Chapter 3

Structure and Phase Behaviour of Binary
Mixtures of Cholesterol with DPPC and
DMPC

3.1 Introduction

As discussed in chapter 1, phospholipids and cholesterol are important constituents of plasma
membranes [1]. The distribution of cholesterol within the membranes is believed to be in-
homogeneous and there is some evidence for the existence of cholesterol-rich lipid domains
called rafts in these membranes, which are suspected to play a vital role in many cellular
events [2, 3, 4, 5]. Although a wide variety of phospholipids are present in cell membranes,
the major ones are phosphatidylcholines (PCs). Therefore, PC—cholesterol membranes are
excellent model systems to study the effect of cholesterol on lipid membranes.

This chapter deals with x-ray diffraction studies on the structure and phase behaviour
of oriented multilayers of dipalmitoyl phosphatidylcholine (DPPC) and dimyristoyl phos-
phatidylcholine (DMPC) at various cholesterol concentrations. Importance of lipid choles-
terol interactions in bio-membranes has led to a large number of studies on these systems.
These earlier studies are summarized in section 3.2. We describe our experimental results on
DPPC-cholesterol and DMPC-cholesterol mixtures both at high (98 + 2% ) and low (75 +
2%) relative humidities (RH) in section 3.3. We have used oriented samples in our diffrac-
tion experiments which can provide more information about the in-plane ordering and chain

tilt. The use of oriented samples has helped us to observe a new modulated phase induced
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by cholesterol, which is distinct from the ripple (Pg) phase observed in pure DPPC and in
DPPC-cholesterol mixtures. Structure and electron density map of this phase are presented
in section 3.4. A detailed discussion of the structural features and possible origin of the Pg

phase is given in section 3.5.

3.2 Earlier studies

The importance of lipid-cholesterol membranes has led to a large number of experimental
as well as theoretical studies on this system. Spectroscopic studies have been carried out
in an attempt to understand the thermotropic phase behaviour of phospholipid-cholesterol
mixtures [6, 7, 8, 9, 10, 11, 12, 13, 14, 15]. Difterential scanning calorimetry (DSC) studies
show a progressive decrease in the temperatures associated with main transition (T,,) and pre-
transition (Tp) , and in the corresponding transition enthalpies with increasing cholesterol
concentration (X.). In these studies, the pre-transition was observed up to ~ 7 mol% of
cholesterol, whereas the main transition completely disappears at X, > 50 mol% [11, 12].
The phase behaviour, degree of ordering of the hydrocarbon chains, and lateral diffu-
sion in the presence of cholesterol have been probed by nuclear magnetic resonance (NMR)
[7, 8]. Phase diagram obtained from the NMR study by Vist et al. is shown in Fig. 3.1.
A cholesterol-rich g phase was found to coexist with both L, and Lg phases over a wide
cholesterol concentration range at temperatures above and below the main transition, respec-
tively. Degree of ordering of the hydrocarbon chains and the in-plane diffusion rates in this
phase were found to be intermediate between those in the fluid (L,) and gel (L) phases. At
higher cholesterol concentrations (> 20 mol%) the 8 phase exists throughout the temperature
range as shown in the phase diagram. The g and L, phases are often referred to as the liquid
ordered (l,) and liquid disordered (l4) phases, respectively, in the literature [14, 16, 17]. The
l, phase is believed to be rich in cholesterol, whereas the |4 phase is poor in cholesterol.
Hydrocarbon chain segmental order parameter in the |, phase is found to be almost twice
compared to that in the pure lipid at temperatures above the chain melting transition [8].

The two-phase region above the main transition observed in NMR studies has not been
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Figure 3.1: Phase diagram of DPPC—cholesterol mixtures obtained from NMR studies [7]. 8
is the cholesterol-rich phase.
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Figure 3.2: Phase diagram of DPPC-cholesterol mixtures obtained from x-ray diffraction

studies [18]. “x” corresponds to two-phase region of two lamellar phases and all other
symbols represent single lamellar phase.
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Figure 3.3: Phase diagram of DMPC-cholesterol mixtures obtained from neutron scattering
studies [19]. As discussed in the text the dependence of 2 on X, is different for temperatures
> 15°C and < 15°C. This difference is indicated by the symbols P, and Pg.. The superscript
c stands for cholesterol.

seen in diffraction experiments [18, 19, 20]. However, these studies have found two-phase
coexistence below the main transition at X, < 10 mol%. One of these two phases, which is
presumably richer in cholesterol can swell more and has a lamellar spacing d ~ 80 A [18].
This phase persists even at higher cholesterol concentrations, whereas the cholesterol-poor
phase disappears above 10 mol% (Fig. 3.2). The d-spacing of this phase is ~ 67 A.

The ripple phase in DMPC—cholesterol mixtures has been observed up to X, = 20 mol%
in both small angle neutron scattering (SANS) and freeze fracture studies [19, 21]. The phase
diagram determined from the SANS study is shown in Fig. 3.3. These studies also found a
secondary ripple for X. < 5 mol% which has a wavelength 1.9 times larger than the primary
ripple (Fig. 3.4 a). The secondary ripple wavelength was found to decrease with increasing
temperature. No secondary ripple was observed above 5 mol% (Fig. 3.4 b ). In SANS studies
the wavelength () of the ripple at higher temperatures (> 15°C) increases gradually with X..
Aincreases with X, from ~ 150 A at 0 mol% to ~ 500 A at 20 mol%. Similar behaviour was
found for the primary ripple in freeze fracture study. However, at lower temperatures, A stays

relatively constant at ~ 250 A till X ~ 8 mol%, and then increases as at higher temperatures.
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Figure 3.4: Freeze-fracture electron micrographs of the ripple structure of pure DMPC (a)
and mixture of DMPC with 16 mol% cholesterol (b). (a) shows both the primary and sec-
ondary ripple structure [21].

Therefore, the dependence of A with X is different for higher and lower temperatures. This
difference is indicated by the symbols P, and Pg. in Fig. 3.3. No ripples were observed for

Xc > 20 mol%.

