminium

F

H

8

c
J
/.~

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 reservo; rs.
F gradient former with two compartments, X & y.
G exit line from gradient former,
H mi xing tube. .
J

1ine to waste.
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chain and a stainless steel mesh over B act as baffle and bubble trap.
Funnel 0 acts as a reservoir for the overlay and underlay solutions.
Funnel E acts as reservoir for the 5·2% W/V acry1amide solution, when
homogenous gel slabs are being prepared. Acry1amide gradients are
produced by the gradient former, F.

It operates on the principle of

variable geometry for generating gradients.
detail by Margolis (1969).

It has been described in

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 through a tap system

(Rotaf10 TF 16; Quickfit Ltd., Staffordshire, England) G, at the
the instrument.

b~se

of

The exit line from the tap leads to a mixing tube (H),

containing a 30 em long helical acrylic inset and onto the three-way
stop~cock

(C).

When the two chambers X and Yare 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 yare

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 0, ensuring that
- M -

TABLE

2.4

Compositon of solutions used in the preparation of polyacrylamide
gel slabs

BUFFER*
88·7 mM Tris, 2·5 mM disodium EDTA and 81·5 mM boric acid,
pH 8·3, with 0·02% W/V sodium azide.
OVERLAY
5% V/V methanol in buffer.
UNDERLAY
1·0 Msucrose.
SOLUTION 1
5% W/V acry1amide and 0·2% W/V N,N ' -methy1ene-bisacry1amide
in buffer. Degassed and cooled to 40 • TEMED and ammonium persu1phate
added before use to give final concentrations of 0·2% V/V and"
0.075% W/V respectively.
SOLUTION 2
57g acry1amide and 3g N,N ' -methy1ene-bisacry1amide dissolved
in buffer to a final vo"lume of 195 m1. Degassed and cooled to 40 •
5 m1 of 10% W/V ammonium persu1phate and 0·12 m1 of 10% W/V DMAPN
added before use.
SOLUTION 3
5 m1 of 10% W/V ammonium persu1phate and 1·2 m1 of 10% W/V
DMAPN added to 195 m1 of degassed buffer

Abbreviations:
TEMED N,N,N',N',-tetramethylethy1enediamine
DMAPN' p-dimethy1aminopropionitrile
*Kitchin (196~; Sheridan et al. (1969); Patterson et a1. (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 m1 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 m1 of solution
out to waste via line J.
tower.
min.

The flow was then switched to the gel-forming

The flow-rate slow at first, was gradually increased to 30 ml/
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.

Approximately

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.
pressure.

The cells were extruded en bloc by the water

The cells were carefully separated from one another and stored

under buffer containing 0-02% W/V azide at 40 •

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 m1 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 po1ymerisation 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 centrifugal pump circulated the

lower electrode buffer through- a cooling coil.
stream was lead

t~

Part of the buffer

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
of a two-dimensional run 300

~1

~1

per slot.

For the first dimension

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-dimensional electrophoresis 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 from this gel and immediately inserted across the top
of a gradient pore slab.
second dimension.

Electrophoresis was then carried out in a

The duration of electrophoresis is given in the

appropriate part of the results section.
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Fig. 2.20. Calculated profile of acrylamide concentration gradient.
used to prepare polyacrylamide gel gradients described in
the text. The gradient profile was calculated as described
by Margolis (1969).
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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 diffus'ion 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-Loeb1 Chromoscan
MK II (Joyce, Loeb1 & 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

(I1ford Ltd., Essex, England) in a Praktica LB camera (Pentacon, Dresden,
DDR.) with

8

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/m1,

were incubated at 1000 for 5 min in the presence of
0·6% W/V SDS,
10% W/V sucrose,
40 mM dithioerythrito1,
in Tris- disodium EDTA- boric acid buffer pH

a·3.

On cooling, pyronin-Y was added to give a final concentration of 10
Molecular weight markers were treated "in the same manner.

~g/m1.

Identical

protein patterns were obtained whether samples ,were incubated at 1000
for 5 min or overnight at 300 • -,
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(d) Miscellaneous
Equipment.

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

Acta V spectrophotometer (Beckman - RllC Ltd., Glenrothes, Scotland)
with scattered transmission accessory for the measurement of light scattering.
Radiometer pH meter 28 calibrated at 200 with standard buffer, pH
6·50 (Radiometer Ltd., Copenhagen, Denmark).

Chemicals.

(i) General chemicals: AnalaR grade from

B~H

England), and Hopkin &Williams Ltd., (Essex, England).

Ltd., (Poole,
Pronalys grade

from May & Baker Ltd. (Dagenham., Engl and) •
(ii) Organic solvents for lipid analyses: Ana1aR and Aristar grades from BDH.
(iii) Bovine serum albumin fraction V, sodium dodecy1 sulphate (specially
pure grade), manoxo1 OT (diocty1 sodium su1phosuccinate), mercaptoethana1,
ammonium persulphate, and a-dimethy1aminopropionitri1e from BDH Ltd.
Disodium ATP (Sigma grade), iodonitro-tetrazo1ium formazan, ouabain
octahydrate, dextran sulphate, heparin (sodium salt, grade 1), concanavalin

A (grade IV, salt free) and o-methy1-D-glucoside from Sigma Ltd., London.
Lipid standards from Supe1co Inc., Bellefonte, Pa. USA.
Acrylamide, N,N ' -methy1ene-bisarcylamide, N,N,N ' ,N ' -tetramethy1ethylened;'amine and pyronin-Y from Eastman-Kodak Co., Rochester, N.Y., USA.
Naphthalene Black lOB (=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

Ca (as Ca C12 ),

131

[

32]

I (as Nal) and adenosine 5'- y- P

triphosphate (as the ammonium salt) were obtained from The Radiochemical
Centre, Amersham, Bucks., England.

- 95 -

SECTION

3

RES U L T S

- 96 -

RESULTS

3.1. The effect of varying homogenisation time on the distribution
of a number of constituents in the four classical subcellular
fract ions
• 98

3.2.

The choice of media for density gradient centrifugation

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

• 113

• 123
•

3.4.

The preparation and characterisation of calcium oxalate
• • . ••
loaded vesicles

• 161

3.5. Cholesterol in rabbit skeletal muscle membrane preparations .• 192

3.6.

The fractionation of membrane material present in the 10wspeed sediment from a muscle homogenate.
• 220

- 97 -

3.1.

The effect of varying h~genisation 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 tissue, its connective
framework and any pretreatment of the tissue.
The experiments described in this subsection are concerned with an
investigation into the effect of varying homogenisation times on the
distribution of a number of constituents and enzymes in the four classical
subcellular fractions.
Skeletal muscle is a particularly tough 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 Msucrose,S mM imidazo1e-HC1, pH 7·4 at 40 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:
P1 fraction (5·34 x 103 g-min pellet);

P2 fraction (2·00 x 105 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.
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The quantities present in each

Fig.

3.1~

Procedure used in the preparation of subcellular fractions
by differential pe11eting.
Pellets were resuspended in the homogenisation medium
using a hand-operated Potter-E1vejhem homogeniser.
25% W/V homogenate in 0·25 Msucrose. 5 mM imidazo1eHe1. pH 7·4.
2000 rev/min in Sorva11 GSA rotor for 10 min
(5·34 x 103 g-min at r av = 11·94 cm) .
SUPERNATANT

PELLET
Resuspended to give Fraction Pl.

10 000 rev/min in Sorva11 GSA rotor for 15 min
(2·00 x 10 5 g-min at r av . = 11·94 cm)
SUPERNATANT

PELLET
Resuspended to give Fraction P2.

40 000 rev/min in MSE 8 x 25 m1 rotor for 60 min
(6·30 x 106 g-min at r av = 5-84 cm)
SUPERNATANT
= Fraction S

PELLET
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 Pl.
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,a1so 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 reductase activity.
and cholesterol peak sharply after 90 sec.

Both phospholipid

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 a1., 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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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.
sharply.

Between 90 and 120 sec both constituents increase

There is a good correlation between the phospholipid content

of P3 and the light scattering of the 2·00 x 105 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
tenms 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+-stimu1ated ATPase in fraction
P3 plotted against homogenisation time are shown in Fig. 3.5.

80th

enzymes were assayed in the presence of 50 roM 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.

Consequent1y,homogenisation for longer than 60 sec does not give
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a proportionately higher yield of membranes containing this enzyme.
In contrasttthe rate of appearance of basal ATPase does not decrease with
longer homogenisation.

Both enzyme activities show further differences

when the activities are expressed in terms of phospholipid.

When

expressed in this manner and plotted against homogenisation timet the
specific activity of basal ATPase decreases after 30 sec.
in specific activity is greatest between 30 and 60 sec.

The fall
The specific

activity of K+-stimu1ated ATPase follows a different trend by peaking at
a homogenisation time of 60 sec.

These findings will be further considered

in the light of otherresu1ts.
The results described so far indicate that basal ATPase - containing
membranes and K+-stimu1ated ATPase - containing membranes are differentially
fragmented during homogenisation.

Furthermorethomogenisation 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 activitYt

assayed in the presence of 100 mM Na+ and 10 mM K+ t 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 were similar to that
reported by Su1akhe et a1. (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

increasing homogenisation timet 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.

- 106 -

These results suggest that this

TABLE 3.1
The activity of (Na+ - K+) - ATPase in fraction P3 from 30 and
120 sec homogenates. Activities were measured as described in
Section 2. The ouabain to protein ratio in t~e assay mixture
was 1·8 ~les ouabain per mg protein, which is equivalent to
1·05 mg ouabain per mg protein.

Activity(~mo1es

Homogenisation
Time
. (sec)
30

per fraction
per min)

Inhibition+

Contro1*

Ouabain Treated*

1·3898
± 0·0533(8)

1·1735
t 0·0615(8)

0·2163
(15·6%)

2·3748
0·1198(7)

2·1000
'!: 0·1635 (7)

0·2748
(11·6%)

120
t

*Values are given as means'!: standard deviation. The number of
determinations is given in parentheses.
+Ouabain inhibition is expressed as ~moles per fraction per minute
and as a percentage of the activity in the control.
;
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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+-stimu1ated ATPase, Ca 2+-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 50S-polyacrylamide gel
electrophoresis in gradient pore polyacrylamide gels.
the protein patterns obtained is shown in Fig. 3.6.
traces of the stained gels are shown in Fig. 3.7.

A photograph of
Densitometer

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 Ca 2+-transporting membranes.
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a

b

c

rl

+

Fig. 3.6.

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% polyac ylam·de
gel gradients containing 0·1% IV SOS.
igration was towards the anode, i.e. from top to bottom
in the illustration.
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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 Ca 2+-transporting
membranes and has a molecular weight of 100 000.
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I
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 concentrati'on 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.
tn the fractionation of liver, Amar-Costesec et a1. (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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1
1

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:
extraction of myosin and actomyosin;

in the

in the aggregration of subcellular

components; and in the loss of extrinsic membrane proteins.
Uchida et a1. (1965) have reported that the contractile 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 MgC1 2 and 15 mM CaC1 2 , results in
the extensive aggregration of subc~11u1ar components with an increase
in the rate of sedimentation.

(Dal1ner & Nilsson, 1966; Kamath &

Narayan, 1972). 'Simi1ar1y, 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

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 m1 a1iquots,containing 100

~g protei~were

filtered through a range

of Mil1ipore 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

~g)

was found to be

sufficiently low to ensure that clogging of the filter did not occur.
An examination of muscle microsomes in the electron microscope has
shown that the average diameter of vesicles is in the range 0·1 - 0.3

~m

(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

~m

were used.

Results are expressed as percentage protein passing the filter.
In Fig. 3.9 the effects of buffering sucrose with low concentrations
of imidazole 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 HC1,

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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while medium B contained 1 mM imidazole-HC1 pH 5·5.
Medium Ct which was used as a controlt contained sucrose
and protein only.
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a percentage of that in the unfiltered medium.
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The effects on the aggregration of microsomes by supplementing
a sucrose-l 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 NaHC0 3
to the medium has a more complex effect on the' filtration of microsomes
through Mi11ipore filters.
1·2

Over the range of average pore size 0·65 -

the addition of 15 mM NaHC0 3 makes little difference to the
percentage protein passing the filter. However for the 0·3 ~m and
~m,

0·45 pm filters, the amount of protein passing the filter is intermediate
between that found for sucrose-imidazole and sucrose-imidazole supplemented
with Na+ or K+.:
The effects of incorporating divalent cations are shown in Fig. 3.11.
15 roM MgC1 2 causes more extensive aggregration than an equivalent
concentration of CaC1 2, although in both cases the aggregration is less
dramatic than in 100 roM NaC1 or 100 mM KC1.
the 0·22

50% of the protein passes

filter in the presence of 15 mM CaC1 2 as opposed to 36% in a
buffered sucrose medium. A possible explanation for this unexpected
~m

finding may be the release of some protein from membrane material in
the presence of Ca 2+.
The results obtained on supplementing a sucrose medium with the
po1yanion heparin are presented in Fig. 3.l2.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 present, the amount of
protein passing the filter is increased.
the 0·3

~m

84% of the protein passes

filter in the presence of heparin and imidazole, as opposed

to 62% for imidazole only.
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1nft1 imidazole;

B

C
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imidazole + 100·mM HaCl.

The protein content of each filtrate is expressed as
a percentage of that in the unfiltered medium .
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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.
Exposure to heparin results in the rapid loss of Ca 2+-uptake and a
gradual loss of K+-stimu1ated ATPase (Headon &Duggan", 1973).
The aggregration of microsomes in sucrose-ionic media is reflected
1n an increased rate of sedimentation in density gradient centrifugation
(Da11ner & Nilsson, 1966).

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 developed a method

for the rapid isolation of rat liver microsomes by low-speed
centrifugation after Ca 2+-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 imidazo1e-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 roM 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 MLi Br leads to a 20% increase in the phospho1ipidphosphorus/ protein ratio.

Similarly, protein is extracted from a

microsomal pellet on treatment with 0·6 MKC1 (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 ~g protein/m1 in 0·15 Msucrose, the
media A-C contained:
A

1 mM imidazole;

B

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

C

1 mM imidazole + 50 IU heparin/m1 .

. The protein content of each filtrate is expressed
as a percentage of the protein in the unfiltered medium.

- 120 -

The amount of protein extracted by 100 mM KC1 in each of the four
concentrated microsomal fractions t prepared as described in Section 2t
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.
are given in Table 3.2.

The results

In the presence of 100 mM KC1 t there is an

increase in the amount of non-sedimentab1e protein in each fraction.
The use of dextran sulphate in sucrose density gradients t described
in a later part of this sectiont results in the solubi1isation of
approximately 30% of the protein sedimentab1e in a buffered sucrose
gradient.
In the light of these results sucrose buffered at pH 7·4 with 5 mM
imidazo1e-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 roM 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.

I

FRACTION

PROTEIN SOLUBLE

Centrifugation medium
Sucrose-imidazole Sucrose-imidazole
-HC1, pH 7·4
-HC1, pH 7·4
+ 100 mM KCl

Protein extracted
by 100 mM KC1 (as
percentage of total
protein in fraction)

1

79·25

86·62

2

, 42 ·40

55·04

12·64

3

17 ·86

22·94

5·08

·4

29·62

·40·26

10·64
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7·37 .

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
4S0 m1 of a S·76 x lOS g-min (r av = 11·94 cm) supernatant, containing
0·66 Msucrose-S mM imidazo1e-HC1, pH 7·4, into a band of 1·0 Msucrose,
also buffered at pH 7·4.

Sedimentation beyond this band is prevented

by a cushion of 2·0 Msucrose, 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 m1
fractions over a short gradient corresponding to the original band of
1 M sucrose.
The 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 Ca 2+-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 m1 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.
- 123 -

The six fractions cover

,
J

TABLE

3.3

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

Constituent

Overa11
Recovery.
(X)

Subcellular fraction
P1

P2

CMS

ZS

102·9

86 ·1

0·4

0·4

16·0

Phospholipid

97·6

87·1

3·4

3·5

3·6

Cholesterol

98·9

90·7

1·6

1 •7

4·9

101·8

85·2

11 ·7

1 ·5

3·4

Phosphoprotein
intermediate
of Ca 2+-dependent 90·5
ATPase

85·6

1 ·1

2 ·1

1· 7

Protein

Succinate
dehydrogenase

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:
P1 = 6·54 x 104g-min pellet;
P2 = 5·76 x 105g-min pellet;
CMS z concentrated microsomal suspension;
ZS = zonal supernatant obtained in the preparation of the
concentrated suspension.

-.
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CONSTITUENT RECOVERY (%)
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Fig. 3.13.
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Succinate
Dehydrogenase

101 .8

Phosphoprotein
Intermediate

90·5

Diagrammatic presentation of the distribution data given in Table 3.3 for a number of constituents
in the preparation of a concentrated microsomal suspension. Abbreviations are as given in the legend
to Table 3.3.
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the density range 1·1 - 1·2 glm1 approximately.

The phospholipid

concentration of fractions 2 and 3 of the suspension is several times
greater than that of the zonal supernatants indicating that microsomal
material in the 450 m1 of sample has sedimented into the gradient. The
phospholipid distribution in the concentrated fractions has a median
density of 1·120.
Since fraction 6 contains a low level of protein and other
it was not extensively characterised.

constituent~

Regarding the other five fractions s

the results will show that fractions 1 to 4 inclusive are of particular
interest.
When each of the fractions were diluted with an equal volume of
5 mM imidazo1e-He1 pH 7·4 and centrifuged at 100 000 gav

~or

90

mi~not

all of the protein was found to sediment (Fig. 3.15.A). The amount of
sedimentab1e 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 phospho1ipid/
total protein ratio of this fraction is lows being 0·05 as against 0·40
to 0·45 for fractions 2s 3 and 4.

This indicates that only a small

quantity of the protein in fraction 5 is associated with membranes.
The amount Jf sedimentab1e 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
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~moles

per mg
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Fig. 3.15.

(A)

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

(B)

The distribution of sedimentab1e protein and
phospholipid in the five concentrated microsomal
fractions.
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1
n

~

total protein per min were obtained. Fig. 3.16 shows the distribution
of Ca 2+-uptake expressed as pmo1es/mg total protein per min for fractions
1 to 5. Ca 2+-uptake activity peaks 1n fraction 3. at a density of 1·151.
The specific activity of 2·39 pmo1es/mg protein per min is greater than
that reported for rabbit muscle preparations by other workers (review
by Martonosi. 1972b).
S20.W 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 having S20.W 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 preparations "are generally contaminated to varying
degrees with mitochondrial membranes. which arise from the fragmentation
of some mitochondria during homogenisation. A comparison of the
distribution of Ca 2+-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.
'Ca 2+-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
found in fraction 4 as against 68% of the total Ca 2+-uptake activity
in fractions 2 and 3.
The results of a detenmination of the amount of sedimentab1e protein
in each of the concentrated fractions have been given. A similar
experiment was carried out to measure the percentage of the various
- 129 -
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ATPase activities sedimenting under the same conditions. The results
are shown in Fig. 3.18. 100% of the Ca 2+ -dependent ATPase and K+stimulated ATPase activities is sedimentab1e 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
sedimentab1e protein rather than of the whole fraction.
The sedimentable protein of each fraction was prepared by diluting
20 m1 of fraction with 16 m1 of 5 mM imidazo1e-HCl pH 7·4 and centrifuging
at 100 OOOgav for 90 min.

The pellet obtained for each fraction was

resuspended in 3 ml of 0·25 Msucrose buffered at pH 7·4.

ATPase

activities were measured in the presence of 50 mM sodium azide to
prevent interference by mitochondrial ATPase.
The distributions of absolute and specific activitisof Ca 2+-dependent
ATPase and basal ATPase are shown in Fig 3.19 and 3.20, respectively.
The absolute activity of Ca 2+-dependent ATPase peaks in fraction 2
(2~3;>1;>4;>5),

while that for basal ATPase peaks in fractions 1 and 4

(4)1;>2;>3;>5) •
A similar pattern is obtained when both activities are expressed as
specific activity, although, 1n the case of Ca 2+-dependent ATPase the
specific activity in fraction 3 is slightly greater than that in fraction 2.
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Fig. 3.18. The percentage protein (-0-), basal ATPase activity
(~)t K+-stimu1ated ATPase activity (~) and
Ca 2+-dependent ATPase activity (also ~ remaining
in the supernatant after centrifugation of the diluted
concentrated microsomal fractions at 100 000 gav for
90 min.
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Fig. 3.19. (A) The steady state concentration (nmoles/m1) of
32
the P-labe1led phosphoprotein intermediate
of the Ca 2+-dependent ATPase in the concentrated
microsomal fractions.
(B)

The absolute activities of Ca 2+-dependent ATPase and
basal ATPase in the concentrated microsomal fractions.'
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Fig. 3.20.

The steady state concentration (nmo1es/mg protein)
32
of the P-1abe11ed phosphoprotein intermediate of
the Ca 2+-dependent ATPase in the concentrated
microsomal fractions.
(8) The specific activities of Ca 2+-dependent ATPase
and basal ATPase in the concentrated microsomal
fractions.

(A)
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The steady state concentrations of 32P-1abe11ed protein formed by
the Ca 2+-dependent ATPase are also shown in Fig. 3.19 and 3.20. The
distribution of the intermediate is similar to that for the Ca 2+-dependent
ATPase.

The peak value of 4·7 nmo1es per mg protein for fraction 3 is

close to. the top of the range of values reported in the review by
Martonosi (1972a).
In summary, Ca 2+-dependent ATPase, Ca 2+-transport and the 32P-1abe11ed
intermediate have similar distributions, which are different from that
of basal ATPase.

The concentrated 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 [=(phospho1iPid X 100)/(protein + phospholiPid)]
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,whi1e 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 sedimentab1e material in fractions
1 to 5 are given in Table 3.4 and Fig. 3.21. Fractions 1 to 4 have ratios

- 136 -

TABLE

3.4

The protein, phospholipid and cholesterol content of sedimentab1e
material in the five fractions of a concentrated microsomal suspension.
Sedimentab1e material from each fraction was obtained by diluting
20 m1 of fraction with 16 m1 of 5 mM imidazo1e-HC1, pH 7·4 and centrifuging
for 6·3 x 106g-min. The pellets obtained for each fraction were
carefully resuspended in 3 m1 of 0·25 Msucrose, 5mM imidazo1e-HC1, '
pH 7·4.
The data given here on the phospholipid to protein,cho1~stero1 to
protein, and cholesterol to phospholipid ratios are presented in a
diagrammatic form in Fig. 3.21.

F RAe T ION
1

2

3

4

5

Protein mg/m1

1·933,

2·333

1·899 2·899

0·766

Phospholipid mg/m1

1·178

1·777

1·261

1·757

0·124

Phospholipid/protein
ratio mg/mg

0·609

0·762

0·664 0·606

0·162

8·20

Cholesterol

57·38

42·62

31·15 106·56

Cholesterol/protein
ratio ~g/mg

29·68

18·27

16·40

36 ·76 10.70

Cholesterol/Phospholipid
ratio ~g/mg

48·71

23·98

24·70

60·65 66 ·13

~g/m1

(moles cholesterol x 100)/
(moles cholesterol +
moles phospholipid)

8·887
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4·582

4·714 10·830 11·688
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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
coincides with the peak of activities associated with Ca 2+-transport.
The phospholipid classes present in the lipid 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 the 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 lipids moved with the solvent front in each

case and some iodine staining material remained at the origin.
A quantitative analysis of phospholipid 1n 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 respectivelYt 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
protein.

~g

per mg

This value is 50-75% of the concentration generally found
- 139 -

SF

~O

B

A

Fig. 3.22.

The separation of phospholipid classes in lipid e tracts
of the concentrated microsomal fractions by hin layer
chromatography. The separations were carried ou on thin
layer plates coa ed with silica 1 G using c loroformmethanol-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 ractions 1 to 5.
Plate B.
Pl
S
PC
PS
PE

The separation of phospholipid standards.

=
=
=
=
=

phosphatidylinosi 01
sphingomyelin
phosphatidylc oline
phosph tidylserine
phosphatidylethanolamine

The orlgln or site of applica ion is indicated by 0
and SF indicates the distance travelled by "he solven .
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Fig. 2.23.

