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ABSTRACT 

If the function of membrane lipids were only to provide a penneability barrier for cells, 

then a single lipid species such as phosphatidylcholine would suffice since it would maintain the 

bilayer structure necessary for a membrane. Cells, however, go out of their way to regulate the 

components of their membranes and therefore there must be some reason for the vast diversity 

of lipids found even in a single membrane. Modulation of the phospholipid composition could 

affect both the average and dynamical properties of the entire system. Average properties such 

as the hydrocarbon thickness, the area per lipid molecule, or the curvature stress across the 

bilayer could playa role in membrane function and therefore it is important to understand how 

different lipid components influence these physical properties. The goal of this work has been 

to understand how different lipid components such as changes in headgroup and acyl chain 

unsaturation as well as cholesterol and bile salts affect the properties and structure of membranes 

through the use of deuterium nuclear magnetic resonance spectroscopy fH NMR). Saturated and 

unsaturated phosphatidylethanolamines and phosphatidylcholines have been studied in the low 

temperature,lamellar liquid-crystalline, and reversed hexagonal phases. Measurements have been 

made of the average projected acyl chain length, the average area per molecule, the radius of 

curvature in hexagonal phases, and various relaxation rates. These studies were not only carried 

out on single component synthetic systems but also on mixtures of lipids and even native 

membranes through the use of a deuterated probe molecule. It was concluded that different lipids 

modulate different properties of membranes. Phosphatidylcholines along with monounsaturation 

keep the membranes in a fluid state whereas the presence of phosphatidylethanolamines and 

polyunsaturation increase the curvature stres~in the monolayers. With this in mind experiments 

were carried out to detennine how the average properties of membranes relate to membrane 

protein function. These studies show the promise of combining physical chemical measurements 

of membrane properties with biochemical measures of protein function. Such studies will allow 

for a better understanding of membrane function and the role lipid diversity plays in such 

functions. 



Chapter 1 

INTRODUCTION 

Ampbiphiles are molecules which consist of a hydrophobic and hydrophilic region. The 

hydrophobic part is usually aliphatic or aromatic hydrocarbons whereas the hydrophilic part 

consists of polar groups which readily interact with water. Because of this unique chemical 

makeup these molecules form a variety of different structures in the presence of water. 

Ampbipbiles are usually grouped into two different classes. One is composed of all species that 

form micelles when dissolved in water at temperatures above the Kraft point (Hunter, 1989). 

This group includes mainly single chain amphiphiles such as soaps or lysolecithins. The other 

group consist mainly of diacyl phospholipids which form liquid-crystalline phases having both 

crystalline periodicity and liquid-like molecular diffusibility. 

The original x-ray work of Bear et al. (1941) established that hydrated natural lipids 

formed fluid bilayers. This became the basis for the development of the fluid-mosaic model of 

biomembranes (Singer and Nicolson, 1972). However Luzatti and co-workers (Luzzati, 1968) 

showed that these lamellar phases are just one type of aggregate formed by lipid/water systems. 

These systems exhibit lyotropic mesomorphism, that is the structure and phases found are a 

function of the ratio of the components in a system as well as temperature and pressure. They 

showed that a number of thermodynamically stable phases were present between the low

temperature solid phase and the high-temperature liquid phase. The aggregates formed may be 

spherical, cyJindrical, or lamellar and can be packed in different geometric arrangements to form 

bilayers, hexagonal phases, or cubic phases (see Figure 1.2). In general the names of the phases 

are a reflection of the symmetry seen in the x-ray diffraction data. Therefore hexagonal phases 

consist of tubes of lipid material packed in a hexagonal array. Furthermore, the hexagonal and 
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Figure 1.1. Chemical structure of some of the phospholipids studied in this work. 
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cubic phases can be of the nonnal (usually designated by the subscript I, i.e. HJ or reversed 

(designated by subscript II, Hn) type. Nonnal phases are packed with the acyl chains inside of 

the tube or sphere and surrounded by water whereas the reversed phases have water at the center 

of the cylinders or spheres. 

The easiest way to conceptualize why different lipids fonn different phases is the idea 

of average molecular shape .. The concept that certain lipids have certain characteristic shapes 

such as cones, reversed cones, and cylinders can be used to rationalize, a posteriori, which phases 

will be fonned (Tartar, 1955; Israelachvili et al., 1976; Tanford, 1980). The general idea is that 

only certain shapes can be packed into a particular geometry and therefore the volume each lipid 

occupies on average must take the fonn of the shape which packs best into a particular phase. 

Lipids in a bilayer arrangement approximate the shape of a cylinder or box, in which the area 

at the lipid/water interface is nearly the same as the cross-sectional area down the length of the 

chain. For lipids packed in a cylinder, with their polar headgroups inside and hydrocarbon chains 

out (i.e. the reversed hexagonal phase, Hn, phase), the lipids would approximate truncated 

inverted cones with the area at the lipid/water interface being smaller than the area farther down 

the chain. The nonnal hexagonal phase (HI) would be just the opposite. This shape idea is a 

function of the phase and not of the molecules themselves. Phosphatidylethanolamines form the 

Hn phase where their average shape is that of an inverted cone. However they also can be placed 

in the La phase where their shape must be that of a cylinder. Regardless of phase, this average 

shape is related to the average size of the head group in relation to the area of the acyl chains. 

Lipids which have a small effective headgroup due to actual physical volume, hydrogen bonding, 

or reduced hydration such as phosphatidylethanolamines normally form reversed hexagonal 

phases. The opposite is true for acyl chains where those which occupy a large cross-sectional 

area tend to favor the formation of non-lamellar phases. 
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Liquid-crystalline Phase 

Reversed Hexagonal Phase 

Normal Hexagonal Phase 

Figure 1.2. Schematic representation of different phases fonned by phospholipid/water systems. 
The lamellar liquid-crystalline (LJ. reversed hexagonal (Hn). and nonnal hexagonal (HI) phases 
are shown. 
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The study of lipids and the phases they fonn has direct biological relevance. Lipids 

along with proteins are the major components ofbiomembranes. Many important functions occur 

in or around the membrane and therefore an understanding of its structure is essential in 

understanding function. The structures that lipids fonn in the presence of water have provided 

the basis for the current models of biomembranes. In 1972 Singer and Nicolson proposed their 

fluid-mosaic model for biological membranes. Here the membrane consists of lipids and 

membrane proteins where the lipids are in a lamellar bilayer arrangement and both components 

are able to diffuse freely through the matrix. The lipids are proposed to be in a state very similar 

to the liquid-crystalline (LJ phase found in x-ray diffraction studies, i.e. the lipids are arranged 

in two opposing planar monolayers with the ends of the acyl chain in contact and where the 

chains are melted. This gives the membrane its fluid characteristics. Because of this similarity, 

the La phase obtained when mixing certain lipids, especially phosphatidylcholines, with water 

has been considered an excellent model for biomembranes. 

Biomembranes perfonn a variety of functions. They provide a semi-penneable barrier 

to keep cells intact and to separate the inside from the outside. This is a very important function 

which allows for concentration gradients across membranes to drive a variety of biological 

functions. Membranes control the flow of infonnation between cells by either containing 

receptors for external stimuli or by actually generating a chemical or electrical signal. 

Furthennore membranes are important in energy conversion processes such as photosynthesis and 

oxidative phosphorylation. Most of these functions are carried out by proteins imbedded in the 

lipid matrix. However recently attention has been turned to the role lipids themselves play in 

influencing membrane functions. 

Cell membranes are composed of many different proteins and lipids which are related to 

the diverse functions of the membrane. Some membranes carry out numerous enzymatic and 
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transport functions. These membranes contain a large percentage of proteins, for example, 

mitochondria membranes are composed of 70-80% protein (Marsh, 1983). Other membranes 

have a very few specific functions such as the nelVe myelin membranes and therefore contain 

only a small fraction «18%) of protein (Marsh, 1983). Diversity is also found in the membrane 

lipids. Membranes consist of phospholipids, cholesterol, fatty acids, glycolipids, etc. 

Phospholipids are the major classes of lipids found in biological membranes and because of this 

they have received the bulk of the experimental attention. However there is a great deal of 

diversity even in this one class of membrane components. Raetz (1982) has noted that in 

eukaryotes over tOOO chemically distinct phospholipids can be found. Variations occur in the 

polar headgroups where phospho choline, phosphoethanolamine, phosphoserine, or phosphoinositol 

are commonly found. Simple membranes like the membrane of E. coli contain mainly 

phosphatidylethanolamine. The mitochondria membrane consists of roughly 50% 

phosphatidylcholine, 30% phosphatidylethanolamine, and 20% cardiolipin (Kom, 1966). 

Furthennore membranes contain a vast diversity of acyl chains as well as headgroups. The most 

common acyl chains are palmitic acid (16:0), stearic acid (18:0), and oleic acid (18:1). However 

the rod outer segment membranes (Stoneet al., 1979; Stinsonet al., 1991), synaptic plasma 

(Cotman et al., 1969), and cerebral grey matter (O'Brien and Sampson, 1965) contain an 

unusually large amount of docosahexaenoic acid (22:6). 

If the function of membrane lipids were only to provide a penneability barrier for cells, 

then a single lipid species such as phosphatidylcholine would suffice since it would maintain the 

bilayer structure necessary for a membrane. Cells, however, go out of their way to regulate the 

components of their membranes and therefore there must be some reason for the vast diversity 

of lipids found even in a single membrane. Modulation of the phospholipid composition could 

affect both the average and dynamical properties of the entire system. Variation of the membrane 

-I 
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Figure 1.3. Schematic representation of the fluid-mosaic model for biomembranes (Singer and 
Nicholson, 1972) emphasizing the diversity of lipids in both the headgroups and acyl chains. The 
large globular structures represent membrane proteins. 
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environment could be related to such average properties as the hydrocarbon thickness, the area 

per lipid molecule, or the curvature stress across the bilayer. These factors may play a role in 

membrane function and therefore it is important to understand how different lipid components 

influence these physical properties. Investigation of the average physical and dynamical 

properties of the principal lipid constituents, such as phosphatidylcholine (PC), 

phosphatidylethanolamine (PE), and phosphatidylserine (PS), may help resolve this question. 

It has become well established that the membrane lipid environment can have a great 

effect on the function of membrane proteins. Increasing the amounts of 

phosphatidylethanolamine has been found to increase the activity of Ca2+-ATPase (Navarro et al., 

1984), dolichyl-phosphomannose synthetase (Jensen and Schutzbach, 1988), rhodopsin (Gibson 

and Brown, 1991), gramicidin A (Neher and Eibl, 1977), and the Ca2+-K Channel (Chang et al., 

1991). Unsaturation has also been shown to increase the activity of the Ca2+-ATPase (Navarro 

et al., 1984), dolichyl-phosphomannose synthetase (Jensen and Schutzbach, 1988) and rhodopsin 

(Wiedmann et al., 1988). It has been postulated that some optimal thickness of the bilayer is 

necessary for rhodopsin function (Baldwin and Hubbell, 1985), the Na2+-Mg2+ ATPase (George 

et al., 1989), and glucose transport proteins (Carruthers and Melichior, 1988). Charged lipids 

have also been observed to playa role in the function of glucose transport proteins (Carruthers 

and Melichior, 1988), the Na2+-Mg2+ ATPase (George et al., 1989), and gramicidin A (Apell et 

al., 1979). Lipids then can have a variety of influences on the function of membrane proteins. 

Some of these influences can be quite specific such as the binding of membrane molecules to a 

particular recognition site. Others are non-specific interactions which are related to the physical 

properties of the entire bilayer such as the fluidity, membrane thickness, and surface charge 

density. Therefore the understanding of the physical properties of membranes and their 

individual Jipid components may be important in understanding membrane protein function and 
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the need for lipid diversity in biomembranes. 

One aspect of lipid diversity which has received considerable attention over the past few 

years is the ability of many membrane lipids to fonn non-lamellar phases when isolated. Most 

membranes contain at least one lipid species which fonns non-lamellar phases when isolated. 

Phosphatidylethanolamines are found in the endoplasmic reticulum, golgi apparatus, and the rod 

outer segment membranes; phosphatidylethanolamines and diacylglycerols in mitochondria 

membranes; monoglactocyldiasylglycerol in chloroplast; and phosphatidylethanolamincs and 

monoglucocydiasyJglycerol are found in procaryotes. There seems to be little evidence that these 

non-lamellar phases exist in biological systems. However, the forces which cause these lipids 

to fonn non-lanlellar phases when isolated must also be present in the La phase and may play 

a role in membrane function (Gruner, 1989; Lindblom and Rilfors, 1989; Seddon, 1990). 

Several techniques have been used to probe the structure of lipid/water systems. 

Differential scanning calorimetry (DSC) provides infonnation on the phase transition of lipid 

systems including the temperature and enthalpy of the transition. Small angle x-ray diffraction 

can be used to detennine the structure of different phases and can give estimates of the physical 

parameters of the phases such as the bilayer thickness and the average area per molecule. 

Phosphorus nuclear magnetic resonance spectroscopy elp NMR) can also yield clues as to the 

structure of particular phases and headgroup orientations. This technique has been used to map 

out the phase diagram of different lipid systems (Ulmius et al., 1977; Thunnond et al., 1991b) 

Deuterium nuclear magnetic resonance spectroscopy ~H NMR) has emerged as a 

powerful tool in characterizing the physical properties of lipids and membranes (Seelig and 

Seelig, 1980; Davis, 1983; Bloom, 1991). Its advantage lies in the fact that unlike many other 

techniques 2H NMR provides infonnation on the molecular level about both orientational order, 

which can be related to configurational order, and dynamics. 2H NMR relaxation measurements 
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give an indication of the types of motions present in a system. Funhennore the 2H NMR 

lineshapes yield infonnation concerning orientational order. From this experimental data 

estimates of physical properties such as effective acyl chain lengths and average chain cross-

sectionaI areas of phospholipids in the liquid-crystalline (LJ state can be made in tenns of 

simple statistical models (Seelig and Seelig, 1974; Schindler and Seelig, 1975; Salmon et al., 

1987; DeYoung and Dill, 1988; Ipsen et aI., 1990; Thunnond et al., 1991a; Jansson et al., 1992). 

The cross-sectional chain area is related to the mean area occupied by a lipid molecule at the 

membrane lipid-water interface. The area per molecule in tum is imponant in detennination of 

the system's curvature free energy (Gruner, 1989; Thurmond et al., 1990), which reflect various 

contributions to the energetics of lipid systems and may play a role in regulating membrane 

protein function (Kirk et al., 1984; Wieslander et al., 1986; Wiedmann et aI., 1988; Gibson and 

Brown, 1991). 

These techniques can aIso be applied to the reversed hexagonal phase (Hn) of 

phospholipids. AnaIysis of2H NMR data has indicated that significant difference in packing and 

dynamics exist between this phase and the La phase (Lafleur et aI., 1990; Thunnond et al., 

1990). These differences can be related to the radius of curvature in the Hn phase and can help 

understand the role phases play in biological systems. 

The goal of this work here has been to understand how different lipid components such 

as changes in headgroup and acyl chains unsaturation as well as the effect of cholesterol and bile 

saIts affect the properties and structure of membranes. This has entailed the synthesis of a variety 

of perdeuterated lipids and refining mathematical techniques to relate the observed lH NMR data 

to average properties such as the average projected acyl chain length, the average area per 

molecule, and in hexagonal phases, the radius of curvature. Chapters 4 and 5 explore the effects 

of varying the headgroup region on the average properties of the La phase. These studies were 
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not only camed out on single component synthetic systems but also on mixtures of lipids and 

lipids from native membranes through the use of a deuterated probe molecule (Chapter 6). 

Chapters 7.8 and 10 apply the techniques developed for the La phase including the use of a 

probe molecule to hexagonal phases. Here techniques are developed to measure the radius of 

curvature in these phases. Funhermore the role ofunsaturation in phosphatidylethanolamines has 

been explored in both lamellar and hexagonal phases. Finally the relationship of the average 

properties of membrane lipids to membrane protein function is explored in Chapter 12. These 

studies show the promise of combining physical chemical measurements of membrane properties 

with biochemical measures of protein function. Such studies will allow for a bener understanding 

of membrane function and the role of lipid diversity. 



Chapter 2 

Deuterium and Phosphorus NMR 

2.1 General 2JI Nuclear MagneUc Resonance Theory 

For spin 1=1 nuclei the total Hamiltonian can be written in terms of the Zeeman and 

quadrupolar interactions (Slichter, 1990) 

,(2.1) 

where Hz is the Zeeman Hamiltonian which describes the interaction of the nuclear magnetic 

moment, PN' with the magnetic field, JJt" (Abragam, 1961) 

.(2.2) 

The quadrupolar Hamiltoniam, HQ, arises from the electrostatic interaction of the nuclear 

quadrupolar moment, Ou:, with the electric field gradient (efg), VE=ViIt• Both Ou: and Vilt are 

second rank tensors. Slichter (1990) gives a fonnulation for the quadrupolar Hamiltonian which 

is the scalar product of these two tensors, 

,(2.3) 

where Q is the quadrupolar moment, e the elementary change, and J is the nuclear spin (1=1 for 

deuterium). Furthennore 

.(2.4) 

Now ViA and the spin operators need to be in the same coordinate system which requires rotating 
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Va from the molecular field to the lab frame. The efg tensor Va can also be expressed in terms 

of its irreducible components V (2,111) (m=O.±l.±2) as follows 

V(2,O) = V 
II 

V (2.tl) = ±J2/3 (V +iV ) 
.... '1 

.(2.5) 

V (2.tl) = V1/6 (V - V ) ± iV 
JUt 11 "1 

Since Va is a symmetric and traceless tensor (Seelig. 19n) it can be transfonned to a principle 

coordinate system where it is diagonal 

VX\' 0 0 

Vp = 0 Vrr 0 

o 0 Vzz 

The field gradient. eq. and the asymmetry parameter.T}. can be defined as 

therefore 

eq = Vzz 

V~2,O) = eq 

V?.;tl) = 0 

V~2.tl) = b16T} eq 

.(2.6) 

.(2.7) 

.(2.8) 

.(2.9) 

The coordinate transformation from the molecular principle coordinate system to the lab frame 

is accomplished by using the Wigner rotation matrix 

+2 
V (1 •• )' = E D!)(apy)V(1.p) (2.10) 

p=-2 

where tp.-, are the irreducible components of the efg tensor in the lab frame and Df,!)(al3y) are 
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the elements of the Wigner rotation matrix (Seelig. 1977). 

For deuterium. the quadrupolar energy is small with respect to the Zeeman energy and 

it can be treated as small perturbations of the Zeeman energy. The energy then is given to first 

order or secular contribution by (Seelig. 1977) 

E = -II A m+ eQ V(2.0)·[3m2-I(I+l)] 
1ft "NPO 4/(21- 1) 

.(2.11) 

For deuterium 1=1 so there are three energy levels (Figure 2.1) 

E+I = -y Po + 1/4eQV(2.0)· 
E = -l/2eQV(2.o)' 

o , 
E = Y P + 1/4eQV(2,O) 

-I 0 

.(2.12) 

where yis the gyromagnetic ratio. Since the selection rule for allowed transitions is &n=±I. two 

resonances are observed at 

hv + = E_I - Eo = Y Bo + 3/4eQV(2,O)' 

hv = E -E = 'liB -3/4eQV(2,O)' 
_ 0 +1 '0 

(2.13) 

yielding two resonance lines in the 2H NMR spectra that are centered at the lamour frequency 

COo. COo=-'Yf30. with a splitting. !J.vQ• of 

!J.V
Q 

= V -v = ~ eQ V (2,0)' 
+ - 2 h 

.(2.14) 

The simplest situation is when Po is parallel to one component of the efg tensor. Then 

V<2,O) becomes Vxx' V)'J' or V" and by definition V,,=eq and is the largest efg. With this any 

orientation of a single crystal can be determined using the euler angles cjI and 9. This is 

accomplished with the Wigner rotation matrix Lj(apy) where a=C\l. P=9. and y.::O. 
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Figure 2.1. Energy level diagram (a) for spin I = 1 nucleus from the contribution of Zeeman 
and quadrupolar interactions. Part (b) depicts a representative quadrupolar splitting from the two 
non-degenerate transitions in (a). 
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+2 
V (2,0) = E D;~)(C1.P'Y) V

p
(2,O)' (2.15) 

p=-2 

where vf,2p) are given by eq 2.9. \12,0)1 then becomes 

V(2,oy = 1/2 V" [ (3cos2a - 1) + 11 sin2acos21\l] .(2.16) 

Substituting eq 2,7 and eq 2.16 into eq 2.14 yields 

L1v ... (O,I\l) = ~ e2
qQ(3c0s20 -1 +2.11 sin20cos21\l) 

'" 2 h 2 2 
,(2.17) 

2.2 Analysis of Deuterium Nuclear Magnetic Resonance Spectra 

Segmental Order Parameters and Moments of Spectral Lineshapes. Liquid-crystalline 

material has the ability to align in a bilayer fashion with the molecular long axis of each 

molecule parallel to each other. This allows for rotation about this long axis but perpendicular 

motions are restricted. If all of the long axes are oriented in the same way, they can be described 

by a director axis which would be the nonnal to the bilayer surface. If this director axis is 

parallel to the main magnetic field, Po, then eq 2.17 describes the quadrupolar splitting of any 

deuteron and a,1\l define the orientation of the efg tensor with respect to the director axis or Po. 

However liquid crystals have rapid rotation around the director axis which is fast on the NMR 

timescale so a time average must be used 

L1v (0 I\l) = ~ e2
qQ (3CQS'29 -1 + 1/211 sinZ6COSZ21\l] 

l2' 2 h 2 
.(2.18) 

Now to measure the average order of a system a characterization of the fluctuations around this 

director axis is needed. One way to quantify these fluctuations is by an order parameter, Su, 

(Saupe, 1964; Seelig, 1977) 
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r------,~ I static EFGI 

Figure 2.2. Schematic representation of the liquid-crystalline (LJ phase indicating the definition 
of the angles used in the analysis. In this diagram and for the equations, ~ is the angle between 
the static EFG tensor and the director axis, 110, and e is the angle between the director axis and 
the main magnetic field direction, Bo. 
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811 '" 1/2(3COsTff;-I) (I = 1,2,3'" x,y,z) .(2.19) 

Here cos2I3 represents the time average of the angular fluctuation of the coordinate axis with 

respect to the bilayer nonna! (Figure 2.2). These order parameters are elements of the 3x3 

ordering matrix which describes the fluctuations of second rank tensors. In this treatment the 

matrix is diagonalized and can be specified by 81/' Furthennore if the motions are symmetric 

around the director axis, then only 833 is needed to specify the matrix. 

The instantaneous efg orientation with respect to the director axis can be described by 

the euler angles 6 and cpo If X, y, and z are the unit vectors of the instantaneous efg tensor, the 

projection of the efg tensor onto the director axis, 110' is given as 

xe110 = cosf31 = sin6coscp = 2/3811 +1 
ye110 = cosf32 = sin6sincp = 2/3822 +1 
ze110 = cosf3 3 = cos6 

Some algebra and substitution into eq 2.18 yields 

3 e2qQ ) 
.(2.21) IJ. V Q (6,cp) = Z-h-(833 + 1/311 [811 - 822] 

.(2.20) 

If 11:;t() then 2 order parameters need to be known to detennine IJ.vQ• However for C-2H bonds 

11 is quite small, (11~0.05) (Derbyshire et al., 1969; Bames and Bloom, 1973), and can be 

assumed to be zero. So eq 2.21 becomes 

.(2.22) 

If the director axis is not parallel to the main magnetic field, 130' but makes the angle 6 with 130 

then another rotation needs to be made using the Wigner rotation matrix DW(6)=I/2(3cos26-1) 

and eq 2.22 becomes 
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a) 

Vo 

b) (4) 

(1) (2) 
(3) 

Figure 2.3. (a) Representation of a single spin I = 1 powder pattern where the two halves are 
designated as 1 and 2. The quadrupolar splitting corresponding to the perpendicular Ll~ and 
parallel LlvJI orientations of the bond with respect to the magnetic field are indicated. Part (b) 
depicts a representation of a spectrum containing 4 overlapping powder patterns. 
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.(2.23) 

A random dispersion of these director axes, such as for a multilamellar phospholipid 

dispersion, would yield a doublet for each orientation, i.e. a powder pattern, as seen in Figure 2.3. 

From equation 2.23, it is obvious that the 9=900 orientation of the director axis with respect to 

the main magnetic field would have a splitting half that obtained at the 9=00 orientation. 

Furthennore the intensity of the 9=900 peak would be the greatest and would decline steadily to 

the 9=00 peak which would have the least intensity. This can be visualized by imagining all of 

the possible orientations fonning a sphere. The amount of orientations parallel to the magnetic 

field will be limited to only two, either up or down, whereas the perpendicular orientations can 

exist anywhere in a plane perpendicular to the magnetic field. Thus there are more possible 

orientations perpendicular to the magnetic field. The maximum splitting possible for a 2H NMR 

spectra would be ±125 kHz assuming trqQlh equal 170 kHz. This corresponds to the 9=00 

orientation of a rigid molecule where S33 = I. If rapid axial rotations exist as is the case for 

phospholipids, then the maximum splitting is reduced by a factor of two, ±62.5 kHz. 

In the case of a C·2H bond the dominant axis of the efg is along the C·2H bond so S33 

may also be called SeD' 
,(2.24) 

in which P is the time·averaged angle between the C·2H bond direction and the bilayer nonnal, 

P2 is the second Legendre polynomial. The order parameter (SeD)' gives an indication of the 

disorder in the system. The static quadrupolar constant, trqQlh, used to evaluate SCD from llvQ 

has a value of 170 kHz for a C·2H bond (Seelig, 1977). Based on geometrical considerations the 

values of SCD are assumed to be negative. In practice the quadrupolar splitting is measured at a 

position in the powder pattern so that the angle 9 is known. Since 9 is known, 
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I static EFG I 

e 

Figure 2.4. Schematic representation of the reversed hexagonal (Hn) phase indicating the 
definition of the angles used in the analysis. In this diagram and for the equations, P is the angle 
between the static EFG tensor and the director axis, 110, which is the long axis of any lipid 
molcule, ~ is the angle between the director axis and the long axis of the cylinder, No, and e is 
the angle between the cylinder axis, No, and the main magnetic field direction, Bo. 
the order parameter, SeD' can be calculated directly from the splitting. 
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the order parameter, SeD' can be calculated directly from the splitting. 

For hexagonal phases there is an additional symmetry axis about which motions are 

avemged corresponding to the cylinder axis. Therefore an additional rotation must be made to 

detennine the order parameter and eq 2.23 becomes 

.(2.25) 

Here ~ is the angle between the molecular long axis (identical to the bilayer nonnal in the La 

phase) and the cylinder axis (Figure 2.4). This angle is assumed to be 900 and therefore eq 2.25 

differs from eq 2.23 by a factor of -If}. and the quadrupolar splittings, avQ, in the hexagonal 

phases are reduced in absolute magnitude by a factor of one-half relative to the La phase due 

to geometric considemtions alone. 

The experimental 2H NMR spectm can be numerically deconvoluted to obtain subspectra 

corresponding to the e = (f orientation of the bilayer nonnal relative the main magnetic field in 

the La phase, or the orientation between the cylinder axis and the main magnetic field for the 

hexagonal phases (Stemin et al., 1983), using the de-Pakeing algorithm of Bloom et al. (1981) 

Evaluation of the C-2H bond segmental order parameters can be made from the shrup edges of 

the powder-type 2H NMR spectm, due to the a = 90° orientation, as well as from the de-Paked 

subspectm, using eq 2.23 or 2.25. 

For samples of lipids containing perdeutemted acyl chains, and in particular in the low 

temperature state where the individual splittings may not be resolved, obtaining the quadrupolar 

splittings can be complicated. However the moments of the spectm are directly related to the 

distribution of the splittings and can assist in this analysis. The first and second half-moments 

of the 2H NMR spectra were calculated from the experimentally observed lineshape distribution 

functionj(ro) using the expression (Abmgam, 1961; Davis, 1983) 
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Figure 2.5. Representative 2H NMR powder-type spectra for the (a) lamellar liquid-crystalline 
<La) and (b) reversed hexagonal (Hu) phases. Note that the frequency scale is reduced by a 
factor of two for the Hn phase spectra in (b). The factor of 2 difference in the width of the 
spectra is observed due to the different geometries of the phases however the factor of -1 also 
expected is not observed because the 2H NMR lineshapes are symmetric. 
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In the above expression k =1 or 2 andj{o» is the spectral intensity at the frequency 0> relative 

the center of the spectra at zero frequency. Only one-half of the symmetric 2H NMR spectra was 

used to calculate the half-moments, which were taken as positive. The fractional mean squared 

width of the distribution of order parameters,~, is given by (Abragam, 1961; Davis, 1983) 

.(2.27) 

The kth moment of a symmetric quadrupolar powder panern (Davis, 1979) is directly 

proportional to aVQ 

,(2.28) 

where ~vQ is the quadrupolar splitting at 8=900 and the brackets represent the average over alI 

of the splittings present and (Davis, 1979) 

k (_I)Jk ~ (J 
A =_1 E ~{31:"- _I [1-(-I)I:]} 

l 21:;=0 (2k-2i+l) /3 
(2.29) 

where (~) e k!/[i!(k-I)!] • For the first and second moments AJ = 2/3..J3 and A2 = 115. 

Combining eqs 2.23 and 2.28 yields the relationship of the kth moment to the distribution of the 

orientational order parameter, SCD' 
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(2.30) 

where X II t?qQlh. The first two moments Ml and M:z give the mean orientational order 

parameter and its mean 3quare value, respectively (Davis, 1979) 

.(2.31) 

.(2.32) 

For a rigid all-trans chain Ml = 3.08xlOS S·1 and M2 = 1.28xl011 S·I. Axial rotation of the acyl 

chains reduces these values to 1.54xlOS S·1 and 3.21xl010 S·I, respectively. 

Configurational Statistics of Acyl Chains and Average Membrane Properties. The 

derived order parameters, or alternatively the first moment, MI , reflect only orientational order. 

However JX)sitional order can be extracted using a simple statistical model developed by 

Schindler and Seelig (1975). and later modified by Salmon et al. (1987). Assuming the chains 

are tethered to the aqueous interface and rigid body motions can be ignored to a first 

approximation. the experimental order parameters sIJ/ can be modeled in tenns of the rotational 

isomerizations of the chain segments which are related to the probabilities of trans and gauche 

isomers (Schindler and Seelig. 1975; Salmon et aI., 1987). The chain is modeled as a series of 

virtual bonds connecting the various segments which are parallel to the plane spanned by the two 

C_lH bonds of a methylene unit (Schindler and Seelig, 1975). It is assumed that only those 

orientations of the segments falling on a diamond lattice are allowed. The all-trans reference 

state along with the 6 possible orientations for a segment given by the rotational isomeric model 

(Flory. 1969) are shown in Figure 2.6. In what follows. configurations in which the chain 
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segments are folded-back towards the aqueous iruerface (8=120° and 180°) will be neglected. 

The angle between the C-:!H bond orientation and the bilayer nonna! is defined as (J and has the 

allowed values of 90 and 35.3°. The corresponding angle between the segment orientation (i.e. 

the angle between the virtual bond and the bilayer nonnal), S. are 0, 60, 90°. Note that for 

8=60° the two deuterons are inequivalent and have angles of (J=35.3° and (J--90°. It is imponBnt 

to remember that these conformations cannot be identified as trans or gauche isomers since this 

would require knowledge of the adjacent two segments. 

The length of the chain then is given by 

n 
<L> = E (I;> 

i=1 
n 

= IoE{coso) 
;=1 

,(2.33) 

where <I;> represents the effective length of the ith segment projected along the bilayer nonnal 

and 10 is the length of the all-trans reference state defined as 

.(2.34) 

Here lc..c is the carbon carbon bond length, 1.54 A, and 0,= 35.3° in the all-trans state. The 

problem then is to relate <cos~> to Sl:~) as defined in eq 2.24. Since we do not know the 

probability disoibution for the bond orientations, we cannot evaluate the ensemble averages to 

obtain <cosoj> from <cos2jlj>. However the model assumes that only three orientations of 0; are 

possible (OJ = 0,60,90°). TIle three orientation of the segment leads to four different orientation 

abbreviation S~ = 1/2(3cos'(J -1) for each of the three orientations, SCD can be written as 
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Figure 2.6. Simple diamond-lattice model for configurational statistics for polymethylene acyl 
chains in lipid bilayers. The all-trans reference state is depicted in (a) with the vinual bond 
length 1= l.25A and is the projection of the C-C bond length onto the long axis of the chain. 
(b)-(g) indicate different possible orientations of the segment in the diamond lattice. The 
projection of the nOImal to the C-~ plane (represented by arrows) onto the long axis of the chain 
(the doned lines) gives the contribution of each segment to the overall chain length. For the 
analysis of the projected acyl chain length only non-folded back orientations will be considered 
and therefore orientations (e)-(g) will be ingored. 
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.(2.35) 

where Pa is the probability for a segment being oriented at the angle S. In terms of the same 

probabilities. Pat one can write 

(cosS j > = PocosO° +P60cos60° +P90cos90° 
= Po + I/2P60 

Since Po + P60 + P90 = 1. 

and using eq 2.35 

Therefore eq 2.33 becomes 

(i) 
(cosB;> = 1/2 - SCD 

n 
(') 

<L> = IE [1/2 - Sc~] 
i=1 

n 
= l[~ - E S~2] 

2 ;=1 

.(2.36) 

(2.37) 

.(2.38) 

.(2.39) 

This equation applies to a chain consisting of methylene segments. For the terminal methyl C-

2H3 group there is an additional axis of motional averaging parallel to the bond direction of the 

terminal and penultimate carbon. The angle between the bilayer normal and this axis is 109.470 

which gives the contribution of the terminal methyl as 3sl;/ (Seelig. 1977). The average 

projected length of the acyl chain then becomes 
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.(2.40) 

Here 10=1.25 A is the length of one carbon-carbon bond in the all-trans state, n is the number of 

carbons in the acyl chain, m is the number of the carbon segment where the hydrocarbon region 

is considered to begin (m=2 for the sn-l chain and m=3 for the sn-2 chain), sf:j/ is the C-2H bond 

order parameter of position I in the acyl chain, and sb;/ the order parameter of the methyl 

segment. The absolute values are used since SeD is negative due geometric considerations. 

The influences of slow motions which modulate the residual ordering left-over from faster 

segmental motions (vide supra), can also be considered. These correspond to whole molecule 

motions of a collective or non-collective nature. One can write the experimentally observed order 

parameters in tenns of the individual order parameters for the fast and slow motions as 

,(2.41) 

in which time-scale separation is implicit. The order parameter S,'ow is taken as identical for all 

chain segments and axial symmetry of the eqUilibrium distribution is assumed. It follows that 

the segmental order parameters S~~) in the expression for <£>, eq 2.40, are replaced by sj~" and 

thus 

.(2.42) 

The above expression yields the effective length of the chain projected along the molecular axis, 

in which the all-trans state is taken as a reference. 

The projection of the chain length averaged over the local fast motions, relative to the 

all-trans state (molecular frame), along the average bilayer normal (director axis) is given by 
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<L>,CUlCOSPMD = <L>,aJ'l(X) where x lEi! COSPMD and PMD is the angle between the long axis of the 

molecule and the director axis. Taking the average over the slow distribution leads to 

.(2.43) 

Knowledge of both the first and second-rank order parameters, <P1>,/uw and <P2>,/uw I!! S,/uw, are 

needed to evaluate <L>. Now only the simplest approximation that the slow motions are 

describable by a rectangular equilibrium orientational distribution function (cone model) (Brown, 

1977) will be considered. Thus, 

f(~) = { ~ PMD~P~D 
PMD> P~D 

,(2.44) 

where PZo is the cutoff for the distribution, viz. the semi-angle of the cone, and fluctuations 

among the various orientations occur rapidly on the NMR time scale. The equilibrium values 

of <.P1>,/(tW and <P2>,/uw can then be obtained using the rectangular distribution of eq 2.44 by 

integrating 

1t f PJ(cosP) e-U(~)/.tTsinPdP 
<P

J
> = ...;O~ ______ _ 

1t 
.(2.45) 

Je .u@)I.tTsinp dP 
o 

Here U(P) is the potential of mean torque, where exp {-U(x)/kT}dx is the probability of a 

particular orientation between x and x+dx, and the argument of the rank-} Legendre polynomial 

on the left is suppressed. This yields that, 
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(PI) = 2..(1 +COS~~D) 
"OW 2 

,(2.46) 

.(2.47) 

Extension to more realistic distribution functions, for which calculation of equilibrium quantities 

in simple closed-fonn may not always be possible, is straightforward. 

Hence, given an estimated value of <1'2>,'ow' the corresponding singlet distribution 

function is completely defmed in tenns of the parameter ~~D' which is the maximum semi-angle 

of the cone describing the orientational fluctuations of the molecule with respect to the director. 

Knowing the value of ~~D' one can then detennine <1'1>"OW using eq 2.46, and hence the 

equilibrium projected length <1>. The calculation entails first estimating the values of sj~ from 

the profile of the observed order parameter S~b) as a function of the chain segment index i, 

together with the assumed value of <P2>,'ow = S,'ow' and then obtaining <L>/an according to eq 

2.42. The average length projected along the average bilayer normal <L> is then given in tenns 

of <L>/an and <P1>"0III by eq 2.43. As will be shown in Chapter 4, using SIan instead of SbbJ leads 

to an increase in the length of the acyl chain, however the contribution from <1'1>"0lIl decreases 

the length by about the same amount. Therefore the use of eq 2.40 is equivalent to considering 

both the contributions of the fast and slow motions separately. 

Since the first moment is related to the average order parameter by eq 2.31, one can 

modify eq 2.40 to calculate the average projected lengths from the first half-moment, MI' To do 

this eq 2.31 needs to be divided into the contributions from methylenes and the terminal methyl 

n-l( J ( J II!:!! M _ ~ 2 M(i) 3 M(II) 
I-L., 1+ 1 

1=1 2nCH• + 3 2nCH• +3 

where MI (I) is the first moment of the individual methylene segments and M 1 (n) is the first moment 
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of the tenninal methyl group. The coefficients for M/J) and M1(n) represent the number fmction 

of deuterons and tlcH2 is the number of methylene segments in the acyl chain. From eq 2.31 

.(2.49) 

Substitution into eq 2.40 yields 

<L> = I[n -m + 1 + {f [~Mfll + 3Mfll)J] 
2 1tX l<n 

.(2.50) 

Eq 2.50 needs to be express in tenns of the obselVed first moment, eq. 2.48, therefore eq. 2.50 

is rewritten as 

<L> = I[n - m + 1 + {f [1: M~I) + ~M~II) + ~Mfll)J] .(2.51) 
2 1tX i<n 2 2 

Now substitution of Ml using eq 2.48 yields 

<L> = I[n - m + 1 + {3 (2nCH + 3)M
1 

+ 3M~II»)] ,(2.52) 
2 21tX • 

and from Davis (1979) 

M (II) - 41t ~V(II) 
1 - _u 12 

3{3 
.(2.53) 

For lipid acyl chains nCH2 = n, - 1 where n, is the number of segments in the acyl chain 

(equivalent to the number of methylenes plus the methyl group). From Salmon et al. (1987) n, 

= n - m + 1 (vida supra) and therefore 2nCH2 - 3 = 2n, + 1 = 2n - 2m + 3. Substituting of this and 
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eq. 2.53 into eq 2.52 yields 

<L> = I {( n-m+l) -2..[..rr (2n-2m+3) M +28V(n)]} 
o 2 X 21t 1 Q 

.(2.54) 

Thus, by simply 'measuring the first moment, MI , together with the terminal methyl splitting, 

8V~fI), one can calculate the aye rage chain length <L> directly. For an all-trans rotating chain 

the order parameter is -1/2 and both eqs 2.40 and 2.54 reduce to <.l:> = (n-m+l)/o. Both eqs 

2.40 and 2.54 assume an axially symmeUic static electric field gradient tensor. 

An estimate of the average cross-sectional area for the acyl chain can be made from the 

effective chain length <L> as described by Salmon et al. (1987) This can be done assuming that 

the acyl chain occupies a volume defined by a cylinder of length <.l:> and cross-sectional area 

<A>. The average area is defined as 

,(2.55) 

in which Vehoi,. is the volume of the fatty acyl chain determined by using the volume of a 

methylene segment (VCH2) for saturated phosphatidylcholines (Nagle and Wilkinson, 1978). The 

volume for the acyl chain is 

,(2.56) 

where VCHJ == 2VCH2 (Nagle and Wiener, 1988) and nCH2 equals the number of methylene 

segments. 

Finally, the temperature dependence of <.l:> and <A> yields estimates of the coefficients 

of thermal expansion in the hydrocarbon region. The bulk thennal expansion coefficient is 
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a '" 2.(av) 
v df p 

.(2.57) 

Since V = <.4>/<./.>, one can write that the total differential is given by 

dV = <.4> d<L> + <./.> d<A> .(2.58) 

Combining eqs 2.57 and 2.58 yields 

a 1 (a<L» 1 (a<A» 
'" <./.> -;rr- p + <.4> --;rr- p 

.(2.59) 

The bulk thermal expansion coefficient can then be divided into thermal expansion coefficients 

in the parallel and perpendicular directions 

a 1 [a<L> 1 raIn<./.> 1 11= <L> -;rr- =[ aT 

a e _1 ra<.4> 1 = raIn<.4> 1 
l. <.4> L-;rr- L aT 

,(2.60) 

.(2.61) 

It follows that the slope of a plot of In<L> versus temperature will yield all and likewise al. 

can be obtained from a plot of In<A> versus temperature. If one assumes that the change in 

volume with respect with temperature is negligible to a first approximation, then all and a.l 

will be equal but opposite in sign. 

Deuterium NMR Relaxation. The quadrupolar Hamiltonian given in eq. 2.3 can be 

rewritten in terms of the irreducible tensor representations of the spin angular momentum 

operator, T -III' and the electric field gradient. EOP, at the nuclear site, Rm (Spiess. 1978) 

2 
H eQ ~ ( l)m TO.) Ro.) 

Q = 21(21- 1)11 ~ - -m m 
,(2.62) 

where eQ and J are the quadrupolar moment and spin of a deuterium atom respectively. 
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Molecular motion in a system can cause time dependent fluxuations in this Hamiltonian and lead 

to relaxtion observed in 2H NMR (Abragam, 1961). For quadrupolar interaction the orientation 

of the EOF tensor changes and not the angular momentum operators and therefore eq. 2.62 can 

be written as 

H (t) = eQ ~ (-I)mT Cl){R Cl)(t) -(R Cl»} 
Q 21(21- 1)'1'1 6 -m m m 

,(2.63) 

which is the fluxuating part of the Hamiltonian. A correlation function 

,(2.64) 

describes the correlation of the orientation of the EFO tensor at a time t with the same at a time 

t + t later. In eq 2.64 V~2,O) is given in eq 2.9 and nPL are generalized Euler angles that describe 

the rotation of the molecular fixed axis system to the laboratory frame (Seelig, 1977). A 

particular motion will have a characteristic correlation function. Therefore if one knows the 

motion a correlation function can be derived and visa versa. For correspondence to relaxation 

measurements, the Fourier transforms of the correlation functions Gm('C) are the spectral densities 

of motions 'm(mroo) (Abragam, 1961; Spiess, 1978); 

-
'm(mroo) = J Gm(t)e-'mwo'rd'C ,(2.65) 

where roo is the Larmor frequency. The spectral densities are directly related to the 2H NMR 

relaxation rates (Spiess, 1978) 
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(2.66) 

.(2.68) 

Therefore by measuring R IZ and RIQ the spectral densities J1(roo) and J2(2roo) can be detennined. 

Furthennore it is typically assumed that R2 is dominated by very slow motions so that Jo(O) 

dominates and J1(CJlo} and J2(2ooo) can be ignored. 

2.3 General 31p Nuclear Magnetic Resonance Theory. 

Phosphorus-31 elp) nuclei have 1=1/2 and therefore they have no quadrupolar 

interactions. The only tensor interactions which influence 31p NMR spectra are anisotropic 

chemical shift and dipolar interactions. The dipolar interactions are eliminated by using proton 

decoupling so that only the chemical shift anisotropy remains. For a rigid phosphodiester such 

as found in membrane lipids. the chemical shift tensor depends on the orientation of the group 

with respect to the main magnetic field (Seelig and Browning. 1978). This orientational 

dependence can be described by the same equations as for quadrupolar spectra (Bloom. 1988). 

Eq 2.17 holds for 31p NMR spectra if the quadrupolar interaction constant. ;qQlh. is replaced 

by the chemical shift coupling constant Since the motions of the phosphate group in 

phospholipids are axially symmetric with respect to the director axis. 110' the asymmetry 

parameter can be assumed to be zero as is the case for 2H NMR spectra. A planar bilayer with 

the director axis parallel to the magnetic field would yield a single line with a chemical shift 

proportional to the chemical shift coupling constant. Since this orientation has the lowest 
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a) La phase 

40 20 o -20 -40 

b) Hn phase 

40 20 o -20 -40 

chemical shift / ppm 

Figure 2.7. Representative 31p NMR. powder-type spectra for the (a) lamellar liquid-crystalline 
(LJ and (b) reversed hexagonal (Hu) phases. The factor of 2 difference in the width of the 
spectra is observed due to the different geometries of the phases and, as opposed to 2H NMR. 
spectra, the factor of -1 is observed. 
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chemical shift anisotropy, rotating the POa plane would cause the resonance to move to higher 

fields. As for 2H NMR, a random dispersion of these planar bilayers would exhibit a resonance 

at every position yielding a powder pattern (cf. Figure 2.7a). The perpendicular orientation of 

the director axis with respect to the main magnetic field would have the most intensity due to 

ahigh population. Likewise the parallel orientation would have the lowest intensity. When the 

phase is not a bilayer but instead a hexagonal phase there is an additional axis of motional 

averaging which is perpendicular to the director axis. TIlls rotation, in analogy to eq 2.25, causes 

the observed spectra to be reduced by a factor of -1/2 as shown in Figure 2.7b. Note that the 

chemical shift has changed sign. 

2.4 Nuclear Magnetic Resonance Spectroscopy 

Deuterium NMR experiments were perfonned at a magnetic field strength of 7.06 tesla 

( 2H frequency of 46.1 MHz ) on a General Electric GN-300 spectrometer and on a GN-500 of 

magnetic field strength 11.7 tesla fH frequency of 76.8 MHz) Both instruments utilized a 

home-built, high-power horizonal solenoid probe, an external digitizer (Nicolet 2090 digital 

oscilloscope), and a tuned high-power radio frequency amplifier (Henry Radio Tempo 2006-A). 

An eight step phase-cycled quadrupolar echo pulse sequence, 

,(2.69) 

was used to obtain quadrupolar 2H NMR spectrum (Davis et al., 1976; Bloom et al., 1980). 

Typical 7t/2 pulse widths were 1.8 - 2.3 JIs for experiments at 46.1 MHz, and 3.0 - 3.4 JIs at 76.8 

MHz. Delay times 't1 and ~ were 30 - 40 JIs. Care was taken to start the fourier transfonnation 

of the free induction decay signal at the top of the echo fonned by this sequence (Davis, 1983). 

For temperature studies free induction decays were taken in both increasing and decreasing 
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temperature order and the samples were allowed to equilibrate at each temperature for 

approximately 30 min prior to data acquisition. 

Spin-lattice relaxation times were acquired using a standard 32 pulse phase-cycled 

inversion recovery pulse sequence (VoId and Bodenhausen, 1980) 

7t • 
- - t2 - aqUlre 
29i90 

.(2.70) 

No composite 7t pulse was used as is sometimes the practice in 2H NMR. The use of a 

composite pulse sequence was tested and did not effect the results. Relaxation experiments were 

obtained using a pulse spacing of 30 )Is, a dwell time of 7 )Is, and a recycle delay of 800 ms. 

Quadrupolar order relaxation results were obtained using a composite broadband pulse sequence 

(Wimperis, 1990), 

~ - 2t - 31t - 2t - ~ - t - ~ - tl - ~ - t I - ~ - t2 - aquire 
2 8 4 4 4 2 

.(2.71) 

The spin-spin relaxation measurements were obtained using the quadrupolar echo pulse sequence 

given above (eq 2.69) where the time between the two pulses, tIl was varied from 40)Is to 1 s. 

All spectra were Fourier transfonned using both quadrature channels taking care to 

initiate the transfonn from the top of the echo. Moment analyses and de-Paking were carried out 

on a )IVax II computer using modified version of the programs of Stemio et at (1983) and 

Bloom et al. (1981). 

The 31p NMR spectra were obtained with a General Electric (Freemont, CA) GN-500 

spectrometer operating at 202 MHz or a General Electric GN-300 operating at 122 MHz. A 

phase-cycled Hahn echo sequence (Rance and Byrd, 1983), 
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(2.72) 

was used to acquire the data. Inverse gated. high-power proton-decoupling was applied during 

the acquisition. The echo time was 40 JlS. spectral width 40 kHz, pulse length 22 JlS (000). and 

relaxation delay 1 s. For a typical spectrum 500 to 2000 scans were accumulated. and an 

exponential multiplication corresponding to 100 Hz line broadening in the frequency domain was 

applied before Fourier transfonnation. 

