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ABSTRACT

Considerations of the physical forces of inter-
action between phospholipid lamellae are relevant to the
problem of contact between cell membranes., The lamellar
phase of lecithin in water, consisting of bimolecular
layers of lipid alternating with aqueous layers, is a
useful model system for studying such infteractions.
Balance between repulsgive forces and long range Van der
Waals forces limits the amount of water that can be taken
into the structure.

The repulsive forces between bimolecular leaflets
of lecithin has been changed by the addition of a charged
lipid, With 11 mole per cent of CTAB (stearyl trimethyl=-
ammonium bromide) in the lecithin, the agueous layer

3 2 Y o ” ® ! »
thickness, d increased by 33A, The dielectric proporties

-
of the agqueous space has been changed by the use of
glucose, sucrose, and dextran solutiong, With the addition

of sucrose or glucose, the lamellar repeat distance, d, |

went through a maximum at 22 weight per cent sugar solution,
reflecting a minimum in the attractive forces between
bilayers at this concentration. With the addition of dex=-
tran, the lamellar repeat was obsgserved to decrease by 7A

over the range of solutions used. The structure of the



1ipid bilayer did not change in the above experiments

save with dextran. Here, a 4 weight per cent solution

arpeared to te effective in decreasing the bilayer
thickness d; by about & A, The change in attractive

forces with sucrose and glucose solutions are in quali-
tative agreement with the calculations of Van der Waals
forces in lipid-water systems developed by V. A. Parsegian
and his colleagues,

In an effort to find an experimental model system
for the study of contact interactiong in a2 lipid-protein
system, precipitates of a synthetic protein poly-l-lysine
with varying mixtures of lecithin and phosphatidyl inosgi-

tol, were prepared, A lamellar structure was formed

congisting of alternating layvers of 1lipid and protein

-

nlus water, in which the interactions between the protein

amount of

D

and lipid arpeared to be strictly ionic. Th
protein bound and the charge density in the precipitates
remained relatively constant as the lecithin content

was increased, while the water content, measured as an
aqueous layer thickness, increased by 20 A over the same
range, The system proved unsatisfactory for the study of
contact interactions as the protein apneared to be binding

to adjacent bilayers thus preventing swelling.,



GENERAL TINTRODUCTION

One of the major problems in biological research
is that of the structure of cell membranes and the nature
of their interactions. Because of their extreme thinness
and liability, biological membranes are difficult to
study. The main molecular components of membranes are
lipide and proteins., There has been much debate over how
these combine to form a membrane structure.

Overton (1895) first demonstrated the lipoidal
nature of the cell membrane. He found that the permeabil-
ity of non-electrolytes was proportional to their oil-
water partition coefficient. Bragg (1924) and Langmuir
(1917) were able to show that lipoidal material has a
tendency to form monolayers and bilayers. Gorter and
Grendell (1925) extracted lipids from erythrocytes and
using a Langmuir trough equipped with a copper strip to
bring the molecules into contact, measured the surface
area of a monolayer of the extracted lipids. In order to
calculate the surface area of the erythrocytes they
measured their number in a counting chamber and their
average cellular area with a microscope. They discovered
that the surface area of the extracted lipid was suffi-
cient to cover the erythrocytes twice. This suggested
that the 1lipid was arranged in the form of a bimolecular

layer. On the basis of surface tension measurements,



Danielli and Davson (1935) originally proposed that
proteinsg must be absorbed at the lipid-water interface.
They advanced a"pauci-molecular” model for the membrane
that consisted of a lipid bimolecular leaflet coated on
either side by units of globular protein (Fig. I).
Later, Robertson (1957, 1958, 1960) proposed another
bilayer model based mainly on evidence from optical
polarization, electron microscopnic and x-ray diffraction
studies on nerve myelin sgheath., In his model, the
membrane was asymmetric., On the extracellular face of
the lipid bilayer there was thought to be mucopoly-
gaccharide. The intracellular face was thought to be
coated with protein in the extended 4 conformation
(Fig. II). Since electron micrographs of fixed and
stained cell membranes showed a triple layered structure,
Robertson felt that his model applied to all membranes,
He called it the "unit membrane" hypothesis.

After a time, the validity of the bilayer model
was challenged by several authors (Sjostrand 1963, Korn
1966, Green and Ferdue 1966, Parsons 1967). It has been
shown that the unit membrane structure of fixed mito-
chondrial and myelin membranes, displayed in electron
micrographs, remained intact even after the lipid was
extracted (Fleischer, Fleischer, and Stoeckenius 1967,
Napolitano, Lebaron ;nd Scaletti 1967)., Green and
Fleischer (1963) demonstrated that structural protein

extracted from mitochondrial membranes formed complexes
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Davson-Danielli model of biological
membrane, (Original copy: Danielli
and Davson, J., Cell, Comp., Physiol.

5: 495, 1935)

Diagrammatic representation of unit

membrane model of Robertson. (Original
copy: Robertson, in 'Cellular Membranes
in Development®, 1M, Loch, ed., Academic

Press, 1964)

Diagrammatic representation of the

lamellar phase in lipid water systems.







with lecithin, a neutral phospholipid. Complexes
between this structural protein and synthetic alkyl
phosphates could not be dissociated by salt solution,
while cytochrome C, after binding to the above complex
could be dissociated by salt. This suggested that

the structural protein binds hydrophobically to the
alkyl phosphate 1eavingthe ionic groups free to bind
éytochrome C. Electron microgcopy of mouse kidney
cytomembranes and mousge kidney mitochondrial membranes
and x-ray diffraction and electron microscopy studies

of frog retina membranes reveal the presence of globular
repeating structures, (Sjostrand 1963, Blasie and

Dewey 1965), Spectroscopy indicated that much of the
protein in membranes was in the ot helical form rather
than the pleated sheet (Wallach and Zahler, 1966,
Lenard and Singer, 1968). On the basis of this evidence
various subunit models for the membrane structure were
advanced.

In the subunit model, the proteins are a more
integral part of the membrane structure. Since some
meﬁbrane proteins are enzymatically active, this model
has functional advantages. From an energetic standpoint
the main difference between the bilayer and subunit
models is that in the former, the interactions between
lipid and protein are primarily ionic and polar, while
in the latter they are largely hydrophobic,

Singer and Nicholson (1972) proposed a bilayer
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model where there could be extensive hydrophobic bonding
between lipid and protein. They believed that some
protein, held by ionic bonds would lie on the surface,
while other more hydrophobic proteins would penetrate
into and through the bilayer, The hydrocarbon tails of
the lipid were thought to be melted so that the structure
would be very fluid (Fig. IV).

It should be kept in mind that although there
are many structures proposed for the membrane they are
not necessarily mutually exclusive, It is quite feasible
that different areas of the membrane could have different
structures and that these structures could change in
response to local physico-chemical conditions.

The topic of the structure of the cell membrane
has been reviewed rather completely elsewhere, (Kavanau
1965, Stoeckenuis and Engleman 1969, Korn 1966, 1968,
Hendler 1971),

In addition to membrane structure, membrane con=-
tact phenomena havebeen the object of much study. A
fundamental and important property of all cells that is j
an important factor in many interactions is the ability
to adhere. For example, during embryogenesis specific
layers of cells adhere and differentiate to form tissues
and organs. Differential contact between these cells
then is a determining factor both in a cell's fate and
in the development of structural organization., Certain

cells, such as red blood cells and amoeboid cells, will
not adhere to one another.Most cells can be made




Fig, IV. Singer-Nicholgon fluid mosaic model
of the biological membrane. (Original
copy: Singer and Nicholson, Science 175:

720, 1072)
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to adhere to some surface such as plastic or glass.
The svecificity of contact between cells is thought to
be denendent on the composition of the membrane and the
nature of the bathing media (D, Gingell, 1973). MNuch
of the material of this thesis has been devoted to the
gtudy of contact phenomena by means of changing both
the membrane composition and the bathing media of
certain model membrane systems.

The study of cell membranes by the use of model
systems provides certain advantages over the study of
intact heterogeneoug membranes. The gystems can be
made chemically and structurally homogeneous. NMany
variableg can be controlled so that the resulting inter-
actions can be assessed in relation to specific changes,
Information gained on the nature of these interactions
can be used to offer explanations for the behaviour of
real membranes.

The liquid crystals formed when lipid is
mixed with water are some of the model systems often
used for membrane studles., These liquid crystals have
been known for a long time, to the investigators in
the soap and detergent field. Much of the work in this
area was done by MeBain and his school (1924, 1925),
The first analysis by x-ray diffraction of soap mesgo=-
phases was done by Stauff (1939) and by Kiessig and
Philippoff (1939)., ILiquid crystals obtained with

vhogpholipids in the presence of water were examined
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by x=-ray analysis in 1941 by Schmitt et al. Nore
recently, Iuzzati et al (1962, 1968) defined the
structure of different mesophases with more precision, They
described the phases formed by various lipids in
water and expanded these studies to lipid-protein
systems, It was formerly thought that in the lipid-
protein gystems, only lamellar structures of the Davson-
Danielli type would be encountered. Iuzzati, however,
discovered that many new phases appeared in the presence
of proteins. This is a strong indication that such
polymorphism could occur in real membrane structures,
Other methods used to study liquid crystals are
nuclear magnetic resonance, electron spin resonance,
flourescent probes, and electron microscopy. In this
study, the technique of x-ray diffraction has been used
exclusively. In the first part, a lecithin water system
has been used as a model system for studying the forces
involved in cell contact behaviour. In the second part,
a poly-l-lysine, lecithin, phosphatidyl inosgitol system

was used to study lipid-protein interactions,



B I

Part 1

INTRODUCTION

There are two general viewpoints regarding the
nature of cellular adhesion. In one, it is thought that
cells adhere through intercellular bonding by "cementing"
substances. Proteins or glycoproteins on adjacent surfaces
are thought to bond together in a "lock and key", (or
enzyme-subetrate), fashion. In the other, cells are
viewed as rather large colloid particles where long range
physical forces determine the contact interactions (Gingell,
1973). 1In the latter interpretation, it is not necessary
for the cell surfaces to be in molecular contact in order
to interact. A general theory on the stability of lyo-
phobic colloids has been developed by Verwey and Overbeek
(1948), This theory can be used as a basis for rational-
izing the interactions occuring in 1lipid liquid crystal
systems.

In the structures formed by amphiphilic substances
such as lipids, the molecules arrange themselves such that
the hydrophilic head groups form an interface with the
water, One of the most common phases formed in such
systemg is the lamellar phase. Here, planar, equidistant
lavers of amphiphilic molecules are separated by an

agqueous gap. The hydrophilic portions of the molecules
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are oriented towards the agueous layer while the hydro-
phobic portions, (usually hydrocarbon), are buried within
the interior. If the amphiphilic molecule has a single
terminal hydrophilic portion, the layer will be two
molecules in thickness, Such a layer is termed a bimol-
ecular leaflet., (See Fig. III). This is the type of
structure formed by the lipids investigated in this study.

