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ABSTRACT

It is well accepted that structural studies with model membranes are

of considerable value in understanding the structure of biological membranes.

Many studies with models of pure phospholipids have been done; but the effects

of divalent cations and protein on these models would make these studies more

applicable to intact membrane. The present study, performed with above view,

is a structural analysis of divalent ion-cardio lip in complexes using the

technique of x-ray diffraction,

Cardiolipin, precipitated from dilute solution by divalent ions-

calcium, magnesium and barium, contains little water and the structure formed

is similar to the structure of pure cardiolipin with low water content. The

calcium- cardio lip in complex forms a pure hexagonal type II phase that exists from

4 to 40 C, The molar ratio of calcium and cardiolipin in the complex is 1 : 1.

Cardiolipin, precipitated with magnesium and barium forms two co-existing

phases, lamellar and hexagonal^ the relative quantity of the two phases being

dependent on temperature. The hexagonal phase type II consisting of water filled

channels formed by adding calcium to cardiolipin may have a remarkable permea-

bility property in intact membrane.

Pure cardiolipin and insulin at pH 3.0 and 4.0 precipitate but form

no organised structure. Lecithin/cardio lip in and insulin precipitated at pH 3.0

give a pure lamellar phase. As the lecithin/cardiolipin molar ratio changes

from 93/7 to 50/50, (a^ the repeat distance of the lamellar changes from

72.8 A to 68.2 A; (b) the amount of protein bound increases in such a way
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that cardiolipin/insulin molar ratio in the complex reaches a maximum constant

value at lecithin/cardiolipin molar ratio 70/30,

A structural model based on these data shows that the molecular arrange-

ment of lipid and protein is a lipid bilayer coated with protein molecules. The

lipid -protein interaction is chiefly electrostatic and little, if any, hydro-

phobic bonding occurs in this particular system. So, the proposed model is

essentially the same as Davson-Danielli's model of biological membrane.
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Part I

INTRODUCTION

I. a. CTINERAL INTRODUCTION -

In the earlier part of this century Bernstein opened a new field in

science by presenting the membrane theory of cell structure and function. Since

then, numerous workers have studied membrane phenomena covering an exceedingly

diverse array of topics, "In fact the common thread to all of the studies

is the membrane itself" (Rothstein, 1968), These studies have led to the conclu-

sion that the membranes of the living cells are extremely thin, highly organized

and they control the permeability of water, ions and other molecules. The

stability and structural integrity of the membrane determines the relationship

of a cell to surrounding environment. "The accumulated indirect evidence had

been so compelling that the direct visualisation of the membrane in the

electron microscope and its isolation through cell fractionation from a variety

of different cells were taken merely as a gratifying confirmation of a well

established theory" (Stoeckenius and Engelman, 1969),

Concepts of Membrane Structure-

Overton (1895) observed that certain lipoid soluble substances pene-

trated the living cell membrane relatively easily. He found out that the

permeability coefficient of non-electrolvte is proportional to its lipid :

water or membrane : water partition coefficient. On the basis of these

extensive but mainly qualitative studies he suggested the presence of a
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Fig, 1. Davson-Danielli model of biological membrane.

(Original copy ; Danielli and Davson,

J. Cell. Comp. Physiol, 5 : 495, 1935)

Fig. 2. Diagrammatic representation of Unit Membrane model

of Robertson. (Original copy : Robertson, in

'Cellular Membranes in Development', M. Loch,ed.,

Academic Press, 1964),
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layer of lipids in the cell membrane. A ntmiber of other investigators suggested

the possible arrangement of lipids in the cell membrane (Hardy, 1913; Harkins,

Davies and Clark, 1917; Langmuir, 1917). Langmuir (1917) by his classical experi-

ment confirmed the suggestion that the lipid molecules would be expected to

arrange themselves at an air-water interface with their polar ends directed toward

the water and the non-polar ends toward the air. Gorter and Grendel (1925)

extracted lipids from erythrocytes and by spreading them as a monolayer at an

air-water interface found that they occupied an area which was approximately

twice that of the total surface area of the erythrocytes. So they proposed a

bimolecular leaflet structure of lipids with their hydrophilic polar ends at the

surfaces toward the aqueous phase and the hydrophobic non-polar tails making up

the interior. The surface tension values of several cell membranes were always

lower than the predicted values of surface tension of the lipid leaflet (Cole,

1932; Harvey and Shapiro, 1934). So it was concluded that some surface-active

agent, most probably protein, was present in the cell membrane and the polar

surface of the lipid was covered with at least one monolayer of protein (Harvey

and Danielli, 1935). It was later shown that phospholipids alone could produce

the low inter facial tension (Haydon and Taylor, 1963; Thompson, 1966).

In the light of all this progress in the structural studies of membranes

,

Davson-Danielli' s classical 'pauci-molecular ' model emerged (Danielli and Davson,

1935). The essential features of this model consist of bimolecular leaflets of

lipids, mainly phospholipids, arranged with their polar ends directed outwards

and non-polar ends inward, held together by Van der Waals attraction among the

hydrophobic portion of the lipid molecules. Protein, which is mainly globular,

is distributed on the two surfaces of the lipid layer and is assumed to be bound

through electrostatic interaction with the polar groups of the lipid layers.

Lipid and protein constitute separate but continuous phases (Fig. 1). Davson

and Danielli (Davson and Danielli, 1943; Danielli, 1951, 1954, 1958) later

proposed that the non-polar side chains of the protein envelope penetrate into

the hydrophobic region of the biological membrane and the protein lies in an



j'Z'i .'•ii.:

•lUlZ

.(



-9-

extended ^conformation on the surface of the polar region of lipid bilayer. In

their model the primary reaction between lipid and protein is always electro-

static.

Robertson (1957, 1958, 1960), on a different line of evidence, proposed

'unit membrane' hypothesis which corresponded to the pauci-molecular model (Fig.

2). His concept was based mainly on polarisation optical-, electron microscopical,

and x-ray diffraction studies of a wide variety of biological membranes which

showed some common morphological features. The essential differences between

the pauci-molecular model and the unit -membrane model are that in the unit mem-

brane model the number of bimolecular lipid leaflets is restricted to one and

the membrane is considered to be asymmetrical rather symmetrical as in the

pauci-molecular model. The outside non-lipid layer is thought to be made of

muco-protein or muco-polysaccharide while unconjugated protein lies on the inside

layer of unit membrane model.This arrangement would give rise to asjnnmetry in

membrane structure. By contrast, the classical model is symmetrical due to the

presence of similar protein on both sides of the membrane.

For the last thirty years Davson-Danielli-Robertson model has dominated

the whole field. Recently the experimental basis and the validity of this model

have been questioned by several authors (Korn, 1966; Green and Perdue, 1966;

Lenard and Singer, 1966; Wallach and Zahler, 1966). Firstly, by applying spectro-

scopic techniques such as optical rotatory dispersion, circular dichroism, infra-

red spectrscopy and nuclear magnetic resonance to different biological membranes

several investigators have suggested that the protein component of the membrane,

which has so far been largely neglected, plays a much more integral role than

that proposed by the classical model (Maddy and Malcolm, 1965, 1966; Wallach and

Zahler, 1966; Urry, Mednieks and Bejnarowicz, 1967; Lenard and Singer, 1966;

Chapman, Kamat^ De gier and Penkett, 1968). En addition, whereas according to

the classical model, the bilayer configuration is thermodynamica 1 ly the most

stable configuration, x-ray diffraction studies have proved since that lipids







Fig. 3. Diagrammatic representation of Sub-Unit Model.

(Original copy : Benson, Intern, Congress Biochem.,

7th, Tokyo, III : 525).
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can also acquire other stable configurations (Luzzati and Husson, 1962). Secondly,

the Davson-Danielli model has not given primary importance to the hydrophobic

interaction of the structural proteins, the significance of which has been

recognised by several workers (Green and Fleischer, 1963; Ulmer et al, 1965;

Maddy and Malcolm, 1965; Ke, 1965; Urry et al, 1967). All of these studies have

led to the proposition of a new model which is called the 'subunit-model ' of

biological membranes and which considers membranes as specific aggregates of lipo-

protein subunits. This model has been proposed for different biological membranes,

such as human red blood cells and ^ . subtilis (Lenard and Singer, 1966), Ehrlich

ascites carcinoma microsomes (Wallach and Zahler, 1966), mitochondria (Green

et al, 1967) and chloroplast membranes (Benson, 1967). According to this model

the hydrophilic side chains of the structural protein together with the polar

heads of the phospholipid molecules lie on the external surface of the membrane

in Van der Waals contact with the bulk aqueous phase. The non-polar side chains

of the protein penetrate through the membrane and associate with the hydrocarbon

tails of the phospholipid molecules. Particularly the oC -helical portion of the

proteins are internal and stabilised by the hydrophobic environment and by inter-

action with Ct-helical sections of other proteins (Fig. 3).

At this point a brief comparison between the classical model of Davson-

and Danielli and the 'subunit model' will be quite useful. One of the most

interesting points is that both models can be explained equally successfully on

the basis of present evidence. The data on which the classical model is based

can also be used to propose the subunit model (Korn, 1966). Yet, both models are

based on opposite extremes of possible molecular arrangement of the lipid and

protein components. The classical model is based mainly on the lipid-lipid

interaction while the subunit model is based on the protein-protein interaction.

But inspite of that, these two model are not mutually exclusive. Each model may

apply to the different areas of the same cell membrane. The structure of a

membrane could well be a dynamic sys tem variable in time and space and these
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Fig, 4, Upper picture : Structure of the phases of phospholipid-

water system. Schematic representation of cross-section of

the rods and of the lamellae. The polar group is represented

by a dot, the paraffin chains by a wriggle.

H-j. - Hexagonal type I

L - Lame 1 lar

H - Hexagonal type II

(Copies from Luzzati et al, Ann. N. Y, Acad. Sci. 137 : 409, 1966)

Lower picture : Schematic representation of hexagonal type II
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two models would then represent different static fuctional states of the

membrane brought about by the changes in physico-chemical conditions.

Membrane Mode Is -

The highly organised structure of the cell membrane and the great

heterogeneity of membrane preparations present a problem in the structural

study of intact membranes. This problem and the problem in correlating the

physical structure of the membranes with their physiological function can

be reduced to that of the interaction of the three major components- protein,

lipid and water (Gulik-krzywicki et al, 1969). Besides, there are some other

inherent difficulties in studying natural membrane systems. The preparative

operations required by some of the physical techniques are the causes of

distortion of the delicate and labile structure of biological membrane (Korn

,

1966; Gulik-krzywicki et al, 1969). These difficulties have led many investi-

gators to work with well characterised model systems which hopefully provide

information on the intact membrane structure, although even the problem of

interpretation at the level of the model systems is difficult. Nevertheless,

the work with model systems is of considerable value in throwing some light

on the structure and function of natural membranes (Blank, 1966).

Liquid Crystals as Model -

Among the various possible kinds of models, liquid crystals are

useful in studying the membrane structure. Suspensions of phospholipids in

water form colloidal structures whose molecular arrangement has been analysed

by x-ray diffraction studies (Luzzati, 1962). A variety of phases or structures,

the most common of which are lamellar and hexagonal (Fig. 4), are formed,

the particular phase depending upon among other factors the relative con-

centration of the components, the temperature, the composition of the lipid

and the salt concentration of the aqueous phase (Lawrence, 1961; Luzzati

and Husson, 1962; Haydon and Taylor, 1963). In the present study these liquid

crystals have been used as models to study the structure of model membranes.
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Fig. 5. Common phospholipids of biological interest.