Mcaszucment of Spin-lattice. Spin-Spin and Quadnlpolar Order Relaxation RaJes. The 

relaxation rates were by plotting the intensity obtained for each of resolved peaks in the de-Paked 

spectra versus '[U and using a non-linear regression fit to the recovery curves (Leipen and 

Marquardt. 1976) 

S(r)=S(oo)-[S(oo)-S(O)]expI -Rlz'] .(2.73) 

Set) = S(oo) + S(O)exp[ -RIQ,] .(2.74) 

Set) = S(oo) + S(O)exp[ -RlIit] (2.75) 

for spin-lattice relaxation. RJZo quadrupolar order relaxation. RJQ• and spin-spin relaxation. R2£t 

respectively. The de-Paking algorithm assumes that the 2H NMR powder type spectra are axially 

symmetric and scale as P2(cos8). where 8 is the angle between the bilayer nonnal and the static 

magnetic field direction (Stemin et al.. 1983). In principle. orientational anisotropy of the 

relaxation rates would lead to changes in the line shape as a function of the variable delay time 

in both the spin-lattice and quadrupolar relaxation experimerus. If this were the case. 

assumptions made in applying the de-Paking procedure would no longer be correcL However. 

it has been shown that fast reorientational averaging occurs on the time scale of the relaxation 
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experiments in phospholipids such as 1.2-dipalmitoyl-sn-glycero-3-phosphocholin, DPPC (Brown 

and Davis, 1981). 'This motional averaging removes the orientational anisotropy resulting in 

axially symmetric powder type spectra that are invariant to the variable delay time. In the present 

analysis we have assumed that a similar situation exist for all multi-lamellar dispersion of 

phosphatidylcholines and phosphatidylethanoIamines. One exception the presence of cholesterol 

which causes this assumption to be invalid (Siminovitch et aI., 1985). It should be noted that 

while the de-Paked subspectra correspond to a 9=0" bilayer normal orientation, the determined 

relaxation rates are an average of all orientations. 

2.5 Lineshape analysis 

The 2H NMR lineshape simulations were run on a MicroVax n computer using the 

program MXQET (Greenfield et aI., 1987), which allows for multi-site, multi-axis motional 

models. All of the simulations shown were obtained using a single axis (6-site jump) 

corresponding to diffusion about the long axis of the molecule. In addition the effect of a 

wobbling of the entire model was considered by adding a 3-site jump axis on top of the original 

axis. 'This model did not accurately predict the observed lineshapes. For all simulations an 

effective quadrupolar coupling constant had to be used. This is probably due to a preaveraging 

of the EFG tensor prior to the rotation of the long axis. Therefore also considered was a 3-site 

axis prior to the 6 site axis which preaveraged the quadrupolar coupling constant 'This model 

also did not accurately predicted the observed experimentallineshapes. For all models the 2H 

NMR spectra of the methylene segments and the methyl groups were calculated separately. Each 

spectra was calculated as a single powder pattern, scaled by the relative number of deuterons, and 

added together to yield the simulated powder patterns. In most causes relatively high line 

broadening was used which more than likely reflects that the experimental spectra are made up 



S3 

of numerous overlapping powder patterns. The experimental 2H NMR spectra were fit by 

adjusting the jump rate between the sites, the effective quadrupolar coupling constant, and the 

degree of Lorentzian or Gaussian linebroadeoing. The jump rate (~..,,) is related to the rate of 

axial diffusion (DR) by DR = kjll1fJJ~112, where ~J is the angle between the sites which is 600 for 

the 6-site jump and 1200 for a 3-site jump (Luz, 1987). Once the methylene portion of the 

spectra where fit the methyl powder patterns were fit seperately and then added to the methylene 

powder pattern taking into account the distribution of deuterons. Printouts of the input files for 

the models considered showing examples of the parameters used are given in Figures 2.8-2.10. 

Seperate FORTRAN programs where written to transfer the data from the simulation program 

to NMRI. 
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DO MATRIX TESTS? ->n 
# SPECI'RA TO BE CALCULATED -> 1 
OUTPUT FILE ( NO EXT. ) ->DPPE009.ftd 
OUTPUT FILE ( NO EXT. ) ->DPPEOO9.spc 
OUTPUT FILE ( NO EXT. ) ->DPPEOO9.inf 
# OF AXES ->1 
PARAMETERS FOR AXIS 1: 
# EXCHANGE SITES -> 6 
SITE 1: THETA -> 90.0000 PHI -> 0.0000 RHO -> 0.0000 
SITE 2: THETA -> 90.0000 PHI -> 60.0000 RHO ~> 0.0000 
SITE 3: THETA -> 90.0000 PHI ->120.0000 RHO -> 0.0000 
SITE 4: THETA -> 90.0000 PHI ->180.0000 RHO -> 0.0000 
SITE 5: THETA -> 90.0000 PHI ->240.0000 RHO -> 0.0000 
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SITE 6: THETA -> 90.0000 PHI ->300.0000 RHO -> 0.0000 
MODEL: ALL SITES EXCHANGE=I, NEAREST NEIGHBOR=2, 
OTHER=3 ->2 
EXCHANGE RATE (l/sec) -> 1.20000E+07 
EQUAL A PRIORI PROBABILITIES? ->y 
SITE SYMMETRY (Cn), n-> 1 
90 DEGREE PULSE LENGTH (us) -> 1.9500 
COMPOSITE PULSE? ->n 
PULSE SPACING (us) -> 30.0000 
SPECTRAL WIDTH (kHz) ->250.0000 
# POWDER INCREMENTS ->105 
# POINTS OF FID CALCULATED -> 300 
# REAL POINTS IN SPECTRUM ->1024 
QCC (kHz) ->144.0000 
STATIC ASYMMETRY PARAMETER -> 0.0000 
LORENTZIAN BROADENING (kHz) -> 7.0000 
GAUSSIAN BROADENING (kHz) -> 1.0000 
CALCULATE VIRTUAL FlO? ->n 
SPECIAL SCALING FACTOR? ->y SCALING FACTOR -> 100 

Figure 2.S. Example of the input parameters for the lineshape simulation program NMQET used 
in this work. TIlis example is for only one axis however many axes can be included. The most 
commonly adjusted parameters were the exbange rate, QCC (which is the effective quadrupolar 
coupling constant), and the Lorentzian and Gaussian broadening. 
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DO MA TRlX TEST -> n 
# SPECI'RA TO BE CALCULA TED-> 1 
OUTPUT FlLE(NO EXT.)-> wldppcl1.fid 
OUTPUT FlLE(NO EXT.)-> wldppcl1.spc 
OUTPUT FILE(NO EXT.)-> wldppcl1.inf 
# OFAXIS->2 
PARAMETERS FOR AXIS 1: 
# EXCHANGE SITES-> 3 
SITE 1: THETA-> 12.0000 PHI-> 0.0000 RHO-> 0.0000 
SITE 2: THETA-> 12.0000 PHI-> 120.0000 RHO-> 0.0000 
SITE 3: THETA-> 12.0000 PHI-> 240.0000 RHO-> 0.0000 
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MODEL: ALL SITES EXCHANGE=I,NEAREST NEIGHBOR=2,OTHER=3 
-> 2 
HARD COLLISION MODEL-> n 
EXCHANGE RA TE(1/SEC)-> 1.2000000000E+09 
EQUAL A PRIORI PROB.? -> Y 
PARAMETERS FOR AXIS 2: 
# EXCHANGE SITES-> 6 
SITE 1: THETA-> 90.0000 PHI-> 0.0000 RHO-> 0.0000 
SITE 2: THETA-> 90.0000 PHI-> 60.0000 RHO-> 0.0000 
SITE 3: THETA-> 90.0000 PHI-> 120.0000 RHO-> 0.0000 
SITE 4: THETA-> 90.0000 PHI-> 180.0000 RHO-> 0.0000 
SITE 5: THET A-> 90.0000 PHI-> 240.0000 RHO-> 0.0000 
SITE 6: THETA-> 90.0000 PHI-> 300.0000 RHO-> 0.0000 
MODEL: ALL SITES EXCHANGE=I,NEAREST NEIGHBOR=2,OTHER=3 
-> 2 
EXCHANGE RATE(1/SEC)-> 5.2oooo00000E+06 
EQUAL A PRIORI PROB.? -> Y 
SITE SYMMETRY (Cn)N-> 1 
90 DEGREE PULSE LENGTH(us)-> 6.0000 
COMPOSITE PULSE-> n 
PULSE SPACING(us)-> 40.0000 
SPECTRAL WIDTH(kHz)-> 150.0000 
#OF POWDER INCREMENTS105 
#POINTS OF FlD CALCULA TED-> 300 
# REAL POINTS IN SPECTRUM->1024 
QCC(kHz)-> 170.00000 
STATIC ASYMMETRY PARAMETER-> 0.0000 
LORENTIAN BROADENING(kHZ)-> 5.0000 
GAUSSIAN BROADENING(kHz)-> 1.0000 
CALCULATE VIRTUAL FIO-> Y 
SPECIAL SCALING -> Y SCALING FACTOR -> 100.0000 

Figure 2.9. Example of the input parameters for the lineshape simulation program NMQET used 
in this work. This example is for a 3-site axis superimposed on a site 6-site axis. 
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Ih. 

DO MATRIX TEST -> n 
# SPECfRA TO BE CALCULATED-> 1 
OUTPUT FILE(NO EXT.)-> lysowOO2.fid 
OUTPUT FILE (NO EXT.)-> lysowOO2.spc 
OUTPUT FILE(NO EXT.)-> lysowOO2.inf 
# OFAXIS->2 
PARAMETERS FOR AXIS 1: 
# EXCHANGE SITES-> 6 
SITE 1: THETA-> 90.0000 PHI-> 0.0000 RHO-> 0.0000 
SITE 2: THETA-> 90.0000 PHI-> 60.0000 RHO-> 0.0000 
SITE 3: THETA-> 90.0000 PHI-> 120.0000 RHO-> 0.0000 
SITE 4: THETA-> 90.0000 PHI-> 180.0000 RHO-> 0.0000 
SITE 5: THETA-> 90.0000 PHI-> 240.0000 RHO-> 0.0000 
SITE 6: THETA-> 90.0000 PHI-> 300.0000 RHO-> 0.0000 
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MODEL: ALL SITES EXCHANGE=1,NEAREST NEIGHBOR=2.0THER=3 
-> 2 
HARD COLLISION MODEL-> n 
EXCHANGE RATE(lISEC)-> 1.2000000000E+09 
EQUAL A PRIORI PROB.? -> Y 
PARAMETERS FOR AXIS 2: 
# EXCHANGE SITES-> 3 
SITE 1: THETA-> 12.0000 PHI-> 0.0000 RHO-> 0.0000 
SITE 2: THETA-> 12.0000 PHI-> 120.0000 RHO-> 0.0000 
SITE 3: THETA-> 12.0000 PHI-> 240.0000 RHO-> 0.0000 
MODEL: ALL SITES EXCHANGE=l.NEAREST NEIGHBOR=2.0THER=3 
-> 2 
EXCHANGE RATE(lISEC)-> l.oo00000000E+09 
EQUAL A PRIORI PROB.? -> Y 
SITE SYMMETRY (Cn)N-> 1 
90 DEGREE PULSE LENGTH(us)-> 6.0000 
COMPOSITE PULSE-> n 
PULSE SPACING(us)-> 40.0000 
SPECTRAL WIDTH(kHz)-> 150.0000 
#OF POWDER INCREMENTS 105 
#POINTS OF FID CALCULA TED-> 300 
# REAL POINTS IN SPECTRUM->1024 
QCC(kHz)-> 170.0000 
STATIC ASYMMETRY PARAMETER-> 0.0000 
LORENTIAN BROADENING(kHZ)-> 5.0000 
GAUSSIAN BROADENING(kHz)-> 1.0000 
CALCULATE VIRTUAL FIO-> Y 
SPECIAL SCALING -> Y SCALING FACTOR -> 100.0000 

Figure 2.10. Example of the input parameters for the lineshape simulation program NMQET used 
in this work. This example is for a 6-site axis superimposed on a site 3-site axis. 



Chapter 3 

Synthesis of Deuterium Labeled Phospholipids 

3.1 Introduction 

All of the deutemted lipids used in this work were synthesized using various synthetic 

methods found in the literature. All of the methods start with a backbone derived from a natuml 

product and therefore were partial rather than total syntheses. The major starting material for the 

deutemted lipids were the perdeutemted fatty acids which were prepared by the exchange of 

hydrogen by deuterium using a palladium catalyst and deuterium gas generated by electrolysis 

of 2H20. In general the synthesis of a phosphatidylcholine consisted of acylation of the CdCl3 

salt of glycerophosphocholine (OPC) with an activated fatty acid. This procedure yielded 

symmetric phosphatidylcholines where the acyl chains are of the same identity. This product 

could be converted to lysophosphatidylcholine using the enzyme phospholipase A2 to specifically 

cleave the sn-2 chain from the phosphatidylcholine. A second acylation with 

lysophosphatidylcholine as the starting material yielded asymmetric phosphatidylcholines where 

the chain at the sn-l position differs from that at the sn-2 position. Furthennore 

phosphatidylethanolamines could be derived from the appropriate phosphatidylcholine in the 

presence of phospholipase D and ethanolamine. These procedures were applied to synthesize 

both deuterated and protiated phospholipids. However at times the synthesis of protiated lipids 

was augmented by purchases from A vanti Polar Lipids (Alabaster, AL). The detailed procedure 

for all synthetic procedures used are given below. 

3.2 Preparation of Perdeuterated Fatty Acids 

The synthesis of perdeutemted fatty acids was accomplished according to modifications 
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of the method of Hsiao et al. (1974) as described by Dodd (1987). In general the procedure 

involves the exchange of hydrogen by deuterium using a palladium catalyst and deuterium gas 

generated by electrolysis of zHzO. The procedure works well for saturated even carbon fatty 

acids ranging from lauric (12 carbons) to arachidic acid (20 carbons). The detailed procedure 

is given below. 

All glassware must be dried overnight in an oven (>100 0c) and cooled under argon gas 

since the presence of water will disrupt the reaction. The fatty acids were perdeuterated in 

reaction vessels which were connected in series. For the most part two flasks were used each 

containing the same fatty acid, however on certain occasions as many as four different fatty acids 

were perdeuterated at a time making sure to place them in order of increasing volatility. The 

fatty acids to be used were placed in separate containers under high vacuum for 2 days. After 

the fatty acids were dried, 5 g 10% Palladium/charcoal catalyst (Aldrich, Milwaulkee, WI) was 

added to each container and the powders were mixed with a stirring rod. The fatty acid plus 

catalyst was then transfered to the reaction flask containing a stir bar. Care was taken to pack 

the material down so it is below the side ann of the reaction flask. 

The deuteration apparatus consists of two or more reaction flasks in line separated by dry 

ice acetone traps. Each flask was heated on a hotplate/stirrer in fisher wax (Fisher Scientific, Fair 

Plain, NJ). Furthennore a water condenser was placed on top of each flask. To start the reaction 

the system was set up as above with the flask out of the wax and all connections were sealed 

with teflon tape and parafilm. The flow of gas starts at the side of the reaction flask goes out 

the top to the next reaction flask and finally the gas is vented to a fume hood. The system was 

flushed with argon for 15 min until ready to start the gas flow. The wax baths were heated to 

190 °C, the mixture lowered into the baths, and stirred vigorously. An Aadco model 1150 

hydrogen generator was used with the return line set up so that it was not exposed directly to air. 
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For each reaction 200 m1 of 2HzO was poured into the reservoir, the main valve shut off, and the 

genemtor was turned on. After reaching working pressure the outlet line was hooked up to the 

flask system and the main valve opened. The flow of 2Hz gas was adjusted on the hydrogen 

genemtor so that approximately 1 bubble per second escaped through a pasteur pipette at the end 

of the line. 

After 2-3 days the gas was shut off and a small amount (one drop) from each flask was 

placed in separate screw cap vials. The flasks were resealed, flushed with argon, and removed 

from the wax bath. The vessels can sit for several days like this. To determine the progress of 

the reaction 1 m1 of BCI3-MeOH (Supplico, Inc., Bellefonte, PA) was added to each vial and 

warmed at 80°C in a water bath for one hour. The tubes were cooled to room temperature and 

1 ml of distilled water was added along with 2 ml of reagent grade :~exanes. This was 

centrifuged for 2-3 min on a table top centrifuge and the hexanes on the top layer were removed 

making sure not to get any charcoal which forms a layer in between the hexanes and water. The 

hexanes were evaporated under a stream of argon and the residue was taken for gas-liquid 

chromatography/mass spectrometry analysis. The preferred solvent for mass spectrometry was 

methylene chloride and chemical ionization was used. The spectm were analyzed for the amount 

of alkanes present (should be a smaller peak before the fatty acid peak in gas chromatograph) and 

for the amount of deuteration. The amount of deuteration was estimated by the molecular weight 

of the major peak. If the incorporation of deuterium was less than 95% and the amount of 

alkanes was low «20%), the reaction was restarted by reheating the flasks and allowing gas to 

pass through as above. At no time was more than four days needed to complete the reaction. 

When reaction was shown to be complete, the fatty acid was dissolved in approximately 

200 ml of boiling 95% ethanol and was filtered while still hot. The catalyst was rinsed several 

times with ethanol but care was taken not to overly dry the catalyst because it will catch on fire 
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if dried too much. The ethanol was then evaporated off and dried to yield the pure perdeuterated 

fatty acid. A yield of 95-100% was obtained in almost all cases except those involving the 

fonnation of alkanes. 

If the samples were heated to much or not stirred properly, decarboxylation of the fatty 

acid occured yielding the corresponding alkane. To avoid this care was taken not to exceed 190 

°C and to use a stir bar which covered the entire bottom of the reaction flask. The alkanes were 

removed by dissolving the fatty acid in 100 mI100% ethanol and adding an equivalent amount 

of KOH in 75 ml 100% ethanol. This mixture was allowed to sit overnight and was then filtered 

to remove the potassium-fatty acid. This procedure was also used to synthesize acyl chain 

perdeuterated potassium soaps used in the experiments. To reclaim the acid the potassium soap 

was dissolved in 95% ethanol and distilled water was added to help solubilize the solid. The pH 

was adjust to pH=1 with concentrated HCI and then the solution was extracted with hexanes. 

The upper layer of hexanes were removed and flash evaporated yielding the pure fatty acid 

without contamination from alkanes. 

3.3 Preparation of Glycerophosphocholine Cadmium Chloride 

The synthesis of all of the phospholipids used whether they be deuterated or protonated 

were partial rather than total syntheses as noted above. The basic starting material is the glycerol 

backbone which was obtained from egg yolk phosphatidylcholines as described by Jensen and 

Pitas (1976). This involves extracting egg yolk phosphatidylcholine from dried egg yolk, 

cleaving the acyl chains, and making the cadmium chloride salt of the glycerophosphocholine 

(OPC). The detailed procedure used is given as follows. 

Dried chicken yolks (500 g, Sigma, St. Louis, MO) were dissolved in 750 ml distilled 

water and 500 ml reagent grade methanol using mild heat (35°C) to help dissolve the solid. 
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This mixture was poured into three 2-L separatory funnels and extracted with 200 ml CH03• 

The lower layer was removed and the upper layer was re-extracted twice with 200 ml CH03• 

All the CH03 layers were pooled and filtered by gravity filtration. This solution was flash 

evaporated to a thick reddish-orange syrup and divided equally into six 2-L beakers. To each 

beaker 600 ml acetone was added, the solutions were stirred vigorously, covered with aluminum 

foil, and stored 18 hours in the freezer (-20°C). The precipitate was collected via Buchner 

fIltration and dissolved in a small amount CHCI3• This precipitation with acetone was canied 

out three times as above. After last precipitation the residue was dissolved in 900 ml reagent 

grade diethyl ether. 

The next step requires a 25% solution of tetra-n-butylammonium hydroxide. This can 

either be purchased (Aldrich, Fair Plains, NJ) or it can be prepared in the lab. To prepare 25% 

solution of tetra-n-butylammonium hydroxide, 40 g of tetra-n-butylammonium iodide and 90 ml 

MeOH are combined in a lOOO-ml erlenmeyer flask which is wrapped entirely in aluminum foil. 

To this 20 g silver oxide was added, flushed with nitrogen, and stirred at room temperature for 

two hours. The crystals were filtered out by Buchner fIltration and washed with one 20-ml 

portion of methanol. This filtrate contained the 25% tetra-n-butylammonium hydroxide. 

The precipitate from the acetone precipitations which was dissolved in 900 ml reagent 

grade diethyl ether, stirred rapidly, and 110 ml of 25% tetra-n-butylammonium hydroxide was 

added which caused the solution to become milky white. After stining for 5 min the solution 

was left at room temperature overnight The next day the supernatant was carefully removed by 

hand aspiration and the precipitate was washed several times with a total volume of 180 ml cold 

(0 0c) reagent grade diethyl ether. This was then dissolved in 250 ml boiling absolute ethanol 

and filtered while still hot To this filtrate 500 ml diethyl ether was added and the solution 

placed in the freezer (-20°C) overnight. The supernatant was decanted and the precipitate 
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collected by Buchner filtration. The precipitAte was dissolved in 80 ml boiling distilled water 

and 16.5 g Cd~"'2.SH20 (Morton Thiokol, Inc., Danvers, MA) dissolved in 30 ml distilled water 

was added. Extreme care must be taken when using any compound containing cadmium since 

it is thought to cause cancer. This solution was brought to gentle boil and filtered while still hot 

through Whatman #1 filter paper. While still warm, 500 ml absolute ethanol was added to 

precipitate the GPC-CdCI2 complex. This solution was placed in the refrigerator (0 0c) overnight 

and the precipitate was collected by Buchner filtration and dried under high vacuum. This 

procedure yielded approximately 30-32 g of glycerophosphocholine cadmium chloride complex 

which can be stored tightly capped on the shelf. 

3.4 Preparation of Fatty Acid Anhydrides 

The procedures for acylation of a fatty acid to the glycerophosphocholine require the 

activation of the carboxyl group of the fatty acid. Both acylation methods described below use 

the fatty acid anhydride as the activated compound although the second method described does 

not create the anhydride in a separate step. Furthermore another method for acylation which was 

used very sparingly uses the fatty acid imidazole but will not be described here and the reader 

is referred to Dodd (1987) for the details. The procedure for preparing the anhydride is described 

in detail below and is based on the procedure of Jensen and Pitas (1976). This procedure works 

for both deuterated and protonated fatty acids as well as unsaturated fatty acids although when 

using the latter all reactions must be carried out under an inert atmosphere and without UV light. 

Fatty acid was dissolved in 10 ml reagent grade CCl4 per gram fatty acid with mild 

heating and added to a separatory funnel (250-ml should be large enough). To this solution 0.55 

moles dicyclohexylcarbodiimide (DCCI) dissolved in -30 ml CC~ per mole fatty acid was added. 

Care was taken in the handling of the DCCI to avoid contact with skin because it is an irritant. 
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If the fatty acid was polyunsaturated the reaction was carried out under an argon or nitrogen 

atmosphere and in the presence of 1 crystal of butylated hydroxytoluene. This mixture was 

shaken vigorously for five minutes then let stand overnight with occasional shaking during the 

first few hours. The final solution was clear with a milky white layer on top. The lower layer 

was drained into a round bottom flask and the milky white layer was gravity filtered through a 

whatman #1 filter paper into ~ame the flask. This was washed 3 times with 20 ml reagent grade 

C~. This was flash evaporated and then dried under high vacuum to yield the pure anhydride. 

The yield was usually greater than 90% although unsaturated lipids tended to have slightly lower 

yields. The anhydrides were stored in tightly sealed bottles on the shelf or in a refrigerator. 

3.5 Preparation of Symmetric Phosphatidylchollnes 

The preparation of symmetric phosphatidylcholines was accomplished using two methods. 

One method involving the fatty acid imidazole (Hennetter and Paltauf, 1981) was used only 

sparingly and will not be described here; the reader is referred to Dodd (1987) for details. The 

method of choice is based on the procedure of Mason et al. (1981) and described by Dodd 

(1987). This procedure involves combining the GPC-CdCI2 adduct and the fatty acid anhydride 

in the presence of 4-pyrrolidinopyridine as a catalyst. The details are given as follows. 

The GPC-Cda2 adduct and fatty acid anhydride were dried under high vacuum at room 

temperature for 2-3 days. Since water would quench the reaction all glassware used was dried 

in an oven and cooled under argon. Furthennore 400 ml reagent grade CHCl3 was extracted with 

an equal portion of distilled water, stirred over CaCl2 for 2 days, refluxed, and distilled under dry 

nitrogen from anhydrous P20 S immediately prior to use. Glass beads (3-5 mm) were washed with 

concentrated HCI overnight then rinsed with distilled water until the pH = 7. These beads were 

oven dried overnight along with the rest of the glassware. The 4-pyrrolidinopyridine was 
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prepared by recrystallizing it from hexanes and then drying overnight under high vacuum. 

The OPC-CdCI2 was added to a 250-ml round bottom flask and flushed with dry nitrogen. 

To this the purified 4-pyrrolidinopyridine was added to give a ratio of 1.5:1 catalyst:OPC. This 

was again flushed with nitrogen and 15-20 ml of toluene was added to mix the reagents. The 

solvent was removed by flash evaporation and the addition and evaporation was repeated 3 times. 

When the mixture was a fme powder it was dried under high vacuum overnight. The fatty acid 

anhydride (2 moles for every mole of OPC) in 160 ml dry CHCI3 was added along with a teflon 

spin bar and 10-15 ml of glass beads. The flask was flushed with dry argon then sealed with 

teflon tape and parafilrn, and covered with aluminum foil. The flask was placed in oil bath (35-

40°C) and stirred vigorously for 4 days. The progress of the reaction was monitored by thin 

layer chromatography (TLC, solvent 65:35:5 CHCI3:MeOH:H20). The TLC was difficult to 

observe in some cases because the catalyst reacted very heavily with iodine and gave a spot near 

the spot for phosphatidylcholine <Rr == 0.4). However this spot was a darker brown color, 

appeared very rapidly, and slightly above the phosphatidylcholine spot and therefore could be 

distinguished from phosphatidylcholine. At no time was it necessary to run the reaction for more 

than 4 days. 

After 4 days or when the TLC showed the reaction to be complete, the contents of the 

flask were filtered through a Buchner funnel and rinsed with reagent grade CHCl3• This solution 

was flash evaporated to remove the solvent, dissolved in CHCI3:MeOH:H20 (5:4: 1), and 1 gig 

of expected product of each mA-45 and mC-50 ion exchange resins which had been equilibrated 

in 10 ml of solvent was added. This was covered and stirred mildly for 2 hours then the resins 

were filtered and more ion exchange resins were added. After three rounds, tests for the presence 

of cadmium ions with sodium sulfide (gives white precipitate in presence of cadmium) and for 

chloride ions with silver nitrate (gives white precipitate in presence of chloride) were prefonned. 



6S 

The ion exchange treannent was repeated if necessary. 

After the ions were removed, distilled water and CHCl, were added to make the system 

one part H20 and 2 pans CH03:MeOH (2:1). This was transferred to a separatory funnel and 

the lower layer was removed which contained the crude phosphatidylcholine. The upper layer 

was extracted with 2/3 of the original 5:4:1 solvent volume. The lower layers were flash 

evaporated and placed under high vacuum overnight to dry. At this point the crude PC was 

ready to be column purified. 

3.6 Preparation of Asymmetric Phosphatidylcholines 

As with the preparation of symmetric phosphatidylcholines, the synthesis of asymmetric 

phosphatidylcholines stans with a backbone derived from another source. In this case the 

backbone is lysophosphatidylcholine derived from the symmetric phosphatidylcholines as 

prepared above (Section 3.4'5). Furthennore the lysophosphatidylcholine was used in 

experiments on its own as well as being used as a starting material. It was prepared by the 

method of Mason et al. (1981) and involves using phospholipase A2 which specifically cleaves 

the sn-2 chain of the phosphatidylcholine. This product is acylated with the anhydride of another 

fatty acid to yield the assymetric phosphatidylcholine. The procedure used is as follows. 

The diacylphosphatidylcholine was dissolved in excess reagent grade CH03 in a round 

bottom flask and the excess was removed with dry nitrogen. A large excess of reagent grade 

cyclohexane (20 ml/ml CHCI3) was added and frozen in a dry ice isopropanol bath. Then the 

solvent was removed under high vacuum. This yielded a fine powder which was dispersed in 

25 ml 0.1 M EDTA, 0.1 M Tris-HO pH=8.1 and added to a lOO-ml sep funnel. The solution 

was extracted twice with 50-ml portions of CHOJMeOH (2: 1 v:v), the organic layers were saved 

and flash evaporated. The lyophilization using cyclohexane was repeated again to give a fine 
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powder. This powder was dissolved in 100 ml diethyl ether/MeOH/CH03 (85:10:15 v:v:v) in 

a round bottom flask. Meanwhile 185 mg of snake venom from Crotalus adamanteus (Sigma, 

SL Louis, MO) was dissolved in 15 ml of 10 mM Ca~. This snake venom solution was added 

to the phosphatidylcholine in five equal portions over a two-hour period while stirring at room 

temperature. After 3 hours the mixture was placed in a freezer and completeness was checked 

by TLC (solvent CHCllMeOH/HlO 65:35:5 on silica plates). If the reaction was not complete, 

the solution was wanned to room temperature and more snake venom was added. 

When the reaction was complete, the solution was flash evaporated being careful because 

it tended to foam. Portions of cycIohexane were added to remove all water and if foaming was 

a problem the solution was lyophilized. The powder was dried overnight under high vacuum and 

then suspended in 40 ml CHO,JMeOH (2:1) to yield a yellow solution. This solution was 

divided into four 30-ml centrifuge tubes and centrifuged using a Sorvall SS34 rotor for 30 

minutes at 3000 x g. This procedure yielded a pellet which contained the snake venom and was 

deactivated with concentrated HO. The supernatant was removed, flash evaporated, and the paste 

dissolved in 12-15 ml methanol. This was divided into six 30-ml centrifuge tubes and each was 

filled with diethyl ether. The tubes were sealed and placed in freezer (-20°C) for I hour. After 

being centrifuged at 4 °C with the same rotor and conditions as above, the supernatant was 

carefully drawn off and the pellet was dissolved in a small amount of MeOH and more ether was 

added to each tube. The precipitation was repeated three times or until TLC showed that no fatty 

acid was present This procedure gave approximately 90-100% yield of lysophosphatidylcholine. 

Two different acylation procedures were used. The first is the procedure of Mason et 01. 

(1981) as described above. The procedure is exactly the same except the lysophosphatidylcholine 

is substituted for the GPC. For this case only 1 mole of fatty acid anhydride per mole 

lysophosphocholine was used. Furthennore the workup procedure consisted only of the 
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extraction since no ions were presenL The reaction was run for 2 days under anhydrous 

conditions. . 

The second method is based on the procedure of Liman and O'Brien (1988). First, 

dimethylformamide was distilled under reduced pressure after drying in molecular sieves (4A). 

Lysophosphatidylcholine, I-hydroxy benzotriazole, dicyclohexylcarbodiimide, and 4-

pyrrolidinopyridine were dried over phosphorus pentoxide under vacuum. 

Lysophosphatidylcholine (0.6 g. 1.25 mmol). the fatty acid (0.45 g. 1.375 mmol). and 1-

hydroxybenzotriazole (0.19 g. 1.38 mmol) were first mixed with 20 ml of cyclohexane and flash 

evaporated and dried overnight under vacuum. Dimethylformamide (25 ml) was then added, 

followed by 1,3-dicyclohexyl carbodiimide (0.28 g. 1.38 mmol) and 4-pyrrolidinopyridine (0.2 

g, 1.38 mmol) and stirred at room temperature for three days. DMF was removed under vacuum 

by stirring at room temperature overnight Cyclohexane was added and the solution frozen before 

removing the solvent under high vacuum overnight The crude phosphatidylcholine was now 

ready for column purification. This method gave very high yield with respect to the 

lysophosphocholine (>80%) and fairly high yield with respect to the fany acid (>50%) compared 

to the fonner reaction. A further advantage of this reaction, especially in dealing with the 

polyunsaturated fany acids, was that it is a one pot reaction so there is less chance of 

contamination and breakdown of the components. 

3.7 Preparation of Phosphatidylethanolamines 

The synthesis of phosphatidylethanolamines was accomplished using the methods of 

Comfurius and Zwall (1977) and Yang et aI. (1967). The procedure uses the corresponding 

phosphatidylcholine as the backbone and phospholipase D to conven the headgroup from choline 

to ethanolamine. Therefore to synthesize a phosphatidylethanolamine one must first make the 
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appropriate phosphatidylcholine. The detailed procedure is given as follows. 

Phospholipase D was obtained from fresh Savoy cabbage purchased at a local grocery 

store. First the outer green leaves and core was removed and 300 g of yellow leaves were 

blended with 450 ml ice cold water in a Waring blender. After this had been homogenized. the 

mush was passed through cheese cloth. This filtrate was divided into four 2S0-ml centrifuge 

tubes and centrifuged at 13000xg for 30 min at 4 °C using a Sorvall GSA rotor. The supernatant 

was removed and stored in the refrigerator. This cabbage juice contained the phospholipase D 

and was used fresh within one week. 

The buffer system used was 50 mM acetic acid. 40 mM CaCIl • 4% ethanolamine pH=5.4 

and was prepared from two stock solutions. Stock solution A contained 2.3 ml acetic acid in 100 

ml double distilled water and solution B contained 3.28 g sodium acetate in 100 ml double 

distilled water. The proper buffer was made by mixing 17.6 ml of stock solution A with 82.4 

ml stock solution B. adding 0.44 g CaCIl • and 4 ml ethanolamine. The pH of this solution was 

then adjusted to pH=5.4 using acetic acid. 

The reaction was started by placing up to 1 g of phosphatidylcholine into a round bottom 

flask. To this 20 ml of the acetic acid buffer and 40 ml cabbage juice was added. The solution 

was stirred for several minutes to mix well and then 10 ml of ether was added to the flask to 

initiate the reaction. The flask was heated to 37°C and stirred. The progress of the reaction was 

checked with TLC every hour and more ether was added if necessary. After 3 hours. if reaction 

was still not complete. 10 ml cabbage juice and 10 ml buffer were added and it was let sit 

overnight. After TLC showed the reaction to be complete. 35 ml 20 mM EDT A was added and 

the flask was placed in the freezer overnight. 

The reaction was worked up by extraction with 300 ml CH03:MeOH (2:1). The lower 

layer was saved and the upper layer re-extracted with 120 ml of CH03:MeOH (2:1). Alllower 
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layers were combined and extracted twice with 120 ml MeOH:water (2:1). The lower layers 

were again pooled and flash evaporated. The crude phosphatidylethanolamine was then ready 

to be column purified. 

3.8 Purification and Characterization of Phospholipids 

Column purification . . All of the phospholipids synthesized were purified on a silica gel 

(Bio-sil A, Bio-Rad Labs, Richmond, CA) which had been heat activated by placing in an oven 

overnight. The amount of silica used and the size of the column varied depending on the amount 

of the sample. In general for quantities over 1 g, 150 g of silica gel and a 5 X 80-cm column 

was used. For lesser amount correspondingly small columns and amounts of silica were used. 

In all cases the column were prepared by placing a glass wool plug at the bottom before pouring 

the silica. The silica gel was slurried in MeOH and poured into the column with the stopper 

open. The MeOH was run down to the level of gel and then CHCl3 was added. This was 

allowed to flow through the column until the gel was clear. The column was then left 

undisturbed overnight. After the column was used it was washed with MeOH until the TLC was 

clear. The silica was removed, let dry in fume hood overnight, and then stored in an oven to be 

reused. 

The procedure for purification of both phosphatidylcholines and 

phosphatidylethanolamines was practically the same with the only difference being the solvent 

gradient used. To start the column the phospholipid was flash evaporated to dryness and 

dissolved in a small volume (15 ml) of CHCl3• This solution was carefully added to the column 

and let run to level of gel. After all of the sample was loaded it was washed down twice with 

50 ml portions of CHCl3• 

For phosphatidylcholines the following solvent gradient was used. (Note that the 
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volumes given are for 150 g of silica in a 5 x 80-cm column. With smaller columns a lesser 

volume was used.) First 1000 ml10% MeOH in CHCl3 was added and one fraction collected. 

The TLC from this fraction usually showed many spots R, = 0.9,0.5,0.4 corresponding to the 

fatty acid, the fatty acid anhydride, and the catalyst which tended to complex with some of the 

reactants. Next 500 ml 20% MeOH in CHCl3 was added and one fraction collected (TLC Rt = 

0.5, 0.4). Then 500 ml 25% MeOH in CHCl3, 500 ml 30% MeOH in CHCI3, and 500 ml 35% 

MeOH in CHCl3 were added. One fraction was collected from each of these step and all usually 

showed a TLC with R, = 0.5, 0.4 although by the final step these were very light. The 

phosphatidylcholine was eluted with 1000 ml CHCIJMeOH/H20 (63:32:5) which was collected 

in loo-ml fractions. The phosphatidylcholine eluted somewhere within this volume depending 

on the amount and the column. The elution was continued until no more phosphatidylcholine 

was being eluted or lysophosphatidylcholine appears. The lysophosphatidylcholine appears 

because the silica gel catalyzed the hydrolysis of diacylphosphatidylcholines so prolonged 

exposure to the gel was avoided. The phosphatidylcholine had an R, of near 0.4 on the TLC and 

could have been confused with the spot from the catalyst. However the phosphatidylcholine spot 

was a lighter brown and took longer to appear. The fractions containing phosphatidylcholine 

were pooled, flash evaporated, and dried overnight under high vacuum. If the 

phosphatidylcholine contained highly unsaturated chains all solvents were equilibrated with argon 

or nitrogen and the gas was passed over the column and collection vessels when collecting. 

For phosphatidylethanolamines the elution was started at 0% MeOH in CHCl3 and 

stepped by 10% MeOH up to 30% MeOH in CHCI3• One fraction was collected from each of 

the first three elutions none of which showed anything on the TLC. The 30% MeOH in CHCl3 

elution was collected in 1oo-ml fractions and usually showed the presence of 

phosphatidylethanolamine (R, = 0.6) within 500 ml of solvent volume. The column was washed 
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with 30% MeOH until no more PE was eluted and all fractions were kept under argon. The 

fractions containing pure phosphatidylethanolamine were pooled and flash evaporated to small 

volume then stored in the freezer under argon. The phosphatidylethanolamine could be stored 

in CHCl3 in the freezer for 2 months with little breakdown. 

Phospholipid Purity. The purity of the phospholipids synthesized was tested by thin layer 

chromatography (TLC). The chromatography utilized 10 x 20-cm, silica gel 0,250 micron plates 

(Analtech, Inc., Newark, DE). The solvent system used was CHCl/MeOH/H20 (65:35:5) and 

egg phosphatidylcholine or egg phosphatidylethanolamine was used as a standard. The plates 

were visualized initially with iodine and fmally by spraying with a solution of 40% H2S04 in 

ethanol and charring on a hot plate at 270°C. Furthermore asymetric lipids were characterized 

by the amount of acyl chain migration. This was accomplished by dispersing a small amount of 

the lipid in the same buffer system as used for preparing lysophosphatidylcholine and adding a 

small amount of snake venom as described above (Section 3.6). The fatty acid is then extracted 

with ether and dried. The fatty acid is transesterified with BClJMeOH as described above 

(Section 3.2). The samples were identified by gas-liquid chromatography and compared against 

standards which represented the fatty acid expected from the sn-l and sn-2 chains. In no case 

was the acyl chain migration found to be greater than 5%. 

3.9 Sample Preparation 

Fine powders were made out of the samples by dissolving them in cyclohexane and 

freezing before removing the solvent under high vacuum. The phospholipid samples were 

prepared by drying this powder under high vacuum, placing in a 8-mm test tubes (Schott 

American, Yonkers, NY), and mixing with 50 wt% buffer containing 20 mM MOPS, 1 mM 
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EDTA, in deuterium depleted water, pH = 7.1. All of the lipid mixtures were prepared by 

combining appropriate amounts in chlorofOlm, drying in a 8-mrn test tube and then mixing with 

SO wt% buffer. The only exceptions were the DPPS/POPC-d31 samples where 10 mM phosphate, 

ImM EDTA, 0.1 % sodium azide buffer was used (pH=7.0 or pH=3.0) and the potassium laurate 

samples in which the buffer was only deuterium depleted water. After adding the water to the 

samples they were centrifuged on a table top centrifuge for 5 minutes and a teflon vortex plug 

was inserted into the tube. These tubes were cut in the glass shop to a length of -3-4 cm, high 

melting wax put on top of the plug (petrolite, Corp., Tulsa, OK), and they were sealed with 

epoxy. The samples which were only to be used for 31p NMR were flame sealed without the 

vortex plug and then centrifuged back and forth 5 times to mix. They were then inserted directly 

into a 10-mm NMR tube. All samples were freeze-thawed at least 5 times to ensure 

homogeneity. 



Chapter 4 

Influence of Intermolecular Interactions on the 
Average Physical and Dynamical Properties of the La Phase 

4.1 Introduction 

The role of lipid diversity in membranes is still an unresolved question in biochemistry. 

One concept which has been used to better understand the role of different phospholipids in 

biomembranes is the average shape or packing parameter of the individual molecules (Tartar, 

1955; Israelachvili et al., 1976; Tanford, 1980). In the formalism used by Israelachvili et al. 

(1976) the packing parameter is given as v/aol., where v is the lipid volume, ao the average 

headgroup cross-sectional area, and I. the average length of the extended lipid. This packing 

parameter is related to the average molecular shapes of the molecules within the organized 

assembly. A molecule with the same cross-sectional area at the headgroup and in the acyl chain 

would have a packing parameter of one. Likewise if the area of the headgroup is increased or 

the area of the chains reduced the packing parameter would be greater than one. One can 

imagine then that although a lipid with a packing parameter of one would pack easily into a 

bilayer arrangement, lipids with a packing parameter not equal to one would be under stress in 

a bilayer geometry. Perhaps it is this stress or "frustration", as Gruner (1989) calls it, which 

explains this need for diversity. As one changes the components of a system the balance of 

forces which are reflected in the average lipid shape is altered creating stress in the system. 

More detailed interpretations of the balance of such forces in a bilayer have led to many 

different theoretical models which basically fall into two categories: lattice (Maier and Saupe, 

1960; Nagle, 1975; Dill and Flory, 1980) and mean field (Meraldi and Schlitter, 1981a; Meraldi 

and Schlitter, 1981b; Pastor et aI., 1988) theories. The mean field theories seem to have a 
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a) PaLPC-~l (90 wt%) b) DPPC /PaLPC-d31 (3:1) 

, , , , , , I, ," I , , , , , , , , , , , I , , , , , , , , 

c) pal /PaLPC-~l (1:1) d) chol/PaLPC-d3 (1:1) 

, , , , , , , , , , , , I , , , , , : , , , , , , , , , , , , , , , 
80 60 40 20 0 -20 -40 -60 -80 80 60 40 20 0 -20 -40 -60 -80 
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Figure 4.1. Deuterium fH) NMR spectra of PaLPC-d31 in four different systems (multilamellar 
dispersions) as a function of temperature: (a) PaLPC-d31, 10 wt% H20; (b) DPPC/PaLPC-d:!1 
(3:1), 50 wt% H20; (c) palmitic acid/PaLPC-d:!1 (1:1), 50 wt% H20; and (d) 
cholesterol/PaLPC-d31 (1:1),50 wt% H20. 
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more direct correspondence to 2H NMR data and describe the interactions by a few basic tenns: 

an intramolecular tenn related to the confonnations of the chains, and two intennolecular tenns 

describing the dispersive and steric forces between the chains which are modeled as a mean field. 

The mean field describes the intennolecular forces in the fonn of adjustable parameters associated 

with a potential of mean torque. The intramolecular tenn will depend only on the identity of the 

acyl chains, whereas the latte~ two forces will be sensitive to the molecular environment of the 

molecule. The question then is how do these forces and likewise the average shape of lipid 

molecules affect the average and dynamical properties of membranes. 

One means of investigating the role of the average shape, or the intennolecular 

interactions which govern the shape, on average membrane properties is to study lamellar phases 

of lipid systems in which the ratio of the polar headgroups and the acyl chains is varied in a 

systematic manner. To this end the ratio of phosphocholine headgroup to palmitoyl chains was 

varied as a means of studying the influence of intennolecular interactions on the average 

properties of PaLPC in which the acyl chain is perdeuterated (PaLPC-~I)' Representative 2H 

NMR spectra over the temperature range from 25°C to 55 °C are shown in Figure 4.1 for 

PaLPC-d31 in four different aqueous lamellar systems: pure PaLPC-d31 (10 wt % H20), 

DPPC/PaLPC-~1 (3:1) (50 wt% H20), palmitic acid / PaLPC-d:n (1:1) (50 wt% H20), and 

cholesterol/PaLPC-d31 (1:1) (50 wt% H20). All four systems fonn a lamellar phase at the chosen 

compositions (Allegrini et aI., 1983; Arvidson et al., 1985; Killian et aI .• 1986; Jansson et aI .• 

1990). The fonner three systems show a main order-disorder phase transition at approximately 

the same temperature (40 to 48°C), which enables comparison of the 2H NMR spectra at a 

specific absolute temperature. 
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Figure 4.2. 2H NMR spectra of multilamellar dispersions of phosphatidylcholines in the low 
temperature state at 25 °C: (a) PaLPC-d:!1' 10 wt% H20; (b) DPPC-d6:JPaLPC (3: I). 50 wt% H20; 
(c) palmitic acid/PaLPC-d:!1 (1:1).50 wt% H20; and (d) DPPC-d6Z' 50 wt% H20. The dotted 
lines over the spectra show the simulated 2H NMR lineshapes for an all-trans chain undergoing 
axial rotation with rotating methyls. The simulations in (a)-(c) differ only in the amount of 
linebroadeniog used whereas (d) differs from the other simulations by having a slower axial 
diffusion rate. 
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4.2 Molecular Properties of Low Temperature Lamellar Phases Comprising 
Palmltoyllysophosphatidylcholine 

The first three systems all have similar zH NMR spectra at temperatures of 25° C (Figure 

4.2). These lineshapes .!ave two well resolved splittings: two central peaks with a quadrupolar 

splitting of ... 14 kHz and two broad shoulders with a quadrupolar splitting of ... 60 kHz. Part 

b of Figure 4.2 shows a mixture of DPPC-ddPaLPC (3:1) which is shown instead of the 

DPPC/PaLPC-d:31 (3: 1) spectrum for clarity since DPPC/PaLPC-~1 spectra are dominated by an 

isotropic micellar peak. Beside this, the lineshapes are similar for the two samples (Jansson et 

aI., 1990). The dotted lines in Figure 4.2 show simulations of the lineshapes obtained for the 

observed spectra. The simulations were obtained by considering only axial rotation of a single 

axis for a single deuterium. For the simulation in part a of Figure 4.2 the diffusion rate of the 

axis was 6.8 x 108 rad S·I for both the methylenes and the methyl groups, the effective 

quadrupolar coupling constant was 160 kHz for the methylenes and 45 kHz for the methyl 

groups. Five kHz Lorentzian and 1 kHz Gaussian linebroadening were applied to the free 

induction decays before Fourier transfonn for the methylene groups and 0.1 Lorentzian and 0.5 

Gaussian linebroadening was used for the methyl groups. The simulation in part b of Figure 4.2 

differs from that in part a only in the fact that both the Lorentzian and Gaussian linebroadening 

for the methyl groups were changed to 1 kHz. The simulation in part c of Figure 4.2 also differs 

from part a by the amount of linebroadening in that 3 kHz Lorentzian and I kHz Gaussian was 

used for the methylene segments and 0.3 kHz lorentzian and 1 kHz gaussian was used for the 

methyls. Furthennore the effective quadrupolar coupling constant was changed to 40 kHz for 

the methyls in part c of Figure 4.2. The simulation of the DPPC-i42 spectrum was obtained using 

the same parameters as for the 90 wt% PaLPC-d:n except the rate of diffusion was slowed down 

to 2.8 X 106 rad S·I as well as changing the linebroadening for the methyl groups to 0.8 and 1 

KHz for the Lorentzian and Gaussian linebroadening, respectively. The simulation can probably 
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a) 
6-1.0 _ f:l. 

