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ABSTRACT

INTERACTION OF VITAMIN E WITH CHOLESTEROL-CONTAINING
PHOSPHOLIPID MODEL MEMBRANES: AN FTIR STUDY

BAYKAL, Ulkii
M.S. in Biotechnology
Supervisor: Prof. Dr. Feride Severcan
Co-Supervisor: Prof. Dr. Sefik Siizer
January, 1995, 101 sayfa

Effect of a-Tocepherol which is the major component of Vitamin E, on
cholesterol-containing Dipalmitoyl Phosphotidylcholine (DPPC) multilamellar
liposomes has been investigated by FTIR spectroscopic technique at different

temperatures.

The investigation of CH, stretching bands reveals that, when both oT and
cholesterol are present together in the system, in the gel phase, they exhibit additive
effect on acyl chain organization by increasing the number of gauche rotamers. On the
contrary, in the liquid crystalline phase, oT reduces the effect of cholesterol by
increasing the number of gauche rotamers in the system. Effect of oT concentration
on cholesterol-membrane interaction is that, effect of aT is dominant and effect of

cholesterol on DPPC liposomes decreases gradually with increasing oT concentration.
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Investigation of CH,; asymmetric stretching mode implies that, the
addition of oT into cholesterol-containing liposomes introduces an additional

stiffness in the deep interior of the bilayer.

Infrared spectra of CH, scissoring bands reveals that, when oT and
cholesterol are present in the system an increase in the conformational disorder and
chain rotation is observed .Joint effect of aT and cholesterol on C=O0 stretching mode
is that, in the gel phase T makes stronger OH bonding with DPPC head group and
has dominant effect relative to cholesterol. In liquid crystalline phase, system behaves

as if there is no cholesterol in the system.

Key Words: Vitamin E, Cholesterol, DPPC, Liposome, Phospholipid Membrane,

Membrane Structure, Membrane Dynamics, FTIR.

Science code: 401.02.00
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VITAMIN E' NIN KOLESTEROL ICEREN FOSFOLIPID MODEL HUCRE
ZARLARIYLA ETKILESMESI: BIR FTIR CALISMASI

BAYKAL, Ulkii
Yiiksek Lisans Tezi, Biyoteknoloji Anabilim Dali
Tez Yoneticisi: Feride Severcan
Yardimci Tez Yoneticisi: Sefik Stizer

Ocak, 1994, 101 sayfa

Vitamin E’nin en 6nemli bileseni olan o-tokoferoliin, kolesterol igeren
gok tabakali DPPC lipozomlan ile etkilesmesi, farkli sicakliklarda, FTIR spekroskopik

teknigi ile incelenmigtir.

CH, gerilme bantlarinin incelenmesi gosterir ki, oT ve kolesterol, ikisi
birden sistemde olduklan vakit, jel fazda gauche rotamerlerinin sayisim artirarak
hidrokarbon zincir organizasyonuna 6nemli bir etki yapar. Buna kargilik, stv1 kristal
fazda, oT sistemdeki gauche rotamerlerin sayisiu artirarak kolesteroliin etkisini
azaltir. oT konsantrasyonunun kolesterol-membran etkilesmesine etkisi sudur: oT
etken olup, DPPC lipozomlan lizerine kolesteroliin etkisi oT konsantrasyonu arttikga

azalir.,



CH,; asimetrik gerilme modunun incelenmesi, kolesterol igeren
lipozomlara oT katilmasi ile lipozomlann i¢ derinliklerinde ilave sertlik meydana

geldigini gosterir.

CH, makaslama bandinin infrared spektrumlan incelendiginde, kolesterol
ve oT’in sistemde birarada olmasiyla, konformasyonel diizensizlikte ve zincir

dénmesinde artig gostermigtir.

oT ve kolesterolin  C=0 gerilme modu Uzerindeki migterek etkisi, jel
fazda oT’iin kolesterole gére daha etken oldugu ve DPPC bag grubu ile daha kuvvetli

bir OH baglanmasi yaptif1 seklindedir. Sivi kristal fazda ise, sonuglar sistemde

kolesterol yokmus gibidir.

Anahtar Kelimeler: Vitamin E, Kolesterol, Fosfolipid Model Membran, Membran
Yapisi, Membran Dinamigi, FTIR

Bilim Dal: Sayisal Kodu: 401.02.00
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INTRODUCTION
CHAPTER

1.1 Importance of Model Membrane Studies and the Aim of This Work

Biological membranes contain different lipid-protein-polysaccharide
compositions, and they have quite complex structures. It is usually very difficult to
give a completely satisfying explanation about the lipid interactions occurring between
membrane components in biological membranes[1]. Synthetic membranes, made from
a double-chain phospholipid amphiphile, have many of the basic characteristics of
natural biological membranes[2]. In this case, it is possible to change membrane
composition, concentration and experimental conditions. Therefore model membrane
studies are very important in membrane research. Real biological membranes are in
the form of unilamellar liposomes which are of larger dimensions. The extruder is the
best equipment at present to obtain unilamellar liposomes, but the largest diameter
that we can obtain is around 400 nm which is still far from the real systems. In
addition to this, harmfull effect of sonication and pressure on membranes should be
considered. For these reasons MLV systems are suitable for the investigation of many
structural and functional questions concerning the bilayer phase, except for transport
studies[3].

Maintenance of ionic gradients, transmembrane potentials, activities of
membrane-bound enzymes, interactions between membrane proteins, transmembrane
signal transmission, intercellular communication, manifestation of cellular

development and cell transformation, all depend on the structure and fluidity of the



lipid bilayer[2]. For these and other reasons, studies on the structure and dynamics of

phospholipid model membranes have become particularly important in recent years.

Although vitamin E is used in the protection and treatment of several
diseases, the exact molecular mechanism behind such diverse functions of vitamin E is
not clearly known. The present study was done to examine the interaction of oT with
model membranes in the presence of cholesterol, in order to provide better
understanding of the molecular mechanism of action of aT, especially in the treatment
and prevention of cardiovascular disorders. Although numerous studies appeared in
the literature on interaction of aT or cholesterol with saturated and unsaturated lipid
membranes [4-12], interaction of oT with model membranes in the presence of
cholesterol has not been reported to date. To achieve this goal, the effect of oT on
cholesterol-containing liposomes has been investigated by using FTIR spectroscopic

technique.
1.2 Basic Theory of Biological Membranes

Membranes are the most common cellular structures in both plants and
animals. They are now recognized as being involved in almost all aspects of cellular
activity ranging from motility or food entrapment in simple unicellular organisms, to
such complex functions as energy transduction, immunorecognition, or biosynthesis in
higher organisms. Such diverse functions are mediated and regulated by and through
membrane. Thus, an understanding of the physical principles that govern the molecular
organization of membranes is essential for identification of their physiological roles

since structure and function are strongly interdependent in membranes[13].



Membranes are composite structures which are essentially composed of
proteins(50%-60%) and lipids(40%-50%). The lipid portion is derived from
cholesterol, phosphoglycerides and sphingomyelins. The lipid composition of some

biological membranes is given in table 1

Table 1. %Lipid compositions in some biological membranes.

Lipid Human Human Beef-heart E. coli
ervthrocyte myelin mitochondria
Phosphatidic acid 1.5 0.5 0 0
Phosphatidyl choline 19 10 39 0
Phosphatidyl ethanolamine 18 20 27 65
Phosphatidyl glycerol 0 0 0 18
Phosphatidyl inositol 1 1 7 0
Phosphatidyl serine 8.5 8.5 0.5 0
Cardiolipin 0 0 22.5 12
Sphingomyelin 17.5 8.5 0 0
Glycolipids 10 26 0 0
Cholesterol 2.5 26 3 0

In phosphoglycerides and sphingomyelins polar group residues (e.g,
ethanolamine, choline, serine, inositol, glyceroletc.) are bound to phosphoric acid.
The result is an amphipathic molecule with a polar head and a nonpolar hydrophobic

tail.

The crucial physical characteristic of the double-chain amphiphile is its

tendency to form bilayers in aqueous dispersions, in the form of single vesicles or .



multilamellar structures. The amphiphiles arrange themselves with polar head groups
exposed to the aqueous phase and the hydrocarbon moieties clumped together
generating their own hydrophobic environment. The bilayer acts as a membrane,
separating components encapsulated on the inside of the vesicle from those on the
outside. Clearly the thickness of the bilayer will depend on the length and stiffness of
the hydrocarbon moieties of the lipids. Fig.1 shows the schematic representation of

amphiphile structures[1].
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Figure 1. Schematic illustration of amphiphile structures. The planer bilayer and
spherical bilayer (vesicle) are formed from double-chain amphiphiles. The micelle is
formed from a single-chain amphiphile.



The most popular model for the structure of biological membranes is the
fluid mosaic model which was proposed by Singer and Nicholson[1]. This model is

shown in Fig.2.

Figure 2. A general model for the structure of biological membranes.

According to this model, the phospholipid bilayer is accepted as a fluid matrix 60A° to
100A° thick in which various integral proteins are implanted. Some proteins protrude
through only one side. Most peripheral proteins are expected to be located on the

surface of the membrane.

1.2.1 Molecular Motions in Membranes

The motions of lipid molecules in natural and artificial bilayers have been

investigated in detail at the molecular level employing such physical methods of study



as ESR, NMR, fluorescence, infrared and raman spectroscopy, in spite of the
remaining discrepancies concerning interpretations and conclusions, regarding lipid

dynamics and membrane organization, obtained from these studies.

It is known that the membrane has a dynamic nature. Lipid and protein
components are in motion.Several types of molecular motion are experienced by the
components within the constraints of the bilayer organization. Rotation of molecules
along their axes perpendicular to the plane of the membrane occurs every 0.1-100
nsec for lipids and 0.01-100 msec for proteins; segmental motions of acyl chains

(0.01-1 nsec) gives rise to an increased disorder toward the center of the membrane.