(Finean, In 'Engstrom-Finean Biological

Ultrastructure', Academic Press, 1967)
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The Lipid Component of the Biological Membrane -

It is beyond doubt now that lipids, especially phospholipids, are

essential component in the molecular organisation of the cell membranes. So the

physico-chemical properties of lipids are of paramount importance in elucidating

the properties of the living membrane. The study of the lipid composition of

different cell membranes and of possible ways in which a particular lipid can

affect the stability, molecular organisation and normal function of the membrane

is of considerable value in the understanding of membrane behaviour. Some of the

common lipids are shown in figure 5.

Although in the classical model of Davson and Danielli the lipids are

oriented in a bimolecular leaflet configuration, many investigators believe

that structural transitions of the lipid occur in intact membranes. The transition

of one phase or structure of lipid molecules to another with changes in any

parameter such as concentration or temperature is known as polymorphism. Luzzati

and Husson (1962) have shown that a highly developed polymorphism is a common

feature of all the lipid-water systems. In fact, by x-ray diffraction technique

they have determined the structure of several liquid crystalline phases, lamellar

being only one of them. Some of these phases are shown in figure 4. In all of these

phases the polar heads of the phospholipid molecules are always directed toward

the aqueous phasewid the non-polar hydrocarbon tails are away from the water

phase. One of the most important factors «hich causes the phase transition is

the chemical structure of the lipid (Luzzati, 1968). Beside that, the relative

volume of the polar and the non-polar region is also an important determining

factor. For example, phospholipids with two fatty acid chains produce lamellar

and hexagonal II phases, while lysolecithin which has one fatty acid chain produces

hexagonal phase I (Fig. 4). The thickness of the lamellar phase depends upon

the balance of long range Van der Waals attraction between the lipid leaflets

and the electrostatic repulsion between the charged polar region of the leaflets.

The net charge of the polar groups determines the intensity of the repulsive

force and hence the amount of water that can be held in between the subsequent
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bimolecular lipid leaflets.

Luzzati and Husson(1962) have suggested certain biological implications

of this polymorphism of lipid-water system where the pol3nnorphic transition of

the membrane lipids alters some of the physiological functions by causing a

change in the permeability of the membrane. Hexagonal II phase could be particularly

interesting in this respect as it can provide long narrow water channels lined

with polar groups of phospholipid molecules.

In the Davson-Danielli model the phospholipid molecules are closely

packed with rigid and fully extended hydrocarbon chains. Luzzati and Husson (1962)

have found that at temperatures higher than 10° C the hydrocarbon part of the lipid

molecules are .in a disordered state approaching that of a liquid-like structure.

This disorder is the reason for referring to these structures as liquid crystalline

structure. In bimolecular layers of membrane lipid formed in an aqueous environment

under conditions similar to those present in vivo, it has been found that the

thickness of the bimolecular leaflets is less than twice the length of a fully

extended lipid molecule (Stoeckenius and EngelmiSn, 1969). Some other experimental

evidence for the fluidity of the hydrocarbon tails is derived from infra-red,

nuclear magnetic resonance and calorimetric studies of membranes and model systems

(Steim, 1968), Luzzati and Husson (1962) have suggested that changes in physio-

logical function could be brought about by a change in the state of the paraffin

chains. They have also speculated that for a cell membrane the ordinary physio-

logical conditions are not far from the border line of a phase transition from

a liquid crystalline to a coagel where the chains become less mobile. If one of

the parameters such as concentration, temperature or electrical potential is

altered in such a way that the hydrocarbon chains crystallise, some of the

physiological functions particularly transport would be profoundly affected.

High resolution nuclear magnetic resonance spectra and differential

calorimetry have shown that melting of the hydrocarbon chains occurs at a temperature

below the environmental temperature of a membrane in vivo and this temperature is

the same in both natural membranes and liquid crystalline lamellar phases of
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the isolated lipids. Cholesterol restricts this melting (Penkett, Flook and

Chapman, 1968; Steim, 1968). Although cholesterol restricts the movement of the

hydrocarbon chains, it has been shown by x-ray diffraction that even with chole-

sterol the hydrocarbon chains are still in a disordered state (Rand and Luzzati,

1968).

The Protein Component of the Biological Membrane -

The protein component of the biological membrane is very poorly understood.

Because of the difficulties in extracting and solubilising membrane proteins,

not much information about their characteristics has been obtained yet. Green

and his group, however, have done much work in this area, mainly on mitochondrial

membranes. It has been suggested that these membranes are mosaics of identical

repeating units composed of catalytic proteins (enzymes) and non-catalytic proteins

(organising proteins), (Green and Tzagoloff, 1966). Non-catalytic proteins are

those which do not take part in metabolic reactions but are of purely structural

in nature. Green and Tzagoloff (1966) have also suggested that the catalytic and

the non-catalytic proteins are present in the membrane in 1:1 proportion by

weight. Griddle et al (1962) have found that 60% of mitochondrial membrane protein

is structural protein.

It has been found by Green and Fleischer (1963) that this water soluble

structural protein binds lipids strongly by hydrophobic interaction. The treatments

that disrupt electrostatic bonds cannot break this lipid-protein complex formed.

Richardson, Hutlin and Green (1963) have found that these structural proteins are

present in the inner and outer mitochondrial membranes and also in some other

membranes such as the plasma membrane of erythrocytes, the chloroplast membrane

and microsomal membrane. The gross physical and chemical properties of the

structural proteins have shown some similar characteristics regardless of their

sources (Green and Tzagoloff, 1966).

Recently, Laico, Ruoslahti, Papermaster and Dreyer (1970) have isolated

an extremely interesting group of peptides from a wide variety of sources which

they have termed 'miniproteins ' . These peptides, mostly glycopeptides , have a

molecular weight of about 5000 and form a major fraction of at least three



c - -J--
_

-'-

, :.'X:.tisti'i

) c( SZJ

C J

_ f : .: . . . T

) '^.'ij:^

.•s

c ..



-18-

different biological membranes, while the remaining protein components differ

markedly depending on the function of the particular membrane. On the basis of

these observations, these workers have suggested that 'miniproteins ' are a

common constituent of biological membranes and may be associated with the common

functional properties of all membranes.

Lipid-Protein Interaction -

There is little doubt that the mode of lipid-protein association in

cellular membranes is one of the central problems in molecular biology. Although

the whole field is still controversial and poorly understood, it is widely

accepted that lipid-protein complexes are intimately involved in both the

structural and functional aspects of membranes. The problem, therefore, is to

find out how these two components of the membrane are related to each other and

how they form a membrane matrix with a particular function.

Recently, a wide variety of physical techniques has been applied to

solve this problem. Many investigators have started using well characterised

model complexes of well defined lipids and proteins. In these studies, it has

been found that the composition of the complexes and various possible binding

forces depend upon the characteristic of the particular lipid and protein used

(Hart, Leslie, Davies and Lawrence, 1969).

The lipid and protein components of natural membranes are extractable

under mild conditions by organic solvents and detergents (Engelman et al, 1967;

Green and Fleischer, 1963; Salton and Schmitt, 1967). So, it has been concluded

that the binding between them is by non-covalent bonding, but through some weak

interactions, such as, charge-charge interaction, hydrogen bonding, London-Van

der Waals forces and hydrophobic bonding (Wallach and Gordon, 1968).

Although it is almost certain that covalent bonding is not important in

the association of lipid and protein, the precise type of bonding is not perfectly

understood. Salem (1962) has reviewed the three different types of long range

forces which could be important in the association of protein and lipid. These
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are electrostatic forces, polarisation (induction) forces and London-Van derWaals

forces. According to him the electrostatic forces should be important in bringing

and holding lipid and protein together; but London-Van der Waals dispersion forces

are probably very important in maintaining the lipid molecules in micelles or

double layers. London-Van der Waals forces can be surprisingly large when the

intermolecular distance is very small.

Green and Fleischer (1963) in their study with mitochondrial phospholipids

and cytochrome c have found two distinct interactions- (i) ionic, which occurs

between basic proteins and acidic phospholipids or a mixture containing acidic

phospholipids; (ii) hydrophobic, which involves interaction of mitochondrial

•structural protein' with all phospholipids.

Braun and Raudin (1969) in their study of interaction of phospholipids

with structural protein from myelin have found a precipitation reaction at neutral

pH, when working with anionic lipids, but non-ionic lipids form a non-precipitating

complex. This has led them to conclude that anionic lipids are most likely bound

to the cationic groups of protein whereas the neutral lipids are probably associated

with lipoidal regions of the protein molecule. They have also found that divalent

cations stabilise the precipitating complex.

Reynolds and Tanford (1970) have found that a wide variety of proteins

bind identical amounts of sodium dodecyl sulfate, an amphiphile. This binding is

independent of ionic strength and chiefly hydrophobic in nature. Though they have

not excluded the possibility of ionic interaction, they give major importance to

hydrophobic bonding.

Wallach et al (1970) have studied the lipid-protein interaction in

membranes by fluorescent probes. They have found that the probe they have used

i.e. l-anilino-napthalene-8-sulfonate (ANS) is mostly associated with membrane

proteins which shows that this cannot be used as a probe for the lipid region

of the membrane. Gulik-Krzywicki et al (1970) have done spectroscopic and fluore-

scent probe studies with lipid-protein-water systems. A good correlation has been
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found between the fluorescent probe parameters, the structure of the phases and

the nature of the two interactions namely electrostatic and hydrophobic.

A great deal of structural information of lipid-protein complexes can be

obtained by x-ray diffraction technique, but not many studies have been carried

out so far. In 1941 Palmer et al studied, by x-ray diffaction, the structure of

lipid-protein systems formed when cephalin reacts with certain basic proteins

like histones. The diffraction pattern gave a lamellar spacing which could be

attributed to a monolayer of slightly hydrated protein between a bimolecular

leaflet of cephalin. The dehydration produced here is equivalent to the dehydration

produced by metallic cations. The protein seems to be partially unfolded and electro-

statically attached to the lipid layers of both sides.

Shipley, Leslie and Chapman (1969) using mixed phospholipid and cytochrome

c and studying the structure by x-ray diffraction have found two lamellar lipo-

protein complexes which in the presence of excess water have dimensions of 87 A

and 116 R. These dimensions most probably depend on the incorporation of one or

two cytochrome c molecules within the space in between the bimolecular leaflets

of lipids. The presence of water is necessary to maintain the structural integrity

of the complexes which are presumably formed by the ionic interaction.

In 1969 Gulik-Krzywicki et al carried out quite extensive x-ray diffraction

studies of lipo-protein complexes using a wide variety of lipids and proteins.

The polymorphism observed here is by no means simpler than that found in lipid-

water systems. They have concluded that the interactions involved are of three

different types namely polar, hydrophobic and chemically specific. They have

speculated that this polymorphic transition might be important in intact membrane

performing different physiological functions.

Importance of Divalent Cations on Membrane Structure -

The importance of divalent metal ions on the structure and function

of biological membranes has long been recognised. One of the characteristic

properties of phospholipids is their ability to interact with metal ions and it



c . .

' o .:.'/. r.i>.[

.;
; .J p. 5..); j

.- . ; 1. ivj.':..' lo

.
<-•, c; - :. ilo

i.I

: -ja -.a JEW

.'
'"1

' f ^.

I i." .i.-;:

oq

-.'l u7!!l

.Ciij; :ic. - .'; :.b.: ', .: O' m.o; Ci/roUT



-21-

may be, this interaction accounts for some physiological activities (Chapman and

Dawson, 1969). A great number of phospholipids, for example, phosphatidyl serine,

phosphatidic acid, phosphoinositides ,
gangliosides have a high affinity for

divalent cations.