In the case of ionizable lipids, the charges on
the head groups will cause an electrostatic potential to
be gset up at the interface., Counterions are attracted
to the interface and an electrical double layer is
established, TIn the first few angstroms of this layer,
the counter ions are absorbed into a compact region
called the Stern layer. In the next few hundred angstroms,
the counterions are loosely held and free to move., This
is called the Gouy-Chapman layer. A shear boundary exists
between these regions (Fig. VI). The electrostatic
potential at the shear boundary is called the Zeta poten-
tial., It falls off exponentially away from the interface
and varies ag the inverse of the dielectric constant of
the medium,

In addition to this repulsive force between layers
of head groups across the water space, there exists a Van
der Waals attractive force between adjacent layers., In
the case of lamellar structures the van der Waalg potential
varies roughly as the square of the inverse of the distance

between layers., Since the Zeta potential falls off expo-
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nentially, the attractive forces, provided they are large
enough, will become larger than the repulsive for large
distances, The sum of the attractive and repulsive poten-
tial gives an energy curve with three regions (Fig. V),
The primary minimum is caused by the strong Van der Waals
contact potential that exists between adjacent atoms.
It varies as the inverse of the sixth power between atoms.
The secondary minimum is caused by the longer range Van
der Waals attractive potential, When the secondary poten-
tial minimum is of greater magnitude than thermal energy,
(KT), dispersion formations will be stable,

Such systems can aiso be treated thermodynamically.
The uptake of water into a liquid crystal can be considered
"in terms of an osmotic force that is related to the chemi-
cal activity of the head groups (ILuzzati, 1968). Parsegian,
(1967) used a thermodynamic surface coefficient, & , to
analyze the uptake of water by egg lecithin., Such a treat-
ment is perhaps useful for lipids that contain no net
charge such as monoglycerides, Theoretically, osmotic
forces should be taken into account by a complete treatment
of all the electrodynamic interactions that arise within
the media (Parsegian, 1970).

It is thought that such analyses can be used to
explain cell-cell interactions, Weiss (1967) stated
"All cells from vertebrates so far examined carry a net
negative surface charge. Contact interactions between

such cells may be usefully considered in terms of balance
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Fig, V. Potential energy curve of the type that
would describe the interaction of two
gimilarily charged membranes across a
planar gap. (redrawn from Kavanau, in
'Structure and Function in Biological
Membrane', Holden-Day, San Francisco,

1965)

Fig., VI.Diagrammatic representation of the potential
energy as a function of the distance from
the interface for a planar electrical
double-layer (redrawn from Kavanau, in,
*Structure and Function in Biological Mem-

branes', Holden=-Day, San Francisco, 1965)
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of electrogtatic repulsion and attractive interactions
of the London Van der Waals type."” He explained the
strong and weak adhesions to glass exhibited by two
different cell cultures in terms of the primary and
secondary minima in the potential energy curve. The
100-200 angstrom spaces, often shown between membranes
of different cells in electron micrographs (Johnson,
1970), supposedly depend on the position and depth of
the secondary minimum,

In order to gain a deeper insight into cell
contact behaviour it is worthwhile to look, briefly,
at the Van der Waals force in more detail. Van der
Waals forces arise from transient electrical polarization
due to distortions of electron clouds, molecular dis-
tortion and molecular orientation. Estimates of dis-
persion energies have been made in the past using the
London theory (Verwey and Overbeek, 1948), It contains
some assumptions such as the pairwise additivity of in-
dividual interatomic interactions that can lead to quite
erroneous results for condensed systems, (Ones where
the range of strong interactions exceeds the distance
between atomic centres). E, M. Lifshitz (1955, 1960),
developed a theory that treats the material involved as
a continuum, and analyzes the fields that can arise
within the system. Parsegian and Ninham, (1970), have
been able to apply this theory to consider the interaction

energieg arising in hydrocarbon films in aqueous media,
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and other systems of biological significance. This
theory is briefly summarized as follows,

The electric field of a certain frequency ()
that arises in a medium in response to an applied fieid
of the same frequency, 1s characterized by the bulk
dielectric susceptibility €(W). Interaction energies
that arise in systems of two or more media will depend on
their dielectric susceptibilities €(W) and on the distance
between the media., The specific interaction . energy that
exists between two semi-infinite regions of material "1"
separated by a small planar gap, of width 1, filled with

a second medium "2" is:

B = € (i$)- 6 (1)]7?
161r12f [é. (L$)+ €. (05) d 3+

(This is the leading term.)

2mmA is Planck'sconstant and €q(i§) and €5(i §) are
the dielectric susceptibilities of the media evaluated on
the complex frequency (w= i §) plane. The energy varies
as the square of the inverse of the distance and is there-
fore long range. It is also sensitive to the difference
in the dielectric susceptibilities of the media. In order
to evaluate this energy it is necessary to have data on
the variation of dielectric constant with frequency.

The dielectric susceptibility of polar molecules
such as water changes from microwave to infared frequen-

cies, due to Debye relaxation, and from infrared to mid
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ultra vinlet, due to Lorentz =lectron dispersion. At very

high frequencies, the dielectric susceptibility has a

limiting value that depends or the weight density of the
material., The dielectric susceptibility at optical
frequencies can be found from the square of the refrac-

2 | .
“ and € have heen used interchangeably

tive index., (n
henceforth, )
During Debye relaxation the molecules become .
randomly disoriented from the action of Brownian movement.
These disorientations can be characterized by a molecular

“ i ® ™ - .
reorientation time U . When the frequency of the signal

D

ig of the order %Z or greater, the moleculeg are no longer
able to follow, and the dielectric constant decreases,
This relaxation continues at higher frequencies, but at
certain frequencies the electrons become excited and under-
go damped harmonic oscillations, These oscillationg can
be characterized by absorption lineg in the ultraviolet
and infrared spectra of the molecules., (Bleaney and
Bleaney, 1962)

Parsegian and Ninham (1970) were able to choose
a function to describe the general behaviour of the die-
lectric susceptibility as a function of frequency. By
combining spectral data with various simplifying assump-
tiong they were able to use thigs function to calculate
the Van der Waals force for certain systems.

One important feature that arisegs from this treat-

ment involves the fact that at high frequencies, the
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dielectric susceptibility of biological moleculesg will

all be near the same value, Since the Van der Waals

force ig sensitive to the difference between the dielec-
tric susceptibility of the different media, small changes
in the susceptibility at high frequencies will result in
relatively large changes in the Van der Waals force, At
low frequencies, the dielectric susceptibility of water

is aprroximately eighty. At optical frequencies, it has
decreased to a value of 1,78, The dielectric susceptibil-
ity of hydrocarbon, on the other hand remains essentially
constant from zero frequency into the optical region,with
a value of 2,0, It is only at higher frequencies when the
values of €w and ehc’ (w is the subscript for water, hc
for hydrocarbon), begin to converge, that the dispersion
energy becomes sensgitive to thesge values.

Parsegian and Ninham (1969), have calculated the
the interaction energy for three parallel films of hydro-
carbon separated by aqueous layers. They have investi-
gated how the energy changes as the refractive index of
the water (nw), increases. A 3% change in n, can change
the dispersion energy by 20 - 30%,

Earlier Parsegian and Ninham (1969) calculated
the dispersion energy for two semi infinite media of
water separatedby a planar slabof hydrocarbon, for two
different values of the refractive index of hydrocarbon
(Fig, VII). It can be seen that it is mainly the ultra

violet component of the dispersion energy that decreases




Van der Waals energies for a planar
slab of hydrocarbon immersed in water,
for two different values of the refrac--
tive index of hydrocarbon, (redrawn
from Parsegian and WNinham, Biophys. J.

10: 646, 1970)
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as nw2 approaches nhpz. Thig illustrates the sensitivity

of the energy to the high frequency dielectric suscepti-

bility.

The Lecithin Lamellar Phase

The lecithin water system used here, for the
study of force stabilization is well known, Lecithin
is a major lipid component of many biological membranes
(Korn, 1966). Reiss = Husson (1967), showed that lecithin
in water formed a lamellar liquid crystalline phase over
a wide range of temperature and concentration, (Fig, X).

The dependence of the lamellar spacing on the
water concentration is of particular interest. As more
water is introduced into the liquid crystal, the layers
move apart and become thinner. At a certain point, the
lavers come to a maximal distance of separation (about
22 X). Past this point added water is excluded from +he
crystal and remains as a separate phase,

Attempts have been made to explain this behaviour
by considering the forces of interaction that arise
between lipid leaflets. Lecithin is a neutral, zwitter-
ionic molecule (Fig, VITI). It is debatable whether there
will exist a repulgive potential between layers similar
to that of the Zeta potential of ionizable lipids.

Parsegian (1967) was able to develop an internally
consistent theory for the forces between bimolecular egg

lecithin leaflets, by congidering the —CHZ—CHz-N+~(CH3)3
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group as a free counter ion to the phosphate group.
Another view that could be taken is that a
repulsive potential between leaflets could be described
in terms of a dipole field that arises from the two
charged groups on each of the lecithin molecules, Frie-
denburg et al, (1966), using an idealized model consisting
of a circular leaflet whose surface was studded at regu-
lar intervals with point dipoles, calculated the repulsive
votential that could be expected to arise from a single
egg lecithin leaflet. In order to carry out the calcula-
tiong, they used an average value for the dipole moment
of a lecithin molecule and for the surface area occupied
by a single polar group of the molecule, They found that
the renulsive energy for a sheet of infinite radiuvs
decreased as the inverse of the distance away from the
sheet, (The Zeta potential on the other hand, decreases
exponentially in a direction away from the surface of a
sheet.) TFor finite radii, the energy decreased rapidly

at distances larger than the radius of the sheet.

Hanai, Haydon, and Taylor, (1965), from their
electrokinetic results with myelin figureg of lecithin,
concluded that the dipoles at the surface of the bilayer
were coplanar with the surface, and that the repulsive
potential was negligible, Parsegian (1967), however,
carried out some calculations involving the free energy
of formation that showed a repulsive potential exists

between lecithin bilayers in the lamellar liquid crystal




Fig, VIII., Diagrammatic representations of the
phospholipid molecules, phosphatidyl
choline (lecithin) and phosphatidyl

inogitol (PI).
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IX, Phasge diagram for monocaprin in water

(redrawn from lLarsson, Phys., Chem,

561 173, 1967)

(redrawn from Reiss-Husson,
Biol, 25: 363, 1967)
L. - lamellar

C.D, - colloidal dispersion

G - crystalline chaing
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X. Phase diagram for lecithin in water
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structure, and that this potential was responsible for
the thinning of the bilayer as the water concentration
increased, Shah and Shalman (1965), using an ionizing
air electrode measured the surface potential of a
lecithin monolayer to be 240 millivolts. Although the
explicit formulation remains in doubt, if is now
generally accepted that a repulsive potential does
exist between lecithin bimolecular leaflets.