Two types of motion have been described namely, intramolecular
movements of a part of a molecule with respect to another (e.g. rotational and
torsional motions about single bonds and motions of individual acyl chains) and whole
molecule motions. Whole molecule motions involve two types of motions: rotation
and translation. Translation can be further subdivided into lateral translation and
transbilayer migration. Translational motion can take place in two ways in the bilayer
systems. Translation of lipids in the plane of bilayer, a motion limited to one
monolayer of the bilayer, comprises the first type of the translational motion. The
second is the transverse migration across the bilayer from one monolayer to other.
This type of motion is referred to as flip-flop (Fig.3). It is very rare and slow. Its
occurrence takes several hours. These motions are considered when dealing with such
fundamental properties of biomembranes as thermotrophic phase transitions, lipid-
lipid and lipid-protein interactions and bilayer viscosity. The reason for the slowness
of the flip-flop motion of lipid molecules is that it is energetically unfavorable because

it requires insertion of the polar groups into nonpolar regions and exposure of the



apolar groups to the polar regions. Such motions might be essential for carrying out

many of the functions associated with membranes.
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Figure 3. Flip-flop transition of lipid molecules.Lipid molecules can diffuse laterally as
in a liquid film but can rarely execute a flip-flop motion.

Intramolecular motions involve rotations of groups about single bonds,
segmental and long-range swinging motions of fatty acyl chains, and polar head group
conformational changes. These motions are closely related to the chemical structure

of lipids[1,2].

Orientation of a phospholipid molecule in a bilayer implies strong
anisotropic constraints for its orientation, conformation, and motion. For example
rotation along the long axis of phospholipids is much more facilitated then it is along
other axis. Traditionally two parameters have been used to characterize the general

state of disorder in bilayers: (i) The orientation and conformation of acyl chains and



(i) the motion of the chain that determines the dynamic properties like rotation,
lateral diffusion, permeation of solutes. Thus, conformation and dynamics of acyl

chains play an important role in determining the properties of bilayers[2].

There is always rotation about C-C bonds (Fig.4). The two higher energy
minima corresponding to the dihedral angles of 120° g(+) and 240° g(-) between the
alternate bonds give rise to gauche (g) conformers. The free energy of such gauche
conformers is higher than that of trans (t) conformers because of the greater steric
hindrance. In a close-packed bilayer a single g conformer in an acyl chain causes a

large change in the length, width, and packing ability of the neighbouring acyl chains.

v-chain

All-trans

m~ fﬁ gauche

2 gl kink

Figure 4. Structure of 1,2-diacylphosphatidylcholine molecule emphasizing the
relative orientation and conformation of the head group and of the acyl chain. The
lower part of the figure illustrates an alkyl chain in an all-trans and part-gauche
conformations. The Newman projections for the trans and gauche conformations are
also shown.



1.2.2 Thermotrophic Phase Transition in Membranes

The behaviour of lipid molecules in bilayers is strongly influenced by
temperature. At sufficiently low temperatures, the lipid molecules are solidlike. They
show little translational motion, and in many ways their properties resemble those of
hydrocarbon crystals. As the temperature is raised, the properties of bilayers show
abrupt changes at one or more temperatures. The abrupt small increase in the phase
transition curve corresponds to the pretransition associated with the tilting of the
hydrocarbon chains and the abrupt larger increase corresponds to the main transition
of hydrated phospholipids from the gel to the liquid crystalline phase which is

associated with complete melting of the hydrocarbon chain[8].

In the disordered fluid state of bilayers, the phospholipid molecules retain
an average orientation perpendicular to the layer surface. Rapid rotational transitions
occur along the long axis of the polymethylene chain (Fig.4). Due to coupled trans-
gauche-trans isomerizations, the chains remain extended and essentially parallel to

each other[2].

It is known that DPPC liposomes undergo the following three phase

transitions [14-16].

Taub(18-20°C) Tere(35°C) Te(40°C)
Ly Ly Py L,

where L, Ly, Py, L, correspond to crystalline gel, gel, rippled gel and liquid
crystalline bilayer structures respectively. Fig.5 shows the schematic illustration of the

lamellar bilayer phases. Very little is known about the ripple phase[2]. Researchers



are mainly concerned with the liquid crystalline and the gel phases. Further research is

necessary to find out the properties of the ripple phases.
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Figure 5. Schematic illustration of the lamellar bilayer phases.
1.2.2 Lipid Asymmetry and Lateral Phase Separation
When a bilayer is composed of more than one kind of lipid, more complex

structures are possible. Fig.6 illustrates schematically a few cases of a spherical bilayer

composed of two lipid types. The simplest imaginable structure is a completely
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homogenous vesicle (Fig.6a). Both surfaces have the same lipid composition, and

lipid types are randomly distributed in each phase.

However, because of bilayer curvature or the presence of different
solutions inside and outside, it is possible that lipids might segregate preferentially into
two surfaces (Fig.6b). Such an asymmetric distribution of lipids could be the result of
a difference in the thermodynamic stability of each lipid type in a monolayer of given
curvature and type of solvent. It could also result kinetically in a biological cell. In

lipid bilayers, there is an additional possibility of asymmetry through lateral phase

separations (Fig.6¢,d)[1].
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Figure 6. Schematic illustration of possible structures of a spherical bilayer composed
of two types of lipids (a) A homogeneous bilayer. (b) Asymmetric compositions of
two surfaces. (c) Lateral phase separations of both surfaces. (d) Lateral phase
separation of the inner surface only.
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Phospholipid molecules in the fluid state (above the hydocarbon melting
temperature) undergo rapid lateral diffusion. Any binary mixture of the two
phospholipids  differ significantly in their physical properties(e.g., melting
temperatures); they often exhibit solid-phase immiscibility, even though the fluid
phases are homogeneous. From examination of the effects of temperature on mixtures
of phospholipids, one is led to the tdea that these systems should exhibit lateral phase

separations within the plane of the membrane as illustrated schematically in Fig.7[17].
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Figure 7. Schematic illustration of lateral phase separations in the plane of a lipid
bilayer membrane consisting of two hypothetical lipids, black lipids and white lipids
The bilayer is seen from above, in one case a solid domain (S) is rich in a higher
melting white lipid and is in equilibrium with the fluid domain (F), which is rich in the

lower melting black lipid
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1.3 Structure and Function of Cholesterol

Cholesterol is the sterol which is a major constituent of the plasma
membrane of many of the cells of higher organisms, making up as much as 50 wt% of
the lipid fraction in the case of the human erythrocyte membrane. It is believed that
cholsterol is a primary modulator of the properties of bilayers. Plasma membranes of
mammalian cells require cholesterol for normal functions and bacterial membranes do
not. The cholesterol requirement in mammalian cells is fulfilled by endogenous
biosynthesis and by extracellular supply. Low-density and high-density lipoproteins
are the two major carriers of cholesterol in human blood, and high concentrations of
cholesterol are found in plaques formed in arteries of patients suffering from
atherosclerosis. The cholesterol content of endoplasmic reticulum (ER) (about 12%)
and other organelle membranes (less than 20%) is considerably smaller than that of

plasma membranes (about 30- 50 mole%).

Endogenous cholesterol is synthesized in ER from squalene epoxide by
enzymes that are localized in membranes. The main role of cholesterol in
biomembranes is in modulating the conformational state of acyl chains (fluidity),
stability, permeability, and utilization of unsaturated fatty acids. Besides tﬁis,
cholesterol also modifies the functions of several membrane-bound enzymes, and acts

as a precursor for bile acids, steroidal hormones, and vitamin D.

Cholesterol is an alicyclic lipid molecule whose structure includes four
fused rings, a single hydroxyl group at C-3, and an unsaturation at C-5,6. The
conformation of the four fused rings of cholesterol gives rise to a flat amphipathic

structure (Fig.8) with angular methyl groups on the -face, thus making the o-face
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planar and smooth. The cholesterol molecule is predominantly hydrophobic and

therefore it is only slightly soluble in water (<30 nM).

Cholesterol

Figure 8. Structure of cholesterol shown in two different conventions .

Physical studies show that cholesterol incorporated into phospholipid
bilayers as well as biomembranes is oriented as the long axis of the molecule
perpendicular to the plane of the of the membrane, and parallel with the acyl chains of

conjugated membrane lipids[2]
Cholesterol, up to 50 mole% can be dissolved in phosphatidylcholine

membranes. Below this limit cholesterol and lecithin form complexes of varying mole

ratios. Beyond this limit cholesterol is separated from phospholipid bilayers[18].
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The effect of cholesterol on phospholipids has been well documented by
many investigators from measurements of phospholipid behavior. These effects
include the broadening and eventual elimination of the phase transition[19],
suppression of pretransition[20], condensation of the bilayer surface, causing a
decrease in surface area per phospholipid molecule[21], interruption of phospholipid
" headgroup interactions[22]. Below the temperature of the gel liquid-crystal transition
of pure lipid (T,), cholesterol has the effect of distrupting the close packing of the
fatty acid hydrocarbon chains and thus fluidizing the bilayer, whereas above T, it
inhibits chain motion and thus rigidifies the bilayer[23]. There are conflicting results in
the literature about the effect of cholesterol on order and dynamics of phospholipid
membranes in the liquid crystalline phase. Although it is commonly believed that in
the liquid crystalline phase cholesterol increases the order of phospholipid chains and
decreases the fluidity of the membrane[24]. Deinum et al.[12] showed that with the

addition of cholesterol, order increases and at the same time dynamics also increases.

There is a wide range of contradicting results obtained by various
experimental techniques about the hydrogen bonding between cholesterol and
phospholipids. Previously Brockerhoff [25] suggested that hydrogen bonding between
cholesterol's B-OH and the carbonyl groups of phospholipids is responsible for
cholesterol's unique effects on lipid bilayer membranes. This idea was justified by
Huang [26,27] theoretically. However, other studies [28,29] have shown that the
carbonyl oxygens of phosphatidyl choline are not necessary for cholesterol
interactions. The possibility of hydrogen bonding between the sterol hydroxyl and and
the phosphate region of the lipid head group was excluded by 3!P NMR spectroscopic
studies[4]. Presti et al. [30] proposed that cholesterol forms associations with
phospholipids with stoichiometries of both 1:1 and 1:2. A hydrogen bond between the
B-OH of cholesterol and the glycerol ester oxygen of a phospholipid is suggested for

15



tight binding in a 1:1 complex (Fig.9). A second phospholipid molecule is loosely
associated with the complex, probably simply by van der Waals interactions, to form

domains of 1:2 stochiometry, which may coexist with pure phospholipid domains.

