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I. INTRODUCTION

One of the fundamental problems in membrane biology is that of lipid diversity. The
number of chemically different membrane lipids is much larger than other key bio-
logical building blocks such as nucleotides, amino acids, and carbohydrates. For
instance, a relatively simple biomembrane such as that of the red blood cell contains
well over a hundred different lipid species.

Except for some metabolic and receptor-type functions, current models of bio-
logical membranes do not take into account this lipid diversity. In the fluid mosaic
model (Singer and Nicolson, 1972), the lipids are thought to form a fluid semipermeable
bilayer which acts as a matrix for the functional membrane proteins. On the basis of
our present understanding, a single unsaturated phosphatidylcholine (PC) species could
easily satisfy such demands.

The incomplete nature of such membrane models is reinforced by two basic
membrane phenomena. First, biological membranes are highly dynamic structures
which are continuously involved in a variety of biochemical processes during which
transient departures from bilayer structure must occur. Examples include the trans-
bilayer transport of lipids and proteins as well as membrane fusion, among others.
Second, although the ability of lipids to adopt a variety of phases has been recognized
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Figure 1. Schematic representation of the bilayer and hexagonal Hy phase.

for quite some time (Lucy, 1964; Luzzati et al., 1968; Reiss-Husson, 1967; Shipley,
1973), only in recent years has it become apparent that several major membrane lipids
assume the nonlamellar hexagonal, type 11 (Hy) phase (see Figure 1) when dispersed
in isolated form in excess buffer under physiological conditions (pH, ionic strength,
and temperature). This phase consists of hexagonally organized lipid cylinders in which
the polar head groups of the lipid molecules surround a narrow aqueous channel. It
is obvious that the presence of such lipids in membranes poses important questions
concerning their structural and functional roles.

In this chapter, we present an inclusive review of the various aspects of lipid
polymorphism. It will be shown that the ability of lipids to adopt different structures
and the rationalization of this behavior via the “molecular shape” concept offers at-
tractive possibilities for understanding the reasons for lipid diversity and provides new
perspectives on structure—function relationships in biomembranes.

. MEMBRANE LIPID POLYMORPHISM: TECHNICAL ASPECTS

Small angle X-ray diffraction is the classical technique to elucidate the macro-
scopic organization of (phospho) lipid aggregates (for reviews see Luzzati, 1968;
Shipley, 1973). In lipid systems that possess some form of long-range order, analysis
of the relationship between first and higher order reflections can provide an unambig-
uous means for lipid phase determination.

A number of authors (Luzzati et al., 1968; Shipley, 1973; Reiss-Husson, 1967;
Luzzati, 1968; Rand et al., 1971; Janiak et al., 1976; Harlos and Eibl, 1980) have
shown that, in agreement with theory, in multibilayer systems, the spacings of the
first and higher order reflections relate as 1: 1/2 : 1/3. Depending on the sample
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particulars, sometimes fourth, fifth, or even higher order reflections can be seen. The
intensity of the various reflections is highly variable and depends also on the nature
of the sample. In fact, in some multilamellar systems, only the first order reflection
is observed (Harlos and Eibl, 1980; Marsh and Seddon, 1982), which makes a con-
clusive assignment of the phase rather difficult. The largest first-order spacing cor-
responds with the lamellar repeat distance, which is comprised of the bilayer thickness
and the thickness of the water layer in between the bilayers.

Alternatively, sharp reflections in the ratio 1 : 1/V/3 : 1/2 : 1V/7 are also com-
monly encountered in lipid preparations (Luzzati et al., 1968; Shipley, 1973; Reiss-
Husson, 1967; Luzzati, 1968; Rand et al., 1971; Janiak et al., 1976; Harlos and Eibl,
1980; Marsh and Seddon, 1982) and found to be typical for the two-dimensional
periodicity of hexagonally packed cylinders. Experimentally, the 1/V7 and higher
order reflections are seldom found. For naturally occurring lipids, the hexagonal Hy
phase is found most often, rather than the hexagonal, type 1 (H;) phase, where the
polar head groups are at the periphery of the cylinders. The largest spacing of the
hexagonal H; phase (d) relates to the diameter of the lipidic cylinders (a) as
d = (V32).a.