In addition to this rerulsive force, the Van
der Waals attractive forece is also azting in the leci-
thin water system, (Parsegian, 1970). The point where
the layers become maximally swelled is presumeably the
point at which attractive Van der Waals foreces balance
the repulegive. At greater distances of separation the
attractive forces become stronger and the leaflets
cannot move further apart. This point is described by
the secondary minimum in the potential energy diagram
(Fig, V). The crystal parameters, ie., the distance of
separation and the thickness of the leaflets, (Fig, IIT),
at water concentrations less than that at which the maxi=-
mum separation occurs, will also be dependent on the net
force between layers., This force, for d less than d
maximally swelled, will be repulsive, ie., the electro-
static repulsive forces will he greater than the Van der
Waals attractive.

Gulik=-Krzywicki (1969) tested this theory of

force balance by solubilizing small amounts of charged




detergent in the 1lipid of an egg lecithin liquid crystal,
He found that the 1lipid layers moved further avpart with
increasing charge addition, if nrovided with sufficient
water, At distances as great as 200 angstroms, the Van
der Waals force was still strong enough to prevent
further swelling., Past this point added water appears
as a separate phase, This experiment provides good

evidence of the long range nature of the attractive

potential,

The Monocanrin lamellar Phase

In addition to charged lipids, monoglycerides
are known to form lamellar phases in water. (Jarsson,
1967, Tutton, 1965). The ten carbon chain monoglycer-

ide, monocaprin, was briefly investigated in this present

0]

study., It forms a Jamellar phase over the water concen-
tration range of 5 to 45 per cent and over the tempera-
ture rangze of 40 to 100°¢, (Fig., 1X). At high water
concentrations monocaprin goes into a dispersion phase
where the lamellar liquid crystals become so small as to

give poor di

f)s}

ffraction patterns. This behaviour is unlike

ct

hat of lecithin in which the lamellar phase remains in
equilibrium with excess water, (lLarsson, 1967), Mono-
canrin was chosen gince, of the monoglycerides, it avpears
to form a gtable lamellar phase over the greatest rance

of concentration and temperature,
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Plan of Part T

Tn part I, first the lipid layer of the lecithin
liguid crystal was changed by the addition of small
amounts of charged 1lipid, This was done in order to
change the repulsive interactions between leaflets.,
Second, the dielectric susceptibility of the agueous
layer, (bathing medium), of egg lecithin samples was
changed, by the addition of glucose, sucrose, and dex-
tran., Thisg was done in order to change the attractive
interactions between leaflets. Sucrose solution was
also added to monocaprin so that dielectric interactions
could be studied for an amphiphilic molecule that carries

no formal charge.
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MATERIALS AND METHODS

Lecithin must be carefully handled since it will
oxidize when exposed to air., It is also quite hydro-
scopic. Completely dry lecithin will absorb up to 30%
water by weight from the air, over a period of several
hours. The lipid was checked for breakdown products
periodically by using thin layer chromatography., It

was stored at =-20°C and kept under nitrogen,

Addition of Charged Lipid to Pig-=liver Lecithin

Varying amounts of stearyltrimethylammonium
bromide, (CTAB), (Pfaltz and Bauer Inc.) was added to
pig-liver lecithin, (Secondary Research Laboratories).

5 , 7, 9, and 11 mole per cent CTAB in lecithin mix-
fures were prepared by addition of CTAB in chloroform

to lecithin in chloroform, The resulting mixtures were
partially dried on a rotary evaporator and finally dried
in vacuo. Water was added gravimetrically to approxi-
mately 25 milligram sampleg of the lecithin - CTAB mix-
tures to obtain the desired weight per cent 1lipid,

These samples were allowed to come to equilibrium over
a period of forty-eight hours and were then placed in
x=-ray sample holders. Before mounting the samples were
reweighed to test that they had not dried on standing.,

A series of samples with 0% CTAB were also prepared as a

control.,
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Changings the Interbilaver Svace

Sucrogse solutions were ugsed to change the dielec-
tric congtent of the water layer of the lecithin liquid
crystal, The »pnig-~liver lecithin, water system used

e

previously, proved less than satisfactory, so egg

g lecithin
was used henceforth, The egg lecithin was extracted
from fresh eges, following the procedure of W. S, Single-
ton et 2l,, (19A5), Ultrapure sucrose was obtained from
Swartz Bioresearch.

Sucrosge solutions of varying concentrations were

added gravimetrically to the 1linid in sufficient amounts

to cause each samnle to be maximally swelled and to he

fde

n equilibrium with excess solution., The average concen-
tration of the samples was fifty per cent egg lecithin by
weight, Unfortunately, the x-ray pictures revealed that
the samnles prepared in this way reached equilibrium very
slowly and often remained dis-
ordered. WNo meaningful measurements could be ftaken from
the films so the preparation procedures were changed,

Tt was noticed that drier samples, in the concen-
tration range where the single lamellar phase occurs,
avpeared to be well ordered. Consecuently, a series of
samples were prenared at anvroximately 70% lipid by weight
The per cent suecrose of the aqueous layer was increased
from 0 to 60% by weight,

Ioater it was realized that becavse of the density

differences in the sugar solutions, this last series gave



lamellar phases with different separations of the bimol=-
ecular leaflet. Hence, it would be better to mix the
solutiong to constant volume fraction of lipid rather

than constant weight per cent. Another series, analagous
to the fivrst, was prepared at as close to .72 volume frac-
tion of linid as possible,

In addition to these samples, several series
were prepared gravimetricallyg at constant sucrose
concentrations and varying egg lecithin concentration.
Series from 95 to 50% egg lecithin using 0, 20, 30, 40,
and 50% sucrose solutions were prepared,

In order to studyanother lipid of simpler head
group than lecithin, monocaprin was used. A series of
control samples with 0% sucrose, varying per cent mono=-
caprin, and a series using 40% sucrose, varying per cent
monocanrin, were prepared,

After some experimentation, a method was devised
where the egg lecithin samples in excess sucrose solutions
could be brought to equilibrium. Mixtures of egg lecithin
in sucrose solutions were sonicated, for thirty seconds,
at 1/3 maximal power on a Biosonik III sonicator. This
procedure produced well dispersed suspensions of egg
lecithin in the solutions. The samples were than centri-

fuged at 160 thousand g for one and one half hours. The

ct

lipid accumulated either on the top, or the bottom of
tubes, depending on the dengity of the =ucrose solutions,

and could then be pipetted into x-ray ecample holders,
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Samples of egge lecithin in excess DT glucose

¥

(BDH dextrose) and dextran (RDH M,W, 200,000 to 275,000)
solutions were prepared in the same way.

rier samples of egg lecithin in dextran solution

Somd

were also prepared. The dextran concentration was kept
constant and the per cent egg lecithin was varied. Four,
16 and 30% dextran solutions were used in which the vol-
ume fraction of egg lecithin was varied from ,9 to .4,

The density of the 4, 16 and 30% dextran solutions,
need for the calculations of the lipid leaflet thickness,
was determined experimentally by pycnometry.

The refractive index of the dextran was measured
experimentally using an Abbe refractometer. The instru-
ment was calibrated with liquids of known refractive
index; acetone, chloroform, methancl, distilled water,
and n decane,

In the above experiments, care was taken to prepare
the control samples  from the gsame lipid fraction and
on the same day,as the test samples.,

In orcer to test whether the effect of the sugar
on the crystal spacing was reversible, an experiment was
performed with the centrifugesd samples., X-ray sample
holders containg lipid in dextran, glucoge and sucrose,

were opened, and the contents were pipetted into centri-

‘.._Ic

fuge tubesg Filled with distilled water. The 1lipid was
gently mixed, recentrifuged, remounted and the x-ray

pictures were retaken.



X-ray Diffraction Studies

For the x-ray diffraction studies reported here,
aGuinier camera operating in vacuo was used, The copper
k,i lire (wave length 1,540 K) was isolated by a bent
quartz crystal monochromator and was slit collimated,

The samples were sealed between mica windows approximately
one millimeter apart and the temperature was controlled,

Due to their short wavelength, x-rays can be
used to investigate orders on an atomic scale. Bragg
interpreted scattering from crystals in terms of reflec-
tions off the various crystal planes. The scattered
rays will interfere with one another forming a patfern
that ig related to the crystal lattice., The Bragg
relation nA = 24 siné@, gives the condition for con-
structive interference for rays scattered at an angle
8, from a set of planes a distance d apart, (See Fig, XI).
X-ray scattering from powdered crystal samples, ie., ones
in which many tiny crystal fragments are randomly
oriented such that all angles, 8, are represented, will
result in a series of arcs or circles on the x-ray film,
From the spacing and spacing ratios of these arcs, the
dimensions and the type of unit cell can be determined,
Since the sampleg used in this study are unoriented,
they give a powder type x-ray pattern,

In the lamellar liguid crystals formed in the
lecithin water system, there is long range order between

the lipid leaflets and short range disorder among the




Illustration of the Bragg scattering
condition. Reflection of an x-ray
beam from a2 sgeries of planes passing
through the lattice points of a

crystal.

O -~ angle of incidence of the beam on the
crystal planes

d - repeat distance between planes
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molecules within the leaflet. (There is some degree

of order among the hydrocarbon tails of the lipid.) These
structures are esgentially one dimensional crystals in
that they are ordered in one direction, ie., all the leaf-
lets are equidistant, (Fig, IIT). 1In this simple case,

the dimensions of the lamellar repeat distance d can be

|

found from Bragg's law, n A = 2d sin 8, where 2 6 = = ,
1 is the distance between the arcs on the x-ray film and
r is the distance from the sample to the film, n =1, 2,
3 is the order of diffraction corresponding to the first,
second and third lines on the film, A typical x-ray film
of the lecithin liquid crystal is shown in Figure XIT,

The low angle lines give the repeat distance d. A
broad high angle band, (not shown), corresponding to a
L,s ﬁ ordering is caused by scattering from the disordered
hydrocarbon tails of the lipid. The broadness of the
band indicates that the chains are in thermal motion or
"melted". At low temperatures the chains crystallize

and true diffraction lines appear on the film, correspond-

ing to the side packing of the chains.

X-ray Structural Determinations

To determine the molecular packing within the
unit cell of complex structures, a method involving phase
determination and Fourier transformation of the scattered
rays is often used. The structures formed in this study
are simple enough that the molecular packing can be

deduced from the known concentration and the chemical




Photographs of x-ray films showing
interference natterns from Jlipid-

water samples,

1. egg lecithin centrifuged in
distilled water
2, egg lecithin centrifuged in

20% dextran solution
3. egg lecithin centrifuged in

20% sucrose solution
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nature of the comvnonent molecules, (Luzzati, 1968).

The lecithin liquid crystal consists of alter-
nating layers of lipid and water. The thickness of
the lipid layer is called d1 and the water layer, dw'
Within the lamellar repeat distance d, water and lipid
must be packed in proportion to their respective volume
concentrations ¢]’amd. ¢w (Fig, XIIT). These in turn
are determined by the weight concentration of the

components ¢, and c (cl toc, = 1) and their partial

specific volumes J and (.

Thus dy = f,d

!