The distribution of phospholipid between the
phospholipid classes in fractions 2 and 3 of a
concentrated microsomal suspension.
A • phosphatidylcho1ine
B = phosphatidylethanolamine

C
D

=
=

phosphatidylinosito1 + sphingomyelin
phosphate-containing material remaining at
the origin after thin layer chromatography.
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in skeletal muscle microsomes prepared by differential pe11eting
(Martonosi, 1972a; Drabikowski et a1., 1966; Sarza1a et a1., 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.

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 a1. (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

ca1culate~

for the ATPase activities in

each fraction. The results are plotted in Fig. 3.24. The cho1estero1/
Ca 2+-dependent ATPase ratio differs widely between the four fractions.
A very similar variation was obtained for the cho1estero1/K+-stimu1ated
ATPase, and the tho1estero1/ 32 P-intermediate ratios. In contrast,the
cholesterol/basal ATPase ratio does not change very greatly between the
four fracti ons. '

' ..

'It.

These results show that cholesterol and basal ATPase·have similar
distribution patterns which differ from those of activities associated

- 142 -
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Fig. 3.24. The distribution of cholesterol/enzyme ratios in the
concentrated microsomal fractions, 1 - 4. The ratios
are expressed in the following units:
32

cho1estero1/ P-1abel1ed intermediate
cho1estero1/Ca 2+-dependent ATPase

lJg/nmo1ei

cho1estero1/K+-stimu1ated ATPase

lJg.minute/lJmolei

cholesterol/basal ATPase

lJg.minute/lJmo1e.
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lJg. minute/lJmo1ei

,
i

with Ca 2+-transport.
Membrane proteins in each of the five fractions were solubilised
by treatment with sodium dodecy1 sulphate (=505) and separated by
polyacrylamide gel electrophoresis in gels equilibrated with 50S.
The molecular weights of the protein components were determined by
coe1ectrophoresis of samples with proteins. whose molecular weight
in the presence of 50S is known (Y-g1obu1in, bovine serum albumin,
chymotryps i nogen and cytochrome C) (Weber & Osbom 1969)."<
Material for electrophoresis was prepared by centrifugation of each
fraction at 100 000 gav 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 ]·4.

After the

final washing, each pellet was solubilised by treatment with 50S as
described in Section 2.
Electrophoretic separations were initially carried out in 5·2%
polyacrylamide gel rods, containing 0·1% W/V 50S. 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 strong 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.

,.'

Diagrammatic representation of the amido black and periodic
acid-Schiff staining bands observed after the one-dimensional
electrophoretic separation of sedimentab1e material in the
concentrated microsomal fractions following solubilisation
with SOS.
Electrophoresis was carried out in.5·21 polyacrylamide gel
rods containing 0·1% W/V 50S.
The bands represented as
acid-Schiff stain.

~

stained with the periodic

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.
~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 electrophoretic technique
was used.
The procedure chosen was a two-dimensional one. consisting of
electrophoresis in the first dimension in 5-2% polyacrylamide gels
followed by electrophoresis 1n a second dimension in gels consisting
of a 6 - 27% gel gradient.

Electrophoresis in polyacrylamide gel gradients

has been successfully used 1n the separation of multicomponent mixtures
(Margolis, 1973; Margolis &Kenrick, 1969). The electrophoresis of
proteins, incompletely separated in the first dimension, in a seconddimension 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 coe1ectrophoresis of molecular
weight markers with samples in 5·2% gels. A plot of relative mobility
versus molecular weight on a 10garithmetic scale is shown in Fig. 3.26.
Photographs of the second-dimension protein patterns for fractions
1 to 6 are shown in Fig. 3·27 A-C.

In parts

n 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

in~o

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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RELATIVE MOBILITY
Fig. 3.26.

Semi10garithmetic 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
and
W/V
W/V

proteins were treated as described in Section 2
electrophoresis was carried out at 75 V in 5·2%
polyacrylamide gel slabs in the presence of 0·1%
SOS •.
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Fig. 3.27.

o
~

(overleaf) Two-dimensional 50S-polyacrylamide gel
e1ectrophores is of membrane protei n's 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 0 - F the densitometer tracings of the firstdimension 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
Fig. 3.27 (A)
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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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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.

F RAe T ION
1

>120
100 - 120

2

3

4

5

. >120
>120
>120
>120
100 - 120* 100 - 120* 100 - 120* 100 - 120

6
>120
75 - 100

70 - 90*

70 - 90

70 - 90

70 - 90
65 - 70

55 - 70

55 - 70

70 - 90
55 - 70

55 - 75

55 - 65
(50 - 55)

40 • 70
45 - 55

45 - 55

45 - 55
40 - 50

40 - 55
(30 - 40)

(40 - 45)
(30 - 40)

(40 - 45)
30 .. 40

(40 - 45)
30 .. 40

35 - 40

25 - 30
(20 - 25)

25 - 30
(20 - 25)

25 - 30*
(20 - 25)

25 - 35*
20 - 25

25 - 40
25 - 30*
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band is the principal one.
In Table 3.6 the number of protein components detected in selected
molecular 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 fractions 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 in fractions 1 - 6 as would be expected from
the findings already given for the enzyme and cholesterol content of these
fractions.
The non-sedimentab1e protein material in the fractions was briefly
examined.

The protein patterns obtained after SOS-po1yacry1amide gel

electrophoresis in 5·21 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

~
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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 f

l

F RAe T ION

Molecular
weight range
(x 10- 3)

1.

2

3

4

5

6

7

3

7

12

4+

6+

100 - 120

1

1

1

1

1

2

70 - 99

3

2

3

3

3

3

55 - 69

4

3

2

2

3

3

40 - 54

3

3

8

8 .

6

4

25 - 39

8

6

>120
.'1(.:.-:.:

[

20 - 25

TOTAL:

./'0

26

18

;.'

"
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Fig. 3.28. Diagrammatic representation of the protein patterns
obtained after the electrophoretic analysis of nonsedimentable protein in fractions 1-4·
Protein remaining in the supernatant after centrifugation
of each fraction at 100 000 gav 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 rnA/gel for 4 hours. Migration was towards
the anode.
~indicates

the distance travelled by the tracker dye.

The following symbols were used to indicate the intensity of
staining:
. . strong;
~ medium;
•••• 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, all of 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 a'll 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 Ca 2+accumulating vesicles.

In addition, cholesterol and

b~sa1

ATPase had

similar distribution patterns.
In order to characterise the regions of the

~plasmic

reticulum

transporting Ca 2+ and to measure the; r cholesterol content, Ca 2+- ',. '
accumulating vesicles were isolated by a density perturbation procedure.
Ca 2+-transport by muscle microsomes is increased several fold in the
presence of Ca 2+-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 Ca 2+,as calcium oxa1ate,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 m1 of the peak Ca 2+uptake fraction, i.e. fraction 3, were diluted with 10 m1 of 5 mM
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imidazo1e-HC1, pH 7·4 and centrifuged at 100 000 gav. for 60 min. The
pellets obtained were resuspended in 4 m1 of 0·25 Msucrose, 5 roM
imidazo1e-HC1, pH 7·4 and added to 50 m1 of calcium oxalate loading
,.

medium consisting of:
5 mM ATP-imidazo1e, pH 7·4;
5 mM Mg C1 2;
100 mM KC1;
3 mM Ca 2+-EGTA-imidazo1e, pH 7·0;
5 mM oxalate-imidazole, pH 7·0; and
5 roM imidazo1e-HC1 pH 7·0.
The mixture was incubated at 25 0 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 gav for 60 min and
the resulting pellets were very carefully resuspended in 8 m1 of 0·25 M
sucrose, pH 7·4 using a tightly fitting, hand-operated Potter-E1vejhem
homogeniser.
2 m1 of the suspension were layered on a 15 m1 exponential sucrose
density gradient in a 23 m1 centrifuge tube (MSE 59209). The gradient
consisted of sucrose buffered at pH 7·4 and ranged in density (4 0 ) from
1·089 to 1·226.

3 ml of 2·0 Msucrose (density 40

•

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 m1 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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DENSITY 5°,

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 a1 (1951) and-the biuret
method of Gorna11 et a1. (1949).

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 2+-accumu1ating vesicles.
Further experiments yielded results which were unsatisfactory for
two reasons: (i) the amount of phospholipid and cholesterol in the
pellets varied with the quantity of sample applied to the gradient;
(1i) pellets obtained after the application of different sample loads
were contaminated to varying degrees with non-loaded vesicles. As
loaded and non-loaded material differed in colour, the presence of
contaminating non-loaded material in the pellet could be seen with the
naked eye. Using electron microscopy several groups of workers (e.g.
Meissner & Fleischer, 1971; Boland et a1., 1974; Graeser et a1., 1969a)
have found that calcium oxalate loaded pellets prepared by density
gradient centrifugation were extensively contaminated with non-loaded
vesicles.
Photographs of the pellets obtained over a three fold range in sample
concentration are shown in Fig. 3.30 A-C. With increasing sample
load, the contaminating material can be seen with the unaided eye.
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Fig. 3.30.

Photographs of calcium oxalate loaded pellets (A, B and C) prepared by density gradient centrifugation
over a three fold range in sample concentration. The sample concentrations were such that the ratios
of A : B : C were 1 : 2 : 3. The presence of what appears to be n6nloaded material in Band C is
indicated by an

arro~.

,
l

Instability of the sample zone (Meuwissen, 1973) or the entrapment
of non-loaded vesicles by the rapidly sedimenting calcium oxalate
loaded vesicles during centrifugation, are possible explanations of
these findings.
To determine the extent of the problem, the amount of sample
material applied to the gradient was varied over a six fold range in
concentration and the distribution of phospholipid and cholesterol
between the gradient and pellet was measured •
• #

;

16 m1 from each of fractions 2 and 3 from two zonal preparations
(i.e. a total of 64 ml) were diluted with 32 m1 of 5 mM imidazo1e-Hel,
pH 7·4 and centrifuged at 100 000 gav !or 60 min. The pellets obtained
were resuspended in 10 m1 of 0·25 M sucrose buffered at pH 7·4, and
added to 100 m1 of calcium oxalate loading medium.

The mixture was

incubated at 25 0 for 30 min and then centrifuged at 100 000 gav for
60 min.

The pellets were carefully resuspended in 25 ml af 0·25 M

sucrose, pH 7·4 and allowed to stand overnight at 4°.
a six-fold range in concentration were prepared.

prepared by diluting

0~5,

Samples covering

Samples 1 to 5 were

1·0, 1·5, 2·0 and 2·5 m1 of suspension

respectively, to 3·0 m1 with 0·25 M sucrose, pH 7·4.
consisted of undiluted suspension.

The sixth sample

Samples were layered on 15 m1

exponential sucrose density gradients, which ranged in density (4 0 ) from
1·089 to 1·226 •. After centri fugation at 30 000 rev/min for 3 hours,
the gradient material was collected by decanting the tube contents and
each pellet was resuspended in 3·0 m1 of 0·25 Msucrose, pH 7·4.

'

The percentage 'of cholesterol and phospholipid sedimenting through
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the gradient and cushion for each of the six sample concentrations is
:,

given in Fig. 3.31. and Table 3.7.

f1

histogram form ion Fig. 3.32.

The results are also plotted in

For the purposeof the discussion, the sample concentrations 1 - 6
will be referred to as load factors 1 - 6 respectively.
If calcium oxalate loaded vesicles were the only particles sedimenting
through the gradient to the pellet at the bottom of the tube, the
phospholipid and cholesterol content of the pellet, expressed as a
percentage of that in the sample, should not vary with sample concentration.
The results obtained from these experiments show that the cholesterol and
phospholipid contents of the calcium oxalate loaded pellet are load
dependent.
At a load factor of 1,20·5% of the phospholipid and 7·5% of the
cholesterol applied to the gradient were recovered in the pellet.

With

increasing sample concentration, the percentage of both constituents
sedimenting to the pellet increased and reached 32·2% for phospholipid
and 17·0% for cholesterol at a load factor of 6.
phospholipid ratio of the sample was 33.1

~g

The cholesterol to

cholesterol per mg phospholipid.

The ratio was considerably lower for the calcium oxalate loaded pellet,
being 12·03

~g/mg

at a load factor of 1 and increasing to 17·5

a load factor of 6.
~

~g/mg

at

With decreasing load factor the material remaining

the gradient during centrifugation became enriched in cholesterol, with

a corresponding decrease in the cholesterol content of the calcium
oxalate loaded pellet.
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Fig. 3.31. The amount of phospholipid (-<>-) and cholesterol (-6-).
expressed as a percentage of that in the sample.
sedimenting through the gradient and cushion in the
preparatton of calcium oxalate loaded vesicles over
a six fold range in sample concentration (load factor).
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TABLE

3.7

The amount of phospholipid and cho1estero1"expressed as a percentage
of that in the sample, sedimenting through the gradient and cushion
in the preparation of calcium oxalate loaded vesicles over a six
fold range in sample concentration (load factor). The amounts of
both constituents expected to be found in the calcium oxalate loaded
pellet from an infini-te1y dilute sample are also given. This data
is plotted in Fig. 3.31.

LOAD FACTOR
Infinitely
- - - - - - - - - - - - - - - - di lute
sample
1
2
3
4
6
5
I Phospholipid

in Pellet
I Cholesterol

in Pellet

20·5

21·7

24·7

26·8

30·2

32·2

18

7·5

9·0

11·2

14·1

16·0

17·0

6
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Fig. 3.32. The effect of increasing sample concentration on the distribution of cholesterol and phospholipid in
the gradient and pellet during the preparation of calcium oxalate loaded vesicles by density gradient
centrifugation. The distribution of both constituents was determined over a six fold range in load factor.
Values are expressed as percentage of those in the sample.
Shaded areas represent phospholipid distribution and clear areas represent cholesterol distribution.
A refers to the sample, 8 to the gradient, and C to the pellet.

Extrapolating from the amount of phospholipid loaded at each of
the six load factors to an infinitely dilute sample, 18% of the phospholipid and 6% of the cholesterol would be recovered in the pellet. This
means that only 18% of the phospholipid in the Ca 2+-uptake rich fractions
of a concentrated microsomal suspension is associated with vesicles
~
transporting and storing Ca 2+.
Two conclusions can be drawn from the calculated presence of
cholesterol in the pellet obtained from an infinitely dilute sample:
(i) cholesterol is a component of the Ca 2+-transporting regions of
the sarcoplasmic reticulum and is present in a lower concentration
there than it is in the other membranes of the sample;
(ii)alternatively, the cholesterol of the pellet is found in membranes
other than those of the sarcoplasmic reticulum but which also
accumulate Ca 2+.
The Ca 2+-transporting regions of the sarcoplasmic reticulum are
not the only membranes in the muscle cell known to contain a Ca 2+_
transport ATPase.

Like the plasmamembrane of other cells, the outer
membrane or sarcolemma of the muscle cell also contains a Ca 2+-transport
system. Sulakhe et al. (1973) have found that the specific activity of
Ca 2+-uptake by a sarcolemma preparation was 8% of that of a microsomal
pellet.
If intact vesicles derived from the sarcolemma were present in
fractions 2 and 3 of the concentrated microsomal suspension, they could
load sufficient calcium oxalate over the 30 min incubation period to
increase their density in a manner similar to that for vesicles from the
ca 2+-transporting membranes of the sarcoplasmic reticulum. Plasmamembranes
are known to contain a high level of cholesterol (Emmelot et al., 1964),
therefore plasmamembrane vesicles loading calcium oxalate could account
.':
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for the cholesterol content of the calcium oxalate loaded pellet from an
infinitely dilute sample. Taking the cholesterol content of plasmamembrane
to be 650 pg cholesterol per mg phospholipid (Papahadjopou1os et a1.,
1973), then all of the cholesterol in the calcium oxalate loaded pellet
would be accounted for if 1·70% of the totai phospholipid in the pellet
originated from sarcolemma.

It;s therefore possible, that the low

level of cholesterol in the pellet from an infinitely dilute sample may
be due to the presence of a small amount of loaded p1asmamembrane
vesicles.
Su1akhe et a1 (1973) have found that the Ca 2+-transporting systems
of sarcoplasmic reticulum and sarcolemma are very similar. The
similarity in properties makes it difficult to choose loading conditions
which would distinguish between vesicles from both membrane systems loading
calcium oxalate. The most readily exploitable difference between the
two types of vesicle is their differing rate of Ca 2+-transport. Although
it was not investigated, it is possible that sarcolemma vesicles may
not load sufficient calcium oxalate during a short incubation period to
cause a significant increase in particle density.
Regarding the possibility of mitochondrial fragments loading calcium
oxalate, Headon (1972) has found that mitochondria d~ not accumulate Ca 2+
under the conditions used to measure Ca 2+ accumulation by sarcoplasmic
reticulum vesicles.
Following the preparation of calcium oxalate loaded vesicles, an
effort was made to obtain information on vesicles not loading calcium
oxalate. An evaluation of the distribution of K+-stimu1ated ATPase,
Ca 2+-dependent ATPase and basal ATPase activities between the gradient
and pellet was made difficult by the lack of information on the effect
of calcium oxalate deposits on the activity of the Ca 2+-transport system.
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While the true activities of these enzymes could not be determined
for the calcium oxalate loaded pellet, this was not the case for.
membrane material banding in the gradient, i.e. vesicles not loading
calcium oxalate. 'The latter were found to have Ca 2+-dependent ATPase,
K+-stimulated ATPase, and basal ATPase activities. These results show
that at least some of th~ vesicles, which do not load calcium oxalate,
contain the Ca 2+-transport enzyme.
The separation of calcium oxalate loaded vesicles from non-loaded
vesicles is a partial subfractionation of the parent fractions (i.e.
fractions 2 and 3 of the concentrated microsomal suspension). Membranes,
which contain 82% of the phospholipidof the sample, do not contain
calcium oxalate deposits. These could consist of:
(i)

vesicles unable to retain transported calcium because of leakiness;

(ii) vesicles unable to accumulate calcium because of 'inside-out'
folding;
(iii) vesicles containing an inactive calcium transport system;
(iv) membranes not containing a Ca 2+-transporting enzyme and originating
from other regions of the internal membrane systems, or alternatively,
membranes derived from the external membrane systems.
Since 98-100% of vesicles loaded with calcium oxalate arise from
the fragmentation of Ca 2+-transporting regions of the sarcoplasmic
reticulum, a study of aspects of their composition should yield
information on the composition of this specialised region of the
intracellular membrane systems.
Protein composition:

The protein composition of calcium oxalate
loaded vesicles and vesicles not accumulating Ca 2+ was investigated
using two-dimensional SOS-polyacry1amide gel electrophoresis.
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A sufficient quantity of calcium oxalate loaded material was
obtained by pooling the pellets collected from twelve density gradient
centrifugations at a load factor of 0·5. The combined pellets were
resuspended in 2 m1 of solubi1isation medium containing 5% W/V SOS,
40 mM mercaptoethanol and 0·02% W/V sodium azide in Tris-boric acidEOTA buffer, pH 8·3. The mixture was heated at 1000 for 5 min. The
high Ca 2+ content of loaded vesicles presented difficulties in
solubi1isation by SOS treatment.

The difficulties arise from the
precipitation of dodecy1 sulphate in the presence of Ca 2+ ions. ,By

using sufficiently high concentrations of SOS, i.e. 5% W/V, solubi1isation
could be achieved. Graeser et a1. (1969a)have reported unsuccessful
attempts to solubilise loaded vesicles with cholate and deoxycholate.
These workers ascribed the failure to achieve solubi1isation either to
the increased resistance of calcium oxalate - containing vesicles to
solubilisation or to technical problems.
After solubi1isation the mixture was dialysed for 12 hours against
5 litres of 0.1% W/V SOS, 40 mM mercaptoethano1 and 0·02% W/V sodium
azide in Tris-boric acid-EOTA buffer, pH 8·3. Dialysis was used to
reduce the free SOS concentration to 0·1% WIVe Calcium dodecy1 sulphate
precipitates and calcium oxalate crystals were removed from the dialysed
mixture by centrifugation at top speed in an MSE Minor centrifuge.
Sucro~e,

to a final concentration of 10% W/V, and the tracker dye,

pyronin-Y, were added.

Electrophoresis was carried out as described

for the concentrated microsomal fractions in Section 3.3.
The sample used in the density gradient separation of loaded vesicles

- 174 -

from non-loaded vesicles was solub1lised and prepared for electrophoresis'
simultaneously with the pellet, using the same procedure.
Photographs of the second-dimension separations obtained for the
sample applied to the density gradient and the pellet are shown in
Fig. 3.33 and drawings of the separations are given in Fig. 3.34.
Proteins in the molecular weight range 50 000 - 70 000 are present
in lower concentration in the sample applied to the gradient than in
the concentrated microsomal fraction from which it was·prepared.
Duggan &Martonosi (1970) have found that proteins in this molecular
weight range were released from the membrane on treatment with 1 mM
EOTA or EGTA at alkaline pH. During calcium oxalate loading, the
sample was exposed to 3 mM EGTA at 25 0 for 30 min and this may account
for the reduction in the content of intermediate molecular weight proteins.
In both the sample and pellet the 100 000 component, which is marked
with an asterisk on the drawings in Fig. 3.34, is the principal protein.
There is considerable trailing of protein in the pattern obtained for
the pellet - this is probably due to interference by Ca 2+ in the
solubi1isation process. While there are no outstanding differences in
the patterns obtained for the sample and pellet, protein components with
a molecular weight less than 100 000 are weaker in the pe11et,re1ative

to the 100 000 component, than they are in the sample.
Microsomes banding in the gradient during the isolation of loaded
vesicles were also prepared for electrophoretic analysis.
Gradients from twelve density gradient centrifugations at a load
factor of 0·5 were pooled. Microsomal material in the combined gradients
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Fig. 3.33.

(overleaf) The protein patterns obtained after the
two-dimensional electrophoretic separation of membrane
proteins in the sample (part A) and calcium oxalate
loaded pellet (part B) following solubilisation with
SOS.
After the first-dimension separation in 5·2% polyacrylamide
gels, the second-dimension separation was carried out in
6-27% polyacrylamide gel gradients. Migration was towards
the anode in both dimensions. In the illustrations this
corresponds to a migration from left to right in the firstdimension and from top to bottom in the second-dimension.
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Fig. 3.33 (A)

Fig. 3.33 (B)
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Fig. 3.34. Diagrammatic representation of the two-dimensional electrophoretic
separations shown in Fig. 3.33.
The 100 000 molecular weight component is indicated with an asterisk.
For further details of the separations, see the legend to
Fig. 3.33 and the text.
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was concentrated by zonal centrifugation in a manner similar to that
for the preparation of the concentrated microsomal fractions.

The

pooled gradients were diluted to a molarity of 0·67 Mwith 5 mM imidazo1eHC1. pH 7·4 and 500 ml was loaded to the edge of a BXIV rotor rotating
at 3000 rev/min. This was followed by 50 ml of 1·0 M sucrose. pH 7·4.
and sufficient 2·0 Msucrose pH 7·4 to fill the rotor.

After

centrifugation for 3 hours at 30 000 rev/min the rotor speed was
reduced to 3000 rev/min and the contents were displaced through the
centre line.

The first 470 ml were discarded.

The

mi~rosoma1

material

was collected in two 40 ml fractions corresponding to the volume ranges
470 - 509 m1 and 510 - 550 m1 (See Fig. 3.35). These fractions were
termed gradient fraction 1 and gradient fraction 2 and correspond to
the density ranges 1·11 - 1·16 g/m1 and 1·16 - 1·21 g/m1 respectively.
Both fractions were diluted with an equal volume of 5 mM imidazo1e-HC1.
pH 7·4 and centrifuged at 100 000 gav for 60 min. The pellets obtained
were treated with SOS as described in Section 2. Two-dimensional
electrophoresis was carried out. as described for the concentrated
microsomal fractions in Section 3.3.
Photographs of the second-dimension separations are shown in Fig.
3.36 and the gels are drawn in Fig. 3.37. The protein patterns obtained
for both fractions show a number of differences.

Gradient fraction 2

shows more similarities to the calcium oxalate loaded pellet than it
does to gradient fraction 1. Furthermore. gradient fraction 1 contains
a greater number of proteins and the pattern resembles that for
sedimentab1e material 1n fraction 1

of~concentrated

microsomal fractions.