It has been suggested that the acidic phospholipids are the most important

factor in supplying anionic sites for calcium binding (Hauser and Dawson, 1961),

It seems likely that calcium ion is reversibly bound to the phosphoric sites of

the lipids and thus can regulate the structural properties of cell membranes

(Tobias, 1958; Kimizuka and Koketsu, 1962, 1963). In mitochondrial membranes

phospholipids are the initial receptor sites for calcium and other divalent

cations taken up by these organelles, at least in the absence of inorganic

phosphate (Slater and Cleland, 1953; Peachey, 1964). So the study of the inter-

action of phospholipids with metal ions and the relevance of such interaction

to physiological problem are of extreme importance in the study of biological

membranes

.

Rojas and Tobias (1965) have stated that the binding abilities of

phosphatidyl serine and phosphatidyl ethanolamine to calcium ion depend on the

ionisation of their polar head groups. They have suggested that phosphatidyl

serine and phosphatidyl ethanolamine may provide negatively charged groups for

ion exchange at cell surfaces. According to Hauser and Dawson (1967) interaction

of calcium ion with pure phospholipids is controlled by Coulombic forces and is

directly related to the net excess negative charge on the lipid molecule and is

not related to other characteristics of the lipid molecule.

These results differ from those of Kimizuka and Koketsu (1962), Kimizuka

et al (1967) and Shah and Schulman (1967a, b, c). Kimizuka and Koketsu (1962)

have demonstrated that calcium ion is capable of binding to the monolayer of

films of zwitter ionic phospholipid e.g. phosphatidyl choline. Their results

suggest that calciimi ions may be binding with two negative oxygen sites and

forming a bridge between two radially oriented phospholipids, a scheme earlier
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Fig. 6. Attachment of calcium ion to the phospholipid molecules by

two-point electrostatic attachment forming a Stern layer-

model proposed by Hauser, Chapman and Dawson (Biochim.

Biophys. Acta 183 : 320, 1969)

Fig, 7. Model proposed by Papahadjopoulos for the complex of phospha-

tidic acid (PA) and phosphatidyl serine (PS) with calcium ion,

Papahadjopoulos, Biochim. Biophys. Acta 163 : 240, 1968.
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suggested by Tobias (1958). Shah and Schulman (1967a, b) have suggested that the

interaction of lecithin and calcium ion is ion-dipole interaction.

Calcium ion adsorbed on different phospholipid films can be displaced

by a large excess of sodium, potassium or hydrogen ion, which shows that the

monovalent cations are in competition with calcium ion (Kimizuka and Koketsu,

1962; Rojas and Tobias, 1965; Hauser and Dawson, 1967). But in no instance is

one univalent cation significantly more effective than the other. The adsorbed

calcium ion can also be displaced by magnesium ion, but always there is a greater

preference for calcium ion (Hauser and Dawson, 1967)

The adsorption of calcium ion to acidic phospholipid films is accompanied

by a decrease of surface pressure i.e. a condensation of the film results (Rojas

and Tobias, 1965; Deamer and Cornwell, 1966; Bangham and Papahadjopoulos, 1966;

Hauser and Dawson, 1967). No condensation was observed with phosphatidyl choline

and phosphatidyl ethanolamine (Bangham and Papahadjopoulos, 1966).

Hauser, Chapman and Dawson (1969) have studied the binding of calcium ion

to the monolayers of phosphatidyl serine and phosphatidyl inositol. They have

observed that at low film pressure (or low charge densities) the binding follows the

mass equation while deviation from mass equation is observed at high film pressure

(or high charge density). This effect is attributed to the electrostatic inter-

action between adjacent binding sites. It is suggested that the calcium ions form

a Stern layer i.e. form a compact layer screening the fixed negative charges on

the phospholipid surface (Fig. 6),

Papahadjopoulos (1968) has studied the interaction of calcium ion with

various phospholipid monolayers and hydrated liquid crystals. On the basis of these

results he has suggested a model for the complex of the phosphatidic acid and

phosphatidyl serine with calcium ion. The model is based on co-ordination bonds

between each calcium ion and four phospholipid molecules resulting in a linear

polymeric arrangement (Fig. 7)
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I.b The Work of this Thesis-

The work of this thesis is mainly the structural study of two model

systems, phospholipid-divalent ion complex and phospholipid-protein complex. The

technique used to study the structure of these complexes is x-ray diffraction.

The whole work is divided into three sections. In the first section, a study of

the interaction of acidic phospholipids with divalent cations is described. In

the second section, the study of lipid-protein interactions using insulin and

either an acidic phospholipid, cardiolipin, or a mixture of cardiolipin and a

zwitterionic phospholipid, lecithin, is given while in third section a small

study of the effect of the calcium ion on the pre-formed protein-lipid complex

is described.
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Part II

Interaction of Acidic Phospholipids With

Calcium and Other Divalent Cations

II.a. INTRODUCTION -

It is well established now that a pure phospholipid -water system can

acquire a variety of phases where lipid exists as an organised structure. In

all of these forms the individual lipid molecule is oriented in such a way that

the polar or ionic portion is directed towards the aqueous phase. The reasons for

why a particular structure is formed are largely unknown, but one must be the

nature and charge of the polar hydrophilic region.

Because of the orientation of the phospholipid molecule in an organised

structure, an electrostatic field is built up at the lipid-water interface. The

nature and the relative number of charges on the phospholipid surface will

determine the density and the sign of the surface potential (VfJ. The presence

of counterions in the bulk phase will set up an electrical double layer which

will consist of a compact layer of counterions screening the fixed charges on

the phospholipid surface (Stern layer) and an outer diffuse layer where the

water soluble ions are free to move (Gouy-Chapman layer). The potential measured

at the Stern layer is called Stern potential and the potential measured at the

plane of shear is called & (zeta) potential (Fig. 8),

So the screening effect of the closely adsorbed counterions is responsible

for the reduction or the abolition of the net charge on the phospholipid micelles.

The higher concentration of counterions, however, would also have a higher
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Fig. 8. Diagrammatic representation of electrical double layer formed

by the bimolecular layer of anionic phospholipid. The negative

potential at the interface (V|/ ) falls very rapidly going out

into the bulk phase. ( Redrawn from Davgson, tn ' Biological

Membranes, D. Chapman, ed.. Academic Press, New York.)
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screening effect and if the charge of the gegenions is doubled, the effect on

the double layer is quite drastic. Consequently, as the ionic strength is increased

the double layer becomes more compressed with more counterions in the Stern layer

closely associated with the fixed phospholipid charges. If "V|/ is the potential at

a distance x from the surface in the electrolyte solution, then at 25 C the

effective thickness (x) is roughly given by x - 3.05 I , where I is the ionic

strength of the counter ion and is represented by I s %51*^iZi , where Cj^ is the

concentration and Zj[ is the valence of the counter ion. This distance x represents

the point at which the potential\|; has declined such that 1|//^o = e" = 0.367.

So if a phospholipid surface containing anionic phospholipid with a net negative

charge is exposed to a bulk phase containing NaCl or KCl, Na or K will be attracted

towards the fixed negative charges of the phospholipid surface and will screen

the charges.

The thickness of aqueous layer of a lamellar phase composed of alternating

water and bimolecular lipid leaflets is greatly affected by the presence of

counterions in the bulk phase. If any cation is present in the bulk phase, the

electrostatic repulsion between the polar regions of the lipid leaflets will be

reduced due to the screening of the negative charges of the phospholipid surface

and, hence, there will be a shrinkage of the aqueous layer (Palmer and Schmitt,

1941).

Effect of Calcium ion and other Divalent Cations

As calcium ion has higher valency and charge density than sodium or

potassium ion, it will be able to approach the fixed negative sites of the phos-

pholipid layer more closely, as a result of which the concentration of calcium

ion will be much higher in the Stern layer and the double layer will be greatly

compressed (Kavanau, 1965). The effect of calcium and other divalent ions in

screening the charges and thereby reducing the thickness of the water layer

between the adjacent lipid bilayers is more pronounced and drastic than that

of the univalent ions. Calcium can drive out almost all water from between
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llpid lamellae producing a dehydrated single lipid phase (Palmer and Schmitt,

1941).

In addition to this screening and shrinking effect calcium and other

divalent ions may form a bridge between the negative charges on the two adjacent

phospholipid bilayer (Dawson, 1968). A group of other investigators have suggested

that calcium ions link the head groups of two adjacent phospholipid molecules by

forming a cation bridge between the phosphoryl groups of the phospholipids

(Tobias, 1958; Kimizuka and Koketsu, 1962; Shah and Schulman, 1967; Kavanau, 1965),

In the present study three acidic phospholipids, cardiolipin, phos-

phatidyl serine and phosphatidyl inositol and three divalent cations, calcivmi,

barium and magnesium were used. The structure of the complexes made of these

acidic phospholipids and the divalent cations were studied by x-ray diffraction.

More importance was given on the study of calcium-cardiolipin complex. Chemical

studies were done with calcium-cardiolipin complex only. Univalent cations,

sodium and potassium, were used for comparison.

II. b. EXPERIMENTAL PROCEDURE -

Cardiolipin, isolated from the beef heart, was purchased from Serdary

Research Laboratories. Phosphatidyl serine and phosphatidyl inositol were kindly

given by Dr. Tinker of Biochemistry Department, University of Toronto,

An ethanol solution of cardiolipin was evaporated to dryness on a rotary

evaporator and finally dried in vacuo. The required amount of this dry cardiolipin

was dispersed in distilled water with the help of a Virtis homogeniser to give

a 0.17o dispersion. 36 ml of calcium chloride solutions of 0.001, 0.01, 0.05, 0.07,

0.1, 0.3, 0.7 and 1.0 M were taken in a series of 50 ml nitrocellulose centrifuge

tubes. Then 4 ml of 0.17, cardiolipin was added dropwise to each tube. During this

addition, the calcium chloride solutions were kept stirred. The whole process

was done under nitrogen to avoid the oxidation of the phospholipid, A heavy

precipitation was observed at all of these concentrations. The precipitates
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Fig. 9. The Bragg scattering condition. The cross-section of a crystal

is showing some crystal planes and the reflection of the x-ray

waves. (From G. M. Barrow, Physical Chemistry, McGraw-Hill

Book company).
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were separated by centrifugation at 12,000 g for 15 mins

.

X-ray samples were prepared by mounting the precipitates in sample

holders almost immediately after the centrifugation.

This experiment was done mainly to determine the effect of salt concentra-

tion on the structure of the complex formed.

In subsequent experiments calcium solution of 0.5 M was used. The

relative amount of calcium and cardiolipin used here was the same as was used in

the previous experiment at that particular concentration. The experiments done

with barium chloride solutions were done exactly in the same way, A number of

experiments done with MgCl^, NaCl and KCl was done under identical conditions.

Phosphatidyl serine and phosphatidyl inositol were used with calcium only.

The x-ray pictures were taken at room temperature (19°-23° C), at 4° C

and at 40° C.

X-Ray Studies -

The structural studies of the complexes prepared in the above mentioned

way were done by x-ray diffraction technique. It is well known that the internal

structure of a crystal can be revealed from the way it diffracts a beam of x-ray

in different directions. By allowing the diffracted beam to fall on a photogra-

phic plate and then by studying the diffraction pattern, the crystal structure

can be found out. This principle is extended to study the structure of biological

molecules also. The reason why x-rays are the most useful of all the available

•forms of electromagnetic radiation is that their wavelength is of the same order

o
as the interatomic distance i.e. from 1 to 4 A.

Bragg' s method of approaching the optical problem of x-ray diffraction

is to consider the diffracted x-ray beam as arising from the sheets of atoms in

the crystal (Fig. 9). In geometric terms, if the spacing of the lattice planes

on which the x-ray beam is incident is d and the angle of incidence is 6, then

the path difference for waves reflected by successive planes is 2 d sin 9. Hence,
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the condition for diffraction for constructive interference, the path difference

should be an integral number of wavelength will be :

2 d sin 0=n^ , where n is an integer and /^ is wavelength.