: c
where }él = lurl

clAfi + CW w

+ 4 .

and d = dl "

The change in d, dl’ and dw under various
conditionsg is of interest in this study.
Note: The measurements for the data points on the
graphs were taken from x-ray films of single samples
prepared in a single experiment. Previous to the experiments

preliminary investigations were carried out to
establish the most suitable concentration ranges to

be used.



RESULTS AND TNTERPRETATIONS

Addition of Charged ILinid to Pig-liver Lecithin

(1) Pig-liver lecithin in distilled watér

The results for the structural parameters d, dl'
and dw of the liquid crystal formed when distilled water
is added to lecithin are presented in Table I and Figures

XIV and XV, The data is expressed ag a function of the

0]

ner cent lipid in the samples. The values for d, given

in Table I, begin at a minimum of 44,7 A at 90% lecithin
and rise to a value of 49 K at 20% lecithin., The curve
labelled 0% CTAB, in Figure XIV, illustrates that there
is no sharp transition to a maximally swelled value for
d,

The values Tor d4 (Table I) Dbegin at 40,2 R at
90% lecithin and decrease to 30.3 & at 50% lecithin,

The values for 4 (Table 1), rise from 4,5 A at 90%

w'
lecithin to 30 A at 50% lecithin, No values for d; and
d, at concentrations less than 50% lecithin are given
gsince it is uncertain whether or not there is excess
water present in the samples, These results are illu-
strated graphically in Tigure XIV. The results for npig-
liver lecithin in distilled water serve as a control for
the samples to which CTADB has been added,

(2) Pig=liver lecithin containing 5% CTAB

The values = for d, di, and d vplotted against

rer cent




Fig, XTIV,

Curves illustrating the denendence of

d, dl, and 4" on volume fraction of
lipid for pig-liver lecithin in dis-
tilled water and pig-liver lecithin - 5%

CTAB in dietilled water

® »nig-liver lecithin in distilled water

A nig-liver lecithin - 5% CTAB in dig=-

tilled water
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Fig, XV,

Curves illustrating the dependence of
the lamellar reveat distance, d, on
the volume fraction of lipid for lscie

thin containing varying amounts of

CTAB,
] Egg lecithin in distilled water

a Pig-liver lecithin in distilled
water
A Pig-liver lecithin - 5 mole ver
cent CTAB in distilled water
7%+ Pig-liver lecithin = 7 mole per
cent CTAB in distilled water
9%+ Pig~liver lecithin -~ 9 mole per
cent CTAR in distilled water
11%+ Pig-liver lecithin - 11 mole

ner cent CTAB in distilled water
O Gulik-Kryzwicki's results for

égg lecithin in distilleéd water

and egg lecithin~6 and 8% ctab in

distilled water
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lecithin containg 5% CTAD are given in Figures XIV and
XV and Table IT., The values for d, begin at 42,4 A at
90% lecithin and rise to a value of about 76 X at 37%
lecithin., Figure XV shows that the value for d at 37%
lecithin is not necessarily maximal, It represents an
increage of about 7 R over the maximal wvalue of the
control,

The values for dq (Table II) begin at 38.2 X at
90% lecithin and decrease to about 28 A at 37% lecithin.
The values for d,, (Table II), rise from 4,2 Z at 90%
lecithin to about 48 K at 37% lecithin. Figure XIV shows
that these values are very nearly the same as those for
the control., The results indicate that the increage in
the maximal value for 4 (76 A), over that of the control,
is due to an increase in d,, rather than dye.
(3) Pig=-liver lecithin in excess containing varying

amounts of CTASB

These samples were very poorly eguilibrated. The
lines on the x-ray film eitherdisplayed agradient or were
very broad, Consequently, the svacings had to be estimated.
The values for lecithin containing 7, 9, and 11 mole per
cent CTAB are given in Table TII and Figure XV, These
values inecreased steadily as the mole per cent CTAB wag
increased., At 11% CTAB, d has increased by about 33 K
over that of the maximal value for the control,
() Beg lecithin in distilled water

Results from experiments by Gulik-Kryzwicki with
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egg lecithin and CTAB are shown in Figure XV, In the
control curve for esgg lecithin (containing 0% CTAB),
d rises from a value of 50 A at 90% lecithin to 64 R
at 60% lecithin, At this point there is a sharp
transition., For lower lecithin concentrations d
remaing at 64 A and the added water appears as a sep-
arate phase. The two values of d that are above the
maximal value for the control represent egg lecithin
ontaining 6 and 8% CTAB by weight,

Control samples were also prepared from egg
lecithin extracted in the laboratory. The results for
these given in Table IV, and Figures XV and XVI, are
quantitatively the same as those of Gulik-Kryzwicki,
The values for d rise to a maximum of 62,5 A at 56%
egg lecithin., At lower lecithin concentrations d
remains constant and added water appears as a separate
phase. The curve for egg lecithin shown in Figure XV
should be compared to that for pig-liver lecithin shown
in the same figure., The curves for pig-liver lecithin
are clearly not as sharply defined as those for egg
lecithin,

(5) Interpretation

The results obtained with pig=liver lecithin
are generally the same as those of Gulik-Kryzwicki
(1968) and are consistent with the idea of changing
force balance between the lipid layers, As the charge

on the layers increase, they move further apart if



orovided with excess water. The force balance would be
expected to change with added charge on the lipid leaflet
in the drier samples as well asg those 1in excess. The
fact that the thicknesses, dl and dw, do not change

could be exnlained by the fact that the system is con-
strained by the linited amount of water present.

Although the results with pig-liver lecithin were
guantitatively in agreement with those with egg lecithin,
some difficulties were encountered with the pnig-liver
lecithin system. The wetter samples were in poor equil-
ibrium and there was no sharp transition to a constant
value of d for sampleg in excess water. The equilibrium
problems could perhaps be explained by the fact that pig-
liver lecithin has a higher degree of unsaturation in the
hydrocarbon tails (Gulik-Kryzwicki, private communication)
than egg lecithin, This means that the tails of the pig
liver lecithin molecules will be shorter than the tails of
the saturated CTAB moleculesg even though they have on the
average, the same number of carbon atoms, The longer
tails of the CTAB may disrupt the molecular packing
arrangements introducing disorder into the system, This
effect would be greater the higher the concentration of
CTABsconsistent with the observation that the lines on
the x-ray pictures for the 9 and 11 per cent swollen
samples were broader than those for the 3 and 5 per cent,
At 3 ver cent CTAB there are 32 molecules of lipid per

molecule of CTAB, At 11 per cent, there are 8,
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Curves illustrating the devendence of
d, d; and d_ on volume fraction of

lipid for egg lecithin in distilled

water,
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Since the results for egg lecithin extracted in
the laboratory were more satisfactory than for pig-liver
lecithin, it was decided to use the egg lecithin for

further studies.

.

Changing the Interbilaver Space

= >

A) Experiments with Sucrose and Glucose
(1) Samples prepared gravimetrically

The data for the samples prepared gravimetrically
to constant weight per cent egg lecithin (70%) are given
in Table V. The per cent sucrose in the agueocus solutions
uged, ranges from 0 to 60%. On the x-ray film Ffor the
sample containing 60% sucrose solution, appear a series
of many sharp lines indicating the presgence of crystalline
sucrose,

The data for the samples prepared gravimetrically
to constant volume fraction (.72) ege lecithin are
presented in Table VI and Figure XVII. The per cent su-
crose ranges from 0 to 65%, X=-ray films for the samples
containing 55, 60 and 65 per cent sucrose solution indi-
cate the presence of crystalline sucrose. The straight
lines in Figure XVII indicate that, except for the
gample containing 50% sucrose, neither d nor a4 have
changed with added sucrose. At 50% sucrose d and dl
have appeared to decrease. In the samples where crystal-
line sucrose has appeared, no attempt has been made to

calculate d1 gince the concentration of the lamellar




Curve illustrating the dependence of
d and dl on the percentage of sucrose
in the agueous layer of the liquid
crystal. The volume fraction of

1lipid in the samples remains constant
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phase is no longer known,

Data for samples in which the volume fraction
of lecithin has been changed, and the vper cent sucrose
solution, kept constant at 30%, hasbeen presented in
Table VIII and Figure XVIII, The data for the control
samples containg 0% sucrose has been shown in Table VIT
and the same figure, DNata for samples in which the
volume fraction of lecithin has heen changed and the
ver cent sucrose kept constant at 22, 40, and 50%
has been given in Tables X, XI, and XII respectively.
The data for the control samples for these three sucrose
concaentrationie hag heen given in table IX, The results
from thege experiments have been combined and illustrated

n Pigure XIX, PFiguregs XVIIT and XIX show that until

Lde

50% sucrose solution, neither d nor d; have changed as
the volume fraction of lecithin changes from about ,90 to

the point where sucrose solution is in excess, At 50%

&}

sucrose, dl begins to decrease. The sucrose, however,
only remains in sgolution for the wetter samples. At
volume fractions of egg lecithin higher than .75, lines
corresponding to crystalline sucrose appear on the x-ray
film,
(2) Sampnles prepared by centrifugation

Lecithin samples that are in equilibrium with
excess glucose and sucrose golution have been nrepared
by centrifugation., Data for samples centrifuged in

sucrose solutiong ranging from 0 to 50% by weight are



g
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XVITII. Curves illustrating the devendence

of d and d, on the volume fraction

1
of 1ipid for egg lecithin in distilled

water and in 30% sucrose solution.,

0% sucrose solution

\a

@ Egg lecithin in
0 Egg lecithin in disgtilled water

(control curve)
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Fig, XIX, Curve illustrating the dependence of
d and dy on volume fraction of lipid
for egg lecithin in distilled water,
and in 22%, LO0%, and 50% sucrose

solution,

@ cgg lecithin in distilled water
(control curve)

A egg lecithin in 22% sucrose solution

0O egg lecithin in 40% sucrose solution

O egg lecithin in 50% sucrose solution
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given in Table XVIIT, Data for samples centrifuged in
slucose solutions ranging from 0 to 40% are given in
Table XIX. The behaviour of this data is illustrated
in Figure XX. The values for d for the samples centri-

e . ”~ 4 -
fuged in sucrose begin at 62,5 A at 0% sucrose and rise

ct

to a maximum of 68.5 A at 25% sucrose. Past this poin
d declines steadily. By 50% sucrose d has decreased to
58,7 K. The valueg for d for the samples centrifuged

in glucose behave in a similar manner. At 22% glucose

d, has reached a maximum of 68 A. By 40% glucose 4 has
decreased to a value of 58.7 A.

The lines on the x-ray films for the samples
containing glucose and sucrose prepared by centrifugation
are quite broad in comparison to the drier samples con-
taining sucrose that have been nrepared gravimetrically.
The spacing between lineg for the centrifuged samples,
however, could be measured with nearly the same accuracy
as those for the gravimetric samvles, (ie. i .5 ).

Samples of egg lecithin that had yellowed,
probably oxidized, were centrifuged in sucrose solutions,
The results were compared with those from samples centri-
fuged with »nure, freshly isolated lecithin. The data
for the samnles is given in Table XXI and Figure XXTI,
There is clearly a change in the repeat distance d as a
function of the per cent sucrose as the lecithin ages.

