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The road to wisdom? —Well, it's plain
and simple to express:

Err and err and err again
but less and less and less.

Piet Hein
Short Grooks I
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ABSTRACT

Lipid-1ipid interactions in bi]ayer membranes are studied in re-
lation to their influence on (i) the state of motion of phospholipid
molecules in the Tliquid crystalline phase, (ii) the miscibility of
different 1ipids in the various bilayer phases, and (ii1) the aggrega-
tion and fusion of sonicated bilayer vesicles.

Proton and deuterium order parameters measured for the Tiquid
crystalline phase of unsonicated 1ipfd bilayer membranes are inter-
preted in terms of two types of acyl chain motions, rapid isomerization
and slower reorientations. The observed order parameters are compat-
ible with 50° aﬁgu1ar deflections of the chain with respect to the bi-
layer normal, coupled with a probability of a trans orientation of a
methylene segment in the upper two-thirds of the chain of about 0.8 -
0.9. The motional model can be shown to account for the dynamic prop-
erties of the membrane system as measured by nuclear magnetic relaxa-
tion measurements, assuming that the chain isomerization occur$ at a
rate of o 1010 571 while chain reorientation occurs at ~ 10/ s7L,
Analysis of proton and deuterium linewidth data in terms of this model
shows that a bi?a&er curvature, as induced by sonication, causes an
increase in the rate and amplitude of chain reorientation without sub-
stantially affecting the isomerization motion along the acyl chain.

Phaée diagrams for lecitnin mixtures are inferred from Differen-
tial Thermal Analysis measurements. In the liquid crystalline phase

all the lecithins form ideal solutions wheraas in the gel phases immis-



cibility occurs when the lecithin acyl chains differ by four or more
methylene groups in length. |

Cholesterol-lecithin interactions are discuésed in terms of the
motional model for the Tecithin bilayer. A phase diagram for choles-
terol-Tecithin-water mixtures is proposed and discussed in relation to
the currently available data on these mixtures. The condensing effect
of cholesterol is interpreted as a decrease in lecithin chain f1uctﬁa~
tions.

Changes in light scattering properites of DPL vesicles at their
phasa transition are interpreted using the above model of chain motion.
The results are compatiblé with the conclusions derived from the NMR
data.

Time dependent absorbance measurements of DPL vesicles are ex-
plained by the colloidal properties of the suspension. It is shown
that aggregation consists of both coagulation and flocculation, the
latter of which is abolished with di- or trivalent cations. The possi-
bility of controliling vesicle-vesicle fusion by coagulation is dis-

cussed.
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I. INTRODUCTION

A large number of physiological, biochemical and physico-chemi-
cal studies of membranes in cells have demonstrated that the cellular
membrane is more than just a structural assembly designed to confine a
cell's cytoplasm (1). In fact, the cellular functions presently known
or suspected to be associated with membrane structures are S0 numerous
and diverse that a detailed account of them in this thesis would be
inappropriate. However, a general description of the structure of the
cell membrane seems necessary. The concept of cell membrane structure
has developed from one of a phospholipid bilayer with protein sheets
associated with the polar bi]aye§ surface (2) (Figure la) to one of a
dynamic 1ipid bilayer with integral proteins embedded in and frequently
spanning the bilayer (3) (Figure 1b).

Cell membranas are asymmetric because membrane proteins have
specific orientations and the lipid composition in each half of the
bilayer, that is each monolayer, differs. Some protein components are
mobile (4) and transiate along the surface or inside the bilayer, while
other immobile proteins are often closely associated to form extensive
arrays (5,6,7). Most, if not all, of the lipid components are mobile
and appear to diffuse several orders of magnitude faster than do the
proteins (4) but thay still move considerably more slowly than when
frea in solution. Many other peripheral proteins are only loosely
hound to the membrane surface. In some systems the paripheral proteins
apparently serve important structural functions (3). The concept of a

cell membrane as a steady state rather than an equilibrium system is



FIGURE 1

Schematic illustrations of two membrane models:

(a) Davson-Danielli model of a bilayer of phospho-
lipids with exteéded proteins covering the surface.
~(b) Fluid mosaic model of a bilayer of phospholipids
with proteins embedded in it. 1 and 2 are integral

proteins and 3 is a peripheral protein.
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perhaps the most important aspect of the current membrane model. This
is supported by observations that several events may occur‘at different
sites in a membrane, which requires localization of membrane components
(1,5,6). The dynamic and multifunctional membrane model has promoted
speculation about the control of the membrane functions. Of particular
interest is the relation between the structural organization of a mem-
brane component andbits specific function in that membrane. The diver-
sity of a membrane rests in its protein composition whereas the expres-
sion of a given function under particular conditions depends on its
structural organization.

In order to deal’effectively with questions concerning struc-
ture-function relationships in a cell membrane, it is essential to
understand the nature and effect of the interactions among the various
membrane components. It is particularly important to study these inter-
actions in the membrane environment because of the unique features of
a membrane. For example, the éhemica? and physical properties of the
membrane should reflect the fact that it is only two molecules thick.
Indeed, it has been suggested that diffusion of molecules in the mem-
brane should depend on properties of both the membrane and the surround-
ing aqueous environment (8). Similarly, the dimensions of a membrane
might well be important in determining cther properties such as solubil-
ity or activity which are generally interpreted in the contaxt of bulk
solutions. Even if the membrane is thought of as a hydrophobic solvent,
it must be viewed as an anisotropic fluid. The anisotropy is illus-
trated by the observation that the time to transfer lipids from one

monolayer to the other is on the order of days (9) whereas the time of
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mixing of 1ipids within a monolayer is measured in microseconds (4).
The anisotropy in the bilayer may also have more subtle effects on mo-
lecular properties. For example, small antibiotics such as X537A are
known to complex divalent cations in a bulk hydrocarbon solution by
attaining a near circular conformation and forming dimers which enclese
the ion (10). However, it has been suggested that in the anisotropic
medium of the bilayer membrane, X537A might be more stable in its Tine-
ar conformation. Dimers or oligomers of the antibiotic could then form
pores in the membrane through which ions could pass (11). Extrapola-
tion of conclusions derived from bulk solution properties to behavior
in membranes could be misleading and underscores the importance of
studying the molecular interaction directly in the membrane.

The intermolecular interactions which could be important in
membrane function are those of (i) proteins with proteins, (ii) proteins
with 1ipids, (iii) 1ipids with proteins and (iv) lipids with lipids.

It 1is evident.that most membrane proteins have multiple subunits (12,
13,14) and that there are very specific and strong complexes formed
between them. It is also possible that large multi-protein complexes
form between groups of proteins which are functionally interdependent

as illustrated by the proteins involved in oxidative phosphorylation
(15). Further, there is much evidence for the existence of extensive
arrays or aggregates of protein complexes (5,6,7,16). The function of
thasa is not known, nor is it yet established how these nearly crystal-
Tine arrays are formed. The intermolecular forces may arise from direct
protein-protein interactions, or may be mediated by the interspersed

lipid. In some membrane proteins certain special 1ipids have been
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found to be essential for their integrity, function and activity. For
example cytochrome-c-oxidase protein subunits dissociate wfthout at
Teast 2 wt % cardiolipin (14). These lipids are not covalently bound
to the protein, but may be important for the protein's quarternary
structure. In addition, there is some evidence (17) that there is a
monolayer of tightly bound and highly immobile Tipids in an annulus
around the protein. However, the 1ipids in the annulus may be of many
types indicating that the protein-1ipid interactions are not very spe-
cific. At this point it is useful to elaborate on our distinction he-
tween protein-Tipid and lipid-protein interactions. Protein-lipid in-
teractions refer to the effects upon Tipid organization by the presence
of a protein and are primarily due to the shape, size and charge of the
protein rather}than specific binding effects. The resulting changes in
lipid properties may then in some ways be compared with the familiar
colligative effects of solutes on solution properties such as freezing
point depression. In contrast, lipid-protein interactions are those
between specific proteins and special 1ipids (e.g. cytochrome-c-oxidase
and cardiolipin) which are necessary for the function of the protein.
Lipid-1ipid interactions, comprising hydrophobic, electrostatic and van
der Waals interactions, are responsible for the formation of the lamel-
lar rather than for example a micellar phase of the 1ipids. Certain
lipid-1ipid interactions might result in phase or species ssparation in
the plane of the bilayer and, if present, would affect the membrane
function. Clearly, all anisotropic properties of the membrane are con-
sequences of the intermolecular forces in the bilayer.

In the present study three general questions dealing with Tipid-
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1ipid interactions have been addressed. First, how does the packing of
1ipid molecules into a bilayer array affect the extent and‘rate of each
type of molecular motion? Answers to this question have been derived
from careful analysis of existing magnetic resonance data by means of
a general motional model which will be presented. Some of the implica-
tions of this model are discussed specifically for the phospholipid-
cholesterol interactions. This leads to the second question addressed
here: what is.the nature of the interactions among different types of
Tipid components? Although this is a most difficult question to answer
completely, some insight may be gained from studying the phase equilib-
ria of mixtures of 1ipids. This is the approach we have taken here.
Constructing the phase diagram has enabled us to gain some understand-
ing of the consequences of having multiple components in the membrane.
The third question deals not with interactions within a membrane, but
rather with interactions between membranes. Specifically, how does the
motional state of the 1ipids affect the surface properties of the mem-
brane, and what are the subsequent consequences for intermembrane inter-
actions? This problem was addressed by studying the aggregation behav-
ior of small phospholipid vesicles in aqueous dispersions. The temper-
ature and time dependence of aggregation phenomena as monitored by
light scattering yielded information about some of the motional changes

occurring at the thermal phase transitions of the model Tipid.
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IT1. MATERIALS AND METHODS

1. Materials

The principal phospholipids employed in these studies were L-q-
dilauroyl lecithin (DLL), L-o-dimyristoyl lecithin (DML), L-a-dipalmi-
toyl lecithin (DPL) and L-o-distearoyl lecithin (DSL). They are all
characterized by the same general structure, shown in Figure 2, but
differ in the length of the fatty acid chain as indicated in the figure.
These Tipids were obtained from Calbijochem and usually used without
purification. Other Tipids used were: The enantiomeric form of DPL,
D-a-dipalmitoyl lecithin {D-a-DPL); the racemic mixture, DL-a-dipalmi-
toyl lecithin (DL-DPL); and g-dipalmitoyl lecithin (g-DPL). This dif-
fers from the a-dipalmitoyl lecithin in that the position of the phos-
phate ester linkage is at the central carbon in the glycerol segment.
These three lipids were obtained from Serdary. Diperdeuteropaimitoyl
lecithin (DPL-dg,) and diperdeuterostearoyl lecithin (DSL-d,q) were
synthesized in this TaSOratory by standard procedures primarily through
the efforts of P.A. Kroon and M. Kainosho (1,2).

When necessary the phospholipids were purified by cnromatography
on silicic acid support either on plates or in a column. The plates
were eluted with a mixture of methanol, chloroform and water in the
proportion 60:25:4. The columns were prapared from a slurry of the gel
in 2% {v/v) methane! in chloroform. After thoroughly rinsing the sup-
port with the same solvent, lipid was applied (usually 1 g lipid to
about 200 g silicic acid support) in a concentrated solution. The col-

umn was eluted with constant volumes of solvent containing increasing
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FIGURE 2

Chemical structure of a diacyl lecithin molecule.
The number of methy?éne groups in the acyl chains is

the primary distinction between the lipids used in

this work
n=12 : DLL
n=14 : DM
n=16 : DPL
n=18 : DSL
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proportions of methanol to chloroform. The phospholipid usually came
off the column in the 30-40% (v/v) methanol solvents.
Cholesterol was obtained from Grand Island Biological Co.
Standard salts (NaNO3, Ca(N03)2, etc.) were from Baker Chemical Co. -
Lanthanide salts were from Research Organic, Inorganic Chemical Corp.

2H20 (99.8%) was obtained from Stohler.

2. Preparation of Samples

Samples of multilamellar Tipid dispersions used for differen-
tial thermal ana1ysis (DTA) were routinely prepared by adding 5-10 mg
phospholipid to a 2 mm outside diameter capillary tube. 10-15 ul aque-
ous solution was added and the capillary tubes were sealed and incu-
bated for at least one hour in a sandbath kept at 65°C. At the time
of the DTA run the capillary tube was broken open, and the sampie was
agitated to remove air bubbles so that the thermocouple was exposed
only to lipid suspension. The reference sample was typically 10 ul HZO
or 10 ul of a 50% (v/v) ethylene glycol solution in water.

The 1ipid mixtures were prepared at the desired composition by
dissolving known amounts of Tipids in known volumes of CHC?3 and mixing
the solutions in the appropriate proportions. The chloroform, usually
100-200 ul, was allowed to evaporate at room temperature for a day.
Cccasionally the samples were evacuated for a few hours to remove resid-
uval traces of chloroform faster. This mixing technique Teft less chlo-
roform 1in the sample than could be detected directly by proton magnetic
resonance. More importantly, the residual chloroform, if any, had no

detectable effect on the DTA of single component 1ipid samples prepared
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in an identical manner.

Samples of dilute multilamellar 1ipid suspensions used for tur-
bidimetric measurements were prepared by mixing the desired amounts of
phosphoiipid and aqueous solution in a large test tube. The mixture
was heated with an air gun and simultaneously agitated vigorously with
a vortex mixer for several minutes. The resulting, frequantly opaque,
suspensions were usually diluted further prior to the turbidity measure-
ments.

Samples of small bilayer vesicles were prepared from multilamel-
lar suspensions obtained as described above. The 1-2 ml suspensions
were sonicated with an MSE 150 W probe sonicator using one of the fol-
lowing procedures depending on the experiment. (a) To obtain normal
annealed (3,4) vesicles, the samples were placed in a water or glycerol
bath and sonicated continuously for 10-15 min. During sonication the
sample temperature, monitored with a copper-constantan thermocouple,
would rise to about 40°C within a minute and reach a temperature be-
tween 55 and 65°C (Figure 3A). (b) To prepare unannealed vesicles (3,
4) it is essential that the sample temperature never exceed the anneal-
ing temperature during sonication. This was accompiished for the orig-
inal experiments (3,4) by placing the samples in an ice-water bath and
sonicating in cycles of 30 s on and 30 s off. For some of the experi-
ments with mixed 1ipids this proved to be unsatisfactory because the
temperature became too high (Figure 38). It was possible to maintain
temperatures below 23°C at all times by using a different cycling period
and cooling method (Figure 3C). This was the coolest condition attain-

abie with the probe configuration without freezing the sample during
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FIGURE 3

The temperature of a 1 ml solution of 20 mM La(N03)3
during exposure to sonication. A: Continuous sonica-
tion with the sample cooled by a water bath. B: In-
tervals of sonication with a cycle of 30 s sonication
and 30 s off. C:‘Intervals of sonication with a cycle
of 15 s sonication and 45 s off. 1In both B and C the

sample was cooled by an ice-water bath.
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the cooling cycles. As will be seen, this was not always cold enough.

3. Instrumentation

Nuclear magnetic resonance (NMR) spectra were obtained either
on a Varian HR-220 MMR spectrometer or a Varian XL-100 NMR spectrometer.
Both instruments were interfaced with Varian 620/1 16K computers which
provided the instrument with Fourier Transform capabilities and allowed
for time averaging of free induction decays. Temperature control was
achieved with a Varian 4500 temperature controller.

Differential thermal analysis was carried out on a DuPont 900
Differential Thermal Analyzer. It was found that for lipid samples the
2 mm outside dijameter capillaries gave sharper melting transitions than
the larger tubes available. The reference electrode was usually im-
mersed in water or an ethylene glycol-water mixture since this provided
for good heat capacity matching of sample and reference. The heating
rate was chosen to be 7°C per minute. Faster heating led to unaccept-
able artificial broadening of the transition. Slower heating rates
resulted in small differential temperatures causing a poor signal-to-
noise ratio. A 7°C per minute heating rate still Ted to a slight broad-
ening of the observed transition for pure Tlipid systems, but the broad-
ening effect was insignificant for.mixed 1ipid samples. Cooling of the
samples to subambient temperatures was achieved by cooling the heating
block containing the capillary tubes with a stream of cold air or cold
NZ gas. The gas, or air, was cooled as it was passed through a copper
coil immersed either in an ice-water bath, an acetone-dry ice slurry or

1iguid NZ' Occasionally cooling curves were measured, but never at
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controlied cooling rates.

Turbidity measurements were made either with a Beckman Acta
CIII or a Beckman DU UV-Visible spectrophotometer at the wavelengths
specified with the results. The Beckman Acta CIII spectrometer was
equipped with a TM temperature programmer which allowed for heating and
cooling of the sample at constant rates (0.4-20C per minute). The sam-
ple temperature was measured with a Pt thermistor calibrated to provide
an output of 1 my/°C. Turbidity and temperature measurements recorded
on a Hewlett Packard 7035B XY-recorder provided the melting curves.
Some melting curves were recorded point-by-point using the Beckman DU
which was equipped with a custom-made temperature programmer. This
accessory, built in the Caltech electronics shop, heated water Which
was circulating continuously through the sample compartment at a select-
ed rate. The feedback temperature was, for technical reasons, monitored
at the exit of the programmer rather than in the sample compartment,
and the sample temperature was measured independently with a copper-
constantan thermocouple. As with the DTA measurements, the cooling

rates were not well controlled.
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I1I. A MODEL FOR THE MOLECULAR MOTION OF LIPIDS IN A BILAYER MEMBRANE.
ANALYSIS OF MAGNETIC RESONANCE DATA OF MEMBRANES IN TERMS OF THE
MODEL. '

1. Introduction

When it was first suggested that the cell membrane primarily
consisted of a bilayer membrane of phospholipids (1,2) it was hoped that
studies of model membrane systems could shed 1ight on the structure and
function of the cell membrane itself. As a result, a great deal of in-
terest was generated in studies of the structure of the various phases
that phospholipids assumed when dispersed in water (3). X-ray (4,5,6)
and differential scanning calorimetry (7,8,9) studies proved extremely
useful in characterizing the basic structure of lipid aggregates in
these dispersions. Neither technique, however, is capable of yielding
information about the detailed molecular order or dynamics of the phos-
pholipids in the bilayer phase. Much of this information was derived
from magnetic resonance experiments (10,11,12). Early proton magnetic
resonance measurements demonstrated that membrane mobility reflected a
state intermediate between a fluid and a solid (13). The first quanti-
tative assessments of the extent of ordering became available through
electron spin resonance (ESR) measurements with spin-labelled phospho-
lipids (Figure 4) (14,15,16). Subsequently, similar information about
the molecular order was obtained by 2H-NMR measurements on selectively
labelled phospholipids (17,18,19). Conclusions derived from the two
sets of measurements did not agree (20). The ESR measurements were
strongly criticized because the large spin Tabel probably perturbed the

Tocal ordering measured by the probe. At the same time, proton NMR
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FIGURE 4

Typical geometry of nitroxide spin labels attached to

the acyl chains of phospholipids (14).
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relaxation time and linewidth measurements were interpreted in terms of
the rates of molecular motions in the bilayer (21,22,23). These meas-
urements were found to be qualitatively consistent with the degree of
ordef measured by 2H—NMR. Yet, none of the motional models employed

in the interpretation of data from each of the various magnetic reso-
nance experiments could adequately explain all the data. The purpose
of the studies presented in this section is to develop and quantitate

a physically reasonable model for the molecular motions which is con-
sistent with all the available magnetic resonance data.

A complicating factor, which has been the source of much con-
troversy, is that there are several physically distinct preparations of
the model membrane which have been used in magnetic resonance studies
(Figure 5). As we shall see, magnetic resonance measurements on these
preparations differ merely with the size and shape of the bilayer super-
structure. Moreover, the 1ipid-l1ipid interactions in liposomes and in
vesicles (Figures 5b and 5c) are distinct as a result of the structural
differences.

In the following, we will present the model in detail and pro-
ceed to examine its implications for interpretation of magnetic reso-
nance order parameters. This examination allows us to assess the rela-
tive importance of the motions on the basis of the measured order param-
eters. Next, the model is used to analyze the NMR relaxaticn behavior
expected for the 1ipid system. This makes it possible to interpret
experimental linewidth data. and therefore the homogeneous 1inewidths
from small Tipid vesicles will be discussed in this Tight. Finally,

one approach to modeling the chain isomerization will be discussed.
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FIGURE 5

Typical bilayer membrane preparations. A: Oriented
multilamellar system of bilayers. B: Liposomes.

C: Vesicles.
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2. The Model

Moiecuiar motions may be characterized by equationshof motion
of the atoms relative to a molecular coordinate frame of reference plus
that}of the molecular frame relative to a laboratory fixed frame. For
a general case of N atoms in a molecule, there would be 3N parameters
‘to be specified. Most of these are fixed since bond angles and bond
lengths are invariant for our purposes, so the nﬁmber of parameters
needed to define the molecular motions are greatly reduced. In the
case of a phospholipid molecule in a membrane, the detailed motion of
each atom is still complex, but certain simplifying assumptions can,
nevertheless, be made.

For the present discussion we restrict our attention to the
overall motion of the methylene segments in the fatty acid chain. The
reasons for this are twofold. First, the fatty acid chains constitute
the more interesting hydrophobic environment in the membrane and many‘
characteristics of the membrane are determined by the intermolecular
interactions in this region. Secondly, the polar head group motions
are more complicated and have not been as extensively studied with
magnetic resenancé techniques.

The motional model for the fatty acid chain will be presented
in terms of the vectors and angles illustrated in Figure 6. We define
a vector, r, representing each methylene group in the fatty acid chain.
Motion of a methylene group is then correlated with the movément of V.
We define T as a vector along the instantaneous chain orientation and
g, the director, as a vector along the average orientation of the chain.

-y + - - ) »
The vector Ho’ which is fixed in a laboratory frame of reference, cor-
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FIGURE ©

I1lustration of the vectors and angles relevant to

the 1ipid chain motional model. ﬁo is the direction

of the applied magnetic field. The director, E, is

normal to the bilayer surface.
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responds to the magnetic field direction in the magnetic resonance ex-
periment. The choice of these vectors is pafticularly convenient be-
cause the movement of ¥ relative to ¢ represents the intramolecular
motion of a methylene group relative to the chain. Reorientation of
the vectof ¢ relative to the director in turn corresponds to the motion
of the chain (or perhaps the entire 1ipid molecule) relative to the bi-
layer membrane. Finally, the change in orientation of 3 with respect
to ﬁé describes the motion of the bilayer relative to the laboratory
fixed reference coordinates. A full characterization of the motion of
a methylene segment in a fatty acid chain is reduced to the description
of the following vectorreorientations: ¥ relative to ¢, ¢ relative to d
and 3 relative to ﬁo' Specifically, this implies defining the appro-
priate angular distributions and time scales on which they are observed.

In our model the following assumptions about chain motions are
made: (1) intramolecular chain isomerization, affecting v, is fast and
involves only three rotational isomers about any given carbon-carbon
bond; trans, gauche - and gauche +, (ii) rotation of ¥ about ¢ is un-
restricted and faster than motions of ¢ itself, (iii) C rotates about
a in an unrestricted manner but at a rate comparab1evto motions of ¢
with respect to 3, affecting o, and (fv) this last motion in a is re-
stricted to a specific angular range. For oriented multilayers we
assume a single 3 fixed in the laboratory frame, while for iiposomes we
assume that there is an isotropic but static distribution of directors,
i.e. the bilayer does not move fast enough to affect the magnetic res-

>
onance data. The motion of d is faster and therefore more important

for the vesicle system as will be discussed in detail later.
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In summary, the proposed motional model for the 1ipid molecule
encompasses a fast chain isomerization and a slower chain feorientation.
Both motions are axially symmetric. For certain membrans systems, the
bi]ayer motion must be included in the interpretation of the experimen-

tal data.

3. Interpretation of Order Parameters

A general consequence of molecular order or motional restric-
tion is that all interactions governed by second-rank tensors are in-
completely averaged. In magnetic resonance this is revealed experi-

1H-NMR spectra (23,

mentally by (i) nuclear dipolar broadening in the
24), (i1) quadrupolar splittings in the ZH-NMR spectra (18,19), (iii)
broadening by nuclear dipole interactions and by chemical shift aniso-

19

tropy in ““F-NMR spectra (25,26), (iv) broadening by chemical shift

13¢_NMR ang 3%

anisotropy in proton-decoupled P-NMR spectra (27,28,29},
as well as (v) Tine shape changes in ESR spectra arising from aniso-
tropies in the electonic Zeeman and the nuclear hyperfine interactions
(14,15,16). A brief discussion of these second-rank tensor interactions
is provided in Appendix 1. Because of the incomp1e£e averaging of the
tensor interactions, the spectra contain information about the extent
of motional averaging or the degree of molecular Qrdering. This infor-
mation can, in principle, be extracted.

It has been customary to describe the degree of ordering of
motionally vestricted systems with respect to a laboratory frame of

reference. In general, this requires specifying a matrix of order pa-

raineters. However; when the motions lead to tensor interactions with
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effective axial symmetry, the motional parameters can be described rel-
ative to the symmetry axis. As a result, the motional restriction can
be expressed in terms of a single order parameter. In the motional
model introduced in the previous section there are two distinct axes of
symmetry on different time scales. As we shall see, this allows us to
expand the order parameter and obtain more detailed information.

A good illustration of the effects of motional averaging can be
obtained by conéidering the averaging of the nuclear dipolar interac-
tions between a pair of protons in a methylene segment (23,30). For a
static methylene group with an interproton vector ¥ oriented at an angle
6 relative to the applied magnetic field (Figure 7a) the dipolar Hamil-

tonian

G-yt qap o 3% (rel)
3 - 2 }
r r
2 - -
- L.L:l 1%.p-1° (111-1)
r

reduces in the first order perturbation limit to

A 21,2
b o= 1_%;.{151b - %-(Iil? + IfIE)} (1 - 3cos2g) (111-2)
r .