The 100 000 molecular weight component. which is marked with an asterisk
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Fig. 3.35. The concentration of membrane material which bands in
the gradient during the preparation of calcium oxalate
loaded vesicles by density gradient centrifugation.
Microsomes present in 500 m1 of diluted gradients were
prepared in the form of a concentrated suspension by
zonal centrifugation. Details of the preparation are
given in the text.
In this figure the density gradient profile and extinction
at 280 nm are plotted against rotor volume in the region
of the concentrated microsomal suspension.
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Fig. 3.36.

(overleaf) The protein patterns obtained after the
two-dimensional electrophoretic separation of membrane
proteins in gradient fraction 1 and gradient fraction
2.
The microsomal material in these fractions does not
load calcium oxalate.
The separation for gradient fraction 1 is shown in
photograph A and that for gradient fraction 2 in
photograph B.
The conditions of electrophoresis are given in the
legend to Fig. 3.33.
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Fig. 3.36 ( )

Fig. 3.36 (B)
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Fig. 3.37. Diagrammatic representation of the electrophoretic separations
shown in Fig. 3.36.
The asterisk indicates the 100 000 molecular weight component.
while the 70 000 - 90 000 molecular weight component is
indicated with a cross •.
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on the drawing, is not the principal protein in gradient fraction 1 instead a component which has a molecular weight of 70 000 - 90 000
and marked with a cross (+) is present in somewhat greater concentration.

Next an investigation carried out into the disposition of proteins
in the membranes of calcium oxalate loaded vesicles will be described.
The vectorial arrangement of membrane proteins can be studied by
a variety of techniques based on the chemical or enzymatic modification
of proteins on the outer surface of the membrane. The external proteins
of the erythrocyte membrane have been modified by:
(a) limited digestion with pronase, trypsin, chymotrypsin or papain
(Steck et a1., 1971);
(b) lactoperoxidase iodination of tyrosine and histidine residues
(Phillips &Morrison, 1970);
.
.
.,.
,

(c) protein labels such as formy1methiony1 [3S s ]su1Phone methyl
phosphate (Bretscher, 1971a) diazo PSs] sulphanilic acid (Berg,
1969); or 4,4 1-di-1sothiocyano-2, 21-ditritiosti1bene.disu1phonate
(Cabantchik & Rothstein. 1974). ~It is essential that the enzymes or reagents used have size or
solubility properties which prevent them from penetrating the membrane.
The labelled or modified proteins can be subsequently identified by SOSpolyacrylamide gel electrophoresis.

The methodology involved in this

type of investigation has been reviewed by Juliano (1973) and Wallach

&Winz1er (1974).
As regards muscle microsomal preparations, calcium oxalate loaded
vesicles are ideally suited to a study of the arrangement of membrane
proteins. loaded vesicles, which are prepared by virtue of their
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ability to transport and retain Ca 2+', have defined permeability
In addition, these vesicles have a defined orientation
in that they all transport Ca 2+ inwards. The proteins on the outer

properties.

surface of the vesicles are those which face the extra-reticular fluid
in the intact sarcoplasmic reticulum.
The externally facing proteins of calcium

o~alate

loaded vesicles

were labelled by a lactoperoxidase-catalysed iodination. The reaction
was carried out in the presence of iodide ion, containing the radioactive isotope 131 1 and involved the iodination of tyrosine and
histidine residues according to the following equation (Phillips &
Morrison, 1970):
Protein + H 0 + 131 1 Lactoperoxida~ Protein~I~
22
Loaded vesicles were prepared by density gradient centrifugation at
a load factor of 0·5. Vesicles containing 2 mg phospholipid were
iodinated by incubation at 37 0 in a medium having a final volume of 10 m1
and containing 10 ~M KI, 1 mCi 131 I : and ' 1 ~M lactoperoxidase (78 ~g/m1)
in 0·25 Msucrose, 50 mM imidazo1e-HC1, pH 7·4. The reaction was
initiated by the addition of 10

of 8 roM H202 • Further additions were
made after 5 and 10 min. The stepwise addition of H202 in this manner,
~1

reduced membrane oxidation (Phillips & Morrison, 1970). After 15 min
the reaction was terminated by layering the reaction mixture on 8 m1
6f 2·0 Msucrose in a 23 ml' centrifuge tube (MSE No. 59209) and centrifuging
at 30 000 rev/min for 2 hours in an MSE 3 x 25 m1 swing-out rotor.
The labelled vesicles sedimented through the 2·0 Msucrose and were
further washed by resuspension and sedimentation in 0·25 Msucrose,
pH 7·4. The labelled vesicles were found to contain 16% of the
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radioacti.vity in the labelling medium, the remainder being soluble.
In addition, they retained their calcium oxalate deposits as evidenced
by their sedimentation through 2·0 Msucrose.
Vesicles labelled in this way were solubilised for electrophoretic
analysis by the same procedure as that already given for the unlabelled
vesicles.
Electrophoresis, in one dimension only, was carried out at 75 V
in 6 - 27% polyacrylamide gel gradients.

Electrophoresis was stopped

when the dye reached the end of the gel.
Immediately after electrophoresis part of the gel was removed for
protein staining and the remaining portion was cut into 2 mm wide
slices for the measurement of radioactivity.

Each of the 26 slices,

corresponding to the 5·2 em migrated by the dye, was placed in a
scintillation vial containing 10 m1 of triton scintillant (composition
given in Section 2) and the radioactivity measured.
In Fig. 3.388 the results are presented as a plot of radioactivity
versus relative mobility.

In part Aof Fig. 3.38 the densitometer trace

of the amido black-stained gel is shown. The 100 000 molecular weight
protein band has a relative mobility of 30% and accounts for 75·4% of
the protein in the gel (Table 3.8). The distribution of 131 1 also has
a strong peak corresponding to this mobility. A large peak of radioactivity remained on the top surface of the gel, probably due to
incomplete solubilisation in the presence of calcium oxalate. Free 131 }
moved with the tracker dye (relative mobility = 95%).
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Protein bands

,
{

Fig. 3.38.

(overleaf) Polyacrylamide gel electrophoresis of
membrane proteins from calcium oxalate loaded
vesicles after iodination of proteins on the
external surface of the vesicles.
A densitometer trace of the gel after staining for.
protein is shown in part A. In part B the
distribution of 131 1 is plotted against relative
mob;l;ty.
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other than the 100 000 molecular weight band are more heavily labelled
relative to the amount of protein they contain than is the 100 000
molecular weight component (Table 3.8). This would indicate that the
100 000 molecular weight component either has a low content of tyrosine

and histidine residues or, alternatively, that only part of the molecule
is available for labelling on the exterior of the vesicles.
The phospholipid composition of calcium oxalate loaded vesicles .
. A qualitative' analysis of the phospholipid classes in calcium oxalate
loaded vesicles was carried out by thin layer chromatography.
Phospholipid classes in the lipid extracts of the sample applied
to the gradient and the pellets obtained at each of the six load factors
were separated on thin layer plates precoated with silica gel G. The
solvent system used was composed of chlorofonm -methanol-glacial acetic
acid-water (100 : 20 : l2·5 : 5).
A photograph of the thin layer plate showing the separated phospholipid classes, stained with iodine vapour, is shown in Fig. 3.39.
Phosphatidylcholine is the most intensely-staining phospholipid
class in both the sample and pellets, followed by phosphatidylethanolamine.
While phosphatidylinositol is present in the calcium oxalate loaded
pellets at each of the load factors, it appears to constitute a lower
percentage of total phospholipid in the pellet than it does in the
sample and may therefore be enriched in the gradient.
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TABLE

3.8

The distribution of protein stain and 131 1 in selected regions of
the polyacrylamide gels illustrated in Fig.' 3.38.
Protein was measured from the peak areas on the densitometer trace.
The amount of each constituent in the various gel sections is
expressed as a percentage of the total amount in the relative
mobility range 3~9 to 84·6% (i.e. excluding free 131 1 and material
on the top surface of the gel).

Gel Section
(% Relative
mobility range)

(a)

Protein
%fractional
concentration

(b)

Protein Bound
131 I
%fractional
concentration

131I/Protein
Ratio
(=b/a)

3·9 - 15·4

8·2

16·9

2·06

15.4 - 38·5

75·4

57·0

0·76

38·5 - 53·9

9·7

12·0

1·24

53·9 - 69·2

2·3

4·9

2 ·13

69·2 - 84·6

4·4

8·6

1·95
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Fig. 3.39.
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The separation of phospholipid classes in the lipid
extracts of calcium oxalate loaded vesicles prepared by
density gradient centrifugation.
The separation was carried out on thin layer plates coated
with sil °ca gel G using the solvent system chlorofor methanol-glacial acetic acid-water (100 : 20 : 12·5 : 5).
The origin or site 0 application is indicated by 0 and
the solvent front by SF.
Samples were app1°ed from le

l to

to right as follows:

extracts f om pellets obtained at load factors
of from 1 to 6 respectively·
~

7

sample appl Oed to the gradOent·

8

phosphatidylethanolamine·

9

p osphatOdylc 01 ·ne·

o

p osphatidy i ositol·

11

phosphatidy1serine.
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3.5.

Cholesterol in rabbit skeletal muscle membrane preparations

As a consequence of the results given in the preceeding part of
thi s secti on t it was of i nteres t to determi,ne whi ch mi crosoma1 enzymes
are associated with cholesterol-containing membranes. To this end,
digitonin, which has been successfully employed by Thines-Sempoux et
al. (1969) and Amar-Costesec et a1. (1974b)to identify the cholesterolconta i ni ng membranes in- 1i ver mi crosoma1 preparati ons, was used.
Thines-Sempoux et al. have found that, when a rat liver microsomal
preparation was exposed to a low concentration of digitonin and
subsequently washed and subfractionated by isopycnic density gradient
centrifugation, the distributions of plasmamembrane marker enzymes and
cholesterol were selectively shifted to a region of higher density. The
distribution of marker enzymes for endoplasmic reticulum was not
similarly affected.

The increase in equilibrium density of

chol~stero1

containing membranes in a sucrose density gradient, after treatment with
digitonin, has been termed the digitonin shift by de Duve (1971). The
increase in particle density has been attributed to the binding of
digitonin to membrane cholesterol (Thines-Sempoux et a1., 1969; AmarCostesec et a1. t 1974b).
Digitonin is a complex glycoside occurring in digitalis plants (The
Merck Index, 8th Edition, 1968).

It forms equimo1ar insoluble complexes

with steroids having a 3a-hydroxy1 group.
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Studies of the effect of digitonin on the distribution of muscle
microsomal constituents given here were carried out as a joint
investigation with J. O'F1aherty and D. P. Bradley.
Muscle microsomal material was prepared according to the procedure
summarised in Fig. 3.1. The microsomal (P3) pellet was resuspended in
0·25 Msucrose, pH 7·4. The suspension was divided into two equal
portions. One portion was diluted with an equal volume of 0-25 M
sucrose, pH 7·4 and processed as a control. An equal volume of freshly
prepared, ice-cold 0-5% W/V digitonin in 0·25 M sucrose, pH 7·4 was
added to the second portion, which was then incubated at 00 for 15 min.
The molar ratio of cholesterol to digitonin in the incubation medium
was 0·3. After incubation both suspensions were centrifuged at 100 000 gav
for 60 min. The pellets obtained were resuspended in 0·25 M sucrose
to a known protein concentration in the range 2-3 mg/ml.
2 m1 samples of control and digitonin treated microsomes were layered
on 15 ml exponential sucrose density gradients, ranging in density (4 0 )
from 1·04 to 1·21 glml, with a cushion of 3 m1 of 2·0 Msucrose, pH 7·4.
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Three 15 m1 gradients were formed as described in Section 2, using
45 m1 2·0 Msucrose, pH 7·4 and 30 m1 of 0·5 Msucrose, pH 7·4 as
heavy and light solutions respectively. The gradient profiles are
shown in Fig. 3.40.
Density gradient equilibration was carried out by centrifugation at
30 000 rev/min for 600 min.

.~

The temperature of centrifugation

1

was 50. After centrifugation 20 1 m1 fractions were collected
manually.
Digitonin, at the concentrations used, was found to affect a
number of the properties of the microsomal preparation. These effects
are listed in Table 3.9. The detergent properties of digitonin
(He1enius &Simons, 1975) are primarily responsible for these effects.
The solubi1isation of 5-8% of the membrane-associated protein is thought
to result in leakiness of the vesicles with the loss of Ca 2+-storage.
leakiness of Ca 2+-accumu1ating vesicles, in turn, results in stimulation
of the Ca 2+-dependent ATPase.
Protein and cholesterol concentrations and Ca 2+-dependent ATPase
and basal ATPase activities were measured in each of the fractions
collected after density gradient equilibration of control and digitonintreated microsomes. The results are presented in Figs. 3.41 and 3.42.
The presentation is in the form of frequency histograms, according to
the method of de Duve (1967). Density is plotted along the abscissa
and divided into 20 sections corresponding to the density increments
over the collected fractions.

The ordinate gives the unit frequency

within the density increments. Frequency is defined as (Q.100)/(IQ.Ap),
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Fig. 3.40. Profiles of sucrose density gradients after the isopycnic equilibration of untreated (A) and
digitonin-treated microsomes (B).
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TABLE

3.9

The effects of digitonin treatment on the properties of a muscle
microsomal preparation.
Muscle microsomes were prepared according to the procedure
summarised in Fig. 3.1.
The molar ratio of digitonin to cholesterol, during treatment,
was 3.3.

Amount of membrane-associated
protein solubi1ised

Effect on Ca 2+-dependent ATPase
activity

5 - 8%

1·66 fold
stimulation

Effect on basal ATPase activity

1·19 fold
stimulation

Effect on ATP-dependent Ca 2+ -uptake
in the presence of oxalate

Complete loss
of CaZ+-storage
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Fig. 3.41.

The effect of treatment with dOgitonin on the equilibrium
density distribution of protein (A) and Ca 2+-dependent ATPase
(B). The shaded area represents the distribution after
treatment with digitonin and the unshaded dOstribution is
that of the control. The dark and white arrows indicate the
medoan density values of the digOtonin-treated and control
distributions, respectively.
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Fig. 3.42.

The effect of digitonin treatment on the equilibr; m de s·ty
distribution of cholesterol (A) and basal A Pase (B).
he
shaded area represents the distribution after treatment ith
digiton· and the uns aded dist ibution is that of the control.
The dark and white arrows indicate the median density values
of the d·gitonin-trea ed and contro icrosomes respectively.
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where Q is the concentration or activity found in the fraction
corresponding to the density incrementb.p, and I Q is the total
concentration or activity in the gradient.

In order to quantify

differences in the equilibrium distribution of constituents and enzymes
in control and digitonin-treated microsomes, the median density of
each distribution was calculated and these are given in Table 3.10.
The results presented in Fig. 3.41 and 3.42 show that Ca 2+-dependent
ATPase activity (median density

= 1·172)

and basal ATPase activity

(median density = 1·149) in an untreated microsomal preparation can
be clearly distinguished by isopycnic density gradient centrifugation.
Furthermore, the similarity in the median densities of basal
ATPase (median density

= 1·149)

and cholesterol (median density = 1·151)

in the control separation indicate a possible association of cholesterol
with membranes containing basal ATPase.
Treatment with digitonin increases the median density of the
cholesterol distribution by 0·028 density units.

This is shown in

Fig. 3.42 A.
The median density of protein shows a smaller increase after digitonin
treatment, the increase being 0.013 density units, indicating that only
a portion of the vesicles in the preparation contain cholesterol.
The distribution of basal ATPase in treated and untreated microsomes
is shown 1n Fig. 3.42 B. The median density in the treated microsomes
1s 0·030 density units greater than that in the untreated microsomes.
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TABLE

3.10

Median densities of constituents in control and digitonintreated microsomes equilibrated in sucrose density gradients.

I.

Constituent

MEDIAN

DENSITY (50)
Digitonintreated

Control

Excess of
digitonin-treated
over control
(x 104)

1·150

1·163

130

1 ·151

1·179

280

Ca 2+-dependent ATPase 1·172

1·170

-20

1.149

1·179

300

Protein

Cholesterol

Basal ATPase
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The increase in the median density is close to the value of 0·028
density units found for cholesterol.
Clearly, digitonin treatment increases the equilibrium density
distribution of cholesterol and basal ATPase in an almost identical
manner.

This leads to the conclusion that cholesterol is associated

with membranes containing basal ATPase.

Distr1butio~ of membranes containing the Ca 2+-dependent ATPase
is not significantly affected on treatment with digitonin.

The median

density in this case shows a slight negative shift of 0·002 density
units. From this it can be inferred that if membranes containing the
Ca 2+-dependent ATPase contain cholesterol it 1s present in such low
concentration that treatment with digitonin does not cause a detectable
increase in particle density.
The results obtained in Section 3.1 showed that the membrane
systems of muscle were differentially fragmented during homogenisation.
The specific activity of basal ATPase was highest in the microsomal
fraction from a 30 sec homogenate. while that for the Ca 2+-transport
ATPase was highest in the microsomal fraction from a 60 sec homogenate.
In addition. membranes not associated with either of these two ATPases
nor with the (Na+ and K+) - ATPase were found in the microsomal
fractions from 90 and 120 sec homogenates.
In view of the association found between basal ATPase and cholesterolcontaining membranes a study of the appearance of cholesterol in the
microsomal (or P3) fraction with varying homogenisation time seemed
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f

~

appropriate.

The results are presented in Fig. 3.43.

The highest specific activity of K+-stimulated ATPase (=Ca 2+'\

transport ATPase) in the fraction coincides with the lowest cholesterol/
phospholipid ratio for the four homogenisation times studied.' This
correlates well with the previous finding that sarcoplasmic reticulum
membranes, which transport Ca 2+, contain little or no cholesterol.
The cholesterol/phospholipid ratio of the fraction closely parallels
the specific activity of basal ATPase up' to and including a homogenisation
time of 60 sec. Since basal ATPase has been shown to be located in a
cholesterol-containing membrane this close association is to be expected.
However, between 90 and 120 sec the cholesterol/phospholipid ratio
increases while the specific activity of basal ATPase continues to
decrease.

This finding indicates the presence of two types of cholesterol-

containing membranes:

one contains basal ATPase and sediments in the

microsomal fraction after a short homogenisation time; the other is
not associated with the enzyme activities assayed for and is only
ruptured into fragments which sediment in'the microsomal fraction after
longe.r' (90

~.nd.120

sec) homogenisation
•.
..
.,
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Fig. 3.43. The cholesterol/phospholipid ratio and the absolute and
: specific activities of K+-stimulated ATPase and basal
ATPase in fraction P3 prepared from 30, 60, 90 and 120
sec homogena tes.
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. Since Emme10t & Bos (1962) concluded that p1asmamembranes were
characterised by a very high level of cholesterol, significant advances
have been made in detenmining the subcellular localisation of this
constituent. The subsequent work of de Duve's group has shown that
the cholesterol of the liver cell is located exclusively in the
plasmamembrane, Golgi apparatus, endocytotic vesicles and secondary
lysosomes and absent from the endoplasmic reticulum.
In the muscle cell, two membrane systems are in contact with
the extracellular fluid, namely the sarcolemma and T-system (Huxley,
1964). On the basis of the distribution of cholesterol in liver,
one or both of these membrane systems would be expected to contain
high levels of cholesterol. Whether or not this is the case could
be determined with the availability of a method to specifically
label both membrane systems. A particularly suited method would
involve the tissue culture of muscle cells and the labelling of the
surface proteins by one of the methods described and evaluated by
Juliano & Behar-Banne1ier (1975). An alternative method which could
be used for the preparation of free muscle cells would involve the
perfusion of muscle tissue,;n

sit~with

cell dissociating agents such

as collagenase. The dissociated cells would then have to be separated
from endothelial and other cells prior to harvesting.

Evans (1974)

has used this type of approach to prepare hepatocytes from liver for
the labelling of cell-surface proteins.

In view of the technical

skills required to carry out either of these types of experiments, a
simpler but less satisfactory approach was briefly investigated. The
method used involved the infusion of muscle tissue in situ with a
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lactoperoxidase iodinating mediUM. After allowing sufficient time for
:1

labelling, the tissue was washed and fractionated.

The distribution

of iodinated protein was then determined •.
r

.

Before describing the experiment, consideration will be given
to the circulatory system in skeletal muscle and to the accessibility
of the iodinating reagents to the sarcolemma and T-system of the
muscle cells.
The blood supply to skeletal muscle cells is through a fine
network of capillaries which are derived from branches of neighbouring
arteries (Gould, 1973).

In both

skele~a1

and cardiac muscle, the

capillaries are said to belong to the continuous type,in that they
have a continuous endothelium and basement membrane.

In soleus, a

red muscle, the surface area of the muscle cell is seven times that
of the blood vessels (calculated from the data of Eisenberg et a1.,
1974).
The organisation of blood capillaries in skeletal muscle has been
described in considerable detail by Bruns &Pa1ade (1968a). The
capillary wall is composed of three concentric layers of cellular
and extracellular elements. The inner layer faces the blood-front
and is composed of a single continuous layer of flattened cells, known
as endothelial cells. The tissue-front of the endothelial cells is
covered with a

soaR

thick basement membrane composed of fibrillar

material embedded in an amorphous matrix. Finally, the outermost
layer (i.e. the layer which faces the interstitial space) consists of
varying proportions of connective tissue and ground substance,in
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~

addition to macrophages and fibrils.

Endothelial cells are bounded

,;~

by a typical plasmamembrane and contain the usual complement of cell

f

organelles. During infusion, the surface proteins on the blood front
of the endothelial p1asmamembrane would be extensively labelled.

In

order that the surface proteins of the muscle cells be Bbelled, the
iodination reagents must penetrate the capillary wall and gain access
to the interstitial space. Small mo1ecules,such as H202 and~-~:
which are required for iodination would freely traverse the wall,
however, the lactoperoxidase molecule (molecular

weigh~

= 78

000)

is too large to cross by simple diffusion.
The permeability properties of the capillary wall are such that
it behaves as though it possessed a set of small and large pores
(Pappenheimer, 1953; Landis &Pappenheimer, 1963; Karnovsky, 1970).
This has led to the formulation of the so-called Pore Model of capillary
permeability. According to this model, skeletal muscle capillaries
are penetrated by channels with an approximate diameter of 90R.
Molecules with molecular weights less than 10 000 would exchange
rapidly through these pores. A high degree of molecular sieving
would occur for molecules with molecular weights between 10 000 and
90 000 - those with a molecular weight of 90 000 being almost
completely excluded from passing through the pores. The structural
identity and location of these small pores is still under investigation.
Karnovsky (1968) has presented evidence that the endothelial intercellular junctions are the morphological equivalents of the small pore
system.

Palade and co-workers (Bruns & Pa1ade, 1968a; Simionescu et

a1., 1973; Simionescu et a1., 1975) believe that p1asma1emma1 vesicles
are the structural equivalents of both the small and large pore systems.
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The passage of large

mo1e~ules,such

as large proteins, destrans

and ferritin across the capillary wall has been attributed to the
large pore system (Grotte. 1956). These pores have an apparent diameter
of 250 - 700R and are regarded as the only passageway for molecules
with a diameter greater than 80R.
Pa1ade and co-workers have presented considerable evidence in
favour of vesicular transport being the mechanism for the transport
of large molecules across the endothelium. Using the electron microscope large molecules, such as ferritin (molecular weight

= 500

000;

diameter 110R) (Bruns &Pa1ade. 1968a; Wissig, 1958) and colloidal
particles (Pa1ade, 1961; Jennings et a1., 1962), were observed in
sequential stages of transfer across the endothelium while enclosed
in vesicles. The vesicles are considered to be the structural equivalent
of the large pore system postulated in the Pore Model.
As regards the in vivo situation, the capillaries are somewhat
permeable to plasma proteins (Field et a1., 1934; Bach &Lewis, 1973;
Landis &Pappenheimer, 1963), indeed 24 - 50% of the total plasma
protein pool in mammals is found in the interstitial space (review
by Wiederhie1m, 1968).
':

It is not possible to decide on the extent to which lactoperoxidase

would penetrate the capillary wall during

1nfusion~

However, since

the infusion medium contained a high concentration of lactoperoxidase,
the surface proteins of at least some muscle cells would probably be
labelled ..
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The experiment described in the following pages can be divided
,i}

into two stages:
(a) the infusion of the tissue with the iodinating reagents;
(b) the fractionation of the infused tissue.
The operative procedure and infusion were skilfully carried out
by Dr. B. M. Buckley, whose generous help and advice is appreciated.