The gamples centrifuged in sucroge, glucosge, and

dextran that were opened and recentrifuged in distilled



Curves illustrating the dependence of

d on the percentage of glucoge, sucrose
and dextran in the aqueous layer of the
egg lecithin liguid crystal, All samples
have becn centrifuged in the sugar
solutions such that they are in equil~

ibrium with excesgs solution,

® egg lecithin centrifuged in glucose
solutions ?

A egg lecithin centrifuged in sucrose |
golutions

O egg lecithin centrifuged in dextran

solutions
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Curves illustrating the dependence of
d on the ver cent sucrose for samples
of "fresh" egg lecithin and "aged"
egg lecithin centrifuged in sucrose
solutions,

a

O "aged" egg lecithin centrifuged

g L]

fute
o

sucrose gsolutions
A "fresh" egg lecithin centrifuged in

sucrose solutions
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water displayed the same lamellar repeat as control
samples of egg lecithin centrifuged in distilled water,
(3) Interpretation for samples prevared gravimetrically

The data for sampleg prepared gravimetrically
to lese than excess sucrose concentration shows that
until very high sucrose concentrations, dl does not
change with added sucrose over the entire range of ¢1
(volume fraction of lecithin). This would indicate
that any change in d, for the samples in excess is
attributable to a change in dw rather than d_.

At high svcrose concentrations, dl appears to
decrease from that of distilled water, A% these con-
centrations crystalline sucrose appears in many samples,
Thig could be explained by the following argument., As
the sucrose concentration increases, the amount of water
available,decreases, As this happens the lipid and sugar
will compete for the remaining water in the samples., VWhen
the water becomes sufficiently scarce, sucrose begins to
crystallize., Thig effect is analogous to the phenomenon
called "salting out", where the addition of an electrolyte
to a solution will decrease the solubility of a neutral
solute, (W. J. Moore in "Physical Chemistry"). The crystal-
lization could perhaps account for the apparent decrease
in d;. It is pogsible that, in the samples where a,
decreases, there are tiny crystals of sucrose that are of
insufficient density to scatter the x-ray beam appreciably,

The x-ray films then would not, indicate the presence of



Pig., XXII., Curves illustrating the dependence of
d, dy and dw on the volume fraction

of lipid for egg lecithin in 0, 4,

and 16% dextran solutions.

® cgg lecithin in distilled water
(control curve)

A egg lecithin in 4% dextran solution

o

egg lecithin in 16% dextran solution
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the crystals, Since the crystals would not be in the

d d, for the lecithin lamallae

5

lamellar phase, both ¢ :

would be calculated to be lower than actual,

(4) Interpretation for samples prepared by centrifugation
In the samples that have been centrifuged such

that they are in excess sugar solution, the values for

d are observed to rise, reach a maximum, and then decrease

as the glucose or sucrose concentration increases., In

order to explain this behaviour, the forces of stabili-

{

zation between the lamallae of the lecithin liquid crystal
can be congidered., Glucogse and sucrose are neutral mole-
cules and will introduce no charge into the syvstem. The
static dielectric constant for solutionsg of each decrease
only slightly as sugar concentration increases (Valmberg

and Maryott, 1950), Addition of sugar, therefore, should

have 1little effect on the repulsive forces between lamallae,

The Van der VWaals attractive forces, however, can be
expected to change with added sugar, according to the
predictions of Parsegian and Ninham, The key to the
exvlanation of this change lies in the dielectric beha-
viour of sucroge solutiong (or glucose). As indicated

in Table XXIV, the refractive index and thus the high
frequency dielectric susceptibility, ( € = ng), increases
with increasing sucrose concentrations, This change

should affect the Van der Waals force which is sensitive

to small changes in dielectric susceptibility at higl
freaguencies, As the dielectric suscentibility of



sucrose solution increases, it will begin to aonroach

the dielectric susceptibility of the 1lipid which will

be approximately the same as that of hydrocarbon.
Recalling that the Van der Waals attractive force between
planar layers is proportional to ( 61 - 652)2, it is

clear that the attraction between lamellae will be
minimal when € 1lipid = &€ sucrose solution, The distance
bhetween lamellae, at this sucrose concentration, would
expected to be a maximum. . . The lamellar repeat distance

d, is maximal at 25% sucrose, Therafore, € _ at 25%

S

e

sucrose should ecual G}V ( €S at 25% sucrose = nsz = 1,88)
Past this point G‘S becomes greater than (;h and the Van
der Waals force begins to increase, In resnonse to this,
the lamellaec move closer together once more,

The optical frequency dielectric behaviour for
glucose solutiong as indicated in Table XXITI is almost
identical to that for sucrose, (Zerban and Vartin, 1944),
This would account for the fact that samples centrifuged
in glucose solutions hehave in a manner similar to those
centrifuged in sucrose,

It is not certzain whether or not the concentration
of the sucrose between the 1lipid layers is the same asg
the conceﬁtrainﬂ in the pool for the centrifuged samnles,
Le Fevre et al (1968) using a system in which lecithin

1 phase that forms an

e

micelles were dissolved in an o
interface with sucrose solution, found that the micelles

would eccumulate sucrose golution internally, of higher



concentration than in the bulk phase, The 1ecithim in
the - centrifuged samples could similarily "bind"
sucrose, Parsegian in a personal communication to R, P,
Rend showed, by taking the derivative of the Van der Waals
force with resvect to the number concentration of sucrose
molecules, Ns’ that there was an attraction between the
sugar molecules and the linid that approximates to

JE€ s J€ s

( - —=s2= , Th rivative = ig positi
(€4, €.) TN, The derivative g, s positive

s w3

and approximately nroportional to the molecular weight.

Parsegian's estimates, however, showed that attraction

]

would not he significant for small molecules such as
sucrose., According to Parsegian's predictions, then,
the 1linid samples centrifuged in sucrose would not be
exnected to "bind" sucrose,

The exveriments where sucrose, glucose and
dextran samples were recentrifuged in distilled water
indicates that the interactions are reversible, ie,,
dextran, glucose and sucrose are not complexing with the

livid in a strong interaction,

B) Experiments with Dextran
(1) Samples nrepared gravimetrically

The data for the samples nrevared gravimetrically
for samnles containing 0, 4 and 16 per cent dextran
solution are given in Tables XV, XVI, and XVII respectively,
This data has been illustrated in Figure XXIT., The cal-

culated values for the thickness of the lecithin leaflet,



dq, for both I and 16 ver cent dextran, are significantly
smaller than those of the control (0% dextran solution),
The minimum value of d, for the dextran samples, about
22 R, is 10 A lower than that of the control. The point
of maximal swelling has moved from .5 volume fraction in
the control to .35 with both & and 16% dextran. At 16
per cent dextran, at the point of maximal swelling, even
though the aqueous layer is thicker, the absolute value
of d is smaller than that of the control, The decrease
in d is accounted for by the large decrease in dye In
Figure XXII the values for d at the point of maximal
swelling, indicated by the dashed lines, have been taken
from the samples centrifuged in dextran solution,

Some samples were also prevared which contained
30% dextran solution. fn these samples, hard glassy
Jumps of dry dextran were evident. Unfortunately, dry
dextran is amorphous so it will not be evident in a
different pattern. At concentrations lower than 30%
it is imposgsible to tell whether or not the dextran

remaing - separate from the lecithin lamellar phase,.

(») Samples preparedby centrifugation
The data for lecithin samnles centrifuged in
dextran solutions is given in Table XX and Figure XX.

a7

Up to about 5% dextran, the values for d stay constant
or perhaps increase slightly. Past this point, d decreases
steadily. By 40% dextran solution, d has decreased by

about 8 A to a value of 55 55 Tt should be noted that the



x-ray photographs indicate that the centrifuged dextran
sampleg were more ordered than the sucrose. The dextran
samples gave up to three sharp lines on the x-ray film
while the sucrose samnles gave two broad lines. X-ray
photographs of lecithin centrifuged in distilled water,
sucrose solution, and dextran solution are shown in

Figure XTI,

(3) Dielectric and density data for dextran solutions
Data from the results of experiments determining
the density and refractive indices of dextran solutions

is given in Tables XXV and XXII., In each case, the values

Q

for dextran solutions are nearly identical to those for
sucrose of the same weight per cent, (Tables XXIV and XXVI)
The density data for dextran has been used to calculate
dl for the gravimetrically prepared samples. The dielectric
data (refractive indices) has been refered to in the inter=-

pretation of the results.

(4) Interpretation

a) Dielectric considerations

The results for the samples centrifuged in dextran
are more difficult to exnlain than the results for samples
centrifuged in sucrose. The refractive indices and thus,
the optical frequency dielectric behaviour of dextran
solutions has been shown to be nearly identical to that
of sucrose solutions, As a result, the attractive forces
across a dextran solution would be aporoximately the same

as across sucrose. The dextran samples would then be




expected to behave in the same way as the sucrose

4

samples. Since they do not, there must be some other
congliderations involved.

Pollack et al (1965) found that a 107 solution
of clinical dextran had a static dielectric constant of
483, Wnuk (versonal communication) found the dielectric
increment of dextran of molecular weight 500,000 to be
10.1, This means a 10% solution would have a static
dielectric constant of aovproximately 1000, It is gener-
ally accepted that there exists an electrostatic repulsive

force between lecithin lamallae although the exnlicit

Tormulation of this force remaing in doubt. (Shah and

k

Shulman, 1965, Friedenberg et al, 1966, Parsegian, 1967).
Such a repulsive force will vary as the inverse of the
dielectric constant of the medium between the lecithin
lamallae., Since this dielectric congtant increases greatly
with dextran, it would be expected that the repulgive forces
would decrease., The lecithih lamallae would be expected
to move closer together in response to such a decrease.
This effect may account for the fact that the lamellar
repeat distance, d, does not increase significantly over
the low range of dextran concentrations,

Another explanation for the behaviour of the

dextran samples may lie in the fact that the attractive

force,(€53- QY& "i%%ﬁu between the linid and dextran
s

moleculeg will be significant Tor the hiech molecular

welgnt dextran molecule, Parseglan's ecstimates show that



the liguid crystal should accumulate dextran from the pool

such that the actual concentration between layerswould he

3

higsher than bulk. The lamellar repeat distance, d, would

E...! -
o)

-

then be expected to begin decreasing at lower dextran con-

centrations than observed for the same sucrose or glucoge

e

concentrations, This ig in fact,

e}
O

bserved. Perhaps both
effects are in operation,

b) Dextran-water, lecithin-water, two phase system

Another nossible explanation for the behaviour
of the dextran samvles arises through steric considerations.
A svherical dextran molecule of molecular weight 250,000
would have a radius of 200 E, assuming a partial specific
volume of dextran of .82 c.c./g. (Polymer Handbook), The
lecithin bilayers are separated by an agueous space of only
about 25 Eg This is far too small to accomodate a svheri-
cal dextran molecule. Recause of the hydrophilic nature
of the 0-H  groups of the dextran, it is unlikely that the
dextran molecule will penetrate into the hydrocarbon
region of the bilaver., It could be then, that the dextran
does not enter into the lecithin phase, If this possibility
occurs then the external dextran and the lecithin will be
in osmotic comnetition for the water. As the dextran
golution becomes more concentrated, its chemical activity
will increasge, and water will be drawn away from the
lecithin, As this hanpens, dw will decrease and the
lamallae will move closer together, Since d doeg not

decreasge until about 8% dextran, it would apnear that



w5 -

untlil this point the dextran solution is not sufficiently
concentrated to have an effect,

Thisg simple explanation of the results would also
account for the fact that the samples centrifuged in dex-
tran are more ordered than thosgse centrifuged in sucrose,

ie., the dextran samples are as ordered as those in

gtilled water simply because only water appears between

joh
fudo

the bilayers.