Here y is the gyromagnetic ratio, and I, I and I_ represent the usual
spin operators. D is the dipolar interaction ﬁensor and the super-

scripts denote the proton in quest?on, The dipolar interaction gives
rise to a perturbation of the Zeeman energy levels of the spin pair as

indicated in Figure 7b. The resulting spectrum (Figure 7c) consists of
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FIGURE 7

[1lustration of the origin of dipolar splitting of
a resonance line. a: The orientation of an inter-
proton vector, ?12, relative to the applied mag-
netic field. Here, 1 and 2 are the protons in a
methylene group. b: The first order effect of the
dipolar Hamiltonian on the Zeeman energy levels of
the pair of protons. The wave functions are shown
next to the energy levels. «c¢: The ideal frequency
spectra arising from the transitions illustrated

in b.
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a pair of lines positioned in the frequency domain at

W= Wt Q' (1 - 3cos?s) (111-3)

Y

where Q' = g— .
T‘3

When the methylene group moves, the angle 6 changes, and the resonance
frequency is affected accordingly. In fact, since [?{ remains constant,

the separation of the pair of lines reduces from

A= 20" (1 - 3cos?e)| (111-4)
] / \
to A= j29" {1 - 3cos?8 ) | (I11-5)
where { } denotes the expectation value.

The quantity <1 - 300526> depends on the extent of motion of
the methylene group relative to the applied field. If this motion
allows the Hamiltonian to retain axial symmetry relative to a labora-
tory set of axes and the symmetry axis coincides with E of Figure 6,

then

et

/3c0526 - 13 = —-53c0528 - 1) (3cos?s' - 1) (111-6)
\ / 2N /

where the angles are defined in Figure 6. The order parameter is de-

Tined by
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S = %-<3c0528 - 1> (111-7)

The effect of the coordinate transformation in quation ITI-6 is to
reduce the nuclear dipolar interaction to a product of a scalar quan-
tity, the order parameter, and a function describing the orientation of
the director with respect to the applied magnetic field. Thus, the
order parameter reflects the motion of the vector ¥ about the director
and is independent of the arientation of that director.

Equation I1I-3 is equally valid for the deuterium quadrupolar

splitting except that

v - 3e’qQ _

Q %h (I11-8)
and the vector ¥ is along the C-D bond in the methylene group rather
than along the interproton vector as for the proton-proton dipalar in-
teraction. The operational definition of the proton order parameter,

SHH Cb

, and the deuterium order parameter, S°, is given by eq III-7.
Since the vector ¥, and hence the angle B, is different, the values for
these order parameters must be expected to differ.

Measurements of the proton-proton dipolar interactions and
deuterium quadrupolar interactions in oriented lipid bilayer membranes
as a function of orientation in the magnetic field (24,31) have shown
that, on the nuclear magnetic resonance time scale, effective symmetry
exists about the bilayer normal. The order parameters for the membrane

system must therefore be understood in terms of a director which is
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normal to the bilayer. In fact, the order parameter is a measure of the
distribution of orientations of the molecular vector ¥ wftﬁ respect to
the director. Because of the axial symmetry the corresponding distribu-
tion function, g(B), depends only on the angle g between the molecular
vector and the director. If this distribution function can be deduced
for a given model of the motions, then the order parameter can be calcu-

lated for this model by

{

SB = %~<3c0328 - 1>

v
_1 4] (3cos?s - 1) g(8) sing dg
/7 g(8) sing d

(I11-9)

where the sing factor takes into account a statistical weighting for
the number distribution of ¥'s about the director for a given g.

As a first approach to interpreting the NMR order parameter in
lipid bilayer systems, Chan and coworkers (21,22) have suggested a model
in which the interproton vector of a methylene segment is considered to
be freely moving by Brownian motion but only within an angular range of

B8 = AB. As a result of the axial symmetry, the average orientation cor-

responds to B = m/2, and the distribution function for this model is

g(8) = constant for /2 - AB < B < /2 + AR

0 for 8 outside the above range (I11-10)

Integration of eq 11I-9 yields the value of the order parameter as a



function of AB only, namely

Sq = - 3 cos?nB (111-11)
Although this model can include several types of motion, it does not
lend insight into the motional detail and is therefore not entirely sat-
isfactory.

We now consider in detail the motional model outlined in the
previous section, in which the distribution of 8 is governed by two
types of motions: (i) chain reorientation and (ii) chain jsomerization.
If the two motions are independent, that is, if interconversion between
trans and gauche methyiene orientations does not depend on the instan-
taneous chain orientation, or vice versa, and if they occur on different
timescales, we may describe the distribution functions arising {rom each
motion independently . As discussed previously, the reorientation
results in changes in the angle o characterized by a distribution func-
tion g{a), whereas chain isomerization effects changes in the angle v,
characterized by a distribution function g(y). The distribution func-
tion, g(B), appearing in eq III-9 can be replaced by g{a)g(y).

Analogous to the model proposed by Seelig and coworkers (17,18)
we assume that the distribution function arising from chain isomeriza-
tjons is governed by the methylene segment orientation with respect to
the instantaneous chain orientation. Therefore, the distribution func-
tion is described by discrete values of vy, each with a population frac-

tion p(y), i.e.



37

g(v) = ply;) 8(y - v;) (111-12)

with Zp(yi) = 1. Chain reorientation may result from reorientation of
the moiecule possibly through cooperative motions within the bilayer.

We consider {t as 1ikely, however, to be a result of individual chains
tilting with respect to the bilayer as a consequence of motions in the
glycerol segments and the ester linkages. Because of steric restric-
tions from neighboring chains, this tilting is also Tikely to be locally
cooperative. In either case, the chain may reorient through all angles
within a certain range, say Aa, at a rate slow compared with that for
chain isomerizations. It is therefore reasonable to approximate this

motion to a random walk, and we propese
g(a) = constant for 0 < o < Ac
g{a) = 0 for o > Ax (I11-13)

Note again that for this distribution function, the average orientation
of the chain is the director.

To evaluate the order parameter, we now express the function
{3cos%8 - 1) in terms of o and v. The relationship is given by the

well-known addition theorem for spherical harmonics, namely
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(3cos?g - 1) = %-(3cosza - 1) (3cos?y -1)
+ %—sinza sin®y cos2y + %-sinZa sin2y cosy (111-14)

where { is a phase angle of ¥ about the instantaneous chain orientation.
Although chain isomerization cannot average the phase angie over all
values, a combination of chain reorientation and rotation of the 1lipid
molecule -about its long axis should. The latter motion does not affect
o or y and therefore not the distribution functions proposed above. An
effective averaging of the phase angle as assumed in the model does,
however, simplify eq III-14 to |

(3cos?R - 1) = % (3cos?a ~ 1) (3cos?y - 1) (I11-15)

Nj =

With this change in variables, the expression for the order parameter
may be rewritten as
1 fufY (3cos?a - 1)(3cos?y -1) g(a) g(y) sina siny dy da

S8 =

I

f, ]y 9la) gly) sina siny dy do (111-16)

In the present model, chain reorientation and chain isomerization are
considered independent motions so that o and y are independent vari-
ables. The integrations can therefore be performed independently, and
with the distribution functions proposed in eqs II11-12 and III-13, we

obtain



39

an (3cos?a - 1) sino do

Ao s i
[~ sina da
4]
- Sa . SY (111-17)

which is analogous to the expressions previously used by Niederberger
and Seelig (32) and by Hubbell and McConnell (14). 1In eq IT1I-17 we
have introduced two new, independent order parameters Sa and SY defined

by
S, = %—{3(:032& - 1) (111-18)
= ¢ 3cos - 111-1

corresponding to eq I11-9. It is important to note that these two order
parameters cannot be measured independently by NMR. Eq III-17 expresses
the measured order parameter as a simple product of Sa’ the chain order
parameter, and SY’ the intramolecular order parameter. By definition,
Su is independant of the vector ¥ and its orientation relative to the
chain. Thus one should expect that Sa would be the same for the experi-
mental order parameters from proton and deuterium NMR whereas SY could
be quite different. In principle then, the two accessible experimental
ordar parameters can yield information about the relative importance
of Sa and SY'

An important consequaence of the model leading to eg I1I-17 is

that the order parameter predicted from chain jsomerization calculations
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is scaled by the factor, Sa, which is assumed to be constant for the
whole chain. Thus the relative order parameter for variou§ segments
along the chain should be predictable by models for chain isomeriza-
tion, as has been attempted by several investigators (18,33,34,35,36).
Indeed ne{ther Jackson (35) nor Scott (36) can fit their calculations
to experimental data without some form of scaling. The key difference
between the present model and those proposed by Schindler and Seelig
(18) and Mar¢elja (34) ds the manner in which the scaling is performed.
The latter workers were forced to invoke a rapid equilibrium among a
distribution of orientations of the first methylene segment in order to
fit their calculations to the observed order parameter values. As a
result, the probabilities obtained for the various orientations of a
segment relative to the bilayer normal depend strongly on the orienta-
tion of the first segment and their Py values depend on the choice of
the distribution. Although the equilibrium between orientations with-
in the distribution is fast on the NMR timescale, as pointed out by
Schindler and Seelig (18), we believe this interconversion must be slow
compared with the rate of chain isomerization. Since we also argue
that the chain reorientation is locally cooperative and involves a num-

ber of 1ipid molecules, is expected to be essentially independent of

Pt
the chain orientation. This is the important difference between previ-

ous approaches and the model employed here.

4. Assessment of Relative Importance of Su and SY

HWe now calculate the order parameter expected in various NMR

experiments for our model of molecular motion. The chain order param-
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eter, Sa, depends only'on the magnitude of chain deflection, Aq, and
therefore contributes equally to proton dipolar splitting and deuterium
guadrupolar splitting. The intramolecular order parameter, SY’ depends
on the population fraction of a given conformer, p(y), as well as the
angle y which the molecular vector makes with respect to the instantan-
eous chain direction. Since this angle is different for the C—D bond
and the geminal H—H internucliear vector in some of the chain methylene
group conformations, SY is in general different for the two measure-
ments.

It is readily shown that for the g(o) given by eq I11-13

S, = 7 (cos?ha + cosha) (111-20)

This function is illustrated in Figure 8. Unrestricted motion of the
chain would require Aa = 180°, and? as expected, Sa vanishes in this
Timit. In many liquid crystal systems the end-over-end orientation of
the molecules is of little consequence because the two ends are similar
in size and polarity. When this is the case, unrestricted motion is
acnieved when Aa_3_900 since the orientation distribution function is
symmetric about o = 90 . This is not true of Tipid molecules in bi-
layers because of the amphiphilic nature of the molecules. In addition,
unrestricted motion of the chains is not possible here, since they are
anchored at the glycerol segments. It is, however, still possible to
obtain small vatues for Sa as Ac tends toward 90° (cf Figure 8).

Chain isomerization is characterized by an averaging of the

methylene segment orientation arising from rapid interconversion among
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FIGURE 8

The chain reorientation order parameter, Sy» calcu-
lated as a function of the extent of chain fluctua-
tion as measured by Aa(-) assuming a constant distri-
bution for angles less than Aa, or ao(—~-) assuming

a normal distribution with a standard deviation of Gy



wn

43

o0 20 120
a, or Aa (degrees)

150

180



44
distinct conformers. There are three 1ikely conformations in the model:
trans, gauche + and gauche - (37). Because of the symmetry of saturated
hydrocarbon chains, the two gauche populations must be equal and as a

consequence the normalization condition is

Iplyy) =py+2p =1 (111-21)
The angle Y; for a given conformer depends on the magnetic resonance
experiment employed to probe the motion. The proton-proton dipolar
interaction depends on the orientation of the geminal interproton vec-
tor, while the deuterium quadrupolar interaction is sensitive to the
C—D bond orientation. A typical acyl chain nitroxide spin label
(Figure 4) (14) contains an unpaired electron in a p-orbital which is
normal to the methylene segment plane. ESR spectra depend on the aver-
age orientation of this p-orbital in the magnetic field. Values for

Y; and 30052Yi - 1 are summarized in Table 1 for each conformer and

for each of the magnetic resonance experiments under consideration.
These values yield the following intramolecular order parameters:

(1) S, = -~ g Ph;- %- for the nuclear dipolar interaction

ool e

(i1) S. = - %—pt for the deuterium quadrupolar intaraction

for the acyl-chain nitroxide radical (I11-22)

00f =

oy < _ 9
(iii) S = 3

Seelig and Seelig (17) have pointed out that a segment in the
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trans conformation may appear to be in a gauche conformation whenever
there is a single gauche rotation at a segment farther up d1ong the
chain. For this reason, Py @s used here would provide a lower limit of
the true probability of a segment being in a trans conformation. In the
present analysis, however, single trans-gauche rotations in the upper
part of the chain contribute to the chain-reorientation order parameter
because the motion is 1ike]y to be on a timescale comparable to the
chain reorientation timescale as a result of similar steric restric-
tions. The Pt value should therefore not be very different from the
true value particularly in the upper portion of the chain. Moreover,
the largar the value of pt, the smaller the contribution from single
trans-gauche rotations to Sa or SY would be.

The experimental order parameters, SHH, SCD and Sesr, may be
compared directly using eq I1I-22, provided Sa is assumed to have the
same value for all these experiments. For»instance, one can readily
show that SV = -9/4.SCD - 1/8. It has been customary to define a

molecular order parameter, S for methylene segments, such that the

mol?
angle B is taken between the director and the normal to the methylens

plane. For the ESR spin label discussed here Smo] = 58T,

In general,
however, the experimental order parameters are related to Smo] only
through equations analogous to eq III-22. Noie that the common transfor-
mation S_ o = - 2s®° (17,19) is then only valid in the limit of p, > 1.

¢D and S5, This

In all probability, Sa is not the same for S
arises because the timescale of observation for an ESR experiment is
much shorter than that for NMR, and as a consequence, the two tech-

nigues are likely to sample the chain reorientation motion differentiy.
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in fact, ESR experiments measure an instantaneous distribution of chain
orientations, even in oriented samples. As we will discus§ tater, this
might be the origin of the spectral effects which McFarland and
McConnell (38) and Birrel] and Griffith (39) have attributed to bent
chains.

In contrast the timescales of observation for the two NMR meas-

urements are comparable, so the contribution to the respective order

HH CD

parameters from Sa should be the same. A comparison of " and S

can then be used to get an estimate of'pt, which of course 1is the same.

CD

Experimental values of S°° for the first 10 carbon segments are always

quite similar; for the bilayer in the liquid crystalline phase, the

average value is about -0.20 + 0.01 (17,19). Thus about two-thirds of

CD‘values of this magnitude, the remaining

third being closer to zero. The order parameter, SHh, for a geminal

the methylene segments have S

proton pair was obtained by computer simulation of the early part of
the free induction decay (22) assuming that the geminal dipolar inter-
action dominates. The simulation was also performed allowing for all
interpair (both intrachain and interchain) dipoiar interactions, but
these latter contributions were found to be small, affecting SHH no
more than about 10% for a given A8 (cf eq 1II-10). In these computer
simulations the interproton vector within the geminal pair was allowed
to fluctuate freely within a specified range of angles, = AR. The
filuctuation angle was then obtained by direct comparison of calculated
and experimental free induction decays. A best fit was obtained for
A8 v 55° £ 5% from which the order parameter was estimated to be

S'HH = «0.17 = 0.04. The errovr partially reflects the uncertainty in
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the interpair and interchain contributions. Since the 1H-NMR order
parameter is deduced from the early part of the free induction decay,

it is an average value for those segments with the largest absolute

value of the order parameter. This implies that the average SCD and

HH

the § 7, deduced this way, measure the same portion of the chain, and it

should be valid to compare them. The order parameter SCD is nearly

equal to or larger than SHH

, which by eq III-22 indicates that Py must
be close to unity. We conclude that a major contribution to the reduc-
tion of the order parameter in these systems arises from chain reorien-
tation . This is illustrated more clearly in Figure 9 which shows the

range of Py values that will satisfy either the condition that SCD =

-0.20 = 0.01 or the condition that SHH

= -0.17 = 0.04 for a given Aw.
The region of overlap (indicated by the hatched area in Figure 9)
corresponds to the combinations of Py and Ao values which will satisfy
both conditions simultaneously. For the bilayer membrane in the liguid

crystalline phase the ranges of pt'and Ao are therefore

CD

1>p;>0.8 with -0.5 5'SY < -0.40
or -0.5 < s < -0.43
60° > Ao > 50° with  0.38 <S_ <0.53 (111-23)

It is interesting to note that the deuterium order parameters
measurad for the lyotropic 1iquid crystalline phase of long chain fatty
acids are about 5C0% larger than thosa obtained for the 1ipid bilayer

(32), suggesting a more ordered phase in the former. Seelig and Nieder-
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FIGURE 9

The range of values of P_, the probability of a trans

t>
orientation, for given values of Aa, the 1imit of the

chain fluctuation, which yield (i) a deuterium order

parameter SCD = -0.20 = 0.07(---) or (ii) a proton

order parameter st = g.17 » 0.04(—). The region

of overlap (/////) corresponds to the combination of

P, and Ao values which yield both SCD = -0.20 = 0.01

t
HH _

and S -0.17 = 0.04.



50

90

80




51

berger (40) estimated a value for Su of about 0.7 - 0.8, corresponding
to a Ao of about 35°. The principal difference between the two systems
is therefore a substantially smaller angular excursion of the chain in
the case of the fatty acids, presumably because of a more regular pack-

ing of the acyl chains in their liquid crystalline phase.

5. Comparison of NMR and ESR Data

The choice of a constant distribution of angles a within the
range of Aa (cf eq 111-13), pﬁysical?y corresponds to freedom of move-
ment of the chains within the specified restriction barriers. This is
clearly an approximation, and angular distributions which more closely
reflect the actual physical state of the bilayer could be employed, if
the origin of chain reorientation were better understood. Note, how-
ever, that the choice of the distribution of o does not alter the basic
conclusion, derived from Figure 9, that Sy, Must be in the range of
0.38 - 0.53, but merely reflects our view of how the chain reorienta-
tion motion leads to this value of S . As another illustration we con-
sider the case of a normal distribution cf chain reorientations about

the director with a standard deviation given by the angle a If we

o
extend the angular range of a to include the whole domain, i.e.,

0 <o <7, then the only quantity affecting the order parameter, S

C)'.’
is the standard deviation, Cyo and we can ascertain that value of o,

which fits the obsarved So' With the distribution function written as

1 & 2
g{a) = (constant) e"é(&59 (111-24)
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~ the Sa order parameter is given by

J&gz

" (3c0s% - 1) e 2ag)  sing d
J, (3cos®a - 1) e *ag’ sina da

_ 1
S % 7

o (111-25)

dg’  sino da

This expression requires numerical evaluation for each g Results for

0"

this order parameter are plotted vs o in Figure 8. Since Sa must fall

0
in the range 0.38 - 0.53 to satisfy the lH- and 2H-NMR order parameter
data, it follows that the corresponding range of O is 27-34°. These
values of a, are naturally much smaller than the Ao values obtained

with the constant distribution used above, because Ao is the upper limit
of o, whereas 0y in the normal distribution, corresponds approximately
to the most probable value of a. To illustrate this point, we have
plotted in Figure 10 both distribution functions for the appropriate
value of Ao or 0g which yield the observed experimental order parame-
ters. A more meaningful compariscn to make, perhaps, is that between
the weighted distribution functions g(a) sino (cf Figure 11), since it
is a weighted distribution function which determines the composite ESR
powdar spectrum observed in the oriented spin label studies. In fact,
it is those chains with instantaneous orientation close to the most
probable orientation or the mean orientation‘which determine the gross
features of the ESR spectrum. The shape of these weighted distribution
functions clearly demonstrates that the most probable angle is nonzero,
so that the ESR spectra can be interpreted in terms of permanently
tilted chains (38,39,41). However, since the same spectral effects can

arise from a statistical distribution of chains when the distribution
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FIGURE 10

The distribution functions g(a) discussed in the

text for a constant distribution within the angular
range 0 < « < 55° (~--) (i.e., Aa = 55°) and for a
normal distribution with a standard deviation o, = 30°
(—). Both distribution functions yield an order

parameter value Sy = 0.45.
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FIGURE 11

The normalized weighted distributions g(a)sina for

a constant distribution function g(a) with Aa = 55°

(---) and a normal distribution with o = 30° (—).
Both distribution functions yield an order parameter

value Sy = 0.45.
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is sampled on a short timescale, it is more correct, in our view, to
“interpret the tilt in a dynamic sense. Although our presenf conclusions
based on NMR data are in substantial agreement with the ESR spin label
| results, the NMR method admittedly cannot distinguish between a normal
distribution of chains about the director and a normal distributiqn
about a permanently tilted orientation, provided that the chains rotate
about the director in the latter case.

The present model does not explain the differences in the order

Cb and Sesr

parameter profiles along the chain observed between the S
measurements (14,17). Apparently, these differences arise from the
effect of the spin label on the packing density which in turn affects

the profile of SY values (36).

6. Use of Relaxation Data to Assess Timescales

Although the order parameter provides a measure of the degrea
of motional restriction, the motional state of the bilayer system is
only fully defined when both the motional distribution function and the
timescales of the molecular motions are ascertained. In the previous
section we proposed a motional model to account for the magnetic reso-
nance order parameters. The purpoée of the prasent and subsequent sec-
tions is to illustrate how the same motional model leads naturally to
an interpretation of NMR relaxation measurements, which have previously
bean undertaken to elucidate the dynamic behavior of the system (21,23,
42,43,44). 1In particular, the present section is meant only to summa-
rize some key data and results which pertain to the timescales for the

motecular motions.
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Proton and carbon-13 spin-lattice relaxation times of lipid bi-
layer membranes have been shown to increase with both increésing temper-
ature and increasing frequency of irradiation (21,42). These findings
can only be accounted for if the dipolar interactions responsib]é for
the spin-Tlattice relaxation are modulated by at least two motions with
correlation times, Tiland Ty, such that (w, ty)? << 1 and (wy;)? >> 1.
Under these conditions, the spin-lattice relaxation rates may be approx-

imated by (45)

1

2
Wo Ty

(111-26)

(1) = A, + B
T,

‘with the first term dominating the observed temperature dependence, and
the second term responsible for the observed frequency dependence. On
the basis of proton T, studies, Feigenson and Chan (21) have estimated
the following ranges of correlation times for the liquid crystalline

phase:
-2x10 " s
T, > 10 7 s (I11-27)

However, the origin of these timescales was not fully understood at
that time. We suggest now that the faster timescale, 1, , is associ-
ated with rotational isomerization wnereas the slower timescale, 1.,
reflects primarily the rate of chain reorientation. For the bilayer

systems undar consideration here, these timescales are sufficiently



29

different that expansion of the order parameter as presented in the
previous sections is valid. A more detailed discussion of these time-

scales will be given later.

7. Interpretation of Homogeneous T,'s

The description of the order parameter presented in section 3
demonstrated that the first-order contributions to experimental spectra
contain information about the degree of order in 1ipid systems. How-
ever, second-order effects were ignored, for example in reducing eg
ITI-1 to III-2. Second-order effects give rise to relaxation, either
spin-lattice or spin-spin relaxation which also affect the spectra. If
the information on the spin-lattice and spin-spin relaxation times (T,
and T,) can be extracted, valuable information about timescales of mo-
tions can be obtained. This was illustrated briefly for T, in the pre-
vious section. Now we concentrate on the‘analysis of the spectral Tine-
shape and its relationship to the spin-spin relaxation time T,. Such
analysis of magnetic resonance lineshapes usually reduces to the calcu-
lation of either the lineshape function, F{w) or its Fourier transform,
the free induction decay (FID), G(t). We approach the problem by calcu-
lating the latter in general (Appendix II) and for the specific problem
at hand in this section. |

The theory developed in Appendix IT (46) allows us to calculate
the NMR free induction decays provided we can express the frequency
fluctuations arising from modulation of the dipolar or quadrupolar in-
teractions by molecular motion in terms of on2 or more random processes.

In the following, we will show how this can be accomplished by consider-
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ing in detail the model of chain motion of interest for a lipid system.
First, however, we present an illustration of the method of Appendix II.

Consider the frequancy fluctuations arising from modulations of
the dipo]ar interaction between the pair of protons in a methylene group
reorienting isotropiéally in space. We assume the angular motion to be
a stationary, isotropically distributed, random process. Reorientation
by Brownian motion is a process which satisfies these requirements. In
this case the frequency fluctuations may be written (cf eq AII-3)

as sum of a static and fluctuating term

w'(t) = w, * w(t) (I11-28)
in which the.f1uctuatfng component is given by (cf eq III-3)

w(t) = Q' (3cos?s(t) - 1) (111-29)

‘where as before Q' = 3/4(y2h/r3®). Isotropic reorientation results in

a mean of
{u(0)) =0 (111-30)
and a variance of

{:»(ﬂ{} =4 g (111-31)

According to egs AII-24 and AII-25, the FID is exponential with a time
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constant of
- %Q- . (111-32)

where Te is the correlation time of the random process (t). This re-
sult is well known (47) and the example is included here mefe]y to dem-
onstrate that the present theory Teads to results which are compatible
with previous treatments.

a. The lineshapes in oriented multilayers and Iiposomes.