• PaLPC-~l (90 wt%) 

"-o DPPC/PaLPC-~l (3:1) --a 0.5 • pal/PaLPC-~l (1:1) 

II chol/PaLPC-~l (1:1) 
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Figure 4.3. Moments of the 2H NMR spectral lineshapes of PaLPC-~1 in different lamellar 
systems as a function of temperature. (a) The first moment MI' (b) the second moment M2• and 
(c) the parameter ~ are shown versus increasing temperature for multilamellar dispersions of 
PaLPC-d31• 10 wt% H20 (+); DPPC/PaLPC-d:l1 (3:1).50 wt% H20 (0); palmitic acidIPaLPC-~1 
(1:1).50 wt% H20 (.); and cholesterol/PaLPC-~1 (1:1).50 wt% H20 (11). 
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be improved somewhat by minor reduction of the quadrupolar coupling constant or incorporation 

of whole-body wobbling of the molecules, but this was not pursued further. 

The similarities in the 2H NMR spectra of the PaLPC-d:u (90 wt%), DPPC/PaLPC-d31 

(3: 1), and palmitic acid/PaLPC-~1 (1: 1) in the low tempemture phases indicate that the segmental 

ordering of the palmitoyl-~I acyl chain is not significantly influenced by the ratio between the 

acyl chain cross-sectional area and the headgroup area. The spectra have two well resolved 

splittings, the inner one having a quadrupolar splitting of approximately 14 kHz which is close 

to the value expected for rotating methyl groups in an all-trans polymethylene chain experiencing 

axial diffusion, 14.2 kHz. The splittings of the shoulders are approximately 60 kHz and 

correspond to the 0=90° orientation of all-trans methylene groups undergoing axial diffusion. 

However to fit the spectra a reduced quadrupolar coupling constant of 160 kHz was used which 

pedlaps indicates that the chains are not quite all-trans. Furthermore the presence of nearly all

trans chains is also suggested by the calculated spectral moments (Figure 4.3). For the case of 

a rotating polymethylene chain with rotating methyls (Davis, 1979) the first moment is expected 

to be 1 x lOS S·I and the second moment 3 x 1010 s·2, which are close to the values in Figure 4.3. 

Using eq 2.54 one fmds that the calculated projected chain lengths are all approximately 17 A 

which is slightly less than all-trans value, 18.7 A, as expected by the above analysis. Deviations 

in the moments and the calculated value of <L> from the all-trans state may be caused by 

spectral distortions due to finite pulse lengths (Davis, 1979) or to line broadening which could 

reduce the splittings. Another possibility is that a wobble of the molecule relative to the bilayer 

normal could reduce the splittings. However it is evident that the chains are close to the all-trans 

configurations of the acyl chains with axial rotation in the low tempemture phase. 

This behavior differs from DPPC-d62 and other diacylphosphatidylcholines which have 

a different shape for the low tempemture phase spectra (Davis, 1979; Barry et al., 1991). A 
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broad distribution of methylene spllttings is seen for such systems and they lack the distinct 

splitting of -60 kHz (part d of Figure 4.2). The difference in the shape of the 2H NMR spectra 

may be accounted for in at least three ways: (a) the diacylphosphatidylcholines have a broader 

distribution of quadrupolar spllttings along the chains, (b) the rotation about the long axis is in 

the intennediate exchange region on the NMR time scale for the diacylphosphatidylcholines, 

leading to a smearing of the all-trans spllttings, or (c) the diacylphosphatidylcholines may go 

through a phase with biaxial symmetry, i.e. due to a ripple structure as in the PIl' phase (Alecio 

et al., 1982), whereas the PaLPC-ti:n (90 wt%) may not. This may also lead to an apparent 

broadening of the all-trans spUttings which reflect the non-zero asymmetry parameter. The 

simulations shown (Figure 4.2d) is the best fit obtained by slowing the axial diffusion rate used 

in Figure 4.2a from 6.8 x 108 to 2.8 X 106 rad S·I. As can be seen this does come close to fitting 

the observed spectra and indicates that the rate of axial diffusion may explain the differences 

between the systems. However, it is obvious that this is not the only factor involved. It is rather 

interesting to note that merely adding PaLPC-d:n to DPPC eliminates this broadening and yields 

the spectra expected for all-trans rotating chains. 

4.3 Effects of Variation of Headgroup to Acyl Chain Ratio on the Main Chain Melting 
Phase Transition 

Parts a and b of Figure 4.3 show, respectively, the first and second moments of the 2H 

NMR spectra of PaLPC-~1 as a function of increasing temperature. A substantial reduction in 

MI and M2 with temperature is observed for the first three systems, implying that these undergo 

a thennal order-disorder phase transition. However, the nature of the phase transitions is quite 

different. For the PaLPC-~l (90 wt%) system, the moments change rather abruptly at 44 °C as 

expected for a single lipid component system, whereas the phase transition of the mixed palmitic 

acid/PaLPC-~l (1;1) system spans over 10 °C from the onset at 41°C to completion at 51 °C. 
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The order-disorder phase transition observed at 44 DC, which is clearly evident from the 2H NMR 

spectra of the PaLPC-~l (90 wt%) sample, is not indicated in the phase diagram of Arvidson et 

aI. (1985). This is because the low water content area of the phase diagram and in particular the 

low temperature-La phase transition was not carefully studied; therefore the absence of the phase 

transition may not contradict what is reported (G. Lindblom, personal communication). The 

difference in phase transition, behavior is also evident from the change in the relative width of 

the distributions of quadrupolar splittings, shown by the parameter ~ in part c of Figure 4.3. 

Order-disorder phase transitions of single lipid component systems are characterized by a sharp 

maximum of the parameter ~ (Davis, 1979), which is the case for PaLPC-d31 (90 wt%). By 

contrast, mixtures of different lipids would be expected to have a broader transition due to the 

increased number of intensive variables needed to the describe the system (Gibbs phase rule). 

Therefore both the palmitic acid/PaLPC-~l (1:1) and DPPC/PaLPC-d:ll (3:1) systems show 

broader maxima. The cholesterol/PaLPC-d31 (1:1) system behaves quite differently compared to 

the other three systems investigated. The moments Ml and M:1. are almost invariant over the 

whole temperature interval, with vaIues intennediate between those of the low temperature and 

La phases for the other systems. As previously observed for cholesterol/DPPC-d62 mixtures 

(Oldfield et aI., 1978; Vist and Davis, 1990), the cholesterol/PaLPC-d31 (1:1) system does not 

undergo a phase transition over the range of temperatures investigated. 

The similarities in the phase transition temperature may emphasize the importance of the 

identity of the acyl chains in the chain melting. Since the chains are identical the phase 

transitions are similar. Theoretical studies of this transition in lipid lamellar systems (Berde et 

aI., 1980; Nagle, 1980) have indicated that the important interactions are those which are 

detennined by the chemical identity of the acyl chains and headgroup. It has been suggested that 

one of the important factors which modulate the phase transition is the balance of forces in the 
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headgroup region which resist the lateral expansion necessary for the transition, and not 

necessarily the actual size of the headgroup (Nagle, 1980). The main phase transition 

temperatures of phosphatidylethanolamines and the corresponding phosphatidylcholines differ 

because the hydrogen bonding of phosphatidylethanolamines resists the lateral expansion 

necessary for the transition, and not because of differences in headgroup size (Nagle, 1980). 

Therefore it is not surprising that the main order-disorder phase transitions in the mixtures studied 

here are similar since the acyl chains and headgroups are identical. The differences observed are 

probably related to the difference in the number of components which would lead to broadening 

of the transitions, although slight changes in headgroup orientation among the samples could play 

a role. 

The phase behavior can be further interpreted in terms of the concept of the packing 

parameter, vlaol., where v is the lipid volume, aD the average headgroup cross-sectional area 

which, in the La phase of diacylphospholipids, is twice the acyl chain cross-sectional area 

(2<.4», and I. the average length of the extended lipid (which is <L> plus the length of the 

headgroup region), as introduced by Israelachvili et al. (1976). This packing parameter is related 

to the average molecular shape," of the molecules within the organized assembly. A molecule 

with the same cross-sectional area at the headgroup and in the acyl chain would have a packing 

parameter of one. Likewise if the area of the head group is decreased or the area of the chains 

increased the packing parameter would be greater than one. The three systems which undergo 

a chain melting phase transition [PaLPC-d:n(90 wt%), DPPC/PaLPC-d31 (3:1), palmitic 

acid/PaLPC-~1 (1:1)] show transition temperatures which are relatively close to each other. This 

may be related to similarities in the packing parameter. The one of most interest is the similarity 

in the phase behavior of the PaLPC-~1 (90 wt%) sample and of a DPPC-d6Z (50 wt%) sample. 

Although the two lipids have rather different structures, both undergo a sharp order-disorder 
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phase transition at relatively simUar temperatures (38°C versus 44 °C). This also is compatible 

with the idea that the system is interdigitated in the lamellar phase of PaLPC-~l' If this is the 

case then each phospho choline headgroup would have two acyl chains underneath it as for DPPC 

bilayers and the packing parameters would be similar. An alternative explanation is that the 

lower hydration of the PaLPC-~l sample results in a decrease in the effective cross-sectional area 

of the polar headgroups due to less water bound and the value of the packing parameter is 

increased to a value similar to DPPC. Either of these two explanations would make the packing 

parameters of the PaLPC (90 wt%) and DPPC (50 wt%) lipids rather similar, which may explain 

the correspondence in their phase behavior. 

Similar considerations hold for the palmitic acid/PaLPC-d31 (l :1) system except now we 

have a three component system (considering water as one component). Differential scanning 

calorimetric measurements have indicated that aqueous codispersions of PaLPC and fatty acids 

show phase propenies that closely resemble those of diacylphosphatidylcholines (Jain et al., 

1980). Based on this observation, Jain et al. (1980) have suggested that lysophosphatidylcholine 

and fatty acids associate to form a complex that resembles a phosphatidylcholine molecule. This 

has been questioned by Brentel et al. (1987), who argue that the phase behavior of the mixture 

can be understood in terms of simple geometrical considerations such as the average packing 

parameters of the molecular mixture. In other words, a complex between the PaLPC-d:31 and the 

fatty acid need not be assumed. A comparison between the 2H NMR spectra of palmitic 

acid/PaLPC-~l (1:1) (Figure 4.1c) and pure DPPC-d62 (Davis, 1979) shows that the phase 

behavior of the two systems is quite different. The phase transition is much broader in the mixed 

sample, spanning a temperature interval of approximately 10 °C, as compared to 1.5 DC for the 

DPPC-d62, indicating that the mixture of palmitic acid/PaLPC-~l (1:1) is heterogeneous and not 

a complex. Moreover, in contrast to what is observed for the 2H NMR spectra of the DPPC-d62 
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bilayers below the phase transition (Davis (1979) and Figure 4.2), the palmitic acid/PaLPC-~l 

(1:1) 2H NMR spectra (Figure 4.2c) exhibit well-defmed quadrupolar powder pattern, which are 

due to effective diffusion of the acyl chains about their long axes plus axial rotation of the methyl 

groups. This implies that mixtures of PaLPC and palmitic acid do not form a complex similar 

to DPPC in agreement with the findings of Allegrini et al. (1983), who also investigated palmitic 

acid/PaLPC-~l mixtures, but with specifically deuterated palmitic acid instead of perdeuterated 

PaLPC. 

Interpretation of the phase behavior of the DPPC/PaLPC-~l (3: 1) system using the 

concept of an average packing parameter is somewhat less transparent. This system has a phase 

transition which spans the range of 37 to 43°C. The low temperature onset of the transition is 

the same as for DPPC-d62, however the temperature interval is broader for the DPPC/PaLPC-d:!l 

(3:1) mixture. A more complicated transition that involves a separation of phases at low 

temperatures may contribute to this broadening. However, some conclusions can be drawn in 

terms of packing parameters averaged over the entire system. At temperatures below the main 

phase transition, the mixed DPPC/PaLPC (3:1) bilayers coexist with a small fraction of PaLPC 

molecules confined in micelles. The presence of an isotropic peak in the low temperature 2H 

NMR spectra of the DPPC/PaLPC-~l (3:1) system is a consequence of this behavior. However 

the micelles disappear at temperatures above the phase transition. The foonation of micelles is 

directly related to the packing parameter and therefore the average shape of PaLPC. In the La 

phase the DPPC bilayers can be disordered sufficiently to incorporate PaLPC molecules with a 

wedge-like average shape (packing parameter < 1) without disrupting the bilayers. However 

when DPPC is in the low temperature phase the PaLPC forms micelles, because it is more 

favorable to exclude PaLPC molecules from the DPPC bilayer than to incorporate the molecules 

into the more configurationally ordered low temperature lattice. In the liquid-crystalline phase 
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the mixed bilayers of this system were found to orient with their director axes perpendicular to 

the magnetic field (9 = 90°). This may be due a change in curvature free energy which enables 

deformation of the microscopic lamellar domains. Due to geometrical constraints spherical 

aggregates cannot orient in a magnetic field so that the aggregates must take on slightly different 

shapes. If this is true it would be very difficult to pack molecules which are all approximately 

cylindrical (i.e. DPPC) and the presence of more wedge-shaped molecules (paLPC) could help 

overcome this problem and allow the microcrystallites to deform and align in the magnetic field. 

4.4 Effects of Variation of Headgroup to Acyl Chain Ratio on the Average Properties of 
the La Phase Containing PaLPC 

For the three systems which undergo a phase transition in the temperature range studied, 

i.e. excluding cholesterol/PaLPC-d:H (1:1), the lineshapes above the phase transition are of 

different widths and shape as seen in Figure 4.4. It should be noted that the DPPC/PaLPC-d:H 

(3:1) system orients in the magnetic field of 7.06 T which explains why the shoulders 

corresponding to the 9 = 0° orientation are largely absent (Figure 4.4b). The fourth sample, 

cholesterol/PaLPC-d31 (1:1), shows behavior different from the other samples (part d of Figure 

4.4). First, no phase transition is observed for the temperature interval studied, and second, the 

quadrupolar splittings are much greater at the higher temperatures. In the liquid-crystalline state, 

the spectra of PaLPC-~1 are quite different in the three systems, which indicates that the ratio 

between the headgroup and acyl chain area is of greater importance for the segmental ordering 

of the acyl chains above the phase transition. It is possible to obtain order parameter profiles of 

acyl-chain perdeuterated lipids by de-Pakeing the 2H spectra to obtain the contribution from the 

9 = 0° orientation, and assigning the resolved peaks by integrating the peaks and assuming that 

sM) decreases monotonically along the alkyl chain (Davis, 1983). This procedure was followed 

for each of the systems except the DPPC/PaLPC-d31 (3:1) because of the absence of the a = 0° 

-J 
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c) pal/PaLPC-d31 (1:1) d) chol/PaLPC-d31 (1:1) 
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60 40 20 0 -20 -40 -60 60 40 20 0 -20 -40 -60 

frequency / kHz 

Figure 4.4. 2H NMR spectra of multi1amellar dispersion containing PaLPC-~l in the liquid
crystalline state (LcJ at 55°C: (a) PaLPC-~l' 10 wt% H20; (b) DPPC/PaLPC-~l (3:1), SO wt% 
H20; (c) palmitic acid/PaLPC-d31 (1:1), SO wt% H20; and (d) cholesterol/PaLPC-~l (1:1), SO 
wt% ~O. Also shown are expansions of the shoulder regions of the spectra (8 = 0°) which 
indicate that the DPPC/paLPC-d31 (3:1) sample (b) orients in the magnetic field with 8 = 90°. 

-J 
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orientation. For this system the peak assignments were made directly from the observed spectra 

and transfonned to correspond to the e = 00 orientation using eq 2.23. Figure 4.5 shows the 

order parameter profiles obtained in this way for the PaLPC-d31 acyl chains in the four systems. 

The assumption of a monotonously decreasing sM> may not always be valid, however. For 

example, in lipid systems containing cholesterol it has been demonstrated that the S~b) profile 

shows a broad maximum in ~e middle of the alkyl chain (Oldfield et al., 1978; Killian et al., 

1986). Although there may be some minor inconsistencies in the carbon assignments, the 

magnitudes of the S~b) are correct. For example in the cholesterol/PaLPC-d:l1 (1: 1) system the 

order parameter is higher compared to the other systems at all positions regardless of the 

assignments. 

It is clear from Figure 4.5 that as the ratio of headgroups to acyl chains increases the 

order parameter decreases. The larger the headgroup cross-sectional area relative to the acyl 

chains, the more area accessible to the acyl chains which leads to a decrease in the segmental 

order. Consequently it is possible that the effective head group area directly modulates the 

configuration of the acyl chains. 

The idea of an average packing parameter has been very useful in interpreting the relative 

order profiles between different phases (Thunnond et al. (1990) and Chapter 7). The same 

analysis can be applied to understand the order in these mixtures. Assuming DPPC has a packing 

parameter of one, then the PaLPC would be less than one due to its larger headgroup area to 

hydrocarbon area ratio. By contrast the palmitic acid would have a packing parameter greater 

than one due to the smaller size of the headgroup, COO-, relative to the acyl chain. Consider 

the average packing parameter for the entire system, then the value for pure DPPC would still 

be one, the pure PaLPC would be less than one, the DPPC/PaLPC (3:1) mixture would have a 

value between pure PaLPC and pure DPPC, and the palmitic acid/PaLPC (1:1) mixture would 
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Figure 4.5. Influence of intennolecular interactions on order profiles ofPaLPC-d:11 in the lamellar 
liquid-crystalline (La> state. Profiles of segmental order parameters, Stb>, as a function of acyl 
chain position obtained for multilamellar dispersions of PaLPC-ti:31' 10 wt% H20 (+); 
DPPC/PaLPC-ti:31 (3:1),50 wt% HzO (0); palmitic acid/PaLPC-ti:31 (1:1),50 wt% H20 (_); and 
cholesterol/PaLPC-d31 (1:1),50 wt% H20 (.to) at 55 °C are shown. 
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have a value close to one. If this packing parameter were directly proportional to the 

orientationalordering of the acyl chain segments, then one would expect the order to decrease 

in the series: palmitic acid/PaLPC (1:1), OPPC, OPPC/PaLPC (3:1), and PaLPC (90 wt%), wWch 

is what is observed for these systems. One other point in support of this argument is that 1,2-

dipalmitoyl-sn-glycero-3-phosphoethanolamine, OPPE, wWch would be predicted to have the 

Wghest value of the packing parameter on account of the small headgroup size and reduced 

hydration, also has a Wgher order at comparable temperatures than any of these systems. The 

idea of a molecular packing parameter is related to the molecular cross-sectional area occupied 

per lipid, wWch can be calculated from the order parameters profiles. Mely et al. (1975) used 

potassium laurate to show that the order parameters extracted from 2H NMR spectra are related 

to the area per polar headgroup. TWs approach has been used to compare the average molecular 

areas ofphosphatidylcholines and phosphatidylethanolamines and has been shown to yield values 

wWch are in agreement with low angle x-ray diffraction data (Thunnond et al. (1991) and 

Chapter 5). 

Using eqs 2.40 and 2.55 one can calculate the average projected acyl chain length <L> 

and the mean cross-sectional area of the acyl chains <A> from the order profiles. Figure 4.6 

shows the values for <L> and <A>, wWch are tabulated in Table 4.1, as a function of 

temperature. The values for <L> in Table 4.1 consider only the fast trans-gauche isomerizations 

however, as pointed out above, the slow motions may also be present wWch will affect the 

calculated acyl chain length. For example taking a lower limit to <.PY,'ow '" 0.6 (Brown, 1982) 

yields a values of <L>/tul of 13.4 A using values of sj~ for PaLPC-d:31IDPPC (1:3) at 55°C. A 

13% increase is found versus the calculation of <L> directly from the observed order parameter 

sY/. From eq 2.47 the value of <.P2>,'ow '" 0.6 yields ~~D = 45°, from wWch a values of <P1>"ow 

= 0.85 is calculated according to eq 2.46. Finally eq 2.43 results in a value of <L> = 11.4 A 
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Figure 4.6. Average properties of PaLPC-d:31 in different bilayer envirorunents derived from the 
zH NMR spectra. (a) The projected acyl chain length <L> and (b) average chain cross-sectional 
area <A> are depicted for multilamellar dispersions of PaLPC-~l' 10 wt% IIzO (+); 
DPPC/PaLPC-d:H (3:1), SO wt% HlO (0); palmitic acid/PaLPC-d31 (1:1), SO wt% HzO (_); and 
cho1esteroV PaLPC-~l (1:1),50 wt% HlO (6) as a function of temperature. 
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which is very close to the value estimated from the observed order parameters Sfb) (c.f Table 

4.1). Consequently the calculation of <I> directly from the observed order profiles using eq 2.40 

appears justifiable. The chain length averaged by rotational isomerization along the instantaneous 

molecular axes, about which there is axial/rotational symmetry, is further averaged along the 

bilayer nonnal. The net result of decomposing the observed order parameters <P2> into the 

product of order parameters due to separate fast and slow motion is a compensation of their 

influences on the calculated values of <1>. Moreover, because the rank-} order parameter <PI> 

is involved, the simple product decomposition of the observed rank-2 order parameters does not 

carry over directly into the calculation of <L>. 

As a consequence of the different degrees of molecular order, the calculated thickness 

of the hydrophobic core of the bilayers at 55°C (which is twice the values in Figure 4.6 if chain 

interdigitation is neglected) range from 22.6 A for the PaLPC-d31 (90 wt%) system to 30.2 A for 

the cholesterol/PaLPC-d:l1 (1:1) system. It is possible that the PaLPC-d:31 (90 wt%) system is 

interdigitated. If this is the case then the hydrocarbon thickness would be only 11.2 A. 

Likewise, the chain cross-sectional areas range from 40.0 A2 for the PaLPC-d:!1 (90 wt%) system 

to 29.7 N for the cholesterol/PaLPC-d31 (1:1) system at 55°C. The isobaric coefficients of 

thennal expansion for both the length, a", and the area, al.' can be calculated from the slope 

of plots of 10<1> and 1o<A> versus temperature. As a simplifying approximation, the volume 

is assumed to be constant over the temperature range studied, and therefore the values for a" 
and al. are equal but opposite. Like most diacylphospholipids studied (MaItelja, 1974; Dodd, 

1987) to date, the thennal expansion coefficients for all of these systems are approximately 

±2xHr3 K-1. The values for the thennal expansion coefficients are indicated in Table 4.1. 

It has been suggested (J.F. Nagle, personal communication) that the order parameter 

profIles are divided into two regions: the plateau region where all of the segments have 

-_.j 
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TABLE 4.1. Average projected length <.L>, uoss-secUonal area <A>, and thermal 
expansion coefficients for PaLPC-d31 in different membrane systems 

Lipid System Temperature.fC <L>/Aa <A>/A2b all/K·1C aj K·1C 

PaLPC-~l 44 11.4 39.4 -0.00160 0.00160 
10 wt% H2O 

46 11.4 39.4 

SO 11.3 39.7 

55 11.2 40.0 

DPPC/PaLPC-~l 45 12.0 37.4 -0.00175 OJJ017S 
(3:1). 

51 11.7 38.3 SO wt% H2O 
55 11.8 38.0 

Pa/PaLPC-~l 51 12.9 34.8 -0.00674 0.00674 
(1:1). 
SO wt% H2O 55 12.6 35.5 

chOl/PaLPC-~l 25 15.7 28.5 -0.00139 0.00139 
(1:1), 

40 15.3 29.2 SO wt% H2O 
55 15.1 29.7 

DPPC-~ SO 12.3 35.8 -0.00200 0.00200 
SO wt% H20 d 

65 11.9 37.9 

80 11.6 39.3 

·calculated from eq 2.40 of text 
bcalculated from eq 2.55 of text using volume per chain, V cMiJ\' obtained from dilatometty data 
for disaturated phosphatidylcholines(Nagle and Wilkinson, 1978). 
'1bermal expansion coefficients parallel and perpendicular to the bilayer normal derived from 
linear regression fits of plots ofln(<L>/IJ and In(<A>/Oo> versus temperature using eqs 2.60 and 
2.61. Here 10 is the projected length per methylene segment in the all-trans state. and Do is the 
corresponding cross-sectional area. For simplicity it is assumed that the hydrocarbon density is 
approximately constant over the indicated temperature range leading to all = -aJ.. 

dData refer to sn-l chain of DPPC-d61 multilamellar dispersions see Chapter 5. 
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approximately the same order parameter and are not resolved in the 2H NMR spectra and the ends 

of the chains. These two regions occur due to chain tennination as shown in lattice models for 

lipid bilayers (Nagle, 1975; Dill and Flory, 1980). At a certain depth in the bilayer which 

corresponds to the end of the plateau region in the order profile, some of the chains end. Chains 

on adjacent molecules are more disordered after this point to keep the packing at hydrocarbon 

density. This explains why th,e order parameter drops off so dramatically after this poinL If this 

is the case then only the carbons in the plateau region reflect the area per molecule. To 

detennine this area the volume of the plateau region is divided by the length of the region 

calculated using eq 2.40 where only the plateau region segments are considered. This gives and 

estimate for the average chain cross-sectional area. From this the corresponding acyl chain length 

can be calculated by 

VtJU/ 
<L> = <L> pll1ltaJI + -

<A> 
,(4.1) 

where V tJU/ is the volume of the segments not included in the plateau region. This calculation 

leads to a 10% decrease in <A> and a corresponding increase in <L> for all of the lipids studied. 

For purposes of comparison the values for the length and area will be calculated using the entire 

order parameter throughout the rest of this wOlk It should be kept is mind at all times that using 

only the plateau region of the order profile may be more physically correct. Then the actual 

values for the acyl chain length <L> and the average chain cross-sectional area would change by 

10% relative to the values cited. The validity and physical relevance of these two technique 

merits further investigation. 

For pure dispersions such as DPPC-~ and DPPE-~, the 2H NMR order profiles can be 

used to estimate average molecular cross-sectional areas for DPPC and DPPE in the liquid-

crystalline state (Thunnond et al. (1991) and Chapter 5). Extraction of average cross-sectional 
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areas is more difficult for the systems presently investigated because of their multi component 

nature. However some conclusions can be reached by comparison to data for pure aqueous 

DPPC~ dispersions (Chapter 5). For the PaLPC-d31 (90 wt%) sample, Figure 4.6 shows that 

the single chain cross-sectional area is 39.7 A'J. at 50°C which is larger than the sn-l chain cross

sectional area for DPPC-~ at the same temperature (35.S A'J.). The area of the single chain for 

PaLPC is not big enough to fill the void left if the phosphocholine headgroups are the same size 

in both PaLPC and DPPC. 

If the interfacial areas were the same then the most plausible interpretation for the acyl 

chain cross-sectional areas is that the acyl chains of the two opposing monolayers interdigitate. 

In this case the chains of two molecules on opposite sides could be expected to pack the same 

as the two chains of DPPC with only slight differences due to the effects of the tenninal methyl 

groups approaching the glycerol backbone. Such interdigitation has been observed for fully 

hydrated PaLPC samples below the critical temperature (i.e. the temperature where the system 

goes from an extended lamellar structure to micelles) (Huang and Mason, 1986). Low angle x-

ray diffraction data on a S5 wt% PaLPC sample (Arvidson et al., 19S5) show a lamellar repeat 

distance of 42 A which is much smaller than for DPPC bilayers, - 64 A. The 'J.H NMR data 

along with the x-ray diffraction data seems to indicate that the PaLPC is arranged in interdigitated 

lamellar phase. 

However the areas at the lipid water interface may not be the same for PaLPC and DPPC 

as indicated by the differences in the 31p NMR data (Jansson et al., 1990). If they are not the 

same then the lipids may still pack in bilayers which are interdigitated or perhaps even partially 

digitated bilayers. It is also possible that due to the lower hydration the headgroups are packed 

tighter for PaLPC than for DPPC leading to a reduction of the average cross-sectional area, 

compared to that expected for two acyl chains. This would imply that the chain would take up 
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more room than the sn·l chain of DPPC but not the entire molecular area expected for DPPC 

(71.7 A2). 

In the case of the DPPC/PaLPC·d31 (3: 1) mixture the calculated area of the single chain 

is larger than the value for DPPC-d61 (38.3 A2 versus 35.8 A2). It is wonhwhile to note that the 

cross·sectional area for the chains in a DPPCooddPaLPC (3:1) mixture is also 38.3 A2 (Jansson 

et aI., 1990). If the headgroup areas were equal then a reduction in the number of chains would 

lead to an increase in the area occupied per chain, however one would predict the value per chain 

to be closer to 41 N since three chains would now occupy the space four would in DPpc·d61 

bilayers. This seems to imply that the area at the lipid/water interface of PaLPC is only slightly 

less than the value for DPPC in these mixed bilayers and the chains on adjacent DPPC molecules 

help occupy some of the area under the PaLPC headgroup. Finally for the palmitic 

acid/PaLPC·d,l (1:1) bilayers, the cross.sectional area per acyl chain is approximately equal to 

the area for DPPC·~ which suggest that the combination of PaLPC and palmitic acid together 

occupy about the same area as one DPPC molecule. These changes in molecular cross·sectional 

area for PaLPC relative to DPPC may be related to interdigitation or to the change in head group 

orientation observed in 31p NMR spectra of PaLPC (Jansson et al., 1990). 

4.5 Relation to Intermolecular Forces in Lamellar Phases of Lipid 

Since the systems are multi component in nature, it is difficult to obtain a quantitlltive 

explanation for the changes in ordering among the mixtures studied from statistical mechanical 

modeling. However, some general conclusions of a qualitative nature can be drawn from the 

extensive theoretical modeling of lipid confonnations found in the literature. 

The molecular organization of lipids in membranes depends on a balance of both 

intramolecular and intennolecular forces. Mrutelja (1974) divides the energy of a given chain 
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configuration of liquid-crystalline systems into three terms 

.(4.2) 

Ew is an intramolecular contribution which is associated with the energetics of different 

conformational states of the molecule (Flory, 1969). The remaining terms describe i.":t:lmolccular 

forces in a lamellar phases and are usually given in terms of a few basic interactions. The 

hydrocarbon chains of the lipids interact via shon-range (excluded-volume) repulsions and 

long-range dispersion-type attractions (Flory, 1969). In addition to these forces, the hydrated 

headgroups of the lipids interact via attractive or repulsive dipolar long-range forces. There have 

been several statistical mechanical theories developed to describe the molecular order of the lipids 

in terms of these intra- and intermolecular contributions (Maier and Saupe, 1960; flory, 1969; 

M~lja, 1974; Nagle, 1975; Cotter, 1977; Gelban and Baron, 1977; Berde et aI., 1980; Dill and 

flory, 1980; Meraldi and Schlitter, 1981a; Meraldi and Schlitter, 1981b; Pastor et aI., 1988). 

These models can be divided into two general classes. One category assumes that the molecular 

order is mainly governed by the anisotropy of the long-range dispersion forces (Maier and Saupe, 

1960; Maocelja, 1974). However such dispersion forces are not believed to be strongly 

directional in nature and most current models now emphasize the predominance of the short-range 

repulsive interactions in governing order among the acyl chains (Nagle, 1975; Coner, 1977; 

Gelbart and Baron, 1977; Berde et aI., 1980; Dill and flory, 1980; Meraidi and Schlitter, 1981a; 

Meraldi and Schliner, 1981b; Pastor et aI., 1988). In other words the attractive forces are 

assumed to provide cohesion and to stabilize the system. Thus, the dominant roles governing the 

segmental ordering are provided by the shape and packing of the molecules, under the influence 

of attractive forces which cause a reduction in the average intermolecular separation. 

In the Mrutelja (1974) model the interactions in the polar region are described in terms 

of an effective lateral chain pressure, ftc' which is a balance between the steric repulsion of the 



97 

chains and attractive forces in the headgroup region. The chain pressure, 1tc' can be expressed 

in simplified tenns as the ratio of the optimal cross-sectional areas of the acyl chains to that of 

the headgroup. As the interfacial headgroup area increases, with the chains constant, 1tc decreases 

(Mari!elja, 1974). Theoretical calculations (Mrutelja, 1974; Meraldi and Schlitter, 1981a; Meraldi 

and Schlitter, 1981b; Pastor et aI., 1988). show that both the magnitude and the shape of the 

order profiles are found to be sensitive to changes in 1tc. The chain pressure influences the cross-

sectional area of the chains and as it increases the segmental order increases (Meraldi and 

Schlitter, 1981a). Therefore one could predict that qualitatively 1tc (and likewise the ratio of acyl 

chain area to headgroup area) decreases in the order: palmitic acid/PaLPC-d:31 (1:1) > 

DPPC/PaLPC-d:31 (3:1) > PaLPC-~1 (90 wt%) since the magnitude of the order parameter 

decreases in this manner and this is related to the increase in the cross-sectional chain area 

calculated for these systems. 

4.6 Influences of Cholesterol 

The orientational order of PaLPC-~1 is enhanced dramatically by the presence of 

cholesterol. What distinguishes the cholesterol/PaLPC-~1 (1:1) mixture from the other lipid 

systems investigated is that the hydrocarbon domain of bilayer, as well as the polar region, 

comprises a mixture of chemically different moieties. The cholesterol molecule is in direct steric 

contact with the phospholipid hydrocarbon chains (Rand et al., 1975). This would tend to disrupt 

the chain-chain interactions and has been found to both eliminate the main phase transition 

temperature and increase the amount of segmental ordering in diacylphospholipid/cholesterol 

mixtures (Brown and Seelig, 1978; Oldfield et al., 1978; Kiman et al., 1986; Ipsen et al., 1990; 

Vist and Davis, 1990). Assuming that the shon-range, repulsive interactions in the hydrophobic 

domain of the bilayer are dominant in governing the order among the acyl chains, this may 

i 

--1 
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explain the different degree of segmental order of the acyl chain of PaLPC-~l in this system. 

TIlerefore it is obvious that the introduction of cholesterol into PaLPC-ti:31 bilayer has dramatic 

effects on the overall average properties of the bilayer as previously observed for other 

phospholipids (Brown and Seelig, 1978; Oldfield et al., 1978; Killian et al., 1986; Ipsen et aI., 

1990; Vist and Davis, 1990). 

4.7 Conclusions 

The investigation of a single chain phospholipid amphiphile, PaLPC-ti:31' in different 

lamellar phase environments has enabled the isolation of the influences of intennolecular 

interactions on average lipid properties. In particular it was shown that the ratio of acyl chains 

to headgroups plays a major role in detennining microscopic properties fH NMR order 

parameters) and average macroscopic properties of the entire system such as the main chain 

melting transition, average hydrocarbon thickness, and average cross-sectional area per acyl chain. 

In the low temperature state three of the samples [paLPC-d31 (90 wt%), DPPC/PaLPC-~l (3: 1), 

and palmitic acid I PaLPC-d31 (1:1)] yield 2H NMR spectra which are characteristic of all-trans 

acyl chains with rotating methyls undergoing long-axis rotational diffusion. This result is 

different from that obtained for aqueous dispersions of pure DPPC-d62 and indicates that PaLPC

~1 fonns a low temperature phase differing in its molecular properties from 

diacylphosphocholines. Above the main chain melting transition the segmental order parameters 

are different depending on the environment of the acyl chains. Comparison to theoretical models 

indicates that this is a function of the ratio of acyl chains to head groups. An increase in the area 

of the headgroup relative to the acyl chains leads to a decrease in the average projected length 

<L> of the acyl chains and an increase in their mean cross-sectional area <A>. Moreover, due 

to packing constraints in the L(l phase, the 2H NMR data for PaLPC-d31 (10 wt% H20) indicate 
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that the aggregate may be interdigitated which is consistent with low angle x-ray diffraction data 

(Arvidson et al., 1985). These studies indicate that intennolecular interactions are important in 

modulating the average properties of the entire lamellar phase. IncolpOration of different 

molecules will change these properties and may be related to the lipid diversity found in 

biological membranes. 
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5.1 Introduction 

Chapter 5 

Influence of Headgroups on Average Physical 
and Dynamical Properties of the Lex Phase 

Phospholipids are just one of the major classes of lipids found in biological membranes 

and themselves have a high degree of diversity. Variations in the polar headgroup region by 

having phosphocholine, phospho ethanolamine, phosphoserine, or phosphoinositol headgroups are 

commonly found. If membrane lipids only function were to provide a penneabUity barrier for 

cells, then a single lipid species such as phosphatidylcholine would suffice since it would 

maintain the bilayer structure necessary for a membrane. This is not the case in biomembranes 

and therefore there must be some reason for the vast diversity of lipids found even in a single 

membrane. It is possible that variation of the lipid components could have wide reaching effects 

over the entire structure, conferring particular properties to the bilayer systems. Modulation of 

the phospholipid composition could affect both the average and dynamical properties of the 

membrane thus providing optimal operating conditions for the protein. Variation of the 

membrane environment could be related to such average properties as the hydrocarbon thickness, 

the area per lipid molecule, or the curvature stress across the bilayer. Therefore it is important 

to understand how different lipid components influence these physical properties. Investigation 

of the average physical and dynamical properties of the principle lipid constituents, such as 

phosphatidylcholine (PC), phosphatidylethanolamine (PE), and phosphatidylserine (PS), may help 

resolve this question. 

Protein reconstitution studies have shown that the function of certain membrane proteins 

such as rhodopsin (Wiedmann et aI., 1988; Gibson and Brown, 1990; Gibson and Brown, 1991), 

Ca2+-ATPase (Navarro et al., 1984; Michelangeli et al., 1991), and dolicyl-phosphomannose 
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synthase (Jensen and Schutzbach, 1988) are affected by the lipid environment. In these studies 

an increase in the amount of phosphatldylethanolamine headgroups relative to phosphatldylcholine 

tended to increase protein function. Furthennore in the case of rhodopsin the presence of serine 

headgroups led to an increase in activity (Gibson and Brown, 1990). Therefore it seems fruitful 

to understand how these different headgroups affect the average and dynamic properties of 

membranes. 

To isolate the effects of the headgroups on the average properties of membranes, two 

lipids were studied which had the same acyl chains but different headgroups, 1,2-

diperdeuteriopalmitoyl-sn-glycero-3-phosphoethanolamine, DPPE-d62, and 1,2-

diperdeuteriopalmitoyl-sn-glycero-3-phosphocholine, DPPC-d62• The DPPC-d62 has three methyl 

groups on the nitrogen of the headgroup whereas for DPPE-d62 the methyl groups are replaced 

by hydrogens. This change produces dramatic effects on the average properties of model 

membranes, as well as influencing the dynamical behavior. It is known from x-ray diffraction 

data that phosphatidylethanolamines have a smaller effective headgroup than phosphatidylcholines 

(Wilkinson and Nagle, 1981; Lis et al., 1982; McIntosh and Simon, 1986; Nagle and Wiener, 

1988). This is mainly due to the ability of phosphatidylethanolamines to hydrogen bond to each 

other and to water molecules, allowing more effective packing. This close packing of the 

molecules restricts the cross-sectional area available for the acyl chains, which is compensated 

for by the stretching of the chains leading to a greater bilayer thickness. Because of the different 

properties of these headgroups, modulation of membrane properties can be altered by mixing 

lipids of different molecular areas. For example adding phosphatidylethanolamine to a 

phosphatidylcholine bilayer would have the effect of condensing the membrane making it thicker 

and more dense. Mixtures of phospholipids such as ones found in biological membranes would 

be expected to have average properties that depend on both the head group as well as the fatty 
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Figure 5.1. Deuterium NMR spectra for DPPC-d62 and DPPE-d62 in the low temperature state. 
The spectra of DPPE-d62 immediately below the phase transition (a) indicates that the methylene 
group in the acyl chains are approximately equivalent but that they are not in the all-trans state 
experiencing rapid axial rotation. When the temperature is lowered the spectra change and loose 
the distinct splittings at 46 kHz (b). This spectra is similar to the shape of the low temperature 
spectra seen for DPPC-d62 at all temperatures below the phase transition (c). The dotted lines 
over the spectra show the simulated 2H NMR lineshapes. The simulations in (a) and (b) differ 
only in the rate of axial rotation whereas (b) and (c) differ only in the amount of line broadening 
used. 
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acid composition. Such changes could provide a means for modulating the average properties 

of biological membranes. 

S.2 Effects of the Phospholipid Headgroups on the Average Properties In the Low 
Temperature Phase 

At temperatures immediately below the main phase transition for the DPPE-d62 the 2H 

NMR spectra are broad powder patterns with two distinct splittings at vQ=±4.5 kHz and ±23 kHz 

as seen in Figure 5.1a. These splittings are less than the expected values for the methyl and 

methylene groups of an all-trans, chains undergoing axial rotations (vQ=±7.1 and ±32 kHz 

respectively). The shape of the spectra indicate that while the methylene segments of the 

perdeuterated acyl chain do not appear to be all-trans they are roughly equivalent. The 

experimental spectra change again with further temperature reduction obscuring the splittings at 

±23 kHz (cf. Figure 5.1 b). The spectra at this low temperature are similar to the spectra acquired 

for DPPC-d62 (cf. Figure 5.1c), although DPPC shows this type of spectra at all temperatures 

below the main phase transition. Lineshape simulations are indicated by dashed lines over the 

spectra in Figure 5.1. For all three spectra an effective coupling constant of 150 kHz was used 

to fit the data. This indicates that either the ncyl chains are not in the all-trans configuration or 

that some other motion such as a whole molecule wobble averages the tensors. The differences 

in DPPE-d62 at 40°C (Figure 5.la) and 29°C (Figure 5.lb) is only a function of the rate of axial 

diffusion which is 6.58x106 rad S·1 for the 40°C simulation and 2.85x106 rad S·1 for the 29°C 

simulation. Comparison to the simulation of DPPC-d62 indicates that the spectra at 29°C for 

DPPE-d62 is almost identical to DPPC-d62 at a similar temperture since the differences in the 

simulations are slight changes in the amount of linebroadening needed. The values for the 

moments also support the conclusion that the chains are not in the all-trans state. For the case 

of a rotating polymethylene chain with rotating methyls (Davis, 1979) the first moment is 

-I 
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expected to be 1 x lOS S·l and the second moment 3 x 1010 S·2, which are higher than the values 

in Figure 5.2. 

The low temperature behavior of the DPPE-d62 spectra differs from DPPC-d62 and other 

diacylphosphatidylcholines, having a different shape for the low temperature phase spectra (Davis, 

1979; Barry et al., 1991). A broad distribution of methylene splittings is seen for such systems 

and they lack the distinct splitting of -46 kHz (part c of Figure 5.1). The difference in the shape 

of the 2H NMR spectra may be accounted for in a number of ways. First it is possible that the 

diacylphosphatidylcholines have a broader distribution of quadrupolar splittings along the chains 

implying that the chains are not in the all-trans state. This is unlikely because infrared 

spectroscopy has shown that DPPC has very few gauche bonds in the low temperature phase 

except near the head group (Mendelsohn et al., 1989). Furthennore this solution does not explain 

the change in low temperature lineshape observed when I-palmitoyl-sn-glycero-3-phosphocholine 

is added to DPPC bilayers (Figure 4.2). Second the rotation about the long axis could be in the 

intennediate exchange region on the NMR time scale for the diacylphosphatidylcholines 

obscuring the all-trans spUttings. Lineshape simulations (Wigand and Blume (1990) and Figure 

4.2) indicate that this can account for some but not all of the differences in the llneshapes. A 

third possibility is that the diacylphosphatidylcholines may go through a phase with biaxial 

symmetry, i.e. due to a ripple structure as in the Pw phase (Janiak et al., 1976) whereas 

phosphatidylethanolamines do not (Ladbrooke and Chapman, 1969). This biaxial phase may also 

lead to an apparent broadening of the all-trans splittings reflecting a non-zero asymmetry 

parameter and may account for the additional differences between the experimentallineshapes 

and the rotation simulations. 

When the temperature is decreased to approximately 25°C the spectra for DPPE-d62 

changes and lose the distinct splitting at 46 kHz. Here the spectra and the moments of DPPE-d62 
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Figure 5.2. (a) The first moment MI , (b) second moment Mz, and (c) their mean squared 
deviation, L\, as a function of increasing (filled symbols) and decreasing (hollow symbols) 
temperature for aqueous dispersion of DPPCM d62 (.,A) and DPPEM d62 (e,O). 
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and DPPC-d62 are very similar. Since decreasing the temperature should not increase the number 

of gauche isomers present in the acyl chain, either DPPE-4 fonns another low temperature phase 

at this temperature or the axial diffusion of the chains has slowed to the point where the rotation 

is in the intennediate exchange region on the NMR time scale. The lineshape simulations (dotted 

lines in Figure 5.1) clearly indicate that it is differences in the axial diffusion rates which cause 

changes in the 2H NMR spectra. At 40°C DPPE-d62 molecules undergo axial diffusion of 

approximately 6.58x106 rad S·l which is rapid on the 2H NMR time scale. When the temperture 

is lowered this rate decreases and at 29°C becomes slow enough to affect the 2H NMR lineshape. 

This rate is the same as for DPPC-d62 at the same temperture and the two systems yield similar 

spectra. However DPPC-d62 exhibit this type of spectra at all tempertures below the main chain 

melting phase transtion temperature. 

5.3 Effects of Phospholipid Headgroups on the Phase Transition 

The change in the first and second moments of the lineshapes can be indicative of a 

change in the phase of the system. It is evident from the change in the moments with 

temperature (Figure 5.2a,b) that the two lipids undergo a phase transition in the temperature range 

studied with very little hysteresis. However, the main phase transition temperature, T m' for 

DPPE-d62 is approximately 20°C higher than DPPC-d62 (T m=38 °C versus 56°C) as observed 

previously for protiated DPPE by differential scanning calorimetry (Silvius, 1982). This 

difference too can be understood in tenns of the headgroups, although it may not be related to 

the effective size of the moieties. Nagle has argued that the cause for this shift in the transition 

is not due to the different sizes of the headgroups but rather to the resistance of the 

phosphatidylethanolamine to the lateral expansion necessary for the transition to occur (Nagle, 

1980). This resistance occurs due to the hydrogen bonding of the ethanolamine groups. The 
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phase behavior of 1,2-dipalmitoyl-sn-glycero-3-phosphoserine (DPPS) can also be explained in 

a similar manner for although the average molecular area is the same as for DPPC the transition 

temperature is higher due to hydrogen bond formation. 

There are other changes in the moments in addition to the drastic change at the main 

chain melting transition. The phosphatidylcholine shows a slight plateau between 30 and 37°C 

which may indicate the presence of another phase such as the PI!' phase. This pretransition has 

been observed in phosphatidylcholine systems by differential scanning calorimetry (Chapman et 

al., 1967). The pre-transition is assumed to be the transition between the r.,. phase, in which 

the hydrocarbon chains are in a fully extended all-trans conformation with the acyl chains tilted 

with respect to the bilayer normal (Ruocco and Shipley, 1982), to the PI!' phase where the chains 

are no longer tilted (Rand et al., 1975). The PI!' phase is characterized by the appearance of 

ripples on the bilayer surface (Janiak et al., 1976). This pre-transition is not seen for DPPE-d62 

by 2H NMR as previously observed by differential scanning calorimetry (Ladbrooke and 

Chapman, 1969), however the moments slightly decrease at about 20°C below the phase 

transition. TIus decrease corresponds to the change in the spectra as indicated in Figure 5.1a,b. 

The lack of this pre-transition in DPPE-d62 is most likely related to the size of the headgroups. 

Once the chains are in the all-trans conformation for DPPC-d62 their cross-sectional area is not 

large enough to fill the area under the phosphocholine headgroups and the chains must tilt to 

compensate for this. Since the phosphoethanolamine headgroups are much smaller, the chains 

have no need to tilt once they become all-trans (McIntosh, 1980) and no pre-transition should 

be observed. 

5.4 Effects of the Phospholipid Headgroup on the Average Properties in the Liquid
crystalline Phase 

Representative 2H NMR spectra for DPPE-d62 and DPPC-~ in the La phase are shown 
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40 20 o -20 -40 40 20 o -20 -40 

frequency / kHz 

Figure 5.3. Representative 2H NMR spectra of multilamellar dispersion for a) DPPC-~ at 65 
°C and b) DPPE-d61 at 69°C in the liquid-crystalline (LJ phase. The 2H NMR powder-type 
spectrum corresponding to a random distribution of the lamellae is indicated at the top of the 
figure and the corresponding de-Paked spectra directly underneath. 



109 

in Figure 5.3. At approximately the same temperature the 2H NMR spectra are similar with the 

quadrupolar splitting, AvQ, being greater for DPPE-~ than for DPPC-d62• For perdeuterated 

lipids in the liquid crystalline phase, La phase, it is useful to de-Pake the spectra to extract the 

9=00 orientation of the bilayer nonnal with respect to the magnetic field (bottom spectra in 

Figure 5.3). 111.is leads to a better resolution of the individual resonances due to the elimination 

of all of the other orientations and allows for analysis of SCD for each resonance which can be 

assigned to a particular carbon. Such plots of SeD as a function of carbon segment are shown in 

Figure 5.4 for both DPPC-d31 and DPPE-ti:J1 at different temperatures in the La phase. The 

observed order parameters are similar to those obtained from specifically deuterated samples 

(Seelig and Seelig, 1974; Blume et aI., 1982). It is obvious from comparison of the order 

parameters in Figure 5.4 that DPPE-~ has a greater degree of order than does DPPC-d62 at the 

same absolute and reduced [T red = (f -T ".)/f III] temperature which are given in parenthesis. 