In the samples prepared gravimetrically with
dextran, it ig difficult to accept that the large decrease
in ﬁl over that of the control samples is real, As in the
centrifuged samples there may be an equilibrated two phase
system, one of lecithin and water, and one of dextran and
water, In this case ¢J_amﬁ dl would be calculated to be
falsely low, It would appear then, that the two phase
system could be used to adegquately explain the results

for both the gravimetric and the centrifuged samnles, and

is therefore the most reasonable explanation of the results.

Addition of Sucrosgse to the Monocaprin Lamellar Bhase

The results from the monocaprin sucrose study
given in Figure XXIITand Table XIII, are rather incon-
clusive. There appears to be little change in d and dl
with 40% sucrose as comnared to the control, These results
are equivalent to those with egg lecithin, and are to be

expvected, Unfortunately, monocaprin goes into a disper-

sion phase in excess water so the centrifuged samplesg



which would be the most informative cannot be prepared

(Larsson, 1967).

General Remarks

It appears as if the electrodynamic theoriesg
discussed in pmart I provide satisfactory explanations
for many of the results observed in these experiments.
As expected, d,, increases upon addition of a charged
lipid to the lecithin bilayer. Glucose and sucrose
gsolutions which have similar dielectric properties, give
similar results when mixed with lecithin, The rise and
fall of the lamellar repeat distance d in the centrifuged
samples, are perhaps the most significant of the results

and are adequately explained by the theory. These exper-

ot 8

1

ments then, lend considerable sunport to the theoretical
work of Parsegian and Ninham,

Nextran solutions have different dielectric
properties than glucose or sucrose and give different
results when mixed with lecithin., Tt seems likely, how-
ever, that the dextran due to its large size, is not
entering into the lecithin phase. Further experimentation
with lower molecular weight dextran molecules might pro-
vide some illumination in this area.

There ig some likelihood that the same forces that
act in these gystems will be determining factors in the
consideration of surface contact phenomena in real mem-

branes. Worthington and Blaurock (1969) reported that a



Fig, XXIII Curves illustrating the dependence of
d and d, on the volume fraction of
monoglyceride for monocaprin in distilled

water and in 40% sucrose solution,

® monocaprin in 40% sucrose solution
QO monocaprin in 0% sucrose solution

(control curve)
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24 M sucrose solution had the effect of increasing the
repeat distance membraneous layers in the myelin sheath
from 252 A (in distilled water) to 388 A, Thig is one
result that could easily be explained by using the theories
congidered here,

Other gquestions that arise in Part T are, why
the sucrose and glucose solutions apvear to have a disor-
dering effect on lecithin samples, and what factors are

important in effecting the thickness of the linid bilayers,

®

It apnears that neither addition of sucrose nor addition

of charged lipid has any effect on the hilayer thickness,
Gotleib and Eanes (1972),on the other hand, found that
certain electrolytes were effective in changing the bilayer
thicknegs, Membrane Ffuctions such as permeability proper-
tieg and enzymatic activities would be sensitive t

membrane thickness, thus suchconsiderations are of hiologi-

cal importance,



Table T
Pig-liver lecithin control (0% GTARB) .
™ = 25°C

% 1ipid by a . aq. a,.

weight in A in A in A

89, 9% Lhy, 7 Lo, 2 L,5

79.7% L5,8 36.6 9.2

68, 5% 50.2 34,0 15.8

59.7% 52,6 31,04 21,2

50, 3% 60.3 30,3 30,0

39.8% 6,1

29,8% 6L -70%

20.0% 68.8
* The samples that show a spacing range
are poorly equilibrated. The lines on
the x-ray film either display a gradient
or are fuzzy, consequently the snacing
must be estimated.

Table TT
Pig-=liver lecithin =~ 5 mole % CTAB .
T = 25 °C

% 1lipid by d dy d
/ - o W

weight in £ in & in A

90, 0% L2, L 38,2 h,2

79.5% by, 5 35.4 9.1

70.3% h7.2 33:2 14,0

59.8% 51,0 30,5 20.5

L7, 3% 61.3 29.0 32.3

36,8% 73-79 27-29 Lé6-50

o



Table TIIT

Samples in excess water varving % CTAB

T = 25°C
mola 7 2MAE % lipid by weight 4 in i
7 E} Q 3q @ j 6;‘!“"77
9.0 o, 7h-81
11,0 33,2 07117

Table 1V

Structural data for ego lecithin in distilled water

T = 25°C
% ego lecithin d - d d
by weight in & inlﬁ in" &
oL, 5 L9,0 hé,3 3,7
90.5 49,3 iy, 6 b,7
80,0 50,5 ho, L 10,1
70.4 54,1 38,0 16,1
64,0 57.8 37.0 20,8
60,1 59. 35.8 23.7
56,0 62, 35,0 27.5

5
205
50,0 62,5
40.0 62,5




Table V

Structural data for 705 ege lecithin
in varving % sucrose sgolution

< T = 25°C
weight % egg lecithin  weizht % sucrose d . dy
in sample golution in A in &
69,4 0 53,6 37.2
70,4 5 53.5 73.9
70,73 10 54,4 38,64
69.1 15 55.0 38,6
69,3 20 55.0 39,0
70,0 30 53,8 39.0
69,6 35 53.7 39,0
70,4 1O 53,0 39,1
70:0 ‘,‘1”5 52.5 380?
69,8 50 50.7 37.6
6911‘;” 55 l‘!’915 36'1
Table VI
Structural dats for ., 72 wvolume
fraction eso lecithin in varvine % gsucrose solution

T —
volume fraction of egg weight % sucrose a , dy,
lecithin in sample solution in A in A
719 0 54,0 38.8
,721 2 53.7 38,7
1721 5 514"3 38'9
1720 7 5407 39-1'!’
717 9 sl 39,0
722 12 5l 5 39,4
.718 15 55,0 39,8
.725 20 55.0 39.9
722 25 54,2 39.1
,720 30 55.2 39,7
.716 35 55.0 39,4
,723 Lo 55.5 Lo,2
.719 lis 52-55 37,4-39,
. 720 50 51.3 36,9

*55 52,0

#80 53.7

*65 53.8

* In these samples crystalline sucrose anpeared, This
showed up as a series of sharp reflections on the x-ray
film,

N
°

n
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Table VITI

Control samnles (0% sucrose) for ege lecithin
in 30% sucrose solution

™= 25 C

volume fraction of d . di,

egg lecithin in A in A

. 380 49,0 43,1

. 303 50.5 b2, 6

. 788 51.0 Lo, 2

.693 53.3 36,9

6Ll 55.7 35.8

Table VIIT
Structural data for eco lecithin in

30%_sucrose solution T = 28°0

volume fraction of d . dl;

ezg lecithin in A in A

. 922 Lg.5 by, 7

.833 51.0 L2,5

. 786 51,7 40,6

. 736 53.7 29.5

674 57,0 38,4
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Table IX

Struectural data for control samples

(egg lecithin in 0% sucrose) Ffor the

22%, 40%, and 50% sucrose seriss

T = 25°0
volume fraction of a d]e
egeg lecithin in A in A
*,897 50,2 bl, 9
.896 49,6 Lh, Ly
,8L5 Lo, h1,7
805 50,7 40,8
. 769 51,4 39.6
*,757 5245 39.7
<713 53.9 38.4
.675 55.7 37.8
. 626 58.3 36.5
*,603 60,2 36.3
Chlly 62,7

* The starred control samples were prepared affer the
22, 40, and 50% series, while the others were pre-
pared before,

Table X
Structural data for the egsg lecithin in
22% sucrose golution T = 25°C

volume fraction of a dy o
ego lecithin in A in"A
. 908 Lo,2 Lly,7
.878 Lo,1 L3,1

. 846 49,8 Lh2,2
,813 50.4 Li,0
L7774 52,0 Lo, 2
707 53.1 39.6
699 55,0 38,4
671 56,04 37.8
.635 5947 37.9

. 604 60,6 36,6

. 546 65,6 35.8




Structural data for ego lecithin

Table XTI

in 40% sucrose solution

T
volume fraction of a dq,
egg lecithin in A in"A
. 921 50,0 6,1
.893 50.7 b5.2
794 52,0 b1.2
763 53,7 1.0
<717 55,4 39,8
. 687 57.0 39,2
. 618 58,8 36,4
.578 60.6
Table XTT
Structural data for eges lecithin
in 50% sucrose solution T
volume fraction of d . dy.
egg lecithin in A in A
. 924 Ll 1
.892 *47.3
. 852 *49,7
.8529 *50,1
. 793 *51.3
. 752 53.7 L0, 3
.713 53.9 38.5
669 54,8 36.7
. 631 56,3 35.5
+592 57 .4 34,0

* In these samples crystalline sucrose apneared,

This showed up as a series of sharp lines on the

x-ray film,

25°C




Table XTIT

structural data for the monocanrin

control samples (0% sucrose) T
volume fraction of d dq
monocaprin in & in™
.878 29,1 25,6
. 8L7 30.2 25,6
790 31.8 25.1
c7HL 33.7 25.0
. 692 35,0 24,2
0({)}"'3 371 O 2308
. 602 37.3 22,k
Table XIV
Structural data_for the monocaprin
in 40% sucrose solution 7
volume fraction of d 1.
monocaprin in A in
. 913 28,3 25,8
875 30,0 26,2
.815 32.6 26,6
.780 33.4 26,0
742 33.68 25,0
. 690 35,0 2l 1
. 643 36.6 23.5
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Table XV

Structural data for the control samples (0% dextran

solution) for egcs lecithin in dextran solution

Al

T = 25

volume fraction of a . Ay Ay
ege lecithin in A inm A in A
.8396 L8, 3 L3,3 5,0
. 802 50,0 Lo, 1 G.9
. 707 53.2 376 15.6
. 596 574 34,2 23.:2

. 505 61,0-62,0 30,8-31.3 30,2-30.7

Table XVI

pAtRa

Structural data for ege lecithin in
L dextran solution (by weight) 7 =

— 25

volume fraction of d . o dy,
ege lecithin in A in A in A
837 48,7 7.9 10,3
745 50.6 13,0 37.6