We now consider the geminal pair of protons as part of a mole-
cule undergoing the restricted motion in the motional model presented
in section 3. To describe the motions in detail, we let e(t), 8"(t)
and 8' denote the polar angles which the magnetic field makes with res-
pect to the interproton axis, the melecular axis, and the director,
respectively (Figure 12). In addition, we let o(t) and ¢(t), respec-
tively, denote the polar and azimuthal angles of the motion of the
molecular axis relative to the director; likewise y(t) and ¢'(t) refer
to the polar and azimuthal angles for the motion of the interspin axis
relative to the molecular axis. Using the addition formula for spher-
ical harmonics we can then write the frequency fluctuations in terms of
the motion of the spin pair relative to the molecular axis, and that of

the molecular axis relative to the magnetic field as
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FIGURE 12

ITlustration of the vectors and angles used in the
motional model to calculate the lineshape in liposomes
(see also Figure 6). a: Represents the motion of the
interproton vector, ?, relative to the chain, ¢. b:
Represents the motion of the chain relative to the
director, 3} The director is normal to the bilayer

surface. H0 is the direction of the applied magnetic

field.
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w(t) = Q'(3cos?6(t) - 1)

= %-Q'(3cosze”(t) - 1) (3cos?y(t) - 1)

+ g-Q' sin?8"(t) sin?y(t) cos2¢'(t)

+ %—Q' sin26"(t) sin2y(t) cos¢'(t) (I11-33)
Note that if we assume 8"(t), y(t) and ¢'(t) to be independent,
strictly stationary, strongly mixing, random processes (see Appendix
I1), then any polynomial expression of sines and cosines of the random
processas will satisfy the same conditions. Also, the model implies
that ¢'(t) is uniform in the sense that
1

(i) Prob {¢'(t) = x} = 7= when 0 < x < 27 (I11-34a)

and

(i1) Prob {¢'(t + 1) = x given ¢'(t) = y}

depends only on 1 and (x-y) ‘ (111-34b)
As a conseguence,

{cos@'(t)> = <E052¢'(ti> =0 (I11-35)
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and we see, using the independence of the random processes, that the

-mean of the total process is

.

e
—~

ct
,\\:/,

1
el

]

./ " \/3 . 1
=Q :\3cosze (t) - 1/<§ cos?y(t) - '§>

7
Q'S <3c0528"(t) -~ £> (111-36)
Y
where we define as in eq I1I-19
s =(§cm&(w -l> (111-37)
Y 2 ! 2
The total correlation function (cf eq AII-9) of w(t) is
2
R(x) = {u(t+)o(0)y - B

=0'"((3cos”8" (£ + 1) - 1) (3c0s"6"(1) - ) ((Geos y(t+7) - 3) (%Coszv(t)"%)>

2 3
+§:Q‘_ <sin29"(t + T)sinze"(t}><si'n2y(t+ T)sinzy(t2\;3<(cos2¢‘ {t+1)cos2¢! (t)>

9 oY csoangs ot o s \/ V(o - .
70" {sin2e (t+1)sin2e (t)j;\s1n2y(’c+T)s}nZ\'(t)/\cosq) (t+t)cose(t)

2 2 2 2 .
- sY (3cos 6"(t) - %> (111-38)

Because of the independence of the random processes there should be no
cross terms in the correlation function. In particular, the first term

in eq T11-33 is independent of the other two because it contains no
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functions of ¢'(t). The second and third terms are uncorrelated be-
~cause, under the present assumptions, cos¢'(t) is uncorre]&ted with
cosZ_¢'(’c). This is readily shown, using eq 111-34, since

<cos¢'(t + ﬂcosZ@‘(t)\}

) ?%r" J2™ 2T cos xcos2y Prob {o'(t + 1) = x given ¢'(t) = y}dy dx
0

0

= ?5_ fOZﬂ cosycos 2y dy + -2% j;’}” sinycos2ydy = 0 (111-39)
with

A= ff” cos(x~y) Prob {¢'(t + 1) = x given ¢'(t) = y} d(x-y)
and

ve)

= )'02'” sin{x~y) Prob {¢'(t + 1) = x given ¢'(t) = y} d(x-y)

Defining the correlation fuctions

kY

Ril(T)

= <(3cos7~e"(t + 1) - 1)(3c6326"(t) - 1)/‘i - <3cos?-e“('t) - 1>2
(I111-40a)
R (1) = {3 coszy(t + ) - G cosPy(t) - %)} - sz (111-40b)
Rgr(t) ={coso! (t + 1) cosg' (t)) (111-40c)

Ry (T) ={cos 26" ( + 1) cos 26'(t)) (111-404)
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and denoting their respective correlation times (cf eq AII-12) ", TY’

'T¢,, and Tot? we find
R(x) = 2''s, R' (<) + 0 (3eos 6"(8) - ) R (o) + o' R'(7)R (1)
+ %Q'z{sinze“(t + T)sinze"(t)> <an2Y(t + T)Sinz‘f(t)> R2¢'(T)
+ %{2'2<sin29"(t + T)sinZe”(tﬁ><sin2y(t + r)sinZY(tf> R¢.(T)

(I11-41)
We note that the first term in eq II1I-41 involves only the
correlation function of the slowest process in the model, 8"(t), while
the faster processes y(t) and ¢'(t) contribute to the remaining terms.
Accordihg]y, the first term dominates, and we can treat the contribu-

tions from the fast motions as a small error, e(t1), and write
2 2
R(t) = (') SYR“(T) + g(1) , (I11-42)
here 0 < e(t) < 42" R_(1) + 20" (R, (1) + R .(1))
H +__! R .
wnere < el1) < 40 ” T i 2 26 T o T

With this result and that of eq 11I-36, application of the central limit

theorem (Appendix I1) gives the following FID for the proton pair

g(t) = cos(Q'SY {3c0326"(t) - 1>~t) e /T2 (I11-43a)
and

2 2 2
= Q' SY Var{3cos 9"(t) - 1)t" + E (I11-43b)

|-

2
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where E represents the contribution to 1/T, from the e(t) term, i.e.,
V2 3 2 1
0 < E<4Q Var(ﬁ-cos v(t) - §)TY

+

B0

Q'Z(Var(cos¢'(t))r¢, + Var(c052¢'(t))12¢.) (111-44)

Since the variances of cos¢'(t) and cos2¢'(t) are both one half (eq III-

34a), we may obtain the upper 1limit of E by replacing Var(%coszy(t)— %a
. . 9 .

by its largest possible value, 16> and replacing TY, T¢, and 12¢. by

the largest of the three and calling it Tfast’ This yields

0<E<<—9~ 2

The relative error introduced in 1/T, by neglecting E in eq III-43b is
therefore less than (9/25$)(rfast/1“) if Var(3cos?s" -}1) may be}taken
to be of the order of unity. This error is small since Teagt << "
(cf section 6).

It is instructive to consider the limit where the interspin
axis is permanently coincident with the molecular axis. In this case
we obtain the same result .as eq III-43 except that SY is unity and the
error term E is absent. Thus, to within a small error, the effects of
the fast motions in the general case are to average the dipolar inter-
action onto the molecular axis, and to scale tne dipolar interaction
constant; Q', to an effettive interaction constant, Q@ = SYQ" We may
also consider the other 1imit where the intramoiecular motion is fast

and unrestricted. Here SY approaches zero and 1/T, is given by the
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error term and is small. The significance of these points is discussed
further below.

To calculate the contribution from the molecular axis reorien-
tation in 0"(t) to the FID, we now expand (3cos2g"(t) - 1) in terms of

8', oft), and ¢(t). This expansion gives

]

w(t) = q(3cos2g"(t) - 1)

1]

[aNi R

= 0(3cos 26" - 1)(3cos2a(t) - 1)

+

%Qsinze‘ sin2a(t) cos2¢(t)

-+

%szsinZG‘ sin2a(t) cose¢(t) (111-46)

We again assume that o(t) and ¢(t) are independent random pro-
cesses, that they are also independent of y(t) and ¢'(t), and that they
satisfy the requirements of the central Timit theorem. Since the ran-
dom processes, ot} and ¢(t), both describe the molecular axis reorient-
ation, they are expected to fluctuate on similar timescales. Therefore,
no single term in eq II1-46 will dominate. We proceed to find the
means,variances, and correlation times for each of the processes in-
volved in eq III-46. We assume that ¢(t) is uniform in the sense of

eqs 111-34, so that

{coso(t)) ={cos2(t)) = 0 (111-47)

Yar(cose{t)) = Var(cos2s(t)) = %— (111-48)
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We define, as in eq I11-19,

S, =<—g— cos?a(t) - .:2{.>
as well as
of = Var(%-cosza(t) - %J
Yy = <§in2a(t)> ‘
From these
Var(sian(t)} = %-(1 +S - 252 - 2% %_pg)
a a . o

{sin2a(t)) = % (1-5)

Var(sin®a(t)) =

e/

2
O
o

From these results eq I1I-36 becomes

— 21 — Al FreZal
w = QSa(Scos ' - 1) =@ Sysa(Buos 9 1)

(111-49)

(I11-50)

(117-51)

(I11-52)

(I1I1-53)

(111-54)

(111-55)

By analogy with egs 1I1-40c and d we define the correlation

functions R¢(T> and R2®(T) and denote their correlation times as t

¢

and 12¢, respectively. The correlation functions R&(T) and RZQ(T) are

given by
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Ru(T) = <(%—coszu(t + ) —/%-— Sa)(% cos’a(t) - %f— Sa)>
(111-56)
and.
Rog = {(sin2a(t + 1) - u)(sin2a(t) - u)) (111-57)

with correlation times Ty, and Toor Also, it can be shown that
(sina(t + ©) -2 (1-5)) (sin%o(t) -2 (1-5)) =R (x)  (II1-58)
v 3 o @ 3 o g “att

With these results, the correlation function of w(t) is

R(T) = o (3cos 6" - 1)%R (1) + 2 (1-5) sin"0'R, (
) = q (3cos 6' - 1) a(T) Q - a) sin © 2 T)
s 2 n R (DR, (1) + g 22 22 ‘R
@ sin o'R (7 (T 7 9 usin 28 ¢(T)
LY
7 % sin 29 RZQ(T)R¢(T) (I11-59)
and we obtain the following expression for the FID
g(t) = cos(QSa(3cosze’ - 1)-t) o~ t/T2 (I11-60a)

with
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o 2. 2 1.2 z .t
2o, (3cos 8' - 1) Ta+?sz(1—sa) smerzcb

i

|
N

922.2 122.‘-0
g Qousin 2e't, + 5 Qo sin 6' Ty

¢

+

21_+ 22 22 9 2, ,2_ {
Q(1+S, -2, =25 -gu)sin20'ty, +E (I11-60b)

-+

In the above, we have, as before

9 .2
0 < E << 5 Q' Teaet (I11-61)
“and have defined the correlation times t, and Tox by
1 o
= R R d 111-62
T ROL 0 Rzm IO u'('T.') de(‘f) T ( )
and
- 1 o ‘
Tox = RT0IR (07 4, Rao(TIRy(T) dt (111-63)
20, )
The result of eq 111-60 corresponds to a pair of lines in the
frequency spectrum positioned at wy Q'Susy(Bcosze' - 1) 1in agreement

with eq 111-16. However, eq I1I-60 also predicts that each line has a
Lorentzian lineshape and a linewidth at half-maximum given by eq AII-25.
The effect of motion is therefore to change the single-crystal spectrum,
which is simply a pair of Lorentzian lines positioned at w, *

¢'(3cos?8' - 1) (Figure 7c) (Appendix I) (30), into a pair of Lorentzian
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Tines with their separation reduced by a factor S = SQSY, the order pa-
rameter, and with linewidths determined by the local molecular motions
(egs AII-26 and III-60).

We have described the FID and frequency spectrum resulting from
a geﬁina1 pair of protons undergoing complex restricted mctions appro-
priate to a fatty acid chain of a molecule in a bilayer membrane. How-
ever, we have ignored the fact that in many cases, including the latter,
there are more than two interacting protons, but we will not discuss
this complication in the present context. The problem'is exceedingly
complex and only a few attempts have been made to solve it (48,49,50).

The results of eq III-60 were developed to describe the FID
from CH2 groups, wnich are introduced selectively into perdeuterated
fatty acid chains (51). Furthermore, the results are applicable to the
deuterium NMR of a CD2 segment in a fatty acid cnhain. Here, the fluc-
tuations of the C—D bond modulate the quadrupolar interaction, and the
FID is given by eq III-60 with the appropriate interaction constant, Q'
(eq 111-8), and intramolecular order parameter SY (eq I111-22). The
same treatment can be extended to a rapidly rotating methyl group.

Most often, the samples used for NMR measurements are not the
highly oriented samples, but rather liposomes in which there is an iso-
tropic distribution of director orientations (Figure 5). The observed
FID is therefore a superposition of the FID's arising from different

director orientations. Thus

(t) = %—fl cos(Q‘SYSu(Scosze'—'1)=t) e“t/TZ(COS6 ) d(cosa")

gpowder
(111-64)
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with 1/T,(cos8') given by eq I1I-60b.

b. The lineshapes for vesicles

The model used in the previous exampie assumes that motion of
the director is slow on the NMR timescale, and is therefore applicabie
to the large multilamellar aggregates. There are, however, many sys-
tems for which the molecular aggregate reorients isotropically, and
with sufficient rate to contribute to the motional averaging. This is
true for small bilayer vesicles and for nearly spherical lipoproteins.
To describe the FID resulting from ihe geminal proton pair in such a
system, we need to treat the polar angle bétween the director and the
magnetic field, 8'(t), as a random process. We carry through all the
assumptions of the molecular motions and include the assumption that
9'(t) is an isotropically distributed random process which satisfies
- the central limit theorem requirements and is independent of a(t), ¢(t),
y'(t) and ¢'(t). The only necessary modification to the theory of the
preceeding subsection is that eq I11-46 must be revised to

%9(3(:0526'(’5) - 1) (3cosZa(t) - 1)

w(t)

+

%Qsinze "(t) sin‘a(t) cos24(t)

-+

%szsinZG‘(t) sin2a(t) coso(t) : (I11-65)

Since 8'(t) is isotropic
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(3cos%'(t) - 1) = 0 Var(3cos®'(t) - 1) = ¢ (111-66a)

V<sin26'(t)> = %— Var(sinze‘(t)) = é% (I11-66b)

(sinZ@'(t)> =0 and Var{sin26'(t)) = {%~ (I11-66¢)
The mean of the total process is then

w=20 (111-67)

Thus the NMR signal becomes homogeneously broadened as a con-
sequence of the isotropic motion. This is to be expected since the
aggregate motion renders every director equivalent. In order to char-
acterize the lineshape of the homogeneous Tine, we introduce the corre-

jation functions

Rg+(1) = {(3cos”6' (t + 7) - 1) (3cos”0'(t) - 1)) (111-68)
and

Ry (1) EﬁiéinZG'(t + 1) sin2e' (1)) (111-69)
Note that

(111-70)

wiro
o
i
D
el
[as]
—
..]
g

{(sin®0'(t + ) - 2) (sin®0'(%) - -
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The total correlation function for the frequency fluctuations

in this problem is

2.2 2 4 2 2
R(t) = @ SaRel(T) + Q Ret(T)Ra(T) tgQ (1- Sa) R2¢(T)

+ —;— (1 - SOL)ZRZO;’(T)RG:(T) + —g— 92R2¢(T)Ra(w)

+ %‘QZR2¢(T)R61(T)RQ(T) +'%'Qzu;R26|(T)R¢(T)

%gzaze,(r)%(?c)az&(f) (111-71)

o+

This correlation function predicts the exponential FID
g(t) = e /T2 (111-72)
and hence a homogeneous Lorentzian line with

2

i

1 2 2 '
75 © (365aT , + 0@(36T3* + 10T, + ZTT)

o L
~

6
2
+(1-5) (1012¢ ¥ 21, * 27u§14*

2

2 g’ua)TZT) +E (111-73)

G

+

2 2
24(1 + Sa - an - 25

Here, in addition to the correlation times previously defined, we have

introduced
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Tgr = —}5;1(—0—)-— [7Rgu (1) dr C(111-742)
Tow = —RW [7Rg (IR (1) du (111-74b)
Tyx Rze’(é)%(ﬂ [ Ryg (IR () de (111-74c)
T = Re'(O§R2¢(U) [ Ry (2)Ry, () dr (111-74d)
T, = Re-(O)Ri(O)R2¢(D) [ Rg ()R, (T)Ry, (1) dr (111-74e)
T, = RZe.(O)R;&(O)%(O) [ Rogr (IRoo (DR () dr  (111-747)

Analysis of Tinewidths from small bilayer vesicles was first
considered in terms of restricted motion by Seiter and Chan (22), who
arrived at an expression similar to eq [1I-73. The principal result
ot their treatment and of eq III-73, is that the Tinewidth is deter-
mined by three effects: (i) averaging by vesicle tumbling, (ii) aver-
aging by local chain motion (which in the present derivation is a com-
plex motion), and (iii) the spin-lattice relaxation due to very fast
motions. In the special case of 1ipid bilayer vesicles, we can simplify
eq II1-73 by making the following approximations for the correlation
times: (1) since ¢(t) and o(t) both are related to the molecular axis
reorientation, we expect fluctuations in (g-cosza(t) - %J, sin®a(t),
sin2a{t), and cos2¢(t) to exhibit nearly the same correlation times;

(2) similarly, we expect fluctuations in (3cos?8'(t) - 1), sin®e'(t),
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and sin26'(t) to have nearly the same correlation times, and (3) we
“expect the correlation time associated with cos2¢(t) to be ébout twice
as fast as that for coso(t). These approximations should introduce an
error no greater than a factor of-two in these correlation times. A
summary of the correlation times, the random processes from which they
originate, and the results of making the above approximations is pre-
"~ sented in Table 2. Note that here we reintroduce the symbols of Seiter
and Chan (22) by associating Ty with Tg and T, with Ty and assume
that for the composite processes the correlation times may be obtained
as if the correlation functions of the individual processes are exponen-
)L

tial, e.g. 1, = (1/Tu + 1/t With these approximations eq II1I-73

¢
simplifies to

i}

4 2..2 7 2 1 2 3 2
5 & (SaTV ¥ (E'Ga ¥ g-(l-'sa) TR

—t =
N

4 2 2 9 2
+g(1+s,-20, - 25 -gzu)) 1)

4 2 2 1,5
59 gy t5 (3

2 2 2
Oy ~ 55@ + 9“@ - ZSu +7) ) (I11-75)

The first term in eq I1I-75 is identical to the first term of the cor-
responding equation derived by Seiter and Chan, and represents that
contribution to the linewidth arising from modulation by vesicle tum-
bling of the residual dipolar interaction not averaged by local motion.
The remainder of eq III-75 corresponds to the last term of the Seiter-
Chan formula, and represents the linewidth contribution from the local

chain motjon. Our derivation yields a more complex expression for this
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TABLE 2

Correlation Times Associated with the Various Randdm
Processes Resulting in Eq II1I-75 of the Text

Correlation - Random Processes - Approximation of
Times Correlation Time for
Lipid Bilayer Vesicles

Ty 3cos?8'(t) - 1, sin?6'(t) T,
Tog! sin26'(t) Ty
3 2 1 s o 7,
T, > €Os al(t) - 7> sin a(t) T,
TZQ SinZa(t) T..L
T coso(t) » 2ty
4 cos2d(t) Ty
Ty sin2a(t) cos2¢(t) %’:L
E -~ 2
Tox sin2a{t) coso(t) 3 T
2nt 3 2 ! 1
Tax (3cos®e'(t) - 1) (5 cos®aft) - 5 Ty
Ty sin28'(t) coso(t) 21,
Trx sin?e'(t) cos2¢(t) T
5 i
T, sin?6'(t) sin2a(t) cos2¢(t) %-rL
0. sin26' (t) sinZo(t) cose(t) Sa
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contribution because of the more detailed motional model. As a conse-
“quence this model predicts slightly broader resonance 11nes‘for vesicles
than the Seiter-Chan model.

Interpretation of the linewidth in terms of eq II1I-75 is dis-
- cussed further in the next section, where calculations using eq II1I-75

are compared with experimental data from the small vesicle system.

8. Interpretation of Vesicle Linewidths.

As indicated earlier, the effect of sonication is to produce
vesicles which are small enough to permit the overall tumbling of the
bilayer unit, and therefore the director, to contribute to averaging
of the residual first order dipolar or quadrupolar interactions (22).
If the vesicles are less than about 500 X in diameter, their tumbling
rate should be fast enough to satisfy the assumptions used in calcu-
lating the lineshape for vesicles (section 7b). Under these circum~
stances it was found that the 1inewidth becomes homogeneous (eq I11-67)
and is given by

LA (e 2
Avy = T, 5w (4r3h) (SY ) {SuTe

+ (g—c

O =
Q

2 ) 2
- Ssa - Zsa + 9“a +7) T} (111-768)

This is identical to eq III-75 except that these are the effective
correlation times associated with modulation of the dipolar interac-
tions. Thus, (1/Te) = (1/TV) + (1/T]d) where (l/TV) is the rate of

vasicle tumbling and (1/r]d) is the rate of lateral diffusion of a
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“1ipid molecule on the spherical vesicle surface. Since the director
orientation is modulated by its translation along the curveﬁ surface,
a rapid lateral diffusion may be important. The contribution to the
Tinewidth from the spin-lattice relaxation is not included since
(1/T,) >> (1/T,) for anisotropic motion. Note further, that if chain
reorientation relative to the director is absent, the second term in

the Tinewidth expression of eq I1I-76 is identically zero and

-4 3y st
Buy = 5= 4r§) Sy To (111-77)

This expressioh is commonly employed in linewidth calculations for
sonicated vesicles (52). We contend, however, that this apﬁroximation
is not justified for the bilayer vesicle system, because of the substan-
tial chain reorientation relative to the director found even in the
multilayers (cf section 4).

Since the derivation resulting in eq III-76 is strictly valid
only for isolated pairs of protons, eq I1I-76 does not account for
interpair dipolar interactions in the fatty acid chain. However, the
theory‘is exact for 2H—NMR experiments where the linewidth is con-
trolled by the modulation of the gquadrupolar interaction. To calculate
the deuterium linewidth‘it is only necessary to introduce into the
treatment the appropriate interaction constant (eq III-8) and intra-
mo]écu?ar order parameter (section 4). Thus,

2

hvy = Qﬂ_(§:g§)

Dy % ez
(s;7) {S.7e

-~ H§* . g,,2 -
55 Zsa Oyt 7) 1.} (I11-78)
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We note that this linewidth expression reduces to that previously

proposed by Stockton et al (19)

Avy = 3-0— (2;-951) 2séDrV + %‘11‘—1 (111-79)
only in the limit where chain reorientation and lateral diffusion are
not important motions.

Equations III-76 and I11-78 predict that the ratio of the cal-
culated proton and deuterium Tinewidths is just the ratio of the inter-
action constants multiplied by the ratio of the intramolecular order

parameters. On this basis one expects (AvH/AvD) = 0.016 (SiH/SSD),

which is about 0.016 since SiH and SSD

are about equal (cf section 4).
The observed proton Tinewidths are about 20-30 Hz at 220 MHz when the
full methylene intensity is observed for the composite methylene signal
(53) (Figure 13). This is true also for signals from the a~CH,'s
adjacent to the carbonyls of the acyl chains, which might be expected
to produce the broadest resonances. Corresponding deuterium linewidths
(for the upper part of the chain at comparable temperatures) are about
550 %= 50 Hz (19). The observed linewidth ratio of 0.036 indicates that
the proton Tinewidth of 20 Hz is indeed an upper Timit of the true
value. This is reasonable since the dispersion of cheﬁica? shifts for
the protons along the chain, as well as spin-spin coupling, will tend
to make the resonances appear broader. Extrapclation of Tinswidth data
to zero field (45) yields a linewidth of 8 Hz, supporting this conten-

tion.

Stockton et al (19) have measured both deuterium linewidths of
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FIGURE 13

/Typica] 220 MHz proton NMR spectrum of a sample of
small sonicated vesicles of DPL at about 50°C.

Assignments are as follows (cf. Figure 2):

O

: CH group of glycerol

b: HOD

c: CH2 groups of glycerol and the 0~CH2 group of the
choline

d: §—CH2 group of choline

e: §'(CH3;3 groups of choline

f: CH2 in the o position to the acyl carbonyl

Q: CH2 in the 8 position to the acyl carbonyl

h: Composite methylene signal of the bulk of the acyl -

CHZ groups

i: CH3 groups of acyl chains.
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vesicles and‘Order parameters in multilayers for the same 1ipid system
as a function of the deuterium position along the chain. They found
that vesicle Tlinewidths for different positions vary linearly with the
squére of the multilayer order parameter measured for the same position
in the chain, and arqued on the basis of this correlation that there is
no reduction of the order parameter upon sonication. Equation III-78

predicts this correlation if (i) there is no change in the intramolecu-
CD
Y

gradient changes proportionally along the chain. The important conclu-

lar order parameter S~ upon sonication, or (ii) if the flexibility
sion is that this correlation is independent of the value of Sa’ or
changes in it, since Sq applies to the whole chain.

If there is no structural perturbation of the lipid bilayer mem-
brane upon soniéation, then, on the basis of the order parameters meas-
ured for lecithin multilayers, we expect the homogeneous linewidths
observed for small sonicated vesicles to be determined by the rate of
vesicle tumbling, lateral diffusion of the Tipid molecules, or some
combination of the two motions. Althougnh there have been numerous
~ attempts to ascertain any vesicle proton linewidth dependence on solu-
tion viscosity (54,27,53,55), none, in fact, has been observed. This
could mean that the effect of vesicle tumbling on the linewidth is small
compared to the effect of Tateral diffusion, i.e., 1/Te_z 1/T1d- This
possibility is not supported by current estimates for the lateral dif-
fusion coefficient of Tipids in multilayers of 1078 cm?/sec (56). It
is possible that this diffusion is in fact much faster in the vesicular

31

bilayar. However, ~ P-NMR measurements (57) alsc have recently yielded

estimates of 10“8 cm?/sec for the lateral diffusion cosfficient in
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lecithin bilayer vesicles. For these reasons, we must conclude that

proton and deuterium Tinewidths from small vesicles are cohtr031ed by
modulation of the dipolar interaction by local motions, that is, the

second term of eqs II1-76 and 111-78 dominates the total linewidth.

3lP-NMR studies of bilayer vesicles showed that the 31P

Also, the
Tinewidths of the glycerol phosphate moiety in these systems exhibit
a viscosity dependence (57), indicating that the chemical shift aniso-
tropy mechanism contributing to these Tlinewidths is modulated at least
in part by overall tumbling of the bilayer unit. This important obser-
vation is to be contrasted with the lack of any detectable viscosity
dependence in the proton spectrum.