This equation is known as Bragg 's equation.

The method of x-ray studies used throughout the work of this thesis is

called powder method. In this method, a crystalline material, ground to a powder,

is used as a sample. When a powdered sample consisting of a mass of randomly

oriented crystals is penetrated by a pencil of monochromatic x-rays, it is probable

that some crystals will have the right orientation which will obey Bragg 's law

resulting in a reflecting beam for a particular family of planes.

All the experiments of this thesis had been done with a temperature

controlled Guinier camera operating in vacuum. The x-ray beam was monochromatised

o
and focused by a bent quartz crystal which isolated Cu k line (^=-1,54 A),

The samples were mounted in vacuum-tight cylindrical cell with two thin mica

windows. The thickness of the samples was one mm. The chemical composition of

the samples was under control.

Chemical Analysis -

(i) Water Content- To determine the water content of a calcium-cardiolipin

phase, the precipitate was dried under nitrogen gradually until a small change

in the dimension of the phase was observed. At that point the water content of

this partially dried sample was determined by lyophilisation using a Virtis

lyophiliser.

In our laboratory. Professor Rand found out that the water content

determined by lyophilisation was as accurate as that determined by nuclear magnetic

resonance (NMR) method. So throughout this research lyophilisation method was

used as it was found to be the most convenient method.

(ii) Galcixmi Content- To determine the calcium content of the complex,

the lyophilised complex was digested with a mixture containing 5 ml of perchloric

acid, 5 ml of nitric acid and 5 ml of distilled water. The digestion was done
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Fig, 10. Standard curve of calcium determination. A plot of optical

density (422.7 nm) versus calcium concentration in mg/l.
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under gentle heat for about 2 hrs after which 50 ml of distilled water was

added to the mixture. The whole mixture was boiled down to a volume of 15-20 ml.

After that, the mixture was cooled and the required volume was adjusted.

Calcium content of this mixture was determined by atomic absorption spectro-

photometry using a Unicam atomic absorption spectrophotometer. A typical standard

curve of calcium is shown in figure 10.

Control Studies -

Two types of controls were used, (i) Cardiolipin and other phospholipids

dispersed in the same concentration were centrifuged at the same speed for the

same time as was followed in the experiment. An attempt was made to prepare samples

with the centrifuged lipids, but the samples were too fluid to be mounted in the

sample holder. This behaviour was very different from the behaviour of the pre-

cipitates which were very easy to be mounted in the sample holder, (ii) A series

of samples was prepared with cardiolipin and other phospholipids by mixing these

lipids with water in different concentrations.

II, c. RESULT AND INTERPRETATION -

The results of these experiments are shown in Tables 1, 2, 3, 4 and 5.

The x-ray diagrams of the calcium-cardiolipin complexes at all the temperatures

studied display a single two-dimensional hexagonal phase which is characterised

by small angle reflections of spacing ratios 1 ;/~3j/4:47 etc. The hexagonal

phase obtained is of type II (Fig. 4) as the experimental data fit only those

equations of Table 11 which are specific for type II (the detail reason for this

conclusion is described in the Appendix), As shown in the figure 4, the hexagonal

phase type II is formed by cylinders organised in a two-dimensional array. The

interior of the cylinder contains the water while the paraffin chains fill the

gap between the cylinders.

From the data shown in Table 1 it can be concluded that the concentration

of the calcium chloride solution does not have any great effect on the size of

the hexagonal structure. There is a very small consistent decrease in size as
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the concentration increases. One possible explanation of this small change is

the competition between the calcium ions and the water molecules for the fixed

anionic sites. At low concentration of the salt, many of the negatively charged

sites are unshielded, as a result there will be more water in the interior of the

cylinder due to charge repulsion. At higher salt concentration, most of the

anionic sites are occupied by calcium ions and there will be less charge repulsion,

so the diameter of the water cylinder will decrease which will reduce the size

of the hexagonal II phase.

The x-ray diagrams of the barium-cardiolipin complexes at room temperature

(19°-23°C) and at 4° C show the co-existence of two well characterised phases.

The reflections can be indexed as a lamellar phase of spacing ratios 1:2:3: 4

etc. and a hexagonal phase of spacing ratios 1 : ^3 : ^^4
:J

7 §tc. At 40 C a

single hexagonal phase is present. Here also the hexagonal phase is of type II.

In Table 2 it can be seen that as the concentration of barium ion increases, the

lamellar phase which is present at room temperature and at 4 C becomes less and

less prominent until it almost disappears. The effect of the salt concentration

on the size of the repeat distance is undetectable at room temperature and at

4° C. At 40° G the effect is observed, although it is not very pronounced and

is in the same direction as observed in the case of calcium-cardiolipin complex.

In Table 3 it can be observed that magnesium-cardiolipin complex formed

in low magnesium chloride concentration displays a single hexagonal phase at

room temperature and at 40° C, while at 4° C two phases, lamellar and hexagonal,

co-exist. At high salt concentration a single hexagonal phase exists at all

temperatures.

The data of Table 5 show that the calcium-cardiolipin complex has the

least water content, and as a result the radius of the water cylinder is the

smallest, while the radius of the water cylinder of the barium-cardiolipin

complex is the largest. This happens even though the ionic radius, the hydrated
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size and the charge density of the calcium ion are in between the values of

the barium or the magnesium ions. This means that in charge neutralisation the

calcium ion is more effective than either the barium or magnesium ion. It has

been mentioned earlier that the diameter of the water cylinder depends on the

charge repulsion between the unshielded anionic sites. Calcium ion appears to

produce a less hydrated complex by its more effective shielding capacity than

that of barium or magnesium ion.

The area available to one hydrophilic group on the lipid-water surface

(S) have been calculated from the formula given in Table 11. The equation for

S i.e. for the hexagonal phase II has been followed. The values of S in these

o2
yhexagonal phases are 30.4 A for calcium-cardiolipin complex, 38.8 K for barium-

o2
cardiolipin complex and 36 A for magnesium-cardiolipin complex, S is one of

the most consistent factors which determines the type of structure formed. In the

lamellar phase of the phospholipids S is about 60 A and as S decreases from that

value the structure changes to hexagonal II, while in hexagonal I phase where

the paraffin chains lie in the interior of the cylinder and the water fills the

gaps between the cylinders, the value of S is higher than that of the lamellar

phase (Luzzati, 1968). The S values of the hexagonal phases of these divalent

ion-cardiolipin complexes are all consistent with S values of hexagonal II phase

described by Luzzati (1968).

The control samples prepared with pure cardiolipin mixed with water

alone covering a wide range of concentrations gave somewhat inconsistent result.

It was found that at higher concentrations cardiolipin formed a hexagonal phase

II and at lower concentrations it formed a lamellar phase. The particular concen-

tration where a phase transition from lamellar to hexagonal took place varied from

preparation to preparation. In one preparation it was around 907= while in another

preparation it was around 807o. The presence of the divalent cation in the pure

cardiolipin was suspected, and actually the presence of the calcium ion was
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detected. So, washing the cardiolipin according to the method of Rand and Luzzati

(1968) and replacing the divalent cations by a monovalent cation (sodium ion)

were attempted, but still no consistent result was obtained. Nevertheless, one

thing is clear from these studies that at higher concentrations cardiolipin forms

a hexagonal H phase. So, it can be seen that the drying produces a hexagonal II

phase with cardiolipin and the calcium ion produces a complex with cardiolipin

which also has a hexagonal II structure. From these observations it appears that

the calcium ion by driving out the water from the system produces a quite dry

complex of a particular concentration at which cardiolipin forms a hexagonal II

phase. The same mechanism is probably true for magnesium and barium ions, only

in their cases the complexes are not as dry as calcium-cardiolipin complex. In

the case of barium-cardiolipin complex the water content is the highest; most

probably for that reason both lamellar and hexagonal phases co-exist.

The calcium-cardiolipin complex was found to be insoluble in water which

means that probably calcium binds very tightly to the cardiolipin and forms an

insoluble salt. Hauser and Dawson (1967) have found similar complexes with

calcium ion and stearic acid.

To find out if the divalent ion-cardiolipin interaction is a general one

which is true for all acidic phospholipids, a small study has been done with

two other acidic phospholipids namely phosphatidyl serine and phosphatidyl inosi-

tol . It can be seen in Table 4 that both phosphatidyl serine and phosphatidyl

inositol gave unswelled lamellar phase with calcium chloride. This suggests that the

interaction between cardiolipin and the divalent cations is a specific inter-

action which probably depends on the molecular configuration of the cardiolipin

molecule. Cardiolipin has a special molecular configuration which is different

from other common phospholipids. In figure 5 it can be seen that it has four

hydrocarbon tails and two phosphate groups while most other common phospholipids

have two hydrocarbon tails and one phosphate group in the polar head.
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In these experiments the calcium/cardiolipin molar ratio in the complex

was found to be 1 i.e. one calcium ion which has two positive charges binds

one molecule of cardiolipin which is equivalent to two negatively charged

phosphoryl groups. Rojas and Tobias (1965) have found in their monolayer studies

that one calcium ion is adsorbed per phosphatidyl serine molecule and 0.35

calcium ion per phosphatidyl ethanolamine molecule at pH 7.0. It has been observed

by Bangham and Papahadjopoulos (1966) in their studies with liquid crystals of

phospholipids that 1 equivalent of calcium ion is bound per phosphatidyl serine

molecule at a bulk concentration of 1 nM calcium and in the presence of physio-

logical concentration of monovalent cations.

Sodium chloride and potassium chloride at 0.5 M concentration produced

a lamellar phase with cardiolipin while at higher concentration (1.5 M) a

hexagonal phase II was obtained. This shows that tha cardiolipin structures

formed with these monovalent cation solutions are dependent on the ionic

strength while those formed with divalent cations, especially with calcium

ion, are not dependent on the ionic strength, at least within the ionic strength

range used in these experiments. However, considering that the sodium chloride

reagent used contained 0.0037o and the potassium chloride reagent contained 0.0057o

calcium and other divalent cations and the fact that cardiolipin binds calcium

ion very effectively, the presence of the hexagonal phase II could be a result

of this divalent cation "contamination". This whole study needs a more systematic

approach.

Calcium did not form any complex with lecithin.
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Part III

Interaction of a Protein (Insulin) with an Acidic Phospholipid (Cardiolipin)

or a Mixtures Containing Acidic Phospholipids

III. a. INTRODUCTION -

It is well established now that an understanding of the mode of

interaction of lipid and protein would elucidate many of the underlying

problems of membrane organisation. To study this interaction a variety of

methods have been applied. In a great majority of these investigations,

studies have been done with a water soluble basic protein and an acidic

lipid (Das et al, 1962; Braun and Radin, 1969; Quinn and Dawson, 1969;

Gulik-Krzywicki et al, 1969) or with a mixture of phospholipids containing

acidic phospholipid (Das, Haak and Crane, 1965; Hart et al, 1969; Shipley,

Leslie and Chapman, 1969a, b). The interaction in all of these studies, especially

in the earlier ones, the interpretations have been difficult because of several

reasons, such as, inadequacy of the technique used and/or the impurity of

the components used.

In these studies, where the lipid-protein interaction depends

mainly on the electrostatic force, the approach of the protein molecule will

be controlled by the electrostatic field of the diffuse double layer around

the lipid-water interface and also by the net charge of the protein molecule.

A certain specific region of the protein molecule could be an important
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Fig. 11. Amino acid sequence in Insulin (human).
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determining factor also (Dawson, 1968).

As the protein molecule reaches the fixed charges of phospholipid

molecules, an electrostatic attraction between the basic groups of the protein

molecules takes place as a result of which the binding occurs between them. This

polar reaction may be followed by subsequent non-polar reactions.