. 662 52,6 17.8 34,8
051‘1’}\1’ 5[4"!‘3‘ 22},‘(‘3 2936
sk 58,4 31.9 26,5

Table XVII
Structural data for ezo lecithin
in 16% dextran solution
T = 25

volume fraction of d . s M. dq .
egg lecithin in A in A inTA
. 908 L3,8 L, L Ly Ly

L 308 L9,3 9,5 39,8
3713 50.9 11!’16 3633

. 637 52.2 19,0 33.2

. 589 52.7 21,7 31.0
516 53.7 26,0 27.7
20 56,3 32,6 23.7

C

—
"
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Table XVIIT

Structural data for ege lecithin

centrifuged in sucrose solutions ., _ 25° G

% dextran by weight d in A
0 62,5
2,0 63.0
6.0 65,0
8,0 66,4

10,0 66,7
12,0 66,6
14,0 66,9
17,0 67,6
20,0 68,1
25,0 68,4
30.0 64,5
35.0 63,2
40,0 61,0
45,0 60,3
50.0 58,7

Table XTX

Structural data for ege lecithin centrifuged

in ~lucose B D+ (dextrose) solutions

T = 25%¢
% M@ 0D+ (dextrose) glucose a .
by weight in A
0 63,0
5.0 64,1
10,0 64,8
15,0 65.4
20,0 67.0
22,0 68,0
25.0 6L, 1
20,0 61.8
35.0 60,0
40,0 58,7




-7A-

Table XX

Structural data for ege lecithin

centrifuged in dextran golutions T

]

25°C

[~}

% dextran by weight d in A
0 62,1
2 62,2
3 62,8
5 62,4
6 61,8
8 61,9

12 60,4

20 58.7

25 57.8

30 56,7

35 56,2

Lo 55.0
Table XXTI

Structural data for"acedego lecithin

centrifueed in sucrose solutions mo ?5oﬁ

% sucrose by weight d in A
0 6L, 2
3.0 65.0
6.0 67,0

10.0 67.5
14,0 65.7
18,0 65.3
20,0 6L, 2
22,0 63.7
25,0 62,5
30.0 62,0
35,0 61.6
40,0 60,6
45,0 58.3
50,0 57.7
55'0 57-3
60,0 57.1




Table XXIT

Refractive indices of dextran solutiong

(molecular weight 200,000 - 275,000)

measured with an Abbe refractometer T

% dextran
by weight

n:

(cor

7 Measured
rected value)

SRV ]

1.333
1,334
1,338
1,344

2

2

C




Table ¥JXTTI

Refractive indices of dextrose,

(B D+ glucose), solutions mo= 20°(
(Zerban and Martin, o».14L)

% dextrose by weight

in air Ny observed
1,997 1.33585
L, 001 1.33880
L, agh 1.34026
5.995 1.38169
7.873 1,30051
10,025 1,34780
11,993 1,35078
15,033 1.35556
19,961 1.36353
25,028 1.,37198
30,004 1.38056
35.083 1,38995
40,191 1,39911
45,290 1,40889
50,246 1.41873
55.237 1.,42901
60,452 1,40013
62,652 1.,44503
65,746 1,45183
71,036 1.,46397
75,615 1,470L78
77,022 1.47816

1
80,362 ' 1,48632
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Table XXIV

Tndices of Refraction of

acueoug sveroge solutions T = 25°(
L - . >

(Ilandbook of Physics and
Chemistry)

% gucrose index of refraction
0 1.3330
5.0 1.3413

10,0 1, 3474
15.0 1.3551
20,0 1,3622
25,0 1,3716
30.0 1,3804
35,0 1,389L
40,0 1.3989
45,0 1,4088
50,0 1,4102
55.0 1.4208

Table XXV

Densities of aduecus dexiran_ zolutions
T T o= Dron
-— ~j v
% dextran by weight density g/cc
L 1,0135
16% 1,0614

30% 1,1225




Table XXIV

Dengities of agueous sucrogse solutions

- °
T = 25°¢

T
D
=
0
-
~+

g

"
~
(@]
0

7 Y
% gucrose by weligh

0 . 99699
5 1,01654
10 1.,03687
15 1.05916
20 1.08096
25 1,10185
30 1.,12510
35 1,14940
%) 1.17409
L5 1,20038
50 1,22732
55 1.,25505
50 1,2838L




Part 2

INTRODUCTION

It is generally accented that the interactions
between proteing and linids are important to membrane
studies., Many investigators have studied these interactiong

¢ lipids and basic proteins (Das et al, 1962,

nd

Kol

jede

by uging aci
Braun and Rodin, 1969, Leslie and Chapman, 1969, Hart et 21,
1969), The interactiong in these casgses 2re »rimarily ionic

and are determined by the basiz groups on the protsins
and by the electrostatic field at the lipid - water inter-

face. Gulik-Xryzwicki et al (1969) and Rand (1971) have

s

shown by studying ordered nrecinitates by x-ray diffraction
that hydrophobic interactions can occur between acidic
phospholipid and bagic protein. Rand (1971) and Rand and
Sen Gunta (1972) have studied in detail how the structure
of two lipid nrotein systems change as the net charge of

the system changes, Other authors have investi

e 2 =

structures formed between rhospholinids and gynthetic

proteins. Giannoni, Padden and Roe (1971) have carried

out studies vusing x-ray diffraction on nrecipitates of

g I
poly-l-tyrosine and lecithin. They discovered that these

components combined in a stoichiometric auantities to form
a lamellar comnlex. In this case the nrotein is uncharged

3

so ionic binding forces are apparently. not involved,

g..h



Hammes and Schullery (1970) studied, bv means of circular
dichroism, ontical rotary disversion, electron microscopy,
and nuclear magnetic resonance, complexes formed between
poly-1l-lysine, phosphatidyl serine and lecithin, and
poly-l-ornithine and phosphatidyl serine, The results
indicated that the gynthetic proteins changed from the
random coil configuration in solution to the helical

form in the complex with the phosrholipid,

Plan of Part 2

In this study, phosphatidyl inositol, (PI), and

lecithin 2nd nhosphatidyl inositol have

Hy
®
03
g

mixtures o

been added to solu ng of a synthetic »nrotein, poly-1-

tio
lvgine, The resultin

o/

g precipitates have been analyzed by
x-ray diffraction. It was honed that structures formed
would be lamellar arrangements of lipid hilayers coated
with protein, Such structures could be used as a model
for the study of interactions betwesn membranes of the

NDaveon=-laniellil construction,




MATERTATS AND METHODS

In this investigation, the chloride salt of
poly=l=1lygine of molecular weight 188,000 wag used (Sig=-
ma Chemicals), The phosphatidyl inositol was a generous
gift from Dr. Tinker and the egg lecithin was extracted

in the laboratory.

(1) Experiments with poly-l-lysine and phonhatidyl

inositol

In the first experiment nhosphatidyl inositol

(PT) was added to protein solutions of varving concentra=-
tions. Seven, 7.0 ml solutions of the following concen-
trations 1 mg/ml, .05 mg/ml, .033 mg/ml, .0415 mg/ml,
.01 mg/ml, .005 mg/ml, and ,001 mg/ml were prepared. To
each solution 1 ml of 5.0 mg/ml of PI, suspended in dis-
tilled water, was added dropwise accompanied by vigorous
stirring. These were centrifuged at 160 thousand g for
two hours, The supernatant was removed, distilled water
was added, and the tubes were recentrifuged. The pre-
cinitates were mounted in sample holders and the x-ray

pictures of them were taken,

(2) Exveriments with mixtures of lecithin, PI, and
poly=-l-lysine
In these exneriments mixtures of lecithin and

PT were added to excess protein solution, le., more than
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gsufficient for binding to the lipid. In a sgeries of
conical flasks, chloroform solutions of lecithin and PI
were mixed in a way to give 5 mg,of lipid in each, with
varying weight ratios of PI and lecithin, The weight
ratios of lecithin to PI »prepared were 100/0, 95/5, 90/10,
85/15, 80/20, 75/25, 70/30, 65/35, 60/40, 55/45, and 50/50,
These mixtures were evavnorated to dryness using a rotary
evaporator and finally dried in vacuo. Each mixture was
then suspended in 2 ml, of distilled water, and added drop-
wise, accompanied by vigorous stirring,to tubes containing
6.5 mlsof 1mg/ml of poly-l-lysine., The x~-ray samples of

the precipitates were prepared in the usual manner,

GChemical analysis of the precinitates

(1) Water content
The precipitates were dried successively under a

stream of nitrogen to remove excess water. The x=-ray )

€

ctures were retaken after each drying. When the lamellar |
spacing just detectably changed dimension, the precipitates
were weighed, completely dried by lyophilising overnight

and reweighed to determine the water content.

(2) Lipid content

Phospholipid content of the precipitates was
determined by analysing the phosphorus content of the
samples., The lyophilised samples and a series of gstandards
were digested with a mixture of 5 ml, of perchloric acid,

5 ml.nitric acid, and 5 ml.distilled water for 2 hours
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under gentle heat. 50 ml of water was added and the
mixtures were boiled until the wvolume was reduced to
about 15 ml., The solutions were cooled and volumes
adjusted. The phonhorus content was determined spectro-
photometrically with a Bausch and Lomb spectronic 20
according to the method of Chen et al., (1956), The

phosphorus standard curve is shown in figure XXIV,

(3) Protein content

Attemnts were made to determine the protein
content independently by finding the amount left in the
sunernatant after vrecipitation., TFolin analysis, the
biuret method, and visgcosity measurements were attempted.
In the Molin analysis it appeared that anomalous light
scattering by the nrotein in the reagent solution inval-
idated the srectrovhotometric readings. To determine
concentration of the »nrotein by wviscosity, the fact that
viscosity is dependent on protein concentration,was used,
A standard curve of viscogity of poly-l-lysine versus

concentration was constructed and the viscosity of the

sunernatant solutions was compared against this., Unfor-
tunately the viscosity of the solutiong proved to be
extremely sensitive to salt concentration (Fig. LX)
Since the concentration of salt in the supernatant
was unknown, the method was abandoned, The biuret method
on the sunernatant proved of limited success. The analy-

sis was not sensitive enough to accurately detect the

small amount of »nrotein bound.



Fig, X{IV. Standard curve for phosphorus deter-
mination, A nlot of optical density
(P20 nm) versus nhosphorug concen-

tration in ug/ml.
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Fig, XXV. Curve illustrating the dependence of
viscosity (represented by time of flow
through an Oswald viscometer) of a
.5 gm/ml noly-l-lysine solution, on

the ionic strength of the golution.
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As a result of these difficulties the protein

content was determined by differenrce.