When a three-dimensional periodicity is present in a lipid preparation, often many
reflections can be found (Luzzati ez al., 1968; Shipley, 1973; Rivas and Luzzati, 1969;
Larsson er al., 1980; Lindblom et al., 1979). Provided that enough reflections are
observed, an attempt can be made to characterize the lattice type and space group to
which the structure belongs. Frequently, a cubic symmetry is found for lipid structures.
As a possible model for some cubic lipid phases, an interesting structure based upon
deformed bilayer units that are attached to create two different continuous aqueous
networks has been proposed (Larsson et al., 1980; Lindblom ef al., 1979).

When the long-range order is distorted or not present at all, the sharp Bragg
reflections are replaced by continuous scattering profiles that show far less detail and
are much more difficult to interpret in an unambiguous way. This particularly com-
plicates the analysis of the phase state in samples that contain different phases in which
only one of the phases is ordered. In this case, X-ray diffraction can totally overlook
the presence of the disordered phase.

The application of X-ray techniques to biological membranes is hampered by the
fact that the exposure times are often long compared to the biological stability of the
preparations. Furthermore, only some specialized membrane systems such as nerve
myelin, retinal rod outer segments, and chloroplasts are composed of ordered arrays
of membranes, facilitating interpretation of the data. In general, biological membranes
lack this order and only the scattering profile can be used to evaluate the properties
of the membrane (for review see Blaurock, 1982).

Among the electron microscopic techniques to study lipid polymorphism, freeze-
fracturing has been shown to be the most valuable method. This can be attributed to
(1) the reliable fixation procedure by fast freezing, (2) the fact that beam damage in
the microscope is excluded by the replication method, (3) the understanding of the
fracture mechanism, (4) the resolution power of about 30 A (Zingsheim, 1972; Verkleij
and Ververgaert, 1978), and (5) like any electron microscopic method, it provides
direct visualization of the macromolecular structure in contrast to the spectroscopic
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and diffraction methods, which give averaged information originating from many sites
simultaneously. This feature is also evident in the study of lipid polymorphism in that
it has revealed unique structural details such as lipidic particles, transitional inter-
mediates, and overall morphology and heterogeneity of the various systems.

Pure lipid phases characterized by X-ray diffraction have been visualized by
freeze-fracturing (Deamer et al., 1970). Liposomes consisting of concentric bilayers
show alternating smooth fracture faces (Figure 2). The hexagonal Hy phases show
distinct fracture faces composed of long parallel lines (giving a ribbed appearance)
which occur along at least two fracture planes at angles of approximately 120° to each
other (see Figure 2). The repeat distances of the bilayer and the different diameters
of hexagonal Hy; phase agreed well with X-ray repeat distances, which clearly dem-
onstrates that the structure is well preserved during the freezing method. However, it
is clear from other studies that because of temperature-induced disorder—order or
hexagonal Hy-lamellar phase transitions, the high-temperature phase may not be pre-
served with the current quenching procedures. However, with the development of
ultrarapid freezing devices, one is able to prevent alterations in the lipid organization
although phase transitions occurring at temperatures higher than 20-30°C may not be
prevented. A second argument to use fast-freezing devices is that one does not need
to use cryoprotectants which could affect lipid structures (Boni ez al., 1981). Therefore,
it is highly recommended to use ultrarapid quenching methods, e.g., spray-freezing

Figure 2. Freeze-fracture electron microscopy of (A) a multilamellar liposome (egg-PC) and (B) a hex-
agonal Hy phase (18 : 1/18 : 1.-PE). Final magnification X 100,000.
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(Bachmann and Schmitt, 1971), the copper black method (Heuser et al., 1979), or
the jet-freezing method (Moor et al., 1976) to study the various lipid phases.

The introduction of nuclear magnetic resonance (NMR) techniques, especially
3IP NMR, has been greatly advantageous in studying lipid polymorphism. They allow
for a convenient and quantitative discrimination between the most important phases
found for hydrated membrane lipids. Samples can be heterogeneous, long-range order
is not required, and these techniques can be equally well applied to model and biological
membranes. Since NMR signals contain contributions both from structural and motional
origin, the use of NMR to obtain structural information is extrapolative. Therefore,
we will first relate the different types of *'P NMR lineshapes to their corresponding
phospholipid structures and give some insight in the theories describing the various
lineshapes (for a detailed review see Seelig, 1978).