The variation of A with X; in the range 0 < X, < 20 was found to be described by

d% = o.g'—zxc [21], where d and d, are the wavelength of ripples with and without cholesterol,
respectively (Fig. 3.5 a). d is found to diverge at X; = 20 mol%. The proposed model used to
calculate the relation between X. and dio is shown in Fig. 3.5 b. For X. < 20 mol%, the model
was based on ordered microscopic phase separation between strips of width dq corresponding
to pure DMPC and strips of width dyy corresponding to X, = 20 mol% (Fig. 3.5 b). The
amplitude of the ripple did not seem to change with X.. A similar trend has been observed
in SANS study on mixtures of cholesterol with DMPC with deuterated hydrocarbon chains
[19]. In these studies, A was found to be strongly temperature dependent. A decreases first

with increasing temperature and then increases slightly near the main transition at a given X,

[19]. No macroscopic domains of two different ripples were observed in these studies other
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Figure 3.5: Variation of ripple wavelength (d) with cholesterol compositions (X.) (a). dp is
the ripple repeat distance corresponding to pure DMPC. The points and the solid line was
obtained from experiments, whereas, the dotted line was determined from the model shown
in (b) [21].
than the primary and secondary ripples found at X. < 5 mol%.

Time resolved small angle x-ray diffraction studies on DMPC~cholesterol mixtures have
indicated phase separation at higher temperatures (> 50°C) for 10 < X. < 20, which is
believed to arise from two different arrangements of cholesterol molecules in the bilayer

[22]. However, no phase separation between two fluid phases has ever been observed in any

of the diffraction experiments at lower temperatures.

3.3 Experimental results

Small angle scattering techniques can in principle detect microscopic phase separation in the
plane of bilayers, if there is sufficient contrast in the scattering densities of the two phases.
However, even in the absence of such contrast, macroscopic phase separation can easily be
detected from non-overlapping reflections in the diffraction pattern coming from the indi-
vidual phases. On the basis of the diffraction patterns we have determined partial phase

diagrams of the two binary systems.
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Figure 3.6: Phase diagram of DPPC-cholesterol mixtures at 98% RH, determined from
diffraction data. Data points correspond to temperatures where a change in diffraction pat-
tern was observed. In the coexistence regions the superposition of two diffraction patterns
was observed.

3.3.1 DPPC-cholesterol at 98 + 2% relative humidity (RH)

DPPC exhibits three lamellar phases at high hydration, consisting of stacks of bilayers sep-
arated by water; the fluid (L,) phase above the main transition, the gel (L) phase below the
pre-transition and the ripple (P4 ) phase in between. Diffraction patterns of pure DPPC ob-
tained by us are consistent with a main transition at ~ 42°C and a pre transition at ~ 34°C, in
agreement with earlier studies [23]. In the gel phase of DPPC, we see two wide angle reflec-
tions, one on-axis (g, = 0) and the other off-axis (g, # 0) coming from the quasi-hexagonal
lattice of hydrocarbon chains of lipid molecules. As discussed in chapter 2, the wide an-
gle spot at g, # O indicates that the molecules are tilted with respect to the bilayer normal
and that the direction of the tilt is towards nearest neighbour. Tilt angle measured from the
position of the wide angle reflection is 30° [24].

Phase diagram of DPPC—cholesterol mixtures at 98% RH has been constructed from the
diffraction data and is presented in Fig. 3.6. The gel (Lg) phase was identified from the
presence of sharp chain reflections in the wide angle region of the diffraction pattern [25],
whereas the modulated (Pg) phase was identified from the presence of “satellite” reflections

in the small angle region (Fig. 3.7 a). The latter phase is characterized by a rectangular unit
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Figure 3.7: (a) Diffraction pattern of the P; phase of DPPC—cholesterol mixtures at 98 % RH
(Xc = 15 mol%, T = 6°C). The reflections can be indexed on a primitive rectangular lattice
as shown (d = 66.3 A, 1 = 60.7 A). For comparison the diffraction pattern of the ripple (P )
phase of DMPC (T = 20°C, RH =98% ), that occurs in between the pre- and main-transitions
is shown in (b) (d =57.6 A, A1 = 158 A). These reflection can be indexed on an oblique lattice
as shown.

cell, unlike the usual ripple (P4 ) phase, occurring in between the pre- and main-transitions,
which has an oblique unit cell (Fig. 3.7 b). Incorporation of 2.5 to 10 mol% cholesterol does
not affect the main- and pre-transition temperatures significantly. The diffraction pattern of
the ripple phase suggests an increase in the wavelength with cholesterol content, as found
in earlier studies [6, 21]. For 2.5 < X, < 12.5, below pretransition we observe two sets of
reflections in the small angle region, indicating the coexistence of the gel and P4 phases (Fig.
3.8). The coexistence of these two phases persists even at lower temperatures down to 5°C.
Tilt angle of the gel phase remains the same as that in pure DPPC. At X; = 12.5 mol%, the
Ps phase appears at ~ 31°C and continues down to 25°C. Below 25°C it coexists with Lg .
For 15 < X < 20, pre-transition disappears and the P, phase exists down to the lowest

temperature studied (5°C). The wide angle reflections at g, = 0 in the P; phase indicates that
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Figure 3.8: Diffraction pattern showing the coexistence of the gel and P phases (X; = 10
mol%, T= 10 °C, RH = 98 %).
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Figure 3.9: Diffraction pattern of the P, phase. Inset shows the small angle region of the
diffraction pattern on an expanded scale and at a higher contrast (X, = 12.5 mol%, T= 24 °C,
RH = 98 %). Note the wide angle reflections at g, ~ 0.
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Figure 3.10: Diffraction pattern of the cholesterol-rich |, phase (X; = 50 mol%, T= 55°C,
RH = 98 %). The first order lamellar peak is masked by the beam stop. Note that the wide
angle chain reflections are condensed along q.

the average chain tilt with respect to the bilayer normal is zero (Fig. 3.9). Increasing X
further leads to a fluid phase, often called the liquid ordered (I,) phase in the literature . As
can be seen from Fig. 3.10, the wide angle chain reflections get condensed along g, in the
presence of cholesterol. In addition the spacing of these reflections also change with X.. For
example, it changes from 4.2 A to 4.9 A as X is increased from 20 to 55 mol% at 25 °C (Fig.
3.11). The phase boundary between |, and P; is detected at X; = 22 mol%.