The present study is based mainly on the principle mentioned above. Here

the protein, insulin, in an aqueous medium of pH below its iso-electric point

was allowed to react with an acidic phospholipid, cardiolipin and also with mixtures

of cardiolipin and lecithin (a zwitterionic phospholipid) mixed in different

molar proportions. The structures of the complexes formed were analysed by x-ray

me thod

.

Since one molecule of cardiolipin contains four fatty acid chains and

two phosphoryl groups while other common phospholipids contain two fatty acid

chains and one phosphoryl group, throughout these experiments half the molecule

of cardiolipin which is equivalent to one negative charge had been considered as

one molecule for convenience and better comparison. So, while making the mixtures

of lecithin and cardiolipin in different molar proportions or finding the molar

proportion of cardiolipin and insulin in the precipitate, half the molecular

weight of cardiolipin was considered.

Insulin-

Insulin has a molecular weight of 5733 and consists of two short chains,

linked to one another by disulfide bonds as shown in figure 11. Of the two poly-

peptide chains, the chain A is composed of twenty-one and the chain B is composed

of thirty amino acid residues.

Insulin has an iso-electric point of pH 5.3. It is relatively insoluble

in its iso-electric range; the solubility in this range can appreciably be increased

by adding thiocyanate ions.

It is well known now that insulin undergoes reversible aggregation of

molecular weights of 12,000, 36,000 and 48,000 in an aqueous medium, where an
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fequilibrium exists between different forms of insulin. On the alkaline side of the

iso-electric point, the protein exists predominantly in the aggregated form with

a mean particle weight of approximately 36,000 to 48,000, while in pH region acid

to the iso-electric point disaggregation is promoted by mutual electrostatic

repulsion of protein cations. The extent of aggregation is a function of pH, ionic

strength, temperature and protein concentration. Fredericq and Neurath in 1950

by sedimentation diffusion measurement have found that under certain conditions

such as at pH below 3.0, in the presence of dihydrogen phosphate and at ionic

strength 0.1 and protein concentration 0.1 to 1.0 per cent, the aggregation is

minimised.

III. b. EXPERIMENTAL PROCEDURE -

Crystalline insulin with 0,5% zinc content, isolated from bovine pancreas,

was purchased frcrni Sigma Chemical Company. Beef heart cardiolipin was obtained from

Serdary Research Laboratories, while lecithin was bought from two sources. Egg

lecithin was bought from General Biochemicals (Lot: 87219) and pig liver lecithin

from Serdary Research Laboratories.

The studies done with insulin and cardiolipin can be divided into main

parts. First, a set of studies were done with a pure anionic phospholipid i,e,

cardiolipin while the second set of studies were done with mixtures of anionic

phospholipid, cardiolipin and zwitterionic phospholipid, lecithin, mixed in

different molar proportions.

Experiments with Pure Cardiolipin and Insulin-

^^ this set of experiments pure cardiolipin was used to make the complex.

This was done mainly in two ways. The first way of preparing complex was by adding

suspended lipid to the protein solution while the second way was by adding protein

to the lipid.

In the first method, an ethanol solution of cardiolipin was evaporated

to dryness on a rotary evaporator and then dried in vacuo. A 0.5% cardiolipin
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dispersion was prepared with acetate buffer of pH 4.0. 50 ml of 0.5% insulin

solution was prepared with the same buffer of pH 4.0. To this protein solution 0.5

ml of 0.5% cardiolipin dispersion was added dropwise. During this addition the

insulin solution was kept stirred by a magnetic stirrer. The precipitate formed

was separated by centrifugation at 12,000 rpm for 15 mins . An x-ray sample was

prepared with the precipitate. The amount of insulin present in the supernatant

was determined spectrophotometrically (O.D, at 277 nm) with a double beam Hitachi-

Coleman Spectrophotometer. By subtracting this amount from the original amount

taken, the amount of protein bound to the lipid was found.

The supernatant was taken and to it was added a second amount of lipid.

Another x-ray sample was prepared in the same way and the amount of protein bound

to the lipid was determined in the same way as was done before.

The procedure was repeated several times by taking the supernatant each

time and adding to it the lipid in the same way until all the protein in the

solution disappeared. In each step x-ray samples were prepared with the precipitate

and the amount of protein bound to the lipid was determined in the same as described

earlier.

In the second method of preparing complex of insulin and pure cardiolipin,

a series of beakers all containing 100 ml of 0.005% cardiolipin dispersion prepared

with citrate-phosphate buffer of pH 3.0 were taken. To them different amounts of

0.17o insulin solution prepared with the same buffer of pH 3.0 were added to cover

a whole range of protein/lipid molar ratios from 0.4 to 1.8. The lipid solutions

were kept stirred during the addition of protein to it by a magnetic stirrer. The

precipitates formed were separated by centrifugation at 12,000 g for 15 mins. X-ray

samples were prepared immediately after centrifugation.

Experiments with mixtures of Cardiolipin and Lecithin and Insulin -

In a series of conical flasks a chloroform-ethanol solution of lecithin

and an ethanol solution of cardiolipin were mixed in a way to give varying molar

ratios of lecithin and cardiolipin. The molar ratios, lecithin/cardiolipin.
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prepared were 97/3, 95/5, 93/7, 87/13, 85/15, 80/20,75/25, 70/30, 65/35, 60/40,

55/45 and 50/50. These mixtures were then evaporated to complete dryness on a

rotary evaporator and finally dried in vacuo. The dried mixtures of lecithin and

cardiolipin were then dispersed in 2-4 ml of citrate buffer of pH 3.0 and sonicated

for 2-3 mins . An insulin solution of 0.17o concentration was prepared with the same

buffer of pH 3.0, The sonicated lipid dispersions were added gradually into a

series of 50 ml nitrocellulose centrifuge tubes, each containing 10 ml of protein

solution (one lipid dispersion to one tube). During this addition the protein

solutions were kept stirred. This precipitation was almost always done in excess

protein. Nitrogen was used during the whole procedure to avoid the oxidation of

the phospholipids. After the addition of the lipid to the protein the precipitated

mixture was allowed to stand for 10-15 mins after which the precipitates were

separated by centrifugation at 12,000 g for 15 mins. The precipitates were washed

several times with the citrate buffer to make it free from insulin. X-ray samples

of the precipitates were prepared immediately after the centrifugation. Presence

of insulin in the supernatant was detected spectrophotometrically (O.D. at 277 nm)

with a Hitachi-Coleman Spectrophotometer.

Chemical Ana lysis

-

(i) Water Content- Water content of the precipitates was determined in

the same way as described in experimental procedure section of part II of this

thesis.

(ii) Lipid Content- Phospholipid content of the precipitates was determined

by analysing the phosphorus content of the samples. The lyophilised samples were

first digested with a mixture of 5 ml perchloric acid, 5 ml nitric acid and 5 ml

distilled water for 2 hrs. under gentle heat. Then 50 ml of distilled water was

added to it and the whole mixture was boiled until the volume was reduced to 15-20

ml. At this point, the boiling was discontinued, the solution was cooled and the

volume was adjusted to the required value. Phosphorus analysis of these solutions
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Fig. 12. Standard curve of phosphorus determination. A plot of optical

density (820 nm) versus phosphorus concentration in >ig/inl.
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was done spectrophotometrically with a Bausch and Lomb Spectronic 20 according

to the method of Chen et al (1956). A typical phosphorus standard curve is shown

in figure 12.

(iii) Protein Content- By subtracting the amount of phospholipid from the

total amount of the lyophilised precipitates, the amount of protein in the preci-

pitate was determined.

Control Experiments -

Control experiments were done with lecithin/cardiolipin mixture of the

molar ratios as used in the experiment. 0.17= dispersion of these lipid mixtures

was centrifuged at 12,000 g for 15 mins . An attempt to prepare x-ray samples with

these lipids was not successful. Lipids were not well packed at the bottom.

Another type of control experiment was done by mixing dry lipid with water

in small weighing bottles. Mixtures of lecithin and cardiolipin of the same molar

ratios as used in the experiment were used.

III. c. RESULT AND INTERPRETATION -

Experiments with Pure Cardiolipin and Insulin

Though a heavy precipitation was observed when a pure cardiolipin disper-

sion was added to the insulin solution, in no instance did the x-ray diagrams

show the presence of an organised structure. The high angle diffuse band centered

on d (repeat distance)=-4.5 S, characteristic of "liquid" paraffin phase was

absent in all of these precipitates where pure cardiolipin was used. This suggests

that the hydrophobic tails of the phospholipid molecules did not form large

continuous structures within the precipitate. The molar ratio of insulin and

cardiolipin in these precipitates was found to be 1:3.

As no organised structure was obtained with pure cardiolipin and insulin,

these studies were discontinued. Subsequent experiments were done using mixtures

of an anionic lipid Ccardiolipin)and a zwitterionic lipid (lecithin) mixed in

different molar proportions.



L.. C . -^O : Zk:

--. ' r.. o .1

/fij o.

iV i J II

ji.^ j;.;

.11.-;

r-l-.

jj;: - wO ;
.

,-:

^ --) _/ iJL)

;; iii-iJ

j::,.jo.'j

.;£;.'

-_ ' -I J u_ I _i.o



-48-

,-





-49-

Si
Id

o

73
C
(0

w
+>
C

M
0)

ft
X

(1)

x:
+>

<t-i

o

mp
m
o
a
(U

c
•H
x>
E
O
U





-iS -b ,_.': : vj Z-0''i : '.'j\'i!'i' :'tc' •

t ,

'



Fig. 13. Upper Curves : Plots of d , d and d in a versus d in A.

Lower Curves s Plots of d^ , d and d^ in A versus Lecithin/

cardiolipin molar ratios.

O - d^, the thickness of the lipid layer

• - d , the thickness of the protein layer
P

^ " ^, the thickness of the water layer
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Experiments with Mixtures of Cardiolipin and Lecithin and Insulin -

The results of the experiments of this section are presented in Table 6

and Table 7. In Table 6 the data of all the five experiments of this series are

given, while in Table 7, the average values of the experiments IV and V are given.

In the experiments I, II and III of Table 6 the conditions within an

experiment were exactly the same, but they might vary to some extent from experi-

ment to experiment- There are two main reasons for that variation. The first is

that the lecithin used in these experiments came from two sources: pig-liver

lecithin from General Biochemicals and egg lecithin from Serdary Research

Laboratory. The two different sources could give rise to small differences in

the experimental results. The second reason is that the concentration noted on

the vial of cardiolipin solution was not extremely accurate. This was found out

later. Considering these two factors it would be unsafe to compare the results

of experiments I, II and III with each other, but the relation between different

values and changes within a particular experiment is not affected by these

factors. In a particular experiment only one kind of lecithin was used.

In order to remove the inconsistency between experiments, experiment

IV and V were done under exactly the same experimental conditions using the

same phospholipid solutions and covering a wide range of lecithin/cardiolipin

molar ratios. So, the results of these two experiments are comparable to each

other. The combined data of these two experiments are presented in Table 7.

In figure 13, a graphical representation of Table 7 is given. Throughout the

discussion more emphasis is given on the data of these two experiments and the

model proposed here is based on these data.

A lamellar phase has been obtained in the x-ray diagrams of all these

lipid-orotein complexes. A hypothetical arrangement of lipid, protein and water

in the lamellar structure is shown in figure 14. A look at this figure will be

helpful before looking at the tables. The partial thickness of the lipid, protein

and water layers (d]^, dp, d^j) have been determined from the repeat distance, d.
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Fig. 14. A hypothetical arrangement of lipid, protein and water layer

in the lamellar structure (d^, d and d^). d is the repeat

distance i.e. the combined thickness of these three layers.

