Chapter 1

| ntroduction

The lipid bilayer is the structural basis of all biological membranes [1]. It is a two di-
mensional fluid in which the membrane proteins and other embedded molecules are free to
diffuse. Recent studies have indicated that the distribution of molecules in cell membranes
is not random, and microdomains, called lipid rafts, rich in cholesterol are present in them.
These rafts are also enriched in certain types of lipids and lipid anchored proteins, and their
formation is often considered to be analogous to a phase separation in the lipid bilayer. These
membrane rafts are believed to play an important role in many cellular processes, such as
protein trafficking and signal transduction. The cell membrane is a very complex system due
to the wide variety of lipids and proteins present in it, as well as the various active processes
taking place at the cell surface. Therefore, it is important to establish the structure and phase
behaviour of model membranes containing cholesterol, in order to understand the formation
of rafts in cell membranes.

The present thesis deals with x-ray diffraction and fluorescence microscopy studies on
binary and ternary lipid-cholesterol membranes. Section 1.1 describes the hydrophobic effect
and self assembly of amphiphilic molecules. The phase behaviour of lipid—water systems is
described in section 1.2. Earlier studies of the influence of cholesterol on lipid membranes

are summarized in sections 1.3 and section 1.4 gives a brief introduction to membrane rafts.
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Figure 1.1: Chemical structure of CTAB (a) and DPPC (b).

1.1 Self assembly of amphiphilic molecules

Amphiphilic molecules, such as surfactants, consist of a polar (hydrophilic) part, usually
called the head group, attached to a nonpolar (hydrophobic) part consisting of one or more
hydrocarbon chains (Fig. 1.1). Lipids are amphiphilic molecules of biological origin. An
example of a synthetic surfactant molecule is cetyltrimethylammonium bromide (CTAB)
(Fig. 1.1 a) and dipalmitoyl phosphatidylcholine (DPPC) (Fig. 1.1 b) is a lipid found in
biomembranes.

Water is a polar solvent and forms a hydrogen bonded network. Typically ~ 3-3.5 hydro-
gen bonds are associated with each molecule in bulk water at ambient temperature. Strength
of this bond is ~ 40 kJ/mol, which is more than that of van der Waals “bond” (~ 1 kJ/mol),
but much less than that of the covalent or ionic bonds (~ 500 kJ/mol). Nonpolar molecules
are incapable of forming hydrogen bonds with water molecules. Therefore, when water
molecules are in contact with a nonpolar molecule they reorient around it so as to retain the
hydrogen bonded network. The number of hydrogen bonds per molecule around the non-
polar solute is often more than that in bulk water, resulting in a more ordered state. This is

entropically unfavourable. Therefore, nonpolar molecules are highly insoluble in water. The



immiscibility of nonpolar or inert substances in water is known as the hydrophobic effect [2].
This is entirely an entropic effect. Hydrophobic effect plays a vital role in many phenomena,
such as protein folding. Another such phenomenon, namely self assembly of amphiphilic
molecules, is discussed below.

At sufficiently low concentrations, amphiphilic molecules form a monolayer at the air—
water interface in order to minimize the contact between their chains and water. On increas-
ing the concentration of amphiphiles, they aggregate above a critical micellar concentration
(CMC) via spontaneous self association. Self assembly of amphiphiles can lead to various
structures like micelles and vesicles shown in Fig. 1.2 a, b and c. Below, we describe the
thermodynamic principles of self assembly of amphiphiles and then the factors determining
the equilibrium shapes and sizes of these aggregates.

Consider a dilute solution of amphiphiles, where aggregates of various sizes are in equi-
librium. Their sizes can be described in terms of aggregation number N, which is the number
of amphiphiles in an aggregate (N=1 corresponds to monomers). Equilibrium thermody-
namics demands that the chemical potential « of an amphiphile has to be the same in all
aggregates, i.e, u; = up = uz = ... = uy. It can be written as

KT X
Un = p + Wlog(WN) = Constant (1.1)

ud, is the reference chemical potential corresponding to the interaction free energy per
molecule due to the presence of all other molecules within the aggregate of aggregation num-
ber N, and Xy is the total concentration of amphiphiles in aggregates of size N. The second
term in equation 1.1 arises from the entropy of mixing. We assume the total concentration

(X) of the system is small, i.e,

X = Z Xy < 1 (1.2)
N=1
From un = u1, we get
Xn = NDXaexpi(u} — p)/KT N = NOGqe)" (1.3)

-l

where a = ot

The formation of aggregates of size N is possible if 8 < x8. When X; <

1, X;€” < 1 and we must have Xy < X; for sufficiently low monomer concentrations. Then,
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Figure 1.2: Self assembled structures of amphiphilic molecules above CMC. In all these
structures hydrophilic part is in contact with water and hydrophobic part is shielded from
water. (a) Spherical micelle ; (b) cylindrical micelle ; (c) vesicle ; (d) hexagonal phase made
up of cylindrical micelles; (e) lamellar phase.