For X, > 50 mol%, we obtain diffraction patterns with a large number of sharp reflections
on initial heating of the sample (Fig. 3.12) [26]. This structure melts into the I, phase at ~
50°C on heating and is not seen on cooling down to 5°C. This structure was not probed in any
detail in the present study. The diffraction data at 98% RH are summarized in table 3.1. The
dependence of A with temperature at X, = 12.5 mol% and its variation with X at T = 15°C
are shown in Fig. 3.13 a and b, respectively. A increases with temperature and decreases with
Xe-

Unoriented samples of a few binary mixtures of DPPC and cholesterol were studied in
order to investigate their behaviour in excess water. d-spacing in the L, phase of pure DPPC
was found to be 65 A, whereas it decreases to 63.4 A in the gel phase. At X =5 and 10 mol%,
the typical range of X; in which the P4 phase occurs, the d-spacing increases drastically to

74.5 A and 85.7 A, respectively, at T = 25°C. However, at these X, there is a sudden jump in
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Table 3.1: Lamellar spacings d (A) of DPPC-cholesterol mixtures as a function of temper-
ature. Two sets of spacings indicate the coexistence of the Ly and Pz phases. Numbers in
brackets correspond to the wavelength of the P4 or the P; phase. x and 1 denote the ripple
(Ps) and Pg phases, respectively, which were identified from the smearing of the lamellar
reflections. RH = 98 +2 %. The errorindis + 0.3 A .

T (°C) Xc (mol%)
0 5 10 125 15 20
45 56.6 - 59.1 59.8 59.2 59.2
40 62.3 (145) 61.5* 62.9" 61.8* 63.5 62.6
35 60.3" 61.0* 62.9" 64.7" 65.4 (79.5) 63.9
30 60.0 59.2; 61.5 61.4; 66.0 (84.9) 65.4 (76.0) 65.7 (79.5) | 63.9(74.0)
25 59.7 59.5;64.0(75.8) | 62.0;67.4(77.7) 66.5 (74.0) 65.7 (66.8) | 63.9(63.2)
20 63.9 59.5;64.0(70.6) | 60.8;66.8(75.5) | 60.5;66.9(69.5 | 67.0(66.8) | 67.4(60.7)
15 62.0 59.7;64.6 (68.9) | 60.3;66.8(69.3) | 59.9;66.3(65.4) | 66.7(63.0) | 67.4(60.7)
10 62.0 59.7;64.6 (68.9) | 60.3;66.5(67.9) | 59.9;669 (65.4) | 66.7(63.0) | 67.4(58.3)
5 - - 60.3;66.5(66.6) | 59.9;66.3(62.3) | 66.3(60.7) -
22 33 40 45 50 55
45 60.6 60.7 61.0 59.7 59.1 57.9
40 63.1 60.7 61.0 59.7 59.5 57.7
35 63.8 60.7 61.0 59.7 58.5 57.5
30 63.8 60.7 61.0 59.4 58.4 57.3
25 63.8 60.7 62.1 60.5 58.8 58.3
20 65.3 60.7 62.1 60.8 59.5 58.1
15 65.3 60.7 61.9 60.4 59.4 58.0
10 65.3 (51.2) 60.7 61.3 60.2 59.3 57.8
5 65.3 (51.2) - 61.6 59.9 58.2 57.3

d(A)

10 20 30 40 50 60
Mol% of cholesterol

Figure 3.11: Variation of d-spacing of the wide angle reflection with cholesterol concentra-
tion (T= 25°C, RH = 98 %).
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Figure 3.12: Diftraction pattern of a highly ordered phase of DPPC at X. = 55 mol% before
heating the sample to high temperature.
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Figure 3.13: Variation of the wavelength of modulation (1) of the P; phase of DPPC-
cholesterol mixtures with temperature at X, = 12.5 mol% (a) and with X; at T = 15°C.

(b).
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Figure 3.14: Plot of intensity vs. g obtained from unoriented samples of DPPC-cholesterol
mixtures with excess water at 25°C.

the d-spacing at Ty, indicating the phase transition from Pg to L, phase. At X; = 33 and 50
mol%, there is no change in the d-spacing with increasing temperature, indicating a single
cholesterol-rich fluid (l,) phase. Plots of intensity vs. g for different X, are shown in Fig.
3.14. As seen in Fig. 3.14, the position of the wide angle reflection is shifted towards lower q
value at higher X. as found in case of aligned samples. The widths of the wide angle profiles
get broadened on incresing X, as in aligned samples. The d-spacings obtained at 25°C and
50°C are given in table 3.2. In these mixtures, we have not observed any macroscopic phase
separation.

It has been reported in the literature that the cholesterol-rich |, phase is insoluble in aque-
ous solution of non ionic detergents like Triton X-100 at 4°C[27]. This detergent insoluble

fraction is known as detergent resistant membranes (DRM). However, it was not very clear
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Figure 3.15: Plot of intensity vs. q of the |, phase ( --- ) and of the detergent resistant
membranes (DRM) (— ). DRM form after adding Triton X-100 to the |, phase at 4°C. (X
= 33 mol%, T= 25°C).

Table 3.2: Lamellar spacings d (A) obtained from unoriented samples of DPPC-cholesterol
mixtures in excess water. The error ind is = 0.9 A.

T(°C) X (Mol%)

0 5 10 | 33 | 50
25 | 634|745 857|689 |6538
50 |650|654|678| - |652
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Figure 3.16: Phase diagram of DPPC—cholesterol mixtures at 75 +2% RH, determined from
the diffraction data.

if the DRM has the same composition as the |, phase. In order to check this possibility we
have done the experiments with |, phase of DPPC-cholesterol mixture at X, = 33 mol% and
the DRM obtained from it by adding 1 ml of 1% Triton X-100 at 4°C. We have observed
identical diffraction patterns from these two systems, as shown in the Fig. 3.15, suggesting

that DRM has the same composition as the |, phase.