Figure 9. Possible models for the lateral packing of phospholipid + cholesterol 1:1
(left) and 1:2 (right) viewed perpendicular to the plane of the lamellar phase. These
arrangements emphasize long-range order of acyl chains (circles) which are closely
packed near cholesterol (irregular shapes).

Interfacial boundary phospholipid separates these two domains. At about 20 mol%
cholesterol content, free phospholipid domains disappear and interfacial phospholipid
is maximal. The existence of domain formation in cholesterol containing PC
membranes, such as cholesterol rich and cholesterol poor, was also proposed by
Plachy et al. [31] and Recktenwald and McConnell[32]. The phase diagram proposed

by Reckstenwald and McConnell [32] was later developed by Vist and Davis
(Fig.10)[33].
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Figure 10. Partial phase diagram for cholesterol/DPPC mixtures. The phases are
labelled as follows: L, the fluid or liquid crystalline phase; G the gel phase; B, the
high cholesterol content phase characteristic of biological membranes.

Properties of these subphases, which have different dynamics, were reported by
Severcan et al. [34] Severcan and Plachy[35]. Although much effort has been devoted
to the study of the location and interaction of cholesterol with lipid bilayers, its
functional role within the membrane is not yet understood clearly because of the

complexity of these systems.

1.4 Structure and Function of Vitamin E

Vitamin E was discovered at the university of California, Berkeley in 1922
in the laboratory of Herbert M. Evans. From its initial discovery as an anti-fertility

agent, it was given the name of tocopherol meaning child birth (tocos)+ carry

(pherin). Vitamin E is the generic name of a mixture of lipid-soluble phenols,
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tocopherols and tocotrienols possessing general structural features: an aromatic

chromanol head and a 16-carbon tail (Fig.11).

CH,

HO

CH;

CH,

Figure 11. Schematic illustration of a-Tocopherol.

The amount of methyl substutients in the cromanol nucleus gives rise to alpha-, beta-,
gamma-, and delta isomers, whereas the saturation of the hydrocarbon chain
constitutes tocopherol (with saturated chain) or tocotrienol (with unsaturated chain)
forms of vitamin E. The alpha form of vitamin E with three methyl groups on the
chromanol nucleus, d-alpha tocopherol, has generally been consideiled as the most
active naturally occuring form. Alpha-tocopherol is also the most common form of

vitamin E found in human diet[36].

oT is an indispensible component of relatively low concentration (<1
mol% with respect to phospholipid) in the membrane of subcellular organelles such as

mitochondria and in the plasma membrane of cells[36].
Vitamin E molecules posses a unique ability to act as membrane free

radical harvesting centers which collect their antioxidant power from other

intramembrane and cytosolic reductants[37].
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The biological activity of vitamin E is generally believed to be due to its
antioxidant action to inhibit lipid peroxidation in biological membranes by scavenging
the chain-propagating peroxyl radicals. The antioxidant function of vitamin E is
localized in the chromanol nucleus, where the phenolic hydroxy group donates an H-
atom to quench lipid radicals[38]. These can be summarized in the following way: An
extremely high antioxidant efficiency of tocopherols may be explained by the
functioning of the vitamin E cycle in which chromanoxyl radicals can be reduced by
ascorbate, NADPH-, NADH- and succinate-dependent electron transport in
microsomes and mitochondria, whereas glutathione, dihydrolipoate and ubiquinols
synergistically enhance vitamin E regeneration in membranes and lipoproteins. This
was explained by the following reaction sequence and also shown schematically in
Fig.12[39]. The peroxyl radicals, ROO", are formed deep within the bilayers by the

reaction sequence:

ROO'+RH - ROOH +R ¢))
R+ 0, —» ROO )

where RH represents a polyunsaturated fatty acid moiety and the transferred hydrogen
atom comes from the center of a -CH=CHCH,CH=CH- unit. The peroxyl radical
center has quite a large dipole moment[40,41] and should therefore be  relatively
hydrophilic; as a consequence it may tend to float towards the surface of the
bilayers[40]. o.T, ArOH, reduces the rate and extent of peroxidation by interacting

with the peroxyl radicals:

ROO" + ArOH — ROOH + ArO* 3)
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It is probable that for peroxidation occurring in vivo the o-tocopheroxyl
radical formed in reaction 3 is very largely converted back to the aT by water-soluble

reducing agents (such as ascorbate (vitamin C))[42].

+
e>H

ArO >ArOH 4
ascorbic acid

Dihydrolipoate
Dehydro - -l
acoroote o-Lipoate

Vitamin E

LOO° .
(chromanol) Ascorbate
Cytochrome b s
{oxidized)
Vitamin E 'g”:DHh‘ i
LOOH rodical Cytochrome b ytochrome D s
(chromanoxy!) reduced) reductase

Figure 12. The vitamin E cycle enzymic and non-enzymic recycling interactions of
water and lipid soluble antioxidants with vitamin E radicals in human erytrocyte
membranes.

Fig.13 shows the various modes of action attributed to vitamin E

(tocopherols) in membrane[43].
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Figure 13. Vitamin E as a biological response modifier.

It is generally known that the stabilizing effect of tocopherols on
biological membranes lies in their ability to inactivate free lipid radicals[44], to quench
singlet molecular oxygen[45] and to stabilize the membrane lipid bilayer via a van der
Waals interaction with unsaturated fatty acid chains of phospholipids[46,47]. It has
been demonstrated that ooT can protect biological membranes against the damaging
action of free fatty acids[48] whose concentration is sharply elevated under some
biological conditions, such as ischemia, stressory damages, hypoxia, etc[49-51]. The

molecular mechanism of membrane protection against structural and functional
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damage induced by fatty acid is their interaction with oT with formation of oT fatty

acid complexes[52].

Several vitamin E deficiency diseases mainly affecting newborns or young
babies were discovered. Many of these diseases are based upon either inadequate
amounts of vitamin E in the diet or defect in the transport of vitamin E to the tissues
(such as abetalipoproteinemia). Defects in bile mediated absorption also lead to

impaired vitamin E uptake, and may cause muscular dystrophy in children.

Typical severe deficiencies of vitamin E seen in young babies and children
have never been observed in adult experimental animals or humans. However, there
has been a whole host of literature ranging from epidemiological, clinical and
biochemical studies which have provided strong circumstantial evidence that higher

levels of vitamin E in the diet have beneficial health effects[36].

The protective role and requirements for vitamin E similar to other
antioxidants in prevention or minimization of free-radical damage associated with
specific diseases and life style patterns and processes, including cancer, aging,
circulatory conditions, arthritis, cataract, pollution, and strenuous exercise have been

reviewed by Packer{53].

The antioxidant potency of oT in vivo depends much on the surrounding
environment; for example, fluidity of the organized structures such as membranes and
lipoproteins. Recent studies indicate the possible role of vitamin E-membrane

interactions in the mechanisms of antioxidant action and membrane protection[54].
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It has been suggested that aT might stabilize biological membranes by
restricting the molecular mobility of their components[5,6]. Recently, correlation has
been reported between structural and dynamical membrane properties of vitamin E

-and its antioxidant potency [7,39].

In order to understand the molecular mechanism of action of oT, several
studies have been performed to investigate the interaction of oT with natural and
model membranes. It has been shown that oT induces phase separation in
phospholipid membranes[8,55]. It is found that, with the addition of oT, the phase
transition curve brodened, the main gel to liquid crystalline phase transition is lowered
and pretransition is supressed[9,57]. It has also been shown that oT induces a
decrease of order and an increase in fluidity in the gel phase while an indication of a
slight increase in ordering and a decrease in fluidity are registered in the liquid
crystalline phase[5,58]. The viscosity of the lipid site of the phospholipid membrane is
also reported in the liquid crystalline phase in the absence and in the presence of o
T[5]. The influence of vitamin E on motional anisotropy in phospholipid membranes
has also been reported[5,7,59].

1.5 Responsible Forces Governing the Bilayer Formation

Biological membranes essentially consist of a two-dimensional matrix
made up of a phospholipid bilayer interrupted and coated by proteins.Thus the interior
of the membrane is much less polar than the interfacial region. Such an organization is
a direct consequence of the hydrophobic effect, whereby the apolar acyl chains of
lipids and the side-chains of the nonpolar amino acid residues in proteins tend to be

sequeezed away from the aqueous phase[2].
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To understand the mechanism of formation of membranes, we need to
understand the interaction of nonpolar molecules, especially those which are partially
polar and partialy nonpolar with respect to solvent water. Water is essential for
membrane formation. A nonpolar molecule can be defined as an electrically neutral
molecule in which the centers of positive and negative charges coincide with each
other. In polar molecules, on the other hand, these two centers are asymmetrically
arranged, thus creating a positive and negative pole that give rise to what is called a
dipole moment. The dipole moment of a nonpolar molecule is very weak. Therefore
the forces operating between nonpolar molecules are mainly the van der Waals forces
that arise when a pair of any atoms or molecules come ciose together and induce
fluctuating charges upon each other. The van der Waals forces are much weaker than
the hydrogen or ionic bonds found between polar molecules. But, in the presence of
water, nonpolar molecules are found preferentially associated with one another, rather
than with water, which has been called the hydrophobic bond . Since then the term
has found widespread usage, although its validity has been questioned[60].

The components in a bilayer matrix are held together largely by
noncovalent forces. The hydrophobic effect accounts for most of the interaction
energy that stabilizes the bilayer organization, however hydrogen bonding and

electrostatic interactions are significant in the polar group regions.