X =~ X; and the isolated monomers in solution will be the favoured state. As X, is increased
X1€" approaches unity. Since Xy < 1, X; cannot exceed a value of the order of e*. Therefore,
the monomer concentration should saturate at a value ~ €, beyond which aggregates are

formed. This concentration is known as critical micellar concentration (CMC). It is given by
CMC = (X)e ~ (Xp)c ~ e Hi#RI/KT, (1.4)

Typical CMC of a surfactant, such as CTAB, is ~ 10~3 M and that of a lipid, such as DPPC,
is ~ 1072 M. The much lower CMC of DPPC is due to the presence of two long hydrocarbon
chains.

In a dilute aqueous solution of surfactants, spherical micelles form. On increasing the
concentration, the micellar shape usually changes. For example, CTAB forms spherical mi-
celles just above CMC. A sphere to rod transition of the micellar shape occurs on increasing
the concentration. Lipids, such as DPPC, only form bilayers above CMC. Since the edges of
the bilayers are in contact with water, these bilayers form a closed shell due to the energetic
cost of the hydrophobic edges that are exposed to water. These closed bilayers are known
as vesicles (Fig. 1.2 ¢). The equilibrium size and shape of the aggregates are determined
by the forces between the amphiphiles within the aggregates, inter aggregate forces, and the
geometry of the molecules. Efficient packing of molecules within the aggregate depends
on the geometric shape of an amphiphile. It has been established that relative sizes of the

head group and hydrocarbon chain or chains determine the shape of the aggregate structure
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[2]. For example, the single chained amphiphile CTAB forms spherical micelles, whereas
its double chained lipid analog only forms bilayers. However, the aggregate structure can
change on changing the temperature and solution conditions (ionic strength and concentra-
tion of amphiphiles) [2, 3].

In a concentrated solution these aggregates form a variety of liquid crystalline phases,
characterized by long-range orientational ordering of the aggregates. The most common of
these are the hexagonal and lamellar phases. The hexagonal phase consists of cylindrical
micelles arranged on a two dimensional hexagonal lattice (Fig. 1.2 d) and the lamellar phase

consists of a stack of bilayers separated by water (Fig. 1.2 ).

1.2 Phase transitions of lipid bilayers

Lipids are the main constituents of plasma membranes and they form the structural basis of
these membranes. A lipid molecule can have one or more hydrocarbon chains. Although
there are a variety of lipids present in the cell membranes, phospholipids and sphingolipids

are the most abundant.
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Figure 1.3: Chemical structure of phosphatidylethanolamine (PE) (a) and sphingomyelin (b).
R; and R, represent (CH,),-CHj3 units of the chains.

Phospholipids are classified into several groups depending on the chemical structure of



Table 1.1: List of lipids used in the studies presented in this thesis. All these lipids have two
identical chains. The numbers of carbon atoms in the chains and the number of double bonds
are also given. The position of the double bond along the chain (starting from the ester group)
and its conformation are indicated in the bracket. T, is the main transition temperature.

Lipids Abbreviation Lipid chains T

m
(°C)
Dimyristoyl phosphatidylcholine DMPC 14:0/14:0 24
Dipalmitoyl phosphatidylcholine DPPC 16:0/16:0 42
Dioleoyl phosphatidylcholine DOPC 18:1/18:1(cis-9) -18.3
Dilauryl phosphatidylethanolamine DLPE 12:0/12:0 30
Sphingomyelin (from bovine brain) - Distribution of chains | 40

the head group. Phosphatidylcholines (PCs), phosphatidylethanolamines (PEs) and phos-
phatidylserines (PSs) are common phospholipids found in the plasma membranes. Typical
structure of a PC molecule is shown in Fig. 1.1 b and that of PE is shown in Fig. 1.3 a.
Among sphingolipids, sphingomyelin (Fig. 1.3 b), sphingosine and gangliosides are the ma-
jor classes. These lipids may be charged or neutral. Neutral lipids which possess dipole
moments in agueous solution are known as zwitterionic.