3.3.2 DPPC-cholesterol at 75% RH

The phase behaviour of DPPC—cholesterol mixtures has also been examined at 75 + 2%
RH (Fig. 3.16). The main transition temperature (T,) of pure DPPC increases to 50°C and
pre-transition disappears and hence the P phase was found to be absent, in agreement with
earlier studies [25]. A small coexistence region of L, and Lg has been detected from the
diffraction pattern at X, < 5 mol%. Such a coexistence in the pure lipid is unexpected since
by fixing the RH what we have is essentially a single component system. Presently we do
not know the origin of this discrepancy. For 2.5 < X, < 12.5, the coexistence of the gel
and P phases has been identified from their characteristic diffraction patterns, as discussed
in the previous section. The P, phase is stabilized at this lower RH and occurs over a wider
range of temperature from 45°C to 5°C (Fig. 3.17). Wide angle reflection seen at g, = 0

indicates the absence of an average chain tilt in this phase as found at 98% RH. The range of
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Figure 3.17: Diffraction pattern of DPPC at X, = 12.5 mol% (T = 21°C, RH =75 + 2%)
The inset shows the small angle region of the diffraction pattern on an expanded scale. The
reflections are indexed on a primitive rectangular lattice as shown.

X over which it was found is very similar to that at 98% RH, although the Py - |, boundary is
shifted to a slightly lower value of X.. The wavelength of modulation (1) of the P; phase was
found to vary both with temperature and X, as shown in Fig. 3.13. At 5°C, 1 ~ 65 A both
at 98% and 75% RH. A decreases with X, with the rate of decrease increasing considerably
on approaching the P; - |, phase boundary. The d-spacings obtained from the experiments at

75% RH are summarized in table 3.3

3.3.3 DPPC-dehydroergosterol (DHE)

The sterol DHE has been often used as a cholesterol analog in many studies. We have studied
a DPPC-DHE mixture in order to check the influence of sterol structure on the modulated
phase. The structure of DHE is similar to that of cholesterol except for the presence of three
additional double bonds, and an extra CHz group in the hydrocarbon chain. We have only
studied one composition of DHE (13 mol%) with DPPC at both 98% and 75% RH. Near the
main transtion the L, and P phases were found to coexist over a narrow temperature range
at both these relative humidities. At lower temperatures, the P phase was found throughout

the temperature range studied (Fig. 3.18). However, we have observed additional reflections
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Table 3.3: Lamellar spacings d (A) of DPPC-cholesterol mixtures as a function of temper-
ature. Two sets of spacings indicate the coexistence of the L, and Pz phases. Numbers in
brackets correspond to the wavelength of the P; phase. RH = 75 +2 %. The error ind is +
0.3A.

T(°C) X¢ (mol%)
0 25 5 10 125 15 20

55 51.1 51.2 52.6 53.5 53.7 54.2 54.7
50 51.2;554 | 51.3;54.7 52.0 55.8 - 56.1 56.0
45 55.4 56.1 55.1 55.6; 57.6 (104.0) | 58.8(93.4) 58.2 57.2
40 55.5 57.6;56.1 | 56.3;57.8 | 55.6;58.0(84.0) | 59.2(81.0) | 58.6(81.1) | 57.2
35 55.5 58.6;56.1 | 56.4;584 | 55.6;58.6(8L0) | 59.6(79.8) - 58.4
30 55.8 57.8;56.1 - 55.6;58.8(75.0) | 60.7(68.1) | 59.3(72.5) | 58.4
25 55.8 58.6;56.1 | 56.4;58.8 | 56.0;59.3(73.8) | 61.0(68.1) | 59.9(66.5) | 59.2
20 55.8 59.3;56.5 | 56.4;58.9 56.0 ; 59.7 (68.8) 61.4 (67.5) | 59.9(62.4) | 59.2
15 55.8 59.3;56.5 | 56.5;59.2 | 56.0;59.7(65.5) | 61.8(64.5) - -

10 55.8 59.3;56.4 | 56.5;59.2 56.0 ; 59.7 (65.5) 62.0(64.2) | 60.3(60.6) | 59.8
5 55.8 59.5;56.1 | 56.3;59.7 | 56.0;59.7(64.4) | 62.0(64.2) - -

(a) (62.4) (b) (63.7 ; 65.7) () (59.3;62.7)

Figure 3.18: Small angle region of diffraction patterns of DPPC-DHE mixtures (X; = 13
mol%) showing Py phase of wavelength ~ 150 A(T = 35°C, RH = 98%)(a) and the coexis-
tence of the Py phase with the P, (T = 10°C, RH = 98%) (b). (c) is same as (b) but obtained
at 75% RH. The wavelength of the P4 is ~ 70 A. Numbers in brackets represent d-spacing
(A) corresponding to the reflections.
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Table 3.4: Spacings d (A) of DPPC with 13 mol% of DHE obtained at two different RH
and at different temperatures. Two sets of d-spacings correspond to regions of coexistence.
Wavelength of the Py and P, phases is found to be ~ 150 A and ~ 70 A, respectively.

T°C

RH% | 50 45 40 35 30 25 20 15 10
98 55.3 56.8 59.0;63.2 | 63.9 63.9 63.2,64.7 | 644,663 | 639,657 | 63.7; 65.7
75 52.1 | 54.5;59.0 58.8 59.3 | 59.3;624 | 59.3;624 | 59.0;624 | 59.0;625 | 58.8;62.7

15 20 25
Mol% of cholesterol

Figure 3.19: Phase diagram of DMPC-cholesterol mixtures at 98% RH, determined from the
diffraction data. The phase boundaries indicated by the dotted lines have not been determined
very precisely.

corresponding to a larger d-spacing at lower temperatures (Fig. 3.18 b). The phase corre-
sponding to the larger d-spacing might be the P4 phase. Although the satellite reflections
corresponding to the P, phase at 98% RH were not prominent, we can unambiguously iden-
tify this phase at 75% RH from the satellite reflections, as shown in Fig. 3.18 c. At 75% RH,
and below T, we have observed the P, phase throughout the temperature range studied, but
satellite reflections at lower temperatures get smeared out, probably due to the increase in
wavelength as found in the case of DPPC—cholesterol mixtures. The d-spacings obtained at

different temperatures are given in table 3.4.