Alignment of the zwitterionic head groups of phospholipids is determined
by eiectrostatic (PC) and H- bonding interactions (for PE) between the N-H and P=0
moieties. In crystals of DMPC, two water molecules located between the PC
molecules form a hydrogen-bonded phosphate-water-phosphate ribbon. Two other
water molecules are H-bonded to one lipid phosphate and to another molecule. This

H-bonded network of the head group and water molecules provides stabilization of
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the interface. In PC's restriction in the head group conformation is imposed by the
tendency of the zwitterionic head groups to optimize their intra and inter molecular
interactions, as well as by steric factors that determine conformations about the P-O

ester bonds.

Today it is known that the hydrophobic effect arises from the molecular
and physical characteristics of water. Hydrophobic substances cannot interact
favorably with water via ionic, polar, or hydrogen-bonding interactions. Amphipathic
molecules aggregate in water so as to maximize appropriate interactions, i.e., the
interactions that maximize orientional configurational entropy. Interactions of acyl
chains with water as well as with the polar groups is, for example, minimized in the

aggregates. Two factors are at work:

1. The net free energy change for the removal of methylene groups from
water to an apolar environment, which is always negative and about 2500-3500
J/mole. The gain in the free energy arising from the hydrophobic effect increases
linearly with the chain length. These values suggest that the head group repulsions,
branching, extent of chain-chain interactions, and interfacial area influence the

configurational entropy of methylene groups.

2. The electrostatic energy change for the removal of a charged group
from water to an apolar environment is given by the Born equation. The difference in
electrostatic free energy required to transfer ions of radius r (in A°) and charge q from

vacuum (g,~=1) to a solvent of dielectric constant &g is

AF=-21[(Ve)-(U/eg)]
=-1.4x106/2r[1-(1/eg)] J/mole(1)

25



For most polar solvents €g))1 (eg=80 for water). Note that AF will the
same for the transfer of ions of the same radius. For the transfer of the point charge
from the medium of dielectric constant 80 (water) to 2 (hydrocarbon), the overall

change in the free energy is about 6.3x104 J/mole.

Thus, the overall gain in the free energy for the transfer of a phospholipid
molecule from water or from a hydrocarbon medium to a nonpolar interface is -

6.3x104 J/mole.

The hydrocarbons are only slightly soluble in water, and the polar solutes
are not soluble in hydrocarbons. That's why amphipaths form aggregates to lower the
total free energy[2]. The unwillingness of such aggregates to break up in water has
been attributed in part to this hydrophobic force. The most popular qualitative
explanation is in terms of an increase in ordering of those molecules of water that are
in the vicinity of the hydrophobic portion of the amphiphile. It has been proposed that
a microscopic iceberg forms around nonpolar molecules. Since at the hydrocarbon-
water surface only weak dispersion forces restrain these molecules, they will, on
heating, absorb energy into rotational and translational modes of motion more easily

than bulk water. This accounts for the observed increase in their heat capacity[60].

The van der Waals type of attractive dispersion interactions between
hydrophobic solutes will also contribute to the formation of aggregates. However, the
extent of such contributions remains to be established in most cases. Since few H
bonds are actually broken during hydrophobic interactions, the main contribution to
the free energies comes from packing, configurational and orientational factors. The
entropic interactions are significantly longer range than any typical bonding

interactions, but they decay exponentially with distance. Also the attractive
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interactions due to hydrophobic effect would become stronger at higher temperatures,

as the contribution of TAS term would make the overall free energy more negative[2].

The hydrophobic effect's contribution to the stability of a bilayer in water
can be imagined as equivalent to a lateral pressure squeezing the phospholipids
together and thus preventing the hydrocarbon chains from coming into contact with

water[61].

1.6. Infrared Spectroscopy

1.6.1. The Basic Theory

Infrared spectroscopy is based on the measurment of vibrational
transitions, genarally between the ground state and the first excited state. This process
is ruled by the laws of quantum mechanics, and the total energy of the molecule is
increased or decreased by one or more quanta depending, respectively, upon whether

absorption or emission takes place.

It is a useful approximation to consider that the total energy of a molecule
is the sum of four contributions, i.e. electronic, vibrational, rotational, and

translational energies, which may be considered seperately; that is

Etotal = EeEvtE+Ey

Changes in vibrational energy lead to infrared vibrational spectra brought

about by mid-infrared radiation.
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The change in molecular vibrational energy after infra red absorption or

emission is given by Bohr equation

AE =E>-E{=hv=hcV

where E, is the initial energy, E, is the final energy, h is the Plank's constant, c is the
velocity of the light, v is the vibrational frequency in sec™! and V is the number in cm™
L. When vibrational transitions are considered, it is convenient to describe the
radiation by its wavenumber, V, rather than by its frequency, v. Infrared spectra are
usually recorded on a linear wavenumber scale, which is sometimes referred to as a

frequency scale, although its unit is the reciprocal of a wavelength(cm™1)[62].

The infrared spectrum is conveniently divided into near-, mid-, and far-
infrared regions. The majority of analytical applications have been confined to a

portion of the mid-infrared region extending from 4000 to 400 cm™1.

In order to absorb infrared radiation, a molecule must undergo a net
change in dipole moment as a consequence of its vibrational and rotational motion.
Only under these circumstances can the alternating electrical field of the radiation
interact with the molecule and cause changes in the amplitude of its motions. For
example, the charge distribution around a molecule such as hydrogen chloride is not
symmetric, because the chlorine has a higher electron density than the hydrogen. Thus
hydrogen chloride has a significant dipole moment and is said to be polar. The dipole
moment is determined by the magnitude of the charge difference and the distance
between the two centers of charge. As a hydrogen chloride molecule vibrates, a
regular fluctuation in dipole moment occurs, and a field is established that can

interact with the electrical field associated with radiation. If the frequency of the
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radiation exactly matches a natural vibrational frequency of the molecule, a net
transfer of energy takes place that result in a change in amplitude of the molecular
vibration; absorption of the radiation is the consequence. Similarly, the rotation of
asymmetric molecules around their centers of mass results in a periodic dipole

fluctuation that can interact with radiation.

No net change in dipole moment occurs during the vibration or rotation
of homonuclear species such as O,, N, or Cl,; consequently, such compounds cannot

absorb in the infrared.

Quantum mechanics allows only certain values of the energy. These

values are represented by the horizontal line on the Morse curve in Fig.14. Values of

energy

o Potential energy E ——-

Interatomic distance r

Figure 14. Potential energy diagrams. (1) Harmonic oscilator, (2) anharmonic
oscilator,
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between these energy levels are not permitted and the spacing between energy levels
becomes smaller at higher energy values. As the energy increases, the atoms move
farther from their equilibrium positions and hence enter a nonparabolic region of the
Morse curve. Therefore, the vibrations can no longer be treated as simple harmonic

but are described as anharmonic oscillations[63].

A molecule with N atoms has 3N-6 (3N-5 for a linear molecule) normal
modes of vibration, each of which occurs with a definite vibrational frequency.
Vibrational frequency increases with bond strength (force field) and varies as the
inverse of the square root of the reduced mass of two vibrating atoms that are held

together by a force constant

v=cv=1/2n(k/p)'?

where the fundamental frequency v is related to the reduced mass p and the Hooke's
law force constant k. A consequence of this relation is that vibration of heavy atoms
occurs at lower wavenumbers than that of light atoms. The difference is clearly seen
upon isotopic exchange; for example, C-D vibrates at a wavenumber approximately
1.3 times lower than C-H. Characteristic vibrations of covalently bonded atoms can be
classified as stretching which involves changes in bond lengths, and bending
corresponding to changes in bond angles. The various types of vibrations are shown

schematically in Fig.15[62].
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Figure 15. Types of normal vibration in a linear (A) and a non-linear (B) triatomic
molecule. Atomic displacements are represented by arrows (in plane of page) and by
+ and - symbols (out of plane page).

The value of infrared spectral analysis comes from the fact that the modes
of vibration of each group are very sensitive to changes in chemical structure,

conformation, and environment{63].

Infrared spectroscopy has been a late addition to the spectroscopic
inventory of the membrane biophysicist. The reason for this lies in the presence of
water in the system. Biomembranes like all biological structures, require an aqueous
environment, whereby water is not only the solvent of choice, but often part of the
molecular structure itself. Since water is a strong infrared absorber, the application of
conventional infrared spectroscopy to the study of biological membranes has been
severely limited. This problem is solved by using Fourier transform infrared

spectrometers[64].
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1.6.2 Advantages of FTIR Spectroscopy to Other Biophysical Techniques

Different physical, chemical and spectroscopical techniques are utilized to

probe various characteristics of membranes.

The techniques of X-ray diffraction, which yield for the most part time-averaged
electron density maps of structure, are poorly suited for the detailed study of disorderd
phases and also it has disadvantages of working with crystals which contains very little
amount of water. Most widely used are electron paramagnetic resonance and
fluorescence spectroscopy. These techniques, although, extremely sensitive, generally
require incorporation of reporter groups into the membrane component or phase of
interest. The presence of probe molecules produces several complicating factors for
data analysis. First their structure and polarities differ from those of phospholipids into
which they are inserted. Thus they may perturb the environment. Second, the probe
molecules may partition into particular domains of the membrane. Third, the probe
molecules produce spectral parameters from which it is non-trivial to extract direct
structural or dynamic information about the membrane component under
investigation. Infrared spectroscopic technique is a non-perturbing technique which

also provides investigation of hydrated samples.

Deuterium NMR has been the technique most effectively used to date for
studies of the motion of membrane lipid components. The sets of motion includes
trans-gauche isomerization, acyl chain vibrations and whole body rotations, among
others. To extract the contribution of any single motion to the measured spectral
order parameter requires mathematical modeling (of indeterminate accuracy) of all

other motions[65].
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Infrared spectroscopy is inherently well-suited to the problem of
conformational order in phospholipid acyl chains.

1.Structural and dynamic data arise directly from the molecules under
study without requiring the use of spectroscopic probes in the case of FTIR
spectroscopy.

2.Infrared spectroscopy may be termed as a sub-molecular probe in that
vibrations can be observed (and hence structural information gathered) from diverse
regions of a lipid molecule.