Operative Procedure
A 2.5 kg female rabbit was anaesthetised by the slow infusion
of 30 mg nembuta1 in 0·9% NaC1 through an ear vein, followed by the
inhalation of diethy1 ether from a face mask. 1000 IU heparin were
injected through a vein in the other ear. The medial aspect of one
thigh was skinned. Dissection through the deep fascia exposed the
femoral vessels at their origins distal to the inguinal ligament.
The femoral artery was 1igatured as close to this as possible, and
a small cut was made in it a few

l1li1

distally, using an iridectomy

scissors. A cannula made of 0·9

l1li1

1.0. polyethylene tubing, which

was continuous with the arterial line of the infusion apparatus (Fig.
3.44) and filled with infusion medium, was introduced through this
cut and passed about 1 cm distally along the artery. This was secured
using two ligatures. The femoral vein was cannulated in a similar
fashion, except that the cannula was not attached to any part of the
apparatus. The flow of infusion medium through the limb was started as
soon as the cannulae were in position. About two minutes elapsed
between the arterial occlusion and'the commencement of infusion. The
rabbit was then killed by the injection of Q·1M EDTA into the heart
through the thoracic wall.
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135cm

5

o

Fig. 3.44.

Diagrammatic represen ation of infusion appara us.
1. supply reservoir;
2. perfusate return line'
3. overflO\" 1i ne;
4. ar erial line·
5. peristaltic pump;
6. stopcoc
7. venous line·
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8. venous cannula;

9.
10.

11 .
12.
13.
14.

r erial ca n la;
i nd im .
er ath (a 38°) .
col ec inq reservoir·
agne ic tirrer·
as 1·ne (°2 CO 2 )

1

Infusion Apparatus
The infusion apparatus used in this experiment is shown in
Fig. 3.44.

Infusion medium is passed by a hydrostatic pressure head

of 135 cm water from a supply reservoir (1). through an arterial
line (4) to the cannula in the femoral artery (9). A stopcock (6)
in the arterial line allows flow to be started or stopped. The
infusion medium emerges from the circulation in the limb through the
venous cannula (8) and is collected in a reservoir (12). The fluid
in the reservoir is continually stirred and maintained at 380 • From
this reservoir it is pumped by a peristaltic pump (5) back to the
supply reservoir (1), at a rate faster than the flow rate through
the limb, an overflow line (3) drains the excess medium from the
supply reservoir.

The medium in the collecting reservoir was

continually gassed with a mixture of 02 (95%) and CO 2 (5%).
Infusion Medium
Krebs-Henseleit bicarbonate saline (Krebs &Henseleit, 1932)
was used as the basic infusion medium. After a pre-perfusion with
this medium alone, for 10 min, the infusion proper was started.
The infusing medium had a final volume of 500 ml and contained
20 mg lactoperoxidase. 10 ~M KI. 10 mCi 131 1 (as Na I). 10 roM glucose,
0·2 mM sodium pyruvate and 8 pM H202 in Krebs-Hense1eit bicarbonate
saline. Two further additions of H202, to a final concentration of
8

~M,

• 'f

...

were made during the infusion •
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Progress of the infusion
, i ..

~

.1

·1

Due to patent venous connections between the limb and the rest
of the body, the volume of medium

c~rcu1ating

through the system fell

over about 30 min to zero. At this stage, the pump was stopped and
the venous line clamped. The limb was allowed to incubate in this
condition at room temperature for a further 15 min. This incubation
i

period, coupled with the high concentration of enzyme used, ensured
reaction had ceased on using all of the H202
available in the medium. After incubation,the leg was· disconnected
that the

iodina~ion

from the infusion apparatus and the muscle removed from it.
, The initial recirculation of medium ensured that the maximum
amount of muscle mass was filled with medium and,in this respect,it
is .an improvement on techniques employing a single injection of
medium.

A true perfusion of muscle could be performed if more time was
given to the surgical procedure, however, in this type of experiment
it may not represent an improvement.

Fractionation of the infused tissue
After removal from the animal, the muscle was minced by cutting
into small pieces and then washed by stirring for 1 hour at 40 in
Krebs-Hense1eit saline containing 5 mM B-mercaptoethano1. The wash
medium was changed at 10 min intervals. Mercaptoethano1 was incorporated
into the wash medium to scavenge any residual H202 •
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The chopped tissue was drained of wash medium and homogenised
in 3 volumes of 1 Msucrose, pH 7·4 for 60 sec •. The P1 and P2 fractions
were prepared according to the fractionation scheme shown in Fig. 2.2.
Microsomes in the P2 supernatant were pelleted by centrifugation at
100 000 gav for 90 min and termed the P3 fraction.
;..s.

All pellets were

extensively washed by resuspension and sedimentation in 0·25 Msucrose,
pH 7·4,to remove soluble 131 1 • Particulate material 1n the combined
washes of P1 was concentrated by centrifugation at 100 000 gav for
90 min.
The distribution of particulate-bound 131 1 between the P1, P2 and
P3 fractions, which is given in Table 3.11,1s similar to that for
phospholipid and cholesterol. Only 4·3% of the bound 1 was recovered
in the microsomal or P3 fraction as opposed to 94% in the P1 fraction.
Also, 16·8% of the total particulate-bound 131 1 of the homogenate could
be removed from the P1 fraction

by

washing.

The P3 fraction was equilibrated in a sucrose density gradient
to detenmine the isopycnic distribution of membrane-bound 131 1 in the
microsomal fraction.
The washed P3 pellet was carefully resuspended to a protein
concentration of 2 mg/m1 in 0·25 Msucrose, pH 7·4,using a hand-operated
Potter-E1vejhem homogeniser. 15 ml sucrose density gradients were
formed in 23 m1 centrifuge tubes (MSE 59209). The gradients were
linear with volume and ranged in density from 1·05 to 1·25 g/ml. A
cushion consisting of 3 ml 2·5 M sucrose, pH 7·4 was used. 2·0 m1
of sample were layered on the gradient and density gradient equilibration
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TABLE

3.11

Distribution of particulate-bound 131 1 in the P1,P2 and P3 fractions.
The fractions were prepared as described in the text from skeletal
muscle which had been infused with an iodination medium.
As a comparison, data on the distribution of cholesterol and
phospholipid in comparable fractions has been taken from Table 3.3.

I';

Constituent

Subcellular

Fraction

P1

P2

P3

Particulate-bound 131 1

94·02

1·72

4·26

Phospholipid

87·1

3·4

3·5

Cholesterol

90·7

1·6

1·7
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was carried out at 40 by centrifugation at 30 000 rev/min for 10
hours in an MSE 3 x 25 m1 swing-out rotor. After centrifugation.
21 fractions of 0·8 m1 volume were collected manually.
The equilibrium distribution of 131 1 is plotted in the form of
a frequency histogram in Fig. 3.45. With the exception of a small
peak in the region of the sample zone (density 1·03 - 1·06). the
distribution consists of a sharp peak with a modal density (4 0 )
of 1·146. The median density (4 0 ) of the overall distribution is
1·142.

Both values are reasonably close to the values of 1·151 and

1·149 obtained for cholesterol and basal ATPase in an earlier
experiment (Table 3.10). The median density of the 131 1 distribution
is distinct from that of ca 2+-dependent ATPase (P = 1·172; Table 3.10)
and succinate-INT reductase (P

= 1·179;

Table 3.14).

Indeed 81%

of the 131 1 in the gradient was recovered at densities lower than 1·170.
The protein components of membranes in the P3 fraction were
solubi1ised by treatment with SOS and separated by one-dimensional
electrophoresis in 6 - 27% polyacrylamide gel gradients. After
electrophoresis the gels were stained for protein with amido black.
Portion of the stained gels were sliced into 28 2 mm wide slices.
corresponding to the 5·6 cm migrated by the tracker dye. The 131 1
content of each slice was measured as described in Section 3.4.
The distributions of protein and 131 1 in the gel are plotted in
Fig. 3.46 A and B. The peaks of 131 1 on the upper surface of the
gel (0-10% Rm) and at the dye front (90 - 100i Rm) are thought to
represent incompletely solubi1ised labelled-protein and free 131 1•
respectively.
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150

Density 4°

Fig. 3.45. The distribution of 131 1 after the isopycnic equilibration
of the microsomal fraction prepared from skeletal muscle
which had been infused with iodination mediUM.
The median density of the distribution 1s indicated
an arrow.

•
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~th

Fig. 3.46.

(overleaf) Polyacrylamide gel electrophoresis of
proteins in the microsomal fraction prepared from
skeletal muscle which had been infused with an
iodination medium.
A densitometer trace of the gel after staining for
protein is shown in part A. In part B the distribution
of 131 1 is plotted against relative mobility.
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The protein pattern obtained for the P3 fraction corresponds
to the summation of the patterns obtained for the concentrated
microsomal fractions.

Peaks corresponding to

~lecu1ar

weights of

approximately 100 000, 85 000, 65 000, 60 000, 50 000, 38 000, 31 000,
28 000 and 15 000 - 20 000 can be seen on the densitometer trace.
In order of magnitude, the 100 000 molecular weight band is the
principal one, followed by the 85 000 and 31 000 molecular weight
bands. The major 131 1 band,has a relative mobility of 84% corresponding
to a molecular weight of approximately 20 000 and is closely followed
by a peak at a mobility of 44% and a molecular weight of 100 000.
Proteins in the 50 - 75% Rm range and having molecular weights between
25 000 and 75 000 are very poorly labelled. ' In comparison to the
15 000 - 20 000 molecular weight protein (which,a1though it represents
a very small amount of the total protein,is extensively labelled),
the 100 000 molecular weight band is poorly labelled relative to the
amount of protein it contains. The distribution of 131 1 label in the
gel 'is significantly different from the overall distribution of protein.
This difference would correlate well with the labelling of a group of
membranes which constitute only a small proportion of the total
membrane material in the P3 fraction.
During infusion the p1asmamembrane of endothelial cells would be
extensively labelled, however, the extent to which the sarcolemma and
T-system of muscle cells would be iodinated is not known.

If the

relative amount of labelling of both types of cells was known, the
interpretation of the results would be less difficult.
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The median density of microsomes from the labelled membranes,
after equilibration in a sucrose density gradient, is similar to
that for cholesterol and basal ATPase in muscle and plasmamembrane
marker enzymes in liver (Beaufay et al., 1974b). This result is
compatible with the labelling of an external or pericellular membrane.
The results of these experiments show that, irrespective of the
extent of labelling of the .sarcolemma and T-system, plasmamembrane
fragments from endothelial cells are found in the microsomal fraction
of a muscle homogenate. Furthermore, they raise the possibility that
activities such as basal ATPase, which are thought to be associated
with some muscle membranes, may be located in the contaminating
endothelial membranes •

.'

.
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3.6.

The fractionation of membrane material present in
the low-speed sediment from a muscle homogenate.

The results given in Section 3.1 have shown that 80-90% of the
protein. phospholipid and cholesterol of a muscle homogenate sediments
in fraction Pl even after extensive homogenisation.

Furthermore,

muscle microsomal material prepared either as a differential pellet
or a concentrated suspension contains only 2-5% of the total membrane
material of the homogenate. The concentrated microsomal fractions,
for example, account for only 0·4% of the total protein. 3·5% of the
phospholipid. 1·7% of the cholesterol and 2% of the sarcoplasmic
reticulum membranes transporting Ca 2+ measured as 32P-labelled
phosphoprotein intermediate. (see Table 3.1). Clearly these
preparations do not represent a random sample of the total microsomal
material present in the muscle homogenate. This contrasts with the
distribution pattern obtained on the fractionation of a liver
homogenate. when 18-28% of the principal constituents are recovered
in fraction Pl and 70-75% of the endoplasmic reticulum membranes
sediment in the microsomal fraction (Amar-Costesec et a1 •• 1974a). A
fractionation of muscle .icrosomes is incomplete without a consideration
of membrane material present in fraction Pl.
In the succeeding pages the fractionation of Pl is described.

In

these experiments an emphasis was placed on determining differences
and similarities between membrane material sedimenting in fraction Pl
and that found in fraction P3 or the concentrated microsomal suspension.
In the initial experiments the fractionation of Pl was attempted
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by

combined rate-isopycnic centrifugation in the HS zonal rotor.
P1 was prepared according to the scheme shown in Fig. 3.1 and
resuspended in homogenisation medium with six complete strokes in
the Potter-E1vehjem homogeniser (No. 54300 teflon plunger in No.
54260 60 m1 glass barrel; manufacturer: B. Braun, West Germany).
The suspension was filtered through two layers of cheese cloth
to remove unfragmented tissue and other particulate material, which
would block the feed lines to the rotor.
As an exploratory separation 40 m1 of sample, containing P1
material from 7·5 g of minced muscle, were loaded on a 445 m1 exponential
density gradient ranging in density from 1·06 to 1·19 g/m1. The
gradient was formed using an unmodified Birnie &Harvey (1968) exponential
gradient maker. At the commencement of gradient formation the mixing
vessel contained 250 ml of 0·5 Msucrose and the reservoir 445 m1 of
2·0 Msucrose. An overlay,consisting of 100 m1 of 0·05 Msucrose,and
a cushion of 2·0 Msucrose were used.

Centrifugation was carried out

at 9500 rev/min for 50 min at a temperature of approximately 40.
After centrifugation, the rotor contents were collected in 35 20 m1
fractions.

The results of this fractionation are shown in Fig 3.47

and 3.48.
Three protein peaks were detected as follows: peak 1 at a density
of 1·04 and found in fractions 4-7 in the region of the sample zone;
peak 2 at a density of 1·09 in fractions 9-10; and finally a large
peak extending from fraction 30 to the rotor wall and covering the
density range 1·19 - 1·22. Selected S20.W values for particle densities
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Fig. 3.47. Density gradient centrifugation of fraction P1 in the
HS zonal rotor.
(A) The distribution of protein and sucrose density.
(B) The distribution of selected S20.W values for particle
3
densities between 1·16 and 1·24 g/cm •
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ranging from 1·16 - 1·24 are plotted against fraction number in
Fig. 3.47 B.
~20.W

Particles having densities between 1·16 and 1·24 and

values between 500 and 2000 would be found in protein peak 2.

Protein peak 3 contained material sedimenting to a density greater
than 1·19. When fractions conta.ining this material were examined
in the light microscope myofibri1s and whole cells could be seen.
Succinate-INT reductase activity was found in two peaks at
densities of 1·087 and 1·211. The distribution of Mg 2+-ATPase
assayed in the absence of azide showed peaks at densities of 1·061
and 1·211.
The separation obtained in this fractionation is poor. The
density gradient was not sufficiently steep in the higher density
region to prevent particles from sedimenting to the rotor wall.
In addition, a large central region of the gradient was unused in
the separation. Despite these drawbacks, the results obtained show
that P1 contains particles with widely different rates of sedimentation.
For this type of material, complex exponential density gradients with
high load-carrying capacity are required (Anderson, 1967).
The effect of changing the gradient shape on the distribution of
protein and enzymes 1s shown in Fig. 3.49 and 3.50.

In this case, a

400 m1 complex exponential gradient ranging in density from 1·07 - 1·26
was used. The gradient was steep over the density ranges 1·12 - 1·18
and 1·20 - 1·24 with a point of inflection at 1·19.

In their work,

Cline and coworkers (Cline &Rye1. 1971; Cline et a1., 1974) have
extensively used a series of gradients (termed 'inner gradients')
within a gradient to increase resolution and gradient capacity.

- 224 -

.........~--r---..,..----,r---...,..----;;~-"'1.O

~

o

5

10

15

20

25

30

35

;1.

oreI)

c

cu
c
cu
u
-or-

('I)

U

uE
........

tto "'u

Q.

o

Fraction

Fig. 3.49. (A) The distribution of protein and sucrose density after
density gradient centrifugation of fraction Pl in the
HS zonal rotor.
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Ca 2+-uptake, and Mg 2+-ATPase activities after the density
gradient centrifugation of fraction Pl shown in Fig. 3.49.
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Centrifugation was carried out at 9500 rev/min for 100 min.

Protein

was distributed over three peaks: peak 1 at a density of 1·039 and
extending over fractions 5-8 which correspond 'to the sample region;
peak 2 at a density of 1·132 over fractions 8-10; and peak 3 at a
density of 1·246.
Succinate-INT reductase activity peaked at densities of 1·132
and 1·246. Ca 2+-uptake peaks were found at densities of 1·110 and
1·240 and Mg 2+-ATPase assayed in the absence of azide peaked at
densities of 1·074, '·132 and 1·246.
Further changes in the gradient shape, giving greater utilisation
of the gradient,are shown in Fig. 3.51 and 3.52.
this case, were found at densities of 1·032,

1~124

Protein peaks, in
and 1·189. There

is a shoulder in the distribution of protein at a density of 1·22 1·24 and a minor peak at 1·152 •. Peaks of succinate-INT reductase
activity were observed at densities of 1·124 and 1·189, while Ca 2+-

uptake peaked at densities of 1·097 and 1·183. Mg 2+-ATPase assayed
in the absence of azide peaked at densities of 1·058, 1·124, 1·189
with a minor peak.at 1·152.
As a result of the three separations 'described, the material
present in Pl can be divided into four classes:
(i) Soluble or nonsedimenting protein, which was recovered at a
density of 1·03 - 1·04. This material absorbed at 415 nm, which
is compatible with the presence of the soluble protein myoglobin.
The material also hydrolysed ATP in the presence of Mg 2+. This
activity is thought to be non-specific phosphatase activity
associated with soluble protein.
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Fig. 3.51. The distribution of protein and sucrose density after
density gradient centrifugation of fraction P1 in the
HS zonal rotor (Part A of figure).
The distribution of selected S200W values for particles
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in part B.
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.ClJ
0

(ii) Slowly sedimenting material having Ca 2+-uptake and K+-stimulated
ATPase activity and recovered at a density of 1·10 1n the
experiments described.
(iii) Material having succinate-INT reductase activity and recovered
at densities of 1·132 and 1·124 in the separations shown in Fig.
3.50 and 3.52 respectively. These peaks of succinate-INT reductase
activity are thought to represent intact mitochondria.
(iv) Material sedimenting to a density of 1·20 - 1·24 .. This contains
myofibri11ar prQtein as evidenced by K+-inhibition of ATPase
activity, similar to that which has been reported by Martonosi
(1968a). When this material was examined in the ,light microscope,
whole cells, myofibrils. connective tissue and debris could be
seen. Fractions containing this material also contained Ca 2+uptake and succinate-INT reductase activities, which are thought
to be associated with whole cells, partially fragmented cells,
and entrapped mitochondria and vesicles.
Particles sedimenting in Pl may do so by either of two modes of
sedimentation: either normal sedimentation or positional sedimentation.
In nonmal sedimentation, particles sediment at their respective
sedimentation rates, whereas in positional sedimentation, particles
are entrapped in the pellet because of their position in the centrifuge
tube.

In Pl prepared according to the scheme in Fig. 2.2, the volume

of the pellet corresponds to 43% of the volume of the homogenate.
consequently. many of the particles found in the pellet are there
because of their position in the tube rather than their rate of
sedimentation.

It is possible to differentiate between the two types

of sedimentation by repeated resuspension and sedimentation. The
extensively washed pellet would contain particles normally sedimenting
under the given conditions. while the pooled washes would contain
material which was originally found in the pellet as a result of
positional sedimentation.·
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This approach was chosen to distinguish between particles
sedimenting in P1 by the two modes of sedimentation.
Fraction Pl was prepared from 125 m1 of homogenate as described
in Fig. 2.2. The pellet, which had a volume of 55 m1, was resuspended
with 125 m1 of 0·66 Msucrose, pH 7·4 and stirred at 40 for 5 min.
The suspension was centrifuged at 6000 g for 10 min. The pellet obtained
was washed by two further resuspension and sedimentation steps using
125 m1 of 0·66 Msucrose, pH 7·4 for each wash. The combined washes
were diluted from 375 ml to 450 ml with 0·66 Msucrose, pH 7·4 for
concentration by zonal centrifugation.
The amounts of protein. phospholipid and cholesterol removed from
P1 by washing are given 1n Table 3.12 and presented in diagrammatic
form in Fig. 3.53.

When expressed as a percentage of the total in the

homogenate. 18·1% of the cholesterol, 12·7% of the phospholipid and
9·3% of the protein were removed by the washing procedure.
Particulate material in the combined washes was concentrated by
zonal centrifugation according to procedure described in Section 2.2,
paragraph (d). This enabled particles sedimenting in Pl by positional
sedimentation to be concentrated by the same procedure as that used
for microsomal particles in the 5·76 x 105 g-min supernatant (Fig. 2.2).
The concentrated microsomal suspension, prepared in this way, was
collected in 6 x 25 m1 fractions, which were analysed in detail.
In Fig. 3.54 the density profile and distribution of the three
major constituents in the six fractions are plotted.

- 231 -

Protein~

phospho-

TABLE

3.12

The amount of protein. phospholipid and cholesterol. expressed as
a percentage of that in the homogenate. recovered 1n fractions Pl
and 51. Both fractions were prepa.red according to the scheme
shown in Fig. 2.2. P1 represents the pellet and 51 the supernatant.
obtained after centrifugation of the homogenate for 6·54 x 104
g-min.
The amount of each constituent removed from Pl. by the washing
procedure described in the text. is also given.
Part of "this data is given in diagrammatic form in Fig. 3.53.

Constituent as S of that in the
homogenate
Fraction

Homogenate

Protein

Phospholipid

100·0

Cholesterol

100·0

100·0

Fraction P1

86·1 ;

87·1

90·7

Fraction 51

16·8

10·5

8·2

9·3

12·7

18·1

74·3

76·8

74·2

Washes of
Fraction P1

Fraction P1 after
washing
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lipid and cholesterol peak sharply in fraction 4 at a modal density
of 1·165. When expressed as a percentage of the total in the six
fractions, 42·5% of the protein, 57·4% of the" phospholipid and 53·8%
of the cholesterol were found in fraction 4. The enzyme activities
assayed for also peaked in this fraction. While the absolute activity
of Ca 2+-uptake (shown in Fig. 3.55) peaked in fraction 4, the specific
activity peaked in fraction 2 with an activity of 1·95

~mole

per mg

protein per min.
Succinate-INT reductase activity peaked in fraction 4 with a
specific activity of 14·92 nmoles per mg protein Per min (Fig. 3.55).
This activity is considerably greater than that in the concentrated
microsomal suspension prepared from the 5·76 x 105 g-min supernatant,
in which the activity was routinely found in the range 2-4 nmoles
per mg protein per min in fraction 4. Succinate-1NT reductase
activity is closely paralleled by the distribution of azide-sensitive
ATPase activity - another marker enzyme for mitochondria. 56·6% of
the total ATPase activity in fraction 4 is inhibited by 50 mM sodium
azide (Fig. 3.55).
Assay for K+-stimulated ATPase showed that the Mg 2+-ATPase activity
of fractions 1, 2. 3 and 4 was stimulated by K+. while that of fractions
5 and 6 was inhibited (Fig. 3.56). The K+-stimulated ATPase is
associated with Ca 2+-transport and its distribution would be eXPected
to be similar to that for Ca 2+-uptake. While K+ ions stimulate the
Ca 2+-dePendent ATPase they inhibit the ~ofibrillar ATPase (Martonosi.
1968a).