3.3.4 DMPC-cholesterol

DMPC has the same head group as DPPC, but has two carbon atoms less in each hydrocarbon

chain. We have examined the phase behaviour of DMPC-cholesterol mixtures at both 98
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(@) d=58.8A (b) d=55.1;52.2(74.5) A

Figure 3.20: Diffraction patterns of DMPC—cholesterol mixtures. (a) Ps phase (X; = 15
mol%, T = 5°C, RH = 98%). (b) The coexistence of the P; and gel phases (X. = 10 mol%,
T = 10°C, RH = 75%). Number in the bracket represents wavelength of the modulation in
the P4 phase.

+2% and 75 +2% RH, in order to check the influence of chain length on the P, phase.
Phase behaviour of DMPC-cholesterol mixtures was found to be very similar to that of
DPPC—cholesterol mixtures (Fig. 3.19). Distinct satellites from the P; phase was not ob-
served at 98% RH even at 5°C, but this phase could easily be identified from the smearing
of the lamellar peaks along g, (Fig. 3.20 a). Good diffraction patterns of this phase was ob-
tained in DPPC-cholesterol mixtures only at temperatures well below the pre-transition. The
fact that the pre-transition temperature of DMPC is much lower (~13°C) than that of DPPC
(~33°C) might explain the difficulty in obtaining good diffraction patterns of this phase in
DMPC—cholesterol mixtures. The coexistence of the P; and gel phases was observed at in-
termediate cholesterol concentrations, as in DPPC—cholesterol mixtures. Distinct satellites
from the P4 phase were observed in the diffraction pattern at 75% RH (Fig. 3.20 b), when
the chain melting transition of the lipid occurs at a much higher temperature [25]. Further,
as in DPPC-cholesterol mixtures, this phase is stable over a much larger temperature range

at the lower RH.
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3.4 Electron density map of the P; phase

The procedure used to calculate the electron density map has already been discussed in
section 2.3.2 of chapter 2. Here we describe the model briefly and present the electron
density maps of the Pz and |, phases obtained from the diffraction data of DPPC—cholesterol
mixtures. We have assumed the bilayers in the P4 phase to have a one—dimensional height
modulation as in the P, phase, since we have no a priori information about their shape
[28]. The rectangular unit cell seen in diffraction patterns of the P; phase rules out the
possibility of thickness modulated bilayers, since packing considerations in such a case can
be expected to favour a centered rectangular unit cell. As discussed in chapter 2, a model for
the electron density of the bilayers has been used to obtain phases of all the reflections and to
calculate the electron density map. The electron density within the unit cell can be described
as the convolution of a contour function C(x, z) and a transbilayer profile T(x,2). C(x,2) =
6[z — u(x)], where u(x) describes the bilayer height profile, which is taken to be triangular.
Earlier studies on the ripple phase have shown that an asymmetric bilayer height profile,
such as a saw-tooth, would result in an oblique unit cell [29]. The rectangular unit cell seen
in the P phase, therefore, suggests that the height profile is symmetric, i.e, triangular or
sinusoidal. It is also known from earlier studies on the ripple phase that the phases of the
reflections obtained from the model are not sensitive to the exact height profile, as long as
the symmetry requirements are taken into account. Hence we do not expect the phases to
change if a sinusoidal shape is assumed for the height profile instead of the triangular shape.

The transbilayer electron density profile (T (x, 2)) was modeled using three different mod-
els, as discussed in chapter 2. T(X, 2) consists of either three delta functions or three Gaus-
sians, two with positive amplitude (o) corresponding to the head group regions at the sur-
faces of the bilayer, and one with negative amplitude (o) corresponding to the methyl group
region at the center of the bilayer. In the model with five delta functions, the two additional
ones of amplitude pc represent the secondary maxima in the electron density due to choles-

terol [20]. Parameters in these models, such as py, pm, pc, and the bilayer thickness were
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obtained by fitting the calculated structure factors with the observed ones. This was done by
using standard Levenberg Marquardt technique for nonlinear least squares fitting [30]. Geo-
metric corrections to the diffraction data, relevant to the present experimental geometry, are
discussed in chapter 2 [29]. As mentioned in chapter 2, it is difficult to measure the thickness
of the sample precisely and, therefore, we have not taken into account absorption corrections
to the data. An earlier study on the ripple phase has found that neglecting the absorption
correction did not alter the electron density map significantly. This is consistent with the fact
that the electron density map is much more sensitive to the phases of the reflections than to
their intensities [31].

Table 3.5: Observed structure factor magnitudes (| FI* |) of the P; phase of DPPC-

cholesterol mixtures (X; = 15 mol%, T = 6 °C, RH = 98 + 2 %) and their best fit values
(F) obtained from the electron density models.

Fe

h k| |Fo| | 3delta | 5delta | 3 Gaussian
1 0] 10.0 | -10.0 | -10.0 -10
2 0| 744 | -599 | -7.67 -4.74
3 0| 386 | 3.64 2.73 -1.92
4 01038 | -859 | -9.99 -3.63
5 0| 127 | -1.29 | -231 0.38
6 0| 052 | 0.75 1.30 0.39
7 0] 053 | -272 | -1.79 -0.40
8 0| 0.77 | 0.07 | -0.004 0.10
9 0| 1.03 | 0.09 | -0.03 -0.001
2 1| 279 | 1.88 2.59 1.26
2 -1| 279 | -1.88 | -2.57 -1.26
2 2 - -0.36 | -0.49 -0.20
2 -2 - -0.36 | -0.54 -0.20
3 1| 325 | -1.82 | -1.47 -0.79
3 -1| 325 | 182 1.46 0.79
3 2 - 0.53 0.44 0.19
3 -2 - 0.53 0.46 0.19
4 1| 643 6.24 7.99 2.14
4 -1| 643 | -6.24 | -7.89 -2.14
4 2| 1.09 | -249 | -3.35 -0.72
4 -2 1.09 | -249 | -3.45 -0.72
5 2 - -0.70 | -1.54 0.13
5 -2 - -0.70 | -1.53 0.13

73



Table 3.6: Values of the model parameters obtained from the best fit for DPPC—cholesterol
mixtures in the P and |, phases. A is the amplitude of the height modulation in the P phase.
Xpn and X are the distances of the peaks corresponding to the headgroup and cholesterol
from the center of the bilayer, respectively. oy and o, are the widths of the Gaussians
corresponding to the head group and the terminal methyl group, respectively, in the three
Gaussian model. X is the function to be minimized in the fitting routine.