Self assembly of lipids in an aqueous solution leads to the formation of lamellar phases,
consisting of a stack of bilayers separated by water. Depending upon the nature of the head
group and temperature they exhibit a variety of lamellar phases [4].

Lipids form a fluid phase at high temperatures, whose structure is shown in Fig. 1.4. In
this phase, known as L, phase, the hydrocarbon chains are completely molten and disordered.
Typical lateral diffusion constant and bilayer bending modulus in this phase are ~ 10~ n?s™t
and ~ 1071° J (~ 10 - 20 KT), respectively. Positional correlations in the plane of bilayer are
short range like in a liquid. Diffraction pattern of the L, phase, shown in Fig. 1.5, consists
of a few lamellar reflections. The higher order reflections are generally smeared out due to
the thermal undulations of bilayers. Water can penetrate deep into the membranes due to
the flexible bilayer in this phase. The temperature (T,,) above which the L, phase occurs is
known as the main transition temperature and is different for different lipids. T, is dependent

on the number of carbon atoms, number of double bonds in the hydrocarbon chain, and also



Figure 1.4: Schematic representation of the L, phase. Dots in the figure depict the position
of the chains of the lipid molecules in the plane of the bilayer.
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Figure 1.5: Diffraction pattern of the L, phase

on the nature of the head group. T, of a few lipids are listed in table 1.1 [5]. The position
of the double bond and its conformational (cistrans) state in the hydrocarbon chain change
the transition temperature drastically. For example, in the case of DOPC, T, reduces from
41 to -18.3°C as the position of the double bond changes from the 2™ to the 9™ carbon
atom (starting from the ester group) in the chain. At a given position of the double bond,
cisconfiguration has a considerably lower transition temperature compared to trans. Typical
enthalpy change during the main transition is about 5-10 kcal/mol for phospholipids [5].

On decreasing temperature, the L, phase transforms into a gel phase, where hydrocarbon
chains are predominantly in the fully stretched all trans conformation. Chains form a quasi
hexagonal lattice in the plane of bilayers. There are two types of gel phases found in lipids.

The Lg phase is exhibited by lipids, such as PE, where hydrocarbon chains are parallel to the
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Figure 1.8: Phase diagram of the DMPC-water system [6].

bilayer normal (zero tilt). Some lipids with larger head groups, such as PC, exhibit the Lg
phase where chains are tilted with respect to bilayer normal as shown in Fig. 1.6. Typical
diffraction pattern of such a gel phase is shown in Fig. 1.7. Large number of lamellar
reflections along g, implies very rigid bilayers in this phase. Wide angle reflections at g, #
0 suggest the tilt of the hydrocarbon chains with respect to bilayer normal. From x-ray
diffraction pattern of highly oriented sample (Fig. 1.7), one can directly measure the tilt angle
and also identify the tilt direction with respect to the chain lattice. Procedure to measure tilt
angle will be discussed in chapter 2.

Different levels of hydration can be achieved by either changing the water content of the
sample or fixing the relative humidity (RH) of the local environment. For aligned samples
the latter procedure is used. Three different types of gel phases have been found to exist in
DMPC at difterent levels of hydration [6, 7] (Fig. 1.8). At high hydration the Lg phase was
seen, where the tilt angle is ~ 32° and the direction of the tilt is towards nearest neighbour.
The Lg_ was found on partial hydration, where the direction of the tilt is arbitrary. Lgr was
observed at low RH. In this phase the tilt direction is towards next nearest neighbour. The
tilt angle is found to decrease gradually with decreasing RH [7]. It is important to note
that these gel phases could be unambiguously identified, since oriented multilayers were

used. However, it is difficult to distinguish them from the diffraction patterns of unoriented
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Figure 1.9: Schematic representation of the P4 phase.
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Figure 1.10: Diftraction pattern obtained from the Pz phase. The reflections can be indexed
on an oblique lattice.
samples. Transitions among these gel phases were found to be continuous.

Many lipids which exhibit Ls phase show a ripple (Ps) phase in between L, and Lg
at high hydration. The P — Ly transition is known as pre-transition. This transition is
absent for lipids such as PE. This phase is characterized by a two dimensional oblique lattice
formed by height modulated bilayers, as shown in Fig. 1.9. Typical diffraction pattern of
the Py phase is shown in Fig. 1.10. The wavelength of the modulation is ~ 150 A. In-
plane hydrocarbon chain ordering is similar to that in the gel phase. Although hydrocarbon

chains in both the Ly (Lg) and P, are packed in a hexagonal lattice, head groups are not
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ordered. Reducing the water content, or equivalently lowering RH, affects the main- and pre-
transition temperatures. T, goes up on decreasing RH. At sufficiently low RH pre-transition
disappears (Fig. 1.8). Additives, such as cholesterol, can also affect or abolish the main- and
pre-transitions of lipids.