If we use the model outlined in section 4, for which the distri-
bution of chain reorientations relative to the director is uniform with-

in an angular range of zero to Ao (eq I1I-13), we can rewrite eqs I1II-

76 and III-78 as
Av = CI{A(A&)Te + B(Aa)T,} (111-80)

where A(Aa) = Sé = %'(coszﬁa + 2cos A0 + cos“Aa)

and B(Aa) = %%—(92 + 55cosha - 24cos?Ao - 85cos ®Ac - 38cosAa)

2, 2 2 2.0.2 rp.2
The constant C is either é%.(§lsﬁ) (SHH) or %g-(gﬁggJ (SfD) R
4y (

depending on whether eq I11-80 refers to the proton or deuterium line-
width. The apparent lack of viscosity dependence implies that the

second term dominates, and since t, is apparently dominated by T, we

e
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expect
B(Au)tL_z_A(Aa)Tv (111-81)

The equality represents an upper limit for A(AG)TV since we expect that
if 50% of the linewidth is viscosity dependent it would be detectable.
Figure 14 shows the dependence of Av/C t, = A(Aa) + B(Aw) ;ﬁfon Ao for
various ratios of jl/Tv. The solid lines refer to that parz of the
function where eq II1I-81 is applicable, that is, where there is 1ittle
or no viscosity dependence. For a linewidth of 20-30 Hz and reasonable

6 to 5x1077)

values for Ty (5x10° we see no viscosity dependence only
if Ao > 70 and if Tl/TV is small. The vesicle linewidth and its vis-
cosity independence therefore indicate a significant reduction ( by a
factor of 2-3) in the order parameter. »Ne point out that these argu-
ments give an underestimate of Aa in part because the proton Tinewidth
of eq 1II-76 is an underestimate of the true linewidth. The dipolar
interaction due to the other protons on the chain would lead to further
broadening of the signal. It would be interesting to carry cut a simi-
lar analysis with the deuterium Tinewidths. Unfortunately, the viscos-
ity dependence here is not known. When such data become available, the
relative importance of vesicle tumbling and tocal motion in the motional
averaging can then ba ascertainad more precisely.

In summary, the available NMR data on sonicated 1ipid systems
at 50°C suggest that upon sonication (i) the order parameter is reduced

by a factor of 2-3 to a value about -0.07 to -0.1, (ii) the order pa-

rameter is reduced primarily through SU, thersby causing all the order
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FIGURE 14
T Ay
The function A(Ac) + B(Ax) — = R (Eq 111-80) as
v v

a function of Aa and for a series of values of Tl/tv.
The solid portion of the curves corresponds to the
combination of Ao and Ti/TV for which B(A“)TL.i
A(Aa)rv, the region over which 1ittle or no viscosity
dependence of the linewidth should be observed. The
correlation time for vesicle tumbling, Ty is ex-
pected to be within the range indicated based on the
following experimental findings: for a 220 K diameter
vesicle in aqueous suspension at 20°C the Stokes-
Einstein relationship predicts DM,w = 1.9 x 1077 cn?/s.
The measured value for fractionated egg yolk lecithin
vesicles is D, = 1.9 x 107" cm?/s. At 50°C, this

H]

value corresponds to a D = 3.9 x 1077 em?/s

50 ,W
which leads to a tumbiing correlation time of TgnOc =

2 -~
g-%-w 10°° s. The lateral diffusion correlation time

is approximately T T AT =
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parameters along the chain to decrease by a near constant factor, and

(iii) the correlation time T, for chain reorientation is decreased

7 8 9

~from~ 1077 s to 107°-1077 s.

9. Further Comments on the Motions.

The interpretation of the magnetic resonance data outlined in
the previous sections supports the general picture of molecular motions
suggested in the model of section 2. The purpose of this section is
to elaborate on the details of the molecular motions in the model, and
to describe the chain isomerization and reorientation in more detail.

It has been suggested by Trdauble (58) that most trans-gauche
rotations in the lipid chains occur as B-coupled pairs of trans-gauche
+ rotations rather than as isolated events. The net result of the
coupled rotation is the formation of a kink. The suggestion is based
on the arguement that a kink is energetically favored over isolated
trans-gauche rotations, because they produce less unfavorable interac-
tions with neighboring chains. The notion of kinks is in accord with
the finding that the entropy associated with melting of hydrocarbon
chains from the gel to the Tiquid crystalline phase (see Chapter IV) is
about one half of that for melting from a crystallins to an isotropic
phase (9). The need to invoke kinks in the membrane system is a direct
consequence of the anisotropy of the membrane bilayer.

Formation and subsequent disappearance of a kink in a chain is
one mechanism whereby the dipolar interaction can be modulated (45,59).
Examination of the molecular models also suggests that a kink may be

displaced along the chain by a set of &-coupled rotations around the
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kink as jllustrated in Figure 15. A kink may conveniently be denoted
by ki, where the subscript denotes the carbon atom closest to the acyl
“end of the chain, such that the first trans-gauche rotation in the kink
occurs around the bond between carbon n and n+1, and the superscript
denotes the sense of that bond rotation (37). The §-couplad rotations
then transform an even kink to another even kink but with opposite
sense. That is, a kink diffusion corresponds to an interconversion

among even or odd kinks with alternating sense, e.g.,

There are therefore, in effect, four subsets of kinks with interconver-
sions among the subsets only possible either (i) through a totally
eclipsed conformation, which is energetically very unfavorable, or (ii)
by kink anninhilation to form the all-trans chain followed by formation
of a kink of a different sense or at a new position.

It is reasonable to argue that formation of a kink is most Tlikely
to occur at the terminal end of the chain, where there is the least
steric hindrance. Once formed, the kink would diffuse along the chain,
passing through each methylene segment many times as it undergoes a sim-
ple random-walk type motion. The Tifetime of a kink is determined by
the number of times the kink is reflected at each end of the chains be-
fore it ultimately is dissipated at the terminal end of tha chain. In
this diffusion process, the correlation time T is associated with the
time duration between a kink leaving and returning to a given segment,

in the meantime having undergone a random walk along the chain. Clearly
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FIGURE 15

Schematic illustration of §-coupled trans-gauche =
rotations around a kink leading to kink diffusion.
The arrows indicate the sense of the rotations keep-
ing the higher numbered carbon fixed, and the particu-
lar sequence illustrated corresponds to, from left to
right,

all-trans -~ k; -> kg -+ kg.
The carbon atoms are numbered, and the pair of methy-
lene segments which are oriented off-axis with respect
to the chain are indicated by the rectangle around the
carbon numbers. It is evident that this kink diffu-

sion sequence will affect every mathylene segment
q

along the chain.
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Tllf'Tlifetimé‘ One might expect 1, to vary somewhat with the Joca-
tion of the methylene segment in the chain. In particﬁ]ar, Ty should
be shorter the closer the segment fs to that end of the chain which
serves as the kink sink.

The value of 1, for the upper part of the chain may be estimated
on the basis of>simp1e one-dimensional diffusion theory'as follows.

Once a kink is formed, the jump rate, i.e., the rate at which the kink

becomes displaced by one unit length 1, is given by

-1 _ a.-AE/RT

014

Here A is the frequency factor (v1 s™1) and AE, the activation

energy for the &-coupled rotation, which is estimated to be 3-4 kcal

per mole of kinks (45). The jump time is then approximately 10712 _
107 5. Since the mean square distance (1% travelled in the time
T, 1is
/2 12 '
1Py =2 C Ty, (111-83)
S Tjump

T,, may be estimated to be about 10710 s, which is the order of magnitude
inferred from the proton T; data.

For sonicated bilayer vesicles McLéug]in et al (42) and Lee et
al (43) have shown that the carbon-13 T,'s are slightly Tonger toward
the tail end of the chain. The same observation has been noted for the
proton T,'s (60). Proton and carbon-13 spin-lattice relaxation measure-

ments of chain resonances in the vesicle system exhibit a temperature
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and frequency‘dependence analogous to that found in unsonicated systems
(45,61); The chain motions which dominate T, are therefore similar for
the two bilayer systems. These findings, to be in accord with a
smaller order parameter in this region of the bilayer (17,19,38), nec-
essarily imply that T, is faster at the tail of the chain than in the
upper portion of the chain. This is in agreement with the kink diffu-
sion model described above. In fact, our preliminary computer simula-
tions (62) of a one-dimensional random walk among a limited number of
sites with a reflective barrier at one end (the head group) and a par-
tially absorptive barrier at the other end (the methyl end) indicate‘
that the kink diffusion model can account for a difference in T, along
the chain. In these simulations, it was found that the autocorrelation
functions decay exponentially at all positions along the chain. The
decay constant for these autocorrelation functicns is constant over a
large region of the chain, slightly Tonger at the reflective barrier
and much shorfer (about half) at the partially absorptive barrier where
kinks are formed and annihilated. The magnitude of the decay constants
as well as the relative values along the chain were found to depend
linearly on the ratio of the jump rate to the rate of formation of
kinks. This ratio is not well established or easily modeled and is
presently the major uncertainty in the modeling. |

In the kink diffusion model the jump rate is assumed to be inde-
pendent of the position along the chain, and it may be argued that it
should also be independent of the chain Tength since AE of eq III- 82
is 1ikely to be independent of chain Tength. This was verified indi-

rectly by our findings (63) that the apparent activation energy (for
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the T, proceSé)'does not vary with the chain length. However, in a
]onger’thain the number of sites available to the kink is larger and
T,; should be longer as a consequence. Indeed, the computer simulations
(62) show that the decay time of the autocorrelation function increases
with increasing chain Tength. The same trend is predicted from experi-
mental data sinée the spin-lattice re]axation rate increases with 1in-
creasing chain length (63).

If the slower correlation time T, for multilayers arises from
bfluctuations of the chain tilt with respect to the bilayer normal, then
tll measures the rate at which the chain traverses the angular range
Aa. In general, one expects Ao and T, to exhibit a complex dependence
on the property of the bilayer, particularly since chain reorientation
could berpartly molecular and partly cooperative in its origin. If
chain reorientation is principally molecular and controlled by rota-
tional diffusion processes, then one expects the rate of chain reori-
entation to be inversely proportional to the amplitude of the angular
fluctuation; that is, the larger Aa, the larger T, is expected to be.
On the contrary, if chain reorientation is principally cooperative,
involving say several hundred 1ipid molecules, then one expects a dis-
tribution of correlation times with both a high and a low frequency
cutoff. The former is expected to be controlled by the single molecule
reorientation rate, while the latter should depend on the nature of the
cooperative unit. The T, measured by Ty (213 eq I11-27) really re-
flects the most effective combination of timescales and amplitudes of
the chain reorientation for the spin-iattice relaxation process. Thus

if the size of the cooperative unit decreases, as is Tikely to happen
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as the bi]aye? becomes less ordered, the effective correlation time is
expected to decrease. This is in accord with the slightly shorter T,

found for vesicles.

10. Conclusions
a. General |

We have presented a motional model for the fatty acid chain in
a bilayer membrane which involves rapid chain isomerization by kink
diffusion and reétricted axially symmetric chain fluctuations relative
to the bilayer nofma]. In addition to these motions the model requires
rapid diffusion about the Tong molecular axis. We have demonstrated
that it is necessary to interpret the NMR order parameters observed
for 1ipid bilayers in terms of chain reorientations in addition to
isomerization of the chain. For a bilayer membrane in the liquid crys-
talline phase, the order parameter can be written as a product of two
independent order parameters representing the two individual motions.
We emphasize again that NMR experiments will always measure the product.
This is in contrast to ESR spin label experiments, where the spectra
are primarily sensitive to chain isomerization because of the short
timescale of measurement. Understanding the inherent differences in
these measurements enabied us to compare the state of chain motion
deduced from the various techniques. It is clear that ESR measurements
predict a permanently tilted chain because the chain reorientational
motion is incompletely averaged.

Detailed analysis of the observed proton and deuterium order

parameters indicates that the chain has considerable intramolecular
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order (pt > 0;8)'except for the region at the tail of the chain. All
told there is on the average less thanone kink per chain in the upper
portion of the chain. The high Py value arrived at here is consistent
with that derived by Hubbell and McConnell (14) on the basis of their
spin label measurements, but the variatioh in Pt along the upper part
of the chain muét be small in accordance with the 2H—NMR experiments
of Seelig and coworkers (17). It thus appears that the‘observed proton
and deuterium NMR order parameters arise to a large extent from signif-
icant fluctuations of the tilt of the chain as a unit about the bilayer

8 _ 1077 s). The ampli-~

normal, a?beit on a rather long timescale (10~
tude of this chain reorientation about the bilayer normal (Aq = 50°)
“is consistent with the extent of off-axis motion (A = 55°) previously
deduced by Seiter and Chan (22) in their analysis of 1H-NMR data.

The motional model was also shown to lend itself naturally to a
simple interpretation of the nuclear magnetic relaxation measurements
on 1ipid bilayer systems. In order to account for the temperature and
frequency dependences of proton T; data, it is necessary to invoke two
correlation times of quite different timescales. In the present work,
we propose that the faster timescale 1, is to be attributed to the in-
tramolecular isomerization of the hydrocarbon chain (kink diffusion),
and the slower timescale 1, to cooperative f]uctuationsviﬂ the tilt of
the chains about the bilayer normal.

The effect of surface curvature on the packing of the 1ipid
chains in vesicle systems is also found to be readily understood in

terms of the proposed motional model. The earlier linewidth theory of

Seiter and Chén (22) has been modified for this motional model and
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extended to determination of deuterium linewidths of rapidly tumbling
vesicles. Comparison of calculated deuterium linewidths with those
recently reported by Stockton et al (19) leads to the conclusion that
introducing a high curvature in the bilayer by sonication causes sig-
nificant increases in the rate and amplitude of chain tilting without
appreciable disfuption of the intramolecular order.

It is 1ikely that the model can be refined, particularly in the
mathematical modeling of the motions. Thus, new data may lead to im-
provement in the choices of g(y) and g{a) or may suggest even more
realistic interpretations of the isomerization and reorientation motion.
Nevertheless, we are confident that the physics of the model 1is substan-
tially correct and that these two essentially independent sets of
motion occur at quite different rates. It is therefore reasonable to
discuss further some of the impiications the model has on er view of
other molecular interactions in the membrane.

b. Correlation with other experiments

The conclusion that chain isomerization is not the only impor-
tant motion in Tipid bilayers is in agreement with data from x-ray
diffraction studies (5). The electron density profile of the Tipid
bilayer in the gel phase shows a deep electron deficient trough at
the center of the bilayer, which arises from the terminal methyl groups
of the chain. When the bilayer is heated to the liquid crysta1?1né
phase, the previously sharp trough broadens‘and becomes shaliow, which
has been interpretad to mean that the methyl groups are Tocalized over
a larger range of the bilayer. This can be accounted for by'chain

reorientation or chain isomerization but the large Py value suggests a
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Tow probability of many simultaneous trans-gauche rotations in a given
chain. Hence any delocalization effect due to chain isomerization
should be fairly minimal.

Recent detailed interpretations of Raman spectra obtained from
1ipid bilayers (64,65) enab]éd these investigators to assess quantita-
tively the variétidns with temperature of both the intramolecular and
the intermolecular order. These workers observed Targe changes in both
quantities upon passing from the gel to the liquid crystalline phase.
The intramolecular order determined for the liquid crystalline phase is
- compatible with a large Py value, and the observed changes in the inter-
molecular order are consistent with increased chain reorientation above
the phase transition temperature. Moreover, the Raman spectroscopic
studies have shown that well above the transition temperature there are
no detectable differences in intramolecular order between unsonicated
and sonicated bilayer systems since the intensities of those Raman
lines, which are proportional to the average number of extendead all-
trans chain segments, were found to be essentially identical for the
two systems. This is compatible with the SY value being comparable for
the two model membranes. In contrast, the Raman spectra show pronounced
intensity differences in that region of the spectra which has been in-
terpreted to measure intermolecular or interchain interactions. This
- reduction of intermolecular coupling of Raman active CH vibrations\is
compatible with a larger amp]ftude (Aa) of chain reorientation in
vesicles. The Raman data therefore support our present interpretation
of the magnetic resonance data in terms of the larger amplitudes of

chain reorientation with increasing surface curvature.
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o Imp1icatibn5'for permeability

A possible correlation between kink diffusion and permeability
of small molecules across Tipid membranes has prevfbust been suggested
(58,59). It istherefore interesting to note that a kink diffusion
process like the one described here would result in local density fluc-
tuations in thebbflayer. Moreover, these density fluctuations would be
directed along the length of the chain and therefore across the phospho-
lipid bi]aye%. It is readily seen how such a process might facilitate
diffusion of small jonic and neutral solutes,e.q. HZO across a membrane.
It is even>possible that in boundary regions between rigid and flexible
1ipid molecules, these density fluctuations actually become enhanced.
The enhancement would occur because, on the timescale of kink diffusion
in a fluid chain, a neighboring rigid chain would not be able to com-
pensate for the shape and volume change associated with the kink.

Since the density perturbation is highly localized, the percentage
volume change per kink is large. However, if the neighboring chain is
~a fluid chain, i.e. it contains kinks, it may respond to the kink in
the original chain even on the fast timescale of kink diffusion. The
effect is that the density perturbation per kink becomes dispersed over
a few chains and the percentage volume change per kink is smaller. The
phenomenon might well explain why the permeability of certain fons,
e.g. Na+,exhibits a maximum at the phospholipid phase transition {66)
where gel and liquid crystalline phases coexist. Similarly, unannealed
vesicles (67) probably contain boundary regions where local density
fluctuations are large enough to allow rapid permeation of jonic

spacies. Tnese ideas are readily extendable to 1ipid mixtures. For
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example the enbrmous enhancement in permeability in lysolecithin/leci-
thin mixtures at temperatures below the transition temperature of the
host 1ipid compared to the'permeabi1ity at temperatures above this
temperature (68) may be accounted for in this way.

d. Implications for lipid mixtures and protein-lipid intsractions

The chain reorientation motion will only occur to a significant
extent if there is cooperativity among neighboring 1lipids. If suffi-
ciently different membrane components are in mutual contact, it is
possible that the amount of chain reorientation is reduced. Since
membrane fluidity is controlled in part by the amplitude of chain re-
orientation, the motion is biologically significant. The well-known
condensation effect of cholesterol on phospholipid bilayers is readily
understood in this context. A significant decrease in the angle of
chain fluctuation can account for the increase in the order parameter
observed when cholesterol js added. A more detailed account of this
effect will be given in Chapter IV in‘the description of the phospho-
lipid-cholesterol phase diagram.

A similar condensing effect might be expected if large protein
molecules are embedded in the membrane. By virtue of their size and
shape these proteins could easily modify the extent of chain reorienta-
taion of phospholipid molecules in their immediate vicinity. The evi-
dence for an annulus of motionally restricted Tipid molecules around
certain proteins (69) is in agreement with this concept. More impor-
tantly, however, the restricted chain reorientation would occur in
several layers of 1ipids around the protein thereby generating an "order

gradient." The extended region of order interacts with that of neaigh-
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boring proteihé Jeading to lipid-mediated protein-protein interactions.
This effect is expected to be most significant at high protein to lipid
ratios, where protein-induced condensations of phospholipids can pro-
duce effects similar to those obhserved at high concentrations of choies-
terol. The domains of condensed Tipids which are formed are distin-
guished from thoée lipids far removed from the proteih molecules by
their motional state. However, the boundary monolayer of 1ipids which
has been inferred from spin label measurements (69) comprises only a
small fraction of the condensed lipids. Protein-1ipid interactions of
this type are not specific but can nevertheless modify the overall
motional properties of the membrane. Since membrane fluidity affects
the activity of a specific membrane protein, this activity may not
depend on the type of neighboring proteins provided the total protein
to lipid ratio is high thus ensuring the presence of a condensed lipid
domain. In our judgment, modifications of chain reorientation ampli-
tudes represent the most effective way of controlling membrane fluidity
over an extensive surface domain.

The terms "fluidity" and "liquid-like" have often been used in
describing the motional state of membranes. We point out that, in
general, it is the extent of correlation of intermolecular interactions
which determines whether a condensed phase is ordered or "liquid-like."
To be sure, the conformational states of the component molecules can
change upon transition from an ordered to a disordered state, but the
intramolecular effect is a consequence rather than a cause of reduced
correlation among mo]e¢u1es. For this reason an operational definition

of a liquid state is a condensed state which cannot sustain shear
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forces. Therefore, the order parameter Sa is a better indicator of

membrane fluidity than Sy.
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IV. STUDIES OF THE EFFECTS OF LIPID COMPOSITION IN MIXTURES OF LIPIDS
ON THE THERMAL TRANSITIONS OF THE BILAYER SYSTEM. DETERMINATION
OF PHASE DIAGRAMS FOR MULTICOMPONENT SYSTEMS.

1. Introduction

It has been known for some time that phospholipid-water mixtures
exhibit complex phase diagrams {1,2). At low hydration Tevels (less
than 25% water by weight) there is evidence for cubic, hexagonal, lam-
ellar and isotropic phases, depending on the tempefature and water con-
tent (2) (Figure 16). In well-hydrated preparations (v 25% water by
weight) the 1ipids exist in a lamellar phase at most temperatures. It
is the fully hydrated lamellar phase in equilibrium with excess water
(v 40% by weight) which is of interest biologically, and which is found
(1,2,3) to exhibit several lyotropic mesophases depending on tempera-
ture. At Tow temperatures, the phospholipids are in a semi-crystalline
Tamellar phase with very little motion of the hydrocarbon chains. At
higher temperatures the systems exhibit a thermally induced endothermic
order-disorder transition into a liquid crystaliine lamellar phase,
termed the Chapman transition (4). In addition to the Chapman transi-
tioh, phosphatidylcholines (lecithins) undergo a pretransition a few
degrees below the Chapman transition temperature (TC) (1,5). There
have been several proposals for the nature of the three phases in leci-

thins. The Tow temperature phase is an L_, phase 1 with the hydrocar-

B

1The nomenclature adopted to describe the lyotropic mesomorphism is
that of Luzzati and coworkers (2). Here the capital letter refers to
the geometry of the phase; L: 2-dimensional Tamellar, P: 3-dimensional
tamellar, H: Hexagonal, C: cubic. The Greek subscript refers to the
state of the hydrocarbon chain in the phase; a: motionally disordered,
B: extended chains normal to the bilayer surface, B': extended chains
oriented at an angle relative to the bilayer normal (Figure 16).
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FIGURE 16

Schematic representation of some of the phases formed
by mixtures of phospholipids and water. The nomencla-
ture is that of Luzzati and coworkers (2) (see also

the footnote on the preceeding page).
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bon chains rot&fiona]ly disordered and at a 30° angle relative to the
bilayer normal. The Tiquid crystalline phase at high temperatures is
an La phase, to which the motional model presented in Chapter III per-
tains. Rand et al (6) have suggested that the pretransition at Tp is

between an LB' and an L, phase. However, Janiak et al (7) interpreted

B

the x-ray data in terms of a transition from the LB' to a PB.

The latter interpretation of the x-ray data is supported by Freeze-

phase.

Etch Electron Microscopy (8) where ripples are observed when samples
are rapidly frozen from a temperature intermediate between Tp and TC.
Thermal transitions in the fully hydrated lamellar system have
been studied carefully since the phase behavior reflects the intermolec-
ular interactions. Mathematical models for phase transitions are
better understood in two than in three dimensions, o studies of ther-
mal transitions in mono- and bilayer systems may Tead to improvements
in the modeling (9).. Several statistical mechanical models have been
proposed to account for the thermal transition at Tc (10,11,12, 13).
The most successful of these to date is that of Martelja {13) which is
based on a self-consistent mean field theory (14) using an intermolec-
ular potential proportional to (3cos®n -1). (The angle n is between
the Tong axes of two 1ipid chains). This theory is capable of pre-
dicting the transition temperature and the order parameter profile for
the hydrocarbon chain. However, it seems necessary to include short
range (hard sphere) interactions in this model since Monte Carlo cal-
culations (15) demonstrate that the order parameter profile is very
sensitive to packing density. None of these models, however, take into

account the effect of a change in chain orientation during a transition
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from a Bf to an a phase.

Thermal phase transitions have been observed at physiologically
relevant temperatures for several natural membranes, particularly in
cholesterol-free 1ipid extracts (16,17,18,19, 20). It is important to
establish whether such transitions are important in vivo and to under-
stand how they occur, since changes in the motional state of the 1lipids
would alter the function or activity of the membrane as a whole. Al-
though an abrupt transition could be detrimental, a gradual
transition might serve to modulate membrane function or activity. In
vivo, control of 1ipid mobility is achieved by varying the membrane
composition rather than the temperature. The thermal transition tem-
perature for bi]ayers prepared from M. Ladlawii 1ipid extracts depends
on the medium on which the organism is grown. This adaptive feature
suggests that as the 1ipid composition is changed, membrane fluidity is
altered. It is, therefore, important to elucidate the motional states
of lipids in mixed lipid systems,

To gain some insight into molecular interactions in mixed 1ipid
systems we have chosen to study in detail their phase diagrams. Much
of the data will only be interpreted qualitatively but alTows us to
interpret the motional state of mixtures of phospholipids and choles-
terol.

First, as an 1ntroduction to the techniques, we present transi-
tion data for some binary phospholipid-water Systems followed by a
series of ternary phospholipid "A"-phospholipid "B"-water systems as
well as the quaternary system of DML, DPL, DSL. anrd HZO‘ A1l experi-

ments were performed in excess water, most at about 50% by weight water.
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Thus, all the phases illustrated in the diagrams are in equilibrium

with free water as a phase, which is often excluded for simplicity.
Finally, we show results for some annealing experiments (21,22) on phos-
pholipid-cholesterol mixtures which lead us to propose a new phospho-

lipid-cholesterol phase diagram.