As protein is equally distributed on both sides of the lipid

bilayer, it has been designated as d /2 on two sides.

I



-52- ^V

wmmmmi
,

ifflfflf
A

"•»</

WMMMMMMml*





-53-

the concentration of the components of the complex and their partial specific

volumes (described in Appendix)

On addition of the lipid dispersion to the protein solution a heavy

precipitation was observed where the proportion of cardiolipin in the total lipid

was high. The precipitation was not heavy in the cases where lecithin/cardiolipin

molar ratios were 97/3, 95/5 and 93/7, X-ray diagrams of these protein- lipid

complexes have shown the presence of small angle reflections of spacing ratio

1:2:3:4 and so on, which indicates a single one -dimensional lamellar phase. (The

structure of the lamellar phase appears to consist of parallel and equidistant

bimolecular lipid leaflets with intercalated protein and water layers. The justi-

fication for this structural arrangement will be discussed later on). The preci-

pitates with lecithin/cardiolipin molar ratios 85/15 and those with higher

cardiolipin proportion gave very sharp reflections. This indicates that at lower

cardiolipin concentration, most orobably, the amountojprotein bound is not enough

to form a continuous sheet; as a result one molecule of insulin may be quite far

away from another molecule of protein. But at higher concentration of cardiolipin

there may be enough protein bound to form a continuous envelope and this may be

the reason for the sharpness of the reflections.

In all of these x-ray diagrams a high angle diffuse band (d»4.5 R)

which is typical of "liquid" paraffin phase is present. This shows that the

large continuous region containing chaotically arranged fatty acyl chains is

present in all of these structures. This is different from the x-ray diagrams

of the precipitates with pure cardiolipin and insulin. It has been mentioned

earlier that this band could not be observed in those x-ray diagrams, which

means protein has interfered with the formation of a continuous hydrocarbon region.

The results of the five experiments in Table 6 show that as the propor-

tion of cardiolipin in the total phospholipid increases, the repeat distance, d,

decreases. This decrease is very small but auite consistent. The data also show
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Fig. 15. (a) The arrangement of the lipid and the protein molecules at

lecithin/cardiolipin molar ratio 93/7.

(b) The same arrangement at lecithin/cardiolipin molar ratio

50/50.

In this arrangement the protein is bound to the lipid molecules

mainly by ionic interaction. The sections are perpendicular to

the planes of lamellae,

d - the thickness of the lipid bilayer

d - the combined layer of the protein and the water molecules
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that as the proportion of cardiolipin is increased, the thickness of the water

layer, d„, decreases while the thickness of the protein layer, dp, increases.

The thickness of the lipid layer, d^^, remains almost constant. This picture can

be seen clearly in Table 7 and in figure 13. The data of Table 7 show that d

increases from 5.6 K to 21.0 R and d„ decreases from 30.2 8. to 11.2 R as the

lecithin/cardiolipin molar ratio changes from 93/7 to 50/50. However, it is

important to note that the combined thickness of the protein and the water layer

remains almost constant.

Deve 1opement of the Model of the Structure of the Lipid-Protein Complex -

The overall picture which can be drawn from these data is described below.

The constancy of the di values which are the same as the d, values of the lamellar

lipid-water phase (control studies. Table 8) shows that the bimolecular leaflet

structure of the phospholipid molecules is retained in the structure of the phos-

pholipid -protein complexes. As the cardiolipin concentration increases, the charge

density of the bilayer also increases and the negatively charged sites of the

phospholipid bilayer react with the positively charged groups of the protein

molecules; as a result proportionately more and more protein is bound to the

lipid layer through ionic interaction, consequently d increases. So, this indicates

that all the protein remains "adsorbed" on the polar region of the lipid bilayer.

Of course, in what form the bound protein lies, denatured or native, cannot be

decided from these experiments. But the data suggest that the lipid-protein

interaction in these experiments does not involve the hydrophobic part of the

lipid molecule and is predominantly electrostatic. The model based on this result

is shown in figure 15a and b. The model proposed here is the same as the Davson-

Danielli's model of plasma membrane where the lipid molecules are arranged in

a bimolecular leaflet and the protein molecules are adsorbed on the surface.

Similar kinds of model only for very specific lipids and proteins have been shown

by Shipley et al (1969b) in their experiment with lecithin, phosphatidyl serine

and cytochrome c and also by Gulik-krzywicki et al (1969) in their experiments
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Fig. 16. The possible arrangement of the protein and the water molecules,

There is no separate layer of protein or water molecule.

d- the repeat distance

d,- the thickness of the bimolecular lipid leaflet

d - the combined layer of water and protein molecules
p+w ' '^
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with ferricytochrome c-phosphatidyl inositol, ferricytochrome c-cardiolipin and

lysozyme-cardiolipin systems.

One point is very important in drawing any conclusion from the values

of layer thicknesses. In calculating d ^nd d^ values it has been assumed that
P ^

the protein and the water have formed continuous discrete layers and their

average thicknesses are represented by these dp and d^ values. Certainly, this

is not the exact picture of how the protein and the water molecules are arranged

in the lamellar phase, especially at lower cardiolipin concentrations, for the

d values at low cardiolipin concentrations cannot be real. Even if the insulin

molecule does not lie in its native form but unfolds itself and lies in a de-

natured form, the d values cannot reach as low as 2.8 A (5.6/2 A, for d /2 is

the value of protein layer on one side of lipid layer) . So probably there is

no continuous layer which consists of the protein only. The protein molecules

and the water molecules, most probably, have formed one layer only, where the

protein molecules lie among the water molecules and there is no discrete water

layer also (Fig. 16). In this arrangement dp and d values lose their signifi-

cance while the combined thickness of the protein and the water layer, d
^^j

becomes more meaningful. At lower cardiolipin concentrations, for example at

lecithin/cardiolipin molar ratio 93/7, one protein molecule attached to the

negative sites of the bilayer will be far away from another protein molecule

and the intermediate space will be filled up by water molecules (Fig 15a). At

higher cardiolipin concentrations where there is more protein bound, those

water molecules will be replaced by protein molecules which will then form a

more or less continuous protein layer (Fig. 15b).

Therefore, these results are interpreted as showing that as more protein

is bound, even to the point where no more can be accomodated, it displaces

water between the phospholipid bilayers without changing the thickness of the

lipid or the protein-water layers and the final interaction occurs at the polar

region of the bilayer. It also can be asstmied that some of the protein did
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penetrate into the lipid layer. In that case it would have to be assiimed as well

that the lipid molecules must change shape becoming longer on the average (a p,}«

possibility if, for example, the hydrocarbon chains become less mobile; as observed

in the bovine serum albumin and cardiolipin interaction by Rand in a unpublished

observation), and that as the amount of protein increases the elongation of the

lipid molecules increases. Although this is a possibility, without further evidence

it is rejected only because it is an unnecessary complicated way of explaining the

results. Therefore, it is interpreted that the constancy of dj^ means insulin

simply coats the normal lipid bilayer.

The area available for a protein molecule on the lipid surface in Table 7

has been calculated from the experimental data using the relative proportion of

protein and water in the precipitates and the combined layer thicknesses of the

protein and water, d (described in the appendix).
P+w

In Table 7 it can be seen that at lecithin/cardiolipin molar ratio 93/7

the area available for one protein molecule is much higher than at 50/50 ratio.

At 93/7 where there is a bigger area available for each protein molecule, the

remaining space will be filled up with water. But as the cardiolipin concentration

increases, more and more protein is bound and the area available for each protein

molecule decreases, which means much less area will be occupied by the water

molecules. Finally, at the higher cardiolipin proportions, particularly at and

after lecithin/cardiolipin molar ratio 60/40 there is not enough space left

between the protein molecules for more protein to be bound or accomodated and

so, even if the cardiolipin proportion increases there is no more protein bound.

It can be seen in Table 7 that the calculated average areas available to

one protein molecule at lecithin/cardiolipin molar ratios 60/40 and 50/50 are

only 367 and 351 A respectively. Both of these values are less than the average

area of an insulin molecule which is about 452 8. if it is assumed that the

molecule is spherical. Moreover, this value of the area of the insulin molecule

is of the dehydrated molecule while former values are of the hydrated molecules.

This suggests that probably the insulin molecule does not remain in the sphericle
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form.

The cardiolipin/insulin molar ratios in the lipid-protein complexes in

Table 7 show that the insulin binding takes place almost with a constant molar

ratio. All these experiments were done in excess protein, so binding sites for

the negatively charged phosphoryl groups were always available. As mentioned

earlier, in these calculations half the molecule of cardiolipin which is equivalent

to one negative charge is considered as one molecule to make the interpretation

easier. The result shows that at lecithin/cardiolipin molar ratio 93/7 the

cardiolipin/insulin molar ratio is 2.6 and the total lipid/insulin molar ratio

is 38.2. At higher cardiolipin proportion the cardiolipin/insulin binding ratio

reaches an almost constant value which is about 4-5, but the total lipid/insulin

molar ratio gradually decreases. This suggests that no matter what is the total

lipid/insulin molar ratio, as long as 4-5 negatively charged phosphoryl groups

are available , one insulin molecule binds 4-5 of them, and thus reaches a

constant cardiolipin/insulin molar ratio. This probably suggests that insulin

molecule has 4-5 binding sites to bind the negatively charged groups of

cardiolipin molecules. The number of binding sites of the insulin molecule as

found by these experiments coincide very well with the number of basic residues

of the insulin molecule , namely histidine, lysine and arginine residues of

the molecule, the total number of vAiich is 4.



_0

J C J

. J

J ^

^,0 _0

— J

_ J.

J_ v> J

_ J

^ijO

_ J

_ J ;:: to

_ , J - 3



-60-

Part IV

Effect of Calcium Ion on the Lipid-Protein Complex

IV. a. INTRODUCTION-

In an electrical double layer, the counter ions present in the fixed

double layer can exchange with those in the bulk phase and a dynamic equilibrium

exists. When different counter ions are present, a competition exists between them.

At equal concentrations of all the counter ions and in the absence of specific

effects, valence is the primary consideration. Divalent ions are attracted more

strongly than the monovalent ions, as a result monovalent ions do not exchange

readily with the divalent or trivalent ones. At equal valence, smaller size

favours closer approach and, hence, stronger attraction.

In a negatively charged fixed layer of phospholipid, if protein is

present in the bulk phase in the presence of counter ions, the positively charged

groups on the protein would react in a ccmpetitive way with the fixed anionic

sites (Dawson, 1968). As a result, an inhibition of the formation of lipid-protein

complex might take place.

Das and Crane (1964) have observed that univalent cations inhibit the

formation of the iso-octane soluble phospholipid-cytochrome c complex. This

inhibition is proportional to the ionic strength basis. This could be interpreted

on the basis of the complex formation with the phospholipid which competes with

the site of attachment for cytochrome c.

Das and Crane have also observed that once the complex has been formed.
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univalent cations do not have any effect on it; while on the other hand, divalent

cations such as calcium, magnesium can destroy the preformed complex and thus

show their stronger inhibitory power.

Gulik-Krzywicki et al (1969) have observed dissociation of ferricytochrome

c-phosphatidyl inositol complex by 1 M NaCl. Ferricytochrome c has been recovered

in its native state according to the optical properties. They have also observed

the recovery of lysozyme (spectroscopically) from lysozyme-cardiolipin complex

after the addition of divalent cations to it, divalent cations forming a precipitate

with cardiolipin.

Here an attempt has been made to show the effect of calcium ion on the

preformed complex of protein (insulin) and lipid (cardiolipin + lecithin). The

study is neither extensive nor complete; it may throw some light on this field.