The lineshape of the *'P NMR signal of phospholipids is determined both by the
chemical shielding (or shift) anisotropy of the lipid phosphate moiety and 'H-*'P
dipolar interactions. The dipolar interactions complicate interpretation of the various
lineshapes and therefore are most often reduced by applying strong proton-decoupling
irradiation.

Dry lipid powders represent a completely immobilized system and are used as a
reference state. Figure 3 shows a dry powder proton-decoupled *'P NMR spectrum of
16 : 0/16 : 0-PC - H,0. Since the electron density around the phosphorus nucleus is
not isotropic but depends on the bonding pattern, different orientations of the phosphate
segment in a magnetic field will result in different shielding and hence give rise to
resonances at different frequencies. This phenomenon is known as chemical shift
anisotropy (CSA). In a dry lipid powder, all possible orientations of the phosphate
segment occur. Therefore, the spectrum in Figure 3 is a superposition of resonance
fréquencies corresponding with all those orientations and weighed by the distribution
function of all microcrystalline regions. The resonance frequencies of the edges and
the peak of the dry powder spectrum correspond with the principal elements of a static
axially asymmetric tensor, which describes the CSA. Inspection of these principal
tensor elements of various phospholipids from natural and synthetic origin, including
PCs (Griffin, 1976; Kohler and Klein, 1977; Herzfeld et al., 1978; Van Echteld et
al., 1981b), phosphatidylethanolamines (PEs) (Kohler and Klein, 1977; Herzfeld et
al., 1978), phosphatidylserines (PSs) (Kohler and Klein, 1977; Hope and Cullis, 1980),
phosphatidylglycerols (PGs) (Farren and Cullis, 1980), phosphatidylinositol (PI) (Nayar
et al., 1982), sphingomyelin (Cullis and Hope, 1980), and lyso-PC (Van Echteld et

Figure 3. Dry powder proton-decoupled 81.0 MHz 3'P

NMR spectrum of 16 : 0/16 : 0-PC - H,0 at 25°C. For ex-

perimental details see Van Echteld er al. (1981a,b). In this

and other spectra of 0 ppm position corresponds to the

chemical shift of the 3'P NMR resonance of sonicated egg- 1 1 1 |
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al., 1981b), reveals a great similarity with the exception of the phosphomonoester
phosphatidic acid (PA) (Kohler and Klein, 1977). This similarity indicates very similar
local conformation in the phosphate region of all these lipids. Also, other immobilized
systems such as the calcium salts of certain PGs (Farren and Cullis, 1980) and PSs
(Hope and Cullis, 1980) next to hydrated PCs and PEs at very low temperatures
(Herzfeld et al., 1978) give rise to powder-type *'P NMR spectra with principal values
of the CSA tensor similar to those observed for the dry phospholipid powders.

The hydration of phospholipids leads to the onset of motion, which partially
averages the CSA. Hydrated phospholipids organized in extended bilayers give rise
to a 3'P NMR spectrum which is characteristic for a shielding tensor that is axially
symmetric around a director axis. Figure 4 shows an example of such a spectrum with
a high field peak and a low field shoulder. An insight in the nature of this lineshape
can be obtained by orienting the phospholipid bilayers between glass plates such that
the long axes of the molecules are perpendicular to the glass plates. Stepwise rotation
of these oriented bilayers in the magnetic field gives rise to individual narrow resonances
with an angular-dependent chemical shift (McLaughlin er al., 1975, 1981; Seelig and
Gally, 1976; Hemminga and Cullis, 1982). The high field peak of the unoriented
sample has been found to correspond with phospholipid molecules, which have their
long axes perpendicular to the magnetic field (o,), whereas the shoulder resonance
position corresponds with a parallel orientation (cy). In general, the resonance fre-
quency Av of phospholipid molecules having director axes at an angle a with the
magnetic field is given by (Seelig, 1978; Cullis and De Kruijff, 1978a)

2, —
Av(e) = — 2/3 Aa<3ﬁs—;‘—l> ppm )

where the residual chemical shift anisotropy is:
—Ac = Av(0°) — Av(90°) = o) — o,

When these resonance frequencies Av(a) are plotted vs. (3 cos®> a — 1)/2 and taking
a, the angle between the bilayer normal and the magnetic field, a straight line results
for several phospholipids studied (McLaughlin ez al., 1981; Hemminga and Cullis,
1982; Cullis and De Kruijff, 1978a). This proves that the director axis coincides with

Figure 4. Proton-decoupled 81.0 MHz *'P
NMR spectrum of an aqueous dispersion of
dierucoylphosphatidylcholine at 25°C. For
experimental details see Van Echteld et al.
(1982).
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the bilayer normal and that the phosphate segment (and likely the whole molecule)
rapidly rotates (1. < 107° sec) around the bilayer normal.