2. Results

a. Binary phospholipid-water systems.

A convenient technique for studying thermal transitions in hy-
drated phospholipid multilayers is Differential Thermal Analysis (DTA).
In these measurements the temperature difference between the sample and
a reference is monitored as a function of the reference temperature.
The reference sample, in these experiments either water or a 1:1
ethylene glycol-water mixture, is chosen to match the heat capacity of
the sample as closely as possible and should have no thermal transi-
tions in the interesting temperature range. When the sample undergoes
an endothermic thermal transition, its temperature remains constant
while the reference temperature continually changes. The temperature
differential increases in magnitude during an enthalpic transition for
which it is definad to be negative. Figure 17 illustrates the thermal
phase transitions for four saturated lecithins (DLL, DML, DPL and DSL).
The smaller pretransition is clearly seen in all cases but for the DLL.
A1l samples containing DLL were prepared in a 1:1 {(v/v) mixture of HZO
and ethylene glyccl to supress the ice-water transition DTA thermograms
of DPL, DML and DSL 1in this solvent are indistinguishable from those in

neat water, but the absence of the pretransition in DLL could be a
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FIGURE 17

Traces of DTA heating curves for the four common
lecithins in excess water. The sample with DLL
also contained ethylene glycol (50% by volume) to
supress the free water transition. A1l the tran-

sitions are endothermic.
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result of the ethylene glycol.

A]though DTA is not as sensitive as Differential Scanning Calor-
imetry (DSC) it is much more convenient, particularly for measuring a
large number of samples, and shows good correspondence with DSC (1). |
The transition data obtained from Figure 17 are Tisted in Table 3.

Observations by Vaughan and Keough (23) that the pretransition
only occurs for lecithins suggest that structure of the headgroup
influences this transition. The DTA results of Figure 18 suggest that
the stereochemistry of the headgroup (D, L, or DL) s not important,
whereas the configuration is, as seen for the symmetric 1ipid, g-DPL,
for which both Tp and TC are much lower. Similarly, when the fatty
acid chains are perdeuterated, both transition temperatures are lowered
by about 4-5°C as seen in Figure 19 for DPL-dg, and DSL-d,, (24). The
transition data for these 1ipids are all included in Table 3.

DTA measurements require only small sample volumes which must
be quite concentrated so the technique is not suitable for measuring
thermal transitions in vesicles. It is possible to obtain thermograms
of 2% weight/volume 1ipid to water suspensions (Figure 20) but these
are so concentrated that the results may not reflect the properties of
small bilayer vesicles. Nonetheless, a broadening ¢f the main transi-
tion, concomittant with a decrease in the pretransition intensity,
seems to take place. Note, however, that the position of the peak of
the transition has not changed significantly.

A more sensitive technique for studying the transition behavior
of vesicles at lTow concentrations is found through absorbance measure-

ments. This 1is illustrated in Figure 21 for a 2% solution of vesicles
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TABLE 3

Transition Temperatures (TC) and Pretransition

) for a Series of Lecithins

Temperatures (Tp

Lipid T (°c) T. (°0)
Onset Peak End Onset Peak End
L-a-pLLY - - - -1 0 3
L—ci-DML 14 17 18 22 23 25
L-ci-DPL. 36 37 39 42 43 45
L-ct-DSL 52 54 - 55 5 58
D-ct-DPL 36 39 - 42 43 45
DL-0-DPL 36 38 39 42 43 45
B-DPL | 20 23 25 36 37 39
L-6-DPL-d, 32 /36 36 37
L-a-DSL-d 48 - - 49 50 53

1Measured in the presence of ethylene glycol, added to suppress the
ice-water transition.



120

FIGURE 18

Traces of DTA heating curves for DL-a-DPL, D-o-DPL
and B-DPL in excess water. All the transitions are

endothermic.
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FIGURE 19

Traces of DTA heating curves for a: L-a-DPL, b: L-o-
DPL-dg2, c: L-a-DSL and d: L-o-DSL-d;¢ in excess water.
A1l the transitions are endothermic. The arrows indi-

cate the peak of pretransition in each trace (24).
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FIGURE 20

Trace of a DTA heating curve for 20% weight/volume
DPL in water. The sample was sonicated 15 min. The

transition(s) is endothermic.
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FIGURE 21

Temperature dependence of the optical density for 2%
by weight, sonicated vesicle suspensions. x for L-o-

DPL, o for L-a-DPL-dg2.
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prepared from DPL and from DPL-dg,. The causes of the absorbance
changes ére'the subject matter of Chapter V. Note that there are in
fact indications for the presence of a pretransition in the vesicle
system.

b. Mixtures of phospholipids.

DTA measurements may provide information about the progress of
thetransitﬂnjwith change in temperature. This is particularly true
for mixtures of 1ipids where the width of the transition is a measure
of how ideally the solutions behave (25). In pure lipid systems, the
transition width is in part determined by experimental factors such as
heating rate, but in mixed 1ipid systems these effects are qua]ly
negligible.

To illustrate the types of differential thermograms obtained, we
show in Figure 22 the four DTA measurements on equimolar mixtures of
DSL with (a) DSL-d7o, (b) DPL, (c) DML and (d) DLL. For mixtures (a)
and (b), the transitions are symmetrical, with a sing]e peak occurring
at temperatures half way between the melting temperatures of the pure
components. For the (c) and (d) mixtures, however, there are two broad-
ened transitions, which have been termed biphasic or montectic transi-
tions (4,26,27,28). They are believed to reflect incomplete mixing of
the components in the gel phase.

In order to summarize the data on the many mixtures studied, we
have chosen to present them in experimental pﬁase diagrams, in which we
plot the onset, peak and end temperatures, as illustrated in Figure 22
by the arrows. For the fairly broad transitions observed in most of

the mixtures, the onset of the transition upon cooling coincided with
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FIGURE 22

Traces of DTA heating curves for four equimclar mix-
tures of DSL with a: DSL-d7o9, b: DPL, c: DML and d: DLL.
A1l transitions are endothermic. The arrows findicate
the onset, peak and end of the transition for the DSL-

DPL mixture.
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the end of thé‘transition upon heating within about 1-2°C. A1l the
data preéented are from heating curves.

Experimental phase diagrams for mixtures of DPL and DSL with
their perdeutero acyl analogs, DPL-dg, and DSL-d,, respectively, are
shown in Figure 23. The data (24) show only a slightly broader transi-
tion for the mixtures than for the pure components. At all composi-
tions studied, there is evidence for a pretransition.

Phase diagrams for Tecithin mixtures depend on the difference
in acyl chain length as well as the difference between the transition
temperatures of the pure components. DSL and DPL whose chains differ
by two methylene groups have transition temperatures 12°C apart. Mix-
tures of these 1lipids exhibit single, but broadened, transitions and
the pretransition is seen for all compositions (Figure 24). A similar
phase diagram is observed for DPL and DML mixtures (Figure 25). If
the difference in transition temperatures of the pure 1lipid constitu-
ents is increased further, as for DLL and DML, the single transition
is only observed for a Timited range of compositions with large amounts
of DML (Figure 26). With excess DLL, biphasic transitions are observed.
Also the pretransition is only observed at high DML concentrations.

[f the difference in chain length between the lipid constituents
is increased to four methylenes, as with DML-DSL mixtures (Figure 27)
and DLL-DPL mixtures (Figure 28) there are extended composition ranges
whare biphasic melting is observed. At large concentrations of either
constituent the transitions appear broad but with a single asymmetric
peak. In the case of the DML-DSL mixtures, the pretransition is ob-

served only at high DML concentrations. For the mixture of DLL and
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FIGURE 23

Experimental phase diagram for DPL with DPL-d¢, and
DSL with DSL-d7o (24) in excess water.

0 peak of the main transition

X peak of the pretransition

- onset and end of the main transition
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FIGURE 24

Experimental phase diagram for DPL with DSL in excess
water.

o peak of the main transition

X peak of the pretransition

- onset and end of the main transition
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FIGURE 25

Experimental phase diagram for DML with DPL in excess
water.

o peak of the main transition

X peak of the pretransition

- onset and end of the main transition
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FIGURE 26

Experimentai phase diagram for DLL with DML in excess
water.

o peak of the main transition

X peak of the pretransition

- onset and end of the transitions

A1l samples contained ethylene glycol in the water.
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FIGURE 27

Experimental phase diagram for DML with DSL in excess
water.

o peak of the main transitions

x peak of the pretransition

- onset and end of the main transitions
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FIGURE 28

Experimental phase diagram for DLL with DPL in excess
water.

o peak of the main transitions

- onset and end of the main transitions

A1l samples contained ethylene glycol in the water.
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DSL there is evidence for biphasic transitions at all compoéitions
(Figure 29).

The effect on the transition of an equimolar mixture of two
phoépho11pids when adding the third phospholipid is shown for the
quaternary system: DML—DPL—DSL—HZO in Figures 30,31 and 32. There are
certain composition ranges for which biphasic transitions are detected,
and others for which the pretransition exists. Thesedata, along with
those of Figures 24,25 and 27 can be used to construct part of the
quaternary phase diagram, which will be presented in a subsequent
section.

¢. Phospholipid-cholesterol mixtures.

Numerous techniques have been employed in an attempt to eluci-
date the nature of phospholipid-cholesterol interactions (4,28,29,30,
31, 32,33), through which part of the phase diagram has been obtained.
Molecular interpretation of some phases are still in doubt, so we have
sought evidence for a phase boundary by measuring the temperature at
which annealing takes place.

The annealing process in small sonicated vesicles was character-
ized in detail by Lawaczeck et al (21) for pure 1lipid systems and a few
well-behaved mixed systems (21,22). They found that vesicles prepared
and kept at temperatures lower than the thermal transition temperature
were fully permeable to ionic species. However, even a relatively
short exposure to temperatures above the thermal transition abolished
this perheabi]ity completely. The interpretation of these results is
that crystal defects present in the gel siructure are annealed out as

the bi1éyer melts to the 1iquid crystalline phase. In these studies



145

FIGURE 29

Experimental phase diagrams for DLL with DSL 1in excess
wéter. |

o peak of the main transitions

- onset and end of the main transitions

A1l samples contained ethylene glycol in the water.
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FIGURE 3C

Experimental phase diagram for an equimolar mixture of
DML and DSL with DPL in excess water.

o peak of the main transitions

x peak of the pretransition

- onset and end of the main transitions
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FIGURE 31

Experimental phase diagram for an equimolar mixture
of DPL and DSL with DML in excess water.

0 peak of the main transitions

X peak of the pretransition

- onset and end of the main transitions
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FIGURE 32

Experimental phase diagram for an equimolar mixture
of DML and DPL with DSL in excess water.

o peak of the main transitions

X peak of the pretransitions

- onset and end of the main transitions
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the points during the transition at which the annealing sta;ts and ends
were not established. If the transition is broad it 1is pérticular]y
important to determine this relationship. Figure 33 shows biphasic

DTA melting curves for three DML-DSL mixtures along with the tempera-
ture range over which annealing takes place. The data imply that on-
set of annealing occurs during the early part of the last transition.
There are probably lattice defects in both gel phases but complete
annealing can occur only when the highest melting phase starts to melt
thereby defining the annealing temperature. The 1:3 mixture appears to
ann2al at a temperature higher than expected. The DTA measurements are
performed without di- of trivalent salts whereas the annealing experi-
ments require trivalent shift reagents, which for sharp transitions
have the effect of increasing TC by 1-5°C depending on the 1ipid (34,
35, 36). It appears that annealing occurs when a substantial amount

of mobility is present in the bilayer. The annealing temperature there-
fore is an indicator of the minimum motional freedom necessary to
repair lattice defects.

The annealing temperatures determined for DPL-cholesterol mix-
tures are shown in Figure 34 and those for DSL-cholesterol mixtures in
Figure 35. For mixtures containing lass than 75 mole % DPL or 80 mole
% DSL it is impossible to prepare samples which are not annealed. As
jndicated in Figure 3, the highest temperature attained during sonica-
tion, and therefore an upper Timit for the annealing temperature, is
about 23°C in thase preparations. This upper Timit is indicated in

Figures 34 and 35 by the open-ended symbols in this composition range.
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FIGURE 33

Traces of DTA heating curves for three mixtures of
DML and DSL in the molar proportions indicated. The
hatched areas indicate the temperature ranges over
which annealing takes place for vesicles prepared with
the same proportions of DML and DSL but in 5 mM

La(NO3)3*
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FIGURE 34

The tehperatures (o) at which annealing occurs for
DPL vesicles prepared with various amounts of choles-
terol. At cholesterol concentrations higher than
about 25 mole %, the vesicles are annealed during

preparation at a temperature below 23°C.
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FIGURE 35

The temperatures (o) at which annealing occurs for
DSL vesicles prepared with various amounts of choles-
terol. At cholesterol concentrations higher than
about 20 mole %, the vesicles are annealed during

preparation at a temperature below 23°C.
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3. Discussion

a. Binary phospholipid-water systems.

The thermal transitions of the pure phospholipid-water systems
presented here are typical of lecithins, showing both a pretransition
and a main transition (Figure 17). It is interesting to note that the
stereochemistry at the glycerol C-2 appears to have no effect on the
abjlity of the phospholipid to form an LB.‘phase. This implies that

the L, phase is sufficiently flexible to allow equally good packing

8!
of the two steroisomers. However, if substitution at the glycerol s
changed from a 1,2-acyl (a-DPL) to a 1,3-acy? (B-DPL), the intermolecu-
lar interactions are slightly weaker and the transition temperature is
Tewered by 5°C.  This is probably a result of a slightly larger inter-
chain distance in the g-DPL molecule. It is actually not known whether
B-DPL is in a B or B' phase, and although the DTA (Figure 18) suggests
a pretransition at about 23°C, the data do not shed 1ight on the nature
of the gel phases. Currently, x-ray measurements on this system are |
being performed to establish this point (A.E. Blaurock, R.C. Gamble and
N.0. Petersen, unpublished).

The intermolecular forces are also weakened slightly by perdeu-
teration of the fatty acyl chafns, resulting in a 4-5°C decrease in the
transition temperature without affecting the nature of the phases. A
pretransition is still observed.‘

The thermogram of the vesicle solution (Figure 20) suggests a
slight broadening of the transition with a lowsr onset temperature and

a much diminished and broadened pretransition. It is not clear how

representative of small bilayer vesicles a 20% sonicated solution is.



161

We have shown that the 1H-NMR spectra for the Tiquid crystaf]ine phase
of 27% and 1% suspensions are identical (37), but the concentrated
vesicle suspension should approach a close packing of vesicles with a
relatively small amount of water between them which could affect the
transition behavior. The absorbance data (Figure 21) show that there
are significant changes in optical density at temperatures close to

Tp, implying that there is a pretransition in the vesicle bilayers.

In Chapter V we provide evidence that the absorbance changes are inti-
mately associated with a pretransition which behaves 1ike that in multi-

lamellar systems.

b. Mixtures of phospholipids.

The degree of miscibjlity of two phospholipid components, A and
B, in a membrane depends on the intermolecular interactions between the
lipids. An ijdeal, or perfect, solution is defined (40):

"as one in which the fugacity of each constituent is

proportional to the mole fraction of that constituent

. at every pressure and every temperature"

Inasmuch as the fugacity, f. is a measure of the "escaping tendency"
(40) of a constituent, this definition of an ideal solution by Lewis
and Randall demands that the interactions of A with A, B with B, and
A with B, are all identical. The proportionality constant in the above
definition is the fugacity of the pure liquid constituent, f°, at the
same pressure and temperature. Clearly then, for an ideal binary solu-

tion Raoult's Law for each component i.e.

= £0
o = fa Xy
fy = fo X {1v-1)
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must be obeyed over the entire range of compositions. HergvXA and XB
are the mole fractions of A and B, respectively.

Seltz (25) extended this concept to ideal solid solutions and
required that eq IV-1 be obeyed with the fugacities and mole fractions
referenced to the solid rather than the Tliquid states. The change irn
fugacity of component A with temperature, a]an/aT, is related to the
ideal heat of vaporizatjon of A, HZ - -A’ by (41)

oInfy H -

= A (1y-2)
oT RT

Seitz (25) used these thermodynamic relations with the requirement that
the fugacity of a component in the liquid equal that in the solid at
equilibrium, to calculate the equilibrium compositions of the liquid
and solid solutions during a transition. These calculations were
applied by von Dréele (42) and Lee (43) to binary lipid systems using
heats of melting and transition temperatures of pure components as
determined by Hinz and Sturtevant (5).

The theory of Seltz (25) predicts that the transition in ideal
mixtures will broaden with increased differences in heats of fusion and
transition temperatures between the components. If we assume the en-
tropy changes associated with the transitions for DPL and DPL-dg, are
| identical, the heat of fusion of DPL-dg, can be calculated Trom that
for DPL using their transition temperatures (24) by
310

= 9.7 X 375 kcal/mole = 9.55 kcal/mole (1v-3)

|
=]

B
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The very small AH difference (0.15 kcal/mole) and the sm§11 change 1in
transition temperature suggest that ideal mixtures of DPL and DPL-dg,
should exhibit a small broadening of the transition in accord with
experimental observations (Figure 23). Identical arguments hold for
the DSL-DSL~d;, mixtures. In bhoth sets of mixtures the considerations
also apply to the pretransition.

Calculations by von Dreele (42) and Lee (43) suggest that
broadening of the transition in mixtures of DML with DPL and DPL with
DSL, can be accounted for fully by the AH and TC differences between
the lipids. This is supported further by a calculation (courtesy of
P.H. von Dreele) of the DSC melting curve for an equimolar CML-DPL
mixture. The calculation compares favorably with experimental DTA data
for a 1:1 (w/w) mixture of these Tipids (Figure 36). We conclude that
in mixtures of DPL with DPlL-dg,, DSL with DSL-d,,, DML with DPL, and
DPL with DSL, the La’ L, and L_, phases all behave as ideal solutions

B B
as defined thermodynamically by Lewis and Randall (40) and Seltz (25).

Thus Raoult's 1éw is obeyad at all compositions. On this basis, the
phase diagrams for these four mixtures can be schematically represented
as illustrated in Figure 37, in analogy with standard vapor-liquid
phase diagrams. There is a two phase region within the lens represent-
ing, in this case, temperatures and compositions at which 1liquid 1is

in equilibrium with solid. The compositions and proportions of the
Tiquid and solid phases in equilibrium at any given temperature are
given by the horizontal tie Tine at that temperature (Figure 37). The
pretransitions are not included for the sake of clarity.

In mixtures of DLL with DML, the systems appear to behave ideally
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FIGURE 36

Comparison of a calculated DSC curve and an experi-
mental DTA curve for an equimolar mixture of DML and
DPL in excess water. The calculated curve (—) is
obtained assuming an ideal mixture of the lipids in

all phases (42,43).
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FIGURE 37

The idealized phase diagrams for the phospholipids
which form ideal mixtures in all phases and at all
compositions. The phase diagrams only represent the
main transition. The high temperature phase is an
L, phase, the low temperature phase an Lg or an LB'
phase. There are 2 phases in equilibrium in the
region inside the lens. The relative amounts and
their composition are determined by a tie Tine as

illustrated in the DML-DPL diagram.
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at Tow DLL concentrations, while at low DML concentrations ihe transi-
tions exhibit biphasic behavior. The nature of the transftion curves
at Tow DLL concentrations suggests thatDLL and DML form a regular solu-
tion, at least in the gel phases, which obeys Henry's and Raoult's Taws
up to about 30 mole % DLL. At higher DLL concentrations there appears
to be immiscibility in the gel phases, but there is miscibility in the
La phase. It is possible that Henry's and Raoult's laws may also be
obeyed for solid phases containing very high DLL concentrations.

Both von Dreele (42) and Lee (43) found that Seltz's theory (25)
could not account for transition curves for mixtures of DML with DSL
(Figure 27). This is true part]y because the transitions are far too
broad, and partly because the transition curves predicted by this'theory
for ideal solutions cannot be biphasic. However, there is reasonable
agreement between the compositions predicted and measured for the
iiquid crystalline phase along the fluidus line, suggesting‘that the
La phase in these mixtures still behaves as a nearly ideal solution.
Similar results are observed for mixtures of DLL with DPL (Figure 28)
and DLL with DSL (Figure 29). We may conclude that the La phases of
all the phospholipid mixtures investigated are thermodynamically ideal
solutions in which complete miscibility of all components occurs.

The LB or LB' phases of all mixtures of DML-DSL, DLL-DPL, and
DLL-DSL are non-ideal solutions. A pretransition is observed whenever
there appears to be miscibility in the gel phase. Since the data sug-
gest immiscibility for some compositions, we propose the schematic
phase diagrams presented in Figure 38 for these three mixtures. A

more detailed illustration of these phase diagrams is provide in Figure
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FIGURE 38

Proposed idealized phase diagrams for phospholipids
which form ideal mixtures only in the high temperature
L, phase. Only the main transition is represented.

At low temperatures DML-DSL and DLL-DPL mixtures
exhibit partial miscibility whereas DLL-DSL mixtures

are totally immiscible.
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39 for DML-DSL mixtures. A brief account of the phase changes with
temperature at three compositions follows.
A mixture of 90% DSL and 10% DML at a temperature below 44°¢

exists as a homogeneous LB (or possibly LB’) phase in equilibrium with

excess water. Upon heating above 440C, a small amount of the L, phase

B
melts to form a homogeneous La phase with a composition of ahout 50%
DSL. As the temperature is raised, the La phase changes in composition
towards an increasing amount of DSL. Simultaneously, the LB phase gets
richer in DSL with the proportion of La and LB phases dictated by hori-
zontal tie lines. When the temperature reaches about 50°C the La phase
contains 90% DSL and is the only phase Teft in equilibrium with excess
water.

For mixtures containing 30% DSL kept at temperatures below 25°C
two solutions with ~ 20% DSL and ~ 60% DSL, respectively, are in egquili-
brium. Depending on the exact temperature, either may be in the LB or
LB’ form. As the temperature reaches 25°C, the component richest in
DML melts over a fairly narrow temperature range, the width of which is
supressed in Figures 38 and 39 to facilitate presentation of the phase
diagrams. As the temperature is raised further, the component richest
in DSL melts continually into the La phase and both the La and LB
phases are enriched in DSL. When the temperature reaches o 33°C, all
the 1lipid is in a single La phase with a composition of 30% DSL and 70%
DML in equilibrium with excess water.

With only 10% DSL and at temperatures below ™ 150C, there is a
single LB' phase in equilibrium with excess water. As the temperature

is raised, this undergoes a transition at 15°C into the LB phase
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FIGURE 39

Detailed i1dealized phase diagram for the DML-DSL

system in excess water. The phases are designated
in accord with the definitions of Luzzati (2) and
Figure 16. A detailed description of the diagram

may be found in the text.
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which in turn melts into the L phase at 24°C.

The other phase diagrams of Figure 38 may be interpreted simi-
larly, except that DLL and DSL are completely immiscible. The data of
Figures 30, 31 and 32 may be interpreted in the same fashion. If one
combines these data with those of Figures 24,25 and 27, it is possible
to construct a ternary phase diagram for a fixed excess HZO concentra-
tion, as shown in Figure 40. In this diagram, the pretransition is not
included for simplicity of representation. In the composition region
indicated by the hatched area in the basal triangle, 3 phases coexist

at low temperatures (< 250C): H20 plus two L, phases. The compositions

B
of these L, phases are given by horizontal tie lines. These tie lines

B
are probably parallel to the DML-DSL composition plane at low DPL
concentrations, but could in principle have any orientation as long as
they connect two points on the curved vertical surface. At some tem-
perature above 25°C, an La phase forms in equilibrium with an LB phase
and excess HZO’ bﬁt since the orientations of the tie lines are un-
known, the compositions and proportions cannot be specified. At compo-
sitions other than those described above, there are only two phases :
H20 and either an LB’ LB‘ or Lu phase depending on the temperature.

It is easy to visualize how a large number of lipid components
can mix to produce a biological membrane with a broad transition as in
fact is observed (16,17,18,19,20). Likewise, the transition is sensi-
tive to composition, and it is reasonable to conclude that the transi-

tion behavior, and therefore the motional state of 1ipids in real mem-

branes, is modulated by changes in composition.
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FIGURE 40

Proposed idealized phase diagram for DML-DPL-DSL
mixtures in excess water. The hatched area corres-
ponds to the compositions for which two lamellar
phases coexist. The actual compositions of these

two phases are determined by tie Tines between two
points on the curved line, but the orientations of the

tie Tines are unknown.
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c. Phospholipids and cholesterol.

The data obtained for DML-DSL mixtures indicate that annealing

occurs at the onset of melting of the L, phase, which is richest in

B
DSL. We conclude that the crystalline defects in a given phase are
annealed when a sufficient amount of the La phase is formed. Presum-
ably, only a small fraction of Lu phase is needed because melting is
likely to occur in the defect areas first. Membrane fluidization at
the transition entails not only increased chain mobility but also the
onset of rotatibna? diffusion {38) and enhancement of the rate of lat-
eral diffusion (44). Moreover, when the bilayer melts, phospholipid
flip-flop occurs more readily leading to annealing (22). We therefore
submit that phase boundaries measured by annealing techniques designate
the temperatures and compositions at which rotational and lateral dif-
fusion are significantiy enhanced.

Qur data on annealing of phospholipid-cholesterol mixtures (Fig-
ures 34 and 35) will be utilized in conjunction with previously pub-
lished data (4,22,28-33, 50-71) to establish a phase diagram for leci-
thin~cho1estero1 mixtures in excess water. Most data relevant to phase
equilibria in Tecithin-cholesterol mixtures were cbtained with Tiposome
preparations, but some, including our annealing data, pertain to ves-
icle preparations. Phase diagrams for the two preparations are likely
to differ for a number of reasons. (i) The lateral surface pressure for
flat bilayers in a liposome preparation is smaller than that for a
curved bilayer in a vesicle (45). The excess pressure of ~ 2 atm in
the latter is balanced by a hydrosfatic pressure across the bilayer.