Xe (Mol% A Xn Xe % % Oh Om p)
3 delta 79| 23.6 - 225 - - - 1230

15 (Pg) 5 delta 83| 233 | 94 |216 038 | - - 33
3 Gaussian | 6.7 | 23.9 - 2.0 - 29 | 49 | 113
50 (lo) 5 delta - 20.3 | 11.0| 16 | 0.4 - - 494
3 Gaussian | - | 19.89 - 1.58 - 1.93 (597 | 8.0

The five delta function model does not give a better fit than the three delta function model
for T(x, 2). However, the phases obtained from these two models are the same for all strong
reflections but phases of a few weak reflections do change with the model. For a given
model phases of some weak reflections are also found to change with the starting values
of the material parameters in the model. The converged values of the model parameters
are sensitive to the initial values of these parameters. For some initial values, we obtain
unrealistic final values of the model parameters. This could be due to the presence of multiple
local minima of the function X (defined in chapter 2) in the parameter space. We also used a
model, where the three delta functions were replaced with Gaussians. But a model with five
Gaussians could not be used, since the model parameters did not converge, probably due to
the large number of parameters in it. Although we would expect a Gaussian to represent the
head group and terminal methyl regions better than three delta function, the model gives a
poorer fit. The reason for this discrepancy is presently not clear. Structure factors obtained
from the fit using the three models and the observed ones are given in table 3.5. Converged
values of the model parameters are given in table 3.6. The calculated phases were combined
with the observed magnitudes, and inverse Fourier transformed to get the two-dimensional
electron density map, shown in Fig. 3.21. It clearly shows a stack of modulated bilayers

separated by water. The quality of the map is very good, indicating that the model used to
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Figure 3.21: Electron density map of the P; phase of DPPC—cholesterol mixtures calculated
from the diffraction data of table 3.5, using the phases obtained with the three delta function
(a), five delta function (b) and three Gaussian (c) models. The solid (dotted) contours corre-
spond to the electron rich (poor) regions of the bilayers. H, W and C denote the head group,
water and chain regions of the bilayer, respectively. CH denotes the electron rich band in the
bilayer due to the presence of cholesterol. X; = 15 mol%, T = 6°C, RH = 98 %, d = 66.3 A,
1=60.7 A
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Figure 3.22: The transbilayer electron density profiles at x = 0 obtained from the electron
density maps shown in Fig. 3.21. using three delta function (a) and five delta function (b)
models. Peaks near + 22 A and the trough at the center correspond to the head group regions
and the terminal methyl groups of hydrocarbon chains, respectively. The secondary maxima
near + 10 A are due to the presence of cholesterol in the bilayers.
phase the reflections is essentially correct. The height modulations of the bilayers obtained
from the three delta function model are slightly asymmetric (arms of unequal length), as
shown in Fig. 3.21 a. However, the maps obtained from the five delta function and the
three Gaussian models seem to have more symmetric height profiles (Fig. 3.21 b and ¢) as
expected from the diffraction pattern. The transbilayer profiles obtained from the maps (Fig.
3.21) at x = 0 using three and five delta function models are shown in Fig. 3.22 a and b,
respectively.

We have also constructed one dimensional transbilayer electron density profile of the I,
phase using the five delta function and the three Gaussian models (Fig. 3.23). Phases ob-
tained from these two models are essentially the same, but the Gaussian model gives a better
fit with the experimental data, compared to the five delta function model. The phases of
some weak reflections do change with different starting values of the material parameters.
However, the phases of these weak reflection do not affect the electron density map signif-
icantly. The fit from the three delta function is very poor and the phases obtained from this
model could not be used to calculate the electron density map. The observed and calculated

structure factors from the five delta function and three Gaussian models are given in table

3.7.
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Figure 3.23: Transbilayer electron density profile in the |, phase of DPPC at 50 mol% of
cholesterol (T = 24°C, Rh =98%), calculated from the data given in table 3.7. Peaks near
+ 20 A and the trough at the center correspond to the head groups and terminal methyl
groups of hydrocarbon chains, respectively. Peaks near + 10 A are due to the presence of

cholesterol.

Table 3.7: Observed structure factors (| F¥ |) of the |, phase of DPPC—cholesterol mixture
(Xe = 50 mol%, T = 24°C) and their best fit values (FI) obtained from the five delta function

and the three Gaussian models.

-10

0 10
A

30 40

Fe
h | | Fo| | 3 Gaussian | 5 delta
1 | 10.00 -10.00 -10.00
2 | 1.72 -6.96 -11.15
3 | 0.78 1.20 0.94
4 | 5.16 -2.80 -12.30
51071 -1.31 -5.32
6 | 0.82 2.03 4.44
7 | 114 -1.03 -14.49
8 | 0.54 -0.38 -8.30
9 | 0.95 0.79 1.00
10 - -0.37 -12.5
11 | 0.55 -0.09 -1.81
12 - 0.20 0.63
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3.5 Discussion

The results presented here show that the modulated (Pg) phase difters in many ways from
the ripple (Pg) phase. First of all, P4 is well known to occur only at very high RH, close to
100 %. In contrast, Pz occurs even at 75 % RH. Secondly, the variation of the modulation
wavelength (1) with cholesterol content shows opposite trends in the two phases. In the Py
phase A increases with X and seems to diverge near X; ~ 20 mol% (Fig. 3.5) [21]. On the
other hand, in the P; phase it decreases with X; and tends to zero at a similar concentration
(Fig. 3.13). The temperature dependence of A in the Pz phase has also been found to be
opposite to that of P, phase [19]. 1 at a given X, decreases with increasing temperatures in
the Py phase, whereas the P4 phase shows the opposite trend as shown in Fig. 3.13.