RESUTTS AND TNTERPRETATIONS

(1) Poly-l-lysine, vhosvhatidyl inogitol samvnles

In the first experiment the amount of noly-l-
lysine available to the phosphatidyl inositol is pro-
gressively decreased, The precipitates for the 1 mg/ml
and ,05 mg/ml nrotein solutions appeared to be of the
came size and corngistency., In the others, after centri-
fugation, much of the linid remained unbound forming
a phase separate from the nrecipitate, The size of the

precipitate decreased ag the initial protein concentration

decreased., The spacing between reflections and the in-
tengities on the x-ray photogranh are identical for all

the samples indicating the structure of the rrecipitates

>

£y

is the same for each. These results indicate that poly-
l1-lysine and phosphatidyl inositol appear to he comnlexing
in a stiochiometric ratio that is independent of the
relative concentration of linid and protein in the suver-
natant,

An indevendent study by R. P,.Rand in this
laboratory  showed that nhosphatidyl inositol swells
infinitely in the presence of excess water. This explains
why there is no diffraction from the unbound lipid on the
x=-ray film,

A poly~l-lysine, phosvhatidyl inositol precipitate



wag analyzed for »rotein, water, and 1ipid content. The

precipitate did not changse weilght upon lyophilising so

jute

Ty

it was concluded that any water was not forming a cont
uous discrete layer but was bound into the structure.

The phogphorus analysis gave a value for ¢ 1 of .87, The

?,...J

(=]
inid bilayer thickness dy is then L6 A, ﬁ~9 ig .13

o
nd d, is 7 A, This result agreed favourably with

jul

experiments carried out at a later date.

(2) Poly=-l-lysine, phosvhatidyl inositol, lecithin samples
In the second experiment the solutions were pre-
pared such that the protein was always in excess, ie.,

present in solution after precinitation., With hi
content, the precipitates appeared macrogcopically, dry
and compact. They became nrogressively more fluid as the
lecithin content was increased, Between the I/PT weight
ratios of 0/1 and 85/15, the precipitates are quite ordered
as indicated by the presenceof up to six sharn reflections
on the x-ray photographs. Between 85/15 and 100/0, T/PT
welght ratio, the precipitates became extremely fluid and
were quite disordered as shown by the decreagse in number

and the broadening of the x-ray reflections,

The structurel parameters for the vrecipitates are

given in Table XXVITII and Figure XXVI ., There is 1little

scatter in the values for the repeat digtance d and in
the values for ¢v,and.dw. The values for ¢7 and dj are

more gcattered. This is due to errors in the phosphorous




Fig,

XXVT,

Curves illustrating the dependence of
the structural parameters, d, dl, dp
and d on the lecithin/PI weight
ratio for precinitates containing
lecithin, phosphatidyl inositol and

poly-l-lysine,
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analysis of the samples, The values for ¢ b and dp
were obtained by difference, so reflect the scatter in
the values for ¢1_and dl'

The values for d increase linearly from 53 2,
at 0/1 L/PI ratio, to 58.5 A, at 65/15 L/PI ratio,
Between 85/15 and 100/0 I/PI ratio, d rises more sharply.
Between 0/1 and 85/15 1/PT ratio, d,, increases linearly
from .5 A to 21 R, 1In order to obtain an indication of
the trend thet the values of d; and dn display with
changing lecithin content in the precinitates, the data
for each have been fitted to a straight line by the
method of least squares analysis. The values for d.,
anpear to decrease only slightly from & A to L, 5 A és
the lecithin content increases from 0 to 85%, d, apnears
to decrease from 45 R to 38 A over the same range., Since
the samples with weight ratios of 90/10 and 95/5 1,/PT
were toc fluid to be analyzed, the linid, protein and
water content could not be found,

The results show that dl is exactly the same as

for pure PT in water, ie,, dy for a relatively dry sample

of pure PI is 45 R and decreases as the water content
increases (R, P, Rand, " unpublished results).. This
indicates that the protein does not hydrophobically bind
to the 1linid but remaing entirely ir the agueous space.
The binding of the protein would then be strictly ionic
in nature. It should be mentioned that the 4, d,, and

d, values quoted are hypothetical. The calculations for
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these values were made assuming the linid, protein, and
water each formed a single continuousg layer. The lipid
gseemg to form a discrete layer but undoubtedly there will
be congiderable water in the protein layer in order to
solubilize the charges. In this respect it may be more
realigtic to refer to a mixed protein and water laver of

thickness dﬂ + ad

U

|

Charee Densitv in Precinitates

From the least squares analysis for the thickness
of the protein layer, dp and the lipid layer d,, the

number of poly-l-lysine molecule per PI residue can be

)

{

calculated. The amount of bilaver surfac rea for every

PT molecule, the amount available to every lysine residue,
and the net surface charge density can also be calculated,
Thig data is given in Table XXTX, In the nure PTI, vpoly-
l-lveine vrecipitate there are 1.4 lysine residues ver PT
while for the ratio 85/15 lecithin/PI there are 7.6 residues
ner PT, There are about 1140 lysine residues nper nrotein
molecule so the number of PI molecules ver noly-l-lygine

molecules decreases from about 810 4o 150 as the lecithin

content increases., The net charge ner unit bilayer surface

J

rea remaing congtant after 50¢% lecithin, at about ,021

%)

&

charges ner square angstrom, (Assuming that one PI mole-~
cule ionically binds one lysine residue, the net charge is
the number of unbound residues),

Tt would anpear then, that ag the lecithin content



increases and the P molecules become more widely spaced
in the bilayer, the amount of »rotein tound decreases
slightly, and the net charge density remains constant.
The water content, no doubt. increases, in order to solu-
bilize the increasing number of unbound lvsine regiduez,

Ag the lecithin content 3inecreaszes, the lamellar reneat

>0

distance, d, increaszes by 5.5 A, This small increase can
be attributed $o an increase in the water content rather
than an increase in charge density. 'When the lecithin

content of the 1inid becomes higher than 857 the sanples
in

Lla

becone disordered and d increases to that of nure lecit?

+

In this region it seems that there are insufficient PT
molecules to bhind the nrotein tightly so that the linid
layvers become free to swell,

The configuration of the poly-l-lysine molecules
on the bilayer surface cannot be determined by the methods

uged here, Tinker a2l. (nrivate communication) found

that optical rotary disnersion and circular dichroism

measurements indicated that opoly-l-lysine changed from
1

randorn coil in solution to o helical unon comnlex forma-
tion with PI, Hammes and Schullory observed the same

regult when poly-l-lysine was complexed with nhosphatidyl

gerine, The diameter of the backbone chain of the ehelix is

5 A (in Riochemigtry by A. T. Ilehninger)., The lysine
regidues will extend 7.5 A Ffrom the helir, Since the
nrotein nlus water laver (d_O + dw} is 8.5 A for the nure
PT nrecipitate, it is quite nogsible that a gingle
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helical poly-l-lysine molecule will he bound to adjacent

o

bilayers. The lysine residues are of sufficient length
that thev could penetrate into the head group region of

the bilaver ionically binding with the PT moleculeg, As
the lecithin and water content in the preciniates increase
randomly coiled sectiong of the vrotein could bridge o
helical sections bound to onposite 1lipid bilayers, This

is illustrated in Figure XXVIT, The binding of the protein
to both sides of the aqueous layer would prevent the lame-
1lae from swelling until this binding bre=ks down, This
break down in binding would then be expected to occur in
the samples with lecithin content of the 1lipid greater

than 25%,

It should be emphasized that the model nrorossd

.
canonlative
cpecuiat]

herc, for the structure of the precipituates, is
but conforms to the exparimental data. Trhe bindiaz of the
protein into the complex seecms to be of a strictly ionic

nature, The proposed structure iq, as expected, simi-

lar to that of the Davson-Danielli model, ie. a lipid

L._l IS
'...J

ver coated by an ionically bound layer of nrotein,

Imfortunately, this structure is not suitable for the

I._z
foda

no

b )

[

atudy of force balanc gince the large nrotein molecule
binds adjacent lipnid layers together, thus prohibiting
any swelling., TIn order to carry out such studies, another

lipid-protein system must be sought,



Pig, XXVIT. Diagrammatic representation of the

-h

remenT o

hynothetical arrang lipid
protein and water in two different
precinitates containing lecithin,
phogphatidyl inositol and poly-1-
lyvsine,

The top illustration is a renresen=-

tation of a precipitate containing

+thin,

fcia

10 lec

-

The bottom illustration ig a renre-
gentation of a precipitate with a

lecithin/PT weight ratio of 70/30.
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Table XXVITT
Structural parameters of the lecithin PT, noly-l-lvsine nrecinitates

I/PI weight ratio B $p bw a(%) ay (k) dp(ﬂ)

0/1 .73 .19 .08 53,0 39,3 10,2 3.5
30/70 .87 .09 .04 55,0 47,8 5.0 2.2
50/50 .62 .17 .21 56.5 33.8 9.3 13.4
60/10 .66 .10 2L 57.0 36,0 5.5 15.5
65/35 7l .03 .23 57.0 39.9 1.6 15.5
70/30 . 68 .06 .26 57.5 37.4 3:3 16,8
75/25 .60 .07 .33 57.8 34.5 L,O 19.3
85/15 L6 .21 .33 58.5 25.8 11.8 20,9
90/10 - - - -

95/5 - - - -

100/0 .56 .03 1 65.0
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SUVMARY

1, Addition of charged lipid, CTAR to pig-liver lecithin
cauges swelling of the lamellar repeat distance but has

no effect on the lecithin bilayer thickness. These results,
being qualitatively the same as those of Gulik-Kryzwicki,

confirm hig experiments,

2. The lamellar repeat distance, 4, for samples of

ege lecithin centrifuged in glucose and suofose solutions,
goes throusgh a maximum at 22 weight per cent of sugar solu-
tion, This is in gqualitative agreement with theoretical

predictions of V. A, Parsegian and his collegues.

3. Until very high sucrose concentrationg, the thick-
ness of the lecithin bilayer does not change with addition

of svecrose solutions,

Iy, The decrease in dy at high sucrose concentrations

[

anpears to be associated with the crystallization of the

SUCTrose,

o The lamellar repeat distance for samnlea of egg

lecithin centrifuged in dextran solutions decreases as the

concentration of the golutions increase,
6. The thickness of the lecithin bilayer, in the
presence of aguecous dextran =olutions, appears to decrease

0
i
,—lo
N
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e}
Y]
>
ot
-

g
E]
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7 s The asgsumption that dextran and lecithin form two
senarate agueoug phases adequately erplains the results
from the gravimetric and centrifuged samples,

o
O

. Exveriments showed that interactions between
lecithin and; glucose, sucroge and dextran solutions,

were reversible,

9. Attempts to test the dependence of the structural
parameters of the monocaprin lamellar vhase on the dielectric
nroperties of the aqueous space, by the use of sucrose

gsolutiong, proved inconclusive,

10, Poly-l-lysine forms a lamellar compnlex with mixtures
of the phospholipids, lecithin and phosrhatidyl inositol,
(PI), in which the interaction between lipid and protein

=

ctly ionic in nature,

Ja

s

.
18

D))

1. As the Jecithin content in the precinitates in-

D

creases, the amount of PI bound and the charge dengsity
remaing relatively congtant, while the water content

increases,

12, Single poly-l-lysine molecules appear to be bind-

ing to adiacent 1lipid bilayers prohibiting swelling of the

structure.



10.
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