Apart from these three phases, lipids exhibit another phase, known as the L. phase, at
temperatures below the gel phase. In general, the L. phase occurs after long incubation at
low temperatures, typically 4°C. L. is a highly ordered phase where hydrocarbon chains as

well as head groups are ordered.

1.3 Influence of cholesterol on lipid membranes

Cholesterol belongs to a class of polycyclic organic compounds known as sterols. It is an
essential and ubiquitous component of animal tissues. Cholesterol is found in the membranes
but the concentration of cholesterol is different in different membranes. The structure of
cholesterol is shown in Fig 1.11. The presence of the hydrophilic OH group helps to orient
cholesterol at the membrane—water interface of the bilayer. It can form a hydrogen bond with
neighbouring lipid molecule especially with sphingomyelin. It is well known that cholesterol
enhances the rigidity of the plasma membranes. It is also believed to be responsible for
lateral organization of lipids in the membranes in sub-micrometer domains, called rafts, and

is known to regulate the activities of certain membrane proteins [8].

3]
g

Figure 1.11: Structure of cholesterol
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Table 1.2:

Approximate lipid contents of different cell membranes [1].

lipids liver plasma Erythrocyte Myelin | Mitochondrion | Endoplasmic | E. coli
membrane | plasma membrane reticulum

Cholesterol 17 23 22 3 6 0
PE 7 18 15 35 17 70
PC 24 17 10 39 40 0

PS 4 7 9 2 5 trace
Sphigomyelin 19 18 8 0 5 0
Glycolipids 7 3 28 trace trace 0
Others 22 13 8 21 27 30

As discussed earlier, lipids and cholesterol are major and important constituents of
the plasma membranes (see table 1.2). Therefore, it is important to understand the influ-
ence of cholesterol on membrane properties. Biological membranes are complex. There-
fore, model membranes of lipid—cholesterol mixtures have been studied to gain useful in-
formation in order to understand the behaviour of complex membranes [8]. There are
mainly four different types of samples of lipid—cholesterol mixtures which are used to study
the effect of cholesterol on lipid membranes: oriented multilamellar stack of membranes
separated by water, dispersion of multilamellar vesicles in aqueous solution, giant unil-
amellar vesicles, and monolayers. Experimental techniques, such as differential scanning
calorimetry (DSC), spectroscopic techniques (nuclear magnetic resonance (NMR), electron
spin resonance (ESR) and fluorescence), diffraction techniques (x-ray and neutron), mi-
croscopy (freeze fracture electron microscopy, fluorescence microscopy and atomic force
microscopy), have been widely used to probe membrane characteristics in the presence of
cholesterol.

The effect of cholesterol on the main- (T,) and pre-transition (T,) temperatures of lipid
bilayers has been determined by DSC experiments. A progressive decrease in T, Ty, tran-
sition enthalpies and the broadening of DSC thermograms with increasing cholesterol con-
centration indicate that cholesterol transforms the gel phase into a fluid phase [9, 10]. On
the basis of DSC studies, it has been suggested that the gel phase is stabilized for lipids of
chain lengths < 17 (number of carbon atoms), whereas for longer chain lengths (> 18) the

fluid phase is stabilized [10]. This is due to the mismatch between the length of cholesterol
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molecule (~ 17 A) and the length of the hydrocarbon chains of the lipid molecule. Thick-
ness of the bilayer in the presence of cholesterol is also dependent on the chain length and
the phase state of lipids, but the orientation and the width of the head groups region are not
affected significantly by cholesterol. For example, bilayer thickness is increased in the gel
phase of PC bilayers for chain length from 12 to 16 carbons, as cholesterol is known to re-
move the chain tilt. However, for longer chain lengths, the bilayer thickness is decreased in
the gel phase [11]. Bilayer thickness in the L, phase is also increased due to the increase in
conformational order by the stretching of the hydrocarbon chains in the presence of choles-
terol. However, at low cholesterol concentrations, this effect is not significant [12].