The different order profiles of DPPE-~ and DPPC-d62 are related to differences in the 

polar headgroup regions since the acyl chains are identical. The most obvious difference is the 

headgroup size, and x-ray diffraction data indicate that phosphatidylethanolamines have a smaller 

surface area per molecule relative to phosphatidylcholines (Wilkinson and Nagle, 1981; Lis et 

aI., 1982; McIntosh and Simon, 1986; Nagle and Wiener, 1988). Mely et aI. (1975) have shown 

that order profiles for potassium laurate extracted from 2H NMR spectra are related to the mean 

area per polar headgroup. The theoretical model of Meraldi and Schlitter (1981) stresses the 

importance of short-range repulsive forces, which are related to the size and shape of the 

molecules, in governing the orientational order observed by 2H NMR in lipid systems. In 

Chapter 4 it was shown that the order parameter of I-palmitoyl-sn-glycero-3-phosphocholine in 

different lipid environments seems to be related to the average area occupied per molecule. 

Furthennore, it has been shown that this average area is averaged over the entire aggregate even 



0.25 

0.20 

0.15 

0.10 

-o 0.05 
'-' o 
rnU 0.00 
-

0.25 

0.20 

0.15 

0.10 

0.05 

T-Y-T-T-T-T-T 
A-£-A-A-£-A-", 

~+.: 
~ 

• 60~C (0.0121) ~ 
• 65 C (0.0273) 
T 69°C (0.0419) 
A 85°C (0.0903) 

110 

0.00 L....--L--"'---'---'--.r...-.L--'---'---'--"---L---'---'---'--"---L---'---' 

o 2 4 6 8 10 12 14 16 

carbon segment (i) 

Figure 5.4. Comparison of order profiles of a) DPPE-d61 and b) DPPC-d61 at different absolute 
and reduced temperatures in the La phase. The order parameters St~) are plotted as a function 
of chain position. Different order profiles arc obtained for the two acyl chains and are connected 
by solid lines. The smaller and larger values of St~) arise from the sn-l and sn-2 chains, 
respectively. 
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in mixtures of different lipids (Jansson et al .• 1990). Therefore the smaller surface area per 

molecule for DPPE-t4z is most likely associated with the larger order parameters compared to 

DPPC-t4z. The smaller cross-sectional area available to the chains indicates that fewer gauche 

isomers are needed to maintain the packing near the density of liquid hydrocarbons. 

Using a diamond lattice model as given in Chapter 2, the acyl chain length and chain 

cross-sectional area can be extracted from the 2H NMR order profiles. These values are given 

in Table 5.1. As expected, the calculated average areas of the acyl chains are significantly less 

for DPPE-d62 at all absolute and reduced temperatures compared to DPPC-d62• Since the only 

difference in the molecules is in the headgroup region, the area occupied per acyl chain must 

reflect the effective headgroup area at the membrane lipid-water interface. If one adds the areas 

of the sn-l and sn-2 chains an estimate of the average cross-sectional area per molecule can be 

obtained. This technique yields a value of71.7 A2 for DPPC-d62 at SO °C (TRd == 0.04) compared 

to 57.6-70.9 A2 from x-ray data (Nagle and Wiener, 1988). The wide range of values from low 

angle x-ray diffraction studies underscores the ambiguities present when using this method in the 

La phase (Nagle and Wiener, 1988). A value of <A> = 69.5 A2 is obtained for the interfacial 

area occupied per molecule of DPPE-d62 at 69°C (Tred == 0.04) in the La phase, which is less 

than for DPPC-d62• Although x-ray data are currently unavailable for DPPE, the smaller surface 

area per molecule relative to phosphatidylcholines is in qualitative agreement with low-angle x-

ray diffraction studies of egg yolk phosphatidylethanolamine, 1,2-dilauroyl-sn-glycero-3-

phosphoethanolamine (DLPE), and 1,2-dimyrstoyl-sn-glycero-3-phosphoethanolamine (DMPE) 

in the La phase (Wilkinson and Nagle, 1981; Lis et al., 1982; McIntosh and Simon, 1986; Nagle 

and Wiener, 1988). At the same temperature, a reduction of - 4 N in the average chain cross-

sectional area of DPPE-d62 relative to DPPC-d62 is evident (see Table 5.1), from which a 

difference of - 8 N in the cross-sectional area per molecule (a 10% decrease) is suggested. 
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Table 5.1 Average projected length <.L>, cross-sectional area <.4>, and thermal expansion 
coefficients for DPPC-du and DPPE-d62 in the La phase 

Lipid TempfC 

DPPC 

DPPE 

42 
50 
65 
85 
60 
69 
85 

12.61 
12.30 
11.90 
11.57 
13.14 
12.88 
12.43 

·calculated from eq 2.40 of text. 

11.83 
11.53 
11.12 
10.80 
12.39 
12.12 
11.66 

35.52 
35.8 
37.9 
39.2 

33.98 
34.78 
36.03 

35.54 
35.9 
38.1 
39.4 
33.90 
33.90 
36.00 

±2.4xlO·3 

±2.4xl0·3 

bcalculated from eq 2.55 of text using volume per chain, VcA4iJ\, obtained from dilatometry data 
for disaturated phosphatidylcholines (Nagle,1978). 
'Thennal expansion coefficients parallel and perpendicular to the bilayer nonnal derived from 
linear regression fits of plots of InC <L>/IJ and InC <.A>/Oo) versus temperature using eqs 2.60 and 
2.61. Here 10 is the projected length per methylene segment in the all-trans state, and 00 is the 
corresponding cross-sectional area. For simplicity it is assumed that the hydrocarbon density is 
approximately constant over the indicated temperature range leading to (XII = -(XJ.. 
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The above approach may overestimate the area per molecule since the values obtained 

for DPPC-d62 are at the high end of the x-ray data range. As discussed in Chapter 4 an alternate 

method assumes that only the carbons nearest to the headgroup reflect the molecular area at the 

lipid/water interface. This would yield lower values for the mean cross-sectional area per 

molecule. Such an approach may be reasonable since the motions of carbon segments further 

down the chain are less restricted by the head group. If we use only carbons two through ten 

(approximately the plateau region) in calculating the area per molecule, the values decrease to 

62.6 N for DPPC-d62 at 50°C and 60.7 A 2 for DPPE-d62 at 69°C. These values still reflect the 

smaller area per molecule for DPPE-d62 relative to DPPC-d62, and the differences in molecular 

area for these two lipids are the same as for the previous method ( - 10% decrease). 

5.S Effects of Phospholipid Headgroups on the Dynamical Properties in the Liquid 
Crystalline Phase 

The spin-lattice (R1z) and quadrupolar order (R1Q) relaxation rates for DPPC-d62 and 

DPPE-d62 at different temperatures as a function of carbon segment are shown in Figure 5.5. 

At the same absolute temperature the R IZ and R IQ relaxation rates of DPPC are significantly larger 

than DPPE for a given value of SeD (for example compare Figure 5.5c and 5.Sf). If a comparison 

between relaxation rates is made at the same reduced temperature [Tred = (T-T,J!fm] the 

differences between DPPC and DPPE are even more distinct. Inspection of Figure 5.5a and 5.5e 

(Tred ... 0.01), and 5.5b and 5.5f (Tred ... 0.4) show the relaxation rates for DPPC are larger than 

DPPE for a particular carbon segment. For DPPC-d62 the relaxation rates decrease as you move 

down the chain acyl chain (smaller sg~ as observed for many other phosphatidylcholines (Dodd, 

1987; Trouard, 1991). This trend is also observed for the R1z relaxation rates of DPPE-d62, 

however the RIQ relaxation rates decrease very little as the order parameter is decreased. The 

relaxation rates also decrease slightly with increasing temperature for both lipids (Figure 5.5) as 
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Figure 5.5. Spin-lattice R 1Z (e) and quadrupolar order R1Q (v) relaxation rates versus carbon 
segment for DPPC-d61 (a-d) and DPPE-d61 (e-f) at different absolute and reduced temperatures: 
(a) 42°C, Tred=O.0129; (b) SO°C, T~O.0386; (c) 6SoC, Tred=O.0868; (d) 80°C, T~0.13S0, (e) 
60°C, Tred=O.OI21; (f) 65°C, Tred=O.0273; (g) 69°C, Tred=O.0419; (11) SocC, Tred=O.0903. At all 
temperatures the systems were in the La state and the resonance frequency was 46.1 MHz. For 
clarity only data for the sn-l chain is shown. 
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noted previously in studies of a homologous series of phosphatidylcholines (Williams et al., 

1985). The variation for DPPE is not as pronounced due to the limited temperature range studied 

for this sample. For DPPC-d62 the values for the Rlz and RIQ relaxation rates are nearly equal 

to each other for each observed SCD and temperature investigated. DPPE-~ has a quite different 

behavior. Here Rlz and RIQ are equal only near the hcadgroup (high SCD; carbons -2-12). 

Towards the ends of the chains the value of RIQ becomes higher than Rlz• 

Relaxation rates reflect the rates and amplitudes of motions of a labelled molecule. For 

2H NMR relaxation it is the motion of the electric field gradient (EFG) tensor with respect to the 

main magnetic field which leads to relaxation. Motions which cause the orientation of this tensor 

to fluctuate can be detected in the relaxation measurements. As detailed in Chapter 2, each 

motion will have a signature correlation function (Gilt); eq 2.64) describing the correlation of 

the orientation of the EFG tensor at a time t with the same at a time t+'t later. Fourier 

transforms of correlation functions give the spectral densities of motions (Jm(mOOo); eq 2.65) which 

are directly related to the relaxation rates (Abragam, 1961; Spiess, 1978) 

(5.1) 

.(5.2) 

If only one relaxation rate was measured the spectral densities could not be calculated. By 

measuring both Rlz and RIQ, the individual spectra densities J1(CiJo) and J2(2ro~ can be obtained. 

In this investigation the relaxation rates are calculated from the de-Paked spectra and are 

orientationally averaged values, therefore the spectral densities calculated will also be 

orientation ally averaged. For DPPC-d62 and DPPE-d62 the orientationally averaged spectral 

densities, <Jm(mCiJo}>, are shown in Figure 5.6 as a function of carbon segment As observed for 
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Figure 5.6. Spectral densities J1(roo) (e) and Jz(2roo) (v) versus carbon segment of DPPC-d62 (a-d) 
and DPPE-d62 (e-f) at different absolute and reduced temperatures: (a) 42°C, Tred=O.OI29; (b) 
50°C, Tred=O.0386; (c) 65°C, Tred=O.0868; (d) 80°C, Tred=0.1350, (e) 60°C, Tred=0.OI21; (f) 65°C, 
Tred=0.0273; (g) 69°C, Tred=0.0419; (h) 80°C, T~0.0903. At all temperatures the systems were 
in the La state and the resonance frequency was 46.1 MHz. The spectral densities were 
calculated from the experimentally detennined relaxation rates R1Z and R1Q• For clarity only data 
for the sn-l chain is shown. The data for DPPE-d62 at 80°C is not shown because only R1Z was 
recorded at this temperature. 
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the relaxation rates (Figure 5.5) the spectral densities decrease with increasing temperature and 

smaller order parameter. The only exception to this is <.11(000» for DPPE-d62 which is almost 

invariant as one moves down the acyl chains. Here, it is assumed that the contribution to the 

relaxation from segmental motions (i.e. trans-gauche isomerizations) is negligible because they 

will be very rapid and only motions involving large portions of the molecule will dominate 

(Brown, 1982; Williams et al., 1985). The segmental motions pre-average the EFG tensor 

leading to a residual or effective EGF tensor which is then subjected to the molecular fluctuations 

leading to relaxation. If this is the only factor influencing the relaxation behavior, a reduction 

in the order parameter would decrease the value of the effective EFG tensor and smaller 

relaxation rates and spectral densities would be predicted. This scenario can explain the decrease 

in relaxation rate observed as the temperature is increased or as one moves towards the ends of 

the acyl chains. Using the above arguments, it would be expected that the relaxation rates for 

DPPE-d62 would be greater than for DPPC-d62 due to the increased order parameter in DPPE-d62• 

From Figures 5.5 and 5.6 it is obvious that this is not the case and therefore the differences in 

segmental ordering do not alone account for the differences in the relaxation rates or likewise the 

spectral densities. 

The amplitude and rate of the motions leading to relaxation can also can playa role in 

detennining the relaxation behavior in addition to the segmental ordering. For DPPE-d62 both 

R1Z and <.12(2000» are lower than observed for DPPC-d62 at the same absolute and reduced 

temperatures (vida supra). If it is assumed that the same motions exist in the DPPE-d62 as in the 

DPPC-d62 system, then a smaller relaxation rate or spectral density implies that either the 

amplitude of the molecular motions decreases and/or the rate of the motion (which is related to 

the correlation time, 'tJ changes. The change in the correlation time depends on whether the rate 

of the motion falls on the fast or slow side of the Rl maximum (Figure 5.7). If the motion was 
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Figure 5.7. Pictorial representation of the general dependence of the relaxation rate on the 
correlation time te' The figure is for reference only and does not reflect any actual data. 
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on the fast side (extreme narrowing) then it would be expected that <JI(roo» would equal 

<J2(2roo» for a simple motion, and since this is obviously not the case (Figure 5.5), a slow side 

solution seems more appropriate. This can be tested by relaxation studies at different values of 

roo (Trouard, 1991). Such a detailed relaxation study was not carried out here since the goal of 

the work was only to characterize the difference in the relaxation behavior between these two 

lipid in very broad terms. If it is assumed that these systems are on the slow side of the RI 

maximum then the smaller relaxation rates or spectral densities would indicate slower motions. 

Therefore analysis of the difference in the relaxation rate leads to the conclusion that the motions 

for DPPE-d62 have a smaller amplitude and/or slower rate than the same motions for DPPC-d62• 

Furthermore, from Figure 5.6 it can be seen that for a given carbon segment and temperature 

<J2(2roo» for DPPE-d62 is equal to <J2(2roJ> for DPPC-dw This indicates that the differences 

in the motions only show up in <JI(roo» and since this is dominated by motions having rates on 

the order of % (% = 46.1 MHz in this case), the motion of interest must have a rate of less than 

COo. This change in the motion could be explained in terms of the packing of the headgroups. 

The DPPE-d62 headgroups are packed tighter together (vida supra) which would have the effect 

of constricting the motions of the acyl chains. This could result in a decrease in the amplitude 

of these motion, or a decrease in the rates, either of which would lead to a decrease in the 

relaxation rates or spectral densities for DPPE-d62 as observed. Therefore near the headgroups 

the same forces which result in the change in order parameter of the acyl chains also leads to a 

difference in the dynamics between DPPC-d62 and DPPE-d62• 

This analysis only holds for the carbon segments near the headgroup. At the ends of the 

acyl chains the Ria relaxation rates are higher for DPPE-d62 than for DPPC-d62• This would 

indicate that the molecular amplitude and/or the rate of motion must increase relative to DPPC

d62• To help understand this behavior models must be introduced. Previously the spin-lattice 
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relaxation has been fonnulated to be the result of fast and slow motions (Brown, 1982; Williams 

et aI., 1985) 

.(5.3) 

and similarly 

,(5.4) 

where A, B(I), C, D(I) are collections of constants, iJ) is the effective correlation time for fast 

motions at the tth segment, andftroo) parameterizes the frequency dependence of the slow motion. 

The linear dependence of R IZ and R IQ on the square of the order parameter has been characterized 

as a signature for slow motions contributing to the relaxation (Brown, 1982; Williams et aI., 

1985). Earlier studies have concluded that fast internal motions had only minor contributions to 

the observed spin·lattice relaxation rates, and that the parameter B(i) was essentially constant 

along the carbon segments in a series of phosphatidylcholines (Williams et aI., 1985). Plots of 

the relaxation rates (Figure 5.8) and spectral densities (Figure 5.9) as a function of /SCD /2 for 

both DPPC·d62 and DPPE-d62 indicate the relevance of this model to the systems studies here. 

For DPPC-i4z there is a linear dependence with /SCD /2 for both of the relaxation rates and the 

spectral densities. These values and trends compare very well with the same measurements on 

1 ,2-diperdeuteriomrystoyl-sn-glycero-3-phosphocholine. DMPC-d46, and other 

phosphatidylcholines (Williams et aI., 1985; Trouard, 1991). This linearity indicates that the slow 

motions do not change as one moves down the acyl chains (i.e., Ifi) is constant) and the rates 

only scale according to the order parameter squared. As seen in DPPC-d62 there is a linear 

dependence of R1z and <J2(2000» on /SCD/ 2 for DPPE-d62 although the slope of this dependence 



121 

DPPC- d62 DPPE- d62 
50~~~----~~--~~~--~~--~~------~~ 

40 a) 42°C 

30 
20 
10 

• , 
v 

•• i ' 
" . 

O~~~--+-~--~~~~+-~~~~-+--+-~ 

40 b) 50°C 

30 
20 
10 

i 

i 
.' , v v 

O~~--~~--~~~--~~--~~--~~--+-~ 

40 
30 
20 
10 

v v " • • • 
O~~--~~--~~~~~~--~~--~~--~~ 

40 
30 
20 

2 3 4 56012 

ISCD(i)1
2 

X 10
2 

• • 
3 4 5 6 7 

Figure 5.8. Spin-lattice R 1Z (e) and quadrupolar order R1Q (v) relaxation rates versus IS~~)12 for 
DPPC-d62 (a-d) and DPPE-d62 (e-f) at different absolute and reduced temperatures: (a) 42°C, 
Tmr=O.OI29; (b) 50°C, Tmr=0.0386; (c) 65°C, Tmr=0.0868; (d) 80°C, Tmr=0.1350, (e) 60°C, 
TmrO.0121; (f) 65°C, Tmr=O.0273; (g) 69°C, Tmr=O.0419; (It) 80°C, TRd=O.0903. At all 
temperatures the systems were in the La state and the resonance frequency was 46.1 MHz. For 
clarity only data for the sn-l chain is shown. 



Figure 5.9. Spectral densities J1(roo) (.) and J2(2000) (v) versus Isb;)12 for DPPC-d61 (a-d) and 
DPPE-~ (e-O at different absolute and reduced temperatures: (a) 42°C, TrecrO.0129; (b) SO°C, 
TrecrO.0386; (c) 65°C, Tred=0.OS6S; (d) SO°C, TrecrO.1350, (e) 60°C, T~.0121; (0 65°C, 
TrecrO.0273; (g) 69°C, TrecrO.0419; (h) SO°C, Tred=0.0903. At all temperatures the systems were 
in the L(l state and the resonance frequency was 46.1 MHz. The spectral densities were 
calculated from the experimentally detennined relaxation rates R1Z and R1Q• For clarity only data 
for the sn-l chain is shown. The data for DPPE-d61 at 80°C is not shown because only the R1Z 
relaxation rate was measured. 
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is greatly reduced. A comparison between DPPC-dQ and DPPE-~ shows that the B(;) in the 

latter is significantly reduced. If one assumes that these relaution rates are indeed controlled by 

slower non-collective motions then this reduction in the constant B(i) (and me corresponding D(;) 

for quadrupolar relaxation) suggest that me order parameter describing me slow fluctuations is 

greater. If collective motions are used to describe the variation in relaxation then differences 

between DPPC and DPPE can be described either by a increased slow motional order parameter 

and/or changes in effective elastic constant or an effective viscosity (Brown, 1982; Marqusee et 

aL, 1984). As a first approximation it is assumed that changes in the elastic constant and 

viscosities between DPPC-~ and DPPE~ are small. This assumption is supponed by 

investigations of bilayer bending stiffness (Bo and Waugh, 1989; Rand et aI., 1990). Modelling 

the changes in relaxation as collective or non-collective slow motion suggest that the magnitude 

of fluctuations in the phosphatidylethanolamine is reduced. This reinforces the conclusions that 

the slow molecular motions in DPPE-d61 are slower and/or have a reduced amplitude relative to 

DPPC-~ made by comparing the magnitude of the relaxation rates and the spectral densities. 

In DPPE-dQ RIa and <l1(COo» do not seem to exhibit the same dependence on ISCDl l 

but instead show almost no increase in magnitude with increasing order. This indicates that the 

slow motion must change as the ends of the chains are approached for DPPE-dQ as indicated 

from comparison of the RIQ rates and magnitudes of <11(0\)>. If it is assumed that the system 

is still on the slow side of the RI maximum, the motions at the ends of the chains for DPPE-dQ 

must be faster and/or the molecular amplitude greater compared to the carbon segments near the 

headgroup and to the ends of the chain of DPPC-d6l• This indicates that molecular models for 

relaxation such as the one described above where the relaxation of the lipid is modeled by motion 

of the entire lipid does not adequately explain the relaxation behavior of DPPE-dQ since the ends 

of the acyl chains seem to have a different motion from the chain segments near the head group. 
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One possible explanation involves the tethering of the head group to the aqueous interface. The 

DPPE-~ molecules are packed tighter together (vida supra) and they are extensively hydrogen 

bonded to each other and to water molecules. This may lead to a greater "molecular" motional 

freedom for the ends of the chains (this motional freedom is different from the motional freedom 

of the individual cariX)D segments which would lead to lower order parameters) or may provide 

less motional averaging leading to higher relaxation rates. Additionally there could be a 

difference in the vesicle size and tumbling rate between the two lipids. The very slow motion 

of vesicle tumbling has been used to explain low frequency data (Halle. 1991) and may affect 

<.T1(CI\J>. Another possibility is that the lateral diffusion is too slow to allow for orientational 

averaging for DPPE-d62• If this is the case then the assumptions made in the de-Pakeing routine 

would lead to errors in the relaxation measurements. This orlentational averaging has been found 

to take place in disaturated phosphatidylcholines and therefore it has been assumed that it also 

is found here. This assumption has been found not to hold is in lipid/cholesterol mixtures where 

the order is very high. 

5.6 Conclusion 

Changes in the headgroup of a phospholipid can have dramatic effects on the physical 

properties of the aggregates it fonns. Here the differences between 1.2-diperdeuteriopalmitoyl-sn-

glycero-3-phosphocholine. DPPC-d6l• and 1.2-diperdeuteriopalmitoyl-sn-glycero-3-

phosphoethanolamine. DPPE-d62 have been explored using 2H NMR. DPPE-~ has a smaller 

effective headgroup due to the ability of phosphatidylethanolamines to hydrogen bond to each 

other and to water molecules. allowing the molecules to come in closer contact with each other. 

In the La phase. this close packing of the molecules restricts the cross-sectional area available 

for the acyl chains resulting in higher segmental order parameters for DPPE-~. These 
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differences in average cross-sectional area also affect the low temperature behavior of these 

lipids. Differences in the low-temperature lineshapes and spectral moments indicate that the 

structure and motions below the main phase transition are altered by the size and packing of the 

headgroups. These differences do not affect the temperature behavior of the average properties 

which remains the same for all of the systems studied. This indicates that the temperature 

dependence may be a property of the La phase, independent of the components of the phase. 

Furthermore the dynamic behavior is also altered by the identity of the head group. In general 

the relaxation rates (Rlz and RIO) and spectral densities (<.II(Cl\J> and <.1,,(2000») of the carbon 

near the head group are lower for DPPE-~ compared to DPPC-d61• This indicates that the 

amplitudes and/or the rates of the motions are decreased for DPPE-d61 relative to DPPC-d61 and 

since this change in the dynamic behavior only affects <.I1(Cl\J> the rate of the motions that 

change must be slower than 46.1 MHz. At the ends of the chains these slow motions in DPPE

d61 change and have a greater amplitude and/or are faster than either the motions at the top of 

the chains or the corresponding segments of DPPC-~. This too may be related to the packing 

of the headgroups and the same forces responsible for the increase in the segmental order 

parameters of DPPE-d61 also cause changes in the relaxation behavior. 



~---

6.1 Introduction 

Chapter 6 

Average Physical and Dynamical Properties of 
Mixed Phospholipid Systems In the La Phase 

Cell membranes are composed of many different proteins and lipids. The different 

proteins are related to the diverse functions of the membrane. Mitochondria membranes which 

have many numerous enzymatic and transport functions have membranes composed of 70-80% 

proteins. whereas nerve myelin membranes contain only 18% protein (Marsh. 1983). Membranes 

also exhibit a wide range of composition in terms of the lipids. Simple membranes such as for 

E. coli contain mainly phosphatidylethanolamine. The mitochondria membrane consists of 

roughly 50% phosphatidylcholine. 30% phosphatidylethanolamine. and 20% cardiolipin (Korn. 

1966). Furthelmore membranes contain a vast diversity of acyl chains as well as headgroups. 

In the rod outer segment membrane phosphatidylcholine lipids (40-50% of total lipid content) 

have predominantly palmitic acid (16:0). steric acid (18:0). and docosahexaenoic acid (22:6) 

(Stinson et aI .• 1991). The phosphatidylethanolamine lipids (30-35%) and phosphatidylserine 

lipids (5-10%) have predominantly 18:0 and 22:6 chains (Stinson et aI .• 1991). 

In the previous chapters the problem of lipid diversity has been tackled by s~dying each 

lipid species separately and then comparing their average and dynamic properties. To better 

understand how different lipids could affect these average properties in real membranes. mixtures 

of lipids were studied in hopes of determining how the average properties of membranes are 

affected by the different lipid components. Of particular interest was the question of whether the 

observed 2H NMR data reflected intennolecular or intramolecular properties as discussed in 

Chapter 4. 
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Figure 6.1. Representative 2H NMR spectra of multilamellar dispersion for a) DPPC-ddDPPE 
and b) DPPE-d6:JDPPC at 65°C in the liquid-crystalline (LJ phase. The 2H NMR powder-type 
spectrum corresponding to a random distribution of the lamellae is indicated at the top of the 
figure and the corresponding de-Paked spectra directly underneath. 
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Figure 6.2. Segmental order profJles for aqueous dispersions of 1: 1 mixtures of (a) DPPE
d6,jDPPC and (b) DPPC-d6,jDPPE. The order parameters are intennediate to those of pure 
DPPE-d62 (plateau SCD ... 0.225) and pure DPPC-d62 (plateau SCD ... 0.175) and the position of the 
deuterated acyl chains has very little effect of the observed order parameters (well within 
experimental errors). 
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6.2 Average and Dynamic Properties In Mixtures of Perdeuterated Phospholipids. 

Since phosphatidylcholine and phosphatidylethanolamine are the most commonly found 

lipid species in biomembranes, mixtures of these two types of headgroups would be the simplest 

model to compare to real membranes. To this end tertiary samples (considering bulk water as 

one component) were prepared containing two lipids which have been extensively characterized, 

1 ,2-diperdeuteriopalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE-d60 and 1,2-

diperdeuteriopalmitoyl-sn-glycero-3-phosphocholine (DPPC-d6:z). Two samples were studied, one 

was a 1: 1 mixture of DPPE-d62 and DPPC containing 50 wt% water, and the other a 1: 1 mixture 

of DPPC-d62 and DPPE also containing 50 wt% water. Figure 6.1 shows the 2H NMR spectra 

at 65°C for both these samples (powder-type spectra at the top and de-Paked below). Both 

systems at 65°C yield spectra typical of the La phase. A rough temperature study indicated that 

at approximately 55 °C only the La phase existed for both samples. This is consistent with the 

phase diagram which indicates a two phase region from approximately 43-55 °C (Blume et al., 

1982). At 65°C the spectra with either DPPE-d62 or DPPC-d62 are identical indicating that no 

large phosphatidylcholine or phosphatidylethanolamine rich domains exist since the spectra of 

pure DPPC-d62 and DPPE-d62 each differ from that observed in these mixtures. 

The segmental order parameters for a 1: 1 mixtures of DPPE-ddDPPC and DPPC-

d6z1DPPE are shown in Figure 6.2 and yield values which are intermediate to those of pure 

DPPE-d62 or DPPC-d62 dispersions (cf. Figure 5.4). It is of interest to note that the observed 

order parameter does not depend on which lipid is deuterated (DPPC-d62 or DPPE-d60. This has 

also been observed previously for specifically deuterated DPPE and DPPC (Blume et al., 1982) 

and for mixtures of DPPC and I-palmitoyl-sn-glycero-3-phosphocholine (Jansson et al., 1990). 

As explained in Chapter 5, the order parameter is related to the cross-sectional area accessible 

to the acyl chains. The fact that the order parameter is independent of the identity of the 
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Figure 6.3. Spin-lattice R1z (e) and quadrupolar order RIQ (v) relaxation rates versus carbon 
segment for (a) DPPE-dWDPPC and (b) DPPC-d6zfDPPE at 65 DC. For clarity only data for the 
sn-l chain is shown. 
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headgroup in phospholipid mixtures indicates that the size of the head group to which the 

deuterated acyl chain is attached is not the detennining factor for the accessible area of the 

chains. The order parameters are an average over the entire system as is the area per molecule 

calculated from the data (Table 6.2). When two lipids which occupy different areas (such as 

DPPC and DPPE) are mixed they fonn bilayers with an intennediate cross-sectional area 

averaged over the entire system. Therefore changing the amounts of different components in a 

membrane has an effect on the entire membrane and may explain why biomembranes possess 

such a wide diversity of lipid species. 

To further explore the properties of the DPPC/DPPE mixtures, relaxation measurements 

were carried out. Plots of R 1Z and R1Q relaxation rates versus carbon segment for 1:1 mixtures 

of DPPE/DPPC are shown in Figure 6.3. As obselVed for the order parameters the relaxation 

rates and behaviors are nearly identical regardless of the headgroup composition of the labelled 

lipid. This indicates that the dynamics are not affected by the actual composition of the 

headgroup. The chains behave dynamically as if they are tethered to some surface and restricted 

by the area accessible to them. It is this area which is detennined by the packing of the 

headgroups over the entire system. This lack of chemical specificity supports a conclusion that 

the lipid dynamics are a function of the overall phase properties. The R1Z relaxation rates in the 

plateau region (highest Sbbl) are larger than the same rates in either DPPC-d62 or DPPE-d62 

(Figure 5.5) at the same absolute temperature. Because of the large two-phase region obselVed 

for DPPC/DPPE mixtures, it is difficult to define a reduced temperature and therefore relaxation 

rate will only be compared to the same absolute temperature. The R1Q rates are the same as for 

DPPC-d62 and slightly higher than for DPPE-d62• This behavior differs slightly towards the ends 

of the acyl chains. Here the R1Z relaxation rate is still higher than for DPPE-d62 or DPPC-d62, 

but now the R1Q rate is only higher than for DPPC-d62 whereas it is lower than for DPPE-d62JI' 

i 

-I 
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Figure 6.4. Spectral densities J1(roo) (e) and J2(2000:> (v) versus carbon segment of (a) DPPE
d6JDPPC and (b) DPPC-d6JDPPE 65°C. The spectral densities were calculated from the 
experimentally detennined relaxation rates R1z and R1Q• For clarity only data for the sn-l chain 
is shown. 
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get a better understanding of the dynamics in these mixtures it is best to analyze the data in tenns 

of the individual spectral densities (eq 2.65). (As explained in Chapter 5 the spectral densities 

are calculated from de-Paked spectra and therefore are orientationally averaged designated as 

<Jl(~» and <J2(2000».) Plots of <Jl(~> and <J2(2~» as a function of chain segment are 

given in Figure 6;4. In the plateau region <Jl(~» is equal to <Jl(~» of DPPC-d62 and higher 

than that of DPPE-d62• whereas <J2(2~» for the mixture is higher than <J2(2~» for either 

DPPC-d62 or DPPE-d62• One might have expected that when DPPC and DPPE are mixed then 

the relaxation behavior would be intennediate to that of either pure component as seen for the 

order parameters. However the only place this assumption holds is for <Jl(~» at the ends of 

the acyl chains where <Jl(~> of the mixture is higher than <Jl(~» of DPPC-d62 and lower 

than <Jl(~» of DPPE-d62• In the plateau region <Jl(~> is higher than for DPPE-d62 but it is 

equal to DPPC-d62 and not intennediate. This would indicate that the motions which affect 

<.Tl(~» are the same in the mixture and DPPC-d62 but differ from those motions in DPPE-d62• 

As discussed in Chapter 5 the decrease in <Jl(~» for DPPE-d62 relative to DPPC-d62 indicated 

that either the amplitude of the molecular motions decreased and/or the rate of the motion were 

slower. This change in the motions was explained by the packing of the headgroups. The 

change does not occur when DPPE is added to DPPC up to a 1: 1 ratio even though the packing 

of the headgroups is reduced. One possible explanation for this is that there is some critical 

value for the area per molecule at which these changes in motion take place. Therefore the area 

per molecule is not small enough in the mixture for these differences in motion to occur. A 

related explanation is the hydrogen bonding of the phospho ethanolamine headgroups which 

accounts for some of the difference in headgroup size between phosphatidylethanolamine and 

phosphatidylcholine. This hydrogen bonding network could be disrupted in the DPPC/DPPE 

mixtures and therefore the motions remain more like DPPC-d62 than DPPE-d62• This explanation 

--I 
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Figure 6.5. Spin-lattice R 1Z (e) and quadrupolar order R1Q (v) relaxation rates versus IStb)12 
for (a) DPPE-d6:zIDPPC and (b) DPPC-d6:zIDPPE at 65°C. For clarity only data for the sn-1 
chain is shown. 
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only holds for the carbons closer to the headgroup, since at the ends of the chains the values of 

<ll(~> are intennediate to those of DPPE-d62 and DPPC-d62• 

The major difference in relaxation for DPPE-~ and DPPC-~ was the change in 

<ll(~» since <12.(2000» was the same for DPPE-d62 and DPPC-d62 in the plateau region or at 

the ends of the chains. For the mixture <l2.(2Cl\J» is higher than the values for either DPPE-d62 

or DPPC-~. This indicates that the motions which affect <12.(2000» have a greater amplitude 

and/or are faster than in the single component systems in analogy to the arguments made for the 

difference in dynamic behavior between DPPE-~ and DPPC-d62 (Chapter 5). At this point there 

is no obvious reason why this would be so, but perhaps it is related to having a mixture of 

different components. The order parameter and also perhaps <11(000» are on a slow enough time 

scale to average the contributions over the entire system. Since the motions which will effect 

<12.(2000» are at least twice as fast as those influencing <11(000», they may be affected more by 

an inhomogeneous immediate environment. 

6.3 The Use of Perdeuterated Phospholipid Probe Molecules to Determine Average 
Properties 

The above section indicates that the order parameter reflects properties averaged over the 

entire system and is influenced mainly by intennolecular interactions. Therefore anyone 

molecule will report the SeD of the entire system. It follows that if a small amount of deuterated 

lipid is added to a non-deuterated system in such a way that it has a minimal impact on the 

properties of the original system, the order parameters measured for this deuterated molecule will 

reflect the order parameters of the entire system. This technique would have several advantages. 

Only a small amount of deuterated lipid needs to be synthesized since it is not the major 

component of the system, and furthennore, the deuterated lipid could be used to report the order 

parameter of systems in which it is difficult to introduce deuterium labelling. A third advantage 
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Figure 6.7. Representative 2H NMR spectra of multilamellar dispersion for a) DPPC/POPC-~l 
at 50°C, b) DMPC/POPC-~l at 50°C and c) DPPE/POPC~l at 65°C in the lamellar liquid
crystalline (LJ phase. 
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is that this technique could be used to measure the avemge properties of complicated mixtures 

oflipids and even native membmnes. The probe chosen was l-perdeuteriopalmitoyl-2-oleoyl-sn

glycero-3-phosphocholine (POPC-~I) because it was relatively easy to prepare and was predicted 

to have only small effects on a large variety of systems. The first question addressed was 

whether this molecule could indeed report the order parnmeter in systems where the order 

parameter was known using perdeutemted host molecules. To determine whether the probe 

molecule perturbed the system, mixtures of DPPC~ with 10 wt% POPC were prepared. It was 

determined that the presence of POPC had no effect on the observed order pammeters of DPPC

d62 (Figure 6.8a). The deuterated probe molecule was then mixed with non-deutemted host 

molecules of different identities (DPPC, DPPE, and 1,2-dimyristoyl-sn-glycero-3-phosphocholine, 

DMPC) to determine if it could report an accumte order parameter. Spectm of POPC-~1 (10 

wt%) mixed with DPPC (Figure 6.7a), DPPE (Figure 6.7b), and DMPC (Figure 6.7c) indicate 

that the systems are in the La phase at the appropriate tempemtures and that no abnormalities 

appear in the spectra. The order pammeters for the DPPC/POPC-d31 mixture are almost the same 

as those measured for DPPC-~ with the order parameters of the probe molecule being 

approximately 10% lower (Figure 6.8b). Furthermore the order profile for POPC-d31 in the 

presence of DPPC was different than that of pure dispersions of POPC-~1 (Lafleur et aI., 1990) 

indicating that it is in fact reporting the order of the DPPC system. 

POPC-~1 differs only slightly from DPPC so it is not surprising that it should report the 

order parameters of tlle system. To test whether this method could be used on systems with 

different headgroups or acyl chains, mixtures of DPPE and DMPC each with 10 wt% POPC-~1 

were prepared. Again, for these two cases the segmental order parameters reponed by the POPC

d31 probe were within 10% of the value for the deutemted host system (Figure 6.9). Therefore 

even when the headgroups or the acyl chains are different from the probe molecule it can still 
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Figure 6.8. The effects of a POPC-~l probe on DPPC bilayers. Pan (a) indicates that the 
addition of 10 wt% POPC has no measurable effect the segmental order parameters SM) of 
DPPC-~. Pan (b) shows that the segmental order parameters of DPPC/POPC-d31 (II) is within 
10% of the values for DPPC-dw'PQPC (v). This figure illustrates that a probe molecule can be 
used to repon the order parameters of phospholipid systems. 
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DPPE (a) and DMPC (b). In both cases with values obtained with the probe molecule (e) are 
within 10% of the pure lipid system (v). 
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report the average order parameters of the entire system. Although the order parameters are the 

same, other average 'properties may be more difficult to calculate due to differences in the 

molecules. If all of the chains are palmitic acid as for DPPC and DPPE, then calculation of the 

average acyl chain length will still be accurate using the order parameters of the probe molecule 

and the diamond lattice model. If the chains are not the same (as for DMPC) or are a mixture 

of different chains, then the diamond lattice model will not reflect the actual average length of 

the acyl chains but only the length of the palmitic acid chains. For DMPC-dS4 at 50°C the 

projected acyl chain length <L> is 10.42 A (Dodd, 1987). The length of the palmitic acid chain 

for POPC-d:ll in the presence of DMPC is 11.78 A which is too large. However if n in the 

diamond lattice equation (eq 2.40) is redefined as the average number of carbons in the acyl 

chains of the system (n would be equal to 14 for the DMPC/POPC-d,H mixture), then the 

calculated length of this system is 10.53 A which is within 1 % of the actual value. Alternatively 

the length can be calculated using the first moment of the spectra using eq 2.54. Use of this 

technique with n = 14 yields a value for <L> of 10.63. Therefore by slightly manipulation of 

the equations employed where n in eq 2.40 and 2.54 becomes the average number of carbon in 

the acyl chains of the entire system, the probe molecule can be used to calculated the average 

hydrocarbon thickness of a bilayer. For all of the lipids studied in this chapter it will be assumed 

that the average number of carbons is 16 and therefore the values calculated from the POPC-~l 

molecule will be used as the <L> for the entire system. 

This same problem does not occur when calculating the average cross-sectional areas of 

the chains <A> (eq 2.55), since the different length chains will have different volumes (eq 2.56) 

Therefore one can use the length calculated for the POPC-~l chains to calculated the average 

cross-sectional area of the system as long as the volume for palmitic acid is used in eq 2.55. By 

doing this <A> = 36.93 using the probe molecule and <A> = 37.4 for DMPC-dst (Dodd, 1987). 
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It is assumed that the area of the sn-l chain is the same as the sn-2 chain, then the area per 

molecule can also be calculated as described in Chapter 5. 

6.4 Average Properties of Dloleoylphosphatldylchollne/Phosphatldylethanolarnlne Mixtures 
In the La Phase 

Since the probe molecule can accurately report average segmental order parameters for 

a variety of systems, addition'al systems were studied using this technique. The effects of the 

addition ofphosphatidylethanolamine headgroups to phosphatidylcholine bilayers was investigated 

using mixtures of 1 ,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dioleoyl-sn-glycero-

3-phosphoethanolamine (DOPE) in the presence of the probe molecule POPC-~I' Mixtures of 

DOPC and DOPE were chosen because of the availability of x-ray data on such mixtures and due 

to the correspondence to the studies on the reversed hexagonal phase (Chapter 8) 

The 2H NMR powder pattern spectra and corresponding de-Paked subspectra for DOPC 

with increasing amounts of DOPE are shown in Figures 6.10 and 6.11 respectively. At the same 

temperature (50°C) the splittings increase with increasing amounts of DOPE. This increase 

corresponds to an increase in the order parameters (Figure 6.12) at all temperatures. Therefore 

as the amount of phosphatidylethanolamine headgroups increases, the orientational ordering also 

increases and approaches that of purephosphatidylethanolamine dispersions. Addition of 

phosphatidylethanolamine to a phosphatidylcholine system will have the effect of decreasing the 

average cross-sectional area per molecule, leading to a condensing of the bilayer. As discussed 

in Chapter 5, if the area at the lipid/water interface is decreased the chains will be in a more 

extended configuration and the order parameters will increase as observed for these systems. As 

described in Chapter 2 it is possible to extract the average projected acyl chain length and cross-

sectional area from the observed order profiles. These numbers are tabulated in Table 6.1 for 

these four mixtures. It is evident that as the amount of phosphatidylethanolamine increases the 

I 
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a) DOPC b) DOPC/DOPE (3:1) 

c) DOPC/DOPE (1: 1) d) DOPC/DOPE (1 :3) 

40 20 o -20 -40 40 20 0 -20 -40 

frequency / kHz 

Figure 6.10. Representative 2H NMR powder-type spectra of multi1amellar dispersion for a) 
DOPC, b) DOPC/DOPE (3:1), c) DOPC/DOPE (1:1), and d) DOPC/DOPE (1:3) at 50°C in the 
lamellar liquid-crystalline (La> phase. All samples contained 10 wt% POPC-d:31 with respect to 
the DOPC content. 
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a) DOPC b) DOPC/DOPE (3:1) 

c) DOPCIDOPE (1:1) d) DOPCIDOPE (1:3) 

40 20 o -20 -40 40 20 0 -20 -40 

frequency / kHz 

Figure 6.11. Representative 2H NMR de-Paked subspectra (9 = 0°) of multilamellar dispersion 
for a) DOPC, b) DOPC/DOPE (3:1), c) DOPC/DOPE (1:1), and d) DOPC/DOPE (1:3) at 50°C 
in the lamellar liquid-crystalline (La> phase. All samples contained 10 wt% POPC-d:31 with 
respect to the DOPC content. The subspectra correspond to the powder-type spectra in Figure 
6.10. 
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average area per molecule decreases for the entire system. This decrease in the area per molecule 

is related to the curvature energy as described in Chapter 7-8 which should increase as the 

amount of phosphatidylethanolamine increases. As will be seen later these changes in average 

properties of the membranes may be related to the function of membrane proteins (cf. Chapter 

12). 

The data also gives some insight on the effects on unsaturated chains on the order 

parameters of phosphatidylcholines and phosphatidylethanolamines. Comparisons can be made 

between DOPC (this work) and 1,2-distearoyl-sn-glycero-3-phosphocholine (Dodd, 1987) which 

differ only in the fact that DOPC has one double bond at the 9 position on each chain. At the 

same temperature (65°C) the order parameters for DOPC are lower than for DSPC (the order 

parameter of the plateau region for DOPC is 0.1666 and for DSPC-d70 it is .1847). Therefore 

at the same temperature the introduction of unsaturation leads to a disordering of the acyl chains. 

It is difficult to detennine if this is due to differences in the phase transition temperature or 

whether the unsaturation causes the acyl chains to pack in a different manner. The phase 

transition for DOPC is around -20°C (Silvius, 1982) and is 50°C for DSPC-alO (Barry et al., 

1991). This change in the phase transition can be taken into account by comparing the systems 

at the same reduced temperate (Seelig and Browning, 1978; Barry et al., 1991) defmed as 

T-T 
T - m 

rid - -T-
m 

,(6.1) 

where T is the temperature and Tm is the main phase transition temperature on the absolute scale 

(K). If comparison is made at the same reduced temperature then the ordering is higher for 

DOPC than for DSPC-d7o• These same trends have been observed when comparing disaturated 

phosphatidylcholines with mixed-chain phosphatidylcholines containing one saturated chain and 

one polyunsaturated chain (Barry et al., 1991). Therefore it appears that the introduction of 
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Figure 6.12. Effects of varying the DOPC/DOPE ratio of the segmental order parameters S~b) 
in the La phase. The segmental order parameters are plotted versus carbon segment at different 
temperatures. The order parameters were measured through the use of 10 wt% POPC-ti:l1 with 
respect to the DOPC content. 
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Table 6.1 Average Acyl Chain Length <L>, Chain Cross-sectional Area 
<.4>, and Thermal Expansion Coefficient ex for Mixtures of 
Dioleoylphosphatidylcholine (DOPC) and DloleoylphosphaUdylethanolarnJne (DOPE). 

Mixture Tem~C <L>llA <.4>b l A2 aCIK·1 

DOPC 22 12.25 35.53 ±2.1xlO·3 

30 12.11 35.91 

40 11.74 37.08 

50 11.58 37.57 

65 11.61 37.49 

DOPC/DOPE 22 12.38 35.16 ± 1.4x 10.3 

(3:1) 
30 12.21 35.65 

40 12.08 36.03 

50 11.88 36.63 

65 11.69 37.21 

DOPC/DOPE 22 12.55 34.67 ± 1.4x 10.3 

(1:1) 
30 12.39 35.13 

40 12.24 35.54 

50 12.05 36.12 

65 11.81 36.81 

DOPC/DOPE 22 12.63 34.44 ±0.8xlO·3 

(1:3) 
30 12.55 34.68 

40 12.43 35.02 

50 12.35 35.24 

65 12.33 35.27 

Icalculated from eq 2.40 of text. 
bcalculated from eq 2.55 of text using volume per chain, Vcllaln' obtained from dilatometry data 
for disaturated phosphatidylcholines (Nagle,1978). 
'Thennal expansion coefficients parallel and perpendicular to the bilayer nonna! derived from 
linear regression fits of plots of In( <L>/IJ and In( <.4>/00) versus temperature using eqs 2.60 and 
2.61. Here 10 is the projected length per methylene segment in the all-trans state, and 00 is the 
corresponding cross-sectional area. 
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unsaturation in the acyl chains has the effect of orientationally ordering the acyl chains relative 

to saturated chains. However the unsaturation disrupts the interactions between the chains which 

are thought to be the main influence in governing the main phase transition temperature (Nagle, 

1980). This change in the transition temperature leads to a higher degree of disorder in the acyl 

chains compared to disaturated lipids at the same temperature. 

6.5 Average Properties of Dipalmitoylphosphatidylserine 

In addition to phosphatidylcholines and phosphatidylethanolamines the use of a probe 

molecule allows for simple examination of the average properties of other headgroups such as 

phosphatidylserine. To explore this 10 wt% POPC-ti:JI was added to 1,2-palmitoyl-sn-glycero-3-

phosphoserine (DPPS) dispersion at pH = 7.0. The segmental order parameters at 60°C are 

shown in Figure 6.13 and are within 10 % of the values for specifically deuterated DPPS 

(Browning and Seelig, 1980; De Kroon et al., 1990). The order parameters for DPPS and DPPC

d62 are almost identical at the same temperatures (cf. Figure 5.4). Phosphoserine has a much 

smaller van der Waals radius than phosphatidylcholine and it would be expected to behave more 

like phosphatidylethanolamine. However at pH = 7 the head group is negatively charged. The 

electrostatic repulsion between the phosphoserine headgroups brought on by this change cause 

the lipid packing to be looser than expected from the actual size of the moiety. The opposite is 

seen for DPPE-d62 where hydrogen bonding decreases the spacing of the headgroups. The 

electrostatic repulsion in the phosphoserine head groups cause the cross-sectional area per 

headgroup to be approximately equal to that of DPPC-d62 and leads to similar order parameters. 

6.6 Average Properties of Membrane Lipids Derived from Natural Membranes 

Up to this point only synthetic membranes in which the components are controlled have 

-I 
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Figure 6.13. Segmental order profiles for aqueous dispersions of DPPS containing 10 wt% 
POPC-d:n at pH = 7.0 and 60°C. 
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been described. With the use of the probe molecule, systems derived from native membranes can 

also be explored. The first systems studied were derived from chicken egg yolks. This is still 

a simple system which consists of either phosphocholine, phosphoethanolamine, or phosphoserine 

headgroups and acyl chains which are mainly palmitic and oleic acid (Singleton et al., 1965). 