Since pressure is an important thermodynamic parameter which strongly
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affects the transition behavior (9,13,14), the phase equi]iﬁria in
curved bilayers would differ from those in flat bilayers. (ii) The
larger chain fluctuations in the La phase (cf Chapter 1II) suggest that
the intermolecular interactions are weaker in vesicle bilayers, which
could easily alter the miscibility of components. Indeed, there are
differences between the transition curves observed for equimolar mix-
tures of DML and DSL in liposomes and in vesicles (46). (iii) The
vesicle bilayers are asymmetric, so their outer monolayer often has

a different composition from that in the inner monolayer (47). The two
monolayers could be in different phase equilibria for a given total
composition, although they must be in equilibrium with each other.

(iv) The motional state and the molecular packing interactions of the
two vesicle monolayers are different (48) so their phase diagrams could
be different. Thus care must be exercised when data are interpreted
since phase boundaries may vary significantly between vesicle and Tipo-
some bilayers.

Bourges and coworkers (50) measured the ternary phase diagram of
egg yolk lecithin (EYL), cholesterol and HZO at 25°C (Figure 4la).
Ladbrooke et al (28), using these data along with their own DSC and
x-ray results for DPL, cholesterol and water, proposed the ternary
phase diagram illustrated in Figure 41b. The bio]bgica]ly most inter-
esting regions of the phaSe diagram are regions IV and VI where there
is always excess water. It §s important to note that the Tecithin-
cholesterol diagram elucidated in excess water is independent of the
amount of excess, since it always refers to the Tiquid crystalline

phase depicted at the border of regions III and IV.



179

FIGURE 41

Traces of previously established or proposed ternary
phase diagrams for lecithin-cholesterol-water mixtures.
a: EYL-cholesterol-water at 25°C (50).
b: DPL-cholesterol-water (28)

The phase regions are discussed in the text.
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Since Ladbrooke et al (28) proposed the phase diagram in Figure
- 41b, many data have suggested an additional phase boundarybfor DPL-
cholesterol-water mixtures at 20-25°C with about 33 mole % cholesterol
(20 wt %) (30,52,53,55,57). For example, ESR measurements (30,57) of
cholesterol spin-Tabel derivatives show that a rotational motion is
present at more than 33 mole % but not below 33 mole %. DSC measure-
ments (55) clearly show a Toss of a thermally induced transition at
more than 33 mole % cholesterol. Engelman and Rothman (52,53) inter-
preted their x-ray data in terms of a lateral separation of a phase
with a 2:1 stoichiometry of DPL to cholesterol, which was proposed to
be‘in equilibrium with a pure DPL LB' phase. Engelman and Rothman's
description (52) of their ddta is at odds with the x-ray data presented
by Inoko et al (51) which show no evidence for a lateral phase separa-
tion. Furthermore, the magnetic resonance data at 25°C (30,56,57)
suggest that, with increasing cholesterol concentration, there is a
gradual change in the orientation of spin-labelled cholesterol deriva-
tives without any fast rotational motion up to about 25-30 mole % cho-
lesterol. With more than 33 mole % cholesterol the rotational motion
is rapid on the ESR timescale cf measurement. The DSC data (28,32,54,
55) show no evidence for heat absorption at Tower temperatures, as
expected if the proportion of two phases changes while the temperature
increases. Since the annealing experiments presented here also suggest
that the phase boundary is one at which rotational and lateral mobility
sets in, we propose the phase diagram shown in Figure 42 for the DPL-
cholesterol Tamellar phase in excess water. The phase boundary lines

are shown for liposomes rather than vesicles and consequently differ
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FIGURE 42

Proposed DPL-cholesterol phase diagram diagram for
liposomes in excess water. The details of the phase

diagram are discussed in the text.
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from the data in Figure 28. Note that the phase diagram shbwn is in
excess water, so that the composition of the La phase is given by the
points on the phase boundary between regions III and IV in Figure 4la.
Thué as cholesterol is added to DPL at high temperatures, the hydration
decreases from 45% to 35% by weight. However, at Tow temperatures, the
hydration increases from about 25% to 35% upon addition of cholesterol
to DPL (4,28). The two lines, AB and CC' are actually in different
planes whereas the C'D line is in the same plane as the AB Tine. The
complete ternary phase diagram is shown in Figure 43, in which we

have ignored the phases at Tow hydratjon levels.

The following description will make use of the common labeliling
scheme for Figures 41,42 and 43. Region I: This represents a single
LB' phase with a composition determined by the proportion of the com-
ponents. The angle of tilt of the phospholipid hydrocarbon chains

decreases as the cholesterol concentration increases. Regions I' and

V' Very low hydration levels yield numerous poorly characterized
phases (2, 28, 50). Region II: This is a two phase region with pure

HZO in equilibrium with an L_, phase, which has a composition defined

B
by the vertical plane containing the line CC'. The lamellar phase is

equivalent to the L., phase in Region I. Region III: A single Lu

B
phase with a composition defined by the component proportions. Regicn
IV: The two phase region consisting of pure HZO in equilibrium with an
La phase with composition determined by a point in the vertical plane
containing the points A, B, C" and D. This is the biologically most

interesting phase region. Region V: A two phase region with pure

cholesterol crystals in equilibrium with an La phasa from Region III.
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FIGURE 43

Proposed ternary phase diagram for the DPL-cholesterol-
water system. The details of the various phases are

discussed in the text.
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Region VI: A three phasé region consisting of pure HZO’ pufe crystal-
line cholestercl and an La phase with a composition defined by a triple
point composition. The triple points are on the line defined by the
poinis B and D.

Phase diagrams indicate the phase boundaries but provide little
or no information about the state of motion within a given phase region.
We, therefore, turn to a motional description of the phases encountered
along the lines AB, CD, EF and GH in Figure 42. We apply the motional
mode] developed in Chapter III to the liquid crystalline phase charac-
terized by rotational and lateral diffusion. We assume excess water in
all cases.

(i) The A-B line: At A, pure lecithin is in an La phase with the

order parameter SO£ v~ 0.5, When cholesterol is added, the chain fluctu-
ation amplitude decreases continuously and S@ increases (32,62,63,72).
At B, the bilayer is saturated with cholesterol and a pure cholesterol
crystalline phase appears. Concomitant with the order parameter
changes, there is an increase in bilayer thickness and a decrease in
water content (29).

(ii) The C-D line: At point C, the pure lecithin is in an L

Bl
phase.l The angle of tilt is about 30° (2,6,7). When cholesterol is
added we propose that a single LBl phase is formed with a smaller tilt
angle (57). As more cholestero] is added, the tilt angle approaches

zero and a gradual transformation into an L, phase is achieved.

B

1we have ignored the consideration of the pretransition in this phase
diagram, since there are nodata on the effect of cholesterol on the
pretransition.
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In addition the Tamellar phase takes up water (2) and scme changes in
the lamellar repeat distance are observed (28). It appears that with
less than 7.5 mole % cholesterol, the increase in bilayer thickness due
to abdecreasing tilt angle more than compensates for the decrease in
interlamellar spacing resulting from the water uptake, so the lamellar
repeat distance increases. With more than 7.5 mole %, the incremental
bilayer thickening is smaller than the reduction in interlamellar
spacing, thereby decreasing the total lamellar repeat distance. At C'
the La phase at C" (Figure 43) appears. The amount depends on the
degree of hydration and is determined by the C'-C" tie line (Figure 43).
In the C"-D range, the amplitude of the chain fluctuation is steadily
reduced corresponding to the changes along the AB line. At the lower
temperature (C"-D vs E-B) the order parameter is expected to be larger.

(i1i) The E-F Tine: Upon cooling a sample containing less than

33 mole % cholesterol, the Sa order parameter increases graduaily until,

at point C", the L,, phase at C' is formed. Further cooling has Tittle

B
effect.

(iv) The G-H line: As along the E-C" line, the chain fluctua-

tions are gradually retarded and reduced, as seen in the line width
increase in 1H-NMR measurements (61).

(v) The B-D 1ine: This Tine represents the triple point composi-

tion as a function of temperature. The Tine is shown as curved above
point B since the solubility of cholesterol in the 1ame11ar'phase is
expected to increase at higher temperatures. It is perhaps unfortunate
that so many studies have been performed at 50 mole % cholesterol (33,

56,58,59,60,66 ,70) since this is at the border of cholestero] satura-
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tion, and no Cooperative transitions are expected or observed. It
should be noted that Raman measurements (33,70) suggest that the extent
of chain isomerization also decreases as the temperature is Towered
from B to D. At low temperatures it is possible that the phase is most

properly termed an L phase.

8
We noted earlier that the phase boundaries for vesicles and
liposomes are expected to be different. The data in Figure 34 indicate
that 25 rather than 33 mole % cholestero]l is needed to generate the La
phase which anneals vesicles. It is lTikely that the difference in
position of the phase boundary is exaggerated as a consequence of an
asymmetric distribution of cholesterol in the two halves of the vesicle
bilayer. For small vesicles without cholesterol, the fraction of the
lecithin in the outer monolayer is about 0.7. When cholesterol is
added, the fraction of the lecithin in the outer monolayer approaches
0.5 (73). The conclusion is that there is proportionally more choles-
terol in the outer monolayer than in the inner monolayesr. Thus when
the total cholesterol concentration is at 25 mole %, the concentration
in the outer monolayer may exceed 33 mole %. The outer monolayer
would then be in an Lu phase which should completely anneal the ves-
icles. One may rationalize the asymmetric distribution of ého1esteroi
by its wedge shape which is better accommodated in the outer monolayer.
For thicker membranes, the bilayer asymmetry would be enhanced, which
might explain why the DSL-cholesterol vesicles anneal completely at a
lower total cholesterol concentration.
d. Conclusions.

We have seen how our motional model for 1ipid components in the
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bilayer membrane can give new insight into the nature of thev1ipid-
1ipid interactions for mixtures of lecithins and cholesterol. Although
the descriptions of the motional states in these mixtures are still
“rather qualitative, they aid us in understanding the basic intermolecu-
lar interactions in the membrane. We have emphasized the importance of
the anisotropy of the fluid membrane. The fact that we can easily de-
scribe the anisotropy in the membrane by the Sa parameter, may, in fact,
be the most important aspect of our motional picture.

In a cell membrane the Tipid composition is somewhat more com-
plex than in the mixtures studied here. Nonetheless, we may begin to-
understand the role of various 1ipid components through a description
of molecular interactions and motions in model systems. In general
terms, the phospholipid compoéition in a cell membrane probably is con-
trolled so that small fluctuations in composition or temperature will
not result in large changes in membrane structure or motional state.
Yet, it should be noted that the present discussion deals with a lamel-
Jar phase presumed to be at a thermodynamic equilibrium. The cell
membrane, however, is a system at steady state. The motional state of
the membrane components could therefore vary locally, for example
around protein components or in highly curved regions of the cell mem-

brane.
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V. STUDIES OF INTERMEMBRANE INTERACTIONS IN SMALL BILAYER VESICLES.
THE EFFECTS OF CHANGING SURFACE PROPERTIES BY THERMAL TRANSITIONS
OR BY ADSORPTION OF DIVALENT CATIONS ON THE AGGREGATION OF VESICLES.

1. Introduction

Small phospholipid bilayer vesicles are studied extensively as
a model membrane system for a number of reasons. They are excellent
for permeation studies because they provide a single-walled partition
between two aqueous solutions. Theycan be prepared in sizes equivalent
to those of vesicles found in vivo, for example presynaptic vesicles
(1). Reconstituted protein-Tipid bilayer systems as well as isolated
membrane fragments are conveniently prepared in the form of nearly
spherical, small vesicles (2). Furthermore, since vesicles tend to
undergo vesicle-vesicle fusion (3) they are excellent systems in which
to study the membrane fusion process. It is possible that appropriately
prepared vesicles may be used to fintroduce, through vesicle fusion with
the cell mambrane, se?ected components into specific cell membranes.
Analogously, it is likely that chemical agents contained within the
vesicle can be injected into selected cells through a fusion process.
Details of how the fusion process occurs and how it may be controlled
and targeted to certain cells in vitro or in vivo are not yet estab-
Tished.

In model systems, it has been shown (4,5,6) that the presence of
fatty acid or lysolecithin components in the vesicle bilayer tend to
enhance the rate of vesicle-vesicle fusion in certain cases. Similarly,
surface active agents, specifically alamethicin, have been found to

accelerate the fusion process when present on the external bilayer sur-
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face (7). The effect of these agents may be twofold. Firsi, they may
modify the surface properties of the bilayer, allowing vesicle-vesicle
contact for a long enough period of time for fusion to occur. Second,
they may destabilize the bilayer structure, such that fusion becomes
more favorable.

One conclusion arrived at in Chapters III and IV is that the
phospholipid bilayer constituting small vesicles is structurally and
dynamically different from that of liposomes. The NMR data, when
interpreted in terms of the motional model discussed jn Chapter III,
indicate that the vesicle bilayer allows greater chain fluctuations and
at a faster rate. The phase transition data for mixed phospholipids
(8) and phospholipid-cholesterol mixtures (Chapter IV) suggest that the
phase equilibria are different in the two bilayer systems, reflecting
(i) a Targer lateral surface pressure (9), (i) weaker intermolecular
interactions (8) and (i1i) an asymmetric distribution of components
between the two monolayers (10,11) for the vesicles. For these reasons,
much of the thermodynamic data obtained for liposomes (Chapter IV) is
not directly relevant to the vesicle bilayer stability, so that it is
necessary to study the vesicle bilayer system itself. The results of
.Figure 20 demonstrate that the DTA technique is not sensitive enough
for measurements on dilute vesicle systems. In contrast, measurement
of turbidity changes with temperature can be performed on quite dilute
samples (Figure 21) and are indeed sensitive to changes in the bilayer
phase (11,12313). Since lignt scattering or turbidity measurements
are also ideally suited for measuring changes in the state of aggrega-

tion of colloids (14,15,16a), we felt that a careful study of turbidity
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as a function of temperature and time could yield valuable information
on the nature of thermal phase transitions as well as the sﬁate of
aggregation in the vesicle system. Through such measurements, we can
assess the relative influence of aggregation and fusion on vesicle sta-
bility. Thus, we can learn to control and manipulate the rate of fusion
by changing vesicle aggregation and bilayer stability.

In this chapter we present absorbance data measured for vesicle
suspensions as é function of temperature, time and ijonic composition.
We discuss first the origin of changes in absorbance at the thermal
phase transitions and present evidence for the existence of a pretransi-
tion in vesicles. Next, we interpret time dependent absorbance changes
in terms of classical colloidal theory pertaining to the interaction of
two spherical particles. This interpretation allows us to describe the
state of aggregation of a vesicle suspension through the processes of

flocculation and coagulation.

2. Analysis of Absorbance Msasurements

For a non-absorbing system the turbidity, t, is defined for a
1 cm path length by (17a)

T = -1n(%) = 2.303 Tog (£ ) = 2.303 A (V-1)
0

Io
and is a measure of the integrated intensity of Tight scattered at all
angles. Here I, is the incident intensity, I is the intensity of the
transmitted 1ight and A is the measured absorbance. The turbidity is

often rewritten as
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n(1-to Dy o (1 - x)

T:
Iy
=x+—%—x2+%—x3+%~x‘*+..,. (v-2)
Ip -1
where x = ——E———-< 1. Clearly, if x << 1, the turbidity simply is
0
- Ip -1

IT X is greater than 0.2, the higher order terms in the expansion in
eq V-2 contribute significantly (> 10%). In practice then, the approx-

imation in eq V-3 is not valid for absorbance values greater than

1

0.1 cm™*. For 1ipid vesicle suspensions and colloidal suspensions

in general, the turbidity is usually larger than 0.2 cm"1 and eq V-3

is not applicable. Accordingly, interpretation of the turbidity under
these conditions is not straightforward. However, as we shall show,
turbidity ratios may provide a measure of changes in the 1light scatter-
ing properties of these systams.

The intensity difference, I - I, is the integrated intensity of

0
Tignht scattered at all angles, and thus (17a)

I, - 1= f: 2mr?i_ singde (V-4)

0 0

where i, is the intensity of Tight scattered at the angle 8 when observed

3]
at a distance r from the sample. The intensity of light scattered by

small particles in solution is given by
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2
2r°Mc fg” (37i/0¢) (1 + cos?e)

& ° A2 (V-5

whefe M is the molecular weight and c, the concentration (in g/cm3)

of the scattering particles, ng the refractive index of the solvent,
on/dc the specific refractive index increment, N, Avogadro's number

and A the wavelength of light employed. Equation V-5 is applicable for
an unpolarized light source. It is customary (17b) to express the

scattered light intensity in terms of the Rayleigh ratio rzie/Io, or
Ry = r?ig/Io(1 + cos®e) (V-6)

For particles with dimensions much smaller than the wavelength, where
eq V-5 is valid, the ratio in eq V-6 is independent of the angle 6 and
is often written as
: 2
2n"Me fi, 2 (3f/ac)

R = (V-7)
° A"

which corresponds to the so-called limit of Rayleigh scattering.

If the particle dimension is larger than about A/20, but less
than A/2, the intensity of the 1light scattered at a given angle is
attenuated by interference of light scattered from different points
within the particle. This is the Rayleigh-Gans 1imit of scattering,
provided the refractive index difference between solute and solvent is
small. The attenuation of intensity at a given angle is corrected for

by the introduction of a particle scattering function, P(6), defined
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by the relation (16b,17¢)
R, = R P(a) (v-8)

where R6 is given by eq V-6, RO is given by eq V-7, with i@ in eq V-6

being

2
2n°Mc T, (97i/3c) (1 + cos’e) : :
i =1 , - P(8) V-9)
0 © qur‘

The particle scattering functionis a purely geometric correction factor
and in principle can be calculated for any particle with n scattering
points by (17d)

n . s
Pe) = ] (v-10)
J

where TS5 is the separation of points i and j, and u = 4wsin(6/2)/x.
For bilayer vesicles, the particle scattering function has been
calculated assuming a homogeneous bilayer (12,13) as well as an aniso-
tropic bjlayer (22,24). For turbidity experiments, the integrated in-
tensity will depend on the integrated particle scattering function.

By eq V-4



202

T, 2. . oo
Ip-1= L) 2mr®iy sinddd

= L? ZWIORe(l + c0s%6)sinode

2l R, [T P(8)(1 + cos28)sinsde
000

_ l6n
=3 IOROQ (v-11)

where Q is the particle dissipation factor defined by (16c)

2
th

3 [T P(0)(1 + cos?e) sineds (v-12)

Hence, the turbidity can be written as

= -Tn (1 - 120 Ry0) « (v-13)

which for small values of the turbidity gives

v= 18R Q=10 (v-14)

The approximation in eq V-14 is not, however, adequate if the absorb-

ance (eq V-1) is greater than 0.1 en L

Although the particle dissipa-
tion factor is occasionally defined by the relation © = 7,Q (16c), it
must be noted that the Q so defined bears no relation to that in eq

V-12 unless T is small. Equation V-14 also illustrates that the rela-
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tion (17a)

16 v
3 Ry (v-15)

T o=
is only valid jn the Rayleigh scattering limit, for which Q = 1 and

R8 = R,»> and for small 7. It is thereforenot realistic to expect that
the turbidity measured for vesicle suspensions will obey V-15 or even
V-14. Further, a ratio of turbidity measurements at different temper-
atures of times doeé not necessarily represent the corresponding ratios
of the Re values or the RDQ values. It is possible, however, to obtain
the quantity ROQ from a turbidity measurement by eq V-13. Thus by

eq V-2 and eq V-13, the ratio of turbidities, T2/T1, at two tempera-

tures, say, will be

T x ..1. 3, - . 1 2 - 2 -
:‘_2 = ._2. {1 + 2 (’(2 xl) k 12 (4)(2 X]. 3X2X1)
T X
1 1
1 /.3 2 2 3 -
t 17 (ox2 - AXoXy - XoX] - xl) + ...} (V-16)

where X5 = 16ﬂR01Q1/3. If the turbidities are close, then the error

in the approximation

Ty Xy Ryl

(V-17)
Ro1y

is small. Figure 44 illustrates the calculated value of the turbidity
ratio 7,/7, as a function of x; for a series of X,/x4 values. The

difference between the ratios is the correction from the higher order
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FIGURE 44

The turbidity ratio T2/T1 as a function of‘x1 (= Il—IO/IO)
given by eq V-16 for selected values of the ratio xz/x1
(indicated by the curves). The X illustrates that for a
measured Tz/Ti of 0.75 with Xy = 0.85, the ratio x2/x1 is
0.85. These particular numbers refer to the experimental

data found by Yi and MacDonald (12) (cf discussion section).
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terms in eq V-16, which, for a typical absorbance measurement of about

0.5 cm"1

, amounts to about 10 - 20%.
3. Results

In the following experiments, the absorbance, A, was measurad as
a function of temperature and time for a series of preparations of
lipids in different salt solutions. These measurements were partly
prompted by the findings (12) that 1ight scattering and turbidity mea-
surements are indeed sensitive to phase transitions in DPL vesicles in
salt-free solutions, and partly by the desire to explore the aggrega-
tion properties of bilayer vesicles under various circumstances. In
our studies we have measured the melting curves for Tiposomes and ves-
icles in Ca(NO3)2 and for vesicles in La(NO3)3, NaNO3 and salt-free
solutions. We have found evidence for a pretransition in these systems
and have studied the hysteresis of this transition for liposomes and
vesicles. The time dependence of the absorbance was monitored for
vesicles, and has provided insight into the aggregation states of the
vesicles as a function of salt and temperature.

a. Melting curves.

(i) Multilayers. The absorbance of a dilute liposome suspension
(0.06% by weight DPL in 40 mM Ca(NO3)2) is shown in Figure 45 as a
function of temperature. The heating curve (curve a) exhibits two
abrupt decreases in absorbance, the larger of which occurs at 44°C and
the smaller at about 37°C. The cooling curve (curve b) shows the
change associated with the thermal phase transition at 44°C in the DPL

bilayer but the absence of an absorbance change at the pretransition
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FIGURE 45

Traces of the absorbance changes with temperature for

a: heating of 0.06% by weight DPL Tiposomes in 40 mM
Ca(NO3)2;

b: cooling of the sample heated in (a);

c: heating of 2% by weight DPL vesicles in 40 mM
Ca(NOB)Z’

The inset illustratas how the extrapolated turbid-

jties at the transition are obtained. The ratio of

T, to 7y s used to determine R {(eq V-18).
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temperature is apparent. The presence of calcium jons cause§ the phase
transition temperature to be a few degrees higher (18,19,20) than the
41-42°C usually observed (Chapter IV)

Numerous attempts to measure the melting curve for dilute salt-
free, unsonicated lipid dispersions failed because of instability of
the suspension. There was a large drift in the turbidity while the
suspension settled.

Inorder to describe the absorbance transition curves quantita-

tively, it is convenient to define the following ratios

main = T(Te + aT)/e(T, - aT)

R = o(T_ + AT -

ore = T(Ty +aT)/x(T - 4T) and

Riota; ST(Tc + 100(:)/T(TC - 10°C) (V-18)

where, as before (Chapter IV), TC and T_ are the temperatures at which

P
the Chapman and the pretransition, respectively, take place. AT is a
small increment of temperature greater than the transition width. In

practice, R or R is obtained as the ratio (TZ/Tl) where ) and

main pre

Ty are the extrapolated values of the turbidity at TC (or Tp) (Figure
45, inset ) . The values obtained for these parameters from the curves
in Figure 45 are listed in Table 4.

(i) Sonicated vesicles in Ca(NOj),. The equivalent melting

curve for a week old, sonicated suspension of small DPL vesicles in

40 mi Ca(NO3)2 is included in Figure 45 (curve c¢). In this curve the
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TABLE 4

Sample Rmain Rpre Rtota]

Unsonicated DML Tiposomes in Ca(N03)2 0.73 - -

Unsonicated DPL liposomes 1in Ca(N03)2 0.82 0.97 0.70
Unsonicated DSL 1iposomes in Ca(NO3)2 0.89 - -

Sonicated DPL vesicles in Ca(NO3)2 0.72 0.96 0.63
Sonicated DPL vesicles in La(NO3)3 0.72 1.00 0.70
Sonicated DPL vesicles in “H,0 (t = 0) 0.76  0.52 0.3
Sonicated DPL vesicles in 2H20 (t = 48 hrs) 0.75 0.37 0.27
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transition occurs over a slightly broader temperature range and the
change in absorbance through the transition is proportionally larger.

It is evident from Table 4 that the Rm and Rtotal values are signif-

ain
icantly smaller for the vesicle system, whereas Rpre is not much differ-
ent.

(iii) Sonicated vesicles in La(N03)3. Preparations of sonicated .

DPL vesicles in 20 mM‘La(NO?))3 so}utions exhibit absorbance changes

with temperature which are comparable to those of vesicles in 40 mM

Ca(NO3)2. There is, however, no detectable absorbance change at the
pretransition temberature for these samples in La(N03)3.

(iv) Sonicated vesicles in neatzHZO. Figure 46 shows the heat-

ing (a,b) and cooling (a',b') curves for sonicated DPL vesicles in ZHZO
immediately (10 min) after preparation (a,a') and 48 hours later (b,b').

The R s R and Rtota1 values for the two heating curves are also

main pre

listed in Table 4. It is evident that Rpre and R are much smaller

total
than those for the sonicated vesicles in Ca(N03)2 whereas Rmain is
about the same. The cooling curves once again show no absorbance
changes at the pretransition. This was characteristic of all the cool-
ing curves measured, independent of the nature of the sample. However,
the absorbance change could be observed upon reheating under certain
conditions.

b. The hysteresis of the pretransition.