Cholesterol induces non-lamellar phases in lipids, such as PEs and unsaturated PCs [13,
14]. Cholesterol also facilitates the formation of the L. phase in PE bilayers [15] which in
general occurs after long incubation at 4°C. In PCs, cholesterol strongly modifies the ripple
wavelength (1) of the Pz phase. A increases with increasing cholesterol concentration and
diverges at around 20 mol%, as revealed by freeze fracture and neutron scattering studies
[16, 17].

Partial phase diagrams of lipid—cholesterol mixtures have been derived from various ex-
perimental techniques [17, 18, 19, 20, 21]. These studies suggest the coexistence of the
gel (Lg/Lg) with a cholesterol-rich phase, known as liquid ordered (l,) phase below Ty, It
is evident from the binary phase diagram obtained from diffraction study that cholesterol is
miscible above T, and there is no indication of macroscopic phase separation [17, 18]. How-
ever, spectroscopic studies, such as NMR and ESR, detect the coexistence of |, with another
fluid phase, known as liquid disordered (I4) phase above T, ( Fig. 1.12 a) [19, 21]. At higher
cholesterol concentrations typically > 20 mol%, the main transition completely disappears
and the gel phase is replaced by the |, phase. The |, phase found at higher cholesterol content
is thought to be relevant for biological membranes. The amount of cholesterol required to
abolish the main transition and the maximum solubility of cholesterol are different for dif-
ferent lipids and depend on the nature of head group, chain saturation etc [22]. In general,

cholesterol has greater affinity for saturated lipids than for unsaturated ones. This is due to
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the fact that cholesterol cannot pack efficiently in the lipid bilayers if the molecules posses a
cis-double bond, creating a kink in the chain. Among phospholipids, affinity for cholesterol
increases in order of PC > PS >PE [9]. However, sphingomyelin has more affinity for choles-
terol than PC [21]. This could be due to the ability of the -OH group of cholesterol to form
hydrogen bond with the neighbouring sphingomyelin molecules. Lipid diffusion or mobility
is decreased in the fluid phase and increased in the gel phase, as cholesterol concentration
is increased, and it is found to be constant above 20 mol% [23]. For example, lateral diffu-
sion constant in the fluid phase without cholesterol is ~ 6.0 x10~2n?/s, whereas with 50%
cholesterol it decreases to ~ 2.0 x10~*n?/s. In the presence of cholesterol, conformational
order in the L, phase increases and hence molecular rotations about the bilayer normal be-
come restricted. The orientional distribution function of lipid molecules gets narrowed down,
indicating that most of the molecules are aligned parallel to the bilayer normal, which in turn
increases the segmental order parameter of the chains [24]. The segmental order parameter
in the presence of cholesterol in the L, phase becomes approximately twice that in the pure
system without cholesterol [21]. Increase in the bilayer bending rigidity (x ~ 1072° J) in the
presence of the cholesterol is a consequence of the increase in the orientional order in the
fluid phase [25].

A thermodynamic model based on lipid—cholesterol interaction and acyl chain confor-
mation has been used to calculate the phase diagram in binary lipid—cholesterol mixtures
[26]. Two basic conformational states; an ordered state (all trans) and a disordered state,
were used in the model. Entropic contribution comes from the conformational difference be-
tween the two states and from the ideal mixing of the states. Relative populations of the two
conformational states were obtained by minimizing the free energy with respect to relative
population subjected to the constraint that the sum of the two populations equals unity. The
coexistence of two fluid (I, and |4) phases was obtained for reasonable range of values of
model parameters. Introducing a solid phase with long range molecular packing within the
bilayers, a temperature-concentration phase diagram has been determined. A microscopic

model also provides a similar phase behaviour. In this model each monolayer is modeled
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Figure 1.12: (a) Partial phase diagram of binary mixtures of cholesterol with DPPC (A)
and sphingomyelin (B) obtained from ESR study [21]. AT is the difference between the
temperature of measurement and the corresponding main transition of pure lipid. I: |4 phase;
I 1q + Iy ; 12 I, phase. (b) Theoretical phase diagram calculated from microscopic model
[26].

as a triangular lattice where each lattice site is occupied either by acyl chain of the lipids or
cholesterol. As in the case of the thermodynamic model, two conformational states, the or-
dered state and the disordered state, were considered for the acyl chains. Crystalline domains
can develop in the plane of the bilayer with different orientations of the lattice. This is taken
into account in the model by assigning a Potts variable to the PC molecules with ordered
chain conformations. Hamiltonian for lipid-cholesterol mixtures was constructed by taking
into account interaction energy between acyl chains and between acyl chain and cholesterol
molecules using a mean field approximation. Minimizing the free energy derived from the

Hamiltonian a phase diagram was obtained (Fig. 1.12 b) which is in agreement with the

experimental phase diagram (Fig. 1.12 a) (see ref. [26] for details).