Furthermore the acyl chain composition between the different headgroup were kept constant by 

transphosphatidylation of egg yolk phosphatidylcholioe (EggPC) to phosphatidylethanolamine 

(EggPE) and phosphatidylserine (EggPS). The spectra of EggPC and a mixture of EggPC, 

EggPE, and EggPS (45:40:15) containing 10 wt% POPC-d31 with respect to the 

phosphatidylcholine weight are shown in Figure 6.14. These mixtures were chosen to correspond 

to flash photolysis experiments determining the amount of rhodopsin function in different lipid 

systems (Chapter 12). At 30°C both systems yield spectra which are similar to other systems 

studied implying that the EggPC mixtures are in the La phase and that the structure of this phase 

is similar to the model membranes already discussed. The segmental order parameters for EggPC 

containing 10 wt% POPC-~1 and the mixture of EggPC/EggPE/EggPS (45:40:15) are shown in 

Figure 6.15. The values of the order parameter for EggPC are within -20% of the values 

obtained by Stockton et al. (1976) using perdeuterated stearic acid as the probe molecule. 

Comparison of the EggPC sample with DPPC-~ (Figure 5.4) indicates that at common absolute 

temperatures the order parameter is lower for EggPC. Since EggPC is a mixture of many 

different species ofphosphatidylcholines, the main phase transition is broad spanning from -15°C 

to 7 °C (Ansell and Hawthorne, 1964). Becasue of this only RIl estimate of the reduced 

temperature can be made for the EggPC system. At approximately the same reduced temperature 

the order parameter is higher for EggPC than for DPPC-d62• This trend is the same as when 

comparing saturated with unsaturated lipids and therefore the differences between EggPC and 

DPPC-i42 reflect the fact that EggPC contains a substantial amount of oleic acid (Singleton et al., 
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Figure 6.14. Representative 2H NMR spectra of multilamellar dispersion for a) EggPC, b) 
EggPC/EggPE/EggPS (45:40:15), and c) rod outer segment membranes (ROS) at 30°C in the 
lamellar liquid-crystalline (LJ phase. The powder-type spectra are shown on the left and the 
corresponding de-Paked subspectra (8 = 0°) on the right. Samples (a) and (b) contained 10 wt% 
POPC-~l with respect to the EggPC content and sample (c) contained 10 wt% POPC-d31 with 
respect to the total phospholipid content. 
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Figure 6.15. Segmental order profiles St.~) as a function of caIbon segment for (a) EggPC and 
(b) EggPC/EggPE/EggPS (45:40: 15) dispersions at different temperatures. The order profiles 
were obtained by use of 10 wt% POPC-~1 with respect to the EggPC content which was mixed 
with each sample. 
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1965). If other headgroups are added such as EggPC/EggPE/EggPS (45:40:15) which mimics 

the native headgroup composition of the rod outer segment membranes, then the average chain 

order as well as the average area per molecule changes. The order of the PC/PE/PS mixture is 

intennediate between DPPC-d61 and DPPE-d61• In this case addition of the smaller EggPE causes 

the bilayers to be thinner with less area per molecule as compared to pure EggPC dispersiOns. 

The next step was to measure the average properties of native membranes. These native 

membranes contained mixtures of headgroups and acyl chains as well as having nonpolar lipids 

and membrane proteins which may affect their structure. To this end 2H NMR measurements 

were carried out on native rod outer segment (ROS) membranes. The membranes were prepared 

using the technique of Papermaster (1974) and then recombined with 10 wt% POPC-~I' The 

sample contained all of the naturally occurring lipids including nonpolar lipids as well as the 

membrane proteins. Flash photolysis results (cf. Gibson and Brown (1991) and Chapter 12 for 

the technique used) showed that the protein rhodopsin was fully functional under these 

conditions. The 2H NMR spectrum of this recombinant at 30°C is shown in Figure 6.14. The 

large isotropic peak could be due to the formation of vesicles but, since it is so narrow and the 

sample was only washed 2 times with 2H depleted water, a more likely explanation is that it is 

due to residual 2H20 in the buffer. The spectra show that the ROS membrane is essentially in 

the La phase at temperatures up to 40°C since they are very similar to the other lipids studied 

in this phase. One of the main differences is the increased intensity of the 9=0° orientation of 

the bilayer normal. This is due to the magnetic orientation of the ex-helices of the rhodopsin. 

It is known that rhodopsin orients in the magnetic field with the helices in the parallel orientation. 

The orientation is due to the slight dipole moment of the helices. This dipole causes the helices 

to act as a magnet which will align parallel with the magnetic field in the NMR experiment. 

Since the helices transverse the bilayer they are approximately parallel to the lipid molecules. 
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Figure 6.16. Segmental order parameters Stb) versus chain segment for EggPC (v). 
EggPC/EggPE/EggPS (45:40:15) ('1). and rod outer segment membranes (ROS) (e) at 30 °C. 
The EggPC and EggPC/EggPE/EggPS samples contained 10 wt% POPC-~l with respect to the 
EggPC content whereas the ROS sample contained 10 wt% POPC-~l with respect to the total 
phospholipid content. 
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Alignment of the modopsin helices will cause the lipid molecules to align with their axes parallel 

to the magnetic field (0 = 0°) leading to an increase in intensity in the shoulders of the 2H NMR 

spectra. This orientation causes a greater population of the acyl chains in this direction and 

yields an increase in the intensity of the shoulders in the spectra. 

Figure 6.16 compares the segmental order parameter of EggPC, EggPC/EggPE/EggPS, 

and ROS membranes measured using the probe molecule. As noted previously the mixture of 

egg phospholipids has a higher segmental order parameter relative to EggPC due to the increase 

in phosphatidylethanolamine headgroups. The ROS membrane however should have 

approximately the same ratio of headgroups as does the egg phospholipid mixture yet the order 

parameter is still higher. There are two possibilities for such an occurrence. One is that the 

presence of rhodopsin has an ordering effect on the lipids. This, however, is doubtful since the 

lipid to protein ratio should be approximately 80:1 (Stubbs and Litman, 1978) and the effects of 

other proteins on the segmental ordering have been shown to be minimal [for reviews see Devaux 

(1983) and Bloom (1991)]. The second possibility is the presence of polyunsaturated acyl chains 

such as docosahexaenoic acid (22:6003) which makes up approximately 50% of the fatty acid 

present in the rod outer segment However by comparison to the results above and from Barry 

et aI. (1991) it is apparent that increasing the unsaturation should decrease the order parameter. 

The most likely explanation is that the presence of cholesterol causes the increase in ordering as 

seen for many other phospholipids [for reviews see Vist and Davis (1990) and Bloom (1991)]. 

This large degree of ordering may be very imponant in providing the optimal environment for 

the function of rhodopsin, the triggering protein in vision. This membrane protein undergoes a 

confonnational change upon activation (Lamola et aI., 1974) and therefore would be expected to 

be sensitive to the membrane composition as has been observed (Applebury et aI., 1974; O'Brien 

et aI., 1977; Litman et aI., 1981; Baldwin and Hubbell, 1985; Wiedmann et aI., 1988; Gibson and 

-I 
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Brown, 1990; Gibson and Brown, 1991). Cholesterol may play an important role in this 

interaction. 

Cholesterol in found in almost all eukaryotic membranes in varying amounts, however 

its biological function in these membranes still remains a mystery. The rod outer segment 

membranes are estimated to have 5-30 mole percent cholesterol (Miljanich et al., 1981; Battaglia 

and Albert, 1989) It is known that cholesterol increases the order of the acyl chains [for reviews 

see "ist and Davis (1990) and Bloom (1991)], however it does not seem to have any effect on 

the lateral diffusion of phospholipids (Lindblom et al., 1981). Furthennore 2H NMR data of 

deuterated headgroups showed a higher mobility of the headgroups in the presence of cholesterol 

indicative of a looser packing. Cholesterol could provide an environment where the chains are 

highly ordered but the packing of the headgroups is undisturbed. This environment allows a 

certain flexibility necessary for the confonnational changes in rhodopsin to take place. If the 

high order of the acyl chains was obtained by increasing the amount of phosphatidylethanolamine 

headgroups or saturated lipids, then the lateral packing would also be high and would work 

against the confonnational changes. These ideas will be further developed in Chapter 12. 

6.7 General Conclusion on Measuring Average Properties in the La Phase 

Due to the intennolecular influence on the 2H NMR data, a probe molecule in 

conjunction with perdeuterated host lipids can be used to measure and compare the average 

properties of a wide variety of membrane systems. Table 6.2 compares the effective acyl chain 

lengths <1.:>, which is related to the thickness of the bilayer, and the average cross-sectional area 

<.4>, which is half of the average area per molecule, calculated from the segmental order 

parameters using eq 2.55-2.56. Since both chains are perdeuterated and are known to be 

inequivalent for DPPC-d62 and DPPE-d6Z' values for both the sn-l and sn-2 chains are given. For 
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Table 6.2 Average Acyl Chain Length <L>, Chain Cross-sectional Area <A>, and Thermal 
Expansion Coefficient (X for Different Phospholipids Studied. 

<.L>I/A <A>b/A'-

Mixture TemQ~C ~ ~ so-I sn-2 (X°rK-! 

DPPC-d62 42 12.61 11.83 35.52 35.54 ±2.4x 1 0-3 

SO 12.30 11.53 35.80 35.93 

65 11.90 11.12 37.92 38.11 

85 11.57 10.80 39.24 39.40 

DPPE-d62 60 13.14 12.39 33.98 33.90 ±2.4xl0-3 

69 12.88 12.12 34.78 33.90 

85 12.43 11.66 36.03 36.00 

DPPC/DPPE 55 12.67 11.91 34.35 34.26 ±0.9xl0-3 

(1:1) 
60 12.61 11.86 34.50 34.41 

65 12.56 11.82 34.65 34.51 

DPPS 60 11.86 36.70 

EggPC 25 12.31 35.34 ±1.7xl0-3 

30 12.18 35.73 

40 11.96 36.37 

50 11.79 36.90 

EggPC/PE/PS 25 12.92 33.67 ±2.6xlO-3 

30 12.64 34.42 

40 12.41 35.06 

ROS 22 12.80 34.12 ±2.3xlO-3 

30 13.01 33.45 

40 12.44 34.97 

ICalculated from eq 2.40. 
bCalculated from eqs 2.55-2.56. 
'Thennal expansion coefficients parallel and perpendicular to the bilayer nonnal derived from 
linear regression fits of plots of In( <1>/10) and In( <A>/Oo> versus temperature using eqs 2.60 and 
2.61. Here 10 is the projected length per methylene segment in the all-trans state, and 00 is the 
corresponding cross-sectional area. For simplicity it is assumed that the hydrocarbon density is 
approximately constant over the indicated temperature range leading to (XII = -(XJ.. 
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all of the lipids studied, as the tempemture is increased the acyl chains become shorter and the 

cross-sectional area of the acyl chain increases. From this table the effects of different 

headgroups is obvious. Smaller headgroups such as phosphatidylethanolamine lead to a thinner 

more condensed bilayer. Mixtures of these headgroups have intennediate properties. Therefore 

organisms could 'modulate the average properties of their membranes by adding or removing 

certain lipids. Through such a mechanism the membrane could be optimized for a certain protein 

function, like rhodopsin, or for a membrane function such as endocytosis. 

The area per molecule calculated from the 2H NMR data compares quite favorably with 

the same data derived from x-my diffraction studies where it is available. Mely et al. (1975) 

studied potassium laurate at a number of concentmtions and recorded both 2H NMR and x-ray 

data. The methods described here can be used to extract both the acyl chain length and the 

avemge area per molecule from the 2H NMR data of Mely et al. (1975). The first part of Table 

6.3 indicates that 2H NMR method gives values that are within 10% for the values obtained from 

x-ray diffraction for potassium laumte. The table also compares other lipids where both 2H NMR 

and x-ray diffraction data are present. In all cases the area detennined from 2H NMR is within 

10% of the x-ray diffraction data. For example Table 6.3 indicates that DPPC has a average 

cross-sectional area of 72 N as calculated from the 2H NMR data. The x-ray data for this lipid 

give values which range from 54 to 71 N so the 2H NMR method gives comparable results to 

those obtained from x-ray diffraction. These values were detennined using the entire order 

proflle. However as discussed in Chapters 4 and 5 this may not be completely justified. An 

alternative method would be to only use the plateau region to calculate the avemge cross

sectional area. This leads to a reduction of approximately 10% in the area. Again these values 

are within the range given by x-ray diffraction data. Therefore the use of 2H NMR spectroscopy 

even with the use of a probe molecule seems adequate for measuring average properties in lipid 
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Table 6.3 Comparison of the Average Area per Molecule Calculated from Both 2H NMR 
and X-ray Diffraction Data. 

Potassium Laurate 
24% H20 SO °C 
30% ~O 5P °C 
21% H20 31°C 
21% ~O 74°C 

DPPC SO wt% H2O 
45°C 
SO °C 
65°C 

DMPC SO wt% H2O 
25°C 
35 °C 
45°C 

EggPC 
25°C 

·(Mely et aI., 1975) 
b(DeYoung and Dill, 1988) 
°(Janiak et aI., 1976; Janiak et aI., 1979) 
d(Lewis and Engelman, 1983) 
emus work 
'(Lis et aI., 1982) 
8(Ruocco and Shipley, 1982) 
h(Inkoyo and Mitsui, 1978) 
I(Dodd, 1987) 
J(parsegian et aI., 1979) 

Average Area per Molecule / A 2 

2HNMR x-ray diffraction 

36· 33· 
37· 36· 
33· 31· 
36· 33· 

68b 67°,66d 

69b, 72° 68°, 71 f
, 588, 65h 

76° 700 

67b 59°,65' 
70b, 691 62°,66d 

72b,751 62° 

71e 7& 
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systems. 

The temperature dependence of these parameters can also be carried out (cf. Chapter 2). 

The slopes of plots of the natural log of <L> divided by its all-trans value, 10, and the natural log 

of <A> divided by its all-trans value, tlo, will give the thermal expansion coefficient for the 

change in the acyl chain length and cross-sectional areas (eqs 2.60 and 2.61). These values for 

the change in the length and area are approximately the same for all of the lipids, - ±2xl0-3 K-1 

and seems to indicate that the temperature behavior of the acyl chains has very little dependence 

on the identity of the lipid itself. In support of this argument it was found that both the nonnal 

and reversed hexagonal lipid phases have thennal expansion coefficients which differ from the 

La phase (cf. Chapter 7). There seem to be two expection to this, namely the DPPC/DPPE 

mixtures and the DOPC/DOPE (1:3) mixture. In the first case the DPPC/DPPE samples were 

studied over a narrow temperature range and could lead to large errors in the estimate of the 

thermal expansion coefficient. The DOPC/DOPE (1:3) sample has a isotropic component which 

increases with increasing temperture. This is most likely the formation of a cubic phase which 

would be expected to arise as the systems approaches the reverse hexagonal phase transition. The 

growth of this phase with increasing temperature will affect the change in the structure of the La 

phase and therefore the average length and cross-sectional area would remain almost constant as 

a function of temperature for the molecules that remain in the La phase. 

6.8 Conclusions 

Biomembranes contain a vast diversity of lipids and therefore a comparison of the 

different lipid components and simple mixtures of these components could yield insight on the 

necessity for such diversity. From these comparisons conclusion can be drawn about the effects 

of individual lipid components on the properties of biomembranes. It is obvious that simple 
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mixtures of phospholipids such as DPPCIDPPE and DOPCIDOPE exhibit average properties 

which are intennediate to the properties of the individual components. This same analysis does 

not hold for the dynamic behavior which indicates that the mixtures experience motions that 

differ from the single component systems. Both the average and dynamic properties do not 

depend on which component is labeled in the system. These properties are an average over the 

entire system and are influenced mainly by intennolecular interactions. Because of this, 

deuterated probe molecules can be used to measure the average properties of nondeuterated 

systems. This makes 2H NMR a powerful tool since in the past it was impossible to do 

measurements on lipids which could not be deuterated or on mixtures of lipids. Studies with the 

probe molecule have indicated that mixture of lipids exhibit the same type of behavior expected 

from comparing their individual components. The only difference being native membranes which 

can be influenced by membrane proteins and cholesterol. It is obvious that various components 

can have a great effect on the average properties of membranes and that it is possible to modulate 

these properties by changing the composition. This may explain the diversity of lipids found in 

biological membranes. 



Chapter 7 

Average Physical and Dynamic Properties of Lipid Reversed Hexagonal Phases 

7.1 Introduction 

The role of nonbilayer phases in membrane systems has received considerable attention 

over the past few years (Lindblom and RUfol'S, 1989; Seddon, 1990 and references therein). As 

discussed in Chapter 1, phospholipids can adopt a variety of different phases including non

bilayer structures. Many lipids found in biological system will adopt these non-lamellar phases 

when isolated (Cullis and de Kruijff, 1979). The properties of such lipids which cause them to 

fonn non-lamellar phases must be present in biological system regardless of whether such phases 

actually occur and therefore these properties could be of importance in many processes which 

take place in biomembranes. It has been proposed that the presence of lipids which form 

reversed hexagonal (Hn) and cubic phases are important with regard to protein mediated 

biological functions of membranes (Deese et al., 1981; Navarro et al., 1984; Wiedmann et al., 

1988; Lindblom and Rilfors, 1989; Eriksson et al., 1991). This influence may be due to changes 

in the average properties of the membrane as the lamellar to hexagonal phase transition is 

approached (Deese et al., 1981). For a monolayer to be flat at equilibrium the lateral stresses in 

the headgroup region and the hydrocarbon region must balance. For lipids which tend to fonn 

non-lamellar phases this is not the case, and an isolated monolayer would tend to curl towards 

the headgroup region. If this monolayer is forced to stay flat as in the case of a lamellar 

configuration, the system will not be at equilibrium. This also holds for a bilayer where each 

monolayer has the same tendency to curl, then the entire system will not be at eqUilibrium with 

respect to this energy of curvature. If this were strictly true then a particular lipid would not be 
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Lamellar Phase Reverse Hexagonal Phase 

Figure 7.1. Schematic representation of the lamellar liquid-crystalline (La> and reversed 
hexagonal (Hu) phases. The dotted center region of the Hn phase is water and the phase can be 
pictured by taking one of the monolayers of the La phase and rolling it up into a cylinder. 
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able to form both the lamellar and non-lamellar phases. However there are other factors which 

stabilize the bilayer arrangement relative to non-lamellar structures (Gruner, 1989). It has been 

suggested that the tendency of lipid monolayers to form cUIVed surfaces may play a role in 

certain biological systems (Deese et al., 1981; Gruner, 1989). Therefore it is important to 

understand the structure of the hexagonal phases and in particular the radius of CUIVature. 

To date the most widely used technique for such determinations has been low angle x-ray 

diffraction (Luzzati, 1968; Tate and Gruner, 1989; Rand et aI., 1990). However this technique 

provides no information at the molecular level nor any dynamical information. As shown in 

Chapters 4-6 2H NMR can be used to provide structural information on the La phase. One 

means of interpreting the 2H NMR data is in terms of the average acyl chain length and cross-

sectional area and indicates that the segmental ordering is dependent on the average shape of 

molecules in the phase and therefore can be used to determine the average structural properties 

of the systems. It is possible then to use the same analysis to extract structural information from 

lipid hexagonal phases. A further advantage of 2H NMR is that one obtains dynamical as well 

as structural information. This too can be used to probe the structure of hexagonal phases since 

the relaxation rates are sensitive to angular reorientations. Therefore differences in the relaxation 

behavior between the hexagonal and lamellar phases may also be related to changes in the 

geometry between the phases. 

Here 2H NMR is used to understand the structural and dynamic properties of lipid 

reversed hexagonal phases. The differences in the 2H NMR lineshapes and relaxation rates can 

be explained in terms of changes in acyl chain packing which are related to the difference in 

geometry when going from a bilayer to a cylindrical structure. The differences in the transverse 

relaxation rate, R2, between the phases are also related to the change in geometry. Since both 

the lineshape and relaxation measurements are sensitive to the structure of the phase both the 
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a) L phase 50°C 
a 

40 20 o -20 -40 20 10 o -10 -20 

frequency / kHz 

Figure 7.2. Representative 2H NMR spectra of aqueous dispersions of PLPE-~1 containing SO 
wt% MOPS buffer, pH=7.l in (a) La phase (SO 0c) and (b) Hn phase (70°C). The powder-type 
spectra of the random dispersions are shown at the top of the figure and the corresponding de
Paked subspectra directly underneath. Note that the frequency scales are different for the 2H 
NMR spectra of the two phases with that for the Hn phase being one-half the width of the La 
phase spectra. 
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segmental order parameters or Rl relaxation measurements can be used to estimate the average 

radius of curvature in the hexagonal phase. With a more detailed understanding of the structural 

and dynamical propeIties of the reversed hexagonal phase one can gain insight on how the 

presence of hexagonal phase fonning lipids modulate membranes and affect protein function. 

7.2 Lineshape Analysis of The Reversed Hexagonal (Rn) Phase of t.Perdeuteriopalmitoy!-2-
Linoleoyl-sn-Glycero-3-Phosphoethanolamine 

The differences observed in the :IH NMR data between the hexagonal and La phases can 

be accounted for by variations in the acyl chain packing arising from the change in geometry 

between the phases. The first difference when going from planar to cylindrical geometry is a 

change of the symmetry axis along which motions are averaged. For the La phase the symmetry 

axis corresponds to the bilayer nonnal which, on average, is the same as the long axis of the 

molecules within the bilayer. For hexagonal phases (cr. Figure 7.1) the axis of symmetry is the 

cylinder axis and is. on average. perpendicular to the long axis of any molecule in the system. 

This rotation of the symmetry axis arises from the additional motional averaging of the !lH NMR 

lineshapes as the molecules diffuse around this cylinder. This diffusion is rapid on the !lH NMR 

time scale and leads to a scaling of the residual interactions by a factor of -lfl relative to the 

La phase (cr. eq 2.25). Since the !lH NMR spectra are symmetric about the central frequency, 

VOl the change in sign is not apparent and only a reduction of the quadrupolar splitting. ~vQ' 

should be observed. 

Figure 7.2 shows representative!lH NMR spectra of I-perdeuteriopalmitoyl-2-linoleoyl-sn-

glycero-3-phosphoethanolamine, PLPE-d31 • in both the La. and Hn phases. The major difference 

in the spectra is that the quadrupolar splittings are reduced in the Hn phase compared to the La 

phase. Moreover this reduction is greater than that expected due to the change in symmetry 

when going from a planar to cylindrical geometry (cf. eq 2.25). It should be remmed that the 
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a) La phase 

40 20 o -20 -40 

b) Hnphase 

40 20 0 -20 -40 

chemical shift / ppm 

Figure 7.3. Representative 31p NMR spectra of aqueous dispersions of PLPE-~I containing 50 
wt% MOPS buffer. pH=7.l in (a) La phase (50°C) and (b) Hn phase (70°C). The powder-type 
spectra of the random dispersions are shown. 
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chemical shift anisotropy for the 3lp'Spectra (Figure 7.3) is scaled by almost exactly -1/2 (-40 

ppm for La phase and 19 ppm for the Hn phase) as previously seen for other hexagonal phase 

systems (Cullis and de Kruijff, 1979). Another obvious difference is the variation in the shape 

of the 2J-I NMR spectra. The La phase powder-type spectra have a rectangular shape in which 

all of the resonances corresponding to the 0=900 orientation of the methylene segments have 

approximately the same intensities. This type of shape has been observed for other 

phosphatidylcholines and phosphatidylethanolamines in the La phase (Davis, 1979; Dodd, 1987; 

Thunnond et al., 1990). The Hn phase spectrum has a more triangular shape which is probably 

due the smaller quadrupolar splittings of the resonances causing overlap of the individual peaks. 

This overlap would be more severe as one approaches the middle of the spectra. The de-Paked 

spectra correspond to the 0=00 orientation of the symmetry axis (the bilayer nonnal for the La 

phase and the cylinder axis for the Hn phase) with respect to the magnetic field and are shown 

at the bottom of Figure 7.2. Here, again, the overlap of the peaks is more pronounced in the Hn 

phase than in the La phase. In spite of this, approximately the same number of resonances can 

be resolved in both phases. 

The segmental order parameters, sM), can be extracted from the splittings of the de-Paked 

2H NMR spectra using eqs 2.23 and 2.25. One can see from the values in Figure 7.4 that the 

segmental order in the Hn phase is less than that of the La phase at all temperatures. It is also 

evident that the order decreases more unifonnly down the chain for the Hn phase than for the La 

phase. This same behavior was also observed in mixtures of perdeuterated tetradecanol and 1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) in the Hn phase (Stemin et al., 

1988) and POPE-ti:31 in excess water (Lafleur et al., 1990). Even after the additional motional 

averaging is taken into account, the observed order parameters are still lower for the Hn phase 

compared to the La phase. The change is greater than the reduction expected from the increase 
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Figure 7.4. Segmental order parameters, sfd/, plotted versus chain segment position, i, as a 
function of temperature for PLPE-~l in (a) the La phase and (b) the Hn phase, derived from the 
quadrupolar splittings of the de-Paked subspectra (6 = 0°). 
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in temperature, and has its origin in the difference in geometry between the two phases. 

The concept that certain liVids have certain characteristic shapes such as cones, reversed 

cones, and cylinders can be used to rationalize, a posteriori, which phases will be fonned (Tartar, 

1955; Israelachvili et al., 1976; Tanford, 1980). Lipids packed in a bilayer arrangement 

approximate the shape of a cylinder on average, in which the area at the lipid/water interface is 

nearly the same as the cross-sectional area down the length of the chain (cf. Figure 7.5). For 

lipids packed in a cylinder, with their polar headgroups inside and hydrocarbon chains out (Hn 

phase), the lipids would approximate truncated inverted cones with the area at the lipid/water 

interface being smaller than the area farther down the chain (cf. Figure 7.5). It is the difference 

in average molecular shape as governed by the aggregate geometry that is reflected in the 

molecular ordering. 

One parameter included in the average shape is the area at the lipid water interface. This 

value can be measured in the La phase by 2H NMR. FurthemlOre since the 31p NMR lineshape 

is sensitive to the orientation of the phosphate headgroup, we can use the chemical shift 

anisotropy to compare this area in the different phases. As indicated above the observed 

difference in the chemical shift anisotropy of between the La and the Hn phase is almost exactly 

-1/2 (40 ppm for the La phase and -19 ppm for the Hn phase). This indicates that the orientation 

of the phosphodlester moiety of the headgroup is the same in the two phases. Moreover since 

the hydration of the head groups should not be significantly different in the two phases, the 

interfacial cross-sectional area of the headgroup would be expected to be the same in the two 

phases. Now consider the average shapes of the lipids in the two phases. The La phase is 

approximated by a cylinder with the area at the lipid-water interface being identical to that at the 

ends of the chains. For the Hn phase the average shape is a frustum of inverted cone (Figure 7.5) 

where the area at the lipid-water interface is the same as in the La phase. However the area at 
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Figure 7.5. Schematic representation of the different average shapes in the La and Hu phases. 
The lipids in the La phase approximate a cylinder or box where the area at the lipid/water 
interface is the same as the area at the ends of the chains. In the Hu phase the average shape 
adopted by the lipids is the frustum of a cone when the area at the lipid/water interface is less 
than the area at the ends of the chains. 
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Figure 7.6. (a) Average acyl chain length, <L>, and (b) chain cross-sectional area, <.4>, for 
PLPE-d31 in both the La (8) and Hn (v) phases as a function of tempemture. 
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the ends of the chains is greater for this shape than for the cylinder. Now if the volume of the 

lipid remains the same in the two phases then the average cone shape in the Hn phase must be 

shorter than the cylinder in the La phase. Therefore the acyl chain would have a greater cross

sectional area to occupy in the Hn phase than in the La phase. This increase in cross-sectional 

area would be associated with a greater number of allowed confonnations of the acyl chain, 

which would decrease the order parameter in the Hn phase relative to the La phase. This same 

argument in also useful in analyzing the data for the calculated acyl chain lengths and cross

sectional areas. For the fIn phase, the average cross-sectional area would have to be larger than 

for the La phase and therefore the projected lengths would be shorter. 

Using eqs 2.40 and 2.S5 one can use the segmental order parameters to estimate the 

average projected length of the acyl chain along the bilayer nonnal or perpendicular to the 

cylinder axis and the average chain cross-sectional area. The values obtained for PLPE-d:l1 are 

plotted in Figure 7.6 as a function of temperature. As predicted the calculated lengths are lower 

for the Hn phase and the areas are higher when compared to the La phase. Another important 

aspect is the dependence on the chain length and areas on temperature. One can calculate a 

thermal expansion coefficient, a, for both the length and the area (cf. eqs 2.60 and 2.61). This 

expansion coefficient should be equal and opposite in sign for both the length and area assuming 

the volume is constant (Figure 7.7). For the Hn phase a" = -a.l. = -0.001 K'! assuming that 

the bulk thermal expansion is zero. In the La phase the value is -0.002 K'! for the length and 

+0.002 K'! for the area. These results in the La phase are similar to the values found for other 

phospholipids in the La phase studied by this method (Dodd, 1987). All of the data on the 

lengths and areas indicate that the change in the 2H NMR data with temperature is less for the 

Hn phase than for the La phase. 

The difference in the temperature dependence can also be rationalized in terms of the 

-·i 
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Figure 7.7. (a) The fractional change in the average acyl chain length, <L>, and (b) the average 
cross-sectional area, <A>, plotted versus temperature. The values of <L> and <A> are divided 
by their corresponding all-trans values, 10 = 1.25 A and ao = 27.2 N. The slopes of the 
semilogrithmic plots correspond to one-dimensional thermal expansion coefficients for the length, 
(XII and area, (Xl.' Data for both the La phase (e) and Hn phase (v) are shown. The slopes for 
the change in <L> are equal and opposite to the change for <A> since the volume is assumed to 
be constant. In the La phase the values are (XII = 2 x 10-3 K-1 and (Xl. = -2 X 10-3 K·1

• The 
values for the Hn phase are (XII = 1 x 10-3 and (Xl. = -1 X 10-3

• 
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change in geometry. As the temperature is increased in the Lu phase, the acyl chains become 

more disordered, which in tum causes a shortening of the effective projected acyl chain length. 

The only constraint on this process would be the excluded volume interactions of the chains 

themselves, which will restrict the cross-sectional area of the chain (Nagle, 1975; Dill and Flory, 

1980; Meraldi and Schlitter, 1981). These same forces are also a factor in the Hn phase, for as 

the temperature increases, the order in the acyl chains decreases and the chains become shorter. 

However the change in temperature has an additional effect in the Hn phase. As the chains 

become more disordered the lipid/water interface starts to curve more and the central water 

cylinders become smaller. Because of the geometry in the Hn phase, the distance that a chain 

must reach is not uniform as in the La phase, and all of the chains cannot be at the same 

projected equilibrium length (Gruner, 1989). The difference in the minimum and maximum 

lengths decreases with the decreasing size of the water cylinders although this change is small 

(Kirk et aI., 1984; Rand et aI., 1990). This packing energy competes with the decrease in chain 

length, and makes the change in length with temperature smaller for the Hn phase than for the 

La phase. 

7.3 Calculation of the Radius of Curvature from the 2H NMR Order Parameters 

Given that the differences in the order parameters between the reversed hexagonal and 

the La phases reflect a change in the cross-sectional area of the acyl chains, it is possible to use 

the order profiles to determine some of the structural features of these phases relative to the La 

phase. For our purposes, we will approximate the average shape of a lipid in the Hn phase as 

afrustum of a right circular cone (cf. Figure 7.8). The molecular volume can be estimated from 

density measurements and x-ray studies (Rossini et al., 1953; Nagle and Wilkinson, 1978; 

Wilkinson and Nagle, 1981; Nagle and Wiener, 1988; Wiener et al., 1988). The height of the 

-I 
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Figure 7.8. A representative cross-section of a lipid reversed hexagonal phase. The dark center 
indicates the water core and the surrounding area the hydrocarbon region. Rw is defined as the 
distance from the lipid/water interface to the center of the water core. Rc is defined as the 
distance from the C-2 carbon of the acyl chain to the center of the water core. The length of the 
entire lipid is given by <L>,o/QJ' The cross-sectional areas at the lipid/water interface and at the 
end of the acyl chains are given by <.4>L and <.4>0)' respectively. 

a 
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frustum is estimated as the sum of <L>H as detennined from the 2H NMR order profile in the 
/I 

HI/ phase and the projected length of the headgroup <L>lutul (Nagle and Wiener, 1988). It is 

assumed that the area at the lipid-water interface, <A>L , is the same in the Hn phase as in the 
a 

La phase, and that one can obtain this quantity from the 2H NMR order profile in the La phase 

(Thunnond et al. (1991) and Chapters 4-6). Thus knowledge of the 2H NMR order profiles for 

both the H[[ and La phases is necessary. For the Hn phase, the smallest cross-sectional area of 

the frustum is the area at the lipid-water interface. Using simple geometrical relations, one can 

compute the largest cross-sectional area of the frustum by the equation 

.(7.1) 

We calculate for PLPE-d31 in the Hn phase that the molecular volume, V,OIai' (Rossini et al., 1953; 

Nagle and Wiener, 1988) is approximately 1,415 A3, the total projected molecular length is 

<L>,ol41 = <L>H + <L>lutul = 11.3 + 7.6 = 18.9 A (Nagle and Wiener, 1988), and that the cross-n 

sectional area at the lipid/water interface, <A>L , is 71.8 N. Solving for <A>oo in the above 
a 

equation with use of the quadratic fonnula gives two values, 78.2 A2 and 300 A2. Because we 

assume a right circular cone, it can be shown that only the positive root is physically significant 

and that 300 A2 is the value for <A>oo. Let us now use the areas of the top and bottom bases 

of the frustum to calculate the height of the corresponding right circular cone (in analogy to 

similar triangles). The equation we use for this is 

,(7.2) 

where h is the height of the right circular cone. For PLPE-d31 the height of the right circular 

cone is 37.0 A, and would correspond to the radius of curvature at the ends of the acyl chains. 

The radius of curvature, Re, is defined as the distance from the center of the water core to the 
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lipid/water interface. If this interface is considered to be at the vicinity of the C-2 carbon of the 

acyl chain then subtraction of the projected length of the acyl chain in the Hn phase, <l>H , from 
II 

the height of the right circular cone yields Rc = 25.7 A as the radius of curvature of PLPE-d31 in 

the Hn phase at 60°C. If the radius is defmed where the lipid end and the bulk water begins 

then the total length of the lipid, <L>,o/4J' will need to be subtracted from h. Doing this yields 

a value for Rw of 18.1 A. The same calculation has been carried out using data obtained in the 

temperature range of 60 to 90°C by substituting the corresponding values for <A>L and <l>H 
II U 

for that temperature. All of the values are approximately the same which is not surprising 

because x-ray data shows rather small changes in the radius of curvature of - 0.07 A /oC (Tate 

and Gruner, 1989) and we assume that the length and volume of the headgroup remain constant. 

The value for the length of the headgroup, <L>uadt used in these calculations is derived 

from x-ray diffraction data (Nagle and Wiener, 1988). Nagle and Wiener (1988) give two 

different models from which they define their parameters. The model which seems most realistic 

includes water bound between the head groups as part of the head group. This gives a values for 

the length of the headgroup of 1,2-dilauryl-sn-glycero-3-phosphoethanolamine, DLPE, of 7.6 A. 

Since this is the only x-ray data available it has been assumed that the length of the head group 

for PLPE-~l is the same as DLPE. In the other model the space is divided into laterally 

homogeneous regions of "pure" components. Here the head group region does not include any 

water and the length is 4.6 A. If this value is chosen then Rc = 18.6 A. However since it is 

known that the lipid headgroups are hydrated the values from the first model seem most 

appropriate. Since an error cannot be calculated for the order parameters only an estimate of the 

error in the radius of curvature can be obtained. Assuming the error in sb~) is 5% then the error 

in Rc is less than 1 %. This approach, however, ignores the curvatures at the bases of the frustum 

and may overestimate the radius of curvature. Furthermore we cannot evaluate the cross-sectional 
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area at any given segment, nor can we calculate the curvature at any position along the chain 

since we do not yet have a complete understanding of the order profiles in the Hn phase. As 

indicated in Chapters 4 and 5 the use of the entire order parameter in calculating the acyl chain 

length and average cross-sectional area may not be justified in the La phase. The alternative is 

to only use the plateau region of the order profile to calculate the area and from this the acyl 

chain length (see Chapter 4). This leads to a reduction in the area by approximately 10% and 

a corresponding increase in the length. It is unclear how this applies to the Hn phase since 

extensive statistical mechanical modeling has yet to be carried out on this phase. If only the 

plateau region is used to calculate the radius of curvature only a very small increase is seen 

«4%) which, for the purpose here, can be ignored. 

As a check for this method we can apply the same fOImalism to the La phase of PLPE-

d31• The molecular volume, <V>,OI4I' is still 1,415 A3 and <A>L also remains the same. The 
a 

total length is now 12.12 + 7.60 = 19.72 A. Using eq 7.1 <A>Q) is either 287 A2 or 71.7 A2. 

Now we choose the negative root, 71.1 N, since here we asswne the shape is a cylinder. This 

yields a value for the radius of curvature of 1.7 x let A, which approaches infinity as expected 

for a planar bilayer. 

These numbers can be compared to x-ray diffraction measurements on 1,2-dioleoyl-sn-

glycero-3-phosphoethanolamine (DOPE) (fate and Gruner, 1989; Rand et al., 1990). First let us 

compare the two molecules where PLPE-~l has a much higher bilayer to hexagonal phase 

transition than does DOPE (55°C versus 10 0c). The two competing factors which determine 

this transition are the curvature free energy (favorable for formation of Hn phase) and the chain 

packing energy (unfavorable for Hn phase formation). The transition occurs when the sum of 

these two factors is less for the Hn phase than for the La phase. The curvature free energy is 

described mainly in terms of a spontaneous curvature or its inverse, the spontaneous radius of 
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curvature <Ro}. This tenns favors the curving of the surface. The smaller Ro. the more energy 

it takes to flatten the surface. The chain packing competes against this curvature since all of the 

chains cannot be at their equilibrium length if the surface is curved. When the sum of these two 

free energies becomes lower for the Hn phase geometry than for the La phase. a phase transition 

occurs. In general higher temperatures favors a smaller radius of curvature and therefore the gain 

in curvature free energy when going from a plane to curved geometry increase with increasing 

temperature. Likewise the packing free energy is reduced when the radius of curvature is smaller. 

Both of these factors cause the hexagonal phase to be more favorable at higher temperatures. 

Since the transition temperature is higher for PLPE-d31• it seems reasonable to assume 

at the same temperature that the spontaneous radius of curvature is higher for PLPE-d31 than for 

DOPE due to the fact that the main chain melting phase transition temperature is higher for 

PLPE-d31• Furthennore it will be assumed as a first approximation that since the chains are 

relatively similar the chain packing energies are the same. Therefore at temperatures immediately 

above the bilayer to hexagonal phase transition temperature the radius of curvature. R •• should 

be larger for DOPE than for PLPE-~l since PLPE-d31 will have to fonn smaller cylinders in 

order for the Hn phase to be more favorable than the La phase. Before comparing the systems 

a comment should be made about the definition of the radius of curvature in the 2H NMR 

experiments and the x-ray diffraction experiments. In the 2H NMR measurements R~ is defined 

at approximately the C-2 caIbon. An alternative method would be to use the entire lipid length 

in the calculation of the radius of curvature and such measurements will be designated as R-.r 

The x-ray diffraction measurements are defined at the lipid water interface which for the purposes 

here will be assumed to be defined the same as Rw is the 2H NMR measurements. Comparing 

DOPE and PLPE-~l at temperatures immediately above their bilayer to hexagonal phase 

transition temperature (10 and 60 °C. respectively) indicates that Rw equals 18.1 A for PLPE-~l 

--j 



181 

and 22.9 A for DOPE (Tate & Gruner. 1989) and therefore the radius of CUlVature is smaller for 

PLPE-~l than for DOPE as expected. 

It is more difficult to assess R.., at the same temperatures since there is no clear 

understanding of how the structural pammeters of the Hn phase change with temperature. If the 

change in R.., is detennined only by changes in the entropic splay of the hydrocarbon region and 

that this splay increases with increasing temperature in the same manner as for the La phase. one 

would expect the R.., for DOPE to be smaller than for PLPE-d:n at the same temperature since 

DOPE is further away from its main phase transition temperature. Comparison of the two 

systems at 60°C shows that this is obselVed (Rw=17.8 A for DOPE and 18.1 A for PLPE-d31). 

However the situation is not so simple because it is know that the temperature dependence of the 

order parameter is different between the two phases (cf. Figure 7.4). Furthennore the role of the 

chain packing energies may be imponant. It might be expected that the chain packing energy 

would be less of PLPE-~1 since the acyl chains are asymmetric. This would lead to the 

formation of larger cylinders for PLPE-d31. In summary, at the bilayer to hexagonal phase 

transition temperature, the radius of curvature for DOPE should be larger than that for PLPE-~l 

as obselVed due to differences is the spontaneous radius of CUlVature. AT the same temperature 

it is obselVed that the radius of CUlVature for PLPE-~l is slightly higher that for DOPE although 

the reasons for this are not yet understood. 

7.4 Relaxation in the Reverse Hexagonal Phase 

The geometric differences can also help explain the differences in the dynamics between 

the phases. It is possible that the diffusion of lipid molecules around the water cylinder in the 

Hn phase could add an additional relaxation mechanism. This can be detennined by measuring 

the transverse relaxation rate, R,., since it is dependent on the low frequency components of the 
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spectral densities and is sensitive to the motions which are slow on the NMR time scale (Bloom 

and Stemin, 1987). These motions may include lateral diffusion of the lipids about curved 

surfaces and therefore it is of interest to compare the R" relaxation rates of the two phases. 

The transverse relaxation rate for spin 1=1 nuclei is given by 

.(7.3) 

Here Cllo is the Lannor frequency and X ( a e2qQlh) is the quadrupolar coupling constant The 

spectral density functions, J",(mro), (Abragam, 1961) are defined as 

00 

J,..(mro) = J G,..(t)e-llIIlDfdt ,(7.4) 

-00 

and 

.(7.S) 

The transverse relaxation rate, R2, depends on Jo(O) in addition to J/(o>o) and J2(20)0) which 

indicates that it is sensitive to the slow motions of the system. It seems reasonable to assume 

that those slow motions which are present in the La phase are also present in the hexagonal 

phases. However the hexagonal phases have an additional relaxation mechanism associated with 

the diffusion around the cylinder axis. This would explain why a higher R2 relaxation rate is 

obtained for the hexagonal phases compared to the La phase (Figure 7.9). We assume that all 

of the relaxation mechanisms in the La phase are also present in the Hu phase, but the Hu phase 

has an additional relaxation mechanism due to the translational diffusion around the water 

cylinder. Therefore if we subtract R2 La from R2"u we will be left with only the relaxation 

contribution due to the diffusion around the cylinder. In this case we get 
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Figure 7.9. The transverse relaxation rates, R2, measured from the decay of the quadrupolar echo 
plotted as a function of the chain segment position for (a) PLPE-d,n in the La (SO 0c) (e) and 
the Hn (60°C) (0) phases. 
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,(7.6) 

where now the spectral densities are only for the diffusion around the cylinder. For these phases 

we are interested only in the slow motions therefore we now assume that 10(0) is the dominant 

contribution to the relaxation. Hence eq 7.6 reduces to 

.(7.7) 

(This assumption is only needed to make the algebra simpler. If it is not made then all three 

spectral densities will appear in the equation. However by eq 7.9 it can be seen that the spectral 

density has both the square of c.o and 'tz in the denominator. If c.o is not zero as is the case for 

IJ(CiJo) and 12(2c.oo) then the spectral density becomes very small and will contribute very little to 

the relaxation rate.) 

The diffusion about the cylinder axis is equivalent to anisotropic diffusion about a single 

axis in an ordering potential. Only the limiting case of absolute ordering is considered where the 

order parameter for the restoring potential of mean torque is 1, i.e. the cylinders are rigid and not 

wobbling. Now for such a motion it can be shown (Brown, 1982; Halle, 1987) starting with eq 

5 of Trouard et al. (1992) that 

where 'tz = 1I(4DII), 't l = 1IDII (011 is the axial diffusion rate) and <DOO(OPD» is SeD in 

the La phase. In this equation PDC' is the angle between the effective electric field gradient and 

the symmetry axis of the cylinder. For hexagonal phases we will assume PDC' = 90°, then 

dW(PDC') = 0, dW(PDC') = J3/8, and eq 7.8 becomes 
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.(7.9) 

Inserting into eq 7.7 for 10(0) results in 

.(7.10) 

If the diffusion around the cylinder provides an additional relaxation mechanism in the 

Hn phase, then the difference in relaxation rates between the La and Hn phase should reflect the 

radius about which this diffusion occurs. One can use the 2H NMR transverse relaxation rates 

(R2) to estimate the radius of cUivature given the hypothesis that the relaxation reflects the 

diffusion around the water cylinder. If this is the case we should get the same value of Re from 

the relaxation measurements as from the lineshape analysis. Since the rotation of the aggregates 

is very slow its contribution to ~ can be ignored and ~ is only detennined by the rate of lateral 

diffusion of the lipids over the curved surface. Now DII = DJR2 where DL is the lateral 

diffusion coefficient which we assume to be the same as for the La phase, -5 x 10-12 m2/s 

(Lindblom et al., 1981) and ~ = ~/4DL' Eq 7.10 then becomes 

.(7.11) 

For 60°C this equation can be evaluated for the radius of curvature, Re, with R2
Hn equal to 2,667 

S-1 and Rla and S~o obtained from the SO °C measurement, 1,885 S-1 and 0.2100 respectively. 

The value obtained for Re is ±19.2 A for DL=5 x 10-12 m S·I. The value calculated for Rc is close 

but not identical to the value predicted for the radius of curvature using the line shape analysis. 

This is not surprising due to the approximations made for this analysis. Furthennore the 

calculations are highly dependent on the value for the lateral diffusion coefficient, DL, which we 
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can only approximate from studies of other lipids in the La phase (Lindblom et al., 1981). 

TItis procedure only works for the carbons in the plateau region. If the other carbon 

segments are used the calculated radii are smaller than that for the plateau which is physically 

impossible. TIlls model relies on the assumption that the fast and slow motions can be separated. 

Towards the middle and end of the chains, where the splittings are relatively small, this 

assumption may no longer hold and the model would not be valid. The technique yields values 

for the radius of curvature which are close to those expected, and indicates that the diffusion 

around the hexagonal phase cylinder may indeed provide a major mechanism for transverse 

relaxation in these phases. The discrepancies between the values calculated here and those 

obtained by other methods may indicate that relaxation mechanisms other than diffusion around 

the hexagonal phase cylinder also contribute to this relaxation. 

7.S Conclusions 

In conclusion, it was found that the average properties of lipids in the reverse hexagonal, 

HII, phase are different from those in the lamellar liquid crystalline, La' phase. These differences 

can be explained in tenns of the acyl chain packing which are related to differences in geometry 

between the two phases. The curvature of the surface at the lipid/water interface influences the 

cross-sectional area the chains have to occupy. Therefore the cross-sectional area accessible for 

the acyl chains detennines the order proflles of the system. Furthennore, the differences in the 

transverse relaxation rates, R2• for the different phases can also be explained in tenns of the 

geometry of the phase, with the diffusion around the lipid cylinders in the reversed hexagonal 

phase leading to an increase in the R2 relaxation rates compared to the La phase. Since the order 

proflles are sensitive to the geometry of the aggregates. they can be used to predict the radius of 

curvature in hexagonal phases. The values obtained are consistent with the current picture of the 

-I 
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structure of the reversed hexagonal phase and with x-ray data for the Hn phase of 1,2-dioleoyl-sn

glycero-3-phosphoethanolamine (DOPE). It should be noted that these two methods outlined to 

calculate the radius of curvature are model dependent calculations and rely on major, but 

reasonable, assumptions. In spite of this they give numbers which are self-consistent and 

reasonable. They also correlate quite well with the limited x-ray diffraction data available (Tate 

and Gruner, 1989; Rand et al., 1990). It is also important to point out that the x-ray 

measurements of the radius of curvature are also model dependent and rely on different 

assumptions than those presented here. It is satisfying that the methods presented here and the 

x-ray diffraction methods (Tate and Gruner, 1989; Rand et al., 1990) give values that are in 

relative agreement and indicate the same trends, suggesting that they may be close to the actual 

values. However additional measurements on related systems need to be made, and perhaps other 

techniques developed before we can be sure of the actual values for any of the geometric 

parameters given here. Therefore these techniques can give rough estimates of the radius of 

curvature in the Hn phase and can be useful in comparative studies. Such studies may lead to 

a better understand the role of lipids in governing membrane average structural and dynamic 

properties as well as membrane protein energetics. 
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Chapter 8 

Effects of Phosphatldylethanolamine to Phosphatldylchollne 
Ratio on the Reversed Hexagonal Phase 

8.1 Introduction 

For a monolayer to be flat at equilibrium the lateral stresses in the headgroup region and 

the hydrocarbon region must balance (Seddon, 1990). This is not the case for lipids which tend 

to fonn non-lamellar phases where an isolated monolayer would tend to curl towards the 

headgroup region. Such systems possesses a spontaneous curvature which would be adopted in 

the absence of any other factors. If this monolayer is forced to stay flat as is the case for a 

lamellar configuration, the system will not be at eqUilibrium. This also holds for a bilayer where 

each monolayer has the same tendency to curl, then the entire system will not be at equilibrium 

with respect to this energy of curvature. It has been suggested that the tendency of lipid 

monolayers to fonn curved surfaces may playa role in certain biological systems (Deese et al., 

1981; Gruner, 1989). However there are other factors which stabilize the bilayer arrangement 

relative to non-lamellar structures (Gruner, 1989). It is the balance of these forces or competing 

free energies which detennine which phase a system will fonn and what the dimensions of this 

phase will be. Although it is unlikely that these non-lamellar phases are found in biological 

systems the properties which cause them to fonn must be present. These free energies could be 

of importance in many processes which take place in biomembranes and therefore understanding 

the structure of the hexagonal phases could yield insight on such processes. 