Electrophoretic analysis of the concentrated fractions,

which will be described later, has shown that myofibril1ar proteins are
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Fig. 3.56. A comparison of the distribution of ca 2+-uptake and
the K+ stimulation of Mg 2+-ATPase activity in the
concentrated fractions prepared from the washes of Pl.
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present in fractions 4, 5 and 6. This evidence is supported by the
sharp decrease in the phospholipid/protein ratio in fractions 4-6.
In fraction 4 both the Ca 2+-transport and myof1bri11ar ATPases are
present, consequently the K+-stimu1ation observed is lower than
would be expected on the basis of the Ca 2+-uptake activity of the
fraction. In fractions 5 and 6 the amount of Ca 2+-transport protein
decreases while the amount of myofibri11ar protein increases. This
results in an overall inhibition of Mg 2+-ATPase activity by K+.
Total ATPase activity, in the presence of Mg 2+, p~aked in fraction
4, with high activity in fraction 5 also (Fig. 3.57). Ca 2+-independent
ATPase activity in the presence of 50 roM sodium azide decreases from
fractions 1-2 and increases again from fraction 3-4. There is little
difference in the activity of this enzyme 1n fractions 4 and 5. The
suspected presence of myofibril1ar ATPase activity in fractions 5
and 6 makes an interpretation of Ca 2+-independent ATPase data difficult.
The phospholipid/protein ratio in the six fractions peaks 1n
fraction 3 with a ratio of 0·65 (Fig. 3.58). The ratio falls through
fraction 4 to low values in fractions 5 and 6. The low values 1n
fractions 1. 5 and 6 indicate the presence of a large amount of nonmembrane protein.
The cholesterol/phospholipid ratio over fractions 1-5 is in the
range 40-60

~g/mg

phospholipid. The ratio Peaks in fractions 1. 3 and

5 with lower values in fractions 2 and 4 (Fig. 3.58 and Table 3.13).
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TABLE

3.13

The protein, phospholipid and cholesterol content of the five concentrated
fractions obtained from the washes of fraction Pl. Portion of the
data given in this table is presented in diagrammatic form in Fig.
3.54 and 3.58

F R ACT ION
2

1

3

. 4

5

Protei n mg/m1

0·404

0·162

0·197

1·377

0·930

Phospholipid mg/m1

0·067

0·087

0·129

0·618

0·168

Phospholipid/Protein
ratio mg/mg

0·167

0·537

0·655

0·449

0·181

Cholesterol

4 ·11

6·84

27.51

8·98

~g/m1

Cholesterol/Protein
ratio ~g/mg

10·19

22·50

34·70

19·98

9·65

Cho1estero1/Phospho- 60.99
lipid ratio ~g/mg

41·93

52·95

44·53

53.30
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In order to obtain information on the relative differences in
particle size in the six fractions, the technique of ultrafiltration
was used. The experimental procedure followed was similar to that
described in Section 3.2. Each fraction was diluted to a known protein
concentration in the region of 100

~g/m1.

1 ml aliquots were filtered

through a range of Mi11ipore filters of average pore size ranging
from 0·22· to 1·2

~m.

The protein content of the unfiltered sample

and that of each of the filtrates was measured. The results,which
are presented in Fig. 3.59, are expressed as the percentage protein
passing the filter for the range of pore sizes.
In fractions 1 and 2 the percentage protein passing the various
filters is similar to that for fractions 1 and 2 of the concentrated
suspension (Fig. 3.9) prepared from the 5·76 x 105 g-min supernatant
(Fig. 2.2).

In fractions 3-5 the amount of protein passing the filter

decreases indicating increasing particle size or the presence of
aggregrates. Only 49·5%, 21% and 5% of the protein in fractions 3, 4
and 5 respectively, passes the 1·2

~m

filter as opposed to 71·5% and

64·5% in fractions 1 and 2 respectively.

It was not possible to

filter fraction 5 through filters of pore size less than 1·2

~m.

This

supports the evidence already given that fraction 5 contains myofibril1ar
material.
The protein components of material in each fraction sedimenting
after centrifugation at 100 000 gav for 60 min were separated using
50S-polyacrylamide gel electrophoresis. This was done in conjunction
with an electrophoretic balance sheet experiment.
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Fig. 3.59.

(on the following two pages)
The percentage protein in each of the concentrated
fractions prepared from the washes of P1 passing
through Mi11ipore filters ranging in pore size from
0·22 ~m to 1·2 ~m. The unfiltered sample is indicated
by nf. The experimental details are given in the
text.
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Fig. 3.59 (i)
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One-dimensional polyacrylamide gel electrophoresis was carried
out in polyacrylamide gradient gel slabs at 75 V until the tracker dye
reached the end of the gel. Samples were applied to a fourteen-place
applicator. The gels were stained for protein using amido black and
are photographically reproduced in Figs. 3.60 and 3.61.
In Fig. 3.60 A the separations obtained for the SOS-solubilised
proteins of the homogenate, Pl and the washed Pl are shown. Two
intense bands, ! and

b~

are present in each of the three samples. Band

! has a molecular weight of 200 000 and is thought to be the contractile

protein myosin, while band

~,

having a molecular weight of 45 000, is

thought to be actin - the other principal contractile protein. The
intensity of both bands correlates well with the report (Perry, 1974)
that contractile proteins constitute approximately 60% of the protein
of a muscle homogenate. While there are no major differences between
the proteins of the washed and unwashed P1, many of the minor protein
bands are less intense in the pattern for the washed pellet.
In gel B of Fig. 3.60 the electrophoretic patterns for P2, 52
(=

supernatant of P2) and the washes of Pl are shown. A number of

b~nds

in the patterns for S2 and the washes of Pl have a similar

mobility to bands present in the pattern for the zonal supernatant
collected after the concentration of the Pl washes (Fig. 3.61 A).
These bands may correspond to some proteins of the soluble phase.
2
The 100 000 protein band, which is found in fractions with Ca +-uptake
activity and is marked with an asterisk in the photographs, is relatively
strong in the pattern for P2.
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Fig. 3.60.

(overleaf) Electrophoresis in 50S-polyacrylamide
gel gradients. The protein patterns shown are those
for the following:
gel A (from left to right) homogenate. Pl. washed Pl;
gel B (from left to right) P2. 52. and the washes of Pl.
The gel gradient ranged from 6% at the top to 27% at
the bottom. Migration was towards the anode. i.e. from
top to bottom.
Bands a and b are thought to represent myosin and actin
respectively.
The 100 000 molecular weight component is marked with an
asterisk.
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Fig. 3.61.

(overleaf) Electrophoresis in SOS-polyacrylamide gel
gradients. The protein patterns shown are those for
the six concentrated fractions prepared from the washes
of P1 and for the zonal supernatant (=IS) obtained in
the preparation of these fractions.
Gel A (from left to right) IS (=zonal supernatent),
fraction 6, fraction 5.
Gel B (from left to right) fractions 4, 3, 2 and 1.
The gel gradient ranged from 6% at the top to 27% at
the bottom. Migration was towards the anode, i.e. from
top to bottom. Bands a and b are thought to represent
myosin and actin, respectively. The 100 000 molecular
weight component is marked with an asterisk.
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The patterns for the six concentrated fractions from the washes
of P1 are shown in Fig. 3.61. Myosin (band !) and actin (band

~)

are

the principal bands in fractions 5 and 6. The 100 000 band is strong
in fractions 1-4.
The proteins of the six fractions were further analysed by twodimensional 50S-polyacrylamide gel electrophoresis.

Elec~rophoresis

was carried out in a first dimension in 5·2% gels and in a second
dimension 1n 6-27% polyacrylamide gradient gels.

Densitometer traces

of the first-dimension separation are shown in Fig. 3.62 and photographs
of the second-dimension gels in Fig. 3.63.
Myosin (molecular weight

= 200

000) and actin (molecular weight •

45 000) are the principal proteins in fractions 5 and 6, and are also

present in fraction 4.

In comparison to the other five fractions,

fraction 5 has the greatest degree of heterogeneity.,

1 :

A number of conclusions can be drawn from the range of analysis
carried out on these fractions:
(i)

The washes of P1 contain high succinate-INT reductase activity,
which was largely recovered at a density of 1·165 in preparation
of the concentrated fractions. Under the conditions of
centrifugation, which were not isopycnic, this activity would be
mainly associated with intact mitochondria.

(ii) When compared to the distribution in the concentrated microsomal
suspension from the 5·76 x 105 g-min supernatant, the microsomal
marker enzymes are found at a higher density than would be expected.
This is probably the result of extensive aggregration of microsomal components with mitochondria, which originates from the
'packing' of particulate material in the original P1 pellet.
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·

Fig. 3.62.

.....".

(overleaf). Densitometer traces of the first-dimension
separation of sedimentable protein, solub1lised with
SDS, 1n the concentrated fracttons prepared from the
washes of Pl.

Electrophoresis in this dimension was carried. out in
5·21 polyacrylamide gels. Migration was towards the
' ', ; anode, i.e. from 1eft to ri ght on the traces.
Photographs of the second-dimension separation are
shown 1n Fig. 3.63.

I,

i i

- 252 -

iitill I

I ~_a~ ~,

... "'.....

I

I IH'"
•
___ WI. . . .'

- 253 -

~

Fig. 3.63.

(overleaf) Two-dimensional 50S-polyacrylamide gel
electrophoresis of sedimentable protein 1n the
concentrated fractions prepared from the washes of Pl.
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.
Migration in both dimensions was towards the anode. In
the illustrations this corresponds to electrophoresis
from left to right in the first-dimension and from top
to bottom in the second dimension. In the second
dimension gel the gel gradient ranged from 6% at the
top to 27% at the bottom.
Densitometer traces of the first dimension separations
are shown in Fig. 3.62.
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Fraction 1

Fraction 2

Fig. 3.63 (A)
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Fraction 3

Fraction 4

Fig. 3.63 (B)
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Fraction 5

Fraction 6

Fig. 3.63 (C)
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(iii) The preparation is contaminated by contractile proteins,:which
sediment to the interface with the cushion of 2·0 Msucrose,
pH 7·4.
Difficulties were experienced in achieving the same degree of
dispersion of components in the washes of Pl as existed prior to
sedimentation in the pellet.

In an effort to reduce this problem,

particulate material in the washes was sedimented by centrifugation
at 100 000 gav for 90 min and carefully resuspended in 0·25 Msucrose,
pH 7·4. The suspension was then subjected to isopycnic density
gradient centrifugation.
15 ml sucrose density gradients were formed in 23 ml centrifuge
tubes (MSE, No. 59209). Each gradient was linear with volume and
ranged in density (4 0 ) from 1·064 to 1·255. A cushion consisting of
3 ml of 2.5 Msucrose, pH 7·4 (density 40

= 1·316)

was used. 1 m1 of

sample was applied to the gradient and density equilibration was
carried at 40 by centrifugation at 30 000 rev/min for 10 hours in an
MSE 3 x 25 m1 swing-out rotor. After centrifugation 20 approximately
1 m1 fractions were collected.
The fractions were assayed for protein, succinate-INT reductase,
Ca 2+-dependent ATPase and basal ATPase. The equilibrium distribution
of each constituent was determined and these are plotted in the form
of frequency histograms in Fig. 3.64 and 3.65 and the median densities
for the distributions are summarised in Table 3.14.
The equilibrium distribution of protein is a bimodal one. One
protein peak consisting of soluble or nonsedimenting protein is found
1n the regionof the sample zone and the other at a density (4 o ) of

- 258 -

200

o"___ _--II"-1.00

1.05

...........I-

1.15

1.10

......

1.20

L..-......,jL.--.I

1.25

Density 40

Fig. 3.64. The distribution of protein after the isopycnic
equilibration of sedimentable material from the
washes of Pl in a sucrose density gradient.
The medtan density of the distribution is indicated
with an arrow.
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1.30

'. '{

Fig. 3.65.

(overleaf) The distribution of basal ATPase,
Ca 2+-dependent ATPase and succinat~-INT reductase
activities after the isopycnic equilibration of
sedimentable material from the washes of Pl in a
sucrose density gradient.
(A) The distributions of basal ATPase (unshaded area)
and Ca 2+-dependent ATPase (shaded area) are shown.
The median density of basal ATPase is indicated
by a white arrow and that for Ca 2+-dependent
ATPase by a black arrow.
(8) The distribution of succinate-INT reductase activity.
The arrow indicates the median density of the
distribution.

- 260 -

200

A

~

u

s:::
~

100

CT

CV

So.
LL

oL-_ _--'~~w~~~~~~~~~~ZZlZt_-.....- 1.00

-•

1.05

110

1.15

1.20

125

1.30

Density 4°

.'-----...-----,...====--.,..---'---,,..-----....
---r-1.15
1.10
1.15

1."

Density 4°

- 261 -

TABLE

3.14

The median densities of constituents after the isopycnic equilibration
of sedimentable material from the washes of Pl.

Median Density (4 0 )

Constituent

Protein

1·137

Ca 2+-dependent, azide-insensitive ATPase

1·174

Ca 2+-independent,azide insensitive
ATPase
= Basal ATPase

1·143

Succinate-INT reductase

1·179
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1·179 g/m1.
g/m1.

The median density of the overall distribution 1s 1·137

Because of the presence of soluble protein this value is less

than that obtained for a microsomal pellet (Section 3.5, Table 3.10).
The equilibrium distributions of basal ATPase and Ca2+~dependent
ATPase, assayed in the presence of 50 mM sodium azide, are plotted in
Fig. 3.65 A. , The two activities are separated. Ca 2+-dependent ATPase
has a median density of 1·174, while that for basal ATPase is 1·143.
In the calculation of the median

~ensity

for basal ATPase, the peak

of activity in the sample zone was disregarded as this was considered
to be non-specific phosphatase activity associated with soluble protein.
The median densities for both enzymes are in good agreement with the
values obtained for a classical microsomal fraction (Section 3.5,
Table 3.10).
The equilibrium distribution of succinate-INT reductase is a
symmetrical one having a median density of 1·179 (Fig. 3.65 B).
The results given provide no evidence that microsomes found in
P1 as a result of positional sedimentation are different from those in
the 5·76 x 105 g-min supernatant.
Consideration will now be given to the material present in the
washed P1 and constituting 74-77% of the total protein, phospholipid
and cholesterol of the homogenate (Table 3.12). Fractionation of this
material was undertaken by density gradient centrifugation. The
separations were carried out in sucrose density gradients and in
gradients supplemented by disaggregrating agents. The disaggregrating
agents chosen were diocty1 sodium su1phosuccinate (=00555) and dextran
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sulphate.

Both have been reported to dissociate clumped or aggregrated

membrane material (Cline &Rye1, 1971;

Wheeldon

&Gan. 1971).
The washed pellet from 125 m1 of homogenate was resuspended in
0-25 Msucrose, pH 7-4 to a final volume of 500 m1. The suspension
was stirred at 40 for 15 min and filtered through a stainless steel
cloth (mesh size 30 x 30) to remove unfragmented muscle and connective
tissue.
Three a1iquots of the filtrate were taken and labelled A. Band
C. A and B were treated with 0-000075% W/V OOSSS

(=

75

~g

00SSS/100 m1)

and 0-5% W/V dextran sulphate respectively. while C acted as a control.
Treatment with these reagents consisted of incubation at 40 for 30 min
with stirring.
1 m1 of treated samples were layered on 17 m1 buffered sucrose

density gradients supplemented with 0-000075% W/V OOSSS in the case
of sample A and 0-5% W/V dextran sulphate in the case of sample B_
The gradients. which were formed in 23 .1 centrifuge tubes (MSE
No. 59209). were linear with volume. and ranged in density (4 0 ) frOM
1·044 to 1-255_ A cushion consisting of 3 m1 of 2·5 Msucrose
(density 40

= 1-316)

was used.

Centrifugation was carried out at 30 000 rev/min for 3 hours at
40 • After centrifugation the gradients were collected in approximately
1 m1 fractions and the distribution of protein and density determined.
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The results are plotted 1'n the form of frequency histograms in Fig.
3.66, 3.67 and 3.68.
In the control 83·6% of the protein was recovered in the density
(40) range 1·197 - 1.295. The remainder of the protein was found 1n
the lighter regions of the gradient in three peaks:

soluble protein

peaking at a density (40) of 1·057 and two smaller peaks at densities
of 1·103 and 1·171. The median density (4 0) of the overall protein
distribution is 1·215 g/m1.
A similar distribution pattern was obtained for separations
carried out in the presence of DOSSS. 85·1% of the protein was
found in the density (40) range 1·197 to 1·289. The remainder of
the protein consisted of nonsedimentable protein peaking at a density
of 1·042 and slowly sedimenting protein in the density range 1·083 1·128.
Treatment with dextran sulphate results in a considerable change
in the distribution pattern.

In this case, 54·4% of the protein

sediments to a high density region and the remainder was recovered in
the sample region.
When the untreated and treated samples were allowed to stand overnight at 1°, the material in the control or untreated sample and in
the DOSSS-treated sample sedimented to the bottom of the test tUbe
leaving behind a clear supernatant, which is termed the 'lg for 10 hours
supernatant'.

In the dextran sulphate - treated sample an opaque

viscous supernatant was found. These observations were confirmed by light
scattering and protein measurements on the 19 supernatant frOM the three
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Fig. 3.66. The distribution of protein after a rate separation
of the untreated washed Pl in a sucrose density gradient.
The median density of the distribution is indicated
by an arrow.
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Fig. 3.67. The distribution of protein after a rate separation of
the dextran sulphate-treated washed Pl in a sucrose
density gradient supplemented with 0·5% W/V dextran
sulphate.
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Density 40

Fig. 3.68. The distribution of protein after a rate separation of
the DOSSS-treated washed Pl in a sucrose density gradient
supplemented with 0·000075% W/V DOSSS.
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samples (Table 3.15). 79% of the protein in the dextran su1phatetreated sample was recovered in this supernatant as opposed to 8·3%
and 9·3% for the control and OOSSS-treated

samp1es~

To detenmine whether

the protein in the supernatant was soluble or particulate, the three
supernatants were centrifuged at 100 000 gav for 90 min.

77·1%, 78·5%

and 68·1% of the.protein was non-sedimentable in the 19 supernatant
of the control, dextran sulphate-treated, and OOSSS treated material,
respectively.
Density gradient centrifugation(approximately 75 000 g for 3 hours
at the volumetric centre of the sample) of the 19 supernatant from the
dextran sulphate-treated sample (Fig. 3.69) showed that the protein
largely remained in the sample zone.
The pellets obtained after centrifugation of the 19 supernatants
from the three samples at 100 000 gay for 90 min were solubi1ised by
treatment with SOS and the protein components separated by SoS-polyacry1amide gel electrophoresis.

A typical microsomal pattern was obtained for the OOSSS-treated
and control pellets.

The protein pattern for dextran sulphate-treated

pellet contained only one band - the 100 000 component.
Electrophoretic analysis of the nonsedimentable protein 1n the
19 supernatant of the dextran sulphate-treated sample showed the

presence of considerable amounts of myosin and actin.
The effect of dextran sulphate is seen as a solubilisation of
contractile proteins and extrinsic membrane proteins.
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The solubi1isation

TABLE

3.15

The effects of dextran sulphate and DOSSS (=dioctyl sodiu.
su1phosuccinate) on the amount of protein sedi.enting at 19
in the washed Pl fraction.

19 for 10 hours supernatant
Treatment

Control

Total
protein
mg/ml

Protein
mg/ml

light
scattering
E660

Non. sedimentab1e*
protein in
supernatant
mg/m1

1·952
(100i)

0·161
(8·25i)

0·018

0·124
(6·341)

Dextran sulphate- 1·952
treated
(100i)

1·542
(79.0li)

0·050

1·211
(62·02%)

DOSSS-treated

0·182
(9·33%)

0.018

0. 124
(6-34%)

1·952
(100i)

*not sedimenting after centrifugation at 100 000 gay for 90 min.
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Fig. 3.69. The distribution of protein after centrifugation of the
19 for 10 hours supernatant of the dextran sulphate-treated
washed Pl in a sucrose density gradient. supplemented with
0.5% W/V dextran sulphate, for 3 hours at 30 000 rev/min.
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of myosin and actin results in the increased viscosity of the dextran
sulphate-treated sample.
The results obtained with the control and DOSSS-treated samples
indicate that over 80% of the protein in the washed Pl is associated
with rapidly sedimenting dense particles. The low quantity of
protein in the lighter regions of the gradients is thought to represent
residual entrapped vesicles and mitochondria not removed in the three
washings.

When the rapidly sedimenting particles were examined in

the light microscope myofibrils and whole cells could be seen.
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SEC T ION

4.

DIS C U S S ION

(:
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The initial step in tissue fractionation is homogenisation or
rupturing of the tissue.

With few exceptions (e.g. de Duve, 1967,

1971; Reid, 1967, 1971), little attention has been given to this
important process.
The quality of a homogenate is best evaluated after fractionation,
by a study of the distribution of marker constituents between the
fractions.

This has led de Duve (1967) to define the best homogenate

as the one which lends itself most successfully to fractionation.
In the present study, homogenisation conditions were chosen to
obtain a good yield of microsomal material with minimal loss of activity
and minimum contamination by mitochondrial fragments and contractile
proteins.
The choice of a mechanical device for homogenisation depends to
an extent upon the nature of the tissue and, in particular, its
connective framework.

The Potter-Elvejhem homogeniser, which has been

successfully used to homogenise liver, would be ineffective on a tough
tissue such as muscle.

Due to the toughness of muscle, the yield of

membrane material in the microsomal fraction is low, even after a
preliminary mincing of the tissue and homogenisation in a Waring blender
for a relatively long time.

The finding that

80-90~

of the membrane

material of the homogenate sediments in the P1 fraction, even after
homogenisation for 120 sec, may reflect a difficulty in dislodging
fragmented membranes from between the myofibrillar elements.
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Pa1ade &Siekevitz (1956) have found that the membrane systems
of liver form rounded-off intact structures, which are termed vesicles
or microsomes, by an active pinching-off process during homogenisation.
Muscle membranes are thought,to form vesicles by a similar process.
Duggan &Martonosi (1970) have reported that muscle microsomes are
impermeable to dextran (molecular weight = 15 000 - 90 000) and inJ1in
(molecular weight = 5000) over the pH range 7·0 - 9·0, thus illustrating
an effective resealing process.
During vesicle formation, membranes may fold in either of two
directions: right-side-out

(=

RO) folding or inside-out

(=

10) folding.

Little information is available on whether this folding is random or
entirely in one direction. factors which may influence the folding
in one or other direction are also unexplored, although in the case
of the erythrocyte membrane, Steck et a1. (1971) have developed procedures
for the preparation of 10- or RO-vesicles. As regards muscle, RO-vesic1es
from the Ca 2+-transporting regions of the sarcoplasmic reticulum can
be isolated after calcium oxalate loading (Section 3.4). Hannig'
Heidrich (1974) have suggested that free-flow electrophoresis may
be useful in the separation of RO- and IO-vesic1es, provided that both
sides of the membrane differ in surface charge.
The finding that muscle membrane systems are differentially
fragmented during homogenisation is understandable in view of their
cellular arrangement. With increasing homogenisation time, membranes
containing basal ATPase and Ca 2+-transport ATPase sequentially appear,
with high specific activity, in the microsomal fraction. With longer
periods of homogenisation, a further group of membranes, not associated
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with any of the activities assayed for, appear in the microsomal
fraction.
While it was not investigated, homogenisation for longer than
120 sec would be expected to lead to a substantial increase in the
mitochondrial contamination of the microsomal fraction, thereby
complicating the analysis of the fraction.
The composition of media for homogenisation and density gradient
centrifugation critically influences the aggregration.of microsomal
material. Aggregration of microsomes in unbuffered sucrose 1s
attributed to a pH effect. Raising the pH to 7·0 with 1 roM imidazole
reduced the aggregration, while readjusting the pH to 5·5 caused ..
reaggregration. Dal1ner &Ernester (1968) have found that the pHdependent aggregration of mlcrosomes is considerably reduced in a
concentrated suspension. This is probably due to the buffering action
of the high protein concentration.
The extensive aggregratlon of muscle microsomes in the presence
of monovalent and divalent cations is in agreement with the findings
of Dallner & Nilsson (1966) 1n respect of liver microsomes. Wheeldon
I Gan (1911), who have also observed these effects, found that clumping

in microsomal preparations from muscle is greater than 1n comparable
preparations from other tissues.
Baskin (1972) has shown that lobster muscle microsomes bear an
overall negative surface charge, which he estimated to be in the order
of 2 x 103 negative charges per vesicle. Cation-induced aggregration
may result. therefore. from the interaction between cations and the
negative charges on the vesicles.
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In addition to causing aggregration, ionic media also extract
myosin and actomyosin, which subsequently contaminate the microsomal
fraction (Uchida et a1., 1965). The use of ionic media, such as KC1
(Sarza1a et a1., 1974) and LiBr (Meissner &Fleischer, 1971), and
Ca 2+-che1ators (Duggan &Martonosi, 1970; Sarza1a et al., 1974) lead
to the release of extrinsic membrane proteins from muscle microsomes.