The cooling curves of Figures 45 and 46 suggest that there is a
hysteresis in the pretransition. It is possible to maintain the sample
temperature at 28°C or higher for several hours without observing any

increasa in the sample absorbance. However. if the temperature is
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FIGURE 46

Absorbance changes as a function of temperature for
2% by weight DPL vesicles in 2HZO. a and b are
heating curves, a' and b' the corresponding cooling
curves. a and a' were obtained 10 min after prepar-
ation whereas b and b' were measured 48 hrs later
for the same sample kept in the meantime at room

temperature.
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maintained at'ZSOC, the absorbance increases slowly and reaéhes 50, 75
and 100% of its original value in about 10, 20 and 60 minﬁtes, respec-
tively. After 60 min the absorbance continues to increase but at a
s]oWer rate. At Tower temperatures the absorbance reaches its original
value faster.

The hysteresis effect and the time course of recovery of sample
absorbance for a dilute vesicle suspension can be correlated with the
hysteresis observed in differential thermal analysis for the pretransi-
tion in Tiposomal preparations. This hysteresis is characterized by
the observation that, following a heating and cooling cycle, the pre-
transition will not reappear in the subsequent DTA heating curve unless
the sample has been cooled to a temperature lower than about 8-10°C
below the pretransition temperature. Furthermore, at 10-12°C below the
pretransition temperature, the DTA pretransition reappears at a slow
rate and recovers fully after about an hour. At lower temperatures the
recovery is substantially faster.

Qualitatively, the DTA hysteresis effects observed in pure 1ipid
systems and ideally mixed 1ipid systems are identical. A particularly
well documented example of the hystersis and the recovery’is illus-
trated in Figure 47 for a 1:1 mixture of DPL and DPL-dg¢2. In the se-
quence of thermograms b to h, the sample is cooled to different temper-
atures below the pretransition, and after one minute, is reheated. In
the sequence h to 1, the sample is cooled to 23°C and left from 1 to 90
minutes at that temperature (= IOC). The percentage recovery of the
pretransition as a function of time kept at 23°¢C {shown in the graph of

Figure 46) was calculated from the peak height of the thermograms
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FIGURE 47

ITlustration of the pretransition hysteresis.

A. The sequence of DTA heating curves labelled b
through h, illustrates that there is no evidence

for recurrence of the pretransiton till the sam-
ple is cooled to n 10° below the pretransition
temperature. Lowest temperature is in (b) 31°C,
(c¢) 30°C, (d) 29°c, (e) 28°c, (f) 27°, (g) 25°C,
“and (h) 23°C. The sequence from h to 1 illustrates
the time rate of recovery of the pretransition when
the sample is kept at 23°C for (h) 1 min, (i) 2
min, (j) 5 min, (k) 10 min and (1) 80 min.

B. The recovery curve obtained from these scans.
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labelled h to 1 relative to that of a. The main transitionvdid not
change significantly in these runs, so the pretransition gigna1 height
was normalized to the main transition signal height.

Figure 47 illustrates that when a liposome sample is heated
through the transition and cooled to 23°C, the intensity of the DTA
pretransition on subsequent heating increases with the Tength of time
the sample is kept at 23°C. However, the intensity never exceeds that
observed in the first DTA heating curve for samples prepared well in
advance of the measurement. Similarly, when a liposome sample is heated
and cooled to about 23°C, the absorbance of the sample at 23°C slowly
increases and reaches but seldom exceeds the absorbance value observed
for the sample at 23°C prior to the heating-cooling cycle. In contrast,
the absorbance at 23°C for a vesicle sample which has been subjected to
a similar heating-cooling cycle increases steadily. These observations
will be presented in detail in the following subsection.

c. Time dependent absorbance changes for vesicle suspensions.

(i) DPL vesicles in neat ZHZO' The effect on the heating curve

of keeping a suspension of small DPL vesicles in 2HZO at 23°C for 48
hours is seen in Figure 46. At each temperature, the absorbance in-
creases with time but to varying extents. We follow the absorbance
changes at saveral temperatures by measuring the entire heating curve
at selected times. In order to characterize these absorbance changes
we define the ratio of the turbidity at time zero to that at time t

for a given temperature, T, by

'rT(T) = o{0)/t(t) (V-19)
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We also find Rmain’ Rpre and Rtota] for the melting curve at each time.
For the curves in Figure 46 we find rog = 0.69 and rsq = 0.95 after
the sample has been kept 48 hours at room temperature. Clearly, the
absofbance change over this period of time is much larger at 25°C than
at 50°C. This is a characteristic trait of the absorbance for vesicles

in salt-free solutions or in monovalent salt solutions (see below).

(1) DPL vesicles in monovalent salts. Samples prepared with

NaNO3 or NaCl exhibit absorbance changes similar to those observed for
samples without salts. Because the absorbance in these systems is usu-
ally rather large and difficult to quantify, very few heating curves
were measured.

Vesicles prepared in neat 2H20 exhibit an absorbance increase
when a monovalent salt solution is added at room temperature. More-
over, the increase is greater the higher the salt concentration. How-
ever, if the samples are heated to a temperature above the transition
temperature, the salt-dependent absorbance increase almost disappears.
The “"salting-out" phenomenon is even more pronounced for vesicles pre-
pared with purified DPL. In these systems, a turbid flocculate actu-
ally separates at room temperature a few hours after addition of NaCl.
The flocculate disperses spontaneously (without shaking or stirring) at
temperatures above about 40°C, but when cooled to room temperature, the
flocculate reappears within several minutes. This dispersion-floccula-
tion cycle was observed while heating and cooling the sample for sev-
eral weeks. The effect of NaCl concentration on the amount of floccu-
Tate in a 1% by weight DPL suspension is shown in Figure 48. The floc-

culate appears at the surface in these 2HZO solutions because thz lipid
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FIGURE 43

IMTustration of the salting-out effect of DPL vesicles
in NaCl solutions in 2HZO at 23°C. The turbid area at
the top of the tubes is separated flocculates.
Sample 10-11: 0.00 M NaCi
10-12:  0.01 M NaCl
10-13: 0,05 M NaCl
10-14:  0.10 M NaCl
10-15: 0,20 M NaCl
10-16:  0.80 M  NaCl
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density 1s intermediate between the densities of heavy and light water.

(ii1) DPL vesicles in Ca(NO3)2. When the heating curve is mea-

sured at selected times over a 200 hour period for a sample of DPL ves-

icles sonicated in 40 mM Ca(NO,), kept at 23°C, R R . and R

3)2 main® “pr total
remain constant while og and rsodecrease steadily {(Figure 49A). Both
decrease at the same rate indicating that the phenomena responsible for
the abscrbance increases are not sensitive to temperature, in contrast
to DPL in neat 2H20.

We repeated the above experiments for several solutions with 1%,
2% and 5% by weight DPL. As illustrated in Figure 498, there appears
to be no concentration dependence of the relative absorbance changes,
rox and s Nevertheless, the early part of the absorbance change is

compatible with second order aggregation kinetics and suggests
A+A>A (V-20)

provided the absorbance increments are linearly proporticnal to the
concentration of Az. To elucidate the kinetics, it is necessary to
extend these studies to a greater concentration range and to obtain
more accurate light scattering data with better time resolution.

The rate of change of absorbance for DPL vesicles is also sensi-
tive to the sample preparation and handling. A sample which was cooled
sTowly after the sonication step rather than being brought to room
temperature immediately, as was usualiy done, showed a slower increase
in absorbance (Figure 49B) when the sample was subjected to repeated

heating-cooling cycles. This slower change in o and rgg may in part
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FIGURE 49

A: Time dependence of the turbidity ratios defined

in egs V-18 and V-19 for 2% by weight DPL vesicles.

B: rye (filled symbols and x) and reg (open symbols

and +) defined in V-19 for various samples of DPL

in 40 mM Ca(NO3)2.

v,

0,

+

*

v

©

X

1% by weight vesicles
2% by weight vesicles
5% by weight vesicles

1% by weight vesicles cooled slowly
after sonication

2% by weight vesicles kept at 55°C
between melting curve measurements

0.06% by weight Tiposomes

The samples were kept at 23°C between the melting curve

measurements except for the one case noted (<, ).
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reflect the higher initial absorbance due to slow cooling. A1so, a
sample kept at 55°C between the transition curve measuremehts shows a
greater rate of absorbance change and has an unusually large Rmain
va]ué of 0.84. Qualitatively, it appears that the absorbance increases
more rapidly if a sample is cycled through the transition many times,

but this correlation is not yet fully documented.

(iv) DPL Tliposomes. In contrast to the steady absorbance in-

creases observed in vesicles the time dependent absorbance changes for
Tiposomes in Ca(NO3)2 are quite small (Figure 49B). Because liposome
suspensions in salt-free preparations are unstable the particles settle,
causing the absorbance to decrease.

d. Time dependent changes in the shape of vesicle melting curves.

Figure 50 shows selected melting curves measured at various in-
tervals after sonication, for one sample of DPL in 40 mM Ca(NO3)2.
The first heating curve (a) measured shortly after preparation exhibits
a sharp rise in absorbance just below the main transition temperature
(compare Figure 45). Upon immediate cooling and reheating the melting
curve assumés the shape of b, which it maintains on subsequent heating-
cooling cycles. If the sample is kept at room temperature for about
a day, a' is observed in the first heating curve only. However, when
it is allowed to sit another day or morea at room temperature the first
heating curves are always shaped like a".

The exact shape of the melting curves in similar experiments
depends con the sample preparation but curve a (Figure 50) is represent-
ative of DPL vesicles in Ca(NO3)2 or La(NO3)3. On occasion similar

effects are seen in salt-free solutions.
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FIGURE 50

Selected absorbance melting curves for a sample of
2% by weight DPL vesicles in 40 mM Ca(N03)2 kept for
1., 23 and 144 hours. Curves a, a' and a" are the
first heating curves obtained at the time indicated
whereas curves b and b" are the heating curves ob-

tained immediately after cooling again.
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4. Discussion

a. Origin of absorbance changes at the main transition.

Yi and MacDonald (12) measured the refractive index, n, and the
refractive index increment, an/dc, for DPL dispersions as a function of
temperature and found that both quantities decreased significantly at
the thermal transition of the Tipid bilayer. They demonstrated that
the refractive index change, and the corresponding change in 3n/ac,
were quantitative]y1 accounted for by a partial molar volume change,
AV, of the Tipid. Their measured ratio of 3n/ac at 42°C to that at

40°C of 0.934 yields (eq V-7) the ratio of Ro‘s at these temperatures

R,(42°C) \
w@‘f) = (0.934) = (.872 (V*Zl)

1f the particle scattering function is unity (Rayleigh scattering 1imit)
or if there is no difference between the particle scattering functions
at the two temperatures, then the intensity ratio of Tight scattered

at any angle should be 0.872. However, Yi and MacDonald measured the
intensity ratio for a 90° scattering angle to be 0.75, and claimed that
the ratio of the particle scattering functions at the two temperatures

is

P(QO)QZOC/P(90)4OOC = 0.860 (v-22)

1Y1 and MacDonald used a AV of 1.4% to account for a 4.8% change in
3h/3c. More recent dilatometry data suggest that AY of 2.3%, when used
in their model, accounts fully for the 6.6% change in 971/3c actually
observed between 40 and 42°C in their measurements.
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These workers also demonstrated that the decrease in the particle scat-
tering function upon melting was not a result of the vesicle size
change, but rather due to a reduction in polarizability anisotropy.

The effect of an anisotropic polarizability of the hydrocarbon
chain on the particle scattering function for small vesicles was first
estimated by Tinker (22). He demonstrated that the particle scattering
function at 90° is

Kooreo? 2 o
P(90) = 15 (6% - 2q 0 + 1lay ) (V-23)

where k is a proportionality constant and o, and o, are the polariza-

Xy
bilities of hydrocarbon chain segments along and perpendicular to the
molecular symmetry axis.

We now show that a ratio of about 0.86 in egq V-22 is, in fact, to be
expected from the motional state of the vesicle bilayer inferred from tne
nuclear magnetic resonance experiments in Chapter III. To demonstrate
this, we calculate the particle scattering function according to eg V-23

for the bilayer at temperatures below and above the transiticn tempera-

ture and evaluate the ratio

2 2
P(90)gp0p (6o, - 2oy 0 + 1oy Jp50 (v-24)
P(90)4OOC (6 s " 2 Xy + 11 xy’@OOC

For the bilayer at 40°C we assume that the hydrocarbon cnain is normal to
the bilayer surface and in an all-trans conformation. In this case, o,
and Gy respectively, are given by the molecular polarizabilities o

and oy of a methylene group parailel and perpendicular tc the normal to
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the plane spanned by the CH2 group. HNumerical values for u1§and o, have
been calculated, assuming the methylene group to be a cylindrically sym-
metric scattering element, by Okki and Fukuda (23) to te

oy = 5.72 x 10744 on®

o, = 2.96 x 10724 cn? (V-25)
Accordingly, the denominator of eq V-24 is
(60, - 20,0, + 1lo2) = 258.83 x 1077 cn® (v-26)

At temperatures above the phase transition temperature, we assume the
motional state proposed in Chapter III; that is the hydrccarbon chain
undergoes vapid iscmerization through kink diffusion as well as much
slower reorientation about a director ncrmal to tne bilayer. As 2 re-
sult of rapid isomerization of the chain, the effective polarizabilities

parallel and perpendicular to the instantaneous chain direction are (12)

- 1 3
o = oy Py F (7 oyt g alpg

- 1,3 K] :
vihere Py and Pa give the probabilities of a methylene segment being in
a trans or gauche conformation respectively. For a major portion of

the cnain Py 2 0.8, thus
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5.31 < o, x 10°° oS < 5.72

24 cm-3

3.17 2% X 10 ,5~2'96 {v-28)

In the absence of motiens other than chain isomerization, then, we would

have G_ = Q_,, O = G

S0
z z Xy X'y

g 6
iy + Uay. 1) 2 20615 x 10770 e (v-29)

6 -2
( 0621 Otxtya 7

and a P(gs)ﬂZOC/P(go)AOOC greater than 0.95, which is clearly too high
in comparison with the experimental value (eq V-22). However, if the

chains reorient about the bilayer normal then we have

0'.2 = Ol'x|yn + (QLZ| - axlyl) COSZQ'J
21 _ | _ 2 -
uxy =5 (ax.y. + az,) (az. ax'y') cos?y ) (v-30)

where ¥ is the instantanecus angle of deflection of the chain relative to
the director and the triangular brackets are used to denote the ensemble
average over the distribution of angles g(y). If in the motional mode]

we assume a constant distribution in chain fluctuation within the range

0 < p < Ay, then the nuclear magnetic resonance order parameter measure-
ments suggest Ay < 60° for vesicles. In this limit, the particle scat-
tering function is not very sensitive te the exact value of Ay and we find
find

48

226.2 < (6, - 20, o, + 1o, ) x 10" ™ < 228.0 (v-31)

Z Xy

and  0.87 < P(90),,00/P(50) g0 = 0.89 (v-32)

a result which is in reasonable agreement with the experimental ratio.
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Yi and MacDonald (12) also claimed their measured tu}bidity
ratio of 0.75 reflected the intensity, and therefore the particle scat-
tering function, ratio. The correspondence between the experimental
ratios is, however, purely coincidental. Their absorbance at 42°C

gives an Xq value of 0.84 and from V-17 and Figure 44, we pradict

= 0.85 {v-33)
[¢]

and hence a particle dissipation factor ratio of
Q420C/Q4OOC = 0,97 (V-34)

since by eq V-21, Ro(42°)/RO(4o°)= 0.872. Thus, the particle dissipa-
tion factor is not very sensitive to changes in anisotropy in the bi-
layer vesicle upon melting.

Pecora and Aragon have generalized the calculation of the par-
ticle scattering function for vesicles composed of anisotropic bilayers
(24). Tha multilamellar structure of a liposome may be approximated by
a large vesicle with a thick bilayer. In this 1imit, Pecora and
Aragdn's results predict that there is a negligible contribution to the
particle scattering function from the anisotropy of the bilayer. Con-
sequently, the particle dissipation factor for liposome suspensions
should be insensitive to the anisotropy changes upon melting.

The turbidity ratio, R for unsonicated dispersions in 40 mM

main’
Ca(N03)2 is 0.82 when measured at an absorbance of 0.7. From eqg V-17
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and Figure 44, we then obtain

R (42°)  Q,.0
0 42°C . g.89 (V-35)

o}
Ro(40 ) Q40°C

But we expect Q420C/Q4OOC to approach unity for the Tiposome, so the
turbidity ratio measures only the volume change associated with the
transition. The differentturbidity ratios for 1iposome preparations
of DML,DPL and DSL (Table 4) therefore suggest that the volume change

associated with the thermal transition in Ca(N03)2 solutions follows

the relation

> Mo

> BVpoy

If all turbidity changes observed with Tiposomal samples indeed
are only due to density changes, then the measurable Rpre suggest that
there is a small change in AV of the bilayer, presumably by uptake of
water, at the pretransition.

b. The pretransition in bilayer vesicles.

A11 heating curves show a decrease in absorbance at a tempera-
ture near thepretransition temperature (Chapter‘IV). For vesicies
prepared in Ca(N03)2, the change is quite small (Rpre ~ 0.95) and com-
parable to the change observed in the liposome system (Rpre = 0.97)
(Figure 45 and 46). It is likely that this abéorbance decrease corres-
ponds to the small partial molar volume increase associated with the
pretransition (21). Independent of its origin, the absorbance change

along with the time course of its hysteresis provides strong evidence
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that vesicle bilayers undergo a transition comparable to thenpretransi~
tion observed with DTA techniques for liposomes (Chapter IV).

It is interesting to speculate on the meaning of the pretransi-
tion‘in a spherical bilayer. According to Luzzati's nomenclature, an
L phase corresponds to a two-dimensional Tamellar lattice while a P
phase represents a three-dimensional Tamellar lattice, possibly with
ripples (Figure 16). For vesicles, the liquid crystalline phase should

be referred to as a Py phase.

Preliminary x-ray diffraction experiments have been performed in
coliaboration with Dr. A.E. Blaurock on vesicle samples in Ca(NO3)2.
The Tow-angle diffraction pattern obtained for a vesicie suspension at
25°C is compatible with pairs of flat bilayers with a center-to-center
separation of about 60 X. The width of the high angle 4.2 X diffrac-
tion indicates that the flat surfaces measure about 90-100 Xk Above
the transition all evidence for pairs of bilayers disappears and the
diffraction is compatible with spherical bilayer vesicles (25). The
data suggest that at temperatures below the transition temperature the
vesicle consists of numerous flat membrane facets each about 90 K across
corresponding to an L phase. Tnis picture is in agreement with that
proposed for unannealed vesicles (26) except that in the annealed ves-
jcle the inside-outside 1ipid distribution is at an equilibrium. These
preliminary x-ray data imply a transition between the two structures
i?lustrafed in Figure 51. We are currently investigating the tempera-
ture depehdence of the x-ray diffraction patterns to ascertain whether
the transition shown in Figure 51 occurs at the pretransition or the

main transition.
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FIGURE 51

Schematic representation of the poséib1e change in bilayer
structure upoh heating through the transitions. Below

the pretransition the x-ray evidence suggest pairs of
flat bilayer facets. Above the main transition, the

vesicles are spherical (25).
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Since the pretransitions in vesicles and Tiposomes aré quite
similar, it is likely that the same structural changes occur here in
both systems. Rand et al (27) have proposed that the phase change at

~ the pretransition in liposomes is from an L,, to an L, phase. This

B! )
transition is possible in a vesicle if the facets still exist above the
pretransition. In this case the transitions in the vesicle bilayer may

be expressed as

On the other hand, Janiak et al (28) have suggested that the pretransi-

tion in liposomes is between an L_, and a P_, phase. If this hypothesis

B8 B
is extended to vesicles, then the facets in the vesicles are expected

to disappear at the pretransition rather than at Tc’ SO

It should be possible to distinguish between these two possibilities
by x-ray difraction simply by noting the temperature at which the facets
disappear.

The absorbance changes observed at the pretransition temperature
in heating curves for vesicles in salt-free solutions are much greater
than those seen for vesicles or liposomes in Ca(NO3)2. Its origin is
not'only the partial molar volume change but, since it is time depen-

dant, presumably includes effects of an aggregation phenomenon.
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c. States of aggregation of vesicle suspensions.

Yi and MacDonald (12) and Chong and Colbow (29) obseryed large
temperature reversible absorbance changes at the pretransition and
attributed these to a cooperative aggregation-dispersion process. The
latter workers only discussed the dispersion, which they described as
irreversible, since they did not consider the hysteresis effects in the
pretransition. The time dependent absorbance changes observed here
support the proposal that aggregation plays an impertant role in the
vesicle system.

Since vesicles typically are 200-500 X in diameter, they form a
lyophobic colloid. Interactions among particles in a colloid have
been studied extensively resulting in a general theory (30). the re-
sults of which are summarized in Appendix III. Examples of the results
for two equally large spherical particles are illustrated in Figure 52.
The major features to note about the curves in Figure 52 are: (i) a
deep minimum (the primary minimum) in the energy interactions at small
separations, (ii) an energy barrier with a maximum at intermediate
separations, (iii) a shallow minimum (the secondary minimum) in the
interaction energy at éeparations comparable to the particle radius.
The exact positions and magnitudes of these extrema depend on the par-
ticle size and surface charge and the electrolyte composition and con-
centration.

Theoretical calculations of curves similar to thoses shown in
Figure 52 have been performed assuming different surface potentials for
the particle and using different electrolyte concentrations and charges

{30,31). These calculations suggest the following trends. (i) If the
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FIGURE 52

The total energy of interaction (—) between two
identical spheres with radius a and with center-to-
center separations R, as a function of the separa-
tion parameter s = %-. The curve is drawn to scale
from Kruyt (Figure 24, p. 276) (30). The dotted
line (---) represents a possible shift in the inter-

action energy curve as a result of the phase change

at the pretransition.
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surface potential‘of the particle is increased, the maximqm rises and
the secondary minimum becomes less pronounced. (ii) If either the
electrolyte concentration or charge is decreased, the Debye length of
the Gouy-Chapman double layer increases. Qualitatively, this produces
the same effects on the curves as an increased surface potential.

(i1i1) The position and depth of the primary minimum is rather insensi-
tive to changes in surface properties or electrolyte composition. (iv)
The secondary minimum is quite shallow unless the maximum approaches

6 _ 10'5 cm.

kT and the particleradius is about 10~

The results of the theoretical calculations indicate that inter-
vesicular interactions may result in both close, practically irrevers-
ible contacts and distant, Toose associations. We adopt the terms
coagulation and flocculation, respectively (32) to describe the pro-
cesses leading to these states, and propose that a colloidal suspension
of vesicles may exist in any of the states illustrated in Figure 53:
isolated, coagulated, flocculated, aggregated and fused. The time de-
pendent absorbance changes reported here then reflect gradual changes
from one state to another

Isolated vesicles are probably only found in dilute samples just
after sonication. It should be possible to favor the isolated state
by increasing the vesicle surface potential or decreasing the ionic
strength. Indeed, vesicles with fatfy acid impurities (3,4) or in low
salt solutions are stabilized.

Flocculates of vesicles are formed through the long-range inter-

0]
actions (50-100 A) associated with the secondary minimum. No conclu-

sive evidence for a purely flocculated state exists. In fact, since
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FIGURE 53

Schematic representation of possible aggregation

states of vesicles in suspension.
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the secondary minimum is not very deep unless the partic]gs‘are large
and the energy maximum is low, 1t is difficult to see how flocculation
can occur without coagulation.

The predominant intervesicular interactions forming coagulates are
at short distances (5-10 3), at the primary energy minimum. These are
strong interactions so a coagulate is not easily disrupted while
flocculates are easily dispersed.

Since coagulates are larger than individual vesicles, the secon-
dary minimum is deeper. Under favorable circumstances, coagulated ves-
icles will flocculate to form aggregates. Aggregates may also arise
by coagulation of flocculated vesicles but the means of formation de-
pends on which is the rate-determining process for the particular
experimental conditions.

The fused vesicles differ from the initially produced vesicles
only by their size. They can arise only if there is close contact
between the vesicle surfaces as suggested by the model for fusion illus-
trated in Figure 54. Therefore, a prerequisite for fusion is a forma-
tion of coagulates or aggregates.

It is well known (14,15) that the Tight scattering intensity in-
creases when colloidal particles coagulate. Consequently, turbidity
measuraments reflect the progress of aggregation, and is sensitive to
both flocculation and coagulation. In the following we will discuss
our experimental data in this context.

d. Changes in aggregation states.

(i) Vesicles in salt-free solutions. The large absorbance de-

crease observed at the pretransition while heating these systems (Fig-
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FIGURE 54

Hypothetical model of vesicle-vesicle fusion. Note
that close contact between the surfaces is a pre-

requisite for fusion.
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ure 46a) cannot be accounted for solely by structural changeé in the
bilayer. Some reversible aggregation phenomenon must contfibute to this
temperature effect. Since a 10°¢C temperaturs rise will not signifi-
cantiy affect the intervesicular interactions, the state of aggregation
must also be sensitive to the bilayer phase transition in the tempera-
ture range. Coagulates are not easily disrupted by changes in the
nature of the colloidal particles whereas flocculates are very sensi-
tive to surface properties. Therefore, we conclude that it is disper-
sion of flocculates which contributes to the absorbance decrease at

the pretransition.

On cooling, the absorbance increase, and therefore flocculation,
follows the time course of the pretransition hysteresis (Figures 46 and
47). Since flocculation and dispersion are so intimately connected
with the pretransition phase change it must introduce a surface poten-
tial change. This may result from the altered motional state of the
zwitterionic lipid headgroup (33). An alternative explanation is that
intervesicular interactions are sensitive to the presence of facets,
which then disappear at temperatures above Tp.

The Tong term irreversible absorbance increases seen by com-
paring curves a' and b' in Figure 46 indicate that a slow coagulation
occurs.