The relative strength of the competing energies can be altered by changing the system. 

Increasing temperature causes a decrease in the order of the acyl chains. This creates an 

additional lateral pressure which forces the chains apart. The additional pressure in the 

hydrocarbon region increases the spontaneous curvature, the tendency to curl, of the lipid 
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monolayer and drives the fonnation of the Hn phase. Chain unsaturation has the same effect 

since the chains are expected to be bulkier and would increase the splay in the hydrocarbon 

region leading to an increase in the spontaneous curvature. The lateral pressures in the 

headgroups balance the forces in the chains. Headgroups with a small effective size such as 

phosphatidylethanolamines tend to favor the Hn phase whereas larger ones such as 

phosphatidylcholine fonn mainly La phases. An understanding of how different components 

affect the structure and fonnation of the Hn could be important in relating these forces to 

membrane function. 

In Chapter 7 2H NMR was used to obtain structural and dynamical infonnation on the 

reversed hexagonal, Hn, phase. One means of interpreting the 2H NMR data is in tenns of the 

average acyl chain lengths and cross-sectional areas and indicates that the segmental ordering is 

dependent on the average shape of molecules in the phase. It was shown that this idea could be 

used to extract structural infonnation from lipid hexagonal phases and that the differences 

between the hexagonal and lamellar phases were related to changes in the geometry between the 

phases. In order to understand how different components affect the structure of the Hn phase a 

wide variety of systems need to be explored. This would be a fonnidable task if each lipid had 

to be deuterated, however the use of a probe molecule as described in Chapter 6 eliminates this 

problem. In this chapter a probe molecule along with the 2H NMR analysis outlined in Chapter 

7 has been used to study the Hn phase of 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine, DOPE. 

Furthennore the effect of the addition of 1,2-dioleoyl-sn-glycero-3-phosphocholine, DOPC, to the 

DOPE system has also been investigated. With a more detailed understanding of the structural 

properties of the reversed hexagonal phase and how different components affect this structure, 

one can gain insight on how the presence of hexagonal phase forming lipids modulate membranes 

and affect protein function. 
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° a) DOPE + POPC-d31 (10 wt%) 5 C 

40 20 o -20 -40 

b) DOPE + POPC-d31 (10 wt%) 25 °c 

20 10 o -10 -20 
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Figure S.l. Representative 2H NMR powder-type spectra of multilamellar dispersion for a) 
DOPE + 10 wt% POPC-~I at 5 °C in the liquid-crystalline La phase (a) and at 25°C in the 
reversed hexagonal phase Hn (b). Note that the frequency scales are different for the two spectra. 
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8.2 The Reversed Hexagonal Phase of Dioleoylphosphatldylethanolamine 

At room temperature 1,2-dioleoy-sn-glycero-3-phosphoethanolamine, DOPE, fonns a 

reversed hexagonal, Hn, phase when hydrated in excess water. Because of this there is a 

abundance of differential scanning calorimetry (DSC) and x-ray diffraction data concerning the 

thennodynamics and structure of this phase. With the use of a probe molecule as described in 

Chapter 6, the Hn phase of DOPE can be explored using 2H NMR spectroscopy. 2H NMR 

spectra are shown in Figure 8.1 for DOPE (10 wt% l-perdeuteriopalmitoyl-2-0Ieoyl-sn-glycero-3-

phosphocholine, POPC-d31) in both the La and Hn phases. At 5 °C the spectrum is similar to 

other i'hosphatidylethanolamines in the La phase with splittings resolved for the e = 90° 

orientation of the methylene and methyl groups. The spectra for the Hn phase is quite different. 

First the width of the spectra is reduced relative to that of the Lu phase (note that the horizonal 

scale for Figure 8.1b is one-half that of Figure 8.1a). Part of this reduction in splitting can be 

explained in tenns of eq 2.25 where a factor of -1/2 is introduced due to the change in geometry, 

however as for the Hn phase of l-perdeuteriopalmitoyl-2-linoleoyl-sn-glycero-3-

phosphoethanolamine, PLPE-d31 (Chapter 7), this reduction is greater than a factor of one-half. 

Furthennore the individual splittings are not resolved, leading to complications in the analysis 

of the lineshape. 

Because the splittings are not resolved in the Hn phase of DOPE. order parameters cannot 

be extracted. Therefore analysis of the spectra is best made in tenns of the spectral moments. 

The moments are related to the distribution of the splittings and are calculated from the 

experimentally observed lineshape distribution function by eq 2.25. As explained in Chapter 2 

the kth moment is related to the distribution of orientational order parameters, SeD' by 
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.(8.1) 

where X e e'qQlh. and AA and SeD are defined in Chapter 2 (eqs 2.29 and 2.24. respectively). 

The first two moments Ml and M2 give the mean orientational order parameter and its mean 

square value, respectively (Davis, 1979) 

,(8.2) 

M = 9n
2 

'V2(IS 12) 
2 20 II. CD 

.(8.3) 

Therefore the first moment Ml is directly related to the amount of orientational order found in 

the system. The first and second moments along with the parameter .1z (eq 2.27) are shown in 

Figure 8.2 as a function of temperature. There is a decrease in the moment when increasing the 

temperature from 5 °C to 22 °C. Such large changes in the moments are an indication of a phase 

transition as described in Chapters 4-5. In this case it is known that DOPE undergoes the La; 

to Hn phase transition at 10 °C (Lewis et al., 1989). Here this transition and the gel to La; phase 

transitions are broadened due to the presence of POPC-t!:Jl' This leads to a two-phase region 

around each transition. 

From the first moment an indication of the amount of order present in the system can be 

obtained. To adjust for the additional symmetry axis in the Hn phase the moments must be 

multiplied by two in order to compare them to the moments of the La; phase. Even after this 

adjustment it is obvious that the acyl chains of DOPE are less ordered in the Hn phase than in 

the La; phase. As discussed in Chapter 7 the difference in order is related to the shape of the 
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molecule in the phase. By this argument one would expect that the acyl chains of DOPE in the 

Hn phase would have more configurational freedom than in the La phase. This agrees with the 

difference in the moments. 

Since the first moment is directly related to the average order parameter, a modification 

of the diamond lattice model (Chapter 2) can be used to estimate the average projected acyl chain 

length <1>. The equation us¢ was derived in Chapter 2 (eq 2.54) and is repeated here 

<1> "" I {( n-m+l) _..!.[.ff (2n-2m+3) M +28V Cft)]} 
o 2 X 1t I Q 

.(8.4) 

Here 10=1.25 A is the length of one carbon-carbon bond in the all-trans state, n is the number of 

carbons in the acyl chain, m is the number of the carbon segment where the hydrocarbon region 

is considered to begin (m=2 for the sn-l chain and m=3 for the sn-2 chain), and X is the 

quadrupolar coupling constant assumed to be 170 kHz. Thus, by simply measuring the first 

moment, M I , together with the tenninal methyl splitting, 8v~ft), one can calculate the average 

chain length <L> directly. Now n is defined as the number of carbons in the acyl chains and for 

DOPE it is approximated as 17 due to the presence of the double bond. Furthennore the chain 

cross-sectional area <A> can be calculated using eqs 2.55-2.56 except one has to consider the 

volume of the CH=CH group which is approximated as 1.5VCH2 (Rossini et al., 1953) where VCH2 

is the volume of a methylene group (Nagle and Wiener, 1988). The values for <L> and <A> are 

tabulated for DOPE at the top of Table 8.1. It is obvious that the acyl chain lengths are much 

shorter and the areas larger in the Hn phase as opposed to the La phase. TIlis makes sense when 

one considers the average shape the molecules must have in tile respective phases. The La phase 

is approximated by a cylinder with the area at the lipid-water interface being identical to that at 

the ends of the chains. For the Hn phase tile average shape is a frustum of inverted cone (Figure 
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7.5) where the area at the lipid-water interface is the same as in the La phase. However the area 

at the ends of the chains is greater for this shape than for the cylinder. Now if the volume of 

the lipid remains the same in the two phases then the average cone shape in the Hn phase must 

be shorter than the cylinder in the La phase. Therefore the acyl chain would have a greater 

cross-sectional area to occupy in the Hn phase than in the La phase. This increase in cross-

sectional area would be associated with a greater number of allowed conformations of the acyl 

chain, which would decrease the order in the Hn phase relative to the La phase as observed when 

comparing the first moments. 

In the La phase an estimate of the area per lipid at the lipid/water interface can be 

obtained by multiplying the chain cross-sectional area by two since the area is the same for any 

point in the cylinder. For the La phase of DOPE at 5 °C this gives a value of 67 N. Gruner 

et al. (1988) have measured the area for DOPE at 2 °C by x-ray diffraction and get a value of 

65 N which is in reasonable agreement with the value here. In the Hn phase this value only 

corresponds to the real value at one position in the chain since the volume of the chain should 

be cone shaped. The fact that it is larger than the La phase value is in agreement with the model 

(vida supra). Funhermore as the temperature is increased the cylinders should become smaller 

(Tate and Gruner, 1989) leading to an increase in this area as observed. 

For the Hn phase the radius of curvature can be calculated if the total lipid volume, 

length, and area at the lipid/water interface are known. For DOPE the volume is estimated to 

be 1228 A3 (Rand et al., 1990) and the length is the length of the acyl chain from Table 8.1 plus 

the length of the head group estimated to be 7.6 A for pure DOPE and 7.8 A for the mixtures 

(Nagle and Wiener, 1988). The area at the lipid/water interface is assumed to be the same in the 

Hn phase as in the La phase and therefore the value obtained at 5°C, 67 N, is used. Plugging 

these numbers into eqs 7.1-7.2 yields a value for height of the cone of 41.78 A. Now a decision 

I 
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about where the radius of cuIVature is defined needs to be made. If this mdius is defined as the 

distance from the lipid/water interface to the center of the cylinder then the total length of the 

lipid needs to be subtracted from the height to get the radius of cUlVature. This yields a value 

of Rw = 21.84 A for DOPE at 22 °C. This definition is close to that used in x-ray diffraction. 

The value for the radius of cUIVature of DOPE at 22°C as measured by x-ray diffraction is 22 

A (Tate and Gruner, 1989; Rand et aI., 1990) which is in good agreement with the value 

calculated from 2H NMR. This indicates that the use of a probe molecule and the moments can 

yield a good estimate of the radius of curvature in hexagonal phases. 

A definition more consistent with 2H NMR measurements would be to ignore the length 

of the glycerol backbone and headgroup. In this case the radius is defined as the distance from 

the C-2 carbon to the center of the cylinder. This yields a radius of 29.44 A at 22°C. Since this 

measurement starts at a precise point specified by the method of calculation of the acyl chain 

length, the values using this method have been tabulated for DOPE at a variety of temperatures 

in Table 8.1. As the temperature increases the entropic splay of the hydrocarbon region 

increases, i.e. sM) decreases, as for the La phase. This leads to an decreased radius of curvature 

due to the fonnation of smaller cylinders as observed for DOPE by 2H NMR. As the temperature 

is increased the first moment, the acyl chain length, and the radius of curvature decrease while 

the cross-sectional area increases. X-ray diffraction data also shows a reduction in the radius of 

cUIVature for DOPE as the temperature is increased, however the decrease when going from 20 

°C to 50°C is -3 A (Tate and Gruner, 1989). This change is greater than the change obselVed 

by 2H NMR (-1 A). The small difference can be accounted for by the fact that in the method 

presented here the volume, length of the headgroup, and the area at the lipid/water interface are 

considered to be constant as a function of temperature. This is not expected to be the actual case 

since all three of these parameters will depend on temperature. Therefore taking into account the 

-~ 
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temperature dependence of these quantities would lead to a refmement of the measurements. This 

was not pursued here since the differences were quite small. 

The radius of curvature is basically detennined by two competing factors (Kirk et aI., 

1984; Gruner, 1989). The first is the inherent ability of a monolayer to curl which is detennined 

by the effective headgroup size and the entropic splay of the acyl chains. These factor yield a 

spontaneous curvature or equilibrium curvature which is the curvature of the monolayer in the 

absence of other factors. This desire, if you will, for the monolayer to curve is favorable for the 

fonnation of the Hn phase. Confining a monolayer to a planar surface such as in the L" phase 

creates a high energy state with respect to this curvature free energy which can be relaxed by the 

fonnation of curved surfaces. The competing factor is the hydrocarbon packing energy (Kirk et 

aI., 1984; Gruner, 1989). In the Hn phase all of the chains cannot be at their equilibrium length 

since some of the chains have to be longer to fill the region between the cylinders (Figure 8.3). 

In the L" phase all of the chains can relax to an equilibrium length, however the curved 

geometry of the Hn phase prevents this leading to a high energy state with respect to the chain 

packing. This works against the fonnation of the Hn phase. As the temperature is increased the 

chains splay more which increases the curvature free energy making the L" phase less favorable. 

If these smaller cylinders were fonned the chains would have less of a difference between their 

maximum and minimum lengths (Gruner, 1989), and therefore the packing energy would decrease 

making the Hn phase more favorable. When the temperature gets high enough, the curvature 

energy dominates and the phase transition occurs. 

With an understanding of the factors influencing the formation and size of the Hn phase, 

comparisons can be made between different lipids. At the same temperature, the curvature will 

be determined by the curvature energy and the chain packing energy. It can be assumed that if 

the chains are similar (DOPE versus PLPE-~I or l-perdeuteriopalmitoyl-2-0Ieoyl-sn-glycero-3-



r " 

198 

~~<"""--::n-Water Region 

~ 

Figure 8.3. Schematic representation of the reversed hexagonal phase. The shaded region 
indicates the interstitial region between the lipid cylinders of the phase. The packing constraints 
of the Hn phase arise from this region because some of the acyl chains have to be longer in order 
to fill the region. As the cylinders become smaller the interstitial region gets smaller. 
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phosphoethanolamine, POPE-d:Jl) then only the spontaneous curvature will detennine the 

difference between the lipids. The spontaneous curvature (the inverse of the spontaneous radius 

of curvature) is detennine by the splay of the acyl chains which should be greater in the case of 

DOPE due to the presence of double bonds. This would lead to a smaller radius of curvature at 

the same temperature compared to POPE-~1 and PLPE-~1 which should have similar values. 

The value for the radius of curvature ofPLPE-~1 at 60°C is 25.73 A (Chapter 7). From 

the first moment of POPE-~1 at 75°C (Lafleur et al., 1990), the radius of curvature can be 

calculated as for DOPE and is 25.83 A. Therefore the radii of curvature for these two lipids are 

very similar as expected since the only difference is one double bond and the La-Hn phase 

transition temperatures are relatively similar. Both of these numbers are smaller than for DOPE 

at 70°C, 27.52 A. Comparison can also be made of PLPE-~1 and POPE-~1 to the x-ray data 

of DOPE. Once again care must be taken to define the radius at the same point, the lipid/water 

interface. The radius for PLPE-~1 and POPE-~1 becomes 18.13 A and 18.23 respectively and 

for DOPE at 70°C it is 17.2 A (Tate and Gruner, 1989). This comparison also leads to the 

conclusion that the radius of curvature for DOPE is only slightly smaller than for PLPE-d:H or 

POPE-~I' As explained in Chapter 7 it is difficult to predict the relative size of the cylinders 

at the same temperture however the small difference may indicate that the chain packing energies 

differ between these systems. If the chain packing energy is higher for DOPE then smaller 

cylinders will be fonned. This seems reasonable because both PLPE-d31 and POPE-~1 have 

asymmetric chains where the chain at the sn-2 position is already longer than the chain at the sn-

1 position. 

8.3 The Reversed Hexagonal Phase of DOPE/DOpe Mixtures 

The above indicates that the use of 2H NMR with a probe molecule to get infonnation 
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on the structure of the HII phase seems to be valid. Therefore it is possible to study a variety of 

systems in order to understand how different lipid components affect the structure of this phase. 

One of the easiest ways to change to structure of the HII phase is by varying the headgroups in 

the system. Addition of 1,2-dioleoy-sn-glycero-3-phosphocholine, DOPC, to DOPE leads to the 

formation of the· La phase between 17 and 25% phosphatidylcholine as seen in Chapter 6. 

However the addition of alkanes can cause the formation of the HII phase in mixtures which are 

75% DOPC (Kirk and Gruner, 1985; Rand et al., 1990) and even in pure dispersion of DOPC 

or 1,2-dipalmitoyl-sn-glycero-3-phosphocholine, DPPC (Sj6lund et al., 1987; Sj6lund et al., 

1989). The alkanes are assumed to aggregate mainly in the regions between the cylinders (Figure 

8.3) and thereby relieve the chain packing stress. The ability of alkanes to cause the formation 

of HII phases was used in order to study a series of DOPE/DOPC mixtures where the amount 

DOPC was increased from 0% to 75%. 

2H NMR spectra of DOPE/DOPC mixtures (1:3, 1:1, 3:1, and pure DOPE) in the 

presence of excess n-tctradecane (20 wt% see Rand et al. (1990» are shown in Figure 8.4. The 

spectra are relatively similar although it is obvious that the spUttings increase as the amount of 

DOPC is increased. This is opposite of what is found for the La phase of these mixtures 

(Chapter 6). In the La phase increasing the amount of DOPC increased the area per molecule 

at the lipid/water interface and therefore decreased the splittings. This increase in the area at the 

lipid/water interface should also be observed in this phase as confirmed by x-ray diffraction 

(Rand et al., 1990), and therefore the change in splitting must be related to other properties of 

the phase. This decrease in splitting is also reflected in the first moments of the spectra. Table 

8.1 compares the first moment, MI , for all of the mixtures studied. From this it is obvious that 

increasing the amount of DOPC leads to an increase in the first moment (and likewise the 

average order). 

, 

-I 
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a) DOPCIDOPE (3:1) b) DOPClDoPE (1:1) 

c) DOPCIDOPE (1:3) d) DOPE 

20 10 o -10 -20 20 10 o -10 -20 

frequency / kHz 

Figure 8.4. Representative 2H NMR powder-type spectra of multilamellar dispersion for a) 
DOPC/DOPE (3:1), b) DOPC/DOPE (1:1), c) DOPC/DOPE (1:3) and d) DOPE at 30°C in the 
reversed hexagonal (Hn) phase. All samples contained 10 wt% POPC-d31 with respect to the 
DOpe content and 20 wt% tetradecane except for the DOPE sample which contained 10 wt% 
POPC-d:!l with respect to the DOPE content. 
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Table 8.1 First Moment, Projected Acyl Chain Length <.L>, Average Chain Cross-
Sectional Area d>, and Radius of Curvature Rc for DOPE (10 wt% POPC-d31) and 
Alkanes with varying amount of DOPC. 

MJ /S·l <L>b / A <A>C / A2 Rod / A 
DOPEI 

5°C 61621 14.12 33.71 00 

22°C 17241 12.32 38.64 29.44 
30 °C 15994 12.16 39.14 29.07 
40°C 14506 11.96 39.80 28.62 
50 °C 13019 11.76 40.48 28.19 
70°C 10829 11.45 41.58 27.52 
75 °C 10692 11.43 41.64 27.48 

DOPE/DOPC (3:1) 
22°C 20853 12.81 37.16 31.71 
30 °C 20186 12.72 37.42 31.45 
40°C 18740 12.53 37.99 31.03 
50 °C 17867 12.34 38.57 30.57 

DOPE/DOPC (1:1) 
22°C 22805 13.07 36.41 32.43 
30 °C 21519 12.90 36.90 32.00 
40°C 19476 12.63 37.70 31.33 
50 °C 18122 12.44 38.24 30.90 

DOPE/DOPC (1:3) 
22°C 26793 13.60 35.00 33.38 
30 °C 25197 13.39 35.55 33.55 
40°C 23271 13.13 36.25 32.88 
50 °C 22822 13.07 36.42 32.73 

IAll samples contain 10 wt% POPC-ti"l and 20 wt% tetradecane. 
bCalculated from eq 8.4. 
cCalculated from eqs 2.55-2.56. 
dCalculated from eqs 7.1-7.2. 
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As before the avemge projected acyl chain length <L> and cross-sectional area <.4> can 

be calculated from the 2H NMR data of these mixtures. These values are shown as a function 

of temperature in Figure 8.5a,b and are tabulated in Table 8.1. As expected from the analysis 

of the moments the dependence of both of these parameters on the headgroup is opposite that in 

the La phase. For the Hn phase as the amount of DOpe is increased, <L> decreases and <.4> 

increases. It must be reemphasized that this area <.4> is not related to the area at the lipid/water 

interface, but is the average value of the area of the acyl chain which in the Hn phase must be 

larger than the area at the interface. As for the La phase the area at the interface should increase 

as the amount of DOpe is increased as shown by Tate and Gruner (1989) and Rand et al. (1990). 

The radius of curvature for these mixtures can be calculated and are shown in Figure 8.sc 

as well as being tabulated in Table 8.1. For each lipid the mdius of curvature decreases as the 

temperature is increased as previously explained for the DOPE data. Furthermore as the amount 

of DOpe is increased the radius increases indicating that larger cylinders are formed. The size 

of the cylinders is determined by the chain energy and the spontaneous curvature (Gruner, 1989). 

The acyl chains are identical in these system and therefore the chain packing energy should be 

the same and have the same dependence on the cylinder size. The smaller the cylinder the lower 

the packing energy (Gruner, 1989). The spontaneous curvature is determined by the entropic 

splay of the hydrocarbon region coupled with the effective size of the headgroup (Tate and 

Gruner, 1989). As observed for the La phase, as the amount of DOpe is increased the area per 

molecule at the interface increases. This also holds for the Hn phase. If the area at the 

lipid/water interface is increased then the system will have a smaller spontaneous curvature (a 

larger radius of curvature). Therefore increasing the amount of DOpe should cause larger 

cylinders to form as observed. The effect of adding DOpe to DOPE systems is the same in both 

the La and Hn phases. Increasing the amount of DOpe increases the area at the lipid/water 

-I 
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Figure 8.5. Effects of varying the DOPC/DOPE ratio on the average properties of the reversed 
hexagonal (Hu) phase. The average projected acyl chain length <L> (a), the average chain cross
sectional area <.4> (b), and the radius of curvature Rc (c) are plotted as a function of temperature. 
The parameters where calculated from the first moments of the 2H NMR spectra which were 
recorded with the use of 10 wt% POPC-d31 with respect to the DOPC content except for the 
DOPE sample which contained 10 wt% POPC-d31 with respect to DOPE content. All samples 
contained 20 wt% tetradecane. 
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Figure 8.6. Schematic illustration of role of alkanes in the fonnation of the reversed hexagonal 
phase. If the alkanes only fill the interstitial region between the cylinders (denoted by the 
stripped section) then the average shape of the lipid would accurately reflect radius of curvature 
in the Hn phase as indicated in part (a). If on the other hand the alkanes move freely about the 
phase and even interact with the acyl chains near the headgroups, then the average shape of the 
lipid would not accurately reflect the radius of curvature of the phase. In part (b) the actual 
average shape is filled by both the lipid and the alkanes (thick black lines) but the average shape 
of the lipid (dotted triangle) is too small and yields values for the radius of curvature which are 
smaller than the actual values. 
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interface leading to looser packing of the acyl chains (decreased order) in the La phase and larger 

cylinders (increased order) in the 2H NMR phase. 

The measurement of the radius of curvature for these systems has also been carried out 

using x-ray diffraction (Rand et al., 1990). As previously discussed for the Hn phase of DOPE, 

the estimated value of the radius is the same for both techniques if the defiiUtion is unifonn. 

Therefore this technique seem,s to be accurate in predicting the radius of curvature for DOPE as 

well as other single component systems (pOPE-d31 and PLPE-~l)' The radius of curvature 

defined at the lipid/water interface, Rw, derived from 2H NMR and x-ray diffraction data (Rand 

et al., 1990) are compared in Table 8.2. The x-ray data indicate large changes in the radius when 

the amount of DOpe is increased. This is not reflected in the 2H NMR data which show a very 

small change. The discrepancy between the two sets of data is probably related to the presence 

of alkanes used to induce the Hn phase. X-ray data indicate that the alkanes have very little 

influence on the size of the cylinder in the Hn phase of DOPE and this may explain why there 

is no discrepancy between the two techniques for DOPE. It is assumed when calculating the 

radius of curvature using eqs 7.1-7.2 that the average shape of the lipids fills the entire volume 

of the cylinder. This is not the case in the presence of alkanes where the volume occupied by 

the alkanes would have to be taken into consideration. This same problem arises in the x-ray 

data where the amount of alkane taken up must be estimated along with its contribution to the 

volume fraction of the nonaqueous part of the sample. If the alkanes were present only between 

the cylinders, the area occupied by the acyl chains would predict the correct shape (Figure 8.6a). 

If, on the other hand, some of the alkanes filled some of the volume around the chains, the cross-

sectional area predicted by the 2H NMR would not accurately predict the structure of the cylinder. 

Furthennore if the distribution of the alkanes was such that some of it was distributed near the 

lipid/water interface then the 2H NMR data would predict that the cylinders would be much 
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Table 8.2 Comparison of the Radius of Curvature Defined at the LlpldlWater Interface, 
R.", Derived from 2H NMR and X-ray Diffraction for Mixtures of DOPE and DOPC. 

DOPE· 
DOPEIDOPC (3:1) 
DOPEIDOPC (1:1) 
DOPEIDOPC (1 :3) 

·a11 data at 22°C 
bdata from Rand et aI. (1990) 

Rw I A from 2" NMR 

21.84 
23.91 
24.63 
25.78 

Rw I A from x-rayb 

22 
30 
40 
52 
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smaller than they actually are (Figure 8.6b). The 2H NMR data indicate that tile chains are more 

disordered than expected if the cylinder sizes were as large as predicted from the x-ray data. It 

has been shown that the addition of hexane can have a slight disordering effect on 1,2-

diperdeuteriomyristoyl-sn-glycero-3-phosphocholine (Jacobs and White, 1984). Therefore if the 

alkanes interact with the acyl chains as well as filling the void volumes to relieve the packing 

stress, then the chains could be disordered and not reflect the proper shape. It is evident then that 

this technique while showing the proper trends for the mixed systems in the presence of alkanes 

may not accurately reflect the average propenies of the Hn phase due to the extra volume taken 

up by the alkane and/or the interactions between the alkane and the acyl chains. This indicates 

that the alkane is not just confined to the regions between the cylinders but also interacts with 

the acyl chains or fiUs areas between the lipids. 

8.4 Conclusions 

In conclusion it has been shown that a perdeuterated probe molecule can be used to 

obtain infonnation about the Hn phase of nondeuterated host lipids. This is evident from the 

similarities in the 2H NMR spectra of perdeuterated lipids in the Hn phase and that of 1,2-

dioleoy-sn-glycero-3-phosphoethanolamine, DOPE, containing 10 wt% of a prore lipid. 

Funhennore the first moment can be used to calculate the average acyl chain length in the Hn 

phase which can be used in tum to detennine the radius of curvature. Therefore by using a probe 

molecule and the first moment the structure of any system which forms a hexagonal phase can 

be detennined. The value obtained for the radius of curvature can be compared to that obtained 

from x-ray diffraction data if they are defmed the same. This analysis allows for comparison of 

different lipid systems and in panicular how different headgroups effect the structure of the Hn 

phase. It is evident that increasing the amount of l,2-dioleoy-sn-glycero-3-phosphocholine, 
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DOPe, relative to DOPE has the same effect in the lIn phase as in the La phase. Increasing the 

amount of DOPC leads to an increase in the area per molecule at the lipid/water inteIface. In 

the La phase this leads to more configurational freedom for the acyl chains since there is more 

volume to occupy and decreases the order. In the Hn phase increasing the area at the inteIface 

leads to the formation of larger cylinders and results in an increase in the ObselVed order reflected 

in the first moment and the acyl chain lengths. 



Chapter 9 

Effects of Unsaturation on Phosphatidylethanolamines 
in the Liquid-Crystalline and the Reversed Hexagonal Phases 

9.1 Introduction 

The majority of phospholipids found in native systems contain unsaturated acyl chains. 

Cells spend a considerable amount of metabolic energy in order to insert double bonds into 

membrane lipids and to protect these lipids from degradation once they are made (Quinn et al., 

1989). All naturally occurring membranes are believed to be in the fluid state and therefore it 

has been suggested that unsaturated acyl chains are necessary to keep the lipids in this state. In 

addition to mono- and diunsaturated acyl chains cenain membranes such as retinal rod outer 

segments (Dratz and Deese, 1986), mitochondria (Witting et aI., 1961), synaptic plasma (Cotman 

et aI., 1969), and cerebraI grey maner (O'Brien and Sampson, 1965) contain a large portion of 

polyunsaturated phospholipids. Polyunsaturated phospholipids seem to participate in membrane 

function by modulating membrane fluidity, penneability properties, and/or the activity of 

membrane-bound proteins (Stubbs and Smith, 1984; Spector and Yorek. 1985; Dratz and Deese. 

1986; Wiedmann et al., 1988; Quinn et aI., 1989). The occurrence of polyunsaturated 

phospholipids in membranes may be correlated with cardiovascular disease (Dyerberg and Bang, 

1978; Dyerberg et aI .• 1978; Glomset, 1985; Belcher et aI., 1988). visuaI disorders (Neuringer et 

aI., 1984; Neuringer et aI .• 1986), cancer (Borgenson et aI., 1989; Henderson et aI., 1989), and 

aging (Hannan. 1981). Docosahexaenoic acid (22:6) is a 003 fany acid which accounts for almost 

50% of the fany acids in bovine retinal rod outer segment disk membranes (Stone et aI., 1979; 

Stinson et aI .• 1991). and which is known to inhibit prostaglandin biosynthesis (Corey et aI., 

1983). 

The influences of unsaturation on phosphatidylcholines has been studied extensively. It 
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is known that insertion of a double bond leads to a dramatic decrease in the main chain melting 

(gel-La> phase transition. However additional double bonds have a lesser effect. Deuterium 

NMR has shown that the presence of an unsaturated bond decreases the order parameters along 

the acyl chain (Seelig and Seelig, 1977). Studies of phospholipids with perdeuterated saturated 

chains in the sn-l position and polyunsaturated chains at the sn-2 position indicated that at 

absolute temperature the presence of the polyunsaturated chain leads to a decrease in the 

orientational order in both the La and low temperature phases but an increase in the order at the 

same reduced temperature (Salmon et aI., 1987; Bany et aI., 1991). 

Little experimental data exist concerning the effect of unsaturation on 

phosphatidylethanolamines in either the La or Hu phases. It has been shown that increasing the 

amount of unsaturation decreases the low temperature to La phase transition even more 

substantially than for phosphatidylcholines. Furthennore this leads to a decrease in the La to Hu 

phase transition temperature (Lewis et aI., 1989). A variety of unsaturated 

phosphatidylethanolamines have been studied in the Hu phase (Dekker et aI., 1983; Tate and 

Gruner, 1987; Lafleur et aI., 1990; Rand et aI., 1990; Thunnond et aI., 1990) but very few 

comparisons have been made among these. Dekker et aI. (1983) have studied a series of 

unsaturated phosphatidylethanolamines using 31p NMR, freeze fracturing, and differential 

scanning calorimetry including 1,2-dilinoleoyl-sn-glycero-3-phosphoethanolamine [di(18:2)PE), 

1 ,2-dilinolenoyl-sn-glycero-3-phosphoethanolamine [di(18:3)PE), 1,2-diarachidonyl-sn-glycero-3-

phospho ethanolamine [di(20:4 )PE) , 1,2-didocosahexaenoly-sn-glycero-3-phosphoethanolamine 

[di(22:6)PE), and I-palmitoyl-2-0Ieoyl-sn-glycero-3-phosphoethanolamine (POPE). Here they 

showed that there was a decrease in the bilayer to Hu phase transition temperature as the number 

of double bonds was increased. Furthennore this corresponded to a decrease in the Hn tube 

diameters which is related to the radius of curvature. 



a) (16:0-d31)(22:1)PE 
15°C 

b) (16:0-d31)(22:6)PE 
-20°C 

d) (16:0-d31)(22:6)PC 

-16°C 
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80 40 0 -40 -80 80 40 0 -40 -80 
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Figure 9.1. 2H NMR spectra of multilamellar dispersions of unsaturated 
phosphatidylethanolamines in the low temperature state: (a) (l6:0-d:l1)(22:1)PE, 15°C; (b) (16:0-
~I)(22:6)PE, -20°C; (c) DPPE-d62, 29°C; and (d) (l6:0-~I)(22:6)PC, -16°C. The spectra in 
parts (a) and (b) contained isotropic peaks which were removed by a numerical method explained 
in the text. 
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Chapters 4-8 have dealt with using 2H NMR to compare the avemge properties of lipids 

in different phases. It has been shown that this is a useful technique for detennining the average 

area per molecule, the avemge acyl chain length, and the mdius of curvature for lipids in the La 

and Hn phases. Furthennore the use of a probe molecule (Chapters 6 and 8) has made it possible 

to explore the physical properties in systems without synthesizing dcuterated host molecules. In 

this chapter all of the techniques previously described have been used to study the effects of 

unsatumtion on phosphatidylethanolamines in the low tempernture, La' and Hn phases. Both 

perdeutemted lipid systems and those probed with a reporter molecule were used to compare a 

large number of unsaturated phosphatidylethanolamines by 2H NMR. 

9.2 The Effects of Un saturation on the Low Temperature Phases of 
Phosphatidylethanolamines 

The low temperature 2H NMR spectm of 1-perdeuteriopalmitoyl-2-erucoyl-sn-glycero-3-

phosphoethanolamine [( 16 :0-ti:J ,)(22: 1 )PE] , l-perdeuteriopalmitoyl-2-docosahexaenoly-sn-gl ycero-

3-phosphoethanolamine [( 16 :O-d3,)(22 :6)PE], 1 ,2-perdeuteriopalmitoyl-sn-glycero-3-

phosphoethanolamine (DPPE-d6J, and I-perdeuteriopalmitoyl-2-docosahexaenoly-sn-glycero-3-

phospho choline «16:0-~,)(22:6)PC) are shown in Figure 9.1. All spectm indicate that the 

systems are below the main chain melting phase transition temperature. Both (16:0-ti:J,)(22:1)PE 

and (l6:0-d3,)(22:6)PE contained an isotropic peak in the low tempemture phase which was not 

present at higher temperatures. In both cases this peak increased with increasing temperature 

until the phase transition was reached at which point it disappeared. The growth of this peak as 

the tempemture was increased seems to indicate that it is the formation of a cubic phase which 

exists with the gel phase at tempemtures immediately below the phase transition. Such cubic 

phases are nonnally found between the La and Hn phase but as shall be seen, these lipids go 

from the low tempemture phases directly to the Hn phase and therefore the appearance of the 
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-100 -50 o 50 100 

frequency / kHz 

Figure 9.2. Results of removing an isotropic peak from spectrum containing a very broad 
component and an isotropic component. Part (a) indicates the actual 2H NMR spectrum obtained 
for (16:0-d31)(22:6)PE and part (b) indicates the spectrum after using a polynomial fitting method 
to remove the isotropic peak as detailed in the text. 
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cubic phase in this region would not be unexpected if it is an intennediate phase between the low 

temperature phase and the Hn phase. 

In order to better analyze the lineshape and the spectral moments, the isotropic peak was 

removed by numerical methods (Callaghan et aI., 1984). The spectrum of interest is very wide 

and therefore its free induction decay (FlO) will decay to zero very rapidly. However the narrow 

isotropic peak will decay much slower. A few hundred microseconds after the echo peak the 

only signal in the FlO will be from the isotropic peak. In the procedure the FlO after a few 100 

ps was fit to a 5th order polynomial which was then extrapolated back to the beginning of the 

FlO. This polynomial was subtracted from the original FlO to yield a spectrum which only 

contained the broad signal. An example of the results of such a procedure in shown in Figure 

9.2 for (16:0-d31)(22:6)PE. As can be seen the subtraction has little, if any, effect on the broad 

spectrum. 

Removal of the isotropic peak allows for an easy comparison of the different systems. 

Figure 9.1a and c compare (l6:0-d:31)(22:1)PE and OPPE-~. It is obvious that below the main 

phase transition both of these lipid fonn phases with similar structures. The intensity at ±60 kHz 

corresponds to the e = 00 orientation of the methylene segments which are close to the all-trans 

configuration. Lineshape simulations of OPPE-d62 at 29 °C (Chapter 5) indicated that the acyl 

chains were very close to all-trans and were experiencing axial diffusion which was intennediate 

on the NMR timescale. This same analysis can be used to explain the lineshape of (16:0-

d31)(22:1)PE and it is obvious that the introduction of a single double bond has very little effect 

on the structure in the low temperature phase. 

The introduction of docosahexaenoic acid (22:6) at the sn-2 position has a dramatic 

influence on the lineshape immediately below the phase transition as seen in Figure 9.1b. This 

spectrum shows a loss of intensity at ±31 kHz relative to OPPE-d62 or (16:0-d31)(22:1)PE which 
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correspond to the 9 = 90° orientation of rotating methylene groups. Furthennore an increase in 

the intensity at ±63 kHz is obselVed. This increase is not due to an increase in population of the 

9 = 0° orientation of all-trans rotating chains but instead to an increase in the population of the 

9 = 90° orientation of all-trans chains which are experiencing rotation at a rate that is slow on 

the NMR timescale. This is confinned by the presence of intensity at ±125 which would be the 

9 = 0° orientation of such chains. The intensity at ±125 kHz would be expected to be reduced 

because of the power drop-off due to finite pulse widths. This type of spectrum has been 

obselVed in many other lipids at sufficiently low temperatures including (16:0-Li:31)(22:1)PE (this 

work), (16:0-Li:31)(22:6)PC (Barry et al., 1991), and DPPC-d62 (Davis, 1979; Barry et al., 1991). 

At the same temperature all of these lipids have approximately the same shape provided that they 

are below their main chain melting phase transition. 

The low temperature behavior can be explained by differences in the phase transition 

temperatures. The 22:6 chains resist being put into the low temperature phase where the chain 

must be in a very organized lattice and therefore the transition only occurs when the temperature 

is low enough to force the chains to become close packed. This transition occurs at a sufficiently 

low temperature for polyunsaturated lipids that the axial rotation is slowed to the point where it 

is not evident in the lineshape on the time scale of the NMR experiment. This same situation 

also exist in phosphatidylcholines (Barry et al., 1991). Therefore the unsaturated chain has very 

little effect on the structure of the low temperature phase once this phase is fonned and only 

affects the point at which the transition occurs. 

This same conclusion is reached from comparison of the first moments (Figure 9.3d-f). 

Here 1,2-didocosahexaenoly-sn-glycero-3-phosphoethanolamine, di(22:6)PE, has also been 

measured with the use of a probe molecule I-palmitoyl-2-0Ieoyl-sn-glycero-3-phosphocholine, 

POPC-d:ll• This technique may not be completely valid in the low temperature phase. Mixtures 
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of POPE-~1 and DPPE show a phase separation below the main phase transition of DPPE where 

the POPE-d31 remains in the La phase. These spectra show a superinposition of a low 

temperature phase and an La phase. At very low temperatures only the low temperature phase 

spectrum was observed and was very similar to DPPE-d62 at the same temperature. Therefore 

once the temperature is low enough both lipids are in the 'gel' phase and experience the same 

environment. Since only one spectral component is seen for the di(22:6)PEIPOPC-~1 sample it 

is assumed that a phase separation does not occur and that the first moments accurately reflect 

the moments of a pure di(22:6)PE system. Since the phase transition for POPC-d31 is higher than 

for di(22:6)PE it would be expected that the observed onset of the transition would occur at 

higher temperatures in the mixture than for pure di(22:6)PE. This is observed since the mixture 

indicates a transition temperature of -20°C and Dekker et aI. (1983) have shown that di(22:6)PE 

remains in the Hn phase down to -30°C. 

The first moment of (16:0-d31)(22:1)PE and (16:0-d31)(22:6)PE are relatively similar and 

are similar to DPPE-d62 (see Figure 5.2). As the temperature is decreased tlle moment increased 

corresponding to an increased population of rigid chains. The same behavior has been seen for 

DPPC-d62 (Davis, 1979; Barry et al., 1991) and (16:0-d31)(22:6)PC (Barry et aI., 1991). 

Di(22:6)PE has very high moments at low temperatures due to the presence of two 22:6 chains. 

Now the phase transition is lowered to the point where the axial diffusion is not seen due to its 

rate being slower than the time scale of the experiments. This is consistent with the lineshape 

analysis of (16:0-~I)(22:6)PE. 

The analysis of the lineshapes and the moments indicate that the introduction of 

unsaturated acyl chains has very little effect on the average structure of the low temperature 

phases formed by phosphatidylethanolamine. The major effect is to lower the main chain melting 

transition temperature. The polyunsaturated chains cannot pack as easily into an all-trans lattice 
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Figure 9.3. The first moment Ml derived from the 2H NMR spectra as a function of temperature 
for a) POPE·~1 obtained from Lafleur et aI. (1990). b) PLPE·~I' c) DOPE containing 10 wt% 
POPC·~I' d) (16:0·~I)(22:1)PE. e) (16:0·~1)(22:6)PE. and f) di(22:6)PE containing 10 wt% 
POPC·~I· 
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and therefore the temperature has to be lowered until such a conformation is adopted. This 

argues against the idea of a reduced temperature (Seelig and Browning, 1978; Barry et al., 1991) 

in the low temperature phases. Immediately below the transition temperature the structure of the 

phase is determine by the absolute temperature. This is why the (16:0-d:31)(22:1)PE spectra at 20 

°C resembles DPPE-d62 at 23°C even though the DPPE-d62 system is 30°C below its phase 

transition temperature. This does not rule out small differences in packing observed between 

disaturated and polyunsaturated phosphatidylcholines (Barry et al., 1991). 

9.3 The Effects of Un saturation on the La Phase of Phosphatidylethanolamines 

Figure 9.3 shows the first moment as a function of temperature for a variety of 

unsaturated phosphatidylethanolamines. Note the axes are different for a-c than for d-f. It is 

obvious from the large change in the moments that all of the lipids studied here undergo a phase 

transition. The lipids on the left (Figure 9.3a-c) undergo a gel to La phase transition as well as 

a La to Hn phase transition (the second transition is the only one shown in the figure) whereas 

the systems on the right (Figure 9.3d-f) do not form an La phase in excess water. Their phase 

transition is a gel to Hn transition. 

In general the factors which decrease the La to Hn phase transition temperature such as 

smaller head groups and longer acyl chains tend to increase the gel to La phase transition 

temperature. Therefore as these factors are changed so that the Hn phase occurs at lower 

temperatures, the La phase region should become smaller. This is evident for DOPE and 1,2-

dilinoleoyl-sn-glycero-3-phosphoethanolamine, di(18:2)PE, where the La phase exist over 26°C 

and 25 °C respectively (Lewis et al., 1989). It seems reasonable that at some point the La phase 

would not exist. When the chain length gets long enough or the degree of unsaturation high 

enough, the forces which stabilize the Hn phase relative to the La phase dominate at all 
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Figure 9.4. Representative 2H NMR spectrn of multilamellar dispersions of a) DOPE containing 
10 wt% POPC-d31 SoC, b) PLPE-d31 50°C, and c) DPPE-t42 at 60°C in the lamellar liquid
crystalline (La> phase. The powder-type spectra are indicated on the left and the corresponding 
de-Paked subspectrn (9 = 0°) on the right. 
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temperatures above the chain melting transition temperature and the La phase would never be 

observed. This explains why DOPE and di(18:2)PE form an La phase over a relatively narrow 

region and (16:0-~I)(22:I)PE, (16:0-d31)(22:6)PE, and di(22:6)PE do not form an La phase at 

all. 

Besides affecting the stability of the La phase relative to the HII phase, unsaturation can 

also affect the packing of the La phase. The spectra of two unsaturated 

phosphatidylethanolamines which form the La phase are shown in Figure 9.4. Both the powder

type (left side) and de-Paked (right side) are shown Comparison of these spectra to those of 

DPPE-~ in the La phase (Figure 9.4c) indicate that the general struChlre of the La phase is 

... unalteredby the presence of unsaturated chains since the shape of the spectra are similar. The 

segmental order parameters were extracted from the de-Paked spectra and are shown in Figure 

9.5 along with those for POPE-d31 taken from Lafleur et al. (1990). At the same absolute 

temperature (Figure 9.5a) an increase in the unsaturation in the sn-2 chain leads to a decrease in 

the segmental order parameters relative to DPPE-d62 indicating that the saturated chain has more 

cOnfigurational freedom when acylated beside an unsaturated chain. This same result has been 

observed for unsaturated phosphatidylcholines (Seelig and Seelig, 1977; Salmon et al., 1987; 

Barry et al., 1991). The differences in packing only reflect the differences in the phase transition 

temperature. If the parameters are plotted at approximately the same reduced temperature (see 

Seelig and Browning (1978) and Barry et al. (1991» there is very little change when increasing 

the degree of unsaturation in the sn-2 chain. This is in contrast to comparison of disaturated and 

mixed-chain phosphatidylcholines containing 22:6 in the sn-2 position which showed that at the 

same reduced temperature the ordering is higher in the presence of the polyunsaturated chain. 

This difference is more than likely due to the high degree of unsaturation found in 22:6. One 

possibility is that the polyunsaturated chain takes up a large cross-sectional area leaving a smaller 
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Figure 9.5. Effects of unsaturation on the segmental order parameters sg) for 
phosphatidyletbanolamines in the La phase at the same absolute (a) and reduced (b) temperatures. 
The segmental order parameters are plotted versus carbon segment for DPPE-~ (e). POPE-~1 
(v) obtained from Lafleur et aI. (1990). PLPE-d31 (Y). and DOPE containing 10 wt% POPC-d31 
(0). 
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area to be occupied by the adjacent saturated chain. This would lead to a high observed order 

parameters for the saturated chain although the overall packing may not be disrupted. A second 

possibility is that due to the constraint of packing two acyl chains approximately parallel to each 

other in the La phase, polyunsaturated chains have a limited number of conformations available 

compared to saturated or unsaturated chains. This occurs because any isomerization would yield 

a large displacement in the acyl chains because the double bonds are relatively rigid. These large 

displacements would not be favorable in a bilayer arrangement. As will be seen however, in the 

Hn phase these large displacements would be more favorable. Mono- and disaturated acyl chains 

have very little effect on the packing in the La phase and mainly affect the transition 

temperature. The behavior of DOPE is different. At approximately the same reduced 

temperature DOPE/POPC-d31 has a much higher order parameter than any of the other systems 

studied. The two unsaturated chains pack closer together than would two saturated or mixed 

chains and lead to higher observed order paI"dDleters. In support of this a comparison of 

DOPC/POPC-ti:J1 and DPPC-d62 at the same reduced temperature (22 °C and 85°C) yield the 

conclusion that DOPC has a greater degree of order than does DPPC-~ (see Chapter 6). 

As expected from the analysis of the order parameters, unsaturation decreases the average 

projected acyl chain length <L> (eq 2.40) and increases the average cross-sectional area <.4> of 

the acyl chain at the same temperature as shown in Table 9.1. DOPE has the most extended 

chain and the smallest area per molecule. Furthermore the temperature dependence of these 

parameters can be quantified by the thermal expansion coefficient (eqs 2.60 and 2.61). As for 

other systems studied in the La phase the coefficient of thermal expansion ex is approximately 

2x1o-3 K·1 (see Chapters 5-6). This indicates that the amount ofunsaturation has no effect on the 

temperature dependence of the average properties of the La phase and further supports the 

conclusion that the theffilal expansion properties are a function of the structure of the phase and 
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Table 9.1 First Moment, Projected Acyl Chain Length 4>, and Average Chain Cross
Sectional Area <.4> for Various Unsaturated Phosphatidylethanolamines in the 
La Phase. 