3.Lipids are easily studied in the gel or liquid-crystalline phases. Since the
vibrational spectrum of the acyl chains and head groups is a function of physical state,
conformational transitions between the two forms may be monitored by measuring the
dependence on temperature of the vibrational spectrum.

4.In vivo membrane studies are also possible.

The above mentioned advantages make FTIR well suited for membrane
studies.The major disadvantage is that water, which is always present in biological
samples, absorbes substantially in many regions of the infrared spectrum. In order to
overcome the problems arising from this fact, subtraction techniques are used to
remove most of the interference from water bands or D,0 can be used as a
solvent[64]. However this time D-H exchange should be taken into account. The next
section will discuss more about these disadvantages and the methods used to

overcome them.
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CHAPTER II
MATERIALS AND METHODS

2.1 Reagents:

Dipalmitoyl-L-a-phosphatidylcholine ~ (DPPC),  dimyristoyl -L-o-
phosphatidylcholine (DMPC), dl-o~tocopherol and cholesterol (5(6)-cholesten-3-ol)
were obtained from Sigma Chemical Company, USA, and used without further

purification.

2.2 Model Membrane Preparations:

Multilamellar liposomes were prepared according to the procedure
reported by Severcan and Cannistraro[8]. To prepare multilamellar liposomes, 10 mg
of phospholipid were dissolved in 150pul chloroform in a round-bottomed flask.
Aliquots of chloroform solutions of lipids were subjected to a stream of nitrogen to
form uniform thin films of the lipid on the walls of the container. Residual solvent
was removed by subjecting the films to vacuum drying for at least 8 hours. Thin films
were hydrated by adding 40 uL of 10 mM phosphate buffer (pH 7.1) (80%
hydration). Multilamellar liposomes were formed by vortexing the mixture for 20 min
at a temperature about 20°C above the T, of the corresponding lipid. oT-,
cholesterol-, and oT and cholesterol containing liposomes were prepared with exactly
the same procedures but in this case the dried films were obtained by mixing

chloroform-phospholipid solution with the required amount of «'T dissolved in ethanol



and cholesterol dissolved in chloroform. oT containing flasks require protection from

light due to light sensitivity throughout the drying procedure.

DPPC liposomes contain 20 mol% cholesterol (the lipid-to-cholesterol
molar ratio is 4:1)and different mol% oT. The maximum concentratyon of T mol%
(the lipid-to-oT molar ratio is 4.1).In tertiary mixture of cholesterol and oT, for
maximum oT and cholesterol incorporation (20 mol% oT and 20 mol% cholesterol)

the corresponding lipid-to-aT-to-cholesterol molar ratio is 4.25:1:1.

Additionally, pure and oT containing liposomes were prepared with D,0
instead of water in order to compare the results with previous FTIR study [66].The

results of the experiments will be given in chapter III.

2.3 Instrumentation

2.3.1 Dispersive Instruments

Conventional dispersive infrared instruments consisted of an infrared source that was
focused on the sample. The output infrared beam was dispersed by a grating or a
prism onto a slit that blocked all but a narrow range of frequencies from reaching the
detector; therefore, resolution was dependent upon the width of the slit. Hence, to
obtain a complete spectrum, the angle of the grating had to be continuously changed
with respect to the incident infrared beam; thereby, only the region corresponding to
the spectral resolution could be measured at a time. The result was a low energy
spectrum because of (i) the necessary proximity of the sample to the source limited its
power in order to avoid sample heating, and (ii) only a fraction of the infrared beam

coming out from the source reached the detector. Spectra acquisition was then very
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slow and dependent on several mechanical devices that make accuracy not very

reliable and sample stability a problem[62].
These disadvantages have been overcome by using FTIR spectrometers.
2.3.2 Fourier Transform Infrared (FTIR) Spectrometer

Infrared radiation can be analyzed by means of a scanning Michelson
interferometer. The Fourier transform is carried out by a computer, which is essential
part of the spectrometer, by means of the fast Fourier algorithm developed by Cooley

and Tukey.

This technique has several distinct advantages over the conventional
dispersive techniques. (a) The detector observes all the frequencies simultaneously
and can give a complete spectrum in less than 1 sec. The interferogram signal is
termed multiplexed and the consequence is a greater signal-to noise ratio in the same
spectral acquisition time (Felgett Advantage) and the possibility of performing kinetic
measurements. (b) The IR beam impinges fully on the sample without the need of a
slit to define resolution or to limit the amount of energy reaching the detector. Thus,
more energy is admitted to flow through the system, allowing greater sensitivity and
the use of special sampling techniques (Jacquinot Advantage). (b) FTIR instruments
use an internal laser reference to facilitate digitisation of data and for frequency
calibration. Since the laser frequency is accurately known, any measured data point is

calibrated by the system to better than 0.001 cm! (Connes Advantage).
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2.4 Sample Handling

CaF, is used in the present study as window material. It is insoluble in
water.

Fig.16 shows the infrared spectrum of CaF, alone. As seen from the figure
it is not transparent in the wavenumber region lower than 1200 cm!. It is evident
from the figure that there are weak O-H stretching and O-H scissoring bands in the
region of around 3409cm! and 1645 cm! respectively. They are not so strong. The
appearance of these bands is due to the presence of water molecules in the form of

vapor in the air.
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20ul of liposomes were placed between CaF, windows. Due to the strong
absorption of water in the samples, very thin spacers between windows are needed.
Alternatively, samples were placed between windows without spacer which enable us

to examine sample thickness less than 25 um.

Fig.17a and b show the infrared spectrum of DPPC liposomes without
spacer and with spacer of 0.1 mm thickness respectively. As seen from the figure,

infrared spectrumof DPPC multibilayer liposomes without spacer is much better.

Temperature is regulated by Unicam Specac digital temperature controller
unit and a thermocouple which is located against the cell windows. The range of
temperatures studied was from 20°C to 60°C.The samples were then incubated for 10
minutes at each temperature before the spectrum aquisition. Spectra were recorded on
a Perkin Elmer 16 PC FTIR, Nicolet 510 FTIR and Bomem FTIR spectrometer at
different times. Spectra obtained in all three machines are identical. Typically, 20

scans at 2 cm™! resolution were averaged for each sample.
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2.5 Infrared Spectral Regions Used In This Study:

The FTIR studies of reconstituted systems have used primarily the CH,

stretching vibrations which are the most intense in infrared spectra.

The hydrocarbon chain modes often used in the study of aqueous lipid

assemblies are summarized in Table 2.

Table 2. The hydrocarbon chain modes.

FREQUENCY RANGE DESCRIPTION OF SYMBOL
VIBRATION
29561 CH, asymmetric stretch vy (CH,)
292043 CH, antisymmetric stretch Yas(CH,)
29731 CH, symmetric stretch vs (CH;)
285142 CH, symmetric stretch v (CH))
173543 ester carbonyl stretch Y (C=0)
1468+1 CH, scissoring 3 (CH,)q

The carbon-hydrogen stretching vibrations give rise to bands in the
spectral region 3100 to 2800 cm™!. The CH, antisymmetric and syrnmetﬁc stretching
modes 2900 and 2850 cm™l, respectively, are generally the strongest bands in the
spectra of lipids. The frequencies of these bands are conformation-sensitive and,
respond to changes of the trans/gauche ratio in acyl chains. This is also the case,
although to lesser extent, for the vibrational modes due to the terminal CH, groups

found at 2956 cm™! (asymmetric stretch) and 2870 cm™! (symmetric stretch).
The most useful infrared bands for probing the interfacial region lipid

assemblies are the ester group vibrations, particularly the double bond C=0 stretching

bands in the 1750-1700 cm™! region.
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The infrared bands due to bending vibrations of the methylene and methyl
groups occur in the 1500-1350 cm™! region. The CH, bending (or scissoring) modes
give rise to bands around 1470 cm-!; the number of these bands as well as their exact

frequencies are dependent on acyl chain packing and conformation[64].

The CH, rocking band progression in 700-1200 cm'! region can not be
observed completely in Fig.16 since the CaF, window which we used does not permit
investigation of all these bands. The rocking bands are exteremly weak and their
observation and study are difficult due to overlap with many other vibrational modes.
However, the head group vibrational band of this progression which is the most
intense band in this region can be used to characterize the nature of the packing of

long methylene chains.
2.6 Spectrum Handling

Fig.18 shows the infrared spectrum of air. Strong absorptions due to the
presence of molecules (H,0 and CO,) in air appear in the spectrum. It is necessary to
substract these absorptions from the sample spectrum.The spectrum of the air is

recorded as reference and substraction process is done using appropriate software.

Water is the solvent for the lipid dispersions. The infrared absorption of

water overlaps with the lipid bands in the region of CH, and C=0 stretchings.
Fig.19 illustrates the infrared spectrum of liquid water. Strong absorption

bands were observed around 3409cm-land 1645cm:! which reflects the water

stretching and scissoring modes respectively.
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Fig.20 shows the water vapor bands on DPPC infrared spectrum of C=0
stretching band. It is shown in the figure that presence of water vapor in the air has an
unwanted effect on the spectrum. This means that having a good spectrum depends

on the level of humidity or the procedure for subtracting these.