IV. b. EXPERIMENTAL PROCEDURE -

Precipitates were formed in the same way as it has been described in

the method section of part III of this thesis. 0.17o insulin solution and lipid

dispersions of lecithin/cardiolipin molar ratios of 75/25, 60/40, 55/45 and 50/50

were used. All the precipitates were divided into two parts. The first part was

resuspended in 15 ml distilled water while the second part was resuspended in

15 ml aqueous solution of 0.25 M GaCl2. Both suspensions were sonicated for 2-3

min. to make a uniform dispersion. The sonicated dispersions were centrifuged

at 12,000 g for 15 mins . X-ray samples were prepared with the precipitates and the

supernatants were tested spectrophotometrically for the presence of insulin

(O.D. at 277 nm)

.

Control Studies -

The studies done by suspending the precipitates in distilled water provided

one kind of control experiments while another kind of control studies were done

by dispersing lipid of lecithin/cardiolipin molar ratios 75/25, 60/40, 55/45 and

50/50 (as used in making the precipitates) in 0.25 M CaCl2 solution and
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Table 9

Result of the Treatment of Insulin-Lecithin/Cardiolipin Complex with 0.25 M CaCl^

Pre-formed Insulin Lecithin/
Gardiolipin ppt. treated with

0.25M CaClo

Preformed Insulin Lecithin/
Cadiolipin ppt. treated with

H2O

Lecithin/
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then centrifuging the precipitates at 12,000 g for 15 min and taking x-ray

picture of them,

IV. c. RESULT AND INTERPRETATION -

The data of Table 9 show that when the lecithin/cardiolipin molar ratios

used in forming lipid-protein complex are from 80/20 to 65/35, treatment with

0,25 M CaCl2 solution does not produce any hexagonal phase, while with molar

ratios 60/40, 55/45 and 50/50, a hexagonal phase can be obtained. This shows

that calcium ion produces a hexagonal phase in a pre-formed insulin-phospholipid

only when there is high proportion of cardiolipin in the complex. In Table 10,

in the control studies also it can be seen that the hexagonal phase is produced

only when there is high proportion of cardiolipin i.e. when the lecithin/

cardiolipin molar ratios are from 60/40 to 50/50, The dimension of the hexagonal

phase formed with the insulin-phospholipid complex is not very different from

the dimension of the hexagonal phase formed with pure phospholipids. As calcium

forms hexagonal phase with cardiolipin only, not with lecithin, it appears

that this hexagonal phase of both the experimental and the control studies is

formed due to the interaction of calcium and cardiolipin. Most probably,

calcium brings this effect in the pre-formed complex by replacing insulin from

the complex and then interacting with cardiolipin. In fact, the presence of

insulin was detected spectrophotometrically in the supernatant after the treat-

ment with 0.25 M calcium chloride solution. When the complex was treated with

water, insulin could not be detected in the supernatant. So, this study supports

those of Das and Crane (1964) and Gulik-Krzywicki et al (1969) described in the

introduction of this part.
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Part V

GENERAL DISCUSSION

iHteraction of Cardiolipin with Divalent Cations

It has been described in part II of this thesis that a hexagonal phase

can be obtained with complexes made of cardiolipin and the divalent ions namely

calcium, magnesium and barium; calcium ion is more effective than barium or

magnesium ion in producing a pure hexagonal phase, It has also been discussed that

most probably this is due to the effect of charge neutralization which drives

away the water from within the structure, and this is most effectively done by

calcium ion. Bungenberg de Jong (1949) has observed that in his studies of

interaction of cation with colloids containing phosphate, carboxyl and sulfate

groups, reversal of charge on the colloid is affected by the cations at specific

concentrations. The sequence of the concentration of the chloride salts required

^* ++ ++
to cause charge reversal is as follows: Ca <^ Mg <^ Ba , Hauser and Dawson (1967)

have found in their monolayer studies that calcium has a much a greater affinity

for triphosphoinositide and phosphatidyl serine than magnesixjm. Breyer and

Quadbeck (1966) also have found that in biphasic systems both of these phospho-

lipids have remarkable preference for the calcium ion. In the monolayer studies

of phosphatidyl serine and phosphatidic acid it has been observed that the affinity

of both of these lipids for divalent cations is of the order of Ca > Ba > Mg

(Papahadjopoulos, 1968). So, all of these studies and also the present study show

that many of the acidic phospholipids have a greater affinity for the calcium ion.

Hendrickson and Fullington (1965), in contrast to these studies, have observed

no remarkable difference in the stability constants of the complexes of acidic
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phospholipids and these divalent ions. Deamer , Meek and Cornwell (1967) have

observed certain unique properties of calcium-stearate film; as a result they

have proposed a "co-polymeric lattice" structure for this film in which calcium

has the right ionic size to be fitted to the binding sites. Magnesiimi, probably,

is too small. They have mentioned, however, that their model is not applicable

in the case of phospholipids.

It is well established now that calcivmi, an important divalent cation,

has remarkable effects on cell membranes. These effects are associated with the

interaction of calcium with the ligands of the cell membrane- the acidic phospho-

lipids or the acidic groups of the acidic groups of the proteins of the protein

(Bianchi, 1968). So the hexagonal structure of the divalent ion-cardiolipin

complex, especially of the calcium-cardiolipin complex, may have an important

implication on membrane function. The phase transitions of phospholipids could

cause drastic changes in the permeability of the biological membranes (Luzzati

and Husson, 1962). Mullins (1956) has stated that non-lamellar phases, for example,

long and narrow water channels covered by the polar groups of the lipid molecule

i.e. the hexagonal phase II if present in vivo would have remarkable permeability

properties. In the present context this would mean that the calcium ion may cause

similar aqueous channels to form in intact membranes which contain cardiolipin.

As well, lamellar to hexagonal II phase transition can be extremely important in

causing permeability changes in the intact membrane and this phase transition

can be brought about by competition for calcium ion. Thus, some of the remarkable

permeability changes caused by calcium can be explained. Of course, one factor

should be remembered; the calcium ion gives this effect, most probably, only

with cardiolipin which is an acidic phospholipid found in high concentration in

mitochondrial membranes. It has been suggested that the phospholipids are the ini-

tial receptor sites for the divalent ions (Slater and Cleland, 1953).
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Lipid Protein Bonds and the Cardiollpin-Insulin Structure of this Study -

It has already been discussed in part III of this thesis that the lipid-

protein interaction in this study is predominantly electrostatic. Of course, one

thing should be taken into account; these experiments were done under conditions

favouring ionic interaction. But it has been observed that under similar conditions

bovine serum albumin and cardiolipin have combined by ionic binding and also by

hydrophobic binding (Rand, unpublished work). So, it can be concluded that under

conditions favourable for ionic interaction although the primary bonding is electro-

static, hydrophobic interaction also can take place as a secondary bonding.

Reich and Waino (1961) in their study with phosphatidyl ethanolamine and cytochrome

c implicated secondary binding as a factor in complex formation. However, the

significance of ionic interaction in lipid-protein complex is well established.

Dervichian (1949) has expressed the opinion that Coulombic force between phospho-

lipid and protein is the primary basis of lipo-protein structure. Green and Fleischer

(1963) in their study with mitochondrial protein cytochrome c and a variety of

mitochondrial lipids have found that the interaction involves chiefly the complete

charge neutralization. Das and Crane (1964) have found that the combination of a

mixture of phospholipids and cytochrome c follows a precise stoichiometric ratio

and the composition of the complex is determined mainly by the electrostatic

interaction between the positively charged sites on the protein molecule and the

negatively charged sites of the phospholipids. A later study of Das, Haak and

Crane (1965) also has given primary importance to the neutralisation of the basic

sites on the protein molecule by the acidic sites of the phospholipid molecules.

Hart et al (1969) have found that the binding of phosphatidyl serine molecules

corresponds to the 9 clusters of basic residues of cytochrome c molecule, which

have led them to conclude that the interaction is mainly electrostatic.

It has been found in the part IV of this thesis that calcixnn ion (0.25 M

CaCl2) ^^"^ dissociate a preformed insulin-cardiolipin complex. This observation

is consistent with the interpretation that the interaction is mainly electrostatic.
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This study is comparable to the study of Das and Crane (1964) where they have

found that the presence of monovalent and divalent cations can inhibit the complex

formation and the divalent cations can destroy a preformed complex. Gulik-krzywicki

et al (1969) have observed the dissociation of some protein-lipid complexes by

mono- and divalent cations.

So, according to the model proposed in part III of this thesis the protein

lies on both surfaces of the lipid bilayer (Fig. 16), and their interaction involves

only the polar region of the lipid molecules. There is no indication of any inter-

action which involves the hydrophobic region of the lipid bilayer. Similar kinds

of models have been proposed by Gulik-krzywicki et al (1969) with ferricytochrome c-

phosphatidyl inositol and ferricytochrome c-cardiolipin systems. Both of these

have given two lamellar phases in the x-ray diagrams, one with protein layer of

one molecule thickness and the other with protein layer of two molecules thickness.

The same kind of structures have been obtained by Shipley et al (1969b) for a

system containing cytochrome c, phosphatidyl serine, phosphatidyl choline and water.

Lysozyme-cardiolipin system in the presence of excess protein has given a structure

which is similar to the model proposed in this thesis. But in the presence of excess

lipid the interaction involves hydrophobic binding in addition to the ionic binding;

the thickness of the lipid layer, d-j^, shrinks quite extensively exposing the

paraffin chains to the protein layer; the contact probably involves the non-polar

region of the protein molecule (Gulik-Krzywicki et al, 1969). Similar kinds of

interaction have been obtained with bovine serum albumin and cardiolipin (Rand,

unpublished work). Palmer and Schmitt (1941) in their x-ray diffraction studies

found incorporation of protein monolayer between lipid layers. But as they did not

make any attempt to find out the partial thickness of lipid, protein and water

layers, no definite conclusion could be drawn about the kind of interaction involved,

For that reason their study is not exactly comparable to the other studies presen-

ted here.

The kind of binding forces involved in lipid-protein interaction are
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greatly dependent on the type of protein and phospholipid used and also on the

experimental conditions CShipley et al, 1969a; Gulik-Krzywicki et al, 1969').

When a system containing a positively charged protein and a negatively charged

lipid is used, ionic interaction naturally becomes predominant as it is in the

present study. The distribution and the spacing of the ionic and the hydrophobic

groups on the surface of the protein molecule and also on the phospholipid bi-

layer presumably determine the kind and the degree of the interaction involved

fColacicco, Rapport and Shapiro, 1967'i. Though this study and many other studies

have been done at a pH below the iso-electric point of the protein to make a

condition favourable for ionic interaction, an electrostatic interaction can

still take place between the negatively charged head groups of phospholipids

and the positively charged polar side chains of the protein molecule even when

the net charge of the protein molecule is negative or zero (Dervichian, 1949;

Booij and Bungenberg de Jong, 1956; Klotz, 1967'). Gulik-Krzywicki et al (1969)

by using a variety of lipids and proteins have observed mainly three kinds of

interactions namely ionic, hydrophobic and chemically specific. In unpublished

work they have observed lamellar phases with a system containing lipid and protein,

both of which are negatively charged. They have also observed in a study with

lysozyme and cardiolipin, mentioned earlier, that the interaction is ionic when

there is excess protein and in the presence of excess lipid the interaction is

both polar and non-polar. All of these observations have led them to conclude

that the kind of interaction is determined chiefly by the type of the protein and

the lipid and the conditions under which they interact. So, it can be remarked

that the electrostatic interaction observed and the model proposed in the present

study are true for only for the specific protein used (insulin), the specific

phospholipid used (lecithin and cardiolipin in different molar proportions)

and the specific condition under which the experiments had been performed. By

changing one of these factors, probably, the kind of interaction can be changed.
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The Role of Zwitter ionic Lipid -

(a) Insulin-Cardiolipin/Lecithin System-

It has been observed in part III of this thesis that cardiolipin alone

produces a heavy precipitation with insulin at pH4.0. In contrast, bovine serum

albumin does not bind pure cardiolipin at all (Rand, unpublished work). The

insulin and pure cardiolipin, though they bind, do not form any organised structure.