M1/s·1 <L>b I A <A>c/Al ct IK·1 

DOPE' 
5°C 61621 14.12 33.71 

POPE-~lo 

30°C 13.53 32.16 2.4xlO·3 

50°C 54000 12.77 34.08 
60 °C 52000 12.64 34.42 

PLPE-d31 

40°C 54623 12.81 33.98 2.4xlO·3 

45°C 53001 12.70 34.25 
50°C 52531 12.67 34.33 

DPPE-d62 

60°C 63440 13.14! 33.98f 2.4xlO·' 
69°C 59180 12.88! 34.78f 

85°C 47041 12.43f 36.00 

'Samples contain 10 wt% POPC-d31• 

bCalculated from eq 8.4. 
cCalculated from eqs 2.55-2.56. 
dCalculated from eqs 2.60-2.61 for <.l:> only. 
'Data taken from Lafleur et al. (1990). 
fData for sn-l chain only. 
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not of its components. 

It is obvious that the major effect of unsaturated phosphatidylethanolamines on the La 

phase is to reduce the main chain melting phase transition. Polyunsaturation and long chains lead 

to the stabilization of the Hn phase above the main chain melting transition temperature relative 

to the La phase and the La is not observed. For unsaturated phosphatidylethanolamines which 

fonn the La phase the effects of unsaturation is the same as for phosphatidylcholines. Increasing 

the unsaturation decreases the main phase transition temperature and leads to a decrease in the 

order at common absolute temperatures. The fact that no change is observed at the same reduced 

temperature for mono- and diunsaturated phosphatidylethanolamines indicates that the packing 

of the acyl chain in the presence of double bonds is not perturbed relative to disaturated lipids. 

This is not true when both chain are unsaturated. In this case the segmental ordering as probed 

by a saturated chain is higher than either the disaturated or the mixed-chain mono- or 

diunsaturated phosphatidylethanolamines. 

9.4 The Effects of Unsaturation on the Hn Phase of Phosphatidylethanolamines 

Increasing unsaturation in phosphatidylethanolamines has been found to decrease the 

bilayer to Hn phase transition temperature (Lewis et aI., 1989). All of the lipid studied here 

undergo this transition at temperatures below 80°C. The transitions can be seen from the plots 

of the first moment as a function of temperature (Figure 9.3), and it is obvious that as the amount 

of unsaturation increases the transition temperature decreases. Compare POPE-d:!l (Figure 9.3a), 

PLPE-d:!l (Figure 9.3b), (16:0-d31)(22:1)PE (Figure 9.3d), and (16:0-d31)(22:6)PE (Figure 9.3e) 

where the transition temperature decreases in the order 65°C, 53 °C, 30°C, and 0 °C, 

respectively as the amount of unsaturation increases. As discussed in the previous section, 

POPE-~l and PLPE-d31 undergo gel to La and La to Hn phase transitions whereas the only 
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Figure 9.6. Representative 2H NMR powder-type spectra of multi1amellar dispersions of 
unsaturated phosphatidylethanolamines in the reversed hexagonal phase: (a) (16:0-~1)(22:1)PE 
40°C and (b) di(22:6)PE containing 10 wt% POPC-~l at 40°C. 
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transition observed for (l6:0-d:H)(22: l)PE, (l6:0-d31)(22:6)PE, and di(22:6)PE is a gel to Hn phase 

transition. Introduction of unsaturation on both chains has a greater effect on the transition 

temperature than does addition of an additional double bond (compare POPE-~1 to PLPE-~1 and 

DOPE). 

Spectra for (16:0-~I)(22:1)PE and di(22:6)PE in the Hn phase are shown in Figure 9.6. 

The width of both spectra are reduced by approximately one-half compared to those expected for 

La phase spectra (compare to Figure 9.4). As is the case for most lipids observed in the Hn 

phase, the individual splittings are not resolved. The spectra for (16:0-~I)(22:6)PE is not shown 

because it is dominated by a large isotropic peale This isotropic signal disappears as the 

temperature is reduced and therefore is most likely the result of the formation of an isotropic 

phase such as the reversed cubic phase. Very little is known about the factors which favor the 

formation of such phases relative to the Hn phase (Lindblom and Rilfors, 1989) and therefore its 

presence here cannot be explained. 

Three of the systems studied were resolved enough to extract order parameters from the 

de-Paked spectra. Plots of the segmental order parameters as a function of chain segment are 

indicated in Figure 9.7. It can be seen that addition of a single double bond leads to a slight 

decrease in the segmental order parameters at the same temperature (compare POPE-~1 and 

PLPE-d31). In all cases the observed order parameters are smaller than those found in the La 

phase. 

Increasing the unsaturation should have the effect of decreasing the radius of curvature 

in the Hn phase due to the bulkiness of the unsaturated acyl chains. The increased splay of the 

unsaturated chains leads to an increase in the spontaneous curvature (Gruner, 1989). Using the 

methods outlined in Chapters 7 and 8 the radius of curvature, Re, can be calculated. This value 

along with the average projected acyl chain length <L> and the average cross-sectional area <A> 
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Figure 9.7. Segmental order parameter S~~) derived from the de-Paked 2H NMR subspectra (8 
= 0°) as a function of carbon segment for (16:0-~1)(22:1)PE at 40°C (e), POPE-~l at 75°C 
obtained from Lafleur et aI. (1990) (v), and PLPE-~l at 70°C ('f). 
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is tabulated in Table 9.2. At the same absolute temperature no change in the radius of curvature 

is seen when going from one to two double bonds (see POPE-~1 and PLPE-~I) but DOPE has 

a larger radius of curvature than either POPE-d31 or PLPE-d:l1• The differences in these three 

lipids was discussed in detail in Chapter 8. There is a large effect of polyunsaturation on the 

structure of the Hn phase. The three systems with the 22:6 chains have the smallest radius of 

curvature. 

Comparison can aIso be made at the same reduced temperature which is defined in the 

Hn phase as 

,(9.1) 

where Tbh is the bilayer to Hn phase transition temperature whether this be the La to Hn or gel 

to Hn phase transition. The reduced temperatures are indicated in Table 9.2. At approximately 

the same reduced temperatures the addition of a double bond (pOPE-d31 versus PLPE-d31) or the 

addition of four carbon segments (POPE-ti:31 versus (16:0-d31 )(22:1)PE) has very little effect on 

the radills of curvature. This implies that the effects of mono- or diunsaturation or increases in 

chains lengths is mainly related to the effects on the main chain melting transition as previously 

suggested by Lewis et al. (1989) from analysis of differential scanning calorimetry (DSC) data 

and not any packing differences in the Hn phase. Polyunsaturation, however, leads to a reduction 

in the radius of curvature even at the same reduced temperature indicating that 

the packing in the Hn phase is changed. This effect is the opposite of what is found in the La 

phase of phosphatidylcholines where the 22:6 chains causes an increase in order of neighboring 

saturated chains at common reduced temperatures (Salmon et aI., 1987; Barry et aI., 1991). This 

may explain why such polyunsaturated acyl chains are found in some native membranes and in 

particular on phosphatidylethanolamines. The rod outer segment (ROS) membranes contain a 
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Table 9.2 First Moment, Projected Acyl Chain Length 4>, Average Chain Cross-
Sectional Area <.4>, and Radius of Curvature Rc for Various Unsaturated 
Phosphatldylethanolamines. 

Tred 
(16:0-~I)(l8:1)PEd 

75°e 0.03 
(16:0-d31)(18 :2)PE 

60 0 e 0.02 
70 0 e . 0.05 
80 0 e 0.08 
90 0 e 0.11 

(16:0-d31)(22: I)PE 
40 0 e 0.03 
45°e 0.05 

(16:0-d31)(22:6)PE 
22°e 0.06 
30 0 e 0.09 
40 0 e 0.12 

DOPE' 
22°e 0.04 
30°C 0.07 
40°C 0.11 
50°C 0.14 
70 0 e 0.21 
75°C 0.23 

di(22:6)PE' 
22°e 0.19 
30 0 e 0.22 
40°C 0.26 
50°C 0.30 

ICalculated from eq 2.54. 
bCalculated from eqs 2.55-2.56. 
cCalculated from eqs 7.1-7.2. 
dData taken from Lafleur et al. (1990). 

Ml/s·1 

17000 

17867 
16281 
14584 
13650 

22962 
22880 

13725 
11838 
9654 

17241 
15994 
14506 
13019 
10829 
10692 

18780 
18575 
18162 
17328 

<£>1/ A <A>b I A2 Ree I A 

11.65 37.36 25.83° 

11.37 38.28 25.87' 
11.21 38.83 25.56' 
11.05 39.37 25.27' 
10.90 39.93 25.00t 

12.33 35.30 25.448 

12.37 35.18 25.51 8 

10.15 42.88 23.22h 

10.12 43.01 23.14h 

9.98 43.60 22.94h 

12.32 38.64 29.44J 
12.16 39.14 29.07J 
11.96 39.80 28.62J 
11.76 40.48 28.19l 
11.45 41.58 27.52J 
11.43 41.64 27.48J 

11.74 37.05 23.49k 

11.72 37.13 23.46k 

11.67 37.30 23.38k 

11.56 37.64 23.21k 

eCalculated using Vletal = 1415 Nand <A>La = 68.16 A2 from POPE-d31 data at 50 °e. 
'Calculated using Vletal = 1416 A3 and <A>La = 71.82 A2 from PLPE-~1 data at 50 °e. 
&Calculated using Vletal = 1524 A3 and <A>La = 68.16 A2 from POPE-d31 data at 50°C. 
hCalculated using Vletal = 1456 Nand <A>l,a = 71.82 A2 from PLPE-~1 data at 50 °e. 
ISamples contain 10 wt% POPC-d31. 
JCalculated using Vtotal = 1229 N and <A>La = 67.42 A2from DOPE data at 5°C. 
~alculated using Vletal = 1550 A3 and <A>La = 67.42 A2 from DOPE data at 5°C. 
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large percentage of 22:6 acyl chains and most of these chains are associated with 

phosphatidylethanolamine. Having a large amount of polyunsaturated phosphatidylethanolamine 

present in a bilayer system could lead to a large amount of curvature stress (Gruner, 1989). This 

stress has been suggest as important in the function of membrane proteins (Wiedmann et al., 

1988; Gruner, 1989). 

9.5 Conclusion 

It has been generally believed that unsaturated lipids are found in native systems only to 

keep the membrane in a fluid state. However this chapter has shown that polyunsaturation on 

phosphatidylethanolamines can have a variety of effects on the physical properties of 

phospholipid systems. Unsaturation seems to have very little effect on the structure of the low 

temperature phases of phosphatidylethanolamines. The structures fonned are a function of the 

absolute temperature and are not affected by the presence of unsaturated chains. Unsaturation 

does play a role however in the phase transition temperature and the nature of the phase 

transition. Increasing unsaturation in phosphatidylethanolamines decreases the main chain 

melting transition as observed for phosphatidylcholines (Silvius, 1982). However polyunsaturated 

and long acyl chains cause the fonnation of the Hu phase directly out of the low temperature 

phases. These chains pack more favorably in the Hu phase than in the La phase at all 

temperatures above the main chain melting transition. For unsaturated phosphatidylethanolamines 

which fonn the La phase (mainly mono- and diunsaturated). the effect of unsaturation is the 

same as for phosphatidylcholines. Increasing the unsaturation decreases the phase transition 

temperature and decreases the order at common absolute temperatures but does not change the 

ordering at common reduced temperatures. This indicates that the effects of mono- and 

diunsaturated lipids is only on the phase transition which supports the argument that this type of 
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unsaturation is present only to keep membranes in the fluid phase. In the Hn phase the mono

and dlunsaturated phosphatidylethanolamines also seem to have very little effect on the structure 

of this phase. Once again these differences can be explained by differences in the main phase 

transition temperature. However the presence of polyunsaturation has a much greater influence 

on the structure of the Hn phase. Incorporation of 22:6 chains leads to the formation of smaller 

cylinders in the Hn phase indicating that the spontaneous curvature and likewise the curvature 

stress in the La phase is increased in the presence of polyunsaturated chains. Therefore 

polyunsaturated phospholipids can be expected to play two roles in biomembranes: 1) 

polyunsaturated phosphatidyJetbanolamines and phosphatidylcholines decrease the main chain 

melting phase transition which would keep membranes in a fluid state necessary for function and 

2) polyunsaturated phosphatidyJethanolamines packed in a bilayer system would give rise to a 

large curvature stress which has been suggested as being important for membrane protein 

function. 



Chapter 10 

Average Physical and Dynamic Properties of the Normal Hexagonal Phase 

10.1 Introduction 

Soaps, salts of saturated fatty acids, are the simplest type of lipid. They have many 

different industrial uses and are an essential tool for biochemistry of membrane proteins. Soaps 

have been studies for many years and have provided the foundation upon which the analysis of 

phospholipid structure has been built. Indeed more is known about the structure of soap-water 

systems than about any other lipid. The physical behavior of soaps in water can be more 

complex than for diacylphospholipids. The state depends on the concentration, temperature, 

cation type and concentration, pH, and chain length. In general for potassium soaps, the low 

temperature and high lipid region of the phase diagram (McBain and Sierichs, 1948) consists of 

the gel and coagel phases. These phases are the ordered confonnation of the acyl chains. At 

high temperature or high water content, the isotropic solution is observed. In this state the soap 

molecules are dispersed in water as a monomer or micellar solution. The region between 

contains several phases of high viscosity called liquid-paraffin phases indicating that they exhibit 

characteristics of both the liquid phase and the solid paraffin phase. These phases include a 

lamellar phase (originally termed neat phases because of the low water content) analogous to the 

La phase of phospholipids and nonnal hexagonal and cubic phases (tenned middle phases 

because of the intennediate water content). Therefore the study of soaps is important not only 

in helping to understand their biological significance and action, but also as a model for the 

phases of phospholipids. Soaps are good systems to test some of the ideas developed in the 

analysis of the Hn phase (cf. Chapter 7). If differences in phases can be explained in tenns of 

the different average shape and geometry, then one should be able to predict how the La and HI 
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Reversed Hexagonal Phase 

Normal Hexagonal Phase 

Figure 10.1. Schematic representation of the reversed hexagonal (Hn) and nonna! hexagonal (HJ 
phases indicating the differences in the average shapes of the molecules in the respective phases. 
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phases of soaps will compare. 

Many single chain ampbiphiles such as Iysophospholipids and soaps can fonn nonnal 

hexagonal, HI' phases. A graphic representation of the HI phase is shown in Figure 10.1. 

Comparison of this with the structure of the Hn phase indicates that the two are not merely 

opposites of each other. For the HI phase the water volume is continuous and able to fill any 

polar area not occupied by lipid headgroups. In the Hn phase this is not the case because the 

water is restricted to the center of the rod-like aggregates. Furthennore, the HI phase can in 

principle take up large amounts of water without significant change in the size of the cylinders 

whereas the uptake of water in the Hn phase causes the cylinder size to increase. In the analysis 

of the 2H NMR data for the reversed hexagonal phase, Hn, (Chapters 7-9), the idea that lipids 

adopt a particular avemge shape depending upon the phase was used to explain the differences 

between the phases. For example, lipids in the La phase are shaped, on avemge, like cylinders 

where the area at the surface is equal to the area at the ends of the chains. The Hn phase on the 

other hand has an avemge shape like an inverted truncated cone where the area at the surface is 

less than the area at the ends of the chains. In this respect the HI phase is just the opposite of 

the Hn phase with the area at the lipidlwater interface being greater than the area at the ends of 

the chains. Therefore the same qualitative interpretation used for the Hn phase can be applied 

here. If the differences in the 2H NMR data between the La and Hn phases are only related to 

the differences is this average shape, then the same analysis should explain differences between 

the La and HI phases. 

10.2 The Normal Hexagonal Phase of Potassium Laurate 

To help understand how the structure of the HI phase is related to the La and Hn phases, 

samples were prepared of potassium laumte-~ at different concentmtions from the phase 
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Figure 10.2. Representative 2H NMR spectra of aqueous dispersions of potassium laurate-~ in 
(a) the La phase (38 wt% MOPS buffer, pH=10.1) and (b) the HI phase (42 wt% MOPS buffer, 
pH=10.1) at 50 °e. The powder-type spectra are shown at the top of the figure and the 
corresponding de-Paked subspectra (8 = 0°) directly underneath. Note that the frequency scales 
are different for the two phases. 
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diagrams of McBain and Sierichs (1948). The concentrations were chosen so that both the La 

and HI phases could be observed without greatly changing the water content. Figure 10.2 shows 

2H NMR spectra for potassium laurate-~ in the La and HI phases. The splittings for the HI 

phase are reduced compared to the La phase, but the reduction is less than the factor of one-half 

expected on account of the geometry (cf. eq 2.25). Analysis of the Hn phase (Chapter 7) 

indicated that the splittings were reduced by more than the factor of one-half compared to the La 

phase which is opposite of the trend found here. This is clearly evident from the segmental order 

parameters extracted from the splitting of the de-Paked spectra (Figure 10.3). The order 

parameters at the same temperature are greater in absolute magnitude for the HI phase (42 wt% 

H20) compared to the La phase (38 wt% H20). As opposed to the Hn phase, the average cross

sectional area available for the acyl chain in the HI phase is less than the area at the lipid-water 

interface. If it is assumed that the area at the lipid-water interface is the same in the La as in 

the HI phase for this system, the area at the ends of the chains would be smaller for the HI phase. 

This causes the chains to be more constrained configurationally than in the La phase, yielding 

an increase in the segmental order parameters. It might be expected that the increase in water 

content when going from the La to the HI phase could play a role in changing the order 

parameters. However the change in water content is small and should, if anything, increase the 

area per molecule (Luzzati, 1968) when going to the HI phase. This would lead to a decrease 

in the observed order parameter not an increase as seen. 

As opposed to other lipids, the 2H NMR data of potassium laurate-dn is relatively 

insensitive to changes in temperature. This indicates that the average properties of both phases 

are not affected by temperature and may be related to the lack of thermotropic phase transitions 

found for potassium soaps (McBain and Sierichs, 1948). The change in temperature does not 

change the forces which determine the average properties and therefore has no effect on which 
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Figure 10.3. Segmental order profiles, sYl. plotted versus chain position i as a function of 
temperature for potassium laurate-~ in both the Lei (e) and HJ (0) phases derived from the 
quadrupolar splittings of the de-Paked subspectra. 
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phase will be the most stable. From the order parameters the average projected acyl chain 

lengths <l> and the average cross-sectional area of the chains <A> can be calculated. These 

values are <l>£ = 8.84 A, <A>£ = 38.0 A, <l>H = 9.10 A, and <A>n = 36.9 A at 50°C for 
a a I I 

the two phases. As predicted by the shape model, the acyl chains for the HI phase have a smaller 

average cross-sectional area compared to the La phase and likewise the chains are longer. These 

values can be compared to x-ray diffraction data (Small, 1986). For potassium laurate at 80°C 

and 38 wt% water, the bilayer thickness is 17.56 A and the surface area per molecule is 41.44 

A2 as measured by x-ray diffraction. This can be compared to the 2H NMR data presented here 

because the differences in temperature should only have a slight effect on these values as 

indicated by the insensitivity of the order parameters to changes in temperature. The value 

calculated for the length from 2H NMR data only considers one monolayer whereas the x-ray data 

is for the bilayer. Multiplying the value from the 2H NMR data by two yields 17.68 A for the 

bilayer thickness which is in excellent agreement with the x-ray diffraction data. As justified for 

phospholipids in the La phase (Chapter 4-6), the average cross-sectional area of the acyl chains 

of potassium laurate-t/n can be used as an estimate of the area at the lipid/water interface. This 

value is 10% smaller than the x-ray data but still within the experimental errors of the 

measurements. Therefore in the La phase of potassium laurate-dn the average properties 

measured by 2H NMR correspond quite well with those from x-ray diffraction. 

Comparison of the values for the HI phase can also be made albeit with more difficulty. 

X-ray diffraction data of 59 wt% potassium laurate at 86°C give a value of 49.66 A2 for the 

average surface area per molecule. The 2H NMR data yield a value which is much lower. This 

is not surprising since the cross-sectional area measured by 2H NMR is an average area for the 

acyl chains and therefore only corresponds to the actual area somewhere in the middle of the 

chain. In this phase the average cross-sectional area for the acyl chains should be smaller than 
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the area at the lipid/water interface due to the average shape of the molecules as discussed above 

and therefore the value from x-ray diffraction should be larger than the area calculated from 2H 

NMR. Comparison of the two techniques shows the right relative trends but the magnitudes 

cannot be compared. Since the order parameters seem to reflect the average shape of the 

molecules in this phase as found for the La and Un phase, the same geometrical analysis used 

to calculated the radius of the cylinders in the Hn phase (eqs 7.1 and 7.2) could also be used to 

get information on the radius of curvature of the HJ phase of potassium laurate-~. This, 

however, would require knowledge of the total lipid volume and length which are not readily 

available. Therefore it is not possible to do these calculations. Since the cylinders in this phase 

consist only of the lipid and not a water core as for the Hn phase, it is obvious that the radius 

of curvature is just the length of the lipid molecule. If we ignore the potassium headgroup, this 

radius is just the average projected length of the acyl chain, <1>, which we calculate to be 9.1 

A using eq 2.40. This radius of the cylinders has also been measured by x-ray diffraction and 

shown to be 15.52 A. The difference in this measurement and the value calculated from 2H 

NMR data is accounted for by where this radius is defmed. For the x-ray diffraction data the 

cylinder includes the carboxyl moiety of the chains, the potassium counter ion, and any bound 

water. By definition the radius of the cylinder in the 2H NMR measurements is the length of the 

acyl chain which is measured from the terminal methyl to the C-2 carbon and does not include 

the carboxyl or the counter ion. Therefore due to differences in the definitions it would be 

expected that the radius of curvature measured by x-ray diffraction would be larger than that from 

2H NMR, and the numbers can only be compared in very rough terms. 

10.3 Dynamical Behavior of the Normal Hexagonal Phase 

The geometry of the cylinders for the HJ phase is similar to the Hn phase. This leads to 
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a reduction in the 2H NMR splittings by a factor of approximately one-half compared to the La 

phase as previously explained. This reduction is due to the motions of the lipids around this 

cylinder and therefore it would be expected that this motion would also affect the dynamic 

behavior relative to the La phase. The transverse relaxation rate, R2, is depicted in Figure lOA 

for potassium laurate-~3 in the HI and La phases at 50°C. Since the geometry of the Hn and 

HI phases are identical relative to the La phase, the diffusion around the cylinder should provide 

an additional relaxation mechanism by analogy to the analysis used in Chapter 7. Even though 

the order parameters are higher for HI' the R2 relaxation rates should also be higher compared to 

the La phase. So although the factors which detennine the order parameters relative to the La 

phase are different between the HI and Hn phases, the relaxation behavior is similar. For the Hn 

phase this analysis only holds for the plateau region. In the rest of the chain the relaxation rates 

are similar to the La phase. This is not the case for the HI phase where the relaxation rates are 

higher at all positions in the acyl chain compared to the La phase. This may be related to the 

packing of the acyl chains in the HI phase. The chains in this phase are more ordered than in 

either the La or Hu phase and therefore there will be fewer fluctuations in the ends of the chains. 

In the Hn phase these fluctuations due to a high degree of disorder, can cause the model to break 

down since other motions besides the diffusion around the cylinder can also play a role in the 

relaxation. Since this is not the case for the HI phase, the relaxation due to the diffusion around 

the cylinder remains dominant even at the ends of the chains. 

This difference in relaxation rates reflects the motions around the cylinder and can be 

related to the size of the cylinder. As for the Hn phase the difference in relaxation rates can be 

used to estimate the radius of curvature in this phase using eq 7.11. For potassium laurate-~ 

For potassium laurate the lateral diffusion coefficient should be much faster than for 
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phospholipids and a good estimation of the order of magnitude would be D£ = 10.11 m S·I. This 

yields a value for the radius of the cylinder of ±8.4 A. Once again there is a problem of where 

this radius is defined. In this analysis only the relaxation rates for the C-2 are used so that the 

radius is defined at the C-2 carbon. This is the same definition used when considering the length 

of the acyl chain· as the radius and both methods give numbers which are consistent with each 

other. These numbers are not consistent with the values for x-ray diffraction, 15.52 A which 

includes the rest of the lipid molecule and would be expected by definition to be higher than the 

value calculated from the 2H NMR data. Regardless, the relaxation measurements show that the 

diffusion around the cylinder is a major relaxation mechanism for this system which is not found 

in the La phase. 

10.4 Conclusions 

Like the 2H NMR data for the HII phase, the differences between the HI and La phases 

can be explained in terms of the average shape of the molecules. Lipids in the HI phase adopt 

on average a truncated cone shape which is the opposite of the shape in the HII phase. The HI 

phase has a larger area at the lipid/water interface than at the ends of the chains which leads to 

larger order parameters compared to the La phase. The differences in the geometry are also 

reflected in the relaxation behavior were the diffusion of the lipid around the cylinder provides 

an additional relaxation mechanism not found in the La phase leading to higher R2 relaxation 

rates. In this respect the HI phase is the same as the Hn phase even though the trends in the 

order parameter relative to the La phase are opposite. It is evident that the same analyses used 

to explain the differences between the Hn and La phases can also be used to explain the 

differences between the La phase and the HI phase. 
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Chapter 11 

The Effects of Bile Salts on the Phase Behavior of Phosphatldylethanolamines 

11.1 Introduction 

In biological systems membranes are composed of many different components besides 

phospholipids. These other molecules would tend to have an effect on the phase behavior of 

biomembranes. Lipids in E. coli inner membrane and the rod outer segment membrane (DeGrip 

et al., 1979) are organized in a bilayer in their native systems. However when the lipids are 

extracted and hydrated they tend to fonn non-lamellar structures. This suggests that membrane 

proteins such as rhodopsin can help stabilize the bilayer. Sterols such as cholesterol also tend 

to influence the phase behavior of phospholipids and can induce the Hn phase in 

phosphatidylethanolamines (Tilcock et aI., 1984; Epand and Bottega, 1987). The majority of 

these components change the balance of forces which detennine which phases will be fonned. 

Bile salts (Figure 11.1) are an interesting class of compounds which are known to have a strong 

effect on the physicochemical properties of phospholipid aggregates. One of their major 

functions is to fonn micelles with lipids in the process of digestion and absorption of fats in the 

intestipaIlumen (see Erlinger (1987) for a recent review). Phospholipid/bile salt mixed micelles 

in tum can solubilize hydrophobic and amphiphilic molecules, and thereby increase the efficiency 

of the epithelial cells lining the small intestine to take up, for example, lysophospholipids, 

cholesterol, and fatty acids (Shiau, 1987). Recently, it was demonstrated (Shoemaker and 

Nichols, 1990) that bile salts and lysophospholipids fonn aggregates at concentrations that mimic 

the physiological conditions. It was proposed that these lysolipid/bile salt aggregates are involved 

in facilitation oflipid absorption in the intestine. Because solubilization of aggregates of different 
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Figure 11.1. Chemical structure of three bile salts. 
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lipids may lead to changes in their size and structure, alterations are expected to occur due to 

changes in the phospholipid/bile salt ratio. Such variations in the relative concentrations of bile 

salts and phospholipids are known to occur in the gallbladder, and during dilution upon the 

ultimate emptying of the mixture into the duodenum. Obviously, a detailed knowledge of the 

structure of the aggregates fonned by bile salts and lipids is desirable in order to understand the 

mechanisms behind fat digestion and absorption. Moreover, bile salts are also useful in various 

applications in biochemistry; for example in extraction of membrane proteins (Helenius et al., 

1979), or preparation of single-walled lipid vesicles (Schurtenberger et al., 1985). In medical 

treatments, naturally occurring bile acids such as ursodeoxycholic and chenodeoxycholic acids 

have been introduced as drugs to dissolve cholesterol gallstones (Danziger et al., 1972; Bachrach 

and Hofmann, 1982; Roda et al., 1982), and bile salt/'msulin mixtures have been utilized to 

facilitate the uptake of insulin through the skin. 

Although bile salts are surface active substances, their physicochemical properties differ 

appreciably from those of common amphiphiles, like soaps and lipids. Thus, bile salts aggregate 

in aqueous solution, but they do not fonn typical micelles with a well defmed critical micelle 

concentration (Mazer et al., 1979; WennerstItSm and Lindman, 1979), nor have they been 

observed to fonn liquid-crystalline phases with water. The bile salt molecules consist of a rigid 

steroid fused ring system, which is roughly planar, in which one side is hydrophobic and the 

other one is hydrophilic. The latter property is due to the presence of up to three hydroxyl 

groups located on the same side of the ring system (as in sodium cholate). This unique structure 

of the molecule is the main reason for its atypical behavior. 

Recently a substantial amount of attention has focused on the polymorphism of 

assemblies of lipids formed by dispersal in water. This polymorphism has been described in 

terms of the average molecular shape (Jsraelachvili et al., 1976; Tanford, 1980) or curvature free 

-I 
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energy of the lipid aggregates (Helfrich, 1973; Tate et al., 1991). Therefore it is possible that 

the biological effect of cholate is associated with an effect on the monolayer curvature free 

energy of lipid aggregates. All previous studies have involved phosphatidylcholines whlch form 

primarily lamellar phases with zero net curvature in the absence of cholate. Therefore, to test 

the effect of bile salts on the curvature of lipid aggregates, aqueous mixtures of 

dioleoylphosphatidylethanolamine (DOPE), which forms non-lamellar phases, together with 

sodium cholate were studied. The most striking observation from tills investigation is that the 

addition of even very small amounts of sodium cholate to DOPE/water gives rise to a transition 

from a reversed hexagonal (Hn. negative curvature) phase to a lamellar phase (La' zero curvature) 

and/or a micellar solution (LI' positive curvature). 

The molecular organization of the lipid aggregates fonned in the ternary system 

phosphatidylcholine/sodium cholate/water has been thoroughly studied in the liquid-crystalline 

phases (Ulmius et al., 1982), and in the micellar solution phase (Mazer et al., 1980; Muller, 1981; 

Lindblom et al., 1984; Schurtenberger et al., 1985; Hjelm et al., 1990; Nichols and Ozarowski, 

1990). In this system, the lamellar phase (LJ is present in the absence of sodium cholate. 

Addition of cholate leads to formation of the normal hexagonal (HJ, cubic (I), and micellar 

solution (LI) phases (Ulmius et al., 1982). The normal hexagonal phase is formed by rod-like 

aggregates having a continuous hydrocarbon core with the lipid polar head groups at the surface 

(Ulmius et al., 1982), as found in the HI phases of soap/water systems (Ekwall, 1975). It has 

previously been shown using a variety of NMR techniques eH, 2H, 31p NMR spectroscopy, and 

pulsed magnetic field gradient NMR diffusion methods) that the cubic liquid-crystalline phase 

is composed of a bicontinuous structure (Lindblom et al., 1976; Lindblom and Rilfors, 1989). 

It was also shown (Ulmius et al., 1982) using 2H NMR that for 1-perdeuteriopalmitoyl,2-oleoyl-

sn-glycero-3-phosphocholine the acyl chain order profiles of the lamellar (LJ or normal (HI) 
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Figure 11.2. Proton-decoupled 31p NMR spectra of dioleoylphosphatidylethanolamine 
(DOPE)/sodium cholate/water mixtures in the (a) La + LI ; (b) La; (c) La + Hu + I; and (d) Hu 
phases at 25°C. LI stands for the micellar solution; Hu. the reversed hexagonal phase; I. the 
cubic phase; and La. the lamellar phase. 
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hexagonal phases decrease substantially due to the presence of sodium cholate. In pure 

phospholipid bilayers, a characteristic plateau region in the order profile is generally found 

(Seelig and Seelig, 1974; Ulmius et al., 1982; Davis, 1983; Thunnond et al., 1990; Thunnond 

et aI., 1991), and the order parameter is nearly constant for the first five to eight methylene 

carbons. It is clear that this order profile depends strongly on the average cross-sectional area 

available for the acyl chains (Ulmius et aI., 1982; Salmon et aI., 1987; Thunnond et al., 1991). 

From simple geometrical considerations, it is also obvious that the larger the cross-sectional area 

the more disordered the acyl chains. It was concluded (Ulmius et al., 1982) that a substantial 

fraction of the cholate molecules lies flat on the bilayer surface as a result of the two-sided, 

hydrophilic-hydrophobic nature of the cholate molecule. Moreover, the effect of cholate on the 

chain order parameters is opposite to that of cholesterol (another steroid), which is known to 

increase the order profile (Mantsch et al., 1977), with only minor influences on the average polar 

head group orientation (Brown and Seelig, 1978). Similar conclusions were drawn about the 

location of the cholate molecules on the rods in the nonnal hexagonal (HI) phase (Ulmius et al., 

1982), in agreement with the model suggested by Nichols and Ozarowski (1990). 

11.2 The Effects of Bile Salts on the Phase Behavior of Phosphatidylethanolamines 

It is possible that the major effect of sodium cholate is to alter the monolayer curvature 

of lipid aggregates. To test this hypothesis, the effect of cholate on the molecular organization 

of DOPE dispersions was investigated by the detennination of phase eqUilibria. It is known from 

previous studies that DOPE in water fonns the reversed hexagonal (lin) phase over a wide range 

of concentrations (Rand et al., 1990), in which the monolayer curvature is negative. Addition 

of cholate should lead to fonnation of phases with increasingly positive monolayer curvature. 

Figure 11.2 shows some typical proton-decoupled 3Ip NMR spectra for the various phases 
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observed. The La phase gives rise to Sip NMR spectra with a low-frequency peak and a high

frequency shoulder, whereas micellar solutions (at high water contents) and the cubic liquid

crystalline phase (at low water contents) both show a narrow single peak (Lindblom and Rilfors, 

1989). It seems improbable that a micellar solution would form at low water content between 

the La and Hn phases. Therefore, in analogy with the phase diagram obtained for the egg 

phosphatidylcholine/sodium cholate!water system, the mixture of phases present at low water 

content (Figure 11.2c) most probably includes a cubic liquid-crystalline phase (Ulmius et al., 

1982). This suggestion is also strongly supponed by the stiff texture and optically isotropic 

appearance of the sample. Thus, by following the 31p NMR spectra as a function of concentration 

of the various components, it is possible to map out the phase diagram of the phospholipid 

system (cf. Lindblom et al., 1986). 

Figure 11.3 shows a partial phase diagram for the ternary system DOPE/sodium 

cholate!water, detenuined from 31p NMR spectra recorded at different concentrations of the three 

components. The 31p NMR measurements were performed at 25 DC. The water concentration 

was varied between 10 and 50 wt% and sodium cholate concentrations between 0 and 60 wt%. 

All the samples with DOPE and water (without cholate) gave 31p NMR spectra exhibiting a high

frequency peak and a low-frequency shoulder, characteristic of hexagonal phase symmetry 

(cf.(McLaughlin et al., 1975; Seelig, 1978). This is in agreement with the well-blOwn 

observation that DOPE fonus an Hn phase with water (Gruner, 1985; Seddon, 1990). However, 

the addition of rather small amounts of sodium cholate (less than 2 wt%, cf. Figure 11.3) to a 

DOPE/water sample leads to the formation of an La phase as seen by 31p NMR spectroscopy. 

Thus the presence of even a small amount of sodium cholate leads to a drastic change in the 

phase behavior. It can be seen in Figure 11.3 that the addition of sodium cholate to DOPE at 

a constant water content of 10 wt% gives rise to a transition from the Hn to the La phase. At 
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20 wt% water a cubic, I, phase, La phase, and finally a micellar solution, LI , phase are 

observed with increasing wt% cholate. At high water and cholate concentrations only the 

micellar solution phase exists. It may perhaps be expected that a normal hexagonal phase, HI' 

might also form in this system. However this phase has not been located even though an 

extensive number of samples were investigated for this purpose. 

11.3 Interpretation in Terms of Curvature 

A qualitative understanding of the phase diagram of lipid-water systems can be obtained 

by applying simple, current theoretical models for lipid aggregation. One of these models is 

based on a consideration of the average molecular shape (Israelachvill et aI., 1980; Tanford, 

1980), i.e. the lipid molecules will adopt different geometrical average shapes depending on the 

lipid aggregate structure in which it is situated. Although such a simple approach is useful for 

qualitative considerations, it. is difficult to use for quantitative calculations, mainly due to the 

complex behavior of the interfacial surface area of the lipid molecules in the aggregates. A 

model introduced by Helfrich (1973) where the lipid aggregate stability is governed by (i) the so-

called spontaneous curvature of the lipid monolayer and (ii) an elastic free energy of curvature 

(bending rigidity) has several advantages (Helfrich, 1973; Gruner, 1985; Lindblom and Rilfors, 

1990). On the other hand the molecular details are not considered in such a thermodynamic 

model. Gruner and coworkers have shown that the free energy of curvature plays an imponant 

role in the formation of Hn phases, and that there also will be a non-zero energy for the packing 

of lipid molecules in the aggregates (Gruner, 1985; Tate et al., 1991). In particular, the acyl 

chains of the phospholipid molecules must stretch to fill the interstitial regions between the 

cylindrical aggregates in the Hn phase. The smaller the radius of the water cylinder, the smaller 

the hydrophobic interstices, making it possible for the lipid acyl chains to elongate to fill the 
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volume (Gruner, 1985; Tate and Gruner, 1987; Lindblom and RUfors, 1990; Tate et al., 1991 and 

references therein). 

The phase behavior of the phospholipid/cholate mixtures investigated here can be 

explained conceptually in tenns of these simple theories. Thus, DOPE with its comparatively 

small head group will adopt a wedge-like average shape, and fonns a Hn phase with water. 

However, the uptake of water in this liquid-crystalline phase is much less than the corresponding 

La phase of phosphatidylcholines, since larger lipid/water cylinders will create void volumes 

between the cylinders as discussed above. When cholate is added to the cylinders, the average 

size of the polar head-groups at the interfacial surface of the aggregate increases, since the 

cholate molecules will tend to lie flat on the DOPE monolayer (Ulmius et al., 1982; Nichols and 

Ozarowski, 1990). As a result an La phase will fonn, and thus the effect of cholate is to 

increase the curvature of the DOPE monolayer. At even higher cholate concentrations, the 

curvature is further increased and eventually changes sign, leading to fonnation of a nonnal 

micellar solution phase. For the cubic phase structure, a 'subtle and critical balance of the free 

energy of the monolayer curvatures is prevailing (Tate et al., 1991). Generally the extension of 

the cubic phase is therefore limited to a narrow area in the phase diagram (Lindblom and Rilfors, 

1989). 

11.4 Conclusions 

In summary, is has been shown that cholate molecules have a very strong tendency to 

increase the curvature of membrane lipid aggregates. The effects of cholate may be due to an 

influence on the spontaneous curvature and/or the bending rigidity (curvature elastic modulus) 

of assemblies of membrane lipids. For DOPE the curvature changes from negative (Hn phase), 

through zero (La phase), and finally, at high cholate concentrations, a phase of positive curvature 
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(micellar solution) is obtained. This also explains the influences of cholate on 

phosphatidylcholines where the curvature goes from zero (Lu phase) to positive (normal 

hexagonal. HI' and micellar solution). It is proposed that this intrinsic property of cholate could 

account for its high efficiency in solubilizing various membrane components. 
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12.1 Introductlon 

Chapter 12 

Effects 0' Lipid Average Physical Propertles 
on Membrane Protein Functlon 

In the previous chapters it has been shown that the average properties of membranes can 

be modulated by changing the lipid components. This has been suggested to explain the 

necessity for lipid diversity in biomembranes. Different lipids help confer different properties 

of the membrane. Phosphatidylcholine and monounsaturation help keep the membrane in a fluid 

state, cholesterol may playa role in decreasing the fluctuations in this fluidity, phosphatidylserine 

and phosphatidylinositol provide electrostatic influences, and phosphatidylethanolamine and 

polyunsaturation keep the membrane close to the La to Hn phase transition which leaves the 

membrane in a high energy state. This suggest that membranes are optimally designed to have 

certain properties which influence their function. All of the above properties may play key roles 

in membrane protein activity and membrane function. The diversity of lipids would be necessary 

since no one species of lipid would be sufficient to confer such a variety of properties. 

It has become well established that the membrane lipid environment can have a great 

effect on the function of membrane proteins. Navarro et aI. (1984) have shown that increasing 

the amount of phosphatidylethanolamines in recombinants of the Ca2+-ATPase leads to a better 

coupling ratio between A TP hydrolysis and Ca2+ transport. The same dependence on 

phosphatidylethanolamine concentration has been seen with the dolichyl-phosphomannose 

synthetase (Jensen and Schutzbach, 1988), rhodopsin (Gibson and Brown, 1991a), gramicidin A 

(Neher and Eibl, 1977), and the Ca2+-K channel (Chang et aI., 1991). Unsaturation has also been 

found to be important. In the studies of the Ca2+-ATPase increasing the amount of unsaturation 

decreases the requirement for phosphatidylethanolamines. Unsaturation has also been shown to 
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increase the activity of dolichyl-phosphomannose synthetase (Jensen and Schutzbach, 1988) and 

rhodopsin (Wiedmann et aI., 1988). It has been postulated that some optimal thickness of the 

bilayer is necessary for rhodopsin function (Baldwin and Hubbell, 1985), the Na2+-Mg2+ ATPase 

(George et aI., 1989), and glucose transport proteins (Carruthers and Melichior, 1988). Charged 

lipid have also been observed to play a role in the function of glucose transport proteins 

(Carruthers and Melichior, 1988), the Na2+-Mg2+ ATPase (George et aI., 1989), and gramicidin 

A (Apell et aI., 1979). The conclusions drawn from this vast quantity of data are that membrane 

proteins require a fluid state, sufficient amount of unsatumtion and phosphatidylethanolamines, 

proper membrane thickness, and are influenced by the surface charge density. 

Rhodopsin is perhaps the most well studied membrane protein with regard to the 

influences of the membrane lipid environment on its function. Rhodopsin is the visual pigment 

found in the rod outer segments of the retina. Here it functions as the signal transducer which 

converts a photon of light to a chemical signal. Absorption of a single photon of light by the 

chromophore, retinal, causes a isomerization from II-cis to all-trans. This transformation causes 

the protein to undergo a series of conformational changes (Lamola et aI., 1974). It is thought that 

the active intermediate is metarhodopsin II (MIl) which exists in eqUilibrium with its immediate 

precursor metarhodopsin I (MI). The intermediate intemcts with a signal transducing G-protein 

(Hargrave, 1982) leading to an enzyme cascade which results in the genemtion of a nerve impulse 

(Fung et aI., 1981; Stryer and Bourne, 1986; Liebman et aI., 1987; Chabre and DetelTe, 1989). 

MI and MIl coexist in an eqUilibrium on the millisecond timescale (Wald, 1968; Applebury et 

aI., 1974) which makes it possible to monitor the eqUilibrium constant of this process using flash 

photolysis techniques (Gibson and Brown, 1991a). 

There is a great deal of work demonstrating that the photochemical function of rhodopsin 

is affected by the membrane lipid environment (Applebury et aI., 1974; O'Brien et aI., 1977; 
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Litman et al., 1981; Baldwin and Hubbell, 1985; Wiedmann et al., 1988; Gibson and Brown, 

1990; Gibson and Brown, 1991a). O'Brien et al. (1977) first suggested that lipid unsaturation 

may be an important component of the rod outer segment. Later work. by Baldwin and Hubble 

(1985) indicated that diphytanoyl phosphatidylcholines could be used in place of unsaturated 

lipids and yielded the same function. They suggested that the presence of unsaturated lipids was 

not a specific requirement but rather had some general effect on the membrane structure. Gibson 

and Brown (1991a) found that in systems which gave little rhodopsin activity at pH = 7, i.e. egg 

yolk phosphatidylcholine (EggPC), yielded a native-like MI to MIl transition when the solvent 

pH was lowered. This was explained evoking Le Chdtelier's principle. The MI to MIl 

equilibrium is pH dependent 

MJ +H+ .. Mil ,(12.1) 

therefore increasing the proton concentration drives the equation to the right (Gibson and Brown, 

1990). Changing the headgroup composition of the recombinants from pure phosphatidylcholine 

to match that of the native membrane or increasing the amount of un saturation yielded improved 

rhodopsin activity relative to EggPC but not full native-like function. However a combination 

of the native headgroup ratio and polyunsaturated chains in the form of 45% 1,2-

didocosahexaenoyl-sn-glycero-3-phosphocholine (di(22:6)PC), 40% egg yolk 

phosphatidylethanolamine (EggPE), and 15% egg yolk phosphatidylserine (EggPS) yielded native 

like function at pH = 7 (Gibson and Brown, 1992). It was concluded that phosphatidylcholines, 

phosphatidylethanolamine, and phosphatidylserines as well as docosahexaenoic (22:6) chains were 

essential component of the rod outer segment (ROS) membrane. 

Different lipid groups have different effects on the activity of reconstituted rhodopsin. 

Phosphatidylcholines with mono- or diunsaturated chains may help keep the membrane in a fluid 

state. Phosphatidylserine has been postulated to affect rhodopsin function by influencing the 
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surface electrostatics which would drive the MI-MII equilibrium by the same mechanism as 

decreasing the pH (Gibson and Brown, 1991b). The role of22:6 and phosphatidylethanolamines 

may reflect the need for a high curvature free energy (see Chapters 8-9 and Gruner; 1989). The 

small headgroups and bulky 22:6 chains would favor the formation of hexagonal phases. When 

such lipids are placed in a lamellar configumtion they are not at equilibrium with regard to the 

curvature energy and therefore the membrane is in a high energy state. In support of this 

argument, a mixture of diphytanoyl phosphatidylcholine:EggPE:EggPS (45:40:15) has also been 

shown to exhibit native photochemical behavior of rhodopsin (Gibson and Brown, 1992). The 

diphytanoyl phosphatidylcholines would be expected to have the same properties as di(22:6)PC 

with regard to the curvature energy since the chains have a large cross-sectional area due to the 

presence of methyl branches. 

Since there appears to be some bulk properties of membranes which are optimized to 

provide an ideal environment for membrane proteins to function, it seemed reasonable to try to 

correlate changes in the average properties of the membrane as observed by 2H NMR with the 

changes in protein function. These studies have involved using a probe molecule (see Chapter 

6) to measure the average properties of a variety of model membrane systems as well as 

measuring the function of rhodopsin by flash photolysis in the same membranes. The flash 

experiments were all carried out by Dr. Nicholas J. Gibson at the University of Arizona. 

12.2 2H NMR and Flash Photolysis of Egg and Rod Outer Segment Lipids 

Metarhodopsin I (MI) has an absorption maximum at 478 nm and metarhodopsin n (MIl) 

at 380 nm. Therefore the loss of MI and likewise the formation of MIl can be detected by 

following the changes in light transmission at 478 nm. Details of the experimental methods are 

outlined in Gibson and Brown (1991a). In general, rod outer segment (ROS) membranes where 
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Figure 12.1. Comparison of flash photolysis transients obtained at 478 nm for modopsin in 
native rod outer segment (ROS) membrane vesicles, eggPC vesicles, and eggPS/eggPE/eggPC 
(15:40:45) vesicles. For the eggPC and eggPS/eggPE/eggPC recombinants the approximate lipid 
to protein ratio was 100:1. Increases in the photomultiplier tube (PMT) voltage indicates an 
increase in the fonnation of metarhodopsin II. 
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obtained from bovine retinas using the procedure of Papennaster and Dryer (1974). The 

rhodopsin was purified from the crude rod outer segments and detergent dialysis was used to 

recombine the purified rhodopsin with other lipids (lIong and Hubbell, 1972). Each sample was 

sonicated for 3 minutes prior to data acquisition and the light transmission at 478 run was 

recorded immediately following an actinic flash. Since 478 run is the absorbance maximum of 

MI, increases in the transmission of this wavelength through the sample indicates a loss of MI 

and the formation of MIl. Therefore the greater the light transmission (or likewise the 

photomultiplier voltage) the more MIl is produced. This value can be converted to the change 

in absorbance at 478 run and from this to the equilibrium constant for the MIl production (Gibson 

and Brown, 1991a). 

Flash transients from three different reconstituted systems taken from the data of Gibson 

and Brown (1991a) are shown in Figure 12.1. At pH = 7 it is obvious that ROS exhibits the 

highest degree of MIl fonnation. This level will be termed native-like function. When only 

EggPC is present the production of MIl is greatly diminished indicating that the rhodopsin 

function is affected by its lipid environment. Native ROS membranes have a mixture of different 

headgroups, the major ones being phosphatidylcholine (40%), phosphatidylethanolamine (42%) 

and phosphatidylserine (15%) (Miljanich et al., 1981). Therefore a recombinant with 

approximately this headgroup ratio is also shown in Figure 12.1. It is apparent that addition of 

phosphatidylethanolamine and phosphatidylserine increases the activity of rhodopSin relative to 

pure phosphatidylcholine bilayers. 