Water is the solvent for the lipid dispersion. Fig.21a shows the infrared
spectrum of DPPC multibilayer liposomes in excess water. Strong infrared absorption
of water is observed in the same region as mentioned above which overlaps with the
lipid bands in the region of CH, and C=O stretching. Water bands should be
subtracted from the spectrum of multilamellar bilayers. It is not an easy problem to
overcome. We have to find the most suitable water spectrum to do the process of
water subtraction without destroying the sample spectrum. Absorbance subtraction is
a routine operation for all modern infrared spectrometers[67,68]. Two main
precautions should be considered, namely (i) the water spectra must be recorded with
the cells of identical pathlength and window materials and (ii) they must be recorded
at the same temperatures as that of the sample in order to take into account
temperature-induced changes in the water spectrum[69]. Fig.21b shows the FTIR
spectrum of the same sample after water subtraction. As one can see from the figure,

this time C=0 bending mode is clearly observed.
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In order to eliminate the disadvantages of working with water, generally
samples are prepared with less content of water such as 50 % hydration (50% lipid
w/v) for infrared spectroscopy. Since biological membranes contain excess water. It
was not desired to prepare the samples at that concentration. It was tried to find out
the most suitable concentration which contained excess water and also permited one
to investigate the infrared bands. Although, we succeeded to work with 90%
hydration (10% lipid w/v), it was decided to work with 80% hydration to reduce the
difficulties on water subtraction in the C=0 stretching region. Fig.22a and b shows
the FTIR spectra of DPPC multilamellar liposomes at 90% and 80% hydration
respectively. As seen from the figure the clearest spectrum is observed when the

hydration level is decreased.

The other method is to use D,0 instead of water for hydration process to
get rid of disadvantages of water. Fig.23 shows the FTIR spectrum of DPPC
liposomes in excess D,0. Since the infrared absorbance of D,0 is outside the
wavenumber range of interest, a smoother spectrum is observed. However there are
disadvantages of using D,0. Samples must be prepared in closed containers to
eliminate D-H exchance with air. In addition to this, D-H exchange between sample
and D,0 should also be considered. Therefore this has not been extensively used in

this study.
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2.7. Emprical Rules Used in FTIR Spectroscopic Membrane Research:

All the bands given in section 2.5 exhibit temperature-dependent
variations in frequency and in bandwidth which can be related to structural changes at

the molecular level.

The frequency of CH, antisymmetric and symmetric vibrational mode
changes give knowledge about the conformational structure of phospholipid acyl
chains. The frequency values below the phase transition temperature are characteristic
of conformationally highly ordered acyl chains as found in solid hydrocarbons,
whereas the values above phase transition are characteristic of conformationally
disordered acyl chains with high content of gauche confomers such as those found in

liquid hydrocarbons.

The frequencies of the CH, stretching bands of acyl chains depend on the
degree of conformational disorder hence can be used to monitor the average
trans/gauche isomerization in the systems. The shifts to higher wavenumbers

correspond to an increase in number of gauche confomers.

The temperature-dependent variations in bandwidth reflect changes in
vibrational and torsional motion. As the bandwidth increases, mobility of the
phospholipid acyl chains increases, and also the reverse of this statement is true. In

short, bandwidth gives dynamic information about the system[70].
Frequencies of CH; asymmetric stretching mode give information about

dynamics of the deep interior of the bilayer[71]. A decrease in frequency corresponds

to stiffness of the bilayer.
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The change in the bandwith of the CH, scissoring mode reflects both

conformational disorder and chain rotation[69]

A red shift in frequency of C=0 stretching mode reflects the existence of
hydrogen bonding [13]. Changes in the bandwidth of C=O stretching mode reflect the

changes in librational and tortional motion of the interfacial region[71].
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CHAPTER III
RESULTS AND DISCUSSION

In conceiving the present study and during the analysis of the results, we
have been particularly careful to make a distinction between structural parameters
(such as order) and dynamic parameters (such as bandwidth). On the other hand the
correlation between chain order and chain motion is not well understood to

date[5,7,12].

The infrared spectra of lipids have been studied at two spectral regions
which orginate from molecular vibrations of different molecular moieties which can be

referred to (i) head-group and (ii) hydrocarbon tail spectral characteristics.
3.1 Spectral Characteristic of the Acyl Chains

Fig.24 displays the spectrum of DPPC multilamellar bilayers in the C-H stretching
region at different temperatures.This figure illustrates that variations in temperature
produce significant changes in peak position, peak height and the bandwith of the C-H
stretching bands. In general peak height decreases with increasing temperature. In the
gel phase, the CH, antisymmetric and symmetric stretching bands are relatively sharp
and are observed near 2918 cmr! and 2849 cm! respectively; on conversion to the
liquid crystalline phase, these bands broaden and their absorption maximum shifts to
the higher wavenumbers, 2923 cm! and 2852 cm! respectively. As mentioned in the

introductory part, the most common structure of aqueous lipid assemblies is the well
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investigated multibilayer structure, which can exist in two physical states; the ordered,
rigid gel phase and the more fluid, disordered liquid crystalline phase. The
temperature-induced transition between these two states, i.e., the gel-to-liquid crystal
phase transition, produces considerable changes in the infrared spectrum. It is evident
from Fig.24 that abrupt increases in peak position and bandwidth and an abrupt
decrease in peak height are observed around 41.2°C, which is consistent with those
reported in other studies [69]. This transition corresponds to the melting of the
hydrocarbon chains, therefore, it is sometimes referred to as the chain melting phase
transition. It involves the introduction of conformational disorder (i.e., gauche
conformers) in the acyl chains, and changes in bandwidths can be related to variations

in the rates of motion of the acyl chains[72,73]
3.1.1 Vitamin E-Membrane Interactions

The peak frequency of the CH, antisymmetric stretching vibration versus
temperature is plotted in Fig.25, for pure DPPC liposomes and DPPC liposomes
containing different mol% oT. As shown in the figure, the phase transition for the
multilamellar suspension occurs over a narrow range of temperatures centered at ~41°
C and is completed within about 1°C. The phase transition of DPPC liposomes is
altered drastically in the presence of oT. Increasing concentrations of oeT produce a
progressive broadening of the phase transition curve and lowering of T,, which are
consistent with other studies[5] At temperatures below the phase transition, with the
addition of oT, an increase in frequency is observed which corresponds to the
progressive increase in the gauche rotamer. On the other hand, above the phase
transition the effect of o.T is negligible. These are also valid for the CH, symmetric

stretching vibration frequencies which is shown in Fig.26.
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In structural studies, previous FTIR results of aT-phospholipid membrane
interaction [66] show some discrepencies with other spectroscopic results such as
ESR, STESR and deuterium NMR][8,56,57]. Previous FTIR results are also different
from our present FTIR results. In a previous FTIR study [66], it was reported that, in
the gel and in the liquid crystalline phase, aT increases order whereas previous ESR,
STESR, 2H-NMR studies and our FTIR studies report that with the addition of oT
ordering of the membrane decreases in the gel state and negligible effect is observed in

the liquid crystalline state.

Since FTIR studies of oT containing phospholipid liposomes are our
control studies, we repeated the FTIR spectroscopic investigation of oT containing
DPPC membranes by using the same experimental conditions that Villian et al.[66]
used in order to understand the reason for this discrepancy. In that study D,0 was
used instead of H,0O for hydration process. We repeated the experiments by using
both H,0 and D,0 for hydration. The comparison of the results is shown in Fig.27
and Fig.28 for CH, antisymetric stretching mode of pure and 20 mol% aT-containing
DPPC liposomes for H,O and D,0 hydration respectively. As seen from Fig.27 and
Fig.28 similar results are obtained, which conflicts with Villain's result{66] but is,
however, in agreement with ESR and NMR results. In the gel phase oT again induced
the formation of gauche rotomers, while it exhibited negligible effect in the liquid
crystalline phase. As expected, red shifts in frequencies are also observed when D,0 is
used as a solvent. It was reported earlier by Gallagher [74] that H—-D isotopic
exchange may lead to a decrease of interatomic distances in crystals. The reduced
mass also increases with deuterium substitution. This implies a decrease in frequency.
DPPC phase transition curve in Fig.28 shows this property. From Fig.28 it is also

observed that addition of aT inhibits H—D exchange.
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Fig.29 and Fig.30 illustrate bandwith changes of CH, antisymmetric and
symmetric stretching modes respectively as a function of temperature. At any given
temperature, the bandwidth progressively increases with increasing oT concentration.
Bandwith was measured at 0.75x peak height position. However, qualitatively similar
results are also obtained at 0.50x peak height position. Considerable insight is
obtained into the various types of motion performed by the fatty acyl chains due to the
different responses of the several IR spectral parameters to motional effects. One of
them is half-bandwidths of the CH,, stretching mode. The half-bandwidth monitors the
freedom of motion of the absorbing group i.e., the amplitudes and rates of motion
within its immediate environment. The half-bandwith will therefore reflect the main
thermal transition where a considerable change in its environment occurs. It is also
sensitive to other changes which do not introduce gauche conformers, such as
decreased freedom of librational or tortional motion of the chains[73,75]. Fig.29 and
Fig.30 demonstrate that oT increases the motional freedom of lipid acyl chains by
increasing the bandwidth both in the gel and in the liquid crystalline phase. The
antisymmetric and symmetric methylene bands show identical behaviour. Although in
the liquid crystalline state our results conflict with the previous NMR and ESR results
where it was stated that oT decreases membrane fluidity [6,5], our results agree with
previous FTIR results[66]. As previously reported [66], this discrepancy between
. FTIR and other techniques can be due to the existence of subphases occuring in
vitamin E-phospholipid binary mixtures which are named as vitamin E poor and
vitamin E rich phases[8]. We know that conventional ESR and NMR studies monitor
the overall dynamic effect of these subphases[5]. On the other hand FTIR may
monitor dominantly one of these subphases. This might be the reason of this

discrepancy.

61



BANDWID TH(CM-1)

CH, ANTISYMMETRIC STRETCHNG

15
- --N---
/’, “,.
14} - - __e--—e
/i "."'.’//W—’::ﬁ————e
.- ‘ev—BT e
,.‘ K / ,@'
13 ¢ , ,/. /V g
N O S
N ;
2t = L / 4
._/ v "0
' 7 e-eo
> @---- DPPC
n "/& _____ o v——v DPPC+6mol%aT
o’ e---—e DPPC+12mol%aT
m ---m DPPC+20mol%oT
1020 30 40 50 60

TEMPERATURE( °C )

Figure 29. Temperature dependence of the bandwidth at 0.75x peak height of the CH,
antisymmetric stretching mode of DPPC multilamellar liposomes containing-0 mol%

T, 6 mol% aT, 12 mol% oT, and 20 mol% o T

62



BANDWID TH{CM-1)

CH,SYMMETRIC STRECTHNG

10
O it e
m-u - —0
4 - e ",
9t - i,,-o—-o///e*-‘----o
n e 55—
, /, ,/Y—V :1
U ¥ i
8 II'I./ # I,‘
A
Jo y  f
Voo 4
7l v ed e----0 DPPC
el v——v DPPC+6mol%aT
. o—--—e DPPC+12moi%aT
m --- m DPPC+20mol%aT
6 ‘ . B
20 30 40 80 60

TEMPERATURE(°C)

Figure 30. Temperature dependence of the bandwidth at 0.75x peak height of the CH,
symmetric stretching mode of DPPC multilamellar liposomes containing 0 mol% aT,

6 mol% aT, 12 mol% T, and 20 mol% aT.