(ii) Vesicles in Ca(NO3)2 solutions. 1In Ca(NO3)2 solutions

“there is no evidence for vesicle flocculation. The slow decrease in
the turbidity ratios shown in Figure 49B represents coagulation.
Since the divalent Ca++ jons bind to the vesicle surface (18,19,20),

the Stern layer potential (Appendix II1) is altered, abolishing the
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secondary minimum in Figure 52, associated with f]occu]atioﬁ} Although
the surface potential is higher, coagulatjon still occurs Eecause of

a shielding by the electrolyte double layer formed in the high jonic
stréngth«medium. Similar effects are observed with La(NG3)3 at com-
parable jonic strength, and are expected for all strongly binding
cations.

(ii1) Vesicles in monvalent salt solutions. In solutions with

NaCl and NaNO3, a combination of the aggregation processes observed in
salt-free solutions and with Ca(N03)2 is seen. As with no salt, ths
flocculates (Figure 48) disperse readily on heating, but the total
absorbance for equivalent DPL concentrations is greater at all tempera-
tures, suggesting more coagulation. Because of weak monvalent cation
binding the surface potential is not greatly affected. However, the
Debye length (Appendix III) decreases with electrolyte concentration,
enhancing the aggregation. |
e. Fusion.

Studies performed in this laboratory (Y. Lee, M. Chan and S.I.
Chan, unpublished) show that for samples with Ca(NO3)2 there is no
fusion whén they are kept for as long as 14 days at temperatures be-
tween 23 and 60°C. These findings support our conclusion that the
steady absorbance change observed in thase systems at room temperature
is due to coagulation rather than fusion. However, Figure 50 jllus-
trates that during the first 48 hours, cycling through the transition
causes a‘net rise in absorbance (Figure 50, curves a and b). Fusion
has been found in some cases (4,5) to be faster at temperatures around

the transition temperature, and we attribute the abrupt absorbance in-
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crease in the first heating curves to a fusjon process. Increased
coagulation at room temperature predisposes the system to fusion upon
heating. The origin for fusion in these experiments is then the re-
peated cycling in temperature.

f. Conclusions.

By considering the colloidal nature of vesicle suspensions, we
may begin to understand how to control the fusion process. We can
ensure that coagulation is rate-determining, thereby inhibiting fusion.
On the other hand, if coagulation is accelerated, the rate of the
fusion process, as it is depicted in Figure 54, depends on the bilayer
stability rather than its surface properties. Certain compounds such
as lysolecithin could destabilize the bilayer. These concepts are
currently being tested in this laboratory (Y.K. Lee, M. Chan, K.

Eigenberg and S.I. Chan, private communication).
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VI. SUMMARY

Our objective in this work was to improve our understanding of
intermolecular interactions in cell membranes. We focused on the study
of 1ipid-iipid interactions in phospholipid bilayers, expecting to be
able to extrapolate conclusions derived here to in vivo membrane sys-
tems.

In order to develop a description of interlipid interactions, we
sought to understand their effects on the state of motion of the lipids
in a liquid crystalline bilayer. It was therefore important to have
a coherent description of the 1lipid motion compatible with available
data. To do this, we have modeled the hydrocarbon chain motion on
chain isomerization and reorientation as well as rotation about its
Tong axis. The model was conceived to explain magnetic resonance data
but was also found to be consistent with experimental data from x-ray
diffraction, light scattering and Raman spectroscopy. No previously
proposed models have been this successful.

An important aspect of the motional model presented here is the
description of the 1ipid bilayer as an anisotropic fluid. The degree
of reorientation was used as a measure of membrane anisotropy, which
allowed us to explain the condensing effect of cholesterol and to pre-
dict a similar effect for membrane proteins.

Application of the model to vesicles confirmed that 1ipids in
a curved bilayer are in a different motional state. However, this
bilayer exhibits the same thermally induced phase transitions found in

liposomes, as demonstrated by our light scattering experiments. These



253

also showed that the pretransition causes surface potentijal éhanges,
which severely affect tha state of vesicle aggregation. Tiﬁe dependent
absorbance changes with different salts supported the colloidal nature
of the intervesicular interactions and suggested means of controlling
fusion.

We also investigated the phase behavior of mixed phospholipids,
and found evidence for ideal 1ipid-lipid interactions in the liquid
crystalline phase of all mixtures. However, some 1lipids exhibit immis-
cibility in the gel phase. Conclusions derived from model bilayers in
a 1iquid crystalline phase should be applicable to the complex mixtures

found in natural membranes.



254

APPENDIX I. EXAMPLES OF SECOND RANK TENSOR INTERACTIONS IN MAGNETIC
RESONANCE.

A good illustration of the effects which give rise to anisotropy
in the incompletely averaged magnetic resonance experiments can be ob-
tained by considering the nuclear dipolar interactions between two
jdentical spins with I = 1/2. The Hamiltonian for the spin pair is

given by (1,2 )

Ho=H, + Hy
> > > > > >
-+ > Hi*H My Y., U,
S A N I W G [ (AI-1)

r r

>
where ﬁi is the magnetic moment of nucleus i, H is the applied magnetic

field and ¥ is the internuclear vector. HZ is the total Zeeman Hamil-
tonian and QD is the total dipolar Hamiltonian. Other contributions
such as chemical shift anisotropy have been ignored. The dipolar

Hamiltonian may be rewritten in terms of the spin angular momenta which

are quantized along the magnetic field and

> 5 >
A~ 3(1 o 7 )(Y‘ <1 )
227 IR TRARE PR
Hy = L1, 1, - ; -
T2 Y12
2.2 >
= X_é;.TI.Q.IZ (A1-2)
tzz

where D is a symmetric tensor with a trace of zero. The quantities I,

I, and D are all referred to coordinate systems chosen so that the
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z-axes are along the direction of the applied field. In spherical polar
coordinates, the polar angle between the applied field Ho and the inter-
spin vector ¥, is 6, and the corresponding azimuthal angle is ¢. In

this notation the dipolar interaction tensor is

1 - 3sin?6cos?¢  -3sin®Bsinpcosy  -3sindcosbcosd
D= -3sin28sinpcosd 1 - 3sin%6sin%¢ -3sinBcosbsing
-3sinfcosbcosd -3sindcosdsing 1 - 3cos?8 /
(A1-3)

With this form of D eq AI-2 can be expanded into a linear combination
of the spherical harmonic functions Yg(e,¢). To first order, only the
terms with Yg (6,0) are important in determining the perturbation of
the dipolar interaction on the Zeeman interaction. These first order
terms are given by
iy = % (1,0, - % (1,1, + 1,_T,)} (1 - 3cos?o) (AT-4)
Because the two spins are identical, the Zeeman energy levels
of the two spin states {a;B8,) and (B,a,) are degenerate. The proper
choice of basis functions for the evaluation of the perturbation by the
dipolar interaction is thus a Tinear combination of these spin states
with Y = 1/V2 (018, + B,0,) and wsé = 1/v2 (0,82 - B10y). The ener-

0
gies of the four spin states then can be calcuiated as
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2

_ 1 v2K
El!)"‘]. "'Y'h'HO + EY‘T (l - 3C0$29)
iz
E =0
YSo
2,2
EwTo =0 - %~14§~ (1 - 3cos26)
iz
1 v2R°
E =+vhH + 7+ LT (1 - 3cos?6) (AI-5)
P-1 o 4 3
12

The transition in the absence of a dipolar interaction would corres-

pond to a resonance frequency of

Wy = EI/h = YH, (AI-6)

The effect of the dipolar interactions is simply to split the reson-

ance into two with frequencies

s - 3X P 2
Wy =Wy "7 - (1 - 3cos?g)
2
and  w, = w, * %7;3;*‘-* (1 - 3cos?6) (AI-7)
12

Note that the pair of resonance lines are symmetrically displaced about

Wy» S they must be because the trace of the dipolar Hamiltonian is

zero. In addition, the separation of the pair of lines, Aw, iS
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Ay = g-z———(l - 3cos26) (A1-8)

which depends only on the magnitude and orientation of the internuclear
vector relative to the direction of the applied field. The Aw is in-
dependent of the magnitude of the applied field.

Comparable calculations may be used to show that for a nucleus
with a quadrupolar moment, the resonance will be split into a pair of

lines witn a separation given by

Q° 3 (€:99) (1 - 3cos?6) (A1-9)
where Q is the quadrupolar moment of the nucleus, e is the charge of
the electron and the quantity eq is a measure of the electric potential
at the nucleus due to an electric field gradient around the nucleus.

In AI-9 it is assumed that the field is axially symmetric at the nucle-
us and 6 is the polar angle of the symmetry axis relative to Ho' It
turns out to be a good approximation for a deuterium atom in a carbon-
deuterium bond, and in this case the symmetry axis coincides with the
carbon-deuterium bond vector.

Chemical shift anisotropy (1) in nuclear magnetic resonance
arises from a variation in the effective magnetic field at the nucleus
with orientation of the molecule. This orientation depandence comes
from differences in the shielding by the electrons along the principal
molecuiar axes. The shielding effect is accounted for by rewriting the

Zeaman Hamiltonian as
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Hy = 0 (1 - g)-H (AI-10)

where g is the chemical shift tensor. It is important to note that the
trace of g is not zero, but gives the chemical shift value for the spin
when the molecule is moving isotropically.

The electronic Zeeman interaction in the ESR experiment is deter-
mined by the total angular momentum which contains contributions from
spin and orbital angular momenta. The orbital angular momentum is in-
duced by the applied magnetic field, and, depending on which electronic
orbital the unpaired electron is in, the orbital angular momentum may
be anisotropic. This is the case for the nitroxide spin label (Figure

4) and the electronic Zeeman interaction is written
HG = -gS - g « H (AI-11)

where B is the Bohr magneton (= eh/Zmec), § tha spin angular momentum
and g the tensor describing the anisotropy in the angular momentum.
For the nitroxide spin label, g is nearly diagonal in the coordinate

system included in Figure 4, and can be written

/ 0 0
/ ¥
=10 0
g \ gy
0 0 g, (AI-12)

The effective g-value which determines the resonance frequency for a
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given orientation of the unpaired electron orbital at a polar angle g
and azimuthal angle ¢ then is

Jors = gxsinzecosz¢ + gysinzesin2¢ + gzcosze (AI-13)

The electron-nuclear hyperfine jnteraction (1,3) is also charac~
terized by an anisotropic tensor, A, which is analogous tc the dipolar

tensor and is given by

—id

o
1

-AS (A1-14)
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APPENDIX II. CALCULATIONS OF NMR FREE INDUCTION DECAYS.

The FID is the Fourier transform of the lineshape function (1);

that is-
6(t) = — [~ F(m')eiw|t dw' (AII-1)

In the case where the spin-lattice relaxation is dominated by
fast motions and the FID is controlled by much slower motions (Tl->> flq,
2 1

the FID can be calculated by (2,3)
T W ! 1 :
6(t) = i (E)den) (A11-2)

When the fluctuations in w'(t') are caused by dipolar interactions
among two spins, the Tineshape is symmetric about the Larmor precession

frequency, wg > and the normalized FID can be written as

(1) = 3 T flurulEat o1 (mg-uft))at™

- eiw°t<cos fF ety ey | (A11-3)

The signal is generally phase detected relative to the Larmor frequency

and the observed FID is the real part of

o(t) = (M (AIL-4a)
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where

a(t) = [Tu(t)dt’ (AT1-4b)
This expression of the FID is mathematically equivalent to

g(t) = fz) eix Prob (x < o(t) < x + dx) (AII-5)

where Prob (x < o(t) < x + dx) is the probability that the random var-
jable o(t) falls within the interval (x,x + dx). Clearly, if the proba-
bility distribution of &(t) is known, the FID can be calculated. The
problem is therefore reduced to one of finding this probability distrib-
ution.

It is not usually possible to calculate the exact probability
distribution of &(t) for all times but in a wide range of physically
interesting cases, we can obtain the asymptotic distribution for suffi-
ciently long times by applying a central limit theorem (2,5) which can
be stated as follows:

If p(t) is a function which denotes a strictly stationary,

strongly mixing, random process, whose correlation

function, RD(t), exists and possesses its first two
moments , then the random process, y(t), defined by

w(t) = = 5 (p(er) - ) at! (A11-6)
vi
has a probability distribution which is asymptotic to the

normal (Gaussian) distribution with mean equal to zero
and variance

<¢(t)2> = 21:" Ry(1) dr . (AT1-7)

A random process, p(t), is stationary if and only if
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Prob (p(t;) = Xy, p(ts) = Xzy..o, plt) = x )

= Prob (p(ty + 1) = x1, Pt + 1) = Xp.eo, p(t, +7) = x)
(AII-8)

for all n; t1, to, ..., tos X1, Xas oo, X, and T (4,6). This essen-
tially says that all probabilities connected with the random process,
p(t), must remain unchanged under arbitrary translations in time. In
particular, this implies that the probability that p(t) is any given

value, X, is independent of time, and that the correlation function of

p(t), defined by

Ry(Es) = (ol +1) = B) (p(1) - )Y = plt +o)p(t)y - p7°
(AI1-9)

is a function of 1 only, and accordingly we have written it as Rp(T).
For a strictly stationaky random process to be strongly mixing requires

that for any © > 0, for A(t) being any combination of events of p(t)
occurring before t = 0, and for B(t) being any combination of events of

p(t) occurring after t = ¢, we have
|Prob(A(1) and B{1)) - Prob(A{7)) Prob(B(z))| < a(r) (AI1-10)

where alt) is some decreasing function of t whose integral converges
(4,5). The minimum aft) which satisfies eq AII-10, o*(t), is a measure
of the strongest interdependence of events separated in time by at least

7. We therefore define the mixing time
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Toig = % a*(T)dT (AII-11)

as the timescale over which the process becomes independent of its
past. Finally, we note that in order for the correlation function,
R (7)., to exist the random process must have a finite mean and variance.

p
The correlation time of the process is given by (6)

T = -—-—-;f Rp(r)dr (A11-12)

| where Rp(O) = Var(p(t)). When the correlation function decays exponen-
tially with time, such as occurs for Brownian motion and many other
diffusive processes, the decay constant is the correlation time (1).

In order to compute the FID, we now express the frequency fluc-
tuations, w(t), as a linear combination of a finite number of uncorre--
lated, strictly stationary,strongly mixing, random processes, pj(t);
that is,

o) = et (T AgRsE)) e (AI1-13)

The random processes, pj(t), are uncorrelated if

0 for j # k

(p.(t+ 1) - p:) (p (L) -p) = (AI1-14)
! 37k K R, (1) for § =k
j

i

where Rp (1) is the correlation function of the random process, pj(T)’
J

and we assume they all satisfy the requirements mentioned earlier. The
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corresponding correlation times are defined by eq AII-12 and denoted by
T Note that, in particular, if the pj‘s are all independent of one
another, they are also uncorrelated. If we define the total random

process P(t) as

P(t) = % Ajpj(t) (AII-15)

it is immediately obvious that P(t) is also a strictly stationary,

strongly mixing, random process with mean

p = <P(t)> = AP (AI1-16)
J
and variance

Var (P(t)) = § A; Var(ps(t)) (A11-17)
k

The latter follows since the correlation function can be written as

{P(t+ 2 - P) (p(0) - Py = § %R (o) (p11-18)
J J

From this result we can define a correlation time for the overall pro-

cess, P(t), which is

V
TJ ar( J)

2

: %

o= = [T L ARy (D)dr = (AI1-19)
j Z AJ Var(p

J

We see that P(t) satisfies all the requirements of tha central Timit



266

theorem, and therefore the random process

P(t) = = (o(t) - Pt) (A11-20)

1
/T

with
o(t) = [FP(t')de’ = [* (] Agpy(t1)de! (A11-21)
: |

is asymptotically normally distributed with a mean of zero, and with a
variance of

v=27 Ag Var(p;) (A11-22)

'
This is a very important and useful result, since it allows one to cal-
culate the entire asymptotic probability distribution function using
only the means, variances, and correlation times of the component pro-
cesses.

With a probability distribution of y(t) which is asymptotically
Gaussian, it is an easy matter to find the asymptotic FID. According

to eq AII-5,

iPt (o
5

i

g(t) = e "X prob(a(t) - Pt e[ x,x + dx] )

o(t) - Pt
/T

_ e1Pt LT e1u/f

Prob( elu,u + du])

. 2
_ gn_— fiaexu{TFu /2Vdu
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_ GiPt V2

(A11-23)
To complete the calculation, we take the real part
g(t) = cos(Pt) o~ Vt/2 (AII-24)

This result predicts that the envelope of the FID is asymptotically ex-
ponential with a time constant, T,, given by

1 Vv

ﬂ = ‘2‘ = % AJ Var(p.)f. (AII“ZS)

Eq AIT-24 alsopredicts a frequency spectrum consisting of a pair of

Lorentzian lines, each with a width at half-maximum of
Av = —=— (A11-26)

symmetrically displaced from the Larmor precession frequency by an
amount P.

We have therefore demonstrated that the FID function will be
asymptotically exponential whenever the frequency fluctuations can be
written as a finite linear combination of uncorrelated, strictly sta-
tionary, strongly mixing, random processes. Since these results are
only asymptotically valid, we will briefly discuss some of the limita-
tions of this approach.

The applicability of the central 1limit theorem is determined by
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the relative timescales of the fluctuations of the motions aﬁd the ex-
perimental measurements. As the origin of this 1im1tatidn is the asymp-
totic nature of the convergence to a normal distribution, the experi-
mental observation must be made at sufficiently long times to ensure
this convergence.

To place the problem in more quantitative terms we now consider
the rate of the asymptotic convergence of y(t) in eq AII-6 to a norm-
ally distributed variable. The usual rule-of-thumb (7,8) is that it
takes a sum of 6-12 independent random variables, am‘s, before this sum
converges to a normally distributed variable, provided the probability
distribution of the am's is nearly symmetric and well behaved. In

other words, the variable

N
§ 1 b
= =13 (a -a ) (AI1-27)
Wp=1 ™

is often adequately normally distributed when N is about 6-12, and N
needs seldom be more than 30-100 in general. The random process, y(t),
in’the central 1imit theorem may be written as a sum of variables, each
of which is the average of the random process, p(t), over a time inter-

! . namel
val Tix® ely

W) = = F (p(t") - Byt
/T
t/ 7.
L Z/Tm7x Mmix  (p(t') - p)dt’ (AII1-28)

/T =l (m—])Tmix

Since Tix? the mixing time defined by eq AlI-11, provides a measure of



269
the rate at which the values of the random process become independent
Aof one another, ¥(t) can be approximated as a sum of independent random
variables. It follows that for y(t) to be adequately normally distri-

buted, t/Tmix must be about 6-12. Unfortungtelyvtm.

ix is not an easily

accessible quantity, but for most physically reasonable processes we
expect that Tix is quite well approximated by the correlation time,
Teo which is measurable in many cases. Thus, as a rule-of-thumb, y(t)
should be adequately normally distributed when t/Tc is about 6-12 or
at most 30-100. It should be noted that for the general process, P(t),
which is a composite of many processes, pj(t), it is the slowest of the
component processes, pj(t), which determines the rate at which the over-
all process, (t) (Eq AII-20), converges asymptotically to a normally
distributed variable and hence governs the approach of the FID to expo-
nential decay.

We have shown that if the probability distribution is asymptoti-
cally normal, the the FID is asymptotically exponential. We would like

to be able to conclude the reverse; that is, if the FID is exponential

then w(t) is normally distributed. However, this is not true in general.
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APPENDIX III. SUMMARY OF COLLOID THEORY

The theory of stability of lyophobic colloids was developed
principally by Derjaguin and Landau and by Verwey and Overbeek around
1940. Excellent summaries of their theory are provided by Shaw (1)
and Vold and Vold (2). Moredetailed treatments are presented by Verwey
and Overbeek (3) and Kruyt (4). The basis for colloid theory is the
consideration of attractive London-van der Waals forces and repulsive
electrostatic forces. The theory was developed first for two infinitely
large flat charged surfaces ahd Tater adapted to spherical surfaces by
appropriate approximations and modifications.

Let us consider the repulsive forces invb1ved. There is an
electric potential, ¥, associated with any charged surface, wnich is a
function of the space coordinates employed. It fs possible to apply

the Poisson equation and obtain the charge at any point in space by

vy = - A2 | (AI1I-1)
where ¢ is the dislectric constant of the medium and p is the space
charge density. The gradient of charge formed by the distribution of
electrolytes in solution is also influenced by Boltzman's equation.

These effects are best described by the Poisson-Boltzman equation

vry = SV cinn (ew/KT) (AT11-2)

e .

Eg AITII-2 can be solved explicitly for the boundary conditions of an
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infinite flat surface, which leads to the concept_of the flat diffuse
double Tayer, a region of particularly high ion concentration close to
the charged surface. The thickness of the diffuse double layer depends
on the surface charge and the nature of the electrolyte. In the limit
of small values for the surface potential, eq AIII-2 becomes

2n2
vzw = __—_—_SZE—\I') € 'q) = sz (AIII'3)

so, the electric potential falls off exponentially and reaches 1/e of
its original value when x = 1/k. x is the Debye length and is a meas-
ure of the double Tayer thickness. This is the simplest case and in
general the solution is somewhat more complicated (3).

For spherical systems the same approximation of small values of
¥ must be made for eq AIII-2 to be solvable, in which case the problem
reduces to that of electrolytes in solution described by the Debye-
Huckel theory (5). The solution to eq AIII-3 for the potential at a
distance r from the center of a charged spherical surface of radius a

is
Y = wa . _i_ e¢<(a—r‘) (A111-4)

where by is the potential on the surface.

For colloids the assumption of a small ¢ is not realistic and
numerical integration to solve equation AIII-2 has been performed to
extend the region of ¢ for which the theory is applicable. A further

Timitation of eq AIII-4 is the assumption that ka << 1, which is also
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unrealistic for most colloids.

In practice, it is found that application of the exact deriva-
tions for two interacting flat double layers is accurate enough to
account for most observed aggregation phenomena in true colloids. The
soluticen to this particular problem is a repulsive energy of interac-
tion between the two plates given by

_ GANKT 5 ~2xd

1-5)
VR " e (AI1I-5)

where

, = evewa/ZkT o1
evewa/ZkT +1

(AI11-6)

Another assumption implied by these expressions is that the ions in
solutions are point charges. Since they are not, Stern introduced a
modification of the Verwey-Gverbeek theory, aliowing for the actual
ionic size. This correction takes into account that only a limited
number of 1ons'can be accommodated in the proximity of the surface. A
further modification allows some counter ions to be adsorbed tightly to
the surface, causing a potential drop across this so-called Stern layer.
Therefore, the surface potential wa should be replaced by the Stern
layer potential, s This quantity is not experimentally accessible,
but it is usually assumed that the shear plane of the colloid-solvent
interface is at the Stern layer. Therefore the ¢ potential, which is
measured by electrokinetic studies, is often substituted for Va in

evaluating VR
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Next we consider the attractive forces between two charged sur-
faces. These London-van der Waal forces contain contributions from
(i) jon-ion interactions, (ii) ion-induced dipole interactions, (ii{)
dipcle-dipole interactions, (iv) dipole-induced dipole interactions,
(v) dispersion interactions, and (vi) overlap interactions. Of these
(i) has an pod dependence and is of importance only when opposite
charges are involved. (ii)-(v) all have r_6 dependences and of them it
can be shown (4) that the London dispersion interactions (v) dominate
in most cases. (vi) is only important at very close ranges where elec-

tron clouds can overlap. It has an r'g - r'lz

dependence. In the
range where it is important, the previously determined VR neads modifi-
cation to include Born repulsion but neither overlap interactions nor
Born repulsion will be taken into account at this point. Born repul-
sion will dominate at very close separations so that the total inter-
action energy wiil increase as r = 0.

The London dispersion interactions between two plates or two
spheres have been calculated by De Boer (6) and Hamaker (7). They
added the interactions of one atom in one surface with all atoms in the

other, and then integrated over all atoms in the first surface. The

result for two plane surfaces of thickness & and separation d is

A (12 L 5 - : 5) (AI11-7)
48t d (d + 6) (d + 8/2)
The constant A = w2g?B, with g equal to the number of atoms per cms

6

and B = -1.62 x 10 "ay; a is the polarizability of the atom and x is

the diamagnetic susceptibility. Similarly, for two spheres of radius a,
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whose centers are separated by R, they found an attractive potential

2 ‘ 2 2 2
R 22 4 qp Rt (ATII-8)
» 6 R° - 4a R? R
Defining the parameter s = R/a, eq AIII-8 is rewritten as
‘ 2
V= - et ) (AITI-9)
6 s> -4 s? s?

For close approaches, i.e., when d 1is small (compared to §) or R

approaches 2a, we obtain

A
V. = - (AI11-10)
A agnd?®
and
__ A _a |
Wormlhem (AITI-11)

for flat plates and spheres, respectively.

Combining the repulsive potential of eq AIII-6 with the attrac-
tive potential of eq AITI-10 or AIII-11 the total energy profile can be
calculated. The total potential depends on the same factors as VR and |
VA: electrolyte concentration and valency, surface potential, surface
charge density, and molecular po}arizability and susceptibility. The
detailed effects of each of these Tactors on the overall potential
energy are illustrated by Verwey and Overbeek (3) and reproduced by

Kruyt (4). A typical curve for two identical spheres is shown in
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Figure 52.

The following features are of particular interest to our discus-
sion of vesicles. (i) There is a maximum in the energy. (ii) The height
of the energy maximum is influenced among other things by the electro-
lyte concentration and valency ( through ) and by the Stern layer
potential, bs- The energy barrier increases as k decreases or as ws
increases. (iii) The distance at which the maximum occurs is also in-
fluenced by « and w5' The distance increases as both x and ws decrease.
(iv) There is a close range, deep energy minimum called the primary
minimum. (v) There is a long~range, shallow energy minimum called the
secondary minimum. (vi) The secondary energy minimum is only of impor-
tance when the particles are larger than about 10'6 cm and then only

if the energy maximum is comparable to KT.
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