The electron density map (Fig. 3.21) suggests that these bilayers have a rather small
height modulation, with an amplitude of ~ 2.5 A, which is about 5 times smaller than that
seen typically in the Pz phase. An electron rich band is clearly seen in Fig. 3.21 at a distance
of about 10 A from the bilayer center, in addition to the one corresponding to the head group
region. Its position is very close to that of a secondary peak due to cholesterol seen in the
electron density profiles of DPPC—cholesterol bilayers [20]. The bilayer thickness is also in
good agreement with earlier reports [20]. These maps also suggest that the cholesterol con-
centration within the bilayer alternates periodically between the two monolayers making up
a bilayer. Such a distribution of cholesterol would make the bilayer locally asymmetric and
can in principle lead to a local curvature of the bilayer. This can explain the observed small
amplitude periodic height modulation of the bilayer. However, as we have diffraction data
over a very limited g-range, we cannot presently rule out the possibility that this short length
scale modulations in the cholesterol concentration is an artifact of the Fourier reconstruction
of the electron density.

The oblique unit cell of the P, phase is a consequence of different bilayer thicknesses in
the two arms of the ripple, which can at least partly be accounted for by a chain tilt along

the ripple wave vector [32]. On the other hand, there is no evidence for a chain tilt along this
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direction in the P; phase, and the bilayer thickness in the two arms are comparable.

If the basic structural feature of the P4 phase is an in-plane modulation in the cholesterol
concentration, instead of a height modulation as assumed in the electron density model, one
would expect the ( 0, k) reflections to be very prominent, since they correspond to variations
in the electron density, projected on to the plane of the bilayer. We have carried out experi-
ments to check this possibility, by aligning the bilayers normal to the x-ray beam. Although
we were able to observe a diffuse wide angle peak from the chains, no peaks were seen in
the small angle region corresponding to the (0, k) reflections. This result rules out a structure
similar to that of a stripe phase with strong in-plane modulation of cholesterol concentration.
On the other hand, this observation is consistent with the structure inferred from the electron
density map, since the intensity of the (0,1) reflection calculated from the model for the val-
ues of the parameter obtained from the fit is a few orders of magnitude smaller than that of
the (1,0) reflection.

The P; phase reported here has not been seen in earlier freeze fracture, spectroscopic and
diffraction studies of lipid—cholesterol membranes [7, 9, 18, 19, 21]. One possible reason for
not resolving this structure in freeze fracture studies could be the very low amplitude of the
ripples. Since platinum deposition is usually done at an angle of 45°, such low amplitude
ripples will not lead to a shadowing effect. As spectroscopic studies, such as NMR, probe
the local structure of the bilayer, we would not expect them to reveal the modulated feature
in the P, phase, although this phase was identified as a cholesterol-rich g phase [26]. Most
of the x-ray and neutron scattering studies have been carried out on unoriented samples.
This could lead to the overlapping of satellite reflections with the lamellar reflections in the
diffraction pattern, and make the identification of the modulated phase difficult. As can be
seen from our unoriented diffraction data of DPPC—cholesterol mixtures, the lamellar phase
at 5< X, <10 can swell giving rise to a large d-spacing of ~ 85 A. This is the range of X,
in which the P4 phase occurs. We have not observed the coexistence of the P; with the gel
phase in these unoriented sample. However, the coexistence of two lamellar phases has been

reported in this system over a range of cholesterol concentration, similar to that over which
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the gel-P; coexistence is seen in the present study [18]. The relatively large lamellar period-
icity of the cholesterol-rich phase coexisting with the Lz phase for 3 < X < 10, reported in
ref. [18], clearly shows that the bilayers in this phase are rather flexible. This is again sup-
ported by the fact that a few lamellar reflections were observed and the higher order lamellar
reflections are broad. The occurrence of the modulated phase, which has not been seen in
other lipid systems, might also be a consequence of the enhanced bilayer flexibility due to
the presence of cholesterol in this phase. It is possible that on swelling the height modu-
lation of the bilayers are no more correlated. Therefore, the P; phase might not exist with
excess water. In ref. [18] it was suggested that this increase in d might be the consequence
of a decrease in the attractive van der Waals interaction between the bilayers on incorpo-
rating cholesterol. However, the fact that the |, phase with much higher X. has a smaller
d does not support this conjecture. Therefore, it is likely that this increase in d arises from
an increase in the steric repulsion between the bilayers, resulting from thermal undulations
of the bilayers [33]. Indeed some recent studies have indicated a softening of the bilayers
at comparable cholesterol concentrations [34], which can account for the enhanced thermal
undulations. Our fluorescence microscopy studies on giant unilamellar vesicles made up of
these mixtures show significant thermal shape fluctuations at small values of X, revealing
an unexpected softening of the bilayers. Microscopy observation will be discussed in detail
in chapter 7. At high cholesterol content (X. > 30), bilayers are more rigid and no swelling
behaviour was observed with temperature. The d-spacing becomes comparable with that of
the L, phase of the pure lipid, as shown in table 3.2.

The condensed wide angle reflection in the |, phase shows that the hydrocarbon chains of
the lipid molecules are stretched by the intercalated cholesterol molecules. The presence of
a larger number of lamellar reflections in this phase can be understood in terms of the higher
rigidity of the bilayers in the presence of cholesterol [35]. The intensity profiles of the wide
angle chain reflections of DPPC at T = 24 °C for a few cholesterol concentrations are plotted
in Fig. 3.24 . The two reflections in the L phase of DPPC result from a chain tilt towards

nearest neighbour [24]. The on-axis reflection is much weaker because of absorption by the
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Figure 3.24: Profiles of the wide angle chain reflection in the different phases exhibited by
the DPPC—cholesterol mixtures. The numbers against the curves indicate X.. (a) and (b)
refer to the on-axis (g, = 0) and off-axis reflections in the Ly phase of DPPC, respectively.
Xc = 20 mol% corresponds to the P, phase, and X; = 33 mol% to the L, phase.

substrate. The width of these reflections is inversely proportional to the correlation length,
&, of the chain ordering in the plane of bilayer. The wide angle peak is initially sharp in the
gel phase, but gets gradually broader as the cholesterol content is increased, indicating that
the correlation length of chain ordering decreases gradually with X. at temperatures below
the chain melting transition of the pure lipid. The width is not very different in the P4 phase,
indicating a high degree of in-plane order. As to be expected, the width is much larger in the
fluid L, phase. However, the width of the chain reflection along g, in the cholesterol-rich
L., phase is not very large (Fig. 3.10), due to the stretching of the chains in the presence of
cholesterol (Fig. 3.25) [20].