Mixtures of cardiolipin and lecithin in different molar proportions produce

lamellar structure with both insulin and bovine serum albumin. The presence of

lecithin, a zwitterionic phospholipid probably reduces the surface charge density

of phospholipid bilayers and produces a more favourable condition for such an

interaction which gives an organised structure. It can be seen in part III of

this thesis that the stoichiometric relation of the combination of insulin and

pure cardiolipin is different from that of insulin and cardiolipin- lecithin

mixtures.As the molar ratio of lecithin and cardiolipin is changed, the lamellar

structure does not change; only the amount of the bound protein varies.

(b) Other Sys terns

-

Das, Haak and Crane (1965) have found that purified acidic lipids

(cardiolipin and phosphoinositide) have not been able to form an iso-octane soluble

complex with cytochrome c with a higher molar phosphorus to cytochrome c ratio.

The presence of lecithin is necessary. They have concluded that steric hindrance

has prevented the acidic sites of the phospholipids to bind the basic sites of

cytochrome c molecule. Hart et al (1969) have found that the extraction of the

lipid-protein complex in iso-octane depends on two factors: the ratio of the

total lipid to protein and the ratio of phosphatidyl choline (zwitterionic lipid)

to phosphatidyl serine (anionic lipid). Though phosphatidyl choline does not form

any extractable complex with cytochrome c , its presence is necessary along

with phosphatidyl serine to form an iso-octane soluble complex. According to
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them though charge neutralization is the first stage in the formation of a soluble

lipid-protein complex, there are some other requirements too, which may be satis-

fied by the ipteraction with phosphatidyl choline. They have suggested several

possibilities. The interactions between zwitterionic head group of phosphatidyl

choline with charged carboxyl or lysyl groups of the protein molecule or dipole-

dipole, dipole- induced dipole or Van der Waals interaction are possible. Shipley

et al (1969b") have remarked that phosphatidyl choline to acidic lipid ratio

determines the distribution of charges which could be important in the interaction

with a protein. The same reason could be applicable in the interaction of insulin,

cardiolipin and lecithin,

(c) Conclusion-

The importance of the presence of zwitterionic lipid with anionic phos-

pholipids may have a great biological significance, since in all intact membranes

zwitterionic and acidic phospholipids are present. The presence of zwitterionic

lipid may be necessary to control the surface charge density and hence, to control

the degree of interaction or the kind of interaction. Also, the stability of a

lipid-protein complex depends greatly on the relative importance of ionic and

non-ionic bonding (Dawson, 1968). A balance of zwitterionic and anionic lipid

as seen in intact membrane may be responsible for the optimal lipid-protein

interaction. The zwitterionic to anionic lipid ratio may vary from place to place

in the intact membrane, thus controlling the interaction to different extent at

different sites.

Biologica l Significance of the Lipid-Protein Structure of the Present Study-

The structure found with insulin-cardiolipin system has essential charac-

teristics of the Davson-Danielli's model of biological membrane, that is, it

consists of a bimolecular lipid leaflet covered with a layer of protein on both

the surfaces and the interaction is mainly ionic and involves the polar region

of the phospholipid bilayer. But the lipid-protein interaction found in this

study is far from any general picture. It has been discussed earlier that this
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picture is true for the specific experimental conditions. Any variation from

this can give rise to a different kind of structure. In an intact membrane

different sites may have different zwitterionic phospholipid to anionic phospho-

lipid molar ratios or different kinds of protein; thus giving rise to different

kinds of structure. So, most probably it is unlikely that the biological membranes

have a uniform structure all over. Instead, the structure may vary from region

to region.

To draw any conclusion or to suggest any biological significance of

the model proposed here one factor must be considered. The pH used in these

experiments was far below the physiological pH. The structural interaction that

takes place at physiological pH's may or may not be the same. It indeed may well

be the same in some other ways. For example, by adding calcium ion am interaction

of the same kind may be obtained at a neutral pH. For divalent cation bridging

between the lipid phosphoryl groups and the protein carboxyl groups may play an

important role in lipid-protein interaction (Kavanau, 1965). Moreover, an ionic

interaction between the negatively charged sites of the lipid molecule and the

positively charged sites of the protein molecule is possible even when the net

charge on the protein molecule is zero (Dervichian, 1949; Booij and Bungenberg de

Jong, 1956; Klotz, 1967), or an interaction between a negatively charged lipid

molecule and a negatively charged protein molecule is possible (Gulik-krzywicki

et al, 1969). However, this study shows one of the many possible modes of lipid-

protein combination. In addition, Gulik-krzywicki et al (1969) have stated that

the polymorphic transition of the lipid-protein-water system may take place in

the intact membrane and may be connected with some physiological functions.

There are, therefore, numerous possible structures of membrane "sites"

depending on the composition (i.e. specific lipids and proteins) of the site.

The structure of this model system i.e. the insulin-cardiolipin/lecithin system

may represent one of the many sites on an intact membrane.
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Sumraary-

1. A hexagonal phase type II has been obtained with all divalent ion-

cardiolipin complexes studied.

2. Calcixjm is the most effective ion in producing a pure hexagonal phase

with cardiolipin,

3. The molar ratio of calcium and cardiolipin in the complex is 1 : 1.

4. Two other acidic phospholipids, phosphatidyl serine and phosphatidyl

inositol, do not produce hexagonal phase with calcium ion.

5. Insulin and pure cardiolipin bind at pH 4.0, but do not produce any

organised structure.

6. A pure lamellar phase has been obtained with insulin and mixtures of

cardiolipin (anionic phospholipid) and lecithin (zwitterionic phospho-

lipid) mixed in different molar ratios at pH 3.0.

7. Insulin and cardiolipin combine with a precise stoichiometric ratio.

This ratio is different when pure cardiolipin is used or mixtures of

lecithin and cardiolipin are used.

8. The molecular arrangement of lipid and protein in the complex formed

is a bilayer of lipid covered on both surfaces by protein molecules.

The interaction is predominantly electrostatic.

9. The model proposed based on these data is similar to Davson-Danielli's

model of biological membrane. This model is compared with other kinds of

model and a biological implication has been discussed.
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Table 11 (Luzzati, 1968)

Determination of the Structural Parameters

a, b, ^

d

X
M

>J and V'u
V

<|>=[lt-i)^Cl-C)/i)^cJ
-1

Ni=d(>yiO"^VMl^L

-24

di=d4>

S» 2/N]^

rT=1= io-^/v)
1/2

St« 2'M'r I/N2

^ii-t(rCi-0y'n']
l^z

Dimensions of the reciprocal unit cell

Repeat distance of the lamellar phase

Area of the primitive two-dimensional cell

Avogardo number

Molecular weight of the lipid

3
Partial specific volumes of lipid and water (cm /g),

supposed independent of concentration

Weight concentration (lipid/lipids- water)

Volume concentration o

Average area (S ) available to one hydrophilic

group on the lipid-water interface

Number of lipid molecules per unit surface of

one lamella

Number of lipid molecules per unit length of

one primitive two-dimensional cell

Thickness of the uniform lipid layer containing
all the lipids of one cell (in lamellae)

Radius of the lipid cylinder if the structure is

of hexagonal type I (paraffin- in-water)

Radius of the water cylinders, if the structure

is of hexagonal type II (water-in-paraf f in)

^11= 2ffr
II/N,
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Fig. 17. Schematic representation of the hexagonal type I and type II

phases

.
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Polar to polar distance

'» .d,

Hexagonal I I

Hexagonal I
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APPENDIX

I. To Determine Whether the Calcium-Cardiolipin Complex is of Hexagonal Type I

or Type II ;

The data of Table 5 are used for this determination. It can be seen in

Table 11 that in hexagonal type I structure where the cylinders are filled up

with lipid molecules with water outside the cylinders, r^, the radius of the

1/2
lipid cylinder is equal to ( (y"<h/ir ) , thedefinitions of(r and ^ have been

described in that table. Now, from Table 5 using the data of partially dried

calcium-cardiolipin complex where
(J)

= 92,9% and d-*45.5 A, the radius of the

lipid cylinder has been found to be 26.6 A i.e. the diameter is 53.2 A. This

value of the diameter is impossible as it is larger than dj^, that is, larger

than twice the length of the lipid molecules in the lamellar phase (Fig. 17).

Therefore, type I is ruled out.

If the formula for the hexagonal type II is taken where rjj; the radius

of the water cylinder is equal to ffl" (1-4' ^^J j then using the same data the

radius is found to be 8.4 A and the polar to polar distance (Fig. 17) is 37.6 A,

which is almost of the same dimension as the thickness of a bimolecular lipid

leaflet. So, it has been concluded that the structure is of type II. This is true

for all divalent ion-cardiolipin complexes. The values of S, the area available

to one hydrophilic group on the lipid-water surface, are also calculated using

the formula for Sjj. (Fig. 17) and are given in Table 5.

II. Determination of Partial Thicknesses of Lipid, Frotein and Water Layers

^<^1» dp, d^J :

If it is assumed that tne arrangement of lipid, protein and water layers

is as shown in figure 18, and the three components form three distinct layers

of area A and thickness dp , dj^ , and d„ , respectively, then
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Fig. 18. Hypothetical arrangement of d d and d forming three separate

continuous layers of lipid, protein and water molecules of area A,

Fig. 19. Section showing one insulin molecule on the lecithin-cardiolipin

mixed bilayer surface. A- the area occupied by the insulin

molecule; d - the combined layer of the protein and the water
1 1 P "

molecules

.



-80-

*— d, >.»-«„

A

ilffiffi

mwMW
lif${JLIH MOLECULE

.LIP/D nOLBCULES





81-

the volume ocfuoied by lioid ......... A d,

the volume occupied by protein A d

the volume occupied by water A d

Let X - weight of the lipid in volume A d^

and Y - the relative weight of the protein in volume A dp

Z - the relative weight of tne water in volume A d^

If j) the partial specific volume of the lipid

Vo the partial specxfic volume of the protein

I'^j the partial specific volume of the water

Then,

the volume occupied by the lipid layer .......... ^"^
i

the volume occupied by the protein layer YV

the volume occupied by the water layer Zl)

So,

Xi)^^ A di .(1)

Yi)p= A dp (2)

^K' ^^ ^^^

Now the following equation (eqn, 4) can be derived from the above three equations

by adding them,

Xi)^+ Yi>p+ Zi:'^= Adi+Adp+Advj (.4)

- ACdi+dp+d^)

- Ad, (5)

for, di+ dp+ d„ « d.

Now the value of d and the chemical make up of the sample are known. So, from

the eauation (5^ the value of A can be obtained. By substituting tue
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value of A in equations (1), (2^ and (3"), d,, d_ and d^^ can be calculated. These

then represent the absolute thicknesses of hypothetically distinct layers of

lipid, protein and water.

III. Determination of tne Area Available to One protein Molecule in the Combined

Layer of Water and Protein :

The section shown in figure 19 is of thickness dp^^ and of area A and

contains one molecule of protein and its share of water which can be found

from the relative amount of the protein and the water in the sample,. The

volume occupied by one protein molecule and its share of water will be dp „A,

i.e. d„.„ volume of one protein molecule volume of its share of water. Nowp^w

*^D+w » ^^^ combined thickness of protein and water layers are known (fi^om

Appendix II) and A, the area available to one protein molecule can be obtained.
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