In addition to causing microsomal aggregration, unbuffered media
also effect the protein of the soluble phase. Anderson &Green (1967)
have found that 24% of rat liver soluble phase nitrogen was precipitated
between pH 5·0 and 5·5. Precipitation of this kind could seriously
contaminate the microsomal fraction. Although unbuffered sucrose
is unsuitable for density gradient centrifugation, Meissner (1975)
has found that higher steady state concentrations of the 32P-1abelled
intermediate of the Ca 2+-dependent ATPase can be obtained with
.icrosomes prepared in unbuffered sucrose as opposed to sucrose
buffered at pH 7·4 with 5 roM HEPES.
The effects observed after the incorporation of heparin into
sucrose media support the earlier findings of Headon &Duggan (1973).
These workers successfully used sucrose solutions supplemented with
50 IU heparin/ml to overcome the agglutination of muscle subcellular
components. However, the usefulness of heparin is limited by its
2+
inhibitory effect on a number of microsomal enzymes, e.g. Ca -uptake
activity

(Headon &Duggan, 1973).

Other results 1n this thesis have shown that separations 1n the presence
of the detergent dioctyl sodium sulphosuccinate (=DOSSS) were no different

- 271 -

from those in the presence of

buff~red

sucrose. Dextran sulphate (a

polyanion), on the other hand, extracted considerable amounts of
contractile proteins and removed all but the intrinsic protein from
membranes.
Bearing all of these factors in mind, sucrose-5 mM imidazo1e-HC1,
pH 7.4, is considered to be the medium of choice for homogenisation
and density gradient centrifugation.
The preparation of muscle microsomes in the form.of a concentrated
suspension, according to the method of Headon &Duggan (1973), results
in a partial subfractionation. Microsomal material sediments from the
large volume of post 5·76 x 105 g-min supernatant into the 100-120 m1
gradient, which is formed from the original band of 1.0 M sucrose
during centrifugation. Mixing during pumping and diffusion of soluble
protein from the zonal supernatant during centrifugation result in
the presence of up to 80% nonsedimentable protein in fraction 1, although,
this can be removed by centrifugation of the diluted fraction at
100 000 gav for 90 min. .
In this method of preparation, neither basal ATPase or Ca 2+-dependent
ATPase have attained an isopycnic density distribution. The median
densities of Ca 2+-dependent ATPase (p= 1·127) and basal ATPase (p=1·135)
are less than those determined in an isopycnic separation (basal ATPase,
p=1.l49; Ca 2+-dependent ATPase, p=1.l72). The bimodal distribution of
basal ATPase and cholesterol in this preparation, as opposed to a
unimodal distribution 1n the isopycnic separation, would suggest that
membranes containing these constituents are present in two sizes (i.e.
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a group of larger vesicles which sediment more rapidly than a second
group of smaller vesicles having the same density).
In the concentrated microsomal fractions. membranes containing
Ca 2+-dependent ATPase and basal ATPase are partially separated.

Basal

ATPase activity (absolute and specific) peaks in fractions 1 and 4
while Ca 2+-dependent ATPase activity (absolute and specific) is
greatest in fractions 2 and 3. The distributions of Ca 2+-uptake.
Ca 2+-dependent ATPase, K+-stimu1ated ATPase and the 32P-label1ed .
phosphoprotein intermediate parallel one another very closely. This
is to be expected since Duggan (1968a, 1974) has presented evidence
that the Ca 2+-transport enzyme requires K+ 10ns for maximum activity.
The close correlation between the distribution of Ca 2+-dependent ATPase
and the 32P-labe1led phosphoprotein is in agreement with the findings

of
by

Martonosi (1969b) and Makinose (1969) that the hydrolysis of ATP
the Ca 2+-dependent ATPase occurs through a phosphoprotein intermediate.
A peak ~fspecific activity for Ca 2+-uptake of 2·0 - 2-5 ~mo1e/mg

protein per min is high compared to that obtained by other workers.
Reported values for the specific activity of microsomes prepared by
differential pelleting range froM 0-5
The

high~ecific

~

2-0

~mole/mg

protein per min.

activity in fraction 3 of the concentrated microsomal

suspensions is thought to be the result of two factors: (a) the use
of white skeletal muscle in the preparation. as opposed to both red and
white muscle routinely used by most other workers in their preparations.
The inclusion of red muscle in a preparation will lead to lower Ca 2+uptake activity since Sreter (1969) has found that the specific activity
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of Ca 2+-uptake in microsomes from red muscle is only 0·09 of that
in microsomes from white muscle. (b) Vesicles in fraction 3
accumulating Ca 2+ are partially separated from basal ATPase-containing
membranes (peaking in fractions 1 and 4), mitochondrial fragments
(peaking in fraction 4) and possibly other membranes.
A tentative calculation of the amount of mitochondrial protein
in the concentrated microsomal fractions may be carried out.

If the

specific activity of succinate-INT reductase in a pure preparation
of mitochondria was known, the amount of mitochondrial protein 1n
each of the concentrated microsomal fractions could be calculated.
The

highe~t

specific activity of succinate-INT reductase, measured

in the studies described in this thesis, was one of 14·9 nmo1es/mg
protein per min in fraction 4 of a concentrated suspension prepared
from the washes of Pl. Since this fraction contained other components
besides mitochondria (Section 3.6), a conservative estimate of
20 nmoles/mg protein per min may be taken as the succinate-INT reductase
activity of mitochondria. Using this value, estimates of the content
of mitochondrial protein in each fraction can be made. Of the total
. protein in fractions 1 to 5,0·67%,2.87%,4·79%,18.53% and 4·86%
respectively, would be mitochondrial protein. These estimates should
be regarded as maximum values since the true values are almost certainly
lower.
The phospholipid/protein ratios of the concentrated microsomal
fractions are within the range usually reported for mammalian microsomal
preparations (Bretscher, 1973). The highest value which is one of
0-762, occuring in fraction 3, coincides with the highest specific
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activity of all the activities associated with Ca 2+·transport.
Phosphatidylcholine is the principal phospholipid class which is in
agreement with the findings of other workers (Meissner &Fleischer,
1971; Fiehn et a1., 1971; Takagi et a1., 1971; Boland et a1., 1974;
Sarza1a et a1., 1974).
The cholesterol/phospholipid ratios for the concentrated
microsomal fractions are lower than those reported for preparations
obtained by differential pel1eting (Martonosi, 1968b;Drabikowski et
a1., 1972; 'Marai & Kuksis, 1973). This is thought to' be due to the
failure by most workers to differentiate between red and white skeletal
muscle.

Red skeletal muscle microsomes have a higher cholesterol

content than microsomes from white muscle (Headon, 1975). Also,the
sarcoplasmic reticulum is less well developed in red muscle (Baskin
• Deamer, 1969).
The distributions of cholesterol and ca 2+.uptake, expressed 1n a
variety of ways, do not parallel one another in the concentrated
microsomal fractions. The coincidence of the highest specific activity
of Ca 2+-uptake with the lowest cholesterol/phospholipid ratio suggested
that cholesterol might not be associated with membranes transporting
Ca 2+. A better correlation was found between the distributions of basal
ATPase and cholesterol. Both constituents, expressed 1n either absolute
or specific tenms, peaked in the same fraction.

Furthermore, the

cholesterol/basal ATPase ratio did not change very much between the
The ratio varied over a 1·28 fold range, as against a 3·72
fold range for the ratio of cho1estero1/ 32 P-1abe11ed intenmediate.
fractions.
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A survey of the literature on cholesterol in muscle microsomal
preparations has shown that, while all workers have found cholesterol
in muscle microsomal preparations, some have proposed that it is not
only a constituent of Ca 2+-transporting membranes but also plays an
essential role in the transport process.
Martonosi (1968b) has reported on the effect of digitonin on the
Ca 2+-uptake and ATPase activities of a microsomal preparation. With
increasing concentration of digitonin (from 0 to 0·25% W/V), Ca 2+-uptake
was inhibited and Ca 2+-dependent ATPase stimulated. F~om these results,
Martonosi concluded that cholesterol was in some way involved in Ca 2+transport.
The results presented in this thesis are in direct conflict with
the conclusion of Martonosi. The action of digitonin, in inhibiting·
Ca 2+-transport and stimulating the transport ATPase, can be attributed
to its detergent properties (Amar-Costesec et al., 1974b; Helenius &
Simons, 1975) rather than to a reaction with cholesterol near the active
site of the transport enzyme.
Fiehn &Hasselbach (1969) reported the increased Ca 2+ permeability
of a muscle microsomal preparation after extraction with ether. In a
solution containing 7 to 8% V/V ether, Ca 2+-accumu1ation was totally
abolished. Under these conditions the only lipids removed from the
membranes were cholesterol esters. At this concentration of ether, the
Ca 2+-dependent ATPase activity was stimulated, but at higher concentrations
the enzyme was rapidly inactivated.
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Basal ATPase, on the other hand, was insensitive to increasing
ether concentration and even at an ether concentration of 201 V/V it
retained full activity. On the basis of these results, Fiehn & Hasselbach
postulated a role for cholesterol ester in the permeability of Ca 2+accumulating vesicles.
Other workers, who have studied the effect of diethy1 ether on
muscle microsomes, have attributed the loss of Ca 2+-accumu1ation to
the increased permeability of the vesicles (Inesi et al •• 1967; Graeser
@t a1.• 1969b).

The effect pf cholesterol and cholesterol ester extraction. on
the enzyme activities of muscle microsomes, has been thoroughly
investigated by Drabikowski et al .• (1972a).

In this case, 1yophylised

vesicles were extracted with dry diethy1 ether or dry heptane in such
a way that all of the cholesterol and most of the neutral lipid was
removed. When this was done. there was no loss of Ca 2+-uptake or no
effect on the Ca 2+-dependent ATPase. This work clearly demonstrated
that cholesterol and cholesterol esters do not playa role in Ca 2+_
transport.
'", The same authors, while believing that cholesterol is a constituent
of Ca 2+-transporting vesicles. provided further evidence of its noninvolvement in the transport process (Drabikowski et al .• 1972b) by
. the effect of filipln
. on Ca 2+ -uptake and Ca 2+ -dependent
investigatlng
ATPase activities. Fi1ip;n is a polyene antibiotic which binds to
cholesterol 1n membranes. After treatment with filipin. at concentrations
2
2
which allow interaction with cholesterol only. Ca +-uptake and Ca +dependent ATPase activities were not affected.
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Further evidence that cholesterol is not essential for Ca 2+.
transport has been provided by Fiehn &Hasselbach (1970). These workers
found that muscle m1crosomes isolated from rats with 20, 25-diazocho1esterolinduced myotonia contained a dehydrogenated and esterified product
of the drug but had an essentially normal Ca 2+-uptake activity.
In Sections 3.4 and 3.5 two approaches were used to determine
(a) if cholesterol was a constituent of Ca 2+-accumu1ating vesicles,
and if not, (b) to determine which of the microsomal particles it
was associated with. In these approaches, properties which are specific
to Ca 2+-transport or cholesterol-containing vesicles were exploited.
1. The problems encountered in the purification of calcium oxalate

~-

loaded vesicles by density gradient centrifugation may originate from
the very high density of the loaded vesicles. Electron micrographs
(Mussini et a1., 1972) show that calcium oxalate deposits occupy most
of the lumen of loaded vesicles.·

These vesicles would therefore have

a considerably greater dry weight than non-loaded vesicles. As an
analogy, loaded vesicles may be compared to solid spheres as opposed
to a balloon-type structure for non-loaded vesicles. When viewed in
this way, the hydrodynamic instability of the sample used in the density
gradient separation of loaded from non-loaded vesicles may be the reason
for the contamination of the calcium oxalate loaded pellet with
increasing sample concentration (Meuwissen. 1974). Only under very
carefully controlled conditions can uncontaminated loaded vesicles be
separated. These conditions were approximated to at the lower load
factors 1n the experiments described \1n Section 3.4.
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Under the ideal separatory conditions of an infinitely dilute
sample. 18% of the phospholipid and 6% of the cholesterol of the
sample would be found in the calcium oxalate loaded pellet. An
interpretation of this data is made difficult by the ability of
p1asmamembrane vesicles to accumulate Ca 2+ (Su1akhe et al •• 1973).
If a very small percentage of the phospholipid in the pellet originated
from the plasmamembrane. it would account for all of the cholesterol
in the pellet.
While p1asmamembrane fragments are present in the microsomal
fraction, as evidenced by the presence of ouabain-sensitive (Na+ and
K+)-ATPase (Section 3.1). it is difficult to determine whether these
fragments are in the form of vesicles capable of retaining transported
Ca 2+.
The outer membrane of the muscle cell has a complex structure
(Mauro &Adams, 1961; Franzini-Armstrong, 1973; Schapira et al., 1974)
consisting of a number of layers:

the innermost layer or p1asmamembrane

proper, which is in contact with the sarcoplasm;

a basement membrane

analogous to that covering epithelial cells. and a outer layer of
collagen fibrils.
disruption.

This

typ~

of structure offers a high resistance to

It is unlikely that p1asmamembrane fragments would

vesiculate while remaining attached to the basement membrane and collagen
layer. Whether or not the homogenisation procedure used would release
the plasmamembrane from the other layers and allow vesicle formation .is
not known.

Without this crucial infonmation. it 1s not possible to

decide if intact p1asmamembrane vesicles with the proper orientation
for Ca 2+ storage (i.e. RO-vesicles) would be found in the sample.
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Overall, the preparation of calcium oxalate loaded vesicles
demonstrates that the greater the purity of the Ca 2+-transporting
regions of the sarcoplasmic reticulum the lower the cholesterol content.
The finding that 18% of the phospholipid is associated with
vesicles accumulating Ca 2+ is in good agreement with the results
obtained from electron microscope studies by other workers (Hasselbach,
1963, 1964, 1966; Graeser et a1., 1969a; Baskin &Deamer, 1969).
After the incubation of a microsomal preparation in a calcium
oxalate loading medium and examination in the electron microscope,
these workers reported that only 15-20% of the vesicles were seen to
have calcium oxalate deposits.
Attempts by other workers to purify calcium oxalate loaded vesicles
by density gradient centrifugation have been considerably less
successful than those described in this thesis. Meissner & Fleischer
(1971) found that 50-75% of the protein was recovered in the loaded
pellet, however, only 30% of the vesicles in the pellet contained
calcium oxalate deposits.
Boland et al.,(1974) have prepared calcium oxalate loaded vesicles
from 35 day old chickens by density gradient centrifugation. They
found that vesicles not loading calcium oxalate and banding in the
gradient were enriched 1·28 fold 1n cholesterol over vesicles 1n the
pellet.

In the separation described here in Section 3·4 the non-loaded

vesicles were enriched 3·44 fold in cholesterol over the loaded vesicles.
The most successful density gradient separation reported by the
other workers is that of Graeser et a1.(196~),who obtained a loaded
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pellet in which 80S of the vesicles were loaded, the remainder being
free of deposits.
The finding that only 18S of the phospholipid is associated
with vesicles accumulating calcium oxalate raised the question of
the origin of the remaining 82S of the phospholipid. At least some
vesicles which do not load calcium oxalate contain the Ca 2+-transport
enzyme, as evidenced by K+-stimulated ATPase activity, and may represent
vesicles which are unable to retain transported Ca 2+ because of
leakiness or inside-out folding. Vesicles containing an inactive
ca 2+-transport enzyme may also be present in the gradient. It is
unlikely that vesicles not containing calcium oxalate for these
reasons would account for all of the 82S of the phospholipid banding
in the gradient. A proportion of the phospholipid is probably
a~sociated

with membranes originating from regions of the sarcoplasmic

reticulum (terminal cisternae and fenestrated collar) not transporting
Ca 2+ and from the T- system.
Baskin &Deamer (1969) have extensively used the electron
microscope to study the structure of vesicles in microsomal preparations,
which had been incubated in a calcium oxalate loading medium. The
preparations were found to contain large and small vesicles. The small
vesicles, which were the most abundant, were thought to be Ca 2+-transporting
vesicles since some, but not all, contained calcium oxalate deposits.
In contrast, none of the large vesicles were seen to contain calcium
oxalate deposits. On the basis of comparative ultrastructural studies
between the microsomes of heart and skeletal muscle, Baskin &Deamer
postulated that the larger vesicles were derived from the T- system.
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It is interesting to note that recent work by Joyce &Headon
(1975) has shown that vesicles containing basal ATPase are larger than
those containing the Ca 2+-dependent ATPase.
In the case of liver microsomes,other workers (Da1lner & Ernester,
1968; Glaumann &Dallner, 1970) have shown that p1asmamembrane vesicles
are larger than those derived from the endoplasmic reticulum.

t. The

second approach to the cholesterol problem involved a study

of the effect of digitonin on the equilibrium density distribution of
a number of microsomal constituents.

Both basal ATPase and cholesterol

were affected in an almost identical manner. This provided unambiguous
evidence for the association of basal ATPase with a cho1esterolcontaining membrane. however.it does not mean that all cho1estero1containing membranes also contain basal ATPase.

In fact. the evidence

from the homogenisation studies (Sections 3.1 and 3.5) shows that there
are at least two cholesterol-containing membranes. The increases in
the median density of basal ATPase and cholesterol by 0·028 and 0·030
density units respectively. are similar to the values determined by
Amar-Costesec et al. (1974b) for cholesterol (0·029), alkaline phosphatase
(0.030), 5 1-nucleotidase (0.035) and alkaline phosphodiesterase (0·028)
in liver microsomes.
The median density of the Ca 2+-dependent ATPase distribution was
not increased on digitonin treatment, in fact a slight negative'shift
was evident.
In their experiments. Amar-Costesec et al. (1974b) have concluded
that membranes whose median density is not increased by digitonin
treatment contain little or no cholesterol.
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If the Ca 2+-dependent ATPase membranes contained 10 pg cho1estero1/
mg phospholipid, which is the cholesterol content of purified calcium
oxalate loaded vesicles, the expected increase in density after
digitonin treatment can be calculated. Assuming that cholesterol binds
to digitonin on a mole to mole basis and that protein, phospholipid,
cholesterol and digitonin have densities of 1·31,0·97, 1·07 and 1·35
g/cm3 respectively, an increase in particle density of 0·0025 density
units would be expected. When compared to the negative shift of
0·0020 observed, this would indicate that cholesterol ,is more likely
to be absent from the Ca 2+-transporting regions of the sarcoplasmic
reticulum rather than present in low quantities.

i

.

Based on the findings presented in this thesis, skeletal muscle

microsomes may be divided into two groups:

group 1 are cholesterol-

containing membranes; group 2 consists of membranes which do not
contain cholesterol. Group 1 membranes may be sub-divided into
those containing basal ATPase and those which are not associated
with this enzyme.
The principal characteristics of membranes in each of the
groups may be summarised as follows:
Group 1 (a): cholesterol-containing membranes associated with basal
ATPase activity and having an isopycnic density of 1·15.
These membranes are fragmented to microsomes early in
homogenisation.
Group 1 (b): cholesterol-containing membranes not associated with
either basal ATPase or Ca 2+-dependent ATPase. These
membranes have an isopycnic density of 1·15 and are
ruptured more slowly during homogenisation. They contain
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a protein component with a molecular weight slightly
Qreater than that of the 100 000 molecular weight
Ca2+-tr~nsport protein. Since the concentrated
microsomal fractions were prepared from a 60 sec
homogenate, the amount of this second cholestero1containing membrane in the fractions would be small.
Group 2:

membranes which do not contain cholesterol. These
include vesicles derived from the ca 2+-transporting
regions of the sarcoplasmic reticulum and having an
isopycnic density of 1·17.

Recent data from this laboratory (Joyce &Headon, 1975) has
shown that group l(a) vesicles and the Ca 2+-transporting vesicles in
group 2 differ in size, in addition to particle density. Group l(a)
vesicles were found to sediment more rapidly in a sucrose density
gradient than the Ca 2+-dependent ATPase vesicles in group 2. In
other words, basal ATPase-containing vesicles are larger and have a
lower isopycnic density than Ca 2+-transporting vesicles.
Mac Lennan (1970) has purified the Ca 2+-dependent ATPase from a
differential pellet by a combination of deoxycholate and salt
fractionation.

The enzyme preparation obtained in this way consists

largely of one protein component having a molecular weight of 102 000.
It also contains phospholipid in amounts comparable to that in the
microsomal pellet (i.e. 450

~g/mg

protein).

Marai & Kuksis (1973) have examined the lipid composition of the
parent membranes and the isolated ATPase and found that both had an
essentially identical lipid composition. The ATPase contained 59·9
~g

cholesterol/ mg protein compared to 60·3
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~g

cho1estero1/mg protein

for the microsomal preparation. This data conflicts with the
findings in this thesis. A consideration of the methodology
involved in the preparation of the Ca 2+-dependent ATPase by the
procedure of Mac Lennan (1970) may explain the differences. The
isolation procedure consists of three steps. The microsomal proteins
are first separated into two fractions by treatment with deoxycholate
at a concentration of 0·1 mg/mg proteip in 1M KC1. A large amount
of protein is released leaving the ATPase in the insoluble fraction.
In the second step, the enzyme is solubilised using

h~gher

concentrations

of deoxycholate (0·5 mg deoxycholate/mg protein). Finally, the
solubilised enzyme is purified by ammonium acetate fractionation.
Kirkpatrick et a1. (1974) have shown that deoxycholate solubi1ises
the protein, phospholipid and cholesterol of membranes.

It is likely

that a similar solubi1isation would occur during the purification of
the ATPase.

If this is the case, it would result in a pooling of

the phospholipid and cholesterol from the different types of membranes
in the preparation. Afterwards, during ammonium acetate fractionation
the enzyme would associate with a random sample of the solubilised lipid
(assuming that interaction between the enzyme and lipid is non-specific).
If this were to occur, the lipid composition of the isolated ATPase would
be identical with that of the microsomal preparation.
Knowles &Racker (1975) have been able to reconstitute Ca 2+_
accumulating vesicles from Mac Lennan's ATPase and a wide range of soya
bean phospholipid. Warren et a1. (1974a), have replaced the endogenous
lipid of the ATPase with dio1eoy1 lecithin without loss of ATPase
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activity. These 1nves~igators were also able to reconstitute Ca 2+accumulating vesicles from the dio1eoy1 lecithin-substituted ATPase.
These reports show that the phospholipid composition of the ATPase
quanti'tatively reflects the phospholipid available in the medium
during reconstitution and explain why the lipid composition of
Mac Lennan1s ATPase is almost identical with that of the microsomal
preparation. Additional support for this conclusion comes from .
further work of Warren et al. (1974b. 1974c). in which they found
a complete equilibration between exogenous lipid and

~he

endogenous

lipid of the' ATPase in the presence of cholate. More recent work
(Warren at al •• 1975) has shown that when cholesterol is forced
to interact directly with a number of membrane proteins (e.g.
Ca 2+-dependent ATPase, mitochondrial ATPase. succinate dehydrogenase)
it strongly inhibits their function.

Furthermore. the structure

of the membrane in the neighbourhood of the enzyme is such that
cholesterol is excluded from the first shell of phospholipid
. surrounding the protein molecule (Warren et a1 .• 1975).

I
Boland et a1. (1974). and Sarzala et al. (1975). have studied

I
I

I
I

the compositional and structural changes in microsomes prepared from

I

the developing skeletal muscle of chicken and rabbit respectively.