15



1.4 Membrane rafts

Plasma membranes are two dimensional fluids where the lipids can be considered as a solvent
for membrane proteins [1]. Rafts are domains enriched with cholesterol and some specific
membrane proteins such as glycosyl-phosphatidylinositol (GPI) anchored proteins that have
been proposed to exist in cell membranes [27, 28] . They are believed to be involved in
many cellular functions, such as endocytosis, protein trafficking and signal transduction. In
spite of a large number of experimental studies to understand the organization of rafts, their
existence and their intrinsic size have been poorly established. The only indirect evidence
in support of rafts is the formation of detergent resistant membranes (DRM). DRM are the
insoluble fraction of the membranes when they are dissolved in a solution of a detergent,
such as Triton X-100, at 4°C. However, membranes are completely dissolved if the detergent
solution is added at a high temperature (typically 37°C). Compositional analysis suggests that
the DRM contains sphingolipids, cholesterol and GPI anchored proteins, which are believed
to be the components of rafts. This is also further supported by the fact that cholesterol
depletion using methyl-B-cyclodextrin reduces the amount of DRM. However, recent model
membrane studies by Heerklotz showed that the detergent may induce domains on the lipid
membranes [29]. Therefore, pre-existence of rafts before the addition of detergent cannot be
conclusively inferred from the DRM.

Some experiments indicate that the intrinsic size of the membrane rafts is < 100
nm which is beyond the resolution of light microscopy. Lipid aggregates made up of
sphingolipid—cholesterol condensed complexes (diameter ~ 7 nm) surrounding individual
proteins are proposed to exist as mobile entities in the plane of the membranes. These lipid
shells are targeted to preexisting lipid domains like caveolae/rafts which can bud off to trans-
port their cargo to a specific location in the cell [30]. Diffusion of beads coupled by anti-
bodies to lipids and GPI anchored proteins, and homo-FRET between GPI anchored proteins
suggest that there are tiny lipid domains containing a few GPI anchored proteins present on

the cell surface. However, these tiny domains may coalesce to form large scale structures
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Figure 1.13: Micrograph of GUVs, showing coexistence of the |, and |4 phases [35]. Scale
bar, 5 um.
under certain conditions [31, 32].

Model membranes composed of ternary mixtures of a saturated lipid (Sphingolipid,
DPPC, DMPC etc), an unsaturated lipid (DOPC, POPC etc) and cholesterol have been widely
used to mimic the behaviour of biomembranes [33, 34]. The coexistence of two fluid phases
referred to as the |, and |y, seen in these systems below T,, of the saturated lipid, is believed
to be relevant for the formation of rafts in plasma membranes. Giant unilamellar vesicles
(GUVs) made up of ternary mixtures show micron sized domains of the |, phase rich in the
saturated lipid dispersed in the |4 phase (Fig. 1.13) [34, 35]. Differential partitioning of a
fluorescent dye into the two fluid phases creates contrast between them and makes it possible
to visualize the phase separation using fluorescence microscopy. The lateral diffusion and
rotational motion of lipid molecules in the |, phase is 2-3 times slower compared to those
in the 14 phase, implying that the former phase has higher chain conformational order than
the latter. The uniform fluorescence intensity on the surface of GUVs at higher temperatures
(above Ty,) suggests that the |, and |4 phases are miscible, indicating no macroscopic phase
separation. However, the possibility of some nanometer sized domains cannot be ruled out
[19]. The fluid—fluid immiscibility is also seen in monolayers made from lipid—cholesterol
mixtures. One of the fluid phases is proposed to be a condensed complex of lipid and choles-

terol [36].
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The complexity of the plasma membranes arises from the diversity of lipids and proteins
present in them. Various active processes occurring on the cell surface make the situation
even more complicated. It is important to note that the coexistence of two fluid phases
seen in model membranes is an equilibrium phenomenon. However, it is not clear from
the present literature whether the domains that are proposed in plasma membranes are equi-
librium structures or maintained by some active processes. Therefore, we cannot rule out
the possibility that the analogy between membrane rafts and domains in model membranes
containing cholesterol is rather inappropriate. However, there are some aspects of lipid—
cholesterol interactions that are not well understood even in model systems. Therefore, it is
important to study the behaviour of these simpler systems in order to gain a better under-

standing of the much more complex biological membranes.
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