2H NMR measurements have also been made on these samples (see Chapter 6). The 

segmental order parameters measured using I-palmitoyl-2-0Ieoyl-sn-glycero-3-phosphocholine, 

POPC-d.H as a probe molecule are shown in Figure 12.2. As noted previously the mixture of egg 

phospholipids has a higher segmental order parameter relative to EggPC due to the increase 
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in phosphatidylethanolamine headgroups. The ROS membrane however should have 

approximately the same ratio of headgroups as does the egg phospholipid mixture yet the order 

parameter is still higher. There are several possibilities for such an occurrence. One is that the 

presence of rhodopsin has an ordering effect on the lipids. This, however, is doubtful since the 

lipid to protein ratio should be approximately 80:1 (Stubbs and Littnan, 1978) and the effects of 

other proteins on the segmental ordering have been shown to be minimal (for reviews see 

Devaux, 1983 and Bloom, 1991). The second possibility is that the presence of polyunsaturated 

acyl chains such as docosahexaenoic acid (22:6003) with makes up approximately 50% of the 

fatty acid present in the rod outer segment. However Chapter 9 and the results of Salmon et al. 

(1987) and Barry et al. (1991) have shown that increasing the unsaturation should decrease the 

order parameter. The most likely explanation is that the presence of cholesterol causes the 

increase in ordering as seen for many other phospholipids (for reviews see Vist and Davis, 1990; 

Bloom, 1991). This large degree of ordering may be very important in providing the optimal 

environment for the function of rhodopsin, the triggering protein in vision. This membrane 

protein undergoes a conformational change upon activation (Lamola et al., 1974) and therefore 

would be expected to be sensitive to the membrane composition as has been obselVed (Applebury 

et al., 1974; O'Brien et aI., 1977; Littnan et al., 1981; Baldwin and Hubbell, 1985; Wiedmann 

et al., 1988; Gibson and Brown, 1990; Gibson and Brown, 1991a; Gibson and Brown, 1991b). 

Cholesterol may play an important role in this interaction. 

Cholesterol is found in almost all eukaryotic membranes in varying amounts however its 

biological function in these membranes still remains a mystery. The rod outer segment 

membrane are estimated to have from 5-30 mole percent cholesterol (Miljanich et al., 1981; 

Battaglia and Albert, 1989) It is known that cholesterol increases the order of the acyl chains 

(for reviews see Vist and Davis, 1990 and Bloom, 1991), however it does not seem to have any 
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effect on the lateral diffusion of phospholipids (Lindblom et al., 1981). Funhennore 2H NMR 

data of deuterated headgroups showed a higher mobility of the headgroups in the presence of 

cholesterol indicative of a looser packing. Cholesterol could provide an environment where the 

chains are highly ordered but the packing of the head groups is undisturbed. This environment 

allows a certain flexibility necessary for the confonnational changes in modopsin to take place. 

If the high order of the acyl chains was obtained by increasing the amount of 

phosphatidylethanolamine headgroups or saturated lipids, then the lateral packing would also be 

high and would work against the confonnational changes. 

From analysis of the order parameters and flash photolysis data it seems that modopsin 

activity increases with increasing order parameters. Increases in the order parameters are related 

to decreases in the area per molecule (Chapters 4-6). Perhaps then the ROS membrane is 

designed to have an ideal surface area per molecule for the membrane where the protein functions 

best. Another possibility is an increase in the curvature free energy (Gruner, 1989). Increasing 

the amount of phosphatidylethanolamine increases the order parameter and also brings the system 

nearer to a La to Hn phase transition. Proximity to such a phase boundary has been postulated 

as important for biological membranes (Deese et al., 1981; Gruner, 1989; Lindblom and Rilfors, 

1989). The EggPC/EggPE/EggPS mixture is not extremely close to a phase transition fH NMR 

measurements up to 80°C have not detected the presence of nonlamellar phases) but the addition 

of acyl chains which take up a large area would bring the phase boundary even closer. This may 

explain why the addition of docosahexaenoyl (22:6) or diphytanoyl lipids give native-like 

function. In conclusion, these studies indicate that modopsin activity is dependent on the 

segmental order parameters and reflect the importance of the average area per molecule or the 

curvature energy in rhodopsin function. 
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Figure 12.3. Plot of the metarhodopsin I to metaIhodopsin II equilibrium constan~ ~. as 
a function of the percent DOPE in DOPC vesicles at 28°C. The equilibrium constant was 
calculated from flash photolysis data of rhodopsin recombined in various DOPC/DOPE vesicles. 
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12.3 The Role of the Area per Molecule and the Free Energy of Curvature on Rhodopsin 
Function 

Egg yolk lipids are a complicated mixture of acyl chains, therefore in order to better 

understand which average properties are important in the function of mod opsin a simpler system 

was studied using 2H NMR and flash photolysis. The samples were mixtures of l,2-dioleoyl-sn-

glycero-3-phosphocholine (DOPC) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) 

where the ratio of phosphatidylethanolamine to phosphatidylcholine headgroups was varied. 

Figure 12.3 indicates the equilibrium constant for the MI to MIl transition measured by flash 

photolysis as a function of the mole percent DOPE. As the amount of DOPE is increased the 

equilibrium constant increases indicating more MIl is produced. This increase is not linear 

indicating that the properties which affect the protein activity are not a simple function of the 

headgroups. This increase falls off at 100% DOPE which reflect the fact that there is an optimal 

value for some propeny of the system and when the amount to DOPE is too great this parameter 

is exceeded. That is, rhodopsin functions best at a particular value of some parameter or 

parameters and any deviations from this lead to loss of activity. This same argument has been 

used to explain the flash photolysis data of di(22:6)PE/EggPC/EggPS (45:40:15) which has a 

lower activity than di(22:6)PC/EggPE/EggPS (40:45: 15) (Gibson and Brown, 1992). In particular 

100% DOPE forms the reversed hexagonal phase (Hn) at 30°C in the absence of modopsin and 

may disrupt the function of the protein. Furthermore it should be noted that the activity observed 

for 75% DOPE very close to the native function of modopsin (cf. Gibson and Brown, 1991a). 

As detailed in Chapter 6, increasing the amount of DOPE in relation to DOPC leads to 

higher segmental order parameters. These results are in agreement with the combined 2H NMR 

flash photolysis study in the previous section. When the amount of DOPE is increased the area 

per molecule decreases and therefore, it is possible that the increase in rhodopsin activity with 

increasing DOPE content can be correlated to decreases in the average area per molecule. Figure 
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EggPC/PE/PS (45:40: 15) vesicles. The equilibrium constant was calculated from l1ash photolysis 
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2H NMR data in the La phase. 
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12.4a shows that indeed as this area is decreased for the DOPC/DOPE mixtures the 

photochemical activity of rhodopsin increases although once again this increase is not linear. The 

average area per molecule can also be plotted for the systems from the previous section (EggPC, 

EggPC/EggPE/EggPS, and ROS) as shown in Figure 12.4b. It is obvious that the correlation of 

the rhodopsin activity with the average area per molecule is even worse when a large number of 

different samples are observed. In particular two systems which exhibit close to the same amount 

of rhodopsin activity, i.e., 75% DOPE and ROS membranes, have very different average areas 

per molecule. 'This indicates that the area per molecule is not the most important membrane 

property for native rhodopsin function. The lack of linearity indicates that it is some property 

of the system related to both the headgroup content and the area per lipid molecule which most 

strongly affects rhodopsin function. 

Another factor which changes as the amount of DOPE is increased is the curvature 

energy as discussed in Chapter 8. Increasing the amount of DOPE relative to DOPC leads to the 

fonnation of smaller cylinders in the Hn phase (Chapter 8 and Rand et al., 1990). The smaller 

radius of curvature indicates that the spontaneous curvature of the monolayer is increased (the 

sign convention used here is that curvature towards the lipid/water interface is considered 

positive). The bending energy of a monolayer with a spontaneous curvature, Co, (Helfrich, 1973) 

is given by 

,(12.2) 

where EclITV is the energy of curvature per unit area (if the area is defmed as the area per molecule 

this energy becomes the energy of curvature per molecule), C1 and C2 are the principle 

curvatures, and leo and k8 are the rigidity and Gaussian curvature moduli, respectively. It should 

be noted that C I and C2 are the physical curvatures of the surface whereas Co is a property of the 

system. The equation describes the energy cost of bending a surface away from it spontaneous 
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Figure 12.S. Plot of the metarhodopsin I to metarhodopsin II equilibrium constant ~ as a 
function of energy of curvature for DOPC/DOPE vesicles at 28°C. The equilibrium constant 
was calculated from flash photolysis data of rhodopsin recombined in various DOPC/DOPE 
vesicles. The energy of curvature was calculated from eq 12.2 using data obtained from 2H NIvm. 
measurements and from x-ray measurements of Rand et al. (1990). The straight line is a linear 
regression for the points. 
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or equilibrium curvature. For a bilayer (or any planar geometry for that matter) the principle 

curvatures are zero and therefore E.un depends only on leo and Co. If Co is not zero, meaning that 

the monolayer's equilibrium state is to be curved, the bilayer will not be at equilibrium with 

respect to this energy. This is the case for membranes containing phosphatidylethanolamines and 

therefore increasing the amount of phosphatidylethanolamines increases the spontaneous curvature 

and the curvature energy. 

The curvature energy, E.urv' in the La phase can be calculated for these mixtures from 

the data of Rand et al. (1990) and the 2H NMR data in Chapter 6. For mixtures of DOPE and 

DOPC, Rand and coworkers have measured the spontaneous radius of curvature which is the 

inverse of the spontaneous curvature, Co, and the modulus K. which they define as 

,(12.3) 

where A is the area per molecule. This area per molecule can be estimated from the 2H NMR 

in the La phase as explained in Chapters 6 and 8 and therefore ko can be calculated using eq 

12.3. Since these are the only parameters needed in eq 12.2, the curvature energy in the La 

phase can be calculated. Figure 12.5 shows the correlation between the natural log of the MI-MII 

equilibrium constant and the curvature energy. The natural log is plotted to correspond to the 

dependence of the Gibb's free energy on the equilibrium constant of a reaction. If the curvature 

energy does affect the equilibrium constant such a plot should be linear. The figure indicates that 

there is a strong dependence of the rhodopsin activity on the curvature energy. The data for 

100% DOPE yielded rhodopsin activity which was lower than either the 50% or 75% DOPE 

samples. This is perhaps due to the fact that an optimal curvature energy is required in the ROS 

membranes. If the curvature energy is too high as is the case for the 100% DOPE then the 

activity will be lower. Since the activity of rhodospin in the 75% DOPE system is very close 
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to native function this energy of cUlVature may be one of the important factors in detennining 

rhodopsin function. If this parameter is optimized the function of rhodopsin will be optimized. 

It should be pointed out that the MI to MIl confonnational change is not the actual function of 

rhodopsin which is to activate the G-protein. Although it can be stated with certainty that these 

factors affect the confonnational change of rhodopsin, to speculate an the affects on the function 

of rhodopsin requires the assumption that it is the MI to MIl equilibrium which is the major 

factor in the binding and activation of the G-protein. 

The dependence of the MI-MII eqUilibrium on the cUlVature energy lend support to the 

argument that rhodopsin functions best when the membrane is under stress. Changes in protein 

confonnation upon activation could cause changes in the lipid environment which releases some 

of this stress. The interaction then would be a synergetic one where protein confonnational 

changes which require an input of energy become more favorable because they allow the lipid 

matrix to relax. The cUlVature energy could be relaxed either by allowing the monolayers to 

cUlVe or by changing the average shape of the molecules. If the headgroup area becomes larger 

or tile acyl chain area smaller the spontaneous cUlVature and likewise the curvature energy will 

decrease. An estimate of the magnitude of the energy available to a protein under such 

conditions can be made from eq 12.2 (Gruner, 1989) and also from Figure 12.5. The 75% DOPE 

sample has a cUlVature energy of 1.9 x 10-21 J per molecule which is on the order of kaT where 

ka is Boltzmann constant and T is room temperature. This is the energy released if one lipid 

changes environment or average shape so that the cUlVature energy becomes zero. Therefore if 

a protein interacts with a number of surrounding lipids the energy available to it is much greater 

than kbT and could be significant. 

The idea that the cUlVature energy effects rhodopsin function is consistent with the flash 

photolysis data of Wiedmann et al. (1988) and Gibson and Brown (1991a; 1992). Increasing the 



, 
tor 

271 

0.16 .----r-----,------T-.,.---, 

0.12 

~ 
+........... 0.08 
Ned 

U 

0.04 

0.00 '--------I-_-'----1..1----'-_-'------L_-a.----I 

-1 012 

21 
energy of curvature x 10 / J 

3 

Figure 12.6. The coupling ratio of Ca2+ uptake to ATP hydrolysis of Ca2+-ATPase in 
DOPC/DOPE mixtures (taken from Figure 6 of Navarro et aI. (1984» versus the energy of 
curvature. The energy of curvature was calculated from eq 12.2 using data obtained from 2H 
NMR measurements and from x-ray measurements of Rand et aI. (1990). The straight line is a 
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amount of phosphatidylethanolamine headgroups should increase the curvature energy and 

provide for increased activity as seen in Figure 12.1. Furthermore the introduction of 

polyunsaturated acyl chains should also increase the curvature energy and the function as seen 

in Chapter 9 and Wiedmann et al. (1988) respectively. This idea also helps explain the native-

like function of di(22:6)PE/EggPE/EggPS and diphytanoyl PC/EggPE/EggPS. In both cases the 

acyl chains on the phosphatidylcholine take up a large area and lead to an increase in the 

curvature energy. It should be noted however that this is not the only property of the membrane 

which is important since phosphatidylserine is also necessary for proper function but it may 

explain some of the need for highly unsaturated acyl chains in the ROS. If this idea is correct, 

one would expect that it would apply to all membrane proteins whtch undergo conformational 

changes necessary for activation. Navarro et al. (1984) studied the coupling ratio of Ca2+ uptake 

to ATP hydrolysis of the Ca2+-ATPase in DOPCIDOPE mixtures. As for rhodopsin, the activity 

of the protein is increased with increasing amounts of DOPE relative to DOPC. The data from 

Figure 6 of Navarro et al. (1984) has been plotted in Figure 12.6 as a function of the energy of 

curvature for these systems and indeed there seems to be a correlation. Furthermore analysis of 

Figure 6 of their data (Navarro et al., 1984) indicates that the coupling ratio is related to the 

amount of DOPE by a quadratic function. The dependence of the curvature energy on Co (which 

is proportional to the amount of DOPE) is also quadratic. This implies that the energy of 

curvature is a property which is important in many if not all membrane protein functions. 

12.4 Conclusions and Future Directions 

There is overwhelming experimental evidence indicating that the function of membrane 

proteins is dependent on the membrane environment. Furthermore the interactions which cause 

this dependence may be due to long range forces which are determined by the average properties 
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of the membrane. If the membrane provides some optimal environment for protein function then 

the need for lipid diversity is obvious. No single lipid species could provide for all of the needs 

of a protein, some lipids are needed to keep the membrane in the fluid phase, charged lipids are 

needed for provide the proper surface charge density, etc. It has been shown using 2H NMR that 

different lipids affect different properties of the membrane. Furthermore mixtures of lipids from 

membranes have average properties which are different from membranes composed of single 

components. The use of 2H NMR provides a means of determining how different species of 

lipids affect the membranes and a measure of these properties even in very complicated systems. 

The use of 2H NMR along with analysis of membrane protein function can yield clues 

as to the properties of biomembranes which are important in their function and may be regulated 

by the cell. Specifically it has been shown that the activity of rhodopsin correlates with increases 

in the curvature energy of the membrane. A bilayer with a high curvature energy could help 

make protein conformational changes more favorable if this stress is relieved. 

This work has described the tools necessary for analyzing many different lipid systems 

to determine their roles in biomembranes, however only a small set of data has been presented 

correlating the properties of membranes with their function. It would be beneficial to characterize 

a large number of systems by 2H NMR and other complementary techniques to measure their 

average properties. These results can then be correlated to the function of rhodopsin in 

recombinant membranes. In particular the properties of native membranes need to be explored 

including the influences of proteins and other components on these properties. If indeed average 

properties such as the energy of curvature are important in membrane function then this should 

be found to playa role in the function of other membrane proteins and membrane processes in 

general. Further exploration of the lipid requirements of different membrane proteins and other 

membrane functions is necessary. 

--°1 
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Appendix A 

List of symbols and abbreviations 
(In alphabetical order) 

l-perdeuteriopalmitoyl-2-linoleoyl-sn-glycero-3-phosphoethanolamine 
l-perdeuteriopalmitoyl-2-erucoyl-sn-glycero-3-phosphoethanolamine 
l-perdeuteriopalmitoyl-2-docosahexaenoly-sn-glycero-3-phosphocholine 
I-perdeuteriopalmi toyl-2-docos ahexaenoly-s n-glycero- 3-
phosphoethanolamine 
docosahexaenoic acid 
average acyl chain cross-sectional area 
average lipid cross-sectional area in the La phase 
average lipid cross-sectional area at the end of the acyl chains 
cross-sectional area of all-trans methylene segment 
thermal expansion coefficient in the perpendicular direction 
thermal expansion coefficient in the parallel direction 
static external magnetic field 
the angle between the long axis of the molecule and the director axis 
angle between the EGF tensor and the director axis 
quadrupolar interaction constant 
quadrupolar splitting 
cholesterol 
spontaneous curvature 
chemical shift anisotropy 
axial diffusion rate 
1,2-dilinoleoyl-sfJ-glycero-3-phosphoethanolamine 
1,2-dilinolenoyl-sn-glycero-3-phosphoethanolamine 
1,2-diarachidonyl-sn-glycero-3-phosphoethanolamine 
1,2-didocosahexaenoly-sn-glycero-3-phosphoethanolamine 
lateral diffusion rate 
dimethylformamide 
1,2-dimyristoyl-sn-glycero-3-phosphocholine 
1,2-diperdeuteriomyristoyl-sn-glycero-3-phosphocholine 
1 ,2-dioleoyl-sn-glycero-3-phosphocholine 
1 ,2-dioleoyl-sn-glycero-3-phosphoethanolamine 
1.2-dipalmitoyl-sn-glycero-3-phosphocholine 
1 ,2-diperdeuteriopalmitoyl-sn-glycero-3-phosphocholine 
1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine 
1,2-diperdeuteriopalmitoyl-sn-glycero-3-phosphoethanolamine 
1,2-dipalmitoyl-sn-glycero-3-phosphoserine 
differential scanning calorimetry 
1,2-distearoyl-sn-glycero-3-phosphocholine 
curvature energy 
ethylenediaminetetraacetic acid 
electric field gradient 
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EggPC 
EggPE 
EgPS 
FID 
°m(t) 
OPC 
'h 
2HNMR 

HI 
Hu 
I 
Jm(mro) 
k 
KMI-MII 

LI 
<L> 
<L>t-! 
<L>lOtaI 
10 
La 
MI 
MU 
MeOH 
Mn 
Ilo 
No 
31PNMR 

P2(cos P) 
<P2>.low 

Pal 
PaLPC 
PaLPC-d31 

PII' 
1tc 
PC 
PE 
PLPC 
PLPC-d:1I 
PLPE 
PLPE-d31 
POPC 
POPC-~I 
POPE 
POPE-~I 
potassium laurate-~I 
PS 
pmt 

egg yolk phosphatidylchollne 
egg yolk phosphatidylethanolamine 
egg yolk phosphatidylserine 
free induction decay 
correlation function 
gIycerophosphocholine 
Plank's constant 
deuterium nuclear magnetic resonance spectroscopy 
nonnal hexagonal phase 
reversed hexagonal phase 
cubic phase 
spectral density function 
Boltzman's constant 
MI to MU equilibrium constant 
micellar solution 
average projected acyl chain length 
average projected length of the phospholipid headgroup 
average projected length of the entire phospholipid 
projected length of all-trans methylene segment 
lamellar liquid-crystalline phase 
metarhodopsin I 
metarhodopsin U 
methanol 
nth spectral moment 
average director principal axis or bilayer nonnal 
long axis of the cylinder in hexagonal phases 
phosphorus nuclear magnetic resonance spectroscopy 
second Legendre polynomial 
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order parameter for slow motions which modulate the residual ordering 
left over from faster motions 
palmitic acid 
I-palmitoyl-sn-glycero-3-phosphocholine 
l-perdeuteriopalmitoyl-sn-glycero-3-phosphocholine 
low temperature rippled phase 
lateral chain pressure 
phosphatidylcholine 
phosphatidylethanolamine 
I-palmitoyl-2-llnoleoyl-sn-glycero-3-phosphocholine 
l-perdeuteriopalmitoyl-2-linoleoyl-sn-glycero-3-phosphocholine 
I-palmitoyl-2-linoleoyl-sn-glycero-3-phosphoethanolamine 
l-perdeuteriopalmitoyl-2-llnoleoyl-sn-glycero-3-phosphoethanolamine 
I-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 
l-perdeuteriopalmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 
I-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine 
l-perdeuteriopalmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine 
potassium perdeuteriolaurate 
phosphatidylserine 
photomultiplier tube 
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R1Q 

R1Z 

~ 
R~l 
R~D 
R~ 
Rc 

R, 

ROS 
Rw 

< ... > 

spontaneous radius of cwvature in hexagonal phases 
quadrupolar oIder relaxation rate 
Zeeman oIder relaxation rate 
transverse relaxation rate 
transverse relaxation rate in the nOlmal hexagonal phase 
transverse relaxation rate in the reversed hexagonal phase 
transverse relaxation rate in the La phase 
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radius of curvature in hexagonal phases measured from the C-2 caIbon 
to the center of the cylinder 
in thin layer chromatography the distance moved by the product spot 
relative to that moved by the solvent front 
rod outer segment 
radius of curvature in hexagonal phases measured from the lipid/water 
interface to the center of the cylinder 
caIbon-deuterium bond oIder parameter 
caIbon-deuterium bond oIder parameter in the La phase 
Tesla 
bilayer to hexagonal phase transition 
main chain melting (gel to liquid-crystalline) phase transition temperature 
reduced temperature 
reduced temperature in the Hn phase 
thin layer chromatography 
angle between the long axis of the cylinder in hexagonal phases and the 
director axis 
time or ensemble average 



Appendix B 

QuadrupoJar SpJlttlngs and Relaxation Rates 
for All Lipids Studied 

The following tables contain the raw data extracted from the 2H NMR spectra for all of 

the lipids studied in this work. The resolved resonances are numbered starting with the outennost 

splitting which would be resonance 1 and ending with the tenninal methyl. The carbon 

assignments were made by integrating the resolved peaks and assuming that Stb> decreases 

monotonically along the alkyl chain and by comparison to previous work with specifically 

deuterated phosphatidylcholines and perdeuterated disaturated phosphatidylcholines. The inner 

most resonance was always assigned as the tenninal methyl. The assignments are designated as 

Cx were x represents the carbon position which are numbered starting at the carbon immediately 

after the carboxyl group down to the tenninal methyl. For lipids where both acyl chains are 

perdeuterated the sn-l chain is designated as (a) and the sn-2 chain as (b). In instances where 

no letter is given for such lipids the assignment is for both chains which are not resolved. The 

presence of two dashes indicates that the resonances for this particular carbon were not resolved 

at this particular temperature and the values for this carbon are the same as for the preceding 

carbons. For example in Table B.7 the resonance for carbons 7 and 8 are not resolved at 42°C 

and therefore the first resonance contains contributions from carbons 2-8. 

All quadrupolar splinings L\uQ are given in kHz and are derived either from the 8 = 90° 

edges of the powder patterns or from the 8 = 0° edges of the de-Paked subspectra. These 

different values are indicated at L\uQ (8 = 90°) and L\uQ (8 = 0°) respectively. The relaxation 

rate were calculated from the de-Paked subspectra using the techniques described in Chapter 2. 

Even though the values are from the de-Paked sub spectra they correspond to orientationally 
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averaged values for the relaxation rates. 
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TABLE B.l. QuadrupoJar spJittings, l&vQ (9 = 90°)1, derived from 2H NMR spectra ofPaLPC-d31 (90 wt%) in both the 
La and low temperature (gel) phases. 

l&vQ (9 = 9()O)11 kHz 

carbon 
T I °C (gel) 

carbon 
T 1°C (LJ 

resonance 
assignment 33 36 38 43 assignment 44 46 50 55 

1 Cz-CI5 55.71 55.42 56.15 55.42 Cz 20.75 20.75 20.11 20~ 

2 C;-C6 18.35 18.25 17.8z 17.3, 

3 C, 16.36 16.36 15.~ 15.30 

4 Ca 15.51 15·0z 14.40 13.90 

5 ~ 13.98 13.91 13.43 12.49 

6 CIO 12.8z 12.46 12.96 10.96 

7 CII 12·0z 115, 10.99 9.94 

8 C12 10·60 10.49 10.01 9.05 

9 C13 9.64 9.67 854 8.03 

10 Cu 8.16 8.03 7.57 6.76 

11 CIS 6.47 6.22 5.61 5.35 

12 CI6 15.1, 14.40 14.16 13.6, CI6 1.66 1.60 1.22 1.22 

Sj 



TABLE B.2. Quadrupolar splittings, l~vQ (9 = 90°)1, derived from 2JI NMR spectra of 
DPPC/PaLPC-d31 (3:1) in both the La and low temperature (gel) phases. 

l~vQ (9 = 9()O)11 kHz 

carbon T I °C (gel) carbon T I °C (liquid-crystalline) 

resonance assignment 32 assignment 45 51 55 

1 ~-CLS 55.17 ~-C; 

{195, {185s 
2051 

2 CIa 18.0., 

3 Cn 16.60 17.09 

4 Cu 18.0., 15.02 15.6:z 

5 CI3 15.6:z 13.~ 12.21 

6 CI4 13.18 11~ 1O.2s 

7 CIS 10.2s 8.79 7.81 

8 CI6 15.14 Cl6 2.44 1.95 153 

N 
00 c 

r~ 
! 



TABLE B.3. Quadrupolar splittings, l~vQ (0 = 90°)1, derived from 2JI NMR spectra ofPa/PaLPC-d31 (1:1) in both 
the La and low temperature (gel) phases. 

l~vQ (0 = 90°)11 kHz 

carbon T 1 °C (gel) carbon 
T 1°C (LJ 

resonance assignment 29 33 36 38 43 assignment 51 55 

1 ~-ClS 55.42 55.42 55.66 55.66 55.17 ~-c, 29.05 27.03 

2 Ca-C1O {25.81 
24.86 

3 Cll 22.44 

4 C l2 22~ 20.65 

5 Cn 19.77 17.72 

6 C14 16.36 14.92 

7 CIS 12.45 10.96 

8 C16 11.96 11~ 11~ 10.99 10.74 C16 3.17 2.68 

L 

N 
00 -

r 
I 
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TABLE B.4. Quadrupolar splittings, lL1vQ (8 = 90°) I, derived 
from zH NMR spectra of cholesterol/PaLPC.d31 (1:1) In both 
the Lex and low temperature (gel) phases. 

lL1vQ (9 = 90°) II kHz 

carbon T I °C (liquid-crystalline) 

resonance assignment 25 40 55 

1 ~-C8 53.26 50.76 48.0., 

2 C9 46.77 42.18 41.18 

3 CIO 42.86 39.~ 38.89 

4 Cll 40.7z 38.48 37.61 

5 CIZ 38.14 35.30 35.70 

6 CI3 37.~ 31.35 32.13 

7 CI4 29.~ 27.37 25.75 

8 CIS 21.98 20.51 19.00 

9 CI6 5.27 4.92 4.59 



TABLE B.5. Quadrupolar splittings, IAvQ (8 = 0°)1, derived from 2JI NMR spectra of DPPE-dQ in both 
the La and low temperature (gel) phases. 

IAvQ (8 = 0°)11 kHz 

carbon TrC (gel) carbon TrC (liquid-crysta1line) 

resonance assignment 40 assignment 60 65 69 85 

1 ~-ClS 117 ~-C8 62.98 62~ 58.11 52.2s 

2 Cg,CU)b 5957 58.39 58.11 48.35 

3 C10a,Cllb 56.~ 5559 54.18 44.42 

4 Cna.Cm 51.8-, 51.00 47.35 4052 

5 Cl2a,Cl3b 4756 45.90 42.48 35.65 

6 Cl3a 41.49 40.~ 3759 31.75 

7 Cl4b 38.94 37.82 34.68 28.81 

8 Cl4a 34.2s 33.40 30.75 25.88 

9 ClSb 30.11 29.15 26.85 21.98 

10 ClSa 24.68 24.28 21.98 18.84 

11 C16 21.48 C16 6.83 6.71 5.38 4.39 

t-l 
00 
w 

r 
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TABLE D.6. Spin-lattice, RJZ, and quadrupolar, R1Q, relaxation rates derived from 2H NMR spectra 
of DPPE-dQ in the La phase. 

carbon 
60°C 65°C 69 °C 80°C 

resonance assignment RJZ RIQ RIZ RIQ RIZ RIQ RIZ 

1 c,.-Cg 21.87 22.33 22.35 20.83 1958 20.02 17.96 

2 Cg,C1Ob 21.74 20.45 23.07 17.73 19.98 18.87 1458 

3 CIO.,CUb 21.77 1958 21.52 17.01 1650 17.22 11.87 

4 Cn .,CI2b 16.35 14.61 13.00 14.37 11.75 15.44 9.92 

5 CI2a,CI3b 12.18 14.08 11.23 15.23 10.25 16.99 1158 

6 Cl3a 10.71 16.16 10.88 2153 12.42 23.24 658 

7 Cl4a 10.21 23.40 11.36 20.92 6.43 17.89 7.08 

8 CI4b 8.24 19.72 7.34 16.53 6.13 19.86 454 

9 Cm 5.78 1559 6.62 17.81 8.31 20.93 3.15 

10 ClSa 7.21 16.75 556 14.54 4.32 16.91 3.08 

11 C16 3.04 6.27 2.93 5.13 2.14 5.66 151 

N 
00 
~ 

r 
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TABLE B.7. Quadrupolar splittlngs, l~vQ (0 = 0°)1, derived from 
2H NMR spectra of DPPC-d6Z in the La phase. 

l~vQ (0 = 0°) II kHz 

carbon T I °C (liquid-crystalline) 

resonance assignment 42 50 65 80 

1 Cz-C6 53.70 49.~ 45.31 40.77 

2 c"Cs 42.~ 37.94 

3 C9 49.59 44.80 37.33 31.85 

4 CIO,Cllb 47.61 42.~ 34.68 29.25 

5 Clla,Cl2b 43.35 37.43 30.83 25.52 

6 CI2I,CI3b 40.09 33.81 27.99 23.08 

7 CI3a 34.91 30.17 24.09 20.19 

8 C14b 32.97 27.95 22.36 18.~ 

9 C14a 29.73 25.35 20.58 17.11 

10 CISb 25.78 22.03 17.42 14.15 

11 CUa 22.16 19.89 15.43 12.69 

12 CI6 5.74 5.35 4.23 3.52 
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TABLE B.8. Spin-lattice, Rw and quadrupolar, R1Q, relaxation rates derived from 2JI NMR spectra or 
DPPC-dQ in the Lex phase. 

carbon 
42°C 50°C 65 °C 80°C 

resonance assignment RIZ RIQ RIZ RIQ RIZ RIQ RIZ RIQ 

1 Cz-C6 36.22 3726 3326 35.83 2450 24.99 20.70 19.63 

2 ~ 36.60 34.99 22.42 24.60 17.80 18.00 

3 Cs 1820 1759 1531 15.84 

4 ~ 30.62 31.07 26.45 2323 16.32 18.65 16.86 17.74 

5 CIO,CIlb 26.88 24.71 2324 19.05 1556 16.85 10.29 15.67 

6 Cua,CI2b 2256 18.65 19.03 20.90 11.62 8.40 11.07 

7 CI2a,Cl3b 18.26 17.97 1951 21.54 9.97 6.37 7.65 

8 CI3a 15.60 14.74 12.27 14.36 9.66 9.62 5.47 8.11 

9 CI4b 10.98 10.62 922 13.48 6.08 5.06 6.07 5.19 

10 CI4a 10.60 8.98 1231 15.75 5.72 6.98 3.63 6.19 

11 Cm 11.25 12.98 6.06 8.76 3.75 422 2.68 4.39 

12 ClSa 7.09 6.91 5.62 528 3.69 4.10 250 3.89 

13 C16 2.63 352 2.30 3.25 1.72 2.62 1.61 1.46 

r 

to.) 
00 
0\ 
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TABLE B.9. Quadrupolar spllttlngs, lL\vQ (9 = 0°)1, derived 
from 2H NMR spectra of DPPE·d6/DPPC (1 :1) In the La phase. 

lL\vQ (9 = 0°) II kHz 

carbon 
T I °C (liquid-crystalline) 

resonance assignment 55 60 65 

1 C2-c; 56.63 53.70 50.77 

2 CIO,CIIb 52.35 47.84 44.47 

3 CII.,CI2b 45.29 40.59 37.10 

4 CI2a,Cl3b 41.84 36.~ 33.68 

5 C13• 35.95 30.~ 29.53 

6 CI4b 27.34 

7 C14• 30.11 26.~ 24.40 

8 CISb 25.75 22.95 20.83 

9 CI5a 22.01 19.66 17.93 

10 CI6 5.86 4.87 4.39 



TABLE B.10. Spln.lattlce, R1z, and quadrupolar, R1Q, relaxation 
rates derived from 2H NMR spectra of DPPE.d6/DPPC (1:1) 
In the La phase. 

carbon 
65°C 

resonance assignment Rlz RIQ 

1 c;-C!) 30.99 25.03 

2 CIO,Cllb 29.94 24.66 

3 CIla,CI2b 27.83 21.40 

4 CI2a,CI3b 19.88 17.07 

5 CI3a 16.20 15.70 

6 Cl4b 14.20 15.88 

7 Cl4a 9.86 9.99 

8 CUb 6.37 

9 CISa 6.26 6.13 

10 CI6 2.80 3.16 

288 
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TABLE B.ll. Quadrupo)ar spUttfngs, l.1vQ (8 = 0°) I, derived 
from 2H NMR spectra of DPPC-d6/DPPE (1:1) In the La phase. 

l.1vQ (8 = 0°) II kHz 

carbon 
T I °C (liquid-crystalline) 

resonance assignment 55 60 65 

1 c;-CIO,CllB 54.31 53.70 52.73 

2 Clla,Cl2b 42.97 42.00 39.5,5 

3 CI2a,CI3b 40.03 37.10 37.59 

4 CI3a 34.6,5 34.65 34.17 

5 CI4b 32.~ 30.7,5 31.24 

6 CI4a 28.81 25.40 28.81 

7 CUb 24.89 22.95 25.40 

8 ClSa 20.99 20.50 20.~ 

9 CI6 5.38 5.86 4.87 



TABLE B.12. Spin.lattice, Rl'I., and quadrupolar, R1Q, relaxation 
rates derived from 2H NMR spectra of DPPC·ddJ)PPE (1:1) 
in the La phase. 

carbon 
65°C 

resonance assignment RIZ RIQ 

1 c;-C; 31.59 2S.6S 

2 CIO,CUb 30.50 23.61 

3 C U .,CI2b 28.46 22.53 

4 CI1a,CI3b 19.79 18.33 

5 C I3a 15.99 16.22 

6 C I4b 11.48 11.31 

7 CI4ft 10.72 

8 C m 8.55 11.87 

9 CIS. 6.26 5.18 

10 CI6 2.95 2.36 

290 
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TABLE B.13. Quadrupolar splittings, ll\vQ (0 = 0°)1, derived from 2JI NMR spectra of 
DPPC-d61 (pOPC; 10 wt%) and DPPC (POPC-d31; 10 wt%) in the La phase. 

DPPCIPOPC-~l DPPC-dm/POPC 

carbon 
ll\vQ (0 = (0) II kHz 

carbon 
ll\vQ _ (0 = (0)11 kHz 

resonance assignment 50°C 65°C resonance assignment 50°C 65°C 

1 ~~ 45.90 42.00 1 ~-C8 49.3z 44.93 

2 Ca.C; 4052 35.16 2 C;.C10 43.45 41.00 

3 CIO 33·20 3 Cll,C12b 36.~ 36.~ 

4 CII 34.17 29.30 4 C12Io 33.68 33.71 

5 Cn 31.24 26.37 5 C13b 29.7. 

8 Cn 26.85 22.44 6 Clla 29.30 26.85 

7 Cl4 23.43 19.05 7 CICh 26.85 23.92 

8 CIS 17.08 14.15 8 C1c.. 24.73 2050 

9 C16 4.39 3.42 9 Cl5b 20.99 16·60 

10 CLS. 18.05 14.15 

11 Cl6 4.38 3.42 

~ .... 



TABLE B.14. Quadrupolar splittings, l~vQ (9 = 00>1, derived from 28 NMR spectra of 
DPPE-dQ (POPC-d31 ; 10 wt%) and DMPC (POPC-d'I; 10 wt%) in the LII phase. 

DPPE/POPC-d31 DMPC/POPC-~I 

carbon 
l~uQ (9 = 0")11 kHz 

carbon 
l~vQ (9 = 0")11 kHz 

resonance assignment 69°C resonance assignment 50°C 

1 ~~ 56.1s <;-C, 43.4, 

2 CIO 52.2s 2 C, 37.10 

3 CII 45.90 3 CIO 34.6, 

4 Cn 42.00 4 Cit 30.~ 

5 CIl 37.5, 5 CI2 26.~ 

6 Cw 30.7, 6 CI3 22.4, 

7 CI, 21.9, 7 C14 18.56 

8 CI6 5.38 8 CIS 13.~ 

9 CI6 3.42 

r 
l 

t-) 

~ 
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TABLE B.1S. Quadrupo)ar spUttings, l~vQ (8 = 0°)1, derived from 2H NMR 
spectra of DOPC (10 wt% POPC-d31) in the La phase. 

l~vQ (8 = 0°) II kHz 

carbon T I °C (liquid-crystalline) 

resonance assignment 22 30 40 50 65 

1 c;-~ 50.85 49.16 47.43 44.7, 42.4. 

2 c"c. 43.25 41.44 38.~ 

3 CII 43.81 42.33 39.4, 36.74 33.61 

4 C10 41.2, 38.66 36.1, 33.84 30.70 

5 ClI 35.85 33.40 31.52 29.02 26.211 

6 C1l 31.~ 29.63 27.56 25.24 22.75 

7 C1l 26.37 24.40 22.57 20.86 18.77 

8 C14 21.~ 20.0, 18.77 16.88 15·20 

9 ClS 15.75 14.59 13.~ 12.26 to. 89 

to C16 4.59 4.18 3.90 3.49 2.93 
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TABLE B.16. Quadrupolar splittings, IAvQ (0 = 0°)1, derived from 2H NMR 
spectra of DOPC (10 wt% POPC-d31)IDOPE (3:1) In the La phase. 

IAvQ (0 = 0°) II kHz 

carbon T I °C (liquid-crystalline) 

resonance assignment 22 30 40 50 65 

1 C;-C6 52.73 50.29 48.32 45.90 43.45 

2 C7.Ca 42.97 39.07 

3 C9 46.S, 43.94 42.00 38.58 35.16 

4 CIO 43.45 40.52 38.58 35.65 31.75 

5 Cll 28.0, 35.16 33·20 30.75 27.34 

6 CI2 33.68 31.24 29.30 26.85 23.92 

7 C13 28.33 25.88 24.40 21.98 19.53 

8 Cl4 23.43 21.47 19.53 17.57 15.63 

9 CIS 16·60 15.63 14.25 12.70 10.25 

10 Cl6 4.39 3.90 3.90 2.93 2.93 
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TABLE B.17. Quadrupolar splittings, IL.\VQ (0 = 0°) I, derived from 2H NMR 
spectra of DOPC (10 wt% POPC-d31)IDOPE (1:1) in the La phase. 

lL.\vQ (8 = 0°) II kHz 

carbon T I °C (liquid-crystalline) 

resonance assignment 22 30 40 50 65 

1 C;-C6 54.70 52.73 50.77 47.84 45.41 

2 C7.C& 41.51 

3 C9 50.29 46.87 44.93 42.00 38.~ 

4 C10 46.87 44.42 41.51 38.07 34.6$ 

5 Cll 41.13 ~8.59 36.13 33.20 30.~ 

6 C12 37.10 34.17 32.~ 29.30 25.8& 

7 C13 31.24 28.33 26.34 24.40 21.47 

8 C14 25.40 23.43 21.47 19.53 17.0& 

9 Cu 18.56 16.60 15.~ 13.~ 11.81 

10 C16 4.87 4.39 3.90 3.42 2.93 
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TABLE B.IS. Quadrupolar spllttlngs, ll\vQ (0 = 0°)1, derived from 2H NMR spectra of 
DOPC (10 wt% POPC-d31)IDOPE (1:3) In the La phase. 

ll\vQ (0 = 0°) II kHz 

carbon T I °C (liquid-crystalline) 

resonance assignment 22 30 40 50 65 90 

1 C;-C; 55.~ 54.70 52.73 51.76 51.76 50.77 

2 C9 51.43 49.80 48.83 46.87 46.37 45.41 

3 CIO 48.83 46.87 44.93 43.94 43.4, 42.48 

4 Cll 42.97 41.00 40.03 39.07 38.3, 37.10 

5 C12 39.0, 37.10 35.16 34.17 33·20 33·20 

6 C13 23.~ 30.7, 29.30 38.33 28.33 27.34 

7 C14 26.37 25.40 24.40 23.43 22.46 22.47 

8 C15 19.53 18.56 17.57 16.60 16.60 12.73 

9 CI6 4.87 4.87 4.37 3.90 4.39 4.39 
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TABLE B.19.' Quadrupolar splittings, lt1vQ (0 = 0°)1, derived 
from 2H NMR spectra of DPPS (10 wt% POPC-d31) In the 
Lcz phase. 

carbon lt1vQ (0 = 0°) II kHz 

resonance assignment 65°C 

1 C;-c, 43.94 

2 CS,C9 39.55 

3 CIO 36.13 

4 CII 31.24 

5 CI2 28.33 

6 Cl3 23.92 

7 Cl4 19.53 

S CIS 14.43 

9 Cl6 3.42 
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TABLE B.20. Quadrupolar splittlngs, l~vQ (8 = 0°)1, derived 
from 2H NMR spectra of EggPC (10 wt% POPC-d31) In the 
La phase. 

l~vQ (8 = 0°) II kHz 

T I °C (liquid-

carbon 
crystalline) 

resonance assignment 25 30 40 

1 Cz-Cs 51.2s 49.80 46.87 

2 C9 44.93 42.64 39.07 

3 CIO 42.00 40.03 36.13 

4 Cll 37.10 35.46 31.24 

5 Cll 33·20 31.24 27.2s 

6 CI3 28.33 26.37 22.9s 

7 CI4 23.43 21.47 19.0s 

8 CIS 17.0s 15.63 13.67 

9 CI6 4.87 3.90 3.90 

298 
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TABLE B.21. Quadrupolar spllttlngs, /avQ (9 = 0°)/, derived 
from 2H NMR spectra of EggPC (10 wt % POPC.d31)/EggPFJEggPS 
(45:40:15) In the La phase. 

lavQ (9 = 0°) II kHz 

carbon 
T I °C (liquid-crystalline) 

resonance assignment 25 30 40 

1 C2-Ca 59.57 55.~ 52.73 

2 C9 58.01 51.76 47.84 

3 CIO 55.18 48.35 44.06 

4 Cll 45.98 43.94 39.~ 

5 CI2 41.51 38.~ 35.16 

6 CI3 35.72 32.~ 29.30 

7 CI4 29.78 26.85 24.~ 

8 CIS 21.98 19.53 17.57 

9 CI6 6.35 5.38 4.39 
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TABLE B.ZZ. Quadrupolar splittings, ILlvQ (9 = 0°)1, derived 
from 2H NMR spectra of rod outer segment membranes 
(10 wt% POPC-d31) In the Lex phase. 

ILlVQ (9 = 0°) II kHz 

carbon 
TfOC (liquid-crystalline) 

resonance assigrunent 25 30 40 

c;-Cs 61.76 61.76 56.41 

2 C9,CIO 56.97 56.89 53.96 

3 Cll 52.00 47.61 

4 CI2 41.16 41.0s 34.42 

5 CI3 34.60 34.63 31.49 

6 CI4 28.76 29.30 23.43 

7 CI, 20.76 20.7s 17.06 

8 CI6 6.07 5.81 4.46 
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TABLE B.23. Quadrupolar splittings, lav Q (0 = 0°) I, derived from ~ NMR spectra of PLPE-d31 in the 
L~ and Hn phases. 

lavQ (0 = 0°)11 kHz 

resonance carbon 
T 1°C (LJ 

carbon 
T 1°C (lin> 

assignment 40 45 50 assignment 60 70 80 90 

1 ~-C6 58.70 56.51 54.31 ~ 22.68 21.58 20.46 19.35 

2 <; 54.88 52.68 50.49 ~-Cs 19.38 18.17 16.97 15.80 

3 Cs-ClO 50.54 48.35 46.15 C6-<; 17.~ 16.45 15.11 13.77 

4 Cn 44.~ 42.48 10.29 Cs 16.50 15.10 13.73 12.34 

5 Cn 40.49 38.53 36.59 ~ 14.52 13.04 11.79 10.52 

6 Cl3 34.58 33.{h 31.49 ClO 12.95 11.61 10.45 9.28 

7 C14 27.54 26.17 24.73 Cn 11.~ 9.83 8.84 7.81 

8 ClS 18.69 17.~ 16.24 Cn 9.46 8.47 7.33 6.23 

9 C16 3.92 3.44 2.95 Cl3 7.89 6.96 6.12 5.29 

10 C14 6.25 5.60 4.90 4.21 

11 ClS 4.60 4.09 3.42 2.82 

12 C16 1.24 1.20 0.99 0.85 

-!--

w 
o ..... 

r~ 
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TABLE B.24. Tranverse relaxation rates R2e for PLPE.d31 derived from 
2JI NMR spectra in both the La and Hn phases. 

La phase Hn phase 

carbon 50°C carbon 
60 °C 

resonance assignment R2c I s error assignment R2c I s error 

1 c;-C6 1886 200 c;-Ca 2667 221 

2 C, 1405 168 ~ 2770 250 

3 Ca-CIO 2634 215 CIO 2392 160 

4 ClI 2852 207 ClI 2105 241 

5 Cl2 1545 159 Cl2 1751 198 

6 Cl3 1565 200 Cl3 1730 165 

7 Cl4 1446 178 C14 1479 103 

8 CIS 1386 100 CIS 1418 98 

9 Cl6 582 50 Cl6 757 102 
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TABLE B.25. Quadrupolar spUttlngs, IAvQ (9 = 0°)1, derived 
from 2H NMR spectra of DOPE (10 wt% POPC-d31) In the 
La phase. 

carbon IAvQ (9 = 0°) I / kHz 

resonance assignment -SoC 

1 C;-C8 65.84 

2 Cg,ClO 58.80 

3 CII 53.~ 

4 CI2 48.98 

5 CI3 41.41 

6 CI4 33.99 

7 CIS 25.2:z 

8 CI6 7.06 
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TABLE B.26. Quadrupolar splittings, ILlvQ (8 = 0°)1, derived 
from 2H NMR spectra of (16:0.d31)(22:1)PE in the Hn phase. 

carbon 
ILlvQ (8 = 0°) II kHz 

_resonance assignment 40°C 4S °C 

1 c;-C8 24.90 23.43 

2 C9.CU 20.~ 19.~ 

3 Cl2 16.12 14.65 

4 Cll 13.18 12·20 

5 Cl4 11.23 10.25 

6 ClS 4.56 7.32 

7 Cl6 2.26 1.47 



TABLE B.27. Quadrupolar spJittings, lL1vQ (9 = (0)1, derived from 2H NMR spectra DIpotassium laurat~ in 
the La and HI phases. 

La phase (38 wt% H2O) Hn phase (42 wt% ~O) 

carbon 
lL1uQ (9 = (0) II kHz 

carbon 
lL1vQ (9 = (0)/1 kHz 

resonance assignment 50°C resonance assignment 50°C 

1 ~ 58.60 ~ 33.6, 

2 ~-C6 42.97 2 ~-c, 23.92 

3 C, 40.85 3 C, 21.00 

4 C. 36.61 4 C, 18.~ 

5 C, 29.7, 5 CIO 16.12 

6 CIO 25.8, 6 Cu 12.20 

7 Cu 18.05 7 Cll 3.417 

8 C12 6.34 

r 

w 
5: 
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TABLE B.28. Tranverse relaxation rates R-u for potassium laurate-dn derived 
from 2JI NMR spectra in both the La and HI phases. 

La phase (38 wt% H2O) HI phase (42 wt% H2O) 

camon 
50 QC 50 QC 

camon 
resonance assignment R-ul s error assigrment R-u Is error 

1 ~ 941 84.7 ~ 1237 50.6 

2 ~-~ 936 29.7 C3-c, 984 33.8 

3 C, 1113 68.9 (~ 1388 237 

4 C. 889 101 C'\l 925 51.6 

5 C; 674 73.5 CIO 725 66.4 

6 CIO 520 52.4 CII 524 28.4 

7 CII 486 60.3 CI2 346 27.6 

8 CI2 379 50.0 
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