II
II
!IH

In the early stages of development. the skeletal muscle cell contains

~

r

j

I

little or no internal membrane system. With development. considerably
more internal organisation was observed. As the internal membrane
system developed. the cholesterol/phospholipid ratio of the microsomal
'preparation decreased. Both groups of workers failed to correlate
the decreasing cholesterol/phospholipid ratio with the development of
the internal membrane system. The absence of cholesterol from group 2
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1

membranes neatly explains the results obtained by both groups of
investigators.
The involvement of cholesterol in the structure and function
of membranes is .currently under intensive investigation in several
laboratories. Papahadjopoulos et al. (1973), regard the role of
cholesterol as a stabilising one, by inhibiting structural changes
in the membrane due to thermal or mechanical stresses. They suggest
that, while cholesterol provides a stable membrane

fra~work,

it

is· excluded from highly functional areas. The absence of cholesterol
from the Ca 2+-transporting regions of the sarcoplasmic reticulum
would lend support to this postulate.
At a particular temperature the fatty alkyl chains of lipids
in many membranes undergo a phase transition from an ordered gel
state to a more disordered liquid crystalline state. The phase
transition is dependent on the lipid composition of the membrane
and affects its functional activities. At the transition temperature,
a break in the Arrhenius plot of the activity of an enzyme located

in the membrane occurs.
Cholesterol has been found to decrease the amount of energy
taken up during the phase transition in both model (Ladbrooke et al.,
1968; Hinz &Sturtevant, 1972) and biologically-occurring membranes
(De Kruyff et al., 1972; Rottem et a1., 1973). The phase transition
was completely abolished in phosphatidy1choline 1iposomes containing
30-40 moles %cholesterol (De Kruyff et a1., 1974). This effect has
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also been observed in native membranes (De Kruyff, 1975). On the
basis of these reports, a break in the Arrhenius plot of enzyme
activities located in cholesterol-rich membranes would not be
expected. Dermot Bradley of this laboratory has found (Bradley &
Headon, 1975) that basal ATPase activity (which is located in a
cholesterol-containing membrane) does not undergo a temperaturedependent phase transition. Ca 2+-transport activity, on the other
hand, undergoes a sharp phase transition.
In addition to the lipid and enzyme differences described, the
concentrated microsomal fractions have a heterogenous protein
composition. A simple protein pattern was obtained for each fraction
after

one-dimens~ona1

SDS- electrophoresis in homogenous polyacrylamide

gels. The separations obtained by other workers (Martonosi &Halpin,
1971; Mac Lennan et a1., 1972; Meissner &Fleischer, 1971; Louis

&Shooter, 1972; Sarza1a et al., 1974) for unfractionated microsomes
correspond to the summation of the bands obtained for the concentrated
fractions. Mac Lennan et a1. (1972, 1974),have extensively stUdied
the protein composition of microsomes prepared by differential pe11eting.
In these studies, they have characterised seven protein components:
a 102 000 molecular weight protein which is labelled with 32 p after
preincubation of the microsomes with y_32 p ATP; a 55 000 molecular
weight or high affinity calcium binding protein; ca1sequestri~a 46 500
molecular weight protein which also binds Ca 2+i low molecular weight
acidic proteins having molecular weights of 20 000, 33 000 and 38 000;
and finally, a proteolipid with an approximate molecular weight of
12 000.
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The use of the more highly resolving two-dimensional separation
has shown that many of the bands seen after the first-dimension
separation are resolved into 2-5 components on the second-dimension
separation in gradient gels.

It is unlikely that this heterogeneity

results from contaminating soluble protein or proteolysis. During
the preparation of sedimentab1e material from each of the
concentrated fractions, the pellets were washed three times with
0·25 Msucrose, pH 7·4. The solubilisation conditions were such.
(i.e. heating at 1000 in the presence of EOTA) that proteolysis
would

~ot·occur

(Juliano, 1973). Furthermore, quantitatively

identical separations were obtained whether samples were solubilised
by 50S-treatment at 300 for 8 hours or by heating at 1000 for 5 min.
This finding conflicts with that of Pucell &Martonosi (1972) who
reported that prolonged incubation in the presence of 50S and
p-mercaptoethano1 lead to the breakdown of the 100 000 component
to subunits. Others, Louis & Irving (1974) and Stewart &Mac Lennan
(1974), have been unable to repeat the findings of Puce11 & Martonosi.
Sarza1a et a1. (1974), have found that after incubation for several
days there was a partial dissociation of the 100 000 molecular weight
component into subunits.
Mac Lennan (1974) has detected two proteins in the 46 500 molecular
weight band after one-dimensional electrophoresis. This second protein
found in the microsomes from some rabbits was found to be a mutant
form of ca1sequestrin.

In the separations shown in this thesis, there

would appear to be even more than two proteins in this molecular
weight range.
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While several groups of workers (Miga1a et a1., 1973); Thor1eylawson &Green 1973; Stewart &Mac lennan, 1974;

Ines1 &Scales,

1974; Louis et al .• 1974) have investigated the effect of trypsin
on the Ca 2+-dependent ATPase or 100 000 molecular weight component,
Louis et al. observed that KC1 influences the susceptibility of

th~

ATPase to trypsin hydrolysis. At KCl concentrations greater than
50 mM, the ATPase polypeptide is hydrolysed at only one site.
the absence of Ke1, many proteolytic fragments were formed.

In
This

observation is interesting in that it suggests that K~ ions may
interact with the Ca2+-depe~dent ATPase producing a conformational
change. This may be a possible mechanism for the K+ stimulation
of 'the Ca 2+-dependent ATPase (Duggan, 1967, 1968a,1974).
Margreth et al. (1974) have found that all the protein components
of a microsomal preparation except the 100 000 component can be removed
by osmotic shock and sonication. This is in agreement with Mac Lennan's
classicication of muscle microsomal proteins.

In this classification

the proteins were divided into two groups:
(i)

those which are water soluble after detachment from the membrane
(=extrinsic proteins). All of the proteins except the 100 000
component were assigned to this group,

(ii) proteins which bind phospholipid and are water insoluble
(=intrinsic proteins).
Margreth et a1. (1974) also suggest that the 80 000 molecular
weight component detected after SOS-e1ectrophoresis represents the
glycolytic enzyme,

phosphofructokin~se.

on two observations:

This suggestion is based

(a) Coe1ectrophoresis of crystalline
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phosphofructokinase with a microsomal preparation. The purified
enzyme moved as a single band coincident with the 80 000 band.
(b) 15% of the phosphofructokinase activity of the homogenate was
recovered 1n the microsomal fraction.

The specific activity of

the enzyme in the fraction was three times greater than in the
soluble phase.
In order to fully evaluate the suggestion of Margreth et a1 .•
two further items of information are required.

An estimate of

the relative contribution of phosphofructokinase protein to the
total microsomal protein is needed to determine the amount of
phosphofructokinase protein in the 80 000 molecular weight band.
Secondly. a knowledge of the distribution of phosphofructokinase
after the density gradient centrifugation of the microsomal fraction
would be required to determine whether or not this enzyme is
associated with a certain type of membrane.

Since Margreth et a1.

have carried out neither of these investigations. further work is
required to characterise the nature of the association, if any.
between phosphofructokinase and the microsomal fraction.
While glycolytic enzymes are generally regarded as being located
in the sarcoplasm (de Duve. 1971). Clarke &Masters (1973) have
provided new evidence for the existence of a glycolytic complex.
These workers have studied the boundry sedimentation of rat muscle
aldolase. lactate dehydrogenase and pyruvate kinase under physiological
conditions of pH and ionic strength. The sedimentation profiles for
the three enzymes occurred in parallel.

Evidence of this kind was

used by the authors to postulate the existence of a multienzyme
aggregrate.
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The presence of periodic acid-Schiff staining material with an
electrophoretic mobility close to that of the tracker dye was first
reported by Martonosi &Halpin ('1971). Material with these
characteristics is also present in the concentrated microsomal
fractions.

It has been characterised in considerable detail by

Mac Lennan et a1. (1972). Their analyses have shown that it is
a proteolipid with high affinity for phospholipid and accounts for
2-5% of the total protein in the microsomal

pel1et.~

Its actual

molecular weight is approximately 12 500, although,

th~

molecular weight by 50S-electrophoresis is only

of this.

50~

apparent

The advantages of usi"ng calcium oxalate loaded vesicles to
study' the disposition of protein in membranes transporting Ca 2+ are
weakened by the interference of calcium oxalate in the solubi1isation
process. Despite these difficulties. some useful information was
obtained from these studies. The 100 000 molecular weight component
was found to constitute 75-76% of the protein of the vesicles.
Components in the 45 000-65 000 molecular weight range were partially
released from the vesicles during the loading procedure. The
extraction of these proteins by EOTA or EGTA was first reported by
Duggan &Martonos1 (1970) and confirmed by Mac Lennan et a1. (1972)
and Sarza1a et a1. (1974). The partial loss of these proteins during
calcium oxalate loading did not result in vesicles losing their ability
to retain transported Ca 2+. That these proteins can be released
from the membrane into the medium may be an indication that they
are located on the outside of the vesicle. However, the possibility
that they are released from the inside of the membrane cannot be
excluded since the vesicles are permeable to EGTA under the conditions
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of calcium oxalate loading (Duggan &Martonos1, 1970).
Proteins in the molecular weight range 15 000 - 45 000 were
more heavily iodinated by lactoperoxidase, relative to the amount
of protein they contained, than were proteins in the 45 000 110 000 mo1e£u1ar weight range. The lower molecular weight proteins
had a bound iodine/protein ratio of 2·13, as compared to one of 0-76
for the 100 000 molecular weight protein, indicating that the latter
had less tyrosine and histidine residues available

fo~

labelling.

The 100 000 molecular weight protein either has a lower content of
these residues, or it is embedded in the membrane.

In order to

carry out its function, the protein should have access to both sides
of the membrane and would, therefore, be a transmembrane protein.
There is increasing evidence that integral or intrinsic
membrane proteins have an amphipathic structure in the native membrane,
with one, or two in the case of a transmembrane protein, exposed
hydrophilic segments and a hydrophobic segment embedded in the
membrane (Singer, 1974) •.
. Mac Lennan &co-workers (1972) have studied the location of
.

.

proteins in membranes of the microsomal fraction prepared by differential
pe11eting. The use of a microsomal preparation which not only has a
heterogenous membrane

co~position

but, also, contains right-side-out,

inside-out and leaky vesic1es,considerab1y limits the value of the
study.

However, the results obtained are interesting. The lOa 000

molecular weight component accounted for 45% of the protein and 44%
of the protein-bound iodine. On the other hand, the lower molecular
weight bands, of molecular weight 20 000 - 40 000, constituted 15%
of the protein but had 41% of the bound iodine.
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The location of membrane proteins in a microsomal preparation.
similar to that of Mac Lennan et a1 •• has been studied by Thor1eyLawson &Green (1973) using the 1actopenxidase system. As a control.
these workers used a membrane preparation solubi1ised with 1%
deoxycholate in which all of the protein was fully labelled. They
compared the amount of labelled protein in the untreated vesicles
with that in the control. All protein bands separated by electrophoresis
were labelled. however, proteins in the 15000 - 30000 molecular weight
range were labelled maximally relative to the control •. The iodination
of the 100 000 molecular weight component was 30-40% of that in the
control. The authors also investigated the accessibility of the ATPase
to trypsin and lactoperoxidase. From the results, they believe that
about half of the molecule is exposed on·the outer surface of the
membrane, while the remainder is embedded in the lipid bilayer.
Hasselbach &E1fvin (1967) have specifically labelled the active site
of the ATPase using Hg-phenylazoferritin and found. in the electron
microscope, that all of the label was clustered at the outer surface
of the membrane.
The 100 000 molecular weight prote;n is also present in vesicles
not loading calcium oxalate, although the membranes in this case are
heterogenous as evidenced by differences in the composition of light
and heavy fractions prepared by zonal centrifugation. An 80 000
molecular weight protein component is present in high concentration
in the light fraction. while the protein composition of the heavy
fraction resembles that of the calcium oxalate loaded vesicles.
The 80 000 molecular weight component has also been found in microsomes
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prepared by differential pe11eting for four other species besides
the rabbit (Louis & Irving, 1974).
.

.
The widespread distribution of the 100 000 molecular weight

component in muscle membranes suggests that a protein Of this size
and electrophoretic mobility may not be unique to the regions of the
sarcoplasmic reticulum transporting Ca 2+.
Most intrinsic membrane proteins have transport functions and,
for this reason, are thought to extend through the membrane. Bretscher
(1971b)has calculated that if a 105 000 molecular weight membrane
protein were an average globular protein it would have dimensions of
50X X 50X X 100R.

In anyone dimension, it would be large enough to

extend through a lipid bilayer of about 40R. On the basis of these
calculations, one may make a plausible suggestion that most transmembrane proteins would have a molecular weight in the region of
100 000.

Indeed, the limited number of studies carried out on

transport enzymes to date indicate that this may be the case.
The(Na+ and K+)-ATPase isolated from cardiac muscle by Pitts'
Schwartz (1975) has a molecular weight of 94 000 as determined by
50S-electrophoresis and was found in assoctation with a 58 000
molecular weight glycoprotein.

The 94 000 molecular weight polypeptide

was labelled with 32 p after incubation of the membrane withy_32 plabelled ATP in the presence of Na+ and K+. The enzyme isolated from
other tissues was found to have similar molecular weight and other
properties, e.g. the electric organ of Electrophorus e1ectricus (Dixon

&Hokin, 1974); beef brain (Uesugi et al., 1971) and dog kidney
(~te,

1971).
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Knauf et a1. (1974) have determined the molecular weights of
the phosphoprotein intermediates of the (Na+ and K+)-ATPase and
Ca 2+-ATPase of human red cell gh6sts to be 103 000 and 150 000
respectively. Somewhat similar work on the ATPases of the red
cell membrane has been carried out by Drickamer (1975). Three
phosphorylated intermediates of ATPases were found and their
molecular weights determined as follows: Mg 2+-ATPase, 160 000;
(Na+ and K+)-ATPase, 110 000; and Ca 2+-ATPase, 135 000.
Bastideetal.(1973) undertook a comparative study of the
(Na+ and K+)-ATPase from guinea pig kidney and the Ca 2+-dependent
ATPase from rabbit skeletal muscle. There was a considerable
similarity at the site of covalent attachment of the phosphate
group in both enzymes. The 32P-1abe11ed phosphoprotein intermediate
1n both cases had a molecular weight of approximately 100 000,
although the Ca 2+-dependent ATPase had a marginally greater mobility.
It seems possible that the 100 000 molecular weight component,
while it represents the Ca 2+-dependent ATPase in fractions with
high Ca 2+-uptake activity, is not unique to the Ca 2+-transport system
and may represent other transport enzymes in other fractions.

A good deal of information can be obtained on the protein
composition of group 2 membranes transporting Ca 2+ from a study of
the protein composition of calcium oxalate loaded vesicles. However,
the lack of an isolation procedure for group la and 1b membranes has
hampered an investigation into their protein composition.' There is no
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information on the protein composition of basal ATPase-containing
membranes in the literature and in fact this area has received little
or no attention from other workers in the field.
A consideration of the protein composition of preparations enriched
in basal ATPase can give tentative information on the possible protein
composition of group la membranes. Examples of these preparations
are:

fractions 1 and 4 of the concentrated microsomal fractions

(this thesis); vesicles not loading calcium oxalate (this thesis);
the microsomal preparation from newly-born rabbits (Sarzala et al ••
1975); and microsomes from red skeletal muscle (Sarzala et al •• 1974).
The 80 000 molecular weight protein, present in high concentration
in fraction 1 and in vesicles not loading calcium oxalate. is unlikely
to be located in basal ATPase-containing membranes, since it is not
present in fraction 4.

Proteins in the 25 000 - 30 000 molecular'

weight range are present in high concentration both in the light
fraction (gradient fraction 1) from the calcium oxalate loading
experiment and in fractions 1 and 4, but only present in trace
quantities in the heavy fraction from the loading experiment and
1n the loaded vesicles.
The 15-20% contamination of fraction 4 by protein of the inner
mitochondrial membrane complicates the protein composition of the
fraction.

The protein composition of the mitochondrial inner membrane

is a complex one. Capaldi (1974), using SOS-electrophoresis, has
separated twenty-one protein bands ranging in molecular weight from
10 000 - 90 000.
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The possibility of basal ATPase being associated with a 100 000
molecular weight protein is unlikely in view of the recent results
of Sarza1a et ale (1975). These authors found that the amount of
100 000 molecular weight protein in the microsomes of a 3 day-old
rabbit was 0.24 of that in the adult microsomes, while the basal
ATPase activity was seven times greater. Also, the Ca 2+-dependent
ATPase activity in the microsomes of the 3 day-old rabbit was only
0·24 of that in the adult.
The microsomal fraction prepared from red muscle contains a
gr-eater proportion of T-system and sarcolemma fragments than an
equivalent preparation from white muscle (Baskin &Deamer, 1969).
Sreter (1969) found this was reflected in an 11·25 fold greater
rate of Ca 2+-uptake in white muscle. Of more importance to this
discussion is the 9 fold greater activity of basal ATPase in red
muscle microsomes (Sreter, 1969). Despite the higher mitochondrial
content (Baskin &Deamer, 1969), microsomes from red muscle would
contain a higher proportion of basal ATPase membrane proteins.
Sarza1a et al. (1974) have found that the amount of 100 000 molecular
weight protein is greatly reduced.

Proteins of lower molecular weight

were present in high quantities, in particular, a 32 000 molecular
weight hydrophobic protein.
Any discussion on the possible protein composition of basal ATPase
membranes would not be complete without a reference to the possible
involvement of proteins with a molecular weight greater than 100 000.
These proteins have been found by several workers {Louis &Shooter,
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1972; Mac Lennan et a1., 1972; Martonosi &Halpin, 1971; Thor1eyLawson &Green, 1973; Meissner &Fleischer, 1971) and in a number
of species (Louis & Irving, 1974). Louis &Shooter (1972) have
provided evidence from molecular weight and cross-linking studies
suggesting that these proteins are aggregrates of the 100 000 molecular
weight component. This evidence is strongly supported by the finding
that these bands were labelled with 32 p after preincubation of the
membranes with y_32 p _ATP under Ca 2+-transport conditions (Louis &
Shooter, 1972; Thorley-Lawson &Green, 1973).
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SUM MAR Y
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(1) The structure of muscle, the intracellular movements of Ca 2+
ions, subcellular methodology and the structure and composition
of membranes were reviewed.

(2) The effect of varying homogenisation time on the distribution
of a number of constituents in the four classical subcellular
fractions was investigated. Membranes containing basal ATPase
and the Ca 2+-transport ATPase were differentiaTIy ruptured during
homogenisation. A third class of membranes, not associated with
either of these two enzyme activities, appeared in the microsomal
fraction with homogenisation for longer times (90 and 120 sec).

(3) Factors to be considered in the choice of media for homogenisation
and density gradient centrifugation were discussed.
Muscle microsomes aggregrated not only in an unbuffered
sucrose medium, but also, in buffered sucrose media supplemented
with monovalent and divalent cations.

In the light of the results

obtained, sucrose buffered with 5 mM imidazole-HC1. pH 7·4.
appeared to be the medium of choice for muscle subcellular fractionation.

(4) Microsomes were prepared in the form of a concentrated suspension
by zonal centrifugation. This method of preparation resulted in
the collection of five fractions which differed in protein. enzyme
and lipid content, and was equivalent to a partial subfractionation.
Basal ATPase and cholesterol had similar distributions which were
different from those of activities associated with Ca 2+-transport.
Sedimentab1e material in the fraction with the highest Ca 2+-uptake
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activity contained 762

~g

phospholipid per mg protein, of which

65% was phosphatidylcholine.
The protein components in the sedimentable material of
each fraction were solubilised by treatment with sodium dodecyl
sulphate and separated by a highly resolving two-dimensional
electrophoretic procedure,consisting of electrophoresis in
one dimension in 5·2% polyacrylamide gels, followed by
electrophoresis in a second dimension in 6-27% polyacrylamide
gel gradients. The separations obtained confirmed the membrane
heterogeneity indicated by the enzyme and cholesterol data.

(5) The purity of calcium oxalate loaded vesicles prepared by density
gradient centrifugation was found to be critically dependent on
the load applied to the gradient. Under ideal separatory
conditions, only 18% of the phospholipid in fractions 2 and 3 of
the concentrated microsomal suspension was associated with vesicles
storing calcium oxalate. The cholesterol/phospholipid ratio in
the loaded vesicles was approximately one third of that in the
sample applied to the gradient. The possibility of vesicles from
the cholesterol-rich sarcolemma also loading calcium oxalate,and
thereby accounting for the cholesterol found in the calcium
oxalate loaded pel1et,was considered.
Since calcium oxalate loaded vesicles have defined permeability
properties and right-side-out folding, they were considered suitable
for a study of the distribution of the protein components in the
membrane.

Proteins on the external surface were labelled by a

- 308 -

1actoperoxidase-cata1ysed iodination. The 100 000 molecular
weight Ca 2+-transport protein was found to be less extensively
labelled, relative to the amount of protein it contained,
than any of the other components.

(6) After equilibration of microsomes in a sucrose density gradient,
Ca 2+-dependent ATPase, basal ATPase and cholesterol had median
densities of 1·172, 1·149 and 1·151 respectively. Treatment of
the microsomal preparation with digitonin altered the density
distribution of basal ATPase and cholesterol in an identical
The protein distribution showed a less marked change
in median density, while the distribution of Ca 2+-dependent ATPase

fashion.

was largely unaffected.

It was concluded that:

basal ATPase is associated with a group of cho1esterolcontaining membranes;
(ii) the Ca 2+-transporting regions of the sarcoplasmic reticulum
do not contain cholesterol.
(1)

(7) An investigation into the effect of varying homogenisation time
on the enzyme and cholesterol content of the microsomal fraction
provided evidence for the presence of an additional class of
cholesterol-containing membranes which are not associated with
basal ATPase.
(8) A fractionation of the particulate material sedimenting in the
low speed pellet (= P1 fraction) was undertaken. This pellet
contained 80-90% of the protein, phospholipid, and cholesterol
of the homogenate.
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Extensive washing of the pellet removed entrapped material,
which accounted for 13% of the phospholipid of the homogenate.
The washes contained soluble protein, mitochondria, contractile
protein, and membranes containing the Ca 2+-dependent ATPase and
basal ATPase which were similar in isopycnic density and protein
composition to membranes in the classical microsomal fraction.
Material not removed from the P1 fraction by washing
accounted for 74-77% of the protein, phospholipid "and cholesterol
of the homogenate and was found to consist of rapidly sedimenting
partic1es,which banded at a density of 1·215 in a sucrose density
gradient.
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A

A computer program used for calculation of gradient profiles.
This program is written in FORTRAN IV.

-)

FILEI NJZ5
C

FORTRAN

DIMENSION OU5.

A

¥R/,10 - CONYERSATIONAL RON I TOR SYSTEM - UNIVERSITY COLLEGE CORK
IIOCHE'USTRY

2 WRlTE C6, 700'

100 FORMATC 'GIVE MOLARITY OF SOLUTION IN MIXING VESSEL"
~EAO(S,100JDM

")

101
.

"'
102

tOO
10J
104
105

it'

706
50
210
51
5Z

j --~
I

l~
,

• .1

I

10J
104

.RlTEC6,70lt
FORHAT( , GIVE MOLARITY OF SOLUTJON IN RESERVOIR 't
REAOCS,lOOIDR
IlIRlTEC6,702'
FORMAT( 'GIVE VOLUME 0' fRACTION TO IE COLLECTED 't
REAUC5,100tl
Y--lX/2.0'
NR IT E(6,70 J'
FORMAT( f5.
fO~MAT( 'GIVE VOLUME OF SOLUTION IN MIXING VESSEL"
REAIH5,50IVX
IIIRITE(6,704'
FORMAT( , GIVE VOLUME OF SOLUTION IN RESERVOIR't
REAO(5,50'VY
IIIR 1 TE( 6,705 ,
FOR~AT ('GIVE NUMIER OF fRACTIONS REOUIRED'.
Rt:AOI5,706J'4
FORMAT ( 13'
fORHA T( F~.lt
WRITE(6,210J
FURHAT(' MOLARITIES CALCULATED TO THE CENTRE OF EACH FRACTION"
kRITE(6,SlIYX
FORMAT(' VOLUME Of SUCROSE IN MIXING VESSEL.',".l.
WR ITE (6,52 JVY
FORMAT(' VOLUME OF SUCROSE IN RESEVOIR.',FS.lt
wRITE(6,l0310M
FORMAT(' MOLARITY OF SUCROSE IN MIXING VESSEL.'",.,.
IIiRl,e(6,101t10R
FORMATC' MOLARITY OF SUCROSE IN RESERVOIR.',FS.'.