The lineshape of the spectrum in Figure 4 can be understood when realizing that,
in liposomal lipid dispersions, molecules are found in every direction and therefore
the spectrum will be a superposition of individual resonance lines from Eq. (1), weighed
by the probability of finding lipid molecules with their long axes at angles o. This
can be visualized by regarding the low number of lipid molecules in a large spherical
bilayer with their long axes parallel to a given magnetic field as opposed to the high
amount of lipid molecules with their long axes perpendicular to the field direction.

Up until now, for all naturally occurring membrane phospholipids organized in
liquid-crystalline lamellar phases, *'P NMR lineshapes have been observed such as
shown in Figure 4. The Ac-values of the >'P NMR spectra of various phospholipids
are all of the same magnitude and range from approximately 55 to 30 ppm (Seelig,
1978; Cullis and De Kruijff, 1978a). Comparable values of Ao are found for the 'P
NMR spectra of some biological membranes (McLaughlin et al., 1981; Cullis, 1976a;
De Kruijff et al., 1976a; Seelig et al., 1981). These data together with the observations
that the *'P NMR lineshape and Ao of bilayer organized phospholipids are hardly
affected by the presence of membrane proteins, cations, cholesterol, fatty acid com-
position, and temperature demonstrate that the structure of the phosphate region is
highly conserved (Seelig and Seelig, 1980). The structural stability of that part of the
lipid molecule is also born out by ?H NMR (Seelig and Seelig, 1980), neutron (Biildt
etal., 1978), and X-ray (Hauser et al., 1981) diffraction studies. Suggestions (Thayer
and Kohler, 1981) that changes in local structure can give rise to spectral changes
resembling those noticed during polymorphic phase transitions (which will be discussed
later) are theoretically valid, but in the absence of any evidence for the occurrence of
such changes, rather speculative.

However, factors that do influence the *'P NMR lineshape include the inter- and
intramolecular '"H->'P dipolar interactions. Experimentally, these dipolar contributions
are suppressed by applying proton decoupling. Unfortunately, this decoupling is im-
perfect in situations where dipolar couplings are relatively strong as for gel-state lipids.
This results in substantial signal intensity at the edges of the spectrum beyond the
resonance positions o)) and o, and a less well-defined lineshape.

Another important parameter which may determine the *'P NMR lineshape of
lamellar organized phospholipids is the reorientation rate of the molecules. For isotropic
rotational motion of a spherical vesicle, this reorientation rate can be described by a
correlation time 7. that is related to the vesicle size by (Cullis, 1976b; Burnell et al.,
1980a)

1 6

- = = (D: + Dgi) (2)

where D, = kT/8 ry (n = medium viscosity) is the vesicle-tumbling-dependent part
describing Brownian rotational diffusion and D is the rate of lateral diffusion of the
lipid molecules in the bilayer. When the reorientation rate of the phospholipid molecules
is sufficiently fast, i.e., 7. < 1/Ao, motional narrowing of the *'P NMR spectrum
will occur, until a final situation is reached where isotropic motional averaging will
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lead to a narrow symmetrical “high resolution” resonance line. From Eq. (2) it can
be seen that 7. is dependent on the vesicle radius. To gain insight in the influence of

the vesicle size on the 3'P NMR lineshape, spectra were simulated for different radii,
which are shown in Figure 5. It can be seen that the asymmetrical lineshape with a
high field peak and a low field shoulder only appears for vesicles with radii greater
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Figure 5. Simulated *'P NMR spectra of 18 : 1./18 : 1.-PC vesicles of different sizes at 30°C. The spectra
were simulated using Ac = 3550 Hz, n = 0.008 P, orientationally independent Lorentzian full line width
at half height = 60 Hz, Dy = 6.2 - 107 cm?/sec and r as indicated. Reproduced with permission from
Burnell et al. (1982a).
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