63



3.1.2 Cholesterol-Membrane Interactions

The individual effect of cholesterol on pure DPPC phospholipid bilayers
was also investigated in detail. The temperature dependence of the frequencies of the
symmetric CH, stretching mode in pure DPPC, and in different mol% cholesterol-
containing systems are shown in Fig.31. With the incorporation of cholesterol the
following changes are observed: Introduction of gauche conformers occurs over a
wider temperature range. In the gel phase, frequencies of the C-H stretching modes
follow the order: pure<DPPC+20 mol% cholesterol<DPPC+40 mol% cholesterol.
This demonstrates that cholesterol increases the average number of gauche
conformers in the gel phase. In the liquid crystalline phase, the order of frequencies
has changed in the reverse direction and the number of gauche conformers decreases
with increasing cholesterol concentration. Fig.32 shows the variation of bandwidth of
the CH, symmetric stretching mode as a function of temperature for different mol%
cholesterol-containing DPPC liposomes. These results were confirmed by
antisymmetric CH, stretching mode frequencies and bandwidth measurments. These
observations are also in agreement with the results of 2H-NMR. [76] and Raman

spectroscopic studies [77].
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3.1.3 Vitamin E-Cholesterol-Membrane Interactions

3.1.3.1 CH, Stretching Modes

Fig.33 shows the temperature dependence of the CH, antisymmetric
stretching mode for pure DPPC, 20 mol% cholesterol-containing DPPC, 20 mol% o
T-containing DPPC and DPPC multibilayers containing both 20 mol% aoT and 20
mol% cholesterol. As illustrated in Fig.33, T has paramount effect on cholesterol-
containing multibilayers both in the gel and liquid-crystalline phases. As seen from the
figure, cholesterol increases slightly and oT increases significantly the frequency in the
gel phase.When both of them are present in the system, the frequency increases
additively. In the liquid crystalline phase cholesterol decreases (red shift), but oT
slightly increases (blue shift) the frequency. When oT is added to cholesterol-
containing DPPC liposomes, the effect of cholesterol on frequency decreases and
wavenumbers shifis to higher values. These results imply in the gel phase that when
both cholesterol and oT are present together in the system, they exhibit an additive
effect on the acyl chain organization, by increasing the number of gauche rotamers.
On the contrary, in the liquid crystalline phase oT reduces the effect of cholesterol by
increasing the number of gauche rotamers in the system. Similar results were obtained

from the analysis of CH, symmetric stretching mode frequencies(see Fig.34).
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The temperature dependence of the bandwidths of CH, antisymmetric and symmetric
stretching modes are shown at 0.75x height in Fig.35 and Fig.36 respectively. The
bandwidth data of the CH, symmetric stretching mode in the presence of cholesterol
indicates that cholesterol increases bandwidth (mobility) in the gel and decreases
bandwidth (mobility) in the liquid crystalline phase. On the other hand, aT increases
mobility both in the gel and in the liquid crystalline phase. However, when cholesterol
and oT are present in the system together, the bandwidth increment is more than the
bandwidth increment when they are present individually. It is certain that the presence
of oT and cholesterol affect the mobility of the system additively in the gel phase or
synergestically in the liquid crystalline phase. Similar results are gathered from the
CH, antisymmetric stretching bandwidth(Fig.35). It is proposed that the CH,

symmetric stretching near 2850cm'! is of special significance because of its sensitivity

to the changes in mobility and in conformational disorder of the hydrocarbon chains.
It is also overlapped with other vibrational modes[69]. The bandwidth parameter
measured from the CH2 symmetric stretching region reflects the changes in the system

better than the CH2 antisymmetric region[70]
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Figure 35. Temperature dependence of the bandwidth at 0.75x peak height Of CH,
antisymmetric stretching mode of DPPC multilamellar liposomes containing-0 mol%
cholesterol + 0 mol% o T, 20 mol% cholesterol, 20 mol% o T, 20 mol% cholesterol +
20 mol% aT.
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Figure 36. Temperature dependence of the bandwidth at 0.75x peak height of CH,
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Fig.37 and Fig.38 reflect the effect of oT concentration on cholesterol-
containing multilamellar bilayers. In these figures the frequencies of the CH,
antisymmetric and symmetric stretching vibrations versus temperature are plotted for
increasing oT concentration in the system. As seen from Fig.37 and Fig.38 at any
given temperature, the effect of cholesterol on DPPC liposomes decreases gradually
with increasing oT concentrations. Above the main phase transition temperature,
addition of oT to cholesterol-containing DPPC liposomes increases the frequency i.e.,
increases the number of gauche rotamers. At 20 mol% aT concentration in 20 mol%
cholesterol-containing liposomes effect of cholesterol on DPPC liposomes
significantly decreases Below the main phasé transition temperature an increase in the
number of gauche rotamers is observed with the increasing oT concentration.

Identical results are obtained for the CH, symmetric stretching mode.
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The bandwidth of the CH, symmetric stretching mode at 0.75x peak
height as a function of temperature is shown in Fig.39 for DPPC liposomes in the
absence and in the presence of 20 mol% cholesterol and different mol% oT. Here
again, the figure shows that the effect of increasing concentration of oT on 20 mol%
cholesterol containing multilamellar liposomes is an increase fashion of the bandwidth
parameter as the temperature increases which implies an increase in acyl chain motion.
Fig.39 also shows that the effects of T on acyl chain motion and gauche/trans

isomerization are dominant over those of cholesterol.
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Figure 39. Temperature dependence of the bandwidth at 0.75x peak height of CH,
symmetric stretching mode of DPPC multilamellar liposomes containing-0 mol%
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mol% c, 20 mol% cholesterol + 12 mol%aT, 20 mol% cholesterol + 20 mol% oT.
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3.1.3.2 CH; Asymmetric Stretching

Fig.40 shows the tempeature-dependence of CH, stretching' band of pure
and aT and/or cholesterol containing DPPC liposomes. This band provides a monitor
of the center of the bilayer. For DPPC, there is a monotonic increase in frequency
with increasing temperature, reflecting increasing librational freedom of the acyl
chains in the central area of the bilayer. The melting phenomena are not evident,
reflecting the fact that the methyl mode is mechanically decoupled from the methylene
mode and hence need not respond to the melting phenomena[73]. In the liquid
crystalline phase the frequencies are nearly the same in the pure and aT-containing
DPPC systems, and a decrease in frequency is observed in cholesterol-containing
DPPC system. In the gel phase, oT increases, but cholesterol slightly decreases
frequency. These results indicate that in the gel phase, aT increases and cholesterol
slightly decreases the dynamics of the deep interior of the bilayer. In the liquid
crystalline phase cholesterol decreases the dynamics and the effect of oT on dynamics
is negligible. All these results are in agreement with the results on the CH, stretching
bands. With the addition of aT into cholesterol-containing liposomes, an additional
decrease in frequency is observed both in the gel and in the liquid crystalline phase,
indicating additional stiffness. This result is different from the result on the CH,
stretching bands, which implies that effect of oT on cholesterol-containing liposomes

is different for different parts of the membrane.
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3.1.3.3 CH, Scissoring Mode

Fig.41 shows the infrared spectra of the CH, scissoring band of DPPC
multibilayers at different temperatures. The spectrum consists of a strong narrow band
at 1468 cm-!, superimposed on several weak bands. The 1468 cm™! band results from
the scissoring mode of the methylene groups in all-trans acyl chains in which the phase
difference between adjacent group is 180°, while the underlying bands arise from
scissoring modes of glycerol and choline methylenes and methyl bending modes [69].
Although the CH, scissoring mode is relatively insesitive to temperature variations in
the fluid phase, the main transition produces a large decrease in the intensity of the
CH, scissoring bands along with an increase in bandwidth as seen in Fig.41. As in the
case of the C-H stretching bands, the effect is interpreted as arising from the
conformational disorder introduced at T,. X-ray diffraction studies of DPPC in gel
state have shown that at temperatures betwen the pretransition (T,) and T, the acyl
chain packing is hexagonal and that below T, a progressive distortion of the lattice
occurs which results in a distorted hexagonal subcell [78,79]. Infrared spectra suggest
that this distorted hexagonal subcell is orthorhombic-like (ortho hexagonal)[69]. Thus
the pretransition can be characterized as a transition from an orthorhombic-like
subcell at tempertures below T, to one which is characterized by lack of interchain
coupling of the CH, scissoring modes at temperatures above T,. Between T, and T,
the packing is hexagonal, where the acyl chains are generally viewed as behaving like
rigid rotors, independently of each other . In fact, NMR studies [80,81] found that at
temperature below T, the motional regime in the gel phase of DPPC is such that
neighbouring chains make an oscillating disrotatory motion, while above T, a quasi-
free chain rotation takes place. These results agree with the infrared and earlier X-ray

intepretations[79,82,83]. Fig 42 shows acyl chain crystal-packing patterns[84].
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Figure 42. Acyl chain crystal-packing patterns: A, orthorhombic or monoclinic; B,
hexagonal and C, triclinic. In all cases, the long axes of the chains are projecting from
the page. In the case of hexagonal packing, the torsion about the long axes is such
that the orientations of chains relative to each other at a given moment are random

Fig. 43 shows the infrared spectra of the CH, scissoring band of DPPC
multibilayers, pure and containing 20 mol% o T and /or cholesterol at 32°C. As can be
seen, the inclusion of cholesterol does not make any change in the bandwidth, but the
inclusion of T increases the width of the band. When both aT and cholesterol are
present in the system, an additional increase in bandwidth is observed, suggesting an

increase in the conformational disorder and chain rotation in the gel phase.