3'

V-y

wRlTEC6,707t
101 FORMAT( , WANT LINEAR 15.0' OR EXPONENTIAL 11.0. GRADIENT' 't
REAUI S, 708 lABC
IFIABC.GT.2.0IGO TO 709
101 FORMAT ( F 3.lt
DO 1 1-1,N
V-V+X

D(II-OM+(DR-DM.·C1.o-EXPC-V/VX.t
W.ITE(6,2001I,OCI'
1 CONriWE
GO TO 710
109 UO 711t l-l,N
V-Y+X
-..J

-'

~

OCI'-OM+(OR-DMI·CV/IZ.O.VXtt
WRIJE(6,200'I,DCII
114

CO~TI"UE

GO TO 710
ZOO FORMAT(' ',14,'X,f5."
710 IIiRITI:.C6,7UI
711 fORMArc ' DO YOU REQUIRE ANOTHER GRADIENT' YESl1.0t

NJ900010
NJ900020
NJ900030
NJ900040
NJ900050
NJ900060
NJ900070
NJ900080
NJ900090
NJ900100
NJ900110
NJ900120
NJ900130
NJ900140
NJ900150
NJ900160
NJ900170
NJ900180
NJ900190
NJ900200
NJ900210
NJ900220
NJ900230
NJ9002ltO
NJ900250
NJ900260
NJ900270
NJ900280
NJ900290
NJ900300
NJ900310
NJ900320
NJ900130
NH00340
NJ900350
NJ900360
NJ900HO
NJ900380
NJ900390
NJ900ltOO
NJ900410
NJ900420
NJ900430
NJ900440
NJ9001t50
NJ900460
NJ900470
NJ900480
NJ900490
NJ900500
NJ900510
NJ900~20

NJ900530
NJ900~40

NOC5.0t 't

NJ900,SO

'AGE 001

-;
....

FILEa

NJ25

FORTRA.

A

VR/310 - eONVERSATIONAL MONITOR SYSTEM - UNIVERSITY COLLEGE CORK

REAOCS.112)ICA

0"
i
")

'"J
i

."

!
~

....
J

...1

.J

...

. ..t

\oJ

112 fORfo'Af(F3.lJ
IFC8tA.GT.2.0t SO TO 113
GO TJ 2
113

CONTINUE
END

NJ900560
NJ900570
NJ900580
NJ900590
NJ900600
NJ900610
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A P PEN D I X

B

A computer program, entitled SEDIMENTATION JOB, used for the
calculation of sedimentation coefficients.
written in FORTRAN IV.

This program is

-"\

flLEI Nil

FORTRAN

A

V~/310

- CONVElSATICNAl .C.ITCI

S'S'E~

- UNIVElSITY CCLlEGE·CCRK

pjU eel

"'\

C

-i-"')

uce

SECIMENTATION JOB; C
CI~ENSION

HeADC~,E BAPR£lT,eIOCHE~ISTRY CEPT
~e3CCCI0
R(30),POlARC30),P~OlFI3C),VISI3C),FAC2C30),CENI30),SU'13~e3CCC20

lCI, S20w(30)
CI"'ENSICN CU)
U-l.0C03698EO
62-3.9680504E-05

~e3CCC30

8~--5.d513271E-06

'"':

e"-3. 898237E-0 1
85--1.057891 Q f-03
B~-1.2392833e-05

"'

,J

)

B'·1.70~159E-Ol

se-4. 15 HOB lE-Olt
es-s .9239 137E-06
Clll--0.15CI832E+Ol
C(2)-+0.9~11213['01

tI31--0.1143~74~'0"

."

CC41-+0.1050413E.06

&1~1--0.4b~2110~'07

&(6)-.0.1032335[+09

"'

.'
)

.;

-'
j

u

.WI'

i-.)

~(7)--0.11~2898E'IC

CI8.-.0.4592191E+I0
1 _MITEC6,965)
965 FCR~ATllhl,'SEDIMeN'ATION

CCEFFICIE~TS't

MEAll'),SCOI~PM

500 FCM"AT(F7.11
RPS-RPfl4/6C.0
REA[ 15, JCIl)T IMl
1-TIME·60.0
REI\!: 15,300 )VOOl
REA[15,3COIV05AM
JOO FCR"ATCF).I)
REA(( 5,300 I VOC,
502 FCR"ATlF5.1I
MEACI5,501)N
501 fCR"U C () I

II.B3C0040
lI.e3CCC50
.. e3CCC~O
he3CCC70
t\B3COC80
.. eJCCC9C
1I.83CCICC
.. 83CCll0
1I.83C0120
1I.83CC13C
flB3CC14C
lI.e3CC15C
",e300160
"83CC170
.. e3C0180
flBCCI90
",e.3C0200
flBJCC210
lI.e3CC22C
lI.e3C0230
.. B300240
~lnCC250

.. e3CC260
.. 83CC270
~B300280

/

REAll5,~71)IPOlAR.I.,I·l,Nt

911 fOR"ATCI6f5.3)
MEA C1 ~, SO) I TT
505 FCR"AT(F4.l)
rOR(t-1112.0·l.1,,·RPS)··Z.·Tt
REACC5,2)CP
REAClS,210Pl
2 fCRI"ATIF4.Z)
610 CP-LP+O.~1
IFI[P-OP1)602,602,l
602 CCfoillWE
V-I~CCl+IVOSAM/2.0)-VOCFt

.. R II U 6,9111 OP

911 rOR"ATIIHO,'PARTICLE DENSITY .',F6.~.
"RIIEl6,350IVOCL
350 FCR"ATC' ~OLUME OF eVERlAY I~ 'ILLllITRES .',F5.l)
.. RIT(16,351IvOSAM
151 feR"ATC' VOLUME CF SAMPLE I~ 'ILLILITRES .',F5.1.
IIlR 1TE 16,J521RPM
352 FCR"ATC' SPEEO OF CEHTRIF~GATleN IN REVCLUTJC~S PER 'INUTE

lI.e3CC290
fle3CC3CC
1I.B3CCHC
~e3CC320

~e3CCHO
lI.e~CC34C

lI.e3C0350
~83C03~C
~e3COHO
t\83cc~eo

.. 83CC390
Ne3004CO
N83CCltl0
.. e3CC420
~e3C0430

t<i83C0440
t1iB3CC450
.. e3CC460
M!3CC470
",e3CC480
NBJC0490
..133C05CO
.. B1C0510
l\e3CC520
... e3CC53C
.. e30C540
.',Fl.1~830C550

'wi

- - -_ _--0-........- - - . - - - - - . -..- .... -

...- - - - - -.•

.,
FIUI Nil

FORTRAN

A

¥M/3l0 - CCNVERSA110NAL

'C~ITGR

SYSTEM - UNIVERSITY celLE'E CORK

'"'I

1)
")

~RITEC6,353'TIME

353 fOR'ATC' TIME OF
~RITEI6,35~'TT

')
)

)

.)

...

-"

j

:)

J"

:;

v
..J

.J

~

CE~TRIFUGA1ICN

IN 'INUTES .'.F5.1)

Ne3C0590

.·.F~~e3CC~CO
~e3CC~10
~RITEI6,966'
~B3CC~20
966 fCM~ATI' ',15X,'S2C~',IX,'CEN',I.,·~JSCCSllY'.6.'·'ClARITy·,3X,'R'~83CC630
lCIUS',~X,'MOLE Fq,',
tlie3C0640

354 fCR'ATC' TEMPERATURE OF
1.1'

CE~TRIFUGATICN

IN DEGREES CENTIGRADE

fACl-COP-l.O'/IFORCE.0.010CI9£Ct
CC S90 I-l,N
ICO Y-Y+YOCF
RCI'-2.26Z+0.0100.Y+C-O.CCCCC49.*Y•• 2
990 ceN r IHUE
co ~20 I-l,N
921 IFI~OLARII'-O.40'922,922,9CI
922 Y-PCLARIIJ*O.130/0.4
CC TO 910
9Cl IFIPOlAMII'-0.90'923,923,902
923 Y-PClARI I '*0.3+0.01
CO 10 910
ge2

:)

NB3CC56C
~P3CC570
~e3CC580

Ne3C0650
~e]CC~60
~e3CC~70

~e3C0680
~e3C0690
~B]CC7CO
~e3CC710
~e3CC720
~B3CC730

hB3CC740
he3CC750
~e3CC760

IFIPOlAR(IJ-1.80'92~,924,9C3

Ne3CC770
~e3CC780
~e3CC7~O
~e3CC8CO

924 Y-PClARIII*0.241t+0.C6
'0 10 910
903 Y-PClARI I '*0.225+0.C9
910 CCNII~UE

hB3coelO
hB3C0820
Ne3coe30

PMOlF(I'-Y.18.016/C~.I'.OI6.CI-Y
••342.3t

.A-C.O
CO 460 KK-l,8
~e3C0840
AA-'A+OCKKJ*CPMOLFCI ••• CKK-Itt
~e3co8~0
410 CON11NUE
t\B3coa60
GC TO 982
~e3coe70
912 IF I ~-0.48' ~25,925, 952
~e3CC1l80
925 e8-2.11699070EO=+P'CLFCI.*I.~C77C73E03+PMOLFCI
•• *2.1.6911611E05
~e3CC890
I+PMClFCIJ •• ]*(-I."le~371EC7'+P~OlF(I'**4*6.06S4775E08+PMClF(II**5.~B300900
21-l.2985a34EI0J+PMCLfCI' •• 6.1.35~29C7Ell+PMOLFCII•• 7*C-5.4970416El~e3CC910
31'
~83CC920
GO ro 983
~e3CCq30
952 ~B-l.3975S68E02+PMOLFCII.6.674732~EC3.PMCLFCI'
•• 2.'-7.8716l05E04'+~83C0940
IPMClFIII*.3.9.096757E05+P~CLFII'
•• 4.C-5.53808)OEC6'+PMOLFCIJ •• S.l.N83CC950
22~51219E07

~e3CC~60

983 CC-l.460bb35E02-25.25172S.SQR1(I.C+CPMOLFCIJ/7.Ct748E-02' •• 2'
hB3CC970
CEN(II-I~I+82.TT+83.TT•• 2,+v.(e4+e5.TT+B6.TT•• 2J.Y •• 2.C87+B8.ll+B~N8300980
1.T'.*21
NB3CC~9C
920 VISII'-10.0•• CAA+88/Cll+CC'./lCC.C
~e301CCO
K-N-l
~e3CIC10
co ~bO I-2,K
~B3CIC20
960 FA~2(11-(VIS(lt.CR'lt-RCI-l't)/CCC'-DENCltt.CMClt+RCI-1./2tt
~83CIC30
~U~C2'-FAC2(2'

'-'

-

~20~CII-(fACl*SUMCI"/1.OE-13
IF(S2a_II'1601.60l,~62

-...J

.01
\j

~B3ClC40

CC S61 1-3,K
961 ~UM (U-SUMII-U+FAC4C1.
CO S62 I-ZIK
~20~II'-O.0

~e3CIC50

he3C lC60
\
\

~B301070
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A computer program used to fit a curve to given data.
program is written in FORTRAN IV.
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FORMATIIHO,/8XI3.ItXF1.3,ItXF1.1t,ItXFlO.1,ItXF9.5.4XF8.S,4XF.;1.4XF6.4
A,ItXF~.It,~XF5.31
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IFCIPlOT-ll304,309,900
IFCLlIl-1I900,310,30Z:='
'-- - --:.-''''._- - '~'--'--"
310 READ C8,21 XMX,XMN.YMX.YMN,~~,Uy,IX,I~ ..___
2 FORMAT I bfb.Z,2Il"

309

to.:
~

,

_.-:..:...~-_ .. -_.';';:".

.....;,,:~.- -';;:-_.":'-

..

"IIW"~--'-I ~ ~

·c

..., . :'-~:. : :.-;'~:i'~.-:·,~".co

_ .~. .~'. ~::- "-::~..,.:..::~.; .. ;i,1~~-::::·:; ~ t::.... ':::.~:;.~ . • '. :..:':'::"" :-'=7. -:-.:=:.-:"=::§..;;; .'. ~.;.-' ..

.C·C"AlL SCALEIlO./U.. X-X..N......1lVMfC..;Y.On.XMN.IYWX.V..NJ"lZ.1 -- _ . - ..:-7:.-.---=
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NXlK - UHX-XHN' lUX
-_·~'::::(:··:=.i:~j~=~~if.~~~-·f~c;::T
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00 H1 I-IX NXTK IX
~.-:--._
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"'....o'
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CALL u n
ENO
VA.I ABle ALLOCUIONS
~I
XCR )-0129-0000
YCRIETACIt
VAltYIR )-02b4
~f...
- :: CORIR
RMSCR )-0276
X4BARCR
UBARCR )-0288
)-02CJA
,.
UMIR
f.:
G~IR
)-OlAe
CRII\
SECCR
fJ""
UYIR
UXCR )-02BE
",(1 I-02E2
Kl I
f"
IX II ) -02Ea - ..-:.. .. - 1'111
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f~s,ueMENT
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'~~~~--.--=::="
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)-OZ55-0UCXBARCIt
)-0267
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)-0279'
::~-.'
SEBCR
)-0288
COY2CR
)-0290 -'7...7'"..;;='" HHIR
)-02AF ._,._,- X"XIR
)-02Cl'~~' -;..FIR
I -02E)
--- IPLore I
) -02E9 . :.~~ NYTK Cl

:::."'-' COVIR "-025e--"-" __ VARXfR
~·~;-.cYESJlR )-0210
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'"0
RESCR
)-0260
::
8RCR )-0282 •.•. =-U8ARCR
)-027F
UKIR
)-0294
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'.'
H~CR
'-0291
)-02A] ·--·-AMATIHR )-02A6---'·-'-.--CHACR
YMXCR 1-0288
. . . . YHNIR
)-02B5
UKIR )-02CA ~-:-.:§.~ DlitCR
)-02C7
IC I '-02E6
c_
LPLl I
)-02E5
)-02Ee

'-025e' -=;:-=-'V8ARlR 1-0258
)-02bA
)-027t
)-028E
) -02AO
) -0282
)-02C4
) -02E4
)-02EA·
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A computer program. entitled OPTIMISING JOB. used for optimising
the separatory conditions.

This program is written in FORTRAN IV.

""

FlUI ..I l

FORTRAN

•

VM/3l0 - CCNVERSATIONAL paNITOR SYSTEM - UNIVERSITY CCLLEGE CCRK

')

OPTIMISING JOB ,0 HEADO~,E BAAAETT
810ChE"ISTAV DEPT uce
~87CCC10
CI"ENSION R(10),POLARC30),P'CLFC3C),VISC30),F,e2C30),DENC30),SU"C3~e700C20
1C), S20WClO)
~87COC30
CIMENSIC~ C(8)
h870C040
CC lla-O.1S01832E+01
~B7CCC50
C(2)a+O.9411213E+Ol
~e7CCC6C
CCJla-O.1143574E+O~
N87CCC70
t(4IaO.10~C413E+O'
h87CC080

C

1
l
l
")

CCSI--O.46~2710F+07

Ne700C~O

CC61-+0.103Z33SE+09

Ne7CC1CO

CC71--0.11018~BE+10
tC8Ia+O.45~2191C+10

~e7C01I0

N87CC120
he7C0130

Bl-l.OOOJ699EO

)

82-3.9~P05C4(-OS
8~--S.8513271E-06

~e7C0140
~87CC 150

')

84-3.8'1U2J71-01
8~--1.05 79919E-03
8t-l.2392833E-CS
87-1.709759E-Ol
REACl5,500lRPM

Ne7CC160
N8700 170
he7C0180
h87C0190
he7C02CO
N8700210
he7CC220

fCR~ATCF7.11

~e7C023C

RPS-RPM/60.0
REAlI5,300IVCOL
MEACC5,JOuIVUSAM
REACl5,300lVOCf

he7CC240
NB700250
h87CC260

Bf·4.7530~ijll-04

)
)

8~-8.92J9737E-06

5CO

:;
)
,)

"

o

-'

300

fCR~AT(f5.11

501

~EALI~,~OlIN
FOR~AT(131

971

~e7CC270

N8700280

I

~B700290

N87CC3CO

MEACI5,971)(POLARCI),I-I,N'

~87C0310

fOR~AT(16f5.~)

Ne7CC320
Ne7C0330
h87C0340
Ne7C035C
NB7C0360
Ne700370
hB70C380
N8700390

REACl5,5051TT
505 FCR~ATCf4.1)
481 .RIT((6,9651
9'5 rCR~AT(l~l,'SEOIMeNTATION CCEFFleIENTS'.
.RITEC6,J50IVOOL
350 FCR~ATC' ~OLUME OF eVERLAY IN PILLILITRES .'.F5.1.
.RITCC6,J51IVOSAM
351 FCR~ATC' VOLUME OF SAMPLE IN 'ILLILITRES .'.F5.1.
aRIT((6,928IVOSAM
928 fC~~ATC' VOLUME OF APPLIED SA'PLE - ',F5.1t

~e7CC4CC
~e70C410

~e7CC420

N8700430

.RITE(6,l~2IRPM

352

fO~~ATC'

SPEED OF

CENTRIFUGATIC~

IN

REVCLijTIC~S

PER 'INUTE

.',F7.1~e7CC440

11

~e7C0450
~e7CC460

.RllE(6,15~ITT

]54

301

...J
...;
.l..

FOR~ATC' TEMPERATURE OF CEhTRlfLCATION IN DEGREES
1.11
KEACC5,lClIDP
MEACC5,3COITIME

CE~TIGRACE

~CR~ATCf4.2t

a',f~he7CC470
~e7CC480
~B1C0490

~e7CC5CO
~~7CC5IC

T-TIM£.60.0

NelC0520

TTI~~-T/6C.0

~e7CC530
~e7C054C

.RITE(6,3s3tTTIME
353 FOR~ATC' TIME Of tENTRIFUGATIC~

IN 'INLTES .'.F5.1.

~B7CC550

PJGE CCI

')

flLEI NIl

FORTRAN

A

V"'31C - CCNVERSATIa-AL 'CNITO. SYSTE" - UNIVERSITY CCLLEGE CORK

PAGE ee2

j

FORCE•••• 2.0.3.1~.RPSI••21."

.. ,

,

.11

Y·.~OOL+CVOSAM/2.01-YOCFI
~RllEI6.91110P
FOR~ATCIHO.·PARTICLe DENSITY

NB7C0560
~B1CC570
~e7CC580
~a700590
~e7C0600

.'.'6.4)

.RITEC6.966'
'66

fCR~ATI'

·.11X.·S20~'.8X.'DEN.,8X.'~ISCOSI'Y'.6
•• 'MCLARITY't]X.'R'~A700610

FR'I
fAC1-COP-l.0./IFORce.0.C1CQ1geC)
CC SiO l-l.N
ICO V-Y+YOCF
kll.-S.8a+V/.J.1416.1.0.**2t
.90 CO~'INUE
CO ~20 l-l,N
921 IfIFOLARII.-O.40"22.922.9Cl
922 Y-PLLARII.*O.130/0."
GO lU 91u
'01 IFCPOLARIII-0.90.923 ••23.9C2
921 Y-PlLARIU*O.)+O.Ol
GO 1U 910
902 IFIPOLA~CI'-1.80)924.92~,901
92~ Y-PCLAR.l) .0.2~4+0.C6
~c TO 910
901 Y-P(lAR C1'-0.225+0.C9
.10 CCNIIN~E

NB10Ct20

1~luS·.4X.·MOLE

'"
')
.)

-j

")
L

)
•..1

)
..)

:;
0
~

..-i

-

,.J

~e7CC630
~B7COt40
~e7CC650
~e7CC660

NB7C0670
NB7CCt80
~M7CC6qO
~B7CC7CO

NC7CC710
he7CC720
lIiB7CC730
~B7CC740
Ne7CC7~0
~B70C 760
~e7CC770

t.B7CC780
~e7CC790

PMOLFCI'-Y.18.016/.~.18.016.C1-Y'.342.3t
NB7CCJOO
AA-C.O
lIiB7ccel0
CC 480 KK-I.8
lIi~1CC~20
AA-.A+OCKK) •• PMOLfCII ••• KK-l))
hB1C0830
1t10 CCNT INUE
t.B700840
~c 10 982
t.B7cceso
982 IFC~-O.48'925,925.~52
NP.7C0860
925 cB-2.1169qOl0E02+P~CLFIII.I.6CllC13E03+'~OLF.II
•• 2.1.6911611E05
lIiB1C0870
1+PMCLFII' •• 3.C-1.4Ie4371E07'+P~OLFCII•• 4.6.0654775E08+PMClFII'.*5.~B100880
2C-l.298583ItE10,.PMCLF.I ••• 6*1.35329C7Ell+'"OLF.lt ••1•• -5.49104l6EI~e7C0890
31.
fll87CCliCO
CO 10 983
to.e7CC910
952 eH-I.)97556St02+PMOLFIII.6.614132~EC3.P~CLF.I)
•• 2.C-7.8716l05E04t+~e700920
IPMOLfCI' •• 1*9.09b751E05.P~CLFIII••4.1-5.5380830EC61+'"OLFIII •• 5.I.NB7COliJO
22451219E07
t.e70CS40
98) CC-l.~60~~15~02-25.251726.S~RTCI.C.CP"OlFII'/7.06748E-02
••• 21
Ne7CC9S0
CENII'-C~I+82.TT+B3." •• 2.+Y.ce4+e5*1T+86." ••2'+Y ••2.CB7+Bs.".e9NB700960
I.TT •• Z.
~e7CC~70
.20 VISCI.-IO.O.*.AA+.e/.".CCI)/ICC.C
~e7cc~eo
K-N-I
to.e70CS90
LO ~60 1-2.K
~87CICCO
960 fAC;CI.-CvISIII*.R.lt-R.I-I)lt'.COP-OEN.III •• A.I)+•• I- 1)/2»
~8701CI0
SU~C2'-FAC2C21

~B1CIC20
~0701C30

CO S61 1-3.K
961 SUMCI'-SUHII-II+FAC2(1)
CO S62 1-2.K
S2C~CI'-CFAC1*SUM.I"/1.CE-13
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A computer program, entitled ANYL JOB, used in processing results
of protein, succinate-1NT reductase and Ca 2+-uptake analyses.
This program is written in FORTRAN IV.
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~e1CC29C
eOb fCRfoAJ llhO, 'FR NC', 6X, 'CP' CF A~AlYTICAL', 6., 'CPM OF ILAhK'.",e1CC~CO
808 rOR~AT C' " 14, lell, F8.1, 12)1, Fe.1'
tliBlC0310
809 fCR~AT C1HO, 'CPM RlSULJINC FPC~ THE UPTAKE OF 1.0 'ICROMOLE CF
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SCALClt • CALUPCI./PROTClt
IFIPROTCI) - O.OOOlCO) 813, 113, 112
SCAlll' - 0.000000
CONTINUE
TSU~ - 0.0
cc e14 I - 1, 37
TS~~ • rsuM + VOCF • CALUPCI.
CONTINUE
CO el~ I - 1, 37
CPE~II' - VOeF • CALUPCI"TS~' • 100
(CNTINUE
CO e16 I - I, 40
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CCNTINUE
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~O S46 1-1,37
hBIC19l0
UNA~II' - PROTClt-APPClt-ACU'CI.
hBIC1920
946 CONTINUE
N~IC1930
_RilE 16,947)
~B101940
947 rCR~ATIIH1, 'TENTATIVE ASSIGN'ENT OF 'ROTEIN I. fRACTIONS ••
helC1950
~Rlft 16,948)
NBI01960
948 FCR~ATllHO, 'FR NO',6X,'SDH PRCTEIH',6X,'CALCIUP UPtAKE PRCTEIN',~NBIC1910
lX.·~~ASSIGNcC PROTEIN',lDl,'PRCTE1N')
hel01980
~RITEI6,949)
hB1C1990
949 FCR~ATllH ,14~.'"ILLIGRAMS/"l',9."'ILLIGRA"S/"l'.lJX""ILlIGRA'S/NBI02CCO
l'L',7x.'HILLIGRAMS/'l"
NB102CIO
~o Q50 I • 1.37
NC102020
~RITEI6.95l'I,AMPCI.,AC~Pllt,~hAPCI),PRCtCI)
h81C2C30
9S0 CCNTINUE
helC2C40
GO TO 1
NBIC2C50
END
N8101C6C
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