It is interesting to note that modulated bilayers similar to those in the Pz phase have been
predicted by a Landau theory of phase transitions in bilayers [36]. In an achiral system, only
symmetric ripples are possible, whereas in chiral system both symmetric and asymmetric
ripple are predicted. The asymmetric ripples have a chain tilt normal to the ripple wave
vector (), which is oscillatory along g. We cannot conclusively rule out such tilt oscillations
in the P phase if they are of small amplitude. On the other hand the symmetric ripples have
a mean tilt normal to g. The system studied by us are chiral and either of these phases is,
therefore, possible. However, since we are not able to infer the detailed chain packing from

the electron density map, we cannot confirm either of these structures from our present data.
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Figure 3.25: Schematic diagram of bilayers showing the fluid (L,) phase in the absence of
cholesterol (a). For comparison, (b) the fluid (L,) phase in the presence of cholesterol is
also shown. Stretching of hydrocarbon chains of the lipids in the presence of cholesterol is
depicted in (b).

The similarity of the phase behaviour found in DMPC-cholesterol mixtures to that of
DPPC-cholesterol mixtures is not surprising since the phase behaviour of the two lipids
themselves are very similar. As the T, of DMPC is lower and the length of the hydrocarbon
chains shorter, the temperature range of different phases and their d-spacings are expected to
be different from that of DPPC—cholesterol mixtures.

The binary PC—cholesterol mixtures do not exhibit fluid—fluid immiscibility above the
chain melting transition temperature ( Ty, ) in any of the diffraction studies. However, spec-
troscopic technique, such as NMR, has revealed such a coexistence. It is clear that the gel
phase is immiscible with the cholesterol-rich P4 phase at lower temperatures and the choles-
terol content in the gel phase is negligible. Further, the cholesterol distribution in the Pg
phase may also be nonuniform as revealed from the electron density map (Fig. 3.21). On
increasing the temperature, the cholesterol-rich phase might break up into small microscopic
domains, whereas the gel phase is transformed into the fluid (L,) phase. These cholesterol-
rich domains must have different chain conformational order, as the presence of cholesterol
leads to the stretching of the lipid chains (Fig. 3.25), resulting in a more ordered fluid state,
compared to the cholesterol-poor region of the membrane. Therefore, above T, we could

still have the coexistence of two phases with different chain conformational order of the lipid
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which can easily be detected using NMR. However, the small angle x-ray diffraction tech-
nigue cannot detect these microscopic domains since there is negligible contrast between the
two phases. This explains the difficulty in detecting the coexistence of the two fluid phases
above T, using diffraction studies.

The form factor corresponding to the ripple profile in the P; phase depends on the angle
between two arms of the bilayers . For small angles, it is spread out over a larger g, range.
However, as the angle becomes larger, intensity of the reflections at larger q. becomes neg-
ligible. Therefore, the fact that higher order satellite reflections were not observed for larger
X, indicates an increase in the angle between the two arms of the bilayers. As mentioned
earlier, the wavelength of the modulation decreases with increasing X; (Fig. 3.13). These
two observations taken together require the amplitude of the modulation to decrease with in-
creasing X.. Therefore, both the amplitude and wavelength tend to zero at sufficiently large
values of X. (>22 mol%), leading to a |, phase where the cholesterol distribution in the bi-
layer is almost uniform. The fact that we have not observed the coexistence of the P, and |,
phases suggests that the transition from the P, to the |, phase is continuous.

It is interesting to note that the cholesterol analog DHE also stabilizes the modulated
phase at lower temperatures (below T,). In addition, P; phase was found to coexist with the
Py phase at lower temperatures, both at 98% and 75% RH. Occurrence of the Pz phase at
low RH is intriguing. The ripple wavelength (1 ~ 150 A) of the Pg phase is similar to that
observed in the case of the pure lipid, whereas the wavelength of the P, phase is ~ 70 A.
However, the oblique angle (y) of the Pz phase reduces from more than 90° to ~ 90° as the
temperature is decreased. Therefore, it is evident that small change in the sterol structure can
lead to observable differences in the phase behaviour.

The formation of the Pz phase at intermediate X. is rather intriguing. We suspect that
the miscibility gap between the L and P phases is a consequence of the non-zero tilt in the
former. As is well known, the chain tilt arises from the larger cross-sectional area of the head
group compared to that of the chains. Therefore, if the tilt can take only values close to 30

and 0° (as observed experimentally), it is conceivable that a well-defined amount of choles-
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terol has to be incorporated into the bilayer to remove the tilt. A rough estimate based on the
areas of the different moieties gives X. ~ 20 mol% in the untilted phase. Therefore, for X; <
20 mol%, the cholesterol distribution in the bilayer can be nonuniform with cholesterol free
regions alternating with regions where X, ~ 20 mol%. Such a nonuniform distribution of
cholesterol is seen in the electron density map (Fig. 3.21), where the distribution of choles-
terol alternates between the two monolayers making the bilayer locally asymmetric. Such an
asymmetry can lead to a non-zero local spontaneous curvature of the bilayers. Therefore, the
height modulation in the Pz phase might be the consequence of local spontaneous curvature
due to the out of phase periodic localization of cholesterol in the two monolayers making up

a bilayer.

3.6 Conclusion

We have systematically studied the phase behaviour of mixtures of cholesterol with DPPC
and DMPC. A modulated (Ps) phase is found in PC-cholesterol mixtures at intermediate
cholesterol concentrations, whose structure is somewhat similar to that of the ripple phase
seen in some PCs in between the main- and pre-transitions. These two phases, however,
differ in the dependence of their structural parameters on cholesterol concentration and on
relative humidity. The electron density map of the Pz phase calculated from the observed
diffraction pattern shows a periodic height modulation of bilayers of amplitude ~ 2.5 A. The
length and the bilayer thickness of the two arms of the ripple are found to be similar, unlike
in the Py phase. At higher cholesterol concentrations these binary systems exhibit a fluid
lamellar phase, with a higher degree of chain ordering compared to the L, phase of the pure

lipids.
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