Fig.44 and 45 show that the infrared spectra of the same system at 39 and
49°C, respectively. Fig.45 shows that oT again exhibits a dominant effect on
cholesterol containing DPPC multilamellar liposomes. As seen from the figures,
cholesterol decreases the bandwidth in the liquid crystalline phase. The figures also
indicate that the presence of oT individually or with cholesterol cause substantial

difference in the shape of the CH, scissoring band counters.
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3.1.3.3 Head Group Vibration: C=0 Stretching Mode

Fig.46 shows the infrared spectra of the C=0 stretching mode of DPPC at
different temperatures. The band contours are nearly symmetric and the peak
maximum is observed at around 1735 cmrl. As the temperature is increased this band
decreases in intensity and an abrupt decrease in peak height is observed at the main

phase transition temperature.

Fig.47 shows the infrared spectra of C=0 stretching mode for pure, oT
and/or cholesterol-containing liposomes in the main phase transition region. The
frequencies of the peaks follow the order: cholesterol> DPPC> o T> aT+cholesterol.
Similar results are obtained for the gel and for the liquid crystalline phase which
indicate that o'T makes hydrogen bonding with the C=0 region of DPPC. We did not
observe hydrogen bonding formation between cholesterol and DPPC. The presence of
cholesterol in the o T-membrane system increases the strength of hydrogen bonding.

We do not have any explanation for this result.

Fig.48 shows the variation of C=0 vibrational frequency as a function of
temperature. An abrupt decrease is observed around 41°C in the DPPC curve which
monitors the main phase transition temperature. As seen from the figure, the effects of
aT and cholesterol are opposite both in the gel and in the liquid crystalline phase. aT
decreases, but cholesterol increases the frequency in both. When both of them are
present in the system with the same mol%, the frequency decreases more in the gel
phase. In the liquid crystalline phase, curves of DPPC liposomes containing only aT
and both aT and cholesterol overlap completely, indicating that the system behaves as

if there is no cholesterol in the system.
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C=0 STRETCHING
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Figure 48. Temperature dependence frequency changes of C=0 stretching mode for
DPPC multilamellar liposomes containing 0 mol% cholesterol + 0 mol% oT, 20 mol%
cholesterol, 20 mol% aT, and 20 mol% cholesterol + 20 mol% aT.
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Fig.49 shows the variation of C=0O stretching bandwidth as a function of
temperature. It is observed that below the main phase transition temperature, the
effect of cholesterol is negligible. However, a drastic increase in bandwidth is
observed with the addition of oT in DPPC liposomes. When both oT and cholesterol
are present in the system, bandwith increases synergestically. In the liquid crystalline
phase bandwidth increases by the same amount with the addition of cholesterol and o
T separately into DPPC liposomes. Again a synergestic effect is observed with the
addition of both «T and cholesterol into the system. These results indicate that the
joint occurrence of aT and cholesterol makes a drastic effect on librational and

tortional motions of the interfacial region.
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Figure 49. Temperature dependence of the bandwidth at 0.75x peak height of C=0
stretching mode of DPPC multilamellar liposomes containing 0 mol% cholesterol + 0
mol% oT, 20 mol% cholesterol, 20 mol% o T, 20 mol% cholesterol + 20 mol% o T.
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CHAPTER IV
CONCLUSION

From all these results of the present study; it is clear that effect of aT on
DPPC liposomes is more profound than cholesterol. It is also observed that oT
decreases or diminishes the interaction of cholesterol with phospholipid membranes.
For the interpretation of the results it will be useful to remember the previous studies

related to the location of cholesterol and T in the lipid membranes [11,56,85-87].

"The polar hydroxyl group of cholesterol at C-3 is located in the aqueous
interface and for this reason the polar head group should be localized within a
reasonably close lateral distance to the membrane surface. The long axis of the
cholesterol molecule is thus perpendicular to the plane of the membrane, and parallel
with the acyl chains of conjugated membrane lipids [85] . The cholestrol ring nucleus
configuration has been shown by X-ray analysis to be all-trans-anti, which leads to a
flat planar structure with a thickness of around 2 A° [86]. Different conformations of
a phospholipid and cholesterol molecules were proposed; and energies associated with
the conformations were calculated [11]. For aT, it is known that the 5-CH group in
the chromonal nucleus is very close to the surface of membrane [87], whereas its
hydrocarbon chain interacts hydrophobically with acyl chains of membrane
phospholipid [56]. The average depth to which the head group of aT is embedded in

the membrane is not known to date.



There is wide range of contradictory published results obtained by various
experimental techniques about the hydrogen bonding between cholesterol and
phospholipids. Previously Brockerkhoff [25] suggested that ) hydrbgen bonding
between cholesterol's B~-OH and the carbonyl groups of phospholipids is responsible
for cholesterol's unique effects on lipid bilayer membranes. However other studies
[28,29] have shown that the carbonyl oxygens of phosphotidylcholine are not
necessary for cholestrol interactions. The possibility of hydrogen bonding between the
sterol hydroxyl and the phosphate region of lipid head group was excluded by 31P
NMR spectroscopic studies [22] . Presti et al. [30] proposed that cholesterol forms
associations with phospholipids with stoichiometries of both 1:1 and 1:2. A hydrogen
bond between the B-OH of cholesterol and the glycerol ester oxygen of phospholipid
is suggested for tight binding in a 1:1 complex. A second phospholipid molecule is
loosely associated with the complex, probably simply by van der Walls interactions, to
form domains of 1:2 stoichiometry, which may coexist with pure phospholipid
domains. Interfacial boundary phospholipid separates these two domains. At about 20
mol% cholesterol content, free phospholipid domains disappear and interfacial
phospholipid is maximal. The existence of domain formation in cholesterol-containing
PC membranes, such as cholesterol rich and cholesterol poor, was also proposed by
Plachy et al. [31] and Recktenwald and McConnell [32]. The functional role of
cholesterol within the membrane is not understood clearly because of the complexity

of these systems.

Vitamin E has been studied extensively. It is not precisely defined whether
the hydrogen bonding occurs between the hydroxyl group oT and the ester carbonyl
group of the lipid [25, 88] or with one of the oxygens in phosphate group [34]. Lai et
al. showed that the hydroxyl group of tocopherol is more important than the hydroxyl

group of cholesterol in influencing their interactions with phospholipids[89]. Severcan
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and Cannistraro provided direct ESR evidence that two distinct phases are induced by
oT in phospholipid membranes in the liquid crystalline phase, which are named as oT
poor and oT rich phases[8]. Reorientational dynamics of the spin probe has a different
time scale in the two phases[8]. No information about the existence of subphases is
yet avaliable in the gel phase and also there is no phase diagram proposed yet for the

binary mixture of o'T and phospholipids.

With our present knowledge, it is quite difficult to account for the reasons
for the different joint effect of aT and cholesterol in the gel and in the liquid
crystalline phases. In the triple mixture of cholesterol-aT-DPPC, pair interactions
such as cholesterol-cholesterol, cholesterol-phospholipid, cholesterol-aT, etc. should
be considered for each phase.It can be concluded that in the gel phase cholesterol or o
T increases fluidity by the same amount and their joint effect is additive. Dominant
behavior of aT is also observed in the ordering effect. In the light of present and
previous studies, we can speculate that in the gel phase insertion of aT and
cholesterol molecules into the bilayer could distrupt the tight packing of the
phospholipid chains, mainly governed by Van der Waals force; cholesterol-lipid and o
T-lipid interactions might become stronger than the other membrane component's pair
interactions; thus an increase of both disordering and fluidity could result in the

bilayer.

In the liquid crystalline phase, it can be imagined that packing interactions
between the hydrocarbon chains are now less important. Although there is not any
model proposed so far for aT-lipid interactions, T may also form complexes with
fatty acids in the lipid bilayers as proposed earlier [52,90]. An explanation for the
present results related to the disordering effect of T on cholesterol-containing

liposomes is that T may be inserted between phospholipid and cholesterol; thus it
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decreases the interaction of cholesterol chains with phospholipid acyl chains, which
may increase the probability for trans-gauche isomerisation and a decrease in the

bilayer ordering would be registered .

In summary; data presented here show that T diminishes or decreases
the interaction of cholesterol with phospholipid membranes by forming a suitable
complex and stronger interaction. It is also known that, although the processes are
poorly understood, cholesterol can spontaneously desorb from membranes and
transfer between membranes [91,92]. With all this information given above in mind,
the following speculation can be made: Excess content of aT causes cholesterol to be
realeased from membrane. In the liquid crystalline and in the gel phase, cholesterol
can be transferred through the high cholesterol content (cholesterol rich) phase [33];
in this phase at ~20 mol% cholesterol it was proposed that there is a percolation
process: the cholesterol rich areas suddenly become connected, forming a network
that extends over the entire bilayer [93] which allows fast diffusion to occur. The
importance of phase domains in mediation of molecular transport is reinforced by
kinetic data [91,92] which define two different pools of cholesterol : one of them
which is a major portion of cholesterol and is exchangable, and the other one which is
a minor portion and is nonexchangable. These studies also indicated that the
cholesterol desorption rate from membranes may be faster than that previously
believed. With the present knowledge it is very difficult to make any speculation about
the role of vitamin E rich domains in sterol transport, where enhanced diffusion
processes associated with a percolation effect was also proposed [8]. At this moment
we do not know the physiological importance of the present results and their
relevance to health benefits. The concentrations of oT used (20 mol%) in the
experiments are much higher than physiological levels of vitamin E (0.1-0.2 mol%).

The existence of phase domains is also much less clear for biologically relevent

95



phosphatidylcholines. Much more theoretical and experimental work with model and
natural membranes is clearly needed to establish a precise structure-function

relationship.
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